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Why top?

¥Top is interesting: heaviest particle in the SM
¥expect deep connections with EWSB (Higgs sector, naturalness, 
vacuum stabilityÉ) 

¥key role in BSM (natural SUSY, compositeness, ßavorÉ)

¥Top is relevant:
¥involved in many BSM searches
¥top decays into lepton, jets and missing energy !  poster child 
for collider phenomenology (top taggingÉ)

¥Top is easy: " QCD << #t << mt

¥most tops decay before hadronization
¥its properties (polarization) are not washed out by QCD effects
¥production and decay stages are well-separated 



LHC is a top factory

Figure 2. NLO inclusive cross sections for single and top quark pair production with and without an accom-
panying Z boson. The NLO tøtZ cross section is estimated from the lowest order result using a K -factor of
1.39 and renormalization and factorization scales µ = mt + mZ / 2 [4].

consider the full process (and similarly for the charge conjugate process),

u + b ! t + Z + d
|
|

|! µ! + µ+

|! ν + e+ + b

(1.3)

where the leptonic decay of the top quark is included and we have speciÞed the charged leptons that
are associated with theZ decay. The top quark decay is included using the techniques described in
Refs. [9Ð11] and retains all spin correlations at the expense of requiring the top quark to be treated
exactly on-shell. Since this calculation involves an incomingb-quark it is necessarily a Þve-ßavor
calculation.

We have also considered the closely-related single top +H process which is of smaller phenomeno-
logical interest in the Standard Model. A brief description of the next-to-leading order result is given
in Appendix B.

Ð 3 Ð

[Campbell, Ellis, Rontsch (2013)]

Largest yield
Probe QCD

Sizable yield
Probe EW (Vtb,#t)

$%~5%
$%~10%

Observed

Information about the tZ/t&, 
among the least constrained



YouÕve made your bedÉ now lie in it
or the price of precision

¥We need to deal with ~few percent precision for tops

¥' s ~ 0.1 !  NNLO predictions. Fancy computations in 
QCD, for a long time conceptual problems barred us from 
performing them [see KirillÕs talk on Wednesday]

Now we have them both for top production
¥top pair total cross-section [Czakon, Fiedler, Mitov (2013); Czakon, Heymes, 

Mitov (2015)]

¥t-channel single-top [Brucherseifer, FC, Melnikov (2013)]

and decay
¥fully differential decay [Gao, Li, Zhu (2012), Brucherseifer, FC, Melnikov (2013)]

¥helicity fractions [Czarnecki, Kšrner, Piclum (2010); Gao, Li, Zhu (2012), 
Brucherseifer, FC, Melnikov (2013)]



 t t ! predictions at NNLO
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¥Milestone result in pQCD
¥residual ~4% uncertainty, 
comparable with exp

¥perfect agreement with 
data at 7, 8 and 13 TeV

¥recently LHC differential 
distributions presented

[Czakon, Fiedler, Mitov (2013); Czakon, Heymes, Mitov (2015)]
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FIG. 2: Partonic cross-section times gg flux (2) for the follow-
ing three cases: exact NNLO (thick black line), approximate
NNLO with exact Born term (blue dashed line) and approxi-
mate NNLO with leading Born term (thin red line).

Our Þts return the value c0 = ! 31.96 + 0.1119NL which
falls within the range estimated in Ref. [24].

The parton level results derived in this section can be
used to derive an estimate for the so-far unknown con-
stant C(2)

gg appearing in the threshold approximation [17].
Expanding Eq. 5 around the limit ! " 0 we obtain

C(2)
gg = 338.179! 26.8912NL + 0 .142848N2

L . (14)

As explained in Ref. [25], the estimate (14) forC(2)
gg

has to be used with caution and a sizable uncertainty
should be assumed. We have no good way of estimating
the error on the extracted constant and to be reasonably
conservative in the following we take this error to be 50%.

The constant C(2)
gg is related [26] to the hard matching

coe! cientsH(2)
gg,1,8 needed for NNLL soft gluon resumma-

tion matched to NNLO. However, since our calculation
deals with the color averaged cross-section, we cannot
extract both constants H(2)

gg,1,8 . We proceed as follows.
Close to threshold, the color singlet and color octet

contributions to " (2)
gg have independent constant terms

C(2)
gg,1,8 , with the constant C(2)

gg in Eq. (14) being their
color average. We parameterize the second, unknown,
combination of C(2)

gg,1,8 by their ratio R(2)
gg # C(2)

gg,8/C
(2)
gg,1 ,

which has the advantage of being normalization inde-
pendent. For any guessed value ofR(2)

gg , together with
Eq. (14), we can extract values for the hard matching
constants H(2)

gg,1,8 . As a guide for a reasonable value of

R(2)
gg we take the one-loop result (see [17, 25]):R(1)

gg #
C(1)

gg,8/C
(1)
gg,1 = 2 .18.

In the following we vary R(2)
gg in the range 0.1 $ R(2)

gg $
8; for each value ofR(2)

gg we then vary the color av-
eraged constantC(2)

gg by additional 50%. We observe

that as a result of this rather conservative variation,
the NNLO+NNLL theoretical prediction for LHC 8 TeV
changes by 0.4% (in central value) and by 0.2% (in scale
dependence). Given the negligible phenomenological im-
pact of these variations, we choose as our default values:

H(2)
gg,1 = 53 .17, H(2)

gg,8 = 96 .34 (forNL = 5) , (15)

derived from Eq. (14) and the mid-range valueR(2)
gg = 1.

CALCULATION OF gg ! tt̄+X THROUGH O(! 4
S )

The calculation of the O(#4
S ) corrections to gg " tøt +

X is performed in complete analogy to the calculations
of the remaining partonic reactions [12Ð14]. The two-
loop virtual corrections are computed in [27], utilizing
the analytical form for the poles [28]. We have computed
the one-loop squared amplitude; it has previously been
computed in [29]. The real-virtual corrections are derived
by integrating the one-loop amplitude with a counter-
term that regulates it in all singular limits [30]. The
Þnite part of the one-loop amplitude is computed with
a code used in the calculation ofpp " tøt + jet at NLO
[31]. The double real corrections are computed in [11].
Factorization of initial state collinear singularities as well
asµF,R scale dependence is computed in a standard way;
see Refs. [13, 14].

PHENOMENOLOGICAL APPLICATIONS

In table I we present our most precise predictions
for the Tevatron and LHC at 7, 8 and 14 TeV.
All numbers are computed for m = 173.3 GeV and
MSTW2008nnlo68cl pdf set [32] with the program
Top++ (v2.0 ) [33]. Scale uncertainty is determined
through independent restricted variation of µF and µR .
Our best predictions are at NNLO and include soft gluon

Collider " tot [pb] scales [pb] pdf [pb]

Tevatron 7.164 +0 .110(1 .5%)
! 0.200(2 .8%)

+0 .169(2 .4%)
! 0.122(1 .7%)

LHC 7 TeV 172.0 +4 .4(2 .6%)
! 5.8(3 .4%)

+4 .7(2 .7%)
! 4.8(2 .8%)

LHC 8 TeV 245.8 +6 .2(2 .5%)
! 8.4(3 .4%)

+6 .2(2 .5%)
! 6.4(2 .6%)

LHC 14 TeV 953.6 +22 .7(2 .4%)
! 33.9(3 .6%)

+16 .2(1 .7%)
! 17.8(1 .9%)

TABLE I: Our best NNLO+NNLL theoretical predictions for
various colliders and c.m. energies.

resummation at NNLL [26, 34].
In this letter we take A = 0 as a default value for the

constantA introduced in Ref. [35]. The reason for switch-
ing to a new default value for A (compared to A = 2 in
[12Ð14, 26]) is that this constant is consistently deÞned
only through NLO. Nonetheless it contributes at NNLO

NNLO+NNLL
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Fig. 2. Ð Scale dependence of the predicted cross-section atLO, NLO and NNLO at the LHC
as a function of

√
s (left). On the right plot: detailed breakdown of scale uncer tainty for LHC

8 TeV at LO, NLO and NNLO including also soft-gluon resummati on at LL, NLL and NNLL.

resummation. Inclusion of resummation with logarithmic accuracy at NLL or NNLL
also noticeably decreases the scale dependence of the theoretical prediction, as expected.
The absolute size of the resulting reduction in scale dependence is also at the 2% level.

