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ABSTRACT: A new physics scenario shows that four-fermion operators of Nambu-Jona-
Lasinio (NJL) type have a strong-coupling UV fixed point, where composite fermions F'
(bosons II) form as bound states of three (two) SM elementary fermions and they couple
to their constituents via effective contact interactions at the composite scale A ~ O(TeV).
We present, for the first time for this scenario, a phenomenological study to investigate
such composite particles at the LHC. Using these contact interactions, we compute the
production cross sections and decay widths of composite fermions in the context of the
relevant experiments at the LHC with pp collisions at /s = 13 TeV and /s = 14 TeV. In
particular, we systematically examine all the different composite particles, corresponding
to different flavours of F; and the signatures with which they can manifest, considering
comprehensively the model parameters. We found that there is a vast spectrum of composite
particles F' that could be discovered and have not yet been explored at the LHC. In order
to constraint the model parameters for one specific composite particle F', we consider the
resonant channel pp — et F — ete~qq’, whose cross section has been recently limited by
the CMS Collaboration, we recast this result and find that the composite fermion mass mp
below 4.25 TeV is excluded for A/mp = 1. We further highlight the region of parameter
space where this specific composite particle F' can appear using 3 ab™!, expected by the
High-Luminosity LHC, computing 3 and 5 ¢ contour plots of its statistical significance.
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1 Introduction

The parity-violating gauge symmetries and spontaneous/explicit breaking of these symme-
tries for the hierarchy pattern of fermion masses have been at the center of a conceptual
elaboration that has played a major role in donating to mankind the beauty of the Stan-
dard Model (SM) and possible scenarios beyond SM for fundamental particle physics. A
simple description is provided on the one hand by the composite Higgs-boson model or
the Nambu-Jona-Lasinio (NJL) model 1] with effective four-fermion operators, and on the
other by the phenomenological model of the elementary Higgs boson [2]. These two models
are effectively equivalent for the SM at low energies. After a great experimental effort for
many years, using pp collision data at /s = 7,8 TeV at the Large Hadron Collider (LHC),
the ATLAS [3] and CMS [4] collaborations have shown the first observations of a 125 GeV
scalar particle in the search for the SM Higgs boson [5, 6]. This far-reaching result begins
to shed light on this most elusive and fascinating arena.



Recently, in the Run 2 of the upgraded LHC, studies on /s = 13 TeV pp collision data
are performed by ATLAS and CMS to search for new (beyond the SM) resonant and/or non-
resonant phenomena |[7-11]. These studies are continuously pushing up exclusion bounds on
the parameter spaces of many possible scenarios beyond SM [12-15]. Among these models,
are of particular interest composite-fermion scenarios that have offered a possible solution
to the hierarchy pattern of fermion masses [16, 17]. In this context [18-22], the assumption
is that SM quarks “q” and leptons “¢” are assumed to be bound states of some not yet
observed fundamental constituents generically referred to as preons and to have an internal
substructure and heavy excited states I’ of masses m} that should manifest themselves
at the high energy compositeness scale A. Exchanging preons and/or binding quanta of
unknown interactions between them results in effective contact interactions of SM fermions
and heavy excited states. While different heavy excited states have been considered in
literature [23-25], below, we take as a reference the case of a heavy composite Majorana
neutrino, Ny, for which the interaction Lagrangian would be (g«/A)2qry,qrNevulr. Its
theoretical studies and numerical analysis have been carefully elaborated in |26, 27]. More-
over, an experimental analysis of /s = 13 TeV pp collisions at the LHC of the process
pp — €Ny — llqq of the dilepton (dielectrons or dimuons) plus diquark final states has
been carried out by the CMS collaboration [28| excluding the existence of Ny for masses up
to 4.60 (4.70) TeV at 95% confidence level, assuming my, = A.

In this article, we present phenomenological studies of new composite states according
to a scenario recently proposed in Refs. [31, 32| that relies on the four-fermion operators
(interactions) of the NJL type and has escaped the spotlight of the LHC searches so far.
The four-fermion interactions beyond SM considered in this new model are motivated by the
theoretical inconsistency [29] between the SM bilinear Lagrangian of chiral gauged fermions
and the natural UV regularization of unknown dynamics or quantum gravity, that implies
quadrilinear four-fermion interactions (operators) of the NJL type, or Einstein-Cartan type
[30], at high energies. On the basis of SM gauge symmetries, four-fermion operators of SM
left- and right-handed fermions (¢1, ¥ r) in the charge sector “Q;” and flavor family “ f” can
be written as

> G lelulelv]]

f=123

(1.1)

Qi:01_172/37_1/3.

From the point of view of an effective theory, these effective operators are attributed to the
new physics at the high energy cutoff Acyt.

The effective coupling G (1.1) has two fixed points: (i) the weak-coupling infrared (IR)
fixed point and (ii) the strong-coupling ultraviolet (UV) fixed point. In the scaling domain
of IR fixed point of the weak four-fermion coupling G at the electroweak scale v =~ 239.5
MeV, effective operators (1.1) give rise to SM physics with tightly composite Higgs particle
via the NJL mechanism, and also offer possible solution to the hierarchy pattern of fermion
masses [31, 33]. In the scaling domain of UV fixed point of the strong four-fermion coupling
G at the composite scale A ~ O (TeV), composite fermions (bosons) form as bound states
of three (two) SM elementary fermions and they couple to their constituents via effective
contact interactions |32, 34].



We focus on the composite particles arising from four-fermion operators of NJL type,
with massive (mp) composite fermions F }J; ~ 1/1112 (1@; 7 (bound states of three SM fermions)
and massive (my) composite bosons I/ ~ (@é@b{) (bound states of two SM fermions)
forming in the scaling domain of a UV fixed point of the strong four-fermion coupling G at
the composite scale A 2 mp 2 my [32, 35]. The effective coupling between the composite
fermion (boson) and its constituents is given by the following contact interaction, which
describes composite particle F/ (IIf) production and decay:

(/M) (DIYIYFT + hee., (1.2)
(Fi/A)2 (@I 5 + hee., (1.3)

where (g./A)? is a phenomenological parameter, and one can chose g2 = 47 so that 47 /A2 is
a geometric cross-section in the order of magnitude of inelastic processes forming composite
fermions (Fig. 1). Whereas, (Fi1/A)? is the Yukawa coupling between composite boson
(Fig. 2) and two fermionic constituents, and (g./F1)? relates to the form factor of composite
boson. The composite fermion is in fact a bound state of an SM fermion and composite
boson, namely F }J; ~ %J;Hf . The composite scales A and Fpy can only be experimentally
determined like the electroweak scale v. The composite-fermion (-boson) mass mpg, m o< A
and the proportionality is of the order of unity.

