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I. INTRODUCTION

The Planck experiment [1] has provided the most accurate determination to date of the com-
position of the universe. It has found that circa 95% of the universe is made by unknown forms
of matter and energy, while to describe the remaining 5% one needs at least three fundamental
forces, i.e. Quantum Electrodynamics (QED), weak interactions and Quantum Chromo Dynamics
(QCD). Furthermore QCD, also known as strong interactions, is responsible for creating the bulk
of the bright mass, i.e. the 5%. It is therefore natural to expect that to correctly describe the
rest of our universe, while providing a sensible link to the visible component, new forces will
soon emerge. There are at least three primary areas of research where new strong dynamics can
emerge. The first is the sector responsible for breaking spontaneously the electroweak symmetry.
The standard model Higgs sector in this scenario is expected to be replaced by new strongly
interacting dynamics. The second application is in the use of new strong dynamics to construct
(near) stable dark matter candidates. Last but not the least there is the intriguing possibility that
even the mechanism behind inflation is powered by new strong dynamics.

Not only QCD constitutes one of the pillars of the standard model of particle interactions, and
accounts for the bulk of the visible matter in the universe, but it continues to pose formidable
challenges both theoretically and phenomenologically. On the theoretical and experimental side
we do not have yet a complete understanding of the strongly coupled infrared dynamics of the
theory.

Another puzzle is the experimental absence of otherwise theoretically legitimate CP violating
effects stemming from the topological sector of the theory known as the 6-angle sector [2]. Topo-
logical sectors are known to be extremely relevant since they carry the underlying gauge theory
imprint and can therefore help single out the underlying dynamics [2-10].

The purpose of this work is to provide a pedagogical review of the basic theoretical and
phenomenological analyses of the 0-angle physics for QCD, extend the analysis to other relevant
gauge theories and, last but not the least, study the interplay between the 0 physics of different
extensions of the standard model of particle interactions featuring new strongly coupled sectors.

In Section II we provide a pedagogical review of the 0-angle physics for Quantum Chromody-
namics (QCD) including also the axion properties. We then move to analyse composite extensions
of the standard model elucidating the interplay between the new 0-angles with the QCD one in
Section III. We will present examples of how the introduction of new strongly coupled dynamics

can affect the ordinary QCD 0-angle physics. In this section we will generalise the 0-angle physics



to consider several kinds of new strongly coupled gauge theories with fermions transforming in
arbitrary matter representations. Last but not the least we will generalise the theories to include
the lightest scalar state of the theory relevant both for QCD [11] or its extensions were it be used
for interpreting the composite state as the recently observed Higgs [12, 13] or the inflaton field
[14, 15]. We conclude in Section IV and in the Appendix A we summarise some of the salient
phenomenological imprints of the QCD 6 physics.

Our analysis is of immediate use for different models of composite Higgs dynamics [16-23],

composite dark matter [20, 24-26] and inflation [27-30].

II. SETTING THE STAGE: THE QCD 0 ANGLE REVIEW

Any extension of the standard model featuring a new SU(N) gauge group can feature also
a topological term. The topological term is added to the standard Yang-Mills Langrangian as

fOHOWS:
4 uv q 4

wherea = 1,...,N? — 1 with N the number of colors of the given SU(N) gauge theory and g(x) is
the topological charge density given by:

2
- ~ 1
0= S, B = 2R, ®

The additional term violates CP. This is easily understood since the topological term leads to an
operator of the form E”-B” when re-written directly in terms of the electric and magnetic field. Being
a topological term, i.e. mathematically a volume term since the Lorentz indices are contracted
via the four-dimensional fully antisymmetric tensor, it does not affect the classical equations of
motions. Its physical effects derive from the interplay of field theory and quantum mechanics.
In addition this operator, being of dimension four in mass dimensions, is renormalizable and
therefore there is no theoretical reason forbidding its presence at the Lagrangian level.

In QCD this term is known as 0-term and the associated CP violation as strong CP-violation to
distinguish it from sources of CP violation due to the electroweak sector of the standard model.
Experiments, however, do not observe any violation of strong CP setting the very stringent upper
bound 0 < 1072 . In fact, as we shall see, the bound is for a specific linear combination of the QCD

0 angle and the argument of the determinant of the quark masses.



A. QCD - Low Energy Effective Lagrangian

To elucidate the physics of the theta angle the most efficient way is to use the low energy
effective Lagrangian of QCD featuring directly the pseudoscalar mesons and baryon composite
states. The U(1) anomaly can be made explicit at the effective Lagrangian level which also allows
to readily compute the relevant hadronic processes. Although the effective Lagrangian cannot be
explicitly derived from the fundamental QCD Lagrangian as it is, instead, the case of the CpN-1
model !, one can nonetheless constrain its form by imposing the effective theory to faithfully
respect both the anomalous and non-anomalous underlying QCD symmetries.

The QCD Lagrangian with Ny massless quark flavours possesses, at the classical level, a
UL(Ny) X Ur(Ny) chiral symmetry that spontaneously breaks to the diagonal vectorial subgroup
Uy (Ny). The pseudoscalar bosons are the massless Goldstone bosons corresponding to the spon-
taneous breaking of the chiral symmetry. In the real world, however, the light quarks are not
massless. They have a mass which can be considered small with respect to the intrinsic infrared
QCD scale Agcp. At low energy the pseudoscalar bosons are described by the following chiral

Lagrangian:

1 F,
L=5Tr |o,ua, U]+ > \/ETr [Mu +uh)], 3)

where U contains the fields of the pseudoscalar mesons, that are composite states of a quark and

an antiquark:

