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Abstract

Beyond the standard model physics, from the LHC to fixed target experiments

and astrophysical probes
by

Nick Hamer

The Standard Model (SM) of particle physics, while excruciatingly consistent under
precision testing, is not a complete theory. Theories of new physics beyond the Stan-
dard Model (BSM) thrive beyond its shortcomings. This thesis will explore several
complementary avenues of investigation in this realm.

The first part concerns CP violation (CPV) in the theory of a two Higgs doublet
model (2HDM), and the signature of electric dipole moments (EDMs) is considered.
Subject to constraints on EDMs set by experiments, collider phenomenology is explored
and a benchmark is elaborated.

An astrophysical interlude proceeds with a statistical treatment proposed to
distinguish microlensing events in which lensing objects are drawn from populations
of free floating planets (FFPs) or from populations of primordial black holes (PBHs).
The Nancy Grace Roman Space Telescope, set to launch in 2027, will observe a suffi-
cient number of events during its Galactic Bulge Time Domain Survey to enable such
statistical tools.

The third part discusses a pair of BSM models where additional particles
contribute to the muon anomalous moment, a,. First, the flavorful supersymmetric

Xiv



Standard Model (FSSM) is described, and its contributions to a, are computed. It
is shown that sleptons in the multi-TeV range can ameliorate the recently measured
tension in a,. Second, a minimal extension to the SM with an addition scalar coupling
to muons is described, and the detection reach of the proposed DarkQuest experiment
is computed. Mitigation strategies on various sources of backgrounds are discussed in

detail.
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Part 1

Introduction



The Standard Model (SM) of particle physics, can be understood as a low-
energy effective theory. Not to say that it captures all low energy phenomena, rather
that it suggests a regime for known unknowns. Theories of new physics beyond the
Standard Model (BSM) are a complementary ingredient in the effectiveness of the SM.
This thesis will explore several complementary avenues of investigation in this realm.
There are BSM theories that can be probed across an extreme spectrum of energies, of
which this thesis will explore a handful. Models will be presented which can be tested
at relatively low energy beam dump experiments, much higher energy experiments at

the LHC, and in the astrophysical laboratory.



Chapter 1

Standard Model background

The standard model of particle physics is a theory of gauge symmetries and
particle content describing the known fundamental interactions (strong, weak, and elec-
tromagnetic) and matter fields (quarks, leptons, and Higgs). The discovery of the Higgs
boson at the LHC in 2012 [I3] completed its catalog of particles alongside 6 quarks, 6
leptons, 3 weak gauge bosons, 8 gluons, and one photon. Their interactions are described
by the group SU(3)c x SU(2)r, x U(1)y. The first subgroup of that tensor product
separately describes QCD while the remaining two describe the electroweak interac-
tions. These symmetries are gauged, a resulting term in the covariant derivative of the
Langrangian then describes the interactions between fields charged under these symme-
tries and their respective gauge bosons. Through the Higgs mechanism, the electroweak
piece of this group is broken into a resulting U(1)gas group describing electromagnetic
interactions. The only fermions charged under SU(3)¢c are quarks, while the particular

fermions charged under the SU(2); (weak) gauge group are the left-handed fermions



(left-handed as in transforming under a certain representation of the Lorentz group as
opposed to possessing a specific helicity). The masses of the fermions in the SM neces-
sarily come from interactions with the Higgs field after it acquires a non-zero vacuum
expectation value (VEV). To include a Dirac mass term for the fermions would violate
the gauge symmetry laid out. Thus, since the SM does not include right-handed neu-
trinos, it cannot account for neutrino masses inferred from the phenomenon of neutrino
oscillations[52, 53], 228].

The forces of the standard model are mediated by gauge bosons, spin-1 par-
ticles associated with each of the subgroups of the full gauge symmetry. In particular
they are associated with the adjoint representation of those particular groups, and so
there are 8 gluon fields, G};, 3 weak gauge bosons, W, and one gauge boson associated
with the U(1)y (hypercharge), B,. After electroweak symmetry breaking (EWSB) in
which the neutral component of the Higgs field acquires a nonzero VEV, the electrically
neutral weak gauge boson, Wi’, mixes with the B, yielding the physical eigenstates of
the Z boson and the photon. The dynamics of these bosons appears in the Lagrangian
as,

1 1 1 —
Lamge = =G0 = JWLWH — BW B LDy, (L)



where,

G4, = 0,G% — 0,G% + gs f*°GLGe, (1.2)

W, = 0,We — 0,W + ge® WiWy, (1.3)

B/u/ = a,uBu - al/B,ua (1'4)
) 1, . u

D, =0,—ig1B,Y — §ZgaaWu —igstaG, (1.5)

where a runs over the appropriate adjoint index, f and € are the structure constants
of SU(3) and SU(2) respectively, and ¢ and o are the generators in the fundamental
representation of those groups. The strength of the gauge interactions is encoded in g1,
g, and gg. It is evident in these equations that gauge bosons of nonabelian symmetries
interact between themselves, a feature not present for abelian symmetries.

The Higgs is a complex scalar doublet which transforms under the fundamental
representation of SU(2)r. It has a hypercharge such that one component has unit elec-
tric charge and one component is electrically neutral. After EWSB, the Higgs doublet

can be written,

d=-—— (1.6)
v+ h

, where v is the vacuum expectation value, and h is identified with the physical Higgs

boson. The terms in the Lagrangian involving the Higgs doublet look like,

Lhiggs = | D, ®|* — (u2\<1>!2 + A“I)’4) ; (1.7)

with the terms in brackets being the scalar potential. The minimization of the potential



is dependent on p and A. Specifically, for u? < 0, and A > 0 the potential is minimized
at nonzero |®|2. In order to have a theory with a massless photon, we ascribe the

nonzeroness to the lower component [433],

v? = —p?/\ (1.8)
m3 = 2 02 (1.9)
A motivation for a theory of spontaneously broken gauge symmetry is that it results

in massive gauge bosons. The other components of the complex scalar doublet ¢ are

identified with longitudinal degrees of freedom of the W* and Z. Their masses are then,

1
mw = 5gv (1.10)

1 9 2 mw
= Zuy/ = L11
mz QU gty cos Oy ( )

with 6y being the weak mixing angle.

The masses of the SM fermions can now be described in terms of their couplings

to the Higgs field. An example Lagrangian term from the Yukawa sector reads,
- . . h
—yQt ®dy D —drdrma(l + =) (1.12)

On the left are flavor eigenstates where i and j are flavor indices, with (ignoring color
charge) Q1 a sextuplet of quarks - up and down types over three generations. dp is a
triplet of down type quarks over three generations (down, strange, bottom). Isolated on
the right, after a diagonalization, is a single term for the mass eigenstate down quark.
A factor of v//2 has been factored out leaving a mass term as well as an interaction
with the Higgs boson. All fermions’ coupling to the Higgs boson is proportional to their

6



mass in this way. The diagonalization of all quarks from the flavor basis to the mass
basis has its information encoded in the mass matrix and the CKM matrix. The CKM
matrix describes mixing across different generations of quarks, additionally it contains
a complex phase which gives rise to CP violation in the weak sector. Historically, it was
CP violation which gave rise to hypotheses of a third generation, as two generations
was insufficient to confer independent phases (field redefinitions could absorb them)
[318, B75]. Some quantities, like electric dipole moments, rely on CP violation, and so
are sensitive to the phases in the CKM matrix.

Electric dipole moments (EDMs) are described by a term in the Lagrangian,
LD —%d@tf“'j%ﬂww, (113)

in the limit of vanishing momentum transfer. The standard model prediction for the
electron EDM is on the order |d.| ~ 10738 cm [390]. A positive result of any EDM at
a greater magnitude than predicted by the SM would directly indicate the existence of
physics beyond the standard model (BSM). The electron EDM is sensitive to a broad
range of new physics models containing new sources of CP violation. The experimental
prospects of the electron EDM are weak compared to the prediction of the SM, though
they are improving. The most stringent constraint is from JILA at |d.| < 4.1x107%%e cm
at the 90% C.L., proceeding the result of the ACME collaboration at |d.| < 1.1 x 10~
cm. While being many orders of magnitudes from testing the SM itself, they can be
powerful constraints on new models. In the following section, these constraints are

quantified for a specific model, the complex two Higgs doublet model, so that new



collider phenomenology can be expressed while respecting the non-measurement of an

electron EDM.
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Chapter 2

Introduction

The SM hosts a Higgs doublet which necessarily participates in EWSB, giving
rise to the masses of the weak gauge bosons and a single Higgs boson. There is room
for passengers, additional Higgs field content, who can interact with the particles of
the SM. Despite searches, no additional scalars have been found, providing constraints
on classes of models with extra Higgs content. To avoid an obvious constraint, flavor
changing neutral currents (FCNC), which are not present at tree-level in the SM, it is
common to introduce an additional Z symmetry in models with two Higgs doublets. In
some basis, henceforth called the Z5 basis, the doublets are given opposite charges, and
the right-handed quark and charged lepton fields are also assigned charges. The config-
uration of the right-handed field charges (relative to the charges of the Higgs doublets)
define the ”type” of a particular model, e.g. the particles charged under the ”Type 2”
configuration are described in Tab. The basis in which all of the EW VEV is in a

single doublet, called the Higgs basis, differs from the Zs basis by a rotation of an angle
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8. Put another way, in the Z5 basis, each doublet has some fraction of the EW VEV
described by the equations,
V2

— =tanf v? + v = v? with v = 246 GeV. (2.1)
U1

To have a theory with an accessible decoupling limit (defined below) [258], 263],
we need to allow a soft breaking of the Zs symmetry, meaning a term is present in the
Lagrangian which has a net Z, charge and positive mass-dimension, the m?, term below

[221]. The scalar potential reads,

1
—£5 5 [mh |1 + m3y @l - (m§2<1>§<1>2 + h.c.)} (2.2)

1 1
+ §A1\¢’1\4 + §A2\¢’2\4 + Ag| @1 2|Bo]* + Ay @] o

+ ()\5((1;{(1)2)2 + h.c.)

N =

Complex phases can be present in m2, or A5 and this can give rise to CP
violation.

Classes of 2HDM can be defined by the explicit (dis)allowance of CP viola-
tion in the Higgs sector. CP conserving models necessarily have physical Higgs bosons
which are CP eigenstates, while CP violating models can have the physical bosons be
admixtures of CP eigenstates. Such models can contribute to sizeable EDMs, and have
additional decay modes not present in a complementary CP conserving theory. If such a
decay was observered (or multiple in tandem) it would directly indicate a CP violating
theory.

Diagonalization of the CP conserving theory into the mass basis, yields 5 phys-

11



ical Higgs bosons: two charged states, H*, one neutral pseudoscalar, A, and two scalars
which are mixtures of the scalar states in a previously defined basis, h and H. In par-
ticular, starting from the Zs basis, the diagonalization is performed by a rotation of
an angle a. The quantity, cos(8 — a) = z, then (subject to convention and doublet
construction) describes the overlap between the unphysical scalar which belongs to the
doublet in the Higgs basis containing the VEV and the physical 125 GeV Higgs boson
measured at the LHC. The limit of z — 0 is called the alignment limit [113], and in this
limit the other neutral scalar Higgs boson does not decay into two weak gauge bosons.
Another important limit of 2HDM theories is called the decoupling limit, where the
mass scale of the additional Higgs bosons is much higher (in the limit, infinite) than the
EW scale, and the physics at the two different scales decouples. This leads to x — 0,
with a distinction that the alignment limit does not require the other mass scale to be
heavy.

A CP violating 2HDM allows more mixing between the scalar particles. Two
additional rotation angles participate in the diagonalization to the mass basis: here
called 3. They are related through a minimization condition of the scalar potential
such that there is one independent source of CP violation. The angle ao provides a
CP-odd component to the 125 GeV Higgs boson (and CP-even component to the third
Higgs boson). The angle a is most easily described in the limit of small angles, in
which it mixes the second (otherwise CP-even) and third (otherwise CP-odd) bosons
together. A decay that would be forbidden in a CP conserving 2HDM, e.g. H — Zh

would be allowed, in the notation of the CPV theory (and subject to some convention):

12



ha — Zhi. Measuring this decay alone wouldn’t demonstrate CP violation, but together
with a measurement like hy — ZZ or hy — Zh; would be sufficient since these pairs
of decays could not belong to a CP conserving theory. A single channel that would
demonstrate a CP violating theory would be hs — Zhy — ZZh;.

Fermions can couple to the Higgs bosons with scalar and pseudoscalar cou-
plings. With some defined configuration of Zy charges in the model, the parameter 3
thus influences these couplings as do the rotation angles involved in diagonalization.

The Yukawa couplings to the physical Higgs bosons can be written,

_ My FB) e w2 (R) e
Lyt = = ij(fmf fi+ ifrsky) fi)lw (23)

The x and & are the scalar and pseudoscalar couplings respectively. There are many two-
loop diagrams that contribute to the electron EDM that involve a pseudoscalar coupling
of a fermion to a Higgs boson, which given non-negligible couplings would produce an
EDM much, much larger than predicted by the SM and possibly large enough to be in

contradiction to null measurements at existing experiments.
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up-type +
down-type -
charged leptons | -

D -

by +

Table 2.1: Example charges of a Type-II 2HDM. Only relative signs matter, so it can

be read from this table that e.g. ®5 couples to up-type quarks
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Chapter 3

Electron EDM in the complex two-Higgs

doublet model

This chapter is based on [67].

3.1 Introduction

The discovery of a non-vanishing electric dipole moment (EDM) of any fun-
damental particle in next generation experiments would unambiguously signal the ex-
istence of new sources of CP-violation beyond the Standard Model (SM) of particle
physics. Indeed, many such models predict EDMs of elementary particles that are
within reach of current experiments, with the SM contribution estimated to lie several
orders of magnitude lower [392] [452] 453]. Such a discovery could supply a crucial in-
gredient towards solving the long standing problem of the origin of the cosmic baryon

asymmetry [214, B91]. Currently, the most stringent limit on the electron EDM is
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provided by the ACME collaboration [75] and reads d. < 1.1 x 1072% cm at a 90%
confidence level. The collaboration expects an improvement in sensitivity by an order
of magnitude in the near future [75]. A further significant improvement in sensitivity
might come in the future from the EDM? experiment [444].

Two-Higgs doublet models (2HDMs) are among the most popular extensions
of the SM and can contain new sources of CP-violation. 2HDMs arise in many well-
motivated theories beyond the SM, such as in the Minimal Supersymmetric Standard
Model (MSSM). The most general form of a 2HDM allows for new sources of CP-
violation both in the scalar potential and in the Higgs-Yukawa interactions. However,
it generically exhibits flavor changing neutral currents, which are strongly constrained
by experiments. By imposing a softly broken Zs symmetry [241] to yield the complex
two-Higgs doublet model (C2HDM), flavor changing neutral currents at tree-level are
naturally eliminated. The Zy symmetric C2ZHDM still accommodates new sources of
CP-violation in the scalar potential to generate EDMs of fundamental particles.

Analyses of electric dipole moments in the C2ZHDM have a long history, starting
with the calculation of two loop Barr-Zee diagrams [91], followed by several extensions,
e.g. [157, 257, [331]. However, the results of these previous works only include a subset
of all two loop contributions and are not gauge-invariant. More recently, Ref. [42]
employed the pinch technique to calculate the Barr-Zee diagrams gauge invariantly. Still,
as indicated by the authors, not all contributions to the electron EDM were included.

In this chaper, we present for the first time the complete calculation of the

electron EDM by systematically accounting for all Feynman diagrams that contribute
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at two loop order. Due to the recurrent issue of gauge-invariance, we perform the
calculation in both the background field gauge and in the conventional 't Hooft R¢ gauge
keeping the gauge parameter £ arbitrary. We algebraically establish £-independence and
reach agreement in both gauges providing strong validation for our results. Our final
formula for the electron EDM in the C2HDM is given in . This is the main
equation that should be used in phenomenological exploration of the electron EDM. For
convenience, we provide a Mathematica notebook containing the necessary formulae as
an ancillary file.

The presentation of our work is organized as follows. In Sec. we introduce
the C2HDM, establishing the notation we use in this chaper. In Sec. we present the
electron EDM in background field gauge. Our main results are contained in this section.
In Sec. 3:4] we reevaluate the EDM in the conventional Feynman-"t Hooft gauge and
explain how we reach agreement with the background field evaluation. In Sec. we
compare our results with the recent evaluation of the electron EDM presented in [42].
We also introduce a set of benchmark parameters to carry out a numerical exploration
of the electron EDM. In Sec. we explain how our results may be adapted to obtain
EDMs of light quarks. In Sec. we present an asymptotic expansion of the electron
EDM near the decoupling limit and discuss its relationship to the formula derived from
an effective field theory. Sec. is reserved for our conclusions. Finally, in the appendix,

we collect useful equations on the 2HDM scalar potential.

17



3.2 Formulation of the C2ZHDM

The C2HDM is the most general CP-violating two-Higgs doublet model that
possesses a softly-broken Zs symmetry. In our discussion, we will closely follow the
notation of [I33, 264], to which we refer the reader for a detailed description of its
formulation.

The SM scalar sector is extended by an additional scalar doublet with identical

quantum numbers as the SM Higgs. The scalar potential is

V(®y, Bg) = m% 0@ + mZ, 050, — (m%@{@z 4 c.c.)
1 Td )2 L T )2 T T
+ 2/\1 (@1(131) + 2)\2 (@2([)2) + A3 (‘1)1(1)1) (@2(132)

+ 24 (@] @) (@f01) + (3as (@02)" +cc) . (3.1)

Apart from the soft-breaking term proportional to m%z, the potential exhibits invariance
under the Zs transformation ®3 — —®5. Generally, both doublets may acquire a
vacuum expectation value. Assuming the parameters are chosen to respect U(1)gy in

the vacuum, they take the form

1|0 1 0

(1) = NG ) (@2) = —= ) (3.2)

U1 v9eiC

where v = \/v% + v% = 246 GeV, and ( is a possible relative phase between them. The
values of vy, v9, and { are given in terms of the potential parameters in the appendix.

We use rephasing invariance to work in the basis where ( = 0 throughout the chaper.
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It is convenient to transform to the Higgs basis

P, cos3 —sinf H;
- , (3.3)

P, sinf8  cosf H

with tan 8 = v9/v; so that the vacuum expectation value is contained entirely in Hj.

In this new basis the potential reads

V(Hy, Hy) = Vi H Hy + Yo H) Ho + (YgHITHz + c.c.)
+ 170 (HIH))? + 1 2o (H Hy)? + Z3(HIH,) (H] H))
+ Za(H{H) (HyH) + (325 (H]1)°
+ (Zo HIHy + 27 HYHy) HHy + c.c.) . (34)

2
157

where the new parameters Y;, Z; are linear combinations of the original parameters m
A; given the appendix. Analysis of small fluctuations around the vacuum shows that
the components of the scalar fields in the Higgs basis are given by
Gt H*
H, = Hy = ;

5 (v + ¢} +iGP) 75 (3 +id")
where G, G° are the would-be Goldstone modes supplying the longitudinal modes of
the massive W, Z gauge bosons, and H* is a physical charged Higgs, of mass squared
m%ﬁ =Y+ %237)2. The remaining scalars—the CP-even cp(l) and gog, and CP-odd

a’—mix, with the Higgs squared-mass matrix M? given by

A Re(Zg) —Im(Ze)
— = Yo/u? + 175, —im(Z) |, (3.5)
Yo /v + 52345
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where Z;f45 = Z3+Zy+Re(Z5). The mass matrix is diagonalized by a special orthogonal

matrix R

RM?R" = diag(m?, m2, m3)

h1 o9
hy | = @9 |
h3 CLO

where we parameterize the elements of R as

@11 Re(qi2) Im(qi2)
R= ¢ Re(ga) Im(ga)
¢31 Re(gz2) Im(gs2)

Elements of R are subject to orthonormality conditions
3 13
2 _ = 2 _

dodh=5) lwef =1,
k=1 k=1

3 3

Zq,%z = ZQM%Q =0,
k=1 k=1

(3.6)

(3.8)

(3.9)

(3.10)

which prove indispensable in the calculation of the electron EDM. Inserting the linear

combinations (3.7)) into the scalar potential (3.4)) generates the interaction vertices in

terms of mass eigenstate fields, for which we point the reader to [264] for a complete

listing. For reference, we reproduce here the three-point coupling of the neutral Higgs

bosons with two charged Higgs bosons
JH-
hp----1 = —0Apg+H-

\H-‘r
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where

AeH+H- = @123 + Re(Zrqia) , (3.11)

which appears in the final result for the EDM.
In the mass-eigenstate basis, the Yukawa Lagrangian governing the coupling

of Higgs fields hy, and H* to the SM fermions f is

‘CYuk =

m r .
- Tf Z hiof [ar1 — 2T cjRe(qra) + i cfIm(qra)vs )
k

— M frCer msC
—ﬁ[fﬁf’(# P+ {)fPR)vf,ferc.c.}, (3.12)

where T3f = :l:% is the third component of weak isospin, and Vyy is a CKM matrix
element for quarks and the Kronecker delta for leptons. The coupling coefficients cy
are controlled by the Zs charges assigned to the quarks and leptons. The possible

assignments yield the four 2HDM types:

Typel: ¢y =cy=cotf, (3.13)
Typell: ¢4 =c/=—tanp, (3.14)
cq = cot 8
Lepton Specific : (3.15)
cg = —tanpg,
.
cg = —tanf
Flipped : (3.16)
(o0 = cot 3,

and ¢, = — cot 3 for all types.
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3.3 Background field evaluation

The electron EDM, d,, is derived from the ¢ = 0 limit of the CP-odd Pauli

form factor in the electromagnetic vertex function

v

lq D ideu(p’ )™ quysu(p) . (3.17)
e

The unsuppressed contributions to the electron EDM in the C2HDM start at two loop
order. In what follows, we present the leading order behavior of the EDM in the

asymptotic limit m. — 0, adopt a normalization that sets the overall scale

d.  V2aGpm.
_ e s 1
e 6473 0 (3.18)

~ (6.5 x 10" *® cm) x 4.,
where we used a(myz) ~ 1/129, and report our results in terms of the dimensionless
electric dipole moment, & .

Before presenting the results of our calculation, we briefly review relevant as-
pects of the background field method. In the background field method, the electromag-
netic vector potential is shifted in the Lagrangian to its background field value fl#(m)
corresponding to the classical electric field coupled to the electron EDM. Terms linear
in the quantum field A, incurred by this shift are cancelled by a suitable choice for the
source Jém (7). In passing to the quantum theory, we choose the background field gauge
condition [192]

L= —215 (04, + ("2, + EmG°)’

+ 2| (0" + e AW — iﬁmwGJrﬂ . (3.19)
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which generalizes the conventional 't Hooft R, gauges (see (3.44) below) by maintaining
covariance with respect to gauge transformations of the background field flu. Compared
to the conventional 't Hooft R gauges, the background field gauge modifies the tree-

level triple gauge vertex
A, :
—ie
Al Paosd- | = T(g"”p’i +g"'pY), (3.20)
Wk W

includes a gauge-ghost four-point vertex

Avg - o
s ey
i 3.21
®>\ P (3.21)

and features the absence of the flu—induced W gauge-Goldstone transition, substantially
reducing the number of contributing Feynman diagrams. For this reason, we provide
a detailed account of our results in the background field gauge, and only provide an
outline of the calculation in the conventional 't Hooft R¢ gauge in section

With the help of FEYNARTS [266], we generated all possible two loop dia-
grams for the electromagnetic vertex function. Table organizes the diagrams that
contribute to the electron EDM in the background field gauge. Groups of non-vanishing
diagrams that trivially sum to zero are not shown, but are briefly mentioned in Sec. [3.4]
in the context of the Feynman-'t Hooft gauge in which they do contribute. The Barr-
Zee diagrams in the first three rows form the largest class, and are defined by containing
insertions of one-loop three-point vertex functions inside the electron form factor. Tra-
ditionally, these contributions have been classified according to the kind of three-point
function that enters into the Barr-Zee diagram (rows of Table . However consider-
ations of gauge-invariance and scaling in the decoupling limit suggest that it is more
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natural to group them by degrees of freedom entering in the loop, (columns of Table
3.1). The remaining diagrams (which we call “kite diagrams”) are shown in the last two
rows of Table and make up a smaller set of diagrams. Nevertheless, they formally
contribute at the same order, and their inclusion is essential for gauge-independence of
the final result.

In our calculations, we dimensionally regulated all Feynman integrals, and
employed a naively anticommuting definition of ~5 in the Dirac algebra. As the EDM
is UV finite to the order we work, no ambiguities associated with this definition arise.
We made extensive use of an in-house version of PACKAGE-X [382] to automate the
evaluation of the two loop Feynman integrals. In the results below, we express the
contributions in terms of squared mass ratios with respect to the k-th neutral Higgs:
T = m%/mi, Wy = m%[,/m%, 2L = mQZ/mi, and hy = m%l+/m%. We also make frequent

use of the Davydychev-Tausk vacuum integral function [I185]

O(x,y) = Re{\%\r;: - %lnmlny
+ln<1+x—2y—ﬁ> 1n(1—a:+2y—ﬁ>
_L12(1+$_2y_ﬁ) —L12(1_$+2y_ ‘A)}} (3.22)

where A = (1 — x — y)? — 4zy is the Killén polynomial, and Liy is the dilogarithm
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Figure 3.1: Representative fermion loop contribution to electromagnetic 5?M (photon
exchange) and neutral current 6ch (Z exchange) Barr-Zee diagrams. The symbol ‘®’
denotes the background electromagnetic field f_lu. Additional diagrams are obtained by
reflections along the vertical axis, or by exchanging the v/Z and hy lines attached to

the external electron.

function. The special equal-mass case is given by

O(x) = O(x,x)
- = &+t (A1)
- 1an - 2L12(1_7 V;_Mﬂ (3.23)

Fermion loop contributions. The contributions with a fermion f in the loop are
shown in Fig.[3.1] and give gauge-independent results. The four electromagnetic Barr-

Zee diagrams were originally considered in [91] and are given by

6P = — ANL(QL)QL > Tm(aiz) {es (ar1 — 2T ceRe(qua)) (i)
k (3.24)

+ (g1 — 2T3fche(qk2))cwk [4 +2In(rk) + (1 — 2rk)'i‘(rk)] } ,
where Né = 3 for quarks and Ng = 1 for leptons, and Q]J;M and T; = :I:% are the
electric charge and third component of weak isospin, respectively. The four neutral

current diagrams give
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Nf f’ fot
- NeQenQuwQw Zlm(QkQ){Cf (qk1 — 2T5coRe(gr2)) T ika (‘I’(Tk) - @(%))
k

2 o2
dcy sy

+ (qM — 2T3fche(qk2))c£1 ika (2 In(zx) + (1 — 2rg)®(r) — (1 — %)@(%’Z))} ,

where sy = sin(fy ), cw = cos(fy ), and Q\J,tv = QTg - 4Q£1\,ls\2,\, is the weak charge of
fermion f.

All fermion species should be added to obtain the complete contribution to the
EDM. Practically, it suffices to only include the third generation fermions ¢, b and T,
since other fermion contributions are suppressed by their much smaller masses. For the
lighter fermions, b and 7, it may be more convenient to expand 5?M and 5?0 in small
fermion masses, which can be obtained with the help of the small-argument expansion
of the Davydychev-Tausk function

®(z) = (an(m) n 7:) + 255(1112(;5) +2In(z) + 7‘; - 2) +O(2?). (3.26)
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Figure 3.2: Representative charged Higgs contributions to left: electromagnetic 551\4[

and neutral current 529 Barr-Zee diagrams, and right: charged current 523 Barr-Zee

diagrams.

Charged Higgs loop contributions. Representative Feynman diagrams involving
charged Higgs loops are shown in Fig. Like the fermion loop contributions, these

are all gauge-independent. For the electromagnetic Barr-Zee diagrams we find

20¢ 52
S = mq > Im(qr2) Mo+ - we [2 + In(hy) — h®(hy) |, (3.27)

T
k
where A+ - is the triple Higgs coupling given (3.11). The neutral current Barr-Zee

diagrams give a result proportional to Qévz

[ln(zk) — hy®(hy) + @é(%)} . (3.28)
k Zk

0
o Qwe Z 2k
5[1\1(+ = ZI:raW Cy k Im(qkz)/\kHJerl

where cow = cos(20y). Finally, for the charged current Barr-Zee diagrams we find

—2T% 2 2In(hx) 2 — 2hk + wy i
it = : 47ro¢3)cz ZIm(qu))\kH+H_ [2 he + h( = hg —w n (wi)
P’ k k k k k
1+ hi — ha(2 + wi) hi 2(hi, — 2§ + hi + wk — 2hw) - 1
- In(hg)In ( — ) — Lio(1— —
wi (hg — wk) n(hx) In (wk) h2wy, 12( hk)

wi (1 — 4hy, + 2h3)
hi(hk — wk)

B 1—h2 —wk+hi(3—|—2wk) —hk(3+wk+wﬁ)
wg (hy, — wy)

@ (hr)

@(hk, wk)] .
(3.29)

The overall sign —2T§ arises from isospin ladder operators that assemble to form the
commutator [T, T ] upon combining each charged current diagram of Fig. with its
mirror image.
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W boson loop contributions. The groups of Barr-Zee diagrams with W boson loop
shown in Fig. are the largest set contributing to the electron EDM. The 36 electro-

magnetic and neutral current Barr-Zee diagrams yield the gauge-dependent expressions

S (€) = 0" + Qbwee Y Tm(qr2) gk [2 In(¢) + Fg<wk>} : (3.30)
k
¢
o (§) = on” + Q Cezlm G)ar |€(1 — 253)@(6CE) + Fe(wy)]| . (3.31)

with

St = Qivce Y Im(qr2)qra [4(1 + 6wg) + 2(1 4 6wy,) In(wy) — (3 — 16w + 12w,§)¢>(wk)] . (3.32)
k

3 — 16wy, + 12w} 1— 252 4+ 2(5 — 652 )wy
5NC Qw I |: k P W W 1
12 E m(qr2)qr1 B R— (wr) + oy G n(zx)

_(+ 8s2 — 125%) 2k
1-— Zk

@(cﬁ,)} . (3.33)
Gauge-dependence is contained within the mass-dependent function,

Fe(we) = = €*(€) = 2(1 = )" wiLiz(1 = €) = B+ € — (1 = &) w] In(€) In(wy)
(3.34)
+E(1 = 26wk)D(Ewn) + [3 - € = 22— € — €)wr + (1 &) wi] D(wy, Ewn) -
The result for the charged current Barr-Zee diagrams with the W boson in loop is more

complicated because of the presence of another mass scale from the charged Higgs. The

12 diagrams give

27°%)
W (€) = 0w + C 152 23 ce Zlm qr2) @1 Ge(wi) (3.35)
—2T%) 2 21 —wp)?  2(1 —wp)w? + (24 wi)hi — hp(2 — wy — Tw?)
5CC — ( 1 el _ k k kY
W 45 CZZ m qm)qm[ wi hiwy hxwg (i, — wy) )
h2—21—w 2+ hp(1+ Tw 1 —wyg)3 — 3h2wy, — h(1 4 3wy, — 4w? h
L ( k) K k) In(hy) — ( k) el k( k k) ln( k ) In(wg)
hi(hr — wg) hi (hy — wy) W
B 2w (1 — wy)3 +hk(2*8’wk+6’wk) (1 L) 176wk+6wk +4wk ®(wy)
h2w wy, (hi — wp)w?
1 —wg)* —3n3 wk—hk 2+ 5wi) (1 —wg)2 + h2(1+ Tw
( ) % hg )( ) i( k)é(hk,wk)] 7
k(hk _wk)
(3.36)
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Figure 3.3: Representative W boson contributions to left: electromagnetic 5%/1\/[ (&) and
neutral current 55{/6(5 ) Barr-Zee diagrams, and right: charged current 6‘9[,(3(5 ) Barr-Zee
diagrams. Diagrams involving the 3-point coupling of the background field flu to one W
gauge boson and one charged Goldstone boson are absent in the background field gauge.
The third diagram with a ghost loop involving the four-point coupling in Eq. is

specific to the background field gauge.

where
Ge(wy) = —26(1+1n(€)) + ((1_1512:”‘“)2 - 5) [m(g) In(&wy,) + 2 Lis (1 — g%k)}
(3.37)
~ Je -9 - I L (1 o) aun, )

k

is another mass-dependent £-dependent function.

