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Abstract

In the Minimal Standard Model (MSM) there is no degree of freedom for dark matter.
There are several extensions of the MSM introducing a new particle - an invisible axion, which
can be regarded as a trustworthy candidate at least for a part of the dark matter component.
However, as it is extremely weakly coupled, it cannot be directly measured at the LHC. We
propose to explore the electroweak sector indirectly by considering a particular model that
includes the axion and deriving consequences that could be experimentally tested.

We discuss the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) model, which extends the two-
Higgs doublet model with an additional Peccei-Quinn symmetry and leads to a physically
acceptable axion. The non-linear parametrization of the DFSZ model is exploited in the
generic case where all scalars except the lightest Higgs and the axion have masses at or
beyond the TeV scale. We compute the oblique corrections and use their values from the

electroweak experimental fits to put constraints on the mass spectrum of the DFSZ model.
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CHAPTER 1

Introduction

In this thesis we reexamine the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) model. It is the
two-Higgs doublet model (2HDM) containing an additional singlet, endowed with a Peccei-
Quinn (PQ) symmetry. Introduction of the PQ symmetry in the Standard Model (SM) leads
to the solution of the strong CP problem but induces the necessity of two doublets and the
presence of an axion. The last becomes physically acceptable in the DFSZ model. From one
point of view, the model includes a lot of new physics coming from the 2HDM. From another,
an invisible axion is a possible candidate at least for a part of the dark matter. Both these
reasons, as well as the interplay between the 2HDM content and the axion, make this model
interesting to study.

The discovery of a Higgs-like particle with m;, ~ 126 GeV and the development of experi-
ments now probing the predictions of the standard electroweak theory with sufficient accuracy
impose the constraints on any potential new physics that might exist at higher energies. Nev-
ertheless, there is still a room for a wide variety of the 2HDM scenarios. In the same time
the introduction of an axion restricts the number of possibilities, making more rigorous the
phenomenological consequences of the DFSZ model.

The structure of this master thesis is as follows. In Chapter 2 we discuss the basic structure
and symmetries of the DFSZ model. In Chapter 3 we build the effective Lagrangian of the
theory and produce its mass spectrum. Chapter 4 describes the so-called oblique correction
which are used to parametrize possible departures from the SM; theoretical calculations and
experimental bounds are provided. Finally, in Chapter 5 we observe the cases in which it
is probable to have rather light spectra and find the experimentally allowed regions for the
masses of new particles. Thus, our aim is to get the spectrum that can be tested at experiments

in near future or, in other words, to predict new states in the TeV region.



CHAPTER 2

The Dine-Fischler-Srednicki-Zhitnitsky model

2.1 The two-Higgs-doublet model

There are three sectors of the Standard Model relevant to the electroweak interactions:
gauge boson, fermion and scalar. While the fermion structure is rather complicated with many
families and mixing, the scalar structure is assumed to be the simplest one - just one SU(2)
doublet.

Some restrictions on the scalar structure are commonly derived from the parameter p

experimentally measured as [1]

p = 1.00040 + 0.00024. (2.1)
At the tree-level it is defined as:
P= M2 cos? Oy, '

with 6y, the Weinberg angle and My, My the electroweak gauge boson masses. The p
parameter is exactly 1 in the SM due to the custodial symmetry of Higgs potential (see
Section 2.3). In the SU(2) x U(1) gauge theory, if there are n scalar multiplets ¢;, with
weak isospin [;, weak hypercharge Y;, and vacuum expectation value (VEV) of the neutral

components v;, then the parameter p is, at tree level [2],

p= (2.3)

2
Yitv;

N | =

n
2.
i=1

From the equation (2.3) it is clear that both SU(2) singlets and SU(2) doublets give p = 1.
Thus, the simplest way to extend the SM is to add new scalar doublets and singlets.

The two-Higgs-doublet model is the most popular extension in this direction. The best
known motivation for studying 2HDMs is supersymmetry. In the Minimal Supersymmetric
Standard Model (MSSM) it is impossible to give mass simultaneously to the charge 2/3
and charge —1/3 quarks via the SM mechanism. The superpotential must be holomorphic and
therefore cannot contain the Higgs field and its complex conjugate. Moreover, the cancellation
of anomalies also requires that an additional doublet is added. Nevertheless, 2HDM can be
also interesting on its own as a theory with reach phenomenology, including possibly (but not
necessarily) flavour-changing neutral currents (FCNCs), custodial symmetry breaking terms
or even new sources of CP violation.

Depending on the way that the two doublets couple to fermions, 2HDMs are classified as
type I, II or III (see e.g. [2] for details), with different implications on the flavour sector. Type
I and IT 2HDMs can be made free from FCNC by the introduction of discrete symmetries.



Type III models have FCNC at tree level. They do not fit in the Paschos-Glashow—Weinberg
theorem which in application to the SM implies that all right-handed quarks of a given charge
must couple to a single Higgs multiplet.

For this work it is important that the presence of two Higgs doublets is a necessary element
of the DFSZ model.

2.2 Peccei-Quinn symmetry and axions

Another distinguishing feature of the DFSZ model is the appearance of an axion. Pec-
cei and Quinn [3] noted that a possible CP-violating term in the QCD Lagrangian, £y =
(092 /321 FF, can be rotated away if the Lagrangian contains a global U(1)p symmetry.
This symmetry is necessarily spontaneously broken, and its introduction into the theory ef-
fectively replaces the static CP-violating angle # with a dynamical CP-conserving field - the
axion. The axion is the Nambu-Goldstone boson of the broken U(1)pg Peccei-Quinn sym-
metry [4]. The order parameter associated with the breaking is called f,. In the original
Peccei-Quinn model it is required that there are two Higgs doublets and that the U (1) pg sym-
metry breakdown coincides with that of electroweak breaking f, = vg, with vy ~ 250 GeV.
The properties of such PQ axion can be determined with some confidence, and no such particle
has been observed.

