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1. Introduction

Heavy unstable particles such as the top quarandw bosons as well as virtually all hypo-
thetical particles in beyond-the-Standard-Model scesacan only be studied through their decay
products. The simplest way to compute cross sections imglguch particles is to first con-
sider on-shell production of the heavy particle and thesutssequent decay. Taking into account
the matrix element of the decay of the on-shell particle —s thisometimes called the improved
narrow-width approximation — it is possible to apply retiisuts on the decay products. In this
framework we can go to higher orders in perturbation thegrgdmputing separately corrections
to the production and the decay of the on-shell heavy partiddhile this approximation is very of-
ten good enough, this talk addresses the question on howtieygmd and include off-shell effects
in a systematic way. Thus we are led to consider processas@gbnant (nearly on-shell) rather
than on-shell heavy patrticles.

Even though the framework for computing off-shell effectegented here is quite general,
let us consider an explicit examplechannel single top production. More precisely we consider
the partonic process(py)b(pz) — d(ps)b(ps)W* (pw) — d(ps)b(ps)€e* (ps) v(ps), where the
invariant mass of the top decay products is understood téolse ¢but not necessarily equal) to the
top mass, i.e(ps+ pw)? = m¢ + A with A/nm¢ < 1. The decayv* — e* v is taken into account in
the improved narrow-width approximation. It is clear tha dominant contribution to this process
with its kinematic constraint is given by production and seduent decay of a top quark. Self-
energy resummation avoids the non-integrable singularitiye top propagator &ps + pw)? = ¢
by changing the denominator of the propagataige+ pw)? — nmé +imy, wherel is the width of
the top. But even at tree-level, at some point we will haveke into account so called background
diagrams which do not refer to a top quark at all. The sitmatiecomes even more involved
if we want to include higher-order effects. This can be dosigithe pole approximation [1],
which can be considered as a first step towards a systemaimgion of the amplitude iR, /m
around the complex pole. Within the pole approximation the-mop corrections can be split in a
gauge-invariant way into factorizable and non-factorigaimrrections [2]. Factorizable corrections
correspond to corrections to the production and decay panteounstable particle, whereas non-
factorizable corrections link the two parts. Even though-factorizable corrections (and off-shell
effects in general) have been studied extensively in thealitire [3] they are usually neglected for
processes at hadron colliders, because in most cases théuad to be small [4]. In fact there
are large cancellations [5] that are partly responsibleifersmallness of the corrections. However,
with cuts in the final state these cancellations are not pedey longer and, as stated above, it is
the purpose of this work to study these corrections.

2. Effectivetheory and virtual corrections

The salient feature in the problem at hand is the presencéfefaht scalesm > I'y. This
calls for using an effective theory (ET) approach to the fmob Indeed, it has been found [6]
that in an ET approach factorizable corrections simply eggond to the hard corrections. In
this context, hard is understood as a mode using the methoebimhs [7] and means momenta
that scale ap ~ m. The standard procedure within an ET approach is to firsgiate out
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Figure 1. (a) resonant tree-level diagram contributingﬁt@% andAEg’)O); (b) example of a background

diagram contributing taé\gg’)o); (c) example of a QCD diagram contributingA6-2.

the hard modes and thereby obtain an effective Lagrangidmis Jagrangian consists of gauge
invariant operators multiplied by matching (Wilson) coaffints, which have a perturbative ex-
pansion in the coupling and are gauge independent as wedl.midiching is done on-shell with
p? = m¢ —imT;. While the matching coefficients take into account the fazable corrections,
the non-factorizable corrections are reproduced in thectife theory by the still dynamical soft
(and possibly other) modes. A soft mode corresponds to a minmescaling ap ~ md where
we used ~ A/m¢ ~ Iy /m ~ dew ~ a2 to generically denote a small quantity. The construction
of an effective Lagrangian is a standard procedure and hars ieed in many different contexts.
For the application to unstable particles it has been exgthin detail in Ref. [8]. We thus restrict
ourselves to a few remarks relevant for our example.