_2 \/imi

1+
2 y5\y
HiFn

Uij = Wi+ W, WRrL = > ,

(4)

with F; = 95 MeV, the pion decay constantand i,j =1,...,N ¥ the flavour index. The central dot
in the first equation indicates the contraction of the colour indices. We assume the mass matrices

of both the quarks and mesons to be diagonal and real:

mjj = m;b;j M;; = ‘uizéi]- . 5)
They are related by the Gell-Mann, Oakes and Renner relation [31]:

y?l—% = -2m; < @R;i W >, 6)

implying that the ratio L%f is independent of i since, in the limit of small masses, both F;; and the

vacuum expectation value are flavour independent. Notice that Eq. (4) is a consequence of Eq. (6)

I See for instance Ref. [9] and references therein.



and of the following equation:

<Uij> < Wy, V>
It can be easily checked that the first term of the Lagrangian in Eq. (3) is invariant, as the QCD
Lagrangian without the term involving the masses of the quarks, under the chiral UL(N¢) X Ur(N )

group that acts on U as follows:
U-gilgy; U —grU'si; 81" =81 8 =8k ®

while the mass term breaks explicitly this symmetry precisely as the quark mass matrix does in
QCD. g/r is a generic element of the first U /r(Ny). The chiral symmetry is spontaneously broken

by imposing that the meson field satisfies the constraint:

FZ
t__n
uu' = - )
that implies:
F. . R0k
U@ = 12625 with @) = [T + —— | (10)
V2 VN¢
where T" are the generators of SU(Ny) in the fundamental representation normalised as
Te[T°T?] = 6% . (11)

In the case of a U(3) flavour symmetry I1%(x) corresponds to the fields of the octet of the pseu-

doscalar mesons, while S is a SU(3) singlet. In this case we get:

+ns/V3  \2rt V2k*
V2o -nl4ms/ V3 V2K | (12)
V2k~ V2K —2n8/3

1
HIZTLZ -
V2
The Lagrangian in Eq. (3) does not reproduce correctly, however, the effect of the U(1) axial
anomaly since, apart from the mass term, is invariant under the axial U(1). It is possible to take
care of the axial anomaly, at the effective Lagrangian level, by adding an effective term containing

the topological charge density:

_1
"2

Fr

L= >Te[9,Uua,Uu'] + o (M +uh] + %q(x)Tr [log %] . (13)

Having introduced the background field g(x), of mass dimension four, one can show, when taking

the large number of QCD colours N limit, that it is sufficient to add to the previous Lagrangian



only a quadratic term in g(x) since higher powers of g are suppressed in this limit. We arrive at

the following Lagrangian:

q(x)*
afF%

L= %Tr [0, U] + [M(u + U]+ q(x)Tr [log u+] (14)

2
We are ready to introduce explicitly the 0 angle and study the physical consequences following

the original derivations and results [2-8] also reviewed in [9].

B. Adding the 0 angle

The 0 angle multiplies the topological charge density and therefore the Lagrangian in Eq. (14)

is augmented by one more term as follows:

Fr q(x)?
Nk [MU -+ uh]+ q(x)Tr [log u+] + L~ o). (15)

1 t
L= Tr|9,Ud,U'| +
Since g(x) is a background field, introduced to correctly saturate the axial anomaly and to take into

account the 0 term, it can now be eliminated through its equation of motion:

q(x) = al; [6 - ETr (log U -log ll+)] (16)

Substituting the expression for g(x) back in the effective Lagrangian we arrive at:

Fr

FZ i 2
e +
ki [9— T [log U - log U ]] .

L= %Tr [outa, U] + 1

[Mu +uh)] -

Since UU" is proportional to the identity matrix and the mass matrix is diagonal the vacuum

expectation value of U must be:

< ui]' >=e 1(1);61]._ (18)
\/_

where, as we shall show, the quantities ¢; are determined by minimising the energy. Itis convenient

to introduce the matrix V that has a vacuum expectation value proportional to the identity matrix:
Ujj=e ™V,  <Vi>= F—”éij, (19)
V2
and rewrite Eq. (17) in terms of the field V. We get (M;; = ‘uiz cos ¢;0;j):

Ul

L= %Tr [aHV%V*] + % [Tr [log V —log V+”2

2F \/ETr[ 2 singi(V - V] +



N¢ )
, aFs, +
+i [9 - Zl‘ ¢,} — Tr(log V ~log V). (20)
=
The angles ¢; are determined by minimising the total energy, namely:
FZ|a s 2 < 2
=_"|Z(@ - )2 — : .
E= |50 ;qi),) ;y cos i . (1)
The minimisation yields:
Ny
yfsinqbi:a[e—qui], i=1...Ny. (22)
i=1
These equations determine the angles ¢; as a function of 2 and 0. Substituting Eqs. (22) in Eq. (20)
we get:
1 aF; 2 F 2F
L = =Tr|d, Vo,V |+ == (Tr|(log V — log V' +—nTr[M(9)(V+V+——“)}+
2[““]16([g g])2\/§ V2
< ar (F
+ il0- - —”(—”Tr logV —log V| - Tr V—V*)—E , (23)
Yo (Exfosy -toe ] lv- i) -5

2
where Ej is the energy at the minimum. Since the matrix V satisfies the equation VV' = F2—”, we

can write V as follows:

F .
V(x) = ~Ze V2O0/Er () = TI°T" + S (24)

vz W

Substituting the above expressions in Eq. (77) we get:

_ 1 i1 N, F V20
L = ETr[ayvayv]—Ts + 5 Tr | M(6) | cos T —1)| +
Ny
aFy F. . \20 ]
+ — Q—E i | Tr| —=sin -®|-Ep, (25)
\5[ i:1¢)1] [\/E Fﬂ °

where ® is given in Eq. (24) and M;;(60) = yf cos ;0jj.

