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Some distributions of the ™ in the top-quark pair production reaction
pp — bud bu~ v, at the LHC are calculated to leading order in the presence
of the anomalous Wtb coupling with operators of dimension up to five. The
distributions in the transverse momentum, rapidity and cosine of the p~
angle with respect to the beam in the laboratory frame and with respect
to the reversed momentum of the b-quark in the rest frame of W-boson
are changed rather moderately by the anomalous Wtb coupling. The dis-
tributions computed with the full set of leading order Feynman diagrams
practically do not differ from those computed with the ¢ production dia-
grams, with typical acceptance cuts. This demonstrates very little effect of
the off-resonance background contributions.
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1. Introduction

As the top quark is very heavy, it decays even before it can hadronize,
predominantly into a W-boson and a quark, with the branching fraction
of t — Wb close to 1, which means that the decay at the leading order is
almost exclusively governed by the Wtb coupling. Due to the almost im-
mediate decay, the information about the top-quark spin and couplings is
passed to its decay products without being obscured by the hadronization
process and it can be best gained from the analysis of differential cross sec-
tions, in particular, from the angular distribution of the lepton from the
W-boson decay [1]|. Therefore, the top-quark production processes are ideal
for tests of extensions of the Standard Model (SM) that lead to modifica-
tions of the pure left-handed Wtb coupling of SM. This issue has been already
extensively addressed in literature, see, e.g., [2-6]. In [4], a decoupling theo-
rem was proven, which states that the angular distribution of the secondary
lepton resulting from a decay of the top quark produced in eTe™ — tt re-
ceives no contribution from the anomalous Wb coupling in the narrow width
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approximation (NWA). The theorem turned out to remain correct also in
a more complicated case of the off-shell top-quark pair production in ete™
annihilation and decay in 6-fermion final states including the non-double
resonance background contributions, which was checked by direct computa-
tion in [6]. It was also shown [7] that the anomalous Wtb coupling cannot
explain discrepancies between the forward—backward asymmetry (FBA) in
the top-quark pair production in high energy proton—antiproton collisions
observed by the CDF [8] and DO [9] experiments at the Tevatron and the
SM expectations [10]. The FBA in |7] was computed taking into account
leading order cross sections of all the sub-processes of quark—antiquark an-
nihilation, which dominate the top-quark pair production at the Tevatron,
of the form q§ — bqq bly;, with u@ and dd in the initial state and a single
charged lepton in the final state. In spite of the fact that off-resonance con-
tributions to such reactions are changed in the presence of the anomalous
Wtb coupling, as it substantially alters the total top-quark decay width,
the rapidity distributions of the final state lepton remain almost unchanged.
This can be considered as another example of the decoupling theorem of [4]
that remains valid in the off-shell top-quark pair production and decay in
quark—antiquark annihilation.

In the proton—proton collisions at the LHC, the top quarks are produced
dominantly in pairs through the underlying gluon—gluon fusion or the quark—
antiquark annihilation processes

gg — tt, qq — tt. (1)

The single top production processes, as, e.g., gb — ¢'t, q§ — tb, or qg —
q'tb, have much smaller cross sections. Each of the top quarks of (1) decays
into a b-quark and a W-boson, and the W-bosons decay into a fermion—
antifermion pair each which leads to reactions with 6 fermions in the final
state. The top-quark pair production events are best identified if one of the
W-bosons decays leptonically and the other hadronically that corresponds
to reactions of the form

pp — bqq bl . (2)

This means that one should select events with an isolated electron or muon
with large transverse momentum, a missing transverse momentum from the
undetected neutrino and four or more jets.

For the sake of clarity, in the present work, we will concentrate on one
specific channel of (2)

pp — bud by~ v, (3)

and address the question to which extent the anomalous Wb coupling affects
different distributions of the final state p~. In other words, we would like
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to check if the decoupling theorem of [4] holds also for the top-quark pair
production in proton—proton collisions at the LHC. We will also illustrate the
role of the off-resonance background contributions in (3) by comparing the
distributions computed with the full set of leading order Feynman diagrams
with those computed with the ¢ production diagrams only.

