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Abstract. We investigate several quantities, defined in the decays of top quark pairs, which can be used to
explore non-standard Witb interactions. Two new angular asymmetries are introduced in the leptonic decay
of top (anti)quarks. Both are very sensitive to anomalous Wb couplings, and their measurement allows for
a precise determination of the W helicity fractions. We also examine other angular and energy asymmetries,
the W helicity fractions and their ratios, as well as spin correlation asymmetries, analysing their dependence
on anomalous Witb couplings and identifing the quantities which are most sensitive to them. It is explicitly
shown that spin correlation asymmetries are less sensitive to new interactions in the decay of the top quark;
therefore, when combined with the measurement of other observables, they can be used to determine the
tt spin correlation even in the presence of anomalous Wtb couplings. We finally discuss some asymmetries
which can be used to test CP violation in t# production and complex phases in the effective Witb vertex.

1 Introduction

Precision studies have been in the past a powerful tool to
explore new physics at scales not kinematically accessible.
With the operation of the large hadron collider (LHC),
top physics will enter into the era of precise measure-
ments [1]. Due to its large mass, close to the electroweak
scale, the top quark is believed to offer a unique window
to physics beyond the standard model (SM). New inter-
actions at higher energies may manifest themselves in the
form of effective couplings of the SM fermions, especially
for the top quark, much heavier than the rest. In this work
we concentrate ourselves on the Wtb vertex. Within the
SM this coupling is purely left-handed, and its size is given
by the Cabibbo-Kobayashi-Maskawa matrix element Vi,
which can be measured in single top production [2—5]. In
new physics models, departures from the SM expectation
Vip =~ 1 are possible [6-8], as well as new radiative contri-
butions to the Wtb vertex [9,10]. These corrections can be
parameterised with the effective operator formalism. The
most general Witb vertex containing terms up to dimension
five can be written as

L=— 52 " (VL P+ Ve Pr) tW,,
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with ¢ =p; —pp (we follow the conventions of [11] with
slight simplifications in the notation). If CP is conserved

(guPL+grPr)tW, +he., (1)
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in the decay, the couplings can be taken to be real.!
Within the SM, Vi, =V, >~ 1 and Vg, g1, gr vanish at
the tree level, while nonzero values are generated at one
loop level [12]. Additional contributions to Vg, g1, 9r
are possible in SM extensions, without spoiling the agree-
ment with low-energy measurements. The size of a Vg
term is constrained by the measured rate of Br(b — sv) =
(3.340.4) x 10~*[13]. A right-handed coupling V& | = 0.04
would in principle give a too large contribution to this de-
cay [14—-17] which, however, might be (partially) cancelled
with other new physics contributions. Hence, the bound
|[Vr| < 0.04 is model dependent and does not substitute
a direct measurement of this coupling. For g, the limits
from b — sy are of the same order, while for gg they are
much looser [17].

Top production and decay processes at LHC allow us
to probe the Witb vertex [2,5,11,18,19]. Top pair pro-
duction takes place through QCD interactions without in-
volving a Wtb coupling. Additionally, it is likely that the
top quark almost exclusively decays in the channel ¢ —
W Tb. Therefore, its cross section for production and de-
cay gg,qq — tt — WHbW ~b is insensitive to the size and
structure of the Witb vertex. However, the angular distri-
butions of (anti)top decay products give information about

LA general Wtb vertex also contains terms proportional to
(pt +pp)*, ¢" and o"”(pt + pp)v. Since b quarks are on shell,
the W bosons decay to light particles (whose masses can be
neglected) and the top quarks can be approximately assumed
on-shell, these extra operators can be rewritten in terms of the
ones in (1) using Gordon identities.
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its structure, and can then be used to trace non-standard
couplings. Angular distributions relating top and antitop
decay products probe not only the Wtb interactions but
also the spin correlations among the two quarks produced,
and thus may be influenced by new production mechan-
isms as well. On the other hand, single top production is
sensitive to both the size and structure of the Witb ver-
tex, involved in the production and the decay of the top
quark [5,18,19].

In this paper we explore the sensitivity of several quan-
tities, like angular and energy asymmetries, helicity frac-
tions and ratios, to new non-standard Witb interactions.
Although these observables are theoretically related, the
experimental determination is more precise for some of
them than for others. In particular, the experimental pre-
cision is dominated by systematics already for a luminosity
of 10 fb~!, and a good choice of observables can improve
significantly the limits on anomalous Wtb interactions. Our
analysis here is kept at a purely theoretical level, iden-
tifying the quantities which are a priori more sensitive
to anomalous couplings, and estimating the precision in
their experimental measurement from a detailed simula-
tion, which has been presented elsewhere [20, 21].

2 W helicity fractions and ratios

The polarisation of the W bosons emitted in the top decay
is sensitive to non-standard couplings [22]. The W bosons
can be produced with positive (right-handed), negative
(left-handed) or zero helicity, with corresponding partial
widths I'r, I, [o, being I'=I'(t — W'b) =g+ I+ Ip.
The I'g component vanishes in the m; = 0 limit because
the b quarks produced in top decays have left-handed chi-
rality, and for vanishing m; the helicity and the chirality
states coincide. The three partial widths can be calculated
for a general Wtb vertex as parameterised in (1), yielding

2 2
Iy = 9°|d m;
32w | My,

x (1—a3y — 223 — ajy2; + ;) — 4y Re VL VR
+[lonl” +1grl?] (1 — %y +27) — 42p Re grgg

my * *
_ 2MW Re [VLgk + Vroi) (1 - 1"2,‘/ - :rg)

m
+2Mt zp Re [ViLg} + Viog] (Hw%—x?)} ,
w

(VLI +[V&|?]

