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DISSERTATION ABSTRACT
Tom Tong
Doctor of Philosophy
Department of Physics
June 2020

Title: Beyond the Standard Model: Dark Mesons and Custodial Symmetry

We describe our investigations on possible new physics beyond the Standard
Model that reveal their connections with custodial symmetry.

First, we consider several strongly-coupled dark sectors with fermions that
transform under the electroweak group. We construct the non-linear sigma model
describing the dark pions and match the ultraviolet theory onto a low energy effective
theory that provides the leading interactions of the lightest dark pions with the
Standard Model. We uncover two distinct classes of effective theories: “Gaugephilic”
and “Gaugephobic”.

Second, we demonstrate such a dark sector could be accessible to current searches
by studying the production and decay of dark mesons at the LHC. Dark pions can be
pair-produced and decay in one of two distinct ways: “gaugephilic” or “gaugephobic”.
We recast a vast set of existing LHC searches to determine the current constraints
on the dark meson. We find the relative insensitivity of LHC searches, especially
at 13 TeV, can be blamed mainly on their penchant for high mass objects or large

missing energy. Future dedicated searches would undoubtedly improve sensitivity.

v



Finally, we consider custodially-symmetric UV physics, mapping their effects
onto higher-dimensional operators in a custodial basis. This basis explicitly identifies
the global SU(2) gz symmetries of the Higgs and flavor sector with custodial preserving
and violating operators. Custodially symmetric UV physics that contributes purely
to oblique corrections at leading matching order leads to the electroweak observable
p = 1 at tree-level. Nevertheless, such UV physics can also generate non-oblique
corrections, and thus p # 1 is insufficient to claim custodial violation. We therefore
identify a set of observables that are able to capture the leading tree-level effects of
integrating out a custodially-symmetric UV sector. We illustrate our results with four
examples: a heavy singlet scalar; a heavy Z’ transforming under U(1)p_p; heavy W's
and Z's transforming under SU(2);, x SU(2)g x U(1)p_r; and a heavy W] coupling
purely to left-handed fields. These examples demonstrate that our observables could
be used to “fingerprint” custodial symmetry of UV physics.

This dissertation consists of previously published and unpublished co-authored

material.
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CHAPTER I
INTRODUCTION
The discovery of a Higgs-like boson at the Large Hadron Collider in 2012 is a
profound milestone. As the final missing piece, it completed the Standard Model of
particle physics and made it a reliable model to both explain and predict virtually
all of the microscopic physical phenomena known to us. Nevertheless, the Standard
Model cannot be the whole story. We list several well-established observational and
experimental facts below as motivations for new physics beyond the Standard to

attempt to explain the mysteries.

— Dark matter. There is vast evidence that roughly 80% of the matter content
of the universe does not interact through electromagnetism, the strong force,
or the weak force, hence dark matter. From the large scale structure formation
of our universe, we believe dark matter is massive and “cold” in the sense that
its primordial velocity dispersion is small. And from the fact that no evidence
of dark matter decay has been observed so far, it must be stable on at least
a cosmological timescale. According to these properties, the Standard Model
provides us no particle candidate. (And while primordial black holes are a

theoretical possibility, even this explanation is highly constrained [6].)

— Neutrino mass. Current measurements  [7] assert that at least two
neutrino species have non-zero masses. These results directly contradict the
(conventional) definition of the Standard Model, which treat neutrinos as
massless particles. Neutrino masses can be incorporated in a r-extended
Standard Model but this requires new interactions and/or fields that is an

extension of the Standard Model.



There is also a mysterious matter-antimatter asymmetry. The fact that almost
all of the baryonic content in our observable universe is matter instead of antimatter
suggests that something distinguished baryons and antibaryons in the early universe.
Long ago Sakharov recognized that mechanisms of baryongenesis require baryon
number violation, C and CP violation, with interactions out of thermal equilibrium [§].
However, the size of the imbalance is several orders of magnitude larger when
compared to the known sources of CP-violation in the Standard Model that could
have possibly produced the asymmetry while still satisfing current experimental
constraints [9]. Baryogenesis, therefore, may very likely require novel mechanisms
from new physics beyond the Standard Model to provide an adequate explanation.

In addition to these evidences, the Standard Model also contains other theoretical
puzzles within its own framework, such as the hierarchy problem and the strong-
CP problem. Very often, the proposed solutions to these problems, such as

supersymmetry and the axion, also involve new physics beyond the Standard Model.

Two primary methods are used in the search of BSM physics. One is to
look for new particles. The other is to look for new or modified interactions of
known particles]] Both methods have been utilized by our studies described in this
dissertation, using effective field theory. Effective field theory is a common tool used
in particle physics and other areas of physics. It is defined by particle content and
symmetries with a cutoff scale; higher dimensional operators account for integrating
out particles that are not able to be produced directly at low energies. By matching an
ultraviolet full theory model onto an effective field theory description of the physical

system of interest, it connects the ultraviolet theory to an infrared theory that only

!These are not necessarily independent searches although they can probe different energy scales
of new physics.



contains the degrees of freedom relevant to the infrared regime [10]. This is a trade-off
between staying agnostic to the complete ultraviolet theory and having the theory we
use being valid to arbitrarily high energy scales.

In this dissertation, we first implement an effective theory approach to consider
beyond the Standard Model scenarios of strongly-coupled new physics that provides
a novel explanation to dark matter. Then we explore the potential of a discovery
of such dark mesons both at the current LHC experiments and in the near future.
Finally, we treat the Standard Model itself as an effective theory (SMEFT), and
then investigate the theoretical and phenomenological implications of matching UV
theories that satisfy custodial symmetry within a new basis that we construct for this
purpose: the custodial basis of YSMEFT (SMEFT with right-handed neutrinos). To
be specific, the definition of custodial symmetry in our study states that UV physics
is said to be “custodial symmetric” when an SU(2)g global symmetry is preserved by

all UV interactions with the Higgs sector of the SM.

Effective theories of dark mesons

The Chapter II of this dissertation describes our studies into the effective theories
of dark mesons, particularly with those preserving custodial symmetry. We consider
extensions of the Standard Model that incorporate a new, strongly-coupled, confining
gauge theory with fermion representations that transform under the electroweak
group. The notion of a new sector of fields transforming under a new, strongly-
coupled, confining group is a fascinating possibility for physics beyond the Standard
Model. All of the new sector’s scales are either natural (the new confinement scale)
or technically natural (new fermion masses), and so such a scenario is, at a minimum,

no worse off than the Standard Model in terms of naturalness.



From a theoretical point of view, there are a wide variety of uses of a new,
strongly-coupled, confining group. One use is to at least partially break electroweak
symmetry dynamically, such as bosonic technicolor [11], 12, 13| 14, 15, 16l 17, 18|
19] and the closely related ideas on strongly-coupled induced electroweak symmetry
breaking [20}, 21, 22} 23], 24, 25], 26, 27, 28] 29], 30]. Composite Higgs theories also posit
a new strongly-coupled sector in which at least an entire Higgs doublet emerges in the
low energy effective theory (the literature is far too vast to survey, for a review see
e.g., [31]). There is also a interesting connection to the relaxation of the electroweak
scale [32] using a new strongly-coupled sector, e.g., |32} 33, 29, 34 30].

Another use is to simply characterize generic strongly-coupled-like signals as
targets for LHC and future colliders. Vector-like confinement [35] pioneered this
study in the context of vector-like fermions that transform under part of the SM
group as well as under a new, strongly-coupled group with scales near or above the
electroweak scale. Further explorations into the phenomenology and especially the
meson sector included [36, 37, 38|, B9, 40, [41], 42}, 43 [44], 45| 30), 46]. In theories with
somewhat lower confinement scales, the new sector may lead to invisible showers and
related phenomena [47, 48], [49], 50, 51}, 52], 53], displaced signals [54], 55] and potentially
intriguing spectroscopy [56}, 57, 68]. Spectacular “quirky” signals can arise in theories
with a very low confinement scale [59, 60]. The latter theories may also lead to a high
multiplicity of soft particles that are tricky to observe [61] 62, [63].

The difficulty with strongly-coupled physics is that it is strongly-coupled,
implying the breakdown in perturbative calculation and the significance of non-
perturbative effects. However, many years ago Kilic, Okui, and Sundrum pioneered
the study of a new strongly-coupled sector’s phenomenology for collider physics [35].

Their insight was to determine the leading interactions of an effective theory of



pseudo-Nambu Goldstone (pNGB) mesons with vector mesons (both composite and
fundamental). They were motivated by imagining QCD scaled up to weak scale
energies, except, and here is the key point, their BSM fermion masses were taken to
be purely vector-like. We generalize vector-like confinement by permitting specific
interactions between the strong sector fermions and the Standard Model. In some
models, these interactions are renormalizable Yukawa couplings of the dark sector
fermions with the Higgs of the SM. In others that do not permit Yukawa couplings,
we also consider higher dimensional operators (that also involve the Higgs sector in
some way). These interactions lead to dark pion decay. And, what is distinct in
the vector-like theories we consider is that there is no axial anomaly contribution to
neutral dark pion decay. We use a non-linear sigma model (NLSM) to describe the
pNGB mesons, which we carry out in detail. Equally important, the fact that we
break the flavor symmetries of the strong sector with Higgs interactions necessarily
locks the strong sector flavor symmetries to the O(4) = SU(2);, x SU(2)r global
symmetry of the Higgs potential. As a result, the strong sector fields can be grouped
into multiplets of this symmetry, with different assignments possessing qualitatively
different phenomenology.

Needless to say, the biggest motivation for such a strongly-coupled theory
is that dark matter can emerge as a composite meson or baryon, often with an
automatic accidental symmetry that protects against its decay. Since the early
days of technicolor there was a possibility of dark matter emerging as technibaryons
[64. [65] 66L, 67, 68, 69, [70]. There is now a growing literature that has studied strongly-
coupled dark matter as dark pions |71}, 72}, [73] [74] [75] [76], 140 [7'7, 78, 79} [80, 81, (82, [83]
50, 84, 85, 86, 7], dark quarkonia-like states [88] 36, [89, 00|, as well as dark baryons

and related candidates [91, 02} 03], 7T, 94, 36}, 05, (06, 97, [75, 08, 09, 100, 10T, 102, 78,



103, [104}, 42, [105}, (106, 107, (108, 109, 10, (LT} 112, 13} 14, 115, [116] (for a review,

see [117]).

Collider phenomenology of dark mesons

In Chapter III of this dissertation, we studied the collider phenomenology of the
dark meson theories and its signatures for a potential discovery at the LHC. The
dark sector model that is of particular interest to us is Stealth Dark Matter [106].
In this theory, there is a new, strongly-coupled “dark sector” that consists of vector-
like fermions that transform under both the new “dark group” group as well as the
electroweak part of the SM, and crucially, also permit Higgs interactions. Others have
also pursued dark sectors with vector-like fermions that permit Higgs interactions for
a variety of purposes [81], 33, 118, 1T5], B30].

One might think a dark meson sector whose low energy effective theory is a set of
scalars with electroweak quantum numbers has already been fully (or mostly) covered
by the wide range of existing search strategies. This is simply not the case. We find
that a dark vector meson could be as light as about 300 GeV, something that, at first
glance, seems hard to believe given the multi-TeV bounds on new Z’ bosons from
LHC data. The dark vector meson can mediate dark pion pair production (just like
p — 7 in QCD), and in some models, the bounds on the dark pion mass could be
as small as 130 GeV. Clearly, the LHC easily has the energy to produce these states,
and so it really comes down to finding search strategies that maximize sensitivity. We
believe substantial improvements are possible, providing impetus and breathing new
life into LHC searches in the hundreds of GeV regime.

The dark meson sector of the Stealth Dark Matter theory has several intriguing

properties due to the accidental symmetries of the model. Like vector-like confinement



[35] the dark sector is free of constraints from precision electroweak observables and
Higgs coupling measurements so long as the vector-like mass is dominant. Unlike
vector-like confinement, however, the Higgs interactions break the global (species)
symmetries of the dark sector, permitting dark pions to decay into SM states.
Provided the vector-like masses are smaller than ~ 4xf, where f is the scale of the
new strong interaction, we can organize the states using chiral perturbation theory.
In this study we focus on the most phenomenologically relevant states: the (lightest)
triplet of pseudoscalar pions 7}, and the heavier triplet of vector mesons p% [119].
The scales of the theory, as we will see, are comparable to or somewhat larger than
the electroweak scale.

The presence of a SU(2) dark flavor symmetry arises from global symmetries of
the ultraviolet strongly-coupled sector. For example, a strongly-coupled sector that
contains two flavors of dark fermions with identical (current) masses has a global
SU(2) x SU(2) symmetry that is broken by the condensate to a SU(2) dark flavor
symmetry [120]. This is just like QCD with its two light flavors of quarks with nearly
equal (current) masses. In Ref. [120], we demonstrate strongly-coupled theories where
the SU(2) dark flavor symmetry can be identified as an exact custodial symmetry
of the dark sector. That is, the Higgs multiplet interacts with the dark flavors such
that the SO(3) ~ SU(2). is not further broken by the dark sector. Consequently,
the dark sector’s meson degrees of freedom can be categorized in custodial symmetric
representations. Again considering the example of theories with two flavors of dark
fermions, the meson sector contains dark pions and one set of dark vector mesons in a
triplet representation of the SU(2) dark flavor symmetry. Unlike QCD, however, the
vector-like nature of the dark sector permits two possibilities for gauging the global

flavor symmetry: the entire SU(2) could be gauged (the SU(2); weak interaction)



or just the U(1) (as in U(1)p hypercharge) | This leads to two distinct low energy

effective theories of dark mesons:

SU(Q)L model : SU(2>global flavor <7 SU(2)L (1 1)
SU(2)R model : SU(2)global flavor <7 SU(?)R

In the latter case, obviously only the U(1) subgroup is gauged, but since we assume
the dark sector respects the full global SU(2), we'll refer to this as the SU(2) g model.

In the meson sector the dark pion states can be pair-produced, either via Drell-
Yan or resonantly via mixing of the p with SM electroweak gauge bosons. The dark
pion decays can be categorized into two distinct possibilities: “gaugephobic”, when
7p — ff' dominates; or “gaugephilic’, when @ — W + h, Z 4+ h dominates once
kinematically open. The decay 7%, — ~v is highly suppressed due to the dark flavor
symmetry [I120]. For a wide range of parameters, the interaction between single dark
pions and the SM is small enough to make single pion production phenomenologically
irrelevant, and yet, the interaction can be easily large enough that the dark pions
decay promptly back to SM states. We also briefly comment on the possibility that
dark pions are sufficiently long-lived so as to modify their phenomenological signature.

Dark mesons are therefore an example of new physics that must be pair
produced with ~ weak strength and decay back to multiple SM particles (only).
The combination of a relatively low production cross section and complex final states
with no BSM sources of missing energy can lead to weak LHC constraints. We
perform a detailed breakdown of which LHC searches could potentially set bounds
on dark mesons. For the searches with potential sensitivity, we recast the searches

and estimate the bounds for some benchmark dark meson scenarios. For the searches

2It is also possible that there is some mixture between SU(2); and SU(2)g, but this requires
more than just a single triplet of dark pions and dark vector mesons. More details can be found in
Ref. [120].



that fail, we identify why. This latter step is useful as we find many 13 TeV analysis

are insensitive to dark mesons because their cut thresholds are too high.

One lesson we have learned from our investigation of dark mesons is that
custodial symmetry has the potential of constraining certain kinds of theories and
their corresponding phenomenology. Regarding the two types of dark meson decay
patterns, i.e. “gaugephilic” and “gaugephobic”, custodial symmetry was demonstrated
to be of critical importance. For example, in the 2-flavor vector-like theory, by
imposing custodial symmetry on the dark sector, we found that the leading higher
dimensional operators that are responsible for the n-f-f decay first appeared at
dimension-7. Meanwhile, those dimension-7 operators with respect to 7-V-h are
forbidden by the custodial symmetry. The leading custodial preserving m-V-h
operators first appear at dimension-9. As a result, the coefficient of the 7-V-h
interaction is suppressed relative to the m-f-f interaction by two extra powers of
the heavy cutoff mass scale of the EFT. Thus, dark pions preferentially interact with
(and ultimately decay primarily to) SM fermions — these theories are gaugephobic —
in two-flavor, vector-like, custodially-preserving dark sector theories.

Another such example we have studied during the investigation was the
Two-Higgs-Doublet-Model (2HDM) [120]. Although a general 2HDM model does
not necessarily preserve custodial symmetry, the amount of custodial violation is
nevertheless proportional to (¢')? and the electroweak VEV v2, but is also suppressed
by the mass scale of the heavy Higgs state m?%. As a result, one can say that the
2HDM becomes custodially symmetric when m 4 > v. Moreover, it is also well-known

that the decays of 2HDM heavy states to gauge bosons are suppressed by two extra



powers of m 4 compared to that of fermions. In other words, they are gaugephobic
[121].

From these two brief examples we see that, custodial symmetry is capable of
affecting the leading interactions of BSM sectors with the Higgs sector of the SM.
This effect will further determine the decay branching fraction of that BSM sector,

and may well be testable in the LHC physics.

SMEFT with custodial symmetry

The goal of this project is to elaborate on the connection between the potential
unknown new physics at a high energy scale (the ultraviolet, or UV physics scale)
and custodial symmetry in a model-independent manner. For new physics that
is sufficiently heavy, it can be integrated out, resulting in contributions to higher
dimensional operators of the Standard Model Effective Field Theory (SMEFT).
Chapter IV of this dissertation covers our recent effort of a systematic investigation
on this topic.

The SMEFT is a consistent effective theory generalization of the Standard Model
constructed from a series of higher dimensional operators that use the same building
blocks and obey the same gauge symmetries as the Standard Model. In other
words, these higher dimensional operators are SU(3)c x SU(2), x U(1)y invariants
constructed out of the Standard Model fields.

Following these assumptions, the SMEFT is defined as [122]

na - (d)
Lovprr = Loy +LO +£O0 4+ £0 4 - LD = Z ﬁOEd) for d > 4.(1.2)
i=1
The dimension-d operators Ogd) are suppressed by d — 4 powers of the cutoff scale A,

and the C’i(d) are the Wilson coefficients. The number of non-redundant operators in
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L0 £6 £ and £® is known [123]. Furthermore, general algorithms to determine
operator bases at higher orders have been thoroughly studied [123| 122, 124].
The basic idea of SMEFT is perfectly well-aligned with the goal of our

investigation:

— It is generally model-independent as long as the new physics is heavy. Hence it

does not overly rely on the existence of a particular UV-completion.

— It can be truncated to arbitrary desired dimension and generate a well-defined

set of operators.

— It can incorporate global symmetries we wish to impose with a relatively simple

implementation.

Nevertheless, the number of higher dimensional operators in SMEFT increases
exponentially with dimension. For practical reasons, in this study, we restrict to
higher dimensional operators up to dimension-6. Any possible further investigation
involving operators at dimension-7 or higher will depend on these results obtained at
dimension-6, and is outside the scope of this dissertation.

Classifying the general form of these operators has had a long history [125], 126].
The ‘Warsaw’ basis [127], for instance, provides a non-redundant parameterization
of the set of all dimension-six (dim-6) operators. Other operator bases, e.g.SILH
basis [128] can be related through integration-by-parts (IBP) and equations-of-
motion (EOM) redundancies [129]. A systematic classification and counting of
SMEFT operators has been recently achieved using the Hilbert series technique
[130, 131}, 132], 133, 134] up to dim-8 and beyond [I35], 136}, 123, 124].

The number of operators grows rapidly with the dimension [123]. At dim-6,

SMEFT contains 3045 operators [137, 123], assuming all of the global symmetries
11



of the Standard Model are broken. This has led to simplifications of SMEFT by
focusing on a more restricted set of operators. For instance, a subset of operators
that preserves part of the global symmetries of the SM, such as baryon number. Or
a subset of operators restricted to just one generation [138], just bosonic operators
[139, 140] and related “universal” theories [141] [142] [143)].

It is also possible that integrating out ultraviolet (UV) physics does not result
in any additional violation of global symmetries that are not already violated in the
SM. There are two distinct possibilities: 1) UV physics is invariant under the global
symmetries, or, 2) UV physics minimally violates the global symmetries. Uncovering
UV physics that is invariant under the SM global symmetries will be our main focus,
and includes a wealth of possibilities, as we will see below. This is a presumption
about the form of the UV physics, not of the EFT, similar in spirit to Universal
Theories [141], 142 [143]. Alternatively, UV physics that minimally violates the global
symmetries is presumed to have global symmetry-violating couplings proportional to
the same couplings that violate those symmetries in the SM. A well-known example
is minimal flavor violation (MFV) [144], in which the full ensemble of flavor violating
higher dimensional operators are presumed to exist but with coefficients proportional
to the flavor-violating Yukawa couplings of the SM.

The focus of Chapter IV is to uncover the “fingerprint” of custodial symmetric
UV physics in low energy precision observables. Many theories beyond the Standard
Model utilize custodial symmetry in order to avoid the strong bounds from experiment
on custodial violation, including originally technicolor [145] (for a review [146]) as well
as composite Higgs, e.g., [147, 148 [149] 150] 128| little Higgs theories [151], 152, [153]

154, [155] dark matter theories [156, 120, 157|, etc. We re-emphasize our definition

12



that UV physics is said to be “custodial symmetric” when an SU(2)g global symmetry
is preserved by all UV interactions with the Higgs sector of the SM.

In order to study the impact of custodial symmetric UV physics onto precision
observables, we need to identify the various ways in which higher dimensional
operators can violate custodial symmetry. This is not as simple as it sounds.
For example, in the SM the Yukawa couplings simultaneously break all SU(2)g
symmetries [the custodial SU(2) of the Higgs sector as well as SU(2) isospin in the
flavor sector|. By contrast, these symmetries can be separately violated by different
operators in SMEFT. This impacts the predictions of low energy observables — which
is a good thing! — since it means we have ways to fingerprint the symmetry structure
of the UV physics. In order to study the impact of UV physics with custodial
symmetry on SMEFT, we re-write all interactions with SU(2)g invariance (and
SU(2)r breaking) manifest. When this is done for all but the lepton sector, we
call this the “custodial basis” for SMEFT. When the SU(2)g symmetry is formally
extended also to lepton sector, we include right-handed neutrinos enlarging SMEFT
to YSMEFT, and then are able to construct the custodial basis for v*SMEFT.

The explicit violation of SU(2)g in the SM could easily make it difficult to
disentangle the UV preservation of custodial symmetry from the SM-induced violation

of custodial symmetry. This subject has a long history. The p parameter [I5§]
miy

— 1.3
p 2 (1.3)

was proposed as an observable that was designed to distinguish between custodial
symmetric and custodial violating UV physics. Common lore is that is sufficient to
establish custodial symmetry violation beyond the SM. For instance, in theories with
new scalars transforming under SU(2);, x U(1)y in representations other than 2,
tree-level deviations from 1 are possible, e.g. [7]. More precisely, it is well-known
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that new physics contributions that are purely oblique at leading matching order
implies p # 1 at tree-level is in one-to-one correspondence with custodial violation
of the UV physics (e.g., [159]). However, for general UV physics, there can be non-
oblique contributions to electroweak precision observables that is still nevertheless
custodial symmetric, and this leads to p # 1 at tree-level [160], 161]. If we wish to
unambiguously discern the custodial symmetric structure of UV physics imprint on
(v)SMEFT, we must account for these contributions. One of the main results of our
paper is to determine the correlated predictions of custodial symmetric physics on
a set of low energy observables. So while p by itself is insufficient to “fingerprint”
custodial symmetry in UV physics, when combined with other observables including
several Z and W partial widths, we find the correlated predictions that unambiguously
signal the UV physics that was integrated out does not violate custodial symmetry
at tree-level.

There is a critical issue we must tackle in order to identify the pattern of
correlated predictions of observables. Integrating out custodial symmetric UV physics
generates custodial symmetric operators, but not necessarily in our custodial basis of
(v)SMEFT. (Predictions for physical observables are, of course, basis-independent.)
Ordinarily one simply utilizes integration-by-parts (IBP) and equation of motion
(EOM) redundancies to rewrite the UV generated operator(s) in terms of whatever
basis one prefers, in our case, our custodial basis of (¥)SMEFT. However, the EOM
redundancy is incomplete — custodial symmetric operators can be traded for custodial
violating operators proportional to the SM violation of custodial symmetry. This is
simply because the EFT does not respect custodial symmetry, even if the integrated-
out UV physics does. This could have sunk any chance to recover correlated

predictions. Our central result is that we have identified observables that remain
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faithful to fingerprinting custodial symmetric UV physics at tree-level and do not
suffer from the EOM ambiguity. By contrast, other observables that one might
naively have assumed could have provided discriminating power about the UV physics
are ultimately subject to the EOM ambiguity. For instance, the absence of certain
custodial violating operators, such as ¥?H?, might have been a sign of custodial
symmetric UV physics, but these can be generated at tree-level proportional to the

SM violation of custodial symmetry, and so are not obviously useful discriminators.

Outline

The theme of this dissertation is the impact of custodial symmetry with regard
to beyond the Standard Model theories of dark matter and new physics in general. In
detail, Chapter II discusses effective theories of dark mesons, with a deeper perspective
on those preserving custodial symmetry; Chapter III investigates, in light of the
current LHC searches done by ATLAS and CMS, the collider phenomenology of the
dark meson theories and its signatures for a potential discovery at the LHC. The dark
sector model that is of particular interest to us is Stealth Dark Matter; Chapter IV
discusses observable fingerprints of extensions to the Standard Model Effective Theory
integrated out from custodial symmetric UV theories, with right-handed neutrinos
included.

Chapter II contains previously published material co-authored with G. D. Kribs,
A. Martin; Chapter III contains previously published material co-authored with G.
D. Kribs, A. Martin and B. Ostdiek; Chapter IV contains unpublished material co-

authored with G. D. Kribs, X. Lu and A. Martin.
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CHAPTER II
EFFECTIVE THEORIES OF DARK MESONS

In this chapter, we describe our study on the effective theories of dark mesons.
The structure of this chapter is as follows. First (Sec. , we briefly remind the reader
of the ingredients in the type of strong sector we want to consider. Next, in Sec. [lI] we
discuss custodial SU(2) of the Higgs sector, emphasizing the role of hypercharge and
the difference between up-type and down-type fermion Yukawa couplings that act as
the spurions for custodial SU(2) violation. This will greatly assist us in understanding
and classifying the dynamics of dark mesons in the set of theories we consider.
In Sec. [lIl we discuss two-flavor theories, one chiral and two vector-like scenarios.
Understanding the dynamics of these relatively simple theories provides a warmup
to theories with more flavors. Next we consider vector-like four-flavor theories, that
are the smallest field content that permit vector-like masses and Higgs interactions at
the renormalizable level. The model was first proposed in [106], 107] where baryonic
sector of these theories was extensively studied since the lightest baryon is a viable
dark matter candidate. Our main goal is to determine the dark pion interactions with
the SM, and to understand the results in terms of limits when two of the flavors are
decoupled and the theory reduces to just a two-flavor theory with higher dimensional
interactions. Finally, to emphasize the role of custodial SU(2), we discuss a vector-
like two-flavor theories where custodial symmetry is violated, and the consequences
for the dark pion decays. In Appendix [A] we review the case of a general two-Higgs
doublet model and the “gaugephobic” decays of its A°, H* states.
Defining the dark sector

Throughout this paper, we will refer to the new strong sector as the “dark”

sector. It consists of a strongly-coupled “dark gauge group” SU(Np) with its own
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“dark confinement scale”, and “dark fermions” or “dark flavors” that transform under
the dark group as well as the electroweak part of the Standard Model. Below the
dark confinement scale, the effective theory description of the composites includes
“dark baryons” and “dark mesons”; the latter breaking up into “dark vector mesons”
and “dark pions”. Despite the naming convention, we emphasize that the new states
are certainly not “dark” to collider experiments [162].

When describing the fermionic content of the dark sector (in the UV), we will
work entirely with left-handed fields, meaning (1/2, 0) under the Lorentz group.
We will distinguish between theories by the number of dark fermion flavors, where
each flavor corresponds to one (two-component) fermion in the fundamental of the
dark color group and one anti-fundamental. We will generically refer to dark color
fundamentals as F, and anti-fundamental as F. Throughout this paper, we will
assume that all dark fermions are inert under SM SU(3). while at least some of them
interact electroweakly. Other references that have pursued dark sectors transforming
under SU(3).. can be found in [35] [74], [163].

In the absence of other interactions, the symmetry of the dark sector is
SU(Npuna) X SU(Ngnt;). Turning on electroweak interactions, some of these flavor
symmetries are explicitly broken. The majority of the dark sectors we’ll study are
vector-like, which — in terms of two-component fermions — implies that if F; is a
fundamental of dark color and transforms under EW representation (G, then the theory
also includes a dark-color anti-fundamental Fj also residing in EW representation G.
This charge assignment permits mass terms of the form MUF,FJ In addition, we
can form dimension > 3 operators connecting dark fermions with the Higgs boson.
Interactions with the Higgs force us to connect flavor symmetries of the fermionic

sector with the O(4) = SU(2);, x SU(2)g global symmetry Higgs potential. If F" are
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EW doublets and F' are EW singlets, then the interactions take a form familiar from
SM Yukawas, yF F'H. For other representations of F, F', the interactions only come
about at the non-renormalizable level, e.g., F' FH'H JA.

Once we cross below the dark confining scale, the low energy effective theory
is described in terms of the composite mesons and baryons of this sector. Provided
that the vector-like dark fermion masses are < 47 f, the leading interactions of the
dark pions can be determined using non-linear sigma model language analogous to
the real pions of QCD. Confinement spontaneously breaks the chiral symmetry of the
dark fermions down to the diagonal subgroup: SU(Nyfyna) X SU(Nanti) = SU(N)y,
with the dark pion multiplets falling into representations of SU(N)y. Whether or nor
SU(N)y is gauged and how it connects with the Higgs potential symmetries depends
on the setup. In the IR, interactions between dark fermions and Higgses become
interactions between the dark pions and the Higgs. For example, the two examples
used above become tr(XHT) + h.c. and Tr(SHIH + h.c.) respectively, where ¥ is the
NLSM field.

At this point it is useful to distinguish between the dark sectors that we consider
in this paper and early proposals for dynamical electroweak symmetry breaking
(technicolor). Simply put, in the extension we consider, we assume there is a Higgs
doublet in the low energy effective theory that acquires an electroweak breaking vev
that is responsible for (most) of electroweak symmetry breaking in the Standard
Model.

