ProBING NEwW PHYSIcs wiTH FLAVOUR,
COLLIDER, AND MOLECULAR PHYSICS

FroM SUPERSYMMETRY TO A LiGHT DARK SECTOR

Zur Erlangung des akademischen Grades eines
DokTORS DER NATURWISSENSCHAFTEN (Dr. rer. nat.)

von der KIT-Fakultét fiir Physik
des Karlsruher Instituts fiir Technologie (KIT)

genehmigte

DISSERTATION

von

M.Sc. MusTtara TABET

geboren in Karlsruhe

Tag der miindlichen Priifung;: 16. Juli 2021

Referent: Prof. Dr. Ulrich Nierste (KIT)
Korreferent: Prof. Dr. Matthias Steinhauser (KIT)



Copyright © 2021

[@roe)

This work is licensed under Attribution-NonCommercial-ShareAlike 4.0 International:
https://creativecommons.org/licenses/by-nc-sa/4.0/


https://creativecommons.org/licenses/by-nc-sa/4.0/







ABSTRACT

In this thesis the recent anomalous measurements in b — sl! transitions are studied. In
particular, a solution within the R-parity conserving Minimal Supersymmetric Standard
Model with non-holomorphic couplings is worked out. Constraints coming from theory
and experiment are analysed. Eventually, correlations between these anomalies and
effects in b — dlI transitions are briefly discussed.

Furthermore, a two-Higgs-doublet model with spontaneous CP violation is analysed.
Theoretical constraints make the derivation of upper bounds on the masses of the ad-
ditional Higgs fields possible. A sum rule for the charged-Higgs couplings to bottom
quarks is obtained and lower bounds on the very same couplings are determined. This
implies in particular non-standard collider signatures which are subsequently analysed.

The last part of this work studies the constraints coming from molecular spectroscopy of
hydrogen isotopologues on various light New Physics models.

Z.USAMMENFASSUNG

In dieser Dissertation werden die jiingsten anomalen Messungen in b — sl Ubergén-
gen untersucht. Im Speziellen wird eine Losung im Rahmen des minimalen super-
symmetrischen Standardmodells mit R-Paritdtserhaltung und nicht holomorphen Kop-
plungen erarbeitet. Theoretische und experimentelle Einschrankungen an dieses Modell
werden analysiert. SchliefSlich werden Korrelationen zwischen diesen Anomalien und
Effekte in b — dil Ubergingen diskutiert.

Weiter wird ein Zwei-Higgs-Dublett Modell mit spontaner CP-Verletzung untersucht.
Theoretische Einschrankungen erlauben es Obergrenzen an die Massen der zusitzlichen
Higgs-Felder zu bestimmen. Sowohl eine Summenregel fiir die Kopplungen des gelade-
nen Higgs-Bosons an die Bottom-Quarks als auch Untergrenzen an jene Kopplungen
werden bestimmt. Das impliziert im Speziellen Nichtstandard-Signaturen in der Kollid-
erphysik, welche, darauf aufbauend, analysiert werden.

Der letzte Teil dieser Arbeit befasst sich mit den Einschrankungen an unterschiedliche
Modelle leichter neuer Physik durch molekulare Spektroskopie von Wasserstoff-Isotopo-
logen.
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CHAPTER 1

Introduction

The formulation of the Standard Model, which encodes all known interactions besides
gravity, might be the biggest success within the framework of quantum field theory. Not
only have all predicted particles been observed with the Higgs boson being the latest
one discovered at the Large Hadron Collider (LHC) in 2012, but also do most theoretical
predictions match the experimental measurements to a high precision. However, not all
predictions and measurements agree perfectly. Even better for our inquiring minds, we
know that there must be physics beyond the Standard Model. First, astronomical obser-
vations show that the largest part of the mass in the universe does not come from the
matter described within the Standard Model. There has to be additional gravitationally
interacting matter that we do not observe, hence these unknown particles are termed dark
matter. On top of this, the observed matter-antimatter asymmetry cannot be explained
within the Standard Model, additional sources of CP violation are needed. Beside these
shortcomings of the Standard Model, there are strong evidences and hints for physics
beyond the Standard Model, for instance there is the long-standing deviation between
the prediction and measurement of the anomalous magnetic moment of the muon or the
recent anomalous measurements in b — sllI' transitions, respectively. All these discrep-
ancies have to be resolved, but this is not the end of the story. There are the so-called
Standard Model puzzles: Questions that one may ask which could have an answer, but
with our current understanding of Nature might as well just be like that. In other words,
these are by no means problems or flaws of the Standard Model that require a solution
but might serve as clues for the nature of the yet unknown physics beyond the Standard
Model. For example the flavour puzzle, namely the question why there is such a large hi-
erarchy between the fermion masses and the elements of the quark mixing matrix within
the Standard Model. This might as well be connected to a more fundamental question:
The Standard Model without neutrino masses has 19 free parameters, and the question
that now arises is whether all these parameters follow from a more fundamental theory
with fewer free parameters. Further, there is the so-called strong CP puzzle’ namely the
question why the 6 parameter in the quantum chromodynamics (QCD) Lagrangian is so
close to, or even exactly, zero. It is these puzzles and questions that keep our curiosity

1Unless noted otherwise, Il = 71~ is implicitly understood.
?Note that we refrain from terming it a problem as it is widely done in the literature due to our clear distinction
between problem and puzzle.



2 1. Introduction

driving and from now on it is this yet unknown physics beyond the Standard Model that
we generically refer to as New Physics.

How does this New Physics look like? Beyond the rules set by quantum field theory
and the constraints from experimental measurements, the only boundaries are set by
the limits of our creativity. Actually, even the former assumption might be dropped as
quantum field theory in its current form is incompatible with gravity. Nevertheless, we
know phenomenologically that the energy scales we consider in this work are sufficiently
well described by quantum field theories. It even goes beyond that: The Standard Model
has established itself as a very successful theory, and thus, often serves as the starting
point for, or limit of, a New Physics model.

The difficulty lies in determining the New Physics model realised in Nature which further
is complicated by the absence of any direct detection. Nevertheless, New Physics models
can still be extensively constrained. For example the non-observation itself excludes New
Physics models that contrary to the observation predict a detectable effect. The approach
here is twofold: On the one hand, constraints on New Physics models come from the non-
observation at direct detection experiments, for instance performed at the LHC. On the
other hand, the absence of any deviations in precision measurements performed at high
and low energies puts severe limits on the New Physics. In particular the latter approach
has proven valuable in the past and allowed for example to predict the top quark mass
within a certain mass window. Another significant advantage of precision measurements
is the reach up to the PeV scale in excluding New Physics—far above the current and near
future reach of direct searches. Furthermore, deviations between the Standard Model
predictions and the measurements require New Physics to bring the theory in line with
experiments. This is exactly what is tackled in this thesis. We examine several New
Physics scenarios from high to low energy proposed to overcome the shortcomings of
the Standard Model in the context of current direct and indirect constraints as well as
anomalous measurements.

First, we investigate the recent anomalies in the b — slI transition, the so-called b anoma-
lies, where the recent measurement provides a hint for New Physics. This is done in
the context of the Minimal Supersymmetric Standard Model (MSSM)—a Standard Model
extension which for example is able to provide a dark matter candidate, to unify the gauge
couplings at the grand unification scale, and to circumvent the hierarchy puzzle. The latter
appears in the context of New Physics models where the Higgs boson mass is calculable.
In this case one expects corrections to the Higgs boson mass that are quadratically in the
scale at which the New Physics is expected to arise. However, the Higgs boson has a mass
around the electroweak scale, but without a tuning of the parameters this is unexpected
in the presence of new heavy particles which would push the Higgs boson mass far above
the electroweak scale. In the MSSM this is circumvented by the presence of the so-called
superpartners such that corrections of heavy particles are cancelled by the contribution of
the postulated superpartners. However, with the non-observation of particles beyond the
ones present in the Standard Model at the LHC, the popularity of this model is decreasing.
The fate of the MSSM worsened by the recent b anomalies as it is widely claimed that the
MSSM! is not able to accommodate the difference between theory and experiment in the
measured quantities. In case of a confirmation of the anomalies, this highly disfavours
the MSSM as a Standard Model extension. However, the analyses discussing the MSSM
in the context of the b anomalies overlook a non-negligible parameter region which might
be able to actually explain the anomalies. Thus, we provide the last stepping stone of this

1Actually the R-parity conserving MSSM, this is discussed further below.



discussion and thoroughly analyse whether the MSSM is able to explain the anomalous
measurements. In this case we provide a clear phenomenological direction for a future
detection of supersymmetric particles. A non-detection, on the other hand, implies that
the MSSM is indeed highly disfavoured as an explanation of the b — slI anomalies. This
is done in Part I.

While the MSSM is able to tackle many problems and puzzles of the Standard Model,
one major shortcoming cannot be solved: the baryon asymmetry. This can be addressed
in other models with additional sources of CP violation as for example in a two-Higgs-
doublet model (2HDM). For instance in the general 2HDM with spontaneous CP viola-
tion, new CP violating interactions arise from the mixing of CP-even and CP-odd Higgs
states [1] beside the ones induced by the complex Cabibbo-Kobayashi-Maskawa (CKM)
matrix. Initially, this model has been proposed to explain the observed CP violation in
Nature. Nonetheless, the Kobayashi-Maskawa mechanism became established. Together
with the large flavour violating couplings that arise at tree-level which are not observed in
experiments, this model has lost in popularity. However, it is not yet ruled out—meaning
that CP might still be spontaneously broken in Nature—and for this reason interesting
features and phenomenology have been overlooked. Thus, in Part II we investigate the
general 2HDM with spontaneous CP violation. We first introduce the model in Chapter 5,
and determine a sum rule for the charged-Higgs couplings, which has crucial implica-
tions on collider phenomenology. Thus, in Chapter 6 we examine the constraints coming
from direct searches and pave the way for near future experiments. The main results are
summarised in Chapter 7.

So far we have only discussed New Physics beyond the electroweak scale for example
the MSSM in Part I or New Physics around the electroweak scale for instance the 2HDM
with spontaneous CP violation in Part II. However, in particular in the context of dark
matter or of solutions to the CP puzzle, there is a plethora of New Physics models at
energies below the electroweak scale. Thus, in Part III we derive model-independent
constraints on classes of New Physics models at low energy. This is done with the help
of molecular spectroscopy, which as a laboratory experiment is crucial since it directly
excludes New Physics in a parameter region which otherwise is only indirectly accessi-
ble by astrophysical and cosmological observations. First, we introduce the theoretical
and experimental framework in Chapter 8, and subsequently perform the New Physics
analyses in Chapter 9. The results are summarised in Chapter 10.

Finally, we conclude the main results of this thesis in Chapter 11.






PART I

A New Physics Analysis of the b — sl
Anomalies

In this part we provide a solution for the b — sll anomalies within the R-parity conserving
Minimal Supersymmetric Standard Model in Chapter 2. For this we examine the param-
eter space where the fermion masses are generated radiatively. Hence, non-holomorphic
soft breaking terms have to be kept in the scalar potential, and strong constraints from
experiment and theory, in particular from vacuum stability are expected. In Chapter 3
we study the effect of New Physics in the b — dlI transition. This helps to map out the
flavour structure of the underlying model provided the anomalies in the b — slI sector
are confirmed in future experiments. Finally, we conclude this part in Chapter 4.






CHAPTER 2

A Supersymmetric Solution to the R (., Anomalies

The recent measurement by the LHCb experiment provides evidence for a lepton flavour
non-universal interaction in the transition b — sll with | = e, u [2]. This violation of
lepton flavour universality is already present in the Standard Model. However, it is only
broken by the tiny Yukawa couplings of the Higgs boson to electrons and muons, and
hence, negligible. Therefore, the ratio of the branching fractions

fJmax 2 4 - 2
Rimnine] _ Jima A7 4BR(E = My7) /g

= , M = K", K%, 2.1
[ q‘f;ﬁ:* dg?2 dBR(B — Mete~)/dg? @1

is a powerful tool to test the Standard Model. While the QCD corrections cancel in this
ratio, the quantum electrodynamics (QED) ones do not. The latter can yield up to a 10 %
correction in the bins with small g* due to log(m;) enhanced terms, however, they are
controlled by the experimental cuts which keep the uncertainty at the 1 % level [3,4]. This

renders the ratio Ry(.) theoretically clean, and any deviation from Rg) = 1+£0.01 for
Gmin > 1.1GeV? is a clear sign of physics beyond the Standard Model.

The first measurements of the ratios R[lé)’é] and RE?;MS’LH by the LHCb experiment point

towards a 2.1-2.6 ¢ downward deviation from the Standard Model prediction [4,5]. Pre-
vious and current measurements of this ratio and branching fractions by the Belle and
BaBar experiment are compatible with the Standard Model prediction within 1 ¢ [6-10].
However, due to the much lower statistics of these experiments, the uncertainties of the
measurements are much higher than the ones provided by the LHCb collaboration, see
Figure 2.1. Interestingly, deviations in the decay B — K% u"u~ were already observed
in 2013 by the LHCb experiment in form-factor independent observables, in particular
in the angular observable P [11,12]. These observables were specifically designed to be
theoretically clean and to provide a high New Physics sensitivity. In this work we focus
on the Ry, anomalies.! The current measurements by the LHCb experiment read [2, 5]

R = 0.84610042 10013 = RIOOBLIT _  66+011 4 003, RILM = 0697011 +0.05,

(2.2)

!Nonetheless, deviations seen in other observables are taken implicitly into account by comparing with the
Wilson coefficients obtained in the global analyses. Approximate expressions for the angular observables as
a function of the New Physics Wilson coefficients can be found in Reference [13].
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Figure 2.1.: Measurements of the ratio Rk (left) and Rk- (right) by the Belle, BaBar and
LHCDb experiments [2,5]. Note that the Belle measurement of Rg- is super-
seded by Reference [9]. Nevertheless, the updated measurement remains
compatible with the Standard Model prediction.

where the first uncertainty is statistical and the second systematic. While the measure-
ments of Rx+ deviate more than 2 ¢ from the Standard Model prediction, the measurement
of Rk provides an evidence for lepton flavour non-universality with a significance of 3.1 ¢.

Taking into account all measured observables of the b — slI transition, model-indepen-
dent fits were performed favouring the New Physics hypothesis over the Standard Model
hypothesis with a significance of over 5¢ [14,15]. For a detailed discussion of the global
analysis see Reference [16]. Various New Physics models have been proposed to explain
these deviations like the R-parity violating MSSM [17-19], models with leptoquarks [20,
21] or Z' bosons [22-26]. A review can be found in Reference [27].

The R-parity conserving MSSM as an otherwise popular New Physics model did not gain
much impetus since early estimates showed that even for an O(1) squark mixing no
sizeable contributions can be generated [13,28]. There, contributions from higgsino boxes
were neglected which are suppressed by the tiny Yukawa coupling of the muon. However,
the tree-level relation between the mass my and Yukawa coupling Yy, My X VY, is broken
by radiative corrections to the fermion masses. If those are generated at one-loop level,
the corresponding Yukawa couplings can be as large as O(1), and the loop suppression
will be responsible for the smallness of the fermion masses. In this case, the contribution
coming from higgsino box diagrams cannot be neglected any longer.

The outline of this chapter is as follows: We introduce the MSSM with non-holomorpic
couplings where we discuss the field content and the softly broken superpotential. We see
that setting the vacuum expectation value (vev) of the second Higgs doublet v; to v; = 0
renders the Yukawa couplings of the down-type quarks and charged leptons into free
parameters. This in turn can be used to generate sizeable higgsino contributions to Rx and
Rk~ which is done in Section 2.2. In Section 2.3, we examine the allowed parameter space
by taking into account experimental constraints and flavour constraints in particular. The
radiative generation of fermion masses is analysed in Section 2.4. Next, we investigate
the most imporant theoretical constraint, namely the effect of vacuum stability on the
experimentally allowed parameter region needed to explain the deviation in Rg.). A
combined numerical analysis is performed in Section 2.6. Finally, we summarise the
results in Section 2.7.



2.1. The MSSM with Non-Holomorphic Couplings 9

Table 2.1.: Standard Model matter fields with their scalar superpartners together with the
Higgs bosons and their fermionic superpartners [30]. Convention adapted to
Reference [29].

name spin 0 spin1/2 SU(3)c SU((2), U(1)y
T

sleptons, leptons  L; = (ﬁl,éil)T (VL i e£l> 1 2 -1
R; = &5, (eLl) 1 1 2

squarks, quark Q;, = (uL,l,JL,l-)T (uLl,dLl) 3 2 1/3
U, = ity (ur,)° 3 2 —4/3
D; :d}i (dp ;) 3 2 2/3

Higgs, higgsino  H, = (I}, h%) wu, = (hl,h3) 1 2 1
Hy= (g hy)  yn, = (g ) 1 2 -1

Table 2.2.: Standard Model gauge fields with their fermionic superpartners [30].

name spin1/2 spin 1 SU(3)¢c xSU(2)L x U(1)y
gluinos, gluons g Gfl (8,1,0)
winos, W bosons Wi W;; (1,3,0)
bino, B boson B B, (1,1,0)

2.1. The MSSM with Non-Holomorphic Couplings

Aside from minor notational differences, we follow the convention of Reference [29]. The
most general Lagrangian of the MSSM, Lyissm, can be written compactly as

Lvssm = ﬁfree+gauge + Lyukawa — V + Lot - (2.3)

In the following, we briefly discuss each term. For an extensive review see for instance
Reference [30].

Lsree + gauge cONtains the (gauge-)kinetic terms of the Standard Model fields, and the gauge
self interaction. In addition it contains the kinetic terms for the supersymmetric partners
of the Standard Model fields. In case of the fermions, they are scalars called sfermions
while the spin 1/2 fermionic superpartners of the Standard Model gauge bosons are
called gauginos, see Table 2.1 and Table 2.2, respectively, for their representation under
the Standard Model gauge group. Consequently, Leree 1 gauge cONtains the interaction of
the sfermion and gaugino fields with the gauge bosons, as well as a sfermion-fermion-
gaugino interaction vertex.

The remaining non-gauge interaction terms can be described conveniently by the super-
potential W which by construction has to be a holomorphic function of the scalar fields.
Thus, a second Higgs doublet with an opposite hypercharge is required, see Table 2.1.
Therefore, the most general, holomorphic and gauge invariant superpotential is given
by [29]

W= yein;H{; + €)Y H; LR + €;;Y;HQ'D + €Y, H, QU + Wy, (2.4)
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with €}y = —€2 = —1, the left-handed slepton field L', right-handed charged slepton
R, the left- and right-handed squark fields Qi, D and U, respectively. The term Wy
contains additional interactions which break the (accidental) lepton and baryon number
conservation of the Standard Model. Such terms are strongly constrained by experimental
measurements especially by the non-observation of a proton decay. They can be forbidden
by charging all particles under an additional global symmetry called R-parity' [31]

R = (_1)33+L+25[ (25)

with the spin s, baryon number B and lepton number L of the respective particle. With
this definition the Standard Model particles and both Higgs doublets are even under
R-parity while all supersymmetric particles are odd. This also means that the lightest
supersymmetric particle (LSP) is stable and might serve as a dark matter candidate [32-34].

Finally, the Yukawa interactions Lyykawa and the scalar potential V can be written as

1 W 1 *
Lyukawa = _Emwll,b] + h.c., V= EDaDa +F'F, (2.6)
[

with the scalar fields A; and their fermionic partners ¢;. The F- and D-terms are given by

Fi:a—w D'= ), gAT}A;, (2.7)

0A;’ gauge groups
where ¢ denotes the gauge coupling and T” the generators of the gauge group.

All terms discussed so far respect supersymmetry, i.e a scalar field has the same mass as its
corresponding Standard Model field. However, such particles would have already been
observed in Nature which means that supersymmetry must be broken if it is realised. For
this reason one has to introduce the soft breaking terms Ly

Lot = — myy, Hy Hy — m3y, Hy H, — mi Ly L; — mxR*R — mpQf Q; — mpD*D — myU*U
M x5 My sini | Ms
“IBB+ —EWIW 4 =2
+— BB+ ; +=
+ miye;HyHY, + €Al H; LR + € A;H,Q'D + €Ay H, QU + h.c.

+ A/HYL'R+ ALHYQ'D + A HYQ'U + h.c., (2.8)

g"'¢"+ h.c

where the first two lines contain the mass terms of the scalar fields and gauginos. The
third and fourth line contain the holomorphic and non-holomorphic trilinear couplings
of the scalar fields, respectively. Note that the former has the same structure as the
superpotential W with the replacements Yy — Ay and p — my. The latter contains the
interactions with the complex conjugate Higgs fields and for this reason they are called
non-holomorphic. These non-holomorphic couplings are often neglected in the literature
since they are often suppressed in high-scale supersymmetric breaking scenarios [35],
however, they turn out to be crucial in our case. In general, the free 3 x 3 matrices AJ(C/)
can be complex, but since it does not affect any conclusion we choose them to be real.

We work in the super-CKM basis, i.e. a simultaneous rotation of the quark and squark
fields is performed such that the Yukawa couplings are diagonal. Note that in general, the
sfermion mass matrices remain non-diagonal [29,36], and the CKM matrix V appears in

"Note the coinciding notation with the right-handed slepton fields R, however, since the meaning is apparent
from the context, we refrain from changing the notation.
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the sup (or sdown) sector. Analytic expressions in the sfermion and gaugino mass basis
are often lengthy or lack insight since they involve the diagonalisation of large matrices.
For this reason calculations are often performed in the mass insertion approximation [37-
39] which is a diagrammatic expansion in the off-diagonal elements of the sfermion
and gaugino mass matrices. This results in quadratic mixing terms in the interaction
Lagrangian. Technically, we will make use of the Flavour Expansion Theorem [40, 41].
This allows us to perform the calculation in the mass basis and avoid the cumbersome
diagrammatic expansion while still benefiting from an expansion in terms of the mass
insertions A. We consider a supersymmetric mass scale Msysy of O(1TeV) which is a
reasonable assumption considering the non-observation of supersymmetric particles at
the LHC [42-59].

Higgs Sector

In general, the Higgs fields acquire the vevs
v 0
(Ha) = ( d) , (Hy) = ( ) , (2.9)
0 Uy

U3+ 02 =0~ 174GeV, vy =vcg =vcosP, v, =vsg=vsinf, tanp=1v,/v,.
(2.10)

with

Inspecting Equations (2.4) and (2.6), one sees that the tree-level mass of the down-type
quarks and charged leptons f; is given by

Ti’lfl = —Yf,,-ivd . (211)

Therefore, for v; = 0—or equivalently tan f — co—the Yukawa couplings of the down-
type quarks and charged leptons are not fixed by the mass of that particle anymore.
Instead the observed mass of these particles has to be generated radiatively. This renders
the Yukawa couplings Y; and Y] into free parameters only bounded by perturbativity.? Of
course the Yukawa couplings enter the interactions of the fermions with the Higgs bosons
and higgsinos, and therefore, they also re-enter the higher-order contributions to the
fermion masses. However, this still leaves freedom in the choice of the Yukawa couplings
and will be analysed further in Section 2.4. For now let us investigate the supersymmetric
sector in this particular limit.

As usual, inserting the vevs into the Higgs potential yields the following vacuum condi-
tions, see for example Reference [29]

2
e
<4C2WS\2N(U§ - U%l) + m%il + |;u’2)> Ug = _m%zvuz

—e?
<4C\2NS\2N (’Ué o ’U%l) + m%iz + |]’£’2)> Oy = —m%zvd, (212)

'Even though we work in the limit v; = 0, everything holds true for v; < 1 (tan § > 100).