2
RL = 932|:| {[|VL|2+ Vel?] (1—afy, + ) — 4z, Re VL VR

2
m
+M§ [lgL? + |grl?] (1 — 2y — 227 — a3y xi + 23
w

—4z, Re gLy

my * *
-9 My Re [VLgr + VRt (1 — x%v — xf))

m * *
+2Mt xp Re [VLgi + VR (1 + 2, —x%)}

w
2 3
g my

64 MI%V {_x%/V [|VL|2 - |VR|2] + [|.9L|2 - |gR|2]

J.A. Aguilar-Saavedra et al.: Probing anomalous Witb couplings in top pair decays
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being xw = Mw /my, 2 = my/my and

1
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the modulus of the W boson three-momentum in the top
quark rest frame. The total top width is
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The different polarisation states of the W boson are re-
flected in the angular distribution of its decay products.
Let us denote by ¢; the angle between the charged lepton
three-momentum in the W rest frame and the W momen-
tum in the ¢ rest frame. The normalised differential decay
rate for unpolarised top quarks can be written as

1 dr 3 " 3 X
I deost; = 8(1 +cos ;) Fr + 8(1 —cos 0 ) Fy,

3
+, sin? 0} Fy (5)

with F; = I; /I the helicity fractions. The three terms cor-
respond to the three helicity states, and the interference
terms vanish [23]. At the tree level, Fy = 0.703, F1, = 0.297,
Fr =3.6x10"% for m; = 175GeV, My = 80.39 GeV,
my = 4.8 GeV. The resulting distribution is shown in Fig. 1,
calculated from the analytical expressions in (2)—(5) and
also with a Monte Carlo simulation. The latter is per-
formed using our own tf generator, which uses the full
resonant matrix element for gg,qg — tt — WHbW b —
f1fibfafsb, and hence takes into account the top and W
widths, as well as their polarisations. Anomalous couplings
in the decay may also included in the event generation. We
observe that finite width corrections have a negligible influ-
ence in the distribution, and hence (2)—(5) can be used to
make precise predictions for the distributions.

The good agreement between the analytical calcula-
tion (with the top quark and W boson on their mass
shell) and the numerical one can be explained substitut-
ing m; — mt(l + & Ft/mt), My — Mw(l +Ew Fw/Mw),
with &, &w of order unity, in the expressions of the helicity
fractions (here we introduce subscripts to distinguish the
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Fig. 1. Differential distribution in (5) within the SM, calcu-
lated analytically and with a Monte Carlo simulation

top quark and W boson widths). We obtain
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Linear terms have no effect when integrated with symmet-
ric Breit—Wigner distributions, and the quadratic terms
are very small.

In the presence of anomalous couplings, the helicity
fractions F; are modified with respect to their SM values
quoted above. Their variation is plotted in Fig. 2, consider-
ing that only one coupling is different from zero at a time
and restricting ourselves to the CP-conserving case of real
VR, gr and gr,. We observe that Fy, and Fy are much more
sensitive to gr than to gr, and Vr. This is due to the inter-
ference term V1,g; , which is not suppressed by the bottom
quark mass as for the g1, and Vg couplings. This linear term
dominates over the quadratic one and makes the helicity
fractions (and related quantities) very sensitive to gr. We
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Table 1. 1o bounds of anomalous couplings
obtained from the measurement of helicity
fractions F; and ratios p;

F; Pi
Vi [~0.062,0.13]  [~0.029, 0.099]
a1, [—0.060,0.028]  [—0.046,0.013]
gR [-0.023,0.021]  [—0.025,0.026]

also remark that the phases of anomalous couplings influ-
ence the helicity fractions through the interference terms
which depend on the real part of Vg, g1, and gr (we have
taken V1, real, and normalised to unity). Thus, the effect of
complex phases is specially relevant for gg, where the in-
terference term dominates. In any case, the maximum and
minimum deviations on the helicity fractions are found for
real, positive and negative (not necessarily in this order)
values of Vg, gr and gr,. The possibility of complex cou-
plings is examined with more detail in Sect. 6.

The helicity fractions can be experimentally extracted
from a fit to the cos§; distribution using (5). In order to
estimate the limits on anomalous couplings that can be set
from their measurement, we assume that the central values
obtained correspond to the SM prediction, and take their
errors from [20,21,24], giving Fy ~ 0.703 +0.016, Fg ~
3.6 x 1074£0.0045, F1, ~ 0.29740.016. For these values, it
is found that Fy and F1, have a similar sensitivity to ggr,
while the dependence of Fr on this coupling is smaller. On
the other hand, the measurement of Fy sets the strongest
constraint on Vg and gr,. The resulting bounds are sum-
marised in the first column of Table 1. These and the rest
of limits throughout this paper have been obtained with
a Monte Carlo method, as described in Appendix B.

The sensitivity achieved for non-standard couplings
may be greater if we consider instead the helicity ratios
prL =IRrL/Io = Fr1/Fo, shown in Fig. 3.2 These ratios
can be directly measured with a fit to the cos§; distribu-
tion as well. From the expected precision in their deter-
mination in [20, 21], and assuming that the central values
correspond to the SM prediction, we have pgr ~ 0.0005 +
0.0026, pr, ~ 0.423 £0.036. From these values, the limits
given in the second column of Table 1 can be obtained,
with an important improvement for Vg and gr,. As it has
been remarked in the introduction, the reason for the im-
provement is that systematic errors, which dominate the
precision of the measurements (see [20, 21] for details), are
much smaller for helicity ratios than for helicity fractions.

