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Chapter 1

Introduction

The Standard Model (SM) of particle physics is an outstanding result of theoretical and
experimental efforts of the past 60 years (if we date modern particle physics from 1947 when
the pion was discovered). It is a consistent theory that describes experimental phenomena
in the energy range of up to several hundred GeV. The Standard Model is a field-theoretic
description of strong and electroweak interactions at these energies. However, it is not a
closed theory. SM requires nineteen parameters as an input: three charged lepton masses,
six quark masses, three gauge coupling constants, three quark mixing angles, one complex
phase, mass of the Higgs boson, Higgs boson quartic coupling constant and the QCD vacuum
angle. Numerical values of these parameters are neither explained nor predicted by the
Standard Model. Their presence might be a result of more fundamental theory that reduces
to the SM at the low energies.

The Standard Model includes two different types of particles: matter constituents (quarks
and leptons) and force carriers (gauge bosons). Properties of these particles are listed in
Tables 1.1 and 1.2 [1]. T do not include the Higgs boson here since it is yet to be found. In
SM quarks and leptons are arranged in three generations (families). Particles from different
generations display similar properties. There is an obvious mass pattern, i.e. particles in
a higher generation are heavier than the ones belonging to a lower generation. As it was
mentioned before, such behavior can not be explained within the Standard Model paradigm.

In addition to the mass hierarchy, there are other conceptual problems that Standard



Table 1.1: Standard Model constituents [1]

charged lepton up-type down-type
lepton neutrino quark quark
e Ve U d
mass, GeV/c* | 0511 x 1072 | <2x 1072 || 1.5—-3x 1072 | 35 -6 x 1073
charge, e -1 0 2/3 -1/3
i v, c s
mass, GeV/c? | 105.7 x 1073 | <2 x 107° 1.27 0.104
charge, e -1 0 2/3 -1/3
T v, t b
mass, GeV/c? 1.777 <2x107° 171.2 4.20
charge, e -1 0 2/3 -1/3

Table 1.2: Gauge Bosons

v | WE [ Z° g

force e/m | weak || weak | strong
mass, GeV/c* || 0 | 80.4 | 91.2 0
charge, e 0 +1 0 0




Model can not explain. Two of them are related to the topic of my research: gravity and
dark matter. SM successfully incorporates three fundamental interactions: electromagnetic,
weak and strong. It also predicts an experimentally confirmed unification of electromagnetic
and weak forces, so called electroweak interaction. As one can see, gravitational interaction

is not a part of the Standard Model.

74% Dark Energy

4% Atoms

Figure 1.1: Matter distribution in the universe [2]

Dark Matter (DM) and Dark Energy (DE) are other mysteries that can not be explained
by the Standard Model. It was concluded based on WMAP data, that DM and DE can
make up to 95% of observed universe [2] (Fig.1.1).

Clearly, the above-mentioned puzzles motivate search for the physics beyond the Standard
Model, or, as it is often called, the New Physics (NP). There are continuous experimental
efforts directed at the detection of New Physics: Large Hadron Collider (LHC) and ex-
periments hosted there (CMS, ATLAS, ALICE, LHCbD etc [3] ), continuing studies at the

Tevatron (CDF and DO experiments [4]), and a number of Dark Matter search experiments



(CDMS [5], DAMA [6], Xenonl00 [7] to name some of them ). Obviously, it is not an easy
task to detect NP signals, otherwise it would have been done already. The abovementioned
experiments provide us with large amount of experimental data and require theoretical ex-
planation and understanding of observed signals. It is not an easy task as well.

The “Light” NP particles can be directly detected as decay products, while the "heavy”
ones provide an indirect input through loop diagrams (for example NP particles in the
loop diagrams will affect heavy meson mixing). The best ”"places” to look for the New
Physics are processes which are either not well explained by the Standard Model (often it is
computationally challenging to make the SM prediction) or are hard to study experimentally
(missing energy decays, neutrino physics). In this sense decays of heavy mesons are the best
places to search for new physics. In the Standard Model they usually occur via loop diagrams
and are sensitive to the New Physics particles that can run in the loop. Also heavy mesons
decays allow one to scan the relatively large mass region of potential New Physics decay
products.

In this thesis we considered two of such processes. One mixing between B,-B, mesons
which occurs only at the loop level diagrams in the SM and thus is hard to compute to the
desired degree of accuracy. As it was mentioned before, this process is sensitive to heavy NP
particles. Another process considered here is a set of missing energy decays of heavy mesons.
It provides an opportunity to either detect light Dark Matter in such decays or to rule out
the possibility of light DM depending on the result of experimental studies. More detailed

introduction to these problems is provided at the beginning of appropriate chapters.



Chapter 2

Theoretical aspects of the Standard
Model

2.1 Symmetry

The Standard Model is a gauge field theory based on the SU(3)c®@SU(2),®@U(1)y symmetry
groups. SU(3)¢ is a symmetry of strong interaction (QCD). It is unbroken, in other words it
is exact symmetry of the theory, and it is confined, i.e. it is present only at certain distances
between interacting particles. However, SU(2);, ® U(1)y is spontaneously broken down to
U(1)em under the Higgs mechanism [9].

Index L in the notation of SU(2) group stands for " Left” since only left- handed fermions

play role in weak interaction. The fermion mass term ) mixes left- and right-handed fields:

b = Ypir +Yrr (2.1)

while electromagnetic (vector) and weak (V-A) currents do not mix those components. Only

left-handed fields contribute to the electro-weak currents:

VY'Y = Ypy R + Yy Yr;

DL =) = 200" Pryp = 200" PRy = 20 Py Pryp = 299"



U(1)y is associated with hypercharge Y which can be related to the third component of

the weak isospin I3 and electric charge ) through Gell-Mann—Nishijima formula:
Q=T3+Y/2 (2.2)

Such a theory combining SU(2), ® U(1)y requires four gauge bosons: a triplet (Wy, Wa, W)
and a singlet B. Triplet field is associated with SU(2) generators, while singlet is related to
U(1). Physical gauge bosons (Table.1.1 ) that are observed in an experiment are admixtures
of those fields. Charged bosons W# are linear combinations of W, 5, while photon and Z°
are a mixture of Wy and B. W* and Z° bosons gain masses via spontaneous symmetry

breaking and Higgs mechanism, which will be discussed below.

2.2 Gauge bosons, leptons and their interactions

Let us introduce gauge fields and their strength tensors:

SU@2), — W, W2 W},

U(l)y — B,

Wi, = 0,W, — 0,W, + ge"WIW}, (2.3)
By, = 0,B, — 0,B,,

1 7 i v 1 v
Looige = Wi W' = B, B".

Let us consider the leptonic part of the Standard Model lagrangian. Its kinetic part can be
written in the following way:

Licpton = RigR + LiJL. (2.4)



where R = [g is a right-handed singlet and L = (ii ) is a left-handed doublet. There are
no mass terms for fermions since it mixes left- and right-handed components, thus breaking
gauge invariance. It will be introduced via the Higgs mechanism later in the chapter. To
introduce the interaction between fermions and bosons, and to make the lagrangian in Eq.2.4

gauge-invariant we need to introduce covariant derivatives [10]:

I oo +idswieilyn
C Ou T W Ty By

gl
R . 8M ‘|>'L§YBM

/
Einteraction _ I/Z’}/'u <ZgTZW; + Zg—YBM) L (25)

lepton 2

/
+ Ry <z’%YBM) R.

Here g and ¢’ are coupling constants associated with groups SU(2);, and U(1)y respectively;
YLl = —1 and YR[ = -2
Picking up the "left” and the "right” parts of Eq.(2.5) and writing it explicitly one can

obtain the following SM currents:

L _u711722 ‘u7_33 g/—u
‘Clepton = —gL’}/ EWﬂ+§Wﬂ L—QL’Y ?W“L_EYL’Y BML (26)
= Lion + Licgion, Where
1 2
L(x = T T
Liigton = —9L7" <§W,}+§Wj) L
L(0) LA
Licpon = —9L" G WL = SYINV"B,L (2.7)
9 5
L = ~5YRY"B,R. (2.8)

Superscripts (£) and (0) denote charged and neutral current respectively. Let us consider



these currents separately.

L(=£)

lepton CALL be written as follows:

Using an explicit representation of the Pauli matrices, £

_ 0 Wt — W2
L5 = —gLy* L (2.9)
Wt iWw? 0

It is convenient to redefine W12 in such a way that new fields match the observed charged

fields W=:

W = %(WIHFWV?)

Li8 = I [ (1 = )W+ (L =)o W] (2.10)

lepton 2 \/5

The coupling constant g can be related to the strength of the effective four-fermion Fermi

interaction:

2\ 1/2
GFMW) (2.11)

JL:GW:<
2v2 V2
Now let us consider the neutral part of the lepton lagrangian that mixes right- and

left-handed fields.

3 /
LEHRO) — —gfxy“%WiL — %(I_/y“YL + RW"YR)BM =
/
= —gJiW? — %J{ﬁBM (2.12)
Currents J ad Jy are defined as follows:
g L B [+~
J3 = 5(1/[1’)/ l/L—lL’y ZL)

J{; = —(ﬁL’yMUL -+ ZL"}/MZL —+ QZR’)/MZR)



It is clear that they obbey Gell-Mann—Nishijima relation:
1
Jem = J3 +Jy
2
One can rotate neutral fields W' and B* to the new fields A* and Z*:

AW cosby  sin Oy B*
- (2.13)
ZF —sin @y cos Oy Wi

where Oy, is called the Weinberg weak mixing angle. There is the following relation between

SU(2)r, and U(1)y coupling constants:

/

9

/92 +g’27 92 +g’2

sin 9W =

Re-writing lagrangian in terms of the new fields one can immediately notice that there is
a well-defined relation between electric charge, coupling constants, and the Weinberg angle.
Another important result is presence of the weak interaction that does not change charge.

Strength of this interaction can be predicted by the Standard Model:

L+R (0) _ 7. 9 Dot (gh — gl A
L = —gsinfw (')A, 5 cos Oy wgl(%WM(gv 947V5)¥i) 2
e = gsinfy = g cos by
g, = Ti—2Q;sin®by, g\ =Ti (2.14)

The result of Eq.(2.14) is extremely important since at the time it was obtained, there

was no experimental evidence for the weak neutral current.
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2.3 Higgs mechanism. Mass generation

If the Higgs boson didn’t exist,
we should have to invent

something very much like it

C. Quigg (8]

At this point theory contains four massless gauge fields — A,, Z,,, Wj; and two massless
fermions — [, v. The next step in the theory building is to add scalar fields in order to break
symmetry and to generate weak bosons masses while keeping photon massless. In order to
give masses to the gauge bosons we need to apply the so-called Higgs mechanism. Formal
introduction to this mechanism is provided in the next several paragraphs. Obtained results
will be generalized for the Standard Model later in the text.

Goldstone’s theorem states that when an exact continuous global symmetry is sponta-
neously broken, the theory contains one massless scalar particle for each broken generator
of the original symmetry group. However there is no experimental evidence for existence of
such particles. In the mid-1960’s several authors independently pointed out the way to solve
this puzzle — the so called Higgs mechanism [11]. Tt also has a nice bonus - in the Higgs
mechanism the gauge bosons become massive. In order to see how this mechanism works let

us consider the charged self- interacting scalar field (Eq. (2.15)).

L = 0,0"0"¢—V(o,0)
V(g,¢") = 1¢"¢+ \(6"¢)” (2.15)

Note that lagrangian (Eq.(2.15)) is invariant under the global phase transformation ¢ —
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exp (—if)¢. When we re-write it in terms of two real scalar fields it becomes invariant under

SO(2) transformations:

R

£ = (0u01061 + 8,620 62) — V (61, 6) (2.16)
b1 cost) sind o
o |\ —sing coso ) | o

For 2 > 0 the vacuum state is at ¢; = ¢o = 0 and for the small oscillations about the
minimum,

c=Y = %(amaﬂqsi  2g2), (2.17)

i=1,2
which means that in this situation there are two scalar fields ¢, o with mass m? = p? > 0.
In the case when p? < 0 we get the continuum of the vacuum states (the ”mexican hat”

potential, Fig.2.1). In this situation minimum of potential is at:

<|¢|2> — <¢1> ;<¢2> — _5_}\ %

(2.18)

One can see from the Fig.2.1 that vacua are still invariant under SO(2) symmetry. However,
once we pick out the particular vacuum state, the symmetry is broken. This phenomenon
is called spontaneous symmetry breaking. For example, we can pick the following vacuum
configuration ¢; = v and ¢, = 0. The new fields can be redefined as perturbations around

the vacuum state:

Py=¢1—v and ¢y = ¢ (2.19)
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Figure 2.1: The “mexican hat” potential incorporated in the theory of the spontaneous
symmetry breaking

in terms of new fields, lagrangian transforms to the following form:
1 YT 1 2\ 112 1 YT
L= 9 L 910" — 5(_2M )OT + 5@@28 Py + .. (2:20)

where ellipsis denotes interaction terms which are irrelevant for the mass generation discus-
sion. Clearly, the new lagrangian describes interactions of two scalar fields, one of them is
massless and another one is massive.

In order to apply the Higgs mechanism and to generate W+ and Z° masses let us introduce

the scalar doublet and its lagrangian:

JF
b = ¢
¢0
L=D,®'D'® — 1/°Td — \('D)? (2.21)

. Tz‘ ; .g/
D,=0,+ ngWM + z;YBM
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We choose the vacuum expectation value of the Higgs boson in the following form:

0 112
(D)o = , where v = - (2.22)
v/\/ﬁ

Such a choice of the vacuum expectation value breaks SU(2);, ® U(1)y symmetry down to
U(1)em giving mass to the W+ and Z° bosons and leaving photon massless. The Higgs

doublet can be parametrized in the following form:

v+ H (O

P
V2 g

(2.23)

After substitution of Eq.2.23 into Eq.2.21 and redefinition of gauge boson fields according

to Eq.2.10 one obtains the following result:

1 g* _ 1
D®D,® — 0, HO'H + (v + H)? (W;W by 72“2#) (2.24)

2 cos Oy

Comparing the latter term with the mass term for W* and Z° bosons one can identify:

My = % (2.25)
1 M
M, = g W
cos by 2 cos Oy

The approach can be generalized for the case of non-Abelian theory. Lepton and quark
masses are obtained from Yukawa interaction of leptons (quarks) with Higgs boson (see
Section 2.4). It is necessary to stress that the Higgs mechanism explains how particles

get masses in the SM framework, but it does not predict their numerical values. Thus
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particles masses need to be introduced as input parameters of the model as mentioned in the
Chapter.1. We will not go into more details about mass generation in the Standard Model
since it is not the main topic of dissertation. Interested reader can find plenty of information
on this matter in almost any particle physics textbook [12].

