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Abstract

The existence of mirror partners (katoptrons) of Standard-Model (SM) fermions offers a viable
alternative to a fundamental BEH mechanism, with the coupling corresponding to the gauged
mirror generation symmetry becoming naturally strong at energies around 1 TeV. The resulting
non-perturbative processes produce dynamical katoptron masses which might range from 0.1 to
1.15 TeV in a way circumventing usual problems with the § parameter. Moreover, they create
mirror mesons belonging in two main groups, with masses differing from each other approx-
imately by a factor of six and which might range approximately from 0.1 to 2.8 TeV. Since
the corresponding phenomenology expected at hadron colliders is particularly rich, some in-
teresting mirror-meson cross-sections are presented, something that might also lead to a deeper
understanding of the underlying mirror fermion structure. Among other findings, results in prin-
ciple compatible with indications from LHC concerning decays of new particles to two photons

are analyzed.

1 Motivation

Higher luminosities and collision energies of proton beams at CERN have recently raised hopes
that a new structure behind the BEH mechanism will be revealed shortly. In the present work,
efforts are focused on studying the phenomenological implications of the existence of strongly-

interacting mirror fermions at energies accessible at the LHC. Several models describing a



strongly-interacting electroweak sector have been developed over the last decades [1]. How-
ever, speculation on the existence of mirror fermions first appeared in [2] and having them con-
stitute an effective, dynamical electroweak BEH mechanism [3] appeared in [4]. The gauged
katoptron-generation symmetry is expected to confine these mesons so that they are not ex-
pected to propagate freely, evading thus phenomenological limits from new heavy-fermion
searches. On the contrary, they are expected to be bound in mirror mesons which can in prin-
ciple be studied at the LHC. Motivation for the present study stems not only from the natural
unification of all gauge couplings it provides near the Planck scale, extending the spirit of [3]
by including the coupling corresponding to the mirror generation symmetry, but also from the
solution of several theoretical problems usually plaguing strongly-interacting BEH sectors.
First, flavour-changing neutral currents are suppressed, since the fermion-mass generation
mechanism is based on a mixing between SM and mirror fermions, instead of new fermions
belonging to a representation of a larger symmetry group containing SM fermions like in
extended-technicolor models. This mixing mechanism, apart from generating the CKM matrix
and neutrino mixing terms, allows for the introduction of weak-CP violating phases possibly
connected to the baryon asymmetry of the Universe and in parallel offers a natural solution to
the strong CP problem. Second, the model does not create problems either with the Ap pa-
rameter since the mixing operators are isospin singlets or with the S -parameter, as will become
clear in Section 3. Third, it offers a natural see-saw mechanism explaining the smallness of
neutrino masses. Forth, the pseudo-Nambu-Goldstone bosons it predicts are not too light, since
the mirror generation group self-breaks around 1 TeV and mirror-fermion chiral symmetry is
broken explicitly. Last, katoptrons might provide the correct framework in order to interpret
recent experimental results possibly pointing towards a strongly-interacting sector [6]. In the
following, some theoretical and phenomenological aspects of katoptron theory are studied in

view of current and forthcoming data from high-energy experiments.

2 The Katoptron Lagrangian

At energies above electroweak-symmetry breaking (around 1 TeV) and assuming a flat space-
time, the Lagrangian £ = Lyy + L;,, proposed is expressed as the sum on one hand of gauge

kinetic and self-interaction terms Ly, and on the other hand of interaction terms £;,, given by:
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where vy, are Dirac matrices,
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are the gauge-field strengths of the symmetries U(1l)y, SU2)., SUQ3)¢c and SU(3)x with
coupling strengths ¢33 respectively, p,v = 0,...3 are space-time indices, fi* the SU(2)
structure functions with a,b,c = 1,2,3, f;f 9 the SU3), SUQ3)k structure functions with
e, f,g =1,...8, and the SM-fermion generations are denoted by j = 1,2, 3.

Moreover, introducing an index k = 1,...,4 (k = 1,2 for SM fermions and k = 3,4 for
katoptrons), one defines fermion fields each consisting of two sets of Weyl fermions of opposite

chirality:

M= (N, UL, NKSY, URs*)

u

% = (E],Dj,Ex6", DE5*)

gk = (NI, UL, NE§%, UKSY)

by = (Eg Dy Ef6Y, DisY) 3)
where SM neutrinos, charged leptons, up-type quarks and down-type quarks are denoted by
N/, E/, U’ and D’ respectively, the superscript “K” denotes their mirror partners, the subscripts
“L” and “R” denote their chirality, Kronecker’s 6°/ prevents multiple counting of katoptron
generations under summation, while the Weyl-spinor, color and katoptron-generation indices
carried by fermions are omitted for simplicity.

In the above, taking into account the fermion quantum numbers, the covariant derivatives

are given by
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where the 2 X 2 unit matrix multiplying 0" and the S U(3), S U(3)x gauge fields is omitted, while
7, and A, are the SU(2) and SU(3), SU(3)x generators respectively, omitting for simplicity
an extra U(1)" interaction possibly felt only by katoptrons [7]. Moreover, neutrino Majorana
mass terms responsible for a neutrino see-saw mechanism [8]] are omitted, as well as possible
additional sterile-neutrino terms implied by the embedding of this model within larger gauge
symmetries [7].

The Lagrangian L enjoys chiral invariance since the fermion mass-matrix m, defined later
is initially zero. At energies Ax ~ 1 TeV where S U(3)x becomes strongly-coupled the katop-
tron dynamical-mass submatrix M becomes non-zero since katoptrons acquire momentum-
dependent dynamical constituent masses M;(p?) similarly to QCD, which for an S U(N;) theory
are associated to vacuum-expectation values (vevs) which may be expressed in the form

s N;
Ui Vg’ + he.> = [ dpMi(p) (5)

where “h.c.” stands for “hermitian conjugate”, in the one-loop approximation in Landau gauge
and in Euclidean space. The M;(p*) are non-trivial and break chiral symmetry dynamically
only when the S U(N;) running gauge coupling exceeds a critical value below a certain energy
due to asymptotic freedom [9]. Apart from breaking chiral symmetry, these vevs break also the
electroweak gauge symmetry, providing thus the basis for a dynamical BEH mechanism. After
S U(3)k self-breaks, the katoptron-SM fermion mixing submatrix m becomes also non-zero due
to gauge-invariant terms which are forbidden at higher energies due to the unbroken katoptron
generation symmetry. Diagonalization of m, gives rise to non-zero SM-fermion masses, to the
entries of the Cabbibo-Kobayashi-Maskawa matrix and to a neutrino-mixing matrix [8],[10].
Estimates of mirror-meson masses and of the entries of these matrices are given below, ignoring

their momentum dependence.

3 The Mirror-Meson Mass Spectrum

The masses of the mirror mesons are not easy to estimate, large-N arguments used in [[11]] being
questionable due to the fact that the katoptron family group S U(3)x becomes strongly coupled
and breaks at energies Ax ~ 0.5 -1TeV down to S U(2)g. Interactions corresponding to S U(2)k
also become in their turn strong at lower energies and break S U(2)k. Therefore, at energies
lower than Ax where katoptrons are confined, new degrees of freedom emerge corresponding
to two meson groups, denoted by “A” for the lighter and ”B” for the heavier case, i.e. one
expects a doubling of the meson mass spectrum due to the hierarchy, denoted by r, of the

corresponding energy scales of mirror-fermion chiral symmetry breaking, or even its tripling
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according to the extent by which the breaking of the remaining S U(2)x family symmetry affects

the corresponding mirror-meson masses. Estimating this hierarchy yields a factor r of around

r=exp(3(C2(SURB)x) - C2(SUQ)x))) ~ 5.75, (6)

with C,(g) the quadratic Casimir invariant of a Lie algebra g. At this point, it is important to note
the natural emergence of the r-hierarchy [12] without need for any fine-tuning of parameters in

the effective potential.