?Here we use a tight, y < V277, and loose, y < V47, perturbativity constraint. An actual analysis based on
partial-wave unitary [60] suggests an upper bound of m; < 500GeV and m; < 1TeV for quarks and leptons,
respectively. While the former is close to our tight bound, we are well below the latter for leptons.
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where sy and cw denote the sine and cosine of the weak mixing angle 6y, respectively.

In our case with v; = 0, this simplifies to
mip =0,
2
- (2.13)

2 2
my, = —|u|° —

H; ‘V‘ 4 C\ZN S%\]
Interestingly, the free mass parameter has to be m%h in contrast to the case with a non-

vanishing vev v; where the mass parameter m?, can be chosen to be free instead. Therefore,

the Higes fields decouple for m?%;, > v. Note that Equation (2.13) receives radiative
88 p H; q

corrections. In that case, the vevs are chosen to minimise the loop corrected potential.
This might require additional fine-tuning of the mass parameters in particular n3,, such
that v; ~ 0. However, compared to the fine-tuning needed for the electroweak scale the
additional tuning should be only of order m?,/v* ~ ¢*/(167T%).

Diagonalising the charged Higgs mass matrix by the rotation Zy [29]

+ HT _ _
)=z (2 Zp=_ (" )= () e
hu G U \ vy Ou Clg Sﬁ
leads to the charged Higgs mass
W = iy 4 i+ i, 20, @15

where m%{z is fixed by Equation (2.13).

The neutral Higgs mass matrix factorises into a CP-even and a CP-odd block and the
neutral pseudoscalar fields A° and G° are given by the same rotation Zy as in Equa-

tion (2.14) [29]:
0 0
Im { (Zg) } =Zy <éo> , (2.16)

with the mass of the physical pseudoscalar particle A° given by [29]
mio = m%{i — m%\, (2.17)

In general, the CP-even mass block My of the physical Higgs fields HY has to be diago-
nalised. However, in the case v; = 0, this mass matrix simplifies to

2.2
2 y e‘v
mH1 + |,”| - 452 CZ 0
M2, = wew 22 | (2.18)
0 252 ¢2
woiw
and the masses can be read off
2.2
B ’ ) ev . B B ev
Mo = 4 [ M5, + -, Mo =M =My = —. 2.19
HY \/ H ia 45%/\ICW HY hsm 4 V2swew ( )

Note that the tree-level mass my,,, of the light CP-even Higgs is fixed to be exactly the Z
boson mass mz, while in the general case the Higgs mass is only bounded from above
by the mass mz. The general expressions can be found in Appendix A together with
the discussion of the gaugino sector. If not mentioned otherwise, we work in the limit
vy =0=7v,=0!

1For the health of this limit, see for example Reference [61].
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Sfermion Sector

We will briefly review the sfermion mass matrices in the presence of the non-holomorphic
couplings since they are less often considered in the literature. As before, we work in the
limit v; = 0 and drop terms that are of O(v?/M2ygy). In this case, the charged slepton
mass matrix reads [29]

_%L (M%)LR> , (220)
L

with
T *
(M%)LL = (m%) ’ (M%)RR = mg, (M%)LR =, (Vip* = A)) , (2.21)

as introduced in Equation (2.8). We adopt the following notation for the off-diagonal
elements of the mass matrices

Moy = (M), ] . (2.22)

Without influencing any conclusion, the matrices in Equation (2.21) can be chosen diago-
nal, i.e. A;L(Y,ij = 0. Similarly one has for the sdown mass matrices [29]

T *
(MZD)LL = (sz) ’ (M%))RR = mZD' (MZD)LR = Uu (YdV - A;) ’ (2.23)

where again the matrices can be chosen diagonal with the exception of m?%. As we are
interested in a possible explanation of the anomalies in the b — sl! transition, we allow
for sstrange—sbottom mixing by setting

Another possibility would be to introduce the mixing through the non-holomorphic
coupling A’23(32). This is commented on at the end of the chapter.

Finally, the sup mass matrices are given by [29]
M) = (Vi) M2 = m? M) . = —0,A 2.25
(M), = ( ma > ’ (Mi) g = ™1, (M) g = —0uAu, (2.25)

up to contributions with a relative suppression of O(v?/ Mgy ).

2.2. The Semileptonic Transition b — sll

The effective Hamiltonian for the b — sl transition reads

Hegt = Z GiO;. (2.26)

The Standard Model contributions can be inferred from the discussion in Chapter 3.
There, the dominant contribution comes from Cg and C;y. Here instead, we focus on the
New Physics contribution which in addition to the vector operators can enter through four
scalar and two tensor operators. However, the scalar operators are strongly constrained
by the branching ratio BR(Bs; — pjt), and can therefore not yield sizeable contributions to
Ry . Note that the same holds for the lepton flavour universal contribution C; which is
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b —~ T Xeotiees — 5L
ho ho
I L gy
Ir

Figure 2.2.: Two types of diagrams that contribute to b — sll: box (left) and penguin
contributions (right).

constrained by BR(B — X;7). Leading contributions through tensor operators vanish in
the parameter space we are considering. This leaves us with the following set of relevant
operators

Oy, = (59" PLb) (7%1) , Og, = (57" PRrD) (jwl) ,
Oro; = (57"Pib) (Fumsl) Oror = (57" Prb) (Insl) 227)

where we will consider the case | = y since the latest measurement favours New Physics
to the ratio Rg(.) through the transition b — suu [62]. We also drop the index | = u
for brevity. The supersymmetric contributions to these operators can be divided into
two classes: box and penguin diagrams, see Figure 2.2. In the following we will only
discuss the dominant contributions to the Wilson coefficients to determine the interesting
parameter space. The full contributions are taken into account in the numerical analysis
in Section 2.6.

Box ConTriBUTIONS Box contributions stem from diagrams with charged Higgs bosons,
charginos, or neutralinos running in the loop. Choosing m%il > O(1TeV?), we can safely
neglect the charged Higgs contributions to Cy() and C,). Even though this choice seems
to be made out of convenience, it will turn out that this is actually necessary. In any case,
the Goldstone and charged Higgs-Goldstone boson contributions vanish for v; = 0. The
exact contributions to the Wilson coefficients can be adapted from References [63-65].

The chargino box contribution to Cyy) and Cyy), up to corrections of O(e?v?/ Mgy ),
reads
2~boxx _ 2 12 .2
6471°C, ZV,3 5 Do mxl,mxl,le,mw)

Dy (m2 , m> mQZZ,mLy) Dy (m2 , m? mQ],m%,ﬁ)

X kAU X177 x X177 x
+ ch E Vis jzALL,ij 2 2

i,j=1 Mao; = Mmq,;
i#]
2 2 2.2 2 2 2 2
- d;g |y}l| Z Vi3 i§|yui| mxz Do(mm, mm, mll,3+i/ mL,ﬁ) ’ (2-28)

i=1

forn =9V ), 10") with the coefficients c)f and df listed in Table 2.3. The loop functions can
be found in Appendix B. Note that Equation (2.28) still holds in the ease of degenerate

squark masses. Due to the analyticity of the loop functions, the limit le — mQ] is well
defined, see also Reference [40].
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Table 2.3.: Coefficients ¢}, dX with n = 9),10") for the chargino contribution CPOXX jn

Equation (2.28).
n=29 n=10 n=9 n=10
ch et/ (2syy) —e*/(2s1y) v lPyive —[yul*yiye
dch 1 1 0 0

The neutralino contributions to Cy and Cy( reads

Cbox,xo_ + |yy‘2yby: Agmz

9(10) — (— 2 2
(10) ~ (=) 12872 =,
X [Dz(m)z(g, mig,m%)lg, m%w) — Dz(mig,mxo,m%j,m%,ﬁ)
2 2 2 2 + 2 2 2 2
(i_) Dz(mxg,mxg,leg mL,ﬂ) (_) DZ(mxo,mxg,mD,E,mL’ﬁ)} ’ (229)

up to corrections of O(v?/ M3ygy ), whereas the contribution to the chirality flipped coef-
ficients is given by

D
Cbox,)go 4+ et ARR,32

o0) = (=) 28872ck, w2, —

2,..
D
0(p2 2 2 2 0(p2 2 2 2
X {Dz(mx?/ M0 MD ar MR i) — D2(mx?’ g o MR 1)
Liog2 2 2 o 012 12 2 2
(i—) 4 (D (mx?rmx?’mD,gr mip) = DZ(mX?’mx?’mDﬁ’mL'ﬂ)> '
(2.30)

The loop function DY can be found in Appendix B. Inspecting Table 2.3 and Equa-

tions (2.29)—(2.30), we can immediately identify the contributions that can become size-

19’/0(’;’5()) are negligible since they are strongly suppressed by

the electroweak coupling to the fourth power. The same holds for the chargino con-

tributions ng’lxégc that are proportional to ¢jf. This leaves us with the neutralino con-

able. First, contributions to C

box,x" box, x
9(10) 9 (10’

o dy. The former can become sizeable CSOX’XO ~ C]fgx’xo ~ O1) fory; 45 ~ O(1) and

iy . box,x° ~ box, x°
MR ~ mp 5 ~ #~ O(1TeV). Additionally if my; > mpg;, one has Cq ~—Cyy "
As it will turn out, mp ; > mpg; is a particularly favourable choice not only because this
scenario is favoured with respect to C)' only [67]. In this case, the chargino contributions
are subleading to the neutralino ones due to the heavy left-handed slepton running in
the loop and the CKM suppression. Moreover, the sup squark masses are yet to deter-
mine which can suppress this contribution further. Otherwise there would be additional
contributions to all loop processes mediated by a W boson and fermion.

tributions to C , and with the chargino contributions to C ) as well as the ones

Let us compare this with the global analysis of the b — slI observables: In Reference [15]
amodel-independent fit to b — slI observables is performed. There, various New Physics

Note the change in the normalisation compared to the definition in Equation (2.26) and the formulae in
Equations (2.28)—(2.30). Whenever we refer to the Wilson coefficients in the text, we convert our result to
the more common normalisation of the effective Hamiltonian—as for example in Reference [66]—for easier
comparison.
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hypotheses are parametrised in terms of the Wilson coefficients C%I(’,), Cgl\g)) and ChT.
Among them is the hypothesis C)'¥ = —C}" which we just found to be feasible in our
scenario. This hypothesis has a best fit point of CY''' = —0.44, a p-value of 22.8% and a

pull of 6.2 ¢ with respect to the Standard Model [15].

PencuiN ContrIBUTIONS  Penguin contributions as depicted in Figure 2.2 are lepton flavour
universal, and hence, contribute equally to C9<’>/V (C10<’>,y) and Cy() , (Cyo0) ) Actually, ad-
ditional lepton flavour universal contributions to Ry, are even slightly favoured by the
experimental data [14,67,68]. Nevertheless, these contributions are subleading in the
parameter space we are interested in: Z penguins mediated by gluinos are negligible
without left-right mixing [64, 69], and neutralino and chargino loops are suppressed by
the electroweak couplings. In any case, the electroweak penguins lack the enhancement
due to the missing large Yukawa coupling of the muon. Contributions to Cy ) are addi-
tionally suppressed by the small factor (1 — 4s%;) ~ 0.08. Furthermore, photon penguins
decouple much faster than the Z penguins [69]. For this reason we do not expect sizeable
contributions, which are taken care off in the numerical analysis anyway. Further and
extensive discussions on these contributions can be found in the literature [13,28,69-73].

INTERMEDIATE REsurtr We found that the anomalies in the b — sll transition can be
explained with the following mass spectrum

Yuas ~ O(1), MR ~ Mp 5~ ~ O(1TeV), mpg <K< mpg, (2.31)

which yields Cg =~ —Cjg as favoured by the global analyses. In the following, we examine
the flavour constraints to determine the allowed parameter space for which the feasibility
of this spectrum is analysed: Yukawa couplings of O(1) are only possible if the masses
can be generated radiatively within the parameter space of interest.

2.3. Flavour Constraints

In this section we examine the allowed parameter space in the context of the experimental
constraints from precision measurements. First we consider the anomalous magnetic
moment of the muon a, which is expected to significantly restrict the allowed parameter
space. Chirality flipped contributions are greatly enhanced by the Yukawa coupling of
the muon y, ~ O(1) and the vev v, = v. Higgsino box diagrams are several orders of
magnitude enhanced, and therefore, they could be severely constrained by Bs—Bs mix-
ing. Further, bounds coming from B; — u*pu~ and B — X, are investigated. Finally,
taking these constraints into account, we show the allowed regions of the parameters in
Equation (2.31).

Anomalous Magnetic Moment of the Muon a,

The precise measurement of the anomalous magnetic moment of the muon 4, provides
a stringent constraint on the parameter space of New Physics: The latest measurement
exhibits a 3.3 ¢ deviation from the SM prediction [74]. Combined with the previous
measurement at Brookhaven [75] this corresponds to a significance of 4.2 ¢ yielding strong
evidence for New Physics beyond the Standard Model [74]. Therefore, every part of the
parameter space pointing in the wrong direction is highly disfavoured. The combined
measurements read [74]

Aexp = 116592061 (41) x 1071, (2.32)
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ur Yu ; MR KL Yu \ MR
\ / \ /
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Figure 2.3.: Dominant contribution to a, for mp; > mg; (left). Without the photon

attached to the diagram, it is the dominant contribution to the muon mass
(right)

while the Standard Model prediction is given by [76]
a,sv = 116591810(43) x 10711 (2.33)
which corresponds to a deviation Aay, of

Aﬂ}, = Auexp — Au,SM = 251(59) X 10711 : (2.34)

0
The dominant contributions mediated by charginos a) and neutralinos @) read to first
order in the mass insertions [77] (note that all supersymmetric parameters are chosen real
from now on, see also Appendix A)

e2myvyy pMo B (M%/miﬂ) B (VZ/m%fﬁ>

X
ay =

24m?sy, mi, M3 — u? ’
N (Af2 /12 N (1,272
RO emy vy, uM; 2 (M1/mL,;z> -k (7/‘ /mL,;l)
P 96m2c}, mi M2 — 2
N (Af2 /12 N (12,2
B vy, uM, b2 (MZ/mL,ﬁ> -k (V /mL,ﬁ)
96m2cyy mi, M3 — y?
> FN MZ/mZ ) = FN 2/m2 B
e“my vy, uM; 2 /MR 2 \H° /MRy
4872y my, M3z — 2
e*my,v (yyy — A;j) M EN <M%/m%’ﬂ> /m%,ﬁ —FN (M%/m%w» /m%”2
4872c2 m? _ — m> ;239
w Lp R.fi

and indeed, contributions to the anomalous magnetic moment are greatly enhanced by
the factor vy, cf. Figure 2.3. For the loop functions PZC (N) see Reference [77]. Considering

the limit my z >> mpg g, the chargino contribution a}; becomes subleading compared to the

0
one mediated by the neutralinos a}; . The latter simplifies to

N e2my, vy, uM E) (M%/m%{,ﬁ) -E (Vz/m%{,ﬁ>
ay = —

, 2.36
4872c2, m%{’ﬁ M2 — 2 (2.36)

which for y, ~ O(1) and mg; ~ O(1TeV) yields the required size Aay to resolve the
tension between the measurement and the theory value given that sign(xM;) = —1 and
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bR(L) —» > SR(L) bR(L) —» Bl SR(L)
3 y G(ho)
g(ho) G(ho) 3
g(ho)
SR(L) — : . «——bRrR(L) SR(L) —e e «—bRr(1)
R g R g

Figure 2.4.: Some box contributions to B;—Bs mixing. Note that the crossed (right)
higgsino contributions is relatively suppressed by v*/ M3 sy compared to
the uncrossed (left) while for the gluino both diagrams cancel partially for

m%,ﬂ > Mj ~ M3 > p? =~ miy Remarkably, this is the same hierarchy as needed to
explain the anomalies in the b — sl transitions, see Equation (2.31).!

Neutral B; Meson Mixing

Neutral B;—B; mixing receives enhanced contributions from higgsino box diagrams which
are often neglected due to the smallness of the Yukawa couplings, see Figure 2.4. To
constrain the parameter space we use the complex ratio

(Bs| HYF |Bs)

CquZitPBs =14 — et 21
‘ (Bs| Hegt' [Bs)

(2.37)

with the New Physics contribution (Bs| HNF |Bs) to the B; meson mixing amplitude.
Details of the calculation can be found in Reference [1]. We demand the absolute value,
Cp,, and phase ¢p, to stay within 1 ¢ around the online update of the UTfit result [79,80]

Cp, = 1.110 £ 0.090, ¢p, = (042 £0.89)°, (2.38)

where the correlation between Cp, and ¢p, can be neglected. The relevant Wilson coefti-
cients to second order in the mass insertions read [81]

X0 _ ylzyyg AER,ZES
) 12872 \ m

2
) [Dz (mby 5 mb 5, 42, 4*) + Dy (m%,b my 5 1 ;42)

_2D2 (sz,sV sz,E/ ]’[2/ ]’12) :| 7

2 AD 2
Ch =~ e <m = > | Dz (s, iy, M3, i2) + Dy (i m 5, M3 )
w Db
2D, (mih o w5, M3, 1) | (2.39)

Note that the crossed higgsino box diagram, see Figure 2.4, is suppressed by v*/ M2y
An explicit evaluation of this contribution shows that both higgsino contributions cancel
to leading order in the mass insertions. This is unlike the gluino contribution where the
crossed and uncrossed diagrams cancel to a great extent given mg > 3/2mg [82].

'During the finishing of this thesis, I came across Reference [78] where the authors also explain (g — 2), for
tan f — oo.
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Assuming the same mass spectrum as discussed earlier to resolve the Ry and (g —2),
anomalies, the dominant contribution is given by Cfo. The contribution to the Wilson
coefficient Cffo is subleading due to the suppression by the electroweak coupling, and since
the (¢ —2), anomaly favours a bino mass M? > u?. Aslongasall other contributions to the

Wilson coefficients are suppressed the contribution to the Wilson coefficient Cico pushes
the mass difference Am; to the upper limit of the 1¢ interval around the experimental
value. This only holds as long as one wants to explain the ratio Ry, within 10, and can
be relaxed by taking moderate gluino masses m% > M?: The gluino-neutralino boxes can
be of similar order and the corresponding contribution to Cs has the opposite sign.

Rare B Decay: Bs — u"u~

The decay Bs — utu~ is experimentally well measured and theoretically clean. In the
Standard Model this process is strongly suppressed as it is generated at one loop level
and requires a helicity flip. In the model considered in this chapter, some contributions
are greatly enhanced by the large Yukawa couplings, which might put severe constraints
on the parameter space. The experimental measurement is given by [83]

BReXP(Bs = utu")=(3.0+04) x 1077, (2.40)
and the Standard Model prediction reads [84]
BRgm (Bs — ;ﬁy’) = (3.65+0.23) x 1077, (2.41)

The missing Wilson coefficients for this decay are Cg() and Cp(), see Section 2.2. To first
order in the mass insertions they read [63]

e? D, (VZ/ M%; m? ”/m%g ~) — D, (ptz, M%, m% y m% N)
Cs=Cp=— Jidb AD R, ’} ’ ”
- - 22 “RR23 2 _ .2
9671 CW mR,g mR,§
2 Af2 2 2 2 Af2 .2 2
yp ap D2 (V M ”“R,B'mbﬂ) b (” T G mL,ﬂ)
Ton—2.2 BRR23 R ,
1927t2cy, My — My s
2 Af2 42 2 2 Af2 2 2
Cor = Cor = yuls . p D, (V , M ,mR;,mR,ﬁ) - D, (;4 ,Ml,ng,mRﬁ)
S =8P =7 5 2 BRR23 5 5
967°Cyy lel~7 — My
2 Af2 2 2 2 Ag2 .2 2
s p D2 (W M) = Do (42, Mgt y)
T 192202, ARR23 —— (2.42)
Tw Mes ~ MRs

These contributions are suppressed by the weak coupling and given the large experimental
uncertainty of ~ 13 %, there is no additional constraint on the parameter space determined
from the previous observables given that the New Physics contributions point in a way
that loosens the small tension between the measurement and prediction.

Radiative B decay: B — X;v

Similar to Bs — up, the radiative decay B — Xy is precisely measured and theoretically
clean. Therefore, this decay puts stringent constraints on New Physics contributions. The
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experimental measurement of the CP and isospin averaged branching ratio extrapolated
to a photon energy threshold E,l; of 1.6 GeV is given by the Belle collaboration [85]

B
BRely *(B — Xs7) = (3.124023) x 1074, (2.43)

The state of the art Standard Model prediction reads [86]'

B
BRoy (B = Xoy) = (3364£023) x 1074, (2.44)

The dominant Wilson coefficient for this decay is C; where the main MSSM contribution
to first order in the mass insertions is given by [64]

2 AD
S YoYs My DRR23 2 oy ) o
C7 - 6V;;th(€/SW)2 ‘u2 m%),s?_m%);, [fS(mD,S/]l ) f3 (mD,b/‘u )}
 Gw/enPoymy gy B
WV My M2 > mDs— 123
o /M) S (m (/M) flbali®) | F(1s1)
M% l ],[ ‘uz 7

X
C7 - 6V*‘/tb M% Z l3f1 mUz/MZ)

1 2
+6V*th 12 Z 12Vz3\yul\ fi (mllz/MZ)

3 2 2
Y pM, * My 2 2 My 2 2
V5V myy — miy ./ M . (245
3‘/1»:‘/tbmb ﬂz - M% 1221 i2 Vi3 I’lZ fz ( U,l/nu ) M% f2 ( u,l/ 2) ( )

Note that contributions proportional to the comparably small Af]l- are neglected for the
sake of clarity. In the Standard Model, contributions to the Wilson coefficient C; are
suppressed by ms/m;,. However, in scenarios with non-minimal flavour violation Cy can
become sizeable. They are obtained by interchanging L <+ R in C;. To first order in the
mass insertions the dominant contributions read

X — _ (sw/cw)? vypmiy My AERZE&
7 WiV my MG —p2mp s —m?;
2 2 /.2
flmd /M) S (m /M) i) s (i 0)
Mj M3 W u? ’
2 3
C;:_Liwz Visfi (myi/u?)

6ViVip(e/sw)? p* =

VYs yMz i
3ViVipmy, M2 =

2 2
[MZ fi (mui/M3) /M5 — n;gvfl (mui/ p?) /P‘2] :
(2.46)

!After this analysis had been performed an updated prediction with a reduced theoretical uncertainty was
published, see Reference [87]. This does not alter any conclusion and has very little influence on the numerical
analysis later on.
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Figure 2.5.: Allowed regions at 68 % C.L. on the mass planes taking all constraints dis-
cussed in Section 2.3 into account.

0 0
Focusing on the neutralino contribution C;C(,), we see that similar to C{C there is a contri-

bution which one cannot get rid off: Unlike Cé‘,o which can be suppressed for large bino
masses Mj, the first line of Equation (2.45) is fixed by the Yukawa couplings, the higgsino
mass 4, and the right-handed masses and mixing of the squarks which are all needed to
explain the Ry(., anomalies. The interplay of all constraints will be analysed further in
the next subsection.

