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1 Introduction

The search for phenomena beyond those described by the Standard Model (SM) at the
Large Hadron Collider (LHC) has been motivated mainly by the naturalness problem of
the electroweak (EW) scale. Indeed, its solutions predict new physics (NP) not too far
from the electroweak scale. However, none of the expected spectacular signatures have
been observed thus far, pushing the mass scale of new physics particles to uncomfortably
high values and implying that at least some amount of tuning most likely has to be accepted.

While the experimental situation in high-pr searches might look somewhat depressing,
a set of interesting deviations from the SM predictions started to appear a few years ago in
semileptonic decays of B mesons, particularly in observables testing lepton-flavour univer-
sality (LFU). The first deviations were observed by the BaBar collaboration in the charged-
current transition b— ¢7 via the observables R(D™))=B(B — D™ rv)/B(B—D®iv) [1, 2).
All subsequent measurements of the same observables by the Belle and LHCDb experiments
provided results consistently above the robust SM prediction [3-6]. Global fits [7] put the
combined statistical significance just above the 40 level. A second set of deviations has been
observed by the LHCb experiment in rare neutral-current b — su™pu~ transitions. First
hints appeared when studying angular distributions in the B — K*u*u~ decay [8, 9] as well
as in decay rates of other processes with the same partonic transition. These observables,
however, face difficulties in the SM prediction since non-perturbative QCD effects can be
sizeable and challenging to control [10]. Theoretically cleaner observables probing the same
partonic transition are the LFU ratios R(K*) = B(B — K®utu~)/B(B — K®ete™),
which also show consistent deviations from the SM [11, 12]. The overall significance of
the deviations in neutral-current processes is also above the 4o level (the precise number
depending on the theory error estimate in the angular observables) [13-19].

Further data to be gathered by the LHCb and Belle II experiments will provide a
conclusive answer as to the nature of these anomalies within the next few years. Therefore
it is now timely to attempt an explanation of the observed pattern of deviations in terms
of some new physics, even more so since such an exercise provides correlations with other
low- and high-energy observables. First attempts towards combined explanations of the
two sets of anomalies have been studied in refs. [20-40]. Most of these scenarios, however,
face very challenging constraints from 77 searches at the LHC [22, 41] and from electroweak
precision data [42—44], mainly due to the low scale of new physics required by the charged-
current anomaly. A first simple solution to these issues was found in ref. [45], where a
sizeable b — s mixing allows to raise the new physics scale enough to pass both the collider
and the electroweak precision data bounds. A large flavour-violating coupling, however,



carries potential problems in B — K*vv and B-meson mixing, which must be addressed
in a realistic scenario.

At the level of simplified models, a classification of the new particles, and their proper-
ties, which can generate the required operators when integrated out at the tree-level while
avoiding other constraints, has also been presented in ref. [45]. These are:

e a vector leptoquark, Ul' = (3,1,2/3),
e a pair of scalar leptoquarks, S; = (3,1,1/3) and S5 = (3,3,1/3),

where I show the representation under the SM gauge group Gsm = SU(3).xSU(2), xU(1)y.

Going beyond simplified models, embedding these leptoquarks (LQ) in a more complete
theory can offer further insight and new correlations with different observables, such as
direct searches of other particles predicted by the UV theory. A first observation to be
made when thinking about possible UV realisations is that the mass scale of the leptoquarks
required to fit the B-physics anomalies is close to ~ 1 TeV, which corresponds also to the
scale where new physics related to the electroweak hierarchy problem is supposed to be.
This coincidence of scales is a strong motivation to look for UV theories which address
both issues in a coherent manner.

Some examples of embedding the vector LQ U} in a more complete theory have been
presented in the literature. For example, it can be recognised as one of the heavy gauge
bosons in Pati-Salam unification, or variations thereof [46-51]. In these scenarios, however,
the naturalness problem remains unaddressed. Alternatively, U} could arise as a composite
vector resonance of a new strongly coupled sector lying at the TeV scale [33, 52, 53]. In
some of these setups the same sector could also generate the Higgs boson as a pseudo-
Nambu-Goldstone boson (pNGB), as in composite Higgs models. In all these scenarios
other states, such as neutral or color-octet vectors, are necessarily present with a mass
close to the LQ one. They usually generate undesired too large effects in AF = 2 processes
and direct searches, inducing some tension in the models. The problem can be summarised
as the fact that the mass scale of the other resonances contributing significantly to flavour
is naturally at the same scale as the vector LQ: myr,q ~ A.

The scalar leptoquarks S7 and S3, on the other hand, can be naturally lighter than
the other states in the theory if they arise as pPNGB of some spontaneously broken global
symmetry of a new strongly coupled sector:

msrg < A (1.1)

This splitting naturally explains why the effects of the scalar leptoquarks in flavour observ-
ables are the leading ones. This idea was explored in refs. [54, 55] in an effective field theory
(EFT) approach, where however only the neutral-current anomalies were considered. In
such a setup it is natural to consider also the Higgs boson as a pNGB of the same dy-
namics, thereby realising a composite Higgs model [56, 57] and addressing the naturalness
problem of the electroweak scale. The S; and S3 LQs have already been considered, also
separately, as possible mediators for either the neutral- or charged-current anomalies (or
both) in refs. [24, 28, 31, 34, 37, 38, 45, 54, 55, 58-61].



Following this route, in this work I present a natural model able to address at the
same time both the charged- and neutral-current B-physics anomalies via the exchange of
the S1 and S3 scalar leptoquarks. They arise as pNGB, together with the Higgs boson,
from a new strongly coupled sector at the ~ 10TeV scale. Rather than employing an
EFT-like approach, in order to be more predictive and to provide a more realistic and UV-
complete setup I also specify the strong dynamics as a four-dimensional fermionic confining
gauge theory [62-70]. This puts strong constraints on the viable global symmetry-breaking
patterns, therefore on the low-energy chiral Lagrangian.

The structure of the paper is as follows. In section 2 I introduce the specific fun-
damental Composite Higgs model, its global symmetries and the low-energy pNGB field
content, which includes two Higgs doublets and the two scalar LQ among other fields. In
section 3 I discuss the way by which elementary fermions couple to the composite sector,
thereby generating the Higgs Yukawa and leptoquark couplings. These couplings, together
with SM gauge interactions and fermion masses break explicitly the global symmetry of the
strong sector. This generates a scalar potential for the pNGB, which is studied in section 4.
This potential is responsible for the Higgs non-vanishing vacuum expectation value (vev)
and for electroweak symmetry breaking (EWSB), section 4.4. The flavour phenomenology
arising from the LQ couplings to fermions, including the fit to the B-physics anomalies, is
studied in section 5. The most interesting collider signatures, as well as the present limits
from direct searches, are presented in section 6. Finally, I conclude in section 7.

2 A fundamental Composite Higgs model

The naturalness problem of the electroweak scale can be solved by assuming that the Higgs
boson is a composite state of a new strong dynamics at a scale A ~ TeV. Furthermore,
the splitting m;, < A, required by phenomenological constraints, can be naturally realised
if the Higgs arises as a pseudo Nambu-Goldstone boson from the spontaneous breaking of
an (approximate) global symmetry of the strong dynamics [56, 57], in close analogy to the
pions in QCD.

Extending this idea to include the scalar leptoquarks S; and Ss, I construct a fermionic
fundamental description of a composite model, from which both the scalar LQ and the
Higgs arise as pNGBs. See appendix A for a general discussion on the requirements such
a UV setup should satisfy.

2.1 The explicit model

As sketched already in ref. [45], and in analogy with refs. [27, 68, 69], I add a new non-
abelian gauge group Gpyc = SU(Nyc), assumed to confine at a scale Agc ~ 10 TeV, and
a vectorlike set of fermions in the fundamental (and anti-fundamental) representation of
this new gauge group and charged under the SM group as well. The extra matter content
considered in this work, classified in representations of SU(Npc) xSU(3).xSU(2), xU(1)y,
is shown in table 1. The kinetic term of the Lagrangian for the theory above Ayc reads

1 -
Lo =—7 DI 7 S N AT O 2 (2.1)
X=HC,cw,Y J=Q,L,N.E



SU(Nuc) | SUB)e | SU@2)w | Uy
U, | Npc 1 2 Y,
Uy | Nuo 1 1| vi41/2
Up | Nyc 1 1 | vi—1/2
Vo | Nuc 3 2 |y, -1/3

Table 1. Extra Dirac fermions charged under the hypercolor SU(Ngp¢) gauge group. Y7, is a free
parameter.

where Dy, = 0 —ignct® AL —i ) ccwy gEMthAEM’m and t* are the generators of SU(Ny¢)
in the fundamental representation while tg,; are the generators of the SM gauge groups. !
Since the total number of HC flavours is 10, in the absence of SM gauging and other explicit
symmetry-breaking terms, the global symmetry group of the theory is

G = SU(lO)L X SU(lO)R X U(l)HB, (2.2)

where U(1)yp is the hyper-baryon number, which is conserved at this stage. The HC-
fermion masses explicitly break the global symmetry G:

Loy =—-mpU 0 —mp¥pVp—myUnUy—moUoUo=—U"My P 0 +he., (2.3)

where P, = (1 —~°)/2. The mass matrix M can also be seen as a spurion transforming
under G as M — gR./\/lgTL. The phenomenological requirement of custodial symmetry
imposes mpg = my, since otherwise a large breaking of custodial symmetry would appear
in the Higgs potential. As shown in section 4.4, these arbitrary masses should be slightly
below the electroweak scale myg < v. A possible way to address this apparent coincidence
of scales is mentioned at the end of this subsection.

The three fields ¥y, ¥y, and Vg reproduce the minimal viable composite Higgs sce-
nario with complex representations, with a G — H pattern SU(4); x SU(4)g — SU(4)y [63,
68, 69]. The field ¥, containing six flavours from the HC point of view, is required to have
also the two scalar LQ S7 and S3 as pNGBs. The only difference in the field content with
respect to ref. [68] is in the fact that here ¥ is a SU(2),, doublet rather than a singlet.

Since the HC gauge interaction must confine at the scale Ayc, it has to be asymptoti-
cally free in the ultraviolet. In appendix B I show that, with the field content in table 1, this
is true for any Npc > 2. Furthermore, depending on Y7, and Nyc, the SM gauge couplings
can remain perturbative up to the Planck scale. Nevertheless, the extra dynamics which
must be introduced slightly above the scale Agg in order to generate the SM Yukawas and
leptoquark couplings, is expected to alter the RG evolution of all the gauge couplings.

Another interesting possibility is for Gic to be approximately conformal above Ay,
up to a scale App [62, 72, 73]. This would allow a larger separation between the flavour

'To this Lagrangian one should also add the # terms for QCD and for the HC group. The former
experimentally has to be very small while the latter might induce new sources of CP violation and might
also address the strong CP problem [71].



and compositeness scales. Also, in this case Apc could be generated by the soft breaking
of the conformal symmetry due to the HC-fermion masses, thus potentially explaining dy-
namically the approximate coincidence between Agc and my. Perturbative computations
suggest that for Gyc = SU(3) the strong dynamics has a strongly coupled IR fixed point in
the window 9 < Np < 16 [68], which includes this setup. See also refs. [74-81] for lattice
studies for different values of the number of flavours.

2.2 Condensate and pNGBs

This theory is expected to form a condensate [82-84]
(U;0;) = —Bo f26;; (2.4)

where By is a non-perturbative constant (see e.g. refs. [85, 86] for the QCD case), which
in the QCD case is approximately given by By = 20f. For Nyyc = 3 and Np = 10 also the
condition quoted in ref. [87] for the condensate to form is satisfied.

