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Abstract

We explore two directions in beyond the standard model physics: dark
matter model building and probing new sources of CP violation. In dark
matter model building, we consider two scenarios where the stability of
dark matter derives from the flavor symmetries of the standard model.
The first model contains a flavor singlet dark matter candidate whose cou-
plings to the visible sector are proportional to the flavor breaking parame-
ters. This leads to a metastable dark matter with TeV scale mediators. In
the second model, we consider a fully gauged SU(3)? flavor model with
a flavor triplet dark matter. Consequently, the dark matter multiplet is
charged while the standard model fields are neutral under a remnant Z;
which ensures dark matter stability. We show that a Dirac fermion dark
matter with radiative splitting in the multiplet must have a mass in the
range [0.5, 5] TeV in order to satisfy all experimental constraints. We then
turn our attention to Higgs portal dark matter and investigate the possi-
bility of obtaining bounds on the up, down, and strange quark Yukawa
couplings. If Higgs portal dark matter is discovered, we find that direct
detection rates are insensitive to vanishing light quark Yukawa couplings.
We then review flavor models and give the expected enhancement or sup-
pression of the Yukawa couplings in those models. Finally, in the last two
chapters, we develop techniques for probing CP violation in the Higgs cou-
pling to photons and in rare radiative decays of B mesons. While theoret-
ically clean, we find that these methods are not practical with current and
planned detectors. However, these techniques can be useful with a dedi-
cated detector (e.g., a gaseous TPC). In the case of radiative B meson decay
BY — (K* — Kr)y, the techniques we develop also allow the extraction
of the photon polarization fraction which is sensitive to new physics con-
tributions since, in the standard model, the right(left) handed polarization
fraction is of O(Aqcp/my) for B°(B) meson decays.
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Chapter 1

Introduction

It is worth emphasizing a remarkable fact: we understand the physics of our Universe
on distance scales that span 40 orders of magnitude. This understanding has been dis-
tilled through the scientific process into two phenomenological theories: the standard
model of particle physics (SM), and the cold dark matter model with the addition of
a cosmological constant (ACDM). The former describes the interactions of the funda-
mental particles while the latter describes the evolution and dynamics of our Universe
on the largest scales.

Thus far, all experimental tests of the SM are in good agreement with its predictions.
There are, nonetheless, tantalizing experimental “anomalies” that are in tension with
the SM predcitions. At the time of this writing the anomalies included: the muon
g — 2 anomaly (3.60), the B meson anomaly in B® — K*u™u~ (2.90)!, and a putative
signal of flavor violation in the Higgs decay i — u7 (2.60) to name just a few. Such
deviations could be signals of new physics beyond the SM (BSM). Moreover, the SM

leaves some unanswered questions which include

e The origin of neutrino masses

ITaking the [4-6] GeV? bin only.



e The hierarchy problem

e Dark matter

e The flavor puzzle

e The origin of the matter/anti-matter asymmetry

The answer to some of these questions could, and in some cases must, lie in BSM
physics.

In this thesis, we will focus on BSM physics related to DM and CP violation (CPV)
which is related to the matter/anti-matter asymmetry. In particular, we will explore
two DM model building scenarios where the DM stability derives from flavor symme-
tries. Then, on a more speculative note, we will exploit the Higgs portal DM model
to constrain the light Yukawa couplings. Finally, we will develop a technique to probe
CPV in Higgs couplings and show that this technique could also be useful to probe

BSM physics effects in radiative rare B meson decays.

Dark matter stability and the SM flavor structure

The SM Lagrangian (Zsy) possesses an enhanced U(3)° symmetry in the high energy
limit where all the fermion masses are negligible in comparison with the energy scale

(my — 0). Focusing on the quark sector, the subgroup
Gr=SU(3)o®SUB)y ® SU(3)p C U(3)* (1.1)

is only broken by the SM Yukawa interactions. However, %5\ can be made formally
invariant under G if the Yukawa matrices are promoted to spurions (spurious field
degrees of freedom) which transform non-trivially under Gr. This is a useful way to

parametrize the breaking of the flavor symmetry Gr in BSM models. Further, asserting
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that the only source of flavor breaking is from the SM Yukawas goes by the name of
minimal flavor violation (MFV).

As we will see in chapter 2, invoking the MFV hypothesis in a BSM model leads
to additional suppression in the Wilson coefficient of the effective operators. This sup-
pression will afford us a metastable DM candidate with TeV scale mediators. The TeV
scale is significant for two reasons. Firstly, because TeV scale mediators are accessi-
ble at the large hadron collider (LHC) and hence allow us to discover or exclude the
proposed toy models. Second, solutions to the hierarchy problem which was briefly
mentioned above typically require new physics at the TeV scale to cancel the quadratic
divergence of the Higgs mass.

If Gr is broken by spurions that have zero triality ?, there is a discrete Z3 subgroup
that is left unbroken. This is useful because there exists a subgroup of the direct prod-
uct Z3 ® Z¢ which we call Z7 that is consequently left unbroken®. Not only that, but
all SM fields are singlets under ZJ. Thus, the lightest state that carries a charge under
Z} is automatically stable and could therefore be a DM candidate. We will explore the

phenomenology (DM and flavor) in a flavor model where G is fully gauged.

Matter/anti-matter asymmetry and CPV in the SM

There is observational evidence that the Universe is made up entirely of matter and not
antimatter. Antimatter appears to be predominantly a secondary by-product of parti-
cle collisions, e.g. at particle accelerators or between cosmic rays and the interstellar
medium (ISM) or the earth’s atmosphere. There are three required conditions in order
for the Universe to evolve a net baryon asymmetry — the Sakharov conditions [3]: i)

Baryon number violation, ii) C and CP violation, and iii) departures from thermal equi-

2Gee, e. g., [1] for a definition of triality for SU(3) tensors and [2] for the definition of flavor triality.
SHere, Z§ is the center group of the QCD gauge group SU(3)...



librium. Here, C is charge conjugation and CP is charge conjugation combined with a
parity transformation. The SM does provide all the necessary ingredients. However,
the parameters of the SM are not sufficient for successful baryogenesis. For instance,
the only CP violating parameter in the SM is the phase of the CKM matrix and it is not
sufficient to produce the observed asymmetry. On the other hand, the departure from
local thermal equilibrium condition could be fulfilled by the phase transition between
the broken and unbroken phases of the electroweak gauge group. Unfortunately, the
parameters of the Higgs potential (the cubic and quartic couplings) only allow for weak
first order phase transition which is insufficient to satisfy the third condition Sakharov
condition.

Another possibility for BSM sources of CP violation (CPV) could be in the Higgs
sector. Since its discovery, the experimental constraints on the couplings of the Higgs
boson to the SM gauge bosons and third generation fermions have become statisti-
cally significant. This does not preclude couplings between the Higgs boson and new
heavy fermions for example. In general, such couplings could be CP violating. If these
fermions are too heavy to be probed directly at the LHC, they could still be discovered
via quantum effects. For example, if they are colored, they would contribute to gluon
fusion which is the main production mode of the Higgs at the LHC. Further, if they are
electrically charged, they would contribute to the 4 — ~v process which is one of the
cleanest signals of the Higgs due to low backgrounds. This possibility is investigated
in detail in chapter 5 where we develop observables sensitive to CPV in the Higgs

coupling to photons.

Organization

The thesis is organized as follows. In chapter 2, we investigate a model of asymmet-

ric dark matter where the DM is neutral under the SM flavor group but its couplings



are proportional to flavor breaking. The DM in this case is metastable and its lifetime
is bounded by indirect searches from ~y-ray telescopes. Flavor suppression, however,
allows the EFT scale to be at the TeV and thus have interesting signatures at the LHC.
In chapter 3, we turn our attention to flavored DM that is charged under the SM flavor
group. Here, the DM is absolutely stable due to a remnant Z; subgroup that survives
flavor breaking. We then discuss the phenomenology of the DM and the mediators in
the context of a non-MFV gauged flavor model. In chapter 4, we discuss the possibility
of constraining the light-quark Yukawa couplings in the case of a Higgs portal DM.
While current and future colliders are not sensitive to these small Yukawas, DM direct
detection rates are. By exploiting the complementarity between different searches, we
point out that if Higgs portal DM is discovered, we would obtain a non-trivial con-
straint to the light Yukawas. In chapter 5, we switch our focus to CPV in Higgs decays
to two photons and we develop observables sensitive to CPV. Finally, in chapter 6,
we exploit the same technique developed in chapter 5 to extract the photon helicity
fraction and weak and strong phases in the B — K*v radiative decay. An order ~ 1

helicity fraction or weak phase would be a clear signal of new physics.



Chapter 2

Continuous Flavor Symmetries and the

Stability of Asymmetric Dark Matter

2.1 Introduction

Dark matter (DM) is stable on cosmological time-scales. A principal question about the
nature of DM is: what mechanism ensures its stability? Commonly, this is assumed to
be a result of an exact symmetry (for a concise review of proposed stabilization mech-
anisms see, e.g., [4]). One possibility is that the stability of DM is ensured by a gauge
symmetry mimicking the way QED gauge invariance ensures the stability of the elec-
tron in the standard model [5-7]. A more frequent choice is to introduce a Z; symmetry
by hand. A prominent example is R-parity in the MSSM which both stabilizes DM and
ensures the stability of the proton [8-10]. An exact Z; symmetry can be generated dy-
namically, e.g., as a remnant of a spontaneously broken U(1) gauge symmetry, such as
U(1)p_r, [11-13]. An attractive possibility is that Z,, and consequently the DM stabil-
ity, is an accidental symmetry. Examples include minimal DM [14, 15], hidden vector
DM [16], and weakly interacting stable pions [17].

In this chapter, we explore a possibility that the discrete Z, that ensures the stability



of DM is both accidental and approximate. As a result, the DM is metastable with decay
times potentially close to the present observational bound of 7 > 10%s. We focus on
a particular subset of asymmetric DM models [18] where DM carries baryon number.

For recent reviews of asymmetric DM, see [19,20]. Our working assumptions are

e Baryon number is a conserved quantum number (it could, for instance, be gauged

at high scales).

e There is a sector that efficiently annihilates away the symmetric component. The

exact form is not directly relevant for our discussion.

e The observed flavor structure in the quark sector is explained by flavor dynamics

in the UV while DM is not charged under flavor.

The flavor dynamics fixes the flavor structure of dark sector couplings to the visible
sector in the same way that it fixes the structure of the SM Yukawa interactions. This
has two important consequences. First, the exchange of DM in the loops does not
generate dangerously large Flavor Changing Neutral Currents (FCNCs). Secondly, and
most importantly, a flavor singlet DM is stable on cosmological timescales even for TeV
scale mediators between the dark and visible sectors. In this case, the nature of DM
stability can even be probed directly at the LHC.

The underlying flavor symmetry is crucial for the stability of DM. We will demon-
strate this for two realizations of flavor physics: the Minimal Flavor Violation (MFV)
hypothesis and for abelian horizontal symmetries in the case where DM carries baryon
number 2. In this case the mediators leading to the decay of DM can be at O(100GeV).
In contrast, for completely anarchic flavor couplings where DM couples to all quark
flavors with O(1) couplings, the indirect DM bounds would require the mediators to
have masses in the O(10TeV) range.

The implications of continuous flavor symmetries for DM interactions have also



been explored in [2,21-30]. Our analysis differs from these studies in that we are as-
suming that DM is a flavor singlet (as is the case in most models of DM). This, along
with its small mass and conserved baryon number, also ensures that DM is metastable
in our setup. The stability of symmetry-less DM in the context of discrete flavor groups
has been discussed in [31] (for the potential relation of discrete flavor groups in the
leptonic sector and the stability of DM, see also [32-34]). Furthermore, the stability of
asymmetric DM due to a mirror baryon number was explored in [35] or due to frac-
tional baryon number in [36]. The decaying DM in the context of ADM models was
explored in [37-40].

The chapter is structured as follows. In Sec. 2.2, we review the relation between
DM mass and relic abundance in asymmetric DM models. In Sec. 2.3, we give two ex-
amples of flavor breaking models at the level of Effective Field Theory (EFT) analysis
that can lead to metastable asymmetric DM. In Sec. 2.4, we derive the indirect detec-
tion bounds on the two EFT set-ups. In Sec. 2.5, we give two examples of mediators
that would lead to the EFT set-ups discussed in Sec. 2.4. The relevant bounds on the
mediator masses and couplings, including collider signatures, are derived in Sec. 2.6.

Conclusions are given in Sec. 2.7, while appendices contain technical details.

2.2 Dark matter mass in asymmetric dark matter models

Asymmetric Dark Matter (ADM) models [18,41-54] address the question of why the
DM density, (2,, and the baryon density in the universe, {15, are so close to each other,
Q, ~ 5.3z [55]. In the standard weakly interacting massive particle (WIMP) models

of DM this is to some extent pure coincidence. In this case DM is a thermal relic and

Q, h\° 3x107%"cm?®s! 21
0.265) \ 0.673 (o v) ’ ‘




with (o v) the thermally averaged DM annihilation cross section. The coincidence
Q, ~ Qp then arises due to a fortuitous size of the annihilation cross section for a
weakly coupled weak scale DM — the WIMP miracle.

In contrast, in ADM models the observed DM is not a thermal relic. Its relic abun-
dance reflects the asymmetry in DM, y, and anti-DM, x', densities in the early universe.
The y and x' annihilate away, and only the asymmetric component remains. The coin-
cidence of 2, and (25 is then due to the fact that the DM relic abundance has the same
origin as the baryon asymmetry. The difference between (2, and 25 is simply due to
the fact that the DM particle is more massive than a proton by a factor of a few. More
precisely, to explain the observed (2, the DM’s mass needs to be (see Appendix A.II)

Q 1

= Nymp—2%—— 2.2
mx OmeB (B _ L)Xa ( )

where m,, is the proton mass. Here (B — L), is the B — L charge of the x field. The
exact value of numerical prefactor Ny, ~ O(1) depends on when the operators trans-
ferring the baryon asymmetry between the visible and the dark sector decouple. For
decoupling temperature above electroweak phase transition, and assuming that there
are only the SM fields in the visible sector, gives Ny, = 1.255 for DM that is a complex

scalar or a Dirac fermion. In this case the required DM mass is

my, = (6.2 4 0.4)CeV (2.3)

(B—=L)y’

where the error reflects the errors on 2, = 0.265 = 0.011 and Q5 = 0.0499 £ 0.0022 [55,
56]. We thus have

m, = {6.2,3.1,2.1}GeV, for (B—-1L),=1{1,2,3}, (2.4)

where we only quote the central values. Deviations from the above relations are possi-
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Figure 2.1: Contours of the ADM mass m, (in GeV) required to obtain the correct DM
relic density as a function of [(B—L)?|xp, [Y?]yp, i.e. the (B—L)?, and Y? summed over
effective d.o.f. in visible NP sector, while keeping [V (B—L)|xp = v/[(B — L)?]xp[Y2]np
and ¢(B — L), = 4. The visible sector with only the SM, Eq. (2.2), is denoted by a star.

ble if for instance the visible sector contains additional degrees of freedom beyond the
SM. In that case, m, in (2.2) is a function of [(B — L)?|xp, [Y?|np, and [Y(B — L)|np,
ie., the (B — L)?, Y? and Y(B — L) summed over effective degrees of freedom in the

visible NP sector, cf. Eq. (A.23). The m, required to obtain the correct relic abundance

is shown in Fig. 2.1. For illustration, we set [Y (B — L)]xp = /[(B — L)}xp[Y2np
in the plot and assume that DM is a complex scalar with (B — L), = 2. We see that
for (B — L)?xp ~ [Y?|np ~ [Y(B — L)]yp the deviations from (2.4) are modest, of
O(1). Further deviations from Egs. (2.2) and (2.4) are possible in more general frame-
works such as ADM from leptogenesis [57] or dynamically induced mass mixing [58].
Henceforth, we will assume that m,, is given by Egs. (2.2) and (2.4). Our results can be
trivially adjusted if this is not the case.

For concreteness we assume in this chapter a thermal history of the universe that
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closely resembles the one in [18] which has several distinct epochs relevant for the
ADM relic density. At high temperatures, a B — L asymmetry is generated, e.g., via
GUT-like baryogenesis [18] or via leptogenesis [57]. The B — L asymmetry is efficiently
transferred between the visible and the DM sectors through asymmetric interactions.
We do not require a discrete Z,, symmetry in the dark sector so that, unlike [18], the
asymmetric interactions can involve just a single x field. At low energies, they have a

schematic form

C
Oasymm. ~ FX(QQ):)); (25)

taking (B — L), = 2 complex scalar DM as an example. Here, C'is a flavor-dependent
coefficient. The asymmetric interactions freeze out at temperature 7y ~ A > m,,
below which the B — L asymmetries in the visible and dark sectors are separately con-
served. If the flavor breaking is due to a spontaneously broken horizontal symmetry
(see Sec. 2.3.2), the freeze out temperature for the above dimension 10 operator in Eq.
(2.5) is, using Naive Dimensional Analysis (NDA),
] A12 1/11
T ~ <1.66 X @(167r2)3——> ~ 480 GeV. (2.6)

C? mpr,

In the numerical evaluation, we used the lower bound A = A, = 1.9 TeV from
indirect detection Eq. (2.22), taken the effective number of relativistic d.o.f. to be g, =
108.75, corresponding to the SM with a complex scalar DM, and set C' = 1 which is
appropriate for the yb — bsctb transition dominance (with any permutation of the
flavors). Note that T is above the electroweak phase transition temperature T¢y, ~ 170
GeV. Itis also well below A so that the use of EFT is justified. If the mediator scale were
too low, A < 730 GeV (or A < 400 GeV for MFV breaking), the asymmetric operator
would not freeze out before electroweak phase transition started. Consequently, the
DM quantum number would not be conserved and the DM density would be washed

out. This places a lower bound on the asymmetric mediator masses to be above a few
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hundred GeV.

Finally, at temperatures below DM mass the bulk of the DM efficiently annihilates
back to the visible sector through symmetric interactions leaving only the small asym-
metric component. We have nothing new to say about this mechanism and refer the

reader to a set of model building ideas already present in the literature [19,59-62].

2.3 Metastability and flavor breaking

We show next that the DM in ADM models can be stable on cosmological time-scales
without invoking discrete Z,, symmetries. We assume that the SM quark flavor struc-
ture is explained by a continuous flavor group and that the DM carries nonzero baryon
number. This is a crucial ingredient in the argument. Since DM is not charged under
the flavor group, while the SM fields are, there are no interactions between DM and
the SM in the limit that the flavor group is unbroken (all flavor singlet interactions are
forbidden by baryon number conservation). All the interactions between DM and the
visible sector thus have to be flavor breaking and this leads to a significant suppression
of the DM decay time.

We show this explicitly for two examples of flavor breaking: i) the MFV ansatz,
where all the flavor breaking is assumed to be due to the SM Yukawas, and ii) the
spontaneously broken horizontal U (1) symmetries. Integrating out the NP fields gives

the effective DM decay Lagrangian

Ci

The sizes of the Wilson coefficients, C;, are fixed by the assumed flavor generating
mechanism. We consider the case of DM, y, that is a SM gauge singlet but carries

nonzero baryon number, B # 0. The lowest dimensional asymmetric local operators
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thus have the generic form
O; = x [u]™ [dT™ [¢*]™, (2.8)

where we do not show the contractions of SM gauge indices. Here (n, + nqs + ng)
mod 3 = 0 since DM is a color singlet. Note that DM needs to carry an integer baryon
number in order not to forbid all the asymmetric interactions with the visible sector.
Above, u®, d° are the electroweak singlets and ¢ represents the electroweak doublet
left-handed quark fields in two component notation, with ¢* being the corresponding

complex conjugated Weyl spinor, see App. A L In the down-quark mass basis they are

v
US = Uypass d° = diasss q= (Z) — ( CKM UMASS). (2.9)

dMASS

The SM Yukawa matrices are then
Yo = Y% Yy = VeV 8, (2.10)

with YgfaUg the diagonal Yukawa matrices.
As an example, let us consider fermionic B = 1 DM. Two distinct types of operators

are allowed

05321) = (X uc) (dcdc) — (X uf/IASS)(dE/IASS dE/IASS)7

O =Y = (X @)(d°2)e?” — (X Uy pes Vern) (Asnss@inss)

2.11)

where p, o are SU(2);, indices while the SU(3) and flavor indices are implicit and we

have chosen one possible Lorentz contraction denoted by the parentheses.
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Figure 2.2: Feynman diagram for the decay of DM with B = 1 assuming MFV. This
amplitude leads to the partial decay width T in Eq. (2.13).

2.3.1 Minimal Flavor Violation

The MFV assumption is that, also in the NP sector, the flavor is broken only by the
SM Yukawas Yy p [63-67]. The MFV assumption can be most succinctly cast in the
spurion language [64]. In the limit of vanishing quark masses the SM quark sector
enjoys an enhanced flavor symmetry Gy = SU(3)g x SU(3)y x SU(3)p. The Yukawa
interactions uCYJqH , dCY[T)qH ¢ are formally invariant under Gy, if Yy, p are promoted
to spurions, i.e. if they are assumed to transform under G as Y, — Y, = UQYUU;},
Yp — Y} = UgYpU}. Here Ug . p are transformations from SU(3) ¢ 1.p, respectively.
This means that the low energy operators in (2.7) also need to be formally G' invari-
ant. Keeping only the minimal insertion of Yukawas, the operators O, in Eq. (2.11)

for B =1 DM are

O™ = (xS YD) o (diypdsy, ) VM P

¢ dia dia c c a
- (X uMASSYU ngVCTKMYD g) Ka([dMAss]Nﬁ [dMASS]M“/)GKJW\/[6 577 (2 12)

OB=1

SV =(X @) ([d5Y DN G ) €7 XN M P

Ydiag]‘

- (X UI/IASS‘/CTKM) Ka ([di/IASS D ]Nﬂ [d;{Ass]M’Y) GKNMeaﬁvv

where «, 3, 7 are the color indices, and K, N, M run over the quark generations.

The two operators lead to the x — bus decay at the partonic level which is the least
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suppressed kinematically allowed transition. For the operator O, this transition arises
at 1-loop and requires two chirality flips, see Fig. 2.2. The decay amplitude scales as
~ 1y with an extra loop factor and a chirality flip suppression ~ m;Aqcp/m3,. To be
conservative, we count the chirality flip suppression due to the light u, d, s quarks as
proportional to Agcp and not to the much smaller quark masses. The operator O, leads
to the decay x — bus at tree level with the decay amplitude suppressed by ~ V.
Once the quarks hadronize, the decays appear as x — =7, or x — A,/K, with any

number of pions. Using NDA to estimate the decay width gives (setting V}, ~ V4 >~ 1)

2 /1 mA “m ys \2 [4.0-10°TeV\*
T ~ (Yews) (%) tAQCD X —66-10-7'G V( b )
X st VA \16m2 m2, ) 16m2 “V\0.024 A '

4
' ~ M (%)4 M _66. 10_51GeV( Yp )2 (4.3 : 107TeV> |

X 8T A 1672 0.024 A
(2.13)

for the case where O, and O, dominate the decay, respectively. The last 1/167? factor
is due to three body final state and is required to obtain the correct estimate for the
inclusive decay width as can be seen from the optical theorem and the use of the OPE.
In the numerics, we use m; = 173 GeV, m, = 6.2 GeV, |V,;| = 0.00415. The numerical
prefactor 6.6 - 107°" GeV = 1/(10%s) is chosen to make contact with the bounds on the
DM lifetime from indirect DM searches.

Note that MFV leads to two sources of suppression. First, there is the suppression
of the Wilson coefficients due to Yukawa insertions, y, ~ 0.024 for O; and y,V,, ~
10~ for O,. In addition, there is a loop suppression for O; where the decay has to
proceed through an off-shell top quark. Without these additional suppressions, the
bounds from indirect DM detection would require about two orders larger NP scale,
A >4.3-10° TeV.

The suppression factors are much larger for B = 2 DM, in which case the DM is a
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scalar, and the asymmetric operators start at dimension 10. We investigate in detail the

operator

O™ = X(dicadieg) (147Dl ntar o) (@R )N M N e e

c c * dia; "
- X( [dMASS] Ka [dMASS] Nﬁ) ([UMASSVCTKMYD g] Mo’ [dMASS] K'p' ) (2'14)

X ([UI/IASSVJKM]N”‘/’ [d;IASS]M,’y)CKNMGK’N/MIeaﬁryealﬁ/,yl7

that gives the least suppressed decay amplitude. Above, we chose one of the possible
color contractions, implicitly assumed contractions of weak indices within brackets,
and only kept the weak contraction leading to the largest decay rate in the second line.

The correct relic abundance requires a DM mass of m, = 3.1£0.2 GeV, assuming the
SM field content at the time of the decoupling of the asymmetric operators. We assume
that m, < m,+ +mg- = 3.48 GeV, and thus below the threshold for the x — A7Y¥~ de-
cay, kinematically forbidding the x — udc dds partonic transition. The least suppressed
partonic level transition is therefore y — uds uds resulting, after hadronization, in the

decays x — A’A% 75 =7p, =%, ... The NDA estimate of the y decay width is then

V212 rmo\12 m y \2 (0.63TeV)"™
P o WVl (12 my e sy .15
X 8 ( A ) (o2t~ 0671077 Ge (0.024> A (215)

The MFV assumption results in the y, V5 suppression of the Wilson coefficient. The
1/(167%)* factor reflects the fact that, in the OPE, the leading contribution starts at 5
loops. The use of the OPE may be suspect for such low m, masses and one could
expect O(1) corrections to the above estimate from additional soft gluon loops.
Indirect DM searches require the NP scale to be A 2 0.49 TeV. This corresponds to

the bounds on the masses of the mediators between the dark and the visible sectors,

16



ADM model MFV FN

B Dim. m, [GeV] decay 7[s] A[TeV] decay T[s] A[TeV]
1 6 6.2 x — bus 1026 4.0 x 108 x — bus 1026 8.1 x 108
2 10 3.1 x — udsuds 1026 0.63 x — udsuds 102 2.5
3 15 2.1 forbidden 00 - forbidden e -

Table 2.1: Leading decay modes for the B = 1, 2,3 ADM assuming MFV or FN flavor
breaking. The dimensionality of the decaying operators are denoted in the 2nd column.
With the suppression scales A given in the 6th and 9th column the ADM decay time is
T~ 10% s. The B = 3 ADM decays to quarks are kinematically forbidden.

> 210 GeV, and mpediator =

~J ~Y

Mumediator =, 490 GeV, Myediator 90 GeV, if the operator (2.14)
arises at tree level, 1-loop, or 2-loops, respectively. The mediators can thus be searched
for at the LHC as discussed in Sec. 2.6.3. Note that the flavor suppression was essential
to have such a low bound on the NP scale A. Without it, and taking the Wilson coef-
ficient to be 1, the indirect bounds on the stability of DM would require A 2> 7.3 TeV,
implying that the mediators were most likely out of reach of the LHC.

The bound on the NP scale A is quite sensitive to the actual value of m,,. For larger
values of m,, the x can decay to top and bottom quarks reducing the loop and CKM
suppression of the decay width. This is illustrated in Fig. 2.3, where the NP scale is
tixed to Aupy = 1 TeV and m,, is varied. As the kinematic thresholds for the x decays

to c or b quarks are reached, this results in a change of several orders of magnitude in

the predicted decay time.

2.3.2 Spontaneously broken horizontal symmetries

The suppression we found above using the MFV ansatz is model dependent. To illus-
trate this point we turn to U(1) Frogatt-Nielsen (FN) models of spontaneously broken
horizontal symmetries [68]. The suppression of the Wilson coefficients in the effective

Lagrangian (2.7) is then given by the horizontal charges of the quarks in the operators.
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For instance, for the two B = 1 DM operators in (2.7)

B—= c c jc c c C
Og = (X dK) (uNdM) — (X [dMASS]K) ([U’MASS]N[dMASS]M)? (2.16)
B= * C % ij * c % .
Oé R (X in)(dNQMj)E = (X [uMASS]K) ([dMASS]N[dMASS]M) )
the Wilson coefficients are
Oy ~ /\|H(d§<)+H(u§V)+H(dﬁw)|7 Cy ~ A~ Har)+H(dy )~ H(qm)| (2.17)

Here H (u%), ..., with H(q};) = —H(qx), are the horizontal U (1) charges of the quarks,
and A ~ 0.2 is the expansion parameter. The dependence of the operators and Wil-
son coefficients on the generational indices K N M is implicit as are color, weak, and
Lorentz contractions in (2.16).

An example of a horizontal charge assignment that gives phenomenologically sat-

isfactory quark masses and CKM matrix elements is [69],

1 2 3

¢ [3 2 0
H(g,du)= 4|3 2 2/, (2.18)

uw\3 1 0

where the column labels {1, 2, 3} correspond to the first, second, and third generations
of quarks.

Since the heavier flavors carry smaller charges the DM preferentially decays into the
heaviest accessible states. As in MFV, the dominant decay is x — bus, except that the
ysVaup ~ A° suppression gets replaced by a much more modest ~ \I=H(@)+H(s*)=H(a)l =
A. This is the largest scaling allowed by FN charges. In concrete UV mediator models

the suppression can, in fact, be much more severe as we will see explicitly in the next
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Section.

For B = 2 DM the least suppressed operator is

O=) = \(deds) (@ dle) (@i alr)
(2.19)

= X([dasslx[dyass] V) ([ ass] s [digass) k7) ([Ungass) v [Aagass] mr)

suppressing, again, the color and weak contractions. The corresponding Wilson coef-

ticient is suppressed by

O ~ \H )T H(dS)~H(aar)—H(ager) = H(anr) —H(gur)] (2.20)

At the partonic level, the dominant decay is x — ussuds with a Wilson coefficient
that is of parametric size ~ \H(@)+H(s9)=2H(e2)=2H(a)l = )5 Note that in MFV this
process proceeded through 2 loops so that the suppression was much more severe,
~ VisVip/(167%)% ~ X3 /(167%)? at the amplitude level. While the suppression in the FN
case is much less than in the MFV case, it is still nontrivial. It lowers the scale of NP
allowed by indirect DM searches from A 2 7.3 TeV, in the case of no flavor structure,
to A 2 2.5 TeV in the FN case. Taking the bound from DM indirect detection searches
gives A 2 1.9 TeV. If the operator arises at tree level, 1-loop or 2-loops, this corresponds
to mediator masses, Muyediator = 1.9 TeV, Muediator =, 830 GeV, and Muyediator <, 360 GeV,

respectively.

2.4 Indirect detection

The asymmetric operators discussed in the previous section lead to a decaying DM
which can be potentially seen in indirect DM searches. In our models, the x decays
hadronicaly. The decay products thus contain a number of charged particles and pho-

tons. The flavor composition of the final state depends on the mass, m,, and also on
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Figure 2.3: The solid blue (red dashed) line denotes the B = 2 DM lifetime as a function
of m, for the MFV (EN) case, fixing the NP scale to A = 1(3) TeV. Assuming the dom-
inance of one decay mode, the green (orange) line shows the constraint on the decay
time from FERMI-LAT [70] for bb (11*17) final states using the NFW profile. The dash-
dotted red line shows the AMS-02 [71] constraint on x — ptp~ decay time derived
in [72], while the light blue line shows the Super-Kamiokande [73] constraint on the
X — vv decay time obtained in [74]. The purple line shows the upper limit on x — uds
and x — cbs decay times (indistinguishable at the scale of the figure) obtained in [37].

the assumed flavor breaking pattern. In Section 2.3, we discussed in detail the case of
6.2 GeV B = 1 DM, which decays through x — bus and a 3.1 GeV B = 2 DM that
decays through x — uds uds. After hadronization, these result in the decays x — ZJ) n°
and x — A°A?, respectively. The dominant decays for other DM masses, assuming
the MFV or EN flavor breaking patterns, are given in Appendix A.IIl. The DM lifetime
dependence on m, is shown in Fig. 2.3 after fixing the NP scale to be A = 1(3) TeV for
the MFV (EN) flavor breaking.

To guide the eye, we also show in Fig. 2.3 the following bounds from indirect DM

searches. The green (orange) line shows the constraint on the DM decay time from

FERMI-LAT [70] for x — bb(u*u~) decays using the NFW profile. The dash-dotted
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light red line shows the results of an analysis [72] based on AMS-02 [71] and assuming
x — pTp~. The light blue line shows the result of an analysis [74] assuming x —
vv decay based on Super-Kamiokande [73] bounds. The purple line is an exclusion
curve from [37] based on galactic and extragalactic gamma ray flux measurements by
Fermi [75-77]. The authors in [37] consider x — wuds and x — cbs decays as two
extreme choices for the flavor structure of the final states. The derived bounds on the
x lifetime differ by less then a factor of 2 such that the two bounds overlap on the
scale of Fig. 2.3. The decays we consider fall between these two extreme choices with
potentially weakened bounds in our cases above m, 2 O(10) GeV due to the increased
multiplicity of final states. The bounds cross the expected x decay times at m, ~ 5 GeV
for Avipv = 1 TeV suppression scale in the case of MFV flavor breaking and at m, ~ 4
GeV for Apy = 3 TeV suppression scale in the case of FN flavor breaking.

For the 3.1 GeV B = 2 DM, we thus find that, for the MFV case, the indirect detec-
tion requires

where the dominant operator is given in (2.14). For the FN case the bound is

where the least suppressed operator is given in (2.19).

2.5 Mediator models

The EFT analysis of metastable ADM using asymmetric operators is an appropriate
approach to derive the indirect DM detection signatures as we did in the previous sec-
tion. However, for DM direct detection searches and the DM production at colliders,

the dominant signals are due to either a single mediator exchange or from direct pro-
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Field SUB3)¢ SU©2)r U(l)y Gr U(l)p_L
b1, 3 1 1/3 (6,1,1) 2/3
or, 6 1 1/3 (3,1,1) 2/3
bR 3 1 -2/3  (3,1,1) 2/3

Table 2.2: The gauge and global charge assignment for the three scalar mediators, ¢,
@1, and ¢p, in the first UV completion toy model for which we assume the MFV flavor
breaking pattern.

duction of the mediators. To assess the reach of these DM searches, the UV completions
to our models are therefore needed.

We introduce two toy model UV completions that can generate the dimension 10
effective operators; that is, the operator in Eq. (2.14) for the MFV case and the operator
in Eq. (2.19) for the FN case. The EFT operators are generated when the ~TeV medi-
ators are integrated out. In our first model, all the mediators are scalars, while in the
second model there is also a fermionic mediator. The flavor structure in either of the
two models could be of the MFV or of the FN type. For concreteness we fix the first

model to have the MFV flavor breaking, and the second model to have the FN flavor

breaking.

2.5.1 MFV model with scalar mediators

The SM is extended by the DM, x, and three flavor multiplets of scalar mediators — a
color anti-triplet ¢;, and a color sextet ¢;,, both with hypercharge 1/3, and a color sextet
¢r with hypercharge —2/3 (see Table 2.2). They transform under the flavor group G

as (6,1,1), (3,1,1), and (3,1,1), respectively. The interaction Lagrangian between
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mediators and the SM is thus given by

K1 = * * ij « K2 7a * * ij
Lint D ?Kf‘B[CbL]i (QA,aiqB,,Bj) /e + ?K,\B[SOL]Q (QB,aiqC,ﬁj) €7eAPC

K [ O
+ 5 YoIR[0rlaa (455 d5,) Y7 4+ KPR 00 )i lwr] i 0n] .5 + hc.

(2.23)

where the flavor indices A, B, C belong to SU(3)g and X, Y, Z to SU(3)p. The QCD
indices are af7y, while the weak isospin indices are denoted by 7, j. The flavor in-
dex I and color index A run from 1 to 6. The matrices of the Clebsch-Gordan coef-
ficients, K{*® and K¢’, are the same as in [78] and satisfy the completeness relation
(KB KEP = 16065 + 6508), and similary for K5”. In the second line of (2.23), the
down Yukawa insertions make the interaction term with right-handed down quarks
formally invariant under G.

Integrating out the mediators ¢;, g, ¢, gives the x decay operator (2.14), with the
Wilson coefficient

C; 1 KiKakaka

—_ = ——— =7 2.24
A= T8, mz,ml, 229

For k1 = k2 = k3 = k4 = 1 the bounds from indirect DM searches thus require
Mg, b0 2 200 GeV, if all the mediator masses are the same. This should be appro-
priately rescaled if either x; have smaller values or if all masses are not the same. For
instance, for x; = 0.3 the mass degenerate case of the mediators is bounded from below
by my, sr.e. 2 200 GeV. Since the mediators carry color charges, they can be searched
for at the LHC as discussed in Section 2.6.3 below.

Note that, for the Lagrangian in Eq. (2.23) the common scenario where the sym-
metric component of x density annihilates through a dark photon [19,59-61] is phe-
nomenologically not viable. In this case, at least some of the SM quark fields would
need to carry a dark U(1) charge in conflict with the low energy constraints if dark

photon is light. A viable possibility, on the other hand, is the annihilation of xx! to a
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Figure 2.4: The x decay in the MFV mediator model through the off-shell scalar medi-
ators ¢, g, @1, (left), and through the off-shell fermion ) and scalar ¢ mediators in the
FN model (right).

pair of light scalars along the lines of Ref. [79].

2.5.2 FN model with fermionic and scalar mediators

In the second model the SM is supplemented with a DM scalar x, a Dirac fermion
and a complex scalar ¢ with SM gauge assignments as in Table 2.3. The relevant terms

in the baryon number conserving interaction Lagrangian are

Lowe 2226, (00t 5;) 9+ g0ad™ (50 0) + T x(we ) + e, (225)

Field SU(?))C SU(Z)L U(l)y U(l)B,L
¢ 3 1 1/3 2/3
¥ 1 1 0 1

Table 2.3: Gauge and B — L charges of the mediators ¢ and 1 in the second UV com-
pletion toy model. We also assume the FN flavor breaking pattern.
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where, for the couplings g,, g4, we also denote the flavor dependence. If the flavor
breaking is of the FN type and the mediators do not carry a horizontal charge, then

Gg.ap ~ geATla)TH@s)] g ~ gaAHEl (2.26)

where gq4 ~ O(1).
Integrating out the mediators generates the operator (2.19) with the Wilson coeffi-

cient

C 1 1

I Wﬂxﬂq,M,K’gq,N’M’gdngdaN ~ 2

A5 [ H(dy) [+ H (gan)+H (g e |+ H (g )+ H (g0)]
p 8 migm '

(2.27)
Note that the flavor suppression here is parametrically different than in (2.20) which
was obtained by assuming that the FN scale is close to the TeV scale and that the inter-
actions of DM with the visible sector involve the FN fields. In the above model, how-
ever, the FN scale can be arbitrarily high and only fixes the flavor interactions between
the mediator and the SM fields. Consequently, the leading decay is now x — ussuds
where the suppression for the amplitude is ~ AH@)FHE)F2H (@) +H @)l A5 to be
compared with the A* suppression in the more conservative case considered in Section
2.3.2 where the leading decay is x — udsuds. The indirect detection bound (2.22) thus
translates in our toy mediator model to my,, 2> 130 GeV for mass degenerate ¢ and .
However, since the coupling to the third generation quarks is O(1), the scalar media-
tors should in fact be heavier than the top quark in order not to moditfy its total decay
width.
The scaling (2.26) changes if the mediators carry nonzero horizontal charges. For in-
stance, if the horizontal charge of ¢ isnonzero, H(¢) # 0, one has g, a5 ~ AH(@a)+H{az)=H($)|
ga,a ~ NHEDHH@] Tn this case, the indirect detection bounds need to be appropriately

rescaled. For —2 < H(¢) < 5 the Wilson coefficient is still given by (2.27) and thus
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My 2, 130 GeV from indirect bounds as before. For other values of H(¢), the bound
becomes even weaker.

As far as the annihilation of symmetric part of the y relic density is concerned,
similar comments as for the MFV model in Section 2.5.1 apply. The dark U(1) is phe-
nomenologically not viable, while annihilation to light scalars is. Furthermore, if 1
has a mass within O(10%) of m,, the process xx! — 117, which is forbidden at zero
temperature but allowed for nonzero temperatures at the freeze-out, can efficiently

annihilate away the symmetric component of y without any need for additional states.

2.6 Experimental signatures of the mediators

Now we turn to the experimental signatures of weak scale mediators, the flavor con-

straints, direct DM detection, and DM production at the LHC.

2.6.1 Flavor constraints

The two mediator models from Sec. 2.5 do not lead to tree level flavor changing neutral
currents (FCNCs). These are first generated at 1-loop, see Fig. 2.5. For real couplings x;
and g,/4 in Egs. (2.23) and (2.25), the constraints from K° — K°, D° — D° and B?s) — B’?s)
mixing require the mediators masses to be generically above several hundred GeV as

we show below. For related analyses of flavor constraints on diquarks, see, e.g., [80,81].

The AF = 2 effective weak Hamiltonian is

MG 2= Coi+> GOy, (2.28)
where i = 1,...,5 runs over the dimension six operators (we use the notation in [82]).

Integrating out the mediators and the W at the weak scale gives, at leading order, a
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Figure 2.5: Box diagrams contributing to the neutral meson mixing. In the MFV model,
there is also a contribution with both ¢;, and ¢, in the loop, while ¢ contributions are
suppressed and can be ignored.

nonzero Wilson coefficient for the operator
Oy = (8%, P.D%)(SP+"P,D") = (s**c"d") (s*°5,d") (2.29)
in the case of the MFV model, and for both O, and its parity conjugate operator
O, = (S, PrD*)(SP4* PrD?) = (s“*5*d***) (5°5,d"") (2.30)

in the case of the FN model. Above, we first give the operators in the 4-component
notation and then also in the 2-component notation (for our notation see Appendix
Al).

