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Sammanfattning

Denna avhandling handlar om teoretisk partikelfysik. Partikelfysik handlar
om elementarpartiklar och hur dessa véxelverkar med varandra, dvs vilka
krafter som verkar mellan dem. Detta dr hur materien ser ut pd den mins-
ta skala vi har kunnat studera experimentellt. Den teori som beskriver de
starka, svaga och elektromagnetiska krafterna och de materiepartiklar som vi
kanner till, kvarkar och leptoner, kallas fér standardmodellen. Standardmo-
dellen bestér av tre s& kallade gauge symmetrier fér den elektrosvaga, som &r
en gemensam beskrivning av den svaga och den elektromagnetiska, och den
starka kraften. Den elektrosvaga symmetrin mdste vara bruten via en meka-
nism som kallas fér spontant symmetribrott for att elementarpartiklarna ska
kunna f& massor i 6verenstimmelse med vad som méts upp experimentellt.

Standardmodellen som helhet &r en stor framgang i var forstaelse av uni-
versums all minsta bestandsdelar. Icke desto mindre finns det forfarande en
del oklarheter i teorin och framférallt nér det galler hur den elektorsvaga sym-
metrin bryts. Den del av teorin, den sa kallade Higgs sektorn, som stér for hur
elementarpartiklar far massa dr dnnu inte experimentellt bekréftad. Det enk-
laste séttet att gora detta dr med ett enda Higgsfalt som har ett nollskilt virde
i vakuum, dvs i universums grundtillstdnd, kallad vakuumférvantansvérde.
Denna avhandling bidrar pé tva olika satt till att ersdtta Higgs sektorn i stan-
dardmodellen.

Det forsta tre artiklarna handlar om sa kallade QCD-lika teorier. De liknar
teorin for den starka kraften (QCD) pa det sattet att de fundamentala partik-
larna, ofta kallad technikvarkar i detta sammanhang, inte dr direkt synliga
utan bara kan finnas i bundna tillstand. I stéllet for att som i standardmo-
dellen det dr Higgsfaltet som far ett forvantansvérde &r det en kombination
av technikvarkfalten som far det. Denna allménna typ av alternativa Higgs
sektorer kallas for technicolor och gér under namnet dynamiskt elektrosvagt
symmetribrott. Eftersom dessa teorier ocksa har en stark kraft kan man inte
direkt anvéanda vanlig storningsriakning for att studera dem. I stillet behover
man anvédnda ickesorningsmaéssiga metoder. De tre forsta artiklarna i avhand-
lingen handlar om studier av QCD-lika teorier med en metod som kallas effek-
tiv féltteori. Ett antal fysikaliska storheter har utvecklats till tredje ordningen.
Dessa formler gor det mojligt att extrapolera stora numeriska simuleringar
for QCD-lika teorier som man mdste gora med massan for technikvarkarna
till det masslosa fall man behover for dynamiskt elektrosvagt symmetribrott.

Det sista artikeln handlar om ett av de enklaste sdtten att utvidga stan-
dardmodellen. Man antar att det finns tva Higgsfalt i stéllet for ett. Teorin
blir ddrigenom mer allmén, men man har redan nu begransningar pa denna
typ av modeller frdn experimentella métningar. I denna avhandling studerar
vi en av dessa begrdansningar. Man antar att modellen maste vara komplett



ocksa for mycket hogre energiskalor dn vi har experimentell tillgang till. De
begransningar som detta antagande ger for kopplingarna av Higgsfilten till
kvarkar och leptoner, s& kallade Yukawa kopplingar, &r mycket starka och stu-
diet av dessa &r innehallet for den sista artikeln.
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Introduction

1.1 Introduction to the Thesis

This thesis can be divided into two parts: the introduction and the papers of
my Ph.D. research.

In the introduction part, I will give a brief review of particle physics. Sec-
tion[L2]contains a little bit of the history of physics and where we stand today.
In section[i.3] I focus on some basic principles of particle physics, mainly about
the symmetries and related subjects. From section[z.4] I start to introduce some
topics of the Standard Model that relate to my work during PhD studies. An
overview of the Standard Model is given in section (47 and its parts, the
electroweak theory in section[L4.2land Quantum Chromodynamics in section
Afterwards we introduce Effective Field Theory and Chiral Perturbation
Theory in section This section is strongly related to the methods used
in the first three papers of my research work. In section [.6] I explain a bit
about why we need theories beyond the Standard Model. Three examples
of such theories are described very shortly, they are: the general Two Higgs
Doublet Model (section [6.7), Supersymmetry (section and Strong Dy-
namical electroweak symmetry breaking (section[L6.3). Section [L6.1] contains
the background of my fourth paper, and section [L6.3] contains the motivation
for our work about QCD like theories. In the last section of the introduction,
a brief summary of the four papers and my own contributions is given. In the
second part, the four papers are attached with a few additional references.




2 Introduction

i.2 From Classical to Quantum

“Nature and nature’s laws lay hid in night;
God said "Let Newton be” and all was light.”
— Alexandre Pope

Back to three hundred years ago, the nature of the universe was dark and
mysterious for people. At that time, some people already knew that we are
living on earth, but nobody knew why we can stand on this “sphere”. Such a
basic question was not answered until Newton discovered his laws of motion
and gravity.

In the following 200 years, scientists developed and refined Newton's the-
ory, which is now called classical mechanics. Apart from classical mechanics,
the laws of electricity and magnetism have also been discovered by Maxwell
and other pioneers. In the late 19th century, most physicists believed the major
part of physics was done, the remainder was just a matter of calculations.

However, as we know, the famous “Two Clouds on the Horizon”El brought
a storm of revolution, not only in physics, but also in many other science ar-
eas. In the early 20th century, the discovery of the theory of relativity and
quantum mechanics took us to understand the next level of structure of na-
ture. Furthermore, much of modern science and technology is also based on
those two theories.

In the early 20th century, physicists knew we cannot apply classical me-
chanics to the quantum world, which was probably the first time people real-
ized the limits of the validity of the physical law in the spatial scale.

Today, from the point view of physics, we may divide nature into different
“"Worlds” according to the spatial scale. There is a famous ”snake” drawn
by Sheldon Glashow that shows how our worlds looks like from the smallest
scale to the whole universe, see fig. .1l

The world we are familiar with is the “Macro World” whose sizes are from
about 107 m to about ~ 10'm. Most phenomena in this world can be de-
scribed by classical mechanics and electromagnetism. In the cosmos scale
which is about 10¥m ~ 10%®m, we could call it “Cosmos World”. This world is
dominated by gravity that can be explained by the theory of general relativity
and cosmology.

When the scale become as small as the size of an atom which is about
10~1m, quantum effects become important. In this case we reach the "Quan-
tum World” that can be understood by quantum mechanics. Many research
areas sit in this world, e.g., atomic physics, nanophysics,condensed matter
physics, and chemistry.

If we want to explore the even smaller world, which we can call "Particle
World”, we often have to use particle colliders as the main experimental tool.

IThe Michelson-Morley experiment and blackbody radiation.
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Figure i.1: Glashow’s snake showing characteristic structure scales of nature [1].

In this world, special relativity and quantum mechanics are still the basic the-
ory but they need to be upgraded to quantum field theory (QFT). Based on
quantum field theory, the “Standard Model” of particle physics has been built
to describe the small and fast moving particles during the 1960’s and 1970’s.

One of the key features of QFT is “renormalization”, from which we learn
that many fundamental parameters in the Standard Model, e.g. the coupling
constants, actually change with the energy scale. That implies the Standard
Model might fail at a certain high energy above the electroweak scale. But on
the other side, renormalization of QFT also predicts that the strength of the
interactions of the Standard Model will be comparable to each other and also
to gravity at a very high energy scale, which implies that we probably can find
a unified theory for gravitation, QCD and electroweak theory. This theory is
called grand unification theory (GUT), where the energy scale can be as high
as 10" ~ 10'¢ GeV.

Nowadays, particle physics has strong interactions with cosmology. Ac-
cording to the big bang theory of cosmology, the energy scale of the early
universe can be as high as the GUT scale or even higher, where all the funda-
mental interactions could be equally important. That’s why the snake is eating
its own tail in fig. [T} where physics at the smallest scale meets the one at the
largest scale.

The grand unification theory may be still faraway from us, but physicists
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believe that physics beyond the standard model should be reachable at the
Large Hadron Collider (LHC) in Geneva. We will come back to this point in
section [£.6]

In particle physics, people often choose natural units to simplify the math-
ematical formulas. In these units,

h=c=1

where 7 and ¢ are Plank constant and the speed of light. In this way length
and time become the inverse of mass

In this paper, all dimensional quantities are given in units of energy.



.3 Symmetry and Symmetry Breaking 5

i.3 Symmetry and Symmetry Breaking

Tno generate one.

After one come two,

after two come three,

after three come all things.
—Tao Te Ching

Over thousands of years, scientists were dreaming to find a unified theory
based on which the whole complicate world can be deduced from some sim-
ple principles. Physics are thought to be the correct way to achive this goal by
many people.

One of the most fundamental principles in physics is the “principle of least
action” which came from classical mechanics. The Euler-Lagrange equations,
which basically contain all the information of the physical system, can be de-
rived from this principle. However this is not enough to do something prac-
tical. We need to know how the Lagrangian looks like, but there are endless
possibilities of how the Lagrangian can be constructed.

Fortunately, today we have a powerful tool: symmetry. In physics, the
symmetry is defined such that the system, Lagrangian, remains unchanged
when performing certain transformations. With various symmetries, which
could come from experimental observation or just as a hypothesis, the La-
grangian can be fixed within a few possibilities.

i.3.1 Principle of Least Action and Noether’s Theorem

Suppose we want to study a system with a field ¢(x). If the Lagrangian density
only depends on ¢ and its derivative, then the action will be

0= [ £, 09(2)) (i.1)

The classical principle of least action tells us that the system takes the ex-
tremum of S when it evolves from t; to t,, i.e.

05=0.
From this condition, we can derive the Euler-Lagrange equation :

oL oL

e ) (i2)

At the quantum level, the way of evolving from t; to £, is not unique but there
are many permitted “paths” with different amplitudes.
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If we impose a symmetry on the system, which means that the action S is
unchanged when there is an infinitesimal change of the d¢.

S[g+o¢] = S(¢] (i.3)

or equivalently

L($p+0¢,0up + 00u¢) = L(¢, ) (i.4)

There is Noether’s theorem which states: every differentiable symmetry of
the action of a physical system has a corresponding conservation law. One
example is Lorentz invariance that causes energy-momentum conservation in
space-time. In particle physics, in addition to space-time symmetries, there
are internal symmetries such as isospin and colour symmetry to describe the
particle properties.

We can easily derive the conserved current of a Lagrangian

=25 s, (i5)

and the conserved quantity (charge)
0= / Od3x. (i.6)

i.3.2 Symmetry: Global vs Local

Generally, we can classify the symmetries as global or local symmetry, the
latter often called gauge symmetry. One of the simplest examples of internal
symmetry in particle physics is U(1) symmetry. When this symmetry acts on
a fermion field, the transform can be expressed as:

=y =y (i.7)

If a is a constant in space-time, i.e., it does not depend on the space-time coor-
dinates x = (x,t), then we shall call it global symmetry. If x depends on x: a(x),
then it is local symmetry or gauge symmetry. According to Noether’s theo-
rem, the global symmetry implies a conservation law, but the consequence of
gauge symmetry is much more nontrivial.

The Lagrangian of a Dirac fermion is

L=glivfou —m)y, (i.8)

which is invariant under the global U(1) transformation. If we require that
the Lagrangian in eq. (L8) is invariant under the U(1) gauge transformation,
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then, because of the derivative on y’, we have to add an extra piece into the
Lagrangian:
L= P(iv'9, —m)p — ey Ayyp. (1.9)

Here A, is the photon field, and e is the coupling constant. The last term in eq.
(9) thus is the interaction term between the fermion and photon. Under the
U(1) gauge symmetry, those two fields transform as

v = Y =e Wy, (i.10)
1 .
Ay(x) — A;(x) = Ayu(x)+ antx(x) , (1.11)
so the Lagrangian (£9) can be invariant. When we add the kinetic term of the

photon field into (£L9) , we get the Lagrangian of Quantum Electrodynamics
(QED)

c awnyfmmfiaﬁw (i.12)
Dy = 3 —ieAy, (i.13)

where D, is the covariant derivative, and F,, is the photon field strength F,, =
Ay — Ay

From this example, we can see that the gauge symmetry is the source of inter-
actions. This is one of the most profound discoveries of modern physics. It is
also the foundation of the Standard Model of particle physics.

i.3.3 Symmetry Breaking: Explicit vs Spontaneous

A world with full symmetries is simple, since it is easy to study using mathe-
matical tools. However this is not the case in nature, whose symmetries often
break in some way to generate the complicated and beautiful real world.

There are two ways to break the symmetry. The most obvious way is ex-
plicit symmetry breaking. The symbol of Taiji from ancient Chinese philoso-
phy in fig. (.2 shows how the rotation and reflection symmetries of the circle
have been broken by painting two parts with different colours. In particle
physics, if there are terms in the Lagrangian that are not invariant under cer-
tain transformations, the symmetry is broken explicitly. The consequence of
explicit symmetry breaking is clear that the corresponding quantity is not con-
served any more.

Another way to break symmetry is spontaneous symmetry breaking
(SSB), which can generate highly nontrivial physics. One example is ferro-
magnetism. At high temperature, the atomic magnetic moments would point
anywhere so that there is rotational symmetry (spatially invariant) on a macro-
scopic scale, see fig. [[.3] When the system cools down to a certain temperature,
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those atomic magnetic moment all point to one direction. The rotational sym-
metry is broken spontaneously. Another famous example is the cooper pair in
the theory of superconductivity.

In particle physics, spontaneous symmetry breaking is most simply de-
scribed by a scalar field potential. Suppose the Lagrangian of a complex scalar
field ¢(x) is

L= 34—V, (i14)

V@) = 90+ A9 (i15)
Obviously this Lagrangian has U(1) symmetry
g9 =e"p.

From fig. [[4l we can see that the shape of the Mexican hat like potential V(¢)
contains two kinds of extrema:

0 (unstable) (i.16)
= , i
P }/'\—2 el? (stable)

The system always automatically goes down from the unstable extremum to

one of the infinite number of stable minima at ¢y = ”72 ¢, In this case, the
original symmetry U(1) is spontaneously broken. In this case the condition for
SSBis —u? < 0and A > 0.

Figure i.2: The symbol of Taiji in ancient Chinese philosophy showing the subtle sym-
metry and symmetry breaking.
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/‘d?\ 777/
\1\ Y
\ ST s

Figure i.3: The ferromagnetism is a perfect example of spontaneous symmetry break-
ing, the atomic magnetic moments automatically point to one direction when the tem-
perature cooling down.

We also notice that moving from one place to another in the minima does
not cost any energy, so that massless modes can be generated. There is a gen-
eral Nambu-Goldstone theorem which states: if a physical system’s symme-
try is spontaneously broken to a lower symmetry due to the ground state (vac-
uum), there is one massless particle for each generator of the symmetry that is
broken. These massless particles are called Nambu-Goldstone bosons (NGB).
For example, when a system with SU(N) symmetry, whose number of gener-
ators is N2 — 1, spontaneously breaks to SU(N — 1) symmetry, whose number
of generators is (N — 1)2 — 1, then the number of NGBs is 2N — 1.

Now let us connect spontaneous symmetry breaking to gauge symmetry.
Suppose a complex scalar ¢ interacts with the photon field A,. The Lagrangian
is

L= Duy'Do— g+ 5M@ 0P — FuF,
D, = 09, —ieAy. (1.17)
This Lagrangian is invariant under the U(1) gauge transformation
¢ = ¢ =Wy, (i.18)
Au(x) = A;,(x):Aﬂ(x)+%8ytx(x). (i.19)

The global (1) symmetry is still valid since it is a special case of gauge sym-
metry. As we have seen before, the global U(1) symmetry is spontaneously
broken because of the nonzero vacuum expectation value (vev) ¢g = (0|¢|0). If
we write ¢(x) with explicit real part and imaginary part, plus the vev

P(x) = o + %[mx) +ig(x)], (i.20)
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Figure i.4: The graph of Mexican hat like potential with unstable minimum at ¢p = 0.

the scalar potential becomes
V() ~ constant + u2¢2 + O(¢?) + O(¢}). (i.21)
We can see that only the real scalar field ¢; gets a mass with mg, = v2j, while

¢o is massless. ¢, is actually the Goldstone Boson. This is what we expected.
Now let’s put (£.20) into the covariant derivative term, it is

*DH 2 1 2 ezﬂz u .
Dyu¢p*DFp = = (0u¢1) +§(ay<pz) +TA"A + ... (1.22)

N

Surprisingly, we’ve got an unexpected mass term for the photon

ZEZVZ

/\ 7

m% = (i.23)
which means the breakdown of the U(1) gauge symmetry. It can be explained
that the massless Nambu-Goldstone ¢, (x) Boson is “eaten” by the photon, or
in other words, the NGB becomes the longitudinal mode of the photon to
make the photon massive. If we choose the unitary gauge for ¢(x), which
we will explain later in section [42] ¢,(x) disappears completely from the
Lagrangian[[17]

Similarly, a massless fermion ¥ (x) also can get a mass term from the vev of
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scalar field. The Yukawa coupling is

Lyp = —gPdy

2
—g\/%t/_np—s—

The mass of fermion is my = g\/pu?/A. In this case the we don’t have to put the
mass of fermion as a free parameter in Lagrangian, but instead introduce the
Yukawa coupling as the source of fermion mass through spontaneous symme-
try breaking.
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i.4 Standard Model of Particle Physics

i4.1 Overview

The standard model of particle physics contains two parts: the electroweak
theory (EW) whose gauge symmetry is SU(2); x U(1)y, and Quantum Chro-
modynamics (QCD) whose gauge symmetry is SU(3)colour- Fig. .2 shows the

Leptons Quarks
e M T u,c,t
Vo, Vi Y d,s, b

Higgs Boson

Figure i.5: The particles and interactions of Standard Model.

fundamental components of the Standard Model
o the fermions (spin 3): quarks and leptons;
e the gauge bosons (spin 1): W+, Z% (EW) and gluons g (QCD);
o the Higgs boson (spin 0);
e and their interactions.

Though we can write the symmetry of the Standard Model as SU(3), x
SU(2)r x U(1)y, the EW theory and QCD haven’t been unified. All the parti-
cles in fig. [ have been found by experiments except the Higgs boson, which
is one of the main reasons that people built the LHC.
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i.4.2 Electroweak Theory

As we have mentioned before, gauge symmetry is the main source of in-
teractions and is the foundation of modern particle physics. In early 1960s,
Glashow proposed the SU(2); x U(1)y gauge symmetry to unify QED and the
weak interaction. However gauge bosons should be massless like the photon
in gauge theory, while the range of the weak interaction is very short imply-
ing that the weak gauge bosons are very massive. This problem was solved
by Weinberg and Salam who incorporated the Higgs mechanism to give mass
to the weak gauge bosons by spontaneous symmetry breaking.

Higgs Mechanism

The example shown in section is called Abelian gauge theory, in which
the group members commute with each other. The symmetry of EW theory is
SuU(2); x U(1)y, which is a non-Abelian gauge theory such that not all group
members commute. But the idea of spontaneous symmetry breaking is the
same.

We can write the scalar field, or Higgs field, as a complex doublet repre-
sentation of SU(2); with two complex components in the doublet

¢ (x)
Dd(x) = ,

( ) < 4)0 ( x)
The ¢* is the charged scalar and ¢ is the neutral scalar. The transformation
under SU(2);, x U(1)y gauge symmetry is

(x) = ¢/ (x) = e TN P (), a=1,23.

Here the 77 are Pauli matrices, which are the generators of the SU(2) symme-
try. There are two gauge fields Wy and B, corresponding to the SU(2), weak
isospin and U(1) hypercharge gauge group respectively. The Lagrangian as-
sociated with gauge boson and Higgs doublet is

‘CGH = (D#q))T(DF‘q)),V(@)’

V(@) = —u*oie+A(ofe)?, (i.24)
Dy = 0,+iSYY,B, +igr T WE
woo= i ) wDu 82 5 e

The Higgs potential has nontrivial minima when the vacuum expect value of
P(x) is

@(x):%(ﬁ) with v = %2
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Similar to eq. (£20) we can rewrite the Higgs doublet as

L[ ¢3+idy 1[0
P(x) = — ) — .
) ﬁ<4>1+z¢2> ﬁ(v)
Inserting the above formula into Ly, we get the mass term for gauge bosons

12 2
LGmass = 24{g% [(W;lt)z_F(W;E)Z] + <—g2WS+g1By> }

Let us redefine the gauge boson to eliminate the mixing terms

1 . ,
Wi = ﬁ(wﬁxzwﬁ), (i.25)
Zg = cosGwWﬁ—sinQu,By, (1.26)
Ay = sin6y,W; +cos6yBy, (i.27)

where the Weinberg angle is defined as tan 6, = g1/g>. Thus the masses of the
gauge bosons are

v v .
my = 582, mzziw/g%Jrg%, my =0 (1.28)

Now we realize that A, is the photon, and the original gauge symmetry
SU(2)p x U(1)y has been broken to U(1)., spontaneously.

Actually, before the symmetry breaking, we can use the global SU(2) x U(1)
symmetry to rotate the ®(x) into the ¢; direction,

1 0 .
©w%:¢§(h+v)' (i.29)

This is called unitary gauge. Under this gauge, ¢; becomes the real physical
Higgs boson h, while ¢,,¢3 and ¢4 become the massless Goldstone Bosons.
Those Goldstone bosons form the longitudinal modes of the W and Z bosons
to make them massive.

Fermion Mass and CKM matrix

The quarks and leptons also can get mass from the Higgs field vev. We first
define the left and right fermions according to their chirality

Y = 1;75¢, (i.30)

o= 0y, (i31)
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They are orthogonal to each other. The SU(2);, doublets for quarks and leptons
are

/
Q = < lL)I’ ) up = (u',d,t"), Dp=(d,s, b)) (i.32)
L
/
KIL = < 12€ > (VZ)L = (Vé; V’Z, V!r)Lr /L - (el/ ]’l,r T,)L (133)
L

and the singlets are
Up = W,cd,t g, Dr= s, ), r=1(1,T)r. (1.34)

Though the neutrino masses have been confirmed a decade ago, their masses
are very very small so that we can simply ignore the right handed neutrinos in
this thesis. According to the SU(2); x U(1)y symmetry, the Yukawa coupling
of the electroweak theory is

— Lyr = fuQ)®Ug + f1Q) ®D} + fol; Py + h.c., (1.35)

where & = it2®*. That is because we need the opposite hypercharge of ® to
make the first term on the r.h.s. above invariant. Once we take the vev of the
Higgs field

1 0 .
d=——— . 1.36
500 30
The fermions get mass from the Yukawa couplings
v .

which are general 3 x 3 matrices in the gauge basis of eq. (£L32{.34). For the
sake of experiment, which sees the propagating or mass eigenstates, we need
to transform the Lagrangian to the mass basis.

The kinetic term of the fermion fields

lpLi’Yyam/JL + l/_JRi’Y;tam/JR (i.38)

has global U(3); x U(3)r symmetry for up quarks and another global U(3); x
U(3)gr symmetry for down quarks. This symmetry allows us to do unitary
transformations on the fermions

u, = viup, up=viug,
D; = VPD,, Dg=VgDg, (i.39)
0 = Vi,  th=Vilg.
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and to diagonalize the fermion matrices

u u uy,u
MY = viimUvye,
D D Dy,u
MP = vPIMPVY,
u 14 Lyl
MY = viIM'VE.

Apply this transformation to the other parts of the EW Lagrangian, we see that
they have no effect on the neutral currents coupling to gauge bosons (v, Z),
because of the suppression by the GIM mechanism. But for the charged weak
currents of quarks, the story is different

]?harge = 2UIL’YFD/L = ZUL'Y]J(VLUTVIP)DL .
We define
Ut D Vud Vus Vub ’
Vekm =V, 'V = Vi Vs Ve,
th Vis Vfb .

The 9 parameters of this general unitary matrix can be reduced to three mixing
angles and one phase by redefining the quark mass eigenstates. A standard
parametrization from the PDG [2] is
€12€13 512€13 s1pe™"
Vekm = | —S12623 —c12513¢°  c1aso3 —siosaasize’  syscis |
s12623 — C12€235136°  —C12523 — S12623513¢°  C23C13

where the complex phase ¢” is the reason for the CP violation in the Standard
Model.

i.4.3 Quantum Chromodynamics

QCD was built based on two experimental observations:
e quark confinement: there are no free quarks. The potential energy in-
creases when the distance between the quarks in a hadron gets larger, so
we need infinite energy to separate the quarks.

e asymptotic freedom: the interactions between quarks and gluons be-
come weaker when the energy scale increases.
Confinement is dominant at low-energy scales while asymptotic freedom be-
comes dominant when the energy increases. The latter allows us to do pertur-
bative calculations at high energy.
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The gauge symmetry of QCD is SU(3)ojour- The quarks and antiquarks live
in the fundamental representation 3 and 3* respectively, and the gluons live in
the adjoint representation 8. The Lagrangian of QCD is written as

o 1
LQCD = ;q? <17’4D;;c — mf<5]k> qu{w — ZG;"GZV
Where g is the quark field, f = (u,4d,s,c, b, t) is the flavour index, and (j, k)=(red,
green, blue) are colour indices. G is the field strength of the gauge fields Gj:
Gpy = 0,Gl — ,Gl — g3f™ GG, a,bc=1,2,..,8.

Here 4 is the index of different generators in the adjoint colour representation.
The covariant derivative is

a

LA
D‘u = a‘u + 1g3?G‘Z P

where A? is the 3 x 3 Gell-mann matrix, and g3 is the strong coupling.
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i.5 Chiral Perturbation Theory

As we mentioned before, quark confinement and asymptotic freedom some-
how are like two end points of the seesaw. When the energy of a system moves
down from a high scale to a low scale, QCD changes from the perturbative
region to the non-perturbative region. Though there is no clear boundary be-
tween the two regions, once the energy scale is below some low value, e.g. 500
MeV, perturbative QCD completely fails. Things become difficult in this case
because we are not very good at non-perturbative calculations.

The most promising non-perturbative method is lattice QCD which dis-
cretizes space-time and use Monte Carlo simulations to solve QCD numeri-
cally. This approach however is constrained by the power of computers, so
the development strongly relies on computer science.

Some other approaches like the quark model use the global symmetry of
QCD, and reduce the QCD colour interaction to classical or semi-classical
level. The quark model was successful in explaining the hadron spectrum
before QCD was established. However there are questions that remain un-
clear. For example, in the quark model the constituent quark mass is around
300 MeV . That cannot explain the mass of pions (~135 MeV) and kaons (~490
MeV) which are made by two quarks. The latter question was understood
in the framework of spontaneous breaking of chiral symmetry, which is the
third important feature of QCD besides confinement and asymptotic freedom.
More extensive introduction to the subject of this section can be found in [3-9].

i.5.1 Effective Field Theory

In physics we do a lot of approximations as long as there are good reasons.
When an intermediate state of a physical process is very heavy compared to
the energy scale p, we can expand the propagator in term of p?/M?

V(P —M) -t P (i.40)

In some cases, we are allowed to keep the first term only, with the condition
p? < M2 This approximation makes the theory much simpler to calculate,
but one has to pay the price that some information is lost. However, as long as
the energy of physical processes stays very small, this approximation is good
enough in many cases.

One of the most well known examples is Fermi’s theory for beta decay

n — pte +7

oo e+ vy, (1.41)
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Fermi’s interaction is
GF . _ .
Lr = =Py (1= 75) PPy (1 = 75)¥a, (i.42)
V2
Where ¢ is the fermion field, and a,b, ¢, d indicate the type of fermions in the

processes ({41). After the EW theory was established, people realized that
Fermi’s theory actually had taken the approximation

—guv +qugv/ My guv 13
P-My) M (49
2% w

in the beta decay because M3, > p?. In this way we can also see that

Gp g2 .
— = . (1.44)
V2 8MZ,

Of course Fermi’s theory didn’t include the quark mixing matrix Vg, but
that can be added easily. From this example we can learn the following things
[3-9]:

e If the masses of degrees of freedom in the full theory are M > A or
m < A, we can integrate the heavy degree of freedom with M > A out
to simplify the theory. So the dynamics at low energy decouples from the
dynamics at high energy.

o The non-local effects of heavy states are replaced by local (contact) non-
renormalizable interactions.

Apart from the above points, there are other general properties for an EFT:

e The perturbative expansion can be described by E/A instead of an ex-
pansion in fundamental coupling constants. The system’s energy E is
associated with the momentum or derivative and its equivalent.

e In order to do have well defined high order calculations, one has to fix
the power counting first which will be discussed in 5.4

e The low energy EFT should respect the original symmetries of the full
theory.

i.5.2 Global Chiral Symmetry

Since the mass of light quarks are small, we could temporally ignore their
mass terms and we can also neglect the effects of the heavy quarks ¢, b, t. Then
the QCD Lagrangian is

. . 1 .
LOcp = quivuD'qL + qrivuD'qr — ZGﬁ”’G;’W. (1.45)
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The light quarks can be put into the column vector

g=1| d |, (1.46)
S

The Lagrangian ({.45) is invariant under the chiral transformations

gL — g, = e P iTiaddT g (1.47)

qr — qR e emiin GT R (1.48)
which means it has a global SU(3); x U(1)r x SU(3)r x U(1)gr symmetry.

We can reorganize the U(1); x U(1)g symmetry into U(1)y x U(1)4 =
e~ 0+7) x ¢=(0=7) by splitting them with different parity. The global U(1)y
symmetry is connected to the conservation of baryon number. The global
U(1)4 symmetry is broken at the quantum level, which is called the QCD
anomaly. In this thesis we will not talk about those two U(1) symmetries.

