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CHAPTER I

Introduction

The Standard Model (SM) of modern particle physics can describe all phenomena that
have been observed so far at high energy experiments. However, the SM is not a complete
theory of nature as will be discussed in this chapter. Thus, various physics models that
can extend or replace the SM at some high energy scale have been proposed in the last few
decades. To broaden our view of the universe, it is crucial to discover (or exclude) such
new physics beyond the SM. In this introduction, we review the successes and mysteries of

the SM, and motivate the search for new physics utilizing the top quark.

1.1 Description of the Standard Model

The SM describes dynamics of elementary matter particles which feel electromagnetic,
weak and strong nuclear forces. The forces are described by the Yang-Mills gauge theory
of quantum field theory. The description of forces using gauge theory was successfully
confirmed when, among many candidate theories of forces, the gauge theory’s unique pre-
dictions of Bjorken scaling violation and asymptotic freedom were observed in the 1970’s.

The SM is based on the gauge group U(1l)y x SU(2)r x SU(3)c. Once the represen-
tations of fermions have been specified, the gauge theory fixes the form of interactions
between gauge bosons mediating the force and matter fermions. Because of their impor-

tance, the representations of leptons and quarks are shown in the Table 1.1. Interestingly,
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Table 1.1: SM particle contents and quantum number assignments under gauge symmetries. [ and
a small dot imply fundamental and singlet representations.

the assignment in Table 1.1 cancels all gauge anomalies only when the lepton and quark
contributions are added, hence supporting such nontrivial assignments. The consequent
chiral interactions of SU(2)y, are experimentally well confirmed. The number of colors is
well measured to be N, = 3 when the hadronic cross sections are precisely measured. Ex-
change of the Z boson gives rise to observed neutral currents. The great success of the SM
culminated when all the gauge bosons of the SM were discovered at CERN, undoubtedly
confirming the gauge symmetry content of the SM.

The Higgs mechanism is a hypothetical method incorporated in the SM to generate
masses of particles. A gauge symmetry does not allow mass terms of gauge bosons. But
the condensation of a scalar particle can consistently hide the apparent gauge symmetry
and allow massive gauge bosons after all. The Higgs boson is just such a hypothetical scalar
particle which condenses and spontaneously breaks SU(2)y x U(1)y — U(1)ep,. Moreover,
fermions must resort to the Higgs mechanism because the chiral nature of SU(2), prohibits
any chiral fermion mass terms to appear. Since the chiral SU(2); is broken by Higgs
condensation, fermions can be massive only through the Higgs mechanism. Masses of the
gauge bosons and fermions are then proportional to the products of the Higgs vacuum
expectation value (vev) and their couplings to the Higgs scalar. The agreement of the ratio
of W and Z boson masses between the SM and the measurement is another success of the
SM Higgs mechanism. The ratio, in the SM, is given by a ratio of U(1)y and SU(2)1 gauge
couplings. However, this is not generally true, but is true when the Higgs is in a doublet

representation of SU(2)r, as assumed in the SM.



Leptons and quarks come in three generations in the SM. In other words, there are
three nearly identical copies of up and down quarks, the electron and neutrino. Only
the masses of leptons and quarks in different generations are different. Although having
three generations looks redundant, all twelve kinds of leptons and quarks were indeed
observed (the last one, the top quark, was discovered in 1995 at the Tevatron). It was also
found by Kobayashi and Maskawa that at least three generations of quarks are needed to
incorporate enough parameters to describe all observed CP violation phenomena. When
particles carrying the same quantum numbers from each generation mix, flavor-changing
phenomena is predicted. Flavor-changing physics of mesons observed in low-energy collider
experiments and the observed transmutation of solar neutrinos are mostly in agreement
with the descriptions within the SM. However, flavor-changing neutral currents (FCNC)
are not observed (at high precision) nor predicted by the SM, which further support for

the SM.

1.2 Shortcomings of the Standard Model

Despite of the great success of the SM, there are various reasons to think of new physics
beyond the SM. The SM is not likely a complete theory of nature which is valid all the
way up to the Planck scale. First of all, gravity is not incorporated into the SM. Gravity
cannot be described by a renormalizable 4-dimensional field theory action. Nevertheless,
since there are other types of candidate gravitational theories which are influential only at
some high energy scale, we put this issue aside in this work.

The Higgs mass parameter is often used to discuss the possible incompleteness of the
SM. In the SM, the Higgs mass sets the scale of the masses of W and Z bosons, i.e. the
electroweak scale. However, the Higgs mass is quadratically sensitive to the upper scale
at which the SM is valid. This is because the path integral includes virtual particle loop

corrections to the Higgs mass which gives a factor of momentum squared, which should be



evaluated at the highest possible energy scale where the SM is valid. If the SM is valid up
to the Planck scale, the Higgs mass would be about the order of the Planck scale. A large
hierarchy of the Planck scale and the electroweak scale can only be possible if Planck-scale
numbers are somehow added and subtracted to produce a much smaller weak-scale number.
This unlikely fine-tuned situation is one reason to hesitate calling the SM complete.

The Higgs scalar is also expected to play an important role in restoring unitarity. Uni-
tarity violation is most dramatic in scatterings of longitudinal electroweak gauge bosons
because the longitudinal polarization vector grows with scattering energy. Adding the
exchange of the Higgs scalar calms down the growing behavior of the amplitude. The re-
maining terms of the amplitude at high energy are proportional to the Higgs mass squared.
Thus the criteria that the SM is unitary at an arbitrarily high energy leads to an upper
bound of the Higgs mass of about a TeV. The resulting restoration is easily understandable
from the Goldstone equivalence theorem since the emissions of scalars do not suffer from
the growing behavior, and the self interaction is proportional to the Higgs mass. This
argument leads to consideration of new physics scenarios influential at TeV-energy scale.

Observed pattern of SM fermion masses is not well understood in the SM. Masses of SM
fermions are measured to be in a wide range of energy scales of a few order of the magnitude.
The electron is 10° times lighter than the top quark, and the top quark is as heavy as W
and Z bosons. The very lightness of the electron may not be a theoretical problem because
a chiral symmetry prohibits fermion masses. However, there is no compelling or necessary
reason to believe such a wide range of masses realized in nature. This question can be
somewhat resolved if a much smaller variations of theory parameters can lead to a wide
range of masses. In the SM, however, Higgs Yukawa coupling and fermion masses are
directly proportional and Yukawa inherits the pattern of fermion masses.

Another shortcoming of the SM that is somewhat relevant to this thesis is the lack



of CP violation required for baryogenesis. Baryogenesis is a hypothetical mechanism of
generating the particle-antiparticle asymmetry observed in nature by utilizing new sources
of CP violation that might have occurred before or during a phase transition of the early
universe. The amount of CP violation that a baryogenesis mechanism requires is not
accommodated by the CKM matrix of the SM. Thus additional sources of CP violation is
often looked for in new physics models.

Given the various aspects discussed above regarding deficiencies of the SM, it is not
likely a complete theory. Various new physics scenarios of electroweak symmetry breaking
(EWSB) have been proposed in the last few decades. Due to the preference for a sub-
TeV Higgs boson by various theoretical and experimental arguments, the new physics is
expected to be influential around a TeV energy scale. This is the energy regime that the
Tevatron partially explored and the LHC will be thoroughly probing. In the next section,
we discuss and motivate why the top quark can be (directly or indirectly) relevant to search

of new physics at such hadron colliders.

1.3 The top quark and electroweak symmetry breaking

In many new physics theories, the top quark is treated somewhat specially. The top
quark is more closely tied to EWSB mechanism than other fermions or it can provide
important discovery modes. In this section, we discuss important roles that the top quark
actually plays in various promising new physics theories. This discussion will motivate
topics studied in the rest of this thesis.

In one type of new physics models, the electroweak scale (i.e., the Higgs mass) can be
stabilized under quantum corrections by invoking additional symmetries. Typical examples
are supersymmetry (see for example [1]) and the Little Higgs models (see for example [2]).
To complete representations under the new invoked symmetry, new particles associated

with each SM particle are introduced. In general, the strong top Yukawa coupling makes



the one-loop corrections from the top quark and its partner top quark important. For
example, the little hierarchy of supersymmetry is basically determined by the masses of
superpartners of the top quark — the stop. The stop is also often RG driven to be the
lightest strongly coupled scalar superpartner by the strong top Yukawa. Decay chains of
supersymmetry is then likely to involve stops, and consequently top quarks.

Another category of new physics achieves the EWSB via the condensation of fermion
pairs. Since there is no fundamental scalar degree of freedom, such models are free from
the Higgs mass quadratic divergence issue discussed above. The top-color model and the
(top-color-assisted) technicolor model (see for example [3]) are typical examples of this
category. In these models, the top quark condenses by itself and breaks the electroweak
symmetry, determining the majority of the electroweak scale and its mass. The advantage
is that the large top mass is directly generated while light masses are indirectly generated.
It is possible because the mass of the top quark is similar to the electroweak scale. Knowing
the dynamics of the top quark beyond the SM is thus very important.

Lastly, even in a warped extra dimension scenario (see for example [4]), where a hierar-
chy Mp;/Mpgw is exponentially warped down to In(Mp;/Mpgw ) ~ O(10), the top quark is
treated differently among quarks. In general, the top quark has to localize around the UV
brane in such a way that it overlaps strongly with the Higgs boson, making it the heaviest
SM fermion. Consequently, the top quark couples strongly to Kaluza-Klein particles resid-
ing around the UV brane. Therefore, the top quark is a main target for the discovery of
such models.

Thus, in these major categories of new models of EWSB, the top quark is a very im-
portant particle that can reveal important hints of models. Its heaviness makes it special,
requiring it to interact strongly and directly with the EWSB sector. It it thus well moti-

vated to study the top quark in search of new physics.



1.4 Topics of the thesis

In the rest of this thesis, three important phenomenologies of the top quark, or new
physics which puts special emphasis on the top quark, are discussed. These are based on
three papers [5, 6, 7].

Firstly, the forward-backward asymmetry of the top quark is discussed, as it is measured
at the Tevatron to be 2 ~ 3.50 larger than the Standard Model prediction. It is argued
that if the deviation is the effect of new physics, t-channel physics is promising physics
responsible for it. Model building based on a new abelian gauge symmetry is detailed.
These physics ideas can be discovered at hadron colliders through precise measurements
of the top pair cross section, especially in the high invariant mass region, as well as the
production of like-sign top pairs, which can be observed as events containing like-sign
dileptons.

Second, it is argued that the most important discovery mode of a warped extra dimen-
sion can be production of four top quarks. This is especially true if the bulk profiles of
light quarks are almost flat allowing a relatively light Kaluza-Klein scale. This ansatz is
motivated from the results of electroweak precision tests and flavor physics. Depending
on Kaluza-Klein gluon couplings to third generation fermions, the like-sign dilepton or the
single lepton topology of four top quarks can be the best collider signature.

Finally, in supersymmetric theories, the superpartner of the top quark — the stop — is
often the lightest scalar super-partner. Heavy scalars of the first two generations suppress
several generically large contributions to well-measured observables including the electric
dipole moment. Given the possibility of the LHC improving its probing sensitivity, the
discovery reach of the LHC and precision measurements of dipole moments are compared
within supersymmetry frameworks having light stops. Although dipole moments are bet-

ter probes within the near future, the LHC can provide another interesting independent



opportunity for discovery.



CHAPTER II

The Forward-Backward Asymmetry of the Top Quark

2.1 Measurements at Tevatron

Recently the CDF collaboration published an observation of a forward backward asym-
metry in top quark production [8, 9]. Focusing on the high-energy region where new physics

effects might be most influential, CDF measured
Al p =0.475+0.114, (IL.1)

where A}B is the rest frame asymmetry in top production restricted to m; > 450 GeV.
For comparison, the SM predicts A} g = 0.088 +0.013. The inclusive measurements are

also made in the semi-leptonic decay mode, and are given by
ALp =0.1540.055 (lab frame), ALp =0.158 £0.074 (rest frame). (I1.2)

This measurement builds on previous intriguing measurements of the foward backward
asymmetry, [10, 11, 12], that consistently yielded large values. The Standard Model (SM)
prediction [13, 14, 15] is dominated by O(a?) QCD interference effects and is AL, =
0.038 + 0.006 and 0.058 + 0.009 in the lab and the rest frame, respectively [8]. The theory
prediction is further studied by resuming threshold soft gluon contributions, and the result
implies that the current theory predictions might not be subject to large unaccounted

higher order corrections [16]. Asymmetry is different in the lab and the rest frame because
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a boost between two reference frames can flip the direction of top quarks, hence always
diluting asymmetry measured in the rest frame.
The rest frame inclusive asymmetry is also independently measured in the dilepton

decay channel [9]. Reconstructing tf rest frame, the asymmetry is measured as
Alp = 0.4240.16 (I1.3)

which can be compared with the SM prediction A%, = 0.06 & 0.01. Interestingly, the
asymmetry is also indirectly measured using only the well-measured relative angles of
two charged leptons without reconstructing any top quark momenta, hence reducing jet
energy scale uncertainties. This observable, of course, is not exactly the same as top quark
asymmetry because there is no 100% correlation of directions of top quarks and their
leptons. However, it can provide another consistency check of a large asymmetry. This
measurement has not been fully unfolded to the parton level value which can be directly
compared with field theory calculation of new physics contribution. However, the result is
in agreement with another intermediate result leading to the parton level values quoted in
eq.(I1.3).

At present, all these (some are independent) results consistently yield 2—3.50 deviations
from the Standard Model predictions. This motivates study of new physics explanation of
a large asymmetry. In this chapter, we discuss t-channel exchange of a gauge boson as a
promising explanation. We first thoroughly discuss features of t-channel physics phenomena
and present best model of a new abelian gauge symmetry. We also prove some theoretical
consistencies of the abelian gauge model. Possible extensions with invisible decay modes of
the gauge boson will be discussed at the end, and future prospect of a non-Abelian gauge

symmetry is briefly discussed.
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Figure 2.1: t-channel diagram of the Z’ that mediates ¢t production.

2.2 Phenomenology of Abelian t-channel physics

Brief description of ¢t-channel exchange phenomena. We study the physics with
an extra abelian gauge symmetry. Color singlet Z’ couples only to right-handed up-type
quarks with a coupling constant ax = gg( /4m. In terms of mass eigenstates, the Z’

interaction Lagrangian is given by
Ly = gxﬂ’y“PRtZ/; + eUgXﬂi’y“PRuiZL + h.c. (11.4)

where right-handed projection Pp = (1 + 75)/2 and generation index 7. In addition to
flavor-changing interaction of the first term in eq.(I1.4), we also allow a small flavor-diagonal
interaction given by ey. The flavor-changing interaction will be responsible for the ¢-channel
exchange of Z’ that generates a large asymmetry. Relevant ¢-channel process is shown in
Fig. 2.1. We discuss the necessity of ¢y # 0 in next subsection, but we discuss general
features of t-channel physics induced by flavor-changing interaction in this subsection.
There are several advantages of the ¢t-channel physics in point of view of the forward-
backward asymmetry. First, the t-channel physics has the Rutherford enhancement in
forward scattering. This enhancement originates from the ¢-channel boson propagator
which diverges (up to finite decay width of a boson) when all initial, final states and internal

boson become massless, and scattering angle between initial and final states cos@ — 1. The
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Figure 2.2: The forward-backward asymmetry Arp of top quarks in the pp — tt process are shown
as a function of invariant mass m;; for SM and the t-channel physics with My =
160 GeV .

Rutherford enhancement is softened in case of the ¢ asymmetry not only because of finite
masses of the top quark and the Z’, but also because detectors cannot detect particles
scattered along the beam line (cos@ = 1). However, the remnants of the enhancement are
large enough to make the t-channel physics interesting. The forward-backward asymmetry
as a function of the invariant mass of top anti-top is shown in Fig. 2.2, where it can be
seen that the ¢-channel physics prefers forward scattering, especially in the high energy
limit. This is because finite masses of top quark and Z’ are less important in the high
energy limit. This phenomena is very analogous to physics in the Rutherford scattering of
electrons off nucleus, or in the QED Coulomb scattering e"u~ — e~ u™.

Secondly, t-channel Z’ does not require initial quark anti-quark pairs to be in color
singlet combination. Consequently, the ¢t-channel physics can interfere with QCD. Small
coupling ax can have large effects of order axag through the interference. Interference
effect can also be negative which makes t-channel physics nontrivial.

Thirdly, t-channel physics does not show up as a resonance peak. This allows relatively
light Z’ while avoiding resonance search limits. However, there will be a large enhancement
of tt invariant mass distribution (not as a peak feature) in the high-energy region. This is

another manifestation of the Rutherford enhancement which was similarly seen as a large
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asymmetry in the high-energy region in Fig. 2.2.

Despite of these good aspects, the (unsuppressed) flavor-changing interaction in eq.(I11.4)
looks challenging at first. However, constraints on the flavor changing interactions of
right-handed top quark is relatively weak. This is first because the Cabibbo-Kobayashi-
Maskawa(CKM) matrix depends only on diagonalization of left-handed quarks, hence con-
straining only left-handed flavor changing physics. Secondly, flavor-changing phenomena
is better measured in terms of mesons composed of down-type quarks and charm quarks,
but not top quarks. If interaction eq.(II.4) had involved charm quarks, it would have been
constrained by measurements of charm mesons. In Section 2.3, we prove that realizing
the proper flavor-changing interactions in eq.(I.4) can always be theoretically possible
(although origin of such interaction is not our main concern here).

Another possible issues of interactions eq.(I1.4) regarding gauge anomaly cancellation
and generation of SM Yukawa couplings will be discussed in Section 2.3 in more detail.

Asymmetry and cross sections.

A challenge for any model wishing to generate a large A% 5 is avoiding a too large
modification of the tf production cross section. The current measurement from 2.8 fb~! at
CDF [19] is o(tt) = 7.0 £ 0.3 (stat) £0.4 (syst) £0.4 (lumi) pb for m; = 175 GeV, in good
agreement with the SM prediction of o (tt) sy = 6.73 — 6.90 pb [20], and is consistent with
measurements from DO [21] that use smaller data sets.

A typical color singlet Z’ with flavor diagonal couplings does not interfere with the
dominant (color-octet) QCD production process. Thus, it is difficult to avoid a large shift
of the tt production cross section as well as the appearance of a resonance. On the other
hand, the t-channel exchange of our Z’ in pp — tt interferes with QCD. It is possible then
to have smaller modifications to the cross section while having a large contribution to A% 5.

There is no resonance present in the M;; spectrum.
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Figure 2.3: ax versus A% and o(tt) for My = 100,200,400 GeV (from the left). In the lower
panel, shaded regions deviate by more than 20 from o (t£)"¢*. Corresponding disfavored
regions are shown as thinned lines in the upper plot. The superscript “new” emphasizes
that only pure Z' and SM contributions are included (without fake processes).

We use MadGraph/MadEvent 4.4.17 [74] with CTEQ6.6M parton distribution function
to generate event samples, and BRIDGE 2.0 [76] to decay unstable particles. We do not
carry out parton showering or detailed detector simulation. We assume m; = 175 GeV
and fix renormalization and factorization scales at up = pp = my. We apply an overall
multiplicative K = 1.31 factor to the resulting cross section to match the SM prediction
for o(tt) when ax — 0. If we subsequently were to vary up p from m;/2 to 2m; we would
get a ngz variation in the asymmetry rates quoted below.

We plot cross section and A% in Fig. 2.3 as a function of ax for three Z’ masses. A}
indicates the A%, induced only in the ¢¢ final state. The QCD interference contribution
(5%) is not included. Similarly, the “new” in o(pp — t)"“* emphasizes that other (re-

ducible) contributions that might enter the ¢¢ sample are not included. They are discussed

below.
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Comparing the two panels of Fig. 2.3 indicates a potential simultaneous fit to a large
A% p and the correct cross section. However, new physics can contribute to final states that
fake the f final state. This could pollute both the cross section and the A%, 5 measurement.
Reducible backgrounds that contaminate the sample arise, e.g., from tt/tt, tZ'/tZ’ events,
and modify the results of Fig. 2.3 by 5A£a§e, So(tt)feke If My < my, it is also important to
include effects of exotic top decays t — uZ’ which can take events away from the registered
tt cross section. Assuming Z’ decays are completely hadronic, they reduce the dilepton
top cross section relative to the lepton+jets channel. At CDF and DO, ¢t production is
defined by specific final state topologies with at least one b quark tag, several hard jets,
and one (“l + j sample”) or two (“dilepton sample”) charged leptons. CDF has measured
o(tt) = 7.2+ 0.75 pb from the [ 4+ j sample [22], and 6.7 &+ 0.98 pb from the dilepton
sample [23]. To avoid a too large discrepancy between these two channels, Fig. 2.4 shows
that a light Z'(Myz < 120 GeV) is to be avoided.

