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Anomalous top couplings at hadron colliders revisited
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In an effective operator approach, the full set of leading contributions to anomalous top couplings
comprises various new trilinear as well as higher interaction vertices, some of which are related to one
another by gauge symmetry or equations of motion. In order to study trilinear top couplings to Standard
Model gauge bosons such as rty, ttZ, tbW and ttg, the operator set can be restricted accordingly.
However, the complete basis cannot be mapped onto an on-shell parametrization of the trilinear vertices
alone. Four-fermion contact terms gqtt and udtb must be included if the relation to the operator basis
is to be retained. In this paper, we point out how these interactions contribute to the single top search
channels for anomalous trilinear tbW couplings at the LHC and Tevatron, thus affecting the correspond-
ing bounds. All results are based on full leading-order partonic matrix elements, thus automatically
accounting for off-shell and interference effects as well as irreducible backgrounds. A discussion of
the quantitative effects of going from on-shell tops to full matrix elements including acceptance cuts is

also provided.
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L. INTRODUCTION

The Standard Model (SM) of particle physics has
stood its ground during the past decades with great
success, consistently explaining and predicting a great
variety of high-energy experiments with unchallenged
precision. One of the major cornerstones was the dis-
covery of the top quark at the Tevatron in 1995 [1,2],
confirming the postulated three-family doublet structure
of the SM. While the Tevatron experiments have con-
tinued to collect data and improve their measurements
of top properties, most importantly its mass [3-6], most
attention is now directed to the LHC up and running at
/s = 8 TeV, and the results of its multipurpose experi-
ments ATLAS and CMS improving on top statistics by
the day. By now, top pair production has been measured
in different channels with remarkable accuracy [7-12].
Single top production has already been established for
bg — tW associated production despite its small cross
section [13,14] and even been definitely observed in the
dominant ¢ channel bg — g’ [15-17]. The ever-growing
abundance of top events at the LHC is beginning to
allow the determination of more involved observables
such as asymmetries, invariant pair mass distribution
and top couplings to the other SM particles with high
precision (cf. e.g., Refs. [18,19] for an overview).

On the theoretical side, the top quark takes an out-
standing place among the spectrum of SM particles as a
possible window to new non-SM physics because of its
uniquely large mass of the order of the electroweak
symmetry breaking scale m, ~v ~ O(100 GeV), with
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its role within the dynamics of electroweak symmetry
breaking still unresolved. Corresponding new physics
effects in the top sector may manifest themselves in the
deviation of top properties from their SM values, where
the main attention in this paper is directed towards the
trilinear couplings to SM gauge bosons, especially the
charged-current (CC) interaction tbW. Therefore, even
before any experimental analysis, a theoretically robust
parametrization of these anomalous couplings has to be
found, at the same time reducing the parameter space to
an experimentally manageable minimum while staying
fully general within the basis of effective operators gen-
erating these couplings at Lagrangian level. Indeed, start-
ing from the complete set of effective dimension six
operators as written down by Buchmiiller and Wyler
already in 1985 [20], substantial effort has been put into
this task in the past decades by various authors [21-31].
The crucial ingredient of most of these analyses is
to employ the theorem [32-36] that the field equations
of motion (EOM) can safely be used at the Lagrangian
level at a fixed order in the effective operator expansion
in order to rewrite operators and identify redundant
structures.

As a result of this procedure, it is often argued that
these redundancies allow for a reduction of independent
couplings to be incorporated in a phenomenological
analysis of anomalous top couplings. However, as has
been pointed out e.g., in Refs. [27,28] and will also be
reviewed again in more detail later on, the application
of the EOM necessarily generates four-fermion contact
interactions, which are nevertheless often dropped from
the analyses for the sake of simplicity. We note that the
latter procedure does not correspond to a rewriting but
rather to a redefinition of the originally chosen operator
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basis, thus also departing from the full generality of the
original basis with respect to the richness of structures in
the trilinear couplings. Still, the operator equalities de-
rived by various authors [27,28,37] and systematically
presented in Ref. [28] are very useful to simplify an
implementation of the most general set of trilinear top
couplings into a Monte Carlo (MC) generator in a gauge-
invariant way, so in our approach, rather than dropping
part of the physics, we make use of these equalities to
implement all the trilinear top couplings to SM gauge
bosons in the language of on-shell couplings including the
required quartic contact terms into the parton-level MC
event generator WHIZARD [38], also addressing the inter-
play of anomalous top and bottom couplings—the latter
already heavily bounded by LEP data—and the repercus-
sions on the top couplings. Finally, we present phenome-
nological consequences obtained with our implementation
for the parameter space of the anomalous couplings in the
CC sector.

This paper is organized as follows: in Sec. II we review
the procedure described above of defining a complete
operator basis to generate anomalous top couplings to
SM gauge bosons and applying the EOM to rewrite some
of these operators, thus arriving at the most suitable form
for a MC implementation. In Sec. III we discuss the LHC
phenomenology with a focus on single top production,
including a comparison of on-shell and full matrix element
approaches to retrieve the cross sections at detector level
as functions of the anomalous tbW couplings as well as
a presentation of the physical effects and consequences
of the newly added coupling structures. A discussion and
summary of the main statements and results can be found
in Sec. IV.

II. THEORETICAL SETUP

In order to be self-contained in this paper, we start this
section by reviewing in some detail the main steps of the
procedure presented in Ref. [28] to simplify the most
general set of operators generating the trilinear anomalous
top couplings to SM gauge bosons tt7y, 1tZ, tbW and ttg.
However, although we emphasize that all of these cou-
plings are implemented in WHIZARD in a gauge-invariant
way, including all quartic terms generated by the operator
rewriting, we will restrict ourselves here to the discussion
of the CC sector, i.e., only those operators generating
anomalous contributions to the thW interaction, for two
simple reasons:

(1) the complexity of the parameter space in the CC
sector is increased in a minimal way compared to
previous studies [37,39-41], because it turns out that
only one additional operator (and hence coupling)
has to be considered;

(2) at hadron colliders, the experimental access to the
new effects is most straightforward, combining

PHYSICAL REVIEW D 86, 114026 (2012)

studies of CC single top production and of top decay
products.'

