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This thesis explores two dominant frontiers of theoretical physics, high energy
colliders and hidden sectors. The Large Hadron Collider (LHC) is just starting
to reach its maximum operational capabilities. However, already with the current
data, large classes of models are being put under significant pressure. It is crucial
to understand whether the (thus far) null results are a consequence of a lack of
solution to the hierarchy problem around the weak scale or requires expanding
the search strategy employed at the LHC. It is the duty of the current generation
of physicists to design new searches to ensure that no stone is left unturned. To
this end, we study the sensitivity of the LHC to the couplings in the Standard
Model top sector. We find it can significantly improve the measurements on Ztrtgr
coupling by a novel search strategy, making use of an implied unitarity violation
in such models. Analogously, we show that other couplings in the top sector can
also be measured with the same technique. Furthermore, we critically analyze a
set of anomalies in the LHC data and how they may appear from consistent UV
completions. We also propose a technique to measure lifetimes of new colored
particles with non-trivial spin.

While the high energy frontier will continue to take data, it is likely the only
collider of its kind for the next couple decades. On the other hand, low-energy
experiments have a promising future with many new proposed experiments to
probe the existence of particles well below the weak scale but with small couplings

to the Standard Model. In this work we survey the different possibilities, focusing



on the constraints as well as possible new hidden sector dynamics. In particular,
we show that vector portals which couple to an anomalous current, e.g., baryon
number, are significantly constrained from flavor changing meson decays and rare Z
decays. Furthermore, we present a new mechanism for dark matter freezeout which
depletes the dark sector through an out-of-equilibrium decay into the Standard
Model.
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CHAPTER 1
INTRODUCTION

1.1 Inspirational preface

The field of fundamental physics has reached a cross-roads. The focus of the
community has long been on the high energy frontier and the hope that large-
scale colliders will lead the searches for physics beyond the Standard Model (SM).
However, with the lack of clear direction from the experimental side, it’s not clear

how to invest our future intellectual and financial efforts.

It is possible the Large Hadron Collider (LHC) will be the only collider to probe
the TeV-scale in the coming decades. The current LHC search program was origi-
nally designed to test particular classes of models that have dominated the field for
the past decades, namely ones which solve the hierarchy problem (the observation
that in the absence of fine-tuning, quantum corrections drive scalar masses to the
scale of the cutoff of the theory, in contrast to the observed Higg’s mass in the SM
which is much below the Planck scale). However, as experiments put more pressure
on the standard candidates to surpass the SM, it becomes increasingly likely that
the LHC will not play the role of a discovery machine, but instead of a precision
machine. With this in mind, it is time to re-evaluate the type of measurements
we want to carry out to maximize the potential to probe, not only the interesting
prospects of today’s generation of physicists, but also to measure quantities which

will be relevant in the long-term future.

At the same time, particle physics in the coming decades will be largely focused

on the, lower-energy, intensity frontier. Smaller-scale experiments generically aim



to probe hidden-sectors (new particles lighter than the electroweak scale with small
couplings to the SM). Such particles are primarily theoretically motivated by the
existence of dark matter, the potential of axions to solve the strong-CP problem,
and attempts to address observed experimental anomalies. However, more gener-
ally, hidden sectors are an experimentally viable, simple, extension of the Standard
Model that could easily have evaded current experiments. Improving our under-
standing of low energy physics has a prosperous future and a lot of room for new

ideas.

The focus of the work in this thesis is to explore new physics from both these
perspectives. We begin with studies utilizing the high energy frontier proposing
new searches as well as analyze several anomalies which have surfaced over the past
few years. Then we move on to explorations into possible hidden sectors coupling
to the Standard Model, with an emphasis on new constraints and dark matter

model building.

1.2 Novel high energy measurements

In the high energy frontier there are essentially two types of experimental searches

1. Direct searches for a new physics model

2. Measurements of the consistency of the Standard Model

The first type of measurement, direct searches for new physics, are far and away
the most popular approach at the LHC. They have the advantage that they are
usually more sensitive to the model of interest. This makes this strategy an ideal

tool to constrain well-motivated extensions to the SM, however they are usually



optimized for a particular production/decay chain limiting their utility to discover
alternative models. Nevertheless, the incredibly broad program underway at the

LHC does result in some sensitivity to variations of the standard paradigms.

In this work, we study a variation of one such paradigm, the Minimal Su-
persymmetric Standard Model (MSSM), where a partner for each particle in the
SM is added with different spin. Putting the particles into multiplets with their
“opposite spin”-partners enforces a cancellation between the corrections to the
scalar masses rendering the theories stable under renormalization group correc-
tions. However, the robustness to quantum corrections is only efficient if there
exists an approximate degeneracy between the fermionic and bosonic partners.
Therefore, models make a striking prediction: to ensure the Higg’s remains light,
new particles should exist around the weak scale. However, the lack of any hint
of these new states has urged the community to reconsider the assumptions that
went in to building this framework. Popular modifications include allowing for
baryon/lepton number violation (as in R-parity violating supersymmetry [4]), re-
arranging the mass spectrum (as in split supersymmetry [5]), and expanding the
scalar sector (as in the NMSSM [6] and stealth SUSY [7]). In part of this work,
we reanalyze the constraints on a different modification of the MSSM framework

where the Higg’s boson is identified with the bosonic partner of one of the leptons.

If new physics is to appear at the collider frontier it will inevitably start off as a
small excess in experimental data. Scrutinizing these anomalies experimentally and
theoretically has a two-fold benefit. Firstly, searches often use intricate tools which
may overlook subtle features of the backgrounds. Additional theoretical input can
ensure that the experimental procedure correctly estimates the uncertainties and

the Standard Model contribution to the measurements. Furthermore, experimental



anomalies help drive the theoretical community into new avenues of model building.
The most prominent examples of these features was in light dark matter research
which was largely spurred by DAMA [1,2] and CoGenT [3] anomalies (see e.g., [§]).
As expected from any such experiment the LHC experiments have produced several
anomalies, most of which have now been all but ruled out with more data. Most
prominently have been the eejj/erjj [9,10], on-Z+jets |11], 750 GeV diphoton |12}
13], and the diboson excess |14]. In this work we explore the first three in some

detail.

In addition to direct searches for new physics, we can also perform tests
on the consistency of the Standard Model. This typically involves measuring
cross-sections or decay rates which puts constraints on deviations from the SM-
predictions for the couplings or the scale of any higher dimensional operators. On
a whole, a hadron collider is not the optimal tool to measure such quantities as
it has an irreducible systematic uncertainty at roughly the 10% level primarily
arising from the Jet Energy Scale [15/16]. Nevertheless, for rare processes (that
usually require a substantial center of mass energy), the LHC is still our current

best estimate of such parameters.

The Standard Model with massless neutrinos has 19 free parameters (4 mixing
angles and phase in the quark sector, 9 masses for the quarks and leptons, 3 gauge
couplings, the Higg’s mass and self-coupling, and the 6 angle). For the most part,
the parameters for which the LHC has sensitivity are the top, bottom,charm, and
tau masses, the gauge couplings, and the Higg’s mass and self-coupling (it may
have some sensitivity to the quark mixing angles and the muon mass though this is
yet to be seen). Other than the Higg’s parameters these have all been measured at

previous machines, giving the LHC a unique opportunity to check the consistency



of previous measurements with new experiments. The most poorly tested parts of
the Standard Model are the Higgs and top coupling making them an important

target for the LHC.

Checking the consistency of the Standard Model between different experiments
is far from trivial check. As one example, consider the top mass parameter, known
to be about 175 GeV. This parameter is indirectly probed through many processes
at the LHC. In particular, measurements such as the inclusive t¢ |[17,/18] probe the
mass of the tops through the overall cross-section and ¢th production [19,20] probes
the couplings of the top to the Higgs. Extensions of the Standard Model often
lead to discrepancies between these predictions (one popular example would be
two higgs doublet models) making such measurements useful in constraining any
deviations from the SM. Furthermore, such measurements offer a robust, generic,
test of new physics without reliance on any beyond SM framework. In this work
we review the current constraints on the top couplings. We show that the most
poorly measured parameters are the Ztrtg and hit couplings and offer novel ways

to probe any deviations in the couplings directly.

1.3 Hidden sectors

Hidden sectors can interact with the SM in many different ways. We can charac-
terize these by the type of mediator connecting the two sectors. At dimension four
there are three types of interactions or portals (there is one portal at dimension
3, S|H[?). Which of these are present, if any, depends on the particle content.
The three possible portals are the scalar, fermionic, and vector portals, depicted

schematically in Fig. [1.1]



Standard Model Hidden sector

H7 W7 Za Y, i, .. X1, X2---

Figure 1.1: The different possible portals connected the dark and Standard Model
sectors. The top portal corresponds to the scalar portal with adding a new scalar,
S. The middle portal corresponds to the fermionic portal where we introduce a
new SM singlet, N, also known as the right-handed neutrino portal. The bottom
portal corresponds to the vector portal with a new light vector coupled to the SM
either through charging the SM under a new gauge symmetry or kinetic mixing.

There is a large-scale effort to better constrain each portal and its possible
relation to existence of dark matter. The scalar portal is the most minimal as it
only requires adding one additional degree of freedom [23]. The scalar can act
as dark matter on its own or through coupling to additional SM-singlet fields. It
also makes a robust prediction of additional Higgs decays. It is generically still
allowed though with many constraints from both low and high energy physics,
particularly if it is the mechanism that drives dark matter freezeout [23,24]. The
fermionic portal is naturally motivated by the observation of neutrino masses as
the fermionic mediator can be identified with a light sterile neutrino. The right
handed neutrinos themselves can act as dark matter though then they can never
thermalize (see e.g., [25] for a review). Alternatively, they can act as a mediator

to the dark sector [26,127].

Lastly, the vector portal has probably received the most attention. Adding
elementary vectors in a way that preserves unitarity requires imposing gauge in-

variance. Perhaps the simplest possibility is to keep the SM particle content in-



variant under the new gauge symmetry. If this is the case, the new vector can
still couple to the SM through kinetic mixing [28]. Even if kinetic mixing is set
to zero at tree-level it will be induced through loop corrections if there are some
(heavy) particles charged under both the dark and SM sectors. Alternatively, one
could consider gauging (approximate) symmetries of the SM. The only anomaly-
free combination available in the SM is that of B — L (after adding 3 right-handed
neutrinos) E| Keeping right-handed neutrinos from over-closing the universe and
evading experimental constraints is very restrictive and leads to the requirement of
vector masses above the TeV scale [29]. The requirement of the gauge symmetry
being anomaly-free can be relaxed if new heavy fermions unitarize the theory at
the higher scale. In this case, one can gauge other combinations of SM fermions.
This has the advantage that the constraints can be significantly relaxed, allowing
for much light vectors. A popular example is gauge baryon number, where the new

vector doesn’t couple to leptons at tree level alleviating the constraints.

Allowing for non-traditional portals between the SM and the dark sector has
profound implications for the thermal history of the universe. In particular, dy-
namics in the dark sector can be drastically different then the standard Weakly
Interacting Massive Particle (WIMP) paradigm. This permits dark matter candi-
dates with masses widely different from the weak scale, spanning a wide range of
masses from about 107*2eV (keV) for a scalar (fermion) to 105°eV [30]. However,
the situation isn’t as bleak as it seems as most thermal dark matter candidates
must freeze-out before big bang nucleosynthesis and within the unitarity bound,

restricting their masses to roughly between the electron mass and hundreds of TeV.

1One can also gauge linear combinations of B — L and EM, though it requires adding in new
electroweak-charged states.



1.4 Thesis Map

This thesis is structured as follows. In chapters we focus on physics at
high energy colliders, studying new search strategies as well as implications on
alternative model-building efforts. In chapters [5][f] we move on to hidden sectors,
considering both alternative thermal histories for dark matter and new constraints
on a prominent portal between the SM and dark sector. Lastly in chapters
we consider a few experimental anomalies at the LHC, analyzing their validity and

how they can be included in a more complete framework.

This work was done in collaboration with an extensive list of collaborators.
Chapter is based on [31] and was done with in collaboration with Robert Lasenby
and Maxim Pospelov. Chapter |§| is based on [32] and completed with Wee Hao Ng
and Eric Kuflik. Chapter 2] is based on [33] and was done in collaboration with
Marco Farina, Ennio Salvioni, and Javi Serra. Chapter {4]is based on work done
with Yuval Grossman in [34]. Chapter [3|is based on work done in collaboration
with Carla Biggio, Yuval Grossman, and Wee Hao Ng in [35]. Chapter [7]is based
on [36] and completed with Josh Berger and Wee Hao Ng. Chapter |8 is based
on work done with Jack Collins, Csaba Csaki, and Salvator Lombardo presented
in [37]. Lastly, the work in Chapter [J] was done in collaboration with Jack Collins

and Marco Farina and is based on [38].
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CHAPTER 2
STRONG tW SCATTERING AT THE LHC

2.1 Introduction

The large center of mass energies accessible at the LHC make it the optimal ma-
chine to explore the electroweak scale. This has already been confirmed by the
discovery of the Higgs boson [1,2], which represents the main achievement of Run-
1 and a major step forward for particle physics. Another important example of the
power of the LHC is the large rate for production of the top quark, the particle in
the Standard Model (SM) with the largest coupling to the Higgs field. However,
our knowledge of the properties of both the Higgs and the top is still relatively
poor. Since these two particles play a central role in theories beyond the SM (BSM)
that provide a deeper understanding of electroweak symmetry breaking (EWSB),
the program of Higgs and top coupling measurements is one of the priorities of
LHC Run-2. The importance of this task is reinforced by the thus far lack of
evidence for direct production of BSM particles, which may suggest that probes of
the Higgs and top sectors are our best opportunity to gain new insights into the

mechanism of EWSB.

The complicated hadronic environment at the LHC, however, does not facilitate
the desired experimental precision. For example, experimental tests of the Ztt and
htt couplings are very challenging: the conventional strategy consists in measuring
the cross section for t¢Z and tth production, respectively. These processes have a
relatively high mass threshold and thus suppressed production rates at the LHC.
This leads to very loose constraints on the top couplings, currently well above the

SM expectations. On the other hand, projections indicate that the htt coupling

12



could be measured with 15% accuracy by the end of Run-2 [3], whereas the ex-
pected precision on Ztt is worse, and deviations as large as 50-100% will not be

excluded [4-6].

One is then prompted to ask if there exists another avenue to probe the prop-
erties of the Higgs and the top. An answer has been given already for the cou-
plings of the Higgs boson: if the Higgs couplings to the electroweak gauge bosons
depart from the SM predictions, the amplitudes for the scattering of the longitu-
dinally polarized V = W, Z and Higgs h undergo a rapid growth with momentum
above the weak scale v ~ 246 GeV. The prime example is VV — V'V scattering,
which grows with momenta as p? /v? whenever the hVV coupling deviates from the
SM [7], while the process V'V — hh provides complementary information [8]. Such
growth with energy is a distinctive feature of models where the Higgs emerges as a
pseudo-Goldstone boson from a strongly-coupled sector [9-11]. In this class of the-
ories, the high-energy enhancement can be accessed without directly producing the
BSM resonances, which are strongly coupled to the Higgs but heavy. In complete
analogy, the electroweak couplings of the top could be probed in the high-energy
scattering of third generation fermions and longitudinal gauge bosons or Higgses.
A growth with energy of the associated amplitudes would constitute a genuine
signal of the strong coupling of the top to the BSM sector [12-14]. It was observed
a long time ago [15] that a deviation from the SM in the hy1) coupling (with v
a SM fermion) leads to a growth proportional to m,p/v? of scattering amplitudes
such as ¢1) — V'V, and this observation was recently exploited in Refs. [16,/17] to
constrain the htt coupling at the LHC, via the scattering bW — th in the pp — thj

process |18].

In this paper we perform a general analysis of the scattering of tops (and bot-

13



toms) with the longitudinal W, Z or the Higgs. We point out that in the presence
of deviations in the Ztt couplings, certain amplitudes grow like p?/v? (rather than
mp/v?), leading to an enhanced sensitivity at the LHC. The tWW — tW amplitude
is singled out as the most promising one, because deviations in either the Zt,t;,
or Ztrtr couplings lead to the strong high-energy behavior. Furthermore, the
corresponding LHC process is pp — ttWj, which gives a clean same-sign leptons
signature. We perform a detailed analysis of this signal, exploiting the information
contained in the CMS 8 TeV search for ¢tW of Ref. [19], and show that it gives
stronger constraints than the conventional strategy relying on pp — ttZ. Moti-
vated by the effectiveness of our approach at 8 TeV, we then design a specific search
for Run-2 at 13 TeV, which we hope will help in refining the physics analyses of

the experimental collaborations.

We also interpret our analysis in terms of non-standard top couplings arising
from dimension-6 (dim-6) operators added to the SM Lagrangian, and show that
competitive bounds are obtained in this case too. In this framework, correlations
arise between the couplings of the top to the Z and to the W. Moreover, deviations
in these couplings imply a p?/v? growth not only of the tV scattering amplitudes,
but also of those involving the Higgs, such as bW — th [20]. Thus, the interest
of our approach does not end here: we discuss several other amplitudes that we
believe to be promising in probing the top electroweak couplings, and that warrant

further work to assess the expected sensitivity at the LHC.

Our paper is organized as follows. In Sec.[2.2]we introduce our parameterization
of couplings in the top-Higgs sector, discuss the current experimental constraints
and outline the generic aspects of the scattering of third generation fermions with

electroweak vector bosons and Higgses. Section [2.3| contains the discussion of the
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tW — tW scattering and the associated LHC process pp — ttW 7, as well as
the main results of our paper. Section [2.4] contains the technical details of our
collider analysis of ¢t j, as well as the description of the method we use to obtain
constraints on the top-Z interactions. This section can be omitted by the reader
interested only in the results, who can move on to Sec. 2.5 where we discuss other
scattering processes that may provide additional information on the top-Higgs
sector. Finally, Sec. [2.6] contains our conclusions. Three Appendices complete the
paper: App. presents the electroweak chiral Lagrangian for the top sector,
App. summarizes the current and projected constraints on top-Z couplings
obtained from pp — ttZ, and App. details the procedure we adopt to simulate

‘fake’ leptons, which constitute one of the main backgrounds to our W signal.

2.2 Parameterization of top and Higgs couplings

In this section we introduce the general parameterization of the couplings relevant
for the scattering of top quarks with the electroweak vector bosons W and Z and
with Higgs boson h. The interactions of the top (and bottom) are encoded in the

phenomenological Lagrangian

Ly = Z, 19" [er(h) 920,06, Pr + cr(h) 9zeptn Prlt + 29" [cro(R) 9z6,6, Pr + cre(h) 9200, Pr]b

_ m _
+ thLbLW:t’}/‘u [CLL(h)PL + CRR(h)PR]b —+ h.c. — Ct(h)jthtt 3 (21)

where Ppp are the left (L) and right (R) chiral projectors, gwi,s, = 9/v2,

9Zfrfr = _<95120/Cw)Qf7 9ZfrfL = (Q/Cw)(Tg,f—QfSi) are the SM gauge couplings,

and v ~ 246 GeV. We have defined the coefficients above as linear functions of h,

ci(h) = ¢ + 20?% : (2.2)
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(i ={L,R,L° R*, LL, RR,t}), such that they also encode BSM couplings of the
Higgs. We will also describe the hV'V and Higgs cubic couplings with the La-
grangian

2 2
_ my v 1 my . 3
Ly, = Cv_v h <2Wu W+ 4+ _C%u Z“Z“> — 03—% h . (2.3)

The coefficients ¢;, ¢

7

cy and c3 parameterize the relevant couplings of the third

generation fermions, W, Z, and h. The SM Lagrangian is reproduced for

cp=Ccgr=cp=cmp=cr,=¢=cy=c3=1, crr=0, c?:O. (2.4)

We now wish to comment on the rationale behind our parameterization. As ex-
plained in App. the phenomenological Lagrangian in Egs. and can
be regarded as the unitary gauge version of the leading set of operators, in an
expansion in derivatives, of the electroweak chiral Lagrangian [21}22] (for recent
thorough discussions of the electroweak chiral Lagrangian, see Refs. [823]). We are
neglecting, for instance, BSM chirality-flipping interactions of the fermions with
W and Z, which arise at the next order in the derivative expansion. Denoting by
A the mass scale of the new physics resonances, such interactions are generically
suppressed by p/A with respect to the ones we consider here, with p characterizing
the momenta of the process. Due to the chirality flip, they are further suppressed
by 4:/g., with g, a generic BSM coupling satisfying g, < 4m. A notable class of
chirality-flipping interactions are dipole-type operators, whose schematic structure
is, for example, ~ t0"trZ,p,. In addition to the previous considerations, dipole
operators are not generated at tree level if the transverse SM gauge fields are exter-
nal to the BSM sector and coupled to it through weak gauging of the corresponding
symmetries, as we assume.ﬂ We also set the triple gauge interactions to their SM

values. We choose to do so because in theories where the SM gauge bosons are

'Besides, constraints on top dipole moments, either direct from top decay and single top
production measurements [24], or indirect from the experimental limits on b — s transitions |25,
are already significant.
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weakly coupled to the BSM sector, generic deformations of the triple gauge inter-
actions yield small effects in the processes we are interested in [20].E| Finally, we

will also be neglecting the small effects due to the bottom Yukawa coupling.

Theories where the typical scale of the BSM sector can be decoupled from
the electroweak scale, A/g, > v, admit a further expansion in the Higgs doublet
field H. In such a case BSM effects from heavy resonances can be parameterized
by operators of dimension larger than four built out of the SM fields. We are

particularly interested in the dim-6 operators [9,(13]

(1) (3)

1c _ ic a _ a
AL = “LogiD g a + o Hio Dl o
ic _ ic? ~ ic _
v—fHTﬁthRfy“tR + U—§H*Fjﬂbmﬂb3 + (v—gHTﬁumm%R + h.c.)
+ ngt H'HG Htp +h.c. (2.5)

where H = ioyH* and we defined HTﬁ#H = H'(D,H) — (D,H)'H, etc.. These
operators modify the couplings of the top (and bottom) to the W, Z, and h with

respect to the SM, such that

=(3) _ ~(1) ~(1) | ~(3)
l=ch =L~ 1= ch =L tcr 1=ch —&®
LT ITOT T Tage 0 T AT T T T LT AT L T L
— 3% — 3%
(2.6)
Cr cb
h h R h _tb
cr—l=cp=75, cp—l=cp=—5, Crr=Crr=Cg, (2.7)
35w 35w
—1= %c? = —Cy (2.8)

Notice that at the dim-6 level none of the ¢ coefficients is independent from the
¢;’s. Furthermore, while each of the R-handed couplings in Eq. is affected
by an independent dim-6 operator, the deviations in the L-handed ones, Eq. ,
are partially correlated. This is due to a remnant custodial symmetry of the dim-6

Lagrangian, which is broken by dim-8 operators [27], or absent altogether in the

2 Additionally, current bounds on these couplings are already below 10%, and improved sen-
sitivities from diboson production measurements are expected at the 13 TeV LHC run [26].
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electroweak chiral Lagrangian, see App. [2.A] The dim-6 operators giving rise to

non-standard contributions to the terms in Eq. (2.3) can be written as

cy Ce A\
ALy = 2_1)2(8M|H|2)2 - F|H|6 : (2.9)
with ¢y —1 = —¢y /2 and ¢3 — 1 = ¢ — 3¢y /2. The operator ¢y also contributes to

¢, by an amount —cg /2. The set of dim-6 operators in Egs. and encode
the leading non-standard effects in theories where both the Higgs and either the
L- or R-handed top are strongly coupled to a BSM sector whose generic coupling
strength is g, > gsm, with ggy the weak gauge or top Yukawa couplings. In such
scenarios the corresponding ¢ coefficients can be as large as

202

_ g,v
¢ < A2

Il
e

(2.10)

with g. < 4w, barring O(1) factors. Particularly relevant examples of such a
situation are composite Higgs models with top partial compositeness |10, 11].E| In
such models the need to reproduce the large top Yukawa coupling forces one or
both of the top chiral states to couple strongly to the composite sector. We would
also like to stress that when g, > gsm, the relative importance of probing non-
standard top couplings versus direct searches for BSM resonances increases, given

that larger values of the resonance mass A can be considered[]

Out of the BSM effects introduced above, in this work we will mostly focus
on the couplings of the top to the Z, ¢, and cg, not only because of their impact
on top scattering processes, but also because they are very weakly constrained by
direct measurements. Up to date, the only bound comes from the analysis of {7

production at the 7 TeV LHC [6], from which O(1) deviations in ¢j, or cg cannot

3In those models the Higgs field arises as a Nambu-Goldstone boson, and the parameter &
defined in Eq. is identified with v?/f?, where f is the Higgs decay constant.

4This is of special relevance, for instance, in composite Twin Higgs models, where the com-
posite resonances, despite being heavy, remain strongly coupled to the Higgs and the top [28H30].
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be excluded. In contrast, other BSM effects are already subject to significant
constraints. The most stringent one is on the Zbb coupling: LEP1 measurements
directly constrain c;» at the per-mille level, while the bound on cps is at a few
per-cent [31]. Due to the former constraint, BSM sectors are typically assumed to
couple to g, such that a custodial Prr symmetry is preserved [32], yielding ¢;» = 1
to leading approximation. In terms of dim-6 operators, this implies ES) = —éég).
On the other hand, direct bounds on the Wtb coupling coefficients ¢y, and cgrr
from single top production [33] and W helicity fraction measurements are around
10% [241134]. Notice that in terms of dim-6 operators, the combined constraints
on the Zbpb;, and Wtpby, couplings, which bound both Eél) and af”, imply BSM
effects of at most ~ 10% on the Zt1t;, coupling. However, it should be kept in mind
that the experimental status is not yet such as to fully motivate the hypothesis of

a large new physics scale A compared to the electroweak scale, at least for what

regards direct probes of the top sector.

We now turn to the discussion of the indirect bounds. The L- and R-handed top
couplings to the W and Z are indirectly probed by electroweak precision data, via
top loop contributions to the Sand T parameters as well as to the Zbpb;, coupling,
all of which have been measured with per-mille accuracy. The contribution of ¢ S),
E£3) , Cg to the renormalization group running of the dim-6 operators associated to
the aforementioned observables can be consistently computed within the effective

theory [13,20]. For instance, assuming 623) = —Eg) at the scale A, the f—parameter

is renormalized by AT = N,y2(¢ él) —cg)log(A/p)/(47?), and similar log-divergent
terms are generated for S and Zb 1br. Taken at face value, this set of contributions
imply the bounds ¢ él), ¢r < 5% [35). This is analogous to the indirect bound set on

¢y from log-divergent Higgs loop contributions to S and 7' [36], which nevertheless

does not undermine the relevance of a direct measurement of the AVV (V =W, Z)
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coupling at the LHC. The same logic should apply to direct measurements of the
top-Z couplings, even more so after taking into account that, in the cases of interest
in this work, S , T and Zbrb; are dominated by incalculable ultraviolet (UV)
contributions: Since it is not protected by any symmetry, S generically receives
UV contributions at tree level. On the other hand, even though T and Zb rbr can
be UV protected if the BSM sector is custodial and Ppr symmetric, contributions
to T from top loops with two insertions of ES) or ¢g are actually quadratically
divergent and dominant whenever these coefficients are large. The situation is
similar for loop contributions to Zbrb;, from one insertion of ES) = —6£3) and
another of four-fermion operators [13][] Finally, we briefly mention bounds from
flavor observables. The ¢¥ coefficient contributes at one loop to the b — sy decay
rate, with an amplitude enhanced by m;/m;, and is thus constrained at the per-
mille level. In addition, Z-mediated penguin contributions to rare B and K meson
decays lead to constraints on Eél), EE') and ¢g [37], which are at the same level of
those from electroweak precision data. All these bounds, however, strongly depend
on the assumed underlying flavor structure. In conclusion, currently little can be

said with confidence about the couplings of the top to the Z, which motivates the

new approach for probing them presented in this work.

As far as the couplings of the Higgs boson are concerned, constraints are still
relatively mild. Global fits to inclusive signal strengths give ¢y < 20% [38], whereas
searches for the tth signal still allow O(1) deviations in ¢; [39-42]. On the other

hand, no experimental constraint currently exists on the Higgs cubic coupling cs,

nor on the ¢ defined in Egs. , .

The strength of the constraints discussed above relies on the relative precision

5The four-fermion operators are irrelevant for the scattering processes we study in this work,
but nevertheless large in the same type of BSM scenarios.
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of the experimental measurements compared to the BSM effects, which are of size
¢ or smaller, see Eq. . In particular, the large uncertainty that affects the
LHC measurement of the ¢Z production cross section is behind the weakness of
the direct bounds on modified top-Z couplings. However, there is another avenue
for constraining non-standard top interactions, which relies on the large center of
mass energies that can be reached at the LHC: departures from the SM prediction
of certain top couplings imply that some scattering amplitudes will diverge with
the momenta of the process. An analogy can be drawn with V'V — V'V scattering,
where non-SM values of ¢y lead to a growth of the amplitude with energy. In our
case, the scatterings of interest are tV' — tV and its crossings. Both in V'V and tV
scattering, the amplitudes that grow the most with energy involve the longitudinal
polarizations of the W= and the Z. For tV scattering this can be clearly seen
by inspecting the interactions of the top in a gauge where the Nambu-Goldstone
bosons eaten by the W and Z, which we label x, (a = 1,2,3), appear explicitly
in the Lagrangian, see Eqgs. and in App. For non-SM values of
cr, C, ete., four-point contact interactions of the form €upe X0, Xe (VY1) /v?, with
Y = {t,b}, are generated, implying a p?/v? growth of the amplitudes ¢y — 1.
Notice that the symmetry structure of the interaction is such as to include, for
example, tW* — tW=*, but not tZ — tZ. Likewise, certain scattering amplitudes
involving the Higgs, such as bW — th, also display the same divergent behavior at
high energies. This follows from the interactions hd, (¥ 7"1)./v?, also shown in
App.[2.A] The relation between the tV and th scattering amplitudes is also obvious
when interpreted in terms of dim-6 operators, given the relations in Egs. .
The p*/v? growth should be contrasted with the my;p/v? growth that arises if
the Higgs couplings ¢; or ¢y deviate from the SM [15] (see also [43]), whereas no

enhancement with energy is generated by deviations in the Higgs cubic coupling cs.
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Thus, Higgs coupling modifications only give subleading effects in the high-energy

scattering processes we are interested in.

To summarize, in certain two to two scattering processes the sensitivity to
non-standard top-Z couplings is enhanced at high energies, possibly overcoming
the limited experimental precision. The enhancement scales as ¢p?/v? ~ g2p* /A2,
which can be much larger than one in models where g, > 1, without being in
conflict with the effective field theory expansion, that is p? < A2. This approach
then takes advantage of the high scattering energies accessible at the LHC. We

explicitly demonstrate its effectiveness in the next section, focusing on tW — tW.

2.3 tW — tW scattering as case study

Our goal is to study the scattering amplitudes involving tops (and/or bottoms)
and W, Z or h that increase at high energies, and to exploit this growth to probe
top-Z interactions. After examining all the possible combinations, we focus on the

process tW — tW. Our motivation for this choice is threefold:

1. The amplitude for tW — tW scattering grows with the square of the energy

if either the Ztt; or the Ztgrtr couplings deviate from their SM values.

2. The corresponding collider process, pp — ttWj, gives rise to same-sign lep-
tons (SSL), an extremely rare final state in the SM. This process arises at
O(gs92) in the gauge couplings, where g5 denotes the strong coupling and g,

any electroweak coupling, as shown in Fig. 2.1}

3. The main irreducible background, pp — t{W + jets at O(g>™"g,,) with n >0

the number of jets, is insensitive to the details of the top sector, because the
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Figure 2.1: tW — tW scattering at the LHC. For definiteness, in the inset we
show the diagrams corresponding to tW = — tW ™.

W is radiated off a light quark.

The amplitude for two to two scattering processes of the type 11+ @1 — Yo+ po,
where 1,5 = {t,b} and ¢15 = {x* = (\1 F ix2)/V2, X3, h} are the longitudinal
W=, Z or h, is most conveniently expressed in the basis of chirality eigenstate

spinors. Retaining only terms that grow with energy, we find

Mrr Mgr K g° €w\/§(§+f)ALL meV —t Agr,

= 2 ) - R
Mrr Mgr 2y —emyV/ —tApr \/5(5+1t)Agr

. (2.11)

where x and A;; (i,j = L,R, with ¢ indicating the chirality of ; and j the
chirality of 1)5) are process-dependent coefﬁcientsﬁ In particular, the A;; encode
the dependence on the anomalous couplings: Ay, and Aggr control the leading
amplitudes, which grow as §, whereas Az and Ag;, control the subleading pieces,

growing as v/5. All the A;; vanish in the SM, where the amplitude must tend to a

6We take initial state momenta as ingoing, and final state momenta as outgoing. The Man-
delstam variables are defined as § = (py, + pg,)? and t = (py, — Pg,)?, and ¢ is the azimuthal
angle around the z axis, defined by the direction of motion of ¢.
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constant limit at large V5. For tW~ — tW~ scattering we have x = 1 and

App = —cip+en—3s0(cp— 1),
Arr = —Chp — 35u,(cr — 1),
ALR = ARL = % [(CL — CtCV) — %53)<CL +crp — 2)} . (212)

For tW* — tW™, we find again that x = 1, A, and Agg are identical to those

in Eq. (2.12)), whereas the subleading pieces read
App = App = ¢+ chp — 3 [(er + aev) — s (e +cp—2)] . (2.13)

We see that whenever cr(cgr) # 0 (and barring accidental cancellations), the
LL(RR) amplitude grows like §. This has to be contrasted with the weaker growth
like v/§ caused by deviations in the Higgs couplings ¢y or ¢;. Because their effect
is subleading, in our analysis of tW scattering we will set ¢y = ¢; = 1, and focus
exclusively on modifications of top-Z interactions. For the latter we will consider
two different theoretical interpretations. The first one targets the Zt t; and Ztgrtpr
couplings, by taking A p =cLr—1 # 0 in Eq. , whereas all other coeffi-
cients are set to their SM values. Under this assumption, the leading terms in the

amplitude read

We note that the sensitivity to A is lower than to Ay, due to the s? suppression of
Agrg. In addition, we present results in the framework of higher-dimensional oper-
ators (HDO), where the deviations in the top-Z couplings are correlated with those

in other interactions of the third generation fermions. As discussed in Sec. the

per-mille constraint on the Zbp b, vertex forces us to assume Ef’) = —C él). We thus
take ¢, = _S) = —Ef’) and cr as BSM parameters, whereas all the other ¢; coeffi-

cients in Eqs. (2.5)) and (2.9) are set to zero. Notice that under these assumptions,
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Figure 2.2: Partonic cross section for the process tW~ — tW™ as a function of

the center of mass energy v/s. The values of Ay and E(Ll) = —E(L?’) are chosen

to obtain the same Zt;t; coupling for the blue and red solid curves (A < 0)
and for the blue and red dashed curves (Ap > 0). For the Ztgtr coupling there
is a one-to-one correspondence between ¢ and Apg, so we show only one set of
curves. A pseudorapidity cut |n| < 2 has been applied to remove the forward
singularity, whereas the soft singularity § — (my + m;)? is evident from the plot.
Both singularities arise due to the diagram where a photon is exchanged in the
t-channel. At large energy, the red, blue and green curves diverge like §, whereas
the SM cross section (dotted black) falls off as 1/s.

cr, also modifies the Wt by, vertex, which contributes to tW — tW scattering via

the b-exchange diagram in Fig. [2.1} The leading amplitudes read

App = —¢f, Apr = —Cr. (2.15)

We note that in Ay, the term linear in ¢;, vanishes. This can be traced back to the

absence of the contact interaction ixd,x_try"tr/v? 4+ h.c. when 58) + Ef’) = 0,

see App. 2.A]

The cross section for tW — ¢W scattering is shown in Fig. [2.2] assuming
representative values of the parameters (Ap, Agr) and (¢r,¢gr). As we already
discussed, while there is a one-to-one correspondence between Apr and c¢g, the
coupling and HDO hypotheses genuinely differ in the left-handed interactions,

because in the HDO case the Witrb; vertex is also modified. To facilitate the
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comparison, in Fig. we choose values of Ay and ¢, that yield the same Ztt;,
coupling. The resulting difference is striking: for ¢;, # 0, the cross section is
strongly suppressed compared to the case where Ay # 0. This is mainly due to
the cancellation of the O(¢y) piece in the leading amplitude, see Eq. , which
implies that the leading term of the cross section is O(¢}). This in turn translates
into a weaker sensitivity to ¢; with respect to Ay, because the latter appears in
the leading term of the cross section at O(A?). Additionally, from Fig. we
learn that the cross section is enhanced for all energies, compared to the SM, if
A > 0(¢p < 0), while for the opposite sign it is actually suppressed at low values
of V5. Once the LHC parton luminosities are taken into account, we thus expect
a weaker sensitivity to the region with Ap < 0(¢ > 0). The effect is particularly
striking for ¢, > 0, in which case the cross section becomes larger than the SM
one only well above 1 TeV. These preliminary considerations, which were derived
by simple inspection of the cross section of the hard scattering process tW — tW,

will find confirmation in the results presented below.

We now turn to the discussion of the pp — W5 process at the LHC. In the fol-
lowing we denote our signal, which arises at O(gsg3), as (t#Wj)gw, to distinguish
it from the leading mechanism for ¢t production at the LHC, pp — ttW +jets at
O(g>™g,) (with n > 0 the number of jets), which we denote as (t#W +jets)qep.
Due to its high mass threshold, the latter process was not observed at the Tevatron,
therefore the ATLAS and CMS experiments have designed searches aimed at ex-
tracting it from 8 TeV LHC data, focusing on the SSL final state and vetoing events
that contain a leptonic Z, to remove the contribution from ttZ production. The
main background is constituted by processes (mostly tt-+jets) giving misidentified
leptons (misID{), which primarily arise from the decay of heavy flavor hadrons.