So, the original PQ model was long ago ruled out by experiment. Dine, Fischler and
Srednicki [5] and Zhitnitsky [6] independently proposed a generalization of the Peccei-Quinn
scheme with very light and very weakly coupled to ordinary matter, i.e. harmless, axion. All
complication consists in addition of a scalar field that is a SU(2) x U(1) singlet and carries
PQ charge. There is also another invisible axion model, the KSVZ model, introduced by Kim
and Shifman, Vainshtein and Zakharov. For a detailed information about this model, as well
as about axion cosmology and experimental searches an interested reader is referred to the
review [7].

Here we survey the field content of the DFSZ model. To make the Standard Model
invariant under a U(1)pq transformation, one must introduce two Higgs fields to absorb
independent chiral transformations of the up- and down-quarks (and leptons). So, we work

with two Higgs doublets and a complex scalar singlet:

cbl:(“*); ¢2=<5+>; 6. 2.4)
Qg 50
The vevs of the fields are

<¢1>:<21>; <¢2>:(32>; (¢) = ve. @)

We can define the usual electroweak vacuum expectation value as v? = (v? + v3)/2 and the



well-known 2HDM parameter tan 3 = vy /v1. The DFSZ model includes a 2HDM of type II:
¢1 couples only to right-handed charge 2/3 quarks, ¢, couples only to the right-handed charge
—1/3 quarks and to right-handed charged leptons. The Yukawa terms have the structure:

Ly = G1qrdrur + GaGrdadr + Gslpgaer + h.c., (2.6)

and similarly for other quarks and leptons, here ¢; = iT or.
The Lagrangian should possess a global symmetry at the classical level. The corresponding

PQ transformation acts on the scalars as
o — €501 Gy = ey, ¢ — 0 (2.7)
and on the fermions as

qr, — 4L, lL — ZL, Ur — eiX“GUR, dR — €iXd9dR, erp — €iX50€R. (28)

For the Yukawa terms to be PQ-invariant we need
X, =X, Xg=-Xo X.=-Xo. (2.9)
For the potential we choose the one respecting CP, SU(2) x U(1) and U(1) pg, symmetries:

V(g 61,62) = Xo(0°0 = V3> + M(glgr — V7)7 + ha(dhoa — V5)*+
+As(@lgr — Vi + dhon — Vi) +
2 |(6101) (Bhe2) — (6162 (ehen)] +
+H(ai b1 + bPida) " + c(dldad® + Pyb1™). (2.10)

Note that to maintain PQ invariance the condition —X; + X, + 2X, = 0 coming from the c
term should be fulfilled.

If we impose that the PQ current does not couple to the Goldstone boson that is eaten by
the Z, we also get X cos? 8 + Xy sin® 3 = 0. If furthermore we choose X, = —1 the PQ

charges of the doublets are

X, = —sin®B, X, = cos?B. (2.11)
2.3 Custodial symmetry

Here we discuss another possible symmetry of the Lagrangian. One can note that in

the SM with one Higgs doublet, & = P1t P2 , the scalar potential only depends on

3 + P4
PTP = ? + 2 + 2 + 2. Therefore, the SM potential automatically has SO(4) symmetry.

The group SO(4) is isomorphic to SU(2) x SU(2), which is larger than the SM gauge



Parameter | Breaking of Custodial Symmetry
A1 A+ Ap
A2 A—Ap
)\3 )\3
A4 2N+ \B
Ag Ag
V2 V24+ V3
vy Vi-Vg
Vo Vo
a, b a+ag=2>

c c

Table 2.1: Conditions on the parameters of the scalar potential demanded by the custodial
symmetry. Exact custodial symmetry corresponds to all ”B” parameters being zero.

group SU(2), x U(1)y . When the Higgs field acquires the non-zero VEV this symmetry is
broken to SO(3) equivalent to SU(2). On the other hand, this symmetry SO(4) is respected
neither by the scalar gauge-kinetic terms, specifically, those involving the weak-hypercharge
coupling ¢/, nor by the Yukawa terms, linear in ®, since the up-type and down-type quarks
have different masses. Thus, SO(4) is not a symmetry of the full SM Lagrangian, rather a
symmetry only of the scalar potential; it is usually regarded as an approximate symmetry,
since in the scalar sector it is only broken by (small) ¢’ terms in the kinetic energy, and called
custodial symmetry. In the limit ¢’ — 0 (sin?fyr — 0) the gauge bosons have equal masses
and form a triplet of the SU(2) unbroken global symmetry. The experimental value of the p
parameter (2.1) characterizes the breaking of the custodial symmetry, which manifests itself
in keeping the equality p = 1 (2.2), even when ¢’ = 0.

To make more evident such global symmetries of the potential of the DFSZ model one
can introduce a matrix notation [8]. First, we construct the 2 x 2 matrices from the fields of

Higgs doublets:

0y = ((;51 P2) = ( Of ?F > , Do = (ng ¢1) = ( 52 (zj ) =10y, (2.12)
—a_ By B g

Secondly, we consider the following combinations:

Slon o
I = ©3,012= 5 ) 2.13
12%12 (-Qﬂqbz ¢;¢2> ( )

¢hdr 0
J = c1>§2c1>21=< 201 ¢;¢1>. (2.14)
Their vevs are
vi 0

(I) = 0 o2 , (J) = viva. (2.15)

This vacuum is not invariant under the full group SU(2), x SU(2)g. However, if v; = vy,
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then (I) is proportional to the 2 x 2 identity matrix and the vacuum preserves a group SU(2)y
(the V stands for “vectorial”), corresponding to identical matrices, i.e. L = R. This remaining
group preserved by the vacuum is the custodial-symmetry group. However, most authors refer
to the potential invariant under SU(2);, x SU(2)r as displaying the custodial symmetry, and
we will also employ this equivocal terminology.