For our “best point” (the red star in Fig. 2.4) we show comparisons with these cross
sections in Table 2.1. Our simulation method is to construct event samples based on cuts
detailed in [22, 23], and rescale the result by the inverse of the SM event selection efficiency
(again using our simulation) to approximate their unfolding procedure.

For our best point, the total asymmetry is about 18%, see Table 2.1. This includes the
SM a2 contribution, the Z’ tree contribution, and contributions due to 514{7%%. The last is
negative largely due to anti-correlation of ¢ direction with that of u in gu — tZ’ production.
We estimate \5A£a]§€| at a few percent, not quite canceling with the +5% SM contribution.
There is a small uncertainty in this estimate, as the kinematics of these events differ from
those analyzed in the ¢t events.

Table 2.1 shows the top quark asymmetry and the inferred ¢t cross section of our best

point in the [ + j and dilepton channels. The asymmetry is high, and the cross sections
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Figure 2.4: A contour plot of A% and BR(¢t — Z'u) in the ax - Mz plane. In colored regions,
o(tt)" deviates 20 from of the measurement quoted in text. Parameter space around
the red star is preferred. A much larger ax gives too many like-sign top quarks, or a
large distortion of the M;; spectrum. Larger masses lead to larger distortions of the
M,; spectrum. Smaller masses give a large branching ratio for ¢ — Z'u, leading to
tension between measurement of top cross sections in different channels.

l+j (pb) dilepton (pb) A%L %
Mz =160 GeV, ax = 0.024 7.5 5.8 18
Measurements [22, 23, 10] 7.24+0.8 6.7+ 1.0 19+7

Table 2.1: tt cross sections and total asymmetry for our best parameter point compared with mea-
surements at CDF. There are measurements from DO as well that use less data, and thus
have larger error bars [21, 24]

are within errors of the measurements. A prediction is the inferred cross section from
the dilepton sample should be less than from the [ + j sample: tZ’/tZ" events produce
relatively more events in the [ + j sample than in the dilepton sample. In addition, events
with exotic top decays (t — Z'u — wtu) may contribute to the [ + j sample but not the
dilepton sample.

Additional collider constraints. Our model yields no resonances, but new ¢-channel
physics modifies the M7 distribution — especially in the higher invariant mass bin due to
the Rutherford enhancement. This distribution has been measured by the CDF experiment
in the lepton + jet channel [25] and is shown in Fig. 2.5. We also show the apparent M;;

from this model, which includes contributions from fake processes. We observe that the
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Figure 2.5: The M,; invariant mass spectrum. Data from the CDF measurement [25] is shown
along with our SM simulation. Also shown are Mz = 100,200,300 GeV, with ax =
0.013,0.03,0.055, respectively. Each (ax, Mz:) pair would provide an A%% ~ 10%.

heavier the Z’, the more the last bin deviates from the measurement. This is because
the Rutherford singularity (beneficial to the generation of the A% ) is most effective at
Mz > Myz. A higher mass Z’ will thus need higher ax because it cannot take full
advantage of the singularity, leading to larger distortion of M,;. Thus, lighter Z’ is favored.

The t-channel exchange of Z’ can also produce like-sign top-quark events wu(uu) —
tt(tt), which have been discussed in a different context by [26]. Like-sign tops can be
observed as like-sign dilepton events plus b tag(s). CDF has measured only 3 such events
with 2 fb~! of data [27]. The SM expectation is also small but with large error: 2.1+ 1.8
events. Our best point model predicts 56 events. Higher Z’ mass models produce too
many such events from, e.g., tZ' — tt + u if Z — uu (i.e., €y) is not large enough. For
very large €y, constraints on the Z’ from the dijet channel [28, 29] become important.
This is another reason why we desire My < M;. This combination of constraints largely
determines the location of the “best point” of Fig. 2.4.

There is another reason that Z’ — t™)@ decays are potentially dangerous. CDF has
measured after cuts the ratio 494/156 of t£+0 jets to tf +n jets with 2.7 fb~! of data, con-

sistent with the SM value [25]. If the Z/ — t() @ decays are present, they will preferentially
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contribute to the tf+n jets, potentially at a dangerous level. A non-zero ey < 0.05 removes
this conflict.

There are also potential contributions to the single-top sample. As discussed earlier,
with ey # 0, decays of the Z/ — wui dominate. Then the dominant contribution to the
single-top sample comes from the process ug — tZ' — tuu. This process (after multipli-
cation by a K-factor of 1.3), gives a production cross section of 3 pb. This is comparable
to the SM prediction for single-top production (2.9 pb). The measurement of single-top at
D0 and CDF [30, 31] relies on a multivariate analysis using detailed kinematic information
to extract the single-top events from a large background dominated by W+heavy flavored
jets. These backgrounds are nearly an order of magnitude larger than the signal described
here. It is not possible to say without such a detailed experimental analysis whether a
constraint presently exists.

Flavor physics. One might wonder whether the novel flavor violation of this model is
constrained by B meson decays. The structure of the theory wherein off-diagonal couplings
are limited to the right-handed up-type quarks make this model particularly safe.

Box diagrams containing both intermediate W and Z’ bosons communicate flavor vio-
lation to the B sector, giving operators of the form Ogs = (bI'd;)(ul'w), where d; = d, s.
However, these operators are only 0.3% (4%) for d; = d(s) of the SM tree level CKM-
suppressed contributions to similar operators, and are of no concern. Moreover, even the
CKM-suppressed Oj is negligible compared to the penguin contribution in processes like
B — K, see, e.g., [32].

Flavor changing neutral currents of SM gauge bosons are also induced by one-loop pen-
guin diagrams where Z’ runs in the loop with one off-diagonal and one diagonal coupling.
The t — ug measurement by CDF [33] gives the strongest bound. For (Mz/, ax) pair with

AR ~ 10%, this measurement translates into a relatively weak bound ey S O(1).
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Structure of Couplings. As an existence proof, we note that we can reproduce the
desired couplings by starting with U (1) x charges of the three right-handed up-type quarks
of {—1+e€y, 0+€y, 14+€p}. To find the couplings in the mass basis, we perform the rotation
on the right handed up quarks. For appropriate Yukawa couplings, there exists a unitary
matrix, W, that transforms the diagonal couplings above into the desired predominantly
off-diagonal couplings. The up-type Yukawa couplings are determined in terms of this W
and the VuL, which enters the CKM matrix Vogy = VULVdLT. Refer to Section 2.3 for more
detailed discussions.

A direction similar to the minimal U(1)z discussed here is to introduce an SU(2) fiqvor
gauge symmetry under which the (¢g,ur) form a doublet. The A%, can then be explained
through the t-channel exchange of the W’ gauge bosons. Because the W’ carries a conserved
“top-charge”, its production and exchange no longer contribute to like-sign top quark
production. Avoiding a large (negative) contribution to the ALy from, e.g., ug — W't
requires the introduction of a small W’ — @ — u coupling. This can be engineered if the
SU(2) fiavor is broken by multiple Higgs fields, for example a triplet and a doublet. Searches
for like-sign top will not be decisive in determining whether nature realizes this approach.
The other phenomenology may be quite similar to that presented here: differences between
the lepton+jet and the dilepton o7 cross sections will still be present. This model predicts
additional contributions to the single top sample as well.

Discussion. The exchange of a t-channel Z’ with a Z’ — u — t coupling can produce a
large A% p consistent with other top quark observables. Our best parameter point My =
160 GeV with ax = 0.024 generates A% ~ 18%, about four times larger than the SM
prediction. The most constraining collider observable is the search for like-sign top quarks
events, which is ameliorated by the introduction of small flavor diagonal couplings. The

diagonal couplings are essential also in M,; distribution as well as for ensuring o(tt+0
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jets)/o(tt 4+ n jets) is consistent with observation. More precise measurements of the top
cross section and searches for like-sign tops at the Tevatron should be decisive for this
model.

Although heavier Z' (myz > my) suffers from a relatively large like-sign top signal and
a disfavored M,z distribution, narrow regions of the parameter space might remain. In this
region, one is pushed to a large ey &~ 0.3 (larger values are constrained by dijet searches).
In this case, the maximum A%% < 10%.

In summary, it has been shown how a large positive asymmetry arises from the ¢-
channel physics while being consistent with other measurements. Given these successful
phenomenologies, we further discuss if this model is theoretically consistent in next two

sections.

2.3 Existence proof

In this section, we discuss various theoretical and phenomenological issues regarding
a flavor-changing interaction between up and top quarks (mass eigenstates) in eq.(11.4).

Specifically, we focus on following flavor-changing interaction in this section
Ly = gx TL’V”PRtZ;L + h.c. (I1.5)

Can such flavor changing coupling be consistent with the CKM measurements and observed
quark masses? Can gauge anomaly be cancelled? How can we obtain the SM Yukawa
couplings which are not invariant under U (1) /7

To address the first question, we set relevant notations. The mass eigenstates ¢ and the

gauge eigenstates ¢ are related by unitary matrices W and U
qr = Wedr, qr = UgqL- (11.6)
These matrices diagonalize the Yukawa matrices A,

U AW, = D, (IL.7)
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where D, are diagonal matrices whose diagonal elements are the mass eigenvalues of g-type
quarks. The Yukawa matrices are complex matrices subject only to the measured CKM
matrix Vogy = Ung. Since we consider only up-type right-handed couplings, CKM
matrix measurements do not restrict the form of W, and U,. The only constraints are
unitarity of U, and W,,.

Let Qx be a Z’ coupling matrix to up-type right-handed quarks in the gauge eigenstate
basis. This matrix is diagonal in this basis, but not necessarily proportional to the identity
matrix. Our coupling structure in eq.(I1.5) is possible if there exists a solution W, of the

following characteristic equation of matrices

0 01
WJQXW =10 0 ol- (I1.8)
1 00

The solution W, always exists because a symmetric matrix can be diagonalized by an
orthogonal matrix. Diagonal elements of Q) x are —1,1,0.

Chiral coupling structure of eq.(I.5) may disturb gauge anomaly cancelation. Without
additional fermions, Z’ — Z’ — U(1)y mixed anomaly is not cancelled. However, we can
easily make a theory anomaly free by additional heavy exotic fermions. Table 2.2 shows
one example solution with two exotic (Dirac) fermion states A2, We do not discuss this

issue any more.

Al AL A2 A%
Y -2 -2 -2 -2
X 0 1 0 -1
SU(3) 0 0 0 0
SU(2) 0 0 0 0

Table 2.2: Charges of additional fermion states to cancel anomalies.

As U(1) x charges giving rise to a proper flavor-changing interaction are flavor-dependent
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(see eq.(I1.8)), the SM Yukawa couplings of up-type quarks are not invariant under U(1)x.
Although radiative corrections or higher-dimensional operators may be fully responsible for
Yukawa couplings, it is especially hard to imagine a top Yukawa coupling generated in this
way is not suppressed and order one. One possible resolution is to take Z’-charge of right-
handed top quark to be zero (recall that one eigenvalue of Z’ coupling matrix in eq.(11.8) is
zero). Alternatively, we can also take the Froggatt-Nielsen approach [17] (similarly Matrix
model of Leurer-Nir-Seiberg [18]). We simply assume that there are enough numbers of
heavy exotic fermions and proper charges of SM particles under a global symmetry so that
the Froggatt-Nielsen mechanism can work.

This mechanism of effectively generating Yukawa interactions necessarily mixes SM
particles with exotic particles. This mixing might seem dangerous at first to our existence
proof shown above because Yukawa matrices and mixing matrices are not just given by
SM ones. Suppose there is a m X n fermion mass matrix M. m,n > 3 since three
generations of SM fermions are involved. M7 M is a symmetric(hermitian) matrix, thus
can be diagonalized by an orthogonal(unitary) matrix. Successive unitary rotations can be
written as one unitary rotation. Thus, our existence proof above is still valid.

In summary, the desired flavor-changing coupling structure between right-handed up
and top quarks is at least theoretically consistent. The origin of such interactions is beyond

the scope of this thesis.

2.4 Gauge fixing independence

As an aside, we clarify how gauge fixing independence is achieved when the SM Yukawa
couplings are effectively generated by higher-dimensional operators. Every physical quan-
tity should be independent of gauge fixing terms, and this is necessarily true if a gauge
theory description is valid. We begin by asking a few questions that one might have regard-

ing this issue, and we prove the independence of gauge fixing terms. As will be discussed,
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each diagram will be individually dependent on fixing terms, but physical quantities will
not be.

SM fermions obtain masses from electroweak symmetry breaking, not just from Z’
breaking. It may not be clear if the Goldstone boson eaten by Z’ couples to SM fermions.
Moreover it may not be clear if gauge fixing dependence is cancelled in Z’' mediated pro-
cesses. We study this issue in detail.

To clarify those questions, let us first consider a 2 — 2 fermion scattering process in an
chiral abelian gauge symmetry with R¢ gauge with one flavor. The gauge boson propagator
is dependent on the gauge fixing parameter £, and this dependence should be cancelled by
the Goldstone boson contribution which is also dependent on £&. The ghost shows up at
loop-level, thus it is irrelevant to this discussion. Gauge fixing dependent part of the gauge
boson contribution

M x g%/m—gc ayou 2_712 ayu (I1.9)
my q* — &my;

is cancelled by the Goldstone contribution

iM o A2 uytu o wyou (I1.10)
! Q2 — §m%/

after using the relation my = Aymy /gy. This simple field theory calculation raises a
question; how does this cancellation occurs if hidden Higgs is not involved in generation
of SM fermion masses and the above relation does not hold? Moreover, in mass eigenstate
basis, how does diagonal Goldstone coupling cancel ¢ dependence of possible off-diagonal
Z' contribution?

The key observation needed to answer these questions is that U(1)x is a chiral theory.
SM fermion masses are double protected by SM and U(1)x chiral gauge symmetries, in
other words SM fermions can be massive only when both chiral symmetries are broken.

After exotic fermions (needed to cancel anomaly) are integrated out, low energy effective



24

couplings between SM fermions and scalars can be written as
ox\" iy
L > Z E QL/\iqu(ﬁSM- (H.ll)
i

where X-charge difference n;; = X[Q%] — X [qg%] with a charge of a hidden Higgs ¢x is
normalized to unity. 7,7 indices run over SM generations. SM fermions are massive only
after both Higgses ¢gns and ¢x get vev. It is also clear that the Goldstone mode of ¢x
couples to SM fermions. Does this hidden Goldstone coupling have correct structure to
cancel gauge fixing dependence of gauge propagator?

To see how this can happen, let us begin with a simple toy model: a spontaneously

broken chiral U(1) with two flavors.

11 0 ) . .
L=Lx+Yg VR VF + (G L NivR + P LAE + hec.) (I1.12)
0 —1

]
where 7,7 = 1,2, and a charge of ¢ is normalized to unity. After Higgs gets vev, fermion
mass matrix is
M= . (I1.13)
A2 N,

This matrix is diagonalized by two unitary matrices U and V'
UMVT = MP. (IL.14)

However, the Goldstone coupling (after substituting ¢(z) = v + h(z) + ia(x))

Lo = iady yy ¥y + hc. (IL.15)
where
Yij = = ;Mik . (I1.16)
Ao =N, 0 -1

i kj
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We note that Goldstone coupling is not the same as Yukawa coupling. y;; is not diagonal-

ized by U and V, but becomes

10
(vaf)ijzix\/t? v viy . (IL.17)

0 -1
ij
This is exactly what is needed to cancel gauge fixing dependence because gauge coupling

in the mass eigenstate basis is just the right-hand side without MP” /v factor! To see this,

we write the Goldstone coupling in eq.(I1.15) in terms of Dirac fermion notation as
L, = iaﬂi(mi —m;) (VQVT)'W + ia@i(m,’ +m;) (VQVT>” O (IL.18)
ij ij
where Z’ coupling matrix @) = diag(1, —1). We note that vectorial coupling is proportional

to mass difference of two fermions which would vanish in case of flavor diagonal Z’. On

the other hand, gauge fixing dependent part of gauge boson propagator gives

a(p') (VQVY) ik vl +77) u(p) = (VQV)iyu(p') {(mi —my) + (mi+my)y°} u(p).

(I1.19)
Cancellations of sort eq.(I1.9) and eq.(II.10) indeed occur. The Goldstone boson coupling
is not the same as Yukawa coupling. Indeed, it is not diagonal and becomes parallel to
gauge boson coupling in the mass eigenstate basis.

This can be easily generalized to cases with several chiral gauge symmetries which
independently protects fermion masses. For simplicity, we consider N chiral U(1)’s with
N flavors and arbitrary charges. We assume that each gauge symmetry is spontaneously
broken by their own Higgses. Each U(1), has Np x Np diagonal coupling matrices C}{ and
o

Cp = —diag(n{, - ,ny,), Cg=—diag(m{, - ,my,). (11.20)

Low energy effective couplings between fermions and scalars read
ng

S, (%)

— Va

27]

@
J

QL ijdy- (I1.21)
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For dimensionality, we can think of A as usual dimensionless yukawa matrix multiplied by
a scale which might be the lowest breaking scale. Mass matrix is diagonalized by U and V'

as usual. Goldstone boson a, coupling eq.(I1.15) read

a a
3711)\11 $1NF>‘1NF

Yig = = —(C}f)\)ij + ()\C%)ij (11.22)

a a
mNF1)‘NF1 S mNFNF)‘NFNF N
ij
where z7; = nj —m{. Matrix addition is simply element by element. This coupling becomes

in the mass eigenstate basis

(UyVT)ij = i{TYLZ(VC'?{VT)Z] — (UC%UT)ijmj} (11.23)

Vq
where relative sign difference reflects opposite eigenvalues of 74°. No dummy index is
assumed. As before, Goldstone coupling £, can be rewritten in terms of Dirac fermion

notation as

Lo = iad {UVhy — (VU o+ iad {OpV Dy + VUt |

= iviw{(mi —m;)(UCLU")i; + (m; — mj)(vcgvT)ij}W
PG mi ot m)UCEUN + (mit m)(VORVD L (1121)

Parts in curled brackets in the last equation are exactly what we obtain, as in eq.(I1.9) and
eq.(I1.18), by contracting k*k” part of gauge boson propagator to external fermion lines.
Gauge fixing dependence indeed cancels out.

In summary, as chiral symmetry prohibits fermion mass, massive fermions should some-
how couple to Goldstone bosons of the symmetry. Being a phase degree of freedom, the
Goldstone boson has interactions that are not identical to Higgs Yukawa couplings. Those
interactions, however, indeed rotate in a proper way to cancel gauge fixing dependence of

gauge boson contribution.
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2.5 Phenomenology with the flavor-diagonal coupling varied

This section is complementary to Section 2.2. We detail phenomenology of the flavor-
changing interactions of the Z’ in the presence of the flavor-diagonal coupling e;;. We study
various cross section observables as a function of the strength of the flavor-diagonal coupling
€y. By these detailed study, we end up with the best point presented in Section 2.2. To
make this section somewhat self-contained, we sometimes repeat the same explanations or
arguments in this section as already given in Section 2.2.

As seen in Section 2.2, many phenomenological difficulties of the flavor-changing physics
arise from direct Z’' productions. As Z’ does not distinguish top and anti-top (Z' decays
equally to tu and tu), like-sign dilepton signal was induced. This measurement strongly
constrained the model. In addition, direct Z’ productions followed by Z’ — tu decays
can not only mimic ¢t productions, but also preferentially contribute to the cross section
measured in semi-leptonic decay mode of tt. Consequently, the cross section measured in
dileptonic mode is somewhat small. Those faking contributions to ¢ involve extra light-
quark jets, and thus it is potentially measurable or constrained by tt + j event samples.

These difficulties were somewhat alleviated by the flavor-diagonal coupling ¢ in eq.(11.4).
No additional flavor changing physics is induced. Our proof of existence in Section 2.3 is
still valid because Z’ interaction matrix in the generation space (so, 3 x 3 matrix) is still
a symmetric matrix. We detail how all those phenomena mentioned in the previous para-
graph depend on the strength of the flavor-diagonal coupling. We also discuss many other
phenomenological constraints induced by the flavor-diagonal coupling such as resonance
searches and loop-induced flavor-changing interactions between SM particles.

The interaction Lagrangian that we consider in this section is the same as eq.(11.4), but

we simply use a different notation for the flavor-diagonal couplings as given by

L= ng_w“PRtZ;L + cgx ﬂiy“PRuiZL + h.c. (11.25)
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where the second term is the flavor-diagonal right-handed couplings previously denoted by
€. The flavor diagonal coupling is now parmaterized by a (small) constant 0 < ¢ < 1.

Effects of flavor diagonal coupling is incorporated in the new decay channel of Z’.
For Z' lighter than top quark, most(almost 100%) Z' would decay into light quark pairs.
Then Z' production does not contribute to LSDL or cross section measurements in the
dilepton channel because Z’' decays do not accompany leptons. Moreover, Z’ and tt + tt
contributions to other measurements become less significant. For Z’ heavier than top
quark, tt+tt contribution does not change because top does not decay to Z’. Z’ production
contribution now depends on the branching ratio of new decay channel (in other words, ¢).
We will estimate this dependence below.