The latest searches [44,45] make use of multivariate techniques and thus cannot
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be straightforwardly reinterpreted, but the CMS cut-and-count analysis [19] con-
tains all the information required to set a first bound on top-Z interactions by
exploiting the growth with energy of the (¢Wj)gw process. While this search was
not optimized for our signal, we will use it to demonstrate the effectiveness of our
approach. It is important to notice that since (¢¢Wj)gw is formally of higher order
in the weak coupling compared to (¢tW-+jets)qep, it was neglected by CMS in the
SSL analysis of Ref. [19]. Thus we perform a Monte Carlo (MC) simulation of the
signal and apply the cuts chosen by CMS, obtaining the number of events expected

in 8 TeV data as function of the parameters (A, Ag) or (¢, cg). We find

Neowjpw (A, Ag) = 1.6 + LOAL + 41A7 +0.3Ap + 1L.1ALAR + 1.OAY,
(2.16)
Nuiwjypw (Cr,Cr) = 1.6 —6.2¢1, + 8.7¢; — 7.0¢) + 11.2¢; + 0.8 Cp
—2.1¢peg —4.1¢teg +10.3¢5 .

(2.17)
Notice that the cross section is a polynomial of second order in the coupling de-
viations Ay g, whereas in the HDO case it is of quartic order, because two ¢,
insertions are possible in the diagram with b-exchange, see Fig. 2.1l Inspecting
Eq. (Eq. ), we confirm that the pure new physics contributions, which
according to the expressions of the leading amplitudes in Eq. (Eq. ) are
proportional to A% A% (¢}, ¢3), dominate over the interference and the SM terms.
In addition, based on the form of the leading amplitudes we expect the following
relations to hold approximately: the ratio of the coefficients of A% (¢}) to A% (¢3)

should be equal to [1 —3/(4s2)]* (1). These equalities are indeed satisfied within

15%.

For comparison, CMS quotes an expected yield of 14.5 events for (ttW +
jets)qep.  Thus from Egs. (2.16] [2.17) we see that while in the SM (ttWj)gw
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Figure 2.3: In red, the constraints on top-Z coupling deviations (left panel) and
HDO coefficients (right panel) derived from the ¢/WW analysis at 8 TeV. For com-
parison, in blue we show the constraint obtained from the 8 TeV ¢£Z analysis.

only provides a ~ 10% correction to the (ttW + jets)qep yield, it grows rapidly
moving away from the SM point. This, together with the fact that CMS did not
observe any excess over the SM expectation, allows us to set a bound on Ay, p or
¢r.r- The results are shown in Fig. [2.3] where for comparison we also display the
bounds obtained from the ¢t¢Z CMS analysis in the trilepton final state [19], which
according to common wisdom provides the best constraint on top-Z couplings at
the LHC. Strikingly, we find that the best current constraints are instead provided
by the ttW channel, so far thought to be insensitive to top-Z interactions. This
result becomes even more remarkable when we consider that the CMS analysis
was optimized to increase the sensitivity not to our signal, but to the main irre-
ducible background (ttW+jets)qep. Inspecting the HDO bound in the right panel
of Fig. [2.3] we note that the coefficients of the dim-6 operators are allowed to be of
O(1). Thus the interpretation of the result in terms of HDO is not truly justified,

and should be intended as purely illustrative of the current sensitivity. Assuming
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only a modification of the Ztzty coupling, we find for 8 TeV, 19.5 b~ at 95% C

—36<Ap<24 or — 113 <cr<0.74. (2.18)

Having proven the effectiveness of our method, we move on to designing a
search at 13 TeV that specifically targets the process (ttWj)gw. The latter has
two distinctive features that can be exploited to separate it from the background:
a tW pair with large invariant mass (where ¢ can be either top or antitop, and
W either of W#), due to the growth with energy of the hard scattering process,
and a highly energetic forward jet arising from the radiation of a W off an initial-
state quark. We devise cuts that single out events with these properties and
thus increase the significance of the signal over the background, which is mainly
composed by (ttW+jets)qep and misID¢. We validate our background simulations
against the CMS 8 TeV results, and perform the cut optimization using the point
(Ar,Ag) = (0,1) as signal benchmark. This choice is motivated by the fact that
the Ztgrtr coupling is currently very weakly constrained even under the assumption
of heavy new physics, in contrast with the Zt,t; coupling, which within the HDO
framework is already bounded by the measurements of Zb. b, and of Wt by,. Our
basic selection requires two SSL and > 4 jets, among which > 1 must be b-tagged.
We identify a set of useful kinematic variables to enhance the significance of the
signal, which are discussed in detail in Sec. 2.4.3] For illustration, in Fig. 2.4 we
show the normalized distributions of signal and backgrounds for a subset of these
variables: the transverse momentum of the leading lepton, pgﬁ, the invariant mass

of the two leading leptons, my,s,, and the pseudorapidity of the forward jet, |n;,, |-

"Given the very large Ztt coupling deviations allowed by 8 TeV data, one may wonder about
effects in the tf forward-backward asymmetry measured at the Tevatron. The tree-level contri-
bution due to qg — Z,v — tt is ~ 0.2% in the SM [46], and we estimate that, within the allowed
region shown in the left panel of Fig. it is enhanced by a factor < 5, thus remaining strongly
subdominant to the QCD contribution, which amounts to approximately 8% [46]. Interestingly,
at the LHC the ¢t charge asymmetry in the W process is significantly larger than in inclusive
tt production [47].
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Figure 2.4: Normalized distributions for the signal (ttWj)gw and the two main
backgrounds (ttW + jets)qep and misID? at 13 TeV, after the 45 pre-selection.

It is apparent that the leptonic variables are effective in suppressing the misID/
background, whereas a lower cut on the pseudorapidity of the forward jet helps to
suppress (ttW+jets)qep. The event yields after all cuts, assuming an integrated

luminosity of 300 fb™!, are given by

Nuiw jrpw (Az, Ap) = 16.9+12.7Ap + 1724 A2 + 0.5 Ag + 372 A, Ag + 40.8 A%

(2.19)

N@w j)pw (€1, Cr) = 16.7 — 73.2¢1 + 145.0¢; — 164.2¢; + 408.3 ¢} + 6.3 ¢
—4.1éepeg — 121.8¢7eg +412.3¢5.

(2.20)

The expected background yield is of 51 events for (ttW + jets)qcp, and of
34 events for misID{. By performing a simple likelihood analysis, we obtain the
constraints on Ay, g and ¢,z shown as red contours in Fig. [2.5| The solid contours
assume no systematic uncertainty on the background, whereas the dotted contours
include the dominant 50% systematic uncertainty on the misID¢ component. For
comparison, in the same figure we show the projected 13 TeV bounds from the
ttZ process, as derived in Ref. [6]. This comparison is meant to be illustrative,
because the projection of Ref. [6] is based on a NLO-QCD analysis of the signal,

without the inclusion of detector effects nor backgrounds. The two main effects
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Figure 2.5: In red, the constraints on top-Z coupling deviations (left panel) and
HDO coefficients (right panel) derived from our 4; t{W analysis at 13 TeV. The
solid contour assumes no systematic uncertainty on the background, whereas the
dotted one includes a 50% systematic on the misID{ component. For comparison,
in dashed blue we show the constraint obtained from ¢tZ, as derived in Ref. [6] by
means of a NLO-QCD signal-only analysis.

that were gleaned by inspecting the partonic cross section in Fig. are now
manifest in Fig. [2.5] First, the sensitivity to ¢y is weaker than to Ay, because the
former appears in the leading term of the cross section at O(¢}) while the latter
at O(A?), see Egs. and (2.15). Second, the ¢; > 0 direction is less strongly
constrained than ¢, < 0, because in the former case the partonic cross section for
tW — tW scattering is smaller than the SM one for v/5 < TeV, where the bulk
of the LHC parton luminosity is concentrated. Comparing with the t¢Z process,
we find that our t/1¥ analysis gives a significantly stronger bound on the coupling
deviations Ay g, and comparable sensitivity to the HDO coefficients ¢ z. We
also note that in the HDO case the shape of the ¢\ contours is rather different
from that of the t¢Z ones, leading to an interesting complementarity of the two
measurements. Assuming only a modification of the Ztgtg coupling, our analysis

gives for 13 TeV, 300 tb~! at 95% CL

—0.83 < Ar < 0.74 or —0.26 < cp < 0.23, (2.21)
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with no systematics on the background, while if a 50% systematic uncertainty on
the misID¢ component is included, we find —1.04 < Agr < 0.95 or —0.32 < ¢g <
0.30. Based on these results, we urge the ATLAS and CMS collaborations to search
for the (t¢Wj7)gw signal in the upcoming 13 TeV data. The necessary technical
details of our analysis are presented in the next section, which the reader interested

only in the discussion of our results can omit, to move directly to Sec. 2.5

2.4 ttW analysis

In this section we present the technicals details of our analysis. Frequent reference
will be made to the 8 TeV CMS cut-and-count search for £ [19], based on the
requirements of two SSL and a leptonic Z veto. After reinterpreting this search to
obtain the 8 TeV bounds on top-Z interactions, we employ its results to validate
our background simulations. We then propose a dedicated 13 TeV analysis that

targets the signal process (ttWj)gw.

2.4.1 8 TeV bounds

The SSL analysis of Ref. [19] was aimed at measuring the (t¢WW+jets)qep pro-
cess, while our signal process (ttWj)gw was neglected. On the other hand, the
(ttWj)gw amplitude interferes with the one-jet component of (ttW+jets)qcep,
which we will label (¢W j)qcp, thus a priori our signal cannot be generated sep-
arately from the (¢(W+jets)qop process. A further subtlety arises because the
ttW final state can also be produced purely from weak interactions, at O(g3). To

quantify these effects, we compute inclusive parton-level cross sections for the SM
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and one representative signal point, which is chosen to be Agr = 3.2 at 8 TeV
and Ag = 1 at 13 TeV, roughly corresponding to the sensitivity of our analysis
(see Figs. and , respectively). The cross sections are computed with Mad-
Graph5 [49], employing a FeynRules [67] model that allows us to add to the SM
either the corrections Ay, r to the top-Z couplings, or the dim-6 operators propor-
tional to Eél), 6£3), cr. The model was validated against analytical computations of

several 2 — 2 amplitudes, and employed for all the MC simulations used in this

paper. For the SM parameters we take the values

my =91.19GeV,  a(myz)=1/127.9, Gr =1.166 x 107° GeV 2,

ay(mz) =0.1184,  m, =173 GeV. (2.22)

Inspection of the inclusive cross sections in Table shows that the pure elec-
troweak contribution to ¢tV is very small, thus we will neglect it in our study. On
the other hand, the effect of the interference between the (t{Wj)qcp and ((W5)gw
amplitudes on the deviation from the SM cross section in presence of anomalous
top-Z couplings is at most 20%. Given the exploratory nature of our study, for
simplicity we choose to perform our analysis neglecting the interference, and take
into account its effect by including a conservative 20% systematic uncertainty on

the (t{Wj)rw signal.

Because we neglect the interference, to compute the constraints on top-Z inter-
actions we need to apply the CMS cuts to the (ttWj)gw process, and extract the
dependence of the signal event yield on the parameters Ay r and ¢, . The signal
yield will then be summed to those of the processes already simulated in Ref. [19],
including (tW + jets)qcp. Signal events are generated with MadGraphb, employ-
ing our FeynRules model. Showering and hadronization effects are accounted for

with Pythia 6.4 [51], and the detector simulation is performed using PGS4 [41].
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SM 130.6 0.99 94.0 12.6 104.1
19(4
BTV A =32 1306 1.73 94.0 64.9 465  O19@)
SM 347.9 2.85 341.3 56.0 386.1
BTV 347.9 271 341.3 94.6 yo39  0-02(15)

Table 2.1: Parton-level cross sections in femtobarns. By (¢4W )y we denote the
full amplitude including the interference. For the tth process we imposed the
cuts pjT > 20 GeV and |n| < 5. The quantity dg, e = =0 Ar70 — oM

IS
W 5)full, EW (LW 3) full, EW

the deviation from the SM, computed either including (‘full’) or neglecting (‘int”)
the interference. In the last column, the uncertainty in parentheses refers to the
last digit.

To match Ref. [19], the following changes are made to the default CMS settings
in PGS: the b-tagging is modified to reproduce the performance of the medium
working point of the CSV algorithm, and the jet reconstruction algorithm is set
to anti-k7 with distance parameter of 0.5. In addition, the calorimeter coverage
for jets is extended up to |n| = 5. We make use of NN23LO1 parton distribution
functions [53], and factorization and renormalization scales are set to the default
MadGraphb event-by-event value. Unless otherwise noted, the above settings are
used for all the event samples used in this paper. The event selection requirements

follow closely those listed in Sec. 4 of Ref. [19], and are as follows:

1. Two SSL, each with |n| < 2.4 and pr > 40 GeV;,

2. At least three jets with |n| < 2.4 and pr > 30 GeV, among which at least

one must be b-tagged;

3. An event is rejected if it contains, in addition to the SSL pair, 2 or more
leptons with |n| < 2.4 and pr > 10 GeV, or if it contains one such lepton
forming, with one of the two SSL, a same-flavour opposite-sign pair whose

invariant mass is within 15 GeV of my;
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(ttW+jets)qecp  misID¢  irreducible ¢tZ misIDQ WZ ‘ total ‘ observed
14.5 12.1 5.8 39 22 13398 36

Table 2.2: Expected and observed background yields for the 8 TeV SSL analysis,
after summing over all SSL categories. The numbers are taken from Ref. [19)].

4. Hp > 155 GeV, where Hr is the scalar sum of the transverse momenta of all

jets as defined in point 2;

5. The CMS lepton isolation is approximated by requiring that AR(¢, j) > 0.3

for each of the SSL and for all jets as defined in point 2.

The events are divided in 6 categories depending on the flavor/charge combination
of the SSL. The expected event yields for all the processes considered in Ref. [19],
after summing over all SSL categories, are shown in Table 2.2l The largest SM
contribution is given by (¢t +jets)qcep, which was considered as signal in Ref. [19],
but will be a background in our analysis. The second contribution is given by
the misID¢ background, composed of processes with one prompt and one non-
prompt lepton. The latter arises from the decay of a heavy flavor hadron, and
is misidentified as prompt. The misID¢ background is dominated by ¢t events.
Subleading contributions are given by the ‘irreducible’ processes, which include
tth and same-sign W production in association with jets, and by 7. A minor
background is given by processes where the misidentification of the charge of one
electron leads to the SSL final state. This contribution, dominated by ¢t and
Drell-Yan (DY)-+jets events, is labeled misidentified charge (misIDQ) background.

Finally, W Z4jets production is also a minor background.

To efficiently compute the signal yield after cuts as function of the parameters
Ap g and ¢r g, we exploit the fact that formally the (t¢Wj)gw cross section is a

polynomial of second order in Ay, r, and of quartic order in ¢z, g. Thus it is sufficient
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to generate a small number of signal samples and perform a fit, which yields semi-
numerical formulas parameterizing the signal predictions. For brevity, only the sum
over all flavor/charge combinations of the SSL was reported in Eqs. , .
The statistical uncertainty on the signal yields computed using those equations is
approximately 10%. The fact that CMS observed a number of events compatible
with the SM prediction (see Table allows us to set a bound on top-Z interac-

tions. Denoting by p either {Ap, Ar} or {¢,¢r}, we thus consider the following

likelihood
6 . i _ i
Nl Nobs NS+B
L(p;r,t) (Vs 5) - '6 P, (r,1)P,,(t,1),
i=1 Nobs'
1 1 (z—=)?
Po-(l',l’o) = e 2"8 )

1 1
5 [1 + erf <E>:| 2no
N,g'—i-B = TNE,misIDZ + Ng,other + N(itt_Wj)Ew (0)

- t(N(ithj)Ew (ﬁ) - Ngtin)Ew (0)) ) (2.23)

where the dominant systematic uncertainty of 50% on the misID/ background was
includedﬂ by setting o, = 0.5, and we also took into account the already mentioned
20% systematic uncertainty on the signal by setting o; = 0.2. The index ¢ runs
over the 6 SSL categories. Maximizing the marginalized log-likelihood, defined
as {n(p) = log ( f0+°° L(p;r t)dr dt), and taking standard confidence intervals we
obtain the exclusion contours shown in Fig. [2.3] To put our constraints in perspec-
tive, we compare them with those derived from the CMS 8 TeV ttZ analysis in the
trilepton final state, also performed in Ref. [19] (see App. for details). Setting
Ap = 0 (or equivalently, ¢, = 0) in the likelihood, we obtain the one-dimensional
bounds reported in Eq. . Notice that, as shown in Table , despite the

leptonic Z veto the ttZ process gives a small contribution to the SSL signal region.

8We have verified that by assuming 50% on the misID/ background as the only systematic
uncertainty, we reproduce to good accuracy the measurement of the ttW cross section quoted in
Ref. [19]: we find 178T10% fb, to be compared with 1707 5 fb.
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For the sake of consistency, to generate the t£W/ contours in Fig. 2.3 we have taken
into account the dependence of the t£Z event yield on the parameters p, rescal-
ing the value quoted by CMS for the SM (3.9 events) by the ratio oyz7(p) /00,
with o4 the inclusive cross section for pp — ttZ at 8 TeV. This is based on the
assumption that the selection efficiency is independent of p, which is expected to
be a reasonable approximation, since the leading pp — ttZ amplitude does not
grow with energy for non-SM top-Z couplings. On the other hand, the subleading
contribution pp — ttZj, which is the analogue of our signal with W — Z, does
grow with energy, and one may wonder if it is justified to discard it. However, as
discussed in Sec. , the tZ — tZ amplitude only grows with energy as v/3, as
opposed to § for tW — tW. We can thus safely neglect this piece. The effect of

the t¢Z contamination on the ttW bounds in Fig. [2.3]is small.

2.4.2 Background simulation

To set bounds from the 8 TeV CMS data, it was sufficient to simulate the (ttWj)gw
signal and make use of the expected background yields quoted by CMS. Thus it
was not necessary to simulate all the backgrounds listed in Table 2.2l However,
because our aim is also to devise an analysis at 13 TeV, which we will specifically
tailor to improve the sensitivity to top-Z interactions, we first need to make sure
that our simulation can reproduce the 8 TeV results contained in Ref. [19] for
all the processes listed in Table The salient features of the simulation are
summarized below for each background. Unless otherwise specified, jet matching
is performed using the shower &k, scheme [54] with matching scale set to 30 GeV,

and the definition of jet includes b-jets.
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o (ttW+jets)qep: we generate a matched sample of t¢W + 0,1 jets, and nor-
malize it to the NLO cross section of 206 fb [19]. Notice that in Ref. [55] the
(ttWj)qep component was shown to have dramatic effects in some regions
of phase space. However, the NLO corrections to (ttWj)qep were also com-
puted, finding that they have a small effect.ﬂ This supports the use of a LO

matched sample with 0,1 jets, at least for our exploratory analysis.

e MisID/: CMS estimated this background by means of a data-driven method.
We follow the approach of Ref. [48], where it was proposed to exploit the
relationship between the misidentified (or ‘fake’) lepton and the heavy fla-
vor jet from which it originated. The method consists of applying certain
probability and transfer functions to MC events containing heavy flavor jets.
In our case, we consider a matched sample of ¢t + 0,1, 2 jets, normalized to
the NNLO cross section of 245.8 pb [56]. More details about the method are
given in App. 2.C| Here we only stress that the overall efficiency of the fake
lepton generation is a free parameter of the method, and we simply fix it to

reproduce the CMS yield reported in Table

e Irreducible: this background is composed mainly by ¢t production in asso-
ciation with a Higgs, with a ~ 10% component of same-sign WW. For the
former process, we generate a matched sample of tth + 0,1 jets, and normal-
ize it to the NLO cross section of 129.3 fb [57|. For the latter, we generate

W*W= 4 35 with matching, with LO normalization.

e t1Z: we generate a matched sample of ttZ + 0, 1 jets, and normalize it to the

NLO cross section of 197 fb [19].

e misID@: this background was estimated by CMS using a combination of

data and MC. We mimic their method by selecting MC events that contain

9We thank F. Maltoni for pointing this out to us.
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| (ttW+jets)qep  misID?  irreducible 12 misIDQ WZ
ous | 0.62 - 109 120 028 0.83

our MC

Table 2.3: Multiplicative factors we need to apply to the normalization of our MC
samples to match the CMS results in Table 2.2l The normalization of the misID?
background is not predicted by the fake lepton simulation.

opposite-sign ey or ee and pass all the cuts except for the same-sign require-
ment, and weighting them with the probability for the charge of each electron
to be mismeasured (the probability of the charge of a u being mismeasured
is negligible). We take the probabilities to be 2.3 x 1073 for the endcaps
(Jn] > 1.479) and 2 x 10~* for the barrel (|| < 1.479) [58]. These proba-
bilities correspond to the ‘selective’ charge identification method [58], and
agree with the order-of-magnitude values quoted in Ref. [19]. Two processes
contribute: tt, and DY-+jets. For the former, which amounts to ~ 70% of
the total, we generate a matched sample of t£ + 0, 1, 2 jets, normalized to the
NNLO cross section of 245.8 pb [56]. For the latter, we generate a sample of

¢t~ 435 with matching, with LO normalization.

e WZ: we generate W Z+3j with matching and LO normalization.

For each of the above processes, we compare the distributions of the leading lepton
pr and Hp with those reported in Fig. 2 of Ref. [19]. The shapes of the distributions
are reproduced in all cases, including misID¢ and misID(Q), which were predicted
by CMS using data. This gives us, in particular, confidence in our treatment of the
fake leptons, which together with (¢¢WW +jets)qcp will dominate the background in
the 13 TeV analysis. On the other hand, as shown in Table 2.3 the normalization
agrees reasonably well with the CMS result for all the processes except misIDQ), for
which our simulation overestimates the event yield by a factor ~ 3.5. Nevertheless,

once we normalize to the CMS rate, the misID() distributions are reproduced to
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Figure 2.6: 8 TeV distributions for (ttW+jets)qcep (upper row) and misID? (lower
row). The blue histograms show the CMS result, whereas the red histograms show
our prediction, after normalizing to the CMS total yields.

good accuracy. In addition, we checked that for all processes we reproduce, within
errors, the relative contributions to the 6 SSL categories shown in Table 1 of
Ref. [19]. The 8 TeV distributions for (¢¢W-+jets)qep and misIDZ are shown in
Fig. [2.6] after normalization to the respective CMS yields. Having validated our
background simulations against data, we will confidently make use of them in the
13 TeV analysis, by generating each process with the same settings employed at 8
TeV, including jet multiplicity. The normalization will be fixed to the best available
calculation (see Table , multiplied by the rescaling factor given in Table [2.3]
which brings our 8 TeV rate in agreement with the one predicted by CMSE The
misID/ process will be simulated with the same parameters that match the CMS
results at 8 TeV, because we do not expect a significant variation going to the

higher collider energy.

10The irreducible and misIDQ backgrounds are composed by two distinct processes. In these
cases, the rescaling factor of Table is applied to each of the component processes.
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‘ (ttW+jets)qep  tt (misIDZ, misIDQ) tth ttZ
ey | 566.3 fb [59) 788.2 pb [60] 508.5 tb [61] 771 fb [59]

Table 2.4: Inclusive cross sections used to normalize the 13 TeV samples. The tf
cross section is at approximate NNLO, whereas the others are at NLO. For the
processes not listed here, LO normalization was used.

2.4.3 13 TeV analysis

The (ttW 7)gw process is characterized by the presence of a highly energetic forward
jet, which provides a natural handle to separate the signal from the background.
In our analysis, we thus select a candidate forward jet, and make use of kinematic
variables constructed out of it. However, forward jet tagging is known to face issues
in high-pileup conditions, like those of LHC Run-2, and what level of performance
will be achieved is still an open question. Interestingly, it was suggested [62], in
the context of a study of heavy top partners in the very ¢tV final state, that
clustering forward jets with a radius parameter smaller than the standard one can
greatly improve the forward jet tagging. Yet in our analysis we go beyond tagging,
making use of the reconstructed four-momentum of the forward jet. Because this
aspect of the analysis may be affected by pileup, we choose to also perform a
separate analysis where we do not make any reference to forward jets, and only
employ central jets with |n| < 2.4. The results of this second analysis (which will
be labeled 3j analysis) are very robust and likely conservative, whereas the first
(45 analysis) illustrates the potential of forward jet variables in suppressing the

background.
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47 analysis

In the 45 analysis, we make use of the forward jet that characterizes the signal.

The event pre-selection requires the following;:

1. The cuts on leptons are identical to the 8 TeV analysis;

2. We require at least four jets with pr > 30 GeV and |n| < 5, among which
at least three must be central, i.e. must satisfy |n| < 2.4 (at least one of the

central jets must be b-tagged), and at least one must not be b-tagged;

3. No cut is applied on Hr, defined as the scalar sum of the pr of all the central

jets as defined in point 2;

4. The CMS lepton isolation is approximated by requiring that AR(¢, j) > 0.3

for each of the SSL and for all central jets.

After the pre-selection, to find the best set of cuts we perform an optimization
based on the signal point (Ar, Ag) = (0,1), which corresponds roughly to the
target sensitivity at 13 TeV with 300 fb~!. For the optimization, we include
only the two main backgrounds (ttW + jets)qcp and misID. The optimization is
performed by maximizing the statistical significance of the exclusionE

S Nuiw jyew (Ar = 1) — Naiw j)gw (SM)

S = —
viTh \/N(thj)EW(AR = 1) + Nuawtjets)gep + NmisiDe

. (2.24)

where S and B indicate the signal and background, respectively. The luminosity
is assumed to be 300 fb™'. We consider a number of candidate variables in order
to enhance S&. The best are found to be the transverse momentum of the lead-

ing lepton, png, the invariant mass of the two leading leptons, my,s,, the missing

HThe 95% CL exclusion corresponds to S ~ 1.64.
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Figure 2.7: Normalized distributions for (¢ j)gw and the two main backgrounds
(ttW+jets)qep and misIDZ at 13 TeV, after the 4 pre-selection. The other relevant
distributions were shown in Fig. 2.4}

transverse energy, MET, the scalar sum of Hy and the pr of the two leading lep-
tons, St, and two angular variables that involve the forward jet, namely |n;, | and

AN = |Njps — Mje | » Where the forward jet jg, and the ‘second forward jet’ jeyo are

defined as

® jp, is the non-b-tagged jet with largest |n|,

® jrwo is the jet with the largest invariant mass with jg.

The normalized signal and background distributions of these variables after the
pre-selection cuts are shown in Figs. and 2.7 The cut-flow for our optimal
cuts is in Table[2.5] We see that the cuts on the leptons effectively suppress the
fake lepton background, while the cuts on the forward jet are successful against
the (ttW+jets)qop background. After all cuts, we achieve a significance of 3.5
and a signal to background ratio of approximately 0.4. In Table we report the

event yields for the subleading backgrounds. We note that because our selection
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S | EW(SM) EW(Arp=1) (ttW+jets)qcp misIDl | S/B

pre-selection 2.8 91 183 445 476 0.091
pi > 100 GeV | 3.0 44 111 223 166 | 0.15
My, > 125 GeV | 3.1 39 102 202 112 | 0.18
MET > 50 GeV | 3.2 28 84 152 80 0.22
e | > 1.75 3.4 21 69 7 58 0.31
An > 2 3.5 20 67 60 49 0.36

Sr > 500 GeV | 3.5 16 58 51 34 0.42

Table 2.5: Cut-flow for the 4j optimization at 13 TeV. EW stands for (¢¢Wj)gw.

requires at least 4 jets, the backgrounds W*W=, W Z and DY should in principle
be simulated with four extra partons in the matrix element, matched to the parton
shower. This requires, however, a large computational effort, which goes beyond
the scope of this paper. Therefore, as an estimate, we simply simulate these
backgrounds with 3 additional partons at matrix element level. We find that all
three processes give a very small contribution to the signal region. In particular,
DY+jets is very strongly suppressed by the MET cut. The signal yields after all
tth W*W=* ttZ tt-misIDQ DY-misIDQ WZ

pre-selection | 233 18 105 44 16 41
all cuts 19 3 8 4 0 4

Table 2.6: Event yields for the subleading backgrounds at 13 TeV, after 45 pre-
selection and after the full 45 analysis.

cuts were given in Egs. , . The statistical uncertainty on the signal yields
computed using those equations is approximately 10%. To derive the constraints
on the parameters p, we perform a single—bin@ likelihood analysis, in complete
analogy with Eq. (2.23)), assuming the observed number of events to equal the

SM prediction. We also consistently take into account the dependence of the

12\We have verified that taking one inclusive bin instead of 6 SSL categories makes the 8 TeV
bounds only slightly weaker.
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subleading background ttZ on the parameters p, by rescaling the yield in Table
with the ratio o,z (p) /o0y, with o477 the inclusive cross section for pp — t#Z at
13 TeV. The resulting bounds were shown as red contours in Fig. 2.5 In addition
to the 20% systematic uncertainty on the signal, we assume either no systematics
on the background (solid contours), or 50% systematic uncertainty on the misID/¢
component (dotted). For comparison, we also show in dashed blue the results of

the ttZ projection made in Ref. [6]. Assuming that the only deformation of the

SM is a modification of the Ztztr coupling, we obtain the one-dimensional bounds

reported in Eq. (2.21)).

3j analysis

In the 37 analysis, we conservatively do not make use of the forward jet that charac-
terizes the signal, and only impose selection cuts on central jets. The pre-selection
is identical to the 8 TeV analysis, except that no requirement on Hrp is applied.
As in the 45 analysis, after the pre-selection we perform a cut optimization taking
the point (A, Ag) = (0,1) as signal benchmark, using the statistical significance
defined in Eq. . The most effective variables in enhancing the significance
are found to be pﬁTl , My, 0., the MET and S7. The cut-flow for the optimal cuts is in

Table 2.7 After all cuts, we find a significance of 3.0 and a signal to background

S | EW(SM) EW(Arp=1) (ttW+jets)qcp misIDl | S/B

pre-selection 2.5 108 212 678 788 0.066
pi > 100 GeV | 2.9 52 129 346 258 | 0.12
mee, > 125 GeV | 2.9 45 117 308 170 0.14
MET > 50 GeV | 3.0 32 96 229 122 0.17
St > 500 GeV | 3.0 25 82 186 80 0.19

Table 2.7: Cut-flow for the 3; optimization at 13 TeV. EW stands for (ttW7)gw.
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tth W*W* ttZ tt-misIDQ DY-misIDQ WZ
pre-selection | 324 32 188 81 32 62
all cuts 35 12 36 10 0 16

Table 2.8: Event yields for the subleading backgrounds at 13 TeV, after 35 pre-
selection and after the full 35 analysis.

ratio of ~ 0.2, to be compared with 3.5 and ~ 0.4, respectively, for the 45 analysis.
The event yields for the subleading backgrounds are reported in Table 2.8, The
DY-mis@) background is very strongly suppressed by the MET cut. The signal

yields after all cuts are found to be

Niw jyew (A, Ag) = 271+ 211 A, +240.2A7 +3.2Ax + 504 AL AR + 58.0 A%,
(2.25)
Nw j)pw (€1, Cr) = 27.1 —98.4¢; +190.4¢; — 251.2¢; + 597.2¢} + 6.5 ¢

—0.5¢Lcp — 202.6 ¢feg + 591.2¢5

(2.26)

The statistical uncertainty on the signal yields computed using Eqs. and
is approximately 10%. To set constraints on the parameters p we follow
exactly the same procedure described for the 4; analysis, including taking into

account the contamination due to the t¢Z process. The resulting bounds are shown

as green contours in Fig. 2.8 If we assume that the only deformation of the SM

13From Fig. m we read that, in the absence of systematics on the background, the 35 analysis
gives a stronger constraint than the 4j one in the Ay = 0, Ar > 0 direction. This may be
surprising, considering that we chose this very direction for the optimization of the cuts, and
that the 47 analysis reached a higher significance (3.5 versus 3.0). The effect is due to the {2
contamination, which slightly shifts all contours, and does so more markedly for the 3; analysis,
where the ttZ contribution to the signal region is larger.
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Figure 2.8: In green, the constraints on top-Z coupling deviations (left panel) and
HDO coefficients (right panel) derived from our 3j t{W analysis at 13 TeV. The
solid contour assumes no systematic uncertainty on the background, whereas the
dotted one includes a 50% systematic on the misID{ component. For comparison,
in red we show the corresponding constraints derived from the 4j ¢tV analysis, and
in dashed blue the constraint obtained from the 13 TeV ¢tZ analysis, as derived
in Ref. [6]. The red and blue contours are identical to Fig. [2.5]

is a modification of the Ztrtr coupling, we find at 95% CL

—0.98 < Ar < 0.70 or —031<cgp<0.22 (no syst on B),

—1.34 < Agp < 1.05 or — 042 < ¢ <0.33 (50% syst on misIDY).
(2.27)

We see that in the 35 analysis, the deterioration of the bound due to the large sys-
tematic uncertainty on the misID/ background is stronger than in the 45 analysis,

where this background is more effectively suppressed by the cuts.

2.4.4 Perturbative unitarity of the hard scattering process

As we discussed at length, the growth with the square of the energy of the tW —
tW scattering amplitude is the reason behind the sensitivity of our analysis to

anomalous top-Z couplings. However, this growth also implies that at sufficiently
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high energy, the amplitude becomes so large that perturbative unitarity is lost,
making our predictions not trustable. The scale at which this takes place can be

estimated, for example, by computing the s-wave amplitude

1 0
= dt 2.2
to= 1o / M, (2.28)

where M is the amplitude, and requiring that |ag| < IE Considering first devia-
tions in the Ztgrtr coupling, by integration of the Mpgp amplitude in Eqgs. (2.11}
2.12)), one finds the following estimate for the cutoff scale

- %, (2.29)

which equals 2.7 TeV for |Agr| = 1, corresponding to a BSM contribution of the

same size of the SM coupling. Similarly, for deviations in the Zt,t; coupling the

relevant amplitude is M, leading to

2\/%1}

A= T ,
1—%8%0\/’AL‘

which equals 1.8 TeV for |[Ay| = 1. To understand whether perturbative unitarity

(2.30)

is an issue in our signal predictions, we should consider the distribution of the
center-of-mass energy /5 of the partonic hard scattering tW — ¢tW in LHC events.
However, given the topology of the signal process pp — ttW 7, it is impossible to
tell on an event-by-event basis whether the hard scattering that took place was
tW — tW, or rather tW — tW. Thus, to be conservative, for each event we
identify v/§ with the largest of the partonic invariant masses m(tW) and m(tW).
Normalized distributions of this quantity are shown in Fig. [2.9] For each collider
energy we show the distributions, obtained after all selection cuts, for a set of

signal points that sit approximately at the edge of the exclusion region, together

14With this definition, perturbative unitarity in WW scattering is lost, in the absence of a
Higgs boson, at the scale A = 4v/27v ~ 2.5 TeV.
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Figure 2.9: Distributions of the partonic center of mass energy, defined as the
largest between m(tW) and m(tW), for (t{Wj)gw signal events at 8 TeV (left
panel) and 13 TeV (right panel). The distributions, shown for a set of represen-
tative signal points and for the SM, are obtained after application of all selection
cuts. The cutoff scales corresponding to each signal point are also shown as vertical
lines.

with the corresponding cutoff scales obtained from Egs. and . We
observe that even for the very large deviations allowed by 8 TeV data, the fraction
of events whose v/§ could potentially be larger than the cutoff is at most 10%. At
13 TeV, this fraction is approximately 1%. We conclude that our predictions are

robustly safe from issues with perturbative unitarity.

2.5 Other processes

In this section we wish to discuss other scattering processes beyond tW — tW
that involve third generation fermions and W, Z or h, where BSM deviations lead
to a growth with energy. We will focus on the phenomenologically most relevant
amplitudes, pointing out the deformations of the SM to which they are most sen-
sitive to, as well as the most promising collider processes where they could be
probed. While our formulas for the amplitudes are expressed in terms of general

coupling deviations, in the discussion we assume that departures from the SM
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can be parameterized in terms of dim-6 operators, including those proportional to
—523) = ES) = ¢r, Cg, and ¢,, and neglecting the remaining ones in Eq. (2.5)). The
relation between the HDO coefficients and the coupling deviations can be found in

Egs. (2.6H2.8). For all processes of the type 11 + ¢1 — 12 + ¢o, with ¢y o = {t, b}

and ¢; » the longitudinal W=, Z or h, we make reference to the general form of the

amplitude in Eq. (2.11)).

25.1 tZ—th

For tZ — th we find x = 1 and

App = ct + %CL(Ct —cy) — %sfu [202 + (e — cr)(er — cv)] ,

Agr = —%CL<Ct - CV) - %5121; [26}}% - (CL - CR)(Ct - CV)} : (2'31)

This process can be probed in pp — tthj. The leading terms of the amplitude
grow as § and are controlled by the hZtt interaction, which under our assumptions
receives contributions from both ¢z, and ¢z: we have Arr ~ ¢r, and Arp ~ ¢p. As a
consequence, tZ — th can be seen as complementary to tW — tW in probing these
two operators, and in particular ¢g. However, one important difference between
the ttWj and tthj processes is that for the former the (¢¢W +jets)qep background
is robustly insensitive to new physics in the top sector, whereas for the latter
the main background is given by tth+jets production, which depends strongly on
¢t = 1 —2¢,. The tth signal has been searched for both by ATLAS [39H41] and
CMS [42], with 8 TeV data implying an upper limit on the cross section of about

3 times the SM prediction. To enhance the sensitivity to ¢, and cg, one may add
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to the existing experimental strategy the requirement of a forward jet, as well as
additional high energy cuts on the decay products of the Higgs and the tops. It is
interesting to note that if an excess were found in tth+jets, in principle this could

be caused either by ¢; > 1, or by a large deviation of the Ztztr coupling.

