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1 Introduction

In quantum mechanics and quantum field theory, physical operators such as the Hamiltonian,
are postulated to be Hermitian because their eigenvalues, which are observables, are real.
Transformations generated by Hermitian operators admit unitary evolution of physical systems
which preserve transition probabilities. The synthesis of unitarity and Lorentz symmetry
inevitably lead to the celebrated spin-statistics theorem [1-3].

The postulates in quantum mechanics and the spin-statistics theorem have played
indispensable roles in our ongoing efforts to understand the fundamental constituents of matter.
And yet, according to the ACDM model and measurements from the Planck Collaboration,
elementary particles of the Standard Model (SM) accounts only up to 5% of the total energy
and matter contents of the observed universe [4]. Therefore, it may be premature to suppose
the present theoretical framework and their theorems are fixed. In fact, the development of
physics from the beginning of the twentieth century has taught us that progresses are made
by continual modifications and generalizations of the foundational axioms.!

In this spirit, the works on P7T symmetric Hamiltonians by Bender and Boettcher [6, 7]
and its subsequent generalization to pseudo Hermitian Hamiltonians by Mostafazadeh [8, 9],
are of central importance. These works represent an expansive program to extend quantum
mechanics and quantum field theory beyond the formalism of Hermitian operators. To be
precise, a pseudo Hermitian Hamiltonian is defined by the following equation

H* =y 'H'n=H, (1.1)

where 7 is an operator to be determined. While definition (1.1) was already known to
Pauli [10], its physical implication was only realized after Mostafazadeh proved two important
theorems concerning the spectrum of H and the generalized unitary evolution of states when

'In essence, we are paraphrasing Dirac’s view on the development of physics which remains very much
relevant even in the twenty-first century [5].



equipped with the appropriate inner-product. To facilitate ensuing discussions, we now
present the two theorems of Mostafazadeh:

Theorem 1. Let |a) be an eigenstate of H with eigenvalue E,. From (1.1), the
eigenvalue Eq is real when no, = {a|n|a) # 0.

Theorem 2. The invariant inner-product between two states is (B|a), = (B|n|a).
The time translations are the canonical quantum mechanical transformations,

la(t)) = e*th]oO and (B(t)| = <B|eimt, so that (B(t)|a(t))y = (Bla)y-

Physically well-defined free quantum field theories with pseudo Hermitian adjoints that
evade the spin-statistics theorem have been constructed in the spin-zero and spin-half
representations [11-15]. The author and collaborators have, from first principle, constructed
spin-half bosonic as well as fermionic fields of mass dimension one and three-half [12-14].
Despite the use of pseudo Hermitian adjoints, the free theories are unitary. That is, the
free Hamiltonians are Hermitian and positive-definite. In the presence of interactions, the
Hamiltonians become pseudo Hermitian so it is necessary to use the 1 product to preserve
time translation symmetry. An important problem for pseudo Hermitian theories is that
the 7 is not positive-definite so further works are needed to establish consistency for the
interacting theories. As we will demonstrate in this work, the indefinite product does not
pose any difficulty for the model under investigation.

In this paper, we study the theory of symplectic scalar fermion constructed by LeClair
and Neubert (LN) [11]. This theory is local, Lorentz-invariant, admits a positive-definite free
Hamiltonian but furnishes fermionic statistics. The point of departure from the bosonic scalar
field theory comes from the introduction of pseudo Hermitian adjoint. Due to the fermionic
statistics, the theory is shown to have global symplectic symmetry and its 8 function, in the
case of quartic self-interaction has non-trivial fix point [11]. The theory has found applications
in conformal field theory [15] and dS/CFT correspondence [16-21].

The paper is organized as follows. In section 2, we review the theory of scalar fermion
and the properties of pseudo Hermitian Hamiltonians. In section 3, we clarify the derivation
of the global symplectic symmetry. In section 4, we show that for the model of N quartic
self-interacting scalar fermions, the S-matrix satisfies the generalized unitarity relation.

