Proceedings of the Indian National Science Academy (2026) 92:670-677
https://doi.org/10.1007/s43538-025-00531-x

RESEARCH PAPER

T-odd observables from anomalous tbW couplings in single-top W

associated production at the LHC

Saurabh D. Rindani'®

Received: 19 January 2025 / Accepted: 20 August 2025 / Published online: 16 September 2025

© Indian National Science Academy 2025

Abstract

We investigate the possibility that an imaginary anomalous tb# coupling can be measured in the process pp — tW~X by
means of T-odd observables. One such observable is the polarization of the top quark transverse to the production plane.
Another is the asymmetry between the cross sections with a positive and with a negative value of a certain T-odd correla-
tion constructed out of observable momenta when the top quark decays leptonically. The mean value of this correlation,
which is also T-odd, is the third observable. These three T-odd observables are shown to be proportional to the imaginary
part of only one of the th anomalous couplings, the other couplings giving vanishing contributions. This imaginary part
could signal either a CP-odd coupling, or an absorptive part in the effective coupling. We estimate the 1-o limits that
might be derived in the case of each of these observables for centre-of-mass energies 13, 13.6 and 14 TeV at the LHC,
corresponding to Run 2, Run 3 and High-Luminosity runs, respectively.
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Introduction

The Large Hadron Collider (LHC), a proton-proton collider,
has seen several successes in establishing the validity of
many aspects of the standard model (SM), and constraining
physics beyond the standard model. With an enhanced lumi-
nosity, as in the future runs such as the High-Luminosity
version (HL-LHC), results with higher precision are antici-
pated. Apart from investigating with great accuracy the
parameters of the standard model (SM), future experiments
will also strive to discover new physics—either with the dis-
covery of new particles, or checking if the measured cou-
plings of the SM particles violate predictions from the SM.
One of the important constituents of the SM is the top
quark, the heaviest quark known. The properties of the top
quark have been studied in great detail at the LHC, particu-
larly through the most abundant process of top-pair produc-
tion. However, some of the electroweak properties of the
top quark can be studied through the single-top production
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processes For example, single-top production enables the
determination of the CKM matrix element V},. Of these
processes, the t-channel process has the largest cross sec-
tion, followed by the ¢}/ associated production process. The
s-channel single-top production process is also possible,
though it has the least cross section of the three (Giam-
manco 2016; Andrea and Chanon 2023).

While the ¢/ production process was measured earlier at
the LHC for centre-of-mass (cm) energies of 7 and 8 TeV,
the recent measurements are carried out at the cm energy
of 13 TeV. The CMS collaboration at the LHC has recently
measured the ¢ differential cross section at 13 TeV with
an integrated luminosity of 138 fb™*, with a central value
of 79.2 for the total cross section (Tumasyan 2023). The
ATLAS collaboration at the LHC has studied the ¢t/ pro-
duction process recently at 13 TeV for a luminosity of 140
fb~! and obtained a central value of 75 pb for the total cross
section (Aad 2024).

The tW production process occurs at the lowest order
through the exchange of either a #-channel virtual ¢ quark or
an s-channel b quark from an initial state of a gluon and a
b quark from the protons, producing a top quark through an
anomalous bW vertex, as shown in the diagrams in Fig. 1.
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Because of the occurrence of the weak tbW vertex, it is
well suited for the study of a possible anomalous thW cou-
pling arising from new physics effects beyond the SM.

We concentrate here on observables in the above single-
top W associated production process which are odd under
naive time reversal (T). By the term naive time reversal we
mean an operation limited to reversing the signs of momenta
and spins of all particles. By contrast, genuine time rever-
sal also involves interchange of initial and final states, and
is therefore a transformation difficult to achieve in actual
practice. At tree level, unitarity implies that the forward and
backward amplitudes have the same phase, and therefore
the time reversal violation, if present, would be genuine. It
would therefore occur only in the presence of CP violation,
on account of the CPT theorem. On the other hand if the
amplitude has an absorptive part arising from rescattering
or loop diagrams, characterized by a nonzero imaginary
part for an anomalous effective coupling, the forward and
backward amplitudes are not the same, and the subsequent
T violation would not be a genuine one. In that case the CPT
theorem does not necessarily imply CP violation.