Flavor diagonal coupling can produce tt pair via exchange of s-channel Z’. However,
this contribution is negligible compared to QCD and the t-channel processes because s-
channel propagator does not meet the pole for Mz < 350 GeV , and coupling constant is
small. So in this section, we will ignore this contribution by focusing on Z’ lighter than
350 GeV which is actually our favored parameter space.

We chose several benchmark points to study flavor diagonal couplings. For several
masses of Z', coupling constant oy are chosen to generate pure new physics contribution to
asymmetry A%% ~ 10%. This might be the borderline between large and small asymmetry.

The benchmark points are following.

benchmark A B C D E F
100 GeV ,ax = 0.013 | 130,0.016 | 160,0.02 | 200,0.03 | 250,0.04 | 300,0.055

Table 2.3: Benchmark points (Mz/, ax).

First of all, the most serious problem LSDL signal can be largely alleviated as shown
in Fig. 2.6(a). For Z’ lighter than top quark, most LSDL events come from ¢t + ¢ produc-

tions as expected. For Z’ heavier than top, LSDL signal gets faded as diagonal coupling
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Figure 2.6: (left) Number of Like-Sign DiLepton events with event selections. From top, ¢ =
0, 0.2, 0.5, 1. (right) Constraints on ¢ from the resonance search in the dijet channel at
Tevatron.

gets stronger. We can see that small diagonal coupling can make most parameter space
consistent with 99% CL bound, and ¢ 2 0.5 can make most parameter space consistent
with 95% CL bound.

The most stringent bound on flavor diagonal coupling is from the resonance search in the
dijet channel at Tevatron as shown in Fig. 2.6(b). Although this search put relatively weak
bounds for light Z’, ¢ ~ 0.5 is safe only for Z'(Mx < 250 GeV ). Heavier Z'(250 GeV <
Mx < 350GeV ) might need to have ¢ < 0.2. Thus, heavy Z’ can still have trouble with
95% CL bound on LSDL signal (99% bound can be fine for all ranges of Mx).

Other (weaker) pheno constraints on flavor diagonal couplings are summarized in Fig. 2.7.
These include one-loop induced SM FCNC via Penguin diagrams, hadronic decay of Z bo-
son and Y(15) via exchange of s-channel Z’.! With our benchmark points (ax such that
A7 ~0.1), diagonal coupling is weakly bounded ¢ < 1 for Mx < 350 GeV .

Another effect of diagonal couplings is to increase forward-backward asymmetry as

well as to decrease (would-have-been measured) cross sections. These are also because

LIf Z’ does not couple to bottom quark, there is no tree-level contribution to Y(15) decay. However, we show
this constraint for completeness.
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Figure 2.7: Several phenomenological constraints on Mx-ax parameter space are shown. These
include flavor changing coupling of gluon(blue dashed) which is proportional to ¢, and
hadronic decay width of T(1S) (black solid) and Z boson (red dot-dashed) which are
proportional to ¢2. Regions above each line are excluded.

7' now can decay to light quark pairs which has nothing to do with top and bottom
quarks. Less events from direct Z’ productions are accepted at the asymmetry, cross section
measurements (recall that large negative asymmetry was measured from Z’ productions).

We estimate total asymmetry by

3 tt A
Atot _ > Appoici 5% AYE Onew + Appou + Appozez [esu

~

FB =
> i€ Onew + Ot + 0 g€z /€5

(11.26)

where € is an acceptance factor. Here we used the result that acceptances are quite similar
for several processes except for Z’' productions, and total cross section were close to SM
predictions. As shown in Fig. 2.8, the stronger diagonal couplings, the larger asymmetry
and the smaller cross sections. 8 ~ 10% (more conservatively, ~ 12% with stronger ax
coupling) asymmetry can be obtained. Results for light Z’ is also shown in Table 2.4
(results are independent of value of ¢).

In Fig. 2.8, we estimate the dependence of ¢ by assuming that Z’'Z’ productions are
negligible. We also assume that the branching ratio of ¢ — uZ’ is of order one percent
(which is reasonable) so that fraction of single top plus Z’ productions and fraction of t¢t+ ¢t

productions which become Z’Z’ events by top decays are very small. Then contributions of
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Figure 2.8: (left) Total asymmetry as a function of diagonal coupling, ¢, is plotted. Blue 200 GeV
red 250 GeV, green 300 GeV . (right) Total ¢t production cross section vs. diagonal
coupling. Solid lines are 14j channel, dashed lines are dilepton channel. Colored region
is excluded by 20 bounds of overall measurements.

Z' productions scales proportional to branching ratio of Z’ — tu. Acceptance as a function
of ¢ is then given by

Ale) = Apa(l—z)+ A (I1.27)
where & = Br(Z' — tu,tu) which implicitly depends on c. Afp is an acceptance factor

assuming Br(Z' — ff') = 1.

Mass H 14+j (¢=0) dilepton ‘ 14+j (¢ > 0) dilepton H Alet (e =0) ‘ At (e > 0)

160 GeV 8.59 pb 6.79 5.72 4.95 6% 14.5%
130 GeV 9.41 6.13 6.42 4.02 ~ 0% 12%
100 GeV 9.69 6.03 7.59 3.35 2% 12.5%

Table 2.4: (would-have-been measured) cross sections in lepton plus jet(14+j) channel and the dilep-
ton channel with diagonal couplings turned off(¢c = 0) and on(c > 0). Also, total
asymmetry estimation is shown.

Direct Z' productions also complicated tt cross section measurements with only four
jets (tt 4+ 0) and with more than four jets (¢t + j). This is because fake ¢t events from
Z' productions involve several extra jets from Z’ decays. The ratio of t£ + 0 and tt + j
was measured to be close to QCD K-factor 1.31 since standard ¢t production processes

can produce extra jets only through QCD radiations. However, this QCD K-factor was



32

a- '  200Gev ]
— 250GeV
300 GeV
@ 3 =5jes . ]
N
& e
g 2r \\;\';a ]
-O ‘\‘\. e T
C/%"i) 4 jets
0.\.
_1k ) -
00 01 02 03 04 05
C

Figure 2.9: Standard deviations of tf + 0 and ¢ + j number of events as a function of diagonal
coupling c.

theoretically calculated, and was measured in other QCD processes as well. Thus, deviation
from this ratio maybe another hint of the new physics. Table 2.5 and Fig. 2.9 show the
results. Without diagonal couplings (¢ = 0), too much events with extra jets (¢ + j) were
expected. However, this can not only be reduced, but also can be safe with 20 deviations

with diagonal couplings ¢ 2 0.2 for most ranges of mass.

Mass | H+0(c=0) H+jlc=0)]tH+0(c>0) tt+j(c>0)

160 GeV 0.34 o 439 o0 -1.15 o0 -1.16 o
130 GeV 0.03 o 9310 -1.08 o -1.09 o
100 GeV 0.89 o 10.62 o -2.07 o -0.18 o

Table 2.5: Standard deviations of t£ + 0 and # + j number of events with diagonal couplings turned
off(¢ = 0) and on(c > 0).

We also look at invariant mass distributions again. We impose same event selection
cuts as CDF used, and rescaled number of events in each bin by acceptances of Standard
Model. This distribution was also distorted by Z’ production contributions especially for
very light Z/(Mz < 150 GeV ) because Z' were abundantly produced. As can be seen in
Fig. 2.10, this distortion disappeared and invariant mass distributions are in quite good

agreement for My < 300 GeV .
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Figure 2.10: Invariant mass m,; distributions for several values of Mz/. ¢ = 1 is used. Smaller ¢
would cause a little up-shift in the right panel only due to larger Z’ contributions, but
is not significant.

Many processes from Z’ physics can fake single top production which is successfully
measured by CDF and D0 at Tevatron. As Z’ would decay to light quark pairs, direct Z’
productions with top quark can fake single top production. In addition, there are several
processes producing single top with associated light quark jets. Among many of them,
uti — tu and its charge conjugate are dominant. We ignored these contributions to ¢t
productions. This is because either (1) these processes do not contain many enough jets
(recall that most event selections require at least 3-4 jets with one b-taaging as well as one
charged lepton and missing energy), or (2) cross sections are too small. We numerically
checked that tt fake from single top plus jet productions is negligible. However, event
selections for single top production measurement are less constraining than ¢¢. For example,
they require less number of jets (sometimes without b-tagging requirement). So we study
how much Z’ physics can fake single top productions.

Single top production was measured by CDF and DO by combining several results
from different complicated techniques looking at kinematic distributions. We will rather
estimate Z’ physics contributions to number of selected events (before discriminating signal
and backgrounds from kinematic distributions). Then we will ensure that selected events

are not only small, but also their kinematic distributions are not significantly different
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from many standard backgrounds of single top productions. Z’ physics then might be

easily buried under large backgrounds. We tabulate this numerical result in Table 2.6.

160 GeV,0.024,¢ > 0 [ DO (1+j) CDF(1+) |

direct Z’ 0.6 o 040
tt+tt 030 0.1c
ti, tjj,t5,t5j 050 03¢0
total 140 08 o

Table 2.6: Standard deviations of number of selected events in single top production measurements
at DO and CDF. We normalized SM contributions to reported t¢ number of events.

In all, we saw that small diagonal coupling can alleviate LSDL signal, t¢ +0/tt + j ratio
and invariant mass distributions. Actually, diagonal coupling was essential for them to be
consistent with measurements. In addition, asymmetry increases as negative contributions
from Z' was reduced. 8 ~ 10% (or more positively ~ 12%) asymmetry can be obtained.
However, diagonal coupling was constrained by resonance searches, and heavy Z’ still had
mild trouble with LSDL 95% CL bound. This can be made further consistent by opening
up the new decay channels which are not constrained by measurements severely. One of
this possibility is invisible decay of Z’.

2.5.1 Summary and the best point

For light Z/(Mz < my), even very small diagonal coupling dramatically changes situa-
tion. LSDL signal now becomes completely consistent with 95% bound, and ¢t + 0/tt + j
ratio also falls within 20 bound. Moreover, m,; distribution becomes much better as well
because huge Z' contributions are (almost completely) gotten rid of. Small diagonal cou-
plings were essential for these consistencies. Asymmetry is also expected to significantly
increase to about 12 ~ 15%. The only issue with light Z’ is that total ¢ production cross
section in dilepton channel shown in Table 2.4 is quite small. Thus we try to increase
coupling constant ax. As shown in Table 2.7 below, not only cross sections become better

but also LSDL signal is safe with 95% bound. Asymmetry now can be as large as 18%.
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tt + 0/tt + j ratio also becomes better. This is our best parameter choice that is also

presented in Section 2.2.

best case (¢ > 0) H 1+j dilepton ‘ Atety ‘ LSDL events ‘ tt+0 tt+j
160 GeV,ax = 0.024 | 7.50pb  5.83pb [ 18.0% | 6.1 | 060 -0.70

Table 2.7: Stronger coupling can make Mz = 160 GeV case much better. Measurable quantities
are shown. Single top study is already shown in Table 2.6.

The light Z’ physics may be potentially discovered through more precise measurement
of cross sections at the Tevatron. As shown in Table 2.4 and 2.5, the lighter Z’, the
more different cross sections in semi-leptonic and dilepton channels. Also, the ratio ¢ + 0
versus tt + 7, or similarly the ratio of single b-tagging versus double b-tagging become more
sensitive to lighter Z’. More accurate measurements of these would be able to probe light
7' physics.

For heavy Z' of My 2 my, those change in cross sections as a function of ¢ are not
as dramatic as the light Z’ case because branching ratio Z' — tu now is a less dramatic
function of ¢. Diagonal coupling c is constrained by many pheno observations, especially by
resonance searches. With allowed small couplings, there are still mild trouble with LSDL
95% bound as shown in Fig. 2.6. Cross section measurements and tt + 0/tt + j ratio can
be consistent for proper value of ¢. Asymmetry is also expected to increase a little bit to
AL =9~ 11%. In all, ¢ ~ 0.3 for Mz < 300GeV (possibly trouble with 95% bound of

LSDL), or ¢ ~ 0.5 for Mz < 230 GeV might be the best among heavy Z’ cases.

2.6 Extension with invisible decay modes of 7’

As discussed in previous sections, importantly, the flavor-diagonal coupling opens up
new decay modes of Z’ which does not involve any top quarks. This property helps the
model avoid too much exotic contributions to top cross sections. Another way to introduce

new decay channels of Z’ is to assume the existence of invisible decays of Z’. In this section,
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we repeat the similar studies presented in the previous section Section 2.5 but by varying
the invisible branching fraction of Z’.

The interaction Lagrangian is the same as eq.(I[.4), but with ey =0
L= gXt’w“PRtZ;L + h.c. (I1.28)

The invisible branching ratio of Z’ is denoted by Br;,, in this section, and is regarded as
a free parameter. The invisible decay of Z’ might be constrained by some measurements
requiring a large missing energy. For the purpose of our study to generally understand the
phenomenology with invisible decay modes, we simply assume that invisible decay is not
constrained. We detail phenomenology of the model as a function of Br;y, in this section.

There have been many clues that we need some sort of new physics sectors quite hidden
from our visible world now but effectively in a contact with the visible world at early
universe or higher energy process. If Z’ plays a role in communicating two sectors, Z’ can
substantially decay invisibly.

It is not difficult to understand what Br;,, plays a role in phenomenology. If branching
ratio of invisible decay is 100%, every Z’ productions are lost (acceptances are zero). Some
portion of final state top quarks would decay to Z’ (if Z’ is lighter than the top), and are also
lost. This portion is purely determined by Br;,,, a free parameter in our consideration. As
invisible decay width decreases, more Z’ events will contribute to various top quark cross
section measurements.

In this section, we also approximate dependence on Brip, as in eq.(I1.27) in Section
2.5. The direct Z’ productions linearly scale with Brj,, (not square of this). Various
cross section observables such as asymmetry, tt total cross section and LSDL all become
linear with Brjp, as shown in Fig. 2.11. Results are quite similar to diagonal coupling case
considered in Section 2.5. However, Br;,, is a free parameter and is more versatile than

ey because ey was constrained by several other measurements.
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red 250 GeV , green 300 GeV . (c) Total asymmetry is also plotted.
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Fig. 2.11 shows that the larger invisible decay, the better situation except for too small
total cross sections. For example, Br;,, = 0.8 makes Z’ consistent with LSDL signal while
some of the cross sections are too small. Maybe we can increase coupling constant ax
without distorting other measurements as we did for My = 160 GeV case above. Then,
probably asymmetry can be as high as 11 ~ 15%. If we want to cure pure t-channel physics
by invisible decay, then Br;,, = 0.6 and stronger ax might be needed for heavy Z’ case.

We have considered invisible decay mode of Z’ as an alternative way to make t-channel
Abelian physics more consistent with data. General theory behaviors are presented as a
function of invisible decay branching ratio which we simply regard as a free parameter.
The result is a positive. However, by considering other measurements with a large missing
energy, this conclusion might be somewhat changed. We do not pursue study in this
direction any more. If the model with the flavor-diagonal coupling is in difficulty in the

future, we may revisit the study in this section as an alternative model building option.

2.7 Conclusion

It has been thoroughly discussed how ¢-channel physics induced by a flavor-changing
interaction between right-handed up and top quarks yield a large positive asymmetry while
being consistent with other cross section measurements. An Abelian gauge symmetry is
considered as a new physics model.

If the true asymmetry at the Tevatron is greater than 15% and is caused by our Z’
theory, the LHC will also have many opportunities to discover its effects. Certainly the
most important effect is again the like-sign dilepton channel. Deviations are more likely to
show up there in the early years of LHC running than through the top quark asymmetry.
The LHC, being a pp machine, must form the asymmetry with respect to the ¢ boost
direction.

One can also conceive of alternative models which do not produce like-sign top quarks
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(hence, like-sign dilepton events). If the particle exchanged in t-channel is complex, this
will distinguish top quarks and anti-top quarks. Consequently, there is no like-sign top
quarks produced. This would be the case for scalar particles as well as non-Abelian gauge
bosons that have flavor-changing couplings of up and top quarks. Consideration of such

models will be an interesting subject in the future.



CHAPTER III

The Four-top-quark Signature of a Low-scale Warped Extra
Dimension

3.1 Introduction

The origin of heaviness of the third generation particles and its possible connection
to physics responsible for electroweak symmetry breaking (EWSB) are still mysterious.
Nevertheless, many candidates of new physics generically end up with either preferential
couplings to the third generation or light partners of third generation. For example, top
quark condensation and its mass are directly tied to electroweak scale dynamics in top-
color models, and top partners are present and possibly lighter than other partners in the
supersymmetry and Little Higgs models.

An extreme case is when new physics couples only to the third generation. This raises a
challenge in discovering such physics at the collider because they are not produced directly
from colliding partons/leptons. A gluon, not being a fermion, is an exception to this
discussion, and can couple to colored new particles. However, such interaction vertices
involve two or more new particles at leading order, which then are only produced in pairs
in simple processes.

Meanwhile, a warped extra dimensional Randall-Sundrum (RS) model [4, 34] is a
promising theory that attempts to explain the large hierarchy between Planck scale and

weak scale. Exponentially warped background geometry is responsible for the huge differ-

40



41

ence of mass scales between two 4D spaces of moderate distance along the extra dimension.

The warped space in the RS model has been further feted by its ability to generate
the flavor hierarchy [35, 36]. The Higgs boson, being localized on the IR brane, feels
only the exponentially warped tail of the bulk wave functions of UV localized fields. By
properly localizing fermions, a wide range for the fermion mass spectrum can be obtained
with anarchic Yukawa couplings. However, this flavor dependence inevitably induces flavor
changing neutral currents (FCNC) mediated by Kaluza-Klein (KK) gauge bosons, and the
RS model of this type generically in conflict with precise measurements of flavor physics.
The strongest among them, for example, are from CP violation ex of the K — K system
which requires the mass of KK states to be Mgg 2 20TeV [37, 38]. When the Higgs
is in the bulk, bounds from ex and € /ex of the K® — 27 process can be relieved to be
Mgk 2 5.5TeV [39, 40] which is still well above the electroweak scale and beyond the
collider reach if the anarchic Yukawa approach is pursued.

On the other hand, if one’s highest priority is first and foremost to explain the Planck-
weak hierarchy, the RS model can be made much more compatible with flavor measure-
ments by assuming cjgns = 0.5' which decouples KK gauge bosons from Standard Model
(SM) fermions and by having some flavor structure. Several flavor structures of the quark
[41, 42, 43] and lepton [44, 45] sectors have been discussed in the literature. Among them,
flavor universality in the RH down sector is very useful to make the theory consistent with
ex measurements with mildly heavy Mgk = 4 TeV [46]. This is made possible by getting
rid of the chiral enhanced left-right mixed current contributions to ex [37]. On the other
hand, in the geometric approach to the flavor hierarchy, there still exists some tension with

several flavor observables that hover around the current bounds.

Another class of flavor structure is to align bulk masses with proper combinations of

LOur definition of the bulk mass parameter ¢ is the usual one, and matches, for example, that given in ref. [35].
By ciight, we mean bulk masses of both left-handed (LH) and right-handed (RH) first two generations.
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anarchic Yukawa couplings [41]. The desired degree of alignment in the down-sector can be
achieved by some bulk flavor symmetries [42], and the flavor bound is as low as the bound
obtained from generic electroweak precision test (EWPT) Mgx 2 3TeV [47]. Further-
more, if the full flavor symmetry SU(3)® is gauged in the bulk and if (fully) hierarchical
Yukawa couplings generated from the flavor breaking at the UV brane are shined to the IR
brane, minimal-flavor-violation is generically obtained and fermion localization is released
from the duty of generating the hierarchy [48, 49]. Consequently, universal cign: ~ ¢, ~ 0.5
is a preferred solution for lighter KK states Mg ~ 1.5 — 2TeV compatible with flavor
physics as well as with EWPT [48].

Model independent global fit studies of EWPT in refs. [50, 51] have also shown that
the parameter space cjgpt ~ 0.5 is a consistent solution allowing light KK states Mgg ~
2 —3TeV in RS models with custodial symmetry [47, 52]. Very importantly, decoupling of
SM KK gauge bosons from SM fermions can render the S parameter small [47]. ¢, the bulk
mass of RH bottom quark, is also somewhat consistently allowed to be around c¢; ~ 0.5.
Although the absolute minimum of the fit may be obtained with c;;45; and ¢, slightly away
from 0.5, this slight deviation is inconsequential if KK states are slightly heavier.

We also remark that by utilizing this special property of the cjgns ~ 0.5 region with
regard to EWPT, warped models of Higgless theory are made more successful [53, 54]. In
this type of theory, light KK states are essential to recover unitarity around the TeV scale.

