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1 Introduction

The existence of a new, strongly-interacting dynamics (which we shall denote as technicolor,
TC for short) around — or just above — the electroweak (EW) scale, has been invoked as a
simple way to address the hierarchy problem of the Standard Model (SM) [1, 2]. This issue
occurs in the SM since there is no natural way to stabilize the Higgs mass against potentially
large quantum corrections stemming from unknown physics emerging before the Planck
scale. Certain underlying TC theories can be arranged to feature composite dilaton-like
Higgs (CDH) [3, 4] states or composite Goldstone Higgs (CH) in which the Higgs emerges as
a composite pseudo Nambu-Goldstone Boson (pNGB) [5, 6]. The dilatonic-like composite
Higgs is expected to emerge near a quantum phase transition! [4], typically required for
walking dynamics while the CH arises from the dynamical breaking of a fundamental
fermionic symmetry. We concentrate on the CH limit although some of our results and
scenarios are equally applicable to the CDH limit as well.

It is well known that in TC the introduction of SM fermion masses and couplings to
the Higgs is challenging. Several proposals include extra dimensional constructions while
others are based on four-dimensional dynamics. Let us start by considering the following
two scenarios for SM fermion mass generation:

1. bilinear coulings: the composite Higgs is coupled to bilinear operators made out of
the SM fermions;

2. partial compositeness: the elementary SM fermions are linearly coupled (i.e. have a
mass mixing) to some composite, non-chiral,? heavy partners carrying appropriate
quantum numbers. Such partners are assumed to be bound states of the TC dynamics
similar to the QCD baryons. Although, as we shall see below, the composite heavy
fermions can emerge also from a non QCD-like dynamics.

By construction partial compositeness (PC) requires the introduction of new QCD coloured
states in order to build the composite fermions able to give masses to quarks. One observes
that a larger compositeness fraction generically leads to a heavier mass for the SM fermions
since the physical eigenstate will be mostly aligned in the direction of the heavy partner.
This is a useful guide when trying to generate the observed SM fermion masses including
their (intra) family hyerarchies.

In recent years, considerable effort has been made, to classify ultra-violet (UV) theories
of PC via gauge interactions featuring only fermionic matter content [10, 11]. It remains to
be seen whether a purely gauge-fermionic underlying realization of PC trulys exists. One
long-standing problem is the possibility of generating sufficiently large composite fermion
anomalous dimensions required to yield the correct top mass and to be larger than the
fermion bilinear itself. This is not possible to achieve within calculable IRFP theories [12]

!For controllable perturbative realisations of walking dynamics we refer to [7] and references therein. A
similar analysis reappeared in [8] for a model whose complete phase diagram to the maximum known order
in perturbation theory was presented first in [9]. It is worth mentioning that in [7] even the extremely low
energy dynamics emerging when chiral symmetry breaks can be exactly investigated.

2The partners can be given a Dirac mass preserving the SM gauge symmetry.



although without rigour one can still hope to achieve these large anomalous dimensions [13].
Even allowing for such a possibility to occur it remains a daunting task to generate the
observed hierarchies among the SM generations including the intra-generation splitting.

It is therefore reasonable and timely to explore composite frameworks in which, while
still insisting on the composite nature of the Higgs sector and fermion mass generation, one
puts aside (postpone) the naturalness argument. This frees us to consider wider classes of
composite theories featuring, for example, also TC gauge scalars. It allows for interesting
model building featuring unexplored dynamics that can be investigated via first principle
lattice simulations [14-17]. For the scalar-phobic reader we notice that our models can be
viewed as an intermediate effective realization of a more fundamental gauge-fermion dy-
namics as explained in [18]. TC theories featuring a SM-like Higgs doublet have been con-
sidered long time ago [19, 20], and within the context of CH they have been re-investigated
recently in [21-23] to overcome issues related to the Yukawa sector.

Within the PC framework an alternative approach has been proposed in [24], and
further investigated in refs. [18, 25]. It was termed Fundamental Partial Compositeness
(FPC). The additional ingredient of FPC is the introduction of fundamental techni-scalars,
with QCD colour embedded in the corresponding flavour symmetry. The TC-scalars must
be chosen in such a way to ensure that Yukawa couplings involving a SM fermion, a TC
fermion, and a TC scalar can be accounted for: this is sufficient to guarantee the generation
of fermion masses and Yukawa couplings at low energy. The composite baryons — i.e.
the partners — are simply made out of one TC-fermion and one TC-scalar, and a UV
Lagrangian can straightforwardly be written down, without the need of calling upon the
existence of extra coloured TC-fermions. By construction no large anomalous dimensions
are needed and the hierarchy among the SM fermions can be simply achieved. Additionally
the new fundamental Yukawa structure allows for unexplored flavour dynamics. Composite
theories including (super) coloured TC scalars, attempting to give masses to some of the
SM fermions, appeared earlier in the literature [26-28] but did not feature a pseudo Nambu
Goldstone Boson Higgs.

So far, only the minimal model of FPC (MFPC) has been studied in much depth [18].
The latter is based on an SU(2)pc TC gauge group with four (Weyl) TC-fermions in the
(pseudo-real) fundamental representation. Without the underlying theory for giving masses
to the SM fermions this model was investigated in [29] at the effective Lagrangian level in-
cluding the connection to first principle lattice results. The model features an SU(4)/Sp(4)
coset structure. The aim of the present paper is to extend these analyses to SO(N)rc
and SU(N)pc gauge groups with TC-fermions in real and complex representations, respec-
tively. The TC-scalars are taken to transform according to the fundamental representation
of TC. In particular, we analyse the minimal cases for each class, namely the SU(5)/SO(5)
coset for the real case, and SU(4) x SU(4)/SU(4) coset for the complex one. As these
models also feature SU(2), /r-triplet pNGBs, it is necessary to consider whether they ac-
quire a vacuum expectation value (VEV). The latter, if present, would result in a violation
of the custodial SU(2);, x SU(2)r symmetry yielding a contribution to the T-parameter.
We find that this is indeed the case for SU(5)/SO(5), while all triplet VEVs vanish for
SU(4) x SU(4)/SU(4). As we will show in more detail, this result can be traced back to the



different transformation properties under CP-parity of the triplets in the two models under
consideration. We also show that the effects of the triplet VEV occur at the order O(p?) in
the chiral expansion and therefore there could be an unforeseen cancellation emerging once
the coefficients of these operators will be fully determined from the fundamental theory.

The paper is organized as follows: in section 2 we briefly introduce the main features of
the fundamental partial compositeness scenario, describing the underlying UV Lagrangian
and the associated global and local symmetries. In section 3 we move on to discuss the
case with TC-fermions in the real representation, resulting in the SU(5)/SO(5) coset. Via
the spurion formalism at the effective field theory level, we explore the low energy Yukawa
sector. We endow the third generation quarks with masses and further determine their
linear couplings to the pNGBs. We then analyse the effective pNGB potential and deter-
mine the alignment of the vacuum. Finally, we consider the contribution to sensible EW
precision observables such as the p parameter and the Zbb coupling, together with further
collider constraints, which allow us to restrict the parameter space of the theory.

In section 4 we repeat the above analysis for the case with TC-fermions in a complex
representation, yielding the SU(4) x SU(4)/SU(4)p coset. In the appendix we classify the
various effective operators emerging at different orders in their mass dimension.

