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Introduction
There are several well-known reasons that make  top quark an interesting object to 
study:

1) top quark is the SM particle with the strongest coupling to the Higgs boson; for  
this reason, it is thought to be key  for understanding many fundamental questions of 
particle physics, such as the unnatural smallness  of the Higgs  boson mass and the  
stability of electroweak vacuum ;

2) it is the heaviest SM particle with a very short lifetime, that decays into leptons, jets 
and missing energy; for this reason, processes with top quarks provide  important 
backgrounds to searches for physics beyond the Standard Model ;

3) conversely, the top quark physics provides us with a great playground to prepare  
for detailed studies of  BSM signals both in theory and experiment;

4) top quark  interactions with neutral  gauge bosons are  among 
the least currently known, it is important to improve on that; 

5) top quark it is the only ``free quark’’  that we have access to.
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Introduction
Top quark physics is special because most of the time top quark is produced  as a free on-
shell quark that decays well before its properties are affected by long-distance non-
perturbative  QCD effects.  

An important consequence of this is that strong interaction effects do not de-polarize  top 
quarks during their (short) lifetime;  this allows us to  explore Lorentz structure of  QCD 
and weak interaction vertices that involve top quarks.
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These features  open up a way to study complex processes with top quarks -- such as 
various associated production processes -- in higher orders of perturbative QCD, 
including all the correlations between  top quark decay products. Errors of the on-shell 
approximation are known to be very small, at the level of O(1%) or below.
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The top quark mass 
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The top quark mass 
Among the many parameters of the top quark, its mass stands out in its significance. 
Indeed,  it determines the  top Higgs Yukawa coupling and plays a central  role in the 
current discussions about the (meta)stability  of the Universe.  

The top quark mass is measured very precisely ( CMS combination mt = 172.38(65) GeV) 
but there is an important question about what  this result  really means since numerical  
differences  between top quark masses defined in different perturbative schemes are 
known to be large (i.e. several GeV).  

The current thinking is that the  ``Monte Carlo mass’’ is measured by CMS and ATLAS but 
this notion is quite confusing. 
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-1JHEP 07 (2011) 049, 36 pb
 4.6 GeV± 4.6 ±175.5 
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-1PAS TOP-10-009, 36 pb

 2.6 GeV± 2.1 ±173.1 
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-1EPJC 72 (2012) 2202, 5.0 fb

 1.4 GeV± 0.4 ±172.5 
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CMS 2011, lepton+jets
-1JHEP 12 (2012) 105, 5.0 fb

 1.0 GeV± 0.4 ±173.5 
 syst)± stat ±(value 
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-1EPJ C74 (2014) 2758, 3.5 fb

 1.2 GeV± 0.7 ±173.5 
 syst)± stat ±(value 

CMS 2012, lepton+jets
-1PAS TOP-14-001, 19.7 fb

 0.7 GeV± 0.1 ±172.0 
 syst)± stat ±(value 

CMS 2012, all-hadronic
-1PAS TOP-14-002, 18.2 fb

 0.8 GeV± 0.3 ±172.1 
 syst)± stat ±(value 

CMS 2012, dilepton
-1PAS TOP-14-010, 19.7 fb

 1.4 GeV± 0.2 ±172.5 
 syst)± stat ±(value 

CMS combination
September 2014

 0.65 GeV± 0.10 ±172.38 
 syst)± stat ±(value 

Tevatron combination
July 2014 arXiv:1407.2682

 0.52 GeV± 0.37 ±174.34 
 syst)± stat ±(value 

World combination March 2014
ATLAS, CDF, CMS, D0

 0.71 GeV± 0.27 ±173.34 
 syst)± stat ±(value 
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There are two issues  related to 
top quark mass measurements  
that are often lumped together :

1) ``intrinsic’’ effects that make 
the notion of the top  quark pole 
mass theoretically ill-defined;

2) generic non-perturbative 
effects that affect the extraction 
of the top quark mass  in 
experiments; 
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The top quark mass 
Perturbative instabilities of the pole mass of a quark are known since long ago -- the pole 
mass  is not well-defined to all orders in perturbation theory ( renormalons).  However,  if one 
works to fixed order in perturbation theory, the pole mass is well-defined and can be used.  

