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Abstract

We study the potential to observe CP-violating effects in various supersymmet-
ric cascade decay chains at the LHC. Asymmetries composed by triple products of
momenta of the final state particles are sensitive to CP-violating effects. We an-
alytically calculate the cascade decays including the relevant spin correlations to
compute the parton level asymmetry. In addition, we use Monte Carlo simulations
to estimate the sensitivity of the LHC to the CP-violating observables.

Due to large boosts that dilute the asymmetries, these can be difficult to observe
at the LHC. However, if all particle masses in a cascade decay are known, it may be
possible to reconstruct all momenta in the decay chains. We can then recover the
full asymmetry on an event-by-event basis even when we have missing momentum
due to a stable lightest supersymmetric particle. After the reconstruction, the non-
diluted CP-violating signal gets significantly enhanced so that an observation may
become feasible.

A fully hadronic study has also been completed to produce the best estimate
of the viability of these obseravbles at the LHC. We include both standard model
and SUSY backgrounds in the study. Our conclusions state that given a favourable

scenario, CP-violation may be observed in SUSY at the 3o-level over a wide range

of CP-phases with 500 fb=! of data.



Declaration

The work in this thesis is based on research carried out at the Institute for Parti-
cle Physics Phenomenology, Department of Physics, University of Durham, United
Kingdom. No part of this thesis has been submitted elsewhere for any other degree

or qualification and it is based on the work in the following publications and articles:

J. Tattersall, G. Moortgat-Pick, and K. Rolbiecki,
CP-violation in SUSY cascades at the LHC,
arXiv:1009.0294 [hep-ph].

e G. Moortgat-Pick, K. Rolbiecki, J. Tattersall,
Momentum reconstruction at the LHC' for probing CP-violation in the stop
sector,

arXiv:1008.2206 [hep-ph].

e K. Rolbiecki, G. Moortgat-Pick, J. Tattersall, and P. Wienemann,
Probing CP Violation with Kinematic Reconstruction at the LHC,
Fortsch. Phys. 58 (2010) 699-702, arXiv:1003.0087 [hep-ph].

e G. Moortgat-Pick, K. Rolbiecki, J. Tattersall, and P. Wienemann,
CP Violation in SUSY Cascade Decay Chains at the LHC,
AIP Conf. Proc. 1200 (2010) 337-340, arXiv:0910.1371 [hep-ph].

e A. De Roeck and others,
From the LHC' to Future Colliders,
Eur. Phys. J. C66 (2010) 525-583, arXiv:0909.3240 [hep-ph].

il



iv

e K. Rolbiecki, J. Tattersall, and G. Moortgat-Pick,
Measuring the Stop Mixing Angle at the LHC,
arXiv:0909.3196 [hep-ph].

o G. Moortgat-Pick, K. Rolbiecki, J. Tattersall, and P. Wienemann,
Probing CP Violation with and without Momentum Reconstruction at the LHC,
JHEP 01 (2010) 004, arXiv:0908.2631 [hep-ph].

e J. Ellis, F. Moortgat, G. Moortgat-Pick, J. M. Smillie, and J. Tattersall,
Measurement of CP Violation in Stop Cascade Decays at the LHC,
Eur. Phys. J. C60 (2009) 633651, arXiv:0809.1607 [hep-ph].

The copyright of this thesis rests with the author. No quotations from it should
be published without the author’s prior written consent and information derived
from it should be acknowledged. The work presented was funded by an STFC
studentship.



Acknowledgements

First and foremost I would really like to thank my supervisor, Gudi. I don’t think
that she could have done a better job in providing a PhD that was both stimulating
but also so much fun. Yes, we have our regular arguments but the smiles always
return just as quickly. Importantly, I think we complement each other well in the
studies. One thing I won’t miss is continuously being out-drunk when we head down
to the pub (but with Georg as a training partner, maybe that’s not so surprising).

Special thanks must also go to Krzysztof Rolbiecki who I've now collaborated
with over three papers. We've got at least another 3 to come and I definitely hope
to carry on working together for the foreseeable future. I must also mention my
other collaborators, Jenni Smillie, Filip Moortgat, John Ellis and Peter Wienemann
(especially the Germans who put up with my awful English, despite being a native
speaker).

Continuing with the physics theme I would especially like to thank the Herwig++
help-desk at Durham. Peter Richardson (I'm not sure the rules allow me to thank
an examiner), David Grellschied and Martyn Gigg all gave up valuable hours to help
get our simulations working. Likewise Frank Siegert and Hendrik Hoeth provided
invaluable Rivet help.

The final physics thanks go to Frank Krauss, whose abuse in a seminar turned
a very quick small paper into something that took a whole lot longer (but which is
hopefully a lot more useful).

Moving on to the personal, I would like to say a big thank you to Charlotte.
I probably would have finished quite a bit earlier and with a good deal less stress
if you hadn’t been around. Then again, life would certainly have been a lot less

enjoyable! I can’t wait for our new life to start in Germany and I do appreciate you

v



vi

following me to the land of Bratwurst and sauerkraut!

I would also like to mention everyone at the IPPP for making the place such
a great one to do a PhD. In particular (but in no special order) Aoife Bharucha,
James Currie, Alison Fowler, Tracey Li, Katharine Morgan, Eimear O’Callaghan,
Sophy Palmer, Andrew Papanastasiou, Joao Pires, Karina Williams, David Wilson.
I've also got to say thanks to Ciaran, who wasted many of my valuable hours with
TuxKart. How many extra papers would have been finished without that distrac-
tion?

Finally, I've got to say thanks to my family. Firstly my mum who at least is now
getting rid of me to Germany (if I pass). Also my brother, who shouldn’t get any
thanks at all. He sabotaged this thesis by dragging me off to Alaska for a month to

get cold and climb a hill when I should have been working.



Contents

Abstract

Declaration

ii

iii

Acknowledgements

1 Introduction

1.1 The Standard Model . . . . . . ... ... ...
1.2 Standard Model problems . . . . . . ... ...
1.3 Supersymmetry . . . . . ...
1.4 Thesis outline . . . . . . . . ...

2 The complex MSSM

2.1 Imtroduction . . . . . . . ..
2.2 Soft SUSY breaking . . . . . .. .. ...
2.3 Reparity . . . .
2.4 Mass matrices . . . . . .. Lo
241 Squarks . ...
2.4.2 Sleptons . . . . . ...
2.4.3 Neutralinos . . . .. .. ... L Lo oo
244 Charginos . . . . . . ..
2.5 Electric dipole moment results . . . . . . . ... ... .. ... ...

3 CP-violation studies at the LHC
3.1 C, P and T transformations . . . . ... ... . ... ... ......

3.2 Ty transformation . . . . . . . . . . ... ... ...



Contents viii
3.3 'Triple product correlations . . . . . . . ... ... .. ... ... ... 27
3.4 Ty-odd asymmetry . . . . . . ... Lo 29
3.5 Boosted frame asymmetry . . . .. .. ..o 31
3.6 Statistical error and significance . . . . . .. ... 32
3.7 Triple product studies . . . . .. . ... ... L 33

3.7.1 [Initial two-body decay studies . . . . . .. ... .. ... ... 33
3.7.2  Stop studies with 3-body X3 decay . . . . ... ... ... .. 36
3.7.3 Extension of two-body studies . . . . . . ... ... ... ... 38
3.7.4 Momentum reconstruction studies . . . . . ... ... L. 40
3. 75 Stoptotaus . . . . . . ... 42
3.8 Decay rate asymmetries . . . .. ... oL 43

4 Stop production and three body neutralino decay 44
4.1 Introduction . . . . . . . ... 44
4.2 Formalism . . . . . . .. .. 46

4.2.1 Process studied . . . . .. ... oo 46

4.2.2 Narrow width formalism and spin correlations . . . . . . . .. 48

4.2.3 Squared amplitude . . . . .. ..o 50

4.2.4 Structure of the T-odd asymmetries . . . . . . ... ... .. 51

4.2.5 Strategy for determining ¢4, and ¢py, . . . . o Lo oL 53

4.3 Results . . . . . . 56

4.3.1 ScenarioS . . . . . ... 56

4.3.2 CP asymmetry at the parton level . . . . . . . . ... ... .. 58

4.3.3 Contour plots of Ay, and Arp,, for variables M; and A, . . . . 60

4.3.4 Dependences of branching ratios on ¢y, and ¢4, . . . . . . .. 62
4.3.5 Influence of Parton Distribution Functions (PDFs) on CP

asymmetries . . ... oL oL o 65

4.3.6 Determination of the CP-violating phases . . .. .. ... .. 68

4.4 Conclusions . . . . . . . .. 72

5 Squark gluino production and three body neutralino decay 73

5.1 Introduction . . . . . . . . . L 73



Contents ix

5.1.1 Advantages of squark decay . . . .. ... ... .. ... ... 73
5.1.2 Disadvantages of squark decay . . . . . ... .. .. ... ... 75
5.1.3 Thestudy . . .. . . . . . 75
5.2 Formalism . . . . . . . .. 76
5.2.1 The process studied and the amplitude squared . . . . . . .. 76
5.2.2  Structure of the T-odd asymmetry . . . . ... .. ... ... 78
5.3 Momentum reconstruction . . . . . .. ..o 79
5.3.1 Dilution effects . . . . . . ... ..o 79
5.3.2 Reconstruction procedure . . . ... ... ... ... ... .. 81
5.3.3 Discussion of graphical solutions . . . . . . ... ... ... .. 85
5.3.4 Practical approach . . . . .. ... ... ... ... ... .. 86
5.3.5 Mass reconstruction at the LHC . . . . .. ... .. ... ... 88
5.4 Numerical results . . . . . . ... oo 89
5.4.1 Chosen scenario: spectrum and decay modes . . . . . . . . .. 89
5.4.2 CP asymmetry at the parton level . . . . . . . ... ... ... 94
5.4.3 Influence of parton distribution functions on CP asymmetries 95
5.4.4 Impact of momentum reconstruction on the observable CP
asymmetry ... L. 97
5.5 Inclusion of experimental factors. . . . . . . .. .. ... 99
5.5.1 Experimental factors without momentum reconstruction . . . 101
5.5.2  Experimental factors with momentum reconstruction . . . . . 103
553 Conclusion . . . . . . ... 105
6 Stop Production with two-body decays 107
6.1 Introduction . . . . . . . .. .. 107
6.2 Formalism . . . . . . . . .. 108
6.2.1 The process studied and the amplitude squared . . . . . . .. 108
6.2.2 Structure of the T-odd asymmetry . . . . ... .. ... ... 110
6.3 Momentum reconstruction . . . . . .. ..o 112
6.3.1 Dilution effects . . . . . ... ... 112
6.3.2 Reconstruction procedure . . . .. .. ... ... ... ... 113

6.3.3 Challenges from multiple solutions . . . . ... .. ... ... 115



Contents X

6.3.4 Mass measurements . . . . .. ... 116
6.4 Partonlevel results . . . . . . ... ..o o 117
6.4.1 Chosen scenario: spectrum and decay modes . . . . . . . . .. 117
6.4.2 CP asymmetry at the parton level . . . . . . . ... ... ... 120
6.5 Hadron level results . . . . . . ... .. ..o 120
6.5.1 Cuts used and signal identification . . . . . ... . ... ... 121
6.5.2 Standard model background . . . . . .. ..o 123
6.5.3 Stop Production . . . ... .. ... ... . 124

6.5.4 Impact of momentum reconstruction on SUSY background

separation . . . . . ... ... e 128

6.5.5 Open experimental issues. . . . . . . . ... ... . ... ... 132

6.6 Conclusions . . . . . . . . . . .. 132

7 Conclusions 134
Appendix 137

A Interaction Lagrangians and couplings 137
A.1 Production process . . . . . . . . ... 137
A2 Stop Decay . . . . . ... 137
A3 Squark decay . . . . . ... 138
A.4 Neutralino and slepton decay . . . . . .. .. ... ... ... ..., 139
Appendix 141

B Amplitudes 141
B.1 Stopdecay ty — X9t .. ... 141
B.2 Squark decay ¢, — )Z?q .......................... 143
B.3 Neutralino 3-body decay X7 — XR¢T¢~ . .. ... ... ... ... .. 143
B.4 Neutralino 2-body decay x) — CEOF 146
B.5 Slepton decay (% — X0+ . . . .. 146
B.6 Topdecayt — W™b . . . . . . . .. ... 146

B.7 Spin vectors . . . . ... 147



Contents Xi
Appendix 148
C Kinematics 148
C.1 Phasespace . . . . . . . . . . 148
C.2 2-body decay, 1 massive final state particle . . . . . . . ... ... .. 149
C.3 2-body decay, 2 massive final state particles . . . . . . ... ... .. 149
C.4 3-body decay, 1 massive final state particle . . . . .. ... ... ... 150

References

151



Chapter 1

Introduction

1.1 The Standard Model

The Standard Model of particle physics is an extremely successful theory that de-
scribes all of the fundamental constituents of matter and their interactions (apart
from gravity). The model describes to very high accuracy, a wealth of experimen-
tal data that has been collected over the past 40 years. Despite the fact that the
precision and energy of the experiments has rapidly advanced, there are still no
unambiguous hints of new structure (if we add neutrino masses to the model).

The model is built from three generations of quarks, ¢, and leptons, ¢, that
form the fermionic matter fields. These matter fields interact via three fundamental
forces, the electromagnetic force, the weak force and the strong force which are
carried by various bosonic exchange particles.

Electromagnetism and the weak force are combined in the model to produce the
Glashow-Weinberg-Salam electroweak interaction [1-3]. This theory describes the
massless photon, v, and the massive W* and Z° bosons which interact with both
the quarks and leptons. The strong force is described by Quantum Chromodynamics
(QCD) [4-6] which explains the interaction between the massless gluon, g, and the
quarks.

All of the above particles and forces have now been thoroughly investigated in
experiments all over the world. However, one ingredient of the Standard Model

still remains to be discovered and this is the Higgs boson [7-11]. The Higgs boson
1
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is required to spontaneously break the electroweak symmetry so that we can give
masses to the weak gauge bosons. In addition, the mechanism allows us to give
masses to all the fermions in the model. Despite the success of the rest of the
theory we are still yet to find any direct evidence for a Higgs boson at a collider. So
far, we have only been able to place a bound on the mass of the particle from the
Large Electron Positron Collider (LEP) of, my > 114.4 GeV (at the 95% confidence
level) [12]. Recently, the Tevatron has also started excluding certain masses for
the Higgs and the most recent exclusion is between 158 and 175 GeV (at the 95%
confidence level) [13]. Over the next few years, the discovery or exclusion of the Higgs
boson is one of the principle tasks of both the Tevatron and the newly operational

Large Hadron Collider [14,15].

1.2 Standard Model problems

Whilst the Standard Model has been incredibly successful, we know that the model
cannot be the final theory of physics, since it does not include gravity. In addi-
tion, the model faces other theoretical challenges and there are experimental hints
(particularly from cosmology) that we require new physics to explain the universe
satisfactorily.

Probably the most discussed issue concerning the Standard Model is the so called
‘hierarchy problem’ [16,17]. Phenomenologically, the mass of the Higgs boson must
be around the electroweak scale, O(100 GeV), to preserve the unitarity of WW
scattering amplitudes [18,19]. Indeed, indirect fits from electroweak observables
constrain the mass to be, my = 8773 GeV, or my < 157 GeV at 95% confidence
level [20,21]. However, if we calculate the quantum corrections to the Higgs mass we
find that the result contains a quadratic divergence. Fig. 1.1 shows the correction
to the Higgs mass, my from a fermion, f, with mass, mys. If we evaluate this

contribution we find,

2
2N\>\f|

2 _

where Ay is the coupling constant, N is a multiplicative factor (for example N(t) = 3

for top quarks due to summation over colour) and Ayy is an ultraviolet momentum
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Figure 1.1: Loop corrections to m?% from a fermion, f, with mass, m;.

cut-off. We see that the correction to the Higgs mass is proportional to the square
of this ultraviolet momentum cut-off. Now, if we believe that the Standard Model is
correct apart from the inclusion of gravity, we have no new physics in the model until
quantum gravitation effects become important. Hence, we have to set the ultraviolet
cut-off at the scale when we expect these effects to become important and this scale
can be assumed to be close to the Planck mass, Mp ~ 10! GeV. Calculating with
this scale, we find that the correction to the Higgs mass is ~ 1030 larger than the
mass of the Higgs itself. In principle we can renormalise the quadratic divergences
away but this requires an incredible fine-tuning between an extremely large bare
mass and the loop correction to result in a physical Higgs mass of O(100 GeV).
The precise cancellation over so many orders of magnitude is therefore thought to
be highly unnatural.

Another problem with the Standard Model is the lack of a suitable candidate for
cold dark matter. Dark matter was first presented as an idea to explain the shape
of galaxy rotation curves [22], which required the presence of additional matter
that was not luminous. New data from the gravitational lensing [23] and fits to
the currently favoured cosmological model [24] also support the idea that most of
the universe is composed of a non-relativistic, weakly interacting, stable particle.
However, the Standard Model does not contain a particle that matches this criteria.
For a recent review on the evidence and candidates for dark matter see [25].

Finally, we would also like to mention that the Standard Model is unable to
satisfactorily explain the baryon asymmetry of the universe. To produce an excess
of matter over anti-matter in the universe any theory must contain CP-violation [26].
Whilst the Standard Model contains a CP-violating phase in the CKM matrix [27],

the model produces an asymmetry many orders of magnitude smaller than that
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Figure 1.2: Loop corrections to m% from a scalar, S, with mass, mg.

observed in the universe [28-31].

1.3 Supersymmetry

A potential solution to all the problems discussed above is provided by Supersym-
metry (SUSY) [32,33]. SUSY is postulated as a new symmetry that exists between
fermions and bosons. It is theoretically interesting as it is the only non-trivial
extension of the Poincaré group [34]. Excellent introductions to SUSY are given
in [35,36].

Phenomenologically, SUSY predicts that all bosons in the theory have a fermionic
partner and vice versa for the fermions. However all of the properties (i.e. charges
and masses) of the partners should be same. Instantly, we see that if SUSY is to
exist in nature, it must be a broken symmetry as we have not seen any partners to
the Standard Model particles yet. Thus, the mass of all of the partners that have
electric or colour charge must be higher than thus far probed in experiments.

In Sec. 1.2 we discussed the hierarchy problem that is often considered the most
pressing issue within the Standard Model. SUSY provides a solution to this problem
with the new partners of the Standard Model particles [37-39]. For example, Fig. 1.2
shows the correction to the Higgs mass, my from a scalar, S, with mass, mg. If we
evaluate this contribution we find,

N

Am% = —@(A%V — 2m§ln(AUv/mg) + ) s (12)

where A\g is the coupling constant. We must also remember that for each on-shell
fermionic degree of freedom we require a scalar partner and consequently we have two

scalar partners for each Standard Model particle. Therefore, comparing Eq. (1.1) to
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Eq. (1.2), if we set,

As = =% (1.3)
we are able to cancel the UV divergence to the Higgs mass for each individual
Standard Model fermion.

However, we must note that we still have the logarithmic terms in both Eq. (1.1)

and Eq. (1.2). These will only cancel completely if we set,
mg = my. (14)

but we know that for the SUSY partners this relation cannot be true, as they have
not been discovered yet. However, since this is just a logarithmic dependence, the
correction will stay small as long as the mass difference between the Standard Model
and SUSY states is small. Consequently, we come to the conclusion that the mass
splitting between the states should be around the weak scale O(1 TeV). In addition,
electroweak data points to a SUSY spectrum below 1 TeV [40-42]. Therefore, we
come to the conclusion that if SUSY exists in nature, there is a good chance of it
being seen at the LHC.

As well as solving the hierarchy problem, models of SUSY can also contain a
suitable candidate for dark matter [43,44]. If we impose R-parity on our models
(see Sec. 2.3 for more details) the lightest SUSY partner (LSP) has to be stable. If
in addition, the particle only interacts weakly, then it can reproduce the required
abundance from cosmological considerations very accurately [45].

Finally, new SUSY models also offer the possibility of providing many new CP-
violating phases to the theory. These phases may be large and in particular scenarios
they have the potential to allow SUSY to generate the required baryon asymmetry
that we see in the universe [28,46-48]. In this thesis we concentrate on the discovery
potential of the LHC to be able to observe any new CP-violation that may be present
if SUSY is seen.

1.4 Thesis outline

We start the thesis in Chapter 2 by briefly describing the complex Minimal Super-
symmetric Standard Model (MSSM) and its interactions. This is the simplest SUSY
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extension of the Standard Model and is the theory that has been most studied phe-
nomenologically. In particular we fix the notation that will be used in the rest of the
thesis and also point out the specific CP-violating phases that we will concentrate
on.

In Chapter 3 we summarise some of the various studies that have looked at CP-
violation in the MSSM at the LHC. We start with a general introduction to the
transformation properties of the C, P and T symmetries before explaining their use
at colliders. The T-odd triple product correlations are discussed in detail as these
are the observables that are suitable to find hints for CP-violation at colliders. In
addition we also discuss constraints on CP-violating phases in SUSY from the low
energy electric dipole moment (EDM) experiments.

Our first study is presented in Chapter 4, where we investigated the pair pro-
duction of SUSY top quarks (stops, #;) at the LHC,

These are then followed by the decay,
ti— X) +t— X+ Wb (1.6)

where ¥'’s are called neutralinos and are mixed states comprising the SUSY partners
of the photon, Z and neutral Higgs bosons. We find that the three-body decay of
neutralinos are sensitive to CP-violating triple product asymmetries due to spin
correlations between the production and decay of the relevant )Z?. We also explain
in detail how to calculate the asymmetries at the parton level and derive the origin
of the CP-violating terms.

In Chapter 5 we discuss 1st and 2nd generation SUSY quark (squark) production
but investigate the corresponding decay chain to Eq. (1.6). We chose to investigate
this decay, as firstly, the production cross section is substantially higher than for
stops which results in better a statistical significance for our asymmetry. Secondly,
when we investigate squark production in association with a SUSY gluon (gluino),
we find that we are able to kinematically reconstruct the event. With the recon-

struction, we find that the CP-asymmetry will be significantly larger.
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Our final study is presented in Chapter 6 where we return to discuss the pair

production of stops but we now consider the following two-body decay chain,
g ~0 VES F ~0pt pF
ti—= X+t —= 0+ 07+ Wb — x 00" + Wb (1.7)

where (= is a SUSY lepton (slepton). The advantage of studying the two-body decay
chain is that the single cascade in Eq. (6) is fully reconstructible. In addition, we
complete a fully hadronic study to try to accurately estimate the luminosity that
will be required to observe CP-violation in SUSY at the LHC.

Finally, we conclude the thesis in Chapter 7. In addition, we present the La-
grangian and couplings for all interactions used in the thesis in Appendix A. In
Appendix B we give the amplitudes for all of the processes calculated and in Ap-

pendix C we present details of the phase-space calculation.



Chapter 2

The complex MSSM

The simplest supersymmetric extension of the Standard Model is known as the
Minimal Supersymmetric Standard Model (MSSM) [49-52]. The model introduces
the minimal number of new particles and couplings that are necessary for a consis-
tent supersymmetric (SUSY) model. This results in each Standard Model particle
(left and right states) receiving a new ‘superpartner’ and in addition we require an
extended Higgs sector of two doublets, see Sec. 2.1.

If SUSY is realised in nature the symmetry must be broken since we have not
seen any of the additional particles yet and in unbroken SUSY, these would have
the same mass as the Standard Model fields. In the MSSM we choose to break
SUSY ‘softly’, which means allowing any terms into the Lagrangian that break the
symmetry but do not induce any new quadratic divergences, see Sec. 2.2. These
terms are introduced in the most general way and with no assumption as to how

the SUSY breaking mechanism occurs in nature.

2.1 Introduction

The MSSM extends the particle content of the Standard Model by introducing
the superpartners. The gauge group is the same as the Standard Model so the
superpartners have the same quantum numbers as the Standard Model fields but
differ by spin—%. Firstly, all the quarks and leptons get new spin-0 partners called

squarks and sleptons as shown in Tab. 2.1. It must be noted that a superpartner is

8
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Name Particle | Superpartner | SU(3)¢, SU(2)., U(1l)y
(Spin-1) (Spin-0)
Quarks, Squarks || (ur, dpr) (i1, dp) (3,2, %)
(x3 families) ul, it (3, 1, -3
di di (3. 1 3)
Leptons, Sleptons || (v, er) (v, €r) (1, 2, —1)
(x3 families) el & (1, 1, 2)

Table 2.1: The quarks, squarks, leptons and sleptons of the MSSM. The spin-0 fields
are complex scalars, whilst the spin—% fields are two component Weyl fermions.
SU(3)¢ is the gauge group of colour charge, SU(2); is the gauge group of weak
isospin and U(1)y is the gauge group of Weak hypercharge.

Name Particle (Spin-1) | Superpartner | SU(3)c, SU(2)r, U(1)y
(Spin-1) (Spin-1)
Gluon, Gluino g g (8, 1, 0)
W bosons, Winos W Wi (1, 3, 0)
B boson, Binos B, BO (1, 1, 0)

Table 2.2: The gauge and gaugino fields of the MSSM. SU(3)¢ is the gauge group
of colour charge, SU(2), is the gauge group of weak isospin and U(1)y is the gauge
group of Weak hypercharge.

required for each on-shell Standard Model degree of freedom, therefore two scalar
states are required per Standard Model fermion. These are called the ‘left’ and
‘right’ states ( L, fR) as the partners of the corresponding Standard Model fermions
but actually have no helicity themselves since they are spin-0.

The gauge bosons of the Standard Model also receive superpartners that are
called gauginos with spin—%, see Tab. 2.2. In analogy to the Standard Model photon,
Z, and the W¥ bosons, one can form a photino, ¥, a Zino, Z, and W¥ from the B
and W fields. The superpartners of the gluons are the gluinos §.

In the MSSM we not only require superpartners to the Standard Model Higgs
bosons but we also need to enlarge the Standard Model Higgs Boson sector, see

Tab. 2.3. We now require two complex Higgs doublets with hypercharges U(1)y =
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Name Particle | Superpartner | SU(3)¢, SU(2)., U(1)y
(Spin-0) (Spin-1)

Higgs, Higgsinos || (Hi1, Hi2) (]:In, 1:112) (1, 2, —1)
(Ha1, Hap) | (Hoi, Hoo) (1,2, 1)

Table 2.3: The Higgs and higgsino fields of the MSSM. SU(3)¢ is the gauge group
of colour charge, SU(2), is the gauge group of weak isospin and U(1)y is the gauge
group of Weak hypercharge.

+1 to give masses to both the up and down type quarks and leptons and also
to cancel the new anomalies caused by adding extra fermions to the model. The
superpartners of the new Higgs fields are called higgsinos. For a detailed account of
the Higgs sector in the MSSM, see for example [53-55].

In analogy with the Standard Model, the gauge eigenstates of the MSSM do not
in general correspond directly to the mass eigenstates but instead mix. This is due
to the electroweak symmetry, SU(2);, x U(1)y, being broken, allowing fields with
the same SU(3)c X U(1)em, spin and R-parity (Sec. 2.3) to mix. In the Standard
Model we have already seen that the B, and WZL mix to form the physical states:
v, Z° and W=. The same is also true for the quarks and leptons of the Standard
Model.

For the MSSM this also occurs; the individual squarks, sleptons, gauginos and
higgsinos can all mix with particles of the same quantum number. The only excep-
tion are the gluinos which are the only colour octet fermions that exist in the model.
The gauge eigenstates along with the physical mass eigenstates that are formed are
shown in Tab. 2.4. A particular point to note is that the gauginos and higgsinos
are able to mix together. These form new mass eigenstates called neutralinos, x?,
for the neutral particles (U(1).,, = 0) and charginos, x;, for those that have charge
(U(L)em = *£1).
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Name Spin | Gauge Eigenstate | Mass Eigenstate
Higgs Bosons | 0 HY HY, Hy, Hf | h° H° A° H*
ir, g, dr, dg iy, iz, di, da
Squarks 0 ¢r, Cr, SL, SR C1, C2, S1, So
tr, tr, br, br fh, fy, by, by
€L, €R, Ve €1, €2, Ve
Sleptons 0 fr, iR, Uy i1, flo, Uy
TL, TR, Vr T, T2, Ur
Neutralinos % BO, W3, f]?, f]g )Z(l), )28, )Zg, )22
Charginos % W-, W+, Hy, Hf 5, X
Gluino : g g

Table 2.4: Gauge and mass eigenstates of the additional particles in the MSSM.

2.2 Soft SUSY breaking

Since no superpartners have (as yet) been discovered, we know that if SUSY exists,
it must be broken to allow the masses of the particles to be large enough to have es-
caped detection. SUSY breaking is not currently fully understood and we therefore
formulate the MSSM in a model independent way. This is accomplished by intro-
ducing any terms that break SUSY without inducing new quadratic divergences into

the theory. The different terms that we can add are as follows [56]:
e Gaugino mass terms, —%Maxa)\a;
e Scalar mass terms, —M? [¢]*;

e Trilinear scalar interactions, —A;;,0;0;0k ;

e Bilinear terms, —B;;¢;¢; .
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These breaking terms lead to the explicit form of the ‘soft’” SUSY breaking La-

grangian,
1. = . .
~Loop = SMBB+ AIMOWW + $Msgg + miy, | Hi|? + mi, | Hal?
+ME|L]® + ME|ag] + M2 || + M2|0L|? + ME|eg)? (2.1)

+(hpApH (18 + hpAp HGrdy + hy Ay Har iy + BpHy Hy + h.c.).

My, My and Mj are the U(1), SU(2) and SU(3) gaugino mass terms respectively
whilst m%h, m%{Z and By are the Higgs mass terms. The scalar mass terms are 3x3
Hermitian matrices in generation space which are represented by M2, M2, M2,
Mz and Mé while the terms hpAg, hpAp and hy Ay are general 3x3 matrices.
If we allow the parameters in Eq. (2.1) to be complex we have over 100 new free
parameters compared with the Standard Model.

If SUSY is discovered at the LHC the task will immediately turn to attempting
to measure these parameters in the hope of shedding light on the precise mechanism
of SUSY breaking. This may seem like a daunting task but luckily, for individual
processes, only a small subset should be important (at least at tree level).