The last thing is to define the constant matrix W,

1 T3 ‘/12 0
W=V2+Vi)s+ (VP - V3)= :( : (2.16)
2 2 0 v22

and then, the potential can be written as:

V(O.1.0) = Ale6— V2P + 2 (T[T~ W)(1 + )]} +
+% {Te[(I = W) = 713)]}° + A3 [Te(] — W))* +
—1—% Tr [I? — (I73)%] + %Tr [(a+b)I+ (a—b)I3]d" O+

+§ Te(J¢? + JTe™2). 2.17)

A custodial global SU(2);, x SU(2)g transformation acts on our fields as
®;; — LO,;R', [ — RIR', J—J (2.18)

If SU(2), x SU(2)g is to be a symmetry, the parameters of the potential have to be set
according to the custodial relations in Table 1.1 (see also [9]). In the limit of custodial
symmetry, all the “B” parameters vanish. In total, there are 11 parameters of which 7 are
custodial preserving and 4 are custodial breaking.

Finally, let us establish the action of the PQ symmetry previously discussed in this

parametrization. Under the PQ transformation:

Dy — Pl p = el (2.19)
with Xo— X1, Xo+ X X, — X
x=22" My At X, =221 (2.20)
2 2 2
Using the value from Eqn. (2.11):
: 2
0 1
xo [ 5F L Xy= o 2.21)
0 cos’p3 2



CHAPTER 3

Effective Lagrangian

3.1 General aspects of Effective Lagrangian technique

Firstly, consider that we have only the gauge and Goldstone bosons as the light degrees of
freedom. The Goldstone bosons are collected into the unitarity matrix &/ = exp (Z%qj) , which
is the building block of the Lagrangian. One constructs the most general Lagrangian with the

desired symmetries via a derivative expansion:
L=L2+L+ . (3.1)

where the indices denote the dimensionality of the corresponding operators. This can also be

written in the form of the Effective Chiral Lagrangian:

9 13
L= UZ Te DUDU+ Y a,0;, (3.2)

1=0

where the first term is universal, O; is a set of local gauge invariant operators and D, is a
covariant derivative. Coefficients a; collect all information from integrated out heavy degrees
of freedom including the effects of physics beyond the Standard Model. Of particular interest
are the effective couplings corresponding to the following operators: the second independent
O(p?) one,
v? v?
L2 = 5T DU DU + CLOZ[TI“<7'3UT D*U))?, (3.3)

and a couple of O(p*) operators:
1 1
L= §algg’ Te(UBUTWH) — Zagg? TrUUW,,) TeUrsUTWH) + .. (3.4)

In the last expression B,,, and W, are the field strength tensors associated to the U(1)y and
SU(2), gauge fields.

3.2 The non-linear parametrization of the DFSZ model

The difference with the DFSZ model under consideration is that we have additional light
particles — light Higgs boson h and axion a4. As we can clearly distinguish generically heavy
states from the light ones it is natural to use a non-linear realization to describe the low energy
sector.

We decompose the matrix-valued &, field in the following form

(1)12 == Z/{Mlg. (35)

10



As in the previous section U/ is a 2 X 2 matrix containing the three Goldstone bosons G;
associated to the breaking of SU(2), X U(1)y to U(1)em:

U = exp (z’G : T) : (3.6)
v

Note that the matrices [ and J of Eq. (2.13), (2.14) entering the DFSZ potential are actually

independent of U/. This is immediate to see in the case of I while for J one has to use the

property 7oU* = U, valid for SU(2) matrices. The effective potential then does depend only
on the degrees of freedom contained in M, whereas the Goldstone bosons drop from the

potential, since, under a global SU(2), x SU(2)g rotation, ®;5 and U transform as
Py — LOR', U — LURT = My — RMuR. (3.7)
There is also the singlet field in the scalar potential, it can be parametrized as:
¢ =p+iGy. (3.8)

The phase of ¢ does not drop from the potential automatically because of the ¢ term. G,
mixes with the usual 0~ scalar from the 2HDM. To have a well-defined massless state we
need to find a suitable phase both in M5 and in ¢ that drops from the potential.

Let us write M1, = M;5U,, where U, is a unitary matrix containing the axion. There is
some freedom in choosing U,, it can have the identity generator as well as the 73 one. To fix

this we need to consider the gauge invariant kinetic term:
1 * O 1 T 3
Ekin = 5(@@) 8 925 -+ Z_l TI' (Duq)lQ)D @12 y (39)

with the covariant derivative defined as:

!
D, = 9,01 — igWu LRy + i%Bﬂcbmg. (3.10)
If we define
2a4X in? 0
U, = exp | i 9 D ) 3.11)
\/vi + v2sin? 23 0 cos™f

all terms in the kinetic term are diagonal and exhibit the canonical normalization. Moreover,
the axion field a4 is no longer in the potential. Note that the phase redefinition implied in
U, exactly coincides with the realization of the PQ symmetry on ®15 ((2.19) - (2.21)). This
identifies uniquely the axion degree of freedom.

Collecting everything aforementioned together, the non-linear parametrization of @4, reads

11



as

Q12 = UM2U,, (3.12)
with
(v+H)cg — (5 - %AO) sg V2H,cp
My =2 Vret s " ) ] (3.13)
\/§H785 (U+H)Sﬁ+ <S+ \/U?bJrzizsggAO> cp
where the field redefinition we use is as follows
cs Sp 5p Cp
v+ H=—7=R|ag] + —=R[Bo], S =—"SR|ag] + —=R|5o], 3.14

P — spax

Hy 5 (3.15)
The singlet field is non-linearly parametrized as
b= |vstp—i—2 Ay | exp it |. (3.16)
v} 41253, v3 +v2sig

The fields of H, S and p are not mass eigenstates but they have vanishing vevs. The mass

eigenstates are defined through the rotation matrix R (see Apendix A):

3 3 3
H=> Rghi, S=Y Rshi, p=)» Ryuhi (3.17)
=1 =1 i=1

H, S are also called interaction eigenstates. For instance, H has the same coupling to the
gauge fields as the SM Higgs boson, but the Higgs mass m;, ~ 126 GeV is attributed to the
lightest of h; states.

The construction of the effective Lagrangian for the DFSZ model goes the same way as
described in the previous section. The difference is that we need to include additional light
particles explicitly as dynamical states. The corresponding effective Lagrangian will be:

2 2

ho h
£ = 2 (1420~ +p—+..) Tt DUDU+
4 v v2

v? 1
$
+ (03) e 25) duas0tays + §aﬂhaﬂh — V(h)+

13 h
+Zaz <;) O; +£rem (318)
=0

where

DU = DU +U(,U,)UL,

'Here we introduce the short-hand notation s}, ; = sin"(mf) and ¢}}, 5 = cos™(mf3).

