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Abstract Different processes have yet studied the effect of
Lorentz symmetry violation and different limits have deter-
mined for the Lorentz violation (LV) coefficients. Top-quark
physics offers a rich variety of options for seeking Lorentz-
invariant physics beyond the standard model (SM). In this
work, we study the effect of Lorentz-violating terms on
the partonic decay rates of polarized top quark. The polar
and azimuthal correlations between the planes formed by
the vectors (p;, px,) and (py, ﬁ,) in the semileptonic rest
frame decay of a polarized top quark belongs to a class of
polarization observables involving the top quark so that the
azimuthal correlation vanishes at the Born term level in the
SM. We will show that the LV effect leads to different results
for the partonic decay rates, specifically the azimuthal cor-
relation contribution deviates from the corresponding SM
value. These spin-momentum correlations between the top
quark spin and its decay product momenta will allow to
search for the non-SM effects. We also determine an upper
bound on the LV coefficients within the SME framework as
c¥? <23.6x 1073 and X < 2.65 x 1072 which are com-
patible with the bounds on LV from the CMS Collaboration,
where the LV is introduced as an extension of the SM with
an effective field theory predicting the modulation of #7 cross
section with sidereal time.

1 Introduction

In the standard model (SM) of particle physics the Gauge,
CPT and Lorentz symmetries have been the main foundation
of this model from the beginning. While, the CPT theorem
anticipates the equality of some quantities such as the mass,
life-time, gyromagnetic ratio and charge-to-mass ratio for
particles and corresponding anti-particles, the Lorentz invari-
ance refers to a basic feature of nature that says experimental
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observes are independent of the orientation or boost veloc-
ity of the laboratory frame through space. Despite of all SM
successes, this model does not show a theory of everything
because, firstly, it does not include the gravity described by
the general relativity and, secondly, does not have convincing
answers for the candidates of matter—antimatter asymmetry,
dark matter, hierarchy problem, etc. To solve these problems
and ambiguities, some new theories or extended models of
SM (known as beyond SM theories) have been developed
during recent decades. Among all suggested models, a fun-
damental theory which unifies the gravity and the SM would
emerge at energies approaching Planck scale (=~ 10'° GeV).
Basically, tiny violations of the CPT and Lorentz symme-
tries could emerge in the models unifying the gravity theory
with quantum mechanics [1,2]. In this context, the Lorentz
invariance violation is allowed in string theory, supersym-
metry and Horava—Lifshitz gravity [3]. In order to study
the Lorentz symmetry violations in the context of quan-
tum field theory (QFT) a new theory has been established
by Colladay and Kostelecky [4,5] which is conventionally
called as the SM Extension (SME). This idea includes the
SM, the General Relativity and all possible operators which
break Lorentz symmetry. Basically, the Effective Quantum
Field Theories such as the SME introduce the Lorentz sym-
metry and CPT violations through spontaneous symmetry
breaking (SSB) caused by hypothetical background fields.
A Lorentz violating term in the SME Lagrange density is
an observer scalar density formed by contracting a Lorentz-
violating operator with a coefficient for Lorentz violation
that controls the size of the associated effects. The SME
provides a realistic and calculable framework for analyses
of experimental data searching for deviations from Lorentz
and CPT invariance [6,7]. This theory is categorized into
two sectors: (1) the minimal SME (a renormalizable theory
in Minkowski space-time) containing the operators with the
mass dimensions d < 4 which keeps conventional quanti-
zation, gauge invariance, hermiticity, power counting renor-
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malizability and positivity of energy, and (2) the nonmin-
imal version which does also include operators of higher
dimensions. The structure of SME is one way to study the
Lorentz violation (LV) so that an alternative procedure is to
modify just the SME interactions part via nonminimal cou-
plings. In fact, through this approach a nonminimal coupling
term is added to the covariant derivative which may be CPT-
odd or CPT-even. This leads to, for example, the improved
photon-fermion vertices in QED. In Ref. [8], authors have
studied the Lorentz violation in hadron production process
from pair annihilation induced by a nonminimal coupling
and in Ref. [9] this possibility has been applied to specify
the LV bounds on Bhabha scattering process. In Ref. [10]
the same approach has been employed for studying the spec-
trum of hydrogen atom. Simultaneously with the theoretical
progresses, many experimental checks on LV improvements
have also been done so that several constraints on LV param-
eters have been determined, e.g. clock-comparison exper-
iments [11], hyperfine structure of muonium ground state
[12], hyperfine spectroscopy of hydrogen and anti-hydrogen
[13], etc., see also Refs. [14-17]. Among them, the clock
anisotropy [18] which is a spectroscopic experiment is one
of the most exact experiments where the LV parameters are
defined as in the SME theory. It should be noted that, the
SME contains a number of possible terms which violate local
Lorentz symmetry by coupling to particles spin [11]. In the
present work, we probe the prospects for studying the foun-
dational Lorentz and CPT symmetries of the SM in the polar-
ized top quark decay and try to determine an upper limit on
the LV coefficients in the minimal SME framework. Note
that, choosing a reference frame is needed to report the mea-
surements of LV coefficients. A conventional choice is the
sun-centered frame (SCF) which can be considered as iner-
tial in the lifetime of a physics experiment. In Sect. 5, we will
describe the sun-centered frame and its relation with the top
rest frame through the transformation matrices.

