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ABSTRACT: We analyze the flavor structure of composite vector bosons arising in a model
of vectorlike technicolor — often called hypercolor (HC) — with eight flavors that form
a one-family content of HC fermions. Dynamics of the composite vector bosons, referred
to as HC p in this paper, are formulated together with HC pions by the hidden local
symmetry (HLS), in a way analogous to QCD vector mesons. Then coupling properties to
the standard model (SM) fermions, which respect the HLS gauge symmetry, are described
in a way that couplings of the HC ps to the left-handed SM quarks and leptons are given
by a well-defined setup as taking the flavor mixing structures into account. Under the
present scenario, we discuss significant bounds on the model from electroweak precision
tests, flavor physics, and collider physics. We also try to address B anomalies in processes
such as B — K®utu~ and B — D1, recently reported by LHCD, Belle, (ATLAS,
and CMS in part). Then we find that the present model can account for the anomaly
in B— K® T~ consistently with the other constraints while it predicts no significant
deviations in B — D™z from the SM, which can be examined in the future Belle II
experiment. The former is archived with the form Cy = —C'y of the Wilson coefficients
for effective operators of b — su™ ™, which has been favored by the recent experimental
data. We also investigate current and future experimental limits at the Large Hadron
Collider (LHC) and see that possible collider signals come from dijet and ditau, or dimuon
resonant searches for the present scenario with TeV mass range. To conclude, the present
b — suTp~ anomaly is likely to imply discovery of new vector bosons in the ditau or
dimuon channel in the context of the HC p model. Our model can be considered as a UV
completion of conventional U(1)" models.
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1 Introduction

The CERN Large Hadron Collider (LHC) has discovered [1, 2] a Higgs boson, which is
the last element to compensate the particle content predicted in the standard model (SM).
Indeed, the SM explains particle phenomenologies in good agreement with experiments
that include the Higgs coupling measurements. Though the structure of the electroweak
symmetry breaking (EWSB) in the SM, i.e., the origin of the negative-mass squared for
the Higgs field, is still mysterious, the present LHC data on the EW interactions and
Higgs coupling properties are likely to imply that new physics beyond the SM would have
no direct correlation with the dynamical structure of the EWSB. This might be why it
is hard to see new particles in a TeV scale range. Nevertheless, it would still be worth
investigating a bulk of new physics at TeV scale as long as it is reachable at the LHC and
insensitive to EW precision variables.

One interesting key to access such a new physics paradigm involves a vectorlike sce-
nario, in which new particles are charged vector-likely under the SM gauges so that it is
fairly insensitive to the EWSB structure. Among vectorlike models, one of viable candi-
dates would be embedded in a strongly coupled sector, often called hypercolor (HC), or
vectorlike-confinement, or chiral-symmetric technicolor [3-6]. This class of scenarios pre-
dicts variety of new phenomena in TeV scale physics such as presence of new composite
particles which can be searched at the LHC [5] and affect the Higgs coupling property [4].
Dark matter candidates (HC composite scalars or fermions) are also involved in some
models (see e.g., refs. [6-16]).!

In this paper, we begin with extending the vectorlike technicolor (or HC) models in
the market [3-6] by introducing eight HC-fermion flavors that form one-family content.
We concentrate particularly on the flavorful composite vectors embedded in the SU(8)-HC
flavor 63-plet, which includes color-octet, -triplet (“leptoquark”) and -singlet (similar to
Z', W') composite vectors. Hereafter, we refer to the composite vectors and pseudoscalars
as HC p and HC m, respectively. In this scenario, the EWSB is triggered in the same way
as in the SM, namely, by the SU(2) -fundamental Higgs doublet.

Dynamics of composite vectors is formulated by use of the hidden local symmetry
(HLS) [40-44] — the method established in addressing QCD vector mesons including off-
shell properties and couplings to the external gauge fields — based on an extension of

1Other HC models have been proposed in a different context, where the origin of the EWSB can be
addressed by dynamically induced bosonic seesaw mechanisms [17-27]. See also refs. [28—-39] for dynamical
EWSB triggered by strongly-coupled hidden sectors.



nonlinear realization of “chiral” SU(8); x SU(8)r symmetry for the HC fermions whose
couplings to the SM gauge fields are vector-like. In this case, the SM gauge symmetries
SU(3)c x SU(2)w x U(1)y are realized as unbroken symmetries (diagonal subgroup), come
down from a spontaneous breaking of the extended SU(3)» xSU(2)y» x U(1)ys X [SU(8)|nLs
gauge symmetries. The spontaneously broken gauge-degree of freedom of SU(8) reflects the
presence of 63 massive composite gauge bosons (HC p’s), which in part arise as mixtures
of the HLS and the SM gauge bosons. Then the couplings of the SU(8)-63 plet composite
vectors to the SM fermions and SM gauge bosons are unambiguously determined by the
HLS-gauge invariance. Since some of composite vectors can mix with the SM gauge bosons,
the couplings to the SM fermions are limited by electroweak precision tests as fundamental
requirements. As we will see, the present scenario is safe for flavor universal EW measure-
ments such as the oblique parameters, while is severely constrained from flavor-dependent
processes, in particular, from the forward-backward asymmetry of tau lepton A(FOI’;) and Z
boson decay to bottom quark pair Ry.

We then turn to flavor specific phenomena and investigate constraints from current
experiments for flavor and collider physics on the parameter space of the HC p couplings
to the SM fermions. The flavorful HC p couplings are severely constrained so that the
third-generation couplings and their small mixings to the second-generation fermions are
only viable. In particular, we will see whether the present scenario can accommodate
recent anomalies which have been seen in several B meson decays such as B — Kyt~
and B — D®7. A vast amount of works have been made in the last several years on
the topics of anomalies in the b — sy~ data (see, e.g., refs. [45-49] for earlier works).?
Deviations of experimental data in the ratios Rpy. = B(B — DWr)/B(B — D™(p)
have also been studied in several specific models (see, e.g., refs. [56-65] for earlier works).
We emphasize that the present HC scenario naturally includes various and flavorful new
vector bosons that can address B physics, as a consequence of the presence of the strong
HC sector at high energy scale. This is a crucial difference from other low-energy effective
models (such as a U(1)" model) in which new vector bosons are introduced without any
dynamical reason. In particular, we will see that the present HC model can be considered
as a UV completion of conventional U(1)" models.

The implications to the collider physics at LHC are also addressed so that the HC p
mesons with mass of TeV scale can be consistent with the current 13 TeV bounds from di-
jet, di-tau and di-muon searches. Finally, we discuss discovery and/or exclusion potential
for the HC p mesons at future LHC experiments with higher luminosity and then see that
the future LHC will be sensitive enough to discover or exclude those TeV mass HC p mesons
as well as to confirm (in)consistency with the B anomalies.

This paper is structured as follows: in section 2 we start with introducing the one-
family model of the HC and then derive the low-energy effective Lagrangian including the
HC pions and HC rho mesons with respect to the HLS formulation. Then we describe the
HC rho couplings to the SM fermions and find that there are two types allowed by the

2Explanations by contributions of composite bosonic particles in the context of composite Higgs scenarios
were also reported [50-55].



SU(Nuo) | SUB). | SU@w | U1)y
U
QrL/r = ( ) Nuc 3 2 1/6
D/L/r
N
LL/R = < ) Nuc 1 2 —1/2
E/L/r

Table 1. The SM charge assignment for eight HC fermions Fy,r = (Q,L)g/R in the one-family
model.

HLS gauge invariance — one is of direct coupling type (generically dependent on fermion
flavors) while another is of flavor-universal type (arising from the mixing between the HC
rho mesons and the SM gauge bosons). After a brief introduction of the HC pion coupling
forms as well, we summarize phenomenological features for the present HC rho model in
section 3 — mass splittings of the HC rho mesons, oblique corrections of the EW sector, and
flavor-dependent corrections to Ag)]_;j) and Rp. These provide fundamental requirements for
the present model. In section 4, we discuss the flavor physics issues to give a list of flavor
observables relevant for the present scenario of the model. The current flavor bounds are
then placed on the HC rho mass and the coupling strength to obtain the allowed parameter
space. Finally, in section 5, we show the HC rho sensitivity at the LHC experiments by
taking into account resonance searches from di-jet, di-tau and di-muon channels. Section 6
is devoted to summary of this work. We also provide a couple of appendices to show details
of computations leading to the results described in the text, and some details related to
HC pion physics which are subdominant in the present study.

2 Model description

2.1 One-family model of HC

In this section we introduce the one-family model of the HC and outline the HC model
scenario. The HC gauge group is assumed to be SU(Nyc) with Ngc > 3, where the 8
HC fermions (F') belong to the fundamental representation. Among the HC fermions, the
HC-quarks Qr,/r = (U, D):IC/R carry the QCD charge of SU(3),. and the same EW charges
as those of the SM-quark doublets, while the HC-leptons L,z = (N, E)E /R are charged
only under the EW gauges which are the same as those of the SM-lepton doublets. The
summary of the charge assignment is listed in table 1. Thus the HC sector possesses
the approximate global “chiral” U(8)p, x U(8)p, symmetry (explicitly broken in part by
the SM gauging and possible vectorlike fermion masses), among which the U(1)p, part is
explicitly broken by the axial anomaly in the same manner as in the QCD case.

At the scale Agc, say Agc = O(1-10) TeV, the HC gauge interaction gets strong to
develop the nonzero “chiral” condensate (FAFP) ~ Af - 648 (A and B being indices for
SU(8) fundamental representations), which breaks the “chiral” symmetry of 8 HC fermions
down to the vectorial one: SU(8)p, x SU(8)F, — SU(8)F, . According to the spontaneous
breaking, the 63 Nambu-Goldstone (NG) bosons emerge, which will be pseudoscalars by the



explicit breaking terms including the SM gauge interactions and possibly present vectorlike
fermion mass terms like m%FF, as discussed in refs. [3-6].

By naively scaling the hadron spectroscopy in QCD, we may find 63 composite vectors
(HC p mesons) as the next-to-lightest HC hadrons.®* Thus the low-energy effective theory
of the HC sector would be constructed from the 63 HC pions (~ F4iysFP) and also
63 HC rho mesons (~ F4y,FP). Then the HC rho couplings to the SM particles arise
indirectly from mixing between the SM gauge bosons (“indirect couplings”), and directly
by an extended HC theory (“direct couplings”), which could be generated from extended
(vector, or scalar) interactions communicating the HC and the SM fermion sectors (which
would be like a generalized extended technicolor scenario). Note that the latter direct
coupling can generically be flavor-dependent. Both types of couplings are unambiguously
formulated by the HLS formalism, which is the main target of the subsections below.

2.2 HLS formulation

In this section we formulate the effective Lagrangian including the HC vectors along with
the HC pions, arising from the one-family model of the HC introduced in the previous
section.

The effective Lagrangian for those vectors can be formulated based on the HLS formal-
ism, which has succeeded in QCD rho meson physics [40-44], where the p’s are introduced
as the gauge bosons of the HLS. Based on the nonlinear realization of the HLS and the

“chiral” SU(8)r, x SU(8)r, symmetry, the Lagrangian is written as®
Lo 2 2, a2 My o
L= 3 tr(py, ] + fxtr[ad,] + —gtr[am] +-- (2.1)

in a manner invariant under the SU(8)f, x SU(8) g, x [SU(8)F, |uLs symmetries, where we
define

Puv = aupu — OvPu — igp[pua pvl s
o _Dutn-&-Dur-& . Dufr- &t Dubr g

Lp = 2 [t 2

Du&r(r) = u€r(r) — 19pPulr(r) + ©€R1L)Ru(Ly) s

(2.2)

3The lightest fo(500) scalar meson in QCD may be a mixture of g and ¢qgq due to some feature specific
to the three-flavor (u,d, s) structure, according to recent analyses, e.g., see ref. [66].

41f one happens to take some special value of Nic, e.g. Nuc = 3, then the one-family HC dynamics would
turn from the ordinary QCD to be quite different, so-called, the walking gauge theory having the almost
nonrunning gauge coupling (i.e. approximate scale invariance). Then the lightest hadron spectrum would
include a dilaton with the mass as small as the HC pion mass, arising as the (approximate) spontaneous
breaking of the scale invariance [67]. In the present study, for simplicity we will disregard the possibility of
light dilaton.

SWe have imposed the C and P invariance as well, and assumed that the P invariance is violated only
through the weak interactions when the HC pions and p mesons couple to the SM fermions through the
external weak gauges (see also the p couplings to the SM fermions in eq. (2.23), which take the left-handed
form).



with the HLS gauge coupling g,, the HC pion decay constant fr, and the external gauge
fields R, and £, that are associated by gauging the “chiral” symmetry. Ellipses include
terms of higher derivative orders [44, 68]. Under the HLS and the “chiral” symmetry, the
transformation properties for basic variables — {1, g (nonlinear bases), p, (HLS field), and
&1y, &), (covariantized Maurer-Cartan one forms) — are described as

&L — (@) - &gl (@), &r = h(z) - &r- gh(z),
pu— h(@) - py - BT () + ;ph(x) - Ouhl (x), pur = (@) - p - WY (), (2.3)
Giy— h(x) -, - hi(x), &\, — h(x) -y, - Al (),

where h(x) € [SU(8)r,]uLs and gr r(z) € [SU(8)Fy ,lgauged- The HLS is thus the gauge
degree of freedom independent of the SM-external gauges and has spontaneously been
broken together with the “chiral” symmetry in terms of the nonlinear realization: (¢ r) =
1. The nonlinear bases &, and £g can be parametrized by the NG bosons 7 for the “chiral”
symmetry and P for the HLS. Hence, they are parametrized as £ R = ¢P/fp . eFim/fx where
the HLS decay constant fp is related to the HC rho mass as m, = g, fp and then the Ps
are eaten by the HLS gauge boson p,, due to the Higgs mechanism.