We study in the process pp — tW ™ X three observables
which are T odd: (1) The polarization of the ¢ perpendicu-
lar to the production plane (the transverse polarization). (2)
An asymmetry between the cross sections with a positive
and a negative value of the combination which corresponds
to the angular-variable part of the three-momentum vec-
tor triple product pp X p; - py—, where P, ¢ and ¢* corre-
spond respectively to an initial proton, the top quark and the
charged lepton produced in top decay. (3) The mean value
of this combination of angular variables. These are studied
in the presence of possible anomalous bW couplings in an
effective Lagrangian. It is customary to consider an effec-
tive Lagrangian arising in what is termed as an effective
field theory, where the SM Lagrangian is supplemented by
higher-dimensional terms which are suppressed by inverse
powers of a cut-off scale, a scale up to which the effective
field theory is valid. However, here we do not make any
such specific assumption about scales, but simply write an
effective Lagrangian permitted by Lorentz invariance.

The parton-level process which contributes to the process
of interest is gb — tW ~. While defining the T-odd variables

for the parton-level process is straightforward, they aver-
age out to zero for a symmetric pp initial state at the LHC.
We therefore make a choice for the z axis to be along the
direction of the combined momentum of # and W~ in the
laboratory (lab) frame. The  momentum is then chosen to
be in the xz plane, with the x component of the  momentum
taken as positive.

The observables we calculate arise out of interference
between the SM tree-level amplitude and the amplitude
which is first order in the anomalous coupling. Since we
deal with spin density matrices, higher-order calculations
are more difficult than those for total cross sections. Though
higher-order corrections to the SM cross section are avail-
able, we have to restrict ourselves to the lowest order for
consistency. It is likely that since we are dealing with ratios
of quantities, the results for the observables will be reason-
ably accurate.

Some previous work on T-odd observables in processes
involving the top quark may be found in (Tiwari and Gupta
2019, 2023, 2024; Rindani 2024). CP violation in the tW~
and W production processes was studied in (Rindani and
Sharma 2012).

Anomalous bW couplings can also contribute to B phys-
ics. A recent analysis (Kozachuk and Melikhov 2020) using
B, — B, oscillations and various B decay channels has
obtained bounds on certain anomalous bW couplings, or
their combinations, assumed real. The 95% confidence level
bounds are at best +0.05 for f1;, and for.

tbW couplings: CP and T properties

The Lagrangian for effective tb couplings may be written
as

g —
L = =V [Wut* Pr + PRr)b
Wb NG} w (Wt (fioPr + firPr)

1 _
——— W to"(for Pr + farPr)b| + Hec.
2mW

(M

Here, g is the semi-weak coupling, Pr, r are the left (right)
chirality projection matrices, and W, = 0, W, — 9, W,,.
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We later assume Vy, = 1 for simplicity. In the SM at tree
level, fir = 1, and the remaining f; are vanishing.

In general, the anomalous couplings fig, for and for
can be complex. The presence of an imaginary part can sig-
nal either an absorptive part in the form factor or violation
of CP or both. Whether the coupling is CP violating or not
can be checked by a comparison of the phases in the con-
jugate processes involving the ¢ and the ¢. The CP-violating
phases would be opposite in sign to each other in these con-
jugate processes. The absorptive phase, however, would
be the same in both these processes. A discussion of these
issues may be found in (Bernreuther et al. 2009; Antipin and
Valencia 2009; Rindani and Sharma 2012). We recapitulate
the relevant points further below.

Numerical values of anomalous couplings, includ-
ing the absorptive parts, have been evaluated in the
SM by (Gonzalez-Spingberg et al. 2011), who find the
values  for((SM)) = —(7.17 4+ 1.23i) x 1073 and
f2r.((SM)) = —(1.21 + 0.014) x 103, They have been
evaluated for certain theoretical scenarios in (Bernreuther
et al., 2009), who find values for real parts of for, and for
deviating from the SM values by amounts of the order of a
few times 104, with the imaginary part corrections being
somewhat smaller.