In the matching there are two types of contributions: in the first, only the mediators
run in the loop whereas in the second, both the scalar mediator and the ¥ boson run

in the loop, see Fig. 2.5. For the MFV model, these give for the K° — K% D° — DY and
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B(s) — B(S) mixing

1
CMEV — — {(Vcs o) [(k1 +3k3 — 2k7K3) F(xe) + 492 k5 G(w, v)| +¢ —
64m my

— 2V Vi Vi t’;[ (;{‘11 + 3/@‘21 — 2/@%&%) FF(xC, xt) + 493)/@% GF(mw, Ze, xt)} },

(2.31)

1
MV — T{(X/MV;;)Q [(K] + 363 — 267K3) Fz,) + 495 k5 G0, 25)] +5 = b
64 my
— QVUSVC’;VMVZZ[ (/{11 + 3/{% — 2/{%/{3) FF(xS, xp) + 492,,%; GF(xw, Zs, xb)} },
(2.32)

CHEY = G (Vi (61430 = 26000) Pl + 102036 ] 230)
where ¢ = d, s, x; = (m;/my)?, and we have set m,, = m, = 0 and assumed, for simplic-
ity, that the ¢ and ¢ are mass degenerate. The loop functions F(z), F¥ (21, 1z2), G(x1, 29),
and G (x1, x4, z3) are given in Appendix A.IV. As in the SM, the largest contribution
to the K° — K mixing is due to the charm-charm loop while, for BY — B,’ mixing, the
top loop dominates as expected.

For the FN model, the Wilson coefficients are given by

FN /\1093 [ 4 1F ] 5EN Mg
Ciw ~ H 2\ H" (x,, , Ciw ~ H , 2.34
LK 167727713> I (7e) + (2 xt)_ 1K 167r2m3) (y) (2.34)
Ngd o ¢ ; 5 ALO g4
CIN ~ 1 _|H 2N HY (z, CIN o — Jd_ g 2.
1Ba 1671'277135 I (ze) + (@ ’It)_’ 1By 1671.277@35 (zy), (2.35)
/\4g4 r B ~ /\894
1B, ~ —167T2:n35 _H(xt) + 221 HF(xc,xt)_, Cfgd ~ 167?2;;35 H(zy), (2.36)

while ¢ = PN and CFN = 0. Above, we have indicated the scaling of different contri-

butions to the Wilson coefficient in terms of A = 0.2, cf. Sec. 2.3.2. In the numerics we
use the equality sign. The loop functions H(z) and H (z1, x,) are given in Appendix

A.IV.
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MFV FN
K12 < Mg op > Ggd < me >
K - K° 0.33 29 TeV 0.63 570 GeV
By — By 1.3 710GeV  0.54 1TeV
B, — B, 1.3 780GeV  0.59 840 GeV
DY — DO 30 34 GeV 4.3 56 GeV

Table 2.4: The 95 % C.L. bounds on the MFV and FN mediator models from meson
mixing. Taking mg4, = m,, = my =1TeV and k1 = ka(g, = g4) gives the upper bounds
on the couplings in the 2nd(4th) column. Taking in turn s, = g,4 = 1 gives lower
bounds on the mediator masses in the 3rd and 5th columns. The mass of the fermion
in the FN model is fixed to m, = 20 GeV (see Sec. 2.6.3). The bounds are not very
sensitive to my.

Note that the above Wilson coefficients contain log(m;/m,) that can become large
for mg > m;. We do not attempt to resum these logarithms which also means that
we treat all the NP contributions as local. We expect that our numerical results can
receive O(1) corrections due to neglected terms. This is within the precision required
for our analysis. Though, we do include the usual RGE effects due to the NLO QCD
running of the effective weak Hamiltonian from the weak scale to the low energy. For
constraints from K° — K° and By — B(s) mixing we use the recent results of a fit
to the mixing parameters in [83]. The constraints from D~D° mixing are obtained
by assuming that the NP contribution saturates Amp so that in the equation zp =
2 |(D°|HEE=2|D)| /Tp, valid in the limit of no CP violation, we only include the NP
contribution [82]. The resulting bounds on couplings and masses are shown in Tab. 2.4.
In the case of the MFV model, the most severe bound comes from K° — K° and is due
to €. Since we assume that all the «; in (2.23) are real, the NP contribution does carry
a weak phase due to the Vi, V5, CKM factors and does contribute to ex. In contrast, in
the FN model the NP contributions to the mixing do not carry a weak phase and thus

do not have an effect on €. Therefore, the bounds from K° — K% mixing are much less
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Figure 2.6: Meson mixing constraints on the couplings «; » in the MFV mediator model
(left) and g¢,4 in the FN model (right), taking m,, = m,, = 500 GeV and m, = 200
GeV, my = 20 GeV respectively. The excluded regions lie above and to the right of the
curves.

severe.

In Fig. 2.6, we show the constraint on the couplings &, » in the MFV model, fixing
mg, = My, = 500 GeV (left figure), and the constraints on g, 4 in the FN model, fixing
mg = 200 GeV, my, = 20 GeV (right figure). Since, in the case of MFV, the largest
contribution to K° — K° is from the mediator-W loop, the ex bound places a stringent
constraint on k. Since the NP contributions to the meson mixing were assumed to be
CP conserving in the case of the FN model, the couplings g4, ~ O(1) are allowed even

for m, as low as 200 GeV.

2.6.2 Relic abundance and direct detection

We note in passing that the virtual exchanges of the mediators generate contact oper-
ators of the schematic form x'ygq that contribute to the yx' annihilation cross section
and to the cross section for DM scattering on nuclei. The symmetric couplings of DM
and the mediators, of schematic form xx'¢¢!, do not suffice to create large enough an-
nihilation cross sections that would annihilate away the symmetric component of DM

relic abundance.
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As an example, consider the MFV model with scalar mediators, Eq. (2.23), and
assume that the lightest mediator is ¢;,. It can have a symmetric coupling to DM of the

form

£ 2 w[guh oL X x- (2.37)

At 1-loop, this generates a contact interaction x'9,xgy*q, which leads to an annihila-
tion cross section (ov) ~ O(107%cm?/s)(100GeV /my, )* for O(1) couplings. This an-
nihilation cross section is more than three orders of magnitude too small to obtain the
observed relic density and satisfy CMB constraints for s-wave annihilation [59]. Thus,
the symmetric component of the DM needs to annihilate away through a different

mechanism as discussed at the end of Sec. 2.5.1.

2.6.3 Collider signatures

In both the MFV and EN flavor breaking scenarios, the mediator models involve col-
ored scalars. These can be searched for at the LHC through the gluon initiated pair
production or through a single production. We use our two mediator models to es-
timate the LHC reach. The MFV mediator model, Eq. (2.23), contains three colored
scalars that are either triplets or sextets of the color and flavor groups, see Tab. 2.2. The
FN model, Eq. (2.25), contains a colored scalar and a neutral fermion, see Table 2.3.
Pair production of colored scalars is the dominant production mechanism of the
mediators for the masses of interest, below O(TeV). We illustrate this in Fig. 2.7 for
the color triplet ¢ in the FN model where we compare the pair production cross sec-
tion from gluon fusion and from quark-guon fusion, and the single production of ¢ in
association with a jet. Gluon fusion clearly dominates in the mass range of interest.
The signatures of pair produced colored scalars depend on their decay modes. In
our two models they decay either directly to two SM quarks or, alternatively, first to

two lighter scalars that then in turn decay to two jets each. In the FN model the decay
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Figure 2.7: The gg — ¢¢! (solid blue), g¢ — ¢¢' (dot-dashed red) and gqg — ¢; (solid
light blue) contributions to the pair-production and single-production cross-section at
the LHC with /s = 14 TeV as a function of a mass of a color triplet scalar ¢, a mediator
in the FN model.

¢ — jv is also possible. The flavor composition of the jets depends on the flavor
quantum numbers of the scalar. For instance, the states in the ¢, flavor multiplet can
decay either predominantly through ¢;, — tb, ¢, — bj, or ¢, — jj, depending on the
flavor numbers of ¢;, (and similarly for ¢,), see Eq. (2.23). The scalars in the ¢ flavor
multiplet, on the other hand, decay through ¢r — bj or ¢ — jj, again depending on
the flavor index carried by the ¢ state. In the FN model one needs to require my > m;
in order not to modify the total decay width of the top quark, see Sec. 2.5. Then, the
dominant decay is either ¢ — by or ¢ — tb, depending on the relative sizes of the two
couplings, while the other decays are suppressed by additional powers of A.

To get a rough estimate of the LHC sensitivity we treat all the decay modes as
two-jet final states (this overestimates the reach slightly since, for the ¢; final state, the
real efficiency is expected to be lower). The strongest constraint on pair-production

of the lightest scalar mediators then comes from the search for pair-produced dijet
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Figure 2.8: Constraints on the scalar mediator ¢ in the FN model, and ¢, ¢, ¢ in the
MEFV model that follow from the CMS search for pair-produced dijet-resonances [84].
The states in the same flavor multiplet are taken to be mass-degenerate.

resonances from CMS at 7 TeV LHC with integrated luminosity of 5 fb " [84]. This
places the bounds m,; 2 470 GeV in the case of FN model assuming that ¢ — by

2> 580 GeV in the case

~J

decay is negligible, and my, 2

~/

620 GeV, m,, 2 910 GeV, mgy,
of MFV flavor breaking as shown in Fig. 2.8. Note that when all three mediators are
degenerate in mass, the color sextet scalar has the largest pair production cross section
due to the large color factor.

In the FN model, a new experimental signature is obtained in the limit g, > A\g,.

Then the dominant decay of ¢ is ¢ — by. In order not to have fast decaying DM
my > my /2. Using NDA the ¢ decay length is

-1
1 1 md 20GeV\’ /1 my  \*[0.03)°
bbe) ~ 2,2\8 Y ~ 30 ( ¢ ) .

et (1) — bbc) (gqu 87 1672 m} m my 750 GeV 9994

(2.38)

For light enough ¢ (or heavy enough ¢ ), the fermion 1/ does not decay in the detec-
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Figure 2.9: The 95% exclusion limit on ¢¢' production in the FN model for the bbiy
tinal state, where 1 escapes the detector and sbottom search applies [85]. The solid
blue (dashed red) line is for ¢ — by branching ratios of 50% and 100%.

tor and appears as £,. The pp — ¢¢' pair production then results in 2j + £, or 20 + £,
final state, and is bounded from sbottom searches as shown in Fig. 2.9. The resulting
bound is my > 550(760) GeV for m,, = 20 GeV and BR(¢ — ¢b) = 0.5(1.0). The choice
gq = 94 = 0.03 in Eq. (2.38) gives BR(¢ — b)) = BR(¢ — s¢) = 0.33. For the same
input parameters, the single production of ¢’ in association with b, ¢, or ¢ has a cross
section ~ 7 - 102 fb while the pair production is dominated by the process ss — ¢
and has a negligible cross section of ~ 4 - 10~* fb.

The single production of mediators, e.g., ud = ¢, ud — ¢, ud — ¢, ds — ¢r,
is suppressed due to the small couplings of the mediators to the first and the second
generation quarks. Similarly, the single production from heavy quarks in the initial
state suffers from the PDF suppression.

For single top production, the MFV model gives the largest contribution with a

cross-section of o(ud — ¢, — th)ypy = 7.6 x 107% pb for m,, = 500 GeV and /s = 8
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TeV. This is well below the SM production cross section. Thus, the ATLAS and CMS
combined measurement of the single top cross section at /s = 8 TeV, 85 &+ 12 pb [86]
and so does not impose any limits on the mediator model.

The production of the DM, x, can occur from the decay of heavier mediators. For
instance, for K, ~ k3 and ¢ heavy enough, the dominant decay mode of ¢3 is ¢35 —
XngLqSE. Pair production pp — ¢ qu% would thus result in 8+ ;. signature where paired
dijets would reconstruct ¢;, and ¢, mass peaks (depending on the flavor assignments

some of the jets can be replaced by ¢ of b jets).

2.7 Chapter summary

In this chapter, we have shown that for asymmetric DM (ADM) models, the stability of
DM on cosmological time scales may be purely accidental. We did not require that the
DM to be charged under an ad-hoc conserved Z,, symmetry. Rather, we assumed that
such a discrete symmetry is explicitly broken by the mediator interactions that transfer
the B — L between the DM sector and the visible sector in the early universe. Such
asymmetric interactions are necessary in all models of ADM though they may be made
to obey a Z, symmetry (i.e. one can demand that they involve only the xx — visible or
x"x" — wisible transitions instead of x — visible transitions as in our case).

At low energies, the DM then carries a conserved x charge that is broken only by
the higher dimensional operators obtained by integrating out the mediators. Such op-
erators also lead to DM decays. In this chapter, we explored the role of continuous
flavor symmetries for the properties of such decaying DM focusing on the case where
DM that carries nonzero baryon number. For B = 1 DM, the direct detection bounds
are evaded if the mediators are above ~ 4-10° TeV assuming O(1) couplings. However,
if quark flavor breaking is of the MFV type, the mediators can be lighter by around two

orders of magnitude. For B = 2 DM, the scale of the mediators can be much lighter
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(O(8TeV) for O(1) couplings). This is then lowered by an order of magnitude if quark
flavor breaking is of the MFV or Froggatt-Nielsen type. The mediators that would lead
to indirect DM signals in the next generation of experiments can thus be, at the same
time, searched for at the LHC.

We have explored this possibility by constructing two mediator models, one with
assumed MFV and one with a FN flavor breaking pattern. The MFV mediator model
(Eq. (2.23)) contains three colored scalars that are either triplets or sextets of the color
and the flavor groups, see Table 2.2. The FN model (Eq. (2.25)), on the other hand, con-
tains one colored scalar and one neutral fermion, see Table 2.3. These mediators gen-
erate FCNCs at 1-loop. While this leads to nontrivial constraints on their masses and
couplings, the mediators can still be as light as a few x100 GeV with O(1) couplings.
Since the mediators are charged under QCD, they can be singly or pair-produced at
the LHC with large cross sections. This means that the searches at the LHC can lead
to interesting constraints or discoveries. The signatures depend on how the mediators
decay. In the FN model, for instance, the decay to heavy quarks, ¢ — tb, is favored.
Modifying the paired dijet searches to the pp — ¢¢ — tbtb signal could thus enhance
the reach of the LHC in the search for these mediators. In the MFV model, on the other
hand, paired light dijets, paired ¢b, and paired bj are possible. Other signatures are
discussed in Sec. 2.6.3.

In conclusion, ADM can quite generically be metastable with a possibility of com-

plementary signals in indirect detection and at the LHC.
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Chapter 3

Dark Matter And Gauged Flavor

Symmetries

3.1 Introduction

The stability of dark matter (DM) is commonly assumed to be due to an exact dis-
crete symmetry, Z,. This can either be imposed by hand or have a dynamical origin.
Examples include R-parity in the MSSM [87], and flavor symmetries in the leptonic
sector [33,34,88-90]. Here, we explore the intriguing possibility raised in Refs. [2,25]
that the stability of DM is due to the Z; center group of the global G?™ = SU(3)g x
SU(3)y x SU(3)p quark flavor symmetry. While G3M is broken by the SM Yukawa
interactions, its subgroup Z; remains unbroken in the SM. More generally, it remains
exact also in the presence of New Physics (NP), if the flavor breaking is of Minimally
Flavor Violating (MFV) type, i.e. only due to the SM Yukawas. The lightest neutral
state that is odd under Z; is therefore stable and is a DM candidate. This is the idea
behind MFV dark matter [2,23,25].

Requiring MFV is sufficient, but not necessary. In this chapter we formulate a gen-

eral condition for flavored DM using flavor triality (see Eq. (3.3) below). For example,
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any spurion in the bifundamental of G3" leaves the above Z; unbroken. The flavor
breaking can thus be quite far from MFV and still have stability of DM guaranteed
by the flavor dynamics. To illustrate this point we consider the model of Ref. [91]
where the flavor-breaking spurions have the form Yujdl and are thus canonically not
of the MFV type. In this model the SM quark flavor symmetry G3M is fully gauged
giving rise to flavor-gauge bosons, the Yukawas are promoted to physical scalar fields
(flavons) transforming under flavor, and in addition there is a set of chiral fermions
that cancel the anomalies in the flavor-gauge sector.

Using this renormalizable model we show below that a thermal relic DM can be in
a nontrivial representation of G&™. There are two conflicting constraints on this setup.
On the one hand, Flavor Changing Neutral Current (FCNC) constraints impose lower
bounds on the masses of states in nontrivial flavor representations. On the other hand,
a DM relic density consistent with observations requires large enough DM annihilation
cross section so that some of these same particles need to be sufficiently light. Both of
these requirements are satisfied for O(TeV) DM mass. This is low enough that it may
be tested by direct and indirect DM detection experiments and searched for at high-
energy particle colliders.

While the phenomenology of flavored DM models can be found in Refs. [21, 24—
26,28,29,92-97], the construction of an explicit renormalizable model with inclusion
of flavor-gauge interactions is new. Within our framework, the constraints on DM
are more severe compared to a generic Effective Field Theory (EFT) analysis [2, 23].
In particular, the flavor constraints from new fermionic states, and the fact that the
vacuum expectation values (vevs) of the flavon fields need to reproduce the quark
masses, makes the structure of the theory much more rigid and predictive.

This chapter is structured as follows. In Sec. 3.3 we derive general conditions for
DM to be stabilized by the exact accidental flavor symmetry of the SM (flavor trial-

ity). An explicit realization of this possibility is introduced in Sec. 3.3 in the form of a
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model with fully gauged G3M. The resulting DM, flavor, and collider phenomenology
is analyzed in detail in Sec. 3.4. We summarize our conclusions in Sec. 3.6, while more

technical details of some of our computations are relegated to the Appendices.

3.2 Stability of flavored dark matter

We start by formulating the general conditions required for flavored DM to be stable
due to flavor triality. The SM exhibits a large global flavor symmetry U(3)g x U(3)y x
U(3)pxU(3)r, xU(3)p in the limit of vanishing Yukawa interactions. In this chapter we
focus on the quark sector. This has the global symmetry GoM x U(1)y x U(1)p x U(1)pq.
The three U(1) factors are the hypercharge, baryon number (B), and the Peccei-Quinn
symmetry, respectively. The remaining semisimple group is G3M = SU(3)g x SU(3)y x

SU(3)p. The SM quarks transform under it as

QL ~ (3,1,1), Ur ~ (1,3,1), Dr~(1,1,3). 3.1)
The G global symmetry is broken by the SM Yukawa terms
Ly = QrHy,Ug + QrHy,Dg + h.c. (3.2)

where H = ioyH*. Ly is formally invariant under Gy if y, 4 are promoted to spurions
that transform as (3,3,1) and (3,1, 3) [63, 64, 66,67,98-100]. NP is of MFV type if v, 4
are the only flavor-breaking spurions also in the NP sector.

The SM Yukawa couplings in Eq. (3.2) break U(1)pq and break GiM to its center
group 25 ”?, under which all three generations of quarks transform as

{Ur, D, Qr} = €2/3*{Ug, Dr,QL} . In the SM the 25" is identical to a subgroup
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of U(1)p. This is no longer true in the presence of NP. In MFV for instance, Z; "¢
remains exact, while U(1)p can be broken, e.g., by dimension-9 operators [101] (see
also [25]).

The 25 ”° may be the underlying reason for the stability of DM. To make this ex-
plicit it is useful to introduce 2%, a diagonal subgroup of ZY”9 x Z¢. Here, Z5 is the
center group of color SU(3)., under which {Ug, Dg,Q1} — e "/3{Ug, Dg,Q.}. All
the SM fields are thus ZJ singlets. In MFV NP Z{ is exact, so that the lightest Z} odd
particle is stable and can be a DM candidate [25].

We generalize this observation beyond MFV. To this end, we introduce the notion
of flavor triality [25]. Consider a field X in the Gi™ representation X ~ (ng),mg) x

X X

(ngy,mi¥) x (ny, m3), where nX, my are the Dynkin coefficients of the corresponding

SU(3); group. We call flavor triality the quantity
(nx —myx)mod 3, (3.3)

where nx = ng +nj; + njy and mx = mg +mf; +my.

The basic requirements for flavored DM to be stable due to Z} are the following.
First of all, G2 needs to be a good symmetry in the UV. Secondly, G;™ needs to be bro-
ken only by spurions () with zero flavor triality, (n) — ms)) mod 3 = 0. This ensures
that 25 is unbroken. (The spurions (®) need to be color singlets in order not to break
color.) The lightest Z5° odd state is then stable. If it is a color singlet it is a potential
DM candidate. This also means that DM is in a nontrivial flavor representation with
nonzero flavor triality, (n, — m, ) mod 3 # 0.

The above shows that models with flavored DM can deviate significantly from
MFV. In particular, Z5 is not broken by a vev of any field that is in an adjoint or in
a bifundamental of G;™. Specifically, any function f(y,, y4) leaves Z3 unbroken. More

generally, additional flavor-breaking sources that transform as (8,1,1), (1, 3, 3),... may
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be present without spoiling DM stability. While the flavor structure of such NP models
is not of MFV type in general, the stability of DM is still a consequence of an unbroken
flavor subgroup. DM is in a nontrivial representation of the flavor group, leading to
distinct phenomenology depending on the nature of the flavor breaking and on which
flavor multiplet x belongs to.

An important starting point in the above discussion was the assumption that g3 is
a good symmetry in the UV. This is most easily achieved, if G5V is gauged. We explore

this possibility in the remainder of the chapter.

3.3 Gauged flavor interactions and dark matter

We gauge the full SM quark-flavor symmetry G3M. The fermionic sector is extended to
cancel the anomalies of the new gauge sector. We use the model of Ref. [91] that allows
for O(TeV) flavor gauge bosons (FGBs). The SM Yukawas, y, 4, arise from the vevs of

new scalar fields transforming as
Y.~ (3,3,1), Yy~ (3,1,3), (3.4)

under G3M. The minimal set of chiral fermions that ensures anomaly cancellation of

the new gauged sector is
Wyur ~ (37]-’]-)7 Wi ~ (37171)7 U, ~ (17371)7 Wy, ~ (1717?))7 (35)

where the index L and R represents their chirality. Together with the SM fermions they,
therefore, form vector-like representations of Gi™. The SM gauge quantum numbers of
Uyur, Yyr, Uyr, ¥y are the same as for Ug, Dy, Ug, Dg, respectively, i.e., they are SU(2),,

singlets but charged under U(1)y. Because the new fermions are vector-like under the
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SM, e.g, ¥, transforms like ¥,,;, under the SM, all anomalies in the SM sector cancel.
Remarkably, with the above fermionic content also all mixed gauge anomalies cancel.
In fact, one could also gauge two additional flavor diagonal U(1)’s, U(1)y and U(1)p,
as well as U(1)p_1, a possibility that we do not pursue further, but is discussed in
Ref. [91].

The Yukawa and relevant mass terms in the Lagrangian are [91]

Emass D )\uQLﬁ\I’uR + )\;\I’uLYu\I}uR + Mu@uLUR
(3.6)

+ MQrLHY g + NV YaWar + MgV D + hec.,

where /\g,)d are flavor-universal coupling constants and M,, 4 flavor-universal mass pa-
rameters. The mass terms in Eq. (3.6) mix the states ¥, ,r and U p forming mass
eigenstates u; and u;, where i = 1,2, 3 is the generation index (and similarly for down-

quark states). After electroweak symmetry breaking the masses for the two mass-

eigenstate sets are, in the limit My > My, [91,102]

v A M,
Mmyi ~ —M, my ~ by Yu)i- 3.7

The mass matrix for the FGBs, 4%, A = Q,U,D and a = 1,...,8, is governed by the

vevs of the Y, 4 scalar fields and the gauge couplings, [91,102]

(Mig),, = %gAgB Tr [(Ya){A", Ab}<Yu>T} (64B0ag — 20400py + Q@ ¢ U) +U,u <> D,d,
(3.8)

with A* the Gell-Mann SU (3) matrices. The mass matrix is 24 x 24 dimensional. We
denote the mass-ordered eigenstates by A™, m = 1,...,24, where A?* is the lightest
one. The lightest gauge boson is found to be along the three diagonal \g directions.
This is a consequence of (Y,,) and (Y;) being almost aligned and with very hierarchical

eigenvalues, where the (Y,)33 and (Y;)33 are the smallest eigenvalues.
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The SM Yukawas, v, 4, are generated after Y, ; obtain a vev and the ¥, fields are

integrated out. To first order in M, 4/(Y,, 4), this gives

/\uMu Y /\de
d = .
Aa{Ya)

(3.9)

The SM Yukawas, y, 4, are non-analytic functions of the spurions (Y, 4), which sig-
nals that the theory is strictly speaking not MFV. Analogously, the NP states, ], d; and
A™, have masses that are non-analytic in terms of the SM Yukawas. However, the low-
energy observables, with only the SM fields on the external legs can be MFV-like. If the
M, q4/(Yu.4) suppressed terms are kept in Eq. (3.9), the y,, 4 become more involved func-
tions of (Y, 4) . These are analytic in (Y, 4) ' since the effects of NP states decouple
in the (Y, 4) — oo limit. Similarly, the NP contributions to the low-energy observables
C; take the form 6C; = F((Y,) 1, (Yg)™") = F(yu, ya), with F, F analytic functions. One
can thus expand 6C; = a1 Yyl +as(yuyl )2 +by yuyLydyfz—i—- -+, where we assumed for illus-
tration that the transition is due to the left-handed quark current. As long as there are
no large flavor-conserving ratios, i.e., as long as (A, M, /\,)/(AaMa/N,)) < 1/|Vy)|, the
Taylor expansion can be truncated after a few terms (see Ref. [100] for a more detailed
discussion). In this limit, the low-energy effects are of the MFV type, suppressing the
FCNCs to acceptable levels already for NP states at the electroweak scale. In a numeri-
cal analysis that we perform in Appendix B.I, we find that the expansion of the effective
weak Hamiltonian in terms of SM Yukawa couplings can indeed still be performed for
FGB contributions.

Since (Y,,q4) are in the bifundamental representation of GiM, the Z5 remains unbro-
ken. As argued above the Z can be used to make flavored DM candidates stable. We
consider two examples: i) a fermionic DM in a vector-like representation of G3™ that
thermalizes with the visible sector through FGBs, and ii) a scalar flavored DM, that

interacts with the visible sector by exchanging FGBs as well as the Higgs.
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Figure 3.1: Radiative corrections due to FGBs, A, A,, Ap, split the DM multiplet x.

3.3.1 Fermionic flavored dark matter

The DM in the first model is a massive Dirac fermion, Y, in a vector-like representation
of SU (3) Us
x~(1,3,1), (3.10)

so that no gauge anomalies are induced. Its mass term is
L s = M XX (3.11)

Since x is charged under ZY, the lightest member of the x triplet is stable. Note that
we could also gauge a larger global group G3¥ x SU(3),, with x transforming under
SU(3),. That we identify SU(3), with SU(3)y is a model-building choice.

The DM flavor triplet, x, is split by radiative corrections due to the exchanges of

FGBs, see Fig. 3.1. In the m{, < m 4 limit, the DM mass splitting at one-loop is given by

Am, = =200 (E _ %TrE) , (3.12)

where Am,, is a 3x 3 matrix and so is = = \*(log M? /%) ). The FGB mass matrix M?
is given in Eq. (3.8), while the q, b indices run only over the eight SU(3)y generators.
The unphysical ;1 dependence cancels in the r.h.s. of Eq. (3.12). The y;, ¢ = 1,2, 3, mass
eigenstates are obtained by diagonalizing the mass matrix Am,. And = is a function
of Y'Y, and YY,YY, vev combinations, making the y mass eigen-basis slightly mis-

aligned with respect to the up-quark one. The x; mass receives contributions from the
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Figure 3.2: Typical radiative splitting of the feHvionic DM multiplet with Amg; (Amss)
shown in red (blue) as a function of ¢y, while all other parameters are kept fixed at
9o = 0.4,g9p = 0.5, M, = 600GeV, M; =400GeV, A\, =1, X, = 0.5, Ay = 0.25, \, = 0.3.
heaviest FGBs (cf. section 3.5). The lightest state is thus ¥, i.e., with the predominantly

up-quark flavor, while the heaviest is the top-flavored state, x;.

In the numerics we use the exact one-loop expressions for the DM mass splitting,

j— 3 a [ m m,c c
= = WS By (m}, w3 m}) — Bo(my, m?, m) WA (3.13)

Summation over FGB mass eigenstate indices m = 1,...,24 and over a,c = 1,...,8 is
understood. The 24 x 24 dimensional matrix W diagonalizes the gauge-boson mass
matrix and By are the Veltman-Passarino functions. Typical values of the mass split-
ting as a function of gy are shown in Fig. 3.2. Denoting Am;; = m,, — m,,, we see
that Amgy, < Amg;, so that the lightest state y; is split away from y» and x3, with
the latter approximately degenerate, m,, ~ m,,. This is very different from MFV
DM [2,23,25] where the DM mass splitting is assumed to be expandable in the SM
Yukawa couplings. In that case one has an approximate U/(2) symmetry for the first
two generations giving m,,, ~ m,,, while the top-flavored DM, ys, is split away from
the first two generations, and can be either significantly heavier or lighter.

The relation Amgy < Amg, signifies that our flavored DM is non-MFV. The flavor
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gauge group SU (3)y is broken by the FGB vevs (Y,). This breaking is larger in the first
two generations. Since the quark masses are inversely proportional to (Y,), this leads
to an approximate global U(2); symmetry in the quark sector. Such an approximate
symmetry is not found for the radiative corrections to DM masses, m,,. The DM mul-
tiplet has a chiral symmetry in the limit m, — 0 ensuring that the radiative corrections
are proportional to m, and only log-dependent on FGB masses. The splitting does not
vanish in the (Y,) — oo limit (or, equivalently, y, — 0 limit), since in this limit the
SU(3)y gauge group is still completely broken. Numerically, for m, ~ TeV the split-
tings are Amg; ~ O(10 GeV) and Amgy ~ O(1 GeV) for gy ~ 0.4 and can be less than a
pion mass for an order of magnitude smaller g;.

The DM multiplet can be split more significantly if there is flavor breaking be-
yond (Y,), (Y4). As an example we consider an additional scalar field in the adjoint
of SU(3)y, @y ~ (1,8, 1). The DM mass Lagrangian now reads

LY = MIXLXR + M X PuXr + hc., (3.14)
and yields DM masses that are split already at tree level, Am, = A, (®y). We assume
that (®,) is aligned with Y;/Y;,. Then the two diagonalize in the same basis giving O(1)
splitting between all three members of the multiplet. The alignment is not needed in
general, but does simplify our analysis. For the same reason, we also take the first state
to be the lightest one, m,, < m,,,.

The ; interact with the SM through FGBs. This also induces the decay of the heav-

ier two states in the DM multiplet, x5 3, to x1. We parametrize the relevant interactions
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with

Ly D (Gy)iXav" x5 A%
+ gyt ((Gg)kl’mPR + (Qﬁ)kl’mPL) wA? (3.15)

+ diy” ((g%)kl,mPR T (Gg)kz,mPL) di Ay
where Pp;, = 3(1£+°) and k,l = 1,...,6. The couplings of ; to the gauge bosons are
~m 1 nm
()5 = (—§9UUW{W U)ji s (3.16)

where U diagonalizes the m, mass matrix, Ulm,U = m,, and W diagonalizes the
gauge-boson mass matrix. The explicit form of FGB couplings to exotic and SM quarks,
(C;Zﬂz) 4. €an be found in Appendix A.2 of Ref. [102].

The partial decay width for x; — x;qqx is, neglecting hadronization effects,

_ 3 Amfj - 1 s, 2
L = xj@udx) = 2r) 15 [ zm:(gx )ijmTAm(gL)kl,m‘ +L— R} : (3.17)
where the sum runs over the FGB mass eigenstates m = 1,...,24. Expression (3.17) is

valid in the |Am;;| < m,, limit, and neglecting the quark masses. The above approxi-
mations are valid for all the values of parameter for which the correct relic abundance
is obtained and the FCNC, collider and direct DM detection constraints are satisfied.
If the mass splitting is less than the pion mass the decay x; — x;¢q; is kinemat-
ically not allowed. The heavier x; states then decay radiatively to x; — x;7v. For

our purposes an order of magnitude estimate of the decay width suffices. The naive
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dimensional analysis estimate gives

2
Ami; 1 a2 (95)is @z (5 ;
) . ~ L] el X /Y 2y u _ u
F (Xz — Xjfyfy) 87T ]_671'2 (47T) ; m%m m? ((gL)ff,m (gR)ff,m) +u — d 9
(3.18)
where @, = 2/3 and Q; = —1/3 are the electromagnetic charges of up and down

quarks. The sum over m runs over the FGB mass eigenstates, while the sum over f is
over the SM quarks and exotic states, of mass m; (for up, down and strange quarks

this needs to be replaced with Aqcp).

3.3.2 Scalar flavored dark matter

The second model has scalar DM, ¢, in a fundamental representation of SU(3)y

6~ (1,3,1). (3.19)

The main difference with the fermionic flavored DM from the previous subsection is
that the scalar DM interacts with the visible sector via two different types of interac-
tions. The first is its couplings to the FGBs, which is similar to the case of the fermionic
DM. The second is a direct coupling to the Higgs

Lot = Au(¢'0)(H'H) . (3.20)

int

For a thermal relic the DM annihilations proceed predominantly through the Higgs
portal. The interactions via FGBs are subdominant except if my ~ m¢%/2 for some
A®. Unless this is the case, the fact that the DM carries a flavor quantum number is

exhibited only through the multiplicity of the states.
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After electroweak symmetry breaking, the DM-Higgs interactions are given by

LV D Mg (vh+0°/2)¢1 ¢, (3.21)

int

and the DM mass term m2¢'¢ is shifted by the Higgs condensate to give the DM mass
of

mj =mg+v°/2. (3.22)

The vevs of the flavons, (Y;,) and (Y;), split the DM multiplet at tree level through
£ m (NG Tr(VIATY,) + ka(¢T{A%, A} ) Tr(V{A, A}, (3.23)

The spectrum is also split by radiative corrections due to FGBs. These are quadratically
divergent and proportional to the square of the FGB mass. In principle, it is possible
to fine tune the tree-level and loop contributions to give almost degenerate DM fla-
vor multiplet. However, given the hierarchical FGB masses, it is more likely that the
DM multiplet is split completely, and only the lightest state is relevant for DM phe-
nomenology. Depending on the signs of «; in Eq. (3.23) the lightest ¢ component can
be either top-quark or up-quark flavored. We choose the latter option in the numerics

for easier comparison with the fermionic case.

3.4 Dark matter and new physics phenomenology

We turn next to the phenomenology of the flavored DM models. We perform a scan
over the parameters of the models and show that the lowest DM states, both for the
fermionic DM, yx, and the scalar DM, ¢, can be thermal relics. To make the scan nu-
merically tractable we rely on several approximations in calculating the relic density,

which we explain below. We also discuss the predictions for direct DM detection, and
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the constraints from FCNCs and collider searches.

3.4.1 Scan results

In the scan we fix A\, = 1 and vary Ay € [1/(47),1]. The range is chosen with the
expectation that one will be able to accommodate both the SM top and bottom quark
Yukawas as well as satisfy electroweak precision constraints and direct ¢’ and b’ searches [91].
In addition we vary conservatively X, ;, € [1/(47)? 47], gou,p € [1/(47)% 4x], and
M, q € [0.2,20] TeV. To a good approximation, the variation of A, effectively compen-
sates the fact that we do not vary A, as seen from Eq. (3.9). We have verified that
further extending these parameter ranges does not extend the viable DM-model pa-
rameter space. For instance, the upper ranges of go 7,p and A, , already lie in the non-
perturbative regime. To ensure perturbative control we require that all the FGB decay
widths satisfy I'4m < 0.5m4m, and that the radiative mass splitting for the fermionic
DM is |Am;;| < 0.5m,. This imposes upper bounds on g¢ v, p that are typically close to
/4. Similar constraints on A,..q are expected to follow from analogous considerations
in the flavored Higgs sector, i.e., by requiring the total widths of the flavored scalars
Y4 to be small compared to their masses.

The results of the scan are shown in Figs. 3.3, 3.4, 3.5. Fig. 3.3 (upper panels) show
the results of the scan for fermionic DM model with radiative (left) and large tree-
level mass splitting (right). Fig. 3.3 (lower panel) instead shows the results of the scan
for scalar DM. All the points shown in Fig. 3.3 give the correct relic DM abundance,
Qpy. Different colors denote consecutively applied constraints. The grey points fail
the perturbativity requirement, I'ym < 0.5mum, |Am;;| < 0.5m, discussed above. The
points in brown are excluded by direct DM detection, the points in dark magenta by #'
direct searches and the points in orange by dijet resonance searches. The flavor bounds

exclude points in light magenta, while cosmological considerations — mainly from big
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Figure 3.4: The ratio of masses of the next-to-lightest to the lightest FGBs, 1 423 /m 424
for radiatively split DM multiplet (upper left panel), and for the large mass splitting
limit (upper right panel), as functions of the DM mass, m,,, for the fermionic flavored
DM. Lower panel shows the relative radiative mass splitting in the DM multiplet. The
constraints due to perturbativity (grey), too large relic abundance (light blue), early
cosmology (dark blue), flavor and direct bounds (dark red), are applied consecutively,
leaving allowed points (green).
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to obtain the correct relic abundance also if the DM mass is only approximately half
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Figure 3.5: The maximal decay time of the two heavy states in the DM multiplet as
functions of DM mass (left) and the minimal mass splitting in the DM multiplet (right)
for radiatively split fermionic flavored DM. The color coding is as in Fig. 3.4.

of the lightest FGB (points away from the diagonal in Fig. 3.3 (upper panels)). These
points require at least some of the couplings to be large and are excluded by flavor, col-
lider, direct detection, or perturbativity constraints. For the allowed points the relation
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3.4.2 Thermal relic

For the calculation of the DM relic density we follow Refs. [103,104]. To speed-up
the numerical scan we work in the non-relativistic limit, using the freeze-out approx-
imation. The details of the calculation are given in Appendix B.Il. Among viable pa-
rameter points we choose four benchmarks that satisfy all other experimental con-
straints. For the benchmark points we verify the DM relic abundance calculation using

the MadDM [105] package. We computed the required Feynman rules using the Feyn-
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O W

Figure 3.6: The Feynman diagrams for the dominant processes in the DM annihilation
for fermionic (left) and scalar (right) flavored DM. For scalar DM only one representa-
tive diagram is shown; other relevant final states include bb, c¢, 77 and tf, hh, ZZ (when
kinematically allowed).

rules [106] package.

3.4.2.1 Fermionic dark matter

In the fermionic DM model the DM annihilation to quarks is dominated by s-channel
exchange of the lightest FGB, A*!, see Fig. 3.6 (left panel). The x;X; — @;u; annihilation

cross section is given by

(2% 512 (s + 2m2))  (G8) ;05 + (95) 0

iii U:U;) >~ s 24:
o(XiXi — uju;) A /s — dm2_ 4m§i (s — m22.)2 + m%5uT 2, (3.24)

where
Gia = (G +Gp)/2, (3.25)

/s is the center of mass energy and I 421, m 424 are the decay width and mass of the
lightest FGB, respectively. In Eq. (3.24) we have neglected quark masses; the full ex-
pression is given in Eq. (B.14). The x;X; — d;d; annihilation cross section follows from
Eq. (3.24) by replacing v — d. The full decay width of the lightest FGB is the sum of all
partial decay widths for kinematically allowed channels,

24
P = ) = TPt (G8))00+ (63)]1)- .26



In the above expression we have neglected the quark masses for simplicity, with the
full expression given in Eq. (B.15). The rates for A%* — y;¥;, d;d; are obtained by trivial
coupling replacements and by correcting the color multiplicity factors.

The correct relic abundance requires resonant annihilation, m,, =~ m 421/2, see Fig. 3.3
(upper panels). This implies an upper bound on the DM mass through the following
argument. The thermally averaged DM annihilation cross section scales in the narrow
width approximation as

_ Gam 1

+ O(FA24/mA24) ~ W . (327)
A24

<O'U> > mA24FA24

Here, we used the approximate scaling for the FGB masses and decay widths, m 421 ~
(V) g20g421, T g20 ~ (ga2a)*m 2. The (V) 424 and g424 are, respectively, the projections of
the Y,, 4 vevs and gg.v,p couplings onto the lightest FGB, A*!. The DM relic abundance
is Qpy x 1/{ov) x (Y)%,. and thus depends predominantly only on the flavon vevs.
Not exceeding the relic abundance puts an upper bound (Y) 422 < O(few 100 GeV),
almost independent of the DM mass. Since m 21 ~ (Y) 4249424, and ga2e < V/4r for the
theory to be perturbative, this also sets an upper bound on the lightest FGB mass. This
in turn implies an upper bound on the DM mass through the relation m, >~ m 424 /2.

In the limit where only x; contributes to the DM relic abundance we find, using the
scan, an upper bound m,, < 10 TeV. The approximation is valid if 3 states decay well
before x; freezes out (i.e. 7, , < 107''s for m,, ~ 1TeV). For purely radiative DM mass
splitting this is never the case (c.f. Fig. 3.5). Instead, if x»3 decay after decoupling,
they will also contribute to the final DM relic abundance and one needs to sum all
three contributions. In this case, the constraints on the mass spectrum become much
more severe. In particular, in order for all x components to annihilate efficiently their
masses need to be within a few decay widths away from the lightest FGB (LFGB) mass.