The discovery of top quark in 1995 at the Fermilab Teva-
tron [19] opened a new era for studying the SM of parti-
cle physics. The CERN-LHC is known as a superlative top
factory by producing several million single-top or single-
antitop events and even more top-antitop pairs over the next
few years. This volume of data both allows to carry out pre-
cise measurements of the top quark properties and search
for new physics from models constructed within a conven-
tional field theoretic context. Some theoretical motivations
for top quark studies arise from the notion that Lorentz sym-
metry violation in a complete space-time theory involving
gravity is expected to be spontaneous rather than explicit,
as the latter is generically incompatible with conventional
Riemann geometry or technically unnatural [20,21]. In the
SM, top quark has a very short lifetime (= 0.5 x 1072* s
[22]) so it decays rapidly before hadronization takes place.
Due to the Cabibbo—Kobayashi-Maskawa (CKM) mixing
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matrix element |V;;| &~ 1 [23,24], at the lowest order the
top quark decay width is almost exclusively dominated by
t — bW™ — bITy;. Since the top quark life time is much
shorter than the typical time required for the QCD interac-
tions to randomize its spin, thus its full polarization content
is preserved and passes on to its decay products. Hence, the
top quark polarization reveals itself in the angular decay dis-
tribution and can be studied through the angular correlations
between the direction of top quark spin and the momenta of
decay products. Through this work, we analyze the angular
correlation in a helicity coordinate system where the event
plane, including the top and its decay products, is defined in
the (X, Z) plane with the Z-axes along the lepton momen-
tum (see Fig. 1). In this frame, the polarization vector of top
quark (ﬁ,) is evaluated with respect to the direction of lepton
momentum (7). Basically, to define the planes we need to
measure the momentum directions of the momenta py, and
1 and the polarization direction of top quark, where the eval-
uation of momentum direction of px, requires the use of a
jet finding algorithm. The spin direction of top quark must be
obtained from theoretical input. For example, in eTe™ anni-
hilation the polarization degree of the top quark can be tuned
with the help of polarized beams [25], so that a polarized lin-
ear eTe~ Collider could be considered as a copious source
of close to zero and close to 100% polarized top quarks.

The azimuthal correlations between the event plane and
the intersecting ones to this plane belong to a class of polar-
ization observables involving the top quark in which the
leading-order (LO) contribution gives a zero result in the
SM, so that the non-zero contributions can arise from higher
order radiative corrections. Our analytical results in the min-
imal SME theory show that the breaking of Lorentz symme-
try leads to a non-zero value for this correlation and also the
unusual dependence of the unpolarized, polar and azimuthal
differential rates on the orientation of the scattering plane in
the center-of-mass (COM) frame. Although, the azimuthal
decay rate in the SME theory is small, but since highly polar-
ized top quarks with more accuracy will become available at
higher luminosity hadron colliders through single top pro-
duction processes [26], it may then be feasible to experimen-
tally measure the azimuthal correlations produced through
top decays.

This paper is structured as follows. In Sect. 2, we introduce
the angular rate structure by describing the technical details
of our calculations. In Sect. 3, the minimal SME theory is
described in detail. Our analytic results to the angular distri-
butions of partial decay rates in the SME theory are presented
in Sect. 4. Section 5 is devoted to introduce the sun-centered
frame (SCF). In Sect. 6, our numerical analysis is presented
and discussed. In Sect. 7 the summary and conclusions are
given.
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Fig. 1 The azimuthal (¢) and
polar (0p) angles in the rest
frame decay of a polarized top

quark. P; stands for the

polarization vector of the top y
quark and the event plane
defines the (X — Z) plane

2 Angular structure of partial decay rate

In the current-induced + — b transition, the dynam-
ics of process is embodied in the hadron tensor H*V
> x (t17#71X) (X|JV|t), where the SM current combination
is givenby J, = J L‘L/ — J;f. Here, the left-chiral components
of the weak current are given by the vector and axial-vector
contributions: J /Y x tﬁb Yu¥y and J lf x 1/_/1, Yuys¥:. The
general angular distribution of the differential decay width
dI'/dx of a polarized top quark decaying into a charged lep-
ton /T and a neutrino v; and a jet X;, (with bottom quantum
numbers) is expressed as [27,28]

43T
dx;dcosOpdo

1 [dly dl'p dl'c .

