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This is a summary of theoretical progress presented at TOP2013. I review new results
and methods in producing top quarks singly, in pairs or in association with other particles
and/or jets, in addition to special aspects of its production like the forward-backward
asymmetry. The role of top in certain New Physics models was discussed, as well as the
careful definition of its mass. The emergent picture is one of impressive progress on the
theoretical front of top quark physics.

1 Introduction

In this meeting many interesting new results in top physics were presented, in both experimental
and theoretical talks. Very interestingly, and quite typically for this conference series there was
much experimental detail in theoretical presentations, and vice versa.

The top quark long reigned supreme as the most interesting particle to study at high-
energy colliders, but in July 2012 it was surpassed by the appearance of the Higgs boson in
the ATLAS and CMS detectors. But even here top plays a key role, enabling Higgs boson
production through gluon fusion and a top quark loop.

Let us briefly review why the top quark, its production and decay characteristics and its
behavior in loops is such an important particle. First, it has many quantum numbers and
thus couples to almost all other particles, through various (chiral, vector, scalar) structures, all
of which bear scrutiny for deviations. Precise scrutiny is feasible because the large top mass
implies, first, that it couples weakly to QCD, but strongly to whatever breaks the electroweak
symmetry, and second, that its resulting large width minimizes hadronization effects and allows
preservation of spin information.

But the possibility of its accurate study is not sufficient reason for devoting so much energy
to this scrutiny. It is especially promising because top is a troublemaker for the Standard
Model, contributing significantly to the quadratic divergences of the Higgs self energy. But, in
yet another twist, the troublesome top quark is also a life raft for beyond the Standard Model
(BSM) theories such as the MSSM, by raising, through its role in loop corrections, the allowed
upper limit on the light Higgs mass in that theory.

With the Tevatron having made the first thousands top quarks, leading to its discovery and
tests of some of its properties, the LHC, especially in the upcoming 13 TeV run, is a genuine
top quark factory and will allow us to study the top quark in great detail, which this conference
bears witness to.

108 TOP 2013



THEORETICAL SUMMARY

2 Top production

To study tops, we must make them first and moreover understand very well the production
mechanism. Very interesting results were reported in both pair and single top production.
Let us briefly recall some basic aspects of fixed order (LO, NLO, NNLO, etc) calculations.
LO is defined by the simplest way, with the lowest number of QCD interactions, in which
the desired final state can be made. Usually, but not always (cf. Higgs production through
gluon fusion) this implies a tree-level amplitude. The LO approximation to the cross section
is the amplitude times its complex conjugate, summed (averaged) over final (initial) quantum
numbers. NLO then includes both virtual corrections to either the amplitude or its complex
conjugate, or the amplitude with one parton more, squared. The NNLO consists of a purely
virtual 2-loop or 1-loop squared component, a 1-real plus 1-virtual component, and finally a
2-real component squared. Handling the intermediate infrared and collinear divergences is not
easy, especially for NNLO. The benefit of these higher-order corrections is a more accurate
estimate (due to the mere fact of including the corrections, as well as the very typical smaller
resulting uncertainty due to scale variations), and a better description of the physics by allowing
for extra partons. We were reminded by Frederix in this conference that NLO calculations are
now fully automatized in the aMC@NLO framework [1], and that the act of calculating now is
just a series of steps involving downloading the code, generate a process through python, and
after writing the process to disk, start event generation with NLO plus parton shower accuracy.

2.1 Pair production

Let us review the status of, and main ideas behind theoretical calculations for top quark pair
production. The inclusive top pair production cross section has always played a role that is
both useful and instructive in perturbative QCD, because it only involves QCD couplings, and
involves a truly large mass that must be accounted for in the matrix elements and the phase
space measure. The NLO corrections were computed in the late 80’s [2, 3, 4, 5]. In these
first calculations phase space was (partially) integrated over analytically; a fully differential
calculation was completed shortly thereafter [6]. The combination of such a fully differential
calculation with parton showers, such as MC@NLO [7, 8] and POWHEG [9, 10] is now the state of the
art at this order in perturbation theory. These codes combine the virtues of the exclusiveness
of an parton shower event generator with the accuracy of a NLO calculation.