We would like to point out that Higgs boson is the missing piece of the Standard Model
and it is yet to be discovered. There are various extensions to the basic Higgs mechanism:
extended Higgs sector (for example [13] and [14]), composite Higgs boson [15, 16], etc. All of
them employ the same idea of symmetry breaking but have different particle content. Only

experimental confirmation can determine which theory is correct.

2.4 Quark mixing and the CKM matrix

The electroweak sector of the Standard Model is a SU(2);, ® U(1)y gauge theory. The
left-handed quarks are SU(2); doublets, while the right-handed quarks are singlets. If
SU(2), @ U(1)y was an exact symmetry of the theory, then quarks would be massless and
there would be no difference between mass and interaction eigenstates. As it was discussed
in the previous section, interaction between Higgs boson and quarks breaks symmetry and

generates quark masses. Let us consider in detail how it is realized and why it leads to quark

mixing.
3 — ~ —
‘Cquark—Higgs = — Z Uz‘jRUi(I)TLj + DinDi(I)TLj + h.c (226)
i,j=1
~ (bO*
d = ioyd* = . (2.27)

_¢*
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Here @ is the conjugated Higgs doublet; U; ;, Ry, and D;;, Rp, are Yukawa matrices and
right-handed singlets for up- and down-type quarks respectively. From the vacuum expecta-
tion values of Higgs doublets ® and ® we obtain the mass matrices for up- and down-type

quarks:
v

M) = EU(D)U (2.28)

These matrices are non-diagonal, thus the weak eigenstates ¢’ are a superposition of the mass
eigenstates ¢q. Each of matrices U(D);; can be diagonalized using unitary transformation.

However, they can not be diagonalized simultaneously.

u u d d
c ZF% c ) s :FL(% s
g LR t LR 4 LR b LR
m, 0 O
FOOMUE = 0 om0 (2.29)
0 0 my
mg 0 O
FOTMPET =1 0 om0
0 0 my

For the weak charged V-A current it results in the following:

d d
(o ¢ ¢ )| o =(u ¢ t)u(FDTEPHy | s (2.30)
Y b

L L
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with generation mixing between mass eigenstates encoded in the matrix V:
vV =FYTRP (2.31)

On the other hand, neutral current of quarks does not produce generation mixing:

!/

u u
(o ¢ ¢ )| ¢ =(u ¢ t )L(FéU)TFL(U))% c ;
t t
L L
where FL(U)TFL(U) = 1 because of unitarity (2.32)

Thus there are no flavor changing neutral currents in the Standard Model at tree level.
However such currents can be realized in loop diagrams.

V;; is Cabibbo-Kobayashi-Maskawa (CKM) matrix [17]. In general the N generations
quark mixing matrix is described by (N — 1)? parameters which include N(N —1)/2 Euler-
type angles and (N — 1)(/N — 2)/2 complex phases. The latter relationship is especially
interesting since it shows that in case of two quark generations the Cabibbo matrix is real,
while for three generations it contains irreducible complex phase. This phase is required to
provide description of CP violation within the Standard Model framework.

There are various parameterizations of the CKM matrix. One of them is the Wolfenstein

parametrization [18]. Tt is based on the expansion of each element as a power series of small
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Figure 2.2: Schematical representation of the meson—anti-meson mixing process

parameter A = |V,s| = 0.22:

1-— ’\72 A AN (p—in)
V= ) —2Ax +O0(\Y) (2.33)
AN (1 —p—in) —AN 1

This parametrization is very convenient for phenomenological applications since it al-
lows estimation of the relative size of various effects almost immediately (for example CKM
favored versus CKM suppressed decay rates).

There is a fascinating phenomenological observation arising from quark mixing. It is
mixing of a meson and an anti-meson. Schematically this effect can be described in the
following way. Meson contains quark ¢; and anti-quark ¢,. Due to quark mixing, it can
experience the following transitions: ¢ — ¢ — ¢ and ¢ — ¢; — ¢ thus resulting in
transition from meson to anti-meson (schematically this process is presented on Fig.2.2).
Since, as it was mentioned before, weak eigenstates do not coincide with mass eigenstates,
the meson detected in an experiment (mass eigenstate) will be a mixture of meson and anti-
meson interaction eigenstates. This was first observed in K°— K° system [19], later in the By
20] system and the most recent observations detected mixing in the D [21] and By [22, 23]
systems. These neutral mesons (K°, By, D° and Bg) are the only hadrons that mix with

their own anti-particles.
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Meson-antimeson mixing serves as an indispensable way of placing constraints on various
models of New Physics (NP). This is usually ascribed to the fact that this process only
occurs at the one-loop level in the Standard Model (SM) of electroweak interactions. This
makes it sensitive to the effects of possible NP particles in the loops or even to new tree-level
interactions that can possibly contribute to the flavor-changing A() = 2 interactions. Tech-
nical details of the meson-antimeson calculations are provided in Chapter 4. We considered
several examples of the New Physics signals in the By mixing and placed constraints on some
models of the physics beyond the Standard Model.

However, New Physics is not necessarily heavy (i.e. with mass of the NP particles at
the electroweak scale or above). One of the examples of the physical phenomena that is not
described within the Standard Model and still can be relatively light is Dark Matter (DM). In
the next chapter we provide an introduction to the Dark Matter subject and briefly discuss

several theoretical approaches to the problem of DM.
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Chapter 3

Different approaches to the problem
of Dark Matter

As briefly mentioned in the Chapterl, the Dark Matter (DM) and Dark Energy are not
described in the Standard Model. It means that, despite the huge success of the Standard
Model in description of elementary particle phenomenology, we still do not know what 95%
of the Universe is made off (see Fig.1.1 ). First experimental evidence for the dark matter
dates back to the 1937 [24] when Swiss astronomer Fritz Zwicky noticed discrepancy between
predicted and observed values of orbital velocities of galaxies in clusters. In order to solve
this puzzle he postulated the existence of the "missing mass”. There were a lot of efforts
directed to understanding the nature of the Dark Matter and it’s properties.Many models
were proposed, however there is no confirmed experimental detection of DM at microscopic
(particle) level as opposed to the macroscopic (galactic) scale.

The most popular solutions of the Dark Matter puzzle can be classified in the following
way. On one hand, in order to explain the rotational curves of galaxies one can modify
gravity. Such an approach is called MOND — MOdified Newtonian Dynamics. On the other
hand, one can introduce various sources of the "missing mass”, which would provide the
same results. The latter set of ideas can be separated into two additional subsets — baryonic

and non-baryonic DM. All of them are briefly discussed below.
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3.1 MOND

The MOdified Newtonian Dynamics is an extremely attractive way to explain the galac-
tic rotation curves. This approach is based on the assumption that Newtonian gravity fails
at certain scales. New particle species are not introduced in such theories. The MOND
paradigm was introduced by Milgrom [25]. Tts basic idea is quite simple - for small accelera-
tions (a. ~ 107%ms?), Newtonian dynamics is no longer applicable to describe the behavior

of a test mass, and should be modified.

a = play/ac)ay (3.1)

where ay is Newtonian acceleration due to gravity and p is a smooth monotonic function
with the requirement p(1) = 1 [26].

MOND approach works extremely well for the explanation of gravitational rotation curves
requiring in principle only one input parameter - a.. However, MOND fails to explain the
mass distribution in the Bullet Cluster Fig.3.1. Another problem associated with the MOND
approach is that it can not explain DAMA /LIBRA results for the annual modulation of the
DM flux[6]. Yet another drawback of the MOND approach is that it does not explain
PAMELA data [31]. It is necessary to mention that while these experimental results might
be due to the Dark Matter, it is not necessarily so. Thus Modified Newtonian Dynamics is

not completely disfavored by any current experiment searching for the Dark Matter.
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Figure 3.1: Pink represents matter detected by the X-ray telescope, while blue represents
the way matter should be distributed in order to explain light propagation from background
galaxies[27].

3.2 Baryonic Dark Matter

Baryonic Dark matter is a type of DM that is composed of baryons. In other words, baryonic
DM is composed of ordinary matter and can not be detected by its emitted radiations. The
main candidates for baryonic Dark Matter are non-luminous gas, and Massive Astrophysical
Compact Halo Objects (MACHO) (MACHOs include black holes, neutron stars and brown
dwarfs.). The total amount of baryonic DM can be inferred from the Big Bang nucleosyn-
thesis and cosmic microwave background measurements. Both of the approaches show that
amount of baryonic DM is much smaller than total amount of Dark Matter in the Universe

128].
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3.3 Non-baryonic Dark Matter

Another way to treat the Dark Matter is to assume that there are some particles not described
by the Standard Model that account for the invisible mass in the Universe. The lack of
experimental information about coupling of the DM to the Standard Model particles forces
us to rely on various assumptions and expectations. Naturally, in such an approach there
are plenty of the Dark Matter candidates[29]. One of the ways too classify Dark Matter is
based on its temperature. This way, non-baryonic DM can be divided into three subsets -

hot, warm and cold Dark Matter.

3.3.1 Hot and Warm Dark Matter

Hot Dark Matter is a hypothetical model of the Dark Matter which consists of ultra-
relativistic particles. Neutrinos are the first hot DM candidate we can think of. They
almost do not interact with ordinary matter, are hard to detect and observe. All these
reasons make us think that "missing mass” can be made up of neutrinos.

Sterile neutrinos can also serve as a warm Dark Matter particles, however this would
require non-thermal resonant DM production[30].

In this situation, the first guess is not right. Hot (and warm) DM can not explain
formation of individual galaxies after Big Bang. It can not explain small scale structure
in the Universe and would smear out the large scale structures. Also, neutrinos are not
abundant enough to reproduce the relic abundance observations. Nowadays, the hot Dark

Matter is considered only as a part of mixed Dark Matter theories.



23

3.3.2 Cold Dark Matter

In contrast to hot Dark Matter, the concept of cold DM (CDM) can explain small scale
structures in the Universe. In the cold Dark Matter theory, structure grows hierarchically
(bottom-up) with small objects collapsing and merging into more massive ones. From cos-
mological point of view the CDM theory does not make prediction about properties of the
Dark Matter, other than stating that it should be cold. The cold Dark Matter candidates
are provided in theories beyond the Standard Model. Usually CDM candidates are divided
in two classes - axions and WIMPs (Weakly Interacting Massive Particles). WIMPs can be

further divided into supersymmetric DM and light (with mass of a few GeV) DM.

o WIMP

The observed relic abundance is Qpyrh? =~ 1071[2]. The relic abundance of the particle

is inversely proportional to the annihilation cross-section:

2
1 m5

Q ~N — ~ —
T vy g

(3.2)

Thus weakly interacting particles (g, ~ 0.5) with mass at the weak scale (mx ~
100GeV) seem to be the perfect candidates for the Dark Matter (WIMP = Weakly
Interacting Massive Particle). This coincidence is called the "WIMP miracle” and
brought a lot of attention to the models which provide WIMP candidates. More
supporting evidence for WIMP models is a positron excess in the PAMELA data[31]
- Fig.3.2. As one can see, an excess of positron flux is observed at the energy scale of

~ 100GeV thus suggesting that something new might be at this scale or above it.

While arguments for WIMP as a Dark Matter candidate seem to be convincing, there

are several problems that should be addressed in this approach. Considering WIMP as
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Figure 3.2: Positron excess in the PAMELA data. Solid line - GALPROP simulation[32]
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Figure 3.3: Sommerfeld enhancement of annihilation rate

a DM candidate, one can estimate positron excess and it turns out to be a factor 100 to
1000 too small to explain the PAMELA data. In principle this problem can be solved
via introduction of various enhancement factors, so-called boost factors. While it is
unlikely to get such an enhancement from an astrophysical source, particle physics can
provide it. Annihilation cross-section can be enhanced via the so-called ”Sommerfeld
effect” [33]. It is a non relativistic quantum effect which arises due to the distortion of
the particle wave function by the potential at the low kinetic energy. In the quantum
field theory language it means multiple force carrier exchanges before annihilation
(Fig.3.3). Large enhancement factors require the Dark Matter to be strongly coupled
to the force carrier and/or mass of the force carrier to be small. Such a scenario
induces the dark matter self-interaction which is excluded for the light force carriers
by halo ellipticity [34]. Possible solutions to this problem include but are not limited
to the alternative DM production mechanisms, alternative cosmology at the freeze-out,

astrophysical boost in addition to the Sommerfeld enhancement [35].

Since there are no DM candidates in the Standard Model particle content, there should
be more general theory that will have some. One of the most popular extension of the
SM is the supersymmetry. Depending on the particular realization of the supersymmet-
ric scenario, different particles can serve as Dark Matter - neutralino, wino, sneutrino,

gravitino, axino.
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Existence of fermionic Dark Matter with mass less than few GeV is forbidden un-
der Lee-Weinber limit [36] since it would cause cosmological problems (for details see
Chapter 5). However, spin S = 0 particles with masses as low as few MeV are not
forbidden by this limit. Another motivation for light scalar DM is an experimental
observation of 511 keV gamma-rays emitted from the direction of the galactic center
by the INTEGRAL space telescope [37]. Such a spectrum can be explained by Dark

Matter annihilation into electron-positron pairs which later annihilate into photons.

Azion

WIMP and supersymmetric DM candidates have received a lot of attention lately.

However, the axion also provides a well-motivated and promising candidate for cold

Dark Matter.[38]

Axions were first introduced in QCD to solve the strong-CP problem. The QCD

lagrangian may be written as

2

g ~
»C/QC’D = »CQCD + QEGG (33)

The first term in the Eq.3.3 is a part of the QCD lagrangian that allows us to make
successful phenomenological predictions. However, the second term violates the CP
symmetry. It is an experimental fact, that CP is not violated in strong interaction, or
if it is, the level of violation is tiny. From constraints of the neutron dipole moment
it was determined that # < 107'°. Axion arises in the Peccei-Quinn solution for
the strong CP problems [39]. The basic idea of this solutions is to introduce a U(1)
symmetry which is broken at a certain scale f. This way 6 becomes dynamical field

(the Goldstone boson of this symmetry).
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The variety of astrophysical observations require the mass of axion to be m, ~ 10~*eV .
Smaller mass would result in an unacceptably large cosmological abundance of axions.
Larger masses are ruled out by combination of astrophysical observations and labora-
tory experiments [40]. If the mass of axion falls into this range, then it provides the

relic density 2, ~ 1 and may therefore be the halo dark matter.