12



2 A\
V(h) = %hQ — ds(Ww)h® — dy Sh',
Lyen = 2(0,00"h)> + 2 Te DUDU + (9,h0"h) TrDUDU.  (3.19)
v v v

The terms in L,.,, are required for renormalizability [10] at the one-loop level and play no role
in the discussion. The couplings a; are now functions of i /v and can be regularly expanded.
The constant parts a;(0) correspond to the coefficients in Eqn. (3.3), (3.4) and are related to

the electroweak precision parameters.
3.3 Mass eigenstates

Having defined the fields we proceed with the description of the mass spectrum of the
model (following the work [11]). We have two doublets and a singlet, so a total of 44+4+2 =
10 spin-zero particles. Three particles are eaten by the gauge bosons and 7 scalars fields are
left on the spectrum; two charged Higgs, two 0~ states and three neutral 0" states.

The charged Higgs has a mass

cvi

my, =8 (Aw? + —> . (3.20)

528
In the 0~ sector Ay and G fields mix forming the massless state, the axion:

= U526A0—|—U¢G¢’ (3'21)

¢
/02 2.2
v¢+v 533

= UpAg —vsypGly

and the massive state

Ay , (3.22)
\ /vi + '02535
with )
2 _ Uy 2
m75 =8¢ (— +v 525> . (3.23)
0 825

As was mentioned before, there is mixing in the 0" sector. We mark the corresponding 0"
mass eigenstates as ;. The mass matrix can be diagonalized in the limit of large vy, which
is astrophysically constrained to be at least of order 107 GeV. So, we make an expansion in

v/vg to the second order to get the masses [11]:

) (ac% + bs3 — 0325)2
Ag

m%l = 3207 (Alcé + )\28% + )\3) — 16v (3.24)

a — b)sas + 2ccop)’
2c

S253

8¢
my, = %U(i + 8v%s35( A1 + A2) — 4v? ( (3.25)

13



2
[(a — b)syp + 2ccap] 162 (ac% + bs3 — cS25)
Ao — 22 Ag

S23

my, = 4\v; + 4v° (3.26)
We observe that my,, is the lightest state, because it is of order v? while two other states are
of order vi. h1 is identified with the scalar boson of mass 126 GeV observed at the LHC.

In the paper [11] it is argued that the nominal expansion in powers of v/v, is applicable
in the following cases.

Case 1: The couplings a, b and c are generically of O(1),

Case 2: a, b or c are of O(v/vy),

Case 3: a, bor c are of O(v?/v]) but ¢ > \v?/v3,

If ¢ < A\w?/v] the 0~ state is lighter than the lightest 0" Higgs and this case is there-
fore already phenomenologically unacceptable. The only other case that deserves a separate
discussion is

Case 4: Same as in case 3 but ¢ ~ \;v* /v

v2

In this case, up to order > P is a mass eigenstate with mass mj,, = 4)\¢vi. The two

remaining masses are

m2, = 802 <K FVEZ - L) , (3.27)

where
2 2 c
K = 2 ()\105+)\255+)\3) —|—@
L = 8 ()\1)\2 + )\1)\3 + )\2)\3) S%ﬁ + % (/\10% + )\252 + )\3) s
28
. v3
with ¢="2c. (3.28)
v

The rotation matrix R from Appendix A is simplified to:

cosf —sinf 0
R=1| sinf0 cosf 0 |, (3.29)

0 0 1

where ) ,
()\105 — )\286) S2p

()\16%3 — )\2825) Cap + )\3 + e’

4825

tan 20 = —

(3.30)

The case 1 represents extreme decoupling, when the only light states are h;, the gauge
sector and the axion and all other masses are of order vy. Case 2 has the similar light content
but with the typical scale of heavy particles ,/v,v, that can be the region of hundreds TeV.
Cases 3 and 4 can provide much richer phenomenology with h,, charged Higgs and A, at the
weak scale. One can notice that the presence of these light states requires that some couplings
are rather small which my seem odd or fine-tuned. For a discussion on the ’naturalness’ of

this possibility see [12].

14



CHAPTER 4

Calculation of oblique corrections

4.1 Definitions and experimental measurements

If the new physics scale is significantly higher than the electroweak scale, new physics ef-
fects from virtual particles in loops are expected to contribute predominantly through vacuum
polarization corrections to the electroweak precision observables.

One can parametrize possible departures from the SM with the so-called oblique parame-

ters. In our calculations we use the parameters €;, €3, and €3 defined in [13] as follows:

1

6= e [A%(0) — A™(0)] , (4.1)
€2 = FUH(Myy) — F¥ (M), (4.2)
€5 = EF?’O(Z\/[%). (4.3)

AY and 'Y are the coefficients in the vacuum-polarization tensors
Hffy(q) = —igu [A7(0) + ¢°F7(¢%)] + quqy terms, 4.4)

where ¢j may be either WIW, W35Ws3 or W3B and ¢, is the four-momentum of the gauge
boson. It is assumed that the term at g, can be represented as a series in ¢* because of the
new physics scale being much higher then the Fermi scale.

In the effective theory €, €, and €3 receive one-loop contributions from the leading O(p?)

term and the tree-level contributions from the a;(0). Thus
€1 = 2a0(0) + ..., €2 = —g%ag(0) + ..., e3 = —g?a1(0) + ..., 4.5)

where the ellipses symbolize the one-loop % Tr D, UTD"U contributions.

Experimental constraints on the oblique parameters are obtained from the global fits of
the electroweak sector of the SM. For a long time, such fits have been used to exploit mea-
surements of electroweak precision observables at lepton colliders (LEP, SLC), together with
measurements at hadron colliders (Tevatron, LHC), and accurate theoretical predictions at
multi-loop level, to constrain free parameters of the SM, such as the Higgs and top masses.
Today, all fundamental SM parameters entering these fits are experimentally determined, in-
cluding information on the Higgs couplings, and the global fits are used as powerful tools to
assess the validity of the theory and to constrain scenarios for new physics.