Kite contributions. Representative kite Feynman diagrams are shown in Fig.
The neutral current contribution does not depend on the gauge parameter £ and, in

contrast to the neutral current Barr-Zee contributions, it is not suppressed by the weak

NC
kite

Figure 3.4: Representative contributions to left: neutral current kite ¢,: and right:

charged current 55C (€) kite diagrams.
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charge QY. In agreement with [63], we find
(va)2 -1

1 2 1-
SRS — — Qb 5 ¢ Zlm(qu)qk1—3 [zi + L(l —4z;) — 222 In(z1,) + 2k In?(zx)
8swCiw & 2k 6
B 2
+2(1 — 425, + 22)Lia (1 - i) 4 M@(zk)]
Zk 2
QW) + 1 L 3
- QEM 9452 2 Cg Zlm qu)qkl— QZk(l — 4Z1g) + 3 (3Zk + 4Zk) — 2Zk(1 + 4Zk) ln(zk)
W \’\4

1201322 — 4z,§)Li2(1 - i) (122 — SZ,%)@(zk)] ,

2k
(3.38)
The charged current kite contribution is gauge-dependent, and is given by
5 5C0 ( 2T) _ ¢
klte(g) kite T 452 cfzIm(QkZ)le Fﬁ(wk) Gf(wk)+(1+QENI)H§(wk) ’ (339)
w k

with

2TY) 272 2 16
Skite = - 1 23 ce Zlm Qk2)qk1 [ka(g +dwp) + (5 = 8wg) — (1 +wi) In(wg)

1— —
W

2(3 + 2wy, — 6w} — ka)Lig( 1 ) N (1 + 2wy) (3 — 10wy, + wi)@(wk) ‘

(3.40)

2 2
3wy 3wy,

In addition to depending on Fg¢(wy) and Gg¢(wy) that appear in the W-loop Barr-Zee
diagrams, it also involves a third &-dependent function H¢(wy) whose functional form
is not needed since it drops out upon setting QéM = —1. This completes the listing of

contributions to the electron EDM.
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Assembling a gauge-independent result. Adding together the contributions listed

above, the electron EDM is given by

de \/iaGFme
= °x
e 6473

[D (6 +659) + (65N + 655 + 05%)
f

+ (0 (€) + OF (&) + 0 () + Oite + Oise(€))]  (3.41)

where we have grouped the various contributions based on the columns of Table
corresponding to the virtual particles in the loop. Gauge-dependence is contained within
the Barr-Zee W-loop contributions and charged current kite contributions. See Fig.|3.11
below for a plot of these contributions as a function of the gauge parameter. The sum

of these gauge-dependent terms yields

OFM(E) + OV (©) + 050 +0Ga)| =

&-dep.

s 2 -5 Cr Z Im Qk:2 qk1 [(Q 2T€ + 4QEMSW)F§(wk)

— 2T (1 + Qpy) He (wi) + 8Qky 55 In(€)

+ Q41 - 22)0(ecd)| . (3.42)

where the ¢-dependent function G¢(wy,) immediately cancels between the charged cur-
rent Barr-Zee 65°(¢) and kite 55 (€) contributions. Upon inserting the electroweak
relation QY = 27% — 4Q%,s% and QY, = —1, the first and second terms in square
brackets proportional to mass-dependent functions Fg(wy) and He(wy) vanish. The

remaining mass-independent terms vanish after summing over k, and using the orthog-
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onality relation ), q1xg2r = 0 in (3.10). Therefore, all gauge dependent terms in ((3.41])

may be safely dropped so that our final result for the electron EDM is

de \/iaGFme
= °x
e 6473

[D (6 +659) + (65N + 655 + 05%)
f

+ (S5 4 OnC 4 O+ Ohise + Oiise) |+ (3.43)

with the individual contributions given in (3.24), (3.25), (3.27)), (3.28), (3.29), (3.32),

(3.33), (3.36), (3.38), and (3.39). Despite their appearance, we emphasize that one

should not interpret each component of the k-sum in these expressions as literally the
individual contributions of the neutral Higgs to the EDM since each one by itself is

gauge-dependent. Only the sum is gauge-independent.

3.4 Re-evaluation in the Feynman-'t Hooft gauge

Despite simplifications afforded by working in the background field gauge, it is
still common practice to perform calculations of this kind in the conventional 't Hooft R

gauge defined by
1 2 . 2
o _i (aﬂAu)Q 4 (8“Zu + fmZGO) + 2‘6“W;r — ZﬁmwGﬂ i|7 (3.44)

and with £ = 1 for simplicity. In order to facilitate comparison with earlier calculations
of the EDM [42], 331], and also to provide additional validation of our result, we re-

evaluated the electron EDM in the 't Hooft R, gauge with £ left arbitrary. In this section
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we outline how the calculation proceeds, and the steps required to reach agreement with
the background field evaluation presented above.
The electromagnetic and neutral current Barr-Zee contributions with a fermion

EM 5NC

loop (5]123M, 5]1}@, or a charged Higgs loop 4}, d,%, along with the neutral current kite

511(\183 contributions are unchanged relative to the background field gauge. The differences
are in the electromagnetic and neutral current Barr-Zee contributions with a W loop,
SEM(€), 6NF(€), and in the charged current contributions, 695, 65 (€) and 65 (€).

Intermediate expressions are substantially more complicated due to the pres-
ence of the YW*GT vertex, which generates diagrams involving several new interaction
vertices from the scalar potential. Additionally, treatment of tadpole diagrams require
a multitude of sum rules to show that they combine with other contributions to yield a
UV finite result in the end. To avoid a barrage of lengthy expressions, we give only the
parts of interest for the specific case of the Feynman-"t Hooft gauge & = 1.

We start with W loop contributions to the electromagnetic Barr-Zee diagrams
5%,1\/[. Accounting for the presence of the YW®GT vertex, there are 52 diagrams of the

kinds shown on the left of Fig. Their total is UV finite, and exhibits an apparent

logarithmic singularity in the limit of vanishing electron mass

regular as

2
5%/M(F’tH) = QéMCgZIm(qu)qkl X [hl (%) + ( )} . (3.45)
k ¢ me — 0

After performing the k-sum and using the orthogonality relations in (3.10)), the singu-
larity vanishes.
Next we consider the W loop neutral current Barr-Zee contributions (55{,0.
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Figure 3.5: Class of diagrams additionally contributing to W loop neutral current Barr-

Zee, 5{,‘\’/0, in the 't Hooft R, gauge.

There are 52 diagrams that sum to a UV divergent expression with the pole part in

d = 4 — 2¢ dimensions given by

Q—évc Zlm( ) &(l—z +In(z ))1 (3.46)
452, 4 - k2 Qk1(1_zk)2 k k) .

that cannot be removed by performing the k-sum on account of the nontrivial m%
dependence. However, there is another class of diagrams to consider, shown in Fig. [3.5
involving the y-Z transition function mediated by gauge loops. We mention that, in the
background field gauge, individual diagrams in this group are non-vanishing but sum
to zero because of the property that H%VZ(qQ) — 0 as ¢ — 0 in this gauge [192]. In
the 't Hooft R¢ gauges this group does not vanish, and importantly, it supplies a UV
divergent contribution equal and opposite to , yielding an overall finite neutral
current contribution 63< (FtH).

We now report on the charged current kite contribution. There are a total of
10 diagrams of the type shown in the last three diagrams of Fig. [3.4] and four additional

ones involving the YW *GT vertex. Their total is nominally UV divergent

1 1.
Oiite(FtH) = 12 > Im(gr2)gm [ -5t ﬁmte} : (3.47)
Swo T €
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Figure 3.6: Additional charged current Barr-Zee diagrams in the 't Hooft R gauge.
The R-subtracted finite parts of diagrams (a) and (b) contribute to 675 and &7,

respectively. The UV-singular R-subtractions cancel against the tadpole diagrams in

Fig. and

But after performing the k-sum, the UV divergent part vanishes by orthogonality of the

rotation vectors .

Despite their finiteness, none of the three contributions §5M(F*tH), 0N~ (F'tH),
nor 6191& (F’tH) so far considered coincide with their background field gauge counterparts.
To find agreement, the charged current contributions 52? and 5%,0 need to be examined,
which we now do.

The analysis of charged current contributions and their separation into 5%9
and (5%,0 appears at first obfuscated by numerous diagrams that must be considered in
addition to those shown on the right of Figs. and[3.3] A little investigation shows that
to recover the charged current contributions, we only need to include the R-subtracted

part of the diagrams in Fig. (and their mirror images). The R-subtractions contain

the UV singular parts of these diagrams stemming from the sub-loop Goldstone-Higgs
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transition function. In d dimensions, these are given by

Sr[Fig. B6(a)] = dCS%VA(mW, Mg+ ) Zk: Im(qxz2)
X V' A+ - (Ao(mp+) — Ag(my))  (3.48)
and
S [Fig. B6(b)] = dCT%VA(mW,mm) > Im(gyo)

k

X Qi1 (mon(mW) + (m3 — m%)Ao(mk)) , (3.49)

where Ag(m) and A(my, my+) are the one-loop tadpole and triangle integrals defined
by

Aofm) = [ (@) 5,

(3.50)

1
Al mys) = /(dk)(kQ D

Then upon adding the six Barr-Zee diagrams of the type shown to the right of
Fig. to the R-subtracted form of Fig. [3.6{a), we obtain a UV finite charged current

charged Higgs loop contribution that also agrees with the corresponding background

field gauge evaluation given in Eq. (3.29)),
S5 (FtH) = 055 (3.51)

Similarly, by adding the 16 Barr-Zee diagrams of the type shown on the right
of Fig. to the R-subtracted forms of Fig. [3.6(b), we obtain a UV finite result for

the charged current W loop contribution 5%C(F’tH). Finally, upon combining this to
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Figure 3.7: Diagrams involving the Goldstone-Higgs transition function that contribute

to the electron EDM in the 't Hooft R, gauge.

the electromagnetic, neutral current Barr-Zee diagrams and the charged current kite
contributions in the 't Hooft K¢ gauge computed above, we obtain a result precisely

equal to the sum of corresponding contributions in the background field gauge

SEM(FtH) 4 00 (FtH) + 05 (FtH) + 605 (F'tH) =

S (€) + e (€) + 0 () + 0gee(&). (3.52)

To confirm the equivalence analytically, and especially to demonstrate &-independence,
we found it essential to expand the 't Hooft R¢ gauge results into partial fractions
with respect to mi and to perform the k-sum dispensing of any parts that vanish by
orthogonality of the rotation vectors qr1 and qis.

Finally, we turn to the remaining diagrams shown in Fig. and We
aim to demonstrate a cancellation between these diagrams and the R-subtractions of

Fig. given by (3.48) and (3.49). Diagrams (a) and (b) of Fig. [3.7]are unusual in that

the neutral Higgs bosons are absent and hence do not involve a k-sum. Furthermore,

37



they depend on four-point interaction vertices from the scalar potential

G- Gt G G
om0 ) =iz,
Y G- o+ g
and
G H-
A = —2Z7,
o H*

that so far have not appeared in this calculation. To put these contributions under a
k-sum so that they may be brought together with other diagrams, we replace Zg and

Z7 by their sum rules

1
Zs = — * 2 3.53
6= 72 ;Qkﬂ]lﬂmk ( )
Z1 =) QoMo - (3.54)
k

Respectively, these are derived by considering the double contraction of the diagonalized
neutral Higgs squared-mass matrix (RM2RT) jk In 1} with ¢;,¢j1, and the contraction
of the triple Higgs coupling Apy+p- in (3.11) with ¢j,. The diagram in Fig. [3.7|(c)

involves the four-point coupling

whose diagonal elements are given by

Meerr+o- = Q1 (GhaZa + a2 Zs + au1Z6) + |aua|* Z7 - (3.55)
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Together, the diagrams of Fig. [3.7] yield

[Fig. @] = %A(mw, Mp+) Z {Im(qu)

k

x |aam? (280(mw) + §Ao(mz)

+ 2U2)\kH+H_ AO(mHJr)]

[

+%Im()\kkH+G*)A0(mk)}- (3.56)

Next, we consider the tadpole diagrams of Fig. 3.8 In the background field
gauge, diagrams (a) and (b) cancel tadpole-by-tadpole on account of the triple-gauge
vertex (3.20). In the Feynman-'t Hooft gauge, however, these diagrams give the non-

zero result

[Fig. BSa, b)] = — > Im(qa) 5
k

2
w

X [A(mw, my+) + (4 —d)(2 — d)%} . (3.57)

where

Ty = —42 NL (a1 — QTngRe(qkz))mfon(mf)
f

+ Qi1 (2(d —m¥ + m%)Ao(mw)
+qr1 ((d — 1)m% + mi) Ag(mz)
+ 0® Mg+ - Ao(mp+) + ”22 > AkjjAo(m;)  (3.58)
J
is the tadpole function to which fermions, W, Z, ghosts, G*, G°, H*, and hy, contribute.

Diagram (c) of Fig. represents an EDM contribution derived from a one-loop mag-
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Figure 3.8: Tadpole diagrams in the 't Hooft R¢ gauge. Diagram (c) represents a con-

tribution due to a CP-violating shift in the residue of the electron pole.

netic moment contribution induced by a CP-violating shift in the residue of the electron
propagator pole. When added to diagrams (a) and (b), this contribution exactly can-
cels the second term in square brackets of . Then, after performing the k-sum,
all contributions to T}, proportional to g and ggo but independent of m% drop out by

orthogonality, leaving just the Goldstones, charged Higgs, and neutral Higgs bosons

_ c
[Flg. 3.8] = dsg A(mW,mH+)ZIm(qk2)
w k

X [lem% (Ao(mw) + 2Ag(mz))

2
v
+ 0 N - Ao(mirs) + 5 Y AkjjAo(mj)] . (3.59)
J

The neutral Higgs tadpole contribution is a double sum involving the triple-Higgs vertex
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whose diagonal elements are given by

Akjj = 3leq]2'1ZI
+ (ar1lgjal® + 2Re(gj1qr2452)) (Z3 + Z4)
2
+ Re[(qr1472 + ¢j10k2452) Zs
+ 3(q a2 + 201q01452) Zo

+ (¢5247s + 2ar2lq52]*) Z7] - (3.60)

To combine this result with (3.56]), we perform the (outer) k-sum on the last term of

(3-59) to exchange Agj; for Ajjp+g- with the help of the sum rule

m%{+ — m2

ZQZQ)\kjj = Njjata-[—4mm] + 2q5 N jg+ g — 2(1}‘2%17] , (3.61)
!

which is explicitly verified by inserting the definitions (3.11]), (3.55) and (3.60), and
applying the orthogonality relations. Then, upon adding (3.59) to (3.56)), Z-Goldstone

contributions and terms proportional to Ay, g+qg- cancel yielding

[Figs. BT+ B8] = 5 Almw.mp+)Y_ Im(gso)

w k

X {le (mpAo(mw) + (mFr+ — mi) Ao(mi))

+ 02N - (Ao(mee) — Ao(mk))} . (3.62)

which, in turn, completely cancels the R-subtractions given in (3.48) and (3.49)). This
completes our evaluation of the electron EDM in the 't Hooft R¢ gauge, thereby estab-

lishing agreement with our result in the background field gauge.
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3.5 Light quark EDMs

In this section, we briefly digress to discuss how our results can be adapted
to obtain EDMs of light quarks. Denoting ¢ as a generic light quark flavor, we adopt
the normalization of the quark EDM d, as in , with the replacement m, — my.
Then, our background field gauge results f should be modified by replacing

the electron charges and couplings with the corresponding ones for quarks

{Qbw, Qu- T, cot — {Qh, Q% T4, cg} - (3.63)

Also, there are new charged current kite contributions shown in Fig. Including
them, and putting Q%, = +2/3 and Q%, = —1/3 in the formulae gives somewhat

different results for their gauge-independent parts. For EDMs of up and charm quarks,

Figure 3.9: Charged current kite diagram that contributes to quark EDMs in the back-

ground field gauge. Other diagrams do not contribute at O(Grmy).
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the expression in (3.40]) should be replaced by

Y ol A2
5191?6 = ( 4523 )cu Z Im(qr2)qr1 [2771%(3 + dwy,)
w k

2 4
+ §(13 — 16wy) — §(11 + 8wy,) In(wy,)

2(9 + 4wy, — 12w — 16w? 1

+ (9 + 4wy, ka wk)Lig(l B 7)
9wk Wy

N (1 + 2wy ) (9 — 32wy, + 11w?)

2
Jw;,

@(wk)} . (3.64)
and for down and strange quarks, (3.40) should be replaced by

—974d 272
51283 = ( 4523 ) Cd Z Im(qu)qkl [27711);9(3 + 4wk)
W k

2 8
+ §(11 - 8wk) - §(5 + 2wk) ln(wk)

2(9 + 2wy, — 6w} — Sw;‘%)Li <1 B L)
9w,% 2

Wi
N (1 + 2wy ) (9 — 34wy + 19w?)
9w,%

@(wk)} . (3.65)

The total quark EDM is given by with the replacement m, — m,.

The generalization to top and bottom quark EDMs requires a separate treat-
ment due to their large masses and Yukawa couplings. In practice, this means the
inclusion of new classes of diagrams involving multiple Higgs exchange that are sup-
pressed for light quarks. Furthermore, since it is not justified to expand the Feynman
integrals in small top quark mass, the calculation is technically more challenging. For

these reasons, we have not carried out the calculation.

43



3.6 Comparison with literature

The electron EDM in the C2HDM has been the subject of a long history of
investigations by numerous authors, consisting of efforts to identify and calculate the
important two loop contributions [91 157, 257, [331]. The original results of the gauge
boson loop contributions were understood not to exhibit gauge-invariance largely due
to the omission of contributions involving the charged Higgs boson or the omission
of kite diagrams. An effort was undertaken relatively recently by Abe et. al. [42]
to rectify the shortcomings of the earlier analyses to obtain a gauge-invariant result.
Even though this work still does not constitute a complete calculation of the electron
EDM as emphasized by the authors, their results have become a standard reference
for subsequent phenomenological studies involving the electron EDM in the C2HDM
[95] 158, 167, 287, 366] (see also [117, 118, 162 166, 169, 225] 230] 303, B0§| for recent
related studies). Therefore in this section, we compare our results with Abe et. al., and
we investigate the extent to which our complete two loop result modifies predictions for
the electron EDM relative to theirs.

The work of Abe et. al. focuses on calculating all Barr-Zee contributions, with
special attention to the off shell three-point functions that enter them. They argue that
in the 't Hooft R, gauge the W-loop Barr-Zee contributions 6‘1}3[,M, 5%0, and (5%,(3
are not gauge-invariant because the three-point functions fail to exhibit transversality
with respect to the off shell leg. To obtain transverse three-point functions, they alge-

braically extract specific parts from the charged current kite diagrams 5&06 using the
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electroweak pinch technique [186), 878, B79], and add them to the Barr-Zee diagrams.
In this way, they achieve a gauge-invariant result for the electron EDM insofar as the
pinch technique leads to gauge-invariant off shell Green functions. Since results derived
from the pinch technique coincide with those in the background field gauge with
¢ =1 [191], 273], [388], we were able to compare our results with theirs for each of the
eight contributions listed in the first three rows of Table After careful comparison,
we found exact agreement for all of them. The remainder of the kite contributions were
left unevaluated.

We now explore how our inclusion of the kite contributions numerically affects
the prediction of the electron EDM. To that end, we use the following input for the SM

parameters [456]:
m, = 1777 GeV mwy = 80.34 GeV

mpy = 2.88 GeV myz = 91.19 GeV
(3.66)

my = 163.0 GeV mp, = 125 GeV

a(mz) =1/129 v =246 GeV,
with ¢y = mw/myz. Additionally, we fix the C2HDM parameters to the following

benchmark values

mg+ = 420 GeV Zs= 20
Im(\s) = 0.01 Zy = —0.45 (3.67)
Re(Zs) = —1.25 Re(Zg) = —0.001,

and investigate the electron EDM as a function of tan 8. Note that, as discussed in the
appendix, this set of 7 parameters completely fixes the Higgs potential of the C2HDM.
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The mass spectrum at this benchmark point is

{m1, ma, ms, my+} =~ {125, 350, 450, 420} GeV, and depends very mildly on tan .
Tree level vacuum stability is satisfied and all parameters remain perturbative at this
benchmark over the interval 0.5 < tan 8 < 40. Additionally, it leads to a phenomenology
that is generally in agreement with experimental bounds [246]. We mention that larger
values of tan 8 for the Type II model may already be excluded by direct searches for
heavy Higgs bosons at the LHC based on the H — 77 channel [20, [409]. These bounds
are relaxed in the Type I, Flipped, or Lepton Specific models. Moreover, a charged
Higgs boson mass in the few hundred GeV mass range is liable to introduce sizable
contributions to the b — sy transition. Ref. [352] showed that for the Type II model,
the lower limit on mpg+ is around 800 GeV, with mild dependence on tan3. But
more recently, ref. [112] emphasized new significant theoretical uncertainties in the
determination of the b — s rate, leaving more room for new physics contributions. The
corresponding bound in the Flipped 2HDM will be similar. Type I, and Lepton Specific

models will be less constrained by the b — sy rate because of the tan § suppression of

the down quark Yukawa couplings (3.13|) and (3.15). The determination of the exact

bound on mg+ is beyond the scope of this chaper.

Fig. [3.10] shows how various contributions to the electron EDM depend on
tan 8 at the benchmark point in Type I (left panel) and Type II (right panel) C2HDM.
The results for Flipped and Lepton Specific models are qualitatively similar to the ones
for Type I and Type II models respectively, and therefore we do not show them. Over

the domain of tan f shown, the CP-violating component of the SM-like Higgs boson,
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hi, is in the range 107% < |Im(gi2)| < 1073. The colored lines are the sums of all
contributions within each column of Table as labeled in the figure. The black line
shows the total contribution to the electron EDM. To compare with the predictions of
Abe et. al. [42], we also show the result of omitting the charged and neutral current
kite diagrams as dashed lines.

In the Type I C2HDM, all contributions to the electron EDM are negative and
their magnitudes fall with increasing tan 8 on account of the couplings in . On
the other hand, in the Type II C2HDM, the electron coupling enters with an opposite
sign and rises with tan 8 according to the couplings in . This causes the charged
Higgs (green curve) and gauge (blue curve) contributions to grow with increasing tan
and to contribute to the EDM with a positive sign. As a result, cancellations due to
destructive interference against the fermion contributions (red curve) can cause the pre-
dicted EDM to drop below the current and even future expected sensitivity of ACME
in some regions. At our benchmark point, cancellations occur around tan 5 ~ 1 and 25.
These cancellations were first noticed and emphasized in [287]. However, the cancella-
tions they found at larger tan S fall in regions of parameter space outside the domain
of perturbativity. Our findings show that cancellations are still possible in the Type II
C2HDM even when all couplings remain perturbative.

The inclusion of kite diagrams can lead to important numerical shifts in the
prediction for the electron EDM. This effect is particularly pronounced in the Type II
model wherein the gauge and the fermion contributions are of comparable size but

enter with an opposite sign. Including the kite diagrams leads to substantial shifts of
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the cancellation point in tan 5. Furthermore, without the kite diagrams, the remaining
contributions are gauge-dependent. In Fig. we plot the individual gauge-dependent
contributions §EM(€), 6N°(€), 65°(€), and 5EC (€) in the background field gauge over
a range of the gauge parameter £. The horizontal black line is the gauge-independent
EDM obtained by including all contributions. The dashed black line is the EDM without
the kite contributions. It is remarkable that without the kite contributions, even a mild
variation in & can flip the sign of the EDM, highlighting the importance of a complete

gauge-independent calculation.

3.7 Decoupling Limit and EFT analysis

In this section, we consider the possibility that the new Higgs bosons of the
C2HDM are very heavy (mg3, mg+ > v) by investigating the asymptotic behavior of
electron EDM near the decoupling limit. We find that the electron EDM exhibits a
logarithmic dependence on the heavy masses, and that its dependence on the C2HDM
parameters is considerably simplified.

The decoupling limit is achieved by formally taking Yo — oo, with all other
parameters in the Higgs basis fixed [259]. To determine the asymptotic behavior of
the electron EDM in this limit, we require the large Y2 behavior of the mixing matrix
elements qr1, qro, the coupling Apg+ -, and all the mass-dependent loop functions. In

this section, we rename Y, = M? to emphasize its status as a large mass, since in this
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limit the additional Higgs bosons of the C2HDM collectively scale as
m3g =mi = M2[1+O(L5)]. (3.68)
The mass of the lightest Higgs boson scales as a constant
m? = Z10* 1+ O(2%)] =m?, (3.69)

which we therefore identify as the SM Higgs mass mp = 125 GeV. To leading order, the

elements of the rotation vectors (3.8)) scale as

2

1 T
(Ikl = %Re(z(je—i95/2) R qu = e—i95/2 s (370)
—%Im(de_i95/2) ie—i05/2

where 05 = arg(Z5), and the components of the triple Higgs coupling A g+ - in (3.11)

scale as

(g2 Aurren- | = O(s), (3.71)

3
2

> Im(gro) Mo+ - = —Im(Z7) + O(3) - (3.72)

k=2
To obtain the behavior of the loop functions near the decoupling limit, the £ = 1
and k = 2,3 components of the k-sums over the neutral Higgs bosons need to be

examined separately. Loop functions independent of heavy masses mo, ms and mpg+
are necessarily O(1), and offer no further simplification. For loop functions containing
heavy masses, we obtain the leading asymptotic behavior by directly expanding the
original momentum-space Feynman integrals by regions [423], and check the results by

analytically expanding the explicit expressions manually.
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Ultimately, we find that the electron EDM is proportional to Im(Zs7) =
+sin S cos B Im(A5) and contains a logarithmically enhanced contribution near the de-
coupling limit that arises from the W loop Barr-Zee diagrams, yielding the leading

logarithmic approximation

-3 v M?
0e = 1, ok sin B cos B Im(As5) In (m%/v) .

(3.73)

For TeV-scale Higgs masses, this logarithm is not particularly large, and may not dom-
inate over the non-logarithmic contributions. In the following, we therefore provide the
complete asymptotic expansion of the electron EDM through O(v?/M?). We find it con-
venient to classify each contribution as either long distance, A™, and short distance,
AYV according to an effective field theory (EFT) analysis (to be discussed shortly

below) to write the EDM as

2

0e = % sin 5 cos B Im(\5) X

[Z CfA )y T¢ce Z Af(S) + ARG ite + AW)
f
+e(AY + AY )+O(ﬁ)] (3.74)
In what follows, we express squared mass ratios with respect to the mass of the SM

Higgs boson r = m?/m%, w = mé,/m2, and z = m%/m3. The contributions from

fermion loop Barr-Zee diagrams give

NéQIJ;MQ\ijQév r

2 2
dcz 55 1—2

Af(P) = 4Nf(QFM) EMT(I)(T) - (q)(T) - ‘I)(g)>, (375)
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and

ARy = —ANL QL2 Qhr 14 2(r) + (1 - 2r)0(r)]

_ Né’QgMQ{VQfN T
4¢2, 82, 1—2z

(2 In(2)

+(1=2r®(r) - (1- &)q>(g)) , (3.76)

z

where ‘S” and ‘P’ refer to the coupling of the Higgs boson to fermion f in the loop. The

leading behavior of the neutral current kite contribution is

(Q4)*—1 w2 1—4z
A%\IRC kite — Qf}M 88\%/\,0\2]\,23 [22 + E(l - 42) - 222 ln(z> + T IHQ(Z)
1 1—6z+ 822
1214z 22)L12<1 - ) + #@(z)}
z

o 2 (3.77)
¢ (Qu)”+ [22(1 42+ %(37,2 F423) — 22(1 + 42) In(z)

~ Qu 2482 ¢,z
1

121322 - 423)L12(1 - 7) F(1-22— 822)@(2)} .
z

The sum of the long distance parts of the leading behavior of the W loop Barr-Zee and

the charged current kite diagrams is

311 w2 7
A%} - 4c? [i — e +In(4m) +1n (m‘%‘,) + Z]
1 (r2n? 2(3 + 5w — (8 + 144s2)w?)
e (G DR 3w
2 2 2 3 4
C2(34+4(2 4 3s3)w + 8(1 + 953 )w?) () + 2(3+ 2w — 62w — 8w )L12(1 B l)
3w 3w
(3 — 16w + 12w?)(1 — 4s22) 3 — 4w — 19w? 4 2w?
* ( 1—2z * 3w? )(I)(w)}
Q% 11 —2s2 +2(5 — 652)w 5 o 9y (1483 —12s0)w . o
+ 2 [ (1-2) In(2) + (cw — sw) In(cw) — (1—2) q)(cw)] } )
(3.78)
whereas the short distance part is given by
3 11 2 7
AW = 2 [ o In(n) +In (25 7]. 3.79
W= g2 5 T ptlm + STE (3:79)
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Finally, the leading behavior of the charged Higgs Barr-Zee contributions is

3

AUV —
H+ 2
deg,

(®(1) -2), (3.80)

where ®(1) ~ 2.344. Observe that when and are added together, the
parameters of dimensional regularization 1/2¢ +In(u?) and associated constants —yg +
In(4m) + 7/4 cancel, and the leading logarithm of is recovered. These unphysical
parameters are introduced as a result of identifying and separating the long distance
contributions derived from the Standard Model EFT, which we now discuss.

The Standard Model EFT contains higher-dimensional effective operators that
parametrize new physics above the electroweak scale. In the context of the C2HDM,
these operators are generated by integrating out the heavy Higgs bosons in the decou-
pling limit [209]. Among the CP-violating effective operators, the one relevant to the

electron EDM at O(v?/M?) is the dimension-6 operator [210]

Lo = —%CfZG(HTH)(HfL)fR +ec., (3.81)

that arises by integrating out Ho from the tree-level interaction shown in Fig. [3.12
Here, y; = \/imf/v is the SM Yukawa coupling, H = H; is the SM Higgs field, and fy,
and fp are the left-handed isodoublet and right-handed isosinglet fermions, respectively.
From an agnostic bottom-up point of view, the only unambiguous part of the electron
EDM that can be determined from the EFT in is the leading logarithm .
However, since the value of the logarithm is not particularly large unless M? is far above
the TeV scale, it is interesting to explore the extent to which the non-logarithmic terms
of the full asymptotic behavior of the electron EDM can be reproduced in the infrared.
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There are two classes of interactions derived from the operator in in the
electroweak vacuum that contribute to the electron EDM. The first class of interactions
is the pseudoscalar Yukawa interaction which is obtained by setting two of the Higgs
fields to their vacuum expectation values

02 my, -
L D —ig s s1nﬁcosﬁlm()\5)7hf'y5f. (3.82)

In the background field gauge, the diagrams involving these interactions are essentially
identical to those that are considered for the full C2ZHDM, but with those containing
a charged Higgs boson omitted (Fig. left of Fig. and Fig. . We find that
these contributions are UV finite as expected from power counting arguments, but also
gauge-dependent. These contributions were calculated in [63] in the background field
Feynman gauge, and we find agreement when we set £ = 1 in our formulas.
Gauge-independence is achieved when we include the second class of interac-
tions generated by in the electroweak vacuum. These are the four-point interac-
tions involving the charged Goldstone bosons obtained by setting just one Higgs field

to its vacuum expectation value
Le D —%ce sin B cos B Im(As) x [iGJ“G* éyse + (i\@hG* ePrLv + c.c.)} . (3.83)

These interactions generate new diagrams shown in Fig. and are essential to obtain a

gauge-independent result. Furthermore, we find that they are UV divergent as expected
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from power counting

2
— 1
5e = %cz sin 8 cos B Im(A5) [40; (% —7E + In(4m)

2 7 gauge dep.
Hin( o)+ )+
w

)} . (3.84)

non-log.
where the gauge-dependent non-logarithmic terms have been omitted for brevity. The
appearance of a simple 1/e pole signals the two loop mixing of the dimension-6 operator
in into the electron dipole moment operator. This mixing effect was noted in
[377] based on a model-independent systematic analysis of CP-violating dimension-6
operators, and the logarithm found there agrees with our explicit calculation in the
C2HDM.