A recent major development has been the completion of the full NNLO calculation for the
inclusive pair production cross section[11, 12, 13, 14], which was presented at this conference by
Czakon. This is veritably a milestone in top quark physics. The result is a hadronic cross section
computed with a theoretical accuracy at the percent level. The calculations involving corrections
to both the ¢¢ and the gg channel have been completed, as well as the NLO corrections to the
qg channels. For both the ¢ and gg channel, the second order corrections are composed of
three classes of contributions, some computed at different times by various authors. These are
(i) the two-loop corrections, (ii) the one-loop plus one real emission corrections, and (iii) the
double real emission contribution [16, 17, 18]. The one-loop, one real emission contributions
are done, since the NLO calculation for ¢t + jet is available [19, 20]. The two-loop virtual
corrections have been performed in Refs. [21, 22, 23, 24, 25]. The methods used so far are a
combination of analytical and numerical ones. The latter involve solving differential equations
in the kinematic invariants, which requires a highly accurate initial condition (chosen to be at
high energy), and avoiding singularities in the equations. The double-real emission contribution
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was achieved through the use of a method called STRIPPER [16]. The one-loop, one-real emission
diagrams could be computed with well-established techniques. The tour-de-force calculation has
produced remarkable results, with good perturbative convergence and very small uncertainties.
Given these properties and the excellent agreement with measurements, as shown in Fig. 1,
a comparison of theory and data for the inclusive cross section can be used to infer useful
knowledge about the gluon density. Recently a first study in this direction was done [26],
demonstrating the feasibility and desirability of this.

On top of the exactly calculated orders one can add to arbitrarily high orders logarithms
that are enhanced near threshold, i.e. threshold resummation. As the latter also underlies
recent theoretical estimates of the top quark charge asymmetry, discussed in section 5, as well
as various distributions, let us review this method briefly here, in general terms. When the
top quark pair is produced near threshold in hadronic collisions, certain logarithms can become
numerically large. It is important to note here that the definition of the threshold depends
on the observable. Thus, for the inclusive cross section threshold is given by the condition
Ty : s—4m? = 0. For the transverse momentum distribution we have Ty : s —4(m? +p%) = 0,
and for the doubly differential distribution in py and rapidity we can choose

Ts: s —4(m?> +p%)coshy =0 or Ty:s+t+u—2m?=0. (1)

The perturbative series for any of these (differential) cross sections can be in general be expressed
as

2n
doo(To) =Y > aleh  In*(Tn), (2)
n k
plus non-logarithmic terms. Here T, represents any of the threshold conditions, suitably nor-
malized, for the observables enumerated by «. Note that it is allowed to use e.g. 15 for the
inclusive cross section, by first analyzing do/dpr and then integrating over pr, and similarly
for T3. For any complete fixed order calculation this will give the same answer, but if one only
selects the logarithmic terms because the exact answer is unknown, numerical differences will
occur. Such kinematic differences can then be classified as a theoretical uncertainty [27].

The threshold logarithms result from integration over phase space regions where the emitted
gluons are soft and/or collinear to their on-shell emitter. Resummation concerns itself with
carrying out the sum in Eq. (2), and the result takes the generic form

do = exp (Lgo(asL) + g1(asL) + asga(asL) +...) x C(as) . (3)

Including up to the function g¢; in the exponent amounts to N?LL resummation, with the
coefficient C(ay) then evaluated to ¢ — 1 order. Key benefits of threshold resummation are
(i) gaining all-order control of the large, positive terms plague fixed-order perturbation theory,
thereby restoring predictive power, and (ii) reduction of scale uncertainty. Regarding the first
point, the reason these resummable terms are positive for the top quark pair inclusive cross
section is that, while the hadronic cross section is Sudakov suppressed near threshold, the
PDF’s provide too much suppression, which the partonic cross section must then partially
compensate with positive corrections. Regarding the second point, when examining the sources
of pp dependence, they occur both in the PDF and in the partonic cross section now both in
the exponent, which improves the cancellation[28].