2 Fundamental Lagrangian

The simplicity of FPC relies in the fact that enables us to write down a UV theory that, at
low-energies, can reproduce all the experimentally successful predictions of the SM while
remaining a valid composite alternative to the SM Higgs sector. In contrast to a purely
fermionic realization of PC, no additional QCD colored sectors are required, making the
model complete on its own. The Lagrangian structure pertaining to the TC-sector assumes
the form:

1 1
Lo = _Zgwgw +iFighD,F — <2.7-"m;]-" + h.c.) +(D,S)'D"S — STm%S -V (9),
(2.1)

where G,,,, refers to the TC gauge fields, F is the left-handed Weyl TC-fermion multiplet, S
collectively indicates the (complex) TC-scalars, and V' (S) is the scalar potential. To keep
the notation light we omitted the TC-indices that are properly contracted to form TC-
singlet operators. Up to SM interactions and super-renormalizable operators the symmetry
of the Lagrangian (2.1) takes the form of a direct product of the fermionic and scalar global
symmetries, Gp X Gg. A diagonal fermion mass matrix breaks the global symmetry of the
fermionic kinetic term while a diagonal scalar mass matrix keeps the scalar global symmetry
unspoiled. The EW gauging, color interactions and the operators needed to generate the
SM fermion masses break the TC global symmetry.

One can envision the underlying TC fermion matter to transform according to either
the real, pseudo-real or complex representation of the TC gauge group. The most minimal
realization of FPC in terms of the needed fields is, as explained in [18, 24, 29|, the case
of SU(2)rc with fields in the fundamental representation, which for this gauge group is a
pseudo-real representation.



3

For both the pseudo-real and real TC-color representations® we can arrange the field

S in a multiplet ® as follows

. S o ercS™ SP(2N3)
= <S> ’ S_{ S*  SO(2N) 22)

where on the right we indicated the corresponding global symmetries over the scalars,
which are Sp(2Ng) or SO(2Ng) depending on whether the TC-color gauge representations
are pseudo-real or real. The quadratic scalar Lagrangian reads:

1 +1 1 +m2"

~(D,®)" D,®) — ~oT S| 2.3

2(u)<1 )(M)2<m% , (2.3)
where the plus(minus) sign corresponds to SO(2Ng)(Sp(2Ng)) and we introduce the off-

+1
diagonal matrix w = 1 since we will be using it later. Note that we need the
global symmetry over the scalars to be at least SU(3) to account for QCD color, since the
TC-fermions are taken to be color singlets. In the complex TC-color representation the
maximum scalar symmetry is U(Ng).
Since the symplectic case has been studied in much detail in [18], in the following we

concentrate on the real and complex representations.

3 Real case

In this section we consider the case of an SO(N)t¢ gauge group.* As has been observed,
the minimal coset that contains a pNGB Higgs with a custodial symmetry, and with TC-
fermions in the fundamental, is SU(5)/SO(5). The latter coset has been explored in differ-
ent contexts of possible UV completions of composite Higgs theories, e.g., in refs. [11, 23].
We investigate here the high energy extension of the SU(5)/SO(5) composite model as-
suming the FPC scenario. Lattice simulations of fermionic matter in real representations
of gauge groups have been performed in [30, 31] while for orthogonal gauge groups such
as SO(4) gauge theories with four Weyl fermions in the fundamental representation the
results can be found in [32]. In the latter it was shown that chiral symmetry breaks with
the expected pattern. These studies do not contain yet gauged scalars which, however,
have been considered for the SU(2) case in [33].

3.1 Details of the model

The underlying fermionic theory features 5 Weyl fermions carrying the following quantum
numbers under the SM group Ggy = SU(3). ® SU(2), ® U(1)y

Fi= (1,2,%) CFo=(1,1,0) . (3.1)

3Here we always choose TC matter to be in a defining representation of the gauge group which will
therefore be either Sp(2N)rc or SO(N)r¢ with SU(2)rc=Sp(2)rc being the first of the symplectic groups.

4One can also have matter transforming in real representations of unitary gauge groups such as SU(2)
with fermions in the adjoint representation. The theory is locally isomorphic to SO(3) with a vector
representation.



The electroweak symmetry is embedded inside a larger custodial SU(2) x SU(2)gr
group, identified with the following six SU(5) generators:

1 (1 i 1 P21
-l (&H Cr= (%) | (32)

With such an embedding, the TC-fermions given in eq. (3.1) can be grouped into a single
field § transforming according to the fundamental of SU(5)

Fi
s=| 7 |. (3.3)
Fo

The fundamental UV Lagrangian for the free § field is

Lyy = iFo"D,§ — SMF +h.c
i0® i
=i§'' D, — | —io?uq F+he., (3.4)
Us

Dy = 0y — igW\ T} —ig' B, T} — igrcGiA\e - (3.5)

The choice of the condensate <SS> is fixed (modulo an overall phase) by the embedding
of the SM symmetry and by the requirement that the stability group be SO(5). We are
assuming that the gauged scalars do not affect the fermion condensate sector sensibly. A
preliminary study of these effects have been investigated via lattice in [33] including the
impact of the scalar masses for the SU(2) gauge template with fundamental fermions and a
gauged scalar. The results are that at sufficiently large scalar masses the meson spectrum
goes over the purely fermion-gauge theory while the spectrum is modified at small scalar
masses without changing the fermion pattern of chiral symmetry breaking. It would be
interesting to extend the lattice analyses beyond this example. Our choice will be

The low-energy dynamics is described in terms of a linearly transforming matrix X, de-
fined as
N(x) = Q(0) exp [4ill(z)/ f] X0 27(0) , (3.7)

where II(z) = I%(z) X is the pion matrix, X% are the SU(5) generators broken by the
vacuum Yo, and Tr[X?X?] = %5‘%, while f is the physical scale generated by the strong
TC-dynamics. The rotation matrix Q(#) describes the misalignment of the vacuum from
the EW preserving direction. Note that the mass matrix in eq. (3.4) is proportional to g
only for pug = ps, and that the custodial SO(4) C SO(5) symmetry is always preserved by
the mass term.



states SO(Npc) SU(Np) SO(2Ng) number of states

F N 0 1 Nro X Np

P Ntc 1 O Ntc X 2Ng

o 1 1 lormeH 142Ns(2Ns+1)+ Ng(2Ng—1) —1
Fo 1 O 0 9Ng x Np

FF 1 1o 1 INp(Np+1)+1

Table 1. Fundamental and composite matter fields for Grc = SO(Nt¢). Np (Ng) is the number
of TC-fermions (scalars).

For the explicit form of the pion matrix we refer the reader to ref. [34]. The Gold-
stones include a custodial bi-triplet (3,3), which under the diagonal symmetry SU(2)p
they decompose as

(3,3) > 5301, (3.8)

and the corresponding fiveplet, triplet and singlet states will be denoted as follows:

5= nd g, s, ms ), 3=(m3, nS n3), 1=ni. (3.9)

In the FPC scenario we are considering here, in addition to the light pNGB states, we
expect massive states which, differently from the purely TC-fermionic case, will include
TC bound states containing either only TC-scalars or a TC-scalar and a TC-fermion. For
the reader convenience we summarize in table 1 the elementary states as well as the first
scalar and fermionic resonances together with their transformation properties under the
global symmetries.