Whatever the underlying reason may be for it, if cjgn = 0.5 is realized in nature, it
could be difficult to discover RS physics in the standard channel ¢G — g(l) — tt. In this
paper, we study alternative collider signatures of the RS model with cgps = 0.5. Four top

quarks can be abundantly produced via
® qq,99 — tfg(l) associate production

e g9 — gMgM pair production



43

followed by ¢() — tf decays. Four top quarks can then give rise to exciting collider
signatures involving many leptons, bottom quarks as well as sizable missing energy. We
categorize final states by the number of leptons (by “leptons” we mean electrons or muons

here):
e single lepton (of any charge)
e like-sign dilepton (two and only two leptons of the same charge)
e trilepton (three leptons of any charges).

We will aim to estimate the discovery reach of the above multi-lepton channels, but not to
reconstruct four top events nor a heavy resonance. That is for a later study. Also, regarding
the single lepton category, in the case of nonzero left-handed top/bottom coupling, ttbb
events can also contribute to single lepton final states. This process will be considered as
well.

In this paper, we will somewhat model independently assume the parameter space of
clight = 0.5 for the first two generations to decouple KK-gluon from SM light fermions, and
assume the flavor universal structure at least in the RH down-sector, i.e. ¢, = 0.5 universal
to ciight- As discussed, this parameter space can approximately represent the attractive
solution of light Mk ~ 1.5 —3TeV obtained from the EWPT point of view [47, 50, 51] as
well as from the shining model of ref.[48]. Relevant theoretical issues with such parameter
choices will be reviewed and discussed in section 3.2.2.

Four top events have been discussed in several different contexts. Associate production
(ttg'™) in RS models have been studied without emphasis on Clight ~ 0.5 in ref.[55, 56].
These references used kinematic cuts on top quarks themselves which do not take into
account topological characteristics of events such as overlap of objects, missing energy,

number of objects, etc. Compositeness of the top quark can also be probed in the four
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top events [57, 58, 59, 60]; results with the like-sign dilepton (LSDL) observable in ref.[57]
agree with ours. Pair of gluinos in supersymmetry models [61, 62], exotic fermions mixing
with top quark strongly [63], and Z’ coupling preferentially to top quark [64] can also give
rise to four top events.

We first set the model framework and input parameters in section 2. Some theoretical
thoughts on issues regarding cjgnt = 0.5 (= ¢) will be reviewed. Then we present our
Monte Carlo simulation results of discovery potential in sections 3 to 6. One can find
the discussions on boosted leptonic top in section 3.5.2. Section 7 is devoted to discussing
other possible collider signatures competing with four top events and sorting out parameter
space where four top events are most important.

3.2 Model setup

3.2.1 Randall-Sundrum model with custodial symmetries

The Randall-Sundrum model is a five-dimensional theory in the AdS background ge-

ometry [4]. The metric is given by
ds? = e M, datdz” — dy? (I11.1)

where z# (1 = 0, 1,2, 3) are 4D coordinates, and y is the coordinate of the extra dimension.
The extra dimension is compactified to the finite interval 0 < y < wr.. The curvature scale
k is assumed to be k = M, in numerical computation. Exponential warping generates

weak scale Mg from the Planck scale

Mrr
k

= ¢ ke = 10716, Mg ~ O(1TeV). (I11.2)
The Higgs boson is assumed to be localized on the IR brane, but the main discussion in
this paper may be applicable to bulk Higgs case as well.

We assume that electoweak gauge symmetry in the bulk is enhanced with a custodial

symmetry to be SU(2)r x SU(2)r x U(1)x [47] with a discrete parity Prr exchanging
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SU(2)r, and SU(2)g [52]. Custodial symmetry is essential to be consistent with electroweak
precision tests (EWPT), and to protect the accurately measured Zbb coupling [52, 50, 65,
66]. We emphasize that since Higgs-gauge contributions to the 7" parameter has to be
suppressed, custodial symmetry is required regardless of fermion couplings [47]. There are
extra KK particles in order to embed SM particles into extended symmetry representation.
These extra particles will not be needed for our main discussion on four top events, but
they may contribute to additional collider signatures. More discussion on these aspects
can be found in section 3.6.2.

Our focus will be on the KK excitation of the gluon ¢(!) because this feels strong cou-
pling. ¢ satisfies (+, +) orbifold boundary condition? because its zero mode is identified

as SM gluon. Its mass is then given by

and will be used to represent the mass scale of KK states. 5D SM fermion will also satisfy
(+,+) BC, and its bulk mass parameter ¢ determines its bulk wavefunction, hence its 4D
couplings. KK-gluon coupling to SM fermion is shown in Fig. 3.1 [35]. This vanishes at
¢ = 0.5 due to orthogonality of wavefuntion solutions. We utilize this property and set
clight = 0.5 to decouple KK-gluons from light fermions. KK-gluons still couple to gluons
via triple and quartic vector self-interactions with QCD coupling strength [67].

We comment on our notation regarding the bulk mass parameter c¢. Only one 4D
chirality of 5D Dirac fermion will be discussed under orbifold projection. Whether it is LH

or RH Weyl, ¢ = 0.5 is a conformal point where the bulk wave function is flat.

2The boundary condition notation (&, ) has the meaning that + (—) stands for Neumann (Dirichlet) BC of the
field wave functions at a brane. The first (second) BC in the listing is at the UV (IR) brane.
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Figure 3.1: Gauge coupling of zero mode fermions with KK gluon (the first KK gauge boson with
(+,+) boundary condition). gxx = 0 for ¢ = 0.5, and reaches its asymptotic value
gr K =~ —0.2 for higher c.

3.2.2  ¢igne = 0.5 and universality

We summarize EWPT and the flavor physics of the RS models in general. Then we

discuss and review why our assumed parameter space
Clight = ¢, = 0.5 (I11.4)

is attractive. In the parameter space of eq.(II1.4), ¢, is for RH bottom quark, and with
eq.(II1.4) full universality in the RH down sector is achieved.

One can categorize the sources of AS and AT: gauge-Higgs, top/KK-fermion, and
contributions involving light fermions [47, 50]. A custodial symmetry [47, 52] can tame
the gauge-Higgs contributions well, and dominant contributors to negative AT are from
top/KK-fermion sector which couple strongly via large Yukawa couplings. On the other
hand, a global shift of gauge couplings to fermions gives rise to AS (Zbrby, coupling is well
protected by a custodial symmetry). This AS is positive for the commonly assumed case
of ciight ~ 0.6, conflicting with negative AT, which together creates the EWPT tension.
Thus decoupling of SM KK gauge bosons from SM fermions can render AS small and
make light KK states more viable. ¢4 < 0.5 will couple too strongly, which may induce
too large deviations, while cjign; > 0.5 will require too large (non-perturbative) Yukawa

couplings. Therefore, cjgns ~ 0.5 is preferentially obtained in many EWPT studies of RS
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models [50, 51, 48, 53, 54], if one allows such parameter space which is often not considered
in anarchic Yukawa approach.

Universal structure of bulk masses will tame flavor contributions in the RS model. Fla-
vor changing neutral current originating from KK-gluons is induced by generation mixing
as well as mixing of zero and KK modes of fermions. The former source can be seen by
writing gauge couplings in the mass basis (e.g. RH down sector)

Gij = Z(DL)H: gk (D1)jk =~ (Dr)iz g3 (D)3 (I1L.5)
K

where Dy is some unitary rotation matrix. In the second equation, the equality holds
for ciight = 0.5(g1,92 = 0), and approximate equality holds even in the usual RS models
because g3 > g1, 92 [68]. Thus FCNCs are generically suppressed by small mixing angles
whether cjgne = 0.5 or not. In other words, cjigny = 0.5 alone without ¢, = 0.5 does
not improve the flavor situation significantly from usual RS models, e.g. ex still pushes
Mgk 2 20TeV [37, 38].

Given the difficulty with flavor physics from third generation mixture, we essentially
assume universal bulk masses of the full RH down sector, including ¢, as in eq.(II1.4). This
will get rid of RH down-type FCNCs at leading order since the gauge coupling commutes
with the mass matrix in flavor space. Then the bound from ex is greatly reduced due
to the absence of chiral enhanced LR-type four-fermion FCNC [37, 46]. This kind of
universality may be achieved by a bulk flavor symmetry [43, 44, 46] motivated by the
AdS/CFT correspondence [69]. We remark that the choice of eq.(I11.4) actually has been
obtained as an attractive solution allowing Mkx ~ 1.5 — 2TeV in the shining model of
ref.[48] with respect to both EWPT and flavor physics, although in their model there is
some additional alignment and it is not so important to peg ¢, very close to 0.5. In a
somewhat different approach, it has been recognized previously that because ¢, plays a

less important role than cjgpns in the global fit of EWPT, ¢, ~ 0.5 is consistently allowed
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with low KK scale [51]. It is less required from the data point of view, and perhaps less
motivating from the theory point of view, to have cq ; universal with eq.(IIL1.4), and thus we
generally allow it to vary. However, some of the representative cases that we are studying
exploit additional universality in the LH bulk masses (case A and B in the table 3.1) or
RH up-type bulk masses (case C and D).

The implications of the mixing of KK and zero mode fermions as a source of FCNC is
typically smaller [38], but one may suspect that pushing light generations closer to the IR
brane as in our case may enlarge dangerous mixing effects from Higgs. However, Yukawa
couplings become smaller correspondingly, and therefore mixing is reduced. For example,
mixing between KK mode 97 and zero mode ¢% fermions can be written as (by matching

5D Yukawa interaction with 4D effective actions of 4D decompositions ¢"(z))

Cuntowa > [ ateyH@) (17730 (k@) = [ dem i@k o

where zero mode fermion mass my = yv fg f}%, v = (H) is used. f™ is the n-th KK mode
fermion bulk profile evaluated at the IR brane. The KK mode profile is always peaked
around the IR brane; hence, f™ is almost constant with respect to bulk mass while zero

mode f is exponentially sensitive as

(1/2—c)mkre 1 1/92 —
0 _ € _ (1/2=9

o) = N NS i 1 (I11.7)
Therefore, the cjgps = 0.5 case has rather smaller mixing by a factor of ~ e =

0.6)/f%(c = 0.5) ~ 0.1. Once the former source of KK-gluon FCNC is well tamed by flavor
structure, mixing of KK and zero mode becomes a leading source of down-type FCNC
[46]. Now the choice of ¢jigns = 0.5 suppresses such well-measured down-type FCNC by
additional factors beyond the usual RS case. We comment that smaller 5D Yukawa may in-
crease KK-gluon FCNC in anarchic Yukawa approach. If 5D Yukawas are anarchic, fg’u’ 4

determine masses, couplings as well as mixing angles, thus giving relations between them.
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These are given by

i T
mig = oy®P fifh g =P (0P +, (D) ~ fﬁl if j >4 (IL8)
Lj
where - - - represents flavor independent parts of gauge couplings. y°” and ¢°” are dimen-

sionless couplings of the 5D bulk action in proper units of 1/k and 1/ Vk, respectively.
Then eq.(I11.5) becomes

gij ~ fLfty g™ (1.5 <3) (IIL9)
which may increase with smaller 5D Yukawa as f can be larger. However, with hierarchic
Yukawa, the above relations do not hold and the size of 5D Yukawa coupling is, in general,
independent of FCNC gauge couplings.

RS contributions to various dipole operators are relatively suppressed for cign; = 0.5.
Dipole operators of the form fro"” JrEFuw can induce flavor diagonal CP violation such as
the neutron electric dipole moment (EDM) as well as flavor changing processes such as
b — sy and € /ex of the K — 271 process. The neutron EDM is typically estimated to
be an order of magnitude larger [68], and the other two give one of the strongest bounds
on Mg [39, 40]. Since dipole operators are chirality flipping, dominant contributors are
one-loop diagrams in which Higgs and KK fermions are running. These involve at least
two (Higgs) mixing insertions of KK-zero mode fermions which give a relative suppression
factor of about ~ (f%(c = 0.6)/f%(c = 0.5))% ~ 0.01 as similarly discussed above.

Smaller Yukawa couplings and consequent smaller KK-zero fermion mixing suppress
Higgs-mediated FCNC. In addition, universal ¢ can be capable of additional suppression.
If Yukawa couplings between wrong-chirality KK fermions vanish (e.g., between LH SM
singlet and RH SM doublet), Higgs FCNC is safely chiral suppressed by (myign:/M KK)?
because the IR-Higgs boson couples only to 4D chiral modes satisfying the Neumann BC on
the IR brane [38, 70]. However, Higgs FCNC is generically comparable to KK-gluon induced

FCNC with the wrong Yukawa couplings, since wrong Yukawa are generally allowed [71].
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When such wrong Yukawas are identical to corresponding SM Yukawas (which is the case
for the bulk Higgs by 5D covariance), universal ¢ eventually has minimal-flavor-violation
at low-energy as hierarchical (SM) Yukawa couplings are assumed to be the only flavor
spurion (up to non-universal cg and ¢;). Then the leading flavor spurion contribution to

Higgs FCNC is aligned with the mass matrices as
FoYuaV, YuaFua ~ W) FQ Y,y Fua o< Myg (111.10)

because hierarchical Yf’d ~ (th,b) Y..a [48, 71]. Thus, we are safer with Higgs FCNC as well.
We also comment that the degeneracy in ¢ can get rid of radion-mediated FCNC [72].
Another concern of pushing light fermions closer to the IR brane is that higher-dimensional
operators composed of light fermions are not suppressed enough purely by fermion local-
ization. The constraint on ex requires that relevant dimension-six four-fermion operators
need to be suppressed by A > 10° TeV while 10* TeV is required if CP-phase is absent [37].
This effective suppression scale A is defined by the 4D effective action matched with 5D

four-fermion interaction [35, 53]
a -9 ,0+ a - . =
Lip /d4x/\2w?¢?w2¢? = /d4x/dy\/—gw‘lli\llj‘llk\lfl (IIL.11)
pl
where ¥ are zero mode 4D decomposition of 5D Dirac ¥;. a is a model dependent

coefficient. A is then obtained by integrating products of fermion wave functions over the

extra dimension
a a ) 6(4—40)7rk:7"c -1

A2 T MZNT 4—dc

(111.12)

with universal ¢ = ¢jigns. Normalization N is given in eq.(IIL.7). Since cjgny = 0.5 gives
only A ~ 102 TeV, some sort of cancellation or suppression is necessary which can be
achieved by bulk flavor symmetry, for instance. For reference, A ~ 10° TeV is obtained for

Clight = 0.63 — 0673

3Values of A at ¢ = 0.5(0.65) have weak(strong) dependence on the choice of M, (with fixed M;g), as can be
seen by computing the ratios A(M,; = 101° GeV )/A(M,; = 10'¢ GeV) ~ 1.2(7.9) for ¢ = 0.5(0.65). The range for
Clight quoted in the text is obtained for k = M), = 109,106 GeV substituted into eq.(I11.2).
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We express no idealogy as to a theoretical inevitability for c;;gn; = 0.5 besides the data
preferring it. We do note that this is a point of enhanced conformal symmetry and therefore
could have a strong underlying theoretical motivation. One possible connection may be
that when fermions arise from adjoint representations in some D-brane models they are
“born” with ¢ = 0.5 [73]. Strong corrections can push the third generation away from this
value, but the light fermions remain there. Further thoughts on a deeper theory motivation
are beyond the scope of this paper.

3.2.3 Input parameter ranges

We fix cjigns = 0.5 for the first two generations as assumed, and ¢; = 0.5 for the RH b
quark to keep universality of RH down-type bulk masses as discussed.
We now have three free parameters. Two of them are remaining bulk masses of third

generation. We study the following range:

—03<¢, <05, —03<cg<05 (II1.13)

for RH top, LH top/bottom doublet, respectively. Both ¢; and cg are restricted to be less
than 0.5 since otherwise the top Yukawa would be non-perturbative (see Fig. 3.2). Most
of the regions of ¢;,cg < 0.5 — 0.4 allow a perturbative top Yukawa. If cg < —0.5, there
will be a very light custodian which is excluded (see section 3.6.2), so conservatively we
consider the range of cg in eq.(II1.13). Regarding EWPT, a large negative T' parameter
is typically induced unless ¢; 2 0.3 — 0.4, e.g. AT = —0.1 ~ —0.15 for ¢; < 0.2 [50, 51].
For general purposes, we study a rather wide range of —0.3 < ¢; as in eq.(II1.13), but will
focus on cases that are preferred by EWPT (e.g. ¢ 2 0.3 — 0.4 in case C and D in the
Table 3.1) when it is relevant. We refer the reader to section 3.6.2 for more discussions on

cq and ¢; with respect to other collider searches.

The last free parameter is the mass of KK gluon Mggk. We study following range of
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Figure 3.2: Contours of the required 5D top Yukawa a; = (yPPk)?/4m to obtain top mass ~ v.

Mgk

1TeV < Mgk < 3TeV. (I11.14)

Previous studies have focused on narrow correlated parameter sets consistent with EWPT
that are within the range of such light KK states. However, we study collider phenomenol-
ogy without being too much restricted a priori by these concerns, but comment on those
constraints when relevant.

We choose to present results using specific choices of parameters. Four representative
cases that we use are listed in Table 3.1. Mg g will be varied within the range above for
each of the four cases. We comment that the coupling sets C and D resemble the EWPT-
favored parameter space found in ref.[50, 51], and even favored by flavor physics in the
shining model of ref.[48]. Coupling sets A and B have additional universality structure
in LH bulk masses, and case C and D have universal RH up-type bulk masses. These
additional structures are not strongly necessary, but may be useful reference points.

3.2.4 Monte Carlo pathology

We have used MadGraph/MadEvent v.4.4.42 [74] for Monte Carlo event generation.

CTEQ6M PDF set [75] is used with scale choices of ur = pr = v/5/2, where § is the
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Set A 9:=4,90=0,9,=0 ¢t ~0.016 ,co=c, =05
Set B| g:=2,90=0,0,=0 ¢t ~ 0305, co=c,=0.5
Set C | g:=0,90=35,g,=0 ¢t =05,¢c9~01,¢=05
Set D | g:=0,90=2,9=0 | c;=05,cq~0.305,c,=0.5

Table 3.1: Set of parameters that we use to represent the results. Couplings are in units of ggcp-
Third column shows values of third family bulk masses that will give corresponding
coupling strengths. The first two families are always assumed to have cjign: = 0.5.

partonic center of mass energy squared. The KK gluon coupling strength is assumed to run
according to the QCD beta function. NLO corrections are not included. Since a KK gluon
is a broad resonance, the narrow width approximation (on-shell production and subsequent
decay) is not a good approximation. For light Mg MadEvent produces 5 —20% difference
between cross sections from on-shell-and-decay and full matrix element computations, but
a rather large difference of up to ~ O(100%) for heavy KK states Mg 2 2 —2.5TeV. We
have generated the full matrix elements of t#tt and t£bb production in MadGraph/MadEvent
to take into account broad resonance effects, and we decay top quarks using BRIDGE [76].
All results are obtained for /s = 14 TeV LHC. We assume a luminosity £ = 100 fb~* when
a value is necessary.

Cross sections of pp — titt, ttbb via g1V are plotted in Fig. 3.3. Representative cases
of gV interacting only with RH top (dashed lines), and ¢(!) interacting only with LH
top (solid lines) are shown. One qualitative feature that this plot shows is that cross
sections in the light Mk region are governed by vector self-interactions (between gluons
and KK gluons). The dependence on fermion couplings is mostly in the branching ratio
Br(g) — t#). Two dashed lines (solid lines) have the same Br(g®) — t£) = 100% (50%) *
and thus they approach a common value in the light Mg g limit. However, fermion coupling
dependence becomes important in the heavy Mgk region because vector self-interactions
contribute only to pair production of ¢! that drops more quickly than the associated

production.

4We ignore KK-gluon decays into KK-fermions because the parameter space with heavy KK-fermion is our interest.
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Figure 3.3: (Left): o(pp — titt) for coupling set A B(dashed lines) and C,D(solid lines). (Right):
o (ttbb) for set C(upper dot-dashed) and set D(lower dot-dashed). Corresponding o (t#tf)
are also shown as solid lines for comparison. Coupling sets can be found in Table 3.1.
Vs =14TeV at LHC.

The other notable feature in Fig. 3.3 is the effect of the bottom coupling in ¢ttt pro-

1) — tt) which shows up in

duction. Bottom coupling changes the branching ratio Br(g(
two ways: reduction of the total rate, and weaker dependence on Mg . Both effects can
be observed by comparing case B (lower dashed) and case D (lower solid) lines in Fig. 3.3.
They have the same size of top coupling; one is LH (solid) and the other is RH (dashed).
However, the LH case has a lower rate of four top due to smaller branching ratio into tt.
More interestingly, two lines behave differently with Mg g: the RH case (dashed) drops
more quickly with Mg k. The smaller branching Br( g — tt) of the LH case will suppress
pair production (g™ g(") — ttf) more relative to the associated production (ttg(t) — titt).
As pair production phase space quickly becomes smaller with Mg i, the LH case will have
weaker dependence on Mg k.

tthb events are also produced if the LH top coupling is turned on (i.e. 9o # 0). This
can contribute to single lepton and opposite-sign diletpon final states. The rate is usually
higher than four top production by a factor of 4 — 8 as bb phase space is larger than tf
(see Fig. 3.3). However, leptons in t£bb generally must come from tf pair and this topology

resembles that of the main SM background ¢t. Indeed, it turns out that the majority of

tthb events are cut out by event selections efficient for SM ¢t background reduction. For
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the single lepton final state, the ¢tbb contribution is larger than the ¢ttt contributions only
by a factor of 1 — 2, so do not lose much discovery capability.