2.5.2 W —th

For bW ™ — th we find k = v/2 and

h
A = Crr»
h
Arr = CRR »
A _h 1 o
tr = ¢ip + 5crn(c —cv),

ARL = CI}{R + %CRR(Ct - Cv). (232)

This process can be probed in pp — thj. The leading terms of the amplitude grow
as § and are controlled by the hWtb interaction, which under our assumptions
is generated only by the operator proportional to ¢;: we have Ay, = —¢; and
Agrgr = 0, thus the leading sensitivity is to ¢;. An interesting feature of the bW —
th process is that the SM amplitude is strongly suppressed, due to an accidental
cancellation between the diagrams with s-channel top exchange and ¢-channel W
exchange [18]. As pointed out in Refs. [16,/17] (see also Ref. [63]), if only Higgs
coupling deviations are considered, this cancellation leads to a striking sensitivity
of the cross section to Apg ~ (¢; — ¢y), which can be exploited to constrain the
sign of ¢; through a measurement of the thj process. Following this proposal, the
CMS collaboration has performed a full analysis on 8 TeV data [64], considering
the Higgs decays into bb, multileptons and 7, whereas the ATLAS collaboration

has published an analysis in the diphoton channel [39]. We stress that the very
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strong sensitivity of thj to (¢; — c¢y) is mainly due to the threshold region, because
of the already mentioned accidental cancellation, thus justifying why the cross
section increases by more than one order of magnitude for ¢, = —cy = —1, even
though the amplitude only grows as v/5 [17]. For more details on the experimental
strategy to separate the thj signal from the background, we refer the reader to the
analyses in Ref. [64]. Here we simply observe that the growth of the amplitude
like § in the presence of a non-vanishing ¢;, suggests the application of tighter cuts
on the Higgs and top decay products. In summary, thj may provide an interesting

opportunity to constrain cy,.

253 W=tz

For bW+ — tZ we have x = 1/4/2 and

ALL = CLL |:2 — C, — Cpp + %Si(QCL + Crb — 3)} y

b
o
Y

I

o

RR [2 + %S QCR + Crb — 3)]
ALR = CLL [1 — Cppb + (QCR + Crp — 3)} s

ARL — CRR [1 —cr + %S,lzu(QCL + Crb — 3)] . (233)

This scattering can be probed at the LHC through pp — tZj, which was already
suggested in Refs. [6,/65] as a probe of the top-Z couplings. For the pieces that
grow like § we find Ay, = 2¢,(1 —¢;) and Agrg = 0, thus the leading sensitivity is
to the coefficient ¢;. In Fig. [2.10] we show the partonic cross section for Wb — tZ
scattering. We observe that the cross section is significantly affected by a non-
vanishing ¢, not only at large v/§ but also in the threshold region. On the contrary,
cr has a very small impact on the cross section, because its effect arises via the

subleading amplitude proportional to Ay g = ¢g(1 —¢r), which grows only like V.
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Figure 2.10: Partonic cross section for the process bW+ — tZ as a function of
the center of mass energy v/3. A pseudorapidity cut In| < 2 has been applied to
remove the contribution of the forward region, which is enhanced by the diagram
with W exchange in the t-channel. At large energy, the red curves diverge like 3,
the green curves (which are indistinguishable) tend to a constant limit, whereas
the SM cross section (blue) falls off as 1/5.

In the SM, the cross section for tZ production at the LHC is almost as large as the
one for ttZ, despite the fact that the former is a b-initiated pure electroweak process
[65]. This is due to the lower number of particles in the final state and the lower
mass threshold. Notice that tZ5 gives rise to the trilepton final state, therefore
in principle it could be picked up by the CMS 8 TeV ttZ search in the trilepton
final state of Ref. [19]. However, the CMS event selection required at least four
jets, among which at least two must be b-tagged, thus strongly suppressing the t2j
contribution. In fact, in Ref. [65] jet multiplicity was studied as a potential handle
to distinguish ¢Z from ttZ production. Based on these preliminary considerations,
we conclude that tZ production has negligible sensitivity to ¢z, but may provide

another opportunity to constrain the coefficient ¢y.
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Next we consider tZ — tZ. We find x = 1/2 and

ALL = ARRZOa

App = App = (¢} — qev) — 3shep(cr — cg) + s, (e, — cr)”. (2.34)

This process can be probed in pp — ttZj. Differently from tW — tW, however, the
tZ — tZ amplitude grows only linearly with energy, the corresponding coefficients
Apr = Agy, depending on a combination of ¢, ¢z and ¢,. As explained in Sec. [2.2]
the absence of the §/v? growth is a consequence of the symmetry structure of the
xOxyyt interactions. The sensitivity to &, is especially interesting, because it
is absent in the dominant process for ttZ production, which is of O(g?g,) and
only depends on ¢r,cr. Thus the t¢Zj final state may in principle provide new
information on ¢,. The experimental strategy would rely on the trilepton final
state, and the sensitivity to the O(g,g3) contribution may be enhanced through
a forward jet cut. Furthermore, since the amplitude grows with energy, a more

stringent cut on the pr of the Z could also be effective.

2.5.5 tt — hh

The last process we consider is tt — hh. The pieces of the amplitude that grow

with energy can be written ad"|

M, M 2 0 1
LL RL | _Q_QCgmt\/g 7 (2.35)
MLR MRR Mw -1 0

where to make the notation uniform with Eq. (2.11f), in M,; the index ¢ indicates

the chirality of the top, and the index j indicates the opposite of the chirality

5Here we define 5§ = (p; + p)%.
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of the antitop. This process can be probed in pp — tthh, which was studies in
detail in Ref. [66], with an emphasis on its potential role in constraining the Higgs
cubic coupling. Based on the form of the amplitude in Eq. , we observe that
the main sensitivity of the cross section is not to deviations in the Higgs cubic
coupling, which do not lead to a growth of the amplitude with energy, but to the
h2tt contact interaction (in turn proportional to ¢,), which leads to a growth like
mt\/g/ v? of the amplitude. This conclusion is familiar from studies of the loop-
induced process gg — hh, which gives the largest contribution to the double Higgs
production rate at the LHC and was shown to be strongly enhanced in presence
of a tthh interaction [67]. In fact, the t¢ — hh amplitude can be obtained by
performing an s-channel cut of gg — hh. While ¢, will be constrained within 15%
by tth production at LHC Run-2 [3], due to the growth of the amplitude with
energy the residual effect in pp — tthh may be non-negligible, and potentially

affect the Higgs cubic coupling constraint.

2.6 Conclusions

Progress towards an understanding of the weak scale requires testing the prop-
erties of the top quark. In natural models of electroweak symmetry breaking,
the couplings of the latter generically deviate from their SM values. As long as
the top couples strongly to the new physics resonances, such deformations can be
large without requiring new light states. Examples of resonances are heavy vector
bosons or vector-like fermions, typical of models where the Higgs arises from a

strongly-interacting sector.

In this paper we proposed a new approach to measure deviations in the top
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electroweak couplings, which exploits the growth with energy of certain scattering
amplitudes involving tops and longitudinal gauge bosons or Higgses. This high
energy behaviour can be efficiently probed at the LHC, thanks to the large center
of mass energies available. As a proof of concept, we studied in detail tW — tW
scattering, which diverges with the square of the energy in the presence of non-
standard ttZ couplings and can be studied at the LHC in ¢/Wj production. By
recasting an 8 TeV CMS search for t¢W in the same-sign lepton final state [19], we
extracted constraints on the top-Z couplings. We obtain improved limits compared
to those derived from the “conventional” measurement of ¢£Z production, even
though the analysis of Ref. [19] was not optimized for our signal. For example,
considering only a deviation in the Ztgztr coupling we find —3.6 < A < 2.4 at

95% CL.

Having verified the effectiveness of our method, we proposed a dedicated 13
TeV analysis. We exploited the distinctive kinematic properties of the ¢£WW; signal,
namely a tW pair with large invariant mass and a highly energetic forward jet, to
suppress the background, mainly composed by (¢£W +jets)qep and misIDZ. Assum-
ing 300 fb~! of integrated luminosity and no systematic uncertainty on the back-
ground, we find —0.83 < Ay < 0.74 at 95% CL. In terms of the unique dim-6 opera-
tor that modifies the Ztrtr coupling, this reads —0.26 < ¢g < 0.23. In the context
of composite Higgs models with a fully composite ¢z, where ¢z ~ v?/f? with f the

Goldstone-Higgs decay constant, the bound translates into f 2 500 GeV.

In addition, we identified several other amplitudes in the same class that could
provide further evidence of the strong connection of the top quark with the new
physics sector responsible for electroweak symmetry breaking. An interesting ex-

ample is the tZ — th process, which is sensitive to modifications of Ztrtr and can
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be probed at the LHC in tthj production. It follows that tth-+jets is sensitive to
both of the two least known top couplings, namely Ztrtgr and htt, making it an
ideal place to look for signs of BSM physics. This warrants further work, to fully

exploit the opportunities offered by the LHC in testing the top-Higgs sector.
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APPENDIX

2.A Electroweak Chiral Lagrangian

In the custodial invariant electroweak chiral Lagrangian the SU(2), x U(1)y SM
gauge symmetry is non-linearly realized, with the Nambu-Goldstone bosons eaten
by the W and Z parameterized by the 2 x 2 matrix

Y(x) = exp (ic*x*(z)/v) , (2.36)

where o are the Pauli matrices. Such a ¥ field describes the spontaneous breaking
SU12), x SU22)g — SU(2)y, with U(1)y C SU(2)r. The Higgs boson h is

introduced as a singlet under the custodial SU(2)y symmetry.

The interactions of the top (and bottom) are given, at the level of one derivative,

by
E?f = ’iCjL’)/'uDH(]L + i{RV#Dth + iBR’YHDMbR
Yt

h W h?
— —qXPitr 1+ ct; + 2¢, ) 4+--- ) +h.ec.

V2
i . . h
_ §TI' [UszTDHZ] (ijy”qL <CL(1> + 20%(1); + .. )
i R . h
+ QTI‘ [0‘3ZTD#Z] quylLZOBETqL (CL(Q) + 202(2); 4+ .. )
: T, a = O A ~h h
+ §Tr [E o DHE} qrY o qr | ¢re + QCL@)Z S
iT SSPD S tavg | ¢ 2Ahh
—5 F[O' u ]R’}/ R CR+ CR;‘F"‘
iT 39D bptbg | 6 2ch h
—5 r[a I ] RY ORr CRb+ CRb;—i_"'
_ h
+ iPTSID, Y Py tpy b (éRtb + 2@’;%% + - ) +h.c., (2.37)

where the dots stand for higher order h interactions. In Eq. (2.37)) we introduced

P, = (1,0)T, P; = (0,1)T as projectors onto the Y = —1/2,+1/2 components of
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¥ respectively, and D, ¥ = 9,5 —igW;0*S/2+ig' B,X0?/2. From Eq. (2.36) one
finds,

1 $=1 g
—§TI' |:O'3ETD‘ME} = —EZH 3

i a =19 a g, a3
+5 T [XfoD,X] = Wi — 3B,

ST »=1 ¢ +
iPISIDSR = SSWE (2.38)

in the unitary gauge > = 1, or equivalently at the leading order in the Nambu-

Goldstone bosons x?. The relations between the coefficients in Eq. (2.1 and those
in Eq. (2.37) trivially follow,

—Cr1) + Cre) + Cr) Cry + Cr) + Cr» .
CL:1+ 1 ) y CLb:1+ 1 2 o y CLL:1+CL(3),
— 3% — 3%
éR éRb ~ A~
CR:1+W’ Cszl—ﬁ, CRR = Cpgtb Ct = C¢ (239)
§3w 3w

and similarly for the ¢ coefficients. Better suited to understand the high energy
behaviour of scattering amplitudes is the gauge-less limit, g,¢’ — 0. In that case

one finds

i g—0 1 1

—QTr [angD#E] "=y - 0uXs + F(Maﬂ){z - XQa,uXI) +0(x%) ,
i . g0 1 1

+5Tr [0 DY) "= X + —eanxduxe + O(X*) |

. g—0 V2 V2
iPTytD, v P, 7= —==0uX+ + z?(xg;@“)g — x+0ux3) + O(x?) (2.40)

In a similar fashion one can write the leading interactions of the Higgs boson,

at the level of two derivatives,

1 , N _h

1 m?
— 5m,%fﬁ = c32—:h3 e (2.41)

where the dots stand for higher order A interactions. The relation to Eq. (2.3)) is

given by ¢y = ¢y and c3 = ¢3.
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2.B Current and projected t{Z constraints

Here we discuss briefly the constraints derived from the t£Z process, both using
8 TeV data [19] and an existing projection to 13 TeV [6], which we used for

comparison with our bounds obtained from ttW.

2.B.1 8 TeV ttZ bound

The trilepton analysis in Ref. [19] was targeted at measuring the ¢tZ process, and
thus requires, in addition to two of the leptons being compatible with a Z decay, at
least 4 jets, among which at least 2 are b-tagged. To set a limit on the parameters
p from that analysis, we make use of the event yields listed in Table 2 of Ref. |19

and we assume a systematic uncertainty of 50% on the total background|

N, —N,
(NS—‘,-B) obse S+B
Nobs!

L(p;r) = Pos(r,1) (2.42)

where P, (x,xq) was defined in Eq. , and Ng,p = rNp + 04z (p)Le, with o4z
the inclusive cross section for pp — ttZ at 8 TeV, £ = 19.5 tb™! the integrated
luminosity and e the total efficiency for the SM ¢tZ process. The assumption of
constant efficiency is justified, given that the cross section does not grow with
energy for non-SM couplings. CMS finds that the contribution of (t£W+jets)qep
to the signal region is strongly subleading, therefore the sensitivity to the couplings

arising from (ttW7)gw is negligible.

16We have verified that by assuming 50% on the total background as the only systematic
uncertainty, we reproduce to good accuracy the measurement of the ¢£Z cross section quoted in
Ref. [19]: we find 197747 fb, to be compared with 1907 35% fb.
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2.B.2 13 TeV {tZ projection

The most recent assessment of the projected LHC sensitivity to top-Z couplings
in the pp — ttZ process was performed in Ref. [6], by making use of a signal com-
putation at NLO in QCD. The authors focused on the trilepton final state, and to
set constraints they exploited, in addition to the total cross section, the differential
distribution in the azimuthal opening angle between the leptons stemming from the
7 decay. Neither backgrounds nor detector effects were considered. To compare
with our results we make use of their Fig. 10, where the relation Eél) + Ef’) =0
was assumed, and simply map the exclusion contours given there to the planes

(A, Ag) and (¢r, ¢gr) used in this paper.

2.C Fake lepton simulation

We follow Ref. |48], which proposed a method to efficiently simulate fake leptons
starting from MC samples containing jets. The method exploits the relationship
between the kinematics of a fake lepton and that of the jet that ‘sources’ it. It
consists in applying to each jet an efficiency to generate a fake lepton, assumed to
be a function of the jet pr, and a transfer function, which represents a normalized
probability distribution for the fraction of the jet pr that is inherited by the fake

lepton. These are parameterized as follows

200 — pj,/GeV
200 — 10

where a = 1 — p&./p). is the fraction of the jet momentum that is not transferred

: (2.43)

ej—%(pg“) = €200 [1 — (1 —710)

to the fake lepton. The residual momentum is assumed to contribute to the MET.
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The parameter eggy represents the efficiency for fake lepton production at p]f =
200 GeV, whereas ry sets the slope of the efficiency as function of pjf. The
transfer function is assumed to be a Gaussian with mean p and standard deviation
o. In our analysis, the ‘source’ process is tt + jets, and we will assume that fake
leptons dominantly originate from heavy flavor (b) jets [19]. The parameters of the
fake lepton simulation are chosen as follows. We first set, for simplicity, riop = 1,
which gives an efficiency independent of the jet pr. We further set p = 0.5, based
on the generic expectation of equal splitting of the momentum between the fake
lepton and the neutrino produced in heavy flavor decays. By comparison with
the Hp and png distributions by CMS, which were obtained with a data-driven
method and reported in Fig. 2 of Ref. [19], we find that o = 0.1 gives reasonable
agreement. We are thus left with only one free parameter, the global efficiency,
which we fix to ey ~ 2.5 x 107 to reproduce the total event yield of 12.1 quoted
by CMS (see Table . A somewhat similar choice of parameters was made by
the authors of Ref. [68]. We assume no significant difference occurs between fake
lepton production at 8 and 13 TeV, and employ the above values of the parameters

in our 13 TeV analysis.
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CHAPTER 3
PROBING A SLEPTON HIGGS ON ALL FRONTIERS

3.1 Introduction

The LHC collaborations have recently discovered the Higgs boson at around 125
GeV [1,12], but have yet to find any of the particles which should have appeared
below the TeV scale as required to solve the hierarchy problem [3]. This suggests
that if supersymmetry (SUSY) is present at the TeV scale, it deviates from its
most naive implementations. There are many suggestions as to how Nature could
be supersymmetric but still avoid the bounds applied by the LHC. In particular,
there has been a lot of interest in substituting the R-parity of the Minimal Super-
symmetric Standard Model (MSSM) for a continuous R-symmetry, (U(1)g) [4,5]

(see |12H16}/16-19,19-211|23} 24} 26,28-33] for recent work in this direction).

One interesting feature of imposing a U(1)g symmetry is that it allows the
ordinary down-type Higgs to be in a supermultiplet with one of the charged-lepton
doublets,

and still avoid phenomenological bounds. This intriguing possibility has been dis-
cussed in several recent papers: see [16,/19,127] for model building, [28] for stop
phenomenology, and [29] for a suggested explanation of the recent eejj, evjj ex-
cess [30,31] as well as further discussion on light squark phenomenology. For the
purpose of this work we will focus on the possibility that the Higgs doublet is
identified with the selectron doublet, though much of our discussion will be more
general. This is motivated in section as it naturally explains the smallness of

the electron mass.
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While it is more economical to construct SUSY models where the Higgs is iden-
tified with a slepton, usually this causes phenomenological difficulties due to viola-
tion of lepton number. In particular, the Kahler potential generates electroweak-
scale Dirac masses between the partner neutrino (defined as the neutral fermionic
component of L.) and the gauginos. As a result the partner neutrino generically
becomes too heavy. This problem can be avoided by introducing a global sym-
metry to forbid Majorana neutralino masses, and adding additional adjoint chiral
superfields as Dirac partners of the gauginos. This ensures a massless physical
neutralino that can be identified with the neutrino. However, due to the small-
ness of neutrino masses, it is important that the symmetry be preserved under
electroweak symmetry breaking. This requires that the global symmetry be an
R-symmetry such that the neutrino be charged under the U(1)g but still leave the

Higgs uncharged.

One may wonder why there aren’t additional constraints from the many ex-
periments probing lepton flavor number violation. This is because these models
generically only have lepton number violation for one flavor (in our case the elec-
tron). The stringent limits from lepton number changing processes rely on violation
of at least two lepton flavor numbers (most notably p — ey, which requires muon

and electron number violation).

In this work we explore how Higgs-as-slepton models can be further probed
in several different ways. A generic feature of these models is a mixing between
the electron doublet and the gauginos, resulting in the physical electron doublet
no longer equal to the corresponding gauge eigenstate. This mixing puts bounds
on the size of the wino and bino masses. Previous papers have emphasized the

corresponding bounds from the high energy frontier through neutral and charged
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current universality measurements. In this work we explore the limits from low
energy measurements of Grp. We find these to be more stringent then the high
energy constraints for bounds on the bino masses and competitive with bounds on
the wino masses. Furthermore, we look at the discovery potential of the future
ete™ collider program. Intriguingly, we find that such a machine has the potential

to probe this variant of supersymmetry up to O(10 TeV).

Another aspect of the model which we will examine is the breaking of R-
symmetry through Planck-scale effect, naturally generating a small parameter in
the theory. This is responsible for generating neutrino masses which would other-

wise be zero, but may also lead to effects such as proton decay.

Experimentally, there has recently been significant development in the neu-
trino sector. The differences in the squares of the neutrino masses and the three
neutrino mixing angles have been measured [32]. Having the Higgs be part of a
supermultiplet with the lepton has crucial implications in terms of neutrino phe-
nomenology, the consequences of which we will explore. Planck-scale suppression
of R-symmetry breaking effects lead to naturally small neutrino masses. Assuming
this is the only source of neutrino masses, we find that in order to obtain the large
mixing angles measured by neutrino oscillation experiments, the model typically
requires a low cutoff scale of at most O(10 TeV). In other words, a generic minimal
supersymmetric model with the Higgs playing the role of a slepton requires a low

ultraviolet (UV) completion scale.

In addition to contributing to neutrino masses, R-symmetry breaking can also
lead to proton decay if the gravitino mass is very heavy. Neutrino mass measure-
ments suggests a gravitino mass range between O(10 eV) — O(10 keV) assuming

generic gravity-mediated R-breaking. With such masses the model could have
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rapid proton decay which restricts the possible UV completions of the model.

This paper is structured as follows. We begin by outlining general properties of
the Higgs-as-slepton models in Sec. [3.2, We then proceed to study the constraints
on gaugino masses from the lepton-gaugino mixing in Sec. [3.3] Phenomenological
implications on future e*e™ colliders are covered in Sec. [3.4] Implications of the
lepton mixing angles on these models are discussed in Sec. [3.5] We move on to
bounds on the gravitino mass from proton decay and neutrino mass measurements

in Sec. 3.6, We conclude in Sec. with a summary of our main results.

3.2 The basics of Higgs-as-slepton models

We consider the most minimal version of the Higgs-as-slepton model from a
bottom-up perspective, in which the only additional fields added to the Higgs-less
Standard Model (SM) and their supersymmetric partners are the Dirac partners
of the gauginos. Table lists the superfields and their gauge and U(1)g repre-
sentations. As mentioned earlier we have chosen the Higgs to be in L.. In places
where we generalize our discussion to other choices of lepton flavor, this will be
stated in the text. The R-charges are chosen so that left-handed (LH) and right-
handed (RH) quarks and leptons form R-symmetric Dirac pairs, and that the Higgs

vacuum expectation value (VEV) does not break R-symmetry.

Note that we keep B and L as free parameters, and thus they are not identified
with the usual baryon and lepton numbers. Based on our assignments, the quarks
have R-charges B, the muon and tau —L, while the electron always carries R-
charge —1. Moreover, the normalization of L and B is not determined such that

different normalization result in different models with different phenomenology.
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(SU3)c, SU(2)1)y Ul)r
H = Le (17 2)_1/2 0
E? (1,1), 2
L, . (1,2),1/2 1-L
Efw (1,1), 1+ L
Q12,3 (3,2)1/6 1+ B
Uf,2,3 ( 2) 1)—2/3 1-B
Df,2,3 (3: 1)1/3 1-B
Wwae (871)0‘|’ (173)0+ (171)0 1
P (8, 1) + (1,3)0 + (1,1)g 0

Table 3.1: Superfields in the minimal low energy model with the Higgs doublet
identified with the selectron doublet. The U(1)g charges are parameterized with
two unknown variables L and B, which gives the most general assignment con-
sistent with the requirement of the existence of Yukawas, R-charge conservation
after electroweak symmetry breaking, and supersymmetry. The U(1)g in the table
refers to the scalar component of the superfield.

We learn that B and L are parameters that determine the R-charge of the quarks
and the second- and third-generation lepton superfields. No significant change in
phenomenology arises from different choices of B, except for B = 1/3 or 1 which
lead to rapid proton decay and are hence forbidden (see Sec. . Therefore, in
our discussion we only consider the generic B case. On the other hand, viable
models can be built for several choices of L. In particular we will consider the
L=—-1,L =0, L =1 and the generic L case, that is L # —1,0,1. Each of these
four choices result in distinct lepton phenomenology and hence can be regarded as

a separate model.

For a generic assignment of B and L, the superpotential consistent with the

symmetries is

3
W= 4 HQDS + > ye HLE]. (3.2)

Bj=1 ije{nT}

For the B =1/3 or L = 1 cases there are extra terms, but we do not discuss them

here. In the case L = 1, the details of which can be found in [19,2§].
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The Higgs-as-slepton model faces a number of difficulties and here we discuss
two of them. First is the fact that supersymmetry forbids a mass term for the
up-type quarks. This problem can be solved by introducing non-renormalizable

SUSY-breaking Kéhler terms suppressed by a UV cutoff scale, A,

/ d49£ HIQU (3.3)

M A
where M is the R-symmetric mediation scale and X is the spurion whose vacuum
expectation value (Fx) corresponds to the SUSY breaking scale. Perturbativity
of the couplings requires the cutoff scale to be at most 47 TeV. Thus the model
requires a low-scale UV completion. In principle, one can avoid this by introducing
an additional pair of Higgs doublets |16}/19], which then allows top masses to be
generated by the tree-level superpotential. However, as we will show in section 3.5,
reproducing the correct lepton mixing angles also requires a low cutoff if we assume
neutrino masses arise from generic R-breaking. This requirement holds even with
the additional Higgs doublets. The second problem is that the superpotential
cannot provide a mass term for the fermion component of the H = L. doublet
(related to the left-handed electron field) since HH = 0. Again, this can be

resolved by generating a mass in an analogous way [33],

YRR (3.4)

/ d49XTX HD*HD,FE;
where D,, is the superspace derivative. If the electron doublet is the Higgs partner,

then this provides a natural explanation for the smallness of the electron mass,

hence motivating our original choice.

One of the most important consequences of having the Higgs as a slepton is the
mixing between the electroweak gauginos and the Higgs fermionic superpartner.

This puts generic constraints on such models. The Kahler potential generates weak
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scale Dirac mass terms given by

/
/ dOH eV H > —%emﬁ - %VEWO + %VQBO, (3.5)

where, g, ¢" are the SU(2), and U(1)y coupling constants and v ~ 246 GeV is the
vacuum expectation value of the Higgs. The Dirac wino and bino masses, Mj; and
M, are of order of the soft R-symmetric SUSY-breaking scale My = (Fx)/M.
This implies a mixing of order of the ratio of the electroweak scale to the soft

R-symmetric scale, which we quantify using the small parameter

€= = — (3.6)

where my, is the mass of the W boson. The above implies that the mass of
the gauginos must be high. As discussed in the following, the upper bounds on
e are (00.1. The mixing can also depend on the size of the non-renormalizable
operators arising at the scale A. These contributions are model dependent and will
be assumed to be negligible. We have also neglected any R-symmetry breaking
effects, although we will need to include them when discussing neutrino masses and
proton decay later. We also assume that |Mv2T/ — M]%,| > m¥,. While the mixing
between the winos and the binos is modified should we relax this assumption, it
turns out to have no significant effects on the phenomenology considered in our

work. With the above assumptions, and working to O(e®) the mass eigenstates are

XL = (1 — 62) e, — \/56%}, Xf”}; = e‘j{“ (3.7)
_ 1 — — c T

Xop = (1 - 562) ¢W + \/§€€L XQ’E =Wt (3.8)

Xop =W~ Xsp=19" (3.9)

5



1
X(lJ,L — (1 — 562 (1 + 0421512”)) Vo — EwW + EOztwa (310)
1 atw c.0 ~ OéQtw ~
Xg,L: (1—§e2> ww—ireue—l—eZl_awB leR:WO_i_e?_l_a?
(3.11)
2 agtw c,0 OéQtw
ngL = (1 - 162062t3)> ¢B — ealyyV, — 621 — Oé2¢V~V X3:R = — 621 — wo
(3.12)

where t,, denotes the tangent of the Weak mixing angle, and o = My;, /M. (For

details on the mixing matrices and diagonalization, see appendix )

3.3 Limits on gaugino-electron doublet mixing

Previous works have shown that the strongest constraints on the model arise from
the mixing between the gaugino and the electron doublet [16,27]. The bounds
from neutral current universality have been emphasized (with a mention of the
weak charged-current universality bounds in Ref. [27]). Charged-current inter-
actions also provide a different set of constraints through non-standard neutrino
interactions (NSI) [34H39]. In this section we compute the neutral-current bounds
in our general framework and compare the results with additional bounds from
NSI. Note that at tree-level neutral current effects can only constrain the wino
masses since this arises from mixing of the electrons in the Zee interaction, while
charged current measurements are affected by both electron and neutrino mixing

in the Wev, yielding bounds on both the wino and bino masses.

We start by computing the electron neutral current. Definitions of the mix-

ing matrices Ug,z, Ucr and Uy, used here are provided in Appendix 3.A] The
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interaction is given by

Ac= 2| (& = |Werlnl) 0GR 72

w

1 N _
- (@ 3 WenP) iz, ] 313

Keeping only terms to O(e?), this gives

g e\t i 1 C Nb_p — g Nt ,
AL =— [‘%%;(M,E)TU#XLE - (5 - 33;) (Xl,L)TUMXLL:| ZM_C_€2(X1,L)TO-MZMX1,L7
(3.14)
from which we obtain the axial current coupling of the Z to fermions
g
ga=g3" [L+2¢], g3 =5 (3.15)

where g5 is the SM value of the axial coupling. (Bounds on the vector current are
much weaker and hence irrelevant for this discussion.) Experimentally the bounds

on the axial current are 32,

~1.2x107% (90% CL). (3.16)

’ 69%
9%

This stringent bound applies only to the wino mass. Bounds on the bino mass
arise from modifications of the charged current. The left-handed electron charged

current are described by

1 . B
AL =g ((UN,L>;1<UC7L>21 ; E(UN,LMUC,L)H) WhEg,  (3.17)

62 c B
- % (1 +5 (1= 042153))) WXy R)'o" X1 1 - (3.18)

Ref. [27] computed the charged current universality constraints from 7 decays.

This corresponds to the limit [40],

og _
;S—Al <2.6x107% (90% CL). (3.19)
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There are more stringent constraints arising from NSI interactions. The most
stringent constraint, in models where the Cabibbo-Kobayashi-Maskawa (CKM)
matrix is assumed to be unitary, arise from taking the ratio of Gy measured in
two different ways. The first is through beta- and Kaon- decays and the second
(and more precise) through muon decay. If the CKM is unitary then these should

be equal to each other and the ratio gives the bound [34],

lgl

S S 4.0x107* (90% CL). (3.20)

This limit, as well as the one from the neutral current, are presented in fig-
ure [3.1] We see that while neutral current interactions place a stronger constraint
on the wino mass than NSI, it does not constrain the bino mass. Meanwhile,
the NSI bounds on the bino mass are generally weaker than on the wino mass
due to a t, suppression in the bino mixing with the neutrino. Combining the
NSI and neutral current bounds, we can put a constraint on the bino mass of
My 2 1.2 TeV. This is more stringent than the existing universality constraint of

about 500 GeV [27].

3.4 Discovery potential at an e"e~ collider

The Higgs-as-slepton model generates deviations of the SM couplings in the elec-
tron interactions through modifications of pure SM couplings and from additional
interactions with the gauginos. This leads us to expect significant discovery poten-
tial at an eTe™ collider. In this section we consider different 2 — 2 processes that
will deviate from their SM predictions. In the following we keep terms to O(€?)
and we ignore all non-renormalizable corrections arising at the scale A. In partic-

ular we consider, ete™ — WTW =, ZZ hZ. The relevant Feynman diagrams are
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Figure 3.1: Current limits on the bino and wino masses. The regions in blue are
excluded by NSI constraints and depend on both the bino and wino mass, while the
region in red is ruled out by neutral current constraints. The limits from charged
current universality are shown in green.

displayed in figure [3.1 Naively one would expect to also have e*e™ — hh arising
from chargino exchange, however these turn out not to arise at tree level up to
O(e*) due to angular momentum conservation suppressing s-wave production. We

use the Feynman rules detailed in Appendix to compute the cross-sections.

To study projections at a future collider we use the condition that the signifi-
cance, that we take to be S/ VB, where S is the signal and B is the background,

is larger than 1.645 (corresponding to a 90% confidence interval),

L X do
VL x oM

where £ is the luminosity of the collider and do = oM — oM. We expect this

> 1.645, (3.21)

to be a reasonable estimate due to the controlled environment offered by a lepton

collider, leading to negligible backgrounds.
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Figure 3.1: Feynman diagrams for the 2 — 2 processes that we consider in this
work. The top row shows ete™ — WTIW~, the middle row represents ete™ — ZZ,
and the bottom process is ete™ — Zh. We use X, to denote the Dirac spinor

— ’J,-
(X2,L’ (X;R)T)’

One subtlety is the cross-section diverges for small ¢, or equivalently small |n],
due to a Rutherford singularity. In order to remove sensitivity to this divergence
we cut off the phase space integration at |n| = 2. To avoid this complication in

our expressions, we quote the differential d(do)/dt for each process.

341 ete —WTW—

We begin by computing the effects to ete™ — WTW ™ scattering. The Feynman
diagrams which contribute up to O(€*) are shown in figure Note that there
are no diagrams with virtual charginos or neutralinos since adding these requires
paying the price of additional €’s in the vertices. The only modifications to the SM
cross-section are from deviations in the Zee couplings. The effects considered here

are a close analog to deviations considered in tW — tW scattering at the LHC from
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anomalous Ztt couplings [41]. The cross-sections are straightforward to compute
but the expressions are complicated without making some approximations. For
simplicity we only quote the result to lowest order in m? /s (V = h,Z, or W),

though in producing the figures we use the full expressions. The result for the

signal is
d(éo) 1 2e (5 — 50, — ) (—t)s+1 2 s
(0):_ B i(2 s — %) ( 2)5"’ + 0 ﬂ,_i . (3.22)
dt 4327s | sk a? Mg, s s Mg

where § = /1 —4m}, /s is the velocity of either W boson, s,, is the sine of the

weak mixing angle, s = (po- + pe+)?, t = (pw- + pw+)? and a = mz/my.

3.4.2 ete w277

Next we consider ete™ — ZZ scattering, depicted in figure[3.1] As for W*W~, the
chargino-exchange diagrams only arise at higher orders in e. Also in this process
the deviation from the SM is in the Zee coupling, but, unlike in the W*+W ™~ case
the total cross-section does not grow with energy but is roughly constant. The
difference of the energy scaling between ZZ and W*W ™~ production can be traced
back to the algebra of SU(2) or equivalently the fact that there doesn’t exist a

triple gauge coupling ZZZ in the model. The signal is,

déo) 11 B 2¢* (1 252 )2 mi, s? + 2st + 2t? Lo my s
= 5 — 48 5 ) a4 5
dt 2432ms | sich YME S t(s+t) s2 7 M3

(3.23)
where here 8 = /1 — 4m?%/s gives the speed of one of the Z bosons.

Note that for ete™ — ZZ the deviation of the coupling is factorizable as the
two diagrams (see figure|3.1]) have the same dependence on the anomalous coupling.

Thus the new physics contribution is just a rescaling of the SM cross-section.
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3.4.3 ete” — hZ

Another interesting channel at a lepton collider is hZ production. The Feynman
diagrams are shown in figure with the beyond the SM (BSM) effects entering
from chargino exchange as well as modifications to the Zee coupling. Since the

Xeohe vertex does not have an € suppression, these diagrams are still of O(e?). The

signal is,
d(do) 1 B et (1 L5\ (—t)s+t m2 s
1 5 %) O\ =7 3.24
dt 4 327s {sﬁjca g MVQT/ s T 52 ’M%/ ) (3.24)
where
2 2
s=\1-my/Ey  B= Y (1 + Iz m_) (3.25)

such that g denotes the speed of the Z boson. The signal is roughly the same
as that of W*W ™ production, however the SM cross-section of hZ is significantly
smaller due to the relatively small hZZ vertex. This makes deviations easier to

identify, increasing its sensitivity to new physics.

Figure [3.2| compares the reach of the different channels as a function of lu-
minosity for a 1 TeV linear collider. The reach at such a collider is striking. A
300fb~! collider can probe wino masses up to My, ~ 5.4 TeV, My, ~ 2.3 TeV, and
My, ~ 11.5 TeV for WHW =, ZZ, and hZ respectively. The scale probed by hZ is
impressive, exploring physics well beyond the TeV scale. Furthermore, correlated
excesses in all these channels would be a smoking-gun for the model. These projec-
tions highlight the promising opportunities offered by an eTe™ collider in testing

Higgs-as-slepton models.

Lastly, we note that three body production channels can likely be used to probe
the model further. In particular, modifications to hhZ production (important for

measuring the Higgs-trilinear coupling) are also affected at O(e?). We leave the
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Figure 3.2: The potential reach from ete™ — V'V at a future lepton collider as
a function of luminosity. The hZ deviations are by far the largest as they scale
quickly with energy and have suppressed SM contributions compared to W~

study of these channels for future work.

3.5 Upuns and the need for a TeV-scale cutoff

We next discuss the neutrinos sector in Higgs-as-slepton models. For a generic
choices of L, that is, L # 0,1, —1, the U(1)g symmetry forbids neutrino masses.
Thus, all neutrino masses are U(1)g-breaking, which can naturally explain the
hierarchy between neutrinos and the rest of SM fermions masses. (Exceptions occur
in the case L = 0, —1, which we will address later.) One extra ingredient in the
model is that since it singles out one neutrino flavor to be the Higgs superpartner,
this can lead to suppression of the mixing between the Higgs-partner neutrino with
the other two neutrino flavors, with obvious implications for the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix, Upyns. A large suppression of one or more of

the mixing angles would be inconsistent with measured values of the |015] =~ 0.6,
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|6a3] ~ 0.7 and |615] ~ 0.15 [32).

In this section, we show that for generic gravity-mediated U(1)g-breaking, con-
sistency with the measured mixing angles requires that the cutoff-scale A be less
than O(10 TeV), so that non-renormalizable contributions to the neutrino mass
matrix be of comparable sizes to that from mixing-induced contributions involving
gaugino soft masses. This turns out to be the case regardless of the choice of L. It
is interesting to note that the upper-bound on the cutoff scale is similar to the one
required for generating a large enough top quark mass, despite the two phenomena
being unrelated. While not the focus of this work, we also briefly discuss neutrino
mixing in the Higgs-as-slepton model with two additional Higgs doublets (in prin-
ciple this can replace the UV cutoff needed to produce the top mass). We find
that such models also generically require a low energy cutoff, except for particular

choices of L.

3.5.1 L+#-1,0,1

We establish our analysis framework using the L # —1,0,1 case as an example.
We first derive the 3 x 3 neutrino mass matrix from the full neutralino mass matrix,
which we then use to obtain the mixing angles required to diagonalize the neutrino
mass matrix. We assume generic gravity mediation and we estimate the sizes of the
matrix elements using a spurion analysis, assuming O(1) coefficients and including
non-renormalizable contributions involving the cutoff A. Measured values of the

mixing angles then translate to bounds on A.