Combined Constraints

We will use this subsection to provide an intermediate scan of all previously discussed
constraints. We determine the allowed region for the Yukawa couplings y¢, the masses
of the right-handed squarks mp 5 ), the smuon mg , the higgsino y, and bino M;. All
other mass scales are set high enough to forbid any additional contributions. The scan is
performed over the following ranges to comply with current collider searches

u,mery >500GeV  mps = mgs, |IMi| >1TeV, 0> yuys=yp > —Var. (247)

The allowed regions at 68 % C.L. on the y—mp ; plane, the mg ;—m Rp plane, the M;—y, and
on the ys—y; plane are shown in Figure 2.5 and 2.6. Note that in this case, the deviation d;
of any considered observable O; is defined as

g, = Fisheo = Oiexp (2.48)

Tj tot

within the allowed regions is also below 2. One can see that the Yukawa couplings have
to be —y;, 2 0.5, while the higgsino mass y and right-handed smuon mass mp ; have
to stay below < 2TeV and < 1TeV, respectively. The right-handed sstrange and sbottom
squark masses can be as large as 5 TeV, however, they drop quickly for increasing right-
handed smuon masses. The allowed region on the bino mass, 4TeV < —M; < 10TeV,

comes from the experimental constraints, in particular it is due to the anomalous magnetic
moment of the muon.

In the next section, we examine the possibility of generating the fermion masses radiatively
within the allowed parameter region.
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Figure 2.6.: Allowed regions at 68 % C.L. on the mass and coupling planes taking all
constraints discussed in Section 2.3 into account.

2.4. Radiative Generation of Lepton and Down Quark Masses

Since the vev v; of the Higgs field H; which couples to the leptons and down quarks
vanishes, the corresponding masses must be generated radiatively at one-loop. In general,
the self energies and the physical fermion masses are related by [88]

My = =Y} 8ij0a + S, f=dl, (2.49)

where we closely follow the convention and notation of Reference [88]. There, the self
energy Y. ;; is decomposed as

Zpii(p) = (ZES (%) + PR (%)) Pr+ (ZR5(62) + pZii(p?)) 2o, (2.50)
where the superscripts denote the chirality of the incoming and outgoing quark line. We
consider the chirally enhanced part 2}131 which is the dominant contribution for large
tan 8, and we decompose it further as

LR _ LR _ P12 _ v A Al
Lpi =25(0) = Z iR = Zhi+ - (2.51)
P1,P2,---

where ZEQP}Z] refers to the chirality changing self energy with the particles 1, o, . ..

running in the loop. The contributions Zﬁij and Zj’?,/i]- refer to the part of the chirality
changing self energies that are proportional to v; and v,,, respectively.

Finally, in the limit v; = 0 Equation (2.49) simplifies to

Al
T’Hf,i]' = Zf,ij P (2.52)
and there are no contributions from the chirally conserving self energies at this level
due to vanishing tree-level masses. Note that this contribution is finite since no corre-
sponding interaction appears in the Lagrangian at tree-level. For this reason, we follow

Reference [89] and work in a minimal renormalisation scheme, thus, no counterterms are
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Figure 2.7.: Some leading contributions to the tau mass.

needed in contrast to an on-shell renormalisation scheme for the fermion masses [90].

Note that this choice is already apparent in Equation (2.49) since no counterterm was

given there. This also means that the bare Yukawa couplings Y}O)

i

coincide with the
renormalised ones Yy, [89].

First we consider the charged lepton masses. Note, if it is possible to generate the muon
or tau mass radiatively with Yukawa couplings of O(1), the electron mass can also be
generated by downscaling the corresponding free parameters in the (s)electron sector, for
instance the Yukawa coupling y..!

Lepton Masses

The dominant contributiogs are in general the charged wino-higgsino-slepton loops ;{ﬁj’l:,
the bino-slepton loops ZE{J, and the neutral wino/bino-higgsino-slepton loops ZK‘;{ lBhl.
Diagrams contributing to the tau and muon masses can be found in Figure 2.7 and

Figure 2.3, respectively.

For a heavy left-handed smuon mass m; > mg; and y, ~ O(1), the only dominant
contribution is the bino-higgsino-slepton loop which is given by

. 2
Bhg € oYM 2 2\ 2 2
ZLR,IM = 167‘(26%,\] M% _y {Bo (,” /mR,ﬂ) By (M ,ﬂUzﬂ)]
~7x107* x O(10%) x O(1)

~7x 0(1072), (2.53)

with the two-point function By defined in Appendix B. And indeed, for the parameter

space we are considering, the self energy Zﬂé’j , can be of the required size. Since the tau
lepton is much heavier than the muon, the question arises, whether the tau mass can also
be generated radiatively. For a stau spectrum similar to the smuon sector, the required
size of the tau Yukawa coupling would be far above the perturbativity limit. Thus, we
discuss all contributions to the tau mass in more detail. They read

2

N e vy uM
IV = Lo o (50 ) — Bo (M )

<1, (2.54)

X

'The same holds for the down quark mass ;.
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where, for now, y. S V27, mpz > 100 GeV', and—in order to explain Ry —pu < 1.5TeV.
The remaining contributions read

B e o(yp— ALY M
Eike = Toag it (B0 (ML) = By (M k)
- 2
W/ Bhji e oYUMy
LT ' = 327'[2C%v M%T_ 12 [BO (le m%r) — Bo (sz m%r)]
e vy UM,
s My (B0 () = Bo (M3 )
e? vy UM

T 16m2, M2 — 42 [Bo (M3, mz) — Bo (4, myz)] - (2.55)

Taking a careful look at these contributions, one sees that in order to recover the tau mass,
u has to be large, i.e. |u| ~ 1.5TeV and My ~ u. The last contribution to the self energy
ZZ\;/ fh” has an opposite sign compared to Zgﬁ . leading to a reduction of the tau mass.
This contribution can be suppressed by a large right-handed stau mass. However, this also

reduces the positive contribution Zfl}é -~ Anyway, a light left-handed stau mass is favoured
in order to not suppress the addition/ally needed contributions in Equation (2.55). In this
case the sum of both self energies is positive, and hence, light right-handed stau masses are
also favoured. However, the stau masses are naively constrained by the vacuum stability to
be mif + m%{j > |ypu — A%|?/22 Since the left-handed mass has to be light, we again end
up with heayy right-handed staus. Under the constraints y, < v/27, m; > 100 GeV, and
u < 1.5TeV the only possibility to get the heavy tau mass is a light bino mass. However,
a light bino mass leads to a large muon mass and the contribution in Equation (2.53) has
to be cancelled by taking a lighter left-handed smuon mass m ; which in turn enhances
Bs — u"u~ and (g — 2),. Therefore, the only possibility to get a sizeable contribution to

the tau mass is allowing the tau Yukawa coupling y to be as large as y ~ 3 < V4 while
mpz S 500GeV. As a result, the right-handed stau has to be heavy in order to maintain
the vacuum stability for such a large Yukawa coupling.’®

The hierarchy m; > < mgz is also favoured, since otherwise the LSP would be a right-
handed stau, which as a charged particle is experimentally forbidden.

Interestingly, the resulting allowed parameter space implies

. NP NP C9N 5 Yt ?
sign(y.y,) = —1, Cor ~ Ciors CI\’IP = <yy> ~0(1), (2.56)
ou

while the supersymmetric contribution to the scalar Wilson coefficients Cg) p)) -, relevant
for By — 77T~ might even receive a suppression for y; < 2y,

C i 1
CS(’>(P(’)),]4 Zyy 2

In particular the latter are a distinctive feature compared to the more popular leptoquark
models where these processes receive large enhancements [93-97].
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Figure 2.8.: Dominant contributions to the down quark masses and flavour changing self

energy.

Down Quark Masses

Now we consider the contributions to down quark masses. The dominant contribution
given by the gluino loop reads

. 2 v yd,],t—AC) ms
¢ _ & ( i di) "8 2 2 2 2
D,di Ui

cf. Figure 2.8. Assuming heavy gluino, left-handed squark masses 2 10TeV and light
right-handed squark masses as afore-mentioned, the bottom mass can be generated radia-
tively for |y,u — A} > < Zm?g,f. The latter is chosen to naively maintain vacuum stability
for now. In general this choice can be relaxed which only proves our point further, cf.
Section 2.5. While one has sign(y,u#) = —sign(A},) in order to enhance the contribution to
the bottom mass, one needs sign(ysp) = sign(A.) to cancel the large contribution o ysu
such that the small strange quark mass is obtained.

Due to the off-diagonal sdown mass matrix element A R 23, there are flavour changing self

energies, Zg;ib and Zgggb - which in general can become sizeable, and therefore, enhance
all previously discussed contributions to flavour observables, see Figure 2.8. Since the
smallness of the strange quark mass requires a smaller trilinear coupling Af < Aj, the

dominant flavour changing self energy is

safbs _ g2 v (be - Alb> AR 23Mg -

LRbs — 672 (mét - m2Ds)<m2Qt - sz,E)(szrg -

mi;) . (2.59)

2 ~
2 Db’
D,E)
where the loop function By can be found in Appendix B. In general, the bottom and strange
quark masses are then obtained by diagonalising the matrix

zLR yLR
(md,ij)i,j>1 - (ZZSR ZZR ’ (2.60)
S S

with the total self-energy contributions Zéf-j as defined in Equation (2.51), see also Equa-
tion (2.49). For a very heavy gluino and heavy left-handed squark masses, which is
favoured for our explanation of the Ry(., anomalies, the flavour changing self energies are
of O(1072) and the effect to the previously discussed flavour observables is subleading.

We will comment on this mass bound at the end of the chapter.
2This follows from Z(m%/f + m%{f) > |y\2 [91,92] — m%,f + mlzw > |ycp — A’f|2/2
3The Yukawa coupling enters the scalar potential via a trilinear coupling in a term o yp*.



26 2. A Supersymmetric Solution to the Ry, Anomalies

b =ys ==2.0,y, = =2.5,Uar23 = Uar23/10

50
7C]1\10P:O
N =1/2
40¢ Cio =
br v’
% 301
0 =
H =
—————— R
s 20F
SR I3

101

1074 1073 1072

Uar2s

Figure 2.9.: Left: Effective tree-level Higgs contribution to Bs — .
Right: Lower limit on the heavy neutral Higgs mass as a function of typical
values of the flavour changing self energies and for different New Physics
contributions to the Wilson coefficient CJ§ . Limit is set for maximal values of
the Yukawa couplings.

However, it can induce a Higgs penguin, cf. Figure 2.9, and due to y, ~ O(1) it severely
enhances the branching ratio of B; — pp. This in turn, sets a stringent lower bound on
the heavy Higgs masses justifying our choice in the very beginning of Section 2.2. To
determine this lower limit on the mass, we first consider the effective Yukawa Lagrangian.

Effective Yukawa Lagrangian

To estimate the effect of the afore-mentioned Higgs penguin, we closely follow Refer-
ence [82]. In general, the effective neutral-Higgs couplings to down-type quarks and
leptons read [88]

0 A z;l‘V..
_ g ] 1% Al 112
L=-— dL,z' [<_Ydj (51] + 0 > Hd + . Hu] dR,j
- TA. y A
—1Ip, [(—Yl(,o)é,'j+ L ) HY + 22| I + hee.. 2.61)
i U4 Uy

with the bare Yukawa couplings Y, the holomorphic part Zf/i j and the non-holomorphic

part Zﬁ;j of the chirality changing self energy Z}If] The neutral Higgs fields H} and H>
are related to the physical Higgs fields by [88]
1
HY = — (cos(a)H® — sin(a)h® + isin(B)A) ,
1= (cos(a) (@) (B)A)
1
H? = 7 (sin(a) H” + cos(a)h° +icos(B)A) . (2.62)
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In the limit v; = 0 the Lagrangian in Equation (2.61) simplifies to

1 (0) ZZIA/“

- . Jij

— ﬁdlﬁi [_Ydj (51] (HO — ZA) + p hO] dR,]'
_ gy g0
V#M[%5MH iA) +

Taking Equation (2.52) and changing to the fermion mass basis by

L=

A/

1,ij
]hO

0

Ig; + hec.. (2.63)

Uf meUgg = diag(mp,, my,,my,), (2.64)

yields the following neutral-Higgs couplings to fermions

1 - . Mg,
L=- \ﬁdu [—Yé,z‘j (H —iA) + 0151'1'}10] dr,j
1 ;0 My <o
— EIL,Z‘ _Yl,ij (H — ZA) + 7(51‘]}1 ZR,]‘ + h.c., (2.65)
with
Y, =ut, yOu (2.66)
f= Bty YRy :

and we can read off the couplings of the neutral Higgs fields to the fermions

LRH) gy ux Md;
Fdfd]_ = kad,fi+xk 7’(5]"1‘,
LRH}? _ Ay wx Md;
Ly, " = Xt Ya 5 + X 7%‘, (2.67)

with

1 i

HY = (HO, K%, A) , X = (0,—\2,0) , xd = <\ﬁ'0'_ﬁ> , (2.68)

which finally leads us to the neutral Higgs contributions to B; — .

Neutral Higgs Contribution to Bs — utu™

The neutral Higgs contributions to the scalar Wilson coefficients relevant for the decay
Bs — utu~ read [98]

3 1 0 0 0 3 1 0 0 0
B LRHY = _RLH?\ _RLH’ B LRH?  _RLH®\ _RLH’
Cs =), 2 (FW + Tup ) T, Cr=) - Dy ™ =T ™ ) Ty
k=1 ""HO k=1 """ H
k k
3 1 0 0 0 3 1 0 0 0
. LRH) = _RLHY\ LRH _ LRH) RLHY\ LRHY
Co =), 2 (rmt + Ty ) Ty ' Co=), 2 <FW LD ") Ly - (2.69)
k=1""H? k=1""H

In our case the flavour changing couplings Y and Y are given by

Y, =Y\,
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vy 0 0
gtbs 3esb
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Demanding the prediction BRyneo(Bs — ¢ ™) to stay within 2 o around the measurement
for different values of Cyg,, sets a lower limit on the heavy Higgs masses as a function of
typical values of the flavour changing self energies X ;;, cf. Figure 2.9. We see that the
measurement of BR(B; — u" ) puts a stringent lower limit on the additional neutral
Higgs fields of O(10TeV).

2.5. Theoretical Constraints: Vacuum Stability
The relevant part of the scalar potential, see Equations (2.6)-(2.8), reads
V= miy Wy g+ mp iy G+ [ PRg hg + |uPhG
+ mijl?fg + mijl}ﬂg + mi 5751 + my SRéR + mi/;EzEL + mi,EE}QER
+ ARR 23 (DRSR + 5RDR)
2 (TxT %1 0x%7,07,% 7, 0x7,07 % 7, 2 (ko x> 0%7,0 3% 5 0%7,0x% &

+ yb (bLbLbRbR + hd hdbLbL + hd hdbRbR) + ys (SLSLSRSR + hd hdSLSL + hd hdSRSR)
+yi (T TR + g Wl T+ g T Iy )
+yiyp (bRl Ix + he.) +yiys (505k1 g + h.c.)
+ ypys (b7SLbRSR + hec) + yuy- (i T fig T + hec)
+hy (yip — AY) TLTE + Iy (ysp — Ag) 818 + ' (yon — Af) brbj + hec.

1, (1. 1 se 2. 2 . 2
+ gg% <3bsz + 3818 — I+ 30RbR + 35R5R + 25Ty — W hY + hg*hg)

1 e ok T+7— * * 2
+ gg% (Bibr + 5780 + 11T — h3 hG + ndrn)
e ~k %1 ko~ \2
+ 283 (Brbr + 575 — brbr — 5k5R) ", @.71)

with ! = u, T. Note that the scalar potential is bounded from below due to supersymmetry,
and that the term proportional to 13, vanishes for v; = 0, cf. Equation (2.13). The trilinear
terms stem from the non-holomorphic couplings that can generate lower minima in the
scalar potential. These minima can in addition break colour or charge. One has to consider
this potential as a function of 10 scalar fields (b LR,SLR, fiL R, T, r and Ky 1), and hence, there
are no closed or analytical expressions to avoid such minima. Therefore, lower vacuum
configurations are avoided by explicitly checking that the physical vacuum v = 174 GeV
remains the global minimum for a given set of potential parameters. In this case the
vacuum conditions turn into polynomial equations and all' isolated stationary points
can be found using polynomial homotopy continuation [99], see References [100-102] for
similar applications.

Of course, there can be long-lived metastable configurations. However, a precise numer-
ical calculation is computationally too expensive, and instead, we follow the approach
of Reference [102], which is briefly summarised in the following: The starting point is a

Notice that in practice, there might be numerical instabilities.
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renormalisable potential V(¢) of n real scalar fields ¢ = (¢1,...,$,) which is expanded
around the vacuum ¢ = ¢, + @ [102]

V(@) = ArpeaPaPo@cPa + Abpe@a@ope + M5 0aqy - (2.72)

Rewriting the scalar fields § — ¢¢ in terms of the unit vector ¢, the potential reads [102]

Vip,¢) = AM)g* — A(9) > + m*(§)¢” . (2.73)

In order to determine the vacuum stability, one has to calculate the bounce action B which
is defined as follows: Given the euclidean equation of motion of a scalar ¢ in a potential
U with the boundary conditions [102,103]

d¢
li = - = 2.74
pg{}ﬁ(p) $o, dol, 0, (2.74)
the bounce action is then the euclidean action of the corresponding solution [103]. The

relationship of the bounce action and the decay rate I' of a metastable vacuum state per
spatial volume Vs reads [102-104]

— =Ke'8, 2.75
with a dimensionful parameter K.! Numerical methods to estimate the bounce action, can
be found for instance in References [105-110]. Here instead, we approximate the bounce
action by a semi-analytical result [102,107]

m? 8Am?

= 3;(2- 6) % (13.8326 — 10.8196* + 2.07656°) , 6=—o", (2.76)

B 1

and a long-lived vacuum is given for B > 440 [102].

Note that this method explicitly refers to real scalar fields, thus, all fields in the poten-
tial (2.71) should be expanded into real and imaginary part, and rescaled such that the
kinetic terms are normalised canonically [102].

2.6. Numerical Analysis and Final Remarks

Here we perform a numerical scan taking into account the exact one-loop expressions
of all previously discussed experimental constraints. The vacuum stability is checked
explicitly as discussed in Sections 2.5. The flavour changing self energies are resummed,
closely following Reference [23]. The scan is done over the parameter regions

MmQ(D),g > 1TeV, mru > 5TeV, MR, > 0.5TeV,
mg >2TeV, lyp| = |ys| < 2, lyul <25,
—M; >1TeV, M; > 0.5TeV, u>05TeV, (2.77)

where we optimised the selected regions, through our intermediate result in Section 2.3,
see also Figure 2.5 and 2.6. To minimise the computational expense, the non-holomorphic

couplings A;M are determined for a given set of parameters such that the charged

1Since the value of K is irrelevant for our application, we refrain from going further into detail, and instead
direct the interested reader to Reference [102] and the references therein, and of course to the original
Reference [104].



30 2. A Supersymmetric Solution to the Ry, Anomalies

lepton and down quark masses are obtained. Non-holomorphic couplings A} or right-

handed squark mixing AR R 23 Yielding a tachyonic mass spectrum or generating a vacuum
instability are discarded.

We provide a benchmark point, defined as the parameter point minimising

Xz = Z (Oi,theo - Oi,exp) Vij (Oj,theo - Oj,exp) ’
)

with the covariance matrix V and within the regions in Equation (2.77). For this point, a set
of masses and couplings, (my, z, mg z, AL, Yr), to generate the tau mass is determined such
that the vacuum remains (meta-)stable. Of course this is not a sophisticated statistical
procedure, but it helps us to determine a point in the MSSM parameter space where
we can explain the anomalies in Ry, without violating any experimental measurement
which is exactly what we want to show.

Bencamark Point - We obtain the following best fit point:

mge: = 18TeV, mor = 6.2TeV, mps = 1.1TeV, mpj = 2.3TeV,
mp; =19TeV, mgrn = 058TeV, mp:=03TeV, mprz=280TeV,
M =—-71TeV, M, =27TeV, u=16TeV, mg =5.6TeV, (2.78)

while the trilinear couplings A}, squark mixing AR r23, and Yukawa couplings v read

ARrz =079TeV?,  Al=-27TeV, A, =38TeV, A, =-17GeV,
yp = ys = —2.0, Yy = —2.5, (2.79)

with x2;, =~ 1.67. The New Physics contributions to Cg and Cy are
ciP = —041, ChF =0.44, (2.80)
very close to the best-fit obtained in Reference [14]
Cy = —Co = —0.441007 (2.81)

based on the full set of data, which also includes angular observables like PL,intheb — sl
transition. For the value of Ry, and other observables see Table 2.4. There we also list
their deviations from the experimental measurements. And indeed, we see a very good
agreement between theory and experiment with most deviations well below 1¢.

As already explained one can determine a set of parameters (mpz mgz, A'T, yr) to generate
the tau mass radiatively. Note that the non-holomorphic coupling A’ enters the tau mass
correction as o« (uy, — A%), and hence, it has to be of order AZ ~ —uy, ~ 4TeV to have
a noticeable effect on the tau mass. Nonetheless, the effect is at most < 10 % since all
other contributions are dominated by y.u, cf. Equations (2.54) and (2.55). However, the
trilinear coupling enters the radiative corrections to the lightest Higgs mass m,.,, and due
to the large tau Yukawa coupling, there is a non-negligible cancellation with the stop and
top contributions for A”. ~ O(10TeV). For this reason we choose A, = 0 and show the
allowed region for y, = 3 in the stau mass plane in Figure 2.10. There, we also show the
naive vacuum stability constraint as hashed region.

Before summarising the main results of this chapter, we comment on some questions that
emerged.
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Table 2.4.: Parameter point with the lowest sum of the squared deviations of all considered

observables.
observable O; value exp di = (Ojtheo — Oiexp)/ Ti ot
R 0.828 0.846 + 0.043 0.41
RS 0.80 0.69 £ 0.10 1.08
BR(Bs — pp™) x 10° 3.06 3.00 + 0.46 0.12
BR(B — X,7) x 10* 32 3.0+0.4 0.31
Cp, 1.08 111 +0.09 0.29
¢p, x 10° 1 7+16 0.38
Aay x 10° 2.53 2.51+0.59 0.03

CoMMENT ON THE STANDARD MoODEL Hices Mass  As discussed in Section 2.1 the Standard
Model like Higgs field has a mass of mz much below the measured value of 125GeV.
For this reason the radiative corrections have to account for the difference between the
measurement and tree-level prediction. Usually the dominant contributions are mediated
by the stop and the heavy top quark. However, in our case, there are additional important
contributions: The sdown quarks and charged sleptons couple with the large Yukawa
couplings ¥s - ~ 1 and the non-holomorphic couplings Aé,b,y,r to the ‘wrong” Higgs
field via v, = v. This yields an important constraint on the still undetermined right-
handed stop mass mp: and the holomorphic coupling A;. All these contributions can
be determined with the help of the known one-loop effective potential. Requiring the
Standard Model like Higgs mass to be my,, = 125 45GeV, the allowed region on the
Ap—mpg z plane is shown exemplary for the benchmark point in Figure 2.10.

