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ABSTRACT: Using an effective field theory approach for higher-spin fields, we derive the
interactions of colour singlet and electrically neutral particles with a spin higher than
unity, concentrating on the spin-3/2, spin-2, spin-5/2 and spin-3 cases. We compute the
decay rates and production cross sections in the main channels for spin-3/2 and spin-2
states at both electron-positron and hadron colliders, and identify the most promising
novel experimental signatures for discovering such particles at the LHC. The discussion is
qualitatively extended to the spin-5/2 and spin-3 cases. Higher-spin particles exhibit a rich
phenomenology and have signatures that often resemble the ones of supersymmetric and
extra-dimensional theories. To enable further studies of higher-spin particles at collider
and beyond, we collect the relevant Feynman rules and other technical details.
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1 Introduction

Testing the standard model (SM) of particle physics and searching for new phenomena
beyond it is the main objective of high-energy colliders such as the Large Hadron Collider
(LHC) at CERN. For decades, this search has been focused on new particles predicted by
theories that address the hierarchy problem of the SM and naturally explain the unbearable
lightness of the Higgs boson [1, 2]. Among these, supersymmetric theories [3, 4] and models
with extra space-time dimensions [5, 6] have played a more than considerable role. The
vast majority of these beyond the SM scenarios predict new particles that are similar to the
existing ones and, up to few notable exceptions related to gravity, have a spin smaller than
or equal to unity: new scalar (often Higgs) bosons, additional spin-1/2 quarks and leptons
and extra vector (mainly gauge) bosons. This is the case for supersymmetric theories,
which, for instance, predict spin-0 partners for the SM fermions and spin-1/2 ones for the



known gauge bosons as well as for the Higgs bosons, and for extra space-time dimensional
models which predict a tower of same-spin Kaluza-Klein excitations for all the SM particles.

Now that the LHC has set stringent lower bounds on the masses of the above two sets
of new particles, well above the TeV scale for most of them, to the extent where the two
theories appear to be less “natural”, one may adopt (or return to) an agnostic attitude
towards new physics. In particular, one should stay as model-independent as possible and
search for new particles of any type, considering more seriously phenomena that originate
from scenarios not related to the solution of the hierarchy problem and, hence, according
to old standards, have less theoretical motivation. Such models could lead to a rather rich
phenomenology, predict particles with more exotic quantum numbers, and suggest novel
signatures that might not be yet searched for by experimental collaborations. Especially,
there may exist particles with a spin higher than unity. In fact, candidates for such states
have been predicted by the two leading theories mentioned above.

Indeed, a well-known example of a spin-3/2 fermion is the gravitino, the graviton’s su-
persymmetric partner, that naturally appears in supergravity [4] and gauge mediated [7] su-
persymmetry breaking models. Such scenarios were explored at length in the last decades,
in particular as these new particles were considered to be good dark matter (DM) candi-
dates. However, in both scenarios, only the spin-1/2 (or longitudinal) component of the
gravitino couples sufficiently strongly to ordinary matter so that, in practice and at least
for collider physics purposes, the gravitino behaves essentially as a spin-1/2 fermion.!

Heavy spin-2 particles have been discussed in the context of extra space-time dimen-
sional scenarios [5, 6]. They appear as the massive Kaluza-Klein excitations of the massless
graviton. However, the interactions of these heavy gravitons are very specific as, for in-
stance, they couple universally to all particles [9, 10]. Massive spin-2 particles also appear
in extensions of General Relativity, e.g., in theories of bi-metric gravity [11]. However,
these particles also have universal, gravity-strength interactions. These states may thus
play the role of DM [12-14], but their interactions are irrelevant for collider physics.

Particles with an even higher spin have been put forward only in very few occurrences.
For example, spin-5/2 states have been considered in hadronic physics [15], while spin-3
particles have been discussed only at the formal Lagrangian level in specific theories as well
as in hadronic physics; see, e.g., refs. [16, 17] for recent accounts.

A reason for the lack of studies of generic higher-spin particles arises from problems
associated with their nature: the absence of a physically meaningful and mathematically
consistent framework for performing computations with interacting higher-spin degrees of
freedom, as well as the absence of a consistent ultraviolet completion. For instance, most
of the work on spin-3/2 particles is conducted in the Rarita-Schwinger framework [18]
in which the spin-3/2 field is described as a vector spinor with more components than
a physical spin-3/2 particle. Due to certain local symmetries, the unphysical degrees of
freedom are eliminated by constraints built into the free Lagrangian. The couplings of the

'n fact, a longitudinal gravitino is simply the Goldstino that signals the spontaneous breaking of global
supersymmetry [4, 8], whose coupling is inversely proportional to the supersymmetry breaking scale, given
by the square-root of the gravitino mass times the Planck mass. In general, this leads to very light gravitinos,
which we will not consider here.



Rarita-Schwinger field must respect these symmetries. Otherwise, the counting of physical
degrees of freedom will be inconsistent.

This fact has been often ignored in nuclear physics when computing the pion-nucleon
interaction mediated by a spin-3/2 A resonance [19-24], for instance, and in collider studies
of generic spin-3/2 particles. There have been attempts to cure the problem by rewriting
the interactions of the spin-3/2 fields [25-37]. Difficulties in formulating A-resonance in-
teractions in a Lagrangian description have been discussed in ref. [38]. In general, Rarita-
Schwinger particles with minimal gauge interaction with photons, massive vector bosons
and gluons, run into inconsistencies [39] such as causality violation as well as uncontrollable
unitarity violating processes at energies not far from the mass scale of the new particles.
Most of the studies performed in the past were affected by such problems. Essentially, only
supersymmetric theories with specifically fixed couplings and masses have been known to
avoid those problems, suggesting that physical spin-3/2 particles should be identified with
the gravitino [40, 41].

Recently, an effective field theory of a generic massive particle of any spin has been
developed [42], following an idea originally proposed by Weinberg [43]. Although it does
not admit a Lagrangian description, this effective theory contains only physical higher-
spin degrees of freedom and allows for a consistent computation of physical observables
for general-spin particles. It avoids the inconsistencies that often appear in other field-
theoretical descriptions of higher spin and reproduces the existing results for low-spin
states. As an illustration, this method has been applied successfully to study higher-spin
DM particles in terms of a general-spin singlet with symmetric couplings to the Higgs
bosons [42], a setup which automatically arises for higher-spin states.?

In this paper, we use the framework of ref. [42] to study the collider phenomenology of
higher-spin particles. In detail, we study higher-spin particles that are singlets under the
SM gauge interactions and consider their simplest linear interaction Hamiltonians with SM
quarks, leptons and gauge bosons. In this setup, the higher-spin particles are Majorana.
Throughout the paper, we will use effective operators to describe the interactions of the
higher-spin fields, that is, 7 > 1, that we will denote by 1);. The lowest order operators
linear in 1; have dimension 1 + 3; for bosons and 5/2 + 35 for fermions, while the lowest
order operator quadratic in 1; is w(“)d)(a) |$?| + h.c., where ¢ is the SM Higgs doublet, and
has dimension 4 4 2j5. The quadratic operators are thus dominant for spins j > 4 in the
case of bosons and for spins j > 5/2 in the case of fermions [42]. The higher the spin j,
the higher the mass dimension of lowest order operators grows. This will generically lead
to a steeper energy dependence in the UV and to strongly suppressed interactions below
the EFT scale as j increases.

2Generic higher-spin DM states have also been studied recently in ref. [44] using on-shell amplitude
methods for massive particles [45]. The approach taken in this paper is different from the latter as relies
on Feynman rules allowing to construct scattering amplitudes at an arbitrary level in perturbation theory.
Non-relativistic scattering of generic higher-spin DM has recently been considered in refs. [46, 47]. Super-
heavy higher-spin DM has been studied in ref. [48]. The (j,0) @ (0, j) representation of the Lorentz group
employed in this work and ref. [42] has been used in refs. [49, 50] to study spin-1 DM. General theoretical
limitations on massive higher spin fields based on the analyticity of the S-matrix have been discussed in
refs. [51-53].



We focus on higher-spin scenarios in which the t)-linear interactions naturally dom-
inate, that is, on spin 3/2, 2 and 3. We will also present some results for spin-5/2 as a
nontrivial example of an exotic higher-spin fermion. To this aim, we present the effective
Hamiltonians describing interactions of 1; with the SM fields for all the cases under con-
sideration, j = 3/2, 2, 5/2 and 3. However, their collider phenomenology is worked out
at different levels of detail depending on the spin. Most of the effort is directed toward
studying spin-3/2 and spin-2 particles, for which we compute the 15 /2 and g decay rates
and production cross sections both at hadron and lepton colliders. After that, we discuss
the most striking experimental signatures and compare those with the ones of supersym-
metric and extra-dimensional theories. We shall also discuss the existing constraints on
those particles and outline potential future research directions. We extend this discussion
to the higher spin-5/2 and spin-3 cases. One of the objectives of this exploratory work is to
open the possibility of more extensive studies of higher-spin physics. In order to facilitate
this aim, we collect the required technical details in the appendix.