—— 4+ P— 0 P——sin6 ,

4n{ dn + dn cosfp + dn sin pcosd)}
(D

where, the scaled energy fraction of lepton is defined as
x; = 2p; - p,/m,2 that in the top rest frame is simplified
as: x; = 2E;/m; (y2 < x; < 1). In the equation above, the
polar (6p) and azimuthal (¢) angles show the orientation of
the plane including the spin of top quark relative to the event
plane (Fig. 1) and P is the magnitude of top quark polar-
ization so that P = 0 stands for an unpolarized top quark
while P = 1 corresponds to 100% top quark polarization.
In the notation above, dI" 4 /dx; corresponds to the unpolar-
ized differential decay width while dT"g/dx; and dT'¢c/dx;
describe the polar and azimuthal correlations between the
polarization of top quark and its decay products, respec-
tively. The NLO radiative corrections to the unpolarized rate
I" 4, the polar correlation function I' g and the azimuthal cor-
relation function I'c have been studied extensively before.
The Born term contribution to the azimuthal correlation
['c vanishes which is a consequence of the left-chiral (V-
A)(V-A) nature of the current—current interaction in the
SM.

(t(1) — bl*wy)

2.1 Analytic results for the angular distributions of the
differential decay width: Born-level

For the process (1, p;) — b(pp) + WH(pw) — b(pp)
I (p)vi(py), itis straightforward to evaluate the Born term
contribution to its decay rate. Through the Breit—Wigner pre-
scription [29], the Born amplitude is written as

_ igw |Vinl
MLO — u(pp, Sp) (—ngthu(l - VS)) u(ps, st)
Mo
—i(gh = Eh) |
X u , 8
p%v—m%v—l-imwrw (pv, sv)
igw
X (—%w(l - VS)) v(pr, s1)s ()

where 'y = 2.085 &+ 0.042 GeV, my = 80.339 GeV [30]
and | V| = 0.999152 is the 33 entry of CKM matrix [23].
Since the term p’é, Pw/ m%[, in the W-propagator is propor-
tional to mtml/m%y or mtmb/m%v, then it could be throw
away with good approximation. In conclusion, the Born
amplitude reads

4 ~2 (LO)
mtef = "W OF |y 2 LT 3)
2 ! (2—m2)2+m2F2,
Pw W wiw

where Gp = g3,/(4+/2m?%,) = 1.16637 x 107> GeV~2 is
the Fermi constant and the leptonic and hadronic tensors are

HED = Tr[(py, +mp)yu(1 = ys) (B, +my)

1
x++5’%<1 el @)
L™ = Tri oy P (L — y) (B +m)y" L=yl ()

Note that, when calculating the polarized rates from the
relevant Dirac trace expressions one has to replace the
completeness relations in the unpolarized Dirac string, i.e.
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2 11/ Uit =p + my, by the expression (p; +m)(1 + ys
£1)/2, where s; denotes the polarization four-vector of the
top quark. Using the traditional trace technique, one has

HEO LM = 128(py. ) pr-pr — my (sr-p)], ©6)

which is independent of the bottom and lepton mass. In the
top quark rest frame, the four-momentum of polarized top
quark and lepton as well as the polarization four-vector of
the top quark are set as

- m; >
pr=(m;0), pr= 7)61(1; 0, 1),
sy = P(0; sinfp cos ¢, sinBp sin ¢, cosOp), @)
where, P is the polarization degree of top quark (0 < P < 1)
and, as was previously defined, x; = 2E;/m; is the scaled

energy fraction of lepton. From Fig. 1, the neutrino and b-
quark four-momenta are written as

ny 2 .
Py = 7(1 —y9)(1; sin6p, 0, cos Op)
Py = %(1 —x; + y»)(1; —sin6,, 0, cos 6,) (®)

where y? = m3,/m?, cos6, = 1 —2y?/(x;(1 — x; + y?))
and cos 0 = 2y%/(x;(1 — y2)) — (1 + y2)/(1 — y?). Then,
for the dot product of four-momenta which are required in
our calculations, one has

2 2

_my _mtl 2
Pt PL= X, Phpv—if(_é - X1),

mg
St - p1 = —P7x1 cosfbp,
St - Pp = —P%(l—yz)(cos Op cos Op+ sin 6, sin Op cos ¢)
)
where we defined €% = mlz,/m?. By defining x,, = 2E,/m;
and yw = 'y /mw, the squared amplitude reads
2
)Mw’ = 16m%, G|V, |2
xa(l =& —x)

X [14 PcosOp].
2
(1—e24y2 —x —x,)" + y4yd

(10)

Using the general definition of decay rate, the Born level rate

reads
1 2 43
A0 (¢ = bity) = —‘MLO‘ P
2my 2m)’2E)p
d3pl d3pu 404
X 2m1)78 — —p; — .
OV 2E, (271)32E,,( )8 (Pr — Pp — P1 — Pv)