The way to proceed is the following. First we have to solve Eq.s (22) that determine ¢; as a
function of 6,4 and ‘u?. Then insert them in the effective Lagrangian of Eq. (25) that will depend
on 0,a and yf. Before we proceed it is useful to show that the quantities that we will extract from
the previous effective Lagrangian will be invariant under the shift © — 0 + 2n. This follows from
the fact that, if we have found a solution ¢;(0) of Eq.s (22) then it is easy to show that also the

following will be a solution:

PO +21) = p1(O) +21, GO +2m) = pi(6),  i=2...Ny (26)



But the physical quantities depend only on ¢® and therefore are invariant under a shift of 27 of
the 0 angle.

It is also clear that strong CP is conserved if 0 — Zf\ifl ¢; = 0. This happens when:
1. 0 = 0 that implies that ¢; = 0,
2. the mass of a quark flavour is zero

3. and 0 = 7 for particular relations among the quark masses (see appendix).

C. The Witten-Veneziano relation

In order to get the Witten-Veneziano relation we have to consider the theory without fermions.
In this case the original effective Lagrangian in Eq. (15) becomes:
2

Lroferm. — aq? ~6q-iq], 27)

Tt
where we have added an external source that is coupled to the topological charge density 4. From

the previous expression one can compute the partition function:

Z(J,0) = e7WUO) = o=iVaaFR(0+]*/4 28)

The vacuum energy is equal to:

W P2
E@©6) = % - %92 (29)
From it we get:
PE(0 aF2
e oo = 5F. 0)

On the other hand, neglecting the term with M(0) in Eq. (25), the mass of the singlet field can be

obtained from the effective Lagrangian in Eq. (25) and it is equal to:
M3 =aNy . (31)

Putting together Eq.s (30) and (31) we get the Witten-Veneziano relation:

, _ 2N; PE(O)

= =0 - 32
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D. The QCD axion

From the analysis reviewed in the Appendix A, we see that, if none of the quark masses is
exactly zero, the O angle must be very small. If instead one of the quark masses were zero,
CP violation would be absent thanks to an exact classical symmetry (the chiral rotation of the
massless quark) which allows to rotate 0 away. The latter solution is, however, disfavoured by
lattice and experimental low energy data [11]. The strong CP problem can, therefore, be stated in
the following way: Within the standard model there is no natural explanation of why a parameter,
unprotected by any symmetry, must vanish or being tuned to be very tiny.

The solution to the strong CP problem requires, therefore, to extend the standard model. For
example, the Peccei-Quinn (PQ) [32, 33] solution of the strong CP problem includes new matter
degrees of freedom. The essential property of the PQ model is that such an extension should
provide a new classically exact but quantum mechanically anomalous and spontaneously broken,
U(1)pg symmetry.

The low-energy effective action of such a theory will have to contain, besides the usual QCD
degrees of freedom, an extra would-be Goldstone boson related to the spontaneously broken
U(1)pg symmetry. If we denote by apg the coefficient of the U(1)pg anomaly and by F, the scale of
its spontaneous breaking (the analog of F), we can write down an effective action that incorporates
all the relevant (anomalous and non-anomalous) Ward identities. It is sufficient, indeed, to add a

few terms to the effective Lagrangian of Eq. (15) yielding %

_ 1 + 1 + Frn + 072
L_EHPMM@”+E%N%N+év£ﬂMw+uﬂ+E%—%+

+ éq(x) (Tr [log U -log LIJr] +apg(log N — log N*)) , (33)

where U is given in (10) and
Fo ivaam)/E
N(x) = —L¢iV2a0/Fa (34)
V2

Notice that, following our assumptions, the only term that breaks U(1)pg is the one related to the
anomaly.

Under the axial U(1) and the additional U(1)pg defined by:

u—efu; N - ¢”N, (35)

2 This analysis was performed in an unpublished paper by one of us (PDV) with G. Veneziano.
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the effective Lagrangian transforms as follows:

OL = = (N4p +apqgy) q(x) . (36)

The Lagrangian is invariant if we impose N8 + apgy = 0. This is an anomaly-free U(1) subgroup,
whose spontaneous and explicit breaking (by quark masses) implies a new, pseudo-Goldstone
boson, the (Peccei-Quinn-Weinberg-Wilczek) axion.

Proceeding as in the previous sections (< U;; >= e 0iiFr/ V2 and < N >= e ®/%F, / \2), we

have to minimise the energy given by:

F2la < <
— %0 _ —h)2 — 2 .
E= |50 ;qb ) ;pi cos ;] . (37)
This gives
Ny Ny
a(G—Z(pi—cp]:[u?sincpi; O-p-) ¢i=0. (38)
i=1 i=1

The conditions above imply ¢; = 0 and 6 — ¢ = 0. In this case there is no dependence on the 0
angle and no CP violation because 60 — ¢ — Zfifl ¢; = 0 (in analogy, again, with the case of a single
massless quark).

The mass matrix involving the axion and the components of ® belonging to the Cartan subal-

gebra of U(Ny) (®;; = v;0;)) is given by:
1 Ny Ny 2
-3 Zyizviz+a[z Ul'+b0() , (39)
i=1 i=1

where b = apgF,/F,. The masses of the neutral mesons and of the axion are given by setting to

zero the determinant of the following matrix:

b2a— A ba ba ba ... ba
ba  pi+a-A a a ... a
ba a y%+a—A a ... a . (40)
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The determinant of the previous matrix is equivalent to the one of the following matrix:

Va-A  ba ba  ba ... ba
& @Z-A2 0 0 ... 0
4 0 w-A10.. 0 |, (41)
4 0 0 0 .. -2

obtained from the first matrix by subtracting the first row divided by b from all of the remaining

rows. By developing the determinant along the first row one derives:

1 < 1
E+ZZA

-1 M T

A = b2, (42)

By solving for A one can determine the mass spectrum and its associated eigenstates involving
the original axion and the pseudoscalars of the theory. So far the analysis is completely general
and applicable also to other non QCD theories. However, since phenomenologically for QCD,
b << 1 the lowest eigenvalue can be determined in a straightforward manner and corresponds to

the mass of the QCD axion

b? b?
e UV o mm
1oyN1 Ly L (my +my)
a i=1 luiz H1 Hy

nniy

(43)

where in the second passage we used the knowledge that the lightest quarks are the up and
down, and invoked the chiral limit. In the last passage we used Eq. (6) with m; the mass of the
light quarks. Experimental constraints require that F, > 10° GeV corresponding to an axion mass
m, < 0.01 eV.