An alternative way of assessing the impact of soft-gluon resummation is shown in
Þg. 3 (which updates Þg. 1 of Ref. [18] by including the exact NNLO result). Plotted
is the relative error of the cross-section at the LHC as a function of the collider energy.
We consider a broad range of energies, starting from slightly abovethe tøt production
threshold and going up to 45 TeV which is far above threshold. In all cases we observe
that the inclusion of soft gluon resummation extends the validity of the perturbative
prediction closer to threshold. For large collider energies the enhanced tøt threshold
contribution gets reduced and, indeed, we observe that the resummed and unresummed
predictions converge to each other in this case. We also notice thatthe di! erence between
NLL and NNLL is small and is more pronounced when added on top of the NLO result
(as anticipated). Finally we note that the inclusion of soft-gluon resummation on top
of the NNLO result makes the relative scale uncertainty practically independent of the
collider energy, except of course for the immediate threshold region which, a posteriori,
is another justiÞcation for the use of soft-gluon resummation.

5. – Application to searches for physics beyond the Standard Model

In addition to being a powerful tool for testing the Standard Model, the high precision
of the total inclusive tøt production cross-section presents an opportunity for devising new
strategies for searches of physics beyond the Standard Model. AÞrst exploration of the
improvements in BSM searches arising from NNLO top data was presented in Ref. [9],
where it was shown that the use of top quark data in a NNLO global PDF Þt leads to
an improved determination of the poorly known large-x gluon PDF. This improvement
then translates into more accurate predictions for BSM heavy particle production and
for the large mass tail of the M tt distribution, the latter used in searches of new heavy
resonances which decay into top quarks.

While the above examples illustrate the indirect improvement in BSM searches due
to top quark data, high-precision top production can also impact BSM studies directly,



 t t ! predictions at NNLO: LHC distributions
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High-precision di! erential predictions for top-quark pairs at the LHC

Michal Czakon,1 David Heymes,2 and Alexander Mitov2

1Institut für Theoretische Teilchenphysik und Kosmologie,
RWTH Aachen University, D-52056 Aachen, Germany

2Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, UK

We present the Þrst complete Next-to-Next-to-Leading Orde r (NNLO) QCD predictions for dif-
ferential distributions in the top-quark pair production p rocess at the LHC. Our results are derived
from a fully di fferential partonic Monte Carlo calculation w ith stable top quarks which involves no
approximations beyond the Þxed-order truncation of the per turbation series. The NNLO corrections
improve the agreement between existing LHC measurements [V. Khachatryan et al. (CMS Collabo-
ration), arXiv:1505.04480] and Standard Model prediction s for the top-quark transverse momentum
distribution, thus helping alleviate one long-standing di screpancy. The shape of the top-quark pair
invariant mass distribution turns out to be stable with resp ect to radiative corrections beyond NLO
which increases the value of this observable as a place to search for physics beyond the Standard
Model. The results presented here provide essential input for parton distribution function Þts,
Monte Carlo generator tuning as well as top-quark mass and strong coupling determination.

INTRODUCTION

There is remarkable overall agreement between Stan-
dard Model (SM) predictions for top-quark pair produc-
tion and LHC measurements. Measurements of the total
inclusive cross-section at 7, 8 and 13 TeV [1Ð5] agree well
with Next-to-Next-to Leading Order (NNLO) QCD pre-
dictions [6Ð11]. Differential measurements of Þnal state
leptons and jets are generally well-described by existing
NLO QCD Monte Carlo (MC) generators. Concerning
top-quark differential distributions, the description of the
top-quark pT has long been in tension with data [12Ð14];
see also the latest differential measurements in the bulk
[15] and boosted top [16] regions. First 13 TeV measure-
ments have just appeared [17, 18] and they show similar
results, i.e. MC predictions tend to be harder than data.

This ÒpT discrepancyÓ has long been a reason for con-
cern. Since the top quark is not measured directly, but
is inferred from its decay products, any discrepancy be-
tween top-quark-level data and SM prediction implies
that, potentially, the MC generators used in unfolding
the data may not be accurate enough in their description
of top-quark processes. With the top quark being a main
background in most searches for physics beyond the SM
(BSM), any discrepancy in the SM top-quark description
may potentially affect a broad class of processes at the
LHC, including BSM searches and Higgs physics.

The main ÒsuspectsÓ contributing to such a discrep-
ancy are higher order SM corrections to top-quark pair
production and possible deÞciencies in MC event gener-
ators. A goal of this work is to derive the NNLO QCD
corrections to the top-quark pT spectrum at the LHC
and establish if these corrections bridge the gap between
LHC measurements, propagated back to top-quark level
with current MC event generators, and SM predictions
at the level of stable top quarks.

Our calculations are for LHC at 8 TeV. They show
that the NNLO QCD corrections to the top-quark pT

PP !  tt-+X
mt=173.3 GeV
MSTW2008
µF,R/mt" {0.5,1,2}
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FIG. 1: Normalised top/antitop pT distribution vs. CMS
data [15]. NNLO error band from scale variation only.

spectrum are signiÞcant and must be taken into account
for proper modelling of this observable. The effect of
NNLO QCD correction is to soften the spectrum and
bring it closer to the 8 TeV CMS data [15]. In addition
to the top-quark pT , all major top-quark pair di fferential
distributions are studied as well.

DETAILS OF THE CALCULATION

In the context of our previous work on the top-quark
forward-backward asymmetry at the Tevatron [19], we

¥NNLO results has a pt-dep. shape
¥no signiÞcant tension with data
¥NNLO accuracy make discussions 
about ÔrightÕ scale largely irrelevant
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FIG. 2: As in Þg. 1 but for the top/antitop rapidity.

have already preformed a complete di! erential calcula-
tion of NNLO QCD corrections to on-shell top-quark pair
production. Unfortunately, our Tevatron setup turned
out not to be su" ciently powerful to deal with the in-
creased demands of the LHC conÞguration. One reason
is that the cross-section is now dominated by gluon fusion
instead of quark annihilation. The main cause lies, how-
ever, in the substantially higher collider energy, which
raises the fraction of events with top-quarks far away
from threshold. For the latter, phase space integrals yield
large logarithms of the ratio of the top-quark mass and
the partonic center-of-mass energy. In consequence, the
convergence rate of the numerical Monte Carlo integra-
tion is severely diminished.

The results presented in this Letter are obtained using
a fresh complete implementation of the sector-improved
residue subtraction scheme,Stripper [20, 21], in its
four-dimensional formulation as developed in Ref. [22].
We note that the subtraction scheme relies on the known
soft and collinear limits of tree-level and one-loop ma-
trix elements [21, 23Ð35]. It also exploits the singularity
structure of one- and two-loop virtual amplitudes [36].
Its main strength consists in preserving process indepen-
dence and generality without requiring intricate analytic
integration. The price of the obvious advantage is a
numerical (as opposed to analytical) cancellation of the
poles in the dimensional regularisation parameter.

The process speciÞc matrix elements for top-quark pair
production in the Born approximation were obtained us-
ing the software from Ref. [37]. We evaluated the four-

point one-loop amplitudes ourselves, although they can
also be found in Refs. [38Ð40]. The Þve-point one-loop
amplitudes, on the other hand, were computed with
a code used in the calculation ofpp ! tøtj at NLO
[41, 42]. Finally, the two-loop matrix elements were taken
in the form of numerical values on a dense grid supple-
mented with threshold and high-energy expansions from
Refs. [43, 44]. Notice that some partial analytical results
are also known at two loops [45Ð48].