2. An anomalous Wtb coupling at the LHC

The underlying hard scattering processes of (3) that contribute most to
its cross section are the following

g9 — bud bp~ v, (4)
ut — bud by~ v, (5)
dd — bud by~ v, . (6)

In the leading order, neglecting light fermion masses, m, = mqg = m, = 0,
and the Cabibbo—Kobayashi-Maskawa mixing between quarks, there are 421
Feynman diagrams of the gluon—gluon fusion process (4) and 718 diagrams
of each of the quark—antiquark annihilation processes (5) and (6). Some ex-
amples of the diagrams of processes (4) and (5) are shown in Figs. 1 and 2.
There are 3 double resonance tt production signal diagrams of the gluon—
gluon fusion processes (4): two of them are depicted in Figs. 1 (a) and 1 (b)
and the third is obtained by interchanging the gluon lines in Fig. 1 (b). At
the same time, the quark—antiquark annihilation process (5) receives con-
tributions from 6 ¢t production signal diagrams: 3 of them are depicted in
Figs. 2 (a) and 2 (b) and the other 3 are obtained by interchanging the
u-quark lines in each diagram of Figs. 2 (a) and 2 (b). The Feynman dia-
grams of process (6) are obtained from those of process (5) just by replacing
the initial state u-quarks with d-quarks. Note that if the top quarks were
assumed to be produced on-shell, which corresponds to the NWA for the
top quarks, then the number of the signal diagrams for each of the processes
(4), (5) and (6) would be equal 3. Thus, in the NWA, not only does one
neglect a plethora of background contributions represented by the diagrams
in Figs. 1 (e), 1 (f) and 2 (d), but also the part of the double resonance
signal diagrams and the diagrams with two or one top-quark propagators,
as those depicted in Figs. 1 (c), 1 (d) and 2 (c). Let us note that the Wtb
coupling that is indicated by a blob enters twice both in the ¢ production
signal diagrams of Figs. 1 (a), 1 (b), 2 (a), 2 (b) and in the non-double
resonance diagrams of Figs. 1 (¢), 1 (d) and 2 (c).
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Fig.1. Examples of the leading order Feynman diagrams of process (4). Blobs
indicate the Wtb coupling.

Dy
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Fig.2. Examples of the leading order Feynman diagrams of process (5). Blobs
indicate the Wtb coupling.

The effective Lagrangian of the Wb interaction containing operators of
dimension up to five considered in the present work has the following form [2]

Lyw = \%Wb[Wub’Y”(f%PL+f1RPR)t

1 -7 v

+\% Viy [W,]LW“ (fi"Pr+ f*Pr) b

1 . .
— O W, LM (F P+ [ PR) b], (7)

where form factors fiL, fiR, fiL and fiR, 1 = 1,2 can be complex in general
and the remaining notation is obvious. See |7] for details and the correspond-
ing Feynman rules. The lowest order SM Lagrangian of Wtb interaction is



Anomalous Witb Coupling at the LHC 1779

reproduced for fF* = f{* = 1 and all the other form factors equal 0. CP con-
servation leads to the following relationships between the form factors of (7)

f1R* :f1Ra _1L* :f1La _2R* :fZLv _QL*:f2R- (8)

First direct limits on the form factors of (7) were obtained by the CDF
Collaboration by investigating two form factors at a time while assuming the
other two at their SM values [14]. The limits have been improved recently
by the DO Collaboration [15] and they read
2 2 2
<093, |V <013, [Vafy|

Vi /T < 0.06. 9)

More stringent are one-dimensional limits at 95% C.L. [15]

VinfR* <050, ViRt <011, [Vifk[* < 0.05. (10)

Limits derived from ATLAS [16] and CMS [17] measurements of W-boson
helicity fractions using a program TOPFIT [18] with one non-zero coupling
at a time and Vi = 1 read

Reff € [-0.20,0.23],  Refit € [-0.08,0.04],
Refy € [-0.14,0.11]. (11)

Limits (11) are weaker if two couplings are varied at a time [17]. Amaz-
ingly enough, the right-handed vector form factor ff* is least constraint in
(9)-(11), but if CP is conserved then it is indirectly constrained from the
CLEO data on b — sy [19] and from other rare B decays [20].

3. Results

Lagrangian (7) was implemented into carlomat [11], a general purpose
program for the Monte Carlo (MC) computation of lowest order cross sec-
tions. A new version of the program [12] was already used to make pre-
dictions for the FBA in top-quark production at the Tevatron [7]. In this
section, a sample of results is presented that illustrate an influence of the
tensor form factors of Lagrangian (7) on the distributions of the secondary
1~ in top-quark pair production at the pp collisions at the LHC energies
through reaction (3). As in [7], we put Vj, = 1 and assume form factors fF,
fR, fland fR i = 1,2, of Lagrangian (7) to be real. Moreover, the vector
form factors are fixed at their SM values of fI' = fl' =1, ff = ff =0
and only the tensor form factors sz ’R, sz’R are changed by assigning them
two values: 0 or 0.2 in different, CP-even or CP-odd, combinations. A value
of 0.2 that exceeds limits (9)—(11) is chosen just for the sake of illustration
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of the anomalous coupling effects that for smaller values of the form factors
would have been hardly visible in the plots. However, an interested user can
easily obtain predictions for any other choice of the form factors with the
publicly available program [12].