3.1 The Effective Lagrangian

The new degrees of freedom arising after dynamical symmetry breaking include 7r§ =Ty Bt’ /2

which are the pseudoscalar mirror meson fields corresponding to collective operators

l//3|3 4'}’ t '707434 1/13‘3 4')’ / l//3|34 (7)

with #, [ = 1,...64 the generators of the broken S U(8) axial chiral symmetry discussed later
plus an index corresponding to the U(1), axial symmetry and the " meson in QCD, with M K
being their mass matrix and ¢’ A Bl ’ > their effective couplings to SM fermions. In addition, one

has Higgs-type scalar fields o¥ 4.5 Of mass My, corresponding to collective operators

1//”3 4lﬂ3l3 4L 1/13‘3 4lﬂ3l3 A (8)

analogous to fields sometimes referred to as “techni-dilatons” in the technicolor literature [[13],
although in our case the lightness of o™X has a different origin.

Moreover, one has vector fields p¥ , , = p& } 5

. 45" /2 corresponding to collective operators

T+ B ©)

and axial-vector fields aX L AB = aX A Btl /2 corresponding to collective operators

¢3l3 by vs flﬁ3|34 +¢3|3 v tw3|3 4 (10)
One may also define subgroups p},_, ,, @ ,_,, of these operators, i.e. p;, a;, including

singlets and color-singlet isospin triplets, and pf , including, in addition to pff |» heutral isospin-
singlet vector color-octets. All possible combinations of meson quantum numbers will be listed
later.

Some of the interactions of the new degrees of freedom can be studied in principle by

a lowest-order effective chiral Lagrangian L., after integrating out the katoptrons and the



katoptron-generation gauge fields, which, omitting amongst others the masses and field strengths

of the various vector and axial-vector fields, is given by
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where the summation runs over the two mirror-meson groups n = A, B, the SM-fermion genera-
tion index j = 1,2, 3 and the SM lepton and quark index k = 1, 2, € is a CP-violation parameter
matrix related to the mass-generation mechanism and F, g are mirror-meson decay constants.
The characteristic scales F, p introduced here are analogous to the pion decay constants f; in
QCD, they are each assumed to be shared by all the members of the respective mirror-meson
groups for simplicity, and they are studied later. Moreover, a simple ansatz for the symmetry-
breaking potentials has been employed. Furthermore, it is assumed in the following that the

strength of the interaction of group-“B” with group“A” mesons is measured by
gpa ~ Fa/Fp ~ 1]/r. (12)

The following definitions have been made in the expression for the effective Lagrangian

above:
Sap = exp(ohp/Fap), My 5 = exp Qirth 5/ Fap)
DJHA,B = (6” — l'R/J)HAB + l'HA’BZ'u
Z:): = oM+ R’;, i)g =+ Z;Z
R Roeptt el =t ol
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where 6, is the Weinberg angle, A*, e and Q) , are the usual electromagnetic field, coupling and
charges, Z# and W**# the usual massive fields corresponding to the broken electroweak gauge
symmetry, R* and [# are natural embeddings of RZ and Z;(‘ within S U(8), while M; and M, are
the neutrino and CKM mixing matrices respectively.

The effective Lagrangian above should contain all the necessary information needed to de-
scribe the mirror mesonic spectrum and its interactions at lowest order, taking care to work with
each of the sectors A, B at their particular range of valid energies characterized by F4 g, since it
is non-renormalizable. For this reason, the expression arising from an interchange of the A, B
subscripts of the term multiplied by gpa is omitted, assuming that group-“B” mirror mesons
decouple at lower energies on the order of group-“A” meson masses where the field oX may
be studied. This point will be further discussed in Section 4. In any case, the self-breaking
of S U(3)k violates chiral symmetry to an extent that might invalidate the chiral expansion and
restrain the applicability of this method.

Next comes the definition of the mass matrix m pertaining to both SM fermions and katop-
trons, giving rise to the couplings gil‘]; in the effective Lagrangian and describing roughly the
basis for the fermion mass-generation mechanism explained in detail elsewhere [8]], [10]. Be-

fore chiral symmetry breaking, m/ is obviously trivial. When M, z # 0 however, we define:

M 0
my = Msmm ,with M = 4 and m =
m M 0 MB

(14)

nmaa  NMpp ]

Mmap Mpp
being the katoptron dynamical-mass matrix M and the SM-fermion & katoptron mixing matrix

m respectively, where it is assumed that
map ~ mpg/T. (15)

Before diagonalization, one has mg = 0 and mys = 0. Diagonalization of my, apart from

giving rise to the mixing matrices M, , defined previously, yields approximately

0 D2 M 0
m?M _| M ] o { (mig,)" /My 2 (16)
0 My, 0 mBB/MB
where mb, ~ mgg/r*, (17)

resulting finally in the SM-fermion intra-generation mass hierarchy

mips/Mp

me/r3. (18)

mgy

mp,

Taking Mz = 1 TeV and mpp = 0.418 TeV gives my, ~ 0.175 TeV =~ m,, and my, ~ 0.92 GeV

~ m,, which are correct orders of magnitude for the SM-fermion masses of the two heavier

7



generations. A similar mechanism is at works regarding the lightest fermion generation. One
may introduce CP-violating phases in this matrix which are linked to the € matrix introduced
in the effective Lagrangian above and might provide the necessary mechanism explaining the

baryon asymmetry of the Universe.

3.2 Meson Mass Estimates

A more detailed discussion of mirror mesons follows next. Similarly to SM fermions, each
generation of katoptrons consists of N = 8 fermions or N, = N/2 = 4 isospin (SU(2)) doublets,
i.e. one lepton (color-singlet) doublet and one quark (color-triplet) doublet. This gives rise
to a chiral symmetry of the initial Lagrangian described by SUN),®SU(N)z with N = 8. In
terms of its fundamental representation, the adjoint representation can be decomposed under
SU(2)xSU(3) in the following way:

2xB+D]IR2xB+1)]
G+DxB3+3+3+1D)=CG,+D)x8+1+3+3+1) (19

[8L] ® [8r]

with 2®2 = 3, + 1 for weak SU(2) (3, denoting an isospin triplet) and 3 ® 3 =8 +1 for color
SU(@3).

Strong dynamics of the katoptron generation group around 1 TeV lead to the breaking of
the chiral symmetry down to its diagonal vector subgroup, followed by the formation of N? — 1
Nambu-Goldstone (NG) bosons corresponding to the broken axial-vector symmetry. Apart from
these pseudoscalar particles which are analogous to the lightest QCD mesons, one also expects
spin-1 resonances analogous to the p meson. The formula above provides a simple counting
device of these mesons according to their quantum numbers. The following analysis bears
resemblance to technicolor models [14]], and one can list the expected mirror mesons following

the decomposition above, with the superscript “K” a reminder of their mirror-fermion content.

KboO Kb + ¢

First, one has three mirror pions, 7 and eaten” by the electro-weak gauge bosons,

becoming thus the longitudinal components of W* and Z°. Then, one has five more (for a total

of eight) color-singlets, including ® corresponding to a broken U(1), symmetry:

7K a0, 7K KO K (spin—0) and p¥ @, pK = oK and oF (spin—1), (20)

four color-triplets (usually called “leptoquarks”) together with their anti-particles,

K 1225 =K 12215

ak 12200 7K 12205 (spin — 0) and ol , pr (spin — 1), (21)

3 >3



all of them fractionally charged (either —1 for 7% !, pX !, or 2 for s 2, pX 2 or 2 for 7% 3,
p§ %), and four are color-octets, denoted by
ms O Akt nf ¥ (spin—0) and pf %, of %, pr @ (spin—1). (22)

Note that isospin-singlet mesons apart from wX are denoted by primed symbols above, the rest

being members of isospin triplets. Another obvious fact to bear in mind is that mirror mesons

K 2/

Ka0 KO 7% 2 with 75 % and

with equal charge and color may mix with each other, like 7 with 7

K Or
8

lightest mirror mesons one expects, without excluding the existence of their parity partners

g O with 75 % and similarly for their vector-meson counterparts. These are the most obvious
(scalars and axial vectors) and heavier excited states of all these combinations.