2 Scalar fermions

Let ¢ be a complex scalar field and ¢ be its adjoint. LeClair and Neubert made the
crucial observation that ¢ does not have to be the Hermitian conjugate of ¢. In fact, the
following expansions

&p
V2F

3 . .
3w) = 2m) 2 [ L [ereal () — i) (22)

b(x) = (2m) /2 e %a(p) + 7 bl (p)] (2.1)

are also legitimate. The demand of locality, and the minus sign in (2.2) force ¢ and ¢ to be
fermionic rather than bosonic while respecting Lorentz symmetry. That is, at equal time,



they anti-commute with each other {¢(¢, ), 4(t,y)} = 0. In fact, they also anti-commute
at the same space-time point {¢(z), ¢(z)} = 0. Given an arbitrary Lorentz transformation
A, they transform as

U(A)p()U ™ (A) = ¢(Ax), (2.3)

U(N)é(@)U 1 (A) = d(Ax), (2.4)
where U(A) is the unitary representation of A in the Hilbert space. Taking into account of
the fermionic statistics, the free propagator and Lagrangian density are given by

i 4 —iq-(z— 1
S(x—y) = (27r)4/d Q[e o y)m ) (2.5)

and
L = 0" — m* . (2.6)

One can readily verify that the fields and their conjugate momenta satisfy the canonical
equal-time anti-commutation relations and that the free Hamiltonian is positive-definite
after normal-ordering [11]

Ho = [ &p\/IpP +m? [al(palp) + b (p)b()] (2.7)

Because ¢ and ¢ furnish fermionic statistics, we cannot add a Hermitian conjugate term
21 to (2.6) to make the Lagrangian density Hermitian as it would lead to non-locality and
non-unitarity because ¢ does not anti-commute with ¢'. Similarly, given a pseudo Hermitian
interacting potential, we cannot add a Hermitian conjugate to it. Therefore, the kinematics
and dynamics of scalar fermions can only be described by & and ¢. Because ¢ # ¢', the
free Lagrangian density is non-Hermitian. Nevertheless, the free propagator remains the
scalar propagator and the free Hamiltonian is Hermitian. Therefore, the states have unitary
evolution under Hy and the fields evolve via

b(t, ) = el §(0, x)e Mot (2.8)
o(t, ) = o' e(0, )e 0",

Similarly, the free momentum operators are also Hermitian so the states and fields are
unitary under spatial translation.

But in the interacting picture, the full Hamiltonians that are functions of ¢¢ and its
generalizations are non-Hermitian. To deal with non-Hermiticity, we first review and elaborate
on the observation made by LN. As for how states evolve under such Hamiltonians, we defer
the discussions to section 4. LeClair and Neubert noted that while ¢¢ is non-Hermitian, it is
pseudo Hermitian [11]. There exists a Hermitian operator n such that

[30,2)600,2)]" =07 [3(0,2)6(0,2)] 1 = 30, 2)(0, ). (2.10)

Since [Ho,n] = O, (2.10) holds at all times under the evolution of Hy. We require 7 to
be Hermitian so that (4¢)*# = ¢¢. To find 7, we take ¢ to be the pseudo Hermitian
conjugate of ¢ in the sense that [11]

$(x) =n~"¢  (x)n. (2.11)



Expanding (2.11) using (2.1)—(2.2) yields

n'a(p)n = a(p), n b (p)n=—b'(p), (2.12)

which are equivalent to

n'la(p)) = la(p)),  nlb(p)) = —[b(p)), (2.13)

where af|0) = |a), bT|0) = |b) and we have demanded that the vacuum to be invariant under
the action of 1. We note, if the scalar field is taken to be real, then there is no non-trivial
1. This tells us that a consistent theory of scalar fermion cannot be formulated in terms of
real scalar fields. Doing so inevitably leads to non-locality and non-unitarity.

Equation (2.13) can now be solved by the ansatz 1 = exp(ifix) where x = [ d>p[b!(p)b(p)]
and 6 € R is a phase to be determined. Acting 1 on the particle and anti-particle state using
the ansatz, we obtain nf|a) = |a) and n|b) = €*|b). Choosing § = —, we obtain [22]

n=cxp | ~ir [ dpbi(p)b(p)|. (214)
so the operator is unitary. Next, act  on an arbitrary state |a) successively, we obtain
2 _ o —2ingT —
nla) =e @) = |a) (2.15)

where n,, is the number of anti-particle states in |a). Therefore, n? = n'n = I so 7 is Hermitian.
Using (2.12), we find [Hy,n] = O. Therefore, the free Lagrangian density is pseudo Hermitian

ZF =Ly = 4. (2.16)

Similarly, interactions that are functions of ¢¢ and its generalizations are pseudo Hermitian
-1 5

at all times. If we perform transformations on the fields ¢/ = U¢, § = ¢U#, we find that

-/

é ¢' remains pseudo Hermitian provided that U satisfies U#U = I.