As for our setup, we use the top-quark pole massmt =
173.3 GeV, the MSTW2008 parton distribution function
(PDF) set [49] and kinematics-independent scales with
central value µR = µF = mt . The theoretical uncertainty
is estimated with independent scale variationµR "= µF

subject to the additional restriction 0 .5 < µ R /µ F < 2
[50]. The PDF uncertainty is not included. The above
choice of scales, PDF set and parameters is dictated
mainly by reasons of backward compatibility with our
previous work and the need for extensive checks at the
level of intermediate and Þnal results. In the future, we
intend to consider various choices of running scales, PDF
sets and errors as well as values ofmt .

We have checked that our calculation reproduces! tot

from Refs. [6Ð9] for each value ofµR , µF with a preci-
sion around two permil for the O(" 4

s ) contribution, which
translates to about 2# 10−4 for the complete result. We
have also veriÞed the cancellation of infrared singularities
in each histogram bin. At NLO, our calculation has been
cross-checked with the MC generator MCFM [51, 52].
The predicted NNLO pT,t øt distribution for non-vanishing
transverse momentum is consistent with results for the
NLO QCD corrections to pp ! tøtj from Refs. [53Ð55]
and agrees with an independent evaluation usingHelac-
Nlo [56]. The new software also reproduces our previous
Tevatron results.

RESULTS

In the following we discuss thepT ,t , yt , mt øt and yt øt dif-
ferential distributions. We do not present the transverse
momentum distribution of the top-quark pair since it can
be obtained with readily available NLO tools. The pT ,t

and yt distributions are assumed to be insensitive to the
charge of the heavy quark, i.e. they are an average of the
respective top- and antitop-quark distributions.

In Þg. 1 we show the prediction for the normalisedpT ,t

distribution computed in LO, NLO and NNLO QCD, and
compared to the most recent CMS data [15]. The cor-
responding top-quark rapidity distribution is shown in
Þg. 2. As explained in the previous section, PDF vari-
ation has not been included in these results (or in any
other results shown in this Letter). For clarity, in Þgs. 1,2
the scale variation is only shown for the NNLO correc-
tion. When computing various perturbative orders we
always use PDFs of matching order.

¥rapidity: very ßat corrections

Can SIGNIFICANTLY 
Constrain the Gluon PDF



NNLO and the Tevatron AFB
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FIG. 1: The inclusive asymmetry in pure QCD (black) and
QCD+EW[28] (red). Capital letters (NLO, NNLO) corre-
spond to the unexpanded definition (2), while small letters
(nlo, nnlo) to the definition (3). The CDF/DØ (naive) av-
erage is from Ref. [29]. Error bands are from scale variation
only. Our final prediction corresponds to scenario 10.

ing in eq. (3).] The Þrst deÞnition, eq. (2), uses exact re-
sults in both numerator and denominator of eq. (1), while
the second, eq. (3), is the expansion of the ratio eq. (2) in
powers ofαS. (Such an expansion is not, strictly speak-
ing, fully consistent since theαS expansion is performed
after convolution with pdfÕs. Nevertheless, following the
existing literature, we consider it as an indication of the
sensitivity of A FB to missing higher order terms.)

In the present letter, we present differential asymme-
tries with the unexpanded deÞnition (2) and without EW
corrections (see Þgs. 2,3,4). The inclusive asymmetry,
see Þg. 1, is computed with both deÞnitions (2) and (3)
including EW corrections. (EW corrections to Di are
neglected since EW effects to the total cross-section are
very small O(1%), see Refs. [57Ð61].) The numerator
factor NEW is taken from Table 2 in Ref. [28]. (We have
checked that the different pdf and mt used in Ref. [28]
have negligible impact on the QCD numerator N3 and
so we expect the same to hold forNEW.) Only for the
inclusive asymmetry we determine the scale variation by
keeping µR = µF (since the scale dependence ofNEW is
published [28] only forµR = µF ). (We have checked that
for the pure QCD corrections to the total asymmetry the
difference with respect to scale uncertainty derived with
µR != µF variation is negligible.) We also note that the
scale variation of AFB is derived from the consistent scale
variation of the ratio, i.e. both numerator and denom-
inator in eqs. (2) and (3) are computed for each scale
value.
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The highest bin contains overflow events.
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DISCUSSION AND CONCLUSIONS

In Þg. 1 we observe that the central values of the ex-
panded (3) and unexpanded (2) deÞnitions of inclusive
AFB differ signiÞcantly at NLO but less so at NNLO.
While the unexpanded deÞnition (2) closely resembles
the experimental setup, the consistency of the two def-
initions within uncertainties renders the question about
the more appropriate choice largely irrelevant. We also
note the small scale error for the expanded AFB deÞni-
tion (3) in pure QCD at both NLO and NNLO, which
appears too small to be realistic. The inclusion of EW
corrections, however, breaks this pattern and brings the
scale dependence in line with the unexpanded deÞnition
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zakon, F

iedler, M
itov (2015)]

Nothing pathological is going on in our description of 
the asymmetry !  SM PREDICTION SEEMS SOLID3
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FIG. 1: The inclusive asymmetry in pure QCD (black) and
QCD+EW[28] (red). Capital letters (NLO, NNLO) corre-
spond to the unexpanded deÞnition (2), while small letters
(nlo, nnlo) to the deÞnition (3). The CDF/D¯ (naive) av-
erage is from Ref. [29]. Error bands are from scale variation
only. Our Þnal prediction corresponds to scenario 10.

ing in eq. (3).] The first definition, eq. (2), uses exact re-
sults in both numerator and denominator of eq. (1), while
the second, eq. (3), is the expansion of the ratio eq. (2) in
powers of αS . (Such an expansion is not, strictly speak-
ing, fully consistent since the αS expansion is performed
after convolution with pdf’s. Nevertheless, following the
existing literature, we consider it as an indication of the
sensitivity of AFB to missing higher order terms.)

In the present letter, we present differential asymme-
tries with the unexpanded definition (2) and without EW
corrections (see figs. 2,3,4). The inclusive asymmetry,
see fig. 1, is computed with both definitions (2) and (3)
including EW corrections. (EW corrections to Di are
neglected since EW effects to the total cross-section are
very small O(1%), see Refs. [57–61].) The numerator
factor NEW is taken from Table 2 in Ref. [28]. (We have
checked that the different pdf and mt used in Ref. [28]
have negligible impact on the QCD numerator N3 and
so we expect the same to hold for NEW .) Only for the
inclusive asymmetry we determine the scale variation by
keeping µR = µF (since the scale dependence of NEW is
published [28] only for µR = µF ). (We have checked that
for the pure QCD corrections to the total asymmetry the
difference with respect to scale uncertainty derived with
µR ̸= µF variation is negligible.) We also note that the
scale variation of AFB is derived from the consistent scale
variation of the ratio, i.e. both numerator and denom-
inator in eqs. (2) and (3) are computed for each scale
value.
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DISCUSSION AND CONCLUSIONS

In fig. 1 we observe that the central values of the ex-
panded (3) and unexpanded (2) definitions of inclusive
AFB differ significantly at NLO but less so at NNLO.
While the unexpanded definition (2) closely resembles
the experimental setup, the consistency of the two def-
initions within uncertainties renders the question about
the more appropriate choice largely irrelevant. We also
note the small scale error for the expanded AFB defini-
tion (3) in pure QCD at both NLO and NNLO, which
appears too small to be realistic. The inclusion of EW
corrections, however, breaks this pattern and brings the
scale dependence in line with the unexpanded definition
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ing in eq. (3).] The first definition, eq. (2), uses exact re-
sults in both numerator and denominator of eq. (1), while
the second, eq. (3), is the expansion of the ratio eq. (2) in
powers of αS . (Such an expansion is not, strictly speak-
ing, fully consistent since the αS expansion is performed
after convolution with pdf’s. Nevertheless, following the
existing literature, we consider it as an indication of the
sensitivity of AFB to missing higher order terms.)