To provide a useful picture of the mass scales involved, we refer to Sec. [3.6]

where we find that the gravitino mass should be mg/;, ~ O(10 eV — 100 eV) in

84



order to provide the correct neutrino masses. This is much smaller than the U(1)g-
symmetric soft mass scale which, as we discussed above, are of the order of few

TeVs.

Neutrino mass matrix

In Sec. and [3.4, where we studied electroweak precision and collider phe-
nomenology, the main effects came from the mixing between the Higgs-partner
neutrinos and the gauginos. Therefore, it was convenient to ignore U(1)z-breaking
masses and work with Dirac mass matrices, even for the neutralinos. However,
since we are now interested in the mixing between neutrino flavors, the U(1)g-
breaking masses play an important role and so it is more useful to work with a

Majorana mass matrix instead.

We begin with the tree-level 7 x 7 neutralino Majorana mass matrix in the
interaction basis {v., v, vy, B, W?°, Vg, ¢%/} We first diagonalize the matrix only
with respect to the U(1)g-symmetric terms, from which we find that three of the
eigenvectors {v., v, v;} do not have U(1)g-symmetric masses, where v/ is given to
order O(e) by

V. >~ Ve + etyath g — €. (3.26)

These three eigenvectors can still have U(1)g-breaking masses. The associated
3 x 3 block of the transformed 7 x 7 neutralino Majorana mass matrix is (the
origin of the terms is derived below)

/
v, Vy Vr

2.2 / / /
Ve | Cyy T+ o, 0 Cops T €Cee  €Cey  €Cer

_ 2
= / / /
M,, = V,u 66/,Le ECH.U EC#"' € m3/2 (327)
/ / /
Vr € Cre € CTM €Crr,
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where

!
€ =

M2,
92A2 :

(3.28)

¢’ can be roughly interpreted as the ratio of the soft mass scales to the cutoff scale
of the model. Therefore, a small ¢ implies a high cutoff scale, while an O(1) €

implies a low cutoff scale only slightly above the sparticle masses.

The overall factor of €?ms /2 can be understood from the fact that the neutrino
masses break both U(1)r and electroweak symmetry. We now explain the origin
of the various mass terms. The first two terms in (M, )., arise from the fact that

v, contains ¢z and %, which in turn are involved in the soft U(1)pg-breaking

0
W

neutralino mass terms

X 1 Cy - Cop= Cy - Copx
40— (2005 + 0Dy ) D myp (“Lvpva + LU, )
(3.29)
where ¢y and ¢, are arbitrary O(1) coefficients since we have assumed generic
B w
gravity mediation. As for the other matrix elements, they can be generated by

non-renormalizable operators of the form

Xt 1 M2 ¢,
=Cij (LievLi) (LieVLj) ) —WC—]€2m3/2VZ‘Vj, (3.30)

440
MpA22 A2 g2

where 7,5 € {e, 1,7}, and we have again assumed ¢;; to be O(1). Note that we

AM2
have replaced v? by g—2W62 to make the e-dependence manifest.

In principle, one should also take into account loop contributions to M,,. Gener-
ically, we expect the contribution to (M, ). to be of order (€*ms2)/(167*), which
is a loop factor smaller than the first two tree-level terms and can hence be system-
atically ignored. For the other matrix elements, the loop contributions cannot be
achieved with a single soft U(1)g-breaking insertion (the soft terms cannot supply

the required number of units of U(1)g-breaking for these elements), and so require
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an insertion of a nonrenormalizable operator, in which case they are also a loop
factor smaller than the corresponding tree-level terms. Since we will show that
agreement with the measured Upyng requires a low TeV-scale cutoff A, these loop
contributions are definitely much smaller than the corresponding tree-level non-
renormalizable contributions and so it is consistent to ignore the former without

affecting the validity of our final results.

Finally, we argue that M, should in fact be regarded as the 3 x 3 neutrino
mass matrix. The neutrino mass matrix is obtained by block-diagonalizing the
transformed 7 X 7 neutralino mass matrix, this time with respect to the U(1)g-
breaking masses. However, since the four other transformed states have masses M,
or Mg, the remaining “transformation angles” required for block-diagonalization
are at most of (’)(62]:;—;/2) or (’)(EQE—Z”) This implies that the basis {v),v,,v;} is
very close to the actual basis required for block-diagonalization, and also that

e4m /

E4m‘ P
2mge) or O(—p2mgss) and
B

M

the resulting “corrections” to M, are at most O(
w

hence negligible.

Reproducing Upy/ns

To obtain the mixing angles in Upyns, we need to find the transformations that
diagonalize the charged-lepton and neutrino mass matrices. We first consider the
charged-lepton sector. Unlike the neutrinos, the charged-lepton masses are domi-
nated by U(1) g-symmetric contributions. Therefore, the 3 x 3 charged-lepton Dirac
mass matrix is block-diagonal between the electron and the other lepton flavors
to a very good approximation since mass terms of the form e} u%, €75, pref and
Tres are U(1)g-breaking and hence much smaller. Therefore, we are completely

justified in choosing the lepton flavor basis to coincide with the charged-lepton
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mass basis, since the required transformation does not involve the Higgs-partner
generation. This means that the PMNS mixing angles are entirely determined by

the neutrino sector.

We now consider the neutrinos. We first assume that we can have a high cutoff

scale so that € < 1 in which case the neutrino mass matrix takes the form

v, [ O(1) O() O()
M, ~ v, | OF€) O) OF) [€msp. (3.31)

v, \ O(¢) O() O(€)
We find that the neutrino mass eigenstate v, (associated most closely with 1)
is much heavier than vy and v3, and that both mixing angles 6,5 and 63 are of
order ¢ and hence small. These observations are inconsistent with experimental
measurements, implying that we cannot have ¢ < 1. Rather, a O(1) € is preferred.
In the best-case scenario, allowing for fluctuations in O(1) coefficients, we place a

lower bound of ¢ 2 O(0.1), which in turn implies that
V20
A<O (—MW> . (3.32)
9

For My, ~ TeV the required cutoff scale is O(10 TeV). This ensures that the
non-renormalizable contributions to M, are comparable to the mixing-induced
gaugino soft-term contributions to (M, ).. which is required to have large neutrino
mixing angles and a mass hierarchy consistent with measurements. Note that it
is possible to evade the mass hierarchy issue associated with ¢ < 1 by choosing
a different lepton generation for the Higgs (e.g. the choice 7 is consistent with

normal hierarchy), but the problems associated with the mixing angles remain.

Finally, we recall that in order to generate the top mass in the Higgs-as-slepton

model we require A < O(10 TeV). It is interesting to note that both the top mass
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and neutrino mixing, that are unrelated physical phenomena, both point towards

an O(10 TeV) upper bound for the cutoff scale.

3.5.2 L=1

Now we consider the case with L = 1 where there are two main differences with
respect to the general case discussed above. The first is the fact that in the neutrino
sector, the loop contributions to all the M, matrix elements can now be generated
by a single soft U(1)z-breaking insertion (whereas this is only true for (M, )., when
L # 1). Nevertheless, being at least one loop factor smaller than the soft-mass
contribution to (M, )., they are still too small to replace the need for a low cutoff

scale A.

The second effect is more important; in the charged-lepton sector, the mass
terms € u%, .75, urels and el are no longer U(1)g-breaking, so the charged-
lepton Dirac mass matrix isn’t diagonal anymore. If we choose the flavor basis
to be the charged-lepton mass basis, it is no longer guaranteed that the Higgs be
associated with a single flavor, i.e. all the sneutrinos can in principle get VEVs.
On the other hand, such a scenario is inconsistent with bounds on lepton-flavor
violating processes such as p — ey [32]. For example, if all the sneutrinos get
VEVs, the W and Z gauge coupling vertices will then mix the gauginos with all
three charged-lepton mass eigenstates such that a W/Z-gaugino loop can induce
1 — e7y. Therefore, any successful implementation of the L = 1 scenario requires
that the sneutrino VEVs be suppressed for two of the generations, which, returning
to our original flavor basis, suggests that the Dirac mass matrix should again be
approximately block-diagonal. (Note that this also implies that the L = 1 model

is less favorable than the generic L model due to the need for the sneutrino VEV
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suppression in the other two generations.)

Therefore, we conclude that these differences do not affect our conclusion of the
need for a TeV-scale cutoff. We note that the same conclusion was made in [19]
in the context of a Two Higgs Doublet Model (2HDM) extension of the Higgs-as-
slepton model. As a result, the authors introduced a right-handed Dirac neutrino

as a low-scale UV completion, which is analogous to our idea of a cutoff scale A.

The above discussion is only valid for generic gravity mediated U(1) g-breaking.
As discussed in [19], anomaly mediation does not generate soft mass terms of the
form 00 and Y15, so in fact the neutrino mass matrix can be entirely

dominated by loop contributions without any constraints on A.

3.5.3 L=0

For L = 0, before imposing any additional symmetry, the non-renormalizable
contributions to v,v,, v,v, and v,v; are no longer U(1)pg-breaking. As a result,
two of the neutrinos become too heavy. Therefore, for such a choice to work, one
needs to impose an additional global U(1) lepton number symmetry on L, and
L, [16], assumed to be broken at some flavor scale My. At this scale we get an

R-conserving but lepton symmetry-violating operator,

Xt 1 M2 ¢,
—Cyj (LTeVLi) (LZeVLj) D a’—WC—JEng/y/iyj (i,5 €{p,1}),

d*0 !
M;A22 A2 g2

(3.33)
where o/ = Mp;/M; > 1. Note that we have assumed that the M -scale media-
tors can also mediate SUSY-breaking, due to the involvement of the spurion X.

Otherwise, we should either replace one of the A by M, or replace My by Mpy,

90



whichever gives the lower overall suppression. As a result, M, now takes the form

vl O)  O() O(¢€)
M, ~ v, | OF) Oe) O¢) €mg)a. (3.34)
v, \ O(€) O(d€e) O(d'€)

o~

There are two scenarios that result in the neutrino mixings angles, 615 and 6,3,
that are very small, which we would like to avoid. The first is if ¢ <« 1, and the
second if o€’ > 1. To avoid both scenarios, we require that ¢ = 0.1 and o’¢’ < 10
(or equivalently o/ < 100). The first constraint again corresponds to a low TeV-
scale cutoff as was found in the previous cases. The second constraint corresponds
to My 2 Mp1/100 or, in other words, that we need the flavor scale cutoff to be
close to the Planck scale so that the U(1)g-symmetric neutrino masses do not
become too large. Therefore, the lepton number symmetry should be broken very
close to the Planck scale. Yet, we note that this conclusion assumes that M-scale

mediators can also mediate SUSY-breaking, and is not valid otherwise.

3.5.4 L=-1

Next, we consider the L = —1 case. While less obvious than the L = 0 case, we
also have the problem of two of the neutrinos becoming too heavy. This can seen
from the fact that v., ¥y;0 and 95 have U(1)pg-charges —1, while v, v;, WO and
B have U(1) g-charges +1, so there can be three massive Dirac pairs at the U(1) z-

symmetric level, leaving only one massless neutralino. More specifically, one can
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come up with U(1)g-symmetric mass terms such as

/ X! <CB‘<I>BLZeVLi oo LieVrL;  (Lie"L.) (LleVLZ-)>
(3.35)

i Ty w— A2

Mpy V2M;, My, M2
D) Wm?)ﬂ ( gA 03161#3 Vi + \/— ACWZ€¢W0V1 2A2Cez€ Veli |,

for i € {p,7}, leading to large neutrino masses. Note that Srmsj2 gives the soft

U(1)g-symmetric scale.

As in the L = 0 case, one way to resolve this issue is to introduce an additional
U(1) lepton symmetry on L, and L., both of which are broken at the flavor scale
M;. As a result, all instances of M in the above equation should be replaced by
M;y. Assuming My to be large and hence the above terms to be much smaller
than the original U(1)g-symmetric masses, we can then follow the previous pro-
cedure to obtain the neutrino mass matrix. In other words, we first diagonalize
the full 7 x 7 Majorana mass matrix with respect to the original U(1)g-symmetric
terms, following which we block-diagonalize with respect to the remaining lepton
symmetry-breaking and/or U(1)g-breaking terms. We find that M, now takes the

form

v vy Vs

M, ~ vy, | Oe) O() O(€) e’ mga. (3.36)

Again, there are two scenarios that lead to small neutrino mixing(s) which we
want to avoid. The first is if € < 1, leading to one or two small angles depending
on the size of o/¢’. The second is if &’¢’ > 1, leading to one small angle. Therefore,
just as in the L = 0 case, we again see that we require both a low cutoff-scale A,

and a lepton number-breaking scale My close to the Planck scale. Note that the
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constraints here are slightly weaker since the suppression may now occur only for

one mixing angle, which can be identified with the smallest measured angle ;5.

3.5.5 2HDM Higgs-as-slepton model

Finally, we discuss the 2HDM Higgs-as-slepton model (see appendix for a
summary of the differences), where we will only consider the L # —1,0,1 case
for brevity. The 2HDM model may be one possible UV completion of the Higgs-
as-sneutrino model [27], completing the model to a much higher scale since the
top quark can now gain mass from the up-type Higgs (although the electron mass
still has to come from non-renormalizable operators). We now show that the
requirement of lepton mixing angles forces also the 2HDM model to have a much

lower UV completion scale than one might expect.

The analysis follows the same procedure as before, although it is now compli-
cated by the fact that there are two additional neutralinos, one associated with the
up-type Higgs ﬁg, and another with the electroweak doublet required for anomaly
cancellation 7 (these correspond to the superfields H, and Ry). Also, there are
now additional soft U (1) g-breaking terms that can contribute to the neutrino mass
matrix via mixing. For instance, we can now have

Xt -
/ d49M—ciLZ-Hu D ¢ymy avihl (3.37)
Pl

where i € {e, pi, 7}. This enters the neutrino mass matrix since v, now also contains

a hY component. Finally, being a 2HDM model, there is also a tan 8 = v,/vq

dependence (where v, (vg) is the vacuum expectation value of hy,(hg)).
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We find that the neutrino mass matrix takes the form

/
v, Yy Vr

~

v (’)(c%) + O(cgsp) + O(€)  Olegsg) + O(€)  Olcegsp) + O(€)
M, ~ y, O(cgsg) + O(€) O(¢) O(€) €ms

vy O(cpsp) + O(€) O(¢€) O(¢)
(3.38)

where ¢z = cos f and sg = sin 3. If we assume that cgsz ~ O(1) or ¢ ~ O(1),
then we again find one or two mixing angles with size O(¢€’). Therefore, we see that
even in the 2HDM model, we still need a low cutoff scale in order to reproduce the
PMNS matrix. In general the constraint is slightly weaker than before due to the
[ dependence. This is a non-trivial result since the 2HDM version can otherwise
have a much higher cutoff scale given that the top quark mass can be generated
by H, rather than through nonrenormalizable operators. On the other hand, if
tg > 1, we expect both cgsg and c% to be small, in which case the constraints on
the cutoff scale can be less stringent depending on the size of t5. In particular, for

large tg the required cutoff scale is,
A S/ 5taMy,, (3.39)
raising the cutoff by a factor of /Zs.

We note that the above conclusion is invalid for the case L = 0, since in this
specific case the O(¢’) terms in the lower right 2 x 2 block are then replaced by
O(d’€¢'). A small € can be compensated by a large o to give large mixing angles.
In other words, a larger cutoff-scale A can be compensated for by a smaller flavor

scale M.
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3.6 Neutrino masses, proton decay and the gravitino mass

The U(1)g symmetry in Higgs-as-slepton models serves two important roles: to
forbid neutrino masses (as long as the gauginos have separate Dirac mass partners
Ya, Yy and ) as well as to forbid superpotential and soft terms that might
have otherwise led to rapid proton decay. However, since neutrino masses are
small but nonzero, we require explicit breaking of the U(1)g symmetry, possibly
through gravity mediation to account for this smallness. In particular, this implies
a relation between the neutrino masses and the gravitino mass ms/, ~ (Fx)/Mpi,
the details of which depends on whether the breaking is through generic “Planck-
scale” gravity mediation or through anomaly mediation. The U(1)g-breaking may
also introduce proton decay channels, which lead to upper bounds on the gravitino
mass mg/2. It is hence of interest to discuss the bounds on m3/; from the neutrino
mass spectrum and from proton decay. In this section we restrict our attention to
the case of generic gravity mediation, since the proton decay channels we consider

below do not arise in anomaly mediation despite the U(1)g-breaking.

3.6.1 Bounds from neutrino masses

We have already discussed neutrino masses in Sec. and so we will only briefly
review the relevant points. If L # —1,0, then all neutrino masses involve U(1)g-
breaking and hence scale with the gravitino mass ms/,. In particular, for generic
gravity mediation, we have shown that the Majorana mass for the Higgs-partner
neutrino is given by ~ e*mj/. This arises mainly from the mixing of the neutrino
with ¢ 5 and 2/1%/ and is generally larger than loop-induced masses. We use this to

set the mass scale of the heaviest neutrino, since all other terms in the neutrino
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2 4 6 8 10
My [TeV]

Figure 3.1: The excluded gravitino mass range. The limits in blue correspond to
constraints from the neutrino mass scale while the limits in red are from proton
lifetime measurements. The constraints from the proton lifetime are dependent on
the m;,,m3, and we include two benchmark scenarios. BM; is for m;z, = M; =
1 TeV while BM, is for m;, = 1 TeV, M; = My,.

mass matrix are expected to be of the same order so as to explain the large mixing
angles in Upyns. Even for the cases L = 0 and L = —1, while some of the neutrino
mass terms are U(1) g-symmetric, we require them to be suppressed by some flavor

scale M close to the Planck scale so that these mass terms are comparable to the

mixing-induced term above.

Mass hierarchy measurements from neutrino oscillation experiments require
the heaviest neutrino mass to be at least around 0.1eV, while cosmology and
spectroscopy experiments place an upper bound of around 1eV [32]. Together,

this implies the following bounds on the gravitino mass:

1)\ 1)\?
(0—> 10eV < mgj < (0—) 100eV. (3.40)
€

€

Note that the bounds are dependent on the wino mass through e. The allowed
values of the gravitino mass are shown in Fig. [3.1] as a function of the wino mass,

with the excluded region shown in blue.
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3.6.2 Upper bounds from proton decay

After generic gravity-mediated U(1)g-breaking, various operators appear that can
give rise to proton decay. For example, we now have a;;; U, D%; Dy in the super-

potential, which comes from

XT C C C
S0 aijr = (mgjo/N)Ayk, where A;j, are O(1) coefficients. In conjunction with

Ya,ijL1QriD%; = YaijHaQriDg; already present in the U (1) g-symmetric super-
potential, this gives rise to tree-level proton decay, familiar from the R-parity
violating MSSM. Remember that we have already excluded the B = 1 scenario, in
which aiijfHDf%jD}fzk is U(1) g-symmetric and hence a;;;, is entirely unsuppressed,

leading to rapid proton decay.

Another possibility is the one-loop proton decay channels shown in Fig. [3.2]
which requires soft trilinear terms bijkﬂﬁ%icz%jdf%, as well as the soft Majorana mass
mg and my, for the gluinos and their Dirac partners. The latter are always U(1)g-
breaking, so we expect that mgz = czmz/e and my, = cy,ms3/, where ¢; and ¢y,
are O(1) coefficients. For B # 1/3, the trilinear terms are also U(1)g-breaking,
so we expect that b;j, = B;jrmss where B;j, are O(1) coefficients. For B = 1/3
however, the trilinear terms do not break U(1)x symmetry, so b;;;, should instead

be of order the U(1)g-symmetric soft mass scale.

We first consider the one-loop proton decay channels since, as we will see later,
they are less dependent on the UV completion than the tree-level ones. For con-
venience, we work in the basis where the flavor eigenstates of dy, ;, dﬁ%ﬂ-, and up;
coincide with the mass eigenstates (otherwise we would have additional CKM ma-

trix contributions, which would of course simplify to the same final result), so for
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\
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Figure 3.2: One-loop proton decay channels arising from soft trilinear scalar terms

Uk, dy;dg, and the Majorana gluino mass. All indices here label mass eigenstates.

The cross indicates a Majorana gluino mass insertion. There is a similar set of
diagrams involving the Majorana mass of the gluino Dirac partner.

instance yg4;; = ﬂmd,iéij /v, where mg; are the down-type quark masses. We also
assume that the quark and squark mass basis are exactly aligned to simplify the
index assignments in Fig. 3.2l Relaxing this assumption complicates the analysis
but is not expected to significantly affect our main results. Antisymmetry of b;;y,
under exchange of j and k (due to SU(3) contraction) further implies that £ = 2 or
3, while kinematic considerations implies [ = 1 or 2 in the left diagram and m =1
in the right diagram. For an electron-sneutrino Higgs, we find two decay chan-
nels: uud — usv (p — K7 v) is the dominant decay channel, while uud — uue®t
(p — 7 e™) is subdominant due to CKM suppression, despite having a slight phase
space enhancement. (Note that the current bounds on either decay channels are
comparable [42,43].) Since the dominant decay channel is to the neutrino rather
than the charged lepton, the subsequent analysis remains valid in the case of a

muon- or tau-sneutrino Higgs.

We now focus on the dominant one-loop channel. Integrating out the gluinos
and squarks gives us the standard dimension-6 proton decay operator deucqly,/ Af,.
For simplicity we assume that the gluinos are somewhat heavier than the squarks

(as is typical in R-symmetric models due to the supersoft mechanism [44]) and
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that my ~ My - We find that

i - gi m§b112ms/UH
Az 16r2 MEZMZ
5rR™G

(3.42)

where g, is the QCD gauge coupling, m; the strange quark mass, M;, the mass of
the RH strange squark, and Mj Dirac gluino mass. We would like to convert the
current lower bound of A, 2 O(10") GeV [43] to an upper bound on mg/s. For

B # 1/3, we find that

1\ M; M;
< > g 0.6keV. 3.43
/2 <c§Bm> (1Te\/) (1TeV) xnbRe (343)

We see that for coefficients of order O(1) and sparticle masses of order O(1) TeV,

we require a gravitino mass of less than O(1)keV. In Fig. 3.1, we compare this
to the bounds from neutrino masses for different benchmarks of squark and gluino

masses. We see in general that the two bounds still remain compatible.

For B = 1/3, we instead have

1 /1TeV M. \?/ M: \?
< = s g 4x 107 "eV. 44
m3/2 ~ Cg ( b112 ) (1 T6V> <1 TGV) % % O ev (3 )

The bound is much stronger in this case, which is not surprising since U(1)g-

breaking now only enters once through the Majorana mass insertion and not the
trilinear terms. In fact, this bound clearly conflicts with the bounds from neutrino
masses, indicating that B = 1/3 is incompatible with generic gravity-mediated

U (1) g-breaking.

Now we move on to the the tree-level channel. Integrating out the squarks to

obtain the dimension-6 proton decay operator, we find that

1 a112Ms /v
— o~ —= = 3.45
AZ% M§2R ’ ( )
which translates to a bound of
1 [ M. \*/ A
< °R 3 x 107%eV. 3.46
TS (1TeV) <10TeV> e e (3.46)
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This bound is in conflict with the neutrino mass measurements. This suggests
either that the U(1)g-breaking is non-generic, or that we require a non-trivial UV
completion such that instead of a suppression by Mp)A in the tree-level operator,
we have an Mg, suppression. In this case we replace A in the above bound by Mpy,

from which we get

1 M \?
< — i x 6 MeV. 3.47
a2 > <1Te\/) ¢ (347)
which is now consistent with the neutrino constraints and in fact weaker than that

from the previous one-loop channel.

To summarize, we have obtained upper bounds on the gravitino mass ms/, from
tree-level and one-loop proton decay channels, assuming generic gravity-mediated
U(1)g-breaking. Bounds from both channels are consistent with the bounds from
the neutrino mass spectrum, provided that B # 1/3 and that the tree-level non-
renormalizable operator is entirely Planck-scale suppressed. The latter condition
implies the need for non-trivial UV completions such that the lighter mass scales
M or A do not enter in the denominator of the tree-level operator, while the
suppression is entirely due to Mp;. Finally, we emphasize that our entire discussion
hinges on the assumption of generic gravity mediation. If U(1)g-breaking is non-

generic, certain O(1) coefficients may be suppressed or even forbidden.

3.7 Conclusions

Supersymmetric models with the Higgs as a slepton are interesting alternatives
to the MSSM. These models have two distinctive features: an R-symmetry which
must be broken by gravity and a mixing of the Higgs superpartner lepton with

the electroweakinos. These properties allow us to place general bounds on such
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models from several different frontiers. In this work, we have studied a variety of

such constraints, which we summarize below.

Previous work has pointed out constraints from neutral and charged current
universality on the mixing of the electron with the gauginos. These bounds are
stringent for the wino, My; 2 3.3 TeV, but weaker for the bino, Mz 2 500 GeV.
We revisited these bounds in our framework and compare them to complementary
bounds from low energy probes, which are much more stringent for the bino,
My 2 1.2 TeV and competitive for the wino mass, My 2 2.8 TeV. We then moved
to study the probing power a future ee~ machine. We find large deviations from
SM predictions leading to spectacular reach for such a collider. In particular, for an
integrated luminosity of 300fb™" and a center of mass energy of 1 TeV, we estimate
the potential to probe winos with masses up to 11.5 TeV in the efe™ — hZ

channel.

Higgs-as-slepton models also offer a novel explanation for the smallness of neu-
trino masses, arising from spontaneous breaking of the U(1)g-symmetry due to
gravity. We explore the ability of such models to reproduce the neutrino mass
spectrum and the measured mixing angles. Typically, we find that the models
must be UV-completed at a low scale of at most O(10 TeV) in order to reproduce
the large measured mixing angles. Interestingly, this is in agreement with the
scale required to give a sufficiently large top mass. For the choices L = 0 and
—1 (where L parameterizes the R-charge of the non-Higgs-partner leptons), some
neutrino mass terms are not R-breaking and hence small neutrino masses require
an additional lepton number symmetry, assumed to be broken at a scale M. We
find that, under certain assumptions, constraints on the mixing angles also force

My to be close to the Planck scale.
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Lastly, R-breaking will also generically lead to tree-level proton decay rates in-
consistent with experiment. This puts a restriction on the type of models which can
UV complete the model. Furthermore, we study loop contributions to proton decay
which will be present regardless of the UV completion. We find that these restrict
the viable range for the gravitino mass to within the range O(10eV) — O(1keV),
which is consistent with the predictions from neutrino mass measurements. It
may be interesting to study the implications of such a gravitino mass range on

observational cosmology, but we will defer this to future work.

The possibility that the Higgs is the superpartner of the electron is an intriguing
alternative to standard supersymmetric extensions of the Standard Model. Future
tests at the LHC, lepton colliders, low energy experiments, and of the neutrino

mixing patterns each provide an avenue to discover this variant of supersymmetry.
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APPENDIX

3.A Feynman rules

In this appendix, we derive the couplings for Yukawa and gauge interactions in the
chargino and neutralino mass basis. The mixing matrices used here are derived
prior to introducing any U(1)g-breaking.

3.A.1 Mixing matrices

The chargino and neutralino mass matrices are given by

S A A Wo B
v [ Olesn) % 0 verr e —£
Me =y | Oleng) My 0 | My = g0 My Olenr) |-
i 0 0 My vy \ Olenr) Mjp

(3.48)

where O(exgr) denotes any non-renormalizable contributions suppressed by the
scale A. While we usually neglect them in our calculations unless specified, we
include them here to distinguish them from terms which are identically zero due

to U(1)g symmetry.
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The chargino mass eigenstates are denoted by

X1_,L
(X))
X2_,L
(X5 )

X3,L

(X5 h)!

or

mass ~ O(exr),

mass ~ M,

mass ~ My,

and the neutralino mass eigenstates by

0 ro —
X1,r OF Ve @ mass =0

X2,L

()

0
X3,L

)

0
(X;,R)T

mass ~ My,

mass ~ M,

(3.49)

(3.50)

where we have arranged the Weyl fermions into Dirac pairs wherever appropriate.

We denote the unitary transformations between the interaction and mass basis

by the matrices Uc 1, Ucr, Uy, and Uy g, defined as

U
Vg

=Ucr

)

X1,L
XQ_,L )

X3,L

c,+ c,+
€Rr X1,R
1+ = e+
w Uc,r Xo R
+ ot
W X3,R
c,0

70 X1,R
_ c,0

B | Une | Xor

c,0
X3,R

(3.51)

Note that Xi% does not correspond to any fields present in the model and has been

introduced simply for notational convenience.
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Assuming |M};, — Mg| > my, we find that

O(1) O(e) 0 1—€ V2 0
0(e),0(Xp)
U= O() 01) 0 | ——= | —v2e 1-€¢ 0 |,

0 0 1 0 0 1
O(1)  Of(exr) 0 100
0(62),O(E%R)
Uor=| Olear) O01) 0| —"%1 01 0 |,
0 0 1 0 01
O(1) O(e) Ofe) 1 62% (1+a%?)
(’)(62),(9(6%R)
Uve=1 O 0OQ1) O@?) | — —€
O(e) O(?) 0(1) eat,,
0 O(1) O | ooy [0 1 —=h
Unpgr= —_— -
0 0@ 1 0 Solty

(3.52)

where € = my /My, = gv/(2My,), o = My, /My and t,, = tané,, = ¢'/g.

3.A.2 Couplings for Yukawa interactions

The Yukawa interactions between the charginos/neutralinos and the Higgs arise

from the Kéhler potential of the Higgs/electron supermultiplet.

couplings are given by
h ~
LD —g—ze,WF
TR
g o
— _ﬁh<UC,L)M(UGR)?J'X@LXJVL'

To O(e) and ignoring O(engr), this simplifies to

g - ¢ - _c
LD ——xh (Xl,LXZ,E + \/§€X27LX2,J1§5> .

V2
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The neutralino couplings are given by

h - h ~
LD _QEVB,LWO + g/§V€7LB

; (3.55)
= —g§(UN,L)1i [(Un,r)1; — tw(Un.L)24] X?,LX;:%-
To O(e) and ignoring O(engr), this simplifies to
h M . .
L5 g5 (X(l],L +exyp - twﬁexga (X7 = twXog) - (3.56)
B
3.A.3 Couplings for gauge interactions
We begin with the gauge interactions in the interaction basis:
WE -Wr 0 W+
. - . - . .
LD g( (WHT (WO (W) > -, 0 +Wr |o wo
0 +Ww,; -w w-
+

+g(<;~v>T (W) <w;~v>*) LIS I

w
We o Wi
- IRV _ Ve,rL
+g(<m>T <eL>*) -oow |7
vz T2 er
g/ _pu Ve,L
=5 @)t et ) B |
€r
+¢'(e") Buate".
(3.57)

For clarity, we separate this into a few parts before converting to the mass basis.
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Charged current interactions

The couplings to WJ are given by
LD QWJ{(UN,R)T,Z-(X?,’%)TWX&L — (Ue,r)s i (Un.)1s (X)X 50

. 1 . o
; [<UN,L>21-<UC,L>2J n EWN,L)U(UC,L)U] (O (3.58)

- (UC,R>§i<UN,L>2j<x§;§>*6“x?,L}-

We have used the fact that W~ doesn’t mix with e; nor ¥y, (due to U(1)g sym-
metry) to eliminate one of the mixing matrices in the first term. To O(e) and

ignoring O(exr), this simplifies to

1
c,0 \t = — c, — c,0 _ —
LD QW; (XQ,R)TU“X&L - (XQ,—E)TO-HXQ,R + E(X?,L)TUMXLL
1 _ — — — c, — c,0 \T =
= 50817+ () 7 OER1T L — (G5
(3.59)
Note that the V' — A violating term (XE:E)T(?“X?’ ;, does not appear, even when we

include higher powers of € as well as O(exg). This is not surprising since such a

term violates U(1)g symmetry.

Neutral current interactions

We first consider neutral current interactions with the neutralinos, given by

1
ﬁ D %Zui(l/e,L)T&uVe,L
g 1
= =7 —
o 12

(3.60)
(Un,L)3i(Un,2) 100 L) %) 1 -
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There are no couplings to the photon as expected. To O(e) and ignoring O(engr),

this simplifies to

1 - _ My _
LD C— b3 {(X?,L)TUHX?,L + {E(X?,L)Tauxg,L —tw e X h-C} } :
w B

(3.61)
Now we move on to the charginos. The couplings to the photon are given by
LS €A, [(e;f)w + (WHIg W 4 (7 ) Tatyt
— (ep)iater — (v )a g, — (W)iom | (3.62)

= eA, [( ) XzR (X;L)T‘?#X;L]'

The couplings are universal as expected since U(1)gy is unbroken.

The couplings to Z,, are given by

o> 4 =7, [(W*)vaﬁ — (WH)Ie" W™ + (i )ioryt — (v Yoty (eL)TU“eL

Cw

~ ez, [( ioren™ + (WHiah W + (vl )iaryl

— (ep)later — (W )atuy, — (W)

- 4z { [(Uc,r)5i(Uc,r)2; + (Uc,r)5:(Uc.r)si) (X5 5) 10X %

Cw

1 * * E3 — — —
— {§(UC,L)1Z~(UC,L)U + (Uc,n)5(Uc,)2i + (UC,L)3i<UC,L)3i:| (Xi,L)TO—MXj,L}
g Nt o
- =507 [(Xi,;%r)TUHXz‘,E - (Xi,L)To-HXi,L] :
(3.63)
This comprises of a non-universal part related to mixing between different SU(2)

representations and a universal part related to ). Using unitarity of Uc and

Uc g, this can be written more succinctly as

g —u e Nty —
LD C_Z” [(1 -5 )(X R) MXi:; +(=1+ S%u)(Xi,L)TO-MXi,L]

g 1 . C Nfep -
+ C_Z [ (UCR)lz(UCR)lj(Xz R) O-MX]R 5(UC7L)1i(UcyL)lj(Xi,L)TUHXi,L]'
(3.64)
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(SU3)c, SU(2) 1)y Ul)g
Hd = Le (1, 2)_1/2 0
E? (1,1), 2
L, . (1,2)_1)2 1—-L
Efw (1,1), 14+ L
Q12,3 (3,2)1/6 1+ B
Utas (3_7 1) 23 1-B
D1,2,3 (3> 1)1/3 1-B
Wwaee (8, 1)+ (1,3)0 + (1,1)o 1
P (8, 1)+ (1,3)0 + (1,1)o 0
H, (1,2)1/2 0
Ry (1,2)_1)2 2

Table 3.B.1: Superfields and their gauge and U(1) g representations for the 2HDM
version of the Higgs-as-sneutrino model.

To O(e) and ignoring O(eng), this simplifies to

g c —p. C — —f,—
£2 C_ZM [(1 - Si)(Xi:;)TU“Xi:E +(=1+ Sfu)(Xi,L)TUMXz',L}

9 ebyiapy et | Lo i - — \tap—
+ =2 {—(Xl’,E)TU“Xl’,E + 500 L+ [ V2O 10 X + hue } :
(3.65)

3.B Two Higgs Doublet Model

Here we briefly review the Higgs-as-slepton model with two additional Higgs dou-
blets, H,, Ry. The H, can then be used to provide a mass to the top quark, while
R, is needed for anomaly cancellation. Table lists the superfields and their
gauge and U(1)g representations. The most general superpotential consistent with
the symmetries (assuming B # 1/3 and L # 1) is
3 3
W = Z Ya,ijHaQi D + Z YeijHaLi B + Z Yu,ij Hu QiU
5,5=1 t,7€{p,7} 1,j=1

+ pH Ry + A\sHy® 5 Ry + ArH,® 5 Ry (3.66)
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h, and 74 are now additional neutralinos and charginos which mix with the gaugino
and the Higgs-partner lepton. Unlike in the model with the single Higgs doublet,
the top quark mass can arise from an H,QU term, removing the need for a low

UV cutoff.

For the purpose of deriving the neutrino mass matrix in Sec. [3.5.5] after di-
agonalising the R-symmetric terms in the 9 x 9 neutralino mass matrix, we now

have

My Mg A M2, /22ty .
Vi~ v, + (—M?tw) cpe — cge @/J%, + ( HW \/§Tg — MYV \/_gs ) cpspe” hY.
B B
(3.67)

In contrast to the 1IHDM case, v, now contains a Bg component, and some of the
coefficients depend on cg and s5. The A2 component induces the v/v, and /v,
terms in the neutrino mass matrix through the R-breaking mass terms 7121/“ and

7,0
Iy vz
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CHAPTER 4
ANGULAR DISTRIBUTIONS AS LIFETIME PROBES

4.1 Introduction

Measuring the lifetime of new particles is a powerful method to probe Beyond
Standard Model (BSM) theories. While the first run at the LHC did not yield any
BSM particles, we still hope to find such states. If new particles are found with
short lifetimes or equivalently large widths, I' 2 1 GeV, then their widths can be
measured directly. If these particles live much longer, I' < 107* eV, then we can
measure their lifetimes using a displaced vertex. However, there is currently no

technique to measure particle lifetimes in the “problematic region,”
107%eV <T <1GeV. (4.1)

This may not be an issue as many BSM theories do not predict any particles
with lifetimes in this region. Nevertheless, there are many well motivated BSM
theories with particles in the problematic region, such as, Z’-mediated Supersym-
metry Breaking models (e.g. the Wino next-to-lightest supersymmetric particle
(NLSP)) [1], split SUSY (e.g the neutralino with a large neutralino mass) [2],
Gauge-mediated broken SUSY (e.g. the NLSP with breaking scale < 10° GeV),
SUSY with a heavy scalar mass scale (e.g. gluino with heavy scalar mass
<10 TeV) [3,4], Dynamic R-parity violating models (e.g. the gluino as the light-
est supersymmetric particle with large gluino mass) [5], minimal flavor violation
models (e.g. the stop except for very small values of tan ) [6,/7], and GUTS in

warped extra dimensions(e.g. next-to-lightest Zs charged particles) [§].
The problem of how to probe lifetimes in the problematic region was discussed
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in detail in Ref. [9], where a new technique to measure the lifetime of a hypothetical
top-like particle was suggested. This hypothetical, but generic, particle has the
same quantum numbers as the top, but its mass and width are kept as unknowns.
In this paper we apply the principles introduced in [9] to experiments that can be
done at the LHC and future colliders. We often refer to our hypothetical particle
as a top or t quark while we really mean a top-like quark with a longer lifetime

than the top.