2.1 Pseudo Hermitian Hamiltonians

We study the time evolutions of the scalar fermionic fields in the Heisenberg picture to
demonstrate that the associated definition of pseudo Hermiticity is consistent with its
counterpart in the interacting picture. Pseudo Hermitian Hamiltonian is defined as

H* =n'Hn=H (2.17)

where [n, H] # O so that HT # H. In the Heisenberg picture, this means that 1 has a time
dependence. Taking n to be at time ¢ = 0, we obtain

nu(T) = M Tne™ T £y, (2.18)
If we instead define pseudo Hermiticity using g (7') where T' # 0, it is equivalent to (2.17) since

ng (T H'ny(T) =n~'Hin = H. (2.19)



Equations (2.17) and (2.19) show that the time translation on 7 induces a non-uniqueness in
the definition of pseudo Hermiticity. Also, any similarity transformations n — n’ = UnU~!
where [U, H|] = O satisfies (2.17) and (2.19).

If we only consider the definition of pseudo Hermiticity of the Hamiltonian, then 7 is
unique up to similarity transformation and time translation. However, these considerations
do not take into account of the fact that Hamiltonians are constructed from quantum fields.
The demand of pseudo Hermiticity on quantum fields imposes additional constraint on
n. For scalar fermionic fields, the relation ¢ = 17 '¢'n uniquely fix n to be (2.13) thus
removing the non-uniqueness.

Now we consider pseudo Hermiticity in the Heisenberg picture. Let ¢p and ¢ 5 be the
scalar fermionic fields in the Heisenberg picture. At t = 0, we have

o (0,x) = ¢(0,x), (2.20)
by (0,2) = ¢(0, ). (2.21)
We take their time evolutions to be
or(x) = (0, z)e (2.22)
by (z) = P (0, z)e 1, (2.23)

Because the Hamiltonian is pseudo Hermitian, the demand that both ¢z and ¢ g have
the same time evolution requires further justification. Specifically, we need to demonstrate
that no inconsistencies arise from (2.20)—(2.23). Towards this end, we rewrite (2.21) as
o' = nen~! and evolve ¢! to obtain

(bTH(m) _ eiH‘Ltng(O7 :B)efiHTt
= ¢t [77(75(0, 93)7771} e Tt (2.24)
Since HT # H, the time evolution of gzb}{ is different from ¢g. Using the identity
eiHTtne_th =1, (2.25)
we obtain
e 30, x)e M = b (). (2.26)

By comparing (2.26) with (2.23), consistency requires ¢ (x) = n‘lqﬁ}rq(:p)n. Therefore, both
fields ¢ and @ must have the same time evolution. Their product transforms as

S (x)pr(x) = M $(0,2)p(0, @)e ", (2.27)
Since ¢¢ is pseudo Hermitian, using (2.25), we find

=

et [&(O,w)ﬁﬁ(o, m)} e HE = 1 [qﬁH(x)ng(a:)}Tn (2.28)

which is equivalent to

(2.29)



The above analysis of pseudo Hermitian conjugation on scalar fermionic fields also apply
to general operators. Given an operator A and its pseudo Hermitian conjugate A# at t = 0,
they both have the same time evolution in the Heisenberg picture. If an operator is pseudo
Hermitian at ¢ = 0, then it is pseudo Hermitian at all times.

3 Symplectic symmetry

Apart from the global U(1) symmetry, the Lagrangian density also has a global symplectic
symmetry Sp(2,C) [11]. Since {#(z), #(z)} = 0, the product ¢(x)¢(x) can be written as

Ba)o(r) = 38" ()0 (x) (3.1

B(z) = [j((x))] o= (_01 ;) . (3.2)

2

where

Therefore, the Lagrangian density is invariant under the symplectic transformations
O(z) » M(z), @T(x) - T (2)MT (3.3)

where M is a 2 x 2 complex matrix satisfying
MTOM = (3.4)

with MT being the transposition of M. Equation (3.4) is satisfied for all complex matrices
of unit determinant. Therefore, they are continuous transformations and can be generated
via M = eX. Expand M near the identity

T+ xT+ox™)] a1+ X +o(xY)] =0, (3.5)
we obtain
XTo=-ax. (3.6)

Solving (3.6), we find the general solution
01+ 0y O3+ 104
X = 0; eR 3.7
<05 + i —01 — 'LGQ) ’ < ( )
Substituting (3.7) into M, the generators are given by

dM

X;="-
do;

0;=0

from which we obtain

w0 ) ) e
(0w (00 e (00) o

21f we perform the same analysis for complex bosonic scalar field, we would have obtained the conserved

currents and charges associated with the U(1) symmetry.