Our final result of the EFT calculation in dimensional regularization is the sum
of both classes of diagrams, which we identify as the IR part of given by f
. The appearance of the dimensional regularization parameters and regularization-
dependent constants in are understood to arise from the separation into the short
distance and long distance contributions based on the EFT computation just outlined.
The low energy constant associated with the electron EDM operator in the 2HDM is
then given by short distance contributions AIVJVV + AEX in , , and serves as
the counterterm for the EFT computation. With respect to the full C2ZHDM calculation,
it is interesting to note that the bulk of the non-logarithmic contributions are captured
in the infrared by the EFT. The only contributions that are not reproduced are those

arising from the numerically small charged Higgs Barr-Zee diagrams in (3.80]), and
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regulator-dependent constants in the W loop contributions in .

Despite its complicated appearance, the electron EDM near the decoupling
limit depends straightforwardly on a few C2HDM parameters allowing us to pro-
vide simple numerical expressions by inserting the known values of the SM parameters
(13.66]):

1TeV? M
- ) Im(\s) cos25[1+0.071n <m>} (3.85)

Type I: de = —1.06 x 10" * ecm x <

The leading logarithmic contribution is suppressed by a small coefficient, re-
quiring M to be orders of magnitude above the TeV scale before it can dominate the
nonlogarithmic contributions. The above expressions also reveal a numerical cancella-
tion near tan 8 ~ 1 for Type II and the Lepton Specific models, which is evident in the
right panel of Fig.

We pause to comment on a similar EFT analysis that was recently carried out
in [210]. Their results differ from ours due to the omission of the diagrams of Fig. 3.13
derived from the interactions in . Consequently, their results are gauge-dependent
and their formulae for the electron EDM miss the leading logarithmic contribution.
The numerical effect is at the level of ~ 25% for Type I and ~ 55% for Type II at
mp+ ~ 1 TeV.

In Fig. we numerically compare various approximations to the electron
EDM as a function of mg+ for the Type II C2HDM. All other parameters are fixed
according to the benchmark point in with tan 8 = 2. The black line shows the
result of the full two loop calculation . Its approximation near the decoupling

limit (4.42)) is shown in dashed red, and asymptotically approaches the full result (black
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curve) as myg+ — 0o. The solid red curve shows the leading logarithmic approximation
, and for the modest values of m g+ displayed in the plot, only provides the correct
order of magnitude for the electron EDM. Its approach to the black curve is slow, and
good agreement is not reached until mp+ is several orders of magnitude above the
electroweak scale. Finally, the EFT result in the MS scheme given by the IR part of
(3.74) with u = M is shown in blue, with the shaded band obtained by varying the scale
between . = M /2 and p = 2M. Because of its inability to capture the model-dependent
non-logarithmic contributions in the UV, its approach to black curve is as slow as the
leading logarithmic approximation (solid red). However, its difference relative to the
full two loop calculation is smaller since it accounts for a significant part of the non-
logarithmic contributions in the IR.

Before finishing this section, we would like to stress the limitation of the “k
framework” often used in the literature to parametrize the possible effects of a CP
violating SM Higgs boson on the EDMs [63, 135, 271]. As explained below ,
a modified Higgs coupling of the form —xheivyse by itself leads to gauge-dependent
contributions to the EDM and needs to be supplemented by additional interactions
of the form in . However, the full gauge-independent result for the EDM that
takes into account the additional interactions is found to be logarithmically divergent.
The finite part of the necessary counterterm is scheme dependent and any analysis
of the EDM in the EFT framework beyond the leading logarithms is therefore model

dependent.
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3.8 Summary

In this chaper, we presented the first complete two loop calculation of the
electron EDM in the complex two-Higgs doublet model. We calculated the EDM in two
separate classes of gauge, and obtained identical gauge-independent results. Our final

formula is given in (3.43]) which we reproduce here for reference

de o \/iaGFme %

e 6473

(DO +659) + (05 + 03 +05%)
7

+ (SR + NS + 0 + O + O] s (3.86)

The individual contributions are given in (3.24)), (3.25), (3.27), (3.28)), (3.29), (3.32)),

(3.33), (3.36]), (3.38]), and (3.39). We collect these expressions in a Mathematica note-

book that is provided as ancillary material.

Compared with the most recent evaluation of the electron EDM by Abe et. al.
[42], our calculation incorporated the kite contributions in Fig. Generically, these
new contributions lead to O(1) corrections to the prediction of the electron EDM (see for
example Fig. , and they are particularly relevant in the Type IT and Lepton Specific
CHDMs. In the Type II and Lepton Specific C2HDMs there are regions in parameter
space where the fermion and gauge loop contributions interfere destructively causing
the electron EDM to dip below current limits established by the ACME collaboration.
We found that the inclusion of the kite diagrams can significantly shift the location of

these cancellations.
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In addition to the full result, we derived the leading order asymptotic expansion
of the electron EDM near the decoupling limit. The expressions for common types of
C2HDMs are provided in Egs. (4.41)—(??). We find that the electron EDM exhibits a
logarithmic dependence on the heavy masses. From the point of view of an EFT, the
logarithm indicates sensitivity to the UV scale implying that the precise prediction of
the EDM cannot be determined in a model independent manner. However, for the case
of the C2HDM we find that a large part of the electron EDM near the decoupling limit
is reproduced in the infrared.

Furthermore, we have emphasized that the analysis of the electron EDM based
on a simple phenomenological parameterization of CP-violating electron Yukawa cou-
pling —xheéivyse requires caution since the resulting prediction of the electron EDM is
not gauge-invariant.

As explained in Sec. the formulae for the electron EDM are easily adaptable
for EDMs of light quarks. It would be interesting to have a calculation of EDMs for the
heavier bottom and top quarks, which require separate treatment. Also, it would be
interesting to perform a full calculation of the electron EDM for other types of 2HDMs
without a softly broken Zo symmetry, or in which CP is spontaneously broken. We

leave these exercises to future work.
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Fermion Charged Gauge boson

Barr-Zee loop Higgs loop loop
Electromagnetic
5} oM (3.24 SEM (327 SEM(€) (3.30
Neutral current
zf; 57 (3.25 SRS (3.28 SNC(€) (3.31
Charged current
—~ 595 (329 55 (€) (3.35
Wéﬂ*
Kite

Neutral current
NC

h‘“f ; - - Oite (3-38

Charged current

? -~ - 5SC (&) (3-39
w \{1,;,-

Table 3.1: Two loop contributions to the electron EDM at O(aGrm.) in the C2HDM in

the background field gauge, organized by rows: couplings to the main lepton line and
columns: virtual particle in the loop. Numbers in parenthesis indicate the equation

number where the corresponding expression may be found.
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Type 1 Type II

10§ Fermion 10§
5L ACME lexcluded Charged Higgs | 5L ACME excluded
Gauge
Gauge (no kites)
Total
Total (no kites)
g g |
Q Q
2 L 05
b a
(=] (=]
x x
S OIS\ - - gy A MEpwlected < o0l
Fermion
0.05F Charged Higgs
Gauge
----- Gauge (no kites)
Total
ootk 4 7/ Total (no kites)
5 0.5 1 5 10
tanf tanf3

Figure 3.10: Predictions of the electron EDM in the left: Type I, and right: Type II
C2HDM as a function of tan 8 for the benchmark point in . The solid black line
represents the full result in . The solid red, green, and blue curves are obtained
by summing all contributions within each column of Table labeled ‘Fermion loop’,
‘Charged Higgs loop’, and ‘Gauge boson loop’ respectively. The dashed lines are the
corresponding contributions without the charged and neutral current kite diagrams in
the background field Feynman gauge, £ = 1. The shaded region corresponds to the 90%
C.L. exclusion limit from the ACME collaboration. In the future, ACME is expected to

improve the bound by at least an order of magnitude. This is indicated by the horizontal

dashed line.

60



[
']

-5t

d,x10%° [e-cm]

-10

1
1
il
1
il
1
i
I
0

’
L 7
i

M)
R3]
N3]
0Re(©)
Total

Total (no kites)

2.0

2.5

3.0

0.0

L

1.0

TIs
& (gauge parameter)

Figure 3.11: Gauge-dependence of individual contributions to the electron EDM listed

in the last column of Table in the background field gauge for the Type II model at

the benchmark point in (3.67)) with tan 8 = 5. The horizontal black line is the total

gauge-independent EDM in (3.43)), and the dashed black curve is the total excluding

the charged current d5C (€) and neutral current 6h<, kite contributions.
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Figure 3.12: Generation of the CP-violating effective operator in

out Hy at tree level.

\

Gi\
\ II //?

| ?

S G ,’ \\

\ \ \
Sl II th S~ \ h\\\ !
-

3.81|) by integrating

Figure 3.13: Diagrams involving the four-point interactions in (3.83)) that contain the

leading logarithmic contribution to the electron EDM.
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Figure 3.14: Approximations to predictions of the electron EDM in the Type II C2HDM

as a function of my+, at the benchmark point (3.67) with tan 5 = 2. The black line

is the full two loop result in the C2HDM ([3.43). The dashed red line is its asymptotic

approximation near the decoupling limit through O(v?/M?) given in (4.42)). The solid

red curve is the leading logarithmic approximation in (3.73)) and the dashed blue curve

is the EFT result in the MS scheme given by the IR part of (3.74) with u = M. The

shaded blue region is obtained varying the scale between p = M /2 and p = 2M.
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Chapter 4

Direct and indirect tests of Higgs CP

violation

This chapter is based on [401].

4.1 Introduction

Strong experimental constraints exist for the EDM of the electron, |de| <
4.1 x 1073 e ecm [397]. Significant improvements by a few orders of magnitude can be
obtained in the next one-two decades [127]. Light quark EDMs, as well as the neutron
EDM are also tightly constrained by experimental data. Particularly, the neutron EDM
|dn| < 3.6 x 107206 e cm and the bound is expected to improve by roughly two orders of

magnitude in the next decade.
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4.2 The CP violating 2HDM

4.2.1 Basics: CP violation in the Higgs potential

Two Higgs Doublet Models generically contain several sources of CPV, some
in the Yukawa interactions, and some in the Higgs potential. In this chaper, we only
consider new sources of CPV arising in the Higgs potential and we restrict our investiga-
tion to softly broken Zs-symmetric models. Under these assumptions, the most generic

potential is given by

1 1
V(®,85) = m3 @D +m3,dldy — E(m@@{% +h.e)+ §A1(<I>J{<I>1)2
1
A2 BLR2) + Ay (1) (B]D2) + Na(B]22)(2)P1) (4.1)

+ %(A5(<I>§<1>2)2 +h.c.), (4.2)

where the two Higgs doublets read

Hyf Hyf
d, = , @9 = , (4.3)
%(01 + p1 +i4) %(vz + p2 + iA)
with v} + v3 = v? = 246 GeV. The allowed complex parameters in the Higgs potential
are m3, and As. In all generality, there is a phase between the two Higgs vacuum
expectation values (VEVs). This phase is, however, not independent from the phases of

m?2, and \s. In the following, we will use the freedom to re-phase the Higgs doublets,

such to have real VEVs. For a rephasing invariant discussion, see Appendix [B] and
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[260].The minimization of the Higgs potential leads to

v
2m%1 + )\111% + (A345) v% — U—j Re(m%) =0,
v
2m3y + Aav3 + (Aau5) v — 17; Re(m3,) =0, (4.4)

v1v9\E — Im(m2,) = 0.

where we have denoted A5 = A\p + i>\’5 and Azs5 = A3 + Ay + A5, The last equation
indicates that there is a relation between the two phases in the Higgs potential, so that
there exists only one independent CPV phase in the softly broken Zs-symmetric 2HDM.

It is convenient to work in the Higgs basis, i.e. the basis in which only one

Higgs doublet acquires a non-zero VEV:

G+ o+
Hy = , Hy= . (4.5)

50+ 51 +iG) 75(52 +i4)
The relation between the Higgs and the gauge basis is a rotation by an angle 3, defined

via tan 3 = tg = va/v1:

= R} : (4.6)
Hy b2

So for example, A is related to A; and Ay in (4.3) by A = —sgA; + cgAg, and the
physical charged Higgs H* = —55H1i + 65]'112i (sg =sinf, cg = cos ). We can define
a variable which characterizes the mass scale of the non-Standard Model Higgs bosons

[287):

Re(m%z) _ Re(m%)

v= = )
201V 202s5cp

(4.7)
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The mass of the charged Higgs is related to this parameter as

2
m2s = %(n — A= AD). (4.8)

Because of CP violation, all three neutral scalars will mix. In the (p1, p2, A) basis, the
3 x 3 neutral mass matrix is given by
)\16% + I/S% (/\345 — V)CgSB —%35)\%
2 2 4
M®=w (Aga5 — v)casp Vc% + )\28% —2egAd | - (4.9)
1 )\z 1 )\z — X\
25875 26815 V= A5
This mass matrix is diagonalized by a rotation matrix R that is given by the product
of three rotations on the x, y, and z axes by the angles a3, ag, and oy = a + 7/2,

respectively:

RMPRT = MGiagonal With (4.10)
R = R3RaRy = RL (a3) Ry (o) R (o + 7/2)

—SaCay CaCay Sag
SaSasSas — CaCas —SaCasz — CaSasSas CasSas (4.11)
SaSasCas T CaSas  SaSas — CaSasCaz  CasCas

The physical CP violating states (hi, ho, hg) can be related to the gauge eigenstates

(p1,p2,A) in (4.3) as well as to the Higgs fields in the Higgs basis (51,52, A) in (4.5)

through:
h1 pP1 S1
he | =R po | = RR.(B)| Sy | > (4.12)
hs A A
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where h; represents the lightest Higgs with mass of 125 GeV. The 125 GeV Higgs boson
has a CP odd component in the case of ag # 0. The familiar case of CP conservation
is realized for ay = a3 = 0 where the two physical scalar Higgs bosons, (h, H), do not
mix with the physical pseudoscalar, A, and the rotations between the Higgs, physical,

and gauge bases are given by

h p1 S1
—H | =RI(a+7/2)| p | =RI(a+7/2R.(8)| 5, |- (4.13)
A A A

In a generic case of CPV, as # 0 and ag # 0. These angles will depend on Lagrangian
parameters and will be related to each other because of the presence of only one inde-
pendent CPV phase in the Higgs potential of a approximate Zs-symmetric theory (see

next section).

4.2.2 Conditions on the Higgs potential and free parameters

Depending on the quartic couplings in (4.1)), the potential can be minimized
by a field configuration that is different from the electroweak (EW) minimum. First we
need the potential to be bounded from below, and, therefore, the potential need to be

positive when |¢1|, |¢p2| — oo, which lead to the following condition [198§]
AL >0, Ay > 0, Az +min(0, Ag — [As]) > —v/ A1 ). (4.14)

In addition, the quartic couplings cannot be too large, such to have a pertur-
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bative theory. In particular, we imposeﬂ

|>\z| < A4r. (4.15)

Furthermore, we require the EW minimum to be the deepest minimum of the
potential. Following the method developed in [289] 290] for the case of CP conservation,
we compute the several minima of the potential in the most general case of CP viola-
tion. The details of our calculation are reported in Appendix [Bl We find the following

conditions on the parameters of the potential:

M3y cos(61 + 62) cos(61) >0, —miysin(dr + 82)sin(61) >0, (miy — k*m3s)(tg —k) >0, (4.16)
where we have used the two basis independent phases, §; and Jo defined as d; =
arg[m3y(AE)'/?] and 8y = arg[vvs (m35)*As], and where we have defined k = /A1 /\a.

These two conditions can be rewritten using the phase convention of our chaper

as
0 1
|A\5| sin? EA +v >0, 5 (Re(s) + As]) —v <0, (m3, — k*m3,)(tg — k) >0, (4.17)

where we have defined ) = arg(\s).
In the following, instead of using the quartic couplings, A;, we will investigate

the phenomenology in terms of the more physical parametersﬂ
Mhy s My, Mhg, Mp+, @ (O ), 02, a3, v, tan 3, (4.18)

where, for a matter of convenience, we have defined the = mixing angle as x = a—f+m/2.

In the next section, we will show that the limit x, ao, @3 — 0 corresponds to a 125 GeV

!This condition gives a rough estimate of the perturbative unitarity constraint. Depending on the
relative dimension of the quartic couplings, the bound on each coupling can be more stringent. For a
full recent analysis see [85].

For convenience, in Sec. [4.5.1] instead of using the v parameter, we will use the quartic coupling
A2.
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Higgs boson with SM properties. The z — 0 limit is the so-called alignment limit in the
case of CP conservation. In Appendix [C], we report the relations between these physical
parameters and the quartic couplings, \;. One should note that only eight of these nine
parameters are independent. In fact, the CPV phases o, a3 are related since there is
only one independent phase in the Higgs potential in (4.1). Diagonalizing the neutral
mass matrix leads to a relation between the mixing angles ais, a3 and the masses of the

three scalars, as well as « and (5, but not v:

Am3s sin(2a3) cot(a + B) } (4.19)

g = — arcsin
2 2 2 2 2
{ 2(mh1 my, sin” az — my _ cos as)

where Am?j = m,%z — m,%j. Our relatively good knowledge of the phenomenology of

the 125 GeV Higgs boson motivates us keeping ao as free parameter in (4.18) and

determining ag in terms of as and the other free parameters:

csc(ag) esc(a + )
2Am2,

ag = — arctan { cos(a + B)Am3,

i\/(Amgg)Q cos?(a + B) — 4Am3,Am?, sin?(ag) sin?(a + /6’)] } .

(4.20)
The two solutions correspond to having ho or hs as mainly CP even, respectively. For
the numerical analysis of our chaper (see Secs. , we will choose the solution for
which hg is mainly CP even. Note that not all spectra and mixing angles in are

physical, and some do not lead to a solution to the equation above.
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4.2.3 Couplings of the physical Higgs bosons

The coupling of the Higgs bosons to the weak gauge bosons is given by

2
g v + L— 1 n g

Lomge = 223 WHWH 4 — 7. 7¢| 2> gznun, [hidh;

gaue 4 < ghkvv[ a t o2 o ] Ft S cost “Kngh‘hJ[ i)

g
with 6 the Weinberg angle, and k denoting the several Higgs bosons, from the lightest to

the heaviest, k = 1,2,3. We can express the reduced couplings in terms of the rotation

matrix in (4.10)):

gnvv = Rij(R2)j1 = Rpics + Riass, (4.22)
9Zhih; = €k G VV (4-23)
cw = (i(sin BRq — cos BRi2) + Ris) (9, — ) , (4.24)

with €;;; the antisymmetric tensor with €23 = 1. p* and p* are the momenta of h;
and H*, respectively. As we will discuss in Sec. Eq. shows a correlation
between the gzp,, and the gy, vy couplings (e.g. gzn,n; = gnyzz)- 1t is also interesting
to note that the charged and neutral Higgs bosons share the coupling to gauge bosons,

satisfying the sum rules

onvv =1 > lawl*=2. (4.25)
i i
Close to the alignment and CP conserving limits (z,as — 0), these reduced

couplings can be written as:

x2+a%
2 )

gnvy =1 — JhaVV == —T — Q203,  GhvV = —Q2 + Tag.

1,2 042
aw ~ —ir+az,  Cow i <—1 + 2) +asz, ew~1-— 72 +iag ,(4.26)
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where we have defined c;ir = ¢ (pL — pf) These expressions indicate that the most
massive mostly pseudoscalar Higgs boson can couple to the W and the Z boson, thanks
to CPV. CPV also allows the hiW*HT and hyVV couplings in the case of no mixing
x.

The several neutral Higgs bosons couple to fermions as

m 7 r k - ~ k
Lyuk = Ufzk:(fmgc)fiJrlfi%H;)fi)hk? (4.27)
where i is the flavor index, i = 1,2, 3. The reduced couplings Iigck) and Ezgck) are indepen-

dent on the fermion flavor and, in the Type I and IT 2HDM, are given by
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Type-1 Type-I1
(1) CayCo CayCa
Ry E—
5p 5p
(1) CayCo CasrSa
Kae S -
B %
/%1(}) _ Saz _ Saz
tp tp
~ (1) Sas
K — —Sast
0 aztB
tg
K(Q) _ CoazSa + CaSasSas _ CoazSa + CaSasSas
b 5p 56
K/?z _ CazSa + CaSasSas SasSazSa — CaszCa (428)
’ Sp cs
~(2) Ca2 50:3 COé2 SaS
R 02703 _
tg ts
~(2 CasSas
Kgl,l? 1 —CazSastp
B
K,(3) SazSa — CazCaSas SazSa — CazCaSas
b 56 56
K,(3) SazSa — CazCaSas CaszSasSa + CaSas
d,l sp cp
~(3) CanCaz CazCas
Hu - - - -
tg tp
~(3) CasCasg
Kgo . —CayCasls
B

It is straightforward to recover the common Higgs couplings to quarks and leptons in a
Type-I and IT 2HDM in the CP conserving case for as, az — 0.
For completeness, below we also report the couplings of the charged Higgs

bosons to fermions. These couplings are not affected by the presence of CPV in the
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Higgs potential and are given by the common expressions

+
clhy = b Prd;)H" + ¢5(0; PLdy)H + ' (% Prt;)HY + h.c., (4.29)
N i A v/ R ALl /A Y Type-I
CU \/> v ) tanﬁ’ clj f v ) tanﬁ’ Cii f v tanﬁ ( ype ) ’
ng = V2 vj Vij tan S, C?j = \/57: Vij 7tanﬁ’ Cfi =2 » tan 3,  (Type-II),

where V;; are the elements of the CKM matrix.

4.3 Probing the 125 GeV Higgs CP-odd component

4.3.1 Precision Higgs measurements of the Higgs couplings

Precision measurements of the Higgs rates lead to relevant insights on the CP
nature of the Higgs boson. The modified Higgs couplings to fermions and gauge bosons
result in Higgs rates deviating sizably from the SM predictions. In this section, we study
how present and future measurements of Higgs rates can bound the parameter space of

the complex 2HDM.

We perform a fit of the 125 GeV Higgs rates. All rates can be computed in a
straightforward manner as a rescaling of the corresponding SM rates, except the rate
of loop-induced processes for the Higgs decaying into photons and gluons and for the
Higgs produced in gluon fusion. For these processes we have

I'(h1 — g9) . Ogg—h1
T 5 g0 ~ o5,
L(hy — )
L(hy — yy)SM

~ 1.11k7 — 0.12k,kp + 0.008k7 + 2.59%7 — 0.207 &y, + 0.00977,
~ (1.28gn,vv — 0.28k;)% + 0.18K,2 (4.30)
where, for a matter of simplicity, we have dropped the (1) on the x couplings. The first

approximate equality is only valid at NLO.
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As shown by these two expressions, a CP odd coupling of the Higgs to top
quarks can induce a large NP effect in the gluon fusion production cross section, as well
as in the Higgs decay to two photons. The rates are symmetric under the exchange
g — —Qo.

In Fig. we show the results of our fit. For the present bound, we use
up to ~ 137 fb~! of proton-proton collision data collected at /s = 13 TeV. For our
analysis, we naively combine the ATLAS measurements for the Higgs rates reported in
Tab. 3 of [2] and the CMS measurements reported in Tab. 4 of [I]. These include VBF,
gluon fusion, Vh and tth production, followed by the decay into vy, ZZ*, WW*, 77, bb.
The correlation between the several measurements has been included in our x? fit, as
well. The blue, yellow, and green regions shown in Fig. [.1] represent the lo,20, 30
regions, respectively, as obtained from the requirement Ax? < 2.3,6,11.8. The first row
for Type I and tan 8 = 1 shows a slight preference for x < 0. The large-dimensional
fit makes extracting a single reason difficult. Broadly speaking, small negative values
of x lead to the suppression of B(h — bb) and, therefore, to the enhancement of some
well-measured channels like h — V'V. This pattern seems to be slightly favored by data
(see also Appendix [D]). Overall, large values of CPV angle as (< 0.3) are still allowed
by the measurement of the Higgs fits, particularly at low values of tan 8 (see the left
panels of the figure).

Future projections on measurements at ATLAS and CMS are reported in Tab.
35 of [I53]. The darker blue region in Fig. shows the HL constraint that we obtain

combining ATLAS and CMS projections and taking the more conservative assumption
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to systematic uncertainties (S1 scenario in the chaper). From the figure, we can observe
that Higgs rate measurements alone allow a sizable value for the CPV angle oy up to
~ 0.15. Deviations from the z ~ 0 limit are instead more constrained with |z| 2 0.1

almost entirely excluded, independently on the value of tan 3.

4.3.2 LHC direct searches for a CPV Higgs component
4.3.2.1 LHC studies for CPV Higgs couplings to massive gauge bosons

So far, the ATLAS and CMS collaborations have focused on setting bounds
on higher dimensional operators contributing to the Higgs-di boson interactions. In
particular, searches for h — ZZ* — 4¢ [16], 309, 413], h — WW* — (viv [16] 309],
h — 77 with the Higgs produced in vector boson fusion [25], and h — bb with the Higgs
produced in association with a vector boson [310] have been used to set a bound on the

Wilson coefficient of the CP conserving and CP violating operators

Log O fghQZZ 1 2 = G HW W (4.31)

where we have defined V;w = %ewﬁvaﬁ . These operators are generated at one loop in
our 2HDM. The Wilson coefficients will be suppressed by the CP-odd component of the
Higgs boson. We have computed the top loop contribution to the Wilson coefficients in

the m; > my, mzw limit. We find that in both Type I and II 2HDMs

. _ sinay 3€? 1 =+ %sin2 Ow (-1 + %Sin2 Ow) _ sinag 1 (4.32)
Jhzz = tan 8 1672 v cos? Oy sin? Oy T tanB 8 x 105 GeV '
- sinas 3e? 1 1 N sin ag 1 (4.33)

tan 8 12872 vsin? 0y,  tan3 7 x 105 GeV '’
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where 6y is the Weinberg angle. We have checked that the full calculation without the
myg 3> mp, mzw approximation produces a similar numerical result at the 10—20% level.
The lighter fermions also contribute to the effective hZZ and hW W couplings. However,
we cannot use the heavy quark limit to compute these contributions. In the Type II
2HDM, the tau and bottom contributions are expected to scale as ~ TZ—;% sin ag tan 3,

where m; is the fermion mass. Therefore, they are subdominant in the small tan g3

regime. In the Type I 2HDM, they are always subdominant since the reduced Higgs CP

sin ag

W, see (|4.28 )

odd coupling is suppressed by tan 5 (/%212 =

Several CMS and ATLAS analyses study either the decay of the Higgs to WW
and ZZ [9], 14, [413] or the VBF production of the Higgs [17] to set constraints on the
operators in (4.31)). The CMS analysis [413] for the Higgs to 4-lepton final state combines
several Higgs production (VBF, V H) and decay modes (WW, ZZ, Z~,~vy — 4¢) and sets
the most stringent bound on these Wilson coefficients. The analysis is based on ~ 80
fb~! 13 TeV data combined with 7 TeV and 8 TeV data. From table 7 of [413], we obtain
Ghzz S m at the 95% C.L. (combination of on-shell and off-shell measurements).
This number is obtained combining the several channels and assuming gnzz = gnww -
A result to the same order of magnitude is obtained from an ATLAS analysis of VBF

H — Z7Z — 40 with 139fb™! of 13 TeV data6]. As we can observe comparing this

bound to the prediction of our model in (4.32) and (4.33)), the CPV 2HDM predicts an

anomalous coupling that is more than two orders of magnitude smaller than what is
probed experimentally.

The HL-LHC will be able to set more stringent constraints on the anomalous
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hZZ and hWW couplings by exploiting the Higgs production in association with a
massive gauge boson, as well as VBF production: gnzz < m[lfﬁ]. This future
bound is still not stringent enough to constraint regions of parameter space of the

complex 2HDM.

4.3.2.2 LHC studies for CPV Higgs couplings to fermions

Direct searches for CP-odd couplings of the Higgs to fermions also exist [3] 24,
32, 1438].

The most stringent constraint on the CP-odd coupling of the Higgs to tops
comes from the ATLAS study [24] and from the recent CMS analysis [3]. The ATLAS
analysis uses 139 fb~! data recorded at /s = 13 TeV center-of-mass energy. Higgs
bosons are identified via the di-photon decay channel and are produced with a top
quark pair or single top quark. The analysis sets a bound on the CP odd Higgs-top

coupling, assuming that all the other Higgs couplings are SM-like. In our 2HDM, this

reads
~(1)
t
A N 2081 < g3 at 95% C.L.  (Type LII). (4.34)
H(u) CoS &

The CMS analysis [3] obtains a similar bound combining Higgs decays into

27, vy, WW, T with the Higgs produced in association with one or two tops. This
bound constrains part of the parameter space of the complex 2HDM and is comple-
mentary to the bound we get from the precision measurement of Higgs rates (see Sec.
4.3.1). In particular, the blue regions in Fig. produce a too large value for 1%1(}).

However, we observe that this direct bound on CPV is still relatively weak if compared
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to the bound from Higgs coupling measurements.

The CMS collaboration has also performed a search for a possible CP odd
coupling of the Higgs to tau leptons using 137 fb~! data recorded at /s = 13 TeV
center-of-mass energy [438]. The study of the angular correlation between the decay
planes of two taus produced in Higgs decays lead to the observed boundﬁ

E:él) tan ag cos 8| |tan assin S
1
0

<0.87 at 95% C.L. (Type LII). (4.35)

(D cos a sina

The corresponding bound is shown in red in Fig. For a Type II model, this CMS
search for Higgs CPV sets a constraint that is comparable and complementary to the
present bound from Higgs coupling measurements, as long as the value of tan 8 is not
too small (middle and right panels in the figure). NP regions of parameter space that are

allowed by Higgs coupling measurements are excluded by the CMS search and viceversa.

4.3.2.3 Additional channels: phenomenological studies and HL projections

Additional phenomenological studies have been performed to set a bound on
the CP-odd component of the 125 GeV Higgs boson.

A promising channel is the decay h — 77r. The 7 decay modes studied are
™t = pty, pt — a0 81 163, 272, 299] and 7 — atv [107, 265]. The ATLAS
collaboration has performed a study of the performance of the 7+ — pTv, pt — 7t70
channel at the HL-LHC [I73]. The angle between the planes spanned by the pion pairs

is used to determine the CP nature of the Higgs. Several scenarios for 7° reconstruction

are considered and, in the most optimistic scenario, a bound on the Higgs-tau CP

3The present observed bound is a bit weaker than the expected bound that is ~ 1.1.
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violating coupling

)

el :

t t
Be_| = anascosf| (tanagsinfl o0 g oL, (Type LII)  (4.36)
/-cé ) cos o sin «

can be set. This bound has been rescaled to obtain the reach of the High-Energy (HE)
LHC (/s = 27 TeV) with 15 ab~! luminosity [I53]: W) / k("] < 0.08. Combining the
several tau decay modes, the CMS collaboration shows a projected bound at the level

of

i

<D

tan cp cos 8| |tan aosin 3

<03 at 95% C.L. (Type LII)  (4.37)

CoSs & sin o

(see the supplementary material of [438]).