The (strictly fixed-order) tree-level amplitude is a fuoctiof m, other masses and the mo-
mentap; . .. ps. ChoosingA = (pw + pp)? — ¢ as one of the independent kinematic variables and
expanding around the pole dwe write

"% = 51842 (R A + GAley )+ ) + TR GenGE AT 2.1)

The leading partggNAgﬁ’%, receives contributions solely from the resonant diagrpant (a) of

Figure 1, and scales a&/2, whereas for the subleading p%AEg‘jo) ~ &%2 also background
diagrams have to be taken into account. Given #&€® is gauge invariant it is clear that each
term in the expansion in Eq. (2.1) is separately gauge iamarNote that we also include the QCD
contributiongayg2 A2 ~ & which is usually considered to be a background. Howevem foor
point of view this part has the same final state and contribiate/, albeit only at subleading order.
Squaring the amplitude we obtain

Mtree: ggNNCZ

30)|2 3,0) 1 £(3.0)1
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This is simply an expansion ®fi"®® in the kinematic variablé which we constrain to be small.
The (first) leading term scales g§,A > ~ &. The subleading electroweak and the QCD term
scale a8, A1 ~ 62 and g3, ~ &2 respectively, and omitted terms are further suppressed in
d. This expansion is not complete yet, because it takes intoust only the small parameter
A/m[2 ~ 0 but notdey ~ N't/m ~ 8. The two small parameters are intrinsically linked and when
the corresponding expansions are combined the ET beconery pawerful tool.
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Figure 2: Two examples of how usual loop diagrams are reproduced b¥Thé&rey lines indicate soft
gluons, solid (hollow) dots indicate tree-level (one-Ipopatching coefficients.

Within the ET framework, the leading contribution "¢ is reproduced in three steps: pro-
duction of an on-shell top (through an operator in the ET vt#timatching coefficient), propagation
of a resonant top (through the leading bilinear top opeyatod decay of an on-shell top ( through
a decay operator in the ET with its matching coefficient). biieear operator resums the (gauge-
invariant) hard part of the self energy. The subleading segive rise to 5-point operators. Again,
the operators as well as their matching coefficients areraggha gauge invariant.

We aim at computing the cross section up¢d%/?) ~ ¢(asd), which corresponds to in-
cluding one-loop QCD corrections to the leading resonartt pdithin the ET approach this will
amount to computing one-loop corrections to the Wilsonfidehts for the leading production and
decay operators, as well as explicit calculation of ongxloorrections within the effective theory.
To illustrate the connection between the ET and standarp ¢éadculations, let us consider two
examples, shown in Figure 2.

Example (a) illustrates how the self-energy is split int@edpart and a soft part. The hard part
scales ag’/(8°) and, therefore, has to be resummed. The soft part is suggréysan additional
power 5%/2 with respect taer™e. Thus we need to include only one soft self-energy insertion
at 0(5%?). Example (b) illustrates how a normal loop diagram is spiibia hard (factorizable)
contribution included in the matching coefficient and a $ofin-factorizable) contribution where
the gluon is still dynamical in the ET. The situation is ndeafed by including an arbitrary number
of hard self-energy contributions to the top propagatoramuadditional soft self-energy insertion
results in a contribution beyond(5%/2).

The ET allows us to identify and compute the minimal set ofettions needed at a certain or-
derind. In particular a full one-loop calculation including allmeesonant diagrams is not needed
at this order. The price to be paid for this simplificationhiattwe have to insist on the kinematical
constraintA/m¢ < 1. A corresponding calculation using e.g. the complex melssrae [9] would
be more complicated, but would allow us to study observalvldsout this constraint.

3. Real corrections

Using an ET approach as described in the previous sectionvislaestablished tool for the
calculation of total cross sections [10]. When computirej o®rrections for more general observ-
ables within an ET approach we run into difficulties. The peabis related to the fact that an ET
approach relies on knowing and making explicit all scalethefproblem. As long as we have not
precisely defined the observable we are interested in,dmstithe case.