The physical input parameters that are used in the computation are the
same as in [7]. In order to avoid on-shell poles, the following complex mass
parameters

m%%Mfzmg—imeb, b=2ZW,h, mt—>Mt:\/mt2—itht
(12)
are used instead of masses in propagators of unstable particles, both in the
s- and t-channel. The particle widths in (12) are assumed to be constant
and the square root with positive real part is chosen, see [11]| for details.
The computation is performed in the complex mass scheme, where the elec-
troweak (EW) couplings are parametrized in terms the complex EW mixing
parameter sin® @y = 1 — M%V / M% which preserves the lowest order Ward
identities [21] and minimizes the unitarity violation effects at high energies.
The width of the top quark has substantial influence on the cross section
of reaction (3). Therefore, it is calculated in the leading order for every
specific choice of the form factors with effective Lagrangian (7) that, due to
the fact that branching fractions of the decays t — bW and £ — bW~
are close to 1, practically determines it. It should be stressed that for
CP-odd choices of the form factors the widths I} of ¢ and I} of ¢ differ
from each other. Thus, the both widths are calculated and the following
rule is applied to put the width in the s-channel top-quark propagator: I3 is
used if the propagator goes into bW ™ and I7 is used if the propagator goes
into bW . The rule does not work for the propagators in t-channel, but the
actual value of the top-quark width does not play much of a role there. If
the prescription is applied, then the ¢f production signal contribution to the
cross section of (3) in the NWA takes the following form

o (pp — t'T" — bud bu~ ) ‘NWA

_ I I} s T v Tw—_u-»
~ o (pp — 1) t—dbW+ L w+ud Lisew W= —=p— v,

Ft FW Ft_ FW
T D aes
~ o (pp—tt) W;‘;“d WF;/M -

and unitarity is preserved. The unitarity argument can be also used to justify
the prescription for the s-channel top-quark propagator in the off-resonance
background Feynman diagrams which, as will be illustrated later, contribute
very little to the cross section. However, a field theoretical justification of the
effective prescription proposed would actually require calculation of higher
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order corrections to partonic processes (4)—(6) with nonrenormalizable La-
grangian (7). This formidable and delicate task is beyond the scope of this
work.

The cross section of reaction (3) is calculated by folding CTEQ6L par-
ton distribution functions (PDFs) [22] with the cross sections of underlying
hard scattering processes (4), (5) and (6), with the cross sections of the
quark—antiquark annihilation processes being symmetrized with respect to

the interchange of the initial state quark and antiquark. The factoriza-
tion scale is assumed to be equal Q = /m? + Zj p?r - The tt production

events are identified with the following acceptance cuts on the transverse
momenta pr, pseudorapidities 7, missing transverse energy £T and sepa-

ration AR, = \/ (mi — nk)z + (i — gok)z in the pseudorapidity—azimuthal
angle (¢) plane between the objects i and &

pri > 30GeV/e,  pr;>30GeV/e, |q| <21, |n| <24,
ET > 20GeV, ARy ; >04. (13)

The subscripts | and j in (13) stand for lepton and jet, a direction of the
latter is identified with the direction of the corresponding quark. Cuts (13)
are rather restrictive which means that only slightly more than 1% of the
MC events generated by carlomat pass them.

Effects of the anomalous Wtb coupling must be considered relative to
the corresponding SM result. Therefore, in Figs. 3—6 the differential cross
sections of (3) calculated with different choices of the tensor form factors
of Lagrangian (7) and the vector form factors set to their SM values, i.e.
ff=f=1and ff = f = 0, are each time plotted together with
the corresponding SM cross section. The actual values of the tensor form
factors used are always specified in a plot. The absolute size of the cross
sections should be treated with great care, as it, to large degree, depends
on the choice of PDFs or factorization scale. To diminish the dependence
on the latter higher order QCD corrections should be taken into account.
It should be also realized that the form factors get contributions from the
EW loop corrections that, however, should be much smaller than the value
of 0.2 used in the plots. The relative size of the modification is, on the other
hand, independent of the choice of PDFs which has been checked explicitly
by repeating the calculations with MSTW PDFs [23].