Under the infinitesimal transformation
(I)n — (I)n + ei(Xi)nm(I)ma (3'11>

the conserved currents are given by

0L
Jéu =N [(.M(I(;)(Xz)nmq)m] . (3'12)

Due to fermionic statistics, there is an ambiguity in the ordering of ¢ and ¢. To deal with
this issue, we introduce the operation N to order ¢ to the left of ¢. The results are

I = 6 (0"¢) — (0" )9, (3.13)
I =i|6(0"9) — (0" 6)9| (3.14)
Jy = (0"p)p = —p(0"9), (3.15)
Jy = 1i(0"9)¢, (3.16)
JE = (0"4)d = —4(0"9), (3.17)
T =i(0"3)6 = —ig(0"B). (3.18)

To couple the currents to gauge fields, they must be pseudo Hermitian. Given an arbitrary
operator @, it can be made pseudo Hermitian by the linear combination e’ + e~ O#
where ¥ € R. Applying this procedure to the above currents, we find

Ji = 2isindy | 6(0"9) — (0"9)¢| (3.19)
J — 2icos ¥y [(5(8“(?) — (a“@(b} ) (3.20)
T = V(1) p + e 3 G (01 B), (3.21)
TY = eP4i(0h0)g — e i g (0" ), (3.22)
JE = (01 G) b + e (0 0), (3.23)
T — e5i(0" 3)$ — e oigp(9e), (3.24)

for ¥; € R. We find the following currents, namely, Ji', JY', and J}' to be linearly-dependent
on J§, JE and J§ respectively. Therefore, there are three linearly-independent currents

Kf = J = isiny [$(0"¢) - (9"8)¢] , (3.25)
K = e3(0"9)p + e 3 (0" 9), (3.26)
KY = 401 p)p — e V4id (0 P). (3.27)

The corresponding generators are

, i 0 0 s 0 et
Y1 = Sln’l91 (0 —i) y Y2 = (_e_wg 0 > ; }/3 = <i6_w4 0 ) . (328)

Choosing the phases to be

sind; =1, e = = ¢ (3.29)



the resulting generators satisfy the su(2) algebra

(Y3, Y] = 2¢€i51 Yk (3.30)
The currents become
Kf =i |6(0"9) - (0"9)¢|, (3.31)
Ky = e(0"¢)p+ e §(0" ), (3.32)
KY =i [e?(0"6)6 — e 60" )], (3.33)

and the conserved charges are given by

Qi =i [ &% [$(00) - @:d)9] . (3.34)
Oy = / @z [ (00)6 + ¢ 30,3 . (3.35)
Qu=i [ da [ @19)0 — " 5(019)] (3.36)
Substituting (2.1)—(2.2) into (3.34)—(3.36), we obtain the normal-ordered charges
Qi = [ dp[al(pla®) ~ V' @)b()] (337
Q21 / d3 “al (p)b(p) + ¢ (p)ap)] (339
Q= [ d'p[e7al p)b(p) — € (pla(p)]. (339

All three charges are pseudo Hermitian. Additionally, @1 and ¢Q)2 3 are Hermitian, satisfying
the su(2) algebra

(@1, (iQ2)] = 2i(iQs), (3.40)
[(iQ2), (iQ3)] = 2iQ1, (3.41)
(@1, (iQ3)] = —2i(1Q2). (3.42)

After normal ordering @)1, it defines the charges of the particle and anti-particle, namely,

Qila) = +la), Qu]b) = —1b). (3.43)

For 2,3, they map the particle state to the anti-particle state and vice versa?
Q2la) = iem|b>, Q2]b) = ie_m|a>, (3.44)
Qsla) = —e™|b), Q3|b) = e ?a). (3.45)

3LeClair and Neubert asserts that due to the relation Sp(2) 2 SO(3), the states are of spin-half. We believe
their interpretation to be incorrect. This is because the spin of states are determined by their eigenvalues
with respect to one of the Casimir invariant operators of the Poincaré group, namely s = —m?j(j + 1) with
ji=0, %, --+. Since the scalar fermionic fields are constructed from the scalar representation of the Poincaré
group, we have 7 = 0 and hence s = 0.