The above implementation of the MSSM assumes no particular model for the
SUSY breaking mechanism. However, many ideas have now been presented as to
how SUSY may be broken in realistic models. In addition, these models try to
significantly reduce the number of free parameters so that the theory becomes far
more predictive and testable. A detailed discussion of different SUSY breaking
models is beyond the scope of this thesis but we will briefly introduce the model
that most of our scenarios are based around.

The model that we use is known as minimal supergravity (mSUGRA)! [57,58].
In this model, we specify a common gaugino mass, M3, a common scalar mass,
My and a universal trilinear coupling, Ay, at the GUT scale. In addition we need

to specify tan 5 = v, /14 which is the ratio of the vacuum expectation values of the

Tt must be noted that although the models are commonly known as mSUGRA, those presented
here do not contain any gravitation interactions. Therefore, the presence in the model of a gravitino
is ignored. Another name used in the literature for models with this parameter set but without

gravitation is the constrained minimal supersymmetric Standard Model (CMSSM).
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two Higgs fields and the sign of py. All of these parameters are defined at the GUT
scale however. We therefore need to evolve the various parameters down to the
electroweak scale using the renormalisation group equations (RGEs) calculated to a
particular loop order. This calculation will produce the various soft breaking terms
given in Eq. 2.1.

In chapter 4, we also examine a particular scenario within a non-universal Higgs
mass (NUHM) model [59-61]. These models allow the soft breaking Higgs masses,
mp, and mpy, to be different to M, at the GUT scale and consequently offer more
freedom in the phenomenology. In addition, we occasionally introduce ‘phenomeno-
logical” models where we vary the soft breaking parameters individually. We do
this to examine the dependence of individual parameters and alternative coupling
schemes. For example in chapter 4 we investigate a scenario (scenario C) where the
second lightest neutralino is higgsino-like whilst keeping the kinematics similar.

Finally, we add CP-violation into the model by adding arbitrary CP-phases to
particular soft breaking terms in Eq. (2.1) for simplicity.

2.3 R-parity

One important point to mention is the lack of R-parity, Pg, violating terms in
Eq. (2.1) and more generally, in the whole of the MSSM. For example, we could

have the following terms in the Lagrangian,

EAL = ATZ*LCZRGL, (22)
Lag = Ndrdgig. (2.3)

These terms break lepton (AL) and baryon (AB) number though. Therefore, if both
kinds of terms are allowed, rapid proton decay would occur and this places strong
constraints on the couplings (in the example of Eq. (2.2-2.3), A and )\') [62,63].
Throughout this thesis we use the definition of the MSSM where all R-parity violat-
ing couplings are set to zero for both theoretical minimality and phenomenological
reasons.

It must be stated however, that R-parity is applied by hand assuming the strict

minimality of the MSSM and it gives a new quantum number to all the particles in
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the MSSM. R-parity is defined as,
PR — (_1)3(B—L)+28 7 (24)

where B is baryon number, L is lepton number and s is the spin of the particle.
All the ordinary Standard Model particles and the Higgs bosons have even R-parity
(Pr = 1) whereas all the superpartners have odd R-parity (Pg = —1). If R-parity
is exactly conserved, then none of the Standard Model particles can mix with the
superpartners. Furthermore, the symmetry imposes that each vertex in the theory
must contain an even number of superpartners and this condition has extremely
important phenomenological implications.

Due to R-parity, a single superpartner can only decay into an odd number of
lighter superpartners. Consequently, the lightest supersymmetric particle (LSP)
must be stable as it cannot decay to a purely Standard Model final state and it
cannot kinematically decay into any other superpartner. This property gives the
MSSM the possibility of explaining the dark matter that is currently favoured for
many cosmological models of the universe. As the LSP is stable, any LSPs produced
in the big bang will have survived to the current day (neglecting annihilation), en-
abling the abundance to be calculated and compared to cosmological measurements.
Searches for ‘exotic isotopes’ have put stringent bounds on stable particles that have
either electric or colour charge and therefore the LSP must only interact weakly [64].

R-parity also leads to distinctive phenomenology at collider experiments. Firstly,
since R-parity conservation leads to all interactions containing an even number of
superpartners, we can always expect to see the pair production of superpartners at a
collider. This also means, once a superpartner is produced, any possible decay must
leave another superpartner in the final state. This leads to a characteristic prediction
for many SUSY models. Cascade decays produce many final-state particles that may
be detected at the LHC. As one example, squark production pp — ¢¢* in particular
may be followed by the decay,

i — X5, (2.5)
8 - e (26)

= et (2.7)



2.4. Mass matrices 15

where the ! is the LSP in this example and the ¢* can follow the same decay chain.

We notice that there will be two LSPs in the final state and from cosmolog-
ical considerations these must only interact weakly. Therefore, we will have the
distinctive signature that the two LSPs will leave the detector without being seen.
Consequently a large momentum imbalance should be observed in many MSSM
events at colliders. In the MSSM, the two most popular choices for the LSP is a
sneutrino o or the lightest neutralino ) as shown in the example decay chain, see

Eq. (2.7).

2.4 Mass matrices

Due to electroweak and SUSY symmetry breaking, many of the superpartners have
the same quantum numbers. Therefore the gauge eigenstates can mix to create
mass eigenstates that are not flavour diagonal. The corresponding gauge and mass
eigenstates are shown in Tab. 2.4. Hence we have to deal with the mixing of fields
and diagonalise the mass matrices in order to determine the mass eigenstates.
Whilst the mass eigenstates are the particles that will be physically produced at
the LHC, the mixing matrices define the couplings of a particular particle and are
therefore of crucial importance. As the inputs of the mixing matrices are the SUSY
breaking parameters, measuring these matrices will also give important information
on the pattern of SUSY breaking. Finally, since the mixing matrices are in general
complex, any CP-violating phases that are present in the model manifest themselves

via the mixing (i.e. in mass eigenvalues and couplings).

2.4.1 Squarks

In the most general case, it is possible that all the squarks with the same charge,
R-parity (P = —1) and colour can mix together. We would therefore have to
diagonalise two 6x6 squark mass matrices to find the mass eigenstates. However,
mixing between generations of squarks can cause severe problems due to large loop
corrections to flavour changing neutral current (FCNC) reactions [65,66]. Therefore,

we ignore intergenerational mixing and instead decompose the two 6x6 matrices into
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six 2x2 matrices which describe each flavour separately. The matrix in the basis of

the gauge eigenstates, (qr, qr) is,

2 2 *
mg +mg Mg My

Mg_ _ 2qLR ) : (2.8)
Mg, Mg MG, + my
where
mg-L = Mé + m2Z cos 20 (I3, — e, sin? Ow), (2.9)
méR = M{QU’D} + 6meZ cos 2[3 sin? Oy , (2.10)
Mg, = Ag—p{cot f,tan }. (2.11)

for {up, down} quarks respectively. e,, I3, and m, are the charge, the third com-
ponent of the weak isospin and the mass of the partner quark respectively. 6y is
the weak mixing angle and my is the mass of the Z-boson. The soft scalar masses
are My, My and Mp which are soft breaking terms in the Lagrangian, Eq. (2.1). u
and A, are the higgsino mass parameter and soft SUSY-breaking trilinear coupling
respectively. Finally, tan 8 = v, /17 and is the ratio of the vacuum expectation value
of the two Higgs fields.

From the above parameters, ;1 and A, can take complex values,
Ay = Ayl e, p=ple, (0 < ¢g, o < 27), (2.12)

thus yielding CP-violation in the squark sector.

The off-diagonal terms of the mass matrix M?I, Eq. (2.8), are proportional to
the mass of the Standard Model partner. Therefore, for the first two generations
of quarks, a very good approximation is to assume that the mass eigenstates are
equal to the interaction eigenstates. For the third generation however, this is no
longer true. The large mass of the top quark produces large mixing effects in the
stop sector and if tan 3, p or A, is large enough, sizable mixing effects can also be
seen in the sbottom sector.

In general, the mass matrix ./\/lg~ are hermitian and can be diagonalised by a
unitary matrix R;. This unitary matrix rotates the gauge eigenstates, ¢;, and ¢g,

into the mass eigenstates ¢; and ¢s,

mZ 0
RgM2RE=|( " . (2.13)

2
0 mz,
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We choose the convention m?h < mgz for the masses of ¢; and ¢,. The matrix R;

rotates the gauge eigenstates, ¢; and ¢g, into the mass eigenstates ¢; and ¢ as

follows,

q q cos 0 sin 0; e~ q
L IS L d g “). e
Go Gr —sinfze%  cos; dr

where 6; and ¢; are the mixing angle and the CP-violating phase of the squark

sector, respectively. The masses are given by,

1
Mg o = 2 <2mc21 + m%L + m?%R + \/(m2LL - m?m)z + 4|mLR|2m3> ) (2.15)

whereas for the mixing angle and the CP phase we have,

cosbl; = —Malmirl ; (2.16)
V/mElmeal? + (m2, —m3,)?
m2, —m?2
sinf; = L& : (2.17)
Vmlmesl? + (m2, —m3,)?
¢ = arg(A; — p*{cot B, tan 3}). (2.18)

for {up, down} type quarks respectively.

By convention we take 0 < ; < 7 and 0 < ¢35 < 27. It must be noted that ¢;
is an ‘effective’ phase and does not directly correspond to the phase of any MSSM
parameter. Instead, the phase will have contributions from both ¢4, and ¢,,.

If mg, < mg, then cos?f; > % and ¢; has a predominantly left gauge character.
On the other hand, if mg, > mg, then cos®6; < 1 and ¢; has a predominantly right

character.

2.4.2 Sleptons

The mass matrix for the sleptons is arranged in the same way as for the squarks,

2 2 *
M= | TR TR (2.19)
mg, . My m?R +m?
where
1
m%L = M? —mjcos23 (5 — sin? Oy ), (2.20)
m%R Mé — m?% cos 23 sin” Oy, (2.21)

mg, . = Ar—ptanf. (2.22)
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For the selectrons and smuons the left and right eigenstates can be considered to be
equal to the mass eigenstates due to the small mass of the Standard Model particles.
However, for the staus, mixing can occur in a similar way to the sbottoms if tan 3
is large enough. In this case, all the formulae for squark mixing are applicable and

we can parametrise the stau sector with a mixing angle 6; and phase ¢z,

71 cos 6= sin @ 7197 7L

= . (2.23)

Ty — sin 6 e'%7 cos 0+ TR
For the sneutrinos, ©, we only consider superpartners to the left handed Standard
Model states. As the masses of the Standard Model particles are so low, a good
approximation is to assume that the mass for each generation is,

1
m, = M; + §m2Z cos2(3. (2.24)

2.4.3 Neutralinos

In the MSSM, the four neutralinos X! (i = 1,2,3,4) are mixtures of the neutral
U(1) and SU(2) gauginos, B and W3, and the higgsinos, H? and HY. In general,
both the gauge and mass eigenstates are Majorana fermions where the sparticle
and anti-sparticle are identical. The mass term of the Lagrangian in the basis

W0 = (B,W?* HY, H) is given by,

1
Lo = —§(w0)TMNw° + h.c. (2.25)
Where the mass matrix,
M, 0 —MgzC3Sw  MzSgSw
0 M, mzcgCy  —MyzSgly
My = (2.26)
—MgzCaSw  MzCaCw 0 —
MmzSgsw  —MzSgCw — 0

is built up by the fundamental SUSY parameters: the U(1) and SU(2) gaugino
masses M; and My, the higgsino mass parameter u, and tan § = vy /vy (cg = cos 3,

sy = sinfy etc.). In addition to the p parameter, a non-trivial CP phase can also
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be attributed to the M; parameter (the phase of My can be rotated away with a
redefinition of the fields [67-70]),

M, = |M|e?,  (0< ¢, < 27). (2.27)

Since the complex matrix My is symmetric, one unitary matrix N is sufficient to
rotate the gauge eigenstate basis (B, W3, H? HY) to the mass eigenstate basis of

the Majorana fields y?,
diag(mgo, mgg, mgo, mgo) = N*MyNT, (Mmyo < mgg <mg <mg). (2.28)

The masses mgo (1 =1,2,3,4) can be chosen to be real and positive by a suitable
definition of the unitary matrix N [71].

The character of the mass eigenstates can be examined by looking at the relative
strength of the input, My, M, and p. If, for example | M 23| < ||, the two lightest
neutralinos will be dominated by the gaugino components and the two heavier states
will be mainly higgsino-like. In addition, a unification of the gaugino masses is
often assumed at some GUT scale. When the unified masses are run down to the
electroweak scale using the renormalisation group equations (RGE) the following

relation is found,
5, o 1
Ml(Mz) = g tan HwMg(Mz) ~ §M2(Mz) (229)

Consequently, we find that in the scenario presented above, the lightest neutralino,
%Y, is mainly bino, B, in character while the 2nd lightest neutralino, X9, is mainly
wino, W9, in character. In addition, Eq. (2.29) implies that the masses will closely
follow the relation, myo =~ %mig.

If we now inspect scenarios where the higgsino mass parameter is less than the
gaugino mass parameters, |p| < |M{ 2|, the phenomenology of the neutralinos
has the opposite characteristics. The two lightest neutralinos will now mostly be
higgsino-like with masses close to that of |u| whilst the heavier neutralinos will be

gauginos. Finally, if the higgsino and gaugino parameters are similar, || ~ [M{ o]

then some of the mass states will have mixed higgsino, gaugino characteristics.
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2.4.4 Charginos

Analogously to the neutralinos, the charged partners of the W* and H* also mix.
The mass eigenstates of these particles are called charginos y* but are normal
Dirac fermions as the sparticle and anti-particle are different. The mass term of the
Lagrangian in the basis " = (—iW*, HY), ¢~ = (—iW ™, Hy ) is given by,

0 Mg vt

Lo — —%(w,w—) +he. (2.30)
Me 0 (T

where the mass matrix is,

M Smyy si
M = ’ Vamsing ) (2.31)

\/§mW cos 3 1%

Since the mass matrix is not hermitian we need two different unitary matrices to

diagonalise it,

me+ 0 )
UMV = i with Mot < Mg . (2.32)
0 myg ! ?
2
Applying the U and V matrices on the gauge eigenstates w;-—L gives the physical mass

eigenstates, Yi and Y& as follows,
V= Vit . = U7 i,j7=1,2 (2.33)
Xi Jk¥j > Xi ¥y yJ y 4y

The relative strength of M; and p define the couplings of the charginos in a similar
way to that of the neutralinos. If M, < u the lightest chargino, Y7, is mainly wino,
W, in character whilst the heavier chargino, X3, will be a higgsino, H*. If the
parameter hierarchy is opposite, u < M,, the mass eigenstates will also have the
opposite characteristics. In contrast, if the parameters are of similar size, My ~ p,
the mass states will be mixed. Additionally, if we have a non-mixed scenario where
M, and p are separated, the wino-like chargino will have a similar mass to the
wino-like neutralino and the higgsino-like chargino will have similar mass to the

higgsino-like neutralinos.
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2.5 Electric dipole moment results

Some of the additional CP-violating phases of the MSSM are already constrained
by the low energy measurement of Electric Dipole Moments (EDMs). The most
demanding constraints come from the EDM of the Neutron [72], Thallium [73] and

Mercury [74] with the following values,

|dy| < 2.9 x 107%%¢ cm (90%C.L.), (2.34)
ldm| < 9.0 x 107%¢ cm (90%C.L.), (2.35)
|dug] < 3.1 x 107 cm (90%C.L.). (2.36)

If we ignore any CP-violation induced by a QCD 6-term, then the only CP-violating
term in the Standard Model is the electroweak phase within the CKM matrix. The
phase only contributes at the 2-loop level to the above observables and thus is
expected to be small, for example |d,| ~ 1073%¢ cm [75-77].

In the MSSM however, more sizable contributions can be expected, especially
from the phases of the Higgs mass parameter, the gaugino mass parameter and the
trilinear couplings of the first generation squarks (¢,, éar, Ory, Pa,, Pa,) as they
can produce effects at 1-loop. Out of these, the experimental measurements most
severely constrain the phase of the Higgs mass parameter, ¢, < 0.017 [78,79]. The
constraint on the phase of the other parameters mentioned is less severe due to the
coupling structure of the corrections [80]. The constraints on the phases of the other
CP-violating MSSM parameters that have been investigated with respect to triple
product correlations (¢4,, ¢a,, ¢a,) at the LHC are weaker. The reason is that
they only contribute at the 2-loop level and can essentially be thought of as being
unconstrained at the current time [80].

A possible solution to allow for larger phases in the gaugino sector is to increase
the mass of the first and second generation squarks [81-83]. The larger mass sup-
presses the loop contribution to the EDM. However, this possibility allows the third
generation of squarks to remain light so that electroweak symmetry breaking still
take place and the MSSM continues to provide an explanation for the hierarchy

problem. Another way to alleviate the constraints on the phases of the gaugino
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sector is to allow cancellations between different phases of the model [84-87]. While
the phase of the Higgs mass parameter, ¢, is still very constrained, this approach
can help other parameters in the theory. For example, the phase of the U(1) gaugino
mass term, ¢, can now become essentially unconstrained in many models [88].

A recent comprehensive review of the CP-violating constraints within the MSSM
is given in [80] whilst a review of some of the issues regarding the different EDM
measurements and the reliability of the theoretical predictions is given in [89]. For
our studies, we set ¢, = 0 due to the severity of the constraints on this particular
phase. However, we leave all other CP-violating phases free to vary from 0 < ¢ < 27

to see the full range of their dependencies at the LHC.



Chapter 3

CP-violation studies at the LHC

If the MSSM is discovered at the LHC and if the model contains sizable CP-violating
phases, there are many potential observables that could be used to detect the CP-
violation. For example, masses [90-94], total cross sections [95,96] and branching
ratios [97,98] can all change when CP-phases are present in the model and could
in principle be used. However, these observables are all CP-even quantities and
consequently display the same behaviour for both the particle and the anti-particle.
In a model like the MSSM with so many free parameters this can cause a problem
as the CP effect can potentially be ‘faked’ by changing some of the soft breaking
parameters. In addition, loop corrections can be sizable to all of the observables
mentioned and can produce additional uncertainty when trying to determine the
CP-phase.

Therefore, in order to make the unambiguous observation of a complex param-
eter, we should use CP-odd observables where the CP conjugate process has an
opposite sign and cannot be faked by other model parameters. Examples of CP-odd
observables include rate asymmetries of branching ratios [99-103], rate asymme-
tries in cross sections [104] and angular distributions [105]. However, all of these
observables only exhibit CP-violating properties when we go to the loop level and
consequently we expect the effects to be relatively small. Another possibility to
consider, are observables that are Ty-odd, Sec. 3.1, and can be defined using the
triple product correlations of momenta and/or spins of particles [106-116]. For the

case of SUSY at the LHC, we can do this using triple products of the final-state

23
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particles of cascade decays.

Two recent reviews of CP violation in the MSSM are given in [117,118].

3.1 C, P and T transformations

We begin by briefly reviewing the transformation properties of C, P and T on a
single particle before explaining their use in reactions at colliders [119-121].
A single incoming particle, X, with momentum, P, and spin state, .S, can be

written as,

If we apply a parity transformation, P, to the state, the momentum is reversed while

the spin remains fixed,

- o

P|X; P, SV = |X; =P, ). (3.2)

The anti-unitarity time reversal operator, T, reverses the momentum and spin of a

particle and also exchanges the initial and final states,

—, — —,

T|X; P,S)in = | X; =P, =5 - (3.3)

Finally, the charge conjugation operation, C, replaces the particle by its antiparticle,

=

CIX; P, S =|X; P, S (3.4)

It it also possible to have the combined action of all three transformations,

CPT|X; P, S)in = |X;: P, =5 gus. (3.5)
Using the CPT-theorem [122,123], it is possible to show that relativistic quantum
field theories with usual spin-statistics relations have to be invariant under a CPT-
transformation. This invariance guarantees that the masses and also the total widths
of particles and antiparticles are the same.
Thus, due to CPT-invariance, any theory can only violate T if it also violates
CP, where,

- =

CP|X: P, S)im = | X: =P, S)in. (3.6)
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and therefore CP and T violation can be considered as equivalent.

In this thesis we concentrate on the violation of CP (or T) in cascade decays and

we therefore need to consider how the transformations work with the S-matrix. We

define an initial (final) state of n; (ny) particles as,

iy = [P Py iy Say Sy Yin (3.7)
|f> = ‘ﬁlu ﬁ27"'7§17 §27--->out- (38)

The transformation properties under C, P and CP follow from those of the single

particle,
|fP> = | _ﬁlﬁ _ﬁQa"'agla §2a~-~>out> (39)
|fC> = |ﬁia ﬁia--'agia S:Qa'-->out> (310)
‘fCP> = ‘ _ﬁiu _ﬁi7"'7§17 S%u'">out7 (311)

and likewise for |ip), |ic) and |icp).

For the T transformation, we also have to exchange the initial and final states,

|fT> = | _ﬁla _ﬁ2>"'a_§l> _§2a--~>in, (312)
ity = | =P, =Py, ..., =S, =Sy, - out - (3.13)

We define the S-matrix as the usual,

(f1S]i) = Syi s (3.14)

The transformation properties can then be written as,

St z Stpip (3.15)
C
Sf,' — Sfcic s (316)

CP
Sfi - SfCPiCP’ (3-17)

with the T transformation also exchanging the initial and final states,

T
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In a collider experiment however, it is extremely hard to test T due to the require-
ment of exchanging the initial and final states. Therefore, it is often more practical
to experimentally probe what is known as a naive time reversal operation , Ty. This
operation is the same as a T transformation but we do not exchange the initial and

final states,

Spi 25 S, (3.19)

3.2 Ty transformation

To clarify the properties of the Ty operator, we will consider the unitarity of the
S-matrix as explained in [121]. Using the optical theorem (e.g [120]) we can write

the S-matrix in terms of the scattering amplitude, T,
S=1+iT. (3.20)
For the reaction, i — f, we can write T in terms of the reduced scattering amplitude,
T,
T = (fIT3), (3.21)

= (2m)'6" (py — p){fI70) . (3.22)

where ps (p;) is the momentum of the final (initial) states.

We use the unitarity relation, STS = 1 to obtain,
Ty— T =iy TiTu, (3.23)

where x denotes all possible intermediate states between ¢ and f.

In terms of the reduced scattering amplitude, 7, this becomes,
T — 1y = i2m)" Y 8 (pe — P) T (3.24)

If we now assume that there are no re-scattering effects (7;; = 74y = 0), and that
the initial and final states are stable, for each possible intermediate state, x, the
rhs of Eq. (3.24) vanishes. Therefore, in the absence of re-scattering, the reduced

scattering amplitude, 7, is hermitian,

Tif =Tp; - (3.25)
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Hence, if 7 is CP invariant, then it must also be T invariant due to the CPT theorem.

Consequently,
(fItliy = (ir|?|fr), (3.26)
= (fr|7lir)". (3.27)
which leads to,
(711 = [{fritlir)|?, (3.28)

which means that the modulus of (f|7]¢) is invariant under a Ty transformation.
As the expectation value of any operator depends only on |(f|7]#)|, Eq. (3.28)
implies that in the absence of any re-scattering, only T y-even operators can have
a non-zero expectation value if CP is conserved. Hence, a Ty-odd observable can
only be seen if CP-violation is present or re-scattering effects occur. Another way

to make this statement is that in the absence of re-scattering (i.e. Im(7)=0),
CPT — CPTy. (3.29)

Therefore, if the expectation value of a T y-odd observable is non-zero, CP-violation
or re-scattering effects must be present.

To make a definite observation of CP-violation, we must rule out the possibility
that a Tx-odd observation is due to re-scattering effects. We can do this by look-
ing at the charge conjugated process (i — f compared with i — f) to see if the
transformation is CP-even or CP-odd. Hence we can unambiguously determine if
the process is CP-violating.

Another implication of Eq. (3.25) and Eq. (3.28) is that a CP-odd, but T y-even
observable can only be seen if re-scattering effects are present. Hence, CP-odd,

T n-even observables cannot be present at the tree level.

3.3 Triple product correlations

The main observables we use to look for CP-violation in the MSSM at the LHC are
triple product correlations. These are produced from three independent momentum

or spin vectors combined as,

T=p- (272 X 273) ) (3-30)
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where p is the momentum of the individual particle, but could also be a spin vector.

If we apply a Ty operation to the triple product we reverse the sign of all
the momentum vectors and therefore the sign of the triple product. Hence, the
observable is T y-odd. Under the assumption of no re-scattering effects as explained
in Sec. 3.2 and CPTy invariance, this translates into a CP-odd observable.

The advantage of using triple product correlations to observe CP-violation in
the MSSM is that these effects can occur at the tree level and we can expect the
observables to be larger. We now explain the origin of the triple products and how
they can be used to observe CP-violation in the MSSM.

As an example, we consider the following decay chain,

t — Xat, (3.31)

X5 = X0, (3.32)

where the ¢ undergoes a two body decay and the Y3 undergoes a three body decay.
This decay channel will be considered in more detail in Chapter 4 and the explicit
amplitudes will be shown.

We evaluate the above cascade decay chain by calculating the total amplitude
for both processes including the spin correlation between the production and decay
of the 9. We find that the following trace appears in the amplitude, which results

in an explicit covariant product of momentum,
A-Te[P 99 Y7) = GA - oy DD (3.33)

where A is the relevant coupling constant. We notice that the covariant product
is multiplied by a factor of i and consequently Eq. (3.33) only contributes to the
amplitude if A contains imaginary (CP-violating) terms. In the case of the above
example, these terms can come from complex phases within the neutralino mixing
matrix, Eq. (2.26). We also note that the covariant product appears in the amplitude
at the tree level and hence any potential observables are not loop suppressed.

If we expand the covariant product in terms of the explicit 4-momentum,

Euupapggptupz)vag* = E)Zg ﬁ : (ﬁ X W) + EZ* W : (p—>28> X ﬁ) (334)

—E; pit - (b % Pgg) — Be- pyg - (i % pit).
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we find the energy multiplied by the triple products of momenta (p; - (ps x p3)). In
the rest frame of the x9, (pgg = (mg,0,0,0)), the expression simplifies and produces
a single triple product,

T =my B (7 X i) (3.35)

since all terms containing pgo — 0. We can therefore measure the final-state mo-
menta and if we observe an overall triple product we can infer the presence of
CP-violation.

Again we draw attention to the fact that we cannot perform a true time reversal,
T, operation at a collider as it requires interchanging the initial and final states,
Sec. 3.2, [121] . Instead we apply a naive time reversal, Ty, operation that only
reverses the momentum and spin of the final-state particles but does not exchange
the initial and final states. In principle, absorptive phases that originate from final
state interactions (FSI) or the finite width of unstable particles could enter and
provide a Txn-odd contribution. If these effects are sizable then the triple product
could be sensitive to CP-even, T y-odd effects. These contributions can be removed
however by looking at the charge conjugate process. If the sign of the observable
is opposite for the charge conjugate process, we know that the observable must be

CP-odd and not due to absorptive phases.

3.4 Tpy-odd asymmetry

In order to measure any CP-violation at a collider it is useful to define a dimension-
less parameter that can be used to easily understand the statistical significance of

any result. We therefore define the Ty-odd asymmetry parameter,

N7, — N7 _ [ sign{T }|T|*dlips | (3.36)

Ar =
T~ Ng + N TITRdTips

where Nz, (N7 ) are the numbers of events for which 7 is positive (negative), 7" is
the amplitude and dlips denotes Lorentz invariant phase space. The denominator

in Eq. (3.36), [|T|*dlips, is equal to the total cross section which in the example
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£+

X1

Figure 3.1: The reaction geometry in the X3 rest frame. The triple product, 7, is
given by the angle between the ¢ and the plane formed between the T and the ¢~

(in the Y9 rest frame, the x? also lies on this plane).

would be,

[ireats = o
= o(pp — tt*) - BR(f — Xyt) - BR(X3 — xT¢7).  (3.37)

Fig. 3.1 shows that in the rest frame of the x9, the x¥, ¢* and ¢~ define a plane.
The triple product is given by the angle, 6, between the normal of this plane and
the t that was produced in the # decay alongside the X3. In terms of the asymmetry
parameter, events are regarded as Nz, (N7 ) if the ¢ was produced above (below)
the plane. An alternative definition can also be given for the asymmetry in terms

of the angular distribution,

Nz, — Nz flo dfg’sedcosﬁ—fo_l Tegdcost
Ap = —F——— = i o , (3.38)
NTJf + N7 fl dcosedcose_'_fo dcosedcose
where,
— = —
COSH — Db (pf+ X pg,) (339)

|Pi| - |(pet % pe)|
If CP-violation is present we expect a non-zero expectation value for 7 and therefore
a non zero average angle between the plane and the produced ¢.

As stated above, a Tn-odd asymmetry can in principle be formed if absorptive

phases are present from finite width effects or loop induced final state interactions.
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Although these effects are expected to be small for electroweak processes as they
are formally a higher order contribution we can remove them by defining a CP-odd

asymimetry,

1 _
Acr = 5(Ar = Ar), (3.40)

where Acp corresponds to the asymmetry for the CP-conjugated process.

3.5 Boosted frame asymmetry

Whilst the covariant product in the amplitude, Eq. (3.33), is inherently Lorentz
invariant, the triple product, 7, Eq. (3.35) is not. At the LHC we can expect the
particles produced to have substantial boosts in the laboratory frame that vary on
an event-by-event basis. We therefore need to analyse the effect of such boosts on
the triple product observable.

Ideally, we would like to reconstruct the rest frame of the x3. We would then
be able to boost the momentum of the triple product particles into this frame and
access the value of the covariant product. However, the x{ only interacts weakly
and therefore will escape the detector without being seen, so the rest frame cannot
of the X3 cannot be trivially reconstructed.

If we analyse the covariant product in the laboratory frame,

s lab
Cupe Vg PP P- = By P (P X Pe) + Eer b= - (Pyg % PP

—Ey pit - (0 X Dyg) — B by - (e x per). (341)

we see that our triple product observable is only sensitive to the first term (we only
exploit the sign). The other terms all require a measurement of the Y9 momen-
tum to find the ¥ momentum. We therefore do not measure the sign of the true
covariant product in the amplitude but instead only one component. As we have
lost information on the true sign of the covariant product, the asymmetry can be
significantly diluted for events at the LHC, Sec. 4.3.5.