Analogously to composite-fermion scenarios mentioned above where new particles orig-
inate from preons (for more details see Refs. [16-25]) the present scenario in the domain of
UV fixed point has two model-independent properties that are experimentally relevant: (a)
the existence of composite fermions; (b) the existence of contact interactions, in addition to
SM gauge interactions, which represents an effective approach for describing the effects of
the unknown internal dynamics of compositeness. However, the present scenario is not only
conceptually, but also consequently and quantitatively rather different from the previous
composite-fermion scenarios. In fact, the composite fermions are formed as bound states
of SM fermions, not preons, by strong four-fermion interactions of SM fermions at high en-
ergies and they further have different contact interacting processes. Therefore, it deserves
more detailed phenomenological studies to reveal new features of the present scenario that
are relevant to LHC experiments. This is the aim of this article and we find that the model
foresee a large number of new composite particles that could appear in signatures not yet
investigated and hence of great interest for the ongoing LHC physics program related to
searches of physics beyond SM.

The model parameters in Egs. (1.2) and (1.3) are unique for all SM fermions f and
composite fermion F' and boson II together with their interacting channels and we aim
to study them for detailing the complete phenomenology of F, for all the corresponding
flavours “f”. In Sec. 2 composite fermions’ constituents and effective contact interactions
among them are discussed considering the model in Eq. (1.1) with contact interactions of
Eqgs. (1.2) and (1.3). The production cross sections and decay widths of these composite
fermions are calculated in Sec. 3, while in Sec. 4 the search for F', for all its flavours, is
outlined deriving the final states and their topology that are relevant for its discovery at the
LHC. It turns out that there is a wide range of new physical states that deserve dedicated



Operator Composite fermion Fr ~ Composite fermion F;,  Composite boson II

(7 er)(dfura) EY ~ er(dhura) B} ~ ép(ufdra) IT* ~ (dhura)
(ervy)(uhdra) Np ~ VR(URdLa) Ny ~ v (dhura) I ~ (ugdra)
(erer)(dpdra) Ey ~ er(didra) Ef ~ép(d}dra) Iy ~ (d%dra)
(Pivg)(URuLa) NI% ~ VR(uRuLa) NY ~ 76 (4 uRy) o~ (WRura)

Table 1. Four-fermion operators in Eq. (2.1) and possible composite fermions F' and composite
bosons II. The color a index is summed.

searches at the LHC in order to investigate the entire phase space in which F' can manifest.
In Sec. 5, we take advantage of the aforementioned heavy composite Majorana neutrino
N experimental studies [26, 27] in the channel pp — Ne™ — e e qq’ to determine some
constraints on the model parameters. We further compute 50 contour plots of the statistical
significance and highlight the region of parameter space where F' can appear in the same
channel using 3 ab™!, as an example of the sensitivity to this model for a particular flavour
of F'. Finally, we summarize the work with some closing remarks in Sec. 6.

2 Four-fermion operators and contact interactions

In this section we describe the four-fermion operators and contact interactions that are
relevant for the study of the phenomenology of the composite fermions at pp or ep collisions,
including the LHC, which will be detailed in Sec. 3.

2.1 Composite fermions F'

We consider, among four-fermion operators (1.1), the following SM gauge-symmetric and

fermion-number conserving four-fermion operators,

G [(EiLeR)(JaRwLia) + (ZiLV}e%)(ﬂg%wLia)] + h.c., (2.1)
G | (W dr) (dfbria) + (Bfum) @hvsia)| +he., (2:2)

being the SM doublet ¢ = (v, er,) and singlet e with an additional right-handed neutrino
v, for leptons; ¥riq = (Urq,dre) and uf, dy for quarks, where the color a,b and SUL(2)-
isospin ¢ indexes are summed over. Equation (2.1) or (2.2) is for the first family only, as
a representative of the three fermion families. The SM left- and right-handed fermions are
mass eigenstates, their masses are negligible in TeV-energy regime and small mixing among
three families encoded in G is also neglected [31].

In Egs. (2.1) and (2.2), each four-fermion operator has the two possibilities to form
composite fermions, listed in Table 1 and 2. Up to a form factor, E (N) or D (U) indicate
a composite fermion made of an electron (a neutrino) or a down quark d (an up quark
u) plus a color-singlet quark pair II, and its superscript for electric charge. In Eq. (2.1),
there are four independent composite fields F: E%, N ns ER, N}% and their Hermitian
conjugates: E9 = (E%)Tv0, N = (Ng)0, Ef = (Ex)"0, N = (N%)Ty. Analogously,



Operator Composite fermion Fg

Composite fermion F;,  Composite boson IT

(trpdry)(dfura) D?%S ~ drp(d%urLq)
(d buRb)(uRdLa) U};bl/fi ~ uRb(a%dLa)
(desdm)(dhdra) — Dy'® ~ din(dhdLa)
(u )(UhuLa)

2/3 N
LbURb URb ~ uRb(uaRuLa)

D" ~ dpy(ihdya)
U ~ apy(dyura)
Dy} ~ dpy(d dra)
3/8

H+ ~ (CZ%'LLLG)
('L_L%dLa)
( dLa)
~ (Wkura)

~ Urp (a%uRa) uRuLa

Table 2. Four-fermion operators (2.2) and possible composite fermions F. The color a index is

summed.

composite fermions Fr constituents charge Q;

=Y +t4, SUL(2) 3-isospin t§; Uy (1)-hypercharge Y

E% €R (Ci%u[‘a)
Ng vi(UkdLa)
Eg (deLa)
Np Vi (UgtLa)

0 1/2 ~1/2
-1 ~1/2 ~1/2
-1 ~1/2 ~1/2
0 1/2 ~1/2

Table 3. Composite fermions Fg, their

constituents and SM quantum numbers.

composite fermions Fr constituents charge Q; =Y + 4, SUL(2) 3-isospin t5; Uy (1)-hypercharge ¥
D} dpy(d%ure) 2/3 1/2 1/6
Up'® wrp(0%dLq) ~1/3 —1/2 1/6
Dy,/? drp(d%dre) ~1/3 ~1/2 1/6
U® wrp (U5 L) 2/3 1/2 1/6

Table 4. Composite fermions F'g, their

composite bosons II constituents charge Q; =

constituents and SM quantum numbers.