The leading consequences for the meson and baryon physics of QCD are summarised in

Appendix A.

ITII. THE 6 PHYSICS OF MINIMAL COMPOSITE EXTENSIONS OF THE STANDARD MODEL

Having reviewed the salient properties of the QCD 0-angle physics and associated strong
CP problem, we are now equipped to start investigating generalisations of the standard model
featuring new strong dynamics sectors and associated new 0-angles paying attention to their

interplay with the QCD one.
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A. QCD - like minimal composite extensions

We consider here the class of composite extensions of the standard model constituted by a novel
QCD-like theory (QCD’) which couples to QCD via the mass term operator. A time-honoured class
of models of this kind are minimal Technicolor extensions [34] according to which the Higgs sector
of the standard model is replaced by a more fundamental interaction. Here by minimal we mean
that the new theory does not carry ordinary colour. We also observe that the neutral new baryon
of the theory can also be naturally identified with a dark matter candidate [23-26, 35-37, 37, 38].
Another interesting possibility is that the new QCD’ could describe directly and solely the dark
matter sector [39, 40], i.e. a dark QCD which would still feel the weak interactions. The first lattice
simulations of theories containing composite dark matter have only recently appeared [41-44].

Here we work in the low energy effective regime for both QCD and QCD’. In this regime the
low energy effective Lagrangian for QCD, as reviewed above, is:

1 q o afz i VP
LQCD = ETI' [8HV8“V ] - 7 |6 - ETT [log ﬁ” ’ (44)

where V = fnei% with fr = F—\/’% with F; ~ 93 MeV. For the sake of simplicity, we consider the case

with two flavors. @ can be written in terms of the Pauli matrices 7; and the identity matrix

% (S +IT;Ty) . (45)

The four matrices 7; are the three Pauli matrices and the identity matrix. They are normalized

such that Tr [TZ'T]'] = 20ij.

D=

Analogously, the low energy effective Lagrangian for QCD’ is:

712

Loco = 2Te[d,uarut] - T [9' i [10 2”2 (46)
QCD’ = 2 u 2 2 23 u1- .

We assume that the two theories communicate by means of the generalised mass term:
Lmass = fofyTe [AQUTV + VLD . (47)

A is a two by two diagonal matrix that we take to be real. In Technicolor extensions of the standard
model such a term emerges naturally as a four-fermion operator from new sectors responsible for
giving a mass to the standard model fermions.

The complete Lagrangian reads [45]

L= LQCD + LQCD’ + Linass - (48)
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In order to study the vacuum of the theory and the CP violating terms we write the fields V and

U as follows:
V=XVofr, (Vo)ij = e 15y, u=YUofy, Up = e_i¢}6ij
D i
X=el, =eh .
By inserting the previous expressions in Eq. (48) we get:

L= f : Tr[9, X" X*| + ’/IzTr[&HY&“Y*]—%

) 2
o- T jufosi
]

+ 22T [AYIX + ATXTY]

2
’ 12

-t [ ZJ‘(P ——Tr[log ]

where
A = VoAU} = e @925, = (cos(ehi — ¢7) — i sin(i — ¢))) Ady;
The angles ¢; and ¢! are determined by minimizing the energy:

2 2 7 £r2 2
E=%[9—Zj]¢f] + 2 [6'—2}}@] —2f5fézzj:?\jcos(¢j—cf>)

We obtain the following equations:

—afg[ qu]]+2fnf Aisin(gi— ) =0,  i=1,2

o 7;2[9’—Zq>] 2R2F2Nsin(i— PN =0,  i=1,2.
j

These equations lead to the following constraints:

af%[ qu] x [9 qu?']' Aisin@1 = 6f) = Aasin(z ~ 93) .
i

We can then write Eq. (50) as follows

f2 + 7’12 + fn X 2
L=~E+ 2 Tr[9,X0"X"| + Z-Tr[0,Y"Y"] + [Tr [log X+”

7 £12

E b oo
R 0 [ e

—17” [9 -y qu] Te[Y'x - X'Y],
j

(49)

(50)

(51)

(52)

(53)

(54)

(55)
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where
(M(0,6)); = As cos(hi — )0 (56)
The previous Lagrangian can be written as the sum of a CP conserving and a CP violating term:
L =Lcpc + Lepy (57)

where (neglecting the constant term —Eo)

& n 2 X 112
Lcpe = fETr [8 X&“XJr] + f—Tr [QFLY&“YJF] f [Tr [log X*”

//2
8

= f—zTr ERcodE: %Tr 04 Yo" Y"] - aS? — 'S

fufe 2

[Tr [log ” + 22T [MO,6) (VX + XY -2)]

—4f2f"*Tr |M(8, 0") sin? (58)
and
Lepy = ik [ Z cPJ) [log v log (Y*X X'y )]
=af2|60-) ¢;|m ﬂR—sin f’%—+”2R (59)
" ] ! fnf;[ fnf;[ '
We have introduced the two following combinations
R YO L fe
f2+fi? fR+fi?
R+ f'T T—-f'R
P = u , P = u ) (60)
2+ fi 2+ fi

Notice that Lcpy and also the mass term in the last line of Eq. (58) depend only on R. The only
dependence on T appears in the kinetic terms and in the two mass terms of the flavour singlets
S and S’ in the next to the last line of Eq. (58). This means that, independently from the form
of the mass matrix, the triplet of states contained in the matrix T are always massless. One can

introduce the electroweak gauge group in such a way? that upon spontaneous symmetry breaking

% The standard model electroweak sector is introduced through the covariant derivatives:

8HX - DHX = 8,,X + lng#X - l'gleyTg, , ayY - DHY = (9#Y + l.ng“Y - ig1YBHT3 (61)
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these three Goldstone bosons become, in the unitary gauge, the longitudinal degrees of freedom
of the gauge bosons W* and Z. It is worth studying the mass of the pseudoscalar mesons by
concentrating only on the quadratic terms in the Lagrangian (58).