This condensate spontaneously breaks the global symmetry G, eq. (2.2), to the diagonal
subgroup

G =SU(10)r x SU(10)g x U(l)gp  — H =SU(10)p x U(1)ys, (2.5)

generating a set of 99 real pNGBs transforming in the adjoint of SU(10)p. They can be
described in terms of the matrix U(¢) = u(¢)?,

Ulé(z)] = exp (zz‘f’o;g"’“):ra) : (2.6)

transforming under (g7,9r) € G as U — gRUgE [88, 89]. In the expression above, f is the
NGB decay constant and T are the SU(10) generators normalised as Tr[T%TF] = 5.
The complete list of generators and the SM embedding is detailed in appendix C.1. The
pNGBs are arranged into representations of Ggy = SU(3). x SU(2),, x U(1)y as (see
appendix C.2 for details):

valence irrep. valence irrep. d.o.f.

Hy ~ic*(VpUN) (1,2)1)9 | Hy ~ (Up¥yr) (1,2)12| 444

Sy~ (PoVp) (3,1)13 | S3 ~ (¥go"Vyp) (3,8)1/3| 6+18

wE ~ (UNUg)  (1,1)_q [Tl ~ (¥ro®¥r)  (1,3) | 2+3 |. (2.7)
Ry~ (Up¥q)  (3,2)1/6 | T2~ (TQ¥N) (3,2)56 |12+ 12

71~ (UoTAWg) (8,1)g |73~ (VTA0%Wg) (8,3)0 | 8+ 24

o ~ (PQo¥q) (1,8)0 |7 ~3xcf(P¥,) (1,1)0 | 3+3

These include two Higgs doublets Hjo as well as the two leptoquarks S13. A general
bottom-up study of composite Higgs models with two Higgs doublets can be found in
ref. [90].



In order to estimate the size of various operators in the low energy chiral Lagrangian, I
assume naive dymensional analysis (NDA) as the power counting scheme [91], opportunely
extended to the fermion sector (see e.g. ref. [92]):

o ()" () ()" ()4 20 ()" ()"
A f f A VAf A A A A

(2.8)

where A ~ g.f ~ 4rf, L counts the loop level at which the operator is generated, Ey vy,

count the insertions of pions, elementary SM gauge bosons and fermions, d counts the

derivatives and y the mass insertions. Finally, u > 0 takes into account if some operator

is further suppressed due to symmetry arguments [92] while E;; > 0 counts insertions of

G-breaking effective four-fermion operators such as those responsible for the SM Yukawas.

The leading-order chiral Lagrangian contains the pNGB kinetic term, a mass term,
and their gauge interactions:

2 4
£ — fz (e [0yt DAU] + T [UTx 4 xTU] ) + O (le[z2> , (2.9)
where x = 2ByM and the covariant derivative is given by D,U = 9,U — i[AEM, U], with
AEM = gsGﬁTglU(?’)c + wa,ZTéU(Z)w + gy B,Ty. The HC fermion mass term M and the
SM gauge interactions are two of the sources of explicit breaking of the global symmetry
G, alongside the coupling of the pNGB to SM fermions. These terms are reponsible for
generating a potential for the pNGBs and giving them all a mass (more details in section 4).

I require the pNGB potential to generate a minimum for non-zero Higgs fields, which
thus take a vacuum expectation value, breaking spontaneously the electroweak gauge sym-
metry to the electromagnetic subgroup. It can be shown that, up to an unphysical phase,
the most general vev that preserves custodial symmetry at the tree level and leaves the SM
color unbroken is [69]

cos 0 sinf O
0 cos) 0 sind
—sinf 0 cosf O ’
0 —sinf 0 cosf

Q8) = (U) = 1ex6 ® (2.10)

where I factorized the 10 x 10 matrix U in two diagonal 6 x 6 and 4 x 4 blocks. The angle
6 describes the misalignment between the EW-preserving vacuum and the true one [93].2

Inserting this in eq. (2.9) one gets mass terms for the W and Z bosons, from which one

can recognise®

’1)2

ﬁ )
where v &~ 246 GeV is the SM Higgs vev and I introduced the traditional £ parameter of

2sin?0 =€ = (2.11)

composite Higgs models. More details on EWSB are described in section 4.4.

2The embedding of the Higgs fields in U can be found in eq. (4.13) and appendix C.
3The relation between the scale f defined here and the one of ref. [69], farc, is f = 2fmc.



3 SM fermion masses and LQ couplings

In order to generate Yukawa couplings between the composite Higgs and the elementary SM
fermions at low energy, the two sectors must be coupled. In this case, also the couplings of
the scalar S 3 leptoquarks to quarks and leptons must have to be generated in a similar way.

In modern Composite Higgs models, this is usually achieved by coupling each elemen-
tary SM fermion to a fermionic operator of the composite sector, with the same quantum
numbers: L ~ Zw A¢@ESMO¢ . After diagonalising the mass matrix before EWSB, the
resulting massless eigenvalues (i.e. the SM fermions) are partially composite, and a cou-
pling with the Higgs is obtained [94]. On the one hand, this setup usually requires light
composite fermionic top partners [95-97] as well as partners for each SM fermion. On the
other hand, in models with a fundamental fermionic description of the HC sector these
composite fermions are baryonic resonances, which are expected to have a mass near Ay,
far too heavy to be viable top partners in a partial compositeness setup. Furthermore,
devising a UV completion of this mechanism has proven to be challenging.*

For all these reasons, I assume instead that the bilinears of SM fermions couple to
scalar operators of the strong sector, which at low energy are interpolated by pNGB fields
such as the Higgses or the leptoquarks, as in original Technicolor models [101, 102]: £ ~
Z¢ y¢QZSM¢SMO. These couplings can arise from four-fermion operators with two SM and
two HC-charged fermions:

d-1
CyU  — = E<A Auc -
Lo Formi ~ —hsntpsp 0O N cypu f <H> ¢SM1Z)SMqj

2. 3.1
Af_l Ay f (381)

where the scaling dimension of the scalar operator (W) is given by d = 3 — §, where
0 > 0 is the anomalous dimension of the operator. At the scale A; some dynamics should
be responsible for generating these operators. A sizeable part of the Technicolor (TC)
literature focussed on the study of such a dynamics: Extended TC, Walking TC, etc.. See
e.g. refs. [103, 104] for reviews of this topic and a list of references. For this first exploration
of the model I take a bottom-up approach and do not discuss UV completions of these
operators, leaving it for a future dedicated analysis. Using simply the NDA estimate of
eq. (2.8) with E4y = 1 one obtains that the final Yukawa coupling is yy¢ ~ O(1).

One of the main problems of such a setup is due to the fact that the dynamics re-
sponsible for generating these operators is also likely to produce four-fermion operators of
the form

C - — C‘IJ\I/ — —
Laromi O 5 Usstsuisatisy + g VIV (3.2)
t t
The effect of (¥)* operators is to generate further effective contributions to the pNGB
masses in eq. (4.1). Since these pNGB should be heavy enough to pass the phenomeno-
logical constraints, this is not an unwanted feature. On the contrary, if they generate
large enough masses for the singlets pNGBs, it could be possible to eliminate the need of

4Possible 4d UV completion of the partial compositeness scenario have been obtained by introducing
extra elementary HC-colored scalars [40, 87, 94] or in a supersymmetric setup [98, 99]. Partial compositeness
also arises naturally in extra-dimensional holographic Higgs models [100].



fundamental HC fermion masses. The (¢)sm)* operators, instead, could generate danger-
ous effects in flavour physics (particularly in meson-antimeson mixing and lepton flavour
violating processes).

If the strong sector is close to an interactive IR conformal fixed point above the scale
Anc, a sizeable value of the anomalous dimension § could allow to increase the gap between
Apc and Ay, thus suppressing the flavour-violating operators. See e.g. refs. [62, 72, 73] for
modern realisations of this idea and for a discussion of the problems one may encounter in
this approach.

If, instead, the anomalous dimension § is small, the scale A; should be not much above
the compositeness scale Ay in order to generate the required top Yukawa coupling. In
this case an approximate flavour symmetry is required in order to protect the theory from
unwanted flavour violation effects. In the following I take this approach and assume that the
sector responsible for generating these four-fermion operators enjoys a global approximate,
possibly accidental, SU(2)® flavour symmetry [105-107]:

Gr =SU(2), x SU(2),, x SU(2)4 x SU(2); x SU(2) . (3.3)

I also assume that the UV dynamics is such that in the symmetric limit only the third
generation fermions are coupled to the strong sector. All other terms are generated via
small symmetry-breaking effects. These are encoded in a small set of spurions. The mass
of the first two SM families can be generated by a set of bi-doublets:

AY, =(2,2,1,1,1), AY;=(2,1,2,1,1), AY.=(1,1,1,2,2). (3.4)

The mixing between these and the third generation, instead, can be successfully described
by only two doublets:

Vy=1(2,1,1,1,1), Vi=(1,1,1,2,1). (3.5)

While V; is related to the CKM matrix elements, the leptonic spurion V; is unconstrained.
Due to the smallness of the first two generation fermion masses, these two doublets provide
the leading effects in most flavour observables. The smallness of the bottom and 7 Yukawa
couplings could be explained by introducing two approximate U(1)y x U(1), symmetries,
under which all the right-handed down quarks and leptons are charged [106]. The flavour
symmetry and this set of spurions also provide a good structure to fit the B-physics anoma-
lies [22, 26, 35, 45] while at the same protecting the model from other flavour and high-pr
constraints. Indeed, possible dangerous effects of the A%WSM)AI operators are suppressed
by the Gr symmetry and the large A; scale.

Another class of possible bilinear operators are those built in terms of vector currents.
At low energies these are interpolated by vector resonances of the strong sector as well as
pNGB vector currents:

LD A% (Vsmy"vYsm) (Pavu ) = gop (Ysmy*thsm) Tr (CabiUTD,uU + Cabp,u) . (3.6)

where by NDA, eq. (2.8) with E4¢ = 1, one has g,y ~ O(f/A) ~ O(1/4x). Their effect is
discussed in section 4.5.



3.1 HC-fermion bilinears

I construct the coupling of the SM fermions to the two Higgses and the S; 3 scalar lepto-
quarks via operators like &ngSM@i\I/j, where \T/\I'j interpolates the pNGBs below Agc.

In general, both baryon (B) and lepton (L) numbers are broken by adding non-
renormalizable operators (as happens in the SM EFT). In order to avoid proton decay
and other unwanted effects, one could impose B and L conservation in the operators at
the scale A; while assigning suitable quantum numbers to the HC fermions.’? Focussing in
particular on the Yoy UV effective operators, an equally successful but more minimal
requirement is to impose conservation of a combination of B and L, such as for example
F, =3B+ L or F. = 3B — L. Requiring only that the operators generating the Higgs
Yukawa couplings and the S 3 leptoquark couplings to SM fermions are allowed provides
the following charge assignment for the HC fermions:

Fy(Up) = Fi(Yy) = Fy(Yp) =FL,  Fi (Vo) =Fr+2, (3.7)

where Fp, is an arbitrary charge. Assuming F_ conservation, instead, all HC fermions
should have the same (arbitrary) F_ charge.

The complete list of possible gy PV operators compatible with gauge symmetries
and F4 conservation, given the assignment of eq. (3.7), is (schematically):

(qzur + drqr +erlr) (YnYL) , (qrur + drqr + €rlL) (YL ¥E),

. : (3.8)
(@il + equr) (PQ¥L), (@zolL) (PQo V),

where all indices have been suppressed. Comparing the HC bilinears with eq. (2.7), one
recognises the Yukawa couplings for the two Higgs doublets in the first line, while the
second line corresponds to the desired couplings of the S 3 leptoquarks to SM fermions.
Note that, given the assumptions above, also a coupling of S7 with right-handed fermions
eRuR is allowed.