In the present letter, we present differential asymme-
tries with the unexpanded definition (2) and without EW
corrections (see figs. 2,3,4). The inclusive asymmetry,
see fig. 1, is computed with both definitions (2) and (3)
including EW corrections. (EW corrections to D i are
neglected since EW effects to the total cross-section are
very small O(1%), see Refs. [57–61].) The numerator
factor NEW is taken from Table 2 in Ref. [28]. (We have
checked that the different pdf and mt used in Ref. [28]
have negligible impact on the QCD numerator N3 and
so we expect the same to hold for NEW .) Only for the
inclusive asymmetry we determine the scale variation by
keeping µR = µF (since the scale dependence of NEW is
published [28] only for µR = µF ). (We have checked that
for the pure QCD corrections to the total asymmetry the
difference with respect to scale uncertainty derived with
µR ̸= µF variation is negligible.) We also note that the
scale variation of AFB is derived from the consistent scale
variation of the ratio, i.e. both numerator and denom-
inator in eqs. (2) and (3) are computed for each scale
value.
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DISCUSSION AND CONCLUSIONS

In fig. 1 we observe that the central values of the ex-
panded (3) and unexpanded (2) definitions of inclusive
AFB differ significantly at NLO but less so at NNLO.
While the unexpanded definition (2) closely resembles
the experimental setup, the consistency of the two def-
initions within uncertainties renders the question about
the more appropriate choice largely irrelevant. We also
note the small scale error for the expanded AFB defini-
tion (3) in pure QCD at both NLO and NNLO, which
appears too small to be realistic. The inclusion of EW
corrections, however, breaks this pattern and brings the
scale dependence in line with the unexpanded definition

¥no clear tension
¥funny feature in CDF ( Y that we 
will probably never understand

¥curious mtt shape, but large errors 



Precision as a tool for discovery: stealthy stops

VERY SIMILAR TO TOPS 😞
¥very hard to separate from SM t t ! production
¥different spin correlations, but lepton rapidity/angular correlations 

either have large theory uncertainties or require lots of statistics

÷t ! t + �0
1/ ÷G, m÷t ⇠ mt � m�0

1 ,
÷G, �÷t ⇡ 0.15 · �t

VERY SIMILAR TO TOPS 😀
¥almost indistinguishable from top !  contaminate %t

¥if exp. and th. uncertainty on %t are good enough, DEVIATIONS FROM 
SM BEHAVIOR COMING FROM STOPS ARE DETECTABLE

SIDE REMARKS: this kind of reasoning is one of the BEST APPLICATIONS OF HIGH 
QUALITY PREDICTIONS. Ideally, we would like to do the same for large classes of 
observables, and cross-correlate !  HUNT DOWN NEW PHYSICS

[Czakon, Mitov, Papucci, Ruderman, Weiler (2014)]



Precision as a tool for discovery: stealthy stops

÷t ! t + �0
1/ ÷G, m÷t ⇠ mt � m�0

1 ,
÷G, �÷t ⇡ 0.15 · �t
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FIG. 3: Left: two dimensional 95% C.L. exclusion limits in the neutralino-stop mass plane. Our derived limits are shown in
red (with expected limits shown as a dashed line), LEP limits [63] in gray while the CMS direct stop search in the light stop
region [25] is shown in blue. Right: excluded regions for massless neutralino in the stop-top mass plane. Excluded region from
our analysis derived using the top cross section alone (i.e. without assuming prior knowledge of the top mass) are shaded in
red, while the LEP limits are shown in gray. The e ! ect of combining the ! tøt measurement with current mt measurements
(assuming no stop contamination) is shown as a blue line. Expected limits are shown as dashed lines. For both plots we assume
right-handed stop, ÷tR.

limits [63] beyond the LEP kinematical range into a re-
gion currently unconstrained by LHC direct searches.
Stop mass limits based on the top cross section may
reach and extend beyond the top mass, with the bino
LSP case being more strongly constrained at higher stop
masses and being less constrained, for÷tR decays around
80 ! 100 GeV, due to the less e! cient t " ÷t�0

1 decays,
see Fig. 1 (right).

In Fig. 3a we present the case where the bino mass
is allowed to move in the (m÷t, m! 0

1
) plane, comparing

our limits to those obtained by other existing direct stop
searches [25, 63]. Our method is closing the stealth stop
window for low neutralino masses,m! 0

1
. 20 GeV, while

it is not e" ective for higher masses because signal rates
rapidily become too low with increasingm! 0

1
.

Finally, in Fig. 3b we consider the case where the as-
sumption of a known top mass is relaxed. We use the
mt dependence of�tøt presented in [59]. We show the
limits of this scenario in the (m÷t, mt) plane for massless
bino. If mt is not known, either due to stop contam-
ination or to theoretical uncertainties [77], an increase
in mt can reduce�tøt, thus compensating the e" ects of
the extra SUSY contributions. Therefore the top cross
section is now allowing a signiÞcantly larger band in the
topÐstop mass plane. However a 10 GeV shift in the top

mass is required to re-open the stop window all the way
below 150 GeV. While this shift is likely too large to
be allowed by current top mass measurements given the
agreement across di" erent analysis techniques and given
the O(2 GeV) uncertainty on mt in the endpoint analy-
sis in [78], the precise extent of the allowed regions can
ultimately be constrained only by studying SUSY con-
tamination in top mass analyses. In Fig. 3b we also
show the limit that would be achieved by combining the
cross section measurement with a mass measurement of
mt = 173.34± 0.76 GeV [79], in order to illustrate the
sensitivity assuming present mass measurements are not
signiÞcantly impacted by the presence of stops.

Discussion: We have introduced a novel method for
constraining light stops with precision top cross sec-
tion measurements at the LHC. The idea of using preci-
sion SM measurements to constrain BSM physics is well
known for indirect observables (like electroweak preci-
sion measurements or ßavor violating observables), but
mostly unexplored at high energy colliders, such as the
LHC, where a dichotomy between ÒmeasurementsÓ and
ÒsearchesÓ is often present. This type of studies can be
very powerful in covering the shortcomings of standard
searches, but clearly require high precision for both the-
ory and experiment which, at present, makes them appli-
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limits [63] beyond the LEP kinematical range into a re-
gion currently unconstrained by LHC direct searches.
Stop mass limits based on the top cross section may
reach and extend beyond the top mass, with the bino
LSP case being more strongly constrained at higher stop
masses and being less constrained, for t̃R decays around
80 � 100GeV, due to the less e! cient t ! t̃! 0

1 decays,
see Fig. 1 (right).

In Fig. 3a we present the case where the bino mass
is allowed to move in the (mt̃ , m! 0

1
) plane, comparing

our limits to those obtained by other existing direct stop
searches [25, 63]. Our method is closing the stealth stop
window for low neutralino masses, m! 0

1
. 20GeV, while

it is not e" ective for higher masses because signal rates
rapidily become too low with increasing m! 0

1
.

Finally, in Fig. 3b we consider the case where the as-
sumption of a known top mass is relaxed. We use the
mt dependence of " t t̄ presented in [59]. We show the
limits of this scenario in the (mt̃ ,mt ) plane for massless
bino. If mt is not known, either due to stop contam-
ination or to theoretical uncertainties [77], an increase
in mt can reduce " t t̄ , thus compensating the e" ects of
the extra SUSY contributions. Therefore the top cross
section is now allowing a significantly larger band in the
top–stop mass plane. However a 10GeV shift in the top

mass is required to re-open the stop window all the way
below 150GeV. While this shift is likely too large to
be allowed by current top mass measurements given the
agreement across di" erent analysis techniques and given
the O(2GeV) uncertainty on mt in the endpoint analy-
sis in [78], the precise extent of the allowed regions can
ultimately be constrained only by studying SUSY con-
tamination in top mass analyses. In Fig. 3b we also
show the limit that would be achieved by combining the
cross section measurement with a mass measurement of
mt = 173.34 ± 0.76GeV [79], in order to illustrate the
sensitivity assuming present mass measurements are not
significantly impacted by the presence of stops.