In such papers with global fits [14], [1] it is more common to work with another set of
parameters S, 1" and U determined firstly in [15]. The connection of S, 7" and U defined

15



relative to the SM (AT =T — T°M  etc.) to ¢, is as follows:

_ SM
AT = ST79 (4.6)
(8]
4 2 _ SM
av o= bileZaT) 4.7
4 2 _ SM
AS = SW(E?’@ ") (4.8)

Here, a = e?/(4n) = ¢*s¥,/(4) is the fine-structure constant, sy = sin Ay is the sine of
the weak mixing angle 0y,. The €; or T" parameters are directly connected to the p parameter
defined in Eqn. (2.2) [13]:

€, =aol =p. 4.9)

The experimental determinations of AS, AT and AU from the Gfitter group [14] are
AS =005+0.11, AT =0.094+0.13, AU =0.01 +0.11. (4.10)

The Particle Data Group paper [1] on EW measurements is a year older than the referred one
of the Gfitter group. They have slightly different input parameters for the global fits. This

results in different values of oblique parameters:
AS =-0.034+0.10, AT =0.01+£0.12, AU =0.05=+0.10. (4.11)

AU is considered to be very small in most new physics models and therefore often set
to zero in the global fits. This changes the experimental limits on AS, AT a bit due to

correlations between the parameters. The relevant constraints in the AU = 0 scenario are [14]:
AS|av=0 = 0.06 £ 0.09, AT|ay—o = 0.1 £0.07. (4.12)

4.2 Diagrams and Feynman Rules
The Feynman diagrams which contribute to the vacuum polarization in the DFSZ model

are depicted in Fig. 4.1. There are several types of diagrams:

(a) The gauge-boson line splits into two scalar lines which later reunite to form a new

gauge-boson line. Diagrams of this kind constitute a majority in all ¢;.

(b) A neutral scalar branches off from the gauge-boson line and loops to a later point in

that gauge-boson line.

(c) A scalar branches off from the gauge-boson line and loops back to the same point in
that gauge-boson line. This diagram is independent of ¢ and can possibly contribute

only in €1; but in fact it vanishes due to the subtraction in Eq. (4.1).
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(a)

(h) (c)

Figure 4.1: Types of Feynman diagrams occurring in the calculation of the vacuum polarizations.

—o Tadpole Feynman diagrams also yield a vanishing contribution to e;.

In Appendix B we provide the details of the computation of diagrams (a) and (b) with

arbitrary fields inside a loop.
In our particular model we need to consider the kinetic term (3.9) to get all the interactions.
Then, we are able to list all relevant variants of fields inside a loop (different (X, Y") pairs)

for different vacuum-polarization tensors. Also, the coefficients vyy in the numerator of the

corresponding integral (see Appendix B) are produced in the following tables:

For I1*3(q):
X |Y Interaction term vxy coefficient
H, | Hy LgWs Hy ga Hz ;%(QIH‘Q) (2p+q)y — —g Pupz/
Ay S Vs Ba Ao | -2 s 20+ )u(2+ a) = = mpupy
ag Q%W“S%ax 92;’_?+fﬁ(p +@)up+ @) > —¢*7 jlf}zs%ﬁ Puby
Gy —gW5 HO.Gy 9P+ a)u(p+ )y = —g°pups
Gi|Ga|  1gW§Gi 9 G —%(2p + 020+ )y = —gpup
B, | H —399'vHW{'B, 1(99'0)* gy
For I1'(q)
X |Y Interaction term vxy coefficient
Hy | S LgWeS 9. H, —%(2p+9)u(20 + @)y = —g pupy
H, | 4 %le Ay Do H, —%v;}%(?p +Q)u(2p+q)y = —¢° mpupu
Hy | ay —g%Wl"Hﬁa% ~¢° 52 j‘,f;s%ﬁ (p+@ulp+ )~ —¢°7 j‘,ﬂ;ff Pubv
H |G, —gWi'HO,G\ 3P+ @)ulp + Qv = —9*pupy
Gy | Go|  5gWiGs da Go ~L 2+ @)u(2p + 9) = —4*Pups
For I1%(¢q)
X |Y Interaction with 1/ Interaction with 5, vxy coefficient
Hy | Hy s9Ws H,y ga H2 59'BH, ga H2 —99 p,upu
s | 4 S WSS e Ao '%—T B Do Ay | 99 T PPy
G | g Wi SOea, | — 2B S0ua. | 99 ili‘sz Pupy
Go —gW5'HO.Go 9'B*H0.Go 99'Pupv
Gy | Gs LgWeGh 94 Go Lg/BGh 9, Gy —99'Dubv
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4.3 Resulting expressions

In this section we write down the exact results in the DFSZ model to the d¢; at one loop,
defined as
Se; = ePFSZ _ 5M (4.13)

2

Taking into account that we are interested in deviations with respect to the minimal Stan-
dard Model, diagrams with the following pairs in loop (Hi, Hs), (S, Ao), (S, ay), (H, B,),
(Hs, 5), (Hy, flo), (H1, ag) make a new contribution to de;. (H, Gy) pair contains in fact
three diagrams, one of which with R, h, overlaps with the SM diagram with a (Hgys, Go)
pair. Diagram with (G4, G5) pairs cancels exactly with the same in the SM. Then,

2 3 02
- £ 2 2 2 2
be = 1672 4M3, (; Fs, (% + v23§5f( mp,) — f(mHiamhi)> +my, —
2 2 3 2
Ys 2 2 g 3 9 mp,.
B L) | e D Rl 4.14
U(i + UZS%ﬁf(mHi’mA0)> 1672 4M3V 2 i 1IN m%{SM, ( )

here the function f is f(X,Y) = 2 InL for X # Y and f(X,X) = X.

Considerations of the same kind as for de; hold for remaining two oblique parameters.
Diagrams with only Goldstone bosons cancel, with one Goldstone boson and /A undertake
partial cancelation, while other diagrams with pairs listed in tables of the previous section

result in new contributions.