Additional channels might be considered to set a bound on the CPV component
of the 125 GeV Higgs boson: (1) A study for pp — tth, h — bb can unveil the presence
of a CPV Higgs-top coupling. [245] shows that analyzing HL-LHC boosted Higgs events
with the Higgs-tagged via the BDRS algorithm [I38] can lead to a bound at the level of
\%9) / /{(ul)\ < 0.7. A similar analysis done at a 100 TeV proton collider with 30/ab data
would improve the bound to |/%(u1) / /i(ul)‘ < 0.03. The sizable improvement is mainly due
to the much larger tth statistics at a 100 TeV proton collider. (2) A CPV Higgs-top
coupling can affect the distribution of the jets produced in association with the Higgs
boson in gluon fusion production. Ref. [203] has studied the Higgs plus two jet final state
followed by the Higgs decay into a pair of tau leptons and found that |/?;1(})/ m(})| 2 0.3
can be excluded at the 95% C.L. with ~ 500 fb=! 14 TeV data. (3) Furthermore, one
can use kinematical distributions from the h — v decay to set a bound on the CPV

Higgs-photon coupling. Ref. [122] has studied the kinematic distribution of the two
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electron-positron pairs produced from the photons undergoing nuclear conversion. This
is a difficult measurement and CPV mixing angles of order unity can be probed at the
HL-LHC. (4) Finally, the CPV in the hZ~ vertex can be probed by interference between
the gluon fusion Higgs production gg — h — vZ, Z — £T¢~ and the background
99 — vZ, Z — (70~ [219]. Tt can also be probed measuring the forward-backward
asymmetry of the charged lepton in the three-body Higgs decay h — (1t¢~~ [164].
However, the two effects are un-observably small for the HL-LHC.

Several channels have been studied also in the context of future e™e™, muon,

and photon colliders. For a recent review, see [255].

4.4 Constraints from precision measurements

4.4.1 EDM

New CPV phases are generically very well constrained by searches for electric
dipole moments (EDMs). At present, the strongest bound on an elementary EDM by the
JILA electron EDM experiment, comes from measurements of trapped HfF ™ molecular

ions giving at 90% C.L. [397].
|de| < 4.1x 1073 ecm ., (4.38)

which is a factor of 2.4 lower than the previous strongest bound of the ACME collabo-
ration [75].

Significant improvements by a few orders of magnitude can be obtained in the
next one-two decades [127] (see also [55]). Additional bounds might come from the
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neutron EDM, that is bounded at 90% C.L. by [43]
ldp| < 1.8 x 107 ecm . (4.39)

Future experiments utilizing ultra cold neutron sources are expected to produce results
with sensitivity of O(10727) e cm in the next ~ 5 years [127, 212]. Slightly weaker
constraints arise from the proton EDM and from the EDM of diamagnetic atoms and

molecules like the mercury [252]

dy] <107 ecm), g < 7.4 x 1073 e cm. (4.40)

Four orders of magnitude improvement in the proton EDM is may be possible in the

coming decade [5§].

In [67], we presented the first complete calculation of the electron EDM by
systematically accounting for all Feynman diagrams that contribute at two loop order.
In particular, we added the full contribution of kyte diagrams. Because of the many
contributions, some of which scaling in the same way in the CPV parameters, cancella-
tions can happen in particular regions of parameter space. The final expression for the

electron EDM is rather complicated, but it simplifies to

. o _o7 1TeV 2 2 M
Type I: d. = —1.06 x 10 ecmx( i ) Im(\s) cﬁ[1+0.07ln T ] (4.41)

1TeV? 2 M >
= ) Im(As){ 53 [1 +0.161n <m>] ~ 12663}, (442)

Type II:  do = 0.47 x 107* ecm x (

in the decoupling limit, where M is the mass of the heavy scalars of the theory. As
shown in Eq. , the Type II model has a natural cancellation of the contributions
to the electron EDM for values of tan 5 not too far away from one.

In [67], we also presented the first complete calculation of the light quark EDMs
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at the two-loop level. These quark EDMs contribute to the EDMs of bound states, like
the neutron, proton, and mercury. The dominant contributions to the neutron EDM
are from the short range QCD interactions involving quark EDMs, d,, cEDMs Sq, and

the Weinberg operator. These contributions read

dn = (G0 + C36a) + (Crou + (1oa) + BS W, (4.43)

where the hadronic matrix elements are given by [127]:

BY = (2.441.9) x 107 *e-cm, ¢*=(3.441.7) x 107 %¢ - cm,

(1=(1.64+0.8) x 107%¢e-cm, ¢“=-52x10"2c-cm, (I =48x10"%e-cm, (4.44)

where the last two elements have a O(10%) uncertainty. 8, 0, and W can be found

from the coefficients of the operators

7 _ v { 7 _ a apy 1 abc _pvpo a c
£ =5 3 (@) " = 5 D7 doga(@0,u15T )G = <Caga e GG Gy,
q q

(4.45)
at the hadronic scale,  ~ 1 GeV, with
d 206G ~ 205G ~ 205G
dy _ V2oenGrmys 5 V20Grmys o V206Gry, (4.46)
6473 6473 6473

where we used as ~ 0.189, my, ~ 2 MeV, myg ~ 4.8 MeV. For the scope of this
chaper, we neglect the running of quark dipole moments from the electroweak scale to
the hadronic scale, since the neglected logarithm of order o, log(m?%/m2) ~ 1.5 leads to
corrections which are small compared to the relevant hadronic uncertainties discussed
shown above. For a full discussion of the running, see e.g., [166]. The expressions for all
contributions to d, can be found in [67]. For the contributions to cEDM and Weinberg
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operator, we have [166]

3
b= 23 [FEDRORD + gD R] (4.47)
i=1
ot 7 2) ~ (i
Wg = = 1 ;W(zt)/@g RO (4.48)

where we are summing over the several Higgs contributions and 2} = m?/ m%{i, and the
two-loop functions f, g, W are given in e.g., [166].

Similar expressions are valid for the proton EDM, after a proper replacement
of the hadronic matrix elements in . Modulo cancelations, the prediction for the
proton EDM will be of the same order of magnitude as the neutron EDM. Considering
that the experimental bound on the proton EDM is roughly an order of magnitude
weaker than the experimental bound on the neutron EDM (see Egs. , ), the
proton EDM will not put additional constraints on the parameter space of our model.

As we discuss in Sec. the current large uncertainties in the hadronic
matrix elements in the light quark CEDMs and in the Weinberg operator in
make the constraint from the neutron EDM relatively easy to be satisfied.

The main contributions to diamagnetic atom EDMSs, like the mercury, come
from the CP-odd nuclear Schiff moment that can be related to the CP-even and CP-
odd pion-nucleus couplings, g.nn and g,yn. Additional contributions can come from
nucleon EDMs. For a detailed discussion, especially in the context of a 2HDM, see [301].
Often in the literature, the latter contributions are neglected. However, it is interesting
to note that a neutron EDM, d,,, of the order of its current constraint contributes to
dmg at the order of its current constraint. One can write these two main contributions
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to the mercury EDM as [170] 199, 30T} [389],

drrg = — guNN ((0.07 +0.06) g% + (0.08 +0.15) gf}},N) 10" Yeem +

— (2.6 +0.5)- 107" x 1.9d,, (4.49)

where the last term is the neutron EDM contribution to the Schiff moment. The CP-
even coefficient is given by g,yny = 13.17 & 0.06, and if we only keep the pieces that

depend on the light quark CEDMs, the CP-odd iso-scalar and iso-vector couplings are

[389]
_(0) —12 dy + Czd
9NN ™~ (0.5 + 1.0) x 10 10— cm” (4.50)
(1) v _12 dy —dg
gWNN ~ (271) x 10 10,26 Cm‘ (451)

where we have approximated the value of the quark condensate |(gq)| ~ (225 MeV)3.
The large uncertainties in the coefficients of (4.49) and in the determination
of the CP-odd couplings make the constraint from the mercury EDM irrelevant in our

parameter space.

4.4.2 LEP and flavor physics

Two-Higgs-Doublet-Models receive constraints from precision measurements
of flavor violating and flavor conserving observables that are affected by the presence of
additional Higgs bosons at around the electroweak scale.

Electroweak precision measurements, and in particular the T parameter, gener-
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ically give important constraints on spectra with large mass splittingsﬂ Following the
discussion in [64] (see also [229]), we find that alignment models with mp, ~ mpy+ or
mp, ~ my+ but with an arbitrary large mass splitting between the other scalars and
the charged Higgs lead to a very small correction to the T parameter. In fact, the
2HDM contributions to T parameter can be written to first order in the mixing angles

x and ag as [64]:

(_G(mi%ymig) + G(m%ym%—[i) + G(mz37m§{i)) (452)

+ x2 (G(m}%g’ng) - G(mlel’m%z;g) + G(m%17m%{i) + G(m%27 m?{i))

a2 (Gm2, m2.) — Gmd, ml,) + Gl ) + G(mig,ng)],

TV Jog (f”> |
—y o \y

1
with G(x,y) = §($ +y) — .

Since

G(z,y) = G(y,xz) and lim G(z,y) — 0, (4.53)

y—a
the first line of Eq. vanishes for my+ — mp, or my+ — mp,, leaving only
quadratic contributions in x or ag, which are within the experimental constraints for
the benchmark that we discuss in the next section.

In the CPV 2HDM, the Yukawa couplings of the charged Higgs boson are the
same as those of the CP conserving 2HDMs (see Eq. ) Therefore we can apply
the same bounds on the parameter space of the H, as in the case of the CP conserving

model. The charged Higgs boson can introduce sizable NP contributions to the b — sv

“In this chaper, we do not attempt to address the anomaly in the W mass, as found by the CDF
collaboration [37]. See [300] for a discussion in the context of CPV 2HDMs.
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transition. Refs. [352] 353] show that for a CP conserving Type II model, the lower
bound on mg+ is around 800 GeV with only a mild dependence on tan 3, as long as
tan 8 = 1. However, a more recent study [112] emphasized new significant theoretical
uncertainties in the determination of the b — s rate, leaving more room for NP effects,
and, therefore, significantly weakening the bound on mpg+. Other flavor constraints
(B — 7v ) on the mass of the charged Higgs are weaker in the regime of low tan § that
we will discuss in the next section. Similarly, flavor constraints on the neutral Higgs

bosons are weaker than LHC direct searches in the regime of low tan .

4.5 Looking for CPV in heavy Higgs searches

The CPV 2HDM leads to a variety of new signatures that could be searched
for at the LHC. The several Higgs bosons are a CP even-CP odd admixture. For this

reason, the following new decay modes will be possible, if kinematically allowed:

h3 — hlhg; h3 — th, h2 — hlZ. (4.54)

These modes are not allowed in a CP conserving scenario. These signatures have not
been yet searched for by the ATLAS and CMS collaboration. A phenomenological study
of the first signature was presented in e.g., [339]. The second one is the focus of this
section.

Beside new signatures of the heavy Higgs bosons, in the presence of CPV, the

rate of standard heavy Higgs decay modes can be affected by new interference effects.
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Examples are the decays ha 3 — 77, bb in the regime of large tan 3 [227], the interference
between the resonant gg — ha 3 — Zh; and the non-resonant gg — Zh; [160] or between
the resonant hg s — t¢ and non-resonant gg — ¢t [144] at low tan /3. In our analysis,
we will not keep into account these interference effects, since, as we will argue, they
are not relevant for the discussion of the benchmark scenario we present in Sec. [£.5.1]
Nevertheless, generically they are important for the precise assessment of the bounds

on the mass of the heavy Higgs bosons.

4.5.1 CPV benchmarks for new heavy Higgs searches

As we discussed in Sec. the CPV 2HDM has 7 free parameters (once
we fix the mass of the 125 GeV Higgs boson). We explore the parameter space of the

model via scanning the following independent set of six parameters:
mp3, A =mp3—mpa, O=myg+—mp3, T, Q9, A3, (4.55)

having fixed mp; = 125 GeV and tan § such that the electron EDM is below the bound
set by the JILA electron EDM experiemnt, |do| < 4.1 x 1073% cm. [397]. We set
|de| = 4 x 1073% cm. The cancelation described in Sec. only arises in a Type II
model, and, for this reason, we focus on this model for the remaining of the section.
For the scan of the parameter space, we focus on small values of § such to have
agreement with the constraint from the T' parameter, sizable values of A to allow the
hs — Zho decay, and values of x and as consistent with the Higgs coupling fits presented

in Sec. We choose values of tan 3 close to 1, since, as discussed in Sec. the
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several contributions to the electron EDM cancel at around tan 8 = 1 when the 2HDM
has the additional Higgs bosons in the multi-hundred GeV mass range. Finally, we
trade v for A9 and scan on the latter parameter, so it is easier to find benchmarks that
are consistent with perturbativity requirements (see Eq. for the expression of Ao
in terms of v and the physical parameters). The phenomenology of the model depends
only very mildly on the value of A2, once all the other parameters are fixed.

We choose the benchmark:
A ~240 GeV, §=-7GeV, x>~0.005 «a9=0.125 Xy ~0.2. (4.56)

and keep mp3 as a free parameter. The value of tan 5 needed to satisfy the electron
EDM constraint for this benchmark is very close to 1 (tan 3 ~ 1.05) in the entire range
of masses for hz that we consider for the phenomenological analysis presented in Sec.
The exact value is only relevant for satisfying the constraint from the electron
EDM. Changing a bit the valu e of tan 8 will not affect the heavy Higgs phenomenology.
We have checked that the cancelation of the electron EDM is at around three orders of
magnitude.

In Fig. [£.2] we summarize these results on the parameter space in two different
planes: (mp, — a2) on the left panel and (mjp, — x) on the right panel. The other
parameters have been chosen to match the benchmark model above, in the context of
the LHC phenomenology. Pink regions do not satisfy the requirements of the potential
bounded from below (see egs. (4.14))). The yellow regions do not satisfy the conditions

of vacuum stability (see egs. (4.17))). Finally, the purple regions lead to too large quartic
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couplings, in tension with the requirement of perturbativity. In the allowed regions, we
show the value of the a3 mixing angle. For the plots, we choose the solution with a plus
sign in .

In Fig. we show the contributions to the neutron EDM from the terms in
Eq. , as calculated using the benchmark in Eq. . The several contributions
only mildly depend on the heaviest Higgs mass in the range of interest, and, for this
reason, we choose a representative value, mp, = 900 GeV. The two main contributions
(Weinberg operator and down quark cEDM) have very large uncertainties from the
hadronic matrix elements (see Eq. ) and they have opposite signs. The full
prediction from the neutron EDM is consistent with the bound in shown as a
dashed line in the figure.

Overall, the benchmark in Eq. , with tan 3 ~ 1 is consistent with all
theoretical, low and high energy constraints as long as mj, < 920 GeV (see Fig. 4.2)).

In the region of parameter space shown in the figure, the 125 GeV Higgs coupling

predictions are also consistent with measurements (see bottom-left panel of Fig. 4.1)).

4.5.2 Phenomenology of the heavy Higgs bosons

In this section, discuss the phenomenology of the heavy Higgs bosons, he and
hg, in the mass range of interest (mp, < 920 GeV). The main branching ratios for the
heavy Higgs bosons are shown in Fig. as a function of the mass of the heaviest
neutral state, hz. Both neutral Higgs bosons have tf as main decay mode. The second

most important decay mode is the decay into Zhg (or Zhy for hy). The hy decay into
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massive gauge bosons is suppressed because the benchmark has a small CPV phase
ag and a small z parameter (see Eq. ) The corresponding branching ratios are
smaller than the branching ratio into gluons, represented in the figure. The BR(hg —
Z7Z, WW) are larger because of the sizable value of «s.

As discussed in Sec. hg is mainly CP even and hs mainly CP odd. For
this reason, the BR(hy — Zh;) and BR(hg — ZZ, WW) are suppressed. It is interesting

to observe that there is a correlation between BR(hy — Zhy) and BR(hs — ZZ), due

to the fact that gzn,n; = €ijk gn,vv (see Eq. ) We can approximateﬂ

~(3)\ 2 3/2 1/2
BR(hy » mZ) _, % (mh2)2 Nnazhy Mt (4.57)
BR(hs — ZZ) 2 mp3)  Anszz )\%i’
where the kinematical factors are given by
2
m
Mg = 1—4—o,
mj,.
mi m2 ? m2m3
Moz = (1= gt = —F | —4—, (4.58)
mh2 mhz mh2
m2 m2 m}
Mgzz = (|1—4—2Z |1-4—Z +12—Z |.
Mg Mp, M,

The ratio of branching ratios in (4.57) only depends on the ratio of he and hs couplings
=(3)
with tops (in addition to kinematical factors). In our benchmark “f; ~ 1.
K,
For completeness, in the figure we also show the main branching ratio of the

charged Higgs boson. As expected, the most dominant mode is into tb. The corre-

sponding branching ratio is, however, smaller than one because the Whs decay mode is

°In this expression, we approximate I'j2' ~ I'(hy — tt) and I'j2f ~ 2I'(hs — t1).
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kinematically open.

4.5.3 Existing bounds and new multiboson searches for CPV heavy

Higgs bosons

Based on the branching ratios in Fig. [£.4] we compute the bounds from the
existing experimental searches. Many channels are probed by existing searches at the
LHC, in particular decays of Higgs bosons into final states of WW, ZZ, ZH, tt, tttt [5),
7, [TOHT2, 28, 29, 408, 414], 417-420], as well as searches for H* — tb [27, 416]. Other
existing searches apply to a 2HDM model, but do not constrain our parameter space at
low values of tan 3, e.g., ha s — 77,bb and H* — rv [21], 22, 410, A11].

The most relevant bound comes from a search for heavy scalars decaying into
top pairs and produced in gluon fusion [419]. The analysis does not lead to a constraint
on hs because its mass range exceeds the range considered by the experimental analysis.

Interpolating the exclusion contours of the results over the relative width of ho

(2)

allows for a comparison. The CP-even couplings, kK

(2)

, and CP-odd couplings, Ky, ', are
computed for the benchmark. The constraint on the benchmark comes from the scalar
coupling of ho to tops, m(f), excluding at the 95% CL below mp, < 745 GeV.

In Fig. we present the rates for several bosonic decay modes of the heavy
Higgses, as a function of the mass of h3, where the Higgs bosons are produced in gluon
fusion. The rates are computed by modifying the corresponding SM rates [350] where
possible, and implementing the remainder of the relevant expressions [326]. Some final

state channels would indicate CP violation if measured for both heavy Higgs bosons,
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namely WW, ZZ, Zhy, hi1h1. The decay hs — Zho — ZZh; would indicate CP vio-
lation on its own, which is also true for the decay hs — hohy, however that signal is
negligibly small in this benchmark. There are no existing searches for the channels
hs — hoZ (ha = WW, ZZ, hihy, Zhy).

Existing searches for heavy Higgs bosons in a CP conserving model could
exclude the model. Decays of the heavy Higgses into ZZ are particularly relevant since
the decay shares a coupling (see with the intersting channel hs — Zhy — ZZh;.
A sizeable decay into ZZ would have been observed by the searches [28] [408]. For the
benchmark, I'p, ~ 0.07 x my,, the signal of oger x B(hs — ZZ) is similar and below
the constraint. The same constraint for the scalar, ho, is weaker since the branching
ratio, B(hy — ZZ), is on the order of 1073 times smaller than B(hs — ZZ) (since
oy X a3 < x, the ratio (z/ap)? roughly gives this factor.)

Searches for A — Zh are considered. The most relevant search is A —
Zh (h — bb) [414]. The corresponding signal is computed for hosz — Zhy (hi — bb)
with only the hs result being sizeable compared to the bounds. At face value, the sig-
nal predicted by our benchmark scenario is slightly higher than the constraints set by
the search for my, ~ 900GeV, except for a small mass range around mp, ~ 750 GeV.
However, the CMS search assumes that the width of A is smaller than the experimental
resolution, and, therefore, the narrow width approximation is utilized. In our case, ho
has a width I'y, ~ (2 —4)% my, in the mass range of interest, and, therefore, we expect
the bounds to be a bit weaker.

Another search that could exclude the model is from searches of four top quark
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production, pp — ttH — tt(tt). The analysis [420] shows that a minimal Type II 2HDM
model with tan 5 = 1 is excluded at the 95% CL for a CP even (odd) scalar of about 400
(520) GeV. In our model, the mass of h3 exceeds the range of this analysis. hg can in
principle be constrained by this search. However, the value of tan 8 in our benchmark
(tan B ~ 1.05) together with a BR(he — tt) slightly below 1 makes our model still
hidden to this search in the entire mass range considered in this chaper.

Charged Higgs searches, notably searches for HT — tb [277, 416], could provide
constraints on the model. Type II 2HDMs with tan 3 = 1 are already constrained to
charged Higgs masses myg+ ~ 900 GeV. In our benchmark scenario, the charged Higgs
has a large branching ratio into a W and lighter neutral Higgs, H* — W*hy (see ﬁg
(c)), resulting into a reduced branching ratio into tb, BR(H* — tb) ~ 0.6. Particularly,

rescaling the bound, we obtain mg+ = 715 GeV for our benchmark.
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Figure 4.1: Current constraint from Higgs coupling measurements in a Type I (upper
panels) and Type II (lower panels) 2HDM. We fix tan 8 = 1,5,15 in the left, middle,
and right panels, respectively. In the several panels, we indicate with white dots the best
fit points. The three shaded regions from light blue to yellow correspond to the current
1,2,3 o regions obtained with a naive combination of ATLAS and CMS measurements
(see text for details), while the darker blue region is the lo region obtained using
projections with 3000/fb data. The red region is probed by the direct searches of CPV
in the h — 77 decay. The blue regions are probed by the direct search of CPV in the
htt production (see Sec. for details). The dashed horizontal lines indicate the
value of the CPV couplings &, k¢. In the case of Type I, K, = —Fky; the value of &, is

the same in both Type I and Type II.
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Figure 4.2: Contours for the mixing angle ag as predicted by the benchmark discussed
in Eq. (4.56). The purple regions do not satisfy the condition of perturbativity of the
quartic couplings at the electroweak scale. The yellow regions do not satisfy the condi-

tions of vacuum stability (see egs. (4.17))). Pink regions do not satisfy the requirements

of the potential bounded from below (see eqgs. (4.14))).
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Figure 4.3: The various contributions to the neutron EDM, as presented in Eq.

4.43

using the benchmark in Eq. (4.56)), and having fixed mj;, = 900GeV. The two largest

contributions combine to give a result consistent with 0. The dashed gray line indicates

the experimental bound on the full result as shown in Eq. (4.39).
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Figure 4.4: Branching ratios of hz (left upper panel), ho (right upper panel), and H*
(lower panel) as a function of mpg for a type-II 2HDM having fixed the parameters
as in and tan8 = 1. The hatched region on the left is excluded by existing
searches (discussed later in this section), and the one on the right does not satisfy the

perturbativity condition, |Az| < 4.
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Figure 4.5: Several gluon fusion Higgs rates of the heavy Higgs bosons, h3 (left panel)
and hg (right panel), as a function of mass for the benchmark in (4.56]) and tan g = 1.
The hatched region on the left is excluded by existing searches (discussed later in this

section), and the one on the right does not satisfy the perturbativity condition, |\ <
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Chapter 5

Introduction

A non-particle dark matter candidate exists in primordial black holes
(PBHSs)[147, [148| 150, 274]. There are many propositions to populate such holes in
the universe. Many suggested mechanisms involve collapsing density fluctuations in the
early universe from a variety of sources[I50, 276], others include phase transitions[311].
The hypothetical mass range of the PBHs generated by these mechanisms span a range
from asteroid mass to beyond 103 M. Microlensing events, in which the observed
brightness of a star is altered by the transit of a body in front of it could detect PBHs,
and in fact such events (rather an excess of events) have already employed a hypothetical
PBH population to explain them [371]. Another explanation of those events could be
transits by free-floating planets (FFPs), which are planets ejected from their original star
systems. At sub-terrestrial masses, there is expected to be a much greater population
of FFPs than bound exoplanets [428], [430], which impact hypotheses of PBH-caused

microlensing events. Statistical analysis must be performed on distributions of lensing
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events in order to disentangle the sources of those events.

Microlensing is a phenomenon of gravitation lensing which occurs when the
lensing object has a low mass, though still high enough to have a gravitational field
strong enough to distort light from background stars (sources). The result is a temporary
overall apparent magnification of the background light. In contrast, a larger mass lens
will generate an effect of multiple images of the source. [376]. Often, the ”point-source
approximation” is made where the source star is taken as a point source, a powerful
simplification for lenses whose angular diameter greatly exceeds the source’s. This is
often the case for very distant sources. The characteristic light curve resulting from
this approximation is temporally sharply peaked. Finite-source effects of microlensing
come into play when the angular diameter of the source is non-negligble compared to
the lens. When taken into consideration, the amplification of the apparent magnitude is
decreased, but the temporal shape of the light-curve differs characteristically from true
point-source events. In principle, more information can be extracted from the shape of
the light-curve, though in practice it can be quite challenging. The most robust quantity
for measurement of the light-curve is the event duration, making it a prudent choice
for statistical analysis of events. In this section we examine such a statistical method
to distinguish microlensing events which could be sourced by populations of PBHs or

FFPs.

102



Chapter 6

Rogue worlds meet the dark side:

revealing terrestrial-mass primordial
black holes with the Nancy Grace

Roman Space Telescope

This chapter is based on [195].

6.1 Introduction

The nature of dark matter remains one of the most pressing open questions
in fundamental physics. While multiple lines of compelling evidence indicate its exis-
tence, its microphysical nature remains unknown (for a recent review and up to date

references see e.g. Chapter 27 of Ref. [448]). Many models have been proposed to
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explain this additional matter content, with many such models introducing new funda-
mental particles with suppressed interaction cross-sections to populate the dark sector
[448]. However, dark matter may instead be macroscopic and potentially possess large
interaction cross-sections, escaping detection due to its low number density. Primordial
black holes (PBHs) are a well-motivated candidate for such a macroscopic dark matter
model [147, 148, 150, 274]. There are a wide variety of mechanisms that result in the
formation of PBHs, from the collapse of overdensities sourced by inflation [150, 276] to
phase transitions [311] and topological defect collapse [179] in the early universe (see
the discussion in Sec. below). PBHs may form over a wide range of masses, from
as low as asteroid masses up to thousands of solar masses and beyond.

The Earth-mass range, ~ 1076 M, is of particular interest, as observations of
excess short-duration microlensing events have been suggested to constitute a first hint
of a population of PBHs at terrestrial masses [371]. However, there is another possible
candidate to explain these events: free-floating planets (FFPs). These are planets that
have been ejected from their parent star system by dynamical interactions during the
chaotic early phases of system formation. Such FFPs are expected to dramatically
outnumber bound exoplanets at sub-terrestrial masses [428], [430], constituting a large
potential background for surveys seeking to observe PBHs at Earth masses and below.

Previously, constraints on the PBH abundance have been placed in regions of
parameter space for which the expected contribution from FFPs is negligible. However,
with the upcoming launch of the Nancy Grace Roman Space Telescope, this will change:

over the course of its Galactic Bulge Time Domain Survey (GBTDS) [234], Roman is
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expected to observe hundreds of free-floating planets at roughly Mars mass and above
[298]. This unprecedented sensitivity will also provide the opportunity to search for
PBHs in new regions of parameter space. In these regions, FFPs constitute an irre-
ducible background that must be taken into account in order to constrain or claim the
discovery of PBHs.

FFPs and PBHs cannot generally be discriminated on an event-by-event basis,
as their light curves are degenerate for identical masses. However, FFPs and PBHs are
expected to arise from different underlying mass distributions, permitting a statistical
means of discrimination. In this chaper, we present a method by which a subpopulation
of PBHs can be detected amidst a background of FFPs. We find that even in the
presence of FFPs, Roman will be sensitive to PBHs at abundances well below existing
constraints. In particular, Roman will be able to conclusively determine the nature of
the Earth-mass “hint” of a PBH population claimed by [371].

The remainder of the chaper is organized as follows. In Sec. we dis-
cuss microlensing surveys and describe the observables associated with microlensing
lightcurves. In Sec. we review mechanisms for PBH/FFP formation and provide a
fiducial mass function for the abundance of each population. In Sec. we describe the
implementation of our analysis framework and the associated statistical methodology
for estimating Roman sensitivity. In Sec. we present our results and discuss their

implications before concluding in Sec.
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6.2 Microlensing

Gravitational lensing is a powerful technique to observe non-luminous massive
objects at astronomical distances. Light rays passing in the vicinity of a massive object
are bent by the gravitational field of the object, causing the light from background stars
(“sources”) to be distorted by massive objects (“lenses”) that lie along the line of sight.
For high mass lenses, this effect produces multiple images of the source; for low mass
lenses, the images cannot be individually resolved and instead contribute to an overall
apparent magnification of the source. This effect is known as microlensing [376].

The duration and magnification of the source are determined by the mass of
lens M, the distance to the lens and source, d;, and dg, the relative proper motion of
the source and the lens e, the impact parameter u, the angular diameter of the source
fg, and the effective angular diameter of the lens 0. This final quantity is also known

as the “Einstein angle” and is given by

0 \/4GM(1 — dy/ds) 61)

CQdL

When 0g < 0, the angular extent of the source is negligible. This “point-
source regime” is typical for large lens masses and distant sources, and the associated
event duration is given by the time it takes for the source to cross the Einstein radius

of the lens. This “Einstein crossing time” is defined as

0
tp = E .
Hrel

(6.2)
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In the point-source regime, the apparent magnification is given by [368]

u?+2

Aps(u) = ———,
p(“) N

(6.3)

where u = u(t) is the impact parameter as a function of time. This yields a characteristic
light curve consisting of a narrow peak.

When g 2 0g, however, the point-source approximation breaks down. In
this finite-source regime, the light curve saturates at a lower maximum magnification
and the event duration is no longer set by tg, but rather by the time for the lens to
cross the finite angular extent of the source, a timescale of ~ 20g /. Similarly, the
magnification in this regime no longer diverges as u — 0 and is instead given by an

integral over the source disk, specified in polar coordinates (r, ¢) as [345] [429] [447]

2w

1 [P
Agnite(u, p) = 7T/)2/0 dr ; do r Aps(\/r2 +u? — 2ur cos(gb)), (6.4)

where p = 6g/0p and the origin has been chosen such that the lens center is located
at a distance u from the origin along ¢ = 0. The maximum impact parameter that
produces a detectable event is defined implicitly via the relation Agpite(ur, p) = Ar,
where the minimum detectable magnification, A, is set by the photometric sensitivity
of the microlensing survey, and ur is the maximal impact parameter that results in a
magnification of at least Ap. wr defines the phase space for the expected event rate
calculation (see Sec. and can be calculated for a given dj,dg, and 6g following
the procedure given in [429].

For most events, the fundamental observable that can be measured from the
light curve is the duration. We define this as the time over which the magnification is
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above detection threshold (A > Ar or equivalently u < ur):

Ok
taur = 24/ ud — ul, —, (6.5)
Hrel

where Ui, is the impact parameter at the point of closest approach. Assuming perfect

photometry, ur =~ p in the extreme finite-source regime and = 1 in the point-source
regime; hence, for a trajectory that passes through the midplane of the source, tqur
approaches the expected ~ 260g/ e in the finite-source limit and ~ 2t in the point-
source regime.

Though finite-source effects reduce the peak magnification, which can reduce
detectability, they introduce characteristic features in the light-curve that permit a mea-
surement of 0. Coupled with a measurement of the lens distance, an estimate of the
lens mass can be made. However, the extraction of fg is a challenge for many events,
especially those that do not conform to simple single-lens models. Additionally, for low
masses and short event durations, estimating dj, requires a simultaneous observation by
another telescope in order to provide a parallax measurement, which is often unavail-
able. As such, the only observable quantity that can be robustly measured for most
microlensing events is the event duration, tq.,, and is therefore the quantity we choose

to employ to discriminate amongst various subpopulations of lenses in Sec.