To conclude this section, we would like to stress the
importance of keeping the bottom quark mass in the cal-
culations. Within the SM the my correction to the helicity
fractions is small, of order 7 = 7.5 x 1074, as it can be seen
in (2). However, as it can also be observed, the interference
terms involving g1, or Vg couplings with V;, are propor-

2 We note that, for a better comparison among them and with
other observables, the scale of the y axis in each plot is chosen
so that the range approximately corresponds to two standard
deviations (with the expected LHC precision) around the the-
oretical SM value.
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Fig. 3. Dependence of the helicity ratios pr 1, = I'R,1,/I0 on the anomalous couplings in (1), in the CP-conserving case

tional to xp = 0.027, and are of similar magnitude as the sulting confidence intervals on Vg, g1, are symmetric. The
quadratic terms. The effect of including my in the com- asymmetry between positive and negative couplings seen
putations is illustrated with more detail in Appendix A. in Table 1 reflects the importance of the m; correction. It
Nevertheless, we note here that if my is neglected the re- should also be noted that the m; dependence of the limits
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leads to a small systematic uncertainty, due to the uncer-
tainty in my. This is examined in detail in Appendix A.

3 Angular asymmetries

A simple and efficient method to extract information about
the Witb vertex is through angular asymmetries involving
the angle 0} between the charged lepton momentum (in the
W boson rest frame) and the W boson momentum (in the
top quark rest frame). Alternatively, one may consider the
angle 0y, between the charged lepton and b quark momenta
in the W rest frame. Both approaches are equivalent since
these two angles are related by 0} + 604, = 7. (The determin-
ation of 0y, however, is simpler, because both momenta are
measured in the same reference frame without any ambigu-
ity in the boosts.) For any fixed z in the interval [—1, 1], one
can define an asymmetry
N(cos; > z)— N(cosbj < z)

A, = :
N(cosO; > z)+ N(cosl; < z) @

The most obvious choice is z =0, giving the forward-
backward (FB) asymmetry App [11,25].3 It is analogous to
the FB asymmetries at LEP, which together with the ra-
tios Ry, R, allow us to extract the couplings of the ¢ and b
quarks to the Z boson. The FB asymmetry is related to the
W helicity fractions by

3
App = 4[FR - F). (8)

The measurement of this asymmetry alone is not enough
to fully reconstruct the cos @} distribution. One can then
think about other asymmetries for different values of z.
The determination of F; is easier if we construct asym-
metries involving only Fg and Fy, or Fi, and Fy. This
is achieved choosing z = F(22/3 —1). Defining for conve-
nience 3 = 2'/3 — 1, we have

= (22/3 - 1) A, =A, =3B[Fo+ (1+8)Fr],
2= (227-1) 5 A=A = -38[Fy+ (1 + B)RL].
(9)

From both asymmetries and using Fgr + F1, + Fo = 1, we
obtain

1 A_-pBA;
=1 5350 p2)
s 1 A-pA
YT 18 3801-82)°
148, AL A
=T a0 1o

The three asymmetries App, A4, A_ are quite sen-
sitive to anomalous Witb interactions. Their SM values

3 Notice the difference in sign with respect to the definitions
in [11, 25], where 6y, is used.
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Table 2. 1o bounds on anomalous couplings obtained from the
measurement of angular asymmetries

Ay A AFB
Vi [~0.15,0.15] [-0.056,0.11]  [-0.12,0.15]
aL [-0.12,0.082]  [-0.057,0.026]  [-0.092,0.062]
gr  [-0.019,0.018]  [-0.024,0.022]  [-0.027,0.025]
are App — —0.2225, A, — 0.5482, A_ — —0.8397, and

their dependence on the non-standard couplings is shown
in Fig. 4. Taking the expected precision in their meas-
urement from [20,21] and assuming as central values
the SM predictions, we obtain Apg ~ —0.223+0.013,
A; ~0.548+0.010, A_ ~ —0.8397+0.0033. Using e.g.
the latter two, the helicity fractions can be determined
as

Fr =0.0017+£0.0071,
F1, =0.2981£0.0167,

Fy=0.70024+0.0184. (11)
The errors quoted take into account the correlation be-
tween the two measurements, which is determined writ-
ing the asymmetries in terms of the numbers of events in
three bins: [—1, —(2%/% —1)], [-(2%/° —1),(2%/® —1)] and
[(22/3 —1),1]. We omit these details for brevity. The values
extracted in this way are less precise than if obtained from
a direct fit, but the method employed is much simpler too.
The eventual limits which would be extracted from asym-
metry measurements are collected in Table 2. A exhibits
the strongest dependence on gg and, if measured as pre-
cisely as it is expected, it would set the best limits on this
coupling. On the other hand, A_ is the most sensitive to
Vr and g1, and sets the strongest bounds on them. The
limits obtained from asymmetry measurements are com-
petitive with those obtained from a direct fit to the cos 6}
distribution.

4 Energy distributions

The charged lepton energy in the W rest frame is fixed by
the kinematics of the two-body decay W — fv. Its energy
in the top quark rest frame, denoted from now on by Fy,
is related to the former by a Lorentz boost, and it is given
by

1 X
Ey= 2(EW‘|‘|CI| cost;), (12)

with |q|, given in (3), the W boson momentum in the
top rest frame and Eyy its energy. Therefore, the angular
distribution of the charged lepton in W rest frame de-
termines its energy in the top rest frame. The maximum
and minimum energies are Enax = (Ew +|q|)/2, Emin =
(Ew —|d|)/2. The energy distribution is obtained from (5)
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Fig. 4. Dependence of the asymmetries A, A_ and App on the couplings gr,, g1, and Vg, for the CP-conserving case

and (12),

1 dr 1
I dEZ N (Emax_Emin)3
X [3(EZ - Emin)zFR + 3(Emax - EZ)QFL
+6(Emax — Fr)(E¢ — Emin) Fo) (13)
The description of the top decay in terms of cos8; or E,
seems then equivalent, up to a change of variables. Any
asymmetry built using cos 8, defined around a fixed value
z, can be translated into an equivalent asymmetry involv-
ing Ey, defined around a fixed energy E, = (Ew +]q| 2)/2,
namely

N(E;> E.)— N(E; < E.)