Y

Ignoring more details, one has
d*rL0 AV PGim}
dcosOpdpdx; (4m)*

(1 —e* —xp)
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dx,
X > 5 [1+ Pcosbp],
(1—e2+y2—x1—x)" +yhyy
(12)
where the neutrino energy ranges as: 1 — e —x <x <

(11— €2 — x1)/(1 — x;). By comparing Egs. (1) and (12) one
has

LO LO
dry? _drg :12FFx1(1—82—x1)y2
dx; dx; Yw
2
- 1 yo(x; — Dyw
t t ,
x[co Yw + co y2—x1(1—£2+y2—x1)
drke
=0, 13
. (13)

where ['r = mfG%l Vip|2/(192773) is a reference rate corre-
sponding to a (hypothetical) point-like four-Fermion interac-
tion. By ignoring the bottom quark mass (m; = 0) our results
are in complete agreement with the ones in Ref. [27]. For the
integrated rates (with m, = 0) one obtains the following
analytical results

mwy
PR0=T5% = Tel2m L Sy2(1 =y (1 +2y7),

rko =o. (14)

The fact that Féo = 0 means that the azimuthal corre-
lation measurement has zero analyzing power to analyses
the polarization of top quark. Non-zero contributions arise
from the QCD radiative corrections. Moreover, the equality
r I/g 0= F{;O means that the proposed polar correlation mea-
surement has 100% analyzing power to analyze the polariza-
tion of top quark. In Refs. [31,32], the NLO decay rates are
approximated as follows

d2TNLO
d cos0,d¢

= _4A [(1 —0.0854) + P(1 —0.0871) cos 0,
T

(t(1) = bl v)

+P (0 — 0.0024) sin 6, cos ¢}, (15)
where FIIL;O = 0.1635. As is seen, the radiative corrections
to the rate I' 4 and the polar correlation function I'g go in the
same direction and are very close in magnitude. Moreover,
the azimuthal correlation generated by the radiative correc-
tions is still quite small. It is, then, safe to say that, if top quark
decays reveal a violation of the SM (V-A) current structure in
the azimuthal correlation function which exceeds the 0.3%
level, the violation must have a non-SM origin. In the follow-
ing, we compute the effect of Lorentz symmetry violation on
the helicity components of decay rates at the Born level in the
minimal SME framework. We shall show that the LV effect
leads to the value for the azimuthal correlation contribution
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which exceeds the 0.3% level (numerical results at LO in the
minimal SME framework will be given in Eq. (28)).

3 Minimal SME Lagrange density for the top quark

The minimal SME is well suited for comparing the results of
experimental Lorentz tests. Its generalized Lagrange density
includes operators of 3 and 4 mass dimensions with their
outstanding indices contracted with those of tensor-valued
coefficients. A subset of CPT-even interactions on quarks
from the minimal SME is [5]

LT 5 Lie g”Q,yMD Qi + yicy; U,yMD Ui

+ ;ch D,yMD D; , (16)

where DV is the conventional gauge-covariant derivative. The
conventional SM fields are denoted by

Qi = (Zl) , Ui=ui)g, Di=(dig, a7
i/

where the label i(= 1,2,3) denotes the quark flavors,
ie, u; = (u,c,t) and di = (d, s, b). The dimensionless
Lorentz coefficients c‘é‘;, c’f,;‘, and cﬁ) remain invariant under
observer Lorentz transformations and the nonzero expecta-
tion values of these tensors causes the broken under particle
Lorentz transformations. In this work, we focus on the top
quark decay and only assume the third generation of flavors,
i = 3, dropping the index Q;. According to the left chiral
(V-A) nature of charged current in the SM, the relevant elec-
troweak sector of the conventional SM Lagrangian for top
quark decay, t — bW ™ — bl Ty, is defined by

gw Vb

vz

LM > %?y“ O t —mutt + >——— W, brytt + (h.c),

(18)

where ¢ and 7 are the Dirac fields for top quarks and antiquarks
and m; is the top quark mass.

The equivalence CPT-even Lorentz violating part of SME
Lagrangian can be written as the following form [5,33]

,C(Sjl\;% D) 2CL ;LVH 31, 153
gw Vb ;/.v
W bryuts + (h.c), 19)
V2 8

where the cgv (= cg) is a constant 4 x 4 matrix, break-
ing Lorentz invariance of the Lagrangian for the left-handed
part of quarks. It indicates preferential direction in space-
time as seen by top quarks. The coefficient cZ " affects on the

top propagator and the tbW ™ -vertex. Therefore, at LO the
effect of Lorentz violation appears as an insertion in propaga-
tor and vertex. The Lorentz coefficients have the symmetric
and antisymmetric parts. According to the comprehensive
explanation in Ref. [33], the symmetric parts of cﬁv are all
physically observable and since the trace of cﬁ” is Lorentz
invariant and can be absorbed into overall normalizations of
the fields, so they can be set to zero without loss of generality.
In summary, the coefficient cﬁ” is considered as a real, con-
stant, dimensionless and traceless matrix. This feature has
been taken into account in the following calculations for the
top quark decay rates.