This option is often discarded since  the use of the pole mass in perturbative computations 
leads to large shifts from one order in perturbation theory  to the other; if we do not want to 
deal with these shifts, we try to switch to a different -- ``short distance’’ mass parameter.   
This is the standard  story in B-physics.

Marquard, Smirnov, Smirnov, Steinhauser

1) The relation between the pole and the MS masses  of a top quark  to a four-loop order; ``convergent 
series’’,  the change in the pole mass is still below 200 MeV and there is no sign of the asymptotic nature  of 
these series. 

�t =
GFm3

t,pole

8
p
2⇡

|Vtb|2 (1� 0.09 + 0.02 + . . . .)

mt,pole = (163.643 + 7.557 + 1.617 + 0.501 + 0.195) GeV

2) The top  quark width, expressed through the pole mass does not show signs of perturbative instabilities. 

Melnikov, Czarnecki

However, the top quark  physics seems to be  different -- we do not observe large 
corrections when we use the top quark pole mass in perturbative computations.  For 
example:

The reason is the smaller value of the strong coupling constant                    that delays the 
impact  of n!  behavior perturbative coefficients  to really high orders !

↵s(mt)
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The top quark mass

Similar to a measurement of any other observable  at hadron colliders, extraction of the 
top quark mass is affected by non-perturbative effects.  This is an issue that exists even if 
a short-distance mass definition for the top quark mass is chosen. 

 Let us imagine an idealized situation where parton shower  is not needed for the 
extraction of the top quark mass  but an observable, from which  the top quark mass is 
determined, is predicted with the standard QCD accuracy, i.e. up to power corrections.

To improve  on that, we  need  to carefully study observables that are used to 
extract the top quark mass and understand power corrections to them.
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For a typical observable, k=1,  n=1; this implies that the top quark mass  can not be 
extracted  with precision that is better than the non-perturbative QCD scale.  
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Power corrections and the top quark mass

Currently,  estimates of power corrections are based on hadronization models
in parton shower event generators.  These models -- on average -- properly describe 
large amount of data but they are heuristic.  For this reason,   estimates of power 
corrections provided by parton showers  may or may not be correct; if they are not, most  
of the determinations of the top quark mass may be systematically  biased. 

We need the top quark mass determined from well-defined observables, computable in 
perturbative QCD,  with well-understood power corrections.

or as a function of the pseudo-rapidity (η) of the hadronic decaying top is sensitive to color
reconnection. The influence of initial and final state radiation can be investigated by looking
at the top-quark mass as a function of the invariant mass of the tt̄ pair or as a function of the
transverse momentum (pT ) of the tt̄ pair. To test the sensitivity to the b-quark kinematics, the
top-quark mass is measured as a function of the transverse momentum or the pseudo-rapidity
of the b-jet assigned to the hadronic decaying top quark. The mass distribution as a function of
the distance between the b- and b̄-jets (∆Rbb̄ =

√

∆η2 +∆φ2) is also scrutinized (see Figure 1).
Even if the statistical error on these differential measurements is still large, there is currently
no indication of specific biases due to the choice of generators.

Figure 1: Differential top-quark mass measurements as a function of the separation of the light-
quark jets (left) and of the b-quark jets (right) performed by CMS [8] compared to several MC
predictions.

2 Mass extraction from the tt̄ cross section

The principle for the mass extraction from the tt̄ cross section is to compare the experimental
measured tt̄ cross section with the one computed theoretically. Both the experimental and
theoretical cross sections depend on the top-quark mass but the dependence is different in
the two cases. In the experimental case, the dependency comes from the acceptance cuts
while in the theoretical case, it originates from the matrix element. The advantage of this
alternative method lies in the fact that it allows to extract a top-quark mass in a well-defined
renormalization scheme (the one that in used in the theory computation) in contrast to the one
that is implemented in the MC generators. This method has however the drawback that it is
less precise than direct measurements.