Let us focus on the chiral SU(3); x SU(3)g symmetry. We can rewrite the
chiral transformation as

gu—qy = & gL €SUB)L,
GrR—4qr = 8RR &R € SUB)R. (i.49)

According to many experimental and theoretical observations, the quark-
antiquark operator has a nonzero value in the ground state or vacuum

(0l44/0) # 0

This non-vanishing vev forces g = gr in the chiral transformation in eq. (£49),
so that the original SU(3); x SU(3)g symmetry is spontaneously broken to
SU(3)y. According to the Nambu-Goldstone theorem, 8 massless Goldstone
bosons will be generated.

Now we add the mass term to L),

my; O
Linass = GrMaqr + GrMqr M= 0 my O
0 0 ms

We can see that the quark mass terms also break the SU(3); x SU(3)g symme-
try down to SU(3)y for m, = my; = ms, but explicitly. In case of m, # m; # ms,
SU(3)y is also broken explicitly. In this way, the 8 Goldstone bosons acquire
a mass from M, so we should call them pseudo-Goldstone bosons (PGB) in-
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stead. They are identified as the lowest lying (0~) mesons in the hadron spec-
trum. We combine them in the matrix field

) % 0 + % " mt K+
¢ = LT = e -7 ﬂo—f 7 KZ"
a= —
K K 7%17

Throughout this paper we always use the convention

[T”,Tb] _ ifathcl
o (T°T?) = &%,

Now we want to find an effective theory to describe the pseudo-Goldstone
bosons. The matrix
U =exp <'ﬁ¢(X)>
F

parameterizes the PGB manifold G/H=SU(3); x SU(3)g/SU(3)y and trans-
forms as U — grUg|. Another building block is the quark matrix M, which

also transforms as M — gg M gz under the SU(3), x SU(3)g symmetry. So we
can write down the Lagrangian which is invariant under the chiral symmetry

F? .
Ly, = ZOTr (ayuaﬂ ur 4 xut + XTU) , (1.50)
X = ZB()M

As we mentioned in section [L5.] chiral perturbation theory (CHPT), as one
of typical EFT, is expanded in term of E/Acpypr. We can easily see that the
Lagrangian (£50) is the lowest order in the expansion of energy, or momentum
p?. Here the low energy constant F, is the decay constant of PGB, and By is
related to the quark condensate. In principle they can be calculated from the
QCD Lagrangian, but currently it’s only possible to do this using the method
of lattice QCD due to the complicated nonperturbative effects.

Using the Lagrangian (£L50), we can derive the mass of mesons in terms of
quark masses, e.g.,

m% = (my +my)By. (1.51)

The Lagrangian (£50) can be used to study many processes involve PGBs only,
e.g., pion-pion scattering.
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i.5.3 Making the Chiral Symmetry Local

As we have seen the CHPT Lagrangian describes the interactions between the
PGBs. Though the mesons are colourless, their interactions originate from the
colour interaction of quarks and gluons. Because quarks are confined inside
the meson, the residual colour interactions are very small. So we are able to
describe the meson interaction perturbatively under the frame work of chiral
symmetry breaking.

The quarks can also participate in the weak interactions, thus so do the
mesons. In order to write down their interaction with gauge bosons, we shall
make the global chiral symmetry local and introduce external sources. Let us
start from the QCD Lagrangian with general external fields [10,11]

L= LYcp +quy"luqr + Gry"rugr — Gr (s +ip)qL — qr(s — ip)qr - (i.52)

The I,,,ry,s, p refer to left, right, scalar and pseudo-scalar external sources re-
spectively. The above Lagrangian is invariant under SU(3);, x SU(3)r local
symmetry if the quarks and source fields transform as

. — L =g8LqL
9R = 4Rk = 8RIR
T = 1l = gRruSk +igRIugk
Lo = 1 =gulug] +ig19,g8)
s+ip — (5 +ip)) =gr(s+ip)gl (i.53)
With respect to this symmetry, low energy CHPT can be written in terms of
Goldstone matrix U and source fields

F?2 )
Lo bt p) = LTr (Dyumuu xut + X*u), (i.54)
X = 2By(s+ip)
Dy = 0uU—ir,U+illy

Once we take I, = r, = 0 and s +ip = M, we get CHPT for purely mesonic
processes.

One of the typical applications is the weak decay of PGB. The PGB decay
to leptons through W* boson exchange, e.g., 7™ — p*v,. The QCD part of its
matrix element at the quark level is defined as

0[4Ll¢) = —6PFp,,
< | y|¢> \/E nPu
Ay = qTvusq. (1.55)

The (0| on the left side means the QCD vacuum. This is a non-perturbative
process. It’s very hard to calculate the value of the pion decay constant F,; from
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the QCD Lagrangian (also called a first principle QCD calculation), unless we
go for lattice QCD. However, in the case of effective field theory, we put the

source field I =W, and let it interact with the PGBs in ﬁ(CZIZH,T. So the matrix
element at meson level is

ol ") = %W&p”, (i.56)

]g,a _ %ayqba_'_o(((l)a)S). (1.57)

i.5.4 Power Counting

In the EW theory and QCD, the perturbative expansion is very clear, it is in
powers of the coupling constants g;. However in EFT, things are not that sim-
ple when loops are involved. We explain here the standard power-counting
of EFT.

The general structure of energy(mass) dimension of the Lorenz-invariant
matrix elements M can be written as

M ~ MPwEDE (m %) , (i.58)

where Dy, is the overall energy dimension of the coupling constants, Dy is the
dimension coming from derivatives, and H (ln %) is the function of dimen-
sionless quantities. Thus we have

Dy =Dy +Dp=4—Ng, (159)

where N is the number of external scalar fields. A general field theory analy-
sis gives the relation between the momentum expansion and the loop expan-

[d'p

1
p* e P

Figure i.6: The power counting in CHPT. The four momentum integral counts as p*,
the propagator counts as 1/p? and the vertex counts could as p? at LO, p* at NLO, and
p® at NNLO.
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Figure i.7: An example of power counting in CHPT. The contribution of momentum
powers comes from two vertices, two pion propagators and a four momentum integal.

sion [12]

Df = 4—Np—Dy (i.60)
Y (dn —2)Vi +2NL +2,

n

where d, is the dimension coming from derivatives, V, is the number of ver-
tices arising from the subset of the total lagrangian which contain d, deriva-
tives, and N is the number of loops.

This is Weinberg power counting which can give a systematic perturbative
expansion for an EFT. We illustrate the power counting for CHPT (£30) in fig.
Fig. [[7]shows how to count the power of the expansion in momentum for
a typical loop diagram of meson-meson scattering.

i.5.5 Beyond the Leading Order

The development of high precision measurements in experiment requires
higher order theoretical calculations. On the another hand, the amplitudes
at leading order are real, and some physical processes such as 77 scattering
have nonzero imaginary parts because of unitarity. Therefore we need the
results from higher orders.

The Effective Field Theory is not renormalizable, which means we have to
introduce an infinite number of coupling constants to cancel the divergences
in loops. Fortunately, according to the power counting rule, the divergences
generated at one loop from the leading order CHPT Lagrangian can be ab-
sorbed by the coupling constants in the next-to leading order Lagrangian, and
this generalizes to higher order of loops. So we are allowed to calculate any
physical quantity order by order.

From (.51) we can conclude

PP~ mi~ M, (i.61)

so the quark mass matrices are equivalent to a momentum squared in the
momentum expansion.

Weinberg, Gasser and Leutwyler systematically developed CHPT beyond
the leading order [10-12]. The Lagrangian for SU(ns) flavour symmetry at
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next-to-leading order (or p*) is written as
Ly = LoTr[DVu(DVU)TDVU(DVU)q
+Ly {Tr[D, u(Du)f } +L,Tr w)t] T [pru(pru)']

Duu
Ly Tr [DVU(D” u)fp,u( T] 4 L,Tr [Dy D"U)T] Tr (XUT + uXT)
)

+LsTr [DU(DU)! (Ut + uxh)] + L [Tr (xu’ +u;ﬁ>}

tL; {Tr (qu . uﬂ)] 4 LgTr (uxTuXT + XuTXuT)

—iLoTr [fR,D"U(D'U)! + £, (DU)T D" U] + Lao Tr (Ufh,U' £E")

+H T (FRA+ FEAY) + HaTr (xat) (i.62)

where Ly, ..., Lig and Hy, H, are coupling constants. The terms with H; and H,
contain only external fields so they do not relate to physical processes includ-
ing PGBs. Those coupling constants are designed to absorb the divergences
from the loops of £,

L;

Il
—
o
=
N
U
'S
| —
—_
[eX)
A
N

H; = (cy)d*4 [1671271— +H{(y)} , (1.63)

where the space-time dimension is d = 4 — 2¢, and
1 , .
Inc = fi[ln47r+l" (1) +1]. (1.64)

According to the momentum expansion, those couplings constants should be
order of ©O(1072).

The next-to-next-to leading order (NNLO) (p°) lagrangian for n 7 flavours of
quarks contains 112+3 terms [13,14]. The coupling constants at NNLO should
be order of O(1073).
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1.6

Physics Beyond the Standard Model

And AC said: "LET THERE BE LIGHT!”
And there was light.
— Asimov "The Last Question’

The Standard Model is very successful in particle physics. But besides the
fact that the SM Higgs boson hasn’t been observed, there are some problems
from the theory itself as well:

Triviality problem

We have seen that the condition for SSB is (—u?> < 0,A > 0) in ({29).
However the analysis of the running coupling constant A shows

A —
20

A%, A)

which is not only in contradiction with the original requirement of A >
0(A # 0), but also make the Higgs theory trivial(no self interaction). That
tells us the Standard Model will be valid up to a certain scale Agy; only.

Unnaturalness/Hierarchy /Fine Tuning problem.

The one-loop correction to the Higgs mass comes from three main inter-
mediate states: top quark, EW gauge bosons and Higgs boson itself, see

/ higgs ™,
.’ )
\ K

tree loops
N O e
2
mh ~ )
(200 GeV)
top| gauge higgs

Figure i.8: The one loop corrections to Higgs mass.
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fig. 8 If we take the cut off scale at A = 10 TeV, their contribution to
Higgs mass is, see e.g. [15],

top loop 78%/\%/\2 ~ —(2TeV)?,
SU(2) gauge boson loops ﬁngz ~ (700 GeV)?,  (i.65)
Higgsloop ~ 12zA%A%2  ~ (500 GeV)>.

The SM Higgs mass is constrained to be a few hundred GeV, which
means the tree and one loop contributions have to be fine tuned to obtain
the physical Higgs mass. The problem gets much more acute when A is
raised to the GUT or Plank scale, i.e., 10! ~ 10! GeV. The underlying
reason is the quadratic divergence of the Higgs mass in (.65).

¢ Too many parameters.

The Standard Model contains 22 free parameters even without including
the neutrino sectorB. With so many free parameters, the Standard Model
looks like an Effective Field Theory rather than a fundamental theory.

Apart from those problems, the EW theory and QCD is not a unified theory
even though we write the symmetry of the SM as SU(3). x SU(2) x U(1)y.

There are many theories and models to explore the energy region at the
TeV scale, like two Higgs doublet model, supersymmetry, technicolour, little
Higgs, extra dimensions, etc.. In this chapter we will only give a very short
introduction to the Two Higgs Doublet Model, Supersymmetry and Strong
Dynamical electroweak symmetry breaking.

i.6.1 Two Higgs Doublet Model

In the Standard Model, there is only one Higgs doublet, that is why it is some-
times called the minimal Standard Model. Naturally, the minimal extension
of SM is to add one more Higgs doublet. In general, this Two Higgs Doublet
Model (2HDM) cannot solve the problems mentioned above, however many
beyond the SM theories contain two or more Higgs doublets, such as Super-
symmetry and Little Higgs Models. The problems of SM can be solved by
special symmetries or other mechanisms in those more fundamental theories.
The study of the general 2HDM can give some hints or constraints on beyond
the SM theories, see the most recent review [16].

One standard convention to write the two Higgs doublets with the Gold-

2They are 3 gauge couplings (g1, 2, 3), 12 fermion masses, 3 angle and one phase of the CKM
matrix, 2 couplings (i, A) of the Higgs sector, and one angle fgcp from the QCD vacuum.
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stone bosons is

o, = 1 ( V2 (Gt cosp— H sinp) ), (1.66)

2\ vcosp—hsina+ Hcosa +i(G%cos p— Asinp)
1 V2 (G sinp+ H" cos B) ‘
D, = — . . . 0 .- . (167)
V2 vsmﬁ—l—hcosoc—i—Hsma—i—1<G 51nﬁ+Acosﬁ>

Here G* and G are the Goldstone bosons to be eaten by the EW gauge bosons
during EW symmetry breaking. H* is the charged Higgs boson. The neutral
Higgs scalar can be divided into CP even scalars (h, H) and CP odd pseudo-
scalar A. a is the mixing angle between i and H. Both doublets can have
nonzero vevs

(®y)g = \1@( Z?l ) 01 = vcos B, (i.68)
(P2)o = \}Eeie( ;)2 ) vy = vsinf. (1.69)

6 is the relative phase of (®1)p and (®;)o, which can be a new source of CP
violation if there are no any further constraints. Another choices is that only
one doublet has a nonzero vev, this is called the Higgs basis. In this basis
@, plays the role of the SM Higgs doublet in EW symmetry breaking and &,
contains the charged Higgs H*.

In the Yukawa sector, the two Higgs doublets introduce tree level flavour-
changing-neutral-current (FCNC) couplings between quarks, which are ab-
sent in the SM. One of the possible solutions is to impose a Z, symmetry on
the Lagrangian, and set one of the ®; and some of the right hand fermions
to be Z, odd while the rest are Z, even. In this way, the up or down type of
quarks only couple to one of the ®;, see the table[[V.1]in paper IV. The four dif-
ferent ways to set the right hand fermions are called Type I, II, III(X) and IV(Y).
A more general possibility is Yukawa alignment [17], which assumes that the
Yukawa couplings with the two ®; are proportional to each other, so we can
diagonalize them simultaneously. Thus all the 2HDM Z, types are just special
cases of Yukawa alignment. Furthermore, there is the Cheng-Sher ansatz that
allows tree level FCNC couplings but they are sufficiently small to avoid the
current experimental bounds [18]. The hierarchy of their couplings are taken
into account by the masses of the SM fermions. This is the most general option
so far in that both the 2HDM Z, types and Yukawa alignment are special cases
of the Cheng-Sher ansatz.

Depending on the parameters in the theory, the mass of the 5 Higgs scalar
can vary from 100 GeV to several hundred GeV. The discovery of a charged
Higgs in experiment could be the sign of two or more Higgs doublets.
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i.6.2 Supersymmetry

Supersymmetry (SUSY) is one of the “mainstream” beyond the SM theories,
an introduction is [19]. It assumes that every “fundamental” particle has their
SUSY partner with different spin, i.e., the fermions have a spin zero SUSY
partner, the bosons have their spin one half SUSY partner, and all the other
particle properties should be the same. Those SUSY particles have not been
observed, which means that they are heavier than the EW scale, so the SUSY
must be broken in someway.

In order to cancel the anomaly and generate the mass of different fermions,
all the SUSY models have to have even number of Higgs doublets. The mini-
mal supersymmetric model (MSSM) contains two Higgs doublets, which hap-
pen to be the type Il model of the general 2HDM. Thus SUSY is a major reason
to study 2HDM.

One of the great features of SUSY is the cancelation of loop divergences:
the contribution of SM particles in loop diagrams are canceled by its SUSY
partner, see fig. In this way the fine tuning problem of the SM can be
solved even if SUSY is broken softly. However SUSY introduces more free
parameters than SM, which is not very satisfying from a theoretical point of
view.

-----

Figure i.9: The top-quark-mediated one loop divergence is canceled completely by its
SUSY partner “stop” mediated loop, in the case when SUSY is not broken. In the case
of softly broken SUSY, the quadratic divergences can still be canceled.

Another interesting aspect is that SUSY can give much more hope for grand
unification theory which unifies the EW theory and QCD. In the Standard
Model, the three running gauge coupling constants do not meet together any-
where, but in the MSSM they have all about the same value at an energy of
10'® GeV, i.e., the GUT scale.

i.6.3 Strong Dynamical Electroweak Symmetry Breaking

In chapter 3 we have shown that the EW SU(2); x U(1)y symmetry is broken
by the nonzero Higgs vev. Actually this is not the whole truth. The quark-
antiquark condensates also break the EW symmetry and offer a contribution
to the mass of the EW gauge bosons. We know that QCD has the SU(2); x
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SU(2)g chiral symmetry for vanishing light quark masses m, and m;. When
the energy scale is close to Agcp, the quark condensates appear to break this
symmetry spontaneously to the isospin symmetry

SU(2);, x SU(2)g — SU(2)y .

Thus three Goldstone bosons associated with axial currents will be generated.
When we include the EW theory without SSB, the gauge boson W}, and B,
couple to axial currents and get mass, as illustrated in fig. After diago-

q

W;CLL/BM WS/BV

q

Figure 1.10: EW symmetry broken dynamically by the g condensates.

nalizing the gauge boson mass matrix, we get

1 .
my, = EgZF%, (i.70)

1 .
my = (8 +8%)Fr, (i.71)
my = 0. (i.72)

Where F, = 93 MeV [ is the decay constant of the pion, so the gauge boson
mass is just my ~ 30 MeV, which is far smaller than the experimental result
my = 80 GeV. So the quark condensates can break the SU(2);, x U(1)y gauge
symmetry, but not enough.

This idea initiated the Technicolour Theories (TC), which assume there is
a new strong interaction other than QCD at the TeV scale, some reviews are
[20,21]. The condensates of techni-quarks QQ spontaneously break the EW
gauge symmetry, so there is no fundamental Higgs boson in the theory. In
this way, the fine tuning problem automatically disappears.

However the simplest Technicolour model, which is just the scaling up of
QCD, has been ruled out by the precision measurements from LEP using the
analysis of oblique parameters. There are many variation of the simplest TC
model, such as walking Technicolour.

3Some references, e.g. PDG [2], use another definition f, = V2F,.
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Figure i.11: The decay constant F,, and the slope of mass squared M2, /2m of NGB,
as a function of Techni-quark mass m. The dots come from the lattice simulation, the
curves come from NLO CHPT. Plots from [22].

One of the practical problems of TC theories is the same as for low energy
QCD: the interaction is very strong such that perturbative theory fails. There-
fore effective field theory and lattice gauge theory become the main tools to
make predictions.

We show the plots from one of the recent lattice gauge theory simulations
of TC theories [22] in fig. 11l The red and blue dots come from the lattice sim-
ulation from first principle of TC theory. However once the techni-quark mass
gets close to the chiral limit m = 0, the need for computing power increases
greatly. Therefore in lattice simulation people use result from Chiral Pertur-
bation Theory to extrapolate the lattice data to the chiral limit. The main goal
of paper I-11I is to provide extrapolation formulas for the general TC theories.

There are other types of beyond SM theory based on strong dynamics, like
Little Higgs Model, Twin Higgs Model, etc.. We do not discuss these theories
here.
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i.7 Introduction to the Papers

i.7.1 Paperl

In paper I we investigated three QCD-like theories and their effective field
theories at low energy. For strong dynamics with a vector-like gauge group,
they can be classified as three different cases: the quarks live in complex, real
or pseudo-real representation of the gauge group. In the case of n; degenerate
flavours, those cases correspond to symmetry breaking patterns of SU(nf); x
SU(ns)r — SU(ns)y, SU(2ns) — SO(2ns) or SU(2ns) — Sp(2n¢) respectively.

The complex case is very much like QCD, whose low energy EFT for
pseudo-Goldstone bosons is Chiral Perturbation Theory for 7, flavours. We
managed to write the EFT of the real and pseudo-real case very similar to
CHPT, so one can use the techniques from CHPT to calculate many physical
processes. We also obtained the coefficients of the NLO divergence structure
and found a mathematical formula to perform traces of matrices for the real
and pseudo-real case.

Based on the above work, we calculated the vacuum-expectation-value
(49), the mass and decay constant of meson up to next-to-next-to-leading-
order, i.e. two loop level in the effective field theory. These results can be
used for chiral extrapolation in lattice calculation in the study of Technicolour
Theory. This work might be also useful for research on finite baryon density.

1.7.2 Paper Il

In paper Il we studied the general meson-meson scattering in the EFT of QCD-
like theories. Based on group theory, we analyzed the general structure of the
scattering amplitude and possible intermediate channels for the three different
QCD-like theories as the generalization of nr scattering. Furthermore, we
have derived the amplitude of various channels using the invariant functions:
B(s,t,u) and C(s, t,u).

The function B(s, t,u) and C(s, t, u) have been calculated up to NNLO using
the method of CHPT, and they are written in term of the physical meson mass
Mphys and decay constant Fypys. Using the expressions of B(s, t,u) and C(s, t,u),
we got the analytical results for the scattering lengths of the lowest partial
wave for each channel. We presented some numerical results with chosen n¢
for the purpose of illustration. We also discussed some relations between the
different theories in the limit of large n;.

We calculated analytic expressions for a number two loop vertex integrals
with equal masses and tabulated them.
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1.7.3 Paper III

In paper III we continued our work on QCD-like theories. We calculated the
vector, axial-vector, scalar and pseudo-scalar two-point functions up to NNLO
in the low-energy EFT of three different QCD-like theories. In addition, the
pseudo-scalar decay constant Gy, for all cases, which is similar the decay con-
stant Fy, has also been calculated up to NNLO. We have written our analytic
results of two point functions in term of physical meson mass M, decay con-
stants Fy; and Gy to reduce the lengthy expressions. Those expressions can
be used to study the processes of pseudo-Goldstone bosons interacting with
external sources, e.g., the gauge bosons.

Using the expression of the vector and axial-vector two point functions,
we obtained analytic results for the S parameter of oblique corrections for
the three different types of QCD-like theories. Their numerical estimates at
the TeV scale were presented with the different flavour numbers n; based on
scaled up QCD.

i.7.4 PaperIV

In paper IV we study evolution of Yukawa couplings in the general Two Higgs
Doublet Model. The general 2HDM can contain dangerous tree level flavour-
changing-neutral-currents if there are no further constraints in the theory. The
existing solutions for this problem can be classified as models with Z, symme-
try, the Yukawa alignment model and the Cheng-Sher ansatz.

We wrote a computer program for the Renormalization-Group-Equation of
Yukawa couplings to check what happens at high energy for those different
schemes. With the most recent data, we investigated the place of Landau pole
for models with Z, symmetry and Yukawa alignment. We also investigated
the energy scale at which the nondiagonal FCNC Yukawa couplings get too
large in these models. The constraints on the parameters A" in Cheng-Sher
ansatz have also been updated with the most recent experimental and the the-
oretical input.

i.7.5 List of Contributions

The ideas of the first three papers were given by my supervisor, and the idea
of the paper IV was given by Johan Rathsman.

e paper I: I did all the calculations separately. However, my calculations

were heavily based on my supervisor’s previous work, especially his old
FORM programs.

e paper II: I did all the calculations independently, including the analytic
derivations and the numerical estimates. I also wrote a small part of
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the paper. Most of the analytic results were transformed from FORM
expressions and organized by me.

paper III: I did all the analytic and numerical calculations indepen-
dently. I also wrote the first draft of the paper, which was modified
and enriched by my supervisor. I drew all the Feynman diagrams in the
paper.

paper IV: I derived the mathematical formula and they were double
checked by my supervisor later. I wrote the computer program indepen-
dently. Almost all the results were triple checked by the three authors.
The first draft was written by me, and it was changed and enriched by
Johan Rathsman and my supervisor. I also made some plots in the paper.
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I.1 Introduction

Chiral Perturbation Theory (ChPT) [1-3] as effective field theory (EFT) for
QCD s a very well established method within strong interaction phenomenol-
ogy. The same method can also be used for different symmetry pattern cases.
These can be of interest for theories beyond the standard model. Early pa-
pers in this context are the technicolor variations discussed in [4-6]. Recently
lattice calculations have started to explore some of these cases, some recent
references are [7-11]. While one is primarily interested in these theories in the
massless limit, lattice calculations are performed with finite masses and the
results thus need to extrapolated to zero mass. For these extrapolations EFT
is an excellent tool and it is heavily used in fitting results for the pseudoscalar
meson octet in the QCD case. For high precision fits it is needed there to go to
next-to-next-to-leading-order in the ChPT expansion.

When writing the EFT relevant for dynamical electroweak symmetry
breaking one needs to consider different patterns of spontaneous breaking of
the global symmetry than in QCD. The resulting set of Goldstone Bosons, or
pseudo-Goldstone bosons in the presence of mass terms, is thus also different.
The low-energy EFT is thus also different.

In this paper we only discuss cases where the underlying strong interaction
is vectorlike and all fermions have the same mass. Here three main patterns of
global symmetry show up. A thorough discussion of these cases at tree level
or lowest order (LO) is [12]. With a gauge group with Ny fermions in a com-
plex representation we have a global symmetry group SU(Np);, x SU(Ng)g and
we expect this to be spontaneously broken to the diagonal subgroup SU(Ng)y.
This is the direct extension of the QCD case. For N fermions in a real repre-
sentation the global symmetry group becomes SU(2Nr) and is expected to be
spontaneously broken to SO(2Nf). In the case of two colours and Nf fermions
in the fundamental (pseudoreal) representation the global symmetry group is
again SU(2Np) but here is expected to be spontaneously broken to an Sp(2Np)
subgroup. Some earlier references are [13-15]. The complex case was treated
to next-to-leading-order (NLO) in [3] in general and for the quantities consid-
ered here in [16]. The pseudo-real case has been done to NLO in [17]. We
repeat here both calculations and also extend the third, real, case to NLO by
calculating the full infinity structure for all three cases at NLO and giving the
NLO Lagrangian.

In addition we also go to NNLO for three explicit quantities, the vacuum-
expectation-value, the meson mass and the meson decay constant in the equal
mass case. These formulas are our main result. We expect that the NNLO
Lagrangian for all cases will be a simple generalization of the one for the com-
plex case given in [18] but the calculation of the general divergence structure,
though in principle similar to the one in [19], we have not performed.
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In the remainder of this paper we refer to the complex representation case
as QCD, the real representation case as adjoint and the pseudo-real case as
two-colour or N, = 2. We first discuss in Sect.[[2the three different cases at the
underlying fermion (quark) level. Here we introduce explicit external fields
as done in [2,3]. Sect. introduces the LO and NLO effective field theory
and we do this using the general formalism derived in [20,21]. This allows to
see how similar the calculations for the three cases are. In Sect. L4l we derive
the divergent part at NLO and in Sect. [L4.3] we calculate the NNLO result
for the meson mass, meson decay constant and vacuum expectation value. In
Sect. [L6lwe summarize our results.

.2 Quark level

This section shortly introduces the quark-level Lagrangian giving the gauge
groups and showing how the condensates can be written in the more general
cases. A more extensive version of this discussion can be found in [12] and the
earlier references [13,15]. We remind the reader that we only consider cases
with an underlying simple vector gauge group and we assume confinement
and the formation of a condensate.

We use the notation g and g, for the right- and left-handed fermions re-
spectively. Gauge indices we usually suppress and flavour indices will be
indicated when needed.

121 QCD

This is the usual case where the fermions are in a complex representation of
the gauge group. With flavour indices i the fermion part of the Lagrangian
enhanced by external fields is given by

L = quiv"Duqri + Gridv" Dyudri + 7" Luijaej + Triv" uijqr;
~Tri ML — Mg (1.1)
The covariant derivative is given by D;q = 9,9 — iG,q.

When the external fields vanish there is a SU(Ng) x SU(Nf)g symmetry in
the first two terms which is spontaneously broken to the diagonal subgroup
SU(Ng)y. This symmetry can be made local by adding the external fields with
the transformations g; x gr € SU(Nf); x SU(Nf)g:

q.  — 8LqL, qrR = §RIR/ M — gRMgz,
n — ngygz + igLang, Fy = gRrng + igRaHgE. (1.2)

We have here written g, and g as column vectors in flavour and the external
fields 1, r, and M = s — ip as matrices in flavour.
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For later use, we define the big, 2Np, columnvector

§= ( Z’Z ) (1.3)

and the big, 2N x 2N, matrices

s _ (™m0 ~_( 0 M ,_[ s O
(52) () e(52)

In terms of these the symmetry transformation can be written as
i—81, Vi gVugt+igag’, Mo Mgl (15)

Note that the symmetry group is not made larger since 4 contains objects that
have different Lorentz properties.

The formation of a flavour neutral condensate (7q) = (zqr) + h.c. breaks
the full symmetry spontaneously to the diagonal subgroup SU(Ng)y

I.2.2 Adjoint

If the fermions are in the adjoint representations we can write down a similar
Lagrangian as above

L = tre (77" Duqri) + tre (Gr;i7" Duqri) + tre <7Li7ylﬂi]'qu> +tre (ﬁRi’YVrHl’]'qR]')
—tre (quMquL]) — tre (WLIMLQR]) . (16)

tr. (A) means a trace over the gauge group indices and the fermions are a ma-
trix rather than a vector in the gauge group indices and D,q = 0,9 — iG,q +
iqG,. Here we have the same transformation for the conjugated fermions,
Dyq = 9, — iG,q + iqG,, with 7 = ¢77® and the Hermitian conjugate also means
that the two gauge-indices are transposed. The symmetries discussed here ex-
ist in principle for any real representation for the fermions, not only the adjoint
one.
We define the matrix C = iy29? and we can define a new fermion field

dri = Cqj; - (1.7)

The transpose in (L7) works on the Dirac (and later also flavour) indices but
not on the gauge indices. The field jg,; has the same transformation properties
under the gauge group as g and is also a right-handed fermion[] In terms of

TWe have chosen right-handed rather than left-handed in order to end up with transformations
for fields that look most like those for the QCD case in [2,3].
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the big matrices

N qr N I’H 0 N 0 M
q({iR),VH( 0 —lﬁ) M(MT 0 . (1.8)

The Lagrangian (L6) becomes
A a = oA 1 >y AR 1 ~ ~ ~
L = tre (§iv" Dyg) + tre (m”Vy%’) — it (qCMqT) - Stre (qTCMTq) . @19

The Lagrangian (L9) has clearly a larger symmetry group, SU(2Nf) as com-
pared to QCD case above when we extend the external fields to the full matri-
ces and have as symmetry transformations:

=80, Vi— gVt +igougt, M- gMgh. (1.10)

The Vafa-Witten argument shows that also in this case the vector symme-
tries remain unbroken. We expect again a flavour neutral vacuum condensate
(tre (79)) which can be written as (trc (47CJs4)) + h.c. with

k=(?é> (L11)

and I the Np x Np unit matrix. This condensate breaks the the symmetry group
down to SO(2Np).