4 Angular distribution of decay rate in the minimal
SME theory

If we just preserve the coefficient cgv (uw=T,X,Y,Z)in
the minimal SME Lagrangian as the LV coefficient, Eq. (19),
the corrections arising via vertex and propagator insertions
can be written as

Y

yt — y# "*‘CL~ Yv " (20)
by +my) > (p,+my),

where, following Ref. [34] we have introduced the conve-
nient notation: m; = m(l — cgo). Moreover, the Metric
tensor reads: gV = gtV + C‘Lw where CZV = CZV —
cﬁog”() + czog“() — cgog‘“’. This leads to p, = guv*p, =
b (1= (c1)00) +(cr)wy " py = (cL)uov* Py +(c)voy *py-
Therefore, the following replacement should be considered

(P +m) = (P, +m) (1= (cr)oo) + (cL)uy* p!
—my(cp) oy + (cr)voy’pl. (21)

These quantities have nontrivial Lorentz-transformation prop-
erties. By replacing these corrections into Eq. (4), the
hadronic tensor reads: H,, = H L O + H lfvv, in which the
first term is the Lorentz-invariant SM hadronic tensor given
in Eq. (4) and the new term represents the correction arising

at leading order in the ¢/ coefficient. It reads

Hyw = Tr[(py +mp) Yy + (L) ua¥*) (1 — y5) (B, + 1ty

145 ¥,

X——=(r + en)upy )1 = p3)] (22)
The leptonic tensor (Eq. (5)) remains unchanged. To com-
pute the polarized and unpolarized decay rates we use the
same technique described in Sect. 2. The four-momentum
dot products are given in Eq. (9). Keeping only linear terms
in ¢*”, the unpolarized differential decay rate is obtained as
3y’I'p

i _ ¢! t
) = 87w co yw + co

1 yZVW ]
x;—y?
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X {32(1 —x) [ (1= cf) + = yHel "

+y2 X oY 4 3cfz)]

—32y[x1c{X + (x — 2)c§z]

Xy (I = xp)(x — yz)}- (23)

For the polar differential decay rate, one has

drp’  12yTp
dx yw

x{(l —xp)[xd —cf?) =y et
—cp X —cp" = 3]

—y[xiel *+—2)ef 4]y (1 - xl)(xz—y2>}.

(24)

-1 yZVW ]

[cot_1 yw + cot 3
XL —Yy

Finally the azimuthal differential decay rate, which has zero
contribution in the SM, reads

drg’ 12y°Ty
dx Yw

x{<2y2 —x)(1 = x)(cFX +ef%)

1 yz)/W :|

[cot_l yw + cot 3
Xl —Yy

+y[Gr = Dep " +2¢] %) + e} F

3 + A+ x)ef 2]y (A = x) (g — y2)}~

(25)

If one sets cf" = (0, the SM results are restored. These ana-
lytical results are presented for the first time and could be
applied to study the LV effect on the top quark decay at the
CERN-LHC and future high energy colliders.

5 Reference frames: laboratory and Sun-centered
frames

In previous section we obtained the analytical results (23—
25) for the unpolarized, polar and azimuthal rates in the rest
frame of top quark through the theories of SM and SME.
Results in the SM are independent of the chosen frame while
the SME rates are related to the LV coefficients which are
frame-dependent. For our purpose, we take these coefficients
from Ref. [35] reported by the CERN-CMS Collaboration.
In their work, to report the measurements of LV coefficients
the sun-centered frame (SCF), as the theoretical setup, is
employed. It is physically reasonable to take the LV coeffi-
cients as constants in the SCF [36]. The SCF is defined so
as its origin is located at the center of the sun and the Z-axis
of its Cartesian coordinates (7T, X, Y, Z) is pointed to north
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parallel to the earth’s rotation axis, its X-axis is pointed to
the intersection of the ecliptic and celestial equator on Jan-
uary 1st, 2000(J2000), and the Y-axis completes the direct
basis [37]. The SCF can be considered as inertial in the life
time of a physics experiment. The relevant measure of time
in such a reference frame is called sidereal time. While one
rotation period of the earth is equal to approximately 23h 56
min UTC, it is defined as being equal to 24 sidereal hours.
In Ref. [35] it is pointed out that the CMS data is recorded in
UNIX time which is identical to standard UTC time for their
considered purpose. The UNIX timestamp of the events is
translated to sidereal time with the formula (2) in Ref. [35].