In particular, one should not forget the mirror analogue of the o scalar QCD resonance,
i.e. ok, the lowest-lying resonance heavier than the three pseudo-scalar pions, the analogues of
which are here “eaten” by W* and Z°. Having the same quantum numbers, 0¥ corresponds to
the “Higgs-type” particle recently discovered at the LHC. The fact that the mass of the scalar
particle detected is lower than double the masses not only of the electro-weak gauge bosons
but of the top-quark as well might partially explain its relatively small width compared to the

KaO’ ﬂKaiare

one of the sigma meson in QCD, which mainly decays into two pions. Lest 7
finally not observed, one might consider the possibility of their mixing with 7% ? 0, 7K % * which
would mean that they are also “eaten” by the Z°, W* gauge bosons. In principle, composite
states consisting of more than two katoptrons (like mirror protons and mirror neutrons) are also
possible, even though they should be harder to produce at particle colliders.

However, as has been noted already, this spectrum is doubled or even tripled due to the
breaking of the katoptron-generation symmetry. In the following, the lighter mirror mesons,
denoted by n% and pX, omitting numerical superscripts and color subscripts, correspond to

katoptrons of the two lighter mirror generations expected to have dynamical masses of around
Ag/r= My ~0.1-02TeV, (23)

bearing in mind that they might be further split into two distinct subgroups according to the
masses of their mirror-fermion content. Similarly, the heavier mirror mesons are denoted by 75

and p¥, corresponding to katoptrons with constituent masses
Mg =rMy ~0.57-1.15TeV. (24)

The range of these masses is constrained via the Pagels-Stokar formula [15]] which should re-

produce the correct order of magnitude for the weak scale v = 246 GeV with three generations



of Np = 4 doublets having masses M;, i = A, B, for a strongly-coupled S U(J;) theory with a

Ak ; momentum cut-off:

1
vr = | D NMEIn(AL /M), (25)

T\i=is
where Ny = 2 -2 = 4 and Ny = 3. The fact that Mp is much larger than M, implies that the
value of the weak scale is mainly determined by third-generation katoptrons.
Since the katoptron generation group is broken, one has to introduce different decay con-
stants for the mirror pions according to their mass, which are denoted by F4 and Fg. Due to the
fact that the decay constants are roughly proportional to the katoptron masses they correspond

to (up to logarithmic corrections), and that Mp is quite larger than My, one expects that

v

241 +2/r2
Fg/r ~ 21 GeV. (26)

X

Mp/n~ Fp ~ 120 GeV

My/n~ Fy

X

As will soon become clear however, the katoptron effective couplings are chosen here in a way
that final expressions for the various cross-sections depend on v instead of F4 5.
Furthermore, order-of-magnitude estimates based on QCD for spin-1 mirror mesons give

masses of around
my

My ~—LMyp, (27
nmy

PaB
with m, = 770 MeV the mass of the p meson and m, ~ 313 MeV the constituent mass of the up

quark. Therefore, one may estimate

My ~ 0.25-0.5TeV
A

2

M,

Q

1.4-28TeV, (28)

and it is assumed that r];fB and wf, p fall within the same respective ranges. Relevant Tevatron
exclusion limits for vector-resonance masses below about 500 GeV might be circumvented by
non-QCD-like dynamics [[16]], increasing the relevant masses or decreasing the relevant effective
couplings, which is not unreasonable taking into account that the katoptron generation group
breaks after it becomes strongly coupled.

A short note regarding the S parameter [17/] is in order, in view of the large number of
new chiral fermions introduced in the theory. Two major contributions to this parameter are

generally expected due to group-“A” and group-“B” spin-1 resonances, i.e.

S = SA+SB_47TZ( )+4nZ(

2

). (29)

K
Pp
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Assuming that the first Weinberg sum rule (WSR) is dominated by group-“B” mesons, which is
reasonable since Fz ~ 6F 4, one finds
F’ —F% ~ 0% (30)
Pp

ap
B

Moreover, assuming that vector and axial-vector meson masses are approximately equal, i.e.

M, ~ M,x, one has very roughly
S5~ 4n(v/My)* <0.122 (31)

for Mk > 2.5 TeV. On the other hand, since the decay constants Fiﬁf,aﬁf of group-“A” spin-1
resonances is not severely constrained by WSR, S 4 can be very close to zero or even negative.
This scheme has therefore the potential to offer an elegant solution to the S -parameter problem
providing non-QCD-like dynamics without an unnatural fine-tuning of various parameters and
obviating usual stringent limits on the number of new chiral fermions.

The masses of spin-0 mirror mesons are studied next. Pseudoscalar mesons should be rel-
atively light if considered as Nambu-Goldstone bosons of the broken mirror chiral symmetry.
However, since the gauged mirror family symmetry is consecutively broken, these are massive
pseudo-NG bosons. It is assumed in the following that mirror-pion and o masses are grouped
either around

100 — 200 GeV for (o}, %) (32)

or around
0.57 = 1.15TeV for (o5, 75). (33)

The assumed proximity of the mirror-pion and mirror-sigma masses implies that the explicit
breaking of the chiral symmetry here is relatively more significant than the corresponding one
in QCD. Note that colored mirror pions receive additional contributions to their masses due to
QCD, which are on the order of

VasMy - for i, (34)
and 5
3 \/cTsMpf’B for 1§ , . (35)

where «; is the value of the QCD coupling near the mirror-pion mass [18]].

The considerations above lead to the following estimates:

3 AB Tse 9 A.B
~ 2 2
My, = \/M +a M (36)



Mirror meson spectrum

Mass (TeV)
OOOOOOCOOO —_=x—aaaaaaa NN NDNDNDN
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M WM Z OMK(A)  TAK 3(A)  TIK_8(A) PAK(A) o"K(B) TAK 3(B)  TAK_8(B) PMK(B)
TAK(A) NMKA)  TIAK(B) NAK(B)
MA) WK(A) M(B) WK(B)

Type of particle

Figure 1: Rough order-of-magnitude estimates of mirror-meson mass expected ranges, where
M_W,Z : My,

o"K(A,B) : ok,

A K(A) : nK a0 gKaz KO

7 K(B) : ¥ ab 0 s ab K0

M(A,B) : Mg

A L K12215 =K 12215
n"K_3(A,B) : my B A

A . KO K+ KO
n"K_8(A, B) : 7y ap T8 ap T8 AB and

p"K(A, B): all kinds of p} , mesons
7" K(A, B) 111l
w"K(A, B) : Wk,
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Therefore, one expects colored mirror meson masses to be approximately given by

My ~ 0.11-0.23TeV

T3 A

Mx ~ 0.64—-13TeV

T3 B

My ~ 0.13-0.26 TeV

g A

Mx ~ 0.72-145TeV (37)

Ly

These rough order-of-magnitude estimates can be visualized in Fig.1 which is mainly in-
dicative, keeping in mind that experiments might reveal non-negligible deviations from these
values should these mesons exist. For instance, the nf’ 5 mesons might have masses closer to
the ones of color-singlet mirror pions, around half of what is indicated in Figure 1. Having
described the results of the dynamical mass-generation mechanism, we study below decays of
the new degrees of freedom arising at energies testable at the LHC which have particularly

interesting phenomenological implications.