ComMENT ON CoLLIDER CONSTRAINTS Most parameters are chosen 2 1 TeV, and therefore,
current collider constraints are evaded. However, as it has turned out, in order to generate
the tau mass radiatively, the left-handed stau mass has to be < 500 GeV, and the question
arises if such low masses are not ruled out yet. The left-handed slepton predominantly
decays into an off-shell W boson and a left-handed sneutrino, for this reason not even the
Large Electron-Positron Collider (LEP) bound of < 100 GeV applies in that case. There,
the bound on the sleptons comes from the decay into a lepton and neutralino resulting into
two non-back-to-back leptons and missing momentum [83]. This also holds for the LHC
searches, where the limits do not apply anyway for 7,0 > 130 GeV [83]. Moreover the pair
production of sleptons is strongly suppressed compared to the coloured particles and still
significantly smaller than the production cross section of charginos and neutralinos [83].
The (mono-)jet searches focus on the squark sector and are not suitable due to the small
mass difference between the left-handed stau and sneutrino resulting in low transverse
momentum or energy of the decay products and thus inundated by the huge Standard
Model background. For the left-handed sneutrino LSP, the relevant constraint comes
from the Z width measurement excluding mj » < 45GeV [83]. For an extensive review
see Reference [83].

CoMMENT ON SpOWN MixING THROUGH NoN-HoromorpHic CouPLINGs As mentioned in
Section 2.1, another possibility to introduce flavour violation in the b — s transition is
through left-right mixing. However, large left-right mixing A R,23(32) Yields large flavour
violating self energy contributions which have to be resummed. Values for which the
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Figure 2.10.: Left: Mass of the Standard Model like Higgs field as a function of the stop

quark mass mg ; and the holomorphic coupling A; for the benchmark point,
cf. Equations (2.78) and (2.79). The contours are in units of GeV.
Right: Tau mass as a function of the stau masses. The region violating the
naive vacuum stability bound m%lf + mif > |y.p|*/2 is hashed. However,
the whole region shown is at least metastable and long-lived according to
Section 2.5. The white region does not yield a physical mass spectrum, and
the dashed line corresponds to the physical tau mass m. = 1.777 GeV.

anomalies in the b — sll transition are relaxed would then be in direct contradiction to
the bounds coming from neutral Bs meson mixing.

2.7. Summary

Finally, we summarise the main results of this chapter.

e We showed that it is possible to generate large contributions of O(1) to the Wilson

coefficients Co9 and Cjg as it is needed to explain the anomalies in the b — slI
transition for tan f — oo.

* Remarkably, the same parameter space needed to resolve the anomalies in b — s/,
explains the long-standing deviation in (g —2),.

This scenario entails a distinctive phenomenology:
* The higgsino and right-handed squark fields are necessarily at ~ 1 TeV.

There has to be sub-TeV sleptons, a solution to the anomalies implies left-handed
stau and sneutrino fields below ~ 500 GeV.

* On the other hand, the masses of the heavy Higgs fields are O(10 TeV) and therefore
nearly degenerate mpo ~ m 0 ~ mpy-=.

e In contrast to the muon sector the contributions to the transition b — stT are
Coy ~ Ci,
T T
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* As a consequence of the inverted hierarchy in the stau sector compared to the
smuons, there is at most an O(1) enhancement in b — sTT processes compared to
b — sup.

* Bs — tt: here even a suppression of Cg(p) ./ Cs(p), ~ 1/2 is possible compared to
the decay into muons.






CHAPTER 3

New Physics in the Transition b — dlI?

The recent anomalous measurements of the b — sl transition [2,5] immediately raise
the question whether similar anomalies are also present in b — dlIl processes. A priori
there is no reason for the yet unknown New Physics not to couple to the down quark,
more particularly since the b — sll measurements as well favour a coupling to the first
generation lepton [14,67,68]. Yet there are only two observations involving this transition:
the decay B™ — 7t pup [111,112], and A) — prr~pp [113] all performed by LHCb. The
reason is the additional CKM suppression by |V;;/ Vis| compared to the transition b — slI
rendering the measurements even more difficult to perform. However, in the context
of the planned LHCb upgrades, significant experimental improvements are expected
allowing measurements at the few percent level [114]. For this reason, precise theoretical
calculations are essential to enable a comparison with the experiments.

Calculations of the decay BT — 7" up in the low g* region, i.e. below the charm quark
resonances |/ are performed in the naive factorisation approach in Reference [115].
While the vector form factor f°” can be extracted precisely from experimental data,
heretofore, lattice data on the tensor form factor f£" was only sparse. For that reason
the tensor form factor f27 is calculated from the analogous form factor in the b — sl
transition, f£X, with the help of an SU(3)r symmetry ansatz. A similar calculation is
performed in Reference [116] within the QCD factorisation (QCDF) approach which is an
adaption of the analogous QCDF calculation of the decay B — K*II in Reference [117].
However, instead of an SU(3)r ansatz, the form factors are taken from a previous light-
cone sum rule (LCSR) calculation [118]. The LCSR approach is also used in Reference [119]
to determine the non-local contributions to B — 7/l in the low g* regime. There, this
approach is combined with QCDF and an operator product expansion (OPE) at §* <
0,]q* > Aqcp—a prior developed method to calculate the charm quark effects in B —
K11 [120]. Furthermore, in Reference [121] the decay width is calculated in the whole
q* range in the relativistic quark model.

For the low recoil region, i.e. above the resonances ]/ and ¢, an OPE for large g°—first
discussed to some extent in References [122,123] for the b — sll transition and further
systemised in References [124,125]—can be applied, as briefly done in Reference [126].
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In this chapter, we will go beyond these available analyses for the decay of B mesons into
pseudoscalars P, B — PII': We combine several approaches by applying the 1/ qz—OPE
for the up quark contribution below the charm resonances where g* is still large enough
for an expansion in 1/4? and far away from the up quark resonances g% > mﬁ/wlq,. At the
same time, we use QCDF for the charm quark contribution and compare the result with
an experimental extraction of the very same contribution from the anomalous b — sl!
data. The latter further enables a prediction in the region between the charm quark
resonances, i.e. m% Jp < 7> < mlz/],. Next, we analyse the effect of New Physics on processes
involving the b — dll transition in Section 3.2. While the rare b — dlI processes are known
to be sensitive to New Physics due to their strong suppression in the Standard Model,
we examine in particular the mixing-induced CP violation. Here a large cancellation
of theoretical uncertainties is expected, and thus, yielding an even higher sensitivity to
physics beyond the Standard Model.

3.1. Semileptonic B Meson Decays into Pseudoscalars

Unless noted otherwise, we follow the convention of Reference [125], and the notation of
References [119,125]. The effective Hamiltonian for b — dll reads [125]

G 10
Hetr = —= Y. Ap |CIQY +CQb+ Y CiQil (3.1)
\/E p=u,c i=3
with A, = V;deb and [125]
Qf = (Pb)v—a(5p)v-a, Q) = (pibj)v-a(Gipi)v-a,
Q= (b)v-a). (@7)v-a, Qs = (3ibj)v— AZ qi9i)v-a,
q
Qs =(8b)v—a ) (G v+a, Qs = (3ib; V—AZ qiqi)vea,
q
Q7 = 8 a5 Mb SO’;,V(l + 7vs5)F*'b, Qs = 8g2 my, SO'W(l + 7v5)G"b,
14 —
Qo = E(gb)V—A(l')’yl) Qo = (Sb)v Allyusl), (3.2)

where V + A denotes 7#(1 4 7). Using the unitarity of the CKM matrix A, + A. = —A;,
Equation (3.1) can be written as

G
Hegt = —= C1Q1+C2Q2+ Z CQZ ——At Yy GQ
\@P=uc i=7.9,10
Gr
= —_ | A H" + AHS — Ay C'Q'] . (3.3)
\ﬁ[ u c iz;gllo 11

The decay amplitude for the process B — PlI is then given by sandwiching the effective
Hamiltonian between the initial and final state. The resulting matrix elements of the
operators Q7, Qg and Qg are given by the vector, f°” and f2”, and tensor 2" form factors
defined through [119,125]

(P(p)| dv"b |B(p+ ) = 2fE7 ()" + [ £ (a) + FE° (D) | 0",

Note that from now on we drop the meson charges, i.e. B = BT is implicitly understood. Neutral B mesons
are written as By with the down-type valence quark g. The final state will only be denoted as P = wor P = K,
the exact quark content and the charge immediately follow from the initial state as we only consider b — dll
transitions. In case the final state P is not further specified then B = B¥, B,
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B iBn(qZ) mZ_mZ
P(p)|dc*q,b|B :Tz[zﬂ <1—BP) f*}, 3.4
(P(p)ldc™qub|B(p+q)) = —= =4 |2p" + Z )1 (3.4)

with the lepton-pair momentum g°. Note that the form factor f_(g?) from Reference [125]
is related to f°(g*) from Reference [119] by

w2 2
f-(g%) = % [£2(q%) = f+(4%)] - (3.5)

Inany case, " is contracted with the lepton bilinear terms in such a way that after applying
the equation of motion,

qyj’)/yPLl = —mﬂPLl + ﬂ’lJPRl = mﬂfy5l, (3.6)

these terms will be proportional to the lepton masses, and thus, negligible for electrons
and muons.

The actual difficulty lies in evaluating the hadronic matrix elements of the Hamiltonians
H" and H¢ introduced in Equation (3.3). Their contribution reads [119,125]

/d“xel“ P T (x)H"O(0) [B(p + ) = (P(p)| K}y () [B(p+ 1)), (B7)

with the electromagnetic current j# = Q,g7"q. Notice the different sign convention
compared to Reference [125]. Altogether the decay amplitude for b — dIl can be written
as

GFIX

A(B— PIl) = ~ o

—M\ KA” + ﬁ Al + ?\ A”) uyuv+ Ay uyuyso| , (3.8)
t t
with

— 1 —
Ay =G <P|d7”(1—75)b|3> “02 (P|do™(1+°)b|B)

= Co2fIP(q)p" + Cr = 2 ()
Ay0:C10<P|d’Y”(1—’Y)b’B>=C102f+ ()",
A}, = (P|Kiy(4%) |B) (3.9)

In the following, we briefly describe two methods commonly applied to evaluate the
correlator in Equation (3.7) in the high ¢* > mzzp (25) and low 7 < m? /y Tegion, respectively.
Even though we discuss both regions separately for pedagogical reasons, we bear in
mind that for the up quark contrlbutlon H ", we want to apply the OPE below the charm
quark resonances g% < m? /p and 7 > m? oy AéCD. In the following, we will highlight
the differences regarding the calculation of the up quark contribution. For a detailed

discussion of the technicalities see References [117,125].

High 4° Region

In the low recoil region there is a large momentum ¢* ~ m? running through the quark
loop. Integrating out this hard quark loop results in an OPE [125]

Kty = chn )OL, =Y Ky, (3.10)
d
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d

Y

Figure 3.1.: Dimension-3 contributions to the high-4*> OPE resulting from the insertion of
Q’f}z with p = u,c.

with the perturbatively calculable Wilson coefficients C; ,, and local operators O, ,,. Here
d denotes the dimension of the operators while #n runs over the different operators of the
same dimension d. Note that compared to an effective Hamiltonian we integrate out a
hard momentum scale instead of a large mass.

The first terms of the OPE are worked out in Reference [125] and read
Ky = Kby 5+ Kl 5 + Kby o + O (a0, (A /)%, my /my) (3.11)

up to relative O(as) corrections. Notice however, that we will include the relative s
corrections to the dimension-3 contributions.

DmvensION-3  As it was shown in Reference [125], there are only two operators at leading
order [125]

i
Of, = <g”v qqq > dy,(1—5)b, Of, =

Z;qu Ao (1 + 5)b. (3.12)

Note that qyO” = 0 as required by the Ward identity. The corresponding Wilson coef-
ficients are the perturbatively calculated one-loop insertions of the four-quark operators
in H*, see Figure 3.1. The charm quark contribution can be found for example in Refer-
ences [125, 127]. The corresponding contributions for the up quark is obtained by taking
the limit m, — 0. The dominant contributions come from the operators Qf and Qg due
to the small Wilson coefficients of the QCD penguin operators.

Similarly, the a5 correction is obtained by calculating the two-loop matrix elements of Qf
and Qg which was done for b — dll in Reference [128] for the first time. However, there
the expansion is performed for low g2. For this reason we use the result of Reference [129]
for the b — sll transition. Since no expansion in inverse powers of the charm quark
mass is performed, we can safely take the limit m; — 0 to obtain the a5 correction
for the up quark loop. Due to the structure of the operators in Equation (3.12), the
corresponding coefficients are often absorbed into C9 and Cy, usually denoted as CS
and CS¥, respectively. Note that for a complete next-to-next-to-leading order (NNLO)
evaluation one additionally needs Cy to two-loop accuracy and the running at three-loop,
both available for a long time, see Reference [130] and Reference [131], respectively.!

DimeNnsion-5  Operators with a gluon field strength tensor G, start to contribute at
dimension-5 [125]. They read [125]

Of, =d(gGI,)"b, (3.13)

Notice that the operator basis differs in some references.
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u(c)
u m
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Figure 3.2.: Left: Dimension-5 contribution resulting from the expansion of this diagram
in 1/g%. The photon is attached left and right from the gluon, respectively.
The black dots correspond to the insertions of operators from Equation (3.2).
Right: Dimension-6 contribution resulting from the attachment of the photon
to any of the external lines.

with the Dirac and Lorentz structure I';,. Such contributions emerge for instance from
interactions shown in Figure 3.2, first observed in the context of the transition b — s [132].
Since ¢° is large, the gluon momentum 72 is small, and the corresponding diagrams can
be expanded for g% >> 1? ~ AZQCD which yields a series of local operators [122].

For example, the leading order contribution [122,125]
3 97" 967"
Kl 5 & dya(1—5)Gapb [e“WZZ + eﬁwf]—z —emrde| (3.14)

is obtained by expanding the left diagram in Figure 3.2 for 1 = 0 to first order in 1/4°.
However, all matrix elements of the operators O arising at a higher order n > 1 are
currently unknown, they contain contributions like
_ iq-D\"
O ~572(1 - 75) ("qz> Guph e, (3.15)

which scales as ~ g - 7/q* ~ Agcp/ \/% for g* > r*. In the case of the up quark loop,

we have a region where ¢° > m2; and q* < m?; are satisfied, and thus, this OPE is valid
below the charm quark resonances [122].

Notice that Reference [125] uses as a transition point from QCDF to OPE the value
7> ~ 15GeV? > m2. This estimate is only based on the dimension-5 power correc-
tions. However, these contributions enter in a suppressed way, and thus, we expect the
expansion to be still valid below 15GeV?. For this reason we include the error estimate
based on dimensional analysis explicitly in the formulae to quantify the error of the OPE
since we want to apply it for 4% as small as possible.

For this, we briefly discuss the terms entering for 7> # 0 before turning to the dominant
dimension-6 contribution. Beside the interaction of soft gluons with the spectator cloud,
the contributions from hard-collinear gluons might be important. This is because for the
decay into a light meson the momentum configuration where each of both valence quarks
carries half of the momentum is preferred. This can be explicitly seen by inspecting the
light-cone distribution amplitudes of light mesons. If we parametrise the kinematics as

AT =
PB = <mB/0> s pp = (EP/ _ﬁCm)T ~ PemNn—, q= (Eq’ pcm)T 4 (3‘16)
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with
2 2 _ 2 2 _ 2
_mpt+mp—q° mp—q _ T
pem = 0y P D n_ = (1,0,0,-1)7, (3.17)

the hard-collinear gluon then carries

v~ chmni ’ 1"2 ~ pCTmAQCD . (318)

Compared to the contribution coming from the next orderin 1/4? for r* = 0 which scales as
g -1 ~ mppem/2" for this momentum configuration, the hard-collinear gluon contribution
is relatively suppressed by Aqcp/mp. The error due to these higher order terms is now
estimated by explicitly expanding the left diagram in Figure 3.2. The dominant terms
in the expansion are summed coherently since the matrix elements are unknown. The
matrix elements are then replaced by the values obtained by dimensional analysis as just
discussed. This approach is similar to the one done in Reference [122].

DmvensionN-6  The dominant dimension-6 contribution is given by the weak annihilation
operators, see Figure 3.2. Unlike in the transition b — sll/, these contributions are not
negligible for B — 7. In the former case the up quark loop can be neglected due to the
strong CKM suppression «|V,;,V,;;/ (Vs Vi) |. However, in the latter case, the large Wilson
coefficients C; and C; enter through the matrix elements of Qf and Qj, respectively.
Additionally, these contributions introduce isospin breaking effects through the spectator
interaction. The charm quark result [125] can be adapted to the up quark case by adding
these missing contributions. At this stage one has to evaluate the matrix elements of four-
quark operators. For this we use the same approach as in Reference [125]: Since the recoil
Ep of the pseudoscalar P is Aqcp < Ep < mp, we evaluate the matrix elements to leading
order in QCDF which coincides with naive factorisation. This permits the evaluation of
the matrix elements in terms of the decay constants fp and fp. Of course this introduces
an uncertainty, which we parametrise according to dimensional analysis as Aqcp/ Ep.

Low g° Region

To evaluate the matrix element in this region we resort to the QCDF approach. In the low
q* regime, the large recoil energy of the light meson Ep >> Aqcp separates the hard scale
from the soft gluon interaction, and thus, permits an expansion in Aqcp/{Ep, myp}. This
translates schematically into the following factorisation formula [117]

(I"17P| e | B) = Cplp +Pp @ Tp @ @p + O (%}) , (3.19)
where ®); denotes the light-cone distribution amplitude (LCDA), ¢p the form factor
containing the soft contributions, and ® the convolution of the hard scattering kernel Tp
with the LCDAs. This hard scattering kernel Tp and the coefficient Cp are perturbatively
calculable. The former contains the hard gluon-spectator interaction which compared to
high ¢° is now a leading power effect [125]. Both coefficients are usually decomposed
into factorisable and non-factorisable contributions. The non-factorisable contributions
arise from the insertion of the four-quark operators and chromomagnetic dipole operator.
In the large recoil limit, the form factors are related by symmetry relations. Radiative
corrections to these relations arise through the factorisable contributions. However, we

The corresponding operator is dimension-6.
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Figure 3.3.: Theoretical predictions of the differential branching ratios for the charged
(left) and neutral (right) mode, the upper and lower limits of the predictions
are shown as solid lines. The OPE is in orange, the bins contain experimental
information and are only valid for I = y, see text. Below the |/ resonance,
the OPE is combined with QCDF for the charm contribution while blue is
based on QCDF for both, the up and charm contribution. The experimental
measurements are shown in dark grey.

use the full form factors from LCSR and lattice calculations, and for this reason we drop
these factorisable corrections. Therefore we can compactly write

(P| Kt |B) = (P| Ky 5 |B) +Z07, (3.20)

whereZ l(jnf ) denotes the non-factorisable spectator interactions for the decay into the pseu-
doscalar meson P. These contributions can be inferred from the decay into longitudinally
polarised vector mesons determined in Reference [117]. Note that similarly to the high g
case, one has to include the additional weak annihilation contributions from Q7 and Q5.

As in the high q2 region, we estimate the uncertainty by dimensional analysis. Thus we
explicitly vary a term of O (A /m;,) with a free strong phase, analogously to Reference [133].

Result

Now we are ready to give our predictions for the hadronic b — dII transitions. The
input parameters are listed in Appendix C. We consider the decay of B mesons into
charged and neutral pions, as well as into neutral kaons. Before discussing the results,
we briefly comment on the experimental perspective. As afore-mentioned the decay into
the charged pion has already been observed at the LHCb, and further measurements are
planned allowing for a precision better than 2 % for the full 300 fb ' dataset [114]. On the
other hand the decay into neutral pions can be well measured at Belle II since the photons
from the neutral pion decay can be efficiently reconstructed due to the clean environment.
The decay into neutral kaons with a b — dI! transition, however, requires a B; meson, and
unless Belle II runs at the Y(5S) resonance, it can only be measured at LHCb. Moreover,
B; mesons oscillate much faster than B; mesons, and thus, LHCb profits from the highly
boosted B mesons in CP asymmetry measurements.

Now we turn to the theoretical predictions. The differential branching ratio for B — PII
processes reads [125,134]

2.2
Gra

mm’;mbﬁﬁﬂ(m%,m%,qz) fp(qz)
B

d
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Figure 3.4.: Theoretical predictions of the differential branching ratios, the upper and
lower limits of the predictions are shown as solid lines. The OPE is in orange,
the bins contain experimental information and are only valid for | = y, see
text. Below the |/ resonance, the OPE is combined with QCDF for the
charm contribution while blue is based on QCDF for both, the up and charm
contribution. The dashed line uses the lattice form factors below the |/
resonance, see text.

2
+|Cof?

2my, 2L (q?)

X
my +mp ™ F27(q?)

Co + ACg +

. (321

for ml2 / q2 ~ 0, Sp = 2 for neutral pions and Sp = 1 otherwise, with the B meson lifetime
T, and with

ACs <py N Pq'zqq,,> _ A/ A(P(p)| Kl [B(p +9)) +Ac/ At (P(p)| Kie [B(p +9))

2f8(q?)
= (AC9,u + AC9,C) (PH - pqzqq‘u> ’
A(m, mp, q°) = mg + mp + q* — 2(mymp + myq” + mpq’) . (3.22)

We vary all input parameters within their quoted errors, cf. Appendix C. We do not add
theoretical uncertainties, cf. Appendix D, in quadrature since they are not of statistical
nature. The renormalisation scale is varied between 2.5GeV and 10 GeV. The breakdown
of the total uncertainty is shown in Appendix D. From now on, all branching ratios we
refer to are CP averaged. The results are shown in Figure 3.3 and 3.4.

Above the [/ resonance, an OPE for the up and charm quark loop is performed. In this
region, the most precise form factors come from the latest lattice calculations [126, 135
137]. Only the tensor form factor f?sK is not available, for which we therefore use the
latest result of a LCSR calculation [138]. For the vector form factor f. BT we make use of
the more precise result from a combined fit of LCSR, lattice and experimental data [139].

In the low 4° region, mczp <¢* < m% /y» We perform a QCDF for the up and charm quark
contributions and use the form factors from the LCSR calculation [138]. These are the
most precise results for the low g* region except for the vector form factors of By — K
and B — 7. For f27, we use again the combined fit [139]. For B; — KII in the region
6 GeV? < q2 < m% Y the lattice calculation yields for f sz similar uncertainties but the
results are not compatible within the error bands, cf. Reference [138]. Thus, in this
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Figure 3.5.: As in Figure 3.3 and 3.4 but with the extraction of the charm contribution after
absorbing the form factor dependence into ACg ..

transition region, we use both form factors for the decay B; — K, see Figure 3.4, and
we also apply an OPE for the up quark contribution and a QCDF for the charm quark
contribution for all hadronic transition we are considering.