It is necessary to mention, that axions can be produced and detected in the accelerators.
The only way to detect axions is to use experiments that are specifically designed for

the axion dark matter detection.[41].

To summarize everything that was said about Dark Matter in this chapter we would like to
say that the only thing we know for sure about DM is the fact that it exists. Modified gravity
cannot explain all of the astrophysical puzzles, for example, the Bullet cluster mentioned
earlier. If we strongly believe in the MOND we still shall have to add invisible mass to
explain experimental observations. Thus Dark Matter exists! Everything else, including
different types of the Dark Matter, explanations of the various experimental data, is nothing
more but the reality of the search process. We are trying to guess what the Dark Matter
could be and then to determine whether initial assumption fits experimental observations.
Baryonic (luminous) matter makes up ~ 5% of the mass of the Universe and the Standard
Model contains six quarks, three families of leptons, four gauge bosons. Dark Matter is
responsible for ~ 25% of the mass. Attempt to explain it using single particle is just the
first step towards understanding of what the Dark Matter is made off. There are already
some results for Dark Matter models with extended particle content [42, 43, 44].

Currently there are several experiments dedicated to the detection of the Dark Matter
[5, 6, 7]. These experiments are based on the detection of recoil energy after collision of Dark

Matter particle with nuclei. There is a very low sensitivity to the light DM (mpy ~ GeV),
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since in such a situation the recoil energy will be small. In Chapter 5 I considered production
of the light Dark Matter in the missing energy decays of the heavy mesons. Such processes
would probe the Dark Matter with mass mpy; ~ GeV and would supplement results of
the direct detection experiments. Results of Chapter 5 rely on current experimental limits
for missing energy decays of By, By, D° mesons. Depending on further improvement of
experimental data, it will allow to either detect light DM in the above-mentioned decays or

to completely disfavor the Light Dark Matter paradigm.
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Chapter 4

Lifetime difference in By mixing

4.1 Introduction

As briefly mentioned in Chapters 1 and 2, mixing processes are sensitive to the New Physics
particles that can be contributing to the loop diagrams. Mixing allows us to indirectly
probe the heavy New Physics degrees of freedom using the low energy data from the meson-
antimeson mixing. Results of this chapter are based on work done in collaboration with
Alexey A. Petrov and Fabrizio Gabbiani [45].

We set up the relevant formalism and argue for the need to compute 1/mj corrections to
leading and next-to-leading effects in Sect. 4.2. In Sect. 4.3 we discuss the impact of 1/m?
corrections to the lifetime difference of B; mesons and assess the convergence of the 1/my,
expansion. We also present the complete SM results for AT, including 1/m? corrections.
We then discuss the possible effects from AB = 1 New Physics contributions in Sect. 4.4.
Finally, we present our conclusions on this subject in Sect. 4.5.

Flavor-changing interactions induce non-diagonal terms in the meson-antimeson mass
matrix that describes the dynamics of those states. Diagonalizing this matrix gives two mass

eigenstates that are superpositions of flavor eigenstates. In the By system mass eigenstates,
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denoted as “heavy” |By) and “light” |Byp),

|Bu) = p|Bs)+4q|Bs),

|BL) = plBs) —q|Bs), (4.1)

were predicted to have a rather significant mass and width differences,

AMp, = My — My,  Alp, =T, —Ty, (4.2)

where My 1, and 'y, denote mass and width of mass eigenstates. Since in the Standard
Model the mass difference is dominated by the top quark contributions, it is computable
with great accuracy. Thus one might expect that possible NP contributions can be easily

isolated. Unfortunately, a recent observation of mass difference of mass eigenstates in B,

mixing by CDF [22] and DO [23],

AMp, =17.774+0.10 4+ 0.07 ps~* (CDF),

17pst < AMp, <21 pst  (DO), (4.3)

put the hopes of spectacular NP effects in B, system rest. In fact, analyses of mixing in the
strange, charm and beauty quark systems all yielded positive signals, yet all of those signals
seem to be explained quite well by the SM interactions. Yet, some contribution from New
Physics particles is still possible, so even the energy scales above those directly accessible
at the Tevatron or LHC can be probed with By mixing, provided that QCD sum rule [46]
or lattice QCD [47, 48, 49, 50] calculations supply the relevant hadronic parameters with

sufficient accuracy.
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In addition to the mass difference AM,, a number of experimental collaborations reported
the observation of a lifetime difference AI'; in the B, system. Combining recent result from
DO [51] with earlier measurements from CDF [52] and ALEPH [53], Particle Data Group
(PDG) quotes [1]

AT,
ATy = 0.167019 ps™, - = 0.1217505 (4.4)

while Heavy Flavor Averaging Group (HFAG) [54] gives

AT,
AT, = 0.071700%3 ps~!, n;_omﬂﬁg (4.5)

Differently from the mass difference AM;, the lifetime difference AT, is definitely dominated
by the SM contributions, as it is generated by the on-shell intermediate states [55, 56, 57, 58].
While this might appear to make it less exciting for indirect searches for New Physics, besides
“merely” providing yet another test for heavy quark expansion, it is nonetheless a useful
quantity for a combined analysis of possible NP contributions to B,® — B,? mixing [59, 60,
61, 62].

It has been argued [61] that CP-violating NP contributions to AB = 2 amplitudes
can only reduce the experimentally observed lifetime difference compared to its SM value,
therefore it is important to have an accurate theoretical evaluation of AT’y in the SM. It is also
important to note that AB =1 NP contributions can affect AI'y, but do not have to follow
the same pattern. Indeed, the level at which AB = 1 NP can affect AI'y depends both on the
particular extension of the SM, as well as on the projected accuracy of lattice calculations
of hadronic parameters which drives the uncertainties on the theoretical prediction of AT.

So it is advantageous to evaluate the effect of NP contributions on AT.
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4.2 Formalism

In the limit of exact CP conservation the mass eigenstates of the BS—FS system are |Bpy/,) =
(|Bs) £|B,))/v/2, with the convention C'P|B,) = —|B,). The width difference between mass

eigenstates is then given by [55]
AFBS EFL—FHI—2F12:—2F21, (46)

where T';; are the elements of the decay-width matrix, i, j = 1,2 (|1) = |Bs), |2) = | Bs)).
We use the optical theorem to relate the off-diagonal elements of the decay-width matrix
I' entering the neutral B-meson oscillations to the imaginary part of the forward matrix

element of the transition operator 7:

1
~ 2Mgp,

[y (Bs) (BJ|T|Bs), T =1Imi / d*aT {Hez(x)Hez(0)} . (4.7)

Here H,.g is the low energy effective weak Hamiltonian mediating bottom-quark decays. The

component that is relevant for I'y; reads explicitly

G 6
Heff = 7}; c}i‘/cs (Z C?"Qr + CSQS) ) (48)
r=1

defining the operators
Q1 = (bicj)v—-a(Tjsi)v-a, Q2 = (bici)v—a(E;8;)v—a, (4.9)

Qs = (bisi)v—a(@;q;)v-a, Qs = (bis))v-a(G;qi)v-a, (4.10)

Q5 = (Eisi)V*A<Qij>V+A7 Qs = (Z_)iSj)VfA<q_jQi)V+A7 (4.11)
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Qs = #mb biot" (1 — V5)T5555 G- (4.12)
Here i, j are color indices and a summation over ¢ = u, d, s, ¢, b is implied. V 4+ A refers to
(1 £ ;) and S — P (which we need below) to (1 —7s5). C,...,Cgs are the corresponding
Wilson coefficient functions at the renormalization scale p, which are known at next-to-
leading order. We have also included the chromomagnetic operator (Jg, contributing to 7 at
O(ay). Note that for a negative Cyg, as conventionally used in the literature, the Feynman
rule for the quark-gluon vertex is —ig7y, 7. A detailed review and explicit expressions may

be found in [63]. Cabibbo-suppressed channels have been neglected in Eq. (4.8).
In the heavy-quark limit, the energy release supplied by the b-quark is large, so the
correlator in Eq. (4.7) is dominated by short-distance physics [64]. An Operator Product
Expansion (OPE) can be constructed for Eq. (4.7), which results in its expansion as a series

of matrix elements of local operators of increasing dimension suppressed by powers of 1/my,:

Toi(B,) = ﬁ S BITIBY =Y Cj;f? (B,|ORF=2 ()| B.). (4.13)

In other words, the calculation of I'y; (By) is equivalent to computing the matching coefficients
of the effective AB = 2 Lagrangian with subsequent computation of its matrix elements.
Eventually the scale dependence of the Wilson coefficients in Eq. (4.13) is bound to match
the scale dependence of the computed matrix elements.

Expanding the operator product (4.7) for small z ~ 1/my, the transition operator 7 can
be written to leading order in the 1/m;, expansion as [55, 56]

2,2
_ GEm,

127

T - (VaVi)? [F(:)Q(2) + Fs(2)Qs(ps)] (4.14)
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which results in [57]

2 2
Grmj

—m< Ves) V1 — 42 X
x {[(1—2) (2C,Cy + N.C2) + (1 —42)C?/2] (Q)+ (4.15)

F21 (Bs>

+ (1422) (2C1C5 + N.C5 — C7) (Qs) }

with z = m?/m? and the basis of AB = 2 operators'

Q = (bis;)v—_a(bjs;)v_a, Qs = (bs;)s—p(bjs;)s—p - (4.16)

In writing Eq. (4.14) we have used the Fierz identities and the equations of motion to

eliminate the color re-arranged operators

Q = (bisj)v—a(bjs;)v_a, Qs = (bis;)s_p(bjsi)s_p (4.17)

always working to leading order in 1/m,. Note that (...) denote matrix elements of the
above operators taken between B, and B, states. The Wilson coefficients F' and Fg can be
extracted by computing the matrix elements between quark states of 7 in Eq. (4.7).

The coefficients in the transition operator (4.14) at next-to-leading order, still neglecting

the penguin sector, can be written as [56]:

F(z) = F11(2)C3 (1) + Fia(2)C1(p1) Ca (1) + Faz(2)CF (1), (4.18)
Fy(2) = FO(2) + ) o), (4.19)

1Tt was recently argued that better-converging results can be obtained in a modified basis [58].
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and similarly for Fg(z). The leading order functions F; 0 F S(Oz)j read explicitly

ij

FP()=3vVI—42(1-2), F{(2) =3vV1—4z(1+22), (4.20)
FR(2)=2VT—42(1—2),  F{y(2) =2v1—4z (1 +22), (4.21)
F9(2) = %(1 — 42)3?, FOh(2) = —VI—4z (1 +22). (4.22)

The next-to-leading order (NLO) expressions F. FS(I). are given in Ref. [56].

The penguin correction to Eq. (4.14),

2 2
T, =~ (30,02 [P(IQ + Ps(2)Qs] (1.23)

is also shown in Ref. [56].

4.3 Subleading 1/m;' corrections

Here we present the higher order corrections to I'y;(Bs) in Eq. (4.15) in the heavy-quark
expansion, denoted below as 01/p, and 0y /p2:
GEmy
127(2Mp,)
x {[F(2) + P(2)(Q) + [Fs(2) + Ps(2)] (Qs) + 01/m + O1jm2 } -

[51(Bs) (Vi Veo)? (4.24)
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Figure 4.1: Calculation of kinetic 1/my, and 1/m? corrections. The operators
of Egs. (4.26) and (4.30) are obtained by expanding the diagrams in powers of
light quark momentum.

The matrix elements for ) and Qg are known to be [55, 56, 57]

@ = @) - g2 (14 ) B
_ M?2 1
<QS> = <Bs‘QS|BS> = _JL%SM%SW (2 — FC) Bs, (425)

51/m = <§s‘7—1/m|Bs>a and 51/m2 = <§s‘7—1/m2‘83>7

where Mp, and fp, are the mass and decay constant of the By meson and N, is the number
of colors. The parameters B and Bg are defined such that B = Bg = 1 corresponds to the

factorization (or ‘vacuum insertion’) approach, which can provide a first estimate.

4.3.1 1/m; corrections

The 1/my, corrections are computed, as in Ref. [55, 57, 64, 65], by expanding the forward
scattering amplitude of Eq. (4.7) in the light-quark momentum and matching the result onto

the operators containing derivative insertions (see Fig. 4.1). The 04, contributions can be
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written in the following form:

Tim = V1—14z {(1 +22) [C} (R2 + 2Ry) — 2(2C1Cy + N.C3) (R1 + Ry)]

1222
1 -4z

[(2C1C5 + N.C?) (Ry + 2R3) + 2CF Ry } : (4.26)

where the operators R; are defined as

m —
Ry = —2by"(1—75)si byu(1 4+ 75)s5 ,
my
1 - «
Ry = W@D (1 - 75)D Si bfyu(l —75)85
b
- Boo T
Ry = —5biD,y(1—75)D%si bj(1 = 5)s5 (4.27)
b
1- = 7
R, = Ebb (1 — 75)2Du5i bj7u<1 - 75)Sj

Their matrix elements read [55, 57]:

— 1 My s
(BRiB)) = (2+ﬁc) e gy M, B,
1

M2
g, (S5 - 1) B
b

(B.|R|B)) = (_1+_)

%) 1 Més S
(B,|Rs3|B,) = (1+ 2Nc) fh. M3, <m—g - 1) B;, (4.28)
_ M?2
(Bs|Ry|Bs) = —[f} M}, ( m’;s - 1) B;.
b

Some of those parameters have been computed in lattice QCD [47, 48, 49, 50].% In this paper
we use the results of Ref. [47].

The color-rearranged operators E that follow from the expressions for R; by interchang-

For estimates of these matrix elements based on QCD sum rules, see Ref. [46].
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Figure 4.2: 1/ mg—corrections from gluonic operators.

ing color indexes of b; and s; Dirac spinors have been eliminated using Fierz identities and
the equations of motion as in Eq. (4.16). Note that the above result contains full QCD
b-fields, thus there is no immediate power counting available for these operators. The power

counting becomes manifest at the level of the matrix elements.

4.3.2 1/m} corrections

It was shown in Refs. [55, 57] that 1/my-corrections are quite large, so it is important to
assess the convergence of 1/my-expansion in the calculation of the By lifetime difference. In
order to do so, we compute a set of d; /m2 corrections to leading order. As expected, at this
order more operators will contribute. We will parametrize the 1/m? corrections similarly to
our parametrization of 1/m, effects above and use the factorization approximation to assess
their contributions to the B, lifetime difference.