We can write the most general effective vertices up to
mass dimension 5 for the four distinct processes of ¢ decay,
t decay, ¢ production and ¢ production as

Viopw+ = —%vﬁ,wuﬁ& + firPr) o
—i(0" q/mw)(f3r,PL + fapPR)];
Vi~ =—J5 {gwmf% + finPr) o
—i(c" q, /mw)(for, Pr + f3rPr)],
Vo i — = —%V{Z[V”(meL + firPr) @
—i(c"qu/mw)(for Pr + forPL))s
Vi o+ = _%thh#(flLPL + firPr) )

—i(0" gy /mw)(fo. Pr + forPrL)),

where fir, fir, for, for, fir, fir, for, and fog are form
factors, P, Pgr are left-chiral and right-chiral projec-
tion matrices, and ¢ represents the W™ or W~ momen-
tum, as applicable in each case. In the SM, at tree level,
fir = fl . =1, and all other form factors vanish. New
physics effects would result in deviations of fi7 and fl L
from unity, and nonzero values for other form factors.
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At tree level, when there are no absorptive parts in the
relevant amplitudes which give rise to the form factors, the
following relations are obeyed:

fir=hos fin=hr fir=Fr fir= for (6)

This can be seen to follow from the fact that in the absence
of absorptive parts, the effective Lagrangian is Hermitian.
Thus, the Hermiticity of the Lagrangian of Eq. (1) from
which the amplitudes (2)—(5) may be derived implies the
relations (6). On the other hand, if CP is conserved, the rela-
tions obeyed by the form factors are

fip=fi; fir=fir; for = far; for = for (7
The phases of the form factors can be expressed as sums
and differences of two phases, one corresponding to a
nonzero absorptive part, and another corresponding to CP
nonconservation:

fie.r = |fi.rlexp(ionr r +i610,R);  fir.r = |fir,rlexplioir g — 1011, R);
far,r = | for,rl exp(iazr, r +i021,r);  f2r,.L = |for,rl exp(iazr, r — id2r,R),

®)

where, for convenience, magnitudes of the couplings are
assumed to be equal in appropriate pairs. In case there are
no absorptive parts (a; = 0), we get the relations (6) as a
special case. In case of CP conservation, we get the relations
(7) as a special case. In what follows, we will deal with a
more general case when both CP violation and absorptive
parts may be present.

T-odd observables

We investigate three representative T-odd observables. The
first one is the polarization of the top quark transverse to
the production plane. The polarization of top quarks may
be measured using the kinematic distributions of the decay
particles, without contamination from the hadronization
process, since the quark being heavy is expected to decay
before hadronization.

The polarization can be measured experimentally from
the decay distribution of one of the decay products in the
rest frame of the top quark. The angular distribution of a
decay product f for a top ensemble has the form

1 dry 1
— =—(1 P, 0f).
I'y dcosfy 2( + #iy Py cosby) ©)

Here 0 is the angle between the momentum of fermion /'
and the top spin vector in the top rest frame and P; is the
degree of polarization of the top ensemble. I'y is the partial
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decay width and r; is the spin power of /. For a charged lep-
ton f = ¢~ the analyzing power is x,- = —1 at tree level.
We do not discuss the details of such a polarization mea-
surement. However, it is appropriate to note that a measure-
ment of the top polarization using the angular distribution of
£~ will not be affected by the contribution of an anomalous
tbW coupling in the top decay process to linear order, as
shown in earlier work (Godbole et al. 2019; Rindani 2000;
Grzadkowski and Hioki 2000, 2000b)

The other two T-odd observables involve using the momen-
tum of a top decay particle and constructing a triple three-vector
product of its momentum with the incoming beam momentum
and the # momentum. Since these three-vectors change sign
under T, such a triple product would be odd under T. For rea-
sons discussed later, we will use only the factors involving
angular variables and not the whole triple product.