Further, the bins in Figures 3.3-3.5 contain the charm contribution as extracted from the
experimental measurements of B — Ku"u~ [140]. Since we can extract only the absolute
value of this contribution, we vary the strong phase which enters in the interference of
the charm and up contributions. This might introduce a large uncertainty, however, this
is reduced by CP averaging the branching ratios. Furthermore, this enables a prediction
between the charm resonances. To extract this contribution, one has to perform the g°
integration since the experimental measurements are binned. For this we discretise the
7% dependence in ACy as

ACoc(q?) = Y AC, 0 (¢° —a7) 0 (971 — 7°) (3.23)

with g2, — g?| = 1GeV? outside the charm resonances, and |42, — ¢?| < 1GeV? be-
tween the charm resonances. Lastly, for the decay of the charged B meson, we overlay the
available experimental data, see Figure 3.3 left. Additionally, one can extract the charm
contribution ACq . after absorbing the form factor dependence into ACy .. The resultis then
independent of the form factors entering in the matrix element of H°. However, this in-
troduces an additional uncertainty of O (30 %) due to SU(3)r breaking. This is large com-
pared to Equation (3.23), where the additional uncertainty is fr/ f+ ~ O(Aqcp/mp) [141]
assuming that the charm contribution can be calculated according to Section 3.1, which is
questionable for > close to the charm resonances. Moreover, this reduces the correlation
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Table 3.1.: Theoretical predictions of the branching ratios BR(B — PII). The error inside
the parentheses comes only from the uncertainties of the CKM matrix, while
the first error includes all uncertainties.

decay [1,6] GeV? [17,22] GeV?
BR(B — 7tll) x 10° 6.6372%% (0.32) 5.057599 (0.32)
BR(B; — mll) x 10 4477072 (0.28) 4697075 (0.30)
BR(B; — KlI) x 10° 8.03715 (0.51) 4.207 143 (0.27)

Table 3.2.: Theoretical predictions of BR(B — Pu*u~) with experimental input from
BR(B — Kutu~). The error inside the parentheses comes only from the
uncertainties of the CKM matrix, while the first error includes all uncertainties.

decay [11,11.8] GeV? [11.8,12.5] GeV?
BR(B — ™) x 10° 5.86 4 1.81 (0.30) 5.48 +1.97 (0.31)
BR(B; — mutu~) x 10° 5.52 4 1.69 (0.30) 5.15 4 1.85 (0.30)
BR(B; — Ku'tu~) x 10° 5.83 +2.24(0.33) 5.37 +2.29 (0.31)

between all parameters yielding overall larger uncertainties on the extracted values, see
Figure 3.5 in the SU(3) p-limit.

Finally, the theory-only predictions are given in Table 3.1 while the predictions between
the charm resonances with experimental input are given in Table 3.2. Note that the
SU(3)r method applied for the latter leads to the predictions in Table 3.2 if the New
Physics entering B — KlI is minimally flavour violating.

Next, we take a look at the CP asymmetries.

3.2. New Physics: CP Asymmetries

In this section, we consider the effect of New Physics on the transition b — dII. This is
done in a model-independent way, that is we parametrise the New Physics in terms of the
complex Wilson coefficient C)'"

~ 2
dC;ZBR(B — Pll) ’cg + ACo + CYP|" 4 |Cy?, (3.24)

with Cg = Co + 2my,/ (mp + mp)C7 fET / fBP. First, we briefly discuss the direct CP asym-
metries after which we turn to the mixing-induced CP violation.

Direct CP Asymmetry

The direct CP violation in the decay B — PII is given by

Sl

d%ZBR(B — PII) — diquR(E — PII)

dir/ 2
acp(q”) = = , (3.25)
aBR(B — PII) + 3.BR(B — PlI)

=l
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Figure 3.6.: Direct CP violation in the Standard Model and beyond. To obtain the New
Physics prediction for allf, we use only the central values of all parameters,

i.e. no variation of input parameters is performed.

and thus

i 2rg sind, (Im(C)F) COS ¢y — [Co + Re(ChT)] sin¢py)
L6+ CH'P|2 + 72 4 21 cos 64 ([Co + Re(CHT)] cos ¢y + Im(CH) sin¢y) *

(3.26)

with ACy = rqei‘sf7 e'%1, where 0, and ¢, denote the strong and weak phases, respectively.
In the Standard Model a8 is very small a5 ~ 10731072 in the high ¢° bins, and thus,
one might expect the direct CP violation to have a high New Physics sensitivity. However,
not only is the uncertainty large but also the amplitude r; is small in the Standard Model
ry < 1 for 7> > 15GeV2. Since the New Physics contribution only has weak phases,
the Wilson coefficient C)' in the numerator of Equation (3.26) interferes just with the
strong phase J; and amplitude ;. Hence, the New Physics effect will be suppressed just
as the Standard Model contribution, cf. Equation (3.26). This is, however, different in
the low ¢* bins where there might be large contributions coming from weak annihilation
contributions in the hadronic B — 7 transition yielding a large strong phase. For this
reason, we show the direct CP violation, a3, together with the effect of New Physics
in Figure 3.6 and Figure 3.7. And indeed, the low 4> bins are sensitive to New Physics.
Interestingly, for large Wilson coefficients |C)''| > 1, the preferred value for the direct CP
asymmetry lies outside the range of the Standard Model prediction. Now we turn our
attention to the mixing-induced CP violation.

Mixing-Induced CP Asymmetry

Mixing-induced CP violation is present in the decays of the neutral B mesons. Since
here all final state mesons P are CP eigenstates, we can write the time-dependent CP
asymmetry as [142]

T(By(t) = P) —T(By(t) — P)
[(By(t) — P)+T(By(t) = P)
__ Alpcos (AME) + AZpsin (AMY) ) (1 - ‘ q

cosh (ATt/2) + Aar sinh (ATE/2) v

acp(t) =

2
) ) (3.27)
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where I' denotes the partial decay width, and AM and AT denote the mass and width
difference, respectively. Further

dir __
ACP -

1—[Ap|?
1+ ’/\p|2 !

mix __
cp —

_211’1’1 (/\p)
1+ |)\p’2 !

2Re ()Lp)

Ayr=—-T—7-2,
Ar 1+ |Ap]2

(3.28)



3.2. New Physics: CP Asymmetries 47

where the interference is encoded in the variable [142]

B ﬂA(Eq — P)

A= pA(B; — P)’

(3.29)

with the amplitude A(B; — P), and the B, meson mixing parameters p and q. The effects
of New Physics on the mixing-induced CP violation AT are shown in Figure 3.8. The
plots in the high and low g° region differ just slightly, so we only show the ones in the
high g* region. We overlay the contours with the regions favoured by the experimental
measurements of BR(B — 7utu~) [112], BR(B — Kutu~) [140], and Rg [2] at 10.
Of course the New Physics contribution entering B — Kutu~ couples to the strange
quarks, and thus, does not have to be the same as in the transition b — dlI that we are
considering. For this reason, we show both regions separately. Compared to the direct CP
asymmetry, even smaller New Physics contributions to the Wilson coefficients |C)F| < 1
have measurable effects on the mixing-induced CP violation.






CHAPTER 4

Conclusion

We have first discussed the R-parity conserving MSSM with non-holomorphic couplings
in context of the b — sll anomalies. This framework allows us to generate the lepton and
down-type quark masses radiatively in the limit where only the up-type Higgs doublet has
anon-vanishing vev. This renders the lepton and down-type quark Yukawa couplings into
nearly free parameters bounded by perturbativity. Large Yukawa couplings together with
non-holomorphic couplings make the radiative generation of the masses possible while
permitting large contributions to the anomalous b — sl processes through higgsino box
diagrams. Taking into account experimental and theoretical constraints, we have shown
that a parameter space exists that resolves the tensions in the b — sll transition. This
has been shown explicitly for Ry(., and implicitly for the other anomalous measurements
with the help of the global fit results. As a by-product the long-standing deviation
in (¢ —2), is resolved. The hierarchy between the muon and tau mass, which have
to be generated radiatively in our framework, implies together with the experimental
and theoretical constraints a distinctive phenomenology in collider and flavour physics.
In particular the sub-TeV sleptons and an O(1) enhancement and suppression in the
transitions b — stT and B; — 77, respectively, compared to the final states with muons
stand out. Interestingly, one additionally needs sign(yy,) = —1 in order to generate the
respective lepton masses while complying with theoretical and experimental constraints.

Furthermore, we have analysed the hadronic transition B — PII with pseudoscalar final
states P within and beyond the Standard Model. The branching ratio was calculated by
combining different approaches and utilising experimental information. In particular the
latter allows for a prediction of the branching ratio between the charm resonances. Finally,
the effect of New Physics in terms of a complex Wilson coefficient C)'" has been analysed
in context of the CP asymmetries. In particular the mixing-induced CP is sensitive to
smaller New Physics contributions compared to the direct CP violation. The latter only
shows a New Physics sensitivity in the low 4> bins.






PART II

Excluding Spontaneous CP Violation with
Searches for Charged Higgs Bosons

In this part, we first analyse the most general two-Higgs-doublet model with spontaneous
CP violation in Chapter 5. We summarise the model, and determine upper limits on the
masses of the heavy Higgs bosons which is made possible through the absence of a
decoupling limit. Further, we derive a remarkable sum rule using only experimentally
strongly motivated assumptions. The consequences of this sum rule on collider searches
are then discussed in Chapter 6. Finally, this part is concluded in Chapter 7.






CHAPTER 5

General Two-Higgs-Doublet Model with Spontaneous CP Violation

This chapter is based on Reference [143].

In the Standard Model CP violation manifests itself through complex Yukawa couplings.
Here three fermion generations ensure that one complex phase in the Yukawa sector re-
mains physical. This so-called Kobayashi-Maskawa (KM) mechanism was first proposed
in Reference [144] to explain the observed CP violation in the weak interaction and served
as a prediction for a third fermion generation. While in this approach CP is broken ex-
plicitly by the complex Yukawa couplings, another paper [145] showed soon after that the
introduction of a second scalar doublet allows for a spontaneous breaking of CP. Even
though a third fermion generation was observed and the KM mechanism is now firmly
established, it does not rule out that CP might still be broken spontaneously.

The prime objective of this work is to pave the way for excluding spontaneous CP vi-
olation. This is possible, due to two main reasons: Firstly, the additional Higgs fields
do not decouple in a spontaneous CP violating scenario. This has also been observed in
Reference [146], however, this reference is predated by our previous work in Reference [1].
This non-decoupling behaviour will be briefly reiterated below. Similar non-decoupling
scenarios have been observed in the context of a minimal left-right symmetric model [147],
and in models based on the Gildener-Weinberg mechanism of scale symmetry [148, 149].
Secondly, flavour violation beyond the one present in the Standard Model has to exist
in order to induce a physical KM phase. The main difficulty of this work is the huge
parameter space. This is why previous analyses in the literature have only studied special
simplified cases of the 2HDM as for example in References [150,151]. And indeed, this
question is already tackled in Reference [1], however, there only a benchmark scenario has
been studied which naively is least constrained by flavour and CP violating observables.
This is achieved by fixing all but one of the free complex phases. The main result of that
study is that with current collider and precision observables spontaneous CP violation is
still allowed!

We go beyond Reference [1] by analysing the most general case, and determining new
upper limits on the Higgs masses by requiring perturbative unitarity at next-to-leading
order (NLO). This is done in Section 5.1. Next, in Section 5.2, we provide a clear path on
excluding or verifying spontaneous CP violation as the primary source of CP violation,
which is made possible through a remarkable sum rule for the charged-Higgs couplings
to bottom quarks.
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5.1. Higgs and Yukawa Sector

First we review the model and briefly discuss general features of the Higgs and Yukawa
sectors. Since no decoupling of the additional Higgs fields is possible—as it is shown
below—their masses are fixed by the quartic couplings in the scalar potential, and thus,
we determine stringent upper bounds on these masses by demanding NLO perturbative
unitarity as defined below.

Higgs Sector

The most general renormalisable scalar potential with two Higgs doublets ¢; = (¢°, ¢i+)T,
i =1,2reads [152]

V = mi ol + mapida — (mizdl¢r + hoc.)
A A
+ ZH@1on? + 22 (93027 + Aa($1)(9392) + Aa(91g) (@)

+ [4>I4>z <};5<PT<P2 +Ao(pi¢) + A7<4>§4>z>) + h.c-] : (5.1)

where in the CP conserving case all parameters are real given that the canonical CP
transformation rules CP¢;(x") = ¢; (x") are adopted. In order to spontaneously break
CP, the parameters in Equation (5.1) have to be chosen in such a way that the potential
develops a minimum for

(9) = <0 ) : (92) = ( ’ Z-g) : 62)
B Usge

with the vev v = 174 GeV and the complex phase ¢. Note that in this case the minimum
is already the global one [153]. Moreover, one has to assure that the potential (5.1) is
bounded from below. For a detailed discussion see Reference [152] and in particular
Reference [1], here we focus only on the main features of spontaneous gZP violation. As

usual one can solve the vacuum conditions for the mass parameters m;j; in terms of the

vevs. In case of spontaneous CP violation one has three minimisation conditions:

Re (:})V ) =0, Im (;;V ) =0, Re <§V ) =0. (5.3)
P1lp=(g) P11 p=(g1) P21 p=(g1)

Note that the imaginary part of 9V /d¢, does not yield an additional minimisation con-
dition. This condition is linearly dependent on the ones in Equation (5.3) since we only
have three independent parameters, v, B, and ¢. As a result, one can write all three mass
parameters n13;, m3,, and m?, as a function of v, B, and ¢. Hence, no free mass parameters
are left, and thus, all Higgs masses are fixed to be around the electroweak scale. We
stress, that even in the limit of a vanishing CP violating phase ¢ — 0 the Higgs fields
do not decouple. The limit { — 0 does not yield the general CP conserving case. The
transition from CP violation to CP conservation is discontinuous since the latter involves
one vacuum condition less; conversely the presence of the tiniest CP violating phase ¢
immediately fixes all mass parameters to be of O(v?).

Py ) (M (5.4)
CDZ —Sﬁ Cﬁ ¢2 ’

Changing to the Higgs basis
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directly yields the charged Higgs boson mass [1]

Mys = 0/ A5 — Ay, (5.5)

and the sum of the neutral Higgs masses [1]
1 3
53 Y miy = sapce (A6 + A7) + Azsg + Mg+ As, (5.6)
i=1

where the non-decoupling is apparent. Requiring unitarity for the 2 — 2 scalar scattering
matrix S'S = 1, one now obtains inequalities which have to be satisfied by the quartic
couplings. This translates into upper limits on the very same couplings which in turn
yields upper bounds for the Higgs masses. Moreover, requiring the NLO contribution
to be smaller than the leading order one, i.e. convergence of the perturbative series,
strengthens these bounds further. For the combination of those two constraints, we use
the term perturbative unitarity. Note that this is not always done in the literature, and both
terms are often used interchangeably. The unitarity bounds at NLO for renormalisable
scalar sectors can be found in Reference [154] while the required -functions can be found
in Reference [152]. In our case this translates into the following upper bounds on the
masses of the Higgs fields

3
my= < 445GeV, Mg < 545GeV, M <570GeV, Y mpy S11TeV.  (5.7)
i=1

The correlation of the heavy neutral Higgs bosons, assuming the lightest field H} to be
Standard Model like, is shown in Figure 5.1. Inspecting the determinant of the neutral
Higgs mass matrix M%{

det M%J = m%{? milg m%{g x Sg sgﬁ , (5.8)

it is apparent that identifying the lightest Higgs boson with the Standard Model Higgs
field also yields, together with the upper limits on the Higgs masses, an allowed region
for the vacuum phases  and ¢, see Figure 5.1

0.22 Stanp < 4.5, |sin¢| 2 0.42. (5.9)

Finally, the neutral Higgs mass basis is defined by
O MO = diag (myp, mysg, myy) | (5.10)
with the orthogonal matrix O.

Yukawa Sector

The quark Yukawa Lagrangian reads

Ly = —Qr Y1 + Yiad2) ur — Qp (Yardr + Yiop2) dr + hec., (5.11)

with ¢; = e,-]-cp;-‘ where €12 = 1. We work in a basis where the 3 x 3 Yukawa matrices Y;; are
real without loss of generality since CP is broken spontaneously. Thus, after electroweak
symmetry breaking the quark mass matrices are given by

M : M .
7“ = Ycp + Yipe sg, 7‘1 = Yacp + Yaresp. (5.12)
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Figure 5.1.: Left: Allowed region on the tan f—sin¢ plane where the maximal possible
value for the lightest Higgs mass is shown in different shades blue. In red we
show contours of the lower bound on the largest charged-Higgs coupling to
bottom quarks.

Right: Allowed region on the heavy Higgs mass plane as allowed by NLO
perturbative unitarity assuming a lightest Higgs field with mass 120 GeV <
mp, < 130GeV.

As discussed in Reference [1], the KM phase can only be induced if the CP violating
vacuum phase ¢ remains physical, in other words the Yukawa matrices of either the down
or up quark sector must not be diagonal in the same flavour basis. Thus, not only are the
Higgs masses bounded from above but also there has to be additional flavour violation
at tree-level. Hence, neither a decoupling limit nor a limit where the flavour violation is
aligned to the Standard Model exist. Since flavour violating couplings in the down sector
are strongly constrained by experiment, we work with down quark Yukawa matrices Yy;
that are diagonal in the same flavour basis, i.e. no flavour changing neutral currents at
tree-level in the down quark sector.! In this case the down quark mass matrix is obtained
through a singular value decomposition with an orthogonal left-handed rotation V;;; and
a diagonal phase matrix times an orthogonal right-handed rotation PV;g. Extending V;
to be an SU(2) invariant transformation it can be absorbed into the real Yukawa matrices
Y,;. Thus, the up-type quark mass matrix is diagonalised by M,, = VerSlag Vi with the
CKM matrix V and a free unitary matrix Vz. Finally, the charged-Higgs couplings to the
quarks read

Ly D HL,iH_FgﬁfluR,j + ﬁL/iH+r5§?dR,j +h.c., (5.13)
with
€ | My, e my,
LRH kj u LRH ki |
rdiuj - Vk#; 5ij/S - C‘B] US; rll,'d]' = ‘/ik 57{]'8‘3 - S‘B] UC; s

uc , vs

& = (VY Vi), > & = (Vi Y PVir) 2 (5.14)
j

i

Note this choice is only broken by tiny radiative corrections §Y; o Y1 Y.L, Y1/ (167%).
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Notice that &4 is a diagonal matrix as afore-mentioned. Further, one can solve for Y
using Equation (5.12)

1 c i
Y= — (Re+ 5Im> [V*m‘j "‘gvﬂ , (5.15)
Z)Clg Sg
which yields
w _te—io tedilorore
u __ ..
o= St oy (VT VE Vi, )ij, (5.16)

with tz = tan . Up until now V denotes the CKM matrix in any phase convention. Since
we are working with real Yukawa matrices which are determined as functions of the CKM
matrix, the re-phasing freedom of the CKM matrix can yield physically inequivalent sets
of real Yukawa matrices. This can be made explicit, for example, by fixing the phases
in the CKM matrix V to the standard parametrisation V' — Vppg in Equation (5.13).
In this case one has to replace V by V. — VppgP with a free diagonal phase matrix
P in Equation (5.16). Altogether the flavour violation in the up sector is fixed by 11
free real parameters, both vacuum phases, the CKM matrix, and the up quark masses.
Interestingly, the Vx dependence of flavour violating couplings at tree-level enters only
through the symmetric unitary matrix V; Vg.

5.2. Charged-Higgs Couplings to Bottom Quarks: Sum Rule

Here we analyse the flavour violating couplings €”. Inspecting Equation (5.16), the third
row of the couplings matrix €" is given by
te—1i te +i

A _ 5
87 Top, T te

(VPDGPVPTDGmu VRTH;])

33
= tgt_; + thlpaaVR33 +0 (Vg ) -

& = gzj 11533‘71332* +0 (Vo) -

& = t(’;:r 11333‘71%31”7 +0 (Vipga) - (5:17)

with the diagonal phase matrix P = P?> = PPT, and the unitary matrix Vr = Vlg Vk. The
contributions of O(VgDGBZ) are negligible yielding only a correction of S 0.2 %, and thus,
we drop them from now on. Plugging the couplings é5; from Equation (5.17) into the

vertices FLRH (FRLH )* from Equation (5.14) yields for the charged-Higgs couplings to
light quarks
My 2 2
FRLH FRLH oo 1— V 1
‘ ZZ)S'BCl;Sé ( ‘ R’33’ ) ! (5.18)

while the coupling to top and bottom quarks reads

2 2 trdi  tr—i.
‘FRLH‘ <27)Tts > ‘ZC%_ gt gt P33VR33
BSB g ¢

2

(5.19)
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Adding Equation (5.18) and (5.19), one gets
2
FRLH < mi >
it ZZ)S‘BCﬁt(:

with the free parameters |Vg 33| < 1, and 0 < ¢ < 27t. This equation can be rewritten
and brought into a more compact form by solving Equation (5.19) for the entry Vg 33 and
re-inserting it into Equation (5.18) or (5.20). Rearranging these terms leads then to:

1 -
1+ C72 + C%ﬁté +2 }VR,33‘ (ZS(Pth% — C(/)(CZ‘B% + 1))
¢

(5.20)

rRLH( My 2m copRe T — Il , (5.21)
i=u,c,t v? 0525 tg

which does not depend on any free parameters except the vacuum phases! Note that this
equation follows solely from spontaneous CP violation, and the experimentally strongly
motivated assumption of the down quark Yukawa matrices Yy; being approximately diag-
onal in the same flavour basis. Since the right-hand side of Equation (5.21) is constrained

by Re (rRLH) +1Im (rRLH)
couplings [143]

max{
A+ 1/t 3,12
A_M = _2PS (5.23)

- 4

$28 1+ c54t2

, one can now determine a lower bound on the

ub

,|rRLH } > g% (\/1 T3k — 1) ) (5.22)

with

Identifying the lightest Higgs with the Standard Model Higgs field, and requiring NLO
perturbative unitarity for the scalar sector yields

max {

see Figure 5.1. There we plot the contours of the lower bound of this maximum as a
function of tan § and sin ¢ superimposed with the allowed region on the tan f—sin ¢ plane
as a function of the lightest Higgs mass. Interestingly, the lightest Higgs mass has a similar
dependence on the vacuum angles as this lower bound. For this reason the boundary of
the allowed region and the contours of the coupling are approximately parallel.

‘ } >02, (5.24)

One might wonder if a sum rule is also present in the neutral Higgs sector, and indeed,
there exists such a sum rule. However, since all three neutral Higgs fields mix, the sum
rule is quite involved and does not provide much insight. It only simplifies very close
to the alignment limit beyond the reach of the High-Luminosity Large Hadron Collider
(HL-LHC), and thus, we omit it.

The lower bounds in Equation (5.24) together with the upper bounds on the Higgs masses
strongly motivate charged Higgs searches in the low—intermediate mass regime with pp —
gbH*(— ¢'b) with all possible combinations of the up-type quarks q,q" = u,c,t. A non-
observation rules out spontaneous CP violation as the primary source of the KM phase,
while an observation, on the other hand, can support this idea by the experimentally
accessible sum rule in Equation (5.21). Unfortunately, the only standard search channel,
i.e. extensively analysed by the experimental collaborations, is the case g = ¢’ = t. For
this reason, we scrutinise these channels in the next chapter.



CHAPTER 6

Direct Searches: Standard and Non-Standard Signatures

As we have seen in Chapter 5, the search for the collider signatures pp — gH= (— ¢q'b) with
9,9 = u,c,tis highly motivated. Large couplings to bottom quarks arise naturally within
spontaneous CP violation once the flavour violation in the down sector is negligible.

On the one hand, the experimental searches focus mainly on the associated production
of a charged Higgs boson with a top quark, and the subsequent decay of that Higgs into
top and bottom quarks [155-160]. Usually this is rather well motivated since in typical
2HDMs the third generation couplings dominate. Similarly, the signature probed below
the top quark mass threshold is the top decay into a charged Higgs boson and a bottom
quark, with the subsequent decay of the Higgs into charm and bottom quarks [161]. For
the same reason the other signatures did not gain much impetus.