3.2 Yukawa interactions

Following [18], the fundamental Yukawa interactions can be put in a formally invariant way
by introducing a spurion v ,, where the index i refers to the symmetry of the scalar sector
— of which QCD color is a subgroup — while a is the index referring to the fundamental
of SU(5). The transformation properties of ¥, under SO(2Ng) x SU(5) are schematically
summarized by

Ve € s @0F. (3.10)

Using this spurion notation, the partial fundamental Yukawa Lagrangian preserving the
flavour symmetries can be compactly written as

Ly = — ¢ @ wi; F* + hec. (3.11)

where the TC indices have been omitted, being implicitly contracted to yield a TC-singlet.
Notice that, while two upper ¢ indices must be contracted via w;; upper and lower indices
are contracted simply with a 5;, since ®Twd = &P,



The partial fundamental Yukawa Lagrangian that allows to give mass to the top and
to the bottom quarks is

Equark = ny-?-StQa + gQFngQa + yt]:'OS;< ?% + yb]:OS;bg%v (312)

_ 2 -1
= 1,—— = 1, - 1
St <37 ) 3> ) Sb (35 53> ) (3 3)

where we split the original scalar multiplet into two different color-triplet techniscalar
fields, S; and Sy, which implies that Ng = 6, up to lepton scalars and the remaining quark
generations. Following the argument made above, the largest possible scalar symmetry,
so far, is SO(12), which is realized when S; and S, are degenerate and the hypercharge
interactions are switched off; conversely, in the presence of a large splitting one has simply
SO(6) x SO(6). In the following we will assume all the scalars to have common masses
that are light with respect to the dynamical scale of the TC theory. Therefore the common
composite scale will be of the order of the dynamical TC scale. This also means that the
Yukawa couplings of the fundamental theory must contain the hierarchy information to
reproduce the SM fermion mass hierarchy.

By comparing eq. (3.12) and eq. (3.11), the explicit expression of the matrix field 9°,
is found to be

0 0 0 0 wth

i 0 0 0 0 yby
—yobr yotr 0 0 0
0 0 —vobr yotr, O

(3.14)

At lowest order, the only invariant operator is bilinear in the SM fermions, and describes
the masses of the quarks and their interactions with the pNGBs. This is given by

Oyux =1 (¢“ ay ¢i2 a2) DS (3.15)

2V/2

Expanding the above operator to linear order in the pNGBs, we get the following Yukawa
Lagrangian for the neutral fields

0
Ly = OvukOyuk =

3 3
=-C veg + heag — ispep | —— —\[0 + sgn3 | trt$
YukYQYt 0 20 6Co <\/m77 2771 6M3 | LR
~ . 3 3 0 0 (¢
- CYukybe veg + heag — isgcy 7\@77 - 5771 —sgmns | brbR, (3.16)

and for the charged fields
‘C\i(uk = Cyuk (—\/inytbLtcRngr — ﬁngthb%T]g + h.C.) . (3.17)
From (3.15) one can easily read off the masses of the top and bottom quarks

my = |Cyuk YQyi|ves,  mp = |Cyuk JQys|vee - (3.18)



B, Fy F- Fo
Sy | Bx

Syl Bo (3,216 By (3,2) 56 Bp(3,1) 13
S | By (3, 2)_1/6 Bx (3, 2)_7/6 B, (3, 1)_g/3
Sy | By (3, 2)5/6 ~/Q (3,2)_1/6 By (3, 1)1/3

Table 2. Representations of the composite partners under the SM gauge group. The rows and
columns correspond to the fundamental TC-scalar and TC-fermion constituents, respectively.

So far the SM mass hierarchy was encoded in the fundamental Yukawas, however it
could also be induced by the scalars possessing different masses. In this case we expect the
TC scalars to have masses heavier than A. In this case we can integrate the scalars out.
At the effective Lagrangian level this amounts to replacing the w;; tensor with [18]

AQ

3.3 Partners and exotic states

As already discussed, the top and bottom quark partners are composite states made out of
one TC-scalar and one TC-fermion. Of course, in addition to the SM quark partners, also
exotic vector-like quarks (VLQs) B ~ F® arise, whose decays lead to interesting collider
signatures. According to table 1, these states carry one index in the fundamental of SO(12)
and one in the fundamental of SU(5). Therefore, fermionic partners will be found in the
5 of SU(5) times a 3 or a 3 of color, and their hypercharge will be equal to the sum of
those of the scalar and fermionic fields, S and F, they are constituted of. Calling Yg the
hypercharge associated with the scalar field S, the decomposition of the partners under
the EW group thus reads

21/2+YS @ 2*1/2+YS @ 1YS . (320)

For ease of reading we summarize the SM quantum numbers of the partners in table 2, where
each fermion is left-handed, and the corresponding VLQ fields are formed by grouping
together the tilded and non-tilded fields to form Dirac fermions.

The resulting effective Lagrangian mixing SM fermions and TC composite fermions,
including the Dirac masses for the latter, is

— Lonix = fyfTwi; B 20y + M, wi B 2By, (3.21)

where B’ is the matrix of partners of table 2.
By expanding the above expression we determine the top quark mass, that at leading
order in the chiral expansion reads:

vy f Yot

my = V2Mrsgce
VMR WA\ MR+ ()2

.. (3.22)




Note that the above expression matches with eq. (3.18), after the correct identifications
have been made, as explained in ref. [18]. Here the reader will find also the relations, in
certain limits, between the effective Yukawas and the fundamental Yukawas. We leave to
future studies the decay and phenomenology of exotic partners.

3.4 Potential and vacuum misalignment

We now discuss the effective potential for the composite fields, paying attention to those
that are relevant for the breaking of the electroweak symmetry. One can naively imagine
these operators to arise via loops of top partners. The potential contains three different
contributions, corresponding to the various sources of explicit global TC-fermion symmetry
breaking. The pGNB potential term stemming from one loop of SM gauge bosons reads

Vese = Cog?f e [TESTL 5] 4 €y e [T ] =

4392 +gl2

:Cgf 5

h
<—(029 +1)+ 2329? + .. ) . (3.23)
A bare mass term for the TC fermions leads to

Vinass = _Cmf3 TI'[M]-‘Z + ZTM]:] =

h
= 2Cmf3 (—3,ud — (,ud + ,MS)CQQ + Q(Nd + [I/S)SQQ? +.. > R (3.24)

where Mr is the following matrix

0 pa(ic?) 0
Mz =] —pg(ic®) 0 0 |. (3.25)
0 0 s

Note that, as long as Cy, C,;, > 0, both the gauge and mass term tend to align the vacuum
in the unbroken direction, corresponding to 6 = 0.

One further source of explicit breaking is provided by the fundamental Yukawa cou-
plings in eq. (3.11). In order to write down the potential generated by the Yukawa couplings,
we extract the associated spurion matrix y defined by

¢ia = (\Ij y)z as (ya)ia €lls ®i}—7 (3'26)

where VU is a generic SM fermion. Therefore, if a fermion f transforms according to the
representation Rgy of the SM gauge group, the associated Yukawa spurion y; will have
the following transformation properties

(yf)'a € Os ©0F @ Rsu - (3.27)
The potential is made by the following three operators, 0‘1/12’3 [18] (cfr. eqgs. (38—40))
Ol _ f2A2 * ay 1119 * as 1314 ZT 2042044 .. .. 3 28
Ve = W(yfyf) as (yf’yf’) as aras Wiy igWigiyg » (3.28)
2 f2A2 * a1 1112/, % as  i3i4yT asa4 1214

va = W(yfyf) az (yf’yf’) aq EalagE WiqigW ) (3'29)
03 — fQAQ( ) m‘z( )3 igiayt  yazag o (3.30)

Vi T 16n2 Y¢Yf) a2 YeYf) “ag ajas WigigWiyiy - .