Note that, by construction, at the leading order of derivative expansion the HLS com-
pletely forbids triple vector vertices involving the external gauge fields along with HLS, such
asG—G—pand G—p—p (G =L, R). When going beyond the leading order of deriva-
tive expansion, e.g., at O(p*) one will encounter mixing terms such as tr[G,, p"”] where
G = gL/nggz/R [44, 68]. The size of effects is on the order of one-loop, O(1/(4m)?),
and thus should potentially be small as long as the derivative expansion works as in the
case of the chiral perturbation for pions.

Hereafter, we shall focus on the 63 composite p vectors, namely, the HC rho mesons
that couple to the SM fermions. Possible interference effects from the HC pions on the
vector meson physics will be addressed later on.

2.3 Particle assignment for HC p and HC =«

The HC p fields are constructed from the underlying HC fermions as listed in table 2 and
expanded by the SU(8) group generators (with the Lorentz vector label p suppressed):°

63 3.8 8
DM TA=3 Y e Tt D A T
A=1

a=1a=1 a=1
[L]ex [1]a 2l [2]e (1]0 (1] (2]0 (2]
+ Z Z[ T (3)C'T(3)c} + Z [p(s)c'T(s)c+P(3)c'T(3)c
c=r,g,ba=1 c=r,9,b
+ Z Py Ty + Z Py - Ty + :0(1) Ty, (2.4)

5The way of embedding the p fields into the one-family 8 x 8 matrix form has been chosen to be on
the basis of allowing to mix with the SM gauge bosons, so-called the Drell-Yan basis in light of the LHC
production.



Composite vector Constituent Color | Isospin
P8)a T5QnNTQ octet | triplet

p?S)a ﬁQ’YW\GQ octet | singlet

'0?3)0 (ﬁ??;)c) %Qc’hﬂ'a[l (h.c.) triplet | triplet
9?3)c (ﬁ?S)c) T}@Qc%LL (h.c.) triplet | singlet
Pl1y ﬁ(QWTQQ —3Lv,7*L) | singlet | triplet

P(()l)/ 47\1/§(Q’7;LQ —3Ly,L) singlet | singlet

9?1) %(Q%ﬂ' “Q + Ly, mL) singlet | triplet

Table 2. The HC rho mesons and their associated constituent HC quarks Q. = (U, D). and leptons
L = (N,E). Here A\* (a = 1,---,8) are the Gell-Mann matrices, 7* SU(2) generators defined as
7% = 0%/2 (a = 1,2,3) with the Pauli matrices 0%, and the label ¢ stands for the QCD-three
colors, ¢ = r,g,b. The numbers attached in lower scripts (1, 3,8) correspond to the representations
under the QCD color, i.e., singlet, triplet and octet for (1, 3,8). Since the unbroken color symmetry
acts as an internal degree of freedom, four color-octet (real), four color-triplet (complex), and seven
color-singlet (real) states are observed as distinguishable particles.

with

1 (@ X\ 1 [ 12 ® X
T, = —F7= ) T a — 5
®e 2 ( 02><2> R NG < 02><2>

Tma _ 1 ‘7’0‘ ® e T[g]a _ i ‘—iTO‘ ® e
(3)e \/5 R ei ’ (3)e \/§ it ® ei )

ol 1 ‘12><2®ec o2 _ 1 ‘—i12x2®ec
e 22 1oyo ® el ' B)e ™ 9\/2 iloyy @ el ’

pa _ 1 (T ®La qo 1 T ® 133
(l)_ 2 7_a ’ (1)’_ 2\/§ ‘_3.7_(1 )

1 16><6‘
Tay = 44/3 < ‘—3 : 12><2> ’

where 7¢ = ¢%/2 (0“: Pauli matrices), \* and e, represent the Gell-Mann matrices and
three-dimensional unit vectors in color space, respectively, and the generator T4 is nor-
malized as tr[TATP] = §48 /2. For color-triplet components (leptoquarks), we define the
following eigenforms which discriminate 3 and 3 states of the SU(3). gauge group,

o _ 1 e, 2le) _ T ®ec o _ (o A\
T(3). = E(T(3)C+ZT(3)C) ~ 096 v Te = (TG))
1

T
(Ti)e)

(2.5)
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Also, the following relations hold:
(Hoo pllla | Rle pR2la o o o o
P T TPEe T = Pae TEe ¥ Pae T

H0

( P
S0 il _ o
Py L3 T PE)e T(3)e =P

—0
3¢ L3)e = P L3)e T PGB L(3)e (2.7)

which are useful for rewriting the above decomposition in the eigenforms. The following
normalization conditions of the 3 and 3 states of the SU(3). gauge group in the new bases
are also useful: tr[T(S) T(Jg)c] 86 /2, tr[T(%)CT(%)C,] = d¢er /2, (others) = 0.

We can express the vector fields p of 8 x 8 matrix with block matrices as

P <(PQQ)6x6 (pQL)6><2> 7 (2.8)

(prQ)2x6 (PLL)2x2

where

- PR Ao
PQQ = o5 )T 7511( ja| Lox2 ® —- 5
+

1 1
[ Pl (7% ® Lax3) + Tﬁpﬁy(f)‘ ® 13x3) + f\/gp?l)’(h“ @ 13xs)

1 (o a \/g (o a \/g 0
prr = 50 (%) = 5Py (T%) = =Py (L2x2)

1
pOL = p??))c(Ta ®ec) + 5,0(()3)6(12><2 ®ec),

prq = (por)’- (2.9)

Thus, distinct particles consist of four color-octet (real), four color-triplet (complex), and
seven color-singlet (real) states. The SU(2)y charge, in terms of which the HC rho field
is decomposed as in eq. (2.8), is identified with the one in the SM. The SM fermions will
carry corresponding SU(2)y charges so that they couple to the HC rho once a relationship
for the external SM gauge fields is given, as will be seen later.

In a manner similar to the HC rho mesons in eq. (2.9), the HC pions are embedded
into the 8 x 8 matrix of SU(8) as

(mLQ)2x6 (TLL)2x2

e <(7TQQ)6x6 (WQL)m) ?

/3 Loli(] 1 1
mq = |V2ms) + s | + 3T + 5 amay + amhy ) © L.
1

TQL = T(3) + 5%?3) ,

3 1_
T = (moL)' = T(3) + 37 (3) )
1 V3 V3
o= ( 57 = 5 Ty = Ty



a

o o A A
T(8) = T(8)a (T ® 2) ; W?g) = W?s)a <12><2 ® 2> )

7'['(3) = W%)C(TO‘ X ec) , 7'('?3) = 7T?3)c(12><2 ® ec) s
7T(1)/ = W&),(TQ) , 7'('?1), = W?l)/(]_gxg) y
Ty = w1 (7). (2.10)

2.4 Short sketch for masses of HC p and HC &

As evident from eq. (2.1), the HC p meson masses are degenerate due to the global SU(8)
symmetry unless the external gauge fields are present. With the SM gauges tuned on,
however, some of the HC p mesons charged under the SM gauge fields will get shifts to
masses, due to the mixing with the SM gauge bosons, (see eq. (2.26) in the later discussion).
Note that the massless property of the gluon and the photon is intact under the mass
mixings because they are protected by the residual SU(3). x U(1)em gauge symmetries
after the Higgs mechanism works. Most sizable corrections will arise from mixing with the
QCD gluon, which makes the mass of the color-octet isosinglet p(()S) lifted up by amount of
O(4ras/g,) = 0(0.1) for g, = O(10) and o, = g2/(4m) ~ 0.1.

The HC pions listed in eq. (2.10) get massive through the explicit breaking effect
outside of the HC dynamics. One may make them massive by introducing some Dirac
masses (m%) for HC fermions (like m%FF). To realize the HC pions as NG bosons for
the spontaneous breaking of “chiral” symmetry, such an explicit HC fermion mass should
be small so that M; ~ O(Auc/(47)) ~ O(fr). This implies M; ~ O(100) GeV for
Anc ~ O(1) TeV. However, the present model can have another source which would allow
some HC pions to get more massive: since the present HC theory consists of the one-family
content with the number of HC fermions Ng = 8, the masses of HC pions having the SM
charges could be enhanced by the amplification of the explicit breaking effect, as discussed
in [69] and references therein. The enhancement will then be most eminent for QCD colored
pions, 7(3) and 7(g) due to the relatively large QCD coupling strength. Following [69], we
evaluate the size of colored HC pion masses from the QCD gluon exchange contribution as
ME(S)’(S) ~ Coas(Mr) A} In 22%, with Cy = 2 (3) for color-triplet (octet) HC pions, where
Ayv denotes some ultraviolet ]ﬁigh—energy scale up to which the HC theory is valid. Taking
as(M;) ~ 0.1 and Ayy ~ 100 GeV, for example, we thus estimate the m(3) and 7(g) masses
as My, ~ 3TeV and M

T(3) (8)

~ 4TeV, respectively, for Agc ~ 1 TeV.

In a similar way, the EW gauge interaction makes masses of EW-charged HC pions
lifted up. This effect becomes operative for the W(il,)s and W(il)‘rf pionstoyield M _+3 ~ 2TeV

(1),

for Ac ~ 1TeV and Ayy ~ 106 GeV as a benchmark. Hereafter, The indices ‘+’ and ‘3’
discriminate components of SU(2)yy triplets. The index ‘0’ emphasizes that the designated
states are SU(2)y singlets.



Thus, the sizes of the HC pion masses are roughly expected as

Mo ~O(fs) = O(100) GeV,

Ty

M <5 ~2TeV,
Ty

M _+5 ~2TeV,
1

M +30~3TeV,
T(3)

M 130 ~4TeV, (2.11)
(8)

for Ao ~ 1 TeV and Ayy ~ 1016 GeV. This is the significant feature for the HC pion in
our model particularly when we discuss collider bound on the HC rho mesons. Hereafter we
shall take the above HC pion spectroscopy as a benchmark in the present study on the HC
rho meson physics. Most of HC pions thus become as heavy as HC rhos, which implies the
loss of pseudo NG nature in the full quantum field theory, though at the classical level the
“chiral” symmetry is conserved approximately enough due to the smallness of the gauge
couplings. As was discussed in ref. [69], this happens due to the amplification of explicit
breaking effect, induced from non-perturbative feature of the QCD with many flavors
(nearly conformal/scale-invariant dynamics). One might then think of integrating out
heavy HC pions to get a reduced low-energy description characterized by smaller “chiral”
manifold than the original class of SU(8). However, one cannot do it because heavy HC
pions in the mass eigenstate basis involve all HC quark and leptons when they are formed,
as seen from eq. (2.10) (or in the same way of embedding as in table 2 for HC rhos).
Thus one needs to construct the “chiral” SU(8) manifold to describe HC pions, which are
manifestly NG bosons at the classical level of the “chiral” SU(8) dynamics, even though it
becomes so heavy at the quantum level.

2.5 Couplings to SM particles

2.5.1 Direct V-fi-fL coupling terms: extended HC-origin

The SM fermion fields are written as an eight-dimensional vector on the base of the fun-
damental representation of SU(8),

fL= (?) . fr= (?) : (2.12)
L R

where ¢ and [ are SU(2)p, , doublets for the quark and lepton fields. The SM-covariant
derivatives that act on the f-fermion multiplets are then expressed as the 8 x 8 matrix
forms:

D, fr, = 1sxg - (Oufr) — i [ﬁmsw - fr,
Dyufr = 1lsxs - (Oufr) — i [Rllsxs - fr. (2.13)



with

], = Lowo ® gsGoA + (gwWur® + tgv Bu) ® 133 06x2
Hi8xs 02x6 lgwWeT® — 3gv By - 1o
2
= V29,G%T(g), + EQYBHT(U’ + 29w WiT(y
RI. = Lyxo ® gsG43 + gy Qi B, ® 13><3‘ 062 (2.14)
pi8x8 02x6 ‘QY QémBu

where G, W, and B, are the SU(3). x SU(2)w x U(1)y gauge fields along with the gauge
couplings gs, gw and gy, respectively; and Qg}ﬁ is the electromagnetic (EM) charge de-

. _(2/3 0 (00
em ( 0 _1/3> ) Qém - (O _1> . (215)

As clearly seen from eqs. (2.13) and (2.14), the global SU(8)r, x SU(8)p, symmetry is
explicitly broken in the SM fermion sector by the SM gauges, hence of course the SU(8)

fined as

is not a good symmetry for the SM fermions. Just for convenience to address SM fermion
couplings to the HC rhos which form the SU(8) adjoint representation, we have introduced
the SU(8) g, /p,-multiplet form for the SM fermions as in eq. (2.12).

The covariant derivatives for the HC fermions can also be written in terms of the
8 x 8 matrix form. We may relate the charges of the HC fermions with those of the
SM quark and lepton charges, involving the HC-quark and -lepton numbers. Then the
nonlinear bases &7, r in eq. (2.3) transform under the HLS and the SM gauge group G =
SU(3)C X SU(Q)W X U(l)y as

&= h(@) & [gh(@))g,  &r— hx) &k loh(@)]g. (2.16)

From table 1, one thus finds that the external gauge fields £, and R, coupled to the
nonlinear bases {7, g as in eq. (2.2), are identified with those coupled to the SM fermions
as described in eq. (2.13):

L, =L, Ry =L,

. Ru+L R,—L
1ew1@=4i3—ﬁzﬁﬁ Auz—ﬁg—ﬁzo. (2.17)
It is useful to expand &, and &, in eq. (2.2) in powers of the HC pion fields 7 with the

unitary gauge for the HLS (P = 0):

. 1 )
Xp = Vi = Gppu — ng[aﬂfﬂr] - E[Am”] +o (2.18)
and P . 1
A T i
Qlp = ;777 AL - f:h}m”] N @[W’ [, O] + -+ (2.19)

withV, = (R,+L,)/2 and A, = (R, — L,)/2. Then the 1-forms in egs. (2.18) and (2.19)
are represented as
&||u:£;{_gppu+”" OAéLu:O-F'”. (2.20)
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We may define the dressed fields for the left-handed SM fermions,
Up=¢n-fu,  YrL=¢&r-fr, (2.21)

which transform as

Uy — h(z) ¥y, Y — h(z) -y (2.22)
These transformations allow us to write down the HC p couplings to the left-handed SM
fermions in the HLS-invariant way as

Losr = 07, (V17" 0, V) + 05, (Vpy" ], + hoe) + g5 (Vpa"ayy) . (2:23)
where 7 and j label the generations of the SM fermions (i,j = 1,2, 3).