By demanding the currents to be pseudo Hermitian, the global Sp(2, C) symmetry be-
comes SU(2). Therefore, the Lagrangian density, including interacting potentials constructed
from ¢ and ¢ has a global SU(2) x U(1) symmetry. Because gauge group is semi-simple and
compact, by treating ¢ and ¢ as doublet (3.2), we can couple them to non-Abelian gauge
fields that resemble the electroweak sector of the SM. However, we should also note that the
doublet structure presented here is fundamentally different from the SM fermionic doublet
because it is bosonic and contains only of one specie of particle. It would be interesting
to see if the symmetry is preserved in presence of quantum corrections. We leave this task
for future investigations.

4 Generalized unitary evolution

Interacting Hamiltonians constructed as functions of ¢ and ¢ are pseudo Hermitian and
hence complex. One may therefore suspect the resulting S-matrix to be non-unitary. This
concern was partially addressed in [13]. There, a formalism to compute scattering amplitudes
with pseudo Hermitian Hamiltonians and the definition of generalized unitarity relation were
proposed. Here we review the formalism and discuss problems to be addressed.

Let |a) and (8] to be states that evolve under the pseudo Hermitian Hamiltonian

a(t) = e M), (B(0)] = {ale™". (4.1)
To preserve time translation symmetry, we use the n-product [8]

(Blayy = (Blnl). (4.2)

Using (2.25), we find (5(t)|a(t)), = (B|a),. The matrix element of operator must now
be defined as

A = (BlnAle) (4.3)
so that it is invariant under time translation. To see this, we take U(t) = ¢! and find
AD = (Bt U U O)U AU U (1))
= (B()InAm (t)](t))

= [47 )] (4.4)

Ba’
From (4.3), we define the expectation value to be (A), = A, When A is pseudo Hermitian,
the expectation value is real.

In the scattering process a@ — S described by pseudo Hermitian Hamiltonian, the

S-matrix is given by
Sa = (Bla_dn. (4.5)
where |a_) and |54) are the ’in’ and ’out’ states. They are related to the free states by

la—) = Q_Ja), (4.6)
1B+) = Q+[Bo), (4.7)



where
Q1) = e HoT QL = lim Q(7). (4.8)

T—F00

Using Q4, we write (4.5) as

Spa = (om0 |ao)
= <ﬁ0|5‘0¢0> (4.9)

where S = QinQ_. Because H is pseudo Hermitian, both {2 and the S-matrix are non-unitary.
Instead, their inverses are obtained via pseudo Hermitian conjugation

Ql=0#% §71=g5% (4.10)
The matrix component of S~! is given by
S4 = 8%, = (3015#|50)

= (voln~"S™nlBo)
= (701207 |Bo). (4.11)

In obtaining (4.11), we have used 5T =7 and 7 = n~!. Now, we recall that the free states
evolve under the free Hamiltonian which is Hermitian. These states admit a Hermitian
inner-product that is positive-definite and invariant under time translation

(Boleo) = (8 — ). (4.12)

Therefore, they satisfy the completeness relation the completeness relation

[ 48180y (0l = 1 (4.13)

and the S-matrix satisfies the identity

/ dBST, S50 = 0(v — a). (4.14)

This is the generalized unitarity relation. For any S-matrices defined in terms of the n-product
with pseudo Hermitian Hamiltonians, they will satisfy (4.14).

The completeness relation for the free states holds at all times because the free Hamiltonian
is Hermitian so that |«ag,t){ao,t| = |ap){ap|. As for the in and out states that evolve under
pseudo Hermitian Hamiltonians, their completeness relation cannot take the form of (4.13)
since |a, t) (o, t| # |ax)(as|. To derive the completeness relation for the in and out states,
we use the fact that their n-product is invariant under time translation and that

(B+]ax)y = (Bolao)y. (4.15)

Using (2.14), we find n|ag) = (—1)"|ag) where n, is the total number of anti-particles
contained in |ag). Therefore,

(Belax)y = (=1)"*0(8 — ). (4.16)

,10,



The completeness relation then reads

[ d8-1182) (Bl = . (4.17)
where
[ =17 182)Benfes) = Jaws), (418)
and
[ 481 s ol )8l = (o (4.19)

The completeness relation (4.17) holds at all times since |+, t) (o, t|n = |ax)(ox|n. The fact
that the n product is not positive-definite has important implications for pseudo Hermitian
theories to be discussed below and in section 5.