In Section 2 we based the expansion on the small stafand the couplings), implicitly
assuming there are no further small scales. While this doés@me restrictions on possible
observables (similar to any fixed-order calculation) ibak us to study a large class of physical



Resonant particle production Adrian Signer

guantities. In the case of real corrections, we have aniadditgluon present in the final state.
Depending orp;, the momentum of the gluon, the expansion parameter doegeh&onsider e.g.
the case wher@y is collinear tops, the momentum of the outgoingquark. In this casq97 and
p4 will combine to a jet and the proper expansion parameter avbal ps + p7 + pw)? — nMé. On
the other hand, ip; is well resolved, thls will give rise to an additional (glyget and the proper
expansion parameter would bgy + pw)? — ¢, as in Section 2.

In order to deal with this we deviate from a strict ET approddhking the subtraction method
to compute the real corrections we write

[ d®naMus = [ d0ns (Mo~ M) ) + [ d My 3.1)

~ / d®piq (Mn+l — MS'”g / ddp 1 MS;”Q fx"

Here M, is the matrix element squared for the procass— dbe* vg and MS(”g) denote the
limits of the matrix elements in the singular (soft and cahr) regions. Upon phase-space inte-
gration the termfdd)nJrlMSE”g) would match the infrared singularities of the full virtuaieloop
amplitude. Since we use only the expanded virtual termgetigeea mismatch between the singu-
larities. Fortunately, the singular limits have omiyparton kinematics and we can use the same
expansion as for the tree-level and virtual amplitudes. @aing [ d®y,, 1 Mszng )ex'o i.e. integrat-
ing the expanded singular limits over the phase space, pesdilhe same infrared singularities as
the expanded virtual corrections. In the first term on ther.bf Eq. (3.1) we do not perform any
expansion. The mismatch between what we subtract and whatldvback is subleading i and
beyond the accuracy we are aiming at.

In principle we should use the full matrix eleméuit ; in Eq. (3.1) to ensure gauge invariance.
We can simplify the calculation by taking only resonant iiagrams. This potentially introduces
a gauge dependence which, however, is beyond the accuracy oélculation. Thus the situation
is completely analogous to the renormalization or factdiiin scale dependence, which is widely
accepted as long as it is beyond the accuracy of the calonladi variation ofu within a reasonable
window tells us as much (or as little) about the size of ndgkbbigher-order terms as a variation
of the gauge parametérwithin a window around 1. Of course, it is always possibld thare are
terms that are parametrically of higher order, but numéyigaportant. This is usually associated

with the presence of widely different scales and requirehitiathal resummations.

4. Results and outlook

We are now ready to compute an arbitrary infrared-safe iyaatto’(6%2). As always, the
word arbitrary has to be taken with some caution. First ofaalhave to enforce the constraint
A~ mTl. Second, we implicitly assume there are no other small sdateoduced through the
observable. A similar requirement is present for any fixedkeocalculation.

As an example we consideb — W plus jets, defining the jets usingka cluster algorithm.
We require & jet, J,, and at least one more jet, both with > 20 GeV. In addition we require
150 GeV< M'™ < 200 GeV, wherdV™ = ,/(pw + p3,)? is the invariant mass of th&\(J,) pair.
We stress that we could add cuts on the decay products ¥ thieany other reasonable’ cuts.
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Figure 3: Invariant and transverse mass distributio@dd) (blue, dark) andﬁ(63/2) (red, light).

In Figure 3 we show th#1™ andMT distribution for the LHC with,/S= 10 GeV, whereviT
is the transverse mass of th&/ {J,) system. We setir = ugr = 100 GeV,m; = 1713 GeV and
N =1.32 GeV and use NLO MSTW pdfs [11] for the LO and NLO results. @aned to previous
NLO calculations [12] our result also includes non-factalile corrections which leads to a small
but visible deviation from a Breit-Wigner shape in the in MB" distribution.

Of course, the results shown in Figure 3 are not completeesat NLO we also have to
include gluon-initiated processes and there are otheomiarinitial states such dsu — dbW and
cb — sbW. A full analysis as well as the potential impact of non-faiztable corrections on a
measurement ofy for single top and in particulat pair production is left for future work.
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