6.3 Microlensing Targets

In this section, we discuss two primary targets for microlensing surveys in the
terrestrial mass range and connect them to existing observations.
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6.3.1 Primordial black holes

Black holes not originating from the collapse of massive stars are generically
termed “primordial” black holes and appear in many extensions of the Standard Model.
Most formation mechanisms rely upon the growth of large density fluctuations in the
early universe that ultimately collapse. These may be seeded by features in the infla-
tionary potential [89, 151, 231], 237, [282] 291], [455] or by other physical processes, such as
the collapse of inhomogeneities during the matter-dominated era triggered by a sudden
pressure reduction [139} 294, B11], collapse of cosmic string loops [275] 280} 293], bubble
collisions [179, 324], a scalar condensate collapsing to Q-balls before decay [174H177], or
domain walls [188] 2306 [336] [399]. (See, e.g., [147, 148] for recent reviews.)

If the overdensities are seeded by inflationary features, the resulting PBH
masses are related to the redshift of formation since PBHs acquire a mass of order
the total energy within a Hubble volume at the time of collapse. The resulting mass
distribution is often well-described by a log-normal distribution, which is a generic pre-
diction for PBHs forming from smooth, symmetric peaks in the power spectrum of
density fluctuations in the early universe [204]. Numerical and analytical evidence for
this functional form was provided in [253] and [304], see also the recent Ref. [316]. For

this reason, in the following, we will consider a fiducial PBH mass function of the form

frBH < log? (M/Mc)>
M,o,M,) = —IPBH o (—208 /M) ) 6.6
f(M, o, M) (V2r) oM P 202 (6.6)
normalized such that
~ Qppa
frBH = O = dM f(M, o, M.) (6.7)
DM
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where here Qppy and Qpy are the fractional energy density of PBHs and of all dark
matter, respectively. Here M, is the mean value of M and o is the standard deviation
of the logarithmic mass.

PBHs are a compelling candidate for dark matter and have been searched for
across a wide range of masses. In the mass range of ~ 107! My — 10 M, gravitational
lensing sets some of the strongest observational constraints on their abundance [56l, 57,
140], 254, 1305, 371, 450, 451] limiting the fractional energy density to fppy ~ 1071 —1072.
At terrestrial masses, the strongest limits are set by observations made by the Optical
Gravitational Lensing Experiment (OGLE) [371]. However, this survey also revealed
an anomalous excess of six short-duration events consistent with a population of Earth-
mass PBHs at f ~ 1072. To date, the nature of these observations has not been resolved.
As we will show in Sec. [6.5] upcoming observations by the Nancy Grace Roman Space
Telescope will be able to establish whether a population of PBHs truly exists at these

masses or whether these events were more likely caused by, e.g., free-floating planets.

6.3.2 Free-floating planets

The term “free-floating planets” is often used to describe two different classes
of astrophysical objects. At masses near and above that of Jupiter, FFPs may form in
situ as the core of a failed star [351]. At lower masses, FFPs are expected to primarily
form within young planetary systems before being ejected by dynamical processes onto
unbound orbits. There is a wide variety of processes that can result in the ejection of a

protoplanetary object, including stripping by nearby stars, gravitational scattering off of
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planetesimals, and interactions with an inner binary star system [223] [341], [395]. Both
simulations and observations suggest that FFPs may dramatically outnumber bound
planets at masses < Mg [360), [428] 430]. FFPs are therefore an exciting observational
target for existing and upcoming microlensing surveys.

Ejection processes typically yield a distribution of FFPs that are well-described

by a power law [360]. Here we adopt the form

dN
dlogy (M )

(6.8)

where N is the total number of FFPs per star at mass M scaled by a normalization
mass Myorm- Throughout the rest of the chaper, we take all logarithms to be base 10
and Mporm = Mg unless otherwise noted.

At present, observational measurements of the FFP population do not place
strong constraints on the values of A" and p. Existing microlensing surveys have observed
tens of FFPs, with only three events permitting a mass estimate placing the lens in the
terrestrial rangeE Based off these data, combined with the results from simulations
of ejection [202] 233] [356] and observations of bound systems [325, 405, 428], the best
estimates for p and N are of order p ~ 1 and N’ ~ 10 with an uncertainty spanning
p~0.66 —1.33 and N = 2 — 20 [249] [360} 430]. We choose to adopt p =1 and N = 10
as our fiducial parameters and marginalize over the uncertainty on their values when

computing our sensitivity (see Sec. [6.4.2]).

!The associated events are OGLE-2012-BLG-1323 [362], OGLE-2016-BLC-1928 [364], and MOA-9y-
5919 [321].
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6.4 Detecting PBHs with Roman

In this section, we describe our statistical methodology for detecting a subpop-
ulation of PBH lenses within a background of FFPs. The key point is that though PBH
and FFP events cannot be discriminated on an event-by-event basis, the two populations
can be distinguished by the statistical distribution of their event durations, ¢4, (Eq.
. This distribution is predominantly controlled by the underlying mass function of

the lensing population, which differs significantly between FFPs and PBHs (see Secs.

[6.3.1] and [6.3.2)). Additionally, the ¢4y, distribution is influenced by the distribution of

lens distances and transverse velocities, both of which differ between FFPs and PBHs
as well (see Sec. . As a result, the observed distribution of t4,, provides a robust
means of identifying multiple populations of lenses within a set of microlensing eventsﬂ

While existing observations have not yet yielded a sufficient number of detec-
tions at terrestrial masses to resolve the underlying distribution of ¢4y, this will change
in the coming years. The Galactic Bulge Time Domain Survey (GBTDS), one of three
primary surveys to be conducted by the upcoming Nancy Grace Roman Space Telescope
(set to launch in 2027), will observe seven fields tiling 2 square degrees of the Galactic
bulge with a cadence of 15 minutes during six 72-day observing seasons [234]. This
survey strategy has been designed specifically to meet core science requirements for the
mission, including measuring the abundance of free-floating planets to within 25%. As

such, the GBTDS is expected to yield hundreds of FFP microlensing events at Mars

2 An alternate strategy, as suggested by Niikura et al. [371], would be to observe along different lines
of sight, as FFPs and PBHs are expected to follow different spatial distributions. As this would require
an additional dedicated survey, we leave the study of this topic to future work.
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mass and above [298], providing the opportunity for distribution-level analyses.

In the following two subsections, we will describe our methodology for deter-
mining Roman’s sensitivity to discriminating a PBH subpopulation from a background
FFP population using the observed distribution of tq,, values. This is done in two
steps. First, in Sec. [6.4.1] we compute the event rate for both of these populations
given Roman’s fiducial survey parameters to determine the tg4,, distribution for both
populations. Then, in Sec. we perform a 2-Sample Anderson-Darling test to de-
termine the statistical significance at which a combined FFP and PBH ¢4, distribution

differs from a FFP distribution without PBHs.

6.4.1 Event rate estimation

The key input to our statistical methodology is the distribution of event dura-

tions, tqur. In order to compute this, we integrate over the differential event rate given

by [99, B70]

dr’ 2 v% V3 PM
= — — f(M)e(t 6.9
Ty dra i~ Tt P |- L) MDetaur). (69)
T min
where f(M) is the probability distribution of lens masses (Eq. or Eq. for PBHs
and FFPs, respectively), pys is the mass density of the lens population, (tgy,) is the

detection efficiency, and v, the transverse velocity, is given by
v = 20gdy, u% — “?nin/tdur' (6.10)

We set ur, the maximum impact parameter that produces a detectable event, according
to the procedure discussed in Sec. adopting Ar = 1.34 as our fiducial threshold
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magnification. This choice likely underestimates Roman’s sensitivity, but is in keeping

with the literature [298] (see also App. . The event rate, I', is then evaluated as

Mmax ds ur tmax
r=2 / amM / ddp, / dtpmin / dtqur
Mmmin 0 0 t

min

1 4 2
T exp [_ Lﬂ PM (M) (taw), (6.11)
2,2 UZ vil M
uT umin

which we calculate using LensCalchE| a package to semi-analytically calculate mi-
crolensing observables. We take ., to be 15 min and ty.x to be 6 x 72 days, corre-
sponding to the proposed cadence and observational duration of the Roman GBTDS.
By performing the integral and multiplying the resulting rate by the GBTDS obser-
vational duration, we compute the expected total number of events that Roman will
detect, denoted Nypp and Nppy for FFPs and PBHs, respectively.

In computing the event rate, we must specify the velocity and spatial distri-
butions of the lenses. We assume that the FFP density tracks the stellar distribution of
the galaxy, for which we adopt the exponential Koshimoto parametric model described
in [320]. We take the PBH mass distribution to be a Navarro-Frenk-White profile given
by

ort = ()(f’iy (6.12)

where pg = 4.88 x 105 My, kpc™ and 7, = 21.5 kpc [317]. While the relative source-
lens velocity depends in general on the positions of both source and lens, we take

ve = 220 km/s for PBHs and v, = 200 km/s for FFPs. The former is a typical value for a

3https://github.com/NolanSmyth/LensCalcPy
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virialized DM halo [317], and the latter is approximately the average transverse velocity
in the stellar disk (see e.g. [371] for a more complete description). As the majority of
sources are in the Galactic Bulge, finite-source effects imply that the low-mass lenses
we consider must be sufficiently far from the source in order to be detectable, making
this simplification appropriate for the scope of this work. Ultimately, our results are
fairly insensitive to changes in these choices of parameters, as the dominant uncertainty
in our analysis arises from the normalization of the FFP mass function (see Sec. [6.5).
However, we have compared our yields to those computed by [298], which employ a
different Galactic model and mass function, and find O(1) agreement (see App. [E]).

For the mass function of PBHs, we assume a log-normal distribution (Eq. ,
while for FFPs, we adopt a power-law (Eq. truncated at My, = 10713 My, and
Mpax = 0.1 Mg for computational purposes. These cutoffs have been chosen to lie well
outside the mass range of Roman’s sensitivity (= 1078 My — 1073 M) and we have
verified numerically that they do not have an effect on the results.

The resulting yields for PBHs and FFPs are shown in Figs. and Fig.
shows the number of PBH events Roman is expected to see during its proposed
observational duration as a function of Mppy for fppy = 1. The various curves cor-
respond to different widths of the log-normal distribution, ¢. Note that a fppg = 1
abundance has already been ruled out by other microlensing surveys, hence the yields in
unconstrained parameter space are necessarily smaller than the values in Fig. We

see that in unconstrained parameter space (f < 1072), Roman is expected to observe
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up to ~ 10* PBH eventsﬁ

Fig. shows the number of FFP events Roman is expected to see during
its proposed observational duration as a function of p, the power-law index of the FFP
mass distribution. The various curves correspond to various normalizations of the power
law, with A" = 10 the fiducial value. The yield is only weakly-dependent on p, with our

fiducial distribution yielding ~ 400 events for a broad range of p.

6.4.2 Subpopulation identification

Our statistical analysis relies upon discriminating between tg,, distributions
sourced by either purely FFPs or a combination of FFPs and PBHs. We will define

the true distributions from which a particular set of detected events are sampled as

TFFP and TFFPJrPBH

dur dur These distributions depend on a complex combination of sev-

eral input parameters, including the power-law index of FFPs (p), the central mass of
the PBH distribution (Mppp), and the overall number of observed FFPs and PBHs
(Nppp and Nppp). As such, they cannot be computed in a closed analytic form. We
therefore choose to employ a test that discriminates based purely on empirical distri-
bution functions without relying on an underlying analytic background model. The

two-sample Anderson-Darling (AD) test is an effective choice for this situa‘cionﬂ7 as it

“We note that though distinguishing FFPs from PBHs requires a statistical characterization when the
observed yields of each are comparable, there are regions of parameter space in which PBH observations
would well exceed the expected FFP yield, hence an identification of this population would be much
simpler. Interestingly, this includes the parameter space in which PBHs explain the short-duration
OGLE events, making their interpretation as FFPs more challenging.

°In practice, Roman will likely perform a Bayesian analysis to estimate the parameters controlling
the lens distribution, which will be more sensitive than the methodology we employ here. However, the
AD test provides a robust, if conservative, estimate of Roman’s sensitivity.
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is non-parameteric, hence requires no model input, and outperforms the Komolgorov-
Smirnov test in the amount of data required for significance, see [216].
The AD test computes the significance at which two test distributions are

sampled from the same underlying distribution. Given two distributions of size m, n

sampled from the true distributions EEE;P and 7IFP+PBH

dur , we construct two empirical

TFFP and TFFP—i—PBH

durm dur.n , respectively. In the context of

distribution functions, denoted
our analysis, m = Nppp and n = Nppp+ Nppn, where Nrppp and Nppy are calculated as

described in the previous subsection. In terms of these empirical distribution functions,

the AD test statistic can be written as [402]:

mn [ ( dFFP _ dFFP+PBH)2
A2 = il ann K 6.13
m TN | k(1= Ky) N (6.13)
where
1
Kn = 5 mTdam + 7T ) (6.14)

and N = m + n. Note that by performing this test, we do not necessarily learn the
PBH mass or abundance; merely that the distributions are separable.
To determine the sensitivity, we fix N, p, Mpgpy, and o and allow

r = Nppu/Nrrp to vary. We set our limit at the value of r such that the AD test rejects
the null hypothesis (i.e. both distributions are sampled from a pure FFP distribution) at
95% confidence. Representative examples of distributions that are distinguishable and
indistinguishable by the AD test are displayed in Figs. and respectively. In Fig.
the PBH distribution peaks at tq,, values well above the majority of FFPs, hence is

readily distinguishable. In Fig. despite having the same number of observed FFPs
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and PBHs as in Fig. [6.3 the two peaks overlap and the PBH population cannot be
discriminated from background.

The weakness of this test is that in the low-statistics regime, two distributions
may appear to have been drawn from different underlying distributions purely due to
random fluctuations. In order to mitigate this effect, we perform our analysis 10 times
and take the mean of the results, which we have verified numerically is sufficient for
suppressing statistical fluctuation throughout our parameter space.

The analysis described above solely sets a limit on r, the ratio of observed PBH
yield to FFP yield. In order to connect this to a physical density, we must calculate
these yields. To do so, we employ LensCalcPy and produce two reference yield curves.
The first is the expected yield of observable PBHs as a function of Mpgy for fppgy = 1,
which we denote Nggﬁl(MpBH) and appears in Fig. The second is the expected
yield of observable FFPs for N/ = 10 as a function of p, which we denote Né\{@w (p) and
appears in Fig. [6.2] The fpppn corresponding to a particular r is therefore simply given
by fesu(Mpgi, p) = r x NN (0)/Nigh (Mpsn)).

Our results depend implicitly on N and p, the true values of which are un-
known. Existing observations suggest possible values in the range p ~ 0.66 — 1.33 and
N ~ 2—20 [248| 298, 360}, 430]. We therefore choose to marginalize over this uncertainty
by determining, for a given Mppy and o, the p € [0.66,1.33] for which our analysis is
weakest and adopting the corresponding fppy as our limit. To capture the uncertainty
on N, we choose to display three results: our fiducial results (N = 10), as well as results

in which A has been taken to be larger/smaller than our fiducial value by an order of
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magnitude. This likely dramatically overestimates the uncertainty on this parameter
given current constraints. However, by adopting this range, we encapsulate both the

intrinsic uncertainty on its value as well as the uncertainty induced by our Galactic

model (see App. [E).

6.5 Results and Discussion

We display our ultimate sensitivity curves in Fig. [6.5] Existing constraints are
shown in gray [306]. Additionally, we have included a dotted region (“OGLE hint”)
corresponding to the parameter space in which the short-timescale events observed by
OGLE can be explained by a population of PBHs [371]. The solid curves correspond
to a fiducial FFP normalization of N' = 10 and varying width of the log-normal PBH
distribution, while the dashed and dot-dashed curves correspond to N/ = 1 and 100,
respectively for a monochromatic PBH mass distribution. As described in Sec. [6.4.2]
these extreme values of A likely significantly overestimate the uncertainty on the FFP
distribution, however, as can be seen in Fig. even these variations only induce
changes to the sensitivity at the sub-magnitude level. Note that the largest number
density of FFPs corresponds to the weakest sensitivity, as a larger FFP yield requires
a correspondingly larger PBH yield to achieve the same significance of discrimination.
All curves displayed have been marginalized over p via the methodology described in
0.4.2)

Roman’s sensitivity to identifying a subpopulation of PBHs peaks at fppg ~
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10~% in the mass range Mppy ~ 1078 Mo — 106 Mg . Both the location of this peak and
the corresponding value of fppy can be understood simply. Since the number density of
PBHs scales as 1/Mppy for fixed fppp, the location of peak sensitivity corresponds to
the lowest possible mass before finite-source effects reduce detectability. As discussed
in Sec. finite-source effects become relevant when fg ~ 6g, a condition that can be

rewritten in terms of mass to yield [197]

0%c*dy, (dL)

e i (s (6.15)

Mﬁnite ~

Assuming the source to have a radius comparable to that of the Sun and taking dg =
8.5 kpc and dy, = 7.0 kpc as typical distances for lensing events in the Galactic Bulge,
one finds Mgpite = 1076M), which corresponds with the mass at which the sensitivity
peaks in Fig. [6.5

Similarly, fppg can be estimated at this peak. We find that at terrestrial
masses, a PBH yield of roughly 10% Ngpp is sufficient to identify the PBH subpop-
ulation. Figs. and show that Roman’s expected yield for FFPs and PBHs (at
N =10 and fppy = 1) are O(1000) and O(10%), respectively. We therefore see imme-
diately that Nppn ~ 10% Nppp corresponds to fppa ~ 1074, which matches onto the
maximal sensitivity shown in Fig. [6.5

In the region of peak sensitivity, we find that sensitivity weakens with increas-
ing width of the log-normal PBH distribution. This is not due to the fact that broader
PBH distributions appear more akin to the FFP power law, but rather because broad-

ening the PBH distribution pushes PBHs outside the observable window and lowers the
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overall yield of observable PBH events. This can be seen in Fig. [6.1} where broadening
the distribution causes a monotonic decrease in the number of detected events in the
region of peak sensitivityﬁ For a fixed number of PBHs required for discrimination, this
reduced detection rate must be compensated for by an increase in fppy.

The small decrease in sensitivity at Mpppy ~ 1077 Mg is due to the peak of
the PBH t4,, distribution coinciding with the peak of the FFP tg4,, distribution, as can
be seen in Fig. At slightly higher and lower Mppy, the two distributions peak
at slightly different ¢4, improving sensitivity. However, this effect is small, as the
sensitivity is predominantly governed by the PBH yield, which decreases rapidly at
masses much above 1076 M, and below 1078 M.

In summary, our results show that even under conservative assumptions about
Roman’s detection threshold (Sec. and the underlying background of FFPs (Sec
, the Galactic Bulge Time Domain Survey will be highly sensitive to detecting a
population of PBHs in new regions of parameter space. Excitingly, these regions include
the parameter space in which existing short-timescale events have been suggested to
hint at a subpopulation of PBHs at terrestrial masses [371]. Roman is therefore poised
not only to make the first precise measurements of the FFP mass distribution, but to

possibly uncover a subpopulation of PBHs lying within it as well.

5Note that well outside this region, the opposite effect can actually improve sensitivity marginally
for broad distributions by pushing events into the observable window.
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6.6 Conclusions

The launch of the Nancy Grace Roman Space Telescope will open a new win-
dow into low-mass astrophysical bodies. Though its Galactic Bulge Time Domain Sur-
vey targets bound and unbound exoplanets, we have shown that it will have unprece-
dented sensitivity to physics beyond the Standard Model as well. In particular, it will
probe the fraction of dark matter composed of primordial black holes at abundances
as low as fppg ~ 107* at PBH masses of roughly 1075 M., with a sensitivity that
decreases as =~ MFI,]/33H towards higher masses. Its region of sensitivity extends up to
three orders of magnitude below existing constraints. This region fully encompasses the
parameter space in which an excess of short-duration microlensing events observed by
OGLE have been suggested to hint at a population of PBHs [371]. Therefore, Roman
will conclusively determine the nature of these events, whether it be rogue worlds or

our first glimpse of what lies on the dark side of the universe.
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Figure 6.1: The total number of PBH microlensing events detectable by Roman for

fpea = 1 as a function of Mpgy. The different curves correspond to different widths of

the PBH mass distribution (see Sec. [6.3.1)).
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Figure 6.2: The total number of FFP microlensing events detectable by Roman as a
function of p. The fiducial normalization N/ = 10 is shown as a solid blue line, with
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Figure 6.3: A stacked histogram of FFP
and FFP+PBH distributions that are dis-
tinguishable at 95% confidence. These dis-
tributions correspond to parameter values
of N =10, p = 1.0. The associated ob-
servable yields at this point in parameter

space are Ngpp = 389, Nppy = 8% Nrrp.
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servable yields as Fig. Nrpp = 389,
Npgu = 8% Nprp, however with a differ-

ent location of the PBH peak.
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Figure 6.5: Roman sensitivity to detecting a population of PBHs in a background of
FFPs. The solid curves correspond to N = 10 and varying width o of the log-normal
PBH distribution, while the dashed and dot-dashed curves correspond to N' = 1 and
100, respectively. Existing constraints on the PBH abundance are shown in gray [306]
and the region in which existing observations hint at a population of PBHs [371] is

denoted “OGLE hint.” See text for details.
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Part IV

BSM phenomenology motivated

by the (g —2), tension
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Chapter 7

Introduction

As new particles can appear in loops affecting a particle’s EDM, new particles
in loops can affect a particle’s magnetic dipole moment. Though unlike the electric
dipole moment, a magnetic dipole moment is CP invariant, and so it does not rely on
sources of CPV to arise. In particular, one could look to additional particles to explain a
significant observed discrepancy with the SM. The anomalous magnetic moment of the
muon has been measured most recently at Fermilab to be in tension with the standard
model prediction to the tune of about 50. Specifically, the results from the Run-2/3
of the g — 2 expriment [443] are 5.1c from the SM prediction. This 50 hold possibly
less significance than others, however, due to open questions about the standard model
prediction itself. Results from lattice gauge theory give different predictions that are
only about 1o discrepant, which is to say they aren’t discrepant at all. The final chapter
in that story has not been written yet, it is still under continued study.

The standard model, while outrageously good at predicting measured quanti-
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ties is not without shortcomings (even ignoring the possible discrepancy of the muon
magnetic moment). Descriptions of neutrino masses, dark matter, solutions to the
strong CP problem all lie outside its scope [205] 313, [383]. It’s best regarded as a low
energy effective theory only valid below some energy cutoff A. Corrections to squared-
masses of bosons in the low energy theory should have quadratic sensitivity to physics
beyond that scale. Consider the parameter u? in Eq. which then should receive
quantum corrections on the order,

S ~ A2 (7.1)

while the scalar potential of the Higgs is minimized by
p? = -\ (7.2)

so that large fine-tuning is necessary to have a low energy theory with v <« A. This is
known as the hierachy problem.

On the other hands, fermion squared-masses are only logarithmically sensitive
to a cutoff scale, due to a chiral symmetry of massless fermions. To avoid the large
fine tuning in the Higgs sector, it is possible to introduce a symmetry between fermions
and bosons, such that the quadratic sensitivity to the energy cutoff of the boson self-
energy is necessarily cancelled. Such a theory is supersymmetry, precisely a theory of
additional symmetry between fermions and bosons, so that each particle of the SM
has a supersymmetric partner. If the SM particle is a boson, the partner is a fermion
and vice versa. Since no superpartner of any SM particle with the same mass (or any

mass) has ever been observed, the supersymmetric theory must be broken. For SUSY
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breaking scales significantly above 1 TeV, this would reintroduce a lesser version of the
same fine-tuning problem, called the little hierarchy problem [262].

Phenomenology of supersymmetric models depends on if a U(1) symmetry
of the theory is broken into a Zy symmetry called R-parity, in which supersymmetric
partners and SM particles have opposite charge. These R-parity-conserving theories
mandate that supersymmetric particles must be produced in pairs if starting from SM
particles. It dictates that the lightest supersymmetric particle (LSP) cannot decay
without violating momentum conservation, and thus is stable. If the LSP is electrically
neutral and without color charge then it becomes a viable dark matter candidate.

New physics which can supply additional contributions to the anomalous mo-
ment of the muon could come in the form of high energy particles (multi-TeV) or much
lighter particles, lighter than the muon itself. The multi-TeV range is accessible at the
LHC while lighter particles can be searched for at lower energy colliders. The proposed
DarkQuest experiment [78], an upgrade to the existing SpinQuest experiment at Fer-
milLab (a fixed target experiment with a 120 GeV proton beam), would have significant
reach in exploring parameter space of such new physics. In this section, we investigate
phenomenology in both high energy experiments at the LHC [66] and the proposed

fixed-target DarkQuest experiment at FermiLab [367].
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Chapter 8

Explaining (g — 2), with Multi-TeV

Sleptons

This chapter is based on [66].

8.1 Introduction

The Higgs discovery and the subsequent measurements of its properties at the
LHC have been a crucial confirmation of the Standard Model (SM) of particle physics.
Using data from Run I and Run IT of the LHC, we know that the Higgs has SM-like
properties and that its couplings to SM gauge bosons and third generation fermions
agree with the SM predictions at the 10% — 20% level [I8| 412]. Much less is known
about the Higgs couplings to first and second generation fermions. Only recently, the
LHC showed the first evidence for the Higgs coupling to muons [26], [422]. There is no

evidence yet for the Higgs couplings to light quarks and electrons.
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At the same time, the origin of the large hierarchies in the SM fermion masses,
as well as the hierarchical structure of the CKM quark mixing matrix, constitute a
long-standing open question in particle physics: the so-called SM flavor puzzle. One
dynamical approach to this puzzle is to couple the first two generations exclusively to a
new subleading source of electroweak symmetry breaking, in the form of a second Higgs
doublet or some strong dynamics [68, [132], 238] (see also [125] [183] 207] for related ideas).
Such a scenario adds new sources of flavor universality breaking to the SM. This is an
experimentally viable option due to our lack of knowledge of the Higgs couplings to first
and second generations. One concrete realization of this scenario is the Flavorful-Two-
Higgs-Doublet-Model (F2HDM) [65].

Recently, new measurements involving muons have been reported by precision
experiments. The LHCD collaboration has reported updated results on the ratio Rx of
the rare B meson decay rates B — Kpuu and B — Kee [36], confirming earlier hints [31],
33, [35] for lepton flavor universality violation in rare B decays. In addition, a new
measurement of the muon anomalous magnetic moment a,, = (g, — 2)/2 has been very
recently reported by the Fermilab Muon g-2 collaboration, aENAL = 116 592 040(54) x
10711 [45]. This measurement is consistent with the previous measurement by the E821
experiment at BNL, ap™ = 116 592 089(63) x 10~'! [I05]. The quoted combination
of experimental results is a;;” = 116 592 061(41) x 107! and deviates by 4.20 from

SM

the SM prediction reported by the white chaper of the g-2 theory initiative, a;" =

116 591 810(43) x 10~ [76], where the main uncertainty of the SM prediction comes
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from the hadronic vacuum polarization contribution. This leads to

Aay = aS® — ;M = (251 £59) x 107" (8.1)

Although further scrutiny of this anomaly is needed (see e.g. [I31], 171, 330]), it is inter-
esting to ask what this anomaly may imply for new physics. In the SM, the contributions
to the muon anomalous magnetic moment are chirally suppressed by the muon mass.
Such a suppression can be lifted in the presence of new physics opening up the possibility
to indirectly probe high new physics scales. Known examples include lepto-quark con-
tributions that in some models can be enhanced by the ratio of top mass to muon mass,
my/my,, or contributions in the minimal supersymmetric Standard Model (MSSM) that
are enhanced by tan 3, the ratio of the vacuum expectation values (vevs) of the two
Higgs doublets of the MSSM. Still, the typical scale of supersymmetric (SUSY) parti-
cles required to fully address the anomaly is in the few hundred GeV range. A crucial
limiting factor in the MSSM is an upper bound on tan 3 that arises from demanding
perturbative Yukawa couplings of the bottom quark and the tau lepton.

In this chaper, we formulate a new SUSY scenario, the flavorful supersym-
metric Standard Model (FSSM). In this scenario, the contributions to a, can be more
than an order of magnitude larger than in the MSSM. The scenario corresponds to the
supersymmetrized version of the F2HDM. Its richer Higgs sector can consistently ac-
commodate Higgsinos with O(1) couplings to muons, leading to a strong enhancement
of 1-loop SUSY contributions to a,. The chaper is organized as follows: In section

we briefly review the MSSM contributions to a, and show that sleptons in the few hun-
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dred GeV mass range are generically preferred. In section [9.3.1] we present our model,
a SUSY version of the SM with an extended scalar sector, and discuss the features most
relevant in the context of (¢ —2),. In section we detail the contributions to a, in
our model and show that smuons as heavy as 6 TeV can be responsible for the observed
discrepancy. In section [8.5] we comment on further phenomenological implications of
the model. We cover both indirect probes like lepton flavor violating tau decays and
direct searches for electroweak SUSY particles at the LHC. Section is reserved for
conclusions and an outlook. In appendix [F] we collect the loop functions entering the

several contributions to (g — 2),.

8.2 Muon Anomalous Magnetic Moment in the MSSM

We start by briefly reviewing the well known 1-loop slepton contributions to
the anomalous magnetic moment of the muon in the MSSM [358]. We will neglect
possible CP violating phases as they are strongly constrained by the non-observation
of an electric dipole moment of the electron. We will also assume that the slepton soft
masses are flavor conserving. Large flavor mixing between smuons and staus could in
principle lead to chirally enhanced contributions to the anomalous magnetic moment
of the muon [239] [344]. However, taking into account the stringent constraints from
T — wy [39, B3] it is found that flavor changing effects are negligibly small [240]. In
presenting the MSSM contributions, it is convenient to distinguish loops with binos and

winos. For masses of supersymmetric particles m%USY > mQZ, one finds to a very good
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approximation that the two contributions are given by

MSSM _ A b 7
Aa,, = Aa), + Aay, , (8.2)

Ag — 97 Mg ts (

mT1920Tm? m2 1+ edg

592 mZ Moy tg

- 2.2 2
1927 ms, mg 1+ ept

2fi(z1,2R) + fQ(xlvxu) - ;gfz(ylayu)> (8.3)

R

Aag” Bfg(xQ,xu) , (8.4)

where, in the last equation, we have used the SU(2), condition on the muon sneutrino

- ; : — M2 /2 M2 /2
mass my, = mp,. The mass ratios are given by z1 = Mi/m3 . y1 = Mi/m: |

— 2 /2 — 2 /2 M2 /2 — 2 2
Ty = pi/ms s yp = po/mg,, x2 = My/m; . and xp = m: /mz . In the above

expressions ¢ and ¢’ denote the SU(2);, and U(1)y gauge couplings, My and M; are
the corresponding gaugino masses, u is the Higgsino mass, and my,, mj, are the soft
masses of the second generation slepton doublet and singlet, respectively. The parameter
tan = tg = v, /vg is the ratio of the two Higgs vevs. We normalize the loop functions
such that fi(1,1) = fa(1,1) = f3(1,1) = 1. For completeness, their explicit expressions
are given in the appendix [F] The parameter ¢, arises from tan S-enhanced threshold

corrections to the muon mass. It is given by [342] (see also [146), 268, 281, [387])

_ g/2 Mlﬂ
6472 m?2
PrL

2

2 397 Moy
TR

- 2.2 9
64w mg,

o (zgm,m) T glanay) - g(yl,ym) (e2.2) . (85)

where the loop function is given in the appendix [F] and it is normalized such that
g(1,1) = 1. For a generic point in MSSM parameter space ¢, ~ 1073, and its effect
becomes relevant only for very large tan 3.

The dominant contribution to (g — 2), typically comes from the wino loops.