The various fields are defined via:

1 1
R=— Ry +Sg), T=—(T.st"+S7),
vz V2

: RSk p-
R:L R3+Sg Ry —-iRp _ ;i R . (64)
V2| Ry +iRy —Rs + Sk RT R

the quadratic terms are given by

1 1 (faTs— fiRs) ,(faRs+ f5Ts) (5 .o 2
L, = ETr(ayira#T)+ETr(ayRa#R)—a 2irr C T g ~ (/7 + £22) e [M(0,0)R?
1 1 1 1o
= 5 T (8HTﬂz9”Ta) + E&#TSWTS + anRSaMRS + E azz; (ayRu(;PRa)
2 ’ /2 /2 ’ 2 ,
L L B - Sk (4 ) MO0, 69
fr+fx f f2+ f12

where Rs and T are the U(l) components of R and T. If we neglect the dependence on ¢; — ¢’ in

the mass matrix, the term with the mass is equal to:

A0 R‘%{SR_ RS;\;SR_

Rs—R3 Rs—Rs3
O AZ R+ _\/E R+ _\/E
A1 0 || 2(Rs+Rs)?> + R_R, V2RsR_

0 A V2RsR 7(Rs = R3)* + R-R,

—(f% + 7’12)Tr

—(£2+ £

= (£ + £2)| M (3R + R + RR.)+ Ao (5(Rs = R + R, )| (66)

If A1 = A, = A then the terms that contribute to the mass are the following:

2 ’ /2 2
) 2, p2 afz +a 2 +a R2 f fr
~(f2+ ) A|RE+ R +2R R, | - T - 2 ,2 S+2(a —TsRs
2+ £ f fn + fr

(67)

and the addition of the gauge bosons kinetic terms:
Leoauge = 1T F,Fw BB + sz D, XD*X") + (f” D,YD*Y? 62
e = =5 Tt (Fy )‘Z r( )+ 5T ( ) (62)

where

F,uv = ayA -d Ay + ng[ s ] Byv = &,UBV - avBy . (63)

Here A and B are respectively the SU(2); weak and U(1) hypercharge gauge bosons.
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The triplet of states R, (a = 1,2,3) has mass squared equal to 2 ( 2+ ’2) A, while the mass of the

two singlet states is obtained by diagonalizing the following matrix:

2 ,2 afy’+a 2 7 fnfé
(f + )A+ f2+ 72 ( - )f2+ (68)
( /) frfh af2+‘1 fn
[+ fh fr+fh

As expected when A = 0 the eigenvalues are respectively a and a’ yielding the masses of the
respective unmixed singlet pseudoscalars.

If we add another explicit mass term, for example for the QCD’ quarks, it is no longer possible to
rotate away one linear combination of the theta angles and new sources of CP violating operators
will appear. This possibility is particularly interesting if the new QCD’ physics is used to give rise

only to a dark sector.

B. Quarks in arbitrary representations

We now consider the case of a QCD’ theory in isolation - i.e. not yet coupled to the stan-
dard model or very weakly coupled - with Dirac quarks transforming according to an arbitrary

representation of the SU(N) gauge group. The U(1) axial anomaly is given by:

duJs =4Ngerq(x), with Tr(1°AY) =crs®, q= %Pwﬁ“v : (69)

For example, for the fundamental representation cg = % and for the two-index symmetric (antisym-

metric) representations cgr = N 2 (cR = %) Explicitly for the two-index complex representations
we have
N2 g
duJt = Ny 5 MR Pt = 2Nf (N £2)q. (70)

One observes immediately that for the case of the antisymmetric representation, when N = 3 one
recovers the fundamental representation. This is so because group theoretically the two-index
antisymmetric representation for three colors is the fundamental representation [46-50]. For real

representations such as the adjoint representation we have:

2
Jult = 2NN %GWP“F” P, = 2N, Ng, (71)
with Ny, the number of Weyl fermions. Super Yang-Mills corresponds to Ny, = 1. The link at
large N between two-indices theories featuring one Dirac flavour and supersymmetric Yang-Mills
was explored in [48, 49]. The application of higher dimensional representations for phenomeno-

logically relevant candidates of new strong dynamics was put forward in [16, 17, 19, 51]. These
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theories are being investigated via first principle lattice simulations with interesting results [52-60]
including the physical spectrum of the composite states [41, 41, 42, 42, 61]. The phenomenology
associated to minimal models of dynamical electroweak symmetry breaking is summarised in
[62-67].