Another way to understand the dilution of the asymmetry in the laboratory frame
is to think about the relative orientation of the ¢ and the plane defined by the ¢* and

(=, Fig. 3.1. These particles correspond to the triple product, 7 = p; - (Dot X De-)
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that is the first term in Eq. (3.41). In the rest frame of the Y9 the orientation is
‘correct’ and thus we measure the maximum asymmetry. However, in the laboratory
frame, the orientation of the ¢ and the ¢+, ¢~ plane will in general be different. For
some events, the difference in orientation can mean that the ¢ ‘flips’ from one side
of the plane to the other and consequently we record an opposite sign for the triple

product.

3.6 Statistical error and significance

In order to determine whether a particular CP-asymmetry may be measured at a
collider we have to understand the statistical significance of any result. The relative

statistical error of the asymmetry Eq. (3.36) is given by,

A (AT)stat

0Ar = ———.
’ |A7|

(3.42)

We assume that Nz, (N7 ) are the numbers of events where 7 is positive (negative),
as in Eq. (3.36), and are binomially distributed, giving the following statistical
error [124],

A(A7)*™ = 24/€(1 —€)/N, (3.43)

where,

€= ]\/vq'Jr/(]VT7L + Ny;) = %(1 + .AT) s (344)

and N = Nz, + Nz is the total number of events. We can also write the total
number of events in terms of the total cross section, o, (Eq. (3.37) in example)
and luminosity, £, with the relation, N = Lor.

Combining Eq. (3.42) and Eq. (3.43), we can then write down the statistical

significance of any asymmetry,
(3.45)

For S = 1, the asymmetry can be measured at the 68% confidence level (CL), for S
= 1.96 at the 95% CL, etc.
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3.7 'Triple product studies

There have now been many studies that have examined the possibility of searching
for CP-violation in SUSY using triple products. The majority of these studies
have been explored at a future linear collider and have mostly concentrated on CP-
violation from the direct production and decay of sleptons (e.g. [125]), neutralinos
(e.g. [106,112]) and charginos (e.g [126]). The reason that the studies have been
based on the linear collider is mainly because of the much cleaner experimental
conditions when compared with the LHC. In addition, polarised beams and the
known centre-of-mass system (cms) energy allows the initial state, ete™, to become
part of the T-odd observable (e.g [116,127,128]).

At the LHC, the situation is more challenging due to the composite QCD initial
state. We no longer know the identity of the colliding particles, the collision centre-
of-mass energy is undetermined and a large QCD background will be present. In
addition, as the strong coupling constant is the largest, the cross section to coloured
particles is dominant. Consequently, the electroweak initial states considered in the
studies above are no longer competitive and the studies need to be based around
the production of QCD charged particles. The main studies using triple product
correlations in SUSY at the LHC are presented in Tab. 3.1.

The studies presented in this thesis, Chapters 4-6, are summarised briefly in this

section for completeness and comparison.

3.7.1 Initial two-body decay studies

The initial study to consider the possibility of using triple product correlations in
SUSY cascade decays at the LHC was [129]. This was a completely analytical,

parton-level study and looked at the following two-body cascade decay of a stop,
t— X9t, (3.46)
W 07— R, (347

t— bW — bl (3.48)
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Process Sub Decay 1 | Sub Decay 2 | CP Phases Max Acp Ref.
t— 0 t— bW W — v
X — (=0 | Gandudar, | 15(40)% | [129]
t— tx; X§ — 00X} G Oy 10[3]% [130]
t — tx? t— bW Ch. 4
XY — 00x9 days Pus Oy | 15[4]% [131]
t— tx? t— bW W — v
X} — U (=08 | bandudu, | 18(40)[6]% | [132]
t — tx° t — bW W — jj Ch. 6
X0 — 28 £— X% | daydusdan | 15[4]% [133]
b— txF t— bW W — (v
X; — 10(40)%
A Rt Sy By 15% [134]
b— t)Z;-t t— bW W — v
X; — 0 Py 15(40)[7]% | [135]
q— qx?° Ch. 5
X; — X9 Pus dny 15[2]% [136]
ty — it 7t ba, 90% [137]

Table 3.1: Overview of the SUSY cascade decays now studied to analyze CP phases

at the LHC. Two-body decays are denoted by a — bc and three-body decays by

a — bed. The column ‘CP Phases’ lists the phases the process is sensitive to. ‘Max

Acp’ gives the maximal asymmetries which have been found in the rest frame of the

sfermion, the round brackets refer to the maximum asymmetry from non-observable

final states and the square brackets to the laboratory frame asymmetry. The rows

in bold correspond to the studies presented in this thesis along with the relevant

chapter number. This list is not exhaustive but presents the most promising channels

studied at the LHC. Some of the asymmetry numbers are not explicitly stated but

have been extrapolated from plots presented.
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where (% (¢F) is the lepton produced in the y(¢F) decay and N(F) denotes ‘near’
(‘far’). ¢; is the lepton produced in the ¢ decay.

The study was the first to consider using ¢ decays and therefore did not attempt
to include the production process explicitly or try to estimate the dilution due to
the boosted decay. Instead the study focused exclusively on the cascade decay and
the triple products that could be formed

In the scenarios considered, the study found that the decay chain was most
sensitive to the phase of the top trilinear coupling, ¢4,, and T-odd asymmetries of
up to 40% were found. Unfortunately however, the maximum asymmetry was found

to occur with the triple product,
T =50 - (71 % i), (3.49)

The triple product requires simultaneous knowledge of the top, ¢, and the lepton
coming from the top, ¢;. The reason this triple product produces the largest asym-
metry is that the lepton produced by the top, ¢; is sensitive to the polarisation of
the W which in turn is sensitive to the polarisation of the top. This gives more
information on the top production amplitude than the direction of the W alone (for
example in the triple product, py - (p; X @ )) and therefore a larger asymmetry.
However, the triple product requires simultaneous knowledge of the top, ¢, and the
lepton coming from the top, ¢;. This neglects the fact that the missing neutrino, v,
would seem to make this impossible at a collider.

The largest reconstructible T-odd asymmetries were found to be Ay ~ 15% with

the following triple products (labeling from [129]),

T = B (7 < ). (3.50)
T = o (7 % 52). (3.51)
T = b (5 X 7). (3.52)

The triple product from Eq. (3.50) is valid if we allow the top to decay hadronically
while Egs. (3.51,3.52) are possible if the leptonic decay of the top is preferred.

One outstanding issue with the triple products shown in Eqgs. (3.50,3.51), is that
they require that we can correctly distinguish the near and far lepton. This distinc-

tion may be possible with energy distributions but if we are not able to distinguish
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the leptons, the asymmetry is diluted (to A7 ~ 10%) as the far lepton has a weaker

spin correlation.

The same group also produced a study on the possibility of using cascade decays

of sbottoms, b, as an alternative [134] with the following decay,

bo— iy, (3.53)
¥ — (+ME, (3.54)
t — bl (bes) [bjjl, (3.55)

where MFE is the general missing energy that contains a single v and X! in the final
state.

The triple products of most interest are,

Ta = Do (Do) X Di)s (3.56)
T = 174) : (P_&) X ]713), (3.57)

where £ is the lepton produced by the Y~ and /¢; is the lepton produced by the top.

Again, CP-violating asymmetries of up to, Ay ~ 40% were found. However, this
asymmetry was with the triple product 74, Eq. (3.56), which exploits the polarisa-
tion of the W. This would either require a leptonic top to be reconstructed or the
other possibility explored in this paper was to use a c-quark final state that needs to
be tagged. This will be extremely difficult at the LHC (or indeed a Linear Collider)
and without this final state, the asymmetry drops to around, A7 ~ 10%, for the
triple product 75, Eq. (3.57).

The study was also performed analytically at the parton level and the cascade

decay was focused on without the production process being included.

3.7.2 Stop studies with 3-body Y5 decay

Stop cascade decay chains were again studied in [130] but focused on the three body
decay of the x9,
t — Xot, (3.58)

0 = Y. (3.59)
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The three body of the Y5 has the advantage that the amplitude of this process alone
is sensitive to CP-phases in the neutralino sector and this study concentrated on
these phases. Also, from an experimental point of view, the three body decay has
the advantage that we do not need to distinguish the near and far leptons as we do
for many triple products in the two body case.

The difference occurs due to the fact that in the case of two, two-body decays of

the Y9,

Xy — (£ 07, (3.60)
T — 0359, (3.61)
we can factorise the two decays using the narrow width formalism, see Sec. 4.2.2. The
narrow width formalism is applicable since both the 9 and (¥ can be approximated
as being on-shell. Consequently, the two decays are calculated separately and we
have no interference effects between final-state particles produced in different decays.

However, for the three body decay shown in Eq. (3.59), the decay is mediated
by various off-shell propagators (Z°, gf, gﬁ), see Fig. 4.2, that each contribute.
Interference terms between these contributions give rise to the CP-violating triple
products. For the explicit expressions that contribute see Appendix B.3.

The study found parton-level asymmetries in the rest frame of the Y3 of up to
about, Ar ~ 10%, for CP-phases in the neutralino sector, Sec. 2.4.3, depending on
the particular MSSM scenario. In addition, an estimate was made for the dilution
of the asymmetry by the boosted initial state at the LHC. This was done by calcu-
lating the average boost of a ¢ produced at the LHC and applying this boost to the

decay chain. The estimated dilution of the asymmetry was an order of magnitude.

We extended the above study by explicitly calculating the dominant production
channel for {t* production at the LHC including the relevant parton distribution
functions (PDFs) [131]. This study is explained in detail in Chapter 4.

We also added the top decay into the calculations,

t — Wb, (3.62)
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and by including the top spin correlation, three independent triple products were
sensitive to phases in the stop mixing matrix, Sec. 2.4.1.

We found that the rest frame parton-level asymmetry reached a maximum of
A7 ~ 15% for a particular scenario and this was most sensitive to the phase of the
U(1) gaugino mass term, ¢y, , in the neutralino sector. However, phases in the stop
sector could also be important and maximum asymmetry of Ar ~ 8% could be seen
as we vary ¢g,.

When we introduce the production process and PDF's however, a large dilution
in the asymmetry is seen due to the boosted stops. We find that the maximum
asymmetry as we vary ¢, is reduced from Ar ~ 15% to Ap ~ 4% whilst the
maximum asymmetry as we vary ¢y, is reduced from Ar ~ 8% to Ar ~ 3%.
Predictably, the reduction in the observable asymmetry significantly increases the
luminosity we would require to see CP-violating effects at the LHC. In this study we
presented the first estimates of the luminosity needed to see statistically significant
results and found that this would be particularly challenging. For example, we
found that for the above decay chain and in the scenarios studied we would require
at least 100fb™! to observe a lo-deviation from zero asymmetry for the CP-phase
Oy, Sec. 4.3.5. To observe a phase for the top trilinear coupling, ¢4,, the situation
is even more difficult and we require 500fb™! to observe a lo-deviation from zero
asymmetry. For this early study experimental efficiencies or backgrounds were left

for later consideration.

3.7.3 Extension of two-body studies

In [132] the same two body stop cascade decay chain as in [129], Sec. 3.7.1, was
considered but the effect of the production process and PDFs were estimated. In
addition, the relevant branching ratios were included to give an estimate of the
required luminosity to see a statistically significant effect at the LHC.

The study found the same maximum asymmetry in the rest frame at parton
level, ~ 40%, for the unobservable triple product py, - (p; x @), Eq. (3.50), as the
phase, @4, is varied. When the production process and PDFs are included a dilution

factor that reduced the asymmetry, Ap, by a factor of ~ 3 was noticed. For the
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observable triple product, p, - (p; x @ ), Eq. (3.51), the maximum asymmetry was
again found to be significantly less, A7 ~ 18% and this was also diluted by another
factor of ~ 3 when we introduce the production process and PDFs. However, this
triple product also has experimental difficulties as we need to be able to distinguish
the near and far lepton in the Y9 decay which will be very challenging. The triple
product, py, - (@ X @ ), Eq. (3.52) avoids these problems but also has the smallest
maximum asymmetry at Ar ~ 14% in the rest frame and Ap ~ 4% in the lab frame.

When estimating the statistical significance at the LHC the study unfortunately
bases all of the results around the unobservable triple product that requires both the
top momentum and the momentum of the lepton produced by the top. Using this
triple product, a lo-deviation from zero asymmetry may be seen with as little as 5
fb™'. However, if realistic triple products are used, substantially more luminosity
can be expected to be required. Also, no experimental efficiencies or backgrounds

were considered and these can be expected to make the situation significantly more

challenging.

A similar update for two body sbottom cascade decay chains was presented
in [135], c.f. [134] Sec. 3.7.1. The idea was again to include the production process
including PDFs at the LHC to try and understand if CP-violating observables may
be seen in these decay chains at the LHC.

The results of the study were similar to those presented in the stop study. A
rest frame, parton-level asymmetry of up to ~ 40% could be seen for the unob-
servable asymmetry that simultaneously requires the momentum of the top and the
momentum of the lepton produced by the top, 74, Eq. (3.56). For an observable,
rest frame, parton-level asymmetry 75, Eq. (3.57), the maximum was up to ~ 18%
and in the lab frame this would be reduced to ~ 8%.

Unfortunately this study also decided to make luminosity estimates for the un-
observable asymmetry and found that a minimum of 10fb™ would be required to
see lo-fluctuations at the LHC. Once again substantially more luminosity can be
expected to be needed for the realistic triple products. In addition no experimental

efficiencies or backgrounds were included.
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3.7.4 Momentum reconstruction studies

The studies in Secs. 3.7.1-3.7.3 all suffer from a common problem. Although large
rest frame parton-level asymmetries may be seen, these are severely diluted by the
boosted production process in the lab frame. To overcome this issue, we examined
how to use kinematical invariants in the decay chain to reconstruct the LSP, x9,
momentum. Once the Y momentum is known, the momentum of any other particle
further up the decay chain can be trivially reconstructed. We first presented the idea
in [136], Chapter 5, when it was applied to 1st and 2nd generation squark production.
We also used the idea in [133], Chapter 6 when it was applied to #* production.
In addition, none of the studies presented so far had included any of the many
experimental difficulties expected at the LHC. Our study in [136], Chapter 5, was the
first to include the kinematical cuts required for the LHC and smearing on the final-
state momentum. Also, the combinatorial issues of selecting the correct final-state
particles were included. The #* study went further by investigating fully hadronic
events and their reconstruction. Both Standard Model and SUSY backgrounds were
also included to try and gain a realistic idea of whether these measurements would
be possible at the LHC.

Our squark study, Chapter 5 [136], investigated the same decay as presented in
Sec. 3.7.2 but with a 1st or 2nd generation squark replacing the stop,

q — X24, (3.63)
X5 — XY, (3.64)

1st and 2nd generation squarks were chosen for the study as their production cross
section at the LHC is significantly higher than stops for the scenarios we considered.
Consequently, we hoped that statistically significant observations could occur for

lower luminosities. In addition, ¢g production via,

q9 — 49, (3.65)

offers the possibility of reconstructing the ¥! momentum and thus, the decaying
squark rest frame. This is not possible for #* production in the scenarios studied

with 3-body X3 decay since we do not have enough kinematic constraints to solve
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the system. A drawback to studying the squark decay however, is that we are only
sensitive to CP-violating phases in the neutralino mass matrix. Since the quark will
not transfer any spin correlations we are not sensitive to any imaginary couplings
at the squark decay vertex.

Our study found that the rest frame parton-level asymmetry was similar to that
of the stop study with A7 ~ 15%. However, after the PDFs and the production
process is included, the asymmetry drops to Az ~ 2% (this also includes a dilution
due to anti-squarks being present in the sample). When momentum reconstruction
is performed though, the observable asymmetry rises to Ar ~ 15% and shows the
power of this technique.

When estimating the expected luminosity required to see CP-violating effects
at the LHC, the study presented the first attempt at including some of the experi-
mental factors that are expected to be important. Selection cuts were performed on
the process and experimental smearing of the final-state particles was added. The
minimum luminosity at which CP-phases may be seen at the statistically significant

3o-level was estimated to be 100 fb~.

We then applied the same idea of momentum reconstruction to #* production,
Chapter 6 [133], with the decay chains discussed in Sec. 3.7.1 and Sec. 3.7.3 but

with a fully hadronic top decay,

i — e, (3.66)
Xy — (0T — IN0EXY, (3.67)
t — bW — bjj. (3.68)

We now have a two body decay of the 9 and thus enough kinematic conditions
to solve the system and find the X} momentum, Sec. 6.3. In addition, only a single
t decay chain is required for the momentum reconstruction, whereas for the g
production discussed above, the decay chain of the both the ¢ and the § needs to
be included, Sec. 5.3.

We found the same maximum rest frame parton-level asymmetry as discussed

before at Ay ~ 15%. When the production process and PDFs were included this
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maximum asymmetry is reduced to Ar ~ 4%. The study then attempted to perform
reconstruction at the hadronic level for complete events and found that this was a
realistic proposal with the asymmetry returning to the rest frame level. None of
the Standard Model backgrounds were found to be an issue within the limitations
of the study as the reconstruction procedure severely reduces the background. The
expected minimum luminosity required if we only consider #* production is 300 fb™*
to see a 3o-statistical deviation. The general SUSY background was found to be
much more of an issue and extra cuts on top of the reconstruction procedure were
required to improve the signal to background ratio. With the SUSY background
included we would require a minimum of 500fb™! to see a 3o-deviation.

For more information on both the studies presented in this section see Chapter 5

and Chapter 6.

3.7.5 Stop to taus

An additional study that considered using triple product correlations to search for
CP-violation in SUSY cascade decays was [137]. The study considered the following
two body decay chain,

ty — Hity, (3.69)
H;, — 11~ (3.70)

where the covariant product is built from the taus,
(el 5T, (3.71)

and s”, are the spin vectors of the individual taus.

To generate large asymmetries, the study requires the interference between closely
degenerate Higgs states, H;. If this requirement is satisfied though, the asymmetries
can reach the very large maximum of A ~ 90%.

However, the study does face formidable experimental challenges. Firstly, at
least one of the tau spins in Eq. (3.71) must be measured on an event-by-event basis
and this is expected to be very difficult at the LHC. Secondly, the backgrounds to
hadronic taus will be substantial and it is not clear if the final-state of Eq. (3.69,3.70)

will be reconstructible with a high enough signal to background ratio.
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3.8 Decay rate asymmetries

Another potential way to observe CP-violation in SUSY at colliders is via decay
rate asymmetries. As an example we choose the possible asymmetry for the decay
of Xi' — X{W™* [99],

A — P =AW Ty = XiW")
Cy(Xy = XIWH +T (g — xiw~-)’

(3.72)

where 'y (_y is the decay rate for the positively (negatively) charged ¥ 1) respec-
tively. The observable is therefore just a simple counting experiment between the
different final states and the statistical significance will be the same as detailed in
Sec. 3.6.

For most decays these asymmetries can be expected to be small as they can only
contribute at the loop level. However, for certain decays, the loop corrections can
become large (Ar ~ 15%) with the right couplings and kinematics [100].

Many different decay processes have now been investigated in the context of the
MSSM at the LHC. For example in Higgs decays [100, 102], stop decays [138, 139
and charginos [99].



Chapter 4

Stop production and three body

neutralino decay

4.1 Introduction

In this chapter we study the production of stops at the LHC and the subsequent

cascade decay chain [131],
ti— X) +t— XN+ Wb (4.1)

The cascade is sensitive to CP-violating couplings in both the #; and )22 decay. Thus
the chain is sensitive to CP-violating couplings in both the neutralino and stop
mixing matrices (Sec. 2.4.1 and Sec. 2.4.3). In this thesis we set the phase ¢, = 0
due to EDM constraints, Sec. 2.5, and therefore concentrate on the phases ¢, and
@4, in this chapter.

As our main observable we use triple product correlations that are explained in
detail in Sec. 3.3. The correlation allows us to create a CP-sensitive asymmetry that
is explained in Sec. 3.4.

The first CP-odd asymmetry we consider is formed from 7; = g, - (py+ X pp-).
This quantity has been studied at the parton level in [130], assuming pure gaugino-
like neutralinos. In this chapter we extend that work by providing fully analytic
expressions for the squared amplitude of the whole cascade process including full

spin correlations. In addition, we study the complete neutralino mixing matrix in

44
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order to see the effect of higgsino states and include scenarios where the neutralinos
of interest may be mainly higgsino-like.

A major open question of [130] was the exact effect that including the production
process and Parton Distribution Functions (PDFs) would have on the asymmetry,
see Sec. 3.5. The effect was only estimated in the previous study as being an order
of magnitude but here we calculate the dilution explicitly by completing the full
phase-space calculation. We see that including the PDFs has a big dilution effect
on the measurability of a CP-odd asymmetry.

In [129], further CP sensitive asymmetries formed from the momentum of the top
decay products were studied under the assumption of 2-body neutralino decays into
on-shell sleptons, namely 7, = pj,- (Pp+ X Pp- ) and Ty, = Py - (P X P+ ). These variables
are sensitive to ¢y, and ¢4,, but have different dependences on the CP-violating
phases as described in Section 4.2.4. Both of these CP-violating triple products are
produced at the stop decay vertex and therefore our decay chain is also sensitive to
these effects. Indeed, we can go further by combining all three observables which
would in principle allow one to disentangle the influences of both ¢, and ¢4,.

Since T-odd observables can also be generated by final-state interactions at the
one-loop level, one should in principle combine the asymmetry for a process with
that of its charge-conjugated process, Eq. (3.40). If a non-zero asymmetry is then
observed in this combination, it must correspond to a violation of CP symmetry.

To do this we must tag the charge of the ¢; involved in the cascade decay,
Eq. (4.1). Tagging the charge is possible if the ¢, produced by the #;, decays leptoni-
cally. Alternatively, since the dominant production channels at the LHC are via pair
production, pp — t;t, we could tag the charge of the ¢! produced in association.
If we know the charge of the opposite ¥, we know the charge of the #; that we are
interested in.

In the following study, both of these approaches are taken, depending upon the
triple product being studied. For the triple products 7; and 7, we require the
momentum of the top to be reconstructed. Therefore, we cannot use a leptonically
decaying top in the triple product cascade decay, since the momentum of the as-

sociated neutrino is lost. Instead, for these triple products we must use the decay
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of the opposite £ to tag the charge. In all the scenarios we consider, the decay
t — X;'b, is dominant, enabling charge identification from the leptonic decay of the
Xi . However, a detailed simulation including all combinatorial aspects and also
other background processes would be required to validate this possibility and is not
included in this study.

For the triple product, 7, we do not require the momentum of the top. Therefore,
it may be possible to use a leptonically decay t to tag the charge of the ¢;. This
approach has the potential advantage that we can ignore the opposite cascade decay.
However, it must be noted that fully hadronic top decays will also work with this
triple product, using the opposite cascade decay tag mentioned previously.

In addition to looking for CP-violating effects in triple products we also consider
the possibility of looking at the masses and branching ratios of the particles involved
our decay chain, Eq. 4.1. Both of these observables are CP-even quantities and are
therefore not an unambiguous indicator of CP-violation though. However, it may
be possible to use these observables in combination with the triple products to
constrain the CP-violating phases more accurately. We also consider the accuracy
of these measurements at the LHC to see whether this is a realistic proposition.

We begin this chapter by describing the process under consideration in Sec. 4.2,
including the calculation method, the phases involved and their various effects. In
Sec. 4.3 we present numerical results for three specific benchmark scenarios and
discuss the potential for a measurement at the LHC. The Appendices A-C contain
details of the Lagrangian, the expression for the squared amplitude including full

spin correlations and the kinematics of the phase space in the laboratory system.

4.2 Formalism

4.2.1 Process studied

We study the dominant stop production process at the LHC, namely

g9 — tit;, (4.2)



4.2. Formalism 47

g ty g t1
g t g t
g 51 g 7?1
g t g t

Figure 4.1: Feynman diagrams for the production process gg — tt.

with the subsequent decay chain
ti— X0+t — XU+ Wb (4.3)

At tree level, the production process (4.2) proceeds via g exchange in the direct
channel and ¢ exchange in the crossed channel, and via a quartic coupling, as shown
in Fig. 4.1. Another possible source of #;s is their production in gluino decays,
G — t;t. However this leads to an experimentally more complex topology than the
direct production and consequently we do not investigate this channel.

Since gluons do not couple to off-diagonal combinations of stop mass eigenstates,
51;2 production occurs only at the loop level, and we do not consider it here. We
focus here on flt:l production, since the reconstruction of full decay chains of ¢; seems
achievable, even in the complex experimental environment at the LHC. With the
exception of the stop mass eigenvalues, see Sec. 2.4.1, no effects from supersymmetric
CP-violating couplings occur in the tree-level production process.

The first step in the cascade decay chain is the two-body process,

t; — X5 (4.4)

Here CP-violating couplings of the #; enter as well as those of the Y3, and are
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Xk
Xi a A
ZO
¢ 0 0

Figure 4.2: Feynman diagrams for the three-body decays Y} — x%0T¢~.

dominated by the phases ¢4, and ¢y, see Appendix B.1 '. We consider spectra
where the second steps in the cascade decay chains are the three-body decays of the
neutralino,

Xz = XaCH, (4.5)

(cf. Appendix B.3) and the dominant top decay t — Wb (cf. Appendix B.6). The
neutralino decay occurs via Z° or ¢ r,r exchanges, see Fig. 4.2. It is very sensitive to
CP-violating supersymmetric couplings, and its structure has been studied in detail
in [112,140]. The phase ¢y, (and also ¢,, which has been set to zero here) affects

the mass of the Y9, as well as its couplings and decay rates.

4.2.2 Narrow width formalism and spin correlations

In principle we should not split the production and various decays of the cascade
into separate steps. Instead, we should just take the initial state and calculate
all possible diagrams (including interference terms) that lead to the final state.
However, in practice we would need to calculate a large number of diagrams and
each individual diagram would have significant complexities.

Therefore, we use the narrow width formalism [141] to factorize the full process

!Their structure has also been studied in detail in [129].
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into the production and each individual decay. The formalism assumes that each
intermediate particle (apart from the off-shell exchange particles) in the decay chain
can be approximated as being on-shell. This can be considered a good estimate
when the width of the particular particle in the decay chain is small compared to
its mass, I' << m. This implies that the Breit-Wigner resonance shape can be

approximated by a ¢ function in the decays,

1 s 9 9
(q2 — m2)2 T mzrz — ﬁd(q —m ) . (46)

Studies have now been performed in the MSSM to look at the validity of the approx-
imation and where it breaks down [142,143]. An additional requirement is found
that the sum of the mass of the daughter particles should be less than ~ 90% of the
mass of the parent.

We use the definition of the narrow width propagator [140], |A|?, in this thesis
that absorbs the factor of 7 into the phase-space calculation, and introduces a factor
of E/, so that the partial width, r (Appendix C), is calculated in the laboratory
frame,

E
AP = —=d(g" —m?). (4.7)

However, to correctly calculate the angular distribution of the decay chain and
produce the triple product correlations that we are interested in, the narrow width
formalism alone is not sufficient. If the ‘on-shell’ propagator has spin (e.g a fermion
in our decays), an angular correlation will form between the production and decay
of the particle. Therefore, we need to include the spin dependence for each decay
and the correlation between decays.

We follow the Bouchiat-Michel formalism [141, 144, 145] and introduce 3 four
vectors 7, a = 1,2, 3 for the spin of each ‘on-shell” fermion propagator. The s* and

p/m form an orthonormal set of four-vectors,

p-s* = 0, (4.8)
st.sb = 5%, (4.9)
a.a __ pupu
s,usu = —Gw + m2 s (410)

where repeated indices are implicitly summed over. We can explicitly choose a
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particular basis for the set of 3 four vectors for the Y3, Eqs. (B.7.45-B.7.47), or ty,
Egs. (B.7.48-B.7.50).

The above formalism has the advantage of allowing the calculation to be per-
formed with or without explicit spin vectors. One possible method is to contract the
spin vectors between the production and decay of a particular particle analytically
and effectively merge the squared matrix elements. Alternatively, the amplitudes
can be calculated with an explicit set of spin vectors and the correlation will only be
visible when the phase-space integral is performed. Hence, we are able to check that

the spin correlations have been calculated correctly by comparing the two results.

4.2.3 Squared amplitude

Using the above formalism, Sec. 4.2.2, the squared amplitude |T'|? of the full process
can be factorized into the processes of production gg — 51;1 and the subsequent
decays t; — X9, X3 — X/*T¢~ and t — Wb, with the second #; being neglected
in the analysis. We apply the narrow-width approximation for the propagators of
the intermediate particles, t;, Y5 and ¢, which is appropriate since the widths of the
respective particles are in all cases much smaller than their masses, cf. Table 4.3.1.
The squared amplitude can then be expressed in the form

TP = JAGPIAPIAGPPEL){POSODEDDE) + 3 SHE)EH(E)DE)

a=1

+ > Sh ()3, () D(R) + Zzab 024 (R9) 25 (1)}, (4.11)

b=1 a,b=1

where a = 1, 2, 3 refers to the polarisation states of the neutralino x? and top quark,
which are described by the polarisation vectors s*(x?), s°(¢) given in Appendix B.1.
In addition,

o A(ty), A(XY) and A(t) are the ‘propagators’ of the intermediate particles which
lead to the factors By /m; Ty, Ego/mgol'zg and Ey/m,I'; in the narrow-width

approximation, Eqs. (4.6,4.7).

o P(tit1), P(tx3), D(X?) and D(t) are the terms in the production and decay,

Sec. B.1, B.3, B.6 respectively, that are independent of the polarisations of the
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decaying neutralino and top, whereas

o X4(%Y), X%(¢), Z®(x9t) and X4(xY), £5(¢), Sec. B.1, B.3, B.6 respectively,

are the terms containing the correlations between production and decay spins

of the x3 and ¢.

According to our choice of the polarisation vectors s(y?) [s°(t)], see Eqgs. (B.7.45)—
(B.7.50) in Appendix B.1, X3,/ P is the longitudinal polarisation, ¥:1L /P is the trans-
verse polarisation in the production plane, and Y% /P is the polarisation perpendic-

ular to the reference plane of the neutralino x? [top quark ¢].