I.2.3 NC — 2

The fundamental representation of SU(2) is pseudo-real. The Lagrangian en-
hanced with external fields reads

L = iy Duqri + qriiy" Dudri + G v Luijej + Tri v ruijar;
—qriMijqrj — ﬁLiMI-TﬂRj : (1.12)

The covariant derivative is given by D;q = 9,9 — iGq.
We can define a field 4y as in the previous section via

JRai = euﬁcﬁ{ﬁi ’ (1.13)

with «, 8 gauge group indices, €15 = —€y1 = 1, €11 = € = 0 and C = iy?7 as
defined before. The field 4 is a right handed-handed fermion that transforms
as the fundamental representation of SU(2).

In terms of the big matrices

s (R ) p (™ O M= 0 —M). 1.14
q <qR>/y (0 —l;;) MT 0 ( )
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The Lagrangian (LI2) becomes
_ = A 1- AT 1 At
£ =qiy"Dyd + 47" Vudrj — 5.CeapMip — 5dueapCM i (1.15)

This has again much larger symmetry group, SU(2Nf) as compared to QCD
case above when we extend the external fields to the full matrices and have as
symmetry transformations:

=80, Vi— gVt +igougt, M- gMgh. (1.16)
The Vafa-Witten argument shows that also in this case the vector symmetries

remain unbroken and we expect again a flavour neutral vacuum condensate
(79) which can be written as (4u€,5CJadp) + h.c. with

Ja = ( (1) _OI ) (1.17)

and I the Nr x Nr unit matrix. This condensate breaks the the symmetry group
down to Sp(2Ng).

1.3 Effective field theory

In this section we will show how the three cases can be brought into an ex-
tremely similar form. That will allow to take over directly much of the tech-
nology developed for the QCD case to the other cases. We assume the reader
to be familiar with ChPT and EFT. Introductions can be found in [22-28]. We
will use the terminology LO, NLO and NNLO for the usual powercounting of
order p?, p* and p°.

.31 QCD

The Goldstone bosons from the spontaneous symmetry breakdown live in the
space of possible vacua. For QCD and generalizations this is in the form of a
nonzero vacuum condensate

_ 1,._

(Ljari) = 5(79)0 - (1.18)
This vacuum is left unchanged by the vector transformations with g x gg €
SU(Ng) x SU(Ng)g and g; = gr. The unbroken symmetry is SU(Ng). The
broken symmetry part of the group are the axial transformations wit gg =
g{ = u, they rotate the vacuum into

_ 1,
(1jRi ) rotated = 5 (79)Uij (1.19)
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with U = grgl = u2 The special unitary matrix U describes the space of

possible vacua and varies under the symmetry as
u— gRUg;[. (1.20)

This matrix U can be used to construct the Lagrangians as was done in [3].
The covariant derivative on U is defined as

DU = 3,U — ir,U + iUl . (1.21)

The lowest order Lagrangian is

E2
£ = - (DyuD* ut + xut +uyty, (1.22)
with x = 2By M and (A) = trr (A) This has the full global symmetry as can be
checked using the transformations (L2) and (L20). In terms of the pion fields
n® the matrix u can be parametrized as

u = exp (ﬁH“T“) . (1.23)

The T? are the generators of SU(Nr) and normalized as trr (T“ Tb) = o,

Let us now do the same analysis using the general formalism (CCWZ)
[20,21]. We only look at the properties in the neighbourhood of the unit matrix
here. For the perturbative treatment we do here that is sufficient. The global
symmetry group G has generators 7% which are split up in a set of conserved
generators Q7 and broken generators X?. The Q” generate the unbroken sym-
metry group H while the generators X? generate in a sense the manifold of
possible vacua, the quotient G/H . We must now find a way to parametrize
the manifold G/H and define covariant derivatives in general. The manifold
G/H and the group H we parametrize with

i =exp(i¢"X") € G/H, h=exp(ie"T") € H (1.24)

The symmetry transformation we define using the property that any group
element ¢’ can be written in the form

§ =u'h, (1.25)

where both 7’ and / are unique and of the form ([[L24). The symmetry transfor-
mation on 7 by a group element § € G is defined as

0 — gaht (1.26)
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where /1 is the  of (L12) needed to bring ¢’ = g1 in the standard form (IL12).
Note that /1 is a nonlinear function of both # and ¢. It is sometimes called the
compensator.

The covariant derivatives are defined by using the fact that any variation
$64" is an element of the Lie algebra and can be written as a linear combination
of the generators. The same is true for § (39, —iV}) ¢' if we include external
fields V, transforming as V,, — ¢V,,¢" +i$0,,¢". We define [20,21]
it @u—iVy)a =0y — 2y, Di=THQ",  @=uiX'.  (127)
Le. T, is in the conserved part and #, in the broken part of the Lie algebra.

The transformation under the group G can be derived from (IL12) and is
Ty — Wt +ha ht,  ay, — hayht (1.28)

i1, can be used to construct Lagrangians and covariant derivatives on objects
i transforming as y — iy are defined as

Vi =0+ . (1.29)

It can be checked that V,, — 11V ,,. The external fields appear as (axial) vector
fields Vy and (pseudo) scalar fields M. The external fields VV show up in a,,
covariant derivatives V, and field strengths V,,, = 9,V, —9,V}, —i [V}, V,]. The
latter can be made to transform simpler by defining the objects

fuw = 0TVt — hfyht . (1.30)
M — ¢ Mg" can similarly be made into
gt =at Mo — hght . (1.31)

If there exists extra discrete symmetries like parity (P) that leave the unbroken
part of the group invariant objects O like f,, can be split into pieces that are
independent via O+ = O+ P(O).

In the effective field theory for QCD in terms of N x Np matrices the no-
tation usually used has the objects with the associated symmetry transforma-
tions:

u = exp (ﬁn"T”) — gruht = hugz,
r, = % (@ — i)+ u(@y — Lut) — Wt + w3y ht,
uy = i (uT(ay —iry)u —u(dy — lﬂ)uT> — hu,,hT ,
V0 = 0,0+T,0-0r, —hV,Oh' for O — hOhT,
xe = ulxul £uxtu — hysnt,

frw = ul,ﬂ,uJf + uTr,wu. — hfith (1.32)
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lyy and 1y, are the field strengths from [, and r;,. T are the SU(Nf) generators.
These can be related to the general objects defined in the CCWZ way via

L u 0 N Uy 0 - rF‘ 0
(52 w3 %) b (% 2 ) em

x+ and fi,, are constructed from £ and f,, using parity. These objects have
been used to construct the NLO Lagrangian and the NNLO Lagrangian [18].
One of the nontrivial relations used there was

Vuty = Vyuy = —f_py. (1.34)

In this notation the lowest order Lagrangian is

F2
Ly = Z(u},uy +X+)- (1.35)

The NLO Lagrangian derived by [2] reads (here in the version for arbitrary
Nf)

Ly = Lo(u'u"uyuy) 4 Ly (ufuy) (u’uy) + Ly(ufu?) (uyuy) 4+ La(ufuyu’uy)
1
+La(w ) () + Ls(ulux) + Lo (x)* + Ly (x-)* + 5 Ls (43 +22)
. 1
—iLo(frwu'n’) + 7 L1o(f2 = f2) + Ha(ul" + rwr™) + Ha (xx") (1.36)

I.3.2 Adjoint

The vacuum in this case can be characterized by the condensate

T s 1,
(i caj) = §<‘1L¢7R>15ij- (1.37)
Under the symmetry group g € SU(2Nf) this moves around as
Js — 8Jsg’ . (1.38)

The unbroken part of the group is given by the generators Q” and the broken
part by the generators X* which satisfy

JsQ"=-QTJs,  JsX"=X"TJs. (1.39)

Just as in the QCD case we can now construct a rotated vacuum in general by
using the broken part of the symmetry group on the vacuum. This leads to a
matri

U=ujsul — gug” with u = exp (ﬁn”)(“) . (1.40)

%In Sect.[[3J] we added a hat to many quantities to distinguish the Ny x Nf and 2Nf x 2N
matrices. This is not needed here and we only keep the hat explicitly on M.
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The matrix u transforms as in the general CCWZ case as
u — guht. (1.41)

The earlier work used the matrix U to describe the Lagrangian [12]. Here we
will use the CCWZ scheme to obtain a notation that is formally identical to
the QCD case. We add full 2N x 2N matrices of external fields V, and M. We
need to obtain the I';, and u,, parts of uf (04 — iVy,) u. Here several observations
are useful. Egs. (ILI0) have as a consequence that matrices like u satisfy

ufs = Jsu'  Jsu =u'Js. (1.42)

A general matrix F can be split two parts, one behaving as the broken part, the
other as the unbroken part of the group generators. Le.

F = f+1?"
FJls = —IsF FJs = FTJs,
T = (P ]PT])
F = <F+]5FT]5) (1.43)
This means that we obtain
we =i (W@ — iVu—u(@u+ilsViJs)u')
1 , ‘
r, = E(uT(ay—1Vy)u+u(ay+1]5V£]5)uT>. (1.44)

Here we used the properties (L42). With these quantities we can construct
covariant derivatives and Lagrangians. The formal similarity to the QCD case
is obviously there if we also use for the vector external fields

7]SV;4T]S ’ 'y = Vy . (145)

The analogy goes even further since v, = r, + [, corresponds to the currents
from conserved generators and a, = r, — I, to the currents from the sponta-
neously broken generators. The equivalent quantities to the field strengths
are

Fipw = JsuViu' Js £ uVyu'l (1.46)
with V,, = 9, V, — 9V, — i (V, Vi, — Vi, V,,) and for the mass matrix
x+ = ulxuJs+Jsu" xtu
= ulyJsut ujsxu, (1.47)

with x = 2ByM. The Lagrangians at LO and NLO have exactly the same form
as (IL7) and (L36) but now with u,, x+ and fi,, as defined in (ILI2), (L46)
and ([L47).
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1.3.3 Two colours

The vacuum in this case can be characterized by the condensate (47, Ce,gig;) =
HaLar)] aij- Under the symmetry group g € SU(2Nf) this moves around as
Ja — gJag" .The unbroken part of the group is given by the generators Q° and
the broken part by the generators X which satisfy J4Q* = —QJ,, JaX* =
X4 . Just as in the QCD and the adjoint case we construct a rotated vac-
uum by using the broken part of the symmetry group on the vacuum. This

leads to a matrid U = uJu” — gUgT with u = exp (ﬁ n”X”) .The matrix u

transforms as u — guht Ref. [12] used the matrix U to describe the Lagrangian.
Here we use the CCWZ scheme. We add full 2N x 2Ny matrices of external
fields v, and M and then need to obtain the ', and uy, parts of ut (a# —iVy) u.
Matrices like u satisfy uJ4 = Jau® and Jau = u]4.

A general matrix F can be split two parts, one behaving as the broken part,
the other as the unbroken part of the group generators. Le.

F = F+F, Fla=—JaF', L =Fa,
T = %(F—]AFTLE), F:%(FHAFT]}) (1.48)
Using this, we obtain
we = i (W@ — iVu—u(@+iLaviThut)
I, = %(uT(ayfiVH)u+u(aH+i]AVHT]£)uT). (1.49)

Covariant derivatives and Lagrangians are constructed as above. The formal
similarity to the QCD case is once more obviously if we use for the vector
external fields

bi=—JaV,Th, ru="Vy. (1.50)

Again v, = r, + 1, corresponds to the currents from conserved generators and
ay = ry — I, to the currents from the spontaneously broken generators. The
equivalent quantities to the field strengths are

fow = JauViu' 5 £ uVyu (1.51)
with V,, = 9,Vy, — 9V, — i (Vi — Vi, V,,) and for the mass matrix
xe = ulyulT L & Jau" xtu = ulxhut +ufaxtu, (152)

with x = 2By M. The Lagrangians at LO and NLO have exactly the same form
as (L7 and (L36) but with u,, x+ and f.,, as defined in this subsection.

3 The formulas in this subsection are almost identical with those in the previous subsection but
]124 = —1 while ]é = 1. We have put in those by introducing ]g rather than [4 in a few places.
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I.4 The divergence structure at NLO

When going beyond tree level renormalization becomes necessary. A thor-
ough discussion of renormalization in ChPT at NNLO can be found in [?,19].
We use here the same conventions and subtraction procedure. This means that
the NLO LECs are replaced by

Li = (cp)* * LA+ L(w)] (1.53)

with A = 1/(167%(d — 4)) and Inc = —[In47r +T’(1) + 1]/2. The constants T;
were calculated for the QCD case in [3]. The same method can be generalized
to the case here. The calculation is extremely similar for all three cases. The
method is the same as the one in [3]. We split u in a classical and a quantum
part
u=ue® with &= Y anxe. (1.54)
a

The second variation w.r.t. ¢ of the LO Lagrangian can be rewritten in the form

F2
L= 7 <d;,§ad”§a _ éa&ab§b> , (155)
with d,¢" = 9% + [47¢". The divergence at one-loop level is given by [3]

1 1 -0+ 1
_ 71—-ab l—-bayv 7~nb~b ) L
1672(d — 4) <12 ol T ooba (1.56)
Notice that the indices here run over the broken generators and f‘;}; =9,I —
9 I5P + TUeTgh — Toersh.
The expansion for all three cases is identical and leads to

ra —trp ([X", Xb]ry) ,

~ 1 1
i *gtl‘}: ({X”,Xb} (x++ u,,u“)) + Etrp (X“qubu?‘> . (1.57)

The difficulty in evaluating (L56) is now rewriting the sums over broken gen-
erators into traces over the original matrices Uy, ....In the QCD case, the X* are
SU(Nf) generators and one can use the formulas with the trp (A) going from
1,...,Nr.

QCD:

trp (XAXB) — trF(A)trF(B)—NitrF(AB),
F

tr (X9A) try (X°B) — trp(AB)fNLFtrp(A)trp(B). (1.58)
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There exist similar formulas for the adjoint case now with trr (A) going from
1,...,2Np.

Adjoint :
trp (XaAXaB) = 1tl’p (A) trp (B) + 1tI‘I: A]sBT]S — L’EI‘}: (AB) ,
2 2 2N;
trr (X°A) trp (X°B) = ~trp (AB) + ~trp (AJsB"s) - 1 (A) trr (BXL59)
2 2 2NF

The equivalent formula for the two-colour case is [17], again with trr (A) going
from1,...,2Nf.

2 — colour :

1 1 1
trp (XTAX'B) = Stre (A) trr (B) + Sty (A]ABT]A>—mtrF (AB),

trp (XuA) trp (XaB)

1 1 1
St (AB) = Stry (A]ABT]A> — gy (A) (B{1.60)

In all three cases these lead to
7 = —tr ([xﬂ,xb]rw) . (1.61)

Repetitive use of these identities allows to rewrite (L.56) in the form of (L36).
These divergences are then absorbed into the redefinition of the NLO LECs
(ILI7). The needed constants I; for the three cases are given in Tab. [[ILT We
agree with [3] for the QCD case, have a small discrepancy with [17] for the
two-colour case, our coefficients for Iy are I'; are different. The adjoint case is
obtained here for the first time.

I.5 The calculation: mass, decay constant and con-
densate

In this section we calculate the corrections to the vacuum expectation value,
the meson mass and the decay constant. The calculations in the work on
three-flavour ChPT were done using FORM [29] and in the loops an explicit
sum over all possible particles was always implemented. For this work we
have rewritten the flavour routines used in that work to use a general sum
over the flavour indices and since we always calculate in the case where
M = diag(s,...,m) we then use the trace formulas of the previous section
to perform the sum.

We have checked that our calculations reproduce all the known results and
for the QCD case that all infinities cancel when the NNLO divergence of [19]
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i QCD Adjoint 2-colour

0 Ng/48 (Np+4)/48 (Np —4)/48

1 1/16 1/32 1/32

2 1/8 1/16 1/16

3 Ng/24 (Np —2)/24 (Ng +2)/24

4 1/8 1/16 1/16

5 Ng/8 Ng/8 Np/8

6 | (N2+2)/(16N2) | (N2+1)/(32N2) (N2 +1)/(32N)

7 0 0 0

8 | (N2—4)/(16Nf) | (N3 +Np—2)/(16Ng) | (N3 —Np—2)/(16Ng)
9 Np/12 (Np+1)/2 (Np—1)/2

10 —Np/12 —(Np+1)/2 —(Np—1)/2

1 —Np /24 —(Np+1)/4 —(Np+1)/4

2" | (N;—4)/(8Ng) | (NE+Np—2)/(8Np) | (N7 —Np—2)/(8Np)

Table 1.1: The coefficients I'; for the three cases that are needed to absorb the diver-
gences at NLO. The last two lines correspond to the terms with H; and Hj.

o
X
O]
O

(e) (f) (g) (b)

Figure 1.1: The diagrams up to order p® for (7q). The lines are meson propagators and
the vertices are: o a p? insertion of G, ® a p* insertion of §q, ® a p® insertion of §g, ® a
p? vertex and x a p* vertex.

is used. For the adjoint and two-color case we observe that the nonlocal diver-
gence cancels as it should.

The diagrams for the vacuum expectation value are shown in Fig.[LT} The
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lowest order is the same for all three cases

@ro= Y. (@rMLi+qr4ri)Lo = —NpBoF?. (1.62)
=T N

We use M? as notation for the lowest order meson mass

M? = 2By (1.63)
and in addition the function
— M? M?
2y M™ M=
A(M?) = o2 log - (1.64)

The integrals needed at the two-loop level are evaluated with the methods
of [30] and they can all be expressed in terms of A(M?).

We express the final result as

(@7) = @9)L0 + (99)NLO + (79)NNLO - (1.65)

The individual parts can be written in terms of logarithms and analytic con-
tributions as

_ _ A(M? M2
{@Nto = (39)10 <ﬂv (Fz ) +bv?) ,
_ _ A(M?)?2  MZA(M?) ey
@nno = (q9)r0 (Cv 2 (dv + 16”2)
m* 8v
+or (v 15s) ) : (1.66)

The coefficients for the three cases are given in Tab. Note that we use
the same notation for the LECs in the three cases but they are different LECs
and in addition different for different values of Nr. The infinite parts can be
absorbed in the NNLO Lagrangian coefficients by writing

ri = (cp)?@4 (r; - 1"fz>A2 - (ﬁrf” + rfL)) A) . (1.67)

The subtractions needed for the QCD case have been derived in general before
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QCD
ay N — NLF
by 16NELE + 8L} + 4H}
3 (14 L
dy ~24 (NE 1) (Lf = 2L + (L - 21) )
ey 1-— Lz
NP
fv 48 (K5 + NpK3g + NFKs;)
v 8 (N2 —1) (Lf—2Lf + (15 —215))
Adjoint
1 1
ay NF + 2 ~ 2Nf
by 32NEL!, + 8L + 4Hj
cv 3(-1+ 5 - B +2Nr)
dy | —12 (2NZ+ Np —1) (2L} — 415 + - (L — 2L§))
ey %(1—NL§+NLF—2NF>
fv A
gv | 4(2NE+Np—1) (20f - 4L) + (L —21))
2-colour
1 1
ay Nr =3 -5
by 32NFL} + 8L -+ 4Hj
cv S(-1+ e+ - 2N)
dy | —12 (2NE - Np —1) (2L} — 415 + (L — 2L§))
ey %(1—1\%—1\%4‘21\]}")
fv T
gv | 4(2NE—Np—1) (20 - 4L) + (L —21))

Table 1.2: The coefficients ay, ..., gy appearing in the expansion of the vacuum expec-
tation value.

in [19]. The adjoint and two-colour case can be made finite by the following;:

2 _ 3 1 1
mh o= (1t )
F
1
rid = 24(2NE+Np—1) (2L274L2+N—(Lg72L§)),
F

1 _
Ly = 0,
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2 _ 3 1 1
il = (2N§ ~Np— 1) (2L4 ALL+ 13 (Lt — 2Lg)) ,
M~ o (1.68)

This result agrees at NLO with [16] for the QCD case and [17]@ for the 2-colour
case. It also agrees for Ny = 3 at NNLO with [31,32]. The remaining results
are new.

We perform the expansion of the physical meson mass to the same order.
The physical mass can be written as

M2, = Mo+ Mo+ Mo (1.69)

phys —

The lowest order was already given in ([L63) and is the same for all three cases.
The two higher order can be expanded in logarithms and analytical contribu-
tions via

A(M?) M?
Myo = M (aM 2 +bMﬁ) ,
A(M?)?2  MZA(M?) em
2 _ 2
Mo = M (CM 2 2 ( M+ 167r2>
4
M I
(fM + 1622 + (16712) ) ) (1.70)

The mass can be calculated by finding the zeros of the inverse propagator, see
e.g. the discussion [33]. The relevant one-particle irreducible diagrams are
shown in Fig.[.2] The coefficients for the three cases are given in Tab.[L3] The
subtractions needed for the QCD case have been derived in general before
in [19]. The adjoint and two-colour case can be made finite by the following;:

@) B 1 9 12 2

Tia = 2<1NZ+N —7Np—3Ng |,

rh), = 8[(3£+2N) 6+2(71+2Np+4N§)L§+<4+NF+ZN%>L5
F

2
+ 3fi+5NF L%+ (2 — 2N — 3N2)(2NgL] + L%)
Nr Nr

+4 (- 1+3Np+4N2>Lg+(10 ﬁ0+12Np> )},

4Those authors used a different normalization for F. Ours corresponds to F; ~ 93 MeV for the
QCD case and N, = 3.
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e | —®—

QO
v 4 0
S

Figure 1.2: The diagrams up to order p® for the meson self energy. The lines are meson
propagators and the vertices are: ® a p? vertex, x a p* vertex and a crossed box a p°
vertex. The diagrams for the decay constant are the same with one external meson leg
replaced by an axial current.

w _ 15 5 5 67, 4
Tyia = 4< 3+N1% NF+12NF+12NF ,
1 9 12
rd = - (1-2 -2 +7Np—3N2 |,
MT 2( Nz Np ’ '
rh) - 8[(31\1+2NF)L6+2<12Np+4N%)L§+(4NP+2N%>L5

2
+ 7371+5Np L5+ (2 +2Np — 3N3)(2NfL} + LL)
Np NF
2 r 10 r
+4 (—1-3Np+4N3) Li+ (—10— -~ +12Ng ) L§) |,
NF
1( 5 5 5 67 47
- (+N2+NF+N§). (71)
F

This result agrees at NLO with [16] for the QCD case and [17] for the 2-colour
case. It also agrees with the masses for two and three flavours in the QCD case



L5 The calculation: mass, decay constant and condensate 57

as calculated in [33-38]. The remaining results are new.
We perform the expansion of the physical decay constant to the same order.
The decay constant can be written as

Fonys = FLo + FNLo + FNNLO - (172)

The lowest order is F o = F and is the same for all three cases. The two higher
order can be expanded in logarithms and analytical contributions via

A(M? M?
FNio = F (ﬂF (Fz ) +br— ) ,
A(M? MZA(M?
o = F<CF (F4) + FEL ) (dFJr 16 2)

M4 h
(fp+1§;2+(16;2)2)>. (1.73)

The decay constant can be calculated by computing the one-meson matrix ele-
ment of the axial current. The diagrams for the wave-function renormalization
are the same as those for the mass in Fig.[L2] and those for the bare matrix-
element are again those of Fig. [L2] but with one external meson leg replaced
by the axial current. The coefficients for the three cases are given in Tab.[L4
The subtractions needed for the QCD case have been derived in general before
in [19]. The adjoint and two-colour case can be made finite by the following:

8 = 1NN,

rd - _4[<_3+§’F_2NF)L6+2(1—2NF—4N§)L§+(—4—NF—ZN%>L5
+ (<34~ ) L+ - (N — D@NeL] + 1)+ SN2 +4NFU] :
11 1,1 4

rd) = 8<3N%+NF3NF13N§>/

rd = 1+ZNF+%N2;

8 = o)) o)

1
+ (3+ Ni - 5NF> Ly — - (14 Np) (2NFLy + L5) + 8N? g+4NpL§] ,
F F

r - 1 (1_1_1+53NF_49N;>_ (1.74)
F




58 Technicolor and other QCD-like theories at NNLO

This result agrees at NLO with [16] for the QCD case and [17] for the 2-colour
case. It also agrees with the decay constant for two and three flavours in the
QCD case as calculated in [33,34, 36, 38]. The remaining results are new.

The coefficient of the leading logarithm, A(M?)? is always determined but
note that the coefficient of the subleading logarithm for the vacuum expecta-
tion value depends on LECs that can be determined from the masses.

The expansions (L66), (LZ0) and (LZ3) have been written in terms of the
lowest order mass and decay constant. It is possible to reorder the series in
various ways. In particular one can rewrite the series in terms of the physi-
cal masses and decay constants instead. The logarithms come from physical
particles propagating so the form in terms of physical masses might be prefer-
able. There are some indications that in the case of two-flavour QCD this leads
to a better convergence, see e.g. [39]. The physical mass and decay constant
expansion is referred to there as the ¢ expansion. We thus rewrite ([L66), (LZ0)

and ([L73) as

Ophys = OLo + Onro + OnnLo (1.75)
with
A(M?, ) M2,
Ono = Oro <“o sz ¥+ Bo sz =,
phys phys
0 - 0 A(Mlzahys)z MghysA( Phys) s €0
nNeo o = Cro{ 100 2 (O+16n2>
phys phys
M4
phys o fo
= . 1.76
* e (50 T2t (167‘(2)2) ) (1.76)

We do this for O = V, M, F for the vacuum-expectation-value, mass and decay
constant. The coefficients in the two expansions are related by

®o = ap, Bo = bo, Yo = co + (2ar —apm)ao,
do = do+ (2br —bm)ap + (2ar —aym)bo, €0 = eo +amaop,
o = fo+ (2br—bm)bo, o = go +bmao, 6o =ho. (1.77)

These can be easily evaluated using the results in Tabs. [2]to L4l

I.6 Conclusions

In this work we have calculated the vacuum expectation value, the meson
mass and the meson decay constant in effective field theory to NNLO for the
three cases with a simple underlying vector gauge groups and Ny equal mass
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fermions in the same representation. We discussed the complex case (QCD),
real representation (Adjoint) and pseudo-real representation (2-colour).

The three flavour cases have been calculated earlier at NNLO for the
QCD case for the mass, decay constant [31, 38] and condensate [31]. For
two flavour QCD the NNLO expressions exists for the mass and decay con-
stants [18,19, 30,34, 35]. For the N flavour case the mass, decay constant and
the condensate can be found in [16] to NLO. The NNLO expressions here are
new. Note that the equal mass case considered here leads to considerably
simpler expressions than those of [33,38]. We have a slightly different NLO
divergence structure for the two-colour case then [12] but agree with their ex-
plicit NLO expressions for the mass, decay constant and vacuum expectation
value. Again the NNLO expressions here are new. The adjoint case we have
extended to NLO in general and to NNLO for the mass, decay constant and
vacuum expectation value. Notice that for all three cases the coefficient of the
leading logarithm at NNLO is fully determined but that the coefficient of the
subleading logarithm at NNLO for the vacuum expectation value depends on
LECs that can be determined from the mass at NLO.