Custodial SU(2)
A critical part of the classification of effective theories of dark mesons is whether

custodial SU(2) is preserved or violated by the dark sector dynamics. Custodial
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SU(2) is the residual accidental global symmetry of the Higgs multiplet after it
acquires an expectation value, O(4) = SU(2), x SU(2)g — O(3) = SU(2)c¢.

Custodial SU(2) arises automatically once the matter content and interactions
are (at least formally) promoted to become SU(2); x SU(2)g invariant. We will use
the terminology SU(2)., , SU(2)g frequently in this paper and emphasize that this
will always refer to internal symmetries of the theory and never to Lorentz symmetry.
It will become very convenient to utilize a manifestly SU(2)c symmetric formalism
for writing interactions of the dark sector with the Higgs multiplet. The basic notions
are well-known, though not necessarily exploited in the ways that we will be doing.
A manifestly custodially SU(2)¢ symmetric formalism promotes U(1)y to SU(2)g,
where only the t3 generator of SU(2)g is gauged.

To establish notation, the Higgs doublet of the Standard Model

G+
H = , (2.1)
(v+ h+iG) /2
can be re-expressed in terms of a (2,2) bifundamental scalar field under SU(2), x
SU(2)g as
1 (v+h—1iG°)/V2 GT
Hiin = E . (2.2)
—G~ (v+h+iG) /2
In principle, all custodially-symmetric interactions can be written in terms of powers

of H, and suitable SU(2);, and SU(2)g contractions. The notation becomes much

more compact when we utilize the definition

HT = EiRjREiLjLHiLiR (23)

tRYL
which matches the naive complex conjugation and transpose of the 2 x 2 matrix

definition in Eq. (2.2). In this form, the Standard Model Higgs potential becomes
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simply
V o= myTeHH + 2 (Tr ’HT’H)z : (2.4)
The absence of any explicit ¢% signals the absence of any explicit custodial symmetry
violation. When the Higgs gets a vev and SU(2), x SU(2)g breaks to the diagonal
SU(2)¢, the original (2,2) of Higgs states decomposes into a singlet (radial mode)
plus a triplet (Goldstones) of the diagonal SU(2)¢.
The full covariant derivative for the Higgs multiplet, Eq. , does not respect
SU(2)r due to gauging hypercharge, i.e., just the t3 generator is gauged. This is

straightforwardly handled by writing the covariant derivative as
DHHiLiR = aMHiLiR - igwﬁ(taLH>iLiR - ig/BM<Ht§2)iLiR (2'5>
making kinetic term of the bi-doublet H:
Tr D, H D'H . (2.6)

The explicit ¢, can be thought of as 2Y'¢%,, where the Higgs doublet Hy_;/» and
its complex conjugate Hy _ /o are embedded as the two components of an SU(2)g
doublet. In the limit ¢'Y — 0, the last term of Eq. vanishes, restoring the full
SU(2) g global symmetry. In this way, we see that ¢'Yt% acts as a spurion for custodial
SU(2) violation. One could instead promote B,t3, — Wgt5%, formally gauging the
full SU(2)g symmetry. In this case, we would need an explicit SU(2) g-breaking mass
term in order to remove the Wé’g gauge bosons and recover the Standard Model.
Moreover, as is well-known from left-right models, an additional U(1) is required
to obtain the correct hypercharge of the left-handed and right-handed quarks and

leptons (e.g., for a review, see [164]).
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Yukawa couplings are another source of custodial breaking. In terms of the usual

Higgs doublet H, the up and down Yukawa couplings are
y?jQLieHuRj + yzdeLiHTde + h.c. (2.7)

Grouping Qg; = {u,dS} together, we can rewrite the up and down quark Yukawas

in terms of H as
Ui QM PuQr; + yiQriM PaQr; + h.c. (2.8)
where P, 4 = (1 F2t3)/2 are matrices in SU(2) g space that project out the up-type

or down-type right-handed fermion. In fact, it is useful to rewrite Eq. as the
sum of a custodial symmetric Yukawa plus a custodial violating term:
L = ngL,-H]%RQRj + VEQLHEQR; + hec. (2.9)
where
yi A yj (2.10)
NZ i y?j — Yij -
There is no loss of generality from the SM, i.e., yg and yg are independent matrices.
In the special case where y;’ = yfj and thus y{f = 0, the Yukawa couplings are
custodially symmetric. Later in the paper when we write higher dimensional operators
involving the SM fermions, we will always assume a form of minimal flavor-violation
(MFV) where operators involving Qp,H(1r/2)Qr; are accompanied by yg and
operators involving Qr,Ht%Q Rrj are accompanied by yg .

Looking beyond the SM, we will use the same logic we applied to SM Yukawas
when writing down interactions between the dark fermions and the Higgs. Specifically,
in addition to grouping dark fermions into multiplets of (gauged) SU(2)w = SU(2),,
we also assign them to multiplets of SU(2)g then classify interactions in SU(2), x

SU(2)r language. Put another way, interactions among the SM Higgs multiplet
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and dark fermions break the combination of the SU(2)r Higgs potential symmetry
and the SU(Nyyna) (or SU(Ngpnyi)) flavor symmetries of the dark fermions down to
a common SU(2), which we relabel as SU(2)g. New custodial violating breaking
interactions,/spurions must be proportional to %, as that is the only choice consistent
with gauging SU(2);, and the ¢* generator [U(1)y] of SU(2)g [165]. Thus, in SU(2);, %
SU(2)r language, strong sectors that respect custodial symmetry contain no terms
with explicit %, while a generic custodial violating dark sector can have one or more
such terms!]
Effective Interactions of Dark Pions

The dark sectors of greatest interest to us in this paper preserve custodial SU(2),
so all deviations from exact custodial symmetry can be traced to ¢'Y or the differences
among SM Yukawas. Consequently, dark pions transform in representations of
SU(2), x SU(2)r. Once the Higgs gets a vacuum expectation, these pions will
break up into multiplets of custodial SU(2). The smallest, and therefore lightest,
non-trivial SU(2)¢ representation the pions can fill is the triplet. Heavier dark pions
in larger representations are possible, as are higher spin composites such spin-1 dark
rho mesons. In general, these states rapidly decay into the lightest dark pions. While
this is certainly highly relevant for phenomenology [35] [162], it the lightest dark pion
decays that are the main concern for this paper.

Dark Pion Triplet interactions in custodial preserving strong sectors.

Suppose we have an SU(2)¢ triplet of dark pions 7, that we have already motivated
as arising in a wide class of interesting class of dark sector theories, and we wish to

understand its interactions. The most phenomenologically relevant interactions to

! Additionally, dark sector theories with SU(2)r multiplets with hypercharge, as well as SU(2)r
multiplets with hypercharge not proportional to 3, require an additional U(1) x. We do not consider
such theories in this paper.
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determine are those with a single dark pion since they will govern decays. As we will
show below, single pion interactions can be understood from symmetry considerations
alone.

First, let’s consider a “toy” Standard Model that is fully SU(2), x SU(2)g
symmetric — meaning we set ¢ = 0 and yg = 0, in the presence of a dark
sector that produces a (custodially symmetric) triplet of dark pions. In this limit,
the {u® d°} quarks of the SM can be written in terms of a SU(2)r doublet as in
Eq. and the SU(2)y gauge bosons lie in a SU(2), triplet. When EWSB occurs,
SU(2), x SU(2)r — SU(2)¢, so we can reclassify all fields into SU(2)¢ multiplets
and form invariants from them. Contracting 7#* with SU(2)¢ triplets formed from

SM fields, the lowest dimension operators involving a single dark pion are:

Ve (;—W) 7 (Qut*Qr,) + €9 (:—) we (h?ﬂw“) , (2.11)
where t* are the generators of SU(2)c. (A similar expression for the first term is
also present for the leptons of the SM.) As both terms require electroweak symmetry
breaking, they must be proportional to the mass of the SM fields. Therefore, we need
another dimensionful parameter v, to balance dimensions. For the fermion terms,
we have assumed the flavor structure obeys minimal flavor violation with a (lowest
order) coefficient of yg . The factor £ parameterizes the relative strength between the
interactions of pions with fermions versus the gauge/Higgs sector. We will explore the
size and origin of v, and £ in specific theories shortly. The presence of the Higgs boson
in the second term is also easy to motivate. While W19, 7 is custodially symmetric,
by itself this is a mixing involving longitudinal W* and would indicate that we have

not properly gauge fixed. Hence, we need to add a SU(2)¢ singlet, and h is the option

with the lowest dimension in the broken phase of the SM.
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One might wonder how & could be different from unity, given what we have
described thus far. When dark pions transform in representations that are larger
than a triplet, there is a possibility of dark pion—Higgs boson mixing. For example,
dark pions in the complex representation (2,2) under SU(2);, x SU(2)r contain a
“Higgs-like” dark pion state (SU(2)¢ singlet) that can — and generically does — mix
with the SM (SU(2)¢ singlet) Higgs boson. This implies additional contributions
to the gauge/Higgs boson/dark pion interactions arise from the covariant derivative
of the dark pions. These interactions turn out to be critical to understanding the
phenomenology of models with more than two flavors of dark fermions.

Let’s now re-introduce the custodial SU(2) violation in the SM. This involves

the difference between up and down Yukawas,

as well as ¢’ # 0,
>
ed (o) Bu (W9Hx") (2.13)

With these terms, the simple lagrangian Eq. (2.11) becomes somewhat more
complicated. If we focus our attention on just one generation of quarks, and convert
from two-component fermions to four-component notation, the effective lagrangian

for dark pion decay becomes:

2 - _
Liecay = £ [7D+77Z)u(mdPR — myuPr)q + mp Ya(maPr — my,Pr),

+ % 70° (M VY51 — Ma Yaystha)

1
cos Oy

mw

¢ [(W,; WO Pap®) + (W h'dhap) + (Z, h?uwﬁ)}@

Un
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The effective theories of dark mesons that we consider below will give specific

predictions for these couplings. We find two qualitatively distinct possibilities:

¢ ~ 1 “gaugephilic”
(2.15)

¢ <« 1 “gaugephobic”

Equation (2.14), which has been argued purely from custodial symmetry and
assumptions about the most relevant connections between the dark sector and the
SM, is our first main result. The main purpose of the rest of this paper is to determine
how dark pion interactions in different dark sector theories with (or without) custodial
SU(2)¢ map into Eq. and, especially, whether they fall into the gaugephilic or
gaugephobic category.

Before jumping head first into strongly-coupled dark sectors, the interactions of a
custodial SU(2) triplet given in Eq. are perhaps most familiar from two-Higgs
doublet models. We take a brief look at this in the next section, leaving a detailed
discussion to Appendix [A]

Two-Higgs Doublet Models. As a point of reference, it is helpful to
consider the couplings of (H*, A°) in two-Higgs doublet models (2HDMs). The
couplings to the fermions are model-dependent; for illustration here let’s consider
the so-called Type I 2HDM where the fermions couple to just one Higgs doublet as
that is the 2HDM setup that most closely resembles the our dark pion theories. In

Type I 2HDM theory, one obtains [166]

1 1
— = —cotf
U v

where we have neglected the CKM mixing for the charged Higgs couplings. For the

gauge/Higgs sector,



Here, cot 3 is the usual ratio of the expectation values in two Higgs doublets. In the

decoupling limit, the coupling to gauge/Higgs boson is well-known to scale as [12]]

U2

|cos(B —a)| ~ (2.16)

m—?q .
Since the coupling of fermions does not have a similar scaling, we see that 2HDMs
are gaugephobic regardless of the Type of 2HDM.

There is an interesting story about utilizing the custodially-symmetric basis for
2HDMs. In the decoupling limit a 2HDM becomes custodially symmetric, and the
decays of its heavy states (H*, A%) to SM particles in this limit are gaugephobic.
Details are presented in Appendix [A]

Neutral Dark Pion Decay to Diphotons. Finally, it is interesting to
discuss the coupling of 7° to 7. The usual axial anomaly contribution to this decay
mode, m°F Wﬁ m | £ whose leading contribution is proportional to Tr Q*¢3 [where t2 is
the generator of the axial U(1)] is conspicuously absent from Eq. (2.14)). The reason
for this is that in a dark sector where the SU(N)y, preserved by strong interactions, is
an exact symmetry, this contribution must vanish. For example, in a two-flavor dark
sector, invariance under an exact SU(2)y would enforce the two flavors of dark fermion
masses are equal. Gauging the full SU(2)y [as in SU(2)z] or just the 3 subgroup
l[as in U(1)y]| implies the dark fermion electric charges are equal and opposite. In
this case, Tr Q?t3 vanishes, as do higher order 7%~y operators proportional to the
differences of dark fermion masses.

Nevertheless, there is a very small, residual contribution to 7% — 77, due to

the interactions with the SM in Eq. (2.14). That is, even though custodial SU(2) is
preserved by the dark sector interactions with the SM, the SM itself violates custodial
SU(2). The dark pion interactions with the SM fermion axial current generate a one-

loop suppressed 7%-v-v coupling proportional to my/(167%v,). We can calculate the
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amplitude for the rate by borrowing the standard results for A° decay in two-Higgs

doublet models [167] and suitably substituting couplings:

A = S Nch( )ffw) (2.17)

where N, is the number of colors, () is the electric charge, 74 = 4m?c /m?2, and

arcsm{% T>1
flr) = 2 (2.18)
[log 1+\/7v1: iw} T<l1.
In the limit 7 < 1,
f(r) = =(1/4)[log(4/7) — ir]*, (2.19)

and thus we see an additional suppression of the 7% decay amplitude of roughly
VTf = 2mg/my, when my, > my (neglecting the 7 dependence of the log). Hence,
while there is 7%, decay to vy due to the custodial SU(2) breaking in the SM, the
decay rate is suppressed by roughly o /(1672) x (4m7/m2 ) that is ~ 107 x m3 /m2
smaller than the direct decay to fermions. This is so small as to be phenomenologically
irrelevant.
Two-flavor theories

The simplest anomaly-free dark sector theories that we consider have two flavors
of dark fermions. We refer to the dark color fundamentals as F; and anti-fundamentals
as F transforming under SU(Np) with flavor index ¢ = 1,2. The global symmetry
of the flavors is SU(2)gna X SU(2)anti- Once we include interactions between the
dark fermions and the Higgs multiplet, we will be forced to connect the fermion
flavor symmetries to the SU(2), x SU(2)r symmetry of the Higgs potential. This
connection can be made in a few different ways, two vector-like and one chiral. In
the vector-like assignments, both F; and F; must be doublets of the same SU(2) —

either SU(2);, or SU(2)g, while in the chiral assignment, F and F transform under
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different SU (2)SEI However, in all of these cases, SU(2)funa X SU(2)ant; is broken
to the diagonal SU(2)y by strong dynamics, just as in two-flavor QCD. Also just

like QCD, the dark pions form a triplet of the diagonal SU(2)y, which ultimately

0

becomes (7,70, 77) after electroweak breaking down to just U(1)en. This is the

custodial SU(2) symmetric triplet that we discussed in the previous section.

Prior to electroweak breaking scale, all three pions 7%, 7% are stable. Once

electroweak symmetry is broken, electromagnetic corrections split the multiplets by
[168]

3In2
mie —m2, = ( 21; )ozmz (2.20)

where « is the electroweak coupling constant, and m, is the mass of the vector

resonances of the dark sector. This mass splitting allows the weak decay of 7% —

70 f'f. Whether this decay is competitive (or not) with direct decays 7= — SM will

depend on the m-SM-SM coupling strength proportional to 1/v, in the effective theory.
We now consider each of these theories in turn.

Field | (SU(Np), SU(2)1, SU(2)r)
F (N,2,1)
Ia (N,1,2)

Table 1. Two-flavor fermion content of the chiral theory.

Two-flavor chiral theory. The two-flavor chiral theory contains the matter
content in Table[1} SU(2); is embedded as SU(2)gnq while U(1)y is the ¢ generator
of SU(2)anti- Confinement breaks the global symmetry to SU(2)y, of which only the

gauged U(1)ey, survives.

2 Anomaly cancellation requires Np to be even for the chiral case.
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Identifying the flavor symmetries SU(2) fund, SU(2)anei with SU(2)r, SU(2)g
respectively, we can write a Yukawa interaction between the Higgs bi-doublet and

the dark fermions
e = yFHF + hee., (2.21)

Once the Higgs acquires a vev, this will give gives equal contributions to the masses
of the “up-type” and “down-type” dark fermions. In the absence of a fundamental
Higgs, this theory is minimal technicolor. Including the Higgs (and Yukawa coupling),
the two-flavor chiral theory dynamics “induces” electroweak symmetry breaking even
when the Higgs multiplet (mass)? is positive. This theory is better known as bosonic
technicolor [IT) 12] or strongly-coupled induced electroweak symmetry breaking [20),
21].

Now that we have established how dark fermions transform under SU(2), x
SU(2)r we can consider a more general set of interactions that arise with higher
dimensional operators. These terms can involve more Higgs fields, derivatives, SM

quarks and/or leptons. Examples at dimension-6 include:

(FE)QwQr)  (Flg"F)(HD,H)  (Flo"ty F)(Ht: D,H)
C6A Az C6B A2 » CeC A2 )

e (2.22)

where t7 are the generators of SU(2), that pick out the triplet combination of the
two doublets. We will use ¢ and the SU(2)g counterpart ¢ throughout this paper.

The translation to the NLSM involves

.QW“tG} 2.23)

FF 5 47f%%, ¥ =exp [z

The covariant derivative acts on ¥ identically to the Higgs bi-doublet, Eq. (2.5)),
leading to interactions of the dark pions with the electroweak gauge bosons. While
there is a systematic way to transmute interactions between a strong, chiral symmetry

breaking sector and external fields into interactions involving pNGBs [169, [170], we
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do not need the full machinery since we are interested in the additional (higher
dimensional) terms in the dark sector chiral lagrangian that, after expanding ¥,
involve a single power of 7®. This criteria selects out operators whose dark sector
components are i.) Lorentz invariant, as we want operators with mp, not d,7p, and
ii.) that transform non-trivially under SU(2)¢ — as discussed in Sec. [T} the dark pion
decay terms involve connecting SU(2)¢ triplets in the strong sector with SM SU(2)¢
triplets. In the chiral case, these criteria tell us to ignore operators containing F''g*F
(inert under SU(2)¢ and not a Lorentz invariant) in favor of operators containing
FE.
Performing the translation to pNGB form and focusing on the most relevant

interactions between the dark fermions and the Higgs/SM, the theory becomes

2

L = ZTr(DME)TD“E
+ 47 f3y Tr (HS + h.c.) + higher dimensional terms . (2.24)

Here ¥ contains the triplet of dark pions, and “higher dimensional” here refers to
operators such as Eq. that are non-renormalizable when written in the UV, in
terms of the underlying dark fermions. In this model the higher dimensional operators
are subdominant (and so we can ignore them for now), but as we will see in later
sections, in other models they are vital to connect the dark sector to the SM.

With the pNGB description of the theory in hand, we can now work out how
these Y interactions map into interactions among dark pions to SM fields in Eq. .
The term linear in 3 expresses the explicit chiral symmetry breaking that arises from
the Yukawa interactions. Expanding the linear term out to quadratic order in the

dark pion fields,

4r 3y Te (HET + he) D Srf2yGor® + 4x fyv non (2.25)
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we see the dark pions acquire masses m2 = 87 fyv and mixing between the would-be
Goldstones of the Higgs doublet and the triplet of dark pion fields. The Goldstone-
dark pion mixing is independent of a, as it should be given the custodially-symmetric
origin of the Yukawa couplings.

Defining the physical pions and Goldstones as

Go Ge
sy (2.26)
ﬂghys @

where the mixing angle is determined by diagonalizing the mass matrix

M., = VMVT (2.27)
with
8t f3y/v 8mf? cy —s
M2 fy/ [y T 0 G (2.28)
8nfly 8wfyv Sg ¢

and 6 = arctan(f/v) is the mixing angle. The nonzero entry for Goldstone part of
the mass matrix (G*G?) arises after minimizing the Higgs potential to include the
contributions from the dark sector (see [24] for details). Inserting the diagonalized

eigenstates back into the Lagrangian leads to a shift of the electroweak vev
v? + 2 =35 ~ (246 GeV)?. (2.29)

This leads to well-known corrections to Higgs couplings [24]. For our purposes, the

couplings of the physical pions to ff, Zh and f'f, Wh become

My,
(m physa h — h@uﬂphys)W“’qE: —, 50
M
(m physa h — ho thys) VA —UZ Sp

W;)thysf,f : \/§ (mflp - fPR> (QT;) S
mwel £ i (Bl ) (2T 50 (2:30)
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where QT?f = +1 is the isospin of the fermion. The mixing angle is

s = L (2.31)

V246

We see that custodially-symmetric two-flavor chiral theories have couplings to
fermions and gauge bosons that are parametrically comparable — My z versus my.

From the couplings we can identify

iglx(i), f-1 (2.32)

V246

so the couplings are “gaugephilic” according to Eq. . While this provides
an excellent example of “gaugephilic” dark pion interactions, there is no way to
formally separate the Goldstone/pion mixing from the dark pion mass itself — both
are proportional to the Yukawa coupling y. Consequently, there is no limit where
the mixing between the Goldstone and the dark pion can be taken small while
simultaneously holding the dark pion mass fixed.

We should emphasize that in the two-flavor chiral model we arrive at Eq.
through the mixing of the dark pions with the triplet of Goldstone bosons. This
mixing was possible only because of the Yukawa term, which is the only allowed
renormalizable coupling. Had we included the higher dimensional terms in the
chiral lagrangian, we would find that they can still be parameterized by the effective
lagrangian Eq. . In two-flavor vector-like models, which we explore next, the
dark pion—Goldstone mixing is not present, however we will still recover Eq. .

Finally, the absence of 7%-y-y coupling critically relied on the renormalizable
coupling between the dark sector and the SM, Eq. , being custodially symmetric.
If there had been an explicit custodial violation of the dark sector with Higgs

multiplet, e.g., y* F Ht%ﬁ , the pions would acquire different masses as well as different
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mixings with the Goldstones. This would re-introduce 7° — v+ and a more detailed
calculation would be needed to determine the branching fractions of 7.
Two-flavor vector-like theories. Vector-like confinement [35] popularized
the possibility that a new strong sector contains fermions in vector-like representations
so that contributions to electroweak precision corrections are negligible, and (bare)
vector-like masses for the dark fermions are allowed. There are two versions of two-
flavor vector-like theories, shown in Table [2| depending on whether the dark fermions
transform under just SU(2), or just SU(2)g. We will refer to these as the “SU(2),,

model” and “SU(2)g model”, respectively.

SU(2), model SU(2)g model
F (N 2, 1) F (N, 1,2)
F (N,2,1) F (N, 1,2)

Table 2. Two-flavor fermion content of SU(2);, and SU(2)g vector-like theories.

Vector-like theories permit dark fermion masses,
Lnass = MFFE +h.e.. (2.33)

The global SU(2)fung X SU(2)ani Symmetries are broken to SU(2)y that is identified
either with the fully gauged SU(2). or SU(2)gr (with, as usual, just U(1)y gauged).

Now we begin to add interactions between the dark fermions and the SM fields,
working in a SU(2), x SU(2)g invariant manner. Unlike the two-flavor chiral model,
in the vector-like models we cannot write a renormalizable interaction between F) F
and H. To write down interactions between the Higgs and the dark fermions, we need

to consider higher dimensional operators. Both the SU(2), and SU(2)g vector-like
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models theories allow the “singlet” contribution at dimension-5

n T
cmww + h.c. (2.34)

The (FF) part and the Tr HH are singlets that are separately invariant under their
respective global symmetries. After electroweak symmetry breaking, this operator
leads to a ~ v?/A contribution to the dark fermion masses but does not influence
their decays. This is because the first non-zero interactions arising from expanding
out Eq. must contain a singlet, i.e., at least two dark pions.

Hence, to find an operator contributing to dark pion decay we need to go beyond
dimension-5. We seek a non-singlet contraction of F' and F. In the case of the
SU(2), model, this is Ft¢ F. In the case of the SU(2)z model, invariance under the
full SU(2)g allows just F' t‘}%f? . Of course given that just U(1)y is gauged, the term
F t%F is gauge-invariant but not SU(2)g invariant. If we insist that the dark sector
preserves custodial SU(2), this combination is forbidden.

In the Standard Model, there are no dimension-3 operators of the form Qt} Q'
since, of course, the SM fermions transform under a chiral representation of the
electroweak group. By dimension-4 we can write, e.g., QLt“LHQR, which can be
combined with the F7 RF from the dark sector to obtain dimension-7 operators
including:

SU@), modd : - C(Ft‘iﬁ)(QLit“LH%RQRj)+y¢(FtaLF)(QLitaLHt§{QRj)

ij A3 7] A3 )
Fte YO 5 Fto [ 30 5
SU(2)gmodel: & = 5( i N%L; RQRJ)+3/{§( i )(ng RRQR{%%)

As we discussed in Sec. [[I} we have included the SM Yukawa couplings as coefficients

to these operators in order to maintain minimal flavor violation.
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Focusing on just one generation of SM fermions, these dimension-7 operators

become

(Ft3 F)(Qrts HYuQr)
A3 ’

(Ft%F)(QrHt%YuaQr)
A3 '

where Y4 is a 2 X 2 matrix in SU(2)g space with the form Y,y = (y, + ya)1r/2 +

SU(2)r, model : L = cq

SU(2)g model : L = 5 (2.36)

(Yu — ya)t%. After electroweak symmetry breaking, this operator mixes (F' 7 RF ) with
a triplet combination of SM fermions (ysurd$, yuuru§ — yadrds, yudpus). Passing

to the non-linear sigma model formalism, the dimension-7 operator becomes

4yt f3 .
SU(2)L model : <z = C7f7/§—}]: (TI'ELt(i> QLt%HYudQR
4t f3 u u A
SU(Q)R model : <z = C7fF (TI'ZRtR) QLHtRYudQR s (237)

where ¥ g is in terms of the SU(2). r generators, Xy p = exp[i2n°t} ./ f]. Notice
that ¥, transforms as an adjoint under the SU(2)y [that is fully gauged as SU(2).],
hence the combination TrX;t¢ expands to 7/ f to leading order in 7. Using this

expansion, we obtain the interactions:

2
Tl F 1 V2(mp Py —myPp)(2T]) x (C7f\/iﬂ;;f )

V2r f?

Towgsl £+ 1 (mp15)(2T) X (erp=—5—) (2.38)
From this we can identify
1 V27 f?
= 2.39
o T (2.39)

Notice that the interactions are otherwise identical regardless of whether the
underlying theory is SU(2)., or SU(2)g.

If we extend the effective theory to even higher dimension operators, we encounter
operators involving the triplet combination Ft7 RF with the Higgs multiplet. The

lowest dimension operator involving F'7 RF and custodially symmetric contractions
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of of powers of H occurs at dimension-9:

(Ft2 F)Tr [(D, M) (DFH )t H G His ]
A5

(Ft%,F)Tr [(D,H) 4 (DFH) oML ’Ht,]-,l
A5

SU(Q)L model : <z = CQCEabcéde

SU(2)r model : L = Coc€abeOde

Passing to the low energy effective theory, the non-linear sigma model acquires the

same kinetic and mass terms as in Eq. (2.83)) with an interaction term

4 3
SU(2), model : & = cgcz—feabcadeTr[thaL]Tr (D, H) 1 (DFH) L H T 11

4 3
SU(2)p model : & = 6901—{eabc6deTr[ERt“R]Tr (D, H) (D H) M T2

where ¥, g is as before. Expanding the interaction in unitary gauge to leading order

in ™ we obtain:

2

&L = coc gAS( + )P | gWT (740" h — hotn®) + 1) ? + ¢ Z,, (7°0"h — h@“wo)}

and thus the couplings are
7Tf2 U2

g . mf? v’
( physa h — hau’irphys) : MZ X CQCF X w (243)
Compare to the fermion couplings, we then obtain
2 2
L Cry \/_Zf ; §= (Cg—c) X (—U ) : (2.44)
ve A Cry 8v/2A2

The single dark pion interactions with the Standard Model can be precisely
characterized by the effective lagrangian Eq. . Unlike the two-flavor chiral
model, in the vector-like models there is no Goldstone/dark pion mixing connecting
the dark sector with the Standard Model. Instead, this is fully characterized by the

higher dimensional interactions that, by assumption, preserve custodial SU(2).
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Notice also that the coefficient of the 7-V-h interaction is suppressed relative
to the 7-f-f interaction by an amount & oc v?/A2. 1In this particular model, the
suppression arises because custodial symmetry demanded that operators involving
the Higgs multiplets appear at a dimension that is two powers higher than that for
SM fermions. Thus, dark pions preferentially interact with (and ultimately decay
primarily to) SM fermions — these theories are gaugephobic — in two-flavor, vector-

like, custodially-preserving dark sector theories.

Four-flavor theories

The main disadvantage to limiting ourselves to two flavors of fermions is that
we are forced to choose between either having chiral masses or vector-like masses
for fermions at the renormalizable level. With four flavors, we can engineer the
electroweak quantum numbers to permit both vector-like and chiral masses, governed
by Lagrangian parameters that are fully adjustable.

Large chiral masses with small vector-like masses will tend to cause the dark
sector to substantially break electroweak symmetry (and violate bounds from the
S parameter as well as Higgs coupling measurements). Therefore, we focus on
the opposite case — the parameter space where the dark sector fermion masses
are mostly vector-like with small chiral masses where yv/M < 1. In this way,
these theories are automatically safe from electroweak precision constraints and
Higgs coupling measurements. Yet, the presence of both vector-like and small
chiral masses in general means that the dark sector flavor symmetries are broken
to SU(2)r x SU(2)r X U(1)dark baryon- The existence of baryons stabilized by the
accidental U(1)dark baryon Was exploited by the Stealth Dark Matter model [106]. In

that theory, with N(> 4,even), the lightest baryon was shown to be a viable dark
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Field | (SU(Np), SU(2)z, SU(2)r)
Iy (N,2,1)
2 (N,2,1)
Fr (N, 1,2)
Fr (N,1,2)

Table 3. Four-flavor, custodially-symmetric dark sector fermion content.

matter candidate. In this paper, we focus solely on the mesons of the dark sector
that was of only peripheral interest in the dark matter papers.
The field content of our prototype four-flavor, custodially-symmetric theory is

given in Table 3] At dimension-3, the vector-like masses for the dark fermions are
L = My FLFy + My FrFp + h.c. . (2.45)
At dimension-4, the chiral masses for the dark fermions are
L = yuFL HEFR + yos Fy HFR + hec. . (2.46)

With fully general Mia, Msy, Y14, Yo3, and the gauging of SU(2), x U(1)y, we see
that vector-like and chiral masses arise at the renormalizable level, unlike the case of
the two-flavor theoriesf] We could also include higher dimensional operators that we
considered earlier in Sec. [[Il But like the two-flavor chiral theory, we anticipate the
renormalizable interactions with the SM Higgs sector above will dominate over the

higher dimensional ones, and so we won’t consider them further in this section.