4.2.4 Structure of the T-odd asymmetries

As introduced in Sec. 3.3, suitable tools to study CP-violating effects are T-odd
observables based on triple products of momenta or spin vectors of the involved

particles. In this chapter we study the following T-odd observables,

T, = pr- (Per X D) (4.12)
Ty = Py (Per X Pe-) (4.13)
Ty = Pi- (Po X Pex)- (4.14)

The T-odd asymmetries, Sec. 3.4 can then be defined for each triple product as,

A — Nq'f+ — Nf]'f_ _ f81gn{’]}}|T|2dhps
T Npy+ No,_ [ITPRdlips

f=tband tb, (4.15)

where Nz, Nz, are the numbers of events for which 7 is positive and negative
respectively, and the second denominator in (4.15), [|T|*dlips, is proportional to
the corresponding cross section, namely o(gg — t,t% — tx2*4~) in Eq.(4.12) and
o(gg — titt — Wbx+0~) in Eqgs. (4.13) and (4.14). In the second numerator in
(4.15), the triple-product correlations only enter via the spin-dependent terms, as
explained in Eq. (4.17) and the following sections.

The observable Ap, has the advantage that it is not necessary to reconstruct
the momentum of the decaying ¢t quark. However, as explained below, in order to
disentangle the effects of both phases of A; and M, it will be necessary to study all

possible observables.
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As can be seen from the numerator of Az, in order to identify the T-odd contri-
butions, we have to identify those terms in |T'|?, Eq. (4.11), which contain a triple
product of the form shown in Eqgs. (4.12)—(4.14).

As shown in Eq. (3.34), triple products are produced when covariant products,
1€wpea?b”cPd?, are found in the amplitude squared of the process. In our process,
T-odd terms with e-tensors are only contained in the spin-dependent contributions
to the production, 2‘}!’()}21&), and in the spin-dependent terms in neutralino decay,
%% (X9). It is therefore convenient to split X% (x7¢) and X%,(x9) into T-odd terms
Z?’O()Zot) and Z‘BO()Z?) containing the respective triple products, and T-even terms

J

B9 (%0) and S3°(9) without triple products,

SE(%) = SRR + PR, 2L =250 + 25RRY). (4.16)

The other spin-dependent contributions X% (x9) and X%(t), as well as X5,(¢), are
T-even.

When multiplying these terms together and composing a T-odd quantity, the
only terms of |T'*, Eq. (4.11), which contribute to the numerator of Az, are there-
fore,

3
=D [2?0@%)2#@2)2%@) + SRR

a,b=1

+ PSR (TR - (417)

The first term in Eq. (4.17) is sensitive to the T-odd contributions from the produc-
tion of the top and the neutralinos )2?. Comparing Eq.(B.1.9) with Eq.(B.3.25) and

(B.6.44) leads to the following possible combination of contributing momenta,

EECRIOEF (RDED () ~ €upos™ (X§)P50s" ()] % (prev.15") (Ppawys”). (4.18)

The second term and third terms in Eq. (4.17) are only sensitive to T-odd con-
tributions from the neutralino )Z(; decay. The second term depends only on the
polarization of X9, comparing Eq.(B.3.32) with Eq.(B.1.5) therefore leads to the

only possible combination of momenta,

a,E/ ~ a,0 ( ~ a ap, v o
S5 (RNERC () ~ (015%) X €papos™ Dopf- P (4.19)



4.2. Formalism 53

Since the third term depends on the polarization of both fermions, f(? and t, the

possible combinations, comparing Eq.(B.3.32) with Eq.(B.1.8) and (B.6.44), are,

SEEGHER (SR~ (215) (Pgos”) ("Poaw) X €uupors ™ Pop]- pEA4.20)

and  (s"s”) (s"pp,w]) X euypgsa”pggpf,p§+. (4.21)

As can be seen by substituting Eqs. (B.7.45)—(B.7.50) into Eq. (B.1.9) in Appendix
B.1, Z‘}Db’o()zgt) vanishes for the combinations (ab) = (11), (22), (33), (13), (31), be-
cause they contain cross products of three linearly-dependent vectors. Only for the
remaining combinations, (ab) = (12), (21), (23), (32) , do we get a T-odd contribution
to the production density matrix.

Similarly, the expression for the T-even contributions, E“Pb’E(f(?t), Eq. (B.1.8) in
Appendix B.1, has non-zero components for a = 1, 3 but vanishes when a = 2. These
expressions are multiplied by Z‘BO()%?), Eq. (B.3.32), and therefore only E}:;O()z?) and
Z%O()Z?) contribute.

In the following section we derive the three triple products, study their different

dependence on phases and provide explicitly a strategy for determining ¢4, and ¢y,

and disentangling their effects.

4.2.5 Strategy for determining ¢4, and ¢,
Derivation of the triple products

Contracting the spin indices via Eq.(4.10) on Egs.(4.18)—(4.21) lead to kinematic
expressions that only contain explicit momenta. We can the expand the terms with
covariant products (€u,,0), as explained before, Eq. (3.34), in explicit momentum
components to produce scalar triple products of the momentum between three in-
dependent particles.

In our process we can classify the terms of Eq.(4.17) as follows:
e The terms of Eq.(4.18) lead to a combination between 7y, and 7.

e The terms of Eq.(4.19) lead only to 7;.
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e The terms of Eq.(4.20) lead again only to 7; but terms of Eq.(4.21) produce

7T; as well as 7, due to interference effects between both spin vectors of p; and

0.
Pyo

T-odd terms sensitive to 7;

We consider first 7;, Eq. (4.12). As this includes the reconstructed top quark mo-
mentum, there are no spin terms from the decay of the top quark and the con-
tributing terms are the second and third term in Eq. (4.17) as explained in the
previous paragraph. The CP-sensitive terms of the decay density matrix are given

by Egs. (B.3.32)—(B.3.35) and the contributing kinematical factor is g¢, Eq.(B.3.36),
gg = imkeuypasaﬂp;?pgip?ﬁ (422)

We note that g is purely imaginary. When inserted, for instance, in Eq. (B.3.34) it
is multiplied by the coupling,

Im{af;a7,0F} . (4.23)

See Eq. (A.2.8) and Eq. (A.4.23) for exact parameter dependence.

Both couplings depend on the phases ¢y, (and ¢,) and the factor contributes to
Z‘BO. Analogous contributions follow from Eqs. (B.3.33) and (B.3.35). The corre-
sponding T-even terms of the production density matrix also entering in Eq. (4.17)

are obtained from Eq. (B.1.5).

T-odd terms sensitive to 7

For the triple product 7y, Eq. (4.14), only the first term in Eq. (4.17) contributes,
but the kinematics are complicated by the fact that we need to include the decay of
the ¢ in addition to that of the 9. This comes from the fact that the kinematical

term that generates the triple product is f§*, Eq.(B.1.10):

be = Euupasa’”(ig)PEg 5b7p(t)pg- (4.24)

As both s**(x9) and s™*(t) are contained in this term, we need to include their spin

correlated decays in order to produce a non-zero contribution.
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This term occurs only once in the ¢ decay amplitude, Eq. (B.1.9), and is multi-
plied by the complex pre-factor g2lm(aijb;kj), Eq. (B.1.11). Both a;; and b;; contain
terms from the ¢ and )Z? mixing matrices, and so are sensitive to both the phases

®a, and ¢y, (and ¢,).

T-odd terms sensitive to 7,

The triple product 7, Eq. (4.13), is the most complicated, as it contains contribu-
tions from both the # and Y3 decays (the first and third terms in Eq. (4.17)). The
kinematics is rendered more complex by the need to multiply each T-odd contribu-
tion by the terms from the other two decays. Each T-odd component is generated
through g¢ and f{°, as for the other two triple products. As a consequence of having

a dependence on both the ¢ and Y3 decays, 7, is also sensitive to both phases ¢,

and ¢y, (and ¢,,).

Disentangling of effects of ¢4, and ¢,

The T-odd asymmetries, Eq.(4.15), are determined by those CP-violating couplings
that are multiplied with the respective triple product. Under the assumption that
¢, is small, the neutralino sector depends only on ¢, and the stop sector only on
®a4,. Since the involved triple product momenta show different dependence on the
CP-violating phases, as discussed above, it is possible in principle to disentangle the
effects of ¢4, and ¢y, in our process and to determine the phases separately.

The decoupling is possible as the triple product 7;, can only be produced by
the term, Z‘]?E()Zg)Z‘BO(X?), cf. section 4.2.5. The T-odd contribution in this term
comes from the decay of the )Z(; and consequently is only sensitive to the phase ¢y, .
Once we have used the triple product 7; to determine the phase ¢,;, we can then
use the value as an input for the triple products, 7, and 7, in order to determine

the phase ¢4,.
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4.3 Results

4.3.1 Scenarios

In this Section we analyse numerically the various triple-product asymmetries in-
troduced in Egs. (4.12)—(4.14) at both the parton level and with the inclusion of
parton distribution functions (PDFs) to study the discovery potential at the LHC.
In particular, we study the dependences of these triple-product asymmetries on the
MSSM parameters M; = |M;|e and A; = |As|e*®4:. We also analyse the effects
of these parameters on the masses and branching ratios of the particles involved in

our process.

Scenario || A: Reference || B: NUHM - v || C: Higgsino
M, 109 97.6 105
My 240 184 400
1 220 316 -190
tan (3 10 20 20
My, 298 366 298
Mp 9224 341.7 224
Mos 511 534.5 511
My 460 450 460
Ay -610 -451.4 -610

Table 4.1: Parameters for the three scenarios A, B, C considered in this chapter.
The parameters Ms, |p| and tan 3 in scenario B are chosen as for the scenario
SPSla in [146]. We used m; = 171.2 GeV [20] and the SM value for the top width
[y ~ 1.5 GeV [147] for our study. All masses and widths are given in GeV.

For our numerical analysis we study in detail at both the partonic and PDF level
a reference scenario, A, where the x93 is a gaugino-higgsino mixture. For comparison,
we also study at the partonic level a non-universal Higgs masses (NUHM) scenario,
B, and a third scenario, C, in which the x93 is higgsino-like. The particle spectra for

these scenarios have been computed with the program SPheno [148]. These three
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3.88
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1.4%x1074

1.4x10~*

2.3x107°

2.3x107°

3.0x1073

3.0 x1073

Table 4.2: Particle spectra for the three scenarios A, B, C considered in this chapter.
We used m; = 171.2 GeV [20] and the SM value for the top width I'; ~ 1.5 GeV [147]

for our study. All masses and widths are given in GeV.

scenarios have been chosen to have similar masses, as displayed in Table 4.3.1, so
that the kinematic effects are similar in each case. We perform our studies using
our own program based on the analytic formulae we have derived for the various
cross sections and spin correlations. The program uses the VEGAS [149, 150] routine
to perform the multi-dimensional phase-space integral. We constrain ourselves to
cases where mgg < mgo + myzo and mgy < Mg, ,» SO as to forbid the two-body
decay of the x3. The branching ratios for both processes have been calculated with
Herwig++ [151,152] 2.

The feasibility of measuring these asymmetries at the LHC depends heavily on

the integrated luminosity at the LHC. For this reason we look closely at the cross

section, 0 = o(gg — t1t1) x BR(f; — t%3) x BR(F) — X%0T(~) x BR(t — Wb)

2Beyond the Standard Model physics was produced using the algorithm of [153] and, in the

running of agys, the parameterisation of [154] was used.
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and determine the nominal luminosity required to observe a statistically significant

result.

4.3.2 CP asymmetry at the parton level
Dependence of my and Ar on ¢y, and ¢4,

We start by discussing the dependence of M; = |M;|e!**1 on the parton-level, rest
frame asymmetries for each of the three scenarios. In order to see the maximum
dependence upon ¢,,, we use the reconstructed ¢ quark momentum and the triple
product 7; = p; - (Pp+ X Pp-) . It should be noted from the following plots that the
asymmetry is obviously a CP-odd quantity that in addition to a measurement of
the phase, also gives the sign, as seen in Fig. 4.3(a). In comparison, using CP-even
quantities, for example the mass, it is not possible to determine if the phase is above
or below 7, as seen in Fig. 4.3(b).

We see in Fig. 4.3(a) that the biggest asymmetry appears in scenario A, which
attains | A7, |max &~ 12% when ¢y, ~ 0.37m. One aspect of the plot that may be
surprising is that the asymmetry is not largest at the maximal value of the phase
(¢, = 5). This is due to the coupling combinations and interferences and can be
seen from the equations in Sections 4.2.5. In Fig. 4.3(b), the dependence of the
masses of the neutralinos is shown. It can be seen clearly that the variations are too
small to be used to determine the phase.

In the cases of the two other scenarios shown in Fig. 4.3(a), the dependence
of the asymmetry on the phase ¢, is similar but slightly smaller. In the case of
scenario B (NUHM), the peak asymmetry is | Ar, |max = 9% when ¢y, ~ 0.37 and in
scenario C (Higgsino) it is | A7, |max &= 7% when ¢y, &~ 0.257. Again, the asymmetry
does not peak when the phase is maximal.

To study the dependence upon ¢4, we need to use the triple products sensitive
to this phase, 7, = p; - (Pp+ X pp-) and Ty, = py - (P X Pe) . Fig. 4.4(a) shows
A7z and we see that the biggest asymmetry again occurs in Scenario A, but the
maximal asymmetry is only about half of | Az |max With |A7z |max = 6%. Scenario C

produces a very similar asymmetry to Scenario A, with | Az |max &~ 5.5%, whereas
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Figure 4.3: The asymmetry at threshold for the production process gg — tt* for
scenarios A, B and C for (a) Az, as a function of ¢y, and (b) the masses of the

neutralinos as functions of ¢yy,.
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Figure 4.4: (a) The asymmetry Ay, at threshold for the production process gg —
tt* for scenarios A, B and C, and (b) the asymmetry Az at threshold, both as

functions of ¢4, .

the asymmetry in Scenario B is much smaller: | Az |max ~ 2.5%. Fig. 4.4(b) shows
that the general shape of the asymmetries for Az, is similar to that of Az, apart
from a difference in sign and that all the asymmetries are actually slightly larger. In
fact, for Scenario C, the largest asymmetry is generated using 7, with Az, ~ 8%
when ¢4, =~ 0.37.

In the subsequent analysis, we concentrate on the favourable Scenario A, with

just a few remarks on the others.
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Figure 4.5: Contours in scenario A (in %) of the parton-level asymmetries (a) Ag,
for the triple product 7; = pj - (pp+ X pe- ), as functions of the variables M; and ¢y,
and (b) A, for the triple product Ty, = py+ - (p; X pp), as functions of the variables
M and ¢4,.

4.3.3 Contour plots of A7, and Ar, for variables M; and A,

If we now lift the restriction of the GUT relation for |M;|, we can see how the
asymmetry varies with || while leaving all the other parameters the same, for
Scenario A. Fig. 4.5(a) shows that the asymmetry peaks at |M;| ~ 130 GeV and
¢y, ~ 0.257 when |Ar,| =~ 15%. Importantly though, the asymmetry can remain
above 10% between |M;| = 110 GeV and |M;| = 190 GeV, which is most of the
range allowed in this scenario.

By including the decay of the ¢ quark that was produced in the ¢ decay, we can
also study the effect of ¢4, on our asymmetries. As the spin-correlation information
is now carried by the ¢ quark, we have to change the triple product used to measure
the asymmetry, Eq. (4.15). It is found that the largest asymmetry can be measured
using the triple product, Ty, = pi+ - (pr X pp) Where | Ar,, |max =~ 8.5% when ¢4, ~ 0.57
in Scenario A, as seen in Fig. 4.5(a). It may be noted that this asymmetry is slightly
smaller than those of [129] that can be reconstructed experimentally. In that paper,
scenarios were chosen where the X3 decays via a two-body process, whereas here
we concentrate on scenarios where the Y5 decays via a three-body process, so to

maximise the sensitivity to ¢p,. A more detailed discussion of [129] is given in
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Figure 4.6: Contours in scenario A (in %) of the asymmetries (a) A, for the triple
product 7 = py, - (Pp- X pe+ ), as functions of the variables M; and ¢4, and (b) Ay
for the triple product 7 = py+ - (p; X pp), as functions of the common variables

A=A, =A,= A, and ¢4,.

Sec. 3.7.1.

The phase dependence can also be seen with the triple product 7, = pj, - (pp+ X
Pe+) although the asymmetry is found to be smaller here with | Az, |max = 6%, see
Fig. 4.6(a).

We have also considered the dependence of the asymmetry on the trilinear cou-
pling, A;, in scenario A, as shown in Fig. 4.6(b). It can be seen that the asymmetry
is stable for the bulk of the region scanned, and only decreases near the edge of
the acceptable region for our scenario. The peak is now |Agz,|max =~ 9%, when
A; = =500 GeV, and the region where |Ar, | > 8% extends from A; =~ —650 GeV
to A; ~ —250 GeV.

We now consider the effect on the asymmetry of varying simultaneously both the
phases ¢y, and ¢4,. The triple products 7, = pj, - (pp+ X pp- ) and Ty, = Py - (P X Do+ )
can have contributions from both phases, so we concentrate on these. For 7,
Fig. 4.7(a) shows that the area of parameter space where ¢, and ¢4, constructively
interfere is actually quite small and peaked around ¢, ~ 0.27 and ¢4, ~ 0.57.
Apart from this area, varying both phases generally results in a reduction in the

asymmetry observed, caused by the neutralino and squark mixing entering the cou-
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Figure 4.7: Contours (in %) of the asymmetry at the parton level in scenario A
with M; = 109 GeV for the triple products (a) 7, = py - (Pp+ X pp-) and (b) Ty, =

P+ - (Py x py) for varying phases ¢y, and ¢,.

plings, Section 4.2.5. Importantly when ¢y, ~ 7 the asymmetry vanishes, due to
the fact that the mixing between the wino and bino states becomes much weaker.
These mixing terms are the dominant entries in the coupling factor where ¢ 4, enters
(the last term in Eq. (B.1.11)).

Fig. 4.7(b) demonstrates that, for this scenario, ¢y, generates virtually no asym-
metry for 7,. However, ¢,;, can still significantly reduce the asymmetry that ¢4,
can produce and, again, when ¢y, ~ m we see that | Az, | ~ 0 as expected.

If we now modify scenario A slightly by setting |M;| = 160 GeV, this results in
a more interesting scenario as the phases ¢, and ¢4, can interfere constructively
to produce an asymmetry larger than that seen before. When ¢, ~ 0.47 and
¢4, = 1.8m, we observe a peak asymmetry, |Ag| ~ 7% for the triple product 7, as

seen in Fig. 4.8.

4.3.4 Dependences of branching ratios on ¢);, and ¢4,

In order to determine whether an asymmetry could be observed at the LHC, we
need to calculate the cross section for the total process. Important factors in the
total cross section are the branching ratios BR(t; — x5t) (for CP-violating case

see [155]) and BR(x5 — x¢T¢7) [112]. Both of these change considerably with ¢y,
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Figure 4.8: Contours (in %) of the asymmetries in scenario A at the parton level

with M; = 160 GeV for the triple products (a) 7, = py - (Pp+ X pp-) and (b) Ty, =

Do+ - (Py X Pi), as functions of the varying phases ¢y, and ¢4, .
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Figure 4.9: Contours (in %) of branching ratios in scenario A as functions of M,

and ¢y, (a) BR(t; — X5t) and (b) BR(X9 — XW*¢), £ = e or p.

and ¢4,, altering the statistical significance of any measurement of [ Az, |. Analyzing

first the variation with M, seen in Figs. 4.9 and 4.10(a), we see that the branching

ratio BR(t; — X5t) is indeed sensitive to variation of the phase, but can vary

more strongly with |M;|. For example, if ¢y, = 7 when |[M;| ~ 150 GeV then

BR =~ 11%, but if we keep the phase the same and change to |M;| ~ 180 GeV

then BR ~ 4% (i.e., it drops by almost a factor of three), as seen in Fig. 4.9(a).

The general reduction of BR(t; — ¥9t) as M increases is to be expected as the



4.3. Results 64

BR(t; — X9t), Scenario A (¢, = 0) BR(t; — X9t), Scenario A (¢, = 0)
(a) 0 T T T " (b) 0 - T T T T L
L L o 1
Ga, /T 1 Ty ] ga/m 1| e .
e 20
] — ST N~ -
.- . ) \‘\8 ST —e —
_____ 4 “‘4 '»4‘ \'\4\\
2 L 1 1 1 . 2 q 1 1 1 1 [HEA
100 120 140 160 180 200 700 -600 -500 -400 -300 -200 -100
M, /GeV A;/GeV

Figure 4.10: Contours (in %) of the branching ratio BR(f; — X5t), in scenario
A as functions of varying (a) M; and ¢4, and (b) the common trilinear coupling

Ay = Ay = A, and the phase of the top-quark trilinear coupling ¢4,.

mass of the Y3 will rise resulting in a kinematic suppression for this decay state.
Similar large differences are found in BR(YS — x¢T¢~) which varies between 3%
for M7 < 135GeV and 9% for M; ~ 165GeV Fig. 4.9(b).

The phase ¢4, does not enter BR(Y3 — x%¢T¢7), but can have a large effect on
BR(t; — ¥5t). In scenario A, we see in Fig. 4.10 that BR ~ 8% at ¢4, = 0 but
increases to BR ~ 24% at ¢4, = 7 (i.e. a factor of 3 increase). The branching ratio
BR(t; — X5t) also has a dependence on |A,| an this is shown in Fig. 4.10(b). We see
that if ¢4, = 0 then the branching vary between, BR ~ 4% when |A;| =~ —750GeV
and BR ~ 12% when |A;| ~ —100GeV.

In the range of M; = | M, |e**™ and A, = |A;|e’®4 studied, we find that BR(f; —
X9t) varies between 4% and 24% and BR(x5 — X3¢T(7) between 2.5% and 9% for
scenario A. Similar plots can also be produced for scenarios B and C but are not
presented here. It is found that BR(f; — ¥3t) varies between 4% and 14% for
scenario B and between 8% and 35% for scenario C. For BR(YS — X%/T¢7) the
variation is between 3% and 12% for scenario B and between 2% and 5% for scenario

C.
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4.3.5 Influence of Parton Distribution Functions (PDF's) on

CP asymmetries

So far we have studied the triple-product asymmetries only when the production
process is close to threshold, and the #; pair are produced almost at rest. However,
production at the LHC is not in general close to threshold, and we must include
PDFs in our analysis to see how an initial boost to the ¢; affects the asymmetry. As
explained in Sec. (3.5), whilst the covariant product is a Lorentz invariant quantity,
the triple products are not. Therefore, we must analyse the optimal reference frame
to observe an asymmetry and compare this frame to the one that will be seen at the
LHC.
We first analyse the triple product, 7;, Eq. (4.12),

7y = P+ (De+ X De-) (4.25)
which is produced by the covariant product present in the Y5 decay amplitude,

(ptsa) : Euupasaup;?pifp% - Guupapfp?(gpffp% . (4'26)

Following the argument presented in Sec. 3.3 we can see that the optimal reference
frame is that of the X3 rest frame. In this frame all the momentum components of
the Y9 vanish and we are left with the single triple product, 7;. However, the rest
frame of the Y5 is not the only optimal frame, if we apply momentum conservation
at the ¢, decay vertex, we trivially find that Py, = Py + b Applying this identity

to the covariant product results in,

€pwpolt PR0Py- DT+ = ECupo Dy PF Dy P (4.27)

and hence, we see that both the Y3 and #; rest frame can be considered equivalent
and optimum for the triple product 7;. For the triple products 7y, and 7, the same

argument can be made that shows both the the Y3 and #; rest frame are equivalent.

We now present the numerical results and in this section we focus exclusively on

scenario A but very similar conclusions are obtained in both Scenarios B and C.
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Figure 4.11: (a) Asymmetry Ay, for scenario A as a function of the # momentum. (b)
Total cross section for scenario A for gg — t* as a function of the parton-parton

centre-of-mass energy.

Fig. 4.11(a) shows the asymmetry |Az,| as a function of the £; momentum. The
plot clearly verifies the conclusion that the #; rest frame is optimal and that the
asymmetry falls sharply as the energy of the ¢; increases. Fig. 4.11(b) shows the
total cross section in 14 TeV collisions at the LHC for gg — #,£* as a function of the
parton-parton centre-of-mass energy, and demonstrates that the peak production
occurs close to threshold with a long tail of production at high energy. In addition,
even when production occurs at a low parton-parton centre-of-mass energy, in the
majority of cases one gluon may be carrying significantly more momentum than the
other in the collision. Consequently the produced #; can have a large longitudinal
component to its momenta. Both these factors mean that the asymmetry observed at
the LHC will be substantially smaller than if the all #; were produced at threshold 3.
In should be noted that similar results were found for all asymmetries and scenarios,
and this ‘dilution’ factor, Sec. 3.5, is always present.

We use the MRST 2004L0 pdf set [156] in our analysis of the asymmetry, and
plot the integrated asymmetry |Agz| as a function of ¢y, and ¢4, at the LHC in
Fig. 4.12(a), as the solid line. We see that the inclusion of the PDFs reduces the

3Both these effects could be overcome if one could measure the stop momenta and this possibility

is explored in the following chapters.
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Figure 4.12: Integrated asymmetries with parton density functions included in the
production process. The dotted and dashed lines indicate the asymmetry required
in order to observe a 1o deviation from zero with the indicated luminosities, see the
text: (a) 7y = Py (Py+ X Pp-) in scenario A as a function of ¢, with M; = 130 GeV,
and (b) 7y = P+ - (Pr X Pp) in scenario A as a function of ¢4, with M; = 109 GeV.

asymmetry by about a factor of four in this case. This reduction is unsurprising,
given the reduction in asymmetry when one moves away from threshold shown in
Fig. 4.11(a), though the dilution factor does depend on the scenario®.

Using the production cross sections and branching ratios we can then estimate
the integrated luminosity required to observe an asymmetry at the LHC. We explain
in Sec. 3.6 the method used to calculate the statistical significance of any particular
asymmetry.

Figs. 4.12 (a), (b) and 4.13(a) show the expected levels of the integrated asym-
metries in scenario A with PDF effects included (solid line) together with dotted
and dashed lines showing the level of asymmetry one would need with the corre-
sponding integrated luminosity in order to obtain a statistical error Ay > A(Ar).

In other words, the asymmetry could only be seen at the level of 10 where the solid

line is above the relevant dotted or dashed line. For example, in scenario A after

4These results have been checked independently using Herwig++ [151,152] with three-body spin

correlations included.
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Figure 4.13: Integrated asymmetry with parton density functions included in the
production process. The dotted and dashed lines indicate the asymmetry required
in order to observe a 1o deviation from zero with the indicated luminosities. The
asymmetry is for the triple product, 7, = pj, - (Pp+ X Pp-) in scenario A as a function

of ¢4, with M; = 109 GeV.

100 fb™!, the asymmetry could only be seen for a small area of parameter space
around ¢, = 0.357 and 1.77. Figs. 4.12 (a) and (b) show that even if ¢y, or ¢a,
has a value that produces a maximal asymmetry, we require a substantial integrated
luminosity if we are to find a statistically significant result. In addition, it must be
noted that we have not included any detector effects into our analysis. One can
expect that the required integrated luminosity would rise substantially after the in-
clusion of backgrounds and experimental cuts (for more details on these effects in
similar observables see Chapter 5 and Chapter 6). Therefore, an observation of a
statistically significant CP-asymmetry using only this decay chain looks difficult at
the LHC.

4.3.6 Determination of the CP-violating phases

As we have shown, it will be challenging to determine the phases ¢, and ¢4, in
our process using the triple-product asymmetries alone. However, it would be very

worthwhile, as a non-zero measurement of a T-odd asymmetry would provide unique
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Figure 4.14: (a) The mass of the stop squarks ¢;, j=1,2 as functions of ¢4, /7, and
(b) contour plot showing the areas of the (M, ¢y, ) parameter plane consistent with
a mass difference between x5 and X! of 20 GeV (blue), 40 GeV (purple) and 60 GeV
(red) respectively. The bands assume a 1% error in experimental measurement of

the mass difference and a 5% error in M,.

evidence of CP violation. In the rest of this chapter, we examine briefly the potential

for a measurement using other variables, again concentrating on Scenario A.

Masses as a CP observable

Fig. 4.4(b) showed how the masses of the Vs vary with ¢,;, and Fig. 4.14(a) shows
how the masses of the #; vary with ¢, in scenario A. The variations in both of these
observables are only about 1 — 2% as we vary the phases over the complete range.
Unfortunately, the variation is significantly smaller than the expected determination
of the MSSM mass scale at the LHC. For example, a detailed analysis of a 2-body
cascade decay chain [157], concluded that in a relatively light scenario, the absolute
masses for Y5 and Y? could be measured with an accuracy of 4 GeV. The method
relies on the clean dilepton edge produced from the decaying x9.

A measurement of the £ masses will be substantially more difficult due to the
fact that the final state contains jets. However, using the ideas of kinematic recon-
struction, [158], a new study [159], claims that an error of 10% on the mass may be

possible with 20 fb~! of data for an optimistic scenario. Unfortunately, the error is
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still far to large for us to be able to place a constraint on the ¢ masses.

Whilst the absolute mass measurements may not prove promising, a far more
accurate measurement at the LHC will be the mass difference between the x5 and
xJ. As stated above, this can be determined in our scenario with a clear dilepton
end-point. The accuracy of this measurement is expected to be < 1% for a two body
cascade decay chain [157] and a study that considers a three body x5 decay [160],
suggests that a similarly clear dilepton end-point should be visible in these scenarios
as well.

If we assume that M, can be determined to 5% [161] at the LHC, we find the
regions plotted in Fig. 4.14(b). At the smaller values allowed for M; in scenario A,
we see that this observable does not depend sensitively enough on ¢y, for a mea-
surement to become possible. However, as M; increases we see that the sensitivity
to ¢ar, becomes much clearer. Importantly, in scenario A, it is only possible to have
a mass difference, Y3 — X9 < 40 GeV if ¢y, is present. We must state though, that
this conclusion relies on the other MSSM parameters in the scenario being known.
The observable is not CP-odd and therefore cannot be used as unambiguous mea-
surement of CP-violation.

A more detailed discussion regarding MSSM mass measurements is given in
Sec. 5.3.5 and Sec. 6.3.4. For comprehensive reviews of the different studies that

have been completed for determining the sparticle masses at the LHC, see [162,163].