In the following two subsections we develop the basic
ingredients of the effective operator analysis, recapi-
tulate the operator rewriting procedure and finally present
our extended parameter space for the anomalous tbW
couplings.

A. Effective operator approach and operator basis

There are basically two ways to tackle new physics
beyond the SM in a systematic and consistent manner:
Either the model building (top-down) approach, i.e.,
starting from a postulated Lagrangian—which incorpo-
rates a sensible UV completion—and deriving from
it physical effects to which present or planned experi-
ments might be sensitive, or the effective (bottom-up)
approach, i.e., starting from the established SM sym-
metries and a priori considering all possible new
physics effects compatible with these symmetries at the
Lagrangian level, postponing the question which larger
theory might generate the relevant parameters at a higher
energy scale A.

Since we follow the second approach, it shall be clari-
fied a little further. The idea is to confront new physics
completely unbiased, that is without any assumptions
about the dynamical degrees of freedom generating it,
and to study the effects that are manifest at a testable
energy scale (considerably smaller than the resonant scale
A) where the degrees of freedom are the well-known SM
particles. This corresponds to integrating out the heavy

modes, thus generating effective operators 05‘1) of mass
dimension d >4 which are normalized by appropriate
powers of A. In the model-independent approach, the
effective Lagrangian can be written as an expansion in
1/A [20,47,48],

ce
L= Ly + Z A‘;“* 0 + He, (1)

d>4,i

"The anomalous NC sector, while of course related to the CC
sector by gauge symmetry (cf. the end of Sec. IIB), is much
harder to access experimentally, because one would have to
identify the final state 7#Z, which is an even more complex
analysis than the already challenging ¢#7y study due to the further
reduced cross section and the necessity to reconstruct the decay-
ing Z. In the QCD sector, anomalous 7tg (and rtgg) chromo-
magnetic dipole couplings have been studied by Refs. [42-44].
The vectorlike t¢gq operators which are related to the t7g sector
by the EOM contribute only in the ¢g§ — tf amplitudes and are
therefore suppressed by the parton distribution functions (pdfs)
with respect to the dominant gluon fusion channel. Non-
negligible effects of quartic ttgg couplings have been widely
discussed in the literature as possible explanations of the t7
forward-backward asymmetry observed at the Tevatron, cf.
e.g., Refs. [45,46]. However, for this purpose axial trqq cou-
plings are required as well, which are not related to a vectorlike
anomalous #tg sector by the EOM.
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with dimensionless operator coefficients C,(d) , comprising
all possible effective operators built from SM fields and
derivatives only, and compatible with all local and global
SM symmetries. A complete set of these operators for
d = 5, 6 can be found in Ref. [20].

The only possible d =5 operator in this setup is a
neutrino mass term [20], so the leading contributions to
anomalous trilinear top couplings must be d = 6. The
complete operator list at this order can be found in
Refs. [28-30], of which we now quote the ones relevant
to trilinear tbW interactions (also adopting the nomencla-
ture of Ref. [28]),

Og;j) = (¢ D, d)Griv 7' qL)), (2a)
qub - i(‘ISTDuff’)(ﬁRiY”de), (2b)
= (‘?L'U””TIMRJ)Q§WLV, (2¢)

= (Grio*" ' dg) dW,,,, (2d)

S = GLiy*T'D q )W}, (2e)

with generation indices i, j = 1, 2, 3 and the non-Abelian
SU(2); field strength components

Wi, = 0,W, — 9,W, — gexkWLWy 3)
to be contracted with the Pauli matrices 7/ (I = 1, 2, 3).
The g (g); are left(right)-handed quark spinors in the elec-
troweak isodoublet (isosinglet) representation, and ¢ is the
isodoublet complex SM scalar field acquiring a vacuum
expectation value (¢p) = 715 (0, v)", and ¢ = iT?¢*. Of the
O(I’ij) nd
0" s as well as all those containing the hypercharge field
strength B, only contribute to NC interactions, whereas
the operators O}, OZ , 0}, and 0! appear to contribute

to the tbW vertex. However, the dlfferences Ogu( o
0

Du(a) re entirely redundant as is shown in Ref. [28],
and the sums OD @ + OD @

boson momentum g* = (p; — p;)* so that amplitudes con-
taining these vertices vanish either for physical on-shell W or
for on-shell light fermions coupling to the W, which is always
the case at parton level for all processes to be considered for
single top and top decay studies discussed here. So Eq. (2)
represents the most general d = 6 operator basis generating
anomalous tbW couplings, in which we shall therefore be
complete in our phenomenological studies.

We could now straightforwardly begin to find and imple-
ment all interactions generated by the operator basis
which could appear in the relevant amplitudes. However,
this can become a rather involved business particularly
for O;JW which contains, apart from the trilinear coupling,
also some relevant quartic terms such as e.g., thWg with a
complicated Dirac and momentum structure. Therefore,
in order to facilitate the implementation work we rather

other electroweak operators listed in Ref. [28],

are proportional to the gauge

PHYSICAL REVIEW D 86, 114026 (2012)

follow the operator rewriting procedure of Ref. [28],
illustrating the main steps here for 0’q’W: starting from its

decomposition into Hermitian and anti-Hermitian parts,
the Hermitian part becomes

I i

5[0; + (001 :7(QL17'MT qr)(D*W,,) (4)

(dropping the total derivative), where the EOM of the
W field

, _ .y ) -

(D*wW,,)" = g{gLi'y'u?gLi + CILi')’M?‘ILi

+z[¢+ D — (Dﬂdﬂ);qb]} 5)

can be applied to replace the derivative. On the other hand,
with some algebra [20,28] the anti-Hermitian part can be
brought in the form

L i

E[Oq] (0 )Jr]_ - (qua'/““ T IEQL] my —Hec ) (6)

up to total derivatives, where the EOM of the quark field
iBq; = MR/¢ + v dRjd (N

(introducing Yukawa matrices Y*/d)y can be inserted.
Putting it all together, one arrives at the operator equality

Oy =+= (any g Oy u ™€) + Gy ' qri)]
(8a)

+& [0(3 l])+(0(3]1))1‘] (Sb)

~ 3[40l + Y0k, ~ Vi 0! ~ i Ol

(8¢)

Obviously, the terms in (8b) and (8c) are redundant and
can be absorbed into the operators (2a)—(2d), whereas (8a)
generates four-fermion contact interactions.