A, = .
N(E,>E,)+ N(E; < E,)

(14)

However, in contrast to what was demonstrated in Sect. 2
for the angular distributions, finite width corrections have
a non-negligible influence on F,. This can be seen in
Fig. 5, where we plot the energy distribution calculated
analytically for ¢ and W on shell and from a Monte
Carlo calculation including finite width effects. The values

21 T T

r +++++H++ + Analytical 1
18 ++ ++ + MC simulation |
L pd R 4
L ++ ++ d
e br G Y ]
] L + \ ]
o 12 Y |
I % 1
5 o+ I X —
oot X ‘
~ 6 N + b
- + j
3f A ]
L N + ]
e ‘ ‘ L SN

0 20 40 60 80 100

E

Fig. 5. Differential distribution in (13) within the SM, calcu-
lated analytically and with a Monte Carlo simulation

of the asymmetries Ay, A_ and Apg, calculated ana-
lytically and numerically (the latter for the cos#; and
E, distributions) are shown in Table 3. One can notice
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Table 3. Values of the asymmetries Ay, A_, App obtained
from the analytical expression (first column) and from the
Monte Carlo simulation, the latter from the measurement of
the distributions of cos6} (second column) and E; (third col-
umn)

Analytical Angular Energy
Ay 0.5482 0.5492 0.5529
A_ —0.8397 —0.8393 —0.8339
Arpp —0.2225 —0.2212 —0.2166

the larger influence of finite width corrections for energy
asymmetries.

The expected precision in energy asymmetries is worse
than for the angular ones (given in the previous section) as
it might be expected: Appg ~ —0.2234+0.024, A, ~0.548 +
0.013, A_ ~ —0.84040.016. Therefore, in principle their
study does not seem to bring any improvement from the
experimental side.

5 Spin asymmetries

Additional angular asymmetries can be built involving the
top spin. Top quarks are produced unpolarised at the tree
level in QCD interactions, and with a very small O(10~2)
transverse polarisation at one loop. However, the t and ¢
spins are strongly correlated, what allows the construc-
tion of angular asymmetries at the percent level. The top
(anti)quark spins are not directly observable, but influence
the angular distribution of their decay products. For the
decay t — WTb — £1vb, q7'b, the angular distributions of
X =4%v,q,q,WT,b (which are called “spin analysers”)
in the top quark rest frame are given by

1 dr 1
1
T dcoshy 2( +ax cosbx)

(15)
with 0x the angle between the three-momentum of X (in
the ¢ rest frame) and the top spin direction. The constants
ax are called “spin analysing power” of X and can range
between —1 and 1. In the SM, ay+ =ay =1, a, = a4 =
—0.32, apy+ = —ap = 0.41 at the tree level [26] (¢ and ¢ are
the up- and down-type quarks, respectively, resulting from
the W decay). For the decay of a top antiquark the dis-
tributions are the same, with ag = —ax as long as CP is
conserved in the decay. One-loop corrections modify these
values to o+ = 0.998, ay = 0.93, a, = —0.33, ag = —0.31,
ap+ = —ap = 0.39 [27-29]. We point out that in the pres-
ence of non-vanishing Vg, g1, or gg couplings the numerical
values of the constants ax are modified, but the functional
form of (15) is maintained. We have explicitly calculated
them for a general CP-conserving Wtb vertex as written in
(1) within the narrow width approximation. They can be
written as ax = ax/ag, with

ap = [VL2 + VF%] (1 + x‘z,v — 2:5% — Zx%[/ + x%,vacg + x%)
— 12x%,vbeLVR
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2
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+2zw [VLgr — VrgL] +6zwas [Vogr — VRQR]} ,
(16)

and aw = —ap. We have checked that our expressions
are compatible with the first-order expansions in [30, 31].
Working in the helicity basis and neglecting small spin in-
terference effects, so that the cross section factorises into
production times decay factors, the double angular distri-
bution of the decay products X (from t) and X’ (from ?)
can be written as [32]

1 do

o d cosfx d cos s = 4(1+C’axo¢)—(/ cosfx cosfxr) .

(17)
The angles 0x, 0 5 are measured using as spin axis the par-

ent top (anti)quark momentum in the t# CM system. The
factor

C O'(tR{R) + J(tL{L) — U(thL) — O'(tLtR)
o(trtr) +o(ttL) + o(trtn) + o (tLtr)

(18)

is the relative number of like helicity minus opposite helic-
ity tt pairs, and measures the spin correlation between the
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top quark and antiquark.* We note that due to P invari-
ance of the QCD interactions, o(triL) = o(tLir), and by
CP conservation o(trtr) = o(trtL). This is the reason why
terms linear in cosfx, cos %, are absent in (17). In other
words, terms linear in the cosines are present only if the top
quarks are produced with a net polarisation in the helic-
ity basis, what does not happen in pure QCD production.
The actual value of C' depends to some extent on the par-
ton distribution functions (PDFs) used and the Q? scale at
which they are evaluated. Using the CTEQ5L PDFs [34]
and Q? = 3 the partonic CM energy, we find C' = 0.310. At
the one loop level, C' = 0.326 +0.012 [29].

Using the spin analysers X, X’ for the respective decays

of t, t, one can define the asymmetries

N(cosfx cosfz > 0)— N(cosfOx cosbz <0)

Ay o =
XX N(cosOx cosfzr > 0)+ N(cosfx cosfg < 0)’
(19)
whose theoretical value derived from (17) is
1
AxX/:4C’aXaX/. (20)

If CP is conserved in the decay, for charge conjugate de-
cay channels we have axr o = ax a5/, so the asymmetries
Axr 5 = Ax g are equivalent. Therefore, we can sum both
channels and drop the superscripts indicating the charge,
denoting the asymmetries by Ay, A, etc. (CP-violating
effects will be discussed in the next section). In semileptonic
top decays we can select as spin analyser the charged lep-
ton, which has the largest spin analysing power, or the neu-
trino, as proposed in [35]. In hadronic decays the jets corres-
ponding to up- and down-type quarks are very difficult to
distinguish, and one possibility is to use the least energetic
jet in the top rest frame, which corresponds to the down-
type quark 61% of the time, and has a spin analysing power
o = 0.49 at the tree level. An equivalent possibility is to
choose the d jet by its angular distribution in the W~ rest
frame [33]. In both hadronic and leptonic decays the b (b)
quarks can be used as well.