3We have switched notation (Fy, Fy, F3, Fy) — (Fp, Fy, Fg, FR) but retained the same mass and
Yukawa coupling parameter names as Ref. [106].
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After electroweak symmetry breaking, the mass matrix for the dark fermions can

be written in a fully Higgs field-dependent way as

Ff
—if
gmass = _( FE —ZFLd FE —ZF}%)M AdL +h.C., (247)
Fg
—iFy
where
My 0 y23(—i30§+h+v) —iy23G+
. — iGO+h+v)
0 M —1Y23G Y2 (G thiv)

M = v2 2.48
y14(iG°+h+v) . T ( )
e iwyuG M3y 0

114G~ —y“‘(_if;/?hﬂ) 0 My

The field-independent mass terms break up into two 2 x 2 mass matrices — one for
the @) = +1/2 fermions and one for the () = —1/2 fermions that are identical due to
custodial symmetry. It is very convenient to rewrite y14 = y(1+¢€) and yo3 = y(1 —¢)
since, as we will see, contributions to electroweak precision observables is proportional

to (ey)?. Using this parameterization, the 2 x 2 mass matrices are

Mo y(1 —e)v/V2

M, = My, = . (2.49)
y(1+ e)v/v2 M3y
The mass matrix can be diagonalized by a biunitary transformation involving
2yv (Ae — M
tan20; = _\/_yv( ¢ )
2AM + ey?v?
V2yv (Ae + M)
tan26, = 2.50
an vz 2AM — ey?v? (2:50)

where M = (Myy + Msy)/2, A = (Msy — M5)/2, and 0, (0y) diagonalizes M, MT

(MIM,). The diagonalized fermion masses are

2(1 _ 62)’02

Mis = M:F\/A2+y 5 (2.51)
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We can use these results to rotate Eq. into the mass basis. The field-
independent parts of the mass matrix are, of course, fully diagonalized. But the
field-dependent ones are not. We need the field-dependence to determine the dark
pion / Goldstone mixing.

Passing to the non-linear sigma model, we use
291 tﬁg}
f 7

where the 7% are in the adjoint representation of SU(4)y. Decomposing 7% into

S = exp { (2.52)

multiplets of SU(2), x SU(2)g, we have
15 — (3,1)©(2,2).©(2,2)y®(1,3) @ (1,1), (2.53)

where a and b are two separate bi-doublets. After rotating into the mass eigenstates

of the dark mesons, we have

M4+ Verf K —V2K};
; Vory  —n0+ L K7 K¢
S = exp |- o tVe 4 b (2.54)
f K —\/§KX 9 — \% \/§7T§r
i —\/§K§ KY \/57@ —7) — \% |

where we use 71 2 to denote the dark pions transforming as (3,1) and (1,3), K4 5 to
denote the “dark kaons” that are in (2, 2) representations, and 7 to denote the “dark
eta” singlet.

The lowest dimension terms in the NLSM lagrangian are:

2
v - fZTr( DS(DPS)1) + dmep fATr (LMRIST + he) . (2.55)

where cp is an O(1) coefficient from the strong dynamics. As we discussed in Sec. [[]
these terms are sufficient to capture the leading interactions of the dark pions, and

in particular, will allow us to characterize the single dark pion interactions with the

SM that lead to dark pion decay. The mixing matrices are formed from the angles
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Eq. (250

cos 0, 0 —sin 6, 0
0 cos 0, 0 —sin 64
L =
sin 64 0 cos 6, 0
0 sin 6, 0 cos 6,
cos 6o 0 —sin 6y 0
0 cos 0, 0 — sin 69
R =
sin 6, 0 cos 6y 0
0 sin 6, 0 cos 6y

In the field-independent limit,

LMRI = ,

and so the dark pion masses are

My, = 47rch(2ml)
mg = 4mepf(my + ma)
My, = 4dmwepf(2ms).

Finally, the covariant derivative for ¥ involves the weak currents
DS = 0,8 —igWs (o +Ja) S —ig' By (jy +57) B
where it is convenient to express the vector and axial currents explicitly
YA = L +RIHOR (a=1...3)

o= L ERIPR.
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Expanding the covariant derivatives to extract only the non-derivative contributions
— the mass terms for W# and Z* — we find the contributions of the dark sector to

electroweak symmetry breaking for two flavors:

2,2 12
Ry = 02(1+6]?\J45 +) (2.65)

Here we have written the leading result in a small € expansion. Obviously the
correction from the dark sector, €*y®f?/M?, should be small to avoid constraints
from the electroweak precision observables as well as Higgs coupling measurements.
In particular, the dark sector’s contribution to the S parameter can be estimated

[106] utilizing QCD and large Np,

1 eyf 2N NpNp reyN2 (| ’

Since M < 4xf for the NLSM effective theory to be valid, in general we need |ey|
small to ensure the dark sector condensate is aligned nearly (but not completely) in
an electroweak preserving direction.

While Eq. is reminiscent of Eq. in the two-flavor chiral case, there
are some crucial differences. In Eq. , we could not take f — the EWSB
contribution from the strong sector — to be arbitrarily small without making the
dark pions dangerously light. As a result, there is a minimum f that we can
take, and therefore a minimum deviation in Higgs coupling and precision electroweak
observables, see Ref. [24]. In the four flavor case, we have more freedom. The fact that
the fermions are vector-like means we can take f (more correctly yf) as small as we
like without worrying about m,,. This allows us to explore a parameter space where
the renormalizable coupling between the Higgs and the dark sector has negligible role

on EWSB yet still acts as a portal for the dark pions to decay through.
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Mixing with the Higgs and Goldstones. We have chosen a basis for our
dark pions such that they do not acquire an expectation value. This is evident by
expanding the linear term, Eq. , where one finds no terms linear in the dark
pion fields, i.e., contributions of the form .# C (constant)r are absent.

There are, however, dark pion mixing terms with both the Higgs field A and
(prior to gauge-fixing) the Higgs Goldstone fields G*, G°. Disentangling the mixing
among the Higgs and dark pion fields is somewhat involved, and in full generality
would need to be done numerically. In the following, we have calculated the mixing
to leading order in ey, where we can obtain analytic expressions. Since we know
ey must in general be small to ensure electroweak symmetry breaking occurs mostly
from the fundamental Higgs field, this is a good choice of an expansion parameter.

One unique combination of the dark pion fields mixes with the Higgs boson h,
Arep fPTr (LMRIST + hee) € 4V2rmepeyf*hIm(KG + K%).  (2.67)

This will turn out to be critical to understand the effective couplings of the lightest
dark pions to the SM gauge sector.
The dark pions also mix with the Higgs Goldstones,

Amep 2 Tr (,CMRTZT + h.c.) C

8mep frey

A {(G (8 (2mum = 2mamy) + (M + ma) (KL — K7)) + h.c.)

+G (5 (2mam) — 2mam)) + ¢ (my + mo)Re(Ky — K3)) } , (2.68)

where
2
Sm = sinf, = V2yy (2.69)
2(yv)? 4+ 4A2
2A
Cm = cosb, = (2.70)

2(yv)2 + 4A2°

43



are mixing angles among combinations of the dark pions. The dark pion / Goldstone

mass mixing can be perturbatively diagonalized to leading order in ey,

Goge = G0+ % (sm(7° = 73°) + cm Re(K 4 — Kp[d.71)
+,0 +,0 ey f ,
ﬂ-l,phys = m + WSmGi 0 (272)
Tyys = Mo — %smai’o (2.73)
+,0 +,0 , :
Re (KA,phys — KB,phys) _ Re (Kjl[ - KJ:; 0) ey f +.0
= + cmG™ (2.74)
V2 V2 M
Re (K yongs + Kpons)  Re (K7 + K37
= . (2.75)
V2 V2
In addition, diagonalizing the Higgs boson / dark pion mixing one obtains
eyfmg Im(KY + K9)
honys = h— 2.76
phy! M m}% —_ m%( ( )
eyfmg h
Im (K9 Jpys + KB pnys) = Im (K% + K3) + (2.77)

M mi—mi
where my is given by Eq. .

Dark Pion Couplings to the SM. We now calculate the couplings of dark
pions to the gauge sector of the Standard Model. These couplings arise when the
interaction eigenstates (G, m, K) are rotated into the physical states (Gphys, Tphys,
Kohys). Gauge-fixing in unitary gauge removes all terms involving Gphys, leaving just
the interactions with the “physical” (mass eigenstate) dark pions.

It is clear from Eqgs. that a non-zero Yukawa coupling necessarily splits
the fermion masses, and thus there is always some (possibly small) mass hierarchy
between 71, K, and m, (and n), see Egs. (2.59)-(2.61). While it is straightforward to
calculate the couplings of all of the dark pions to the Standard Model, here we focus
only on the lightest pions. For instance, strong decays of Theavy, K — Tijght + X are
expected to be rapid so long as the dark pion mass differences are large enough that

phase space does not severely limit their rates.
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The two-pion interactions with the SM gauge sector take the form

I +cm
OuTonys — TobysOuToys) 1 = G e . (2.78)

phys phys phys 9

WHT (

T phys
Several limits are interesting. First, for A > 0 and A > yv, then ¢, >~ 1, and so the
coupling of the dark pions to the gauge bosons becomes ~ g — exactly the coupling
expected for three SU(2) -triplets to interact via the SU(2) anti-symmetric tensor
contraction. This is not surprising — in this limit the lightest pions are a nearly exactly
an SU(2)y, triplet with only (yv)/A-suppressed mixings into the other dark pions.

Next consider A < 0, while still |A| > yv. Now ¢, ~ —1, and the coupling of
the dark pions to the gauge bosons becomes ~ 0. This is again unsurprising — in this
limit the lightest pions are a nearly exact SU(2)g triplet that does not couple with
SU(2)L, gauge bosons.

Finally, when A < yv (and thus ¢, ~ 0) the splittings among the dark pions
are dominated by electroweak symmetry breaking contributions. In this case, the
would-be SU(2), triplet and SU(2)g triplets are fully mixed, and each share an
approximately ¢g/2 coupling to SU(2), gauge bosons.

Single pion interactions with one gauge boson and one Higgs boson are the most

interesting (and most relevant for pion decay). We obtain:

M, 47 f2 m2
(7 physa h — h‘aﬂﬂ-phys)wuﬂ:: malll (\/_cDeysm ) X (2—’12)

v m2 m2 —m?
Mz 4 2 m2
Ouh — ho ZH m X [ —"
( phys thys) v (\/—CDEyS K ) (m%{ — mi
7 my 4 f2
mawel £ V2 (ML P TRy (21 x (ﬁpym—f)
v m2.
’/Tphysff : ? (775) (2T3) \/_CDEySm (279)
mi
From these expressions, we can identify
1 1 A 2 m2
— ==X (ﬁCDﬁySmTr—{> ; §= 2—}12 (2.80)
Ur ¥ Mk My —m,
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This is the main result for the four-flavor theory. We find that the pion interactions
with the gauge bosons and Higgs boson are suppressed relative to the fermion
couplings by a factor m?/(m?% — m?) that becomes roughly m? /m3 for larger dark
kaon masses. This relative suppression in gauge/Higgs boson couplings to the fermion
couplings is exactly what happened in the two-flavor, custodially-symmetric model.

The four-flavor model is, essentially, one ultraviolet completion of the two-flavor
theory with higher-dimensional operators that are both custodially symmetric and
minimal flavor violating. The dimension-7 operators that lead to interactions with
the fermions are matched at A® = 47 fm?%; the dimension-9 operator that leads to
the interactions with the gauge bosons and Higgs boson is matched at A® = 47 f3m?;
with the coefficient coc < A, the quartic coupling of the Higgs sector.

Dark Sector Custodial Violation

We have focused on dark sectors that preserve custodial SU(2). In practice this
means that renormalizable and higher dimensional operators involving dark fermions
do mnot involve explicit ¢ — this only appears from the custodially violating SM
spurions proportional to ¢'Y or y{f ).

Naturally, it is interesting to consider what happens when explicit ¢% is
introduced. In the SU(2)r model, this is possible already at the renormalizable
level. One can include M'F t?j%ﬁ’ in addition to MFF. This is equivalent to simply
writing different dark fermion masses for the Y = +1/2 and Y = —1/2 states under
U(1)y.

In the SU(2);, model, gauge invariance forbids a dimension-3 term violating

custodial SU(2). At dimension-5 there is an interaction:

F. 2 FT, tt1a 3
7 = o 2>;HtLHtR (2.81)
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that violates custodial SU(2). With two Higgs bifundamentals, the group contractions

(22,2r) ® (22,2r) = (1,1r) ® (31,3r) (2.82)

where the surviving combinations are precisely those in Egs. (2.34),(2.81). (The
would-be (3;,1z) or (11,3g) involves Tr 't} H that simply vanishes.) The only
way we can write a gauge-invariant term of the form Eq. is to use t% of SU(2)g,
and hence is custodially violating.

The low energy effective theory including higher dimensional operators up to

O(v*/A) can again be described by a non-linear sigma model,

2

2
g = fZTr (DX)IDFS + Anf? (M + C5MUX) Tr (2 + h.c.)

4 3
+ Csv lf TI(ELt%)TT (HH%?‘U% + hC) (283)
Expanding the non-linear sigma model up to O(7?), we obtain
1 A7 f?
< = TrD,n*Dir® — gmfﬂrawa — Csv ™/ Hizt9 H (2.84)

where m2 = 4xf(M + O(v?/A)), and we have written the single pion — Higgs
interaction in the more familiar form using Higgs doublet notation. This Lagrangian
is precisely that of a “crappy triplet model’ﬂ7 e.g. [I71]. That is, the two-flavor SU(2),
dark sector with a dimension-5 custodially-violating interaction with the SM Higgs
sector provides an ultraviolet completion of the SM extended to include a real triplet.
Higher order terms in the chiral Lagrangian lead to the usual pion self-interactions
as well as interactions of multiple pions with Higgs fields.

In this theory, we see that the dark pion interactions with the SM arise at a

comparatively low dimension operator, Eq. (2.81). The explicit custodial violation

4“Crappy” in the sense that the linear term for 7@ causes it to acquire a custodially-violating vev.
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causes the dark pions to acquire a “triplet” vev

2
v
vr = <7Ta> ~ C5V‘/J\C—M . (285)

Obviously this is highly constrained by electroweak precision data. Nevertheless,
following Ref. [I71] one can proceed as usual, shift to the new vacuum, and extract
the effective interactions from Eq. . The result is that there is a neutral singlet
that mixes with the Higgs boson and a charged scalar that mixes with the charged

Higgs Goldstones. Diagonalizing these interactions leads to

G cosd sind G*
phvs | (2.86)
Tohys —sind cosd m*

where sind ~ vp//v? + vZ. The interactions of the charged dark pions are obtained

by replacing G+ with 7

phys: Just like in the two-flavor chiral model, this leads to

gaugephilic branching ratios. However, unlike the two-flavor chiral model, there is no

neutral dark pion / neutral Goldstone mixing.

48



CHAPTER III
LHC PHENOMENOLOGY OF DARK MESONS

In Chapter II we discussed dark sectors whose (ultraviolet) strongly-coupled
sector preserves a SU(2) dark flavor symmetry. These theories are mapped into
a low energy effective theory that provides the leading interactions of the dark
mesons with the Standard Model. In this chapter we further investigate the collider
phenomenology of dark mesons. The structure of this chapter is as follows. In Sec. [[T]|
we introduce our phenomenological dark meson model and its relevant parameters.
This model description is broken up into three parts: the strong sector, kinetic mixing,
and 7p decay. Using this setup, we explore the constraints on dark meson parameter
space. Sec. is devoted to constraints from single pp production, while we explore
constraints from 7p pair production in Sec. [Tl We step through the details of the
searches that provide constraints and provide insight into why other searches fail to.
Finally, we present our conclusions in Sec. [V]
Phenomenological Description of Dark Mesons

The dark meson interactions will be described below using a phenomenological
lagrangian. The core philosophy was formulated in “vector-like confinement” [35] [37],
and our discussion of resonant production of dark pions through a dark rho parallels
theirs. The key distinction between our formulation and vector-like confinement is
the presence of Higgs interactions among the dark fermions which breaks enough of
the dark flavor symmetries to allow dark pions to decay. In the language of vector-
like confinement, all species symmetries are broken by Higgs interactions in the dark

sector (either Yukawa couplings or higher-dimensional interactions).
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Dark Mesons in SU(2) Triplet Representations. The lagrangian can be

written as
L = Estrong + Ekinetic mixing + »Cdecay . (31)

The first contribution contains the meson sector of the theory as it arises from the

strongly-coupled dark sector:
2

Lsrong = — ZPDZVPDWW - QpD pDZPDa“ (32)
1 1

+ 5 (D;ﬂrD“)T (DFrp®) — §m3rD7TD“7TD“ (3.3)

— Ypprprp fabchZﬂ-DbDuﬂ-Dcu (34)

It contains the kinetic terms of the vector (pp) and pseudoscalar (7p) mesons, mass
terms, and the interactions among these mesons. As we indicated in the introduction,
the mesons fill out representations of the SU(2) dark flavor symmetry, and the meson
self-interactions respect the SU(2) dark flavor symmetry. Throughout all of these
expressions, we have assumed that the dark sector contains (at least) one set of dark
pions and (at least) one set of dark vector mesons in the triplet representation of the
SU(2) dark flavor symmetry. Hence the a = 1,2,3 index attached to 7%, and p‘b.ﬂ
We will only consider the phenomenological consequences of the lightest triplet dark
vector meson (p%) and the lightest triplet dark pion (7%).

The coupling between the pp and 7p is show in Eq. . This is the analogue
of gprr in QCD. In the SU(2)r model, the full set of SU(2)p-symmetric interactions
are present, though in practice only the p% /7, interaction is phenomenologically
relevant since only p% talks to SM fermions via kinetic mixing (see Sec. . The

NDA estimate of the coupling strength is given by
47

gPDWDWD ~ \/—
Np

We use p?, and p% interchangeably.

(3.5)
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Kinetic Mixing of pp with SM. The second term of Eq. (3.1)) contains

the kinetic mixing of the dark rhos and the electroweak gauge bosons:

Lrinetio mixing = _g pot, FoH = —?pDZDVWW SU(2) model 36)
—5pp,, B SU(2)r model
This provides the main “portal” from the Standard Model into the dark sector. There
are two cases we detail below: F** identified with W (the SU(2), model), and
F identified with 6*°B*” (the SU(2)z model).

In each of the models defined by Eq. , all or part of the SU(2) dark flavor
symmetry is gauged. In SU(2), model, the triplet of global SU(2) is identified as a
triplet of the gauged electroweak SU(2); group. In the SU(2)g model, the triplet
of global SU(2) is identified as a triplet of the would-be gauged electroweak SU(2)g
group, had the entire SU(2)r been gauged. Of course the entire SU(2)p is not gauged
— just the U(1) g subgroup. After electroweak symmetry breaking, SU(2), xU(1)g —
U(1)em, the triplet of vector and pseudoscalar mesons of the SU(2), and SU(2)g
models have the same electric charges, @ = (+1,0,—1).

In both models, we use naive dimensional analysis (NDA) to estimate the size of

the kinetic mixing:

g, SU(2), model
- (3.7)

€ ~ e SU(2)g model ,

strictly valid for a large number of colors Np of the confining dark gauge group.

Diagonalizing the kinetic terms leads to a field redefinition of

Wi — Wt —epp,  SU(2)r model (3.5

B, — B, —¢€pp,  SU(2)g model,
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at leading order in e. This leads to a pp interaction with the SM fermions with a
coupling strength proportional to ¢* or ¢,
Lo - €qgfi 6“_15% ppl fi SU(2)r model (39)
€Yrg' fo* pp) f SU(2)r model,
where f;; are left-handed SM fermions in the SU(2); model, while f are any SM
fermions with hypercharge Y in the SU(2)z model.

The difference between the two models is mainly in the kinetic mixing. In the
SU(2);, model, the entire triplet of p§, mixes with the triplet of W* bosons. In
the SU(2)r model, only the neutral component of the triplet, p%, mixes with the
hypercharge gauge boson. Additionally, the kinetic mixing ¢ has one power of the
gauge coupling: ¢ in the SU(2);, model; ¢’ in the SU(2)r model. Here we emphasize
that while the difference between ¢/¢’ ~ 2 may seem small or trivial, pp — p
production is proportional to 3¢ in the SU(2);, model (compared with ¢’* in the

SU(2)r model), and so this leads to a significant difference in the production rates

of pp’s in the two models.

Neglecting mass differences among states within the triplets, the strong sector is

thus described by three parameters:

Mzp

Marpys Mpp, Np or equivalently Mry, = , Np. (3.10)

PD

As our canonical example that we use throughout this paper, we have taken Np =4
in the bulk of our results below. This choice was motivated by the Stealth Dark
Matter model [106]; the phenomenology is broadly similar so long as the number of
colors is not excessive. We quantify this in detail below.

Additionally, we will often replace one of the dark meson mass parameters for
the ratio n = my, /m,,. This ratio is important because it governs how the pp can
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Figure 1. The left panel shows the production cross section at /s = 13 TeV for the
dark vector mesons. The blue and orange lines depict whether the vector mesons
are SU(2)r or SU(2)g symmetric and kinetically mix with the appropriate standard
model gauge bosons. The middle and right panels show the subsequent branching
ratio for the pp depending on whether or not it can decay to the mp. The red lines
denote decays to quark anti-quark pairs, and the dashed line indicates the top quark.
The purple lines show leptonic decays.

decay. Specifically, if n < 0.5, pp can decay to a pair of dark pions, while if n > 0.5
the dark rhos must decay directly back to SM particles. As we will see, the latter case
is strongly constrained by limits from Z’, W' searches. From now on, we will label
our dark meson models by the type of kinetic mixing and the ratio of dark meson

masses, i.e.,

SU(2)7 e =g\/Np/(47), € =0
SU@L: =0, ¢ = g+/No/(dr)

Having specified Np, the production cross section for pp is completely
determined for both models as shown in the left-side plot in Fig. Figure (1] also
shows the pp branching ratios for two different 7 values: as expected, if n < 0.5
(middle panel) then the interaction strength and form of the ppmpmp interaction
make pp — 7pmp. On the other hand, if the 7p are too heavy (n > 0.5, right
plot), the pp decay back through kinetic mixing and the branching ratios are simply

determined by the SM color factors.
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In focusing on the two models, we are ignoring scenarios where the SU(2); x
U(1)y properties of the pp [and 7p]| are not well defined. Generally, large mixing can
only happen in scenarios where the strong sector plays a large role in electroweak
breaking and therefore faces constraints from Higgs coupling measurements and
precision electroweak tests. In terms of pp phenomenology, having well defined
SU(2)r, x U(1)y properties means that the pp — Vrp (V = SM electroweak boson)
decay modes are always small.

We would be remiss to not point out that the SU(2)g model invovling a dark
U(1) vector boson mixing between the hypercharge is ubiquitious in the literature of
simple dark sectors as “dark photons” (e.g., for a review [I72]). While most of this
literature focuses on (much) lighter dark photons, for simple dark photon models with
a dark photon mass at or above the electroweak scale, we can map this toy model onto
a special case of our strongly-coupled dark sector. The mapping utilizes the SU(2)g
model with: 1 > 0.5 (so that the dark vector boson can decay only into SM states),
mswm/vx small (so that single production of dark pions is negligible), and the number
of dark colors Np chosen to obtain a kinetic mixing ¢’. Even with these parameter
choices, our strongly-coupled dark sector obviously has differences from the simple
toy models. One is that the kinetic mixing is at most one-loop suppressed. Another
is that there is relationship between the smallness of the kinetic mixing, the number
of dark colors, and the relative size of self-interactions of the dark mesons. While it
would be interesting to map out this space more fully, this is beyond the scope of this
paper.

Dark Pion Decay to SM. Finally, dark pion decay. This is the main
subject of our companion paper [120]. There we show that strongly-coupled models

with custodially-symmetric Higgs interactions among the dark fermions leads to a
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low energy effective theory in which dark pions interact with the SM through:

V2 _ =
Laccay = — |:7TD+¢u(mdPR — myPp)vg + mp Ya(maPr — muPr)iy

+ é 70" (M Va5t — Ma Yavsiba)

1
cos Oy

mw

¢ {(W; WOty + (W B9 ) + (2, h?ﬂw@.}n)

where 1, 4 are SM fermions. There are several important features of this Lagrangian.

Un

First, while we have used the language that the decay interactions ‘break the flavor
symmetry’, this is slightly sloppy. Stated more correctly, we have married the SU(2)y
symmetry of the dark pions to part of the O(4) symmetry group of the Higgs potential.
Both the dark pions and the SM fields transform under the shared symmetry, so we
can write down single pion interactions of the form 7¢O where O is some triplet of
SM fields.

The overall scale of the operators is set by 1/v, for the fermions and &/v, for
the gauge/Higgs bosons. The fact that the interactions do not further distinguish
the fermions (i.e., one overall coupling for the first four terms) nor the gauge/Higgs
interactions (one coupling for the last three terms) is due to the the dark sector’s
preservation of custodial symmetry. However, since custodial SU(2) is broken in the
SM by differences of Yukawa couplings as well as hypercharge, there is a residual
differentiation of the interactions by m, — my as well as ¢’ # 0.

This form is convenient, since coupling 7p to the SM fields requires breaking
electroweak symmetry and hence the coupling strengths must be proportional to the
mass of a SM field. The primary role of the 1/v, parameter is to set the total width
of the mp. In this paper our main focus is on scenarios where the 7 decay promptly.
This sets a lower bound on mgy/v,, where mgy is the mass of the mass of the SM

particle(s) in the dominant 7p decay. Scenarios where 7p is displaced or long-lived

95



are also interesting to study. The main search methodologies are well-known from
other displaced/long-lived searches (for a review, see e.g. [I73]).

The remaining model-dependent parameter is the relative strength of the
coupling to fermions versus the gauge/Higgs sector that we have parameterized by &.

We will consider two possibilities for ¢:

E =1 “gaugephilic”
02 (3.12)
< 1 “gaugephobic”

_052
™D

The scaling of the gaugephobic parameter with the electroweak scale and the dark
pion mass scale deserves some discussion. The origin of this scaling is found from
an analysis of the strongly-coupled effective theories that we have discussed in detail
in Ref. [120]. In essence, there are higher dimensional operators involving additional
Higgs fields, suppressed by at least the scale of the dark pions, that can regenerate
couplings to the gauge/Higgs sector even if they don’t exist at leading order. As
we show in Ref. [120], the Stealth Dark Matter model is gaugephobic with & =
mj,[(mf, —m;) ~ mj, /m%  where Kp is a another dark pion that is at least slightly
heavier than wp. Since the dark kaon scales with the parameters of the ultraviolet
theory in exactly the same way as the dark pion, in our phenomenological study we
take ¢ = A, and do not distinguish between the dark pion and kaon masses.

In the limit that the dark pion mass scale is taken large, & — 0, and the dark
pions can only decay back to fermions. However, when the dark pions are near to
the electroweak scale, ¢ can be “smallish” but, importantly, nonzero. This implies
7p — ff' dominate so long as there is no small coupling. For the specific case of 79,
in the mass range my, +my < Mmao < 2my, the decay 7%, — Z + h dominates despite
being gaugephobic. This is because the Zh mode is longitudinally enhanced, while
the competing fermionic mode 7% — bb is suppressed by the small Yukawa coupling
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Figure 2. Branching ratios of the charged pions

yy. For all other ranges of dark pion masses (both charged and neutral), 7p — ff’
dominates. By contrast, in the gaugephilic case 1p — W + h, Z 4+ h dominate once
they are kinematically open.

While the two choices in Eq. may seem arbitrary at first, a large class of
strongly-coupled models can be mapped into this categorization (see Ref. [120] for
more details). Specifically, the Stealth Dark Matter model [106], 107, 117] and others
similar to it are gaugephobic. By contrast, models of bosonic technicolor / induced
symmetry breaking [24], as well as the triplet state in Georgi-Machacek models [174]
have gaugephilic interactions.

In our taxonomy, the gaugephilic case only occurs for the SU(2);, model. This
is not immediately obvious from our discussion thus far. Essentially the gauge/Higgs
interactions on the last line of Eq. is permitted with order one ¢ when 7¢,

is in the same representation as W2, i.e., an SU(2), triplet. The reader may then

j2 Y
immediately wonder why the SU(2)g case does not have £ = 0. At leading order it
does, but at higher orders one finds gauge/Higgs interactions are generated albeit with

a suppression typically of order m} / mfrD. This is parametrically the suppression we
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Figure 3. Branching ratios of the neutral pions

find in the Stealth Dark Matter model [120], and is similar to what we find in generic
2-flavor custodially-symmetric models. More details can be found in Ref. [120].

Any given model may or may not permit arbitrary choices for v, and &; for
instance, induced electroweak symmetry breaking requires v, fixed (up to order one
coefficients) and ¢ = 1 due to the requirements of proper electroweak symmetry
breaking. However, as we detail in [120)], there are models that span a wide range of
(vr, £ S 1).

Given &, the branching fractions of the mp are fully specified as a function of the
pion mass. As 7p decay couplings are proportional to mass, they decay to the heaviest
kinematically available SM particles. The branching ratios for the gaugephilic and

gaugephobic scenarios are compared side by side in Fig (charged 7p) and [3| (neutral
™ D) E|

2We have omitted the anomaly-induced decay 7p° — vy from Fig. |3| In models with a SU(2)
flavor symmetry that becomes custodial SU(2) after Higgs interactions, the dark sector is anomaly-
free. The decay mode does reappear due to SM interactions violating custodial SU(2), but is highly
suppressed so as to be phenomenologically irrelevant [120].
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For the charged mp, the branching ratios in the two cases are similar at small
masses. However, the unsuppressed gauge/Higgs couplings in the gaugephilic scenario
imply 7p — W™ h quickly dominates once it is kinematically allowed (due to the
kinematic enhancement of decays to longitudinal W), while the 7p — tb mode always
dominates at heavy mass for the gaugephobic case. There is a similar pattern in
the branching ratio of the neutral pions. Again, when the pion is light, the decay
modes between the two categories are similar and are dominated by the bb mode.
This similarity persists after mp passes the Zh threshold. However, as 7p is further
increased past the ¢t threshold we can spot the difference, as the 7p — ¢t branching
ratio dominates at large mp masses in the gaugephobic case but stays subdominant
to Zh in the gaugephilic case.