Inclusion of branching ratios

Other observables sensitive to the phases ¢, and ¢4, are the branching ratios
BR(X9 — %¢*¢7) and BR(t; — Y3t), as discussed in Section 4.3.4. As is the case
for the masses, though, our current expectation of the accuracy of this measurement
at the LHC looks insufficient to constrain the phases although a detailed study has
not been performed.

Ideas to improve the situation are to study ratios of branching ratios [98, 161,
164]. By taking a ratio of different branching ratios, the production cross section
dependence is removed. However, many problems still remain including a severe

dependence on the reconstruction efficiency and possible backgrounds. In addition,
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Figure 4.15: Parameter space allowed when the experimental accuracy of the branch-
ing ratio measurement is 50% (red) or 10% (purple) for (a) BR(x5 — X1¢T¢~) = 0.04
and (b) BR(t; — x5t) = 0.1.

other parameters of the theory will need to be well constrained.

However, we include a illustrative example here to show how an accurate de-
termination of the branching ratios could be extremely useful if a measurement
was made. Fig. 4.15(a) shows in the context of scenario A that, if a measurement
BR(X — X3¢T¢7) = 0.4 is made and we assume that the accuracy is 50% (A;),
then the constraints on M; and ¢y, are rather weak. However, if the accuracy
could be improved to 10% (As), a determination of M; and ¢, looks possible if
this analysis is combined with information from the x3, ¥¥ mass difference and that
of the triple-product correlations. For the branching ratio, BR(t; — X5t), the con-
clusion is similar, as seen in Fig. 4.15(b). With a measurement at 50% (A;), we
again see that a determination of the CP-violating parameter is not possible but, if
a measurement can be made with an accuracy of 10% (A,), then a determination
of ¢4, would be more plausible.

Thus, we may be able to to pin the model parameters down with greater accuracy
by combining information on the CP-violating asymmetries with masses, branching

ratios and possibly even cross sections.
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4.4 Conclusions

In this chapter we studied direct stop production followed by the decay #; — X3,
X9 — £707X?, where the latter is a three-body decay and provide compact analytical
expressions for the amplitude and phase space. We have specifically concentrated
on measuring the CP-violating phases of the parameters M; and A;.

We have provided a thorough analysis of the contributions to this process which
lead to non-zero asymmetries in the parameters 7;, 7, and 73 formed from triple
products of reconstructible final-state particles. These are sensitive to different
combinations of the phases mentioned above. We studied three spectra which had
different neutralino characteristics at the parton level and also studied the (large)
effect of including PDFs which had previously only been roughly estimated in the
literature.

We found that with the design integrated luminosity of the LHC of 100 fb=*,
the statistical errors would probably remain too great to distinguish a non-zero
asymmetry measurement from zero for most of the ranges of ¢, and ¢4,, and we
recall that this initial study did not include detector or background effects. However,
with a luminosity upgrade, the accuracy will improve and it could be possible either
to measure a non-zero value or else to provide limits on the possible phases.

Triple products are not the only variables sensitive to the phases of the pa-
rameters. We found that a good measurement of the mass difference between the
%9 and XY neutralinos could constrain significantly the (Mj,¢,;,) parameter space.
It is possible that measurements of the two branching ratios BR(f; — x5t) and
BR(XS — X3¢T¢7) could also constrain both ¢y, and ¢g,, although this is heav-
ily dependent on the experimental accuracy achieved. However, the disadvantage of
both mass differences and branching ratios is that a difference for the expected value
can potentially be faked by other values of the real parameters. This is in contrast

to the asymmetries from triple products which are uniquely due to CP violation.



Chapter 5

Squark gluino production and

three body neutralino decay

5.1 Introduction

In the previous study that considered ¢ pair production we saw that large CP-
violating asymmetries can be produced at the parton level. However, we also saw
that limited statistics and the dilution of the asymmetry due to fact that the stops
are produced with a significant boost will make the observation of these asymmetries
challenging at the LHC. The study in this chapter attempts to address these two
issues to demonstrate an analysis that may be realistic at the LHC.
We study the production of squarks at the LHC and the subsequent cascade
decay chain [136],
G — Xy +q— XU +q. (5.1)

which is analogous to the chain shown in Eq. (4.1) but with a first or second gener-

ation §; replacing the ;.

5.1.1 Advantages of squark decay

The first advantage of studying this chain is that if the masses are similar, the
production cross section of squarks at the LHC is substantially higher than that of

stops. The higher production cross section is due to the fact that the proton contains
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valence up and down quarks. The valence quarks open up many new production
channels, including those in association with a gluino, Fig. 5.1, which lead to the
higher rate. When analysing the CP-violating asymmetries at the LHC, the higher
production rate directly corresponds to an improved statistical significance.

The production channel mentioned above,

q9 — 49, (5.2)

is of additional importance in this study as the cross section for ¢ production, is
substantially higher than the anti-particle, ¢*, at the LHC. The asymmetry in pro-
duction occurs since the LHC collides two protons where the valence quarks will all
be quarks and not anti-quarks. Thus, a quark is far more likely to be present in the
initial collision than an antiquark leading to the process shown in Eq. (5.2) having
a higher cross section than that of the charge conjugate.

The asymmetry mentioned above has already been exploited in the literature
as a possible method to measure the spin of SUSY particles at the LHC [165].
For this study, the production asymmetry was required as the observable was an
asymmetry that had an opposite sign depending on whether a squark or anti-squark
was produced. Thus the observable would vanish if no production asymmetry was
present.

For our triple product asymmetries, we encounter a similar effect. As the triple
products are CP-odd, our asymmetries also have the opposite sign depending on
the particle/anti-particle nature of the squark in the cascade decay. Thus, we would
also have no net triple product asymmetry if there was not a production asymmetry
between the squarks and anti-squarks.

An additional advantage of considering squarks is that when we consider the
associated production with gluinos, some decay topologies allow the full kinematic
reconstruction of the event even with missing momentum, Sec. 5.3. As shown in
Eq. (3.35), if we can fully reconstruct the kinematics of a decay we can boost into
a reference frame in which the asymmetry is maximal. Hence, we can recover the
rest frame asymmetry and have the potential to substantially reduce the number of

reconstructed events required to see an asymmetry at the LHC.
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5.1.2 Disadvantages of squark decay

Unfortunately, there are also some disadvantages when comparing squark cascade
decays to those of stops. Firstly, we are no longer sensitive to any spin correlation
carried by the ¢ in the decay, ¢ — )Zg + ¢, as it will not decay to two separate
reconstructible particles. Hence, we cannot probe any CP-violating effects in the
squark mixing matrix and we are only sensitive to CP phases in the neutralino mass
matrix.

A second disadvantage with the squark decay, is that we are not able to tag the
charge of the produced quark. As mentioned above, the charge conjugate decay has
an asymmetry of the opposite sign so if we had an equal sample of squarks and
anti-squarks, the asymmetry would completely cancel and become unobservable.
However, due to the production asymmetry between squarks and anti-squarks, this
problem can be overcome at the LHC. In principle though, for the asymmetry to be
unambiguously CP-violating, we need to define a true CP-odd asymmetry between
the charge conjugate decays, Eq. (3.40). This is not possible for the decay shown in
Eq. (5.1) but there are good arguments as to why this quantity should be considered
a ‘good” CP-odd observable. We have shown in Sec. 3.2 that a Ty-odd observable
may not correspond to a CP-odd observable in the presence of final state interac-
tions (FSI). However, the only FSI possible in our decay chain are electroweak in
nature. These are expected to be a small total effect and therefore, the effect on
the asymmetry are assumed to be even smaller. In addition, similar decay chains
where no CP-violating effects are expected should be studied for triple product cor-
relations. If no correlations are found in these chains, we should be able to assume

that the correlations produced in the decays of interest are really CP-violating.

5.1.3 The study

We calculate the process shown in Eq. (5.1) fully analytically at the parton level
to see the effect of CP-violating phases, Sec. 5.2. We also include the dominant
production process and PDFs to understand the boosted frame dilution. To coun-

teract the dilution we present the method that allows full kinematic reconstruction
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of the events, Sec. 5.3. In Sec. 5.4 we present the numerical results of the study. We
also produce Monte Carlo events with explicit CP-violation included. We perform
basic selection cuts and include some experimental effects on these events to try and

accurately gauge the luminosity required to see CP-violation at the LHC.

5.2 Formalism

5.2.1 The process studied and the amplitude squared

As stated in the introduction, one of the dominant SUSY channels in many scenarios
at the LHC is associated squark-gluino production. At the tree level the production
process Eq. (5.3) proceeds via the light quark exchange in the direct channel and

squark/gluino exchange in the ¢ channel, as seen in Fig. 5.1,
99 = 94 (5.3)
We study the case where the squark subsequently decays via the following chain:
L — X +q— X1 +q. (5.4)

The first step in the cascade decay chain is the two-body process ¢, — ¢x3. As
in Chapter 4 we consider spectra where the second step in the cascade decay chain
is the three-body decay of the neutralino, Y3 — ¥"¢™¢~ (cf. Appendix B.3). The
relevant diagrams can be seen in Fig. 4.2. CP-violating couplings of both the Y3 and
XY are present in this decay and the phases affect the masses of Y9 and x93, as well
as the couplings and decay rates. In addition, the spin vector of the X3 has to be
explicitly included in the amplitude since the full spin correlations have to be taken
into account.

We again use the narrow-width approximation, Sec. 4.2.2, so that the squared
amplitude |T'|? of the full process can be factorised into the processes of production
pp — §qGr, and the subsequent decays g, — qx5, X3 — X:¢7¢~. We also include
the spin correlations between the production and decay of the x9. For the purpose
of analysing neutralino decays we do not need to include decays of the gluino pro-

duced with a squark but they will be needed later for momentum reconstruction,
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Figure 5.1: Feynman diagrams for the associated production process of squarks and

gluinos at the LHC, gq — gqr.

see Sec. 5.3. Applying the narrow-width approximation for the masses of the in-
termediate particles, ¢, and X3, is appropriate since the widths of the respective
particles are in all cases much smaller than their masses and the mass differences
between them are large enough, see Appendix C. The squared amplitude can then

be expressed in the form,
3
T2 = 4A@PARDIPPGI){ PEODES) + Y- SHEZHES) b, (5:5)
a=1

where a = 1,2, 3 refers to the polarisation states of the neutralino x9, which are

described by the polarisation vectors s%(y9), given in Appendix B.2. In addition,

e A(Gy) and A(x9) are the propagators of the intermediate particles which lead
to the factors Ey, /mg, 'y, and Egg/myel'ye in the narrow-width approxima-

tion,

e P(gqGr), P(X39) and D(X9) are the terms in the production and decay that are

independent of the polarisations of the decaying neutralino, whereas

e Y%(x9) and X% (YY) are the terms containing the correlations between produc-

tion and decay spin of the 9.
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According to our choice of the polarisation vectors s*(x3), see Eq. (B.7.45-B.7.47)
in Appendix B.7, 3%,/ P(x3) is the longitudinal polarisation, L /P(x3) is the trans-
verse polarisation in the production plane, and ¥%/P(Y9) is the polarisation per-

pendicular to the reference plane of the neutralino 9.

5.2.2 Structure of the T-odd asymmetry

We again use the triple products introduced in Sec. 3.3 to study the CP-violating
effects at the LHC. In this chapter we study the triple product analogous to one
previously studied in relation to stop decay, Eq. (4.12),

T =py - (Pe+ X Po-)- (5.6)
The T-odd asymmetry, Sec. 3.4, can again be defined for the triple product as,
Ay — N7, - Nz _ fsign{TE\delips 5.7)
Nz, + Nz J1T?dlips

where Nz, (N7 ) are the numbers of events for which 7 is positive (negative)
and dlips denotes Lorentz invariant phase space. The denominator in Eq. (5.7),
J1Tdlips, is equal to the total cross section, namely o(pp — ¢rg — qxXi¢T4g).
In the corresponding numerator of Eq. (5.7), the triple-product correlations only
enter via the spin-dependent terms. If the spin of the particles is neglected in the
calculation, the asymmetry will vanish. In addition, in order to identify the T-odd
contributions, we have to identify those terms in |T'|?, Eq. (5.5), which contain the
triple product shown in Eq. (5.6).

As shown in Eq. (3.34), triple products are produced when covariant products,
1€wpea?b”cPd?, are found in the amplitude squared of the process. In our process,
T-odd terms with e-tensors are only contained in the spin-dependent contribution to
the three body neutralino decay, E%()Z?). As stated in the introduction, we cannot
probe the polarisation of the quark produced in the decay ¢ — ¢x3 and therefore,
we have no T-odd contribution coming from this decay, Eq. (B.2.14).

For the decay of the Y9, it is convenient to split the spin dependent term X%, ()Z?)
into a T-odd term, E%O (f(?), containing the respective triple products and a T-even

term, Z%E(ig), without triple products,

295(0) = D52 (X0 + S (D). (5.8)



5.3. Momentum reconstruction 79

The contributions to 37 (%) and £47 (1Y) are given in Eq. (B.3.32) and Eq. (B.3.25)

respectively. We must also remember that these terms are multiplied by the spin

dependent (but T-even) contribution to the squark decay, X% (X)), Eq. (B.2.14).
When multiplying these terms together and composing a T-odd quantity, the

only term of |T'|? that contributes to the numerator of Az is therefore,

IT]> > Z {za 250 (% )}. (5.9)

a,b=1

Comparing Eq. (B.2.14) in the squark decay to Egs. (B.3.33-B.3.35) in the x3 decay

leads to the following combination of momenta,
a [z a,0 ( ~ a(x~ . ap (= v o
SH(XNEE(X5) ~ (P45 (X2)) X (€40 5™ (X2) Py, D - (5.10)

Contracting the spin indices using Eq. (4.10), leads the following covariant product
in the numerator of Eq. (5.7),

ieyupopgp;gpz)fpa ) (511>

which in turn produces the triple product that we use as our observable, Eq. (5.6).

Any CP-violating phases enter via the coupling constants shown in Eqgs. (B.3.33-
B.3.35). For example, in the Z°, ¢ interference channel, Eq. (B.3.34), the following
coupling constant contributes,

a’ ai*ij : (5.12)

where az is a coupling between X (¢, Eq. (A.4.17), and O,f]* is the coupling between
X] X2 Z° CP phases in the neutralino mass matrix, Eq. (2.26), enter all of these
couplings, giving rise to the CP-violating triple products.

5.3 Momentum reconstruction

5.3.1 Dilution effects

The triple product that is constructed from momenta in the laboratory frame suffers
from dilution factors at the LHC. The dilution is due to the lab frame being boosted

with respect to the rest frame of the X3, for a more detailed discussion see Sec. 3.5.
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Figure 5.2: The parton-level asymmetry Az, Eq. (5.7), for the single decay chain
given in Eq. (5.4) as a function of the squark momentum, |pj|, in the laboratory
frame. Only the ¢ asymmetry is shown and the dilution due to ¢* is not included.

The scenario is given in Table 5.1 with the phase ¢y, = 37/2.

In Sec. 4.3.5 we also explained how the #; rest frame is equivalent to the Y3 rest
frame and this argument follows for the ¢ rest frame as well.

Just as in the stop study presented in Chapter 4 we see a considerable reduction
in the maximum asymmetry observable when we introduce the PDFs which causes
an undetermined boost to the system. To illustrate the dilution, Fig. 5.2 shows how
the parton-level asymmetry Az, Eq. (5.7), is diluted in the laboratory frame when
we produce the ¢ with varying initial momenta. The plot was produced with an
analytical calculation for the single decay chain given in Eq. (5.4). The scenario
displayed in Tab. 5.1 was used but with the phase set to ¢y, = 37/2.

We see that the asymmetry is maximal, A7 ~ 14%, when the ¢ is at rest but
drops to, Az ~ 2.5%, when |p;] ~ 1 TeV. We must state that the magnitude of
the dilution depends on the chosen scenario and in particular on the masses of the
particles involved in the process. If it were possible to reconstruct the momentum
of the ¢, we could however perform a Lorentz transformation of all the momenta

and bypass the dilution factor, potentially recovering the full asymmetry.
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g t

Figure 5.3: The process studied for mo-

Vy mentum reconstruction.

5.3.2 Reconstruction procedure

In the mSUGRA scenario that we have chosen to study in this paper (see Sec-
tion 5.4.1) the full reconstruction of the event is made possible by considering the
decay chains of both the particles produced in the hard collision. We include all the
particles coming from both the ¢;, and the g because there are not enough kinematic
constraints to perform reconstruction if only the ¢ chain is considered. Therefore
we exclusively consider the production of ¢, and ¢ and their subsequent decays, see
Fig. 5.3. The G, decay chain will be the same as considered in Eq. (5.4) and the g

will decay as follows:
Ggot+t— X +b+t— XU +b+t. (5.13)

In many scenarios the production of ¢; along with ¢ is the dominant source of the
first and second generation squarks at the LHC and in the considered scenarios the
branching ratios for these decay chains are favourable (cf. Sec 5.4).

Assuming that all the masses in the decay chains are known, Sec. 5.3.5, the
kinematics can be fully reconstructed using the set of invariant conditions and the
measured missing transverse momentum. For our procedure we follow the methods
for solving the kinematic equations very closely to those presented in [166, 167].
The novelty here is the inclusion of three-body decays of sparticles and allowing for

additional missing momentum due to neutrinos in the final state. The difference
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lies also in using the mass constraints. For our purpose we assume that masses of
sparticles are known and aim at the reconstruction of the momenta, whereas the
previous studies used the above conditions to reconstruct masses.

Rather than fully reconstructing the kinematics of both decay chains, an alter-
native idea may be to estimate the momentum of the Y5 and then boost into this
approximate frame. A formula that estimates the momentum was presented in [168]

and is shown below,

— approx __ 1 mf(? — 5 14
p)zg = + Mgé Dee - ( . )

This approach does not work in our study however as the approximation only be-
comes valid when pgo — 0 in the rest frame of the X35 At this kinematical endpoint
the two leptons are back to back which causes the plane spanned by pj+ and p;- to
become badly defined. The triple product is therefore small and inaccurate leading
to an asymmetry that is close to zero. Therefore the approach is not valid in our

case.

In our process the following invariant equations can be formed.

e ( decay chain,

my = (Pyg,), (5.15)

my = (Py, + Py + D), (5.16)

m; = (P +P)”. (5.17)
e g decay chain,

miy = (Prg, + Py + ), (5.18)

mi = (P + B, (5.19)

my = (P+P)°, (5.20)

where P denote 4-momenta of respective particles, and where necessary we
label particles coming from squark and gluino decays with subscripts a and b,

respectively.
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e We also have the missing transverse momentum constraint,

0 =0
la X1b

e We combine the momenta of XY, and v, coming from the gluino together as it

is impossible to resolve these two particles,
Pomp = Py, + Py, . (5.22)
e An additional condition on the solutions is that the invariant P;M g has to be
greater than the mass of the LSP, mfz(l),
Plyp > mi. (5.23)

We apply this condition to each solution and discard as unphysical any that

does not meet it.

After expressing the momenta of intermediate particles in terms of the final-state

particles,
P>~C<2) = Pfé(fa + Pl;r + P; , (5.24)
P>~<1+ = Pyure+ lej , (5.25)
Py = P+ Py + P+ P, (5.26)

we now have a total of eight equations, Eq. (5.15) - (5.21), and eight unknowns,

(E;(gaapgga(x)’pgga(y)apgga(z)) , (5.27)

(EQMEvp!?ME<x>vp§ME(y>ap§ME(Z)) : (5.28)

In principle the system can be solved to find P)Z‘f and P;yp. Equations Eq. (5.15)
and Eq. (5.18) are quadratic in PX? and Pjy g respectively, so we consider these
last. Using on-shell conditions, quadratic terms in the remaining equations can be
removed giving 6 linear equations, therefore we can simply use a matrix to give us
solutions in terms of the energies EX? and Egyp. We first expand ?ﬁ) and ?gME

in terms of other momenta contained in the respective decay chains,

?2? = A?é;r + B?Z; + C?q ; (529)
—_

DgME = D?g; +EP,+Fpe. (5.30)
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We can now form the system of 6 linear equations for unknowns A-F" with Eg and

E;mE as free parameters,

A 3(m3y —mig) + Py - Py + Exg (Eyy + Ey;)
B %(mig —mZ) + Py - Py+ P, - P+ Eg E,
10,2 2 .2 . i
M C _ 2(mb +m>~<1+ mg) +sz+ Pb_'_EgME'Eb ’ (531)
D %(m?—l—mf—mg)—l—PZ; P+ Py P, + E;upkE,
E pz;u'ss (l’)
F p%iss (y>
where,
(?éi + ?ég)?zj (?e; + ?é*)?@; (?e; + ?é;)?q 0 0 0
— — — — — —
Py ¢z Py PqDg 0 0 0
0 0 — — — = = —
_ PoPegr PoPb PoPt
0 0 0 ?t?g; DoDt DiD
Pt () Py () Pe(T) per(x)  po(x)  pu()
per(y) pe-(y) pe(y) per(y)  pe(y)  pe(y)
(5.32)

The matrix M can then be inverted to give solutions for each of the momentum
components of 7;(9 and WgME in terms of Efc?a and Ejyp. These solutions are

substituted into the two quadratic equations, Eq. (5.15) and Eq. (5.18), to produce

two equations of the form,

2 2 _ _
allEX(l)a + a12E§<(1)aEgME +ankE;yp + alEgga +aEgup+a=Fy, = 0,

bllE?((l)a + bieEgo Egue + 522E§ME + 0By +bEgup+b=1Fp = 0,
(5.34)
where the coefficients a;;, a;, a and b;;, b;, b are functions only of masses and mea-

sured momenta. We use,

Fa- I s pp=o, (5.35)
bll
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to produce the linear equation for Ew

2 2

I a11b —abiy — aebi1 Egpe + annbaEgve — 022511EgME + a11b22E§ME
c0 — .
te —an by + aibi + abii Egue — anbioEyue

(5.36)
This result can then be substituted into Eq. (5.33) to obtain a quartic equation of

the following form,

Q4E3ME + Q3E§ME + Q2E§2;ME + Qi1E;mE + Qo =0, (5.37)

where the various ()’s are functions of the a’s and b’s in Egs. (5.33) and (5.34).

5.3.3 Discussion of graphical solutions

Analysing the roots of the quartic equations, Eq. (5.37), we select the solutions
that are real and discard the solutions that contain imaginary parts. The selected
roots are substituted into Eq. (5.36) to find the corresponding solutions for £ 0
Using the values of Ejyp and Ego together with the inverted matrix we can now
calculate A, B,C, D, E, F, see Egs. (5.29),(5.30) and hence the components of P 5z
and 72‘1)@'

In general, taking into account multiple roots, Eq. (5.37) has 4 solutions. Thus
we would have 4 real, 2 real and 1 complex pair or 2 complex pairs of roots. Only
the real roots can yield physical solutions, therefore for each event we normally
expect real solutions. As Eq. (5.37) is derived from Egs. (5.33) and (5.34) they
share the same set of solutions. Both Equations (5.33) and (5.34) are polynomials
of degree 2 in Ly and Egyp so they correspond to degree 2 curves in the Eygo
and Ejyp plane (ellipses, hyperbolas or parabolas). The intersection points solve
simultaneously both equations and at the same time the quartic Equation (5.37). A
graphical solution to this set of equations is shown in Fig. 5.4 for one sample event.
In this example we have two real solutions, of which only one corresponds to the
actual momenta in the event.

In the realistic physical case one has to include uncertainties on measured mo-
menta and masses. This will of course affect above equations and solutions. Smear-

ing of momenta will typically result in shifting of the curves shown in Fig. 5.4.
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Figure 5.4: Ellipses in the Egw and Ej)p plane corresponding to Equations (5.33)
(solid line) and (5.34) (dashed line) for one sample event. Out of the two real

solutions the lower right one gives the correct momenta of the original event.

Therefore it is possible that one can get two additional solutions or no real solutions

at all. The consequences of experimental effects on our analysis will be discussed in

Sec. 5.5.2.

5.3.4 Practical approach

In general more than one solution to the above system will remain depending upon
the resolvent. In some cases Eq. (5.23) reduces the number of solutions further. For
the application of this study we therefore calculate the triple product, Eq. (5.6),
for each individual solution. If all solutions produce the same sign triple product
we keep the event and use it in our asymmetry. If any of the solutions disagrees
on the sign of the triple product we will discard the whole event and it will not
contribute. This method has the disadvantage that we lose events and therefore
statistical significance.

An additional issue when trying to complete the momentum reconstruction pro-
cedure are combinatorial problems when attempting to assign the measured mo-

menta to the correct particle in the given event. If we take the leptons as an
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example, we know that opposite sign, same flavour leptons must come from the 3.
However, it is possible that a same flavour lepton could be produced from the Y
in the opposite decay chain and be confused with those coming from the x35. In
order to assign the leptons correctly to the decay chains one can use the conditions
for invariant masses. In the squark decay chain a useful observable is the invariant
mass of two leptons and in the gluino decay chain one can use the invariant mass of
the b-jet from the stop decay and the lepton from chargino decay. The end points

of these distributions are given by

ME{ZQ < m)z(z) — m)z(l) s (538)
(m2 —m?, —m?2)(m2, —m?,)
My, < S I (5.39)
b mM+10
X1 X

It turns out that only a small fraction of the events, around 5% in our scenario, sat-
isfies both conditions simultaneously for the two possible assignments of the leptons
in question. Moreover, if we run the momentum reconstruction algorithm, we find
that physically acceptable solutions are only found in roughly 10% of events where
a wrong assignment has occurred. These conditions act as a strong discriminant,
therefore we do not expect lepton combinatorics to be a relevant issue for this study.

Another possible approach to this problem would be the subtraction of the
opposite-sign opposite-flavour (OSOF) lepton pairs. In that case the quantities
Nz, and N7 in Eq. (5.7) would be defined as

T
NTJr = [N6+67 + Nu*u* - Neﬁu* - Ne*;fr]’]; s (540)
N7 = [Netew + Nyrp- — Nevyw — Nt |7 (5.41)

In Egs. (5.40) and (5.41) one adds the number of events with a positive (negative)
triple product using ete™ pairs (and the jet) to the number of events with a posi-
tive (negative) triple product using p*p~ pairs and subtract the number of events
with positive triple product using e*p~ and e~ u™ pairs. For the combinatorial
background one gets equal rates for same flavour and opposite flavour lepton pairs
since the leptons are uncorrelated. Hence, this “flavour subtraction” procedure re-
moves (up to statistical fluctuations) all combinatorial background resulting from

the lepton pairing problem and also all background coming from x§ — Y97 7~.
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5.3.5 Mass reconstruction at the LHC

Since our procedure requires the sparticle masses to be known, we wish to com-
ment on the possibility of mass determination in our scenario. One of the standard
approaches at the LHC is to study kinematic edges and endpoints of the invariant
mass distributions, see e.g. [157,161,169,170]. In our case the masses of §, Gz, t1,

)2(1)72 and Y7 are required. The possible invariant mass observables would include:

e quark and leptons in the decay chain of ¢; followed by the squark decay to

chargino or neutralino X3,

lepton pair in the neutralino x5 decay, cf. Eq. (5.38),

top and bottom quarks in the gluino decay chain Eq. (5.13),

bottom quark and lepton in the stop decay chain, cf. Eq. (5.39),

quark pairs in the decay of gluino to the 1st and 2nd generation squarks [171,
172].

Fitting the above invariant masses to experimentally measured edges and endpoints
should provide enough number of constraints to obtain the required information.
However we must make it clear that all of the above studies examined two, 2-
body decays for the Y3 and not the single three body decay that takes place in our
scenario. Mass measurements for the three body decay were studied in [160] and
similar mass end-points were found. A mass fit for a particular scenario was not
attempted though so the expected accuracy cannot be given.

Whilst measuring the masses of the individual particles is obviously important,
for the majority of our equations in Eq. (5.31), we actually require the difference
between various m?’s in the decay chains. The mass differences are measured directly
by the respective end-points and it is hoped that this method will measure these mass
differences with high accuracy O(1%) for leptonic final-states [157]. Final-states
involving jets will obviously be less well constrained but it is hoped measurements
of O(5 GeV) may be possible. Errors at this level were tested on the reconstruction

procedure but very little degradation was noted. For stops and charginos, some
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model assumptions may be required on the masses before we can begin to use the
kinematic reconstruction.

The on-shell mass condition for the ¥ requires the absolute mass scale and this
should be measured at the LHC to a precision of better than 10% [157] for low
mass scenarios similar to the phenomenology presented in this chapter. As an extra
check on the numerical stability of the reconstruction procedure, up to 20 GeV
absolute mass errors were tested on the absolute mass scale of the decay chain as a
conservative estimate. This had a negligible effect on the reconstruction efficiency
and the CP-asymmetry and is therefore not considered to be a problem.

In addition new methods have been proposed for measuring the sparticle masses
from the kinematic invariants directly [158,159,166,167,173,174]. These methods
also employ the mass invariants on an event-by-event basis but use this information
to reconstruct the masses of the particles in the decay chain. Therefore, these
methods are directly measuring the inputs we require for Eq. (5.31). We then use
the output from these methods to reconstruct the ! on an event-by-event basis.

The impact of the mass uncertainties will be discussed in Section 5.5.2. Com-
prehensive reviews of all the major mass reconstruction methods proposed for the

LHC are given in [162,163].

5.4 Numerical results

5.4.1 Chosen scenario: spectrum and decay modes

In order to study the experimental prospects of measuring CP-violating effects at
the LHC we use an MSSM scenario derived from mSUGRA parameters defined at
the GUT scale, as shown in Tab. 5.1. This scenario has been already used to analyse
the properties of the neutralino sector in [113]. The values of the parameters at the
electroweak scale have been derived using the RGE code SPheno [148]. Masses of
the coloured particles are of order 500 GeV, apart from the light stop ¢;, which has
a mass of 171.0 GeV. The lightest supersymmetric particle (LSP) is the lightest
neutralino with a mass of 78.1 GeV. The second neutralino and the light chargino

have masses around 150 GeV, whereas the sleptons are around 200 GeV. Therefore
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Parameter Value Particle | Mass [GeV] || Particle | Mass [GeV]
mo 150 GeV g 496.5 X0 78.1
mi 200 GeV dp 484.1 X9 148.4
A 650 GeV dn 466.4 i 148.2
tan 3 10 g, 477.9 s 436.0
sign p + iip 465.9 ér 207.5
| M| 80.5 GeV by 397.2 R 173.1
M, 153.3 GeV b 462.6 Ve 192.0
M 484.6 GeV t 171.0 a 149.4
L 419.0 GeV to 498.0 T 212.5
7, 187.2
Table 5.1: mSUGRA input parameters at the GUT scale, MSSM parameters

and particle masses in GeV from SPheno 2.2.3 [148] for ¢y, = 0 and with
mey = 171 GeV.

we note that the two-body decay channels of ¥y and Yi are closed and this gives
a good opportunity to study CP-violation effects in their three-body decay modes.
Details of the mass spectrum can be found in Tab. 5.1. The values of the gaugino
mass parameters reproduce the given spectrum in the case when all the CP phases
are set to 0.

