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Lorentz violation in Bhabha scattering at finite temperature

A.F. Santos"" and Fagir C. Khanna™"

Unstituto de Fisica, Universidade Federal de Mato Grosso, 78060-900 Cuiabd, Mato Grosso, Brazil
2Department of Physics and Astronomy, University of Victoria,
3800 Finnerty Road Victoria, British Columbia, Canada
(Received 5 April 2017; published 30 June 2017)

Corrections to the Bhabha scattering cross section, due to Lorentz violation, at finite temperature are
calculated. The vertex interaction between fermions and photons is modified by introducing the Lorentz
violation, for the Standard Model extension, from CPT odd nonminimal coupling. The finite temperature
corrections are calculated using the thermo field dynamics formalism. The Lorentz violation corrections are

presented for zero to high temperatures.
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I. INTRODUCTION

Lorentz and CPT symmetry have been the foundation of
the Standard Model (SM). The SM allows violation of some
symmetries, such as charge conjugation C, parity P, and time
reversal 7. These symmetries are broken separately or
combined. However, the CPT symmetry is preserved.
Although successfully confirmed, the SM is not a funda-
mental theory since gravity is not included. Tiny violations
of Lorentz and CPT symmetries could emerge in models
unifying gravity with quantum physics such as string theory
[1]. Opportunities to experimentally detect these violations
will likely arise at the Planck scale, ~10' GeV. The search
for Lorentz violation has been considered for various sub-
fields of physics [2]. The Standard Model extension (SME)
[3.4] contains the Standard Model, General Relativity, and
all possible operators that break Lorentz symmetry. There
are two versions of the SME: (i) a minimal extension which
has operators with dimensions d < 4 and preserves conven-
tional quantization, Hermiticity, gauge invariance, power
counting renormalizability, and positivity of the energy and
(i) a nonminimal version of the SME associated with
operators of higher dimensions.

The structure of the SME is one way to investigate the
Lorentz violation. Another interesting way is to modify the
interaction vertex between fermions and photons, i.e., a
new nonminimal coupling term added to the covariant
derivative. The nonminimal coupling term may be CPT
odd or CPT even. CPT-odd nonminimal coupling has been
investigated in a different context; for example, the induc-
tion of topological phases on fermion systems has been
evaluated [5,6], the contribution to magnetic moment
generation of massive neutral particles with spin 1/2
and spin 1 has been analyzed [7], corrections to the
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hydrogen spectrum have been investigated [8], modifica-
tions to the Aharonov-Bohm-Casher problem have been
examined [9], and corrections for Bhabha and Comptom
scattering cross section have been calculated [10,11]. The
CPT-even nonminimal coupling has some applications,
such as its effect on the cross section of the electron-
positron scattering having been investigated [12], modifi-
cation in the Dirac equation in the nonrelativistic regime
having been analyzed [13], radiative generation of the
CPT-even gauge term of the SME having been constructed
[14], and effects induced on the magnetic and electric
dipole moments having been investigated [15], among
others.

In this paper, Bhabha scattering (eTe™ — eTe™) [16] is
considered. It is a process usually used in tests of experi-
ments at high energy accelerators [17-20]. Bhabha scattering
in the context of the nonminimal coupling term at zero
temperature has been analyzed [10,11]. Lorentz symmetry
violation is expected to be small at very high energies, i.e.,
Planck energies (~10'° GeV). But this is not valid in all
cases. It is likely that Lorentz violation operators with
dimension d > 4 will be relevant in searches involving very
high energies [21]. Although Bhabha scattering, at high
energy in colliders like the Large Electron—Positron Collider
(LEP), are still at zero temperature, there is certainly no
investigation at extremely high energy with nonzero temper-
ature. One possibility is to consider Bhabha scattering at
finite temperature at the surface or interior of a star. It is well
known that the temperature at the center of stars is typically
about ~2 x 107 K(~1.5 KeV) while at the surface it is
much less, ~6 x 10° K (a few eV). Even though these are
small numbers, it is still important to calculate the role of
temperature in Bhabha scattering. These estimates will give
us a reasonable idea of the role of SME at finite temper-
atures. Such a scattering would modify the distribution of
particles. How does the cross section for Bhabha scattering at
a high temperature change? What are the modifications due
to Lorentz violation at high temperature? To understand
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temperature effects in this process, the thermo field dynam-
ics (TFD) formalism is used.