We briefly discuss the general principles of the method here and leave the details
to Ref. [9]. Consider producing a top-like particle with spin up. After a short time,
of order 1/Agep, the colored particle forms a hadron through hadronization, with
mesons forming about 90% of the time [10] (in our discussion we focus on meson
production and decay, though adding in baryons is straightforward [9]). Since the
hyperfine splitting is small compared to Agcp, after hadronization the system is
in its QCD ground state without resolving the hyperfine splitting. That is, it

produces an incoherent mix,
50% |4++) ©50% |+—) , (4.2)

where @ denote an incoherent sum and the state |[++) (|[+—)) denotes a meson
with top spin up and the light degree of freedom with spin up (down). Excluding
decays, the mass eigenstates of the system are given by the triplet and singlet state
which we denote by T'(s,ms) (s = 0,1 is the spin and myg is the spin along the
quantization axis). These states are related to the earlier ones by

T(1,0) 4 T(0,0)
7 .

One source of depolarization is due to the triplet state decaying into the singlet

|++) =T(1,1), |[+—) =

(4.3)

with a lifetime that we denote by 1/ATL". Another source is due to the top that is

initially in the |[+—) state, which oscillates between a spin up and spin down with a
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timescale of 1/Am where Am is the mass splitting between the triplet and singlet
states. The third timescale involved is the weak decay width of the top quark,
1/T. The calculation of Am and AT is discussed in [9], and for our discussion
we assume them to be known. Then, the idea is to measure an observable that is
sensitive to the polarization of the top quarks. The amount of depolarization gives

us the sensitivity to I'.

We use as our observable the spin of the top projected onto a quantization
axis. The average spin in this direction of a collection of tops as a function of time,

excluding top quark decay, is given by

pol(t) = <<§>> (((t))) = % (e 2" + cos Amt) . (4.4)

Note that this is the spin projection for the top-like quarks, not the mesons them-
selves. We have access to the spin of the tops through their decay products. Since
we do not have good enough time resolution to measure pol(t) directly, what we
measure is the time integrated value multiplied by the exponential probability

density function:

_ {1/ 1 1

where we defined,

>
!

= —, Y= —. (4.6)

(note that [9], contains an error and defines y = AI'/2I" while it should be defined

as the above.) A plot of 7 as a function of I is shown in Fig. [4.1]

By finding » we can deduce the value of I'. In principle this can be done to any
precision. However, by looking at the structure of r(T'), it is clear that in practice,
we can only split the problematic region into three different regions. In region I,

where the lifetime is short the decaying particles do not feel the hadronization,
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Figure 4.1: r as a function of the lifetime for AI' = 1eV and Am = 1MeV. Par-
ticles with lifetimes in regions I , I1, and IIT have different levels of depolarization
prior to decay. By measuring r» we have a direct measurement of the lifetime.

as is the case for the real top quark . In region II the top lost half its initial
polarization due to oscillation at the time of decay. In region III the top has lost
all its polarization prior to its decay due to oscillation and to decay of the triplet
into the singlet state. Due to staircase structure of r(I'), the uncertainties of a on

our input parameters, Am and AI', have a very small impact on the results.

At this point all the basic physics is set, the big question left is how to prac-
tically measure this effect. We cannot create exotic particles, trap them, polarize
them, and measure their angular momentum. Instead we propose a method to
make use of current detectors available at the LHC. One potential concern in this
study is that we are completely reliant on our ability to produce polarized parti-
cles. While not simple, this turns out to be straightforward and has been shown
to be feasible at the LHC in the SM in both single top production [12] and di-
top channels due to its chiral nature. A second challenge is measuring the
polarization itself. The spin of each particle is unattainable at the LHC, but the

angular distributions can be measured. For a review of such methods, see, for
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example, |14H16]. For a chiral theory the angles of the decay products depend on
the polarization of the parent particle. Thus depolarization effects will appear in
the angular distributions, and in particular, a forward backward asymmetry. This,
in turn, will enable us to probe the lifetime. Our idea is therefore, to define a
forward backwards asymmetry that changes as a function of r and thus can be

used to extract the lifetime.

In this work our emphasis is on studying a working example for the lifetime
measurement. While depending on the specific particle production and decay
channel the details will change, the ideas will should be the same. Furthermore,
we do not attempt a full study with semi-realistic detector simulation but leave

such investigation for future studies.

4.2 The General Formalism

We are now in a position to make our discussion more explicit. Consider a general
process shown in Fig. in which a top is produced and decays in the absence
of hadronization. We assume the width of the top is much less than its mass (as
is the case for any particle for which this method is valid) and work far from the
top production threshold. We can now write the square of the matrix element
for production and decay of a single top quark in an arbitrary channel as (for a
discussion on these methods with regards to the top quark see e.g. [17]),
2 2
= ) S p(ATON), (4.7)

where X and X label the spin of the top quark and
p (A N) = MAM,(N), '\ N) = Mr(M)Mrp(Y). (4.8)
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Figure 4.1: (color online). A general process considered here. Two particles com-
bine producing a top-like quark [red], which hadronizes [blue| and subsequently
decays [green| after a time ¢. A @ quark is chosen as the light degree of freedom,
though it can be any light quark. s; denotes our chosen spin quantization axis.
The interaction between the spin of the  and ¢ may provide a spin flip in the top
as shown.

Here we define M ,(\)[Mr(N)] as the production [decay] amplitude of a top with
spin A. Further, in this work we denote a particles 4-momenta with their symbol
and m is the top quark mass. p and I' are known as the spin density and decay

matrices respectively.

A complete treatment with general couplings requires the calculation of each
element in these matrices, which take into account the interference terms between
spin up and spin down tops that are being produced. These interference terms can
result in complicated expressions for the full cross-section in single top production,
see, for example, . However, a powerful simplification can be made if the tops
come out highly polarized. In this case, the outgoing particles are roughly pure
spin states and interference terms are small. This requires a clever choice of spin

quantization axis, instead of the helicity basis. The idea to consider a different spin
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basis has been successful in the ditop channel in maximizing polarization [13}|19].
Finding the appropriate basis to minimize correlations is non-trivial but has been
done for the s-channel single top production using general couplings [20,21]. While
deviating from the helicity basis makes the results more difficult to interpret it
greatly simplifies the calculation. By choosing such a basis we are diagonalizing
the spin density matrix, p. In that basis the results are also independent of the
off-diagonal elements of the decay matrix, I', see Eq. . While here we consider
only the s-channel, a polarization vector that diagonalizes the spin density matrix
can be found for a variety of different channels [20,22,23]. With this simplification

the cross-section without hadronization can be approximated by [24],

dr dr
do = JTTT + U¢T¢ : (4.9)

where o), is the cross-section for producing a top of spin A and dI'y is the differential

rate of the decay of such a top.

Hadronization, however, modifies this equation. So far we have assumed a spin
up top stays spin up while a spin down stays spin down. Instead, we can think of

the particles having an effective decay distribution given by

dT; drs’’ dT; dr,
dr, it dT's dr,

where P(t) is the probability a spin up (down) top will remain spin up (down)

after a time t.

In principle the problem is solved. We can define a forward backward asym-
metry from this expression that will be dependent on the hadronization. However,

this is currently very abstract. In order to make progress we need four ingredients,
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Figure 4.1: The s-channel processes we consider for top-like quark production.

1. A spin quantization axis such that interference terms between producing spin

up and spin down top-like quarks are negligible.
2. The top production cross-section into spin up and spin down, o4 and 0.
3. The probability that a spin up top will stay spin up, P(t).

4. The top decay distributions for a spin up and spin down top, dI'+/I" and
ar,/r.

4.3 t Quark Production

Consider top-like quark produced from the s-channel process shown in Fig. 4.1} In
order to calculate the production cross-section of the hypothetical top quark we
need to settle on a particular model. While we take the up-down vertex to be a

Standard Model vertex, we consider a general vector coupling between the ¢ and b

Lint = g—\/vgwuth“ (Prfr+ Prfr) , Prr=(1+7")/2. (4.12)

In the Standard Model (SM) for the real top we have f;, = 1 and fr = 0. For our
technique to work, the couplings need to be chiral, that is, f;, # fg. Note that
the above expression is not the most general possible coupling as we could have
a derivative term vertex. While such terms could have been included, they add

unnecessary complications without any more insight into the problem.
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We are now ready to calculate the production cross-sections of the top-like
quark. We find the amplitude for spin up and spin down decay separately using
the spinor helicity method (for reviews see for example [25-27]). We introduce two

massless momenta,

t+
tp= ot (4.13)
2
where s, is its spin quantization axis. We also use standard notations [25],
Ip£) = us(p) = vy = Prru(p), (pE| = us(p) = vx(p) = u(p)Prr, (4.14)
with,
(pg) =u-(p)+(0),  [pgl = us(p)u(9)- (4.15)

We denote the amplitude for top production by My, where A; denotes the spin
of particle i (the spin of the up and anti-down quarks is fixed by the chirality of

the vertex). The amplitudes for this process in spinor helicity notation are given

by:
My = f12A [ub] {tod) —= tlt? (4.16)
Moy = fr2A [tiu] {db), (4.17)
M__ = f12A [ub] (t:d) , (4.18)
M = fr2A [tou] (db) ~—2~ t1t2> (4.19)
where we define
A= i Vua (4.20)

Here we denote My, and 'y, as the mass and width of the W boson respectively.

We have kept only the W and top masses and sent the other masses to zero.

The total amplitude for top production is

N,
M| = 52 (IMop+ M P+ M+ M) (4.21)
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The interference terms are given by

[t1 o]

MMy = 4|AR | f 2 (bu) [w] [d6r] (2 d) 2 4 e (4.22)

nit)

Mo M- = 4|AP | frl? [Dd] (db) (uty) [t2u] + h.c.. (4.23)

A general spin axis that minimizes the interference terms, proposed in [20], for any

values of fr and fg is given by

¢ = AL D@0~ D) 4l (@D e @Dt | 120

where A is a constant chosen such that s> = —1. In the limit of small |fz|, the

vector is given by

1 [/ m? -
B— | =gt — ") . 4.25
o m(d,t ) (4.25)

Choosing s}’ as the quantization axis sets [J tl} = 0 and eliminates the interference
term in that is proportional to | fL\2, while it keeps the one in that is
proportional to | fz|*. Since we are assuming | fz| to be small, the interference terms
are small, justifying the choice of quantization axis. Furthermore, the interference
terms are suppressed by m/FE and thus are unimportant at high energies. For
these reasons we eliminate such terms from the discussion and keep only diagonal
terms in the spin density matrix. In practice, the effects of the interference terms

can always be estimated and included in the systematic uncertainties.

The total cross-sections are

s—m2
= Sane O {’fL 3 (27— =)
2
+ [ fal? ( s lg——ZmS)}, (4.26)
m2 22
_ ST o a4y 2m7s 5
0= 25— AN, | fr|? { (25 + 5m*s — m?) - long}. (4.27)

The sum of these two agrees with the results of Ref. [28]. Note that o4 and o

depend of the choice of the quantization axis, but their sum does not. In the limit
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Figure 4.2: (color online). The contribution to the top-like quark production cross-
section of all the terms including the interference terms (¢;,;), which are dropped
in the final results. Here we use the general coupling polarization vector with
fr = 1, vary fgr, and take My, = 80.4GeV, 'y, = 2.1GeV,m = 300GeV, and
Vs = 1TeV. Clearly, the interference terms are much smaller than the dominant
cross-section contributions.

that |fz|> — 0 the tops come out 100% polarized as in the SM [29]. This shows
another advantage of using the spin axis direction chosen earlier, since the larger

the polarization, the better our resolution.

The different contributions to the total cross-section using the general spin
vector given in Eq. with f;, = 1 and different values of fr are shown in
Fig. M The interference terms (shown in dashed green) are clearly much smaller
then the dominant spin up top production cross-section, even for a non-negligible
choice of fr. This is a consequence of the choice of spin basis. As expected, in the

fr — 0 these terms vanish.
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4.4 Decay distribution

To calculate the decay distribution we use the same model as above. We calculate
the distributions for the spin up and spin down top decays separately. As before,
we denote the amplitudes as M, where A; denotes the spin of particle 7. The

amplitudes for the decays are:

W
Moo= D i) (4.28)
M= B g 0= ey 200, (4.20)
Moo= B L) 22, (430)
Mow =D fr b+ 1¢1t+) | (4.31)

V2

where we have neglected all masses but the top quark and W boson masses. We

denote ¢ = €,7* where ¢, is the polarization vector of the external W boson.

The amplitude squared for the decay distribution for a spin-up and spin-down
top quark are (we omit the color factor as its taken care of in the top production

cross-sections)
My = (IM P+ M) s M= (M M) (432)

These give the decay distributions,

1 dry 1 1 dr,

1
— ==(1-— o* = =—(1 0 4.
' d cos 6% 2( acost’) , ' dcos 6* 2( +acost) (4.33)
where
o (110 (2 o
\fol” + | frl? m? + M,

and 6% is the angle between the spin quantization axis of the ¢ quark, defined in

Eq. (4.25), and the direction of b quark. This expression agrees with Ref. [30]. In
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the final result we do not have any cross terms proportional to |fg||fz|. This is a

consequence of taking the massless limit for the bottom quark.

Note that 6* is an observable. It is the angle between the axis that we quantize
the spin of the top quark and the momenta of the b quark in the top rest frame.
Of course, the number of particles moving into different angles in the center of
mass frame is independent of the choice of quantization axis. However, depending
on this choice, the values of o and 0| change with 6* to leave the center of mass
variables invariant. By measuring the angles that the b quark is emitted in the
center of mass frame one can calculate 6*. For simplicity we express our results in

terms of this angle.

Eq. shows that a 1 —a cos 8* distribution is characteristic of a spin up top
decay while a 1 + a.cos8* distribution is characteristic of a spin down top decay.
We will soon see the effect of having both such decays and the interaction between
the two. We also see that we need a chiral theory. In a parity conserving theory
we have f;, = fr and hence a = 0. In this case we have the same distribution for
a spin up and spin down top and they cannot be differentiated. Since we will use
angular correlations to probe the lifetime of the decaying particles, the method

fails in this case.

4.5 Lifetime Measurement

We are now in position to find the effective distribution. Using Eqs. (4.10]), (4.11)),
and (4.33) we write

dr?ff 1 1 2P(t 1 0* 4.35
m—§[¥( (t) = Dacos ] . (4.35)
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Figure 4.1: 7 as a function of center of mass energy. n at low energies is —1 but
rapidly increases to 1 at larger energies.

The key dynamic quantity is 2P(¢) — 1. Now note that the polarization of a set
of tops given in Eq. is related to the probability of a spin up top remaining
spin up after a time ¢ by (if a top is measured spin up it contributions +1/2 to the
net angular momentum and if a top is measured spin down it contributes —1/2 to

the net angular momentum),

R L T R

So the dynamics are indeed controlled by the average polarization.

Top-like quarks come out with two opposing distributions. Depending on how
many tops decay with spin up compared to the number coming out with spin down
we have a 1 —acos 8* or a 1+« cos 8* dominated distribution. The average angular
momentum of the set of tops, which oscillates as a function of time, determines

the net distribution. Inserting the effective decay distributions into (4.9), we can
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write the distribution of b quarks at different angles 6* and times ¢,

g =37 (0 geent) e (e e )

=Te (01 +0)) % (1 — 2 _T_ Zjag; ((8 cos 9*) , (4.37)

Here we have multiplied this dynamic cross-section by the probability density that
a top quark lives until a time . A more careful treatment of how to add the time
dependence is given in Appendix [£.A] In the case of equal spin up and spin down

production we lose the sensitivity to the lifetime.

Thus far the discussion has been quite general and did not involve any specific
channel. While the results do depend on the production cross-section, and in
particular how polarized the production channel is, the details of the particular
production channel have little importance. We now specialize to the s-channel by
using Eqgs. and and integrate over all time. This gives the distribution

of outgoing b quarks,

l_do :1{1_<|fL|2—n<s/m2>|fR|2a>ms@*}, 3

odcosf 2 ol + | frl?

where

_ (22° + 92 — 122 + 1) — 122 log()
n(x) = G @D : (4.39)

such that —1 < n(x) < 1 but its exact value has little impact on the results. It

is shown for different energies in Fig. [4.1] Using this we can extract r and hence
the lifetime of the particle. Eq. (4.38) is our main result. We have the angular

dependence as a function of time.

We are now in position to define a simple observable, a time integrated forward-
backward asymmetry. We look at the total number of b quarks at all times pro-

duced in different angles and define

Ny(cos 0* > 0) — Ny(cos 0" < 0) oy — 0y
= = : 4.40
asb Np(cos0* > 0) + Ny(cos 0* < 0) o+ o0y axr (4.40)
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Specializing to the s-channel gives,

ap = { ol = n(s/m?) | fal* |fo® = |fel® 203, — m2} .

(4.41)
[fol* + | fal” [fol* + | fal* 2M +m?

In the limit of | fL\2 > | fR\2, the dependence on n drops out and we have the

particularly simple result,

2ME, — m?
Ay = {W} XTr. (442)

4.6 LHC, ILC, and future work

The method discussed above requires collisions between d and u to produce top
quarks. This is not an ideal channel to produce top-like quarks at the LHC, which
is dominated by pair productions from gluons, followed by the valence quarks, u
and d [31]. However, at small momentum fractions, the number of sea quarks is
significant and the s channel discussed above is certainly feasible. Of course, if the
top-like particle is heavy, single top-like production will be the dominate produc-
tion mechanism. Moreover, also in the SM there are some simple and calculable
alternatives to top-like production with significant polarization, including the tWW~—
associated production and the dominant Wy fusion [29]. Since the tW ™~ associated
production suffers from either CKM suppression or requires a b from the sea, it
is suppressed. This makes the Wyqg fusion process, which uses a gluon and an up
quark as the initial state, the most promising channel at the LHC with regards to

measuring single top-like quark lifetimes in this way.

The ILC is planned to have incoming beams with up to 80% polarization
for one beam and 30% for the other [32]. While the discussion above focused

on unpolarized initial states, having polarized incoming particles can increase the
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polarization of the top-like quarks [33], yielding a better precision for the lifetime
measurement technique we suggested. Of course, the channel discussed above is
irrelevant for the ILC, which will collide electrons and positrons. Nevertheless,
there exist both single top [34] and ditop production channels [13,33] which can be
used instead. While the references listed assume a SM coupling, any new physics

coupling to top-like quarks that are chiral would yield similar results.

In this paper we presented two observables that can be measured at a collider
and are sensitive to the lifetime. The differential cross-section given in Eq.
and a forward-backward asymmetry, ay,, derived from this cross-section given in
Eq. . ayg, has the advantage of being particularly intuitive and emphasizes
the importance of parity violation in our calculations. For low statistics this is
the best measure to use. On the other hand, the forward backward asymmetry
removes some of the information embedded in the cross-section. Eventually when
more data is accumulated fitting to the outgoing quark distribution would yield

more precise estimate of the lifetime.

In this paper we have focused on single top production and decay. However,
the most common channel to study top production is through the ditop production
channel. As before, there exists an appropriate choice of polarization vectors that
minimizes the interference terms [35]. Extending the lifetime measurement tech-
nique to this channel should be straightforward and likely more precise as typically
the ditop channel contains many more events. A last requirement before particle
lifetimes can be measured with the techniques presented here is to run simulations

to test it.

To conclude, we implemented a new technique to measure lifetimes of top-

like particles with lifetimes in the “problematic region” where current experiments
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cannot access. The complications associated with the calculations can be greatly
reduced by choosing an appropriate spin basis that both maximizes polarization
and eliminates extra terms. We arrive at a simple forward-backward asymmetry
that is directly proportional to a quantity which characterizes the average angular
momentum of top-like particles, r. This value is a function of the lifetime and its

measurement allows direct access to the lifetime.
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APPENDIX

4.A The Dynamic Cross-section

Consider a sample of tops at a time ¢. Assume that initially the sample is com-
pletely polarized. The number of top quarks that are alive between ¢ and ¢t + At
is

N(t) = Ny (e — e THAD) (4.43)

The initial number of particles is given by
Ny = E/da, (4.44)

where L is the luminosity of the beam. The number of spin up tops which decayed

between time t¢,t + At is

deecayed = <E/d0’) (e—Ft . e—F(t—i-At)) P(t), (4_45)

where we denoted P(t) as the probability that a spin up top will remain spin up

at a time t (neglecting its decay probability).

The total number of spin up tops which decayed is given by

Niee = Y (.c / da) (e_m _E;F(HN)) ALP(1), (4.46)

t

where the sum is over all possible times. Taking the At — 0 limit we have

Nyee = / dt (,c / da) Le M'P(t). (4.47)

For every decaying top quark there is a corresponding b quark that is emitted at
some angle. Adding in a factor for the distribution of bottom quarks. The total

number of b quarks arriving at the detector is

_ [T T 1 dly .
A /0 [L / da} [dtfe Hp(t)] [ / L deost®|, (448)
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where in brackets we have denoted the process we considered, producing spin up

tops which remain spin up and decay.

Now switching this to a differential cross-section,

do—tT—>tT—>bW da(ug — l_)tT) T 1 dFT
= Le Tt | P(t — 4.49
dQdd cos 0*dt dQ) ¢ ®) [, dcosf* |’ (4.49)

where df) is the solid angle associated with top production. This calculation was
done for one case where a spin up top was produced and stayed spin up when it

decayed. Including all four cases,

UJ%tTM)tT%bW uJ—>t¢Mt¢—>bW
uJ—HﬁiMQ%bW uJ—)tTM)tT—)bW (450)
and integrating over df) gives,
dO’(t) Tt dFT
7 __T P(t 1—-P(t
d cos 0*dt ¢ o1 P(t) + o1 () d cos 0*
o Plt) + oy (1 — Py - (4.51)
ot o dcos* |’ ’

which is equivalent to Eq. (4.37) once the differential distribution is added.
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CHAPTER 5
NEW CONSTRAINTS ON LIGHT VECTORS COUPLED TO
ANOMALOUS CURRENTS

5.1 Introduction:

Recent years have seen a resurgence of interest in the possibility of extending
the Standard Model (SM) by including relatively light and very weakly coupled
states [1,14]. New light vectors are a popular candidate, having been proposed for
purposes including addressing experimental anomalies at low energies [21}|35,37,
40,46,50], explaining puzzles such as baryon stability [26], or acting as a mediator

to a dark sector [816}25].

In this paper, we will consider light vectors with dimension-4 couplings to
SM states. Unless the SM current that a vector couples to is conserved (i.e. the
electromagnetic (EM) or B— L current), there are (energy /vector mass)” processes
involving the longitudinal mode of the new vector. These make the SM + vector
effective field theory (EFT) non-renormalisable, requiring a cutoff at some scale
o (vector mass / vector coupling). For a light, weakly coupled new vector, such
energy-enhanced processes can be the dominant production mechanism in high-

energy experiments, and can place strong constraints on its coupling.

For models in which the SM current is broken by tree-level processes — e.g. axial
currents are broken by fermion masses — such constraints have been considered
in a number of works (19} 34, 40,41]E] In this Letter, we point out they can also

apply if a light vector X couples to a current that is conserved at tree level, but

In accompanying work [33|, we identify processes which place stronger constraints on vectors
coupling to tree-level non-conserved SM currents.
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broken by the chiral anomaly (within the SM + X EFT), such as the SM baryon
number current. These loop-level, but (energy/vector mas.s)2 enhanced, processes

can place significantly stronger constraints on light X than existing constraints.

The only way to avoid such processes is for the UV completion to introduce ex-
tra electroweak symmetry breaking, which generally runs into strong experimental
constraints. Conversely, cancelling the anomalies with new heavy fermions, that
obtain their masses from a SM-singlet vacuum expectation value (VEV), always
results in enhanced longitudinal X emission, as we show and exploit in the rest of

this Letter.

5.2 Anomalous amplitudes:

We will use the SM baryon number current as our prototypical example — a
light vector coupled to this current has been considered in many papers over the
past decades, e.g. [20,26,27,29,35,47,51]. Within the SM, the baryon number
current is conserved at tree level, but violated by the chiral anomaly, which gives

a divergence [9]

L Jl‘tL)aryon _ 'A

= = (¢*Wp, 07"y — 9B, B") (5.1)

where A = 3/2, and Bw = 9P B,, etc. If a new light vector X is coupled to

1
2

the baryon number current, then the SM + X EFT is non-renormalisable, and

must be UV-completed at a scale < %/ (1%5’;2) [49], where gx and mx are the

coupling strength and mass of X, respectively.

In the simplest such UV completions, the anomalies are cancelled by intro-

ducing new fermions with chiral couplings to X, and vectorial couplings to the
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SM gauge bosons. For example, the mixed anomalies can be cancelled with one
weak doublet of Dirac fermions, with (Y, X4) = (—3, —3), and a weak singlet with
(Y, Xa) = (—1,3), where Y and X4 are the hypercharge and axial X charge re-
spectively [22,32]. The XXX anomaly can then be cancelled by an additional
SM-singlet fermion, and all of the new fermions can obtain heavy masses from a

SM-singlet VEV.

Anomaly cancellation ensures that the theory is well-behaved at very
high energies. However, as reviewed in [8,33], triangle diagram amplitudes
have both a fermion-mass-independent ‘anomalous’ piece, and a piece that
depends on the mass of the fermions in the loop. The mass-dependent
parts of longitudinal triangle amplitudes are proportional to the fermion’s

axial coupling; since X has vectorial couplings to SM fermions, we obtain

1
—(p+ @M =5 € Prgogx g X (5:2)
> 2milog(my,p, q) Xa g7
!
—
LB
MEP = Z X, M@: ,

fifsm q— By

where f (fsm) runs over heavy (SM) fermions; the ‘anomalous’ parts have can-
celled between the new fermions and the SM fermions, and the mass-dependent

‘scalar integral’ term I is [8]
Ioo(me,p,q / dx/ 5.3
ool D(z,y,p,q)’ >3
D=yl —y)p* + (1 —z)¢" + 2xyp-q —m}

For mfc > p%¢%p-q we have Ipg ~ —1/ 2m3c. Anomaly cancellation requires

that 2> X fo2 = A. Consequently, if the external momenta on the triangle are
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small compared to the masses of the new heavy fermions, then we have a total

longitudinal amplitude of

1
_ (p + q)MMMWJ ~ 4_7T2€l/p)\ap/\qggX912A (54)

up to a relative error O({p, ¢* p - q}/m7).

This result is independent of the particulars of the heavy fermion sector, and
is precisely the result we would have obtained by adopting a ‘covariant’ [8,33]
SM-gauge-group-preserving regularisation scheme within the SM + X EFT. As
we review below, this is because the lack of extra electro-weak symmetry breaking

(EWSB) in the UV theory determines the behaviour in the EFT.

The amplitudes for XWW triangles will have similar behaviour, with ¢ re-
placed by g. An additional feature is that, since SU(2),, is non-abelian, there are
anomalous XWWW box diagrams. These have an analogous story of fermion

mass dependence in the UV theory.

5.3 Low-energy theory and UV completions:

Other classes of UV completions can give different results for low-energy triangle
amplitudes. This is corresponds to the fact that the SM + X EFT generically

includes dimension-4 Wess-Zumino (WZ) terms,

L5 Cpgxge™* X, B,0,B,

+ Cwoxg’eé” X ,WeD,W (5.5)

Since X has purely vectorial couplings to SM fermions, we must have Cg = —Cy, =

Cwyz to avoid breaking the EM gauge symmetry. The coefficient of the WZ terms
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is determined by the UV theory (with the appropriate numerical value also deter-
mined by the regularisation scheme chosen for the anomalous diagrams [33]). For
example, in a ‘SM-covariant’ regularisation scheme for the EFT, Cwyz = 0 corre-
sponds to the UV theory introducing no extra EWSB, as per the example above.
The key point is that there is no choice for Cywyz that preserves both U(1)x and

the SM gauge groups [49|.

At the other extreme, the UV theory may preserve U(1)x by breaking the SM
gauge groups — in the EFT, this corresponds to the WZ term cancelling longi-
tudinal X amplitudes from SM fermion triangles. For example, we could cancel
the anomalies by introducing new, heavy SM-chiral fermions, which obtain their
masses through large Yukawa couplings with the SM Higgs. Once the new fermions
are integrated out, this introduces extra EWSB into the low-energy theory [30,31],
analogously to integrating out the top quark in the SM (after which the photon
remains massless, even though the fermion content is anomalous). As reviewed
in [33], this possibility is strongly constrained by electroweak precision tests and
collider experiments. If the current LHC run sees no deviations from the SM, it
would be fairly robustly ruled out. Variations on this scenario, employing an en-
larged EWSB sector, may be slightly more viable, but also inevitably introduce

dangerous new physics at the electroweak scale.

Intermediate scenarios, in which the EFT breaks U(1)x and the SM EW group,
are also possible. If, in the UV theory, the SM-breaking contributions to the
anomaly-cancelling heavy fermion masses are small compared to their total mass,
then the WZ coefficient in the low-energy EFT will be approximately that expected
from a SM-preserving theory, up to (mgwsp/mys)? corrections [33]. Conversely, if

the new fermions obtain most of their mass from a EWSB-breaking VEV, there
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will be strong experimental constraints, analogous to those mentioned above for

new SM-chiral fermions.

It should be noted that such constraints rely on the existence of new, SM-
chiral states, which have effects (such as electroweak precision observables) unsup-
pressed by the small coupling gx. There may be more exotic UV completions,
without anomaly-cancelling fermions, which are experimentally viable; within the
low-energy theory, the effects of the SM-breaking WZ terms are all suppressed by
gx, and if this is small enough, may not be problematic. While the rest of this
Letter will work under the assumption of a SM-preserving low-energy EFT, this

caveat should be kept in mind.

Another possible complication is that the new ‘UV’ degrees of freedom do not
necessarily have to be heavier than all of the SM states. For example, if the
anomalies are cancelled by SM-vector-like fermions, then collider constraints only
require that they have masses 2 90 GeV [32] (for a baryon number vector). As
per equation [5.3], this would introduce extra momentum dependence into triangle
amplitudes with EW-scale external momenta. For sufficiently small my/gx, even
lighter new states would be required; however, such large gx will generally be

constrained more directly.

5.4 Axion-like behaviour:

By the usual Goldstone boson equivalence arguments, the 1/mx-enhanced parts
of amplitudes involving longitudinal X are approximately equal to those for the
corresponding Goldstone (pseudo)scalar, ¢. In our case, the processes which are

not suppressed by mx all come from the anomalous couplings computed above.
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In the ¢ theory, we can integrate by parts to write the interactions within the

low-energy theory as

A 9x9, 9 ari 2 i
=L (gWW® — ¢“BB) =
A gxy

1672 mx

(92(W+v”v— W)
+94'(cot By, — tan0,)ZZ + 294 ZF)
—ieg? MWW, — WiWo) + .. ) (5.6)

where we have suppressed indices, and the dots correspond to further terms of the

form AWTW~= and ZW+W -}

Since there is no two-photon anomalous coupling, longitudinal emission pro-
cesses involving sub-EW-scale momenta are suppressed. Consequently, the rela-
tively most important effects of the anomalous couplings arise either in high-energy
collisions — for example, on-shell Z decay at LEP — or in virtual processes which

can be dominated by large loop momenta, such as rare meson decays.

5.5 Z — vX decays:

If mx < mg, then the ngF coupling in 1} gives rise to Z — v X decays, with

width
.A2 mS
r ~ g3 g*g*—Z 5.7
2o X 3o Ixg 9 (5.7)
corresponding to a branching ratio
T T ?
“ZonX 107A2< eV ) (5.8)
Iz mx/gx

2the WWWW terms from W;jy(W“)“” cancel, reflecting the lack of pentagon anomalies for
an abelian vector [24]
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If X decays invisibly, then LEP searches for single photons at half the Z energy [4,5]
limit this branching ratio to be < 107%. The bounds for SM decays of X are

less stringent [6,(7,/10], though the large number of Z bosons produced at hadron

colliders should allow enhanced sensitivity to rare Z decays, as we discuss later.

5.6 FCNCs:

The couplings of X to quarks, and the anomalous XWW coupling, lead to flavour
changing neutral current (FCNC) interactions between quarks. These effects can
be summarised by integrating out EW-scale states to obtain an effective interac-

tion,

LD gxdua; Xudyy" Prd; +he. + .. (5.9)

X
— u/c/t +

—>—.£
d; C d; W
%74

where we have taken a down-type FCNC for illustration, and have omitted other,
higher-loop-order diagrams (as well as X emission from external quark legs). The
solid XWW vertex indicates the sum of WZ terms and fermion triangles (within
a UV theory, it would simply be the sum over triangles). If X is coupled to
a fully-conserved current, then gxq,4;, = 0, and the effective interaction is higher-
dimensional; if X is coupled to a tree-level conserved current (as we consider here),

then only the anomalous XWW coupling contributes to gx4,d,-

In the calculation of g4,4,x, while each individual diagram is divergent, these
divergences cancel in the sum over virtual quark generations, by CKM unitarity.

As a result, the integral is dominated by momenta ~ m;, and higher-dimensional
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Figure 5.1: Left panel: Constraints on a vector X coupling to baryon number,
assuming a kinetic mixing with the SM photon € ~ egx/(47)?, and no additional
invisible X decay channels. Colored regions with solid borders indicate constraints
from visible decays, dashed borders correspond to missing energy searches, and
dotted borders denote projections based on current expected sensitivities. The
gray regions indicate constraints from the previous literature. The new constraints
come from searches for K — 7.X (green) [12[15/[17], B — KX (blue) [2,[18/[38,45],
Z — X~ (red) [4H7.[10], and very displaced decays at the CHARM proton beam
dump experiment . For the latter, the enhanced K — w.X decays result in
larger X production than computed in naive analyses ,. The ‘anomalon’ line
shows the approximate region in which anomaly-cancelling fermions would be light
enough to have been detected [32]. The other gray constraints are from ¢ and n
decays [51], and T decays (left to right). Right panel: As above, but with the
assumption that X dominantly decays invisibly.

couplings suppressed by the cutoff scale will give sub-leading contributions (in the
UV theory, the masses of the UV fermions in triangles will be much larger than

the external momenta of these triangles). The coefficient of the effective vertex is

3g4A . m2
ng,-dj = 29X Z Vazv mIQ/V + ...

ac{uc,t)
(fgév;zngm‘/}F (%) T (5.10)

where
Fla) = U +(f(l_oi;_ D) ~n (for 2 < 1) (5.11)

Compared to these effective FCNC vertices, other effective flavour-changing op-

erators are higher-dimensional, and so are suppressed by more powers of gx/mx
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and/or 1/m¥,. Thus, despite equation representing a 2-loop contribution
(within the UV theory), it is able to dominate over 1-loop d;d; X processes. For

example, in the B — KX decay, we have
MEIooP  AEI00P o 62 /(167%) X (my/mix ) (5.12)

which, for my light enough to be emitted in the decay, is > 1E| Competing SM

FCNC processes are also suppressed; for example, the bsy vertex is of the form

o< - F,brotsy, [44] (since the photon couples to a conserved current), while
w

4-fermion vertices are suppressed by at least G.

If mx is light enough, then FCNC meson decays via an on-shell longitudinal X
become possible, and are enhanced by (energy/mx)?, in addition to being lower-
dimensional than other effective flavour-changing processes. Most directly, the bs.X
and sdX vertices result in B — K®X and K — 7X decays, giving new flavour-
changing meson decays that can place strong constraints on the coupling of X.
This is in exact analogy to the FCNC processes discussed in [39], for axion-like

particles with a coupling to Wweamwe.

5.7 Experimental constraints:

The left panel of Figure [5.1] shows a selection of experimental bounds on the
coupling of a baryon number vector (A = 3/2); for consistency with other
literature [51], we assume a loop-suppressed kinetic mixing with the photon,
€ = egx/(4m)?. As the figure illustrates, the anomalous bounds, derived in this

work, are significantly stronger than existing bounds across a wide mass range.

3 The oc m% (rather than o my) relative suppression of 1-loop emission comes from angular
momentum conservation in the pseudoscalar — pseudoscalar 4+ vector decay; for B — K*X
decays, we would have M?7100P / M17100P o 12 /(m xmy,) instead.
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In particular, they constrain couplings significantly smaller than those at which
we might expect the anomaly-cancelling fermions to have been observed at collid-
ers [32], showing that our assumption of separation of scales can be valid. These
improved bounds rule out some models of phenomenological interest. For ex-
ample, [35] proposes a baryon number vector model to account for the claimed
evidence of a new particle in ®Be decays [43], with the anomalies being cancelled
by heavy fermions that are vectorial under the SM. Their fiducial parameters of
myx ~ 17TMeV, gx ~ 6 x 107" (and a large kinetic mixing ¢ ~ —1073) result in
Br(B — K*X) ~ 2 x 107" from the anomalous XWW coupling, well above the

experimental bound of ABr(B — K*ete™) < 107° [18].

Figure (right) shows the constraints that arise if X has a significant branch-
ing ratio to invisible states (e.g. light dark matter, or additional neutrino species).
For example, one light Dirac fermion x with X-charge of 1 and 2m, < mx will
result in an invisible branching fraction of 2 30%. The constraints from missing
energy searches are strong, and limit the discovery prospects for light dark matter

coupled through such a mediator at neutrino experiments [11].

5.8 Future searches:

At mx < GeV, the enhanced rate of K — 7X and B — K X decays means that
future proton beam dump experiments such as SHIP [13] will be more sensitive
than projected in existing analyses. At higher masses, the enhanced B — KX
rate motivates searches for bumps in the invariant mass spectrum of B — K +
hadronic decays. For example, the B — Kw decay is detected as a peak in the

ma, distribution of B — K77~ 7° decays, with branching ratio error ~ 1076 [28];
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a similar search could be performed at other invariant masses.