All these observables, being T odd, depend on the existence
of an absorptive amplitude, as discussed earlier. In an approach
with an effective Lagrangian like the one in Eq. (1), this implies
that the observable will be proportional to the imaginary part of
an effective coupling. In our case, it turns out that Im fo is the
only one which contributes. While we could also analyze other
observables which can measure the real parts of the anomalous
couplings, we do not consider them here, and we set the real
parts of the anomalous couplings to zero.

In order to calculate the T-odd observables, we first obtain
analytic expressions for the production spin density matrix ele-
ments up to first order in the anomalous couplings.. For cal-
culating helicity amplitudes and density matrix elements, we
have made use of the algebraic manipulation software FORM
(Vermaseren 2001) as well as well the procedure outlined in
(Vega and Wudka 1996). We also calculated the transverse
polarization of the top quark using FORM. We then evaluate
numerically cross sections, expressions and asymmetries for
cm energies corresponding to Run 2 and Run 3 of the LHC
and to the future HL-LHC, viz., 13, 13.6 and 14 GeV. As men-
tioned earlier we use only expressions to leading-order in the
anomalous couplings. It is expected that since the asymmetries
and expectation values we calculate are ratios of cross sec-
tions, they may be somewhat insensitive to the higher-order
corrections.

Though analytical expressions for all the elements of the
spin density matrix p;;, where 7, j = 1,2 refer respectively
to the helicities +1/2 and —1/2 of the ¢, have been obtained,
and used in our calculations, they are somewhat lengthy. We
give below only the expression for a combination of off-diag-
onal elements on which the T-odd observables calculated here
depend. The full expressions will be given elsewhere.

The expression for the production cross section in terms
of the elements of p is

673
o= /dxl dxo g(x1)b(x2)
pem (10)
8 /dcoSgtCm =L (p11 + paz) + (w1 > w2),
16752

where the superscript “cm” refers to the gb cm frame and
where we employ the five-flavour scheme. Here, v/3 is the
gb energy in the cm frame of the pair, and 7™ is the angle
made by the + momentum with the z axis, defined by the
direction of the momentum of the tW ™~ final-state, which
is the direction of the parton (g or b) carrying the larger
momentum fraction. (x; <+ x2) denotes the expression
obtained by an interchange of z; and x5 in the previous
expression, where again cos 5™ is the polar angle of the 7,
defined with respect to the appropriate z axis. For a gluon
carrying a momentum fraction x; of the proton and the b
quark carrying a momentum fraction x5, or vice versa, the
pp cm energy is § = 4x1x9s. We neglect my, everywhere.
We next proceed to evaluate the three T-odd observables.

Transverse polarization of t

The transverse top polarization, that is, the polarization
transverse to the top production plane, arises for nonzero
Im for. As mentioned earlier, for a symmetric collider
like the LHC, the forward and backward directions cannot
be distinguished. However, it is still possible to define an
asymmetry by choosing the z axis as the direction of the the
tW~ pair in the parton cm frame. Thus, in the laboratory
(lab.) frame, the z axis is in the direction of the parton which
receives a larger Lorentz boost to take it from the parton cm
frame to the lab frame, because that, by momentum conser-
vation, is the direction of the momentum of the tWW ™ state.
The transverse polarization, thus defined, is the asymmetry
given symbolically by

Gaysay (57> 0) = Oaysay (57 < 0) + Oy (57> 0) = 0y (57 < 0)
Uzb>zq(5ty >0) + Umb>tq(5f,y <0)+ Ozy>ay (5fy >0)+ Tzy>my (“Wy < 0)’

(11)

P, =

where x;, and x4 refer respectively to the momentum frac-
tions carried by the b quark and the gluon. s is the y com-
ponent of the spin of the top, the y axis being along p, X p,
for xp, > x4, the events when the b quark receives the larger
boost. The y axis is along p, X p, when z, > w3, the events
when the g parton receives the larger boost.

The numerator of this asymmetry, which may be called
the polarized cross section op01., 1S an integral over the
phase space of the squared matrix element for the produc-
tion of a top with polarization perpendicular to the produc-
tion plane. It is the net polarization along the y direction.