The remaining scalar operators, allowed by gauge symmetries but forbidden by F.i
conservation, are

(@ar + TRdr) (Pr¥o),  (drle) (Ve¥o),  (1Lh) (Ve¥n),  (39)

corresponding to couplings of the S 3 to diquark, of Rj to quarks and leptons, and of w to
di-leptons. It is remarkable that, once the Fy quantum numbers are assigned to the HC
fermions to allow the desired Higgs and LQ couplings, automatically the B and L-violating
operators are forbidden and none of the other pNGBs is allowed to have a linear coupling
to SM fermions.5

For each of the interactions in eq. (3.8) it is clearly possible to write two independent
terms, one for each chiral structure of the HC bilinears: \Tli, ¥R or \Ili’ rY; . By com-

paring Green functions in the high- and low-energy theory it is easily shown that the HC

5For the purpose of this paper I neglect the non-perturbative breaking of B + L.
50n the contrary, requiring only B — L conservation would allow also the coupling of S; 3 to diquark,
which would mediate proton decay.



fermions bilinears correspond to the following expressions below the scale Agc (see e.g. the
QCD case in ref. [86]):

U, 19 g — —Bof*U ()i, U, g, — —Bof*UT ()i,

W — —Bof* <U(¢) + UT(d)))ﬁ . U0 — —Byf? <U(¢) _ UT(@)ji 7 (3.10)

where By is defined in eq. (2.4). Upon expanding U(¢) in powers of the pNGB, eq. (2.6),
it is clear that only the pseudoscalar combination is linear in the pNGB and thus can
generate the desired couplings. The scalar combination can give some effects in the pNGB
potential [69] but, in order to keep the discussion simple, I will set it to zero in the following,.

3.2 SM Yukawas

The four-fermion operators generated at the scale A; responsible for the SM Yukawas are

Lp A2 (URCJ{ W00+ qrcrddr €+ lpcycer 6) (Urys¥N) +

1
AQ

(3.11)

+ (URC; WAL+ qresadp + lpco eeR) (Vgvs¥p) + hee.,

where flavour and gauge indices have been suppressed and € = i0? acts on SU(2),,. In order
to track the explicit breaking of the global symmetry G due to these operators one can
introduce a set of spurions A?ﬁ , defined from (the explicit expression is in appendix C.3)

Uy Uy = P, (AHI)U%% ; Upys¥g = ‘I’i(A?JQ)iﬂs‘I’p (3.12)

where o, 3 = 1,2 are SU(2),, indices. They transform under G' as A%; H1 ) = gL A?{fQRgE,

A?‘{FQL N gRA?{RL927 with the identification A?{ff“ A%lRZL A%H,z' Below the HC-
confinement scale the corresponding chiral operators can be written as

Ly = g (ﬂRﬂ,queﬁa +qry1,adR + [%Ql,e6R> Tr[AY, (U - U+ (3.13)
3.13

+ ‘; (uRyg queﬁ + 7 Y2,4dR + [‘L‘§27663> Tr[A%, (U — UT)] +h.c.,

where the NDA estimate of the Yukawa couplings in terms of the high-energy EFT coeffi-
cients is g7 ~ BA—OQfo. By expanding the pNGB matrix one gets
t
22

Tr[Af, (U - U] = i— Hip+ O(¢*/1%). (3.14)

Substituting U with its EW symmetry-breaking vev, eq. (2.10), one has Tr[AHl(z)(<U) —
(UH)] = (=1)'®(0,2sin0)”. The SM fermion mass matrices are given by (in a fimsfr
notation)
v v
mys = fsin@(Grr —Yo.¢) = —=Ur.r — Y2.¢) = —=Yr, 3.15
§=fsim0( s — va,5) \/i(yl,f ¥2.f) Noidl (3.15)
where f = u,d,e. As shown in ref. [69], in order to avoid any undesired misalignment of

the pNGB vev in a custodial-breaking direction also the condition

- . Y
Bp=—is ="y (3.16)
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should be imposed. This condition can be obtained by imposing a symmetry under the
exchange Py : Hi <+ —H>s, which is automatically satisfied by the kinetic and gauge terms,
as well as by the HC-masses under the condition mg = my. This symmetry is instead
broken by higher-order terms proportional to the LQ couplings to fermions which, however,
do not affect the Higgs potential at this order in the chiral expansion.

Furthermore, to suppress dangerous tree-level flavour-changing neutral currents me-
diated by the Higgses, the two proto-Yukawa matrices should be aligned, see e.g. the
discussion in ref. [90], so eq. (3.16) is imposed at the matrix level. If also the scalar HC
currents were kept, a slightly more general condition can be derived, see ref. [69] for a
detailed discussion of this point.

The G flavour symmetry and its spurions (3.4), (3.5) dictate the structure of the
Yukawa matrices. At leading order in the spurions and up to possible O(1) factors multi-
plying each term one has [105] (in LR notation):

AY, V, AYy V, AY, V
u ~ ) ~ ) e ~ T . 317
Yu ~ Yt < 0 1 ) Yd ~ Yb ( 01 Ye ~ Y 0 1 (3.17)

In the left-handed quark sector this can be put in correspondence with the CKM matrix

V, = ag (Kd) , (3.18)

where a, is an O(1) parameter. As shown in section 5, in order to fit the flavour anomalies

elements:

while avoiding dangerous effects involving electrons, the left-handed lepton spurion can be

0
Vi = 3.19
() <>

taken approximately as

where A\, < 1.

3.3  S1,3 LQ couplings

The operators responsible for generating the leptoquark couplings to fermions are
1 3 _ _ _
b= A7 [(@crqiels + Eerenur) (B@rs VL) + (@hes geo’ln) (PQrso”Wr)] + huc..
(3.20)

Also in this case one can introduce a set of spurions of G to keep track of the explicit
breaking of the global symmetry (see appendix C.3):

U5V = WAL 450,

i i (3.21)
oty Uy = WAL 35T

- 11 -



where the index a runs in the fundamental of SU(3). while A is in the adjoint of SU(2),,.

Below Apc one can write the couplings of both scalar LQ to SM fermions as”

£ = i (@025 Buels + gt Bu) THAG, (U~ UD)] +he.

f —C,a a
+i7 (955" Baeo™ 1) Te[AG (U — UT)] + hec. = (3.22)

= —g181,ia(@5'el})S1 — g1 (B1)ai (B5 W) S1 — 93830 (df'ed13) S5 + hoc. + O(¢7),

where ¢ and « are quark and lepton flavour indices, respectively. As for the Higgs Yukawa
couplings, also these ones are related to the high-energy coefficients via relations as in
eq. (3.1). The flavour structure of the couplings is given by the Gr symmetry and its
breaking spurions. Up to O(1) coefficients one has

Vvl v 0 (ViAv,)T
51,3 ( VlT 1 ) ) ﬁl <‘/lT \Y, 1 ) ( )

where, without loss of generality, the (33) element has been reabsorbed in the definition
of the overall couplings ggug)) and I also show the terms quadratic in the spurions, since
they are relevant to the b — sup anomalies. One can immediately notice that, with this
choice of flavour spurions, the off-diagonal entries in 8}* are suppressed by the small Yukawa
couplings of the light fermions. By adding spurions transforming as doublets of the right-
handed fields, these terms might also be larger. For this reason I leave them arbitrary in
the flavour analysis.

Integrating out the two scalar leptoquarks at tree-level one generates a set of dimension-

6 operators, £ = —v% > C20y, with [108]

1 * *
<Cz(q))a5ij = —le1|* B iaBrjs — 3les|® B3 iaB3.i8
3 * *
(Cl(q))aﬁij = le1|* BT iaBris — lesl® B3 085,56
1
(Cl(eq)u)aﬁij = 161 61 gﬁﬁl (IR (324)

(Cl(jq)u)aﬁij = 6151 B 3551 s
(Ceu)apij = —2|e%\2 1B s
where the corresponding operators are
Ok agis = Tl @"al) (O8)agis = (8yu0 1)) (@A 0 q),)
(O )asis = (SeR)e(@iuly) . (O Nagis = (Gowe)e(@ot™ul),  (3.25)
(Oeu)apis = (émueg)(ﬂim“uz%),
and the ¢; contain the relevant combinations of masses and couplings:

g1v g3 w_ 91V
’ €3 = ) &G =5 -
2mg, 2mg, 2mg,

(3.26)

€1 —

"In presence of EWSB, a factor of cos % should muliply all terms in the last line of eq. (3.22). Since this
is &~ 1 up to a small O(§) correction, I neglect it in the following.
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4 The pNGB potential

The compositeness scale Apc ~ 47 f sets the mass of most of the resonances of the strong
sector. The exception are the pNGB, whose mass is proportional to the various explicit
symmetry-breaking terms: HC-fermion masses, SM gauging, and four-fermion operators.
In this section I present the leading operators in the chiral expansion which constitute the
pNGB potential and generate their masses, and discuss the conditions required to achieve
a successful EWSB.

4.1 Potential from the HC fermion masses

The contribution to the pNGB potential from the explicit breaking due to the HC fermion
masses is controlled by the spurion M and the leading chiral operator describing this is
given in eq. (2.9). Upon expanding U in powers of pNGBs one gets the mass terms which,
for the non-singlets pNGB is

m%‘Ij’L\I}]) = Bo(mi + mj) ) (4.1)
where ¢, = @, L, N, E represent the wvalence fundamental HC fermion constituting the

pNGB, according to eq. (2.7). I recall that my = mpg to avoid custodial symmetry break-
ing. In particular, the contribution to the two Higgs doublets mass is

2
Ving =~ T{Uy 4 X10] 5 Bo(me + me) (L2 + |HaP) (1.2)

In order to obtain the singlets masses one needs the expression of the 3 Cartan generators
of SU(10)p transforming as singlets of Gy They are given in appendix C, eq. (C.9). In
the unbroken EW symmetry limit one gets:

BU(mE+mL) —\/éBo(mE—mL)

a3
_\/gBO(mE —mp) %Bo(SmE + 3my, + 4mQ)

2 2 _
mm = QBOmE, ]\47727713 =

where in general 72 and 13 mix with each other. For mp = my the mixing vanishes and:

2
m?h = m?m =2Bymp,, m?73 = gBO(BmL +2mg) . (4.4)

Since this is the only contribution to the three singlets masses, the fundamental HC-fermion
masses are required in order to make them heavy enough to pass phenomenological bounds
(discussed in section 6.3). A possible alternative could be if a sufficiently large contribution
is generated via the Ai%\Il4 operators as mentioned in section 3. The effect of these operators

in the potential has been briefly considered in ref. [62], where it is argued to be suppressed.

4.2 Potential from the SM gauging

The explicit breaking of the global symmetry G due to the gauging of the SM subgroup is
analogous to the one due to the QED gauging in the QCD chiral Lagrangian, responsible

~13 -
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for the 7*-7% mass splitting. It can be described in terms of spurions, defined from the

SM gauge interactions of the HC fermion currents, eq. (2.1):

Luc D gSG/‘:‘JfM + g Wil + gy BuJ), = (GA(] +WiGa . + B.Gy) J5 (4.5)

where J = ‘I’LWTE‘I’L + \IIRWTJ%\I'R, TE‘,R are the generators of G, and the various
G% are the spurions. They represent the embedding of the SM gauging within G (see
appendix C.1 for the explicit expression). One can define the generators associated with a
given SM gauge field as the combinations:

G =9eaTin,  Gul =90T0n, G =BTk (4.6)
Their transformation properties under SU(10)z x SU(10)p are

L.R LR
9" = 9L.R 9x QE,R- (4.7)

Since the HC theory is vectorlike, the left and right spurions are identical. The leading
operator in the chiral Lagrangian built with these spurions is

242
v = 2L e > exr [gkugtu] = B D afCien) (@) +0@). (48)
where the sum is over the three SM gauge groups, i = s,w,Y, ¢; are non-perturbative O(1)
coefficients, and C%(7®) is the Casimir of the pPNGB ¢® under the SM gauge group i.% The
coefficients in front of the operator are estimated from eq. (2.8) with L = 1 and p = 1,
since it arises from one loop and requires insertions of symmetry-breaking spurions. Since
the coefficients ¢; are expected to be positive [109], these terms give positive contributions
to the pNGBs mass squared. In the case of the Higgses one has

3A2HC 3 2 1 2 2 2
Vg D 32 chgw + ZCygy (‘Hl‘ + ‘HQ‘ ) + ... (4.9)

For all the pNGB irreps, the masses originating from eq. (4.8) correspond numerically, up
to non-perturbative O(1) factors, to:

Am? ~ (0.05Auc)?, Ami,, ~ (0.08Anc)®, Amfy, , ~ (0.13Axc)?,
Amg, ~ (0.17Anc)?,  Amg, =~ (0.21Ac)*. Am} . ~ (0.19Anc)”. (4.10)
AmZ = (0.26Anc)®, AmZ, ~ (0.28Anc)?.