Since the pattern of chiral symmetry breaking for the case of two-index complex representations
is identical to QCD, provided that the number of flavours is small enough that the underlying
theory does not develop an infrared conformal fixed point [16, 19, 68-70], we can generalize

Eq. (15) to take into account the associated anomaly in the following way:

L= %Tr [ouua, U]+ F\/niTr [MU + U")| + icrg(x)Tr [log U - log U*] + - 0q9(x).  (72)

M
aF

For a given complex representation the pion decay constant scales at large N as F;> oc dg with dg the
dimension of the representation which for the fundamental and two-index asymmetric/symmetric
representations are respectively N and N(N F 1)/2. Technically g(x) is an auxiliary field allowing
to implement the axial transformations linearly. The introduction of the 0 term is identical for

any representation since appears in the Yang-Mills sector. Eliminating the auxiliary field via its

equation of motion the Lagrangian reads:

2
T

[Mu +uh)] - af [0-ickTr(logi-logW")] . (73)

L= %Tr [ouua, U] + -

Fr
212
Re-parametrizing the matrix U with Ve™?, in order to minimise with respect to the abelian phases

of U, we obtain:

L = 1 Tr [0, Vo, V*] + ZZ (Tr [log v - 1ogv*]) L [M(V+V+ 2Fr )]

2V2 V2
FZ Zyl cos ¢; — —[6 2CRZ<]51]

r2
+ icr [9 2cr Z qﬁl] 77Tr logV —log V+] (74)

Tr [y sin @;(V — V+)]

This expression generalises (20) to a generic complex matter representation. Assuming that on the

ground state (V) = (V') = F/ V2 the total energy of the system is:

Fla a A
S50 -2 ) 9)° = ) uFcosg| (75)
i=1 i=1

minimised for

Ny
yizsin(pi:ZCRa[Q—ZcRqu)iJ; i=1...Nj. (76)
i=1
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Substituting back in the Lagrangian we have:

1 aF? V> F 2F
L = =Tr|d, Vo, V| + =L ¢ (Trllo —]) + —Z Tr[M@ (V+v+——”)]+
5 [H u ] 1 CR v 23 0) N
Ny
aF F \%
+ i2cr |6 -2c Z | —= —”Tr[lo —]—Tr v-v*)—E ) (77)
N = 2«5(@ U

Using for V equation (24) we obtain:

1 t 2, Fa
L = ETr[ayVByV]—ZaNfcRS +?nTr M(0) | cos

Ve
— Sin

V2 In

From the previous action we deduce the mass of the pseudo scalar S:

aF X F 20
+ ZCR—n 0 — 2cr i TI‘[ i
V2 Lo

- @] — Eo. (78)
i=1

M3 = 4aNcy, . (79)

We also have at large N that a o« 1/dg, or equivalently aF% is N independent. This implies
that at large N the pseudoscalar S becomes massless when fermions transform according to the

fundamental representation while its mass becomes leading in N for the two-index representations.

C. Adding the lightest composite scalars

It is, by now, well established that the correct description of the low energy mm scattering data
requires the introduction of the o state [71-74] indicated as fp(500) by the particle data group
[11]. The latter makes use also of the dispersion relations results [75-80] implementing the Roy
equations [81] for mt scattering. Historically this particle was introduced by Johnson and Teller [82]
and incorporated later in the Linear Sigma Model of Gell-Mann and Levy [83]. The Higgs sector
of the standard model is a Linear Sigma Model with the ¢ state identified with the Higgs state.
Within the standard model, however, the Higgs state is assumed to be elementary. Furthermore
the Linear Sigma Model, is however, a specific realisation of the mechanism of spontaneous
symmetric breaking which requires, for the standard model case, also the renormalizability of the

model .

# Although the ATLAS and CMS collaborations have independently reported the discovery of a new particle [12, 13]
with properties consistent with the standard model Higgs the burning question remains: Is the new particle state the
standard model Higgs? It is tempting, by thinking fast, to accept the simplest paradigm, i.e. that it is the standard
model Higgs. After all, the standard model paradigm corresponds to the most minimal renormalisable model one
can write able to break the electroweak symmetry preserving the SU(2). custodial symmetry while giving masses
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However, the Linear Sigma Model, or any other effective Lagrangian, does not explain spon-
taneous symmetry breaking, at best parametrizes the phenomenon. Furthermore scalars are not
fundamental representations of the Lorentz group, spin one-half fermions are. No elementary
(pseudo)scalar has ever been discovered so far in Nature. It would be the most important discov-
ery made at the LHC.

A composite Higgs and associate composite sector represent a natural solution to this prob-
lem. By composite, we mean composite by four-dimensional fermionic matter in the form of a
strongly coupled gauge theory. One can, of course, enlarge the space of theories or the idea of
compositeness, but should, at the same time, declare the standard model problems is set to solve.
In technicolor, for example, [88, 89] the Higgs sector of the standard model is replaced by a new
gauge dynamics featuring fermionic matter.

Because of the theoretical and phenomenological relevance of such a state both for QCD and the
electroweak breaking sector of the standard model, as well as, any other extension of the standard
model featuring composite dynamics, it is useful to extend the effective description investigated
so far to incorporate this state. We refer to [90] for a recent relevant phenomenological analysis at
the light of the LHC data.

Using as starting point the effective Lagrangian for any complex fermionic matter in a generic

representation of the underlying SU(N) gauge theory given in Eq. (73) we extend it as follows:

_ xplo] + Fr + aFZ . \1?
Ly = > Tr [8}11,18“1,1 ] + 3 xml[o]Tr [M(U +U )] e xglo] [6 —icgTr (logU —logU )] +
2
%8ya8#a - % Km, [0] a2, (80)

with the x functions being Taylor expansions in ¢/(4nF) and the dimensionless coefficients of
the expansion depend on the specific underlying gauge theory. We also have «[0] = 1 for any
x function. There will also be higher derivatives in ¢ but we consider only the leading order
assuming that we are not too far, in the phenomenological processes, from the o mass production
threshold. The kg term controls the theta physics of the scalar degree of freedom.

The generalisation to consider two coupled strongly interacting sectors can be achieved using

to the standard model fermions, and it is compatible with the bulk of the experimental data [84]. If the standard
model paradigm is accepted then it becomes relevant to investigate its vacuum stability [85, 86] making sure that the
quantum corrections do satisfy the Weyl consistency conditions determined in [86, 87]. According to these analyses
the standard model is in a metastable state and can therefore tunnel to the true ground state located at much higher
values of the Higgs field. The stability of the potential, per se, is lost at around 1010 GeV reinforcing the idea that one
needs to go beyond the standard model of particle interactions to have a more complete theory of nature.
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as starting point, for example, the Lagrangian in Eq. (48) with independent kappa functions for
the two sectors, and therefore two independent scalar states, 0 and ¢’. The direct mixing between

these two scalar states is induced by the generalised Ly;sss term in the Lagrangian which now reads
Linass = Kmass [0,0°] fr fTe [AQUTV + VWD) . (81)

The function s depends on the specific extension coupling these two sectors and can be

expanded simultaneously in 0/(47 f;) and o’ /(47 f,”).