@ Springer
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The spin density matrix elements for the production of the
top were evaluated using FORM (Vermaseren 2001). The
result for the imaginary part of the off-diagonal density
matrix element is given by the equation

2.2

. 9 9gs
— — = —I
i(p12 — p21) m foR ETo—

6(pgapb,ptast)7 (12)

where €(pg, Pb, Pt, S¢) is the Levi-Civita tensor € contracted
with three momenta and the spin four-vector of the top, cho-
sen along the y axis as described above. The polarized top
cross section is then given by

Opol. Z/dﬂﬂl dxg g(w1)b(2)
o (13)

X /dCOSH?m |pt — [—i(plz - pgz)] + (.Z’l R 1‘2),
1673

3
2

where, as before, (z1 <> x2) denotes the expression obtained
by an interchange of x; and z2 in the previous expression.

The denominator, which is the unpolarized cross section
Ounpol. 1S precisely the cross section given in Eq. (10). The
transverse polarization, as anticipated, is proportional to
Im for. We have evaluated it to linear order in the imagi-
nary parts of the anomalous couplings, neglecting the real
parts.

We also considered the transverse polarizations arising
from Im f1r and Im f5 . It turns out that they vanish. Thus,
the measurement of a non-vanishing transverse polarization
would signal specifically the presence of a nonzero coupling
Im fag.

We evaluate the relevant integrals numerically. We use
the values m; = 172.5 GeV, sin? 6y = 0.223, where Oy is
the electroweak mixing angle, my = 80.379 GeV, and, to
be used in the following section, I'yy = 2.085 GeV for the
W boson width. We employ CTEQL1 parton distributions
with Q = my in the five-flavour scheme.

To estimate how well an asymmetry 4 can measure
Im for for a certain integrated luminosity L, we assume
that the number of asymmetric events opo1. L = Aounpor. L
is larger than the +/Ngyp, the statistical fluctuation in the
SM events in the absence of Im f5g, thus allowing the dis-
crimination of the polarization arising from the anomalous
coupling from the statistical background at the 1-o level.
This is expressed by the inequality

Table 1 The top transverse polarization P for unit Im far and the
limits Im f}% on Im fag for various cm energies and respective inte-

grated luminosities

V5(TeV) L (™1 osm (pPb) p Im fim

13 190 24.8 444 x 1072 1.04 x 1072
13.6 500 275 434 %1072 621 %107
14 3000 29.5 427 %1072 249 x 1073

@ Springer “

AosmL > /osmL. (14)

Thus, the limit on Im f; that can be placed at the 1-o level
with luminosity L is

Im fim — N 15
M VosnT AL (2

where A; is the value of the asymmetry for Im for = 1.

We assume integrated luminosities of 190 fb™*, 500 fb™*
and 3000 fb~! respectively for Run 2 at 13 TeV, Run 3 at
13.6 TeV, and HL-LHC at 14 TeV. The results for the trans-
verse polarization asymmetry for unit value of coupling
Im for and the limits on the coupling for the cm energies
considered here and with respective integrated luminosi-
ties are given in Table 1, together with the cross sections in
the SM. As mentioned earlier, we are only using tree-level
expressions. It is likely that the asymmetries being ratios of
cross sections, will be insensitive to the higher-order correc-
tions. Since the NLO cross sections are higher, our estimate
of the limits would tend to be conservative.

T-odd observables from angular variables

We now consider the two other T-odd observables arising
when the ¢ decay is taken into account. If we include the top
decay t — bl vy, it is possible to construct T-odd observ-
ables without explicit recourse to top spin. For example, at
the parton level, a T-odd variable which may be constructed
1S €uvap DYy Dy DY pf . It is a Lorentz-invariant quantity, and
could be evaluated in any frame. For example, in the parton
cm frame it evaluates to \/3|p,||p;| E; sin 6; sin 6, sin ¢y,
with all quantities calculated in the parton cm frame. How-
ever, as stated earlier, the charged-lepton angular distribu-
tion is independent of the anomalous couplings in the decay
vertex to first order (Godbole et al. 2019; Rindani 2000;
Grzadkowski and Hioki 2000, 2000b). Hence, to isolate the
effect of anomalous coupling Im fsp in the production pro-
cess and to avoid the influence of anomalous couplings in
decay, we consider only a combination of angular variables,
even though it is not Lorentz invariant. We now construct
two T-odd observables from