The main motivation behind this work is that these expressions should
be useful for extrapolations to zero mass in lattice calculations for dynamical
electroweak symmetry breaking.
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QCD
1
am _N7F
bm 8Np (2Lf — L}) + 8 (2L — LE)
1 9 3 N2
M -7 + m + gNF
dv | 8Ly(—5- + Np) +8U( 1+ 2N?) +4L5 (4 + N3) + L5(— &% + 20Ng)
+L7 (40 — 16N2) +LE(#2 16NF) + Ly (=16 +16N?) + Lg(— &> + 32Np)
em 3+t 1M
fu —32K!, — 16K{9 — 16K}, + 48K} + 32K%,
+NF (—32K}g — 16K5, — 16K}, + 48K, + 32K,)
+N? (—16K%, + 48K%;) + 64(NpLj + LL)(NpL) 4 LL — 2NpLy — 2L%)
M —NiF(L6+L§)+4L{+2Np(2U + L}) +2N3L,
—8[L} — 2L} + §-(LL — 2LE)]
hm 4"‘41\12 +%§ZN2
Ad]omt
a I _ 1
M 2 2Nr
by 16Np(2L; — L}) + 8(2L; — LL)
M §<1+Ni§—N%+NF+N§>
Ay L§(12 — 12 +8Nf) + 8L (—1+ 2Nf +4N3)
+4L5 (4 + Np +2NE) + L5(12 — 3 +20Nf)
+L (40 — 40Nf — 32NZ) + LE(—20 + &% — 16N)
+16L;(—1 + 3Np + 2N?) + L5 (40 — % + 32Np)
em 3+——%I3F+ INp+ 2 NF
fM rZ\/IA +64(2N1:Lr +Lg)(2NI:L£ +Lg —4NpLg —2L§)
M 2L4(1 — §- + 2Np) +4L7 + 2NpLy (1 + 2Np) +2L5(1 — §; + Np)
—8(1 ; Np)3(L% zU) +4(1193 )(1L6’9 2L%)
2
hm _E+EN7§_16NF+384NF+3 N
2-colour
2 T 1T
M 2 2Nr
by 16Np(2U L}) +8(2Ly — LY)
cm <1+32+N7NF+N2>
dm Ly(—12 - IZWF—l—SNFH—SU( 1—2Ng +4N32)
+4L5 (4 — Np +2N?) + L5(—12 — }V—2 +20Ng)
+L} (40 + 40N — 32N2) + L5(20 + N — 16Nf)
+16L(—1 — 3Nf +2N?) + L5 (—40 — 3% + 32Ng)
em —§+Ni§ %NLF——NFJF}‘@’NZ
fu rhop -+ 64(2NELL + LE) (2NFL] + LE — 4NpLL — 2L%)
M —2L5(1 + g — 2Ng) + 4L; — 2NgLj (1 — 2Np) — 2L5(1+ - — Ng)
SN 210 4L 021D
fm —16 ez ey — 3maNE T ssaNE

Table 1.3: The coefficients ayy, . .., gy appearing in the expansion of the mass.
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QCD
ar %Np
br 4NpL +4LL
cr ~7~ 16NF
dp | (L) +3L5 — LL) + 4L, — 8L5 — 4L} + Np(—4L}) — 10L} — 2Lf + 8LE)
+2N2(—4L} — L) — L} +4LY)
er Y
2N?
fr —8 (NpL, + L) + 8(KIg + Kby) + 8Ng (Kb + Kb, ) + 8N2Kb,
8F | 7 (Ly+L5) —2L] + Np( 2U Ly +4U —8L%) + N2(—Lh +4L} — 8LL)
hr 7+ Nz + 755 N7
Ad]omt
ar INp
bp 18Np3Lj1 +4L§ i
cr -1t ENF — ﬁNF
dr Li(—6+ % — 4NF) + 4L} (1 — 2Np — 4N3) — 2U(4+NF +2NI%)
+L5(—6+ - — 10NF) — 4L5(1 — Np + N3) 4+ 2L5(1 — g- — Nf)
+8NF(2NFLL + L})
eF %—ﬁﬂLﬁ—%NF—%N?
fr ry — 8(2NpLy + LL)?
SF Li(—1+ g —2Np) — 217 + Ly(—=Np — 2N2) + L5(—1 + - — Nf)
8NA(L} —2L}) + 4Np(L§ — 2Lf)
he —%t oz~ mN T 2Nt sV
2-colour
ar %NF
br 18N1:3L1 +4L§
CF —1 — igNF — 7§ NF
dr Ly (6+ 1 — 4Np) + 4L} (14 2Np — 4NZ) — 2L5 (4 — Np +2N3)

+8Np(2NFL . L)

7 1 2

°F %~ gz~ s+ B NF— N7

fp I’ET — S(ZNI:LZ + Lg)

SF Lh(1+ g —2Nf) — 2L; + L5 (Np — 2N3) + L (1 + §- — Np)
8N2(U 2L’) +4NF(U - 2U)

hr %t 3 Nz + %N — 355N+ 765 N7

+L5(6+ - — 10Np) — 4L (1+ Np + N?) — 2L5(1 + - + Nf)

Table 1.4: The coefficients ar, ..., gr appearing in the expansion of the decay constant.
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We discuss meson-meson scattering at next-to-next-to-leading order in the chi-
ral expansion for QCD-like theories with general n degenerate flavours for the
cases with a complex, real and pseudo-real representation. l.e. with global
symmetry and breaking pattern SU(n); x SU(n)g — SU(n)y, SU(2n) — SO(2n)
and SU(2n) — Sp(2n). We obtain fully analytical expressions for all these cases.
We discuss the general structure of the amplitude and the structure of the pos-
sible intermediate channels for all three cases. We derive the expressions for
the lowest partial wave scattering length in each channel and present some
representative numerical results. We also show various relations between the
different cases in the limit of large n.
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II.1 Introduction

In an earlier paper [1] we started the phenomenology of QCD-like theories
at next-to-next-to-leading (NNLO) order in the light mass expansion in their
respective low-energy effective theories. The motivation for this work is that
these theories are interesting as variations on QCD and could play some role
as models for a nonperturbative Higgs sector. Early work in this context are
the technicolor variations of [2-4]. Recent reviews of more modern devel-
opments are [5,6]. Lattice calculations have started to explore these type of
theories as well, some references are [7-13]. The main interest in these theo-
ries is in the massless limit but lattice simulations are necessarily performed at
a finite fermion mass. In [1] we worked out a number of simple observables,
the mass, decay constant and vacuum-expectation-value to NNLO in these
theories. Here we work out the amplitude for meson-meson scattering to the
same order. In lattice calculations the amplitude for meson-meson scattering
is not directly accessible but the scattering lengths can be derived from the de-
pendence on the volume of the lattice [14]. We therefore also provide explicit
expressions for the scattering lengths.

The EFT relevant for dynamical electroweak symmetry breaking can have
different patterns of spontaneous breaking of the global symmetry than QCD.
The resulting Goldstone Bosons, or pseudo-Goldstone bosons in the presence
of mass terms, are thus in different manifolds and the low-energy EFT is also
different.

In this paper we only discuss the same cases as in [1] where the underlying
strong interaction is vectorlike and all fermions have the same mass. Three
main patterns of global symmetry show up. A thorough discussion tree level
or lowest order (LO) is [15]. With n fermiondl] in a complex representation the
global symmetry group is SU(n); x SU(n)g and it is expected to be sponta-
neously broken to the diagonal subgroup SU(n)y. This is the direct extension
of the QCD case. For n fermions in a real representation the global symmetry
group is SU(2n) and it is expected to be spontaneously broken to SO(2r). In the
case of two colours and n fermions in the fundamental (pseudo-real) represen-
tation the global symmetry group is again SU(2n) but here it is expected to be
spontaneously broken to an Sp(2n) subgroup. Earlier references are [16-18].
Some earlier work for the complex case and the pseudo-real case at NLO can
be found in [19-21].

In the remainder of this paper we refer to the complex representation case
as complex or QCD, the real representation case as adjoint or real and the
pseudo-real representation case as two-colour or pseudo-real. In [1] we ex-
tended the construction of the general Lagrangian to NLCR including the di-

1We use 1 rather than N for the number of flavours since it makes the formulas shorter.
2References to some related work can be found in [6].
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vergence structure. The NNLO for the QCD case is in [22] and the divergence
structure in [23]. The Lagrangian constructed in [22] is with the changes dis-
cussed in [1] and in Sect. also a complete Lagrangian for the other two
cases but we have not shown it to be minimal nor calculated the divergence
structure.

We do not repeat the discussion of the three different cases at the underly-
ing fermion (quark) level. This can be found in [15] and [1], Sect. 2. In Sect.
we quote the structure of the effective field theories for the three cases but
we again refer to [1] for more details. Sect. discusses in detail the gen-
eral structure of the amplitude. The amplitude can be expressed in terms of
two functions B(s, t,u) and C(s, t, u) which are generalizations of the amplitude
A(s,t,u) in ni-scattering [24]. We work out the possible intermediate states
using the relevant group theory and using a projection operator formalism
obtain the amplitudes in the different channels. The results for the ampli-
tude are discussed in Sect.[[L4land for the scattering lengths in Sect. Here
we present some representative numerical results for the scattering lengths
as well as some large n relations between the different cases. The length-
ier formulas at two-loop order are given in an appendix. This work needed
a few more integrals at intermediate stages than [25,26], these are given in
App.[ILT] In Sect.[Lwe summarize our results.

II.2 Effective Field Theory

I1.2.1 Generators

The notation for the three cases can be brought in a very similar form. More
details can be found in [1]. The Goldstone boson live on a manifold G/H
where G is the full global symmetry group and H is the part that remains
unbroken after spontaneous symmetry-breaking. We label the unbroken gen-
erators as T” and the broken ones as X“.

The space SU(n) x SU(n)/SU(n) is isomorphic to SU(n) so we use the X as
the generators of SU(n) for the QCD case. They are traceless, hermitian n x n
matrices.

The adjoint or real case has the generators in SU(2n)/SO(2n) where the bro-
ken generators satisfy

JsX® = (X7, with Jg= ( (1) é ) . (11.1)

I is the n x n unit matrix and the superscript T indicates the transpose. The X*
are traceless, hermitian 2n x 2n matrices in this case. Multiplying (ILT) with Js
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from left and right leads immediately to
X5 =Js (X" (11.2)

The two-colour or pseudo-real case has the generators in SU(2n)/Sp(2n)
where the broken generators satisfy

—I
JaX=(X)T]4, with Ju = ( (1) 0 ) . (1L.3)

The X” are traceless, hermitian 2n x 2n matrices also in this case. Multiplying
(L3) with ], similar to above gives

XJa=Ja (X" (114)
The unbroken generators satisfy
SO(2n):  TJs+]sT" =0,
Sp(2n):  TJs+JsT*T =0. (1L.5)
This allows in both cases to derive using | = Js or | = J4 respectively:
W =7nT  with h=expih®T?. (IL.6)
We always use generators normalized to one:
(T°1b) = (X°Xb) = 5%, (1L.7)

(A) = trp(A), is the trace over the flavour indices. This is over n for the QCD
case and 2# for the real and pseudo-real case.

During the course of the calculation, we often have to sum over the Gold-
stone Bosons. These sums can be easily performed using

complex :
trr (XTAX°B) = trf (A) try (B) — %trp (AB),
trp (X°A) try (X°B) =  try (AB) — %trp (A)trr (B) .
Real :
o 1 1 . 1
trp (XTAX'B) = Strr (A) trr (B) + 5t (A]SB ]S> — 5-trp (AB)
1 1 1
trr (XaA) trr (XaB) = Etrp (AB) —+ Etrp <AfsBT]5) — Etrp (A) trr (B) .
Pseudoreal :
oo 1 1 . 1
trp (X'AX'B) = Stre (A) tre (B) + trr (AJ4BTJa ) — o-trr (4B)
tre (X°A) trg (X°B) = %trF (AB) — %trp <A]ABT]A)
L (A e (B) . (1.8)

2n
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There is a relation that the broken generators satisfy for the real and
pseudo-real case.

trr (X”Xb . Xle> = trp (X’xk . be“) . (11.9)
The proof for the real case is

trp (X“Xb.‘.Xle> - oty X”Xb...Xle]§>

- tr (X’Xk . XbX"> (11.10)

The pseudo-real case is proven by replacing J% by —J3 and following the same
steps. (IL9) is also the reason why the Lagrangian in [22] is not minimal for
the real and pseudo-real case.

In the group theory references there is a conjecture mentioned that to get
from SO(2n) to Sp(2n) it is sufficient to take n — —n. This feature is indeed
visible in most of our formulas.

II.2.2 Lagrangians

As described in more detail in [1] we can write the Lagrangians in the
three cases in a very similar way. The Goldstone Boson manifold G/H is
parametrized by

u = exp (ﬁqy) , ¢ =¢'X". (1.11)
These transform under the symmetry transformation in the QCD case for

QgL X gr € SU(n)p x SU(n)g as

u — gruh(gr, gr, @)1 = hig, gr P)uglh . (1.12)

h is the socalled compensator field and is defined by (IL12) and is also an SU (n)
matrix. This can be derived from the standard general formulation [27,28] as
done in [1]. For a transformation in the conserved part of the group we have
thatgL =8RrR =8V and h = gv.
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The notation for the other two cases is directly that of [27,28]. A symmetry
transformation g € G = SU(2n) transforms u as

u—guh(g,¢)t, with h=exp(ih"T%) . (11.13)

Le. i is in the unbroken part H of the group. In case the transformation g is in
the conserved part of the group, ¢ € H, we have that i = g.
We can now define the quantities

uy, = i(ufayufua,,uw,

1
r, 5 <uTayu - uaﬂuT> . (11.14)
Under the group transformation in all cases we have u, — huyht and T, can
be used to define a covariant derivative.

Vutty = 0ytty + Ty — 1y Ty — hVVthJr . (11.15)

In [1] we also showed how the external fields can be included in a similar way
as for the QCD case in [19,29]. In particular the quark masses can be put in a
quantity x+ that transforms as y+ — hy+ht.

The lowest order Lagrangian takes on the standard form

F2
Lio= Ztrp (MVMH +X+) (1116)

for all three cases and the same is true for the NLO Lagrangian.

Lnro = Lo(uhu"uyuy) + Ly (ubuy) (u"uy) + Lo(utu”) (uyuy)
+La (uhuyu"uy) + Ly (uhuy) (x+) + Ls(ulupx+) + Le(x+)?

1
+L7(x-)* + 5Ls(x +42) (1.17)

We have kept only the terms contributing to meson-meson scattering in (IL17).

The NNLO Lagrangian is known for the complex or QCD case [22] as well
as its divergence structure [23]. The same Lagrangian with the changes men-
tioned above is complete for the other two cases but probably not minimal.
We have nonetheless chosen to leave the contributions from those terms in
the results quoted here.

I1.2.3 Renormalization

We use the standard renormalization procedure in ChPT [19,29] with the ex-
tension to NNLO described in great detail in [23,26]. The divergences at NLO
are canceled by the subtractions as calculated in [1]. At NNLO the divergences
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for the QCD case are canceled by the subtractions calculated in [23]. The other
two cases satisfy all the expected constraints. Nonlocal divergences fully can-
cel, the e parts of the loop integrals as defined in App.[ILIlalways cancel and
the double divergences satisfy the Weinberg relations [23].

As usual in ChPT we apply the MS scheme of dimensional regularization,
in which the bare LECs L; are defined as

Li = (eu)"* [LiA + L ()] (11.18)

Where the dimension d = 4 — 2¢, and

1
A VoI (19)

Inc

—%[ln47r +T'(1) +1]. (11.20)

The coefficients I'; can be found in [1,29] for the complex and in [1] for the real
and pseudo-realSp(2n) case.
The NNLO terms can be made finite with the subtractions
1

K; = (cp)2@ [K{ —TPAZ - (—1 At rf”) A} : (11.21)

The coefficients 1“1(2), Fgl) and Flm for the complex case have been derived in
[23]. For the real and pseudo-real case, the results do not exist. We have
checked that all remaining divergences are local and can thus be subtracted.

II.3 General results for the amplitudes

I1.3.1 7t/ case

The 77t scattering amplitude, which correspond to the QCD case with n = 2
is well known. Due to crossing and the possible St(2) (isospin) invariants the
amplitude can be written as [24, 30]

My (s, t,u) = 654 A(s, t,u) 4+ 676" A(t,u,s) + 66" A(u, s, 1) . (11.22)

The function A(s, t,u) is symmetric under the interchange of t and u.
The possible states of two pions are isospin 0, 1 or 2. The amplitude for the
three channels are given by [30]

TO(s,t,u) = BA(s,t,u)+ A(t,s,u) + A(u,t,s),
Tl(s, t,u) A(t,s,u) — A(u,s, t),
Tz(s, t,u) A(t,s,u) + A(u,s, t). (11.23)
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Where I is isospin, and P is the projection operator on isospin I They satisfy
the relation

M (s, t,u) = Z TI(s, t,u)Py. (11.24)
=02
and
7! (s,t,u)P; (no sum) = PiMp (s, t,u). (11.25)

In the remainder of this section we will generalize these results. ([L22) is
generalized in terms of two functions in Sect. The possible intermedi-
ate states and the corresponding amplitudes are derived for the three cases
separately in the last three subsections of this section.

II.3.2 General amplitude

The amplitude for meson-meson scattering is given by

(¢ ()9 (Pa) 9% (Pa)9" (pa)) = M(s, t,u). (11.26)

The Mandelstam variables s, t, u are defined by
s=(Pat )/ Mipys, b= (pa—pc)*/Mppys, 4= (pa—pa)*/ My
(11.27)
These satisfy

s+t4+u=4. (11.28)

We have chosen here to use the dimensionless versions in order to simplify
later formulas.

The flavour structure of the amplitude for meson-meson scattering can be
described by constructing all possible invariants from the four corresponding
generator matrices X¢, ¢ = 4,b,¢,d. Taking into account that trr (X°) = 0 there
are 9 invariants possible

tre (X“XhXCXd) .ty (X”XCXde> . trp (X“XdeXC) ,
tr (X"XdXCXb) L trr (x”xbdeC) trr (X"XCXbXd> , (11.29)
trr (X”X”) trp (XCXd) . trp (XOXO) trg (XbXd) L, trr (X“Xd) trr (XbXC) .
Under charge conjugation X* — X“T. This means that the amplitudes multi-

plying the first row in ([L29) must be the same as those multiplying the second
rowl As a result the full amplitude can be written in terms of two invariant

3 Alternatively use ([LI) for the real and pseudo-real case.
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amplitudes B(s, t,u) and C(s, t, u).
M(s ) = [erp (XOXPXOXT) 4 tre (XOXIXXT )| B(s, b m)
+ [trF (X”XCXde) +trg (X“Xbxdxf)] B(t,u,s)
+ [trF (x“xdxbxf) +trp (X“XCXbXd)] B(u,s, t)
+6%6%4C (s, t,u) 4+ 676 C(t,u,5) + 66°C(u,s,t) . (11.30)
The flavour structure also implies that
B(s,t,u) = B(u,t,s) C(s, t,u) =C(s,u,t). (11.31)

For n = 3 there is the Cayley-Hamilton relation

Y o (X“XchXd>: Y (X“Xh)trp (XCXd>, (11.32)

6 permutations 3 permutations

which allows for an ambiguity in the split of Band C. For n = 2 we can perform
all the traces with four matrices X? in terms of Kronecker deltas.
The relation between the general amplitudes and the 77 scattering case
@22) is
A(s, t,u) = C(s,t,u) + B(s, t,u) + B(t,u,s) — B(u,s,t). (11.33)
Note that the property (IL31) insures that A(s,t,u) is symmetric under the in-
terchange of t and u as it should be. The form ([L22) holds also for any set of
pions. Le., taking any SU(2) subgroup of the unbroken group and any three of
the pseudo Goldstone bosons that form a triplet under such a group, one can

rewrite the general amplitude (IL30) into ((L22) using (IL33).

I1.3.3 QCD case: channels and amplitudes

The Goldstone boson transform under the conserved part of the group, SU(n),
as
¢ — hoh' . (11.34)

This means that they are in the adjoint representation of SU(n). For the n = 2,3
case we have an isospin triplet under SU(2) and an octet under SU(3). The
intermediate states for these are well known:

SuR2): 3®3 1®3®5(or1=0,1,2),
SUB): 88 = 1®8;®84DI0PI0D27. (11.35)

The group theory for SU(n) can be done in many ways. One is via Young
diagrams and the second using tensor methods. We will do both. The Su(n)
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case derived here was in fact known [31] and our results are in agreement
with his. Young diagrams for SU(n) are explained in [32] page 370. The Young

diagrams for SU(n) give

| ® | = - o

|

|

[ o

S5)

S5)

1 O

O

(11.36)

Note that the : stand for 7 — 5 boxes. In terms of free indices the right hand side
of ([L36) is no indices (singlet), twice one upper and one lower index (adjoint).
The remaining four have all two lower and two upper indices, where the up-
per indices are produced from the columns with length n — 1 and n — 2 boxes
using the Levi-Civita tensor e'». For these we use the notation R% where
X = S, A indicate whether the lower indices are symmetric or antisymmetric
and Y = S, A the same for the upper indices. The decomposition ([L36) can

thus be written as

Adj.® Adj. = Ri®Rs B Ry ® +RS GRS R @RS

(11.37)

The order of the irreducible representation on the right-hand side is the same

in (IL36) and (IL37).

If we have a particular two-meson state ¢*(p1)¢’(p2) we have to write it
in terms of states that belong to the irreducible multiplets to obtain the am-
plitudes for the different channels. We use a simplified notation below with
A=X"B=X"C=Xand D = X? for many of the terms. All traces connecting
a lower with an upper index must vanish.

e R;: singlet representation. All indices should be contracted, so this must

be proportional to A}B} = trg (AB). Summing over the n> — 1 states that
are present tells us that the correct normalized state is

Ry

1
Vn? -1

- %trp (X“Xb) P9’ .

(11.38)

A projection operator P’ that projects on the singlet component is

abed __
Pt =

nz—1

trp (AB) trrp (CD) .

It can be checked that this is a projection operator

abed
pybed pr

using (IL8) and ¥, 6,5 = n* — 1.

cdef Pahef
=P,

(11.39)

(11.40)



11.3 General results for the amplitudes 75

e Rg: adjoint symmetric representation. This needs in the end an upper
and a lower index and must be traceless. We choose here to split up
the two possible contractions of the indices of A and B in way that is
symmetric under the interchange of A and B.

(RS);' =4/ z(nznj

The last term is needed to make Rg traceless. The normalization can
be worked out by checking the normalization of a particular state or by
checking that the projection operato

. . 2 .
Aj'By + Bl' Ay, — ;(5]1{1'1: (AB)] . (11.41)

Ps = Rs(A, B) Rs(C, D) (11.42)

has the correct normalization, its square is equal to itself. This leads
finally to the projection operator

n 4
Ps = ——— AB D)(CD+ D - = AB D)| . (1.4
s = 37 |t (AB-+CD)(CD +DC)) = orp (AB) s (CD)| . (1143
Suppressing the indices we get similar to (IL40) PZ = Ps and PsP; =
P;Ps = 0.
e R,4: adjoint anti-symmetric representation
(Rp)i= —— (A’."Bi — BMA ) (11.44)
A)j = \/ﬂ jPm jm ). :

R4 (A, B) is traceless and antisymmetric in A and B. The projection oper-
ator corresponding to this is

Py = %t@ ((AB — BA)(CD — DC)) . (11.45)

e R#: symmetric for lower indices and antisymmetric for upper. A state
here corresponds to

A\ T ini Y/ j
(R&), = 3 {A}CB{ + = o) (Bl - A;”Binﬂ
—((e )+ kel)—(icjkal). (11.46)
The projection operator on this type of states is
_ (rta (R o)
Psy = (RS (A,B))kl (RS (C,D))ij
- ﬁ [trF ((AB — BA)(CD — DC)) + n(trf (ACBD) (11.47)

—try (ADBC) ) + n(trg (AC) try (BD) — try (AD) tr (CD) )] .

“We suppress the superscript abcd from now on.
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e RY: antisymmetric for lower indices and symmetric for upper. A state
here corresponds to

ij 1[0 Y/, j
(R‘%)kt -2 {A;‘B; ~ % (A’,,,B;” B ATB]’”)]
+ij)—(k< ) —(i+jk<1). (11.48)
The projection operator on this type of states is
Pus = ﬁ [trp ((AB—BA)(CD — DC)) — n(trp (ACBD) (11.49)
—try (ADBC) ) + n(trg (AC) trr (BD) — try (AD) tre (CD) ) |
e RZ: symmetric for both upper index and lower index. The states are

1

S\ ] ] ]
(R, = 5 |AiB] - n+25,1(A;’13m+Bl"1Am>

1
HCEDICES)
+ieo N+ ko D+ jke]) (11.50)

Sisltry (AB)

and the projection operator is

Pes = ﬁtrp ((AB+ BA)(CD + DC)) + % (e (ACBD)

+trr (ADBC) ) + %(trp (AC) tr (BD) + trp (AD) trp (CD))

1
+mtrls (AB) trr (CD) . (1151)

e R4: antisymmetric for both upper index and lower index. The states are

(Rg);cjz - 9

ALBl+ —

5 (A;"B{;, + B,’”A{ﬂ>

—ma,’;é{trls (AB)

—(ij)—(ke D)+l jka]) (11.52)

and the projection operator is

Puy = L}(n‘i_lz)tm ((AB+ BA)(CD + DC)) — }1 (e (ACBD)

+trr (ADBC) ) + i (trp (AC) trp (BD) + try (AD) tr (CD) )

1

IO,

trp (AB) trr (CD) . (11.53)
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The projection operators agree with those of [31] and using ({L9) can be shown
to satisfy P,P = P46, for r the various representations. One last check is that

ZPr = trp (AC) trg (BD) . (11.54)

The right-hand side is the unit operator when acting on the product of two
states in the adjoint representation. It can also be seen that R, Rs, R4 and R$
are symmetric under interchanging A and B while Ry, Ri and Rg“ are antisym-
metric.

The amplitude in the different intermediate states can now be extracted
from the general amplitude in two equivalent ways. We can pick a state R, in
a representation r and get it via

Tr = (Ry[M(s, t,u)|R;), (11.55)
or apply the projection operators on the full amplitude with
P, T, = PM(s, t,u). (11.56)

Both methods give as expected the same result but the second one is much
easier to apply. For the first method it is best to choose a state where the terms
with § functions are not present. E.g. for the four index representations take a
state R, withi =1,j = 2,k = 3,1 = 4. For evaluating (IL56) one can use (IL8).

T, = 2 <n - %) [B(s,t,u) + B(t,u,5)] — %B(u,s, )
+(n® —=1)C(s, t,u) + C(t,u,s) + C(u,s,t),
Ts = (n—%) [B(s,t,u)+B(t,u,s)]—%B(u,s,t)
+C(t,u,s) +C(u,s,t),
Ty = n[—B(s,t,u)+ B(t,u,s)]+C(tus)—Clu,s,t),
Tsa = C(tu,s)—C(u,s,t),
Tas = C(tu,s)—C(u,s,t),
Tss = 2B(u,s,t)+ C(t,u,s)+C(u,s,t),
Tag = —2B(u,s,t)+C(tus)+C(us,t). (11.57)

They satisfy the relation similar to (IL24),

M(s, t,u) ZTr s, t,u) (11.58)

One also notices that Ts4 = Tys in general from (IL57).




78 Meson-meson Scattering in QCD-like Theories

II.3.4 Real case: channels and amplitudes

In this subsection we work out the possible two meson intermediate states for
the case of SU(2n)/SO(2n). One problem is that the mesons transform under
SO(2n) as ¢ — hoh'. The matrices h € SO(2n) in the embedding introduced
here do not simply satisfy hh? = 1 either. In our case the SO(2n) is instead
defined as hJshT = Js. The easiest way to obtain objects that appear in the
usual way is to note that using (IL6)

¢Js — hh'Js = hpJsh” (11.59)

and that an invariant trace on these object needs an extra factor of Js. E.g.

(¢"T5)]s(¢°Ts) — h(9"Js)hT Jsh(¢?Ts)hT = h(¢"Js)]s(9"Js)hT . (11.60)

Keeping that in mind we can use the standard way of dealing with SO(2x).
Note that (¢]5)T = Js¢T = ¢Js so the Goldstone bosons live in the symmetric
representation of SO(2n).

The method of Young tableaux has been generalized to SO(2n) [33, 34].
Putting together two symmetric representations gives

[D®|:|:|=-@H@III®IIIII@ e (1.61)

We can write this in the form
Sym. @Sym. = R; ® Ry ® Rg ® Rps @ Rpyra @ Rygs - (11.62)

The states are given in Tab. [LTl They are made traceless but remember that
indices of ¢?Js and ¢"Js are always contracted with Js.
As an example the singlet representation R; is proportional to

(@ Ts)iiJsikJsji (¢°]s)kl = trp <¢a¢b) -
The two-index antisymmetric representation R4 is, now using A, B for ¢°, v,

(AJs)ik(BJs)jt)ski — (AJs)jk(Bls)i)skt = (AB] — BAJ);; (11.63)

where we heavily used J2 = 1 and the fact that AJs and BJs are symmetric
matrices. One can also easily check that the trace (ABJs — BAJs);;/s;; vanishes.

Then R4 and R are antisymmetric respectively symmetric both under i <+ j
and A < B. The remaining ones are the four-index representations. Rgg is fully
symmetric in all indices and under A > B. The two remaining representations
have a mixed symmetry in the indices but are antisymmetric respectively sym-
metric under A <> B.
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1
Ry ) (ne) OF (AB)
Ry (AB] — BA]);j
Rs (ABJ + BA]);j — L];;(AB)

Res | (ADij (B — 2 []ij(AB]+ BA])kl] + m]iﬂkzmm
L (ijkl ¢ ikjl) + (ijk] <> iljk) + (ijk] < Klij)
(k] < flik) + (ijkI <> jkil)

Rya (AD)ij (B — (ADu (B])ij — zis []ik(AB] —BA])j
+Jix(AB] — BA])i + Ju(AB] — BA])jx + ] (AB] — BA])ik]

Ryss (AD)ij (BN + (A)w (B])ij — (A (BI)jt — (A])ji (B])ix
+ﬁ []ij(AB] + BA])u + Ju(AB] + BA]J);;

—Ji(ABJ +BAJ])j — Jy(AB] + BA])ik}
(W(]z]]kl ]1k]jl> (AB)

Table 11.1: The intermediate states for the real or adjoint case, SU(2n)/SO(2n). The

notations A, B stands for ¢? and ¢ and J is J everywhere.

The corresponding projection operators are given in Tab. These can
be obtained by contracting the indices with Js of the states once with A, B and

once with C, D.

We can now use Tabs. [LTland [L2]to project out the amplitudes in the var-

ious channels using (IL35) or (IL56). The results are

T, = %(271 1)(n+1)[B(s, t,u)—&-B(t,u,s)}—|—%(n—1)B(u,s,t)
+(2n—1)(n+1)C(s,t,u) + C(t,u,s) + C(u,s,t),

Ta = —(1+n)[B(s,t,u) — B(t,u,s)]+C(tus)—C(us,t),

Ts = (n—1)(n+2)[B(s,tu) + B(t,w,5)] + - (n —2)B(u,s, 1)
+C(t,u,s) + C(u,s,t),

Tes = 2B(u,s,t)+C(tu,s)+C(u,s,t),

Tva = C(tu,s)—C(u,s,t),

Tyms = —B(u,s,t)+C(tu,s)+C(u,s,t).

(11.64)
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Py @1y (AB)(CD)

P fm((AB — BA)(CD — DC))

Ps P TeE <<(AB + BA)(CD + DC)) — %(AB)(CD))
Prs } | iz (AB)(CD) + (AC)(BD) + (AD)(BC)

+2(ACBD + ADBC) — ;25 ((AB+ BA)(CD + DC))]

Puma | spryy ((AB = BA)(CD — DC)) + 3((AC)(BD) — (AD)(BC))

Pus } | =iy (AB)(CD) +2((AC)(BD) + (AD)(BC))
~2(ADBC + ACBD) — ;11 ((AB + BA)(CD + DC)) |

Table 11.2: The projection operator for the different intermediate states for the real or
adjoint case, SU(2n)/SO(2n).