For Agc =~ 10TeV it is immediate to read the numerical value of these contributions,
ranging from ~ 500 GeV for the w* state to ~ 2.8 TeV for the 7.

8Cy(F) = NQj;l for the fundamental and C2(Adj) = N for the adjoint of SU(N), while it corresponds

to Y2 under U(1)y-.
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4.3 Potential from the four-fermion operators

The last explicit symmetry-breaking terms to be discussed are due to the four-fermion oper-
ators of egs. (3.11), (3.20), responsible for the SM Yukawa and leptoquark couplings. Since
their effect on pNGB masses is proportional to the coupling itself, the leading contribution
is due to the top quark and the LQ coupling to 3rd generation fermions.

The effects on the pNGB potential from these breaking terms can be traced with the
spurions introduced in egs. (3.12), (3.21). The leading chiral operator generated from the
top Yukawa, with its NDA estimate, is

2

YN A2
(O T tz'

2N . A\2
Ctyt16 -~ He HC| i) — Ho|* + O(¢%),

Tr [(Aly, — Aly,)(U — U]

(4.11)

where ¢; is an O(1) non-perturbative coefficient and y; is the top Yukawa coupling. The
1/2v/2 factor depends on the spurion’s normalisation. Although in this case the sign
is not fixed, a simple one-loop computation suggests that it could be negative. This is
also required to successfully obtain EWSB. Similar terms arise also from the S; and S3
leptoquarks couplings to SM fermions:

__(cigitcigi?) P A% a + 2 egifPAfc| 1 Aa i
Vig= - LI |- [ag -0 - 2458 o [agrw -]
2 u _u2 2
5 - (ottdsOlie 5,2 agitic|g 2 0(47) (4.12)

where also cngg ~ O(1). Since the (positive) SM gauging contribution to the square pNGB
masses is smaller for the Higgs than for the leptoquarks, it is reasonable to expect that
these potentially negative terms due to SM fermion loops would be more important for the
Higgs than for the LQ, providing a good EWSB.

4.4 Electroweak symmetry breaking and Higgs mass

For what concerns the dynamics of EWSB, this model reduces to the SU(4) x SU(4)r —
SU(4)p case studied in ref. [69]. In fact, neither the LQ nor the other pNGB with valence
U HC-fermion enter in any aspect of EWSB. For this reason I can refer to [69] for most
of this discussion, of which I summarise here only the main aspects.

In the notation used until here, the two Higgs doublets, Hjo = (HIQ,H?’Z)T, are
related directly to the valence HC fermions and embedded in the pNGB matrix U = exp(ill)
as (see appendix C for this definition)

0 0 HY Hy
v2| 0 0 -H; HY
Myxs(H) = T om0 —m 01 02 : (4.13)

Hy HY* 0 0
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where I focussed only on the lower 4 x 4 block and set to zero the other fields. A more
convenient basis in the two Higgs doublets for studying EWSB is the one adopted in ref. [69]:

Hy + H —iH, + H.
o=t oy Tt e
V2 V2
Under Py one has H; — Hy and Hy — —Hs. In this notation the field which takes the
vev is (Hi) = (0,v4/v/2)7, corresponding to 6 = v;,/v/2f in eq. (2.10). Indeed, since the
negative top quark loop contribution to the Higgs potential, eq. (4.11), is exactly along the

direction |H; — Hy|? = 2|H;|?, this is the field which takes a vev. The physical fields from
the two Higgs doublets are

~ h . ~oN T _ h A T
o, = <G+7vh+\/;_ZG) , Hy = <H+72\+[2ZO> 7 (4.15)

where G0 are those eaten by the SM W+ and Z bosons, h is the physical SM-like 125 GeV
Higgs as well as the only one which couples linearly to the EW gauge bosons. All the heavy

(4.14)

Higgses are embedded in Hy: the two neutral states ho and Ay, and the charged H* one.

In order to minimise the potential and study the Higgs mass I set to zero all the fields
except the physical Higgs h, in which case the pNGB matrix is given by eq. (2.10) with
6 — (vn, + h)/v/2f. The Higgs potential, from eqs. (4.2), (4.9), (4.11) becomes

V(f) =— mf4 cos @ — Cgf4 cos 260 — 2th4 sin®0, (4.16)
where
2B, 3N (3 5 1 Neyiehiic
szﬁ(mE_’_mL)y Cg: 167T2f2 Zngw—f-zCYQY ’ Ct:W7 (417)

and I am assuming Cp, 4+ > 0. Minimising the potential in 6 gives the EWSB condition

2 2
Y = s g =2 M
f 8(Cy — Cy)

This condition should be tuned in order to obtain the desired £. Specifically, one could

(4.18)

tune the mass parameters (mpg + my) inside Cy, to achieve

cm:4(ct—cg),/1_§ (4.19)

The light Higgs, which in this setup does not mix with the other pNGBs, has a mass
mp, = (Cy — Cg) f2€ ~ Neeymi — 3ewmiy , (4.20)

where in the estimate I used Agc ~ 4w f. It is clear that some degree of cancellation is
necessary in order to bring it down to the physical value of my ~ 125 GeV. From the first
equality in eq. (4.20), the tuning condition in eq. (4.19), and the definition of C), one also

obtains
2m,21
Zh 1 —

¢ £/2, (4.21)

Bo(mE + mL) =
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which relates the Higgs mass and the value of ¢ to the mass of the singlets 11 2, eq. (4.3).
From the potential one can also derive the triple Higgs coupling:
A3 3

= =4/1—-=. 4.22
RA oM 9 (4.22)

Up to subleading EWSB corrections, the mass of the heavy Higgs doublet is

1 2N .m?
m%& = f2 <20m + 2Cg> ~ 220, ~ 2 L (4.23)

where in the last step I used eq. (4.19) and the definition of Cj.

4.5 Higgs couplings and electroweak precision tests

The couplings of the SM-like Higgs boson to the EW gauge bosons and SM fermions are
obtained from the pNGB kinetic term, eq. (2.9), and the SM Yukawa terms, eq. (3.13), by
substituting in the pNGB matrix in eq. (2.10) the angle §# — 6 + h/v/2f. From the pNGB
kinetic term one gets, in the unitary gauge,

£ 5 (m? WTW“+m—2ZZ z1) 2 sin? 0+L =
kin wWr 9 H© é‘l \/5 -

2 h 2 (4.24)
- (s Bz (1enfi-Shaa-ol).

Analogously, from the Yukawa term one has

2
L = — fypdsmisusin <9+ \/]%f) = —mysmysm <1+\/EZLZU§+' : ) - (4.25)

The ratios of the Higgs couplings to the SM prediction can be summarised as

RV:Hfzﬂl—g. (4.26)

The contributions of the model to flavour-universal electroweak precision tests is anal-
ogous to the one of all composite Higgs models [110]. It can be separated in an infrared
contribution due to the deviation of the Higgs coupling to electroweak gauge bosons as
shown above, a contribution from the other pNGBs, and finally an ultraviolet contribution
from the dynamics at the scale Agc. Taken all together, they impose an upper limit on
¢ of about ¢ < 0.08 [69], which also makes the deviations in the Higgs couplings smaller
than the present experimental sensitivity.

Other possibly dangerous effects could arise from the term depending on the pNGB
matrix in eq. (3.6). In fact, they generate at low energy deviations in the coupling of
to SM EW gauge bosons. Particularly dangerous are deviations in the Zbpbr coupling.
The NDA estimate for the relative deviation is 5g§,?LA ~ &/4m ~ (few) x 1073, while the
experimental limit is at the per-mille level. It might be possible to further suppress the
deviation by assigning suitable quantum numbers to q7, under the custodial symmetry group
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SU(2)r x SU(2) g and assume invariance under the parity Prg [111]. It is also possible that
the flavour dynamics at the scale A; is such that the operator in eq. (3.6) is suppressed.
Since it has a different chirality structure than those responsible for the Yukawa and LQ
couplings this is not so implausible. The effects due to the vector resonance p are instead
further suppressed by its large mass, m, ~ Apc > mpnaB-

5 Flavour phenomenology

The leading effects in flavour observables are mediated by the pNGB leptoquarks S; and
S3. Other possible effects from heavier resonances are further suppressed by the small ratio
m%Q /AI2{C < 1. While this model can reproduce completely the flavour phenomenology
described in ref. [45], the presence of the S; coupling to right-handed currents makes the
present setup possibly richer. The SMEFT dimension-6 operators obtained by integrating
out the leptoquarks at the tree-level are described in section 3.3. In this section I discuss
the main aspects of the flavour phenomenology of the model.

5.1 Muon magnetic moment and T — py

The presence of S couplings to both right- and left-handed top quarks allows the genera-
tion of ms-enhanced contributions to both 7 — vy and to the muon anomalous magnetic
moment. The relevant terms from eq. (3.22) are

ﬁsl Ot [glﬁl,baPL + glfﬁitaPR] %Sy + h.c., (5.1)

where (* = (e, u, 7) and I recall that, by definition, 81y = 8}';, = 1. The chirally-enhanced
contribution from S to 7 — w7y is given by (see e.g. refs. [37, 112] and references therein)

1 aN?>m?m3 m?
B(r— py) = IT(SZT;A;T <1—m’2‘ |Q5195($t)—9F(55t)|2 le]?[ef|? (\Bl,bu\2+|5im|2) =
T T
2 2 ‘611 ‘2
~ (7. 1 -2 ‘€1| u|2 ‘Bl,bu| 1,tp 44x1 -8 9
(010 oral | oz T oqz | <4410 (5:2)

where (Qs, 9s(xt) —gr(zt)) o 7/642/3logm;/m% and I used mg, = 1.5TeV. Since the

values |e1|? ~ 0.01 and |B 5| ~ 0.1 are required to fit the B anomalies [45], this observable
puts a bound

lef? S 107°, (5.3)

~

corresponding to g < 1072g;. From the point of view of the SU(2)° flavour symmetry gi
and g; 3 are expected to be of the same order. It is interesting to note that by adding the
approximate U(1), symmetry, under which all the right-handed leptons transform, in order
to suppress the 7 Yukawa coupling [106], the g} suppression would be automatic since one
could predict: g¥/g1 ~ yr/ys ~ 1072
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The leading contribution to the muon anomalous magnetic moment from S; is [112]

Nemymy

0y = =5 23

m2
6%616171,#,81”’15“ (7 + 4 IOg Tn2t> —
S1 (5.4)
611L iﬁl,bu /Bil,t,u
10-30.1 0.1 0.1 °
while the observed anomaly is (da,)exp = (2.8 £0.9) x 1079 [113]. One can see that due to

the limit in eq. (5.3) the 2 30 deviation from the SM observed in da,, cannot be explained.

~ (7.9 x 10711) x

The same conclusion was reached in ref. [37].

5.2 Charged-current processes

The observed deviations in charged-current b — c7v transitions require the largest new
physics contribution. The effective operators at the B-meson mass scale relevant for this
model are 9

Log®™ D =3V [(1+67,)OF, — 5, O0F — ¢, OF, | +hee., (5.5)

where
Oy, = (eebe)(Tey*vs),  Op = (Crowbr)(Tro™vr), O, = (¢rbr)(Trvr), (5.6)

Matching at the tree-level with the SMEFT operators generated by integrating out the Sy
and S3 fields, eq. (3.24), one has:

1% Vi
¢ = (e )rrss + (e )rrs2 e = (leal® = lesl?) = (le1|*Brsr — lea|*Ba.er) 2

Vet Vi

_ 3 _ et BT
05‘ - (clequ)TT32 - T VC(;T ) (57)
T (1) u * ’8%707'
Csp, = (Clequ)'”'32 = _4CT = —6€¢ V.
cb

Due to the bound in eq. (5.3), one can safely neglect the contributions to the tensor and
scalar operators proportional to €} and keep only the vector operator. The new physics
dependence of Rp.) is then simply given by:

Rp/RP" = Rp+ /RPN ~ 1 + 2], = 1.237£0.053. (5.8)

The B, — 70, branching ratio is very sensitive to the scalar operator Og, and the B,
lifetime can be used to put an upper limit on such terms [114]. However, in this setup the
constraint from 7 — p1y makes cg, completely negligible.