The rest of the paper is organized as follows. In section 2 we focus on the phenomenol-
ogy of spin-3/2 particles and, in section 3, on the one of spin-2 particles. After deriving
the effective interactions of the particles, we discuss their decay modes and production
cross sections and summarise their main signatures at the LHC. The interactions and
experimental signatures for spin-5/2 fermions and spin-3 bosons are presented in section 4
and section 5, respectively. Finally, in section 6, we discuss other implications of these
higher-spin particles, outline future research directions and present our conclusions. The
formalism enabling consistent studies of higher-spin particles is outlined in appendix A.1:
we list the relevant Feynman rules, discuss the narrow width approximation, and give a
detailed example of a computation of higher-spin processes. Throughout the paper we use
natural units i = ¢ = 1 and the metric signature (4,—,—,—).

2 Spin-3/2 particles

2.1 Formalism and interactions

In high-energy particle physics, both spin-3/2 leptons [54-63] and spin-3/2 quarks [64—68]
have been considered in the past. For instance, the production of spin-3/2 particles at
hadron colliders has been discussed in refs. [65-68], while production at lepton colliders
has been considered in refs. [60, 61]. Indirect effects of spin-3/2 particles, through their
virtual exchange in high energy processes, has also been discussed with some examples
being the t-channel exchange of a spin-3/2 lepton in processes such as eTe™ — 2v and
ey — ey [69], and the exchange of spin-3/2 quark in top pair production at hadron colliders,
99, qq — tt [70]. However, it is assumed in most of these analyses that the spin-3/2 particles
have colour or electric charge, allowing their pair production in proton-proton or electron-
positron collisions. This will not be the case here as such interactions would lead to an
unmanageable violation of causality and unitarity [39].

For example, at hadron colliders, spin-3/2 quarks that couple to gluons could be pair
produced in gluon fusion and quark-antiquark annihilation, gg,qq — 3 /21;3 /2. The par-
tonic cross sections, which depend only on the known gauge coupling constant a, and



the particle mass mg/y, grows with the third power of the partonic centre-of-mass energy,
& oc 83 [65-67, T1]. Such a steep rise leads to unitarity violation at tree-level for ener-
gies of the order of ~ 7m [71]. The interaction needs, therefore, to be damped by some
form-factors in order to remain viable at these energies.

To overcome these problems, we consider a generic Majorana spin-3/2 field 13/, that
is a SM singlet. Therefore, the issues related to gauging the higher-spin fields do not
appear here, while the interactions of 13,5 to gauge bosons are still included. We use the
effective field theory approach of ref. [42], so we avoid problems related to the existence
of unphysical degrees of freedom that appear in other formulations of higher spin. A brief
overview of the multispinor formalism can be found in appendix A.1. Since a spin j field
carries an effective dimension of A, = j + 1, the lowest dimension of the operators linear
in a SM-singlet spin-3/2 field is 7. Operators of dimension 5 are allowed when the field
has some non-vanishing SM charge. They are always of the form v;F f, where F' is a SM
field-strength tensor, and f is a SM spin-1/2 fermion. For example, when 35 is a colour
triplet or sextet, 13/59q contact interactions are possible at this level.

For a singlet spin-3/2 field 15 /2, there are 6 independent dimension-7 operators,

_ abe | ijk _IJK  ix 7% kx ijk J kx
—Hlinear = A3 d)g/g[ € uRIadRdeRKc + ¢ (L ELLb)eRc

+ka( TraeL])dir + oty (D) DL, (2.1)
+ Pl Bu Ly + oV ol oW L, | + b,

where a, b, ¢ are two-spinor indices, i, j, k are flavour indices, I and J the colour indices
and n is the SU(2)-triplet index. We have used integration by parts to eliminate redundant
operators, but we have not performed field redefinitions. The coefficient ¢’ Fis symmetric in
ijk

ij, while ¢/¥ is symmetric in jk. Li and Q! are the left-handed lepton and quark doublets

. i , ub
lLaE< iLa>v QZL[{ZE< iLIa>’ (2'2)
€la Lla

while e%, uzé and dﬁé are the right-handed lepton and quark singlets. B,,,, and W, denote
the U(1)y and SU(2)y, field strengths and ¢ is the SM Higgs doublet. In the unitary gauge,

one has
1 0
¢:ﬁ<H+v>’ (2.3)

where v is the vacuum expectation value v = 246 GeV and H the physical Higgs bo-
son produced at the LHC [1, 2]. We define Dy = ok, D, with D, being the usual 4-

1,2,3

vector covariant derivative, and in terms of the identity matrix ¢ and Pauli ¢ matrices

()" = § [o1y(@")" = oty ()]

The Feynman rules for the various interactions are listed in appendix A.2, where we
have restricted ourselves to those operators that lead to the dominant processes, namely,
to the quartic point-like interaction of the spin-3/2 particle with three fermions and to
the triple vertices involving the spin-3/2 particle, a charged lepton or a neutrino and a
gauge or Higgs boson; these vertices will give the dominant effects which will be discussed



in this paper. One can add a Higgs or a gauge boson line to turn the three-particle
vertices involving bosons into four-particle vertices, but, in this case, this interaction will
be suppressed by a power of the vacuum expectation value v or by an additional weak gauge
coupling. Hence, it will lead to subleading processes, which we will not consider here.

Another simplification that we will adopt in the following is the absence of flavour
violation and, hence, the spin-3/2 field will couple only to fermions of the same generation.
For simplicity, we will assume that the lightest new spin-3/2 particle is the one that couples
to the first generation quarks and leptons, for which one can safely neglect the masses and
the mixing. We restrict our analysis to this case. We further assume that there are no new
sources of CP-violation, implying that all couplings of the spin-3/2 field are real.

In summary, the general Hamiltonian of eq. (2.1) will take a much simpler form in terms
of the lepton and quark doublets of the first generation 17 = (v,e);, and ¢© = (u,d)p,

1 * * * * *
_Hlinear = ngﬁg quleuIadech + CZ(ZEEZb)ec + Clq(qudb)dcl
t+epdl oty Bude + ew oty e Wil + cooliy (Du9) DL | (24
+h.c..

In this Hamiltonian, the strength of the various interactions is governed by the couplings
cx, which are arbitrary and which, taken one-by-one, are only constrained by the fact that
they should be small enough for perturbation theory to hold. So, in addition to the scale
A, there are six parameters cx that describe the interactions of a generic singlet field 3/,
with a mass mgs.

A few critical comments are in order. Firstly, the higher-spin particles considered in
this work are Majorana and thus, for any of their decay modes, also the conjugate modes
must be present. Secondly, each interaction term in eq. (2.4) involves the SM leptons
and quarks in different ways. Therefore, the interactions can be classified according to
the baryon and lepton number created in each interaction, namely by AB and AL. In
detail, the ¢, term creates three quarks and no anti-quarks, implying AB = 1, while all
other terms in (2.4) have AL = 1. However, since 13/, is Majorana, no B or L quantum
numbers can be assigned to it because the conjugate operators create the configurations
with opposite quantum numbers. This is analogous to, but more general than, the case
of massive Majorana neutrinos. Thirdly, if only one of the couplings in eq. (2.4) is non-
vanishing at a time, there are no severe constraints on their strength. On the other hand,
if both the lepton and baryon number violating couplings are present, dangerous processes
like proton decay may occur, constraining such combinations. For collider phenomenology
purposes, we will keep only one coupling non-vanishing at a time, unless stated otherwise.

We are now in a position to discuss the collider phenomenology of the spin-3/2 particle,
its relevant decay modes, present constraints on its mass and couplings and the production
cross sections at hadron colliders, as well as the main signatures to which it leads.



2.2 Decay modes and branching ratios

The linear Hamiltonian (2.4) permits the following fermionic decay modes of the spin-3/2
particle 35, adopting, as stated above, the notation of the first family

W30 — udd , udd,

_ _ _ 2.5
V30 — ete v, ete U, ddv. , ddv,, ude” , udet. (2:5)

We have disentangled interactions with AB =1, AL =0 (first row) and AB =0, AL =1
(second row) as they should be treated separately. If the masses of the final state fermions
can be neglected, which is the case for the first generation, the partial decay widths can
be summarized as

7
Kfifafs M'3/2

r — = , 2.6
(V372 = fifafs) 76303 MG (2.6)

where the overall factor k¢, f, r, depends on the number of quarks in the final state, e.g.,

_ o 2 _ ——3 2 - _ I _ § 2

Kete—v, = Kete—p, = |l Kudd = Kagq = 3l¢q yRadv, = Radp, = Fude— = Fadet = |cig|® -
(2.7)

In the AB = 0, AL = 1 case, there are also two-body decays into a lepton and a
massive gauge or Higgs boson,

¢3/2_>W+677 Wﬁ€+7 ZV@; Zl;eu YVe ’yﬁea HVEa Hﬁe7

when 13/, is sufficiently heavy. The partial decay widths involving final state gauge

bosons are
(m?%/z — M,)?
D(ihgjn = Whe™) = ———g—q 5 (m3 )5 + 6Miy) (m3 5 — Miy)?
768mm3 ,AS / /
16¢c4c
+ ;2 WMIgV(m%ﬂ +2m3 ), My, — 3Myy)
32012/1/ 2 4 2 2 4
+ g% Mw(m3/2 + 2m3/2MW + BMW) 5
(m§/2 —M3)? (3
D13 = Zve) = o3 ~2(m3 jp + 6M3)(m3 ) — M3)? (2:8)
768mm3,, A0 | 2 /
8 cos @
+ %M%(mgﬁ + 2m3 ), M% — 3M3)
16¢% cos? Oy
ZTJ\@(mg/2 +2m3 ;M7 + 3M§)},
2
2v?