Constraints from single production

Having established the dark meson phenomenological Lagrangian and fleshed
out the relevant parameters, we now move on to LHC production, sensitivities, and
constraints.

The phenomenology of the dark meson sector that we pursue in this paper clearly
bifurcates at n = 0.5 as evident from the branching fractions of the dark pions in
Fig. For n > 0.5, the pp is kinematically forbidden to decay to a pair of on-
shell dark pions, and thus decays to SM fermions dominatef| The decays into SM
fermions are determined solely by the gauge and color charges of the fermions, so the
pp phenomenology is essentially independent of the details of how the pions interact
with the SM.

When n < 0.5, pp — mpmp is open, and generally dominates so long as the

number of dark colors, Np, is not large (we’ll be more precise below). In this case,

3Fig. |1] includes three-body decays though an off-shell dark pion, but the rates for these decay
modes are always small compared to what is shown in the figure.
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the most promising way to search for dark mesons is dark pion pair production. The
largest contribution to dark pion pair production is resonant production pp — pp —
mp7p through the dark rho, so long as it is not very heavy. Dark pions can also be
pair-produced through Drell-Yan production, though this tends to give a smaller cross
section due to the W or Z exchange being off-shell. We find that resonant production
through pp dominates for n 2 0.2 for Np = 4.

The final states populated by dark pion pairs depends on how the dark pions
decay, which in turn depends on whether we are in a gaugephilic or gaugephobic
scenario. We have chosen 9 benchmarks spanning the phenomenology possibilities
that we believe give a solid idea of the differing phenomenology, shown in Table []
We provide the FeynRules [175] model files and corresponding UFO files on |GitHub/[]

We used MadGraph5_aMC@ONLO [I76] to simulate the events. When studying
constraints directly on the pp, we simulated pp — pp and then allowed for any decay
mode. For the constraints on mp, we simulated pp — mpmp which then had resonant
and Drell-Yan production. In all cases, showering and hadronization was performed
by Pythia 8 [I77] and Delphes 3 [I78] was used for fast detector simulation. We
used the default detector card because we recast both ATLAS and CMS results.
Within Delphes, jets were calculated with FastJet [179] using the anti-k; algorithm
[180]

For each of the benchmark scenarios in Table [4], the mass of the mp was scanned
with variable spacing in order to capture the different decay mode transitions. We
take the lower limit of dark pion mass to be 100 GeV, coming from the bound on
BSM charged particles from LEP II. At each mass point, 500k events were produced

for pair production of dark pions (all allowable modes). This was done for both

“4https://github.com /bostdiek /HeavyDarkMesons
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Model |7 =my,/m,, 13

SU(2)% 0.55

SU((2)P 0.45 gaugephilic (£ = 1)
SU(2)2 0.25

SU(2)% 0.55

SU(2)P 0.45 gaugephobic (§ = mj/m2 )
SU(2)% 0.25

SU(2)% 0.55

SU(2)% 0.45 gaugephobic (£ = mj,/m?2 )
SU2)% 0.25

Table 4. Benchmark models and parameters used in our study. Note that the
gaugephilic case only occurs for the SU(2); model, as discussed in Sec. in the
text.

Vs =8 TeV and /s = 13 TeV collisions. The 7p are decayed in the narrow width
approximation using Pythia.

There is no dedicated search for dark mesons at the LHC. We therefore estimate
the existing bounds by recasting a vast set of potentially constraining searches using
Monte Carlo methods. We will present our results first, followed by a more detailed
description of our recasting methods and a summary of why several searches which
look promising at first glance fail to set strong bounds.

pp constraints. We first consider pp production and decay. The pp dark
vector mesons kinetically mix with electroweak gauge bosons, shown in Eq. ,
giving direct couplings to SM fermions, shown in Eq. (3.9). In both the SU(2),, and
SU(2)r models, there is a neutral p%, better known as a new Z’ gauge boson. Via
kinetic mixing, this p% acquires a coupling to leptons.

The strongest constraints on generic Z’' gauge bosons (with masses near or above

the electroweak scale) is from the absence of resonances in the the ¢*¢~ invariant
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mass spectrum [I81) [182]. Using the ATLAS 13 TeV search with 36.1 fb~! of
integrated luminosity [I81], we have recast the dilepton searches for the combined
electron and muon channels into a limit on pp cross section times branching fraction
to leptons. This is accomplished by simulating the production of pp and decaying
them according to the branching ratios shown in Fig [I] After passing through a
parton shower, hadronization, and detector simulation, we select events which contain
same-flavor opposite-sign leptons within the ATLAS selection criteria. The combined
efficiency (branching ratio times the detector efficiencies) multiplied by the cross
section can then be compared against the exclusion limits provided by the ATLAS
HEPData [183].

In Fig. 4] we illustrate the bounds that we have obtained by determining the
largest coupling of the p% to the SM for any choice of m,, within the range of interest
in this paper. The coupling is completely determined by the model-independent
quantity €2 x BR(p} — (*(7), that is shown as a black line in both panels of Fig. 4|
Also superimposed on the panels are the predicted sizes of €2 x BR(p% — £7(7) for a
given m,, /m,, and number of dark colors Np in the SU(2); model. It is important
to note that € is the kinetic mixing parameter and not the detector efficiency. (Similar
but weaker constraints are found in the SU(2) g model.) The right panel clearly shows
that the neutral dark vector meson is strongly constrained by the dilepton data when
My, /My, > 0.5.

The dependence on the number of dark colors is nontrivial:

0 ) 0 Np n > 0.5
olpp = p) = £T07) x € x BR(p), = (107) o (3.13)
N3, n<0.5.
In the case n > 0.5, the one power of Np comes from €2 while in the branching fraction

the Np dependence cancels. Contrast this with the case n < 0.5, where the branching
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Figure 4. Constraints on the kinetic mixing between the the SM and p% (times the
leptonic branching fraction of p%) from the non-observation of a dilepton resonance
near my,,. The black line is the model-independent limit. To illustrate the impact of
this bound on the model space, we have superimposed the predicted €2 x BR(p} —
¢T¢7) for the SU(2);, model, varying the number of colors between 2 to 16. On the
right, the 2-body decay p}, — w7, is kinematically forbidden, leading to strong
constraints: m,, > 1.5-2.5 TeV. On the left, the 2-body decay p}, — 7,7, is open,
and we see that when Np < 4, there is no constraint from resonant p% production
and decay to dileptons.

fraction BR(p%, — (707 )|y<05 = T(p), — €107)/T(p}, — mprp) o< Nj. The left
panel clearly shows that when pp — mp7p is both kinematically open (1 < 0.5) and
dominates (Np < 4), there are virtually no LHC constraints on neutral dark vector
meson production and decay. (The very narrow region near m,, ~ 300 GeV is, as we
will see, also constrained by other searches).

The bounds we have obtained from the ATLAS searches for dilepton resonances
assumed the width of the new resonance is relatively narrow, I'(Z") /M2 < 0.03 [1&]].
In all of the cases with n = 0.55, where the p% can only two-decay into SM states, the

width is narrow, Fmt(pOD)/mpoD < 1073, Once pp — wp7p is open, we can estimate
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this partial width [35]

I'(pp = 7pmp) ™ ( B 4m3rD>3/2 4 o 0.02 7n=045 (3.14)
Moo 3Np Mop No | 016 =025,

where we have evaluated the result for the two values n = 0.45, 0.25 used in our
benchmarks for the paper. Despite the relative strong-coupling among mesons
(9pprprp = 47/v/Np > 1), the kinematic suppression of taking 7 = 0.45 suppresses
the width of the p% to a few percent, and so the ATLAS bounds are fully applicable.
For n = 0.25, the width is now tens of percent that is large enough requiring a re-
analysis of the dilepton data to set precise bounds on the p%. For n = 0.25, N < 4, the
pp width to mass ratio reaches ~ tens of percent, so a simple recast of the ATLAS
bounds is not completely precise. However, given that i.) the bounds on a wide
resonance will be weaker than on a narrow resonance, and ii.) the narrow resonance
bounds for N < 4 are already weak, we conclude that there is no bound on p% for
n=0.25 N < 4.

There is one additional constraint on the kinetic mixing of pp with SM gauge
bosons from LEP constraints on four-fermion effective operators [184]. Integrating

out p% results in four-fermion operators of the form

—eeff, (3.15)

where we have used the operator normalization of Ref. [I84]. Matching the coefficient,

Arr 1 €2 g SU(2) 1, model
AT mE Y e
D €y SU(2)r model
N gt SU(2)r, model
- b @) . (3.16)
16m2m?2 /4
g SU(2) g model

The strongest constraints from the LEP data suggest A 2 20 TeV [184]. For the

SU(2)g model, there is no constraint due to the smallness of ¢’. For the SU(2).
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model, the bound on Mo varies from about 250-750 GeV for Np = 2-16. Given the
order one uncertainties in the large Np estimate for the kinetic mixing, this bound is
not any stronger than what we have already found from Fig. {4

Constraints on the dark pion coupling to SM. Throughout the paper,
we will generally work in the “vector-like” limit (See Ref. [120]) where ™ is small
and thus single production of 7p is suppressed. This limit is automatically safe
from constraints from electroweak precision observables as well as Higgs coupling
measurements, and coincides with the demarcation of our model space into the two

categories SU(2)y and SU(2)g. If, however, =5 is not so small, single production

™

of dark pions is possible and relevant to the phenomenology. In the model of
bosonic technicolor / induced electroweak symmetry breaking, this sets the strongest
constraints [24].

We can also characterize the parameter space of our effective theory by
determining the constraints on 1/v, of Eq. . In Fig. , we consider several
processesE] where single dark pion production can set upper bounds on 1/v,. One
process is top decay, ¢ — w5b. In this process the 7 must be somewhat lighter
than the top quark, and thus 75 — 77v, dominates for the charged pions, leading
to an excess of 7’s in top decay. LHC analyses of top decay, however, are consistent
with lepton universality [185] [186]. For values of the pion mass slightly less than the
top quark mass, the pion branching ratio to 7 is similar to the SM branching ratio
of the W to tau. Thus, in this region the branching ratio alone is not enough to
constrain the coupling. Instead, we use the total width of the top quark [7, 187, [I8§]

as a secondary constraint, and exclude any region where the BSM additions to the

SNote that we only consider processes involving fermions so that we have &-independent
constraints on 1/v,. Larger £, e.g., & ~ 1, there can be stronger constraints from couplings to
the gauge/Higgs sector [24]. We thank Ennio Salvioni for discussions on this point.
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Figure 5. Constraints on the value of 1/v, as a function of the dark pion mass.
Precise measurements of the top quark exclude regions above the red line. The green,
blue, and orange lines come from collider searches for heavy Higgs particles (mainly
in 2HDM). Lastly, the brown and pink dashed lines are not constraints, but show
at what point the phenomenology changes. Below these lines, the pions start to
travel an appreciable distance in the detector, either leading to displaced vertices or
disappearing tracks. The lower of these lines are around the scale when the particles
leave the detector either as missing energy or look like stable charged particles.

top decay change either the width or the tauonic branching ratio by more than two
standard deviations away from the measured values. This constraint is shown in red
in Fig. [f

There are also many searches for the heavy Higgs particles of two-Higgs doublet
models that can be recast into searches for single production of the charged or neutral
dark pions. In Refs. [I89, 190], ATLAS searches for a charged Higgs produced
association with tb. The two searches consist of one looking for Ht — 77 v, while
the other looks for H* — tb. The limits are presented in terms of o(tbH') x BR,
but unfortunately HEPData is not given. We therefore take the limits from plots in
Refs. [I89, 190] and reinterpret them by replacing 7}, for the charged Higgs boson.

The upper bounds on 1/v, we obtain are shown in orange and blue in Fig. . Finally,
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in a similar approach, Ref. [191] performed searches for a heavy neutral Higgs boson
produced in association with bb and decaying to 777~. Upon recasting this search for
neutral dark pions, we find somewhat weaker constraints — shown in green in Fig.
— compared with the bounds from charged dark pions.

Finally, while this is not a constraint on the parameter space per se, it is
interesting to determine when 1/v, is small enough that the decays of the dark pions

are no longer prompt in colliders. As a rough guide, we can use

= (2 mm) x 10713 GeV (3.17)

CT

and estimate that if cr = 1 mm, then the neutral pions would lead to displaced tracks,
or the charged pions would lead to kinked (or disappearing) tracks when they decay.
If et > 10 m, then the pions can escape the detectors before decaying, leading to
missing energy or long-lived charged tracks. Search strategies for both of these types
of signals are interesting but best explored through existing dedicated strategies for
long-lived charged or neutral particles [192) 193] [194] T95]. The smallness that 1/v,
needs to be to lead to these long-lived signals is shown in Fig. [f|

There can also be a contribution to the S parameter as a result of the interactions
in Eq. . However, in the ultraviolet strongly-coupled theories considered in
Ref. [120], we find the contributions depend on the spectrum of the heavier mesons,
and so there is no useful translation into bounds on 1/v,. Suffice to say that there
are no bounds from the S parameter when the contributions to the dark fermion
masses are mostly vector-like with only smaller contributions arising from electroweak
symmetry breaking |16, 196].

Clearly, there is a huge range in 1/v,; — roughly values larger than 107 and
smaller than 1072, with some slight variation depending on m,, — where dark pion

decays are prompt but the rate for single dark pion production is too small to
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be detected. Our goal for the remainder of this paper is to explore how prompt
LHC searches constrain paired dark pion production in this otherwise open region of
parameter space.
Resonant Dark Pion Pair-Production at LHC

The rate for dark pion pair-production depends on the model — SU(2);, versus
SU(2)g, and the NDA estimates for the kinetic mixing as well as the meson self-
interactions. It does not depend on how the dark pions decay (gaugephilic versus
gaugephobic) because the production rate is independent of 1/v, and &/v, from
Eq. . However, the different decay modes require different search strategies.
In Table [5, we have denoted different mass regions for each of the categories defined
by which decay modes are dominant. The intermediate SM particles, which may
subsequently decay, are listed for both the charged (mp* 7p°) and the neutral

*trpT) currents. Note that the symmetries do not allow for neutral currents

(mp
of the type mp°7p®, so the SU(2)g model does not contain a resonantly enhanced
charged current.

Table [5] shows that there are many Standard Model particles in the final states,
with possibly exotic combinations. We analyzed 13 searches (in addition to the ones
already discussed), broken down into 6 searches at 8 TeV and 7 searches at 13 TeV.
Surprisingly, we find that many of the searches are not sensitive to our benchmark
models. The searches with sensitivity are further detailed here, while we save a
discussion of the non sensitive searches for Sec. [Tl

The results of our recasting are summarized in Fig. [6] This is the main result of
our paper. The top line of each plot (colored in blue) shows the constraints on the

model coming from searches for resonant dilepton production. As discussed in the

previous section, this depends only on if the pp can decay to leptons or not, and is
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Mass Charged Current Neutral Current
o M, S 150 GeV bbrv (%7
% 150 GeV < my,, <200 GeV bbtb tthb
;:%Z 200 GeV < my, < 450 GeV Z htb tthb
Mr, 2 450 GeV hhZW+ hhW W~
o Map, S 150 GeV bbrv a7
% 150 GeV < my,, <220 GeV bbtb tthb
% 220 GeV < my, < 350 GeV Zhtb ttbb
B Mrpy = 350 GeV ttth ttbb

Table 5. Phenomenological regions for collider signatures. The charged and neutral
current columns show the SM particles for the dominant branching ratios.
independent of how the 7 decay. The z axis for the plots is m,,, so the results are
obtained from Fig. 4| by scaling the x axis by the ratio m,,/m,,.

The next two lines in the Fig. [6] display the best constraints we could find for
13 TeV searches. The first of these is a search for supersymmetry in final states
with either same-sign leptons or three leptons. Recasted in terms of dark pions,
it excludes m,, in the 200-300 GeV range for the gaugephilic and slightly worse
for the gaugephobic categories when n = 0.45. This search does not work when
n = 0.25 because for fixed m,,, smaller n implies a heavier p and therefore a
smaller resonant contribution to pion pair production. The other 13 TeV search
with moderate sensitivity is a supersymmetry search with final states of tau leptons.
The bounds from this search limit the dark pion mass in all models with n < 0.5 that
we examined to be = 130 GeV, the mass above which m7p*t — 711 ceases to be the

dominant decay mode.
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Figure 6. Summary of the dark meson exclusions for the benchmark scenarios and
values of the mp and pp masses. The scenarios are labeled by the type of kinetic
mixing, the ratio of the dark pion to dark rho mass n = m.,/m,,, and the relative
strength of the fermionic versus bosonic dark pion decay modes. All of the dark pions
decay promptly. The top line indicates the bound on pY% inferred from recasting the
latest dilepton bounds and interpreted in terms of m,,. The next five lines (in black)
show the mp mass bound from the most constraining 8 and 13 TeV searches we could
find. The union of the exclusions from all of the searches is shown in the last line.

The remaining lines in Fig. [6] come from the 8 TeV searches which have sensitivity
to mp. Two are multilepton searches from ATLAS and CMS, which are general
searches counting the numbers of events for many signal regions. These work well

for the models at low masses, and are slightly better for the gaugephilic models.

The other exclusion comes from a search for supersymmetry in states with same
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sign leptons. In particular, one of the signal regions trades the usual missing energy
requirement for more b-jets, which works well for the gaugephobic models.

Finally, the last line (shown in red) combines all of the previous constraints in
the most naive method. The models where the pp cannot decay to mp are excluded
to over m,, = 1100 GeV for SU(2) kinetic mixing and to 900 GeV for U(1) (SU(2)r
model). If the mass ratio allows for decays to pions, the exclusion limits are drastically
reduced. For m,,/m,, = 0.45, the gaugephilic limits are to around 425 GeV while
the gaugephobic limits are at 500 GeV for SU(2) mixing. This corresponds to 13 TeV
cross sections of 600 fb and 300 fb, respectively. It is surprising that processes with
such distinct final states are still allowed with these large of rates at the LHC. The
SU(2) g model limits are m,, = 130 GeV, with a cross section of a few pb. As the mass
ratio is further extended, the decay products become more energetic, boosting some
of the search efficiencies. However, the resulting decrease in the cross section from
the heavier pp compensates for this and leads to reduced limits. All of the models
with m,, /m,, = 0.25 have limits at or below m,, = 200 GeV, corresponding to a
(13 TeV) cross section of around a pb.

The rates that are still allowed are much larger than one would expect, especially
given the exotic combinations of final state particles. In the next subsections, we
examine the constraining searches in more detail, looking at why the searches work
and what the deficiencies are. The details we expose, combined with the information
in Sec. [T, will help us identify important elements that future searches should
incorporate in order to improve sensitivity to dark pion scenarios.

Searching for taus. Working from the bottom up of the dark pion mass

range, O(100—150 GeV) dark pions in all of our benchmark models decay primarily as
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7ptT — 71, Therefore, we begin our survey of experimental searches with searches
that explicitly look for taus.

ATLAS searches for supersymmetry in electroweak production of supersymmetric
particles with final states with 7 leptons using 14.8 fb™! of /s = 13 TeV data [1].
They interpret the search in terms of the leptons coming from the decays of charginos
or neutralinos. As this search is aimed at a supersymmetric model with a neutralino
also in the final state, they require a large amount of missing energy, which limits the

sensitivity to our benchmarks. The general search strategy is:

1. Trigger on events with two hadronically decaying 7s with py > 35(25) GeV and
have EXs > 50 GeV.

2. Require opposite sign taus with m,, > 12 GeV.
3. Veto any event with a b-jet to suppress top-quark backgrounds.

4. Suppress SM backgrounds with a Z boson by removing events with |m,, —

79 GeV| < 10 GeV[]
5. Large missing energy cut, EXs > 150 GeV.
6. Large stransverse mass mpy > 70 GeV.

The stransverse mass is defined as

mro = rglin [max (mT,‘rl(pT,-rla qar), mT,~r2(pT,7'27 pgrniss - QT))] ) (3.18)
T

where the transverse momenta of the two taus are prr1(2) and qr is the transverse

vector which minimizes the larger of the two transverse masses. The transverse mass

679 GeV is the “visible” mass of the Z for tau decays which have inherent missing energy.
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Figure 7. Cut flow for the search for hadronically decaying taus, optimized for
electroweak production of supersymmetric particles [1]. The efficiency is much larger
for the n = 0.25 benchmarks than the n = 0.45 models because the larger pp mass
leads to more energetic mp. This increase in efficiency is offset by the decrease in
resonant production cross section.

is defined as,

mr(pr.ar) = v/2(prqr — pr - ar) - (3.19)

Figure [7] shows the efficiency of the signal as the various cuts are being made,
and exemplifies the kinematic differences between models with different value of 7.
There is very little loss in efficiency from the b- and Z-vetos for masses less than 150
GeV. Additionally, the figure shows that at this stage, there is very little difference
between the 1 values. However, there is a huge drop in efficiency when requiring large
amounts of missing energy. This is not as dramatic in the n = 0.25 models, which
produce more energetic wp because of the heavier pp.

The exclusions from this search are plotted in Fig. [ where the y-axis is the cross
section times search efficiency. The expected number of events in the signal region

from standard model backgrounds was 5.9+ 2.1, while only three events were actually
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observed. As fewer events were seen than expected, the observed limits of 0.32 fb is
more stringent than the expected 0.43702} fb. Both the gaugephilic and gaugephobic
models with SU(2) kinetic mixing and 7 = 0.25 or n = 0.45 are excluded from this
search if m,, < 170 — 180 GeV. Surprisingly, this search also constrains the SU(2)
models with n = 0.55 even though the mp are not produced through a resonant pp.
These are only allowed if m,, > 160 GeV[]

Additionally, the SU(2)g models [that kinetically mix through U(1)y]| with n =

2 130 GeV. As shown in the summary

~Y

0.25,0.45 are also constrained to be above m,
plot of Fig. [6] this is the only search we examined which had sensitivity to the
SU(2)%* models.

The reason these limits are not stronger is because the branching ratio to taus
is decreasing rapidly as the mass of the pions increases. This is compensated by
an increase in the expected number of Ws, Zs, and bs. The next sections examine
searches which exploit these particles.

Generic multilepton searches. Examining Table , once m,, 2, 150 GeV,
pair produced dark pions decay to lots of bottom and top quarks, along with Z and
W. It should be expected that searches utilizing bs and leptons could place strong
constraints on the benchmark models. While we studied many model driven searches
and found no limits (see Sec. , model-independent searches proved useful. Both
ATLAS and CMS have a generic search at 8 TeV based on final states with multiple

leptons. (Neither collaboration has repeated the analysis at 13 TeV).

"While all of our signal numbers were determined using Delphes tagging and identification
efficiencies, we derive limits by comparing them with ATLAS/CMS background numbers computed
with their own dedicated programs and setting. As the identification and tagging efficiencies in
Delphes are only an approximation to the true ATLAS/CMS numbers, our signal vs. background
comparison is not totally genuine. To quantify the effect of the mismatch, we have checked the
ramifications of changing the Delphes lepton identification efficiency by +10% and find that this
variation only leads to very minor shifts in the derived m,, limits.
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Figure 8. Exclusions from the ATLAS search for supersymmetry in final states with
tau leptons [I]. The dark mesons on the lighter side of our spectrum predominately
decay to taus, and the cross sections are large. The SU(2), type models are excluded
if m,, < 180 GeV while the SU(2)r models limits are around 130 GeV. This is the

~Y

only search which limits the SU(2)g models where the pp can decay to mpmp.

The inclusive ATLAS search looks for 3% leptons [2]. The basic search
requirements are: 1 electron or muon for triggering purposes (pr > 26 GeV, |n| < 2.5),
a second electron or muon with slightly looser requirements, and a third e/ or
hadronic 7. The events are broken into further sub-categories according to several
kinematic variables, such as the b-jet multiplicity, or whether or not the event
contains a same-flavor-opposite-sign lepton anti-lepton pair. The signal regions are
not orthogonal, and they set bounds on the BSM cross section of roughly a few fb.

Applied to mp production, we find the most constraining signal regions are those
containing a hadronic 7 and that contain > 1 b-jet or have low Hrp, defined as
the scalar sum of the pr of the three leading leptons (or 7) in the event. The limits
depends strongly on the lepton and tau identification. In particular, the ATLAS study

used only single-prong hadronic tauﬂ in the analysis and a benchmark identification

8 Also, there was no dedicated 7 trigger in place for this analysis.
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Figure 9. Expected signal cross section in two different signal regions of the ATLAS
multilepton search [2] as a function of dark pion mass.

efficiency of 0.5. Compared to more recent 7 reconstruction numbers [197] (which are
in the default Delphes card), the ATLAS values are worse by a factor of ~ 2. We
artificially imposed the reduced tau reconstruction numbers for consistency.

The shape of the exclusion curves for two of the signal regions are shown in
Fig. [9] and exemplify the difference between gaugephilic and gaugephobic models
which were not observed in the ditau search discussed in Sec. [[IIl The shapes show
that the exclusions closely follow the mp the branching ratios.

Out of the 144 signal regions defined in the ATLAS search, we find that 16
provide some level of constraint. These are summarized in Fig. [[0] Picking the
strongest limit from the signal regions, we find mp > 370 GeV in the gaugephilic,
My, /My, = 0.45 case and mp > 330 GeV in the gaugephobic, m,, /m,, = 0.45 case.
For m,,, /m,,, = 0.25 the bounds are looser, due to the fact that smaller m,,/m,, for

fixed m,, implies a heavier pp, and therefore a smaller resonant contribution to the
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Figure 10. Out of the 144 signal regions defined in Ref. [2], 16 regions constrain some
portion of the dark meson parameter space. The mass ranges which are colored are
excluded. The gaugephilic models have larger branching ratios to Zh and Wh than
the gaugephobic models, which leads to greater search efficiency and larger bounds.
pp — wpmp cross section. The difference between the limits in the gaugephilic and
gaugephobic can be traced to the presence of more Higgs bosons in the gaugephilic
mp decays, since more Higgs bosons leads to more events with 7s or b-jets.

The CMS generic multilepton search is similar, but contains some important
differences. It is based on 19.5 fb™! of /s = 8 TeV data [3] and looks for events

with either three or four reconstructed leptons. In this case, the definition of leptons

includes electrons with pr > 10 GeV and |n| < 2.4, muons with py > 20 GeV and
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In| < 2.4, or hadronically decaying taus with py > 20 GeV and |n| < 2.3. To trigger,
events must contain either an electron or muon with at least pr > 20 GeV and events
are only allowed to have one hadronic tau.

The events are divided into 192 independent bins (96 for each of the three or four
lepton cases). The bins are split based whether there are same-flavor-opposite-sign
(OSSF) pairs of leptons, the invariant mass of existing OSSF pair, the presence of
tagged b jets, the number of hadronic 7 leptons, the amount of missing energy, and
the scalar sum of accepted jet transverse momenta. When CMS combines their signal
regions, they are able to set bounds on new physics on the order of o x Br < 100 fb.

While it would in principle be possible to combine signal regions within our
study, CMS does not provide the correlation information. Therefore, we are forced to
examine each bin individually. This is in contrast to the method used in the ATLAS
search, which used overlapping signal regions, such that some of the regions were more
inclusive. Because of this, we find that the exclusions on the benchmarks from the
CMS search are not as strong at the ATLAS ones. They are summarized in Fig.
for the signal regions which provide a limit. While the limits are not as strong, we
find that the pattern is similar to the ATLAS result, in that the gaugephilic modes
have tighter constraints than the gaugephobic models.

To date, there is no 13 TeV multi-lepton analysis. Given the success we see in the
8 TeV versions at catching models that fall through the cracks in dedicated searches
(see Sec. , we encourage ATLAS and CMS to pursue similar model-independent,
inclusive searches in the future.

Same sign lepton searches. The last type of search that we find has
sensitivity to pair produced dark pions is also fairly generic. The main difference is

that instead of looking for three or four leptons, they look for multiple leptons of
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Figure 11. Out of the 192 signal regions defined in the CMS multilepton search [3], 8
regions constrain some part of the dark meson parameter space. The excluded mass
ranges are colored according to the denoted signal region. The regions labeled SR3 and
SR4 regions contain either 3 or 4 leptons, respectively. The L or H denotes whether
the scalar sum of the pr of the selected jets is less than 200 GeV or greater than 200
GeV. While there are different cuts concerning the number of b-jets or taus, all of the
constraining regions require either E¥5 < 50 GeV or 50 GeV < EXss < 100 GeV.

the same electric charge. Frustratingly, the limits we find from these scenarios are
stronger from an 8 TeV ATLAS search than the follow-up using a similar analysis
strategy at 13 TeV with more integrated luminosity.

The ATLAS search for supersymmetry using 20.7 fb~! of /s = 8 TeV collisions in
final states with two same sign leptons [4] is a particularly powerful search. The search
requires two leptons of the same electric charge. For electrons to be reconstructed,
the must have pr > 20 GeV and |n| < 2.47, while reconstructed muons have pr >
20 GeV and |n| < 2.4. Jets are reconstructed with the anti-k; algorithm with a
radius parameter of 0.4 and are required to have pr > 40 GeV and |n| < 2.8. In

defining the signal regions, the search makes use of the transverse mass, defined as

myp = \/2p5 B (1 — cos Ag(¢, ER#)]). In addition, the effective mass is defined as
the scalar sum of the transverse momentum of the leading two leptons, the selected

jets, and the missing energy.
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Three different signal regions are defined. The first signal region has a veto on
b-jets, which severely restricts the efficiency for higher mass 7p. For lower masses,
there is not enough missing energy in the events to pass the cut of E¥ss > 150 GeV,
so this signal region does not offer constraints on the model.

The next signal region looks for > 1 b-jet. In addition, there must be at least three
jets (can include the b jets), missing transverse momentum > 150 GeV, transverse
mass > 100 GeV, and an effective mass > 700 GeV. There are no limits from this
region as well, due to the large amount of missing energy required.

The third signal region takes an different approach. In addition to the two same
sign leptons, at least three b jets and at least 4 jets overall are required as well. In
order to be statistically independent of the other regions, this region looks for events
with small amounts of missing energy or transverse mass. The dark pions have no
intrinsic missing energy (other than leptonic W decays), but do produce a lot of b
quarks, making this an ideal signal region.