Using egs. (2.13) and (2.20), one can thus extract the HC p and Vg (SM gauge boson)
couplings to the left-handed SM fermions. As a result, we have

. >\ o
Lfireet = g gl 1 gsGH  1axe @ 22 )+ gwWoH T 4By ) @ gy — 9oPpo | €
foL 2 2 6 QQ
i T o
+ ng : li’m [QWWQM 5 -
— 9790 (@i P 1, +heel, (2.24)

where ), P11, and pfy;, are combinations of the HC p mesons as defined in eq. (2.9) and

v )
%BM loxo — gpplzL] le

giLj = (g1 + 2921 + g31)¥. Note that the Vay-fr-fr term in eq. (2.24) is not the normal
SM interactions but additional contributions in this model.

The HLS invariance actually allows one to write down vector couplings other than
those in eq. (2.24), which would take the form like

hZLj\IJL'yuai‘IIL, (2.25)

with the generation-dependent coupling h Lj . As seen from eq. (2.20), however, the 1-form
&1 goes to vanish in the unitary gauge of the HLS; {;,p — 1 up to HC pion terms
> 0,1/ fx+---. Since HC rhos and pions are generically composed of identical HC fermion
bilinears, they are expected to develop the couplings to the SM fermions in the same form,
which could be generated from an extended HC theory. Explicit modeling of the extended
HC sector is beyond the scope of current analysis. We will briefly address possible effects
from those HC pion couplings in the later section.

2.5.2 p-Vgu mixing structures and induced-indirect couplings to SM fermions

In addition to the direct interactions of eq. (2.24), the HC p mesons also have interactions
induced by the mixing with the SM gauge bosons. The mixing term is involved in the mass
matrix of the vector boson, which is written by

m2 m2

g—gp tr[dﬁu] D g—gptr [(E,J: - gppM)Q]
LM a2y 22 (o O [0 a2y (g o ag, 1)’
T3 |% PEra) T 95 (P oP)a sG PPy~ 29w

2 2 _ap —0
+ <g.0p(1)’ o \/ggYBH> + 29,0( 3l;cp(3)cu+ p(3l§cp?3)c,u) ’ (2.26)

- 11 -



where we used the relations in egs. (2.6), (2.7), (2.13) and the normalization of the SU(8)
generators as tr[TATP) = §45/2. Note that the mixing form is manifestly custodial-

symmetric.

At first, we illustrate the case for charged bosons, W+, pﬁ),

(pk Fip%)/V/2. The corresponding matrix element is then written by

and pi),, where p;t( =

L m%v+4r32ml2) —2rg2ml2) 0 Wi_
(W* ol ol )| —2egmz w2 0 || e | (2.27)
0 0 m/% p(_l),

with r4 = gw /g, and mw = gw vvev/2, where vygy is the Higgs VEV which is the same
one as in the SM. Expanding the above mass matrix with respect to r,, one can obtain
the mass eigenvalues as

4 2
Mji :m,2)<1—|— g +(9(r4)>, M2 =m2, (2.28)
m

+
p(1>/

WH o WH = 2rgp(} (2.29)
Py = Py + 2rgWh, (2.30)
pul)/ _ /371)/ : (2.31)

(‘+’ is omitted above), to the nontrivial leading order in expansion for ry < 1 and 7, < 1.

Next, the neutral vector fields have the following mass matrix:

W3
1 B 1 2
S (w3 B p? 0/) “m2(pB)), 2.32
5 ( Py Py ) Muewsat | g | 5™ (P(1y) (2:32)
0
P(uy
with
m%v—i—élrzgm% ) —Qtwn”f,vz ) —27'gm/2) ) 0 ,
M B —twmiy  ty (miy +3rgmp) 0 —twrgmg 033
neutral — 9 m2 0 m2 0 ( : )
g P 9 5 P )
0 —%twrgmp 0 m;
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Here, our notation on the electroweak sector is as follows: 1/e? = 1/g%,+1/9%, sw = e/gw,
cew = e/gy, tw = sw/cw. One immediately finds that the above mass matrix has zero
determinant, which ensures the existence of the massless photon. The mass eigenvalues
are then obtained and expanded as follows:

M3 =0,
4¢3, (1 + th, /3)r2
2 _ 2 w w g 4

Mz =m (1— T2/, —1—(9(7‘9)),
P 2{ ~4r288 + 3+ )+ 16T b, — 45, B0 )+ (313, 2 2 0w

oty = M 30— 12,)%) o |
e 2{ 4268, + (3+13) — 160 b, — 42,5, BBy ) + B8, 2 12 o

Py = 30— 1%,/ o)

2 _ 2
Mp?l)/ = mp 5 (234)

with myz = my /cw. The Z mass (Mz) multiplied by cos 6y in the above appears to differ
from the W mass (M) in eq. (2.28) at the order of (9(7“3). The deviation can actually
be absorbed by redefinition of the Weinberg angle, so that no sizable correction to the p
parameter is present, consistently with the custodial symmetric mixing form in eq. (2.26).
(This will also be clearly seen when the p parameter is explicitly evaluated below.)

The mass eigenstate A and Z boson fields arise from the gauge eigenstate fields
(W, B, pfyy, play) as

2

Ay = swW3 + cw By + (2swrg) iy, + (\/gswrg> Py (2.35)
2

Z, ~ cWWg — swByu + (2cwrg)p?1)ﬂ + <\/§swtwr9>p?1)/ﬂ ) (2.36)

to the nontrivial leading order of v, and r,,. One can easily see that, to the leading order
of the (rg, rm)-perturbation, the weak mixing structure for the neutral A and Z gauge
bosons are precisely the same as in the SM. As will be shown later, the vector mixing in
the present model does not give significant corrections to SM interactions of the EW sector
so that oblique corrections are negligible up to the order of 7"3.

Finally, we examine the colored part written by

L my 95 V20595 ( Ga
1My (6 o s sJp , 2.37
2 gg ( p(S)a> <_\/§gsgp 2912) p(()s)a ( )

which holds zero determinant and thus guarantees the massless property of the gluon. The
mass eigenstates G, and P(8)a are given as

ah gpég + \/igsﬁ”(jls)a v \/Egség - gpﬁl(JS)a 938
¢ /2 2 P(8)a = /2 2 (2.38)
95 + 295 92 + 292
with
MZ =0, Mg(g) =m2(1+2r)). (2.39)

Here, the ratio 4, is defined as gs/g,.
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The indirect couplings of the HC p mesons to SM fermions thus arise from the above
flavor-universal Vgy-p mixings in the mass eigenstates. As seen from the expressions of the
mixings, such flavor-universal couplings are suppressed for r, < 1, namely, for large g,,
which is also required for the oblique corrections to be negligible. This is, indeed, inferred
from the QCD case. (See the later sections.) On the other hand, flavor-specific couplings
of the HC p mesons to SM fermions are also given with the form gpgij as in eq. (2.24) and
then it can significantly contribute to variety of flavor processes, as we will see in the next
section.

2.5.3 Couplings including HC =«

From the chiral Lagrangian in eq. (2.1) with the concrete form of the covariantized Maurer-
Cartan one forms in egs. (2.18) and (2.19), we find that the following types of HC pion
coupling terms emerge after the expansion (up to the quartic order in fields): p-m-m, V-m-,
V-V-m-m and w-m-m-m. Their interaction forms easily read

Lprn = agyi te][d,m 710" (2.40)

Lymn = 2i<1 - ;) ][, 7]V | (2.41)
Lyygr = = tr{ [V, 7][V*, 7]}, (2.42)
Cormmn = —;; te{ (), [, 7]} . (2.43)

with a = m%/(g?, 2).  The specific choice, a = 2, turns out to make the V-m-7 term
vanishes at the leading order. This is referred to as the vector dominance in which the
chiral perturbation theory reproduces experimental results regarding QCD. For the present
study, we may therefore assume the vector dominance scenario and then see that the p-m-m
coupling g, is completely set by the g,: g,rr = gp. As a reference number, we take”

gp|vector dominance = gpmr’QCD ~6. (2.44)

Note that this reference size of g, is consistent with the perturbative expansion in the
charged and neutral gauge boson sectors as shown above. (The full set of concrete forms
of the p-m-m couplings are provided in appendix A.)

We also note that taking into account of chiral anomalies results in the presence of
(covariantized) Wess-Zumino-Witten (WZW) terms [72, 73], which contain three-point
interactions of p-p-m, p-V-m and V-V-m. The HC pion couplings to the SM fermions would
be provided by an extended-HC theory, as written down in eq. (2.25). Phenomenology
regarding those couplings will briefly be mentioned later when the collider signatures are
discussed.

3 Phenomenological features of HC rho mesons

As explained in the previous section, the HC composite p mesons arise from the SU(Nyc)
HC gauge theory with 8 new HC fermions at the strong scale of O(1-10) TeV. The total

"The dependence of the p-m-7 coupling gpnn ON the number of constituent fermions (Nr) would not be
significant, although the overall coefficient of p-m-7 vertex scales with 1/4/Nr /2 as discussed in refs. [70, 71].
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63 (or 15 distinct) massive composite vectors, p*, listed in table 2 have identical masses
m, in the gauge basis. Those 63 HC p meson properties are characterized as follows:

e the HC p mesons are categorized into three types for SU(3).: octet (p‘()g;)), triplet

(P

(p(()g;)), and singlet (p(lg),, ,0‘(3‘1)) states with triplet(a)/singlet(0) isospins of SU(2)yy,
e p(3) couples to quark-lepton pairs, referred to as leptoquark [74],
e 1o direct interaction to gluon even though p(g) and p(3) are charged under SU(3)..

The new interactions of V#(= p*, V&) to the SM fermions are described in (2.24). There
also exists the p“—VS’fv[ mixing in the mass matrix. In the following part, we will discuss
phenomenological features of the present HC p model, derived from the above fundamental
interaction properties.

3.1 Mass splitting of HC p mesons

As seen in the previous section, one of the charged HC p meson, pﬁ), gets the correction
on the mass due to the p-Vgy mixing, while another one p(il), does not change its mass.

Applying the same analysis, the masses of all the HC p mesons in the mass eigen-basis are
obtained as

MA s =M ;=M% =M% =m?

Py Ps) Ps) Ps) -
Mg?l)/ ~ m?),
Ms(il) ~ (1+ 47“3) mi,
Mp2?1> ~ (1+ 47“2) mg,
M = (1+2r] )m3, (3.1)

(8)

where ry = gw /g, and 14, = gs/g,. Recall that we now take g, = 6 (in eq. (2.44)) as a
reference number by following the discussion in the previous section. Thus, one finds that
the masses of the HC p mesons are almost degenerated even in the mass eigenbasis.

3.2 Flavor universal corrections to the EW sector

The mass mixing forms in eq. (2.27) and (2.33) imply the existence of non standard EW
couplings to SM fermions. In the case of the large g,, as in the reference point inferred from
the QCD case (see eq. (2.44)), the EW gauge fields (W*3, B) can be treated as external
gauge fields. In that case, one can directly read off the current correlators (II: transversely
polarized gauge boson amplitudes) composed of SM fermions from the mass matrices in

egs. (2.27) and (2.33). Taking into account new physics contributions from the pﬁ’)g and
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p?l), exchanges, one thus finds

2 312/1/ [ 5 2 2 Q?
II - ~ —— 4 _—
wW+w (Q ) _mW + Tgmp<m% ¥ Q2 ):| ’

2 siv [ o 2 92 Q?
Myyays (QF) ~ ——5- |mipy +4rym, (CP)} ,

e? | m2 +
Swew
s p(Q%) ~ — o2 [—twmiy]
2 T 2
c 4 Q
Mps(Q?) =~ W |2om3, + 222 T2m2<>] , 3.2
BB(Q) 62_WW 3ngm%+Q2 ( )
where Q?> = —¢? is the space-like external momentum squared, and terms of (’)(7"3) cor-

rections have only been included. With these correlators at hand, one can extract the
flavor-universal EW (oblique) parameters, called S, T,W and Y [75]:

& dllysp(Q%)

§= & (@)
5%/[/ d(_QQ) Q2=0
~ 62
T= W[HW?»W3 (0) = My +w-(0)]
wWHW
W= e*miy d*ysys(Q)
2%, d-Q7 |
22 211 2
s IO (3.3)
which are converted into the Peskin-Takeuchi S and T parameters [76] as [77]
QemS = 4s3,(S —Y — W),
~ 32
OemT =T = =Y, (3-4)
w
where aen = €2/(47). From eq. (3.2) we obtain the oblique parameters as
S ~ 0,
T ~ 0,
W ~ 47”,271 . 7'3 ,
4¢3
Y ~ Twr?n re, (3.5)

where r,, = mw /m, and r4 = gw/g,. Therefore, the S and T' parameters in the present

2

HC p model are suppressed by a factor r2, - rg. Up to the order of O(r2) for x = m, g,

we have

QemS ™~ T ~ 0. (3.6)

The result implies that the HC p mesons are insensitive to the flavor-universal EW sector.
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3.3 Key contributions of p-fr-fr couplings

Besides the (negligible) flavor-universal interactions of the HC p, there are lots of flavor-
specific interactions in the p-fr-fr terms as described in eq. (2.24). Here we summarize
and extract significant terms relevant for flavor and collider physics.