(32 = yve) = H);ngﬁ’

where we introduced the couplings

¢y = —cpcos by + cy sin Oy, cz = cpsin Oy + cw cos Oy, (2.9)
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Figure 1. The decay branching ratios of the 13/, states into the various final states as functions
of mzp for A=1TeV and ¢, =¢; =cjg =cp =cw =cy = 1.

and the partial decay width into a Higgs boson and a neutrino is

2 ml w2\
__ 9 3/2 H
D(Wsyn = Hve) = 122 =5 <1 - m§/2> : (2.10)

Due to the Majorana nature of 13,5, decays to final states containing the corresponding
antiparticles are also possible and have an equal partial decay width.

The 13/ branching ratios are presented in figure 1 as a function of the mass mg/y for
the simple case in which all cx coefficients are equal. As can be seen, the decays into W+e®
and Zv + Zv final states are by far dominant and have branching ratios that approach the
level of 50% each. The branching ratios for the decays into Hv and v final states are at
the level of a few percent and are comparable for masses around 300 GeV, but they can
reach the level of 10% if the 13 /2 mass is much larger or smaller (a factor ~ 3), respectively.
The rates for the decays through the point-like interactions are below the percent level and
are larger when the final quark multiplicity is larger according to eq. (2.7).

When the mass of 13,5 exceeds the electroweak scale, it roughly holds that I'y, 1 X
mg /2 /A8 thus the total width can grow extremely rapidly with the mass. For instance,
taking A = 1TeV and all coefficients equal to unity, cx = 1, we find a total width of about
0.3MeV when mg/, = 200 GeV. However, when increasing the mass to ms/, = 800 GeV,
the total width will grow by several orders of magnitude to about 0.7 GeV. On the other
< A, the total width remains

~

hand, due to the strong dependence in A, as long as mg3/y
extremely small and cannot be resolved experimentally.

2.3 Constraints and production in eTe~ collisions

The most stringent constraints on the new physics scale A arise from the experimental
limits on proton lifetime. Since the spin-3/2 fermion couples to the SM leptons and quarks
according to eq. (2.4), if only one interaction term in this Hamiltonian is present, the
constraints on 135 interactions appear only from collider physics and are not stringent,



as will be seen below. However, if for instance c; and ¢; are both non-vanishing, v/,
mediated processes like ud — de™e”v may give rise to the proton decay to a 4-body final
state. Assuming the 13/, mass to be close to the cut-off scale, my, g ™ A, and taking
¢q = ¢; = 1, our order-of-magnitude estimate for the proton lifetime provides a constraint
A 2 O(10) TeV. This scale is so high that there is little chance that it has been probed so
far and, in principle, it should be directly accessible only at future colliders, such as the
100 TeV FCC-hh machine [72]. Thus, future colliders may be able to probe the parameter
space of these higher-spin particles which is currently not constrained by any data.

Nevertheless, the previous strong constraints from proton decay can be simply evaded
by requiring that the operators that lead to the AB =0, AL=1and AB=1, AL=0
possibilities do not occur at the same time and, hence, either ¢, or ¢;, ¢ should be zero if one
considers the four-fermion operators. In this case, the only constraints on the new states
come from collider searches. We will discuss in the following some of these experimental
constraints which should have been obtained before the start of the LHC.

The most immediate constraints on the AB = 0, AL = 1 spin-3/2 interactions would
come from W, Z as well as Higgs boson decays. Indeed, for a mass mg/y S Mw, Mz, My,
these particles could decay into a 3/5 and a lepton,

W= — ¢3/26’i, Z = P3ov, P390, H = 300,13 )91
The partial widths of these decay modes are

(M, — m§/2)2

D(W* — g 5e™) = {02 (m2 ), + 6MZ) (ME, —m3 )
/ B76mMZ,AS | O 32 3/2

16
+ cgd;cw My (3Myy — 2m3 o M, — m3 )
320%V 2 4 2 2 4
+ p My (3Myy + 2m3 ), My +mg)s) ¢
2
(M% - m§/2) c?
T(Z = by jove) = ——222 0 2 (2 )+ 6M2) (M2 — m2,,)? (2.11)
/2707 TET6n MEAS | 2\ 32 3/2
8 0
+ WM%?W@ —2m3 Mz —m3 )

16¢% cos? Oy
GOSN N 501g + 2t + )

) 4
|co|? mg /o
D(H = thayav) = g g Mimiys (1= Mi}% '

Normalized to the total experimentally measured decay widths, I'9?" = 2.4952 GeV, 't
2.085GeV [73] and T'9" = 4.07MeV in the SM [74], and, as before, assuming that c¢s =
cw = cp =1 and A = 1TeV, the branching ratios for Z, W decays are

BR(Z — thyve) 23 x107°,  BR(W™ — ¢h30e™) 2% 107, (2.12)



in the favorable case where phase space effects are ignored, i.e., mz/; < My,z. These
rates are extremely small and cannot be measured despite of the precise measurement
of the massive gauge boson total widths ATY/T%" ~ 0.1% and AT /TIF ~ 2%. In
the case of spin-3/2 states from Higgs decays, one has an extremely small partial width
L(H — v3/90.) — 0 for mg/y < My as it is proportional to m§/2.

Nevertheless, for instance, the process Z — 13,51, with subsequent decays 13/, —
ete 1., ddv, or ude™,? should have been observed in Z decays at LEP1 due to its very high
statistics, especially since the signature is rather clean, for O(1) values of the cx coefficients
and not too large scale A. For the example given above in which BR(Z — t3/5v) &~ 3 1076,
one obtains about 30 clean events for the 107 Z bosons produced at LEP1. Thus, one
presumably already has the lower bound mg/, < My for parameter values that allow for
the production of the 3/, particles at the LHC.

The v3/5 particle could have been produced at LEP2 for even larger masses than
above, as the centre-of-mass energy of the collider slightly exceeded /s = 200 GeV. Indeed,
taking advantage of the four-point interaction 5 /2e+e*17@, the new state can be produced
at electron-positron colliders in the process

Jr

ere” = 3ale, P3/oVe,

with a differential cross section

do(ete™ — spove)  do(efer — 5pr))  do(efer — s/a1")

dcosf dcosf dcosf
= 012 i F(s, m3/2)’ 21
481s NS
where s, t, u denote the Mandelstam variables, 8 is the scattering angle and we defined the
unction 2\ 3stu — m?(st + su + tu)
F(s,m) = (1 - ”;) 5 (2.14)
for future convenience. The corresponding total cross section is
¢ 83
olete” — V3/ale) = Kérs G F(s,ms2), (2.15)
where o2
}"(s,m)zl—g—l-g?. (2.16)

The cross section of a single 13/ produced in association with a neutrino or an an-
tineutrino through the 3 /21/e+e_ contact interaction is depicted figure 2 as a function of
the mass ms3/,. We have chosen /s = 200 GeV which typically corresponds to the LEP2
centre-of-mass energy, and A = 1TeV and ¢; = 1. As can be seen, the cross sections are

33-body decays into off-shell intermediate bosons P32 — W*et — ffet and Va2 — Z Ve = ffve are
also possible. In this case f is an almost massless SM fermion which, for some values of the coefficients
cx could have comparable rates to the direct decays above. The mode %3/2 — H"ve, in turn, should be
suppressed by the extremely small total decay width of the H boson.
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Figure 2. The production cross section of spin-3/2 particles in the point-like processes ete™ —
V3 /2Ve + P32V at LEP2 energies, /s = 200 GeV, as a function of the mass mg/, for the choice of
the effective Hamiltonian parameters A = 1TeV and ¢; = 1.

rather small for such parameters, being of the order of a few fb when mg,, is close to
100 GeV. Bearing in mind that the total luminosity at LEP2 was of the order of [ £ =~ 100
pb~!, this means that such a parameter set could not be probed. The main reason is that
the rate is suppressed by a factor s3/A%. in our example we used A = 1TeV and a c.m.
energy /s = 200 GeV, corresponding to a suppression factor of 0.25 ~ 6 x 107°.

Hence, for masses mg/; < 200GeV, only smaller values of the scale A and larger
coefficients ¢;, can be excluded at LEP2 via this channel. At future electron-positron
colliders, these processes should have more chances to be observed. At the planed FCC-ee
option with a c.m. energy of 250 GeV to 350 GeV [75], the still present large suppression
factor will be compensated by the extremely high integrated luminosity, expected to be
of the order of a few ab™!, i.e., four to five orders of magnitude higher than at LEP2.
At planned higher energy electron-positron colliders such as the CLIC machine at CERN
with an expected c.m. energy in the TeV range and above, the factor s3/A% ceases to be
penalizing if the scale A is not too high.