~10 -



Adding the gauge, TC-fermion masses, and Yukawa the potential for 6 is
V = f4(~Acos20 + Bcos4h), (3.31)

where the coefficients A and B are given by

3¢ +9? . Cn 302 T3, 5 - 1o
A=, T9  om I,
Co= g+ 2 (mat pa) + 15 572 | 50 (lvel” +19el?)
. 1 ~
+Ct, (2ollial + (lvol' +17al") | (3.32)
3A2 1 2 2 ~ 2 3 1 2 2 2 ~ 12 2
e p hcvf (lvouel” + liousl?) + S, | 201wl + lwl?) = (lwol® + /)|

1 -
+ 5Oty (Al + ")+ (el + 10l (3.33)

We observe that the structure of the vacuum-potential as a function of 6 reproduces that
found in the case of fermion partial compositeness studied in [34]. Also note that for the
electroweak symmetry to be spontaneously broken we need A, B > 0.

3.5 Triplet tadpole

A common issue in non-minimal models is the possibility for the weak gauge triplets pNGBs
to acquire a vacuum expectation value. For the SU(5)/SO(5) coset, as discussed in detail
in [34], the CP-even neutral custodial triplet field, ng, can acquire a VEV induced by the
following tadpole term

4fA? . N
Vy D {52305 [—Cxlff(lle2 —19e)(lyel® + 7ol = 2(lusl* + [v:/*))

+C7, (lvouil® = liQuel*) + C¥, (liel" — IyQ|4)} : (3.34)

Barring cancellations between the different operators, the above expression vanishes only
in the custodial limit ¢ — ys, yg — Y. In this limit the SU(2) g symmetry is preserved by
the fundamental Yukawa sector, with the top and bottom quarks being degenerate. Hence,
requiring physical masses inevitably induces a tadpole for the 1. Note that the degree of
tuning that we must demand is dictated by the ratio between the bottom and top masses
given in eq. (3.18):

my | YQYs
Yyt

- ~2%. (3.35)

mg

Let us now compute the contribution of the triplet tadpole to the p parameter. The
field ng has the following tadpole and mass term
1
Vg = fPeosiTymd + 3 <mf]g + sgémig) (n9)%. (3.36)
Solving the equation of motion for 77:)(,) , and retaining only the leading term in sg, we find
its VEV
Ty

2m?2,
3

(n5) =

: (3.37)

11 -



resulting in the following contribution to the p (= m%,[, / m2Z cos? fyy) parameter, up to
O(s}) corrections

2f4T252
N3 773

This contribution should be added to those coming from the four-fermion operators of
egs. (A.17)—(A.22), and the full contribution is given in eq. (3.44). For completeness, we
also report the mass of the neutral triplet, obtained by expanding V, V;,, and 0‘1/;3 to the
second order in the pNGB field. The result reads

mao ~ 4Cyf* (29 + 9) + 8Cm fua — 41*(Cy, + CV ) (ol + lgal*) + O(s5) . (3.39)

Note that the ng state becomes tachyonic when the effect of the SM fermion loops be-
comes larger than that due to EW gauge loops. In general, one can exclude wide regions
of parameter space by using the requirement that no tachyons should be present in the
spectrum [34, 35].

3.6 Corrections to Zbb

The operator that gives corrections to the fermion couplings to gauge bosons has the

f

structure

Ony = (W” 1"24,) B, Dm0 wy, (3.40)

where o# = (1,5). By expanding the above operator to the zeroth order in the pNGBs,
we find the following corrections to the Z and W fermion couplings

Ony 25—~ 9 jJiSeZ (|yQ|2tTL5MtL_ IQQ\QbTLf_f”bL)

+ %gfisgwj (lvol® + |G l?) th by, + h.c. (3.41)
Two observations are in order: i) No corrections to right-handed couplings are gener-
ated, since these couple only to the gauge singlet fermion Fy. This is different from the
U(4)/Sp(4) case where both left- and right-handed couplings are generated, since the TC
fermions feature no SM singlet. ii) Differently from the pseudo-real case the left-handed
top and bottom quarks couplings are weighted by two different coefficients, i.e. ]yQ]2 and
0|2, respectively.
From eq. (3.40), using the best fit value for dgr, determined in [36], we obtain the
bound

Crifligl®si < 0.1, @95% CL. (3.42)

By comparing with eq. (3.18), the above constraint translates into

‘Cyuk‘ mg 10 TeV
~ 0.02 .
\/‘Cnf ng\/O.l A

(3.43)
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The above bound suggests that, unless Naive-Dimensional Analysis (NDA) — which would
predict |Cyuk| >~ |Crnif| — is apparently violated, the right-handed bottom mixing |ys|
should be larger than 2% for condensation scales A around 10 TeV. In turn, this implies
that, within NDA, the right-handed bottom coupling is able to accommodate the hierarchy
of eq. (3.35).

3.7 NLO corrections to the kinetic term

The NLO operators giving corrections to the kinetic term of the non-linear field 3 are listed
in appendix A.3. Only some of them contribute to the p parameter. Including also the
contribution from the triplet tadpole, the correction to the p parameter is summarized as

3A2s2 2 s2g7
op=10 1272 C 2 lgel?)” + 25 C 3.44
p=op n + Ap2 2 VD (lvel® — 19ql*)" + A2 CID (3.44)

where Cyrip and Crip are defined in eq. (A.24), and the common dependence on sg has been
factored out for each term. We note that eq. (3.44) is a rough estimate of the correction
to the p parameter. Additional contributions come from gauge-boson vacuum polarization
diagrams, with the heavy vector-like partners running in the loop, and are more important
for large mixings, as it is the case for the top-quark [37].

3.8 Effective interactions for the top sector

Expanding the four-fermion operators in egs. (A.1)—(A.8) we can extract contact interac-
tions among the SM fields. The results are given in eqgs. (A.9)—(A.14). We are interested
specifically in the associated Wilson coefficients expressed in terms of the parameters of
the fundamental UV theory, up to form factors generated by the strong TC dynamics. An
interesting observable involves four top quarks in the final state

cggCi’f + Cfff +

Y
A2 |ve| " (Ery"tR) (ERYtR) | (3.45)

LerT D

which has been directly probed experimentally at LHC. The ATLAS bound [38] at 95%
C.L. leads to

74 1/4 1/2

10 TeV
(3.46)

Furthermore, the dipole operators of egs. (A.15)—(A.16) generate new interactions between
gauge fields and SM fermions. To compute these operators, we recall that the EW and QCD
color generators are embedded in the SU(5) and SO(12) flavour symmetries,® respectively,

5Note that, in the case of non-degenerate TC scalar fields, when the scalar symmetry is reduced to
SO(6) x SO(6), the embedding of the QCD gauge symmetry remains unchanged.
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as follows

A TR = 3 0 gW,o' —g'By, , (3.47)
0
-AF —2
_)\T g/ 1
GATd = Lo a Ip 3.48
piS gk Aa Ty 2 (3.48)
Aa -1
Here )\, are the SU(3) Gell-Mann matrices and g5 is the strong coupling.
The dipole operators (A.15)—(A.16) generate the following couplings:
— €20 33% 1133%
Ow = ————— (90O (@) 3.49
fw CYukA2 v (g uW + gluB ) + ( )
—2 my 629 33%
Og=——-+F"-—9s0 .. 3.50
O CR T 95uG (3:50)

where the operators 033, come from the SM EFT [39], and the dots contain higher order
interactions generated by the non-linearities, involving multiple pNGBs.