Y +t4; SUL(2) 3-isospin ty; Uy (1)-hypercharge Y

I+ (d%urg) +1
I1- (ﬂ%dLa) —1
I (d%dra) 0
Hg (a%ul,a) O

1/2 1/2
~1/2 ~1/2
~1/2 1/2

1/2 ~1/2

Table 5. Composite bosons II%*, their

constituents and SM quantum numbers.

in Eq. (2.2), there are four independent composite fields F: D?{ag, Up, al / 3, D;zi/ 3, UIQ%/ 3 and
their Hermitian conjugates: DES/S = (D 2/3) Ul/3 = (UR1/3) Y, Di/ag = (Dp 1/3) Y0,

o2

= (U2/3) 0. They carry SM quantum numbers tt;,Y, and Q; = Y + t4;, which

are the sum of SM quantum numbers (L‘3 1. Y, Q;) of their constituents, i.e., the elementary
leptons and quarks in the same SM family [32], listed in Table 3 and 4, so that the contact
interactions in Eq. (1.2) are SM gauge symmetric.

The contact interactions for the production and decay of a composite fermions F' are:

LE = Ve + Vi (2.3)



Figure 1. A lepton ¢, two quarks ¢ (u-type) and § (d-type) form a composite fermion F via
the contact interaction (dark blob) Pp g(g92/A?), where P r = (1 Fv5)/2. The thin solid line
represents an SM elementary fermion, and the thick double line represents a composite fermion F'.
By a crossing symmetry applied to the lepton line £ — ¢t (dashed line) the same diagram describes
a 2 — 2 production process qg — (1 F.

Figure 2. We show the Feynman diagrammatic representation for the contact interaction between
the composite boson and its constituent quarks, where the thin solid line represents an SM elemen-
tary fermion, double wave line represents a composite boson, and the blob represents an interacting
vertex (FH/A)QPL’R.

In the case of Eq. (2.1) and Table 1,

Vio = gf*(E%eR)(J%uLa), pp or ep — E'geR, (2.4)
Vit = —(Nfz/ﬁ)(ﬂ‘}{dm), pp or ep — NZV%, (2.5)
Vii = L (Efeg)(dnd Ef 2.6

o (Efer)(ddra), pporep— Ejer, (2.6)

Vyo = 25 (NS (ahura), pp or ep — NOVS, (2.7)



and their Hermitian conjugates,

In the case of Eq. (2.

Vi = L (6 B hdar), E% — ep(hdar),
Vi = L (0 Ny ) (dhar), N — 75 (duar),
Vi = T (@ Er)(didra), Er — ern(didra),
Ve = LGN (@una), N — 75 (@ una).

2) and Table 2

2
Vp-2/3 = %(D_z/Sde)(dRuLa) pp — Dy, / dRas

2 —_ —
Vois = %(Uéé?’uRb)(ﬂaRdLa); pp — UL/ISURa,
VD1/3 - F( 1/3de)(deLa) pp — D[{ilngaa
Vi-2/3 = %(U ) (@hura);op — U um,

and their Hermitian conjugates,

Vs =% (dLbDQ/?’)(uRdLa) D3 = dpy(udra),
i 93‘(@ U\ (dura); Und 2= Gy (dbura),
U-1/3 — AQ LbY Ry RYLa)s Y Ry Lb\URULa
VT

9* _ 2/3
V[T]Q/S A2 (uLbUR{) )(uLuRa) UR{) — ULb(ULURa)

b= o 9 (D) @ s Dt sl ),

(2.10)

(2.11)

(2.12)
(2.13)
(2.14)

(2.15)

(2.16)
(2.17)
(2.18)

(2.19)

These are relevant contact interactions for phenomenological studies of possible inelastic

channels of composite-fermion production and decay in pp or ep collisions.

2.2 Composite

From the four-fermion interaction in Eq. (2.1) or

bosons

bosons 10+

I = (¢*/Fn)*(d%ura), T~ = ()T,
19 = (¢ /Fin)*(d%d1a),
19 = (¢*/Fn)*(thura),

(2.2), it is possible to form composite

(2.20)
(2.21)
(2.22)

and their Hermitian conjugates. Such normalized composite boson field has the same di-

mension [energy] of elementary boson field. The composite boson carries the quantum

numbers that are the sum over SM quantum numbers of its two constituents, see Table 5.



Figure 3. We show the Feynman diagrammatic representation for the contact interaction between
the composite fermion and boson, where the thin solid line represents a SM elementary fermion,
the double solid line is a composite fermion and the double wave line represents a composite boson
and the blob represents an interacting vertex (Fii/A)2Py g.

These are pseudo composite bosons TI%*, analogous to charged and neutral pions 7%% in

the low-energy QCD.

As shown in Fig. 2, the effective coupling between composite boson and its two con-
stituents can be written as an effective contact interaction,

L8 = g, (dhura)I™ +hec., (2.23)
0 _

Lef = gy (dydpa)Ty +hec., (2.24)
0

ey = gy (@hupa)I + hic., (2.25)

where g, = (Fi1/A)?. Appropriate normalizing the composite boson IT with the form factor
(g% /F1)? in Egs. (2.20-2.22), the effective contact interaction in Egs. (2.23-2.25) can be
expressed as a dimensionless Yukawa coupling g,,, whose value, corresponding to Fy; value,
can be different for composite bosons in Eqs. (2.20-2.22), but we do not consider such
difference here.