In the lepton + jets decay mode of the tf pair, tt —
lvbjjb we choose the two asymmetries Ay, Ay, for which
we obtain the SM tree-level values Ay; = —0.0376, A,; =
0.0120. With the precision expected for their measurement
at LHC [21], the measurements Ag; ~ —0.0376 +0.0058,
A,; ~0.0120 £0.0056 are feasible. The dependence of these
asymmetries on anomalous Wtb couplings is depicted in
Fig. 6 (we remind the reader that the y axis scales are chosen
so that the range approximately corresponds to two stan-
dard deviations around the theoretical SM value). These
plots are obtained using (16) and (20). We have checked,

4 Other conventions in the literature (e.g. [29, 33]) denote by
—C what in our case is the product C'axag,. We prefer to
keep the notation in [1, 32] and separate the contributions from
the production (C) and the decay (ax, ag/) since the for-
mer is sensitive to new physics in the ¢ production process
while the latter are sensitive to non-standard Wb interactions.
This decomposition is not possible if non-factorisable radiative
corrections to the production and decay process are included.
Anyway, these corrections are expected to be small.
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using high-statistics Monte Carlo simulations, that finite
width effects are rather small, so that (16) and (20) can
be used to make accurate predictions for spin correlation
asymmetries. In the dilepton channel tf — ¢vbl’vb we se-
lect the asymmetries Ay, A, pr, whose SM values are Appr =
—0.0775, A, = 0.0247. The uncertainty in their meas-
urement can be estimated from [21,24], yielding Ay ~
—0.077540.0060, A, ,» ~ 0.0247 + 0.0087. Their variation
when anomalous couplings are present is shown in Fig. 6.
We also plot (in this case with arbitrary y axis scales) the
asymmetries Ay, App, which can be measured either in
the semileptonic or dilepton channel. Their SM values are
Ay, =0.0314, App = —0.0128, but the experimental sensitiv-
ity has been not estimated as yet. We expect that it may be
of the order of 10% for A;;, and worse for Ayp.

The comparison of these plots with the ones in previ-
ous sections makes apparent that, given the experimental
accuracies achievable in each case, spin correlation asym-
metries are much less sensitive to non-standard Wtb cou-
plings. This implies that, if no deviations are found in the
measurement of the helicity ratios pr 1, and angular asym-
metries A4, spin-dependent asymmetries can be used to
test tf spin correlations in the production, without con-
tamination from possible new interactions in the decay. In
particular, this is the case of Ay and Agj;, whose relative
accuracy is better, 7.7% and 15%, respectively. The de-
termination of the correlation factor C' in (18) from these
asymmetries would eventually give

Ay — C =0.31040.024 (exp) 5 043 (6VR)

-5 -6
Taxto-6(09r) To%00s (d9R),
Agj — C = 0.310+0.045 (exp) T 5065 (FVR)
A b0) *H o).

The first error quoted corresponds to the experimental
(systematic and statistic) uncertainty. The other ones are
theoretical uncertainties obtained varying the anomalous
couplings (one at a time). The confidence level (CL) cor-
responding to the intervals quoted is 68.3%. The numer-
ical comparison of the different terms in (21) also shows
that Ay; and Ay are much less sensitive to non-standard
top couplings than Ay, A_ and pr1. It must also be
noted that, since all asymmetries depend on the produc-
tion mechanism through the common factor C, their ra-
tios do not (to leading order), and hence they are clean
probes for anomalous couplings. The precision in the meas-
urement of asymmetry ratios is still to be determined,
but at any rate it is expected to be worse than for spin-
independent observables discussed in the previous sections.

It is also interesting to study the relative distribution
of one spin analyser from the ¢ quark and other from the
t. Let ¢ x %/ be the angle between the three-momentum of

X (in the t rest frame) and of X’ (in the 7 rest frame). The
angular distribution can be written as [29]

1 do 1
= . (1+Daxag cospxzr)

(21)

22
o dcospxx (22)

with D a constant defined by this equality. In our simula-
tions we obtain the tree-level value D = —0.217, while at
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the asymmetries served in the decay. The dependence of these asymmetries

B B Ax % on anomalous couplings is (within the production
N(cospx x> 0) = N(cospxxr <0) x decay factorisation approximation) exactly the same as
N(cospx x> 0)+ N(cospxx <0) for the asymmetries Ay g/ defined above, and plots are
D _ 93) hot presented for brevity. Simulations are available for Ay;

Axxx! (23) and Ay, whose theoretical SM values are Ay; = 0.0527,

AxXl

[Nl
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AML = 0.1085. The experimental precision expected [21,24]
is Ay; ~0.05541+0.0061, Ay ~ 0.1088 £0.0056. This is
a better precision than for A;; and Agj, respectively, but
still not competitive in the determination of the Wtb vertex
structure.® Instead, we can use them to test top spin corre-
lations. From these asymmetries one can extract the value
of D, obtaining

Ay — D = —0.21740.011 (exp) 7009 (5VR)
-6
- (0gr) T0:°°% (dgr)
Ay — D = —0.21740.024 (exp) 7507 (5VR)

Tortove(dgr) TER0%s (dgm)-

(24)
The errors quoted correspond to the experimental (system-
atic + statistical) uncertainty and the variation when one
of the anomalous couplings is allowed to be nonzero. As
in the previous case, the measurement of a ratio of two
asymmetries Ay g/ provides a clean probe for anomalous
couplings, but with a precision expected to be worse than
for spin-independent observables.