On the other hand, there is slightly more progress on the theory side, in particular for the
signatures with g = c. In Reference [162], the authors show that stringent lower bounds on
the heavy Higgs masses can be evaded by the introduction of additional flavour violation.
The same finding was already illustrated before in Reference [1]. For this reason, they
introduce the coupling €%, in our notation. While it is done ad-hoc in Reference [162], we
have provided strong motivation [143], cf. Chapter 5. Moreover, the charged Higgs field
in Reference [162] couples to charm and bottom quarks, and thus cg fusion dominates
the production mode. However, it is not apparent if the authors consider this, or only
examine the gluon fusion production mode. The authors of Reference [163] come to the
same conclusion, and thus, they propose a dedicated analysis for the cg fusion channel.

Nevertheless, those analyses do not cover all relevant possibilities. Therefore, we will
systematically discuss all possible combinations of the relevant couplings. We perform
the analyses in a model-independent way, i.e. we consider the Lagrangian

L= Z Sub <H+ﬁR,1’bL + H*ELui,R> — m%_liHJrHi , (61)
i

with the real couplings ¢,5, i = 1,2,3. From now on q denotes the light quarks, i.e.
q = u,c. Depending on the hierarchy of the couplings present in Equation (6.1) different
collider signatures might be important. This is summarised in Table 6.1. Additionally, to
get a feeling of the order of magnitude of the hierarchy, we show the dominant signature
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Table 6.1.: Relevant signatures in the presence of any combination of the charged-Higgs
couplings g, (9 = u,c) and gy. The size of the couplings is such that they
either dominate the production or decay. The parentheses around b imply two
signatures: one signature without and the other with an associated b quark.
t — bH™ denotes top quark decays via top quarks produced through pp — tt.

decay dominated by
production dominated by
gqh 8ty
Sab pp = (b)H*(— qb) pp — (b)H*(— tb)
S t — bH*(— qb) pp — tbH*(— tb)

W ug — bH*(— ub)

W cg — bH*(— ¢b)

W cg — bH*(— 1b)
Wt > bH*(— cb)
W pp — thH* (> tE)

W ug — bH*(— tb)
Wt > bH*(— ub)
W pp — tbH* (> tE)

|gcn/ 8l
|8up/ 81wl

100 200 300 400 500 100 200 300 400 500
mpy+ in GeV mpy+ in GeV

Figure 6.1.: Dominant signatures in the presence of gy, = and g, (left) or g,, (right)
coupling as a function of the charged Higgs mass my+ and ratio g,/ g The
mass window m; 10 GeV is excluded because off-shell effects might become
important here. The difference between the plots is due to the larger parton
luminosity function of the up quark.

as a function of the charged Higgs mass and the ratio g,/ g1, in Figure 6.1. Our goal is to
study the reach of the experiments in constraining the corresponding couplings.

First, we briefly analyse the flavour constraints in Section 6.1. Starting from Section 6.2,
we discuss the different collider signatures.

6.1. Flavour Constraints

The most relevant constraint comes from charged Higgs contributions to D-D mixing.
The corresponding box diagrams constrain the combination g,;g.,. Another constraint
might come from the decay # — u(c)y which constrains the product g8, ()p- This will
be analysed in the following.

Neutral D meson mixing

The dominant contribution to D-D mixing comes from the charged Higgs box diagram
contribution to Oj. The New Physics contribution to the off-diagonal elements of the D-D
mixing matrix reads [1]

1

MY = s (DI HNPIAC=2 Dy — 123—712 Q292 Do(m2, m3, m%., m%.) GeV®,  (62)
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Figure 6.2.: Left: Allowed region on the g,,—g. plane at 95 % C.L. for various Higgs masses
taking into account the D meson mixing constraint.
Right: Upper limit @ 95 % C.L. on the couplings g,, = gcp as a function of the
charged Higgs mass.

where 7 ~ 0.021 includes the hadronic quantities and the QCD running of the Wilson
coefficients. The loop function D; can be found in Appendix B.

Since the Standard Model contribution is dominated by long-distance effects and no
reliable estimates are available, we constrain the product g,,g., by demanding the New
Physics contribution in Equation (6.2) to lie below the experimental value at 95% C.L.,
which is taken from the online update of the UTfit collaboration [164]. The allowed region
on the coupling plane is shown in Figure 6.2. We also show in the right plot of the very
same figure the upper limit on the couplings g,, = g as a function of the charged Higgs
mass. This corresponds to the intersection of the diagonal |g,,| = |ge| in the left plot
of Figure 6.2 with the upper contours of the allowed regions for different charged-Higgs
masses.

Rare Top Decays

The charged Higgs contribution to the rare top decays t — u(c)7y gives a constraint on the
combination g8, (c)p- The current experimental upper limits at 95 % C.L. are [165]

BRexp (t — u7y) < 6.1 x107°,
BRexp(t — c7) < 1.8 x 1072, (6.3)

The charged Higgs contribution can be adapted from Reference [98]

2
m? 5e 2
BR(t — gv) = 1 N 4
(t=a) =, <1152712m%{i) ‘gtbgﬂb‘ 64

where BR(t — g7) ~ 107° for a charged Higgs mass as light as 100GeV and O(1)
couplings. Therefore, these decay channels do not provide any relevant constraints yet,
however, this might change in near future.
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Figure 6.3.: One diagram contributing to the associated production of a charged Higgs
with top and bottom quarks (left), and production through quark gluon fusion,
here cg fusion as an example, yielding a charged Higgs associated with a
bottom quark (right).

Precisely measured meson decays that can be utilised to constrain New Physics involve
leptons in the final state, and thus, are not relevant in our case. As we have just seen,
the relevant flavour observables only constrain a product of couplings. In this sense, the
direct searches at colliders are crucial as they provide the possibility to constrain single
couplings.

6.2. Associated Production with tb: pp — tbH*(— tb)

The associated production of a charged Higgs boson with a top and bottom quark, see
left diagram in Figure 6.3, is extensively studied by experimental collaborations. The
main reason is that for the usual 2HDMs, for instance type-II, the couplings to the third
generation fermions dominate. Thus, for charged Higgs bosons above the top quark mass,
this is expected to be the dominant production and decay channel at a hadron collider.
However, this is not necessarily true in a general 2HDM. Nonetheless, this signature is
relevant for us.

This channel has been analysed by both ATLAS [155-157] and CMS [158-160]. However,
CMS has not provided an update with the full Run 2 dataset of 139 fb_l, so we only use
the recent result of ATLAS [157]. The upper limit is given in terms of cross section times
branching ratio which we recast in a limit on the charged-Higgs coupling g,. For this we
generate the cross section in MadGraph5_aMC@NLO [166] using the 2HDM model file [167]
at leading order. To save computation time, we refrain from generating the process at
NLO, and instead, we use the K factor from Reference [168]. The result is shown in
Figure 6.4. As we can see the constraint is still above our lower limit g;;, > 0.2. However,
this might look different with the full 3000 fb~' dataset that is expected to be collected at
the HL-LHC [169]. A naive rescaling of the limits suggests that an upper limit of g, 2 0.3
is to be expected, close to our lower limit from Section 5.2.

6.3. Top Quark Decay: t — bH*(— gb)

Below the top quark mass n1;, the decay H* — tb is kinematically forbidden, and thus,
pp — tbH*(— tb) does not provide a constraint on the coupling g,. However, if the
coupling gy, dominates the production, this means g, > g, due to the large parton
luminosity functions of ¢ and in particular u, the charged Higgs boson is predominantly
produced via top quark decays. In this case the relevant signature is t — bH*(— gb).

Unfortunately, only one analysis has been performed by the experimental collaborations.
In Reference [161] upper limits on the decay H* — cb for BR(H® — cb) = 1, and
BR(t — bH*) + BR(t — Wb) = 1 are provided using the 19.7 fb! dataset from Run 1.
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Figure 6.4.: Upper limits at 95% C.L. on the coupling g, for gy, > gg above (right)
and below (left) the top mass threshold. The upper limits for £ = 139 fb~*
are recasted from Reference [157] and [161], respectively. The projection for
£ =300fb~ " and £ = 3000 fb " is obtained by naive rescaling assuming that
the significance ~ S/ /B grows with VL.

We recast the upper limits in terms of the coupling g, see Figure 6.4. As one can see, the
search provides a stringent constraint on the couplings gy, in the mass regime mpy+ < m;
as long as gy > gy Since the search has been performed for the decay H* — cb, we
still have to analyse the case H + 5 ub. At first sight, it seems that there is no difference
between the signatures H* — cb and H* — ub since the analysis does not utilise charm
tagging techniques. Though, the b jets are tagged, and charm jets have a much higher
mistagging rate, O(10 %), than up quark jets < 1%. However, the experimental analysis
performs a kinematical fit to identify the pair of jets that are least likely originating from
the b quarks of the top decay [161]. Thus, the same bounds should not only apply for
H* — ub, but also they are expected to be even more stringent. Since the upper limits
in Figure 6.4 for g, are already below the lower limit of g, 2 0.2, no further recasting is
necessary.

These results have crucial implications for the model considered in Reference [143]: The
parameter space where gy, > ¢ is excluded for mpy+ < m;.

6.4. Associated Production with b: pp — bH*(— tb)

Until now, we have considered the hierarchy g, > ¢, However, if gy, is not much larger
than ggp, i.e. g/ 8w 2 0.1 for g = ¢, the production is dominated by g, due to the large
parton luminosity functions. Again, we first focus on the charm quark, and consider the
case mp+ > my. Further g,/ ¢y < 1, otherwise the decay into gb dominates. In this case
the relevant production mode is given by quark gluon fusion, and thus, the charged Higgs
is associated with one b quark, see Figure 6.3 right. The signature without an associated
b quark is only present in the five-flavour scheme, however, to reduce the background we
require an additional b jet in the final state, thus, we focus on pp — bH* (— tb).

Unfortunately, the associated production of a charged Higgs with a single b quark with
the subsequent decay H* — tb has not been considered in experimental analyses at all.
For this reason, Reference [163] proposes a search with at least three b tagged jets and one
lepton (e or y) with transverse momenta of p4 > 25GeV and p; > 35GeV, respectively.
The b jets stem from the associated production, the decay of the charged Higgs into top
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Figure 6.5.: Illustration [170] of the coordinate system as it used by ATLAS [171] and CMS.
The red point—corresponding to the origin of the coordinate system—denotes
the interaction point in the centre of the detector [171]. The pseudorapidity is
defined as 7 = — Intan(0/2) with the polar angle 6 [171].

and bottom, and the subsequent decay of the top quark into a W and b. The lepton stems
from the subsequent decay W — Iv. For this reason, events are further required to have
missing energy of ET"* > 35GeV. The angular separation AR, defined as

AR =/ (An)* + (A¢)?, (6.5)

between any b jets, and between b jet and lepton should satisfy AR > 0.4. For the definition
of the coordinate system see Figure 6.5. Further || < 2.5 for the lepton and all b jets.
Finally, the sum of the three leading b jet transverse momenta and the lepton momentum
Hr should be Hr > 350 GeV. Reference [163] provides only two (promising) benchmark
points, and for this reason we perform this analysis ourselves.

The dominant background is tf production, which is simulated in MadGraph5_aMC@NLO
with up to two additional jets in the five-flavour scheme. The resulting Les Houches
Event (LHE) file is fed into a PYTHIA 8.2 [172,173] standalone version. Jets are matched
using the MLM jet matching algorithm [174-176]. The jet finding is performed with
FastJet [177,178] using the anti-k7 algorithm with a radius parameter of R = 0.6. The
K factor is determined by dividing the NNLO cross section, see Reference [179] and
references therein, by the leading order cross section after jet merging. This yields K ~ 1.6.

The analysis is also performed in PYTHIA 8.2, for this, we implement the b-tagging as
follows: The closest jet axis within a cone of AR = 0.5 around the b quark from the hard
subprocess is tagged as a b jet. Since this yields a b jet identification and efficiency rate
of 100 %, we use the pr dependent b-tagging efficiency and misidentification rates from
the DELPHES 3.4.2 ATLAS card based on Reference [180]. This corresponds to a working
point with an approximately 80 % b-tagging efficiency. In order to apply the different
misidentification rates for ¢ and light jets, we internally tag the c jets in the same way
as the b jets. The remaining internally untagged jets are treated as light jets. In case
of a second lepton with pr > 10GeV, and a separation of AR > 0.4 to all b jets, the
event is vetoed as in Reference [163]. The missing energy EF'* is calculated by summing
the momenta of all visible final state particles within the detector acceptance and with
pr > 0.5GeV.

The signal pp — bH*(— tb) is generated at leading order in MadGraph5_aMC@NLO using
the 2HDM model file [167]. The LHE file is fed into PYTHIA 8.2 and the same self-written
code applied for the background analysis is used.
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Figure 6.6.: Upper limits at 95 % C.L. are shown as contours on the couplings planes for
Vs = 14TeViand £ = 139 fb~'. The region where the associated production
with top and bottom makes up more than 10 % of the production cross section
is hashed. The coloured regions, where the same colour code as for the
contour lines has been used, are excluded by the signature from Section 6.2
for /s = 13TeV and £ = 139fb L.

We perform a cut and count analysis, and calculate the significance ¢ according to the
formula [163,181]

o= \/2 [(S—I—B)log <1+ Z) —5] Pz jg’ (6.6)

with the number of signal S and background events B.

The signal analysis is performed once for each charged Higgs mass point. The number of
signal events as a function of the couplings is obtained by rescaling. The exclusion limits
at 95% C.L. are shown in Figure 6.6. In case of the up quark gluon fusion production
channel, we expect stronger limits due to the larger parton luminosity functions compared
to the charm quark. And indeed, this is what we see in Figure 6.6. Note that for
large gy, contamination from the associated production with top quarks is not negligible
anymore, and constraints therefor become important, cf. Section 6.2. The region where
the associated production with top and bottom quarks makes up more than 10% is
hashed in the plots of Figure 6.6. The resulting constraints are overlaid with the exclusion
limits obtained in Section 6.2 due to the presence of a g;, coupling. We also provide the
constraints in terms of cross section times branching ratio in Figure 6.7.

6.5. Resonant Production: pp — H*(— gb)

Dedicated searches of a charged Higgs boson that is entirely produced via, and that decays
into, light quarks have not been performed by the experimental collaborations. However,

'While available searches are done at /s = 13 TeV, we perform the ones not analysed by the experimental
collaborations for v/s = 14 TeV.
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Figure 6.7.: Left: Upper limits at 95% C.L. on the cross section times branching ratio

o x BR. The projection for £ = 300fb™' and £ = 3000fb~" is obtained by
rescaling the result obtained for £ = 139 fb™ .
Right: Upper limits at 95% C.L. on the couplings g, (solid blue) and g,
(dashed blue) as a function of the charged Higgs mass mp+ from recasting
Reference [171]. Below resonance masses of 450 GeV the single-photon trigger
has been used, above 450 GeV the combined trigger. The rescaling of the
CMS results by the parton luminosity functions as in Reference [182] for
the large-radius jet and a jet from initial state radiation (1909.04114) [183] is
shown for masses below 450 GeV for the coupling g, (solid orange) and g
(dashed orange). For masses above 450 GeV the results from the CMS search
(1911.03761) with an initial state radiated jet [184] has been rescaled [182].

since the signature of this channel is a dijet resonance, one can put limits on the couplings
by recasting other searches.

Atthe LHC, searches for dijet resonances below 1 TeV are involved since the high rate of the
multi-jet background would saturate the trigger if all event information is collected [171].
If only partial event information is collected, these searches can be extended down to
~ 500GeV [171,185,186]. For masses below ~ 500GeV the events can be efficiently
recorded by requiring a high-pr photon [171] or jet [184] in the final state stemming from
an initial state radiation, though, this comes at the cost of a reduced signal acceptance [171,
187,188]. For even lower masses, i.e. S 200-350GeV [171], the two jets stemming from
the resonant decay are collimated and they form a large-radius jet. Searches for this
signatures together with jet substructure variables, chosen in such a way to optimise
the signal significance [189], allow to put exclusion limits for dijet resonances as light as
50GeV [183,189-191]. The recast of the latter search, i.e. the signature with a large-radius
jet and a photon from initial state radiation will be done elsewhere. Here, we focus on
the former search, which was performed by the ATLAS collaboration in Reference [171],
namely the search for initial state radiation with two well separated jets.

In Reference [171] the search was done for the signature pp — Z' — g3 with a radiated
photon. The selected events had been divided into two categories, one where both
jets from the resonant decay are b-tagged, and the other without b-tagging. Since the
resonance does not decay into two b jets in our case, we focus on the analysis performed
for the latter category. Moreover, two different triggers have been used depending on
the resonance masses and differing by the transverse energy cut on the photon E%mg,
and the pr cut on the jets. The single-photon trigger, used for resonance masses below

450 GeV, requires only a single photon with transverse energy E%lmg > 150GeV. Above
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Table 6.2.: Selection criteria of Reference [171]. y; and y, denote the rapidities of the
pr-leading and -subleading jet. See text for the other definitions. Table adapted
from Reference [171].

Criterion Single-photon trigger Combined trigger
Number of jets Njets > 2

Number of photons ny >1

Leading photon EJ > 150 GeV ET > 95 GeV
Leading, subleading jet pj;t > 25GeV pj;t > 65GeV
Centrality lv*| = |y1 —y2//2 < 0.75

Invariant mass mj; > 169 GeV mj; > 335GeV
Jet |7 || <28

450 GeV, the combined trigger is used allowing for a lower transverse energy cut on the

photon E%,trig > 75 (85) GeV for the 2016 (2017) datasets by additionally requiring two
jet

jet candidates with each p7 ;. > 50 GeV. Photons are collected in the region ln| < 2.37
excluding 1.37 < |y| < 1.52. The selection criteria are listed in Table 6.2. Additionally, if
a reconstructed jet is not well separated from the isolated high-pr photon, i.e. an angular
separation of AR < 0.4, the jet candidate is removed.

To set the limits on the charged-Higgs couplings, we calculate the local significance o
around the resonance, using the observed data from Reference [171] provided in the

online repository HEPData, using o ~ S/vB ~ S/+/S + B.

Thus, the only missing ingredients are the signal events. We generate pp — yH™(— gb)
datain MadGraph5_aMC@NLO at leading order using the 2HDM model file [167]. To populate
the phase space with sufficient events satisfying the EJ cut on the photons, the events are
generated with a p. cut of pI. > 100 (50) GeV for the single-photon (combined) trigger.

The analysis is performed in PYTHIA 8.2. Photons from the hard subprocess or initial
state radiation are identified internally via the status code and are traced to the final state.
We neglect possible photon conversion. The photon isolation is then checked by summing
the transverse energy of all visible final state particles, excluding the photon candidate
itself, within a cone with AR = 0.4 around the photon candidate. Using the tight isolation
requirement of ATLAS based on calorimeter information only, the transverse energy of
the photon E7 is required to satisfy [192]

ES™ < 0.022E7 +2.45, (6.7)

where E7" denoted the transverse energy of the cone around the photon.

Jets are reconstructed using FastJet with the anti-kt algorithm with a radius parameter
of R = 0.4, similarly to the experimental analysis [171].

The code and analysis procedure are checked and compared to the experimental analysis
by applying it to the signature pp — yZ'(— ¢g). This enables a direct comparison with
the experimental analysis, see Appendix E. The resulting upper limits on the charged-
Higgs couplings at 95% C.L. are shown in Figure 6.7. Let us compare this to existing
bounds from other searches in this mass region. As afore-mentioned, searches for one
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large-radius jet with hard photons or jets from initial state radiations are performed down
to even lower resonance masses [183,189-191]. The recasting of this search with a hard
photon [189] will be done elsewhere. Limits from searches tailored to Z’ models where
the photon is replaced by a jet can be estimated by rescaling the upper limits obtained
by the experimental analysis with the parton luminosity functions. This is for example
done in Reference [182], and the result is overlaid in the right-hand plot of Figure 6.7.
Although, the recasted search with a hard photon and two separated jets is expected to
have a higher sensitivity than the large-radius jet searches for masses 2 300 GeV [183], we
hardly observe this. The reason is the cancellation between the diagrams with a photon
radiated from the initial states which is not present in the analysed Z’ models.

CoMMENT ON PossiBLE OpTiMIsATIONS — Since the dominant couplings of the charged Higgs
boson are the ones to bottom quarks, the background can be reduced further by requiring
a single b-tagged jet in the final state. Alternatively or even additionally one can require a
b-tagged jet not stemming from the resonance produced via associated production with
the charged Higgs boson. The latter corresponds to the signature pp — bH* (— gb) with
photon or jet radiation. However, since no such analyses exist, we have to perform the
background simulation ourselves, and hence, it is done elsewhere.



CHAPTER 7

Conclusion

In this part, we have first analysed the most general 2HDM with spontaneous CP vio-
lation. In such a scenario all mass scales are set by the electroweak scale up to quartic
couplings. This fact has been exploited to determine stringent upper limits on the masses
of the additional Higgs bosons using NLO perturbative unitarity for the very same cou-
plings. Moreoever, the flavour structure cannot be aligned to the Standard Model, since
otherwise the KM phase would be zero, in contradiction to experimental observations.
However, flavour violation in the down quark sector is strongly constrained by experi-
ment. Necessarily, the dominant flavour violation has to be present in the up quark sector.
We have shown that this in turn yields a sum rule for the charged-Higgs couplings to
bottom quarks. The latter implies in particular lower limits on those couplings.

The interplay between the upper limits on the Higgs masses and lower limits on the
charged-Higgs couplings, makes it possible to determine the origin of CKM CP violation
in Nature. Furthermore, the sum rule illustrates the importance of collider signatures
that are not yet analysed by the experiments. And thus, in Chapter 6 we first analysed
the flavour constraints, where we have seen that the only relevant constraint is currently
given by neutral D meson mixing. Albeit, this only constrains the product of the couplings
8cvQup- In future, the rare top decays t — g with g = u, c might also become important
which will then constrain the product g, with g = u, c. In this respect, collider searches
are crucial since they allow to put limits on a single coupling at a time. Consequently,
we determined current and future limits on the charged-Higgs couplings using available
and new collider searches. A large part of the parameter space has already been ruled
out, however, without additional experimental optimisation, the model remains on the
edge of exclusion. Thus, we further proposed the new searches pp — (b)H* (— gb) with
initial jet or photon radiation which might increase the current reach of the experiment.
Together with the better experimental performance, for instance the improved b tagging
or jet substructure analyses, expected in the upcoming (HL-)LHC runs, this provides a
clear path on excluding or verifying spontaneous CP violation.






PART III

New Physics Effects in Hydrogen
Isotopologues

This part is a revised version of Reference [193].

In this part we provide the first extensive study of New Physics effects on the ro-vibrational
spectrum of molecules. For this, we first review the theoretical and experimental status
of molecular spectroscopy in Chapter 8. This serves as a foundation for Chapter 9 where
we analyse the effect of a plethora of New Physics models on the molecular spectra of
hydrogen isotopologues. Finally, we conclude in Chapter 10.






CHAPTER 8

Ro-Vibrational Spectroscopy of Hydrogen Isotopologues

Up to this point, we have discussed New Physics around and beyond the electroweak scale
motivated by the hints and evidences of physics beyond the Standard Model observed
at the LHC. Nonetheless, no heavy particles beyond the ones present in the Standard
Model have been discovered. In light of the fact that new particles might as well arise at
much lower energies, we turn our attention to light New Physics. Light particles below
the GeV scale arise in many models, for instance the axion in models to solve the strong
CP puzzle [194], as dark matter candidates [195-197], or as a light mediator to a hidden
sector [198,199].