The mass of the 3/, particle can be fully reconstructed in the considered process by
looking at the decays 13/, — We*t — gget and eventually also 15 2 = ude™ as there
is no missing energy involved. Moreover, consider the decay 30 — Zve — ete v, and
eventually the direct and more rare decays 135 — ete v.. They generate the same
topology as the pair production of selectrons, the spin-zero superpartners of the electron
in the minimal supersymmetric extension of the SM (MSSM), with the selectrons decaying
into an electron and the lightest spin-1/2 neutralino x!, which is supposed to be stable
and escapes detection. The process is thus ete™ — éTé~ — ete™x{x{ for which no event
has been observed at LEP2 and the limit ms > 107 GeV has been set [73]. In our case,
as we are dealing with single production of the new state in association with a massless
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> 200 GeV for optimistic values of the

~

neutrino, this should translate into a limit mg/y
effective Hamiltonian parameters.

Finally, there is another process for producing the 3/, particle at lepton colliders,
namely ete™ — v*, Z* — 15 /2Ve through the operator with coefficient cy. Its cross section
is expected to be smaller than the one of contact interaction processes and we will discuss
this process only in the LHC context to which we turn next.

2.4 Production at hadron colliders and expectations for the LHC

The 139 state can be produced at hadron colliders in a leading order process through the
AB = 1, AL = 0 interaction which couples it to three quarks. In the first generation,
several sub-processes involving right-handed up and down type quarks are contributing at
the partonic level,

urdp — ¥3/9dr, Urdr — V3/9dr, drdr — 3ptr, drdr — ¥3uR.

These subprocesses have equal partonic cross sections which, in term of the scattering angle
0, take the differential form

d6(updr — 3/2dgr)  do(updp — 32dr)  d6(drdr — 13/5UR)

dcosf dcosf dcosf
6 (drdr — 13/2uR) 2 g3,
N dcos T 1675 A6 F(8,m33) (2.17)

where /5 is the partonic centre-of-mass energy and F’ was given in eq. (2.14). Integrating
over the scattering angle, the total cross section for each partonic process simply reads

2 g3

Tjﬁﬁ F(8,m3/2), (2.18)

6i(q1q2 — V3/2q3) =

with F given in eq. (2.16). To obtain the total hadronic cross section, one should convolute
the four partonic cross sections &;, with ¢ = 1 — 4, over the parton structure functions of
the corresponding quarks in the initial state, and sum over the four possibilities of the
partonic process. In our numerical analysis, the parton structure functions are chosen to
be those of the MSTW2008 fit [76].

In the case of AB = 0, AL = 1 interactions, there is a similar process as the one
above by which ¢35 can be produced at hadron colliders at leading order. This is enabled
by operator with the ¢, coefficient that couples 3/, to two quarks and a lepton. Similarly
to the previous case, there are four possible partonic processes

drdp — 3001, drdr — h3povr, urdp — Vspef , urdp — ¥gp0€r
with the differential partonic cross sections

d6(drdr — Yspovr)  d6(dpdr— ¥spovr)  dé(updr —1byjeel)  do(urdr — ¢ser)

dcosf N dcost N dcosf dcosf
Cy 8
= —F. 2.1
12875 A6 (2.19)
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Figure 3. The single production cross sections of 13,5 as a function of mg/, for the two processes
pp — 3/2q+ X and pp — 13,50 + X corresponding to the point-like partonic processes qq — 13,29
and qq — 32¢ at the LHC with /s = 14TeV. The effective Hamiltonian parameters have been
set to A =1TeV and ¢4 = ¢y = 1.

The total cross sections of the individual partonic processes are

2 ~3
~ _ ] S
6i(q1q2 — P3/20) = 128(;57 *A6f~ (2.20)

One then should convolute these partonic rates over the corresponding parton structure
functions and sum over the four possibilities for the individual channels to get the total
hadronic cross section of the process.

The resulting cross sections for the production of a single 13/, at the LHC due to
contact interactions are presented in figure 3 as a function of the mass mg/, for a collider
c.m. energy /s = 14TeV and effective parameters A = 1TeV and ¢; = ¢ = 1. One
can easily rescale results for other values of these parameters as the cross sections are
proportional to ¢?/AS.

The production cross sections are now fairly large, well above the picobarn level, since
the chosen scale of new physics is now of the same order as the partonic c.m. energy such
that the suppression 33/A6 is not effective anymore. One should also keep in mind that
the integrated luminosity which has been collected at the present Run 2 of the LHC is of
the order of [ £ ~ 140fb~! and, hence, is four orders of magnitude higher than the total
luminosity obtained at LEP2. Hence, one could collect already a million of 13,5 events for
a production cross section of the order of 10 pb as expected in the process pp — t3/5l. The
integrated luminosity is expected to significantly increase at the next Run 3 of the collider
and even more at the high-luminosity option of the LHC (HL-LHC), where 3 ab~! of data
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could ultimately be collected. Thus, not only parameters that have never been probed
before can be reached at the LHC but also, the sensitivity will benefit from the increase
in luminosity and HL-LHC could explore a completely uncovered territory compared to
Run 2.

Notice that the two cross sections in figure 3 differ by more than an order of magnitude,
although ¢, = ¢4 = 1, that is, they are both induced by contact interactions with equal
couplings. The first reason is due to the colour multiplicity producing a factor of 8 in the
rate of the process resulting from the coupling ¢, compared to the one with the coupling
clg, as can bee seen from eqs. (2.18)—(2.20). In addition, the cross section in the former
case involves only quarks, while the process with the operator of coupling ¢, involves a
quark and an anti-quark. In proton-proton collisions, the latter cross section is suppressed
by the sea-quark parton structure functions. These two features explain the factor of 30
to 40 difference in the two production rates.

For the 13/, particle that interacts via operators involving gauge and Higgs bosons,
there is another process that allows its production at hadron machines: the one occurring
through the s-channel exchange of a virtual gauge boson in quark-antiquark annihilation.
There is also a process with a Higgs boson exchange in the s-channel but, because the Higgs
boson couples extremely weakly to the first generation quarks, this mode gives negligible
cross sections.

First, there are the neutral current processes involving photon and Z-boson exchange

qq =" 2" = 3V, Y300,

with a neutrino or an antineutrino in the final state. There are also the charged current
processes with W-exchange, leading to a charged lepton in the final state,

q(j/ — Wi* — 1/}3/26jz .

In the neutral current channel, the differential production cross section of 13,5, when
summing over the L, R helicities of the initial quarks, reads

do(qq — 7", Z* = hzpave)  do(qq — 7", Z" = Y3)al,1) N do(qq — v*, Z* — 3)ave 1)

dcosf dcos6 dcost
2
1 m3/2 2
= 1— § : q
3273 ( 3 )a:L,RWCM’ ’
(2.21)
where the amplitude squared of the process is
2 2 20,72
Amp? €2 cH€ CZQZ 395 (95a)
2 7% qo $I2\Iq
_ F Fo v F. 9.22
Maal” = 353 47r{ 5 Tromz| T sz oz (T (2.22)

where e, denote the electric charges of quarks, e, = 2/3 and eq = —1/3, the Z couplings

to L/R quarks are given by
I3, — €4 sin? Oy

z
= 2.23
4o sin Oy cos Oy ( )
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Figure 4. The production cross sections of 13/, particles at the LHC as a function ms,, for
the processes pp — 13,00 + X and pp — 13/2¢ + X, corresponding to the parton level processes
qq — Y5, Z* — p3)ov and qq — W* — 1hg/0e given at egs. (2.21) and (2.25) respectively. The
choice of parameters is \/s = 14TeV, A = 1TeV and cg = cw = ¢4 = 1.

with the isospin I3, = £1/2 for the left-handed quarks and I3, = 0 for the right-handed
ones, and we introduced the three functions

Al [P £ ann
Fi1=5(u— m?))/Q) , Fo= Eu(s - mg/z) , F3= mg/Qt + 354. (2.24)

In the charged current process, the i production cross section is driven only by the
left-handed quarks,

do(qq — W* — bye)  do(urdy, — W — g 0ef) N do(dpiy, — W™ = t3/9e7)

dcost dcos0 dcos6
2
1 m
(1 - ;”) M@l (2.25)

= 3275

where the amplitude squared is

2..2 ud |2
_ 9V \Z6=Y 2 2
~ Gy |1+ BT P (2.26)

IM(qrar)|?

The production cross sections at the LHC for a single 13/, state resulting from s-
channel gauge boson exchange are presented in figure 4 for /s = 14TeV, A = 1 TeV and
cB = cw = ¢4 = 1. Again, one can easily rescale the results in figure 4 for different values
of the new physics scale A. The cross sections for producing a neutrino or a charged lepton
in the final state are almost identical. A comparison with the cross sections in figure 3
shows that the processes mediated by s-channel gauge bosons are subdominant compared
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to the ones induced by the contact interactions, at least two orders of magnitude smaller.
This occurs because, in the effective field theory, the two cross sections scale differently
with the partonic c.m. energy §. Indeed, the former scales as 1/§ as is usually the case for

2 as a result of the contact

s-channel gauge boson exchanges, while the latter scales as §
interaction. This leads to a very striking difference at the high-energy collisions that occur

at the LHC.

2.5 Experimental signatures at hadron colliders

Since our main goal in this paper is to make a general survey of the phenomenology
of the new particles with a spin higher than unity, a very detailed account of all the
experimental limits that are set by various experiments on their masses and couplings and
the expectations in the search for these particles in the future, is clearly beyond our scope.
We will nevertheless briefly describe the various signatures of these particles at hadron
machines and list the various channels that can be exploited efficiently in their search at
the LHC.