Although it is clear that without further restrictions
there is enough freedom within the operator basis to inde-
pendently vary all the couplings emerging from (2a)—(2d)
and the associated contact terms coming from the rewrit-
ing (8), the rewriting procedure corresponds to a shift of
the original operator coefficients. Setting i = j = 3 and
dropping all generation superscripts from now on, these
shifts are

3 8
dReCY) = 5 ReCoy,

bq 5ImCuW = \/_U

m (9)
\/_TI;J IquW = 0,

assuming an approximate decoupling of the third gene-
ration in the Yukawa matrices. With this setup, we can
now go on to physical states of the gauge and matter fields
and write down the interaction terms generated by our
operator basis.

BImCdW = -
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B. Parametrization of anomalous
charged-current couplings

Inserting the scalar vacuum expectation value and physi-
cal states of the gauge fields into the operators (2) and
forming Hermitian combinations C,0, + C;O}L, one finds
various trilinear interaction terms tbW, ttZ, ttA but also
bbZ and bbA, as well as associated quartic interactions
ttWW, bbWW, tbWZ, and tbWA which are all necessary
to maintain gauge invariance in the resulting amplitudes
and have therefore been included in our implementation.
The resulting effective tbW interaction Lagrangian can be
written as

Low= —%Ew(VLPL + VePR)tWy +He. (10a)
g ~ic"’q, _
- 55 P, + grPr)tW; +He.  (10b
NG (8LPL + grPR)IW, (10b)
2 2
8 o nd T MW ot -
— S pynd W (yoffp )i 4 Hec, 10
Nk ) (VPP )W, c (10c)

where all couplings except for V; = V,;, = 1 vanish in the
SM at tree level, and get the following anomalous contri-
butions from operator coefficients”:

v2

—(c® L8
5VL = <C¢q + 5 RquW)F,

Y
681 = \/ECdW_Z’

1, v? (11)
5VR == 2C¢¢ p,
U2
o8r \/ECMWP’

The interaction terms (10a) and (10b) represent the
on-shell parametrization widely used in various phenome-
nological studies (normalization convention taken from
Ref. [28]), which is retrieved from the operators (2a)—(2d).
The interaction (10c) emerges from the Hermitian part
of O qw>

Ouw + O;rw = (G377 q13)(9*W},)
+ higher contact interactions, (12)

cf. Eq. (4), which—unlike the anti-Hermitian part—cannot
be completely recast into a combination of the other four
operators. However, the partial redundance of Oy has been
made explicit in the parametrization (10) by defining its
on-shell part into V; so that any contribution ~ V¢! vanishes
when the W goes on the mass shell. Hence it is no surprise

*Note that in Eq. (37) of Ref. [28] the operator coefficient szqs
appearing in 6V should also be complex conjugated.
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that in 6V, of Eq. (11) we find again the shift of the
coefficient Cg; already stated in Eq. (9) after the operator

rewriting. Furthermore, by comparison to Eq. (8), one finds
that all contributions ~V¢ must be in one-to-one corre-
spondence to the four-fermion contact interactions given in
(8a), which is also highlighted by the fact that in physical
amplitudes the kinematic structure of the W propagator is
exactly canceled by the g-dependent vertex.

We have now isolated the nonredundant contribution
of O,y to the tbW interaction Lagrangian, and also
identified the most convenient way to implement it in a
gauge-invariant way, namely by adding the quartic fermion
vertices

8x _ _
AL = A—Xz(bY’LPLt)[(MW,LPLdk) + (v Prey)] + He.
with gy = gReCy (13)
(cf. Refs. [30,49,50]), giving a relation of coefficients

2
ff _ Y
Vit = ng-

(14)
Of course, one might ask at this point if such a coupling
structure should be counted among the anomalous bW
sector, but then again it must be noted that as a conse-
quence of the common operator basis, the trilinear cou-
plings are related to V¢ through the underlying operator
coefficients. Specifically, Eq. (11) illustrates that a limit
on &V, cannot be unambiguously mapped onto a limit on

the operator coefficient Cg; without also bounding §V9ff

(or the anomalous NC sector, see below). Moreover, the
operator basis (2) and the corresponding set of couplings
(10) parametrize all anomalous diagram insertions which
can interfere with the SM diagram in a minimal way,
making this approach consistent at the amplitude level.
Finally, as pointed out in Sec. IIIC, the inclusion of
the additional coupling also affects the interpretation of
current and upcoming experimental results at the LHC.
Before moving on to the phenomenological implica-
tions, let us discuss briefly the issue of anomalous bottom
couplings within the effective theory approach: since the
original effective operators by construction respect the full
electroweak gauge symmetry SU(2); X U(1)y, it is no
surprise to find certain relations within the set of anoma-
lous electroweak couplings of the heavy doublet (¢, b) after
spontaneous symmetry breaking. For example, an anoma-
lous CC contribution 6V is directly related to the anoma-
lous left-handed NC vector couplings ##Z and bbZ, the
latter one stringently constrained by LEP data, so turning
on 6V, while respecting all existing bounds necessarily
implies a nonvanishing anomalous contribution to the left-
handed ¢¢Z vector coupling [28,51], or a fine-tuned relation
with SV, cf. Eq. (11). Similarly, §gy is directly related
to the anomalous #Z/tty tensor couplings, just like dg; is
to the bbZ/bb7y ones (cf. e.g., Refs. [28,52] for details).
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In short, it is impossible to vary the anomalous CC cou-
plings in a consistent way within the effective operator
approach without either getting anomalous NC couplings
or including additional operators to fine-tune these effects
away. Although these relations basically have no effect on
a purely CC single top study, one should bear them in mind
when addressing anomalous CC couplings (the WHIZARD
implementation contains the option to automatically
enforce these relations).