TFD formalism is a thermal quantum field theory [22—
26]. Its basic elements are (i) the doubling of the original
Fock space and (ii) the Bogoliubov transformation. This
doubling consists of Fock space composed of the original S

and a fictitious space S (tilde space). The map between the

tilde A, and nontilde A; operators is defined by the
following tilde (or dual) conjugation rules,

(AA))~ = A; A~j» (A~ = —¢A,,
(AIT)N AiT, (CAi +AJ)N = C*Ai +A~j, (1)

with £ = —1 for bosons and & = 41 for fermions. The
physical variables are described by nontilde operators. The
Bogoliubov transformation is a rotation involving these
two spaces. As a consequence, the propagator is written in
two parts: 7 =0 and T # O components.

This paper is organized as follows. In Sec. II, a brief
introduction to the TFD formalism is presented. In
Sec. III, the nonminimal coupling Lorentz violating is
considered. The S-matrix elements at finite temperature are
calculated. The cross section for Bhabha scattering with
Lorentz violation at finite temperature is determined. The
limit at zero temperature is recovered. In Sec. IV, some
concluding remarks are presented.

II. THERMO FIELD DYNAMICS

TFD is a real time formalism of quantum field theory
at finite temperature. The main feature of TFD is that
the thermal average of any operator A is equal to its
temperature dependent vacuum expectation value, i.e.,
(A) = (0(p)|A|0(B)), where |0(f)) is a thermal vacuum,
p= kBLT with 7" being the temperature and kp being the
Boltzmann constant. This affirmation requires doubling
the degrees of freedom in a Hilbert space accompanied
by the temperature dependent Bogoliubov transformation.
This doubling is defined by the tilde (™) conjugation rules,
associating each operator in S to two operators in Sy, where

the expanded space is S =S ® S, with § being the
standard Fock space and S being the fictitious space.

The thermal vacuum, |0(5)), belongs to the space S;.
For an arbitrary operator A, the standard doublet notation is

@) e

The Bogoliubov transformation introduces a rotation in
the tilde and nontilde variables, thus introducing thermal
quantities.

For fermions with ¢, and c¢ » being creation and
annihilation operators, respectively, Bogoliubov transfor-
mations are
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¢, = U(B)c, (B) + V(B)Z)(B). (3)
ch = u(B)ch(B) + V(B)E,(P). 4)
&, = u(B)E,(B) = V(B)ch(p). (5)
& = u(B)h(B) = v(B)c,(B). (6)

where U(f) = cos 8(f) and v(f) = sin(f). The anticom-
mutation relations for creation and annihilation operators
are similar to those at zero temperature,

{c(k.p).ct(p.p)} = & (k= p),
{¢(k.p).c"(p.p)} = & (k= p). (7)

and other anticommutatipn relations are null.
For bosons with a, and a, being creation and

annihilation operators, respecti\l;ely, the Bogoliubov
transformation are
a, = U'(B)a,(B) +V'(B)ay (), (8)
aj = U(B)ay(B) + V' (B, (), 9)
a, = U(B)ay(B) + V' (Pay(B), (10)
ap = U (B)ap(p) + V' (Ba,(B), (11)

where U'(ff) = cosh 6(f3) and V/(ff) = sinh (/). Algebraic
rules for thermal operators are

la(k.p).a’(p.p)] = & (k— p).

a(k.p).a*(p.p)] = & (k- p), (12)

and other commutation relations are null.