Starting with the simpler case of spin-3/2 interactions with AB =1 and AL = 0, the
unique signature of 3/, production at hadron colliders would be the 4-jet final states

qq = 309 = 4q = pp —4j. (2.27)

In turn, in the case where 13,5 interacts via the AB = 0 and AL = 1 operators, the
phenomenology is richer and a plethora of final states and, hence, signatures are possi-
ble. Focusing first on the operators that involve only point-like fermionic interactions, the
various possible final states are

qq — 3oV — eevv, qquu, qqev

= — ce BRI cee RS qqEMS, qqe B qqee
qq—>w3/ge—>eeeu, qqev , qqee pp T > T »449LT1 ,qq9eLlir , qgee,

(2.28)
with E%‘is the transverse missing energy carried by the escaping neutrinos. If, instead, one
considers the operators in which ¢35 is coupled to a lepton and a gauge or Higgs boson,
the various possible topologies become

qqqqi‘fg//?; :MW//Z i Z g:e” = pp— ZETS HERS WeERS Ze BMS HeEMS Wee.
(2.29)
In the processes above, as we have the subsequent decays Z — [, W — [v and Z,W —
qq, the initial and final states are just the same as those that occur in the processes of
eq. (2.28); if one ignores the difference of magnitude in the branching ratios, only the
angular distributions are different, so that both should be combined in principle. However,
there are also second and third generation leptonic decays of the massive gauge bosons,
which can be used to discriminate between the two possibilities.
As shown above, the vast majority of these processes involve missing energy in the
final state. The latter is a typical signature of supersymmetry in models in which the

discrete symmetry called R-parity is conserved [77]. Due to this symmetry, the lightest
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supersymmetric particle (LSP), generally the lightest neutralino x!, would be stable and
escape detection. Thus, one can use the vast number of supersymmetry searches that have
been performed at the LHC and adapt them to our specific case.

For instance, the signatures pp — eevv and pp — qquv are simply those that appear in
the production of right-handed selectrons and first generation quarks that decay directly
into the LSP and leptons or light quarks, pp — é;%ég — ete I\ and pp — GG* — a0,
This is also the case with signatures like Z/H + ET" which could be due to the production
of the lightest and next-to-lightest neutralino, the latter decaying into the LSP and a gauge
or Higgs boson, q7 — x3x! — Z/HxVx). Topologies like Ze/He/We + ERS, as well as
those with three and two electron final states produced via four-fermion operators, could
be due to slepton pair production and decays through the chain pp — égiip, — exVrexy —
evXX§ + Z/H — Ze + ER® (eee + EXS when Z — ete™) or pp — o — eTxfrx) —
eEWT + EXS (ee + EMS when W — ev).

Signatures involving two quarks and charged leptons or neutrinos in the final states are
typical of those involving leptoquarks [78, 79] produced in pairs, pp — q¢, g9 — LQLQ —
eqeq, eqqu, quqv. The latter signature being also similar to what happens in supersymmetric
models for squark pair production, pp — ¢rqp — qx?(jx? as discussed above. The signature
with Wee final states that appear at the end of eq. (2.29) would be similar to the one in
which a heavy neutrino N is produced in association with an electron through mixing and
decays into an electron and a charged W boson, gg — W* — eN — eeW; see for instance
refs. [80, 81]. Other signatures involving lepton final states can also occur in the production
of heavy neutral or charged leptons.

Finally, for the AB = 1 and AL = 0 spin-3/2 interactions, only the 4-jet final state
topology will be possible, eq. (2.27). This signature is similar to that of squark pair
production in gg annihilation or gg fusion, with each squark decaying into two jets in
R-parity violating supersymmetric processes [82].

In fact, there is a tight connection between our scenario and the one of R-parity
violating supersymmetric models. Indeed, the supersymmetric superpotential describing

(_ 1)3B+L+25

violation of R = parity, with s being the spin-number, is [83]

W/R = AijkLiLjE_’k: + )\;jkLinDk + )\;,ijleDk, (2.30)

where L, E,Q, D,U are doublet and singlet superfields involving SM fermions and their
spin-0 superpartners. One can see that this superpotential is similar to the one that appears
in the first line of the Hamiltonian (2.4) which describes the four-particle interactions of the
spin-3/2 particle. Hence, most of the physics of the spin-3/2 particle, as least when the four
point-like vertices are concerned, can be described by an R-parity violating phenomenon.
For instance, the process discussed above, ¢ — v3/2¢ — qqqq is similar to qq, g9 — ¢q*
with the decay ¢ — ¢¢ occurring through the )\IIIHQZJJ operators.

The four lepton signature resembles the one for slepton pair production with subse-
quent decays of these into charged leptons or neutrinos via the operator Ai11LLe, leading
to eeer and eevrv final states. Also, slepton or squark pair production, in which the pair
then decays through the operator )\’HlLQJ into, respectively, quark pairs and lepton-quark
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pairs, which finally lead to the gqgee, gqev and qquv topologies that also appear in the
spin-3/2 case.

Hence, many constraints on squarks and sleptons obtained in R-parity violating pro-
cesses by the ATLAS and CMS collaborations, e.g., refs. [84, 85], can be used to set
constraints on the spin-3/2 particle mass and couplings. As this particle can be produced
in association with light SM states, the expectation on the upper limit of the mass m3/;
might range from a few TeV, if the couplings to SM particles are order unity, to the level
of 100 GeV only, if these couplings are extremely small.

Note, however, that in all the cases discussed above, the same final states have com-
pletely different kinematical distributions. For instance, in the decays of 3/, into three
jets or into three electrons, each of these particles carries a comparable amount of energy
which is rather characteristic to a 1 — 3 particle decay. For signatures containing neu-
trino final states, the amount of missing energy should be completely different from the
one appearing in supersymmetric scenarios with R-parity conservation as, for instance, the
supersymmetric particles are produced in pairs leading to the presence of two escaping
neutralinos in their decays, while only a single 13/, particle is produced in our case, that
is, the process would involve only one escaping particle. Hence, care should be taken in
adapting the experimental analyses performed in the other scenarios, and it is wiser to
conduct some new ones with the specific kinematics of the spin-3/2 particles.

In addition, in most of the signatures discussed above, the mass of the 13/, state
cannot be directly reconstructed from the four-momenta of the final particles as they
involve missing energy due to the escaping neutrinos. However, there are two important
exceptions: the decays 3/ — Wet — qget as well as 15 /2 = ude* do not involve missing
energy and the momenta of the two very energetic jets and the electron in the final state
combine to form an invariant mass that coincides with the mass of the 3/, state.

One spectacular signature of the 13/, particle would be its production in the pp —
Y391 process and its decay through the 13,5 — v channel leading to a single and very
energetic photon in the final state and a large amount of missing energy. This might be a
signature of supersymmetry in some cases, like when the LSP and next-to-LSP neutralino
are produced in association, pp — xVxJ, with a small mass difference that makes the decay
X3 — XV mode rather frequent. This v~y spectacular signature has also been discussed long
ago in the context of excited neutrinos which can magnetically de-excite into a neutrino
and a photon [86]. There is also the mono-Higgs signature, pp — 13,50 — Hvv, which

could be interesting to exploit if the associated rate is not negligible.

A more detailed account of all these issues will be postponed to a forthcoming study.

3 Spin-2 particles

3.1 Interactions

The lowest dimension of operators linear in the spin-2 field i is also 7. For a SM singlet

abed
2

particle, where a,b, c,d are two-spinor indices, we then have the following effec-

~ 18 —



tive Hamiltonian

abcd

1 A
- Hlinear = sz "

el 000 B By + cwaly ala Wiy Wiy + caoly 000 GamGin | + hic.,

(3.1)
where B,,,, W, and G, are the U(1)y, SU(2)1, and SU(3)¢ field strengths, respectively,
and A is a colour-octet index. The coefficients cp, ¢y and cg are in principle arbitrary. We
could chose them to be equal as was the case in the spin-3/2 discussion. However, most
probably, if they originate from gauge interactions in the ultraviolet regime, they could
eventually have the same magnitude as, respectively, the electroweak couplings g; and go
and the strong coupling g3 such that cg > cp,cy. This is the assumption that we will
make here, cg = g1(Mz), ew = g2(Mz) and cg = gs(Mz). Note that, unlike for the spin-2
particles in the (1,1) representation (e.g., gravitons), linear interactions with fermions and
scalars are absent at the leading order in eq. (3.1) due to Lorentz symmetry.

From this Hamiltonian, one can see that the spin-2 particle 1o will couple only to
gluons and electroweak gauge bosons and that there are no couplings to fermions nor
couplings to the Higgs boson at this order. One could immediately ask whether the terms
in eq. (3.1) resemble the ones of a massive Kaluza-Klein graviton which was widely discussed
in the literature in the context of extra space-time dimensional models, in particular, those
with large extra dimensions [5] and Randall-Sundrum [6]. There are significant differences
between these scenarios and ours. In particular:

— 1o does not couple to fermions and Higgs bosons, while the massive graviton is more
democratic and couples to all particles;

— unlike in extra dimensional models, the 15 couplings to gauge bosons are not universal
— the coeflicients cp, cw, cq are free parameters and can be different. A practical
consequence is that the 19 Z~ couplings occur for generic coefficients cyy, cp contrary
to the case of extra-dimensional theories;

— the structure of the interaction operators are different. As a consequence, angular
distributions are different from the case of Kaluza-Klein gravitons.