The analogous effects in the muon mode are suppressed by the small coupling to muons,
which follows from the SU(2); structure. Deviations from lepton flavour universality in
b — cu(e)v transitions are constrained at the ~ O(1)% level [115]. In this model they are
given by [45]

Ve
RH‘@ z1 2 2 2 2 1 ﬂSM cs 5.9
o 1 2~ el (14 2212 ). 59

where I neglected the scalar and tensor contributions. In the natural region of parameter
space of the model, this is well within the experimental limit.
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5.3 Neutral-current processes

B - K®putp~. The relevant coefficients of the effective Hamiltonian at the B meson
scale and their tree-level matching to the model are (see also refs. [34, 60, 112, 116]):

4
aVi Vi

le31? B3 pu 3,51 =
(5.10)

T 1 3
ACy = —ACY, = TV Ve <<Cl(q))wt23 + (Cz(q))mﬂ?:) =

|€3‘2 BS,bu ﬁS,su

~ —0.69
0.01 0.1 0.4|Vi|

=—-0.61£0.12.

Given the structure of the SU(2); spurion V; in eq. (3.19), no contribution to the electron
mode is instead generated, implying an effect in the lepton flavour universality ratios R(K)
and R(K™).

B — K™y, The relevant effective Lagrangian for this process is [117, 118]
Ll = 2 ViV (3l(C3M8°0 + ACE) P+ ACT PR (v8v) . (5.11)
™

where O3M = —6.38 4 0.06 [117, 118]. The contribution from the leptoquarks is (see also
refs. [60, 112])

27
A op = - T (L « - ) « = 2 sa 2 sa .
r thng((% Jag23 = (¢ )ap23) ViV (ler]? B1saBros + lesl* B3,5033,5)
(5.12)
The relevant observables depend on the EFT coefficient as [117, 118]:
B(B — K®pv) 1 2
Ry, = ~ o (241140 P) <27, 5.13
BB o KOmney =3 21+ (5.13)
e ac 126,07 + Jes |28
I st T+ |€3]° 03,57
57 =L~ L : 5.14
L= oS ( 0.01[Vzs| ’ (5:14)

and for simplicity I included only the leading correction due to the tau neutrinos. The 90%
CL limit is taken from ref. [60].

B — B mixing. New physics contributions to B° iy mixing via an effective LL operator
can be parametrised as
_ SM ney (VinVis)? - i \2
ALap=2 = —(Cy™ + Cy )W(wadi) ) (5.15)
where i = d, s and C(?M = 4raSp(z:) =~ 1.0. Aloop of the S and S3 leptoquarks contributes
as (see also refs. [112, 119] for the individual contributions)

CS1+53 _ 9262 61,57 2 n 59252 ﬁS,ST 2 n 291936163 /81737/8373'rf msq (5 16)
0 P VeV P\ VWi (VaVie)2 ' \ms, )’ ‘

where T neglected SM fermion masses, f(z) = —%= logz? (note that f(z) € [0,1] and

x2—1

f(1) = 1), and took into account that By q-/Vyy = Bi(3),sr/Vzs according to the U(2),
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symmetry structure, implying that the same relative effect is expected in By and By mixing.
The new physics contributions should not exceed ~ 10% of the SM one, in order to be safe
from experimental limits,”

(AMp, )51 %58  pLL(pg )15

_  LL S1+8
(AMp , SM s ~ " (ms,) Cgt 7 < 10%, (5.17)

s/d

where n'*(mg,) ~ 0.79 encodes the renormalisation group effects down to my,.
In the limit g1 = g3, mg, = ms,, and P = —F3,4r 2 |Vis| one can approximately
relate the deviation in By mixing to the one in Rp.:

2
m 2 (Rpeo /RSN —1
%0.74( Sl"”) o)/ Hpcy , (5.18)
1 TeV 0.23

(AMp,),
(AMp, )M

)51+53

where in the numerical expression I normalised Ry to its best-fit value. Since the LQ
masses cannot be below 1 TeV due to present limits from direct searches (see section 6.3.1),
the Bs mixing constraint allows only to partially reproduce the charged-current anomalies
when taken at face value. In order to improve the fit, some mild cancellation with other
contributions to B mixing is required. As can be seen from the expression above, the
required tuning would be of one part in ~ 10 or less, for LQ masses not much above 1TeV.
One possibility could be to give complex phases to the LQ couplings in eq. (5.16) and tune
the various terms against each other, or to cancel the LQ contributions with extra ones
from the UV theory.

Further contributions to these AB = 2 operators can arise via tree-level exchange of
heavy resonances at the scale Ay, coupled to SM fermions via UV four-fermion operators
such as the one in eq. (3.6). The flavour symmetry protects these effects, giving an MFV-like
suppression. The estimate is

5 167202

CY ~ gy ——
P A%{C

~ G- (5.19)
For g,y ~ O(1/4m) these effects are well below the experimental limits. For larger values
of the coupling it could be possible to use these extra contributions to partially cancel the
one arising at one-loop from the leptoquarks. Also from eq. (3.6), another contribution to
the same operator can arise via the flavour-violating Zby sy, coupling. The coupling can be
estimated by NDA to be ~ g, V;s&/4m, plus a further suppression should be added due to
the Zbb constraint. This gives a contribution to B-mixing: C’g ~ €2, Due to the present
limits on &, this is well below the flavour limit. A stronger constraint can be obtained
from lepton-universal contributions to bs¢™¢~ operators, where the deviation due to this
coupling scales like ACS ~ &/a. As the Zbpby, constraint, also this shows that the vector
operators in eq. (3.6) must be suppressed.

9A recent update of lattice calculations is responsible for a shift in the SM prediction which results in
a slight tension with the measurement, (AMg_)**?/(AMgp,)*™ = —0.11 & 0.06. Even though with purely
imaginary couplings, Arg(gi1,3) = £m/2, it can be possible to fit this tension, I will not pursue it here since
this is an issue still to be settled. See ref. [120] for a recent detailed discussion.
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5.4 Radiative corrections to EWPT and T decays

Another relevant set of constraints arise due to renormalization group evolution from myq
down to the electroweak scale of the semileptonic operators in eq. (3.25) to operators which
modify the Z and W couplings to fermions [42, 43]. In particular, the leading effects are
those affecting the 7 and v, leptons proportionally to the top Yukawa. Using the RGE
equations from [121] and the results from ref. [43] one gets

N, y? m _
09r ~ 5 673:; log -4 ((Cl(;))Tng—(Cl(;))TTQ,g)%0.08(‘61|2+|63’2)2(0.16i0.58)><10 3,
t
Ncyt2 mLQ w2 -3
87y ~ 16,2 10th(Ceu)T733%—0.08|61| =(0.39+0.62) x10™°, (5.20)
2N, y?
5q¥ ~ I 10g TR () i m —0.08(Jer |2 —Jes]?) = (0.970.98) x 1073,

1672 omy

where in the numerical evaluation I set mpq = 1.5TeV, neglected the subleading elec-

troweak contributions, and used the limits from the global fit of ref. [122] for Z77 and from

ref. [123] for the LF'U constraints in 7-decays (see the appendix of ref. [45] for more details).

The deviation in the Zvv coupling is related by gauge invariance to 6g,, = 6g-, + g .
An analogous radiative contribution is generated to lepton-flavour violating (LFV)

Ztu couplings, which can then mediate LFV 7 decays [45]:

B(r — 3p) = 5 x 1074 (|e1]|* + |es]*)*Bp, < 1.2 x 107°. (5.21)
5.5 Fitting the B-meson anomalies

The SU(2), x SU(2); flavour structure of the left-handed couplings is well suited to fit the
B-physics anomalies, as described in ref. [45]. Since, as shown above, the relevant effects
are very similar to those studied in ref. [45], I do not repeat a full numerical global fit here.
Instead, the preferred region in parameter space can be easily understood as follows:

e The electroweak constraints put an upper limit |e1]? ~ |e3]? < 1072

e Fitting the R(D(*)) excess while begin at the same time consistent with R,, then
requires [ sr & — 3,57 ~ (few) x |Vis| > 0. If one limits the size of these off-diagonal
terms to (few) x |Vis|, the EWPT contraints do not allow to completely recover the
anomaly [45]. Furthermore, the constraint from B, mixing (5.18) makes this tension
even stronger if it is not addressed by tuning with some other contribution.

e The suppression in B — K® v required by the previous point corresponds to an
enhancement in B — K®)7T7=. As shown for example in ref. [45], the expected
signal could be hundreds of times the SM prediction, bringing it possibly within the
expected reach of Belle-1II.

e The fit to the neutral-current b — supu anomalies fixes the remaining parameters:
B3pu ~ 0.1 and 3.5, = (3 4,01,s7, consistently with the flavour structure of eq. (3.23).
The analogous couplings of S are expected to be of the same order since the two
have the same flavour structure. This value of 3, and the size of |e1 3> make the
contribution to LF'V 7 decays much smaller than the present sensitivity.
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Figure 1. Example of a possible spectrum of the theory.

e The experimental limit from 7 — ;v imposes the constraint |e%|? < 1075, In terms
of couplings this corresponds to g}" < 10_291,3. This can be naturally linked to the

hierarchy y,/y; by charging the right-handed leptons with an additional approximate
U(1)e symmetry.

6 Collider phenomenology

In this section I present the phenomenological aspects of the model more relevant for LHC
new physics searches.

6.1 Possible spectrum

While the non-perturbative character of the dynamics underlying the model does not allow
to make precise predictions for the spectrum of the theory, one can use the pNGB potential
and NDA estimates detailed in section 4 to sketch what a typical pNGB spectrum might
be like.

For definitiveness in the following I fix

£=005 (f=11TeV), (6.1)

corresponding to Apgc ~ 13TeV. In the simplifying limit mgp = myp, eq. (4.21) relates
the Higgs mass and £ to the mass of the first two singlets my, , = 2Bymy = 790 GeV.
Using the QCD value By ~ 20f, one gets my ~ 14GeV. The third singlet mass is

Mps = My 5\/ w, which can be larger than the other two for mg > mp, reaching
1TeV for mg ~ 2.5my,. The mass of the heavy Higgses before EWSB is given by eq. (4.23),
mg, ~ 1.9TeV. For the other pNGBs I combine the contributions from the HC-fermion
masses, eq. (4.1), and from the SM gauging, eq. (4.10). In the case of the S; 3 leptoquarks
I also take into account the contribution from the four-fermion operators, eq. (4.12), as-
sumed to be negative. All the other composite resonances (composite vectors, scalars,
HC-baryons, etc.) are expected to be near the Ayc scale, i.e. above 10 TeV. Finally, the
sector responsible for generating the four-fermion operators is expected to be not too far
above that scale, unless the theory enters a conformal window above Apc. The resulting
spectrum is sketched in figure 1. The reader should keep in mind that this must be taken
with a grain of salt, since O(1) deviations from NDA are expected.

In the limit of unbroken EW symmetry, 8 — 0, the only pNGB which mix with each
other are the two singlets 72 and 73, eq. (4.3), where the mixing is proportional to the HC
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fermion mass difference mgp — my. For 6 > 0, also a small mixing between the H% and
the n; singlet arises, proportional to o< (cug2 — 0yg32/) sin 6, as well as between SL% and
Ss, 1 (proportionally to o cy g3 (1 — cosf)) and between ]:227 1 and T}, 1 (proportionally to
o cyg2 (1 —cosf)). With the specific choice of keeping only the pseudo-scalar combination
in the HC bilinears in the four-fermion operators, no other mixing terms is present. In the
more general case other mixing terms arise for non-zero 6. A more detailed discussion of

this point can be found in [69].

