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Summary. — Physics beyond the standard model can affect top-quark physics
indirectly. We describe the effective field theory approach to describing such physics,
and contrast it with the vertex-function approach that has been pursued previously.
We argue that the effective field theory approach has many fundamental advantages
and is also simpler.

PACS 14.65.Ha — Top quarks.
PACS 11.15.-q — Gauge field theories.

There are two broad categories of approaches to physics beyond the standard model
(SM). The first is to look for the new physics directly via the production of new particles.
The second is to look for new interactions of the known particles of the SM. Here we
address the question of the best way to formalize the latter approach [1].

An example of the two approaches is displayed in fig. 1, in the context of a Z’ boson.
At energies above the mass of the Z’, one observes the new particle directly. At energies
below the mass of the Z’, one observes new interactions of SM fermions mediated by the
exchange of a virtual Z’ boson. At energies much less than the Z’ mass, this appears as
an effective four-fermion interaction.

Let us attach a coupling g to the Z’ interaction with the SM fermions, and include
the Z' propagator, proportional to (p? — M?)~!. At energies much less than the Z’ mass,
we can neglect the momentum of the Z’ in the propagator. The effective four-fermion
interaction is thus of strength ¢g?/M?, and the theory is described by the Lagrangian

2
(1) Le = Lsm + %@WMJ-

We can generalize the above discussion with the help of dimensional analysis. Recall
that in units where h = ¢ = 1, the fields of the SM have mass dimensions

(2a) dimA, =1,
(20) dim ¢ = 1,
(2¢) dim¢ = 3/2,
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Fig. 1. — At energies greater than the Z’ mass, one observes the new particle directly. At energies
below the Z’ mass, one observes its effects on SM particles indirectly.

where A,, is a gauge field, ¢ is the Higgs field, and 1 is a fermion field. Every term in
Lsn is of dimension four or less, while the new four-fermion interaction is of dimension
six. This makes sense, because it has a coefficient with a dimension of two inverse powers
of mass.

The generalization of eq. (1) is now clear:

(3) Lo = Lsm + Z %Om

where the sum is over all dimension-six operators (that is, products of SM fields). The
coefficient ¢; is the coupling of the SM fields to the new physics and A is the scale at which
the new physics resides. This construction, called an effective field theory, is completely
general and independent of the details of the new physics, whether it be new particles,
extra dimensions, strings, etc. [2].

The bad news is that there are nearly 60 dimension-six operators, not even taking
into consideration three generations of fermions [3-5]. The good news is that only a few
of these operators affect top quark physics. Let us look at an example.

The decay of the top quark in the SM is shown in fig. 2. The W boson goes on to decay
to leptons or light quarks, and we will assume this is described to a good approximation
by the SM, since this vertex is well tested. The Wtb vertex is much less constrained, so
we seek a dimension-six operator that affects the decay of the top quark.

b

w

Fig. 2. — Top quark decay. The W boson goes on to decay to a pair of quarks or leptons.
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In the SM, the branching ratio of the top quark to zero helicity, negative helicity
(left-handed), and positive helicity (right-handed) W bosons is

2

m
4 Fy=—4+— ~07
(4a) "= g, ~ 0T
2M?2
4b Fp=—W" _~03
(40) L= o, Y03

(46) Fr =~ 0,

where I have neglected the b quark mass, which is a good approximation. Of the nearly
60 dimension-six operators, there is only one that affects these branching ratios:

(5) Owv = (qo" " t)oW ], + h.c.,

where Wlfl, is the SU(2) field-strength tensor, ¢ is the Higgs doublet, t is the right-chiral
top quark, and ¢ is the left-chiral quark doublet containing top and bottom. The matrix
o = L[y# 4] is a tensor constructed from Dirac matrices, and 77 are the SU(2) Pauli
matrices.