Two classes of corrections arise at this order. One class involves kinetic corrections which

can be computed in a way analogous to the previous case by expanding the forward scattering
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amplitudes in the powers of the light-quark momentum. A second class involves corrections
arising from the interaction with background gluon fields. The complete set of corrections

is the sum of those,

Tz = T + TG, 0. (4.29)

Let us consider each class of corrections in turn. The kinetic corrections can be written as

24 2
Thn, = VI 44 " (3 102) [CEW; + (2C1Cs + N.CF) (Wi + W 2)]
1222 mz 9 2
e [o Qs — (2C1Cs + N.C2)(Qs + Q/2)]
— zm
24
o _242 [2C7W4 = 2(2C1C + N.C3) (Wi + Wh/2)]
2
G —zz)m—;(02+20102+1vc )QR] (4.30)
b

We again retain the dependence on quark masses in the above expression, including the

terms proportional to ms. The operators in Eq. (4.30) are defined as

Qr = (EiSi)S+P<Ej5j>S+P7

Mg <=, — —
W1 = —bZD (1 — ’}/5)DQSZ' bj(l _._/75)3]'7

mb
Sas = = 7
Wy, = ;sz DPAM(1 = 95) Da D gsi biyu(l = 5)s;
b
1 - — «—
Wy = —b:D°D(1=13)DaDps; by(1—)s;
my
1 - «—
W, = Wb D* (1—’75)ZD D asi by (1 —75)s5 (4.31)
b

where, as before, we have eliminated the color-rearranged operators WZ in favor of the op-

erators W;. The parametrization of the matrix elements of the above operators is given



below,

<§S‘QR|BS> = - (2 NS
(BWi|B) — %(H
my
— 1
(B.[W,|B,) — 5(—1+
— 1
(BB, = 5(1+
— 1
<BS‘W4|BS> = _5 1235M

(4.32)

Note that in factorization approximation all the bag parameters a; should be set to 1. In

addition to the set of kinetic corrections considered above, the effects of the interactions of

the intermediate quarks with background gluon fields should also be included at this order.

The contribution of those operators can be computed from the diagram of Fig. 4.2, resulting

in

Gh (Vi Ves)?

TG = — {CT[(1 —42)P, — (1 — 42)P, + 42P; — 42 P

471 — 4z

+ 401022[P5+P6—P7—P8]}.

(4.33)
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The local four-quark operators in the above formulas are shown in Eq. (4.34):

P o= b1 —5)s; by (1 — ’75)tzlézvsl’

Py, = by (1 - ’Vs)tZzézysl by (1 —5)s;

1 - «— =4 a - a va
Py = WbiD“D Y1 = v5)s; by (1 — 75)15“(}'“,,31,
b
1 - o 5Sa a ~va 7
P, = kaD Dy (1 = 33)thGo,s; biva(l = 75)s;
b
1 7 H1/<_oz
P = kaD Dy*(1 —v5)s; t lG biva(1 = 75)s;
b
1 - < Sa a ;a1
Py = —bi D" Dy (1 = 5)s; 1y Gy brya(l = 75)s:,
b
1

7 5 <_oz fe% a
P = kaD“D Y1 = v5)s; tle b/y,,( —Y5)$;
b

1< So o a a7,
P = WbiD“D YL =5)sy ta Gl b (1 = 75)s;. (4.34)
b

Analogously to the previous section, and following Ref. [65], we parametrize the matrix

elements in Eq. (4.34) as

_ M2 2
(BARIB) = 112,03, (S —1) o (439

b

We set 3; = 1 GeV'? to obtain a numerical estimate of this effect. It is clear that no precise
prediction is possible with so many operators contributing to the lifetime difference. This,
of course, is expected, as the number of contributing operators always increases significantly
with each order in OPE. We can nonetheless evaluate the contribution of both 1/m; and
1/m? by randomly varying the parameters describing the matrix elements by +30% around
their “factorized” values. This way we obtain the interval of predictions of Al'y and estimate

the uncertainty of our result.
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4.3.3 Discussion

Now we discuss the phenomenological implications of the results presented in the previous
sections. As usual in OPE-based calculations next-order corrections bring new unknown
coefficients. In our numerical results we assume the value of the b-quark pole mass to be
mp =4.84+0.2 GeV and fp, = 230 £ 25 MeV. It might be advantageous to see what effects
higher-order 1/m} corrections have on the value of AT,. In order to see that we fix all
perturbative parameters at the middle of their allowed ranges and show the dependence of

AT's on non-perturbative parameters defined in Eqs. (4.28), (4.32), and (4.35):

ATy = [0.00053 +0.1732B, + 0.0024B; — 0.0237B, — 0.0024 B3 — 0.0436 B,
+ 2x107%a; +4 x 10 ay + 4 x 10~ + 0.000904 — 0.0007 x5 (4.36)
4+ 0.00023; — 0.00028; +6 x 107°83 —6 x 10778, — 1 x 10735

— 1x10%8s+1x 1076, +1 x 107°5s| (ps).

As one can see, 1/m? corrections provide rather minor overall impact on the calculation of
AT, In particular, contributions of gluonic operators are essentially negligible.

To obtain the complete Standard Model estimate of Al',, we fix the perturbative scale
in our calculations to p = m; and vary the values of parameters of the matrix elements.
Following the technique used in [65] we adopt the statistical approach for presenting our
results and generate 100000-point probability distributions of the lifetime, obtained by ran-
domly varying our parameters within a £30% interval around their “factorization” values.
The decay constant fp, and the b-quark pole mass m;, are taken to vary within a 1o interval
as indicated above. The results are presented in Fig. 4.3. This figure represents the main

result of this paper [66].
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Figure 4.3: Histogram of the distribution of ATy val-
ues obtained by random variation of parameters of
Eqgs. (4.24, 4.26, 4.30, 4.33) contributing to Bj-lifetime
difference AT, following the prescription outline in the
text.
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There is no theoretically-consistent way to translate the histogram of Figure 4.3 into
numerical predictions for AI',. As a useful estimate we give a numerical prediction by
estimating the width of the distribution Fig. 4.3 at the middle of its height and position of
the maximum of the curve as the most probable value. We caution that predictions obtained
this way should be treated with care, as it is not expected that the theoretical predictions
are distributed according to the Gaussian distribution. Nevertheless, following the procedure

described above one obtains

AT,
AT, = 0.07245935 ps~, =— = 0.104+0.049, (4.37)

Bs

where we added the experimental error from the determination of I'y; and theoretical error

from our calculation of AI'; in quadrature.

4.4 New Physics contributions to lifetime difference

In the previous section we have shown that 1/m3-corrections to the lifetime difference of the
light and heavy eigenstates in the B, system are quite small, which makes the prediction
of AT’y quite reliable 3. Additionally improving the accuracy of the lattice or QCD sum
rule determinations of non-perturbative “bag parameters” in Eq. (4.36) would make this
prediction even more solid.

In this respect, it might be interesting to consider the effects of New Physics on the
lifetime difference in By system. Why would it be worthwhile to perform this exercise,
especially since it is known that Al'y is dominated by the on-shell, real intermediate states?

Wouldn’t AB =1 New Physics amplitudes that can potentially affect AT’y already show up

3As was argued in Ref. [58], perturbative scale dependence can be further reduced by switching to a
different basis of leading-order operators.
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in the experimental studies of exclusive By decays? This is indeed so. However, it might
be difficult to separate New Physics effects from the dominant (but somewhat uncertain)
Standard Model contributions, as theoretical control over soft QCD effects is harder to
achieve in the calculations of exclusive decays despite recent significant advances in this
area [67].

It was recently pointed out that NP contributions can dominate lifetime difference in
D° — DY system in the flavor SU(3) limit [68]. In that system this effect can be traced to
the fact that the SM contribution vanishes in that limit. While similar effect does not occur
in By mixing, good theoretical control over non-perturbative uncertainties in the calculation

of AT’y makes calculations of NP contributions worthwhile. In B,-system one can show that

AM; = 2|Ms,
4R€ <M12F>{2)
Al'y = ————===2, 4.
: AM, (4.38)

In the Standard Model the phase difference between the mixing amplitude and the dominant
decay amplitudes is arg (—V;V.s/V;;Vis), i.e. essentially zero. If NP contribution has a CP-
violating phase that exceeds that of the Standard Model, one can write, denoting 2§ =
arg (MioI'7,),

ATy = 2|T'12] cos 2€. (4.39)

Since in the Standard Model I'j5 is dominated by the b — ccs transition, its phase is
negligible. Then, as was pointed out in [61, 62|, CP-violating contributions to Mjs must

reduce the lifetime difference in B,-system,

AT, = ATSM cos 2¢, (4.40)
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where 2¢ is a CP-violating phase of M5, which is assumed to be dominated by some AB = 2
New Physics.

Contrary to CP-violating AB = 2 NP contributions to M5, any AB = 1 NP amplitudes
can interfere with the Standard Model ones both constructively and destructively, depending
on the model. Since no spectacular NP phases have been observed in By mixing, it appears
that M, is dominated by the Standard Model CP-conserving contribution. In that case, the
phase arg (M;5I'7,) = arg (I'},) = 2¢’ is dominated by the phase of New Physics contribution
to I'],. In that case

ATy = ATSM + ATNP cos 2¢/, (4.41)

where AT'NP is a contribution resulting form the interference of the SM and NP AB = 1
operators, which can either enhance or suppress Al'y; compared to the Standard Model contri-
bution. We shall compute ATN? by first employing the generic set of effective operators, and
then specifying to particular extensions of the SM. We shall concentrate on CP-conserving
contributions.

Using the completeness relation the NP contribution to the BS—ES lifetime difference

becomes

AT 1 —
: = B ImT|By) 4.42
T o My T (Bs|Im T|B;) (4.42)
where 7 = i/d4 T (Hsa ' (z) HYE='(0))
We represent the generic NP AB = 1 Hamiltonian H532~! as
Hyp ! Z Dy [C1(1)Q1 +Ca(1) Q2] (4.43)

Q1= bl q@ q]F2S] , Q2= b; quj q]F2Sz )
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where the spin matrices T'; 5 can have an arbitrary Dirac structure, D,, are some New
Physics-generated coefficient functions [68], and C; o(u) are Wilson coefficients evaluated at

the energy scale . This gives us the following contribution to the lifetime difference:

S

8G °
ATNP — FIZD%,V(;; Vips (K10300 + Kabiion) Y Iij(a, 2')(Bi|OZF|B,).  (4.44)
m=1

Here 14,7, k, [ are the color indices, and {K,} are combinations of Wilson coefficients with

the number of colors N, = 3,
Kl = (CQEQNC + (6251 _'_EQCl)) s K2 = Clzl (445)

/ The operators O%* are the following:

Okl (bT"vTas;) (0sT17,T0s;)

O™ = (BT plas)) (BT1 pUus;)

O = (BT"Tas)) (b1 pTos;) (449
O = (BI" plas)) (BIiT,s,)

O = (bI"Tas;) (b1, s;)

where p is the b-quark momentum operator. Defining z, = mg /mi and zy = mg, /m? the
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coefficients 1;(z,, z,) can be written as follows:

o) = o (1= 2z 4 20) + (20— 20
I(zg,2¢) = —24]:7;7T [1+ (2 + 2¢) — 2(24 — 2¢)7] ,
I3(zg, 2g) = g—;\/z_q [1+ 2y — 2], (4.47)
Ii(zg, 2g) = —8—; Zg |1 — 2g + 24,
k*my

Is(2g,2¢) = An VEacd

where k* = (my/2) [1 —2(z, + 2¢) + (2, — zq/)2]1/2. This is the most general formula for
the New Physics contribution to the lifetime difference in B, mesons. We now look into
two particular examples extensions of the Standard Model, multi-doublet Higgs models and

Left-Right Symmetric Models, that can contribute to AT'.

4.4.1 Multi-Higgs model

One of possible realizations of New Physics is a multi-Higgs doublet model [69]. Many of SM
extensions, particularly the supersymmetric ones, require extended Higgs sector in order to
break additional symmetries of NP down to SU(2), x U(1) of the Standard Model. These
constructions contain charged Higgs bosons as parts of the extended Higgs sector. These
models provide new flavor-changing interactions mediated by charged Higgs bosons, which
lead to rich low-energy phenomenology [70, 71]. In the low-energy limit, charged Higgs

exchange leads to the following four-fermion interaction [72],

_ V2Gr —— =
Henn - = —Mif bil'1q; G;12s; (4.48)
H
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where I';, 7 = 1,2, are

and PL,R = (1

Iy = mypVy cot BP, —m.V, tan 5 Pp,

s = m,V,cot BPr —m.V., tan Py, (4.49)

F 72)/2. Inserting Eq.(4.48) into Eq. (4.44) leads to a contribution to the

lifetime difference (AI's/I's)y,; from three operators with various coefficients,

Coefficients I;

@1

Q2

OF

AT, _ 16GEm; (ViVe)®
Up, |cpn  Mplp,  Mp

[<Q1> (4K2\/2_311 cot? B+ 2(cot? Bmi/zslo — mipy/Zels) (Ko — Kl))
(Q2) (—2K1y/z: I cot® B+ (cot® Bmp/zsIo — myy/ZeLs) (K2 — K1)

(Qa) (K1 + Ka) (2 tan® BI5 — myy/ze13)] - (4.50)

= I;(2, z.), K; are defined above, and (Q);) are

_ _ 1 M? 1
= (bizsir) (bkrser) , (Q1) = —ZféMém (2 + ﬁc)
= (EiR’YVSzR) (EkL%SkL) ;o Q) = _%J%Mé <1 + Ni) ) (4.51)

_ - 1 1
= (bz‘LWVSiL) (bkL%/SkL) ) <Q3> = §f12aM129 (1 + ﬁ) .

For values of My = 85GeV and cot f = 0.05 [1] we obtain (AI'y/I's).;, 5 =~ 0.006. This is

about 6% of the Standard Model value, too small to constrain the model from this observable.

The dependence of (Al';/I's).,; on the mass of the Higgs boson is shown in Fig. 4.4.
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Figure 4.4: Dependence of yo, g on the mass of the Higgs
boson. Solid line: tan 3 = 20; dashed line: tan 3 = 10;
dotted line: tan 8 = 5; dash-dotted line: tan 3 = 3.

4.4.2 Left-Right Symmetric Models

One of the puzzling features of the Standard Model is the left-handed structure of the elec-
troweak interactions. A possible extension of the SM, a Left-Right Symmetric Model (LRSM)
assumes the extended SU(2);, x SU(2)g symmetry of the theory, which restores parity at
high energies [73]. While in the simplest realizations of LRSM the right-handed symmetry is
broken at a very high scale, models can be consistently modified to yield Wg-bosons whose
masses are not far above 1 TeV range [74]. In this case flavor-changing interaction from
Wg-bosons can affect Al'y (for a similar effect in D-mixing, see [68]).