4 Mirror-Meson Processes

4.1 Decay Widths

The breaking of the strong mirror-generation group renders all mirror mesons, together with the
katoptrons they consist of, unstable. Therefore, apart from inferring the existence of katoptrons
from quantum corrections to various processes, direct detection of mirror mesons via their de-
cays is crucial for the falsifiability of the theory. It is well known that the cross-section o of a
proton-antiproton collision pp with center-of-mass energy +/s resulting in a final state X via a

resonance R for a specific invariant-mass bin defined by (7., Tinax) 1S given by

_ 3 Tmax dL(lﬁ R
o(pp—R—X) = dr E p d(aB — R — X) (38)
T
Trmin B

where 7 = §/s is the product of the two proton-energy fractions carried by partons « and S,
v/s = 13 TeV is the LHC RUN II center-of-mass energy which is studied in this work and

dLg
dr

1
dx

f 7PQ(X)P,B(T/X)

iy [ePTX

CaCs (§ — M2)2 + MT2

tot

6B — R — X) (39)

where P, s are the parton distribution functions, M and I';,, are the mass and the total width of
the resonance R, and I'*?, T'X are the production and decay widths of R. Moreover, & is given by

the relativistic Breit-Wigner formula, with c, ¢, g appropriate color factors.

13



The large collision energy at the LHC, in conjunction with the fact that the production cross-
section of mirror mesons from up quarks 6, for instance is several orders of magnitude smaller

than their production cross-section from gluons &, ceteris paribus, i.e.

2
T < 9( e ) ~ 2% 107 (40)
o a;
renders the use of just the gluon distribution functions a fairly good approximation. Approx-
imating the CTEQ6L1 gluon-luminosity data for /s = 13 TeV [19] by a fitting function for
d;—j" and using the narrow-width approximation for 6 (g9 — X) yields an order-of-magnitude
estimate of the total cross-section:

c9IrX
p R—X) = LM
o(pp — R — X) L( )MFM
with L(M) =~ 4(M/TeV) E+1610eM/TeV)) 41)

where £ is slightly underestimated to account for various experimental inefficiencies. An effort
is made next to identify the most important mirror-meson decay widths, before reporting the rel-
evant cross-section estimates. Since the analysis that follows concentrates on the gluon-fusion
production mechanism, interesting processes depending on quark distribution functions are left
for future investigations, like the production of color-singlet spin-1 mirror-mesons decaying to
electroweak gauge bosons:
giq; — pfé’ = W+ 20, (42)
which might potentially explain relevant excesses detected recently [20]].
It is assumed that the decay widths of generic mirror mesons to SM fermions are given by

the following Higgs-like expressions:

4 M,
_ cf mAA CfmfA K K
Loy, — fafa) = -5 AT
, 3 2 p o, 2
873 Fov ara 8w
4 M
_ cr m Crmty, Mol
K K f "B /b ’
Mofrf — fuf) = goptaMeps = o
_ cr mt M2 cym, M ATA
K K O Myp /3
L(oy,my — fofB) =~ 873 szz M2 i ¥ T
_ cr mt M2 Cfm Moy
K K f "AB il
D(og,mp — fafa) = 873 FL2 M2 oy TB @)

where ¢, = 3 when the meson is a color singlet and the final fermions are quarks, with ¢, = 1

otherwise.
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To list specific examples, one might start with neutral spin-O mirror mesons decaying into

pairs of third-generation SM fermions which are more interesting due to their heaviness:

O'Aﬂ

(0%, 78 — bb) ———57—=35-TMeV =T, (o 1 0/2

Q

2
-
I
N
(O8]
|
=
(@)
<
(¢
<
I
ﬂ

F(]TgAO’ e Bb) W tot (ﬂgk\/)/z

X

T ST 0
L(o) gk ) — 77) ——2 2 = (0.2-0.4(A),1.2 2.4 (B)) MeV
3mt2M K K O

O'BJTB

W =34 - 68 GeV = Fm, (Gﬁﬂﬁ 0/)/2

2
mt Mﬂ.K 0r

TU;B = 20 - 40 GGV = rl()t (ﬂ.é( g/)/z (44)

F(o'g ,ﬂg R

X

TC(nf Y — )

Q

where the running of quark masses with energy is neglected, as well as phase-space factors
differentiating scalar from pseudoscalar meson decays which are only important near the SM-
fermion pair-production thresholds, assuming that mirror meson masses are not in that regime.
Moreover, the total width of a meson has been defined above as approximately double its dom-
inant decay width, in an effort to report later conservative order-of-magnitude cross-section
estimates incorporating roughly not only theoretical but also experimental inefficiencies, uncer-
tainties and cuts.

Another process of potential interest is the decay of o5 to a pair of group-“A” pseudoscalar
mesons. Assuming that the relevant meson decay amplitude is proportional to gga(Ma/Mp) ~
r~2 where gp, is the effective o5 7X 7% meson coupling, an order-of-magnitude estimate for the

decay width to a generic pair belonging to group-“A” mesons gives

2 M2
F(o'g — ﬁfﬂf) ~ gBA—zAM(Tg. 45)
B

There are two subgroups of group-“A” mesons, and each of these includes eight charged and
eight neutral color-octet pairs, twelve color-triplet pairs, as well as one charged and one neutral
color-singlet pair. Assuming that each of these gives roughly the same decay amplitude, an
estimate of the total decay width of 0§ to group-“A” mirror pseudoscalar mesons gives

60g3 , M> M,
TIEATA by o~ T8 =30~ 64 GeV, (46)
M2 518

K -K_K
Ftor(U'B B 7TA7TA) =

which should be added to the top-antitop quark decay width for a correct order-of-magnitude
estimate of the total o5 decay width. Other large interesting classes of decays consist of group-
“B” mirror-pion decays to three group-“A” mirror pions or CP-violating decays to a pair of

group-“A” mirror pions, but their study exceeds the purposes of the present work. Extending
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techniques used to study QCD mesons in the present case in order to produce more reliable
results could go along the lines of [21]].

Next come mirror-meson decay widths to two bosons mediated by loop diagrams [22]. Al-
though factors depending on the size of the new gauge group lead to an enhancement of the
relative production mechanism in usual technicolor models, in katoptron models their effect is
questionable due to the breaking of the SU(3) mirror-family group [23]. Moreover, due to a
cancellation between mirror leptons and mirror quarks, mirror pions do not decay to W*W~ and
their decays to Z%y and Z°Z° are suppressed. QCD corrections to diagrams involving gluons are
neglected here since we are mainly interested in the general qualitative features of the model.

Some of the most interesting processes are listed below:

2 3
Cog ABA A7B(MG-/IA(,B)M0'§B

2167302

2 3
Cng A,Bas A’B(M”/IA(,BE)/)Mﬂfé)'

967312

2 3
SC,rg A,Ba/s AaB(Mﬂg/?IB)MﬂK o
, 8 AB

Lok s — g99) ~

L(h ) — g9) ~

K 0r
F(ﬂ8 AB - gg) ~ 3847[3()2

2 3
Cory 8@ (M YV,
; T 4B

K
Lo —vy) ~ 9727502

2 3
Crny A,BA (Mzrfl?’)M”K 10
. AB

K 0r
F(ﬂ. A,B — yy) ~ 43271_31)2 (47)

where the first and second terms of each subscript correspond to group-A and group-B mesons
respectively, katoptrons are assumed to be much heavier than mirror mesons, @ and a, are the
usual electromagnetic and QCD structure constants and the prefactors ¢y 4,8, Crg 4.8, Coy 4,85 Cry A,B
codify the interference from different sources discussed below. Setting these prefactors equal to
unity corresponds to triangle diagrams involving a single heavy katoptron generation.