3.3.1 p(l)—f—f(,)
Decomposing the Lagrangian of eq. (2.24), we have

Lpruu = gng gy, ["‘ i P 4\[ 13T 4\1/§ pétl)’0:| ; (3.7)
Loaa = 9,97 dpuds, [ 1P 7 f Pliys 4\1/3 p’(ﬁ)lo} , (3.8)
Loee = _gpgiLjéiL’Yue [ i (1)3 43 /’(1)'3 \f p?l)'o] ) (3.9)
Lpwvw = —9097 Vi1, [+ iﬂ“ \f Pliys = \f p’(ﬁ)/o} : (3.10)
for neutral HC p and
Lpiud = —gpgijﬂiL*y#d]L {2\1/5 péH Q\f ] +h.c. (3.11)
Lot = —gpg7 Vi pe], {2\1/5 Plys — 2\\% p€1)/+] +h.c., (3.12)

for charged HC p. We also have terms from the indirect interaction of eq. (2.26), but
contributions are suppressed due to large g, (= 6 as in eq. (2.44)). Combining the two
contributions, it is typically given such as gp( Gy s O(r 2)) for neutral HC p whereas
9p (gL + Vé‘i(M(’)( )) for Charged HC p. For almost all case, we simply neglect the sup-
pressed terms of p(y g)-f- U in the following study and will get back to this point for
B — D®rp

3.3.2 p)-f-f
As for leptoquark-type HC p, we have

N | 1

Lpsae = —gp97 dryuer | - 9 p73)3 T3 p?s)o] the., (3.13)
!

‘C,O;sué = —gpgzjui'yue]L i + ﬁ p?3)+:| + h.C. y (314)
. 71

Lpsav = —9pg7 dp vy, 5 p’(‘g)_] +he., (3.15)
L T 1

£P3uu = _gngL]uZLVMVL + 5 :0(3) + = 5 p( 3)0 ] +h.c., (3~16)

where p(3)0 and p(3)3 have +3 electric charges whereas pi3y+ = (p3)1 F ip@3 ) /v/2 have
+3 3 and —7, respectively. Here, we suppressed the indices of the SU(3). fundamental
representations. The leptoquark-type HC p has no indirect term from the beginning.
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3.3.3 p)-f-f
Finally, p(g) couples to quarks with the following form.

Z—’L )\a ; 1 a 1 a

ﬁpguu = —gngJuL’m <2>UJL |:-|— ﬁp(gg + \/5,0(;)0:| s (3.17)
ijgi o (A | L jan

Losaa = 9091417\ 5 ) 4L |~ \[P(s)s + = ol ®o| (3.18)
i o (A" i,

Lpgud = —gngJuL'yu <2>dJL[+ p(é”)Jr] . (3.19)

Note that all the above p — f — f’ couplings accompany with gj;j, the size of which will
actually be constrained by flavor-dependent EW precision tests as seen below.

3.4 Deviations of flavor-dependent Vgni-fr-fr couplings from the SM

The flavor-dependent couplings with the strength of gj—f in eq. (2.24) give rise to corrections
to the SM gauge-fermion-fermion coupling properties. The effective vertex for such a Vgy-
f-f interaction consists of two sources: the direct term of Vgn-f-f and the term of p-f-f
through the p-Vgyn mixing. It is typically described by

2y _ ij T ij 1 m,% e
Dyn-riopi (@) = g1 gvsy (direct’) + g9, - 5—— - - Gp GV (‘mixing’)
¢ —mg g
g 2 g 2
_ ] ~ i s
=9r QVSMW = —9L 9Vsm m%M 5 (3.20)
at the low energy scale (¢> = —Q? ~ mvS ). This is the salient feature of the HLS

formulation: the composite vector bosons as gauge bosons in HLS are correlated with the
SM gauge bosons Vem(= G, W, B), through the nonlinear realization.
As a consequence, the corrections in the EW sector are obtained as

AL =3 g [A” b T W)

AR e EA [T

with the usual notations of [T = 71 + 72 , and [ 3 =73 , where the effective corrections
Az are written by

m2 2 2
A” o ] W/Z Y 148 2 MW/Z o 0] MW/Z 3.99
w/z = 9L T 2 ~ g5, (1+ Tg)'Mzi =YL M2, (3.22)
P

Pa) p(l)

Note again that my is the mass in the gauge basis whereas My in the mass-eigen basis.
For the final form of the above result, we keep the term up to O(r2) for = = m, g.

A key point of this model is that the coupling gij in the shift parameter of eq. (3.22)
share with the HC p couplings to the SM fermions (in eq. (2.24)) as a consequence of the
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HLS formulation, which allows to introduce the SM gauges as a remnant of the spontaneous
breaking of the (gauged)“chiral” and hidden local symmetries. This crucial feature puts
severe constraints on both diagonal/off-diagonal components of gij in the gauge basis, as
we will see later.

3.5 Flavor-dependent constraints from the EW sector

In this subsection we show constraints on the flavorful coupling strength AW/Z (gj-f) in
q. (3.21), required from flavor-dependent EW precision tests. We also discuss a reasonable
setup for the parameters, followed by flavor and collider limits in the next sections.

As can be seen in eq. (2.24), our model involves lots of new interactions at the tree
level, most of which are obviously already disfavored. In particular, it is easily expected
that couplings to the first and second generations are severely constrained. To avoid such
matters as well as to address the flavor anomalies in B decays, the reasonable setup may

be given as®
(oo 0"
gi =100 0 | . (3.23)
00 g3

Even when we put the above assumption, constraints on g 3 from precision measurements
of the electroweak sector must be concerned, which is rephrased in a way that the Z-boson
couplings to the SM fermions were measured very precisely and a sizable deviation from
the SM is immediately disfavored. In the present model, the form of the Z-f-f couplings
is given as

Lzys= ( > Z V" [(97)7 PL + (93)" Pr) Zyt, (3.24)

Swew
with
(g%)lﬂ = (51] - AZZJ)(I?’ - S%/[/Q’(Lfrn) ’ (gllé)ij = 5ij(_8%/VQg)m) ’ (325)

where Pr, p are the chiral projectors defined as P = (1F~%)/2.

The deviation from the SM for the Z couplings to the left-handed tau lepton in

0,7)

q. (3.21) is severely constrained by the forward-backward asymmetry, Ay . The asym-

( 7) (
A = ]glL]2 —lairl®)/(lgip|? + |gir|?) [78]. In the present model, left-handed and right-

metry Agp’ (for unpolarized electron-positron beams) is defined as A(O D _ 3Al /4 with

handed couplings of the Z boson are read off from eq. (3.25) as

gL = (1 - ASS(SZT)( l SWQ ) ) gir = _SWQem7 (326)

where we ignored the mixing effect of the lepton fields by rotating gauge to mass eigen-
bases. The present experimental value A ]exp = 0.0188 4+ 0.0017 and the SM prediction

8The flavor-blind choice such as gij = diag[1,1, 1], where flavor-changing interactions emerge in the
leptoquark part in mass eigenbasis, is disfavored mainly due to severe constraints from the LHC direct
searches of new resonances. Note again that the third-generation-philic form is shared with both HC rhos
and pions. Its realization by an extended HC sector could be interesting as a future study.
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AP 60 = 0.01622 + 0.00009 [79] still allow the small discrepancy,

(0,7)
FB

OT)"”“’ =1.159 £ 0.105, (3.27)

A5 s

within the uncertainty. This is then compared with the HC-rho model value

A(OvT) ‘
FB |HCp,A3#0

07 ~ 1 — 7.524A% — 4.745(A%)?, (3.28)
FB ‘Hcp,Ai?:o
where we take s%v = 0.2336 in the numerical analysis.” As a result, the allowed range is
obtained as

lo: —36x1072 < (AP)iHa < —7.2x 1073, (3.29)
20: —51x1072 < (AP)[Efa < +6.7 x 1073, (3.30)

The shifts for the Z-boson onshell couplings also contribute to the Z — hadrons decay
amplitudes. The most precise measurement has been done by R, = I'(Z — bb) /T(Z — had-
rons). Tt is described as Ry = (|gsr|* + [96r1%)/ 2 ymrds.cs(9a2|* + |9qr]?) neglecting the
tiny phase-space difference, where the Z boson couplings to quarks (g, ) in the present
model are read off from egs. (3.25):

9qL = (1 - A%S 5qb)(lg - S%A/ng) ’ 9qR = 73%/(/ng7 (331)

where we again ignored the mixing effect of the quark fields via the flavor rotation in the
mass-eigen basis, (which is indeed the case for our scenario as seen in the next section).
The present experimental value of Rplexp = 0.21629 £ 0.00066 and the SM prediction
Rplsm = 0.21579 £ 0.00003 [79] allow the tiny discrepancy,

Rb’exp
Rylsm

= 1.0023 £ 0.0031 . (3.32)

Comparing this with the HC-rho model value

Ry 1op a0

~1—1.509A% 4+ 0.113(A%)?, (3.33)
Ryl ucp.a=0
we have
lo: —3.6x107° < (AP < +4.9x 1074, (3.34)
20 —5.6x 107° < (AP)[F < +2.5x107°. (3.35)

9The Weinberg angle (so-called the Z mass shell value) is derived from the relation

Gr _ _moem(Mz)|ys

V2 28 (1= siy) Mz

with the input variables Gr = 1.1663787 x 107° GeV ™2, Mz = 91.1876 GeV, aem (Mz)| 1 = 127.950 [79)].
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Combing the above constraints, the allowed range for g%?’ is obtained as

2 2
m m
—0.72 p 33 2 0.25 p 3.36
><<1Tev> <9 < ><<1Te ’ (3:36)

at 95% C.L. As we will discuss later, the 1o range points to a negative value for 9%3 which

excludes a low-mass range for the HC rho mass scale to be consistent with flavor limits.
To address flavor-changing processes, we may introduce the mixing structure between
the second and third generations of the down-type quarks and leptons as will be seen in
eq. (4.2). From the flavor issues discussed in the next section, the down-quark mixing angle
is required to be as small as 10731072 and thus R, is the most relevant EW limit. As for
the lepton mixing angle, on the other hand, we will consider the two cases 07 < 7/4 and
0, ~ m/2. In the former case, Ag]]_;;r) is sufficiently significant. However, in the latter case,
a constraint on A3} from Agé“ ) becomes important. The experimental data and the SM
prediction are given as Ao, = 0.0169+0.0013 and A% |5y = 0.01622+0.00009 [79)],

which in turn provide the constraint as

~1.6(-2.7) x 1072 < (AP 1550 < 5.1(15.6) x 107, (3.37)

We will get back to this result later.

4 Contribution to flavor observables

The HC p mesons provide rich phenomenologies addressing flavor physics as will be dis-
cussed in this section. One easily finds that the interaction terms of p-f-f in eq. (2.24)
and egs. (3.7)—(3.19) produce flavor changing neutral currents (FCNC) that are severely
constrained.

With the assumption g3 # 0 (and others = 0) as in eq. (3.23), there is no FCNC
term in the gauge basis. This setup, however, still causes FCNCs in transforming from the
gauge basis to the mass basis:

() = Ut ()], (do) = D), () = L), () = L (),

(4.1)
where U, D, and L are three-by-three unitary matrices and the spinors with the prime
symbol denote the fermions in the mass basis.!® The capital latin indices I, J identify the
mass eigenstates. The CKM matrix element is then given by Vognm = Ut(1+Aw)D ~ UTD
with A33 < O(1072) taken into account. According to the literature [80], in order to address
several flavor anomalies recently reported in measurements of B — Kutpu~ (and D(*)TD)
as well as to avoid severe constraints of FCNCs in the first and second generations, the
mixing structures of D and L are reasonably parametrized by

1 0 0 1 0 0
D=10 coslp sinfp |, L=10 cosf; sinfyr |. (4.2)
0 —sinfp cosfp 0 —sinfy, cosby,

10 Ambiguities can remain in the transformation of the right-handed neutrinos when (active) neutrinos
are massive. Here, we consider massless neutrinos, where no ambiguity remains.
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Through these flavor mixings, we will see significant contributions to flavor phenomenolo-
gies. The following factors are useful,

000 0 0 0
Xu=Dlooo0o|D=]0 sin0p —cosfpsinfp |, (4.3)
001 0 —cosOpsinfp cos?0p
000 0 0 0
Xy=L"000|L=]0 sin®?0, —cosfsindy |, (4.4)
001 0 —cosfrsinby, cos? 0y,
000 0 0 0
X = utlooo|u= Vekm | 0 sin? 6p —cosfpsinfp VgKM, (4.5)
001 0 —cosfpsinfp cos?0p
000 0 0 0
Xu=L'[000|D=]0 sinf;sinfp —sinbzcosbp |, (4.6)
001 0 —cosfrsinfp cosfr cosfp
000 0 0 0
Xpu=Lloo00|U=|0 sind,sindp —sinbcosdp VCTKM, (4.7)
001 0 —cosfrsinfp cosfr cosbp
000 000 0 0 0
Xu=U"[000]|D=VexmuD [000|D = Vegm | 0 sin? 0p —cosfpsinfp |,
001 001 0 —cosfpsinfp cos? 0p
(4.8)
with their charge conjugations
Xa= (X',  Xu=Xw)',  Xauw= (X))l (4.9)

On the other hand, the indirect couplings derived from eq. (2.26) have no contribution

to FCNC phenomena at a tree-level'! since these flavor transformations do not produce
FCNCs. Note that charged flavor transitions such as b — ¢ can be affected and we will see

this point soon later.

4.1 Effective four-fermion operators from the HC p and m meson contributions

We see from eq. (2.24) that the octet HC mesons p‘()‘g’;) induce four-quark operators; the
triplet ,0((13’;) contribute to two-quark and two-lepton operators; and the singlet p?‘l’?,)) to all
possible operators including four-lepton operators. By integrating out the HC p mesons, the
four-fermion operators are obtained as summarized in egs. (B.1)—(B.3) of the appendix B.