This determination of the top-quark mass has been performed by the D0 Collaboration
using the tt̄ cross section measured in the #+jets channel using b-tagging requirement with
5.4 fb−1. This measured cross section is the one that exhibits the weakest dependence on the
top-quark mass. The variation of the measurement as a function of the MC mass (mMC

t ) is
parametrized using a third-order polynomial divided by the mass to the fourth power. As
theory input cross section, the next-to-leading order (NLO), the NLO including next-to-leading

2 TOP2013

CMS studied the extracted top quark mass as a function of kinematic cuts;  if some 
non-perturbative effects were missed by parton showers, inconsistencies in extracted  
top quark masses could have been found.  
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Simple processes: top pair and single top production
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too, and a consistent NNLO treatment would require the
analysis of Ref. [35] to be extended to NNLO, which is
now possible with the help of the results derived in this
letter as well as Ref. [12]. Given the numerical effect is
small (a 0.7% shift at LHC 8 TeV and a 0.4% shift at the
Tevatron), in this work we take A = 0.
As can be concluded from table I the precision of the

theoretical prediction at full NNLO+NNLL is very high.
At the Tevatron, the scale uncertainty is as low as 2.2%
and just slightly larger, about 3%, at the LHC. The inclu-
sion of the NNLO correction to the gg-initiated reaction
increases the Tevatron prediction of Ref. [12] by about
1.4%, which agrees well with what was anticipated in
that reference.

Collider σtot [pb] scales [pb] pdf [pb]

Tevatron 7.009 +0.259(3.7%)
−0.374(5.3%)

+0.169(2.4%)
−0.121(1.7%)

LHC 7 TeV 167.0 +6.7(4.0%)
−10.7(6.4%)

+4.6(2.8%)
−4.7(2.8%)

LHC 8 TeV 239.1 +9.2(3.9%)
−14.8(6.2%)

+6.1(2.5%)
−6.2(2.6%)

LHC 14 TeV 933.0 +31.8(3.4%)
−51.0(5.5%)

+16.1(1.7%)
−17.6(1.9%)

TABLE II: Pure NNLO theoretical predictions for various
colliders and c.m. energies.

To assess the numerical impact from soft gluon re-
summation, in table II we present results analogous to
the ones in table I but without soft gluon resummation,
i.e. at pure NNLO. Comparing the results in the two
tables we conclude that the effect of the resummation
is a (2.2, 2.9, 2.7, 2.2)% increase in central values and
(2.4, 2.2, 2.1, 1.5)% decrease in scale dependence for, re-
spectively, (Tevatron, LHC7, LHC8, LHC14).
Next we compare our predictions with the most precise

experimental data available from the Tevatron and LHC.
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FIG. 3: Theoretical prediction for the Tevatron as a function
of the top quark mass, compared to the latest combination of
Tevatron measurements.
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FIG. 4: Theoretical prediction for the LHC as a function of
the collider c.m. energy, compared to available measurement
from ATLAS and/or CMS at 7 and 8 TeV.

The comparison with the latest Tevatron combination
[36] is shown in fig. 3. The measured value σtot = 7.65±
0.42 pb is given, without conversion, at the best top mass
measurement [37] m = 173.18 ± 0.94 GeV. From this
comparison we conclude that theory and experiment are
in good agreement at this very high level of precision.
In fig. 4 we show the theoretical prediction for the

tt̄ total cross-section at the LHC as a function of the
c.m. energy. We compare with the most precise avail-
able data from ATLAS at 7 TeV [38], CMS at 7 [39] and
8 TeV [40] as well as the ATLAS and CMS combination
at 7 TeV [41]. We observe a good agreement between
theory and data. Where conversion is provided [39], the
measurements have been converted to m = 173.3 GeV.
Finally, we make available simplified fits for the top

mass dependence of the NNLO+NNLL cross-section, in-
cluding its scale and pdf uncertainties:

σ(m) = σ(mref )
(mref

m

)4
(16)

×

(

1 + a1
m−mref

mref
+ a2

(

m−mref

mref

)2
)

.