The presence of the Higgs doublet field deserves special attention. We are assuming
that the new physics, at scale A, is above the scale of electroweak symmetry breaking,
which in the SM is the Higgs boson mass. Thus the Higgs doublet is part of the theory
below A, and the dimension-six operators must respect the unbroken SU(2) x U(1)y
symmetry of the SM.

When the Higgs field acquires a vacuum-expectation value, the dimension-six operator
O yields the effective interaction

Ciw
A2

(6) Lot = Lsm + v (bo™ (14 75)t) 8, W, + h.c.

This unfamiliar interaction is not present in the SM. Its effect is to modify the top-quark
branching ratios:

(7a) By = m? B 4NV2Cyv? mymy (m? — m¥;,) 7
m? + 2mi;, A2 (m? +2m3;)?
(7h) P 2mi, n 4NV2Cv? mymy (m? — m¥;,)
BT 2 om? A2 (m?2 +2m%,)2 7
t w t w
(70) FR =0.

By measuring these branching ratios, we may extract (or place a bound on) the coefficient
Ciw /A2

Let us now turn to another physical process involving the top quark: single top
production, shown in fig. 3. In addition to the operator Oy, two other operators affect
the single-top cross section [6]:

(8a) 0% = i(¢'7' Do) @y q) + hc.,
(8b) Ol = (@v.m'd?) (@' q),
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Fig. 3. — Single-top production via the electroweak interaction. The diagrams as shown corre-
spond to s-channel production; t-channel production corresponds to the same diagrams turned
on their sides.

where D,, is the gauge-covariant derivative, and the superscripts on the quark doublet
fields indicate that they are from the first two generations (i,j = 1,2). The superscript
(3) on the operators indicates that they contain SU(2) triplet currents, and the addi-
tional superscript (1) indicates that the currents are color singlets. When the Higgs field

acquires a vacuum-expectation value, the operator O((;I) yields

C'(g)gv2 -
24 (b (1 = y5)t) W, +h.ec.

9 Lot = L —
9) £ SM+2ﬂA2

This is identical in form to the V' — A coupling of the SM. Thus this operator simply
renormalizes the SM charged-current interaction. The operator 01(1(1]73) is a four-fermion
interaction that couples light quarks to third-generation quarks, and thus contributes to

single-top production as shown in fig. 3(c).

To extract (or bound) the coefficients of the three operators Oy, qu), and OS}Z’S), the

following strategy can be employed. First, we use top decay to extract Cyyy /A%, Then we

use single-top production to extract C’é‘? /A% and Cé},"g) /A%, The latter coefficient enters
with the opposite sign in s-channel and ¢-channel single-top production, so it is useful to
measure the two processes separately. In practice, one might fit all three coefficients to
all three processes simultaneously.

Let us compare this program with the program that has been followed up until now,
which I will refer to as the vertex-function approach. In this approach, one writes down
the most general vertex function, consistent with Lorentz invariance, coupling a virtual
W boson to on-shell top and bottom quarks [7-11]:

ng

e
(10) Thv = ——5 Vo (7"[f1LPL + fiTPp] —i

. e P 7).

where P g = (1 Fv5)/2. The four form factors ff, f, f£, f£ are arbitrary functions
of the virtuality of the W boson, Q2. The vertex function is sometimes expressed as a
Lagrangian,

_ 1 _
(1) Lww = %th <W,Lb7“[f1LPL + [ Pglt — MiwauW;bUW[fQLPL + szPR]t)
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but this is misleading, because it is not an effective Lagrangian in the modern sense
described above. In addition, the coefficients ff, f{¥, f&, f& in the Lagrangian cannot
be functions of the W boson virtuality, because the Lagrangian is expressed in position
space, not momentum space.

In the effective field theory approach, the form factors of the vertex function are
derived from the dimension-six operators. One finds

2
v
(12a) =1+ cf;)p,
2
v
(120) fa = \/ictwp.