In the limit that all SUSY masses are equal and neglecting the threshold corrections,
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the above expressions give

t 500 GeV \ 2
AaMSSM ~ 960 x 1071 x | £ R 8.6
a, X X 50 X — (8.6)

As it is evident from the above equation, even for large values of tan 8 ~ 50, the typical
mass scale of the involved supersymmetric particles (sleptons and electroweakinos) is
below 1 TeV. This is confirmed by our numerical results in Figure (see the blue and
purple shaded regions). The fact that an explanation of (g —2), prefers a light spectrum
of sleptons and electroweakinos has been re-emphasized recently in several studies of
the MSSM [47, [61), [82], 102}, 155], 156, 178, 213] 256], 269], 284] 292, [441), [445], 454] and of
MSSM extensions [40, 279]. It is possible to accommodate the preferred value for Aa,
for a somewhat heavier spectrum (msysy 2 1 TeV) in corners of parameter space with
either a very large p term [213] 256] or with very large values of tan 3. However, for
large values of p, the MSSM scalar potential can develop charge breaking minima and
vacuum stability considerations strongly constrain the parameter space. For very large
values of tan 5 2 70 the bottom and tau Yukawa couplings develop Landau poles before
the GUT scale, see e.g. [73].

In the following, we present a supersymmetric extension of the Standard Model
that can accommodate the measured (g—2), with multi-TeV sleptons. The correspond-
ing region of parameter space is completely safe from vacuum stability constraints and

all Yukawa couplings remain perturbative.
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8.3 The MSSM with a Flavorful Higgs Sector

We supersymmetrize the flavorful 2HDM. Instead of the usual two chiral su-
perfields H,, H; of the MSSM, we introduce four chiral superfields ﬁu,ﬁ[&,ﬁd,ﬁ[j
(see also [200] 217, 307] for other models with more than two Higgs doublets). Un-
der the SU(3). x SU(2); x U(1l)y gauge symmetry, these superfields transform as
H, H ~ (1, 2),1 and Hy, H, ~ (1,2)

The superpotential of the model is given by

_ 1.
2
W = Mlﬁuﬁd + /LQI‘A[{LET& + MSFI{Lﬁd + M41{Iuﬁé
+ (Yo Hy, + Y H))QU® + (YqHy + Y H))QD® + (Y,Hy + Y H))LE®. (8.7)

It contains four independent p-terms as well as the Yukawa couplings Y and Yjﬁ of the
Higgs doublets to the matter superfields. In the following we will denote this model as
the flavorful supersymmetric Standard Model or FSSM.

We assume that the neutral components of the Higgs scalars acquire vevs given
by vy, v}, v4, and v/, such that v2 402 +v!2 +v/? = v? = (246 GeV)?. In addition to the
usual vev ratio tan S = tg = v,/v4, we also introduce the ratios tan 3, = tg, = v,/v),
and tan 8y = tg, = vq/v);. Generic Yukawa couplings Y; and Yjﬁ violate the principle
of natural flavor conservation. They can lead to large neutral Higgs mediated flavor
changing neutral currents and are therefore strongly constrained. In the following we
will consider the “flavorful” ansatz for the Yukawa couplings as suggested in [68] that
avoids the most stringent flavor constraints due to an approximate flavor symmetry [68].
In this ansatz, the doublets lﬁIu, H, couple exclusively to third generation fermions, while
ﬁ{“ H /, provide masses for the first and second generations. In the case of the leptons
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we have (neglecting SUSY threshold effects)m

Me TepMe TerMe 0 O 0
Y/, ~ Q Y, ~ Q 0 0 0 (8 8)
0= v, TpeMe my Turmy, ) "y - (o
TreMe  TrpMy  TrrMy 0O 0 m,

The rank-1 Yukawa coupling Yy preserves an SU(2)? = SU(2), x SU(2)g flavor sym-
metry acting of the first two generations of left-handed and right-handed lepton fields.
Assuming that soft SUSY breaking is flavor universal, the SU(2)? symmetry is mini-
mally broken by the second Yukawa coupling Y}, implying that flavor changing effects
between the second and first generation leptons are strongly suppressed. The x;; pa-
rameters indicate how much the Yukawa coupling Y, differs from a democratic ansatz.
The parameters z,, and x,, can be constrained by the experimental bounds on flavor
violating tau decays like 7 — py and 7 — 3, while the corresponding parameters with
electrons, .. and ., can be constrained from data on 7 — e transitions. Due to the
SU(2)? flavor symmetry, the parameters z,. and ., are unobservable. Effects in the
highly constrained 1 — e transitions like 4 — ey can be expected only if the products
TyurTre OF Terlyy, are sizable (see section for more details).

In addition to the leptonic Yukawa couplings shown above, the most relevant
ingredients for the discussion of (g — 2), are the smuon masses as well as the chargino

and neutralino masses. For the smuon mass matrix we find after electroweak symmetry

LA similar structure can be implemented in the quark sector.
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breaking

2
m; —myutpts, (pa + p2/tg,)
M2 = H ’ : (8.9)
—mytgts, (s + p2/ts,) m2

where we have neglected the small D-term contributions, as well as the contributions
from soft trilinear terms. Neglecting the trilinear terms is a good approximation as long
as v, < vy. Note that in eq. we neglected left-right mixing between smuons and
staus proportional to z, and x,,. Such mixing is of no relevance to the calculation of

(9 —2),. We will comment on its effect on 7 — vy in section
The model features an extended electroweakino sector, because of the addi-
tional Higgsinos. It contains three charginos and six neutralinos with the following

mass matrices

9 9
M,y 73V 50
M, + = 9
X V3 lVd H1 H3
g ./
ald M4 M2
g’ g q g
Ml 0 7311(1 ?’UU, 5Ud EUU‘
g _9 g,/ g, 8.10
0 M, 504 2V Vg TV ( )
’
—%vg  Svg 0 —H1 0 —H3
Mo = / ,
Sv, —%v, —m 0 — 4 0
’
g g,/
—3Vg 3V 0 —H4 0 —H2
’
/ !
v, —3%v, —us3 0 — o 0

where we have considered the basis (W*, H*, H'*) and (B, Wo,ﬁo,ﬁg,f[&(),f[{?) for

charginos and neutralinos, respectively. For the calculation of (g — 2), it is convenient
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to rotate the Higgsino states to diagonalize the 2 x 2 Higgsino sub-matrix:

Cd Sd M1 43 Cu  Su uwo 0
= ) (8.11)

—S4 Cq fa 2 —Su  Cy 0 n
where we have introduced the mixing angles ¢4, = cos gy, Sq., = sinfg,. For gaugino
and Higgsino masses sufficiently above the electroweak scale, the masses of the three
charginos and of the six neutralinos are approximately my s (Mo, p, 1) and m,o =
(My, Mo, o, iy i, 1) In the following section we will report the contributions to the

anomalous magnetic moment of the muon in terms of the Higgsino parameters 6,04

and p, fi.

8.4 FSSM Contributions to (g — 2),

Similar to the MSSM, it is possible to split the contributions to the anomalous
magnetic moment of the muon into bino mediated and wino mediated contributions.

For supersymmetric particles that are sufficiently heavier than the electroweak scale,
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Figure 8.1: The leading 1-loop contributions to the anomalous magnetic moment of
the muon. The external photon has to be attached in all possible ways to the loops.
Diagrams a), b), and c¢) involve binos, while diagram d) involves winos. The threshold
corrections to the muon mass correspond to analogous diagrams without the external

photon.

m%USY > mQZ, we find

FSSM _ A b v
Aay, = Aa,, + Aay, , (8.12)

2
A = 97 M tsts,
mo 19272 m%L 1+ eptptp,

(8.13)

X lsd (Cu - Su) Mié'u <2f1(551,56R) + fa(@1,z,) — x22f2(y17yu)>

tg mg, R

u

+cq (Su + tcu> Méﬂ <2f1(331,1’R) + fo(z1,25) — aifQ(yl,yﬂ))] ;

R

1227

u

5 502 m3 tat M.
Ag? g f BUB4 [Sd <Cu _ 5’u> %uf?»(l’%ﬂ?u) (8.14)

w 19272 m/%L 1+ eptptp, ts mz

u

u AL

c Mo
141 +cq <3u + t“) m—gufs(:rz, 96,1)] )



with the threshold correction parameter €, given by

s Mip 2
5 (—) 1 <zg<x1,m>+g<x1,xu>—g(yl,m)
My TR

c M 2
+eg <5u + t“) ;'“ (2g(:v17xR) +g(x1,25) — . 9(91#!;2))]

My, R

39> sy \ M cu \ Maji
_ g7T [sd (cu— ) ;'ug(a:g,azu)—kcd (Su+> ;Mg($2,$ﬁ)] , (8.15)

tﬂ w KL

u L
where, similarly to z,, and y,, we have defined z; = i /ml%L and y; = i /ml%R. Note
that the loop functions are identical to the MSSM case. In fact, the expressions above
largely resemble the MSSM result shown in section[8.2] The relevant Feynman diagrams
containing Higgsinos, binos, winos, and sleptons are shown in Figure As in the
MSSM, the dominant contribution typically comes from the loops containing a wino.
If all SUSY masses are set equal, the wino loops dominate over the bino loops by a
factor 5g%/¢g'% ~ 17. In contrast to the MSSM, we find two sets of contributions that
are proportional to either one of the Higgsino mass eigenvalues u and . The main
difference to the MSSM is the overall proportionality to the product of the vev ratios
tan 8 X tan g = v,/v}. The additional factor tan 3y can increase the contributions
in our setup by an order of magnitude or more compared to the MSSM. Note that the
threshold correction remains of order ey ~ 1073 in our setup. However, as it is multiplied
by the product tan 8 x tan 34 (see Eqs. (8.12), (8.14))), it can have an O(1) impact on

the contribution to the (g — 2), (we show its effect explicitly in Figure below).

A relevant bound on the size of tan Sy is given by perturbativity considerations.

2In addition, the model also predicts contributions from 1-loop diagrams containing leptons and
Higgs bosons. However, such contributions to Aa, are not chirally enhanced by tan g factors and
therefore can be neglected.
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Yukawa couplings that are larger than O(1) at the TeV scale develop Landau poles before
reaching the GUT scale. Requiring that the muon Yukawa of the Higgs field H), stay

perturbative up to the GUT scale, leads to the approximate boundE|

V2 tsts g (8.16)
v 1+ eptptg, ™

/ ~Y

Y =~

Differently from the MSSM, the requirement of perturbativity of the tau and bottom
Yukawa couplings sets weaker bounds on the values of tan 8 and tan 8;. In the limit

that all SUSY masses are equal and assuming O(1) mixing in the Higgsino sector sq ~

Cq~ Su~ Cy ~ 1/4/2 we find

t t A 2.0 TeV
Aa, ~ 220x 107" x (2] x (2] x _ 046 (200EVAT g7
20 15 1+ eptptp, msuUsy
Y, 2.5 TeV' 2
~ 240 x 10711 x (““) X <5eV> . (8.18)

Keeping in mind the estimated bound on the muon Yukawa discussed above, we find that
the generic scale of supersymmetric particles can be larger by a factor of ~ 5 compared
to the MSSM, while still producing the desired effect in the anomalous magnetic moment
of the muon.

In Figure B.2] we show the regions of SUSY masses that are preferred by the
anomalous magnetic moment of the muon in several benchmark cases. For simplicity,

we assume that the masses of the left-handed and right-handed smuons are equal, as do

3We estimate that the perturbativity bound on the muon Yukawa in our model will be similar to
the bound on the tau Yukawa in the MSSM. In Eq. , we therefore quote the bound on the tau
Yukawa coupling at a scale of 1 TeV that has been found in the MSSM requiring the Yukawa coupling
to be smaller than v/4r at the GUT scale [T3]. A dedicated renormalization group study of the full
set of third and second generation Yukawa couplings and of the gauge couplings would be required to
establish a precise bound on the muon Yukawa coupling in our model, but we do not expect the result
to change significantly.
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we for the masses of the bino, the wino, and the Higgsinos. In the colored bands we find
agreement with at the 1o and 20 level. The purple and blue bands correspond to
the MSSM with tan 8 = 20 and tan 8 = 50, respectively. We see that for tan 5 = 50,
sleptons can be at most at around 1TeV, if gauginos and Higgsinos are in the few
hundred GeV range. The yellow and orange bands show two benchmark scenarios in the
FSSM assuming a generic O(1) mixing in the Higgsino sector sg ~ cq ~ 8, ~ ¢, ~ 1//2.
The yellow band corresponds to moderate values for tan 8 = 20 and tan 85 = 15. In
such a scenario the smuons can be as heavy as 3 TeV while still explaining (¢ —2),. The
dashed yellow lines show the region favored by (g —2), in this FSSM scenario neglecting
the SUSY threshold corrections to the muon mass (i.e. € is set to zero). We clearly see
that the threshold corrections have an order 1 impact and cannot be neglected. Finally,
the orange band shows a scenario in which we choose a large muon Yukawa coupling,
Ypiu = 0.7, that we estimate to be close to the bound from demanding perturbativity

up to the GUT scale. In this case, smuons can be as heavy as 6 TeV.

8.5 Phenomenological Implications

In addition to the contributions to Aa,, the FSSM predicts contributions to
the anomalous magnetic moments of the electron and of the tau, Aa, and Aa;. Due to

the minimally broken SU(2)? lepton symmetry, the setup predicts the relation

2
o mg N _14 Aay,
Aae ~ —miAaM ~58x 107" x <251 S 1011) , (8.19)
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which is almost an order of magnitude smaller than the uncertainties of the experimental
determination [270], as well as the uncertainties of the SM prediction that depends cru-
cially on the value of the fine structure constant [354, 381]. There is no strict correlation
of Aa, and Aa,, but generically we expect

2

m 15 Aa
Aa, ~ —Z—Aa, ~ 4.7 x 1078 = I — L 8.20
Tz g, S S <t5d> x <251 X 10—11> ! (8:20)

which is far below foreseeable experimental sensitivities [38].

Similar to the 1-loop slepton contributions to anomalous magnetic moments,
the FSSM setup also gives contributions to the radiative lepton decays 7 — uy, 7 — e,
and o — ey. While the relevant off-diagonal couplings x;¢, Zer, Try, and x,, in the
lepton Yukawa matrix do not enter the predictions for Aa, at the considered level
of accuracy, it is nonetheless interesting to explore their implications. In the limit in
which both left-handed and right-handed smuons and staus have equal masses we find
simple relations between the 1-loop slepton contributions to the anomalous magnetic

moment of the muon and the branching ratios of the decays 7 — uvy, 7 — ey, and
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p— ey

4
v
BR(T — py) =~ 247r3ocemm (Aay)? (aczu + :L'f”) x BR(r — pv,my,)
n

1.7 % 1078 x A\’ (CET“)2+($”)2 (8.21)
‘ 251 x 1011 ) |\0.01 0.01/) | '

4 02
vt m
BR(T — ey) =~ 247r3aemm—ﬁm—§ (Aa,)? (22, + :rze) x BR(r — ev,1,)

Aa 2T e\ 2 Ter 2
41 %1079 x 20 ( Te) ( ”) : 8.22
x ><<251><1011> [ ro) "\10 (8:22)
3 vt mg 2(.2 2 2 .2
BR(p —ey) ~ 247w o s (Aay) (z2,27, + x; a2,)
w 'or

8.2 x 1071 x Aay ’ (ﬂfefxwf T (xufxTe)Q (8.23)
‘ 251 x 10-11 0.01 0.01 '

12

12

12

where we used BR(7 — pv,v,) ~ 17.4% and BR(7 — ev,1,) ~ 17.8% [450].

We can compare these predictions to the current experimental bounds. From
the bound BR(T = f17)exp < 4.2 x 1078 [39, B3] we see that the couplings z,,, and z,,
have to be of order 1072 in order not to violate the bound from 7 — p~y. The smallness of
these couplings suggests that an additional lepton flavor symmetry gives structure to the
lepton Yukawa coupling Y;/. If the coupling x,¢ or x., is of order 1, the branching ratio
of 7 — ey is predicted below the current bound, BR(T — €7)exp < 3.3 x 1078 [39, 83,
but in reach of the Belle II experiment [62]. Once the bound from BR(7 — py) is taken
into account, the yu — ey branching ratio is predicted well below the current constraint

BR(1 — €7)exp < 4.2 x 10713 [88].
In the FSSM, we also find tree level neutral Higgs contributions to lepton flavor
violating decays 7 — 3u, 7 — 3¢, and p — 3e. The most constraining decay is expected

to be 7 — 3 as it involves the largest Yukawa couplings enhanced by the product ¢33, .
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Neglecting mixing among the Higgs bosons and using the results from [380], we find

4 4 44
i tats,

dmiy, (1+ etgtp,)*
Y, \* 1.0 TeV ! T 2 x 2

~ 1.0x 1079 x [ : ( ”‘) ( *”) (824

S (0.7 “Nnm, ) \oor) T \Gor (8:24)

Comparing to the experimental bound obtained by the Belle collaboration, BR(7 —

BR(r — 3u)

12

(22, +x2,) x BR(T = pv, i)

2

3i)exp < 2.1 x 1078 [278] (see also [34] [327]), we see that TeV scale Higgs bosons are
viable and could lead to branching ratios that are accessible at Belle II and LHCb
[30] [62].

Finally, we comment on the prospects of testing the SUSY parameter space
favored by (g — 2), at the LHC. The sleptons necessary for addressing the (g — 2),
anomaly are being searched for by the ATLAS and CMS collaborations. Particularly,
the most relevant slepton signature is the slepton pair production pp — 00, followed by
the decay into a lepton and the lightest neutralino ¢ — (€x°)(£x"). The most stringent
bounds on the slepton parameter space come from the analyses [19, [421] performed with
the full Run II data set. These searches show that, in the case of degenerate left-handed
and right-handed smuons, slepton masses as large as ~ 600 GeV are now generically
probed if the mass splitting with the lightest neutralino m; — myo is sufficiently large.
In the case of a compressed spectrum, the limits are weaker and allow sleptons as light
as ~ 250 GeV for mass splitting m; — mgo < 30 GeV [23].

The existing searches probe already part of the MSSM parameter space that is

able to explain the (g —2), anomaly. However, depending on the specific electroweakino

spectrum, sizable regions of parameter space are left unexplored. For example, for the
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specific spectrum fixed in Figure (M, = My = p), the aforementioned LHC slepton
searches can only set a weak bound because of the dilution of the branching ratio of the
slepton into the lightest neutralino and a lepton. For that spectrum, additional slepton
decay modes arise including fi — px9, V)Zfz with the subsequent decay of X3 and ﬁ%z
to the lightest neutralino and jets or leptons. It will be interesting to search for these
new slepton cascade decays in the coming years at the LHC to probe further regions of
MSSM parameter space that can address the (¢ — 2), anomaly.

The slepton phenomenology in the FSSM is even richer. Due to the extended
electroweakino sector, several cascade decays are possible, giving rise to signatures with
multi-leptons (or jets) and missing energy. We leave the study of such signatures for
future work. Due to the generically heavier slepton masses in the FSSM to address the
(9 — 2),, anomaly, the sleptons that we considered in this chaper are outside the reach
of the LHC. We expect some of the scenarios favored by (g — 2),, to be probed at a 100

TeV collider through a pp — €0 — (£X°)(£x°) search [87].

8.6 Conclusions and Outlook

The recent result of the Fermilab Muon g-2 collaboration confirms the long-
standing discrepancy in the anomalous magnetic moment of the muon, (g —2),. Moti-
vated by this result, we constructed a supersymmetric extension of the Standard Model
that can give more than an order of magnitude larger contributions to the (g —2), than

the MSSM. The model, that we dub flavorful supersymmetric Standard Model (FSSM),
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is based on an extended electroweak breaking sector with Yukawa couplings that follow
the flavorful ansatz suggested in [6§].

One set of Higgs doublets couples exclusively to the third generation through
a rank-1 Yukawa coupling, while a second set of Higgs doublets couples also to the first
and second generations. One of the Higgs fields can have an O(1) coupling to muons.
Loop contributions to (9—2), that contain the corresponding Higgsino state are strongly
enhanced. In contrast to the MSSM, where the SUSY particles generically have to be
below the 1TeV scale, in the FSSM, the (g — 2), result can be comfortably explained
by sleptons in the multi-TeV mass range.

We explored further phenomenological implications of the model, in particular
for the anomalous magnetic moments of the electron and the tau, as well as for lepton
flavor violation. We found that existing bounds on 7 — py already give relevant con-
straints on the lepton flavor violating Yukawa couplings of the model. The 7 — 3u and
T — ey decays might be in reach of running experiments.

While LHC searches for sleptons already constrain some of the MSSM expla-
nations of the (g—2), discrepancy, directly probing the multi-TeV sleptons of the FSSM
will require a future higher energy collider.

There are several possible future directions to further explore the FSSM. The
rank-1 ansatz for the Yukawa couplings has been successfully implemented in the quark
sector in non-supersymmetric versions of the model [65, 68, [70H72]. It has been shown
that in the considered scenarios quark flavor changing neutral currents can be relatively

easily in agreement with experimental bounds. In a supersymmetric version, we expect
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interesting Higgsino mediated effects in chirality suppressed processes like b — sy and
Bs — ppu~ and possibly even for the lepton flavor universality ratios R and Rg+. A
study of those effects will be presented elsewhere.

If the rank-1 ansatz for the Yukawa couplings is implemented both in the
lepton and quark sectors, a scenario with tan 8 ~ 50, tan 8, ~ 100, and tan 84 ~ 10 can
address all hierarchies among the third and second generation quark and lepton masses
without any pronounced hierarchy in Yukawa couplings. These are the values of tan 3
and tan By that allow multi-TeV sleptons to address the (g — 2), anomaly. In such a
region of parameter space, third and second generation Yukawa unification might be
possible at the GUT scale. For the first generation, one could entertain the possibility
of radiative mass generation to explain the smallness of the up quark, down quark, and

electron mass. We leave these studies to future work.
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Figure 8.2: Regions of SUSY parameter space that are preferred by the anomalous
magnetic moment of the muon at the 1o and 20 level in several benchmark models.
Above the dashed diagonal line, the smuons are lighter than any of the gauginos and
Higgsinos. In blue and purple, we present two MSSM scenarios; in yellow and orange
two FSSM scenarios. The dashed yellow lines show the corresponding FSSM scenario

neglecting the SUSY threshold corrections to the muon mass.

151



Chapter 9

Searching for Muon-philic Scalars at

DarkQuest

This chapter is based on [367].

9.1 Introduction

The measurement of anomalous magnetic moment of the muon [46] [51], 106],
a, = (g9 —2)u/2, remains in significant tension with Standard Model (SM) predictions.
In particular, the difference between the Run I measurement and the calculation from

the (g — 2), theory initiative is [76]:
a,(Exp) — a,(Theory) = (251 + 59) x 1071 (9.1)

While recent lattice QCD results may point toward a potential problem with this SM

prediction [103] [128] 131], new particles beyond the SM (BSM) still provide a compelling
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solution to this anomaly that is worth exploring further.

A large variety of new particle solutions have been proposed, including new
vector bosons, and CP-even and CP-odd scalar particles. Because their effects on (9—2),,
are through loops, this anomaly does not point to a very specific new physics scale and
the viable mass range is very broad, spanning from ~ MeV to several TeV [143]. There-
fore many experiments running at different energies are required to comprehensively
probe this parameter space.

The minimal requirement for a new particle to alleviate the (g — 2),, problem
is a non-negligible interaction with muons. Realistic models, however often contain
couplings to other leptons, quarks or photons. These other interactions can provide
a powerful way of testing these models; for example the minimal dark photon (A’)
explanation of (¢ —2), has been excluded in both visible [100, 329] and invisible decay
channels [328], mainly by virtue of the A’ coupling to electrons and mesons. The
searches utilized to probe these models, however, do not directly probe the interaction
with muons which would be desirable to make robust claims about any BSM explanation
of (¢ —2), [161].

In this chaper we consider searching directly for such a coupling using sec-
ondary particle beams at the proposed proton beam dump DarkQuest [79]. At this
experiment, a high energy proton impinging on a target produces a large flux of sec-
ondary mesons. If these mesons decay into muons (like 7% and K* do), they can
produce muon-coupled force carriers in two ways: the new particle can be produced in

the meson decays themselves, or via bremsstrahlung as the muons propagate through

153



the beam dump. Finally, some mesons can also decay into photons which can also
produce these particles in photonuclear reactions via a muon-loop-induced coupling.

We illustrate the sensitivity of DarkQuest in the context of the muon-philic
scalar model whose only tree-level interactions are with muonsﬂ loop-suppressed cou-
plings to photons are naturally expected and give rise to scalar decays when its mass
is below the dimuon threshold. Thus the model’s main signature at a beam dump
like DarkQuest is a displaced decay into photons when the scalar is lighter than 2m,,.
Ref. [226] studied the complimentary case where the scalar is kinematically allowed to
decay to muon pairs promptly. Our work compliments the existing literature on pro-
posed fixed-target probes of muon-coupled particles at NA64, Fermilab, BDX, NA62
and SHiP [IT1], 154 159, 161, 244, [302), [322], 343, 396]. Compared to previous studies
of similar experimental setups and models (e.g., [I11] focusing on a leptophilic scalar
model at DarkQuest and [396] focusing on NA64 and SHiP), we improve the modelling
of known production channels (muon bremsstrahlung) and identify additional relevant
channels (meson decays, K,m — pvS, which have also been studied at kaon facto-
ries [322]) which turn out to dominate the sensitivity projections. We also provide the
first more in-depth study of di-photon backgrounds at DarkQuest.

This work is organized as follows. In section 9.2 we briefly describe the Dark-
Quest experiment to establish key experimental parameters that determine its sensitivity
(for more details see Ref. [79]). We also estimate the fluxes of secondary particles that

are relevant for signal and background production. We then specify the interactions of

!The sensitivity of DarkQuest to a variety of dark sector scenarios has been studied in Refs. [80 06}
110, (111, 126, 20T, 226, 232, 435).
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the muon-philic scalar model in section [9.3] and highlight the parameter space that can
explain the (g — 2),, anomaly. section details the modelling and simulation of sig-
nal events in three channels: muon bremsstrahlung, meson decays and photon-induced
processes. The compact nature of the DarkQuest experiment enables unique sensitivity
to short BSM particle lifetimes at the cost of introducing several backgrounds in the
case of photon signatures, which we discuss in section [9.5] There we identify processes
that can mimic our signal and describe mitigation strategies. Finally in section we
present our sensitivity projections, showing that DarkQuest can decisively probe parts
of the still-allowed (g — 2),, parameter space.

We collect more details of our analysis in the appendices. Muonphilic scalar
decays and certain production channels rely on the loop-induced scalar-photon coupling
which is computed in appendix |G| (while the corresponding on-shell amplitude/form-
factor is well known, we also provide a corrected off-shell amplitude). appendix
discusses a possible ultraviolet completion of the muon-philic scalar model based on
vector-like leptons, which can be constrained with high energy colliders. appendix [
describes the propagation of muons through the DarkQuest dump which is a key aspect
of our bremsstrahlung and muon-induced background calculations. This is the first full
simulation of this type. In appendix [J] we present the full expression for the three-body

kaon decay partial width which dominates the signal production.
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9.2 The DarkQuest Experiment

9.2.1 The Experimental Setup

DarkQuest is a dark sector-focused upgrade of SpinQuest, a proton fixed-target
spectrometer experiment on the neutrino-muon beamline of the Fermilab Accelerator
Complex. This beamline supplies a high-intensity beam of 120 GeV protons from the
Main Injector. Details of the set up are described in Refs. [54] and [79]. Here we
summarize the key features relevant for our analysis.

The setup of the DarkQuest experiment is shown in fig. 0.1 A 5 m long
magnetized iron block (“FMAG”) is placed 1 m downstream from a thin nuclear target,
serving as a focusing magnet and as a beam dump. Its magnetic field of ~ 1.8 T imparts
a transverse kick of App ~ 2.6 GeV to ultrarelativistic charge-one particles traversing
the entire dump on average (the actual pp for individual particles is sensitive to multiple
scattering and energy loss fluctuations in addition to the magnetic field, see appendix.

The FMAG stops most of the primary beam and secondary particles produced
by proton-iron interactions, other than neutrinos and muons; despite this, the severely
attenuated fluxes of protons and kaons can still be relevant for background processes.

The detector extends for ~ 20 m after the dump and is composed of a se-
ries of tracking stations and an open-aperture magnet (“KMAG”) that further sweeps
away charged SM radiation thanks to a transverse kick of App ~ 0.4 GeV. The above
components are already present in the SpinQuest experiment. The DarkQuest upgrade

will install: an electromagnetic calorimeter (“ECal”) at ~ 19 m between station 3 and
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the muon station, additional tracking layers to improve particle identification and ho-
doscopes for better triggering. We will also consider modifications of this set up that
include more shielding before or after the FMAG;

this is one strategy that can be used to suppress some (but not all) backgrounds
as we discuss in section 0.5

The DarkQuest experiment will collect ~ 10'® protons on target (POT) in a
two year long run. Depending on the status of the Fermilab accelerator complex [247],
longer DarkQuest runs will be possible in the future. In our analysis, we will discuss
the realistic scenario of 10'® POT and also a futuristic possibility in which DarkQuest

will accumulate 102° POT.

x(m] Top view (Bend plane) 2z[m]

I I [ | |
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W
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Figure 9.1: Side view of DarkQuest experiment including proposed ECal, target, and

tracking detector upgrades, in red; a dark sector signature is illustrated in blue. Adapted

from [79].
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9.2.2 Production of SM Particles

The high intensity proton beam produces many SM particles at the beginning
of the dump, including mesons, baryons, muons, and photons. These secondary par-
ticles open different production channels for the muonphilic scalar, and also produce
backgrounds. In table[0.I] we summarize the average counts of the relevant mesons and
hadrons produced in the first proton interaction length iy = 16.77 cm (approximately
1 — e~ = 0.63 of the primary proton beam interacts within this region). We estimated
these yields using Pythia 8.306 [121].

Short-lived mesons like 79 decay promptly after production. 7° along with 1)
decays generate a flux of photons at the beginning of the FMAG. As we will discuss,
decays of the long-lived mesons 7& and K+ contribute to signal production in two ways:
first, through rare three body decays, and second, by generating a flux of muons that
can undergo bremsstrahlungﬂ We focus on production and decay of these mesons in
the first interaction length for simplicity. This allows us to neglect energy losses of
hadrons that decay or interact deep in the dump. We expect this to be a good O(1)
approximation for signal. This is because while including a longer decay region for 7=,
K* would increase the muon and scalar yields linearly with the decay region size, the
meson intensity falls exponentially with depth. Therefore decays in the first interaction
length account for the majority of the (scalar or muon) flux that is relevant for the signal

and background estimates. We estimate the muon and photon yield, and the number

2Muons are also produced in the Drell-Yan process, but the corresponding cross-section is smaller
than the total pp cross-section by a factor of ~ 107, so this mechanism is subdominant to production
from meson decays.
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70| 7 nw |7t | Kt | K | Kg A

1.510.19 | 0.021 | 3.2 | 0.25 | 0.11 | 0.21 | 0.082

Table 9.1: Average number of mesons or baryons produced in the first interaction length

of the FMAG per 120 GeV proton on target. These counts are estimated using Pythia.

of #* and K decays in the first interaction length in table The latter counts are

obtained via

NM, dec = anMFM<7]\_41>)‘M , (92)

where NN, is the number of POT, n)s is the meson yield per POT in the first interaction
length from table I'ps and Ay are the meson decay rate and interaction length,
respectively. The average over inverse boosts ('y];[l> is performed using Monte Carlo
samples from Pythia.

For certain backgrounds the attenuated proton beam or secondary Ky and A

fluxes are an important source, and we will comment on them in section [9.5

9.2.3 Di-photon mass resolution

As we will discuss in section di-photon signatures are not background-
free at DarkQuest. The most important backgrounds is 7° and 5 production at the
end of the dump produced either from the attenuated proton beam or from the sec-
ondary muon beam undergoing deep inelastic scattering. One experimental handle that
can disentangle these events from the signal are selections on diphoton invariant mass.
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pt 0% prompt 7* dec. | prompt K* dec.