For Z — X decays, the large number of Zs produced at hadron colliders would
likely allow leptonic Z — (X — [T17) decays to be probed down to O(107°)
branching ratios or better [3,/42]. This would be especially helpful in constraining
models of other anomalous vectors — for example, those with purely right-handed

couplings [21], which result in X Z~ anomalous couplings, but no XWW coupling.

5.9 Conclusions:

In this Letter, we have pointed out the phenomenological consequences of energy-
enhanced longitudinal mode production, for light vectors coupling to anomalous
SM currents. Such models have been considered for a variety of purposes in pre-
vious literature, but anomalous processes were overlooked. Taking the example of
a light vector coupled to baryon number, we showed that anomalous production
can place stronger coupling constraints over a wide mass range. In forthcoming
work [33], we discuss these points in more depth, and also derive improved con-

straints on vectors coupled to SM currents that are broken by tree-level processes.
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CHAPTER 6
CODECAYING DARK MATTER

6.1 Introduction

The nature of dark matter (DM) is one of the most important open questions in
physics. The possibility that dark matter is a thermal relic with mass around the
weak scale is intriguing, but has been under significant experimental pressure from
direct detection [1-3] and at the LHC [4]. This motivates the study of models
which are not constrained by these searches, but can still be discovered by indirect

detection, where limits are weaker and have made rapid progress in recent years [5].

Mechanisms for thermal dark matter freezeout usually rely on the DM remain-
ing in chemical and thermal equilibrium with the Standard Model (SM) bath while
non-relativistic, which leads to depletion of DM through Boltzmann suppression.
In this work we consider the possibility that part of the dark sector decays out
of equilibrium with the SM. This delays the exponential suppression of the DM

density well beyond the point where the DM candidate becomes non-relativistic.

The mechanism, which we refer to as Co-Decaying Dark Matter, has the fol-

lowing properties:

1. The dark sector has decoupled from the SM before it becomes non-relativistic.
2. The lightest dark sector particle decays into the SM out of equilibrium.

3. The dark sector contains additional particles that are (approximately) de-

generate with the decaying particle, and remain in chemical and thermal
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equilibrium with it until freezeout. One or more of these particles are DM

candidates.

Co-decaying DM will be a generic feature of large dark sectors in which the lightest
state decays. To illustrate the idea, we will focus on the simplified case of two
degenerate dark sector particles: A will be the DM candidate, and B will be the

decaying state, with sizable annihilations AA — BB.

After the dark sector decouples from the SM bath, the A and B comoving
entropy density is conserved, and their number density does not exponentially
deplete when they become non-relativistic (in contrast to the Weakly Interacting
Massive Particle (WIMP)). Instead, the exponential suppression is delayed until

the B’s begin decaying:

Iyt

na ~npoce B~ emalB/H (6.1)

where ny p is the number density, I'p is the decay rate of the B particle, and H
is the Hubble parameter. The A population tracks the B population until the
AA — BB process cannot keep up with the expansion of the universe. At this
point the A population freezes out and the B’s continue to decay. The relic density
of A is then set by both the annihilation rate, (ov), as well as the B decay rate, I'p.

A schematic illustration of the timeline for co-decaying DM is shown in Fig. 6.1

The delay in the starting point of exponential suppression from the temperature
in which DM becomes non-relativistic to the temperature at which B-decay begins,
causes freezeout to occur at later times than the WIMP. The DM relic density
has less time to redshift to today, and therefore, must have a smaller density at
freezeout. In order to match the observed DM relic abundance a larger annihilation

cross-section is required. This leads to a boosted indirect detection signal relative
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B — SM SM

Figure 6.1: Co-decay dark matter timeline. At T, the SM and dark sector decouple;
at Tr the decay of B’s begin to deplete the dark sector density; and at T} the
AA < BB process freezes out, resulting in a relic abundance for the A particles.

to WIMP models.

Previous work on multi-component dark sectors where interactions within the
dark sector are necessary to get the correct dark matter relic abundance is exten-
sive. Some examples including co-annihilating [6l/7], Secluded [8], SIMP [9,|10],
Cannibalizing [11-16] and Forbidden [6,/17] DM. Additionally, models of parti-
cle decays affecting the relic abundance have been considered in [16],18-27]. The
freezeout mechanism of co-decaying DM is unique, with differing phenomenology.
Furthermore, we emphasize that while we are mainly interested in the implications
on dark matter, the dynamics studied here have a broad impact and can take place

for any thermal relic.

In this Letter we study the co-decaying DM mechanism. We present an intuitive
estimate of the relic density and check the results numerically using the Boltzmann
equations. The constraints and signals of co-decaying DM are described, with
a significant enhancement in the indirect detection signature. We conclude by

presenting an explicit model realizing the phenomena.
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6.2 Freezeout and Relic Abundance

The DM relic abundance can be solved in the standard sudden freezeout approxi-

mation, when AA — BB annihilations effectively stop:

S0 \/Jxm MHy,  xy (6.2)
Pe /Guf Sm (O0)f

Here m is the DM mass, z; = m/T;, s is the entropy density of the SM bath, and

nA,f<ov>f = Hf — QA =

the subscripts m and f denote quantities at temperatures T' = m and freezeout,
respectivelyﬂ. Note that Eq. (6.2) is identical to the standard WIMP scenario.
However, for co-decaying DM, we will see that zy > 1, leading to a boosted

annihilation cross section relative to the standard WIMP case, where z; ~ 20.

We now compute the SM and dark sector temperatures at freezeout. To this
end, we study the temperature evolution of the dark sector through the three
stages depicted in Fig. from the time of decoupling of the dark sector from
the SM (T}), to the onset of the B decay (Tr), and until freezeout of the AA —
BB annihilations (7). We use the d, I', and f subscripts throughout to denote
quantities evaluated at these stages, respectively, and primes to denote dark sector

(total A+ B) quantities.

At high temperatures, A and B decouple from the SM plasma when relativistic.
The entropy densities in each sector are separately conserved until the decay of B

begins, and therefore

Sl

sp = —%sp = Esp, (6.3)
Sd

The dark sector number density at the onset of decay, roughly when I'g ~ Hr, is

IThroughout this section we will neglect the differences in effective entropy degrees of freedom
gxs and effective energy degrees of freedom g.
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given by the second law of thermodynamics for non-relativistic particles:

T/

T — 6.4

np =
where p/ is the chemical potential of A and B.

While the AA <+ BB process is fast, the A density matches the B density.
Taking the number of degrees of freedom in A and B to be equal (which we will
assume throughout the paper for simplicity), the total dark sector density at the

time of AA < BB freezeout is

1
/3 1 3 _—iDp(ts—tr) {srap ~iH,
nyay = npape 2 B ~ = ¢ *H; (6.5)

where a is the cosmic scale factor. The A abundance is hence depleted through the
decay of B particles. Using Eq. (6.2)) with Eq. (6.5)), the temperature at freezeout

is given by
2 f Hm 5 g

Ty = )
FB/H xf,/ Lap(l — 5L )

where ny; = %n’f and for brevity we have dropped ratios of g,. Here we have

(6.6)

taken
4 o

VE Vi

for ' > 1 and s-wave scattering, where o is the 2 — 2 cross-section at threshold.

(ov) = (6.7)

(For reference, note that the observed relic density for a WIMP would require
o ~107% c¢m?.) Since I'z/H,, may be as small as 1078 (see Fig. [6.1)), 7 may be

as large as 108.

The chemical potential and dark temperature will depend on whether number
changing processes are active in the A, B system, e.g., 3 — 2 processes. Without
number changing processes, the comoving entropy and number densities are sepa-

rately conserved in the dark sector between decoupling and decay (sp/sr = /a4
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Figure 6.1: Yields (Y = n/s) as a function of SM temperature without cannibalism
for a benchmark point g4 = gg = 1, m = 1 GeV, 0 = 1 x 107 cm?, 'y =
6 x 1072 GeV. The (purple/solid) and (red/dotted) lines show the yield for A
and B particles, respectively. For comparison, the (blue/dashed) line shows the
yield assuming the DM was in chemical and thermal equilibrium. For this choice of
parameters xr ~ 300, while freezeout occurs at 2y ~ 1500. The dark temperature
at freezeout is 2y ~ 5 x 10°.

and np/sr = n/;/sq). This decreases the dark temperature relative to the SM

temperature, while inducing a chemical potential:

2
1 Gx,d 3 MI 3
TR 37 (g*,r) Ty, EF ~1— 5 (w/o canb), (6.8)

In contrast, if number changing processes are active, cannibalization can oc-
cur [15]. The SM temperature decreases exponentially relative to the dark sector,
while the chemical potential is held fixed (¢ = 0). Using conservation of comoving

entropy in the hidden sector, one finds

L log KX _ ) (w canb) (6.9)
Tpr=2log ———™——, — = W canp). .
g 3 éxi}mg*,l“ m

In both cases, the dark temperature at freezeout is redshifted from the tem-

2 2
Ty ~ ah (Z—i) ~ T (i—i) : (6.10)

Note that the dark matter will have a large energy density before it decays, and

perature at decay,

may come to dominate the energy density of the universe. When the DM decays,
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it will release a significant amount of entropy and reheat the SM bath. However,
since the reheating occurs before DM freezeout, the entropy dump does not dilute
the DM relic abundance. The most important effects are a delay in the start of
the decay and a modification to the final relationship in Eq. . These effects
are taken into account in the numerical solutions to the Boltzmann equations and

in computing the viable parameter space.

Combining Eqs. (6.2)) and to (6.10), the relic abundance in the absence

of cannibalization and when cannibalization is active throughout is:

Q4 _(107% <G7Zv> (;2;;) (w/o canb),
A ( >X <Gnel\/>(1}27¢;) (w canb).

~ (6.11)
where we have taken, g, 4 = 106.75, and Qpy = 0.27 [2§]. Here and throughout

Qpum o /cm?

we will take the entropy density ratio at decoupling, defined in Eq. (6.3)), to be

§ = (94+98)/9x,a ~ 0.02.

Generically in any given model, one expects number changing self-interactions
to be present, which leads to some amount of cannibalization. Additionally, in
much of parameter space cannibalization can shut off before decays begin. There-

fore, a realistic scenario will likely be between the two limiting cases in Eq. (6.11]).

6.3 Boltzmann equations

We now present a numerical study of co-decaying dark matter. To track the number

densities of A and B as well as the dark temperature 7", 3 different equations are

160



required:
na+3Hna = —(ov)(n} —nj),
narp +3Hna g = — ((U'p)rns — (Ue)rny') | (6.12)
par +3H(pasp + Payp) = —mIp (np —ny')
where (I'p)ry/I'p = m<E§1>T(T/) is the thermally averaged inverse boost factor
over the DM (SM) phase-space distributions. Time derivatives can be related to
derivatives of the SM temperature 7" using the Friedman equation and second law

of thermodynamics,

. 2
a G
g2 o= (%) 2% / 6.13
(&) =5Fw+n. (6.13)
d 3 . 1 d(/)a4) . mFB eqy 3
0.5 = T = g (e nr)a

where G is the gravitational constant.

If number-changing processes in the dark sector are present, such as 3 — 2
processes, then there are additional terms in the number density equations of the
form

— <UU2>ijk—>lm (nnjng — nynymn®), (6.14)

where n; can be ny or ng.

The Boltzmann equations, Eq. , are straightforward to solve numerically,
and the results for a benchmark point are given in Fig.[6.1] As shown, the dark sec-
tor does not follow the equilibrium distribution; instead it undergoes exponential
decay at a later time. When the dark matter becomes non-relativistic (z ~ 1), the
co-moving number density remains constant, until decay begins (x ~ zr). The A
density matches the B density until freezeout (z =~ xs) , where the DM candidate
A decouples, while B continues to decay. For smaller I'g, the co-moving number

density remains constant for longer and the decays will begin later. Depending
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on the size of I'g, the cross section needed to decouple at the correct time, and
match the observed relic abundance, can be orders of magnitude larger than those

of the WIMP scenario. The solutions to the Boltzmann equations match well the

analytic estimates given by Eq. (6.11)).

6.4 Signatures and constraints

10

]Ofl() L

107 107 1070 1 10t 10> 10°
m[GeV]

10t 10°  10°

Figure 6.1: The viable parameter space for co-decaying dark matter assuming
no cannibalization (Left), and a cannibalizing dark sector (Right). The central
white region shows the range of validity of the model. The different regions show
constraints from Nz (purple); DM decays out of equilibrium (gray); unitarity
constraints (green); and indirect detection assuming decays into e*e™ (red/solid)
or vy (blue/dashed), excluding the region below the curve. The gap in the vy
limit between 10 — 20 GeV is due to thresholds used in the two recasts. The

dotted lines represent contours of constant ¢ with values indicated on the
right.

We now discuss the signatures and constraints of co-decaying dark matter ,
whose parameter space is characterized by m, I'g, and o. The viable parameter
space is summarized in Fig. [6.I where the dotted gray lines represent contours
of constant 0. As expected by the rough estimate in Eq. [6.11] the cross section

contours are much more widely spaced without cannibalization than without.
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First, the co-decay setup requires B to decay out of equilibrium; otherwise
the dark matter candidate will be Boltzmann suppressed when it becomes non-
relativistic, effectively reducing to the WIMP scenario. This corresponds to zr 2 1,
though requiring that the DM does not re-thermalize with the SM imposes zr 2 5.

This is depicted by the gray shaded area in Fig. |6.1

Next we consider constraints on Neg [29}30]. This gives the rough condition

that the DM decays before big bang nucleosynthesis (BBN), I'g 2 H,,.. This is

~Y

depicted by the shaded purple regions in Fig. [6.1]

Unitarity places constraints on the size of the thermally averaged cross section.

The requirement of unitarity is given for s-wave scattering by [31],

3

4 (v~ 1) 615
A/, V2 (6.15)

f:>0,§

<Uv>f < m2

where (v™1) ;=2 y/2a%/m is the thermally averaged inverse velocity. The severity
of the bound is dependent on whether or not the dark sector is cannibalizing.
Without cannibalization, fixing the relic density corresponds to o o 1/T'p and
oo 1 /T'p, and thus the unitarity bound is roughly I'g-independent. On the
other hand, with cannibalization, o o< 1/4/T' 5 and 'y is only log-dependent on I',

and the unitarity bound reads:

m 1 (w/o canb),

- 00<
100 TeV 100 (gfv)l/ﬁ (w/ canb).

(6.16)

These relations are modified for small I' by matter-domination effects. The result-

ing unitarity bounds are shown in the green shaded regions in Fig. [6.1}

Since co-decaying DM is decoupled from the SM, it is difficult to discover using
direct detection or direct production. The signature from indirect detection is,

however, enhanced with respect to WIMP candidates due to the large thermally
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averaged cross section. This makes indirect detection a powerful tool to probe

co-decaying DM.

We map the current constraints from telescope and satellite data on the (m,I'p)
parameter space, using the analyses of Refs. [32,33].The constraint on our four-
body final state from two-body final states analyzed in [32,33] are obtained by
rescaling the mass and cross-section limits appropriately. For illustration, we plot
the full constraints from B decays into only e*e™ (red, solid) or into only v (blue,

dashed) in Fig. [6.1] excluding the region below the curves.

Lastly we note that co-decaying dark matter is not constrained by the Cos-
mic Microwave Background, since the thermally averaged cross-sections is always

velocity suppressed.

The combined allowed parameter space is shown in Fig. [6.1 without canni-
balization (left-panel) and with cannibalization (right-panel). We learn that co-
decaying dark matter can occur over a broad range of DM masses, spanning an

MeV up to hundreds of TeV, and decay rates spanning many orders of magnitude.

6.5 Mass splitting

Thus far, we focused on degenerate dark sector particles, which can result from an
underlying symmetry. However, a realistic model may include symmetry-breaking
effects, which can lift the degeneracy. It is then important to understand the effect
of mass-splittings on the co-decaying DM framework. We leave a detailed study
of the phenomenology of co-decays with mass splittings to future work [34] and

highlight the expected features here.
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If mg > mp, the co-decay mechanism remains conceptually unchanged. How-
ever, for mass splitting O(%) or more, the parameter space to produce the observed
relic abundance can differ significantly. To understand this, consider s-wave anni-
hilation, which can proceed as zero temperature in the presence of mass-splittings.

Comparing the annihilation rates at large x’, we have

~

T
2

(OV)ma=mp (6.17)

(OV)mpsmp =

for fixed matrix-element. Since freezeout occurs for 2’ > 1, obtaining the observed

relic abundance requires ¢ smaller than in the degenerate case.

If ms < mp, then annihilations proceed off the exponential tail of A’s velocity
distribution, (o0v) 4, ,pp X €247 where A = (mp — ma)/ma. This exponen-
tial suppression of the cross-section significantly alters the parameters required to

produce the correct relic density.

6.6 Model

Having described the general framework, we now present a simple model where
co-decay can drive dark matter freezeout. Consider a dark SU(2)p gauge theory

with coupling ¢gp, and a dark Higgs doublet ®p,

1 2\’
LD DMCDTDDN(I)D_ZFSMVFB,MV_)\D (@E@D—%> , (618)

The dark Higgs’ VEV, vp/+/2, spontaneously breaks SU(2)p. All three dark gauge
bosons acquire masses mp = % gpvp, while the dark Higgs boson, hp, gains a mass
mp, = V2 pvp. The stability and degeneracy of the gauge bosons are ensured
by an unbroken SU(2) custodial symmetry. We take my,,, > mp, which decouples
the dark Higgs.
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We introduce a dimension-six operator, which explicitly breaks the custodial

symmetry down to U(1),

(@}, D"8p)(®1D,%)

Lo 3 :

(6.19)

where ® is the SM Higgs doublet. This can be generated by integrating out heavy
fermions charged under both SU(2)p and the SM gauge symmetry, SU(2);. This
operator mixes the gauge boson Zp = W3 and the Z boson, decaying Zp to the
SM.The remaining gauge bosons Wi = (W}, FiW3)/v/2 are stable since they are

the lightest particles charged under the unbroken U(1) custodial symmetry.

The VVDi are stable and play the role of A, while the nearly-degenerate Zp
plays the role of B. For mp ~ GeV and A ~ 10’s TeV, negligible mass differ-
ences between W; and Zp are generated, and corrections to electroweak precision
observables are small. Number-changing processes, e.g., ZpZpZp — WLW,, are

large and cannibalization effects must be taken into account.

This model can be mapped onto the constraints of the previous sections using

688 a2, 1w
o= ——— e ——
3 m3’ 0T 48n2a2, AL

gl (6.20)
where [g]* = >, 1g:]* (19417 + 1941%), gv (ga) is the vector (axial) coupling of the

fermion 7 to the Z-boson.

Lastly, we comment on further model building directions. To build a viable
model one needs a approximate symmetry to achieve degeracy between the lightest
dark states, but whose breaking induces a decay into the SM. In this section
we considered the possibility that a remnant of a broken SU(2) gauge symmetry
protects the masses, however interesting alternatives include flavor symmetries or

supersymmetry, both of which could play a role in a larger framework. Depending
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on the type of symmetry used to ensure the degenaracy, this may or may not

induce significant cannibalization.
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CHAPTER 7
SNEUTRINO HIGGS MODELS EXPLAIN LEPTON
NON-UNIVERSALITY IN CMS EXCESSES

7.1 Introduction

The Standard Model (SM) of particle physics is among the most successful models
ever devised, yet it leaves open several puzzles that should be resolved by a more
complete description of nature. A well-motivated, broad class of models based on
supersymmetry (SUSY) has the potential to resolve one or more of the outstanding
puzzles of the SM, including the hierarchy problem, the nature of dark matter, the
mechanism of baryogenesis, and the running of gauge couplings to a unified value.
From a phenomenological point of view, however, there are several issues with
models based on SUSY. In particular, the naive implementation of natural R-parity
conserving MSSM requires a light spectrum of color-charged particles to which the
experiments at the Large Hadron Collider (LHC) should have sensitivity, yet no
hints of SUSY have been seen in the “standard candle” channels with Missing
Transverse Energy [1]. Furthermore, a Higgs boson with mass 125 GeV is not
generically reconciled with a natural spectrum of superpartners [2|. Both of these
tensions hint at the possibility that, if natural SUSY describes our universe, then

it may have an alternative structure.

The lack of observation at colliders has lead to the introduction of many varia-
tions of supersymmetry such as R-parity violating (RPV) [3-11] and R-symmetric
supersymmetry [12-22}22-33]. Constraints on SUSY, even in the context of RPV
models, are already quite stringent [34-36]. These constraints are somewhat less

restrictive in models with R-symmetric models due to the requirement of Dirac
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gauginos [37]. In particular, this prevents same-sign lepton signatures that would
be smoking gun indicators of physics Beyond the SM (BSM). An additional intrigu-
ing feature of such models is that they allow for the Higgs field to be identified with
the superpartner of a left-handed electron [22,|38| 39]EI. In this unique framework,
traditional LLE® and LQ D RPV effects are present but necessarily suppressed
by the smallness of the Yukawa couplings. However, RPV effects appear due to
a mixing between the electron doublet and the gauginos (such mixing has been
previously used to put constraints of possible sneutrino VEVs [40]). Since the
electron is singled out as the Higgs partner, such models have non-standard lepton
flavor structure leading in general to an abundance of electrons in the final state.
Furthermore as we will show, the requirement of nearly massless neutrinos requires

the introduction of an R-symmetry.

The CMS experiment has recently seen hints of potential BSM physics at the
~ 2.50 level in three separate searches that appear to single out the first generation
of leptons. Two of these analyses were optimized to look for pair production of
leptoquarks. In one case, the leptoquarks decay to an eejj final state, while in
the other they decay to an evjj final state [41]. Both showed excesses hinting
at a roughly 650 GeV leptoquark, at the 2.40 and 2.60 levels respectively. The
excesses are not consistent with the only decay modes of the leptoquarks being ej
and vj |41,/42]. The third search was optimized for a Wg decaying to an eejj final
state and saw a 2.80 local excess for a resonance near 2.1 TeV [43]. However, the
distributions of the excess do not appear to be consistent with those of a W [43].
Its important to note that the leptoquark searches did not see an excess in its high
leptoquark mass bins. While not emphasized in earlier work, this puts serious

limitations on new BSM signals attempting to explain the excess. No excesses

In general this can be any lepton, but as we will discuss in section the electron is the
most natural choice.
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were observed in the corresponding channels with muons [43},44].

Several models have been constructed in order to explain this excess. Many
of these models are supersymmetric in nature [45-50] (see [42,51H61] for non-
supersymmetric explanations). The vast majority of them do not attempt to ex-
plain the puzzling flavor structure of the observed excesses, but merely choose
certain couplings to be larger then others. Standard tools for suppressing flavor-
violating processes such as minimal flavor violation (MFV) [21] cannot explain a
different coupling for the first and second generations. In MFV, such non-universal
terms in the Lagrangian are suppressed by m,/m.. Furthermore, due to the pres-
ence of a heavy resonance, these models often predict an excess in the searches for

higher mass leptoquarks, which has not been observed in the data.

In this paper, we investigate the possibility that supersymmetric models with
the Higgs as a sneutrino could explain the excesses seen by CMS. The lepton
flavor structure is naturally obtained within the context of such models. The
complex SUSY spectrum yields a rich variety of decay modes, suppressing the
number of events seen in individual channels and allowing such models to evade
many constraints. Overall, this class of models provides a good fit for the current
data, while making several new and testable predictions for the upcoming run of
the LHC. The role of the leptoquarks in the model is played by a left-handed
first-generation squark with R-parity violating decays, while the heavier ~ 2 TeV
resonance is explained by gluino-squark production. The masses that give the
best fit are an up squark mass of 810 GeV and a gluino mass of 1790 GeV. In
addition to accounting for the excesses observed by CMS, this model addresses the
lack of an excess when the set of cuts is optimized for higher mass leptoquarks.

The model considered in this paper addresses this potential issue by softening the

173



“leptoquark” spectrum with additional jets, as proposed in [60].

The remainder of this paper is structured as follows. In Section 2, we review
the minimal model with the Higgs as a sneutrino. We determine a set of param-
eters of this model that provide a good fit to the current CMS data in Section 3.
We then conclude discussing current bounds on the model and provide additional

predictions.

7.2 Model with Higgs as a slepton

7.2.1 Overview

To illustrate the main ideas behind the Higgs-as-slepton model [38], we begin by
attempting to construct a supersymmetric Standard Model that is more minimal

than the MSSM. One can identify the SM Higgs doublet H with a slepton doublet

L,, since they are both in the same gauge representation (1,2)_1/,. The model
then requires two fewer doublet chiral superfields than the MSSM. However, a
major issue arises from the fact that the Kahler potential generates electroweak-

scale Dirac masses between the partner leptons L, = (v,,[; ) and the Winos and

a

Binos:

/
o LR = Ly 0+ Sy, B+ e, (7.1)

V2

This leads to neutrino masses that are too large.

One way around this difficulty is to first impose a U(1)g symmetry, with R-
charge zero for the slepton doublet L, and —1 for the partner lepton doublet

L,. The U(1)g symmetry remains unbroken when L, acquires a VEV, and can
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SU(B)cXSU(Q)LXU(l)y U(l)R
H= L3 (]_, 2)_1/2 0
Eg (17 1)1 2
Lis (1,2),1/2 1-L
Eiz (1,1), 1+ L
Q12,3 (3,2)1/6 1+ B
Ulas (3_7 1) 23 1-5
D, (3,1)1/3 1-B
Wae (8, 1)+ (1,3)0 + (1,1)o 1
P (8, 1)+ (1,3)0 + (1,1)o 0

Table 7.1: Superfields and their gauge and U(1)g representations in the Higgs-as-
slepton model.

still forbid Majorana masses for all U(1)g-charged neutralinos. By introducing
adjoint chiral superfields ® and SUSY-breaking Dirac gaugino masses, one of the
neutralino mass eigenstates becomes massless. This massless neutralino is mainly

comprised of v, and can be identified with the “physical” neutrino.

We now present the details of the model. Table lists all the superfields
and their gauge and U(1)g representations. With the CMS excesses in mind, we
have chosen the first-generation leptons to partner the Higgs. This will give rise
to experimental signatures specific to the electron, without the need to tweak any
lepton couplings. B and L are arbitrary parameters that determine the U(1)g

representations of the quark and the 2nd- and 3rd-generation lepton superfields.

The most general superpotential consistent with the symmetries (assuming

B#1/3and L #1) is

3 2
W=y HQ:DS + > yeiHLES. (7.2)
=1

ij=1
We have chosen to work in the mass basis of the charged leptons. The superpo-
tential does not generate up-type quark masses due to the absence of an up-type

Higgs superfield H,. The same is true for the electron mass, since the required
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term H HE¥ is identically zero. Both can be generated by SUSY-breaking Kahler

terms of the form [3§]

_XTH'Q;U¢
20 120> vJ
/ d*0d*0 VAR (7.3)
and
_XTX HD*HD,E¢
/ d*0d*0 e X (7.4)

that are suppressed by a A cutoff scale. This also provides a natural explanation
for the smallness of the electron mass, hence further motivating our decision to

partner the first-generation leptons with the Higgs.

The U(1)g symmetry forbids mixing between left-handed and right-handed
squarks, so the squark phenomenology differs from that of the MSSM [25]. This
also simplifies our subsequent analysis of squark production and decay since the

squark mass eigenstates are then either left- or right-handed.

We note that the terms in the superpotential can also be interpreted as RPV
terms of the form L3Q;Dj and L3L;Ef. Therefore, experimental bounds on RPV
coeflicients [63] can be applied to the superpotential Yukawas y,,; and v, ;;, which
are in turn determined by the SM fermion masses and mixings. We find that these
bounds are satisfied by the model for the choices of squark masses to be used in

later sections.

While we assume the model described above in this work, our results are largely
independent of the detailed mechanism giving the up-type quark and electron
masses. Alternative models which introduce additional chiral superfields are also

possible [22,39] and can also produce similar signatures.
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7.2.2 Chargino and neutralino mass matrices and mixing

The chargino and neutralino Dirac mass matrices are given by

Wt gt et B W

Ww-( 0 My 0 vy [ Mz 0
Mo=yo [ Mz 0 0 |, Mv=90| 0 My (7.5)

e; \ZE 0 0 ve \ —LuE g

We have neglected the masses from A-suppressed SUSY-breaking terms such as
electron masses, since they are much smaller than the present terms and hence not
expected to play an important role. To order € = gvy/(2My,) = mw /My, the

chargino 4 component mass eigenstates are:

—\2e +ep W~ Vo +V2ee;
Xi = W . Xz = ,oxs= v (7.6)
61_{ sz;—vc W+c

with mass eigenvalues my- = 0 and My =M, = M;,. The mass eigenstates for

the neutralinos ard? :

g My 10 0 _ g My
0 __ g Mg €¢B €¢W+Ve 0 __ ¢W+€Ve 0 __ IZ)B g Mg €le
X1 = y X2 = B v X3 = ~
0 ”700 B¢

with mass eigenvalues m,o = 0, m,g = My, and m,g = Mp.

X; can be identified with the physical electron, and x with the “physical”

electron neutrino, before PMNS mixing. We note that the gauge couplings of the

2We have assumed here that ‘M%/ — Mg‘ > m%v In the converse case where ’M‘%V — M%‘ <

m%,V, the actual heavy neutralino eigenstates are linear superpositions of xJ and xJ above, with
mixings given by the Weinberg angle 6. Nonetheless, this does not affect any of our subsequent
results on the partial widths.
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physical gauginos and first-generation leptons to W=+ and Z are affected by the
O(e) mixing. One consequence is that the eeZ coupling is modified, hence violating
lepton flavour universality. This allows us to place a lower bound of ~ 2TeV on
the Dirac chargino mass M;;, [38]. Another consequence is that the modified gauge
couplings mix the physical gauginos and leptons, thus providing a channel for the
gauginos to decay completely to SM particles, e.g. x5 — x7 WT. Should the
squarks be lighter than the gauginos, which we assume in the rest of this work,
virtual cascades such as dj, — dx_g* — df W~ may also become important decay

channels for the first-generation squarks, as we will see below.

7.2.3 First-generation left-handed squark decays

In MSSM with RPV, supersymmetric particles can decay completely to SM parti-
cles through channels generated by RPV superpotential and soft SUSY-breaking
terms. While this is also true for the Higgs-as-slepton model, there are new de-
cay channels due to the mixing of physical gauginos and leptons by the modified
gauge couplings. A typical diagram for the new channel is shown in Fig.[7.1] The
new channels are especially important for first-generation squarks compared to the
standard RPV channels, due to the smallness of the Yukawas in the latter |38].
The approximate partial widths of these channels for first-generation LH squarks
are shown in Table[7.2] Fig.[7.2] compares the partial widths of the mixing-induced
and standard RPV channels for d; decay, from which we see that the former is

dominant except for very large values of My, .

Supersymmetric particles (and the Higgs) can also decay into SM particles +
the gravitino, which is the lightest supersymmetric particle (LSP) in the model.

The decay occurs via goldstino interaction terms fixed by supersymmetry, with
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X9, X% X2

W,Z, h

X1 X0

Figure 7.1: Mixing-induced decay channels in which a supersymmetric particle ¢y,
decays completely to SM particles.

Decay channel

Partial widthT", /(

6144 3)

iy — dx; h°

mig* /M x 1/2

i, —dx; Z m3g* /M2 < 1/2

d, — uxIW- 771394/]\44~

i, — uxy W | md [g%Yo/M2 + g%/(2M2)]

dp — dxOh° g [92Yo/M2 + g /(2]\4%)}2 x 1/2
dp = dX3Z | m3[g?Yo M2 + g2/ (2M2)]" x 1/2
uL—>uX1h0 m3 [g’QYQ/M% 9%/ (M2, )}ZXI/Q
i uxiZ | ml g/ M} — ¢*/(2M, )]? x 1/2
dp — dx; W= | m3 [¢?Yo /M2 — 2/<2M5~V)}2

Table 7.2: Partial widths for the mixing-induced decay channels. Here y; and
x) refer to the physical electron and electron neutrino. Y is the hypercharge
of the LH quark doublet. The decay channels have been arranged such that the
approximate isospin symmetry from the Goldstone boson equivalence theorem is
obvious.

partial widths that typically scale as mgp /(ms/2Mp1)?, where mg, is the sparticle
mass, Mg/ the gravitino mass and Mp the Planck scale [38]. However, as long as
the gravitino mass is not too small (mg3/, > 1eV), these decays are expected to be
sub-dominant and can hence be neglected. For the rest of this work, we assume

all first-generation squarks to decay via the mixing-induced decay channels.
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Figure 7.2: Partial widths of d;, for mixing-induced and standard RPV decay
channels, assuming m; = 810 GeV and Mz = My;,. The mixing-induced channel
dominates over the range of My; considered.

W, B
2500GeV bl
1790GeV f------ g

ur,, JL
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Figure 7.1: The spectrum of our benchmark point. All other fields are decoupled.

7.3 Simulation and Results

In this section, we estimate the contribution of the above model to the CMS

leptoquark and Wpg searches. The spectrum and production channels of interest

are depicted in figures [7.1] and [7.2]

The model predictions are calculated at tree level using Madgraph [64], Pythia
6.4 [40] for showering and hadronization, and PGS [41] for detector simulation.
The model files were created using Feynrules [67]. To estimate the next-to-leading

order (NLO effects we scaled the cross-sections by their corresponding K-factors
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Figure 7.2: Sample production mechanisms for disquark and single gluino produc-
tion channels. Squarks decay through the 3 body decay shown in figure [7.1}

1000¢

=5

™ m;, =810GeV

rei ] L=
- 100+ 5 mg,=1790GeV |
3
§ 0 Elskg
% I Signal
g
[iT]

i Data

f

0.1

500 1000 1500 2000 2500 3000 3500 4060
Megj(GeV)

Figure 7.3: The my;; prediction for our model after applying cuts used in the W
search. The background and relevant cuts were taken from [43].

calculated using Prospino 2.1 [68]. While Prospino was designed for the MSSM we

do not expect significant deviations in the calculations of K-factors.

The W search distribution is shown in figure [7.3] We reproduce the invariant
mass distribution of the two leading electrons and two leading jets. We also applied
all the relevant cuts detailed by CMS in Ref. [43], the most restrictive requiring

the invariant mass of the electrons be greater then 200GeV.

The single gluino production dominates the high mass peak, while the disquark
channel contributes broadly to the bins between 1 — 2 TeV. The broad feature is
a consequence of a many-body structure of the decay which, and as pointed out
in [60], is useful to evade bounds by the CMS leptoquark search without intro-
ducing multiple decay channels. We emphasize that in our model we satisfy both

properties of the signal. Firstly, no signal is found in corresponding muon channels
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as only the electron doublet mixes with the other neutralinos and charginos in this
framework. Secondly, the events are dominated by opposite-sign electrons. This is
guaranteed by the imposed R symmetry for which an electron and positron have

opposite charges.

Next we reproduce the leptoquark (LQ) searches in this framework. In the
LQ search a sequence of more stringent cuts are applied, optimized for different
mass leptoquarks. In the eejj channel, the main discriminating variables are Sy
(the scalar sum of pr of two leading electrons and jets), m.. (invariant mass of the

min

7™ (the minimum of the electron-jet invariant mass of the

two electrons), and m
four possible combinations for eejj). In the erjj channel, the main discriminating
variables are Sr, E"** and m.;. Typically models that predict large mee;; (in

order to explain the W excess) will also produce large Sy (and m{}™ unless they
arise from a very light LQ). In general, this leads to expected excess in the heavy
LQ mass cut range. Thus it is important to check the predictions of any model

attempting to explain the flavor violating anomalies in these high mass bins.

The corresponding cuts for each LQ mass can be found in [41] (see tables 2
and 3). Here we plot the difference between the data and the SM background as a
function of LQ mass cut. The results are shown in Fig. [7.4] Each bin is a fraction
of the events in the lower L(Q mass cut bin and thus the bins are highly correlated.
We see moderate agreement of our signal with the observed counts. We are able
to explain the excess in the ~ 650GeV region, but see small excess in the higher
mass cuts for eejj. The excess in the high mass range is a general characteristic
of trying to explain both the Wx and L@ searches. Note that the excess is O(5)
events instead of O(10) which were found in the W search. This is a consequence

of the large number of jets increasing the effectiveness of the St cut.
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Figure 7.4: Bin-by-bin background-subtracted events for the LQ searches. Each
bin count is a subset of the previous bin and hence the bins are highly correlated.
The model shows some tension with the data at high LQ mass cuts.
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Figure 7.5: The CMS leptoquark search plots.

To further check the kinematic properties of the model we compare our m

min
ej

and m,; distributions at the 650 GeV mass cut point. The results for both searches

are shown in figure In both the eejj and erjj channel we see good agreement

between the model and experiment. The broad feature of the plots is again a

consequence of the many jet signal and is necessary to get the right kinematic

spread in the L(Q invariant mass distributions.

This framework has two characteristic features - many electrons in the final

state and many jets. Due to their limited background, we expect the most stringent

bounds on our model arise from multilepton searches [69}70]. The model produces
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more than 2 leptons if each squark decays into an electron and additional leptons
arise from vector boson decays. We now roughly estimate the number of expected
events in the multilepton searches. The NLO cross section for squark-squark and
squark-gluino production at our mass point is 5.7 fb. At £ ~ 20 fb™! this corre-
sponds to about 115 events. The probability of both squarks producing electrons
(as opposed to neutrinos) is about 1/4. Furthermore, the probability of at least
one of the vector bosons decaying leptonically is between 11 and 40% depending
on whether there is a WW, W Z, or ZZ is in the final state. This suggests 5 — 10
events with 3 or more leptons. However, these events don’t contain any genuine
E7ss or b-tagged jets, both of which are powerful discrimating variables in such
searches. This makes the signal hard to detect, even in a multilepton search. Thus
we conclude the model is safe from current multilepton bounds, though we expect

sensitivity with more data at higher energies.