2.3 Contact interaction of composite fermion and boson

In the view of the composite fermion being a bound state of a composite boson and an SM
fermion, using composite-boson fields in Eqgs. (2.20-2.22), we rewrite VT in Eqs. (2.8-2.11)
as follow,

Vi = g (@B, E% — e It (2.26)
Vi =g, B NI, Np — il (2.27)
Vi = g.( 9, Ej — eI, (2.28)

( (2.29)



and their Hermitian conjugates V in Eqs. (2.4-2.7), as shown in Fig. 3. In the same way,
we rewrite VT in Eqgs. (2.16-2.19) as follow,

Vs = g (deDY*, Dy = dpirt (2.30)
Vi = g (U "Hme, Ut o gt (2.31)
Vi e = 9o (dDRPmY,  DR'* s apny (2.32)

Vi = gy (@U S, UY — ur I, (2.33)

These contact interactions in Egs. (2.26-2.29) and (2.30-2.33) imply that composite fermions
F: ER, Ng, Eg, N% and F": D2/3 Ugl/?’, D;l/?’, UIQ%/3 can decay into composite bosons IT+
and I1°, which decay then to SM fermions, following the contact interactions in Eqgs. (2.23-
2.25) at the leading order of tree level. However, we shall consider other decay channels
at the next leading order, such as neutral composite boson decay to two SM gauge bosons

H?L’d—> G+

2.4 Contact interaction of II° composite boson and gauge bosons

Analogously to 7 — 77, the massive Hgﬂ 4 composite boson can also decay into two gauge
bosons [32] :

I, — 77, (2.34)
I, — v2°, (2.35)
g, — 2°2°, (2.36)
HO a - Wrw, (2.37)
via the contact interaction
1o 99'Ne P
Ler = D2 prap a0 AM)(07 AT (2.38)

i=u,d

where g and ¢’ represent the couplings of gauge bosons A* and A’ to the SM quarks u and
d with different SUL(2)-isospin i = u, d. Actually, this effective contact interaction (2.38) is
an axial anomaly vertex, as a result of a triangle quark loop and standard renormalization
procedure in SM.

3 Phenomenology of the composite fermions in pp collisions

In this section we study the phenomenology of the composite fermions in pp collisions. We
first outline its production and decay mode and then calculate its cross section and decay
width. This study leads us to the discussion on the search for F' that will be discussed in
the next section.



3.1 Production and decay of F

As already specified in Sec. 2, the composite fermion F' can be

E (E°,E° E=,E™),

N (N°,N° N—,N*)

D (D2/3,D*2/3,D*1/3,DH/3)

U (U_l/g,U+1/3,U2/3,U_2/3), (3'1)

where E, N, D, U stand for the charge sector Q = —1,0,—1/3,2/3 respectively, and the
corresponding composite fermions of the higher generation of families in the SM.

The kinematics of the processes is derived in the center of mass frame of pp collisions
and virtual processes of F are not considered. If the energy /s in the parton center of mass
frame is larger than composite fermion masses, the following resonant process can occur:

pp = [ F (3.2)

where the Standard Model fermion f is produced in association with the corresponding
composite fermion F. We note that f in Eq. (3.2) can be e, v, u,d, and the corresponding
Standard Model fermions of the higher generation of families. The kinematics of final states
is simple in the center of mass frame of pp collisions. If we neglect the quark-family mixing,
the previous process can manifest at parton level as:

ud — et EY or Nt or JDQ/B’,
ud — e E° or vN~ or aU~'/3,
dd — e"E~ or e ET or JD‘l/?’,

wii — vN° or vN° or aU?/3.

S Ot = W
D — T

(3.
(3.
(3.
(3.

The composite fermion F' can decay through two different channels: f plus two quarks,
via the interactions in Eqgs. (2.8, 2.9, 2.10, 2.11) and Eqs. (2.16, 2.17, 2.18, 2.19); or f plus a
composite boson II, via the interactions in Eqgs. (2.26,2.27,2.28,2.29) and Egs. (2.30,2.31,2.32,
2.33), where f indicates a fermion that is the antiparticle of f. Then the composite fermion

F decays as:
F — fad, (3.7)
F — fu%*,
The full decay chain is:
pp — fF — ffad, (3.9)
pp — fF — ff %%, (3.10)

It appears clear, considering all the possible flavours of f and F, that a large range
of final states is possible. The cross section of the process pp — fF', the decay branching
ratios of F', and the final states and their topologies are discussed below.

~10 -
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Figure 4. (Color Online). On the left panel, we show the production cross section of pp — fF
as a function of mp for the case mp/A = 0.8 and at a center of mass energy /s = 13 TeV. The
solid red line represents the results of an analytical and numerical calculation based on Egs. (3.11)
and (3.12) and the filled circles (black) represent the results from our implementation of the model
in CalcHEP. We find good agreement. On the right panel, we plot the decay width of composite
fermion F' as a function of its mass mp for the case mp/A = 0.8. Again, we observe a good
agreement between the expectation from a CalcHEP simulation and the analytical result based on
Eq. (3.13).

3.2 Cross sections, decay widths and branching ratios
3.2.1 Cross sections

The partonic cross section of ¢¢/ — fF is calculated by standard methods via the contact
interaction in Egs. (2.4-2.19),

" 1 (g2\* (5—m})?
_ 9 3.11
Hlame) = 5 ( A2> o (3.11)

where v/ stands for the parton center-mass-energy of pp collisions in LHC experiments.

We consider the production cross sections for the composite fermions F' in pp collisions
expected at the LHC collider according to Feynman’s parton model. The QCD factorization
theorem allows to obtain any hadronic cross section (e.g. in pp collisions) in terms of a
convolution of the hard partonic cross sections &, evaluated at the parton center of mass
energy /5 = /Ts, with the universal parton distribution functions f,(z, Q) which depend
on the parton longitudinal momentum fractions x, and on the factorization scale 0:

o= Z/dT ® i, 015, 06 (s, m). (3.12)

The factorization and renormalization scale Q is generally fixed at the value of the mass that
is being produced. The parametrization of the parton distribution function is NNPDF3.0 [36]
and the factorization scale has been chosen as Q =mpg.