III. LHC PHENOMENOLOGY

Apart from indirect searches using low-energy obser-
vables, e.g., in flavor physics [53-55] or SM precision
observables [56], there are basically two different classes
of direct observables for top quark properties at the current
collider experiments, namely those related to top produc-
tion or top decays. While it is clear that only a combination
of all available observables will deliver the best bounds on
anomalous contributions, it is crucial to understand each
analysis separately before the combination step. Therefore,
we will focus here on the discussion of single top produc-
tion cross sections, citing and using results from top decay
studies to derive estimates for the most stringent bounds on
the full anomalous parameter space at the end of the article.

Single tops are produced at the LHC (and Tevatron) in
three different channels, namely s channel ¢b production,
t channel #j production (where j denotes a light hadronic
jet), and associated tW production, cf. Fig. 1. While exper-
imentalists are struggling to identify and discriminate these
channels at the detector level with suitable selection crite-
ria, the theoretical question is how the corresponding mea-
sured cross sections o"}e‘ (for final states i = tb, tj, tW) are
represented as functions on the anomalous parameter
space, i.e., how the measurement can be converted into
bounds on the parameters. In this respect, a first step may
be to separate the detector response from the hard produc-
tion cross section

o¥(Z) =D ;- o(3), (15)
J

summing over partonic production processes j as functions
of the parameter point g. €;; denotes the detector efficiency
matrix mapping the process j onto the final state selection
i, which can be retrieved with a detector simulation. Once

the functions oF*"(g) are known, experimentally measured
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confidence intervals for o' can be mapped onto confi-

dence intervals for g by formal inversion of Eq. (15).

However, the remaining question to be addressed in this
approach is, where did we put the detector acceptance P,
into & or into a'I,?m? The significance of this question is
obvious, since anomalous couplings might very well affect
the differential distributions, thus making & a function of
8. Therefore, the answer to that question influences the
strategy as well as the efforts necessary to compute the
function o?*"(g), and potentially also the bounds derived
from it, as we will show in the following section.

A. Technical setup
1. Kinematics in the on-shell limit

The simplest approach is to neglect the g dependence of
the acceptance entirely and pull it into &, implying that the
a?(g) in Eq. (15) represent the set of total partonic cross
sections integrated over the full phase space. Further
neglecting finite width and interference effects with irre-

ducible backgrounds enables one to decompose "(g) as

o) = o3 x [] BR, (16)

1

where o?"°!(3) denotes the full on-shell single top produc-

tion cross sections, and the product of branching ratios
accounts for the decays of the heavy particles, namely ¢
and one or two Ws, depending on the production channel.
Since all the on-shell production diagrams can contain
only one anomalous tbW vertex insertion, it is argued in

Ref. [37] that 07" (g) may be written as a polynomial up to
second order in g,

d /> i
o?™(g) = ™M k') 8k (17)
k1

where the o?M are the total SM cross sections, and the '},
denote the integrated products of diagrams with one inser-
tion of g; and g; each, normalized to the SM point in each
production channel i. Plugging (16) and (17) into (15), one
arrives at the ansatz employed in Ref. [37],

o(§) = Z[S <1 BR]U o K g

ikl

=Yg o™ kg8 (18)
Jok,1

For brevity, this will be referred to as on-shell approach
from here on. The advantage of the formula is obvious:

FIG. 1.

Diagrams contributing to LO on-shell single top production (anomalous thW vertex marked by a dot): s channel tb

production (left diagram), ¢ channel ¢j + tbj production (center diagrams) and associated tW production (right diagrams).
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once ¢ and the constant ks are known, the conversion of
measured results into bounds on g becomes very simple
and efficient. However, the validity of the assumptions
leading to this result shall be addressed now.

2. Full matrix elements and acceptances including
anomalous couplings

Equation (18) tells us that one should be able to vary the
coupling point g within the ranges relevant for the study,
with only minor effects on the detector response ¢ in the
phase space window which corresponds to a given final
state selection. However, Eq. (18) implies even more,
namely that retrieving the matrix element response as a
function of g and applying acceptance cuts on the
phase space should approximately commute, or equiva-
lently, Eq. (18) should give the same results as e.g.,

(@) = el [P X o™ (@),  (19)
i

where the basic detector acceptance cuts such as pr and 7
cuts on the partons and leptons, represented by ®P*, are
applied directly to the phase space integration and hence
formally included in the g-dependent part of the formula,
while the matrix &/, assumed to be constant in g, denotes
the efficiency of mapping the partonic final states at the
acceptance level ®P*" onto the final state selections at
detector level.

To be more explicit, the idea is to accommodate as much
of the acceptance cuts as possible within the g-dependent
part without becoming exclusive to any of the different
final state selections, which are still contained in the
g-independent &’. This obviously implies that the phase
space window covered by &’ must be fully contained within
the acceptance window ®P*™ leading to the notion that
partonic acceptance and final state selection cuts should be
adapted to each other as closely as possible.

Assuming leptonic ¢ decay, we therefore apply the
following acceptance cuts on the partonic phase space
integration:

Pt (€, v) >25 GeV and |n(€)| <3, (20a)
pr(j,b) >30 GeV and |n(j, b)| <5, (20b)
150 GeV < my, < 225 GeV, (20¢)

where Eq. (20b) is required for only one of the two bs in the
thj process to be inclusive,® and all the cuts correspond to
the detector-level selection criteria stated below.
Associated tW production is entirely omitted for the time
being, because modeling this process within its detector
acceptance window while at the same time remaining

3Clearly, for full inclusiveness one would have to entirely drop
the distinction of light and b flavors at partonic level, but the
actual chance of mistagging the light forward jet is negligible
once the full event topology (cf. #j selection below) is taken into
account.
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inclusive with respect to the other processes is highly non-
trivial, and only marginally affects our following statements
(the main effect being the neglected contamination of
the other final states at the detector level, which amounts
to = 10% in the b channel and practically vanishes in the
dominant #j channel).* Clearly, this is still not the fully
correct answer at detector level, but it should be closer to
the truth than entirely neglecting the g dependence of €, and
the consistency of the two approaches can be checked.