Note that, in the limit of very large top-quark mass with respect to group-“A” mirror-meson
masses, the expression for the two-boson meson decay width I'"” involving a top-quark triangle

diagram yields

Cog A7) — 99) _ Cng a4 — 99) _
[0k — gg) L7 — gg9)

Coy A0} =¥V Al — ) 48)
L(oX — yy) (% — yy) ’

relations which are partially due to the normalization of the generator of the S U(8) chiral sym-

metry corresponding to the mirror mesons and to the large splitting of top and bottom quark
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masses. Moreover, assuming that scalar and pseudoscalar mesons have a common mass M, g,

one has the following relations:

Coy aBL(Oh g = 99) oy apl(Why — 99) 203, y(Myp)

K - K - 2 (49)
Coyg A,BF(O-A’B B 77) Cng A,Br(ﬂA’B — 77) 9a/A,B(MA,B)
while, again in the limit of large fermion masses, one has
Coyg A, r(ﬂ-K — gg) Coy A, F(ﬂK B 7/7)
g A.BX AR _ Loy AB VAR —9/4. (50)

Crg a8 (T) 5 — g9) ey A8L (0] 5 — vy)

Regarding the interference of various sources participating in the loop diagrams involved in
the mirror-meson couplings with two gauge bosons, the following remarks are in order:

Cog A, ng 4° First, each of the two kinds of group-*“A” mirror mesons are produced by gluon-
fusion triangle diagrams of a top quark interfering with 6 = 1 or 2 mirror fermion generations,
neglecting contributions from lighter SM fermions. In case 6 = 1, these two kinds of mirror
mesons are distinct and should have comparable but different masses. However, in case ¢ = 2,
one expects to detect only one kind of group-“A” mesons, followed by a larger enhancement of
the relevant production and decay cross-sections. This might explain the slight excess in total
Higgs production cross-section [24]. However, it is important to stress at this point that the
eventual self-breaking of S U(2)x might be the cause of a - partially at least- destructive inter-
ference between the contributions coming from the two lighter katoptron generations, damping
thus the final enhancement effect. Moreover, note the assumption that group-“A” mirror mesons
are taken to have zero tree-level couplings to the heaviest katoptron generation.

Coq B: On the other hand, group-*“B” mirror scalar mesons are produced by gluon-fusion loop
diagrams involving group-“A” mirror mesons interfering with only the heaviest mirror fermion
generation, neglecting all lighter katoptron and SM-fermion contributions. The reason why the
relative lightness of group-“A” mirror mesons does not lead to their decoupling, contrary to
what happens with light fermions, is analyzed in detail in [25].

Crg B: The same is true for pseudoscalar group-“B” mirror mesons if there is CP-violation,
while, if CP symmetry is conserved, only the heaviest katoptron generation contributes to group-
“B” mirror-meson production. Contributions of pseudoscalars which are heavier than the de-
caying mirror mesons of either group are assumed to decouple, their influence being restrained
to the decay constants of group-“A” mirror mesons for instance, and are neglected [26].

Coy ¢ Furthermore, each of the two kinds of scalar group-“A” mirror-meson decay to two
photons proceed via interfering loop diagrams of 6 = 1,2 katoptron generations with a top
quark and a W gauge boson, neglecting all lighter SM fermions and noting that the contribution
of the katoptron generations is relatively small and is not expected to lead to large deviations

from the corresponding standard Higgs decay.
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Coy g2 On the other hand, group-“B” mirror scalar mesons decay to two photons via loops
involving the heaviest katoptron generation interfering with a W boson and group-“A” mirror
mesons, neglecting all lighter SM and mirror fermion generations.

cry o Last, each of the two kinds of group-“A” pseudoscalar mirror mesons decay to two
photons via interfering loops of the top quark with ¢ katoptron generations, again neglecting
lighter SM fermions, while

Cry . group-“B” pseudoscalar diphoton mirror-meson decays proceed via loop diagrams
involving the heaviest katoptron generation, possibly interfering with loops of group-“A” mirror
mesons if CP symmetry is violated, neglecting all lighter SM and mirror fermion generations.

The above remarks lead to the following definitions:

CogA = Crga = o + e 4 \/§|2

_ 0, A \/_ Wy 12
Coya = |0+e7*2N3(1 + 1))l
Crya = |0+ e 12 \/§|2

Cogp = IL+e% 5392

Crgp = |1+ egeieg 53192

Coyp = |1+2V3( 1 + % )P

oy = |1+6e™2V30P (51)

with 6, 4 5,0, 5,0+, interference phases between various sources, €,, CP-violation parame-
ters and /97 loop contributions of group-“A” mirror pseudoscalar mesons to gluon-gluon fusion
and diphoton decay amplitudes respectively, and I" the W-boson contribution to mirror scalar
meson decay amplitudes. Following the expressions given in [25] for the W-boson contribution
to the two-photon decay, one finds I} ~ —4.7, which is quite larger than fermionic contribu-
tions, while I}/ ~ —1.12. (The quantity I} might be further suppressed by a factor of ggs ~ 1/r
since the W gets its mass by “eating” group-“A” mirror mesons, but as will become clear shortly
this does not affect the final result significantly since /7 is quite larger anyway.)

Note that the effect of these parameters might obviously alter the production rates and
branching ratios of various processes in a way that they may be distinguished from the ones
expected by their SM-type values. Furthermore, even though one could have used the gauged
Wess-Zumino-Witten formalism [27] to parametrize the mirror-meson diboson decay widths
(see [28]] for instance), a detailed estimation approach is chosen instead in order to have a closer
control on the final results. Last, the possibility is noted that CP violation leads either to the mix-
ing of scalar and pseudoscalar resonances if their are mass-degenerate, or to non-zero couplings

of pseudoscalar mirror mesons to the W bosons [29] altering thus ¢, 4  further.
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In more detail, contributions of color-singlet I, leptoquark 75” and color-octet mirror mesons
Ig’y to loop diagrams involving either two gluons or two photons, assuming that group-“B” mir-
ror mesons are much heavier than group-“A” mirror mesons, and recalling that the quadratic
Casimir invariants of the fundamental and adjoint complex representation of SU(3) are equal to

1 and 6 respectively, lead to the following estimates:

o= B+ ~gpa2-1-8+2-6-4)=64/r

122
r = 1g+1§+1g~gBA{2-1+2-3((1/3)2+2(2/3)2+(5/3)2)+2-8-1}:3— (52)
r

: : K K K K K K : :
where the expressions above imply common o — mymy and mp, — mim, effective couplings

!, implying in parallel that the two group-“A” mirror-meson contributions dominate

gpa ~ T
group “B” mirror-meson couplings to two gauge bosons.

Furthermore, the running of the gauge couplings entering the decay formulas is given by
approximating a(p) =~ @(Mz) and

-1
Qg 4 = [a;l(MZ) + % In (p/MZ)] for group “A” mesons

as(p) = (53)

-1
Qg = [a;‘(Mz) + é—}r In(p/(rMz)) + gr In (r)] for group “B”” mesons
where a(Mz) ~ 1/129 and a,(Mz) ~ 1/8.5, neglecting the renormalization of « at energies
higher than the mass M of the Z boson due to its relatively small effect and the effect of colored
mirror mesons on the running of the strong coupling, while taking into account the decoupling

of group-“B” katoptrons at energies on the order of group-“A” mirror-meson masses.

4.2 Computing the Cross-Sections

Analytic expressions for several interesting cross-sections are listed below, since all the needed
ingredients are now at hand. Cuts to reduce the relevant QCD background, when applicable,
would roughly decrease them by half. The role of the Higgs is played by oX, where one only
expects a slight production enhancement from katoptrons participating in the gluon-fusion tri-

angle diagram. One should expect the detection of neutral pseudoscalars as mixtures of 7%

with 7& 20 at masses close to the corresponding charged pseudoscalars. However, lack of ob-

served decays of the top quark to these charged pseudoscalars indicates that, in case they are

distinct particles, they should be all heavier than about 170 GeV.
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The relevant expressions are given by:

o(pp — o — T7)
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The corresponding results are visualized in Figs. 2 and 3, assuming all interference phases and
CP-violation parameters are zero and 6 = 1. Scalar and pseudoscalar mirror-meson decays to
gluon pairs might also be of interest if they can be distinguished from QCD background, but
they are left for future work since their study is better suited for a lepton collider.
Scalar-meson 0§ processes in Fig. 2 should agree with the Higgs-like particle already ob-

served at the LHC. Spin-0 mirror-meson decays to fermions are Higgs-like so they are not
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Figure 2: Cross-section estimates of group-“A” spin-0 neutral color-singlet mirror-meson pro-

cesses. Green lines correspond to scalar and red lines to pseudoscalar processes.
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expected to create problems when compared to SM expectations. Furthermore, loop contribu-
tions stemming from top-quarks and W-bosons to spin-0 meson decays into dibosons of the
electroweak sector and diphotons in particular are quite larger than katoptron ones, rendering
thus deviations from SM expectations manageable, especially if non-zero interference phases
are introduced. Moreover, it is obvious that one should seek pseudoscalar group-“A” mirror
meson decays to bottom quark and 7 pairs which dwarf the corresponding relatively very small
diphoton cross-sections due to the absence of the W-boson contribution. Stringent rapidity or
high transverse momentum cuts are needed to minimize the relevant QCD background.