The right panel of Fig. 4 shows the agreement between analytical calculations based on
Egs. (3.11) and (3.12) for the case of the composite fermion F', and the results of simulations

— 11 —



with CalcHEP where the model with four-fermion interactions has been implemented. We
remark the quite good agreement that validates our model implementation in CalcHEP.

3.2.2 Decay widths

Analytical calculations, in the similar way as the first term in Eq. (5) of Ref. [26], yield to
the width of the 3-body process F — fqq'

o gf 2 m%
D3 body(F' — fqq') = <A2> 1 (87)° (3.13)
Note that at TeV energy scales, composite fermions are massive (mp) Dirac fermions,
whereas all SM elementary fermions are treated as massless Dirac fermions of four spinor
components, consisting of right- and left-handed Weyl fermions of two spinor components.
Alternatively, the decay width I'r has also been evaluated via CalcHEP, and numerical
results are completely in agreement with analytical one in Eq. (3.13), see the left panel of
Figure 4.

The decay width of the composite fermion F in the process F' — fII can easily be
computed from the effective contact lagrangian in Eqgs. (2.26-2.33)

_ 1 Fl% 2 m% 2
and the total width is
Liot(F) = T(F — fII) + s _poay(F — faq'). (3.15)

The decay width of the II boson to two quarks is simply calculated by using the effective
contact Lagrangian in Eq. (2.23) and (2.24),

' — qq) = 3 <FH)4 mii. (3.16)
160 \ A

For the case that II equals to I or I~ composite boson, IT — q¢’ of Eq. (3.16) is the only

decay channel, see Egs. (2.20) and (2.23). The H?L’ 4 composite bosons, instead, can also

decay to two gauge bosons GG’ (2.34-2.37), according to the contact interaction (2.38), the

corresponding decay widths are [32] :

5\ 2
FHzOL,d*)'Y'Y — (9) F, (317)
1 1 5. 2
anydﬁvzo = 228, (2 - §81n2 0W> r, (3.18)
1/2—sin? Oy +(5/9) sin’ O\

Tno z0z0 = /2-sin .W2 (5/9) sin” 6w T, (3.19)

u,d sin” 20y,

1 2

o wiw- = (8811129”/) L, (3.20)
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where Oy is the Weinberg angle,

3
po (oM ), (3.21)
3 64 ’ ’

and the number of colors N, = 3. Total decay rate I'***(TIY , — G@') is the sum over all
contributions from Egs. (3.17-3.20). The total I1% ,-decay rate reads

Lrot(ILy 4) = T 4 — qq') + T 4 — GG, (3.22)

where I'(IIY — ¢¢’) is given by Eq. (3.16). Based on these results, we calculate the exact
branching ratios of different channels for different parameters of the model.

3.2.3 Branching ratios
The branching ratios of the Hg’ 4 decay to two quarks qq’,

I(IT, 4 — q4')

B , — q¢) = , 3.23
and the Hg,d decay to two gauge bosons GG,
B , — GG G g ich (3.24)
— g 2 . .
i Ftot(ﬂgd)
Whereas, the branching ratios of the composite fermion F' decay to fII,
I'(F — fII)
B(F — fll) = ————= 3.25
( f ) Ftot(F) ( )
The branching ratios of the direct decay F — fqq/,
s L3 body (F — faq')
B(F — ' direct) = Y , 3.26
(F — faqq ) Toor () (3.26)
and indirect decay F — fII — fqq/,
. . [(F — flI
B(F — fll — fqq') = L = 1) BI — qq'). (3.27)
Ftot(F)

The sum of these two branching ratios gives the total branching ratio B(F — fqq') of F
decay to fqq,

B(F = fad') = Teh(F) [T ouy(F > fad)
+ I'(F — fII) B(IT — qq)|. (3.28)
For the case IT*, B(II* — g¢') = 1. For the case I1° ,, B(II? , — q¢’) is given by Eq. (3.23),
and the branching ratios of decay F' — fﬂg qa = fGGQ is given by

T(F — fII ;)
Ftot(fp)
x B(IIY ; — GG). (3.29)

B(F — fII, ; — fGG') =
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As a result, the cross sections of these processes are:

olpp— fF — ffad) = o(pp — fF)
x B(F — fqq'), (3.30)

and

olpp = fF — ffGG') = o(pp — fF)
x B(F — fII|, ; — fGG).
(3.31)

All channels of composite fermion F' production and decay give the same results at this
level of approximation by using contact interactions only.

For the processes with the eTe gq’ final state in pp collisions, the total cross section is
approximately given by

olpp—eteqf) =~ o(pp — e"E%) x B(EY — e ad)
+ o(pp — e E°) x B(E® = e ud)
+ o(pp = e"E7) x B(E™ — e~ dd)
+ o(pp—e ET) x B(Et —etdd), (3.32)
and the total width is
Liot(F) = T(F — e*1I) + Ds_pogy (F — et qq’). (3.33)

The calculation of these quantities will be given in the next sections.

4 Search for F at the LHC

After having discussed the production and decay of F' and its cross-section, width, and
decay branching ratio, we now examine these results in terms of parameters of the model
and derive the possible final states and their topologies, highlighting their impact to the
current program of beyond SM searches at the LHC.

4.1 Branching ratios and topology of F' with respect to model parameters

In order to present the branching ratios of different possible channels in terms of parameters
of the model, we are bound to discuss physically sensible parameters to explore. This model
has four parameters that can be rearranged to three dimensionless parameters for a given
A value: (A, mp, Fii,mn) — (mgp/A, Fru/mmo, mn/mr).