Discussion: We have introduced a novel method for
constraining light stops with precision top cross sec-
tion measurements at the LHC. The idea of using preci-
sion SM measurements to constrain BSM physics is well
known for indirect observables (like electroweak preci-
sion measurements or flavor violating observables), but
mostly unexplored at high energy colliders, such as the
LHC, where a dichotomy between “measurements” and
“searches” is often present. This type of studies can be
very powerful in covering the shortcomings of standard
searches, but clearly require high precision for both the-
ory and experiment which, at present, makes them appli-

[Czakon, Mitov, Papucci, Ruderman, Weiler (2014)]

direct searches

this method

¥CMS di-lepton analysis, $%exp ~ 4.5%
¥NNLO SM prediction, $%th ~ 4%
¥SIGNIFICANT DISCOVERY POWER



An orthogonal approach: EFT formalism

[Fael, Gehrmann (2013)]
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Figure 8: Significance as a function of relative deviations for vector and axial couplings with
respect to the SM value. The limits are obtained from the first measurement of the tt̄Z cross
section by CMS [6]. The left (right) plot shows the limits obtained from LO (NLO QCD) input.

at NLO QCD. For experimental systematics we need to introduce a Gaussian distributed

probability. Hence, the function G(..|..) in Eq. (3.16) has to be modified and becomes

G (! |!̃ , "̃ ) = 1p
2#"̃ 2

e! (⌫! ⌫̃)2/(2�̃2), (3.18)

where !̃ is the mean value of the experimental measurement and "̃ = " exp. syst. is the

systematic experimental uncertainty. In this way the mean value ! in the likelihood func-

tion is normal distributed during the generation of pseudo experiments with a standard

deviation " exp. syst.. We adopt the experimental systematic error of " exp. syst. = ±20%

quoted in Ref. [6]. Again, we use Eq. (3.8) to generate a large grid corresponding to

C1,V 2 [�3.42 : 3.42] and C1,A 2 [�3.61 : 3.61]. Recall from Section 2.2 that the SM

couplings are CSM
V ' 0.244 and CSM

A ' �0.601.

The results of the log-likelihood ratio test are shown in Figure 8, for our LO (left) and

NLO (right) calculations. The color code shows the significance with which an alternative

coupling hypothesis can be excluded with respect to to the experimental data. In the plane

of relative deviations of vector and axial couplings, the point (�C1,V,�C1,A) = (0.0, 0.0)

corresponds to the SM value. Clearly, this point is fully consistent with the experimental

measurement. By comparing left and right plots we notice the stronger constraints when

NLO input is used. The constraints from the data using a LO calculation are �11 !
�C1,V ! 10 and �4 ! �C1,A ! 2 at the 95% C.L., while they improve at NLO to

�8 ! �C1,V ! 7 and �3 ! �C1,A ! 1. Of course, these limits are extremely loose, and

furthermore should be interpreted with care since very few events have been observed by

the experiments so far. Only a larger data set and detailed analysis of backgrounds and

detector e↵ects will provide more reliable constraints on the tt̄Z couplings. We nevertheless

believe that these results are interesting to consider, especially when put into context with

limits obtained from the future high-energy LHC.

We turn now to this anticipated run of the LHC at
p
s = 13 TeV. Using the interpola-

tion of Eq. (3.8) we generate 441 distributions in �$`` for a grid of 21⇥ 21 �C1,V,�C1,A

couplings choices in the range ±4 and ±0.6, respectively. In terms of absolute numbers,

– 16 –

[R
šntsch, S

chulze (2015)]
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FIG. 6: Tree-level diagrams for pp æ t! and pp æ tZ.

FIG. 7: Tree-level diagrams for pp æ th.

shown. In those Þgures, the uncertainty bands are ob-
tained from factorization and renormalization scale vari-
ations betweenmt/2 and 2mt.

V. A FIRST GLOBAL ANALYSIS

In this section we illustrate the feasibility of a global
approach to top-quark FCNC interactions. For the sake
of illustration and simplicity, we only consider the most
constraining observables. This su�ces to set signiÞcant
bounds on all two-quark operators listed previously as
well as on a subset of the two-quarkÐtwo-lepton ones.
Four-fermion operators featuring two leptons of di�erent
generations or a pair of taus would remain unconstrained
due to the absence of experimental searches while those
with two muons are only loosely bound due to the lack
of o�-Z-peak constraint in t æ j "+ "! searches. LEP2
data, however, e�ectively constrains operators containing
an electron pair. We will neglect the contributions of
four-quark operators to considered observables. They are
suppressed by an imposed jet veto inpp æ t and only
appear at NLO in QCD in the other processes we take
into account.

Currently, for either j = u or c, the most constraining
95% CL bounds on the top-quark branching ratios are:

Br( t æ j e+ e! ) + Br( t æ j µ+ µ! ) . 0.0017% [33],2

LEP2 limits
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FIG. 8: Cross section [fb] fore+ e! æ tj + øtj for three
illustrative choices of parameters at NLO accuracy in

QCD (lines); 95% CL limits (arrows) set by a
combination ALEPH, DELPHI, L3 and OPAL
results [15]. The uncertainty bands (+2 .2%

! 1.8% atÔ
s = 207 GeV) are obtained by running #s from mt/2

to 2mt as the anomalous dimensions of vector operators
vanish.
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FIG. 9: NLO lepton invariant mass distribution in
pp æ t"" , from the two-quark operator OÏu only (red),
from the two-quarkÐtwo-lepton operatorsOeu (blue)

and from their interference (green).

Br( t æ j! ) < 3.2% [26],

Br( t æ j !! ) < 0.0016% [35].3

(Top and antitop branching fractions are assumed iden-

2 Those two Þgures are obtained using Br( Z æ ! +! ! ) = 3 .37% [88]
as well as the CMS limit on Br( t æ jZ) < 0.05% which combines
the e+e! and µ+µ! channels. They may therefore be slightly
underestimated and do not account for the di �erence in e�ciency
of these two channels.

3 The limit on Br( t æ ch) < 0.69% and the assumed Br( h æ

FCNC [D
urieux, M

altoni, Z
hang (2015)]
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Figure 2: Kinematical distributions in single-top+� production at the LHC with
p
s = 14 TeV.

3.1 Signal cross section

Imposing the cuts listed in Eqs. (14) and (15) we obtain a cross sections for single-top-plus-
photon production at the

p
s = 14 TeV LHC of 9.0 fb for final states involving a t quark and

5.6 fb for final states involving a t̄ quark. In the following, we will always add both these
contributions to obtain the single-top-plus-photon production rates.

In Fig. 2 we show various distributions for single-top+� production at the LHC. To illustrate
the magnitude of potential e↵ects, we compare the Standard Model prediction with a prediction
including a non-standard tt� coupling with a

t

= 1.0, d
t

= 0. It can be seen that the photon
spectrum is considerably harder in the high-p

T

region when a

t

6= 0. Consequently, g -2 e↵ects
are enhanced in the configuration where the top quark (or its decay products b and l) are back
to back to the photon, as shown in the �R distributions.