The constraints extracted from the TopFitter collaboration on the anomalous cou-
plings of the top quark [40] to EW gauge bosons lead to the bound

Crw
Yuk

<6
~ <10TeV

2
) @95% C.L. (3.51)

Finally, the bound on the anomalous couplings to gluons is

C fG
Yuk

2
<
< <10TeV) @95% C.L. (3.52)

Before moving on to describe the case of the complex T'C representation, we conclude
the present section by summarizing some of the main features discussed here:
i) Models of fundamental partial compositeness with TC fermions in real representations
of the gauge group require the introduction of two independent complex scalars to give
masses to the top and bottom quarks; ii) As discussed below eq. (3.35), these models
require fine-tuning to accommodate the correct bottom mass and furthermore they suffer
from strong constraints coming from the Zbb coupling.

4 Complex case

As template example we consider the SU(Np¢) TC-gauge group featuring fermions in the
fundamental representation. Gauge anomalies are avoided by choosing vector like TC-
fermions as follows:

¢Tc—) @(erf) , a=1,...,nrg, (4.1)
a

«
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with F = (Npc, SM) and F = (Npc, SM). F and F are both left-handed Weyl fermions,
and « is an index that runs over the ngg different species. The global fermionic flavour
symmetry is therefore SU(Ng)r, x SU(Np)g up to an overall global U(1) symmetry.
Using the above conventions, the relevant Yukawa Lagrangian is conveniently written
as follows®
Lyvuk = (¢L)ia./rasi + (lﬁ%)ia}tas*’i + h.c. (4.2)

Note that, for eq. (4.2) to be a TC singlet, one must assign S and F (F) respectively to the
anti-fundamental and fundamental (anti-fundamental) of SU(Nt¢). The transformation
properties of ¢y, and ¥% under the global symmetries are of course different, and they can
be summarized as

Y € 0L ® 1r ® s, Y el elr ®Us. (4.3)

Note that in eq. (4.2) the upper index a belongs to the anti-fundamental of SU(Np)r,, while
the lower one to the fundamental of SU(Ng)g.

The minimal coset with an SU(Np¢) gauge group and fermions in the fundamental is
SU(4) x SU(4), for which a detailed analysis can be found in ref. [41]. Such coset is realized
by a fundamental TC-theory with four Dirac fermions that decompose according to the
following irreps of Gsm:

1
*FO = (NTC>17270)> F:t = (NTC71717:|:2> )

Fo = (Nrc,1,2,0), Fi= <NTC,1,1,:F;) . (4.4)
The above matter content closely resembles that of the most minimal coset, SU(4)/Sp(4),
with the only difference that now we also have the conjugate representation, i.e. all TC-
fermions are Dirac fermions. Because the fundamental irrep of Gp¢ is now complex, the
contraction between TC-scalars and TC-fermions can be either F - S or F - S*. Therefore,
the fundamental Yukawa Lagrangian for the third family of quarks reads

L = yoQuF§Sy + yrt5F+Si — yp b F- S5 (4.5)

with S, = (3, 1, —%). Note that there is no way of coupling the field Fo to @ — and similarly
the fields F to (t%,0%) — without breaking either Lorentz or SM gauge symmetry. Also,
a custodial SU(2);, x SU(2)r symmetry is apparent from the explicit expression of the
Lagrangian, in the limit where y; = yp.

4.1 Details of the model

The notation and conventions used here for the SU(4);, x SU(4)r/SU(4)p coset follow
those in ref. [41]. In this paragraph we briefly summarize some of them, which will be
useful in the following.

6 Again, one should introduce several fermion spurions in the case of multiple scalar species.
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The SU(2)1, x SU(2)r symmetry is embedded as follows:

Ti - = Ti — = . 4.6
L 2<0 0)’ R 2(0 0’) (4.6)

The SU(4) 1, x SU(4) g symmetry is made manifest by rearranging the fields in the following

f})_<;;> . i=1,....,4, (4.7)

F=Fo Fx. (4.8)

four Dirac fermions

Therefore, the gauge-invariant UV Lagrangian for the free TC-fields reads
Luy = iFpy"DuFh — nrFoFo — nrmFaFy — praF-F-— . (4.9)

In the following, we will take ur; = grs = g, which is the only choice that preserves the
SU(2) g symmetry.
The condensate spontaneously breaking SU(4);, x SU(4)r to SU(4)p is

) = (3 g) , (4.10)

and we choose the EW sector to be embedded in the SU(4)p subgroup. We will analyse
the dynamical breaking of the EW symmetry once we have considered the various terms
and radiative corrections in subsection 4.4.

The Goldstones transform according to the adjoint representation of the diagonal
SU(4) p subgroup, in this case the 15 dimensional representation, which under the SU(2), x
SU(2) g symmetry decomposes as

15 — Hi(2,2) + H2(2,2) + A(3,1) + N(1,3) + s(1,1), (4.11)

where we have indicated the name associated with each pNGB multiplet. It is clear that we
have two Higgs doublets (H; and Hs) in the spectrum, plus an SU(2), triplet, an SU(2)g
triplet, and an EW singlet. For the explicit form of the Goldstone matrix we refer the
reader to ref. [41].

As for the real representation case, we summarize the elementary states and lowest
lying scalar and fermionic resonances in table 3.

4.2 Yukawa interactions

Following the steps of the section 3, we define the spurions associated with the SM quarks

; —bryg tryg 00 1
L= €(3,2,—=), 4.12
VLa ( 0 0 00 6 (4.12)

00 —ypb% yith — 2 _ 1
€); 4 = 1,-= 1= 4.1
(¢R>l (0 0 0 0 € 3’ ) 3 S 37 ) 3 3 ( 3)
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states SU(Ntc) SU(Np)L x SU(Np)r SU(Ns) number of states
F Nro 1y xOr 1 Nrce X Np
F Nrc OLx1gr 1 Nrc x Np
S Nt 1 O Nrc % 2Ng

\
SS5* 1 1 1@ Ns—13[] 1®NZ-1
) i e
FS* 1 1, xOgr O 2Ng X Np
FS 1 OLx1gr O 2Ns x Np
FF 1 O x Og 1 N2

Table 3. Fundamental and composite matter fields for Grc = SU(Nt¢). Np (Ng) is the number
of TC-fermions (scalars).

where we have shown the decomposition of each spurion under the SM group, and the
subscripts “L” and “R” refer to the fact that they transform in the fundamental of SU(4),
and SU(4)g, respectively. Invariants can be easily written down by performing the proper
contractions with the matrix X.