The S-matrix and its inverse admit the following expansions [13]

Spa =3+ 3 [t b ol [ (1) A (o) ), (1.20)
wZ P [ty danboolT [ @) A )]l (@21)

where 1g, = (Bo|n|ao). Normalizing the S-matrix as

S = Npa — 27iMpad*(Ds — Pa), (4.22)
¥y = myp + 2miMI5 (py — pp), (4.23)

where M f@ = (yo|ln~t*MTn|By), we obtain the generalized optical theorem

i/dﬁ (1138 Mpa8" (95 = o) — MZmaad™ (py — p3)]
P / dB [64 (05 — p1)0* (s — pa) M5 Mpa - (4.24)
Setting v = o yields
i / 48 (nosMso — MZm50) = 2 / 48 [5*(ps — pa) M7, Mpa (4.25)

The generalized unitarity relation with pseudo Hermitian Hamiltonians is a generalization
to unitary quantum mechanics with Hermitian Hamiltonians. For the generalization to be
consistent, there must be a prescription to compute transition probabilities. Two criteria are
required to ensure consistency. Firstly, the transition probability P(a — () for any process
« — 3 must be positive-definite. Secondly, we need 3°5 P(aw — ) = 1. When the S-matrix
is unitary, both criteria are equivalent and are trivially satisfied.

The important question is: How do we compute transition probabilities for pseudo
Hermitian theories? The generalized unitarity relation of the S-matrix suggests that the
transition probability for a — 8 ought to be proportional to M M 8o but this quantity is

— 11 —



not positive-definite. So instead, it was proposed in [13] that we multiply it by a phase pgq
to obtain pganﬁM 8o = 0 and interpret this quantity to be proportional to the transition
probability. However, this proposal is unsatisfactory for the following reason. If we replace the
term MfﬁM 3a in (4.25) by pgaMfﬁM 8a for processes where pg, # 1, the generalized optical
theorem is no longer satisfied. What this means is that had we adopted this prescription,
then we would end up with 3°5 P(aw — () # 1 which is unacceptable for any physical theories.

Defining the correct transition probabilities is an important problem to be addressed.
But fortunately for us, in the LN model which involves quartic self-interacting scalar fermions
to be studied, the observed difficulty does not arise. Because even though the interaction of
the LN model is pseudo Hermitian, the generalized unitarity relation reduces to the unitarity
relation. To see how it occurs, let us examine MZ?; Using the definition of pseudo Hermitian
conjugation and the solution of n given in (2.14), we find

« o

M7, = (aoln ™ MTn|Bo) = e e M1 (4.26)

where n, and ng are the number of anti-particles in states |a) and |) respectively. When
na = ng (or up to a integer multiples of 27), we have M, fﬂ =M lﬁ. This is precisely what
happens in the LN model. Using this formalism, we show that the LN-model [11] admits
(generalized) unitary evolution up to one-loop in perturbation theory.

The LN-model. We now consider the LN-model [11]
N 2
¥ = Z (6“5518#@ - m2$z¢l) - % (Z g?ﬁqul) (4.27)
=1 i=1

where all the fields have equal mass and anti-commute with each other
{6i(2), 0(@)} = {#1(2), &;(2) } = {Bi(2), 6,(2) } =0. (4.28)

-2
Due to fermionic statistics, ¢; (x) = ¢?(x) = 0. The interacting density simplifies to?

N
H = g3 [3i(2)6i(2);(2)65()] - (4.29)

1<j
The model is pseudo Hermitian because there exists an n given by
N
n=1Im m=exp|-in [ Eptlm)tip)]. (4:30)
i=1

such that Z# = &, #% = . From (4.29), the following two-body scattering processes
are allowed

ij =i, (4.31)
ij =y, (4.32)
it — 4’5", for all j # 1, (4.33)

“We can expand the interaction f d3x to show that it is non-Hermitian.

— 12 —



where 4, j and 7, j denote particle and anti-particle states created by the ith and jth fields
respectively. We will now verify that the S-matrix for these processes satisfy the generalized
unitarity relation up to one-loop.