One concern about tZbb is the reliability of the Monte Carlo cross section calculation.
The dominant contribution to t#bb comes from bbg(!) associated production in which a
large theoretical uncertainty of bb cross section may be present. Theoretical uncertainties
originate from possible small scale choices, log enhanced IR contribution from collinear b
production, etc. Thus this process should be studied more carefully once we can normalize
the Monte Carlo simulation properly with real data. Here, we simply take minimal cuts
on the bb pair to partially avoid such complications. Those are AR(b,b) > 0.1, pr(b) >
10GeV , my; > 10GeV .

We now comment on our background study.

Many dedicated studies of multi-lepton final states have been carried out in the litera-
ture. Our strategy is to use some of those available results and compare our signals with
them to estimate discovery potential of the four top channel. Most background studies
are aimed at heavy resonance searches as in our case. We shall see that some common
features of heavy new physics enable our four top signals to beat SM backgrounds. By
working with many different background studies suited for different models, we will be able
to capture important qualitative features of our four top signals. We comment on some
useful different features of the four top signals when it is appropriate.

Multi-lepton background results used in this paper are from several supersymmetry
searches probing different parts of the parameter space [77, 78, 61], searches of exotic
fermions coupling to the third generations [81, 63], search of the light Higgs in the WH —
WWW channel [79, 82], and search of compositeness of top quark [57]. Among them, ref.
[77, 78] are main sources that we use to analyze our results.

We do not carry out a fully detailed collider study including detector effects, optimizing
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cuts, and studying fake or mis-measurement ratios. That will be done at the appropriate
time by the experimental groups after understanding LHC detectors well with real data.
Further optimizations of the event selection are not done here because signal cross section

is already small (~ 10fb), around the upper limit of discovery reach.

3.3 Like-sign dilepton topology

Like-sign dilepton (LSDL) final states are defined as two and only two leptons (i.e.,
electrons or muons, but not tau leptons) with same charge accompanied by sizable missing
energy. This is quite rare in the SM, which makes it one of the most promising signals of
four top quark production when the goal is restricted to the first stage of just determining
if there is beyond the SM processes at work in the data. We shall describe the background

contributions and estimate the prospects of detecting the beyond the SM signal.

3.3.1 Comparison with background studies from supersymmetry searches
Following ref. [77], we employ the cuts:
e LSDL event selection set # 1:

1. only LSDL with pr > 20GeV, |n| < 2.5, AR;; > 0.3

2. at least two jets with pr > ES., |n| < 3.0, no b tagging

3. Episs > ¢

These cuts are optimized for supersymmetry searches, but we find them reasonably well
optimized for the four top signatures we have in mind here. Ef is a useful variable that is
to be varied to see the discovery reach because new physics contributions are likely to be
higher pr than SM backgrounds. Leptons are from long decay chains, and thus mild pr cuts
are used. Note that AR;; > 0.3 is not the standard isolation cut (AR;; > 0.4) that is used

commonly now by ATLAS, CMS groups (e.g. see ref.[78]). This will slightly overestimate
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the potential of LSDL observable as can be deduced from Table 3.8. Also, |n;| < 3.0 is not
likely to be the standard choice (2.5), but this modification is very insignificant since high
pr objects are generally very central.

Cross section results of signal and background (from ref. [77]) are shown in Fig. 3.4.

The 50 discovery reach of the cross section is also shown in the right panel by using

L- signa
S _ L Tignal o o (II1.15)

VB /L Otkga

where the luminosity £ = 100fb~! is assumed.

For the strong coupling case A, M ~ 2200 GeV can be probed with optimized choice
of B ~ 250 — 350 GeV while Mgr < 1700GeV is accessible for the weaker coupling
cases B and C. Since the background drops more quickly than signal with E7, discovery
reach with lower E7 value is smaller. For higher values of Ef, the issue is then small
number of signal events rather than suppressing background. If we require having at least
10 signal events (equivalent to ogignqa = 0.1 fb after cuts) to claim evidence of new physics,
E% 2 300—350 GeV should not be taken for heavy My ~ 1.7—2TeV. However, a simple
ratio of signal and background ogignqi/0piga increases even for very high Ef 2 350 GeV
for all cases (see the left panel).

In the LSDL channel, either lepton must come from a g™)’s daughter top. This top is
likely to be boosted, and its lepton is less likely to be isolated from jetty activities. We

study this lepton-jet collimation issue in detail in section 3.5.2.

3.3.2 Comparison with other LSDL studies

We compare our signal with several other background studies suited for different models.
Two are from gluino pair production [78, 61], one from four-top composite operator [57],
and the other from pair production of heavy exotic quarks decaying to tWW [63]. Kinematic

cuts are varied between those references, and they seem to consider somewhat different
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Figure 3.4: LSDL results for case A,B,C from top to bottom. (Left): LSDL cross sections after
LSDL #1 cuts. Background (thick solid) from ref.[77] and signal for Mg g = 2000 GeV
(dot-dashed), 1500, 2500 GeV (dashed). (Right): Same plot as the left panel, but the
corresponding 50 reach with 100fb™" of data is shown as a solid line.
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| Mg (GeV) | 1000 | 1500 | 2000 | 2500 | 3000 |

efficiency of LSDL #2 cuts | 4.3 % | 28 % |23 % | 1.9% | 1.3 %
o (tttt) o+ efficiency (fb) ~90 | ~25 | ~03 | ~0.06 | ~0.01

Table 3.2: LSDL results. Efficiencies (including branching ratios) under cuts #2, and signal cross
sections after cuts for case A is also shown.

sets of background processes. However, final backgrounds after cuts are all about 3 —7fb.
So we simply compare our signal cross sections with this value of background cross section.
We impose the following kinematic cuts that resemble the strongest set of cuts among

the references listed above:
e LSDL event selection set # 2:

1. jet: leading pr > 100 GeV , pr > 80 GeV , [n| < 5, and n; > 4, no b-tagging.

2. only LSDL lepton: leading pr > 50GeV , pr > 25GeV , || < 2.5, AR;; > 04

3. ERiss > 20GeV .

Note that multi-jet requirement may underestimate our signal sample because our sample
does not take into account initial/final state radiations. We have tried to vary number
of jet requirement and checked that selection efficiency changes by a factor of ~ 2 within
nj >3 —5.

Event selection efficiency for several values of Mg are given in Table 3.2. Four-top
cross sections multiplied by efficiency and branching ratios are also shown. Given the
background cross sections of about 3 — 7fb, 100fb ~! of data can achieve 50 significance
if the signal cross section after cuts is greater than about 0.9 — 1.3fb. So it is likely that
Mg < 1600 GeV for coupling set A can be probed with event selection #2 using much

milder py cuts than #1.
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3.4 Single lepton final states

The single-lepton observable (11 + high pr jets + E;l”ss) is studied in this section.
Later in the section, we briefly study multi b-tagging method, instead of requiring high pr

objects which seems to be more suited for supersymmery searches.

3.4.1 Discovery potential
Following ref. [77] we use following cuts:
e Single lepton event selection #1:

1. only one lepton with pr > 20GeV , AR;; > 0.3, |n| < 2.5

2. at least two jets with ppr > ES., |n| < 3.0

3. Emiss > ¢ Mp(l, ETiss) > 100 GeV

where the transverse mass My is defined using transverse four-vectors of a lepton plT and
MiSS

transverse missing energy p7*** (treated as a light-like four vector pointing perpendicular

to the beam axis). It is defined as
ML BJ*) = 2BRER — pl - g™, (11L.16)

Transverse mass will be around the W boson mass if the lepton and missing energy are
from a single W boson, hence effectively suppressing SM backgrounds with missing energy
from W — lv. This will also suppress the contribution from KK gluon mediated bbtt since
leptons generally must come from ¢t as discussed in section 3.2.4.

We comment that if we modify the old lepton isolation criteria used here to the more
standard one (i.e. AR;; > 0.3 — 0.4), event selection efficiency is not necessarily reduced.
This is simply because many multi-lepton events (n; > 2) will now have higher chances
to contribute to the single lepton event samples with tighter lepton isolation. Refer to

section 3.5.2 for discussions regarding lepton isolation and lepton-jet collimation issues.
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This modification brings only about a 0(0.1)% efficiency change. Also, the modification
In;] < 3.0 = 2.5 introduces negligible changes.

Cross section results are shown in Fig. 3.5. The strong coupling case A can be probed
up to Mgx ~ 2000 GeV with Ef 2 350 GeV while case B has lower discovery reach of
about Mg S 1700GeV. Case C can reach Mgx ~ 1950 GeV with Ef 2 350GeV,
which is better than what can be obtained in case B. On the other hand, in the like-sign
dilepton and trilepton searches, case C has a lower discovery reach than case B (see Fig. 3.4
and 3.6). This better discovery potential of case C here is due to the larger contributions
from t£bb that only exists for case C and D. By the same reason, we will see that case C has
the highest discovery potential in the single lepton channel while case A and B typically
do not.

It is interesting to compare the above results of cut #1 with results obtained by very

similar cuts used by the ATLAS Supersymmetry group (p.1597 of ref.[78]). Those new sets

of cuts are
e Single lepton event selection set #2:

1. only one lepton with ~ pr >20GeV, AR;; >04, |9 <25

2. no additional leptons with  pp > 10 GeV

3. at least 4 jets with  pp > 50GeV , and leading pp > 100 GeV . |n| < 2.5

4. EP% > maxz(100 GeV, 0.2Hr). For heavy resonances, always 0.2H7 > 100 GeV .
5. Mp(l, EM¥ss) > 100 GeV, Hp >800GeV, Sy >0.2

Cross section results are shown in the Table 3.3. The 5o discovery reach of cuts #2 is

o(tttt) - ef f 2 3.2 fb [78] that is interpreted as Mgx < 1600 GeV for set A from the

~

Table 3.3. This is a lower reach than what can be obtained using cuts #1.
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Figure 3.5: Single lepton results for case A,B,C from top. (Left) Single lepton cross sections after
cut #1. Background (thick solid) from ref.[77] and Mg = 2000 GeV (dot-dashed),
1500, 2500 GeV (dashed). (Right) Same plot as the left panel, but the 50 reach with
100 fb~" of data is shown as a solid line.
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| Mgk (GeV) | 1000 | 1500 | 2000 [ 2500 | 3000 |
efficiency of single lepton #2 cuts | 3.1 % | 3.6 % | 3.9% | 45 % | 52 %
o (tttt) 4+ efficiency (fb) 68 4.3 0.58 | 0.15 | ~0.05

Table 3.3: Single lepton results. Efficiencies(including branching ratios) of event selection #2, and
case A signal cross sections after cuts are shown.

Cuts #2 resemble cuts #1 in the sense that high E}mss and M7 cuts are used to suppress
backgrounds. However, the high pr jet requirement (pr 2 350 GeV ) in set #1 is replaced
by high multiplicity jet topology (nje > 4) in set #2, and the former wins in our case.

High pr objects are very useful probes of new physics beyond the SM as usually expected.

3.4.2 Three b-tagging method

In the discussion above we have found to be true the expected qualitative result that
utilizing high pr jets is very useful in the search of new physics. Four top events in RS
models is no except, and we can take advantage of high pr cuts on jets and missing energy
just like in supersymmetry as we saw in the previous section. However, RS four top events
have qualitative differences from supersymmetry events.

RS four top events via KK-gluons have generically smaller missing energy than su-
persymmetry events. Cascade decays of supersymmetry particles typically end up with
energetic neutrinos from heavy particle decays and/or heavy LSPs. These give rise to large
missing energy. RS also predicts heavy particles decaying to neutrinos (e.g. KK excited
W boson). However, decay chains of KK particles in our scenario quickly ends up only
with SM particles, thus the majority of neutrinos are from W boson decay, with ultimately
somewhat softer missing energy spectrum. Moreover, most leptons in RS four-top events
are from W boson decays (not from heavy particle decays such as gauginos). Although
the W bosons could be boosted somewhat by being daughter particles of heavier KK state
production, the M7 between a lepton and missing energy will nevertheless be more likely

to be around the W boson mass than in the supersymmetry case.
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Given these observations, we study an alternative single lepton observable. We impose
rather milder cuts of E%”SS and M7, and additionally a three b-tagging requirement (to

suppress backgrounds):
11+ > 3 b-tagged jets + mild pr jets, Emss (I11.17)

The simultaneous existence of a single isolated lepton and three b-jets are rare in the
SM. We comment that a b-tagged jet does not have to be in reality a b-jets, but can
also be a (boosted) top-jet which can increase discriminating power. Similar observable
has indeed been used to search supersymmetry in ref.[80] based on the default ATLAS
b-tagging algorithm (suited for non-boosted b-jets), and it has resulted in SM background
of O(100)fb which might still be too large for our four-top signal [80]. We use following

event selections of the alternative observable
e Single lepton event selection cuts #3:

1. Definitions of jet, lepton from cuts 1,2,3 of event selection #2.
2. At least 3 b-tagged jets, and b-tagging efficiency ¢, will be varied.

3. ERiss >100GeV, No My cuts, Hr > 1000 GeV .

Optimization of this alternative observable using three b-taggings, and consequent com-
parison with the previous results using high pr objects shown in Fig. 3.5 are interesting,
but will be a future project. High cuts on Hrp, scalar sum of pr of all objects in the event,
is almost harmless for signal [57, 84].

Major backgrounds are categorized in Table 3.4. Category (a) have > 1 lepton +
no b-jets, category (b) have > 1 lepton + 2 b-jets, and category (c) are none of these.
Due to small number of b-jets in category (a), highly efficient b-tagging of rejection about
~ 200 — 400 can suppress backgrounds (a) below ~ 0.1 fb (where 10 events are obtained

with 100 fb_l) with a reasonable value of event selection efficiency times branching ratio
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’ Backgrounds Cross sections
(a) W/Z+ jets, WZ+ jets o ~8x 107 fb with pr(j) > 10GeV
(b)  tt+ jets, W/Z + bb o ~9x10°fb
(c) bb, tibb o (bb) =~ 2 x 108 fb with pz(b) > 40 GeV

Table 3.4: Categorization of major backgrounds to single lepton observable in eq.(II1.17). Back-
ground numbers are taken from ref.[79] (see also refs.[80, 81]).

~ O(1%). To suppress (b), which already have several true b-jets, one may need to require
a certain number of boosted objects (e.g. top) because b-jets from SM top quarks may
resemble QCD background jet characteristics more than a boosted object. If a boosted
jet-tagging algorithm can obtain a powerful rejection factor of ~ 200 —700 and if tagging of
two boosted objects is required, category (b) can be negligible. For bb in (c), by assuming
jet-lepton faking rate of ~ 1074 —107° and the probability of isolated leptons from leptonic
decay of a b-jet about ~ 1075 (e.g., see ref.[78, 79]), expected additional rejection (from lack
of three b taggings) of greater than ~ 100 is enough to get rid of bb backgrounds. The small
cross section ~ 1 pb of SM ttbb may render this background negligible even though its event
topology resembles some of our signal. We note that such a highly efficient (boosted) jet-
tagging algorithm desired has been discussed in ref.[83] in the context of boosted leptonic
top tagging. Rather than estimating these backgrounds more accurately, which are subject
to large uncertainties (fakes, mis-measurements, etc.), we simply study the discovery reach
as a function of b-tagging efficiency €, with our reasonably assumed small backgrounds of
< 0.1fb.

Results are shown in Table 3.5 for several values of b-tagging efficiency €,. With our given
estimate of backgrounds, which may be optimistic compared to what a full experimental
study would conclude, discovery reach is quite high around 3 TeV. Given that this may
be one of the best signatures, it would be interesting for experiments to carry out a full
simulation to compute precisely the rejection factor from lepton isolation and also the true

b-tagging efficiency for Mgy = 2TeV.
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Single lepton e, =40% | e =50% | €, =60% | €, = 100%
Mgk = 1500 GeV | 2. 7% (1.4%) 8 (2.5) 5(3.9) | 20.3 (11.3)
2000 GeV 6 (1.3) 7 (2.3) 3(3.7) | 19.9 (11.5)
2500 GeV ( 0) ( 8) 9(2.9) | 189 (8.8)
3000 GeV 4 (0.8) .3 (1.5) 8(2.4) | 18.8 (7.5)
10 signal A events 2400 GeV 2600 2800 ~ 3200
10 signal C events 2500 GeV 2700 2900 ~ 3200

Table 3.5: Efficiencies with single lepton selection #3 utilizing three b-tagging. b-tagging efficiency
€p is varied. Results of ¢ttt (£tbb) event samples are shown, respectively. Maximum M
giving rise to 10 signal events at £ = 100fb™" is also shown for points A and C.

3.5 Trilepton search

The trilepton observable is three charged leptons of any charges plus either EF¥* or
high pr jets. All events have either (+ + —) or (— — +) charge combinations in our case
since the total charge of two colliding partons do not exceed +1. We include both charge

combinations.

3.5.1 Discovery potential

First, we use cuts in ref.[77], which were originally employed to reduce backgrounds for

supersymmetry searches:
e Tri-lepton event selection set #1:

1. Only 3 leptons with pr > 20GeV, |n| < 2.5, AR;; > 0.3
2. At least 2 jets with pr > Ef., |n| < 3.0, no b-tagging

3. Emiss > E¢

The cross section result as a function of Ef is shown in Fig. 3.6. Heavy resonance searches
in the trilepton channel suffer from the small branching ratio into three leptons. For 2-TeV
resonance, the cross section is well below ~ 0.1fb (which gives 10 number of signal events)
1600 — 1700 GeV is within reach

in most of parameter space. For case B and C, Mgk ~

with a mild Ef ~ 150 — 200 GeV cut. However, Ef ~ 200 — 250 GeV can probe strong
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Mgx 1000 GeV | 1500 GeV | 2000 GeV | 2500 GeV | 3000 GeV
efficiency of cut #2 | 1.66 % 1.11 % 0.75 % 0.65 % 0.47 %
o (tttt) 4- eff 36 fb 1.2 fb 0.08 fb 0.01 fb 0.001 fb

Table 3.6: Tri-lepton results with trilepton cut #2. Case A signal cross section is shown.

coupling case A still up to about Mg ~ 1900 GeV .
Second, we consider more relaxed event selections following an ATLAS report (see page

1603 of ref. [78]).
e Tri-lepton event selection set #2:

1. At least 3 leptons with pr > 10GeV , |n| < 2.5, AR;; > 0.4
2. At least 1 jet with pp > 200GeV , |n| < 2.5, no b-tagging.

3. No Ej"fiss cuts

After cuts, o(tt) ~ 11fb and o(ZW) ~ 1fb remain dominant backgrounds. The signal
cross section of 1.7fb is required after cuts for 50 discovery with 100fb~! of data. Signal
efficiencies are given in the Table 3.6. 50 discovery is possible for Mg < 1450 GeV , which
is lower than what can be obtained using the set #1 cuts above.

ref. [78] (pages 1604-1605) has studied another set of cuts using EZ"** but without
any jet requirements. This might be more efficient for some supersymmetry scenarios.
However, a large background of ~ 70fb remains. Due to the small four-top cross sections,

this approach is not suitable for us.

3.5.2 Identification of boosted leptonic top quark

Some leptons come from a top quark which is a daughter of ¢g(!). This ¢(!)’s daughter
top quark is likely to be boosted with high pr ~ Mg /2 ~ 1TeV, and its decay products
are likely to be collimated. In the detector, a lepton is typically well-defined when it is
well isolated from jetty activities (e.g., see ref.[78]). So many leptons might be lost. In

this section, we study how serious the lepton-jet collimation issue is in our multi-lepton
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Figure 3.6: Tri-lepton results for case A,B,C from top to bottom. (Left) Tri-lepton cross sections
after Tri-lepton cuts #1. Background (thick solid) from ref.[77] and Mgk = 2000 GeV
(dot-dashed), 1500, 2500 GeV (dashed). (Right) Same plot as the left panel, but the
50 reach with 100 fb~! of data is shown as a solid line.
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LSDL Ef =100GeV 300 GeV
Mgg =1500GeV | 2.3% — 3.7% 0.75% — 1.3%
Mgg =2000GeV | 2.0% — 3.7% 0.85% — 1.7%
Mgg =2500GeV | 1.7% — 3.5% 0.79% — 1.8%
trilepton Ef =100 GeV 300 GeV

MKK = 1500 GeV
MKK = 2000 GeV

0.81% — 1.8%
0.51% — 1.7%
0.52% — 1.8%

0.21% — 0.59%
0.15% — 0.72%
0.19% — 0.89%

Table 3.7: Efficiency changes by AR;; > 0.4 — 0.2 to see lepton-jet collimation. LSDL, trilepton
event selection #1’s are used, respectively.

observables, and discuss possible improvements based on leptonic top tagging. Since the
single lepton channel has a quantitatively different answer, we discuss them separately at
the end of the section.