Although it is clear that the object [®P¥ X gPat],(g) to
be computed is much harder to handle than the constant «s
(even more so if the full matrix element response including
all off-shell and interference effects is to be taken into
account), it is basically just a technical issue which can
be tackled with appropriate Monte Carlo machinery and
respective CPU time. For brevity, we will refer to this
approach as full matrix element (ME) approach from
now on. In the following section, we compare the results
of Eq. (18) and (19), and see if the effort is justified.

B. Comparison of the results
in the on-shell limit with the full results

For the measurement of the total cross section of a given
final state at the detector level, the experimental sensitivity
is given in terms of a measure for Ao/o, where estima-
tions for total uncertainties are adopted from Ref. [37]
for consistency, amounting to 20.8% (zb sel.) and 13.5%
(tj sel.) for 10 fb~! of LHC data at /s = 14 TeV.
Therefore, we separate the overall normalization, which
is basically given by higher-order SM results for the
total production cross sections, from the modeling of the
normalized LO matrix element response as a function of
the anomalous coupling set g, i.e., the k,, coefficients in
the on-shell approach or, more generally, a function
Ao /o(g) = k(g) for each partonic input process i, where

on-shell: ki (g) = Zkik,gkg,, (21a)
k1
) rart ¢ gpart] (g
full ME: i, (3) = © oHE 1)

[DPt X P fgp

cf. Egs. (18) and (19). Since the aim is to accommodate all
coupling dependence therein, it is fruitful to first set e = 1
and compare this function for the different approaches at
the partonic level.

1. Partonic level

To be self-consistent, we essentially redo the analysis
procedure presented in Ref. [37] for the on-shell approach,

*Moreover, the suppression of the huge irreducible ¢7 back-
ground in the radiative correction diagram tWb still is a topic of
vivid discussion (cf. Ref. [18]), a problem that, again, does not
affect the main statements of this paper. Still, it is clear that in the
end also this channel should be addressed and included in a
complete study.
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employing WHIZARD to compute the coefficients of «,, as
well as produce parton-level samples, which are then pro-
cessed with PYTHIA and DELPHES to retrieve €. The quadratic
coefficients (i.e., ~g?) are obtained in each production
channel, cf. Fig. 1, by separately setting each g; = 1, inte-
grating the total cross section for on-shell single top produc-
tion and finally normalizing to the SM point (V, =1,
Vr = gr.r = 0). The interference terms are computed simi-
larly, setting always two couplings to 1 and subtracting the
quadratic parts from the result before normalizing to the
SM. The implementation of the vertices and phase space
integration has been checked by switching off the pdfs and
comparing WHIZARD to analytical results. Using the pdfs and
parameter setup quoted in Ref. [37], WHIZARD also repro-
duces the on-shell « coefficients stated there within numeri-
cal uncertainties. For all further WHIZARD results, we set
m; = 173.1 GeV, m;, = 4.2 GeV, my, = 80.42 GeV and
choose CTEQ6L1 [57] for pdfs.

In the full ME approach, the matrix element response is
modeled according to Eq. (21b) by applying the accep-
tance cuts P Eq. (20), to the full partonic off-shell
matrix elements. In this approach, taking all finite width
and interference effects into account, it is a priori not
clear that the function kg (g) obeys a simple polynomial
expansion in g, so rather than assuming a specific func-
tional form, we use the WHIZARD machinery to scan
the entire 4-dimensional parameter space g = (V;, Vy,
g1, gr) (effects of VO will be addressed separately in
Sec. IIIC) within the relevant numerical ranges
0<V, <12, —12<Vgp<12 and —0.6<g;z<0.6
(cf. Ref. [37]), also including the full dependence of the
top width on the couplings I',(g). Since I', has already
been measured, the most recent bound from D@ being
I, = 2.00f8;ﬂ GeV [58], it is included in our analysis as
an additional observable.” The numerical results can then
be used to test the validity of the polynomial parametri-
zation, Eq. (21a), in the following way: the normalized
matrix element response x may always be expanded as

k(g) = ZKl(gi) + ZKz(gi: gj)+ ZK3(gir 2,80+ ..,
1 L]

ik
(22)

SClearly the experimental analysis performed in Ref. [58] to
extract I', from data will itself also be affected by g-dependent
acceptances as discussed in the course of this paper. However,
since we do not aim at a reassessment of their analysis in this
respect, yet also want to exclude regions in parameter space
which are completely unphysical with respect to I',, we still
include the observable, inferring the I',(2) dependence over the
full phase space. This approach is conservative, because our
results indicate that including the full acceptance dependence
generally tends to improve the sensitivities, cf. Fig. 4.
A posteriori, we find that, due to the still large error bars, the
current measurement of I', constrains ¢ much less than the cross
sections. The limits on g would therefore not be affected sub-
stantially by such a reassessment.
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where the «; are polynomials in their respective arguments.
Offsets ky from squared irreducible background diagrams
could be considered, but are obviously independent of g
and merely add to the background normalization, so we just
subtract them from the scans, while keeping all interference
effects (appearing as terms linear in the g; in k) for
completeness. Usually this series terminates after «,, which
becomes obvious when applying the narrow width approxi-
mation, where additional coupling effects cancel in the
interplay of the decay vertex insertion, width dependence
and phase space integration. This basically leads to the
quadratic form in the on-shell approach. However, in the
special case of single tops, production and decay are inter-
related via the same set of CC couplings, thus affecting
production as well as decay distributions, which in combi-
nation with the detector acceptance cuts might lead to
deviations from the on-shell result in some regions of the
parameter space.’