The state-of-the-art accuracy for threshold resummation for inclusive pair production cross
section at present is NNLL [29, 30]. From such all-order results, approximate NNLO results
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Figure 1: Left pane: NNLO-NNLL prediction for the LHC as function of the collider c.m.
energy. Right pane: progress in reducing scale variation due to increasing perturbative and
resummation accuracy. [14]
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Figure 2: From left to right the s-channel (1), t-channel (2) processes, and the Wt associated
(3) production channel.

were constructed before the completion of the exact calculation. This is of particular interest
for thresholds 77 and T3. The latter, being dependent on ¢ and u, then allows estimating
threshold resummation corrections to the forward-backward asymmetry. Other approximate
NNLO calculations use threshold 735, and, as mentioned above, assign the ambiguities due
to using pair-invariant mass (PIM) or one-particle inclusive (1PI) kinematics in the precise
definition of the threshold to a theoretical error [27, 32, 33].

The state of the art was presented by Czakon, who showed (see Fig. 1) also the impressive
progress over time in accuracy of the theoretical description. Each component of the uncertainty
is now at the few percent level.

2.2 Single top

Tops are produced singly through the weak interaction, in processes that are usually referred
to in relation to Born kinematics, see Fig. 2. A particularly important aspect of single-top
production is that both V;; can be directly measured and the chiral structure of the tWb vertex
can be tested. This is because top quarks produced in this way through a charged current
interaction are highly polarized. Also important, and stressed at this meeting, is the issue of
how many active quark flavors to choose. For instance, through the dominant ¢-channel at
the LHC, inclusive measurements can be confronted with a 5-flavor NLO calculation, allowing
extraction of the b-quark density. For situations with a tagged jet, and 4-flavor scheme seems
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Figure 3: Doubly resonant diagrams in NLO corrections to Wt production.

more natural. Finally, we note that the different single top production channels are each
sensitive to different varieties of New Physics, Thus, the s-channel will be sensitive to e.g. W’
resonances, the t-channel to FCNC’s.

The inclusive cross sections at the Tevatron are rather small, their contributions being about
1 pb for the s channel and 2 pb for the ¢ channel, with the Wt channel negligible.

2.2.1 s and t channel

Experimentally, both of these single top production processeses turned out to be rather more
difficult to separate from backgrounds than expected, as the latter were larger, and similar to
shape to the signals. Based on samples of 3.2 fb~! by CDF and 2.3 fb~! by DO, the Tevatron
combination[34] of a number of CDF and D0 measurements yielded an inclusive single top
production cross section of

0 = 27615732 pb, (4)

and a measurement of |V;| = 0.88 4- 0.07. Based on samples of up to 9.7 fb~! per experiment,
recently CDF and DO reported the Tevatron combination[35] for s-channel single top production

oy = 1.201520 ph. (5)

Furthermore, a DO measurement [36] of only the t-channel cross section yielded oy = 3.0770:55 pb.
The measured cross sections agree within errors with the NLO calculations [37, 38, 39, 40, 41,
42, 43, 44], and with MCONLO [45] and POWHEG [46].

At the LHC at 7 TeV, the inclusive SM production rates of the s-channel, ¢-channel and
Wt channel are approximately 4.6, 65 and 16 pb respectively; at 8 TeV they are 5.6, 88 and
22 pb, respectively. Evidently the t-channel yields by far the dominant contribution. Within
errors, the ¢t-channel cross section measurements above agree with the NLO calculations, and
the values of V}, which are extracted are compatible with 1.

2.2.2 Wt channel

An interesting and subtle issue arises in the Wt mode of single top production. In the radiative
corrections some diagrams contain an intermediate anti-top splitting into a W and anti-down
type quark, a process which can become resonant. From another viewpoint, these diagrams can
be seen as LO #t on-shell’ pair production (having an order-of-magnitude larger cross section),
with subsequent ¢ decay, see Fig. 3. One is therefore faced with the issue to what extent the
Wt and tf can be defined and/or separated as individual processes, with the main difficult
caused by interference between the resonant and non-resonant diagrams. To this end several
definitions of the Wt channel have been given in the literature, each with the aim of recovering
a well-behaved expansion in «a; for a meaningfully defined observable.
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In Ref. [48] the interference issue was addressed extensively in the context of event gen-
eration, in particular the MCONLO framework (POWHEG has implemented essentially the same
method [49]). Two different procedures for subtracting the doubly-resonant contributions and
thereby recovering a perturbatively well-behaved Wt cross section were defined. In “Diagram
Removal (DR)” the graphs in Fig. 3 were eliminated from the calculation, while in “Diagram
Subtraction (DS)” the doubly resonant contribution was removed via a subtraction term. The
DS procedure leads to the following expression for the cross section