For all three processes, as there are equal number of particles and anti-particles in the
initial and final states, we have M fg =M ;E e Therefore, the optical theorem (4.25) can be
rewritten in terms of two-body cross sections

' — Mt — Yo
Z/dﬁ (Ua,eM,ea Maﬁn,ﬁa) = g% (4.34)
where
(2m)*
00 = [ 48 (5 (ps — pa)lMsal?]
(4.35)
and ( E .
_ p1-p2)s—m
Ug = By . (436)

In the center of mass frame p; = (E,p) and ps = (E, —p), so that u, = 4|p|/Ecm with
Ecyv = 2E. The cross-section simplifies to ([3], section 3.4)

2m) B2
o = (”)160M / QY Mg |2 (4.37)

where df2 is the differential solid angle of the final particle states. For these processes, the
matrix elements of 7, are given by

Wrgig) = M)y = TOLE5) = ()], (4.38)
Ny = Nagyryy = —OLET) = ()], (4.39)
NG7ya) = MayG7) = —3[(4'7") — (i), (4.40)
so we obtain
r 1/2
T 1 Am?
Im {M(ij)(ij)_ =753 1 - EéiM Tij, (4.41)
r 11/2
T 1 Am?
lm [M(ﬁ)(ﬁ)_ =] _1 - E%7M O (4.42)
1/2
T 1 Am?
Im {M(ﬁ)(ﬁ)_ = —l—@ _1 - —E%M O (4.43)

where we have used |p| = (1 — 4m?/ E%M)l/ 2 At tree-level, the cross-sections are given by

92
% = 0 = Top g (4.44)
92
-=—2_ (N —1). 4.45

Substituting the cross-sections into the right-hand side of (4.41)—(4.42) and compare them with
the imaginary part of the amplitudes given by (A.15)—(A.17), we find that the generalized
optical theorem is satisfied.
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5 Conclusions

According to the conventional spin-statistics theorem, scalar fields must furnish bosonic
statistics. When phrased as a no-go theorem, it means that anti-commuting scalar fields
violate locality and unitarity. The theory of scalar fermion constructed by LN showed that
once the Hamiltonian is allowed to be pseudo Hermitian, the no-go theorem no longer applies.
We believe this construct to be of fundamental importance because it represents an extension
to the spin-statistics theorem. We have shown in this paper, not only does the theory respect
Lorentz symmetry, it also admit generalized unitary evolution. It would be satisfying, if
scalar fermion is to find applications in elementary particles physics. We shall now list, what
is in our opinion, topics worthy of future investigations.

The LN model is a special case where MfBMBa is positive-definite and generalized
unitarity redcues to unitarity. However, this is in general not true. For instance, let us
consider the interaction g@pp? where ¢ is a real scalar field. At tree-level, for the process

b find M7 M- . This i he fact that th
pp — o¢, we find (Fo) oo L (3)w0) <0 is issue can be traced to the fact that the

n-norm is not positive-definite. Theories with indefinite norms are usually discarded as
being pathological. Nevertheless, since the LN model is consistent, we believe that there
is a consistent formalism to compute transition probabilities and physical observables for
pseudo Hermitian Hamiltonians circumventing the problem. We leave this important task
for future investigations.

An interesting feature of scalar fermion is that when the currents are pseudo Hermitian,
the Lagrangian density has a global SU(2) x U(1) symmetry. This allows us to investigate
their interactions with non-Abelian gauge fields having similar structure to the electroweak
sector of the SM. Of course, this similarity may be purely coincidental as the bosonic doublet
considered here is fundamentally different from the lepton doublet in the SM and cannot be
associated with the notion of weak isopin and hypercharge. Regardless of its relevance to the
SM, whether the theory is free of quantum anomalies should to be ascertained. If there are
anomalies, one can attempt to look for possible ways to cancel them. Should anomalies be
absent or can be cancelled, then in addition to the U(1) charge, it would be interesting to
study how the symplectic charges contribute to the partition function at finite-temperature.

Besides possible gauge and gravitational interactions with the SM particles, interactions
between the SM fermions and the scalar fermions are limited. As the scalar fermionic fields are
complex, direct interactions with Dirac fermions would be of the form 1) ¢¢ which has mass
dimension five and is therefore suppressed. If we consider the LN model as an extension to
the SM, it would potentially be a model of self-interacting fermionic dark matter of spin-zero.

Concerning the quartic self-interaction involving N scalar fermions, this feature is
reminiscent of the Gross-Neveu [23] and the Nambu-Jona Lasinio model [24]. Except here,
the scalar fermions have renormalizable quartic self-interaction in four space-time dimensions.
It would be interesting to study the massless LN model in the large N limit and investigate
the possibility of dynamical mass generation.