This in turn implies that the (radiative) DM mass splitting has to be of the order of the
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LFGB width. Since the splitting increases with gy we expect these effects to decrease
the effective thermal DM annihilation cross section much before the theory becomes
non-perturbative. Indeed we find, using the scan, an upper bound m,, < 5TeV.

Fig. 3.4 (upper panels) shows the ratio of masses of the next-to-lightest and the
lightest FGB, m 423 /m 424, as a function of DM mass m,, for radiatively split DM mul-
tiplet (left) and in the large mass splitting limit (right). In most of the parameter space
satisfying the Qpy constraint A% is much heavier than A*! so that the effects of higher
resonances are indeed negligible. This justifies the use of only the lightest FGB when
calculating the DM density in the scan.

Fig. 3.4 (lower panel) shows the relative radiative mass splitting Amy;/m,, and
Amg; /m,, as a function of the DM mass, m,, (both splittings are shown in one plot).
In most cases the mass splitting is below O(10%) in order for all xy components to lie

close to the resonant condition, as anticipated.

3.4.2.2 Scalar dark matter

For scalar DM the interactions with the visible sector are mainly due to the Higgs-
portal operator, Ay (¢'¢)(HTH), in Eq. (3.20). The interactions due to the exchanges of
FGBs are subleading except for the resonant annihilation regions mgy, =~ m424/2. By
adjusting the value of Ay one can obtain the correct relic abundance for any mass of
my, irrespective of the lightest FGB mass, m 421, see Fig. 3.3 (bottom panel). In the
calculation of the thermal relic abundance we include the following annihilation chan-

nels: ¢l — bb, éc, TH 7, WHW—, ZZ, hh and #, see Fig. 3.6. The annihilation cross
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sections are

AymiN, (1 —4m3/s) i

8my\/1 —4mj [s[(mj — ) +myT}]

2 1—14 2 12 4 -4 2 2
o(dl g — V) = QA V17 Amy [s(12my — dmys 1 57) (3.29)

16ms J1—am? [s[(m3 — 5)2 + m317]

o(gldr — ff) = (3.28)

where ¢y =1, ¢z = 1/2 and

/1 _ 2 2 2 2172

32ms 1 —am2 [s[(m2 — 5)% + m3L?]

The thermally averaged cross sections and relic abundances are computed follow-
ing the prescription described in Appendix B.II. The results of the scan are given in
Fig. 3.3 (bottom panel). In Fig. 3.7 we plot the coupling Ay necessary to obtain cor-
rect DM relic density as a function of the DM mass, mg,. As commented in Sec. 3.3.2
the flavon vevs split the lightest DM state ¢; from the heavier ones, such that only ¢,
contributes to Qpy (lower dashed line). Instead, if the splitting is too small for ¢, 5 to
decay before freeze-out, all three components contribute (upper dashed line). In both
cases, requiring the Higgs-portal coupling Ay < /4, such that the relic-abundance
calculation is well in the perturbative regime, limits the DM mass m,, < 8TeV.

Note that the role of the Higgs portal may be played by other light scalars. In
Ref. [97] the flavon field of the Abelian horizontal symmetry was used to enhance
the DM annihilation cross section. If the flavons are light, they can also modify the
phenomenology of the fermionic flavored DM, allowing DM annihilation into flavons.
In this case the DM phenomenology of the fermionic flavored DM would be closer to

the one of our scalar DM model.
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Figure 3.7: The Higgs-DM coupling, Ay, as a function of DM mass that gives the
correct relic abundance for the Higgs portal scalar DM (red band). The upper (lower)
dashed edge corresponds to the limit where ¢, 3 decay much after (before) the thermal
freeze-out of ¢;. The LUX bound, assuming correct relic abundance, is shown as a
shaded grey region.

3.4.3 Cosmology

The heavier flavored DM states, both for the fermionic DM, xs 3, and scalar DM, ¢, 3,
are unstable. They decay through the x; — x;¢q’ transition when the mass splitting is
larger than the pion mass, and through the x; — x;77y otherwise, cf. Egs. (3.17), (3.18).
The SM particles in the final state of these decays can have various observable effects
in cosmology and astrophysics.

The two relevant sets of parameters are the lifetimes of the two heavy states, 7,, ,,
and the related mass splittings of the DM multiplet (with respect to the lightest state),
Amgy, Ams;. The lifetimes determine at which cosmological epoch the heavy states
decay. The mass splittings control the released combined electromagnetic and hadronic
energy, Eyis o~ Ams; 3. They also determine the relic abundances of the heavy states.

Generically, near the degenerate limit each state contributes roughly a third of the total
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DM relic abundance, Qpy;. Close to the resonant condition m, =~ m 421/2 the x; 23 relic
abundances may differ from Qpy;/3, depending on the common DM mass and relative
mass splittings.

For the scalar DM the mass splitting is expected to be large. The ¢, 5 therefore decay
before primordial nucleosynthesis. The decays yield negligible entropy release due to
the small ¢, 3 abundances. Such scenarios are basically unconstrained by current cos-
mological observations. The same is true for the fermionic DM if additional spurions
split the DM multiplet at tree level.

If the fermionic DM multiplet is split solely by radiative corrections, the y, 3 and
X1 are generically much more degenerate, cf. Fig. 3.4 (right). The x5 states are then
potentially long lived. For 753 ~ O(10~ ' s—10'?s) the decays may affect the primordial
generation of light nuclear elements [107]. For longer lifetimes, 753 ~ O(10* s —10%),
the x, 3 decays distort the thermalization of the CMB by injecting high-energy photons
into the plasma before recombination, which is strongly constrained [108,109]. The
X2.3 states with lifetimes longer than 1,3 > 10'"s are ruled out, if the injected photons
carry energy above the thresholds of the efficient thermalization processes. Typically
this is a fraction of the electron mass. For even longer lifetimes, 753 2> 1013 s, the X2,3
states decay after recombination. This results in photons that free-stream to us and
can be searched for in diffuse galactic and extra-galactic gamma and X-ray spectra. A
combination of measurements excludes scenarios with 7,3 < 10% s all the way down
to Amgy g1 > O(10) keV [110].

In the remainder of this section we consider in more detail the region 7, , ~ 107! s—
10'%s, where the big bang nucleosynthesis (BBN) provides the most stringent con-
straints [107,111]. The injection of energetic photons or hadrons from 3 decays dur-
ing or after BBN adds an additional non-thermal component to the plasma that can
modify the abundances of the light elements [112-116]. The bounds differ depending

on whether the decays result in hadronic or electromagnetic showers in the plasma.
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The most stringent bounds are for a relic that produces mostly hadronic showers. This
is because the electromagnetically interacting particles such as photons and electrons
thermalize very quickly by interacting with the tail of the CMB distribution until the
universe is 10°s old. In our case, the decays x23 — x1¢¢ are always kinematically
allowed for 7, , < 10" s. The x»3 decays thus predominantly produce a small number
of hadronic jets with a combined released hadronic energy Ep,q =~ Eyis.

There are three distinct ranges of lifetimes [117]. For 0.1s < 7y, , < 100s the domi-
nant effect is the inter-conversion between protons and neutrons, which overproduces
the “He abundance. For longer lifetimes, 100s < 7,,, < 107s, hadro-dissociation is
the most efficient process and the bounds come from the non-thermal production of Li
and D. At late times, 10”s < 7, , < 105, photo-dissociation caused by direct electro-
magnetic showers or by electromagnetic showers from daughter hadrons can lead to
overproduction of *He.

We impose the “He, D and *He constraints' using the results in Ref. [117]. The vis-
ible energy release in the decays is Fyis ~ Amy; 3. For 100 GeV < Amy; 31 < 10TeV
the constraints derived from the three relic mass benchmarks in Ref. [117] are well ap-
proximated by a power-law scaling with E_. The exponents for the three constraints
are 1y ~ 1/3, np &~ 1/2 and nsy. &~ 1. For inter-conversion and hadro-dissociation the
power-law scaling is expected to break down at energies below O(10) GeV due to the
presence of hadronic thresholds [117]. We thus do not extrapolate the fit results for *He
and D for Amy; 3; below 10 GeV. We assume that the photo-dissociation effects retain
approximate power law behavior for £ large compared to the binding energies of the

light nuclei, which is of the order of few tens of MeV. In our model for 7,,, < 10212 s,

the mass splitting, Amy, 31, is always above 10(0.1) GeV. Our approximations are thus

!The measured *He abundance has shifted upwards significantly since the publicaton of Ref. [117].
This should weaken the constraints for 7 3 < 100s. The upward shift has no consequences for our
conclusions since we find that the “He constraint from Ref. [117] is already never important in excluding
the viable parameter space in our models.
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always valid for ranges of lifetimes for which the *He constraints are the most strin-
gent. For the deuterium bound, on the other hand, the power-law scaling is expected
to fail for part of the parameter space where the bound is the most stringent, since
Amg; 31 can be as low as a few GeV. We have checked using the power-law derived
bound that these regions are excluded by several orders of magnitude. This gives us
confidence to conclude that they remain excluded even with a more faithful treatment
of hadro-dissociation effects.

In Fig. 3.5 we show the distribution of x 3 lifetimes in the viable parameter space
of the fermionic DM model. The cosmological constraints rule out all points with
723 2 100s, which is the range of lifetimes for which the deuterium bound becomes ef-
fective. The points with lifetimes 7, 3 < 100, on the other hand, are never excluded by
cosmological constraints. This is the range of lifetimes where the most strigent bound
comes from the “He abundance, which, however, is not sufficient to exclude any of our

fermionic DM model points.

3.4.4 Direct and indirect dark matter searches

Both fermionic and scalar flavored DM can produce direct detection signal from DM
scattering on nuclei. For fermionic DM the scattering is due to ¢-channel exchanges
of FGBs. For scalar DM the scattering is dominated by the Higgs exchange in the ¢-
channel, while the contribution of FGBs is in general negligible.

The spin-independent interactions with the nucleons for the fermionic flavored DM

are described by the following effective Lagrangian [118,119]

Lair. = fo(X7uX) (@7'P) + fu(Xyux) (7). (3.31)

The Wilson coefficients f, and f, are the couplings to protons and neutrons, respec-
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(g‘u/)u,m + Z(Gg)n,m
m2m '

;" and fi=3 ()n
mAm

(3.32)
Gi* are the vectorial couplings of FGBs to quarks, defined in Eq. (3.25). The spin-

independent DM-nucleon cross section as measured by the LUX experiment [120] is

oiN = {1+§ (%—1)]2@, (3.33)
where i, is the reduced mass of the (x, n) system. The Xenon atomic and mass num-
bers are denoted by Z and A, respectively. We thus have Z = 54, while A varies
between 128 and 134. With the above relations we calculate the DM—-nucleon cross sec-
tion and compare it with the current best limits reported by the LUX experiment [120].
The results of the scan are shown in Fig. 3.8. Most of the points lie well below the
present LUX bound. This is a consequence of the fact that the relic abundance is given
by the s-channel resonant annihilation, while the direct detection scattering is due to
t-channel exchanges of FGBs and thus not resonantly enhanced.

For scalar flavored DM the dominant scattering is through ¢-channel Higgs-boson

exchange. This leads to the spin-independent scattering on nucleon N = n, p, [121,122]

s _ Sk [ (memy \* mk
OXN T Ty me, +m mim?2 (3:34)
b1 N h'" "1
The Higgs—nucleon coupling is
2 7
frn=5+52 1", (3.35)
q

where the sum runs over the light quarks, ¢ = u,d, s. fq(N) are defined by the matrix
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Figure 3.8: The predicted spin-independent cross section for DM scattering on nuclei
as a function of DM mass for radiatively split fermionic DM (left) and in the large mass-
splitting limit (right). The LUX bound is the brown shaded region. The color coding
for the points is as in Fig. 3.3.

elements of the light-quark scalar currents, my F = (N|my,qgq|N). For the s quark

we use the lattice determination fs(N) = 0.043 £+ 0.011 [123]. The matrix elements for

Theory (BadPT) andlysis

is in agrfeéﬁ{“esr Ny = 2+ 1 QCD data, which gives

g 10~46 L e Non.pcrturbativc "‘
oxy = 523(3)(8 MeVTT2%]. Inclirei

5 10777, Flravor bounds X
in the fit shifis L

(50 + 15) Me¥

32) and finite-spacing parametrization

eV. To be conservative we use o,y =

102, fP = 34+11)-102 £ =

016.00

results in fy;, = (29.7 £+ 1.3) - 10~ 2 where we averaged over Higgs couplings to proton
and neutron (the difference is an order of magnitude smaller than the quoted error).
The resulting bound from the LUX experiment, assuming correct relic abundance, is
shown in Fig. 3.7 and constrains my, 2 150 GeV.

Finally, we discuss the constraints from indirect DM searches. The flavored DM

annihilates to quarks so that the most constraining indirect DM searches are due to

the photon and antiproton cosmic-ray fluxes. The constraints from the antiproton flux
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Figure 3.9: The dijet production cross section at 8 TeV LHC as a function of the lightest
FGB mass for radiatively split fermionic DM (left) and in the large mass splitting limit
(right). The 95% CL limit from Ref. [133] is denoted with a solid orange line. The color
coding is the same as in Fig. 3.4.

are quite dependent on the propagation model. This can lead to almost an order of

magnitude difference in uncertainty on the value of the excluded annihilation cross

section [128}(.)0

T

’ Epl;c.)pagatior]

j model the antiproton-flux measure-
ito be m, > 20GeV if the xyx' — bb

expected from annihilations to other
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» photon flux from dwarf spheroidals

00 1000 2000 DOUH ! v—for_1 eI ating to quarks [130] (there are also
gl GeV] slightly less stringent constraint§¢¥dm y-ray emissions from the Large Magellanic Cloud

[131], and from isotropic y-ray background [132]).

3.4.5 Searches at the LHC

The searches for particles beyond the SM at the LHC are sensitive to the lightest new
states in our models. The searches for dijet resonances impose constraints on the mass
of the lightest FGB [133], and the searches for vector-like 7" and B quarks impose con-

straints on the mass of the lightest quark partners u;, d; [134].
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The FGBs are narrow resonances that have flavor-conserving as well as flavor-
violating couplings to the SM quarks, u;, d;, and to the quark partners, u}, d;. Since the
FGBs are not colored they do not directly couple to gluons. At the partonic level the
production process is dominated by ¢;q; — A™ — ;¢ The FGBs would then appear
as resonances in the dijet invariant-mass spectrum. For the most part, the LHC dijet
resonance searches are relevant only for the lightest FGB which has, to a very good

approximation, flavor-diagonal couplings to quarks. In this case, the cross section for

pp — 7j is given by [135,136]

S

_ *oda’ [P s y ey 1 d
o(pp — qq) = Z/ ‘ / dyp / dz fi (VTe®) f; (Ve ¥7) 5370 (3.36)
i7j 4m]2 —YB —Zo

The partonic differential cross section is given by

d 1 M w2 12
i = b (‘gV i 195 )
dz I 327 M2 — 2m 2 2mr2m i9,m 4,m
( m2m)” + m4.l% 2 637
Su,d |2 Su,d |2 2.2 Su,d |2 Su,d |2 j
% |:(‘g‘u/ jj,m+ ‘gj‘i jj,m) (1 +6fz ) +4 (‘g‘uf jim gjjx jj,m) % )

where, in the partonic center of mass frame, .# is the total energy, 5, is the velocity
of the final-state quarks, = = cos#* is the cosine of the polar angle of the outgoing
quark w.r.t. the direction of the incoming quark, and the couplings Gy, G4 of FGBs
to quarks were defined in Eq. (3.25). We have only included the s-channel contribu-
tion that dominates on the FGB resonance peak. Terms odd in z were dropped in the
differential cross section since they vanish after integration. The predicted dijet cross
sections at the LHC with /s = 8TeV are shown in Fig. 3.9, where the 95% CL ex-
clusion from Ref. [133] is denoted with a solid orange line. This mostly excludes the
points where the lightest FGB has large couplings to the quarks. Such points are in
fact already mostly excluded either by the perturbativity requirement or from flavor

constraints.
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The quark partners, v}, d, have an inverted mass hierarchy w.r.t. the SM quarks so
that in most of our scan points the ¢’ is the lightest state. The bound on the ¢’ mass
depends on the t' — bW, tZ, and th branching ratios. The respective partial decay

widths are given by

2 3

D(# = W) = T2 |5, aVageas® — (1—22)" (14 22%), (3.38)
64 W
2 3
G 2 My 2 2
It —tz) = Togy (Curssuss) % \/[1 —(rz+a) ] 1= (w2 —2)]

x [(1=23) (1 +20% —af) — 2} (1 - 27)],

(3.39)

2

P(tl — th) = %mt’ \/[1 — (zp + J}t)Q] [1 — (zp — xt)ﬂ

X [(siRgsZLg + ciR3ciL3) (1 + xf — xz) — 45453 Sup3 Cup3d Cup3 xt] ,

(3.40)

where z; = m;/my and s;, ¢; are the sines and cosines of the mixing angles between
the SM and exotic quarks, while V' is a unitary matrix describing the misalignment
of the Y, and Y, vevs. Their definitions can be found in Ref. [102], where also the
relevant Feynman rules are given. (We present the relevant Higgs Feynman rules in
App. B.II, correcting an obvious typographical error of Ref. [102].) In Eq. (3.38) we
took the limit z;, — 0 that is justified since my > m;. We use the above expressions for
the t' — bW, tZ, th branching ratios to obtain the 95% confidence-level bound on the #'

mass by interpolating between quoted observed-limits table in [134].

3.4.6 Flavor constraints

The model of gauged-flavor symmetries in Eq. (3.6) was designed to be compatible
with new TeV-scale dynamics and at the same time satisfy the tight flavor constraints

from FCNC observables. The FCNCs induced by the exchange of new states are thus
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relatively mild. The light flavor-violating gauge bosons mediate A" = 2 transitions at
the tree-level, while the light exotic quarks modify the loop-induced SM process. These
modifications are large enough that they restrict the parameter space of the model
[102]. All the flavor-violating parameters in the model are fixed by requiring (Y,,) and
(Ya) to reproduce the observed masses and mixings in the quark sector. The size of
the induced FCNCs thus depend only on a relatively small set of flavor conserving
parameters in the model, the flavor symmetric masses and couplings. Following the
analysis in Ref. [102] we focus on AF = 2 observables in the neutral B and K sectors,
and on B, — X,7.

In our analysis we include the mass differences in the neutral K°, B?, and BY sec-
tors, Amg, Amp,, and Amp,, respectively. We also include the indirect CP violation
in the kaon sector, €k, and the mixing-induced CP asymmetries Sy x, and Sy4. The

corresponding mixing amplitude

2may (M) = (MIHG 2| M), (3.41)

where M = K°, BY, BY, controls all of these observables.

Two NP contributions to M dominate. These are the tree-level exchanges of FGBs
and the loop-induced SM-like contribution with internal up-type quarks, including ex-
otic quarks. For the later contribution we first integrate out at the EW scale, iy ~ my,
the exotic quarks together with the W and the top quark. In this step we ignore the
hierarchy of masses between the exotic quarks and top. This is a good approximation
for the dominant contribution that comes from ¢'. The theory matches onto the EFT
with the SM effective weak operators. We perform the Renormalization Group (RG)
of the Wilson coefficients to the low scale at which the hadronic matrix elements are
evaluated on the lattice. For the tree-level FGB exchanges the hard scale is given by

the corresponding gauge-boson masses. We integrate out the FGB at the correspond-
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ing hard scale and RG evolve the Wilson coefficients to the hadronic scale. The FGB
exchanges generate four-fermion operators with the Dirac structures that differ from
the SM one, namely (f;7,Prf;)(fi7*Prfi) and (fiv,Prf;)(fi7*Prfi), where i, j are the
flavor indices. The RG evolution is implemented following Ref. [137] (for further de-
tails and the dependence of the numerical relevance with the scale see also Ref. [102]).
For the non-perturbative inputs, the decay constants and the bag parameters, we use
the current lattice averages [138].

The mass difference in the neutral kaon sector, Amy, and the CP-violating param-

eter e are given by

Ke elve

RNINT Im (ME"), (3.42)
K

AMg =2Re(ME"), e

with . = (43.51 £ 0.05)° and k. = 0.923 £ 0.006, which includes long-distance effects
in both Tm M5’ [139] and in the decay, i.e. ImT'K’ [140]. Our SM expectation for &
incorporates the known Next-to-Next-to-Leading-Order (NNLO) QCD corrections due
to the charm [141] and charm~top [142] contributions.

The mass differences in the neutral B sectors are given by
AMp, =2|M)y|, withq=d,s. (3.43)

The CP violation in the neutral B sector is probed by the time-dependent asymmetries

in the decays B} — /K5 and B? — ¢ that define the observables
Sq/)Ks = sm(?ﬁ + 2¢Bd) and Sw(z, = Sln(2]55] + 2¢Bs) s (344)

respectively. In the conventional parametrization of the CKM matrix the SM phases
are given by VM = |VSM|e ¥ and VM = —|V3M|e . The NP phases are defined

through the relation M Do — | M| €¥Pat98,)  The tree level exchanges of FGBs induce
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such new phases in AF' = 2 matrix elements. These are thus constrained both by the
Sy and Sy asymmetries, and by £k in the kaon sector.

The rate of B — X, is also modified by the presence of exotic up-type quarks.
These can only enhance the B — Xy rate with respect to the SM expectations [91].
The contributions of FGBs are loop-suppressed. Even though they may be enhanced
by my they are negligible in models with a seesaw-like mass generation for quarks, like
the model we consider [143]. The SM prediction for the rate in our analysis includes
the known NNLO corrections [144-146].

In our numerical scan we mark parameter space points to have passed the flavor
constraints only if the predictions for all our observables lie within three standard de-
viations of the corresponding experimental values. Whenever theoretical uncertainties
are relevant, we include them in quadrature with the experimental ones.

The deviations of the selected FCNC observables from the SM predictions for the

four benchmark points are shown in Figs. 3.10 to 3.12.

3.5 Benchmarks

To illustrate the most relevant phenomenology of fermionic flavored DM we select
four representative benchmark points. The main features of the four benchmarks are
summarized in Figs. 3.10-3.13. The upper panels in the figures show the spectra for the
FGBs, A™, the quark partners, u;, d;, and the DM multiplet, x;. Each FGB is represented
by four shaded 3 x 3 rasters. The shade of the entries in the rasters is approximately
logarithmically proportional to the size of the couplings to ug, dgr, u;, and dj, respec-
tively (from left to right). The DM relic abundances as functions of the y; mass are
shown in the bottom left panels. The lines correspond to our approximate calculation

for a radiatively split DM multiplet (red solid line) and for a DM multiplet with large

mass splittings (black dashed line). The open diamonds (circles) correspond to the
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solutions of the coupled Boltzmann equations for the radiative (large) splitting cases
which were calculated in MadDM. The approximate and MadDM relic-abundance calcu-
lations are in very good agreement for this small subset of benchmarks. In general,
however, a disagreement of up O(30%) could be expected due to the approximations
(see App. B.II for a more detailed discussion). The bottom right panels show the pull
in selected flavor observables, i.e., the differences between theoretical predictions and
measurements normalized to the 1-0 uncertainties. The uncertainties were obtained by
adding in quadrature the theory and experimental errors. The four benchmark points
are also marked in Figs. 3.3, 3.4, and 3.5 with a diamond (1), a five-point star (2), a
triangle (3), and a six-point star (4).

“Benchmark 1” is an example of fermionic flavored DM, where the DM multiplet is
light, with mass below 1 TeV. The mass of the lightest state in the DM multiplet is m,,, ~
520(540) GeV if it lies just below (above) the LFGB resonance. If the mass splitting
between x1, x» and xs3 is solely due to radiative corrections, x» and xs are almost mass
degenerate with masses roughly 10 GeV above m,,, and x3 is about 100 MeV heavier
than x,. The lightest quark partner is ¢ with a mass m; ~ 1.3 TeV. The lightest FGB has
a mass my2 ~ 1.1 TeV. All the remaining NP states are above 7TeV. This benchmark
point demonstrates that even parameter regions with low lying FGBs can be consistent
with both the resonance searches and the FCNC bounds. The most robust constraints
in this parameter region come from cosmology (in case of radiatively-split DM masses)
and dijet-resonance searches (see Figs. 3.5 and 3.9). Note in particular that for the
completely (mass) decoupled fermionic DM scenario, in which cosmology bounds are
absent, all experimental constraints can be satisfied even for DM (and LFGB) masses
below few 100 GeV.

The bottom left panel in Fig. 3.10 shows the predicted relic abundance for this
benchmark, if only the DM mass is varied, which also modifies the splitting within

the DM triplet. Relic abundance consistent with observations is obtained for a mass of
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Figure 3.10: Mass spectrum and flavor decomposition (upper panel), DM relic density
as a function of the DM mass with all other parameters fixed (lower left panel) and the
pattern of effects in selected flavor observables (lower right panel) for the fermionic
flavored DM benchmark 1. The input benchmark-point parameters are listed in the
center. See text for details.
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DM close to half of the mass of the lightest FGB, in which case the annihilation cross
section is resonantly enhanced. To saturate the observed DM relic density, two solu-
tions for m,, are obtained, with m,, either above or below the resonant peak. We see
that for radiatively split DM masses, where all x; components contribute to the DM
relic density, m,, need to lie within O(3%) of the resonant peak for the annihilation to
be strong enough. For completely decoupled DM multiplet the resonant condition is
relaxed and needs to be satisfied to O(5%).

In Fig. 3.10 (upper panel) we show the spectrum for the lower mass solution and
radiative DM multiplet splitting. We see that the quark partners of the lighter genera-
tions are heavier than the partners of the third generation quarks. Similarly, the FGBs
that couple more strongly to the first two generations are typically heavier than the
ones that couple preferably to the third generation. The couplings of the lightest FGB
to the light quarks have the form G ~ G% ~ G¢ ~ G%  \®, where the relative cor-
rections to this relation are below the percent level. This means that the lightest FGB
couples to the light quarks vectorially, G* < Gi*%, to a very good approximation. The
same is true for the majority of parameter-space points passing flavor constraints.

The largest effects in flavor physics are in the mixing observables, the mass split-
tings Amg, in By — By and B, — B, systems, respectively, and the mass splitting in
the K — K mixing, Amg, and the related CP violating parameter ex. The pulls in
b — syand By — By mixing are due to the fact that the measurements agree with the
SM prediction only at 1-0 level and the contribution to them from new states is very
small.

“Benchmark 2” is an example of a generic parameter-space region, but towards the
upper end of the perturbatively allowed region. The DM has a mass m,, ~ 4.5TeV,
while the heavier states in the DM multiplet have masses 120 GeV and 150 GeV above
my, (for the case of only radiative mass splitting). The lightest exotic quark is the top

partner with mass my ~ 1.7 TeV, while the mass of the lightest FGB is m 421 ~ 9.2 TeV.
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Figure 3.11: Same as Fig. 3.10 for benchmark 2.
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Figure 3.12: Same as Fig. 3.10 for benchmark 3.

For such high DM masses it is barely possible to obtain the correct relic abundance
(see the lower left panel in Fig. 3.11). Therefore, the DM mass is finely tuned to be
exactly on the resonant peak (see the lower left panel in Fig. 3.11), so m,, =~ m 2 /2.
Because of the high masses of the NP states the direct searches (direct DM detection,
' searches and dijet resonance searches) as well as the indirect flavor constraints are
easily avoided, although K — K mixing does receive non-negligible contributions.

Also in this case, the couplings of the lightest FGB to the light quarks have the form
Gy~ G4 ~ G ~ G4 o A}, so the couplings of the lightest FGB to quarks are to a good

extent vectorial.
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Figure 3.13: Same as Fig. 3.10 for benchmark 4.

“Benchmark 3” is an example of a generic parameter space in which all the cou-
plings of the model are well below the pertubativity bounds. The lightest FGB has a
mass m 421 ~ 5TeV while all other FGBs have masses above 100 TeV. The lightest part-
ner quark is t' with mass my ~ 2TeV. The DM states have masses m,, ~ 2.4TeV and
My, = My, = 2.5 TeV (for radiative mass splitting). All direct experimental constraints
as well indirect flavor bounds are easily satisfied in this case. For radiatively DM mass
splitting the cosmological constraints are the most constraining. In particular, requir-
ing small enough 7,, , (or equivalently large enough Am; 31) typically imposes a lower

bound on g .
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“Benchmark 4” is an example of the case in which the next-to-lightest FGBs have
masses not too far from the lightest FGB. In the benchmark point the lightest FGB has
a mass m 2 =~ 8.3TeV, while the next to lightest FGBs have masses m 23 =~ m 2 ~
19 TeV, m 421 ~ 39 TeV. In this case the deviations from the (jg ~ C;}fz ~ Qg ~ QA% x \® re-
lation for the lightest FGB coupling to quarks are of O(10%). Nonetheless, this does not
have a significant effect on the computation of the DM relic abundance. This is demon-
strated in Fig. 3.13 bottom left panel where a comparison is shown between the relic-
abundance calculation neglecting (dashed lines, labelled “Approx”) and including (full
lines, using MadDM) flavor off-diagonal lightest FGB couplings and contributions of
heavier FGBs. For a more detailed discussion of these effects see Appendix B.II.

The lightest quark partner is ¢ with mass m; ~ 1.4TeV, and is significantly lighter
than all FGBs and also DM. The DM states are degenerate to a good approximation,
with masses m,,, = 4.1TeV and m,, ~ m,, ~ 4.2 TeV. Because of the light ¢’ the flavor

constraints are nontrivial, and there are visible effects in B, and B, mixing observables.

3.6 Chapter summary

We investigated the possibility that DM is in a nontrivial representation of the contin-
uous flavor group GiM = SU(3)g x SU(3)y x SU(3) p. The two main results are that (i)
one can have a viable model of DM where DM is stable because it is charged under Z5
— a discrete central subgroup of Gi and color SU(3), and (ii) that the DM spectrum
can be very non-MFV like, while all the low-energy constraints will appear MFV-like.

Z3 is exactly conserved in many models of flavor. For instance, it remains unbro-
ken for MFV new physics. More generally, Z5 remains exact if the flavor group G3M
is broken only by the vevs of scalar fields, or condensates, with zero flavor triality.
Examples of zero flavor triality fields are scalars in bifundamental or in adjoint repre-

sentations of the flavor SU(3)’s. The basic requirement for this set-up is that G3™ is a
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good symmetry in the UV. This is achieved, if Gi™ is fully gauged in the UV, which is
the possibility we explored. The DM is then stable because it is Z odd, while all SM
fields are ZJ even.

We investigated two different types of flavored DM models: (i) models in which
the leading interaction of the DM with the visible sector is through the flavored gauge
bosons (FGBs), and (ii) models in which the contributions from the FGB exchanges are
subleading.

As an example of the first type of models we considered a Dirac fermion DM that
is in a fundamental representation of SU(3);,. The relic abundance is fixed by the res-
onant DM annihilation to SM particles through the s-channel exchange of the lightest
FGB. The DM is thus required to have a mass of about half of the lightest FGB’s mass.
This in turn implies that the FGBs cannot be arbitrarily heavy, but at most O(10 TeV).
Such light FGBs are possible, if the masses of FGBs are inversely proportional to the
corresponding quark masses. That is, if the FGBs that couple most strongly to light
quarks are also the heaviest. To achieve this we adopted the model of Ref. [91] in
which the inverse proportionality is achieved by introducing a set of quark partners
also necessary to cancel gauge anomalies. The same quark partners also mix with the
SM quarks and lead to the mass hierarchy of the SM quark masses.

The flavor and collider phenomenology of the model is very similar to the case
where DM is not considered. The fact that the first-generation quark partners are the
heaviest and that the spectrum is completely split, signals the non-MFV character of
the model. However, the low-energy consequences are MFV-like (see Appendix B.I).
The flavor constraints are satisfied even with FGBs and the top-quark partner, with
masses potentially well below the TeV scale. The relevant direct collider searches are
the searches for dijet resonances and ¢’ searches. They exclude part of the available pa-
rameter space. Requiring that there is a thermal relic DM introduces new constraints.

Because DM is part of a flavor multiplet the heavier DM states need to decay before
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big bang nucleosynthesis. In the case of radiatively-split fermionic DM this excludes
a large part of the parameter space. The remaining points are mostly safe from direct-
detection bounds. The fact that the DM mass is related to the FGB mass by the require-
ment of almost resonant annihilation sets both lower and upper bounds on the DM
mass. Requiring that the theory is perturbative also puts an upper bound on the DM
mass, m,, < 5TeV. On the other hand, requiring that the FGBs satisfy flavor and direct
constraints and that DM is simultaneously in accordance with cosmological constraints
leads to a lower bound on the DM mass, m,, 2 500 GeV. Improved bounds on dijet res-
onances at the LHC are expected to further strengthen this constraint (see Fig. 3.9).

We have also considered the possibility that the DM multiplet is split due to an
extra source of flavor breaking. Also in this case, the correct relic abundance requires
resonant annihilation. The DM mass is in thus still roughly equal to half of the mass
of the lightest FGB. However, the heavier DM states decay well before big bang nu-
cleosynthesis so that a much wider range of DM masses is phenomenologically viable.
In our scan this includes DM masses as light as 100 GeV (with very small couplings to
FGBs) and up to 10 TeV.

A possible signal of the gauged flavor model with fermionic DM at the LHC are
mono-jets, where the lightest FGB is produced associated with initial state radiation
and decays to x; pairs. The ;s are expected to be non-relativistic in the lightest FGB’s
rest frame, as their combined mass needs to be close to the FGB mass to fulfill the res-
onance condition for relic DM abundance. In the event that such a signal would even-
tually emerge, the corresponding dijet-resonance signal is generically also expected in
the model. A final possibility in the case of radiatively split DM mass spectrum is that
some of the lightest FGBs decay to slow-moving x»3. They in turn decay within the
detector, leaving (highly) displaced vertices, isolated hits in the calorimeter or in the
muon chambers. Unfortunately, in most of the parameter space x,; are expected to

decay well outside the detectors, see Fig. 3.5, leaving mono-jets as the only signal.
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In the second type of models, where FGB exchanges give only subleading contribu-
tions, the only visible consequence of the flavor dynamics on the DM is that DM is sta-
ble. The DM mass and the mass of the lightest FGB are no longer connected. We show
this in the example of scalar flavored DM, in which the dominant interactions with the
visible sector are through the Higgs portal operator. In this case the phenomenology
of the DM is to a very good approximation the same as in the Higgs-portal scalar DM,
while the dynamics of FGBs and quark partners is unrelated to DM.

In short, we have shown, using an explicit renormalizable model, that it is possible
for flavored DM to be a thermal relic. The considered model is not the only choice.
One could consider DM in other representations of G#™. Our analysis can be extended
also in other ways: for instance, by enlarging the global symmetry as in Ref. [24] and
subsequently gauging it. For instance, with our field content the global group is GiM x
SU(3),, where x is in the fundamental of SU(3),. In our work we have identified
SU(3), with SU(3)y, but other choices could be made. Yet another possibility is to
gauge only part of G5, for instance a U(2)? ¢ GiM. Note that for fermionic DM, Z;
is part of an accidental U(1), acting in the dark sector. The U(1), can be broken by
the dimension-7 operator LH xxx, but is exact in our renormalizable model. It can in
principle be gauged and lead to additional phenomenology. If DM is a scalar, U(1),

can be broken already at the renormalizable level, leaving only Z; exact.
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Chapter 4

Nonstandard Yukawa couplings and

Higgs portal dark matter

4.1 Introduction

In Higgs-portal models [147-156] of dark matter (DM) the Higgs is usually assumed
to be completely Standard Model (SM) like apart from its couplings to DM. Experi-
mentally, only the couplings of the Higgs to the heaviest particles of the SM are cur-
rently well constrained. The couplings to gauge bosons are found to be in agree-
ment with the SM predictions at the O(20%) level, while the constraints on the cou-
plings to third-generation fermions are somewhat weaker [157, 158]. Much less is
known experimentally about the couplings of the Higgs to the first two generations
of fermions. The couplings to u, d, s, and ¢ quarks could be as large as the SM bottom
Yukawa coupling or be absent altogether [159-162]. The Higgs couplings to top and
bottom quarks will be quite well known by the end of the high-luminosity LHC run.
Some progress is also expected on the measurements of Higgs couplings to charm and
strange quarks [159-161].

Large u-, d-, and s-quark Yukawa couplings, comparable in size to the b-quark
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Yukawa, generically require fine-tuning. A large Yukawa coupling implies a large
contribution to the quark mass from the Higgs vacuum expectation value (vev). This
would then need to be cancelled by a different contribution to the u-, d-, and s-quark
masses, unrelated to the Higgs vev. The opposite limit, where the observed Higgs does
not couple to the light quarks at all is easier to entertain. It simply requires a separate
source of the light-quark masses (for an extreme example see, e.g., [163]).

Modified light-quark Yukawa couplings could, in principle, have important impli-
cations for DM phenomenology. In this article we investigate how the Higgs-portal
DM predictions change if the Higgs couplings to the light quarks differ from the SM
expectations. We first allow for an arbitrary flavor structure of the Higgs Yukawa
couplings, only requiring that they satisfy the current experimental bounds. In Sec-
tion 4.2 we derive the implications for direct DM detection, indirect DM detection and
the collider searches. We show that vanishing couplings of the Higgs to light quarks
only have a relatively small impact on these observables. Saturating the loose current
bounds on the light-quark Yukawa couplings would, on the other hand, lead to dras-
tically enhanced scattering cross sections on nuclei while leaving the relic density and
annihilation cross sections

Clearly, an enhancement of the light-quark Yukawas by factors of O(100) or more,
as allowed by current data, requires considerable fine tuning of the quark-mass terms
and hence seems quite unlikely. In Section 4.3 we, therefore, explore the deviations
in the Higgs Yukawa couplings for a number of beyond-the-SM scenarios and flavor
models. This leads to more realistic expectations as to how large the deviations in
the direct DM detection rates can be due to the poorly known Higgs couplings to the
light quarks. Note that we assume the DM to be a flavor singlet and that the new flavor
structure of the interactions with the visible sector is only due to the modification of the
SM Higgs couplings. DM that is in a nontrivial flavor multiplet has been investigated
in [21,23-26,29,39,94,96,97,164,165], while our study is closer in spirit to the work
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in [28,93,166] where the flavor dependence of the DM signals for flavor-singlet DM
has been explored.

A somewhat surprising result of our investigation is that, if DM is discovered and
turns out to be a thermal relic predominantly interacting through a Higgs portal, it
could be used to constrain the light-quark Yukawa couplings. This is discussed in
more detail in Section 4.4.

We summarize the results of this chapter in Section 4.5.

4.2 Higgs portal with non-trivial flavor structure

We assume that DM and the SM fields are the only light degrees of freedom. The
remaining new physics (NP) particles can be integrated out so that one can use an
Effective Field Theory (EFT) approach. The couplings of DM to the SM are given by
the Higgs-portal Lagrangian

( gXXTXH "H, scalar DM,;
1 1
L, =/ gXKxXHTH + ing>’<75XHTH, fermion DM; (4.1)
\ %XX“XHHTH, vector DM.

Above, the fermion DM can be either a Dirac or Majorana fermion (in either case we

use four component notation). After electroweak symmetry breaking (EWSB) we have

H'H = = (vfy 4+ 2vwh + h?), (4.2)

1
2
where vy = 246 GeV is the vacuum expectation value (vev) of the Higgs field. The
above interactions therefore lead to annihilation of DM into both single Higgs, xx — A,
and double Higgs, xx — hh, final states.

The Higgs-portal operator for fermionic DM has mass dimension five and is sup-
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pressed by the new physics scale A. The Higgs-portal interaction for fermionic DM can
also be re-written as £, = (g, + 1§, ) Xz xrH H/A + h.c.. For g, # 0 the interaction is
thus both P- and CP-violating. The interaction for vector DM is most probably also
due to a higher-dimensional operator in the full theory. For instance, if x, arises from
a spontaneously broken gauge symmetry in the dark sector, then g, ~ v%/A?, where
vp is the vev of the field that breaks the dark sector gauge invariance, while A is the
mass of the mediator between DM and the Higgs.

The relevant terms, after EWSB, in the effective Lagrangian for the Higgs couplings

to the SM particles are given by

2
My 2myy,

£eff:_

2
Kq—qqh — Wﬂl@h + Ky ( W“L“Wl: + %Z“ZM> h
Vw Vw Uw Uw

(4.3)

2
my, 3 NP Qs a apy
— ky——"h —hG® G*
o 2oy + g L2roy H

where the x; are real. A sum over the SM quarks, ¢ = u, d, s, ¢, b, ¢, and charged leptons,
¢ = e, u, 7 is implied, and we have assumed custodial symmetry. The A — vy coupling
is not relevant for DM phenomenology, since its effects are suppressed compared to the
Higgs couplings to gluons.! The couplings are normalized such that x, = r; = Ky =
rx = 1 correspond to the SM. The experimental constraints on the couplings of the light
quarks to the Higgs, obtained from a global fit to current data, are |«,| < 0.98m;/m,,
|ka| < 0.93my/myg, |ks| < 0.70m;,/mg, where only one of the light Yukawa couplings was
left to float in the fit, while all the other Higgs couplings are set to the SM values [159].
Higgs couplings to the light quarks of a size comparable to the coupling to the b quark
are thus still allowed. In (4.3) we do not allow for flavor violating Higgs couplings,
since these are already tightly constrained from both Higgs decays and low-energy

observables [167-170].