1.0x1016 | 3.8 x10!8 8.6x10 1.9%x10%

Table 9.2: Average counts for particles that are produced or decay near the front of
FMAG for 10'® POT. The first two columns contain the number of muons and photons
produced in the first proton interaction length of the FMAG, while the last two columns
contain the number of prompt 7% and K* decays as estimated via eq. . Here

“prompt” refers to decays within the first meson interaction length.

Having a good mass resolution will improve the discrimination between signal and back-
ground. The resolution can be estimated using the energy and position resolution of the
ECAL [79]. In particular, we take a position resolution of 3 cm and an energy resolution
of 1% + 7%/ \/m .

By simulating 7°, () production and their decays at the back of the dump we
find that the mass resolution varies between 10% and 30% for typical meson energies,
with a better resolution for the 7, if compared to the ﬂ'Oﬁ We will find that even taking
the optimistic 10% figure, selections of diphoton invariant mass can reduce background
rates by a factor of a few, but not completely eliminate them. Other mitigation strategies

will still be required (see section [9.6)).

3We thank Yongbin Feng for useful discussions regarding these calculations.
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9.3 The Scalar Singlet Model

9.3.1 The Lagrangian of the Muon-philic Scalar

We focus on minimal scalar model that at the renormalizable level contains

only the interaction with muons

1 1

We emphasize that this scenario does not have a coupling to electrons at tree level; in the
parlance of Ref. [161] this is “Model B”. The effective theory also contains interactions

with photons at dimension five

1
LD =95y SEuwF™. (9-4)

The coupling gs,- receives contributions from ultraviolet (UV) physics and from loops

of muons:

(V) , Ags 4m, 0 (9.5)
gSvyy _gS'y'y + 27rm“ 1/2 m%a ) .

where in writing the loop function f;/, we took S and the photons to be on-shell. We
will neglect the UV contribution in what follows in order to be consistent with previous
studies; the usual explanation given for this is that one naively expects g(stijiy/) to be
smaller by a factor of m, /M where M is the UV scale, see appendix However, in
realistic UV completions S coupling to muons (i.e., gs) and heavy physics at scale M are

independent, so the UV and infrared (IR) contributions to S+ can potentially compete

for some choices of parameters, as discussed in appendix This photon interaction
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gives rise to S decays into photons with rate:

(9.6)

where the loop function fi/, — 4/3 as mg/m;, < 1 (the full result is given in ap-
pendix . The muon loop also generates couplings of off-shell photons to S which are
relevant for, e.g., the photon fusion and Primakoftf S production. The Svy~+* amplitude
needed for this calculation is given in appendix [G]

Clearly the model in eq. is not electroweak gauge-invariant. From the
point of view of UV completions, the inclusion of couplings to electrons and taus is
natural in minimal models with Higgs portal interactions or extra Higgs doublets above
the electroweak scale [98]. However, these models have recently been excluded as solu-
tions of (g — 2), [329]. The flavor-specific interaction in eq. , while more minimal
in the infrared, requires more engineering in the UV. Ref. [97] delineated the conditions
under which couplings to specific SM fermion mass eigenstates (the muon in our case)
are obtained in a technically-natural and experimentally-viable way. As a first step,
the flavor-specific coupling to muons can be obtained from the electroweak-invariant

effective operator
S T eope (9.7)
—MH LCSER‘f—h.C., .
where H (L) is the Higgs (lepton) SU(2) doublet, ¢4 is SU(2)r, singlet lepton (in
Weyl notation), M is a UV scale and cg is a matrix in flavor space. In order for this

interaction to reduce to eq. (9.3), cs has to obey two conditions: 1) it must be diagonal in

the lepton mass basis (i.e., cg is simultaneously diagonalizable with the lepton Yukawa
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matrix) and 2) cg = diag(0,cs,0) in the charged lepton mass basis. This structure
generates the desired coupling to muons with gg = cgv/ (ﬂM ), where v = 246 GeV,
and it minimizes flavor-changing neutral currents. In general, cg is complex, but its
imaginary part shifts (g —2), in the wrong direction [97]. We therefore focus on purely
real cg. The spurion analysis of Ref. [97] reveals that the intricate structure of cg is
radiatively stable[]

The electroweak-invariant interaction in eq. is still non-renormalizable
and therefore requires a UV completion. This is easily achieved by adding a pair of
vector-like leptons with mass M [97], in which case cg is proportional to the Yukawa
couplings of these new particles with the SM Higgs and with S. We explore such a
UV completion in appendix [H] which allows us to connect the low energy muon and
photon couplings to UV parameters, and to consider naturalness and direct experimental
bounds that must be satisfied. This scenario still does not explain the flavor alignment

of cg and the SM lepton Yukawa matrices.

9.3.2 The New Physics contribution to (g —2),

The model in eq. (9.3 is one of the few available minimal explanations of
the (¢ — 2),, anomaly with new physics at or below the several GeV scale [143]. The

contribution of S to (g —2), is [98§]

N N e
k82 ), (1—2)2+ z(mg/my)?

(9.8)

4The parity S — —S ensures that corrections to cg are always proportional to cs, while any off-
diagonal elements can only arise from the non-diagonal neutrino mass matrix.
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The anomaly in eq. (9.1)) is explained if gg ~ 4 x 1074 for mg < 2my,.

9.4 Signal Production and Simulations

The dark scalar can be produced in several processes enabled by secondary
muons, mesons and photons present in the beam dump. The energy and transverse
momentum spectra of these particles are shown in fig. We find that muon
bremsstrahlung and meson decays dominate the dark scalar yield in interesting regions
of parameter space, while the rate of photon-initiated reactions is loop-suppressed. We

discuss these processes in more detail below.

9.4.1 Muon Bremsstrahlung

The primary proton collisions with the dump lead to a large flux of secondary
muons. These muons are generated from meson decays (7+ and K7 in particular),
and from Drell-Yan production. These can then interact within the dump, radiating
a scalar. The scalar bremsstrahlung cross-section has been computed exactly in [337,
436, 1437], but most recent works use the Weiszacker-Williams (WW) approximation,
see, e.g., Ref. [I59] [396]. This cross-section enters the signal prediction calculation in
two important ways: first, it normalizes the overall rate and, second, its differential
is used to generate S kinematics. We have compared three ways of evaluating the
overall cross-section: (1) using the WW approximation; (2) numerically computing it

in MadGraph [74]; (3) integrating the exact results of Ref. [337] using VEGAS [332] 333].
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Secondary Particle Spectrum for 120 GeV pp from Pythia
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Figure 9.2: Counts of secondary particles per 120 GeV proton on target as a function of
energy (left panel) and transverse momentum (right panel). The 7%, K* (v, u®) spectra
sum to the average yields in the first interaction length of the dump given in table
(table divided by 10'®). Note that the muon spectrum includes the probability for
the parent particles (mostly 7% and K¥) to decay in the first interaction length (this

spectrum is also multiplied by 100 for convenient visualization).

In principle the latter two methods should give very similar results, but in practice we
find that the custom VEGAS implementation yields results that are more numerically
stable[’| The result of this calculation is illustrated in fig. for several values of mg -
we find excellent agreement with results of Ref. [343] which used a different numerical
method, which is also based on the integration of the full matrix element squared. For
the main results in this work we use the VEGAS calculation of the total cross-section,

noting that the WW approximation predicts scalar yields that are a factor of 2-5 larger

5The difficulty of simulating light-particle bremsstrahlung using off-the-shelf Monte Carlo tools has

been noted in, e.g., [152] 226].
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Figure 9.3: Scalar bremsstrahlung (uN — puNS) cross-section, in iron as a function
of muon energy for several choices of mg. Note that to obtain a realistic scalar yield
at DarkQuest for this process one must convolve these cross-sections against the muon

spectrum and account for muon propagation effects.

for mg < 2my, (such discrepancies were also observed in Refs. [337, 396]). We will use

MadGraph to generate final state scalar and muon kinematics.

Most of the muons are produced near the front of the dump, so they can prop-
agate a significant distance before undergoing bremsstrahlung. During this propagation
they experience energy losses, multiple Coulomb scattering and their trajectory is bent
in the magnetic field. There have been two different approaches to modelling these ef-
fects. First, input muon spectrum can be used to predict the signal yield by convolving

it with the differential cross-section [111], 396]

dN, [Eu TBrem. (Ey) [ 1 o—#/(vse7s)
gnal ’ / HAE] Jpmin " |dE,/dz,] Nuc 2 VscTs (59)

Zmin —Zp events € geom.

where zmin = 5 m, Zmax ~ 19 m and Ny is the total number of simulated events.
The sum is performed over only those events that remain within the geometry of the
DarkQuest spectrometer. Here ES is the initial energy of the muon at production, and
E,, is the muon energy after traversing some finite distance, z,, in the FMAG before
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radiating the scalar; vg and 75 are the boost and the lifetime of the scalar, respectively;
dN,/ dEB is the total number of muons produced per initial energy bin within the first
meson interaction length (output of Pythia); natom = 8.5 x 10?2/cm? is the number
density of target iron nuclei and oprem. is the muon bremsstrahlung cross-section. Note
that in this approach muon propagation is simply encoded in the dFE,, integration, and
the effect of a magnetic field is applied “by hand” as a shift in pr of each muon. Multiple
scattering is not included.

Alternatively, each muon can be tracked through the dump using its equations
of motion, until it undergoes a bremsstrahlung event. At this point S kinematics is
sampled from the differential cross-section. This approach makes it easier to include
the effects of multiple Coulomb scattering, energy loss fluctuations, and magnetic fields.
In Ref. [343] this method was implemented within GEANT4 [50, 59, 60]. Here we follow
a similar approach, but instead model the propagation in a custom Python program
described in appendix [I|

Finally, we note that muon bremsstrahlung in a thick target has the peculiar
feature that scalar particles can be produced anywhere in the dump with similar prob-
ability, including very close to the end. This can be easily seen from eq. in the
limit of large muon energy (such that one can neglect energy losses) and short scalar

lifetime (yscTs < zmin); in this case the probability of the scalar to be produced in the
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dump and decay beyond it is approximately

natomUBrem-(Eu)/ o dzﬂe_(zmin_zu)/(VSCTs)
’ (9.10)

~ NatomO Brem. (Eu)’YSCTS,
where we assumed that the cross-section and energy loss rates are constant. This shows
that the signal yield will be dominated by scalar production in the last S decay length
of the shield. In contrast, if the scalar was produced near the front of the dump, the
rate would be proportional to e #min/(7s¢7s)  Therefore the projected sensitivity of this
channel extends to large couplings, which is qualitatively different to many other long-
lived-particle (LLP) searches which feature a very thick shield. For example, the proton
beam experiment CHARM [108, [109] 242] had a shield thickness of ~ 480 m so that
the LLP signal in the large coupling/short lifetime regime is exponentially suppressed

despite the higher beam energy of 400 GeV.

9.4.2 Meson Decays

Dark scalars are also produced from the charged current meson decays 7+ —

pTvS and K+ — ptvS. Using the leading-order chiral perturbation theory Lagrangian
Lypt D V2GF fpVy0s0a P~ iy*Pry, + hec., (9.11)

we find the partial width for meson P = w, K

95T PGH WVaraPmip
76873

(P — uvsS) = (9.12a)

2, 2
gsmp
=~ I'(P — 9.12b

9672m2 ( ), ( )
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in the mp > mg, m, limit (the full expression is given in appendix [J|). Here fp is the
meson decay constant (fr = 130 MeV and fx = 156 MeV in our conventions); V4,
is the relevant CKM matrix element: |[Vyq4| ~ 0.9737 (|Vys| ~ 0.2246) for = (K) decay.
These are the most important meson production modes for the scalar thanks to their
sizable branching ratio into a muon and a neutrino.

An additional production mode is K, — m+u¥v,S. The contribution from
this process, however, is generically smaller than from the meson three body decays

discussed above.

9.4.3 Photon-induced Processes

The scalar-photon interaction in eq. enables several production mech-
anisms that are analogous to axion-like particle production in beam dumps. These
include the Primakoff process v + N — S 4+ N and photon fusion v*v* — S, where
~* are virtual photons corresponding to the electromagnetic fields of a beam proton
and target nucleus. Primakoff production was shown to dominate over photon fusion
in thick targets due to the large secondary photon flux [I26]. The scalar-photon in-
teraction needed to evaluate the Primakoff cross-section is described in appendix [G]
A potential difference of the present model with respect to axion-like particles is that
the photon coupling is generated by muons, leading to a non-trivial energy dependence
of that coupling (because the muon mass is not much larger than other experimental
energy scales). We have estimated the yield of dark scalars from this process, finding

that it is 1-2 orders of magnitude smaller than for bremsstrahlung in the mass range
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of interest. Moreover, there is no on-shell muon in the final state which may be an
important event selection designed to reduce diphoton backgrounds as we discuss in the

next two sections.

9.5 Backgrounds

The compact geometry of DarkQuest enables searches for particles with short
decay lengths (especially if they are radiated by muons propagating though the dump).
This unique feature leads to a complementary reach compared to other experiments
with a larger dump and smaller angular acceptance. The comparatively short shield
also means that potential signals must contend with backgrounds. There is a variety
of SM processes that can mimic the production and decay of a BSM long-lived particle
into photons. The three types of potentially problematic SM events are: 1) production
of genuine SM long-lived particles, such as K; 2) neutral mesons (7%, n")) produced
at the very back of the dump from the attenuated proton beam; and 3) production of
neutral mesons (7°, 7)) via Deep-Inelastic Scattering (DIS) of muons towards the end
of the dump. We will show that the events of the third kind are the most dangerous, but
that they can be mitigated with several event selections, while preserving experimental
coverage of the most interesting (¢ — 2),, band at mg < 2m,,. These backgrounds and
potential mitigation strategies are summarized in table — they will be discussed in

more detail below and in section [0.6]
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Raw counts || ECAL hit | v sep. | p hit | m, | Extra Shielding
p-induced Kp, 6 x 10* v v v v v
p-induced 7°, 5" 2 x 10* v v v v
p-DIS-induced 7°, ") 10° v v

Table 9.3: Summary of SM background events that can mimic the signal S — ~+ and
experimental techniques that can reduce or eliminate them. The first two rows cor-
respond to mesons produced by the primary proton beam. The last row corresponds
to mesons produced deep in the dump by a secondary muon beam via deep-inelastic-
scattering. The columns to the right of the double-line divider indicate whether the
listed background events can be significantly reduced using the corresponding experi-
mental handle. “ECAL hit” requires at least one photon with a sufficient energy in the
ECAL; “y sep.” corresponds to exactly two well-separated photons in the ECAL; “u

2

hit” is the requirement of detecting a muon; “m.,” is a selection based on the diphoton
invariant mass potentially measurable with the ECAL; “Extra shielding” corresponds

to adding additional material behind the FMAG. The impact of these selections on the

background yield is quantified in section and section

171



9.5.1 SM Long-Lived Particles

Standard Model LLPs, such as K, and A, which decay into neutral pions can
produce signal-like photons. We will focus on Kj decays in the fiducial region z > 5
m and z < 19 m (before the ECal). A’s have a shorter attenuation length compared
to mesons, so their contribution to background ends up being two orders of magnitude

smaller. The number of LLP background events can be estimated as

nx, NyBR(K [, — 37°)e ™ %shicld/ A int

w [e—zsniea/(verrey) efzmx/(wcrm} (9.13)

~ 6 x 10%,
where ng, is the number of Ky, produced per POT from table BR(K — 37°) ~ 0.2
is the branching fraction of the most problematic K, decay channel, zgnjelq = 5 m is the
length of shielding, A\x int ~ 20 cm is the kaon interaction length in iron. The factor on
the second line is the probability of the kaons to decay after the shielding and before
the ECAL. The number of events in the last line is computed for 10'® POT. Each of
these events can lead to a < 6 photons signal in our detector. Note that most Ky ’s
are produced near the front of the dump as the incoming proton beam is exponentially
attenuated [%]

There are two approaches to deal with this background. First, one can use

additional shielding in front or behind the FMAG (“Extra shielding” in table .

SK1’s produced deeper in the dump experience less attenuation before they exit which somewhat
off-sets the attenuation of the beam that produced them, compared to Kp’s near the front. However,
because the kaon interaction length is longer than the proton interaction length, the latter K flux still
dominates.
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Using Pythia to estimate the median meson production rates and boosts, we find that
an additional 2 m of (iron) shielding would bring the K background rate below 10
events for 10'® POT. Similar shielding requirements were discussed in Refs. [I11] 126]
in the context of axion-like particle searches. It is important to note that if the only
goal is to close the (g—2), window, we can significantly relax the shielding requirement.
This is because we expect O(10% — 10°) signal events in the currently-allowed (g — 2),
band at mg < 2m,, (see fig. . The amount of extra shielding needed to bring the
background below 10% events is only 90 cm. This can be further reduced by using a
different material, such as tungsten.

The second approach to reducing SM LLP backgrounds is to select events
with exactly two photons in the ECAL and a single muon hit (“y sep.” and “u hit”
in table . Both the kaon decay and muon bremsstrahlung S production mechanisms
can in principle pass these cuts, while the backgrounds either have too many photons,
do not have a muon in the final state or both. The leading Ky decay that leads to
background events is K7 — 37% — 6+, which would be completely eliminated by such
cuts, without requiring any additional shielding. In section[0.6] we will show that enough
signal events pass these selections to retain sensitivity to the open (g — 2), region at

ms S 2my,.

9.5.2 Secondary Mesons from the back of the dump

Another type of potentially problematic SM events is the production of 7 and

n") from the attenuated proton beam in the last radiation length of the dump. The
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prompt photons from their decays would have a large probability of escaping the dump

and potentially ending up in the ECAL. The number of such events is approximately

(nwo + ny + nn/)Npe_Zsmeld/)‘p int 7)\ﬂ

Ap ing (9.14)
~ 2 x 104,

where A\ int = 16.77 cm is the nuclear interaction length for protons, njs are given in
table and A= 1.757 cm is the radiation length in ironﬂ The last factor, Au/Ap int,
is the probability for protons to interact in the final radiation length of the dump. The
background events in the last line of eq. can be eliminated in a few different ways.
Thanks to the exponential suppression in eq. , an additional 1.8 m (70 cm) of iron
shielding would suffice to reduce this background to below 1 (103) event for N, = 108,
Alternatively, as for SM LLPs, event selections requiring two photon hits in the ECAL
and a muon hit would also help thanks to a requirement on the di-photon invariant
mass and distributions, see section We will investigate how such selections affect

the signal yield in the next section.

9.5.3 Mesons from pu DIS

Finally we consider backgrounds generated by muons undergoing DIS at the
end of the dump and producing 7° and other mesons that can decay to photons. The
reason why this reaction chain is potentially important is because muons are not expo-
nentially attenuated by the dump, unlike the original proton beam (c.f., the secondary

meson background in section [9.5.2]). In order to estimate the rate, we first produce a

"The attenuated proton beam looses ~ 10 GeV of energy as it propagates through the FMAG, but
the meson yields at this lower energy are approximately the same as for in original 120 GeV beam.
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distribution of muons at the end of the dump as follows. We simulate the primary pp
collisions in Pythia that produce 7+ which are then decayed to muons in the first in-
teraction length. The muons are then propagated to the back of the dump as described
in appendix [ We find that the number of muons at the back of the 5 m dump with
sufficient energy to initiate DIS is n&baCk) ~ 5 x 1075 per pp interaction. Note that this
number is not sensitive to the dump thickness because the muons are not strongly atten-
uated. This is because the muons lose only about ~ 10 MeV /cm, so even an additional
2 m of iron does not drastically affect their spectrum at the back of the dump.

The propagated sample of muons is then fed into Pythia to simulate DIS,

up — p~+X, which is used to estimate the meson-count weighted cross-sections, (o (up —

w4 X)ny) where M = Ky, 7°. We find that

(o(up — p+ X)nmo) =2 x 107> mb
(9.15)
(o(up — p+ X)ng,) =5x 1077 mb.

We can now put all of these ingredients together. First, the expected number

of pu-DIS-induced 7° produced in the final radiation length of the dump is
NP2 An g A (onq0) ~ 10° (9.16)

where (on,o) is given in eq. (9.15). The target (nucleon) density in iron is Ang =~
4.7 x 10** em ™3,

The number of kaons that are produced in a similar manner in the last kaon
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Figure 9.4: Scalar yield as a function of the mass mg for 10'® POT from different

production mechanisms without imposing any event selections.

interaction length, and that decay beyond the dump is

NP2 An g A ing(onse, )Br(Kp — 3a°)
(9.17)
X |:]_ — ef(zmax*zdump)/(VCTKL)} ~ 104
where the quantity the brackets is the probability of K produced at the back of the
dump to decay between z = Zgump and zmax = 19 m (about 0.14 for the mean kaon
energy produced in the DIS reaction).
While the raw counts for the backgrounds in egs. (9.16) and (9.17) appear
problematic, it turns out that simple selections on photon energy and angle distributions

can make these backgrounds significantly smaller. Nevertheless, as we will discuss in

the next section, it will be challenging to completely suppress this source of background.
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Figure 9.5: Histograms of signal photon energy and angle from S — vy with S produced
in rare kaon decays (left panel) and muon bremsstrahlung (right panel). 6, is the angle
between the photon and the beam axis. In both panels mg = 100 MeV and the bin
normalization is such that they sum to 1. The vertical dashed white line corresponds
to an energy cut of 1 GeV and the horizontal line corresponds to photons being roughly

in geometric acceptance of the detector.

9.6 Results and Discussion

In this section we put together our signal and background simulations to
project the sensitivity of future DarkQuest searches for muonphilic scalars in the mg <
2m,, regime. First, we compare the raw S yields from different production channels
without making any selections in fig. We observe that production from meson de-
cays dominates the S yield throughout our mass range. While rare 70 decays produce
the largest S flux for mg < ms; — m,, we will see that even minimal event selections
make this channel less important than the other two. Kaon decays produce more S that
p-bremsstrahlung despite the initial flux of p being larger — see table This occurs

for two related reasons: first, the spectrum-averaged muon interaction probability in
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Figure 9.6: Acceptance probability of signal photons as a function of scalar mass for
different S production channels, decay positions and event selections. Dashed curves

indicate a further 5.5 cm separation cut was applied to the photons hitting the detector.

the dump is smaller than the K* branching fraction for the mg of interest; second,
while the bremsstrahlung cross-section grows with initial muon energy, the probability
of those muons to be produced in pion decays near the front of the dump is smaller,
because of their higher boost. Thus the interaction probabilities are anti-correlated with
the energy-differential muon flux, which is not captured in table [9.2]

Examples of distributions of the energy and the angle between the photon
and the beam axis are shown in fig. [0.5] for the two dominant production mechanisms.
The probability of these photons ending up in the detector acceptance depends on the
precise location of the S decay and any selections imposed on the events. In fig.
we show the effects of several simple cuts on energy and photon separation for a few
fixed decay positions. We consider minimum photon energy cuts of 0.5 and 1 GeV
as representative values, but looser selections are also possible [79]. Requiring photon

separation will enable the selection of events with exactly two photons which may be
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a useful handle for rejecting backgrounds such as K; — 37°. The choice of 5.5 cm
minimum transverse separation corresponds to the transverse granularity of the ECAL
towers used by DarkQuest [77, [79]. In fig. we see that photon separation strongly
reduces sensitivity to light scalars. As we discuss next this is not an issue since the
novel parameter space that DarkQuest can test lies at larger masses. In fig. [9.7 we
show background-free sensitivities for easy comparison with previous literature. The
reach curves correspond to 10 signal event contours in the mg — gg plane for phase 1
(N, ~ 10'8) and phase 2 (N, ~ 10?°). One remarkable feature of these projections is
the sensitivity to relatively large couplings where the lab-frame lifetime of S is expected
to be significantly shorter than the FMAG depth of 5 m. It arises due to the secondary
muons’ ability to interact deep in the dump, leading to S production much closer to
z =5 m as discussed in section [9.4] From the figure, we can see that already phase 1
could probe entirely the (g —2), region at higher masses. Phase 2 will also have access
to lower masses.

The projections in fig. are valid only if the backgrounds discussed in sec-
tion [9.5] are reduced or eliminated. A simple, brute-force way to achieve this for the
SM LLP backgrounds and diphotons from meson decays in the back of the dump is to
include substantial extra shielding. This would favour the p bremsstrahlung production
channel for shorter S lifetimes. Such a drastic modification of the DarkQuest setup may
not be practically feasible so it is worth considering other mitigation strategies.

We note that while DarkQuest is sensitive to very small couplings, it does

not surpass the (recasted) limits from E137 [343] in the long-lifetime regime. In fact,
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Ntowers 0 1 2 3 4 5 6

BV =1.0 GeV | 55% | 8% | 8% | 9% | 10% | 7% | 3%

cut

Table 9.4: Distribution of the number of distinct calorimeter towers whose total energy

towers
E cut

deposition is above for photons produced from the Kj — 37" background.

Similar numbers are obtained using the 0.5 GeV cut on the photons.

the biggest impact of DarkQuest will be to probe the corner of parameter space with
ms < 2my that can explain (¢ — 2),; in this regime the couplings are substantial
gs <1073, leading to signal rates of O(10% — 10°) as we show in fig. This suggests
that the analysis can tolerate additional cuts that lower signal acceptance while still
testing (g — 2),. We delineate a few background reduction strategies below. Requiring
exactly two calorimeter towers with an energy deposition of at least 1 GeV eliminates a
large fraction of the K; — 37° background (see table with a 92% reduction). The
remaining events have photon energy and pr distributions that are drastically different
from those of the signal as we show in fig. This suggests additional selections that
can further reduce this background. For example by increasing the minimum photon
energy cut to 2.8 GeV one can reduce the Kj backgrounds by an order of magnitude.
This selection can be further optimized by using different cuts for the lower and higher
energy photons in the ECAL. For example, a lower energy photon cut of £ > 4 GeV
together with a higher energy photon cut of £ > 10 GeV would reduce the background
by a factor of 50 while reducing signal by a factor of 3.

Diphoton production in the last radiation length of the dump from the atten-
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uated proton beam (section and displaced decays of K (section do not
produce associated muons, while the dominant S production channels do. Thus, se-
lecting events with a muon can be an effective way of eliminating these backgrounds.
In fig. we show how the background-free sensitivity changes with the addition of
various cuts, including the muon selection. While requiring a muon in the acceptance of
the detector incurs a significant penalty on the signal rate, DarkQuest remains sensitive
to the parameter space that can explain (g —2),. The impact of the muon selection re-
quirement was estimated by propagating each muon after it underwent bremsstrahlung
in the FMAG through the remainder of the dump, through KMAG and to the muon
station at ~ 21 m. The muon hit was counted if it had an energy over 1 GeV and it
intersected the station 4 detectors [54] (labelled “muon station” in fig. (9.1)).

Requiring a muon hit does not eliminate the muon DIS-induced neutral meson
production at the back of the dump (see section . However, we find that simple
geometric acceptance and photon energy selections reduce the estimated 7° yield in
eq. by a factor of > 200. Similar conclusions hold for DIS-induced Ky back-
grounds: requiring exactly two photons with energy above a GeV in the geometric
acceptance reduces this by a factor > 1000, even before cutting on the final state muon
or photon separation.

We have also explored a diphoton invariant mass cut to reduce backgrounds
coming from 7% decays. While excluding events with M~y A My does decrease these by
a factor of at most ~ 2, the poor diphoton mass resolution discussed in section [9.2.3

means that the signal yield is also negatively affected since DarkQuest’s most important
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sensitivity lies in the window m, < mg < 2my,, i.e., near the pion mass.

9.7 Conclusions

The proposed DarkQuest experiment offers a powerful test of scalars coupled
to muons. In this chaper, we showed that it will be able to probe new regions of parame-
ter space that address the (g—2), anomaly already with 10'® POT, for mg < 2m,,. The
large number of secondary mesons and muons produced in the proton-dump collisions
open multiple production channels for new light states whose displaced decays can be
observed with the downstream detectors. We identified new production channels for
scalars coupled to muons and background processes relevant for the displaced diphoton
signatures at DarkQuest. We carefully modeled production and detection of signal and
background events and outlined several strategies for achieving the projected sensitiv-
ities in fig. Other searches (prompt S — pu) using the same experiment will be

able to probe higher masses [226].
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Figure 9.7: Projected sensitivity of the DarkQuest experiment to the muonphilic scalar
model in the mg — gg plane for mg < 2m,,. In the left panel we show contributions of
different production channels to the sensitivity for 10'® POT (the dashed line is for 102
POT). The signal photons are required to have £, > 1 GeV and to be separated by
more than 5.5 cm in the transverse direction when they enter the ECAL. In the right
panel we show how the sensitivity changes with a lower cut on E., and how the reach
is improved with 102 POT. In both plots the green band is the parameter space that
can address the (g — 2), anomaly; the gray regions are excluded either by (¢ —2), or
by the recast of E137 [343]. We also show projections for the proposed resonant search

at SpinQuest [226] and at NA62 [322].
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Figure 9.8: Number of signal events for 10'® POT, after requiring two photons with

E, >1 GeV each, separated by > 5.5 cm .
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Figure 9.9: Normalized histograms of kinematic variables for a parameter point at
high scalar mass, inside the (g — 2),-favored region (mg = 0.14 GeV,gg ~ 1073).
The bremsstrahlung and the three body kaon decay K — uvS events are selected by
requiring each photon in the pair have E, > 1 GeV and > 5.5 cm separation in the ECal.
The K background events are selected by grouping the 6 photons into 5.5 cm square
calorimeter towers and requiring that two distinct towers have a total E, > 1 GeV.

The variables which are being plotted are then totaled for that tower.
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Figure 9.10: Comparison of the (background-free) experimental reach for different signal
event selections for the bremsstrahlung production mechanism. All projections include
a minimum photon energy cut of 1 GeV; the green dashed (orange dotted) line also
requires transverse photon separation of at least 5.5 cm (a muon hit with £, > 1 GeV
in the muon station). The pink dot-dashed line combines all of these selections. Even
for this more restrictive set of cuts designed to eliminate the SM LLP background,

DarkQuest maintains sensitivity to the (g — 2), band at mg < 2m,,.
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Part V

Conclusion
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This thesis has explored several models of particle physics not contained by
the Standard Model. Motivations for these models come in various forms. Some are
supplied by measurements in tension with the standard model, as is the case (subject
to the future work by the lattice gauge theorists) for the measurement of the muon’s
anomalous magnetic moment. The desire to better understand existing pieces of the
Standard Model, such as the Higgs boson, is motivation on its own, irrespective of
departures to SM predictions. The LHC is currently in it’s 'TRun 3’ phase, after which it
will have gathered 240 fb~! of data, which will soon enough be dwarfed by the HL-LHC
program whose projected integrated luminosity is 3000 fb~! (a more optimistic output
would be 4000 fb~!) at a beam energy of 14 TeV. [44]. This is a great opportunity to
probe models of extra Higgs bosons, whose CPV content can be further investigated
by complementary advancements in measuring electric dipole moments of elementary
particles: order-of-magnitude improvements to the ACME experiment mentioned in
Part 2 of this thesis are expected in the near future by the collaboration,[75]. By the
end of this decade, CERN member states will have voted on whether to proceed with
a proposed new collider, The Future Circular Collider (FCC). If approved, it would
supply precision measurements of electroweak physics (and more) the decade thereafter
(the FCC-ee stage) [49]. Much of the related physics in this thesis could be measured,
and the Standard Model tested, to an exquisite and unprecedented degree.