In order to generate CP-violating effects in the following we will

attribute a non-zero phase ¢y, to the bino mass parameter,

M, = |M|e"™m 0 < ¢y, < 27, (5.42)

while keeping the absolute value |M;| fixed as given in Tab. 5.1.
Although we chose a specific scenario our method is applicable in a wider range
of parameter points. For the decay chain that we concentrate on, we require the

three-body decay of the Xy which places the following constraints on the SUSY
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masses,

mgy < mg, (5.43)

mgy — mgo < Mmyz. (5.44)

Equation (5.43) ensures that the decay, Y9 — ¢ cannot occur whereas Eq. (5.44)
forbids the decay x3 — Zx3.

To complete momentum reconstruction from the gluino side, other decay modes
can contribute with regard to the scenario presented here but their impact on the
final result would be scenario dependent. For example if the decay £ — t¥3 became
kinematically open the momentum reconstruction would actually become easier as
there would be no neutrino in the final state and the system would become over-
constrained. However, there would now be one additional top and one additional
lepton in the final state that may cause new combinatorial difficulties.

As already mentioned, the highest production rate is typically obtained for
coloured final-states containing squarks and gluinos at the LHC. In our scenario,
where their masses are not very heavy, the total cross section for production of
strongly interacting supersymmetric particles reaches 140 pb, see Tab. 5.2. For our
purpose we will be interested in the inclusive production of left squarks and the

1. As was mentioned in Sec. 3.3,

associated production of left squark and gluino
anti-squarks give a CP asymmetry with exactly the opposite sign to squarks. We
note however that the inclusive cross section for left squark production is almost a
factor of 4 larger than the cross section for left anti-squark production. This is a
direct consequence of the fact that we have two protons in the initial state for which
the abundance of quarks is significantly higher than of anti-quarks. Since we cannot
distinguish experimentally squarks and anti-squarks of the first two generations this

fraction of anti-squarks will cause some dilution in the asymmetry. A similar situ-

ation occurs for associated squark-gluino production for which the ratio of squarks

I Triple product asymmetry in right squarks decay chain has the opposite sign as compared
to the left squarks (and the same sign as that of left anti-squarks), however in our case where
the coupling of the right squark to the second lightest neutralino is suppressed due to small bino

component of ¥9, this contribution remains negligible.
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Produced Particles Cross Section (pb)
At least one coloured SUSY particle. 148
At least one g. 58.8
qrqr +qudy + qrdr + qrdp +q4rg 30.0
qrqr + qrqr +4rdr + 4Ldr + 419 8.3
qLg 18.2
0id 3.1
titt 66.3

Table 5.2: Leading order cross sections at /s = 14TeV for direct production of
various particles from Herwig++ 2.3.2 [151,152] using MRST 2004L0 PDF set [156].

¢ stands for squarks of the first and second generation.

to anti-squarks is 18.2 pb to 3.1 pb, see Tab. 5.2. Together with left squarks we
also have the production of right squarks at a comparable rate. However, since the
latter decay almost exclusively to the lightest neutralino in our scenario, as shown
in Tab. 5.3, they do not give rise to the CP-odd asymmetry.

Following the production process we include subsequent decays of squarks and
gluinos. The dominant decay mode of the gluino is to the light stop and the top with
a branching ratio of BR = 53.8%. The light stop then decays almost exclusively
to Xib. Left squarks decay mainly to the light chargino and the second lightest
neutralino with branching fractions of 65% and 33% respectively. Finally we consider
the decays of chargino Y7 and neutralino ¥3. Leptonic decays constitute in total
BR = 61% for the chargino and BR = 68% for the neutralino decay modes. For
decays into light leptons we have BR = 24.3% and BR = 9% for chargino and
neutralino, respectively. The most interesting are the neutralino decays to electrons
and muons that are used to construct the CP-sensitive triple product, Eq. (5.6). The
summary of the relevant branching ratios can be found in Tab. 5.3. It may be noted

that in the scenario presented, the branching ratio x3 — Y9777 is high (59.3%).
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Decay BR Decay BR Decay BR

Gg—tit+cc | 538% || 4L — Xig 65% th—xXib | 981%

Gg—bib+cc |266% || G — g 33% t — X9¢ 1.6%
g — qrq+c.c. | 11.8% qr — Xq 1.5% || X3 — X777 | 59.3%
G—bb+ce | 38% || xi — Vvrt | 372% || X — X | 23.6%

g— q@i+cc | 33% | XT — Xlquda | 385% | X3 —X%q | 81%

dr — X1q 98% || X7 — Xvuut | 12.2% || X3 — xXdetem | 4.5%

Gr — X54 1% || x{ — Xveet | 121% || X5 — X3utp™ | 4.5%

Table 5.3: Branching ratios for the scenario defined in Tab. 5.1 from SPheno

2.2.3 [148] for ¢y, = 0.

This is due to the masses of the Y3 and 7 being very close and hence the kinematic
factors are favourable. The particular branching ratio is simply a coincidence in the
scenario chosen however and is not a required feature for our study.

When we vary the phase of the M; parameter, the masses and couplings in the
neutralino sector are affected. First we note that the changes in the neutralino
masses are negligible and smaller than the possible experimental accuracy. It turns
out however, that the phase ¢, has large impact on neutralino couplings and
therefore the pattern of its decay modes. The most significant change is for the light
chargino decays to the LSP and a fermion pair. With increasing phase the branching
ratio for i — X'v, 7T rises and eventually reaches 70% for ¢y, = 7. At the same
time the branching ratios for decays to light leptons remain roughly at the level of
10%. As we will explain later, a chargino decay to tau, followed by a leptonic tau
decay can be used for momentum reconstruction in the same way as a chargino decay
to an electron and a muon. On the other hand, the decay Y3 — Y77~ followed by
a leptonic tau decay will be a background, since it gives incorrectly reconstructed
momenta. Finally, we note that in the case of neutralino x93 decays to light leptons,

the respective branching ratios increase up to 5.5% for ¢, = 7/2.
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Figure 5.5: The parton-level asymmetry Az, Eq. (5.7), for the single decay chain
given in Eq. (5.4) in the rest frame of ¢, as a function of ¢,;,. The scenario is given

in Tab 5.1.

5.4.2 CP asymmetry at the parton level

We start by discussing the dependence of the asymmetry on ¢y, Eq. (5.7), at the
partonic level studying only the decay chain presented in Eq. (5.4). In order to see
a maximal effect, we place the ¢, at rest and calculate the triple product and the
asymmetry in its distribution, Sec. 5.2.2.

We see from Fig. 5.5 that the maximal asymmetry in this scenario is roughly
14% and this occurs when the phase ¢y, is just above /2 and just below 37 /2. The
asymmetry is produced by a complex interplay between different couplings in the
X9 decay, cf. Egs. (B.3.33)-(B.3.35), and can vary significantly between scenarios.
These couplings can all have different behaviour with respect to ¢y, and in other
scenarios the maximum asymmetry can be seen far from /2.

It should be noted from the previous plot that the asymmetry is obviously a
CP-odd quantity that in addition to a measurement of the phase, also determines
whether it lies above or below m, as seen in Fig. 5.5. In comparison, using CP-even
quantities, for example the mass, it is not possible to determine if the phase is above
or below 7. It must also be noted that these quantities have a weak dependence upon

the phase and will be challenging to study. Moreover CP-even quantities alone do
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not give unambiguous proof of CP violation in the model, that can only be provided

by CP-odd observables, see Sec. 3.2.

5.4.3 Influence of parton distribution functions on CP asym-

metries

Experimentally the situation becomes significantly more complicated since in gen-
eral, particles are not produced at rest but can be heavily boosted in the laboratory
frame. Our observables can be significantly reduced in size by this effect as triple
product correlations induced by spin effects are largest in the rest frame of the de-
caying particle. Essentially, a boosted frame can make the momentum vector of the
quark appear to come from the opposite side of the plane formed by ¢* and /7. As
explained in Sec. 5.2.2 and before in Sec. 4.3.5, this causes a severe dilution in the
asymmetry that is measured at the LHC.

There are two other dilution factors that have to be taken into account and give
a further reduction in the observed asymmetry. The first one we consider is the
contamination from anti-squarks ¢; that will be produced at the LHC along with
squarks ¢r. There is no way of identifying the charge of the produced quark in
contrast to the top discussed in chapter 4 and chapter 6. Consequently we need to
include the effect of the ¢; in our analysis. Anti-squarks produce an asymmetry of
the opposite sign to ¢ so if for example we had equal numbers of each of them,
no overall asymmetry could be seen. However, the production cross section for ¢;
is substantially lower than that of ¢; due to the valence quarks in the proton, see
Tab. 5.2 and at the LHC we would expect only roughly 20% of the sample to be ¢ .

The other background contribution is that of neutralinos decaying to a tau pair,
X3 — X777~ followed by leptonic tau decays to the pair of opposite-sign same-
flavour leptons. Since the branching ratio for the above decay is large, even after
inclusion of leptonic tau decays there is a significant number of events faking our

signal, i.e.

BR(YS — XVt — XU vmw.0,) = 2 x 0.6 x 0.175 x 0.175 = 3.7%. (5.45)
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compared with

BR(Y) — X005 07 ) ~ 2 x 0.045 = 9%. (5.46)

el el

As the asymmetry calculated for such leptons is diluted, this background introduces
a further dilution factor. However, this background can be easily removed using the
flavour subtraction technique described above, Eqs. (5.40) and (5.41). In addition
we will see later that much of this background is removed after the application of
simple selection cuts on the lepton energy and the invariant mass.

We use the MRST 2004L0 [156] PDF set in our analysis of the asymmetry and
plot the integrated asymmetry A7 as a function of ¢, in Fig. 5.6. We see that the
inclusion of the PDFs and the ¢ sample reduce the asymmetry by about a factor of 8
in this scenario as compared to the result of Sec. 5.4.2. The maximum asymmetry
is now |Az| = 1.7%. It must be noted that the dilution factor does depend on the
scenario studied and changes in particular with the mass of the sparticle that is
initially produced.

For the calculation of the asymmetry we included the production channels shown
in rows 3 and 4 of Table 5.2 but we only take decays of individual ¢;, and ¢; following
the decay chain in Eq. (5.4). At this point correct identification was assumed for
the final-state particles and no hadronisation or detector effects were included but
these assumptions will be relaxed in Sec. 5.5. The only backgrounds in the study
are those discussed above.

Using the total production cross sections? for ¢y, and ¢}, and respective branching
ratios from Table 5.3 we can now estimate the integrated luminosity required to
observe the asymmetry at the LHC with a certain significance.

We use the definition of statistical given in Sec. 3.6 and the significance of any
particular asymmetry is given in Eq. (3.45). The horizontal lines in Fig. 5.6 show

an estimate of the amount of luminosity required for a 30 observation of a non-zero

2Note that the total rate of squark production is actually larger than 30.0 pb quoted in Table 5.2,
as some of the subprocesses give a pair of squarks e.g.(¢r.¢r,) and both can contribute to our analysis.
The total number of squarks in the sample at the given luminosity £ and /s = 14 TeV is therefore

33.2 x L. In case of anti-squarks the number is 8.5 x L.
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Figure 5.6: The parton-level asymmetry Az, Eq. (5.7), in the laboratory frame
with PDFs included in the analysis using the scenario shown in Tab. 5.1. The
coloured lines show the size of the asymmetry needed for a 30 observation at the
given luminosity, £=(20 fb=!, 50 fb=!, 100 fb~!), assuming squarks were produced
via the channels shown in rows 3 and 4 of Tab. 5.2. All produced ¢ and ¢* that

follow the decay chain given in Eq. (5.4) are taken into account.

asymmetry. In other words, an asymmetry can be seen at the 30 level where the

asymmetry curve in Fig. 5.6 lies outside the luminosity band.

5.4.4 Impact of momentum reconstruction on the observ-

able CP asymmetry

In order to increase the statistical significance of our CP asymmetry we investigate
the possibility of reconstructing the momenta of the invisible particles in our process.
In principle a perfect reconstruction would return the magnitude of the asymmetry
to that where the ¢y, is at rest but in reality there are additional complications with
this procedure, see Sec. 5.3. The reconstruction is performed at the partonic level
with PDF’s included in the production process.

Again our sample of events will contain ¢; which have an asymmetry of the oppo-

site sign to that of §;, as has already been discussed in Sec. 5.4.3. As we are looking
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Figure 5.7: The parton-level asymmetry Az, Eq. (5.7), in the reconstructed ¢y, rest
frame. The coloured lines show the size of the asymmetry needed for a 30 observation
at the given luminosity, £=(20 fb~1, 50 fb=!, 100 fb~1) for the production channels
4rg, G;g Tab. 5.2. The decay chains included are shown in Eq. (5.4) and Eq (5.13).

As explained in the text correct jet and lepton assignment is assumed.

exclusively at g and ¢; g production however when applying the momentum recon-
struction, we actually have a smaller number of §; that dilute the asymmetry (15%,
see Table 5.2). After including this dilution factor we see our maximum asymmetry
reduced from A7 ~ 14% to A7 ~ 11%, see Figs. 5.5 and 5.7, respectively.

To calculate the luminosity we require to see a statistically significant effect at the
LHC we include the production cross sections for channels ¢.g, ¢;g (Tab. 5.2) and
the branching ratios from both the ¢, and § decay chains Eq. (5.4) and Eq. (5.13).
No hadronisation or detector effects were included in this section and correct identi-
fication was assumed for the quarks. For the leptons the correct assignment is made
as is explained in Sec. 5.3.4. For the jets, a detailed experimental study would be
required to look at this question as we need to include hard radiation, reconstruc-
tion and b-tagging efficiencies. However, a cursory examination suggests that the
individual jets may be resolvable. For example, the jet coming from the ¢, decay is

the hardest one for a high proportion of events. We would also require three other
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jets to have the invariant mass m;. Finally we would then require at least one b-jet
to be tagged. We would like to state here that the only backgrounds included in the
study are those of ¢; g production and the decay chain Eq. (5.45).

After inclusion of all branching ratios the production rate for our process drops
down to 200 fb (after hadronic top decay), which results in approximately 20000
events at the integrated luminosity £ = 100 fb~'. One extra point to note is that
we are able to use events where the fﬁ in the opposite decay chain produces a
7%, Kinematically these events are similar to our normal signal events but we have
one extra neutrino v, that will be invisible and simply contribute to our missing
transverse momenta. An additional factor that reduces the number of reconstructed
and accepted events are the multiple solutions, as discussed in Sec. 5.3. We only
use events when all solutions produce the same sign triple product and this allows
us to use approximately ~ 60% of the events.

The horizontal lines in Fig. 5.7 again show an estimate of the amount of lumi-
nosity required for a 30 observation of a non-zero asymmetry. It can be seen that
the luminosity lines are not flat but actually give a narrower band as ¢;, — 7. This
effect is caused by the branching ratios, G, — qx3, X3 — X147~ and ;7 — X\7l~
altering with the change in phase and producing more events. We see that after
20 fb~! of well understood LHC data it may be possible to start seeing a statisti-
cally significant effect if large phases are present. It must be noted however that for
this method to be successful we will require mass measurements of the individual
particles involved in the decay chains. This will obviously require significant running

time and may even need the help of a precision linear collider.

5.5 Inclusion of experimental factors

To more realistically estimate if the study will be possible at the LHC some addi-
tional experimental factors need to be included in the analysis. For this purpose we
simulate events using the Monte Carlo event generator Herwig++ 2.3.2 [151,152].
These events will be used in the following to perform momentum reconstruction and

as a cross check for our analytic calculations.
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We start with the inclusion of the selection cuts that have to be used to resolve

leptons and jets and these are listed below:

Er(j1) > 100 GeV, (5.47)
Er(j) > 25 GeV, (5.48)
Er(f.,) > 10 GeV, (5.49)
Mg~ > 20 GeV, (5.50)

n| < 25. (5.51)

Here Er(j1) is the transverse energy of the hardest jet, Er(j) is the transverse
energy of all other jets, Ep({.,) is the transverse energy of the leptons, My+,- is the
invariant mass of the opposite-sign same flavour lepton pair, and 7 is the pseudo-
rapidity of all the final-state particles in the decay chain. Moreover we require at
least two b-jets and that 1 b-jet plus 2 other jets (typically with the lowest pr) should
reconstruct the top quark. Since we need the top momentum to be reconstructed
we only take into account tops that decay hadronically.

One of the consequences of the application of the above cuts, especially Eq. (5.49)
and (5.50) is the significant reduction in the background originating from 7’s, Eq. (5.45).
This is due to the rather low energy of the leptons coming from 7 decays and the
even lower invariant mass of the resulting lepton pair, which is peaking around O.
Already at this point, approximately 95% of this background is removed.

Another factor we include is the momenta of the resolved particles being smeared
due to the intrinsic experimental precision. The accuracy for both jets and electrons

follows the same function but with different coefficients [175]:

2 2
o (%G  bie
f_¢E+ﬁ+%’ 592
where

o for jets a; = 0.6 GeV7, b; = 1.5 GeV and ¢; = 0.03;

e for electrons the accuracy is better, with a, = 0.12 GeV%, b, = 0.2 GeV and
ce = 0.01.
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The resolution for muons has a different functional dependence,

Opr { 0.00008(pr/GeV — 100) + 0.03, pyp > 100 GeV, (5.5

Pr 0.03, pr < 100 GeV.

In addition we also have a finite resolution on the measurement of missing transverse

energy,

Oyipr _ Oypr _ 057 (5.54)

Er Er VEr/GeV’

which are the errors on the z and y components of the MET vector and Er is the

scalar sum of all visible transverse energy .

The momenta smearing will only affect the observables when we perform mo-
mentum reconstruction as the LSP momenta will be reconstructed with limited
precision. The triple product will not suffer however as the measurement only relies
on the direction of the measured particles and not on the energy measurement. The
direction can be found far more accurately and this error happens to be negligible
for our observables.

Finally, we also investigate the fact that the masses of the particles in the decay
chains we are interested in will only be known with a certain precision at the LHC
(we assume 10% error), see Section 5.4.1. This error will again only affect the
observables when we perform momentum reconstruction in order to boost into the
rest frame of the 3 and can cause the frame to be mis-measured, see Section 5.5.2

for more details.

5.5.1 Experimental factors without momentum reconstruc-
tion

Out of the experimental factors mentioned above, only the cuts affect the result for
the triple product correlation measured in the laboratory frame. These cuts reduce
the number of detectable events by ~ 50% and consequently significantly increase
the luminosity required to make a statistically significant measurement at the LHC,
see Fig. 5.8. For example if large phases are present we may begin to see hints with

integrated luminosity £ = 50 fb™*. With £ = 300 fb~" we could become sensitive
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Figure 5.8: The asymmetry Az, Eq. (5.7), in the laboratory frame for the decay
chain Eq. (5.4) after the cuts, Egs. (5.47)-(5.51), have been applied. The coloured
lines show the size of the asymmetry needed for a 3o observation at the given
luminosity, £=(50 fb~1, 100 fb~!, 300 fb~!), assuming squarks were produced via
the channels shown in rows 3 and 4 of Tab. 5.2. Momentum smearing for both
the leptons and quarks was studied and found to have a negligible effect. All other

relevant experimental details are mentioned in the text.

to phases in the ranges 0.157 < ¢p, S 097 and 1.17 S ¢py, S 1.8571 where the
asymmetry |Ar| > 0.7%.

For the calculation of the asymmetry we included the production channels shown
in rows 3 and 4 of Table 5.2 taking into account the decays of individual ¢;, and ¢ as
listed in Eq (5.4). No explicit hadronisation was included but momentum smearing
is expected to simulate some of this effect. We also need to include additional hard
QCD radiation and other detector effects (for example fakes) in a full experimental
study. Correct identification was assumed for the quark and two leptons. The
backgrounds in the study are those from ¢; and Eq. (5.45).

It must be noted however, that significant pollution due to backgrounds will
be expected for this signal from both the Standard Model and the MSSM. Further

experimental cuts will certainly be required to improve the signal /background ratio
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and without a more detailed study it is hard to predict what effect this will have on
the ability to complete this measurement at the LHC, especially as the asymmetries

are rather small.

5.5.2 Experimental factors with momentum reconstruction

When we perform the momentum reconstruction we need to include the experimental
precision on the momentum of the visible particles. This resolution is ~ 3% for
leptons and follows Eq. (5.52) for jets. The corresponding effect on momentum
reconstruction is a reduction in the number of events that have the same sign triple
product. As stated in Sec. 5.4.4 we discard any events where we have solutions with
opposite sign triple products. Discarding these events reduces the percentage we
can use from ~ 60% without momentum smearing down to ~ 30% when we include
it.

The other difficulty momentum smearing creates is that all the reconstructed
solutions can now have the wrong sign triple product as we no longer correctly
reproduce the rest frame of the neutralino Y5. Inevitably this effect produces a
decrease in the observed asymmetry from ~ 11% to ~ 8%.

We again include the cuts on all visible particles in our decay chain given by
Egs. (5.47)-(5.51). These cuts significantly reduce the number of visible events and
remove ~ 80% of the events compared with our initial naive estimates. When we
combine the cuts with the momentum reconstruction efficiency we are left with
~ 6% of the initial events and this clearly increases the luminosity needed to make
an observation statistically significant. After inclusion of these effects the number of
events drops from 20000 down to 1200 at the integrated luminosity of £ = 100 fb™*.
This results in a 1o absolute uncertainty of order ~ 3% on the asymmetry, according
to Eq. (3.43).

Another possible experimental aspect we investigate is a 20 GeV uncertainty
on the absolute mass scale of the supersymmetric particles used in the momentum
reconstruction. We found that this has a negligible effect on the momentum recon-
struction as long as the mass differences between different particles in the decay

chain are known better than O(5 GeV). The assumption that the mass differences
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Figure 5.9: The asymmetry Az, Eq. (5.7), in the reconstructed ¢ frame for ¢.g,
¢; g production followed by the decay chains shown in Eq. (5.4) and Eq (5.13) with
cuts Egs. (5.47)-(5.51). The coloured lines show the size of the asymmetry needed
for a 30 observation at the given luminosity, £=(50 fb=!, 100 fb=*, 300 fb~1). The
momenta of the final-state particles have been smeared according to Eq. (5.52)-
(5.54) to replicate the LHC detector effects. All other relevant experimental details

are mentioned in the text.

are known to a higher accuracy is reasonable as the main method of measuring
masses in SUSY decay chains at the LHC will be via kinematic end points that are
measured with high precision.

Figure 5.9 shows the asymmetry and the luminosity required at the LHC to
see a statistically significant result at the 30 level at the LHC once all the above
factors have been taken into account. The production channels are ¢.g, ¢; g and
the branching ratios are included from both the ¢, and ¢ decay chains. No explicit
hadronisation effects were included here and possible additional hard jets in the
final state require further study. Also correct identification was assumed for all the
leptons and quarks in both decay chains as explained in Sec. 5.4.4 and Sec. 5.3.4.
Again the only backgrounds included in the study are those of ¢; g production and
of taus that decay to visible leptons, Eq. (5.45). In chapter 6 we extend the analysis,
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albeit with stop production, to include all Standard Model and SUSY backgrounds.

We can see that using this method, with integrated luminosity £ ~ 100fh™" we
start to become sensitive if large phases happen to be present. After £ ~ 300fb™!
we expect to have sensitivity to phases in the ranges 0.27 < ¢, S 0.857 and

1.157 < ¢p, S 1.8 7, and obviously more luminosity will improve this further.

Note that a direct comparison between the methods with and without momentum
reconstruction based on the above plots should not be performed. The backgrounds
from both SM and MSSM will be more severe when we do not perform momentum
reconstruction and clearly many new cuts will be required to isolate the signal, which
is the consequence of being totally inclusive. For the method when we perform
momentum reconstruction, we have a well defined final state that is difficult to
be faked by Standard Model processes and is also uncommon for SUSY cascade
decays. Moreover the multiple cuts on all the particles and the need for the missing
momentum to be successfully reconstructed mean that many backgrounds will be
rejected. In Sec. 6.5.4 we show the potential power of the momentum reconstruction
technique for rejecting backgrounds when applied to stop production.

However, for the study shown in Fig. 5.8, none of these extra benefits of mo-
mentum reconstruction are present. It can be expected that the backgrounds may
be substantial (especially from competing SUSY decays) and will require conven-
tional kinematic cuts to reduce. Both the cuts and backgrounds will increase the

luminosity required to observe a CP signal for this analysis in comparison to Fig. 5.9.

5.5.3 Conclusion

In this chapter we studied squark production, followed by the decay, ¢, — X3¢ —
70~x%. We again used CP-violating asymmetries composed of triple product cor-
relations to examine the sensitivity of the LHC to CP phases within the MSSM. In
this study, CP-asymmetries were only formed from the three body decay of the 3.
Therefore we were only sensitive to phases in the neutralino mixing matrix and in
particular we concentrated on the phase, ¢y, .

Again, we found that when we calculated the full production process and in-

cluded the PDFs, the asymmetry was significantly diluted. We therefore applied
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the technique of momentum reconstruction to boost all the final-state particles of
interest into the rest frame of the produced ¢;,. We found that it was almost pos-
sible to recover the rest frame asymmetry. Using the momentum reconstruction
technique we estimate that with 300 fb=! we should see sensitivity in the range

0.2 < oapy S 0.857.

However, we wish to emphasise that we need to study fully hadronic events
to confirm these preliminary findings. In addition, these events should be passed
through a detector simulation to see if the momentum reconstruction of the final

state is valid. We also need to run the same analysis on both Standard Model and

MSSM backgrounds to make sure that the signal to background ratio is acceptable.



Chapter 6

Stop Production with two-body

decays

6.1 Introduction

For the final study presented in this thesis, we again consider the production of stops

but with the following decay chain [133],
b= X0+t — 5+ 0F+ Wb — 0+ 05+ (F + Wb, (6.1)

The difference from the decay chains previously studied is that in the scenarios
considered in this chapter the mass of at least one slepton is less than the x5 (mig >
m;). Consequently, the x5 decays via a two body decay to an on-shell { which in
turn undergoes a two-body decay.

Unfortunately, the decay of the X3 now produces no triple product correlations
because the ¢ cannot carry any spin correlations since it is a scalar. Therefore, we
are only sensitive to correlations in the stop decay and the two triple products we

can form are,
%N = ﬁfN ' (ﬁW X ﬁt)a (62)
Toe = Do Do+ X - ). (6.3)

In the scenarios considered in this chapter, these triple products and mainly sensitive

to phases in the stop mixing matrix. Since we have set ¢, = 0 in this thesis, we
107
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exclusively consider the effect of ¢4,. In principle, ¢y, could also contribute but we
concentrate on scenarios where the x9 is mainly wino-like and thus the effect of ¢y,
is negligible.

Following on from the momentum reconstruction technique presented in Chap-
ter 5, we also reconstruct the momentum of the ¥? in this study to recover the rest
frame asymmetry. The reconstruction is actually much simpler for the two body
decay shown in Eq. (6.1) as the single decay chain alone contains enough invariants
to solve the system. Whereas the reconstruction presented in Sec. 5.3 required a
quartic equation to be solved which can result in 4 separate solutions, the solution
to the two-body decay is only a quadratic.

We begin the chapter by describing the process under consideration and the
terms that produce the CP-asymmetry. In Sec. 6.3 we explain the momentum re-
construction technique for the two-body decay chain and consider the combinatorial
difficulties that will be faced at the LHC. We discuss the analytical parton-level
results in Sec. 6.4 where both the ¢; is at rest and where the PDFs and produc-
tion process is included. Sec. 6.5 describes the hadron level results where we have
performed a Monte Carlo study and applied a jet-finder after showering and hadro-
nisation has taken place. We also include the cuts required at the LHC and some
of the most important experimental efficiencies. Both Standard Model and SUSY
backgrounds have been simulated to examine how these effect our results. Finally,

we conclude in Sec. 6.6.

6.2 Formalism
6.2.1 The process studied and the amplitude squared
At the LHC, the light stop (#;) particles can be produced via pair production,
pp — flf’lk (6.4)

As mentioned in Sec.4.2.1, the dominant production process is from gluon fusion

and we again use this channel when performing the analytical calculation.



6.2. Formalism 109

In our study the CP-violating observables are produced in the following decay,
t — X9+t (6.5)

We require the Y5 to decay via two, 2-body leptonic channels,
Xs = Crlk — XKL, (6.6)

where N and F denote the near and far leptons respectively. In addition, we only

consider events where the ¢ is fully reconstructible and hence decays hadronically,
t — Wb — quqb. (6.7)

We again apply the narrow-width approximation (Sec. 4.2.2) and include the full
spin correlations for production and decay of the intermediate particles, t1, X3, ¢ and
t. The squared amplitude |T|* of the full process can then be factorised into the
processes of production gg — £1£; and the subsequent decays #; — X9, ¥ — iy,
(— XU and t — Wh. The use of the narrow-width approximation is appropriate
since the widths of the respective particles are much smaller than the masses in all

cases. The squared amplitude can then be expressed in the form,

TP = 4IA(51)|2\A(>23)|2\A(5)\2|A(t)IQP(t]f’{){P(th)D(XS)D(ﬁ)D(t)

+ZZP JEH(R) D)D) + Y Th(H)ZH(6) D(R9)D(D)

b=1

£ 3 SRS )D()}, (6.8)
a,b=1

where a,b = 1,2,3 refers to the polarisation states of the neutralino 9 and top

quark t. In addition,

o A(fy), A(XY), A(f) and A(t) are the pseudo-propagators of the intermediate
particles which lead to the factors Ej, /my Iy, Exg/mgel'so, By, /m; I';, and

E;/m;T"; in the narrow-width approximation.

o P(tith), P(tx9), D(X9), D(f) and D(t) (Appendix B) are the terms in the pro-
duction and decay that are independent of the spin of the decaying neutralino

and top, whereas,
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o X4 (xY), Bb(¢), B%(x9t) and 34(%9), ¥4, () (Appendix B) are the spin-dependent
terms giving the correlations between production and decay of the x93 and t.