d$1d$2 ~
Ing+ Dop — Dop ) dos,
Jrz/mlxs Sng g+ Dap 5) ?3 (6)

where af labels the initial state channel in which the doubly-resonant contribution occurs:
gg or qq. S is the square of the non-resonant diagrams, I their interference with D, the square
of graphs of Fig. 3. The subtraction term D requires careful construction [48]. It was shown
that, with suitable cuts, the interference terms are small. From Eq. (6) one sees that the
difference of DR and DS is essentially the interference term. A particularly suitable cut is a
puttting a maximum on the pr of the second hardest b-flavored hadron, a generalization of
a proposal made in Ref. [41]. Thus defined, the Wt and ¢f cross sections can be separatedly
considered to NLO.

The experimental status of this production mode at the time of writing is as follows. In the
7 TeV run, ATLAS [50] and CMS [51] have measured the Wit-channel cross section, with the
results

ATLAS[2.05tb7 ] 1 opw, = 16.8 £ 2.9 (stat) + 4.9(sys) pb,
CMS [4.9fb7 1] : o165 pb. (7)

Based on a data set of 12.2 fb~!, recently CMS has in fact identified the W¢-channel cross
section for the 8 TeV run[52] at the 6.1 level

owe =234+54pb. (8)

Within errors, the Wt-channel cross section measurements above agree with the NLO calculations[53,
41, 54], and the NLO plus parton showers discussed above [48, 55, 49].

One way to avoid the above difficulties in separating Wt from ¢t is to consider the common
final state WWWbb (in the 4-flavor scheme) and not ask if there were one or two intermediate top
quarks involved in producing this final state — zero intermediate top quarks is also a possibility
here. For zero b-quark mass, two groups have computed the NLO corrections to this production
process [56, 57]. A preliminary result, using aMC@NLO was shown for the case where the b
quark is taken massive. For the rates and distributions examined there seemed to be only small
changes with respect to the massive case.

A completed study was shown investigating off-shell effects in ¢-channel production, in part
as a test of the narrow-width approximation. Also confronted with the exact calculation was
an effective theory approach [59]. It was shown that the NWA approximation does not always
work well, whereas the ET approach does.

3 Top spin

Part of the attractiveness of the top quark is its capacity to self-analyze its spin, through its
purely left-handed SM weak decay. This is both a useful aid in signal-background separations,
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Figure 4: In t-channel single-top production at the Tevatron, a clear correlation of the lep-
ton flight direction with the recoiling light quark jet. The correlation disappears when spin-
correlations are turned off in MCONLO [60].

and itself a property worthy of detailed scrutiny, as certain New Physics models could introduce
right-handed couplings. The correlation between top spin and directional emission probability
for its decay products is expressed through

dlan 1

=—(1 9
doosx; 2( +aycos xy) 9)

where |ay| < 1, with 1 indicating 100% correlation. For the dominant decay mode
t=b+ W (=1t +v) (10)

at lowest order, we have ap = —0.4,a, = —0.3,aw = 0.4,y = 1. QCD corrections to these
values are small. The charged lepton direction (or the down-type quark in a hadronic decay
of the intermediate W) is indeed 100% correlated with the top quark spin. This is amusingly
more than for its parent W boson, a consequence of interference of two amplitudes with different
intermediate W polarizations.

In single-top quark production, which occurs via the charged weak interaction, the top is
produced left-handed, so a correlation should be a clear feature of the production process and
a discriminant from the background. In Fig. 4 this correlation as computed with MCONLO [60]
is shown. A preliminary study from CMS [61] was shown in which the pattern of Fig. 4 was
looked for, and was indeed found. From such a constant slope one might infer [62] the inclusive
t-channel cross section, using only a straight-section piece to extrapolate to all angles.