ITII. BHABHA SCATTERING

For the SME, there are two types of operators that
break Lorentz symmetry, minimal and nonminimal. A lot
of possibilities have been investigated [21,27,28]. Besides
studies of the structure of the SME, other ideas were
proposed to examine Lorentz-violating operators in this
broad framework. An alternative procedure is to modify
just the SME interaction part via a nonminimal coupling.
The new interaction breaks the Lorentz and CPT
symmetries. This coupling will modify the standard
Lagrangian to

L= —%FWF/‘” + l/_/(iyﬂDﬂ - m)l// _%(aﬂA#)2’ (13)

where the covariant derivative includes a nonminimal
coupling term, i.e.,
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D, =8, + ieA, + igh'F,, (14)

with e, g, and b* being the electron charge, a coupling
constant and a constant 4-vector, respectively. F,, =
2 €wapt’™ 1s the dual electromagnetic tensor with 60123 =
1 and F* = 0%A? — 0’ A”. There are other possible non-
minimal coupling terms that exhibit Lorentz violation
[28]. In this paper, a Lorentz-violating CPT-odd term is
chosen to study the Bhabha scattering term at finite
temperature. This choice is made since it has been used
in other investigations, for example, topological phases
[29] and other studies [30]. Our purpose is to indicate
details that would be necessary to establish its presence.
This nonminimal coupling leads to the new interaction.
The interaction Lagrangian is given by

'C'l = —ell_/?’”l//Au - gbylpyﬂwaaApeﬂuap' (15)

The first term describes the usual QED vertex, and the
second term is a new vertex that implies violation of
Lorentz symmetries due to the 4-vector /%, which spec-
ifies a preferred direction in the space-time. These vertices
are represented as

o — VI = —jeyt (16)
and
X = ng = _gbvyﬂqae/wapv (17)

where ¢“ is the momentum operator. The nonminimal, i.e.,
the derivative coupling, term is used in Eq. (14). The
dispersion relation grows with momentum [31] for this
coupling. Although it grows with the momentum, still at
high energies its contribution remains small relative to the
result with the Lorentz invariant coupling.

Our interest is to calculate the cross section for the
process, e~ (p1)eT(py) = e (p3)e™(py), at finite temper-
ature. This process has the Feynman diagrams given
in Fig. 1.

The cross section at finite temperature, taking an average
over the spin of the incoming particles and summing over
the spin of the outgoing particles, is defined as

do
(d_9> 647r2E%M ZW (18)

spins
where Ecy; is the center-of-mass energy and M(f) is the
S-matrix element at finite temperature. Some details about
the cross section for scattering processes have been
considered [31]. Modifications in the propagators due to
the Lorentz-violating terms leave the linear momentum and
the velocity to be misaligned. This leads to a modification
of the cross section. Any possible modifications that will
likely arise in the cross section due to the modifications in
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FIG. 1.
vertices.

Exchange and annihilation diagrams with different

momentum-velocity relation not been considered in
this paper.

The transition amplitude for Bhabha scattering is
calculated as

M(B) = (f.BI8P]i. B). (19)

with 3’(2), the second order term, of the S-matrix that is
defined as

=2 (_nl!)

n=0

/dxldxz T dxnﬂﬁl(xl)ﬁl(xz) T [:Il(xn)]’
(20)

W = H(x) -
H;(x) describes the interaction. The thermal states are

where T is the time ordering operator and &/ (x)

. B) = ¢, (B)d},(B)|0(B)). (21)

with c;]. () and d;}. (p) being creation operators. The
transition amplitude becomes

—i)? -~
g =S5 [ ity piiese, - LEip

= (My(B) + M) + My,(B))
— (Mo(B) + My (B) + My (B)). (22)

where the matrix element in conventional QED is

62
M(p) == [ (s pipr v )i(y)
X 7w (¥)A ()AL, B)- (23)

The linear and quadratic matrix elements for the Lorentz-
violating interaction are