The ratio mp/A < 1 (mpg/A < 1) of the composite fermion (boson) mass and the
basic composite scale A gives us an insight into the dynamics of composite fermion (boson)
formation. In addition, as the parameters mp and Fpy represent the same dynamics of
composite boson formation we use the Frr/miy ratio. Finally, to take into account the
feature that a composite fermion F' is composed by a composite boson and an elementary
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Figure 5. (Color Online). The branching ratios of FF — fqq’ and F — fII (left column),
II — q¢’ and IT — GG’ (center column), and the full decay chains F — fq¢', F — fII — fqq', and
F — fII — fGG' (right column) are plotted with respect to the ratio my/mp and for the values
of mp/A = 0.8, Fii/ mp = 0.8 (the 1st row), Fii/ mpg = 5 (the 2nd row), Frr/ mp = 15 (the 3rd

row)

SM fermion, we adopt the ratio my/mpg < 1 as a parameter. As a result, for given /s and
A values, we have three parameters mp/A, Fi1/mi, and my/mp to represent the results
of the possible branching ratios. Figure 5 shows three sets of plots for the branching ratios
of F — fq¢' and F — fII (left column), II — ¢¢’ and II — GG’ (center column), and
the full decay chains F — fq¢', F — fIIl — fqq', and F — fII — fGG' (right column).
These branching ratios are plotted with respect to the my/mp ratio and for the values of
Fri/ mpp = 0.8, Fii/ mp = 5, Fii/ myp = 15. Note that the branching ratios of F' — fqq’ and
F — fII (left column) do not depend on mp/A, which can be seen from Egs. (3.13,3.14)
and (3.15). For the II* decay, the channel (3.16) is unique, so the branching ratio is one,
independent of mp/A. Whereas the Hg’d decays also to G'G, see Eqs. (3.23) and (3.24), and
the branching ratio depends on mp/A. However, in the regime of mr/mp we consider, the
branching ratio of H?L’ 4 — G'G is very small and negligible, compared with the branching
ratio of H?L, 4 — d'q. Therefore, our results of branching ratio of F' decay presented in Fig. 5
are independent of the parameter mp/A. As a result, regarding the branching ratio and
topologies of F' decay, the model effectively depends only on two parameters Fij/my and
mi/mp. However, the cross section of F' production depends on the parameter mp/A, as
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Fu/mn mn/mp Channel Resonances Topology Experimental features
15 [~0.2,~ 1]fF — f(fI) = f(f(q¢")) F,II  Resolved w/ II — ¢q'identification of IT and F
<02 fF— f(fll) = f(f(q¢")) F, 10 Boosted identification of F
II large-radius jet:
2-prong, no V boson tag
<038 [0,1] fF — f(fqd) F Fully resolved same of Fri/mp = 10

qq
qq

Table 6. Summary of the relevant channels where F' can decay considering two complementary
values of Fr;/mp and the ranges of my/mpg that correspond to different topologies of F. Similar
considerations on the channels where F' can decay and its topology apply to all values of Frr/mi,
depending on the value of Fiy/mi, the value of my/mp, and the branching ratios of F' — fqq direct
and F' — fII — fqq indirect.

indicated in Eq. 3.11.

In Fig. 5, it is shown that the branching ratios F' — fqq direct (3.26) and F — fII —
fqq indirect (3.27) tend to swap each other for different values of Fj/my. Increasing the
coupling Fiy (and the ratio Fiy/myy) of composite boson II to its two constituents (¢q), see
contact interactions (2.23,2.24,2.25), the branching ratios F' — fII — fqq indirect (3.27)
becomes dominant over the branching ratios F' — fqq direct (3.26). We thus consider two

reference cases of Fij/miy:

(i) Fir/mn S 0.8 where F' — fqq direct dominates. We have verified that for the value
0.8 the direct production dominates by at least a factor 10 over the production with
the II for all values of m/mp.

(ii) Fri/mm 2 5 where FF — fII — fqq indirect (3.27) becomes relevant for all values
of mp/mp and dominates above mp/mp >0.2 over F — fqq direct. We notice
from Fig. 5 that as Fyy/my increases above 15, the decay F' — fII — fqq indirect
dominates over all possible decays for all values of m/mp.

The expected topologies related to the phenomenology of F' are summarized in Table 6,
considering the two complementary cases of Fii/my < 0.8 and Fij/mp > 15. These cases
are representative of the topology of F' in all the phase space, including the intermediate
region 0.8 < Fy/mp < 15, in which the decay F' — fqq direct or F' — fII — fqq indirect
dominates depending on the specific value of Fij/my considered. To this purpose we provide
in Appendix A the total decay branching ratios corresponding to Fig. 5 (right column) for
values of Fri/my between 1 and 14, increasing in step of 1. We further outline that the
value 0.2 for my;/mp that separates the boosted from the resolved topology when F' decays
through a II is indicative and may vary based on the mass of F'. We have verified, using
CalcHEP, that for a mass of F' of 1 TeV, the two quarks decaying from the II originating
from F' are indeed within a AR(q,7') below 0.8, which determines the cone size of a large-
radius jets suitable for boosted jet at the LHC experiments. For a mass of F of 7 TeV
instead, the value 0.2 is lowered to 0.15 to guarantee AR(q,q’) < 0.8, as for higher masses
of F' its width increases.

So far we have presented the studies relying on the first SM generation, i.e. consid-
ering the electron flavour of F' (F' = E). However, these discussions and calculations are
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F Topology Final state LHC searches Features not exploited in LHC searches

e E Fully resolved et (eTqq) [28, 46] E identification
Resolved w/ I — q¢'  e*(e¥(qq')) [46, 50] E,TI identification
Boosted eteFJ [28] 2-prong, no V boson tag, boosted II decay
uw M Fully resolved wE(uFaq) [28, 46] M identification
Resolved w/ T — q¢’  pu*(u¥(qq)) [46, 50] M, 11 identification
Boosted prpTJ [28] 2-prong, no V boson tag, boosted II decay
T T Fully resolved T (1%qq) [47] T identification
Resolved w/ I — q¢' 7+(rF(qq")) [47] T, 1I identification
Boosted TErF T n/a
v N Fully resolved v(vqq) [48, 49] N identification
Resolved w/ I — q¢'  v(v(qq’)) [48, 49] N, 1I identification
Boosted vvd [53] 2-prong, no V boson tag, boosted II deacy
j J Fully resolved Jj(ied") n/a
Resolved w/ I — q¢'  j(j(qq")) n/a
Boosted jjJ n/a
c C Fully resolved c(cqq’) n/a
Resolved w/ 1T — q¢'  ¢(c(qq’)) n/a
Boosted ced n/a
b B Fully resolved b(bqq") n/a
Resolved w/ II — q¢'  b(b(qq")) n/a
Boosted bbJ n/a
t T Fully resolved t(tqq) n/a
Resolved w/ I — q¢'  t(t(qq")) n/a
Boosted ttJ n/a