Tt could be relevant for direct detection if the scattering on electrons dominates. This requires very
light DM, of order the electron mass. Such light Higgs-portal DM is excluded by the constraints on the
Higgs invisible branching ratio.
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In the SM, keeping the Higgs on shell, the 2G'G coupling arises predominantly from
the one-loop top-quark contribution. The )" in (4.3) encodes only the potential NP
contributions, and vanishes in the SM. In the global fits a parameter x, is introduced
that gives the total » — gg amplitude, including the SM contributions [157, 158]. We
have (see, e.g., [171])

kg >~ 1.03K¢ + /igIP. (4.4)

At present, significant C'P-violating Higgs couplings to fermions and gluons are
still allowed experimentally (see, e.g., [172]), so we also discuss their effect on the Higgs

interactions with DM:

Lot cpy = —i/%qvm—;q%qh . z‘/%g%z%ﬁh + RN 8:sz hGe, G (4.5)
Here, the &; are real parameters; in the SM, we have #; = 0. Moreover, wa is the gluon
field-strength tensor and G4* = 56 GY, its dual. The normalization of the hGG
term is chosen such that integrating out the top at one loop one obtains &, = &; + &,’".
Accordingly, we have Br(h — gg) o & 4 (3k,/2)*. The C'P-violating couplings of the
Higgs to ZZ and WW are already well constrained, and we thus set them to zero. In
the numerical analysis below, we will also assume &; = 0, for simplicity.
The modified Higgs couplings change the usual Higgs-portal predictions for DM

annihilation rates, the relic abundance, and direct detection rates. In the following, we

discuss these modifications in detail.

4.2.1 Annihilation cross sections

The dominant DM annihilation cross sections in the Higgs-portal models are xxy —
bo, WHW~=,ZZ 1, and xx — hh. The first four proceed through the s-channel Higgs

exchange, while xx — hh receives additional contributions from ¢- and u-channel x
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Figure 4.1: DM annihilation channels in the Higgs-portal models.

exchange as well as from the four-point contact interaction (cf. Fig. 4.1). The xy — bb
channel is only relevant if the other channels are not kinematically allowed, i.e. for
light DM masses, m,, < myy.

The xy — bb annihilation cross section assuming SM Higgs couplings is given for

scalar (5), Dirac fermion (DF), and vector (V') DM by

N, gymi By
s o c X
(O-bl‘)vrel) SM — E (S . mh) 2F2 ) (46)
N, m2 g2 (s — 4m? ) + 3y s
P M Ix X
(Jbg vrel)s S A2 (5 — mh) m2T2 By 4.7)
N, ¢ m2 3 52
v c Jx b 2
5 Ure =0 16 ond 1= 4 , *
(Obbv 1)5M 9 167 m! By ( Tt 4TX> (s — m%)2 + mpl; &

where, here and below, /s is the center-of-mass energy, ry, = 4m3/s, fr = /1 — 1y is
the velocity of particle &, and v.1 = 20, is the relative velocity of the DM particles. If
the Higgs coupling to the b-quarks differs from the SM value, the annihilation cross

section is rescaled as

o = (/fg + Rb/ﬁb)afé\d ) (4.9)

The annihilation cross sections o7 to the other fermions are obtained with the obvious
replacement b — f in the above expressions. Since the Higgs couplings to the light
quarks are poorly constrained experimentally, the DM annihilation to two light quarks

can be comparable to xx — bb and can be important for light DM, m, < myy.
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For heavy DM, m, > myy, the annihilation cross-sections into a pair of W or Z
bosons are

ovv = KLOVY (4.10)

V = W, Z. The annihilation cross sections assuming the SM Higgs couplings to W are

given by
(05 ) giﬁ . L3 s 4.11)
g Ure = -T i ’ ’
ww Vel /SM T g P Wgw (s — mi)2 +miT?
1 3 s[g2 (s —4m?) + g2 5]
DF — 1— 22 X X X 4.12
2 2
v Ix S 3 o 3,2 5
re — I 1 - n 1 - n ?
(O Vrel)sm 583 miﬁw ( Tw + 4TW> < rx + 1 x (5 — m,%)Q +m2I?
(4.13)

for scalar, Dirac fermion, and vector DM, respectively. The xx — ZZ annihilation cross
section is obtained by replacing W — Z, and multiplying all expressions by an extra
factor of 1/2 since one has two indistinguishable particles in the final state.

The yx — hh annihilation cross sections for scalar, Dirac fermion, and vector DM,

are given by

Bry? 3raM? 2029, 1°
s P [ 2V 4.14
O = Garm? | AmZ — MZ T ME—2m2] @14
L B (§>2< + 9% >2<) 3r) M} g my vy ’ (4.15)
hh e 32mA? 4m2 — My A(2m2 - MZ)] '
2 4,4 2 4
. B ) 3K\ M? 49, 0w aM; M,
e o (Y (o g
576rm?2 | X \ 4m?2 — M} (2m2 — My)? m2  m}
169507 3k M M}?
ﬁwg( ?h2+g(p-g>} (4.16)
2m3, — My \ 4m;, — Mj 4ms,

In this result we display only the leading terms in the expansion in powers of 3. The
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Figure 4.2: Bounds from LUX (blue band), XENON100 (green band) and the invisible
Higgs decay width (black dashed line and grey region) on the Higgs-portal coupling
gy for scalar DM, assuming vanishing (left) and SM (right) Yukawa couplings to u, d,
s quarks. The red line denotes g, as a function of DM mass, m,, for which the correct
relic abundance is obtained, while g, in the yellow region leads to non-perturbatively
large Higgs decay width, I', > m;, and is excluded. Constraints from Fermi-LAT
searches for DM annihilation in dwarf spheroidal galaxies are denoted by the orange
band.

contribution of the s-channel Higgs exchange diagram is proportional to the rescaling
of the trilinear Higgs coupling, x,. The latter is completely unknown experimentally,
at present, but can be measured to O(20%) at the end of the LHC [173,174]. Since we
are mostly interested in the effects of flavor modifications we will set it to the SM value,

kx = 1, in the numerics below. All cross sections for Majorana DM can be obtained by

multiplying the corresponding Dirac DM cross sections by a factor of 4.

4.2.2 Relic abundance

The DM relic abundance §2p,, is proportional to 1/ov., where ¢ is the annihilation
cross section. Assuming that the DM in our scenario accounts for all of the observed
relic density, the measured value Qpyh? = 0.1198(26) [55] fixes g, for a given value

of m,. The resulting constraint in the m, — g, plane is denoted for the different cases
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Figure 4.3: Bounds on the Higgs-portal coupling g, for scalar DM, assuming maximal
allowed values for the Yukawa couplings to the u, d, s quarks (left to right), keeping all
the other couplings to their SM values. The color coding is the same as in Fig. 4.2.

by a red line in Figs. 4.2 to 4.9. In Fig. 4.2, we compare two limits of the Higgs portal
for the scalar DM: the case where the Higgs does not couple to the light quarks at all
(left panel) to the case where the Higgs has SM Yukawa couplings (right panel). The
two relic abundance curves coincide apart from very light DM, with m, below the
charm and tau threshold. If such light DM did not couple to the u, d and s quarks, this
would result in noticeably reduced annihilation cross sections and, thus, in larger relic
abundance. In both cases, the dominant annihilation process is still given by xx —
h* — gg. For very light DM the correct relic abundance is obtained only if the coupling
of the Higgs to DM, g,, is nonperturbatively large. The yellow regions in Fig. 4.2 denote
the value of g, for which the total Higgs decay width would be larger than its mass,
I';, > my, and are thus excluded.

The same comments apply to the case of vector DM, shown in Fig. 4.4, C'P-conserving
Dirac fermion DM, shown in Fig. 4.6, C P-violating Dirac fermion DM, shown in Fig. 4.8,
and also for Majorana fermion DM. For light DM, m, < 30 GeV, the correct relic density
requires a non-perturbatively large coupling g, so that the predictions should be taken
only as O(1) estimates in that region. Note that all these non-perturbative regions are,

in addition, excluded by bounds on the decay width of the Higgs into invisible final
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Figure 4.4: Bounds on the Higgs-portal coupling for vector DM, assuming vanishing
(left) and SM (right) Yukawa couplings to u, d, s quarks. The color coding is the same
as in Fig. 4.2.

states (see the discussion in Section 4.2.3).

In Figs. 4.3,4.5,4.7, and 4.9, we show the relic abundance curves for g, as a function
of m, for the case where the light Yukawa couplings saturate their upper experimen-
tal bound. The left panels show the case where x, = 0.98m,;/m, and all the other
couplings at their SM values, the middle panels the case where x; = 0.93m;/mg, and
the right panels the case where x, = 0.70m;/m;. In all of these cases the cross sec-
tion for DM annihilation to light jets, o(xx — jj), coming from DM annihilating to
light quarks, is comparable to the annihilation cross section to b-jets, o(x¥ — bb). For
m,, S my these are the two dominant annihilation modes. Since the annihilation cross
sections to b-jets and light jets are comparable, the relic abundance curve show only a
small change in g, when the b-quark threshold is reached. This should be compared
with the case of the SM Yukawa couplings shown in the right panels of Figs. 4.2, 4.4, 4.6,
and 4.8. In this case the xy — jj annihilation is almost exclusively due to DM anni-
hilating to two gluons, so that o(xy — jj) < o(xx — bb), while the annihilation into
two light quarks is negligible. For m, < my and SM Yukawas, the required g, is thus

bigger by 30% — 40% than in the case of light Yukawas at their present experimental
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Figure 4.5: Bounds on the Higgs-portal coupling for vector DM, assuming maximal
allowed values for the Yukawa couplings to the u, d, s quarks (left to right), keeping all
the other couplings to their SM values. The color coding is the same as in Fig. 4.2.

limits, and exhibits a significant jump below the b-quark threshold.

4.2.3 Invisible decay width of the Higgs

The bounds on the invisible decay width of the Higgs boson provide stringent con-

straints on Higgs-portal DM [153]. The partial 2~ — xx decay widths are given by

2
rs — g_X@QX
XX 167 My,
DF gx vy 3 gx
FXX - 8 M A2 /6 8 6)( 3 (4'17)
v o_ gX My 3.2
I‘XX 1287 mA 5)( ( — Tyt ZTX) J

X

where 7, = 4m?2 /M} and p, = /T —r,.

The current best limits on the invisible branching fraction of the SM Higgs are ob-
tained from Zh production. The CMS collaboration gives a 95% CL limit of Br(h —
inv) < 0.58 for M;, = 125 GeV [175] and ATLAS finds Br(h — inv) < 0.75 for M), = 125.5
GeV [176]. Note that the increased light-quark Yukawa couplings, at their presently
allowed values, do not appreciably change the Higgs production cross section [159].

Their main effect is to increase the total decay width of the Higgs and thus reduce the
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Figure 4.6: Bounds on the Higgs-portal coupling for Dirac DM, assuming A = 1 TeV
and vanishing (left) and SM (right) Yukawa couplings to u, d, s quarks. The color
coding is the same as in Fig. 4.2.

branching ratios to the other decay modes:

I'(h = xx)

Br(h — xx) = — — .
( ) I'(h — xx) + TPt x [1 + Zq(/{g — 1)Broy(h — qq)}

(4.18)

In Figs. 4.2 to 4.9 we denote the bound on g, corresponding to the ATLAS upper limit
on Br(h — inv) with a dashed black line and grey out the excluded region in the g, vs.
m, plane. We see that the light DM Higgs portal, m, < m;/2 is excluded by the Higgs
invisible decay width.

Vector boson fusion, gluon fusion and ¢#H production, with the off-shell Higgs go-
ing to two DM particles, can provide some limited sensitivity to DM masses above
my,/2. A combination of the searches in the three channels at a 100 TeV collider could
exclude the scalar thermal relic DM Higgs portal for DM masses in parts of the m;,/2 <
m, S my interval at 95% C.L. [156] (these result receives only a negligible correction
if light quark Yukawa couplings are enhanced). For m, < my/2 the invisible Higgs

decay width is, however, always the most constraining [177].
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Figure 4.7: Bounds on the Higgs-portal coupling for Dirac DM, assuming A = 1 TeV
and maximal allowed values for the Yukawa couplings to the u, d, s quarks (left to
right), keeping all the other couplings to their SM values. The color coding is the same
as in Fig. 4.2.

4.2.4 Indirect detection

In indirect signals of DM annihilation, the effect of changing the light-quark Yukawa
couplings within the presently experimentally allowed ranges leads to at most O(1)
effects. Further, the effect is present only for DM masses below the IV threshold where
the dominant annihilation channel is into the bb final state. For example, Fig. 4.10
shows the recast of the Fermi-LAT bound from dwarf spheroidals [130] for scalar DM,
following the procedure outlined below.

Photon flux measurements with vy-ray telescopes can put a strong bound on the
annihilation cross-section of the DM. The strongest bound in the DM mass range of in-
terest has been recently released by the Fermi-LAT collaboration [130] based on Pass 8
observation data of the Milky Way dwarf spheroidal satellite galaxies (dSphs). There
is also a recent analysis based on the Dark Energy Survey (DES) dSph candidates us-
ing the Fermi-LAT data [178]. While this bound is competitive with the one from the
known dSphes, it is still weaker on its own. One could also consider the bounds from
the isotropic gamma ray background (IGRB) [132]. In our analysis, we recast the Fermi-

LAT bound on the bb final state using a simple re-weighting procedure of the photon
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Figure 4.8: Bound on the pseudoscalar Higgs-portal coupling for Dirac DM, assuming
A = 1TeV and vanishing (left) and SM (right) Yukawa couplings to u, d, s quarks. The
color coding is the same as in Fig. 4.2.

spectra which will be discussed below.

The observed differential photon flux from the annihilation of dark matter is given

by

@ 1 1 N/
- J il
dE,dQ ~ 4m 2m? [Zf:m” dE

: (4.19)

X

where J is an astrophysical factor which depends on the distance to the source and the
dark matter density profile. The factor in the brackets is the one most interesting for
our purposes. It depends on the velocity-averaged cross-section and photon spectrum
per DM annihilation.

The Fermi-LAT analysis gives bounds for the different final states separately while
we have an admixture of final states. In order to recast the bound, we rely on the
observation that for heavy DM the photon spectra from DM annihilation into quarks,
gauge bosons, and the Higgs boson all peak at approximately the same photon energy

and have approximately the same shape. Therefore, to extract the bound on the DM
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Figure 4.9: Bounds on the pseudoscalar Higgs-portal coupling for Dirac DM, assuming
A = 1TeV and maximal allowed values for the Yukawa couplings to the u, d, s quarks
(left to right), keeping all the other couplings to their SM values. The color coding is
the same as in Fig. 4.2.
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Figure 4.10: The effect of large light-quark Yukawa couplings on the indirect detection
bounds from Fermi-LAT observations of Milky Way dwarf spheroidal satellite galax-
ies [130].

Higgs portal coupling g,, it is sufficient to find the zeros of the polynomial

dNﬂ)]; PEAK - dNﬂ)Ii PEAK
flgy) = Z(Uv>f (d_E) — {ov), (d_E> ; (4.20)
!

where in the last term, (ov);"™™" is the bound from the Fermi-LAT analysis on the
velocity-averaged cross-section. The photon spectra were obtained from the interpola-

tion tables provided in the PPPC4DMID package [179]. In all cases except for the hh final
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state, f(g,) has only one zero up to a sign ambiguity. For the hh final state, however,
the zero of f(g,) closest to the g, corresponding to xx — bb is the one used to rescale
the Fermi-LAT bound on g, as a function of m,. The resulting bounds are shown in

Figs. 4.2 to 4.9.

4.2.5 Direct detection

We have seen so far that most DM observables exhibit only a weak dependence on
the light-quark Yukawas. This is not the case for the direct DM detection. In fact,
modifying the light-quark Yukawa couplings can significantly change the predictions
for DM - nucleus scattering cross sections.

The differential cross section for spin-independent DM scattering on a nucleus is

given by
do  ma |M[?

= 4.21
dEr 12 v 327s (4.21)

where E, is the nuclear recoil energy, m 4 is the mass of the nucleus, i, 4 = m,ma/(m,+

m.) is the reduced mass of the DM — nucleus system, s = (m, + my)? is the center-

of-mass energy, vy is the DM velocity in the detector rest frame, and |M|? is the spin-
averaged squared matrix element.

The matrix element M depends on the effective Higgs couplings to the nucleus.
Since the momentum exchanges in DM scattering on nuclei are much smaller than the
Higgs mass, we can calculate |M]? by first integrating out the Higgs and the heavy

quarks (¢, b, ¢). This gives an EFT with light quarks and gluons interacting with DM
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through local operators, described by the effective Lagrangians

g v
Ls =2 (xS, (4.22)
my,
1 gow, _ 1 gyow .
Lp= N fni (XX)3q+K ;1]21 (Xiv5X)S, - (4.23)
Ly = 2 ()8 (4.24)
2m? a ¢

for scalar, fermion, and vector DM, respectively. The scalar current is the same in all

three cases:

Qs

m a m - ~
S, = —qq—-C,—2—-G* G g —Lgyvsq — C G G . 4.25
1 zq: T vw 19—y 127w  * + zq: g U 1754 I8y M (4.25)

Here, the last two terms arise from C P-violating Higgs couplings. The sums are over
the light quarks ¢ = u,d, s. The heavy quarks are integrated out and contribute only
via the gluonic terms in the current. For the two corresponding dimensionless Wilson

coefficients we have
Co =Ky + Ky + Kp+ Ke, Co =Ry + Ry + Fp + Fe, (4.26)

where the first contribution is from tree-level matching, and the remaining from one-
loop matching, working in the limit of heavy quarks. This is well justified for top
and bottom quarks. For scattering on heavy nuclei, e.g., on Xe or W, the maximal
momentum exchanges for DM with mass above approximately 1 TeV may, however,
start to become comparable to the charm-quark mass. We neglect these effects, while
they may need to be included in the future if such heavy DM is discovered.

C P-violating Higgs couplings to light quarks lead to spin-dependent interactions of
DM with the target nuclei. The corresponding scattering rates are suppressed relative

to the spin-independent interaction rates from C'P-conserving Higgs couplings. We
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will therefore neglect the C' P-violating interactions in our numerical analysis of direct
detection scattering rates; i.e., we will set £, = 0, éq = ( from now on.
The nucleon matrix elements of the remaining terms in the scalar current S, are

conventionally parametrized by (see, e.g., [87]),

(N|myqq|Ny = my i), (4.27)
oy y 2
(N| -GG IN) = = mfrg) (4.28)

In the heavy-quark limit for ¢, b, c the trace anomaly equation leads to the relation [87,

180]
fr =130 (4.29)

g=u,d,s
We can also define the effective Higgs coupling to nucleon as the expectation value of
the scalar current,
F = (N[S,IN) = T—V]VV [%cg + Eq: = %cg) 1] (4.30)
The exclusion curves from LUX [120] and Xenon100 [181], assuming a local DM
density of 0.3 GeV/cm?, are shown in Figs. 4.2 to 4.9 as blue and red bands, respec-
tively. The width of the exclusion curves represents the uncertainties in the hadronic
matrix elements of the light-quark scalar currents. For the s quark we use the lattice
determination f}{j) = 0.043 = 0.011 [123]. The matrix elements for v and d quarks can
be related to the o,y term. A Baryon Chiral Perturbation Theory (BxPT) analysis of
the 7N scattering data gives o,y = 59(7) MeV [124]. This is in agreement with BxPT
fit to world lattice Ny = 2 + 1 QCD data, which gives o,y = 52(3)(8) MeV [125].
Including both A(1232) and finite spacing parametrization in the fit shifts the cen-

tral value to o,y = 44MeV. To be conservative we use o,y = (50 £ 15)MeV, which
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gives V) = (1.8 £ 0.5) x 1072, /) = (3.4 +1.1) x 1072, i) = (1.6 + 0.5) x 1072,
f}? = (3.8 £ 1.1) x 102, using the expressions in [126,127]. For the effective Higgs

coupling to nucleons this gives

o= [(1.8 +0.5)ky + (3.4 + 1.1)kg + (4.3 £ 1.1)x,
vw (4.31)
+(6.70 & 0.12) (o + £y + Ky + /fugl’)} x 1072
780 = P16 £ 0.5)m, + (3.8 % L1)wg + (43 % L)k,
vw (4.32)

+(6.69 £ 0.12) (K + fy + iy + /-@51’)} x 1072,

We use the results in [182] to relate the nuclear matrix elements to actual scattering
rates on nuclei via nuclear form factors.

We show the direct detection exclusion limits for SM (k,4s = 1) or vanishing
(Ku,a,s = 0) light-quark Yukawa couplings in the right and left panels in Figs. 4.2,4.4, 4.6,
and 4.8, respectively. The exclusion limits are approximately two times weaker in the
latter case; the constraint does not vanish because, for small values of the light-quark
Yukawas, the scattering cross section is dominated by the gluon part of the scalar cur-
rent, Eq. (4.25). When the light-quark Yukawas are taken to be at the upper limit of
their experimentally allowed range, i.e. comparable to the SM bottom Yukawa, the di-
rect detection bounds on ¢, become significantly stronger, by a factor of about m;/m,
(Figs. 4.3,4.5,4.7, and 4.9).

It is interesting to note that, because of the dominance of the gluon contribution,
for small light-quark Yukawas the theory uncertainty in the exclusion bands is signif-
icantly smaller than if the light Yukawa couplings are allowed to saturate the present
experimental bounds. (The nuclear matrix element of the effective gluon term has

smaller relative uncertainties than the corresponding matrix elements of m,gq since

fied > )
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Figure 4.11: Left: The ratio of direct detection bounds on g, from Xenon target varying
ky (dark red), k4 (light red), or x4 (blue), and the bound on ¢, assuming SM Higgs
Yukawa couplings. The LHC upper bounds on «; are denoted by vertical dashed lines
with shaded regions excluded. Right: the ratio of predicted scattering cross sections.
The dotted lines correspond to negative values of x,.

For m, smaller than a few TeV, the DM direct detection bounds are compatible
with the thermal relic Higgs-portal DM only if light quark Yukawas are well below
the present experimental bounds (the exception is a pseudoscalar fermion DM with
enhanced strange Yukawa, where the bound is m, 2 m;/2, see Fig. 4.9). This means
that if thermal relic DM is discovered, it would immediately place an upper bound on
Ku, Kd, ks, assuming Higgs-portal mediation (unless in the case of fermion DM that has
purely pseudoscalar couplings). We comment in more detail on that observation in
Section 4 .4.

Since the DM — nucleus scattering cross section is the only DM observable that
exhibits a rather pronounced dependence on the values of the light-quark Yukawas,
we study this dependence in more detail.

In Fig. 4.11 (left) we show how the direct detection bounds on g, are affected by
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changes in the values of the light-quark Yukawas. We plot the ratio

. g;?ax(’fq)

= 4.
= gt (4.33)

max

where g7

(kq) is the upper bound on g, obtained from direct detection experiments
for a given value of ., with ¢ = u, d, s. Hence, g"**(1) is the bound obtained assuming
SM Yukawa couplings. Its value depends on m,, on whether DM is a scalar, fermion,
or vector, and on the experiment that measured the bounds. Similarly, also g7**(x,)
depends on m,, the spin of DM, and the experiment; however, all these dependences
cancel in the ratio §; . The ratio §,, thus only depends on x, and on which target mate-
rial was used to derive the direct detection bounds. In Fig. 4.11 we show ¢, for a Xenon
target, varying in turn x, (dark red line), x4 (light red) and « (blue), while keeping all
other parameters fixed to their SM values. We set the hadronic matrix element fg;[) to
their present central values, anticipating that in the future their uncertainties will be
turther reduced. In Fig. 4.11 (right) we show a closely related quantity — the ratio of
the scattering cross sections with varied &, 4, and the scattering cross section with SM
Yukawa couplings, 4.4, /03

Fig. 4.11 illustrates clearly that the difference between the bounds where one of
the light quark Yukawa couplings is taken to be small or vanish completely, and the
bounds where all the couplings are SM-like, is very small, O(10%). Saturating the
present experimental bounds on &, or x4, the allowed value of g, could lie two orders
of magnitude below what one obtains for the case of SM Yukawa couplings. Such
large values for the light-quark Yukawas are not very likely to be realized in a concrete
model, as we will discuss in the next section. However, it is very interesting to observe
that even a moderate increase of the values of the light-quark Yukawa couplings to

only a few times their SM values can have a significant effect on the direct detection

bounds, enhancing the scattering cross sections by up to a factor of ten.
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Finally, in the right panel of Fig. 4.11 we show the cross section ratios for negative
values of the x, (dotted lines). We see that the interference of the light-quark contribu-
tions with the effective gluon interaction can, in principle, lead to a strong reduction of

the scattering cross section.

4.3 Changes to Yukawa couplings in new physics models

So far we allowed the Yukawa couplings of the Higgs to quarks to have arbitrary val-
ues, only restricting them to lie within the bounds obtained from global fits to LHC
data. For simplicity, we also neglected flavor violation and C'P violation when dis-
cussing their impact on the DM interactions.

Of course, changes of the Yukawa couplings by several orders of magnitude, as al-
lowed by current experimental constraints on the light-quark Yukawas, are not very
likely to be realized in a complete model, and might require significant fine tuning of
the corresponding quark masses. In this section we investigate how large the devia-
tions from the SM Yukawa interactions can be in popular models of NP with viable
flavor structures.

Tables 4.1 and 4.2 summarize the predictions for the effective Yukawa couplings in
the Standard Model (SM), in multi-Higgs-doublet models (MHDM) with natural flavor
conservation (NFC) [183,184], in the MSSM at tree level, the Giudice-Lebedev model
of quark masses (GL) [185], in NP models with minimal flavor violation (MFV) [64], in
Randall-Sundrum models (RS) [186], and in models with a composite Higgs, realized
as a pseudo-Nambu-Goldstone boson (pNGB) [187-190]. For completeness, we in-
clude both the flavor-conserving and flavor-violating Yukawa interactions, and allow
for C'P violation. The Higgs couplings to quarks are thus described by

My

_ .. My _ o _
Lefrq = —mqﬁqqh - mqv—;q%qh - |:(K/qq’ + mqqf)qu}zh +h.c.|, (4.34)
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Model Ky Ke(u) /Kt Fi/ ke Fe(uy/ kit

SM 1 1 0 0

NEC Vi 0w [V 1 0 0
MSSM cos a/ sin 3 1 0 0

GL 1+ 0(€%) ~ 3(7) O(€?) O(Ke(uy)
GL2 cosa/ sin 3 ~ 3(7) O(€?) O(Ke(u))
MEV 1+ Re(auv%\—g%umf) 1— 2Re([l;;)mf s(aquVAngbum?) %(a/zi;]zW)
RS 1-0(4=7?) 14+0(4=72) 1+0(4272) 1+0(47?)
pNGB 1+0(%)+0(3205%) 1+0(y2n5)  o2x4k) O(y2224%)

Table 4.1: Predictions for the flavor diagonal up-type Yukawa couplings in a number
of new physics models (see text for details).

where a sum over the SM quark fields is understood. The first two terms are flavor
diagonal, with the first term C'P conserving and the second term C'P violating, and
coincide with the definitions in egs. (4.3) and (4.5), respectively. The terms in square
brackets are flavor violating, with the real (imaginary) part of the coefficient C'P con-
serving (violating). In the SM we have x, = 1, while &, = K¢ = Ky = 0. The
flavor-violating couplings in the above set of NP models are collected in Tables 4.3 and
4.4. These tables complement the analyses in [191-193] (see also [194], where implica-
tions of a negative top-quark Yukawa were explored, and [195] for an indirect bound

on the down-quark Yukawa in alignment models).

4.3.1 Dimension-Six Operators with Minimal Flavor Violation

We start our discussion by considering dimension-six operators arising from integrat-
ing out NP at a high scale A. In addition, we assume that the flavor breaking in the
NP sector is only due to the SM Yukawas, i.e. that NP satisfies the Minimal Flavor Vi-

olation (MFV) hypothesis [63,64,66,67,98-100]. Integrating out the new physics states

102



Model Kp Ks(d)/ Kb fp /Ko Fs(a)/ Kb

SM 1 1 0 0

NEFC Vha vw V4 1 0 0

MSSM —sina/ cos 8 1 0 0

GL ~3 ~5/3(7/3) o) O(Ks(ay/s)
GL2 —sina/ cos 3 ~ 3(5) O(€?) O(Ksay/ k)
MEV 14 w 1— 2Re(1ig)mf %(advévAngcdmf) %(advéerQcXLVts(td)Fmtz)
RS 1-0(4=7?) 1+0(=72) 1+0(=72)  1+0(He7?)
PNGB 1+0(%)+0(205%) 1+0(2N5s)  o2x4k) O(y222 4% )

Table 4.2: Predictions for the flavor diagonal down-type Yukawa couplings in a num-
ber of new physics models (see text for details).

gives for the Higgs couplings to quarks

_ _ Y _ Y! _
Lepr = YuQuH un + YaQrHdr + 5QuH up(H'H) + 35Q1 Hd(H'H) + hc., (4.35)

where A is the scale of new physics and H® = iooH*. We identify the NP scales
in the up- and down-quark sectors for simplicity. There are also modifications of
quark kinetic terms through dimension-six derivative operators. These can be ab-
sorbed in (4.35) using equations of motion [196]. The quark mass matrices and Yukawa
couplings after EWSB are thus

2 2
W v v
Mq:ﬁ<1@—|—Y(;2—/V\V2), b =Yy 3515 ¢=u,d. (4.36)

Because Y, and Y, appear in two different combinations in M, and y,, the two, in
general, cannot be made diagonal in the same basis.

In MFV the coefficients of the dimension-six operators can be expanded in terms of
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Model Ket(te) /Ht Kut(tu) /Kt Baue(eu) /’it

GL & GL2 () e(e) 3
MEV Re(cumfvc(;)) V2 () Re(cumgvu(;)) V2 ) Re(cumfvub( ») Cb(ub)) Vam. ()
A2 vw A2 P 12 o
RS ~ A2 P2 Yy o N(F)3 ) 2 iy o N1 Mo P2 vy
Tw mKK W mKK vw mKK
A A A A A A
pNGB O(y: e %M) O(y2 me %M) O(y2m= %imzmw)

Table 4.3: Predictions for the flavor violating up-type Yukawa couplings in a number
of new physics models (see text for details). In the SM, NFC and the tree-level MSSM
the Higgs Yukawa couplings are flavor diagonal. The estimates of the C'P-violating
versions of the flavor-changing transitions, «;;/x,, are the same as the C' P-conserving
ones, apart from substituting “Im” for “Re” in the “MFV” row.

Model Hbs(sb)/lib "ébd(db)/ﬁb ’isd(ds)//ib
GL & GL2 e3(e?) €? € (e*)
MFV Re(cami Vi) Vam,a, Re(cam?Viy) Vamaw) Re(cam? Vi ua Vears)) VeEmaa)
A2 TW A2 W A2 pr
RS ~ A2 P2 Yy ~ A3 mb(d) V2 v ~ A1) o(a) 72 v
vw m2 mKK mKK
2 AL(R),2AL(R), 3m 9 )\L(R) 1AL(R), 3m 9 A A m
pNGB O(y? o SLMATLSTIV ) O (y2 e SHRLISHIITI ) - Oy} e W)

Table 4.4: Predictions for the flavor violating down-type Yukawa couplings in a num-
ber of new physics models (see text for details). In SM, NFC and tree level MSSM
the Higgs Yukawa couplings are flavor diagonal. The estimates of the C'P-violating
versions of the flavor-changing transitions, x;;/ ks, are the same as the C' P-conserving
ones, apart from substituting “Im” for “Re” in the “MFV” row.

Yu,d/

Yy =Y, +b,Y, VY, + Y, VY, +--
(4.37)
Vi =agVa+b,Y, Y)Y, +¢,V, VIV, +---.

with ag, by, ¢, ~ O(1). Working to first order in dimension-six operator insertions we

can thus write for the Yukawa couplings, in the mass eigenbases for up and down

104



quarks respectively,

U2

Yu = [1 + A—Vg(au + bu(yéu)” + eV (yd) VI + -+ )}ng ;
Ya = [1 + % (Gd + ba(yen)? + caV () V + - - )]ng :

(4.38)

Here y; are the diagonal matrices of the SM Yukawa couplings, while V" is the Cabibbo-
Kobayashi-Maskawa (CKM) matrix. In general, the coefficients a,, b,, ¢, are complex
so that C' P-violating Higgs couplings arise at O(vj,/A?). Flavor-violating Higgs cou-
plings arise first from the terms proportional to ¢, 4 in the Yukawa expansion and are
thus suppressed by the corresponding CKM matrix elements. In Tables 4.1-4.4 we
collect the values for flavor-conserving and flavor-violating Yukawa couplings in the
“MFV” row, assuming that all the coefficients a,, b,, ¢, are O(1), and show only the
numerically leading non-SM contributions. In the expressions we also set V};, to unity.
The corrections to DM phenomenology are dominated by changes of the third-
generation Yukawa couplings. The MFV corrections to light-quark Yukawa couplings
are all either additionally CKM suppressed or involve extra insertions of light-quark
masses. Hence the theory error in Higgs-portal DM phenomenology due to Yukawa
coupling uncertainties will be small in MFV models of NP once the Higgs couplings to

top and bottom quarks are well measured.

4.3.2 Multi-Higgs-doublet model with natural flavor conservation

In MHDM s there are no tree-level FCNCs if natural flavor conservation is assumed [183,
184]. Under this assumption we can choose a Higgs doublet basis in which only one
doublet, H,, couples to the up-type quarks, and only one Higgs doublet, H,, couples
to the down-type quarks®. After EWSB the two doublets obtain the vevs v, and vy,

respectively. On the other hand, the vevs of all Higgs doublets contribute to the W

ZNote that H,, = H; is included as a special case.
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and Z masses. They satisfy the sum rule v3, = 3, v?, where the sum is over all Higgs

doublets.

The neutral scalar components of H; are (v; + h;)/ V2, where the dynamical fields
h; are a linear combination of the neutral Higgs mass eigenstates (and include h,, and
hg). We thus have h; = Vj,;h + ..., where V},; are elements of the unitary matrix V' that
diagonalizes the neutral-Higgs mass terms and we only write down the contribution
of the lightest Higgs, h. Under the assumptions above, the mass and Yukawa terms

can be diagonalized in the same basis, so that there is no flavor violation and no C'P

violation in the Yukawa interactions:
Rgq = g‘/qq’ = 0, I%q =0. (439)

We obtain a universal shift in all up-quark Yukawa couplings, and a different universal

shift in all down-quark Yukawa couplings, given by

w w
Ky = Ke = Kt = Vig— , Kq = Kg = Ky = Vhdv—. (4.40)
U d

Since the shifts are universal over generations, the precise measurements of the Higgs
couplings to top and bottom quarks will also determine the Higgs couplings to light
quarks. Both x; and &, are expected to be known with O(5%) precision after the end of
the high-luminosity LHC run [197,198]. The uncertainties in the DM direct detection
rates due to uncertainties in the Yukawa couplings will thus be negligible, assuming
NFC. Note that the Higgs portal with an additional SM singlet mixing with the Higgs
is also described by the above modifications of fermion couplings, with a completely
universal shift x; = cos 6, where 0 is the singlet-Higgs mixing angle [199,200].

Our analysis of modified Higgs-portal DM phenomenology given in Section 4.2

applies in the somewhat special limit where the DM only couples to the lightest mass-
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eigenstate h. For instance, for scalar DM the general Higgs portal is
Lxrc = gy X XHIH;. (4.41)

If the hermitian matrix of couplings g, ;; is such that it has % as the only eigenstate with
nonzero eigenvalue, then our analysis in Section 4.2 applies unchanged. In general,
however, all the expressions in Section 4.2 get corrected by terms of order 1/m3; due
to exchanges of heavy Higgs bosons with masses my,. If DM is heavy, m, > my,, the

presence of heavy Higgs bosons would also open new annihilation channels.

4.3.3 Type-II Two-Higgs-Doublet Model

The MSSM tree-level Higgs potential and the couplings to quarks are the same as in
the type-II two-Higgs-doublet model (2HDM)), see, e.g., [201]. This is an example of
a 2HDM with natural flavor conservation in which v, = sin S vy, v4 = cos Svy. The

mixing of h, 4 into the Higgs mass-eigenstates h and H is given by

hy, cosa  sina h
= , (4.42)
hy —sina  coso H
where h is the observed SM-like Higgs. Thus
cos v
Ry = Ke = Ky = .—6,
S (4.43)
sin o
Ra = Ks = Kp = T cos B’

while the flavor-violating and/or C P-violating Yukawas are zero. In the decoupling
limit (8 — o = 7/2) the heavy Higgs bosons become infinitely heavy, while the Yukawa
couplings tend toward their SM value, x; = 1. The global fits to Higgs data in type-II

2HDM already constrain §—a ~ 7 /2 [171,202,203] so that in this case the corrections to
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Higgs-portal DM phenomenology due to non-standard Higgs Yukawa couplings are
small.

As in the case of MHDM, the DM phenomenology of Section 4.2 remains unchanged
only in the limit where the DM couples to the light Higgs h but not to the heavy Higgs
H. In the general case, our analysis gets corrections that are relatively suppressed by
O(m3/m3). If we are not too far away from the decoupling limit these corrections can
be neglected, while in parts of the parameter space, where cancellation can occur, the

extra contributions are numerically important [154].

4.3.4 Higgs-dependent Yukawa Couplings

In the model of quark masses introduced by Giudice and Ledebev (GL) [185] the Higgs-

quark interactions are written in terms of effective operators

HYH\™ _ HYH\"i _
ﬁq = C% (W) QL,Z'UR,]'HC + C;lj (W) QL7idR7jH+h.C. . (444:)
They can be thought of as arising from integrating out heavy mediators at a large mass

scale M. In this model the light quarks couple to the Higgs only through operators

with mass dimension higher than four, i.e., for light quarks we have n;‘j’d # 0. The

u,d

i and of the coefficients cZ-‘j’d that take values of order unity,

values of the integers n
are chosen such that the hierarchies of the observed quark masses and mixing angles
are explained, after EWSB, in terms of the expansion parameter ¢ = vj, /M? ~ 1/60.

Thus, the Yukawa couplings are of the form

it = 208+ 1) (5 sm (4.45)
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After mass diagonalization the SM Yukawas are diagonal in the same basis as the quark
masses, (y;‘j’d)SM X 0j m;"d, while the yfj’d are not diagonal in the same basis”. Using the
ansatz nfj’d =a; + b}"d with a = (1,1,0), b = (2,1,1), and b* = (2,0,0), this gives the
deviations in the Yukawa couplings collected in Tables 4.1-4.4 in the row denoted by
“GL”. Since the couplings to the bottom quark is enhanced by a large factor, «;, ~ 3, the
simplest version of the GL model is already excluded by the Higgs data on h — WW,
h — ZZ and h — 7y decays.

We therefore modify the initial GL proposal and assume that we have two Higgs
doublets in (4.44), H, that only gives masses to up-type quarks and H, that only gives
masses to down-type quarks. The correct mass and CKM angle hierarchy is obtained
d

by using b* = (1,0, 0) in the ansatz for ny;,

and leaving a and 0" unchanged. This gives
satisfactory Higgs phenomenology at present as long as s, = sina/cos 8 ~ 1 up to
O(20%). In this limit also x; = cosa/sin 8 ~ 1. The scaling of Yukawa couplings for
this modification of the GL model is shown in Tables 4.1-4.4 in the row denoted by
“GL2".

In the GL model it is natural that the Higgs is the only state that couples to DM.
The GL model is thus an example of Higgs-portal DM where the light-quark Yukawa
couplings can substantially differ from their SM values. For instance, in GL2 &, ~ Tk,
Kq =~ DKy, Ks =~ 3Ky, ke =~ 3k;. The coupling of DM to gluons (4.25) C; ~ 4k, + Ky,
so that C;, ~ (5/3)C5™, and C, ~ O(C,). Taking k; =~ 1, this means that the effective

Higgs coupling to nucleons, governing the direct DM detections rates, gets enhanced

compared to the SM Higgs Yukawa couplings by

(p) (n)
s ~ 1.2k, + 1.35, >~ 2.5, st

o) o) ~ 1.3kt + 1.3k ~ 2.6 (4.46)
fs |SM fs |SM

3Note that the mixing of contributions from different effective operators that may have large relative
phases could lead to sizeable CP-violating contributions to the Yukawa couplings.
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Here most of the enhancement over the SM comes from enhanced &, and x4, which is
also the reason for enlarged isospin breaking (the difference between f ép Jand f é")). As
a result of larger couplings to light quarks the spin-independent DM scattering cross
section can thus be enhanced by an order of magnitude in the GL2 model of light-quark

masses.

4.3.5 Randall-Sundrum models

The Randall-Sundrum (RS) warped extra-dimensional models with the SM fields prop-
agating in the bulk provide a solution to the hierarchy problem and simultaneously
explain the hierarchy of the SM fermion masses without large hierarchies in the ini-
tial five-dimensional (5D) Lagrangian [186, 204, 205]. The fermion zero modes are
either localized toward the UV brane (for lighter fermions) or toward the IR brane
(the top, the left-handed b quark and potentially the right-handed ¢ quark) [206,207].
The Higgs field and the Higgs vev are both localized toward the IR brane. Integrat-
ing out the Kaluza-Klein (KK) modes and working in the limit of a brane-localized
Higgs, the SM quark mass matrices are given, to leading order in v3},/m3 ., by [208]
(see also [209-217], and Ref. [218] for a bulk Higgs scenario)

MG = [FY58 Fua)] 0w - (4.47)
Here, mgy is the KK mass scale. The F,, ; are diagonal 3 x 3 matrices of fermion
wave-functions for the left-handed electroweak quark doublets and the right-handed
electroweak up and down quark singlets, respectively, evaluated at the IR brane. As-
suming flavor anarchy, the 5D Yukawa matrices for up and down quarks, ijé) , are
general 3 x 3 complex matrices with O(1) entries. For a Higgs field propagating in the
bulk, 5D gauge invariance guarantees Y,°? = Y [208].