In order to estimate the size of the moments k3, in our
cross section scans we consider 2-dimensional subplanes
(g:» &;) among the anomalous couplings (Vg, g;, gg) for
different fixed values of V; . After subtracting all the lowest
moments,

Ak(@ =k(@ = > kilg) = D kalgw Vi), (23)

k=ijVy k=i,j

within the on-shell picture the remaining contribution
Ak(g) ~ ky(g;» &) should then be independent of the
value of V;, otherwise it would, by definition, contain
some k3(g;, gj V,). For illustration, we choose the cou-
pling subspace (g;, g;) = (V. g1), because it is one of
the dominant interference contributions to all production
processes. We then evaluate Axly,—;, — Axly,—g,. The
resulting picture is mixed: while in the s channel the result
is practically O over all the V-g; plane, in the ¢ channel
process fj, which plays a central role because of its
comparably large cross section, this difference amounts to
~ —0.2atVy==*1and g; = =0.5 along the interference
direction Vz ~ 2g; (cf. Fig. 2), which is of the same size
as the respective on-shell contribution ~—0.5X Vp X g;,
(the same is true for the V; g interference in the ¢j channel).
For comparison, we repeat the whole procedure selecting
only the resonant single top diagrams for the scan (including
the full top width dependence on g), finding that background
interference only plays a minor role.

Furthermore, note that there are other interference direc-
tions also showing substantial effects, e.g., in the g;-gz
plane of the s channel, but the Vyg; interference is the
most interesting one because it is large in all channels, and
respective bounds are expected to remain rather weak also
from other experiments along the considered direction

SNote that this is a qualitative difference to QCD (LHC) or NC
(International Linear Collider) #f production, where production
and decay are affected by different sets of anomalous couplings.
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FIG. 2 (color online). Axly,—;» — Akly, > in the 7j process (left) and 7b process (right), based on full matrix elements (top) and

resonant diagrams (bottom).

Vg ~ 2g; [37]. All in all, these numbers indicate strongly
that the interference and off-shell effects contained in the
full matrix elements might become important at the level of
the coupling limits to be expected experimentally, at least
in a stand-alone single top cross section study at the LHC,
and should be checked in any case.

In order to further quantify this effect and exclude
potential artifacts from unphysical regions in the parameter
space, we now systematically scan the Vpg; interference
along the direction V ~ 2g; as a function of V;, including
resonant off-shell diagrams for anomalous single top pro-
duction and decay. We observe that the scans do show a
quadratic dependence on Vj and g; to a very good approxi-
mation at any value of V; (cf. Fig. 3), so the respective
coefficients y, ~ Vi, k,, ~ g7, and Kye, ~ Vr&L can be
extracted from quadratic fits along the axes Vg, g7, and
Vg = 2,, for each fixed value of V; and gg = 0. This is
done for the full phase space integration as well as for the
acceptance region defined in Eq. (20). As illustrated in
Fig. 4 for the ¢ channel processes, when integrating over
the full phase space the deviations from the on-shell result
are very small as expected from the narrow width approxi-
mation, whereas application of the acceptance cuts leads to
substantially different fit coefficients that also depend on the
value of V; .

Particularly this dependence of the magnitude of the
Vzg; interference on V; is an example for the breakdown

of the quadratic on-shell approach. However, this depen-
dence is rather small in «y, and k, which come with
squares of the respective couplings and therefore dominate
the sensitivity of a given process to these couplings, so it
might still be a good approach to expand the full xq, as a
quadratic form in small anomalous deviations from the SM
point V; = 1, namely by choosing V; = 1 as an origin. As
explained before, the numerical values are extracted from
quadratic fits to 1-dimensional coupling scans (including
acceptance cuts) in all directions of g, and all interference
directions g;g;. A major difference to the original on-shell
quadratic form is the appearance of large linear terms in the
couplings, which now encode the interference with the SM.
In Figs. 5 and 6, we compare the different quadratic
parameterizations, namely, «,, from the on-shell approach
and «y;, inferred from the fits, to the full ME response «y,
illustrating two statements: First, k,, significantly deviates
from «y); in various parts of the parameter space relevant to
the analysis, particularly in the g;-gr and Vz-g; planes.
Second, although still neglecting the higher coupling de-
pendences, kg inferred from quadratic fits to the full scan
does show a significantly improved agreement with the full
scan while still being fast and efficient. This is further
illustrated in Figs. 7 and 8 showing * 1o sensitivity con-
tours around the SM strength xk = 1 for various anomalous
coupling combinations and production processes: espe-
cially when the momentum-dependent couplings g; g are
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FIG. 3. « scan results and quadratic fits of resonant matrix elements inside the acceptance region along the coupling direction
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on-shell « function.
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FIG. 4 (color online). Numerical results for various ks in the processes 7j (left) and 7b; (right), as extracted from quadratic fits to the
normalized cross sections. The dashed line indicates the value of the on-shell k in each case.
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that the heat scales on the left are of the size of the expected experimental sensitivity to the ¢ channel (~ 13%), and significantly

decrease on the right.

involved, there are remarkable shifts of the contours when
going from the on-shell to the full ME approach, but
generally these effects are modeled very well by the
adapted quadratic parametrization g, (g), while the ma-
chine cost reduces from a 4D scan over g to a set of 1D
scans along all axes g; and interference directions g;g; for
each input process. We now go on to the detector level to
quantify the impact of these different approaches on ex-
clusion bounds on anomalous couplings from combined
cross section measurements.

2. Detector level

In order to obtain a detector efficiency matrix in the
various approaches, samples of 500 k events are produced
in each partonic production process, once integrating the
full off-shell matrix elements over the acceptance region,
Eq. (20), and once integrating the resonant matrix elements
over the full phase space, letting the tops decay off-shell
into a b quark, a charged lepton and a neutrino, analo-
gously to Ref. [37]. All the parton-level samples are
processed with PYTHIA and DELPHES to obtain events at
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detector level. This is done for the SM point as well as the
coupling configurations

A: VL=1,
B:V, =1,

VR = 0.3,
gr = 0.024,

=0.1
gr = 0.15, (24)

taken from Ref. [37] to facilitate comparison. Note that in
each case a consistent top width I',(g) is calculated before-
hand and the result checked to comply with experimental
constraints [58]). Again for comparison reasons, we also

PHYSICAL REVIEW D 86, 114026 (2012)