6 Effect of complex phases
in helicity fractions and spin asymmetries

In the previous sections we have assumed that any non-
standard Wtb couplings are real, either positive or nega-
tive. We have also pointed out that, if a non-zero coupling
gr exists, its phase has an important influence on W he-
licity fractions and angular distributions determined by
them. Complex phases in VR, g1, and ggr influence the helic-
ity fractions F; through interference terms, which involve
the real parts of these couplings (assuming Vi, real). (In-
terference terms are the most important ones for small
values of Vg, g1, and ggr, and for the latter coupling they
are unsuppressed.) The maximum and minimum effects
of anomalous couplings on F; are obtained when they are
real, negative or positive (not necessarily in this order).
We show in Fig. 7 the values of the helicity fractions for
fixed moduli and arbitrary phases of the new couplings,
Vi = 0.1 VR, g, = 0.1e!%L, gr = 0.1e!%R (one different
from zero at a time), to illustrate the effect of the phases.
The plot scales have been enlarged to cover all the range
of variation of F;, and the 20 expected limits have been
marked with a gray dashed line.

For g1, and Vi the deviations from the SM value are
relatively stable under variations of the phases, because the
linear terms (which depend on the phase) and quadratic
ones (which do not) are comparable in magnitude. Thus,

5 A special situation occurs if there is a fine-tuned cancella-
tion between two nonzero VR and gp, couplings leading to small
effects in W helicity fractions and related quantities. These
cancellations are possible, and in such particular case the meas-
urement of spin asymmetries like Ay and Ayp (which are
insensitive to gy, but sensitive to VR) or single top production
may be used to obtain additional information about anomalous
Wtb couplings.
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the presence of a complex phase does not significantly af-
fect the observability of the coupling. On the other hand,
for gr the effect of the phase is dominant, and we notice
that for phases ¢g, = 47/2 the helicity fractions are very
close to their SM values, so that a purely imaginary coup-
ling gr ~ O(0.1) could remain unnoticed in an analysis of
angular distributions. We also note that the plots are sym-
metric with respect to the y axis, because F; depend on
Re VR, Re g1, Re gr and the moduli. This also implies that
complex couplings have the same effect on the helicity frac-
tions in ¢ and ¢ decays. Therefore, the comparison in ¢ and
t decays of the angular distributions studied does not give
any extra information regarding the complex phases, and
further observables are needed in order to investigate this
possibility. We have also analysed the phase dependence
of the most interesting spin asymmetries, Agj, Agj, Agpr
and Ay (in semileptonic decays we consider W+ — £Tv,
W~ — qq'). The effect of the phases is barely detectable,
even with a greater experimental precision, and in any case
the phase and modulus of an eventual anomalous coupling
measured could not be disentangled.

7 CP-violating asymmetries

In this section we examine whether the existence of com-
plex phases in the anomalous couplings can be detected
using CP-violating asymmetries. The possibility of a rela-
tively large imaginary coupling gr is particularly intrigu-
ing, since angular distributions are very sensitive to this
coupling provided its phase is not close to +7/2. For the
other couplings, g1, and Vg, the situation is not so dra-
matic, because the observability mainly depends on their
moduli.
The spin asymmetry [36]

U(th_R) — O'(tLt_L)
O’(tRfR) + O’(tLt_L) ’ (25)

AR -
is CP-violating, and vanishes at the tree level in QCD in-
teractions. The top and antitop spins can be inferred using
their decay products as spin analysers, in the same way as
in Sect. 5. We thus write

ABE =

N(cosfx >0,co805: >0)— N(cosfx <0,cos0x <0)

N(cosfOx >0,cos05 >0)+ N(cosfx <0,cos8g <0)
(26)

Even with Alé% vanishing in the production process, com-
plex phases in the decay could in principle lead to an
observable asymmetry. We have considered the dilepton
channel, in which larger asymmetries are expected because
of the higher spin analysing power of the charged leptons.
(Other possibility to measure this asymmetry in the dilep-
ton channel would be to consider the charged lepton en-
ergies [37].) We have found that, for anomalous couplings
of order O(0.1) and arbitrary phases, this asymmetry re-
mains below the permille level, and with values consistent
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Fig. 7. Dependence of the helicity fractions F; on the phases of the anomalous couplings (see the text for details)

with zero within Monte Carlo uncertainty. Observation of
such asymmetry would then unambiguously indicate CP-
violating effects in tf production, which are possible, for
instance, in two Higgs doublet models [36, 38—40].

We also investigate triple-product asymmetries defined
in the dilepton channel,

N(T; > 0)—
N(T; >0)+

T;
Agp =
where the triple products T; are [38,41]

=& (pp+ —Po-) (Po+ XPp-)- €,
Py —Py) - (Po+ X Pe-) »

= (
= (Pt —Pi) - (Pe+ X Pe-) - (28)

The unit vector é is taken in the beam direction and the
particle momenta follow obvious notation. Final state par-
ticle momenta can be measured in the laboratory frame or,
if the kinematics of the event is completely reconstructed,
in other reference system. For asymmetries built using T
and T3 we have found values O(10™*), and compatible with

zero, taking anomalous couplings of order O(0.1) with arbi-
trary phases. On the other hand, we have found that A?P
is sensitive to a gr coupling of this magnitude. The asym-
metry is larger if the charged lepton and b quark momenta
are measured in the respective rest frames of the decaying
top quarks. However, its observability will depend on sys-
tematic errors associated to the reconstruction, which have
not been estimated as yet, and may be better When defined
in the laboratory frame. The asymmetry A % in both ref-
erence systems as plotted in Fig. 8, for couplings gr = 0.05,
gr = 0.1 with arbitrary phases.