Atleading order in v§, /m73 ;. the Higgs Yukawas are aligned with the quark masses,
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ie.,

v

M= yu,d;g + O(WE /m ). (4.48)

The misalignment arises from dimension-six operators that are generated by tree-level

KK quark exchanges. They give

V2 2 . o viy

where Y is a typical value of the dimensionless 5D Yukawa coupling and is in numer-
ical analyses typically taken to be below V' < 4 (see, e.g., [212]). The Higgs mediated
FCNCs are thus suppressed by the same zero-mode wave-function overlaps that also
suppress the quark masses, giving rise to the RS GIM mechanism [219-221].

Using that the CKM matrix elements are given by V;; ~ Fy, /Iy, fori < j, Eq. (4.49)

can be rewritten as

\/— 9 W ‘/7/] ? Z < j )
2 24 Viy o
Moy, (dy) —1 . .
Ll AN P Vi , J < 1.
vw )

This yields the x; collected in Tables 4.1-4.4. In the numerical analysis of ref. [208]
the diagonal values x; were typically found to be smaller than one, with deviations
in k; up to 30%, x;, up to 15%, in ks, up to ~ 5%, and in «, 4 of 1% (these estimates
were obtained fixing the mass of the first KK gluon excitation to 3.7 TeV, above the
present ATLAS bound [222]). The effective Higgs coupling to nucleons, féN), thus
only gets reduced by O(10%), giving a O(20%) smaller DM scattering cross section
on nuclei, compared to the case of SM Yukawa couplings. The largest effect arises in
DM annihilations to top quarks, where the cross section can be reduced by a factor of

two, while the annihilation cross section to bb pairs can be ~ 30% smaller than for SM
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Yukawa couplings.

4.3.6 Composite pseudo-Goldstone Higgs

Finally, we investigate the possibility that the Higgs is a pseudo-Goldstone boson aris-
ing from the spontaneous breaking of a global symmetry in a strongly coupled sec-
tor [187-190]. We assume that the SM fermions couple linearly to composite operators
Or,r [223],

X QLiOR + Xp, ;i ;07 + hec., (4.51)

where i, j are flavor indices. This is the 4D dual of the fermion mass generation in 5D
RS models. The Higgs couples to the composite sector with a typical coupling .. The
SM masses and Yukawa couplings then arise from expanding the two-point functions
of the O, i operators in powers of the Higgs field [224], giving rise to four- and higher-
dimensional Higgs operators, such as in (4.35).

The new ingredient, related to the pNGB nature of the Higgs, is that the shift sym-
metry dictates the form of the higher-dimensional operators. The flavor structure and
the composite Higgs coset structure completely factorize if the SM fields couple to
only one composite operator. The general decomposition of Higgs couplings then be-
comes [224] (see also [225,226])

(H'H)
A2

Y,QrHupr +Y!'QLHup +... = &P/ f)QLHUY,, (4.52)

and similarly for the down quarks. Here P(h/f) = ag + az(h/f)* + ... is an analytic
function whose form is fixed by the structure of the spontaneous breaking and the
embedding of the SM fields in the global symmetry of the strongly coupled sector,
while f is the equivalent of the pion decay constant and is of order vy . Since the flavor

structure of the coefficients of the dimension-four and dimension-six operators is the
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same, they can be diagonalized simultaneously. All corrections to the quark Yukawa

couplings from this effect are therefore strictly diagonal, and we have

kg~ 1+ 0(%) . (4.53)

For example, for the models based on the breaking of SO(5) to SO(4), the diagonal

Yukawa couplings can be written as [227]

. 14+2m — (1+2m +n)(ow/f)?
' 1= (vw/f)?

: (4.54)

where n, m are positive integers. The MCHM4 model corresponds to m = n = 0, while
MCHMS is given by m = 0,n = 1.

The flavor-violating contributions to the quark Yukawa couplings then arise only
from corrections to the quark kinetic terms. That is, they are related to dimension-six
operators of the form [224]

. H'H _  HH
qLleqLW7 URZQURW7... . (455)

These operators arise from the exchange of composite vector resonances with typi-
cal mass M, ~ A. After using the equations of motion they contribute to the mis-
alignment between the fermion masses and the corresponding Yukawa couplings. The
NDA estimates for these corrections are, neglecting relative O(1) contributions in the

sum [161,224,228],

2
v

U 2 YW q q

Ko~ 2y (/\ AT

(7] * Ar2 \ "L Ly
M:

m

S X Ny, (4.56)

w Uw

u,d

and similarly for the down quarks. If the strong sector is C'P violating, then /%Z-‘j’d ~

The exchange of composite vector resonances contributes also to the flavor diagonal
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Yukawa couplings, shifting the estimate (4.53) by (note the different normalizations of

kg and kg in (4.34))
2

Ay, ~ 22 (ML) + (V)] (4.57)

This shift can be large for the quarks with a large composite component if the Higgs is
strongly coupled to the vector resonances, y, ~ 47, and these resonances are relatively
light, M, ~ 4wvy ~ 3 TeV. The left-handed top and bottom, as well as the right-handed
top, are expected to be composite, explaining the large top mass (i.e., A} 3 ~ Ap;y ~
1). In the anarchic flavor scenario, one expects the remaining quarks to be mostly
elementary (so the remaining A\; < 1). However, if there is some underlying flavor
alignment, it is also possible that the light quarks are composite. This is most easily
achieved in the right-handed sector [226,229,230]. Taking all right-handed up-type
quarks fully composite, and assuming that this results in a shift Ak, ~ Ax, ~ Ar; ~ 1,
this would lead to an increase in the effective Higgs coupling to nucleons, féN), of

about 50%, and an increase in the DM-nucleon scattering rate of about 100%.

4.4 Constraining the light-quark Yukawa couplings

If DM is a thermal relic interacting with ordinary matter predominantly via SM Higgs
exchange, direct detection scattering rates immediately give information about the
light-quark Yukawa couplings once the coupling of the DM particle to the Higgs par-
ticle is fixed.

In fact, DM scattering in direct detection searches would be one of the very few
possible probes of the light-quark Yukawa couplings. The interactions of the Higgs
boson with u, d, or s quarks give rise to flavor-conserving neutral currents. Off-shell
Higgs contributions in processes with only SM external particles always compete with

other, much larger flavor-conserving neutral currents induced by gluon, photon, or
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Figure 4.12: The ~y-ray excess in the recently discovered dwarf spheroidal galaxy Retic-
ulum 2, interpreted as a signal of DM annihilating into bb pairs, is shown as the black
Lo contour (see Ref. [231] for details). The orange lines show the 95% CL exclusion lim-
its at the 14-TeV LHC (solid line) and a prospective 100-TeV hadron collider (dashed
line), obtained by rescaling the bounds given in Ref. [156]. The remaining color coding
is the same as in Fig. 4.2. See text for more details.

Z exchange. This leaves us with two options: either to consider on-shell Higgs de-
cays [159-161], or to use new probes, such as DM scattering in direct detection experi-
ments.

In principle, there is enough information to make a closed argument. Suppose that
indirect DM searches yield a positive DM annihilation signal for m, > m,/2. At the
end of the high-luminosity LHC run, the Higgs couplings to W, Z, t, and b will be
precisely determined. Assuming that DM is a thermal relic interacting only through
the Higgs portal, this fixes the value of g, since the annihilation cross section for m, >
my,/2 is otherwise almost completely controlled by the Higgs couplings to W, Z, and
t. In principle, a consistency check that the DM is really interacting through a Higgs
portal could be provided, for a very limited range of DM masses m, 2 m;/2, by a
100-TeV hadron collider [156].

After the discovery of DM, the direct detection searches would immediately imply

an upper bound on the light-quark Yukawa couplings. As an illustration, consider the
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excess in y-ray emmission in the recently discovered dwarf spheroidal galaxy Reticu-
lum 2 [178]. Let’s take the bold step of interpreting this signal as originating from DM
annihilating into bb pairs (see Ref. [231] for details). Assuming the Dirac-fermion DM
scenario with purely CP-violating couplings, we obtain a 1o region in the m, - g,, plane
that is not yet excluded by direct detection constraints, denoted by the orange lines in
Fig. 4.12. Note that part of this region is consistent with DM furnishing the dominant
component of the observed relic density while at the same time not being excluded by
the invisible Higgs decay width. Concentrating on the overlap region, m, ~ 75GeV,
a comparison with the ratios shown in Fig. 4.11 would immediately imply an upper
bound of x, < 10, kg S 10, ks S 12 from the LUX direct detection search (allowing
only one of the Yukawa couplings to float at a time).

These estimates could potentially be loosened by uncertainties in the DM velocity
profile and the local DM density. On the other hand, if DM is discovered in direct
detection the relative size of the light-quark Yukawas could be probed by comparing
scattering rates on different target materials.

An additional cross check of our scenario could be provided by searches for DM
production at hadron colliders. In Fig. 4.12 we denote the 95% CL exclusion limits,
assuming 3000/ fb of data, at the 14-TeV LHC by a solid orange line and at a prospective
100-TeV hadron collider by a dashed orange line. These curves have been obtained by
converting the bounds in Ref. [156] to the case of Dirac DM using FeynRules [106] and
MadGraph5 [232]. We see that, while the LHC will be sensitive to a part of the interesting
region in parameter space, the scenario of m, = 75GeV DM can be excluded only at a

100-TeV collider.
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4.5 Chapter summary

Not much is known experimentally about the couplings of the Higgs to light quarks.
It is entirely possible that the Higgs couples only to the third generation of fermions.
Experimentally equally viable is the possibility that the light-quark Yukawas are sig-
nificantly enhanced, up to O(50) for x5 and up to O(10?) for «, and k4. Such extremely
large enhancements are not natural from a model-building point of view as they re-
quire a large fine tuning of the light-quark masses, but at present cannot be excluded
experimentally.

Modified Yukawa couplings to light quarks could have implications for DM searches.
In this chapter, we focused on Higgs-portal DM. We considered constraints on scalar,
vector, and fermionic Higgs-portal models of DM from relic density, direct and indi-
rect detection, and the invisible Higgs width. A central result of our analysis is that, for
phenomenologically viable Higgs-portal DM, there is a relatively small change in the
predictions between the case where the Higgs is SM like and the case where the Higgs
couples only to the third generation of fermions. For direct detection this is a conse-
quence of the fact that, for very small light-quark Yukawas, the scattering cross section
is dominated by the effective Higgs-gluon coupling, which is obtained by integrating
out the heavy quarks. For instance, setting all the light quark Yukawa couplings to
zero reduces the direct detection scattering cross section by ~ 50% compared to the
case where the light quark Yukawa couplings are assumed to have SM values. Simi-
larly, the relic abundance and indirect detection signals are dominated by the heaviest
kinematically open annihilation channels, diminishing the importance of Higgs cou-
plings to light quarks.

On the other hand, saturating the experimentally allowed values for the light-quark

Yukawas, the DM direct detection rates can increase by four orders of magnitude com-
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pared to the case where the light-quark Yukawa couplings are kept at their SM values.
Moreover, negative values of the light-quark Yukawa couplings can result in a strong
reduction of the nucleon scattering rates. The changes in DM annihilation rates are
much smaller. The annihilation of DM into light quarks is a subleading effect, unless
m,, < myy. Even in this case, the dominant annihilation channel is into bb pairs, while
the annihilation to light quarks can constitute at most an O(1) fraction if the current
experimental upper bounds on the light-quark Yukawa couplings are saturated. A
Higgs-portal for DM in this mass range is excluded either by bounds on the invisible
Higgs decay width or by indirect DM searches.

We also investigated the expected sizes of corrections to DM phenomenology due
to changes in Yukawa couplings in a number of new physics models. The largest de-
viation in expected DM scattering rate on nucleons was found for a modified Giudice-
Lebedev model of light-quark masses where up to an order of magnitude enhance-
ment due to corrections to light-quark Yukawa couplings are possible. Similarly, an
O(1) change of the scattering rate is anticipated in a pseudo-Goldstone Higgs scenario
with composite right-handed light quarks while in RS models with anarchic flavor a
reduction of about 20% can be expected. The effects in MFV models, multi-Higgs mod-
els with natural flavor conservation, and the type-II two-Higgs-doublet model (i.e.,
the tree-level Higgs sector of the MSSM), on the other hand, are expected to be much
smaller.

Finally, we point out that a discovery of Higgs-portal DM in indirect searches would
immediately imply an upper bound on the light-quark Yukawa couplings due to the

upper bounds in direct DM searches.
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Chapter 5

Probing CP Violation in i — vy with

Converted Photons

5.1 Introduction

The recent discovery of a Higgs-like boson [233,234] has prompted intense interest in
the precise measurement of its couplings and properties. Such measurements are a
direct probe of new physics (NP) beyond the Standard Model (SM), especially since
many extensions of the SM modify the Higgs couplings to gauge bosons and fermions.

Of particular interest is a search for parity and CP violating Higgs decays, since
these would be a clear signal of NP [172,235-251]. In Higgs decays to vector bosons
the CP violating effects can only be due to irrelevant NP operators. Fortunately, in the
SM h — v (and h — Z7) decays are also due to irrelevant operators, with the first
non-zero contribution occurring at one-loop. Thus we can expect large CP violating
effects from weak scale NP in & — 7. In contrast, the h — ZZ* and h - WW* decays
proceed in the SM through relevant tree-level operators tightly related to the Z and W
masses. CP violating effects from NP are expected to be comparatively small in these

decay modes.
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In the presence of CPV, the total ~ — v~ decay rate must be proportional to the
sum of squares of CP-even and CP-odd terms —i.e |CPeyen|* + |CPoaq|* — and therefore,
by comparing the h — v rate to the SM expectation, one may probe for NP directly.
However, this type of search cannot distinguish between CP-even and CP-odd NP
contributions to the total rate. Moreover if the CP-odd contribution is small, then CPV
signals are quadratically suppressed, and if it so happens that NP enters both the CP
even and odd terms, such that the total 4 — 7y rate matches the SM expectation, then
one cannot detect NP at all. Probing the differential h — v rate for CPV ameliorates
these problems. In the first instance, the differential rate may feature an interference
term of the form 2CPeye,CPogq. Combined with non-interfering terms, one may dis-
tinguish CP-even and CP-odd NP contributions. Secondly, small CPV signals are only
linearly suppressed in this interference term.

The h — ~v phase space distribution alone, however, is not sensitive to CP vio-
lating effects, since the Higgs decays isotropically to two photons. Nevertheless, the
underlying CPV structure in the differential » — 7y rate may be determined if one
is able to measure the linear polarizations of the outgoing photons. This in itself is
an old idea, first proposed for the determination of the 7 parity [252-254] and, more
recently, to probe NP effects in radiative B decays [255]. It relies on the fact that a
spin-0 particle decays to either two positive or two negative helicity photon states,
which acquire a relative CPV phase in the presence of non-trivial CP structure. The
linearly polarized photon states are a superposition of both helicities, permitting one
to extract this CPV phase. It is not feasible to directly measure the linear polariza-
tion of O(60 GeV) photons from Higgs decay. However, in both the ATLAS [256] and
CMS [257] detectors roughly half of the photons from Higgs decays convert via the
well-known Bethe-Heitler (BH) process into e*e™ pairs inside the silicon tracker. This
has an important benefit: the orientation of the produced ee™ pairs encodes the un-

derlying CP structure. Figure 5.1 illustrates an observable expected to be sensitive to
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Figure 5.1: Anillustration of an example of a CPV sensitive observable in h — vy — 4e.
The Higgs decays to on-shell photons which convert in the detector. The distribution
of the azimuthal angle ¢ between the two planes formed by each positron and its par-
ent photon depends on the Higgs couplings to CP even and odd operators. The elec-
trons do not need to be co-planar with the corresponding photon-positron planes. The
positron-photon plane is shown in magenta and the electron-photon plane in blue. For
further details and subtleties see the main text.

CPV.

Previous proposals to measure CPV in h — 77, or in other neutral meson diphoton
decays, via double photon conversion appear in Refs. [235,254,258]. We extend these
studies by performing an analysis of the actual manner in which the leptonic phase
space encodes the CP violating effects. We examine the encoding of CPV in the doubly
converted Higgs diphoton decay — hereafter the Higgs-Bethe-Heitler (HBH) process
— both analytically and numerically, making use of the spinor-helicity formalism to
obtain compact expressions for the full differential scattering rate and its leading order
terms.

A key difficulty in extracting CPV signals from differential scattering rates like
dl'/dy, defined in Fig. 5.1, is that the signal is largely washed out under integration
over the other phase space variables. However, in this work we use our analytic control
of the full differential scattering rate to show that large CPV signals may be achieved.
We find certain observables exhibit O(1) sensitivity to CP violating effects on small

regions of the phase space, corresponding to a small fraction of the converted decays.
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These regions are identified by sensitivity parameters, derived from our analysis. We
show analytically and confirm numerically that if one cuts the HBH event data accord-
ing to these sensitivity parameters, the CPV signal is dramatically improved.

Performing such an experiment will be difficult. For example, one must resolve the
opening angles in the photon conversion, and this requires extremely accurate tracking
resolution. Other subtle effects, such as soft scatterings of the electron and positron in
the detector material need also to be examined. In addition, reaching a sensitivity to
Higgs couplings would require obtaining a signal-rich sample of h — vy events. Our
approach here is to defer these considerations to future work, and consider mainly the
theoretical aspects of this process. In doing this, our intent is to motivate a very chal-
lenging measurement, perhaps to be done after the LHC upgrade or in a future Higgs
factory. We note however, that as a warm-up to Higgs studies, photon conversions
can be studied in background samples as a test of the standard model (we present the
phase space structure of gg — vy with converted photons in an appendix).

This chapter is structured as follows. In Section 5.2 we first present a motivating
phenomenological analysis of the expected size of CP violation in Higgs decays, fol-
lowed by an analysis of the unconverted & — v process. This is presented in the lan-
guage of helicity amplitudes and we show that the CPV terms in the differential rate
arise from helicity amplitude interference. In Section 5.3 we discuss photon propaga-
tion and conversion in modern detectors, angular resolution limits, and the central role
of the nuclear form factor in Bethe-Heitler conversion. In Section 5.4 we then proceed
to examine the HBH process itself, presenting explicit results within the spinor-helicity
formalism for the leading order HBH square amplitude. This is followed in Section 5.5
by a derivation of CPV observables and their sensitivity parameters for the special case
that the Higgs is at rest. These sensitivity parameters can be used as cuts, which extract
the phase space regions on which we expect O(1) CPV effects. Numerical simulations

are presented which confirm these expectations, and further compare the performance
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of the various sensitivity parameter cuts. In this work we focus on the h — ~v de-
cay, but our analysis can be used to examine other searches, e.g., for h — Z~ or other

decays involving converted photons.

5.2 Higgs diphoton decay with CP violation

5.2.1 Motivation for measuring CP-violation in di-photons

The CP structure of Higgs decays was already studied experimentally in h — ZZ*
decays [259,260], with pure pseudo-scalar coupling disfavored at more than 3o [260].
Still, there is strong motivation to measure CPV also in loop induced & — v decays.
The motivation is based on the expected sizes of CP violating and CP conserving terms
in h — yyand h — ZZ* decays. After electroweak symmetry breaking (EWSB), the

relevant terms in the effective Lagrangian at the scale 1 ~ m,,/2 are

2
Lot D CyZhZVZ, + c—hEFF™ + cpy—hZM 7,
v v T

« ~ «Q -
Crg—nZ,, 7" + ¢—hF,, F", 5.1
+Czz 2y M + 627TU s (1)

in which F,, and Z,, are respectively the photon and Z field strengths, and X** =
"8 X o5, €912 = 1, while v = 246 GeV is the Higgs vev. Taking Higgs to be a scalar, the
first line of Eq. (6.2) contains CP even and the second line CP odd operators.' Present
data imply ¢y = 1.04 £ 0.13 [261], assuming CP conservation. If either ¢;; or ¢ are
found to be non-zero,” CPV in Higgs couplings and thus NP will be discovered. The

couplings ¢ and ¢ arise at one-loop in perturbative UV theories, and can be at most

1Since all the couplings are C even, P and CP violation are the same. While we hereafter always refer
to CP violation, it should be kept in mind that it is equivalent to parity violation for this effective theory.

?In fact, ¢ may be non-zero at three loops in the SM [262]. However, since this contribution falls well
below the feasible detection threshold for the experiments under consideration in this work, we neglect
this contribution, and treat the SM value as é = 0.
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O(1) in order to agree with the observed h — v rate. For example, ¢ can arise from
a massive NP fermion loop that is axially coupled to the Higgs. Note that in Eq. (6.2)
we integrated out both W and ¢ loop contributions to ¢, so that cgyy = —0.81 in the SM.
Similarly, the dimension 5 couplings of Higgs to ZZ, ¢, and ¢, also arise at one-loop
order. In generic NP models we thus expect ¢ ~ ¢z and ¢ ~ ¢z.

The h — ZZ* decay is dominated by the CP even renormalizable coupling cy,
while the i — v decay is given by higher dimensional operators. The relative size of
CP violating effects in any channel is given by the ratio of the interference terms to the
total amplitude squared. For h — ZZ* the CP odd interference term is proportional to
(a/2m)¢z 7y, while the total squared amplitude is dominated by ¢Z.. The typical size
of CPV observables in h — ZZ* is therefore set by the ratio of the two,

a Czz

rzz- =o—-— ™ 0(10_3) g (5.2)

2w Cy

for O(1) couplings. In the diphoton channel both terms are loop suppressed and the

tigure of merit for CP violation is

cc
=— — ~ 01 5.3
Ty 2 4+ 2 ( )7 ( )
again assuming O(1) couplings. As will become clear, the measurement of CPV in
h — ~ is a challenging one, especially in comparison to the relatively straightforward
measurement in h — ZZ*. However, the expected size of the effect may partially
compensate for this.

In addition to the CPV observables discussed in this chapter, the CPV operator in

Eq. (6.2) also modifies the overall & — vy decay rate, so that

T(h—vyy) &+

= = , 54
T Th S s o4
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where I'(h — 77v)sum is the SM rate. The total rate is only quadratically sensitive to
CP violating NP because the interference terms integrate to zero over phase space.In
contrast, the differential rates contain CP odd terms proportional to c¢ and thus may be
linear in the NP coupling. This can lead to substantial increase in sensitivity for small
é.

Before proceeding, two remarks are in order. First, it is important to mention that
there are severe constraints on y.¢ from bounds on the electric dipole moment of the
electron [263-265]. Taking the electron yukawa, y., to be the SM one, this gives ¢ <
1073, These bounds are, however, absent in the limit where the 125 GeV Higgs does
not couple to electrons (for other possibilities in concrete UV models, see [263,266]). A
strong motivation for contemplating a non-zero value of ¢ is, for instance, that it would
be generated by new CP sources in models that lead to electroweak baryogenesis, see
e.g., [266]. An independent measurement of ¢ is thus desirable.

Second, we assumed here that ¢ and ¢ are real. In the SM ¢ obtains its dominant
contribution from a W loop and a smaller destructive contribution from a top quark
loop. However, there is also a smaller contribution from b quark and light quarks.
These can go on-shell in the loop, generating complex effective couplings c and ¢. This
means that ¢ and ¢ obtain a relative strong phase. The result of such a strong phase,
when combined with the weak phase, would be to induce direct CPV in decay, such
that the decay rate of the Higgs into two positive helicity photons is not the same as
into two negative ones. These strong phases are of ~ O(1%) in the SM [267,268], and
we assume the strong phases are similarly small for NP effects. Consequently, we

neglect direct CPV, and assume that c and ¢ are real.
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5.2.2 Helicity interference

We proceed to examine the unconverted h — 7 process. The effective operator medi-

ating h — v decay has the general form, cf. Eq. (6.2),
Hop = —c——hF,, F" — S S pp, v (5.5)
U 2 v

For a Higgs that is a scalar, the first term is CP even and the second is CP odd. CP is

therefore violated if the CP phase
¢ =tan"'(¢/c) , (5.6)

is found to be non-zero.

The h — v helicity amplitudes are (dropping the overall a/7v factor, cf. Eq. (5.5))

kl;)\l
Z'M)q)\z e ﬁ
kQaAZ

= ek k() - @) — (- )Y - ()] e, ()7 o (32)7]

(5.7)

where k; are the photon momenta, ¢} is the polarization vector of the ith photon
(i = 1,2) with helicity \; = &, and €[p, ¢, 7, s] = puq,7,5-€"*?7. A Latin subscripti = 1,2
hereafter denotes the corresponding photon. To compute helicity amplitudes we em-
ploy the spinor-helicity formalism, see Appendix C.I for our conventions and a brief
review. Using Egs. (C.5), (C.6) and (C.10), one finds that the non-zero helicity ampli-
tudes are

M =mi(c+ié) = miver + @2 e*e (5.8)
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while M*F = 0 as expected from angular momentum conservation (cf. also the results
of, e.g., [269,270] for h — ZZ). We see that CPV introduces a relative phase, {, between
the two-photon helicity amplitudes. Furthermore, a differential rate may depend on ¢
if and only if there is interference between M** and M™~, or more precisely, between
amplitudes involving the ++ and —— photon helicity configurations. We call such
interference helicity interference.

Let us now translate Eq. (5.8) into a Hilbert space language. The final states of
h — 77 decay are the two-photon states |++) and |— —), with + indicating the helicity
of each photon, so that CP|++) = |FF). Eq. (5.8) then translates to

Hogh) x VE + & <ei5 |+ + e |——>) . (5.9)

As above, the CP phase £ appears as a relative phase between the [++) and |-—) terms.

Now, the total rate for h — vy decay is proportional to

D S Heall)P = D [MIP (5.10)
ftt— ft+—
Orthogonality of [+ +) and | — —) ensures that the total rate is independent of &, i.e.,

there is no helicity interference. In contrast, any experiment for which the final state is a
linear superposition of the two helicity states would generate helicity interference. This
is the case at collider experiments in which the on-shell photons with definite helicity
are intermediate states: The final state is a converted photon — an efe™ pair with a

particular set of momenta — which has non-vanishing overlap with both helicities.

5.2.3 A thought experiment with polarizers

The overlap of each photon helicity with a BH pair will determine the strength of helic-

ity interference and our ultimate sensitivity to the Higgs CP properties. The details at
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Figure 5.2: A linear polarization thought experiment in Higgs rest frame. P, are
linear polarizers oriented orthogonal to the photon momentum direction. The angle ¢

lin

is measured between the linear polarization vectors (m)s"%.

the level we need are quite involved, and will be described in Sec. 5.4. As a warm-up
we instead consider a thought experiment in which we can measure linearly polarized
photons.

Let us imagine that we have been able to manufacture a linear polarizer for gamma
rays. We produce a Higgs at rest between polarizers P; and P,, such that each pho-
ton travels through a polarizer (see Fig. 5.2) before being absorbed by a detector that
counts photons. The polarizer P; (i = 1, 2) projects an incoming photon onto a linearly
polarized state, |¢;) = e~"i|+)+¢%|—), that has polarization oriented at angle ¢;. From

Eq. (56.9) the amplitude of the two-photon wave function observed by the detectors is
(4 + e =1) @ (] + (1) Harlh) ~ V@ + @ cos(6+€) (5.11)

where ¢ = ¢ — ¢ is a relative azimuthal angle between the two polarizers. As the
angle ¢ is changed, the differential rate in the detectors changes as cos?(¢ + £). One
finds

dl. 2 o’ mj

i —Lhony cos’(@+&),  Thoyy = 4—7T3§(C2 +e). (5.12)

Note that the CP odd term in the differential rate (5.12) is proportional to sin 2 sin 2¢ o
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ccsin 2¢. The differential rate is thus linearly sensitive to CPV coupling ¢, whereas the
total rate is quadratically sensitive.

In summary, we have shown that only the terms receiving contributions from both
of the definite helicity two-photon amplitudes, so that there is helicity interference, are
sensitive to the CPV phase £. These interference effects can in principle be of O(1) in

size.

5.3 Bethe-Heitler photon conversion

We now study the process that can be used for photon polarization measurement,
namely the conversion of a photon into an eTe™ pair in matter. In this section we
study a conversion of single isolated photon, which we will then use in the Sec. 5.4 for

the case of h — vy with converted photons.

5.3.1 Photon propagation and conversion

Photon conversion to e*e™ pairs may proceed either by Dalitz conversion in vacuum,
for an off-shell intermediate photon, or by BH conversion on atomic nuclei, which
occurs for on-shell photons (for a review see, e.g., [272,273]). The Dalitz conversion
rate carries a suppression factor of O(107), and is not of immediate practical inter-
est. Moreover it mainly proceeds via a longitudinal photon so that the above helicity
analysis no longer applies. In contrast, the CMS and ATLAS pixel detectors contain
a significant amount of material, so that ~ 50% of photons convert inside the track-
ing systems via the BH process [274,275]. Based on the composition of the detectors,
we assume in this work that the target nucleus is always ?*Si, at rest in the laboratory
frame. This nucleus is spin-0, and has no nuclear magnetic moment. We therefore do
not consider the effects of target polarization on the BH process [276].

One might be concerned by the prospect of photon polarization decoherence for
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Figure 5.3: The contributions to photon cross-section on #*Si, 0,,(**Si), from BH e'e~
pair production in nuclear field (solid blue line), pair production due to scattering
on electron cloud (red dashed), Compton scattering (dot-dashed yellow) and Rayleigh
scattering (magenta double dot-dashed), as a function of photon energy F.,. Calculated
using NIST’s XCOM database [271].

the photons propagating inside the silicon. However, at photon energies ~ O(my/2)
the pair production in the nuclear field is by far the largest contribution to the photon
scattering cross-section in an atomic lattice [277], see Fig. 5.3. As a result, to an excellent
approximation, the photons remain coherent up until their BH conversion. We shall
also assume that the BH scattering is quasi-elastic, i.e. that the target nucleus remains

in a coherent state during and after the scattering. For the kinematics considered, the

quasi-elastic limit is an excellent approximation of the full BH conversion [272,273].

5.3.2 Angular resolution limitations

Following the h — vv experiment discussed in Sec. 5.2.3, in order to measure the
CPV in a doubly converted h — 7 decay, we might expect that angular distributions
between planes formed by spatial momenta need to be measured. There are several

possible planar distributions that can be constructed, involving either:

i) The ete™ plane formed by the ete™ momenta, or;
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Figure 5.4: Cumulative distributions of Bethe-Heitler conversion cross-section for a
photon with E, = 60 [GeV] scattering on a **Si nucleus, with respect to various open-
ing angle cuts. Three distributions are shown: P (6 > 0..), i.e. with photon-lepton
opening angles, #., unconstrained (blue line); P(6, and 6, > 6..) with electron-
photon opening angle f_ unconstrained (red dashed line); P(6y and 0y > 0.,) (black
dot-dashed line).

ii) The ve® plane formed by a lepton and its parent photon, as in Fig. 5.1.
p yalep p p &

The first requires resolving the orientation of the leptonic spatial momenta. The second
requires the orientation of the leptons with respect to their parent photon, which could
be achieved by identifying the vertex associated with the Higgs (from other tracks in
the event) as well as the location of the photon conversion, giving the photon direction.

Such measurements require exquisitely precise tracking. Because the momentum
transfer to the nucleus is small, the relative angular orientations between the photon
and leptons are tiny in typical photon conversion: for mass m and energy F, the angu-
lar scale is typically m/E ~ 10° for a 60 GeV photon conversion to electrons. There
is however a distribution for these angles. In the limit of very large statistics one can
hope to get a sample of events where these angles can be measured.

In the ATLAS detector, for instance, the intrinsic accuracy in silicon pixels located
between 5cm and 12 cm from the interaction point is 10pum in R—¢ direction and 115m

in z direction. The intrinsic accuracy of SCT strips located between 30cm to 5lcm
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from the interactions point is 17um (R — ¢) and 580um(z) [278]. One may therefore
hope to measure the orientations of the e™e~ plane even for opening angles as small as

Op ~ 10~* — 1073, where the relative leptonic angle 60, is defined by

(m)py - (m)p-—
[(m)py||(m)p-]|

cos By = , (5.13)

for leptonic spatial momenta (m)p.. By comparison, a 60 GeV photon converting to a
e~ e pair has an opening angle of 6, > 10~* in 38% of the cases and 6y > 107 in 4%
of the cases. The full cumulative distribution for 6, > 0., is shown in Fig. 5.4.
Another experimental challenge is the multiple scattering of outgoing electrons
when traversing the detector medium. This can affect the measurement of the electron
direction and thus the orientation of the eTe™ or ye* plane. Using Eq. (30.15) in [277],
the width of the angular distribution is ~ 10~ for a 30 GeV electron, assuming it tra-
verses { = 0.1 radiation lengths of the material. This width roughly scales as V¢/E,
where F is the lepton energy. The measurement of polarization planes in the current
and future detectors will thus be challenging, but may be achievable on a statistical
basis. Bearing in mind these experimental questions, in the remainder of this chapter
we adopt a theoretical approach to this problem: We consider a thought experiment
where all angles can be resolved and explore the sensitivity to Higgs parameters in

this best-case scenario.

5.3.3 Nuclear form factor

The BH conversion depends on a momentum transfer, ¢*, between the photon and the
nucleus. Assuming quasi-elastic scattering, the photo-nuclear scattering is encoded in
an elastic nuclear form factor G¢'[¢?] (see Eq. (5.22) below). This form factor plays an
important role of suppressing scattering at low —¢?, that is, at scales larger than the Si

atom.
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Figure 5.5: The elastic form factor G¢(¢?). The dashed lines show the limiting behavior
G ~ a*q* for |a® ¢*| < 1 (green dashed line) and G ~ 1 for |a? ¢?| > 1 (red dashed
line). The scale at which screening of the nucleus becomes important is denoted by a,
which is smaller than the Si atomic radius, 7,om. At scales well outside the atom, corre-
sponding to small —¢?, nuclear conversion is suppressed by the form factor screening.

Let us discuss briefly the behavior of the nuclear form factor. The threshold for an
E. ~ 60 GeV photon to convert to an ee™ pair is at —¢* = 4m*/E? ~ 107'® GeV?, with
m the electronic mass, but can occur at momentum transfers as large as —¢* ~ 10~°

GeV?. This should be compared with the radius of the Si atom, ruom ~ 1.1 A [279]

-9 ~

or rom ~ 10712 GeV?, and with the nuclear radius rnyctear ~ 4 fm which gives r 2, ~

10~? GeV?. Within the —¢? range of interest for conversion — 10 '* up to 10 ¢ GeV? -
the nuclear charge is thus screened at low —¢? by the atomic shell electrons. In this
work we use the simple expression for the atomic form factor [280] described in detail

in [272] and given by
a4q4

GS(¢%) = m 5 (5.14)

where a = 184.15(2.718)~"/2Z~'/3 /m and 7 is the atomic number of the nucleus. For
28Gi, a2 = 1.22 x 1071% GeV?. There are two limits of interest. The first is |a® ¢*| > 1
in which G§' ~ 1, the second is the limit |a? ¢>| < 1 in which GY ~ ¢*, see Fig. 5.5.

That is, the form factor suppresses the BH cross-section for small —¢* < a?. To the
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extent that the 1/¢* factor in the BH cross-section determines the dominant phase space
configurations of the final states, this suppression significantly alters the important
regions of phase space for BH conversion up to the a 2 scale. Specifically, the form

factor increases the probability of significantly acoplanar BH conversions.

5.4 The Higgs-Bethe-Heitler process

In this section we present a formal analysis of the Higgs-Bethe-Heitler (HBH) process,
h — v with both photons converting to eTe™ pairs. The main result is that we ob-
tain compact, leading order expressions for the HBH rate, and gain insight into the

structure of the terms sensitive to CP violation.

54.1 Amplitude and cross-section

The amplitude of interest is given by a menorah diagram, consisting of a h — vy and

two BH conversion subdiagrams, summed over internal photon polarizations, viz.

s H
P
N4
——P1_,71

—— p1+7‘91

k1, M

. 1% .
7/'/\/llrsgrs - -M k27/\2

+ lepton exchanges

AT
’\/\/\/\—(— p2+7 52

1 -~ [e7ex * 2 * 1% 9
= 5 D7 [e(b - kg™ = K7k ) + &k o, e )| (€207 (30 [MEIL M2,

(5.15)
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in which A = 7v/e%a, for QED coupling e. The BH amplitudes are

Z R —— DT 5.16
7+ %i—pi+—m¢ v (piy) (5.16)

[ME)Y = u" (p;_) &%_T

where we have not yet taken nuclear form factors into account, and kept explicit the
corresponding Lorentz index of the nuclear electromagnetic current. The Latin sub-
scripts, i = 1,2, label each photon, while s;, 7, = 1,2 are respectively the positron
and electron spins (see Eq. (C.8)), and \; = =+ the outgoing photon helicities from the
h — ~vy vertex. We have also suppressed repetitions of the photon index, such that
X;

is henceforth a shorthand for X, , . We shall often refer to the BH subdiagrams for

TS TiSg

each photon as the photon branch.

We assume both nuclei are initially at rest in the lab frame, so P* = (M, (m)0)
where M is the mass of the nucleus. The Higgs need not be at rest in the lab frame. As
discussed in Sec. 5.3.1, we assume quasi-elastic scattering, that is /> = P? = M?. This

implies that 2¢; - P + ¢? = 0, and so
E,—E,, —E_+q/2M=0, (5.17)

where F;, I;, are the photon and lepton energies respectively. It is also convenient to

1 g+ P 1 q"
p= —(pr_ 8T ey G 5.18

define

under quasi-scattering conditions. The exchange energy with the nucleus ¢ = P,° —
P? < M. Le. the nucleus velocity is non-relativistic, so to an excellent approximation,

it follows that

Ei~E; +E;_, Q; ~ (1,(m)0), (5.19)
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in the lab frame.

We define the BH nuclear form factor tensors on each photon branch [272],

Hov

wer = i) (o - LE) s waiarar, (5:20)

)

such that the unpolarized HBH squared amplitude

1

1 1,1
MP T 2M300 = P = e 30 MU MU WP (520)
1=1,2 P22 s
On the left of Eq. (5.21) we have factored out the —functions that enforce quasi-elastic
scattering. The form factor W;(¢*) = 0 for quasi-elastic scattering on a spin-0 nuclear
target [276], while
Wa(q?) = 2M§(M?* — P*)GS(¢%) , (5.22)

in which G (¢?) is the form factor given in Eq. (5.14). Hence the unpolarized HBH

squared amplitude reduces to

Gel q2 Gel q2 . ey
’M‘Z = % ZMHTSQTSMll;‘I/SQTSQlquu’QQVQQVI . (5.23)

TiySi

5.4.2 Helicity structure

One may calculate |M|? via the usual Feynman method, which relies on polarization
completeness relations to compute traces. This approach leads to thousands of terms,
of which the naively dominant terms cancel due to Ward identities. Extracting lead-
ing order expressions is therefore difficult, and moreover, high numerical precision is
required for numerical stability. As an alternative, we employ a spin and helicity anal-
ysis combined with the spinor-helicity formalism to compute the HBH amplitudes.

These may be subsequently squared and summed over external spins to produce the
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full HBH rate. In the following we provide a brief overview of these results, while
details are provided in Appendices C.I and C.II.
The BH spin-helicity amplitudes are defined as

of = [Mhy] ;‘;Qw /¢ . (5.24)

lrs

With reference to Egs. (5.15) and (5.23), the HBH spin-helicity amplitudes are corre-

spondingly
IMY = VgAl% (k1 hag™ = kI ) + 2y o) |22 () o0, . (5.25)

where we introduced the abbreviation
Gi=G5(q)) . (5.26)

Making use of the spinor-helicity formalism (see Appendix C.I), we obtain the spin

amplitudes

2
m /.
My o, = ZM?:?;M = T’u/glgwcz + 2 (elﬁatsa; +e” 041”042 ) : (5.27)
ArAz
These are reminiscent of equation (5.9) with final leptonic spin states (r;s;| and o o

(sir;|E), as expected. The HBH square-amplitude is correspondingly

? +c ie|?
MP =30 | M5 =midi6 e 3 folod e doi a4 (528)

17‘527"3 AlAQ 17'527‘3

2

Note that the sum over photon polarizations is inside the absolute value as expected
for entangled h — 2y — 2(e*e”) decay, but the sum over lepton spins is incoherent.

Eq. (5.28) shows that the BH spin-helicity amplitudes o;  are all one needs to deter-
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mine the entire HBH square amplitude. Parity invariance of the BH amplitudes relates

amplitudes of opposite helicity and spins to their complex conjugates,
+)* = TrsQliz (5.29)

where s is the opposite spin to s, and 7% = 1, 5,5 = 7;5. Hence we need only determine
a;f . We shall see below that spinor-helicity methods, when applied to «; , also allow
for a well-controlled expansion of dominant, sub-dominant and negligible terms in
M?.