The coefficient a1,2 can be found in table III.

CONCLUSIONS AND OUTLOOK

In this work we compute the NNLO corrections to
gg → tt̄ + X . With this last missing reaction included,
the total inclusive top pair production cross-section at
hadron colliders is now known exactly through NNLO
in QCD. We also derive estimates for the two-loop hard
matching coefficients which allows NNLL soft-gluon re-
summation matched consistently to NNLO. All results
are implemented in the program Top++ (v2.0) [33].

Top pair production 
Calculations of  top quark pair production cross sections in perturbative QCD have a 
long history;  NLO QCD corrections were computed in 1988 for the first time
and then refined to make the results more physical ( kinematic distributions, top decays 
etc.).

A few years ago these NLO results were extended to NNLO.  This  landmark calculation 
of NNLO QCD corrections to one of the basic processes at the LHC ( Tevatron)  signaled 
the beginning of an  era of NNLO QCD phenomenology at hadron colliders.   

This calculation gives us a theory prediction for the top quark pair production cross 
section that 1) perfectly agrees with experiments; 2) exhibits small residual uncertainty 
(4%);  3) renormalization/factorization scale, top mass and PDF errors  have now 
comparable  impact on the theory uncertainty of the total cross section.  

Many interesting spin-offs  of the calculation that go beyond the total cross section. 
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The comparison with the latest Tevatron combination
[36] is shown in fig. 3. The measured value σtot = 7.65±
0.42 pb is given, without conversion, at the best top mass
measurement [37] m = 173.18 ± 0.94 GeV. From this
comparison we conclude that theory and experiment are
in good agreement at this very high level of precision.
In fig. 4 we show the theoretical prediction for the

tt̄ total cross-section at the LHC as a function of the
c.m. energy. We compare with the most precise avail-
able data from ATLAS at 7 TeV [38], CMS at 7 [39] and
8 TeV [40] as well as the ATLAS and CMS combination
at 7 TeV [41]. We observe a good agreement between
theory and data. Where conversion is provided [39], the
measurements have been converted to m = 173.3 GeV.
Finally, we make available simplified fits for the top

mass dependence of the NNLO+NNLL cross-section, in-
cluding its scale and pdf uncertainties:

σ(m) = σ(mref )
(mref
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)4
(16)

×

(

1 + a1
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mref
+ a2

(

m−mref
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.

The coefficient a1,2 can be found in table III.

CONCLUSIONS AND OUTLOOK

In this work we compute the NNLO corrections to
gg → tt̄ + X . With this last missing reaction included,
the total inclusive top pair production cross-section at
hadron colliders is now known exactly through NNLO
in QCD. We also derive estimates for the two-loop hard
matching coefficients which allows NNLL soft-gluon re-
summation matched consistently to NNLO. All results
are implemented in the program Top++ (v2.0) [33].

Czakon, Mitov, Fiedler
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Forward-backward asymmetry 

A
FB

=
N(yt > 0)�N(yt < 0)

N
total

Measurement of the  forward-backward asymmetry of top quarks at the Tevatron 
caused quite an excitement  in recent years.  
Experimental and theoretical results showed persistent  tension -- especially in the 
regions of  large rapidities and/or  large invariant masses of top quark pairs.    These 
discrepancies were explored  in the context of physics beyond the Standard Model but 
no convincing  explanation consistent with other data emerged so far. 
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Forward-backward asymmetry 
The  Standard Model predictions for the asymmetry were scrutinized as 
well.  Unfortunately,  sources of potentially large radiative effects were not 
identified. However, a few interesting observations were made. 

For example,  a   ``color coherence’’ effect in parton shower Monte-Carlos was 
discovered;  the existence of this effect leads to non-vanishing  forward-backward 
asymmetry in parton showers in spite of their collinear nature.