IV. CONCLUSIONS

After having reviewed the 0-angle physics, the associated strong CP problem of QCD and its
axion resolution, we considered extensions of the standard model featuring new strongly coupled
sectors coupled to QCD. In particular we elucidated the interplay between the new 0-angle sector
with the QCD one. Our analysis can be viewed as a stepping stone towards generic composite
extensions of the standard model featuring new theta-angles.

We have considered several kinds of new strongly coupled gauge theories with fermions
transforming according to different matter representations of the underlying SU(N) gauge theory.
We have also shown how to generalise the framework to include the lightest scalar state of any
strongly coupled theory (to be identified in QCD with the o state) and, for models of dynamical
electroweak breaking, with the Higgs.

Our analysis is of immediate use for different models of composite Higgs dynamics, composite

dark matter and inflation.
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Appendix A: Review of strong CP violation phenomenological effects for QCD-like dynamics

In this appendix we review, for completeness, how to obtain physically relevant observables

for QCD induced by the presence of a nonzero 0 angle.
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1. Strong CP violating mesonic amplitudes

We start by minimising Eq. (21) in the case of two flavours and in the limit where a >> u2, 2.

In this case we must impose that 0 = ¢1 + ¢, and the minimisation equations become:
w3 singy = pysin(0 — ¢1) . (A1)

The solutions to the previous equation are:

2sin0 2sin 6
sing; = 2 ,  singp = ] , (A2)
\/[u%+lu§+2y%y%cose \/y‘ll+y‘21+2‘u%y§cost9
and
2+ u2cos6 2+ 12cosO
cos Py = T , cos (P = BT h . (A3)
\/‘u‘ll+yg+2y%y§cost9 \/y‘ll+y‘21+2y%y§c056
Computing the associated energy in Eq. (21) we get
2
E(6) = —?ﬂ \/y‘ll + iy + 2u3 3 cos 0 . (Ad)
For equal masses (u1 = pp = u) yields
2 2 0
E(0) = —Fu” |cos 5’ . (Ab5)

We find that both Eq.s (A4) and (A5) are periodic of period 27 in 6. Having solved the minimisation

equation in the a >> u2, u2 limit we consider the first correction
Hisingy = 3 singz = a(0 — g1 — d2) (A6)

which can be determined by expanding around the large a solution as follows

- 1H2
(1)1,2 = (]51,2 + €5(]51,2 , €= % . (A7)
One deduces
. 2, 2 . 2, .2
- sin @ U5 + pycos 0 _ sin @ py + 5 cos 0
P1=¢1—€ , P2 =¢r—€ , (A8)
R3 y% R3 y%
where ¢ ; is the large a solution
4, 4 2,2
- - us + po +2usus cos 0
Gr+d2=0, R:\/l 2 2 (A9)
ity
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Using the previous expression we can compute the CP violating term contribution

sin@ p2u?sin 0

9—(]51—(],[)2:6 = .
R a\/[u%+y§+2y%‘u§cose

(A10)

This contribution vanishes if 6 = 0 or if ‘u% and/or 3 are equal to zero. If u1 # iy it is also zero for

0 = . Butif u; = po = yu we get:

2 2
N
Q—qbl—(pz:%smzz%, for O=n. (A11)

One concludes that if 1 = up then CP is violated also at 0 = m.
From the CP violating term in Eq. (25) we can extract a cubic term in the fields of the pseu-
doscalar mesons that is given by:
N N
a (9 -L ‘f’i) a (9 -L (Pi)
T[] > ——
3 V2Fr V3Fx

from which we extract the decay amplitude g — n*nt~ given by

s, (A12)

Ny
e “(9 -Xi4 Qbi) _2m2(0) i3 sin 0
Tm—->n'n)= ViF = r A R 1P cos D (A13)
n n Hy T Hy T AHH, COS
where
2 2
U7 Cos Py + us5cosdr 1
m2(0) = — 5 2 =3 \/y‘ll + 1y +2u2 5 cos 6. (A14)
For small values of 6 we get
Tn— n'n) ~ (A15)

2m?2 0
\/an( y N @)2 ’
V my \’ mq

where m; is the quark mass related to the meson mass through Eq. (6). Notice that in the previous
calculation we have identified 1jg with the particle state 1 °.

From the previous equation we get:

62 g \[my — 4m?
( fm /—@)4 12nFimd
myp my

% The physical 7 is the linear combination i = cos @ 1g + sing 1; of the ng and the isosinglet 7; with a mixing angle
@~ 11

In->n'n)= (A16)




24

Using Fr = 95 MeV, m; = 140 MeV and m, = 548 MeV we get

62
T(n—ntn)) = ;- 1.8MeV = 6*-982 KeV, (A17)
e
my mq
and
r o
Ih—>n'n’) — 68 02. (A18)
Lot
From experiments we have
T -
Il - ') <13-107°, (A19)
Lot

that yields an upper limit on the value of 0 < 4.4 X 107*. We will get a much better limit from
the electric dipole moment of the neutron. The decay amplitude of n — ©*n™ is zero for 6 = 0
and 7 given that uf # u3. For extensions of the standard model where these masses are not yet
determined we recall that if ‘u% = y% the corresponding process is not vanishing anymore at 0 = 7.