In principle, manifest left-right symmetry requires that couplings to left-handed particles
be the same as the ones to the right-handed particles, e.g. g, = gr. This also assumes that
the right-handed CKM matrix ViiR) should be the same as the left-handed CKM matrix Vj,.

In this case, kaon mixing constraints exclude My, < 1.6 TeV [75] (direct constraints are
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weaker by approximately a factor of two). However, V;ECR) could also be quite different from
the Vi, as long as it is still unitary. In this case of non-manifest left-right symmetry the
bounds on My, are significantly weaker, My, > 0.3 TeV from kaon mixing [76]. To assess

the contribution from Wx to Al'y, we equate

+(R)17(R) Gy =
Doy =V Ve N [1o=7"Pg (4.52)
in Eq. (4.44) and evaluate the respective operators. Here G%R)/\/ﬁ = g%/8M$)2, and we as-

sume gg = Kkgr. In the studies of non-manifest LRSM, we shall also assume k = 1,1.5,2 [77].

At the end, LRSM gives the following contribution to the value of AT'y/T'p,:

AT
g,

= —VVe Vg VLY
LR

QKQG%mgzc\/l — 4z, ( My

TMgpTg M(R)) [C1{Q2) — 2C5(Q1)] . (4.53)

The dependence of (Al'y/T'p,)r on the mass of the Wg boson is given in Fig. 4.5. We see
that contrary to the D-meson case [68, 78], Bs-mixing could provide decent constraints on
the values of Mé[},% ). For instance, in a non-manifest LRSM (with relevant V;gR) ~1), k=1,
and MV(IJ,Q) = 1 TeV, one obtains (Al's/T'g,)rr =~ —0.04 This is a rather large contribution
to ATy, more than a third of the absolute value of the Standard Model contribution and
of the opposite sign. The LRSM contributions for k > 1 are even larger. As expected, in
the case of manifest LRSM (Vig-R) = Vi;) the contribution from this model is less marked,

(AT, /T5,)pr < 0.002 for MY? > 800 GeV.
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Figure 4.5: Contributions to Al'y/I'; in the Left-Right Symmetric Models.
4.5 Conclusions

We computed the subleading 1/m;} corrections to the difference in the lifetimes of By meson
eigenstate. We showed that they can be parameterized by 13 nonperturbative parameters,
which we denote «; and ;. We adopted the statistical approach for presenting our results
and generate 100000-point probability distributions of the lifetime difference, obtained by
randomly varying our parameters within a +£30% interval around their “factorization” values,
except for the case when the parameters are known from lattice QCD. In this case they are
taken to vary within a 1o interval as indicated above.

The results are presented in Fig. (4.3). While there is no theoretically-consistent way
to translate the histogram of Fig. 4.3 into numerical predictions for Al'y/T, we provide an

estimate by taking the width of the distribution Fig. 4.3 at the middle of its height as 1-o
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variance and position of the maximum of the curve as the most probable value,

AT,
AT, = 0.07210035 ps™t, =— = 0.104 £ 0.049, (4.54)
Bs

The effects of 1/m? corrections to calculations of AT, are shown to be small.

We also investigated AB = 1 New Physics contributions to the width difference in the By
system. We have shown that these contributions can both enhance or reduce the Standard
Model contribution. We considered the most general four-fermion effective Hamiltonian,
which can be generated by any reasonable extension of the Standard Model and derived its
contribution to AI'y. We then evaluated effects of charged Higgses and right-handed W’s on
the lifetime difference. While the contribution of charged Higgs was shown to be negligible
in AI'y, LRSM can be constrained with measurement of AL, provided lattice or QCD sum
rule community provide better estimates of non-perturbative parameters entering the SM
calculation of the width difference in B, mesons.

Mixing in the heavy meson-antimeson systems is an extremely useful way to probe the
physics Beyond the Standard Model. However, it allows to probe only heavy New Physics
degrees of freedom. The light New Physics (for example certain models of the Dark Matter)
can be tested in the decays of the Standard Model particles. In the next chapter we consider
production of the light Dark Matter in the missing energy decays of the B,, B; and D°

mesons.
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Chapter 5

Dark Matter production in heavy

meson decays

5.1 Introduction

The presence of cold Dark Matter (DM) in our universe provides the most natural explanation
for several observational puzzles, from the original measurement of the rotational curves [24]
of galaxies to the observation of background objects in the Bullet Cluster [79] and spectrum
features of the cosmic microwave background (CMB) fluctuations. In the conventional pic-
ture, DM accounts for the majority of mass in our Universe. However, the nature of DM
is still very much a mystery, which could intimately connect astronomical observations with
predictions of various elementary particle theories. Many such theories, with the notable
exception of the Standard Model (SM), predict one or more stable, electrically-neutral par-
ticles in their spectrum [80]. These particles could form all or part of the non-baryonic Dark
Matter in the Universe.

Different models provide different assignments for DM particles’ spin and various windows
for their masses and couplings to luminous matter. In the most popular models DM is
a weakly interacting particle particle with mass set around the electroweak energy scale.

This follows from the experimental measurements of the relic abundance Qph? ~ 0.12 by
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WMAP collaboration [81]

QOnrh? -1 %2
DM ~ <aannvrel> 0 ¢ g4 N012, (51)

where M and g are the mass and the interaction strength associated with DM annihilation
respectively. As one can see, a weakly-interacting massive particle (WIMP) with electroweak-
scale mass naturally gives the result of Eq. (5.1). This, coupled with an observation that very
light DM particles might overclose the Universe (known as the Lee-Weinberg limit [36]) ,
seems to exclude the possibility of the light-mass solution for DM, setting Mpy, > 2—6 GeV.
A detailed look at this argument reveals that those constraints could be easily avoided,
so even MeV-scale particles can be good DM candidates. For instance, DM could be non-
fermionic [82, 83|, in which case the usual suppression of the DM annihilation cross-section
used in setting the Lee-Weinberg limit does not hold. In addition, low energy resonances
could enhance the cross-section without the need for a large coupling constant. Other solu-
tions, which also provide low-mass candidates for DM particles, are also possible [84, 85].
There are many experiments designed to search for both direct interactions of DM with
the detector and indirect evidence of DM annihilations in our galaxy or other galaxies by
looking for the products such as gamma-rays, positrons and antiprotons. Those can in
principle probe low-mass DM. However, direct searches, performed by experiments such as
DAMA and CDMS [6], rely on the measurement of the kinematic recoil of the nuclei in DM
interactions. For cold DM particles, such measurements lose sensitivity with the decreasing
mass of the WIMP as recoil energy becomes smaller [86]. Indirect experiments, such as
HESS [87], are specifically tuned to see large energy secondaries, only possible for weak-scale
WIMPs. The backgrounds for positron and antiproton searches by HEAT and PAMELA

experiments [31] could be prohibitively large at small energies.
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It is well-known that the existing e*e™ flavor factories and future super-flavor factories
could provide the perfect opportunity to search for rare processes, especially the ones that
require high purity of the final states. In particular, probes of rare B-decays, such as B —
K®yw, are only possible at those machines. These colliders, where B,(D) and B, (D) are
produced in charge and CP-correlated states, have an opportunity to tag the decaying heavy
meson “on the other side,” which provides the charge or CP-identification of the decaying
“signal” B or D meson. In fact, many CP-violating parameters have been measured at
B-factories using this method [88]. It is then possible to perform a similar tag on the
meson decaying to a pair of light DM particles or a pair of DM particles and a photon.
The latter process might become important for some DM models as it eliminates helicity
suppression of the final state!. Moreover, compared to B — K -+ J transitions, where J
is missing energy, a massless photon could provide better experimental opportunities for
tagging without reducing the probed parameter space of the DM masses. Finally, searches
for light DM in heavy meson decays could be more sensitive than direct detection and other
experiments, as DM couplings to heavy quarks could be enhanced, as for example happens
in Higgs portal models [89].

We compute branching ratios for the heavy meson states decaying into xsx, and xsX,7-
Here x, is a DM particle of spin s, which appears as missing energy in a detector. The DM
anti-particle Y, may or may not coincide with xs. We shall first consider model-independent
interactions of DM particles of spin-0, spin-1/2, and spin-1 with quarks. In each case we write
the most general effective Hamiltonian coupling DM particles to flavor-changing b — ¢ (where
q = s(d)) or ¢ — u current and compute B(D) — xsX4(7) decay rates. We then consider

popular models, already available in the literature, that can generate those processes.

IThis is similar to the situation in leptonic decays of B-mesons, where the branching ratios B(B —
uvy) = B(B — pv) and B(B — evy) > B(B — ev).
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5.2 Formalism and the Standard Model background

The computation of decay rates for two-body processes B,(D) — xsX, is a straightforward
task which only requires the knowledge of appropriate B — vacuum matrix elements. We

use conventional parameterization for those,

(0] by*q |By) = 0, (0] bg |By) =0,
f5,Mp,

0| by*vsq |B,) = ifg, P* 0| bysq | B,) = —i
(O] by*vsq |By) ifs,P", (0] bysq | By) Zmb+mq’

(5.2)

where P* is the 4-momentum of heavy meson B,. Similar formulas can be obtained for D-
meson. In what follows we shall provide relevant derivations for B, mesons only, but report
results for both B, and D°-meson decays.

Before computing the relevant DM production rates, let us study the Standard Model
background for the decays with missing energy realized in transitions to vv states. The

Standard Model effective Hamiltonian for B, (D) — vv(y) reads

4GF « —
Hepsr = /3 2w sin Oy | Z Z Mo X () (ng) (I/lL’)/Ml/lL) , (5.3)

=&u,T k

where ng = q;y"by for beauty, and ng = ury*cy for charm transitions, and we con-
sider Dirac neutrinos. The functions A\, X'(z}) are relevant combinations of the Cabbibo-
Kobayashi-Maskawa (CKM) factors and Inami-Lim functions. For b — ¢ transitions these

functions are overwhelmingly dominated by the top-quark contribution,

2 3w — 2
SN X! (@g) = ViV X (20), with X (z) = 2 | 222 @=2) ) (5.4)
k

8 Tt — 1 (l‘t — 1)2

and x, = m?/M3,. Perturbative QCD corrections can be taken into account by the replace-
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ment [90]

™

Xor) = [Xolw) + 5 Xa(w)] {1 - (WQ - 24—5)} , (5.5)

where Xi(x;) can be found in Ref. [90]. Such a corrections change our estimate by at
most 10%, and therefore are neglected in our analysis. For ¢ — u transitions we keep the

contributions from both internal b and s-quarks, so
> NX () = VAV X' () + ViV X' (), with X'(zg) = Dl m)/2  (5.6)
k

where D(z,, ;) is the Inami-Lim function [91] for y; = m?/m3,

o L zgy (g —4)°
D(zq,y) = 87, — : <yz—1) log yi
1 z,— 4" 3
— 1+ — 1 2.7
i Slyl_xq <xq_1> i +($q_1)2]xq " 57)
Tqg 3 1 Tq
o2 143
* 4 8( * yl—l)xq—l

Given this, one can easily estimate branching ratios for B,(D) — v¥ decays. One can imme-
diately notice that the left-handed structure of the Hamiltonian should result in helicity sup-
pression of those transitions. Assuming for neutrino masses that m, ~ >, m,, < 0.62 eV [94],
where m,, is the mass of one of the neutrinos, we obtain for the branching ratio

Gra? [ My

B(B, — 1v7) =
(Bs = V) = {65 5int 0y T,

[V Vi X ()22 ~ 3.07 x 1072 (5.8)

v

where z, = m,/Mp, and I'g, = 'y, = 1/7p is the total width of the B, meson. With
75 = 1.548 ps we obtain B(B; — v¥) = 1.24 x 1072, A similar calculation yields

B(D? — vv) = 1.1 x 1073°. Clearly such tiny rates imply that decays of heavy mesons into
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neutrino-antineutrino final states in the Standard Model can be safely neglected as sources
of background in the searches for DM in B,(D)-decays. This is one of the main differences
between this study and studies of DM production in B — K®) + £ transitions [82].
Helicity suppression in the final state can be overcome by adding a third particle, such
as a photon, to the final state. The calculation of B(D) — vw7y has been done before [95],
so here we simply present an update. The branching ratio for B(D) — v7~ in principle

depends on several form-factors,

5 _ w oro V(@7
(Y(k) 67,9 By(k + @) = € €upoe™ ¢’k X@q :
7 _ s * o * ff(qQ)
()| By(k + ) = —ie [6;, (ha) = (€0 b] 5477 (5.9)
(1 0) b0| By (k + ) = 6o [GENRT + HeNq + N(€q)q k7] (5.10)
By
—4
G = dg, N:?(fﬁrgl),

mo= 2 G Al = R (5.11)

2
<1 N QQ/M?”(Q))

where fy, 9o, tf, ptg are known from QCD light-cone sum rules.

Matrix element (7y(k)[bo,,75q|By(k + ¢)) can be obtained using identity [93]:

1
Opw = — §€,u1/a,80-a,8/75

Similar formulas hold for D-decays. It is important to note that only one out of two form-
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factors is independent. Indeed, as it was shown in [100, 101],

B _ B _ I, Ms, [ @ Adep fB,Mp,
fv(Ey) = fA(Ey) = oF, ( QqRq+mb>+O( 5 7 Fgp,,  (5.12)

_ Mp,Qp—mp(Qp+Q
where R, V'~ Mp, —my, and Fp, = —Q,R, + % ~ Bjnbl(’MB;{;Lb) 2, Qg = Q= +1/3 are
the electrical charges of ¢ and b-quarks. Similar form factor can be obtained for the D-meson
after a suitable redefinition of quark masses and charges. One-loop QCD corrections to the

Eq. (5.12) can also be computed [102].