Table 7. List of all the signatures foreseen by the model for the different flavours of f, F', their
topology and final states. In the table “;j” indicates any reconstructed jet that originates from
a u,d,s quark and “J” a large-radius (cone-size of 0.8) jet that is reconstructed from 2 quarks
produced with low angular separation. The notation w/II indicates the decay of F' through a II.
The LHC searches for these signatures are reported along with some comments on the features that
are typical of this model and have not been exploited in the referenced LHC searches. In the table,
"n/a" indicates the case in which an LHC search interesting the corresponding final state has not
been found.

straightforwardly generalized to the second and third SM generations, and in the text we
keep the general notation F' instead of E. At the leading order of only contact interactions
being taken into account, the formulae of cross-sections, decay rates and branching ratios
of the second and third generations are the same as those of the first generation, how-
ever composite fermions F' and their productions, decay channels and rates are different,
depending on the values of their parameters mp, mpg and Fi, which vary from one SM
generation to another. The reasons are that the effective couplings ~ ¢g2/A% and ~ g, of
contact interactions can be different, due to the modifications from the flavor mixing and
gauge interactions. However, we neglect these modifications in this article, and expect the
variations of masses mg, myy, decay constant Fir to be small. In this sense, there are two
basic parameters Fi1/m and my/mp for each SM generation to be determined by different
channels and their topologies in LHC experiments discussed in next sections.
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4.2 Signatures to search for F' at the LHC

We now summarize on the possible signatures with which F' can manifest at the LHC.
We remark that F' can have the different flavours corresponding to the Standard Model
flavours of f and the fact that these particles are not necessarily mass degenerate. This
implies that they can have different masses with which they can appear within the energy
reach of the LHC, and thus they have to be searched for independently. Based on the
flavours of f, we expect 8 different final states to be investigated for the pair fF produced
in the process pp — fF, which are: e, uM,7T,vN, jJ,cC,bB,tT. Here, we consider one
single channel (vN) for all the v neutrinos of the Standard Model and one single channel
(J) for the u,d,s quarks. We notice that the flavour ¢C is taken separately, because of
the improving performances in c-tagging algorithms at the LHC ([54, 55]) and dedicated
searches for new physics with ¢ quarks in the final state ([56, 57]). Moreover, we distinguish
the three topologies (resolved with and without IT and boosted) explained in the previous
paragraph, so that we have in total 24 different signatures that have to be considered in
order to pursue a comprehensive search of F'.

In Table 7 we outline these signatures based on the flavours f and F', the possible
topology, the corresponding final states, and the LHC search that, to the best of our knowl-
edge, could be more sensitive to searching for F'. In the last column, we further report on
features of F' and its decay that have not been exploited directly in the cited LHC searches
and could be used to improve possible future searches dedicated to F. We especially re-
mark that the F' quark flavours appear to be completely unexplored yet and we urge on
the importance of carrying out specific analyses at LHC to investigate it. This is certainly
noteworthy and can have a relevant impact on the beyond the SM physics program of the
LHC.

We notice that, despite possible and with a peculiar signature, the channel fF —
F(fII) = F(f(GG")) is negligible since the decay II° — (GG') is only relevant for Fiy/ my =
0.1 when, however, the decay F' — f(II) has a branching ratio close to zero. Because of
this we do not include this case in Table 7 and we point out that this case would become of
interest in the case F' is found in one of the possible signatures mentioned above, to study
the nature of the new particle.

We put emphasis on the case of the composite fermions F = N N° N*, N~ for the
final state vvqq’, where v stands for the pairs of the SM left-handed neutrino v§ and/or
sterile right-handed neutrino v, as the latter is a candidate of dark-matter particles.

Finally, we acknowledge that the final state ffqq' is relevant for a wide range of the
parameter space of the model and thus will consider it in the next section and, in particular,
the case of f = e and F = F to derive limits on the model parameters based on existing
LHC results.

5 Bounds on the model parameters

In this section we provide a discussion of the bounds of the model parameters taking as a
reference the case I' = E and the final state eeqq’ that has been shown to be sensitive to a
wide portion of the parameter space of the model in the previous section. For this purpose,
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Figure 6. (Color Online). Recast of the experimental upper limit on o(pp — eeqq’) published in
[28] against the model of composite fermions studied in this article. The dotted line (solid green
line) is the 95% C.L. observed (expected) upper limit on o(pp — eeqq’) as reported in [28]. The
solid line (red) is the theoretical expectation from the model described in this work as given by
Eq. (3.32) for the case mp/A = 1, the dashed lines (orange) are the theoretical expectation from
the model for the cases A =6, 9, 12 TeV. If mp/A = 1 one obtains that the composite fermions of
this model are excluded up to masses m% ~ 4.25 TeV.
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Figure 7. (Color Ounline). Recast of the experimental upper limit from [28] (dashed line) and the
predicted contour curve at a 5-level statistical significance (solid line) in the 2-dimensional parameter
space (A, mp). The shaded region denotes unphysical values of the parameters (A < mpg).
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we recast the 95% confidence level (C.L.) experimental upper limit on o(pp — eeqq’) using
a recent analysis [28] of 2.3 fb~! data from the 2015 Run II of the LHC by the CMS
collaboration with respect to the predictions of the model of composite fermions discussed
in this article. Note that both electrons and positrons are collected in the final states
of eeqq’, electrons and positrons are not distinguished in the data analysis. For the case
mp/A = 1 one obtains that the composite fermions of this model are excluded up to
masses m$* ~ 4.25 TeV. This result is shown in Figure 6, together with the exclusion limits
my ~ 3.3,2.4,1.5 TeV for A fixed at 6, 9 and 12 TeV. Figure 7 shows the exclusion curve,
lower (dashed) line, in the 2-dimensional parameter space (A, mp) for the model obtained
via the recasting of the analysis [28] of 2.3 fb~! data from the 2015 Run II of the LHC
by the CMS collaboration. Here the regions of the parameter space below the curves are
excluded.