04F

0.2F
0.01

-0.2¢

—-04t n n n n n .
06 0.7 08 09 1.0 1.1 1.2

4

0.2

0.4

0.04

0.07

8L

-0.27

—0.44
~0.4

-0.2 0.0 0.2 0.4
Vr

0.06

-0.2 0.0 0.2 0.4
8L

0.4

The differences |k — Konl (left) and |kpy — kgl (right) in various coupling planes of the 7hj process

adopt the final state selection cuts stated in Ref. [37] which
define the various components of &: apart from requiring
an isolated lepton (that is, e or w) with pr > 25 GeV and
missing transverse energy K > 25 GeV, the selection
criteria for the three final state signatures are, respectively
(1) For tb selection: exactly two b tagged jets (assum-
ing a tagging efficiency of 0.6) with pr > 30 GeV,

and neither central nor forward light jets with p; >

15 GeV. In addition, the top momentum p, is recon-
structed from one of the bs together with the
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charged lepton and F; (to be identified with the
neutrino pr), by applying the on-shell constraint
(p¢e + p,)* = m¥, and picking the smaller of the
two solutions for the longitudinal component of
p,- Finally, the resulting top mass must lie between
150 and 225 GeV.

(2) For tj selection: at least one b jet with pr > 30 GeV
(one of them reconstructing p; together with the
leptons as explained above), one light forward jet
with p; > 50 GeV and 2.5 < |5| < 5 and no more
than one additional light central jet, which may have
pr <30 GeV only.

By applying every final state selection to each of the
500 k event samples corresponding to the partonic input
processes and averaging over lepton flavors and charge
states, we find for the samples from resonant diagrams
integrated over the full phase space an efficiency matrix
€ (in %) at the SM point,

| b tj thj
thsel. | 0.658(6) 0.040(1) 0.051(2). (25)
tjsel. | 0.165(3) 0.647(6) 0.531(5)

For the full ME approach, we run the selection criteria
described above on the detector level samples from full
matrix elements integrated over the acceptance region,
inferring &’ (in %)

| b tj thj
thsel. | 1.28(1) 0.039(1) 0.031(1) (26)
tjsel. | 0.282(4) 1.52(1) 1.023(7)

at the SM point.

Before moving on to detector-level coupling limits, the
detector efficiency matrices can be compared between the
various coupling points, Eq. (24), to test the assumption
of a constant detector response. While the small admixture
of g in point B only has a negligible effect on the
efficiencies, we observe that there are sizable changes in
the efficiencies when going from the SM point to point A,
amounting to some 15% (8%) of the original values for b
(tj) selection in the samples with full phase space integra-
tion at parton level. However, when going close to the
detector acceptance region already with the partonic input,
this dependence is reduced to ~6% (4%), thus improving
on another source of systematic uncertainty.

Taking approximate next-to-next-to-leading order on-
shell s and ¢ channel production cross sections from the
literature [59,60] [multiplied by a partonic acceptance
efficiency corresponding to the cuts in Eq. (20) in the full
ME approach] to normalize the SM reference point for
each input process, we now have all ingredients at hand to
derive limits on g from a set of cross section measure-
ments, modeled by Egs. (18) and (19), and compare the
results. In the ¢ channel, the matrix element response for
the detector-level analysis is modeled using only thj and

PHYSICAL REVIEW D 86, 114026 (2012)

tbj processes for simplicity, and because it was argued that
the corresponding distributions already describe the proper
next-to-leading order (NLO) behavior rather well [61,62].
Moreover, it was shown [63,64] that NLO corrections
affect the differential distributions in s and ¢ channel single
top production only marginally, at the few % level, and can
thus be readily accounted for by channel specific overall K
factors, as in our analysis. A more comprehensive analysis
including coupling-dependent K factors, similar to the case
of anomalous flavor changing gluon couplings [65] and
extending an existing study on anomalous top decays at
NLO [66], will moderately influence the numerical values
of the exclusion bounds. However, our results concerning
the relative importance of the quartic couplings and the
need to include the full matrix elements remain valid.

Now turning to the resulting bounds at the detector
level, as already anticipated from the 1o contours in
Figs. 7 and 8 the effects on V; y remain small in general,
while the largest differences are found when the
momentum-dependent couplings g; r are involved, par-
ticularly in the g;-gr plane illustrated in Fig. 9. In this
case, when single channels and charge states are consid-
ered separately, the different approaches tend to produce
very different exclusion bounds. Figure 9 might also
suggest that after combining all channels and considering
the ratio R(Z/t) of cross sections for ¢ and 7 production in
the ¢ channel as an additional observable (tentatively
assuming 2% statistical and 3% systematic uncertainty
as estimated for 10 fb~! at \/s = 14 TeV in Ref. [37], in
the absence of a more detailed experimental assessment),
one might end up with the same exclusion limits again,
but indeed this depends heavily on the total uncertainty of
R in the actual experiment (cf. “R,” in Fig. 9). In any
case, when the aim is to properly understand and quantify
the sensitivities to anomalous couplings of the various
final states separately, going from the on-shell approach
to full matrix element responses inside the selection
acceptance region produces considerable effects that
should not be neglected. In that respect, the adapted
quadratic parametrization introduced above, employing
quadratic fits to off-shell scans inside the acceptance
region, represents a very good approximation to the full
off-shell parameter scan (cf. Figs. 5-8).

C. Pinning down the off-shell coupling

After discussing the technical issue of modeling the LO
matrix element response to anomalous top couplings at an
experimentally relevant acceptance level, and validating an
adapted quadratic parametrization which simultaneously
meets the demands of machine efficiency and good agree-
ment with the full off-shell coupling scan in the previous
section, the closing section of the paper is devoted to the
application of the new approach to a physical issue, namely a
possible admixture of the additional anomalous coupling
szf introduced in Sec. II B, to the single top cross sections
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(the total top width is also included as an observable, but
its sensitivity to V¢ is kinematically suppressed compared
to the other anomalous couplings, since the relevant scale m,
is lower than \/§).