3.2 Backgrounds

We distinguish two types of backgrounds: the irreducible background from the Standard Model
process pp ! (W ! l⌫

l

)bj�, which yields the identical final state, and potentially reducible

6



Classical picture: 3 production mechanism

T-CHANNEL

LHC: ~ 80%

ASSOCIATED PRODUCTION

LHC: ~ 15%

S-CHANNEL

LHC: ~ 5%

With stable tops and at tree-level:
 clear separation / hierarchy among different channels

Precision for single-top



Mixing at the quantum level

T-CHANNEL

LHC: ~ 80%

ASSOCIATED PRODUCTION

S-CHANNEL

LHC: ~ 5%

Rigid separation: good for the old ÔpioneeringÕ days, 
must be taken with care if precision is sought/needed

The price of precision

INTERFERENCE

SAME FINAL STATE OF TT!



t- vs s- channels: it still makes sense

IN PRINCIPLE: 
¥ beyond LO t- and s- channels same initial/Þnal states -> 

interferences, no well deÞned distinction

vs

HOWEVER IN PRACTICE:
¥thanks to color, interference starts at NNLO (in the 5FNS)
¥suppressed (color / kinematics)

CAN STILL TALK MEANINGFULLY ABOUT T (AND S) CHANNEL

¥Talking about FIDUCIAL CROSS SECTION is much better
¥Ideally for REALISTIC FINAL STATES



t-channel single top at NNLO

4

p! σLO, pb σNLO, pb δNLO σNNLO, pb δNNLO

0 GeV 53.8+3.0
" 4.3 55.1+1.6

" 0.9 +2.4% 54.2+0.5
" 0.2 −1.6%

20 GeV 46.6+2.5
" 3.7 48.9+1.2

" 0.5 +4.9% 48.3+0.3
" 0.02 −1.2%

40 GeV 33.4+1.7
" 2.5 36.5+0.6

" 0.03 +9.3% 36.5+0.1
+0.1 −0.1%

60 GeV 22.0+1.0
" 1.5 25.0+0.2

+0.3 +13.6% 25.4" 0.1
+0.2 +1.6%

TABLE I: QCD corrections to t-channel single top quark production cross sections at 8 TeV LHC with a cut on the transverse
momentum of the top quark p! . Cross sections are shown at leading, next-to-leading and next-to-next-to-leading order in
dependence of the factorization and renormalization scale µ = mt (central value), µ = 2mt (upper value) and µ = mt/2 (lower
value). Corrections at NLO and at NNLO (relative to the NLO) are shown in percent for µ = mt.

las for the phase-space parametrization relevant for the
ub → dt, ub → dtg and ub → dtgg sub-processes, as well
as a discussion of an appropriate choices of variables rel-
evant for the extraction of singularities can be found in
that reference. Using the language of that paper, we only
need to consider Òinitial-stateÓ sectors since there are no
collinear singularities associated with Þnal state particles
due to the fact that top quarks are massive. All calcula-
tions required for initial-state sectors are documented in
Ref. [61] except that here we need soft and collinear lim-
its for incoming quarks, rather than gluons, and the soft
current for a massive particle. This, however, is a minor
di! erence that does not a! ect the principal features of
the computational method.

The above discussion of the NNLO QCD corrections
to the heavy quark line can be applied almost verba-
tim to corrections to the light quark line. The two-loop
corrections for the 0 → qøq′W ∗ vertex are known since
long ago [62Ð64]. One-loop corrections to 0→ qøq′gW ∗

scattering are also well-known; we implemented the re-
sult presented in [65] and again checked the implemen-
tation against an independent computation based on the
Passarino-Veltman reduction. Apart from di! erent am-
plitudes, the only minor di ! erence with respect to cor-
rections to the heavy quark line is that in this case there
are collinear singularities associated with both, the in-
coming and the outgoing quark lines. We deal with this
problem splitting the real-emission contribution into sec-
tors, see Ref. [61]. In the language of that paper, we
have to consider Òinitial-initialÓ, ÒÞnal-ÞnalÓ and mixed
Òinitial-ÞnalÓ sectors. Finally, we brießy comment on the
contribution shown in Fig.1c. We note that, although
formally NNLO, it is e ! ectively the product of NLO cor-
rections to the heavy and the light quark lines, so that
it can be dealt with using techniques familiar from NLO
computations.

We will now comment on our treatment of γ5. For
perturbative calculations at higher orders the presence of
the Dirac matrix γ5 is a nuisance since it can not be con-
tinued to d-dimensions in a straightforward way. While
computationally-e" cient ways to deal with γ5 in com-
putations, that employ dimensional regularization, exist
(see e.g. Ref. [66]), they are typically complex and un-
transparent. Fortunately, there is a simple way to solve
the γ5 problem in our case. Indeed, in the calculation of
virtual corrections to the tWb weak vertex, γ5 is taken

to be anti-commuting [40Ð43]. This enforces the left-
handed polarization of the b-quark and removes the issue
of γ5 altogether. Indeed, if we imagine that the weak
b → t transition is facilitated by the vector current but
we select theb-quark with left-handed polarization only,
we will obtain the same result as when the calculation is
performed with the anti-commuting γ5. Since the can-
cellation of infra-red and collinear divergences occurs for
each polarization of the incomingb-quark separately, this
approach completely eliminates the need to specify the
scheme for dealing withγ5 and automatically enforces
simultaneous conservation of vector and axial currents Ð
a must-have feature if quantum anomalies are neglected.
Of course, this requires that we deal with theγ5 appear-
ing in real emission diagrams in the same way as in the
virtual correction and this is, indeed, what we do by us-
ing helicity amplitudes, as described in [39].

We have performed several checks to ensure that our
calculation of NNLO QCD corrections to single top quark
production is correct. For example, we have compared all
the tree-level matrix elements that are used in this com-
putation, e.g. ub → dt+ ng, with 0 ≤ n ≤ 2, ub → dt+ qøq,
ug → døbt + mg, 0 ≤ m ≤ 1, against MadGraph [67] and
found complete agreement. We have extracted one-loop
amplitudes for 0 → Wtøbg from MCFM [45] and checked
them against our own implementation of the Passarino-
Veltman reduction, for both the W ∗b → tg and the
W ∗g → tøb processes. We have cross-checked one-loop
amplitudes for W ∗u → dg and related channels against
MadLoop [68]. In the intermediate stages of the compu-
tation, we also require reduced tree and one-loop ampli-
tudes computed to higher orders inϵ, as explained e.g. in
Ref. [61]. We checked that their contributions drop out
from the Þnal results, in accord with the general conclu-
sion of Ref. [69].

One of the most important checks is provided by the
cancellation of infra-red and collinear divergences. In-
deed, the technique for NNLO QCD computations de-
scribed in Refs. [47Ð49] leads to a Laurent expansion
of di! erent contributions to di ! erential cross sections in
the dimensional regularization parameter ϵ; coe" cients
of this expansion are computed by numerical integra-
tion. Independence of physical cross sections on the reg-
ularization parameter is therefore achieved numerically,
when di! erent contributions to such cross sections (two-
loop virtual corrections, one-loop corrections to single

[Brucherseifer, FC, Melnikov (2013)]

t-channel single top production at NNLO
Measurement of the single top production cross section is interesting for several 
reasons, including direct constraint(s) on the tWb coupling ( incl. Vtb ).

The total cross-section for t-channel single top production at the LHC  receives very 
small NLO corrections suggesting that NNLO QCD computations are not needed.   
However, this result is the consequence of significant cancellation between sizable 
corrections to different channels, which makes computation of the  NNLO QCD 
corrections desirable. 