These differences come from the fact that our field o is a generic massive spin-2
field with interactions given by eq. (3.1). Thus, it cannot be identified with the massive
graviton. Our interactions also differ from the ones in ref. [87]. Details about the Lorentz
group representations of our 19 and the ones of massive graviton can be found in ref. [42].
We now proceed to the phenomenological part and study the properties of the v state,
namely its main decay modes and production channels.

3.2 Decay modes and branching ratios

The spin-2 particle will decay dominantly into the following two-body final states,
@Z}z -7, ZZ) Z’Ya WW7 g9-

Due to the non-Abelian nature of the SM gauge bosons, also three- and four-body final
states are possible,

¢2 — PYWVV7 ZWW7 397
by — AW, AAWW, ZZWW, ~ZWW, 4g.
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Figure 5. The branching ratios of 1, corresponding to different final states as functions of m..
The choice of parameters is A = 1 TeV and ¢ = gy (mz), cw = g2(mz), cg = gs(mz).

We will ignore these additional modes as they are of higher order and stick to the two-body
final states decays.

The partial widths of these dominant decays are

cZ, 4m?
r - G 72 29
(cp cos? Oy + ey sin? Oy )2 m?
T( = yy) = 0 Ao (3.3)
T — Z2) = (cpsin? Oy + ey cos? Oy)? (m3 — AMZ)Y2(m$ + 2mi M2 + 36m3M3)
B 30m A6 :
(3.4)
Gy (m3 — AM§)'2(mS + 2m3 MG, + 36m3MiY)
P = WIW™) = 1o w) A N R e (3.5)
(cp — cw)2 sin? Oy cos? Oy (mg _ m2Z)3 SM% 6M§
P = 27) = . (36
(¥ ) Tom G mo + o + o (3.6)

The 19 branching ratios are presented in figure 5 as a function of the mass mo for the
specific set of coefficients cp = ¢g1(Myz) = 0.36, cy = g2(Mz) = 0.65 and cg = gs(Mz) =
1.22. As expected, the decays into gluons are by far dominant as they involve the strong
interaction. The decays WW, ZZ and ~~ are at a level of 10% to 2%, respectively, while
the decay into Z~ final states stays at the permille level.

Similarly to the 153 field, the total decay width of a relatively massive 1 state grows
extremely rapidly with the mass since T'y, o m3/AS. For instance, taking A = 1TeV and
coupling constants cg = gy (myz), ew = ga2(myz) and ¢ = gs(mz), one finds a total width
of about 2MeV when mg,, = 200 GeV. By increasing the mass to mg/, = 800 GeV, the
total width will grow by over four orders of magnitude to about 30 GeV.
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As expected, our results differ from extra-dimensional theories reported in the litera-
ture [9, 10, 88-91], highlighting the point that a generic massive spin-2 field with arbitrary
couplings is not necessarily a massive graviton.

3.3 Main production mechanism and cross sections

Because our spin-2 particle couples directly to two gluons but not to quarks, it will mainly
be produced in gg fusion,

99 — P2,

at hadron colliders with the partonic production cross section

. 16mcz  md ~
6(99 — ) = 3 < 33/2 2A6 5(\/; —ma). (3.7)

As usual, to obtain the total cross section, one has to fold this partonic cross section with
the gluon luminosities, which are extremely high at high-energies. The latter cross section
is shown in figure 6 as a function of the spin-2 particle mass mso for the LHC c.m. energy
Vs =14TeV, and for A = 1 TeV and c¢g = 1. Note that according to refs. [92, 93] in which
the higher order corrections to a Kaluza-Klein graviton have been discussed, there might
be a K-factor of order 2 at the LHC for a TeV scale spin-2 state. Such a K-factor has
not been included in the plot. As can be seen in figure 6, because we are discussing the
single production of a resonance in the s-channel, the cross section can be huge. It is at
the level of 103 pb at low masses, ma ~ 100 GeV, but increases to a few times 10* pb when
my ~ 1TeV, the steep increase with m§ being compensated by the lower probability of
finding a gluon in the proton at high resonance masses. With the luminosity of 140 fb~!
already collected at the LHC and the additional data to be collected at Run 3, scales of a
few TeV could be probed for the chosen ms range and cg value. At HL-LHC, scales up to
10 TeV could be probed in this process.

Note that spin-2 particles can also be produced at photon-photon colliders as s-channel
resonances in the vy — 12 process. The cross section for this process is similar to that of
the two gluon process and is given by

27 (cg cos? Oy + cw sin? Oy )2 mS
o(yy —b2) = (e W3 = w) 83/22A65(\/§_m2)‘ (3-8)

One should then fold this expression with the relevant luminosity of the two photons: ei-
ther Weizséker-Williams photons in the usual e™e™ mode when the photons are simply
radiated from the initial beams or Compton backscattered photons from high-power laser
beams in the vy option of future linear colliders. In addition, one has higher order pro-
cesses at electron-positron and hadron machines from vector boson and photon fusion,
WW,ZZ, Z~,yy — 13 with the former being dominant as usual (because the charged cur-
rent couplings are larger than the neutral current ones, in general). If only the transverse
components of the gauge bosons contribute to the production of the spin-2 object, the
rates are expected to be tiny as the luminosity for transverse W, Z bosons is small at high
energies, much smaller than the one for the longitudinal component. We shall ignore these
higher order processes at the moment.
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Figure 6. The production cross section of ¥y as a function mso for the process pp — 1 + X
corresponding to the partonic process gg — 1o at the LHC with /s = 14TeV for A = 1TeV
and cqg = 1.

The resonant production will, of course, be followed by the decays of 15 into two gauge
bosons. Hence, the main topologies to be searched for at proton colliders such as the LHC
will be

99 = V2 — 99, WW, ZZ, Z~y, .

These final states have been searched for at the LHC, in particular in the context of the
notorious 750 GeV two-photon resonance that was thought to be observed at the early
stage of the Run 2 LHC but which turned out to be a statistical fluctuation. The gg
final state is expected to be the dominant one, but one should also focus on the V'V ones
as they are much cleaner. In particular, the vy signature should be the best as, in the
massive bosonic modes, the cleanest final states are those involving charged leptons (e, )
or neutrinos (missing energy) which are penalized by the small branching ratios as W, Z
bosons dominantly decay into ¢g. Hence, the best and most efficient detection signal might
be gg — 7. This signature is very clean and has been discussed at length in the literature;
see, for instance, refs. [94, 95].

Finally, we should note that in the experimental signatures, there are also some simi-
larities with the production of spin-1 new neutral bosons Z’ and Kaluza-Klein gluons gx k.
The production modes should be in both cases due to q¢ — Z’, gx . However, gg — gx
can also come from the anti-symmetric part of the triple gluon vertex, which invalidates
Furry theorem that forbids on-shell 3 vector vertices. So, we have the same initial topology.
The Z' will mainly decay into ¢g (the WW state has a low rate and there are no ZZ, Z~, vy
final states). This cannot be discriminated from gluons, except if one looks at angular dis-
tributions. But new Z’ bosons have direct decays into lepton pairs [96], and gxx decays
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mostly into heavy quark pairs [97, 98]. Therefore, one should easily discriminate between
these scenarios, even without studying the angular distributions.

4 Spin-5/2 particles

Turning to spin-5/2 particles, we will simply list here all their possible effective interac-
tions and only briefly describe their collider phenomenology without going into details and
performing a numerical analysis. The lowest dimension of the operators linear in a singlet
spin-5/2 field 155 is 10.

The effective Hamiltonian at this order is

~Him = 508055 (e Yr (DL Fa)e(DeaL ) e + ()i DELT ) L iy (Deaies)
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The numbers of independent components in flavour space for each of the Wilson coefficient

D (2 1) (2 3
that appear are: 18 for Cz( ), cl( ), c((l ), cg ), cf]G), CIB, Cq; 27 for cf]l), gl), 511)7 CqlG> Cql W s CqlB;

2 1 2 1 2
9 for cé(;, cw; and 3 for cgp, Cfpl)BDv CE;SZ)BD7 Cfbl%/VD7 c((z)l%,VD, CHlB, CHW B, CHW, CoiG- The

product of 3 SU(2) triplets contains 2 octets, which we denote by {}s and {}a, with {}s
being symmetric in the two last triplets and {}a being anti-symmetric in them. A7, are
the Gell-Mann matrices. The rest of the notation is similar to what has been introduced
in the spin-3/2 section.

To deal with the large number of operators and to make the situation more compre-
hensible, we will simply list the allowed field contents assuming, for simplicity, only the
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first generation of fermions similarly to the spin-3/2 case,*

s ol*e* D?, s ou*(d*)?D?, 3 X (¢52qd*1D?),

U5 put(d*)?G, s aqd’lG, s 2qd* IV,

500" B, s jou*(d¥) B, V5/2qd" 1B,

5201 D", 3% (Y520lWD?), 3 x (4526lBD?)

P12 pIW2, V520l BW, 5201 B2, V5 20lG>.