O = sin 0, sin B, sin ¢y, (16)
all variables being measured in the lab frame. These are

(i) A(O), the asymmetry in the variable O of the cross sec-
tion. This is the ratio to the total number of events of the
difference in the number of events for which the A(O) is
positive and for which it is negative:
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_0(0>0)-0(0<0
A = o0 to0<0) a7

~—

The asymmetry A4(O) and the corresponding limits on
Im for for various cm energies and respective integrated
luminosities are given in Table 2.

(ii) The expectation value (O) of the variable O.

The contributions to these observables, as mentioned ear-
lier, come only from the imaginary parts of the couplings.
Thus, only the off-diagonal elements of p, already shown
carlier, are relevant, the diagonal elements being real. To
evaluate these observables, the density matrix for the pro-
duction of the top has to be combined with the density
matrix elements for the decay ¢t — b¢*v,, with an integra-
tion over all variables except the charged-lepton angular
variables 69 and ¢9. These are now written in the top rest
frame. The expression for the full cross section is evaluated
using the narrow-width approximation for the . The den-
sity matrix elements I';;, (4,7 = 1, 2) are (see for example
(Godbole et al. 2003)).

'y = K(1+cosb?)
re = Koo s
I's; = Ksin 086’”’2

where

K = g*(m? — 2p; - py). (19)

In principle, the anomalous b couplings would contribute to
the decay density matrix. However, restricting to linear order,
the effect of the anomalous couplings on the normalized angu-
lar distributions has been shown to be absent (Godbole et al.
2019; Rindani 2000; Grzadkowski and Hioki 2000, 2000b).
We therefore do not include anomalous couplings, assuming
them to be small enough to ignore the quadratic powers. The
cross section for the process in the lab frame is given by

Elab, cm
o= / deyg(ay) / desb(zs) / d cos 1% / deos 0 / i / amEL
1

(p11711 + pa2laz + p12liz + pailar) + (21 & x2).

(20)

o—_— =
512(2m)4T Ly memw

Here, I'y (I'yy) are the total widths of the 7 ( W), b(x) is the
b parton distribution function in the proton, Eéab is the
energy of the decay lepton in the lab frame, and p{™ is the

Table 2 The asymmetry A(O)1 in the observable O for unit Im for
and the limits Im félg‘ on Im far for various cm energies and inte-
grated luminosities

Va(Tev) L(m~h  osmPb)  40), Im fig

13 190 2.53 0.326 442 %107
13.6 500 2.81 0.329 2.56 x107
14 3000 3.01 0.332 1.00 1073

Table 3 The SM cross section for # production and decay into the lep-
tonic channel, the expectation value of O for unit coupling, the expec-
tation value of O? in the SM, and the limits Im f;iﬁ’ on Im for for
various cm energies and respective integrated luminosities

V/s(TeM) (fb ™ s (pb)O)1 (0*)sm Im f)5

13 190 253 3.06x10°  851x102  0.137

13.6 500 281 292x107°  842x107° 838x107
14 3000  3.01 2.83x10° 837x10° 340x107°

magnitude of the ¢ three-momentum in the parton cm frame.
It is understood that as before the z axis is chosen along
the direction of the parton momentum which has the larger
momentum fraction of the proton, and the two possibilities
for choice of z axis are summed over.

The asymmetry A(O) is evaluated by using the cross sec-
tion of Eq. (20) in Eq. (17). As in the case of the transverse
polarization asymmetry, the sensitivity of the event asym-
metry of O may be measured by the 1-o limit on the cou-
pling given by the same Eq. (15), where now for A; we use
A(0O)1, the value of 4(O) for Im fog = 1. In Table 2 we give
the values of A(O); and the limits Im f%‘}%’ on Im fpr for
various cm energies and respective integrated luminosities.