4

p⊥ σLO, pb σNLO, pb δNLO σNNLO, pb δNNLO

0 GeV 53.8+3.0
−4.3 55.1+1.6

−0.9 +2 .4% 54.2+0.5
−0.2 −1.6%

20 GeV 46.6+2.5
−3.7 48.9+1.2

−0.5 +4 .9% 48.3+0.3
−0.02 −1.2%

40 GeV 33.4+1.7
−2.5 36.5+0.6

−0.03 +9 .3% 36.5+0.1
+0.1 −0.1%

60 GeV 22.0+1.0
−1.5 25.0+0.2

+0.3 +13.6% 25.4−0.1
+0.2 +1 .6%

TABLE I: QCD corrections to t-channel single top quark production cross sections at 8 TeV LHC with a cut on the transverse
momentum of the top quark p⊥. Cross sections are shown at leading, next-to-leading and next-to-next-to-leading order in
dependence of the factorization and renormalization scale µ = mt (central value), µ = 2 mt (upper value) and µ = mt / 2 (lower
value). Corrections at NLO and at NNLO (relative to the NLO) a re shown in percent for µ = mt .

las for the phase-space parametrization relevant for the
ub→ dt, ub→ dtg and ub→ dtgg sub-processes, as well
as a discussion of an appropriate choices of variables rel-
evant for the extraction of singularities can be found in
that reference. Using the language of that paper, we only
need to consider “initial-state” sectors since there are no
collinear singularities associated with final state particles
due to the fact that top quarks are massive. All calcula-
tions required for initial-state sectors are documented in
Ref. [61] except that here we need soft and collinear lim-
its for incoming quarks, rather than gluons, and the soft
current for a massive particle. This, however, is a minor
difference that does not affect the principal features of
the computational method.

The above discussion of the NNLO QCD corrections
to the heavy quark line can be applied almost verba-
tim to corrections to the light quark line. The two-loop
corrections for the 0 → qq̄′W ∗ vertex are known since
long ago [62–64]. One-loop corrections to 0 → qq̄′gW∗

scattering are also well-known; we implemented the re-
sult presented in [65] and again checked the implemen-
tation against an independent computation based on the
Passarino-Veltman reduction. Apart from different am-
plitudes, the only minor difference with respect to cor-
rections to the heavy quark line is that in this case there
are collinear singularities associated with both, the in-
coming and the outgoing quark lines. We deal with this
problem splitting the real-emission contribution into sec-
tors, see Ref. [61]. In the language of that paper, we
have to consider “initial-initial”, “final-final” and mixed
“initial-final” sectors. Finally, we briefly comment on the
contribution shown in Fig.1c. We note that, although
formally NNLO, it is effectively the product of NLO cor-
rections to the heavy and the light quark lines, so that
it can be dealt with using techniques familiar from NLO
computations.

We will now comment on our treatment of γ5. For
perturbative calculations at higher orders the presence of
the Dirac matrix γ5 is a nuisance since it can not be con-
tinued to d-dimensions in a straightforward way. While
computationally-efficient ways to deal with γ5 in com-
putations, that employ dimensional regularization, exist
(see e.g. Ref. [66]), they are typically complex and un-
transparent. Fortunately, there is a simple way to solve
the γ5 problem in our case. Indeed, in the calculation of
virtual corrections to the tW b weak vertex, γ5 is taken

to be anti-commuting [40–43]. This enforces the left-
handed polarization of the b-quark and removes the issue
of γ5 altogether. Indeed, if we imagine that the weak
b → t transition is facilitated by the vector current but
we select the b-quark with left-handed polarization only,
we will obtain the same result as when the calculation is
performed with the anti-commuting γ5. Since the can-
cellation of infra-red and collinear divergences occurs for
each polarization of the incoming b-quark separately, this
approach completely eliminates the need to specify the
scheme for dealing with γ5 and automatically enforces
simultaneous conservation of vector and axial currents –
a must-have feature if quantum anomalies are neglected.
Of course, this requires that we deal with the γ5 appear-
ing in real emission diagrams in the same way as in the
virtual correction and this is, indeed, what we do by us-
ing helicity amplitudes, as described in [39].

We have performed several checks to ensure that our
calculation of NNLO QCD corrections to single top quark
production is correct. For example, we have compared all
the tree-level matrix elements that are used in this com-
putation, e.g. ub→ dt+ng, with 0 ≤ n ≤ 2, ub→ dt+qq̄,
ug → db̄t+ mg, 0 ≤ m ≤ 1, against MadGraph [67] and
found complete agreement. We have extracted one-loop
amplitudes for 0 → W tb̄g from MCFM [45] and checked
them against our own implementation of the Passarino-
Veltman reduction, for both the W ∗b → tg and the
W ∗g → tb̄ processes. We have cross-checked one-loop
amplitudes for W ∗u → dg and related channels against
MadLoop [68]. In the intermediate stages of the compu-
tation, we also require reduced tree and one-loop ampli-
tudes computed to higher orders in ϵ, as explained e.g. in
Ref. [61]. We checked that their contributions drop out
from the final results, in accord with the general conclu-
sion of Ref. [69].

One of the most important checks is provided by the
cancellation of infra-red and collinear divergences. In-
deed, the technique for NNLO QCD computations de-
scribed in Refs. [47–49] leads to a Laurent expansion
of different contributions to differential cross sections in
the dimensional regularization parameter ϵ; coefficients
of this expansion are computed by numerical integra-
tion. Independence of physical cross sections on the reg-
ularization parameter is therefore achieved numerically,
when different contributions to such cross sections (two-
loop virtual corrections, one-loop corrections to single
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Production cross section for top and anti-top combined

Burcherseifer, Caola, Melnikov

The NNLO and  NLO results are close (-1.6% NNLO QCD); we observe 
reduced dependence on unphysical scales -> good theoretical control.  
Also with the cut on the top quark transverse momentum, the size of 
NLO QCD corrections increases; the NNLO QCD corrections remain 
small for all values  of the transverse momentum .
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Vtb
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An O(1%)  determination
of Vtb  should be possible !
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At NLO, small corrections, but:
¥large cancellations among different 

channels -> small K-factor accidental
¥large corrections at high pT

NNLO stabilizes the result
¥small (non ßat) ~ 1% corrections 

through the full spectrum
¥reduced scale uncertainty

Good theoretical control 
on the Wtb vertex

¥top decay width
¥Vtb

�NLO
t+ øt = 85.2+2 .5

�1.4 pb, �NNLO
t+ øt = 83.9+0 .8
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top/anti-top ratio 
very stable

Charge ratio 
!! 7 TeV (ATLAS):  
◦! ! t(t) = 53.2 ± 10.8 pb,  ! t(t¯) = 29.5 +7.4

-7.5 pb 
◦! Rt = ! t(t)/! t(t¯) = 1.81+0.23

-0.22 
◦! Main systematics on Rt: background normalization (multijet from data, other from MC), JES 

!! 8 TeV (CMS):  
◦! ! t(t) = 53.8 ± 1.5(stat) ± 4.4(syst) pb,  ! t(t¯) = 27.6 ± 1.3(stat) ± 3.7(syst) pb 
◦! Rt = ! t(t)/! t(t¯) = 1.95 ± 0.10(stat) ± 0.19(syst) 
◦! Main systematics on Rt: PDF uncert., signal modeling 

!! Rt potentially sensitive to PDF 
!! Approaching the precision necessary to discriminate between different PDF models 
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7 TeV:  ATLAS-CONF-2012-056 
8 TeV : CMS-PAS-TOP-12-038 

 
 to be sub. to JHEP 

�t, NNLO/�t̄, NNLO = 1.83

�t,NLO/�t̄,NLO = 1.83

�t,LO/�t̄,LO = 1.85

No substantial 
modiÞcation w.r.t. 