As mentioned above, the operator Og:’l) simply renormalizes the V' — A coupling of the SM,
as shown in eq. (9). The operator Oy contributes to the right-handed tensor coupling,
as shown in eq. (6). The other two form factors, f{* and fI, contribute to physical
processes only at order O(my,) and O(1/A*), and are hence suppressed. We neglect them
throughout. Thus, in contrast to the vertex-function approach, the effective field theory
approach provides a rationale for neglecting some of the form factors, and also justifies
setting the other form factors to constants independent of Q2.

Let us compare the effective field theory approach and the vertex-function approach
in more detail. There are several aspects to the comparison:

— The effective field theory approach is well motivated and provides guidance as to
the most likely places to observe the indirect effects of physics beyond the standard
model. The vertex-function approach does not share either of these features.

— The effective field theory approach incorporates the known SU(3)¢ x SU(2) x
U(1)y symmetry of the SM. The vertex-function approach turns its back on gauge
symmetry.

— The effective field theory approach includes contact interactions (such as Oé}l’s)) as

well as interactions that contribute to vertices. The vertex-function approach only
concerns itself with the latter.

— The effective field theory approach is valid regardless of whether the top and bottom
quarks are real or virtual. The vertex-function approach assumes that the top and
bottom quarks are on shell. If they are off shell, one must add additional form
factors.

— In the effective field theory approach, one can calculate radiative corrections as-
sociated with SM vertices as well as with those arising from the dimension-six
operators. There is no unambiguous way to calculate radiative corrections in the
vertex-function approach.

This last point may be the most important of all. We aspire to make contact between
direct top-quark measurements and precision electroweak measurements, where the top
quark enters in loops. Because the effective field theory is renormalizable in the modern
sense, it is possible to carry this program out. All divergences that arise from dimension-
six operators can be absorbed in the coefficients of other dimension-six operators. So
although the theory is not renormalizable in the old-fashioned sense, it allows for the
unambiguous calculation of radiative corrections to O(1/A?).
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Fig. 4. — Associated production of a single top quark and a W boson.

Let us pick up where we left off and ask what other dimension-six operators can be
probed by top-quark physics. We show in fig. 4 another single-top process, where the
top quark is produced in association with a W boson. This involves two of the same
operators, Oy and ngl), that we encountered in s- and ¢-channel single top production,
along with a new operator:

(13) Oic = (qo" \*1)6G4, + h.c.,

where A is an SU(3) matrix and Glf,/ is the gluon field-strength tensor. This operator

is the strong-interaction analogue of Ou. The four-quark operator 052’3) does not con-
tribute to this process. By measuring Wt associated production, together with the other
weak interaction processes discussed above, we can extract (or bound) the coefficient
Cia /A%

Finally, let us consider top-quark pair production. At the LHC, this is dominated by
the subprocess gg — tt, as shown in fig. 5. This is influenced by the operator O;g that
we just discussed, but also by the operators

(14a) Oc = fapcGirGFrGSr,

1
(14b) Oy = §¢T¢G;‘VGA*‘”.

The operator O¢ affects the triple-gluon vertex. Although it does not involve the top
quark directly, bounds on this operator from other processes are rather weak, so the best
measurement (or bound) may come from top-quark pair production [12]. The operator
Og¢ couples the Higgs field directly to a pair of gluons, and will be measured (or bounded)
by Higgs production [13]. Other operators are probed by qq — tt [12]; T leave that to
another presenter [14].
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Fig. 5. — Top-quark pair production via a gluon-sluon collision.

Conclusions

The time is ripe to abandon the vertex-function approach and to adopt the more
modern and systematic approach of effective field theory for top-quark physics. Although
effective field theories have been around for a long time and are widely used in particle
physics, nuclear physics, condensed matter physics, and elsewhere, they have been slow
to be adopted in the context of anomalous couplings. While I was already convinced of
the timeliness of the effective field theory approach prior to this workshop, my conviction
was further solidified on my arrival day when I noticed a popular Belgian beer, Leffe,
that beckons us to embrace effective Lagrangians.
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