1 One-loop corrections from charged p mesons would give extra contributions to the FCNC processes,
which are, however, negligibly small as far as the p mass scale on the order of TeV or higher is concerned.
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Employing Fierz transformations, the operators are simplified into six types:

Oy = (@ wat) (aE7"dL) O = (@uo°d) (@rod) . (4.10)
Oty = ([pwdy) BEAMIE) Oy = (Ilyuo®t,) (I o 1L) (4.11)
0?;32(1) = (apuar) (E1L) O;Jqlgla?,) (@ yuoar,) (7" oL) (4.12)

along with the Wilson coefficients having the form
9297 gt
m2
"o

(4.13)

with an appropriate factor, derived from egs. (2.9) and (2.24), for every HC p meson. When
we recall the degenerated p meson masses, we have

2 ikl

1
Lo = 9p91 9L [A” kl< Oz]lzl)
mp 4

7
ijkl ijkl ijkl ijkl
O+ 1500+ 150k ))+ qu%(l)} (414
where AUkl = 1/2 for two identical currents (i = k,j = [) and 1 for the others. Note that

the OYM

5020(3) term is canceled out in this model with the degenerated masses. This term
can be nonzero only if M P<1) # Mo or Mo

U %) * M oy The HLS-gauge invariance in the
present model, however, does not allow such a sizable mass-split between them.

On the other hand, scalar-type contributions to four fermion processes are given by HC
pion exchanges in principle. From the interaction of eq. (2.25), corresponding contributions
involve fermion masses (derived from derivative couplings of HC pions to external fermions),
which is the NG boson nature of HC pions. Therefore, a typical size of the contribution is
written as g

WL R 5 max
my fR

(4.15)

where hj-f are the coefficients of the operators shown in eq. (2.25), m, represents a typical
scale of the HC pion mass, and m max indicates the largest mass of the external fermions
which describes a typical scale of the momentum in meson-associated flavor physics.

This is compared 'With thelone from the HC rho, gngj gfl / m2 The couplings could be
comparable such as hg ~ gngLj whereas m, becomes comparable with m, as discussed in
section 2.5 and section 2.4, respectively. Thus, we expect that the scalar contribution is
suppressed by the factor m%max /2, which is maximally of O (m;,/O(10? GeV))2 < (1/20)2.
Thereby, it is totally natural to neglect HC pion contributions to flavor physics and then

we focus only on the HC rho contributions.'?

4.2 Effect on flavor observables

When we transform the left-handed SM fermion fields to those in the mass basis by U, D,
and L under the assumptions of eqgs. (3.23) and (4.2), the Lagrangian of eq. (4.14) generates
nonzero FCNC contributions in the b-s system and the lepton flavor violating system. To
be specific, intriguing processes are summarized as follows:

12 An exceptional case is top-quark-associated processes, as we see around eq. (5.5).
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© Ospasinyt B - D77 (only for n = 3), B K=, B+ Kuw, and 7 - o,
® Oyq(n): B,- B, mixing,
° O4g(n): T — 3”.

Then eq. (4.14) implies that the net effect of the HC p mesons (which arises from the direct
p-f-f term of eq. (2.24)) on B — D™ is exactly zero at the tree level, even though each
color-triplet and color-singlet HC p meson does contribute.

In the following main body of the manuscript, we skip to show the prime symbol for
fermion fields to emphasize them being mass eigenstates.

4.21 B — K®ete
The effective Hamiltonian for b — s¢T¢~ in the present model is described by

_ e _
Het(b = stil) = === ViaVi (G561 + G5 (51900) (Crut)
_aGp *(OSMSIT o DTN (5 by (T rmy. L
—Va Vi (Cip + Cig)(SLYoL) (Cruy’ly) (4.16)

V2

with

Ver 7 g5 (g)?
32

_ . L
oGV Vi mg

cd =-clf = xaxh, (4.17)
where the conventional coefficients C§™ ~ 0.95 and C$}! ~ —1.00 indicate the loop func-
tions from the SM contributions, at the my, scale, (see, e.g., [81]).

Experimental measurements regarding b — s¢™¢~ have been developed in recent years
to search for new physics and then the net results have suggested significant deviations
from the SM predictions:

e Since the decay B — K*utp~ includes detectable final state particles (u*, u=, K* —
K), it has variety of angular observables. LHCb and Belle have then measured the
optimized observable, so-called Pf [82], and found a sizable discrepancy between their
results and the SM prediction, as in refs. [83-86]. Recently, ATLAS and CMS have
also reported (preliminary) results for several observables including P} in refs. [87, 88|,
which are in agreement with the LHCb and Belle results.

e LHCD reported a deviation in observables of Bs — ¢u™p~ [89, 90].

e The tests of lepton-flavor-universality violation (LFUV) have been examined by mea-
suring the ratio Ry = B(B — K™ putp~)/B(B — K®ete™) at LHCb. The result,
again, suggests a deviation from the SM prediction in Rx [91] and very recently in
R+ [92]. Besides Ry (), Belle has recently shown their result on a new measurement
of the LFUV effect, Pg” — Pl [93], which points to a presence of LEUV although the
result is not yet statistically significant [90].
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Immediately after the very recent report on Rg~ [92], global fit analyses for new physics
have been investigated by several theory groups, see refs. [55, 94-102]. The results are
usually shown in terms of the conventional coefficients Cﬁ? for X = 9,10, (where the
primed coefficients are those for the operators replacing P;, — Pg in eq. (4.16)). According
to the literatures, favored solutions to accommodate the present data are obtained in
the following three cases (among single degree of freedom of new physics contributions);
C" #0, CH = —Cl§" # 0, and C§" = —Cé”“ #£ 0.1 The present model corresponds to
the second case C{* = —C/{' and then the favored region is given as

—0.87 < ' = —CH < —0.36, (4.18)

at the 20 level, whereas the best fit point is —0.61. We have quoted the favored region
given in ref. [94], where all available associated data from LHCb, Belle, ATLAS and CMS
were combined.

4.2.2 B — K®up

The effective Hamiltonian for B — K® v is written by

G 7 g2 (g33)2
Heg(b— svivg) = <—aFthVt’;C'EM5”+gp(gL)

XX ) (529br) (71 (1—+°)e
ﬂw 39 m% aa X" | (3L L)(’/I’Yu( ’Y)J)y

(4.19)
where the SM loop function is C’EM ~ —6.36. The experimental upper bounds on the

branching ratios of B — K®uvi [103, 104] put constraints on new physics contribu-
tions [105]. The most severe constraint is then obtained as [80]

3 3
— 13> Re[C{]+ Y |CF|> <473, (4.20)
I=1 I,J=1

at 90% C.L., where

Ver 7 g; (g)?
32

_ . :
aGrVa Vi ms

ol = X3xh (4.21)

4.2.3 T — op

Our model produces lepton flavor violating decays such as 7 — ¢u and 7 — 3p at the tree
level while they are much suppressed in the SM. The effective Hamiltonian for 7 — ¢u is
written by

7 95 (98)?
6 m
We take the constraint obtained in [80] from the 90% C.L. upper limit of B(t — u¢) <

8.4 x 10~® [106], which leads

Hog (T — pss) = XC%C%XlQlS (5" sp)(Tryuir) - (4.22)

1677 1TeV

3To be precise, fit to the LFUV data (Rx and Rx~) prefers C4* = —C1#* # 0 while that to all the data
favors C§* # 0.

2
! 72 (63)2 X2 X23| < 0.019 x( Mp ) . (4.23)
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4.24 T — 3p

The lepton flavor violating decay 7 — 3u plays an important role in this model. The
effective Hamiltonian is

7 gp (gL)

32 XPXP (A pr) (FLyusr) (4.24)

Heg(r7 = p ptp™) =
p

and then the branching ratio is obtained by

7 9298 anas]” 0.94 mi7,
7 o X X X — 3
32 m2 4 1927

B(r~ = p~ptp”) = (4.25)

where the factor 0.94 came from the phase space suppression for the decay [80]. The
following experimental upper bound at 90% C.L. is available [107]:
Bir™ = p ptpm) <21 x1078, (4.26)

4.2.5 Bg-Bg mixing

The effective Hamiltonian is

Grmiy 79590 o R\
He (bs <> bs) = 1672 (th‘/}s) CVLL + %5 39 7deX (5L bL)(SL’YubL)v
p

(4.27)

with CV 71, >~ 4.95. The mass difference in the B, system is provided by

9 R G2 m2 79 ( 33)
AMp, = gMBs f?BSBBS W(‘/ﬂ)‘/ts) CViL + ?TXC%ngg (4.28)
P
This is compared with the experimental measurement [108§]

AMg? = (17.757 £ 0.021) ps (4.29)

Note that a theoretical uncertainty comes from the input parameters of V;, V% and f%s B B.,
which are much more dominant than the above experimental uncertainty e.g., AMEISVI =
(17.4 4+ 2.6) ps~!. For a conservative choice, we take +10 range for the theoretical uncer-
tainty.

4.2.6 B — D®rp

The semi-tauonic B meson decays of B — D)7 were measured [109-111] and then it has
turned out that the experimental data deviate from the SM predictions. To be specific,
with respect to the ratios

B(B — D) R B(B — D*rv)
D*

B = BB = Div) " B(B— D*n)’

(4.30)

(for £ = e or u), we see the deviations of the combined experimental data [109-111] from
the SM of 1.70 and 3.30, respectively. On the other hand, the recent update of the analysis
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Vip Vit = —0.0405 £ 0.0012 [79, 113], f5.\/Bp. = (266 & 18) MeV [114, 115]

Mp, = 5366.82MeV [79], my = 80.4GeV [79], Gp = 1.1663787 x 1075 GeV 2 [79]

Table 3. Theoretical input to evaluate flavor observables described in the main text.

for Rp~ at Belle reported in ref. [112] shows consistency with the SM. Combining this new

result with the others,'* one finds
Rexp ex}?
RgM =1.294+0.17, Ré)M =1.24 +0.08, (4.31)
D D*

where the deviations are now 1.7¢ and 3.00, respectively. Although they are still significant,
the SM predictions are consistent within 3o range.

The corresponding effective Hamiltonian that contributes to B — D¢ can be writ-
ten as

4Gp
V2

As we pointed out in section 4.1, the net effect of the charged HC p mesons (from eq. (2.24))

Heff(b — Ogjﬁj) = Vch‘I/J(éL’mbL)(E]’y“l/J) . (4.32)

on d — ulv is exactly zero, namely,
cil =o,

for the degenerated HC p masses. This is actually the consequence of the global SU(8)
invariance for HC rhos: the cancellation turns out to take place between p?l)—p?‘l), and

p?3)—p?3) contributions, separately, with the common HC rho coupling gpgg in the gauge
eigenbasis (see eq. (B.12)). Possible non-zero contributions arise from the mass difference
in the charged HC mesons and the Vgy-p mixing effect which break the global SU(S)
symmetry. However, both of those effects are suppressed (controlled) by the factor g3,/ gﬁ.
For g, = 6, a reference point (eq. (2.44)), these contributions on Rp.) do not exceed 5%
and thus it is not sufficient to account for O(10%) deviations between the present data and
the SM predictions in the ratios. At Belle II, we may have potential to examine R, with
a few % accuracy. Thus, if the discrepancy is reduced to a few % in future observation
at Belle II, it may point to the contributions from such small effects. See appendix B for
explicit expression on C‘I/J (NP).

4.3 Allowed region in parameter space

Now we investigate the parameter space of the model consistent with the flavor measure-
ments. Theoretical input for our evaluation is summarized in table 3. In figure 1, we
show a plane view of allowed regions in the (z,60p) plane for m, = 1TeV and g, g3° =

constrained from each observable: the b — s¢T ¢~ global fit in blue (eq. (4.18)), AM, in ma-
genta (eq. (4.29)), B(t — 3u) in cyan, B(t — ép) in green (eq. (4.23)), and B(B — K®)vp)

in gray (eq. (4.20)), as denoted in the figure. Note that AMj, is precisely measured at

'“The recent Belle analysis in ref. [112] was performed using different decay modes of the tag-side B
mesons from the previous one in ref. [110] so that the results in refs. [110, 112] are independent with each
other. Hence the two results can be statistically combined.
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Figure 1. Allowed regions in the (61, 60p) plane in the HC p model for m, = 1 TeV and g, g3> = 1.
The b — suTp~ anomaly can be explained in the blue region while the constraints from AM,,
B(t — 3u), B(t — ¢u), and B(B — K®vp) are satisfied in the magenta, cyan, green, and gray
regions, respectively.

experiments and thus new physics contributions are allowed only within the theoretical
uncertainties in table 3. One easily sees that the constraint from the Bs mixing (magenta
region) is much stringent |#p| < 1, while the other constraints are consistent with the
b — sutp~ anomaly (blue region) in some limited regions.

To more precisely see the allowed region near p ~ 0, in figure 2 we show the close-up
version focused on the 0p ~ 0 region, for various values of gpgl?-f3 with m, = 1TeV fixed,
where we have taken the significant constraints, namely from AM;, B(t — 3u), and the
b — syt~ global fit. In the close-up plot, we have taken the parameter range favored up
to £30 level for the b — sp™p~ anomaly. For |g, 923’ > 1, it turns out that the b — su™p~
anomaly is not consistent with the constraints from AM; and B(7 — 3u) in the present
model. As for the range 0.35 < |g, 9533| < 1, several comments are in order:

e We found that there are two isolated regions, 07, < 7/4 (“left-side”) and 01, ~ 7/2
(“right-side”), where all the constraints are (marginally) satisfied.

e The left-side spot is barely viable when the b — su*u~ anomaly is 30 above in
terms of the coefficient C§* from the best-fit point (C§"|pest = —0.61 [94]), where
C{f“\ﬁa = —0.23, which means that the deviation from the SM has to be rather small.

e On the other hand, the right-side spot fairly satisfies all the constraints. In partic-
ular, the point of ;, = m/2 can accommodate the best fit point for the b — su™u~
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Figure 2. Allowed regions of the flavor constraints for various choice of |g, ¢33 with m, = 1 TeV
near 0p ~ 0. The significant constraints from AM; (magenta), B(r — 3u) (cyan), and the b —
sptp~ global fit (blue) are shown whereas the others are simply omitted. The best-fit point, 420,
and +30 ranges to explain the b — syt~ anomaly are presented with dotted, dashed, and solid
curves, respectively.

anomaly. Note that 67, = 7/2 is the point in which 7 in the gauge basis is ex-
actly equivalent to p in the mass basis. In this case, the lepton sector only has the
connection to the HC p from the p-p-p term.