There are many possible operators even in the simplified case. As already mentioned,
we refrain from a detailed discussion of the phenomenology of the spin-5/2 particles and
the computation of the production cross sections and partial decay widths. We consider
only the simplest and the most relevant operators and highlight their potential impact
on LHC physics. Obviously, the operators involving the strong interactions give the most
important contributions in this context: the dominant production processes should involve
the gluon-gluon fusion channel and the dominant, and most spectacular decays should
involve, respectively, gluons and photons in the final states. From the list of operators
displayed in the previous equation, one such example could be

¢5/2¢ZG2 = 99 — Y5V, P51,

for the production mechanism, and also for the most probable final state,

¢5/2¢ZG2 = Y52 = g9V, ggv,

which means that one gets two jets plus missing energy in the final state. This is the same
topology as in the spin-3/2 case with an interaction of the 13/, field with a quark and
lepton where the dominant process was pp — dd + ud — 2j +eTe™,2j + ev,2j + vv but
where only the last channel might be present. As noted before, the search resembles the
one for leptoquarks.

In the case discussed above, one cannot reconstruct the mass of the spin-5/2 particle.
To do so, one has to look at other decay modes that do not involve neutrinos and the
one that has the highest power of the strong coupling constant and preferentially involves
gluons. A possible decay mode could be

P 0u(d*)2G = g5 — gud® — 4,

and the full process would lead to a final state with 4 jets with an invariant mass of ms plus
missing energy. This final state signature has been discussed thoroughly in the context of
the experiment as it is a good signature of supersymmetry and it may also test the spin-5/2
particles. Note that as the 15/, interactions are damped by powers of 1 /A% in our case,
all decays and productions rates will be proportional to 1/A'2. This means that for large
values of A the new physics scale they will be extremely small.

4Some terms in the list correspond to 3 independent operators.
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5 Spin-3 particles

Finally, in the case of the spin-3 field, the lowest dimension of the operators linear in 3
is 10 as for v5/o. However, unlike for 155, the operators linear in 13 can have a lower
dimension than operators quadratic in 13. Spin 3 is the highest spin for which this happens.

For a singlet wgdeef field, the lowest dimensional Hamiltonian is

L abed - A
_Hlinear = Ewg ° Efo—gga—gd O—g\]i [CBB,LWBpoB/\e + CBWB,UJ/WipO'W)’L\E (5 1)
+ CBGB;LVGApaGfe + CGfABCGﬁVGEUGge :| —+ h.C.,

where fapc are the SU(3) structure constants. Thus, as in the spin-2 case, the spin-3 field
does not have a coupling to fermions and couples only to gluons and gauge bosons. As the
field strengths involve up to two fields (in the non-Abelian case), there can be interactions
of 13 with three to six vector fields. However, the more fields one has, the higher is the
order in perturbation theory. Thus, the dominant processes will have the minimum number
of fields, namely three, and, for simplicity, we will only discuss this option here.

The most spectacular decay modes of the neutral 13 state are thus

V3 = VLN L L, ZZ L, WEW Ty, W W™ Z, (5.2)
while the most frequent ones would probably involve gluon jets and could be

Y3 — 999,997, 99 2. (5.3)

For instance, the decay rate of 13 to three photons is
87c% cos® Oy mi3
1120073 Al2°

Thus, as in the previous discussion of the spin-2 case, one assumes that the cg factor for

L = yyy) = (5.4)

strong interactions is larger than the ones for the weak interactions, c¢p, cpw, and the
interferences cpg, the main process at hadron colliders will be

99 — V39,

followed by
99 — V37,932,

while the main decay modes will be into three gluons, {3 — ggg or two gluons and a photon
or Z boson, ¥3 = ggv,99~Z.

Keeping only the processes that have more than two (or three) powers of g3 at the
amplitude level, one obtains for the various topologies,

99 — [44], (397,392, [2927,292Z,29vZ, 2gW T W], -+ - [6, - - -],

with the first bracket being dominant, the second bracket sub-dominant and the third
bracket sub-sub-dominant. Of course, the best signal would be gg — 4+, but it will have a
rate that is sub-subleading and very suppressed unless all cx coefficients are comparable.
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In any case, the dominant process will be either 4 jet events or three jet events with
a “monochromatic” photon. Thus, to the first approximation, one can only consider these
two options and ignore all the other possibilities. If a discovery is made, one should try
to find the other rare and complicated final states in order to check that it is indeed the
signature of a spin-3 particle and derives the various coefficients in the Hamiltonian.

We finally note that at ete™ colliders, one could use the process vy — ¥3 +v/Z —
3g+/Z for production, which might be the dominant one. In the ete™ mode, one should
rely on vector boson fusion in all channels, VV — V'i3 with V. V' = ~, Z,W. This also
represents the higher order processes that can be probed at hadron colliders too.

6 Conclusions

We have presented an effective field theory for higher-spin particles that are singlets under
the Standard Model gauge group, which involve the lowest order linear operators. The
complete set of interactions at that order was explicitly derived for spin-3/2, 2, 5/2 and
spin-3 particles and presented in egs. (2.1), (3.1), (4.1) and (5.1), respectively. We have
then worked out the most important collider phenomenological features of these particles,
mostly at hadron colliders and in particular at the LHC, but also in electron-positron colli-
sions. The partial widths of the principal decay modes and the production cross sections in
the main channels have been evaluated for spin-3/2 and spin-2 particles using a formalism
introduced earlier, and their implications for constraints on these particles and their search
at the LHC have been summarized. In each case, we have discussed the most relevant
features and compared the final state experimental signatures with the ones of supersym-
metric models or theories of extra dimensions. In the case of spin-5/2 and spin-3 particles,
we simply listed the main decay modes and the production mechanisms and highlighted
the most striking experimental signatures by which they can be searched for at the LHC
and beyond. As the general aim of this work was to pave the way for possible future work
on higher-spin particle phenomenology, we have therefore collected the relevant and poten-
tially useful technical material, including Feynman rules and an example of computation,
in several appendices.

The higher-spin particles can have a rich phenomenology and, in addition to the collider
aspects discussed in this paper, they can play a potentially important role in other areas
of high-energy physics. Higher half-integer spin particles that couple to SM leptons and
quarks can, for instance, have some impact on proton decay if some effective operators
are simultaneously present. The Majorana nature of the high-spin particles may also have
important cosmological consequences, besides those related to dark matter. For instance, if
one considers more than one higher-spin particle with different masses and different complex
couplings, for example, two different spin-3/2 fermions 5 2 0= 1, 2, interacting according
to eq. (2.1), the possible interference between the complex amplitudes may give rise to direct
baryogenesis in the early Universe, very much the same way as in leptogenesis [99]. In this
example, the observed baryon asymmetry of the Universe may not be related to neutrino
masses but to the Majorana nature of higher-spin particles. This path is worth exploring.
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Finally, while the main focus of the present work has been on collider phenomenol-
ogy of the hypothetical higher-spin particles, higher-spin resonances do exist in low-energy
hadronic physics and in nuclear physics. In the introduction, we reviewed some difficulties
related to computing the spin-3/2 resonances described by interacting Rarita-Schwinger
fields. Our formulation of the massive interacting spin-3/2 fields is free of those problems
and can provide a consistent framework for computing higher-spin nuclear and hadronic
physics observables. This aspect is clearly very important and needs a separate and de-
tailed discussion.
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A Computational details

A.1 Symmetric multispinor formalism

Our notation, first proposed in ref. [42], is based on the well-known two-component spinor
formalism discussed, e.g., in refs. [100, 101]. Undotted indices (a,b, ...) and dotted indices
(a,b,...) transform in the (1/2,0) and (0,1/2) irrep of the Lorentz group, respectively. The
indices are raised and lowered with antisymmetric tensors €q, €;; with e = —€el2 = 1.
When possible, we adapt the convention where undotted (dotted) indices are contracted
in descending (ascending) order, e.g. t* = €™, 1% = taeab so that t%, = tpe®t,. A pair
comprising of a dotted and an undotted spinor index is converted into an vector index p
as Paa = PuOhy, P = aHaap.. /2, where ¥ is the identity matrix and ¢ with i = 1,2, 3 the
Pauli matrices, or as p® = p,a+%%, where 4% is g* = (6%, —c?). It holds that
ot 5" 1 gV, G = 2t (A.1)
Objects in the (j,0) irrep are denoted by 9 (q) = Yajay...a5;, Where (a) is a symmet-
ric multispinor index. A multispinor object ¢ is converted into a symmetric multispinor
by taking the product of 2j copies of ¢ and symmetrizing the indices. For example the
momentum pgg corresponds to

1 . .
Pla)(a) = W [Palal - Pag;ag; + all permutations of a; and a; } (A.2)
In this way, the eg, and €* symbols are also generalized to the €(a)(v) and ¢@®) symbols
that can be used to raise and lower symmetric multispinor indices. The following identities
hold

€@y =6 5% =25 4 1. (A.3)

y
)b = (=1)7€w)(a) (a)? (@) =
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The object

7 o o
o (U#. gvac _ O_Culdauac> €be (A4)

makes a frequent appearance in the Feynman rules. It is symmetric in the two-spinor
indices ab and antisymmetric in the Lorentz indices pv and thus projects rank 2 tensors
into their (1,0) subspace.