The low energy region can be probed for instance in molecular spectroscopy. Molecu-
lar hydrogen and its isotopologues are particularly favourable since precise theoretical
calculations and experimental measurements are available. This enables a thorough ex-
amination of possible New Physics effects. As the typical bond length is ~ 1A, one
expects to be sensitive to particle masses of O(keV). However, this region is already
being probed by other experiments, for example in QED precision tests with atomic spec-
troscopy [200-203], or from astrophysics [204—206] and cosmology [207]. While the former
might even yield slightly better constraints, nuclei-nuclei interactions are absent and can
only be probed in molecules. The latter yields strong indirect constraints below a few MeV,
and in this sense, molecular spectroscopy is important as a direct and complementary test
in the laboratory.

In the literature, the effect of New Physics is analysed as a fifth force. The New Physics
contribution is parametrised in terms of a Yukawa type potential

Vy(r) o g%re—"", (8.1)
with the mass m and coupling gnp of the new mediator. Such forces are also probed
in gravitational interactions [208-211]. The absence of any deviation from the known
interaction puts strong limits on the New Physics coupling, gnp < 103, However, the
bounds only apply to mediator masses up to O (meV). Similarly, one can derive constraints
on the couplings of keV-scale mediators by measuring the electromagnetic forces in atomic
and molecular spectroscopy which is done for example in References [212,213] for the
Yukawa type potential. However, in general the New Physics contribution does not need
to arise from a scalar interaction, and the description by the Yukawa type potential in
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Figure 8.1.: Schematic energy level diagram of a molecular spectrum adapted from Ref-
erence [214]. The vibrational quantum number is denoted by v, and the
rotational quantum number by J. The splitting between the vibrational and
rotational lines within one electronic state is smaller than the splitting between
the electronic states. Hence, molecular spectra are sensitive to smaller energy
scales.

Equation (8.1) is not necessarily complete. But before we devote ourselves to the New
Physics analysis, which will be done in Chapter 9, we first lay the foundations.

In order to perform such an analysis, a thorough understanding of theory and experiment
isnecessary. Thus, in Section 8.1 and 8.2, we review the theoretical and experimental status
of molecular spectroscopy, respectively.

8.1. Theoretical Status

The treatment of molecules in quantum mechanics is intrinsically difficult. Even the
simplest molecule, the dihydrogen cation Hj cannot be solved analytically. Thus, the
hydrogen molecule is even more involved. Although a theoretical description is chal-
lenging, a precise solution is rewarding as molecular spectra are much richer than atomic
spectra. As a result of the second nucleus, there are not only electronic excitations, but
also rotational and vibrational transitions, see Figure 8.1. Hence, each electronic spectral
line is split further into many lines corresponding to the ro-vibrational transitions. The
separation between the transitions within this band is much smaller than the electronic
transitions, and hence, molecules are sensitive to effects at lower energies.

First solutions to the hydrogen molecule started in 1927, where Heitler and London [215],
and Born and Oppenheimer [216] independently presented two approaches. Both ap-
proaches rely on the fact that the nuclei are much heavier than the electrons, i.e. my > m,.
For this reason Heitler and London neglected the motions of the nuclei. Born and Op-
penheimer, on the other hand, performed an expansion in the small mass ratio v/, /my.
However, it was clear that for a reliable and precise calculation one cannot rely on this
so-called adiabatic approximation [217]. Instead, it has been proposed in Reference [217]
to start with the exact Schrodinger equation, as it is done in the very same reference.
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Hitherto, no reliable estimates of numerical uncertainties has been made for such direct
approaches [218]. And thus, in Reference [218] a systematic perturbative expansion has
been developed to take the non-adiabatic corrections into account. Beyond those non-
relativistic contributions, one has to include the relativistic and QED corrections, which
are calculated in the framework of non-relativistic QED (NRQED). Altogether, this yields
the total energy in terms of an expansion in the fine structure constant x and the ratio of
the electron mass over the reduced nuclear mass m./ u,

E =42 (E(Z'O) +E@D 4 E@2) 4 )

+ ot <E(4'O) +EGD 4 ) +a® (E(5'0) +. ) +..., (8.2)

with E(vm+1) fp(nm) oy tin. Beside the terms shown in Equation (8.2), the leading cor-
rection of O(«®) is fully known, and the correction of O(&”) is partially known [219-226].
At this level of accuracy one also has to take the finite nuclear size effect into account. All
these results have recently been made publicly available through the computer program
H2spectre [227,228]. In the following, we briefly outline the main steps on how to in-
clude corrections to leading order in ~ m./u,, for a nice and more complete review see
Reference [229].

The full non-relativistic Hamiltonian of a heteronuclear molecule with two electrons reads

=2 =2 =2 =2
1,01 1 1 1 1
H=F1, P | Fa +2’;f +zxem<+————>, (8.3)
B

2m,  2me. 2mp "2 TAB TiA TB 124 2B

where 1, and 745 denote the distances between electron 1 and 2, and between the nuclei
A and B, respectively. Similarly r;x denotes the distances between electron i = 1,2 and
nucleus X = A,B. As it turns out, the most convenient reference frame is obtained
by separating the centre of mass of the system and taking the positions relative to the
geometric centre of the nuclei. Then, the Hamiltonian H can be written as a sum of a purely
electronic Hamiltonian including the nuclear repulsion, Hj, and a nuclear Hamiltonian
H,, including the nuclear motion and kinetic interactions [229]

H = Hy + H,
> —
1 1 1 1 1 1
Hy= 2L 4 P2 +aem<+————>,
2m,  2m, "2 TAB Tia TiB  T2a T2B
S S\ 2 S S
1 |= Vi+ Vs 1 1\ - V14V
H, =— \V&- _ — — | Vg —=. 8.4
n 2,”11 R+< B ) +<MA MB> R 2 ( )

Here, p1, denotes the reduced mass y, = MaMp/(Ma + Mp) of the nuclei A and B, and
R = |R| = |7;| denotes their separation. We closely follow the notation of Reference [229].

Neglecting for now the non-adiabatic effects means one can write the total wave function
as

® (7,7, R) = Yar(F1, T2; R)x(R) , (8.5)

where 1) solves the Schrodinger equation of the clamped nuclei Hamiltonian H;

Hellpel = 5(2'0)(R)lpel ’ (86)
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for fixed nuclear distances R. The resulting effective potential £(R) = & (20)(R) enters the
one dimensional Schrodinger equation for the nuclear wave function x(R)

2 " .
[_R + 5(210)(1{) x(R) = E(Z’O)X(R) , (8.7)

20y

yielding the Born-Oppenheimer contribution E®?9, which is treated as the leading order
energy of the full system. Further, the nuclear wave function can be written as

x(R) = X(RR)YM(?), (8.8)

A
=

with the radial wave function x(R) and the spherical harmonics Y, (R). Thus, the eigen-

values and wave function x(R) are characterised by the angular momentum quantum
number |, and the vibrational quantum numbers v, both non-negative integers.

All neglected contributions which are present in Equation (8.4), as well as higher order
contributions are now perturbatively included. For example, the first order correction to
the Born-Oppenheimer energy is given by the adiabatic contribution [224]

ECYD = (x| (| Hu |¢a1) ) - (8.9)

Alternatively, one could have included, from the beginning, £V = (.| H, |¢e) in the
nuclear Schrodinger equation (8.7). The resulting effective potential £ (20) (R)+ €& (21) (R)

then yields the adiabatically corrected energy EE,Z) [228,230]. However, this approach
spoils the strict expansion in the ratio m./u,, see Reference [228].

As mentioned, the non-adiabatic contributions are taken into account in the framework
of the non-adiabatic perturbation theory (NAPT) [231]. Here, the total wave function is
corrected by a small non-adiabatic term d¢na

(7,72, R) = a1 (71, 72; R) X (R) + 8¢pna (71,72, R), (8.10)

with (d¢na|tpe;) = 0. Plugging the corrected wave function into the full Schrodinger
equation, one can now perturbatively determine the non-adiabatic corrections. Since we
are only interested in the leading New Physics effects, this is of no further relevance for
us, and a detailed discussion can be found for instance in Reference [231].

Similarly, the leading order relativistic correction is included via [229]

EGO = (x| (pal HO ) [x) , (8.11)

where H*?) denotes the Breit-Pauli Hamiltonian. For consistency H*? should only
contain terms to order m,./u, since, again, higher orders in this mass ratio enter through
NAPT [229].

Determination of the Born-Oppenheimer Wave Functions

As we are going to include the New Physics contributions in a similar fashion as all
higher order corrections, we have to determine the Born-Oppenheimer wave function.
The electronic part is obtained by solving the Schrédinger equation (8.6) for fixed nuclear
distances R. However, this differential equation does not have an analytical solution,
and one has to make use of numerical methods. Usually this is done with the help of
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the variational method. This means, the electronic wave function is approximated by an
expansion in a basis ¢,

lpel = ch(pn(ul, le,...) . (8.12)
n
with the coefficients ¢, that differ for different variational parameters u;, i = 1,2,.... The
latter are chosen such that
<lpel(u1/ U, ... )| Hel W’el(ul/ Uz, ... )> Z 8(2'0) ) (813)

<1[Jel(1/l1,1/l2,. . ) ‘ 1/Jel(u1,u2,. .. )>

is minimal. Plugging the expansion from Equation (8.12) into Equation (8.13) yields a
secular equation which determines the energy eigenvalue and the coefficients c,. For
hydrogen isotopologues, the electronic ground state can be precisely estimated for an
expansion in the symmetric James—Coolidge basis [232,233]

Ye(r12, 714, 718, 124, 728; RaB; 1)
-4 Z CnolmrmRZz*ﬂo*n] —Np—MN3—1y efu(rlA +r1p+roa+r28)

no,Mnq,M2,13,14

X r13(r1a —118)" (r2a — 128)™ (114 +118)" (r2a + 128)™,  (8.14)

with the variational parameter u, the non-negative integers n;,i = 0,1,...4, and the
symmetrisation operator S such that the wave function satisfies the Pauli principle.

Part of the numerical procedure is implemented in H2SOLV [234]. There, an expansion
in terms of the more general Kotos-Wolniewicz basis is performed, and the secular
equation resulting from Equation (8.13) is solved numerically. Thus, we use H2SOLV
to perform an expansion in the symmetric James—Coolidge basis for a fixed nuclear
distance Rap, fixed variational parameter u, and a basis rank of 7. The latter corre-
sponds to a wave function with 228 terms. This returns the minimal energy and the
corresponding cofficients Cy,,.. », on a grid in R and u. The resulting two dimensional
potential curve is interpolated with splines of degree two and minimised with respect
to u to obtain the effective potential £ (R) and the Born-Oppenheimer wave function
Pe1 (71,72, ﬁ) = e1(r12, 714, 718,724, 728; Rap; u(Rap)). The latter is needed to calculate the
New Physics contributions later on.

As indicated before, the very same approach can be used to determine the solution of
the full non-relativistic Hamiltonian in Equation (8.3). Using a suitable basis directly
yields the energy E ) at 42 to all orders in m./uy. For the ground molecular state
v =0,] = 0, also a direct evaluation of the relativistic and leading QED corrections is
available [221,224,229]. In the former case the theoretical uncertainty is dominated by
the unknown m, /i, correction to the leading QED result. In the latter case the accuracy
is limited by the partially known a’ correction [229]. Remarkably, once the a’ correction
is known, the energy levels can be determined nearly as precisely as the ones of the
hydrogen atom [222].!

The nuclear Born—-Oppenheimer wave function ) can be extracted together with all avail-
able Standard Model contributions from the publicly available code H2spectre [227].

IThis also means that the Rydberg constant Re can then be determined from hydrogen molecular spec-
troscopy [222].
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8.2. Experimental Status

Ro-vibrational transitions are classified by the change in the angular momentum quantum
number A]. A vibrational transition with no change in the angular momentum, A] = 0, is
called Q branch. Similarly, vibrational transitions involving a change of A] = -2, -1,1,2
are referred to as O, P, R and S branches, respectively. The molecular spectra of hydrogen
isotopologues are nowadays probed up to a relative precision of ©O(107°) due to the
advancesinlaser spectroscopy. For example, the most precise measurements of all tritiated
hydrogen isotopologues, T,, DT, and HT were just recently obtained with the help of
Coherent Anti-Stokes Raman Scattering Spectroscopy (CARS) with a relative precision of
O(10719) [235-238].

Similar results are obtained for the lightest isotopologues H;, D, and HD using the
Doppler-free laser spectroscopy. Here, two counterpropagating waves from the same
source illuminate the probe [239]. In this way the Doppler shift effects are cancelled
allowing for a precise determination of the spectra, see Reference [239] for a review. For
the light isotoplogues a relative precision up to O(1071?) is achieved [240-242].

Less precise results, i.e. a relative precision of (’)(10_6), for D, are obtained with stim-
ulated Raman spectroscopy [243]. Here, one uses two beam sources with different fre-
quencies where one of the frequencies is scanned over. Once the frequency difference
matches the energy difference of the transition, a resonant enhancement of the Stokes line
is observed, see Reference [243] for a review.

This method is improved further by CARS [235], where the underlying effect was first
observed at the Ford Motor Company [244,245]. Compared to Raman spectroscopy, here,
the anti-Stokes line is induced. Not only does this reduce the background but also smaller
probe volumes are required despite the suppression compared to the Stokes line. This has
allowed for a precise determination of the Q branch (v = 0 — 1) of all tritiated hydrogen
species [235-238].



CHAPTER 9

New Physics Effects in Hydrogen Isotopologues

As of 2019, the calculation of relativistic and QED corrections to the ro-vibrational spec-
trum of molecular tritium T, gave rise to an approximately 3 ¢ deviation in some lines
of the Q branch (v = 0 — 1) compared to the experimental measurements [236], see
Table 9.1. As we have discussed in Reference [193], it is unlikely that this discrepancy is
due to New Physics effects. Not only do the deviations have different signs depending on
the transition, but also they are absent in the spectra of H, and D,.

One might deem the variational method as a source of the discrepancy, however, the
calculations of the H, and D, spectra, and some lines in T, show a perfect agreement with
the experiment. Moreover, current technological advances allow for a precise determi-
nation of the Born-Oppenheimer wave function given that the necessary computational
resources are available. Already in the past a discrepancy between theory [246] and ex-
periment lead to an experimental reinvestigation that yielded a close agreement with the
theory predictions [247]. Corrections are systematically taken into account, such that to
current order of precision there is little doubt concerning the accuracy of the theoretical
predictions.

And indeed, the measurements have been updated recently [238], and now show a perfect
agreement with the theory calculation, see Table 9.1. Hence, these precise measurements
can be used to strongly constrain the effect of New Physics. In the mass regime of interest,
i.e. O(keV), there are already strong but only indirect constraints coming from astro-
physics and cosmology. In particular, the star cooling constraint coming from the sun
and red giants excludes a large part of the parameter space [204-206]. However, there is
no consensus on the exact mass range of the new mediator for which these bounds apply.
Hence, itis of great interest to have direct and complementary constraints. Moreover, com-
pared to astrophysical and cosmological constraints, atomic and molecular spectroscopy
directly probe the single particle interaction. In particular, molecular spectroscopy allows
to directly probe all possible combinations of interactions between nuclei and electrons.
Given for example a Yukawa interaction induced by a new mediator with mass m, the
most general potential reads

oo o o 8eN iy 1 8eN iy 1
VNp- 12, TA, = 14+ == 14 ) — -1+ — 2B
Np-full (P1, 72,74, 7B) txem{ ( + yr— > - + < + pr— > o~

+ -1 + geiNe*mle L + -1 + g"’iNe*mrzA L
47'(0(em 1B 47T0(em r2A
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Table 9.1.: Measurement of the fundamental vibrational splittings in the T> molecule for
the Q(J) band, and for v = 0 — 1 [236] as well as its update [238]. Note that
the latter is not included in our published version of this part [193]. The theory
predictions are determined with H2spectre [227]. The theoretical uncertainties
are added linearly, see text in Section 9.1. Thus the deviation we observe is
below 3 o compared to Reference [228]. The numbers are given in cm ™.

Line experiment update theory Aexp-th Aupdate-th
Q(0)  2464.5052(4) 2464.50394(67) 2464.50415(28) 0.0011 —0.00021
Q(1) 2463.3494(3) 2463.34817(42) 2463.34836(28) 0.0010 —0.00019
Q(2) 2461.0388(4) 2461.03917(42) 2461.03917(28)  —0.0004 0.00000
Q(3) 2457.5803(4) 2457.58135(42) 2457.58137(28)  —0.0011 —0.00002
Q(4) 2452.9817(4) 2452.98233(42) 2452.98211(28)  —0.0004 0.00022
Q(5) 2447.2510(4) 2447.25061(42) 2447.25085(28) 0.0001 —0.00024

SNN_ ~mRap) _L
47T em Rap

9.1)

1
+ (1 + g“e""ﬂ) — 4+ <1 +
47T em r12

with the New Physics couplings, ge, gnN, and g.n between electrons, between nuclei,
and between electron and nucleus, respectively. In general, the couplings g;; can have
both signs, however, ¢.. and gy are positive if the couplings g;; are expressed in terms
of Yukawa couplings gj; ~ y;y;. This is implicitly assumed from now on. Further,
to estimate the maximal reach of the experiments, we consider one coupling at a time.
Note that an electron—nucleus coupling g.n implies the presence of an electro—electron
and nucleus-nucleus coupling. Nevertheless, their effect is negligible since the electron—
nucleus coupling dominates the contribution as it enters four times. Since, however,
they depend on the position differently, we numerically checked that the impact of the
additional terms indeed affects the results only slightly.

In References [212,237], only the last term of the potential (9.1) has been analysed. We
go beyond those works by analysing all other terms, and by considering other models of
New Physics. First, we discuss the implementation of the New Physics contributions. In
Section 9.2, we analyse the effects of various New Physics models.

9.1. New Physics: Implementation

Given a New Physics potential Vnp = Ve (71, 72, 74, 75; m, gnp) and a ro-vibrational level
(v,]), we calculate the leading New Physics correction AE},\}? to the Standard Model

contribution Egl}/{ to first order in perturbation theory

AENT = (xu| ($ell Viwp o) |x0,1) - (9.2)

In this way and to leading order in 1,/ ji,,, the New Physics correction enters in the same
way as all the Standard Model corrections do, cf. Section 8.1. The total energy EIV\I}D is then
given by

EE}}’ = Eﬁ,hf + AEE{}’ . (9.3)
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To evaluate Equation (9.2), we use the Born-Oppenheimer wave function 1) derived as
described in Section 8.1. This means, we first evaluate the electronic part

ENT(R) = (Ya| Ve [9her) (9.4)

on a grid for the mediator mass m, and for the nuclear separation R on which the electronic
Born-Oppenheimer wave function was determined. This corresponds to a six dimensional
integration

ENP(R) = / &7 / &%, |a (71, 72, R) 2 Vaep . (9.5)

on each grid point, which is performed numerically in C++ using the VEGAS algorithm
implemented in the GNU Scientific Library [248]. The dependence of EN on R and m is
recovered by an interpolation with splines of degree two.

Next, one has to perform the part of the integration that includes the nuclear wave
functions

AENT = (xuy| ENY(R) [xv,) (9.6)

with the nuclear Born—-Oppenheimer wave function extracted from H2spectre in a discrete
value representation (DVR). This means, Equation (9.6) turns into [227,229]

AEN] = AR Y 2 (R)V (Ri)xu (Ri) , 9.7)
1

with the DVR grid points R; and spacing AR.

In general, the potentials might be spin dependent. In case of the electrons, the spin
wave function is fixed to be antisymmetric since we are considering the electronic ground
state. In case of the nuclei of homonuclear molecules, however, the symmetry of the total
spin wave function depends on the angular momentum quantum number |. This leads
to a 2/ + 1 fold degeneracy for a total spin of I. Thus, the New Physics correction to the
ground state is calculated according to degenerate perturbation theory which amounts to
a diagonalisation in the degenerate subspace.

Altogether, the energy of a ro-vibrational transition (v1,]1) — (v2,J2) including New
Physics effects is then given by
NP _ NP NP
Ewum-an) = B ~ By ©8)
As we are using the precise measurement and Standard Model prediction to constrain the

effect of New Physics, we can safely assume that the corresponding uncertainty is much
smaller than the Standard Model one, (TAE?IP] : < (TE(SMI X The latter can be extracted from

H2spectre. Thus, the total theoretical uncertainty of an energy level is given by
OpNP = OAENP + Opsm & Opsm , (9.9)

where the quantum numbers are suppressed for clarity. The error of a ro-vibrational

transition, TEND is then obtained by linearly adding the uncertainties of the cor-
v 1) =0 )2
responding energy levels. We stress that the theoretical uncertainties are not added in

quadrature as they do not have a statistical meaning. Additionally, some systematic un-
certainties of the energy levels might cancel in the transition (9.8). However, we stay with
our choice of error treatment as it is more conservative.
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Figure 9.1.: Upper limits at 30 on the scalar (left) and pseudoscalar (right) electron—
electron coupling as a function of the new mediator mass m.

Since we want to determine upper limits on the New Physics couplings at the 3 ¢ level,
we demand—given an experimental measurement E; " ) of a transition (v, J1) —

(v1,J1)— (12, ]
. . . . NP . il
(v, ) with an uncertainty UE(e;leH(vm)_the total contribution E (W1J1)— (va,)2) to lie within
the interval
E®P — 30pexy — opne < ENY < E®P 4 3 0pexe + Opne, (9.10)

where the quantum numbers are suppressed for clarity. Note that in Equation (9.10),
the non-statistical nature of the theoretical uncertainty is made explicit since only the
experimental uncertainty is multiplied by a factor of three.

9.2. New Physics: Potentials

In this section, we discuss the effect of various New Physics scenarios. We first discuss
the (pseudo)scalar and (axial)vector potentials. Finally, we comment on potentials arising
from effective four-particle interactions. The New Physics potentials arising from different
interactions are available in the literature, for instance in Reference [249] whose notation
we partially follow. Although such bounds are often plotted over several orders of
magnitude in the literature, we only discuss the relevant mass scale O(keV). For higher
masses the contribution drops too quickly to have an effect on molecular scales. For lighter
masses it seems that the bounds saturate, see for instance Figure 9.1. However, the afore-
mentioned Yukawa term for example cannot be distinguished from a Coulomb potential
for masses m — 0 such that it contributes to &y Which in turn has to be renormalised
accordingly, see Reference [200]. This weakens the bounds for lower masses again.

Scalar and Pseudoscalar Potentials

Forces mediated by scalar (S) and pseudoscalar (P) particles occur in a plethora of New
Physics scenarios. There, the new force is mediated for example by an additional Higgs
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Figure 9.2.: Upper limits at 3¢ on the scalar nucleus-nucleus couplings as a function of
the new mediator mass m.

boson [199,250], axion [194,251-254], or majoron [255]. The Lagrangian for a new scalar
interaction reads

L= (g5 +irssy) ¥, (9.11)

with the scalar and pseudoscalar coupling gi and gi, respectively, between the fermion

and the new scalar ¢. Note that at the length scale we are considering ~ 1 A, the nuclei can
be considered as a fundamental particle. Hence, this interaction is absent for deuterons as
they are bosonic. The corresponding non-relativistic potential is obtained by calculating
the matrix element of the tree-level ¢ exchange between the fermions . Taking the non-
relativistic limit of the occurring spinor bilinears, and performing a subsequent Fourier
transformation, one obtains the well-known potentials in position space [249]

mr

— e
VS(T’) = _ggb Ay ’
2
A G M e o1 1 A g
Vp(7) = g”%m,;m;,[(% 0p) <m2r2+mr+3m25 (7)
P, 3 3 e M

Here m denotes the mass of the scalar mediating the new force between the fermions a
and b with masses m, and m,, respectively. Further, the vector 7,; contains the Pauli
matrices and the unit vector 7 points from fermion b to fermion a. Inspecting the poten-
tials in Equation (9.12), one sees that contributions from Vp are relatively suppressed by
m? / (mgmy) compared to the scalar potential Vs. Thus, we expect m?/m? ~ 10~° weaker
bounds for a keV-scale mediator’s coupling to electrons, and m?/m%, ~ 107! weaker
bounds for the coupling to nuclei.