6.2 pNGB anomalous couplings

Some pNGBs can have a non-zero coupling to two SM gauge bosons via the axial anomaly.
These interactions are fully described at the chiral Lagrangian level by the Wess-Zumino-
Witten term [124, 125]. From that one can extract the relevant coupling of one pNGB to
two gauge bosons, which in the class of theories considered here is given by

989+ ¢ 0% B T 0% _ 5
Lwzw 2 =0 5 2RO AT FLE™, AG =Ty T T] L (62)
where F7H = %e’“’ PP Fy, T is the generator corresponding to the pNGB ¢* while gg,
T SBM, and Ffl, are the couplings, generators, and field strenght, respectively, of the Aﬁ gauge
field (as defined in eq. (C.10)). The complete list of anomalous couplings for the pNGBs
in the theory is the following:

Aﬁi g9 % % 9192 9193 9293
m | YL 0 0 0 0 0
1 1
T TLE nA 0 0 0
1+48Yr, /3 __1

| Gava0 T avie V30 0 0 0
~ o8 1 1 ’ (63)
1 0 0 dP7/(2V2) 0 5 (Yr—-35) 0
~ 1
T3 0 0 0 0 0 ﬁ
I, | 0 0 0 % 0 0
Mo | 0 0 B (v — 1) 0 0

where d*?7 are the SU(3). symmetric structure constants. Measuring a process involving
these coupling would provide information on Ngc/f. An independent measurement of f
(i.e. of &) could instead be obtained, for example, via Higgs couplings measurements or
pNGB scattering.

6.3 Collider signatures of the pNGBs

Here I discuss some of the main aspects of the collider phenomenology of the various
pNGBs, listed in eq. (2.7), in particular their possible production channels and decay
modes. I also present the present bounds and future prospects for the most interesting cases.
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6.3.1 S; and S35 leptoquarks
Due to their linear couplings to SM fermions, the S; and S5 leptoquarks have a rich
phenomenology. The various states are classified under the electromagnetic U(1)e,, as:

S 1 S
1,17 3

) S3_1, 832, (64)

3 5
where I defined all in the 3 of color and the 1 (3) suffix represents the electroweak multiplet
they belong to. The NDA estimate puts their mass in the ~ 1.5-2.5 TeV range, with s3 be-
ing possibly slightly heavier than s; due to a larger electroweak correction to its mass. The
splitting within the electroweak multiplets is subleading. The By mixing constraint (5.18)
favours light leptoquarks. In presence of EWSB, the 81,1 and 83,1 states have a small

mass mixing. Expanding the SU(2),, structure of the interaction Lagrangian of eq. (3.22)
one gets

ﬁLQ = 913]; (EETL — BEVT) + 938; 1 (—Z%TL — BCLVT) + h.c.
3

1
3

6.5
+ \/593 <8; (65)

2
'3

tSvr — sg _4I_JCL7'L> +h.c.,
’ 3

where I neglected flavour-suppressed couplings to light generation fermions as well as those
of 57 to right handed fields, due to the 7 — 7y constraint discussed in section 5.1. The
phenomenology of S5 with coupling to muons has been studied in ref. [126].

The following discussion of the collider bounds on these leptoquarks can be also applied
to weakly coupled models where these leptoquarks are elementary, since it is only based
on the Lagrangian in eq. (6.5). Neglecting SM fermion masses, the total decay widths are

2
g 4= ‘gg’; | ms, , [112]. The two leptoquarks with charge % have equal branching ratio of

1/2 into the two channels ¢t7 and bv,, while S3.2 and Sg_4 decay to tv and br, respectively,
with unity branching ratio. The deviations from these branching ratios due to multi-body
decays, such as those discussed later on and shown in figure 4, are suppressed both by the
phase space and by the small £ parameter and can thus be safely neglected.

The main production modes at the LHC are pair production via QCD interactions, or
single production via the coupling to the b quark. While the former is model-independent,
the latter depends on the couplings g1,3. For g1,3 = 1, the single production cross section,
via the bottom coupling, becomes larger than pair production for masses mg, , 2 1.4TeV
at 13 TeV, in which case o(pp — ss) ~ o(pp — s'0 4+ sf) ~ 0.37fb [127]. The present
experimental limit from CMS [128] with 12.9fb~! of integrated luminosity on pair-produced
scalar leptoquarks in the final state bbr 7 is Ms, 4 > 855 GeV at 95% CL. This is shown

as a solid red line in figure 2. Very recently, the3 CMS collaboration updated also the
searches in the 77tt [129], vuvtt, and vubb final states [130] with 35.9fb~! of luminosity.
Taking into account the branching ratios described above, the resulting 95% CL limits in
this model are: My (3),-1 > 564 GeV from t7, My(3),-1 > 795 GeV from bv (green vertical
line in figure 2), and mg 2 > 1018 GeV from tv (blue line).

The present limit from single-production, in the br channel [131], is shown as a solid
purple line in figure 2. At present it becomes the most important one for couplings
155 g13 33
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Figure 2. Present and future expected exclusion limits at 95% CL on the S; and S5 LQ. Vertical
bounds are from various pair-production modes, purple is from single production in the bv channel
while gray is from the off-shell 77 tail. Dashed and dotted lines are 13 TeV LHC expected limits
for 300 and 3000fb~! of integrated luminosity, respectively. The diagonal green region is the 1o-
favoured one from the flavour fit.

Another relevant search channel for Sy _4 is in the 77~ final state, where the lepto-
quark can be exchanged in the ¢t-channel [41]3. The corresponding 95% CL limit is shown
with a solid gray line in figure 2 and dominates for large couplings g1 3 2 3. The analogous
effect in the p™p~ tail is further suppressed by the small coupling to second generation
leptons [132].

All these limits are collected in figure 2, where I also show estimates for the prospects for
300 fb~! (dashed lines) and 3000 fb~! (dotted lines) of luminosity, obtained by rescaling the
expected cross section limits with the square root of the luminosity ratios. The green region
is the 1o preferred one from the flavour fit [45], which assumes that the LQ contribution
to Bs-mixing is cancelled by some extra terms. Some conclusions can be drawn:

e The region relevant for the B-physics anomalies and in the mass range 1.5-2TeV
will not be tested by the LHC, even with high luminosity. The 28 TeV HE-LHC or
FCC-hh would be needed.

e For lighter LQ) masses and in the region preferred by the flavour fit, the most relevant
bound will always come from pair production. The most promising channels are tviv
and brbr, since the charge-2/3 and charge-4/3 LQ decay in these channels with unity
branching ratio.

6.3.2 Singlets

The two SM singlets 7; 2 are expected to have a mass close to 800 GeV, egs. (4.4), (4.21),
while 73 can be heavier since its mass depends on mg. The anomalous couplings in eq. (6.3)
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mediate decays of the singlets to pairs of SM gauge bosons. Assuming these are the leading
decay widths, the branching ratios for 77; and 7y are

Brlgg v Zv ZZ WTW~
m | 0 0.58 0.36 0.06 0 , (6.6)
| 0 0 021 015 0.64

while for n3 it is shown in figure 3 (top-left) as a function of Yz,. The total decay width of 73
is I'y; = 50 MeV for a mass of 1 TeV, f =1.1TeV, and Nyc = 3. In the numerical results
I use the SM gauge couplings evaluated at the scale m, /2 via the one-loop RG equations.
The only singlet to have a production cross section possibly relevant for the LHC is ns,
via the gluon-gluon coupling. The production cross section for f = 1.1 (0.87) TeV (i.e.
¢ = 0.05 (0.08)) and Ngc = 3 is shown in figure 3 (top-right). To the initial LO result,
obtained with MadGraph5_aMC@NLO [133] with the NN23LO pdf set, I applied a constant
NNLO (plus partial N3LO) K-factor of 2.45 [134]. In the bottom-left panel I show the
excluded region in the m,, — Y7, plane from the ATLAS diphoton search [135]'° (in red)
and from the CMS Z~ search [136] (in green). The dashed (dotted) red line represents the
approximate expected future sensitivity in the 7+ channel for 300 (3000) fb~! of integrated
luminosity. The ZZ and WW searches are not sensitive enough in this scenario. The
limit already excludes values of |Y7| 2 1 for a wide range of 73 masses, implying that an
observation of such a singlet could be expected in future searches.

The mass mixing 1y — 3, proportional to mg —my,, could also induce a gluon coupling
for the second singlet once the mass matrix is diagonalised. The only other mixing term
involving the singlets is the small one between 7; and HOL, as discussed in section. 6.1.

6.3.3 Color-octets

The pNGB spectrum contains two neutral color-octets 7?(1),3 and one charged color-octet
ﬁgt. Their large QCD charge implies that they are likely the heaviest pNGBs. The NDA
estimate puts their mass in the ~ 3—4 TeV range. They couple to pairs of SM gauge bosons
via the anomalous interactions in eq. (6.3). The main decay mode of 7 is in two gluons,
with almost unity branching ratio and I'(7; — gg) ~ 1.4 GeV for Nyc =3, f = 1.1TeV,
and mz, = 4TeV. Subleading decay modes are into a gluon and an electroweak gauge
boson, including a photon. The color-octet-SU(2),,-triplet 73, instead, only couples to
one gluon and one EW gauge boson. Therefore, while both can be pair produced by
QCD interaction, 71 can also be singly produced via the anomalous couplings to gluons.
This is the most promising search channel for large masses and the cross section for two
different values of f is shown in the bottom-right panel of figure 3 as a function of the

mass. This is obtained by rescaling the singlet production cross section as o(pp — T1)Lo =
8L (711—99)
T(73—99)
experimental limit from the ATLAS dijet resonance search [137] (I fixed an approximate

o(pp — 73)L0, see e.g. ref. [138]. In the same plot I also show the present

acceptance A ~ 0.5). For a mass of 4 TeV the signal is well below the present (as well
as future) sensitivity. The present limits for pair-produced scalar color-octets are only in

10T take the efficiency of the fiducial region as ranging from 64% at 200 GeV to 75% at 2700 GeV.
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Figure 3. (Top-left) Branching ratios of 73 to gauge boson pairs via anomalous couplings, as a
function of Y. (Top-right) Production cross section at 13 TeV LHC via gluon fusion for the singlet
N3, Nuc = 3, and two values of f. (Bottom-left) Excluded region at 95% CL in the m,, — Y7, plane
from the ATLAS ~ search [135], in red, and from the CMS Z~ search [136], in green. The dashed
and dotted lines are future LHC prospects for 300 and 3000fb~! of luminosity. (Bottom-right)
Signal cross section for the color octet 71 in dijet (gg) as function of its mass, for f = 1.1 (0.87) TeV
in solid (dashed) blue. The purple region is excluded by the ATLAS dijet search [137].

the ~ 800 GeV range [139]. Also the limits from jv are still not sensitive, being close to
~ 11fb for a mass of 4 TeV [140]. See refs. [138, 141] for a more detailed study of the LHC
phenomenology of these states.

6.3.4 Triplets

The two SU(2),, triplets 7 o are expected to have masses around 2TeV. They decay via
the anomalous couplings (6.3) with branching ratios

B9 o — ) = BIY o — Z2Z) ~ 0.27, B(I1Y, , — Z~) = 0.46,
Bl o — W5y) =078,  B(ll;, — W*2)~0.22.

They can be either singly produced in association with a gauge boson or in vector boson
fusion via the same couplings, or pair produced via electroweak gauge interactions. Due
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Figure 4. Three-body pNGB decay via the LQ coupling Lagrangian (left) and multi-body decays
via trilinear interactions in the pNGB potential (right).

to their large mass and electroweak production modes, they can’t be directly detected at
the LHC so I do not discuss them further.