The CMS detector is moving around the earth’s rotation
axis during a sidereal day, and so does the beam line direction
at the interaction point, or the average direction of top quarks
produced in the collisions. As a consequence, top quark cou-
plings with ¢, depend on time, resulting in cross sections
for top production modulating with sidereal time.

Within the CMS reference frame, the variation of the ¢7
cross section with sidereal time t is quantified with the func-
tion f(t) = osye(t)/osy — 1, where osyp(ospy) are the
cross sections predicted in the SME (SM), see Eq. (3) in
Ref. [35]. The function f(t) depends on the Rotation matri-
ces R which represent transformations of observer coordi-
nates from the SCF to the CMS reference frame, depending
on the earth’s rotation around its axis with angular veloc-
ity wgy sidereal (boosts associated with this rotation and
with the revolution around the sun are negligible relative
to top quark boosts). The transformation between the SCF
and a laboratory frame is comparatively simple. Suppose, for
example, that Cartesian coordinates (¢, x, y, z) in the labo-
ratory are chosen such that the x-axis points south, the y-axis
points east, and the z-axis points vertically upwards. Since
the Earth rotates with sidereal frequency wgy the relationship
mapping coefficients in the laboratory frame to those in the
SCFinvolves a time-dependent rotation R// between the two
coordinate systems [38]. With the reasonable approximation
that the orbit of the Earth is circular, the rotation from the
Sun-centered celestial equatorial frame to the standard labo-
ratory frame is given by

cos x coswgyT cos x sinwgyT —sin x
R =| —sinogT cos wgy T 0 (26)
sin x coswgyT sin x sinwgT  cos x

where y is the colatitude of experiment/laboratory (in a
spherical coordinate system, a colatitude is the complemen-
tary angle of a given latitude). Moreover, j = x, y, z =
1,2, 3 denotes an index in the laboratory frame, while J =
X, Y, Z denotes an index in the SCE. The time T is mea-
sured in the SCF from one of the times when the y— and
Y-axes coincide, to be chosen conveniently for each exper-
iment. Since the coefficients in the laboratory frame can be
obtained from those in the SCF via the above rotation, exper-
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imental results can readily be reported directly in terms of
coefficients in the SCF. Since the transformation to the lab-
oratory frame involves the time-dependent rotation, the lab-
oratory frame coefficients vary with sidereal time.

The coordinates of CMS interaction point are specified by
the azimuth on the LHC ring (¢ = 101.28°), the latitude (A =
46.31°N), and the longitude (/ = 6.08° E). Furthermore the
LHC plane, and thus the CMS cavern, has an angle of « =
0.705° relative to the surface (geodetic plane). In Ref. [35],
it is described that the signal f(t) functions are computed as
a function of the number of reconstructed b jets separately
for each year and sidereal time bin.

It should be noted that, due to very short lifetime of top
quark (z &~ 0.5 x 10724 ) the effect of transformations
between the SCF and the TRF is similar to the one between
the SCF and the CMS laboratory frame. In fact, according to
the uncertainty relation AEAr ~ i one has AE ~ 0.6 GeV
which leads to the Lorentz factor: y = 1/4/1 — 2 & 1.003.
This value is corresponding to the relative speed of TRF
and CMS frame much less than the speed of light v,,; &
0.057c¢. In this nonrelativistic limit (vy.; /¢ < 1), the Lorentz
transformation matrix between the TRF and CMS frame is
A~1.

6 Numerical analysis

In the analytical results obtained for the differential decay
rates, the LV (or the SME Wilson) coefficients appear as the
combinations of C{X, c{z, C}L(Z and CLLW' (w="T,X,Y,272),
see Egs. (23)—(25). As was mentioned, we take these coef-
ficients from Ref. [35] reported by the CERN-CMS Col-
laboration. Authors in [35] have reported a first search for
the violation of Lorentz invariance in top quark pair pro-
duction in proton—proton collisions (pp — ¢f) at the LHC,
at a center-of-mass energy of /s = 13 TeV. Through their
work, the Lorentz-violating coefficients ¢*", impacting top
quarks, have been measured from events containing one elec-
tron and one muon of opposite charge in the final state
(1t — bbu vyev,) collected with the CMS detector. As they
assert, this study is the most precise test of Lorentz invariance
using top quarks at a hadron Collider.