ELecTRON-ELECTRON INTERACTION The upper limits on the electron—electron couplings

gfe(P) at 3¢ are shown in Figure 9.1. For a scalar coupling g5, the most stringent con-

straints come from the measurements of Hy and HD yielding an upper limit of O(10~%).
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Figure 9.3.: Upper limits at 3¢ on the scalar electron-nucleus coupling g5y > 0 (left)
goy < 0 (right) as a function of the new mediator mass .

As expected, the pseudoscalar couplings g%, are much weaker constrained, g&, < 1073,
Moreover, there is a cancellation between the two spin dependent terms in Vp, cf. Equa-
tion (9.12), such that the New Physics contribution drops for increasing masses up to
~ 7keV. Eventually, the correction changes its sign and the constraints become stronger

again which explains the behaviour of the curves in Figure 9.1 right.

Nucteus-Nucreus INTEracTiON  The upper limits on the nucleus—nucleus couplings g3y
are shown in Figure 9.2. Similarly to the electron—electron interaction, the most stringent
constraint on the scalar coupling comes from H, and HD. Slightly above 10keV, the
constraints coming from the D, measurements become important. Moreover, for some
transitions the New Physics contributions to the involved energy levels cancel around
10keV such that the bounds on the coupling weaken before strengthening again, cf.
Figure 9.2. This is also the interaction that is usually considered in the literature, for
example in References [212,237]. Notice, their as = g/ (47) in our notation. The seemingly
weaker bounds are owed to the different normalisation and exclusion limits as we are
excluding at the more conservative choice of 30. We do not consider the case of a
pseudoscalar interaction since the bounds are weaker by a factor m?/m%, ~ 107!

ELecTRON-NUCLEUS INTERACTION  Finally, the constraints on the electron—nucleus coupling
g5y are shown in Figure 9.3. The behaviour is similar to the electron—electron case with
slightly stronger bounds due to the afore-mentioned additional contributions. Moreover,
the case g5y < 0 yields slightly stronger bounds of O(10~%) compared to the opposite
sign. Note that for the pseudoscalar potential, the spin matrix elements vanish for the
electronic ground state.
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Vector and Axialvector Potentials

New vector and axialvector interactions arise for example from an additional U(1) gauge
group usually introduced in models containing a dark photon. The dark photon mixes
with the Standard Model photon, and thus, enters the interactions with the Standard
Model fermions resulting in a Lagrangian of the type

L= A" (g) +ivsgy ) ¥ 9.13)

Here A;l denotes the new spin 1 gauge field with the vector and axialvector couplings

to the fermion 1, gl‘lf and g{;, respectively. This interaction Lagrangian results in the
following non-relativistic potentials [249]

—(Ga-?) (G- 7) [1+3+3H. (9.15)

with the same definitions as in Equation (9.12). Since m*/ (mymyp) < 1 for keV-scale
mediators that couple to electrons and nuclei, the leading contribution to the vector
potential is given by the scalar potential up to a relative sign

gz‘z/b e—mr
VV(T’) = ET = —VS (r)}g;/bﬁgfb . (916)
Moreover, the leading axialvector contribution remains unsuppressed compared to the
pseudoscalar contribution, and thus, we also expect strong bounds coming from an
axialvector exchange.

ELEcTRON-ELECTRON INTERACTION The bounds on the electron—electron vector interaction
are shown in Figure 9.4. As expected, the constraints for a vector electron—electron
coupling are very close to the scalar coupling with the strongest bounds coming from Hj
and HD yielding an upper limit of O(10~%). The same lines yield the strongest bounds
for the axialvector coupling which is even stronger constrained g4 < 107!,
Nucreus-NuctLeus INTERACTION The upper limits on the nucleus-nucleus vector cou-
plings are shown in Figure 9.5. The bounds on the coupling gk, are similar to the
corresponding ones from the scalar coupling while the axialvector coupling g&; is most
stringently constrained by H, yielding an upper bound of g4 < 1071°.

ELectrRON-NucLEUs INTERACTION  The spin matrix elements vanish again for the electronic
ground state, thus, the result of the vector potential with g%, > 0 equals the one of the
scalar potential in Figure 9.3 with g5y, < 0 and the other way around. For the same reason,
the corrections due to an axialvector interaction vanish as in the pseudoscalar case.
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Figure 9.4.: Upper limits at 3 ¢ on the vector (left) and axialvector (right) electron—electron
couplings as a function of the new mediator mass m.

Effective Contact Interaction

Fermionic ExcHANGE PotenTiaL  In the Standard Model there is a long-range interaction
resulting from a double insertion of the effective four-fermion operator, see Figure 9.6,
resulting in a two neutrino exchange potential [256,257]
G2
V(r) = —F5=, 9.17
( ) 167_[31,5 ( )
with the Fermi constant Gr. We know that neutrinos are not massless, in the case of
Majorana and Dirac type neutrinos, the potentials read [258]

G%.m? myr>1  Geg m3
Via(r) = S;fzr;Kszvr) ~ 167‘?21*2 7'crv3e "
Gz m3 myr>1 G, £f 1715 _
Vp(r) = 155 aKa(mr) "R 25 [ g (9.18)

with the neutrino mass m, and the modified Bessel functions Ky3. Gegs denotes the
effective coupling, which in the Standard Model corresponds to the Fermi constant Gr.
Note that for m, — 0 both potentials in Equation (9.18) yield the one of Equation (9.17).

One might attempt to calculate the effect of these potentials at atomic and molecular
scales as for example done in a recent paper [259]. However, the wave functions do not
necessarily vanish at the origin » = 0, instead the integral exhibits a quadratic divergence
which has also been observed in the very same Reference [259]. For instance, in case of
the electron—electron interaction this can be seen by introducing spherical coordinates for
the relative position of the two electrons rq,. In this case the r1; integration yields

. . oL . o r2 1
AENP ~ /d3r1 /d3r2 \l,b(rl,rz,R)lz V(rp) ~ /d3r /dQ /A dru% ~ A (9.19)

In Reference [259] a cutoff at the Z boson mass has been introduced, A ~ mz, and stringent
bounds for the electron—electron coupling from positronium and muonium spectroscopy
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Figure 9.5.: Upper limits at 3 ¢ on the vector (left) and axialvector (right) nucleus—nucleus
coupling as a function of the new mediator mass m.

are derived. The authors of Reference [259] conclude that current atomic and molecular
spectroscopy are only two orders of magnitude away from being sensitive to Standard
Model neutrino effects. However, this is fallacious, as the result strongly depends on the
chosen cutoff parameter, which points towards an incorrect treatment of the divergences.
And indeed, the non-relativistic description already breaks down far below the Z boson
mass. Relativistic effects become important at the electron mass m, or in terms of length,
at the Compton wavelength of the electron. However, the momentum of the electrons
is ma, and thus, it is not clear what should be chosen as a cutoff scale. In any case, the
divergence points to missing contributions as in the derivation of the long range potential
in Equation (9.17) the hard scale contributions were dropped since they correspond to delta
functions in position space. Such contributions, on the other hand, introduce infrared
divergences at the hard scale which should cancel the soft scale ultraviolet divergences
if all contributions are included, and matched correctly to the non-relativistic quantum
field theory. This should be similar to the higher order corrections to helium [260] and
positronium [261,262] where the occurring operators are too singular and the expectation
values with the non-relativistic wave functions are divergent [260]. There, dimensional
regularisation is applied and one can explicitly see the cancellation of the singularites in
the sum of the long and short range contribution [261]. For an illuminating discussion
see Reference [260].

The two-neutrino exchange potential has also been analysed in the context of atomic
parity violation [263,264]. There, the appearing wave functions drop quickly for r — 0
and the integrals are finite. However, the effect is, as one intuits, far below the current
experimental sensitivity.

Bosonic ExcHANGE PotenTiaL  Similarly to the two-neutrino exchange potential, a long-
range potential arises in the presence of an additional (pseudo)scalar boson a coupling to
the Standard Model Higgs boson H', see Figure 9.6. The interaction Lagrangian is given
by

L = gHaaaaH, (9.20)

1Or to an additional scalar which couples to the Standard Model fermions.
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Figure 9.6.: Integrating out the Z (left) or Higgs (right) boson results in an effective four-
particle interaction such that a long-range force is mediated by neutrinos v
(left) or additional (pseudo)scalars a (right).

with the New Physics coupling ¢p,,. This leads to a potential of the form [265]

Gm

Vi) = g5

Ki(2mr), (9.21)

where K; denotes the modified Bessel function, and m the mass of the new (pseudo)scalar
mediator. The coupling strength G reads

2
G = SHff8HSf'f'SHaa ~ 1071 Gev g%[,m p 9.22)
iy

in the case of the Standard Model Higgs field. Since this coupling is tiny, no observable
effects in atomic and molecular spectroscopy are expected.



CHAPTER 1 O

Final Remarks

We have performed the first extensive and comprehensive study of New Physics at molec-
ular scales. Using the precise Standard Model predictions available in the literature, we
have derived constraints on the new couplings of several New Physics potentials which we
have treated in the same manner as the leading order corrections in m, / i, of higher orders
in aem in the Standard Model. Compared to the stronger astrophysical and cosmological
bounds, these constraints stem from direct measurements.

Let us briefly compare our results to existing bounds in the literature. The electron—
nucleus coupling is also constrained by atomic spectroscopy which yields up to three
orders of magnitude stronger bounds [200]. Similarly, the constraints on new nucleus
interactions derived from neutron scattering experiments are up to three orders of magni-
tude stronger [266]. However, the bounds we derive are on nucleus couplings compared
to new couplings to nucleons, in particular neutrons as probed by neutron scattering
experiments. For the same reason the bounds derived on the New Physics couplings in
Reference [237] from molecular spectroscopy appear to be stronger than the ones from our
derivation. There, the coupling between the nucleons has been considered, and thus, con-
sidering for example T, and assuming coherent effects, this yields a constraint stronger
by a combinatorial factor of nine on the nucleon coupling compared to a nucleus—nucleus
coupling. However, as we are considering length scales of O(A), we prefer giving the con-
straints in terms of a nucleus coupling. Lastly, the coupling between electrons is probed
by helium spectroscopy [201] and measurements of the anomalous magnetic moment of
the electron. While our bounds are competitive with the former, the constraints from the
latter are up to two orders of magnitude stronger. Nonetheless, molecular spectroscopy
is interesting from a theoretical point of view as it allows to constrain a variety of New
Physics interactions between different types of particles in one single measurement—in
contrast to all the afore-mentioned laboratory measurements.

Effects from long-range potentials mediated by neutrinos are not expected to have a
measurable effect on molecular and atomic spectra in the foreseeable future, contrary to
recent claims in the literature. These claims are due to the fact that a consistent treatment
of this potential from the hard scale down to the soft scale, as needed for atomic and
molecular spectroscopy, is missing in the corresponding literature.






CHAPTER ]. ].

Final Conclusion and Outlook

Since the main physical results have been summarised along the way, we return to the
big picture. We have first shown that it is possible to solve the b anomalies within the
R-parity conserving MSSM despite all the claims in the literature. If the anomalous
measurements are further confirmed in the near future, this has crucial implications on
the phenomenology of the MSSM since this explanation implies falsifiable predictions.
Among those implications are the sub-TeV sleptons. This suggests that a sophisticated
collider analysis should be performed in order to confirm or rule out this possibility.
Additionally, future measurements in b — stT help to sort this possibility out. Further,
measurements of b — dIl processes are important in order to determine the nature of
the New Physics. For this reason, we have investigated the decays B — PII with the
pseudoscalar P. While the experimental uncertainties are going to be reduced to O(1 %)
in the upcoming experiments at LHCb, the theoretical uncertainty is currently dominated
by the form factor errors. Nevertheless, the upcoming and ongoing measurements at
LHCDb and Belle II, will reveal if there is New Physics. In that case, further work to reduce
the theoretical uncertainties in hadronic b — dll is required to unlock the detailed nature
of the New Physics.

In Part II, we have inspected the general 2HDM with spontaneous CP violation. Contrary
to the claim in the literature that it is difficult to distinguish between explicit and spon-
taneous CP violation [267], we have presented clear phenomenological differences and
provided a sum rule which might help to determine the primary origin of CP violation
in Nature. Motivated by this sum rule, we subsequently examined the collider phe-
nomenology. Unfortunately, the searches for the relevant signatures within the context of
2HDMs did not yet gain much impetus from the experimental side. Nevertheless, using
and recasting available searches we were able to derive stringent limits on the parameter
space. In the light of the upcoming LHC runs, another work regarding the collider sig-
natures is currently underway. However, this still has to be pursued by the experimental
collaborations in order to draw a final conclusion regarding the primary origin of CP
violation.

Finally, in Part I1], a model-independent analysis of light New Physics—as they often arise
in models aimed at solving the strong CP puzzle or providing a dark matter candidate—
has been performed. For this, the effects of a variety of New Physics potentials on
molecular spectra of hydrogen isotopologues are calculated. Even though it has turned
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out that single interactions between the constituents are similarly or even stronger con-
strained by experiments like atomic spectroscopy, neutron scattering or measurements
of the anomalous magnetic moments, molecular spectroscopy is interesting since single
measurements constrain different interactions between all constituents.



PART IV

Appendices






APPENDIX A

Mass Matrices

For completeness, we list here the general mass matrices of the Higgs and gaugino sectors.

Higgs Sector
The neutral scalar Higgs mass matrix Mpy reads in the general CP conserving case [29]
— M2 2 2 12 2 2
M2, — Ud 28y 25W02W2 ) (A1)
2 e Udvu m2 @ e Uu
2 282 2, Po, 2822
and is diagonalised by the rotation Zy [29]
. 1 ..
Re(H!) = ﬁngf +0;, (A.2)
implying
2
m 0 —
Zhmze =1 ), Ze= [ %), (A.3)
0 m 70 Sa  Cu
2

with s, = sinw, ¢, = cosa, H% = H‘}l and H% = lel And indeed, for v; — 0 we recover
Equation (2.18).

Gaugino Sector
Here we consider the chargino and neutralino sector of the MSSM.

Chargino sector

The chargino mixing matrix M, is given by [29]

M,
,
My = evy S;;V , (A4)

Sw
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and is diagonalised by the bi-unitary transformation

0
ZTM,Z, = (’"7‘1 ) , my, >0,i=1,2. (A.5)
0 my,

Z_ and Z; can be determined by diagonalising M;;MX and MXM;(, respectively. A
perturbative diagonalisation yields

mil = M3, miz =u?, (A.6)
up to O(v?/ Msysy) and for real mass parameters.

Neutralino sector

The neutralino mass matrix My reads [29]

—e0y4 ey
M 0
' V2ew Ve
€04 —e0y
0 My
- 2s 2s
MN — —evy evy \/>O W \/: w 7 (A7)
\@CW 25W .
evu —ETJM - 0
V2ew 25w K

and is diagonalised by the unitary matrix Zy obtained through Takagi’s factorisation

ZI]MNZN = diag(mx(l),mxg,mxg, mxg) . (A8)
The masses read
2 ap2 2 _ g2 2 _ .2 2 _ .2
me = Mz, My = M3, My = K", Mo = 1", (A9)

up to O(v*/ Msysy) and for real mass parameters.



APPENDIX B

Loop Functions

Here we list the loop functions used in this work. The two- and four-point functions with
vanishing external momenta are defined as [63,88]

dk —i
2m)" (K2 —mg) (k* —m3)

Dan (o m i) = (amy? [ S I @)
(270)" TTizy (K2 —m?)

B m) = (40)° | -

Notice that we define the two- and four-point function with a relative sign. With these
definitions, the two-point function reads [88]

m; log (Q*/m3) — m3log (Q*/m3)
2 2 ’ (BZ)
my —mj

Bo(m%, m%) =1+

and the four-point functions Dy and D, are given by [63]

m3 log (m3/m)

OO ) = (o) (o — ) (o )
L mlog(n/mi)
(03 ) (3 2) (v )
nflog (1)
(0 ) (o 2) ()
(ot (3" 10g (130

)= B =) (2 — m2) (w3 — i)
(m2)? log (m/ )
(2= n2) (2 — mi2) (2 — )
() log (3 /)

(i —m3) (m —m3) (mg —m3)

+

(B.3)
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Further, we define
B(m3, m3, m3, m3) = (m} — m3) By (m3, m3)
+ (m3 — m3) Bo (m3, m3)
+ (m% — m%) Bo (m%, mﬁ) ,

DY(m3, m5, m3, m3) = Dy(m3, m3, m3, m3) + 2mymaDo(m?, m3, m3, m3) . (B.4)



APPENDIX C

Input Parameters

Unless noted otherwise, we use the input parameters that are shown in Table C.1. The
QCD running of the quark masses and the strong coupling constant is performed in
RunDec [268]. The CKM matrix is taken from the summer 2016 results of the UTfit
collaboration [269]. For the used form factors see the discussion in Section 3.1 below
Equation (3.22).

Table C.1.: Input parameters used in this work.

parameter value ref. parameter value ref.
mw 80.379(12) GeV [83] Mg 0.494 GeV [270]
My 91.1876(21)GeV  [83] Migo 0.498 GeV [270]
(2 GeV) 9371 MeV [83] Mt 0.13957 GeV [270]
m.(3GeV)  0.993(8) GeV [271] o 0.13498 GeV [270]
my, (my) 4.163(16) GeV [272] fz 0.20213° GeV [138]
Me pole 1.67(7) GeV [83] . 0.222738 GeV [138]
My pole 4.78(6) GeV [83] fx 0.156 GeV [273]
Mt pole 173.1(9) GeV [270] fr 0.130 GeV [273]
mpg 5.279 GeV [270] A 0.46(11) GeV [274]
mp, 5.280 GeV [270] af 0.0525"3} [275]
mp, 5.367 GeV [270] aX 0.106*1> [275]
mp: 5.325 GeV [270] ay 0.22-0.33 [276]

mp; 5.415GeV [270] af 0.12-0.25 [276]







APPENDIX D

Breakdown of the Uncertainties in the B — PII Transitions

In this appendix, we break down the uncertainties of the theoretical predictions from
Section 3.1. To estimate the error from the different input parameters, we vary the masses,
the CKM matrix elements, the form factors and decay constants, the power corrections, the
renormalisation scale and the remaining hadronic parameters separately. The results in
the low and high 4* region are shown in Figure D.1. As one can see, the largest uncertainty
of all branching ratios comes from the form factors followed by the uncertainties of the
CKM matrix elements. The errors shown in the legend are sorted according to their size.
We also show the theory prediction of the branching ratios with a quadratic addition of
the uncertainties in Table D.1.

Table D.1.: Theoretical predictions of the branching ratios BR(B — PII) adding the dif-
ferent types of uncertainties in quadrature.

decay [1,6] GeV? [17,22] GeV?
BR(B — mll) x 10° 6.63 & 1.29 5.05 4 0.52
BR(B; — mtll) x 10° 4.47 +0.50 4.69 +0.48

BR(B; — KII) x 10° 8.03 +1.03 4.20 +0.63
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Figure D.1.: Breakdown of the uncertainties of the differential branching ratios of B — 7tll,
B; — mll, and By — KII.
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Comparison with the Experimental Analysis
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Figure E.1.: Comparison of the acceptance (left) and of the limit on the coupling (right)
between our analysis and the experimental analysis from Reference [171]
(1901.10917).

Here we cross-check our analysis procedure which we used to recast the results of Ref-
erence [171], cf. Section 6.5. For this we apply our code to the Z’' model that has been
analysed in the very same reference. This enables a direct comparison between our anal-
ysis and the experimental one. The data for the process pp — vZ'(— jj) is generated
in MadGraph5_aMC@NLO using the vector-leptoquark model file of Reference [277]. The
acceptance of our procedure is shown together with the acceptance of the experimental
analysis, that can be found in the auxiliary materials of Reference [171], in Figure E.1.
Further, we determine the limits on the coupling as described in Section 6.5. The result is
shown in Figure E.1 where we overlaid the results of Reference [171]. Both results show
a good agreement with the more sophisticated experimental analysis.






APPENDIX F

Experimental Input for Part III

All experimental measurements used in our analysis in Section 9.2 to constrain New
Physics are listed here. Measurements in heteronuclear and homonuclear hydrogen
isotopologues are shown in Table F.1 and Table F.2, respectively. Note the updated
measurements compared to Reference [193].

Table F.1.: List of all measurements of the transitions (v, J1) — (12, J2) used in the analysis
in Section 9.2. All numbers are given in cm L,

molecule transition energy reference
HD (1,0) — (0,0) 3632.16052(22) [242]
HD (1,1) — (0,1) 3628.30450(22) [242]
HD (2,2) — (0,1) 7241.84935087(67) [278]
HD (2,3) = (0,2) 7306.48322250(93) [278]
HD (2,4) — (0,3) 7361.90317335(93) [278]
DT (1,0) — (0,0) 2743.34160(42) [238]
DT (1,1) — (0,1) 2741.73204(39) [238]
DT (1,2) = (0,2) 2738.51662(42) [238]
DT (1,3) — (0,3) 2733.70479(42) [238]
DT (1,4) — (0,4) 2727.30745(42) [238]
DT (1,5) — (0,5) 2719.34221(42) [238]
HT (1,0) — (0,0) 3434.81248(53) [238]
HT (1,1) — (0,1) 3431.57509(53) [238]
HT (1,2) — (0,2) 3425.11265(53) [238]
HT (1,3) = (0,3) 3415.45258(53) [238]
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Table F.2.: List of all measurements of the transitions (vy, J1) — (12, J2) used in the analysis

in Section 9.2. All numbers are given in cm ™.

molecule transition energy reference
H, (3,5) = (0,3) 12559.74952(5) [279]
H, (1,0) — (0,0) 4161.16636(15) [242]
H, (1,1) — (0,1) 4155.25400(21) [242]
H, (1,2) — (0,2) 4143.46553(15) [242]
H, (11,1) — (0,0) 32937.7554(16) [280]
H» (11,3) — (0,0) 33186.4791(16) [280]
H, (11,4) — (0,0) 33380.1025(33) [280]
H, (11,5) — (0,0) 33615.5371(18) [280]
D, (1,0) — (0,0) 2993.61706(15) [242]
D, (1,1) — (0,1) 2991.50706(15) [242]
D, (1,2) = (0,2) 2987.29352(15) [242]
D, (0,2) = (0,0) 179.068(2) [281]
D, (0,3) = (0,1) 297.533(3) [281]
D, (0,4) — (0,2) 414.648(2) [281]
T> (1,0) — (0,0) 2464.50394(67) [238]
T> (1,1) — (0,1) 2463.34817(42) [238]
T> (1,2) — (0,2) 2461.03917(42) [238]
T> (1,3) — (0,3) 2457.58135(42) [238]
T> (1,4) — (0,4) 2452.98233(42) [238]
T> (1,5) — (0,5) 2447.25061(42) [238]
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