II.3.5 Pseudo-real case: channels and amplitudes

In this subsection we work out the possible two meson intermediate states for
the case of SU(2n)/Sp(2n). One problem is that the mesons transform under
Sp(2n) as in ¢ — h¢h'. The easiest way to obtain objects that appear in the
usual way is to note that using (IL6)

¢Ja — hph']4 = hpJah” (I1.65)

and that an invariant trace on these object needs an extra factor of ] 4. Keeping
that in mind we can use the standard way of dealing with Sp(2n). Note that
(9]a)T = Jh¢T = —Ja¢T = ¢Js so the Goldstone bosons live in the antisymmet-
ric representation of Sp(2n).

The method of Young tableaux also is developed for Sp(2n) [33,34]. Putting
together two antisymmetric representations gives

H@H:‘@H@Dﬂ@ @_I@ (11.66)

We can write this in the form

Asym. @ Asym. = Ry ® R4 ® Rs & Rpa ® Rypa @ Ryys - (11.67)
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1
R TR

Ra (ABJ + BAJ)i; — 1+ Jij(AB)
Rs (AB] — BA]);j

Rea | (A])ij (B])u + 522 Jij(ABJ + BAD)ki = a5 Jij ki (AB)
—(ijkl > ikjl) + (ijkl < iljk) + (ijkl <> klij)

+(ijkl > jlik) + (ijkl > jkil)
Rua | (A])ij (B))okl = (A]) (B])oij — 5 |Ja(ABJ — BAJ);
+Jji(AB] — BA])ix — Ju(AB] — BA])jx — Jjx(AB] — BA]):'I}
Rus {(A])ij (B + (ADix (B])j1 — m {]ij(AB]-f— BA] )
—J(AB] + BA]) | + (i > ki) }
+m (Iij]kz - ]ik]ﬂ) (AB)

Table 11.3: The intermediate states for the pseudo-real or two-colour case,
SU(2n)/Sp(2n). ] means J4.

The states are given in Tab.[[LIl They are made traceless but remember that
indices of ¢"J4 and ¢'], are always contracted with J4.

The representations are the singlet representation, symmetric under A < B,
R4 which is antisymmetric under the interchange i <+ j but symmetric under
A + B and Rg which is symmetric under the interchange i <+ j but antisym-
metric under A <+ B Let us show the latter on R4 The two-index antisymmetric
representation R, is, now using A, B for ¢7, cpb,

(AJa)ik(BIa)ji]akt — (AJa)jk(BJa)it] axi
—(AJa)ixJaxr (BT a)1jJ axt — (BJ a)it] ik (Al A )ki
= (ABJ+ BA])i]' , (11.68)

where we used J3 = —1 and the fact that AJ4, BJ4 and J4 are antisymmetric
matrices.

The remaining ones are the four-index representations. R4 is fully anti-
symmetric in all indices and symmetric under A «+» B. The two remaining
representations have a mixed symmetry in the indices but are antisymmetric
respectively symmetric under A «» B. The states are give in Tab. [[L3]

The projection operators can be constructed by contracting all indices with
Ja of the states once with A, B and once with C,D. The results are given in

Tab. L4
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@ (AB)HCD)

stios ({(AB+BA)(CD + DC)) — 2(AB)(CD))

,m«fm — BA)(CD — DC))

é[mmwm {AC)(BD) + (AD)(BC)

—2(ACBD + ADBC) — -2,((AB + BA)(CD + DC)>]

2(

_1
n—1)

((AB—BA)(CD — DC)) + 1((AC)(BD) — (AD)(BC))

><CD> (AC)(BD) + (AD)(BC)

% [ n-+1) 2n+1
7 ((AB + BA)(CD + DC)) |

+(ACBD + ADBC>

(

Table 11.4: The projection operator for the different channels for the pseudo-real or
two-colour case, SU(2n)/Sp(2n).

We can now use again (IL35) or ([L36) to obtain the amplitudes in the dif-
ferent channels. The results are very similar to the real case and read

(2n+1)(n—1)[B(s,t,u) + B(t,u,s)] —

) (n+1)B(u,s,t)
(2n+1)(n —1)C(s,t,u) + C(t,u,s) + s, t),
;(n—l—l)(n 2)[B(s,t,u) + B(t,u,s)] — %(n—&—Z)B(u,s, )

1
Clu,

— 4+ | =

+C(t,u,s)+C(u,s,t),

(1 —mn)[B(s, t,u) — B(t,u,s)| + C(t,u,s) — C(u,s,t),

—2B(u,s, t) + C(t,u,s) + C(u,s,t),

C(t,u,s) — C(u,s,t).
(t,u,s)

B(u,s,t) + C(t,u,s)+C(u,s,t), (11.69)

II.4 Results for the amplitude M(s, t, u)

We have rewritten the amplitudes here in terms of the physical decay constant

Fp

hys and mass Mghys. The relation of these to the lowest order results can be
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o >ox W

(1) (2) (3) (4)

Figure 11.1: The leading order and next-to leading order for meson-meson scattering
¢p — p¢. The filled circle is a vertex from L, and the filled square is a vertex from L.

found in [1]. We also use the abbreviations

M? M?
- phys o 1 1 phys o 1
= , =— , =—. 11.70
= 162z 6T 162 (11.70)
phys

In addition we have often used ([L.Z8) to simplify the expressions.

I1.4.1 Lowest order

The lowest order result comes from the simple tree-level diagram (1) of

Fig. L1l

BLO(S/ t,bl) = X3 (—%t + 1) , CLO(S/ t, H) =0, (1171)

for all cases. This reproduces using the relation ([[.33) Weinberg’s result [24]
for i scattering
Ao = x2 (S — 1) . (1172)

I1.4.2 Next-to-leading order

The next-to-leading order contains the 3 diagrams (2-4) in Fig. [L1] in addi-
tion to wave-function-renormalization. The divergences from loop diagram
(3) and (4) can be canceled by the bare low energy constants (LECs) of £, in
the diagram (2).

The functions B(s,t,u) and C(s,t,u) can be calculated from the one-loop
graphs shown in Fig. [LT(2-4) and wave-function renormalization. It also con-
tains terms from rewriting the lowest-order result in the physical mass and
decay constant.

The functions B(s,t,u) and C(s,t, u) can be rewritten in the form

B(s,t,u) = «x
C(s, t,u) = «x

[Bp(s, t,u) + Bs(s,t —u) + Bs(u,t —s) + Br(t)] ,

2
2
2 [Cols,t,u) + Cs(s) + Cr(t) + Cr(w)] . (11.73)
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Bp(s, t,u) and Cp(s, t,u) are the polynomial part, the remaining pieces are often
called the unitarity correction. This can be proven using an extension of the
methods of [35].

Using (IL28) we rewrite the polynomial part in its simplest form satisfying
the symmetry constraints (IL31):

Bp(s,t,u) = aj+aot+azt? +ay(s —u)?,
Cp(s,t,u) = P1+Pos+Pas® + Palt —u)?. (11.74)

The polynomial part for the three cases is give in Tab.
The unitarity correction is given in Tab[[L.6l We noticed that the C functions
for the SO(2n) and Sp(2n) case are the same.

II.4.3 Next-to-next-to-leading order

There are 13 diagrams at next-to-next-to-leading order shown in Fig. We
have checked that the nonlocal divergence cancels for all three cases and that
for the complex or QCD case the result is fully finite with the subtractions
calculated in [23].

The diagrams (15) and (16) are often called the sunset and vertex or fish di-
agram respectively. These require the most difficult integrals. At intermediate
stages we needed more integrals than those calculated for [25,26]. They were
calculated with the methods of [36] and are given in App. LTl

B(s,t,u) = x5 [Bp(s,t,u)+ Bs(s,t —u)+ Bs(u,t —s) + Br(t)],
C(s,t,u) = x3[Cp(s,t,u) +Cs(s) + Cr(t) + Cr(u)] . (11.75)

The polynomial parts we rewrite using (IL28) in their simplest form satis-
fying the symmetry constraints ([L31):

Bp(s,t,u) = 71 +72t+7st +7a(s — ) + 458 + 76t (s — u)?,

Cp(s,t,u) = 061+ 025+ 035 4+ 84t — u)? + 855 + dgs(t — u)>. (11.76)
The coefficients in these polynomials as well as the functions in ([[L7D) are
given in App.[[L1l The FORM expressions can be downloaded from [37]. We

stress once more that the result is fully analytical and expressed in terms of L
and J.

II.5 Scattering lengths

The threshold parameters of general meson meson scattering are defined simi-
lar to those of 77t scattering. First we calculate the amplitudes for the different
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QCD: SU(n) x SU(n)/SU(n)

Bp(s, t,u) | aq

2L+ 2716+ 1615 + 16L)) — 3nL — Snme

a —4L% —16L) + 15—2nL + nmie

a3 Ly +4L] — f—GnL — innm

0y Ly — %nL — %nnm
Cp(s,t,u) | B1 32(L — Ly + L§) — & (L + 716)

B2 16L} — 32}

B3 3L+2U —|—8U 36

Ba 215 — gL — §716

Adjoint: SU(2n)/SO(2n

)

oo [ o 6t~ £+ 3~ ) L= (R ¥ 1)

) —16L) — 4L’+<57+ )L+<8+H76n>7_[16

o e () (i 8) me

ay L+ (ﬂ g)L+(T %)ﬂm
C(s,tu) | P1 32(Lf — Ly + L) — 5L (L + 716)

P2 16 (L} — ng)

B3 8U+2L2 167T16 2L

Ba 2Ly — AL — Ly

Two-colour: SU(ZN)/Sp 2N)

Bp(s,t,u) | aj

(
6L+ 1) + (5 +1-3) L+ (R-%+1)me

2

2 ~16L5 — 415+ (% - 3) L+

1 5
@ s+ is+ (A— )L+ (F- %) me

5
oy L3 (24+48>L (144+%> 16
Cp(s,t,u) | B1 32(LY — Ly + L§) — 5 (L + 7116)

Ba 16(15 - 2L)
B3 8L} +2L2 £ 16— 2L
‘34 2Lr L 167‘[16

Table 11.5: The next-to-leading results for all three cases for the polynomial part. The
coefficients are defined in (ILZ4).

channels using ([L57), (IL64) and (L&I) for each of the possible intermediate
states of representation or channels I.

The scattering amplitude for each channel I can be projected out using the
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QCD: SU(n) x SU(n)/SU(n)

Bs(s,t —u) Js) -1+ g2+ 5 (1—§) (t—w)]
Br(t) 0
Cs(s) J(s) ( 2 4 §52)
Cr(t) 1) (t-2)?
Adjoint: SU(2n)/SO(2n)
Bs(s,t—u) | J(s) [~ + 5+ (n—1) 2+ f(n+1) (1-5) (t—u)]
Br(t) gJ(1)(t—2)?
Cs(s) () (5 +4s 2)
Cr(#) gJ(H)(t-2)

Two-colour: SU(2N)/Sp(2N)

Bs(s,t—u) | J(5) [~k — ds+ f(n+ D2+ f(n—1) (1-§) (t = w)]
Br(t) *%T(t)( —2)?
Cs(s) J(s) (25 + s )
Cr(t) 8T (t —2)2

Table 11.6: The next-to-leading results for all three cases for the unitarity correction.

partial wave expansion
TH( = an / (cosB)Py(cosO) T (s, t,u). (11.77)

Near the threshold s = 4, we can expand the amplitude above the threshold
using s = 4(1 + g%/ M2) in the small three-momentum 4.

Re T/ (s) = ¢*[a} + ¢°b} + O(q")], (1L.78)

where a! is the scattering length, and b/ is the slope.

In App. we give the expressions of the lowest partial wave scattering
length for each channel in all three cases. As mentioned in Sect. some
channels are symmetric under A < B, hence the lowest order partial wave is
¢ = 0. The other channels are antisymmetric under A <> B, so that the lowest
order partial wave is £ = 1. A and B are the incoming mesons here using the
notation of Sect.

For the purpose of illustration, we plot the scattering length for the singlet
and the fully-symmetric (fully-antisymmetric) channels as a function of the
physical meson mass M}%hys' Since currently we do not have knowledge for
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Figure 11.2: The next-to-next-to leading order diagrams for t7t — 7r7r. The filled circle
a vertex from £, The filled square is a vertex from L4, and the open square is a vertex
from L.

the values of the low energy constants for these, we take the values of the L}
of fit 10 of [38] for the complex or QCD case and half that for the other two as
suggested by the large n relations discussed below. The values of the NNLO
LECs we simply put to zero. We also choose the subtraction scale i = 0.77 GeV
and the physical decay constant Fyys = 0.0924 GeV.

The singlet case for the complex case is shown in Fig. We have divided
the scattering length by # to make the lowest order similar for all cases. Plot-
ted are n = 2,...,5. One can see that for a given M}z)hys the convergence gets
progressively worse for larger n. For n = 2 this corresponds to 4.
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Figure 11.3:  Scattering length a(l) /n for the complex or QCD case, SU(n) x
SU(n)/SU(n).

The fully symmetric case case for the complex case is shown in Fig. [L4l
Plotted are n = 2,...,5. One can see that for a given M}%hys the convergence
gets progressively worse for larger n. For n = 2 this corresponds to 43. The
lowest order is independent of n. The NLO order is only mildly dependent on

n while the NNLO part grows fast with .

I1.5.1 Large n behaviour

Looking at the lowest order expressions in App. we notice immediately
that the large n behaviour for the scattering lengths fall in three classes.

The scattering length is of order # for the singlet and symmetric and asym-
metric representation and what is more they are clearly related for the three
cases:

I I I Y2 n
aO'compIex = Aglreal = ao‘pseudoreal —Lo K (11.79)
A Xo n
a8|c0mplex = ag‘real = Ay ‘pseudoreal =LO 16’ (11.80)
A A Xo n
M |comp1ex = 7 |real = a%‘pseudoreal =LO 48’ (11.81)

The symbol =;, means equality at lowest order. Do the relations (IL79HIL8T)
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Figure IL4: Scattering length a3° for the complex or QCD case, SU () x SU(n)/SU(n).
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Figure IL.5: Scattering length of al) /n for the real or adjoint case, SU(2n)/SO(2n).

remain valid at higher orders? If we choose thys o n and MIZ)hy , independent

of n, we find that it is indeed the case for (ILBOIL8I). For {L79) it is true,
provided we set the NLO LECs L! of the real and pseudoreal case to half those
of the complex case and the NNLO coefficients K; to 1/4 the complex case. The
contributions are nonzero at the three orders for all of them. The subleading
orders in 1/n are different.

A second class is those which are order 1 in the coefficient of x, /7t at lowest
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Figure I1.6: Scattering length of al* for the real or adjoint case, SU(2n)/SO(2n).
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Figure IL7:  Scattering length of a)/n for the pseudoreal or two-colour case,
SU(2n)/Sp(2n).

order. For these we find
X2 —1

SS _ FS __n,MS _
ag ‘complex = |rea1 - Zao |pseudorea1 —LO T 16’ (1182)
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Figure 11.8: Scattering length Zaé”s for the pseudoreal or two-colour case,

SU(2n)/Sp(2n). The factor of 2 included is because of the large 1 relation ([L82).
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AA _ 5 MS|_ _ _ _FA _ xn 1
ap ‘complex = 25!0 |real_a0 |pseudoreal —LO T 16" (1183)

We do indeed find that the relations are also satisfied at NLO and NNLO. In
fact none of the scattering lengths in (IL82) has a leading n NLO correction to
the lowest order result. This can be clearly seen in Fig. [L4 where the NLO
result is very similar in all plots.

The third class is the amplitudes that vanish at lowest order

A A A A
a? ‘complex = M S|complex = 2‘1{\/1 |real = 2‘1{\4 |pseudorea1 =100. (1.84)

These are always suppressed by two powers of n compared to the first set of
scattering lengths also at NLO and NNLO. The relations (IL.84) are satisfied
at NLO with same identifications of the LECs as above and almost at NNLO.
The only terms that do not satisfy the relation are proportional to L} L.

By comparing the plots shown one sees that the large n relations do predict
the general behaviour but for n = 2 and n = 4 are not that accurate.

II.6 Conclusions

In this work we have presented the calculation of general meson-meson scat-
tering for n flavours in a complex, real or pseudoreal representation of a
strongly interaction gauge group. These are also referred to as QCD, Ad-
joint QCD and Two-color QCD and have as symmetry breaking patterns
SU(n) x SU(n)/SU(n), SU(2n)/SO(2n) and SU(2n)/Sp(2n)

We first reviewed the effective field theories of these three different cases.
Those theories can be written in a very similar form as discussed earlier [1].
We have extended the methods used for 77t scattering in ChPT [26] to all the
present cases. At intermediate stages some more integrals showed up, we
have calculated them and they are tabulated in an appendix.

The amplitude can in general be written in terms of two invariant ampli-
tudes which we called B(s, t,u) and C(s, t,u). These amplitudes can be written
in terms of simpler functions and we have given their fully analytical expres-
sions to NNLO.

Since the long term use of our work is the study of scattering on the lattice
for these alternative theories we have discussed the group theory involved
and all the possible intermediate channels. We have derived the amplitudes
in all these channel as a function of the invariant B and C functions.

The expressions for the different channels we have not shown explicitly
but we included expressions for scattering length of the lowest partial wave
in all channels. We presented a few representative numerical results for the
scattering lengths and discussed a series of relations between the different
theories in the limit of a large number of flavours .
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IILA Next-to-next-to leading order result
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II.LB Polynomial parts

Divergent parts can be put here.

II.B.1 Complex or QCD

The coefficients of polynomials part for Bp at NNLO.
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II.LB.2 Real or adjoint

The coefficients of polynomials part for Bp at NNLO.
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The coefficients of polynomials part for Cp at NNLO.
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II.B.3 Pseudo-real or two-colour
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II.C  Scattering lengths

II.C.1 Complex or QCD case
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ILD Loop integrals

ILD.1 One-loop integrals

We use dimensional regularization here throughout in 4 dimensions with d =
4 —2¢. We need integrals with one, two and three propagators in principle.
These one propagator integral is

. d
Aw?) = | (%dﬁ. (1.116)

The two propagator integrals we encountered are

2.2 2y _ 1/ d’q 1
B =3 ] G (@) ((a— 1)
2 2 1/ d’q u
B ) =5 ] Gt ) p2 )
= pyBi(mi,m3, p?),
y 1 odY Tuv
Bulrrd ) = [ G ~rDla=p - md)

- PvaB21 (m1/ m2/p ) +g}4VB22(m1/ m%/ Pz) . (11117)
All the cases with three propagator integrals that show up can be absorbed
into the two-propagator ones by moving to the real masses rather than the
lowest order masses. This provides a consistency check on the calculations.
The explicit expressions are well known

m? cz 1 7 1
A(m?) = 167r2{/\0 In(m 2)+€<2 +2+ﬁ+21 2(m?)
—c1n(m2)) } +0(e?),
1 m2 In(m?) — m3 In(m3)
B(mi,m3,p?) = 1672 </\0— ! n}l%—mg 22|+ J(mi,m3, p?) + O(e),

C o o o 1 /1 m2x +m3(1—x) —x(1—x)p?
J(m3,my,p7) = —@/O dxIn m%x—km%(l—x) , (11.118)
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C =1In(4n)+1—vand Ay = 1/e + C. The function ](ml,mz, 2) develops an

imaginary part for pz > (m1 + mz) Using A = m? —m3, £ = m? +m3 and
v2 = pt + m} + mb — 2pPm? — 2p*m? — 2m3m3 it is given by
- A X m2 (P> +v)? — A2
(327'( )](ml,mz, ):2+(_P+X)1 %—?lnm (11119)
The two-propagator integrals can all be reduced to B and A via
1
Bt 3, p?) = g (A~ AW) & (03— — p)BO 7))
1
Bzz(m%, m%, Pz) = m (A(m%) + Zm%B(m%, m%, Pz)
+(m3 =} — p?)By (i, m3, 1))
1
Boy(m3,m3,p%) = P (A(m%) + m2B(m3,m3, p*) — dBy (m?, m3, pz)) . (11.120)

The basic method used here is the one from Passarino and Veltman [40].

II.LD.2 Sunset integrals

Sunset integrals have been treated in many places already, in general and for
various special cases. We use here a method that is a hybrid of various other
approaches. We only cite the literature actually used. We define

1 [ diq adir X
(x) =3 | , @2y
2] (2m)d 2m)® (g% —m3) (2 —m3) ((q+71—p)? —m3)
H(mi,m3,m3;p*) = ((1)),
H,,(m3, m3,m3; p*) ((gu)) = puHy (m3, m3,m%; p?),
Hy (m3, m3,m3;p*) = {((quqv))
= pupvHa (m3, m3, m3; p*) + gy Hoo (m3, m3, m3; p?).

(11.122)

By redefining momenta the others can be simply related to the above three:

) = pub (m%, m%, m%; PZ) ,
)) = pupvHa (m3,mi,m3; p?) + guvHao (m3, m3, m3; p*),
(gurv)) = ({ruqu)),
)) = pupvHas(mi,m3,m3; p*) + guvHoa(m3, m3, m3;p*),  (11.123)
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with
2Hps(m}, m3,m3;p*) = —Hy (m],m3,m3;p*) — Hy (m3,m3, m3; p*)
+H21(m§,m1,m2, 2)+2H (ml,m%,mg,pz)
+2H1(m§,m1,m3, %) — H(m3, m5,m3; p*),
2Hpy(m3, m3,m%; p?) = —Hy(ml, 2,m3, p*) — Hy(m3, m3, m3; p*)

(m3,m
+Hyy (m3,m3, m3; p). (11.124)

The first two follow from interchanging g and r and the third from the fact that
it is proportional to g, or p,py, which are both symmetric in z and v. The last
one is deribed using

(@@urv+ruqv) = (@ut+ru—pp) @v+ro—po) = quiv = rurv = pupy
+2py (qu +1v) +2py (qu +14) (11.125)

and redefining momenta and masses on the r.h.s.. In addition we have the
relation

p?Hat (m3, m3, m3; p*) + dHoy (3, m3, m3; p*) =
m2H(m3,m3,m3; p?) + A(m3)A(m3) . (11.126)

which allows to express Hp, in a simple way in terms of Hy;. There is also a
relation between H; and H

Hiy (e 3, i p2) -+ Hhy (3, e ;) 4 Hhy (o, e i p2) =
H(m2,m3,m3;p?),  (1.127)

which allows to write Hy(m?, m?,m?;p*) = 1/3 H(m?, m?,m?; p?) in the case of
equal masses. The function H is fully symmetric in m%, m3 and m3, while Hj,
Hy and Hy; are symmetric under the interchange of m3 and m3

We only need the sunset integrals at p? = m% = m3 = m3 and their deriva-
tives w.r.t. p2. These have been calculated using the methods of [36]. With

Hy = a%zHi we obtain

2 5 % 3, 2 5
H = Am —3Lmg | + E)\zm e
) 1 1572,
3L 7L7r16+ 47r i + 3 (11.128)
1172 1
H21 = Alm ( 7216 — L7'(16> + é/\zmzﬂ%6
11 49372
+m? ( 36L7r16 + g7 22+ 86416> (11.129)
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15772, 13 13
H22 = )\11’?14 ( 28816 — 12L7T16> + ﬂ)tzm47'(%6

157 13124 13 2933772
+m* (—anl6+ B +mn2n%6+ 345616> (11.130)

2 2
Lme Mg | 7T

H; = 11.131
d 2 r 8 (11131)
 Lmg Mg, 437
Haa = —5 51+ 588 (11.132)
5 5 5. 5, 5, 17973, ,
Hyy = ELW 16 — %Alm 7 + 11526 (11.133)

H; and Hy, follow immmediately using ([IL86).

II.LD.3 Vertex integrals

The vertex diagram (16) in Fig. is the most difficult two-loop diagram in
¢¢ scattering, and it can also appear in other process. The two loop integral
for the equal mass case can be written as

_ EE X
) = g [ [y g e
(11.134)

The Lorentz decompositions of the vertex integrals are [41]
(1

@y = v,
(ru
(

))
({ru)) puVi1 + quVaz2,
((s0) puViz + quVia,
((rurv)) = guvVa1 + pupvVaa + quqvVas + (Pudv + qupv) Ve,
((rusv)) = guwVos + pupvVae + quiv Va7 + qupvVag + puqv Voo,
({susv)) = guvVar0 + PupvVanr + quqvVarz + (Gupy + pug) Vaia,
((rurvra)) = (SuvPa + Suabv + §uaPu) Va1 + (Suvda + Suadv + Svadyu) Va2
+PupvPaVaz + quqviaVas
+(Pubvia + PudvpPa + qupvPa)Vas + (GudvPa + qupvda + Pudvia) Vae ,
((rurvsa)) = GuuPaVa7 + &uvaVas + (SuaPv + SuaPu) V3o + (Suadv + Suadu) Vaio
FPuPvPa V311 + quqvqa Va2 + Pupvqa V313 + quqvpa V314
+(Puqv + qupv)PaVa1s + (Pudv + qupv)9aVaie,
({rusvsa)) = PugvaVa17 + qugvaVais + (QuvPa + Suapv) Varo + (Suvffa + Sualiv) Vazo
+PupvpaVaal + GudviaVaze + Puquvda Va3 + qupvpaVaz
+Pp(Pvia + qvpa) V325 + qu(pulu + qupa) Vaze - (11.135)
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The ((sysys«)) does not show up in ¢¢ scattering. Most of those V; functions
have been calculated analytically in [26] except the ((s;s,)) and ((rusysa)). We
have calculated the rest of them in this work, which are V519 — V513 and V317 —
Vape. Again, the methods of [36] were used here, somewhat extended to the
cases at hand. We have compared our results with the numerical evaluation
for general masses described in [41]. The quantity B¢ is the next term in the
expansion of B in ([IL80) but these terms always cancel in the final result.
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Where the J and k; function are defined as
o= \/l—é,
S
[ llnL_l
o oc+1
J = me(c®*h+2)
ky = mkoth?
ky = mis(c*h* —4)
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ke = e e mmep2 (5] e (5 1
5T 2T T bl 9 12 \2 3*
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kg = S<k4+12k1+367(16])+7T16<216+367'()
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The J and k; vanish at s = 0 and are well behaved for s — oo. They have
discontinuities in the derivative at threshold but there no poles there. The
functions k; are constructed using the arguments and methods of [42].

All the k; above show up at intermediate stages of the calulations but in
the final result k5(s), . .., ko(s) always appear multiplied by powers of s and can
thus be removed.

Finally, to get the scattering lengths we need to expand these functions
around t,u = 0 and s = 4. The expansion using s = 4(1 + ¢%) around s = 4 reads
up to order g*.

J(s) = me (2—20124‘%5/4)
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ka(s) = i, 3t g +(3+45n>q <3+105n)q)(11.136)
The expansion around t = 0 up to order #? are
— 1,1,
J(t) = 7T16(6t+60t>,
1
2 7
_ o2 (2 2
k() = 7116( 3t 180t)
1 1 1 1
_ 2 =2 T = g2 42
ks(t) = i (< R n)t+( 8+60n)t>
1 1 19 1
- 2 12 _ 2\ 2
ko(t) = myg (<4 36" t+(240 1207I>t). (11.137)
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We calculated the vector, axial-vector, scalar and pseudo-scalar two-point
functions up to two-loop level in the low-energy effective field theory for
three different QCD-like theories. In addition we also calculated the pseudo-
scalar decay constant Gp;. The QCD-like theories we used are those with
fermions in a complex, real or pseudo-real representation with in general
n flavours. These case correspond to global symmetry breaking pattern of
SU(n)y x SU(n)g — SU(n)y, SU(2n) — SO(2n) or SU(2n) — Sp(2n). We also
estimated the S parameter for those different theories.
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II1.1 Introduction

The different global symmetry breaking patterns of QCD-like theories with a
vector-like gauge group have been summarized in [1-3] around 30 years ago.
The global symmetry and its spontaneous breaking depend on whether the
fermions live in a complex, real and pseudo-real representation of the gauge
group. For n identical fermions this corresponds to the symmetry breaking
pattern SU(n); x SU(n)g — SU(n)y, SU(2n) — SO(2n) and SU(2n) — Sp(2n)
respectively. These theories can be used to characterize some of technicolor
models with vector-like gauge bosons. QCD-like theories are also important
in the theory of finite baryon density. Here the real and pseudo-real case al-
low to investigate the mechanism of diquark condensate and finite density
without the sign problem. A main nonperturbative tool in studying strongly
interacting theories is lattice gauge theory. Numerical calculations are per-
formed at finite fermion mass and need in general to be extrapolated to the
zero mass limit. In the case of QCD Chiral Perturbation Theory (ChPT) is
used to help with this extrapolation. Our work has the intention of provid-
ing similar formulas for the QCD-like theories using the effective field theory
(EFT) appropriate for the alternative global symmetry patterns.

These EFT have been used at lowest order (LO) [4] with earlier work to
be found in [5-7] and some studies at next-to-leading order (NLO) have also
appeared [8-10]. The former two are the usual QCD case with n flavours. In
our earlier papers [11,12] we have systematically studied the effective field
theory of these three different QCD-like theories to next-to-next-to-leading or-
der (NNLO). We managed to write the EFT of these cases in an extremely
similar form. We calculated the quark-antiquark condensates, the mass and
decay constant of the pseudo-Goldstone bosons [11], and meson-meson scat-
tering [12]. In this paper we extend the analysis to two-point correlation func-
tions. We obtain expressions for the vector, axial-vector, scalar and pseudo-
scalar two-point functions as well as the pion pseudo-scalar coupling Gy to
NNLO or order 6.

In our earlier work [11,12], we called the three different cases QCD or com-
plex, adjoint or real and two-colour or pseudo-real. In this paper we use only
the latter, more general, terminology.