The case where group-“A” mirror-meson decays to top-antitop quark pairs are kinematically
allowed is not studied in this work although it is conceivable, but is is obvious that it would
lead to much larger cross-sections than the ones presented here. On the contrary, pseudoscalar
group-“B” mirror meson decays to top quark pairs are not as important as the corresponding
scalar meson decays due to the absence of enhancement of their production via gluon fusion,
unless the CP violating parameters ¢, ,, turn out to be non-negligible.

Cross-sections of group-“B” mirror scalar mesons are more important than the correspond-
ing pseudoscalar ones due to group-“A” mirror-meson loop contributions, unless there exist
large CP-violating couplings. In particular, it should be noted that the enhancement of group-
“B” scalar-meson production and diphoton decay via loops involving group-“A” mirror mesons
renders the process pp — 0§ — yy particularly interesting because it is easily distinguished
from background, and might be linked to the diphoton excesses at invariant masses close to
750 GeV in the ATLAS and CMS CERN experiments [30] being on the order of 10 fb and
corresponding to a mirror meson exhibiting a similar decay width.

Given the mass (125 GeV) of the Higgs-like particle already discovered corresponding to
oX in our case, confirmation of these excesses and identification of their source with o5 would
imply a intra-generational katoptron hierarchy close to r ~ 6. This is remarkably close to
the rough estimate r ~ 5.75 of the previous section, taking into account the non-perturbative
dynamics involved and the roughness of the calculation. The strength of the signal can be
traced to the large number of group-“A” mirror pions which are coupled to o-§. However, non-
perturbative dynamics do not allow a precise determination of the magnitude of the coupling
between the various groups of mirror mesons. This implies that it is possible that the actual
signals relevant to these mirror-meson decays turn out to be finally considerably weaker without
creating serious problems to the viability of the model.

Near-degeneracy of scalar and pseudoscalar mirror-meson masses might also lead to a signal
which is a combination of several resonances. Moreover, larger effective and/or CP-violating

couplings than the ones considered here might be able in principle to explain these excesses,
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K Or

alternatively though less likely, in terms of 7y

or X 7. Furthermore, consistency of the theory

implies obviously that one should also expect a quite strong signal corresponding to pp —

o % —> it, which should become clearer from QCD background by the cuts mentioned above.
Other processes of interest which are not followed by corresponding diphoton decays are

pseudoscalar color-octet mirror-meson decays:

= , = 15, 4 (@s aA(Myx 0 )Mk o
O-(pp - 77{;(2 —> bb) = L(Mng(/?,) g ( 227*;0
= ’ - ISC” B A B(M”K 0')M K O
o(pp — miy — ) = LMy p)—— ( 2w (55)

Color factors increase the relevant cross-sections compared to the ones involving color-singlet

mirror mesons. As before, we report results in Figs. 4 and 5 assuming zero interference phases

K 0O/
8 A,B

principle be of interest if they can be distinguished from QCD background by appropriate cuts

and CP violation, while taking 6 = 1. Moreover, decays of « to two gluons might in

but they are left for future work relevant to lepton colliders. Note moreover that the case where

the decay ng 2’ — 1t is kinematically allowed cannot be totally excluded, something that would

lead to a much larger relevant cross-section.
Production of pairs of mirror pseudoscalar mesons is studied next. The ones studied here

are either color-octets or leptoquarks. These are mainly produced by gluon fusion, but the rel-

evant cross-sections can be enhanced by intermediate color-octet vector mirror mesons pg /?’3'
Nevertheless, the mirror meson mass estimates in the previous section imply that the decays

K O
Pg AB

meson-dominance arguments their contribution to the total cross-section is expected to be of

— 7§ AB s . are likely not allowed kinematically. Even when they are, due to vector-

the same order of magnitude as the QCD one [31]]. In the following, it is assumed that the pro-
duction cross-section of two pseudoscalar color-octets is dominated by QCD via gluon fusion

ignoring the mirror vector-meson contribution, and it is given by [11],[32]]

8 A.B

32

as(ZMﬂ.Ki ) 2
—————————) (56)

= K + K - T h) ~
o(Ppp — Mg ATy ap — b1 +1D) = £(2M,ré<;3)27cw7r(

The production cross-section above is integrated over a narrow invariant-mass bin 2M,,§ Aig(l +w)
over the mirror-meson pair-production mass threshold. To account for this, a parameter c,, is

introduced, given by
2Q2w)*?
Cp X ——F >
3

neglecting the running of the gluon distribution functions over that bin. For the results pre-

(57)

sented, the choice w = 5.6% has been made so that ¢, = 2.5%. Moreover, branching ratios
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of the dominant decay studied here are taken to be equal to 1/2 for both color-octet mesons,
reducing the final cross-section further by a factor of 4.

The final quarks produced are generally not collinear with their anti-particles, leading to
signals above a certain mass threshold involving top and bottom quarks which may in prin-
ciple be distinguished from QCD background via appropriate acollinearity and rapidity cuts.
This property is not shared by the production and decays of pairs of neutral color-octet mirror
pseudoscalars, which is expected to lead to an enhancement of top-antitop quark and gluon-pair
production at energies above their production threshold. However, the significant QCD back-
ground to these processes necessitates a more detailed study which is left for work relevant to
future lepton colliders.

A similar analysis is followed for the production cross-section of pairs of pseudoscalar lep-
toquarks for the sake of simplicity, even though the decays pj f”B — ﬁf Al’,123,2/,5 ﬂf Al”é’z"s might
be marginally allowed kinematically. The ones of most interest due to the heaviness of the final

fermions are given below, assuming that 75 Az p and 7§ AZ’B are mass-degenerate:

U(ﬁp—wrijfrfAsB — Tt+171) =

2
Teun (@M 7)
= LMy )T ( 32

_ K2 -K?2 K2 —K2 o L) —
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as(ZMng(:B) 2
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_ K2 =K2 K2 =K2 A
(PP — T3 o T3 A+ M3 4575 4B > Thb+b1) =

Teur (@@Mag 3, )
= 2M « -
LEMu: )= ( 32m,

(58)

where the dominant decay widths of each leptoquark are taken again to have branching ratios
of 1/2. Acollinearity and rapidity cuts applied to the particle-antiparticle decay products are ex-
pected in this case also to reduce the QCD background to these processes significantly, offering
interesting signals pointing to the existence of mirror leptoquarks above their production thresh-
old. Current experimental mass limits on leptoquarks decaying to a bottom quark and a 7 can
easily be circumvented since they do not take into account that the relevant decay cross-section
in the mirror-meson case is suppressed by a factor of (m;,/m;)*> < 1073, The corresponding

results can be visualized in Figs. 4 and 5.

K 0r
8 A,B’°

octet pseudoscalar mirror-meson and mirror-leptoquark pair production, might alternatively

Detection of vector color-octet mesons p apart from a possible enhancement of color-
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come from their decays to two gluons, even though such signals might be hard to distinguish
from QCD background unless one employs a leptonic collider. Furthermore, of interest might
be much rarer processes involving p% vector mesons and heavier mirror hadrons possibly exist-
ing which are singlets under the mirror-family group and involve three katoptrons (like mirror
protons pX and mirror neutrons nX), or even four and five katoptrons (analogous to QCD tetra-
and penta-quarks). In any case, having introduced the actors and shown a small act of the play
inspired by the katoptron model, it is time to pose the important question regarding the way the

stage is set for them.