Other asymmetries discussed in the literature are based
on the differences

Al :Ee+ —Eef,
Az =Pi-Py+ — Pt Po— »

Az =cosb,+ —cosb,— . (29)

These quantities do not involve the product (py+ X p,-),
and then they can be measured in the semileptonic chan-
nel too [41]. The asymmetries are built as in (27), and take
values below the permille level for anomalous couplings of
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the size considered in this section. For completeness, we
have also considered the P-violating asymmetry
rL _ 0(trtL) —o(tLtr)
P U(th_L) + U(tL{R) ’

which is measured using the charged leptons as spin
analysers,

(30)

AR =
N(cosfOx > 0,cos05, <0)— N(cosfx <0,cos05 >0)

N(cosfx >0,cos05 <0)+ N(cosfx <0,cos0x >0) "
(31)

We have found ARY ~ 1.5 x 1073, and insensitive to anoma-
lous couplings O(0.1). This asymmetry can be sizeable in
SM extensions [42].

We finally emphasise that, even in the cases where they
are insensitive to complex anomalous Wtb couplings, the
CP-violating asymmetries studied here are still very use-
ful to disentangle CP violation in the production and the
decay. If these asymmetries are found to be non-vanishing,
they clearly signal CP violation in ## production. On the
ot%ler hand, the imaginary part of gg can be probed using
Acp.

8 Summary

New physics, if it exists close to the electroweak scale, may
manifest itself through non-standard top interactions. In
this paper we have discussed top pair decays at LHC as
a probe of the Witb vertex. We have examined angular and
energy distributions, as well as asymmetries, involving or
not the top quark polarisation. Among the observables dis-
cussed, the best sensitivity to anomalous Wb couplings is
given by the W helicity fractions F; = I;/I", i = L, R, 0,
and related observables. We have obtained analytical ex-
pressions for F;, for a general CP-violating Wtb vertex with

the top quark and W boson on their mass shell, and keep-
ing a non-zero bottom quark mass. We have shown, com-
paring with exact numerical results, the high accuracy of
this approximation when studying angular distributions.
We have also pointed out the importance of keeping the
bottom mass in the calculations, in contrast with previous
studies in the literature.

W helicity fractions can be extracted from a fit to the
charged lepton angular distribution in W rest frame. The
same analysis can be used to determine the helicity ra-
tios pr,.L. = Ir,1/l0, which are actually more sensitive to
Vg and gp-type anomalous couplings, given the experi-
mental uncertainties (dominated by systematics already
for a luminosity of 10 fb~1) associated to each observable.
A simpler method to probe the Wtb vertex, without the
need of a fit to the charged lepton distribution, is through
angular asymmetries. We have introduced two new asym-
metries Ay and A_, in addition to the ¢W (or ¢b) forward—
backward asymmetry App previously studied [11]. These
new asymmetries allow us to: (i) obtain more precise
bounds on anomalous couplings than Apg, comparable
with those obtained from pg 1, and Fj, and even better for
a gr coupling; (ii) determine the helicity fractions with
a fair accuracy without fitting the charged lepton distri-
bution. The W helicity fractions determine the charged
lepton energy distribution in top rest frame as well. Energy
asymmetries can be built, but they are less suited for the
study of anomalous couplings because the approximation
of considering the top quark and W boson on shell is worse,
and experimental uncertainties on energy asymmetries are
larger. The best limits found, using single measurements,
are

—0.029 < Vi < 0.099 (r) »
—0.046 < g1, <0.013 (r) ,
—0.019 < gr <0.018 (AL).  (32)

Limits can be improved by combining the measurements
of Ay and pg 1. The theoretical predictions for these and
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other observables have been implemented in a computer
program TOPFIT, which allows to extract combined lim-
its on anomalous couplings from a given set of observables,
following the statistical approach outlined in Appendix B.
Detailed results including the correlation of the various ob-
servables (computed from Monte Carlo simulations) are
beyond the scope of this paper, and have been presented
elsewhere [20].

Spin correlations and spin-dependent asymmetries
probe not only the Wtb interactions but also the dynam-
ics of t¢ production. Their study is very interesting from
a theoretical point of view, because they are sensitive to
e.g. the exchange of a scalar particle in s channel [43] or
anomalous gtt couplings [44]. It is then crucial to disentan-
gle new physics in the production from possible anomalous
Wtb couplings. This could be done, for instance, consider-
ing ratios of spin correlation asymmetries or, even better,
using the strict bounds on anomalous couplings obtained
from top decay angular distributions.

The dependence of spin correlation asymmetries on
Wtb anomalous couplings occurs through the “spin analys-
ing power” constants of top quark decay products. We have
calculated these constants for a general CP-conserving
Wtb vertex, in the narrow width approximation. It has
been shown that the sensitivity of spin correlation asym-
metries to top anomalous couplings is much weaker than
for helicity fractions and related observables. Then, we
have set explicit limits on the variation of two factors C,
D (which measure the ¢ spin correlation) due to possible
anomalous couplings not detected in other processes, i.e.
within the ranges in (32). The possible variation in C, D is
much smaller than the experimental precision expected for
their measurement,

C =0.310+0.024 (exp) T 50u3 (6VR)
-5 -6
Fki0-0001) T%001 (99m).
D = —0.217+0.011 (exp) 79097 (§1R)

+0.0006 (5 ) +0.0004

—9x10—6 —6x10—5 (59R) : (33)

Hence, any deviation observed experimentally should cor-
respond to new physics in the production. On the other
hand, in ratios of two spin asymmetries Ay g/ (Ax /) the
common factors C' (D) cancel, and thus the ratios can
cleanly probe non-standard top couplings. These observ-
ables have also been implemented in the computer program
TOPFIT, and estimates for their expected precision will be
presented elsewhere.