NLO !
 HANDLE ON B 

CONTENT IN THE 
PROTON

t-channel single top at NNLO
[Brucherseifer, FC, Melnikov (2013)]

Can also give interesting 
information on the light 
quarks content [MochÉ]



What about Wt ?
Already at NLO, Wt, t t ! and WW ÔbackgroundÕ share 

the same initial/Þnal states -> interferences, cannot be separated

If you want to consider massive b (b-taggingÉ) 
and work in the 4FNS -> LO problem

In the past, full computation was out of question -> must 
cook up some add-hoc recipe to deal with it (DR,DS,PRÉ)

NONE OF THEM IS THEORETICALLY FULLY SOUND



Wt and t t !: separation
A full NLO computation in terms of Þnal state decay products is now 

doable [Frederix (2013), Cascioli, Maierhoefer, Kallweit, Pozzorini (2013)]

Unified t t̄ + tW NLO description [Cascioli, Maierhöfer,Kallweit, S.P. ’13]II

W+W ! bb̄ cross section in jet bins

relevant for suppression of t t̄ backg.

most interesting application of mb > 0

NLO and FtW e ↵ects in jet nins

40% inclusive NLO correction driven by
2-jet bin, with very stable 0/1-jet bins

only ⇠10% NLO uncertainty in all bins
(25% in [Frederix ’13])

FtW contribution bin-dependent (2% to
30%) and strongly enhanced in 0/1-jet
bins!

also FtW part perturbatively stable (not
shown here)
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nontrivial interplay of NLO and o ↵-shell/single-top e ↵ects

S. Pozzorini (Zurich University) Top Physics QCD@LHC 2014 22 / 40

Wt: single-resonant contribution. 
Devise cuts to enhance it
¥Non tt effects very jet-bin 

dependent, concentrated in the 
0/1 jet bins

¥Large in phase space regions with 
unresolved b-quarks

d�W W b øb !
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Put physical intuition on a 
precise quantitative level

[C
as

ci
ol

i, 
M

ai
er

ho
ef

er
, K

al
lw

ei
t, 

P
oz

zo
rin

i (
20

13
)]



tops vs physical objects (lepton, jets)
In general, it is highly preferable to include top decay in predictions
¥reduce reconstruction biases
¥we know many cases when omitting corrections to decay lead to bad 

mismodeling [Melnikov, Schulze (2011)]

Since #t/mt <<1, production/decay do not talk !  factorization
¥this has been now conÞrmed [Pittau (1996), Papanastasiou, Frederix, Frixione, 

Hirschi, Maltoni (2013)]
¥very important !  reliable predictions at NNLO, reliable predictions for 

complicated Þnal states (ttV/H, tt&&, ttJ, ttJJÉ)

In certain situations, we may want to go beyond the #! 0 limit
¥Wt, kinematics edges, mWbÉ
¥current NLO groups are getting there: WWbb, WWbbH [Denner, Feger, Scarf 

(2015)]
¥for narrow resonances, one should be careful with parton showers (PS 

emissions destroy the quasi-resonant structure). Since recently, problem 
seems under control [Je"o, Nason (2015) + work in progress])



Narrow resonances in PS: problemÉ
What we would like

+

2

22 22

+⊗ ⊗ + N.R.

¥In general, PS will emit multiple gluons which will destroy this 
structure !  MORALLY WRONG RESULT (i.e. expect unphysical features)

¥It is trivial to force emission to conserve any given invariant mass. 
How to select the ÔrightÕ mass to constrain (mWb vs mWbJ)?



Narrow resonances in PS: É and solution

+

2

22 22

+⊗ ⊗ + N.R.

¥ÔSum over resonance historyÕ, i.e. introduce partition of unity which 
effectively project onto the right structures (i.e. BW-FKS)

1 =
P (sW b)

P (sW b) + P (sW bJ )
+

P (sW bJ )
P (sW b) + P (sW bJ ) P (s) =

m4
t

(s�m2
t )

2 +m2
t �

2
t

¥For each term, force the ÔrightÕ invariant mass to be Þxed
¥Resonances are properly taken care of, n.r. terms are spread

[Je"o, Nason (2015) + work in progress]



The top mass
¥Top: heaviest particle of the SM !  top mass is a privileged 
parameter in many respect (stabilityÉ)

¥Given the amount of tops produced at the LHC, it is already 
now possible to perform to very good accuracy  many 
measurements strongly correlated to the top mass !  the 
Monte Carlo mass ~ sub percent level 

Two natural questions:
¥can we measure the actual top 
mass (or equivalently, can we 
precisely relate the result of 
these measurements to a clean 
theoretical parameter)?

¥to which precision?



A step back: quark masses in QCD
¥Top mass is a parameter in the SM Lagrangian, which undergoes 

renormalization !  ITS DEFINITION REQUIRES SOME CARE

¥The simplest possible deÞnition of the top mass is the value of the 
pole of top propagator. Closely related to kinematics 
boundariesÉ Perfectly Þne deÞnition order by order in 
perturbation theory, but famously problematic at the NP level 
(Ôrenormalon ambiguitiesÕ, PT series is asymptotic and does not 
converge to a Þnite number)

¥In b physics, we observe that this reßects in a poor convergence 
of the perturbative series if the top mass is used ! new deÞnition 
of Ôshort distanceÕ masses (MSbarÉ). Related to the pole mass by 
a scheme change, order by order in PT

¥IS CHOOSING THE ÔRIGHTÕ DEFINITION IMPORTANT FOR TOP PHYSICS?



Pole vs MSbar mass
Recently, the 4-loop conversion between MSbar and pole mass was 
computed [Marquard, Smirnov, Smirnov, Steinhauser (2015)]

¥' s(mt) ≪ ' s(mb) !  top pole mass does not show pathological behavior
¥same behavior seen in other observables (top decay)
¥last shift ~ 200 MeV, to be compared with world average error ~ 760 MeV

Mpole = 163.643 + 7.557 + 1.617 + 0.501 + 0.195 GeV 

Is Beneke’s formula consistent
with Marquard etal result?
Fitting ↵4

s coe�cient with
Beneke’s formula, we get
N = 0.726, and fit well ↵3

s coe↵.
for t and b, and ↵4 for b,
use it to predicts cj , j > 5 !!!
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Assuming ↵s = 0.1088, we get the O(↵5

s ) contribution:

M
pole

= 163.643 + 7.557 + 1.617 + 0.501 + 0.195 + 0.10GeV

The terms in the perturbative expansion reach their minimum at
order 8 ! 9, with last correction " 0.043 GeV.
Alternatively:⇤

6

= 0.094 =# N⇤
6

= 0.068GeV can be considered
an estimate of the renormalon ambiguity in the determination of
the pole mass.

¥next term would be +0.10 GeV

¥Þnal ambiguity could be as low as 43 
MeV

[Nason, Steinhauser, Beneke et 
al., work in progress]

Furthermore, the perturbative series seems to have reached its 
asymptotic !  can estimate next orders, and ultimate precision



The top mass at the LHC
¥Although a proper choice of the theoretical deÞnition of the top 

quark does not seem to be a problem, unfortunately THIS DOES NOT 
MEAN THAT WE KNOW  HOW TO MEASURE IT AT THE LHC

¥Indeed, the LHC is a hadron collider, and as such we are ultimately 
limited in our prediction by non-perturbative QCD effects. This 
affects all observables (i.e. also lepton ones) 

d� =

Z
dx1dx2f1(x1)f2(x2)d�part(x1, x2)(1 +O(⇤QCD/Q))

¥Right now we heavily rely on how these effects are modeled in PS. 
Comparing different PS may give an idea of the size of uncertainties, 
(but beware that different PS share many common features)

¥Improving our understanding of NP effects (which observables are 
less affected, what is the Þrst power contributingÉ) is likely to be 
REQUIRED TO DETERMINE THE TOP MASS AT THE LHC TO VERY HIGH 
PRECISION [Corcella, Hoang, Mangano, MelnikovÉ work in progress]



Conclusions
¥The remarkable experimental program at the LHC is allowing for 

top quark investigation at the percent precision

¥This already allowed to scrutinize the top sector to very good 
accuracy, in the future the situation can only improve

¥This require very sophisticated theoretical computations.  Along 
with Higgs, top-physics is pushing further the frontier of collider 
phenomenology
¥for simple processes, we now have fully differential NNLO 

predictions. It will be very interesting to let the top decay
¥NLO predictions are now a standard, both for very complicated Þnal 

state and for generic BSM theories. (NLO EW is coming as well)
¥First investigation beyond the NWA approximation are appearing

¥The top mass still represents a big challenge for theorists
¥Perturbative part seems under control
¥Can we say anything meaningful about non-perturbative effects?



Thank you for  
your attention!