In the previous analysis we have assumed that there are only two quark flavours. In the case

of three flavours one finds that
1. If |u3 — pflu3 > pius then CP is conserved at 6 = 1t
2. If |u3 — p3|u3 < u2u3 then CP is violated at 0 = 7.

From the meson mass matrix one can easily get the mass of the pseudoscalar mesons as a

function of the angle 0. One gets:

2 cos ¢y + i3 cos 2 cos ¢ + p cos
mZO .= Hl (Pl ‘UZ ¢2 ) mii — lul (Pl !’13 ¢3 , (AZO)
T, T 2 2
and
2 2
15 COS 2 + L5 COS 3
mio;,_(o = 5 . (A21)
These relations imply
RO) = Mo = Mg =M, 4z, @hcosn —picosdr  (u — )z + ) A2)
m2 U5 Cos ¢y + i cos 1 Ui + iy + 2udu3 cos O
where we have used Eq.s (A3). In particular one deduces
2_ 2 24 2
RO =0) =28 RO =m) =211 (A23)

ui+ ui-p?’
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Experimentally R =~ 0.26 which is consistent with 6 = 0. The ratio of masses for the two lightest
quarks is determined from the following relation

2 2 2 2

m y_% 2y =+, —

my 3 My = M2, +

5 ~ 056, for 6=0. (A24)

7-[+
For the sake of completeness we provide also the ratio between the mass of the strange and that

of the down quarks:

2 2 _ 2 2
my _ M5 _ Mo 7 M ¥ M ~20.18 (A25)

2 2 2 2
Mgy M — M+ me

2. Strong CP violating amplitudes with baryons

In order to compute the CP violating terms involving baryons we add to the effective Lagrangian
terms involving baryons. The baryons belong to an octet of SUy(3) and are described by the

following matrix:

X A +
it - P
B=| x- —3—;+% no|. (A26)
= =0 _n A
= = 24

Here B is a Dirac spinor and, being a matter field, transforms naturally under the SU(3)y diagonal

vector subgroup,
B — kBk', with ke SUQB)y. (A27)

The constraint equation linking k to the underlying pion dynamics and the original SU(3) x SU(3)

global symmetry is obtained imposing

2
SLE(DKN(D, g1, gr) = K(D, g1, gR)E(D)gh ,  with &&= UFi : (A28)

Under the chiral SU(3) X SUR(3) we can define purely left and right globally transforming baryon
tields:

1+ 1-
R= Tysg“Bg — grRgh, L= 775539 = gilgt. (A29)

The meson fields transform as in Eq. (8) and therefore the, relevant to us, Lagrangian involving

baryons can be written as follows

‘f“Tr [LURU' + RUTLU]| + 6Tx [LURM + RU'LM*| + yTr [LM*RU" + RMLU] .

T

Lyar = Tr [Biy#9,B| -
(A30)
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In terms of & and B reads:

_ Fro . Fr o r- F. _ -
Lyar = Tr [Biy!d,B| - a$Tr [BB] i |BB(eME + ETMTED)] + 62 ﬁTr |BysB(eME - EtMTEY)]
[Bleme + £'M1€NB] —y- e [Bys(eme — e (A31)

As done earlier we make explicit the relevant U(1) axial phase via

P02\ g = iy, oi%
$(g ), =Uij=e = Ve, (A32)
implying
;i + Pj i®
Sij = €2 Vinky,; = Kimvje™ 2, with v =e V2 . (A33)

Provided we transform the B fields as in (A27) the previous Lagrangian becomes,

Ly = Tr [Bz’y”&HB]—aF—\/%Tr [BB]

F, _ _ F, _ _
+$6 Tr [BBM,,(6) + BysBM,,(0)] + Nk Tr [BM,(0)B — BysMyu(6)B]

[ Z(pl —Tr[ (3351n(£q>)—13y53cos(F_‘/§q>))

+y (B sin(F—\/iqD)B +iBys cos(F—\/Eq)) B)] , (A34)
with
vM(O)v £ vIM(OWT
Mp/m(0) = ©) > © . (A35)
One can determine «,y and 6 in terms of the baryon masses
2
U 1 P S @my —mz - my)| (A36)
Fr (43 — u?)
V2
VY= — 5 (mg —mg), (A37)
Fn([lé - #2)
V2
0= ————(mz —mn). (A38)
FT(([’J:J, U )

The baryon masses satisfy the Gell-Mann-Okubo mass formula:

3mp +my = 2(mz + my) . (A39)
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From the previous Lagrangian one can extract the 7N coupling constants

N [iVSgTzNN + gnNN] T(iTiN . (A40)
The CP violating one reads:
0-Y.0;) m= — 22sin 6 o
Zunn = _a( Y i) mg — my __ Hits mg — my, (A41)
p2 - u? Frn 2oy [a, 4 2 2 Frn
3 (5 —u )\/u1 + iy +2p 5 cos 0

In deriving the last identity we used Eq. (A10). We can also rewrite the previous expression in the

chiral limit, directly in terms of the quark masses as:

Mzuz Mme —m mim M= —m
1072 =) Z__ze 11782 =) Z,(A42)

6 =
Qui - ui - )i +u3)  Fn (2mz —my —ma)(my; + mp)  Fp

ZnnN = =2

where we also assumed the small O limit. For the CP preserving coupling one must add new
operators dictated by current algebra involving derivative couplings with the mesons. This leads

to

FrgnNN = my . (A43)

This is the Goldberger-Treiman relation (with g4 = 1) apart from terms that vanish in the chiral
limit. Having computed g-nn We can use it to estimate the electric dipole moment of the neutron
that, if different from zero, implies a violation of CP. The dominant contribution comes from the

two diagrams discussed and computed in Ref. [2] and one gets:

1
D, . gann G log % =-14-10"59 cm), (A44)

in units where the electric charge e = 1. The experimental limit is:

ID,| <6-107%, == <1071, (A45)
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