We see explicitly from Eq. (5.28) that the helicity interference terms are equivalent to

the {-dependent terms, as discussed in sections 5.2.2 and 5.2.3. For a particular leptonic

+

spin configuration {r;, s;}, helicity interference occurs so long as o, and «, are both
3 trs irs

non-zero. However, we see in appendix C.II, and in particular in Eq. (C.13), that for

our particular choice of spinor basis (see Eq. (C.8))

i |~ lag, |~ lag, > a1 (5.30)

or equivalently |o; | ~ |of | ~ |af | > |of |. This hierarchy means that we may

122 212 121 111

therefore discard any terms containing either o},

, or o;  as subleading. It follows that

the leading order squared amplitude is

A+ a2
|M|2Nmi 4A\2 g1g2{2‘&111a211 +2Z &Ju&k alrsa2 6Z5+041 &2”6 ¢ }7
r1#81
Tk;ﬁsk T2ES2
(5.31)
while the leading interference term is
2 | 2
¢ +c -y
|M| ‘mt i A2 gngRe{ahzalzla?wa?me 216}' (5.32)
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We see that only aj,,, (or equivalently o, ,,) amplitudes enter the leading order ¢-
dependent interference terms.

The CP odd helicity interference term in (5.32) is proportional to c¢,
cc
‘M|2‘int7CP70dd = _Qm%ﬁglg?lm{aizo‘fmo@ma;m} : (5.33)

Note that interference terms between amplitudes, produced by the FF and FF oper-
ators respectively, are CP odd. However, the helicity amplitudes under consideration
here receive contributions from both CP odd and CP even operators — manifestly they
depend on ¢ — and hence helicity interference terms contain both CP-even and CP-odd
pieces. Consequently, we interpret the remaining piece of the helicity interference term

to be the CP-even piece,

2 ~2

‘MP‘ = mh—%nge{aiQa;magma;m} ) (5.34)

int,CP—even A2

This term has quadratic dependence on ¢, albeit a different one than the total rate

(5.12).

5.4.3 The Bethe-Heitler helicity amplitudes

In Egs. (5.31) and (5.32) we have expressed the leading order HBH rate and interfer-

+

5~ In this subsection we

ence term in terms of individual BH helicity amplitudes, «
proceed to present the leading order terms of these amplitudes in a readily accessible
notation, for the special case that the Higgs is at rest in the lab frame. The results below
are achieved via spinor-helicity techniques; a more comprehensive presentation of the
derivation of these results is provided in Appendix C.II. There, explicit results for each

spin helicity amplitude ;" are collected in Egs. (C.12), while the leading order results,

obtained by power counting in m/my,, are provided in (C.13). The compact results be-
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low will permit us, in the next section of this chapter, to study the encoding of the CPV
structure in the HBH rate at an analytic level.

Before proceeding, we may first derive a new result concerning the well-studied

A

unpolarized BH square amplitude, |[Mgg,[* = >, ,, |} . Using Egs. (C.12) one may

show that

2 8gim2 Ei_(ki-pi_) — Ei, (ki pi,) G Ef + E}

B qf (ki - pi_) (ki 'pz‘+) E (ki - pi_ ) (ki 'pi+) .

(Mg,

(5.35)

This compact expression for the BH rate in the quasi-elastic scattering limit is novel to
this work. A numerical analysis and validation of the resulting BH differential cross-
section is provided in Appendix C.IV.

Now, in the special case that the Higgs is at rest in the lab frame, that is (m)P, =
(m)0, Egs. (C.13) for the o collapse to very simple expressions. Using the leading

order results (C.13) and assuming 0, < 1, for each branch one finds

; _(+)*N2m< I 1 )

G T Tl = T 1+7202  1+720%

0 = tof) w2V 0x (b T 9o0c T (5 5)
21 12 qQ Y4+ Y- 1+ fyi@i 1+ ’)/30% ,

gy = —(7)" =0

Here 6. and ¢ are respectively the polar and azimuthal angles defined with respect
to the branch parent photon momentum, as shown in Fig. 5.6, and 7. = E./m > 1.
We also assume that the O(#) terms do not cancel completely. The latter may occur on
the phase space slice 7,0, = v_6_ and |¢_ — ¢, | = 7, corresponding to minimal |¢?|.
Excellent numerical validation of this expansion implies that the neighborhood of this

phase space slice, on which the expansion fails, is actually of negligibly small measure.
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D2,

Figure 5.6: Definitions of local spherical polar angles {f;, , ¢;, }. Note in particular that
azimuthal angles, ¢;, are positively oriented with respect to their parent photons, and

~

are defined with respect to an azimuth (m)z common to both branches. Polar angles
are defined with respect to parent photon momentum (black dotted).

Finally, we may approximate ¢* by

— ¢’ ~m’ (ﬁgi + 9207 + 2y 7,00, cos(p_ — ¢+)) + m_2 [i + L] 2 - (5.37)
4 1y -

Egs. (5.36) and (5.37), when combined with Eq. (5.28), form one of the central results
of this chapter: a compact form of the HBH rate, which is both numerically stable, and
whose structure may now be studied analytically. For example, it is now manifest that
HBH polar angular structure is dominantly controlled just by the & - p, /m? ~ 14 .0,
denominators, which produce a peak near 6., ~ 1. More importantly, we see that the
041%721 amplitudes, that control the helicity interference terms, contain phases which are
the leptonic azimuthal orientations, ¢;,. This non-trivial result, when combined with

Eq. (5.32) shows us that, at leading order, £ manifests as a phase shift in the relative

azimuthal orientations of leptons with different parent photons.
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5.5 Sensitivity to CPV

In this section we assess the potential sensitivity to CP violation. To do this, we con-
sider a number of CPV sensitive observables and propose several sets of kinematic
cuts that can enhance the CPV signal. These sets of cuts require that the lepton-lepton
opening angle (5.13), 0, can be resolved, as well as the two photon-lepton angles, 6...

In the following we mostly consider angular resolution cuts of the form
O, 04 > Ocus - (5.38)

Following Sec. 5.3.2, we apply an angular resolution cut 6.,, = 107*, which is at the
edge of what may be possible with present detectors, and a looser, futuristic .,; =
1075, intended to show that very large CPV effects are possible in principle.

We emphasize that as our measurement is a novel, challenging one, our goal here
is not to conduct a full collider analysis including backgrounds. Rather our aim is to
identify the types of observables that can probe CP violation in & — 7, and estimate
how well they do under ideal circumstances: a high efficiency in reconstructing con-
versions and a signal rich channel. This is in the anticipation that such circumstances

might materialize in a future LHC running or at a Higgs factory.
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5.5.1 Differential scattering rate

The HBH differential scattering rate for the full 3 — 6 process (Higgs plus two nuclei

to two nuclei and two e*e ™ pairs) in the lab frame is

dl oc | M|, d gy, dlT gy,

S Plmp, ] [ T & m) P& ()
o (27T)12|M|2[ H %] { H AT 5 (s + pi, + pi— ki) [8D(Py — ky — k)
=12 ’ i=1,2 i ia

a=+=

(5.39)

with |[M|? given by Eq. (5.28). Integrating over the out-going nuclear momenta and all

other momenta in delta functions, we obtain in the limit |¢| < M

1 m?
dl' WZUWIZQ |~/\/l|2 { H |(m)pia |ina:| dE,_dE, df, , (5.40)
i=1,2
a==£

with d€;, the solid angle for each lepton momentum (m)p;,, and dS); the solid angle
for photon “1’. The photon labels are extrinsic. We take photon “1’, say, as westwards
going (if Higgs is not at rest one can also take it to be, e.g., the more energetic photon).

For simplicity, we assume henceforth that the Higgs is at rest in the lab frame, that
is P, = (my, (m)0). In the Higgs rest frame the photon angular dependence is isotropic,
and the integration over df2, is trivial. Dropping the prefactors, the differential scatter-
ing rate becomes

dl ox !M\Q[ H \(m)pia\dﬂia] dE,_dFE,_ . (5.41)
i=1,2
a==+

We may now proceed to consider CPV observables.
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5.5.2 Global sensitivity to CP violation

In principle all the information about ¢ # 0 (or equivalently £ # 0) is encoded in the full
HBH differential distribution. The coefficient ¢ may be determined by a matrix element
method [281-286], as long as backgrounds can be kept under control. Estimating the
full power of the matrix element method is beyond the scope of this work.

To test the sensitivity of HBH to ¢ we instead introduce a parameter

[ |dT(sm)/dps — dT'(c, ¢)/dPS| dPS

Zple¢) = T'(sM)

(5.42)

The parameter Z can be thought of as a proxy for the sensitivity of the matrix element
method, once one integrates over the full phase space. In the top panel of Fig. 5.7 we
show the value of Z in the (c, ¢) plane. There we see that the deviation from the SM is
mostly due to the ¢* + ¢* enhancement of the i — v rate, which need not arise from
CP violation. Such an enhancement is best detected by measuring the overall & — vy
rate, and not using our method.

To assess the sensitivity to CP violation alone, we should restrict our attention to
the circular contour ¢* + ¢* = ¢2,;, on which the total HBH rate matches the SM rate for
any &. This contour is shown as a white circle in the top panel of Fig. 5.7. To this end,

we define a second quantity

[ ‘df(@) /dps — di'(€) /dps| dps
c2+e?=ct, a f(o)

Zp(&) = Zp(¢) ; (5.43)

where dI'(€) is the differential HBH rate with the enhancement of the total i — ~+ rate

factored out,

2 | 2
c ;i—c)dF

0T (c, ) /dps = & (€)/dps. (5.44)

Csm

Note that in general Zz € [0, c0), but Z§, € [0, 2].
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Figure 5.7: Top panel: Zp in the ¢ — ¢ plane, with the SM point at (¢, ¢) = (—0.81,0).
Bottom panel: Z§ as a function of £ = tan™'(¢/c). The scatter of the data points is a
numerical artifact.

The bottom panel in Fig. 5.7 shows the value of Zj as a function of £. The sinusoidal
dependence of Z§, on £ is not unexpected. For instance, in the & — 7 toy example we
considered in Sec. 5.2.3, in which the angle between linear polarizations is measured,

one has from Eq. (5.12)

27
250 == [ leosor O —col(@)lis = Zlsine . (645

h—yy

By comparing this toy system with HBH, it is therefore natural to deduce that Z§;(¢) /| sin ¢|

provides a measure of the average CPV signal size obtainable via the matrix element
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method, for any c, ¢. That is, this measure is independent of { and the overall normal-
ization ¢* + ¢*. The fit in Fig. 5.7 suggests this CPV signal is O(10%) for an angular
resolution cut 6y, > 107°, and O(5%) for 6, > 10~*. Hence, for the most pessimistic
case that there is no deviation from the SM in the total ~ — ~~ rate the detection of
NP from the full matrix element method will be challenging, even if there is large CPV

component in » — 7.

5.5.3 Differential azimuthal scattering rate

Let us also consider the sensitivity of an experiment in which just one relative az-
imuthal angle — the difference of the azimuthal angles between two opposite branch
leptons —is reconstructed, such as the experiment described in Fig. 5.1. From Egs. (5.28)
and (5.36) we saw that { manifests as a phase shift in the relative azimuthal orienta-
tion of leptons on different branches. It is instructive to write down this manifestation

explicitly. Let us transform from the azimuthal coordinates ¢;, to the coordinates

=91 + 2, &= Qi — G, (5.46)

and choose ¢, = 0, without loss of generality. With this choice ¢ and ¢, € [0, 27),
while e, € (—2m, 27). For the case that the Higgs is at rest, we find from Egs. (5.31) and
(5.36) that the HBH square amplitude, and thus the leading order differential scattering

rate, takes the generic form

1
dl'/dps = 7 [a + g bjcose; + E ¢y, COS (nkel + myes + 2¢0 + 25) , (5.47)
4192 -
7 k

where q, b; and ¢, are real functions of ;. and 6;, — they span the energy, polar angle
phase space, denoted hereafter by PS,, y — but are independent of the azimuthal struc-

ture, and ny, my, are positive integers that satisty n; + m; = 0,1, or 2. From Eq. (5.37),
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one sees that the 1/¢* factors depend on both the azimuthal and polar angles, but in
a way such that ¢* = n(1 + (cose)?, where ¢ < 1. Hence 1/¢* may be expanded in a
power series of (cose < 1. Integrating over the ¢ acoplanarity angles, one may then
show that, with respect to the azimuthal structure, only constant or cos(2¢ + 2£) terms

survive. That is, the leading order differential scattering rate

ar

m = (02 + 62) A%y + B%g COS(QQO + 25) 5 (548)
s

in which the v, # subscript denotes exclusive dependence on the energy polar angle
phase space, PS, 4.

The results (5.47) or (5.48) show that {-dependence and v, §-dependence factorize.
Hence £ appears only in the azimuthal structure as a phase shift. Specifically, the CPV
parameter £ manifests itself in the inter-branch azimuthal structure in the differential

rate

dr’ .
7 (¢ + &) [<‘A%9>PS%9 + <B'779>PS%9 cos(2¢p +2¢)| , (5.49)

which we have now shown is oscillatory with respect to ¢ at leading order. Note that
we could have chosen ¢ to be any of the four inter-branch angles ¢, 5 = 01, t+ P2,
where «, § = =%, of which three are linearly independent. Results similar to Eq. (5.48)
follow with appropriate replacements.

In the right panel of Fig. 5.8 we show the differential distribution dI'/dy for HBH
events (including a loose cut on the polar angles, at 107°) for two values of &. It is
evident that the oscillation amplitude, (B)/(A), is small — approximately ~ 2% — when
averaged over all of the phase space PS, 4.

The key question we now wish to address is whether such a small oscillation am-
plitude is because of small, O(1%) oscillations, or whether there is an O(1%) part of

the phase space where deviations from the SM are O(1). In the language of Eq. (5.48),
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this question can be rephrased in a precise manner: Is (B);/{A)y small for all U C PS,
or does there exist U C PS such that (B)y/(A)i is O(1). The latter possibility is phe-
nomenologically preferred, since it permits the extraction of an O(1) CPV signal on U,
which would scale better with increasing statistics.

To address this question, let us begin by examining the coplanar limit. In this limit

the acoplanarity angles ¢, » are both zero, and we have from Eq. (5.47)

dr

m = A;:,?g + B,CY?Q COS(2€ + 2@0) . (550)

In the coplanar limit the size of the modulation is given by

o a Zl_1[72 (1+ %’2+9z'2+)(1 + 9707 ) + Ri(vi_bis + 7, 0:,)?

(5.51)

where R; = 2vi,7i_/(7i, + 77 ). The ratio B*/A* is small when v¢ ~ 1, i.e. near
the peak of the square matrix element, but 3°°/ A — 1, for 40 >> 1 and . not much
bigger than v-. An example is shown in Fig. 5.8, where E;, and 6;, are held fixed such
that #,, > m/FE;, and 7. ~ v_. In this slice of phase space the azimuthal oscillation
amplitude is large and there is a strong sensitivity to CPV. This shows that regions of

phase space with large CPV signals exist.

5.5.4 CPV enhancing cuts

We now use the results from Sec. 5.4.2 to design kinematic cuts that enhance the sen-
sitivity of dI'/dy to CP violation. That is, we seek to enhance the ratio (B)/(A) for a
particular subset of the HBH event sample. The cuts we propose fall into two classes:
those which are placed on the kinematics of the whole event; and those which are
placed independently on individual photons and their daughter leptons. As they use

all of the information in the event, including correlations among the two photons, one
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Figure 5.8: Left: Illustration of O(1) oscillations and phase shifts in the HBH differential
rate for a sample coplanar kinematic configuration. The azimuthal angle ¢ in this slice
is defined as in Eq. (5.46). The kinematic configuration is: F;, = F;_ = my/4, 0;, =
1074, 0; = 20;, sothaty.0; ~ 10 > 1 and 4 = -, cf. analysis of Eq. (5.51). Right:
The azimuthal distribution dI'/dy for ¢ = 0 and for £ = 7/4 with a polar angle cut
6;. > 107" and 6y > 10°. The modulation amplitude is 2%, but will grow to O(1) once
optimization cuts are applied, see Sec. 5.5.4.

might expect that the former produce better CPV signals compared to the latter. As we

shall see, however, both classes of cuts perform approximately equally well in enhanc-

ing (B)/(A) on their respective phase space subregions.

5.5.4.1 Cuts on collective kinematics

The helicity interference terms (5.32) in the HBH rate arise dominantly from the term
Re(ay 01, a5 a5 e *%). We can use this observation to pick only events in which
ay,,0q, Q5,05 is comparable to the rest of the squared amplitude. With reference to

Egs. (5.33) and (5.34) we thus introduce several sensitivity parameters 7,

2
+ X, (5.52)

Y

2
7;1 = X"/[ 0y, gy, + 2 : Qg O,
J#k

TR Sk
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where n = M, RO, JO, with

XM = 4|a112a121a212a221| ) XR = 4Re[a112a121a212a221] ) XJ = 4Im[a112a121a212a221] )
2
and XM/7R/7JI = E Oéj_m Oé];pd‘ + X]\/LR’J . (553)
7k
T#£S,p£0

The first two terms of the denominator in Eq. (5.52) are simply the £ independent parts
of the HBH squared amplitude (5.31), while the A,,’s are various pieces of the inter-
ference terms. In particular, 7y is the magnitude of the full leading order interference
term, while 7y ; are respectively the CP-even and CP-odd interference terms. We ex-
pect each to be useful gauge of sensitivity to CPV independent of . For example, cuts
on T and 7; will enhance the azimuthal modulations in the £ = 0 and £ = 7/4 respec-
tively, and can thus be used to distinguish among these. In all cases 7; — 1 (7; — 0)
implies full (no) CPV sensitivity.

For all numerical analysis we use three private Monte Carlo codes that were cross-
checked. The details on Monte Carlo event generation can be found in Appendix C.VI.
Placing a cut on 7, produces an event sample with large (B)/(.A) ratio. This is shown
in Fig. 5.9 for opening angle cut f,, > 10 ° and in Fig. 5.10 for opening angle cut of
6y > 107*. The dI'/dy distributions are shown for two choices of CPV parameters,
¢ = 0 (blue histograms) and ¢ = 7/4 (red histograms). The fits to the functional form
(5.48) of the dI'/dy HBH differential rate are shown as solid blue and dot-dashed red
lines, respectively. The efficiencies of the cuts for the examples shown in Figs. 5.9
and 5.10 are ~ 1% for the upper panels and ~ 0.1% for the lower panels (the exact
values of efficiencies depend on the value of ). The presence of £ # 0 exhibits itself as
the expected phase shift in dI'/dy differential rate (5.48).

From Figs. 5.9 and 5.10 we see that it is possible to select regions of phase space such

that (B)/(A) ~ O(1). In particular the average modulation (B)/(A) is large (small) for
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Figure 5.9: The differential HBH rate dI'/dy as a function of the azimuthal angle ¢
between the positrons setting the CPV parameter to £ = 0 (blue histograms) and ¢ =
7/4 (red histograms). The histograms are binned Monte Carlo events with different
cuts on parameters 7,, Eq. (5.52), as denoted in the panels. The solid blue (red dot-
dashed) curves are the result of fitting the normalized binned events to Eq. (5.50) for
the £ = 0 ({ = 7/4) cases with ¢ also floated in the fit. The angular resolution cut is
04[ > cht =1075.

¢ =0(& = n/4) for Ty g and vice versa for 7; y as shown most strikingly in the bottom
panels. In contrast, the average modulation size does not depend on ¢ for the events

selected by 7y;. This suggests that using several of the parameters 7, simultaneously

may optimize the sensitivity to CPV further.

5.5.4.2 Cuts on individual photon conversions

We now turn to discuss cuts on individual photon branches of the HBH process. These
cuts are generated by simple sufficiency conditions, that ensure a large CPV signal.

From Egs. (5.31) and (5.32), in order to ensure that the £&-dependent terms are com-
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Figure 5.10: The same as in Fig. 5.9, but with the opening angle cut 6y > 0., = 107%.

parable to the full rate, it suffices to require |o;, ;. | 2 |o;; |* on each branch (i = 1, 2)

212 77121 111

independently. For the case that the Higgs is at rest, using (5.36), this sufficiency con-

dition is implied by § 2 1 for each branch, where

. 0,7 6
S=2(1- cos?) {(%'Yffy_)z} [(7;02 *_77202)2] (L1++202)(1+920%) .  (5.54)

For brevity, we have dropped the Latin branch index, and here 6 = |¢_ — ¢.| — 7 is the
acoplanarity angle.

It is notable that this sufficiency condition weights the desirable energy-polar angle
regions of phase space inversely by the amount of acoplanarity. Specifically, § = 0 in
the exact coplanar configuration 6 = 0. Of course, S is not a necessary condition for
a large CPV signal, so relatively coplanar events —i.e. events for which § < ¢y of

the event sample (d.,; = 0.47 or 0.257 for our MC, see App. C.VI) — may in principle
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significantly contribute to large CPV signals in dI'/dy. Also note that symmetric con-
versions, i.e. y10. =~ v_6_, are more likely to produce a large S, and hence a strong
interference effect.

Fig. 5.11 shows the results of the S;» > 1 cut for the angular resolution cut (5.38)
cue = 1070 for £ = 0 compared to & = /20 (top left) or 7/4 (top right). Note we
also constrain the acoplanarity d, € [37/4,57/4], since we do not expect extremely
acoplanar events to encode polarization information. The angular resolution cut alone
retains approximately 40% of the total HBH events on this acoplanar domain; for £ =
7/4, the corresponding azimuthal distribution is shown in Fig. 5.8. The addition of
the S; 2 > 1 cut reduces the cut efficiency to 2.6%, but unlike Fig. 5.8, now (B)/(A) ~
0(0.2). The phase shift due to non-zero ¢ is clearly visible in both plots, and the value
of { extracted from the fits agrees with the input values of § = 7/20 or /4 respectively.

Finally, the bottom panels of Fig. 5.11 displays the acoplanarity on each branch for
the £ = 7/4 HBH events with no S cut compared to the S;» > 1 cuts. We see that the
S cut mildly favors acoplanar events, as it broadens the acoplanarity distribution and
disfavors relatively coplanar events. For example, we see that events with acoplanarity
0 < 1% are disfavored in the cut distribution, and we also see that the full width at half
maximum of the acoplanar distribution increases by 50%, from 0.047 to 0.067, under
the S > 1 cut. The excellent performance of S compared to 7, cuts (see Fig. 5.12 and
Sec. 5.5.4.3 below) therefore suggests that acoplanar events — e.g. with § & dc,¢ — play

an important role in encoding the CPV signal.

5.5.4.3 Cut scheme efficiencies

It remains to determine the efficiency of the above cut schemes. In Fig. 5.12 we show
the CPV signal (B) /(A) for the various 7, and S schemes as a function of the fraction of
the total MC event sample, not rejected by combined sensitivity and angular resolution

cuts. Up to small corrections this fraction is the absolute cut efficiency, see Appendix
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Figure 5.11: Top panels: The azimuthal distributions dI'/dy for £ = 0 (grey histograms)
and for ¢ = 7/20, 7/4 (blue histograms, left and right top panels) with S;» > 1 on the
domain 6,5 € [37/4,57/4]. The solid (dashed) curves denote fits to Eq. (5.48), with
¢ a free parameter in the fits. The bottom left (right) panel shows the acoplanarity
distributions, dI'/dé¢, 6¢ = (¢+ — ¢—) mod 27 for each photon branch, displayed by
blue and gray histograms respectively, with ¢ = 7/4 and no S cut (S; 2 > 1). Note that
the scale varies between these two plots. The corresponding cumulative acoplanarity
distributions cdf(d¢) for each branch are denoted by solid black and grey dashed lines
on each plot. In all panels the angular resolution cut (5.38) of .., = 10~° was applied.

C.VI for details. For comparison, the data point with only angular resolution cuts is
also shown for each plot.

We see that an increase of the CPV signal by an order of magnitude roughly requires
an order of magnitude penalty in sample size. Moreover, for high cut efficiencies,
the S; scheme provides the largest CPV signal. In contrast, in the low efficiency, but

higher signal regions, the 7,, schemes outperform the S; cuts. To give an idea about the

feasibility of this analysis at the (HL/HE-)LHC, Table 5.1 gives the expected number of
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Vs L[b™'] o xBR(h — vy) [fb] Events

8 20 47 0.24
14 3000 125 94
33 3000 444 333

100 3000 1875 1406

Table 5.1: Expected number of events after the application of S or T cuts with 6, > 10~*
to obtain (B)/(.A) ~ 20%. The Higgs production cross section includes the gluon fusion
and VBF channels only and is taken from [287].

events after the application of the cuts discussed above. These numbers do not inlcude
experimental acceptance efficiencies and so will be lower in practice.

The S; parameter is defined on an individual photon branch, independently of the
lepton configurations on the other branch, while 7, is defined on the configuration of
whole HBH events. We therefore might deduce that the main difference between these
two schemes is whether they are affected by inter-branch leptonic configurations. If
this deduction is correct, then the comparative performance of S; versus 7, cuts, shown
in Fig. 5.12, suggest that inter-branch configurations become more important for the
extraction of larger CPV signals, but are not important over most of the CPV sensitive

phase space.

5.5.5 Triple products

Finally, we briefly comment on the possibility to use CP-odd quantities such as triple
products to directly search for CPV. Since the CP odd terms in |[M|? are C' even and P

odd, we could consider two such contractions
T = 61’1_;01_,_102_102_,_, (555)

and

(GPP1+P2_102+ 4 Pr-Ppa_pry o (Propiy Ppag 6p1_p1+p2_P) , (5.56)

e

To =
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Figure 5.12: Comparison of different sensitivity parameter cut schemes, in terms of
cut efficiency, for various angular resolution cuts. The black data point on each plot
denotes the efficiency and (B)/(A) for its angular resolution cut alone, with no en-
hancements from sensitivity parameter cuts.

where P* = (M, (m)0) is the nucleus momentum, and ¢’?"¢ is shorthand for the Levi-
Civita contraction ¢""*?p,q,7,5,. In terms of scalar triple products,

T = E1+(m)p1_ -((m)p2+ X (m)pa_) — E;_ (m)p1+-((m)p2+ X (m)pa_) + 142,
(5.57)

o = M| (m)pi_ - ((m)pa, x (M)pa_) — (M)p1, - ((M)p2, X (M)pa_) +1 ¢ 2} .

Note, that 7 is not strictly speaking C-even, since it involves the nucleus momentum.
However, BH conversion on nucleus is the same as on anti-nucleus within our un-
certainties. This is equivalent to leaving P* unchanged under C transformation. A
detailed analysis is beyond the scope of our work, but we remark in passing that a

straightforward use of the S and 7,, cuts does not lead to appreciable non-zero value
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of (7). Further investigation is warranted.

5.6 Chapter summary

In this work we have studied how to probe the underlying CP couplings of the Higgs to
two photons, which undergo Bethe-Heitler conversion on nuclei. We have shown that
sensitivity to CP violating couplings is possible only if there is interference between
conversion amplitudes with different photon helicity. Using spinor helicity methods,
we have computed compact, leading order expressions for these amplitudes, which
are novel to this work. Our analytical control of the leading order h — v B ge
full differential scattering rate permits us to show that: (i) the differential rate with
respect to the relative azimuthal angles between leptons with different parent photons
is oscillatory; (ii) CPV is encoded as a phase shift in such distributions; and (iii) we may
construct various sensitivity parameter cuts that extract the regions of phase space on
which such oscillations — the CPV signal — are order unity on average. These analytical
results have been confirmed and explored with numerical simulations, including a
comparison of the relative effectiveness of the different sensitivity parameters.

For simplicity we restricted our numerical and CP sensitivity analysis to the case
that the Higgs is at rest in the lab frame. This is not the case in the LHC experiments,
and this assumption needs to be lifted for more realistic studies. We note, in this vein,
that Eqs. (C.13) hold also for the boosted Higgs case, although Eqgs. (5.36) do not. The
sensitivity parameter cut schemes are expected to work comparatively well in the case
that the Higgs is boosted, too. On a similar note, we expect these sensitivity cuts to
enhance the full matrix element method. This method, as characterized by the param-
eter 7, appears to be a few times more sensitive to CPV than experiments measuring
a single relative azimuthal angle. This leaves open the possibility of further improved

CPV signals, compared to those shown in this work.

157



We do not expecta h — vy B 4e experiment to be straightforward, and further ex-
perimental and theoretical studies are needed in order to see if the methods discussed
in this chapter can be used in practice. From an experimental viewpoint, it needs to be
determined how well one can reconstruct the electron and positron momenta for open-
ing angles ~ 10 or even down to ~ m/my, ~ 107°, and whether there are significant
rescatterings after BH production. Already from our preliminary studies it is clear that
large statistical datasets and fine granularity of the detectors will be needed, such as
at the proposed HE-LHC, VLHC or TLEP [288]. Experimentally, the situation may be
more favorable in such a machine, having a larger amount of statistics and better kine-
matic control of the Higgs. A completely independent direction for measuring the CP
violating coupling of Higgs to photons — and a direction not explored in this chapter
— would be the use of polarized photon beams at a photon collider. From a theoretical
viewpoint, it also remains to determine and search for other CPV sensitive observables
apart from the azimuthal distributions discussed here.

Lastly, while we focussed on Higgs diphoton decays in this work, most of this anal-
ysis holds for any pair of correlated photons. They can arise from a resonance, like
the Higgs, or from scattering events. While the details have to be determined in a

case-by-case basis, the principles, such as helicity interference, are the same.
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Chapter 6

Probing the photon polarization in

B — K*~ with conversion

6.1 Introduction

Measurement of the photon polarization in b — sy radiative decays has been of long-
standing interest. Within the Standard Model (SM), flavor-changing electroweak inter-
actions maximally violate parity, so that one expects the fraction of left-handed photons
in b — sy processes to be order unity, up to small corrections arising from either the
non-zero strange quark mass or from higher order QCD contributions. In contrast, cer-
tain New Physics (NP) scenarios may generate b — s operators of comparable size to
the SM terms, but with exotic parity structure, significantly modifying the expected ra-
tio of left- versus right-handed photons — the photon polarization ratio. Measurement
of this ratio therefore has the potential to test the parity structure of b — sy operators
against SM expectations, as well as either constrain or detect the signatures of such NP
scenarios.

The b — s photon polarization ratio may be measured via various different ap-

proaches. Dominantly right-handed photon production in resonant B — (K;(1400) —
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Krm)y generates an up-down asymmetry of the photon momentum with respect to the
K, — Knr decay plane [289,290]. This up-down asymmetry was recently measured
by the LHCb collaboration [291]. However, a theoretical prediction for the asymmetry
is not yet available, so that the photon polarization ratio cannot yet be extracted from
these results or compared to SM expectations. Along similar lines, the photon polar-
ization ratio may also be probed by measuring the spin fraction of A’s in unpolarized
Ay — Ay decays [292], or by measuring an angular asymmetry between the A; spin
and the outgoing photon momentum for polarized A, — Ay [293]. Other methods
look for time dependent CP violation induced by mixing of B — K*y and B — K*v,
which is proportional to the photon polarization ratio [294,295]. Additionally one may
probe the polarization ratio by looking for asymmetries in angular observables in res-
onant B — Knlt{~ or B — mml* ¢~ [295,296], or look for transverse asymmetries in
the dilepton invariant mass for non-resonant B — Kx{*¢~ [297].

In this work we focus on the B — (K* — K*x )y process, in which the on-shell
photon subsequently undergoes Bethe-Heitler (BH) nuclear conversion inside the de-
tector to a lepton-antilepton pair. The cross-section for BH pair conversion of ~ GeV
photons is approximately two (eight) orders of magnitude larger than the Compton
(Rayleigh) scattering cross-section ( [55]; see chapter 32), so that to an excellent ap-
proximation the emitted photon does not decohere before conversion. The B — K*v

photon polarization ratio, r, is precisely defined via the amplitude ratio

s AB = K*y)
A(B — K*’)/R) ’

retl

6.1)

in which ¢ (9) is a relative weak (strong) phase. In the SM, r is expected to be at most
~ Ngea/ms [298], while the weak phase ¢ is suppressed by Agea/my |V, Vii/Vi, Vi <
1. Hence measurement of not only r, as discussed above, but also ¢ may test SM

expectations: Measuring either r or ¢ ~ O(1) would be highly suggestive of NP effects.
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Measurement of r via BH conversion was first considered in Ref. [255]. In that anal-
ysis, the B meson was assumed to be at rest relative to the conversion nucleus. Further,
the conversion itself was assumed be to a perfect linear polarizer of the photon, so that
the conversion leptons and photon are constrained to be coplanar. However, in prac-
tice the B meson is typically at least semi-relativistic, and typically an O(1) fraction
of conversion events have non-negligible acoplanarity (see e.g. Ref. [299]). This leads
to a richer phase space structure for the outgoing conversion leptons, kaon and pion.
Moreover, interference effects between the B — K*vy decay and the BH conversion
amplitudes were not included. The key motivation to reconsider the above analysis,
then, is to include these B-boost, acoplanarity and interference effects. We exploit re-
cent compact results for BH conversion spin-helicity amplitudes [299] to construct the
full B— (K* —- K 7)) (y = ete”) amplitude, and show that interference between its
decay and conversion components permits both r and ¢ to be probed by the kinematic
configuration of the final state conversion leptons, kaon and pion. In particular, we de-
velop an angular observable that probes both of these parameters. This new analysis
admits arbitrary boosts of the parent B meson relative to the BH conversion nucleus,
and includes lepton-photon acoplanarity, which turns out to play an important role in
enhancing the 7- and ¢-sensitive interference effects.

Performing an experiment to measure r and ¢ with this technique will be challeng-
ing. In the first instance, precise reconstruction of the leptonic momenta is required,
which can only be achieved, even in principle, if the leptonic opening angles are larger
than the angular resolution of the detector. Typically, the leptonic opening angle after
BH conversion is 6, ~ m./E, ~ 107*, for typical photon energies in a B — K*y
decay with a semirelativistic B. Specifically, for a photon of energy < 5 GeV, the
probability for 6, > 107* (107?) is ~ 98% (43%). Hence exquisite angular resolutions
will be required. A further complicating factor is the multiple rescattering of the lep-

tons in the detector material after conversion. The rms rescattering angle in matter is
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~ (13.6 MeV/E;) /= /x, [55], where z/z, is the path length inside the detector in units
of radiation length. For z/x( ~ few % — a typical value — the rescattering angle is com-
parable to the typical opening angle, 6,. Finally, the probability of photon conversion
itself is typically low at current and planned B factories, being at most of order a few
percent. This probability depends mildly on the detector design. For example, it is
approximately 3%, 2-3%, and 6% at BaBar [300], LHCb [301], and Belle II [302] respec-
tively. For all these reasons, this technique will likely only be feasible with a dedicated
detector element that has a large scattering length, e.g. a gaseous TPC [303].

For these reasons, in this work we shall restrict ourselves to a thought experiment-
type approach. That is, we develop explicit analytic expressions for amplitudes and
observables with respect to the underlying B — (K* — K*7n)(y B eter) process
alone, but do not include smearing from leptonic rescattering and limited kinematic
resolution, or realistic detector simulations. Based on the results of this work, future

studies may perhaps incorporate these latter effects.

6.2 Amplitudes

6.2.1 Amplitude factorization

Keeping operators up to dimension five, the effective theory of interest for B — K*vy

and B — K*v decays may be written in the general form
Leg = g\B'K;, F* + g, B'K; F* + g B'K}, F* + g B'K;, [, (6.2)

where X# = ¢## X ,,/2, and the dimensionful couplings generically contain relative
strong phases. We consider only K* decays to charged pseudoscalars, i.e. K* — Kn~

or K* — K~7T. The sign of the pion or kaon charge therefore tags the K* versus
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the K*, and hence tags the parent meson as either a B or B, up to electroweak loop
suppressed corrections. Hence we neglect interference effects from B-B mixing.

We assume the conversion nucleus is spin-0, e.g. a ?*Si nucleus, which is the domi-
nant silicon isotope. The external quantum numbers for the full B — (K* — K*7~)(y =
e"e™) helicity amplitudes are then just the spins of the electron and positron, denoted

rand s = 1, 2 respectively. It follows that the full helicity amplitudes

+ lepton exchanges

. 2
= S D e S P e PiAply . (63)

p? — mi. +img-Tk-

nearby to the K* Breit-Wigner peak. Here A = £ (v = =,0) is the helicity of the
photon (K*), and k* (p*) is the photon (/{*) momentum; P (P’') denotes the incoming
(outgoing) nuclear momentum, with nuclear mass P? = P'? = M?; p; (px,) denote
the momenta of the leptons (kaon and pion); and finally ¢ denotes the momentum
exchange with the nucleus.

Momentum and angular momentum conservation in the B — K*v process ensure
that Ap_, k-, must annihilate the longitudinal component of the K* propagator. Ap-

plying the polarization completeness relation for p* # 0,

7 D)D) = — G + Pubn/P? (6.4)
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we may factorize the full helicity amplitude into three helicity amplitude factors,

i

Mrs =

: Ap koM Ak ietr [F[Asm - 6.5a
P2 — m. + img-Lx- ;[ Bk Ak S i+r-) [ Asnl (6.5a)

Similarly for the B — (K* — K~ ")(y = e*e™) process

-_— )
M,s = 5— : Z[-Aéef(w]/\m[ F*HK7W+]K[ABH]?S . (6.5b)
p TTLK* + ZmK* PK* R

Here and hereafter we neglect the mass splittings of the B-B and K*-K* systems, and
denote the masses (momenta) of both CP conjugate states by mpz and mg- (pp and p)

respectively.

6.2.2 Kinematics

The amplitude factors in egs. (6.5) are Lorentz invariants, and are naturally expressed
with respect to kinematic coordinates that are defined in different frames. That is, the
full 2 — 5 phase space — the full coherent process is BN — K*tn ("¢~ N, for nucleus N
—is factored into two 1 — 2 phase spaces, corresponding to B — K*yand K* — K*7~,
and one 2 — 3 phase space for the BH conversion. In general, a 2 — 5 phase space is
fully specified by eleven coordinates. Two of these are the photon and K* invariant
masses. The former is fixed to k? = 0 for an on-shell internal photon. With regard to

the K* invariant mass, it is convenient to define hereafter the dimensionless quantity

s

p/ma. . (6.6)

In the narrow width limit, the Breit-Wigner factor

1 1
— 5[(5 — Dm2.]. 6.7
’(g - 1)m%(* + imK*FK* ’2 WmK*FK* [(S )mK ] ( )
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That is, the narrow width limit corresponds to an on-shell K*. Since, however, the K*
has a finite width — '+ /m g~ ~ 5% — and need not be precisely on-shell, we shall treat
§ as a phase space variable: The Breit-Wigner ensures 5 is typically nearby to the K*
mass shell up to the K* width, i.e. § ~ 1 up to variations ~ I« /m .

In the case that the photon conversion material is cold, the lab frame coincides
with the frame in which the BH conversion nucleus is at rest. The following choices,
shown in Fig. 6.1, for the remaining nine coordinates then prove convenient for the
construction of compact and intuitive results: the lepton polar and azimuthal angles
6. and ¢, and the energies E,, defined in the nuclear rest frame — the lab frame — with
respect to the photon momentum and the K*-v decay plane, defined by (m)p and (m)k;
the photon polar angle, 6., defined with respect to the nuclear momentum, (m)P, in
the B rest frame; the K polar and azimuthal angles §x and ¢, defined in the K* rest
frame with respect to the photon momentum, (m)k, and the plane defined by (m) P and
(m)k in that frame. Note that the K*-y decay plane is invariant under boosts between
the lab, K* and B rest frames, and therefore equivalent to the plane defined by (m)P

and (m)k in either the K* or B rest frames, as shown in Fig. 6.1.

6.2.3 Helicity amplitude factors

With these choices, we now proceed to explicitly compute the amplitude factors [Mp_, x

(Mg~ i+ %, and [Mgn]),. Applying a light-cone decomposition to p, we define its as-

sociated null momentum with respect to the photon, i.e.