In the gaugephobic model, the fraction of decays to W*h (Zh) grows with
increasing charged (neutral) 7p mass, while dark pions in the gaugephobic case
predominantly decays to tb (tf). The difference in branching fractions leads to a
smaller average b-jet multiplicity in the gaugephilic case which results in a slightly
lower efficiency and, as a consequence, weaker bounds.

To obtain the number of expected signal events, we multiply the cross section and
luminosity by the efficiency derived from the analysis cuts. These are then compared
to the limits set by ATLAS. In the signal region, 4 events were observed against
an expected background of 3.1 £+ 1.6. With this, models which would produce 7.0
expected signal events are excluded at the 95% CL. The left panel of Fig. [12| shows

the results of this signal region with number of expected events for the different
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Figure 12. Signal regions of ATLAS searches for three leptons or same sign leptons
which have sensitivity to our benchmarks. The left panel shows the limits from the
8 TeV analysis [4] and the right panel has the limits for the 13 TeV analysis [5]. The
8 TeV analysis has bounds to the largest values of m,, for all of the 8 and 13 TeV
analysis which we studied. The 13 TeV search does not do as well because the focus
of the analysis shifted to search for higher mass objects.

models are shown in the red, blue, and green lines. The regions where the expected
events extends above the black line are excluded. The only benchmarks which are
limited by this search are the SU(2)?> models. The gaugephilic version is excluded
for 210 GeV < m,, < 420 GeV, while the gaugephobic model is ruled out if m,, is
between 250 GeV and 500 GeV. These are the strongest limits that we obtained for
all of the searches.

With the success of the 8 TeV analysis, there was hope that when the search
was extended to 13 TeV, the limits would greatly improve. However, this is not that

case. Using 36 fb~! of \/s = 13 TeV collisions, ATLAS searched for supersymmetry

in final states with two same-sign leptons or three leptons [5]. The basic requirements
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are nearly the same for the lepton reconstruction, however, the n cut is tightened to
In| < 2.0 for electrons and loosened to || < 2.5 for muons.

The signal regions are more complicated in the 13 TeV analysis. There are 19
non-exclusive signal regions defined in terms of the number of leptons required; the
number of b-jets; the number of jets harder than 25, 40 or 50 GeV, regardless of flavor;
the missing energy and effective mass, and the charge of the leptons.

Unlike the previous search at 8 TeV, the 13 TeV search does not have any signal
regions which require at least three b-jets. Instead, to cut down on background, the
signal regions either require more than 6 jets or large effective mass. This combination
is aimed at TeV scale colored particles and does not bode well for searching for pair
produced particles with masses in the hundreds of GeV.

The only one of the 19 regions that has sensitivity to heavy dark mesons is the
one that does not have requirements on the number of jets, the effective mass, or
the missing energy. Instead, it requires at least three leptons of the same-sign and
one b-jet. In addition, it requires that no combination of same-sign leptons has an
invariant mass around the Z pole (veto 81 < me+.+ < 101 GeV).

The limits from this region for the different models are shown in the right panel
of Fig. . The efficiency is largest in the mass region where 7p™ — tb and 7p° — Zh
dominate. The 7p? — Zh mode is suppressed in the gaugephobic models, hence the
limits are not quite as strong as the gaugephilic case. From Fig. |12, we see that this
search only excludes m,, ~ 200-400 GeV for n = 0.45, while n = 0.25 models are
not constrained at all. Thus, while we expected that updating the best 8 TeV search
would yield impressive bounds, it was unable to extend the limits above the 500 GeV

bound set at /s = 8 TeV.
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This result highlights a troubling trend. We found the strongest limits from
the 8 TeV analysis, pushing the mass of the dark pion to 500 GeV for the most
excluded model. However, that search was designed with supersymmetry in mind,
and using a supersymmetric interpretation of the 8 TeV search excluded sparticles
(stops, specifically) up to 1 TeV. In the supersymmetry interpretation, it makes sense
to harden the cuts and focus on particles heavier than 1 TeV. As we have seen in
this analysis, however, imposing harder cuts as done with the 13 TeV analyses is
detrimental to the signals in our benchmark models, with the result that the older,
8 TeV analyses yielded the strongest constraints. In the next subsection, we discuss
other searches which have been thwarted in a similar way.

Additional searches. According to Table |5 (or the branching ratios in
Figs. 2 and [3)), we expect pair produced dark pions to result in lots of third generation
fermions or gauge/Higgs bosons. However, this is not a unique feature of heavy dark
mesons. Many BSM scenarios involve new particles that couple predominantly to
gauge/Higgs bosons and third generation fermions, and as a result there are numerous
LHC searches (underway, or already done) looking for characteristics signals of, e.g.
multiple b-jets, multiple 7s, multiple e/p in association with b-jets or 7, etc. of this
type of final states. Based on energy and luminosity alone, the expectation is that
one of these 13 TeV searches should be the most constraining. Our results strikingly
show this is not the case — we find only a few searches constrain dark pions, with the
strongest searches coming from 8 TeV.

Our main result, Fig. [0] came from considering a wide array of BSM searches.
While the details of the most successful five searches have been provided in the

previous sections, we summarize the other, un-constraining searches in Table. [0 In
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Search

Vs [TeV]

Comments

ATLAS search for a CP-odd
Higgs boson decaying to Zh

[198]

ATLAS search for ¢t
resonances [199]

CMS Pair produced

leptoquark [200]

ATLAS search for SUSY in
final states with multiple b-
jets [201]

CMS search for Vh [202]

CMS Di-Higgs — 77bb
[203]
CMS Low mass vector

resonances — qq [204]

CMS Vector-like T — th
[205]

13

13

13

13

13

Veto events with more than 2 b-
tagged jets kills efficiency

Must have exactly one lepton.
We have too many jets, confuses
search

Looking for bbrT7~. Has minor
sensitivity to overall rates, would
do better with shape analysis but
not enough data is provided to
recast this.

Looking for heavy states, so
demands large E and m.;y

Looking for single production.
Needs very boosted hard object.

Neutral pions decay through
mixing with the Higgs.
Measurement uses BDTs and

is not recastable.

Looks for a bump on the falling
soft-drop jet mass spectrum. Not
enough information to recast
the designed decorrelated tagger.
Only sensitive to o > 10 pb.

Looking for th resonance, only
very heavy and mneeds QCD
production.

Table 6. Possible search strategies which seem like they should set bounds, but have

limited-to-no sensitivity.

addition to the search channel, we provide a short explanation of why dark pions were

so inefficiently captured by the search strategy.
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While there are varying reasons the searches in Table [f are not sensitive, there

are a few common themes:

1. Searches expect single production. This is especially true for scalars which decay
to the Higgs and gauge bosons. To cut down backgrounds, events are vetoed if

there are too many objects to be only V h.

2. Searches assume large EXs5. The searches which allow for pair production
assume that pair production comes from a sector preserving a Z, symmetry
and that therefore result in an invisible/dark matter particle at the end of the
decay chain. While dark pions in the parameter space we are interested are

predominantly pair-produced, they only decay back to SM particles.

3. Searches at 13 TeV have their sights set on heavier new physics. As a result,
their cuts are too high to capture lighter dark pions. Heavier dark pions do
have higher efficiency, but are not produced at rates the ATLAS and CMS are
sensitive to, especially given that there are no leading order QQCD-mediated

production modes.

4. Data is not presented in a way that is recast-friendly. For instance, the CMS
pair produced leptoquark search actually has some minor sensitivity when only
using the total number of events. The search then uses the shape of the scalar
sum of the pr of the light lepton, the hadronic 7, and the two jets to set limits,
but they do not provide a fit of the shape. Similarly, experiments trying to
measure standard model processes (such as hh — bbr+77) may potentially
be sensitive to some 7wp parameter space, but they rely on machine learning

techniques which cannot be reproduced.
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We encourage the experiments to continue to push the limits of the LHC searches
using all of the techniques they have available. However, as it is not possible for them
to test every theory model, it is important that the results be presented in such a

way that they can be reproduced without insider knowledge.
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CHAPTER IV
SMEFT WITH CUSTODIAL SYMMETRY

From previous two chapters, we have learned that custodial symmetry has the
potential of affecting the leading interactions of BSM sectors with the Higgs sector
of the SM, and further determining the phenomenology of that BSM new physics.
The focus of this chapter is to uncover the “fingerprint” of custodial symmetric UV
physics in low energy precision observables. In this chapter, UV physics is said to
be “custodial symmetric” when an SU(2)g global symmetry is preserved by all UV
interactions with the Higgs sector of the SM. In order to explore the impact of
custodial symmetric UV physics onto precision observables, we start from a thorough
analysis of the structure of SU(2) symmetries in the Standard Model.
SU(2) Symmetries of the Standard Model

We first begin our discussion of the SU(2) global symmetries of the SM. The

Higgs sector’s SO(4) flavor symmetry
SO(4) ~ SU(2), x SU(2)ru , (4.1)
is spontaneously broken to SO(3) ~ SU(2)y In the SM, the ¢, generator of SU(2)y
is gauged, explicitly breaking SU(2)y to just U(1) that is the usual gauged U(1)y.
In the flavor sector, it is well-known that in the absence of Yukawa couplings the
global flavor symmetries are enlarged to
UB)y xU3)y xU(3)a x U(3); x U(3).. (4.2)

Once hypercharge is also ungauged, the down-type quark sector flavor symmetries
become U(3), x U(3)q = U(6),,. In a one-generation theory, this is simply U(1), x
Ul)g = U(2),, = U(l)g x SU(2)Ry;, baryon number and a global SU(2) isospin

symmetry, that we’ll call SU(2)gg,,. This SU(2)g,, is exactly what would be gauged
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as SU(2)g in theories that extend the SM electroweak gauge symmetry to SU(2)., x
SU((2)r x U(1)p_r (as well as the U(1) part being gauged into U(1)p_r), however
we emphasize that we are not imposing the larger gauge symmetry on the SM (or
SMEFT) in this discussion.

There is no analogous SU(2) symmetry in the SM with the lepton field content
of just [ and e. However, when the SM is extended to include three right-handed
neutrinos, what we refer to as ¥SM, the lepton sector contains a larger global flavor

symmetry

U@3) xU(3), xU(3). (4.3)
Following the same logic for the quarks, in a one-generation theory we see that the
lepton flavor symmetry is enlarged U(1), x U(1). — U(2),, = U(1) x SU(2) gy,
lepton number and lepton isospin. Again, just like for the quarks, if the SM gauge

symmetry were extended to SU(2);, x SU(2)g x U(1)p_r, the right-handed neutrinos

would be required, and the global flavor symmetry SU(2)g;,, would be gauged as
SU(2)g.
With three generations, the global flavor symmetries are:
SM : SU(2)pe X U(6) pgp, D SU(2)rr X [SU(2) ryp)? (4.4a)
VSM : SU(2) rir X U (6) rgp XU (6) i D SU(2) rir X [SU(2) rgp)” X [SU(2) p1p)?  (4.4b)
where we have identified the SU(2) subgroups for convenience. The sources of global

SU(2) symmetry breakings in the SM are thus:

— Gauging hypercharge, which corresponds to gauging the ¢ generator of every
global SU(2)g in or [4.4b| simultaneously breaking all of the SU(2)g’s down
to U(l)y
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— SU(2)-preserving Yukawa couplings, in which for each generation SU(2)ry X
SU(2)rr — SU(2), with I = (qg,[g). The sum of the up-type and down-type

Yukawa couplings causes this breaking pattern.

— SU(2)-violating Yukawa couplings, in which for each generation SU(2)gy X
SU(2)rr — U(1), where the U(1) becomes hypercharge once it is gauged. The
difference between the up-type and down-type Yukawa couplings causes this

breaking pattern.

We are now in a position to precisely define custodial symmetry:

UV physics is said to be custodial symmetric when an SU(2)g global
symmetry is preserved by all UV interactions with the Higgs sector of the
SM.

This is a property of a restricted set of UV theories, not a constraint on our effective
field theory. Having SU(2)r gaugeable is certainly a sufficient (but not necessary)
condition. As we will see, in some cases the SU(2)g that survives after integrating
out UV physics is a diagonal subgroup of SU(2)gry X SU(2) gy, X SU(2) gy, while in
other cases all three SU(2)s are present.

In order to explicitly identify the SU(2)r symmetric and non-symmetric
structures, we formally promote each SU(2) g symmetry of ¥SM to be manifest,
and then re-write the interactions as as SU(2)g-preserving and SU(2)g-violating
couplings. This is what we refer to as the “custodial basis” of the ¥SM that we then
extend to vYSMEFT.

The Custodial Basis
Notation and Definitions. The custodial basis of the ¥SM promotes all of
the SU(2)g’s in Eq. to global symmetries that are explicitly violated by Yukawa

couplings and the gauging of hypercharge. To accomplish this, we first establish
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notation for the relevant group theory as well as the field content for both the standard
basis as well as the custodial basis.

We use 7% = 7 = ¢® with a = 1,2,3 to denote Pauli matrices. The SU(2)[
and SU(2)g generators in the fundamental representation are hence t* = %T“ and
t% = 374 respectively. The SU(3). generators in the fundamental representation are

denoted by T4 with A =1,---,8. The SM covariant derivative is
D, =0,—- iggGﬁTA —igeWit* —igi By, (4.5)

A

with y denoting the hypercharge, G}, W, B,, denoting the gauge fields, and gs, g2, g1

denoting the gauge couplings. A general field strength is denoted as X, €

[GA.We

ot W,BW}. For the dual, we adopt the convention )?'W = %leagX o8 with

€0123 = +1. We use the usual Dirac matrices v, and 0" = %[7“, 7]

The Higgs doublet of the SM is

G+
H = , (4.6)
(v+h+1iG°) /2

and we also often encounter the following Higgs field currents

HY%D,H=H'(iD,H)— (iD,H') H, (4.7a)
<=

H'%WD%H = H'r*(iD,H) — (iD,H") 7°H . (4.7b)
Our convention for the SU(2) invariant tensor €;; = —ej; is that €5 = +1. For

convenience, we also define the field H = io?H* = eH *, which transforms in the
same way as H itself under the SU(2), symmetry.
We can re-express the Higgs field in terms of a (2,2) bifundamental scalar field
under SU(2); x SU(2)ry as
5 (v+h—iG%)/V2 GT
Y= ( H H ) =
G- (v+ h+iG) /2
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In principle, all custodial symmetric interactions can be written in terms of powers
of ¥ with suitable SU(2);, and SU(2)g contractions. However, the notation becomes

much more compact when we utilize the definition

i »

iRiL = CipjrCiriL (49)

iLin
which matches the complex conjugation and transpose of the 2 x 2 matrix definition

in Eq. (4.8). For example, the SM Higgs potential becomes

A 212
V=7 [tr (ZT2) —0?]" . (4.10)

The matter content of the SM is rewritten as

¢ — q (4.11)
u u
— (qr= (4.12)
d d
I — 1 (4.13)
14 14
— Ip= , (4.14)
e e

where we follow the notation of Ref. [127] in which ¢ is the left-handed quark doublet,
[ is the left-handed lepton doublet, and we denote the right-handed doublets as ggr

and [g. As an example, the quark Yukawa couplings of the SM are re-written as

1 1
5%%2 (Pr+ P-)qr; — §yz‘dj@2 (Py — P-)qr; + h.c. (4.15)

where we have introduced the convenient shorthand
P,=1ly, , P =13, (4.16)

for contractions in the SU(2)g space. Exactly which SU(2)gr contraction is being
done will be made clear as we explain in the next section.

The Custodial Basis of (¥)SMEFT Operators. Having established

our notation, we now turn our attention to constructing the custodial basis for
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higher dimensional operators. Our presentation largely follows [206] extended to
include right-handed neutrinos [207]. We first present all of the independent baryon-
preserving operators in the Warsaw basis for yYSMEFT (suppressing flavor indices)
in [1] In addition to the 76 = 42 4+ (17 4 h.c.) SMEFT operators, there are
25 = 74 (9+ h.c.) new operators involving right-handed neutrinos v that we show in
brown color for easy reference.

Next, using the notation and definitions from Sec. [V] we re-express all of the

operators from the Warsaw basis in [.I] into our custodial basis in[2] Our notation is
(

Q;  SMEFT
Warsaw basis operators (4.17)

();  additional operators in ¥YSMEFT

S
»n

U(2) -invariant

(4.18)

(
O;  SU(2)rp -violating
custodial basis operators
(

L
W

U(2) gy, -violating

O, SU(Q)RZR —violating
Here we distinguish among operators generated by the UV physics that preserve
or violate combinations of the global SU(2)gry symmetry and the global isospin

symmetries SU(2) gy, and SU(2)g,. Our convention is:

— If an operator is invariant under SU(2) gy X SU(2) rqp, X SU(2) gi,, or if it breaks
SU2)rr % SU(2) ggp.ri; — SU(2)R, we call this custodial preserving and use

black color to denote these operators.

— If an operator breaks SU(2)gry — U(1) or SU(2)gy X SU(2)rep.rip, — U(1),
we call this SU(2)gy violating (recognizing that isospin is also violated) and

use blue color to denote these operators.
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— If an operator preserves SU(2)gy but violates SU(2)g,, or SU(2)ri,, we use
red or green color to denote these operators. There are a few operators in which
SU(2)rg, x SU(2) g, may be simultaneously broken, and these appears with

both red and green colors together.

Our definition of custodial symmetry — UV physics preserves an SU(2)g global
symmetry in all UV interactions with the Higgs sector of the SM — is satisfied by
the operators in black by construction, as well as the operators in red and green at
leading matching order. The presence of new isospin violation in isolation from the
Higgs sector does not affect our (tree-level) results, as we will see. We also note that
four operators of type Y1 H?D categorized as custodial preserving have a possible
custodial violating piece from the gauging of hypercharge. Since custodial symmetry
requires the UV physics be neutral under hypercharge, we do not need to concern
ourselves with this additional potential custodial violation.

An explicit translation dictionary between the two operator bases is given in [.3]
From this translation dictionary, one can easily determine the corresponding relations

between the Wilson coefficients in the two bases through

()

Lerr =Y _a;0; =Y CiQ;. (4.19)
i
We provide explicit translation dictionaries between the operator coefficients in ?77.

Several highlights of the results in the tables include:

— Some operators are invariants under custodial symmetry, and so the translation

is trivial, such as the operators of type X3, HS X2?H? and (LL)(LL).

— Operators involving B,, or covariant derivatives that involve B, violate
custodial symmetry due to the gauging of hypercharge, including Ogp, Oy g,

OHWB, OHWB’ OliB and OéEB
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— Some custodial basis operators involve a single SU(2)g contraction with P,
(custodial symmetric) or P_ (custodial violating), formed from simple linear
combinations of Warsaw basis operators, such as ¢ H?> and ¢ XH. The
custodial preserving (violating) operators are denoted with a superscript, as

in OF,

— Some custodial basis operators involve a two SU(2) contractions, which is the
maximum number that appear at dimension-6. These operators involve two
projectors P, in the same operator, and have a slightly more complicated
translation, such as (RR)(RR). These operators have two superscripts, as in
O**. The colors of the superscripts denote whether the operator breaks quark

and /or lepton isospin.

— Some operators have no explicit B, or P_ and yet can break custodial symmetry
through the appearance of a covariant derivative that implicitly includes B,
such as OSZ) and Og’;. These operators contain two parts: a custodial preserving
part from the gauging of SU(2)y, i.e. the Wt term, and a custodial violating
part has the hypercharge term B,t%. Note that the Wilson coefficients of these
two parts are proportional to the electroweak couplings g and ¢, and so lead to

correlated phenomenological predictions.

— Finally, there are three operators at dimension-6 that separately break three
different linear combinations of SU(2)rw, SU(2)res, SU(2)rip: OS’;; breaks
SU(2) i X SU(2) g, — SU(2) s Of5)F breaks SU(2) pir X SU(2) pa, — SU(2) s
Ol(zz; breaks SU(2)gy, X SU(2)r, — SU(2)r. One example where these

operators appear is when SU(2)p is gauged, as we will see in Sec. .
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vSMEFT — SMEFT in Warsaw basis | vYSMEFT — SMEFT in custodial basis
CVH =0 alJ;{ == a;H
CVW =0 a?I_/V - = al_VV
Cop =0 ajp = —ap
1)+ 1)—
CHV = 0 ag‘IER == S:I;R
Cuz/ = Cl/e =0 alJ;er - alfPJR - _% al:;R
" T _ )T
Cyedu - Ouedu =0 al(R)QR = Yrer T 0
M++ _ M-+
C,=Cy=0 lrar lrar
OH+— _ CL(l)**
lrar lrqr
Cll/ = 0 aZlFR = - a’;lR
CQV =0 GZ;R = aq_lR
Olvuq =0 a?l_RQRq - al—lzztmq
Clule =0 Aupllp = 0
1 D+ 1—
Cl(u;d =0 al(lziqu - al(l;qu
By _ 3)+ (3)-
Cluqd =0 Urqqr — = “llrqqr

Table 7. Recovering SMEFT from vSMEFT: the left (right) column shows the
constraints on the Wilson coefficients in Warsaw (custodial) basis.

Recovering SMEFT from vSMEFT.

It is straightforward to recover
the dim-6 operators of SMEFT from vSMEFT by setting the appropriate Wilson
coefficients to zero. We have shown this in Table [7| along with the translation into
the constraints on the custodial basis Wilson coefficients.

Flavor Indices of the Wilson Coefficients. In Tables we have
suppressed all the flavor indices, but it should be understood that each fermion field

actually comes with a generation index, so are the corresponding Wilson coefficients.

For example, the two-fermion operator QS? and four-fermion operator @); should
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actually read

o = (i2m) ) an
pr
val"lst - (Zp’}/ulr) (Zsfyult) . (420b)

The EFT Lagrangian therefore has a sum over these generation indices:
3

3 3 3
Lgrr D Z CSZ)Q% + Z CuQu = Z aﬁEOSH Z ay Oy . (4.21)

7St 7St 7St 7St
pr=1 P"PT prsi=1 P P pr=1 P P" prsi=1 P P

Our convention is that Wilson coefficients without explicit flavor indices are assumed
to be flavor-universal.

As we will see, most four-fermion operators are irrelevant for the phenomenology
to be discussed in [[V] However, one exception is that the mixed first and second
generation four-lepton operator will feed into Gr. Let us give it a special name,

a2 = Cha, for future convenience:
EEFT D a2 (l_l’yulg) (l_2/y#l1) . (422)
Note that its relation to our general notation isﬂ

ap=ay +ay =Cyu +Cy =0Chs. (4.23)
1221 2112 1221 2112

Observables of Custodial Symmetry in (v)SMEFT

In this section, we map (v)SMEFT at dim-6 onto the following set of observables

{&7 éF’v m227 mlz/Va fZVLDL7 fZeLéLa fZeéa IA‘WIJLeL} . (424>

In order, these are denoting the fine structure constant, the Fermi constant, the pole
masses of W and Z bosons, the partial decay widths of the Z boson to left-handed

neutrinos, left-handed electrons, and right-handed electrons, the partial decay widths

of the W boson to left-handed neutrinos and left-handed electrons.

!Operators involving flavor indices 2112 and 1221 we abbreviate the “Rush” and “Shru”
contractions.
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We have chosen a restricted set of observables that illustrate the effects of
integrating out custodial symmetric UV physics. Some of them can be directly
measured, for example &, m%, i, while others require multiple measurements or
need to be inferred from other measurements. That is, we have explicitly made
the choice to present observables that most easily illustrate our theoretical results.
Later in Sec. [[V] we will discuss how to map experimental measurements to these
observables and a subset of their hadronic counterpart observables in [B.I5l For
example, while we present our results below in terms of {f Zepep f‘Zeé}, it is much
more straightforward to utilize different combinations to enable comparison with
experiment, namely {fZeLéL + fzeé, fl%’%}, the sum of the partial widths of the Z
boson into left- and right-handed electrons and the forward-backward asymmetries
for the eTe™ — eTe™ scattering on Z resonance.

Observables in the SM. In SM, these observables are given by the three

Lagrangian parameters gy, g2, v asE|

A 9195
= =122 4.25
asm I (% + 62) ( a)
. 1
GF, SM — \/§'U2 9 (425b)
) 1
v = 7 (91 +3) v*, (4.25¢)
1
iy, sn = 7950 (4.25d)

2We are neglecting the lepton masses in the decay widths.
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o 2
mz, sMm 935

L vy, sm = = 1.26
Arivr, SM 967 2 ( 2)
5 2
- mz sMm 9a 2\ 2
LZeper, sm = WC_(%U —2s;)", (4.26b)
5 2
e mz,sM9ga 4
[Zee, sm = ——=5 5y, 4.26
Zet M= o 2% (4.26¢)
2 mw, sm
FWVLeL, SM = 48T g; 5 (426d)
where 6 denotes the Weinberg angle
o= —2 | sp=—I__ (4.27)

Va+a W E+g

It is also convenient to rewrite the observables {fZeLéL,fZeé} in terms of

- - 10.e
{FZELéL + FZ@E’ AFB} as

. 2
- ~ Mz, sM g
FZeLéL, sMm + eré, SM = 06 C_g (1 — 483 + 883) , (4.28&)
. 3 1—4s2 \?
A% = ———— 4.28h
FB, 5M 4(1—433—1—833) ( )

Observables in the SMEFT. Clearly, once the first three observables
in [£.26] are measured, SM predicts the values of the other five as functions of
{d, G 2 mZZ} However, once we consider SMEFT, these predictions will be modified,
as the Wilson coefficients C; feed into every equation in [£.26]

We work in the Warsaw basis, and restrict our mapping analysis to tree-level.
Because we are only interested in the leading corrections from SMEFT at dim-6 level,
we only need to keep up to the linear terms in the Wilson coefficients C; (see |.1] for

definitions of Warsaw basis operators extended to ¥SMEFT).
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In the following we present five observables corresponding to the deviations of

{/3, sz/LDL, fZeLéL, fZeé, f‘W,,LeL} from the SM predictions:

2, 2
p= A27(1—\/1—§;> , (4.29a)

my T
. _ 24w
T zvppy, = MFZVLDL : (4.29b)
247 .
TZeer, = —75% Uzerer s 4.29¢
s T G (1—2) (4.25¢)
24 .
Fres = — i T e (4.20d)
V2Grm3(1— V1 - 1)
R 247 .
TWuvpep = ~ 3 FWVLeL . (4296)

Gpind(1+V1—-1%)?

Here, we have introduced a convenient combination

2v/2ra
Vara (4.30)

2
GFmZ

z

These five observables are unity in SM, but are modified in SMEFT due to nonzero
Wilson coefficients. Using Warsaw basis and assuming universality among fermion

generations, we calculate their dim-6 SMEFT predictions as

R v? 1 1
p= 1+ T _ox2| —CgCHD — 2SQCQCHWB — 2830}5’2 + —83012 y (4313)
1—2s2| 2 2
: 2| _ 1 m, 1
TZvpop = I+0v7| — §CHD - 20]{1 + 5012 s (431b)
- v’ 1 D) g2 L
TZerer, = 1 + ﬁ — _CHD — 4SGCHCHWB + 2(1 — QSG)CHZ — 48901_” —+ —012 s
(1 —2s2) 2 2
(4.31¢)
N 1 i ’U2 10 i 2090 i 20(3) 1— 2830 1C (4 31d)
TZee = T~ o= — — e — = , .
zZ 11— 283 5 HD 50 HWB HI 83 H 5 12

2 —s2
4

. v? 3
TWupe, = 1+ [— —C%CHD — 3s9ceCrwp — 3830}2 +

11— 283 A 012:| . (4316)
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We show more details of deriving these results in [B] We have explicitly checked
that our results agree with Ref. [122]. From[4.31] we see that in generic dim-6 SMEFT,
there are nearly as many Wilson coefficients as the observables listed, so there is
enough freedom for them to be modified almost freely. However, if we restrict to dim-
6 operators that are custodial and flavor conserving, then many operator coefficients
vanish and there will be stronger correlations among these six observables.

Observables in the Custodial Basis. To see this, we first rewrite the
expressions for the observables into the custodial basis given in[.2|using the translation

relations provided in [5] to obtain

R v? 1
p=1+ o2 [ —2¢5 agp + 4sgcy agwp — 25, agg + 553 am] , (4.32a)
— 45y
~ . 1 2 (1) 1
Tzvp, =1 +07| —2apgp +2ay, + 5 02| (4.32b)
) v’ o0 () 42 @, L
— 25y
(4.32¢)
~ '02 409 (3)
Tzee = 1+ 1——283 {2CLHD - S_gaHWB —I—QaHl
L=255 (o _ - _ @+, @) _ 1
+ 2 <GH1R Oy, — AHig +aHlR> - §a12 ;
0
(4.32d)
. v? 2—s2
TWupe, = 1+ 122 [ — 3¢5 anp + 6s¢cy agwp — 35, agg + 1 0 CL12:| : (4.32¢)
— 45y

Now if we restrict to only operators that are flavor and custodial symmetric, we

obtain
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2 1
p=1— % [2 ) — —am] , (4.33a)

1-— 283 2
R 1,
Tzu,, = 1+ 51} ais, (4.33b)
N U2 3 1
TZere, — 1-— m |:4Sg ag{g — 5 CL12:| s (433C)
(%
. v? 3 1 v )+
TZee = 1+ 1_ 233 |:2 G — 5 a12:| — g aHlR s (433d)
. v? 2—s2
Pwoe, =1 — 90 [333 ag? -~ 0 am] ) (4.33e)
6

These five observables only depend on three Wilson coefficients as free
parameters.

An interesting question is the robustness of the predictions in .33 One way
to investigate this is to consider if there is any nontrivial solution, other than the
custodial symmetric one above, in which the general result in [4.31| with custodial
preserving and custodial violating operators can conspire to masquerade as [£.33] We

find the only nontrivial solution to be

o 4 E—ZCHWB =¥ (4.34a)
Cre = a3l (4.34D)

Ciy = ar (4.34c)

Cp =0 (4.34d)

cl)=o0. (4.34¢)

The only way custodial preserving and violating operators could conspire to
reproduce is for a custodial preserving operator coefficient Cl(%) to be equal and

opposite to the custodial violating coefficient cot 0Cyw . (All of the other relations

101



are consistent with custodial symmetry.) Since Cyy g is only generated at one-loop
leading matching level, this seems extremely contrived. It is gratifying to see that
any tree-level custodial violation arising Cpyp necessarily implies a different set of
correlated predictions for our observables.