First, we compute how much leptons overlap with some jets in the LSDL and trilepton
final states. Table 3.7 shows how event selection efficiency changes when lepton isolation
criteria is loosened AR;; > 0.4 — 0.2 (with event selection #1’s). We see that in many
LSDL events and the majority of trilepton events there are non-isolated leptons with the
standard isolation criteria. Moreover, collimation becomes more important for a heavier
resonance as its daughter top will be more boosted.

Second, we estimate how much lepton-jet collimation is really due to boosted top quark
decays (not by random overlapping). If it is, lepton will be collimated with the b-jet from
the same top quark (without parton showering). Table 3.8 shows the change of efficiency
when such a lepton is also counted as an isolated lepton. If a boosted leptonic top can be
efficiently identified, we can count such a leptonic top as an isolated lepton. ref. [83] has
recently discussed such efficient leptonic top tagging where tagging efficiency of ~ 80% is
obtained with a rejection ~ 103 — 10%.

Results with standard isolation AR;; > 0.4 is shown in Table 3.8 to see the importance
of the collimation problem in the future measurements based on such standard isolation

criteria. Efficient id of leptonic top can then enhance the trilepton signal events by a large
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LSDL

ES =100 GeV

300 GeV

MKK = 1500 GeV
MKK = 2000 GeV
MKK = 2500 GeV

2.3%(3.1) — 3.5%
2.0%(2.9) — 3.9%
1.7%(2.4) — 3.8%

0.75%(1.0) — 1.2%
0.85%(1.3) — 1.9%
0.79%(1.3) — 2.1%

trilepton Ef =100GeV 300 GeV
Mgk =1500GeV | 0.81%(1.3) — 1.8% | 0.21%(0.39) — 0.65%
Mgk =2000GeV | 0.51%(1.0) = 1.9% | 0.15%(0.41) — 0.93%
Mg =2500GeV | 0.52%(1.1) — 2.2% | 0.19%(0.48) — 1.1%

Table 3.8: Efficiency changes by leptonic top quark id (refer to text) to see lepton-b collimation
inside a top jet. AR;; > 0.4(0.3) with event selection #1’s are used. Final efficiency is
almost the same for both lepton isolations.

factor of 2.5 — 6, and the LSDL signal by about 1.5 — 2.5 with standard AR;; > 0.4.
Leptonic top id will be more useful for heavier ¢(*) with higher EY as can be seen by the
higher rate of increase in the table. It is clearly because collimation is due to high pr
boosted objects; the heavier ¢!, the more boosted top, and high Ef makes us focus more
on such high pr objects. In addition, signal-to-background ratio is smaller with higher E%.
(see Fig. 3.4 and Fig. 3.6). By comparing AR;; > 0.3 values in Table 3.8 with Fig. 3.4 and
3.6 (recall that event selection #1’s use this lepton isolation), we estimate that 50 reach
can be extended by about 100 — 200 GeV . By comparing Tables 3.7 and 3.8, we also see
that most lepton-jet collimation happens inside a leptonic top jet. Given this potential
improvements, it would be interesting to do more detailed study of id of boosted leptonic
objects.

The single lepton observable, on the other hand, would not take advantage of leptonic
top tagging. From Table 3.9, we see that single lepton event samples become rather smaller
with the looser lepton isolation condition AR;; > 0.4 — 0.2, or with efficient leptonic top
tagging shown in the last column (in the last column, as we did before, we include lepton
if it is collimated with the b-jet from the same top quark). This is because many single
lepton events are actually contributed from multi-lepton events (n; > 2) by losing some of

their leptons. So including more leptons would take these contributions out of the single
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Single lepton Mgx =2TeV | AR;; > 04 — 0.2 | AR;; > 0.4 — 0.6 | lepton-b jet inclusion
E$ =200GeV 7.04% — 6.56% 7.04% — 6.02% 7.04% — 5.82%
ES$ =400 GeV 2.43% — 2.39% 2.43% — 2.01% 2.43% — 2.04%

Table 3.9: Efficiency changes due to several modifications described in the first row for two choices
of Ef. Single lepton event selection #1 is used with Mg g = 2000 GeV to produce this
table.

lepton sample pool. Given this observation, we try to tighten the lepton isolation criteria
ARj; > 0.4 — 0.6 to see if we can have larger single lepton samples. The answer is no as
shown in Table 3.9. Thus, we find that the standard lepton isolation criteria is suited for

the single lepton observable that we employ.

3.6 When is the quadruple top production most important?

We discuss other possible collider signatures in the present model. One type of signature
is based on the prospect that ¢(!) couplings to light quarks might be somehow induced.
Also, there are many other KK particles that can be very light or can interact with light
fermions. Our goal is to describe the parameter space where the four top production is the
most important.

3.6.1 Light quark couplings to ¢(!)

The standard search channel ¢§ — ¢(!) — ¢t at the LHC will be dominant over four
top production even for small light quark couplings. How close should cj;4n¢ be to 0.5 to
suppress the standard channel enough? It is usually claimed that Mg < 4 — 5TeV with
gl"il;ht ~ 0.2ggcp can be accessible around the resonance m;; ~ Mg £ T'gk [85]. The tt
production ratio of a 2-TeV and 5-TeV g(l) is approximately ogo/0g5 =~ 100 — 200 with
similar signal to background ratios So/Bs ~ S5/Bs after signal kinematic cuts (with hard
jet cuts or mildly efficient top-tagging rejecting QCD dijet by a factor of ~ 10) [85]. We

find the required suppression factor e = (gj7,/ gfil;ht)2 (9iighs 18 our smaller couplings) of
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the 2-TeV cross section to have statistical significance similar to that of 5-TeV signal is

(€0s2) L os5L
VopaL VopsL

(111.18)

Using signal to background ratios quoted above, we obtain

e/ ogal ~ \JossL (I11.19)

which gives

11
7% - (I11.20)

€ =~ ~ .
059 10 20

Thus gl"igzt < 0.04 — 0.06ggcp will suppress the 2-TeV g(l) signal in the ¢t channel below
the discovery reach. Thus, from Fig. 3.1, 0.49 < cignt S 0.51 is the region where the four-
top production is the primary (at least useful complimentary) channel of the RS discovery,
which is our region of interest.

Another source of light quark couplings is through the mixing of gauge eigenstates.
CKM matrix elements between the third and the first two generations are nonzero. From
the above estimation of the range gjigns < 0.04—0.06ggcp with typical coupling strength of
third generation giop ~ O(1)gocp, the mixture of third generation in the first generation
should be of < O(1)% which is fine with small CKM element V4 ~ 0(0.001) although
precise numbers might be model dependent.

Higher order corrections exist. The effective interaction vertex of g — g — ¢g(!) can
be induced by strongly coupled top quark loop. As the theory is chiral, an anomaly
cancellation mechanism should be specified to estimate the finite triangle loop contribution.
This has been estimated to be negligible with Chern-Simons term [56]. Another effect of
loop corrections to bulk masses of a few percent may exist [86]. This correction may be
quite small, but if it is larger than the characteristic range of ¢ that we need for four top

production, it merely shifts the original value of ¢j;¢n¢ such that after corrections the tuned

value is near cjigps = 0.5.
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3.6.2 Targeting other KK particles

Successful custodial protection of the T parameter and Zbzby, coupling is based on the
custodial symmetries SU(2)r X Prr. Extra KK gauge bosons therefore exist. Also, SM
particles should be embedded in a full representation of the custodial symmetries. This
implies that there are exotic fermions (custodians) as well. We review collider searches of
such KK particles and find the region of parameter space in which four top production is
primarily important.

In order to protect the SU(2)r coupling part of the bottom quark (which has been
measured with most precision among third generation couplings), the SM doublet should

be a bi-doublet under SU(2);, x SU(2)r [52]

tr tr(+,+) Tp(—+)
= (111.21)

b, b (+,+) Br(—+)
where SU(2) gy acts vertically (horizontally). Orbifold boundary conditions are chosen in
such a way that the SU(2)g is conserved on the IR brane and only SM particles have zero
modes. On the other hand, the RH top should be embedded into a singlet or triplet under
SU(2)g in order to have a Yukawa coupling (Higgs is residing in (2, 2) representation) [52].
If tp is embedded into a triplet, another triplet is required by Prr. We will simply assume
a singlet tp.

tr = (tr(+,+)). (II1.22)

Effects of the new particles in triplets (if tg were in a triplet) on EWPT is not that
significant [50].

Collider searches of exotic fermions have been carried out in many places. Electroweak
singlet t}% mixing with the top quark can be probed in its pair production followed by

subsequent decays to bW. 5o discovery reach is estimated to be about Mt}% ~ 1TeV



74

Mk / (k €7

M
3

(++) gauge

(-+yoage 5

(—+) fermi

L L L L L [ L L L L L L L L L C
-05 0.5 1.0

Figure 3.7: Masses of the first KK gauge boson and (LH) fermions in units of M;p = ke~™*". Two
types of orbifold boundary conditions (4, +) and (—,+) are shown. KK gauge masses
are Mg ~ 2.45(++), 2.405(—+)M;r. EWSB mixing effect is ignored.

[87]. b} and T can also be pair produced and decay to tW via mixing of their SU(2),
partners with top quark. Strategy based on jet mass can achieve Mbi ~ 1TeV 50 discovery
reach [88] while usage of the LSDL observable can raise the potential My 7 ~1.2TeV [63]
which can also be augmented by combining single production of exotic fermions [84].

The KK spectrum of KK fermion is shown in Fig. 3.7 as a function of bulk mass by
ignoring KK-zero mode mixing. Singlet t}% will not be light enough for the entire range
of ¢; considered in eq.(II.13) with Mg > 1.5TeV because th (+,+) is always heavier
than g(). On the other hand, for small cg, there will be very light (—,+) fermions such
as T and B. For 2-TeV g (1.5-TeV ¢g(), T is heavy enough if cg 2 0(0.25). In all,
our four top production with cases A,B and D becomes a favored discovery channel for
Mg 2 1.5TeV, while for case C four tops will be most important for a slightly heavier
Mgr 2 1.7.

We comment that if ¢ is a part of a triplet (Tr(—,+), tr(+,+), Br(—,+)) (and its
Ppr partner triplet with all fermions satisfying (—,+) BC), ¢; will have similar preferred
range as cg above. This is because the expected discovery potentials of electroweak singlet

and doublet fermions are similar. For all cases A-D with Mgx 2 1.7TeV, our four top

production again will be a promising channel.
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There are also KK excited gauge bosons. Gauge symmetry of a model is given by

Gourk = SU3)e x SU(2), x SUR2)r x U(1)p—r, = Gspm = SU(3). x SU(2)r, x U(1)y
(I11.23)
where symmetry breaking SU(2)r x U(1)x — U(1)y is through orbifold boundary con-
dition (—,+). Gauge bosons associated to broken parts do not have zero modes and the
lightest KK modes are denoted by W12, Z/ [47]. Due to this boundary condition, W, Z' are
not orthogonal to flat wave functions. Consequently, they couple to light fermions even for
clight = 0.5. See Fig. 3.8 for their couplings to zero mode fermions: its coupling strength is
9K ~ 0.2gueqk for ¢ = 0.5, where gyeqr is @ SM weak gauge coupling. Masses of W and
Z' are shown in Fig. 3.7. We ignore any bulk breaking of these symmetries so that masses
are determined by boundary conditions (—, +). Additional bulk breaking may raise masses
of these KK gauge bosons, and make collider search of these KK bosons unavailable.
qq — Z' — tt is smaller than the usual KK gluon-mediated tt production by a factor
of ~ (1/6)%-0.5 ~ 0.01 — 0.02. 1/6 is the ratio of weak gauge and QCD couplings,
and Br(Z' — tt) ~ 0.45 which is about half the usual KK gluon case giving additional
suppression factor of 0.5 if cg # 0.5. The branching ratio is reduced because the bottom

quark coupling same size of top coupling is turned on if ¢g # 0.5. Then the 2-TeV Z’
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mediated tf cross section is similar in magnitude as the usual 5-TeV KK-gluon mediated
one. Given that m;; around 2 TeV will be submerged into a larger QCD background
than the 5 TeV case, we conclude that Z’ mediated ¢t production may not be a promising
channel. W may contribute to single top production as the W boson does in the SM.
For instance, the process ud — W — tb is smaller than SM W-mediated process by
~(4-0.2)%. MI%V/MIQ(K ~ 0.002 where g¢/gwear ~ 4 and gy /gweak ~ 0.2. So some powerful
discriminator is needed. Given this difficulty and the possibility of raising the mass of
W by bulk breaking, we conclude that we have higher sensitivity through the four-top

production process.

3.7 Conclusion

We have studied four-top signatures of Randall-Sundrum model in the case of ¢j;gns ~ 0.5
with universal RH down sector ¢, = ¢jgns. Associate production of ¢ with tf as well as
pair production of ¢ can produce four top quarks. We have estimated the discovery
reach in the single-lepton, like-sign dilepton, trilepton final states of four-top events. For
a strongly coupled right-handed top case, the like-sign dilepton observable has the highest
potential that can probe up to Mg ~ 2 — 2.5TeV. On the other hand, for a strongly
coupled left-handed top case, the single-lepton observable, which is enhanced by ttbb events
via g associated production, is the most promising channel for Mg x < 2TeV.

In the LSDL and trilepton channels, boosted top and its collimated lepton-jet issue arise.
Efficient identification of boosted leptonic top quark can enhance the number of signal
events by a factor of about 2(LSDL) and 4(trilepton) with standard isolation AR;; > 0.4
as illustrated in Table 3.8. This will be more effective with higher Ef. cuts. A more detailed
study of leptonic top id is well motivated. On the other hand, the implications of lepton-
jet collimation is different in the case of single lepton final state. Since many multi-lepton

events contribute to single lepton event samples by losing some of their leptons, efficient
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id of leptonic objects can rather degrade the single lepton sample pool (to the benefit of
other channels).

The strongly coupled LH case considered in this paper (coupling sets C and D) can
represent the favored parameter space found in the previous literature when considering
EWPT constraints and also the flavor-shining model of ref.[48]. Due to this importance and
the relatively large signal cross sections, we have also studied an alternative single-lepton
observable composed of three b-quark tags. Although detailed background estimation by
experiment is required, we have estimated the discovery potential to be up to ~ 2.4—2.8 TeV
with assumed b-tagging efficiency €, = 0.4 — 0.6.

We have also discussed competing signatures from custodians and KK gauge bosons of
custodial symmetry W, Z'. Unless ¢; ¢ < 0, custodians are not light enough and their pair
productions are small. Z’, W mediated top production is suppressed by their weak gauge
coupling nature. In large parameter space near cjgns = 0.5 our four-top signal dominates.

Clight = ¢ = 0.5 more or less gives up the geometric approach to flavor physics in the
collider-reachable sectors in the warped model. However, increasing tension with precision
data and the ensuing tensions of a fine-tuned weak scale make deserving the study of
Clight = 0.5, where many phenomenological issues are relieved. As we have discussed,
this approach may significantly reduce the ability to find KK gluons through resonance
production from light quarks, and four top quark events may in the end be the best path
to discovery. Said a different direction, if a very light KK gluon Mgg ~ 1.5 —2TeV is
realized, cjgnt = 0.5 is likely to be Nature’s choice and four-top production via KK-gluons

may be the first beyond the SM discovery signature.



CHAPTER IV

Probing CP violation in Supersymmetry with Light Stops
through Hadron Collisions and Electric Dipole Moments

CP violation from physics beyond the Standard Model may reside in triple boson ver-
tices of the electroweak theory. We review the effective theory description and discuss how
CP violating contributions to these vertices might be discerned by electric dipole moments
(EDM) or diboson production at the Large Hadron Collider (LHC). Despite triple boson
CP violating interactions entering EDMs only at the two-loop level, we find that EDM
experiments are generally more powerful than the diboson processes. To give example to
these general considerations we perform the comparison between EDMs and collider ob-
servables within supersymmetric theories that have heavy sfermions, such that substantive
EDMs at the one-loop level are disallowed. EDMs generally remain more powerful probes,
and next-generation EDM experiments may surpass even the most optimistic assumptions

for LHC sensitivities.

4.1 Introduction

CKM phases explain all observed CP violations. However, baryogenesis apparently
requires more CP-violation than is provided for by the Standard Model (SM). Thus physics
beyond SM should contain new source of CP violation that is somehow small enough not

to be in conflict with experiment.
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CP violation from new physics can manifest itself in several ways. One way is by
measuring an electric dipole moment (EDM) of a fermion. No EDM has been found to
date. The current experimental electron EDM (eEDM) bound is d. < 2.14 x 10727 ecm
at 95% CL [89], which already puts a strong constraint on physics beyond the SM. In
supersymmetric theories [1], the eEDM induced at one-loop is usually larger than this
bound so we need several assumptions [90, 91, 92] or cancellation mechanisms [93, 94] to
avoid this limit for a wide range of parameter space.

CP violation can also be seen in CP asymmetries of particle energy-momentum distri-
butions at colliders. One such CP asymmetric collider observable was proposed recently
using the interference effect between CP conserving and violating WW Z interactions in
the diboson production processes at LHC [95]. This observable may be able to improve
collider sensitivities on CP violating couplings such as triple boson vertices (TBV) by up to
two orders of magnitude from the most recent LEP results. Since we expect that abundant
diboson production will occur at LHC, and they have clean tri-lepton decay signals, this
observable is useful to probe new physics at the LHC. This improvement raises the hope of
discovery, and it is worthwhile studying the possible reach of both the collider observable
and EDM measurements in more detail.

Intuition holds in the physics community that EDMs are the most powerful probes of
new physics contributions to flavor-preserving CP violation. That intuition is largely based
on the varieties of supersymmetric theories that have dipole moments induced at the one-
loop level. However, given the possibility of the LHC increasing the probing sensitivity by
a few orders of magnitude, we investigate how solid that intuition is within the context of
theories that have suppressed one-loop contributions to EDMs. Our primary example is
supersymmetry with heavy sfermion masses. Ultimately, we shall not disagree that EDMs

are unlikely to be supplanted by the LHC in the search for new sources of CP violation.
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We detail the path to that strengthened conclusion below.

We work on specific supersymmetric models. In trying to find scenarios where the LHC
can probe better the new CP violating physics compared to eEDM measurements, we will
work on models in which the eEDM is two-loop suppressed while TBV is only one-loop
suppressed. As the simplest possibility we study the split supersymmetry limit where all
scalars except SM-like neutral Higgs are heavy and decoupled [103, 104, 105, 106]. Another
possibility is to take only first two generations of sleptons and squarks to be heavy, allow
CP violating couplings in the trilinear scalar vertices of the third generation, which induces
radiative breaking of CP invariance in the Higgs sector. The mixing of CP even and CP
odd eigenstates in the Higgs sector gives opportunity to colliders to discover these new
sources of CP violation.

4.2 CP asymmetric observables

4.2.1 Effective triple boson vertices

Diboson production channels at the LHC are described in Fig. 4.1 using the low-energy
effective theory below the electroweak scale. This effective theory is obtained by integrating
out heavy particles in physics beyond the SM. The modified SM interactions which now
contain both CP-even and odd interactions are represented as small blobs in the figure.
One can see from the figure that we should study the diboson production channels at
the LHC, involving triple boson vertices (TBV) VVV, hV'V and couplings with fermions
VIf, hf.

We will focus only on TBV among them. One reason for this is that we can easily
extend our work to include fermion couplings without changing the conclusions. Secondly,
CP-odd effective couplings are mediated by particles in the BSM and are loop suppressed.
Any charged particle couples to the vector bosons, whereas only a small number of particles

couple to a specific fermion typically. Therefore, TBV is more generally present than more
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Figure 4.1: Diboson production processes at the LHC. Blobs on the right-hand side are effective

interactions in the low-energy effective theory. These effective interactions contain both
CP-even and odd contributions.

direct CP-violating couplings with fermions. In addition, large CP-odd V f f couplings with
V =~ can induce an EDM without loop-suppression, as is discussed in section 4.2.3. Since
other V f f couplings are presumably related with the v f f coupling in an underlying theory,
it is difficult to avoid the experimental EDM limit with large CP-odd V' f f couplings. Thus,
a meaningful analysis can be carried out with TBV only.