The muon g — 2 experiment at Fermilab, meanwhile, is preparing to release its
full results, based on its entire data collection, in 2025 [443]. Possible future upgrades

to the beam dump experiments at FermiLab could come online and probe dark sector
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physics in a similar time frame [78]. Part IV of this thesis explored a model in the dark
sector which could be studied at DarkQuest. Studying dark sectors at colliders is com-
plemented by ongoing, and future, astrophysical searches which could explain at least a
portion of the dark matter. This thesis also explored an alternative in primordial black
holes, whose populations could hope to be inferred from microlensing events seen by the
Nancy Grace Roman Space Telescope set to launch in 2027. This thesis optimistically
describes a rich array of probes which offers many opportunities to test complementary

theories of BSM physics in the present and near future.
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A Appendix: Parameters of the Higgs Potential

In this appendix, we collect useful equations on the 2HDM scalar potential

[184]. First, the conditions of minimization of the potential in (3.1

vy 1

m3;, = Re(m?ye®) o3 [)\11)% + A345 v%] ,
2 _ Re(m2, i€ vy 1 Nov2 4+ ) 2
ma; = Re(mize )U2 5 [A2v3 + Asss 07,
T (m2,e’) = %Im(%e?%), (.18)

can be used to determine v1, vo and ¢, where A345 = A3+ Ay +Re(A5e%€). Utilizing these
minimization conditions, we note that the C2HDM Higgs potential is fully determined
by 9 independent free parameters, for example by the set
tan 3, Re(m3,), A1, A2, A3, Ag, Re(N5), Im(X5), v(= 246 GeV).
The Higgs potential can also be expressed in the Higgs basis defined in ([3.4)).

The corresponding mass terms and quartic interactions are linearly related to the A;,
m?,:

Y1 = m%lc% + m%zs% — Re(m?ye')sqs

Yy = mi;s5 + miach + Re(mize™)sag

Yael = L(m2, — mdy)sas + Re(m3ye)css

+ i Tm(m35e™)
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Z1 = )\16% + )\25% + %)\3458%g
Ly = )\13% + )\26% + %/\345833
Z3 = 1555 (M + X2 — 2X345) + A3
Zy = 3535 M1+ A2 — 2X345) + M4
Z5e = 1535 (M + A2 — 2)a45)
+ Re(A5€%€) + icopTm(Ase?®)
Zge' = — Lsog (/\10% — /\25% — Aga5Cop — iIm(A5€%¢))
Zre' = — Lsog ()\15% - )\20% + Asascop + ilm(AseC)).
The set of 9 independent parameters that we choose for our numerics that determine
the Higgs potential is given by: tan 3, my+, Im(A\5e%), Z3, Z4, Re(Z5e%<), Re(Zge™),
with ¢ = 0, after fixing m; and v. For completeness, we provide the remainder of the
Z; in terms of our chosen set, having set ( = 0. From the last three equations of ,
Im(Zs6,7) are determined. Utilizing results in [I33], with a deriviation given in the

supplementary Mathematica notebook, the remaining quartic couplings are given by

Im(Z5)Im[Z§(Z1 — Z3 — Z4 — Z5)]
2 Im(Z6)2 ’

Re(Z7) = Re(Zg) +

Zy = Z1 + (2/tap) (Zs + Z7) , (:21)

where Z; is determined diagonalizing the mass matrix in (3.5)) and imposing mj;, = 125

GeV.
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B The global minimum condition

In this Appendix we discuss the details of the method we use to derive the
necessary and sufficient condition for the EW minimum to be the global minimum. We
follow the method proposed in [289, 290] for the case of a CP conserving scalar potential.

We introduce a covariant 4-vector, r, (= 0,--- , 3), function of the two Higgs

doublets ®; and ®s:

rg = ®l®; + dld,,
r = —(®ldy + ®ld)) = —2Re(®!Dy), (.22)
rg = i(®l®y — BID)) = —2Im(®]Dy),

r3 = —(®1®; — ®ldy),

with the corresponding contravariant vector given by r# = (rg, —r;). These vectors have

the useful property
Bo 2 N2 T T 1 2
rhr, = (10)° — (ri)” = 4(P1P1)(PyP2) — 4(|P1P2])* >0 (.23)

and r#r, = 0 for a minimum that does not break the electric charge. As shown in
[94] 222], neutral minima and charge breaking minima do not coexist. For this reason,
the conditions we derive in the following for neutral minima imply the absence of charge

breaking minima.
Using this vector, the potential in Eq. (4.1)) can be written in the more compact

form

V= H 1A oyt 24
=—M,r —|—§ wrhr?, (.24)
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where the 4-vector M, and the tensor A, are defined as

1

M, = 5(_7”%1 —m3y, Re(miy), —Im(mi,), —mi; +mdy), (:25)
TOn + Az +223) 0 0 3(A1 = A2)
1 0 M +Reds —Ims 0
I (26)
0 —ImX\s M —Rels 0
%()\1 — )\2) 0 0 %()\1 + Ao — 2)\3)

In the following, we will identify the neutral minima of this potential. Since

ry, is a null vector (r#r, = 0), the most general minimization condition reads

AMVTV - Mu = CT/M (27)

with ¢ an arbitrary constant of proportionality.
To find all minima of our potential, it is convenient to go to a basis in which

the tensor A is diagonal. Conditions will be expressed in terms of the eigenvalues A,

given by,
APED) = A gtvel@) (no sum over o) (.28)
Ay = (07),,,AP70,,, = diag(Ag, —A1, —Aa, —As), (:29)

and Ag is identified with the timelike eigenvector, the A; being spacelike. In this new ba-
sis, the condition of positivity of the scalar potential can be written in a straightforward
way [289):

Ag >0, Ag > Ay, Ao, A (.30)
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Then the condition (.27) becomes:
(Ao — Q)fo = Mo, (A; — () = M; (for i =1,2,3), (:31)

where ngi and 7y, are the mass terms and fields in the new basis. Solving these
conditions, we can find all of the neutral extrema of the theory. By plugging the
extrema back into the potential and comparing their vacuum energy, one can find that
the necessary and sufficient condition for the electroweak minimum to be the global

minimum is (for a more detailed discussion see [92]):
My >0, #M; <0 (fori=1,23). (.32)

In the rest of this Appendix, we will discuss how to read these conditions in
terms of the parameters of the Higgs potential of our complex 2HDM. The matrix A,
is block diagonal (see ), so we can diagonalize the off diagonal components Ags and
A19 separately.

To get rid of a non-zero Ags term, let us define k = m , and rescale the
doublets

D) > k72dy, Oy — k2dy. (.33)

This rescaling can be done only on condition that A; /A2 > 0. This transformation does
not affect the other quartic interactions, beyond the A\; and Ay terms. To get rid of a

non-zero Ao, let us rotate the doublet ®5 with a phase, 6y:

CI)l — q)l, (I)Q — €_i9>‘/2(1)2, 9)\ = arg(/\5) . (34)
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Again it is straightforward to verify that all the other quartic terms, beyond the As
term, remain unchanged.
With the two transformations above, the potential in eq.(4.1]) becomes
1,2 &t 2 ot Ly o %ot
V(@1,@2) = k~'md, @] @1 + k3,050, — 2 (m126 > 3l D, + h.c.)
ks ((@[1)2 + (9102)2) + Ag(@]@1)(@02) (:35)
f i 1 TRy
—|—>\4(<I)1(I)2)((I)2(I)1) + 2|>\5| ((I)ICI)Q> +h.c.).

This potential can be expressed in the form (.24), with a diagonal A, given by
1 1
=5 (VAde+Xs), Ar= =5 (Aa+[As]), Az ()\4—|>\5| =5 v>\1>\2—>\3

(.36)

and mass terms given by

- 1 ~ 1
My = —E(k:_lm%l +km3,), M; = 3 [Re(m3,) cos(6x/2) + Im(m3,) sin(6x/2)] ,
. 1 . - 1 _
My, = —3 [Im(m?,) cos(0r/2) — Re(m3,) sin(6,/2)] , Ms = 5(/{ mi, —k~'m?2,). (.37)

Inserting the diagonal quartic couplings (|.36]) in the conditions for the positivity of the

potential (.30]), we find the well known conditions reported in eq. (4.14]), namely

AL >0, A2 >0, Az +min(0, Ay — [As]) > =/ A1 As. (.38)

If we now focus on the electroweak minimum (®;) = v cos 8/v/2,
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(®2) = vsin Be /1/2, the components of 7, vector are

2
fo = = (kcos? 3+ k! sin? 3),
~ 2 . 0)\
71 = —v°sin B cos 3 cos <9v + 2) , (.39)
~ 2 . . 9)\
7o = —v“sinfcos [sin <9v + 2) ,

2
3 = %(k_l sin? 8 — k cos? 8).

The conditions 7;M; < 0 give:

cos (0x/2 + 0,) Re[m2,e /2] > 0,
sin (0y/2 4 0,) Im[m%,e =2 < 0, (.40)

(m3, — E*m3y)(tan 8 — k) > 0.

We note that for a CP conserving 2HDM, only the first and the third conditions need

to be satisfied and they can be expressed by the known equation [92]
D = miy(m3, — k*m3,)(tan 3 — k) > 0. (.41)

The expressions in (.40) are totally general and keep into account that m?,, s, as well
as the Higgs VEV can be complex. However, the corresponding three phases are not

independent. We can express the conditions above
(1) in terms of basis invariant quantities [289];

(2) in the basis adopted in this chapter, i.e. the basis in which the VEV phase is equal

to zero.
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(1) Basis invariant formulation:
The relative phases §; = arg[m?,(A\)"/?] and 6 = arg[vivy (m3,)* 5] are invariant
under rephasing of the Higgs doublets. We can express the first two conditions in ([.40))

in terms of these two phases:

cos(d1 + d2) cos(d1) > 0,

Sin((51 + (52) sin((51) < 0. (.42)

(2) Basis adopted in this chapter:

Throughout the chapter, we use the convention &; = arg[m?,] — /2 and

0y = — arg[m%Q] + 0. In this basis, the vacuum stability conditions read
0 0
cos -2 cos arg[m?3,) — 2) >0,
2 2
0 0
sin ?’\ sin <arg[m%2] — ;) <0, (.43)

(m3, — k?m3,)(tan 3 — k) > 0.

If we use the minimization conditions in (4.4)) and the definition of v in (4.7)),

the first two conditions in (|.43]) become

2’1)11}2 . 9 (9)\ 2 (9)\ 21)1’[)2 1 ) 9)\
7|m%2| [|)\5| sin (2 + v| cos 5 > 0, |m7%2| §(Re)\5 + |A5]) — v| sin 5 < 0.
(.44)

Note that in the CP conserving limit these two conditions lead to the trivial condition

v > 0 or, equivalently, m2, > 0.
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C Lagrangian parameters

The quartic couplings of the Higgs potential in (4.1)) can be expressed in terms

of the more physical parameters in (4.18]):

2 2 2 2 2 2 52
mp, sin” acos” a2 +mp,, Ra1 + mj, Riy

2
A= 5 5 —vtan® g,
v2 cos 8
2 2 2 2 152 2 52
my,, cos” avcos” az + my,, R3s + my, Ris 5
Ao = o —vceot” [,
v2sin
m%l sin? as + cos? ch(mi2 sin? ag + miS cos? 043)
Reds = v-— 5 , (.45)
v
2m?
"
)\4 = 2v — Re)\5 — H s
02

mj, sin o cos acos® az — mj, Ra1Raz — mi, Rs1 Rz
A3 = v-— Cpe —)\4—Re)\5,
v2sin B cos B

Im 2 cos az [(miz — m%s) cos asin iz cos aig + (mi1 — miz sin? a3 — mig cos? a3) sin arsin ag}
mas = v2sin 8 ’

where R is the rotation matrix defined in (4.10)).

D Supplementary details on the fit to Higgs data

The shapes of the regions in Fig. 4.1 come from the complicated fit of the large
number of channels. The Type-I model systematically favors negative x values, with
the top-left plot being the most pronounced. Setting tan = 1, each channel’s best
fit point in (x, ay) was separately computed. Shown in Fig. are the experimental
results as a fraction of the SM rates with their experimental uncertainties as error bars.
The color of each bar corresponds to the individual best-fit value of x for each channel.
There are some channels that clearly favor negative x, such as ATLAS VBF H — ~~,
and ATLAS ttH+tH H — bb. There are some that favor small positive x, but fewer,

and to a lesser magnitude than the negative x channels. The plots give an illustration
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of the slight overall preference for negative x, though the intricacies of the fit to all

channels are not captured.

ATLAS data CMS data
ggF, Hoyy ggF, Hoyy H
ggF, H»>2Z ggF, H»>2Z R &)
9gF, HoWw ox ggF, Howw —— ox
agF, Hotr ggF, Hott FP———e—+
VEF, H:;; VBF, Hoyy
' VBF, HsZZ  fb——e—d
VBF, H>WwW H~— 02 VBF, HWW p————e—t—y 02
VBF, Ho 1t —— VBF, Hott ——
ggF+VBF, H-bb —t— MBF—
VBF+VH, Hospp t 0 VH,H-2Z ¢ y 0
VH, Hoyy —— WH, HoWw ]
VH, H>ZZ —_—t WH, Hotr _—
VH, Ho 1t I m— ~0.2 WH, H->bb [ S — 02
WH, Hobb e E'ZHH :r . J
ZH, Hobb —— T
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. | . ) . . . )
-1 0 1 2 3 -1 0 1 2 3

Figure .11: Observed data [I, 2] as a fraction of SM rates for the Higgs fit. Color
indicates the x value of the best fit point if only fitting to each channel individually
(with tan 8 = 1), in the Type I model. Noting the presence of some deep blue channels

and the lack of deep red channels is an illustration of the slight negative-x preference

for the Type I fit in Fig.

E Comparison of Estimated Yields

In this Appendix, we compare the fiducial FFP yield calculated in our anal-
ysis to that of [298]. The authors of [298] calculate their expected FFP yield for the
Roman GBTDS using the code Gravitational microlensing Using Large Lensed Sources
(GULLS) [386]. GULLS draws explicit sources and lenses from a Bescancon galactic

model (version 1106 [224]) and simulates individual microlensing events by generating
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realistic photometry using synthetic images. This approach is significantly different
from the semi-analytic approach we employ in the chapter. LensCalcPy, the code used
to compute our FFP yields, is designed to provide simple estimates of lensing event
rates, not to model individual events or generate associated photometry. However, its
speed and flexibility makes it well-suited to population-level studies with large numbers
of events.

While our approach and that of [298] differ significantly in implementation,
we find that they produce very similar ultimate FFP yields. In order to see this, we

compare to Table 2 of [298], where the authors have displayed their fiducial FFP yield

for a log-uniform mass distribution (4% = 1 dex!) as a function of FFP mass.
Performing the equivalent analysis with LensCalcPy and adopting the normalization of
1 dex ™! results in the yields shown in Table We see that at masses > Mg, our yields
differ from those of [298] by less than a factor of two. At lower masses, the discrepancy
between the approaches grows, reaching a value of ~ 6 at the lowest observable masses.

We see that our results tend to underestimate the total FFP yield compared to
GULLS, particularly for low-mass objects. A primary source of this discrepancy stems
from differences between the definition of maximum detectable impact parameter in the
two analyses, which we compare in Fig. In [298], wmin is drawn uniformly from

[0, max(1,2p)] when generating an event. This effectively sets

1 p < 0.5 (point-source regime)
up = (.46)

2p p > 0.5 (finite-source regime)
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Table .5: FFP yield comparison for Log-Uniform Mass distribution

Mass (Mg) | Johnson et al. [298] | This work

0.01 0.31 0.05

0.1 4.49 1.75

1 22.1 19.0

10 87.1 72.6

100 313 234
1000 1025 744
10,000 3300 2370

resulting in the orange curve shown in Fig. [I2] As described in Sec. [6.4.1] in our
analysis, we instead determine the maximal impact parameter by solving the implicit
equation Agpite(ur, p) = Ap. This yields the blue curve in Fig. We choose to adopt
A = 1.34 as our fiducial threshold throughout our analysis. This agrees with [298] in
the point-source regime, however in the finite-source regime (which is most relevant for
low-mass objects), their approach yields generically larger values of up than ours, as
can be seen in Fig. Thus, their effective threshold magnification is < 1.34, resulting
in the increased yields at low masses seen in Table While we have chosen to use
Ar = 1.34 throughout our analysis, this is likely an underestimate of Roman’s ultimate
detection threshold, which has been suggested to reach values of < 1% increases in flux

for sufficiently bright sources [298]. We therefore note that depending on the photo-
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metric sensitivity achieved by Roman, our current yield predictions may underestimate
the number of detected FFP events. This uncertainty is, however, encapsulated by the

range of normalizations in the mass functions considered and thus in the curves shown
in Figure [6.5]
F Loop Functions

In this appendix, we collect the loop functions that enter the expressions for

the SUSY contributions to (g — 2), discussed in sections and

filz,y) = 6(y —32° +x(1+y) 12z(2® +y—3zy+y°)logz 12zylogy
1’ (1= 22z —y)? (1= 23 —y)? (1-y)(@ -y
6(r+y+axy—3 12z logx 12y logy
folz,y) = ( ) _ + (.47)

1-2P(1-y? (Q-2P(z-y OQ-y?i@-y)’

B 6(13—7(m+y)+xy)+ 122+ x)logz 12(2+y)logy
Bley) = 5 or0—g? 023 B0-yPE-y)

The loop function entering the threshold corrections to the muon mass reads

B 2z log x _ 2y logy
1Y) =Ty A-py 1) (48)

G Scalar-Photon Coupling

In this section we calculate the form factor associated with the amplitude
S — 77 which gives rise to the photon coupling in eq. (9.4). This amplitude provides
the main S decay channel (for mg < 2m,,), and an S production mechanism through

secondary photons in the beam dump. The former involves two on-shell photons, while
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for the latter at least one photon is off-shell. In general, this amplitude has both UV
and IR contributions (from heavy matter that generates the defining Spu interaction
and from the muon loop, respectively). The one loop amplitude with a single on-shell

photon, generated by a generic fermion with mass M with coupling g; to S is

(4M2 p3

M(S(ps) = ()7 (p2)) = =5 fye m§,4M2>(p§‘p5—p1-pzn“”), (:49)

where the form factor is

T ((L% — L3 (pr + 17— 1) +4pr (Ll\/gT - 1) - 4L2\/WT+4>

fl/Q(Ta :0) = 2([)7' _ 1)2 5
(.50)

with

4M? 2 Pg

T = p?g 7p1_Oa :4M27 (51)

and

1—-7 2
leln<2 2—7_4—1), ngln(—2p+2 (p—l)p+1). (.52)
T

This form factor reduces to the familiar expressions found for the fermionic contribution
to h — v [261], when both photons are on-shell. For muons g5 = g5 and M = m,,, but

we can also use this result to estimate the contribution of heavy fermions M? > m%, p%

to the diphoton coupling (ggix) in eq. ):

AM?  p3? 4
li —, | == 53
Mgnoofl/2(m%74M2> 35 ( )
so that
2
wv)  2g5aQ
gS,W ~ 371_7 (54)

271



Note that generally gy # gs so the UV contribution to Sv7 is not necessarily negligible

compared to the muon one as we discuss in the next section.

H An Ultraviolet Completion

In this section we explore a simple ultraviolet completion for the effective
operator in eq. , —%H TLcgl,, that generates the muon-philic interaction. This
will allow to discuss how the low energy couplings are related to the underlying UV
parameters, and to mention additional constraints on realistic scenarios. A similar
scenario was considered in the Supplementary Materials of Ref. [322].

The operator in eq. can be generated at tree-level by a heavy vector-like
lepton (VLL) pair. The simplest possibility is a VLL pair of SU(2), singlets ¢ and ¢,
which have the same quantum numbers as the right-handed leptons (% in the SM (a
completion with SU(2)r, doublets is discussed in Ref. [97]). The allowed renormalizable

terms (in two-component notation) are
L > —Muy)® — H' LTy — ys Sy — Syl + hec. (.55)

where L and ¢, are SM leptons (with flavor index suppressed), and the transposes are
in flavour space. Since we consider a single generation of VLL, M and yg are numbers,
while y,, and yg are vectors (with each entry corresponding to a SM fermion generation).

In the last two terms, we assumed that v and ¢ have a Yukawa interaction with a scalar
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mediator S E| Integrating out v, and ¢ yields the effective operator

v
——SLicgl% + h.c. .56
Jang > Lresth (.56)

where in the second step we transformed to the SM-lepton mass basis, which gives

S
LD MHTLTy¢y§ % +hec — —

cg = —VLT ywyngR (VL r are the left- and right-handed lepton unitary rotations that
diagonalize their mass matrix). A muon-only interaction therefore requires that cg o
diag(0, 1,0) as described in the introduction, necessitating a non-trivial flavour model.

If this is realized then

_ YSYyv

There are several theoretical constraints on gg that follow from naturalness of

(.57)

the S mass (i.e., the desire for quantum corrections to mg to not exceed mg itself).
These can be derived either directly from the UV completion above or from the EFT
interaction as in Ref. [97]. The two most relevant quantum corrections to mg arise from
1) a two loop contribution from a Higgs-left handed lepton-right handed lepton loop;
2) from the one loop radiatively-generated |H|2S? interaction. Requiring that the two

corrections do not induce a mass shift larger than mg leads to a theoretical upper bound

on gs:

dmv V2mg mgs
< 4o —= .
gSN\/iMmm( » ,7rM>, (.58)

where the first (second) term comes from the two (one) loop correction. The one loop

effect dominates for M < 47v/v/2 ~ 2 TeV. At the same time, M cannot be too small

in order to satisfy eq. (.58) in the region of interest (see [97]).

8The mass-mixing term i, €% is allowed by gauge charges, but it can be rotated away by performing
an orthogonal rotation on (£% °¢); this rotation results in redefinitions of the (unknown) parameters
M, ys, ys, yy and y,, which can then be relabelled.

273



We can also estimate the UV contribution to the S+ coupling, by using eq. (.54)).

At one loop, only the yg coupling from eq. (.55)) contributes, yielding

V) 2y50Q?

95y .- (.59)
We see that ggi;/) is not necessarily correlated with gg, and it can therefore be compa-
rable to gg,i) (generated by a muon loop) for y5 2 gs(M/my,).

Finally let us briefly discuss high energy collider constraints on VLL. Recent
theoretical studies of these models in the context of the LHC and future machines include
Refs. [116, 193] [323]. The production rate (and the resulting bounds) depend strongly on
the VLL SU(2), representation [323], with singlets usually being the least constrained.
In the singlet case, the main production channel is pp — v, Z* — 4 ~. The heavy
leptons decay to SM particles via the interactions of eq. . Our model differs slightly
from the minimal VLL scenarios studied in these works, as it features new production
and decay mechanisms involving S. For example, in addition to the “standard” decays
v — Wy, Zl, the VLL can decay 1 — S¢. Even more interestingly, interference of
SM and S-mediated channels can significantly weaken existing constraints [208]. The
standard and S-mediated effects are parametrized by independent couplings, making
it difficult to directly translate existing bounds on VLL models. It would therefore be
interesting to carry out an dedicated study for the VLL+S model at the LHC.

With these important caveats in mind, we note some constraints on the mini-
mal VLL model (without S) that may be relevant for the full scenario: LEP ruled out

many kinds of charged particles with mass below ~ 100 GeV [48,[334]. The best current
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LHC limits on the singlet VLL scenario are from ATLAS and CMS [15, 439], with M

excluded in the ranges 114 — 176 GeV (¢ — Z +e/p) or 125 — 150 GeV (¢p = Z + 7).

I Muon Transport

In this Appendix, we describe our simulation of muon transport in the dump.
We developed our own propagation code instead of using off-the shelf tools such as
GEANT in order to have a simple way to incorporate rare processes relevant for signal
and background events (e.g., S bremsstrahlung and muon deep inelastic scattering).
Simulations of these processes are performed using other codes (e.g., Madgraph and
Pythia), so having minimal muon code enables a simple interface between them.

Muons produced near the front of the beam dump can propagate a significant
distance before undergoing a dark bremsstrahlung reaction. The energy and angular
distributions of the resulting muon-philic scalars are sensitive to the details of muon
transport through the dump. Muon propagation is also relevant for predicting the rates
of some of the backgrounds, such as DIS-induced meson production at the very back of
the dump (see section . Below we describe our treatment of muon production and
propagation in the magnetic field, including energy loss and multiple scattering.

We generate an initial muon sample using Pythia to model pp collisions with
incoming 120 GeV proton beam, assuming the production takes place in the first nucleon
interaction length. The primary proton flux is exponentially diminished beyond the first
interaction length, and the surviving protons lose energy; neglecting these protons is

therefore a conservative simplifying assumption.
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The muons come dominantly from charged pion decays. We require that the
pions decay within the first pion interaction length, A;int. The fraction of decayed
pions grows linearly with distance (in the long life-time regime), while their flux is
exponentially suppressed by exp(—z/Arint). As a result the total muon flux is well
approximated by the first interaction length alone. This assumption allows us to neglect
pion transport in the dump. The energy and transverse momentum distributions of
pions and muons obtained this way are shown in fig.

The secondary muons can undergo bremsstrahlung in the dump. Interactions
close to the end of the dump are particularly interesting since they enable sensitivity
to shorter scalar lifetimes. We propagate the muons through the FMAG in small steps,

including the following effects:
a. The 1.8 T magnetic field of the FMAG;
b. Ionization energy loss;
c. Multiple Coulomb scattering.

The magnetic field is included by solving the relativistic equation of motion in each
step. Energy loss and multiple scattering are stochastic processes, so they are applied
at the end of each step. We describe our treatment of these processes below.

While dE /dz is frequently used to estimate the energy losses of particles prop-
agating through a medium, it is important to note that dE/dz is an average loss,
appropriate for describing very large ensembles of particles. This average is sensitive to
rare, high loss collisions. This does not mean that it is an accurate representation of
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the typical losses of individual particles [449]. Indeed, the definition of dF/dx includes
large losses due to rare high-energy transfer, skewing the mean loss to larger values. For
example, the most likely loss for a 5 GeV muon traversing 1 cm of iron is 10.6 MeV,
while dE/dx is 14.6 MeV [449]. In practice, this means that the losses of individual
particles follow a distribution where the peak of the distribution (the most probable
loss) is different from the average. In our case, energy loss fluctuations can be modelled

by the Landau distribution (see Refs. [86], 119, 347, [431] for helpful reviews):

1 c+100 A — Ap

fA) = — dsexp (As+slns), A= —0.22278, (.60)
27”'6 c—100

where c is a positive number, A is the energy loss, £ and A, are given by [449]:

2m.5*y° £ _ o 141
—7 + lnj +0.2-46|, £=0.153538 MeV c¢cm*” mol Ve (.61)

Ap=¢ [ln
where ¢ is the thickness in g/cm? of the material traversed, 3 the particle speed, and A
and Z are the atomic mass and number, respectively. The material dependent parame-
ters I and ¢ are the mean excitation energy and density correction which are evaluated
using the tabulated data of Ref. [449]. The Landau distribution is an appropriate de-
scription of energy loss fluctuations when the losses are small compared to the maximum
kinematically allowed loss and the initial kinetic energy (£/Emax < 1 with Epax given
in [449]), but large compared to typical atomic binding energies (/I > 1) [347]. Both
conditions are easily satisfied for muon energies of ~ GeV and above, and for propaga-
tion distances of a few cm. eq. is heavy-tailed with an undefined mean, implying
that particles are allowed to lose arbitrarily large amounts of energy. This is of course

unphysical since there is a maximum energy loss dictated by kinematics. Thus, the
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distribution should be truncated, i.e., A < Apax for some Ap.x. We implement such
a truncation by requiring that the mean energy loss of the truncated distribution is
equal to dE/dz. Sampling from this truncated distribution is achieved using a modified
version of the [landaupy package. We checked that our implementation of energy losses
reproduces those of GEANT for muons with initial energies from 1 to 100 GeV propa-
gating through iron targets of 1 to 500 c¢m, covering the parameter ranges relevant for

DarkQuest.

Multiple scattering is modeled by applying a transverse momentum kick drawn
from a Gaussian approximation to the Moliere distribution of scattering angles. The
variance o2 of this distribution is given in Sec. 7 of Ref. [340]:

2 2
2 Xe 14w _ o dmnate”Z(Z+1) Q B
ot =F Ty lee(lHu) — 1, xe = TR U= S F) F =098 (.62)

where n 4 is the atomic number density, p is the particle momentum and €2 is the mean

number of scatters

Z+1)73
0 7800t (Z + 1) (.63)

: B2A [1 +3.34 (Zﬁaﬂ

with 3, t, Z, A defined above. The Gaussian approximation provides an adequate

description of multiple Coulomb scattering when € > 1; this is the case for ¢t > 1073 X,
B =1 and arbitrary Z, where Xy is the radiation length [340].

We chose a 1 cm step size to ensure the validity of the various approxima-
tions for the treatments of ionization and multiple scattering. Specifically, 1 cm is large
enough such that the number of Coulomb collisions is large and the Gaussian approx-
imation is valid, but small enough that the losses do not significantly affect the muon
trajectory in a single step. A larger step size is also desirable for computational speed.
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We have verified that this algorithm reproduces the GEANT4-transported muon spectrum
used in Ref. [226]E| It also reproduces the spectra of monoenergetic muons propagated
through 5 m of iron (this cross-check eliminates the convolution of propagation effects
with the primary muon spectrum). Note that while [226] focused on a dimuon reso-
nance search with a monoenergetic muon beam, here we take into account the full muon
spectrum from beam-target interactions and its propagation through the dump.

The muons are thus transported until they either leave the dump or reach an
energy below a GeV (in our reach estimates we always require the signal photons to
each have an energy of at least 500 MeV, which implies a minimum muon energy of
O(1) GeV). The magnetic field and energy loss are by far the most important effects:
The pr imparted by the B field is ~ 2.6 GeV for relativistic muons that traverse the
entire FMAG; in practice the pr fluctuates around this value due to multiple scattering
and energy losses; it can also be substantially smaller if the muon ranges out inside the
dump. The most probable energy loss (A, in eq. ) is ~ 7 GeV after traversing the
FMAG.

The phase-space trajectories obtained using the above procedure are used to
sample the momenta and interaction vertices at the interaction time. The probability
distribution of the muon path length ¢ through the FMAG at interaction is given by (in

the small coupling limit)

dP
o nA0Brem. (Eu(f)), (.64)

9We thank Cristina Mantilla Suarez and Christian Herwig for extensive discussions regarding this
check.
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where n 4 is the number density of target nuclei, ogrem. is the uN — ulN + S cross-
section, and E,,(¢) is obtained from the muon trajectory. This distribution is sampled
using the inverse transform method. In fig. we show the energy and transverse
momentum spectra of the initial muons, the muons at their interaction positions and
the muons that traverse the entire FMAG without interacting. We clearly see the effects
of transport, as the muons typically have a lower energy and larger pr the more material
they traverse. In our simulation, we force every generated muon to interact within the
FMAG. In this approach, each event must be weighted by the probability of the muon

do so:
na [ e (B0t (.65)
FMAG

The geometric acceptance-weighted sum of these probabilities (normalized to the total
number of simulated pp collisions) gives the total S yield (see eq. )
J Rare Meson Decays

The full result for the three-body decay of the kaon to produce a scalar is given

byl

10The Mathematica version of this expression can be found here.
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Figure .12: The threshold impact parameter as a function of p = 0g/0g. The method-
ology of Johnson et al. [298] (orange) results in larger threshold impact parameters in

the finite-source regime than our analysis (blue), increasing their relative yields.
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Propagated Muon Spectrum in FMAG (120 GeV p beam)
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Figure .13: Muon spectra at creation (blue lines), at the uN — pN + S interaction
(orange lines), and at FMAG exit (gray lines). The initial spectra are generated using
Pythia (see fig. and transported as described in the text. The transport includes
the effects of energy loss, and multiple scattering and the magnetic field which are
evident in the left and right panels, respectively. Note that blue and orange histograms
sum to 0.0028 per POT, which is smaller than the total muon yield of 0.01 per POT
in table and the corresponding histogram in fig. this is because here we impose
E, >1 GeV. The gray histogram contains a smaller number of muons still as not all

muons are able to penetrate the entire FMAG.
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