2 2 (12 2 2
g 1 [1v°sin“2p My, Uy )
%2 = 16212 |2 1 ,m 4.15
2 1672 12 <2 1)35 + UQS%B ml%ISM ’U; + U28§Bg( Hy A0)+ ( )
1 v?sin® 243 m3. v3 ,
—"_ R m R 2 ln 7 _ m 7m . ’
Z ( e M) 2% + 02 526 m%{SM vq% + v%gﬁg( Ao hi)
here the function g is g(X,Y) = =2 + (;X}{)Q + (X+Y)((>§(2 ¢>)<3Y+Y2) In %,
beo — 9L M 1 v mA}) 5 0%sin28
’ 167r2 12 My, 2vi+uvissy  my. . 6ul +usi,
2 m}%
+Y Ry | ——559(mj, ,m% ) +In————
Z U¢ + 02835 "y m%{sM
1 U¢ ‘
In—~— | + > R, (4.16)
2 U(b +? 82/3 mHSJ\/I> Z HSM>

These results are consistent with the ones given in the limit v, — oo [8].
Some comments on the calculations should be provided. Firstly, mfiSM appears in Eqn. (4.14)-
(4.16) due to the subtraction of the SM contributions in Eqn. (4.13). As stated previously,

My, 18 identified with my,. Secondly, we are interested only in the leading corrections in
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the limit ¢*> ~ M3, < M,, where M, is a typical heavy-scalar mass. It means, that we can
set masses of gauge and Goldstone bosons equal to zero My = Mg = 0 in the internal lines.
Thus, we use Eqn. (B.22) from Appendix B to derive the contribution of type (b) diagrams
from Fig. 4.1.

One more note to the de; expression: it is possible to have in II** pairs (H, B,) and (H,
W?2) in a loop, while in II'" there is an option of (H, W})) in a loop. Terms with W, cancel
each other, and the one with B, gives a term proportional to ¢’ in Eqn. (4.14).

Furthermore, when calculating the diagrams contributing to de; and des, those with gauge
bosons in the internal lines do not contribute. These simplifications follow from explicit form
of the corresponding contribution (see Eqn. (B.21)) and also from simple dimensional consid-
erations. For instance, the diagrams containing one internal vector-boson line are proportional
to g? M3, and their overall contribution to dez is ultraviolet finite. Since des is proportional to
the dimensionless derivatives of the vacuum polarization, there must be a M? in the denom-
inator, and so the contribution is proportional to M3, /M? and, therefore, subleading. This is

the reason there is no ¢’ term in de; and no contribution from type (b) diagrams in Jes.
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CHAPTER 5

Spectrum implications

5.1 Custodial and Quasi-Custodial limits

Consider the case of SU(2);, x SU(2)r global symmetry being spontaneously broken to
SU(2)y. In this case, the VEVs of the Higgs doublets are equal and tan 5 = 1. The masses
are:

my, = 8(2\” + cvi), m%a = 8c(v? + vi), and mj, =mj,, (5.1)
a— c)? a—c)?
( 3 ) > and m;_ =4 (A¢v;+4v2( Y ) ) . (5.2)

We can explore what range of masses is allowed by the experimental determinations

my, = 160 (/\ +2\3 —

of oblique parameters in this relatively simple case. As we are basically interested in the
possibility of obtaining a lightish spectrum, we discuss the case 4 of the Chapter 3 where the
c parameter scales as v?/ vi. Hence, the rotation matrix of 0% states is equal to unity. All d¢;
depend only on mpy, = my, and m Ay> We also use my, = 125 GeV. Moreover, we have to
require the stability of the potential discussed in Appendix C.

The custodial symmetry gives us AT = 0 automatically. The AU experimental value puts
a rather high upper bound (in multi TeV region) to the spectrum of charged Higgses. Taken as
it is given in papers (see Eqn. (4.10), (4.11)) AS would not pose any restrictions. However,
it is interesting to notice that the center value AS = 0.05 lies in the region forbidden by the
stability requirements. Only when a positive AS comes very close to 0 some spectrum can
exist as it is shown on Figure 5.1. If AS < 0 the masses to the left from the diagonal become
allowed.

Now, let us assume a ’quasi-custodial’ setting which means that the custodial symmetry
is broken only via the coupling \y5 = Ay — 2 being non-zero. The mass spectrum stays the
same but for

my, =mj, + 8 \yp. (5.3)

The range of masses allowed by the present constraints on AS for different values of \yp is
shown in Figure 5.2. The negative values of \;5 allow much lighter spectra than the positive
ones. This can also be seen in Figure 5.3 where we depict constraints both from AS and AT.
AT significantly narrows the allowed region, while AU gives nothing new. For Ay = 0.2
the possible range starts at about 1 TeV range, while for negative \;p it goes down to 100
GeV.

5.2 General case

In this section we completely give up the custodial symmetry and consider the general case

4. Hence, the three masses m 5, mp, and my, are unrelated, except for the eventual lack of
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Custodial Limit, —0.05 = AS = 0.05

Quasi—Custodial Limit, AS= —0.03(10)

o
—
e 400 |-
=
g :
= s
I =
+
=
E w0k Ayp=—0.5
100
Ayp=-0.1
o _I 1 1 1 1 1

L L L 1L L L L . . . . L L .
0 100 200 300 400 00 600 o 100 w0 30 400 500 800

My (GeV) May(GeV)

Figure 5.2: AS in the quasi-custodial limit for

I d:0 < < 0. ; —0.05 < .
Figure 5.1: 0 < AS < 0.05, blue; —0.05 < different values of the symmetry breaking param-

AS <0, green. Grey regions: excluded by stabil-

. eter \4p.
ity. 1B
Quasi—Custodial Limit, Constraints for 14 5=—0.5 Quasi—Custodial Limit, Constraints for Ay 5=0.2
soof 3000
500 |
2500
i
= 5 e
EE« 300 \(Er
= =
E E 15040
200
1000
100
E.
ok s - T 500
[ 1] 100 200 300 400 500 600 500 1000 1500 2000 2500 3000