5 Implications

It is clear that observation of mirror meson decays similar to the ones described above at the
RUNII in LHC would open new horizons in elementary particle Physics. Apart from explaining
the BEH mechanism, it might also offer useful insights related to the hierarchy problem, the
paradigm of unification of gauge interactions, and possibly quantum gravity. In particular, the
existence of mirror fermions appears naturally in a discretized version of spacetime in a spirit
similar to [33]]. Such a spacetime has been recently argued to emerge naturally [7/]. Namely, ap-
plication of the optimal connectivity principle on a fuzzy version of node multisets can lead to a
natural emergence of spacetime in a quantum-mechanical setting, where particles correspond to
vacancies. It can be argued that nature prefers to form node configurations with a finite number
of nearest neighbors for each node, something which leads us away from the continuum as was
recently shown [34], which might be argued to approach explicitly old ideas on discreteness,
some of which are also contained in [35]].

This picture might also resolve quantum-mechanical non-locality issues, since missing con-
nections between defects with a common origin spatially receding from each other, which in a
dual picture gives rise to quantum entanglement, explains the long-range correlations needed
to interpret EPR-type phenomena. It might thus assist in providing a precise implementation
framework for techniques used when studying complexity [36]] and quantum information [37]].
Furthermore, it would be interesting to study possible connections of this setting with the string
or the d-brane paradigm along the lines of [38] or with the philosophy of causal sets [39] which
is generally compatible with the one presented here.

In order to study this system, the g=1 Potts Hamiltonian is introduced:

Hp =-A Z (S(S,', Sj) (59)

<i,j>

which is usually employed in order to analyze disorder-order phenomena like percolation, spin-
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glass transitions, and even cognition modeling, the sum over the nodes i, j being over nearest
neighbors, s;; = 0O or 1, 4 > 0 the coupling strength and 6(s;, s;)=1 when s;=s;=1, being zero
otherwise. Using the results in [40], it can be argued that this leads to the emergence of a lattice
L¢ based on the roots of

G = Eg X Ej (60)

at the beginning of our Universe [/]], as a “liquid-to-solid” (freezing) , “glass-to-crystal” transi-
tion, higher dimensions leading to configurations bearing no relation to Lie-group symmetries.
Starting from an action S, describing phenomena like the emergence of Lgc), assumed to
belong to the same universality class as Hp does, which is given by
Siw= ) &P, (61)
<i,j>
we embed Lg in Euclidean C“ space suitable for longer wavelengths, which leads to an action

S ¢ over a compact toric Kédhler manifold expressed as
T = C/Loc) (62)

possessing a complex Lie-group structure [34], extending thus the techniques used in [41]:

Si¥P) = ‘f‘ cﬂxdet(%qwmagy4-nc) s‘f‘ d’xdet (E))
T Té)
[_ i": tr ((5';—(E-IE>3)M)]N
:tf ﬂma@mfl - f (63)
Tg(C) N=0 N!

with d=16 complex dimensions, y" appropriate Dirac matrices,
m [ — 5 m
E} =< E} >=< §T7 0,¥ +h.c. >, (64)

lower-case Greek and Latin indices corresponding to space-time and to the “internal” Lorentz
symmetry respectively,
N=MN<d (65)

due to the Cayley-Hamilton theorem, and integration over the torus Té(@)
off MP]~L1;11anck

due to a minimal distance between nodes. The variables ¥, ¥ correspond in a
dual sense to lattice vacancies and consist of two Weyl spinors of opposite chirality following

implying a UV cut-

the Poincaré-Hopf index theorem, transforming like (248,1) (SM fermions) and (1,248) (katop-
trons) under EgXEy.

Symmetry breaking of
G—->H=E,xSL2,C)xE;xSL2,CY (66)
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via non-zero vevs of antisymmetric bi-fermion operators transforming like 248x248—248, un-
der each of the 2 Egs yields a 4 real-d action S .s/(E}}, , Ay, inn) containing Einstein-Hilbert

and Yang-Mills terms in the approximation

El - E} = )y" 0 < E, (67)

with A, and ¢;,3 Kaluza-Klein composite £, X E’-gauge and inflaton fields respectively, lead-
ing to the usual least-action-principle Euler-Lagrange equations in Minkowski’s space-time.
This happens after the S L(2,C) subgroups of the two Egs break to their diagonal subgroup
S0(1,3), due to Mp-scale vevs of 2N-fermion operators (of order O(p/Mpl)N after Fourier
transformation) for N=2 in Eq. coupling the left- and right-handed sectors and transform-
ing like (1,3,1,3) under H.

At slightly lower energies, after the self-breaking of the SM-fermion S U(3) family group
due to a parity-violating L; asymmetry which leaves the katoptron-generation symmetry in-
tact and to which the parity asymmetry of the SM can be traced originally, similar operators

transforming like (24,24) under
H=SUGS)XxSUKS) cE;xE,cH (68)

lead to the breaking of H to its diagonal subgroup H—S U(5)p, obviating the need for both outer
automorphisms in [/]], in order to couple the SM-fermion and katoptron sectors of the theory
with the same gauge groups apart from the katoptron generation group. Further symmetry
breaking takes place starting from a unified critical coupling at Mp,, estimated via Schwinger-
Dyson equations [9] as

a(Mpy) ~ 1/C5(Es) ~ 0.03 (69)

down to the SM having the known fermion-family structure with a non-perturbative BEH mech-

anism based on katoptrons close to the electroweak symmetry-breaking scale
Ak ~ Mpexp(=1.23Cy(Eg)) ~ 1 TeV (70)

[7] in a way similar to QCD asymptotic freedom, due to the strongly-coupled katoptron-generation
symmetry S U(3)k. The katoptron Lagrangian of Section 2 is thus recovered.

It might be reminded at this point that the strongly-coupled source of electroweak symmetry
breaking is expected to influence among others the order of the relevant phase transition which
is crucial for electroweak baryogenesis [42]. Moreover, katoptrons are expected to decay so
fast due to the breaking of their gauged generation symmetry that no problems related to Big-
Bang nucleosynthesis are expected to arise. Indeed, regarding a related issue, it has been noted

elsewhere that, due to the absence of stable particles in the katoptron sector, the origins of Dark
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Matter in the present scenario have to be traced to other solutions not based on particles but
possibly on an alternative spacetime topology instead [/]].

To conclude, an effort is made in this work to study qualitatively the mirror-meson spectrum
and decays resulting from katoptron theory, in order to lay the ground for more detailed and
precise future relevant theoretical studies and computer simulations. On the phenomenological
front, it has been argued previously that the katoptron model, apart from the prediction of proton
decay implied by gauge-coupling unification considerations, is expected to lead amongst others
to deviations of the CKM-matrix element |V,;|, of third-generation SM-fermion weak couplings
from their SM values due to the large mixing of heavier fermions with their mirror partners [23]]
and of the muon magnetic moment from its expected value similarly to [43]]. Furthermore, it
might lead to deviations connected to the decays of B mesons [23]].

However, in case hadronic colliders lack the necessary resolution to detect such deviations of
higher-order quantum mechanical origin, the results presented here indicate that LHC attention
should be focused on the enhancement of top-antitop pair production and acollinear top-antitop
and bottom-antibottom jets within specific invariant-mass bins as some of the most promising
ways to find signals of the various mirror mesons predicted in this framework. Discovering two
distinct groups of spin-0 and spin-1 resonances not only with masses separated roughly by a
factor of six but also having the quantum-number assignments listed in the present work would
be very encouraging for the katoptron model. In parallel, confirmation of this picture would
underline the need for a new high-energy (3-4 TeV) leptonic (possibly muonic) collider able to
measure amongst others the left-right asymmetries predicted by the special chiral character of

mirror fermions [23]].