The operator constituting the SM Yukawa term is

Ovar = —F (Wh,a(V);") B o7, (4.14)

By expanding the above term, we find the masses for the top and bottom quarks, together
with the linear couplings to the pNGBs:

c . . No+ A
Lyuk = — CYuk{ Yoyt (tLtR) [fse +ihg 4 cg(h1 — Ao) —isg O\fZO]

0+A0}

fsg+iha + co(hy + Ag) +ise 7

— youp(brbR)

— yyo(trbs) [ iV2H ¢y — isg (N~ +A—)]
— yyo(brty) { V2H ¢y — isg (NJr + AJF)} + h.c.} . (4.15)

The states hy and hg are respectively the real neutral components of Hy and Hs, while Ag
is the imaginary part of the neutral component of the doublet H;.
From eq. (4.15) the top and bottom masses read

me = [Cyukyoue|v, my = |Cyukyqus|v - (4.16)

4.3 Partners

Differently from the real representation case, the presence of just one TC-scalar implies
that no baryons with exotic hypercharges appear in the spectrum.
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4.4 Potential

The potential generated by gauge boson loops is
Veauge = _Cgf4 (92 Tr [TEETEET} + 9/2 Tr [TI?:ZZ T%ETD =

2 12 3
R G T PO (4.17)

while the one generated by the TC-fermion mass term is

Vin = —Cp f3 Tr[Mg ¥] + hec. =
= —4Cp f3(pur + pr) cos 0 + V2C,, f2(pur, + pg)sin O hy + . .. (4.18)

where the ellipses stand for terms carrying higher powers of the pNGB fields.

Concerning the potential generated by the fundamental Yukawa interactions, there are
only two operators which are invariant under the full global symmetry (whose diagrammatic
representations are given in figure 1)

2A2 . . ,
O, = {Gﬂ (WRYE )y @iz (YLYR) 4y 10 0 BT 0624, 8%,
02 = ﬂ k ok azii asiz  yhaz  y U gig o sio 4.19
Vf - 167'('2 (yRyL)al 12 (yLyR)a3 14 a4 az 71 13 * ( . )

The pNGB independent term of the latter two operators is proportional to sin?#, thus
matching the results for heavy quark loops found in [41].7 Adding up eqs. (4.17)-(4.19),
one can rewrite the potential as follows

V= (—ég + Cy)cos20 — Cp, cosb, (4.20)
where we defined
. 3 2+ 2 -
Cg:Cf‘*%, Cm = Cnf?(uL + pR)
G =3 L2 ol (1wl + lul®) (31, +C2,) (4.21)
t= 32 5 19Q Yo Yt Vy Vi) - .

The potential of eq. (4.20) is misaligned w.r.t. § = 0 for C; > ég. As a final remark, we
notice that the effective potential generated by the partial fundamental Yukawa interactions
features only the two operators listed in eq. (4.19). This has to be contrasted with the three
operators appearing in the pseudo-real case [18]. This feature is strictly connected with
the complex versus pseudo-real nature of TC-fermions under the TC-color gauge group.

We checked that the neutral triplet fields, Ny and Ag, do not acquire a VEV because
are CP-odd. In fact potential tadpoles would have imaginary coefficients. Because the
underlying theory is CP even, the operators 0‘1/;2 generate potential terms proportional to
absolute values of Yukawa couplings, de facto forbidding tadpole operators.

"In ref. [41] the Yukawa couplings emerge from effective four-fermion interactions that are bilinear in
the SM elementary fields.
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1 2
Oy, Oy,

Figure 1. Diagrams corresponding to the operators O{, and Ov in eq. (4.19), contributing to the
effective potential of the pNGBs, at the lowest order in the chlral expansion.

4.5 Corrections to Zb; by,

At NLO we have two operators contributing to the Zbyby, vertex, one made by left-handed
fields and the other made by right-handed ones. These are:

Zf <= g _ _
Oty = 4 { LU“ETDALZW] - @’yQ\QSe%Zu (tL7"tr — biybr)

9 2 2117+7F
+ = sgW try"'br, + h.c. 4.22
\@|@/Q| oW, tLy oL (4.22)
if g _ _
Oriy = A Tr [wRUu D”2¢R] = asgzu (lye*try"tr — |yo|*brY"bR)
+ Ly W, Ery"br + h.c. (4.23)

V2

Similarly to eq. (3.42), we get the following constraint on the correction to the Zbrbr,
coupling
Cliflyo|®sg < 0.05, @95% CL. (4.24)

This time the above relation can be translated into a bound on |y|, using eq. (4.16)

|Cyuk| my 10 TeV

Ffm A

which is a reasonable constraint for values of the condensation scale around or above
10 TeV.

(4.25)

4.6 NLO corrections to the kinetic term

As for the real case, we consider the NLO operators that generate corrections to the kinetic
term of the non-linear field . They are listed in appendix B.3, and the corresponding
contribution to the p parameter is

3A%s2
o= T{fz (3Cup + Conp) (Ivel® — lwel?) + 4 2 (CHD +Cfip) (4.26)

where C° JIID and CH p are the strong-dynamics factors multiplying the above-mentioned

operators.
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4.7 Effective interactions for the top sector

From eq. (B.14) we read off the effective four-fermion operator with four right-handed
top-quarks

C’i} + Ci? p _
LepT = T|?/t| (trRY'tR)(tRVulR), (4.27)

leading to the following constraint
cll 4+l
2A

1/2
> , @95%CL.
(4.28)

el < 29TeV = [CL} + CRY Ay < 5.8 (10 i

The dipole operators of egs. (B.19)—(B.20) contribute to the couplings between gauge
bosons and quarks. To compute these operators, we recall that the EW and color generators
are embedded in the SU(4)p and U(3)g flavour symmetries respectively as follows

L[ gWist 0 !
Il _ g AqA _ Ys g
ALTE = 5 < ; g/U3Bu> L GITE = TGN~ LB (4.29)

The dipole operators of eqgs. (B.19)—(B.20) generate the following couplings between
gauge bosons and quarks:

m *
Opw = ST :AQU(l + ¢p) gO3H 4+ .. (4.30)
u
my 33« L ;33
u

As before, comparing with the results of the TopFitter collaboration, we get bounds on
the strong dynamics coeflicients factors. From the couplings to EW gauge bosons we have

c w
Yuk

2
10TeV> @95% C.L. (4.32)

< 2300 <

while from the anomalous couplings to gluons we end up with

C fG
Yuk

A 2
<
<200 <10 TeV) @95% C.L. (4.33)

5 Conclusions

We are now in a position to offer our conclusions, by summarizing the main results. The
analysis performed here aimed at exhausting the effective field theories at the electroweak
scale for minimal models of fundamental partial compositeness. Since the case with TC-
fermions in the pseudo-real representation was considered in [18] we took here the TC-
fermions either in the real or complex representation of the gauge group underlying the
composite Higgs dynamics. Due to the different TC-fermion nature, the cosets are respec-
tively SU(5)/SO(5) and SU(4)xSU(4)/SU(4)p. The electroweak theory is embedded into
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the maximal diagonal subgroups i.e. SO(5) and SU(4)p. The TC-fermion nature plays a
crucial role when trying to construct the partial fundamental mass operators for the SM
fermions. This is so since the TC-fermions, by construction, do not carry QCD color. The
latter is carried by new TC-scalars whose quantum numbers with respect to the SM must
yield renormalizable TC and SM gauge singlet operators involving one SM fermion, one
TC fermion and a TC-scalar. The TC-scalar spectrum, de facto, reflects the nature of
the TC-fermion sector with important consequences for the low energy predictions for the
SM fermion Yukawa structure as well as the structure of higher order operators including
the interactions with SM gauge bosons and TC pNGBs. Given the above we provided in
the appendices a complete list of the effective operators emerging at the electroweak scale
stemming from the elementary theory.