4 Top, friends and imitators

Among the classic imitators of a top quark signal at hadron colliders is the V+jet final state.
The QCD corrections for V+jets are now known up to 5 jets at least, and matched to parton
showers. We were reminded of the very impressive progress made in this direction in recent
years. In particular also the merging of matrix elements to parton showers is now a well-
mastered craft.
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A very clear overview was given of the tremendous advances made in describing #t plus
various particles or jets, plotting calculations in 3D using the axes of increasing powers of asy
(NLO, NNLO), of the number of external lines, and of finite width and other effects. Especially
noteworthy is that the processes ¢ plus QCD objects such as one or two jets, two extra b quarks
or even two extra t quarks (four tops) have been computed to NLO in recent years. Depending
on the final state, parton shower effects or narrow/finite width effects are included. But also
processes such as tt plus a photon, vector boson or a Higgs are available to NLO, sometimes
with an additional jet, and in cases with either stable tops, or including its decays. Also for
New Physics showing up indirectly through #t plus missing Er for certain modes available at
least through NLO [63]. For top pair plus Higgs production, available as an NLO calculation,
matched to parton showers, and interfaced to MadSpin [65], an interesting and fairly well-
working approximation involving top fragmentation into top plus Higgs was explained. With
the major backgrounds also available to NLO, it seems the main tools for a good extraction
of the top Yukawa are available. Backgrounds will be very challenging for tth, so testing for
deviations from the Standard Model will be hard. We were reminded that it might be better to
look at single top plus Higgs production [66], where the Standard Model amplitude is strongly
suppressed due to interference effects so BSM might come more easily to the fore.

5 Charge asymmetry

Another, complementary test of the top quark production mechanism is the charge asymmetry:
the difference in production rates of tops and anti-tops at fixed rapidity

Ni(y) — Ni(y)

Aly) = Ni(y) + Ni(y)

(11)

While electroweak production via a Z-boson could produce a (very small) asymmetry at LO,
QCD itself produces it at O(a?) through a term proportional to the SU(3) dgp. symbol [3, 5,
67, 19]. In the ¢¢ channel this arises from an interference between the Born and the one-loop
box diagram. In the matrix elements, the asymmetry reveals itself in terms of the Mandelstam
variables t and u as terms that are odd under ¢ <> u interchange. In tf plus 1 jet production
an asymmetry can already occur at tree level (essentially, this amounts to a different cut of the
same amplitude). Measurements [68, 69, 70, 71] by the Tevatron experiments show substantial
deviations from the Standard Model prediction for pair production, especially a deviation of
more than 3 standard deviations by CDF at large invariant ¢t masses [69]. There is therefore
considerable interest in this observable. In recent analyses by DO [72, 73] the asymmetry is
found to be not so large, though a discrepancy persists.

The effect of this interference amounts to the intuitive picture that the incoming quarks (as
opposed to anti-quarks) tend to repel the produced top quarks towards larger rapidity, and/or
attract the produced anti-top quarks toward slightly smaller rapidities. The net effect, therefore,
at the Tevatron, where the top- anti-top pairs are produced in ¢q annihilation, is a shift of the
top quark rapidity distribution towards larger rapidity, and of the anti-top distribution towards
smaller values. This clearly creates a y-dependent asymmetry of the type (11). Because of the
asymmetry in the amount of quarks and anti-quarks in the two Tevatron beams, this translates
also to a forward-backward asymmetry App.

Since the leading contribution to this effect for pair production involves a loop diagram,
the asymmetry itself is of leading order accuracy. Clearly, the impact of even higher orders
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becomes interesting which at this stage can only be assessed from approximate, resummation
based calculations to NLL [74, 27] or NNLL [75]. For this only resummations based on threshold
T5 (1) can be used. The higher order corrections so computed are small, so that the computed
QCD asymmetry is stable with respect to their inclusion. The higher order asymmetry is then
also reasonably insensitive to scale variations. With the methods discussed by Czakon we can
look forward to the exact NLO asymmetry

Besides defining the asymmetry in terms of the top quark itself (11), one may define it also
in terms of the leptons produced in top and/or anti-top decay , either in the lepton-plus-jets or
the di-lepton channel. The Al} p asymmetry will be in general a little washed out, but leptons
are relatively easy to measure. (There is however still a need for unfolding due to limited
acceptance.)

At the Tevatron, CDF and DO have performed a set of measurements for various types of
asymmetries. At the constructed top quark level the measured asymmetries exceed the theory
prediction by a few standard deviations. Recent App measurements in the lepton-plus-jets
channels corrected to the parton level are 16.4 £ 4.7% (CDF) [76] and 19.6 £+ 6.5% (DO0) [71],
vs. 8.8+ 0.6% according to the SM.