The amplitude for B,(D) — vvy transition could be written as

SM
A(Bq — Vﬁ"}/) = MEL’}/MUL X
Mg,
[Cavpe € K (%) + i [€, (kq) — (¢'q) k] fX(d7)] (5.13)

where CYM (z,) = GraVy Vi Xo(x,) /(227 sin” 6y) and e is the electric charge. This results

in the photon energy spectrum and branching ratio integrated over all photon energies,

dI’ 4f3 Gra? 2 Fp 2
_ B 77 - _~Za - V V*X a0
dE,Y( ¢ = V) 3Mp, ‘ Vg o(%)‘ (47T2 sin? HW)
Mp, (1 — 42?) — 2E
M% E.(M E d i 5.14
X Bq 'Y( Bq + 'Y)\/ MBq _ 2E¢y ( )
— 2 2 ~2 31/5 * 2 FBq ?
B(By — vvy) = F—quBqGFa Mp |V Vi Xo() | sy ) (5.15)

where we set z, = 0. Numerically, B(B, — viy) = I'(Bs — viy)/Tp, = 3.68 x 1075.
Similar results for By and D° mesons are B(By — viry) = 1.96 x 1072 and B(D° — viry) =
3.96 x 1071 respectively.

It is important to notice that the approach to rare radiative transitions described above



61

works extremely well for SM neutrinos in the final state since £, > Agcp over most of
the available phase space. It might not be the case for the DM production. In particular,
for mpy > 2 GeV, the photon energy is quite small and corrections to Eq. (5.12) could
become significant. Therefore, our results obtained by using the formalism above should be
corrected, for instance, using heavy meson chiral techniques.

One can see that while the branching ratios for the decays into v7~y final states are orders
of magnitude larger than the corresponding decays into vv final states, they are still way
beyond experimental sensitivities of currently operating detectors. Thus, we conclude that

SM provides no irreducible background to studies of light DM in present experiments.

5.3 Scalar Dark Matter production

5.3.1 Generic effective Hamiltonian and B — x(x,(7) decays

Let us consider the generic case of a complex neutral scalar field yo describing the DM and
limit our discussion to effective operators of dimension no more than six. In this case, a

generic effective Hamiltonian has a very simple form,

; c
My =23 =50 (5.16)
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where A is the scale associated with the particle(s) mediating interactions between the SM

and DM fields, and C’Z-(S) are the Wilson coefficients. The effective operators are

O1 = mu(brar)(X5X0),
O2 = my(brar)(Xixo0), (5.17)
O3 = (bry"qr)(Xg O Xo0),

Os = (brY"qr) (X4 O X0),

where 5: (5 — 5) /2. For relevant D-meson decays one should substitute m;, — m, and
b — g currents with ¢ — wu currents. Operators O34 disappear for DM in the form of real
scalar fields. We note that while the generic form of Eq. (5.17) implies that the mediator
of interaction between DM and the SM fields is assumed to be heavy, My > mp (p), it
is easy to account for the light mediator by substituting C'¥ /A2 — C¥/ (M3, ) — M3).
Clearly, a resonant enhancement of the B(D) — xqXo rate is possible if for some reason the
mediator’s mass happens to be close to Mg (py. If observed, this enhancement would be seen
as anomalously large Wilson coefficients of the effective Hamiltonian of Eq. (5.17).

Let us first compute the B(D) — xoxo transition rate. It follows from Eq. (5.17) that

the decay branching ratio is

2
B(B <C§ -G )) o, Mym '\ 1 — 422 5.18
(By = xox0) = 4nMp, ', A% (mp +my) Y (5.18)

where x, = m, /Mp, is a rescaled DM mass. Clearly, this rate is not helicity-suppressed, so
it could be quite a sensitive tool to determine DM properties at eTe™ flavor factories. The

result for a corresponding D-decay can be obtained via trivial substitution of quark masses,
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widths and decay constants. Computing the decay rate for various values of Dark Matter

masses and comparing it with the experimental results for B, missing energy decays [97],

B(By — F) <22x107*

B(By— E+7) <4.7x107°,

we get the following constraints on coupling constants:

C(S) [;20(8) S 203 X 10716 Gevi4 fOl“ mX = O

058);2058) 2 < 2,07 x 107" GeV™* for my = 0.1 x Mg,
Cfs)/;cég 2 < 222x 107! GeV™* for m, = 0.2 x Mp,
) /:2058) 2 < 254 x 107'% GeV~* for m, = 0.3 x Mg,
058) /;2058) 2 < 3.39 x 10719 GeV™* for my = 0.4 x MBd

These constraints are much stricter than those in [96].

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

Applying the formalism described above, distribution of the photon energy and decay



64

width of radiative decay B,(D) — x{Xo7y can be computed,

A B i) = 13,0000 [ Fy \? 2ME, B, (Mp, (1 — 4a2) — 2E7)? -
aE (Ba = X0 A o — .
* fl%qgcfgS)C‘ES)ng FBq ?

1 2

x| =4/1 —422(1 — 1622 — 122?) — 1222 log ————2X— |,
(6\/ x o) e oy

We observe that Egs. (5.25) and (5.26) do not depend on CfSQ) This can be most easily seen
from the fact that B,(D) — v form factors of scalar and pseudoscalar currents are zero,
as follows from Eq. (5.9). Computing decay rates for various values of Dark Matter mass
we are able to restrict DM properties based on experimental constraints on B, decays with

missing energy given in Eq. (5.19):

%% <1.55x 1072 GeV~* for m =0

%% <1.86 x 1072 GeV ™ for m = 0.1 x Mpg,

%% <3.20 x 10712 GeV ™ for m = 0.2 x Mpg, (5.27)
%% <9.06 x 1072 GeV ™ for m = 0.3 x Mp,

%% <744 x 107 GeV ™ for m = 0.4 x Mp,

Note that Egs. (5.25) and (5.26) depend on C5 and Cy, while Eq. (5.18) depends only on C4
and C5. Since the models with self-conjugated DM scalar fields only contain operators O,
and Os, B,(D) — XoXo(7) transitions could be used to test the structure of the scalar DM

sector.
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5.3.2 Production rates in particular models with scalar DM

In this section we apply the techniques described above for the most general effective Hamil-
tonian for DM particles interacting with the SM fields to particular model implementations
of scalar DM, already available in the literature. The list of models considered below is by

no means exhaustive.

Minimal and next-to-minimal Scalar Dark Matter models

The simplest possible model for scalar DM involves a real scalar field yo = .S coupled to the
SM particles through the exchange of Higgs boson [82, 107]. This is also a very constrained
model, where the only two new parameters are the mass parameter mg of the scalar DM
particle S and the Higgs-scalar coupling A. Nevertheless, it is possible to have light DM in
this model even though it might require some degree of fine-tuning. The SM Lagrangian is

modified by

2
Ls = %54+%52+)\52HTH

_ )‘S 4 1 2 2 2 2 A 272

= ZS +§(m0+)\vEW)S + gy S h+§Sh (5.28)

where H is the Standard Model Higgs doublet, vgy = 246 GeV is the Higgs vacuum ex-
pectation value and h is the corresponding physical Higgs boson. We require S to satisfy
S — —S to make it a good Dark Matter candidate. The scalar DM particle can be made

2 _ 2 2
=mg + \gy-

light by requiring cancellations between the terms defining its mass, m
The transition B — S occurs in the minimal model as a one-loop process, and since

mediating Higgs boson is much heavier than other particles involved in the process, it can
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be integrated out. The resulting effective Hamiltonian reads

3NGE Vi Viiaxymy
() _ 22w th Vgt 2 5.29
eff 647\{%7{2 (LQR>57 ( : )

which implies that C{%), = 0, 5 = 3Ag2ViV,iz;/1287% and A = My. Thus, from

Eq. (5.18), the branching ratio for the B — SS decay in this model is

302 Vi Vi, 12 /T — 4l [ X M3\
B(B, — §S) — { Gow Vb thtmb:| 1—4a3 (A ) (qu Bq> 7 (5.30)

12872 167TMBFBq M?{ my + my

where g = mg/mp,. Note that this rate depends not only on the mass of S but also on

the parameter k = A\?/M},. This parameter also drives the calculation of the relic density of

S 1107,

8vZ, o\ . Iy x
EW”_ » lim —,

MIQJ Mp,* —>2ms mh

(5.31)

OannUrel =

where [';+x is the rate for the decay h* — X for a virtual Higgs with My ~ 2mg. We can,
therefore, fix x from the relic density calculation. This gives for the branching ratios of B,

and D-decays,

)\2
B(B, — SS) ~ (4.5 x 10° GeV*') x VI 4a%, (5.32)
H
)\2
B(Bys— SS) =~ (1.3 x10* GeV*) x TR (5.33)
H
)\2
B(D" — SS) ~ (2.9x107% GeV*) x SV 1 4ed (5.34)
H

We require the branching ratios to be smaller than the current experimental upper bound [97]

for the missing energy decay given in Eq. (5.19). With this we are able to put the following
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0.1 0.2 0.3 0.4 0.5

Figure 5.1: B(By — S5) as a function of x = mg/Mp,. Values of A and M), were fixed at 1
and 120 GeV respectively
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Figure 5.2: (a) allowed values of the DM-Higgs coupling A as a function of x = mg/Mp,
(below the curves) for the Higgs masses of 110 GeV (red), 120 GeV (green), and 150 GeV
(blue). (b) Allowed values of the Higgs mass in GeV (above the curves) for A = 0.1 (red), 1
(green), and 5 (blue) as a function of x = mg/Mp,.

restriction onto the parameters of this model:

A 2
(W) \/1—42% <1.68x 107" (5.35)
H

We present the resulting branching ratios as a function of m,, in Fig. 5.1. Comparing the
above branching ratio with the available experimental data we can put constraints on the

parameters of this model, which we present in Fig. 5.2. For the particular values of Dark
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Matter particles mass we get

A
— | < 82X 107* GeV~2 for mg =0
MH

A
—| < 83x107* GeV~? for mg = 0.1 x Mg,
MH

A
—| < 8.6x107" GeV~* for mg = 0.2 x Mp, (5.36)
MH

A
—| < 92x107* GeV~? for mg = 0.3 x Mg,
MH

A
— < 11x 1073 GeV ™2 for mg = 0.1 x Mp
M3 !

The minimal scalar model described above can be made less restricted if we introduce
another mediator for DM-SM interactions, which should somewhat alleviate the fine-tuning
present in the minimal model [107]. This can be done in a variety of ways. The simplest one
is to introduce another Higgs-like field U,

—Lg = %S“ + %352 + (U + uUAS? + V(U) +n'U*H'H
2

2
m m
862, v

) i u? + puS® 4 nugwuh + ... (5.37)

where we only display mass and relevant interaction terms; ellipses stands for other terms
in the Lagrangian that are irrelevant for this discussion.

Here u denotes the excitation around vacuum expectation value of U, and p and n are
parameters with values of the order of electroweak scale. As far as the studies of DM produc-
tion in heavy flavor decays are concerned, extended models of this class are equivalent to the

minimal model after suitable redefinition of parameters [107]. Performing such redefinitions,
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we obtain

772’u2
B(B; — SS) ~ (2.1x107%) x 0 \/1— 422,
772#2

B(By — SS) T

Q

(6.3 x 107°%) x

1— 422, (5.38)

-

?72'u2
B(D°— 5S) ~ (1.38x107") x vV A
U

where My is the mass of the Higgs-like field U of Eq. (5.37). In the results above, the mass
of the Higgs boson was fixed at M} = 120 GeV. Since the S-field is a real scalar field in both

the minimal and the extended models, these models do not give rise to the radiative decay

B, — SS~.

Dark Matter with two Higgs doublets (2HDM)

In this subsection we consider a singlet scalar WIMP S that interacts with two Higgs dou-

blets, H, and Hy:
2
—L = %52 +MSH(HG? + | Hy |?) + A SP(|H[” + [H1?) + NS (Hy Hf — HyH).(5.39)

We shall assume that A\; > Ay, as the opposite limit gives results that are not different from
the minimal scalar model considered above. The contribution of A3 is suppressed because of
the cancellation of two diagrams, as explained in [82].

Calculating the effective Hamiltonian results in the following expressions for the Wilson

coefficients,
)\1912“‘/}1,‘/252%(1 — a; + a;log ay)
1287%(1 — a;)?

c =c = and A = My, (5.40)

where a, = (m,/Mpg)?. As in the previous subsection, no decay into dark matter plus photon
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is possible within the framework of this model. However, decay into a pair of dark matter

particles is possible

B(B, — SS)

Q

2
9 4 9 ailoga, —a, + 1
(0.73 x 10 GeV)x)\ﬂ/l—élx%( () ) :

ailogay —ay + 1 2
ME(1 — ay)? ’

B(B;— SS) ~ (2.1 GeV?') x A\j\/1 —42% (

2
log ag — ag + 1
B(D" — S8) ~ (5.0 x 10> GeV*) x A2\/1 — 422 ( 3 quv;;aq]\;%‘(bi Zq; ) .
H\+- — “%q

q=b,s,d

(5.41)

Egs. (5.41) can be used for constraining parameters of this model in B, — SS transitions.

5.4 Fermionic Dark Matter production

5.4.1 Generic effective Hamiltonian and By — X1/2X1/2(7) decays

Let us now consider a generic case of fermionic Dark Matter production. It is possible that
the DM particles have half-integral spin; so many New Physics models, including Minimal
Supersymmetric Standard Model (MSSM), have fermionic DM candidates. However, most
of those models naturally assign rather large masses to their DM candidates. Nevertheless,
either after some fine-tuning of the relevant parameters or after introducing a light DM-SM
mediator, relatively light DM particles are still possible. Let us consider their production in
the decays of heavy mesons. Once again, limiting ourselves to the operators of dimension of

no more than six, a relevant effective Hamiltonian reads

4
o _ ()
7_{eff - A2 Zcz Qia (542)
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where C;’s are relevant Wilson coefficients and A represents the mass scale relevant for

DM-quark interactions (e.g. mediator mass). In general, there are twelve possible effective

operators,
Q1 = (EL’YMSL)(YVQL’Y“XVQL)’ Q2 = (EL’Y;LSL)YVQR’Y“XVQR),
Qs = (ER’VHSR)(Y1/2L’V“X1/2L)7 Qs = (ER%SR)(YUQR”Y“XWR),
Qs = (ELSR)(YWLXUQR), Qe = (ELSR)(Y1/2RX1/2L)7 (5.43)
Q7 = (brsL)(X1y2, X1/25); Qs = (ERSL)(Y1/2RX1/2L),
Qo = (ELCTWSR)(YuzLUWXl/zR), Q1o = (l_?LO,WSR)(Yl/zRUWXmL),
Qu = (EROWSL)(YuzLUWXl/zR), Q2 = (l_?RCT,wSL)(Yl/zRUWXmL),

where the Dark Matter fermion X/, can be either of Dirac or Majorana type. The latter
choice leads to some simplification of the basis. All needed matrix elements have been given

in Eq. (5.2). Note that the matrix elements of the tensor operators vanish,

(0|ba*™ Py, rq| B,) = 0. (5.44)

For relevant D-meson decays one should substitute m, — m,. and b — ¢ currents with ¢ — u

currents.
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Using the Hamiltonian of Eq. (5.43) we get for the branching ration of By, — X;/5X1/2,

_ [, M3,
B(B; = X12X1/2) = TonT, A2V 1 —4x3 X

2 .2 2 2
057068( \ mX)Q - (05%7 0628) (mb+>;n )2 (5.45)
q q
~ X MB
— 20, g—>—2 4+ 2(Cy3 + C
1-8 b+mq+ (Cis + 24)90)(},

where we employed short-hand notations for the combinations of Wilson coefficients C;; =
Ci(f) — C](,f)7 and 5178 = (13057 + Cy4Cs7 + C13Css + Co4Cgg. Due to its larger mass chirality
suppression for the GeV-scale Dark Matter is not as severe as for neutrinos, even for purely
left-handed interactions. The result in Eq. 5.45 leads to model-independent constraints on
the Wilson coefficients of Eq. (5.42), which are based on experimental data for missing
energy decays of B, meson (see, e.g. Eq. (5.19)). They are displayed in Table 5.1. The
upper limits can be used to constrain parameters of particular models of fermionic Dark
Matter considered below.