For |g, 933| < 0.35 we also found that the two allowed spots (which were divided by the
T — 3p constraint) are merged into a single spot and then the region near 0y ~ 7/2 is
only allowed. In figure 3, we survey the allowed range of |g, g%3| for the case 0 = /2.
The result implies that the present model for 6, = 7/2 requires |g, g3°| = 0.1 in order to
explain the b — su* i~ anomaly consistently with the bound from AM,.

To summarize, we investigated the allowed regions in the parameter space of 0y, 6p,
and |g, g%3|, which satisfy all the flavor constraints. The situation is then divided by two
cases; 0, < w/4 (“left-side”) and 0, ~ 7/2 (“right-side”). As a result, the allowed region

exists in
1T
0.35 < |9, 77| % <QV) <1  (for left-side spot), (4.33)
mp
1T
0.1 < |g, g x < GV) (for right-side spot) . (4.34)
mp

The left-side spot is considered as the 7-dominant case where the 7-7-p coupling is relatively
larger than the other lepton couplings to HC p (including LFV). On the other hand, the
right-side spot only involves the p-p-p coupling. Indeed, we have to pay attention to this
difference when we consider collider limit at LHC as will be discussed in the next section.

The combined plots with the constraint from the EW precision measurements are
/4 and O ~ 7/2 cases. The
regions in red (blue) line boundaries are favored by the b — su™u~ data, along with the
other constraints, for the left-side (07, < 7/4) and right-side (67, ~ 7/2) spots. The shaded
regions show 68% and 95% C.L. constraints from the EW measurements as obtained in

shown in figure 4 on the (g,93%, m,) plane for the 6, <

~
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Figure 3. The allowed range in terms of |g, g3°| and 6p for the fixed value 6, = /2 (“right-side”
spot). Conventions of the plots are the same as in figure 2.

(EW + Flavor) measurements: g, =6 (EW + Flavor) measurements: g, =6

gL = 8p 8

Figure 4. Summary plot for constraints from the EW precision measurements and from the flavor
observables on the (g,g3%,m,) plane fixing g, = 6 for 6;, < /4 (left) and 6, ~ 7/2 (right). The
(darker) gray region is allowed by the EW precision measurements at 95% (68%) C.L. The regions
in red (blue) line boundaries are favored by the b — sp™p~ data that satisfies all the other flavor
constraints, for 0, < 7/4 (0 ~ 7/2).

section 3.5. (Note that, for the 81, ~ 7/2 case, the EW limit is obtained by combining the
Ry and A%Oé“ ) constraints.) In the figure, the reference number g, = 6 is taken. We can see
that the favored regions from the b — su™p~ data are consistent with the 95% C.L. EW
precision measurements. One also finds that, in the 1o range (68% C.L.), the EW precision
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measurements exclude the HC rho mass m, 2 1.8 TeV and the positive value of g, g%?’ for
the left-side spot case with 0 < w/4. The allowed parameter space can be examined by
direct searches at the LHC. It will be discussed below.

5 Collider-related issues

In this section, we discuss constraints from the latest null results in the new physics searches
and future prospects at the 13TeV LHC. The HC p’s as well as the HC #’s will be
resonantly, or non-resonantly produced at the hadron collision machinery, to be constrained
by the present experimental data.

5.1 Typical constraints on HC =

Even though the details of the HC pion sector is out of our major interests, we briefly
comment on possible constraints on this part. Here, we focus on the color-singlet isospin-
singlet HC pion 7['?1), as a typical signature. Two types of interactions can be derived for
the 71?1),. The first one is from the global chiral anomalies of hypercolor fermions, which are
represented by the covariantized WZW terms in the present non-Abelian SU(8) r, xSU(8) p,,
case [116, 117] (based on the discussion on ref. [118]),

swmva_isg {tr [(dLL+LAL)a+(dRR+RAR)B] +itr [dLAURUT—dRAUTLU] }
M4
_ Nuc )
= " Ton2f /M4tr [((3dVdY + dAdA)T + O(7)], (5.1)

where we focus on V-V-r interactions. M* means the four-dimensional Minkowski manifold,
U denotes the chiral nonlinear basis U = e27//= = Ezﬁ R, and the differential one-forms are
defined as

o = —idUUT, B =—iUtdU . (5.2)
One-form of the external vector gauge boson includes the gluon as

CR+L

V=3

= gsGa(\/ﬁT(g)a) . (5.3)

Then we encounter the trace, tr[(ﬁ)zT(S)aT(g)bT(l)/] = §%°/4+/3, which leads to

Nuc g2

0 _ HC s 0 a jva

Svmw(ﬂuyGGd—-—16v§W2ﬂr[;4wude'dG
Nuc g3 1

A S e GRG0
where we used the relation dG*dG® = d*x G, Gt P? 4. This effective action describes
the anomaly-induced G—G—ﬂ'?l), interaction. (Note that G indicates gluon in this article.)
Another possible origin of the G—G—T{'?l), coupling comes from a top-quark loop con-
tribution constructed from the t—f—ﬂ?l), interaction, which could be, in the present model,
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induced through an extended HC as given in eq. (2.25). As discussed in ref. [119] the
amplitude corresponding to such a top-loop contribution is generically written down

M(ﬂ?l), — G“(le)Gb(pzl,)) = —igary (5“b6“””gp1pp207'f(7‘)e;el*,, (5.5)
with the factor g4 = as/(2mvyEy), the t—f—w?l), coupling strength r, being real and defined
as a ratio to the SM like top-Higgs case (my7y5/vvgv), and the gluon polarization vectors

€u,0- Here, we adopt the Feynman rule of the fundamental pseudoscalar to parametrize the
coupling. The loop function f(7) is a function of the parameter 7 = 4m? /MT%O as
('

1\12
[sin1 ( >] fort>1,
T
f(r) = 1 2 (5.6)
—[1n<77+>—i7r] for T <1,
4 n—
withny =1+ 1 —7.

Combined with the above two sources, the squared amplitudes are computed as

(Mvzw = 1024A%(p1 - p2)?, (5.7)
Moy = 16 galryf(7)*(p1 - p2)*, (5.8)
(M = 12849 [ryTf (1) + (ry7f(7)) ] (01 - p2)*, (5.9)
IM? = [MPyzw + Ml + My (5.10)
with the factor )
NHC Js
= 5.11
161372 - 4 fr (511
Through the relations 2p; - po = M2, and F(ﬂ'?l), — GG) = |[M|?/(2 x 167rM7r?1) ), we
@’ '
obtain
0 (M“?l)’)3 2 19 2 *
C(ehy > 66) = — {8+ Ll f0)F + Agary 110 + (7))}
(Mw?l)’)3 2 1o 2
= W{SA + ggA|rny(7')| +2Agary Re[Tf(T)}} . (5.12)

Through the well known formula for cross section with a spin-J resonance that arises from
a proton-proton collision with gluonic initial state [120]

27 +1 , Ly = GG)T(ny, — v7)
CGG ’
S M o T o

Ty Ty

o(GG — 71'?1)/ —yy) = (5.13)

(where s is the center of mass energy and Cga|i3Tey = 2137 [120] denotes the luminosity
coefficient for a pair of gluons as initial partons), we can immediately calculate the diphoton
cross section.
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First, we shall consider the simplest case with r, = 0, (namely, no coupling to top
quark pair). In this case, we estimate the diphoton cross section

2 2B, = )] Meo \?
0~0.1fb><[NHC} [0‘] ((11>0_3 )K <1>>_ (5.14)

o(GG = wly =), _ 5| o3 ;

Note that, in the case of r, = 0, B(ﬂ'?l), — 7y) is completely free from the 7['?1), mass
dependence because (1) decays only to the massless final states, 2 and 2G. Hence the
diphoton cross section in eq. (5.14) is controlled only by the ratio (MTF?U/ /fr). To survey
a generic parameter space in the present model, we shall momentarily take the value of
M“?ly in a range from O(100) GeV [low mass] up to O(TeV) [high mass],'® and discuss the

phenomenological constraints from the diphoton cross section of eq. (5.14).
In the high mass case (Mﬁ? . TeV), the estimated diphoton cross section in eq. (5.14)
1 !/

is compared with the 95% C.L. upper bound on fiducial cross sections as 022?0(77) =

0(GG — [spin-0 resonance] — yv) < 1{b for narrow-width resonance with mass ~ 1 TeV
reported in refs. [121, 122]. Thus we can naively say that the prediction in the HC theory
has a tight tension with the present experimental data unless M"?w /fr < 3. To be consis-
tent with the above bound for M“?l)/ ~ 1TeV implies that the HC pion decay constant f;

should be (at least) as large as around vygy. However, several nonperturbative estimates
with some approximation [123, 124], as well as recent lattice simulations in QCD with
many flavors [67, 125], suggest the mass relation in magnitude of m, ~ O(10) f; (for the
mp/ fr ratio in QCD with 8 flavors, see also ref. [69]). Therefore, the diphoton constraint
(MW?l),/f” < 3) along with the estimated mass relation (m, ~ O(10)f;) indicates the

bound on the HC rho mass scale as m, 2 3 TeV.

As for the low mass case, the ATLAS 8 TeV bound is available in the range 65-200 GeV.
In particular, the fluctuating 95% C.L. bounds around 65-100 GeV is ~ 50fb as a crude
average [126], which corresponds to ~ 250 fb at 13 TeV [120]. Thereby the diphoton bound
looks not serious for M”?m/ < 200 GeV.

For an intermediate-mass case (200 GeV < MW?) < 1TeV) — referred to as the
1 /

EW-mass case hereafter — the (fluctuating) 13 TeV 95% C.L. upper bound for azgi}?o(’y’y)
is around ~ 1fb in the range 500 GeV-1TeV [121, 122]. Below 500 GeV, the exclusion
limit gets reduced such as a;gglo(’y’y) ~ 10fb for M”?nf = 200GeV [121]; ~ 4fb for
M”?l)’ = 300GeV; and ~ 2fb for M”?ly = 400 GeV, (here we do not take care of the
rapid fluctuations in the cross section curves depicting 95% C.L. upper bounds). Those
diphoton limits can safely be evaded if the decay constant f; is set to be as large as,
e.g., ~ 500 GeV and the HC rho mass scale is m, 2 5TeV, which is consistent with the
aforementioned relation, m, ~ O(10) fr ~ O(10) Mﬂ&),, based on the nonperturbative

observation.

15As listed in eq. (2.11), a typical size of the Mﬁ? : is expected to be O(100) GeV. However, the TeV
1)/

mass range might be achieved when one consider possible effects from extended HC sector, which could be
enhanced in the case of many flavor QCD (nearly conformal/walking gauge theory), in a way similar to
extended technicolor scenarios.
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Figure 5. Curves that show the ratio I'(m,), — GG)/T'(n{;), = GG)|r,—o under the four different
choices of Mﬂ?l)/ in fr = 102GeV and Nyc = 3.

The condition MW?) /f= < 3 is violated, for example, if fr ~ 100 GeV and MW?> 2
1)/ 1)/

300GeV. In such a case, we may still evade the 95% C.L. upper bound at 13TeV by
taking the additional contribution from the coupling to top quark (i.e. ry # 0) to make the
partial width F(ﬂ'?l), — GG) reduced. Such a reduction can originate from the interference
effect in eq. (5.12). We illustrate this case in the following. In figure 5, we show how
I‘(Tr?l), — GG@) is changed under the presence of nonzero r,, in f; = 10 GeV and Nyc = 3.1
For M”?w = 300-350 GeV, a suitably tuned r, leads to an (almost) vanishing value of

F(W?l), — GG), while for MW?) > 400 GeV, only < 50% cancellation is possible at most,
1 !

which may be enough to alleviate the tension for Mﬂ?) ~ 400 GeV. Let us remind that
1)
the constraint on the cross section for Mw?) = 300 GeV (azgglo('y’y) < 41b) is looser than
1)/

that for Mw? .= 400 GeV (azgiFnO(vfy) < 21fb). Thus, the interference contribution helps us
1)/

to revive the possibility of 77?1), with the mass around 400 GeV even when f; ~ 100 GeV,
while no cancellation may be required for 300 GeV < Mﬂ?l), < 400 GeV. This consequence
is followed by discussion for a LHC bound on the HC p meson mass.

Another constraint comes from the scalar leptoquark search derived from a non-
resonant pair production of 7'(‘?3) in our model, as has been reported by ATLAS in ref. [127]
for first and second generation leptoquarks. The result says that the corresponding mass
scale of 7T?3) should be 2 1050-1100 GeV at 95% C.L. assuming 100% branching fraction for
a W?3) decay. We note that final states are less ambiguous since possible decay branches are
limited, but still there is a parameter dependence on a in general as shown in eq. (2.41).
Here, we provide a simple conclusion such that the bound from the pair production is
harmless if a typical mass scale of HC pions is sufficiently greater than 1 TeV. As shown in
eq. (2.11), vector leptoquarks indeed obtain ~ 3 TeV masses for Agc ~ 1TeV, which come
most dominantly through QCD gluon exchange corrections amplified due to the charac-

For Ngc > 4, the cancellation still works for greater ry values to realize the complete cancellation in
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teristic feature of many flavor QCD. Thus our heavy HC pion scenario can still avoid the
current scalar leptoquark bound.

5.2 Resonant productions of HC p

In this part, we discuss constraints from resonance searches at the 13 TeV LHC, which
provide stringent bounds on mass scales of HC rho mesons directly.