We follow the formalism and conventions described in [141].

e It must be noted that the slepton ¢ produces no spin correlation term in the

amplitude since it is a scalar.

Explicit expressions are given in Appendix B.

6.2.2 Structure of the T-odd asymmetry

As in chapter 4 and chapter 5, we classify all terms of the corresponding amplitude
squared, Eq.(6.8), with respect to their Ty—odd or Ty—even character. Only the
products that contain a Ty-odd contribution will lead to CP-odd violating observ-

ables (Sec. 5),

e The spin-independent terms introduced in the previous section, P(#,%,), P(tX3),

D(xX3), D(¢), D(t) do not cause any T y-odd terms.

e The spin-dependent terms, ¥4 (¥?), 3% (), B2 (x5%), %(X3), X% (t), however,
often can be divided up into Ty-even and T y-odd terms, depending on the
processes studied. In our case, a sequence of 2-body decays, however, we can
only split X@(¥9t) = S (39t) + 29 (x9t), all other spin-dependent terms

only lead to Ty-even terms.

e Therefore, the T y-odd term in the amplitude is,

> SO (95 (R9) S (1) D(D).

When we contract the spin indices of the ¢ and x5 and evaluate the Tx-odd

contribution we find that the following covariant product appears in the amplitude,
SR (BOTH(R)ED () ~  i6upes ™ (X9)Ps™ ()p] X (Peys®) (ppws”), (6.9)
~ i€upe Dyl P DY (6.10)

where 299 329 (%9) and X4 (t) are given by Eq. (B.1.9), Eq. (B.4.39) and Eq. (B.6.44)

respectively.
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Eq. (6.9 ) is multiplied by the imaginary part of the coupling, Eq. (B.1.11)
that contain terms from both the ¢, Eq. (2.4.1), and X°, Eq. (2.26), mixing ma-
trices. Hence, any complex phases contained in those mixing matrices will yield
CP-violating effects that can be seen in an observable that exploits the covariant
product.

If we expand the covariant product (as in Sec. 3.3) we find the triple product,

%N = ﬁéN ’ (ﬁW X ﬁt) ) (6.11)

The triple product is analogous to the one presented in Eq. (4.14). However, whereas
in the three body decay of the Y3 we only needed to know the charge of the lepton
in the triple product, for the sequence of 2 two-body decays we also need to know
if the lepton originated from the first or second decay.

An alternative triple product that uses both leptons can be found though. The

covariant product can be re-expressed in the following form by exploiting momentum

conservation, pgo = pj + Doy, Pj = Pep + P30, Pw = Dt + Do,
Euupapggpsz%/pg = €uvpo (Pep + ng)”PZNpﬁvp‘b’ . (6.12)

This covariant product leads to the triple product,
T = Do - (Pe+ X De-) - (6.13)

However, Eq. (6.12) shows that we have effectively two covariant products, one
which contains the momentum of the 9. Thus, there is no kinematical frame in
which the triple product, 7, will be completely equivalent to the covariant product
in Eq. (6.12). We can understand this since the far lepton is not directly correlated
with the spin of 9 and therefore triple products containing the momentum of the
far lepton will be lower.

Using the triple products, we can again define the asymmetry parameter using

Eq. (3.36). We then define,
Aoy = Ar(Toy), Aw = Ar(Tu), (6.14)

where Ay, is the asymmetry from the triple product 7;, and Ay is the asymmetry

from the triple product Zy,.
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Once again, the asymmetries formed from triple products will suffer a dilution
at the LHC due to boosted frames, see Sec. 3.5 Hence, we again use the ideas of
momentum reconstruction to find the optimal reference frame for the asymmetry
and evaluate the triple product.

For all our observables we require that we know the charge of the decaying t;
and can therefore distinguish the particle and anti-particle. We can combine the
process with the charge-conjugated decay to make an unambiguous observation of
CP-violation via Ty-odd observables. In addition, since the charge conjugate decay
has an asymmetry of the opposite sign, if we do not know the charge of the decaying
stop, the asymmetry would simply cancel. The charge of the #; can be found by
demanding that the opposite cascade produces a single lepton and thus a tri-lepton
final-state overall.

An extra subtlety in the two-body decay chain is that changing the charge of
the near lepton ¢y reverses the sign of the triple product, 7y, Eq. (6.11). We can
distinguish the near and far leptons using the momentum reconstruction technique,
Sec. 5.3. However if for some reason the leptons cannot be identified we can still use
the triple product 7y, Eq. (6.13). No lepton distinction is required as exchanging
the near and far leptons has an extra sign change that cancels the change produced

by the charge exchange.

6.3 Momentum reconstruction

6.3.1 Dilution effects

The triple product that is constructed from momenta in the laboratory frame suffers
from dilution factors (~ 4) at the LHC. This is due to the lab frame being boosted
with respect to the rest frame of the X3 or ¢;, see Eq. (3.5). It results in a con-
siderable reduction in the maximum asymmetry observable when we introduce the
PDF's which causes an undetermined boost to the system. Fig. 6.1 shows how the
asymmetry is diluted in the laboratory frame when we produce the ¢; with varying
initial momenta. If we were able to reconstruct the momentum of the #;, we could

perform a Lorentz transformation of all the momenta in the triple product into the
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Figure 6.1: The asymmetry Ar, Eq. (3.36), as a function of the stop momentum,
|pil, in the laboratory frame. The solid line is the asymmetry for the triple product
iy, Eq. (6.11) and the dotted line is for the triple product 7y, Eq. (6.13). The
respective masses are given in Tab. 6.2, Tab. 6.3 and Tab. 6.4.

t; rest frame and potentially recover the full asymmetry.

6.3.2 Reconstruction procedure

We are able to reconstruct the x{ four momentum by reconstructing the following

two body decay chain in full,
t—t4+ X = t+ 05+ 05 —t+ 0+ 0] + (5. (6.15)

Assuming that all the masses in the decay chains are known, the kinematics can

be fully reconstructed using the set of invariant mass conditions,

myy = (P’ (6.16)
mi = (Py+Pe), (6.17)
myy = (P +Pg) =Py + Pz +Pg), (6.18)
m} = (Pg+P)’ = (Py+Pe+ Pz +P), (6.19)

where P denote the four momenta of the respective particles.
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Figure 6.2: The process studied for mo-

~0 .
X1 mentum reconstruction.

We see that with the four equations we have enough information to solve the
system and find each component of the y9 four momentum. A solution to the above
set of equations is presented in [167] and we outline the procedure here. We first
expand the ¥? momentum in terms of the final-state momentum of the (7, (3 and
t,

?g? = a?ej—; + b?eﬁ +cP (6.20)

In order to derive a system of 3 linear equations for the unknowns a — ¢, we calculate
PR * Doy Do + Pey and pio - Py Inserting Eq. (6.20) and exploiting Egs. (6.17-6.19)

we form the system of equations,

a %(mfa) —m2) + ExEy,
MLl b | = %(m? — m?(g) + Do - Doy + Exo By, , (6.21)
c s(m2y +mi —m?) + pe - pe+ puy P+ Exo By
where,

— — — — — —
pép'pfF pép'pr pZF'pt
M = — — — — — —
- Pin - Pip DPin - Py Piny: - Pt
— = — = - =
Pt Pep Pt Py Pt Dt

(6.22)

We invert the matrix M to find solutions for a, b and ¢ in terms of constants and
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E. The on shell mass condition for the Y9, Eq. (6.16), can then be expressed as,

a
E%) = (a,b,c)M | b | + mi(l). (6.23)

c
We solve the above quadratic, to find two solutions for Eyg. These solutions are
then substituted back into Eq. (6.20) to find all components of the #; momentum

on an event-by-event basis.

6.3.3 Challenges from multiple solutions

We encounter a complication in the reconstruction as Eq. (6.16) is quadratic in (pgo).
Consequently we have two solutions for (p)z(l)) for each reconstructed event but we
have no extra information in the single decay chain to determine which solution is
physically correct. As we cannot distinguish which of these solutions corresponds
to the physically correct configuration, we need to analyse both. Therefore, we
calculate the £; momentum for both configurations and boost all final-state particles
in the triple product into the reconstructed #; rest frame. If the sign of both triple
products are the same then the event is recorded but if the sign of the triple products
are different, we discard the event since we cannot know which of the reconstructed
solutions is correct. The method has the disadvantage that we lose events and
therefore statistical significance.

However, we find that the asymmetry can actually rise (= 1.5%) due to the
nature of the events that are removed. The events most likely to be removed are
those with small triple products. This is because the smaller the triple product of a
particular event, the more likely that the triple product will change sign if the rest
frame is mis-measured. Another property of events with small triple products is that
the asymmetry is lower than that of events with large triple products. Therefore, if
these events are removed from our sample, proportionally more events are removed
in the denominator of the asymmetry, Eq. (3.36) and the asymmetry will rise in
value.

When performing the momentum reconstruction at the LHC we have additional

problems from multiple solutions that come from combinatorial effects in the event.
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Firstly, to complete the reconstruction we need to correctly identify the near and
far lepton in the decay chain Eq. (6.15) if we wish to compute the triple product
Tsy» Eq. (6.11) (although this information is not required for the triple product 7y,
Eq. (6.13)). We find that in ~ 20% of events the wrong assignment of near and
far leptons satisfy the kinematic equations Eq. (6.16)-(6.19) and produce two extra
solutions for the momentum of the x? in addition to the solutions found from the
correct configuration. In addition, we always require a third lepton in the event
coming from the opposite decay chain to correctly identify the stop charge. For
example the lepton produced in the decay chain #f — y~b, Y~ — ¢~ + X, where X
are neutral decay products. If this lepton is of the same flavour as those in the triple
product decay chain there is a small chance that it can also reconstruct the 5. All
of these combinatorial issues are removed by again demanding that all calculated
triple products are of the same sign and discarding any events where opposite sign
solutions occur.

Further combinatorial issues occur with the reconstructed top in the event.
Firstly a second b is always present in the opposite decay chain and this can oc-
casionally combine with a reconstructed W to give a fake t. The opposite decay
chain also can contain extra quarks that can produce more reconstructed t’s. Fi-
nally, the parton shower can sometimes radiate hard gluons that are also seen as
extra jets and further complicate the combinatorial problem. Whenever extra t
quarks are found that satisfy the event kinematics we perform the same procedure
as for combinatorial leptons. Triple products are calculated for all reconstructed
rest frames and only events, that yield the same sign for all the reconstructed triple

products, are recorded.

6.3.4 Mass measurements

As mentioned above, we assume that the masses of all the SUSY particles in the
decay chain will be known. In Sec. 5.3.5, we briefly discussed the measurement of
the SUSY mass states at the LHC and the main studies on this topic. We found
that for the mass differences we require in Eq. (6.21), the mass end-point method

is well established. It is hoped that the method will measure these mass differences
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with high accuracy O( 1%) [157].
Whereas the cascade decay studied in chapter 5 involved a three body decay of

the ¥9 the decay presented in this chapter involves,
Xy — 0E07, = 0t (6.24)

The vast majority of the studies presented in Sec. 5.3.5 actually studied this decay
chain. Therefore, we can have far more confidence that the mass reconstruction
methods will provide the required accuracy. We again test errors on the absolute
mass scale of up to 20 GeV and an error on the mass differences of 5 GeV. Both of
these errors have a negligible impact on the reconstruction efficiency.

These errors can be viewed as conservative apart from the mass of the stop.
However, using the method of kinematic invariants and high luminosity, such an

accuracy may become possible [167].

6.4 Parton level results

In this section we analyse numerically the CP-asymmetry at the parton level, with
the inclusion of parton distribution functions, whilst in Sec. 6.5 we complete a
hadronic level study to estimate the realistic environment and the discovery po-
tential at the LHC. In particular, we focus on a specific mSUGRA parameter point,
Tab. 6.1, at the parton level before discussing more general low mass mSUGRA

scenarios for our hadronic study.

6.4.1 Chosen scenario: spectrum and decay modes

We choose for this study the mSUGRA scenario shown in Tab. 6.1 with an added
CP-phase to the trilinear coupling ¢4,. The spectrum at the electroweak scale have
been derived using the RGE code SPheno 2.2.3 [148] and the masses of the gauginos
and scalars are shown in Tab. 6.2, Tab. 6.3 and Tab. 6.4 respectively. Using the low
energy soft SUSY breaking parameters and the phase of the trilinear coupling ¢4,,

we calculate the masses and mixing of the #;’s, see Sec 2.4.1 for details.
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Parameter

mo

mi/2 tanﬁ

sign(e) | Ao

Value

65

210

bt

+ 0

Table 6.1: mSUGRA benchmark scenario (masses in GeV).

Particle mgo | Mgy

Mass(GeV) || 77.7 | 1424

305.1

330.3

140.7 | 329.9

514.1

16

Table 6.2: Masses (in GeV) of the gauginos calculated by SPheno 2.2.3 [148].

Particle mg, mg,

mgl

ml;2

MGy, | Maar

mquL

m‘juR

Mass(GeV) || 345.7 | 497.8

443.4

466.0

484.7 | 465.2

478.7

464.9

Table 6.3: Masses (in GeV) of the SUSY squarks calculated by SPheno 2.2.3 [148§]

except for #; that were calculated at tree level with phase ¢4, = |%7T|.

Particle

m EL

m 5712

ms, mz

Mass(GeV)

163.4

110.8

164.9 | 108.0

Table 6.4: Masses (in GeV) of the SUSY sleptons calculated by SPheno 2.2.3 [148].

For the presented analysis to work, we require the SUSY spectrum to have the

following mass hierarchy,

mg — my > mgo > ml% > mso,

(6.25)

to allow for full momentum reconstruction. This hierarchy is often a feature in the

mSUGRA parameter space. In addition we concentrate on light mass scenarios as

the study is statistically limited and consequently we require a large production

cross section.

The feasibility of the study at the LHC depends heavily on the integrated lumi-
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Parameter Value
BR(t; — ) 34.6
BR(t; — X5t) 7.5
BR(t; — X{b) 50.1
BR(t; — X4b) 7.8

BR(Xy — fipp [ehe”) 11.6
BR(X{ — 7 vr) 95.1
o(pp — t:t}) [pb] 3.44

Table 6.5: Nominal values of the branching ratios (in %) for various decays calculated
in Herwig++ [151,176] with phase ¢4, = |27|. In the last row, cross sections for stop

pair production at the LHC with y/s = 14 TeV at leading order (LO) from Herwig++.

nosity. For this reason we look closely at the predicted cross section of the asymmetry

decay chain,

o =o(pp — L) xBR(t, — tx3)x BR(XY — (1) x BR(I* — {0F)x BR(t — quqab),
(6.26)
and the relevant values for our scenario are shown in Tab. 6.5. In our study we
also need to identify the charge of the ¢; in the opposite decay chain and this is
possible when the decay products contain a single lepton (any number of jets are
allowed). We see that the dominant production of single leptons from #, decays are
via the channel #; — Y{b. However, as only the right sleptons and the bino-like
X are lighter than the wino-like Y, the decay of the y{ is via mixing terms or
Yukawa couplings and hence the decay BR(x{ — 7, v,) dominates, Tab. 6.5. For
this reason we find that our study is far more promising if 7 identification is possible
and we compare results where 7 identification has and has not been used later in

the next section, Sec. 6.5.
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6.4.2 CP asymmetry at the parton level

We start by discussing the dependence of ¢4, on the parton level asymmetry,
Eq. (3.36), for both the triple products 7;, and 7y, Eqs. (6.11), (6.13). In or-
der to see the maximum dependence upon ¢4, we reconstruct the f; at rest and
calculate the triple product in this frame.

We see from Fig. 6.3(a) that the largest asymmetry occurs for the triple product
Ty, which attains | Ay [max = 15% when ¢4, ~ 0.87. For the triple product 7y,
the asymmetry is smaller, |Agy|max =~ 6.5%, because the ‘true’ CP triple product
correlation is only partially measured, see Sec. 6.2.2.

If we now include the dominant production process at the LHC (g9 — 51?1)
and relevant parton distribution functions (MRST 2004L0 [156]), we see that the
asymmetries are significantly diluted, Fig. 6.3(b). The asymmetry for the triple
product 7, drops from | Ay |max = 15% to |Apy|max =~ 4.5% and the reduction
is due to the boosted frame of the produced #; as discussed in Sec. 6.2.2. For the
triple product 7y, the reduction in the asymmetry is far less, from | Ay|max =~ 6.5%
to | Ag|max =~ 3.8%. This is because the triple product, relies on the ¢z being
correlated with the ¢ by the intrinsic boost of the Y9, 1 system which already has a
boost, even when the #; is at rest. As the £, becomes boosted, the boost of the X9,
¢ system becomes proportionally less so, as the momentum of the #; is distributed
throughout the decay chain. The difference in the dilution of the two asymmetries

with # momentum can be seen in Fig. 6.1.

6.5 Hadron level results

In order to estimate the potential for observing CP-violating effects in #; decays at
the LHC more realistically, we perform the analysis at the hadronic level. For the
first study in this thesis, Chapter 4, we made no attempt to analyse the hadronic
effects at all (apart from the PDFs) and indeed every other study on this topic
have only investigated at the parton level. Hadronic effects were partially estimated
in Chapter 5, for example by applying a momentum smearing technique, Sec. 5.5.

However, we go one step further with this analysis and generate Monte Carlo events
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Figure 6.3: (a) The asymmetry A, Eq. (3.36), in the rest frame of #; as a function
of ¢a,. (b) The asymmetry Ar, Eq. (3.36), in the laboratory frame as a function
of ¢4, at the LHC at 14TeV. The solid line is the asymmetry for the triple product
Try» Eq. (6.11) and the dotted line is for the triple product 7y, Eq. (6.13).

where the final state is the same that would be seen in a detector. We apply a
jet finder to these events and our analysis uses no truth information from the hard
interaction. In addition, this is the first study in which both Standard Model and
SUSY backgrounds were produced and analysed to explore how they may effect the
observation of CP-phases.

We use the Herwig++ [151,176] event generator to calculate all the matrix el-
ements in the process, the initial hard interaction, the subsequent SUSY particle
decays, the parton shower and the hadronisation. We again emphasise the impor-
tant feature of Herwig++ is that it calculates the spin correlations in the SUSY
cascade decay and allows the input of complex mixing matrices. Consequently, the

triple product CP-asymmetry can be automatically calculated within Herwig++.

6.5.1 Cuts used and signal identification

The hadronic analysis of the produced events has been performed within the program
Rivet [177,178]. We used the anti-k; [179,180] jet algorithm with R=0.5 and applied

the following acceptance cuts,
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o pry, > 10GeV,

Prj; > 20GeV,

invariant mass of opposite sign same flavour (OSSF) leptons: My+,- > 10GeV,

|77&| < 25a

|/)7]1| < 357

lepton jet isolation, A R = 0.5,

b-tag efficiency = 60% [14],

hadronic 7-tag efficiency (whenever used) = 40% [14].

To identify the events we demand three charged leptons in the final state, so that
we can correctly identify the charge of each #; produced in the event, Sec. 6.2.2. In
addition, we demand that a pair of these leptons are OSSF as is the case for light
leptons from X3 decay. Whenever a t; decays in our scenarios a b is produced and
therefore we require at least one b-tag in the final state (in principle we could require
2 b-tags including the opposite decay chain but we loose 40% of events due to b-
tagging efficiency). On top of the b we require at least 2 more jets to be found in the
final state so the full reconstruction of the ¢ is possible. As all of our triple products
and momentum reconstruction need a t we require at least one hadronic ¢ to be
reconstructed. For this procedure, we first demand that 2 jets (not b’s) reconstruct
a W= (7T0GeV < M;; < 90GeV). We then impose that a reconstructed W= and one
b jet reconstruct a t (150GeV < My+, < 190GeV).

Once these cuts have been passed we then perform the kinematical reconstruction
shown in Sec. 5.3 with any ¢’s and OSSF leptons found in the final state. If the
particles satisfy the kinematic constraints Eq. (6.16)-(6.19), we will have at least
two different solutions on event-by-event basis for the momentum of the x9. For
each solution, the relevant rest frame triple product is calculated and only if all the

signs of the triple products agree the event is accepted.
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6.5.2 Standard model background

The following Standard Model backgrounds were produced with Herwig++: t¢, Drell-
Yan gauge boson production (Z,v, W), WW W Z, ZZ, W~. In addition, we gener-
ate tt¢T ¢~ events with MadGraph [181] and then use Herwig++ to perform the parton
shower and hadronisation. These backgrounds were selected as the Standard Model
processes most likely to pass our analysis cuts. We find that the only background
to pass the event selection is t£¢*¢~ with the very low rate of 0.03 events/fb™! after
kinematical reconstruction. This corresponds to only ~ 1% of the signal process for
our particular scenario.

Although the above result is encouraging, it must be stated that our analysis
contains no jets mis-identified as leptons. As the dominant standard model processes
produced by Herwig++ only contain a maximum of two hard leptons in the initial
process, the lack of a tri-lepton signal is not surprising. However, we do not expect
major problems from Standard Model backgrounds if we limit the study to leptons
from the first and second generation. tf can be expected to provide the largest
background when both W¥ decay leptonically and an extra lepton is produced
from a b or a mis-identified jet. Even when this occurs though, we still require an
additional two hard jets in the event that have to combine with a b to form a t.
Moreover, the final state then has to fulfill the reconstructed particular kinematics
of our signal and finally all the calculated triple products have to agree.

To improve the statistical significance of our analysis, we also investigated the
possibility of using 7-tagging in the opposite decay chain to that of our signal.
In this analysis, we now change the original tri-lepton signal to a first or second
lepton OSSF and additional hadronic 7. The mis-identification of a jet for a 7 is
much higher than for the other leptons and the standard model backgrounds may
now become an issue [14]. However, this analysis is currently postponed to future

studies.
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Figure 6.4: (a) The asymmetry A, Eq. (3.36), for the decay chain shown in
Eq. (6.27)-(6.28) as a function of ¢4, at the hadronic level after momentum re-
construction has been performed. (b) The branching ratios: #; — ;b (black solid),

t; — X4 b (red dotted), t; — ¥Vt (purple slashed), £, — Y9t (blue slash-dot).
6.5.3 Stop Production
We begin by studying #,£* production along with the following decay chain,

ti — ot — Nete b, (6.27)

tr - )Z?f—))z(l),u_ﬂug. (6.28)

to test the momentum reconstruction procedure. The above decay chain is the
cleanest signal process from a combinatorial point of view. We find a reconstruction
efficiency of &~ 5% for this particular topology after cuts and the requirement for
same sign triple products. The decay chain Eq. (6.28) has a single lepton in the
final state allowing us to tag the charge of both the #; and ¢ in the process.

For the CP-asymmetry, we now concentrate purely on the triple product 7p,,,
Eq. (6.11) calculated in the reconstructed rest frame of the #;, as this is the ob-
servable with high significance at the LHC. Fig. 6.4(a) shows that there is virtu-
ally no dilution when we move to the hadronic level and the asymmetry stays at
| Apy lmax = 15%. In fact, the hadronic level reconstruction does induce a degree of
dilution, &~ 1.5% but this is cancelled by our procedure of removing opposite sign

triple products which enhances the asymmetry by a similar amount, Sec. 6.3.3.
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tlti §7q

Herwig++ LO (pb™!) 3.44 75.8

Prospino LO (pb™!) | 3.3473%° | 76.7722%

Prospino NLO (pb~!) || 5.04%5¢5 | 99.570¢

Table 6.6: Cross section at the LHC with /s = 14 TeV production channel
t1t% and coloured SUSY production for both leading order (LO) and next-to-
leading order (NLO). All cross sections were calculated using Herwig++ [151, 176]
or Prospino [182-184]. The errors indicated next to the Prospino cross sections

relate to varying the factorisation and renormalisation scales from 0.5mz — 2my,.

The plot was constructed by producing a large number of Herwig++ events (2 x
107) with the precise cascade decays given in Eq. (6.27) and Eq. (6.28). These events
were all produced with a scenario where ¢4, = 0.87 and thus the asymmetry was
maximal. Due to the factors mentioned above we saw no difference in the asymmetry
within the statistical errors of the simulation. For all other values of the phase, ¢4,,
we assumed that this conclusion would hold and no dilution would be seen. Thus,
the other points on the plot are an extrapolation of this behaviour.

In order to estimate whether it is possible to observe a CP-asymmetry in #;
decays at the LHC we need to calculate the statistical significance of any result
and we again use the definition shown in Eq. (3.45). The total cross section used
to calculate the statistical significance of any result in this chapter has been cal-
culated using Herwig++ at the leading order (LO) for consistency. However, next-
to-leading order production cross sections are available and have been calculated
using Prospino [182-184], cf. Tab. 6.6. We see that in general the cross sections
at NLO are higher than those at LO suggesting that the effective luminosity at the
LHC will be more optimistic than those shown in the following results. In addition,
the factorisation and renormalisation scale uncertainties are shown that indicates
an estimate of the underlying theoretical uncertainty.

Due to the phase dependence of both the #; branching ratios, see Fig. 6.4(b),
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and production cross section, the statistical significance for different values of ¢4,
cannot be trivially extrapolated. The total number of events observed will be an
interplay between the branching ratios and the production cross section. However,
in the case of branching ratios, each of the decays, t; — ¥{'b, t; — X3 b and #; — )t
has a different reconstruction efficiency and asymmetry dilution that needs to be
calculated. For example, we see from Fig. 6.4(b) that the branching ratio for the
decay t; — X4 b increases noticeably as we vary ¢4, from ¢4, = 0 to ¢a, = |7|
due to this decay becoming kinematically more favourable. The Y3 has a large
number of final states with no lepton however, so consequently the number of signal
events decreases. Also, the x5 decays generally contain extra jets that make the
reconstruction of the event more difficult and thus reduce the efficiency of this
channel.

Fig. 6.5(a) shows the asymmetry when all #; decay channels are considered and
an estimate of the amount of luminosity required for a 3o-observation of a non-zero
asymmetry for pure £;% production at the LHC. We can see that the asymmetry
is slightly diluted when all #; decay modes are included from |Agy, |max ~ 15% to
| Apy lmax =~ 12.5%. The dilution is due to reconstructed events that are not origi-
nating from the signal process, Eq. (6.15). These events have no overall asymmetry
and therefore simply dilute the signal. The horizontal lines show the estimate of
the required luminosity required to see a certain asymmetry; an asymmetry can be
seen at the 30 level where the asymmetry curve in Fig. 6.5(a) lies outside the lumi-
nosity band. The luminosity bands are not flat because as discussed before, both
the branching ratios and production cross section of the ¢, vary with the phase ¢, .
We can see that in our scenario for pure £;£; production, we expect a sensitivity for
0.57| < ¢4, < [0.97| with 500 fb~*.

We can see the effect of varying the mSUGRA parameters tanf and Ay in
Fig. 6.5(b). It is shown that as the value of either tan or A, is increased, we
require more luminosity to see a statistically significant observation even with max-
imum asymmetry. An increase in tan/ decreases the sensitivity because the branch-
ing ratio x5 — (=07 is reduced. The reduction is due to 7’s becoming more mixed

which increases the left handed component in the lighter 7. Therefore, the 77 cou-
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Figure 6.5: Pure ¢} production, all decay channels included, see Tab. 6.5 for branch-
ing ratios for the specific parameter point and Fig. 6.4 for how these alter with ¢4,.
T tagging is included in both plots. (a) Asymmetry, Ay, , at reference point with
3o-luminosity lines shown. (b) Minimum luminosity required for 3o-discovery in
tanf3, Ay plane when asymmetry, A, , is maximal.
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Figure 6.6: Minimum luminosity required for 3o-discovery in mg, m;/, plane when
asymmetry, Ay, , is maximal. Pure £, production, all decay channels included, see
Tab. 6.5 for branching ratios for the specific parameter point and Fig. 6.4 for how
these alter with ¢4,. Purple area is ruled out by LEP direct detection [20] and red
area has no two body decay Y3 — (. (a) With 7 tagging. (b) Without 7 tagging.

ples more strongly to the predominantly wino x5 and begins to dominate this decay
channel at the expense of the signal process. A rise in Ay decreases sensitivity mainly

because the CP-asymmetry is reduced. The reason is that after RGE running, an
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increase in Ag reduces the magnitude of the trilinear coupling A; that contains the
phase, ¢4, that we are interested in. Hence the CP effects are reduced.

Similarly, Fig. 6.6(a) shows the effect of varying the mSUGRA parameters my
and m; /o on the minimum luminosity required for an observation of CP effects. We
note as general trend that as my, is increasing, we need more luminosity to observe
the CP-violating triple products. This is due to the increase in #; mass which reduces
the production cross section for #;#. If we increase mg we see that a large area of
the parameter space has no two body decay ¥ — (¥ as (= > {0,

Fig. 6.6(b) indicates the effect of having no hadronic 7-tagging for the decay
Xi — 71 vr. The 7 final-state dominates the Y| decay which in turn is the dominant
product of the #; in low mass mSUGRA scenarios, Tab. 6.5. As stated in the
beginning of Sec. 6.5 we assume a 40% 7-tagging efficiency and without this we lose

approximately a factor of 2 in effective luminosity for our signal process.

6.5.4 Impact of momentum reconstruction on SUSY back-

ground separation

All of the previous sections results have assumed that the £, process can be isolated
effectively. However, in the mSUGRA scenarios investigated many other SUSY par-
ticles will be produced. Tab. 6.7 shows that the total production cross section for
SUSY is ~ 25 times greater than for #,#; production and we can therefore expect
sizable backgrounds. We can also expect that the vast majority of the SUSY back-
ground processes will have no other spin correlated CP-sensitive triple product with
the same final state and will therefore just act as a dilution to the CP-asymmetry
by contributing to the denominator of Eq. (3.36).