— 14 —



Acknowledgments

I am grateful to Dharam Vir Ahluwalia for constant discussions and encouragements. I would
like to thank James Brister, Ting-Long Feng, Suro Kim, Lei-Hua Liu, Guo-En Nian, Zheng
Sun, Han Yan, Wenqi Yu, Cong Zhang and Siyi Zhou discussions. This work supported by
The Sichuan University Post-doctoral Research Fund No. 2022SCU12119.

A Amplitudes

We compute the one-loop amplitudes and their imaginary part that are relevant for verifying
the generalized optical theorem in section 4. Because of the fermionic statistics and the
non-trivial adjoint, caution must be exercised when contracting the fields among themselves
and with the states. The amplitudes are given by

507 1) = T [taaty(y MTR¢@$ﬁﬁA&@$MﬂJMﬁ

) /d%d4 T [(8:6:8 ;01)2(3:608361)y) lid)
= zg /d4 dy(5'1|T ((]3 $]¢z¢g)x(€g15]¢j¢z) ] |i7)

[ 1 L [ o L 1 [
= —(—ig)Q/d4xd4y(j’i’| ¢i¢j¢i¢j)z(¢i¢j¢j¢i)y|ij> +--
9 4 4 fﬁ_‘ L 1
= (—ig) /d zd y<j/i,’(¢i¢j)x5i(x - Z/)Sj(x - y)(%ﬁbz‘)y‘iﬁ +oe (A.1)

" N (=) [ u 2 7 . =
S(ii —1i'i) = Z ol /d xd y(ud' nT [(¢i¢i¢j¢j)x(¢i¢i¢j¢j)y} |47)

J#
N
— - wd'y (@71 [(6:016;6))2(8:016;6,)y) lid)
J#i
_ al (—ig) 4, g4, = 3 P
= =3 [atedty @ T [(3:018,0,)2(8505 81000, 1)
i
’fﬁ [ ﬁ_\ !
—ig) /d4xd4yz Gi 9 ;0;)a(D ;05 i )ylid) + -+
J#Z
S
—ig) /d4xd4yz i <f> ¢iSj(x —y)S;(y — ) @sby)ylit) + - - (A.2)
J#i

S(F = 17) = S [ dtadtyG 7T [(31618;00)s (3161810, 17

2d*y(G|T [(8:650:16,)0(8:650:16,), ] 1i7)

wd*y (77T [(8:6;6:,)a(3:6;8,01),] 1i7)
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r

! \

T =1
= (*ig)2/d4$d4y<jli/|(¢i¢j¢i¢j)z(¢i¢j ¢j¢i)y’ij> +oe

I B
= (—ig)* [ dad'y(J'71(3:05i( — )Sily — 2)8,00,7) + -+ (A3)

For the above expressions, we have made explicit the contributions from the s-channel as they
are the only terms that have non-vanishing imaginary parts. Since all the particles have equal
masses, in the center of mass frame, using the expansions of the field and its adjoint given
by (2.1)—(2.2), the contractions of the fields to the initial and final particle states are given by

[ . —1
(6;00)ylig) = +ePHPDY |(2m) B |, (A1)
—1 L . -1

718510 =+ P20 [(2m) Bom] (A.5)

f—17 . —1
($i)ylit) = e~ @DV (27 Eou| (A.6)
] . 1
(J7)(8:60) =+ P70 [(2m) Een] (A7)

) = e (2P CM}—I , (A.8)

(850uli7
e | , —
G (Si6y)e =+ [(@m) B (A.9)

In the limit where the initial and final momenta coincide, the s-channel amplitudes are given by

Mgy () = +(2W)§E%M [~ig(2m)'] v (s). (A.10)
Mg iy () = ‘(‘M)?ECM [—igl2m)!]” (N - )V (s), (A11)
M%) = ‘@megM [—ig(2m)']" v (s) (A12)
where
Vi) = [(2;)4]2/&% <k2 - nlﬂ + iE) {(kz +p)? 1— m? + z'(-:] ' (A-13)
By dimensional regularization, we obtain
V(s) = —in? [(2;)4]2/3@ {ln m? = s(1— 2)z] + % + vE} , (A.14)

where € = (d — 4) and ~g is the Euler constant. The imaginary part of the amplitudes
are given by

Im [M(ij)(ij)} = —M [ E%M] ) (A.15)
2 971/2
_ 9 dm
T | Mgy )| = +M( -1 [1 - E%M] : (A.16)
2 971/2
- g 4m
[ Mg55] = T osriEz,, [ E%M] (A.17)
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