5.2.1 Basic backgrounds

As we have pointed out, although the Vgy-p mixing (in the covariantized HLS formulation
of this model) generates mass splittings among HC p mesons in physical eigenstates, only
a few-percent splittings are allowed because of the large coupling g, ~ 6 as in eq. (2.44),
which would be supported from the QCD-like vector dominance. Thereby, it is a good
approximation to consider all of the HC p components to be degenerated in the common
mass scale m,,, and interactions induced through such mass mixings to be negligible.

We should also recall that the mixing angles 6p and 6, defined in eq. (4.2) were already
restricted from the EW (in section 3.5) and flavor (in section 4) observables. To address
the b — sy~ anomaly consistently with the other constraints, we found that 6p needs
to be much tiny such as p ~ 1072-1073. Thus we can take the limit of §p — 0 for
all the calculations on collider phenomena (though the minuscule values are mandatory
for addressing the b — sy~ anomaly). On the other hand, it has turned out that the
favored regions for 0, are categorized by two spots, 07, < 7/4 and 01, ~ 7/2 depending on
the magnitude of the coupling g,;, = gpg%:)’. This angle 0;, determines the relative coupling
strength of HC p mesons to 27 and 2u, which are cos? 07, and sin® 67, respectively, hence
the coupling to 27 becomes dominant for 67 <

~

7 /4, while the coupling to 2u does for
01, ~ m/2. Thus, significant collider bounds would be derived from the 27 and 2 channel
searches, depending on the 6;. To be concrete and conservative, we shall hereafter take
0r, = 0 (for the 27 channel) and 0, = 7/2 (for the 2u channel) as the reference values
corresponding to the two cases.

To calculate resonant processes, values of total decay widths are important. Possible
decay branches are shared by a pair of the SM fermions and a pair of HC pions (see
appendix A). Here, we assume that the latter case is kinematically blocked (m, < 2m,),
which turns out to be reasonable. To see how it works, first recall that some HC pion
masses should be sufficiently as heavy as O(1) TeV, as listed in eq. (2.11). More precisely,
we see from eq. (2.11) that when fr ~ O(100) GeV and Apc ~ 1 TeV, the mass of the color-
singlet isospin-triplet mesons is ~ 2TeV, while those of the colored mesons are ~ 3 TeV
(~ 4TeV) for color triplets (color octets). To make sure how the decay channels to HC
pion pairs open, we list up the total values of the final-state particle masses (myr): (cf.,
appendix A),

o p(()g) — 7??3)7r?1),: Mar ~ (3+ 0(0.1)) TeV,

o 1ty = Ayt e~ (34 0(0.1) TV,
o Plg) = TipyT(gy: Mar ~ (3+3) TeV = 6TeV,
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Figure 6. The ratio I, /m,, in eq. (5.15) as a function of g,r..

[ ] p?l)/ — ﬁ(ﬁl)ﬂ-?l)/ Mopgg ~ (1 —+ 2) Tev — STeV’

o Pl = Ty Man ~ (142) TeV = 3TeV.
Then, additional contributions to the HC rho’s decay branches appear when m, 2 3 TeV
at the present benchmark point, f; ~ O(100) GeV and Agc ~ 1TeV. On the other hand,
when f, is somewhat greater than ~ 100 GeV (with a sizable explicit breaking scale m%),
the HC pions becomes heavier and we may block the HC rho’s decays to the HC pions
consistently, keeping the relation m, ~ O(10) fr intact.

Thus our assumption m, < 2m, may be justified even in the range m, 2 3TeV, so
that we may be able to ignore decays to HC pion pairs. Of interest enough is then that all
of the physical HC p components have the common value in the total width as

2
gmeP
where we simply ignored tiny contributions through mixing effects. Details of partial widths
are provided in appendix C. The curve of the ratio I',/m, as a function of g,, is illustrated

in figure 6.

5.2.2 Forms of resonant cross sections

We summarize the forms of differential production (on the solid angle €2 in the center-of-
mass flame) cross section at the LHC. As we pointed out, we set the mixing angles p =0
and 07, = 0 or 7/2 and consider that all of the HC p mesons are completely degenerated.
We note that in the limit of §p = 0, the possible initial state is bb only. Due to this mass
degeneracy, we should take all of the HC p contributions simultaneously.

First, we look at the dijet final state that originates from b (or anti-b) quark where p(()s),
p:()’S), p?l), p?l),, and p(()l), contribute as intermediate states (bb — p’s — bb). The differential
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cross section forms for color-singlets and color-octets are summarized as

95 _1 11l 4g2Lffil;1glet E(l + cos6) 2 (5.16)
O g 35327 223 (5= )T+ (ml )2 , .
dgjj 1 1 11 4gpL Octet :9\ 2
a0 T 2532722232 51 0 5.17

( ds) )Octet 253272 22 32 (5 — m%)2 T+ (m,L,)? 2( +cosf) |, ( )

where we take all of the quarks are massless. Now, both of color-octets and color-singlets
contribute in s-channels, and no interference term appears between the singlet amplitudes
and those of octets. Here, the following relations hold in the hatted Mandelstam variables
in the parton system

5(1 — cos @) . 5(1+ cos0)
2 ’ 2 ’

where the angle 0 is defined in the center-of-mass frame. The factors sbil;glet and f%, ..

S+t+u~0, t~-— (5.18)

represent summations of all possible combinations of the couplings plus the overall color

(e Sy S

(s

Next, we go for the ditau and dimuon final states, where p?g), p(()3), p?l), p?l),, p(()l), are

factor,

possible intermediate states (bb — p’s — 77/ufi). We note that in the present limit (§p = 0
and 07, = 0 or 7/2), the cross section formula for the ditau channel is exactly the same as
that for the dimuon channel. In the present case, color-triplets/-singlets contribute in t/s-
channels, and interference terms are observed between the color-triplets and color-singlets.
The differential cross section forms for color-singlets, color-triplets, and interferences are
summarized as

TT/ g ~ 2

keI 11 11 g 51 4 cosh) (5.21)
A2 ) e 258202 232 (53— m2)? + (m,[,)? \ 2 ’
T/ ~ 2

(dJTT/W) 1111 Agufin (5(1 +COS€)> (5.22)
A0 )i 253272 2232 (T— m2)2 + (m,T,)2 \ 2 7

<d07"r/u,u> . 1 1 11 gpoZlI/W[(S m )(%\_mz)+(mpl—‘ﬂ)2]><2
int

~ 2
dQ 253272 22 32 [(5— mz)(t_m%)Jr(mpr)?]er[mpl“p(?_g)]z (=1) (2(1+cos 9)) ,

(5.23)
with

N VA A 1 \/V3 1 V3N

sz =3x|(=3) + (- a) CF) () (- 7)) = oo, (524)

o _ g [(Z 1Y 122—075 5.25

frlplet =3x i - 5 + 5 — Y0 ( : )
1

e ) ) ]

(5.26)
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Figure 7. Naive constraints on o(pp — jj) [left panel] and o(pp — 77) [right panel] in p = 6, = 0,
where the CMS experimental results are from refs. [128, 129]. For the dijet resonance, we adopt the
calculated value of acceptance A = 0.69 being different from the isotropic decays (A =~ 0.6) [128].
For the red curves showing ‘maximized g,;’ being consistent with the requisites from flavor issues
in eq. (4.33), the value of g,z is tuned as |g,r| = 1.0 x (m,/1TeV). If g, is greater than the
tuned value (in each of m,), we cannot address the flavor issues in the present model correctly. The
regions above the black dashed (black dotted) lines are excluded (expected to be excluded after a
300fb~" integrated luminosity accumulation) at 95% C.L.s.

5.2.3 Results

The convolution with the (anti-)bottom quark parton distribution function (PDF) inside
the proton fy/,(z, ur) (f5),(%, pr)) with the Bjorken z and the PDF factorization scale
pr is formulated as

1 1
/ dx1// dzy o[ foyp(x1, wr) fp (T2, 117) + fosp(@2, 0F) fp (21, 7)) - (5.27)

Here, the total energy squared of the present LHC s (= 132 TeV?) is related to the total
energy squared of the focused parton system 5§ as § = x1x9s = 75s. Kinematically, the
minimal of the fraction 7 is estimated as [130]

_ {4mi, amZ, ami}

S

0 ~{4x1077, 8 x 1078, 3 x 10710}, (5.28)
where p1p is set as m,. We adopt the CTEQ6L1 PDF [131] in calculations in Mathematica
with the help of a PDF parser package, ManeParse 2.0 [132], and set 79 as 1076 of the
minimal value of the Bjorken z in the CTEQ6L1 PDF set, which is not far from the values
shown in eq. (5.28).

In figure 7, we summarize the cross sections of p(b)p(b) — p’s — 7(b)j(b) (left panel)
and p(b)p(b) — p’s — 77 (right panel). To calculate the numerical integration including
the PDF convolution in the Divonne method [133, 134], we use the CUBA package [135] with
the Mathlink protocol in Mathematica. The values of cross sections were cross-checked
with MadGraph5_aMCONLO [136, 137], where the UFO-style model file [138] was generated

by the FeynRules package [139, 140]. For estimating the acceptance A of dijet events,
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Figure 8. Naive constraint on o(pp — ptp~) for 6p =0, 0, = 7/2 and g, = 0.5,1, where the
latest experimental result provided by the ATLAS group is obtained from ref. [143]. The regions
above the black dashed (black dotted) lines are excluded (expected to be excluded after a 300 fb™"
integrated luminosity accumulation) at 95% C.L.s.

we generated parton-level events in MadGraph5_aMCONLO and analyzed them in the ROOT
framework [141] with the help of ExRootAnalysis, which is a part of the integrated package
of MadGraph5_aMC@NLO. We obtained A ~ 0.69 in our case, which a bit deviates from the
isotropic case (A = 0.6) shown in ref. [128]. The 95% C.L. upper bounds at /s = 13 TeV
were extracted from refs. [128] (dijet, based on 12.9 fb~! CMS data),'” [129] (ditau, based on
2.2fb~1 CMS data), and [143] (dimuon, based on 36.1 fb~! ATLAS data). The expectations
for the limits after 300fb~! data accumulation were simply calculated by rescaling from
the present bounds [128, 129, 143].

From figure 7, we see the constraints on g,;, and m, for the 6, = 0 case. The dijet
bound in the left panel shows that no constraint is imposed on our flavor-specific HC p
mesons if the value of g, is maximized so as to be consistent with eq. (4.33), which is
the combined constraints from all the appreciable flavor observables, (the corresponding
maximal value is taken for each of m, from eq. (4.33)). On the other hand, the ditau
channel excludes a part of possibilities to have the maximized g,r, where m, is greater
than ~ 1500 GeV, whereas it excludes the HC rho mass scale as m, 2 900 (2100) GeV for
the fixed coupling value g, = 1(2), as shown in the right panel at 95% C.L.s. Therefore,
the ditau channel plays a significant role in probing this scenario at the LHC.!®

In figure 8, we show the collider bound for the 6, = 7/2 case from the dimuon searches.
It indicates that our scenario was already tested and excluded up to m, = 4(1.5) TeV
at 95% C.L. when g,;, = 1(0.5). We should keep in mind, however, that the present

'"The latest ATLAS result was reported in ref. [142] after [128], where the constraints on W’ and W*
scenarios do not overwhelm the bound of [128] in the range of the invariant mass, ¢> < 2.5 TeV.

18 We observed that the largeness of the t-channel effective coupling shown in eqs. (5.24)—(5.26) results
in the situation that the t-channel contribution becomes a major part to the cross section in the ditau and
dimuon production. Thus some deviations from the present acceptance times efficiency may be expected
when a dedicated collider simulation is performed. We do not take into account of this point in our ballpark
estimations of current constraints and future prospects.
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scenario with g, = 1 for the mass range 4 TeV < m, < 10 TeV can still accommodate the
b — sutp~ anomaly as seen in eq. (4.34). Note that the dijet bound for the 0y = 7/2 case
is not significant when g,7, < 1.

6 Summary

In this paper, we analyzed the flavorful composite physics of composite vector bosons arising
from the one-family model of the vectorlike HC theory, which we dubbed the HC rho model
formulated based on the HLS construction. The model structure has been unambiguously
fixed by the “chiral” symmetry for the HC fermions and the HLS gauge invariance. The
model involves the 63 HC rho mesons and 63 HC pions with phenomenologically rich
structure, which couple to the SM gauge bosons as the essential consequence of the HLS
gauge invariance. Coupling properties to the SM fermions are restricted due to the HLS
gauge invariance of the vectorlike theory. The flavor-dependent couplings are required to be
the third-generation fermion-philic by the flavor-dependent EW precision measurements.
The flavor-universal couplings, on the other hand, hardly get limited by the EW sector
constraints (oblique corrections), which is indeed due to the vectorlike model construction.
To be specific, we have found that the forward-backward asymmetry of tau lepton A%OI’;)
and the Z boson decay to bottom quark pair (Rp) are fairly sensitive to the flavor-dependent
couplings of the HC rho mesons.

In turn, we surveyed the allowed coupling parameter space of the HC rho mesons from
the relevant flavor observables by taking into account the flavor mixing structures between
the second and third generations involved in the left-handed down-quarks and leptons,
parametrized by the angle §p and 61, as in eq. (4.2). The most stringent bound come from
the BY-BY? mixing. In conjunction with other flavor observables, it has turned out that
the down-quark mixing 6p has to be much tiny (but non-zero) while the lepton mixing 6y,
has wider allowed range depending on the mass scale of HC rho mesons and the coupling
strength as seen in figure 1. In particular, the viable scenarios are classified into two spots
with respect to 0r: one class is the case that the HC rho mesons predominantly couple to
third-generation leptons (07, < m/4), and another is to the second-generation (6 ~ m/2),
as obtained in figures 1-3. The exclusion plots combined with the flavor-dependent EW
precision tests for the above two cases are shown in figure 4. Of interest for both two
scenarios is that the HC rho mesons hardly contribute to B — D®)¢5, which in turn
implies that the ratios R do not significantly deviate from the SM predictions. This is
essentially because of the almost complete degeneracy in the HC rho mass spectra due to
the large flavor-universal coupling (g, ~ 6). In contrast, the HC rho mesons with mass of
TeV scale can give significant contributions to b — su* . Hence the present scenario can
achieve the large values of the Wilson coefficients for the effective operators of b — syt~
with the V' — A form (Cy = —C1p), which can account for the present anomalies in the
experimental data from LHCb, Belle, ATLAS, and CMS.