Finally, we have addressed the possibility of complex
anomalous Wtb couplings g1, gr, Vr. Complex phases in
these terms influence helicity fractions and related quan-
tities via the interference with the dominant SM coupling
V1 (which we have normalised to unity). For Vg and gr,,
quadratic and interference terms have the same magni-
tude, and the effect of phases is not very relevant. For gg,
however, the interference term dominates, and the depen-
dence on the phase is very strong. One finds that a gr
coupling with a phase close to /2 has little effect on an-
gular distributions, and even with a relatively large mod-
ulus it could remain unnoticed in such analyses. The same
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has been found for spin correlation asymmetries. However,
we have shown that a CP asymmetry based on the triple
product (py —Pg) - (Pg+ X P ) is sensitive to a complex gg,
taking values up to +2% for ggr = F0.1i. If this asymme-
try can be measured at LHC with a precision below the
percent level, it could help to measure or bound gr. The
remaining CP asymmetries analysed are very small, and
insensitive to anomalous couplings of this size. Therefore,
they can be used to isolate CP violating effects in ¢t pro-
duction [38—40]. On the other hand, single top production
at LHC can probe the Wib interaction, and B or super-
B factories, with precise measurements of CP asymmetries
e.g. in b — s, might also give indirect evidence for (real or
complex) anomalous Wib couplings, helping to determine
the structure of this vertex.
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Appendix A: Effect of my,,
in the helicity fractions

As it can be observed in (2), interference terms involving
Vr (or g,) and the dominant SM coupling V4, are propor-
tional to xp = my/my. These terms are of equal size as the
quadratic terms for small Vg, gr,, and cannot be neglected
in the analysis. To illustrate their importance, we plot in
Fig. 9 the dependence of the three helicity fractions on the
anomalous couplings, for mj = 4.8 GeV and neglecting my.
The differences are apparent for Fr, and for Fj we have the
extreme situation that the only dependence of this quan-
tity on Vg is through the x; term.

The mp dependence of the limits generates a small un-
certainty due to the uncertainty in my, for which we use the
b quark pole mass. This b mass definition has an ambigu-
ity of the order of Aqcp =~ 220 MeV (for other definitions
the uncertainty is smaller). The variation of the limits in
(32) when m, is taken as 4.8 GeV £ Aqcp is presented in
Table 4 (we display additional digits in order to better il-
lustrate the variation). The effect is larger for Vg and gr,, as
it is expected from the discussion in Sect. 2. Nevertheless,
the uncertainty only amounts to a few percent.

Appendix B: Extraction of limits
from observables

The derivation of limits on the anomalous couplings from
the measurement of the experimental observables dis-
cussed has to be done with special care, due to the non-
linear dependence of the latter on the former. In this
appendix we explain the method we have used to obtain
our limits.
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Fig. 9. Dependence of the helicity fractions F; on VR and gr,, for my = 4.8 GeV and neglecting the b quark mass

Table 4. Influence of my, in the limits in (32): variation when the b quark mass is taken at its central
value my, = 4.8 GeV, or adding and subtracting a small uncertainty Aqcp = 220 MeV

Lower limit

Upper limit

Coupling mjp — Aqcp my mp+Aqep mp — Aqep my my + AQcep
1% —0.0303 —0.0293 —0.0281 0.0977 0.0994 0.1077
gL —0.0444 —0.0456 —0.0461 0.0140 0.0135 0.0127
gR —0.0192 —0.0194 —0.0192 0.0181 0.0180 0.0178

Let us denote by O a generic observable, e.g. an angular
asymmetry, and & an unknown parameter (in our case an
anomalous coupling) upon which this observable depends,
and for which we want to obtain a confidence interval. O is
experimentally measured and is assumed to obey a Gaus-
sian distribution (with mean and standard deviation given
by its measurement). However, if the dependence O(z) is
non-linear in the region of interest, the probability density
function (p.d.f.) derived for the parameter z will no longer
be a Gaussian and a Monte Carlo method must be used to
determine a confidence interval on z.

We determine the p.d.f. of x numerically, using the
acceptance-rejection method: we iteratively (i) generate

arandom value (with uniform probability) x; within a suit-
able interval; (ii) evaluate the probability of O(x;), given
by the p.d.f. of O; (iii) generate an independent random
number r; (with uniform probability); and (iv) accept
the value z; if the probability of O(x;) is larger than
r;. The resulting set of values {z;} is distributed ac-
cording to the p.d.f. of x given by the measurement of
O. The determination of a central interval with a given
confidence level (CL) « is done numerically, requiring:
(a) that it contains a fraction ~ of the total number
of values {z;}; (b) that is central, i.e. fractions (1 —
v)/2 of the values generated are on each side of the
interval.
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We have applied this method to obtain the limits on

Tables 1 and 2, keeping only one of the couplings non-
vanishing at a time. We point out that:

1.

The dependence on gr of the observables F;, pr.1,, A+
and App is approximately linear, as it can be observed
in Figs. 2-4. Therefore, the limits on this coupling can
be approximately obtained directly from these plots
using the method in [21,24]: for a given observable O,
intersecting the plot of O(gr) with the two horizontal
lines O = Ocxp = AO, which correspond to the 1o vari-
ation of O, gives the 1o interval (with a 68.3% CL) on
IJR-

The dependence on g, and V7, is highly non-linear (the
region of interest is at the extreme of a quadratic func-
tion), and appreciable differences are found between
the Monte Carlo and the intersection methods. For ex-
ample, the “l¢” limit on Vi obtained with the inter-
section method from the (hypothetical) measurement
pr =~ 0.0005+0.0026 is —0.051 < Vg < 0.12. However,
this interval has a confidence level of 85.6%, and the
true 68.3% central interval obtained from the same
measurement with the Monte Carlo method outlined
above is —0.029 < Vi < 0.099. Although overcoverage is
not as bad as undercoverage, it is quite desirable that
confidence intervals have exactly the CL they are sup-
posed to have.

A similar procedure is applied to estimate the theoret-

ical uncertainties in (21) and (24) due to possible anoma-
lous couplings.
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