The expectation value of O, for the case when the gluon
carries a momentum fraction z; of the proton and the b
quark carries a momentum fraction xo, can be calculated
using the expression in Eq. (20). As in the case of the trans-
verse polarization, it turns out the observable (O) is zero in
the case of the the anomalous couplings fir and fag.

For the observable O to be measurable at the 1-o level
with an integrated luminosity L, its expectation value should
satisfy

V0% — (0%

€2y

For our case, (O)sm = 0. The 1-0 limit on the coupling
Im fap is then given by

. 2
Im lim __ <O >SM

28 = (O)imfanet) Vool 22

The expectation values and the limits on Im fsy for various
cm energies and integrated luminosities are given in Table
3.
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The limits in Table 2 obtainable from the observable O
are comparable to those in Table 1 which would result from
the transverse polarization, The limits from (O) are some-
what worse. However, it would not be fair to make com-
parisons as the systematics are different for the different
measurements and a more realistic study of the measure-
ments of various momenta is needed. A more detailed study
of the kinematics and relevant cuts for particle identification
would be required to get more accurate sensitivities. How-
ever, our numbers are expected to give a reasonable indica-
tion of the true values.

Conclusions and discussion

We have considered three typical T-odd observables which
might be measured in the process pp — tW =X in an exten-
sion of the SM with anomalous /bW interactions. Use has
been made of analytical expressions for the spin density
matrix for the production and, when needed, the decay of
the top quark to calculate the cross section and the T-odd
observables. These T-odd observables are dependent on the
imaginary part of the off-diagonal elements of the density
matrix, and hence, the imaginary part of the anomalous
couplings. Of the three anomalous couplings fir, for and
far, only the imaginary part of for gives rise to nonzero
values for these three observables. Thus, a measurement of
the T-odd observables we suggest here would serve to iso-
late the coupling Im fsr from amongst the three anomalous
couplings available.

The 1-¢ limits on Im for we derive are of the order of
10~2, with for the T-odd asymmetries, and a little larger for
the expectation value of O. The limit improves for higher cm
energy for the same integrated luminosity. Our calculation
is restricted to a single channel for the top decay. Extend-
ing it to the other two leptonic channels would improve the
sensitivity.

It would be worthwhile to refine the sensitivities for the
measurement of Im for estimated here. The measurement
of the detailed final state is a difficult job for the LHC detec-
tors. A more reliable estimate would require a detailed study
of the detector efficiencies and imposing of realistic kine-
matic cuts for identification of the particles like the z, which
is not attempted here. It might be useful to resort to machine
learning techniques which have been discussed for top tag-
ging in recent times (Sahu and Ghosh 2024; Kasieczka et al.
2019). Such a study would be worthwhile to carry out.

One may construct other more complicated T-odd
observables, which are products of the observable consid-
ered above with kinematic constructs which are T-even, so
that the product is odd under T. It may be possible to opti-
mize the sensitivity with the use of such a combination.
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We do not consider hadronic top decays, which have a
larger probability, since it would be difficult, if not impos-
sible, to measure a triple product of momenta, which would
require measurement of the charges of the quarks. However,
given the advantage of an enhanced sample of events in such
a case, it would be worthwhile to attempt using hadronic
decays as well.

We have discussed naive T violation, not necessarily
accompanied by CP violation. We could also combine con-
jugate production and decay channels to test and measure
CP violation, if it exists. In principle, it would bring in more
parameters, since the couplings f,; or f, associated with
the tW ™ production process are independent of f;7, and f;g.
However, if some assumptions are made, as for example,
those suggested in Sect. 2, the tW ™~ and tW ™ production
results could be combined to test CP. In case CP conserva-
tion is assumed, the assumptions would lead to increase in
statistics for measurement of the absorptive part.

It would also be interesting to study actual realizations of
the T-odd observables studied here in actual extensions of
the SM, as for example two-Higgs doublet models.
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