6.3.5 Other pNGBs

The other pNGBs do not have any linear coupling to SM states, therefore no allowed
decay ®, — @wsmpsm. However, by expanding the Yukawa and LQ-coupling opera-
tors of egs. (3.13), (3.22) one gets couplings of two pNGB to SM fermions such as
LD gz fPaPptvsmtbsm. A heavier pNGB can thus have a three-body decay into SM
fermions and a lighter pNGB, which in turn could decay to SM states (fermions or gauge
bosons) via the processes described above, as shown schematically in figure 4 (left). Com-
pared to direct two-body decays to fermions, these three-body decays are suppressed by the
phase space and by the EWSB parameter ¢ = v?/f2, since they are absent for ¢ = 0. For
these reasons I do not expect them to modify in an important way the LQ branching ratios
described above, contrary to what was recently claimed in ref. [142]. Another possible de-
cay mode is via trilinear pNGB couplings arising from the potential for £ > 0 (since there
are none in the EW preserving vacuum). This would allow multi-body decays via (possibly
off-shell) intermediate pNGBs as shown schematically in figure 4 (right). I expect these to
be further suppressed with respect to the three-body ones by an even smaller phase space
and by the fact that the pNGB potential is loop-generated. Finally, transitions within
the same representation of the SM gauge groups are always mediated by couplings to SM
gauge bosons.

1~22 and T5. These states have a mass close to 3 TeV. The charges of the individual states
are (where all are 3 of color):

, U 4. (6.8)

Some of the interactions mediating three-body decays as in figure 4 (left) are

igs . 0 v ilgi—g3) . 0o ¢
£ 5 5 gin 2 fur — =~ 7% g§in — bGu,r +h.c.
LQ 2 gy g TV T, e Sy DL TIR ©9)
igs . 0o 4 - ilgitgs) . 0o g '
+ sin — b Tt + ———""~5in — biu, t + h.c.,
Vof g PETEEATIT T e Sty PEPTE_ATIT

where g = n1 = %7]2 F \/%773 are combinations of the three singlets, which in turn decay
to SM gauge bosons via their anomalous couplings. A complete list of the decay modes
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is beyond the purpose of this paper. Their main production mode at hadron collider is
in pair-production via QCD interactions and the phenomenology is quite similar to the
one studied in ref. [142], with bounds in the ~ 800 GeV range. The expected mass in this
model is too large to make them observable at the LHC.

Heavy Higgs. The states in the heavy Higgs doublet Hy (i.e. ho, A, and HF) have

masses m g, < 2TeV and do not couple linearly neither to SM fermions nor to gauge

~

bosons. However, they have three-body decays as described above via the Lagrangian

1 0
Eif(g D ———sin 5 ho (glslcjiﬁlel,; + ggS%(j%ﬁgEUalL) + h.c., (6.10)

2V2f

and similar terms for H* and Ap. These terms clearly break the Py symmetry, thus
allowing for Hs decays. Depending on the masses, the leptoquarks might also be off-shell,
thus further suppressing the decay.

Charged singlet w®. The only <I>21[)§M coupling linear in w involves the Rs scalar,

which is expected to be much heavier and itself has three-body decays as shown above.

The interaction Lagrangian is

isinf/2
2f

Possible other decay modes could arise from next terms in the expansion, £iﬁQ D <I>3w§M,

L o

=

wh <293Z)ETLTT_ + (g1 + 93)621/77“; + (g3 — gl)tCLTLrT2> +h.c.. (6.11)
3 3

or from trilinear couplings in the potential. Some trilinear terms in the potential are
(schematically):

VonegB D wt (WL_7717 hHZ, ZLHZ, WEH%, 77273H7,81(3) 7“;, .. ) , (6.12)
3

where W, and Zj, here represent the eaten NGBs. Since 7; might be the lightest pNGB
(other than the Higgs), the decay mode into Wn; might be the leading one as both states

1
3

could be on-shell. Similarly to the charged heavy Higgs, also this is pair produced via
electroweak interactions and its mass, close to ~ 1TeV, is too heavy for the LHC. For this
reason I do not pursue a more detailed study of its collider phenomenology.

Dark matter. From eq. (6.3) one can note that, in absence of the colored HC fermion
and for Y7, = 0, the anomalous coupling of 77 and Il vanish. This is a consequence of a
symmetry arising in that limit, as discussed in detail in ref. [69]. This would potentially
allow the lightest neutral pNGB to be stable and therefore a possible dark matter candi-
date. In this model, instead, the presence of ¥ and the LQ couplings to fermions, break
explicitly this symmetry and allow decays of all pPNGBs also for Y7 = 0. For example, the
terms in eq. (6.9) mediate the decay of 71 via an off-shell Rg or T pNGB: 7 — ¢SM¢SMR§
(B3 = mastsmibsm)-

Depending on Ny¢, for example for Ny = 3, the model can have heavy HC-baryons,
(P, UpW,). The lightest neutral one could be stable and a possible dark matter candidate.
A more careful analysis of this possibility, while being beyond the purpose of the present
paper, could be an interesting extension of this work.
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7 Summary and conclusions

The naturalness problem of the electroweak scale is one of the most important unresolved
theoretical questions in our understanding of Nature at very small distances. At the same
time, we also lack an understanding of the observed pattern of SM fermions masses and mix-
ings. The recent observation of deviations from the SM predictions in some B-meson decays
could be the first hints of a new sector, which might provide an answer to these questions.

With this underlying motivation, in this paper I presented a composite Higgs model
constructed from a fundamental fermionic UV description, based on a SU(Nyc) gauge
group and vectorlike fermions in its fundamental representation. The approximate global
symmetry of the strongly coupled theory is spontaneously broken by the fermion conden-
sate, inducing a symmetry-breaking pattern SU(Ng)r xSU(Ng)r — SU(NF)y, from which
the Higgs arises as one of the pNGBs. The Higgs sector of the theory corresponds to the
well-studied case of Nr = 4 and the Higgs and electroweak phenomenology is analogous
to the one of most composite Higgs models. By adding an extra HC fermion, charged
also under both color and the electroweak group, the number of flavours and the global
symmetry groups are extended to Nrp = 10. This allows also the scalar leptoquarks S
and S3 to be part of the pNGB spectrum and be possible mediators for the observed
B-physics anomalies.

The model is however not UV complete, the coupling of the composite sector to SM
fermions arises from four-fermion operators with structure ¥smvsmVucVac, assumed to
be generated by some unspecified dynamics at a scale not too far above the confinement
scale Agc. The study of such a UV dynamics will be the focus of future work. An approxi-
mate SU(2)® flavour symmetry is introduced to protect the theory from unwanted effects in
flavour physics and the conservation of a combination of baryon and lepton number is im-
posed to avoid proton decay. Below the HC confinement scale these operators generate the
SM Higgs Yukawa couplings as well as the LQ couplings to fermions. Interestingly enough,
the required symmetries forbid a linear coupling to SM fermions for any other pNGB.

These couplings allow the two scalar LQ to contribute to flavour observables. The
natural hierarchy myq < Agc and the approximate flavour symmetry protect the model
from unwanted effects (both in flavour and high-py physics) from the heavy resonances.
An important constraint on the LQ couplings is obtained from 7 — p7y, which imposes a
strong limit on the LQ coupling to right-handed fermions. Other relevant bounds are those
from Z and W couplings to 7 and v,, from B — K*vv, and B, — B, mixing. Improvements
in any of these will be crucial to test the coupling-structure of the model. As described in
section 5.5, while the neutral-current anomalies can be completely addressed, the charged-
current ones can be only partially recovered due to the Bs mixing constraint. Assuming
this is solved by a mild tuning with some extra contribution, a residual ~ 1.5¢ discrepancy
remains in R(D™)) due to tension with the EWPT, see also ref. [45].

This difficulty in reproducing to the full extent the b — ¢77 excess is common in many
new physics interpretations of the anomalies, suggesting that those in charged-current, if
confirmed, might decrease in size when more data will be analysed.
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Spurion analysis and NDA estimates allow to study the pNGB potential, generated
by the explicit global-symmetry breaking terms. With this, the conditions for a successful
electroweak symmetry breaking are identified and the pNGB spectrum can be estimated,
see figure 1. The leading source of pNGB masses is due to SM gauge contributions. These
make the colored states the heaviest (mgy(s) ~ 2-4 TeV), followed by the electroweak ones
(msu(2)xu@) ~ 1-2TeV), and finally the singlets (m,, ~ 0.8-1TeV), which receive a mass
only from the fundamental HC fermion masses.

In general, such a heavy spectrum might prove challenging to test at the LHC. The
NDA estimate for the masses of the two scalar LQ mediating the flavour anomalies is
mg, 4 ~ 1.5TeV. At present, the most sensitive search channel at the LHC is via pair-
production, with decays into third-generation fermions. The most recent limits crossed
the 1TeV threshold but from figure 2 it is clear that the region in masses and couplings
relevant to this model might not be probed even at HL-LHC.

The pNGB with most promising prospects for a LHC observation is the singlet 73,
which couples to pairs of SM gauge bosons via the anomaly, so that it can be produced
in gluon-fusion and decay in two photons. Present diphoton searches already put relevant
constraints on the model parameters, as can be seen in figure 3. All the other states,
including the heavy resonances at the Agc scale, might require the next generation of
colliders in order to be observed.

In the next few years the LHCb and Belle II experiments will provide a conclusive
answer as to the nature of the present B-physics anomalies. If they will be confirmed
as genuine new physics effects, our understanding of Nature at the TeV scale will be
revolutionised. In order to uncover the UV dynamics underlying these flavour effects, a
multi-pronged approach must be adopted, combining flavour physics, Higgs and electroweak
precision measurements, and high-pp direct searches. This can only be done in concrete
UV models, and the composite scenario described here represents an interesting case where
all three provide crucial pieces of information.
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A Requirements for a UV description

The choices of viable UV theories for a composite Higgs model with a fundamental fermionic
strongly interacting theory are constrained by a set of theoretical and phenomenological
requirements.

I begin by introducing a new gauge interaction, called hypercolor (HC), with a simple
group Gpc, and a set of new Weyl fermions ¢; charged under this symmetry as well as
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under the SM gauge group:

bi ~ (Thes TesT)Y; - (A1)
In the absence of SM gauging and other explicit symmetry-breaking terms, the theory
enjoys a global symmetry G = SU(n;) x SU(n2) X ... x SU(n,) x U(1)P~L, where p is the
number of different types of representations rgc under Gyc of the HC fermions, each with
n; fermions [65, 66]. The number n; corresponds to the dimension of the SM representation
of ¢;. This also fixes the embedding of the SM gauge group in G. I assume hypercolor
confines at a scale Agc and that the theory forms a condensate, which breaks spontaneously
the global symmetry G to a subgroup H. The type of spontaneous breaking of the global
symmetry depends on the type of representation ri. of the fermions under Guc [65, 66]:

a. Complex and vectorlike. In this case one has n fermions ¢; in a complex representation
and n fermions ¢ in the conjugate one. The condensate (§1;) = —By f2<5ij breaks
SU(n)1 X SU(TL)Q — SU(n)D

b. Real. In this case (1;1;) = —Bo f2¢;j, where ¢;; = ¢;;, breaks SU(n) — SO(n).
c. Pseudo-real. In this case (1;1;) =—Bo f*¢;j, with ¢;; = —¢;;, breaks SU(n) — Sp(n).

For each of these, the minimal scenarios which include the Higgs doublet as pNGB as well as
custodial symmetry are listed in refs. [65, 66, 70] (see also the examples in [63, 67-69]):!!
a) SU(4); x SU(4)e — SU(4)p, b) SU(5) — SO(5), and ¢) SU(4) — Sp(4), which is
isomorphic to SO(6) — SO(5).

The goal is to find the viable hypercolor groups and set of fermions ; which satisfy a

number of requirements:

1. H 5 SU(3). x SU(2)r, x SU(2)r x U(1)x. This includes the requirement of custodial
symmetry, unbroken color, and correct hypercharge assignment.

2. G/H should include at least one Higgs doublet H ~ (1,2);/o and the scalar lepto-
quarks Sl ~ (:_)), 1)1/3 and 53 ~ (-.3),3)1/3.