The technique which we use for the computation of I'(B,(D) — X1/2X1/27Y) is very similar

v | Ci/A? | Cy/A% | C5/A2, | Cy/A2, | C5/A2, | Co/A2, | Cr/A% | Cs/A%,
x 108 x 108 x 108 x 108 x 108 x 108 x 108 x 108
GeV™2| GeV™2 | GeV 2| GeV 2| GeV 2| GeV 2| GeV 2| GeV 2

0 - - 2.3 2.3 2.3 2.3
0.1 19 19 19 19 2.3 2.3 2.3 2.3
0.2 9.7 9.7 9.7 9.7 2.5 2.5 2.5 2.5
0.3 6.9 6.9 6.9 6.9 2.8 2.8 2.8 2.8

0.4 6.0 6.0 6.0 6.0 3.6 3.6 3.6 3.6

Table 5.1: Constraints (upper limits) on the Wilson coefficients of operators of Eq. (5.43)
from the By — Xx1/2X1/, transition. Note that operators ()9 — (12 give no contribution to
this decay.
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to the one used for the radiative decay of heavy meson into scalar DM particles discussed
above. The hadronic part of the matrix element remains the same, we only modify the part

that describes Dark Matter. These lead to

dr dl'—g  dlg_12
@ 5.46
dE, dE, | dE, (5.46)
dry s I3 F}aM3 E, \/ Mp, (1 —4a3) - 2E,
dE, 2422 /Mg, —2E,
x [(C}+C3+C5 4 C3)(Mp, — a2 Mp, — E,)— (5.47)
- (30102 + 3C3C4>x§(MB‘Z] ,
Al 15 64 Ef;’ \/MBq(l —422) = 2k,
dE,  3M} m2A? \ Mp, - 2E, Mg, —2F,

x  [2((CFy +9C11Cho — 3C12C10 + CF — 3C12C11 + 3Co(Cho + Chi + Ci2)) f7
—g1.f1(C% + 3C10(Chy + Cha) + C11(C11 + 3C12) — 3Cy(Cip + Oy + Cha))
+2¢7(C) — 6C1oCn + CFy)) w3 Mp,

+(f = gufi +291)(Cho + CF) (M, — 2Mp, )| . (5.48)

While there are many models of light fermionic DM that employ operators (); — (g, we are
not aware of the models with operators Qg — ()12. Therefore, we chose not to provide a closed
analytic expression for By_12(B; — X1/2X; /27) here due to overall bulkiness of the resulting
expression. The numerical integration of Eq. (5.48) can be performed for a particular model,
if needed. Integrating Eq. (5.48) over the photon energy analytically we obtain
. RBfiMa
Bros(By = xu2X127) = 14472, /T — 12ZA2

9
(C}+C3 4+ C3+CF) Y(xy) + 3 (C1Cy + C3Cy) Z(xy) | (5.49)




| 2, | Ci/A% GeV? | Co/A% GeV? | C3/A% GeV 2 | Cy/A% GeV? |

0 6.3 x 1077 6.3 x 1077 6.3 x 107 6.3 x 1077
0.1 7.0 x 1077 7.0x 1077 7.0 x 1077 7.0x 1077
0.2 9.2 x 1077 9.2 x 1077 9.2 x 1077 9.2 x 1077
0.3 1.5 x 1076 1.5 x 1076 1.5 x 1076 1.5 x 1076
0.4 3.4 x 1076 3.4 x 1076 3.4x 1076 3.4 x 1076

Table 5.2: Constraints (upper limits) on the Wilson coefficients of operators of Eq. (5.43)
from the B; — X1/2X1/27 transition. Note that operators ()5 — Qs give no contribution to
this decay.

where the factors Y (z,) and Z(z,) are defined as

2z
Y(z,) = 1—223 +323(3 622 +4x})y/1 — 422 log <H\/+W> _
X

4 6
— 1z, + 12z,
2x
Z(z,) = 22 (1 + 222 + 822 (1 — 23)4 /1 — 4a2 log (H\/ﬁ) + 8xf<> .(5.50)
X

This equation can be used to place constraints on the individual Wilson coefficients of
Eq. (5.43). They are listed in Table 5.2. Both Eq. (5.45) and Eq. (5.49) can now be used to

constrain the parameters of the particular models of fermionic DM.

5.4.2 Production rates in particular models with fermionic DM
Models with hidden valleys

It was pointed out in [103] that there could be light particles called v-quarks interacting with
Standard Model sector via heavy mediator Z’. In the simplest v-Model, a SU(n,) x U(1)

gauge group with couplings ¢’ and g, is added to the Standard Model?. The U(1) symmetry

2The ¢’ coupling constant introduced here is not to be confused with the SM hypercharge coupling
constant.
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is broken by vacuum expectation value of the scalar field (¢), giving Z’ a mass of about
1 —6 TeV. The Z' can mix with Standard Model Z via kinetic mixing kF*'F} . In this
model the role of Dark Matter is played by the v-quarks (x1/2 = v).

The model corresponds to the following set of parameters for the decay of Bs; meson (for

decays of By and DY parameters will be similar):

Grkg' My My,
¢, = 220y v X (r), and A = My, (5.51)
20,V 2 sin” Oy

where k is the kinetic mixing parameter, ¢’ is a gauge coupling of the Z’ and v-quarks, and
My is the mass of the heavy mediator. The rest of the Wilson coefficients C; are zero. Thus,

from Eq. (5.45),
'L 2
B(B, — v1) ~ (1.76 GeV*)221/1 — 422 (A’}—) (5.52)
Z/

where x, = m,/Mpg,. The corresponding results for By and D° decays are

'L 2
B(B; — vv) =~ (4.68 x 1072 GeV?)22\/1 — 422 (AZ ) : (5.53)
Zl
and
'L 2
B(D? — v1) ~ (2.68 x 107® GeV?)22\/1 — 4a2 <A’}—) : (5.54)
Zl

respectively. The corresponding expression for the decay into two v-quarks and photon can

be obtained by defining

_ Grpkg'aMzMy
b 2gv/2sin” Oy

ViV, X(a:)g, and A = M. (5.55)

*
q

We present our results in Fig. 5.3(a) in order to extract the dependence on DM mass. The
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Figure 5.3: (a) B(Bq — vv) as a function of x = m,/Mp, evaluated at ¢’ = 1, k = 1 and
My =1TeV; (b) Allowed values of the Mz mass in GeV (above the curves) for g1k = 1
(black), 0.1 (red), and 10 (green) as a function of x = m,/Mp,. Solid lines represent the
constraints from the 2-body decay, and the dashed ones — from the 3 body (radiative) decay.
The constraints on the mass of Z’ are very loose.

analytic results for the branching ratios can be well approximated by the following formulas,

gik* V()

B(Bs — vvy) ~ (2.76 x 107* GeV? 5.56
( 7) ~ ( A < (5.56)
for the branching ratio of B, radiative decay and
2k2 Y(z,)
B(By — v77y) ~ (9.07 x 10~% GeV2) L « v 5.57
22 Y (z,
B(D — v7y) ~ (3.68 x 10-12 Gev?) Dk Y(T) (5.58)

M2, /1 — 422
for By and D° decays, respectively. The structure function Y (x) appearing in this equation
was defined in Eq. (5.50).

Right-handed massive neutrinos as a Fermionic Dark Matter

Massive right-handed neutrinos appear naturally in left-right symmetric models (see for

example [105]). The see-saw mechanism is used to get light left-handed neutrinos and massive
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right-handed ones. The coupling of the massive neutrino to the SM fields in this case

is mediated by a right-handed gauge boson with mass in the TeV range. In this section

X1/2 = VR.
4GW o

He = F X Jﬂ — ’ 559

1 V2 2msin? Oy zk: k (xk)( Qq) (VRVuVR) ( )

where ng = gpY"br for beauty and ng — Wpytcn for charm transitions. The func-

tions A\ X (z) are the combinations of the Cabbibo-Kobayashi-Maskawa (CKM) factors and

Inami-Lim functions. G%R) is defined in analogy to the usual Fermi constant,

G’ _ 922 , (5.60)
V2 o 8My,,
which implies that
2
g !
Cp="———5—. 5.61
Y78 2 sin? Ow ( )

Following the procedure described above, we obtain the following results for decay branching

ratios,

3.6 x 103 GeV*

B(By, — vpig) ~ 7 v2\/1 — 422 | (5.62)
Wgr
0.57 GeV*
B(B, = vpigy) ~ —— XY (1), (5.63)
M,
10> GeV*
B(By — vpim) ~ Tf 22\/1 — 422, (5.64)
Wr
1.9 x 1072 GeV*
B(Bd — VRDR’)/) ~ M4 X Y(l‘l,), (565)
Wr
5.6 x 1075 GeV*?
B(D — vpig) ~ X - OV 21— 4, (5.66)
Wr

7.6 x 1072 GeV*
MéVR

B(D° — vgigy) =~ xY(x,), (5.67)
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1. x10°12
1. x107®
1. x10°*®
1. x10%

1. x10%

1. x10°%

Figure 5.4: (a) B(Bq — vgVg) as a function of z = m,, /Mp, evaluated at My, = 1 TeV, (b)
Allowed values of the My, mass in GeV (above the curves) as a function of x = m,,, /Mp,.
Solid lines represent the constraints from the 2-body, and the dashed ones — from the 3 body
(radiative) decay. As one can see, the constraints on the mass of Wy are very loose.

where Y (x) is defined in Eq. (5.50). These results are also presented in Fig. 5.4.

5.4.3 Majorana fermions

Majorana particles x1/2 = x often appear in many models of physics beyond the Standard
Model. For generic studies of decays of heavy mesons to Majorana DM particles we can also
use Lagrangian of Eq. (5.43). The resulting formulas, however, will be simplified due to the

known properties of Majorana fermions [106],

XTx = 0,

xo’x = 0.

Taking into account the conditions of Eq. (5.68), we can obtain the branching ratio for
B, — xx decay,

2 5
f5,Mp,

B(B, — xx) = T P e 1= 4a2 [CZ + C& — 22*(Csr — Cs)?] (5.68)




79

The photon energy distribution in B, — xx7 decay reads

dr 12, F3,aM3, B, /M, (1 - 423) - 2B,
= 9 4 q 02 02 M 1 2 2 E
dE, AS72\2 My, - 2F, X (Cy + C54) (Mp, (1 + 223) + E),
(5.69)
which can be integrated over to obtain the branching fraction
féqFE%angq
B(Bq —XXY) = W(C%Q + C§4) X (5.70)

2z
(36333< log ﬁ;ﬂ + (441722 + 617)4 /1 — 4x§> :
X

As an example, we consider a realization of the fermionic dark matter scenario proposed
in [82]. In this model the Majorana fermion coupled to a higgs-higgsino pair is considered.
It must be noted that by “higgsino” we mean a fermionic field with the same quantum
numbers as a Higgs field. We, however, do not place any supersymmetric requirements on

the coupling constants. With that,
M — = . _ - _ -
_‘Cf = 7#”? + NHdHu + )\dede + )‘uwHquu (571>

where M < u, A\v,. The Dark Matter candidate is the lightest mass eigenstate, which we
define as

2,,2
)\uvu

X = —’l/} COSG"‘ ﬁdSiH@, Sin29 = m

2,,2
)‘uvu

= M1 - —%% .
" ( Aavawﬂ)
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We are thus led to the following effective Lagrangian,

1VisViptan 8 [ AgAyvupe \ mparInay
Lefy =

2 brsr)(X 5.72
2 3t ez ) (Toa) (ER00: (5.72)

where a; = m?/M? and tan 8 = v,/vq. Matching this Lagrangian to Egs. (5.42, 5.43), we

observe that (5 = (g, and the remaining coefficients C; = 0. In addition,

Cs =Ch

(16m73, \ Xz +2) (1—a)
The effective lagrangian and corresponding Wilson coefficients for decays of By and D°
mesons can be obtained after suitable substitution of CKM matrix elements and quark
masses.

Taking into account Eq. (5.70) we conclude that no decay into X7 is possible in this

particular model. However, a simpler decay into xx is possible,

7 log®(ay) {tan(B)vedadap )’
B, ~ 147 x 1071 /1 — 4a2 wed 5.74
_ log®(ay) tan( )vu)\d)\uu 2
B ~ 416 x 1072, /1 — 422 .
B(By — xX) 6 x 10 T — a2 (02 + 12) , (5.75)

2
N tan(/3) vu)\dku,u a,log(ay)
D’ ~ 1.81 x 107 /1 — 4a? Vv*qi
B( _>XX) 81 x 10 xX( ( 2)\2 Z aq) )

q=b, s, d

(5.76)

where a, = (my/Mpy)* and 2, = m,/Mp,. These results can be used to constrain the

parameters of this model.
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BR K
1. x107°
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1. x107%°
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1. x1071
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1. x10 | 100
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Figure 5.5: (a) B(Bys — xX) as a function of x = m, /Mp,. The following numerical values
were used: £ = (AgA\vup)/(A20% + p?) = 1, tan 3 = 10, M), = 102 GeV (b) Allowed values
of the x (above the curves) for the values of of tan3 = 1 (red), 10 (green), 100 (blue),
and 1000 (purple) while mass of Higgs boson was fixed at M, = 120 GeV as a function of
x =m,/Mp,.