M4, (GeV) My (GeV)

Figure 5.3: Restrictions in the quasi-custodial limit for different values of A\y5. Allowed regions: AT
(yellow) overlaps AS (blue or green) excluding grey areas forbidden by stability.
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AT=0.09(13)

AU= 0.01(11)

1000

TanB=1& cosh=1

8

My +(GeV)

400 Gev

M a,=200 GeV

Tanp=1& cosf=1
800 GeV

600 GeV

400 GeV

L
600

Mp,(GeV)

Mp,(GeV)

Figure 5.4: Exclusion plots imposed by the constraint from AT (left) and AU (right) on the hy and
H_ . The successive horizontal bands correspond to different values of m 4,. The stability bounds are

implemented.
Constraints for m 4, =200 Gev Constraints for 1,4, =800 Gev
il . . sl . : :
Tanf=1 & cosf=1
Tanf=1 & cosf=1 i
1600 -
E ] E 00}
= =
= =
1200 -
1000 -
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L
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M, (GeV)
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Figure 5.5: Exclusion plots imposed by the simultaneous constraints from AT, AS, AU ~ 0 and

requirement of stability on the hy and H4. The left pl
to ma, = 800 GeV.
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AT= 0.09(13) ‘ ‘ AS=00511)

1000[-"

800 GeV

Tanp=10& cos9=0.95 | ocey TanB=10 & co=0.95

800

600 GeV |

% 600 GeV %
O w O sl

zfc T

= 400 GeV
400 GeV oo
a00|
5001
M a,=200 GeV
200} | : h ; h " o
200 400 600 800 1000 1200 260 44‘30 580 m‘)o 10‘00 12‘00
Mhz(GeV) Mhz(GeV)

Figure 5.6: Exclusion plots imposed by the constraint from AT (left) and AS (right) on the ho and
H for tan 8 = 10 and cos = 0.95

stability of the potential. In this case, the rotation matrix R can be different form the identity.
In particular, the angle 6 from Eqn. (3.30) may be not vanishing. However, experimentally
cos # is known [11] to be very close to one.

If we assume that cos 6 is exactly equal to one, we can get the exclusion/acceptance regions
for all oblique parameters. AT gives manifestly larger constraint than two other parameters;
constraints from AT and AU are depicted in Fig. 5.4. However, it is commonly agreed that
AU should be very small. It is zero in the SM and lots of global electroweak fits are done
under this condition. Posing AU ~ 0 we get much smaller allowed region than the one in
Fig. 5.4 (right). Thus, we plot in Fig. 5.5 areas allowed by all three parameters simultaneously
within the AU = 0 scenario to see where they cross. As AU gets closer to exact zero its
region shrinks to two lines, which overlap with AT region only asymptotically at infinity.

Another choice of angles 3 and @ is also possible. In general 2HDMs a quite large range
of tan 8 can be considered. For cosf values from 0.9 to 1 are still allowed by existing
constraints. In Fig 5.6 there are plots depicting constraints AT and AS put on the spectrum
in case of tan § = 10 and cos 6 = 0.95.
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CHAPTER 6

Conclusions

The nature of electroweak symmetry breaking keeps being an important issue in particle
physics today. The Standard Model of particle physics contains a mechanism for electroweak
symmetry breaking, and the discovery of the Higgs boson at the LHC proves its consistency.
However, the Minimal Standard Model still has a several well-known problems. One of them
being the absence of degree of freedom for dark matter.

Other models with a similar electroweak symmetry breaking pattern can be proposed. In
this thesis we study the Dine-Fischler-Srednicki-Zhitnitsky model, an extension of the 2HDM.
It also contains an invisible axion which is an interesting candidate for dark matter. Being
extremely weakly coupled the axion cannot be directly detected at the LHC. Hence, we make
an investigation what indirect consequences of the axion presence can be seen experimentally.

The Peccei-Quinn symmetry, responsible for the appearance of an axion, restricts the form
of the effective potential. Further, we include the constraints from electroweak precision
parameters expressed in values of the oblique parameters. Current experimental limits on the
oblique parameters agree with the SM predictions well enough. Now there is a room for
the new physics also, but the refinement of experimental measurements can be even more in
favour of the SM.

The large scale, appearing in the DFSZ model to make the axion nearly invisible, seems
to generate a very heavy and inaccessible spectrum of the new physics. However, we discuss
cases in which a rather light spectrum appears, with even a possibility to be tested at the
LHC. This requires some specific couplings to be very small, which has been argued [12] to
be technically natural, as the couplings in question do break some extended symmetry and are
therefore protected. This lightish spectrum is severely constrained, making it easier to prove

or disprove such prediction in the near future.
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APPENDIX A

The 3 x 3 0" neutral scalar mass matrix

The 3 x 3 neutral scalar mass matrix is

8v? (/\10% + Ao + As)  4? (—)\10% + )\23%) S35 2004 (ac% + bsj + cS28)

2cv?
Mus, =4 | 40? (=\ic} + Xosh) 535 — et 20% (M + A2) 535 wvg [(—a +b) 25 + 2ca4]
2004 (ach + bsh + csa3) w0y [(—a + b) s + 2cca5] AoV
(A.1)
This matrix can be diagonalized with a rotation
H hq
S | =R| hy (A.2)
p hs
We write the rotation matrix as
R=exp| —A+—=5B|, A =-A B =-B (A.3)
and work up to the second order in i. It can be shown [11] that
Ay = Biz = By =0, (A.4)
so the matrix is
v2 A3 v2 A13A23—2B v
1_@& _@ 13 23 12 ﬁAIS
R=| —%dsduiobn | _ 224 L A (A.5)
vy 2 vy 2 Vg s 42 )
A pAw o 1-gtigh
¢ @
with 5 ( b) 5
—a + 0)823 + 2cc
Ay = x (ach + bsh + csap) , Asg = v fﬁk 2 (A.6)
S28

2
Bl2 = Esgﬁ ()\10% — )\25%) +

S28 C + )\4)82,3

2 | .2
AoC 20 + Agsag (ach + bsj + cs2p) [(—a + b)sas + 2cag]

(A.7)
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APPENDIX B

Integrals

In the text we define the vacuum-polarization tensors as:
Hffy(q) = —igu [Aij(O) + q2Fij(q2)] + ¢"q¢” terms. (B.1)
B.1 Loops with two scalars

Consider the diagram in Fig. B.1. The momentum of the gauge boson is ¢; p is the
momentum of the X particle, entering the first vertex, and the particle Y has momentum p+ ¢
going into the second vertex.