The effective Lagrangian of CP-odd TBV is [96]

. ~ 17 v XV 17 v v
LCPodd TBY = 1gwWwv (HVWJW:/V“ + mTW;“W;V;f + g WW, (VY + 0 V“))
w
g My W 7 =
+ e (gHiWW 771W W“VW;;/ + 9,72 QCZQ Z“VZW/> H; (IV.1)
W
where gww~, = —e, gwwz = —ecot Oy, and gp,vv is the ratio of CP-even H;V'V coupling

to SM H;V'V coupling. V can be v or Z. V¥ = 9HVY — 9”V*# and likewise for WHY,
Index i runs for two light (CP-even) Higgses. g} is C-odd while others are P-odd, so g
is not relevant for our work as discussed in section 4.2.2. Higher dimensional operators
are suppressed by the electroweak scale My,. Higgs couplings to photons and gluons
can also be written in the same way. These effective couplings are actually momentum
dependent. However, we can reasonably choose to study constant on-shell couplings as

argued in Appendix A.
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It is useful to know the SU(2) x U(1) invariant dimension-six operators that gener-
ate the effective triple gauge couplings in eq.(IV.1) after electroweak symmetry breaking.
H'H V’“’VW and D,H'T*D,H Vv generate fy. Ay is generated by eupe Wt W;,’"Wﬁp
which does not involve Higgs fields. V), and W, here are full field strengths. CP-odd
neutral VVV couplings are not generated by these operators. As couplings with photons
and couplings with Z bosons are presumably related in an underlying theory, we shall

reduce redundancy and give results in terms of the Z boson coupling only.

4.2.2 CP asymmetric collider observables

CP asymmetries at colliders are observables well-known to probe CP violating inter-
actions [97]. It has been shown that if absorptive SM backgrounds are known well the
LHC may be sensitive to Az coupling perhaps as low as the Az < 0.001 with 100fb 1,
which would be a significant improvement over LEP2 capabilities, for example [95]. This
sensitivity was achieved based on the fact that the cross section proportional to the €, s
tensor is a signal of the CP violation since the tensor is odd under time reversal. Thus,
only P and CP odd couplings in Eq. (IV.1) are potentially able to be probed with this
precision. Although no equivalent small value has been estimated for %z, we shall suggest
by analogy to Az that it may be possible. The C-odd coupling g} can be probed in other
ways and will not be treated in this paper.

CP violating Higgs couplings can also be probed at the LHC in the same way, in
principle. Several other collider observables sensitive to Higgs couplings have been studied
as well based on the angular distributions of final leptons. The sensitivities on the CP
violating hZZ coupling are usually expected to be around 7% < O(0.1) with 100—300fb ~*
of data from the process h — ZZ — 4l at LHC, and possibly O(0.01) from Higgsstrahlung

at a future eTe™ linear collider [98]. As we study EDM sensitivities to the CP violating

couplings involving the Higgs boson, we compare results to the 77 < 0(0.1) LHC expected
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Figure 4.2: EDM diagrams at one and two-loop orders with the effective CP-odd couplings rep-
resented as small blobs. Since effective couplings are radiatively generated, the first
diagram on the right-hand side is a one-loop contribution and others are two-loop.

sensitivity.

4.2.3 Electric dipole moments measurements

One and two-loop order generation of EDMs are shown in Fig. 4.2 using the effective
theory. CP-odd effective couplings in the effective theory are represented as small blobs
in the figure. Since effective CP-odd couplings are generated at loop order, the tree-level
diagram on the right-hand side implies a one-loop contribution to the EDM and others are
two-loop contributions.

We want to avoid one-loop induced EDM in our study. The first reason for this is
that a one-loop induced EDM is usually larger than experimental bounds in many models.
Secondly, we want to give a “one loop advantage” to collider observables — we expect that
TBVs are generated at one-loop order, which only then enables EDMs at two-loop order.
As can be seen from the figure, one-loop EDM (first diagram) corresponds to CP-odd V f f
couplings with V' = + and on-shell external particles. The suppression of the one-loop
induced EDM roughly implies the smallness of CP-odd V ff couplings, and vice versa.
Then the two-loop diagrams in the first line of Fig. 4.2 are also suppressed.

We will consider only two-loop contributions in the second line of Fig. 4.2 with specified
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insertions of effective couplings. We note that these effective interactions are CP violating
TBVs that were necessary for the diboson production process as discussed in sec 4.2.1.
At two-loop order, WW and scalar-vector can transmit CP violation to SM fermions,
whereas scalar-scalar mediation is very small due to small Yukawa couplings. Only WW
can mediate CP-violation without Higgs bosons because there is no CP-odd triple neutral
electroweak boson couplings. EDMs are generated only through these CP violating TBVs
as long as we ignore quartic and higher effective couplings. It can also be inferred that
EDMs and CP violating TBVs depend on the same CP phases as will be discussed in
sec 4.2.4.

The electric dipole operator should be RG evolved from high scale down to the fermion
mass scale at which the fermion EDM is defined. Renormalization group flow mixes this
operator with other operators with the same quantum numbers such as chromo-electric
dipole, three-gluon Weinberg operator [99] and SU (2) analogies of these. For electron EDM
(eEDM), not all are relevant since the electron is colorless. The remaining SU(2) operators
are relatively suppressed by multiple powers of g/gs and the QED renormalization effects
are smaller than QCD. We will not consider renormalization effects for eEDM.

In this paper we focus on the electron EDM since the experimental measurements are
excellent and improving, and the theory computation has minimal theoretical uncertainty.
Of course, one expects a high degree of correlation of one EDM to other EDMs in most
theories of physics beyond the SM, and later we shall briefly study the correlation of electron
EDM and neutron EDM. As stated earlier, the current sensitivity limit on the eEDM is
de < 2.14 x 1072 ecm at 95% CL [89]. Upon surveying the literature, one expects that
the future eEDM sensitivity of the near-term future experiments to be approximately
1072 ecm [100, 101, 102]. When appropriate, we shall use these numbers as benchmark

sensitivities in the numerical discussion ahead.
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Muon EDM (pEDM) is also measured. As fermion EDM is proportional to fermion

mass, eEDM and pEDM are usually tightly correlated

my

dy

K ~ 205. V.2
5 m (IV.2)

Meanwhile, eEDM sensitivity is much better than current pEDM sensitivity [127]
|d,| < (3.74+3.4) x 107 ecm. (IV.3)

Even proposed future sensitivity d, < 1072*ecm [128] is about three orders of magnitude
below eEDM one.

Mercury EDM (dpg4) is usually below the experimental sensitivity once eEDM and
nEDM bounds are imposed. In addition, this also involves lots of QCD uncertainties and
model-dependent factors [119, 113, 125].

Thallium EDM (dz;) might be a good complementary measurement of eEDM. CP vi-
olation in the Higgs sector can mediate CP violating four fermion operators which are
enhanced by tan® 3 so that this can have different behavior from eEDM in the interme-
diate tan 8 region. However, more accurate analysis requires resummation of vertex and
self-energy [119, 126]. It would be good to consider dp;, but requires more complicated

works.

4.2.4 Physical CP-phases in supersymmetry

One can see the relevance of TBVs in supersymmetric models in a more useful way
using the physical CP-phases. Using R and Peccei-Quinn (PQ) symmetries, it is shown
that in any phase conventions there are two sets of physical CP-phases in the universality
ansatz [107, 108]: arg(Aupb*), arg(Mi 2 3ub*), where parameters are the usual soft super-
symmetry parameters and higgsino mass p. The arg(M; M ;) are also allowed by the same
argument. Since we impose GUT-like relations on gaugino masses these phases are not

relevant to consider. As low-energy effective operators composed of SM Dirac fermions
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and vector fields are neutral under R and P@Q symmetries, we can argue that low-energy
physical observables should depend on the above combinations, which are the only R and
PQ@ invariants. Indeed, both R and P(@) are needed and enough for us to do that because
all complex soft phases are charged under at least one of them. This argument does not
restrict soft squark/slepton masses.

Since the b term appears only in the Higgs sector, CP violation in the soft supersym-
metry breaking sector can be transferred to low-energy effective operators consisting of
Higgs bosons at one-loop order. Possible CP violating interactions with one SM Higgs field
are Higgs-vector-vector, Higgs-fermion-fermion and Higgs-scalar-scalar couplings. Higgs-
Higgs-vector coupling is usually related to the Higgs-vector-vector via the underlying the-
ory. As sizable tree-level processes at LHC involve at most two Higgs bosons, the scalar
quartic coupling is not relevant.

As discussed in section 4.2.1, there are also SU(2) x U(1) invariant dimension-six opera-
tors composed of Higgs bosons and vectors. After the Higgs bosons get vacuum expectation
values, these operators can induce effective triple gauge couplings WW'V | where V is a neu-
tral vector boson. Thus CP violating TBVs are not only relevant but also can indeed be
generated at one-loop order in supersymmetric models. It is also clear that CP violating

TBVs and EDMs depend on the same CP phases.

4.3 Supersymmetry with the light stop

The split sfermion/ino limit of supersymmetry (split supersymmetry) does not naturally
induce large EDMs. In this limit, charginos and neutralinos are not decoupled, and they
carry CP phases in the soft supersymmetry breaking sectors. These ino sectors couple to
SM fermions at tree-level only via ino-fermion-sfermion couplings which lead to suppressed
amplitudes in split supersymmetry due to the heavy sfermions. So CP violation in the

SM fermion sector, e.g. EDM, are induced beginning at two-loop order. Recent studies



87

Figure 4.3: (a) CP-odd TBV diagrams mediated by charginos x; (i = 1,2) and neutralinos x? (i =
1,4). Similar diagrams generating hV'V couplings can also be drawn. (b) Diagram that
is responsible for the Ay coupling is shown in terms of current eigenstates. Gaugino X is
running in the loop, and its complex soft mass insertion is denoted as a cross. A similar
diagram in which higgsinos are running with mass p insertions can also be drawn.

have shown that the electron EDM turns out to be generically smaller than or around the
current limit in most of parameter space even with maximum CP-phases [109, 110].

To compute the effects, the input parameters are p, MLZ and their phases, tan 8 and
SM-like neutral Higgs mass Mpy. The sign of u is not relevant as it just shifts the CP-phase
by 7. Since we are interested in electron electric dipole moments, the gluino mass M3 is not
relevant. Once we assume GUT-like relation between gaugino masses, only one CP-phase
arg(M ub*) is physical. The phase of b is related to the relative phase of H, and Hy via the
minimization condition of the Higgs potential; b/(v,v,4) is real at tree-level. We will work
in the basis in which b is real, then the two Higgs bosons have opposite phases. U(1)y
rotations of H, and H, can remove this relative phase, and the Higgs boson vevs are real
in the same basis [1]. The only physical combination of CP-phases remaining is arg(M 1).
It is clear that these CP-phases reside in the chargino and neutralino sectors.

EDMs in split supersymmetry have been computed in previous works [109, 110, 111].
We also compute the effective CP-odd TBVs generated by diagrams shown in Fig. 4.3(a),

and apply them to the eEDM and collider observables. We give supporting analytic results

in the Appendix.
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One interesting result to notice is that the v coupling is not generated at one loop.
It is simply because this coupling is generated by a dimension-six operator that does not
involve Higgs fields as discussed in section 4.2.1, whereas the physical CP phase depends
on the b term. We can see this more explicitly in terms of current eigenstates depicted
in Fig. 4.3(b). As Higgs-higgsino-gaugino coupling couples gaugino and higgsino, either a
gaugino or a higgsino runs in the loop without Higgs. Then p, as an interaction between
H, and Hy, and MLQ cannot appear together, and hence no CP-phase. (Recall that
the physical phases are pM; o in our basis.) Indeed, the diagram with only gaugino (or
higgsino) is proportional to |M|? (or |u|?) because of the charge flow direction as shown in
the figure. These are real, i.e., no CP violation.

Both CP-violating TBVs and eEDM are approximately proportional to sin 28 by essen-
tially the same reason. To see this it is again easiest to think in terms of current eigenstates.
Relevant diagrams are then Fig. 4.3(b) with the W boson on top replaced by a neutral
gauge boson, and with mass insertions replaced by external H,, H; legs and their vevs.
Note that we need one H,, and one Hy in order to insert both M and 1. As we take neutral
Higgs fields other than SM-like Higgs boson to be very heavy, we obtain a simple relation
between Higgs mixing angle o and vev ratio 8: tana = tan 8 at leading order. Therefore,
each vev of H, and Hy carries sin 8 and cos § respectively, hence sin 23 overall. eEDM is
generated by inserting these effective interactions in Fig. 4.2, thus having the same sin 23
dependence.

We now look at some numerical results for this scenario. eEDM and CP violating TBVs
depend on input parameters quite similarly. tan 8 dependence cancels when we study the
relative importance of eEDM and collider observables as we saw above. Heavy M} can
suppress the eEDM since Higgs boson mediated two-loop eEDM dominates numerically in

this scenario, while TBVs are independent of M}. However, due to the narrow consistent



89

Higgs mass range 115 GeV < M}, < 150 GeV of the light SM-like Higgs boson in supersym-
metry, this suppression is not very significant. M; dependence is weak since the bino does
not couple to gauge bosons at tree-level. Dependence on the remaining gaugino/higgsino
mass parameters can be different because the eEDM is two-loop while TBVs are one-loop
physics.

We choose to draw plots in My — p plane. In Fig. 4.4, we show eEDM and CP violating
TBVs in this plane. We set tan = 1 which is not allowed because this small tan S
induces too large Yukawa coupling, but one can extrapolate the results linearly with sin 23
as discussed above. In almost all of the parameter space, the current eEDM limit and
the expected collider observable are not sensitive enough to probe CP violations in split
supersymmetry even with maximum CP-phases.

Then the next question is if there exists parameter space in which eEDM is well below
the future sensitivity while TBVs are around the future reach. The answer is (almost) no.

In order to see this we scatter input parameters randomly within the following range:
100 GeV < My, 0 <1000GeV, 115GeV < M) <180GeV, 2 <tanp <50. (IV.4)

If Mo, i are a few TeV, then both eEDM and collider observable are well below the current
sensitivities as can be seen in Fig. 4.4, so we now focus on the sub-TeV gaugino/higgsinos.
In addition, as stated earlier, we identify the future eEDM sensitivity to be 1072? e cm for
reference [100, 101, 102].

In Fig. 4.5, we see that the eEDM and TBVs are closely related so that there is a
narrow allowed region of eEDM for each specific TBV value, and vice versa. The Higgs
boson coupling shows stronger correlation with the eEDM due to dominance of the Higgs-
mediated eEDM over WW-mediated eEDM. This correlation is what we expected based on
the observation that any CP-violating TBV can induce an eEDM discussed in section 4.2.3.

For d, < 1072 ecm, which is just below the reference point of future eEDM measure-



90

Log,, de/(ecm)

10000

5000

100|
100

200F, L L
200 500 1000 5000

M, (GeV)

Figure 4.4: Contour plots of eEDM, triple vector coupling #¢ and the Higgs coupling 7% to the
Z boson in the My — p plane. log;, values are written on the solid contour lines. To
facilitate rescaling by the reader, contours are made for tan f = 1 with maximum CP
phases. Mj; = 120GeV is used. Abrupt changes of #% in the diagonal region are
partially due to a change of sign.
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Figure 4.5: CP violating Higgs (left) coupling 7% and triple vector (right) couplings #Z to the Z
boson are plotted against eEDM in split supersymmetry. Input parameters are ran-
domly scattered within the range Eq.(IV.4). The dashed horizontal line represents the
current experimental eEDM bound d, < 2.14 x 1027 e cm.

ment sensitivity, CP violating TBV values correspond to 7%, #% < 8 x 1079, Although
it remains to be seen how well dedicated LHC experiments can do, if other CP violating
observable expectations are a rough guide it is unlikely that these couplings can be probed
at the one part per mil level at the LHC. If LHC fails to reach that very high sensitivity,
the proposed eEDM sensitivity of ~ 1072 ecm would be a more powerful probe of CP
violation from new physics.

The neutron EDM is also precisely measured with the current sensitivity [112] d,, <
6.3 x 10726 ecm, and can be improved in the future. This can be a competitor to the
eEDM measurement depending on the future improvement and the theory prediction of
the neutron EDM. In split supersymmetry, we compare computed eEDM and neutron EDM
in Fig. 4.6. The neutron EDM is generated by constituent quark EDMs induced by the
same types of diagrams generating eEDM because heavy squarks suppress chromo-electric
dipole and three-gluon Weinberg operators. Thus, the neutron EDM depends on the same

CP phases as eEDM does, and is closely related to eEDM as can be seen in Fig. 4.6 [113].
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Figure 4.6: Scatter plot of electron EDM and neutron EDM in split supersymmetry. Input pa-
rameters are scattered within the range eq.(IV.4). Dashed lines represent the current
experimental sensitivities.

4.4 MSSM with the radiative breaking of the Higgs sector CP invariance

We relax the split limit but keep the first two generations of squarks and sleptons to
be very heavy to avoid large FCNC and one-loop induced EDM [90, 114]. There are now
not only additional physical CP phases, but the CP invariance of the Higgs sector can be
radiatively broken so that there might be less correlation between eEDM and CP violating
TBVs.

In the low-energy effective theory, we have two more neutral Higgs bosons, charged Higgs
bosons and a third generation of squarks and sleptons in addition to split limit field con-
tents. As a trilinear A-term interaction with stop (in large extent with sbottom) becomes
relevant, the physical CP phases arg(Aub*) cannot be ignored. These CP phases induce
CP violation in the two-point Green’s function through squark and quark loops, and mix
CP-even and odd Higgs eigenstates [115, 116]. Because of these loop-induced interactions,
we call this “radiative breaking” of CP invariance in the Higgs sector. One consequence of
this important to us is that the pseudoscalar Higgs interactions with fermions generate CP

violating TBVs at one-loop order. Of course, TBVs induce EDMs and the tension between
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them still exists.
However, the radiative breaking of CP invariance can enhance the CP violating collider

observables. The neutral Higgs mass mixing matrix O is defined as

Hg H,
H,| = @) H, (IV.5)
A Hs

with My, < My, < Mpy,. Hi (H2) becomes the light (heavy) CP-even Higgs in the absence
of CP-violation. The scalar-pseudoscalar transitions O 4; induce pseudoscalar couplings
between Higgs boson H; and quarks. Therefore, CP violating H;V'V couplings generated
by quarks are proportional to O 4; as explicitly shown in Eq.(IV.27). Other mixing elements
modify CP conserving H;V'V couplings. The ratio of the CP-even H;VV coupling in this

scenario to the SM H;V'V' coupling is written as [117]

gu;vv = ¢cgOnyi + 580H,i. (IV.6)

As scalar-pseudoscalar mixing O4; increases, gu,vy decreases because the mixing matrix
is normalized. Thus the ratio of the CP-odd Higgs couplings to CP-even Higgs couplings
can be relatively enhanced; i.e., the collider observable can be larger than what is expected
in the case of no CP even-odd mixing. It is interesting to study if this enhancement can
win over the limited amount of CP-violation allowed due to the eEDM bound.

CP even-odd mixing is large between two heavy neutral Higgs states Ho and Hs while
the lightest Higgs H; remains mostly CP-even [118]. So the enhancement is larger for Hs 3
couplings than for H;. Meanwhile, as gp,1v decreases we have to worry about a decrease
of the cross section of diboson production mediated by Higgs bosons in Fig. 4.1. We focus
on the gg - H; — ZZ — 4l diboson production channel for Higgs couplings collider

observable as mentioned in section 4.2.2. In order to use a collider observable, we need to
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be able to obtain at least a certain number of asymmetric events at the LHC. From this
point of view, H; is a more important contributor than heavy Higgs bosons because H;
is lighter and has larger couplings to the SM states. For example, the heavy Higgs Hs,
which becomes a CP-odd eigenstate in the limit of no CP-violation, usually has very small
CP-even H3V'V couplings so there is little hope to measure them.

We now discuss the computation and numerical results for this scenario. CP violating
couplings are generated by Barr-Zee type diagrams in analogy to Fig. 4.3(a). In addi-
tion to gauginos and higgsinos, the third generation squarks and quarks can run in the
loop [119]. However, complex squark mixing angles cancel between adjacent vertices so
squarks contribute to TBVs only at higher order. Top and bottom quarks can now gen-
erate CP violating Higgs couplings through tree-level pseudoscalar coupling. Meanwhile,
the triple vector couplings are not affected by quarks, and not very different from the split
supersymmetry case. Thus we focus on Higgs couplings in this section. Analytic results
of quark and -ino contributions are shown in Appendix B. The complete set of two-loop
induced EDMs in supersymmetry are computed in [119, 120, 121] and references therein.

Xv couplings are still not generated at one-loop order in our analysis. Physical CP
phases arg(Aub*) and arg(Mpub*) depend on the b term, so the same argument in split
supersymmetry case that forbade Av applies here as well. We can take another linear
combination arg(AM™), which appears at two-loop order, as squark and gaugino couple
through a triple vertex with a quark. This SU(2) analogy of the three-gluon Weinberg
operator has little effect on the eEDM, as discussed in section 4.2.3.