Within the chosen basis of Wilson coefficients adopted in
the SME, the matrix ¢*" has been defined as symmetric and
traceless. They have explained that, since the SME coeffi-
cients with indices uv = TT induce a shift on the ¢f cross
section then these coefficients are not considered. Further-
more, since the 7-axis is defined as the earth’s rotation axis
and because modulation of the ¢f cross section with sidereal
time is induced by rotation around this axis, then there is
by definition no sensitivity in the coefficients with indices
uv = ZZ and pv = ZT. They have also expressed that
the coefficients with uv = XT or uv = YT are found to

induce very small SME corrections and are also not consid-
ered. Remaining coefficients correspond to the combinations
XX = eV XE = X V7 = BV and FY = !X,
The measured values for the SME coefficients (in 103 units)
are reported as [35]

—1.85 <c¢f¥ <255 —436<cf’ <0.07,

—L15<cf? <1348, —1131<cl? <324 (27)
To present our numerical results, following Ref. [35] we also
assume ci‘x = —c{Y, c{T = C{X = cfz = 0. Taking

c¥? =13.48 x 1073 and ¢f ¥ = —c¥¥ =2.55 x 1073, for
the LO integrated rates we obtain

42 @LOLY) FI&LO’LV)

dcosO,dp 4w

[1 + P(0.9417) cos 6,
-+ P (—0.0053) sin 6, cos ¢], (28)

where I'("*%") = 0.1659 (note that: T 75" = 0.1635).
As is seen, the LV effect leads to a non-zero contribution for
the azimuthal correlation which is around two times bigger
than the NLO radiative corrections in the SM, see Eq. (15).
Moreover, unlike the SM prediction for which one has
Fﬁo = Féo, here one has F%LO’LV) =0.9417 I”E{LO’LV).

Having the analytical result for d I‘év /dx; (25) it would
also be possible to determine an upper bound on the LV coef-
ficients. To this aim, following Ref. [35] we assume c{“ =
0(u = T, X, Y, Z) and since, the matrix ¢} is defined as
symmetric and traceless then we also assume CZ =00 =
X, Y, Z). Then, if we take T @) = pIVEOSM e
obtain: cl)fz < 23.6 x 1073 which is about two times bigger
than the value reported in Eq. (27) (the value of F(CNLO’SM)
is given in Eq. (15)). If we take cf# = 13.48 x 103 from
the values given in Eq. (27) and resolve the Eq. (25) we
obtain cfX < 2.65 x 1073 which is comparable with the
one reported by the CMS Collaboration, see Eq. (27).

Taking the ¢, values in Eq. (27) and related assumptions,
in Figs. 2 and 3 the polarized and unpolarized differential
decay rates, i.e. d"p/dx; and dT" 4 /dx;, are plotted as a func-
tion of x; = 2E;/m; and compared with the SM ones. In
both plots, the uncertainty bands due to variation of ¢y are
also plotted. It is observed that the LV correction leads to an
enhancement of the partial decay widths in the peak region
by as much as (1.5-2)%.

In Fig. 4, we studied the azimuthal differential decay rate
ar év/dxl at LO in the LV frame. For this study, we also
considered the uncertainty band due to variation of LV coef-
ficients cﬁv given in Eq. (27). As is seen, the LV effect leads
to different result for the azimuthal correlation contribution
which is considerable (this contribution is zero at LO in the
SM). This deviation from the corresponding SM value could
be considered as a situation to search for new physics. To
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dlra/dx;

! L L L ! L L L ! L L L 1

I I I I
0.2 0.4 0.6 0.8 1.0

X

Fig. 2 Unpolarized differential decay rate dI"4 /dx; as a function of
x; = 2E;/m; at LO, assuming c{“ =0, cfz = 0 and C{X = —c{y.
Following Ref. [35], we take — 1.15 x 1072 < ¢¥% < 13.48 x 1073.
The LV decay rate (green dashed line) is compared to the SM one (red
solid line)

dlg/dx;

il L L L ! L L L !

0.2 0.4 0.6 0.8 1.0

X

Fig. 3 As in Fig. 2 but for the polarized contribution, i.e. dI"p/dx;.
The LV decay rate (green dashed line) is compared to the SM one (red
solid line)

02—
0.001]

0.000

dre/dx;

-0.001

-0.002|

! n n n ! n n n ! n n n 14

0.2 0.4 0.6 0.8 1.0

X

Fig. 4 Asin Fig. 2 but for the azimuthal contribution, i.e. d l"év /dx;.
The corresponding SM value is zero. The uncertainty band due to vari-
ation of ci‘z is plotted, i.e., — 1.15 x 1073 < cfz <13.48 x 1073

@ Springer

dre/dx,

1.0 0.000

Fig. 5 The LV azimuthal decay rate dI"c/dx; as the functions of
x(0 < x < 1)and cf? (107 < ¢f? < 1072), while we set