One motivation for this set of work was the study of strongly interact-
ing Higgs sectors, reviews are [13,14]. For any model beyond the Standard
Model, passing the test of oblique corrections, or precision LEP observables,
is crucial [15,16]. Over the years, the impact of the oblique corrections in
those models have been studied quite intensively but in strongly interacting
cases mainly an analogy with QCD has been invoked. Lattice gauge theory

!We use LO, NLO and NNLO as synomyms for order p?, order p* and order p° calculations
even if the order p? vanishes.
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methods allow to study strongly interacting models from first principles. The
contributions from these theories to the S-parameter can be calculated using
the two-point functions studied here and our formulas are useful to perform
the extrapolation to the massless case. This was in fact the major motivation
for the present work but we included the other two-point functions for com-
pleteness.

The paper is organized as follows. In Section we give a brief intro-
duction to EFT for the three different cases. Section [IL3]is the main part of
the paper. We define the fermion currents and the two-point functions in Sec-
tion [IL3.I] In Sections to we present the calculation of vector,
axial-vector, scalar, pseudo-scalar two-point functions. In Section[[IL4] we dis-
cuss the oblique corrections and the S-parameter. Section[[IL5lsummarizes our
main results and we present the definition.

II.2 Effective Field Theory

In this section we briefly review the EFT of QCD-like theories, the details can
be found in the earlier paper [11]. The basic methods are those of Chiral Per-
turbation Theory [17,18]. The counting of orders is in all cases the same as in
ChPT, we count momenta as order p and the fermion mass m as order p2.

II1.2.1 Complex representation: QCD and CHPT

The case of n fermions in a complex representation is essentially like QCD.
The Lagrangian with external left and right vector, scalar and pseudos-calar
external sources, I, 7,5 and p, is

L = Guiv"Duqri + Qg7 Duqri + G 7" Luijqe; + GriY" " uijqr
—ﬁRiM,-]-qu - qLiMz]'quRj i,j=12,.,n. (111.1)

The covariant derivative is given by D,q = 9,49 — iG,q, and the mass matrix
M = s —ip. The sums shown are over the flavour index. The sums over gauge
group indices are implicit.

The Lagrangian ([ILT) has a symmetry SU(n). x SU(n)g which is made lo-
cal by the external sources [8,18]. The quark-anti-quark condensate (gq) breaks
SU(n)p x SU(n)g spontaneously to the diagonal subgroup SU(n)y. According
to the Nambu-Goldstone theorem, n?> — 1 Goldstone Bosons will thus be gen-
erated. We add a small fermion mass m explicitly by setting s = m +s. This
mass term explicitly breaks the symmetry SU(n);, x SU(n)gr down to SU(n)y as
well and gives the Goldstone bosons a small mass.
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The Goldstone boson manifold SU(n)p x SU(n)g/SU(n)y can be
parametrized by

i ama 2
u=-exp|—mn"T a=1,2,..,n°—1. 1.2
p(\/EF > ( )

The T* are the generators of SU(n) normalized to (T*T?) = . The notation
(A) stands for the trace over flavour indices. u transforms under g; x gr €
SU(n)y x SU(n)g as u — gruhl = hugz where 7 is the “compensator” and is
a function of u, ¢; and gg. The methods are those of [19,20], but we use the
notation of [21,22]. We can construct quantities which transform under the
unbroken group H as : O — hOht

u, = i[uf(ay —iry)u —u(dy — ly)uT] ,
V,0 = 3,0+4T,0-0r,,
X+ = uTqu:I:uxTu,
fow = ulqur + u‘Lrwu. (111.3)

The field strengths I, and r,, are
Ly = Ay — by —ill, 1],
fwy = Oply — OyTy —i[ry, 1y]. (111.4)

The covariant derivative V, contains
r,= ! T, —i +u(d, —L)ut 1.5
u E[u (O — iry)u+u(dy —L)u']. (111.5)

X contains the matrix M, which is the combination of scalar and pseudo-scalar
sources
X = 2ByM = 2By(s — ip). (111.6)

Using the quantities in ([IL3), we can find the leading order, p?, Lagrangian
which is invariant under Lorentz and chiral symmetry:

F2
Ly = Z(uyu” +X+)- (111.7)

The subscript “2” stands for the order of p?. The p* and p® Lagrangian will be
explained in Section [IL.2.3}

III.2.2 Real and Pseudo-Real representation

The case of n fermions in a real or pseudo-real representation of the gauge
group we can treat in a similar way as the complex case. In the real case,
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the global symmetry breaking pattern is SU(2n) — SO(2n), and the number of
generated Goldstone bosons is 2n? + n — 1. In the pseudo-real case, the sym-
metry breaking is SU(2n) — Sp(2n), and the number of generated Goldstone
is 2n> — n — 1. In both cases anti-fermions are in the same representation of the
gauge group and can be put together in a 21 vector 4, see [11] for more details.

The condensate can now be a diquark condensate as well as a quark-
antiquark condensate. Our choice of vacuum corresponds to a quark-anti-
quark condensate. In terms of the 2n fermion vector 4 they can be written
as

Real : (4TCJs4) + h.c. Js = ( ? (I) > (111.8)
A N 0 -I
Pseudo — Real :  (§u€apCJadp) +h.c. Ja = ( I 0 ) . (111.9)

Here C is the charge conjugation operator. Js and [, are symmetric and anti-
symmetric 2n x 2n matrices, I is the n x n unit matrix. Since Js and J4 often
appear in the same way in the expressions, we use ] for both cases unless a
distinction is needed.

The generators, T?, of the global symmetry group SU(2n) can be separated
into belonging to the broken, X?, or unbroken part, Q°. They satisfy the fol-
lowing relations with J:

]Qﬂ —_ _QL‘IT]’ ]Xu — XIZT], (11110)
The Goldstone boson manifold can be parametrized with

U=ujul — oUeT, with U = ex (;’r{”X“) . .11
Ju' —gUg P\ 5F (mr.11)
where | = Jg and a runs from 1 to 2n% + n — 1 for the real case and | = 4 and a
runs from 1 to 2n*> — n — 1 for the pseudo-real case.
In our earlier paper [11], we constructed quantities similar to those in (IIL3}

[L3)

u, = i[uT(ay—iVH)u—u(ay—l-i]VVT])uT],
1 . )
r, = 5[ T(ayszy)quu(aerz]VVT])uT}.
fepw = ]uVyvuT]iMVyvuT/
xe = ulxJut+ufxtu. (111.12)

The 21 x 2n matrix V, includes the left and right-handed external sources

_(m™ O
V,A_< 0 —l,f > (111.13)
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and Vy, is the field strength
Viw =0uVy =0,V —i (VuVy = Vi Vy) . (111.14)

x include the matrix M via x = 2By M [11]. Those quantities behave similarly
as those (L3) if we take

—Vil =Ly, Vi (111.15)

With this correspondence, the Lagrangian of the real and pseudo-real case has
the same form as the complex one. However one has to remember there are
differences in the generators, external sources, coupling constants,.... Any-
way, now we can use the techniques of ChPT to perform the calculations.

III.2.3 High Order Lagrangians and Renormalization

Using Lorentz and chiral invariance, we can write down the p* EFT lagrangian
[18] for all three cases using the quantities listed in (IL3) and [@LI2):

Ly = Lo(u'u"uyuy) + Ly (ufuy) (u’uy) + Ly (ufu?) (uyuy) + La(ufuyu’uy)
1
+La(u) () + Ls(utux) + Le(x)? + Ly (x-)* + 5 Ls (4% +22)

. 1
—iLo{frputu") + 1L10<f-2+ -2+ Hy (L " + 1 r) + Ha (xx').
(11.16)

To do the renormalization, we use the ChPT MS scheme with dimensional
regularization [8,18,22]. The bare coupling constants L; are defined as

Li = (ep)™ * [;A+ LI (0)] (111.17)

where the dimension d = 4 — 2¢, and

1
A = o4 (111.18)
ne = —%[lnéln—l—l"’(l)—l-l}. (111.19)

The coefficients I'; for the complex case have been obtained in [8], for the real
and pseudo-real case we have calculated them earlier in [11]. However, there
are mistakes in the coefficients of Lg, L1 and H; in the Table 1 of [11]. These
mistakes had no effects on our previous calculations. We therefore list all the
coefficients here again in Table L1l

The p® Lagrangian for the complex case and general n has been obtained
in [21], it contains 11243 terms. The divergence structure of the bare coupling
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i complex real pseudo-real

0 n/48 (n+4)/48 (n—4)/48

1 1/16 1/32 1/32

2 1/8 1/16 1/16

3 n/24 (n—2)/24 (n+2)/24

4 1/8 1/16 1/16

5 n/8 n/8 n/8

6 | (n2+2)/(16n2) | (n*41)/(32n%) (n®>+1)/(32n?)
7 0 0 0

8 | (n2—4)/(16n) | (n2+n—2)/(16n) | (n* —n—2)/(16n)
9 n/12 (n+1)/12 (n—1)/12
10 —n/12 —(n+1)/12 —(n—1)/12
1 —n/24 —(n+1)/24 —(n—1)/24
2| (n2—=4)/(8n) | n*4+n—-2)/(8n) | (n*—n—2)/(8n)

Table 111.1: The coefficients T; for the three cases that are needed to absorb the diver-
gences at NLO. The last two lines correspond to the terms with Hy and Hjp. This is the
same as Table 1 in [11] but with the error for Lo, L1y and H; corrected.

constants K; in the p® can be written adl

K; = ()29 [K . (—161712 " +r§L>) A} : (111.20)

The coefficients 1“1@, l"lm and FSL) for the complex case have been obtained
in [22].

For the real and pseudo-real case, the p® Lagrangian has the same form
as in the complex case but some terms might be redundant. The divergence
structure as given in ([IL20) still holds but the coefficients are not known. One
check on our results that remains is that all the non-local divergences cancel.

I11.3 Two-Point Functions

I11.3.1 Definition

The effective action of the fermion level theory with external sources is

exp{iZ(ly,ru,s,p)} = /DquDGV exp {i/d4x£QCD(q,q, GH,I},,rH,s,p)} (11.21)

2The K; have been made dimensionless by including a factor of 1/ F? explicitly in the order p°
Lagrangian.
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At low energies, i.e. below 1 GeV in QCD, the effective action can be obtained
also from the low-energy effective theory

exp{iZ(ly,ryu,s,p)} = / DU exp {1/ d4x£€ff(U, l,,,ry,s,p)} . (111.22)

With this effective action, the n-point Green functions can be easily derived by
taking the functional derivative w.r.t. the external sources of Z(J)

5n

() = 57(x1) - 0j(xn)
G (X1,~-~rx7l) in(;j(xl)...(sj(xn)

Z[]] ’]0 . (111.23)

Here j stands for any of the external sources I,,r,,s,p and | for the whole set
of them.

The vector current v, and axial-vector current a, are included via
Iy =0y —ay, Fu =0y +ay. (111.24)

In this paper we will calculate the two-point functions of vector, axial-
vector, scalar and pseudo-scalar currents. The fermion currents in the complex
case are defined as

Vi) = q T, (111.25)
Au(x) = 4 Tvurs4; (111.26)
S'(x) = —4;Tq;, (111.27)
Pl(x) = iqinijqj . (111.28)

T is an SU(n) generatorﬁ or in addition for the singlet scalar and pseudo-
scalar current the unit matrix which we label by T°. These currents also exist
the for real and pseudo-real case. In this case also currents with two fermions
or two anti-fermions exist. These can be combined with those above. The
generators can then become SU(2n) generators. All conserved generators are
like the vector or scalar case while the broken generators are like the axial-
vecor or pseudo-scalar case. All those cases are related to the ones with the
currents of (IL25)-(L28) via transformations under the unbroken part of the
symmetry group.

3We have defined here the current with fermion-anti-fermion operators, hence the SU(n)
for n fermions. For the real and pseudo-real case, the unbroken symmetry relates them also to
difermion ot dianti-fermmion operators.



II1.3 Two-Point Functions 145

The definitions of the two-point functions are

Mygo() = i [ dx e (OT(VE(x)VE0)1]0),
Wag(g) = i [ d et (OT(AL(x)25(0))0),
Hona(q) = i [ dx e QIT(Vi(x)5°(0)) ),
Hewigela) = i [d* et (045 (0P (0))0),
Hs(q) = i [d* e (O]T(S"(x)5"(0))1]0),
Hpa() = i [dx e O[T(P(x)P*(0))10). (111.29)

Using Lorentz invariance the two-point functions with vectors and axial-
vectors can be decomposed in scalar functions

Mya = (@udv — P8I (47) + Gua T (%) - (111.30)

where Hi,la) (q%) is the transverse part and Hg)ﬂ) (¢%) is the longitudinal part or

alternatively the spin one and spin 0 part. The same definition holds for the
axial-vector two-point functions. The mixed functions can be decomposed as

HSMuy = q;tHSMa/
HPMay = iqullpp,- (111.31)

Using the divergence of fermion currents and equal time commutation rela-
tions, we find that some two-point functions are related to each other by Ward
identities. In the equal mass case considered here, they are

Hg)u) = Tlsme =0,
qufﬁ = 2mllpp,,
‘74HS§2 = 4m*Ilp, +4m(qq) . (111.32)

The vacuum expectation value is the single quark-anti-quark one. We will use
the last relation to double check our results of axial-vector and pseudo-scalar
two-point functions.

The mixed two-point functions, ITg)s, and Ilpy;, we do not discuss further
since they are fully given by the Ward identities.

I11.3.2 The Vector Two-Point Function

The vector two-point function is defined in ([IL29). The longitudinal part van-
ishes for all three cases because of the Ward identities.
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e SIS O S—

WQWWQMB,,%.

(4) (5) (6)

O O > D
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Figure 111.1: The diagrams for the vector two-point function. A filled circle is a vertex
from £,, a filled square a vertex from L4, and an open square a vertex from Lg. The
top line is order p*. The remaining ones are order p°.

The Feynman diagrams for the vector two-point function are listed in
Fig. LT} There is no diagram at lowest order. The diagrams at NLO are
(1-3) in Fig. LT} The NNLO diagrams are (4-15). The 3-flavour QCD case is
known to NNLO [23,24].

We have rewritten the results in terms of the physical mass and decay con-
stant. For these we use the notation My, and Fy rather than the My s and Fypys
used in [11,12]. Their expression in terms of the lowest order quantities F and
M? = 2Bym can be found in [11]. We also use the quantities

1 M3
“Mand e

The loop integral By, is defined in Appendix L1l
The results up to NNLO for three different cases are listed below, where
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the first line in each case is the NLO contributions, the rest are NNLO contri-
butions.

Complex
1 n -
nil) = -z [4B2o (M3, M3y, ¢2) +2LMY, | — 417, — 8H]
1 AMYy P\ w2 a2 2y AP s o g
=y 5 Ln™ —16Lgn | Boo(Myy, My, 4°) + —5 [Baa (Mjy, My, 97)]
M4
+T§4L2n2 — 8¢%Kj 5 + 8M3(LLjgn — 4Kg, — 4Kfyn) 3, (111.34)
Real
My, = =5 (n+1) [4Ba(My, M3y, ?) +2M3L] — 4L — 8H]
1 [ [4M3 _
+1_-2{ p SUL(n 4 1) —16(n+ 1)Ly | By (Miy, Miy, q%)
M

4 _ M
+q—2<n +1)%[Bon (M3, M3y, 49))* + q—zMLz(n +1)?

—8q2K{15 + 8M12V1 [LLiy(n +1) — 4Kg; — 8Kgyn] } , (111.35)
Pseudo — Real
1 _
my, = _qT(” -1 {‘J:Bzz(M2 Mg g%) + 2M,2ML} — 4L}, — 8H]

1

1] aMy —MI(n—1)% —16L5(n—1)| Bon (M3, M3, ¢
2 9 22(My, My, 97)
F, q?

4 — M3
+q7(n —1)*[Baa(Mjy, Miy, 7)) + TQALZ(n ~1)?
—84°K} 15 + 8M3[LL;o(n — 1) — 4KG; — 8KGyn] . (111.36)

The complex result with n = 3 agrees with [23] when the masses there are set
equal.

I11.3.3 The Axial-Vector Two-Point Function

The axial-vector two-point function is defined in (IL.29). Similar to the vector
two-point function, it also can be decomposed in a transverse and longitudinal
part.

Iy, = (gq" — " T4 4 (%) + ¢4 ' TIS) (4) - (111.37)
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L0 ISR O N O S O I

(7) (8) (9) (10)

Figure 111.2: The axial-vector two-point function at LO and NLO. The filled circle is a
vertex from L, The filled square is a vertex from L4, and the open square is a vertex
from L.

The diagrams contributing at LO are shown in (1-2) in Fig. The LO
results are the same for all three cases. The result is

11, (¢%) = 2F (g’” —gqtq” ) . (111.38)

E]2*M2

F and M are the LO decay constant and mass respectively. Note that in the
massless limit this has only a transverse part as follows from the Ward identi-
ties.

The diagrams at NLO are (3-10) in Fig. and the NNLO diagrams are
(11-48) in Fig.

Many of the diagrams are one-particle-reducible and at first sight have
double and triple poles at 4> = M2. From general properties of field theory
these should be resummable in into a single pole at the physical mass, 4> = M3,
and a nonsingular part that only has cuts. The residue at the pole is the de-
cay constant squared. We must thus find contributions that allow for the last
term in (IL38) the lowest order F2, M? to be replaced by F2;, M3,. It turns out
to be advantageous to also do this in the first term. Most of the corrections are
already included in this way.
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Figure 111.3: The axial-vector two-point function at NNLO. The filled circle is a vertex
from L, the filled square is a vertex from L4, and the open square is a vertex from Lg

At NLO the remaining part is only from the tree level diagram (3) in
Fig.[ML.2land is

W =arr,—sH;, 1% =o. (111.39)

S
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So we can express our result up to NNLO as

1
() = 2F (g”v —q" quMz> +(q"q" — 4°8"") (4L}, — 8H])
q M
+o | (4" - 78" (¢7) + q”qvﬁ%(qz)} ' (1140
M

The flfg(qz) and ﬁf&(qz) are the remainders at NNLO and have no singular-
ity at > = M3,.

The transverse part can be obtained from the part containing g;,, as an over-
all factor. So the transverse part cannot come from the one-particle reducible
diagrams and only gets contributions from diagrams (11-16) at NNLO. The
sunset integrals Hf and HI, appearing in the results are defined in Ap-
pendix [ILT2

The longitudinal part gets at NNLO contributions from all diagrams
shown in Fig[[IL3 In order to rewrite the results into the single pole we need
to expand the integrals around the mass. This introduces derivatives of the
sunsetintegrals. These always show up in the combinations HM and H) de-
fined in Appendix

Complex
2 2
.1 n? | M
)¢ = o> [qé\’IHF(MZ,MZ,M2,qZ)—HzFl(MZM,MZ,MZ,qZ)}

L2n?
+M]2VI |:? — ST’ZLLgO —32 (quz + K;037’l + K—17 + K{STI):|

2 r r M;l\/f ¥ 3 272
—q~(16Kjg9 + 8Kjy5) — ra 8K113+§” L

M4 2 M?
+mel [qé\d (13n + 2 %) + M2

8 n2 3 6

M4 7 1 17n2 7
2\ M (122 _
e | 2 (2n2 8" T e 6)
2 1 2
+ M3 n? (73% + ﬁ) + ;6&12} , (111.41)
~ (0 4 4 MS

3M4 8 M4
— 2M7’le%(M2 ,M2 ,M2 ,q2)+ q2MK{13
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M 2 2 2 7 15n% 7
+7qé\/1 |:7T16L (g — § — ﬁ) + 7-[%6 (6 - 67 - 21’[2):| ’ (111'42)

Real
A1) 2 n M%/I Fia2 a2 a2 2 F a2 a2 ag2 2
() = E(”+1) ?H (Mg, My, Mg, 97) — Hayy (Miy, My, My, 47)

LZ
M 3
—’12(16K§09 +8Kjp5) — qéw [81(113 +on(n+ 1)L2}

1312 i+@ 1 1 M3
8 212" 24 21 6

+ =My +1)

L
+7T16 6

My (1, , nn® 170%2 7 5n 7 7
— N7 + - + -
8 8 64 ' 8n2 ' 192 8n 24

2
716 ra e

2

+M2n(n+1) (;2 + 2 ) 9"6(n+1)q (111.43)

A0 = =My b—1) (L = D) | 50, 03, M2, )
Aa\q = 72 2 M 273 , , q
4

3 8M
,EM%,In(n + 1) HM (M, M3, M2, q%) + TMK{B

M3 n? 1 m 1 1
+n16q—§AL<——————+—+7)

2Mj%,[(15142 7 10ln 7 7)

64 82 192 T8nm (I11.44)

Pseudo — Real

MGAW) = 50-1)

MZ
TéwHF(MZ /MIZVDMZ /‘72) - H§1(M2 /M%/Isz qu)]
—32M3, (Kipy +2nKigs + Ki; +2nKig) — 84%(2Kig9 + Ki15)

8M3, M3, 3n M2
—" K5 — T 5 (n— 1L + TMn(n —1)L? — 8M%nLL},

7?
LM%, /1322 1 43n 1 1 n  n
M [ 20 - o - 2 0"
e ( 8 T2 2 Tm 6) LMy ( 6 6)
M3 1 172 7 am® 51 7 7
2 | M (2 2 o e O L
R ( 8" e Tez T8 192 T am 24)

2
+M3n(n—1) (36 + 712> +q 96(n - 1)} (111.45)
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. M n 1 1

0

%@ = {—qé\’fz(n—l)—M%A(n—kl) <712—3)}HM(M%4,M2,M2,!42)
3 8 M4

—EM%”(” — 1) HY (M3, M3y, M3y, %) + 742M Kiis

M3 21 7 1 1
+n16q—§4L(—”———+—”——+7>
M3 1522 7 10ln 7 7
2Rt/ O et Wittt T
e < 64 82 192 8n 24) (11.46)
The axial two-point function is known in 3-flavour ChPT [23,25]. We have
checked that our result agrees with the one in [23] in the limit of equal masses.

I11.3.4 The Scalar Two-Point Functions

The scalar two-point function is defined in ([IL29), which contains the unbro-
ken generator case (T* = Q%) and the singlet case (a = 0).

The Feynman diagrams for both cases are the same as those for the vector
two-point function shown in Figure [ILTlexcept that diagrams (2) and (5-7) are
absent. Diagrams (1) and (3) are at NLO, and the diagrams (4) and (8-11) are
at NNLO.

Q" case

The scalar two-point functions are similar to the vector two-point functions,
the LO results are zero for all the three cases since the vertex at LO is absent.
We have rewritten again everything in terms of the physical mass and decay
constant, M3, and Fy. The results for the three cases are given below. The
first line is the NLO contribution and the remainder is the NNLO contribution.

Complex
1 _
Mgs = B%{8H£+16L§+;(274)B(m2,q2)}
2

B
+F—2° {qz (8Kj 53 + 32K],) + M3, (1921<§5 + 641<56n>
M

64 16
2 _ ro_ r 2 _ r
+MML[ (71 3211) Lg —64L7 + (n 4) . L5}

- 842 2 32 64
2 2 2 q 2
+B(m?,q%) (n 74) {n L§+MM<n2L16Lgn L§ —32L + — L’8>]
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2 2
B2 202 (.2 q°  2Mjy
+B(m?, %) (n 4) <4 - )} (111.47)
Real
[gg = B%{8H§+16L§+%(n71)(n+2)§(m2,q2)}

B2
0 2
+% {q (8Kj 53 + 32K],) + M3, <1921<;5 + 128n1<56>

32
+M3,L { (7 —-32— 32n> Ly —64L5 + (n— 1) (n +2) ng}

+B(m?,¢%) (n —1) (n +2)

8q° 5 1 1
By ——+ = | L-32L}
L5+ My St 321,

32 64
— ==Lt 4L + ==Lk
L5+ 64k + — 8>

+B(m?,¢*)?> (n—1) (n+2) {% + M3, (% - %)] }, (111.48)

Pseudo — Real
1 —
Mgs = B} {ng +16Lg+ - (n+1)(n—2) B(mz,qz)}

BZ
+F—20 {q2 (8K} 15 + 32K,) + M3y (1921(55 + 128nl<56>
M

+M3/L

2
(37 +32- 32n) L — 64L + (n+1) (n —2) 1:Lg]

e, ) (n-2) | S, [ (L4 L) 1o
/q P M 12 4

32 64
B— o 417 + —LF
. 5+ 64Lg + . 8)]

VB2, )% (n+ 1) (n - 2) % + M2, (—% _ i)} } . (111.49)

n2

The definition of the one-loop function B(m?¢?) can be found in Ap-

pendix[ILTl

Singlet case

We have also calculated the singlet case. This is the quark-antiquark combi-
nation that shows up in the mass term.
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We write the expression up to NNLO as:

Complex
s, = Bg{an; +32n?LL 4 16nLf +2(n? — 1)B(m2,q2)}
B% 2 r r 2y 2 T 2t 3t
3480 (nKi1s + 4nKly + 4n*Kig ) +192M3 (nKhs + nKg + Ky )
M
+M3L (n? 1) (32nL} +32L5 — 64nLf — 64L})
+B(m?,4%) <n2 - 1) {16(12 (nL} + L)

4
+M3, (EL +64 (2L +2nL; — L — nLg)> }

- 2M3
—{—B(mz,qz)2 (nz — 1) <nq2 - M) } , (111.50)
n
Real
m = 35{16an +128n%L% + 32nL} +2(2n% +n — 1)B(m2,q2)}

B2
+ {16q2 (nKi1s + 41K}y +8n2Kig ) +384M3 (nKbs + 202K, + 4n°Ky; )
M
+M3L (207 + 1 — 1) (64nL] + 321} — 128nLf — 64L3)

+B(m?, %) <2n2 +n— 1) {16‘12 (2nL) + L5)
(2 2) Loosag eant -1

+§(m2,q2)2 (an +n— 1) {mf + M%A <1 - %)} } , (111.51)
Pseudo — Real
m = 35{16an +128n?L; 4 32nL} +2(2n* —n — 1)B(m2,q2)}
B2
+% {16q2 (nKj15 +4nKiy + 812Kl ) +384M3 (1KSs + 202K + 4n° Ky )

+M3L (207 — n — 1) (64nL] + 321} — 128nLf — 64L})
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+B(m?,q%) <2n2 —n— 1> {1&]2 (2nL) + Lg)
+M3, ((2+ %) L+ 64(2L% +4nLj — L —2nL1)> }

+B(m?, ¢*)2 (2n2 —n— 1) {nqz + M2, (—1 - %)} } . (111.52)

We also written the result in term of physical M3, and Fy;. Notice that all loop
diagrams are proportional to the number of Goldstone bosons in each case,
ie. n?—1,2n2 +n—1, 2n*> — n — 1 for the complex, real and pseudo-real case
respectively.

I11.3.5 The Pseudo-Scalar Two-Point Functions

The pseudo-scalar two-point function is defined in ([L29). Just as in the
case of the axial-vector two-point function there are one-particle-reducible di-
agrams. The diagrams are the same as those for the axial-vector two-point
function with the axial-vector current replaced by a pseudo-scalar current.
These are shown in Figure and [IL3] There is also no vertex with two
pseudo-scalar currents at LO so the equivalent of diagrams (1) and (7) in Fig-
ure and (13-15) in Figure vanish immediately. Just as in the scalar
case, one should distinguish here between two cases: The adjoint case for the
complex representation case which generalizes to the broken generators for
the real and pseudo-real case, and the singlet operator with T% in ([L28) the
unit operator.

In Section[[IL.3.3we could simplify the final expressions very much by writ-
ing the final expression with the single pole at the meson mass in terms of the
decay constant. The same happens here if we instead rewrite the result in
terms of the meson pseudo-scalar decay constant Gy;. So we first need to ob-
tain that quantity to NNLO.

The meson pseudo-scalar decay constant Gy,

The decay constant of the pseudoscalar density to the mesons, Gy is defined
similarly to Fy:
(0|givsTq| ") = %thM (111.53)

The calculation of Gy is very similar to Fy, the diagrams are exactly those
shown in Figure 2 in [11] with one of the legs replaced by the pseudo-scalar

4The v/2 is included in the definition to have the same normalization as [18].
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current. There is here also a contribution from wave-function renormalization.
In [11] we reported all the quantities M3, Fy; and (gq) as an expansion in the
bare or lowest order quantities F and M? = 2Bym. We therefore do the same
here. We therefore use the quantity

1 M?
instead of L as in the other sections of this paper.

This quantity has been calculated to NLO in two-flavour ChPT in [18] and

was called G there. We have checked that our NLO result agrees with theirs.

At leading order, all the three case have same expression:
Gym = Go = 2ByF. (111.55)

We express the full results up to NNLO in terms of the LO meson mass M?
and decay constant F as

M? M*
Gm = 2ByF (1 + T2 96 + 5T bc> (111.56)

At NLO and NNLO, the coefficients ag and bg are

Complex
1
ac = (E - g) Lo+ 4(—nL} — LL + 4nL} + 4L})
bg = —64(LL+nLy) (L +nLy) +24(LL 4+ nLj)?