Considering the experimental sensitivities to the anoma-
lous couplings of the total cross sections stated above for
the LHC (which are already dominated by systematics), it
is clear that a stand-alone study of single top cross sections
alone will never provide the most stringent bounds on the
complete parameter space of anomalous CC couplings,
including V9 or not. Therefore, rather than just adding
another direction to g, the focus shall be directed here to
those regions of the parameter space where single top cross
sections actually become the crucial inputs to the com-
bined limits.

More explicitly, the top decay observables (mostly re-
lated to the charged lepton distribution) are very sensitive
to anomalous W helicity fractions generated by Vg, g; and
gg (cf. Refs. [37,40,41,67)). For example, the limit |gg| =
0.024 stated in Ref. [37] for our LHC reference point

off

0.6 038 1.0 1.2
Vi

plane, setting Vp = g; = 0 (top) or projecting over the direction

(10 fb~! at 14 TeV) is more than an order of magnitude
below the sensitivity of the cross sections, so we may as
well set gr = 0 for our purposes. On the other hand, the
large interference among Vy and g; leads to rather poor
bounds |Vg| < 0.3, respectively, |g;| = 0.15 as long as
they are fine-tuned to Vi ~ 2g,. Finally, since decay
observables basically measure helicity fractions, they are
sensitive to neither the overall vertex normalization nor to
the admixture of VT to the left-handed vector part. This is
where the cross sections come into play, delivering the
most stringent direct constraints. In Fig. 10, we therefore
present combined limits on V; and V9 from single top
cross sections, both setting Vp = g; = 0 as well as vary-
ing over —0.3 = V, = 2g; = 0.3. The very different sen-
sitivities of the two final states greatly help in the combined
limit: the s channel is very sensitive along V{f due to the
kinematics, whereas the ¢ channel basically cuts the sub-
stantial interference in the s channel along V;. Still, the
resulting limit on V; deteriorates from 0.9 <V, <1.1
(Vo =0) to 0.82<V, <11 (Vo varied). Naturally,
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FIG. 11 (color online). Combined 1o contours in the Vg-g; plane, setting V; = 1 and V¢ = 0 (top) or projecting (bottom).

projecting over the remaining freedom in Vi and g;
instead of switching them off further relaxes the combined
limits to 0.68 <V, < 1.1. Figure 11 displays combined
bounds in the Vi-g; plane, switching off respectively
varying over V9T,

In the long run, it is perfectly clear that this ambiguity
among V; and VT remaining in the single top cross
sections can be further resolved, namely by examining
differential distributions, since V9T scales very differently
with the partonic +/s than V; . (In fact, V{'f behaves like, or
parameterizes, a heavy off-resonant new degree of free-
dom, cf. e.g., Ref. [68]). However, this issue will have to be
tackled in the s channel where the momentum of the W
propagator producing the top becomes timelike. Sensitive
observables would obviously be the total invariant mass
my;, of the final state or the pseudorapidity 7, of the hard b
jet produced along with the single top. However, such a
study is experimentally challenging, since it requires a very
good isolation of the tiny s channel signal from the huge ¢
channel contamination, whereas at present this signal has

not even been established yet individually at the LHC (the
most recent search being [69]). Hence, one should stay
careful when stating limits on V; from measurements of
the overall size of V,, until its kinematic behavior is further
clarified experimentally.

IV. CONCLUSIONS

In this paper, we have revisited the model-independent
parametrization of anomalous top couplings to SM gauge
bosons within the effective operator approach, paying
special attention to the charged-current sector and its phe-
nomenological implications at current hadron colliders.
More explicitly, addressing the minimal fully general
set of anomalous trilinear thW couplings coming from
dimension six effective operators, there is a controversy
regarding the meaning of “fully general,” namely whether
an off-shell interaction contained in the original operator
basis should be dropped because it turns out to be related to
four fermion contact interactions after application of the
equations of motion, or not. While dropping it and sticking
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to the usual coupling basis (V;, Vi, g, gg) naturally sim-
plifies the analysis, there are good arguments to include it:
since it emerges from the minimal gauge-invariant operator
basis that also generates the trilinear couplings, the respec-
tive coupling size V9 is related to the other ones by the
underlying operator coefficients. (For example, an experi-
mental limit on 6V, is ambiguous in the context of effec-
tive operator coefficients, requiring knowledge about either
SV or the NC sector to be resolved.) For the same reason,
the coupling basis (V,, Vg, g;, gg, VeT) parameterizes the
complete set of anomalous diagrams which interfere with
the SM diagram in a minimal way, so including it is also
consistent at the level of matrix elements.

In the phenomenological part, the dependence of single
top cross sections on anomalous tbW couplings in s and ¢
channel production is examined, stressing the fact that the
couplings do not only affect the total cross sections but
also final state distributions, which determine the selec-
tion efficiencies within the detector acceptance region.
While these effects are usually considered small, working
with constant detector efficiencies and modeling the
whole coupling dependence on the basis of on-shell pro-
duction amplitudes, we use the WHIZARD machinery to
scan the full off-shell matrix element dependence on the
couplings inside the acceptance window defined by the
final state selection cuts. Comparing to the on-shell
approach, one finds considerable deviations in some
regions of the parameter space, especially where the
momentum-dependent couplings g,  are involved, affect-
ing the sensitivities of the various production channels to
those couplings and therefore also the limits derived from
the experiment. Finally, an adapted polynomial approach

PHYSICAL REVIEW D 86, 114026 (2012)

of the coupling dependence is discussed, which is based
on quadratic fits to the full off-shell matrix element
response including detector acceptance, and turns out to
parametrize the full scan result rather well while still
being fast and efficient. However, it is also stated as a
result of the present study that the theoretical modeling of
the coupling dependence should be adapted as closely as
possible to a given experimental analysis with defined
selection criteria to minimize the systematic uncertainty
of the derived limits.

The study concludes with a short discussion of the
influence of top decay observables on combined coupling
limits, and the regions of the parameter space where single
top cross sections still provide the crucial input to the
bounds, namely the overall tbW vertex normalization and
the interference direction Vp ~ 2g;. In this respect, we
address the impact of including V¢ in the coupling basis,
and briefly point out the possibilities to resolve the ambi-
guity between V; and V¢ experimentally, using kinematic
distributions in the s channel.
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