2L
g Pk
PEr - (6.8)
and make the polarization gauge choices
k7 lo"|p7) (k7] |k7)
= :i<—, k) =L 6.9
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PB

Figure 6.1: Kinematic configuration and coordinate choices. B momentum is denoted
by pg, and azimuthal angles are defined with respect to the K*-y decay plane (blue).
This plane contains (m)p and (m)k ((m)P and (m)k) in the lab frame (K™ or B rest
frames); momenta lying in this plane in each frame are shown in gray. Left: Lepton
polar angles f; and azimuthal angles ¢, in the lab frame. Middle: §x and ¢, polar
angles in the K* rest frame. Right: The photon polar angle, 6., in the B rest frame.

for k an arbitrary null reference momentum. From the effective theory (6.2) one may

then show that the B — K*y and B — K*v helicity amplitudes are

N

=+ = (g £ ig1)(my — my.8),

[AB%K*W]

[(Ap_ i)™ = (g £ig1)(m} — m5.3), (6.10)

and [Mp_ 5]t = [Mp_ x| = 0. Note that, by definition, A(B — K*yg1) =

[ Mp_s iy |**. Tt follows from eq. (6.1) and its CP conjugate that

9 =91 _ iore)  gng WTEL _ie-g) (6.11)
g) +1ig.L g)— 191
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Hence

Ak = (g) +ig1)(mf — m%.38),

[Apsice,] ™™ = e (g +ig 1) (m% — m5.5)
Apo e T = e (g — g1 ) (m% — m%.8),
Aoy = () —170)(mE — m-5). (6.12)

The reference gauge momentum £ in egs. (6.9) is so far arbitrary. However, a par-

ticularly convenient choice is

_ op .
= Mf pPr— g (6.13)

where P? = M? is the nuclear mass. In the lab frame - the nuclear rest frame — this
choice (6.13) ensures that for k* = E,(1, (m)k) then simply k* = E,(1, —(m)k). We
assume the nuclear scattering is coherent and quasi-elastic, i.e. that P> = M? — equiv-
alently ¢° = P° — P" = ¢*/(2M) in the lab frame — and that the outgoing nucleus is
non-relativistic, so that the momentum exchange with the nucleus |(m)q| < M (see
Refs [272,273,304] for a review of BH conversion). With these assumptions and the
choice of k in eq. (6.13), the BH spin-helicity amplitudes collapse to a simple form in
the limit that the polar angles #, < 1 and Lorentz factors v, = E./m > 1, where m is

the lepton mass [299]. At leading order in these limits,

[ABH]?S = 630[7):8 ) (614)
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with

e

n= ey =2yI O (L L,

L+~360%  1+4+262

VG (¢? —id+ —ig
an = +(Oé%g)* — 49 /2’)/4_’}/_ ggq ) T (’Y+0+6 + ’7_9_6 )7 (6].5)

q Yo+ -\ 1+~26% 144262

in which

m2[1 1177
— ¢ ~m? (’ﬁﬁi +920% + 2y 7,00, cos(¢p_ — (,b+)) + e [— + —} . (6.16)
T+ -

Here G(q?) is the BH quasi-elastic form factor for the photo-nuclear vertex [272,273],
G(¢%) = M?a*q*/(1 — a®*¢?)?, (6.17)

in which a = 184.15(2.718)%/2Z7/3/m and Z is the atomic number of the nucleus.
This form factor encodes electronic screening of the nucleus, and regulates the 1/¢*
pole in the amplitudes. From egs. (6.15), one sees that the BH amplitudes are maximal
at 7,04 ~ 1. That is, the typical lepton polar angle 8, ~ m/E,. It also follows that

the typical momentum exchange —g* ~ m?

,i.e.|(m)q|* < M? in concordance with our
assumption of non-relativistic scattering.
It now remains to compute the K* — K*7~ and K — K-« helicity amplitudes.

Only transverse K * modes are generated by the B — K*y amplitude. Since ¢%. - p =0

and p = px + pr, these amplitudes must therefore take the form

[Ag- k" = gr-€ie, (0) (D — D4) (6.18)

where g~ is a dimensionless coupling, containing a strong phase. There are no other
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weak phases as K™ decays strongly to K7. Under the polarization conventions (6.9),
and computing in the K* rest frame defined by Fig. 6.1, the helicity amplitudes are just
spherical harmonics

etiox ]
[Ag rrn ) (0, o) = ngﬁrplﬁr sin (6.19)

with the momentum

1

Prkr = =
81/2mK*

1/2

(2.5 — (my + ma)?] " [m%.5 — (mx — my)?] (6.20)

Under CP, note that the amplitude transforms as
[CP Ak oicrn-]" 0k, 05) = [Ag L k-r+] T (Oxc, 05) = [Ax st (0, —0x) . (6.21)

That is, defining ¢x and 0k with respect to K* rest frame just as for the K* in Fig. 6.1,

then
etitK

[AF*%K—ﬂ+]i(0K7 PK) = Wﬁml)m sin O . (6.22)

6.2.4 Full Amplitude

Applying all the results (6.12), (6.15), (6.19) and (6.22) to egs. (6.5), and defining |a|* =

> srs la]?, the unpolarized square amplitudes

8 .
|IM|? = A(r) sin® 9;({ laf* + " Re [afgaglez(%‘s’wf‘)} } ,

1 ;7“2 (6.23)
TH2 Al win2 2 o i(¢0-2k
|IM|* = A(r) sin QK{M + T, 702Re [a12a21e (¢ m)} } :
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in which

¢ 91+ 9. 2|91 |?
ATE_l—l—TQ a . i 27rm2_m2*§27
(r) 4( )\m%*(s—l)jume*pK*‘z wor (M ) o
A(r) = é(1 +r?) 191 — 191 1*|9rx | b (s — 25"
— Y |m%(* (§ — ]_) + imp D gs oK B o .

Egs. (6.23) compactly express the unpolarized square amplitude for the full B — (K* —
Kt )(y 2 ete) process in terms of just the BH conversion helicity amplitudes (6.15)
and trigonometric (exponential) functions of the kinematic observables fx (¢x). The
dependence on the parameters r, ¢ and 0 is explicit and elementary.

As a cross-check of these results, we provide an alternative and more traditional
derivation of the square amplitude in Appendix D.I, via construction of linearly po-
larized photon BH amplitudes. The consequent result (D.4) and the square ampli-
tude (6.23) are in excellent numerical agreement in the v. > 1 and 6, < 1 regime,
applicable to the B — (K* — K7 )(y i ete”) process. Note that the result (D.4)
does not incorporate these approximations, so that the compact and explicit egs. (6.23)

are strictly an approximation to eq. (D.4).

6.3 Observables

6.3.1 Differential rate

Making use of the explicit r and ¢ dependence in the square amplitude results (6.23),
we may now proceed to extract 7 and ¢ sensitive observables. First, however, we con-
struct the full differential rate. The factorization (6.5) ensures that the phase space
with an on-shell internal photon may be partitioned into a B — (K* — Km)y cas-

cade decay and a YN — (¢~ N conversion. That is, the differential rate for the full
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B — (K*— Ktnm)(y = e"e”) process can be written as
dR = | M[*dPpdPpy (6.25)

where dPg (dPgn) is phase space factor of the decay (conversion). Note that dR here
has the dimensions of a cross-section times a partial width.

Each phase space factor is Lorentz invariant, and are naturally computed in differ-
ent frames, as shown in Fig. 6.1. Computing in the B rest frame followed by the K*
rest frame, the phase space factor for the cascade decay is
1 1 dp, Ppx &k
~ 2mp (27)5 2E, 2Ek 2F,

2 2 3
§1/2 32(2m)*m3

dPg §*(ps —k — px — Px)

dQQxdcost,ds, (6.26)

performing all trivial integrals, including over the overall azimuthal orientation of the

K*-v-N plane. Similarly, for the BH conversion, computing in the lab frame,

11 &p,dp PP

OM2E, (21)5 2B, 2B 2L
£~ A’

- [64(27r)5M28

dPpu = ' (P+k—P —p.—p),

} dQ,dQ_dA . (6.27)

Here the lepton momenta been approximated in the measure via \/E% — m? ~ E.. We

have further defined
E. +E_ N BB

£ ot
2 ’ 2 ’

(6.28)

and enforced non-relativistic nuclear scattering, which implies £’ ~ M or equivalently
E,~E +E ,uptoq’ = ¢*/2M < m corrections. Hence to an excellent approximation

£ is half the photon energy in the lab frame. Moreover, note that m < E; < E, implies
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that

Ae(m—&E,E—m). (6.29)

At an ete” B-factory, such as Belle or BaBar, the ete™ — T — BB production fac-
torizes from the subsequent B decays, because the B is a pseudoscalar. In this type of
collider, the rapidity of parent B meson in the lab frame has a known prior probability
distribution, fz(n)dn, determined by the collider configuration, and enters as an inde-
pendent phase space factor in dR. In Appendix D.II we include a derivation of the B
rapidity pdf (D.10), for an e*e~ machine. We shall restrict ourselves hereafter to the
case that fz(n) is known. In this case, note that the energy £ is fully specified by 7, §

and 0., viz.

2 2 ¢
my — M5

E(n,0,,8) = (coshn + cos b, sinh ), (6.30)

4dmp
so that the lepton energies can be expressed in terms of 7, 5, §, and A, via egs. (6.28).
In our discussion of the kinematics above, it was convenient to express the amplitudes
in terms of the ten phase space coordinates 3, 6, 'y, g and Q.. We see here, how-
ever, that for the differential rate, it is more natural to choose 1 and A as phase space
coordinates rather than ;. Combining the above results together, the full differential

rate

dR = |M|* fz(n) Q2 dQ_dAd cos 0., ddn .

(6.31)

MiPrr [MmEy —m%.8] [E%(n,0,,5) — A?
i | aEnemy || e 6,5)
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6.3.2 Polarization and weak phase observables

Let us now define a further change of azimuthal angular coordinates, modulo 27

Y=oy + o+ 20k,
QEE¢++¢7_2¢K7
e (6.32)

The angle ¢ encodes the acoplanarity of the leptons with respect to the photon, with
coplanarity corresponding to ¢ = 7. Note that ¢x and ¢, are defined with opposite
orientations around the photon momentum direction (Tﬂ)k (see Fig. 6.1). For coplanar
conversion leptons and a stationary B in the lab frame, 1) then corresponds to the
relative twist between the positron-electron conversion plane and the K-m decay plane.
Similarly, ¢ would then correspond to the averaged orientation of the positron-electron
conversion plane and the K-m decay plane with respect to the K*-y decay plane.
From eq. (6.16), the momentum exchange has the form ¢* oc 1 + ¢ cos ¢, with ¢ < 1.
It follows from egs. (6.15), (6.23) and (6.31) that the differential rate can be written in

the form

dR = (Z ag Cosk(gp)) [Al + Ascos(ip + o — ¢ —0)+

k

Aycos(p —p — ¢ —6) + Ascos(yp — ¢ — )|, (6.33)

where a; and 4; are purely functions of the phase space orthogonal to ¢, 1> and . That
is, a;, and A; are functions of 3, 1, 0., .+ and A. Integrating over all phase space except

di, we see that the marginal differential rates for B — (K* — K 7 )(y 2 ete”) and

173



B — (K" — K 7 (y 2 e*e ) must respectively have the form

R R[l— 2r CCOS('(/)—¢—5)},

w:% 1412 (634)
dR R 2r '
W = 2|l T s =0+

Egs. (6.23) tell us that the cosine coefficient C arises from a ratio of BH interference
terms to the BH squared amplitude, and is therefore independent of r or ¢. In other
words, this coefficient is the same for both of the CP conjugate processes, and is B —
K*~ operator independent. We have chosen the relative sign of C in eqs (6.34) to antic-
ipate the choice that ensures C > 0. Further, we have chosen the normalization of C in
eqs (6.34) to ensure, via positive semi-definiteness of dR/dy, that |C| < 1, noting that
the r dependent factor 2r/(1 + r?) < 1 for any r. The coefficient C may then be inter-
preted as the maximum possible ratio of the amplitude of dR /di oscillations to their
average value, R /2m. Hereafter we call this ratio the relative oscillation amplitude.
Egs (6.34) are the main results of this chapter. Once the model-independent coeffi-
cient C is computed, then measurement of the relative oscillation amplitude in dR /dy
permits extraction of r up to the two-fold ambiguity r <+ 1/r. Further, measurement
of the average phase shift (phase shift difference) between dR/dy and dR/di per-
mits extraction of the weak (strong) phase ¢ (§). Equivalently, one may construct two
forward-backward type asymmetries. Defining the four quadrants I : ¢ € [0,7/2],

M:9en/2,n),UI:¢ € [r,3n/2] and IV : ¢ € [37/2, 27| then

dR 2 2
Py =R gy =~ Csin(¢ +9)
ity 49 al4+r o350
dR 2 92 .
¢ ER_I/ ——dip = — Ccos(¢p+9),
’ Crprrrmoty A9 ¥ 11+ 12 (¢ +0)
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and moreover

— — 2 2
T, =R 1/ @ ¢_ f Csin(é — 0)

[T ITT4TV o (6.35b)
Q, Eﬁl/ — z/J— ! Ccos(qb J) .

L+ -TV dl/)

Note that all four symmetries have an upper bound 2/7. For known C, one may extract

r and ¢ £ J from these two sets of asymmetries.

6.3.3 Statistics and Sensitivity Enhancements

Before proceeding to numerical computation of C, let us pause to consider the statistical
confidence in the extraction of r and ¢. We focus on their extraction from the asym-
metries (6.35). These asymmetries are expectation values of a random variable defined
to take the values £1 on the quadrants I, I, III and IV, as specified in eqgs. (6.35). For
a sample of N >> 1 events, the corresponding error oy = /(1 — X2)/N ~ 1/v/N, for
X =V, Q, ¥y, and Q. The statistical confidence at which one rejects the SM val-
ues Xgyv — thus measuring NP effects — is then characterized by the chi-square statistic
(X — Xsu)?/0%-

As shown in Ref. [299] and below, special ‘sensitivity parameter” kinematic cuts
may enhance C on the resulting remaining phase space. The construction of these cuts
is motivated by the observation, from eqs. (6.23), that C is enhanced on those areas
of phase space in which the BH interference term, ~ «,0,, is comparable or larger

than terms in the total BH square amplitude |a?> = 37, . | |a)\|>. For example, one may
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define the sensitivity parameter

S = |O‘1_2%_1|/|041_1|2

. 0.7 0_
~ 2(1 — cos|ps — ¢_| — 7)) {(%7*:7_)2} {(73792 177292)2} (1+7202)(1 +7262).

(6.36)

Requiring S 2 1 produces an event-level kinematic cut that typically leads to O(1)
enhancements of C on the remaining phase space, as will be verified below. Note that
the (1—cos[|¢+ —¢_| —n]) factor in eq. (6.36) implies that S ~ 0 for coplanar events, and
moroever that a lower bound on S typically favors events with higher acoplanarity.

One may also consider other sensitivity parameters, such as
T = 2|apos|/laf, (6.37)

which is normalized such that 7 € [0, 1].
Let us define Cy (IVy) to be the relative oscillation amplitude (number of events) in

the absence of S or T cuts, and write
C.=C[E>S8.,T >T, N.=N[S > S, T >T]. (6.38)

Compared to the S. = 7¢ = 0 case, the application of sensitivity parameter cuts scales

the NP statistical confidence by the factor

Y_ ¥ 2 2 \2 N
5= (—SM> (“—X> ~ (C_> Ne (6.39)
9x 558757 \X — Xsm Co) No

for X = U, Qy, ¥y, and Q. That is, the enhancement C./C, achieved by the sensi-

tivity parameter cuts competes with the corresponding increase in the statistical error,

/' No/N,, since necessarily N. < N,;. We shall see in the next section that there are
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choices of S. and 7¢ for which ¥ > 1. For the purpose of measuring NP effects, this
is equivalent to an effective increase in the sample size Ny — XN, — an increase in the

effective statistics.

6.4 Simulations

6.4.1 Relative Oscillation Amplitude

Extraction of the relative oscillation amplitude coefficient C is achieved numerically
via Monte-Carlo (MC) generation of B — (K* — K*7n)(y 2 eTe”) events according
to the differential rate (6.31). We use the matrix element in eq. (D.4), generated from
linearly polarized photon amplitudes. Though it does not provide the same analytical
insight as the matrix element generated from spinor-helicity methods (6.23), this matrix
element is as numerically stable as the latter, and moreover, acts as a convenient cross-
check of the analytic results in egs. (6.23) and (6.34).

For the numerical results shown in this chapter, we use a private MC code written
in C/Python. For simplicity, we apply the narrow K* limit (6.7), which fixes the K* to
be on-shell. We assume the nominal Belle(II) parameters [302] (see also App. D.II) in
order to determine the B rapidity distribution fz(7), which is peaked at 5y ~ 0.29.
More details of the operation of this MC generator are included in Appendix D.III.
We have further checked the numerical results with a second private MC, written in
C++/Java, that makes use of the matrix element (6.23). In both codes, we discard the
overall normalization of the matrix element — e.g. A(r) in egs. (6.23) — since we are
concerned only with the relative oscillation amplitude, ~ C.

In order to account for limited angular resolution, we include hereafter cuts on the

lepton polar angles, 0., and opening angle, 6, defined in Fig. 6.1. We will consider a
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Figure 6.2: Left: The fit value for C with the 10 error band as a function of the polar
angle cuts 6y - > 6. (see Fig. 6.1). The peak value of C approximately coincides with the
peak of the . marginal distribution (see the left panel of Fig. D.2). Right: Normalized
differential distribution dR /dy for four different (r, ¢ + §) couplets and 6. = 10°. Also
shown are theory predictions (gray) for the input values of (r, ¢ + §) and the extracted
value C[f. = 10 9] in eq. (6.41).

uniform polar cut

Qgg,i > HC, (640)

for various values of §.. In particular, we consider two benchmark cases . = 106
and 5 x 107*. The former captures almost all conversion leptons in the B — (K* —
K*n7)(y Y eTe”) process for semirelativistic B’s, while the latter might be plausibly
achievable in the near- to mid-term future. To extract C, we fit eq. (6.34) to the dR /dy
histograms for various choices of r and ¢ + §, including the couplets {r,¢ + 6} =
{(0.1,0),(0.2,7/4), (0.5,7/3), (1.0, 7/2)}. In Fig. 6.2 we show the extracted C as a func-
tion of the 6. cuts. The maximal relative oscillation amplitude one can expect is of

O(20%), and the benchmark extracted C values are
Cl0. =107 = 0.173 + 0.001, and C[f. =5 x 104 = 0.150 £ 0.003,  (6.41)

where the errors are purely statistical in origin. We also show in Fig. 6.2 typical dR /dy
histograms for various choices of r and ¢ + 4. The expected shifted and amplitude-

modulated cosine can be clearly seen. Applying the extracted value for C, these his-
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Figure 6.3: Upper panels: The coefficient C as a function of the cut efficiency for the S
(blue) and T (gold) kinematic cuts, with polar cuts 6. = 1076 (left) and 6. = 5 x 10~*
(right). The colored regions depict the +2¢ statistical error bands. The equivalent
effective statistics curve ¥ = 1,i.e. C = Cy//N/Ny, is also shown (gray). Lower panels:
Statistics enhancement ¥ as a function of the cut efficiency. The maxima correspond to
the optimum cuts S > S and T > T (colored dots in all panels).

tograms are in excellent agreement with the theory predictions (6.34).

6.4.2 Statistics Enhancements

Incorporating the & and 7 kinematic cuts, we show in Fig. 6.3 the absolute enhance-
ment of C as a function of the net cut efficiency, ¢, for the two benchmark polar angle
cuts. The net cut efficiency is defined hereafter to be the fraction of events kept after
application of both kinematic and polar cuts. The pure S cuts - thatis, C(S > S., 7 > 0)
— provide the larger enhancement at high cut efficiencies. At lower efficiencies the pure
T cut provides the larger enhancement. The C and ¢ dependence on S. may be read off

from Fig. 6.4.
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Figure 6.4: The enhancement in C as a function of S. The secondary y-axis shows the
corresponding cut efficiency. The colored regions depict the +2¢ statistical error bands.

Comparing to the equivalent effective statistics curve & = 1 —i.e. C = Cy/\/N/Ny
— we see in Fig. 6.3 that the C dependence initially rises faster than Co/+/N/Ny. This
means that for low values of S, and 7, the statistics on the S and 7 cut phase space
is enhanced compared to the full data set. The explicit ¥ dependence is also shown in
Fig. 6.3. In particular, one sees that for 6. = 5 x 107*, the statistical enhancement ¥ is
optimized at S = 1.1 (7 = 0.62) corresponding to & = 3.6 (T = 2.5).

To demonstrate the efficacy of these statistics enhancements, in Table 6.1 we com-
pute the extracted values for r and ¢ + J, along with their statistical errors, with and
without the optimal S&F* and 7. cuts. We use an MC sample generated from an in-
put couplet (r,¢ + &) = (0.2, 7/4), containing a total of N = 10* events. This roughly
corresponds to 50 ab™" of data — a benchmark luminosity at Belle IT [302] — and a per-
cent level photon conversion rate with ideal acceptance efficiency. The polar cut is
0. = 5 x 10~*. The extracted values are obtained by two different methods, first from a
tit to the differential rate eq. (6.34) and second from the quadrant asymmetries (6.35).

The statistical errors for the optimized kinematic S and 7 cuts are a O(1) factor
smaller than for the full data set, as expected from the above numerical analysis: Ap-

plication of these sensitivity parameter cuts improves the statistical power of the r and
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S, T>0 S > S T > T

Method r (¢+0)/x r (¢ +6)/m r (¢+6)/m
AR /d 0.194 + 0.255 £+ 0.194 + 0.263 £+ 0.190 £+ 0.247 +
0.017 0.026 0.010 0.015 0.013 0.020
v, O, 0.217 + 0.216 £+ 0.203 £ 0.248 + 0.192 £+ 0.232 £
0,005 0.157 0.003 0.088 0.003 0.112

Table 6.1: Extracted values of r and (¢ + ¢) from an MC sample with input values
(0.2, 7/4).

¢ extraction from B — (K* — KTn~)(y 2 ete™) events. Moreover, even without
these enhancements, both r and ¢ are extracted with sufficient numerical precision to

probe NP effects at the r ~ 1 or ¢ ~ 1 level.

6.5 Chapter summary

In this chapter we have presented the helicity amplitudes and differential rate for the
B — K*vy — K'rn~ v process, in which the photon undergoes subsequent nuclear
conversion to a lepton pair. Interference between the intermediate, on-shell photon
polarizations in the coherent B — (K* — K7~ )(y 2 eTe™) process produces oscil-
lations in the angular kinematic observable ). Measuring the amplitude and phase of
these oscillations — or equivalently two quadrant-type asymmetries ¥, and (2, — per-
mits extraction in principle of the polarization ratio, r, and the relative weak phase, ¢,
of the right- and left-handed B — K*vy amplitudes. In this manner, SM expectations
for both  and ¢ may be tested.

We have employed private Monte Carlo simulations to compute the 1 distribution
and asymmetries as a function of r, ¢ and kinematic cuts. In particular, kinematic cuts
with respect to the sensitivity parameters S and 7 may sufficiently amplify these oscil-
lations, such that the overall statistical power of the r and ¢ measurement is increased
by an O(1) factor.

Implementing this approach using converted photons will be experimentally chal-
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lenging, not least because of the high angular resolution required to reconstruct the
conversion lepton kinematics. Moreover, a detector whose thickness is on the order
of one radiation length or less is required to avoid multiple leptonic rescatterings, that
otherwise smear the lepton kinematics. Nonetheless, the theoretically clean nature of
the r- and ¢-sensitive observables presented in this work may perhaps encourage the

use of this technique in a future dedicated detector element.
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Chapter 7

Conclusion

While the standard model of particle physics has successfully withstood many exper-
imental tests, it still leaves many questions unanswered. Attempting to answer these
questions motivates one to propose physics beyond the standard model. Moreover,
possible solutions to the hierarchy problem in addition to the WIMP miracle single out
the TeV scale as the energy scale of new physics. In the first part of this thesis, we
explored three different dark matter models where both the dark matter candidate and
the mediators between the visible and dark sectors are at the TeV scale. While, in the
second part, we were motivated by the matter /antimatter asymmetry to look for new
sources of CP violation. We focused on developing tools for probing CP violation in
the Higgs and flavor sectors.

Starting with DM model building, we exploited the flavor symmetries of the stan-
dard model to stabilize a dark matter candidate using two different approaches. In chap-
ter 2, we showed that exploiting the flavor structure of the SM can lead to metastable
DM with TeV scale mediators even if the DM itself is flavor neutral. We did this in
two different flavor breaking scenarios: in the context of minimal flavor violation and
in a Froggatt-Nielsen flavor model. In chapter 3, we turned our attention to flavored

dark matter in a fully gauged SU(3)? flavor model. We took advantage of a remnant
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Z3 symmetry that is useful to stabilize a dark matter that carries a flavor charge and
investigated its phenomenology. We then showed that, in the case of a fermionic dark
matter candidate where the only source of splitting in the multiplet is from radiative
corrections involving the flavor gauge bosons, the dark matter mass must lie in the
range [0.5, 5] TeV to satisfy all experimental constraints.

On a more speculative note, in chapter 4 we investigated the possibility of obtaining
bounds on the up, down, and strange quark Yukawa couplings if Higgs portal dark
matter is discovered. Surprisingly, we found that while in the limit where the light
Yukawas tend to zero there is virtually no effect on the direct detection rate while,
in the limit where they are allowed to saturate the current experimental bounds, the
direct detection rate can be enhanced by four orders of magnitude. We then reviewed
a range of flavor models to determine the expected enhancement or suppression of the
light Yukawa couplings in realistic model building scenarios.

Finally, we developed techniques for measuring CP violation in the Higgs coupling
to photons in chapter 5 and in rare radiative decays of B mesons in chapter 6. We
found that while these techniques provide a theoretically clean probe of CPV, they
require specialized detectors in order to be practical.

In summary, the standard model does not provide answers for well motivated
questions including the microscopic theory of dark matter and the source of the mat-
ter /antimatter asymmetry. We attempted to address the aforementioned questions in
this thesis. However, the topics considered here are too rich for one thesis and provide

a solid basis for an ongoing exploration.
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A — Appendix to Chapter 2

A.I Operators in four component notation

In the chapter we are using a two-component notation, where the left-handed Weyl
fermion fields (g;, u°, d°, l;, ‘) have hypercharges (+1/6, —2/3,+1/3,—1/2,+1) and B—
L charges (1/3,—-1/3,—1/3,—1,+1). The higgs doublet is denoted by H and has V" =
+1/2, while H = io,H*. The two Weyl spinors of the DM Dirac fermion are ¢ and
Y with B — L = —1 and +1, respectively. Finally, ¢ is the complex scalar DM with
B — L = 2. Capital letters denote four-component spinors following the notation in

[305]. The DM Dirac fermion ¥ and its charge conjugate U“ are

U= Vo vl = v , (A1)

¢ctd ¢Td

while U = (¢ 1)4). Writing for the two-component spinors ¢, = uz, ¢o = dz, and

t, = v, ly = e, suppressing generation indices, we introduce

U= ‘|, p= , E=| |, N= |, (A.2)
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where v is the right-handed neutrino field introduced for completeness. If neutrino is

Majorana, v;, = v°. The weak doublets in the four-component notation are
Qr = (U, Dr), L= (N, Ep), (A.3)

with U, = P,U, etc, and similarly Uy = PrU, Dy = PrD,.... Some examples of the
relevant asymmetric operators in the two- and four-component notations are given

below.

dimé: QY = (qig")(d"v™) = (QF,Q})(DOPRY), (A4)
o\ = (utd®)(dy°) = (UP,D°)(DP v, (A.5)

dim10: Q" = ¢(d°d) (¢} ¢")(q¢"*) = $(DPLD)(Qr:PrQE) (QriPrQYY). (A.6)

A.Il Asymmetric DM relic density

Here we review the relations between the DM relic density and the DM mass in ADM
models. We assume that the operator(s) transferring the B — L asymmetry from the
visible to the dark sector decouple above electroweak phase transition, T > Tt,, ~ 170
GeV [306], as is the case for our ADM models, see Sec. 2.2. We first assume that the
visible sector consists below T of only the SM fields (we will later relax this). The
number density asymmetry for relativistic particles is

T° i

(n=n)i = g (A.7)

where n(n) are the particle(anti-particle) number densities, i, is the chemical potential
for species i, and §; = ¢;(g:/2) for bosons (fermions) with g¢; internal degrees of freedom

so that ¢; = 1 for a Weyl fermion, while g; = 2 for a Dirac fermion or a complex scalar.
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All the SM particles are in chemical equilibrium, so that the chemical potentials are
proportional to the conserved quantum numbers [307]. Above the electroweak phase
transition these are B — L, Y and SU(2), while B + L is broken by sphalerons. Thus
(see also [308])

pi = (Tz)ica + Yiey + (B — L)icp—1, (A.8)

where the ¢; are constants that we determine from net weak isospin, hypercharge and
B — L densities. The net weak isospin charge density in the universe normalized to

entropy density is
Tyoc Y G (Ts)ips =Y 6 (T)ies +0-cy +0-cpp, =0, (A9)

For the first equality we used that for each SU(2) multiplet > .(73); = 0, and in the
second equality that the net 73 charge is zero since SU(2); is not explicitly broken.
Thus ¢; = 0 and the SU(2), charge of a particle does not contribute to its chemical
potential.

Flavor mixing ensures that the chemical potentials for SM Weyl fermions from dif-
ferent generations are the same. Similarly, SU(2),, interactions ensure that p,,, = pq, =
tg, and py, = p, = pr. We thus have

1 1
HH = 5Cv, pr = —5¢ —CB—-1, MHE = —Cy —CB_L,
2 2 (A.10)

_1 1 _ 2 1 _ 1 1
HQ = §Cv + 5CB—1, pu = 5Cy + 3CB—1, Up = —3Cy + 3CB—1L,

while for the gauge bosons ¢ = uw = pp = 0. The net hypercharge of the universe is
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R 1 1 1 2 1
YOCZQ@ (V)i pi = 52'2MH+Nf —§2ML—ME+NC <6'2MQ+§MU_ §MD>]

= 2py + Ny (g + 24y — pp — pr — pi) = 1ley + 8ep 1,
(A11)

where Ny = 3 is the number of generations and N, is the number of colors. Setting the

net hypercharge density in the universe to zero, Y = 0, gives

8
Cy — —ﬁCB_L. (A12)

The net B — L number density in the visible sector (i.e. excluding the B — L asymmetry

carried by the x fields in the dark sector) is then

79
B — L o< Ny (=2pr — pg + 20q + pr + pip) = {B-L- (A.13)

There are two types of interactions between the dark and visible sector: the asym-
metric interactions that involve a single x field, and the symmetric interactions of the
form x'x times the SM fields. The symmetric operators keep the dark and the visible
sectors in thermal equilibrium. The asymmetric interactions are suppressed, and de-
couple at temperatures well above the x mass. At lower temperatures the xy number is
thus effectively conserved. The chemical potential j, is the same as it was before the
decoupling. We thus have

i = (B = L)ep 1. (A.14)

where (B — L)! is the B — L charge of the ' field. Here we allow for several x’ fields

in the dark sector and also define the weighted B — L charge of the dark sector fields

188



as

(B-L)y™=> §i(B-L).. (A.15)

The net x number density normalized to entropy density we denote by Ay and is
Ay Z gt = (B— L™ cp g (A.16)

Since B— L and y are conserved quantum numbers below the decoupling temperature,

each of the number densities scales as R * as universe expands. The ratio

Ax Ay 11
B—L_B—Ldecoup 79

—(B— L)y, (A.17)

thus stays fixed.

Even if at the decoupling there are more y; dark sector states, we assume that DM
is composed only from one state, y. We therefore have for the ratio of baryon and dark
matter energy densities

Qp m, B B-L

— = . A.18
Q, myB-L Ay ( )

The ratio of net B and B — L numbers B/(B — L) = 28/79 = 0.354 just above the elec-
troweak phase transition [307]. This remains essentially unchanged even if sphaleron
and top mass effects are taken into account, in which case using results from [306,309]
one has B/(B — L) = 0.349 for both scalar and fermionic DM. Using (B — L)/Ax =
79/(11(B — L)) from (A.17) finally leads to

Q1 1

m, = 2.5909m,—= = (125 +0.8)GeV-———+—, A.19
X PQB (B - L);um ( ) (B o L);um ( )

where in the last equality we used 2, = 0.265 & 0.011 and Q25 = 0.0499 £ 0.0022 [55].
Note that the error is dominated by the experimental determination of DM and baryon

densities. For instance, the difference between B/(B — L) determination with and
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without sphaleron effects leads to a smaller shift in m, than the above quoted error.
We turn next to the case of additional fields in the visible sector. An example would
be that SM gets completed to the MSSM. The relation between Y, B — L and the con-

stants ¢y 5_;, can be written in the matrix form

v\ 1 S SaviB-n (e
B-r) T\ oviB-1) S,6B-L072 ] \ess
(A.20)
B 15 11 + [YQ]NP 8 + [Y(B — L)]Np Cy
S .
9T\ 4 V(B — L)we 13+ [(B—L)%xe | \css

Here we defined

Ve =Y _aY?, [YV(B-L)e =Y aYi(B-L), [(B-L)xr=)» §(B-L),
Z Z (A21)
where the sums run over the new states only. The solution for B — L in terms of cz_,

is obtained by solving the above matrix equation setting " = 0, from which

. 15 Cp_J,
© 4r2¢,T

B-1L (A.22)

<13 + [(B o L)Q]NP . (8 + [Y(B _ L)]NP)2> )

114 [Y2]xp
The net x charge is still given by Eq. (A.17), while the ratio {25 /52, is given by (A.18)
with (B—L)/Ax fixed at the decoupling temperature and B/(B — L) at the electroweak
phase transition. We thus have

£

i B (8+[Y(B — L)]xp)?
PQpB—L

(11 + [Y2]np)?

m, (13+[u3—1»ﬂNp—- ) : ! (A.23)

B — Lysum’

where B/(B — L) = 0.349 and (B — L)}'™ given in (A.15).
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A.IIl Calculation of the DM decay time

Here we give further details of the DM lifetime calculation in the MFV and FN models
for B = 2 DM, Sec. 2.3, while also varying the DM mass. The results are shown in
Fig. 2.3. There are three different types of dimension 10 operators that can lead to DM
decay, of schematic form y(d®d®)(d¢d®) (u‘u®), x(d°d®)(du¢)(q*q*), and x(q*q*)(q*¢*)(d*d").
For the same NP suppression scale A the last type of operators gives the shortest life-
time. The dominant effective decay Lagrangian is thus, schematically,

= C * % * % C jc
£iB= 5 Fx(q ) (q"q*)(d°d°), (A.24)

dec

where C is a flavor-dependent Wilson coefficient, the brackets enclose Lorentz con-
tracted pairs, and summation over different flavor, color and weak isospin contractions
is understood.

In Sec. 2.3 we included the SM Yukawa insertions in the definition of the operators.
To unify the notation we instead use in this appendix the convention that the Wilson
coefficient C encodes all the flavor suppressions. The effective decay Lagrangian is

thus, going to the mass basis, and displaying the flavor indices only,

(CVBCEF

B=2
'C’((iec. : 2 A6

X uy vy dydididy, (A.25)
where the flavor dependent Wilson coefficients are

CIEE o Ve [Yi ¥ [Veradpp 22 (A26)

MFV) —

CgLILC)EF ~ \I—H(ar)—H{(ay)—H(qp)—H(qp)+H(dE)+H (dp)| 7 (A.27)
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CIJBCEF

C* C*
dg dg

Figure A.1: Example Feynman diagrams for the decay of B = 2 DM. The diagram on
the left shows the tree level decay whereas the one on the right shows the loop-induced
decay.

The partial decay width for x — ¢gqgdd transition is then, using NDA,

c? 1 my\ 12
Iy~ — (%) "y A28
X = gr (1 6772)4 A my ( )
The factor 1/(87) x 1/(167%)* results from integrating over the 6-body phase space.

For the MFV flavor breaking case there are several subtleties when calculating the
decay width. For instance, the Levi-Civita tensor contractions lead to vanishing oper-
ators for some of the color and Lorentz contractions. Another subtlety is that the tree
decay may be strongly CKM suppressed so that the leading decay amplitude is the
1-loop one, see Fig. A.1. The decay width can thus be estimated as

(et (s (2

12
8T 1672 T) My,

I'(x = wuydpdedl*dy) ~ max VIBCXF

(s Vsl Vo) ? COI0) (gt (may2,

(A.29)

where the first (second) line gives the NDA estimates for the tree level (1-loop) domi-
nated decay width. The IV emitted from the left-handed quark lines coming from the
effective decay vertex gives the additional CKM factors in the second line.

An example where the leading decay amplitude is generated at 1-loop is the B = 2
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ADM with m,, = 3.3 GeV, discussed in Sec. 2.3. Decays into final states with one charm,
bottom or top quark are kinematically forbidden. For instance, the lightest B = 2 final
states with one valence charm quark are AT + >~ and n + 0. The first has the valence
quark content ~ udc + dds and the rest mass m A+ Fmz- = 3.48 GeV, while the valence
quark content of the second is~ udd + ddc and its rest mass m,, + myo = 3.4 GeV. In

contrast, the decays to Z° (~ uds) or A° (~ uds) baryons are allowed. Eq. (A.29) gives

21 (1 \*' ymo\12
reee (X = A"A") =~ (y:Vi3) §<16ﬂ2> (TX) s (A.30)
iy 000y o (WVarVis) L (LN
e (X—>AA)_< e ) - (16W2> (A) My, (A.31)

with the same estimate, within our precision, for the x — Z° =% or x — A% A decays.
Note that in the 1-loop amplitude the partonic transition at the decay vertex, x —
udb + tds, carries no CKM suppression. Furthermore, the y, Yukawa insertion in the
tree level amplitude is replaced by y,. The b and ¢ quark lines then convert to u and
s quark lines via IV exchange, as shown in Fig. A.1. The smaller CKM and Yukawa
suppressions compensate the loop factor so that the 1-loop amplitude dominates, with
the NDA estimate ['Y5Y, /T Yae: ~ O(10).

This procedure can be repeated for different DM masses, arriving at the dominant
decay modes as a function of m,. The results are listed in Table A.1, where we give
the kinematical thresholds (1st column) for a number of decay channels (4th column),
along with the corresponding partonic transitions (3rd column) and the decay vertex
transitions (2nd column). The latter two differ for the loop processes, cf. Fig. A.1. The
total decay width for given m,, is then the sum of partial decay widths, I';, (5th column)
for the decay channels that are kinematically allowed. For convenience we also give
the decay times, 7;, (6th column) that correspond to individual partial decay widths.

Note that in the calculation of the partial decay widths we neglect the phase space
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suppression, while the quoted I'; in Table A.1 are obtained from the NDA estimates
(A.29) with m, at the kinematical threshold, and setting A = 1TeV.

In the case of FN flavor breaking the leading tree level and loop induced decay
widths for B = 2, m, = 3.3 GeV DM have the NDA estimates of

1 1 \* ymo 12
o) = 0 (k) ()
M\ 1 Y oomon 12
Pioor (x = A7) = (16#) 9(16#) (Tx) e (A.33)

In this case the tree level decay dominates over the loop induced decay by four orders
of magnitude. The dominance of the tree level decay amplitude over the 1-loop decay
amplitude holds also, if the DM mass is varied. This can be traced to the following
difference between the MFV and FN ansitze. In the MFV case the Levi-Civita tensors
enforce that two quark flavors in the effective decay vertex need to be from the third
generation. This can be changed either by using the Vieky misalignment or through
a loop transition. In FN flavor structure ansatz, on the other hand, the flavor indices

need not be antisymmetric.

A.IV Loop functions in neutral meson mixing

Here we list the analytical form of the loop functions F'(z), F¥ (21, x3), G(1, x2), G¥ (21, T2,, 3)
and H(x), H" (z1, 1) that appear in the 1-loop expressions for the Wilson coefficients
in the neutral meson mixing, Sec. 2.6.1. The mediator loop functions with mass degen-

erate quarks in the loop are given by

F(z) =z H(x), H(z) = @ —1:1:)3 [1—2” + 2z log(z)], (A.34)
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while for two different quarks running in the loop they are

.IZ'ZEj IOg (ZL’l)

(1= ) (2 — )

%Q log (2;)

;X5
FFla z;) = il
o) = T =gy
1
HF(ZEZ'7ZE]‘):

(1= )" (2 — )

The loop functions for the mediator-I¥ loops are

Ty + O

z (2224

+£L’i<—>Ij

+£L’iHIj

— 22 — 23, + 2?) log(x)

G(ry,z) =

E[u—mx—zw)‘

(x —2y) 2 (2 — 1)

(x; + xy) log (x;)

2x1,y, log () ]

G (2, 1, 1) = —d [{(

Loy

1— ) (x; — xj) (Tw — )

2, log (z,,)

(x —1)%(x — xy) 2

+ x; HZL’J’}
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T/h [GeV] Decay vertex Partonic Final State I'; [GeV] 7; [s] Process
2.06 x — cudbsd  x —udduds n+A° 134 x 1070 491 x 10%®  Loop
2.23 x = uusdsd x = udsuds A"+ A0 3.74 x 1077 1.76 x 1030 Tree
243 x — cusbsd  x = udsuss A" +E0 425 x 10757 1.55x 1032 Loop
3.48 X — cedssd  x —udedds  AF+%7 1.23x107°° 533 x10%°  Loop
3.61 x — ucsdsd  x — udcedss A +EZ7 1.87x107°0 3.52 x 10?5 Tree
3.81 x = cesdsd  x —udssse AP+ Q) 142 x107°? 4.62 x 10°”  Loop
3.79 x — cesdsd  x — uscdss  EF+E7 1.33x 10772 4.96 x 10%7 Loop
4.63 x — cedbsd  x — decdds  EL+XT 1.01 x 10752 6.51 x 10*”  Loop
493 X — cesdsd  x — ddedse X0+ E0 1.04 x 1076 6.33 x 102 Tree
5.17 x —> ccsbsd  x — dscssc 204+ 00 414x107%% 159 x 102" Loop
6.56 x — cudsbd  x — uddudb n + Ag 7.25 x 107°*  9.08 x 10%®  Loop
6.73 x — uudbsd  x — uddusb n + Eg 1.87 x 1074 3.53 x 10%° Tree
6.94 x = uusbsd  x = ussudb B+ A) 518 x 107  1.27 x 101  Tree
7.10 x — cusdbs  x — ussusb  Z0 4+ E(b) 3.49 x 10752 1.89 x 10" Loop
8.07 x — uchdbd  x = udbdde  A)+3%? 216 x 107°!  3.05x 10°  Loop
8.09 x — uchdsd  x — udbdsc A(b) 20 2.00x 1072 3.30 x 10'7 Tree
8.31 X —> uchssd  x — udbssc  AY+ Q% 5.33 x 10741 1.24 x 1016 Tree
8.48 x — ucbsbs  x — usbssc Eg +0%  7.66 x 1079 8.59 x 102 Loop
11.24 x = uubdbd  x = udbudb  A) +A) 224 x107*? 293 x10'7  Tree
11.41 x — uubbsd  x — udbusb  A) +E)  9.86 x 1073 6.68 x 10'?  Tree
11.58 X — uubsbs  x — usbusb Eg + E(b) 2.94 x 1072 2.24 x 10'7 Tree

Table A.1: Partial decay widths, I';, and related decay times, 7, = 1/T';, for represen-
tative decay channels above kinematical thresholds (1st column) assuming the MFV
flavor breaking ansatz. The EFT scale is set to A = 1 TeV. The last column denotes
whether the dominant amplitude is tree level or 1-loop, while the 2nd and the 3rd
columns give the decay vertex transition and the partonic transition after the potential
W exchange, respectively.
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B — Appendix to Chapter 3

B.I Minimal flavour violation with gauged flavor sym-
metries

In this appendix we verify numerically that the Wilson coefficients in the weak Hamil-

tonian for B, and B, mixing,

AB 2 Z ququ + Z quQ (B.l)

generated from exchanges of flavored gauge bosons, are of the MFV type. A tree level

exchange of FGB generates contributions to B, mixing through operators
W= diybidyb, Q5 = dibrdyh, (B.2)

and Q%¢, Q%?, that follow from Q% Q¢ with P, <+ Py exchange (the remaining opera-
tors can be found in, e.g., Ref. [82]). If the lightest FGB has predominantly left-handed
couplings, then C%® Wilson coefficient is the largest one, while if the lightest FGB is
coupling predominantly to the right-handed quarks, the C* dominates. For compara-
ble left-handed and right-handed couplings all four Wilson coefficients, C?4, C{’fg, are
important. Analogous discussion applies to the case of FGB contributions to B; mixing

which are obtained with a trivial d — s exchange.
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Figure B.1: The FGBWSRt#hiitions to V — A current operator in'the effective weak
Hamiltonian. Left panel shows the values of the complex ratio 6C%/§Ct* for our
scan points, with green points satisfying all constraints, magenta points excluded
by flavor constraints and grey points by perturbativity considerations. The point
6C/5C = (V5 /V5)?, obtained if the MFV operator with the smallest number of
Yukawa insertions dominates, is denoted by a cross. The right panel shows the cu-
mulative function Pyry(n), see Eq. (B.4).