We have presented our results in [4.31] that apply to SMEFT and vSMEFT alike,
since we did not consider observables involving right-handed neutrinos. Nevertheless,

the conversation from [.31] to [£.32] to [4.33] implicitly assumes that right-handed

neutrinos are in the spectrum at the scale where the UV physics is integrated out.
Hence, in vYSMEFT, one could construct an (at least in principle) observable involving
quRuR- However, we cannot construct the ratio 7z,,,,, because of course quRuR
is zero in (¥)SM. One can show that I Zvgpvp T€CEiVes a correction from just one
vSMEFT operator, Cy,. In the case where there are no flavor or custodial violating

observables generated by integrating out the UV physics, i.e., the same assumptions

that led to our result 4.33| the custodial symmetric part of Cy, is just aﬁ}}j, and

so there is no additional dependence on custodial preserving operators of ¥YSMEFT.
While it is possible to construct observables that involve r Zvrvr, they are necessarily
dependent on the masses of the right-handed neutrinos. For example, if the right-
handed neutrino masses were above the electroweak symmetry breaking scale, but
below the scale of the UV physics, there would be no new (Z pole) observables to
consider. For this reason, we do not consider further observables that rely on assuming
the scale of the right-handed neutrinos is below the electroweak scale.
EOM Redundancies

From the argument we made in the section above, one may naively think that

the EFT of a custodial preserving UV sector would be fully captured by the subset of
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those operators in our custodial basis that do not contain any type of custodial
violation. Interestingly, this is not the case.

After integrating out UV physics, the resulted EFT operators may lie outside
of an arbitrarily chosen operator basis. In order to present the entire EFT in the
custodial basis, one can apply integrating by parts (IBP) and equation of motion
(EOM) redundancies to trade these operators into linear combinations of operators
within the custodial basis. Most redundancy relations, such as integration by parts
(IBP) and Fierz identities, will not change the custodial-preserving nature of these
operators. However, the Standard Model EOMs mix operators that are custodial
preserving with custodial violating ones because the gauging of hypercharge and the
presence of Yukawa couplings explicitly breaks custodial symmetry. As a result,
even if the original operators from integrating out heavy physics preserve custodial
symmetry, the linear combinations they are traded into may contain custodial
violating operators.

This means that, to fully capture the EFT from integrating out a custodial-
preserving UV sector one may need both custodial-preserving operators and custodial-
violating ones in a particular basis. To better illustrate this issue, we take a closer
look at a specific example that we will encounter later in our discussion of UV theory
examples.

Consider the operator Qr = |H|*|DH|? that preserves custodial symmetry. It
can be generated at tree-level by integrating out a heavy W' gauge boson as we see
in Secs. [[V|TV] Although Qp is not an operator in the Warsaw basis, it can be traded
into Warsaw operators by IBP and the EOM of Higgs field in the Standard Model,

which reads as
(D*H)’ = (m% — \H[?) H + (aﬂ“ryy — el + e, Tyu — Jrjlqj) (4.35)
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Combine this using EOM and IBP, and we convert () into
1
|H|DH|* = §QHD +20Qu — W H|*

1
+ 5 (YoQur + YaQar + Y. Qo + YeQen +hoc) ,  (4.36)

While Qpo and @y are custodial preserving operators, the appearance of Y Qrn
violates custodial symmetry. This is a consequence of the implementation of EOM
because the Standard Model EOM explicitly breaks custodial symmetry via the
Yukawa couplings. Therefore, integrating out custodial symmetric UV physics may
generate both custodial-preserving and custodial violating operators in a particular
basis.

Implications of EOM Redundancies for our Observables. We now
consider implications of the EOM redundancies which a custodial invariant outside
of Warsaw basis can become a custodial violating operator in the Warsaw basis. Our
observables given in [4.33] assumed the presence of only custodial preserving operators
in our custodial basis. Given that using EOM can generating custodial violating
operators in our basis, our analysis in Sec. [[V] is potentially incomplete. In this
section we show that this EOM subtlety does not affect our results in [£.33] if we
restrict to tree-level matching.

Let us first identify which EOMs in ¥SM lead to custodial symmetry violating
operators. Clearly, the EOM for gluons and W bosons do not break custodial
symmetry, and hence do not cause this problem. The EOM for B boson is
irrelevant, since operators containing factors of 0"B,, are considered custodial
violating operators already, which would not be generated at the matching scale.
Therefore, the only potentially problematic EOMs are those for the Higgs H and the

fermions .
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Total ‘ H'*D?  pH?D  H®D* 9D  ypXD  ypHD?

38 ‘ 1 8 1 4 8 16

Table 8. Custodial invariants outside of Warsaw basis that yield custodial violating
operators in Warsaw basis upon using H and ¢y EOM redundancies.

Next, let us find all the yYSMEFT dim-6 custodial preserving operators containing
an EOM factor of H or 1, i.e.containing D?H, [P, or IPip. Using the Hilbert series
technique [130] 131], 132], 133, 134], with the EOM redundancy relation relaxedﬂ we
find that there are 38 additional independent custodial preserving operators outside
of Warsaw basisﬁ They can be divided into six classes according to the field content,
as listed in 8

In general, these custodial invariant operators will yield, upon trading via EOM,
a variety of custodial violating operators in the Warsaw basis. However, if we focus on
tree-level matching, then the situation is much simpler. As was originally worked out
in [208, 209], and recently emphasized and generalized by [210], only a small subset
of SMEFT operators can be generated by tree-level matchingﬁ Among the operators
listed in [§] only the first two classes, H*D? and ¢y H?D belong to this subset. They

contain nine operators, which are nothing but the yYSMEFT “kinetic terms” multiplied

3This can be achieved by taking H, ¢, and 1 (and their descendants) as “long representations”
of the conform group, as opposed to “short representations”. See [134] for details.

4Here we are counting the number of real Wilson coefficients.

5For completeness, we repeat the derivation of this result in following the method used in
[210].
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by |H|*
|H*|DH|* (4.37a)
|H|> YilDp +hee.,  with =q, 1, qp I . (4.37b)

We already encountered the first operator above, and showed the result of
transforming it into the Warsaw basis through EOM in [£.36] The second operator

transformed into the Warsaw basis becomes

|H\2(jleq =Y, Qur + YaQan for ¢ =q. (4.38)
We see that the custodial violating operators obtained through this procedure are
all in class 5, Y H?, as given in . However, it is clear from that none of
these custodial violating operators feeds into the observables discussed in Sec. [[V]
Therefore, our results in stand, provided that we limit ourselves to tree-level
matching of a custodial symmetric UV theory onto our custodial basis of ¥YSMEFT.
Observables of UV Theories with Custodial Symmetry
In this section, we calculate the predictions for our observables in four different
custodial symmetric UV theories as simple examples that demonstrate our results.
We consider in Sec. a real singlet scalar; in Sec. a heavy Z’ from a
spontaneously broken U(1)g_y, theory; in Sec. heavy W"”s and Z"’s from embedding
the electroweak group into SU(2), x SU(2)r x U(1)p_r; in Sec. a heavy W}
from embedding SU(2); into SU(2)4 x SU(2)p. The real singlet scalar theory
is well-known to produce a small number of higher dimensional operators making
it straightforward to study. The U(1)p_, theory is interesting because there are
only four-fermion interactions generated at the matching scale, which is distinct
from many SMEFT analyses that consider, for example, just bosonic operators.

The SU(2)L x SU(2)g x U(1)p_y, theory is nontrivial and quite interesting because
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it effectively gauges custodial symmetry in the UV. Once SU(2)r x U(1l)p_p is
spontaneously broken to U(1)y, however, custodial symmetry is spontaneously broken
and custodial violating operators are generated at the matching scale. However, in the
formal limit in which the gauge coupling of the U(1)p_ group vanishes, custodial
symmetry is restored, and we find nontrivial tree-level contributions to two of our
observables arising from 01(31);: Finally, the heavy W] from embedding SU(2),
into SU(2)4 x SU(2)p is interesting because it leads to contributions to all of our
observables. In particular, this custodial symmetric UV theory leads to both vertex
corrections as well as four-fermion operators that result in p # 1 at tree-level.
Singlet scalar extension. We consider a real singlet scalar ¢ at some heavy
scale M as a first example of UV-completion of SMEFT with custodial symmetry.
This model has been studied in detail by Jiang et al. in [211].
At the renormalizable level, this scalar is only allowed to couple to the Standard
Model exclusively through the SM Higgs doublet H due to Lorentz invariance and

Gauge invariance. We parameterize the ¢ part of the Lagrangian (up to tadpoles) as

1 2 1 2,2 2 1 242 1 3 1 4
- — S M2¢% — A|H|2¢ — ~k|H[*¢? — —pd® — —Ayd* . 4.
£55(00)" = 5MP6* — A|HP6 — ShHPS — 26 — a0 (439)

After integrating out ¢, we get a SMEFT. At tree-level, there are only two

nonzero Wilson coefficients at dim-6 in the Warsaw basis [211]:

kA% pA3
= Lacka 4.4
OH 2]\/[4 + 6M6 5 ( Oa)
AZ
Cio=—5:m7- (4.40b)
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Now transforming to our custodial basis defined in|.2| (by applying our dictionary

in [4), we get the nonzero Wilson coefficients as

kA2 A3

_ 441
UH =160 T a8ME (4.41a)
A2
ago = _2M4 . (441b)

As both Oy and Opp are custodial invariants (shown in , we see that this
SMEFT is indeed custodial symmetric. Applying our result to this EFT, we get

the prediction on the observables at tree-level as

P="Tzu5, = TZere, = T2ec = TWope, = 1. (4.42)

7' associated with a U(1)p_; symmetry. Another example highlighted

in this section is a Z};_; model, where the heavy Z’ is the gauge boson of a U(1)p_,

symmetry in the UV (see, e.g., Ref. [212]). This classical symmetry can be broken at

the quantum level through triangle anomalies. To consistently gauge the symmetry,

one has to ensure that the triangle anomaly contributions from different fermion

species are canceled. In the case of U(1)p_p, the anomaly cancellation can be simply

achieved by introducing three SM-singlet right-handed neutrinos v, a requirement that
is automatically by enforcing SU(2) g, isospin on the right-handed lepton sector.

Assuming that this U(1)p_ gauge boson Z’ couples to the B— L current jp_j =

718 — jr, through a coupling %gz, then our UV Lagrangian is

1 , 1 -
Lov= 127" ¥ S22 4 27, Y Vg (449

w:q7u7d7l7y7e

Here the charge Y, , = 5(B — L) for each type of fermion is summarized in @ We

1
2

have also assumed that the Z’ has a large mass M. This can be acquired through the
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Higgsing from a heavy scalar in the UV which only couples to Z’, or via a Stiieckelberg
mechanism which allows M to be a free parameter in the model. In principle, a generic
Z'5_; can mix with the hypercharge gauge boson B through a coupling %GB“”ZZLV.
As we have pointed out previously, hypercharge is one of the two sources in the
Standard Model which break custodial symmetry (the other is the Yukawa coupling).
The mixing of Z’ with hypercharge will break custodial symmetry in the UV. Because
of that, we have taken € to vanish, e = 0. This is a requirement that follows once we
impose the UV theory preserve custodial symmetry, which was after all the purpose

of this section.

P ‘ q u d l v e
1 1 1 1 1 1
Yz ‘ s & & "3 T3 T3

Table 9. Fermion charges Y, under the Z’' gauge interaction.

Now integrating out Z’ at tree-level, we obtain the EFT Lagrangian

2 _ _
Lerr = —2?\22 ( Z w’YuYz,w"(ﬂ) ( Z wv“Yz,w> . (4.44)

w:q7u7d7l7y7e ¢ZQ7u7d7l)l/7e

We see that only four-fermion operators of the type (LL)(LL), (RR)(RR), and

(LL)(RR) are generated. In Warsaw basis, the Wilson coefficients can be summarized

as

2
el =ch =cll) =20 = 2C,, = 2Cu = —2?\2 2Y2, (4.45a)

2
Cpo = Chy = Cho = 20y = 20,y = 20, = —IZ_9Y2 | (4.45b)

C2M?
() 9%
Clq = Cuu = LYvd — Ceu = Led = Olu = C(ld = qu/ = qu = _2M2 2}/1}/2 s (445C)
where we have defined Y; = % and Y5 = —% for convenience. Transforming to our

custodial basis defined in |2 (again by applying the dictionary in , we see that the
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only nonzero Wilson coefficients are those of the custodial invariants:

(

97
( (
Uty = ~oap2?
2 2
ay = — 92 2 att = — 92 ~r2
2027 ST VER
2
a+ _ 9z 2Y1Y2
lar IM?2
NONIN IR W+t _ 97 yo
99 = Tzl Grar = T oyl
2
ot =-9Z 9y,
qlr op2
(1) 9% (1) ++ 9%
d) == Zoviv, | el = -2,
\ \ W+ _ 97 gy
QAqqr = o2t
\
(4.46)

This is the manifestation of the UV physics preserving custodial symmetry.
Now to apply our observable results in[4.33] we also need to figure out the Wilson

coefficient a1 defined in We can restore the generation indices in @y from [4.44}
3

2
g — —
Lerr O =3 A% Y2 (Lvuly) (1A"1) (4.47)
p,r=1
We see that
g% 2
ap7l~lst = —2M2Y2 5p7”58t . (4.48)

Therefore, using [4.23] we get

ag=ay +ayu =0. (4.49)
1221 2112

Now plugging everything into [£.33] we finally get for this EFT
ﬁ = TAZVLDL = TAZCLEL = TAZCE = fWVLeL = 1 . (450)
Heavy W’s and Z’s from a UV theory with SU(2);, x SU(2)g xU(1)p_7.

In this section, we consider a minimum custodial symmetric UV embedding of the
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electroweak sector, by promoting the electroweak gauge symmetry to SU(2), x

SU(2)r x U(1)p—r. The covariant derivative is now
DM = 8# - igWﬁt“ — ’LQRRZZ&% - ZgKYKKM . (451)

with R}, K, the gauge bosons and ¢%, Yy the corresponding generators for SU (2)r and
U(1)p_r. In order to break this enlarged symmetry down to electroweak symmetry
at low energy, we introduce a new heavy scalar field ®, which is an SU(2)r doublet

with Yk o = % and SU(2), singlet. Upon acquiring a vev

- ! (4.52)
\/5 ’U¢+¢ ’ ‘

it breaks SU(2)g x U(1)p_r, to U(1)y, with the hypercharge y = t + Y [| In this
example, the custodial symmetry is an exact symmetry respected by the UV theory
at the high energy scale. However, it is spontaneously broken at the scale vy. Once
we integrate out the heavy gauge bosons and @, this v, gives rise to all the custodial
violating effects in the resulting SMEFT, putting the hypercharge part of the dim-4
custodial violations and those at higher mass dimensions onto the same footing. This
is in analogy with the case of MFV [144][]

The UV Lagrangian in this example is

1 1 1 -
- TR R — KWK+ |D®|* — Vg + |DH|* — Vi + ilpip .

Lov=—4 4T

Wi, WoH —
(4.53)
Here we have switched off any possible interactions between ® and H for simplicity,

and hence focus on the effects of integrating out the heavy gauge bosons. After the

6The story is completely in parallel with how the SM Higgs H breaks SU(2), xU(1)y to U(1) gar,
with electric charge Q = t3 +y.

"Note that this example would not account for the Yukawa custodial violation in SM.
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symmetry breaking, we can identify the mass eigenstates of the gauge bosons
(RZ,7 K,LL) — (Ri:,X/“ B,u) ) (454)

among which B, remains massless, but Rf and X, obtain masses

1
mi = Z—lgévi, (4.55a)
2 1 2 2 2

We then integrate out these heavy gauge bosons (together with the heavy scalar @)

at the tree-level, and obtain the EFT Lagrangian

2
Cerr = Lsm + 2;”;1—3% [(iDgM OV EEDS ¢7ut§w] [HT (iDswull) = " ot

Y=qRr,lr Y=qr,lr

9% Ch (ot T Tl (43 2
~ 57 ?<H @DSMH>—|— Z Py (tR—sRy)w
XTR Y=qr,lr
c? = - ,
X [?R (HTZ D SM,uH> + Z w"}/u (tj}% — s%y) w]
Y=qr,lr
+ O (dim-8) . (4.56)

Here the mixing angle is defined as usual

9gr
VIh+ 9%

We see that as expected, this EFT spontaneously breaks custodial symmetry,

cr = cosfp = (4.57)

and thus custodial violating operators are generated at the matching scale vy, such

as the combination
<= <=
<HTz' D SM,MH) (HT iD gMH> = Quo + 4Qup (4.58)

in which Qgp is a custodial violating operator. However, the Wilson coefficients

of these custodial violating operators (as one can check) are proportional to the
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hypercharge gauge coupling

2 2
2 9rIK

g = 5. 4.59
! 9?2 %g%( ( )

This is just a reflection that the dim-6 custodial violations have the same source as
that of dim-4. From this point of view, we see that there are two interesting limits in
which the UV theory could preserve custodial symmetry: gx — 0 and gr — 0, both
of which will yield a vanishing g; — 0. Let us now explore both of them in detail
below.

The Limit g — 0. In this limit, cg — 1 and sz — 0. The result in

simplifies to

1
LEFT (gK — 0) = LSM ( a1 — 0) - % [tr(E ZDSM METR Z 'QDR”}/#TR@R]
¢ Y=qr,lr

X [tr(E iDEETR) — Z QIDR’)/MTR@DR] .

Y=qr,lr
(4.60)

Clearly, this is a custodial symmetric Lagrangian. Focusing on the dim-6 part, we

find

L. = Lepr (9x = 0) — Lsm (g1 — 0)

1 3)+ 3)++
- _W |:4QR + Opn — 2 (O}U)R + OHqR> (O—;—li_R + 2OI(R!IR + OQRQR :
¢

(4.61)

We see the appearance of
Qr = |H['|DH|" (4.62)

a custodial symmetric operator (upon taking g; = 0) that is outside of the Warsaw

basis. We now can apply our results from [[V] to transform it into Warsaw basis
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operators using the Higgs EOM redundancy relation:
2 2 1 1 2714
Qr = [H|DH|" = 2XQu + 5Quo + 5Qv — W7 |H[ " (4.63)

Since this EOM relation does not respect custodial symmetry, a custodial violating

operator in Warsaw basis (Jy have been generatedﬁ

QY = YuQuH + Y;leH + YVQVH + Y:iQeH + h.c.. (464)

Now putting everything together, we can identify the Wilson coefficients in our

custodial basis:
( / /

_ A @+ _ @+ _ @+ L L Y, EY
ag = 205) Al = Qg = " Apgr — Ui Qg = 47};
_ 3 ++ 3+ 1 + Yy £ Yy
\ ago = 2?}5) \ Aiply = Qqrar = 21}3) \ Ao = 41}3)
(4.65)

These are mostly custodial preserving operators. The only exceptions are a;; and a_.
As explained, this is a consequence of implementing the SM EOM, which mediates
the custodial violation at dim-4 (Y, # Y; and Y, # Y;) to dim-6. We also notice
the appearance of the three operators: 01(3,);, OS()I;; and Ol(z);:. They are generated
because in the 2-2-1 model, the gauging of SU(2)gr reduces the three independent
global SU(2)ry X SU(2) g, % SU(2) i, down to one single gauged SU(2)x.

Now let us turn to the predictions on the observables discussed in [[V] Because
we do have custodial violating operators generated in this example, we should in
principle use W However, our custodial violating Wilson coefficients are a,y and

a;y, belonging to class 5: Y H? in , which do not feed into these observables,

as demonstrated by [£.32] Therefore, our result in [4.33] still holds, as we expect by

8Note that this operator violates custodial symmetry due to Yukawa mismatch Y, # Y; and
Y, #Y..
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the general argument given in [[V] Plugging in [4.65, we find that the only nontrivial

contribution to the observables is from aﬁ}}j:

=1, (4.66a)

fZI/Lf/L - 17 (466b)

’ﬁZeLéL == ]-7 (4660)
. 5 U

Tzee =1 — 55—, (4.66d)
Yo

R (4.66¢)

The Limit gr — 0. Now let us consider the other limit, gr — 0, that also
yields g; — 0. In this limit, we have cg — 0 and sg — 1. However, simplifying the
result in is not as naive as plugging these values in. The subtlety of this limit

that the “heavy” gauge bosons lef become massless mp — 0 (see 4.55)), if vy (and

hence my) is kept finite. In this case, truncating the EFT expansion at m% is no
R

longer a good approximation, namely that some higher mass dimension terms in
actually become more important. Correctly summing over these contributions turns

out to be simply removing the first line in [£.56] and yields the EFT Lagrangian

2

Lerr (9r = 0) = Lsm (91 — 0) — QinKz (&V’LYKQM (@Z)%YKQM + O (dim-8) . (4.67)
X

This EFT Lagrangian is precisely [4.44]

The above derivation of through summing over all the important higher mass
dimension terms, and then canceling the first line in seems somewhat mysterious.
This awkwardness is merely a reflection of the EFT not being a convenient framework
anymore when mpr — 0. The story is actually quite simple if we take the limit gr — 0
in the UV theory instead, i.e.in[£.53 It is then clear that gr — 0 decouples the gauge

bosons R}, from the rest of the theory, and only K, will acquire mass from vy, which
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then works precisely as the Z’ boson in[£.43] So there is no doubt that we will obtain
precisely the same EFT as in [£.44]

A Heavy W] Gauge Boson. In this section, we consider an example
of integrating out a heavy W] gauge boson. Specifically, we consider a symmetry

breaking SU(2)4 x SU(2)g — SU(2). The covariant derivative is

D, = 0, —igaW3,th —igsWg,t5 - (4.68)

The gauge sector Lagrangian is

]' a apuv ]' a apuv ]'
LD = Wi, Wi = JWe, Wi + 2 tr (D*®)" (D, ®)| , (4.69)
where the heavy scalar field @ is a 2 x 2 matrix that transforms as a fundamental

bilinear under the SU(2)4 x SU(2)p:

O — U,UL, . (4.70)

Therefore, the concrete form of its covariant derivative is

D,u® = 9,® — igaW§, t°® + igg®W5 1, (4.71)

with ¢ = %0“ the SU(2) generators in the fundamental representation. The

symmetry is spontaneously broken by the vev of the heavy scalar field ®:

b b (4.72)
D —=V¢ . .
vz o

The unbroken group is an SU(2) formed by the generators t% + t%, which we

identify as our SU(2) group in the SM. The corresponding gauge boson is the W
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boson. For the broken generators, the corresponding gauge boson W] acquire mass

from vg:

1 1 a a a a
5t |[(D"0) (D,@)] 5 20} (9aWi — W) (94 W5, — 98VVE,)
1 a a
= gvg (93 + 95) WL W0 (4.73)

We see that m%VL = % (9% + g%) vy, and

1

Wiy = ———— (9aW4, — 98W3,) , (4.74a)
YA+ g g g
1
Wi = ——— (98W4, + 9aW3,) . (4.74b)
9a+ 9B

With the above rotation, we can write the covariant derivative as

a a

2 2
ga 9B
Y —— = R Y )
V94 + 9% V95 + 9% >

9gAgB

with the SM gauge coupling g, = Vi
9gAT9B

D, = 0, —igoWy (1% +1%) — iWiZ (

For the interactions between the above gauge sector and the SM fields, we assume
that W4 plays the role of W before the symmetry breaking, namely that the SM fields
couple to W, exactly the way they couple to the W boson, and do not couple to Wg
at all. This means that for nontrivially charged fields t4 # 0 but ¢} = 0. From [4.75],
we see that after the symmetry breaking, the SM fields couple to both W and W] .

Up to linear power in W}, this interaction is

2
9ga ra yap
LD —A W gom. (4.76)
ga+gp "

Here Jij/' denotes the SM SU(2), current:
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a 1 -<—>a n a
T = ) (HTZ D, + Zmﬂ d}) : (4.77)
P

Integrating out W’ at tree-level, we obtain an EFT up to dim-6 as

ga 1 2¢;

c
Lgpr = — S I = == J T 4.78
EFT gi—i—g% 2m%/[/£ WupYw U?I) Wpw > ( )
where we have defined the mixing angle ¢y = —/2—. C(learly, this EFT

N

Lagrangian is custodial symmetric. Plugging in [£.77, we get

1 1 1 1
Lepr = ——5 {_QR + -Quo+ QS? + QSZ + -Qu + —Qé?,}) + Q(g)]
vg |2 8 2 2

lq

3 1
AQm + g@HD + 1 (YouQur + YaQan + Y, Quu + YeQen + hoc.)

1 1
+ QS? + QS; + 5@11 + 5@51?1) + Ql(s) (4.79)

From the first line above, we see that all the effective operators are custodial
invariants, as expected from .78 In the second line, we trade the operator Qg for
operators in the Warsaw Basis. As explained before, this procedure yields custodial
violating operators, due to the use of SM equations of motion. We can now identify

the Wilson coefficients in Warsaw Basis

’ (
4 il
Ch = —5A (Cutts Carrs Comry Cer) = 2 (Yu, Ya, Yo, Ye)
v2 vg 4
c‘j 3 (3) (3) (3) (3) Cil
CHD:—U—Qg CHl :CHqZQCZIZQqu :Clq :_U_2
\ ¢ \ ?

(4.80)
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Using the translation relations provided in |4, we get the Wilson coefficients in

the Custodial Basis:

( (
4 1 4 1
aH:—c—‘;‘—)\ aﬁlz—c—;‘—(YV:I:Ye)
qu)8 Vg 16 (4 81 )
: , 8la
4 4
CA3 =+ CA 1
__ca3 _ YAy, +y,
O =TS Yat = 72 6 2
\ \
®) _ ) _o. _ou® _ & _ A (4.81b
am = Ay, =2ay = 2ag) = aj, 2 .81b)

P

As expected, we find the appearance of a;;; and a,p» due to use of SM equations of
motion. However, as generally argued in [[V], as well as concretely shown in these
custodial violating Wilson coefficients do not feed into our benchmark observables
discussed in[[V], and our results in [£.33]still hold. To use this result, however, we also
need to compute the a5 defined in to compute the observables discussed in [[V]

To do so, we restore the generation indices in @)y from [4.78}

4 3
CA 7 a 7 a
Lypr D _ﬁprzl (L7ul,) (AP rel,) (4.82)
To make this into the form of @ ;; , we need to also restore the SU(2), indices
prst

being contracted, and use the group identity:

1 1
TiiT =4 (§5z’15jk - 15@'(51@1) : (4.83)

Substituting this in, we get
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Lgpr D - Z (Z_Z%Tf}li) (l_fV“Tiglli)

U‘% p,r=1
A S _ o S
- TAgb Zl (2 (Lol) (Br*1) = (Bdy) (Hr"1)]
p,r=
S _ _ B -
=gz 2 [20nde) (2"1) = (budy) (1)) (4.84)
p,r=1

To obtain the last line above, we have used Fierz identity for the first term in
the square bracket, and then suppressed the SU(2), indices as usual. Now we can

read off the Wilson coefficient with generation indices:

4

€a
— %A o5 5 5 5 4.85
an, = "o 2 prOst) (4.85)
Now using we get
¢h
a2 = Qa +CL[[ :——2 (486)
1221 2112 v3

Plugging all the relevant Wilson coefficients into [£.33, we obtain the pseudo

observables

p=1+ { 3 _83253} C%g , (4.87a)

Py = 1 — Ci‘f - (4.87h)
]

Tzepe, = 1 — _(11__;;5)2] Cigz ) (4.87¢)

e =1— : —1233} C%g , (4.87d)

e, =1 | 2(21__72553)1 C%g (4.87e)
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In particular, note that the observable p # 1, even though the UV sector
integrated out is custodial symmetric.

Custodial Symmetry vis-a-vis Flavor Symmetry

As we discussed in Sec. [[V] there are several SU(2)g global symmetries in the SM.
The one we associate with custodial symmetry arises in the Higgs sector SU(2)ry is,
however, explicitly broken by Yukawa interactions that cause SU(2) gy X SU(2) gy, to
be broken down to just U(1)y. Thus, even a “minimal flavor violating” extension to
the SM has custodial violation. Most of the Yukawa couplings are numerically small,
and so the explicit custodial violation is similarly small. However, the near maximal
difference between the top and bottom Yukawas implies the top quark is able to
induce substantial custodial violation in many operators of (¥)SMEFT at both tree-
level and loop level. The observables we considered in [4.31] are precisely constructed
to not have custodial violation from the top quark Yukawa coupling appear at tree-
level. This is obvious because there is no dependence of our observables on y;. This is
the central reason we have focused on exploring observables that are sensitive to tree-
level violations of custodial symmetry. Put another way, our results are fundamentally
limited by top-quark induced radiative corrections of additional ¥YSMEFT operators
feeding into our observables.

One can also probe the possibilities in which the UV theory has non-trivial flavor
structure. In our UV theory examples, the singlet scalar theory is trivially flavor-
symmetric. The U(1)p_, theory is also necessarily flavor-symmetric, since after all
what is being gauged is the residual U(1) global flavor symmetry that remains in
vSM after all of the SM Yukawa couplings have broken U(3)¢ — U(1)p x U(1)y.

Finally, the SU(2); x SU(2)g x U(1)p_r, theory is flavor-symmetric assuming all of
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the SU(2)g global symmetries are gauged. This is essentially automatic once one
permits custodial symmetric 3 x 3 Yukawa couplings.

For the W] model, however, if some of the left-handed quark doublets
transformed under SU(2)4 while others transformed under SU(2) g, this would also
lead to flavor-nonuniversality. The flavor nonuniversalities would show up as flavor-
dependent deviations to our observables, i.e., one would need to generalize beyond
the flavor-universal corrections to the observables that we have calculated.
Experimental Measurements of our Observables

We have presented our results in terms of the observables

{/37 fZVL5L7 fZeLéL7 [ ez, fWVLeL} , (4.88)
and an additional set of hadronic observables in Appendix [Bl Observable in this
context is by definition basis independent, but that does not necessarily imply that
it can be directly measured.

First consider what is required to make tree-level predictions for our observables,
and then we consider how they would be modified to account for SM loop corrections.
We have used as our inputs &, G r, Mm%, and so the observable p requires in
addition a measurement of m¥,. The widths {f‘ Zepeps r Zeé} are most easily measured
by rewriting them in the linear combinations {f’ZqéL + f’Zeé,flgl%}. Here, direct
measurements of the angular distributions of ete™ — ete™ on Z resonance can
determine fl%g [213]. The partial width into electrons f‘ZeLéL +T zez 18 not directly
measured, and instead one uses measurements of the total rate ete™ — ete™ on Z
resonance as well as the total width of Z boson, I', that was determined by separate
measurements scanning the lineshape of e"e~ — hadrons [213].