—8n2Kb, + 48n* K5, — 32K], — 8K|g — 8K} + 48K5s + 32Kfg — 32nK]g
—8nKb — 8nK5, + 48nKh + 321K},

1
FLo| — (32— 22n%) (Lg + ;Lg) + (4 - 8n2)(L} +4LL)
80 . (12 . N, (12 .
+<n 48n> 8+(n 1On)L3 (8+2n7) L5 + = —an) L
8 4, 1
2—n?)( =L+ 8L, — —LL — 4L, — =L}
+7116 | ( ”)<n8+86 o5 4 ns)

+n?Ly + 2L 42 <n - %) Lg]
2 %,E+£ L @,HL
16\ 256 24 8n2 1670\ “9¢ 212

32 3 9
7 R B 111.57
+0(16 2+2n2) (1.57)
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ag

ag

Real
n 1 1 7 r r r

—64(LL +2nLy) (L +2nL%) + 24(LE 4 2nL})?
—32K5,n? 4+ 192K5,n? — 32K}, — 8K — 8Kbs + 48K)s + 32K,
—64K]gn — 16Kjyn — 16K5;n + 96Khen + 64Kn

+Lo

1
(=16 + 161 + 22n?) (2Lf1 + EL{-,) + (4 —8n —16n%)L]
4
+16(1 — 3n — 4n?)L} — (40 _ +48n) L — (6 L 10n> 5
n n
< 2 r 6 r
— (8+2n+4an?) 15— (6 2 +4n) L
n

+7'L’16

(1—n—n?) (%Lg +16Lf — %Lg — 8L} — %Lg)

1
+(n +2n*)L} + 2L} + (1 - +2n) Lg}

256 T 768 96 321 | 322

’ (113n2 443n 13 13 13)
+7T16

L 55”2+@f§f£+L
1620\796 " 96 8 8n ' 82
3

32 131 1 9
Rt — - - —+ = 1.
+0(16+16 8 2n+8n2)' (I11.58)

Pseudo — Real

n 1 1
—Ly (E —5 %) + (—8nLj —4LL + 32nL§ + 16Lg)

—64(LE +2nLy) (L + 2nL}) + 24(L% + 2nL})?
—32Khyn? + 192Kh,n* — 32K}, — 8K}q — 8Kbs + 48K55
+32K%y — 64K%gn — 16Khg1n — 16K, 1 + 96Khen + 64Kn

1
+Lo|(—16 — 161 + 221n2) <2Lf1 + HLg) + (4+8n—16n%)L]

+16(1 + 3n — 4n?)L; + <40+ %0 —48n> Lg+ (6+ o 10n> L}
n n

— (8—2n+4n?) L5+ (6+%—4n) Lg}
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+7T16

4 1
(1+n—n?) (% §+16LG — —L5— 8L} — ELE)

+(—n+2n?) L5 4 2L + (—1 - % +2n) L{)}

256 768 96 | 321 | 322

2 (113n2 4437 13 13 13)
16

3n2 13 1 3 9
+I2 (L _on ,+7+7> , (111.59)

X" case

The pseudo-scale two point functions are similar to the axial-vector ones in
the diagrams as described above. The LO result is the same for all the three
cases:

. _ 1 G

The superscript “a” indicates the case with T* in (IL28) an SU(n) generator.
For the real and pseudo-real case this is related by the conserved part of the
symmetry group also to a number of diquark currents.

Subtracting the pole contribution in terms of the physical mass and decay
constants, M12v1/ Fy and Gy, absorbs the major part of the higher order correc-
tions. The final results are thus much simpler when written in this way. The
remaining part at NLO is

1%, = B3(8Hj — 16L}). (111.61)
Thus we can define the full NNLO results as

a 1 G%/I 2 T r B(% ~1a 2
[pp = T2 M + By(8H; — 16Lg) + 2 Ipp, (111.62)
M M

where the I'Tpp is the remainder at NNLO. Its expression for the three different
cases is:

Complex

3
My = g HY (M, My, M3, )

3 n?
+84°K7 5 + 64M7, (K7, + nKjg — Ky — nKjp)

2
+ {(é _ i) q4*%M%/M2:| HM(MZ ,M2 ,MZ /5]2)
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2 64L],
+12M3, (f"— - % +2) + LM%, (64Lg +32nL} — - 8)

2
8 n2 8 2 n?2 2
Live (28 _m . o 2_nm 2 o
+ 1716 {MM< 3 12+n2)+(3 8 n2>q}
5 8mn? 5 7 152 7
2 2 2
et [ (355~ 2) +7 (6T 2] (11L.63)
Real
. 3
pp = —§q4”(”+1)H%(M2,MJZWMZ,qz)
1 n 1 1 1
+K—;—g+*+ )‘1 — 5 Mia ”(”4—1)} HM(M}y, My, My, 4°)
+84°Kq 13 + 64My (Ki7 + 2nKig — Kbo — 2nKjp)
2 r
2 12 n 3 3 1 2 L8
+Mj, L (_?_ﬁ_n“rﬂ“ri + 32M;y, L 2L2+L§n—?+Lg

=

e M2 +2+7n 2 2+2 21 7n+1+1
16Ml2 2 n 3)TU% 222 24" 2 "6

M2(85n2 5 1251 5 5)
2 (-

2
+7116

% 42 9% ' an 12

1502 7 10w 7 7
2
——— 55 was too T 55 , 111.64
+q( 64 8n2 192+8n+24)] (I.64)

Pseudo — Real
- 3
H(IZJP = §q4n(1 - I’Z)H%(MZ er /Mz /qz)

+ K—iz +3- 7+ 1) g+ ! %qun(l—n)} HM(M3,, M3, M3y, 4%)

+87°K] 3 + 64My, (KT, + 2”K18 — Kz9 — 2nKyy)

s of n* 3 3 1 ) . 1
+MML _T_ﬁ—’_n_ﬂ—‘ri +MML 64L6+32 Tl—;—l L8

8n2 5 1251 5 5
M2, (- - = 242
M ( 9% a2 96 an )

1502 7 10ln 7 7Y ,
—— w3t 79 =t : 111
+( 64 8nZ 192 8n+2)q] (I11.65)

=

The loop integrals HM and H) are defined in Appendix[ILT.2l
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Singlet case

In the singlet case with a = 0, there is no contribution with poles. Only the
one-particle-irreducible diagrams contribute. As a consequence, there is no
order p? contribution and at order p* there is only a tree level contribution
from the equivalent of diagram (3) in Figure At order p® or NNLO only
the one-particle-irreducible diagrams contribute and since there is no order
p? vertex with two pseudo-scalar currents only diagram (11-12) and (16) in
Figure contribute.

Since there is no single pole contribution, there is also no need here to ex-
pand in the integrals around the meson mass. The integral Hf is defined in
Appendix[ILT2

The singlet pseudo-scalar two-point function we write as

2
—0 BS .
119, = B3TTpp + F—ZOH%p. (111.66)
M
The results for the three cases are
Complex :
Tpp = SnHj—16nL} —32n2L5,
. 2
My = 5 (1) (n—4) B (M}, MYy, M3y, )
+% (8K{13n — 32Kfgn? ) — 64M3 (Ko + Kign® + Ky + Kign® )
1
+L2M (n2 = 1) (n — 4) + 64LM3(n* — 1) (nL} + L§)
1 2
+M%/I7T%6E (n2 — 1) (n2 - 4) (% + 1) , (111.67)
Real :
Tpp = 16nH, —128n*L} — 32nL},
m, — —=2 (2n2+n—1) <n2+n—2> HF (M3, M3, M3, °)
pp = 3n ’ ’ 4
+% (16K]13n — 128Kfgn? ) — 128M3 (nKlg + 202Kl + 20Ky + 4n°K] )
+L2M%A% (202 41 =1) (W% 41— 2) + 64M3L(20? + 1 — 1)(2nL} + L)
2 2175 2 n
+My7tie (Zn +n—1> (n +n—2> ?4—1 , (111.68)
Pseudo — Real :
Thp = 16nH, —128n2L, —32nL},
. 2
my = —5 (2n2 —n— 1) <n2 —n fz) HF (M3, M3, M3, °)
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Figure 111.4: The one-loop oblique correction to LEP process et + ¢~ — g+ 7.

+97 (16K 5n — 128Kjgn? ) — 128M3; (nKS +2n%Kjg + 202K]; + 4n°KYy )
+L2M§V1% (202 =n=1) (12 —n—2) +64M3L(20? — 1 — 1)(2nL} + L)

-I-M%/In%é% <2n2 —n— 1) <n2 —n— 2) (%2 + 1) . (11.69)

Notice that just as for the scalar singlet two-point function, all loop contribu-
tions are proportional to the number of Goldstone bosons.

II1.3.6 Largen

As one can see from all the explicit formulas, many of the expressions become
equal for the different cases in the large » limit .

III.4 The Oblique Corrections and S-parameter

The physical process at the CERN LEP collider is e™ + ¢~ — g+ 4. There
are three types of one loop correction to this process: vacuum polarization
corrections, vertex corrections, and box corrections. The vacuum polariza-
tion contribution is independent of the external fermions and it dominates the
contributions from physics beyond SM. For the light fermions, the other two
corrections are suppressed by factor of mf[ /m?%. That's why the vacuum po-
larization corrections are called “oblique corrections,”, and the vertex and box
corrections are called “nonoblique corrections.”

The oblique polarization only affect the gauge bosons propagators and
their mixing. The vacuum polarization amplitude can be defined as

¢"'Txy + (g"q" terms) = i/d4x % (0| T(J& (x)]%(0))[0) . (111.70)
The influence of new physics to the oblique corrections can be summarized

to three parameters: S, T and U. One can find their definition in Ref. [15].
These parameters are chosen to be zero at a reference point in the SM. In the
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past 20 years, they have been studied intensively in many models beyond the
Standard Model physics.

For a beyond the Standard Model with strong dynamics at the TeV scale,
there will in general be many resonances and other nonperturbative effects. At
low momenta one can use the EFT as described above for these cases. In this
paper, we will estimate the S parameter contribution from pseudo-Goldstone
Boson sector within the EFT. The parameter T and U vanish because of the
exact flavor symmetry, i.e. we work in the equal mass case.

The S parameter can be written add [15]

d
§ = 27t [Ty (0) ~ 1y (0)] =275 (P11, qzrl%)qzzo : (.71)

IT},,(0) and IT), , (0) are the derivatives of the vector and axial-vector two-point
functions at 4> = 0. One should keep in mind that S is defined to be zero at
a particular place in the standard model, as discussed at the end of section V
in [15]. Our formulas are the equivalent of (5.12) in that reference.

The result can be written as

— M3, .
s=5+" SMS, (111.72)
FM
with

Complex :
— 2
S = —167Li,— ”T” (L+me) ,

2
A n
S = 64(Kjp — Ky + Kj7 +nKjgz — nfKg, +nKig) + gLZ
11n? > 2(8 5.

+16n (Ly +2L5,) L — nléTL + min (@ ~ 5 ) (11.73)

Real :
5 = 167l - M (L+m16)
§ = 64(Kjp — K§ + Kjy +2nK{ps — 2nfK, +2nKig) + @Lz

11 1
+16[(n + 1)L, + (21 +1)L7,| L — nléﬁL
85 5
2 —— —

+gn(n +1) (108 271/7) ’ (111.74)

Pseudo — real :
_ 2(n—1
S = —l6nll,— % (L+me)

50ur two point functions are normalized differently from those in [15].
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n=2 complex n=4 complex
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Figure 111.5: The S-parameter for the values of Lj and L}, given in the text for the
complex case. (a)n =2 (b) n = 4.

n(n—1)

§ = 64(Kjp — K +Kiy +2nK{ps — 2nfKfp +2nKjg) + 3 L?
11 —1
+16[(n— 1)Ly + (2n — 1)L} L — nlé#L
85 5 .
2 — —_—
+mign(n —1) (108 271/;) . (111.75)
The quantity ¢ is
- 2
§ = 6V/3C1, (;) — 7.0317217160684 . (I11.76)

The real purpose of (ILZ3)-(IL75) is to be able to study the S-parameter
in more general theories than just scaling up from QCD. However to pro-
vide some feeling about numerical results we choose parameters as if they are
scaled up from QCD/ChPT. We change F; = 0.0922 MeV to F; = 243 GeV
and the subtraction scale from 0.77 GeV to 2 TeV. We set the K] = 0 and keep
Ly = 0.00593 and L}, = —0.00406 at their values from ChPT [26,27].

In Figures [IL5] L6 and [IL7lwe have shown the results for our three cases
complex, real and pseudo-real for n = 2 and n = 4. Shown are the full p* and
p® contributions as well as the p* part proportional to L}, only. The latter is
what is the usual contribution to S corrected for the pieces that go into the
reference point at p*. We cannot do the same for the full result since that
depends on how one treats the extra pseudo-Goldstone bosons that occur in
the other models.
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Figure 111.6: The S-parameter for the values of Lg and L], given in the text for the real

case. (a)n =2 (b)n = 4.

n=2 pseudo-real
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Figure 11.7: The S-parameter for the values of Lj and L}, given in the text for the
pseudo-real case. (a) n =2 (b) n = 4.

II1.5 Conclusion

In this paper, we have calculated the two-point correlation functions of vector,
axial-vector, scalar and pseudo-scalar currents for QCD-like theories.

In the beginning of the paper, we gave a very brief overview of the QCD-
like theories and their EFT treatment as developed earlier.

We then gave the analytic results of those two-point functions up to NNLO.
The results are significantly shortened by using the physical meson mass M3,
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and decay constants Fy; and Gy when rewriting the pole contributions.

The main use of these formulas is expected to be in extrapolations to zero
fermion mass of technicolour related lattice calculations. We have therefore
also included precisely the combination needed for the S-parameter.
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III.LA  Loop integrals

We use dimensional regularization and MS scheme to evaluate the loop inte-
grals, d =4 — 2e.

III.LA.1 One-loop integrals

The loop integral with one propagator is

1 a 1
A0) = 3| G
= o {Ao —In(m?) +e ¢ + ! + s + 1lnz(mz) - Cln(mz)} }
1672 2 2 12 2
+0(€?). (111.77)
Here
C=In(d4m)+1—7 AO:%+C

The extra +1 in C is the ChPT version of MS.
The loop integrals with two propagators are

1 d% 1
BOd 3 ) = | Gt e
1 dd U
ki) = 5| ey

= p'Bi(mi,m3,p?),

1 dYy q'q"
BW(m2,m3,p) = =
P Z/QMM%W@Mfo%)

= p'p¥Bo(m3, m3, p*) + g" By (mi, m3, p*) .
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The two last integrals can be reduced to simpler integrals A and B via

1
B ) = Lo i),
1 1
2 2 o2y _ 2 2 1o 2 2 2
By (m*,m*,p°) = 72(d_1){A(m)+(2m 2p>B(m,m,p)],
1
By (m?, m?, pz) = ? [A(mz) + m?B(m?, m?, pz) — dBoy (m?, m?, pz)} (111.79)

We quote here only the equal mass case results relevant for this paper. The
explicit expression for B is

B, ) = oo+ B(n,p) + O(e),
B(m?,p*) = ﬁ (71 —m?log Zzz) + J(ma, p?),
Jot ) = 1 | 'dxIn (W) , (1L80)
The function J(m?, p?) is
2—1—(711’1(%), p? <0,
Jm?,p?) = 2-2 %—1~arccot< %—1), 0 < p? < 4m?,
2+0ln (L‘r—g) +ino, p? > 4m?,

o(x) = 1/1— % - ’;ij ¢ [0,4]. (1I1.81)

Taking derivatives w.r.t. p? at p?> = 0 is most easily done in the form with the
Feynman parameter integration explicit.

III.LA.2 Sunset integrals

The sunset integrals are done with the methods of [23,29]. They are defined
as

1o odlq o d% X
<<X>> - 72/ (27’[’)d (27-[){1 (qz - m%) (7’2 *Ti’l%) [(l]+7’* P)z — m%} ’ (111.82)

The various sunset integrals with Lorenz indices are

H(m3,m3,m3;p?) = (1)),
HY (m,m3,m5; %) = ((q")) = p"Hi (m}, m3, m3; p*), (111.83)
H (i, mig, m5; %) = ({g"g"))

= plpYHy (m3, m3, m3; p*) + g Hoo (m3, m3, m%; p?) .
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and

) = pFHi(m3,m},mk;p?),

) = plp'Hy(m3,mi,m3; p*) + " Hy(m3, m3, m3; p*),
((q"r")) = (("9")),

)

= pl'p'Hys(m3, mj, m3; p*) + g Hoy(m3, m3, m3; p*),  (111.84)

The function H is fully symmetric in m?,m3 and m3, while H;, Hy; and Hpy
are symmetric under the interchange of m3 and m3. The relation between the
above 3 functions

p?Ho(m3, m3, m3; p*) + dHy (m3, m3, m3; p*) =
m3H(m?, m3, m3; p*) + A(m3)A(m3), (111.85)

allows to express Hy, in terms of Hy;.
Similar to the integral B and By, there is also a relation between H and H;
which in the equal mass case becomes

Hl(mz,mz,mz; pz) = %H(mz,mz,mz; pz). (111.86)

The other functions, Hp; and Ha3, can be written in term of H, H; and Hy;
by using relations derived from redefining the momenta and masses in its
definition [23].

The full sunset integral expressions and the definition for finite part Hf =
{HF, HF, HL}} can be found in the appendix of [23]. In our case we take m; =
My = msz = m.

In order to eliminate the extra poles in the expressions, sometimes we need
to expand the Hf (m?,m?, m?;4*) around the pseudoscalar mass m?, and we de-

fine
HM(m2, m?, m% q%) = e 1m2)2 HE (m2, m?, m?; %) — HF (m?, m?, m?; m?)
—(qz—mz)Hf/(mz, mz,mz;mz) , (111.87)
where
oHF (m2, m?, m?2; g%
HE (m?, m?, m?,m?) = — ( e 7) (111.88)
q P=m?
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We study how general two Higgs doublet models can be constrained by
considering their properties under renormalization group evolution of the
Yukawa couplings. We take into account both the appearance of a Landau
pole as well as off-diagonal Yukawa couplings leading to flavour changing
neutral currents in violation with experimental constraints at the electroweak
scale. We find that the latter condition can be used to limit the amount of Z,
symmetry breaking allowed in a given model.
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IV.1 Introduction

The Standard Model (SM) has been compared to experiments with great suc-
cess in the past decades and finding the Higgs boson is the only missing piece.
However, there are still a few internal problems. The prime example is the so
called hierarchy problem: why is the electroweak (EW) scale much smaller
than the Plank scale? Thus, the SM cannot be seen as a fundamental theory of
particle physics, but only as an effective description which will break down at
higher energies, at least at the Planck scale where gravity becomes of the same
magnitude as the gauge forces. The mission of the Large Hadron Collider at
CERN is therefore not only to look for the SM Higgs boson but also for physics
Beyond the Standard Model (BSM).

The general two Higgs Doublet Model (2HDM) was one of the earliest BSM
models, proposed by T.D. Lee [1] already in 1973 as a model with spontaneous
CP-violation. The 2HDM itself cannot give any solution to the problems of the
SM, such as the hierarchy problem. On the contrary, it introduces more prob-
lems such as tree level flavour-changing-neutral-currents (FCNC) which are
absent in the SM. However, a 2HDM is part of many other BSM models, espe-
cially supersymmetric ones, which require an even number of Higgs doublets.
Therefore it is useful and interesting to study the 2HDM itself, since it can be
thought of as an effective description of more general models at the TeV scale.
One such example is the Minimal SuperSymmetric Model (MSSM) in the case
of heavy superpartners such that the Higgs bosons only decays to SM parti-
cles.

The problem of tree level FCNC can be evaded by introducing an appro-
priate Z, symmetry that ensures that each fermion type only couples to one
of the Higgs doublets, which is sufficient in order to avoid tree-level FCNC
as shown by Glashow and Weinberg [2]. This is precisely what happens in
the MSSM whose Higgs sector at tree-level is a so called type Il 2HDM, mean-
ing that one of the Higgs doublets couples only to down-type fermions and
the other only to up-type ones. By enforcing a Z,-symmetry one also ensures
the absence of tree-level FCNC under renormalization group evolution of the
model to other energy scales.

Recently another way of avoiding the tree-level FCNC, by having the
Yukawa couplings to the two Higgs doublets proportional to each other, has
been proposed [3]. This works fine at a given energy scale but if one evolves
the model to another scale then the tree-level FCNC are reintroduced because
the Yukawa couplings in this model do not respect any Z, symmetry as shown
by Ferreira et al [4]. There has also been some discussion of the experimental
constraints on this model under renormalization group evolution [5-7] and
we will revisit these constraints more carefully below.

More generally, the FCNC at a given energy scale are avoided as long as
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the Yukawa couplings are diagonal in the appropriate basis. The constraints
on these more general models from low-energy flavour observables have also
been studied [8], but not their properties under renormalization group evolu-
tion. Apart from these schemes, which are set up in order to avoid tree-level
FCNC to a larger or lesser extent, one can also envision a top-down approach
where one assumes a certain texture for the mass matrices and from this de-
rives the Yukawa coupling matrices. In the present context the prime example
is the Cheng-Sher ansatz [9] which gives a natural suppression of tree-level
FCNC from the hierarchy of quark masses. Some generic properties of these
models under renormalization group evolution have been studied [10] but not
taking experimental constraints into account.

In this paper we will study the properties of all these types of models tak-
ing into account also experimental constraints on FCNC when evolving them
according to the Renormalization Group Equations (RGE) for the Yukawa cou-
plings. In this way we can see how stable the various assumptions are un-
der RGE evolution, which in turn gives a measure of have plausible the as-
sumptions are. A large sensitivity indicates that the assumptions behind the
model are not stable meaning that they are either fine-tuned or incomplete
such that there for example will be additional particles appearing when going
to a higher energy. From this respect we will study both the appearance of
a Landau pole as well as off-diagonal Yukawa couplings leading to FCNC at
high energies, which are larger than what is experimentally allowed at the EW
scale.

The layout of the paper is as follows. We first give a brief introduction to
the general 2HDM in section[[V.2including the Yukawa sector with emphasis
on the FCNC problem as well as some possible solutions and the RGEs for
the Yukawa couplings. Section [[V.3 gives the latest constraints on the non-
diagonal Yukawa couplings from neutral meson mixing as well as the SM
input values we use. Then in section [[V.4 we present our numerical analy-
sis of the running Yukawa couplings. We investigate the limits both from the
absence of a Landau pole as well as from requiring the off-diagonal Yukawa
couplings at higher energy scales to be in accordance with the experimental
limits at the EW scale. Finally, in section [V.5]we present our conclusions.

IV.2 The general 2HDM

IV.2.1 The Scalar Sector

The two Higgs doublet model was introduced in [1] and for a more general
overview of its properties and the constraints that can be put on it, we refer
to the recent review [11]. Much of the phenomenology of the 2HDM is also
closely related to the SM and MSSM for which we refer to the reviews by
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Djouadi [12,13].
The most general renormalizable scalar potential with two Higgs doublets,
@ and @,, can be written as

Vo = mh®Id)+mdol®, — (m2did, + he)

1 1
4-5/\1(@1@’1)2 + 5/\2(@2%)2 + A3(@] D) (DI ®) + Ay (D] D) (] 1)

L s (@102)2 + [ (@1d)) + A (DL | (DT ) + 1 1
+25(12)+ 6(D1D1) + A7 (P Do) | (P Do) + Trc (1v.1)

The coupling constants m?,, m3, and A;34 are real, while mj; and Asg7 can
be complex if there are not any further restrictions. In the following we will
however set them to be real such that there is no explicit CP-violation.

The vacuum expectation values (VEVs) of ®; are in general

(@1)0 %6"9‘ ( 1?1 ) ,

(P2)0 %eiez < 002 > , (1v.2)

and tan B is defined as the ratio of the v;, tan § = v, /v;.

The Higgs doublets can be rotated to a basis in which only one of the dou-
blets has a vacuum expectation value using the angle . This is called the
Higgs basis and is related to the general basis as

Hi = cosp®; +sinfe Pd,,
Hy = —sinp®;+cosBe Pd,, (1v.3)

with 6 = 6, — 6;. Hence the VEVs for the doublets in the Higgs basis, with

v? =02 + 03, are
1 ; 0
Hy)g = —=e ,
(Hi)o 7 < o )

(Hy)o = < 8 ) : (1v.4)

We have defined both ®; to have weak hypercharge +1. Doublets with
weak hypercharge —1 can be constructed out of the complex conjugate fields
via

&)i = Z.O'ZCD? . (IV.S)

®; and @, consist of 8 real fields in total. Three of them correspond to
the Goldstone bosons to be eaten by the weak gauge bosons W* and Z° upon
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spontaneous breaking of the gauge group SU(2); x U(1)y. One of the standard
conventions to write the doublets without the Goldstone bosons is (setting for
clarity 6; = 0)

@ -~ —SIBI‘IJr
1(X) = %(cﬁv—sah—kcaH—iSﬁA)
B C'3H+
Dy(x) = ( %(Sﬁv +cah +soH +icgA) | - (1v-6)

Here H* is the charged Higgs boson and the angle « (s, = sina,c, = cosa) is
introduced to diagonalize the CP eigenstates in the neutral sector, which can
be divided into two CP even scalars: (H, k), and a CP odd pseudo-scalar: A.

IV.2.2 The Yukawa Sector

The weak eigenstates of the SM fermions (with massless neutrinos for simplic-

ity) are denoted as
_ U _(n

Ur, Dg, Eg. (IV.7)
The most general Yukawa interaction can then be written as

—Ly = Qi®1ni'Ug+ QP17 Dr + Ly ®1yfEr
+Q1 Don5 Ug + QL ®o15 Dr + Ly ®on5 Eg + hec.. (1v.8)

We leave the generation index implicit here, all entities are matrices or vectors
in the three-dimensional generation space. The 5f are the 3 x 3 matrices of
Yukawa couplings for F = U, D, L.

In order to show more explicitly the physical content in the Yukawa cou-
plings, we rotate the Yukawa coupling matrices to the Higgs basis by inverting

Eq. (x.3) and inserting into Eq. (IV.8).

— Ly = QLHﬂ((l)’IuR -‘rGLHlKODDR +ELH1KOLER
+Q1 HypY Ug + Q1 HypY Dg + Ly HopS Ex + hec.. (1v.9)

The relations between the two sets of Yukawa matrices are

kg = cospytl+sinple Py,
kB = cospyP +sinpe™ L),

cos Bk +sin B(e™Oyk); (1v.10)

=
o
Il
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and
i = —sinpyi +cosple”ny),
pg = —sinpyf +cosp(etyy),
pf = —sinfyk+cospetyl). (1v.11)

The couplings to H; produce the masses of the fermions. We can go over to
the fermion mass basis by bi-diagonalizing the matrices x© with the unitary
matrices V/, V}:

k= VLFKFVFJr = gMﬁ (1v.12)

pF

vEph Vit (1v.13)

The « are diagonal, real and positive and are fully determined from the
fermion masses ML with MY = m, etc. pf is still a general complex matrix
whose non-diagonal matrix elements could cause tree level flavour-changing-
neutral-currents. The reason is that we cannot in general diagonalize two dif-
ferent matrices simultaneously. The flavour changing charged currents are
described by the matrix

Verm = VHVPT. (1v.14)

We now can derive the Yukawa interactions in the Higgs and fermion mass

basis. Using the definitions of Eqs. (IV.3), (IV.6), and ((V.IOHIV.13), the Yukawa
interactions (IV.9) become (see e.g. [14])

1.
-Ly = ﬁD[K sp—a + (0P Pr + " PL)Cﬁ ]Dh
+LD[KDC o — (oPPg +pDTPL )s ] i DPR—pDTPL)DA
va L pePH* 50
1 -
+WU[KUSB_“ + (PUPR +puTPL CB ac} Uh
1 ; ;
+\ﬁU[KuC'3,a—(puPR+p PL)sp_o|UH — 7 (0UPg — o4 P )uA
1 -
+\ﬁL[KLS/5_,X+(pLPR+p PL)/g ]Lh
111 L Lt - Lt
—l—\ﬁL[K Cpa— (P PR +p PL)s/g,_,X]LH-&-ﬁL(p Pr—p~' P )LA
{U(VCKMpDPpr VCKMPL)DH++upLPRLH++hc] (1v.15)

where Py, = (14 75)/2. One can clearly see, that if the Yukawa coupling ma-
trices pf are not diagonal, there are flavour-changing-neutral-currents (FCNC)
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Type Ug Dg Lg  pY " o
I + +  + «Ycotp  «xPcotp kL cot B
il + - - «Ycotp —«Ptanp —«ltanp
m/y + -  + «Ycotp —«Ptanp  «lcotp
v/X + + - «Ycotp «Pcotp —xltanp

Table 1v.1: The different types of 2HDM with Z, symmetry. The nomenclature follows
[8]. The Z; charges for Higgs doublets are odd or —1 for @1 and even or 41 for ®;. The
right-handed fermions have been given different Z, charges assignment as shown. The
Yukawa matrices p! are proportional to the xF and thus also diagonal with the relation
shown in the last three columns.

at tree level, which are absent in the Standard Model and are severely con-
strained by experiments. Therefore, either these terms are completely forbid-
den by certain symmetries or mechanisms, or they are sufficiently small to
avoid the current experimental bounds. An early discussion is the paper by
Glashow and Weinberg [2].
There are different known solutions to the FCNC problem. In this paper
we study three different cases:
e 7 symmetry
If there is only one Higgs doublet coupling to each type of fermions,
the situation becomes the same as in the standard model. The FCNC
couplings vanish completely, known as naturally vanishing FCNC [2].
An elegant way to achieve this is to impose a Z, symmetry on the La-
grangian and set one of the Higgs doublets and some of the right handed
fermions to be Z, odd. The different cases depending on which fermions
couple to the same doublets are listed in Table[[v.Tl We also note that the
Higgs sector of the MSSM is of type Il at tree-level.

e Yukawa Alignment

A more general way to diagonalize the Yukawa matrices simultaneously
is the Yukawa Alignment model [3]. They proposed that the Yukawa
coupling matrices 7f and 5} are proportional to each other. So the ro-
tated Yukawa coupling matrices x/ and p’ are also proportional to each
other and can thus be diagonalized simultaneously. However, other
than the models with Z, symmetry, this alignment may be spoiled at
higher energy scales. Some of the non-diagonal couplings leading to
FCNC may become sizable at higher scales. Studying limits on the pro-
portionality constants from this source is one of the purposes of the
present paper.

e Cheng-Sher Ansatz
A third possibility is to keep the off-diagonal FCNC elements in the of

IV
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naturally small. The best known ansatz of this type was proposed by
Cheng and Sher [9]

2 . .
of = Af il (1v.16)

1] v

The m; are the different fermion masses. Since the diagonal elements of
the «f have a hierarchy in size corresponding to the fermion mass hierar-
chy itis natural to introduce this also for the pf. The Af are expected to be
of O(1) and should be small enough to suppress FCNC to the observed
level. We discuss these limits below. One should be aware that there are
different parameterizations of the Cheng-Sher ansatz, some papers do
not have the factor of v2 in (V.16), e.g. [15].