Another interesting observation was related to the asymmetry in tt+jet final state.  
In this case,  O(100%) radiative corrections to the asymmetry were found;  however, 
it was also argued that these large effects are particular to tt+j final state and nothing 
similar is possible in the inclusive asymmetry.  Dittmaier, Uwer, Weinzierl

Schulze, Melnikov

Skands, Webber, Winter

D0 colaboration
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Forward backward asymmetry 
Nevertheless, in spite of the indications that large QCD corrections to the 
asymmetry are unlikely, it was important to compute those corrections explicitly. 
This was recently done. 

The NNLO QCD corrections  turned out to be moderate -- as expected ;   this 
excludes the possibility that pQCD predictions to AFB are pathological.  However, 
the dependence of the asymmetry on the rapidity  still does not look good; the 
resolution of this issue will have to wait further. 

Czakon, Fiedler, Mitov
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Exclusion of stealthy stops 
Very precise results for top pair production cross section can be used to constrain 
contributions of yet undiscovered particles to ``top pair production cross section’’.

The problem is that stops -- that are degenerate in mass with top quarks and that decay 
to top quarks with  very little missing energy --  are kinematically indistinguishable from 
tops ( except for  spin correlations).   However, they increase the ``top quark’’ production 
cross section.   If we know the  top cross section sufficiently precise, we can detect the 
excess !

�t̃t̃ ⇠ 0.14 �tt

�
˜t˜t ⇠

q
��2

tt,exp + ��2

tt,th

mt̃ = mt

As we just discussed,  thanks to the recent NNLO QCD computation, the residual 
uncertainty on the cross-section is reduced to  just O(4) percent; this improvement is 
necessary and sufficient for providing informative constraints on stop pair production 
cross-section.

Czakon, Mitov, Papucci, Rudermann, Weiler
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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 = 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 “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 tWb 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 → Wtb̄g 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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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 .

�Vtb

Vtb
⇠ ��

�
An O(1%)  determination
of Vtb  should be possible !
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t-channel single top production at NNLO

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

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

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

!  8 TeV (CMS):  
◦  σt(t) = 53.8 ± 1.5(stat) ± 4.4(syst) pb,  σt(t¯) = 27.6 ± 1.3(stat) ± 3.7(syst) pb 
◦  Rt = σt(t)/σt(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 

Another interesting observable is the ratio of single top and single anti-top production 
cross sections. It  appears to be very stable against higher-order QCD  corrections 
and can be used to constrain the ratio of up-quark  and down-quark distributions in a 
proton, for relatively large values of the  Bjorken x.

�t,LO/�t̄,LO = 1.85 �t,NLO/�t̄,NLO = 1.83 �t,NNLO/�t̄,NNLO = 1.83

Note the strong dependence 
of the result on the PDF set 

Burcherseifer, Caola, Melnikov
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Complex processes with top quarks
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Complex processes with top quarks
Another impressive development in recent years  is the emergent ability to describe 
top-like final states  with very  high degree of realism, including next-to-leading order 
corrections (QCD and EW),  matching to parton showers and merging of different jet-
multiplicity samples.  This significant effort  is spearheaded by  POWHEG, aMC@NLO, 
OpenLoops, Sherpa, etc.    

1) tt + 0 jets:   full WbWb final state @ NLO (off-shell effects, massive b-quarks etc.);
2) tt + 1 jet:     narrow width: production and decay at NLO, spin correlations;
3) tt + 2jets:     stable top quarks;

4) tt + V :         narrow widths, production and decay at NLO, showers
5) tt + H :         bWbWH final state @NLO
It is understood how to merge  processes with top pairs and different number 
of jets for stable top quarks and how to match such processes to parton 
showers.  Parton showers for unstable top quarks (narrow width)  matched to 
NLO computations are also being developed. 

Currently, it is technically feasible to perform the following computations:

This is too vast a topic so that I will  not try to cover everything and will only show a 
few examples.
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Complex  processes with top quarks: bWbW final state
Consider pp -> tt  or bbWW final state with massive b-quarks.  The calculation can 
be performed in the 4-flavor scheme, so no b-quark PDF is needed.

Loose requirements on the number of   b-jets enhance contributions due  to  soft b-
jets and lead to larger ``off-shell’’ contributions  to the final results than in the case of  
``top pair’‘ production cross section.   These off-shell contributions can, however, be 
identified with the associated tW  production.