5.5 Vector Dark Matter production. Generic effective
Hamiltonian and B,(D") — x1x1 decays

Vector DM is a quite popular concept in non-supersymmetric solutions of the hierarchy
problem. In particular, it can be encountered in models with Universal Extra Dimensions
(UED), little Higgs models with T-parity, and some variations of Randall-Sundrum models.
All of the proposed models available in the literature involve weak-scale DM particles. This
however, does not preclude the existence of the low mass vector DM.

Let us consider a generic case of a vector field x} describing Dark Matter. This DM
particle could be either a gauge boson, corresponding to some abelian or non-abelian gauge
symmetry broken at some higher scale, or some composite state. The only assumption that
we shall make is that x; is odd under some Z-type discrete symmetry, x{ — —x4. This
condition results in the pair-production of DM particles.

We shall limit our discussion to the effective operators of the dimension no more than

six. Since no gauge symmetry related to x} is present at the scale mg, the most general
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effective Hamiltonian is built out of the vector field x| and its field strength tensor x{”. In

this case, an effective Hamiltonian has a very simple form,

v ¢
Héf)f = Z A2 Oi) (577)

where A is the scale associated with the mass of the particle mediating interactions between

the SM and DM fields, and C’i(v) are the Wilson coefficients. The effective operators are

Or = my(brgr)x1,xts  Os= (bryuar)Xt X1,
Oy, = mb(l_?RC]L)Xl,LXﬁla 05:(1_7L’7;LQL)%L1WX1w (5.78)

O3 = (EL'YMQL)XTUXMa Og = (ER'YMQR)%!{Vle

where X" = (1/2)e"*Px1,5 and q = s,d. As before, the Hamiltonian relevant for charmed
meson decays can be obtained by the proper substitution of b — ¢ current with ¢ — u
current.

The B,(D) — x1x1 transition rate can be computed using Eq. (5.78). Using the form-

factors defined in Eq. (5.2), we obtain

JEMmZ [ M* (1 — 422)
256(my, + my) 2wyl A1 [
+  (my +mg)? (8C3 (1 — 4xf<) +3C3,) xi (5.79)

B(B; — x1x1) = Ch (1 —4a2 +1227)

+ 2C15C034(my +my) (1 + 2x§<) xi] ’

where Cy, = C” — € and zpy = m,/ mp,. It is necessary to point out that Eq. (5.79) is
divergent at m, = 0, which is related to the fact that operators in Eq. (5.78) contributing

to the effective Lagrangian are not gauge invariant. Thus, for the case of massless DM the
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Ty C1/N?, Co /A2, Cs/A?, Cy/ N, Cs/A?, Cs/ N2,
GeV 2 GeV 2 GeV 2 GeV 2 GeV 2 GeV 2
0 0 0 14x107%114x107%89x107? |89 x107*
0.1 [1.2x107°7[12x102|15x10®%]1.5x10®|9.1x1072]9.1x107?
02 [51x107°[51x102|15x10%|1.5x10®%|1.0x1078|1.0x 108
03 [1.3x10%[13x108|16x10%]16x10%|1.2x1078|12x10"8
04 [29%x10%[29x1078[19x10®%]19%x10®|19x1078|19x10°®

Table 5.3: Constraints (upper limits) on the Wilson coefficients of operators of Eq. (5.78)
from the B, — x1x: transition.

upper limit on the Wilson coefficients C’fv) and CQ(U) is zero (see Table 5.3).

Using Eq. (5.79), we can place general constraints on the Wilson coefficients of the effec-
tive Hamiltonian describing interactions of vector DM with quarks (see Eq. (5.77)). They
are presented in Table 5.3.

We are not aware of particular models of light DM with spin-1 particles and masses

m, < 3 GeV. Thus we are unable to test particular models of vector DM.

5.6 Conclusions

We have argued that missing energy decays of the heavy mesons - By, By and D° - provide
an important way to probe different properties of Dark Matter. Consideration of different
decay modes - two body decays, radiative and light meson + DM decays - restricts different
regions of the Dark Matter parameter space. Combined constraints obtained from different
decay modes of various heavy mesons provide indispensable probe of physics beyond the
Standard Model in general and the nature of the Dark Matter in particular. For instance,
observation of B,(D") — ~F, but non-observation of B,(D°) — F transitions directly point
to non-self-conjugated nature of scalar DM.

We reported general constraints on the Wilson coefficients of the effective operators de-
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scribing interactions of DM with quarks (see Tables I-1II). Restrictions obtained in our paper
are much stricter than constraints from single decay modes. Our results combined with con-
straints from astrophysical observables (for example [96]), direct detection of Dark Matter
and invisible decays of heavy hadrons [98] could provide a full set of tools needed to test (or

rule out) the models of light Dark Matter [108].
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Chapter 6

Future developments

There is only one fact that we know for sure about Dark Matter - it exists. However, it
appears, that another semi-definite prediction can be made.
In theoretical studies the effective interaction of DM with Standard Model (SM) fields is

often described in the form of:

Emt:%(DM...DM)(SM...SM), (6.1)
where ellipses stands for possible combinations of gamma matrices and/or derivatives (de-
pending on type of interacting particles); C' is a dimensionless coupling constant and A is
a scale of the mediator between DM and SM sector; power n is picked in such a way that
lagrangian would have the correct dimension. This interaction is represented in Fig. 6.1.

It is belived that for various types of SM particles such an interaction could be responsible for
some of the experimental results (for example Fig.6.1(a) can explain the excess of positron
flux in PAMELA data [31], while Fig.6.1(b) might be responsible for DAMA [6] observations
)

It is well-known from nuclear physics that such a point-like interactions correspond to
the d-function interaction potential which in turn results in shallow bound state between

interacting particles [109]. Properties of resulting resonance state can be determined based

on experimental data for DM-SM annihilation and scattering . Schematically mechanism of
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Figure 6.1: Generic DM-SM interaction verteces
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Figure 6.2: Dark Matter-SM resonance production

bound state creation is represented on Fig.6.2.

In what follows we consider the interaction of the Scalar DM with particles of spin
S = 0and S = 1/2. Such a choice of particles interacting with DM is motivated by
following reasons. First of all, PAMELA data for positron excess might be explained by DM
annihilation, thus it is natural to study the possibility of bound state between Dark Matter
and electron (positron). Second of all, difference in results between DAMA and CDMS
experiments can be explained by the fact that germanium (spin S = 0 or S = 9/2 depending
on isotope) and iodine (S = 5/2) will interact with DM differently.

In what follows, we compute properties of bound state formed due to §-function potential
in the most general case [110]. Using general result we consider the possibility of bound state
between DM and a scalar particle, and DM and a fermion.

As it was mentioned earlier in this chapter, the point-like interaction results in the J-
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function interaction potential:

Later in this section we shall find the correspondence between potential strength A and
parameters of Lagrangian describing DM-SM interaction.

Interaction between the Dark Matter and a scalar particle can be presented in the fol-
lowing way:

L=C¥(¢*)(2*P), (6.3)

where ¢ stands for the scalar DM field. This is the most general lagrangian that can be
written at this order. Here and further in text ® describes a SM particle (nucleus) with spin
S =0.

Computing transition matrix elements for DM-nucleus scattering and comparing it with
Born approximation one can get the direct correspondence between strength of the J-function

potential A and parameters of the lagrangian (Eq.6.3):

(fIiTli) = —V(Q)2m)o(Ef — Ei) = V(x,y) = M(x —y)
s 0@ 1

here M and m stand for DM and scalar particle (nuclei) masses respectively.

In a similar way we consider the interaction of Dark Matter with a SM fermion field.

Cy . T Cs N
Lo = 5@ O)T1) + £2m("6) (Frs ). (65)

Here ¢ represents scalar Dark Matter field, f(f) is a Standard Model fermion particle (an-



88

tiparticle), and m stands for the mass of the SM field. It leads to the following result:

(fluTli) = —V(q)(2m)é(E; — Ei)

Viey) = Dl y) (6.6)
27'('01

A — A\ = 2

As one can see, regardless of spin assignment, form of potential obtained here is very
similar. In the next chapter we shall consider creation of the bound state in the generic case
of d-function potential and then match the general result with one obtained in Eq.6.4 and

Eq.6.6.

6.1 Delta-function potential

From a theoretical point of view, determination of the properties of the resonance means
finding a pole in Green function. The Green function associated with Hamiltonian H and

corresponding to the energy E is defined in the following way:

(E-H)G(E,x,y) = d(x—y) (6.7)
lim G(E,x,y) = 0

|x—y|—o0

Separating the Hamiltonian into two parts:
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we can express Green function for system with interaction (G(x,y)) in terms of Green

function of free particles(Go(x,y)) :

GO (X, O)Go(o, y)

G(X7Y) = GO(Xv y) + A 1 — )\Go(X, y)

(6.8)

There are no poles in the free particles’ Green function, thus poles (if any) appear in the
second term on the right hand side of Eq.6.8. Therefore in order to find properties of bound

state we must solve the following equation:
1 — AGo(x,y) =0 (6.9)

Computing free Green function using Eq.6.7 we obtain the following equation:

Bk 1
1 — = d
A/ P E 12 (6.10)

where 1 = mymsy/(my + my) is reduced mass of two-body system. Integral is divergent and
needs to be regularized and coupling constant A needs to be renormalized.
It can be done in several ways. The naive cut-off regularization provides a result that

depends on the cut-off scale AU :

&k 1 . AW

The cut-off scale needs to be fixed based on experimental data, thus we cannot provide a

prediction for the value of the binding energy in this approach.
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Using the dimensional regularization scheme we obtain [111]:

d3k 1 I
= ——K 12
/ (2m)3 E —Kk2/2pu 27 (6.12)

where K = \/—2uF is the value of momentum corresponding to the binding energy E. As
one can see, this result is not scale dependent. However, one might notice that this result is
finite, while integral in the Eq.6.10 is divergent. Such a situation occurs because dimensional
regularization does not regularize power divergent integrals. This result immediately leads

to the following prediction for the binding energy of the resonant state:

27
- A28

(6.13)

One can estimate numerical value of the binding energy obtained in this approach using
constraints onto C » from PAMELA positron flux data [31].

Instead of fitting experimental data using our lagrangian Eq.(6.5) we will use results
already available in the literature. It was reported in [112] that PAMELA positron excess can
be explained by DM annihilation into positrons, and numerical results for thermally averaged
cross-section (ov) and boost factors were provided. The value of the annihilation cross-
section directly depends on parameters of the lagrangian. Thus after direct computation of
thermally averaged cross-section we can conclude that values of (o are restricted by the

following region:

m2

i (C? 4+ C2) =~ 170 GeV 2 (6.14)

Since pseudoscalar coupling in lagrangian does not contribute to the creation of bound
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state, in further discussion we will assume that Cy = 0. Thus,
—2C, <13 GeV! (6.15)

Using results from Eqgs. (6.14, 6.15, 6.13) one immediately can conclude that DM-electron

bound state should have the following binding energy:

M)s (6.16)

B > 1.1 x 10* GeV
> X ex( i

One can notice, that dimensionless factor ( %)3 is always greater or equal to 1. It means
that electron-DM bound state should have the binding energy of the order of TeV. Obviously
this result is non physical. Such an unphysical value for two-body system binding energy is
not a new result [109]. This problem can be solved by construction of an effective DM-SM
interaction theory and subsequent introduction of renormalization scheme to regularize the
integral in Eq. 6.10. Similar formalism was developed for the nucleon-nucleon interaction
[111] and in principle can be applied to the computation of the resonant state in our case.
The only definite prediction that can be made at this moment is that DM-SM bound
state should exist. It will explain the various experimental results in a way similar to the
resonant and inelastic Dark Matter models (see for example [43] and [44]) without expansion
of the Dark Matter particle content. Work on this project is in progress, and results are not

available at the moment.
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Chapter 7

Conclusions

Now is an extremely exciting period of time to work in particle physics. New data from LHC
is literally around the corner. Thus all questions about electroweak symmetry breaking and
mass generation can be answered in the nearest future. We are looking forward for the physics
above the TeV scale. What will be there? Supersymmetry? Strings? Extra dimensions?
Answer to this question depends on who you are asking. In fact, all of the mentioned
scenarios are plausible, but none of them is guaranteed.

In the Chapters 4 and 5 I argued that it is possible to indirectly probe the Physics
Beyond the Standard Model using currently available low-energy experimental data. The
most precise available today theoretical prediction for the lifetime difference of B,— B, mesons
was obtained. The possibility of the New Physics contribution to the lifetime difference was
considered and shown that it can be dominating in certain NP scenarios. Three years after
this prediction was made, the DO collaboration detected signs of the New Physics in the
mixing of B mesons [113] which resulted in the spark of interest to this phenomenon from
theorists [114].

Dark Matter phenomenology is a somewhat special case in the particle physics. In some
sense it is a tabula rasa. One can build as many models as wants that would describe available
experimental data to some extent. In this situation, model independent predictions are of
extreme importance. Results obtained in the Chapter 5 allow us to discriminate between

various DM models before making any additional analysis.
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I think present time can be compared to the beginning of the 20-th century. People
belived that quantum mechanics can explain everything and physics can explain everything.
It turned out that there were new questions that could not be answered in the framework of
quantum mechanics. That’s how development of the quantum field theory started. Some-
what similar situation is observed nowadays. Is it enough to simply extend the Standard
Model or maybe we need to reconsider the quantum field theory approach? I do not think
anyone has definite answer to these questions. I think the research I did during my graduate
studies helped us to approach the answer. I am definitely looking forward to continuing the

research in the particle physics and contributing to our understanding of the Universe.
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ABSTRACT

LOW ENERGY SEARCH FOR PHYSICS BEYOND THE
STANDARD MODEL

by
ANDRIY BADIN

August 2010

Advisor: Alexey A. Petrov
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Degree: Doctor of Philosophy

Various approaches to the detection of the physics Beyond the Standard Model were
considered. After discussion of the theoretical aspects of the Standard Model we point out
experimental observations that can not be answered within its framework. Methods for
the inderect detection of the heavy (electroweak scale and above) and light New Physics
particles are discussed. Study of the meson mixing in the B, system is proposed as the way
to indirectly probe NP. We predict that New Physics contribution to the lifetime difference
of B,-B, system can be dominant in certain scenarios. As an example of the way to detect
the light New Physics we considered the Dark Matter production in the heavy meson decays.
A comprehensive study of light Dark Matter production in heavy meson decays with missing
energy £ in the final state, such as B,(D°) — F and B,(D") — ~vF was provided. It
was argued that such transitions can be studied at the current flavor factories (and future
super-flavor factories) by tagging the missing-energy decays with B(D?) decays “on the other

side.”
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