IV.2.3 RGE for Yukawa Couplings in 2HDM

The variation of couplings and masses with the subtraction scale y is given
by the renormalization group equations (RGE). The running of Yukawa cou-
plings in the 2HDM can be found in many places, e.g. [4,10,11]. We have also
rederived them using the methods of [10].

Using the notation D = 167%d/d(Inp) the RGEs for the Yukawa couplings
in the general basis are:

2
Do = —Aun+ LT [Ne (nf'n "+ nPuT) k] ol
1 & uut . .t 2 Dt U
-‘rE[Z[W N, e, ]ﬂk +’7k 2”( M _22[751“ 775} !
=1 =1
2
DyP = _ADU,?+ZZTr[Nc(q,?m?*m}’n,f”)+m€17ﬂ17?
=1
12 + 2 ut, D
+§£21[’7/W +nPn) | nf + P 277 ;[’76’71« iy
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where Ar are given by the gauge couplings as follows

L INZ-1) 5 9, 17,
Au = 3 NC g3 + 4g2 + 12g1 4
AD = AU _g% 7
15 9
AL = Zg% + Zg% . (IV18)

with g1 = e/ cosfy, g = e/ sinfy, and g3 = g5, sinfyy being the weak mixing
angle. In turn the RGEs for the gauge couplings up to one loop level are

1 10
D) = (3+gm)s,
2 3
D(g2) = —|7-3m)8&,
1
D(gs) = —5 (11Nec—2mg)g3. (1v.19)

ny is the number of active quarks above energy threshold. In this paper we
will always use n; = 6 since we start the evolution at .
Finally the RGEs for the fields and thus for the vacuum expectation values
8 .
e%iv; are:

. 2 .
Do) = =Y Tr [Ne(uf'nT +uPn]) +nfn ] o,
(=1
359,
+ (15% = Zg%) ety . (1v.20)

Note that the running of the Yukawa couplings as given in ([v.17) is inde-
pendent of the couplings in the Higgs potential (L.I). They only appear at the
two-loop level.

Using the definitions ([IV.3), ((V.I0) and ((V.IT), the RGEs can be rewrit-
ten in the Higgs basis. The vacuum expectation value v, the phase difference
between the two vacuum expectation values 6 and the angle g relating the
general basis and the Higgs basis satisfy the following RGEs:

p(7) = -2&[N ("51"3’*+K5K5’T)+K8Ké*}vz+Bgﬂgg%} 2,

1 u u D D
D(tanp) = —mﬁ {Nc <P(l)IK0 T xog " +x600 "+ p'xg T)

L L
JrK(ijOT +p(L)KOT:| ’,
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_ 1 u Ut U Uty p Dt _ D Df
Do) = isin(Z[S)Tr{NC@OPO P0K0> NC(KOPO Po"o)

<K0p0 — pOKOT>:| . (1v.21)

Finally the Yukawa couplings in the Higgs basis, in other words the matrices
& and pf satisfy:

D) = At Te [N (sl sl 4 bk
_;tanﬁTr{Nc (1ol — 1) — N, (B — a2)
— (xbog" — pbg") }Ko
{ (o8 o81F + o 0B bttt + kR bl 4w bl + bl

prODKODTpO - (?KODTKO } (1v.22)

>
—~
el
g
~
Il

—ApkE +Tr {NC (KO KOT+K0 K T) +KOKLT] g
+;tanﬁTr{Nc (<03 = pbT) = Ne (kP — Py )
(K(%P(%T *POKST) }Ko
{ (o808 + 05 + il + x| 1+ [0 08 + x5 |

—2p(l)lKéITp(l)) — 2K5 KuJr g } (1v.23)
D (Ké‘) = —Apxb+ Tr{NC (K(%HK(I}[ + K KDT) it 6}1{3

+ tanﬁTr{Nc (flog' " = oblgT) = Ne (<5 — 0B )

("LPSf - PoKéT) }Ko
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1 L L L L
t5 (pépOT + K(%KOT) K5+ x§ (pOTp(L) + KS Ké) , (1v.24)

Dlelf) = —Auptf+ 2Tx [Ne (plfg " + xPefT) + wbeg] o
T [Nc (p(l,lpé” +p6)p8”) +P(%Péq 00"

1 u u D D
—5 COtﬁTI‘{NC (K(L)IPO T _p(L)IKO T) — N¢ <K(IJDPO1L _pg)xo T>
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+{2 (o506 + 005 + w6 T+ x| ol + b [ogTot! + g ]
~208'05 04! — 26 0g TK(%I} , (1v.25)
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1 L L L L
+5 (ofog" + b5 o + o (o570b + " xF) - (1v.27)

Before ending this section we note that the tan § dependent terms in the
evolution equations for the Yukawa couplings disappear in the real case. In
the CP-violating case p is no longer basis-independent and therefore there is a
residual dependence on tan § in this case. For a thorough discussion of basis
independent quantities in the CP-violating case we refer to [16].

IV.3 Constraints and SM input

IV.3.1 Low-energy constraints on )\5

In the recent review of 2HDM [11], the authors have given a comprehensive
overview on the latest constraints on the )\5 The most stringent ones are in
the quark sector, coming from the neutral meson mixing, and we will therefore
limit ourselves to these constraints in the following.

The master formula for F® — F? mixing mediated by tree level Higgs scalars
in the vacuum insertion approximation can be found in [17]:

O [ (B 55
AMp = —1 |s; ﬁZ“ + ’32“ +P—§ (1v.28)

ME my, My my
1 M?

Sp = -BpfAPME |1+ ——F

F 6 FfF F + (mi+mj)2
1 11 M?

Pr = -—BpfPM% |1+ —F

s 6 FfF F|: + (i + m;)2

Here Mr and AMr are the mass and mass difference of the neutral mesons
respectively, and fr is the corresponding pseudo-scalar decay constant. The
parameter By is defined as the ratio of the actual matrix element compared to
its value in the vacuum insertion approximation [17]. The numerical values of
the parameters we use are listed in Table

To calculate the limits on AI-F]-, we require that the sum of the SM and 2HDM
theoretical predictions for AMr does not exceed the experimental value by
more than 2 standard deviations:

AMM + AMFIDM < AMOP* | 2 (1v.29)

where o = /03, + 04 is a combination of the experimental and theoretical

uncertainties. For the K° — K% and DY — D mixing, the non-perturbative in-
teractions make the SM calculation very difficult. Here we therefore simply
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Meson  Mp(GeV) Br fr (GeV)
KO (d5) 04976 [18] 0.75+0.026 [19] 0.1558 & 0.0017 [19]
DO (ic) 1.8648[18] 0.82+0.01 [20] 0.165 [20]
BO
d

(db) 5.2795[18] 1.26+0.11[19] 0.1928 +0.0099 [19]
BY(sh) 5.3663[18] 1.3340.06[19] 0.2388 +0.0095 [19]

Table 1v.2: Parameters of the neutral mesons K°, DO,Bg and Bg.

assume that the 2HDM contribution is not larger than the experimental value
by more than 2 standard deviations. This corresponds to setting the SM con-
tribution to zero in Eq. ([v.29) as was done in [15]. The experimental and SM
values we thus use are listed below.

1. KO —KO:
AMGP' = (3.48340.006) x 10715 Gev  [18]
AMM = 0
2. DY —po
t _
AMEY = 157703 x 107 Gev  [18]
AMEM = 0
0 n0
3. BY—BY
AM;’;’” = (3.344+0.0197 +0.0197) x 10~ * GeV  [18]
AMEM = 36531035 x 1071 Gev  [21]
4. BY — BY
AM;’S"” = (116.668 +0.270 £ 0.171) x 10~ 3 GeV  [22]
AMEM = 1106135 x 107 Gev  [21]

The 2HDM contribution is then calculated using Eq. (Iv.28). We note that
the quark masses appearing in Eq. ([Iv.28) are the low energy ones defined
more or less at the scale of the respective meson masses. For internal consis-
tency we use the following values from ref. [23] (in GeV):

m,(2GeV) = 22x107%,  m(m.) =1.25;
my(2GeV) = 50x1073, ms(2GeV)=0.095, my(my)=4.2.
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However, the impact of the actual quark masses used is very small since the

masses appearing in (pE)2 and the dominant pseudo-scalar matrix element

M2/ (m; +m;)?* essentially cancel, and we get similar results using the masses
defined at m  instead.

From Eq. (V.28) we can see that the main uncertainty of this estimate is due
to the unknown masses of the CP-even and CP-odd Higgs bosons. It is also
clear that the contribution to the mixing from the CP-odd exchange is much
larger due to the extra factor 11 in Pr for the dominant pseudo-scalar matrix
element. We will consider three different representative cases. We also remind
the reader that in some cases there is an extra factor of v/2 in the definition of
AL With all this in mind we get the following constraints on Af:

o my = my = my =120 GeV

Auc
/\ds

3,

0.1
0.08, Agp <003, Ay <0.05.

AR ZA

® My =My =My = 400 GeV

7, Ay <012, Ay <018,

20, Agp <008, Ay <012,

The first and second cases are examples of typical low and intermediate
masses for the Higgs bosons, whereas the last case illustrates that the main re-
striction comes from the exchange of the CP-odd Higgs. Allin all we conclude
from these different cases that a representative value for these constraints is
given by AL 2 S 0.1 and this is the generic value we will use when analyzing
the effects of Z, breaking in the running of the Yukawa couplings in the next
section.

IV.3.2 General input

For the RGE evolution towards high scales we need a set of input parameters
at the low scale y = m = 91.186 GeV. The experimental input we have are the
masses and the measured parameters of the CKM-mixing matrix as well as the
gauge couplings. We have neglected constraints coming from the neutrino
sector. The quark and charged lepton masses at the scale m; we take from
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Ref. [23], their values are (in GeV)

my, = 129x107%, m.=0619, m =1717;
my; = 293x107%,  ms=0.055, m,=289;
me = 0487 x1073, my, =0.103, mr=1746.

For the 3 x 3 CKM matrix we use the PDG [18] phase convention

—id

c12€13 512€13 s13e
_ i6 i6
Vekm = | —S12023 — C12523513€" C12€23 — 512523513¢€" $23€13 , (1v.30)
i6 i6
512523 — C12€23513€°  —C12823 — 512023513¢°  €23C13

where s;; = sinf;; and ¢;; = cosf;;. We will also use this convention for the
phases at the high scale. The values for the angles and the phase follow from
[18]

s; = A, sp=AA%,
N 3 (s in VIV
S5 = AN (p+i77) V1 — A2\ (1v.31)

V1= AZ[1— A2)4 (5 +iff)]

with
A=02253, A=0808, p=0.132, 7 =0.341. (1v.32)
There is of course still a large freedom in how one chooses the remaining

freedom at the weak scale m;. We chose to put the CKM-mixing always in the
down quark sector and have thus at the EW scale

v = v =1

D D
Vi = VCTKM VR =1
vk = vik=1.

IV

The last two are a consequence of our neglecting neutrino masses and mixings.
The Yukawa couplings at the EW scale are thus:

(kgDij = &= — (06)ij = pif (i,j=wct)
(k§)ij = Vexmxf] = Vekm o (08)ij = Vexmp}  (i,j = d,s,b)
() = wf="", ()i = P (i,j=ep)

At any energy higher than the EW scale, the Yukawa couplings «y and p in
general become non-diagonal and complex. Thus they need to be transformed
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to the mass eigenstates by the bi-diagonalization defined in Eq. ([v.13) in or-
der to give « and p. The latter can then be used together with the diagonal ele-
ments of the former to calculate Af ~j- When performing the bi-diagonalization

we always keep to the PDG conventions for how to write the CKM matrix.

For the electroweak VEV we use v* = 1/(v/2Gp) with Gy = 1.16637 - 107>
GeV~2 from PDG [18] and for the phase difference between the two VEVs we
start from 6 = 0 such that there is no spontaneous CP-violation. For the gauge
couplings we use the PDG [18] values: a« = 1/127.91, ay = 0.118 and for the
weak mixing angle we use the on-shell value sin? 8y = 0.2233.

IV.4 RGE analysis

We have implemented the RGE equations in the Higgs basis given above in
three different computer codes. The matrix operations have been performed
with either the C++ template library Eigen [24] or the GNU Scientific Library
(GSL) [25] and the in total 114 ordinary differential equations are handled by
the ODE-solver in GSL using the explicit Runge-Kutta-Fehlberg (4,5) method.
The programs have been tested against each other and also by comparing with
the results from [10].

In this section we will start by briefly exploring the behavior of Z,-
symmetric models and then study a number of Z,-breaking models in more
detail.

IV4.1 Z;-symmetric models

From table[[V.Tland the definitions of x and pf, we get the diagonal elements
of AL in terms of tan g for the four different 2HDM types as shown in table
Since in this case the Yukawa couplings are given by tanp it is a real
physical parameter. In addition the evolution of the Yukawa couplings will
only depend on the initial value of tan S.

Since the Z,-symmetry is enforced the Yukawa couplings stay diagonal and
the only thing that can happen during the evolution is that one or more of the
Yukawas will blow up due to the presence of a Landau pole. This signals the
breakdown of the perturbative description and calls for a new theory at the
corresponding energy scale. The position of the Landau pole will depend on
the initial value of tan g and which of the four types we are considering.

In Fig. [V.J] we show the position of the Landau pole as a function of the
input tan 8. For the lower limits, the results are almost the same for all types,
and the lines are more or less on top of each other. This is natural since in this
regime the evolution is essentially driven by Ay, which is the same in all types.
For the upper limits, on the other hand, there are some differences. First of all
there is no upper limit on tan g in the type I model, which means there is no
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Type A A7 A
I 1/ tan B 1/ tan B 1/ tan B
II 1/ tan —tan —tan
1172 1/ tanp —tan 1/ tan B
Iv/X 1/ tan B 1/ tan B —tan

Table 1v.3: The diagonal Afi in 2HDM models with Z; symmetry.

Lower limits of tan3 Upper limits of tanf3
T T T T T T 250 T . T T T T T
1t
200
0.8 |
150
0.6
tanf tanf
0.4 Type | 1 100
Type Il ------- Type Il ——
0.2 Type HI/X ---ee--- i 50  Type /X ------- E
Type IV/Y e Type IV/Y ---e-ee-
0 1 1 1 1 1 1 O 1 1 1 1 1 1
10° 10* 10° 10® 10% 10%? 10%* 10% 10?2 10* 10° 10° 10%° 10%? 10%* 10%
ALandau-poIe [GeV] /\Landau-pole [GeV]

Figure 1v.1: The starting value of tan  as a function of the position of the correspond-
ing Landau pole (Apandau—pole) in the different 2HDM types. There are lower limits on
tan S for all four types (left), but only type II, type III/X and type IV/Y have an upper
limit of tan B (right).

Landau pole below 10!® GeV if the input tan 8 > 1.1. For the other types, the
upper limits are shown in the right panel of Fig. [V.T] The differences can be
understood from whether the evolution is driven by A, (type III), A.; (type
IV) or both (type II).

IV4.2 Z;-breaking models

Before starting to analyze the Z,-breaking models we note that, as shown
by [4], the Z,-symmetry of the RGE's is still preserved if all the Af’s for the dif-
ferent types are rescaled with a factor x for the cot  ones and 1/x for the tan 8
ones. In addition, when tan g is no longer related to the Yukawa couplings it
does not have any physical meaning, since it only reflects the basis choice for
the general 2HDM. In the following we will only be considering cases with p
real at the starting scale. This means that the only source of CP-violation is
from the CKM-matrix. Thus the CP-violating effects will be small and there-
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fore the dependence on tan  very limited. We have verified this numerically
for a number of cases and in the following we set tan g = 1.

In this subsection, we will also explore the non-diagonal elements of FCNC
Yukawa couplings. We know that in the Z, symmetric case, the tree level
FCNC couplings will remain equal to zero (up to the numerical precision) up
to arbitrarily high energy scales since they are protected by the symmetry.
However once we break the Z, symmetry in some way, this protection is not
effective anymore and the off-diagonal elements AF j may start to grow.

The actual values of the non-diagonal FCNC Yukawa couplings p. 4 atdif-

ferent energy scales will depend on how much we break the Z, symmetry. We
can thus use the size of the AL j as a measure of how severe different types of
Z, symmetry breaking are. Of course we do not know how large the Af 2j can
be at higher scales. Still it is reasonable to assume that the values should not
be widely different from the ones at the EW scale. Thus we will use a generic
value of AL 4 < 0.1 as a limit on how much Z, symmetry breaking should be
allowed and see at which energy scale this limit is reached.

The argument behind this is essentially that we can use the RGE evolu-
tion to analyze the stability of the assumptions underlying different 2HDMs
under variations of the scale where the model is defined. A large sensitiv-
ity indicates that the assumptions behind the model are not stable meaning
that they are either fine-tuned or incomplete such that there for example will
be additional particles appearing when going to a higher energy. From this
respect we will thus study both the appearance of a Landau pole as well as
off-diagonal Yukawa couplings leading to FCNC larger than experimentally
allowed at the EW scale. We also note that as will become clear below there
is a small dependence on at which scale we apply the above argument. Re-
quiring stability up to 103 GeV gives very similar constraints on the amount of
Zy-breaking that is allowed as when using 10'> GeV.

There are many possibilities to break the Z, symmetry and in the following
we will consider three ways: aligned, diagonal and non-diagonal /\iFj as de-
fined below. In most cases we will concentrate on the effects of breaking the
symmetry starting from a type I or type Il model. The reasons for this is on
the one hand that these models are the most well studied cases in the litera-
ture and on the other hand that it is in the quark sector that we have the most
stringent constraints on the FCNC Yukawa couplings. Thus the breaking of
the Z, symmetry in the lepton sector will typically have small effects.

In order to be able to separate the effects of breaking the Z, symmetry in
different ways we will limits ourselves to breaking the symmetry in one spe-
cific way at a time.

We start by noting that in the Z, symmetric models at least two of the Af
are always equal whereas the third one is the same as the other two in type
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I and the negative inverse of them in the other types. When going to the
aligned models we will therefore keep two of the sectors in fulfillment with
the Z;-symmetry and only break the symmetry through the relation to the
third sector. In other words either setting AP = AL, AY = AL or AY = AP and
letting AL of the third sector vary independently of the other two.

Another way of breaking the Z,-symmetry is by keeping the /\fj diagonal
but letting the individual diagonal elements be non-equal as has been studied
by Mahmoudi and Stél [8]. We will analyze the effects of this type of breaking
in the up and down sectors separately again starting from the Z,-symmetric
cases with either /\D /\ = Ay Or A = /\5 = —1/A4. In other words using the
typeIor Il Z,- symmetrles as startmg point.

The third way of breaking the Z,-symmetry that we will consider is by
setting the non-diagonal elements of Af‘} nonzero already at the starting scale.
Again we will consider setting the up-sector and down-sector non-diagonal
elements non-zero separately and apply the type I or type II symmetries for
the diagonal elements.

Aligned models

We start by analyzing the three different versions of Aligned models with AY,
AP, and AL pairwise equal. Based on the similarities with the Z,-symmetric
models we call them I/1II, III, and IV respectively and their free parameters
are as follows

o Aligned I/IL: AY, AP = AL

o Aligned III: AR,  AY = AL

o Aligned IV: AL, AU = AP

First we consider the effects of requiring that there is no Landau pole en-
countered when evolving to higher scales. We therefore plot in Fig. the
scale at which the Landau pole is reached as a function of the starting val-
ues for pairs of AY, AP, and AL. This means that for a given energy scale the
points inside the corresponding contour is allowed by this requirement. As
can be seen from the figure, the position of the Landau poles is very similar to
the situation for the Z,-symmetric cases and there is only a small correlation
between the values of the aligned Yukawas where the Landau pole is reached.

Applying also the condition that the off-diagonal elements of should re-
spect the limits given by the meson mixing constraints also at higher scales
has a potentially large impact on the allowed regions. This is the case for the
aligned models of type I/II and III, where AL is set equal to AP and AY re-
spectively, as can be seen in Fig. [V.3l In fact, within the parameter region
displayed in the figure (note the difference in scale compared to Fig. [V.2)
there is no difference between the two cases and therefore we only show one
of them. However, as may also have been expected, there are no additional
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Figure 1v.2: The energy scale at which the Landau pole is encountered as a function
of pairwise combinations of the starting values for AiLl-', /\I-El-) , and /\iLl- as indicated in the
figure for the three different versions of aligned models explained in the text. The areas
inside a given contour are allowed by the requirement of not having a Landau pole.
The different contours are as follows starting from the center: 101, 1019, 105, 103, and

300 GeV.

constraints in the case when AP and AY are set equal since the off-diagonal
lepton Yukawas are always small as a consequence of the small lepton masses
and the limited cross-talk between the quarks and leptons. In other words
breaking the Z, symmetry between the quarks and leptons has no effect in
this respect.
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Flgure 1v.3: Same as Fig. [V.2but also applying the constraints from the non-diagonal
7& The plot shows the results for AL = A7, but the same results are also obtained for

i’
AL =AU

For reference we have also included lines corresponding to the Z, symmet-
ric relations in Fig. Along these lines it is the Landau pole that gives the
limit but in the other regions the limit comes from the off-diagonal elements.
We also note that the plot is symmetric under inversion through the origin
(x,y) = (—x,—y), which follows since the evolution equations for pf are all
even under pf — —pf as long as the imaginary parts of x} and pf; are small.

It is also interesting to compare the results for non-equal AP and AY with
the constraints on Ay, and A4 obtained from b — sy in [8]. Applying the con-
ditions of stability when evolving to higher scales and that the non-diagonal
Yukawas should stay small essentially removes the regions |Ay| 2 1 including
the fine-tuned regions where A, and Ay are both large (2 2) and have the same
sign.

As special cases we also show in Fig. [V.4 the results for A}/ = 0.02,0.5 and
either A\l = AL = ¢Al (typeI) or AR = AL = —¢/AY (type II). From these plots
it is clear that for Au = 0.5, the off- dlagonal elements puts strong constraints
on the Z- symmetry breaking parameter & = AD/AY (¢ = —APAY) with typ-
ical values being ¢ < 3 —10(2 —5) for type I (H) For A =o. 02 on the other
hand the constraints are very mild in a type I set-up with ¢ < 100 — 1000 al-
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Figure 1v.4: The constraints on the starting values of ¢ = Ai? / /\iLiI (left)and ¢ = —Ai? )LI.LI.I
(right) as a function of the renormalization scale where the off-diagonal elements

reaches 0.1 in the Aligned models of type I and type II respectively for the representa-
tive values AiLiI = 0.02 and 0.5.

lowed, whereas in a type II setup only ¢ values very close to 1 or { < 0.05— 0.1
are allowed. The two possibilities corresponds to two distinct regions in the
AR, A plane. The first one where AP ~ —1/A! and the second one where A?
is small (< 2 —5). For comparison we recall that the Landau pole constrains
AR < 70 — 200 more or less irrespectively of AY. So the constraints on ¢ are

more or less trivial in this case.

Diagonal models

Next we consider in more detail models with Z,-breaking in either the up or
the down sector. To make the discussion more clear we only consider models
where Ay and Ay, are related in a Z, symmetric way and since we have seen
that the effects of the lepton sector is small we always set AL = A,. (If Ay and
App are not related in a Z, symmetric way then we are more or less back in the
aligned models since these two are the dominant Yukawas). In other words
we only partially break the alignment.

Thus we start with considering Z,-breaking in the up-sector with AP = Ay
(typel) or AD = —1/Ay (type II). For simplicity we also set A, = Ac.

First of all, as we show in Fig. the Landau pole gives the restriction
Ace S 400 — 500 both for type I and II, again more or less independently of
the value of Ay. We also want to emphasize that even though it is not really
discernable from the figure, there is also a lower limit on Ay 2 0.01 from the
Landau pole for Ay, for type II.
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Figure 1v.5: The energy scale where the Landau pole is reached (upper panels) together
with the scale where one of the non-diagonal )\iF 4= 0.1 (lower panels) as a function of

the input values A¢c and Ay. In the left (right) panels AP = AL = Ay (=1/ Att).

The figure also shows that the impact of constraining the off-diagonal el-
ements to be less than 0.1 is limited for the type I set-up. In fact for Ay = 0
there is not additional constraint from the off-diagonal elements. In the type
II set-up the constraints are more severe but even so quite mild.

To get a better picture of the range of the amount of Z,-breaking allowed
we also give in Fig.[[V.6 the constraints on the ratio A, /Ay in type I and II set
ups for our standard values Ay = 0.02 and 0.5. From the plots it is clear that
this ratio can be as large as ~ 1000 without generating off-diagonal AF > 0.1 all
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Figure 1v.6: The constraints on the input values ¢ = A/ A4 as a function of the renor-
malization scale where the off-diagonal elements reaches 0.1 in the diagonal models of
type I (left) and type II (right) for the representative values Ay = 0.02 and 0.5.

the way up to the GUT scale.

Next we consider Z,-breaking in the down-sector with A, = /\}{ (typel) or
App = =1/ A}{ (type II). Similarly to the up-sector we set A4; = Ags for simplic-
ity. Also in this case the constraints from the Landau pole are similar for the
two set-ups with Ag < 400 — 700 in both cases with a small correlation with
the value of A and Ay, for a set up of type I and type II respectively as can be
seen from Fig.[V.7] (upper panels). However, contrary to the up-sector the fig-
ure (lower panels) also shows that the effects from requiring the off-diagonal
Yukawas to be small are quite severe. In the type Il case one can even see a
mild preference for solutions with Ags ~ Ay,

To get a more quantitative picture of the constraints we show in Fig.
the ratio ¢ = As /Ay, for type I and type II using the values AY = 0.02 and 0.5.
In the type II set-up the constraints are especially restrictive with ¢ < 4 — 10
for AY = 0.02. In the type I set-up the constraints are less severe but even so
stronger than the corresponding ones from the up-sector.

Non-diagonal models

Finally we consider the case of breaking the Z;-symmetry from having non-
zero non-diagonal elements in the up- or down sectors. As starting point we
again use the Z, symmetric models of type I or II for the diagonal elements
and then set either Agé j=0lor /\g& j = 0.1 at the EW scale in order to break the
Zp symmetry.

Quite unexpectedly the additional constraints from requiring the off-
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Figure 1v.7: The energy scale where the Landau pole is reached (upper panels) together
with the scale where one of the non-diagonal AF it = 0.1 (lower panels) as a function of

Ass and Ayy. In the left (right) panels AY = Ay, (—1/A;) and in all cases A = Ay,

diagonal elements to stay small are limited. The corresponding plots for the
case of only considering the Landau pole are essentially straight vertical lines.
Thus we do not show the effects of applying the two constraints separately. In
fact it is only in case Il with AR = Ak = —1/A{f and A, = 0.1 that the require-

ment of having Agé (1) < 01 gives any discernable effect and then only for

small Al < 0.2. On the other hand, in this case the constraints are very strong
as also illustrated in Fig. [[v.10l It is interesting to note that it is actually the
off-diagonal elements in the down-sector that become large whereas the ones

IV
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Figure 1v.8: The constraints on the input values ¢ = Ass/ Ay, as a function of the renor-
malization scale where the off-diagonal elements reaches 0.1 in the diagonal models of
type I (left) and type II (right) for the representative values A4 = 0.02 and 0.5.

in the up-sector remain in accord with the limit /\g,é j( #) < 0.1. This means that
even though there are presently no direct experimental constraints on A and
Ayt they are in this case highly constrained from the link to the down-sector
through the RGE evolution. This is then the case in the MSSM, the prime ex-
ample of a type II 2HDM, for large tan f. To see more clearly what happens we
show also in Fig. [v.I01the RGE evolution of the relevant off-diagonal elements

for the input values Al = 0.02and AL, = 0.001, A7, = 0.

IV.5 Conclusion

We have seen that the RGE evolution is a useful tool to analyze the stability of
the assumptions underlying different versions of the 2HDM under variations
of the scale where the model is defined. A large sensitivity indicates that the
assumptions behind the model are not stable meaning that they are either fine-
tuned or incomplete such that there for example will be additional particles
appearing when going to a higher energy. From this respect we have studied
both the appearance of a Landau pole as well as off-diagonal Yukawa cou-
plings leading to FCNC larger than experimentally allowed at the EW scale.

Based on our studies we have seen that the constraints from avoiding a
Landau-pole are in general the same irrespective of the Z,-symmetry. They
appear as soon as the magnitude of one of the Yukawa couplings becomes of
order 1.

The constraints from the off-diagonal elements on the other hand depend
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scale for the type I (left) and type II (right) relations for the diagonal elements.

on the details of how the Z,-symmetry is broken:

e breaking the Z, relation between AP and AY as in the Aligned models is
highly constrained with AP /AU < 10 or —APAY < 10 unless AP and AY

are both <2,

e breaking it instead in the up-sector by having A and Ay non-equal gives
a small difference compared to the constraints coming from the Landau
pole with ratios Ac. /Ay > 1000 allowed,
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e in the down sector the constraints can be much stronger, but also more
dependent on the relation between A, and Ay, ranging from Ags /Ay, < 10
for Abb 50 and /\tt = —0.02 to Ags //\bb 10000 for /\bb = /\tt =0.02,

e in the non-diagonal case the constraints are weak when starting from

Agéju = 0.1 except in the case Ay, = —50 and Ay = 0.02 where we find

l#] < 0.001. In all cases it is the )\1#]

From this we can conclude that starting from a type I Z, symmetry there
is quite a lot of room for breaking the symmetry as long as one does not en-
counter a Landau pole except that AP /AY < 10 has to be respected. In the
type II case however, the room for breaking the symmetry is much smaller for
large Ay,. This is natural since in the latter case x¢ and py;, are both large. It
is also interesting to note that this corresponds to the situation in the MSSM
with large tan 8. Finally we conclude that there is little hope to see effects of
non-diagonal Yukawa couplings in the top system in a type II model such as
MSSM if tan g is large.
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