This observation has important consequences: it has been pointed out 
long ago that a simple separation of top production processes into pair 
and single top  production becomes unphysical at NLO QCD if decays
are allowed.  The technical  ability to describe  the ``meta’’-process pp-> 
WbWb exactly, forgoing simplifications offered by  the narrow-width 
approximation, make it possible to  base classification of relevant 
processes on the definition  of the fiducial volume cross sections rather  
than on their partonic  content.  

F. Cascioli, S. Kallweit, P. Maierhofer, S. Pozzorini
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Top pair production in association with two photons 
In certain cases, complicated signals and backgrounds can now be computed through NLO 
QCD and compared directly to each other.  Below an example of  pp -> tt + 2 gamma 
and pp -> tt H (2gamma) simulations at NLO QCD.  Note that emissions of photons from 
decay products of top quarks is not included in the calculation ( it is known to be significant).

Kardos, Troscanyi
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BSM effects in top quark production and decay
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Top quarks as a probe for heavy new physics

and one operator contributes directly to the t ! bln̄l decay[1] without the exchange of a W -boson,
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The angular distribution of top decay products are parametrised by the W helicity fractions,
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FR vanishes because the b quark is massless and FL is then fixed since the sum of the helicity
fractions is one by definition. The SM prediction at NNLO [4] and the CMS measurement [3]
constrain

CtW

L2 = 0.088+0.44
�0.45TeV�2. (2.6)

Combining this result with Eq. (2.3), the CMS result for the top width [5] and the SM prediction [6],
we obtain

C(3)
fq

L2 = 0.3+1.4
�1.2TeV�2. (2.7)

Finally, the four-fermion operator affects the invariant mass of the lepton-neutrino system in an
asymmetric way around the W mass as shown on Fig. 1. This phenomena explains why its contri-
bution to the total width is nearly zero.
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Given the enormity of the BSM landscape, it may be  useful to adopt a more humble  
approach in searching for new phenomena in top physics. The idea is to modify the 
Standard Model Lagrangian by introducing local (non-renormalizable) operators suppressed 
by powers of the energy scale of physics beyond the Standard Model.  

BSM physics in top production and decay

Top quarks as a probe for heavy new physics

1. Introduction

Effective field theories (EFT) provide a framework to search for new physics too heavy to be
produced directly in experiments. Heavy new physics appears then as new interactions between the
known Standard Model (SM) particles. As a result, it complements nicely the direct searches for
new particles. Those new interactions appear in the Lagrangian as operators of higher dimension
built out of the SM fields and invariant under its symmetries,

L = LSM + Â
d>4

Â
i

Ci

Ld�4 Od
i , (1.1)

where d is the dimension of the operator and L is the new physics scale. Although this Lagrangian
is totally generic, it only becomes predictive when the new physics scale is assumed to be well
above the energies probed by the experiments. As a consequence, the ratio of those two scales can
be used as an expansion parameter and the main new physics contributions arise from the operators
with the lowest dimension, i.e. the dimension-six operators in the cases that we are interested in,

L = LSM +Â
i

Ci

L2 O6
i +O

�
L�4� . (1.2)

Since only a finite set of dimension-six operators can be built, the set of new parameters is now
finite and the Lagrangian predictive. This only assumption still allows to cover a large class of
models, namely all the models with heavy new physics and therefore EFT provide a model inde-
pendent way to search for new physics.
For processes like the top decay to bW or top pair production, the leading contribution to the
squared matrix element comes from the interference between the SM and the dimension-six oper-
ators,

|M|2 = |MSM|2 +2¬(MSMM⇤
dim6)+O

�
L�4� . (1.3)

The contribution at the next order in 1/L cannot be computed from the Lagrangian in Eq. (1.2)
since they come both from the square of the amplitude with the dimension-six operators and the
interference between the SM and the dimension-eight operators. However this contribution is fur-
ther suppressed and can be neglected. On the other hand, the square of the amplitude with the
dimension-six operators gives the leading contribution for processes where the SM amplitude van-
ishes or is strongly suppressed like for same sign top pair production,

|M|2 = |0|2 +2¬(0M⇤
dim6)+ |Mdim6|2 +2¬(0M⇤

dim8)+O
�
L�6� . (1.4)

On the one hand, the new physics contributions are further suppressed in those latter cases. On the
other hand, there is no SM contribution from which they have to be distinguished.