To determine the viability of the theories we studied the vacuum alignment and sta-
bility of the vacuum against condensation induced by possible tad-pole interactions, the
electroweak precision constraints and further collider constraints. We also investigated
mass generation for the third family of quarks. Last but not least we discussed the main
differences among the different models of minimal partial compositeness. For example, for
the pseudo-real and complex representation the top and bottom mass difference comes from
splitting the right-handed fundamental Yukawa couplings. However, for the real represen-
tation case such a difference cannot be attributed only to the right-handed fundamental
Yukawa couplings since these theories feature two distinct left-handed partial composite
Yukawa interactions involving two TC-scalars.

Future directions include an in-depth study of the composite massive and massless
spectrum stemming from the new fundamental underlying dynamics via first principle
lattice simulations, along the lines of [33]. We plan a more general investigation of the
spectrum of the theory using the effective Lagrangian as function of the effective param-
eters. A detailed study of collider phenomenology including decays of composite fermions
such as top-partners will be explored as well. Furthermore, in these theories it is by no
mean obvious that the first massive states to discover at present and future colliders will
be spin one resonances. In fact spin zero composite states made by TC-scalars are ex-
pected to be observed. It would therefore be interesting to explore the discovery potential
at future colliders of spin zero composite states made by two TC-scalars,® some of which
will have lepto-quarks quantum numbers [45]. Finally, flavour dynamics and modeling is
highly interesting and of immediate impact for the investigation of flavour observables and
anomalies. This requires, as done for the pseudo-real case, to include at the fundamental
and effective level the operators describing light generations of quarks and leptons.
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8Tt is natural to expect the existence of bound states made by TC-scalars because they are not forbidden
by any symmetry. In fact, gauge-scalar theories have been object of past and recent theoretical and lattice
investigations for different reasons ranging from the Higgs mechanism to exotic states in QCD [42-44].
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A Real case

In this appendix we provide all the missing operators that have been used in section 3, in
the case of a real TC representation.

A.1 List of four-fermion operators

In this appendix we list all the four-fermion operators that are generated at NLO in the
effective theory.
The self-hermitian operators are the following five:

Oif 4A2 (Wlalwwaz)wmaw“%)Ea1a2223a4wi1i2wi3i4 ) (A.1)

Oy = § A2 (7 0y 924, ) (P399h14) (59 692+ §UL 592 ) Wiy iy Wiy » (A.2)

Oi’f 4A2 <Wla1w12a2)(wl3a3¢z4a4)zala2223a4 <wi1i4wi2i3 + wiligwi2i4) , (A_g)

Oly = W (57 0y 0720 (F909451594) (891, 692w sy + 0%, 0% wiviawiis) > (AA)

Oif = 4A2 (™ 0 97 0 ) (P3G (5%, 0% iy Wiy + 0%, 0%, Wiriginiy) »  (ALD)

where we have defined ¢ = zﬁj“wij . Additionally we have the following three non-
hermitian operators:

ng = 8%(T/’iltn¢i2a2)(¢i3a3¢i4a4)2a1a2 LU0 iy Wigia » (A.6)

Ol =3 Az (%" a1 ¥"%a5) (Y2039 g, ) (BUHERE 4 DOERR) 0wy, (A7)

O = g (05 0720, (0 0 ST (s + i) - (AB)

After expanding the above operators, we reorganize them according to the following six
classes:

— Operators with four left-handed quarks:
403 4 4 ~ 14 C
Sg 4f‘yQ’ + (’yQ‘ + |90 ) ( s 4f>

Lgrr D e (tL’Y“tL)(tL’Y“tL)
A1, 51207 2
1¢51YQue*C3; + 2 (lyel® + 7q]
+ 3 6 4(/\2 ")o (b Yor) (ELy*tr)
2 12073 4, |~ |4
1 —clyQiol*Ci; +2 (lvol* + 19al*) C2; - _
sl L L 51t )
+ (t < b, Yo < ng) . (A.9)
— Operators with four right-handed quarks:
39Cip + Chp + Cf
Lpr O [yt 4A24f Y (Trytr) (Trytr)
4
ye|? 30Ciy + 2C5s +2C3
| t2 * 4A2 L (bry"br) (ERy"tR)
+ (b, yr ). (A.10)
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— Operators with two left-handed and two right-handed top quarks:

32901 —|—C4f _ 82903 Qijf _ _
T(thL)(tLtR> + T(tL”Y”tL)(tR’Y“tR)
—2c Cﬁ C7 (cop + 09) Cg ( Cop — ) _
+ (you:)2si—2 & 2 ) (Fptr) Frtr)
08
+ (yQui)*speoo— A0 L (ErT™p)(TRT L) (A.11)

Lerr O [pyol?

— Operators with two left-handed and two right-handed bottom quarks:

52001 —I—C4f _ 52903 QC’jff . _
T(bRbL)(bLbR) T(b” b1)(brY"bR)
—2c20%, — CT (ca9 4+ ¢9)® + C81(2co9 — ¢2) _ _
+ (you)*sj— g (bbw) (brbr)
oS, i
+ (ybe)ngchj (brT b ) (ErTtL). (A.12)

Lrrr O |wyol*

— Operators with two left-handed bottom and two right-handed top quarks, or vice

versa.:
2 _ — — _
Lgrr D 2A2 [|yng’2(tRbL)(bLtR) + lyeyo X (brtr) (frtr)]

sgcaliol*Cir + (ol + l9gl?) Ciy - _

+ P 4f§M it 0 )
2 21 1203 2 | 1a(2)
sscslyl*Cyp + (lyol® + |9gl°) Cyp _

+ |yb‘2 A 2(A2 ) 4f (tpyHtr)(bry"bR) . (A.13)

— Operators with a left-handed and right-handed top quark and a left-handed and
right-handed bottom quark:

ct, B B B
Lerr O @/tyQ@Q@/b)*Sgaﬁ [(trtr)(brbr)(brbL)(tLtR)]
- beQ(ytyQ)*Sgeﬁ(bRTAbL)(tRTAtL)

~ —2c09CY  + 353(cag — 2¢2)C8; _
+ YQUQYtYb ! 3A2 f(bRtL)(tRbL)

2 6 7 2.2y 1218
_ —530Cly — 2CTy(coo + cjsy) + 35,C4y(co0 — 265) -
+ YQUQYtyb ! ! A2 & ! (brbL)(tRtL)

(A.14)

A.2 Dipole operators

Dipole operators appear at NLO, contributing to the couplings among SM fermions and EW
and QCD gauge bosons. These operators have been used to obtain the collider constraint
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of eq. (3.52), and they read:

f i Ui ala
OfW - W@b 1a10"u 1/} 2a2)AIIM/ (TI{‘E + E(TII?)T) " Wiyig 5 (A'15)

L a2 1) G 292 (T 4 (TH) )

. , (A.16)

Ofq =

1112

where T{; and Tg“ contain the generators of the EW and QCD color subgroups of the

A

s respectively.

unbroken flavour symmetries, with field strengths A{W and G

A.3 List of NLO kinetic operators

Here we provide all the operators with two covariant derivatives and four insertions of the
Yukawa spurion yy.