As discussed in Section 3.3 the contributions from the gauged flavor model can be
expanded in terms of the SM Yukawas. The contributions due to FGB exchanges can

thus be written as
0CY = cr(yuyl) s + 2 (Wt (Waylynyl)is + - = a1 (ViVi)” + caya (ViaVn) >+ -, (B.3)

where (y4);; = diag(ya, ys, ¥»), and we have set y; = 1 in the second equality. In (B.3) we
kept only the two terms relevant for the discussion below. The same expansion applies
for 6C? with d — s replacement in (B.3).

In Fig. B.1 (left) we show the ratio 6C?/5C?*, i.e. the NP contribution to the V — A
quark current operator due to tree level FGB exchanges. Note that the ratio 6C?¢ /5C?
can be complex. If the ¢; term dominates then 6C?/6C?* ~ (V;;,/V;5)?. This is denoted
by a cross in Fig. B.1 (left). The addition of the operators with extra insertions of y4y,,
lead to §C%/6C? not beign equal to (V};/V;:)%. We have verified that the curve for
5C%/5C% shown in Fig. B.1 (left) can be fit with the form of §C?*" in (B.3), taking
c1 real and ¢, complex, where ¢; varies from being O(1) to being vanishingly small.

The points in our scan can be grouped into two sets. For the first set of points both ¢,
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and c, terms are sizeable. For the second set of points the ¢, term is negligible and ¢,
dominates. This is shown in Fig. B.1 (right) where we plot the cumulative distribution

function

N 60bd 501)5 > s n|y/ V*2
Pupv(n) = (| /0] _NETZLT/m )" Via/ Vi) ) (B.4)

The function Pyrv(n) can be interpreted as the fraction of points that have the ratio
|6C% /5CYs| effectively dominated by operators with up to y? insertions. That is, the
points dominated by the ¢, term contribute to Pypy(0) (and to Pypyv(n) with n > 0),
while the points dominated by the ¢, term ontribute to Pyry(2) (and to Pypv(n) with
n > 2). The points with both ¢, and ¢, start contributing to Pypv(n) for n somewhere
between 0 and 2, depending on the relative sizes of ¢; and ¢;. Fig. B.1 (right) shows
that a subleading (but nonzero) set of points is dominated by the ¢; term, about 10%
points have both ¢; and ¢, terms sizeable, while about 80% of points are dominated by
the ¢y term.

Similar analysis can be made for V + A operators, Q% and Q%. One can expand the

FGB contributions to their respective Wilson coefficients in terms of the SM Yukawas

SO = & (yhyuyion)ts + E2 (Yo 1s (Wyayiyuylye)is + - - 55

= Gyays (ViVn)® + Soygys (ViVn)* + -+

and similarly for 6C?% with d — s replacement. We show in Fig. B.2 (left) the ratio
C%/C% for our scan. If the ¢ term dominates, then C**/CY = (mgy/m,)*(V}5/V;)?,
which is denoted by the cross in Fig. B.2 (left). The points for which also the ¢, operator
(and other operators denoted by ellipses above) is important then lie away from the

C/CY = (mg/my)?(Vy;/V;E)? region. We also define a cumulative function

B N 5C~fbd 56«()5 > i n+2 \VANA YA 2
P () = /OO 2 Cnafm "V Vi) ®.6)
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Figure B.2: The FGBBnt#ffbdtions to V + A current operator in the effective weak

Hamiltonian. Left panel shows the complex ratio (5(3’{"1 / (j(j{’s for our scan points with
the same color coding as in Fig. B.1. The point §C?/5CY = (mq/ms)*(Vy5/V,E)?, ob-
tained if the MFV operator with the smallest number of Yukawa insertions dominates,
is denoted by a cross. The right panel shows the cumulative function Pyyv(n), see Eq.
(B.6).
The values for Pyry(n) are shown in Fig. B.2 (right). We see that also in this case the
points cluster into two groups, with vanishing ¢, term or with both ¢; and ¢, relevant.
The above analysis demonstrates that the FGB contributions to the Wilson coeffi-
cients in the effective weak hamiltonian can be expanded in terms of the SM Yukawas
which is a hallmark of (general) MFV. In particular, the expansion in terms of m,/m,

and off-diagonal CKM elements can be still performed and is not ruined by the large

ratios of scales present in the problem such as the very disparate FGB masses.

B.II Thermal relic computation

In this appendix we describe the calculation of relic density that was used in the scans
in the main part of the paper. Several approximations to the coupled Boltzmann equa-
tions were necessary in order to reduce the evaluation time per benchmark and thus
allow adequate coverage of the parameter space. We find the approximate solutions to
be in agreement with the full solutions at the O(30%) level. The full numerical solution
of the Boltzmann equations was obtained with MadDM [105] using a UFO model file [310],

which was generated with the FeynRules package [106].
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Denoting the DM multiplet by ¢, where ¢ is either a Dirac fermion or a complex

scalar, the most general set of coupled Boltzmann equations reads [103]

dn,
dt

+3Hn,, = — Z (o(piv; <> XX) Viap) (n%n% — ni?ni?)

ng?
- Z (0iX < ©;X)v1ap) <n<m nEQ ) ng?

j#i i
EQpEQ (B.7)
‘P 2
- Z QOZQOJ A 90k¢l)vlab> (n%n% ~ TEQ E]Q n%”w)
i )

£ [(Tpji = i X)) ng,, + (0(01.X = @i7)) ny, 0]
JF

where X denotes a generic SM state. For large mass splittings between the ¢ compo-
nents it is sufficient to consider the lightest ¢; state in Eq. (B.7). The contributions to
the DM relic density from the heavy ¢ components are exponentially suppressed by
corresponding Boltzmann factors and can be neglected within our precision. In con-
trast, when the mass splittings are small the full set of coupled Boltzmann equations
in Eq. (B.7) needs to be considered. Nevertheless, even in this case several approxima-
tions are possible for our model, as we explain below.

First of all, the coannihilation of different ¢; components into SM particles, ¢;p; —
XX (¢ # j), can be safely neglected in our model. In benchmarks that survive the
experimental constraints the off-diagonal couplings of the lightest FGB to ¢ are much
smaller than the diagonal ones, see Fig. B.3. Secondly, in the calculation of DM relic
density we also neglect the flavor-changing DM scattering off the thermal background,
©;iX — p;X. The p; X — ¢;X scattering can be importantif (6(0; X — ¢; X)vian) / (0(pip; = X X) Viab,
Ny, /n5t ~ 1079, In this case the off-diagonal couplings of O(10*) relative to the di-
agonal ones are in principle large enough to have O(1) effects on the relic density,
and neglecting ¢; X — ¢; X may not be justified. Therefore, for the benchmarks with

(92)23/(92")s3 > 3 x 10~* and small mass splittings among ¢, we explicitly verified us-
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Figure B.3: The fraction of benchmarks as a function of the off-diagonal couplings of
the heaviest and next-to-heaviest DM components to the lightest FGB (A?*) normalized
by the diagonal coupling of the heaviest component.

ing MadDM that neglecting ¢; X — ¢, X scattering leads to a change in DM relic density
smaller than O(30%).

Finally, we are able to neglect the pure DM scattering process in the third line of
Eq. (B.7) since (o (pip; <> vrve)Viab) < (0(@ip; <+ X X) viap) in our model. The largest
contribution to this process is from diagonal couplings between the FGB and DM.
This process can couple the evolution of the DM species if (o(pip; <> Yr@e)tiab) ~
(o(pip; <> XX)vap). The diagonal FGB couplings to the quarks and to the DM of
the same generation are approximately equal. By accounting for the color factors and
the multiplicity of channels when annihilating into SM fields one concludes that the
pure DM scattering is indeed subleading.

Therefore, for almost mass degenerate ¢; it is sufficient to consider a set of uncou-

pled Boltzmann equations

dn%‘
dt

+3Hn,, == (o(pigr ¢ XX) o) (0, — ni2?). (B.8)

J

The DM relic abundance is in this case the sum of relic abundances for each of the
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three components obtained from the above set of equations (the heavy ¢ components,
in our case ¢, and g3, decay after their respective freeze-outs and contribute to the ¢,
DM relic abundance). In contrast, for large mass splittings the heavy ¢ components
are irrelevant for the calculation of the DM relic abundance. This is then obtained from
Eq. (B.8) by considering only the lightest DM state, in our case ¢;.

We calculate the DM relic abundance from Eq. (B.8) using the freeze-out approxi-

mation [104], which gives
107 x 10°GeV~!

J(]Jf)\/gMpl ’

where Mp, = 1.22 x 10" GeV, g. is the total number of effectively relativistic degrees

QB2 (B.9)

of freedom at the time of the freeze-out, and

J(zy) = /Oo 43 370b) (B.10)

The freeze-out temperature (z; = m,, /T}) is obtained by solving

In 0.038 gess Mp; My, <0'Ulab>th

xp = , (B.11)
V9= f
where the thermally-averaged cross section is
(ot = 2 [ v vee B.12)
O Ulab = OeffUlab V € € €, .
VT

with v = 24/€(1 + €) /(1 +2¢) and € = s/(2m,,, ) — 1. The freeze-out approximation is
accurate to a few percent with respect to the full numerical solution of the Boltzmann
equation [103].

The fermionic flavored DM annihilates through the s-channel exchange of FGBs. In
this case, the integration over = can be performed analytically and the double integral

in Eq. (B.10) reduces to a single one that can be efficiently evaluated numerically. In
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particular,

J(a)) = /0 " vy Erfe( /7€) de (B.13)

We evaluate the above integral numerically in the parameter scan.
In the annihilation cross section of the fermionic flavored DM we keep the domi-
nant contribution — the s-channel exchange of the lightest FGB, A?*. The annihilation

cross section for x;; — 4;u; (and similarly for y;x; — d;d; ) is given by

_ _ (.924)7,27, s — 4my, 2m2¢
o(XiXi = Uju;) = Iﬁ — 4mg] 1+ TX X
Xi

O (s 2 ) + (G100 (5~ 1)

2
2 2 T2
(s—mA24) + m%al

(B.14)

Y

where the vector and axial-vector couplings to quarks, Gy, were defined in Eq. (3.25),
/s is the center-of-mass energy and I 424 is the total decay width of the lightest FGB.

The decay rate for A** — @;u; assuming m 421 > 2m,,, is

24 4m2 2m? Am?
_ my uj S\ 2 uj Su\ 2 uj

2
T 424 M j24 M )24

The rate for A** — y;¥i, d;d; is obtained after trivial replacements for masses and cou-
plings (and dividing by the N, color factor for decays to x;x;). The total FGB decay rate

is obtained after summing over all kinematically allowed decay channels.
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B.III Higgs coupling Feynman rules

As noted in Sec. 3.4.5, the hf f Feynman rules given in Appendix A.1 of Ref. [102]

contain a typo. The corrected Feynman rules are given here.

i
oo - = —(CLPL+CgrP B.16
h \/i(LL RR) ( )

where the couplings C';, and Cf, are:

hﬂiui : CL == OR == +)\u SuRi Curi

hﬂ;u; : CL = CR = _)\u CuRz' Suri
Cr= _)\u Cupi Curi

hagal, { f 1t (B.17)
C'L = +)\u Supi Suri

hii' {CR = +)\u Sugi Suri
C'L = _)\u Cupri Curi
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C — Appendix to Chapter 5

C.I Spinor-helicity formalism

In this paper we extensively use the spinor-helicity formalism, in which the sigma
matrices o%. solder null momenta to Weyl spinors, that transform under the spinor
irreducible representations of the covering group SL(2,C). For a review see e.g. Ref.
[311] or [312].

For a null momentum £, the associated Weyl spinors ) are soldered via
B= S0 ) = ot = OaOi (1)
in which we have written the dotted and undotted Weyl spinors in the notation
E =0 FI=0as F) =00, 1B = (W), (C2)

so (kt|a" |07y = (Ar)ac"®(N)a, (k|0 |€7) = (Ag)?0t, (M\e)?. Upper and lower indices
are related by the usual epsilon contractions, in particular 02* = ¢®¢#q,,;. In this no-
tation, the sign superscripts denote the helicities of the in-going and out-going states,

corresponding to kets and bras respectively. In particular, note that |k*)" = (k*| by

construction, (k=|o*|¢F) do not exist, while (k~|o#|(~) = (¢*|c*|k*). For null momenta
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k and ¢ we often write the bilinears
(k£) = (E7107) = (M) (Ae)a » [k 0] = (kT107) = (M)a(ho)® (C.3)

so (Lk)y = —(k0),[(k] = —[k €], (k )]¢ k] = 2k - £ and (k €)* = [¢ k).

In this notation, definite helicity polarization vectors associated to £ may have form

(r¥]o*|kT)

et (k;r) = i—\/ﬁ(rﬂki> ,

(C.4)
with r* a reference null momentum. One may show via the Fierz relations that these
polarization vectors satisfy the axiomatic requirements k - e = 0, e% - (¢%)* = % . cF =
—1l and * - ¢* = 0. In the present work, a particularly convenient choice of reference
momenta is

T'l:kg, ngk‘l, (C5)

where 7 5 (k; 2) are reference momenta (photon momenta) corresponding to polariza-
tion vectors sz defined in (5.7). We shall always make this choice of reference mo-
menta.

The dotted and undotted Weyl spinors have explicit representations in terms of the
momentum components in a particular basis, up to a free choice of phase. For example,

for a null momentum k = (k° k', k?, k?), a possible choice is
( kl + ik‘2 m) k3 <0
VEO =3 7 7 (C.6)

k' —ik? 3
0 3 _
(x/k + k3, k0+k3>7 k> 0.

(Ar)* =

The components of the upper dotted spinor are immediately specified through the
relation (\,)* = [(\x)]!, and the lower index spinors through appropriate epsilon con-

tractions. With this choice and a choice of basis, all spinor objects — e.g. (k ¢) — can be
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evaluated explicitly, just as momentum objects may be, e.g. £ - /. Note that for our Weyl
spinor phase choice (C.6) one has (ky k2) = [k2 k1] = my,.

The Dirac spinors of massive particles may also be represented in the spinor-helicity
formalism, via the application of a light-cone decomposition. For a massive spinor of

momentum p and mass m, we define an associated null momentum

2 2
s ivalentl #=ph
, orequivalently p P+ 2% - (

o (C.7)

where (# is a null reference momentum. The spinors then decompose similarly as

ap) = 1) + gl ) ) =) = 510
@) = ("1 + e B) = | = gt
Vo) =15 )+ 1), P0) =15") — =5l )
70 = |+ e 20 = ' - ] (C8)

One may verify that these spinors satisfy the canonical requirements uwu = 2m, v =
—2m, tu = Gv = 0 and the completeness relations ), v/@/ = p+m and Y, v/v’ =
p — m. Just as for the polarization vectors, one is free to choose the null reference
momentum. This choice amounts to a choice of ‘gauge’, under which the unpolarized
square amplitude must be invariant, but the polarized square amplitudes are not. In

this work, we shall always make the reference momenta choices
Kli = kz and ggi = kl . (C9)

These are convenient choices for the purposes of extracting the leading order BH he-
licity amplitudes, as below.

Finally, together with the several well-known spinor identities, the following iden-
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tity is especially useful for computing terms involving Levi-Civita contractions,

aﬁvéo_aao_gbo_cco_gld = 4; (edaebaebcedc Edcebcebaeda) ) (ClO)

C.II BH spin-helicity amplitudes

Here we write down explicit expressions for the helicity amplitudes ;. From Egs. (5.16)

and (5.24) one has (suppressing the branch index)

T RN Y Sl s ¥ - p++mi 5
s = _2_(12u (p-) [¢ k-p_ @ @——+ ]U (p+)
_ [y (e T@vﬂv% Qe W Qe
= 2q2[2( k-p_ k-p. > kp k- py , (C.11)

where u = u(p_) and v = v(p,). Applying the light cone decomposition (C.8) with

reference choices specified in (C.4) and (C.9), gives the full results for each spin helicity
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amplitude

ar = () = 1 {_m[gﬁ“kﬁ><£_’@’Z5+_>+m[£ﬁ+]<kﬁ+><£_‘@’ﬁ+_>
' 222 k-p-[k{(¢p-) k-py [k {(p-)
_ mp-]{kp-) B-"QICT) L mlep ]k by) (P-"1 Q1)
k-p_ [k {€py) k-pi [k (€ps)
~ mk O kT Qlp+7) N m (k £) <Z5+|@V€+>}
k-p (p-) k-py ({py)
1 m? (k) (k™| QI07) | m* {(kpy) (7] Q1)
=) = s e i) e
- m*lp ]<kﬁ><€|@|f> [p-] (kp-) (p-"|@lp=")
k-p- [k [py] (€D-) k-p_[k{]
[p+] (kpy) (-7 QLo+~ >+ (kpy) (ﬁﬂ@\kﬂ}
k-py [k 1] k-py
— by 1 kp-]kp-) -1 Qlp+7) | D] {kps) (P~ Q1P+7)
@ = k) R { koo (k0] i kopy K0
m? (k ><K+|@|k+>+m [5 P+] (kpy) (€7 @JEF)
k p+ [€p-1(€py) py [ [Ep-]1 (D)
3 ( ) eQlery ( ) BT @lp+ >]
p- [k (€py) k-p_
oty = ] [ m (k5 (| QI) | m(kp) G| @1E)
? H V2 k-p_[(py] k-py[k{]
- m[p-]{kp-) (p- 7|@|€7>+m(kﬁ+> (| @IET)
k-p_[ke][0ps] k-po[¢p-]
m[ﬁm]( o) (1 @Ip+7)  mlkpo) ([ Qp+T)
NN Y| arnr e B

As per the main text, we have dropped the photon subscripts, and %, ¢ = k;, ks or
ko, k1 for parent photon 1 and 2 respectively. Squaring these amplitudes, taking traces
and summing, one obtains the full Bethe-Heitler square amplitude that is obtained by
the usual Feynman methods.

We can further extract dominant terms of the BH spin-helicity amplitudes by ob-
serving that if ¢; < my,, then (k1 k2) > (k; p;,.) etc. Moreover, in expressions such as

+

o, or aj;, we may discard subdominant O(m?/k; - p;»;) terms. This leads to the fol-

lowing leading order results in m?/k; - p;; and (k; p;)/(k1 k2) for the BH spin-helicity
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amplitudes

m_ [k O@TET) (kOB k)

o = o) = C]2\/§ k-pi(€py) k-p({p-) 7
o, = (o) ~ (b p)(pLlo®(k*)  [pJ(k p)(pllo®lpl) | [€py){k py)(pLlo®pl)
’ “ a2k - p. ¢>V2k - p_[k (] ¢>V/2k - p. [k (]
w2k (k[0
¢*V2k - p [0 p (0 po)
05 = (ah)" ~ (k) ile®lkT)  [ep Wk p) (P’ pT) | [ pl(k p)(pTle’|pT)
' " 2k p- ¢>V2k - p_[k (] V2k - p. [k /]
m2{k ){k~|a°|(7)
V2k [ ]5,]<€ﬁ+>7
ay = —(a))* ~0, (C.13)

in which we have dropped the photon subscripts, and uniform overall signs or factors
of i; k., = ki, ks or ko, ky for photon 1 and 2 respectively; and the spinor notation is de-
tailed in Appendix C.I. The parity relations (5.29) are satisfied as expected. Egs. (5.28)
and (C.13) together provide a compact expression of the leading order HBH square
amplitude.

It should be understood that the particular form for the spin helicity amplitudes
above depends on the choice of reference momenta, because the amplitudes explic-
itly depend on polarization vectors and spinors (see App. C.I). Moreover, the ability
to straightforwardly expand the full results to the leading order results depends on
a sensible choice of reference momenta. In contrast, the full unpolarized BH rate is
independent of polarizations and spinors, as a result of spinor and polarization vec-
tor completeness, and therefore must be independent of any such reference momenta

choice.
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C.III Polarization-decomposed HBH rate

Here we give the explicit results of a Higgs-Bethe-Heitler Feynman type calculation.
To preempt the loss of numerical precision from large cancellations due to the Ward
identity, we do not use polarization completeness relations. Rather, we retain the po-
larization vectors explicitly in the HBH rate. In the case that the Higgs is at rest in
the lab frame, we simply use a Cartesian basis for the polarization vectors, aligning
the back-to-back photons with the z-axis. That is, in the HBH square amplitude we

coherently sum over the polarization basis
€,(k12) =(0,1,0,0) and e (ki) = (0,0,1,0). (C.14)

The squared matrix element for the process h + Ny + Ny — (k1) (k2) + N1 + Ny —

40 + N + Nj is given by

M = AP A0 et ()b (e, O el e (et el (ke (k) | BHY B

pols
ab,cd
(C.15)
where the tensor A" is
A = c(ky - ky g — KBEY) + ¢ € k1o kop . (C.16)

The BH, factors are the polarized Bethe-Heitler squared amplitudes for a photon ¢,
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including form factor contributions, these are in general

a g a
BH" = (k- p_)2(k - ps)? { [2(15 p-)(k - py) (2E—E+ —m? - b+ ~p_) Bk:?p_
8E+ 2 ab 2 2 2 ab
S D)k p B, (ke UER + )T+ (b = p )
Pan
= 8(k-p-)*(k-pe)’ 5
2

(k -p,)(k‘ '29+) [—CI2 +2 (E,(k -p,) + E+(k 'P+))} B?ﬂljk:
+2(k-p_) (k- py)(¢® —4E_Ey)B

P+,D—

+2(k - p_) (k- py) [(k-p-+ k- py)’ + CE2) g

—4(k-p_)(k-po) (2E_EL —m* —p-7) k“kb} , (C.17)

where F¢? = (°kP+°k*—20*¢* and By’, = (165+(%(5. The photon momentum is denoted
by k and the lepton momenta by p,, p_. M and m are the masses of the nucleus and
lepton respectively. Assuming that the Higgs is at rest in the lab frame and that the

photon is in the z-direction, as in Eq. (C.14), the previous expression simplifies to

BH® ~

26 (9" B3¢+ (k-p-+k-p)?] A <Ep+p‘i N Eppi) <Ep+p”_ N Epp”+>

q! (k-p-)(k-py) k-p. k-pr ) \k-p k-p /)|’
(C.18)

where, in the second term, we expanded terms of the form \/4E? + ¢? to leading or-

der in ¢?/E?. We have checked that the helicity formalism results and the Feynman

diagram calculation results for HBH rate agree.

Finally, the unpolarized BH rate can be obtained from Eq. (C.18) simply by averag-

ing over the photon polarization as follows
(IM*y =1/2 (BH" + BH”) . (C.19)

It is instructive to use the polarization vector completeness relation to obtain an ex-
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pression in terms of Lorentz dot products. In this case, starting with Eq. (C.17), the BH

rate is given by

Q(Ez—l—Ez) Gm?(k-p_E_ —k-p,E})
MQ — 4 + —|—8 ++
(M) @Pk-p_k-ps q* (k-p_)?(k-py)?
Lo kp +kp)t  Ghkepkepy G (kep)®+(kp)
¢ (k-p )2 (k-py)? (k-p)*(k-py)? ¢ (k-p)(k-py)
gkp7+kp+
4 C.20
¢*k-p k-py (€20

where the leading terms — the terms on the first line — reproduce Eq. (5.35).

C.IV Numerical simulations of Bethe-Heitler conversion

In this appendix we present numerical evaluations of several differential BH rates.
The numerics were done in two ways: by numerically integrating the full tree-level
analytical results —i.e. the BH rate arising from Egs. (C.12) or (C.17) with appropriate
integration measures — using the CUBA library [313]; and with a Monte Carlo (MC)
code developed privately (the details are given in Appendix C.VI). Fig. C.1 shows the
differential distribution of the positron energy fraction £, = E,/FE.,. For efficiency
the MC simulation (blue binned histogram) is generated with a cut on the difference
of electron and positron azimuthal angles, ¢ = (¢ — ¢_) mod 27 € [0.67, 1.47] (see
App. C.VI). This agrees with the numerical integration (red line) for the same cuts on
4.

Fig. C.1 (right) shows the positron energy distribution after applying the opening
angle cut of 6, > 10~ on the angle between e¢* and e~ momenta. The MC agrees with
the full numerical integration of the BH rate even though the d¢ cut is still applied in
the generation of the events . Fig. C.1 demonstrates that the asymmetric configurations,

where one of the two leptons carries the larger part of the photon energies, are the more
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Figure C.1: Spectrum of the positron energy £, = E,/FE.,. No opening angle cut was
applied in the left hand figure and an opening angle cut of 10~* was applied in the
right hand one. The histograms were created with MC events and the solid curves are
results of numerically integrating the differential cross section. The dashed curve in
both figures is the result of numerically integrating the differential cross section over
the entire range of ¢ as opposed over the range [0.67, 1.47].

probable ones, especially for non-zero opening angles.

Fig. C.2 shows the positron polar angle distribution and demonstrates the com-
bined effect of the Si nuclear form factor and the smaller available phase space that
suppress very small momentum transfers and thus very small polar angles. The peak
is at ~ m/E ~ 107° both for the distribution without a cut on the e*e™ opening angle
0y, Fig. C.2 (left), and for the case where 6, > 10~* is imposed, Fig. C.2 (right). This
cut also results in an additional peak in the distribution, cf. Fig. C.2 (right).

In Fig. C.3, the distribution in the relative azimuthal angle §¢ of the two leptons is
shown. The majority of the events are close to the coplanar configuration, where the

photon and the two lepton momenta all lie in the same plane. However, it is notewor-

thy that approximately 40% of BH events have acoplanarity of ~ 5% or more.

C.V  Analysis for qg — vy

Performing the measurement proposed in this work faces two main challenges: first,

resolving and reconstructing the electron and positron directions; and second identify-
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Figure C.2: Polar angle distribution of the leptons. No opening angle cut was applied
in the left hand figure and an opening angle cut of 10~* was applied in the right hand
one. The histograms were created with MC events and the solid curves are results of
numerically integrating the differential rate expression. The small bump in the right
hand figure (~ 10*) is a result of applying an opening angle cut. Its location is a
function of the cut.
ing a background-poor sample of events with Higgs decaying to diphotons. Regard-
ing the first challenge, one might simply ask how well and with what efficiency can
the LHC or a future collider detector reconstruct the details of photon conversion. To
do so, the experimental collaborations may wish to test the polarization structure of
a standard model (non-Higgs) amplitude. To demonstrate that there is a non-trivial
structure to be measured in SM conversions, we briefly analyze here the leading pro-
duction of diphotons at the LHC.

The dominant diphoton production (and dominant background for Higgs to pho-

tons events) is gg — 7y scattering. This has tree-level spin-helicity amplitude

Py, s ——NANANAN k1, A1
(M| = Y +  uchannel, (C.21)
P_,r ———IANANr- ko, Ao

in which r = 1,2 (s = 1, 2) is the spin of the (anti)-fermion, and A, » = & are the usual

photon helicities. The two photons then convert in the tracker. The background rate
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Figure C.3: Left: Distribution of the azimuthal angle between the leptons. The his-
tograms were created with MC events and the solid curves are results of numerically
integrating the differential rate expression. Right: The cumulative distribution func-
tion of the relative azimuthal orientation, P(d¢/m € [1 — A, 1 + A]), from numerical
integration.

can be written in a form similar to Eq. (5.28). That is, for one fermion species

Micl” =GiG > ‘Z alpialt a)?, By (C.22)

TS T1,51,72,52 A1,A2

As is well-known, the only non-zero independent amplitudes are [Mpc]{, and [Mpg];s' -
One finds with our usual choice of reference momenta, and the light cone decomposi-

tion (C.8) for the quark momenta Py,

Maally = (Mpcls?) = Ay (ko ki) A (ka, k) 7

Py ky Pk
_ v+ Ak k A% (k2, k1)
Macls™ = (Msaldi) = ;i . k12) - - k11 , (C.23)
o (P 0[Py K)[Px K]
"4 ( ) Qf le . kg 9
with (); the fermion electric charge. The square amplitude simplifies to
2
IMga|? = 261G, Z ‘[MB(;]E_QTTSO@TS + M)z ot of | . (C.24)

T1,51,72,52
It is interesting to contrast this with the HBH result. Here the helicity interference arises
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in terms of the form o7, o, a7, oF, , rather than from a7, a5, a1, o3, as we found for
HBH. Since o}, = (ay;)*, ete, it follows from the explicit results (5.36) that this helicity
flip on branch ‘2" produces a phase change ¢,, — —¢,, in the background interference
term, compared to the HBH interference terms.

To compare with the Higgs rest frame HBH rate (5.48), we assume the quark centre
of mass frame aligns with the nuclear rest frame. Integrating all over azimuthal struc-
ture except ) = ¢1, — ¢y, (cf. ¢ = ¢1, +¢,, in Eq. (5.46)), one finds that the background

rate has the form
dl’
ddPS, g

= ADG + BYy cos(2) . (C.25)
We see that this differential rate has sinusoidal dependence on the mean azimuthal
orientation, v, of the outgoing positrons, with respect to, say, the incoming quarks —
the beamline — rather than the inter-branch lepton azimuthal orientation, ¢, as in HBH.
Moreover, the phase change ¢,, — —¢2, ensures background is flat in ¢. Note also
that unlike the HBH process, the [Mpg]|*~ factors ensure this background rate features
higher spin waves, so that its angular differential structure will differ from the HBH
structure, too.

In summary, the leading-order doubly-converted ¢q7 — 77 square amplitude is
given explicitly by Egs. (C.23) and (C.24) combined with the BH spin-helicity am-
plitudes (C.13). In the ¢¢ center of mass frame, the corresponding leading order BH

amplitudes are given in Egs. (5.36).

C.VI Monte Carlo numerical schemes

To generate Monte Carlo (MC) events for the HBH process, we first generate unpolar-
ized BH events and then use the von Neumann rejection technique to re-weight the

events according to the HBH differential rate. For a single HBH event one needs two
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BH events taken from disjoint MC samples. Therefore, we first describe the generation
of unpolarized BH events.

The phase space for a single BH event, YN — e*e™ N, is five dimensional. We take
z-axis to be the incoming photon direction. For conversion of unpolarized photons,
the kinematics are invariant under overall azimuthal rotations around the z axis. We
therefore fix the positron azimuthal angle to zero. The remaining four coordinates are
chosen to be the electron energy fraction £ = E_/E,, two transformed polar ang]les,
t, = logy(f+) and ty = log,y(f-), and the azimuthal angle of the electron ¢_ (see Fig.
5.6 for definitions).

For MC we used two independent private codes. One is written in C and the other
in C++/Java. To populate the BH phase space we first randomly generate the values
for £_, t;» and ¢_ according to either uniform distributions or conveniently chosen
initial probability density functions (PDFs) and then unweight to obtain the BH event
distribution.

For the C code, the initial PDFs are as follows. For a 60 GeV photon, generating
£_ according to a uniform distribution results in an efficiency of ~ 70%. We therefore
generate a uniform distribution of €. € [m/E,,1 — m/E,]. The transformed polar
angle variables, {; and ¢,, are generated according to uniform distributions in a suitable
numerical range, see Table C.1. Using the coordinates ¢, » captures the fact that electron
and positron distributions are sharply peaked around 6, ~ m/E. The BH events are
also dominated by kinematic configurations that are not too far from the coplanar one.
We therefore generate ¢_ in the range [0.67, 1.47], which suffices for our precision.
To capture the fact that the BH distribution is peaked toward ¢_/7 = 1, the C code
generates ¢_ according to a Cauchy distribution (Lorentzian) with location parameter
z, = m and scale parameter A = 0.037 [314] to improve the efficiency. The C++/Java
uses similar initial data, with the exception of slightly different ranges and that ¢_ is

populated by a uniform distribution on a slightly narrowed domain ¢_ € [37/4, 57 /4]
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C C++/Java

Parameter Range PDF Range PDF
E_ (m/Ey,1 —m/E,]  Uniform [m/E,,1—m/E,] Uniform
t [—7,—2] Uniform [—6, —3] Uniform
to [—7,—2] Uniform [—6, —3] Uniform
h_ [0.67, 1.47] Lorentzian [3m/4, 5m /4] Uniform

Table C.1: The details on the MC generation of BH events, with phase space variables
(1st column) for C (C++/Java) generated in the range given in the 2nd (4th) column
according to the distribution given in the 3rd (5th) column (for details see text).

(see Table. C.1).

In the next step we unweight the events generated from initial PDFs to obtain the
proper BH distribution. In the unweighting, the events are rejected with a probability
that is 1 — w, with w = (dl'sy/dPS)/ max(dl'sy/dPS). The BH MC event sample was
validated by comparing the generated event distributions to the results of numerical
integration of BH differential cross-sections as shown in Figs. C.1, C.2 and C.3. Addi-
tionally, in Figs. C.1 and C.2, the distributions with a cut on the opening angle between
e”and e~ of 6, > 10~ are shown. The MC sample is in excellent agreement with the
results of numerical integration.

In the final step, we convert the generated BH events into MC event samples for the
HBH process. To do so, two disjoint BH samples were used — one sample per photon
branch. The rate for two BH events is given by (dI'sy, /dPS)(dlsy, /dPS). To obtain the
proper HBH even rates, we use the standard reweighting technique where events are

rejected according to the weight

_ (dL'pn/dPS)[ ]
v (dl'sy, /dPS) (dDgy, /dPS) (C.26)

where the twist angle between the positrons, ¢, is populated by a uniform distribution

on [0, 27].
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The two MC codes have been cross tested. In numerics we use 3 x 10 HBH events

from the C generator and 8 x 10° HBH events from the C++/Java MC generator.
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D — Appendix to Chapter 6

D.I The B — Kme'e™ squared matrix element by polar-
ization decomposition

The effective Lagrangian in eq. (6.2) gives the following Feynman rule for the BK*vy

V(k)Avﬂ
""" .J\/\\,\’\,\VN =1 [QH (Am2BK*g/w - 2]43,/])“) + 2gl€lwp0kppg} (Dl)
“(p)",v

where Am%,.. = m% — m%.. The amplitude for B — +*K7 with \ being the photon

vertex:

helicity is then given by

Ny = gk~ {gn [Am% ey (px —px) — 285 -0 [k - (px — pa)]]
(D.2)

— 29,6 (px — px), 60"k, pa}

The BH squared amplitude in the nuclear rest frame for a linearly polarized photon in

the +2 direction with polarizations A = {1,2} is

BN o 266 [PV (BN + (ke 4 hop)?] <Ep+pA N Ep_pi> Epp® | By pf
q* (k-p-)(k-ps) k-p_  k-py k-p-  k-ps ’

(D.3)
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where terms of O(¢?/E3) were dropped (see Appendix C in [299] for details). The

squared amplitude is then given by

MP= Y MNGBHEM, (D.4)
AN€E{1,2}
A numerical comparison between the above expression and eq. (6.23) shows excellent

agreement over the entire phase space (sampled uniformly).

D.II B rapidity distribution

Consider an e"e~ — T — BB factory, and let © denote the polar angle of the B’s
with respect to the electron beamline in the center of mass frame. The amplitude for

production M4 ~ sin ©, and so the probability distribution

pa(cos ©) = Z[l — cos” 0] . (D.5)

Here and in the following we neglect effects of lab frame angular acceptance cuts,
which may non-trivially restrict the domain of both  and ©.

In the center of mass frame — the rest frame of the T —each B has energy E* = m~/2:

hereafter the * superscript denotes center-of-mass frame quantities. The corresponding

rapidity, which we choose to be positive by convention on the branch © € [0, 7],
n* = cosh™ (m~y/2mp), (D.6)

and the B speed in this frame §* = tanh(n*).
At B-factories the lab frame electron and position beam energies, £, are asymmet-
ric, but are chosen such that the T is on shell, i.e. 4€,& = m%. For example, at Belle

II the beams are planned to be £, = 7 GeV and £_ = 4 GeV. The boost rapidity of the
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center of mass frame with respect to the lab frame is correspondingly
ny = cosh™'[(EL + E_)/my]. (D.7)
The rapidity of the B in the lab frame may now be written as a function of cos ©, viz.
n(cos ©) = cosh * { coshn* [ cosh ny + B* cos © sinh 7y | } : (D.8)

and its pdf, by definition

1

fe(n) = /_ d cos © po(cos ©)d[n — n(cos O)]. (D.9)

1

Under a change of variables ¢ = 7(cos ©), one finds

F5(0) 3 /|77T+’7* ac d[n — (]sinh ¢ [1 B (cosh( — coshn* coshny>2}

- 4p8* coshn* Jye—pe| sinh ny sinh n* sinh ny
B 3sinh n ] cosh n — cosh n* cosh ny
4 sinh n* sinh ny

2
. . ) ' <n<n +nr,
sinh 7 sinh 77y ) } e ="l <m <n' 4w

(D.10)

and zero otherwise. Note that f5 itself has zeroes at each end of its non-trivial domain,
i.e. atn = n*+ny and |7y —n*|. The boost at the pdf peak is Vpeax = (£++E-)/(2m). E.g.
for the Belle Il parameters, the peak $7peax = sinh cosh™ (ypear) = 0.29. This is the boost
of B’s emitted at © = 7/2, and matches the quoted B design boost at Belle II [302].

D.III The Monte Carlo event generator

This appendix describes in more detail the MC event generator written in C and Python.
The B — (K* — K)~v phase space is generated as follows. The B rapidity is sampled
from the PDF given in eq. (D.10) while the photon polar angle ¢, and the K polar and
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Figure D.1: Left: The cumulative distribution function (CDF) of the opening angle
between the leptons. Right: The normalized distribution of the photon energy in units
of the B mass for two different 6,, cuts.

azimuthal angles are generated uniformly in the appropriate frame. On the other hand,
since in BH photon conversion the leptons are produced with preferentially small an-
gles with respect to the photon direction, the lepton polar angles are generated uni-
formly on a log scale. This is implemented via the transformed variables ¢, = log;, 0.
where ¢, are uniformly distributed and with ¢, € [-5, —1]. Moreover, the azimuthal
angle separation between the leptons (d¢) is peaked around = and so, to improve the
efficiency of the generator, d¢ is sampled from a Cauchy distribution. All other BH
variables are generated uniformly.

The weight associated with each event is proportional to the matrix element (D.4).
The events are unweighted using the standard procedure. That is, the weights are
normalized to the largest weight and the event is kept if its normalized weight is larger
than a random number on [0, 1]. Of course, this procedure assumes that the phase
space was sufficiently sampled such that the largest weight found is close to the global
maximum.

Using this procedure, we generate MC samples for many choices of (r, ¢ + J) cou-
plets with 500k events per sample. Some representative distributions from the (0.1, 0)

sample are shown in Figs D.1 and D.2. In particular, the left panel in Fig. D.1 shows the

225



1400 ———rrrr————rrrr
1200 F-cooeenn A I — 0y >107° |
: — O >1073

18 T T T !

1000 | -ovvveeeee R
800 f--ovveen - - SN Vo .
600 |- e
400 F g SN .
200 b - PR ecconeeocees o

Normalized events
1
zed events

Normali

Figure D.2: Left: The normalized polar angle distribution of the positron for two dif-
ferent values of the opening angle cut 6. Right: the positron energy as a fraction of the
photon energy for two values of 6. The distribution exhibits the expected behavior
for BH conversion. It is symmetric about 1/2 and prefers that one lepton carry a larger
fraction of the photon energy.

cumulative distribution function for the opening angle between the leptons 0, while
the right panel shows the distribution of photons energies. Figure D.2 shows the polar

angle and fractional energy distribution of the positron.
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