A.2 Feynman rules

Here we present the Feynman rules for higher spin propagators and vertices with up to 3
legs that arise from a given effective operator. Below 6y is the Weinberg angle, gy, g9,
e = gosinfy = gy cosBy are the U(1)y, SU(2) gauge couplings and the electric charge
respectively. All vertices are completely symmetric in the spinor indices.

Propagators
p p
(@ = (a)  paa (@ —~ (@  p@@ As
? TR S T (A.5)
i <(b) . m2i 5@
®), () m¥) G, @ my
S TRy ? S _sz_mz' (A.6)
External lines
b, o p,o .
~ (a) - (a)
—>" =uupo), ———" =»(®,9), (A7)
@ P9 @ P9 '
—— ()(P,U)a * < (a)(P;0)
Completeness relations
Zu(a b, o u(a pv ZU a)(p> ) P(a)(a)>
(A.8)

> uy(p,o)oP(p, o) = 2j5((a)), S w @ (p, o) iy (o) = 215((1?))'

g

Vertices for spin-3/2 particles. Here, we present only the vertices with 1) the quartic
point-like interaction with three fermions and 2) with up to 3 particles for the interactions
with Higgs and gauge bosons which give the dominant interactions; there are also 4 particle
vertices of two types compared to the ones below: either one can add a Higgs line and the
interaction is suppressed by a power of v or add a gauge boson line and the interaction is
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suppressed by an additional gauge coupling.

abc

Rf

><

i J

€rd Ve
ko
P® C><qu' f
] %
Uud dRJe
e C><dRJ f
i J
LId Ve
kx
e C><dmf
J
ule €Te
i
q1 JLd
zz}abc:),://
qg2°.
i
@ Vrd
zﬂabc
q2
Al/
i
q1 JLd
wabc
q2
Zl/
i
@ €rd
¢abc
q2
wtv

66]5 e,‘?;f’
— L] Ik sdsesf
- A3 6a5b 50 ’

Cudd IJK
=it odseol, (A.9)

Cdd]: Iy
_ - 1) d se
= —i—L 6556/,

ude S1.J
=it 5550l (A.10)

®
- _ZFT ab QQ/J,QIV(Scdv (All)

*—\[( cB cos by + ¢V stW) Ug,;qu(ig,

- i( i GC?
A3 2v/2 sin Oy cos Oy Ny (A.12)

+V2(cP sin By + ¢V cos Hw)QQM)O'gbyég,

v . 092 W d
— 5 (=i Zan o+ V2, ) oty
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Vertices for spin-2 particles

Zy
q ij
¢abcd
q2

wabc

¢abc
q2
A
W
Qi:
,¢abc
Q24
W/\
q JAv
1
wabc
q2
9B

Vertices for spin-3 particles

8(cpsinby, + cw cosby,)
A3

=i Uab Jcd q1p92p,

8(cp — cw) sin Oy cos Oy,

- Z A3 Uab O’cd Q1/Lq2p7 (A13)
.8(cp cos 9W + ¢ sin HW)
=i A3 Ua cd qluq2p7
8ew
i3 ab 0L 012y,
(A.14)

8ca
= ﬂﬁau Ucd Q1,uQprsB

_ 12cos O (4cp cos? Oy + cpy sin? Oyy) w _po

12 sin Oy (4ep sin? Oy + cpw cos? Oy )

A6 Tab 9cd O'ef(huf&pqu,

wv _po

A6 Oab 9¢d UequMQ2pq3A7

_ 8sinfw cos? Oy (6¢cp + cpw) oM PO

o
abcde,
A =
v o Ao
q3
€
q £
abede
7 =
v A
q3
Ze
q A
abcde,
A, =
v ~ Ay
q3

A6 Oab 9cd Uefq1MQQpQ3A7
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. 9
bed 8 sin” Oy cos Oy (6¢p + cpw)
ypabede q2ZU —_ A6 O'ZbVO'gd O'efq1uq2pQ3)\a

abede 2 cos Owepw
¥ qQW;r = —Tffﬂ,jffﬁd O Q1 uG2p A, (A.15)

abcde 2sin QWCBW uv _po
Q’Z) QQW;_ - To—ab Ocd O_efql/.tq2pq3)\7

q1
bede f 16 cos Oy cpa
wa C e*@gGg — _TU:;: de' F41.92p93X,
2
q3
q1
bed 16 sin Oy cpa
z/}a C 6%:%%5610 — ngga'gd Uefqm(JQp‘B)\,
q3
q1
bed 16 cos Ow cpa
abe e%ﬁ%@a = TU(%}U& UefCIIuQZPQ?))\a
2
q3
q1
bed 48cq faBe
abede] %%QQQG” — Taggaﬁgaefqm@p%,\
q3

A.3 The narrow width approximation

(A.16)

Consider a process A — B(1) — C') that can be split it into the sub-processes A — B and
Y — C with amplitudes M;(s) = Mga)v(a)(s) + Ml(d)u*(d)(s), May(s) = u(b)(s)/\/lz(b) +

vzkb)(s)Méb). The symbols A, B, C denote external states that may contain multiple parti-

cles and s is the spin of .

~ 31—



The total amplitude is given by

a b e
M ip iy M5 Miayip 0 Magy
=2 _ .2 2
p2 —m?2 +iml (Zb)) m* + zmlﬁ (A.17)
Miay im2 §(@) /\/l Mga)imzjé(a)(b)/\/lg(b)
p2 —m2—|—zmI’ p2 —m2+iml

where I' and m are the width and mass of ¢, respectively. The narrow width approximation
works in the limit I'/M — 0 in which case |[p? — m? — imD|=2 = «/(mD)é(p? — m?)
effectively putting the intermediate v on-shell. The spin sums then imply that |M]|? =
7/(mD)(p? — m?)| >, M1(s)Maz(s)]? and thus the cross section decomposes as expected

doaB—0) Z daixliQJM dF8182 2o/ (A.18)

51,52
When summing over all final state spins in C and integrating over the C phase space,
then I‘fjjfc = 0s;5.'y—c. The cross section for the complete process is thus obtained by
performing the spin sum in dss_,py and multiplying the latter by the branching ratio
ofpy —» C,

do s B—c) = doapy BRyc. (A.19)

A.4 Calculation example: spin 3/2 decay

To clarify our formalism, we present here explicit calculation of spin-3/2 particle decay to
Higgs and neutrino or anti-neutrino: 3,5(p) — H(q2)v(q1) and v¥3/5(p) — H(q2)v(q1).
The contributing diagrams are

vLa(q1) vy (@)
wabf:(p)%\/ : wf)&(p):%{ ~ (A.20)
h(q) h(q)

The final states are different and therefore there is no interference between these diagrams.
We use two-spinor Feynman rules for the standard model fermions presented in [100]. By
using the Feynman rules in [100] and in egs. (A.7) and (A.11) one can write the Feynman
amplitude corresponding to the left diagram:

. ¢ abc(

Moy )y = \fA?’ P;0) Oy Q2uiv 6% ya(q, 5), (A.21)

where y4(q1, s) is the wave function corresponding to neutrino. The spin-averaged ampli-
tude squared is:

1 eyl wbe d
Moy o stin]? = u* i (p, o )ut! (p, o) v:(q1,9)yr(qu,s) | X

x aj o5 urativgip-

(A.22)
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This can be simplified by using Pauli-matrix identities:

_ i,
,uI/ 57]“ €ab T+ 2(0-#0-1/)(1() and Uu 277 ah T+ 5(0'“0'”)(-15, (A23)

where the terms proportional to antisymmetric € vanish when its indices are contracted with
the symmetric u*®¢(p, o) and u®/f(p, o). By using the completeness relation in eq. (A.8)
and in [100] the amplitude squared becomes:

1 eg)?
T 2j+148A6

|Mw3/2—>Hz7|2 |: ado_beo_cf+o_ado_cegbf+o_bd ae = ;f

O_Zdo_ceo_af+0_cda_aeo_bf+0_cd be = Zf}

X 05 fe (T30)ia(Tads)de PP P 6045 q) d)

1 e
© 2j+148A6

{—Tr [5M0a5ga,,5)\a,y] Tr [6p05] —Tr [&,Laa&ga,,&gap&)\av]
+Tr[6,00030,0,0\| Tr[6,05] +Tr (0300001510 ,050,]

+Tr [5;,0’55“0'0(550'1,5'70')\] —Tr [5)\07@;056#0,1650”] }

<p'p P} 03 a5 41 )
1 egl? 213
T 2j+124A6 3 2(ms p —mi)°. (A.24)
The decay rate now becomes:
7 4
L fegl? ™32 M
H 1- . A2
T(¥s/2 = HY) = 27 +1 384w AS mg/Q (4.25)

Finally, when computing the total decay width, one can use the fact that Lorentz
symmetry demands that all spin states must have the same decay width. It is thus sufficient
to compute the decay width for the highest spin state only and, the phase space integration
will yield the spin averaged width. Using the highest spin state is convenient because
the corresponding multispinor can be constructed from identical two-spinors, and thus,
symmetrization is automatic.
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Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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