References

[1] C. Hill, E. Simmons, Phys. Rep. 381 (2003) 235; Er.: ibid 390 (2004) 553.

[2] T.D. Lee, C. N. Yang, Phys. Rev. 104 (1956) 254.

[3] S. Weinberg, Phys. Rev. D13 (1976) 974; L. Susskind, Phys. Rev. D20 (1979) 2619.
[4] F. Wilczek, A. Zee, Phys. Rev. D25 (1982) 553.

[5] J. C. Pati, A. Salam, Phys. Rev. D8 (1973) 1240; H. Georgi, S. L. Glashow, Phys. Rev. Lett.
32 (1974) 438.

[6] R. Franceschini, G. F. Giudice, J. F. Kamenik, M. McCullough, A. Pomarol, R. Rattazzi,
M. Redi, F. Riva, A. Strumia, R. Torre, arXiv: 1512.04933 [hep-ph].

31



[7] G. Triantaphyllou, EL J. Th. Phys. 10 (2013) 135; ibid., Eur. Phys. J. Web Conf. 70 (2014)
00051.

[8] G. Triantaphyllou, Eur. Phys. J. C10 (1999) 703.

[9]1 V. A. Miransky, Dynamical symmetry breaking in quantum field theories, World Scientific,
1994.

[10] G. Triantaphyllou, J. Phys. G26 (2000) 99.

[11] E. Eichten, I. Hinchliffe, K. Lane, C. Quigg, Rev. Mod. Phys. 56 (1984) 579.

[12] G. Triantaphyllou, Mod. Phys. Lett. A16 (2001) 53.

[13] S. Matsuzaki, K. Yamawaki, arXiv: 1512.05564 [hep-ph].

[14] E. Fahri, L. Susskind, Phys. Rep. 74 (1981) 277.

[15] H. Pagels, S. Stokar, Phys.Rev. D20 (1979) 2947.

[16] A.Zerwekh, R. Rosenfeld, Phys. Lett. BS03 (2001) 325.

[17] M. E. Peskin, T. Takeuchi, Phys. Rev. Lett. 65 (1990) 964.

[18] J. Preskill, Nucl. Phys. B177 (1981) 21.

[19] C. Quigg, Fermilab Preprint FERMILAB-FN-0839-T, August 2009.

[20] ATLAS coll., arXiv:1506.00962 [hep-ex]; CMS Collaboration, JHEP 1408 (2014) 173.
[21] G. 't Hooft, G. Isidori, L. Maiani, A. D. Polosa, V. Riquer, Phys. Lett. B662 (2008) 424.

[22] J. Steinberger, Phys. Rev. 76 (1949) 1180; J. S. Schwinger, Phys. Rev. 82 (1951) 664; S. L.
Adler, Phys. Rev. 177 (1969) 2426; J. S. Bell, R. Jackiw, Nuovo Cim. A60 (1969) 47; M. S.
Chanowitz, J. R. Ellis, Phys. Lett. B40 (1972) 397; R. J. Crewther, Phys. Rev. Lett. 28 (1972)
1421; J. Ellis, M.K. Gaillard, D.V. Nanopoulos, Nucl. Phys. B106 (1976) 292; H. Georgi, S.
Glashow, M. Machacek, D. Nanopoulos, Phys. Rev. Lett. 40 (1978) 692; A.1. Vanshten, M.B.
Voloshin, V.I. Zakharov, M.A. Shifman, Sov. J. Nucl. Phys. 30 (1979) 711.

[23] G. Triantaphyllou, Int. J. Mod. Phys. A15 (2000) 265.
[24] ATLAS Collaboration, Phys. Rev. Lett. 115 (2015) 091801.
[25] W.J. Marciano, C. Zhang, S. Willenbrock, Phys. Rev. D85 (2012) 013002.

32


http://arxiv.org/abs/1506.00962

[26] H. Georgi, An. Rev. Nucl. Par. Sci. 43 (1993) 209; J. F. Donoghue, Proceedings of the
International Workshop on Effective Field Theories, Valencia (2009).

[27] J. Wess, B. Zumino, Phys. Lett. B37 (1971) 95; E. Witten, Nucl. Phys. B223 (1983) 422;
E. Witten, Nucl. Phys. B223 (1983) 433.

[28] Y. Nakai, R. Sato, K. Tobioka, arXiv:1512.04924 [hep-ph].
[29] B. Holdom, Phys. Lett. B721 (2013) 290.

[30] ATLAS Collaboration, ATLAS-CONF-2015-081, http://cds.cern.ch/record/2114853;
CMS Collaboration, CMS-PAS-EXO-15-004, http://cds.cern.ch/record/2114808.

[31] R. S. Chivukula, R. Rosenfeld, E. H. Simmons, J. Terning, BUHEP-9507 preprint (1995),
arXiv: 9503202 [hep-ph].

[32] A.V.Manohar, M. B. Wise, Phys. Rev. D74 (2006) 035009; Y. Bai, B. A. Dobrescu, JHEP
1107 (2011) 100.

[33] H. Kleinert, Ann. Phys. 44 (1987) 117; P. Jizba, H. Kleinert, F. Scardigli, Phys. Rev. D81
(2010) 084030.

[34] G. Triantaphyllou, to appear in Eur. Phys. J. Web Conf., ICNFP 2015 Proceedings.
[35] M. Tegmark, Found. Phys. 38 (2008) 101, and references therein.

[36] M. Gell-Mann, J. B. Hartle, Complexity, Entropy, and the Physics of Information (W.H.
Zurek ed.), Santa Fe Institute Studies in the Sciences of Complexity VIII, Addison-Wesley,
Redwood City (1990); ibid., Phys. Rev. D47 (1993) 3345.

[37] I. Licata, D. Fiscaletti, EL J. Th. Phys. 12 (2015) 117.
[38] G. ’t Hooft, EL J. Th. Phys. 12 (2015) 1.

[39] L. Bombelli, J. Lee, D. Meyer, R. D. Sorkin, Phys. Rev. Lett. 59 (1987) 521; D. P. Rideout,
R. D. Sorkin, Phys.Rev. D63 (2001) 104011; A. Mallios, I. Raptis, Int. J. Th. Phys. 40 (2001)
1885; M. Requardt, J. Math. Phys. 44 (2003) 5588; F. Dowker, S. Surya, Class. Quant.
Grav. 23 (2006) 1381; 1. Raptis, Int. J. Theor. Phys. 46 (2007) 3009; L. Glaser, S. Surya,
Phys. Rev. D88 (2013) 124026; M. Cortes, L. Smolin, Phys. Rev. D90 (2014) 044035; C.
A. Trugenberger, Phys. Rev. D92 (2015) 084014; G. Bianconi, C. Rahmede, Phys. Rev. E93
(2016) 032315.

33


http://arxiv.org/abs/1512.04924
http://cds.cern.ch/record/2114853
http://cds.cern.ch/record/2114808

[40] J. Conway, N. Sloane, Sphere Packings, Lattices and Groups, Springer, 1988; G. A. Ka-
batianskii, V. I. Levenshtein, Probl. Inform. Transm. 14, 1 (1978) 1.

[41] K. Akama, Prog. Th. Ph. 60 (1978) 1900; D. Amati, G. Veneziano, Nucl. Phys. B204
(1982) 451. A. Hebecker, C. Wetterich, Phys. Lett. BS74 (2003) 269.

[42] T. Appelquist, M. Schwetz, S. B. Selipsky, Phys. Rev. D52 (1995) 4741.

[43] See for example D. K. Hong, D. H. Kim, arXiv:1602.06628 [hep-ph].

34


http://arxiv.org/abs/1602.06628

	1 Motivation
	2 The Katoptron Lagrangian
	3 The Mirror-Meson Mass Spectrum
	3.1 The Effective Lagrangian
	3.2 Meson Mass Estimates

	4 Mirror-Meson Processes
	4.1 Decay Widths
	4.2 Computing the Cross-Sections

	5 Implications