My(B) = —eghe,uny / dxd*y (f . B (X w () (y)
(x)0742(y)]i. ) (24)

x iy (y)A,
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and

1
Mbb(ﬁ) = _Egzbybpe,uzxaoewpﬁy/d4Xd4y<f’ﬂ'l/_/(x)yﬂl//(x)J/(y)ywl//(y)aaAa(x>a§Ay(y) l’ﬂ> (25)

There are similar equations for matrix elements that include tilde operators.
The fermion field is written as

w(x) = / dpN [ u(p)e=P* + div(p)e], (26)

where N, is the normalization constant; ¢, and d,, are annihilation operators for electrons and positrons, respectively; and
u(p) and v(p) are Dirac spinors. The Lorentz invariant transition amplitude becomes

Mo(p) = —e*N / d'xd'y / d* p(u? = V2 [a(p1)r*u(ps)o(pa)r* v(py) e =P e pemrs)
= @(p2)r*v(p1)B(p3)r u(ps)e™ PP e trI)(0(8) TA, (x)A, (v)]0(B)). (27)

where Bogoliubov transformations Eqs. (3)-(6) are used. With u(f) =cos@(f) and v(f) =sinf(f), we get
(u? — v?)? = tanh? (ﬂ‘—g“'), where g, = . The photon propagator at finite temperature [23,32] is

O TA,AMOE) =1 [ e 8, (0.5), 28)

with A}, (¢q) = A,,(q.p) = A,(,?,)(q) + A,(ﬁ) (q), where Af,?,) (¢) and A,(ﬁ) (gq) are the zero and finite temperature parts,

respectively. Explicitly,
0 Mw 1 0
=", O

0 -1
. /2
B\ 27id(q?) 1 el
A,Ml/ (Q) - eﬁqo -1 eﬁqo/z 1 ’7;41/' (29)

Then,

My(p) = —ie®N / dixdy / d*p [mpl>yﬂu<p3>@(pwv<p2>e-fx<m-Pﬂel’m-mu<q1>

gtk (P90 ey o pelutpo e 01 )

x Al (q5)tanh? </@)] , (30)

where [(q;) = f é;q)a e =) with [ = 1, 2. Using the definition of the four-dimensional delta function,

/d4xd4ye—iX(p1—m+q:)e—iy(pz—m—qz) =8(p1—p3+q)8 (P2 — ps— q))s (31)

and carrying out the q integral, we get

4
Mulp) = i€ [ S0+ p2= 3= po) o) U8 0(p2) s = 1)

sctante (22220} o)t utp s -+ poanne (A2 )
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where N = 1 was used. The remaining delta function expresses overall four-momentum conservation. The final transition

amplitude is written as

- _ Allps—p
Mo (p) = —ie? w(p1)r*u(p3)o(pa)y,v(p2)A'(ps — pi)tanh? (KSfIM
7 = +
a2 o)) p) p + poante (PPN | (33)
where
A;w((’Il) = A/(ql)’/l/u/ (34)
with
1 1 0 27wid q2 1 e/’(‘!l)o/2
v =y 5) s (s ) (3)
qg; \0 -1 ePlao — 1\ ePlade/ 1
Considering the center-of-mass frame,
pIZ(E7ﬁ>7 pZZ(E’_ﬁ)’
P3 = (E7 p/) and P4 = (Ea _P/), (36)

-

where |p|* = |p/|* = E?, j- p' = E*cos, and s = (2E)* = Eg,,, we get |(p3 — p1)ol = |(p1 + P2)ol = Ecws then,

My(B) = —iez[ﬁ(l’l)J’””(P3)77(174)7;4”(P2)A/(P3 —p1) —a(p2)r*v(py)

% 5(pa)7,u(pa) A (py + po)tanh? (ﬂETM) (37)

In a similar way, the linear term in the Lorentz-violating parameter becomes

My (B) = 2egb*€,,0,[(p3 — P1)a(p1) 7" u(p3)o(pa)r*v(p2) A (p3 — p1)

+ (p1 + p2)7u(p2)y’v(p1)o(p3)r*u(ps)A'(py + pz)]tanh2<

and the quadratic term in the Lorentz-violating coefficients is

Mbb (ﬂ) = igzbybpnﬁyeuzx(mewpﬁy [q{fq?u(pl )y"u(p3)1—)(p4)ywv(p2)

where g, = p; — p; and ¢, = p; + p,. The results for the
transition amplitudes obtained in Ref. [10] are recovered in
the limit 7 — 0, which implies tanh? (3E),/2) — 1 and
(ePEcv —1)~1 > 0.