We assume the universality and flavor-diagonality of soft masses and the trilinear cou-

pling A-term for simplicity. The input parameters are then
M1,27 M, tanﬁ) MHiv

A=A =Ay=A., Msysy = Mg, = M, = My = My, = M, (IV.7)
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and soft CP-phases. As heavy Higgs bosons are not decoupled, the Higgs boson mixing
angle « is not trivially related to vev ratio 3, i.e. tan« # tan 8. The Higgs boson mixing
angle now depends on various input parameters. Then the previous argument about sin 25
dependence in split supersymmetry does not apply here. Indeed, several authors have
shown that the eEDM increases overall with tan 8 [119]. Here, tan 8 rather plays the role
of determining the amount of enhancement through gg,1v and couplings with fermions
which can also be seen in eq.(IV.27).

We have modified the CPsuperH 2.0 program [122] for numerical study. We scattered

input parameters within the range

300 GeV < A, Mgsysy < 2000 GeV ,

130GeV < Mp+ <250GeV, 150GeV < Mjop <1000GeV, 2 <tz <50. (IV.8)

We also consider the following consistency condition

My, > 115GeV . (IV.9)

The light Higgs boson H; coupling to the Z boson (see eq.(IV.1) for definition) versus
the computed eEDM is shown in Fig. 4.7. Sample points which satisfy consistency condi-
tion in Eq.(IV.9) are represented as red circles. The eEDM measurement alone eliminates
most of the sample points and restricts the Higgs coupling to be well below the experimen-
tal sensitivity ~ O(0.1). Actually, in most of parameter space consistent with condition
Eq.(IV.9) and eEDM bound, gm,vv ~ 1 and O < O(0.01). Thus, enhancement is too
small to overcome the eEDM constraint. Large CP violation needed to obtain large O 41
and small g, vy is still prohibited by the eEDM constraint.

For heavy Higgs boson Hs, it also turned out to be very pessimistic for collider signatures

of CP violation. The required cross-section just to discover the Hs Higgs boson itself almost
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Figure 4.7: Light Higgs H; CP violating coupling 7# to the Z boson is plotted against eEDM
with light third generation squarks. Blue O are excluded by Mj; > 115GeV while
red e satisfy this condition. Dashed line represents current eEDM bound d. < 2.14 X
10727 ecm. Expected sensitivity on Higgs coupling is too large to be shown. This plot
is generated with maximum CP-violating phases, and all points move downward as the
phase angles decrease.

eliminates the possibility for us to measure a HoV'V CP violating couplings. This cross
section is at best a few hundred ab for My, ~ 170 GeV .

In this particular limit, the neutron EDM is usually predicted to be about two orders of
magnitude larger than the eEDM, and hence is a stronger constraint on new physics [113].
This is mainly because the large A; coupling generates a three-gluon Weinberg operator
that dominantly contributes to the neutron EDM while the stop contribution to eEDM
is subdominant. In any case, large CP violations generating CP violating TBVs eventu-
ally induce EDM, which is generally more constraining than CP-violating collider physics
observables.

In concluding this section, we mention the previous work of Babu et al. [123], which had
similar goals of comparison as this work. We briefly discuss that paper since it strengthens
our conclusion. They found that one-loop lepton EDM mediated by slepton and gaug-
ino/higgsino puts severe constraint on one-loop generated CP violating Higgs-lepton-lepton

couplings in the MSSM. So they sought other places where CP violating Higgs boson cou-
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plings may be enhanced while the lepton EDM is relatively not. They noted that there is a
tree-level CP even-odd mixing in the Higgs sector of the NMSSM. Since this CP violating
coupling is not loop suppressed and has different dependence on input parameters than
the one-loop lepton EDM, they suggested that this would be a good place to observe large
CP violating Higgs couplings. However, once Higgs-mediated two-loop EDM contributions
are considered this conclusion must be modified. The large CP violating Higgs boson
couplings induce a two-loop EDM regardless of the origin of such CP violating couplings,

which constrains the size of these Higgs boson couplings quite severely.

4.5 Conclusions

Our basic conclusion, which is supported by detailed investigations of various candidate
theories that had a chance to contravene it, is this: Whatever the origin may be of CP
violating triple boson vertices, they induce EDMs, and although the physics that induces
EDMs is “one loop down” compared to collider CP asymmetries, the EDM experiments
are sufficiently precise that they overcome the loop factor and are generally more power-
ful probes. We expect this conclusion to strengthen into the foreseeable future as EDM

experiments become more sensitive.

4.6 Appendix A: Analytic discussion of CP-odd effective couplings

We present our conventions and analytic results of CP violating TBVs.

4.6.1 Conventions

Gaugino and higgsino masses are given as
1 == 1 17aTA7a T L IT
—L = §MlBB + §M2W W+ uHyeHy. (IV.lO)
Chargino, neutralino mixing matrices U, V, N satisfy

N*MoN" = Mpo,  U*M+V'=Mp- (IV.11)
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where M,o0 and M, + are as in Ref. [1]. The subscript D implies a diagonal matrix with
positive elements.

The interaction Lagrangian of split supersymmetry in terms of mass eigenstates is

L = gy (ChPL+ CliPr)xTW,[ + hec.

too S iy (FEPy + FEPR) X 2, + ixz WHEPL + HEPR)X02,
g + L + 1L
+ I T (DEPL + DEPR) xh + <=\ (DI Py, + D Pg) X0h
\/§ ( L 7 R) X \/5 ( L R) X
_ gmy —
—eQsfY A, + LT fh (IV.12)
2 My

where f is a fermion for which the EDM is calculated. C,D,F and H are give by

1

1

L : . ) * R _ *U:

CZ] - N’LQ _]*1 \/ﬁN’Lﬁl 72 C’L] - ’L*2U.71 + \/iNingz
1 . 1
Fz? = —(51']'012/1/ + §Vz2 §2 FZ? = 5ZJCW +5 2 2Uj2
1, ., * *

Hz? - _Z( i3Njs — NiyNja), Hg = —(Hﬁ) - _HJ'Li

L _ * 77k R Vo R _ N - TT0 — (DETY..
Dij = spUnVip +cUnpVj1,  Dij = sgVieUji + ¢V Uja = (D)3
D = (Nj—twN}) (Njes — Niysg) + (i < ) Diff = (D) (1V.13)

ij j2 — WiV i3¢B i45p L) J t '

Here, index 3(4) implies Hy(H,) following Ref. [1]. In the MSSM away from the split
supersymmetry limit, Higgs boson couplings are modified as the relation tana = tan
does not generally hold. For the lightest Higgs boson H;, the couplings can be obtained
by substituting h — Hy and sg(cg) = —ca(sa) where sg and cg are explicitly listed in the
above equations for DiLj’R.

CP and P-odd form factors are conventionally written as below [96] for incoming V,,(q)
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(or h(q)) and outgoing W (p1) and Wg(pg) (or V,(p1) and V,,(p2))

. y f
T = igwwy [fev (q) " q, + ]7\4(2 J (1 — P2)"€*PP7 g, (p1 — p2)o

+if) (@) (q%g"” + qﬁg“a)}

v 2p1p20 . PV (q
Uitvw = oM g (51 @) o — 25020) 4 B0 ntn]
1 z 2p1up2v . PZ(q) 8
g (SH oy — ) + Tl
(IV.14)
where fY =&y — v, f¥ = =1, iV =gl PV =Y. gww, = —e€, gwwz = —ecot Oy

and g, vy is the ratio of the CP-even H;V'V coupling to the SM H; V'V coupling. CP-even
form factor S} and C-odd form factor f} are shown for reference. More information about
these form factors and the effective Lagrangian eq.(IV.1) can be found in [96].

4.6.2 Analytic expressions

We represent triple gauge boson form factors first. These are generated via chargino/neutralino
as shown in Fig. 4.3. The effective couplings are obtained in the limit of the on-shell center-
of-mass energy s = ¢> — M‘Q/ g, For reference we list all three types of CP violating WWV

couplings in terms of loop functions a}/VWV.

Z Rx* WWZz 0 Lx WWwWz
FARSES 167T2 > Z [mimiS(CRFClLF; - L)ay +2mmIS(CF CRFE — L)ay
7]7

+23(CF O F — D) {M7a™ 7 + ¢*(a) V7 )2 — ag™" 7)) + 308V F}] (1V.15)

f4Z++ _ 167(2 Z ermzcx CR*C sz"'L) WWZ_|_2m+ OO(CL*C sz+L) W2z
7]7

(C’R*C PR+ L) { M7 a7 — a7 + 30 V7Y (IV.16)

200 — 167r22 Z[m?mg C’R*C,ZH{;C—L)aywz+2m+mgg(0L*C iHL — LyayW?

7]7
+23(CHCRHR — L) {Mj a7 + (a7 )2 — a W 7) + 3ag’V 7} (IV.1T)
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FE0 167r2 T 3 [ OmS(CECRHE + L)a¥ W7 4 2mF mdS(CLr CEHY + L)a}f 7
+2%(Cﬁ;]éj'ijkl + L) {MpadVE + Paf VE — 3 VA (IV.18)

fZ =0 (IV.19)
fd = ;;Z mmIS(CL R — L)ay ™ (IV.20)
=1 =m0 (IV.21)

Subscript T+ (%) implies the contributions from the first (second) diagram in Fig. 4.3 where
two charginos (neutralinos) are running in the loop. L inside the Im part implies the same
coupling combination with L <> R. f] is zero because W W+ form factors define the electric
charge of the W boson in the Coulomb limit while C-odd parts flip the electric charge.

The loop functions are given as (assuming light on-shell bosons)

lz
aVW2  — /dm/ bi fori=1,---,7
(m3 —m3)x 4 (mj —m3)y +m? — ¢*zy
lx
7 < [ ot
— (m2—m?)a¥W? (Iv.22)

Wn

where ¢ is incoming Z boson momentum. agv can be obtained by taking mj = m; in

a7, Coefficients b; are given as

bl = =Y, b2:y_x+17 bngc—{—y—l, b4:(y—$)($+y—].)

by = (y—a)(w+y—17% b= (y—z)ay,  br=ay. (IV.23)

These results numerically match well with previous computations [124].
In a similar way, H;V'V couplings are generated via chargino/neutralino and top/bottom
quarks (not in split supersymmetry). Here we represent only CP-odd hZZ and hWW

couplings as these are relevant for our numerical studies. These are given in terms of loop
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functions ¢;.

2
Pf gy = 5 Z (miS(FFDREFRE — L)ey(i, 4, k) + m;S(FIDLES — L)ea(i, 4, k)

V2aM .. .
+ YE5ST (mSHEDRHE — L)ea(i, g, k) +mS(HEDEHE, — L)ea(i, . k)

+ 5= > my (S(FEDFFS — Les(f) + S(FFDFFS — L)ea(f)) -

(IV.24)

2
P gy = 5+ Z (mi (CRD C' — L)ei(4, 4, k) +m;SS (CRD C — L)ea(i, 4, k))

2a M .. " .
+ \[a2 = Z ( (C*RD ij )cl(lajak)+mj (C RD CI%_L)CQ(%]J{))

where couplings with quarks are given as

my¢

FZL7R:TJ§_QfS%/V7 DtL My s B(OHul+ZOAlcﬁ) ) Dﬁ: (DtL)*
myg . *
D = Mi(OHdz’ +i0u8) , Dt = (Df)
weg
(IV.26)

In order to see the dependence on CP even-odd mixing better, we simplify the quark contri-
butions in the third lines by approximately treating 5%,[, ~ 0.25. These quark contributions

are given as

30041 10 8 13 5
PZ. =~ — — t b) + —ca(b
o ghvv w2, {tﬁ (72 3(t) + 75 ()>+m”<72 ()+72C4()>}+
3a0 m2
PV gy = - {tt C3<>+m§tﬁc:a(b)} +oe (IV.27)
TSy B

We can see that the CP-odd hZZ coupling is very sensitive to the CP even-odd mixing
O 41 and tg. Quantum corrections to the CP-even couplings are ignored as they are much

smaller than the tree-level values.

(IV.25)
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The loop functions are (assuming on-shell vector bosons)

o 1 1-a Y
al.j.k) = /Odf”/o W T — Dz + (= mh)y -+ M+ )@ty - 1) — Py
1 11—z —
crli.gk) = /de/o % (mg_mg)m+(mg_mg)yf;§/+z\143(x+y)<x+y—1>—q?xy
1 11—z
cs(f) = /0 dm/o dym?c+M‘2,(x+;)z;ciyl)q2$y
1 11—z —
alf) = /de/o dymfc+M3($:;)éJw+ly—l)—qzxy' (1v.28)

where ¢ is Higgs momentum.

In this paper, we use on-shell (constant) couplings rather than considering full mo-
mentum dependence. This momentum dependence comes from integrating out dynamical
degrees of freedom, and are shown in Fig. 4.8. Couplings around the threshold region
are different from on-shell couplings. However, the typical energy scales of LHC processes
that care applicability in the measurement of TBVs are only about 200 GeV as shown in
Fig. 4.9. The on-shell coupling thus may contribute more to the cross-section support than
the threshold behavior. Fig. 4.8 also shows that the maximum couplings in the threshold
region are only O(1) factor larger than the on-shell couplings. Although the threshold be-
havior depends on input parameters, we checked that maximum couplings are larger than
the on-shell couplings by at most O(10) factor which does not affect our conclusion. It is
also convenient to use on-shell couplings since it facilitates the comparison of our result
with previous collider studies of TBVs that usually assume constant couplings.

4.7 Appendix B: Analytic discussion of electric dipole moments

4.7.1 Contributions from —inos

EDM is a parity and time-reversal violating electromagnetic property of a fermion at
the fermion mass scale. In field theory language, EDM comes from the CP-odd low-energy
effective operator —i% fa,w% fF* with on-shell fermion f and a photon. Exact full two-

loop calculations have been carried out in [109, 110, 111] for split supersymmetry, and in
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Figure 4.8: Sample plots show the momentum dependence of form factors fZ (left) and P? (right)
in split supersymmetry. ¢ is Z or Higgs momentum. M; = Ms = p = 500 GeV and

# events/100 GeV

tg =1 are used.
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Figure 4.9: Sample center of mass energy +/s distributions of pp — W* — WZ (left) and pp —
h — ZZ (right) in which collider sensitivities of TBVs are usually studied in previous
literatures.
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[119, 120, 121] for the MSSM with one-loop EDM suppressed. In this appendix, we rather
compute eEDM in split supersymmetry by inserting effective CP-odd TBVs into relevant
diagrams in Fig. 4.2. We work in dimensional regularization and M S-scheme. It is a good
way to check the previously computed results. For more accurate numerical analysis, we
use the full two-loop results.

For reference, we list the leading order EDM in split supersymmetry (in the limit

My, Ms, > My, My) calculated using effective couplings.

e’ Ty mpm;md N
v -ty o cgtep)
ik
1 mz m% 2 3
. In—+1)-(log—5 + = 1vV.29
m2—m% <m?—mi nm$+ OgM%,+2 ( )
1 ur 3
Qo s Slog 42 IV.30
f 4\f7r22z ;ir 2ogM§+4 ( )
ea®(T? —2Q 5% ) +
Zh  _ f fow mym RpR L L
1/7]
1 2 12 2 2
1— ! log—2 |- = (1 Z__log —2
mg_mg< mI—m? 2) z<°gM,3+M,3_Mg OgM,g>

where superscripts imply two particles that mediate CP-violation to SM fermions. When

two inos running in the loop are (almost) degenerate, these formula simplify as following.

_ex T mrm? 2 3
dyW = f Z Tk s(orFoly - <10g M2 + ) (Iv.32)
iv
ex (T3 — QQfSW) m
th - _ f f DRFR DLFL
f 8\/50124/7@3%‘/ Z-ZjMWm+ 3( 1= g ij ]Z)

1 MZ M2 2
(log M2 7M2 2 log M2>

(IV.33)

We checked that our results agree with the most recent calculations of [120].

Effective matching scale ;. may be chosen to obtain the EDM numerically close to the
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full two-loop result [105, 109]:

M2 =AM+, MM T+ for vh, Zh, WW respectively (Iv.34)

We used the following relations, which follow from unitarity and the definitions of mixing

matrices, to reach the final form:

(DSFJIZ%) = (DﬁFZIj) no sum
S(DfFjym = —S(DLFf)m{  and R+ L. (IV.35)

4.7.2 Scalar contributions (suppressed with heavy scalars)

There are two types of one-loop diagrams which are mediated by scalar and chargino/neutralino(or

gluino). For the following fermion-sfermion-ino interaction (in terms of mass eigenstates)

L = ¢p(A5PL+ AEPR)X) + i (BE PL + BEPr)xT — V29, T°Gia(J 5P + JEPR)F" + h.c.
(IV.36)

chargino, neutralino and gluino contributions are respectively

d}—loop — BRBL*) (—QiFl (T‘fz', sz‘) + ijFQ (Tfia rji))
e
_eQy m(AZAZVFy (ryi,ry)
16 m;
_M Z ™5 L (JRIE)EL (g, rg0) (IV.37)
3m L= m? fer e

i
where r;; = m? /m?2, and i is a scalar index which runs from 1 to 2 except for sneutrino.

The loop functions are given by

/d T —x? 1 14 +2slns
(r,s) x ~ s
1—x) +rx(x—1)+sx 2(1—9)? 1—s
x? -1 2slns
F. =/ d ~ 3— IV.38
2(r ) = /0 $(1—$)+7”.Z‘(1‘—1)+833 2(1—3)2< ot 1—s> ( )

where the last approximation is for r < 1.
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In universality ansatz, couplings A and B for each fermions are listed below (matches

with previous literatures). For electron:

/

AiLj = —y N U \fg . , Af} = (V2gNjs + %le)Uff — Y NjsuUiR
Bf =yUj, .  Bffi=-gVj1. (IV.39)
For up-type quarks:
Af = —yuNjUE + 5 I NAUR Aﬁz—(ﬁNaﬁ 6 N VUL — yulNjsUir
BE =y VUL, B = —gUnUT + yaUjppUf. (IV.40)
For down-type quarks:
\@ s g V2 s
Afj = —waNuUE = g NiUR A= (5N~ =5 Ni)USE — yaNjaUlf;
B =yaUpUlY . B = —gVaUf +yuViUlh (IV.41)
For quark-squark-gluino interaction,
_0M3) o d(M3)
Jh=—e"2 Ul JR=etTT UYL (IV.42)

where sfermion mixing matrix U7 is defined as fimass = Ui{é‘ fﬁ“”e”t with A = L, R and

i =1,2. ¢(M3) is a phase of gluino mass soft term.

One-loop eEDM is suppressed if first two generations of sleptons are very heavy. H-

A mixing induces EDM at two-loop via a7y due to large trilinear A couplings of top and

bottom quarks. Possibly, chargino can contribute as well. H*W and aZ contributions are

suppressed in this scenario.

Scalars do not generate CP-violating effective couplings at one-loop order. In the dia-

gram in which scalar is running, CP violation comes in through sparticle mixing. These

mixing matrices at each scalar-scalar-gauge coupling are paired with its hermitian conju-

gate at adjacent vertex, so real.
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In any phase conventions(basis), there are two sets of physical CP-phases in universality
ansatz: any two of arg(Aub*), arg(A*Mio3), arg(Mio3ub*) 1 . As low-energy effective
operators composed of SM Dirac fermions and vector fields are neutral under R and PQ
symmetry, we can argue that low-energy physical observable should depend on the above
combinations which are the only R and PQ invariants. Indeed, both R and PQ are needed
and enough to do that because all complex soft phases are charged under at least one of
them.

A-term comes in via sparticle mixing(tri-scalar coupling with H, or Hy), M and p come
in chargino/neutralino mass matrices, p also comes in sparticle mixing(supersymmetric
tri-scalar coupling), and b comes in higgs mixing and higgs scalar potential. From the
higgs potential minimization condition (tree level), we get the relation that b;’—g is real (or
sin 2 o b). So after higgses get vev, sin 2 or vevs will appear instead of b.

Working on the most general basis, we can guess the dependence on the above param-
eters and know why specific diagrams are not generated. In this philosophy, let us look at
scalar one-loop contribution to effective couplings. Since there is no gaugino/higgsino run-
ning, only Aub* combination is possible. Tri-scalar coupling connects L-type(superpartner
of left-handed fermion) and R-type scalars, and W boson couples only to L-type. Thus
we need a pair of tri-scalar couplings and its hermitian conjugate. Thus real, and no CP-
violation. (However, if W couples to both types, then there could be nonzero CP-violations
due to different tri-scalar couplings according to sparticle T3 quantum number.)

Why f7V = 0?7 These can be seen more easily in most general basis where b or higgs
vevs are complex. Without higgs, no b term. Arg(AM; ) are only possible CP-phases.

Since there is no relevant tri-scalar couplig at one-loop, no relevant CP-phases.

1arg(MiM]’f) is also allowed by same argument.
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