We also performed a study about the potential of a dedicated analysis in the High
Luminosity LHC (HL-LHC) conditions (center of mass energy of 14 TeV and luminosity
of 3 ab™1). We used CalcHEP to generate the processes and DELPHES [37] to simulate
the detector effects. In order to separate the signal from the background, we selected
events with pt., > 180 GeV, pt., > 80 GeV, pt;; > 210 GeV, me. > 300 GeV (pt is the
transverse momentum, e; the leading electron, es the subleading electron, j; the leading
jet and m., the invariant mass of the two electrons). Then we evaluated the reconstruction
and selection efficiencies for signal (es) and background (ep) as the ratio of the selected
and the total generated events. From these efficiencies, the signal and background cross
sections (o, 0p) and the integrated luminosity (L), it is possible to evaluate the expected
number of events for the signal (V) and the SM background (NN;) and finally the statistical
significance (.5):

NS
N

The S = 5 contour curve is shown by the upper (solid) line in Figure 7. It can be used to

Ng = Loses, Np= Lopey, S =

(5.1)

get indications about the potential for discovery or exclusion with the experiments at the
HL-LHC, showing that there is a wide region of the model phase space where the existence
of the composite fermions can be investigated; for the case mp/A = 1 we can reach masses
up to =~ 6.2 TeV. We notice that, despite having considered the case of F' = FE in this
section, it could be inferred that the cross section for F', which should approximately be
the same for all its flavours, is sufficient for the F' to appear at the LHC with the statistics
already collected at the LHC experiments, and that is expected by the HL-LHC. Based on
this result, we recommend that the physics program of the LHC consider the new particles
foreseen by this model and their signatures in its investigations.

6 Summary and remarks

In the weak coupling regime the effective four-fermion operators of NJL-type possess an
IR-fixed point, rendering the elegant Higgs mechanism of the SM of particle physics at low
energies. In the strong coupling regime, on the other end, these operators could possess an
UV-fixed point, giving rise to composite fermions F' (bosons IT) composed by SM fermions
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as bound states of three (two) SM elementary leptons or quarks, and to their relevant
contact interactions with them at high energies O(TeV).

We study, for the first time for this model, the spectrum of composite particles and
contact interactions in quark-lepton and quark-quark sectors in relationship to their phe-
nomenology at the LHC in order to unveil their discovery potential. The cross sections
and decay rates of composite particles are calculated based on the LHC physics from pp
collision at high energy TeV scale. We find out that a comprehensive investigation of the
model presented here can be effectively achieved, for given /s and A values, by considering
only two parameters: Fiy/ my and my/mp. Based on these results, we exhaustively exam-
ine all the possible F' states and the signatures with which they can manifest at the LHC,
according to different Fir/ mp and my/mp. Interestingly, we find that there is a broad
variety of new composite particles that could manifest in signatures that have escaped the
realm of the searches at the LHC. We summarize these cases in Table 7. They can offer an
unprecedented discovery potential of physics beyond the SM and we urge on the importance
for the LHC experiments to include such searches in their ongoing physics program.

In order to set bounds on the model parameters, we derive constraints for the particular
case where I has electron-like flavour. We analyzed the particular processes giving ete™ qq’
final state by using the recast of the experimental upper limit by the CMS Collaboration
on the cross-section o(pp — eeqq’). We determine that a composite fermion F' of mass mp
below 4.25 TeV can be excluded for A = mp. At the same time, we compute 3o and 5o
contour plots of the statistical significance and highlight the phase space in which F' can
manifest using 3 ab~!, foreseen at the high luminosity LHC (HL-LHC). This result shows
that, even for final state traditionally considered at the LHC experiments, there is a vast
range of model parameters to which a dedicated search can be sensitive to the F' composite
fermions. We encourage such efforts in future investigations in light of peculiar features of
F' not yet exploited at the LHC searches and highlighted in Table 7. We are preparing
the next article presenting the investigation of phenomenology at the LHC of composite
bosons.

It is an interesting question to see how these phenomenologies can possibly account
for some recent results obtained in both space and underground laboratories. The cos-
mic rays pp collisions might produce composite fermions F' = E that decay into electrons
and positrons. This may explain an excess of cosmic ray electrons and positrons around
TeV scale [38, 39]. In addition, recent AMS-02 results [40] show that at TeV scale the
energy-dependent proton flux changes its power-law index. This implies that there would
be “excess” TeV protons whose origin could be also explained by the resonance of composite
fermions F' = N due to the interactions of dark-matter and normal-matter particles. These
composite fermions should appear as resonances by high-energy sterile neutrinos inelastic
collisions with nucleons (xenon) at the largest cross-section, then resonances decay and
produce some other detectable SM particles in underground laboratories [41]. Similarly, in
the ICECUBE experiment [42], we expect events where the neutrinos change their direc-
tions (lower their energies) by their inelastic collisions to form the resonances of composite
fermions N at a high energy scale (= TeV). It is worthwhile to mention that in the IR
domain of this model there are effective coupling vertexes of the SM gauge boson W and
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the right-handed currents: gRDR’y”e}:ﬁ/Vu+ or gRﬁR'y“dRW/j, where gp oc (v/A)? [43]. The
parity symmetry is restored at the scale A [31, 32| and none of additional intermediate gauge
bosons Wg or W is present. The recent phenomenological studies of this effective coupling
in the quark sector can be found in Ref. [44]. In the lepton sector, these effective contact
interactions relate to the dark-matter physics of right-handed neutrinos vg. Similarly to the
analogy between the Higgs mechanism and BCS superconductivity, the composite-particle
counterparts in condensed matter physics have been recently discussed [45].
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A F branching ratios for F};/mp assuming values in [1,15]

In this appendix we provide the branching ratios of all the possible decays of F, as in Fig. 5
(right column), for values of Fir/mi between 1 and 15, increasing in step of 1.
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