PEcu
o) 39
< (s = p) = o)) u(p) &'y + panke (P2 (39)
I
In addition, the relation
5(p2)vau(p1)iu(p1)rv(pa)
= trly u(p1)a(p1)r*v(p2)v(p2)] (42)

The unpolarized cross section is obtained by calculating
MBI = [Mo(B) + My(B) + My, (B)]P. (40)

This calculation is accomplished using the completeness
relations:

> ulp)alpy) = pi +m.
ZU(Pl)D(Pl) =pi—m. (41)

is used. The trace calculations involve the product
of up to eight gamma matrices and the Levi-Civita
symbol. Henceforth, the electron mass is ignored
since all the momenta are large compared to the elec-
tron mass.

Considering b* = (by,0), a timelike 4-vector, the
differential cross section, Eq. (18), at finite tempera-
ture is
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do e*(cos20 +7)?
(de) . [2567[2E2CM(005 0—1)?
be*g* sin*(9)
2567%(cos & — 1)?
1
* 2567°E%,,

where

64r2e* E*
H] (ﬂ) = (eﬂECM _ 1)2

PHYSICAL REVIEW D 95, 125012 (2017)

E
(=65 cos 8 + 6 cos 26 + cos 30 + 122)} tanh* <ﬂ 2CM>

I14(8) -+ 5301 9] x tan (P22 ), @)

[(11 + 4 cos O + cos 20)8*(—2E*(1 — cos 0))

+ (6 + 2 c0s 20)8*(4E?) + 16c0s*(0/2)8(—2E*(1 — cos 0))5(4E?)],

I,(p) = 256”:;5:56_5?;(9/ 2 ((cos 20 + 325in2(6/2) + 15)5(~2EX(1 — cos6))
+ 8cos*(0/2)5(=2E%(1 — cos 0))5(4E?). (44)

The corrections due to the Lorentz violation parameter, b,
are small. Corrections in higher order in b are ignored. The
propagator at finite temperature introduces the product of
delta functions with identical arguments [33-36]. This
problem is avoided by working with the regularized form
of delta functions and their derivatives [37]:

27i" (x) = (—x i ie) " (—x_li€> " (45)

This result shows that corrections for electron-positron
scattering due to Lorentz violation are altered at finite
temperature. In addition, at very high temperature, f — 0,
ePEcn — 1 — 0; then, the temperature effect is very large.

At zero temperature, IT;(f),I1,(#) go to zero, and

tanh?* (/’E%) — 1; then, the cross section becomes

do
(®)...
_ e*(cos20+7)?
 2567%EZ,,(cos @ — 1)?

b}e*g*sin®(2) (=65 cos O + 6 cos 260 + cos 30 + 122)
+ .
2567%(cos O — 1)?

(40)

The same result was obtained in Ref. [10].

IV. CONCLUSION

Small violations of Lorentz and CPT symmetries emerge
from theories that try to unify SM and general relativity.
The SME provides a general theoretical description of
violations of Lorentz and CPT invariance. An alternative
procedure is to modify just the interaction part using a
nonminimal coupling. In this paper, one, among several,
nonminimal coupling is used. Then, the effect of Lorentz
violation and finite temperature on Bhabha scattering are
investigated. Finite temperature effects are introduced
using the TFD formalism. This gives us a good estimate
of the importance of the Lorentz-violating operators at
finite temperature on the cross section. From our results, we
expect that these operators play a minor role for processes
in the interior of stars. However, if all the minimal and
nonminimal Lorentz-violating operators are considered,
relevant effects may arise for processes at very high
energies, like astrophysical processes. Finally, it is impor-
tant to conclude that the present results give us a reasonable
estimate of the Lorentz-violating operators in the SME at
high temperatures on the Bhabha scattering.
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