These diagrams produce three kinds of terms. The terms proportional to two powers of
the external momentum, ¢,,g,, do not enter in A”. The terms proportional to just one power,
qup» and p,q,, vanish when integrated. The terms containing only the momentum running in
the loop, p,p,, are the ones we are interested in

After removing the ¢, pieces, each diagram contributes

d’p prp”
I = —yxy i , B.2
okt / @)L —mZ +id [(p + q)° — m2 + ic] (B.2)

where xy is the coefficient in front of p,p, in the Feynman Rule for the two vertices of the

diagram. Using Feynman parameters,

72 € ! ddk k* kY 2 2 2
I = —yxyp ; dz 20102 —C +ie)? C=z(z—1)¢"+m%x(1—2)+mi =z, (B.3)

(as usual, we have redefined the variable in the integral £ = p + zq and thrown away ¢* and

g"q” terms). Taking the k integral with n = 2, we get:

-y 1
v — Y Q’YXY/ dz [(1 + A+ 1Inp?)C — Clog C’} , (B.4)
327'(' 0
p+q
q q
p

Figure B.1: A diagram with two scalars in a loop.
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where A, = % — v+ log4m. The first integral is just

! 1 q2 2 2
dzC':—( +m +m).
/0 5 3 X Y

(B.5)
The second one is easy to compute when ¢* = 0:
1 2 2 4 2 4 2
1 — 1
0 =0 4 2(m5 —mj3)

The general expression for the integral (B.2) is much more complicated but can be obtained
exactly:

y 1gMv 1 I 1 J I+J 2
P@ = -y (18- b L L) (-2 120)

5
R A R + 3 I+ ) = 5@
(I—-J) [((I-J)? I—J, I

W+< 30 —I—J) 0 lnj+12Q2f(t77“))- (B.7)

Here I=m%, J=m%, Q= r=0Q*>-2QUI+J)+(I—-J)* t=I+J—Q,and

—
\/Fln t+/T
ft,r) = 0 r=0

2+/—r arctan ‘/tjr r<0

r>0

Expanding (B.7) in Q we arrive at Q° to the expression of A¥:

g ’InL — J2In<
' T

. (B.8)
which can be rewritten as:
A = XY ((1 + AN +J) - L gmLy f(, J)) : (B.9)
’ 6472 w2 w2
where f(I,J) = %(I—l— J)+ II_JJ ln%.
For [ = J we have f([,I) = 21 and
AT = ?E‘—;; ((1 + A - Ilné + I> . (B.10)
If one of the masses goes to zero I = 0:
G XY J
00 = G ((1+A€)J—Jln/?—|—J/2>. (B.11)
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ptq

Figure B.2: A diagram with a scalar and a vector particle in a loop.

In the Q' order we get the expression of F/(0)

Fois 1 1/ 5 A+11 I+11 J+1(I+J)(12—4]J+J2)1 1+ 21J
— | —=—Ac+-In—-+-In— + = n—+-————
197 302 X6 \ g S RETE I R (I—J) T T— )
(B.12)
It can be rewritten as:
1 1 1. I 1. J
Fyly = Te2 XY 15 (_Ae + EIHE + 5111? +g(I, J)) ) (B.13)
5 21J (I+)(I?=4lJ+J%) I
h 1,J)=—-= In —. B.14
where g(,J) = =g+ 7= * 21— J) "7 (B.14)
For I = J Eqn. (B.12) is simplified to
g 1 1 I
F? = — (| —Ac+In— ). B.15
1=J 167r27XY12( +nu2> (B.15)

And for the case of one of the particles (X, Y") being massless Eqn. (B.12) turns into:

1 1/ 5 J
F]J:QJ = W’}/XYE <—6 - A€ + In E) (B16)

B.2 Loops with a scalar and a vector particle

We work in the ’t Hooft-Feynman gauge ¢ = 1 and the vector boson propagator has the

form: '
—1
T2 A2 i B.17
K2 — M3, + i (B.17)
For the diagram in Fig. B.2 we have the following integral:
ddp gr“”
I = yxyps . B.18
YxXyY M / (27T)d [pz _ m%/ + z'e] [(p + q)2 — m§( n z’e] ( )

Performing the calculations of the same kind as in the previous section we eventually get:

v 19"
" = 167r2’7XY

1
/ dz [AE +Inp? —1In C’] : (B.19)
0
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Let us call I = m%, J = m3i.. Expansion in @) produces in the general case:

ImL —Jn%
ii ’Y 2 2
AJ:%<—A€—1+ “I_J & ) (B.20)
G xy (P17 217 I J
Fj:32772 (([—J)3+([—J)3 lnE—lnE : (B.21)

If the vector particle mass can be set equal to zero J = 0, we can expand (B.18) in () as:

= A 1 imr - 2 (B.22)
e T e e '
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APPENDIX C

Vacuum stability conditions and mass relations

Following the work [16] we note that vacuum stability (the fact that the potential does
not go to —oo or 0 for any direction in the fields) imposes the following conditions on the

parameters of the potential:

/\1+)\3>0, )\2+)\3>0, 2)\34’)\44‘2\/()\14‘)\3)()\24’)\3)>O,
A3+ V(AL + As) (A + Ag) > 0. (C.1)

In the case of custodial symmetry (keeping the possibility of breaking in \;) these conditions
reduce to
A+A3>0, A+2X3>0, 22 +4 3+ X4 >0 (C.2)

and they impose two conditions on the masses:

2 2 2 2 2 2
mAO +mh1 - mh2 > 0, mHi +mhl - mAO > 0 (C3)
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