We then discussed the implications to the collider physics at LHC and found that the
HC rho mesons with mass of TeV scale can be consistent with the current 13 TeV LHC
data: in the case with 05 < 7/4, the most stringent limit comes from dijet and ditau
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channels, which turns out to exclude the mass up to ~ 1-2TeV for the flavored HC rho
coupling g,r, = 1-2 (figure 7). The HC rhos in the other case with § ~ 7/2 is, on the other
hand, more severely constrained by the dimuon channel, and the mass has already been
excluded up to ~ 4 (1.5) TeV for g, = 1(0.5).

Thus, our HC rho model has interesting correlations sensitive to the EW precision
measurements, the B-decay anomalies and the LHC collider signatures. Through the
present anatomy of our model, we can reach a definite conclusion: if the current Rp.)
anomaly goes away, but the Ry (.) deficit further grows to be explained by the flavorful HC
rhos on TeV mass scale, then those HC rhos will show up also in the future LHC data on
the ditau, dijet and dimuon channels with higher luminosity. In particular, the case with
01, ~ /2 is the most intriguing even when viewed from any point of EW precision, flavor
and collider physics; (i) the experimental bound for b — su™p~ anomaly can easily be
satisfied if and only if a tiny 0p is at hand, while the case with 0, < /4 is barely allowed
within the 30 range even for the tiny 0p if g,93° (= g,1) is close to unity (figure 2); (ii) the
EW precision tests give the severer constraint on the HC rho mass when the 68% C.L.
bound is taken into account in the case with 67, < /4, which is much milder in the case
with 7, ~ 7/2 (figure 4); (iii) the dimuon channel search at the LHC generically has higher
sensitivity than the ditau channel, so does the case with 07, ~ 7/2 (figures 7 and 8).

It is also interesting to note that the net effects on the flavor observables in the

" model, in spite of the

present model are similar to those in a low-energy effective U(1)
fact that our model includes 63 components of new vector bosons. This can be checked
by looking at the analytic formulae for the observables presented in this paper. To
be specific, the U(1)" model can be described, in terms of the HC rho model, by re-
placing the coefficient of the four-fermion operators (gzv"qr)(qrvuqr), (@r " qr) (L. lr),

_ _ 7 9p(g33)2 g33g33
(EL'YMEL)(EL’YMEL): 165 — ¢n2b (fOI‘ (aab) = (Q7Q)a (‘L‘g)a(ga f))’ see €.g., ref. {144]
Z/

16 m2
and cf., egs. (4.17), (4.21[)), (4.23), (4.25), (4.28). Therefore, the HC rho model can be
considered as one of the UV completed models that realize the extended U(1)’ gauge sym-
metry to the SM at the low energy scale. Unlike the U(1)’ model, on the other hand, vector
leptoquark bosons are involved in the present model. Therefore, individual searches for
signals of the vector leptoquark bosons would be of great importance to distinguish our
scenario with the low energy U(1)" model that only contains Z’ [145].

Besides the flavorful HC rhos and HC pions, the one-family model of the HC predicts
a number of other HC hadrons like composite scalars and baryons. All those HC hadrons
are expected to have the same order of the mass as the HC rhos (on the order of TeV
scale), and thus are potentially sensitive enough to be detected at the LHC. The lightest
HC baryon might be a candidate of dark matter, because of the stability by the HC baryon
number conservation. Those interesting issues are to be discussed in another publication.

In closing, we briefly sketch how to discriminate our scenario based on the vector-like
confinement and other proposals based on composite Higgs scenarios [50-55]. Two gen-
eral guiding principles can be proposed. One is to measure the properties of the observed
125 GeV Higgs boson precisely. At the leading order no deviation is expected in Higgs
couplings in our scenario with the SU(2)y doublet fundamental Higgs boson, while devi-
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ations are expected to be observed in Higgs couplings in composite Higgs scenarios (see
e.g., [146-148]). The other is to clarify the species of vector-p mesons, which depends on
how global symmetries break down, at the LHC. For example in the composite Higgs sce-
nario discussed in ref. [54] (which follows discussions in refs. [149, 150]), the original global
symmetry is SU(4) x SU(2)r, x SU(2)r x U(1)x while that of ours is SU(8). A possible
difficulty is that expected spectra of these vector-p mesons may be fairly degenerated to
evade the bounds from the electroweak precision measurements as discussed in section 3.5.
Thereby, more dedicated discussions are required to declare how relevant this way is for
discriminating models with (hidden) strong dynamics.

Note added. The new LHCb measurement of Rp- has been reported as in ref. [151]
after when we submitted the first version of this work on the arXiv.org. Its result is
consistent with the SM prediction within ~ 1o, but a naive private combination with the
other results leads RpY/ R ~ 1.21 £ 0.07. Although the deviation is unchanged, the
central value becomes smaller, which is good direction for the HC p model.
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A The p-m-7 coupling terms

In this appendix we give the explicit formulae for the p-m-7 coupling terms derived from
eq. (2.1). The rho meson couplings to two pions arise from the rho mass term m% / g% tr[ézﬁu]
in eq. (2.1):

miz tr[@Q ] unitary gauge for HLS _ mjﬁ% o |:( 8;1,€R . 5; + (9“§L . 52)2:|
g/27 gl SM gauges =0 93 2
_ m% t O 4 2
—gr 2f2[,u7r77] 9pPu + ()
2
= mf, tr[pi] + —Litr[[0,m, 7]pH] + O(=?), (A.1)

gpf2
where we have used g = eF™/fr in the unitary gauge of the HLS. From eq. (A.1) (or

eq. (2.40) equivalently), we derive concrete forms of the p-m-m couplings.
2
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+ ﬁ( Dy [f?:a)”?l)’]) (”\2),005 2xf( o i W&)/]) <§L>p%} |
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Here, €57 is the SU(2)y antisymmetric tensor, f®° (antisymmetric) and d**¢ (symmetric)
describe the SU(3). group structure.

B Decomposition of four-fermion currents

In this appendix we derive the four-fermion operators induced from the HC rho meson
exchanges, which are all relevant to flavor physics study in the text.

By integrating out the HC rho mesons coupled to the SM fermions with the gj:j in
eq. (2.24) and using eq. (2.9), the following effective Lagrangian forms are obtained:
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with 7% = \%/2. Here, the factor A%/ describes combinatorics factor, which is de-
fined as'?

Aik;jl( _ Aki;]l Azk lj _ Akz lj) 1/2 for i = k and ] = l, (B5)
1 for others.

With the help of the following relations in [80, 152],

1 1

OayOzw = 25zw(5 w = 5 0Ty (B.6)
3 1
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1 1
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we can rewrite the interactions as
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19Tn general, the effective current-current interaction by the exchange of vector particle should be de-
fined as
L= Jud”, (B.4)
s
where My means the mass of the vector boson and J, = ZLJ Eij?%/L’Yuf}%/L with charges ¢; ; (ignoring the
SU(3)¢ and SU(2)w generators to be shown). Here, the overall minus sign originate from the vector-boson
propagator, and the factor two is introduced to compensate the combinatoric factor of two from expanding
the quadratic form of J,J" or deriving corresponding Feynman rules. In any case, no additional factor
of two is found at the corresponding amplitudes. The factor A%*¥! should be introduced to derive correct
combinatoric factor in the case that the two fermion bi-linear forms are the same, where no factor of two
emerges at the stage of expanding the quadrature, while the factor appears at the stage of deriving Feynman
rules.
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where the two factors o/ and %% are defined as
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(B.14)

(B.15)

Here, the overall minus sign has a clear nature of vector-boson exchanges, namely, originat-

ing from the vector propagator. However, to avoid clumsy negative signs in the contexts

of the Wilson coefficients, we do not include these signs in the definition of the C’s. Note

that all of the coefficients have mass dimensions of two. The definition,

immediately lead to the following explicit decompositions,
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where u, d, v, e are up-type, down-type quarks, neutrinos, charged leptons, respectively.
Here we shall extract operators relevant for our discussion in the next stage,

1 3 i i\ (=k l 1 3 i i\ (—k l
_¢£3Q&bm+qgwyﬁwﬁx%qu(qgw—q#wyﬁwﬁx%w%)
3 —q i N\ (— —i i\ —,
+2080 o (@d]) @y vh) + (] ) (P ae))
— i\ Sk 3 i i\
(B.25)
When (g1,)¥ takes unsuppressed generic form, as widely known, such possibilities are im-
mediately discarded by severe constraints on flavor-changing neutral current (FCNC) pro-

cesses, especially the K0-K0 mixing. We adopt the safety setup in eq. (3.23) adopted in
e.g., [80], which leads to the relations,

2(,33)2 L, — ] —
ikl — ikl _ {gﬂ(gL J?olori=j=k=1=3 (B.26)

0 for others

Note that the factor A%#! corresponds to 1/2 when i = j = k = [ (= 3). For clarity, we
write down all of the Wilson coefficients in eq. (B.25) when all of the masses of the vector
particles are completely degenerated (under the coupling texture of gy, in eq. (3.23)),

5 1195(97)

oo _ 119,092 c B _o
9999 — 94 mg ) u = 94 m/z) ’ qqll — Y

Cm . 139/%(9%3)2 C[l] B }ig/%(g%?)Q C[l] _ lgl%(gig)Q (B 27)
999216 mZ 2160 m2 @l =16 m2 '

where m, represents the universal vector boson mass and the coupling g%?’ is a real quantity.
3]

It would be noted that the vanishing condition for C([]qll is, concretely speaking, M”?l) =
Mp‘(ln/ and Mp&) = Mp(()3).

In the current setup where only 2 <+ 3 flavor transition exists, it suffices to consider
the effective Hamiltonians for b — s¢*¢~, b — svv, b — er U, 7 — pss, BY (= sb) «
BY(=b5), 7~ — u~puTpu~. The ones for the first three categories are

aG . — — — —
Heg(b — serey) = _\[Ti%b‘/ts [C87 (8T Lyuby ) (€177 €l) + CH (8T Lyuby ) (€179 ys€y) ]
(B.28)
aG . — —
Heg(b — svivy) = —ﬁi‘@b‘ésci‘](S’wa'L)(V’W“(l —5)V7) (B.29)
— 0\ 4Gp I1J 7 Y N
Heg(b — ctivy) = +—=Va Oy (¢ LyubL) (e i vy), (B.30)

V2

where o and G are the QED fine structure constant and the Fermi constant, respectively;
the Wilson coefficients include both of the SM and new physics (NP) contributions: Cx =
Cx(SM) + Cx (NP); the coefficients C{”, CI, C1’, CI/ have zero mass dimensions. Let
us remind that, as defined in eq. (4.1), the fermion fields with the prime symbol represent
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the mass eigenstates, where we skipped to show the symbol throughout almost all the part
of the main text for clarity. We note that when only the left-type vector interactions exist
as in the case of the present model, the following relation is realized,

ot =-cld. (B.31)

Eq. (B.25), thus brings us to the concrete results,

1J - _ i (1] Bl \ v23yIJ( _ _~IJ
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1 3
O (NP) =+ (2300 [Ves X + VX X, (B.34)

— Y23
7Xud

where the coefficients C’{,J (NP) become zero when the HC vector bosons are completely
degenerated (cf. eq. (B.27)). The effective Lagrangians which describe the remaining three
processes are also discussed in ref. [80] as

Lost(r — 155)(NP) = —(CL, + Cloh) ) XEEXE (0 1) (5'19"51) (B.35)
Let(BE & BY(NP) = —(Cll, + CEL ) (XE)A (T 17,0) (5'2978,)
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(B.36)
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=+ (Cl[lll]l + Cz[?l]z) sin® 0, cos O (1 7, 7,) (1 17" 1) - (B.37)

C Decay widths of p mesons

In this appendix we summarize the partial decay widths of the p mesons. Here we ignore
the mixing effect of the p mesons and the SM vector bosons as have been done throughout
the present paper (see eq. (3.1)). We also assume the kinematic relation of m, < 2m.,
where no decay branch into a pair of pions is possible. This situation could be realized in
the case of HC with many flavors such as the present one-family model (see eq. (2.11)). We
use the short-hand notation I'g = gg . m,/8m and we claim that all of the p mesons take the
universal mass m, by ignoring small mass splittings due to the p-Vsy mixing. We treat all
of the final-state fermions as massless particles.
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C.1 Color-triplet p

I‘(p?g) —ulel) =
F(p(d) — d'v?) =
D(ply — dle’) =
L (p(s) — u'v?) =
D(ply — de’) =

11(0?3) —u'v’) =

1 2
EFO}X&J

1
6F }Xd ‘
1

1J2
2FO\XU,

2
EPO\X(ZJ

1 2
*QFO‘X&]

EFO‘XélJIZa

)

where we note that (pg))* # (p(_:,))) The electromagnetic charges of p(3), P(3); pz()’g), p?3) are
+5/3, —1/3 2/3, 2/3, respectively.

C.2 Color-octet p

C.3 Color-singlet p
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(C.7)
(C.8)
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(C.11)
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Dy - ula) = L Tol X[ (C.20)
L(plyy — d'd’) = %FO\XQ{ 2, (C.21)
L(ply — e'el) = %GFO\X{/ 2, (C.22)
P (ol — v157) = %FO\XZIZJ\Q, (C.23)
D(pfy, — w'd’) = éFo}XidJ 2, (C.24)
L(pfy) — viel) = iro\xﬂz, (C.25)
(plyy, — uld)) = iro\x,g;{ 2, (C.26)
(ply, — v'e!) = %FO}X{/\Z. (C.27)
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