TT _ TX _ ZZ _ XX _ _YY _ -3
c; =c;t =cf?=0andc;” = —c;" =2.55x10

have a more detail insight on effect of LV coefficients on the
azimuthal contribution, in Fig. 5 we plotted the azimuthal dif-
ferential decay rate dI"¢ /dx; as the functions of x; (0 < x; <
Dandcf? (107* < ¢f# < 1072). Here, following the CMS
assumption we set C{T = C{X =c#? =0and C{Y = —cfX
and took the upper value of cl’f X =2.55 x 1073, As is seen,
the bigger values of ci( Z have more effect on the differential
decay rate at large and small regions of x; (at x; &~ 0.2 and
x; ~ 1), while for the middle regions of x; (0.4 < x; < 0.8)
the sensitivity of decay rate to the variation of ¢)# is less.
In Fig. 6, the same study is done but for the lower limit of
cfX as cfX = —1.85 x 1073. As is observed, this leads to
a different result for the dI"./dx; so that for smaller values
of cf Z the behavior of differential decay rate is completely
different with the one in Fig. 5. For bigger values of c,’f Z,
ie,5x 1073 < c{z < 1072, the behavior of dl./dx; is
the same as in Fig. 5.

In Fig. 7, the LV azimuthal differential decay rate is
shown as the functions of ¢f* (107* < ¢f¥ < 1072) and
c¥2(107* < X% < 1072) for x; = 0.7 (the position of
second peak in Fig. 4) and in Fig. 8, the same plot is shown
for x; = 0.225 (first peak position in Fig. 4). As is seen, at
x; = 0.225 the effect of c}#-coefficient on the differential
decay rate is more important than the ci‘ X while at x; = 0.7
the variation effect of ci( X is more effective.

7 Conclusions

Since the top quark decays before hadronization takes place,
then it offers a unique arena for studying Lorentz symmetry
in essentially free quarks. In the present work, we explored
the prospects for studying the foundational Lorentz symme-
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dre/dx,

Fig. 6 AsinFig. 5but for cf* = —1.85 x 1073

dre/dx,

Fig. 7 The azimuthal decay rate dI"¢ /dx; at the LV framework as the
functions of cfx (10_4 < c}fx < 10_2) and c;fz (10_4 < c;fz <
1072) for x; = 0.7 (second peak position in Fig. 4). Here, we set

TT _ TX _ 77 _ YY _ XX
;g =c;t =cf”=0andc;" =

drc/dX/

Fig. 8 Asin Fig. 7 but for x; = 0.225 (first peak position in Fig. 4)

try of the SM at the scale of top quark. Therefore we studied
the effect of LV on the angular distributions of polarized
top quark decay rate in the minimal SME framework. Our
results showed that, unlike the prediction of SM, within the
SME framework one has F;LO’LV) *= F;LO’LV) where I"4
and I'p are the unpolarized and the polarized decay rates.
Using the analytical results, which are presented for the first
time, we also determined an upper bound on the LV coeffi-
cients as ¢fZ < 23.6 x 1073 and ¢ X < 2.65 x 1073 which
are in good consistency with the values reported by the CMS
Collaboration. Using the values of LV coefficients reported
by the CMS Collaboration we showed that the azimuthal
correlation, which is absent in the SM at lowest order per-
turbation theory, is about two times bigger than the NLO
radiative corrections in the SM. This could be a new chan-
nel to test the Lorentz violation effect at the LHC. Although,
the azimuthal decay rate is small, but it may then be fea-
sible to experimentally measure the azimuthal correlations
produced through top decays in future high energy colliders.
Highly polarized top quarks will become available in singly
produced top quarks at hadron colliders (see e.g. [26]) and
in top quark pairs produced in future linear eTe™ colliders
[25,39].

It should be noted that, our analysis is based on the results
presented by the CMS Collaboration [35] where to extract
the LV coefficients the sun-centered frame, as the theoretical
setup, is employed. Therefore, our analysis is valid in the
same reference frame. Since the coefficients in the laboratory
frame can be obtained from those in the SCF via the rotation
matrix (26), then experimental results can readily be reported
directly in terms of coefficients in the SCF.

Another point: Signals of Lorentz violation have unique
features that cannot be associated with Lorentz-invariant
effects. For example, in a given inertial frame, the presence
of Lorentz violation means that the properties of each quark
depend on its direction of travel and its boost. These features
lead to distinctive experimental signals that provide a basis
for searches for Lorentz violation in the top-quark sector.
Since the transformation to the laboratory frame involves the
time-dependent rotation (Eq. (26)), then the laboratory frame
coefficients vary with sidereal time while the LV coefficients
are constant in the Sun-centered frame. Lorentz violation,
therefore, can be expected to produce sidereal oscillations in
the data, with amplitudes and phases governed by the coef-
ficients for Lorentz violation. Most coefficients produce sig-
nals at the sidereal frequency wgy, but the symmetric com-
ponents of the coefficient ¢, generate ones at the harmonic
2wy as well [33]. Then, the data for top quark decay can be
expected to contain information in the amplitudes and phases
of the sidereal and twice-sidereal harmonics (see, for exam-
ple, Fig. 3 in Ref. [35] where the ¢f normalized differential
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cross section is shown as a function of sidereal time, using
combined 2016 and 2017 data).
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