7.4 Discussion and Conclusions

In this paper, we have explored the phenomenology of a class of SUSY models
in which the Higgs is a sneutrino. Such models could account for excesses seen
in the CMS experiment, while accounting for the observed kinematics and flavor

structure in a natural way.

As with most SUSY models, several correlated observables are expected. While
the detailed spectrum and branching fractions are model-dependent, these models
have a few generic predictions. Most reliably, there should be correlated excesses
in multi-lepton searches. Since the decay of hadronic sparticles necessarily pro-

ceeds via electroweakinos, the decays will generally feature leptons, possibly in
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large numbers and with a preference for electrons. These excesses would come
with some missing energy from neutrinos, but decays without neutrinos are cer-
tainly possible. The flavor structure of these excesses would again be striking,
featuring more electrons than muons or taus. The scales of < 1600 GeV from §g*,
< 2400 GeV from ¢g, and < 3600 GeV from gg would also feature in the total

invariant (transverse) mass distribution.

The remaining signals are highly dependent on the more weakly coupled or
heavier elements of the spectrum. The constraints on sleptons and electroweakinos
remain weak after Run 1 of the LHC, but searches for signatures of new electroweak
states are a vital part of Run 2 that can only be fully exploited at high luminosity.
Such particles with mass O(100 GeV) could be in the spectrum and would decay

primarily to elecrtoweak bosons, electrons, and neutrinos.

The first run of the LHC has seen a remarkable confirmation of the SM with few
searches finding excesses beyond the 20 level. On the other hand, several searches
that have seen excesses indicate similar final states with electrons and jets, as well
as large energy scales of ~ 650 GeV and ~ 2 TeV. If such excesses are the first
hints of a new state beyond the SM, then Run 2 will bring striking and nearly
immediate discoveries, as the sensitivity to physics at ~ 2 TeV is vastly superor

to that in the first run.
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CHAPTER 8
NOVEL KINEMATICS FROM A CUSTODIALLY PROTECTED
DIPHOTON RESONANCE

8.1 Introduction

The recent observation of an excess in the diphoton channel around 750 GeV invari-
ant mass by ATLAS and CMS at /s = 13 TeV [1,)2] has generated much interest
in models with a heavy scalar resonance, ¢, that decays to two photons. Most
explanations proposed so far are considering loop induced resonance production,
typically via heavy vector-like quarks (VLQ) charged under the Standard Model
(SM). Otherwise, tree-level decays to SM particles would naturally dominate the
branching ratio of ¢, either leading to a diphoton rate too small to explain the
excess or a production rate of two SM particles with large invariant mass that is

excluded by existing measurements.

In this paper, we propose a novel tree-level production mechanism where ¢
arises from the decay of a VLQ. The VLQs can be singly produced due to their mix-
ing with the SM quarks, while the resonance is protected by the SU(2),xSU(2)g
custodial symmetry. In order to have significant mixing between the VLQs and
the light quarks without modifying the Zqqg couplings predicted by the SM, we in-
troduce VLQs in a bidoublet representation of the custodial symmetry, while the
resonance ¢ is part of a triplet under SU(2)g. The model has several advantages

and new features:

e It is one of the few viable examples of tree-level production consistent with

the excess signal rate, existing experimental constraints, and the kinematic
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distributions of the diphoton background events.

The ratio of production rates between 13 and 8 TeV is different than gluon
or quark fusion. Depending on the model the ratio can be as large as about
7 (vs. 4.7 for gluon fusion), eliminating the tension with the 8 TeV diphoton

searches.

The custodial symmetry protects the resonance from the leading one-loop
decays to hh, WW and gg, while allowing decays to vy. The suppression
of the hh decay is particularly significant since in most models this coupling
will arise at tree-level, making it difficult to reconcile with the expectantly
large diphoton branching ratio and unobserved hh decays. The vy (as well
as ZZ and Z~v) decay width is nonvanishing due to the explicit breaking of

the custodial symmetry from gauging the U(1)y subgroup of SU(2)g.

The custodial symmetry also forbids one-loop gluon fusion production, ex-

plaining the dominance of the tree-level production via a decay of a VLQ.

The scenario where ¢ is produced primarily from the decay of singly-produced

VLQs has not been considered in the diphoton excess literature, although some

authors have considered production of ¢ through a cascade decay of a heavier

parent particle (e.g., [3-10]). Furthermore, several authors have pointed out the

potential to measure VLQ top or bottom partners decaying to ¢ [11-13]. However,

to explain the bulk of the excess signal through a decay of pair-produced top or

bottom partners would require couplings at their perturbative limits to achieve

large enough v rate and to explain why the VLQ decay process dominates over

gluon fusion [5]. Moreover, pair production of two VLQs per event would give

several hard jets in the event in addition to the diphoton, which is inconsistent with

the kinematic distributions of events in the excess region. The tree-level production
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mechanism presented in this paper avoids these problems. Interestingly, it has been
pointed out in [14] that a top partner need not be a mass eigenstate but rather
could be a mixture of top and charm-like mass eigenstates raising the possibility
that the vector-like quarks which mix with light quarks could also play a role in

solving the little hierarchy problem.

This paper is organized as follows. In Sec. 8.2, we introduce a motivated model
consistent with low energy flavor constraints in which a bidoublet of vector-like

quarks with my 2

~

me mix with the light-SM quarks. In Sec. we discuss the
production and decays of the new particles and find that the model can easily ac-
commodate the current excess in the diphoton data without tension from existing
searches, both from the 8 TeV searches sensitive to the 750 GeV resonance as well
as searches sensitive to VLQs. Furthermore, we compare the kinematic distribu-
tions of our signal and the diphoton background, finding that, depending on the
splitting between the VLQ) and the scalar, the distributions can be challenging to

distinguish without additional data.

8.2 Custodial symmetry and light quark mixing

In this section, we present a model in which the resonance is a decay product
of an electroweak produced VLQ from the dominant ¢-channel process shown in
figure Single production of VLQs requires a large mixing angle between the
light quarks and VLQs. One would naively expect such mixing to yield large
corrections to the Zqq couplings, which are strongly constrained by electroweak
precision observables. However, we can protect the Z couplings via the custodial

symmetry by using a bidoublet representation V' for the VLQs [15]. In addition,
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Figure 8.1: The dominant production of the diphoton excess from a decaying VLQ
(U). In addition to the resonance, there are two additional jets. The pr of the jets
(and hence the visibility of the signal) is strongly dependent on the mass of the
VLQ.

we introduce the SU(2)g triplet, ®, whose neutral component (which we denote
by ¢) will play the role of the 750 GeV resonance. This model is an example of a

custodially symmetric model commonly considered in composite Higgs and extra

dimensional models [14}/16-23].

8.2.1 Field content and mixing

We organize the fields into irreducible representations of SU(3)xSU(2), xSU(2) g x U(1) x
in Table , where the SU(2)g is a global symmetry and the fermions are left-
handed Weyl spinors. Hypercharge is embedded in SU(2)gxU(1)x as Y = Tp+ X.

The SM quarks are taken to be singlets under SU(2)g and we represent the Higgs
doublet as a bifundamental, H = (¢H*, H).

Four VLQs form the bidoublet,

U X _ U, D
V= V=1 : (8.1)
D U2 X U2

The charges of the new quarks are Qp, = Qu, = 2/3, @p = —1/3, and Qx = 5/3.

The Lagrangian for the VLQs (not including the terms coupling to the scalar
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Table 8.1: The representations of relevant fields. The new vector-like quarks are
in a single bidoublet V', and the 750 GeV resonance is the neutral component of
®. The Higgs and the light quarks have the usual SM assignments. All fermionic
fields are left-handed Weyl spinors.

d) is

Lyrg=myTr [VV] = A\Tr [HIV] @ + hee., (8.2)
where the (0) superscript denotes the quark fields in the SM mass basis of the
up-type sector (the basis of diagonal SM Yukawa couplings). We assume the
VLQs only mix with a single generation of right-handed up-type quark, however
in appendix we also consider a different U(1)x charge for V' and the case of
mixing with one generation of right-handed down-type quark. Note that we have
made an important assumption regarding alignment: the bidoublet V' couples to
the up-type quark in the mass basis of the SM. This assumption is to avoid low
energy flavor constraints from flavor changing neutral currents but is not a crucial

ingredient for the collider phenomenology that follows.

The down-type quark masses are unaffected by the new VLQs. One flavor of the
up-type quarks can mix significantly with the new VLQs through the off-diagonal

mass matrix:

AU/V2 00 )
( U(O) Uv1 U2 ) _AV’U/\/E my 0 Ul -+ h.c. (83)
—Avv/\/i 0 my UQ
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where )\, is the Yukawa of the up-type quark. From here on, we assume the
mixing is with the up or charm quark and neglect the up-type quark mass. The

mass eigenstates (u, U, and U ) are related to the gauge eigenstates by:

u® 1 0 0 co —Sg O

u
U | =[]0 1/v2 -1/v2 sp ¢ 0 U (8.4)
U, 0 1/vV2 1/V2 0o 0 1 U
ne 1 0 0 u
U =10 1/vV2 -1/V2 j
Us 0 1/vV2 1/v2
where sy = sinf and ¢y = cos 6 with
N (8.5)
my+

where v ~ 246 GeV is the vacuum expectation value of the Higgs, and the masses
of the VLQs are my- = mp = m, = my and my+ = /mé, + A\v?. The down-

sector does not experience any mixing, i.e. X and D are mass eigenstates.

The mixing, parameterized by sy, leads to couplings between a generation of SM

quarks, SM gauge bosons, and the VLQs (derived in more detail in appendix [8.A)):

€Sp

Low = — Za' U — %W; (@& D + X 6"%) + h.c., (8.6)

wSw
where s, (¢,) is the sine (cosine) of the Weinberg angle and g (e) is the SU(2),
(QED) coupling constant. If the mixing angle is sufficiently large, these couplings
can result in electroweak production of single VLQs (U, D, or X) which can
dominate over the VLQ pair production cross section. Notice that only U, which
will be responsible for the production of the diphoton resonance, couples to an

up-type quark and the Z. U is not produced by electroweak interactions in this
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model. This is because only the linear combination U, + U, mixes with the up-type
quark, which is a necessary feature for the protection of the Zqq coupling in this

model.

8.2.2 Consequences of a custodial triplet

The 750 GeV diphoton resonance ¢ is embedded in an SU(2)g triplet scalar ® as

follows.

o | GV2 o .
YN

This allows for a coupling of ® to the VL.Qs of the form

Lo =V2ysTr [VOV] + h.c. (8.8)
= Yp® (U1U1 —UUs+ XX — DE) + h.c + ... (8.9)
= y¢¢ (—SgUﬂ — UU— CQUE—F Xy — DE)

+ h.c.+ .. (8.10)

where the ellipses refer to terms involving the charged components of ®. The
relative minus sign between the U,U; and UsU, terms gives rise to the coupling of
¢ to U and the SM up quark (as opposed to a coupling to U ) which is responsible

for the production of the resonance.

These interactions will generate couplings of ¢ to SM dibosons, such as gg,
WW . hh etc. via triangle diagrams with the VLQs. However, in the limit of
exact custodial symmetry, these amplitudes are forbidden. For example, the op-
erator @ G“"’AGZ‘V has no custodially invariant contraction because the gluon field

strength tensor G is a custodial singlet. Furthermore, the Higgs coupling to the
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scalar vanishes since (using HHT oc ),
Tr [H®H] x Tr® =0. (8.11)

In practice, the vanishing of the amplitudes is a consequence of cancellations of the
contributions due to different VLQs running in the loop, which contain important

relative minus signs as a consequence of the custodial symmetry.

The loop amplitudes for ¢ therefore require the insertion of SU(2) g violating in-
teractions. The largest such couplings in the SM are the third generation Yukawas,
however in the flavor alignment limit these couplings will not directly affect the
diphoton resonance sector since we assume mixing is not occurring with the third
generation up-type quark. The dominant source of custodial symmetry breaking
in this sector will therefore be the embedding of the hypercharge gauge group
within the T generator of SU(2)g, and so it is to be expected that the leading
loop amplitude will be that coupling ¢ to hypercharge gauge bosons, ¢ B*'B,,,.
Indeed, the one-loop contributions to this operator do not cancel among the VLQs
due to their differing hypercharges. The other loop amplitudes will be generated
at higher order and are suppressed by an additional factor ~ a/4mc? compared
to their naive sizes. These two-loop contributions can induce a mixing angle be-
tween ¢ and the Higgs of order ~ (v/16m%my) (a/4mc?) (where my, denotes the
mass of the resonance), however this is much too small to induce sizable decays
to tt. Direct couplings of ¢ to the up-type quarks can also arise at two-loops
but is suppressed by a Yukawa coupling, making it negligible. We verify the ef-
fects of custodial symmetry breaking explicitly in |8.A.3] This custodial protection
mechanism generates a natural hierarchy between the decays of the resonance to
diphotons and its decays to gg, WW hh, and also suppresses the gluon fusion

production of ¢.
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We now briefly compare this to a scenario in which the diphoton resonance is

assumed to be a custodial singlet S with couplings

Ls=ysSTe[VV] + h.c. (8.12)
= ysS (WU + UsUs + DD 4+ XX) + h.c. (8.13)
= ysS (390ﬂ+ UU+09(~]5+Dﬁ+XY> + h.c. (8.14)

In this case, the only S-quark-VLQ coupling involves U, which does not couple to
SM gauge bosons and therefore cannot be produced via VLQ single production.
U is pair-produced and can decay U — Su, however the rate for pair production
is subdominant to electroweak production of U and insufficient to explain the
excess. Furthermore, this singlet does not exhibit custodial protection, which
is a consequence of the couplings in eq. adding constructively rather than

destructively.

8.3 Diphoton cross section

Above we presented a model in which ¢ can be produced as a decay product of
a singly produced VLQ (we will assume my > m, throughout). The dominant
production mechanism for the diphoton resonance is depicted in figure E| In this
section, we demonstrate that the v rate is sufficient to explain the diphoton excess
while avoiding constraints from existing VL(Q) searches and electroweak precision
tests. We consider two variations of the model, one where the VLQs mix with the

up quark and another with the VLQs mixing with the charm quark.

'Secondary production modes from UZ production, pair production of VLQs, and direct ¢Z
production mediated by a VLQ make up 10-30% of inclusive diphoton cross section. We explore
the size of different contributions in Sec. but since the size of the subdominant modes
is highly dependent on the detailed parameters of the model, we only include the dominant
production when studying the inclusive diphoton rate and kinematics.
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Since the v~ final state arises from a decay chain, the inclusive cross section

into 77y is given in the narrow width approximation by
0. = a(pp — Uti, Uu) x Br(U — ¢u) x Br(p — 7). (8.15)

Each of these contributions has different dependence on the relevant parameters of
the model, y, and sy. The production cross section of the VLQs, o(pp — Uti, Uu),

is proportional to s3 but is independent of y,.

8.3.1 Branching ratios

The complete formulae for the branching ratios of ¢ and U are given in ap-
pendix [8.A.2l We summarize the results here. U has two decay channels, U — Zj
and U — ¢j with the dominant decay being Zj. This results in the branching
ratio of U — wu¢ ranging between 1-10%, proportional to yi and independent of
the mixing angle. ¢ has competing decays between a 3-body tree-level decay and
loop-induced 2-body decays. The only tree-level decay of ¢ is to Zuu through an
off-shell U with a rate is proportional to sgyi, making it highly sensitive to the
mixing angle. ¢ has additional loop-induced decays into vy, Z~, and ZZ. These

decays arise from gauging hypercharge resulting in the relative ratios,
Ly iDLy i Tz =1 2tan®0, : tan*d, . (8.16)
The loop-induced rates are largely independent of the mixing, proportional to yiﬂ

The leading branching ratios of ¢ are shown in figure [8.1] for a benchmark

point relevant in the case of up-mixing with s = 0.1 (left) and charm-mixing

2We have checked that non-zero mixing has at most a 10% effect on the loop-induced rates in
the region of parameter space we are interested in. Furthermore, these effects will not have any
bearing on the size of the vy rate and thus we ignore these effects in our analysis.
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Yo S0

upr benchmark 0.7 0.1
cg benchmark 2 0.3

Table 8.1: Benchmark points for the up quark and charm quark mixing models.
For the ugz model, there are more stringent constraints on the mixing angle though
a larger production cross section.
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Figure 8.1: The different branching ratios for ¢. The loop-induced decays to
vy, 74, and ZZ always compete with the 3-body decay. At large mixing, the
3-body decay is the preferred decay mode, however for small-mixing, the loop-
induced decays (which are roughly independent of the mixing) dominate. Left:
The branching ratios for the ur benchmark point (small-mixing). Right: The
branching ratios for the cg benchmark (large-mixing).

with sy = 0.3 (right). A couple comments on the choice of benchmark points
(displayed in Table are in order. First, regarding the size of the mixing angle,
we have provided constraints on the allowed mixing angle for electroweak produced
VLQs in appendix [8.B] obtained by reinterpreting the constraints from direct LHC
searches on light quark composite partner models [14]. For the up-quark mixing,
the mixing angle is experimentally constrained to be sy < 0.12, while for charm
mixing, the constraints are much weaker with s < 0.5. Larger mixing angles are
allowed for the case of charm mixing since the electroweak production cross section

of the VLQs are suppressed by the charm parton distribution function.
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8.3.2 The inclusive cross section

Depending on the size of mixing, the inclusive cross section for diphoton production
scales differently with the mixing angle. There are two distinct regimes, large and
small mixing angles. If the mixing angle is large, then the dominant decay of ¢
is through the 3-body decay. In this case the branching ratio into diphotons is

x 1/ 33 giving an inclusive cross section

2
Ty X —(5 (large mixing) . (8.17)

S0
For small mixing, the 3-body ¢ decay is heavily suppressed making the diphoton
rate the dominant mode, i.e. Br(¢p — vv) =~ 1, independent of y, or sg. In this

case, the inclusive cross section scales as
Opy X Y3sg  (small mixing) . (8.18)

The transition between the two regimes occurs around sy ~ 0.2, and this is the
point where the cross section is maximized. Due to the constraints, the up mixing
case is always in the small mixing scenario while the charm can be either the large
or small mixing regimes. For our chosen benchmark point, the charm scenario

corresponds to large mixing.

To reproduce the excess, we simulate the production of ¢ at leading order using
a custom FEYNRULES model [25] with MADGRAPH5 [26]. To roughly estimate
the size of next-to-leading order (NLO) effects, we compute the production cross
section with an additional jet, finding that it makes up about 50% of the leading
order cross section. This suggests an NLO K-factor of about 1.5, and we use this
correction throughout. We compute the diphoton rate using equation and the

branching ratios given in appendix [8.A.2, Figure [8.2] shows the inclusive diphoton
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Figure 8.2: The inclusive cross section into vy as a function of VL(Q mass and
varying the values of y;. In gray we show the rough cross section necessary to
explain the excess with a narrow width (1.5 — 5 fb) [24]. Left: The cross section
for the ur benchmark point. Right: The cross section for the cg benchmark point.

production cross section for different VL(Q masses and values of y4 for the two

benchmark points.

We see in the left of figure that we need y, ~ 0.7 to get enough cross
section to explain the excess in the up quark variation of the model. Larger
Yukawa couplings are required in the charm-mixing benchmark point, requiring

Yp ~ 2 to achieve the minimum cross section needed to explain the excess.

As with many models explaining the diphoton excess, such Yukawa couplings
can lead to non-perturbativity of the model before the GUT scale. The up-mixing
benchmark becomes non-perturbative at around 100 TeV, although there is some
parameter space where the coupling remains perturbative beyond the GUT scale.
The charm-mixing model is more problematic given the Yukawa coupling runs
to its perturbative limit at a few TeV, putting into question the validity of our
analysis. However, this problem can be easily overcome by adding additional
flavors of bidoublets (these may or may not mix with the SM quarks) which feed

into the running, but also boost the diphoton decay rate as the square of the
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Figure 8.3: The ratio of /s = 13 to 8 TeV cross section of the up-mixing signal
(blue) and charm-mixing signal (red). We have included the scaling properties
of the down-type version of this model where the down (green), strange (pink),
or bottom (light blue) quark mix with VLQs. The scaling of other proposed
production processes are shown as dashed lines and were taken from [3].

number of flavors allowing for much smaller couplings, and a much higher scale of

strong coupling.

8.3.3 Eliminating tension with 8 TeV data

One of the puzzling features of the 13 TeV diphoton excess is its seemingly large
cross section compared to cross section limits from 8 TeV searches. A 750 GeV
resonance is not ruled out by Run I searches but, depending on the production
mechanism and width, may be in tension with Run I limits [24,27]. Thus to
reproduce the excess, it is important to have sufficiently large scaling, r, defined as
the ratio of the cross section at 13 TeV to that at 8 TeV. We compute the scaling

for our model as a function of the VLQ mass (the scaling is independent of the
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couplings) and assuming the K-factor is constant from 8 to 13 TeV. The results
are shown in figure [8.3| alongside the scaling of other proposed models, including
gluon fusion, ¢g production [28], and photon fusion [29-31]. The up-mixing model
inherits the scaling from the uu production at my ~ 750 GeV but grows with the
mass of the VL(Q due to the higher center-of-mass energy. For heavy VLQ masses
near 1500 GeV, the scaling is comparable to gluon fusion. The charm variation of
the model, however, scales much better due to the parton distribution function of
the charm in the initial state. For VLQ masses nearly degenerate with mg (800
GeV < my < 1000 GeV) for which the extra jet from the U decay is relatively
soft, the scaling is as large as for bb production. For larger masses, the charm-
mixing scenario has r = 7, but in this region of parameter space, the ¢ would be
accompanied by a high-pr jet in the final state (we explore the plausibility of this
scenario in Sec. . We conclude that, depending on the mass of the VLQ, our
signal can achieve larger cross section scaling from 8 to 13 TeV than any proposed

model of single resonance production.

For simplicity, we have only considered mixing with up-type quarks. It is
possible to construct a similar model in which new VLQs mix with the down-
type quarks. The terms in the Lagrangian responsible for production of a down-
type variation of this model are presented in appendix B.A.4 We include the
scaling properties of production from down, strange, and bottom quark mixing in
figure 8.3l The bottom quark mixing scenario has the largest ratio of 13 to 8 TeV
cross section, while the down and strange quark scenarios interpolate between the

scaling of the up and charm scenarios.
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Figure 8.1: The kinematic distributions of the sum of the signal and background
for vector-like quark mass of 800 (blue) and 1000 GeV (red) compared to the
distributions observed by ATLAS (black) with 3.2 fb~! of data. We also provide
gluon fusion kinematics (green) for comparison. The Njes and p' distributions
for the background and observed events are obtained from the slides presented by

ATLAS [32].
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Figure 8.2: The leading-jet pr and forward jet pseudorapidity distributions of the
signal for vector-like quark mass of 800 (blue) and 1000 GeV (red) along with a
gluon fusion signal (green) for comparison. For VLQs almost degenerate with the
resonance, the signal is difficult to differentiate from the QCD background or a
resonance produced via gluon fusion since these events also contain soft, forward
jets from initial state radiation.

8.4 Kinematics

8.4.1 Comparing with ATLAS

In addition to the diphoton resonance signature at m.,., ~ 750 GeV, our signal has

two additional jets, with one of the jets typically in the forward direction. AT-
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LAS and CMS have remarked that events in the excess region are consistent with
the background kinematics. Furthermore, ATLAS has recently provided kinematic
distributions of the excess events [32] for the number of jets, Njets (ATLAS defined
a jet using pjf > 25 GeV for n < 2.4 and p; < 50 GeV for n < 4.4), and the
transverse momentum of the vy resonance, p’. Furthermore, ATLAS provided
estimates for the expected SM diphoton background from simulations. The dis-
tributions are provided for the region 700 GeV < m., < 840 GeV and with the
requirements on the leading and subleading photon energies EJ' > 0.4m.,, and
E}? > 0.3m.,,. In this bin, ATLAS found a total of 34 events, about 10 of which

are diphoton excess candidates.

To compare the compatibility of the kinematics of the excess with our signal
we simulate our signal using a combination of MADGRAPH5, PyTHIA 8.2 [33],
and DELPHES 3 [43] making use of the NNPDF2.3LO parton distribution func-
tions [35]. To compare with the distributions observed by ATLAS, we perform a

weighted sum of our signal and the background estimates provided by ATLAS
N = TNsig + (1 - T)kag. (819)

This is done for each bin and we take r ~ 10/34. We also simulate gluon fusion
at leading order and perform this procedure in order to compare our signal with
the kinematics of single production. By comparing the distributions in figure [8.1],
we conclude that although our signal has two extra jets in the final state, the
distributions for Njes and p}’ are consistent with the data provided by ATLAS (as
is also the case for the gluon fusion signal). Furthermore, the mass of the VLQ
has only a mild effect on these distributions since the number of jets from the hard
process is independent of my. The signal does have distinctive features in other

distributions, however, and we explore these features in the next section.
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8.4.2 Additional signatures

Our signal predicts observable jet signatures that can be used to discern this pro-
cess from background events or from other resonance production mechanisms. In
particular, we expect a forward jet as well as one central jet with higher py, depend-
ing on my. The distributions for the pr of the leading jet (p]Tl) and the absolute

EJI) for the signals with

value of the pseudorapidity of the most forward jet (|n
my = 800 and 1000 GeV are shown in figure along with the gluon fusion signal
for comparison. Note that ATLAS and CMS did not provide the background or

observed kinematic distributions for these observables, so we did not combine the

background and the signal in these plots.

The distributions have some distinctive characteristics. Firstly, we see that for
small splitting p{ﬁ is peaked around zero since, at these splittings, the central jet,
which will typically be the leading jet, has low pr. However, for larger splitting
the distribution has a kinematic edge with the end-point at the splitting between
the VLQ and the resonance. This is prototypical of a jet arising from a heavy
particle decay to a second heavy particle. Interestingly, such a distribution can
suggest the mass of the VLQ. The forward jet in the event is most easily probed
using its pseudorapidity. The distribution has a dip at n ~ 2.4 as a consequence of
the cuts used by ATLAS for the jet definition (see above). As expected, the signal
has a jet with large n, however this is also true of the dominant background, ~~.
In this background, jets are emitted from the initial state and hence tend to be in
the forward region. This can result in the feature being well hidden inside the SM

background of the searches.

In addition to the features of the dominant production mode, there are sec-

ondary production modes of the excess. In principle, one may expect that any of
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Figure 8.3: The cross sections for the different production modes at our benchmark
points. We see that production through single VL(Q dominates with the secondary
production modes providing up to 10-30% corrections on the inclusive diphoton
cross section.

the VLQs could decay into the resonance, but this is not the case. Due to the
custodial structure of the model, only U couples to the resonance and a SM quark
(see equation , and hence its the only single VLQ production mode. How-
ever, there are three subdominant modes which can contribute significantly to the
cross section, single VLQ production through pp — UZ,UZ, QCD pair produc-
tion of VLQs through pp — UU, and direct production of the resonance through
a t-channel VLQ, pp — ¢Z. The cross section composition depends strongly on
the choice of mixing angle and mass of the VLQ. The various contributions to the
total cross section as a function of the mass for our benchmark points are shown
at leading order in figure (for simplicity we do not apply K-factors when com-
paring between these different channels). We conclude that the additional produc-
tion modes make up 10-30% of the inclusive diphoton cross section for reasonable
choices of parameters. With more statistics, excesses in these subleading channels

could be used to differentiate our signal.

Lastly we note that in principle the charged scalars, which are almost de-

generate with ¢, can also be observed as they are singly produced by a similar
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mechanism as ¢. However, the loop-induced decays to W2 and W+ both vanish
in the custodial limit, rendering their 3-body decays dominant in almost all of pa-
rameter space. These 3-body decays could be probed, but such studies are likely

less sensitive then other searches.

8.5 Conclusions

We have presented a model describing a 750 GeV diphoton resonance arising from
a custodial triplet which is produced as a decay product of a singly-produced VLQ.
Our model has novel kinematics compared to other proposed production mecha-
nisms and eliminates the tension from the 8 TeV diphoton searches while main-
taining consistency with the kinematic distributions in the excess region. With
additional statistics, our signal could be confirmed by the presence of a forward jet
in the diphoton events or as a kinematic edge in the leading-jet p distributions if
the VLQ mass is significantly heavier than 800 GeV. The scalar resonance enjoys
custodial protection, explaining the dominance of the vy decay rate over WW  hh,

and dijet decays.

Additional signatures of the model include a corresponding excess in the Z~ and
Z 7 channels with fixed rates with respect to the v rate. Furthermore, searches
for single production of VLQs in Run II will probe deep into the viable parameter

space of this model.

We now note some interesting model building possibilities which we leave for
future studies. First, in this work we focus on the case where the new scalar
arises from an SU(2)g triplet but is uncharged under SU(2),. However, many of

the benefits enjoyed by this model are present in similar representation choices, in
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particular if ¢ is a (3,1) or (3, 3) under (SU(2)z, SU(2)g). These models also forbid
gluon fusion and the tree-level production mechanism can dominate. Another
interesting possibility is if the VL.Qs are related to the the top sector, as one might
expect in a composite Higgs model, and the custodial symmetry is broken explicitly
by the top Yukawa. Such a breaking can induce ¢ production through gluon fusion,
perhaps in a controlled manner such that the decays to hh as well as decays to
WHW ™ are still suppressed. Finally, we comment on some ways to further reduce
the size of the Yukawas. In this work we focused on a single flavor of VLQ for
simplicity. However, if there are additional flavors (with or without mixing to the
other SM quarks), this can greatly enhance the diphoton decay rate, reducing the
size of Yukawas necessary to reproduce the excess. An additional possibility is if
SU(2)g is gauged. In this case, the additional gauge bosons will propagate in the

diphoton loop giving a significant enhancement to the diphoton rate.
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APPENDIX

8.A Model details

8.A.1 Couplings

In this section, we derive the couplings relevant for the model between the quarks
and the vector-like quarks, beginning with the Z couplings. The Z boson inter-

actions with the up-type quarks in the interaction basis are given by (we define

Z=5"2,)

9 12, =t L 22\ glm
Ly = € {gsiﬂ(O)TlZﬂ(o) 4 (5 + gs?y> UIZUl + (—5 + 58120) U;ZUQ}

CwSw

(8.20)
2520 0 a”
e
— _— 7400 1,2 (0) 0) = 77
B swcwu 0 3+3s 0 v, ut =\ 1,
0 0 —14+2s2 U,
(8.21)
Notice that we can split the coupling matrix into two pieces,
1 00 0 0 O
252 41 (8.22)
-5 — . .
35w 010 5 01 0
0 01 0 0 —1

The first matrix is diagonal and commutes with the rotation to the mass basis

while the second matrix yields new couplings between the VLQs and the quarks

3Note that U; is the upper component of an SU(2), doublet, while Us is the lower component
of a second doublet.
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upon moving to the mass basis. Performing the rotation (the rotation matrices

are given in eq. [8.4)) gives,

0 0 —Sp
1 2
Ly =5 {_T 0 0 —cp Zu+—s?vuTZu},
CwSw | 2 3
—Sg —Cy 0
u
u=|\ g |. (8.23)
U

Notice that the rotation to the mass basis has left the top-left entry of the coupling
matrix unchanged. This is very important as it means the mixing with the VLQs
does not affect the Zuu coupling which is tightly constrained experimentally. We

see that we have a new coupling between the quark and the VLQ:

e

Low =~ 250 (W 20) + he (8.24)

w = w

Now consider the W-boson couplings. The right-handed up quark does not

couple to the W in the gauge basis, so the relevant couplings are simply:

9 (7T . T
Lw=-7 (Ull/}(/ D+X'W Uz) Y he (8.25)
C —% (ﬂTW‘EJrYTW‘ﬂ) + h.c. (8.26)

where we moved to the mass basis in the last line.

8.A.2 Decay rates

In this section, we present formulae for the different decay rates used in the text

for both the scalar resonance and the U quark.
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¢ decays

We begin by considering the tree-level decays of ¢. The dominant contribution is

—50 Yy 92(T) (8.27)

where NN, is the number of colors, 7 = mg/m,, and

(1-a)(1- D)2z 5- 20
/ dm/ (—z—722(1—3—722 (8.28)

The other conceivable 3-body decays, ¢ — hut, ¢ — Wdu , and ¢ — Wud vanish

identically due to the custodial production.

In addition ¢ has several loop induced decays to vector bosons as well as the
Higgs. All the loop induced decays decays violate custodial symmetry. This can

easily be seen at the operator level, where the terms
B, B", PWLWH, and ®GYG), (8.29)

(where B, W

J2278] /1,1/7

and G;‘V represent the hypercharge, SU(2),, and QCD field
strength tensors respectively) all violate custodial symmetry and Tr [7-[“@7—[] van-
ishes identically. There is a large breaking of this symmetry from gauging hyper-
charge, which induces decays into vy, 77, and ZZ. Since gauging hypercharge
only breaks SU(2)g, the Z interactions are suppressed by powers of the Weinberg
angle, resulting in these being generically subdominant to the photon decays. The
general computation of these decay rates is made complicated due to the mixing
of the VLQs with the up quark, however since these contributions are suppressed
by powers of the mixing angle they are generically small. We have checked the
size of these corrections by computing the rates numerically using FEYNARTS3,
ForMCALCS, and LoorTooLs2 [36137] and we find that the effect is at most
10% in the interesting region of parameter space (though often much smaller), and

we neglect these effects for simplicity.
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The decay rate of a scalar into two photons mediated by VLQs with mass m;

is [3§]

3 N2 ) 2
06 =) = gy (2 e @idina(e) (8.30)

where x; = 4m? /m and (for m; > my/2) Ayjp(x) = 22(1+ (1 — ) arcsin(1/1/)?).

The sum runs over all VLQs and for a bidoublet the sum is

Z QA1/2 ;) {y_g} Aypa(zy) | (8.31)

where the only non-zero contribution arises from the D and X quarks.

The decay to two gluons mediated by VLQs is

I'(¢ — g9) = Q(Z‘f)g,gﬁ(Z %Al/z(axi)y : (8.32)

where g, is the strong coupling constant. For a bidoublet of VLQs with a triplet
scalar, the sum is equal to zero showing that gluon fusion is custodially protected

as expected.

The decay to ZZ mediated by VLQs is

N2 el 2
T(6— 22) = 4(4@ 8404(2 A1/2 (@) (T8 — Q;s )) . (8.33)

The sum for the bidoublet is:

my 3

Z %Al/Q(Ii>(T§ — Qish)? = {&gg } Avya(zv). (8.34)

The decay to Z~ is

8 7
[o > 72) = e (Zy’T donlt)

(4 s2c2
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where \; = 4m?/m? and

(o) = 52 + =g U0 = 107
+ = o) — o), (530
B0.b) = — 52 [0 = F0F). (8.37)

and f(r) =sin"*(1/y/z) and g(x) = /x — 1f(x). For the bidoublet,

S L QuT — Q'S (i M) — ol M) =

- [%gsz] (v, \v) = Doy, Av)). (8:38)

The ® — vy, Zv, ZZ decays obey the expected relationship when they all arise
from ®B,, B":
1: 2tan?6, : tan*0, (8.39)

The decay of ¢ to WTW ™ is
m3 N2 et y 2
D(p— WHW—) =0 c& ( > E‘ﬁAI/Q(xi)) . (8.40)
For a bidoublet the sum vanishes identically as expected.

Lastly, the ¢hh operator vanishes at tree-level and at one-loop by custodial

symmetry but will be generated at two-loops by custodial symmetry breaking.

U~ decays

The vector-like quarks can decay in a couple ways. We will assume m¢g > mg such
that the VLQs can decay to the scalar. Furthermore, we will focus on U since

that’s the only VLQ that will play a role in the phenomenology.
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Figure 8.A.1: Branching ratio of the U — wu¢ decay for different value of the
couplings. The fraction is independent of the mixing angle.

The decays rates are

my e’si m¥

U 7))~ — 8.41
(U = uZ) 647rswcwm22 ( )
2\ 2
my o 2 Mg
N = — 11— — 8.42
U i) = ot (1- 27 (8.42)

Notice that the uZ decay is enhanced by mi /m% due to the longitudinal po-
larization of the Z. Thus in order for the ¢ decay to be substantial one needs
larger Yukawas. The branching ratio into ¢ u is shown in figure for different

Yukawas.

8.A.3 Custodial symmetry breaking

In this work we have assumed that the couplings and masses of the VLQs and
the triplet ® preserve the custodial symmetry, which enforces a cancellation in the
loop amplitudes corresponding to the gluon fusion production of ¢ as well as the
decays to gg, hh, and WW . Assuming no cancellations or large mass hierarchies, a

generic scalar ¢ coupling to Ny VLQs with coupling y, would acquire an effective
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Figure 8.A.2: Prototypical loop contributions to the custodial symmetry breaking
amplitudes. Such two-loop contributions can induce gluon fusion production and
decays two gluons. Similar diagrams can give rise to decays to W*TW ™~ and hh.

coupling to gluons of the form

1 Nyg?
L Yeen (8.43)

'Cgeneric o= 16772 4m¢ pv

with similar expressions for the other amplitudes. The explicit breaking of cus-
todial symmetry due to the gauging of hypercharge means that these amplitudes
will still be generated, but with an additional suppression of O(«a/c?%) compared

to the above estimate.

In particular, the VLQ mass renormalization and the renormalization of the
Tr [V(I)V} couplings due to hypercharge gauge boson loops, illustrated in Figure
, will contribute operators of the form Tr[T*®]G*4GY,. Since the mass and
vertex renormalizations are logarithmically divergent, they require counterterms
which are not calculable in the effective theory. Instead, we calculate the size
of the IR contributions and take this as an estimate of the overall size of the

irreducible contributions.

The mass renormalization of the VLQs introduces a mass splitting between the

different T:F states of size

(va 39/2 A2 2
— ~ | — | A (Y 44
my 1672 ° mé ( ) (844)
~ O A?
e o8 mé,
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Similarly, the vertex and wavefunction renormalization provide a contribution to

the operator dy, Tr [VTF®V] of size

2
O o, 89" 1,0 (A> A (YV?) (8.45)

Yo 1672 my
a ( A? )
~ —1log | —|.
e mé,

where ¢ is the U(1)y coupling constant. Now, custodial symmetry violating ampli-
tudes of the kind in Figure [8.A.2]can be generated either with an insertion of dmy,
instead of my, or with the coupling dy4. Therefore, the amplitude is suppressed

by a factor

A dmy Oy,
- + =
Aoy my Yo

. 2 log< A" ) (8.47)

e TeV?