In this conference the theoretical status of the charge asymmetry was reviewed quite com-
prehensively by Westhoff [77], who also discussed a number of New Physics options that would
fit the observed enhanced asymmetry, such as axigluons, or a Z’ boson.

As noted above, the charge asymmetry is present at leading order in ¢t + jet production.
However, here NLO corrections [19, 20] wash out the asymmetry for this reaction. An expla-
nation for this effect was given in [20], based on the following structure of the NLO forward-
backward asymmetry for this reaction

T 3 c 4
AFB (tt]) = Qg ln(m/pTJ) + athard . (12)
The second term, appearing at NLO, cancels the first as they have opposite signs. The inverse
logarithm is due to the fact that the denominator in the asymmetry has a higher power of
leading soft logarithms. Also for t£jj the NLO term seems to reduce the LO contribution to
the asymmetry [78].

At the LHC, the net effect of the QCD induced asymmetry is an overall broadening of the
top quark rapidity distributions and a slight narrowing of the anti-top rapidity distribution.
Because of the symmetry of two proton beams there is no forward-backward asymmetry, but
a charge asymmetry that is most pronounced at larger rapidities. Recently proposed new

observables [79, 80]. with promising sensitivity for the LHC were also discussed in this meeting
by Westhoff.

6 Top and New Physics

Nierste reviewed the status of limits on SUSY signals. For g — 2 of the muon, the 3.60 discrep-
ancy with the Standard Model prediction would be alleviated by SUSY. He pointed out that
certain off-diagonal elements of the squark mass matrix, in particular those involving the third
generation, can lead to an enhanced single top production rate.

According to the MSSM, stops are among the most promising new particles to look for,
being colored and thus having a large cross section, and being in most reasonable scenarios
the lightest among the squarks. Spannowsky reviewed the reasoning behind this, and outlined
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various search strategies, which are generally in good shape. He pointed out that there are
however gaps in parameter space, which given how central this search is for the ATLAS and
CMS experiments, should be closed, and he discussed a number of strategies to do so.

Weiler reminded us of the attractiveness of the possibility of the Higgs boson being com-
posite, and a pseudo-Goldstone boson of an enhanced symmetry. Drawing further inspiration
from pion physics, this idea, if correct, would suggest fermionic symmetry partners of the top
quark to be relatively light, below a TeV, and worth looking for.

The top-Higgs Yukawa coupling, discussed earlier in the context of ttH production, plays
of course a direct role in the direct gluon fusion channel of Higgs production, through a top
quark loop. Delaunay addressed the issue of how to extract information about possible New
Physics contributions to this loop effect. Clearly, given the measured production rate being in
fairly good agreement with the Standard Model, the net deviation is not very large, but this
could be due to a cancellation of New Physics vertex and propagators effects. To pry apart
this cancellation, one might look at Higgs plus one jet production, the contributions to which
include diagrams where the extra gluon is emitted from within the New Physics loops, thereby
disturbing the putative balance of NP propagator and vertex effects, and giving a handle on
such New Physics.

Godbole pointed out the importance of angular distributions and kinematic distributions
to probe for modifications of the top quarks couplings [81, 82]. With the scale of New Physics
apparently high, an effective operator approach

C;
off BSM __ i
L = E 2 0O;

seems the appropriate approach, which in turn causes such coupling modifications. Top pro-
duced in the decay of stops and sbottoms are polarized, and this may be used both in search
strategies, and beyond that in determining the squark interactions [83]. For instance, if a Z’
would polarize tops at production, the azimuthal asymmetry

o(cos ¢ > 0) — o(cos ¢y > 0)
o(cos ¢y > 0) +o(cos ¢y > 0)’

¢ = (13)

where ¢; is the azimuthal angle of the lepton with respect to the beam-top plane, would be
sensitive to the amount of left-handed and right-handed coupling, even more so when judicious
cuts on the pr of the top are chosen. Also when a charged Higgs is present, such an asymmetry,
would also discriminate [83] among Wt and H~t production.