The partial width of Z into neutrinos must be inferred by subtracting the

measured contributions of the Z partial widths from the measured total width [213].
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For this presentation, we assume flavor universality and neglect the masses of the

quarks and leptons. The Z partial width into neutrinos is
3fZVLDL = FtOt - f‘le - quq (489)

where we emphasize the observable we have used throughout this paper, r Zuy oy, 18
the width into just one generation, and

T =3 (fZeLéL + fZeé) ; (4.90a)

T4 =2 (quLﬂL + fzm) +3 (deLJL + fzw’) : (4.90b)
Notice that it is not possible to determine the width into neutrinos without taking
into account the corrections to the hadronic observables given in Appendix [B] Since
the hadronic observables in depend on additional vYSMEFT quark operators, we
must also measure a restricted set of hadronic observables in order to remove the
dependence on those quark operator Wilson coefficients. This is accomplished by
enlarging our set of observables to include fzqq. This depends on one specific linear
combination of quark operator Wilson coefficients that can be read off from [B.15]
(It also depends on agg and a2, but this poses no ambiguity since the observables
in Sec. already depend on the same quantities.) Hence, once this Z to hadrons
width is measured, any deviation is ascribed to the otherwise unknown quark level
operators, and thus Z hadronic observables do not provide any additional information.
But, they do allow us to obtain a measurement of fzyL;L using Eq. (4.89)).

Finally, we turn to the W partial widths. Similar to the discussion for Z
partial widths, separate measurements must be combined to obtain an experimental
determination of the partial widths: the branching fraction of W into (v or hadrons,
multiplied by the measured W total width. This can be accomplished using LEP

IT data that simultaneously measures the W mass and width by doing a global
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fit to efe™ — ffff rates and distributions [214]. Care must be taken to extract
these quantities given that there are additional operators in SMEFT that induces
corrections such as to the triple gauge boson vertex that also must be disentangled

[122]. This is beyond the scope of our work.

Tables of Operators, Coefficients, and Translations
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1:X3 2: HS 3:H*D? 5:pH? + h.c.

Qc | FAPGvaBeaSr Qu | 1H® Quo | —(0uHP) (@*H?)  Quu | 1] (Hy)
& | FABCGAGErGSH Qup | [(D.HY) H] [H' (D*H)] Qen | |H|? (IHe)
Qw | e WWhrwer Qur | |HI (GHu)
Qu | et Wﬁ”WprSM Qan | |HI? (gHA)
4:X?H? 6: Yy XH+ h.c. 7y H?*D
Qua | HPGAGY Q| (o v)rHW, n (H1D ) ()
Qua | HPGALGY™  Quw | (o e)r*HWY, @ (HuDaH)(z‘ nral)
Quw | [HPWs, W Q| (lo™v)HB,, QW (Hfiﬁuﬂ)(wuq)
Qui | HPWe,we  Q.p | (lo"e)HB,, QW | (ENDH) (@)
Qus | |HPBWB™  Que | (Go"TAu)HGA, QO (H''D . H)(7y"v)
Qus | HPBuB™  Que | @ WTAd)HGA Qe (1D 1) (ere)
Quwe | HIT"HW,B"™  Quw | (qo"w)r®HWE,  Quue +hee. | (HTiD, H)(7y"e)
Quivy | HITHW,B™  Quy | (qo"d)yr*HWS, Qe (H'i'D 1) (i u)
Que | (g™ w)HB,, Qra (H'i'D . H)(dy"d)
Qap | (go"d)HB,,  Quua+hc. | (H'iD,H)(uy"d)
8:(LL)(LL) 8: (RR)(RR) 8: (LL)(RR)
Qu (iyul)(ZWHZ) Quv (Oyuv) (0y*v) Quw (3’,,1)(77‘)'“1/)
W (@ @r Qee Epe)Ere) Qe (Iyul) (&y*e)
% | @i @rtg) Que ) (@) Qu (Il (ay*us)
N (vul)(G7"q) Quu (@yw) (@y*u) Qua (Iyul)(dy™d)
D (et gyt eq) Qud (dd)(dy*d) Qqv (@v.9) (77*v)
Q\d (@yu)(dytd) Qe | (@) (@rte)
QY | (@ TAuw(dyTAd) QW) | (@vua)(@ytu)
Qua () (inte) QY| (@) (dyd)
Qua (7yv)(dy"d) o | (@I @y T4u)
Qe (o) @y n) Q| (@7 TAq)(dy"Td)
Qed (@ve)(dy*d)
Quedu + h.c. (Dype) (dyHu)
8: (LR)(RL) +h.c. 8:(LR)(LR) +h.c.
Qg | ('v)(ug) Qivie (I'v)e;j(le)
Qieag | (Pe)(dq’) Qg | (@wei;(@d)
Q;i’qd (@ T4 u)e; (7 TAd)
3/,,(1(/ (I'v)ei (¢ d)
Qlequ (l'e)esj (Tu)
Qz,,qd (ﬁ”wv”)‘l}(q ohvd)
Q) | (oue)e; (@ o u)

Table .1. ¥SMEFT dim-6 baryon-preserving operators in Warsaw basis. In addition
to the 76 = 42 4 (17 + h.c.) SMEFT operators, there are 25 = 7+ (9 + h.c.) new
operators involving right-handed neutrinos v, which are colored in brown.
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1:X3 2: HS 3: H*D? 5:pH?® + h.c.

Og | fABCGAGErGSH Oy \ o0 (512)]" Ono | [t (SHiD,%)]* O | w(STE) (ISPuln)
Og fABCéfyGprgu Omp [tr(ETiDMETg)]Z O;tH tr(ETE) (qEP:tQR>
Ow | ebe wavpybeyycn
O eabe Wﬁwwﬁp Wer
4: X?H? 6: Yy XH+h.c. 7 H?D
One | w(2)@AGYw  on, | (o™ SPug)We, O tr (91D, xr3) (Iyml)
Ops | t(EZ)GAGY 0 | (I0"™SPilg)B.,  O% tr (S179iD, %) (Iy#r°1)
Onw | tr(SIE)We,wew 0l | (@' TASPiqr)GL, OY) tr (21D, 573) (g74q)
Oy | tr(EFE)We,wew 0L, | (g0 7°SPigr)We, OF) tr (S179D, %) (gy"7%)
Ons tr (S12) BB Ofy | (0" Prgn)Bu  Ofly |t (31D, 378) (Tny"Pilr)
Ops |t (S1%) B, B Oite | tr(StiD,2rp) (I rPeln)
Onw | tr (Sirosiey) We, B O | tr (51D, 578) (am* Prae)
Oy | tr (Strosry) W, B O | tr (S1iD,xrg) (qmw,gpiqlg)
8: (LL)(LL) 8: (RR)(RR) 8: (LL)(RR)
Ou | () Ony. | (rwPilr)iry"Pilr) Oy, (Iyl) (LR P L)
o | (@@ 0L, | (TrwPilr)lx"Plz) O, (Ivul) (Gr7" Prr)
0% | (@ a)(@"r°0) Oan | @rwuPrar)@my"Pran) Oy, | (@1,0)Try*Pilr)
O | (ub@*e) 0L | @rPrar)@n"Poan) Ogws | (@,0)(@r* Piar)
O | (yur )@y ra) OWT | (@rvurar)@ry'rhar) Obgn | (@vuT*a)(@y"T*Piqr)
l(;)qii (lrVuPxlr)(GrY" Prar)
S F 1 (IR Plr) (@7 Pyar)
Ol(i)qj;i (lRYuT8lR) (GRY" T PrqR)
8:(LR)(RL) +h.c. 8:(LR)(LR) +h.c.
Oziqm (Zilfé)Pik(@ﬁqi) Ol (PlR)een(PlR)
OS&qu (T q)eijer (@ qr)
Ol dnasn (@TAqR)eijen (@ T qR)
01(11;7;53 ('R )ei; (GP__)M (@ k)
Ot | Tomllies (ePy) (@ ah)

Table .2. vSMEFT dim-6 baryon-preserving operators in our custodial basis.
Operators are colored black (custodial preserving), blue (custodial violating), red
(quark isospin violating), or green (lepton isospin violating). For example, O is
custodial preserving while O~ is custodial violating, since the former involves P,
while the latter involves P_. The notation O~ implies the operator violates both
quark and lepton isospin. See text for details.
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1:X3 2: HS 3:H*D? 5:pH? + h.c.

Oc¢ | Qa On | 8Qu Onn Quno OliH 2(QuutQer)
Oz & Oup | Quo+4Qup O;EH 2(QuutQan)
Ow | Qw
Ow | Qw
4:X2H? 6: Yy XH + h.c. 7 H?D
Onc | 2Quc Oy | QuuwiQuw O -Q\)
Oua 2Qpg Ol:|1:3 QupEQen O(H31) gg
Onw 2Quw Oqig QucTQac ng —Q(Iz
Onw 2Qpw O;EW Quw TQaw Og; QS?;
OwnB 2Qus Oqu QuBEQ4B OSI): —(QuvE£QHe)
Oup | 2Qup O | £2(Quuethc) — Qu Qe
Onws | —2Quwns OS();: — (QuutQua)
Opwe | —2Quws ngi 12 (Quuathec.) — QuutQpa
8: (LL)(LL) 8: (RR)(RR) 8: (LL)(RR)
Ou | Qu O, Quw+ Q20 On, | QutQi
oW | QW  ofL, Qu—Qee Opn | QutQua
oW | @ o Quu + Quat2Q"Y) Oh | QutQqe
o e ol Quu—Qua Ol | QU+Q%Y)
oy | @ ot 8Q — Z%=QU) + Quu + Qua Ofon | Q+QLY
o Qo + Qea) £ (Qud + Qeu)
ot Qo = Qea) F (i = Qeu)
O | 2(Queanthce) + (Qu = Qeu) T (Qud — Qea)

8:(LR)(RL) + h.c. 8: (LR)(LR) + h.c.

Oz:lthRq QruugEQiedq Oligiin 2Quute
Olinaan | 2Q4a
Olinaan | 2Q0
Ofttunn | —Q8£QLL
O | —Q.x01,

Table .3. A dictionary of the custodial basis in terms of Warsaw basis. The color
scheme is the same as given in Table [T and Table [2]
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1:Xx3 2: HS 3: H*D? 5:pH? +h.c
ag | Ca ag | 3CH apn | Cuo — Cubp aify | (Comr £ Cepr)
ag | Cg amp 1Cup aty | L (Cunr + Can)
aw | Cw
ayy | O
4:X2H? 6: Y XH + h.c. 7y H?D
anc 1Cha af, | 2(Cow £Cow)  aly) —c
AhG %CHé al:tB 5 (Cvp £ Cep) ag? Cl(;)l)
agw | 3Cuw aly | (Cuc+Cac)  aly) -cy)
Ay %CHW a;tw 3 (Cuw % Caw) agc)] CS;
anB 3Cup a;tB 5 (Cup £ Cyp) a%?j —3 (Cuy £ Che) + 1 (£Chve — Cipye)
Ay %CHE ag)z): i (£CHve + Chpye)
anws | ~5Crws i | —3 (Cru % Crra) + § (£Csua = Cirg)
ayiwp | —3CHws a(ﬁﬁf 1 (£EChua + Cig)
8: (LL)(LL) 8: (RR)(RR) 8: (LL)(RR)
au Cu aj 1 (Co 4 Cee £ Ce) aj. | 3 (Cu+Cu)
a | C atn, L(Cy — Ce) 0t | 1 (Gt Cu)
af) | Rl | |[(Cuut Ca) £ C5 - 5CR (3 k) €] @, | 3 (CoCoo)
az(;) Cl(ql DA 5 (Cuu — Cua) aggr | 4 [05711) + 052)}
ay | Gl 1o afE | 4o 0]
G H(Cou+ Cea) £ (Cua + Ca)]
o | £ 1o = Cea) £ (Coa = Cea) + (~Creau + Cloa)]
z(igzi 1 (Credu = Clog)
8:(LR)(RL) +h.c. 8:(LR)(LR) +h.c.
aliquRq 3 (Clvug % Ciedq) Aligllg 3Clie
at(z}z)aqu % chi)qd
at(zgq)zzqqa % C(gi)qd
02 | 4+ e,
e | 3 [Cln 2]

Table .4. A translation dictionary from the Warsaw basis Wilson Coefficients C; to
Custodial basis Wilson Coefficients a;.
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1: X3 2: HS 3: H'D? 5:pyYH? +hc
Ca,Cqz | ag,ag Chy | 8an Cuo | ego+anp Cors Cem | 2 (‘11—;1 + al_H)
Cw, Cw | aw , azp Cup dapp Curi» Cam | 2 (a;H iaq_H)
4:X?°H? 6: Yy XH+ h.c. 7 4y H?D
Cuc | 2aumc  Cow,Cew | afy +apy, c) —aly)
Cueé 2apq Cvp, Cen alJSB Tap CI(’?l) ag;
Cuw | 2anw Cuc» Cac | alg+ag o) —aly)
Cuw 2a % Cuw , Caw a;;W ta,w C’g’g agzl
Cus 2auB CuB, CaB a;rB t+a,p Cuy, CHe | — aﬂ}}; F (lg;; F aﬁg;f - a(ﬁ?;
Cup 2ayp Chive 2 [aggz - ag;;}
Cuwp | —2anws Chu, Chq | — agzz F ag;; F aSZ; - ag)q;
Cuws | ~20uwp Chud 2 [GS?}; - ag’z;}
8:(LL)(LL) 8: (RR)(RR) 8:(LL)(RR)
Cu ay Cuv o tang tat Cuw | af, +ay,
cid | el Ce aft +agg —aty Cie | af, —ay,
052) at(;(}) Che 2 (a,;;TR — al_}JR) Ciu al'tm +ay,,
Cl(q1 : al(; : Cuu Snan +afdon + aéﬁ&}ﬁ; + agan Cua alJ;R — Ay
¢y | ay  Cua aidan + Cidan — Gidan +aihan Co | G+ g,
0 | ol i)+ (-2l G | o,
i 8 alnan Cind | abin +atin
Cor a5 480 bl s ol ) | ol
Cua | ol = ol ol ol — ol +alN O | alid + el
Cen | for,” =l bt =iy, —afpr ™ — ol Ll |l — alie
Cea | Gy’ + 0l = Oy~ gy + hgr — it
Credu 2 [agi)(;Jr + al(i)qu}
8: (LR)(RL) + h.c. 8: (LR)(LR) +h.c.
Cuvug > Credq | O pgra £ Ulrana Cluie 2aupug
Céi)qd ] C;i)qd 2 al(I}I)quIR ) 2 a‘(I?])RQQR
Civga> Citaw | F ingan ~ Htnaa
Civaa> Ciegu | F Uinaan ~ Hingas

Table .5. A translation dictionary from the Custodial basis Wilson Coefficients a; to
Warsaw basis Wilson Coefficients C;.
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CHAPTER V
CONCLUSIONS

Effective Theories of Dark Mesons

In Chapter II we have studied dark sectors that arise from a new, strongly-
coupled confining gauge group SU(Np) with dark fermions transforming under the
electroweak part of the SM. In dark sectors that preserve custodial SU(2) in their
interactions with the SM, a custodial triplet of dark pions appears in the low energy
effective theory. The low energy effective interactions with the SM can be classified
by the custodial symmetry, leading to two distinct possibilities: “Gaugephilic”: where
7% — Zh, 77% — Wh dominate once kinematically open, and “Gaugephobic”: where
7 — ff, 75 — f'f dominate. These classifications assume the only sources of
custodial SU(2) breaking are from the SM: the gauging of hypercharge, ¢'Y’, and the
difference between the up-type and down-type Yukawa couplings, ))g .

The simplest theories that exhibited the gaugephobic and gaugephilic
classifications contained two-flavors, and we examined one chiral theory and two
vector-like theories. The chiral theory is familiar from bosonic technicolor/strongly-
coupled induced electroweak symmetry breaking. There, the dominant source of
dark pion interactions with the SM is from Goldstone-pion mixing and leads to a
gaugephilic decay pattern. In the vector-like theories, dark pion interactions with
the SM arise through higher dimensional operators. If we demand custodial SU(2)
invariance in these higher dimensional operators, we find that interactions between the
7p and gauge bosons first occur at dimension-9 (in the UV) while 7p f f operators can
be written at dimension-7. The mismatch in operator dimension means the vector-like

theories are gaugephobic.
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Next, we examined a four-flavor theory. With the proper electroweak charge
assignment, this scenario can have both vector-like and chiral masses among its dark
fermions, and is therefore a hybrid of the chiral and vector scenarios. The most
phenomenologically interesting limit is when the chiral mass is small compared to the
vector-like mass. In this case, we find the lightest custodial SU(2) triplet of dark
pions have gaugephobic interactions with the SM in which #° — Zh, 7t — Wh
are suppressed by ~ m? /m? relative to fermionic decays. In the chiral lagrangian
for the full multiplet of 15 dark pions, this arises through a cancellation between
the dark pion mixing with the Goldstones of the SM and dark pion mixing with the
Higgs boson of the SM. Decoupling the heavier dark pion multiplets such that only
the lightest triplet remains, the four-flavor theory maps into a two-flavor theory with
higher dimensional operators that preserve custodial SU(2) and are minimally flavor
violating. The custodial SU(2) symmetry of these interactions automatically leads
to the operator suppression ~ v?/A? in agreement with what we found by explicit
calculation of the four-flavor theory.

In theories that preserve custodial SU(2), the neutral dark pion decays to the
SM through “gaugephobic” or “gaugephilic” interactions with a suppressed rate of
7% — 4. In each of the theories considered, there is no axial anomaly contribution
to the decay. However, since the dark pions do have interactions with SM, and the
SM fermions have an anomalous axial-vector current, the decay 7 — v does occur,
but is suppressed by the same 1 /v, that suppresses the direct decay 7° — SM SM. In
the Standard Model, the analogy would be to imagine that the up and down quarks
have an exact custodial SU(2) symmetry, i.e., Q, = —Q4 = 1/2 and y, = yq4. In
this case, the anomaly contribution to 7% — ~+ in the Standard Model would vanish.

However, even without the anomaly, the SM 7° decays through the mode 7% — eTe™
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proportional to the electron Yukawa coupling. This interaction has the same form as
the two-flavor chiral theory we considered in this paper. Now there remains a one-

loop suppressed contribution 7

— 7 through the electron Yukawa coupling, but
this is highly suppressed compared with the fermionic decay, which is precisely what
happens with the 7° of the custodial SU(2) symmetric dark sector theories that we
have considered in this paper.

Finally, the astute reader may have noticed that all of the vector-like dark sector
theories with custodially symmetric interactions with the SM were gaugephobic. The
only gaugephilic case presented in the paper is the two-flavor chiral theory, which
might give the reader the impression that vector-like theories are automatically
gaugephobic. This is not the case. As an explicit counter-example, the custodial
triplets in Georgi-Machaeck models have gaugephilic couplings (e.g. [174]). It will
come as no surprise that we have already constructed strongly-coupled models based
on coset theories that generate the scalar sector of Georgi-Machaeck theories as dark

pions with gaugephilic couplings with the SM. The details will be left to further

investigations.

LHC Phenomenology of Dark Mesons

In Chapter IIT we have examined the phenomenology of dark pions — composite
states with electroweak and Higgs interactions that may lurk at the electroweak scale.
Dark pion - like states are a component of many BSM scenarios with new strong

dynamics near the electroweak scale.

— In addition to electroweak interactions, dark pions are also resonantly produced
via dark rhos that kinetically mix with SM gauge bosons and decay through

interactions with SM fermions or into hV'. The overall size of the single-pion to
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SM coupling and the relative strength of the fermionic versus V h decay modes
encodes some information about the symmetry structure of the strong sector

and is the subject of Ref. [120].

Taken more abstractly, dark pions represent a type of new physics that is
predominantly pair produced, is uncolored, and decays back to SM final states.
This is a particularly tricky combination for the LHC, since the lack of strong
interactions means the BSM cross sections are small and the fact that the final

states are pure SM leaves few easy handles to separate signal from background.

The phenomenology of the dark pions is governed largely by a few parameters;
the relative strength of the dark pion decays to fermionic versus gauge bosons,
the type of kinetic mixing [whether with SU(2); or U(1)y|, and the mass of
mp relative to pp. Setting up nine benchmark models with different values for
these key parameters, we explored the constraints on dark mesons from 8 and

13 TeV LHC searches.

The only scenario where we find constraints in the TeV range is when the p%, is
kinematically forbidden from decaying to dark pions and therefore decays with
significant branching ratio into leptons, the SU(2)7’y cases. For all other cases,
pp — mpmp is kinematically accessible so the dilepton bounds are negligible
and the best avenue is to look for signals of 7p pairs. Depending on the type of
kinetic mixing and the relative mass of the pp mesons, the bounds on m,,, from
7p pair production signals vary from slightly above the LEP II charged particle
bound to ~ 500 GeV. The strongest bounds come when the mass of pp is not
too much heavier than 2m,,, and kinetically mix with the SU(2), while the

weakest bounds come when the kinetic mixing only involves U(1)y. As the most
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extreme example of how light these particles can be while remaining undetected,
consider the SU(2)% model. There, dark pions as light as ~ 130 GeV are
still viable; perhaps more surprising, the vector pp in this scenario sits at ~

300 GeV!

— In our survey of LHC searches, we found the most useful features for bounding
dark mesons to be signal regions with high multiplicity of leptons and/or b-
jets without strong requirements on the energy (of the individual objects, or
summed) or missing energy. As model-specific searches march towards higher
masses in the 13 TeV era, this type of signal region has become rarer and rarer.
For scenarios without a dedicated search, such as the dark meson explored here
— or, more generally, for types of BSM physics that is pair produced with sub-
QCD rates and does not bring a non-SM source of missing energy — the net
result is that 13 TeV searches can be less sensitive than 8 TeV versions. Generic
searches based on multiple leptons served as a catch-all for this type of “non-
standard” BSM at 8 TeV, and we encourage ATLAS and CMS to repeat similar

studies with 13 TeV.

SMEFT with Custodial Symmetry

The robust way to uncover the details of UV physics is to measure all (v)SMEFT
operators in complete generality. This requires measurements to constrain the
coefficients of over 3000 operators at dimension-6. Even restricting to one generation,
measurements would be required for nearly 100 coefficients of dimension-6 operators.

This is a daunting task.
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In Chapter IV, we have proposed a much smaller set of operators to probe specific
information: is the UV physics consistent (or not) with custodial symmetry. We have

identified a set of observables, in Sec. [V}

{0y Tzuons Tzerers Tzees TWurer ) (5.1)
las well as corresponding hadronic pseudo-observables, see Eq. ] in which
if experimental measurements do not match the custodial symmetric pattern of
predictions, c.f. Eq. , then the UV physics does not respect custodial symmetry
at tree-level. Our result generalizes the commonly used observable p # 1 at tree-level
implying custodial symmetry violation, which only occurs when the leading matching
corrections to (v)SMEFT operators are purely oblique.

The observables Eq. depend on on just three custodial symmetric operators
with Wilson coefficients agg, ag;; and a;5. The p observable, for instance, does
not receive a correction from either 7% or m#,, and instead it arises purely from
the corrections to G r from vertex corrections and four-fermion interactions. As a
result, the deviation of p from 1 is proportional to just the linear combination of
Wilson coefficients 2 aﬁ? — aj2/2. The same linear combination also appears in other
observables such as 7. in Eq. . This is because the vertex correction Vyz.s
only receives a correction from agg; a Wilson coefficient related to right-handed
leptons, instead of aﬁ}, which is left-handed. Given these two different operators are
independent, the corrections to 7z.; happen to be a simple sum of these two different
effects. Notice also that the same linear combination from G F, namely 2 agg —aa/2,
appears in all five predictions of the hadronic pseudo-observables, Eq. for the
same reason as explained in more detail at the end of App. [B]

We demonstrated the utility of our results by calculating the corrections to our

observables in four distinct custodial symmetric UV theory examples. In two UV
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theory examples, a singlet scalar [Sec. and a heavy Z’ associated with U(1)g_p
[Sec. , the predictions are
P="Tzup, =TZere, = TZec = TWupe, = L. (5.2)
By itself, this is entirely uninformative, since predicting these observables do not
deviate from unity is indistinguishable from the what the SM predicts (again, at tree-
level). However, when combined with other observables that deviate from the SM
prediction, e.g., a modified Higgs trilinear coupling (in the case of the singlet model)
or a new/modified four-fermion interaction (in the case of the U(1)p_r model), our
observables provide a way to distinguish among UV theory possibilities. In the case
of these two particular models, the prediction for our observables is no deviation from
the SM which is fully consistent with the UV theories having custodial symmetry.
We also calculated the corrections in two custodial symmetric UV theory
examples in which there are contributions to our observables. The first example
of this type is embedding the SM into a larger gauge symmetry, SU(2);, x SU(2)r X
U(1)p—y, in which custodial symmetry is effectively gauged as SU(2)p [Sec. [[V]. The
spontaneous breaking of SU(2)g x U(1)p—r — U(1)y in general also spontaneously
breaks custodial symmetry, leading to tree-level contributions to custodial violating
operators. However, in a particular limit in which the gauge coupling of U(1)p_, is
taken to vanish, custodial symmetry is restored. In this specific version of this UV
theory, 0532;, OS’;; and Ol(}izl—;—i_ are generated by the gauging of SU(2) g that explicitly
breaks three independent global symmetries SU(2)gry X SU(2) g, X SU(2) gy, down
to one single gauged SU(2)g. The leptonic operator Og’l);r, in particular, contributes

only to the observable 7.z, that leads to the predictions
2
. 5 U . . R .
TZee = 1 - 86 ’U_2 I p = TZI/LDL = TZGLEL = /r‘Wl/LeL = 1 . (53)
é
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This pattern of deviation of our observables is a telltale sign of the custodial symmetric
UV theory in which gauged SU(2)r x U(1)p_y, is spontaneously broken to U(1)y.
Finally, we considered a UV theory with a heavy W, that arises from a gauged
SU(2) 4 x SU(2) 5 spontaneously breaking to SU(2), [Sec.[[V]. In this theory, the left-
handed quarks and leptons of the SM transformed under SU(2) 4, and after SU(2) 4 x
SU(2)p — SU(2)y, couple to the SM W boson. However, there remains a residual
coupling of the left-handed quarks and leptons to the heavy W] due to the mixing
among W4 g, and this leads to both vertex corrections of W couplings, C}?}, C’S;,
as well as four-fermion couplings C, C’ég’), C’l(;’ ) among other corrections shown in
Eq. . The vertex corrections and four-fermion operators lead to deviations from
the SM for all of our observables, shown in Eq. , that depend on only one
quantity from the UV physics, ¢! /v3, the heavy W’ mixing angle c4 divided by the
vev of the scalar field ve that breaks SU(2)4 x SU(2)p — SU(2)r. In particular, in

this model the p observable is

2 4,2
. Sp CAv
p =1+ [1—233] . (5.4)

that has a tree-level deviation from 1 due to the non-oblique corrections arising in
this custodial symmetric UV theory. By itself, observing the deviation in p from the
SM in Eq. is insufficient to conclude anything about the symmetry structure of
the UV theory. Once we combine this deviation with the other predictions shown in
Eq. (4.87)), we could uncover whether the UV theory is (or is not) consistent with
custodial symmetry.

Alas, our results have limitations. @ We have already emphasized that if
experimental measurements do not match the custodial symmetric pattern of
predictions then the UV physics does not respect custodial symmetry at tree-level.

The converse is not true. If experimental measurements follow our pattern of
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predictions, this is a necessary but not sufficient condition for custodial symmetry of
the UV theory. In particular, there are a few operators in which custodial symmetry
can be violated that do not contribute to our observables, specifically those of the
form ¢2H?. We argued in Sec. they do not affect our observables, which was a
good thing since they are generated by under the EOM redundancy used to rewrite
custodial symmetric operators that are generated not in our custodial basis back into
our custodial basis. If custodial violating contributions were generated to just these
operators by a UV theory, our observables would not be sensitive. Our results are also
not sensitive to custodial violation that appears only at loop level at leading matching
order. Here we should distinguish between two possibilities: there are well-known loop
corrections to our observables purely from the SM physics, such as the contribution to
p from the custodial-violating difference between the top and bottom quark Yukawa
couplings. These effects could be easily incorporated into framework by redefining
our observables to include the SM loop effects. However, additional contributions
to our observables that arise from radiative corrections from (v)SMEFT operators
are not included. For some theories, radiative corrections are known, for example
the singlet scalar model [211), 215]. It would be interesting to investigate if there
are persistent patterns that bely a UV theory with custodial symmetry even after

radiative corrections are included.
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APPENDIX A
EFFECTIVE THEORIES OF DARK MESON
Gaugephobic 2HDMs
We review the application of the (2,2) custodial symmetry formalism in the
context of general two-Higgs doublet models (2HDM) [216, 217, 218, 219]. We'll
focus on a general CP-conserving 2HDM.

The most general 2HDM potential can be written as [220] 121]

Varou = miy(9]61) +miy(0hos)
—miy(6162) — (M) (9ho1)
P10 + 3ha(0k0n)? + Xs(6101) (0h6)
FAG02)(6401) + 5 Do (9162)? + X6k
+Do(B0) + A5(@hon)](0161)
+Dr(0102) + X (@hon)](0302) (A1)

where m3,, m3,, 1234 are real parameters and m?,, A;67 complex. And ¢; and ¢

are two complex scalar doublets

+ +
A el . (A.2)

¢! 5
In general, m?;, m3,, and \; 534 are real parameters while m?, and \5¢; can
be complex. Nevertheless, in this study we restrict our discussion to CP-conserving
models, by assuming all the parameters of Vogpas are real [121]. And we also assume

the parameters are chosen to make Vo pys bounded below so that each of the ¢;

acquires a VEV, denoted as v; and vy which satisfy

V7 4 v5 = v? = (246 GeV)? (A.3)
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and we define

tg =tanf = kel (A.4)
U1

The goal of this section is to demonstrate explicitly that it’s possible to write
a general 2HDM potential in terms of a (2,2) custodial symmetry formalism, by

introducing matrices M;; similar to Eq. (2.2))

0 f
—¢; 4

My; = (¢i,¢5) = (A.5)

where 7,7 = 1,2

It is crucial to our approach that we define the following K-terms [216], 217, 218

Ko Plo1 + Dl

U S I I R "
K, i(Phr — Pl )
K Ol Py — Py

Given Egs. (A.5HA.6)), we may write K in two different ways, with either M

and My, or My alone

Ky = %tr<M1T1MH+M§2M22) =tr(M§1 Mm)

K= tr<MLM22> — 2 Re(det M) A
Ky = (=9) tr<MuTgM§2> — —2Tm(det My,)
Ky = %tr <M1T1M11 - MQTQM%) = —tr <M2173M§1>

Then it is straightforward to verify that Vogpys can be written in terms of K in a

compact form of

Varpu = €K + KTEK (A.8)
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where the mass parameter vector £ and the coupling parameter matrix E are [218]

%()\1 + )\2) + )\3 Re()\(; + )\7) — IHI()\(; + )\7) %()\1 — )\2)

5 1 Re(As + A7) Mg+ Re(Xs) —Im(%s) Re(As = A7) (A.10)

- Im()\g + )\7) - Im()\5) )\4 - Re(/\5) - Im(/\6 - )\7)

%()\1—)\2) Re()\g—)w) —Im()\G—M) %()\1"‘)\2)—)\3
As a consequence of Eq. (A.7), there are actually two types of custodial

transformations to the potential [221]: Type I: My; and My, transform as

where L and R are SU(2); and SU(2)r matrices. Type II: In this case, it’'s My

which transforms as
My, — LMy R (A.12)

The potential Vo par preserves custodial symmetry if it is invariant under either type
of the custodial transformations.