(8.46)

In the same spirit, one can also generate a mixing between the Higgs and the
new scalar ¢. Such a mixing is induced at two loops from the operator of the form,

Yo HM LT [H TT?fQ(IDH } The coefficient of this operator is of order

N 2a A?
~Yp——s——1 8.48
YouH = Yo 1672 e 0g <TeV2) ) ( )

which results in a mixing angle between the Higgs and ¢ of order

mi tan’6 ys 2a ( A?

~ ~ O10*=107° 8.49
Som. 1672 w2 8 \ Tev2 ( ) (8.49)
¢ w

where we have substituted Ay for the mixing angle. This mixing will induce decays
of ¢ to tt, but due to the smallness of the coupling, we do not expect this decay

to be observable in the near future.
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8.A.4 Down-type model

We now present the down-type model which can have mixing between the SM
down-type quarks and the VLQs. The model is identical to the up-type model but
assigning the V' bidoublet a U(1)yx charge of —1/3 (as opposed to +2/3). This

gives the following fields

Dy, U _ Dy, Y
V= V= (8.50)
Y D1 U Dl

where Qp, = Qp, = —1/3, Qu = +2/3, and Qy = —4/3. As in the up-mixing

case, a mixing is generated between a SM quark and a VLQ through:
Lyig =myTr [VV] + AT [HIV] Y + hee. (8.51)

where 3(0) denotes the down quark in the SM mass basis of the down-type sector.
The mixing produces a ZDd coupling resulting in electroweak production of D,

which can decay into the diphoton resonance.

8.B Experimental constraints

The LHC has performed searches with significant sensitivity to models with light-
quark mixing. The constraints were studied in detail in [14] for both up-quark
mixing and charm-quark mixing in the context of a composite model and in [23]
for the up-type mixing model. The dominant constraints arise from charged current
production of D and X quarks. There are additional constraints from production
of the charged +2/3 quarks, but since they are always subdominant, we omit these.
Instead of recasting the constraints ourselves we make use of the recast performed

in Ref. [14]. The authors recast two searches: a 7 TeV search by ATLAS searching
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Figure 8.B.1: The constraints on the bidoublet model (reinterpreted from the work
of [14]) arising from an ATLAS 7 TeV dedicated search for single production of
VLQs [39], a CMS 8 TeV search for W /Z-tagged dijet resonances [40], and elec-
troweak precision (EWP). Areas above the lines are excluded. Here we neglected
effects due to additional decay channels of the vector-like-quarks into the scalars
in our model.

for the bidoublet model (without the additional scalar triplet) [39] and an 8 TeV
search for excited quarks [41] with a similar final state which is not optimized for
the single production of vector-like-quarks but shares a similar final state. The
two searches have competitive limits. Additionally there are constraints on pair
production of VLQs, however these are subdominant in the mass ranges we are
interested in. In particular ATLAS has performed a search for VLQs decaying to
Wj finding a limit around 700 GeV for a single VLQ [42]. With two copies of
such VLQs the limits strengthen but do not extend past 800 GeV. Furthermore,
electroweak precision places an additional constraint from additional contributions
to the S parameter [17]. One might worry that the additional scalar would com-
plicate the limits, in particular the VLQs can decay to the scalar weakening the

constraints. In general these branching ratios are < 10% and we ignore such effects
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in our discussion.

Our goal is now to convert the single production limits quoted Ref. [14] into
our (closely related) framework. In Ref. [14] the authors study a bidoublet model
but with an additional VLQ singlet which they denote as U. We can decouple

the particle to match with our framework. Multiplying their cross sections by the

s [cos % sin (tanl (% sin %) )1 : (8.52)

with f =600 GeV, v >~ 246 GeV, and ygr = 1 gives the cross sections in our case.

correction factor,

Employing this procedure we obtain the limits shown in figure
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CHAPTER 9
MIXED STOPS AND THE ATLAS ON-Z EXCESS

9.1 Introduction

Supersymmetry (SUSY) is a leading candidate for resolving the large hierarchy
problem of the Standard Model. In the Minimal Supersymmetric Standard Model
(MSSM) and simple extensions, a necessary feature for a complete resolution of
the hierarchy problem is the presence of two light (sub-TeV) colored stops and
one light left handed sbottom (to accompany the left handed stop). A common
assumption in these models is an exact R-Parity, and the presence of a neutral,
stable lightest Supersymmetric particle (LSP). In this case, if the third generation
squarks are accompanied by a neutralino LSP, x", then typical decays of these
particles include #; 5 — t®){° (where the superscript on ¢ indicates the possibility
that it is off-shell), £, — #,Z and by — by". The signatures of this scenario are

therefore jets, missing transverse momentum (E¥5), leptons and b-tagged jets.

Dedicated searches for 3rd generation squarks have found no deviations from
SM predictions, placing stringent constraints on its parameter space. On the other
hand there remain significant windows allowing the mass of the lightest stop m;, to
be as light as 200 GeV, provided that there is a compressed spectrum which softens
the pr distributions of the final state particles. Intriguingly, a recent ATLAS search
found a 30 excess in final states containing a leptonically decaying Z boson, jets,
and large £ [1]. They found 29 events in a combined signal region with expected
SM background of 10.6 £ 3.2 events. We wish to explore the possibility that this

excess is a first signal for direct production of ¢, followed by the decay t, — t1 /]

1See [2] for other recent work on this signature

228



Various attempts have been made to explain this excess in terms of SUSY
modelﬁ [4-12]. In all of these studies, pair produced colored particles (squarks or
gluinos) decay into quarks and an uncolored particle, which then decays into a Z
boson and an LSP. The principal challenge faced by these models is in explaining
the ATLAS excess while simultaneously evading the many bounds imposed by
other searches by ATLAS and CMS for multileptons or jets and EX as well
as a similar CMS search for the same final state [13] which saw no excess over
Standard Model (SM) backgrounds. This latter search imposed different cuts from
the ATLAS search and so does not necessarily rule out new physics explanations

for the ATLAS excess, yet it still imposes stringent constraints (see, e.g. [6]).

The phenomenology of the signal proposed in this paper differs from that of the
aforementioned possibilities in several key respects. Firstly, the topology differs
in that the Z boson is emitted at the first stage in the decay, rather than at the
end with the LSP. This opens up the possibility that the CMS search is subject
to significant background contamination, as we discuss at the end of section [9.4]
More significantly, our scenario requires the presence of three new colored particles
in the spectrum which are lighter than in previous explanations, the heaviest of
which gives rise to the desired signature. Evading dedicated searches for these
particles places very particular constraints on the mass splittings and decays of
the squarks. As we shall discuss in section [0.2] this requires a compressed splitting
between #; and Y°, and possibly also between #; and ¢,. This in turn motivates
the consideration of flavor violating decays of #; into ux® or c¢x’, resulting from
mixing between the right handed squarks. Such mixings have been discussed in
recent years motivated by the question of natural SUSY and light stops [14-16],

but without the Z decay necessary to explain this excess.

2See [3] for a discussion of this excess in the framework of Composite Higgs models.
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Figure 9.1: Flavor conserving (left) and flavor violating (right) decays contributing
to the on-Z excess. In the flavor violating case, ¢ can be either an up or a charm
quark.

In section we provide a systematic discussion of the possibilities that this
minimal stop scenario affords for explaining the excess, identifying three distinct
scenarios characterized by the mass splittings involved and the assumed decay
mode for the light stop. We proceed in section to describe the main experimen-
tal searches placing limits on these scenarios, and perform scans of their parameter
spaces to find regions in which the excess can be explained while evading those
limits in section [9.40 We also note the possibility that the signal topologies that
we have identified could cause significant background contamination in the CMS

on-Z search.

9.2 Model Overview

In this paper we assume a minimal model including two light stops, #; and o,
and a left-handed sbottom b;. We also require one neutralino LSP, ¥°. As will
be discussed below, the identity of this neutralino is not relevant to collider phe-

nomenology for two of the scenarios that we consider, while for the third case it
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will be assumed to be mostly Bind®l All other SUSY states are assumed to be
heavier than these particles and decoupled. In the MSSM, the stop and sbottom

mass matrices in the gauge-eigenbasis are given by [19:

m2 +m?+ Az, v(aisg — pyc
m2 — Q3 t L (tﬂ tﬁ) 7 (9.1)

;
vass — wiyncs) My, +mi+ Aag

m2 + A; v (ajcg — pyps
_ Qs dr, (aycs — pypsp) (9.2)

v(apes — 1'ypss)  mg, +Ag,

TN

where mq,, My,, Ma,, a; , i are soft SUSY breaking parameters, cz and sg denote
the cosine and sine of 3, and A; = (T3; — Qgsin’® Oy )cogm?% with Tz; and Q;
denoting the third component of weak isospin and electric charge respectively.
The Higgs vev v is = 174GeV. We assume the right handed sbottom is decoupled,
with mfig > mé?). We replace the MSSM parameters in these mass matrices with

physical parameters: the stop mass eigenstates m; , m;,, and the mixing angle

0 < 0; < 7/2 which rotates the gauge-eigenstate basis into the mass basis

131 Co, —Sp. tr
=1 ] (9.3)
to So,  Co; tr
The sbottom mass is then given by
mlg)l - mtglcgf + mtggsgg o TTL? - AﬂL + AJL- (94)

We assume the decoupling limit for the Higgs sector, so that the Higgs mix-
ing angle a =  — m/2. The phenomenology of this simplified model varies only

slightly with tan § and we therefore choose to fix tan 8 = 20. The remaining free

3We do not want to address any cosmological issue in this work but let us notice that a stable
Bino is overproduced in the early universe according to the usual thermal freeze-out calculation.
On the other hand, a small ;—x° mass splitting of O(30 GeV allows for the possibility that the
correct relic density results from stop-neutralino coannihilation [17,[18]. Alternative solutions
simple solution are to assume a low reheating temperature or that that the Bino is actually the
NLSP (for instance with a gravitino LSP) but still stable on detector lengths.
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parameters in the model are m; , mg,, mgo, and cp.. Even with such a modest
amount of new particles, this model admits a rich phenomenology with many pos-
sible final states, depending mainly on the assumed mass splittings and mixings
involved. We seek scenarios with a large branching ratio (BR) for £, — #,7, and
which are poorly constrained by dedicated searches for ¢; and by. In the follow-
ing subsections, we systematically discuss the various possibilities and present a
categorization of interesting scenarios based on the assumptions made about the

decays of ¢; and the mass splitting between ¢; and .

9.2.1 t; decays

The strongest constraints on the #; apply if it decays directly to a neutralino and
on-shell top, leading to final states with large EX** hard b-jets, and leptons. We
therefore take the splitting mgz — mgo < my, such that the only flavor-conserving
decays that are kinematically available to the light stop are into the three- or four-
body final states Wbx" or ff'bx" (where ff’ are pairs of fermions that may be
produced in the decay of an off-shell W). This allows #; to be as light as 300 GeV
for generic values of this splitting, and as low as 200 GeV in some narrow windows

of parameter space (see [20] for a detailed discussion).

Due to the substantial kinematic suppression of the partial width into these
states, it is possible that flavor violating decays might dominate even with small
couplings. This motivates our consideration of flavor violating decays. One well
explored possibility arises even with Minimal Flavor Violation (MFV) [21], in
which case it is possible that loop-induced decays into charm and neutralino can
dominate over four-body decays [22]. In recent years an alternative scenario has

been explored, that non-MFV mixings between right handed up-type squarks can
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substantially alter stop phenomenology. Briefly, the essential point for our analysis
is that the strongest constraints on the size of squark flavor mixings from low
energy observables apply to the down sector, and on mixings between up and
charm squarks. The constraints on the down sector also impose constraints on the
left-handed up type squarks. Crucially, there are no direct constraints on {z — g or
tr — iz mixings individually, but only on their product (coming from the D° — D°
system). We refer readers to the papers [14-16] for a more detailed discussion. As
a consequence, there may be size-able mixing between ¢ and ¢ or ¢ and g, but

not both.

The degree of flavor mixing can be parameterized by the quantity ¢ =
(m2)i3/(m2);;, where m2 is the up-type squark mass matrix in the Super-CKM
basis and i is 1 or 2. We do not require O(1) mixings in order to change the
decay patterns of the lightest stop, so long as it has an O(1) admixture of t5. In
particular, in the four-body regio € > 1072 is sufficient for the decay #; — ¢x°
to occur at least 90% of the time, while ¢ > 1072 is sufficient for much of the
three-body region. These flavor-mixing angles are sufficiently small not to play a
noticeable role in the phenomenology of the t,, and are relevant for ¢; only because
its flavor-conserving decays are heavily suppressed. It can also be assumed that
(m2);; > (m2)33, such that despite introducing a small admixture of first or second
generation squark flavor into the two dominantly stop mass eigenstates, the other

mass eigenstates are beyond reach of the first run of the LHC.

We therefore consider separately scenarios where ¢; undergoes a flavor-

conserving decay (denoted F¢ ), or a flavor violating one (F'). In either case we will

4Even when talking about flavor violating two-body decays, we find it convenient to label
the regions of parameter space in the #;, x° plane by the possible flavor conserving decays. The
‘three-body region’ is defined by mw + my, < mz, — mgo < my, while the ‘four-body region’ is
defined by my < mg, —mgo < my + Mmy.
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assume a 100% BR for the light stop for simplicity, though as pointed out in [23] the
limits on light stops can be substantially reduced for mixed F' and F¢ decays. The
flavor violating decay may be into ux? or cx’, but not both. The only difference
this makes regarding collider phenomenology is that the constraints on final states
containing charm quarks are often stronger than on up quarks, due to significant
progress made on charm flavor tagging by the experimental collaborations. This
will be discussed in more detail in section It should be noted that the precise
measurement of the neutron Electric Dipole Moment (EDM) places constraints on
tr — @i mixing in the presence of large stop L-R mixing as exists in our model.
This comes from loop contributions to the up quark EDM involving gluinos, and
depends sensitively on details about the particles which we have assumed to be de-
coupled in our scenario. Nonetheless, it is demonstrated in [24] that ¢ < 1072 can
be consistent with the EDM constraints without making unnatural assumptions
about the masses of the other particles, or about cancellations between different

contributions.

9.2.2 t, decays

The second important distinction to be made between different classes of scenarios
relates to the mass splitting between £, and ¢;, and the role that this plays in
determining the branching ratios of the three squarks. For sufficiently large mass
splittings, the possible two-body decays of the heavy stop are to — £, Z, t, — t1h,
ty — l~)1W+ and ty — tx°. The BRs into these states are most sensitive to the

< 300 GeV the BR into Zt;

~Y

mixing angle cy., and for splitting 150 GeV < mg, —my,
is maximized at a value between 0.6 < BR(t; — £,2) < 0.8 for 0.5 < co; S 0.55,

as illustrated in Fig. (9.1). Since we are interested in maximizing the f, — ;7
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cos 6,

Figure 9.1: Heavy stop branching ratios in the split scenario, for mz, = 450 GeV,
my, = 250 GeV, mygo = 210 GeV, tan 8 = 20.

BR we can use this to fix the mixing angle. This class of scenario, which we label
‘split’, has a three-dimensional parameter space in mj, m;, and mg. Note that
for small cos6,, ¢; and Z~)1 are almost degenerate and hence the decay t; — 51W is

not kinematically available.

An interesting alternative is that the ¢, — #; mass splitting is sufficiently small
that the only two-body decay kinematically allowed for £, is t, — ;2. For mi, —
mgz, < my, the decay to — t1h is forbidden. For a wide range of Cy;, the decay to —
bW is not kinematically available. Finally, if mi, +mz < mg, < my + mgo, the
only two-body decay that is kinematically available is the Z decay. Combining the
bounds gives the requirement that mz —mgo < my;—myz ~ 85 GeV. Coincidentally,
this turns out to overlap almost exclusively with the four-body region, which is
defined by mj — mg < mw + my ~ 85 GeV. This condition defines what we

call the ‘compressed’ scenarios, in which the only two-body decay available to the

235



heavy stop is into £,Z. The , BRs are therefore insensitive to Cp; in this regime.
This parameter does control the mass, and therefore also the decays of bi. A
heavy by can decay into &, W™, but if this is not available it will have ~ 100% BR
into bx". For generic mass splittings this decay is highly constrained by dedicated
searches, but having chosen small splittings for £; —y° and £, —;, this automatically
places also the sbottom decay into the compressed regime in which this channel
is particularly challenging for experimental searches. As we shall discuss in more
detail in section [9.3] for a broad range of stop mixing angles the sbottom lies in a

funnel of parameter space not constrained by these searches.

9.2.3 Three Scenarios

Four combinations of F¢ versus F and split versus compressed are possible. Flavor
conserving split (F¢ -S) is the most highly constrained by dedicated searches, and
we have been unable to find a region of its parameter space which permits an
explanation of the Z excess without being excluded by other searches. We therefore
do not discuss this possibility in detail in this paper. Three combinations remain,
which are summarized in table (9.1). For the compressed scenarios, we choose

mt~2

— my, = 100 GeV and explore the mj — myo plane. We set the branching
ratios BR(f, — #,X°) = 1 and BR(by — bx°) = 1. In principle, f, also has
competing three-body decays to by, but these are sensitive to my, and would have
a BR no more than O(5%). We neglect this effect for simplicity. For the split
scenario, we explore fo — ; mass splittings between 125 and 300 GeV, choosing
co, = 0.5 which is close to the optimal value for maximizing BR(f, — 11Z) over
most of the parameter space. This angle then also sets the BRs for the b;. We

also compute the &, — t%° and b; — bx° BRs assuming a Bino LSP.
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Scenario | 1y decay mg, —mg, BR(ty — £, 7)
Fo-C | [/bY0 100 GeV 1
F-C ex’ / ux® 100 GeV 1
FS | ex®/ux® (125 -300) GeV  0.7£0.1

Table 9.1: The three scenarios considered in this paper, labeled Flavor Conserv-
ing Compressed, Flavor Violating Compressed, and Flavor Violating Split. The
F¢ /F designation refers to the decays of #;, and the compressed /split designation
refers to the splitting between to and ;.

9.3 Relevant searches

ATLAS and CMS have a wealth of searches looking for large MET with all types
of additional particles in the final state, each potentially providing a limit on stop
and sbottom production. Since in general t;,%,, and by will contribute to each
bound, the constraints needs to be recast with care. Our goal is to examine all
the parameter space with the simplified topology discussed in section [9.2] For the
compressed cases this involves a scan in the myo —mj, plane while for the split case
it involves a scan in both myo — m7 and m; — mg,. We will be exploring scenarios
with compressed mass splittings, especially between ¢; and ¥°. This is a region that
is very challenging experimentally. The most robust and model-independent limits
in the most compressed regime come from dedicated searches for events with a hard
jet coming from Initial State Radiation (ISR), which do not depend sensitively on
the details of the #; decay. Searches for jets and EX* are highly constraining
for spectra with a large splitting between the LSP and colored particles, but are
challenging to interpret in the compressed regime where there are large systematic
uncertainties. Searches involving b-tagged jets place important limits on some of
our decay channels. Finally, there are dedicated searches for events containing
Z bosons which could be sensitive to our model. We discuss the details of these

searches in the following subsections, beginning with the ATLAS on-Z search with
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a 30 excess.

9.3.1 ATLAS on-7

The ATLAS on-Z search looked for final states with two leptons with invariant
mass around the Z-pole, ER > 225 GeV, and Hr = pf}l + pfi,g + Ziejetspg >
600 GeV. The Hp and ERXS cuts pick out events with large kinetic energies.
ATLAS found 16 events (4.2 4 1.6 expected) in the electron channel and 13 events
(6.4 + 2.2 expected) in the muon channel for a total of 29 events (10.6 £+ 3.2
expected). Running pseudo-experiments they concluded that this corresponds to

a 3.00 deviations from the SM.

To estimate the number of events needed to explain the signal we use a log-
likelihood method and profile over the background uncertainties using a Gaussian
approximation. Using asyptotic formulae [25] to establish two-sided convidence
limits (CL), we find that a minimum of 7.1 (12.4) signal events are required to be

consistent with the excess at the 95% (68%) CL.

9.3.2 CMS on-7

CMS performed a search analogous to that done by ATLAS, looking for events
with opposite-sign same-flavor leptons and EX** [13] which provides an important
constraint on our model. CMS split their on-Z signal regions into six bins, de-
pending on jet multiplicity and EF*. Three bins measure events with njs > 2,
and three use njeis > 3. Our signal model does not produce a significant number

of 2-jet events, and we therefore place constraints on our scenarios using the 3-jet
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inclusive bins which have higher expected sensitivity. The three bins in this cat-
egory are split into the following EM* windows: 100 GeV < EXss < 200 GeV,
200 GeV < EPss < 300 GeV, EFss > 300 GeV. We use the most constraining of
these bins to constrain our scenarios at each point in parameter space, using the
95% CL; limit to set bounds [26]. In our scans (described in section We found
that the mid E¥* bin usually provides the dominant limit, but the high FX* bin
is sometimes competitive. The low EX bin is never competitive with the other

two in our simulations ]

9.3.3 1, > 1,7

Searches for the signal , — 1,2 at 8 TeV have been performed both by ATLAS [27]
and CMS [28]. The searches have competitive bounds, with ATLAS having a
slightly better exclusion. For simplicity we only use the ATLAS search to place
bounds on the Fo-C scenario. The main cuts in this search are on the invariant
mass of the leptons (which are required to be around the Z pole), the number
of jets, number of leptons, and the pr of the reconstructed Z. We find that the
reach of the search is limited in the compressed regime, both due to the small £,
splitting and the small #;—x" splitting. Firstly, the search regions requiring two
leptons require a boosted Z candidate which is suppressed in the F-C scenario by
the small £,-t; splitting. Secondly, we find that the soft leptons and b-jets coming
from the decay of ¢; in the 4-body regime reduce the acceptance in the 3-lepton bins
and the b-tagging efficiency. Having recasted this search for the Fo-C scenario, we

find that it does not place competitive limits and we therefore omit it from our

5A possible concern is that the combined limit from different bins could be more severely con-
straining. We find that usually only one bin is constraining and we do not expect a combination
to notably alter the limits.
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scans. We note that the CMS search is optimised for mass spitting mz, —mygo >~ my,
and has potential sensitivity to our Fc-C scenario only in its 3-lepton bins, and

will therefore also have degraded sensitivity in the 4-body region.

9.3.4 Jets+MET+0/1 lepton

The MSSM-inspired jets+MET searchesﬂ provide an important constraint on our
scenarios as ty, 5, and by can all contribute to this signal. ATLAS [29] and CMS [30]
have both performed searches for this signature at 8 TeV and interpreted them in
terms of a variety of SUSY models, including direct production of squarks decaying
via ¢ — jX° (which is identical to #; in the F scenarios). In this work we focus
on the 200 GeV < my < 350 GeV region but CMS only presents limits for
mg 2, 300 GeV. Thus to study the bounds from these searches we use the ATLAS
analysis. Jets + MET searches in these regions are particularly challenging due
to the low pr of the outgoing particles. As a consequence their search does not
constrain single squark production decaying in this channel for mgo > 160 GeV.
Another key factor which limits the reach of this search in the compressed regime
is the systematic uncertainty on the (acceptance X efficiency) associated with the
high sensitivity to ISR. ATLAS provides uncertainties for each signal region in their
auxiliary material (available on the ATLAS public results website), and these range

from 10% to 50% in constraining bins.

In order to interpret the results of this search in terms of limits on our scenarios,

it is necessary to combine the contributions from ty, 1 and I~)1. Each of these

6Tt was pointed out in [16] that searches using shape-based analyses might have better sensi-
tivity for ; — jX° then jets+MET in the limit of small mg, —mgo. The bounds were computed
using 7 TeV data and are not constraining compared to the 8 TeV jets+MET search. It would
be interesting to see how these would change with the full 8 TeV data set.
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channels will come with its own set of uncertainties which vary from bin-to-bin.
Without a dedicated detector simulation it is not possible to robustly account
for these effects. Instead, we estimate reasonable sizes for these uncertainties
and study the effects of varying these assumptions. The ATLAS collaboration
also interpreted their results in terms of some multi-step decay chains, and find
uncertainties that range from 10% to 80% in similarly compressed regimes. Using
the ‘r’ metho [31], we find good agreement with the ATLAS exclusion on #; if
we assign a uniform systematic uncertainty of 30% on its signal strength across
all signal regions We then assign a nominal 30% uncertainty also on the #, and
by contributions, consistent with the aforementioned uncertainties quoted by the
ATLAS collaboration for other compressed multi-step decay processes. In order
to asses the sensitivity of our results to this choice, we also vary the uncertainty
on the #, and by channels to 20% and 40%. We used CheckMATE [31] to apply
this technique to all our scenarios however we found the bounds of this search to
be subdominant in all cases except for the F-S case. This is because this is the
only scenario in which we venture close to the existing bounds on ¢ — jX", where

a combination with the other channels might then result in an exclusion.

In addition to jets+MET there are searches which require an additional isolated
lepton by both ATLAS [32] and CMS [33], which are potentially sensitive to the
Fc-C scenario. However, the limits on the light stop are weaker than the other
limits which we consider for this search, and we find that the heavy stop production
does not contribute significantly to this signal. We therefore do not include this

limit in our scans.

"In the r-method, a signal is excluded if » = (S — 1.96A8)/S3* > 1, where AS is the
systematic uncertainty on the signal strength and Sggs is the limit on the signal strength at the

95% confidence limit.
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9.3.5 Sbottom bounds

The sbottom mass is determined by the mixing angle as given in eq. (9.4). The
phenomenology of the sbottom differs substantially between the compressed and
split scenarios. In the compressed scenario, the only two-body final state available
for it to decay into is bx°. Furthermore, the mixing angle is a free parameter since
the branching ratio of ¢, — ¢, Z is fixed to 1 by the kinematics. On the other hand,
in the split scenario this mixing angle is fixed at ¢y, = 0.5 and the sbottom decays

almost exclusively into £, in most of the parameter space.

The b; — bx" decay of the compressed scenarios is constrained by dedicated
CMS and ATLAS searches [34}35], and we focus on the ATLAS analysis because
it places stronger limits in the compressed regime. This search places strong limits
on this channel, but allows for a sbottom with mass mj =~ 250 GeV if it has a
small mass splitting with the neutralino. We also require that the sbottom is heavy
enough to forbid the decay ty — l;lW, Le., mz, < my + my orin terms of ty — 1,

mass splitting, my > m; + Am; — my. Combining the bounds gives

my, < mlgim(m;(o) — Am; + my (9.5)

where mgm(mio) is the maximum allowed value of the sbottom mass for each myo,
coming from the ATLAS limit. This provides an additional constraint on the
possible values in the mgo, m; plane. The additional t1, to production channels

are not expected to contribute significantly to this search.

In the split scenario, F-S , the sbottom decays predominantly in by — LW —
jx°W. While there are no direct searches for this signal, there are searches for

G — x*W — jX°W. We have checked the constraints due to this signal and found
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that we are well within experimental bounds for all regions of parameter space.

9.3.6 Single high pr jet 4+ 0,1,2 lepton

In this work we are primarily interested in regions of parameter space with small
t; — X° splitting where many jets may not pass the pp cuts. In this case we
have additional constraints from monojet searches. This search has been done
by ATLAS for both #; — jX° and t; — bf fW stop decay modes in a search by
ATLAS [36]. For the split case , is the only production channel which can replicate
this signal, but in the compressed cases the by — bx" could provide additional
monojet events. To this end we recast the search including just ¢; production and
both #; and b; but we found comparable exclusions. For this reason we simply

include the constraints computed by ATLAS directly in our analysis.

CMS has performed a search for events with a high momentum ISR jet with
the additional requirement of one or two soft leptons [37]. The preliminary results
of this search provide the strongest existing constraints on the 4-body region of
flavor-conserving #; decays, sensitive to stop masses up to 320 GeV. The strongest
bounds are derived from the 2-lepton signal region, and we therefore expect this

limit to be highly sensitive to the #; BR.

9.3.7 Charm-tagging

A final constraint on our signals are charm-tagging searches. ATLAS has two
searches that employ charm-tagging looking for both ; — cx° [36] as well as

& — cx’ [38]. The f; — cx° search assumes the stop is in the four-body regime
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and hence is optimized for our signal. For this reason it has better sensitivity in

our region of interest. For this reason we omit it from our plots.

The c-tagging searches put constraints on F models which involve charm. For
the F-S split scenatrio we find that these constraints rule out the region preferred
by the ATLAS on-Z excess at the 95% CL. For this reason in this scenario we
assume 7, decays to ux’. For the F-C scenario the constraints are milder since we
are exploring relatively large m; values. Recasting the t1 — cx? search we find
that the limits on this scenario comparable to those directly on #; alone, and thus

we use the limits on this channel that are provided in [36].

9.4 Scan

For the scan we use Madgraph 5 v2.2.3 [39], Pythia 6.4 [40], and PGS [41], includ-
ing 1-jet matching. For jet clustering we use anti-kT algorithm with AR = 0.4.
To roughly account for next-to-leading order (NLO) effects we rescale our cross
sections to their NLO values calculated by the SUSY Cross Sections group [42].
For jets+MET and double-checking monojet constraints we use CheckMATE [31],
which makes use of DELPHES 3 [43], FastJet [44], and the anti-kT clustering
algorithm [45]. For the compressed scenarios, Fo-C and F-C | there is one less
free parameter (since the range of mj, has a relatively small range of viable op-
tions). We can perform a two dimensional scan over m;, — myo. F-S requires a 3

dimensional scan but for simplicity we scan over two slices in the parameter space.

The scan showing the signal as well as limits from the different searches is shown
in Fig. (9.1), with the regions preferred by the ATLAS on-Z excess indicated by

green shading and the contours labelling the 90% and 68% two-sided confidence
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Figure 9.1: Scans of the three scenarios. The regions favoured by the ATLAS
on-Z excess are shaded green, with contours indicating 95% and 68% confidence
intervals. Additional solid lines indicate the 95% limits described in the text.
The dashed lines indicate limits under specific model assumptions that do not

necessarily apply, as described in the text.

The band on the jets+MET limit

illustrates the considerable uncertainty on the strength of this limit. Black stars
indicate the benchmark points chosen from each scenario, and they also indicate
the region of parameter space that is not excluded by the other searches.
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Benchmark || m;, [GeV] | my, [GeV] | mgo [GeV] | p-value

Fe-C 380 280 260 0.095
F-C 370 275 255 0.17
F-S 450 250 210 0.055

Table 9.1: Benchmark points chosen from the three scenarios. All other parameters
are as described in section 9.2l The two-tailed p-values are calculated as described
in section [9.3.1, and a p-value of 1 would represent perfect agreement with the
measured total event rate.

intervals. The constraining 95% confidence intervals discussed in section are
shown by solid lines. The dashed line in the F-C scan indicates the limit on the
decay t; — ¢x°, though the alternate decay t; — ux’ is also possible and not
constrained by this line. The CMS on-Z limit in the F-S scenarios is dashed as it
has been calculated assuming no background contamination. As we shall discuss
below, considerable background contamination is expected which severely limits
the sensitivity of the CMS search to this scenario. The jets+MET limit in the
F-S scenario is plotted with a band indicating the large uncertainties associated
with this search in the compressed regime, as discussed in section (9.2, The central
line assumes a systematic uncertainty on the signal from all channels and in all
bins of 30%. The band is obtained by varying the uncertainty on the #; and b,

production channels to 20% and 40%.

These plots indicate that all three scenarios can be consistent with the ATLAS
on-Z excess at the 90% level and the two compressed scenarios at the 1o level,

allowing for as many as 14 signal events. From each scenario we have chosen a

benchmark point indicated by a black star in Fig. (9.1]), and detailed in table (9.1]).
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Figure 9.1: The kinematic distributions compared to those of ATLAS in the on-Z
search. The simulation predictions are summed with the ATLAS-calculated SM
background to produce the model predictions.

9.4.1 Kinematic distributions

To further check the consistency with the data we compare our myg,, E& Hyp,
and njes distributions with those measured by the ATLAS on-Z search (these
correspond to Fig.6 and 7 in [1]). To compare the quality of our signal we re-
produce these plots in Fig. using the results by ATLAS to retrieve the SM
background. We see good agreement across all kinematic variables. In partic-
ular, unlike for other viable models which tend to peak at high number of jets
(large numbers of jets is often accompanied by large Hr), we can roughly repro-
duce the jet multiplicity plot distributions. If the excess persists this could be
a powerful variable to discriminate between candidate interpretations. We also
note that this signal peaks at values for Hy and EX® far below the the thresh-
olds for the kinematic cuts of the ATLAS search, as opposed to models based

on the cascade decays of much heavier particles that have been previously con-
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sidered. Nonetheless, we still evade the bounds from the CMS search which has
weaker FEsS cuts, due to the sharp increase in the background. For instance, the
CMS background estimates were 478 4+ 43, 39.2 + 6.6, and 5.3 & 2.3 events in the
100 GeV < Emss < 200 GeV, 200 GeV < EFss < 300 GeV, and EFs > 300 GeV
bins with 7., > 3, while for the F — C benchmark we predict 35, 11, and 5.4
events respectively. We see that the large event rates in the low EX* are well

within the background uncertainties.

9.4.2 Background contamination

Another interesting feature of our signal is that it allows for the possibility of
significant background contamination in the CMS search for the same final state
described in section [9.3.2] One of the most significant backgrounds in this search
comes from SM Drell Yan (DY) production of Z bosons. To estimate this back-
ground, the CMS collaboration used two independent data-driven methods and
took a weighted average. One of these methods is based on the variable ‘jet-Z
balance’ (JZB) [46,[47], which is important particulatly in the high EX search
regions which constrain our signal. The JZB of an event is defined by

1ZB =Y vr| = 57| = | ER + o] - 7). (9.6)

i€jets

SM processes like DY production typically result in JZB distributions that are
symmetric about JZB = 0 GeV (because a non-zero value arises from jet energy
resolution effects), while some BSM processes can have JZB distributions that are
strongly skewed towards positive values. This is expected when the Z is emitted
back-to-back with an invisible particle, e.g. in a decay chain ending in Y5 — YVZ.

For this reason, the JZB method estimates the DY background by assuming all
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Figure 9.2: JZB probability distributions for the benchmark points when compared
with a typical gluino production scenario (¢ — qqx5 — qqxZ). The gluino
scenario has the most positively skewed JZB distribution, while the F-S has almost
symmetrical JZB.

events with JZB < 0 GeV are produced by DY, and extrapolating this to positive

JZB values under the assumption that DY production is JZB-symmetric.

It is clear therefore that signals with symmetric JZB distributions would con-
taminate this background estimate, reducing the sensitivity of the CMS search.
In Fig. we plot the JZB distributions after applying the cuts for the CMS
Njets > 3, mid EF bin for our three benchmark points, as well as for a gluino
production model with the decay § — qqx5 — qqx!Z (we have chosen the param-
eters mg = 950 GeV, m,0 = 50 GeV). We find that the JZB distribution is highly
sensitive to the ¢;—f, mass splitting in this model. For small splitting, the Z tends
to be very soft resulting in positive JZB. For large splitting, the hard Z can result
in symmetric or even negatively skewed JZB distributions. The F-S benchmark

point has 41% of events with JZB < 0 GeV, comparing with only 8% in the gluino
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model. This also highlights the potential for the JZB distribution to be used as a
discriminating variable between new physics explanations of this excess should it

persist in the next run of the LHC, due to its sensitivity to where the Z is emitted.

9.5 Conclusion

Motivated by the recent 30 excess reported by the ATLAS collaboration in a
7 + jets + EXss channel we have studied if it can potentially be explained in
the context of a natural supersymmetric spectrum involving light stops. Strong
constraints on such scenarios have led us to a compressed spectrum featuring two
light and mixed stops and a light LSP. We identified three possible scenarios,
characterized by flavor conserving or flavor violating decays of the lightest stop,
and the splitting between the two stop masses. We have shown that in all three
scenarios it is possible to produce the excess within 20, while in F-C and Fc-
C we can reproduce the excess within 1o of the ATLAS measurement. While
the scenarios should be taken as examples, it is clear that possible interpolations
between them are capable of addressing the excess and would retain the same

< 325 GeV,

~

general features. Such features are a light stop with 225 GeV < mj,
almost degenerate with a Bino-like LSP and mixed with a second light stop with
mass 325 GeV < my, < 550 GeV.

The topology of the process differs from previous attempts to address the excess.
The most substantial difference is the production of the Z’s in the first step of
a decay chain, and not in the last step in association with an invisible particle
responsible for the EIs. Interestingly, we have shown that it could lead to the

contamination of background estimation based on the JZB method. This method

250



is employed in a CMS search for a similar final state. We have estimated that as
much as half of the signal could fall in the background control region, which could
lead to over-exclusions. Additionally, we notice that the JZB variable could be
used to discriminate between different signal topologies if this excess turns out to

be due to new physics.

Should this excess persist in run-11, it will be crucial to distinguish between the
signal hypotheses. The signature proposed in this work is distinguished by its light
compressed spectrum. This resulted in monojet searches being a highly sensitive
probe of our signal. In addition, the search for by — bx" is highly complementary,
and between these searches the region of parameter space which can explain the

excess should be fully explored at 13 TeV.

We note in passing that there are additional modest excesses of around two
sigma or more in final states containing b-jets, leptons and MET, including a 1.9
sigma ‘on-Z’ excess in events with low jet multiplicity [4§], and various hints of
same-sign dileptons with b-jets and MET (see |[49] for a summary). Light stops
and sbottoms can give rise to all of these signatures, and it is interesting to
consider the possibility that if these really are all hints of new physics, they could
have a unified explanation in a more complete model. Whether the ATLAS excess

is a fluctuation or a first tantalizing hint of new physics will soon be decided.
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