7 Top mass

Central to top quark physics is the meaning and value of its mass. The Tevatron experiments [84,
85] have measured the mass with an error of 0.87 GeV/c?, i.e. to an accuracy of less than 0.5%;
the LHC experiments [86] with an error of 0.95 GeV/c?,

CDF/D0[8.7fb '] : 173.20 4 0.51(stat) & 0.71(sys) GeV/c?,
ATLAS/CMS [4.9fb™'] :  173.29 + 0.23(stat) + 0.92(sys) GeV/c?. (14)

Together with an accurately measured W boson mass, a precisely known top mass severely
constrains the mass range of the Higgs boson [87]. Indeed the measured Higgs boson mass seems
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quite consistent given present accuracies. Therefore its precise measurement is of considerable
importance, and so also its careful definition. Given the measured mass of the Higgs boson, a
precise determination of the top quark mass becomes especially interesting in the issue of the
(meta)stability of the EW vacuum, as discussed by Shaposhnikov at this meeting.

A natural definition of an elementary particle mass is based on the location of the pole of
the full quark propagator, i.e. the pole mass. After summing self-energy corrections the full
propagator reads

1

p—mo —X(p,mo)’

(15)

where ¥ contains 1/e UV divergences from loop integrals. Renormalization now amounts to
replacing the bare mass mg by an expression involving the renormalized mass m

as 1
= 1 S|: int ei|)7 16
mo m( + €+Zf t (16)

after which the UV divergences cancel in (15). The choice of zf;nite determines the scheme.
Choosing it such that
1 o c
p—mo—%(p,mg) p-—m

defines the pole-mass scheme, which amounts to pretending that the particle can be free and
long-lived. However, because the top quark, being colored, can never propagate out to infinite
times - a requirement for the definition of a particle mass in scattering - such a pole only exists
in perturbation theory, and its location is intrinsically ambiguous by O(Agcp) [88, 89, 90].

Experimentally, the top quark mass is reconstructed by collecting jets and leptons. The
decay channels used are the dilepton channel - two isolated leptons with opposite charge and at
least two jets[91, 92]; the lepton + jets channel - an isolated lepton and at least four jets[93, 94];
the all-hadronic channel[95, 96]. However, soft particles originating from both within and
outside these jets may affect the reconstructed mass.

Although the experiments reconstruct the pole mass (or something close to it), theoretically
it would be more desirable to have a short-distance mass, free of O(Agcp) ambiguities. Such
is the MS mass m(u) evaluated at some scale p, whose relation to the pole mass is known to
three loops in QCDI[98]. For p one often takes the implicit value found when intersecting the
m(p) curve with the m(p) = p axis, yielding m(m).

Theoretical and MC aspects of the top mass were discussed in this meeting by Mangano,
the theoretical aspects especially addressing ambiguities.

Numerically, the relation between the pole mass and the the MS mass reads

(17)

m = m(m) x (1+ 0.047 + 0.010 + 0.003)

each term corresponding to a loop order. The series shows excellent convergence. The remaining
uncertainty is about 500 MeV, when assuming the asymptotic series starts diverging again. (The
4-loop result would be very interesting in order to test this issue.) Note that this still exceeds the
non-perturbative ambiguity on the pole pole due to renormalon effects from infrared sensitive
regions.

The MS mass m(u) may be extracted more indirectly, through a proxy observable such as
the inclusive cross section expressed in the MS mass [99]. Mangano pointed out that this seems
a very safe procedure, in contrast to ete™ collisions, as the IR sensitive region only contributes
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about a permille to the inclusive cross section, and that, to good accuracy, it seems safe to
interpret the MC mass parameter as the pole mass.

He also proposed a different and interesting mass proxy: (twice) the end-point energy of the
electron in a semi-leptonic decay in the top quark restframe. Uncertainties from b-jet recon-
struction are greatly suppressed to well below the permille level. The difficulty will be however
the reconstruction of the top quark rest frame, or more generally the top quark momentum.

8 Conclusions

Although discovery of the top quark is now nearly 20 years old, in a sense top quark physics
as a field is just beginning. A flood of new, higher energy data are in the offing that will
also challenge their theoretical description and interpretation. The severe constraints of precise
measurement, the entry of the Higgs boson and its strong interaction with the top quark sector,
are inspiring not only remarkable increases in theoretical accuracy and the developments of
methods thereto, but also novel ideas from New Physics modelling to enhancing data analysis
methods. Therefore, in spite of the occasional rain at this conference, the outlook for top quark
physics seems very bright indeed.
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