Figures 3—6 show the results for a few distributions of the final state pu~
of reaction (3) at two different pp collision energies of 8 TeV and 14 TeV.
In each of the figures, the SM cross section is plotted with grey boxes and
the cross sections in the presence of different CP-even (two upper rows) and
CP-odd (two lower rows) choices of the tensor form factors of Lagrangian (7)
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are plotted with solid lines. The transverse momentum and rapidity distri-
butions of the p~ are shown in Figs. 3 and 4. The distributions in cos @y,
where 0j, is the angle between the momentum of = in the pp centre-of-
mass frame and the beam, are plotted in Fig. 5. Finally, the distributions in
cos 0*, where 6* is the angle between the momentum of ;~ and the reversed
momentum of the b-quark, both boosted to the rest frame of the W-boson,
are plotted in Fig. 6. Distributions in cos 6* are usually used in order to de-
termine the helicity fractions of the W-boson produced in top-quark decays,
see, e.g., [16, 17].

Changes in the distributions are rather moderate, at most of the order
of several per cent, both for the CP-even and CP-odd combinations of the
tensor form factors. This observation can be regarded as another example
of the decoupling theorem of [4] that was originally proven in the NWA,
but now seems to work also for the off-shell top-quark pair production and
decay in proton—proton collisions at the LHC energies. Although all the
cross sections increase by about a factor 4 if the energy of pp collisions is
increased from /s = 8 TeV to /s = 14 TeV, the relative changes caused by
the tensor form factors are fairly independent of the pp collision energy, as
can be seen by comparing plots on the left- and right-hand sides of Figs. 3—6.
Let us note that shapes of the distributions remain practically unchanged
by the non-zero form factors, both in the CP-even and CP-odd case, except
for the distribution in cos 6* of Fig. 6.

The distributions of p~ of reaction (3) at /s = 14 TeV in the same
variables as in Figs. 3-6 computed with the full set of leading order Feyn-
man diagrams, plotted with the shaded boxes, and with the ¢¢ production
signal diagrams, plotted with the dashed lines, are compared in Fig. 7. The
comparison demonstrates very little effect of the off-resonance background
contributions in the presence of acceptance cuts (13). The results for other
combinations of the tensor form factors, which are not shown, look very
similarly.
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Fig. 3. Distributions in pt of the final state u~ of reaction (3) in pp collisions at
Vs = 8 TeV (left) and /s = 14 TeV (right) for CP-even (two upper rows) and
CP-odd (two lower rows) choices of the tensor form factors of (7).
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Fig. 4. Distributions in rapidity of the final state u~ of reaction (3) in pp collisions
at /s = 8 TeV (left) and /s = 14 TeV (right) for CP-even (two upper rows) and
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Fig.5. Distributions in cos;,, with ), being an angle between the momenta of
the final state p~ of reaction (3) and the beam, in pp collisions at /s = 8 TeV
(left) and /s = 14 TeV (right) for CP-even (two upper rows) and CP-odd (two
lower rows) choices of the tensor form factors of (7).
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Fig. 6. Distributions in cos #*, where 6* is an angle between the momentum of p~
and the reversed momentum of b-quark of (3), both boosted to the W-boson rest
frame, in pp collisions at /s = 8 TeV (left) and /s = 14 TeV (right) for CP-even
(two upper rows) and CP-odd (two lower rows) choices of the tensor form factors

of (7).
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Fig.7. Distributions of p~ of (3) at /s = 14 TeV in the same variables as in
Figs. 3-6. The distributions computed with the full set of leading order Feynman
diagrams are plotted with the shaded boxes and those computed with the ¢f pro-

duction signal diagrams only are plotted with the dashed lines.
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4. Summary

A new version of carlomat [12], a general purpose program for the MC
computation of lowest order cross sections, has been used to compute the
transverse momentum, rapidity and two angular distributions of the final
state u~ of reaction (3) in the presence of the anomalous Wtb coupling with
operators of dimension up to five. The considered CP-even and CP-odd
combinations of the tensor form factors have rather small effect on the dis-
tributions which actually could be expected, as the top quarks are produced
unpolarized. At the same time, the shapes of the presented distributions
remain practically unchanged, except for the distribution in cos 8*, where 6*
is the angle between the momentum of u~ and the reversed momentum of
the b-quark, both boosted to the rest frame of W-boson. It is just the change
in shape of the cos8* distribution that potentially gives the best prospects
for improving limits on the tensor form factors in future measurements at
the LHC.

It has been also shown that the off-resonance background contributions
have rather little impact on the distributions independently of whether the
anomalous tensor form factors are present or not.
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ish National Science Centre (NCN) under grant decision number DEC-
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