Tab. 6.7 shows that after the initial event selection and top reconstruction, the
SUSY background is still ~ 10 times larger than the signal process. Note that if we
apply the kinematical reconstruction to these events we see that we substantially
reduce the background to be only ~ 3 times larger.

In order to observe CP-violating effects in ¢} production at the LHC, however,
the signal to background ratio may still be too high and consequently we need further

cuts to isolate the signal process. We notice that in mSUGRA scenarios, the largest



6.5. Hadron level results 129

tit] SUSY | £, Signal / SUSY Background

Cross Section (pb™!) 3.44 80.1

Events with 500 fb~1 1.7x10° | 4x107

Events with 500 fb~1 32389 | 410735 0.079

Initial selection

Events with 500 fb~! 7117 64729 0.11

Top Reconstruction

Events with 500 fb~! 1213 3759 0.32

Kinematic Reconstruction

Events with 500 fb~1 901 967 0.93

Extra SUSY cuts

Table 6.7: Cross section, number of events and signal to background ratio at the
LHC with /s = 14 TeV at LO for both the production channel #;#; and inclusive

SUSY production. All cross sections were calculated using Herwig++ [151,176].

background comes from ¢ production followed by the dominant decay to either
sbottom, g — b;b with a branching ratio of ~ 30%. The b, decays dominantly to x3b
or Y, t which leads to a very similar final state as the signal process when combined
with the opposite decay chain. The difference between the SUSY background and the
t1’s is that the § and first and second generation § have a higher mass. In addition, a
gluino has in general one more decay vertex in the cascade decay producing another
hard jet. These two factors mean that the average pr of the particles produced in
the event will be higher and the number of jets will be greater, thus we can use
these characteristics to discriminate the signal from the background. Hence we cut

on the number of jets reconstructed in an event,

Number of jets < 6. (6.29)



6.5. Hadron level results 130

For the pr cuts, we have,

pr(Hardest Jet) < 200 GeV, (6.30)
pr(2nd Jet) < 130 GeV, (6.31)
pr(3rd Jet) < 80 GeV (if applicable), (6.32)

pr(Any b Jet) < 150 GeV, (6.33)

pr(Any Lepton) < 100 GeV. (6.34)

Tab. 6.7 shows that after all these cuts are performed the signal to background
ratio improves significantly and we now have roughly the same number of signal and
background events in the sample.

If we now re-evaluate the luminosity plots with the SUSY background included,
Fig. 6.7,6.8, we see that more luminosity is now required to observe a statistically
significant effect. Due to the background dilution of the asymmetry, we now have
| Apy lmax = 6.5% for our scenario Fig. 6.7. Consequently we are now only sensitive
to phases between 0.6m < ¢4, < 0.857 with 1 ab™! of data. If we look at the tan/3,
Ay contour plot we see that sensitivity at the LHC for 1 ab™! is only possible for

small values of tan(.
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Figure 6.7: General SUSY production for the asymmetry Ay,. 7 tagging is included
in both plots. (a) Asymmetry, Ay, at reference point with 3o-luminosity lines
shown. (b) Minimum luminosity required for 3o-discovery in tanf, Ay plane when

asymmetry, Ay, , is maximal.
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Figure 6.8: General SUSY production for the asymmetry A, . Minimum luminos-
ity required for 3o-discovery in mg, m;/, plane when asymmetry, A, , is maximal.

Purple area is ruled out by LEP direct detection [20] and red area has no two body
decay Y9 — (£(F. (a) With 7 tagging. (b) Without 7 tagging.

However, we would like to emphasise that it may be possible to substantially
improve the statistical significance of an asymmetry measurement and return to
close to the significance achieved when looking at a purely #,#; process, even with
the same SUSY background. Namely, via measuring the SUSY spectra (in particular
the g and l;) a good estimate of the background should be possible. The background
events can then be subtracted from the denominator of the asymmetry, Eq. (3.36),
to give the true value of the asymmetry. Thus, the statistical significance should be
much improved.

We would also like to remind the reader that this subtraction only becomes
reliable if the signal to background ratio is good enough otherwise the signal is
swamped by statistical fluctuations. Thus the momentum reconstruction procedure
is vital since it significantly reduces the backgrounds that are present.

Similarly, a more constrained area of observability is seen in the mg, m; /o plane,
Fig. 6.8(a). With 1 ab™! of data, our study suggests that only if m;,, < 220 GeV
will it be possible to observe a CP-phase in the stop sector. Again, we see the
importance of 7-tagging to our study from the difference between Fig. 6.8(a) and
Fig. 6.8(b). If 7-tagging is not used in the study, no CP-violation in the #; sector

can be observed with 1 ab~! of data.
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6.5.5 Open experimental issues

Although the presented study was completed at the hadronic level, a full detector
simulation should be completed to confirm the conclusions of this chapter. The
most obvious experimental issue that could affect our results is the finite momen-
tum resolution of the detector for both jets and leptons when performing momentum
reconstruction. However, the resolution was tested with regards to momentum re-
construction in chapter 5, with a significantly more complicated final state and it
was found to have only a small effect.

In terms of background suppression the mis-tagging of various objects could
increase both the Standard Model and SUSY background. For the Standard Model
background, the most obvious example is the tf process generating a tri-lepton
signal [14]. The process requires a jet to be mistagged as a lepton, which is not
investigated in this study. The suitability of hadronic 7-tagging in the study also
needs to be investigated thoroughly as these are expected to have significant mis-

identification rates [14]. However, this is beyond the scope of this theoretical study.

6.6 Conclusions

In this chapter we studied £;% production and subsequent two body decays. We
again form triple product correlations from the final-state particles that are sensitive
to the presence of complex phases in the model. We find that in the mSUGRA
scenario studied one can expect an asymmetry in the triple product distribution of
up to 15% when calculated in the rest frame of the produced stop. The source of
the CP violation in our case was the phase of the trilinear coupling A; that attains
a value of ¢4, ~ 0.8 when the asymmetry is maximum in our scenario.

The investigation was the first to analyse Monte Carlo hadronic events when
using triple products to look for CP-violation in SUSY. We again find that the rest
frame CP-odd asymmetry is diluted by the high boosts of the produced particles
and this makes an observation difficult. Therefore we again studied the impact of
momentum reconstruction of invisible LSPs to get access to the rest frame of the #;.

Having fully reconstructed events we are able to boost particle momenta back to the
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rest frame of the #; and the maximum asymmetry is recovered to 15%. In addition,
momentum reconstruction leads to a significant increase in the signal background
ratio and thus is very important in attempting to isolate the process of interest.

If we consider exclusive #; production and all possible #; decay chains the maxi-
mum asymmetry is diluted slightly to ~ 12.5%. In the mSUGRA scenario considered
in this chapter one should expect to see a 3¢ effect at £ = 500 fb™" for phases in
the range 0.57 < ¢4, < 0.97. If general SUSY production is considered, signifi-
cant backgrounds to our signal process are present and extra kinematical cuts are
required to remove this background. Even after these cuts some SUSY background
remains and our maximum asymmetry is reduced to ~ 6.5%. To see a 3o effect at
the LHC would require £ = 1 ab™' of data for sensitivity to phases in the range
067 < ¢a, S 0857

We emphasise that the asymmetry after momentum reconstruction is a much
cleaner observable from a theoretical point of view, thanks to a well defined final
state. Therefore, using the above technique provides prospects for the observation
of CP-violating effects for a range of the phase ¢4, after a few years of LHC run-
ning at the high luminosity. The full assessment of LHC’s ability to resolve CP
violation in the MSSM, however, will definitely require a detailed simulation of de-
tector effects, SM and SUSY backgrounds which is beyond the scope of the present

phenomenological analysis.



Chapter 7

Conclusions

Supersymmetry has garnered significant interest from the particle physics commu-
nity. This is due to both the theory’s elegance and also the ability of particular
models to solve some of the most pressing issues facing fundamental physics today.
If supersymmetry is to provide a solution to the hierarchy problem, then we can
expect that the model should reveal itself over the next few years at the LHC. If
new states start being discovered, the challenge we immediately face is to measure
and characterise the new physics. Of particular importance is the possibility that
a model of supersymmetry may contain CP-violating phases. This thesis explores
ideas of how these phases may be uncovered in supersymmetry at the LHC.

The main tool we used to study CP-violation within supersymmetry were triple
product correlations. These correlations are formed from the momenta or spin vec-
tors of three independent final-state particles. Supersymmetry is particularly suited
for these observables due to the common occurrence in the theory of cascade decays,
with many separate final-state particles. The correlations studied are all T y-odd
and using the CPT theorem (neglecting higher orders) correspond to CP-violating
observables.

Our first study looked at stop pair production at the LHC with the following
cascade decay,

ti — X+t — X3+ Wb, (7.1)

We found that the decay was sensitive to phases in both the stop and neutralino

mixing matrices. At the parton level and in the rest frame of the stop, we found that

134
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the asymmetry could be as high as ~ 12%. However, when we included the produc-
tion process and PDFs at the LHC we found that the asymmetry was significantly
diluted to the boosted initial state. The boost reduces the maximum asymmetry in
the scenarios studied to ~ 4%. When we include the production cross section and
branching ratios, we estimate that a 1o deviation from zero asymmetry may be seen
with 500 fb=1.

We also studied how the masses and branching ratios of the particles involved in
the cascade decay vary with CP-phases. However, these are both CP-even quantities
and we conclude that the LHC is unlikely to be able to make an unambiguous
observation of CP-violation from these observables.

The first study highlighted two key difficulties we face when searching for CP-
violation in SUSY cascade decays at the LHC. One issue is that the study has
statistical limitations and it will be challenging to record enough events to make an
unambiguous measurement of an asymmetry. Another issue is that the asymmetry is
significantly diluted by the boosted production process which makes an observation
much harder. Our second study attempted to resolve both of these issues.

Progress was made on the statistics front by looking at first and second generation
squark production. The cross section is substantially higher for first and second
generation squarks than for stops and consequently we can expect more events of
interest to be observed. Secondly, if we look at squark production in association
with a gluino we find that for some decay modes, the whole event is kinematically
reconstructible. Thus we can boost all final-state particles into the rest frame of the
squark and recover the full asymmetry.

We found that the rest frame parton-level asymmetry could be as large as 15%
for the scenario discussed. Although we see a large dilution from the production
process and PDF's, once momentum reconstruction is performed, the full asymmetry
is almost recovered. We also added experimental cuts and final-state momentum
smearing in the analysis and estimated that the sensitivity to phases at the LHC
could be seen at the 3o-level with 300 fb=1.

For the last study in this thesis we again investigated stop pair production but

the scenario had a different mass hierarchy. In this scenario, mgy > my, and therefore
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the Y undergoes a two-body decay. Hence, the cascade decay of interest is,
b= X9+t = 0+ 0T+ Wb — 04+ 05+ 0T+ Wb, (7.2)

Any triple products are now only sensitive to phases that enter in the ¢; decay.
Despite this restriction, rest frame, parton-level asymmetries of up to 15% can be
in seen the scenarios studied. As usual, these asymmetries are significantly diluted
when the production process and PDFs are included so we employ momentum re-
construction. Compared with the squark-gluino study, kinematic reconstruction is
far simpler as we have enough invariants to solve the system with just one decay
chain. Once the reconstruction is complete, we find that the asymmetry returns to
the ¢; rest frame level.

As an additional facet to this study, we produced Monte Carlo events at the
hadronic level and employed a jet finder to try and produce a realistic analysis for
the LHC. With this analysis, we found that if we just consider ¢; decays that a 3o-
sensitivity at the LHC to phases in low mass scenarios of this kind could be expected
with 500 fb~1. We also considered the effect of supersymmetric backgrounds and
found that the kinematic reconstruction can act as an effective cut to isolate the
signal. If we assume no knowledge of the background, the luminosity required to
see a 30-signal is estimated as 1 ab™!. However, subtraction of the background has

the potential to reduce this luminosity requirement.

These studies show, that whilst challenging, searching for CP-violation in cas-
cade decays will be worthwhile if low mass supersymmetry is seen at the LHC.
However, we must perform a full detector simulation with all backgrounds included
to confirm the findings we have made. The simulations will also act as a valuable
training ground to see how far precision physics can be pushed at the LHC. We have
already seen how potentially useful kinematic reconstruction can be in recovering
the asymmetry and suppressing background. Hopefully, new ideas will emerge, us-
ing all the final-state information, so that we can really begin to decode the full

supersymmetric Lagrangian.



Appendix A

Interaction Lagrangians and

couplings

A.1 Production process

The interaction Lagrangian terms for the production processes are,

‘ngg = gsal/ngMPfachb G¢

v-=p>
Logg = —9s17.GLa0"4s

‘Cliifijg = Z.gsTfs(sijGZ(j;r " Gis

Lois = —V29,T% |G (RY Pr — RGPL)§Gis + G (R P — R?sz)qqus] ’

igs a ~ ~c
Loz = =5 JareG9""G",

cf]ﬂijgg = %93(%5% + dabcTc)GszMCECIi .

(A.1.1)

(A.1.2)
(A.1.3)

(A.1.4)

(A.15)

(A.1.6)

where g; is the strong coupling constant and Py g = 1(1F75). T are the generators

of SU(3) while fu. and dg. are colour factors derived from SU(3). For more details

see [185, 186]

A.2 Stop Decay

The interaction Lagrangian for the stop decay (f; — XJt) is,

Lizo = X; <a§jPL + bijR> L +he.,
137

(A.2.7)
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The couplings are given by,

t = € i 1 * * t *
iy = —m Riy (gSWle + CWNjQ) —Yi RixNys (A.2.8)
7 242 p .
by = v2e RisNj1 — Vi Riy N, (A.2.9)
BCW

where Rf] are the entries of stop mixing matrix, Eq. (2.14), and N;; are the entries
of the neutralino mixing matrix, Eq. (2.28). sy = sin 6y and ¢y = cos Oy where Oy,
is the weak mixing angle. e is the electromagnetic coupling constant (e = gosy =
gicw) and the top Yukawa coupling is given by,

. (s
V2myswsin 3

where m, is the mass of the top quark and my is the mass of the W* boson.

Y

(A.2.10)

tan § = 1,/1n and is the ratio of the expectation value of the two neutral Higgs
fields.
A detailed discussion of the stop decay couplings and decays to neutralinos and

charginos is given in [98].

A.3 Squark decay

The lagrangian for the coupling of the first and second generation squarks to neu-
tralinos can be considered a simplifiction of that for stops. Firstly, we neglect the
small Yukawa terms and thus we have no couplings to the higgsino components. Sec-
ondly, mixing between the left and right squark states can be neglected, Eq. (2.8).
For the decay (¢; — x)q) we therefore have,

Lygo = ;X3 Poq @ + by X)Pr q @i + ., (A.3.11)

where the couplings are given by,
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dr(r) are the left (right) squarks respectively of the first and second generation.

Under the approximation of no squark mixing, ¢r = ¢; and ¢y, = Go.

A.4 Neutralino and slepton decay

In our analytical calculations we concentrate on neutralino decays to electrons and
muons (followed by slepton decay if the 2-body process is on-shell). We ignore taus
and therefore neglect the small Yukawa terms present in the same way as for the 1st
and 2nd generation squarks. In addition, we again make the assumption that the
mixing effects will be negligible.

The interaction lagrangian for the vertex )Z?Eiﬁi is,

Lo = ;X9 Py L0+ big 9P L Iy + b (A.4.16)

where the couplings are given by,

0 € * *
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; \/5 e

Identically to the squarks, under the approximation of no slepton mixing, ¢ = ¢,

and qr = Go.

For the 3-body neutralino decay, )22 — XW0ELE, we also have a contribution from

the exchange of a Z°. Therefore the following Lagrangians are required to calculate

this decay,
Lyopro- = —Z, " [Le P, + RyPgll (A.4.19)
Lpogozy = ZuX51" (O Pr + O PRIRY | (A.4.20)
where the couplings are given by,
e 1
Ly = — =+ A.4.21
¢ CwSw ( 2 + SW) ’ ( )
e
R, = ; A.4.22
¢ CwSw <8W) ’ ( )
L ¢ * x
O]k = QCWsW (Nm4Nn4 - Nm3Nn3) 5 (A423)
e *
Oji = - (O + (A.4.24)
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The full interaction Lagrangian for the MSSM can be found in [187,188].



Appendix B

Amplitudes

B.1 Stop decay t; — )Z?t

We give the analytic expression for the stop decay density matrix which produces

the )Z? and t. The decay can be decomposed as,
|M (8 — X5 = P(X5t) + Zp(X5) + Bp(t) + R () , (B.1.1)
whose spin-independent contribution reads,
P(?Z?t) = (|a§j‘2 + |b§j‘2><ptp5<§?) - thmnge(atiijj) ) (B.1.2)

where p; and Pyo denote the four-momenta of the ¢-quark and the neutralino x¥9.
The coupling constants a;; and b;; are shown in Eq. (A.2.8, A.2.9) and by substi-
tuting the explicit matrix elements of Eq. (2.14) we can show the specific parameter

dependence,

2
; ; e 1
i 2 P2 2 9. , .
‘a1j| + ‘b1j| = COS Gt B 3 3 ‘—SwNﬂ + CwNjg
Sty Ciy 13

2
+Yt2\Nj4\2)
. 9 8e? 2 2 2
+osin® b | 5o |Nj1|® + Y7 | N4
W

: € itors 1 * *
+ 2sin Ht” COS 9{3/; (m Re {e 9 (gSWle + CWsz) N]4:|
22 e

SCW

Re[e 7V, NM) . (B.1.3)
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1
* 2 * * *
Re [aljbt} = cos”0; \/_chWY; Re {(gsWle—i—cWsz) NM}
2v2 e

cw

+ sin?6; Y; Re[N,N7]

+ sin6;cos 0; <Y;2 Re [e %7 N77]

2 & Re[e (; W +cWN)N})- (B.1.4)

3 Sw

The spin-dependent terms that depend on individual spin contributions are T-even

and are given by,
SH) = (gl = lagPymso (s (X)) (B.1.5)
Sht) = (bl ~ lay)me(pyes(0) (B.1.6)

where s*(X9) (s°(t)) denote the spin-basis vectors of the neutralino X9 (t-quark)
respectively (for an explicit representation see Eq. (B.7.45-B.7.50)). Again the cou-

2)
) 8e?
+ sin®6; <—962 |Nj1|? — 3@2\—7\94\2)
%%

: € ip; 1 * *
— 2sinf;cos6; Y, (m Re [e & <§SWNJ-1 + CwNjQ) Nj4}

242 :
?:f eRe[e—l¢zNj1N;4}). (B.1.7)
cw

pling constants can be expanded as,

Swle + CWNJQ

63> — |a1]\2 = cosQHE(}Q2\Nj4|2 227‘3
Sy Ciy

_l_

The terms that depend simultaneously on the spin of the top quark and of the
neutralino can be split into T-even, ¥5” (%), and T-odd, 33°°({%t). The T-even

contributions are as follows,

SR = 2Re(agb)[(s" (X)) (8" (8)pso) — (ppgo) (s (X9)"())]
+ mamgo (s (X5)s”(6)) (lag|* + [by[*) - (B.1.8)
The T-odd contributions that generate the triple product correlations that we are

interested in are,
S5O (0) = —g* Tm(ai;b;;) f1 (B.1.9)
where the T-odd kinematical factor is given by,

2 = s ()™ ()07 (B.1.10)
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Sec.5.2.2 explains how this epsilon product generates the triple product observable.

We again expand the coupling constant to see the functional dependence,

£ pix e 1 * * *
Im [aijbij} = COS2 (9{ mn Im |:<§8WNJ1 + CWNJ-Q) Nj4:|
2v2 ¢

+ sin®6;
sin i3

cw Y; Im[N;lN;l]

+ sinf;cos 6; <Y;2 Im [e_id’fN;ﬂ

2 ¢ - (1 . . .
— §3Wc%4/ Im |:e g <§8wNj1 + CWNj2) le] ) . (B.l.ll)

B.2 Squark decay q; — )Z?q

The analytic expression for the squark decay density matrix which produces the )Z?

and ¢ can be decomposed as,
|M (G — XJ9)I> = P(Xq) + Z5(X3) , (B.2.12)
whose spin-independent contribution reads,
P(x3q) = lal,*(papso) (B.2.13)

where p, and P59 denote the four-momenta of the quark ¢ and the neutralino )Z?.

The spin-dependent contributions is T-even and given by,
EH(X5) = —lag;Pmso(pgs (X5)) (B.2.14)

where s*(x9) denotes the spin-basis vector of the neutralino X9, see Eq. (B.7.45-

B.7.47) for an explicit representation.

B.3 Neutralino 3-body decay )29 — Xt

The analytic expression for the squark decay density matrix can be decomposed as,
[M(X5 — Xpl™ )" = D(X5) + SpH(X5) - (B.3.15)

The contributions independent of the polarisation of the neutralino )Z? are,

D(X9) = D(ZZ)+ D(Zl1,) + D(Zlg) + D({101) + D({rlr) (B.3.16)
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where,

D(ZZ) = 32JAZ)*(L: + R?)
X “ogjﬁ(g1 +g2) + (Re OF)2 — (Im OF)%)g ] . (B.3.17)
D(Z0;) = SLiRe {A(Z) [aLJaLkA*(ﬁL)(Qijgl + 0L gs)
+alal AL(0L) (20E g, + okjgg)] } , (B.3.18)
Dls) = 2l Pl (A0 o + 18000 )
+ Re {(aL]) (ah )20 (01) Z(@L)}gg] : (B.3.19)
A(Z) and A, (€1) denote the propagators of the virtual particles in the direct chan-

nel and in both crossed channels (labelled ¢, u, cf. Fig. 4.2). The quantities D(Z()
and D(Crlg) can be derived from Eqs. (B.3.18) and (B.3.19) by the substitutions,

Li— Re, Avu(l) = Avu(lr), OF — O, db,, — o (B.3.20)

The kinematic factors are,

g = (pgope-)(pgoper) (B.3.21)
92 = (proper)(Pyope-) (B.3.22)
g3 = mymy(pe-pe+) - (B.3.23)

We can split the terms depending on the polarisation of the neutralino into T-even

and T-odd contributions,
S5H(K9) = SE () + 57 (1)) (B.3.24)

The T-even contributions depending on the polarisation of the decaying neutralino

X} are,

SEEN) = S55(22)+ 255 (ZE) + 255 (ZER) + S35 (0p ) + 255 (Crlr) (B.3.25)
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where,
£5°(22) = 321A(2)](R] - L)

x| = [(Re OF) = (Im O g5 + [0k (gt — 98)| , (B.3.26)
S5°(20) = 8LiRe {A(Z)|al,afA1(0L)(— 20891 + Of; g5)

+ aL]aLkA* (ﬁL) (20,fj*g§ + O,fjgg)] } (B.3.27)
6P (ll) = 2 [|a‘;j|2|a‘2k|2[|Au<éL>|zgs — A1) 298]
+Re {(al)? <a€k>2At<EL>Az<«@L>g§}] , (B.3.28)

The contributions ¥47(Z0z) and £47(frlr) are derived from Eqs. (B.3.27) and
(B.3.28) by applying the substitutions given by Eq. (B.3.20) and in addition ¢{, ; —

—gi23- The kinematic factors are,

gt = mi(pgope ) (e s*(X39)) 5 (B.3.29)
6 = myape) e s(3). (8.3.30)
95 = mel(pgeper)(e-5"(X5)) — (Pope-) e s*(X7)] . (B.3.31)

The T-odd contributions depending on the polarisation of the decaying neutralino

%0 are,
SHON) =S52(22)+25°(Z0) + 252 (ZEr) + S5 (0p ) + 257 (Crlr) (B.3.32)
where,
S50(22) = BAAZP(LE - B |2Re (OF) m (Oh)igs| . (B.3.33)
S50(20) = SLiRe {A(2)] - af;af 0 A (0r)
+afal, 0L AL gt} (B334)
SEO00) = 2Re {(af) (ab,)* Al AL (En)g | (B.3.35)

The contributions ©°(Zlg) and $4°(rlg) are derived from Egs. (B.3.27) and
(B.3.28) by applying the substitutions given by Eq. (B.3.20). The kinematic factor

is

gz’ g imkeuypos‘l“(xg)p;?pgfp?r . (B336)
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B.4 Neutralino 2-body decay xj — G

The analytic expression for the 2-body neutralino decay density matrix can be de-
composed as,

|M(F) — (507))> = D(X9) + S5H(X)), (B.4.37)

J J

whose spin-independent contribution reads,

oy okl
D(X3) = —

5 {m?(? —mZ}. (B.4.38)

55

The spin-dependent contribution is T-even and reads,
25(X) = _|f1l;2|2m)23{(3a(>~<(2))pé¢}- (B.4.39)

where s*(x9) denotes the spin-basis vector of the neutralino X9, see Eq. (B.7.45-

B.7.47) for the explicit representations.

B.5 Slepton decay l% — XolF

The slepton is a scalar and consequently carries no spin correlation. Therefore, we

only have a spin independent component for the decay,

Ml — )P = D). (B.5.40)
B (B.5.41)
— 2 ER 22 . Je

B.6 Top decay t — Wb

The analytical expression for the 2-body decay of the top quark into a W-boson and

the final-state bottom quark can be decomposed as,
|M(t — WTH)|* = D(t) + Z5(1), (B.6.42)

whose spin-independent contribution reads,

e? 2 2 my
w w
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The spin-dependent contribution is T-even and reads,
Sh(t) = = m{(s"(t)ps) + TW(Sb(t)PW)}- (B.6.44)

where s°(t) denotes the spin-basis vector of the neutralino ¢, see Eq. (B.7.48-B.7.50)

for the explicit representations.

B.7 Spin vectors

Spin correlations can be carried by both the neutralino and the top depending on
the decay chain. For the numerical calculations we perform the computation with
explicit spin vectors in the amplitudes. The three spin-basis four-vectors s', s2
and s® form a right-handed system and provide, together with the momentum, an

orthogonal basis system. They are chosen as,

s'(xy) = |0, (115‘9 - fi) - 5, (B.7.45)
| (o X Dr,) X Pyl
Pzo X D,
2/50 X i
AR 0, —= _ * B.7.46
1 be
3/~0 ~ i =
N\ ol —2 50 | . B.7.47
S (X]) mf{g <|px9‘7 |p;~<9|pxg)) ( )

X P0) X D
sy = (o PP xR (B.7.48)
|(P % Do) X Pt
— X —»~
s2t) = [0 Lidate s (B.7.49)
’|]7t><ﬁ>zg?| ’
1 E
3 — t -
t) = — — B.7.50
0 = o (1Al ) (B.750

and E; and E)Z(J) denote the energies of the top quark and the neutralino )2?, respec-

tively.



Appendix C

Kinematics

C.1 Phase space

Here we consider the generic phase space terms that can be applied to any process

discussed in this thesis.

A

Figure C.1: Example process, AA — BB, B — UV, V — XY Z, used to illustrate

phase space factors.

The complete cross section for all the processes discussed in this thesis can be
decomposed into the production cross section and the branching ratios of the sub-

sequent decays. For the example process shown in Fig. C.1,

_ _ E . E
dow = do(AA — BB)- mBIB“B d0(B — UV) - mVVV

dl(V — XY Z),
(C.1.1)

where the factors E/mlI’ come from the use of the narrow-width approximation for
148
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the propagators of the unstable particles B and V. This approximation is valid for

(T'/m)? < 1, which is satisfied for all cases studied in our scenarios.

C.2 2-body decay, 1 massive final state particle
For the 2-body decay B — UV where m? = 0 and m?, # 0 we have,

. 1
dl'y (B = UV) = ED(B — UV)ddy,, (C.2.2)

where D(B — UV) is the amplitude for the decay B — UV. d®,; is the phase
space factor in the laboratory system for the 2-body decay with 1 massive particle

in the final state,

1 Ey

dd, | =
21 2m)22||pp| cos Oy — Ev — Ey|

A | (C.2.3)

where dQy = doyd(cosfy) is solid angle of the particle U.

C.3 2-body decay, 2 massive final state particles
For the 2-body decay B — UV where m}, # 0 and m} # 0 we have,

- 2
dFZQ(B — UV) = E—D(B — UV) d(I)2727 (C34)
B

where D(B — UV) is the amplitude for the decay B — UV. d®,, is the phase
space factor in the laboratory system for the 2-body decay with 2 massive particles
in the final state,

1 v |
(27)2 2| Ep|pyy| — B |ps| cos Oy |

d(p2’2 == dQV 5 (C35)

where d€Qy = d¢yd(cos by ) is solid angle of the particle V.
There is a subtlety in the phase-space calculation, namely that there can be two

solutions for py . If,

vl <po, (C.3.6)

where

Po = )\%(mQB,m?],m%/)/va, (C.3.7)
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and
Nmy, mg,my) = (mf —mf —my)* — dmimi, (C.3.8)
then the decay angle, 0y = £(pp, Py ), is unconstrained and there is only one solu-

tion. However, if

ﬁV > Do, (C39)
then the angle is constrained by
A3 (m2 2 2
sim g — Lo A2(m, miy, my) (C.3.10)
1P| 2|pp|my

and there are two physical solutions,

(m% +m% —m¥) || cos by £ Ep\/A(m%,m¥,m?) — 4|pp2 m¥ (1 — cos?by)

2|ps|2(1 — cos? By) + 2m%

pv| =
(C.3.11)

For the region of phase space where two solutions exist the cross section becomes a

summation of the solutions for each of the subsequent decay chains.

C.4 3-body decay, 1 massive final state particle

For the 3-body decay B — UV where m3 = 0, m} = 0 and m% # 0 we have,
. 1
dl's (V. — XY Z) = ED(V — XY Z)d®s,, (C.4.12)
v
where D(V — XY Z) is the amplitude for the decay V — XY Z. d®s, is the phase
space factor in the laboratory system for the 3-body decay with 1 massive particle

in the final state,

1 Ex

d®z, =
17 8(2m)5 [|py| cosOx — E; — Ex — By cosa

By dBydQxdQy, (C.4.13)

where df)x ) = doxyv)d(cosOx ) is solid angle of the particle X (Y") respectively
and the opening angle between X and Y is o = £(px, py)-
When evaluating the phase-space integral at the parton level, kinematical limits
need to be determined on some of the variables and these are listed below,
my —mj

By < Mz C.4.14
Y < 3B, =) (C.4.14)

2By By +m% —m?,

- C.4.15
2Ey |py| ( )

cosbty <
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