2. Top decay

For a massless b quark , only two operators modify the t ! bW decay at the order L�2[2],

O
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Zhang, Willenbrock
Consider, for example, the top quark decay. The two dimension-six operators will affect the 
SM prediction for top decay and for W-boson helicity fractions. 

Of course, such constraints are only possible if SM predictions for the relevant quantities 
are sufficiently precise. Asymptotically, one can only reach to the scales of new physics  
that are as high as the  inverse square root of the error. 

Degrande
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BSM physics in top production and decay
Of course, one can exploit  the enhancement that occurs in kinematic  distributions 
 because one deals with higher-dimensional operators but it is not always  clear if large 
effects are consistent with the applicability of effective field theory description.

�3.0 < at < 0.45, at,SM ⇡ 0.03
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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

pp ! tX + �Fael, Gehrmann

Large effects, 
questionable applicability

of the EFT
Small effects,hard to 
distinguish against  
radiative corrections

An example:  top quark with the anomalous magnetic moment.  

Ltt� = �at
Qte

4mt
t̄�µ⌫tF

µ⌫
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Higher orders and BSM tests for tops
Studies where BSM contributions are combined together with radiative corrections 
are starting to appear.  One can argue that the coupling constants can be determined 
to a better precision when the NLO computations are available.

LttZ = eCZ
2,V ū(pt)

i�µ⌫q⌫
MZ

v(pt̄)Zµ

Schulze, Rontsch

Bounds on C2,V couplings at leading 
and next-to-leading order in pQCD
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Conclusions
There has been quite an impressive theoretical progress in our understanding of top quark
physics:

1) Simple top quark observables are known with  very high perturbative precision (NNLO QCD). 
Further progress will be related to making these contributions more realistic (e.g. decays, 
kinematic distributions etc.).  This  will require significant amount of effort to improve existing 
computational algorithms,  but is otherwise straightforward. 

2) Existing NNLO QCD computations already offer a variety of interesting physics insights -- 
from precise determination of important input parameters (PDFs, couplings) to the exclusion of 
exotic contributions to cross sections. 

3) We need more thoughtful attitude to the extraction of the top quark mass.  For practical 
purposes working with pole mass might be  OK.  We need theory of power corrections to 
hadron collider observables to move further.

4) In many cases, complex processes with top quarks can be handled  automatically through 
NLO QCD. In some cases  this provides interesting physics insights and gives us more 
opportunities to properly define ``top cross sections’’.   Again, more realism is desirable e.g. , 
top decays, gluon and photon emissions from  top  decay products etc. 

5) BSM contributions to top production and decay described in EFT framework are 
starting being combined with NLO QCD computations; this increases the sensitivity of  the LHC 
to Wilson coefficients of EFT operators in kinematic regimes  where EFT framework is viable. 
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Top decays and W helicity fractions
Another interesting ``precision  frontier’‘  is appearing in the studies of top quark 
decays where helicity fractions of W-bosons are measured.  
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FNNLO
L = 0.687(5), FNNLO

+ = 1.7(1)⇥ 10�3, FNNLO
� = 0.311(5)

FCMS
L = 0.65(3), FCMS

+ = 0.018(26), FCMS
� = 0.329(25)

Theory predictions for helicity fractions are known through 
NNLO QCD. 

Measurements ( at 20/fb) are approaching the 5% precision 
(example -- dilepton channel)

Quoted results for NNLO helicity fractions are inclusive, which is 
not what is measured experimentally. Fully differential calculations 
for decay at NNLO exist, can (and perhaps should) be used  for 
more detailed comparison.

Czarnecki, Koerner, Piclum

Gao, Li, Zhu
Bruchersifer, Caola, Melnikov
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