3 1 AT —_— N o
;HSD - Z 1672 (yfyf)al‘mmz (yf'yf/)a3a4Z324 (ET D uz)maz (ET D uz)as%whizwigu ) (A17)
- 1 A2 * 111 * p Red <=
311/63 = 1162 (Wryp) ™, (yf/yf/)asmzm(zT DHE) g, (2T DFE) 0y 2wi, iy wisiy » (AL18)
o N _— y
OZH% - 1672 (y;yf)alazllw (yf’yf/)agﬂuml4 (DMZT)alazs (Duz)a2a4wi1i2wi3i4 ) (Alg)
2
010712 — Ai( * )a1 iliz( * /)a3 z'3i4(D ET) (D“Z)“S‘Mw- i (A 20)
ylp 1672 Yrdr) a Yprds) aq p=)azas i1i0Wiziy 5 .
2
013—15 — A7( * )al il’i2( * /)a?, i3i4(D 21‘) (D“E)a5a3w~ o (A 21)
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(A.22)

For each of the above templates we indicated only one possible contraction of the scalar
SO(2Ng) symmetry indices, leaving understood that the two additional contractions shown
in egs. (3.28)—(3.30) are also possible.

One must also consider corrections stemming from the propagation of one SM gauge
boson, described by the following two operators

2
Ohp = 21 P [ (2T 1 (5T, )

D = ZW‘Q
0%, = ilg;gf T [(Eﬁ,ﬂ) ] T [(EﬁﬂzT) T . (A.23)

Some of the kinetic operators are found to give corrections to the p parameter that do not
vanish as sy — 0. Such operators can be however reabsorbed by a unitary transformation
of the non-linear field ¥, their effects being therefore non-physical. The contribution of
the remaining operators is proportional to 53, and is summarized in eq. (3.44), where the
coefficients Cyrip and Crip take the following values:
3C§HD 4 CSHD _3(7 o9 _ C%D

Cynip = 3Cynp + Cynp + 5 5 wip — Cynp — 3C,0p 5

C
Cnp = 12 + CEpy. (A.24)
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B Complex case

In this appendix we provide all the missing operators that have been used in section 4, in

the case of a complex TC representation.

B.1 List of four-fermion operators

Here we list all the four-fermion operators that are generated at NLO in the effective theory.

There are four complex
0, =
Oy =
O3 =

Oy =

8A2 (¥, a¢L b)WR MR,;)Zaa'Ebb' :
8A2 (Vha )W?{,j%,z‘)zaa'zbb/ 7

8A2 (wL a¢Rz)( ] b’d)%j)za ’Ebb’a

8A2 (v “wR,J)(d}L b?/)R BIILHD 3V

and eight self-hermitian operators

Os5 =

O =
Or =

Og =

Og =
O =

O =

O12 =

T
WWL ) (W 08 )

4A2 (wLa ‘ )(&%j&% Z) )
4A2 (wL awR z)(¢L J )
4A2 (wL aqu)R,j)(wL sz b)

7 a’ 7 7] a v
WWL,WR,Z‘)W%JW{,U)E o2y,
1 ) a’ n i a b
a2 VLR )WL) S S,

1 a NI
m(z/fmlb%,j)@/}z—z,a ")

4A2 (¢R Z¢R])( _g%,aqv%{,b) )

(B.1)
(B.2)
(B.3)

(B.4)

(B.5)
(B.6)
(B.7)
(B.8)
(B.9)
(B.10)
(B.11)

(B.12)

where as usual Lorentz indices are contracted inside brackets. After expanding the above

operators, we reorganize them according to the following six classes:

— Operators with four left-handed quarks:

5 6
Cir + Cif lygl*

L
EFT O 5 A2

(" tr)(tryutr) +

(bry"br)(bryubr) + 2ty tr) (bryubr)| -

(B.13)
— Operators with four right-handed quarks:
cl T C}? _ ch+cp? _
Lerr O 24”3/@ (trY"tR)(tRYutR) + % ’Zj&' (brY"bR)(DRVuDR)
(3 + CID YL ) G o). (B.11)
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— Operators with two left-handed and two right-handed top quarks:
|y yt|2 1 /1 7 7
LerT D (}2\72 B gCZf +Cly — Cifso ) ((ry"tL) (Eryutr)

— 5903 (Trtr) (Ertr) + CLp (ELT A" tL)(tRTAth)]

2,2 1 2 3 4
iz s [ ! f3 ! L (Trtr)(Trtr)
+2(-Ci; — Ci + C’i‘f)(tRTAtL)(tRTAtL)} . (B.15)

— Operators two left-handed and two right-handed bottom quarks:

211 /1 _ _
LgrT D |ycjéb| [2 (SCZf +Ciy — Cijgso) (b27"01) (brYuOR)

~ 6C3; (brbr) Brbr) + czf<bLTAv“bL><bRT%bR>}

(brbL)(brbL)

S
A2 3

+2(-Cl; — Ci + cgf)(bRTAbL)@RTAbL)] . (B.16)

— Operators with two left-handed bottom and two right-handed top quarks, or vice

versa:

1 2 - . _ _
LgrT D §C§f |g{/§32] lys* (vt 1) (bry"bR) + ’yt\Q(bLV“bL)(tRV”tR)] . (BaI7)

— Operators with a left-handed and right-handed top quark and a left-handed and
right-handed bottom quark:

‘y |2 4 1 1 * (7 7 * 7 T
LErT D 1& sz —gcif — gCZf +C3 + ngff [ytyb (trtL)(bLbr) + yi yo(brbL)(tLtR)

1 2 * (T b (b t
B 2’yAQz| 30 C1f | wewis Ey"br) vt ) + oy (buy"t2) (Eryb)

2
YoytYv - _ _ _
+ QA2 55 [ — 205 (brT L) ERT b)) + 2(—C3; + Cip) (brT b ) (TRt L)

1 1 1 _ _
+ <_Cif - gcff + gCZ’f + 30511,0) (brbr)(tRtL)

+(~30k ~ & ) Ent)nte) + b (B.13)
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B.2 Dipole operators

As for the real case here as well dipole operators appear at NLO, contributing to the
couplings among SM fermions and gauge bosons. These operators have been used to
obtain the collider constraint in eq. (4.32)-(4.33), and they read

f

Opw = 535 (V10" (W5)i )AL, (T52)" b, (B.19)
f ) v c a 1
Ofc = W@/}L,aa“ (T/JR)J‘ b)GﬁuE b(Tﬁ)iJ ) (B.20)

where Tp and Tg contain the generators of the fermionic SU(Ng)p and scalar U(Ng)
symmetries, and the field strengths A,, and G, are associated with the gauged EW and
QCD color subgroups.

B.3 Corrections to the kinetic term
Here we provide all the operators with two covariant derivatives and four insertions of

the Yukawa spurions. At NLO, there are five different contractions among the SU(Np) x
SU(Nr) indices, and only two among the SU(Ng) indices, giving the following ten operators

— 1 *\@ [ * a ) =g a A= a4 St 7
0L = L )™ aus Whn)® s (5T#81) o= (3B esgie, o0,

a ].6772 al as
(B.21)
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03" = Tz o)™ aa™ Whwm) " o, (BDPET) o2 (21Drx) g 6%,
(B.22)
_ . ok , — — L
O = 1z Whw)™ wi™ Whyr)™ oy (21D*2) 2 (STD*5) L
(B.23)
O;Bg T (YEYL) gy i (WRYR)™ asis ™ (DMET)G3 M (D,X),, 16 6" (B.24)
B 1, . . . o
Osz = 16.2 (WEYL)ay s (WRYR)™ asi S5, (DuX),, ™ (ZTD“E)% MG 50" 4,

(B.25)

Also in this case, corrections stemming from the propagation of one SM gauge boson have
to be considered. The latter are described by the same operators as those defined in
eq. (A.23).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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