Nevertheless, recall that there is an explicit 73 in Eq. . In fact, it’s a (73)r
which appears either in the K5 term under the Type I custodial transformation, or
in the K3 term for the Type II. Since (73)g breaks custodial symmetry explicitly, Ko
term should be absent from Vogpys with Type I custodial symmetry, same as K3 term
for Type II. Apparently, to meet this requirement the corresponding entries in & and

E must vanish.
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With the argument above, the conditions for a custodial symmetric 2HDM

potential can be summarized as:

Type I
0
0
£ = ) E;= (A.13)
0 0000
0
Type II:
0
. .0
£ = ; E;= (A.14)
. .0
0 0000
For a C' P-conserving 2HDM:
3(miy +may,)
2
—Mig
Ecp = (A.15)
0
%(m% m3,)
T+ A) + A3 A+ X 0 T = X)
1 A6 + A A+ A 0 Ag — A
Eep — : 6 7 4 5 6 7 (A.16)
0 0 A — A5 0

T=X)  Xe— N 0 T+ X)) — A
Compare Eqgs. (A.15HA.16]) to (A.13), we see that to preserve Type-I custodial

symmetry, the condition required is

A= A5 (A.17)
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Similarly, the conditions for a Type-II custodial symmetry are

m%l = mgz
A= A
' ’ (A.18)
e = A7

Ay = s+ M) =X\
As is well-known, the observable that measures custodial violation is the
p-parameter.  Assuming the first three conditions of Eq. , the one-loop
contributions to Ap [I74] from either Type-I or Type-II models can be calculated

to the leading order in v? as

Ap=1os (%) (i = 25) (= ) (A.19)
where m, is the mass of the heavy pseudoscalar Higgs state A in 2HDM. We
explicitly see that Ap is proportional to (Ay — A5) and (A — A3), which can be
identified with the contribution from Type-I and Type-II, correspondingly.
We can also map the general Type II 2HDM model onto the the minimal

supersymmetric model (MSSM) where the \; are [121]

Moo= =3 +9?)

A3 = 1(9° =97

Moo= —39

As = d=A7=0.

(A.20)

The contribution to Ap is then

1 [ 02 1 1
Ap = — ) ==*) [ =q7) . A.21
P~ 9202 (mi) ( 2g) <29 ) (A-21)

The 2HDM potential of the MSSM contains custodial symmetry violation with a small

but non-zero correction to the p-parameter. The correct is, nevertheless, proportional

to g% that is precisely the SM violation of custodial symmetry by gauging hypercharge.
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Phenomenologically, the heavy Higgs states in a 2HDM may decay into SM
particles if kinematically allowed. Comparing to our study of dark mesons, we are
particularly interested in the branching fractions of the charged Higgs H* and the
pseudoscalar A° decaying into SM fermion pairs or gauge boson and Higgs pairs,
especially in the decoupling limit m4 > v. In this limit, Eq. indicates that
Ap is always suppressed by two powers of the heavy mass scale m 4, which means the
amount of possible custodial symmetry violation is restricted to be relatively small.
As a result, one can say that 2HDM becomes custodially symmetric in the decoupling
limit.

As for the decay branching fractions, though the couplings of H* and A° to SM
fermions are usually model dependent, their values are proportional to tan 3 or cot

174
Cyp x g%(tanﬁ or cot 3) (A.22)
W

On the other hand, the couplings to SM gauge bosons and SM Higgs are proportional

to cos(f — «) [174]
Cwi, x gcos(f — a) (A.23)

where « is the CP-even scalar mixing angle, and in the decoupling limit,

02
—qa) = — A.24
cos( ~ ) = 0 1) (A21)
Compare Eq. (A.22) to Eq. (A.23)), we see that to the leading order in v?
2
%—V: x cos(ff —a) < O (;—3) (A.25)

Therefore, in the decoupling limit a 2HDM becomes custodially symmetric, and the

decays of its heavy states to SM particle in this limit are gaugephobic.
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APPENDIX B
SMEFT WITH CUSTODIAL SYMMETRY
Details of Mapping onto Observables
In this appendix, we provide some details on the intermediate steps that lead to
our results in [£.31] We work with the Warsaw basis of dim-6 ¥SMEFT shown in [}
restricted to one fermion generation. We will perform tree-level mapping, and only
up to dim-6.

First, we find the corrections to the two-point functions of electroweak gauge

bosons
Myw (p*) = 2p*v*Crw (B.1a)
1,
HZZ (p2) = émQZ, SMUZCHD + 2p2fu2 (CgCHW -+ SgCHB + CHSOCHWB) , (Blb)
I, (p*) = 20°0* (55CHw + c;Cup — co56Cuwn) (B.1c)
H'yZ (pQ) — p21}2 [20989 (CHW — CHB) — (Cg — Sz) CHWB} s (B]_d)

where as usual ITyy (p?) denotes the transverse part of the full two-point function

of the gauge bosons:

(LU [L oV
i, (p°) = illyy () (77“” _ %’) + <z’ppf term> . (B.2)

Next, we move on to the three-point vertices. For the observables considered

in [[V] the relevant vertex corrections between the electroweak gauge bosons and the

leptons are
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Vi, = 1— 02 (c}}} . 0};”}) , (B.3a)

2
VZGLEL 1+ - 2 (Cl(ﬁ}l) + CS?) ) (B'3b>
1 —2s;
2
v
Veézl__cey B3
d 252 " (B3¢)
Vipir = 1 +0°C%) (B.3d)

Note that corrections to the four-fermion vertices would not feed into & due to
lack of pole structure. The only corrections to the four-point vertices (or more) needs
to be considered in our analysis is C'j» we mentioned in m It is the only four-fermion
correction that would feed into G F.

With the above, we would like to find the modifications to [£.26l The first four

observables are relatively simpler:

G 9% »’
A (g7 +93) | P* — Iy (P?) |20

= dSM [1 —|— 2U2 (SchW + cchB — C@S@CHWB)] s (B4a)

GF _ \/593 V2 —1 _ Chz
8 W p2 =gy g — Mww (07) ] 2v/2
p*—=0

_ A 23 1o

= GF7 aMm |14+ 2v CHZ — EU Ca| , (B4b)
iy =y sv + zz (M7 s)

= mQZ SM [1 + §U2CHD + 202 (CZC'HW + S%C’HB + C@SQCHWB) , (B.4c)
iy =iy, su + Oww (M, su) = My su (1 + 20°Crw) (B.4d)

These will lead us to the p part in [4.31]
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For the decay widths corrections in [£.26] we need a bit more setup. We define

the amplitude iM as the strength & multiplied by the polarization kinematics:
ZMZ#MZ =ik (Euﬂw/yMPL/Rvdj) s (B5)

with ¢, denoting the polarization vectors for Z boson, v and v denoting the Dirac

spinors for the fermion legs, and Pr/r = # denoting the projector depending on

the chirality of the fermion . The & for W boson decay is defined similarly. With

this, one can compute the decay width

R 1 A 2 iy,
F205 = Tomng | V29| = 337" (B.6)
So our 7 defined in [£.29) can be expressed as
~.2
- KZVLDL
TZvion = "= g B.7a
ZvLg \/§GF77A”LZZ ( )
[
Prener = Ay : B.7b
V2GR (1 - 1) (B.70)
2.2
Tzee = - et 5 (B.7¢)
V2G % (1 — V1 -3%)
S
mwk
7§WVL6L = N W Wore 3 (B?d)
Gpmy(1+ V1 —1)°
In SM, these strengths are
9 -
'I%QZVLﬁL7 SM — ﬁ = \/EGF, Sl\/ﬂ/?/lgz7 SM » (B8a)
6
2
N g 2 A A A
0
2 . 2
RZes, sm = %53 = V26, SMIY, M (1 —v1- JESM) , (B.8c)
o
-2 9% 2 fn‘} SM \/7A 3
FWupep, sM = 5 = GF, M (1 +v1- ng) : (B.&d)
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In SMEFT dim-6 Warsaw basis, these become

N N 1/2
H;ZI/LDL = H;ZI/LZ_/L, SM(RZ) VZZ/LI_/L

= Rzupop, sM |1+ v? (Cgcﬂw + SZOHB + CGSHCHWB) — v’ (ng) - CS?)

)

(B.9a)

2c959 1

~ N 1/2 0°0

KZepe, = RZeper, SM<RZ) / |:VZ6L€L + 1——2821¥H7Z (pQ):|
6

. 1
= Rzee,, sm |1+ v? (CgCHW + 830}13 + C@S@CHWB) + ?}21 552 <C1(L}l) + ng))
]
2 4c5sj 2

T 5.9 (CHW — CHB) — 20 C@S@CHWB y (B9b)
1—2s;

. " co 1

Kzee = K_Zeg, SM(RZ)1/2 |:VZee - S—ZEHVZ (p2)

. 1
= KZee, SM 1+ v? (CchW + SZCHB + C@S@CHWB) - 1122—520}15
(%
Co
— U2263 (CHW — CHB) + ’U28—9 (1 — 283) CHWB s (B9C)
RWupep = RWuper, SM(RW)l/QVWli
= Rwvpe, s | 1+ 02 Crw + 0?CY) (B.9d)

These are the corresponding corrections to the last three expressions in [£.26] where

Ry and Ry are the residues of the W and Z boson at the pole mass:

[ d
Ry =1+ ﬁnww (p%) =1+ 20*Chw , (B.10a)
LP - p2:m?ﬂ/, SM
[ d
RZ =1+ ﬁHZZ (pZ):| =1+ 21}2 (CZOHW + S%OHB + CQSQOHWB) .
LaP PP=m% su
(B.10b)
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Plugging as well as [B.4] into [B.7] leads us to the expressions in [1.31 In
particular, after obtaining 7z.,z, and 7z, the last line of [4.31] namely the forward-
backward asymmetry of ete” — eTe™ scattering on Z resonance can be calculated

straightforwardly as

2

N 3 f ere _f‘ ee
Abe, = [—Z“ Z (B.11)

Fe Z fZeLéL + fZeé
Recall and 4.29] we may express the decay widths in terms of our pseudo-

observables,

2 2
& mz sm g R
I'ze,e, = T é X (1—283)2%%@], (B.12a)
- AT
~ Mgz, sm 9gs 4\ A
I'zee = = x [(4 el - B.12b
Z 967T Cz ( 89) Tz ] ( )

Substitute back into we have

r oA ~ 2

AO,e o 3 FZeLéL - FZeé
FB — Z = =
_FZELéL + FZ@E

- 2
31 (1 —25§)" Fzepe, — (485) Pzee

=3 ] . (B.13)

(1 - 283)2 fZ@LéL + (48491) 72265

Finally, putting the expressions of 7z.,z, and 7z.z we obtained in back into
[B.13] with further simplification this provides us the last line of [.31], i.e. the tree-level
SMEFT prediction of the pseudo-observable 7%, at dim-6.

It is worth mentioning that if we restrict to operators that are flavor and custodial
symmetric, then the corrections we have calculated here are substantially simplified.
First, the corrections to the two-point functions of electroweak gauge bosons in

vanish because they are all custodial violating operators except Cpgy, which
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nevertheless cannot be generated at tree-level. As a consequence, the corrections to
&, m% and i, in also vanish, as well as the residue corrections Ry, and Ry in
[B.10} The only surviving non-zero corrections are the vertex corrections in [B.3] and

the correction to G r,

Vavo, =1+ U2C§l) =1+ agg , (B.14a)
v @) v @)
v? v @)t

Vzee = 1—2—5501_162 1_2_SgaHlR , (B14C)
Viwir=1+ UQCS? =1+ aﬁ?? ; (B.14d)

G 1 5 1
T 42 {201(?[) — —012:| =1+ [2 a(l_‘;g - = au} . (B.14e)

GF, sm 2 2

This explains why the observables in [£.33] demonstrate correlated predictions when
arising from operators that are custodial and flavor preserving, with only three Wilson
coefficients aﬁ}, agg: and a1, involved.

Hadronic Observables

In this Appendix, we consider a set of five quark pseudo-observables in addition

to those listed in Sec. [VE

{f‘ZuLﬂLy quﬂa f‘ZdLJLa dech f‘W’UzLdL} (B.15)

In order, these denote the partial decay widths of the Z boson to left-handed up-type

quarks, left-handed down-type quarks, right-handed up-type quarks, right-handed

down-type quarks, and the partial decay widths of the W boson to left-handed up-
type and down-type quarks.

We present our results in terms of definite parity hadronic final states in order to

most easily compare with the results we showed in Sec.[[V] In Z decay measurements,
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however, the first two generations of quarks are essentially indistinguishable, and so
in practice the measurable observables are f‘qu and quq as well as measurements
involving the b-quark. This is why, in this section, we refer to these as (pseudo)-
observables instead of simply observables. With these caveats in mind, let’s proceed
to determine the pseudo-observables leaving an interpretation of their use with respect
to measurements to Sec. [[V] In terms of the three Lagrangian parameters gy, gs, v,

the hadronic (pseudo)-observables are

[ Zuyay, sM = %i—g (3- 453)2 , (B.16a)
quu, SM = mlz&iM %gsg, (B.16D)
[ d,. sn = ﬁ;;éer%g (3-2s2)%, (B.16¢)
deJ, SM = m7Z2§M i_gsg ; (B.16d)
fWuLdL, SM = %g% (B.16e)

We can then construct the ratios of the new correction pseudo-observables with

respect to the SM ones as:

72w

[ _ T Wi s B.17a
i = et (L 2y =5y (B.172)
187 A
TA’ uil = ~ F Ul B17b
T RGeb (1 — VI —3)? (B.170)
72T .
o 7 = - 'y, 7, B.17c
Zdrdy, ﬂGFm%(2 + m)Q Zdrdr, ( )
727 .
Pyo7 = _ 'y, B.17d
zZdd NG oo (1 — m)z zdd ( )
) 8w .
T"Wurdy, = N 3 FW’U,LdL ) (B17e>

Gpid (1+ V1 —7)?
where x is defined as before by [4.30]
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These five pseudo-observables are unity in SM, but are modified in SMEFT due
to nonzero Wilson coefficients. Nevertheless, in a generic SMEFT at dim-6 there are
8 Wilson coefficients related to these 5 pseudo-observables. Here we list them in the

Warsaw basis:

P, =1+ = 2333}23 mrey {— %(3 —252)Crp — 8s9coCrwi — 6(1 — 253)C)
—2(3 - 253)C5) + 6(1 — 252)Cp) + %(3 - 233)012} ,
(B.18a)
. v? 2¢y 3(1 — 2s3) 1
Tzug = 1+ ——= - 232 [ Cup + _CHWB + QCHZ 2—830Hu — 5012} ;
(B.18b)
. v? 1 2 2y (1)
Trayd, = 1+ 1= 233252 [— 5(3 —455)Cup — 4secoCrwp + 6(1 — 255)Cyp,
—2(3 — 4s3)C5) + 6(1 — 252)Cp) + %(3 - 433)012} ,
(B.18c)
Frag =1+ 1 —1)2289 ~Cup + %CHWB + 208 — 3(18—928001% - —012] ,
(B.18)
. vt [ 3,
TWurpd, = 1+ 22| — ZCQCHD — 350coCrwp

1
— (2= 5)Cl) +2(1 = 25)Ciy + (2 - 53)012] .

(B.18e)

Now consider the UV physics respects flavor and custodial symmetry. Many
operators are absent and there are stronger correlations among these observables. To

see this, we go to the custodial basis given in [.2| and restrict to those that are flavor
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and custodial symmetric:

Frwin =1~ g |2al -~ | + TV (Basw
s =14 < _“2283 [2 o0 %} - g_ a9 (B.19b)
Tra,d, =1 — i _1}22(35)_(348_3)283) {2 af,’? - %au} + 5 Ev;z af}é, (B.19c¢)
Frar =1+ 1 _”2283 {2 ') — %au] - 3S—§ a3 (B.19d)
Twugd, =1 — 12122——_222 {2 agg — %a12:| + 20° a(H331. (B.19e)

As we have mentioned at the end of App.[B] these predictions of the five hadronic
observables are determined somewhat surprisingly by only three free parameters: two
hadronic Wilson coefficients agg and agg, and the aforementioned linear combination
from the correction to G, namely {2 aﬁ} — % au} . If we combine all of these results
into Z and W partial decay widths into hadrons, then incorporate the five leptonic
observables in[4.33] these two hadronic partial decay widths do not add any additional
information but could still be used as cross-check information at least with respect
to specific UV theories.

Tree-level Dim-6 Operators

In this appendix, we show that for the operators types listed in[§], only H*D? and

Y H?D can be possibly generated at tree-level when matching with a renormalizable

UV theory. In below, our derivation follows the argument given in Section 3 of [210].

We parameterize a generic renormalizable UV theory as

1
Lyy = §QTKQ -QTJ+0(2°) . (B.20)
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Here () denotes a collection of heavy particles that we will integrate out when

performing the matching:

Q= , (B.21)

with ® a set of real scalars, ¥, ¥ a set of Weyl fermions, and V,, a set of vector bosons.

The matrix K captures the quadratic piece in €2:

—D*—M?*  —yp —yy 0
—yp =M —y¢p —(5-iD)" 0
P ' yo —( )
—y o-1D —M —yo 0
0 0 0 n' (D*+ M? + g¢*) — D" D" + [D*, D"

(B.22)
Here ¢, 1,1 denote the light scalars and Weyl fermions that we are going to keep in
the EFT. Similarly, the covariant derivative D" contains only the light gauge bosons
in the EFT. Note that our masses and couplings M, A, y, g etc. here are all schematic.
If there is a nonzero tree-level matching result, then we also need a term linear in €2

in the UV Lagrangian. This is parameterized by the second term in [B.20] with

yp + yip + Ag?

J = yov | (B.23)
Yo

g™y + go Do

To match at tree-level, we solve the equations of motion for §2 to get

Q (¢, 9] = K'J. (B.24)
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We then substitute this solution back into Lyy to obtain the EFT:
1
Lrpr = Luv (2 =Q,) = —§JTK71J. (B.25)

Now expanding K1 gives us a tower of effective operators, which we can truncated
according to the desired mass dimension. At dim-6, this expansion is fairly simple
because the factors J? and J have already mostly saturated the mass dimension,

allowing for at most one mass dimension (from the fields) to keep in K—!. Therefore

we get
1 0 0 0
110 M—yp —(G-iD)" 0
K> ~1E ( ) , (B.26)
0 o-iD M —yo 0
0 0 0 —phv
and
1 0 0 0
1 0 M—yp —(5-iD)" 0
Lgpr D 53 Jt ( ) J. (B.27)
0 o-iD M—yo 0

0 0 0 —n
From this we can easily enumerate all the possible types of field content in the dim-6
matching result, which is summarized by Figure 1 in [210]. In particular, we note that
the presence of the covariant derivative D* is very limited. First, there will be no field
strength factor, which are commutators of the covariant derivatives X" ~ [D*, DV].
In addition, there is no operator with three or higher powers of D*. Furthermore, at
the second power of D*, the only possible operators are of the type ¢*D?; and at the
first power of D*, the only possible operators are of the type ¥)¢>D. Applying this
conclusion to our [8] we see that only H*D? and ¢H?D can be possibly generated

at tree-level.
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EOM Equivalence Example

We know that predictions on physical observables are invariant under a basis
change in an EFT. One way of performing a basis change is to trade operators
through their redundancy relations due to the Equations of Motion (EOM) at the
leading order (see e.g.Ref. [222] for detailed explanation). Such a basis change yields
equivalent physical predictions up to the order of the EFT expansion. This intuitive
fact, however, brings complications for characterizing models with “minimal” custodial
violation. Since custodial symmetry is broken by vSM interactions, it is violated by
vSM equations of motion, namely the leading order EOM in ¥SMEFT. This means
that when changing basis through EOM redundancy in ¥SMEFT, one can trade
custodial preserving operators into custodial violating operators and vice versa. But
they give the same predictions on physical observables. This point is potentially
confusing. In this appendix, we give a simple example, demonstrating how custodial
preserving and violating operators could yield the same physical predictions.

In this example, the physical observables that we will focus on are the Higgs

decay widths I'y sww~, Inzz+, and I'),_, 7, with f denoting the Dirac fields for ¥SM
fermions f € {fu, fa. fv, [} and[]

d
qu “ ) de ) qu ) feE “ . (B28>

UR d VR E€ER

h
S

=

For our purpose, it is actually sufficient to study the corresponding amplitudes
iMpww, iMpzz, and iM,¢; as “pseudo” observables. In fact, as we shall see in
below, we will also strip off the external polarization vectors, spinors, etc. from these

amplitudes, because the corrections we will study have trivial momentum dependence.

IFor simplicity, we work with only one generation of fermions, and assume real Yukawa couplings.
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In the following, we will pick a simple basis change through EOM redundancy,
and show how the two bases give the same predictions on these amplitudes. In

particular, we consider the operator
Qr = |H|?|DH| , (B.29)

which is outside the Warsaw basis in [I] Using the Higgs EOM in vSM, one can
write this operator as a linear combination of those included in the Warsaw basis.

Concretely, the Higgs sector of the ¥SM Lagrangian is
1,\? - . .
Lsws O |DH| — X <|H|2 - 502) - (YuqHu VYygHd + Y, [Hv + Y,IHe + h.c.) .
(B.30)
The resulting Higgs EOM (together with integration by parts redundancy) gives the
following redundancy relation
2 2 1 1 2 7714
where we have defined the custodial violating (due to Yukawa mismatch Y,, # Y, and
Y, # Y.) operator Qy as
Qy =YuQuu + YaQan + Y., Qv + Ye Qe + hoc.. (B.32)
Rearranging |[B.31], we get
Qo =2Qr —4\Qy — Qy +2\*[H|' = 2Qr— Qy . (B.33)

In the last expression here, we have dropped operators not contributing to the
aforementioned amplitudes. This equivalence relation means that for the corrections
on iMuww, tMpzz, and My, ¢ ¢, the custodial preserving operator Qg in the Warsaw
basis is equivalent to the combination 2Qr — Qy, with Qy a custodial violating
operator in the Warsaw basis and (Qr a custodial preserving operator outside the

Warsaw basis. In the rest of this appendix, we will demonstrate this equivalence,
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i.e.between the following two toy EFT Lagrangians

Lwarsaw = Co Quo » (B.34a)
EAlternative = OR QR + CY QY ) <B34b>

with OR = QOHD and Oy = _CHI]-
vSM Predictions. Before studying the EFT corrections, let us first work
out the predictions in ¥SM as a warm up. To compute the gauge boson amplitudes,

we examine the Higgs sector:

2 1 2
Lsw, D |DH|” = (ah) B4 2 WiW 4 =8y 4 )27, 2
4 2409
2, 1 1
(Oh)? + 9 W+W M+2g422 Z, Z“+g22 W M+§fg2 hZ, 2"

l\')l»—t

(B.35)
In order to determine the free parameters g3, 3, and v, we take the observables m3,,
m%, and G F From the above, we see that these are related to the vSM parameters

as

2,2 2
A2 g3v ) 92 A \/592 1
- J27 Gr = = . B.36
w 4 7 my = 4¢3 7 E 8mz, /202 ( )

Solving these, we get the ¥SM parameters

1 4} A g2 4din? .
2 2 w _ ~ 2 2 Z __ ~ 2
v = \/_Q—GAP_, y 92 = U2 = 4\/§GFmW y % = U2 = 4\/§GFmZ . (B37)

Now we can obtain the vSM predictions on the amplitudes h — WW and h — ZZ:

2
i My = %21) = 22\ / V26, (B.38a)

2

iMhZZ_sz 22/ V2G| (B.38hb)

As noted before, we have stripped off the polarization vector part of these amplitudes,

since they are irrelevant for our current analysis.

We use 7, here for simplicity. In real analysis (see e.g.]I40]), one typically uses the more
accurately measured quantity & — the fine structure constant in place of m3,.
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To compute the fermion amplitudes, we examine the Yukawa sector:

Lsvy D — (Yuqﬁlu +Y,qHd + Y, [Hv + Y.[He + h.c.)

— Z Yy (04 h) ff =~ Z \/_vaff Z fohff (B.39)

Again, we need to first determine the new free parameter Yf. For this we can pick

A

mf:

1
M= —=Y, B.40
1= (B.40)

which gives

1 T -
7= Tf = 1\ V2GE . (B.41)

Now the h — ff amplitudes are predicted as

: 1 ] A
iMysf = —ZEYf = —ith\/V2Gr . (B.42)

Similar to the case of gauge boson amplitudes, the spinor part of the fermion
amplitude is irrelevant for us and has been stripped off.

Correction in Warsaw Basis. Let us now check the prediction of the
aforementioned amplitudes by our Warsaw basis toy EFT Lagrangian in For
this, we need to work out the effects of the operator Qup. As is well-known (see
e.g.[223]), this operator corrects the Higgs amplitudes of the type h — XX (with
XX denoting WW, ZZ, or ff) by a universal residue effect. Specifically, we have

1
Quo = — (0, HJ?) (0"|H)?) = —(v+ h)*(8h)* D 3 (—2v%) (9h)*. (B.43)
This yields a nontrivial residue for the Higgs field
Rh = (1 — 2U2CH[|)_1 =1 + 202CH|:|, (B44)
which feeds into the amplitudes of our interests as

iMhXX — R}IZ/QZ'M}IXX = (1 + U2CHD) iMhXX . (B45)
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Note that in above calculations, we are only keeping up to the linear power in the
EFT expansion parameter XQ This is because the EOM equivalence is supposed to
hold only up to this order.

Correction in the Alternative Basis. Now let us check the prediction by

the same toy EFT Lagrangian written in the alternative basis i.e[B.34b] For this we

need to work out the effects of the operators (Qr and Qy.

For Qr, we use [B.35] to get
Qr = [H|’|DH|* = ( +h)*|DH|*

1 1 1¢21
= (0 h)*(Oh)° + el i L8 L gz g

4 2 24¢22
S5 1 1(ah)2 92 W+W Hy = Lg0” 2 7,7"
27 |2 2 4c2
295 21 3
+ v ZQUhVVJW—“ + 02 5 22 vhZ,7" . (B.46)

We see that now with a Wilson coefficient Cf, the observables m2,, m%, and Gp

become
2,2 1
m%/ = % (1 —+ §UZCR) , (B47a)
2,2
2 _ §ov L,
== 14+= B.47b
my 12 ( +2UCR), (B.47b)
L V2¢2 1 1 -
= 1+ ~v?C : B.47
T gy \/§v2( BEN R) (P47
Solving these we obtain
1 1 - 1 1
vi= —— 1+ =0*C ) = — (1 — —*C ) , B.48a
(o) =g (-2 (A8
. —1
o A (L Lae ) aaG B.48b
92 = 73 +2U R = FMyy (B.48Db)
2 4 1 - .
i_g - TUZZ (1 + 51)203) = 126 . (B.48c)
b
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Comparing with [B.37, we see that the parameters g3 and c2 are unchanged, but v?

receives a modification. Note that we now also have a nontrivial Higgs residue as well
1 -1
Rh = <1 + §'UQCR> . (B49)

It is interesting to note that the following combination is unaffected

1 ~
R’l/QZ = \/V2Gr. (B.50)

This is a reflection that the part %112|DH |2 in QQr is just rescaling the whole
field H (namely v and h together in the same way), and hence has no physical
observable effects. Therefore, all the physical effects of Qg come from the rest of it
1(2vh + h?)|DHJ”. For h — XX amplitudes, it is obvious that this part can only

modify h = WW and h — ZZ, which are given by
2 - 1
iMyww = R}/Q%% (14 0*CR) = 2m%\/V2G (1 + §v20R) : (B.51a)
2 - 1
iMyyy = R}/Q%% (14 v°Cr) = 2m%\/V2Gr (1 + §U2CR) . (B.51b)
Co

Next, we check the effects of the operator QQy.

Qv =Y, Qur +YaQan + Y, Qo + YeQen + hoc.

— |H? ( uqHu+}/cqud+YlHy+YlHe+hc>
—Z—va+h ffDZ Yf 3ff+z Yf3v2hff (B.52)

We see that now with a Wilson coefﬁc1ent Cy, the parameter—ﬁxing observable 77 ¢

becomes

1 1
mf = EYJCU (1 — §U2Cy> . (B53)

With this, we can compute the fermion amplitude as

1 3 i
iMy,7 = R/ {—iﬁyf (1 - EUZCY)] = —iR,IL/Z% (1—2Cy)

— irV3Ge (1 - 'Cy) . (B.54)
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Note that in getting the second line, we have used the fact that the ratio R,ll/ 2% is
unmodified by (Jr, as we have seen in This manifests our general argument
that Qr would not modify M, ;7.

Finally, using [B.51] and [B.54] with Cr = 2Cyn and Cy = —Cyn, we get

/ ~ 1 / ~

iMhWW = Qm%/v \/EGF <1 -+ 51}203) = 27’?742/{/ \/§GF (1 + UQCHD) s (B55a)
T 1 T

iMhZZ = 2mZZ \/§GF (1 + 5020}3) = QmQZ \/§GF (1 + ’U2CHD) s <B55b)

iMy 5= —itp\/ V2Gr (1 — v*Cy) = —itn\/ V2G5 (1 4+ 0*Chun) - (B.55¢)

Clearly, these agree with the Warsaw basis results we obtained in [B.45]
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