3. Absence of gauge anomalies.

Requiring the presence of scalar leptoquarks among the pNGB, some of the HC
fermions have to be colored. In fact, these states arise as Gyc-invariant bilinears of HC
fermions: (1§1);) in the complex case or (¢;1;)s(q) (Where s (a) stands for the (a)symmetric
part) in the (pseudo-)real case. At the same time, SU(3). should be contained in the un-
broken group H, i.e. the condensate should be a singlet of color. I aim to find a field
content which satisfies these conditions with the smallest number of flavours. Let us focus
first on the HC-fermions which carry color. For minimality I consider only fields in the
fundamental of SU(3)..

In the case of real or pseudo-real representations of Gyc it has been recognised [65, 70]
that a solution, free from gauge anomalies, can be found by introducing two HC-fermions

"1t should be noted that refs. [65, 67, 68, 70] also require partial compositeness for SM fermions via a
linear mixing with HC-baryons. This imposes some important restrictions on the possible models.
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in the fundamental and anti-fundamental of color: x1 ~ (3,135), X2 ~ (3,T%). The global
group, SU(6 x dim(r?)), is then broken by the (x;x;) condensate to SO(6 x dim(ry)), if
Xi are in the real representation, or to Sp(6 x dim(r,,)) if they are in the pseudo-real. Of
course, the unbroken group should be aligned in the SU(3).-invariant direction. Since S3
is charged under SU(2),,, a way to obtain such a colored triplet must be also found, either
by having a non-trivial ry, or by introducing extra triplets. By inspection it is easy to
show that, in either case, the number of flavours quickly grows quite large, being always
above at least 14 once also the Higgs and custodial symmetry requirements are added. One
should then also check explicitly that the S 3 representations are indeed present among
the broken generators. I do not consider further possible solutions in this direction.

Let us assume instead that the HC fermions carrying color sit in a complex repre-
sentation of Gpc, coming in vectorlike pairs to guarantee absence of gauge anomalies:
Yo = (rgc,3,rg)YQ and ¥§, = (fﬁc,ﬁ,fﬁ?),m. The models in refs. [67, 68] fall in this
category. In order to have the S; and S3 LQ then requires other uncolored HC fermions
in the same complex Gyc representation: Si3z ~ (@bg?n). Particularly appealing is then
the case where r% ~ 2, so that n = ¢ ~ (I'gC7 1,2) and it can be identified as the same
HC fermion also responsible for the Higgs sector. In this case the minimal number of
flavours compatible with points 1) and 2) is Np = 10, giving a symmetry-breaking pattern
SU(10); x SU(10)2 — SU(10)p.'? The vectorlike character of the theory also ensures auto-
matically that all gauge anomalies vanish. This is the solution considered in the main text.

B RG evolution of the gauge couplings

For n Weyl spinors in the fundamental representation of G = SU(NV), the 1-loop S-function
of the gauge coupling, f(g) = ug—z, is given by

Blg) ~ 13;50, by = — <131N - g;n) . (B.1)
For the four gauge couplings in this model, with Gyc = SU(Nyc), one has:
= 2 N +
b = 114 22 +§NHC ,
o 2 1248Ne .
3 3
by = 20 2NHC 7 ogyy 4 eovR).

3 9

While HC is always asymptotically free (for any Ngc > 2), requiring color to be asymptot-
ically free as well fixes the upper bound Nyc < 5. Instead, both SU(2),, and U(1)y always

12Note that another solution, with same number of flavours, could be obtained by substituting Yo with
two fields: Yy = (rgc,& 1) and ¢¥r = (rgc, 1,3), in which case the LQs are given by S3 ~ (Ygyr),
S1 ~ (Ygve,N). The case described in the main text is more minimal in the sense of requiring less
irreducible SM representations and gives a closer relation between S; and Ss since they have the same
valence HC-fermions.
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grow in the UV. For Nyc = 3 and for Y7, = 0 or % the theory remains perturbative up to
the Plank scale. For Y7, = —%, instead, the hypercharge reaches the Landau pole close to
~ 102 GeV.

C SU(10) generators

C.1 List of generators

The embedding of Ggn in SU(10), g is diagonal in the two groups and given by the following
expression of the HC fermion

U= (V41,960,905 Y5 1, V0, Vo3, UL, U7, Uy, Up), (C.1)
where the index shown explicitely are \Ilgg%j . All the SU(10) generators are normalised
as Tr[ToTP] = 159

In this notation ¢ = 1,2, 3 indicate SU(2),, indices while A = 1,...,8 indicate SU(3),
indices, both in the adjoint representations. It is useful to classify the generators in the
SU(6) x SU(4) subgroups of SU(10). The generators of the SU(4) subgroup are:

Osx6 Opx2 Osx2 O6x6 Opx2 Ogx2

) 1 ) . 1

T = 3 O2xe o' 0O2x2 |, T3 = 3 02x6 O2x2 O2x2 |,

02x6 O2x2 O2x2 O2x6 O2x2 o
1 Osx6 Osx2  Opx2 1 O6x6 Opx2 Opx2
T5+2a - 5 O2x6  O2x2 ng2 ’ T5+2a+1 - 5 D26 U2 Z'MSX2 ’
O2x6 (Ms, )" Oax2 O2x6 —i(MSy5)" Oax2
1 Osx6 Osx2 Ogx2
™ = Tﬂ O2x6 laxa O2x2 |, (C.2)

O2x6 O2x2 —1laxo

where a = 1,2, 3,4 and MJ, , are defined as

N N (N

The SU(6) generators are (I take the Gell-Mann matrices normalised as Tr[AAB] = 648 /2):

1 A 033 034 A ) q’ilkA 012)\‘4 O34
T4 = N O3x3 A Ozxa | TIoHETA - NG b (AT 09A O34 |
04x3 04x3 Oax4 O4x3  Oax3 Oaxs
‘ Uillsx:a Uigl3x3 034
TLo+HAXEF WE 051 13x3 05913%3 O3x4 | - (C.4)

04x3  0O4x3 Osxs
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The generators associated with the leptoquarks S7 3 can be written as

033 O3x3 o1 Mgy oo Mg O3x2
toig = 575 | i s, “ianMB oM B |
13 2v2 | oy My oy Mgy 0 0 Oixz
AT A 0 0 o o
033 O3x3 0], MSy il Mg, 03x0
t(Si’A)* = L . (3?:(3 T, . (3?:(3 T, io_llQM:?l igéQMéll U2 ’
1,3 2V2 | —ioyy My,™ —iogy Mgy 0 0 Oixz
—ioty My —iogy M3y 0 0 Oixo

where a = 1,2,3, (M$)); = §** and for i = 1,2,3 this describes the generators associated
with S3 while with i =4 (i.e. 0 =1) this describes the generator of S;. They are assigned as:

ORI g TR g (€6)
1,3 1,3
The generators associated with the states 75 and Rg are
03x3 O3 O3x2 Mzy ™
TTA+AX +(20-1) _ 1 O3x3  O3x3 O3x2 O3x2
2 O2x3  O2x3 O2x2 O2x2 |’
M§§+a’T 02x3 O2x2  O2x2
O3x3  O3x3 O3xo iMzy ™
TTAHAX+(20) _ 1 O3x3  03x3 O3x2  O3x2
2 O2x3  0O2x3 O2x2  O2x2 ’
_iM§§+a’T 02x3 O2x2  O2x2 1)
03x3  0O3x3 O3x2 0O3x2
X
prataxt6+2a-1) _ 1| O3x3 Osx3 Oz Mgt
2| O2x3  0O2x3  0O2x2 O2x2
02x3 M;nga’T O2x2  O2x2
O3x3  O3x3  O3x2  Oszx2
prasax+6+2a) _ L] O3xs Osxz Osxz iMgyte
2| O2x3  0O2x3  O2x2  O2x2

o Xta, T
O2x3 —iM3, O2x2  O2x2

where X = 0 (3) for Ty Ry, a = 1,2,3, and (M), = 6*30 D+ withz =1,2,3, y = 1,2,
andb=1,...,6.

The last generator (which is a singlet under the SU(6) x SU(4) subgroups) is:
3 [ —316x6 Opx4
40\ Ouxe  laxa |

7% = (C.8)
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In this basis, the 3 Cartan generators of SU(10)p singlets under Ggy are (in a block-
diagonal notation)

T =T5 = (Ogx6) % (02x2) X % (o),
)

T =T = (Ogy6) X X % (12x2), (C.9)

-1 3
T =T% = — (loxg) X |/ = (Laxa) -
\/%( 6x6) X 40( Ax4)

Standard Model gauging. The SM gauge generators are embedded in the unbroken
global symmetry group, Ggm C SU(10)p x U(1)x, and are defined from how they act on
the HC fermions VU, for example Ty ¥; = Y;¥; and analogously for the SU(2),, and SU(3).
generators. This implies that, while being defined from SU(10) generators, they are nor-
malised as Tr[T§

Gsm
of the specific gauge group Ggn inside V. In particular, they are given by:

TSU( 2). \@T15+A
TSU(Q)w — T’L + \/§T15+4X8+i,
2V30 g9 (

TS SM] = 0*Pn,. /2, where n,. is the number of irreducible representations

(C.10)

Ty = T5 +

15

1
Yp—-=-]1 .
L 5) 10x10

C.2 Defining the pNGB

The 99 real pNGB are labelled from their association with the respective SU(10) generator:
@T*. From this, I define those with specific SM quantum numbers, as listed in eq. (2.7).

:(bﬁv 772:¢157 773:¢997 (Cll)
FA=glota Tl oA (4218 i=1,2,3) (C.12)
L=, M =™t (i=1,2,3),  w*=(¢'Fi¢")/V2, (C.13)
pit = 710, B3 =9 hg = p'ota, (a=1,...,4), (C.14)
s = POHOA-DFa e 50463 ta (4193 a=1,...,06) (C.15)
th = T8 =TI (B=1,...,12). (C.16)
From these real (except w™) fields one can get the complex ones as:
1 (Al —H’h 0 3
HLg:— e Iof :—(H —ill} o), ) ,=1; ,, (C.17)
1 5+2a_ -16+2a N 1 2a 1
TQGI — t22a_1 Zt.22 ) Rg: 5 ~5+2a _‘ng—zi-Za ’ (018)
V2 \ T —itse V2 \ 7T T
1 1 1 _
54 = ﬁ (S%a 1 ZS%@) ’ S§’+3 _ ﬁ <S§72a 1_Z.S§,2a> 7
2 1]
S§’+3 =3 (sé’Qa_l —is% ,2a—1 isé’Qa s% ,2a ) , (C.19)
_2 1
Sg, 3 _ 5 (sé’Qa 1+lS§ 20-1_ o éQa_i_Sg 2a> 7

where a = 1,2,3 is a SU(3), index.
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C.3 Higgs and leptoquark spurions

The spurions corresponding to the two Higgs doublets are defined, in a block-diagonal

matrix notation, as:

Al = 1oxe ®

Aly, = loxe ®

00 00
00-10
00 0 0|’
00 00

0000
0000
0000
1000

)

A%, = 1gx6 ®

A%, = 1x6 ®

0010
0000
0000
0000

0000
0000
0000
0100

(C.20)

Those of the two scalar leptoquarks, instead, have non-vanishing elements only in the 6 x 2

block in positions B = [1-6,7-8] of the 10 x 10 matrix:

(A%, ] :

[ia

53]3 :

10
00
00
01
00
00

01
00
00
10
00

00

O O O OO = OO =

00
10
00
oo
01
00

00
01
00
“loo
10
00

0
0

o O

oo oo RO O =

0

|
o~

oo oo © o oo

o |
—_

00
00
10
00
00
01

00
00
01
00
00
10

o O O O O

~.

O O O = O O

| o o
~.

o O O

o O O O O

1

(C.21)

(C.22)

where a = 1,2, 3 (columns) is a color index while ¢ = 1,2, 3 (rows) is a SU(2),, index in the

adjoint.
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