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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].

NNLO+NNLL	
  theory	
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Fig. 5. Measured tt̄ cross-section at
p
s = 8TeV as a function

of the b-tagged jet p
T
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part of the statistical uncertainty with respect to the baseline
measurement with jet p

T
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prediction of 2.4± 0.1% (see Fig. 1), and well within the
spread of R32 values seen in the alternative simulation
samples.

Kinematic correlations between the two b-jets produced
in the tt̄ decay could also produce a positive tagging cor-
relation, as the e�ciency to reconstruct and tag b-jets is
not uniform as a function of pT and ⌘. For example, tt̄
pairs produced with high invariant mass tend to give rise
to two back-to-back collimated top quark decay systems
where both b-jets have higher than average pT, and lon-
gitudinal boosts of the tt̄ system along the beamline give
rise to ⌘ correlations between the two jets. These e↵ects
were probed by increasing the jet pT cut in steps from the
default of 25GeV up to 75GeV; above about 50GeV, the
simulation predicts strong positive correlations of up to
C

b

⇡ 1.2 for a 75GeV pT cut. As shown for the
p
s = 8TeV

dataset in Fig. 5, the cross-sections fitted in data after tak-
ing these correlations into account remain stable across
the full pT cut range, suggesting that any such kinematic
correlations are well modelled by the simulation. The re-
sults were also found to be stable within the uncorrelated
components of the statistical and systematic uncertain-
ties when tightening the jet and lepton ⌘ cuts, raising the
lepton pT cut up to 55GeV and changing the b-tagging
working point between e�ciencies of 60% and 80%. No
additional uncertainties were assigned as a result of these
studies.

7 Results

Combining the estimates of ✏
eµ

and C
b

from simulation

samples, the estimates of the background Nbkg
1 and Nbkg

2
shown in Table 1 and the data integrated luminosities, the
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Fig. 6. Measurements of the tt̄ cross-section at
p
s = 7TeV

and
p
s = 8TeV from this analysis (eµ b-tag) together with

previous ATLAS results at
p
s = 7TeV using the ee, µµ and

eµ channels [51] and using a fit to jet multiplicities and
missing transverse momentum in the eµ channel [52]. Thep
s = 7TeV measurements are displaced slightly for clarity.

The NNLO+NNLL prediction [2,3] described in Sect. 2 is also
shown as a function of

p
s, for fixed mt = 172.5 GeV and

with the uncertainties from PDFs, ↵
s

and QCD scale choices
indicated by the green band.

tt̄ cross-section was determined by solving Eq. (1) to be:

�
tt̄

= 182.9± 3.1± 4.2± 3.6± 3.3 pb (
p
s = 7TeV) and

�
tt̄

= 242.4± 1.7± 5.5± 7.5± 4.2 pb (
p
s = 8TeV),

where the four uncertainties arise from data statistics, ex-
perimental and theoretical systematic e↵ects related to
the analysis, knowledge of the integrated luminosity and
of the LHC beam energy. The total uncertainties are 7.1 pb
(3.9%) at

p
s = 7TeV and 10.3 pb (4.3%) at

p
s = 8TeV.

A detailed breakdown of the di↵erent components is given
in Table 3. The results are reported for a fixed top quark
mass of m

t

= 172.5GeV, and have a dependence on this
assumed value of d�

tt̄

/dm
t

= �0.28%/GeV. The product
of jet reconstruction and b-tagging e�ciencies ✏

b

was mea-
sured to be 0.557±0.009 at

p
s = 7TeV and 0.540±0.006

at
p
s = 8TeV, in both cases consistent with the values in

simulation.
The results are shown graphically as a function of

p
s

in Fig. 6, together with previous ATLAS measurements of
�
tt̄

at
p
s = 7TeV in the ee, µµ and eµ dilepton channels

using a count of the number of events with two leptons and
at least two jets in an 0.7 fb�1 dataset [51], and using a fit
of jet multiplicities and missing transverse momentum in
the eµ dilepton channel alone with the full 4.6 fb�1 dataset
[52]. The

p
s = 7TeV results are all consistent, but cannot

be combined as they are not based on independent data-
sets. The measurements from this analysis at both centre-
of-mass energies are consistent with the NNLO+NNLL
QCD calculations discussed in Sect. 2. The

p
s = 7TeV

result is 13% higher than a previous measurement by the
CMS collaboration [53], whilst the

p
s = 8TeV result is

consistent with that from CMS [54].
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Light	
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  be	
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  on	
  rates:	
  	
  
•  5%	
  uncertainty	
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  ~	
  	
  	
  Mtop	
  	
  	
  we	
  have:	
  	
  	
  σstop	
  ≈	
  0.15	
  σtop	
  	
  
•  Thus	
  3σ	
  exclusion	
  can	
  be	
  expected.	
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  opens	
  new	
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  about	
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  explore	
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  pdf	
  sets:	
  

LHC 14 TeV

PDF set σtt (pb) δscale (pb) δPDF (pb) δαs
(pb) δmt

(pb) δtot (pb)

ABM11 832.0 +18.7
−27.4

(+2.2%)
(−3.3%)

+25.1
−25.1

(+3.0%)
(−3.0%)

+0.0
−0.0

(+0.0%)
(−0.0%)

+23.3
−22.5

(+2.8%)
(−2.7%)

+52.9
−61.1

(+6.4%)
(−7.3%)

CT10 952.8 +23.3
−34.5

(+2.4%)
(−3.6%)

+22.4
−19.9

(+2.3%)
(−2.1%)

+14.0
−14.0

(+1.5%)
(−1.5%)

+26.1
−25.2

(+2.7%)
(−2.6%)

+60.3
−69.5

(+6.3%)
(−7.3%)

HERA1.5 970.5 +22.1
−22.0

(+2.3%)
(−2.3%)

+15.3
−25.7

(+1.6%)
(−2.6%)

+12.8
−12.8

(+1.3%)
(−1.3%)

+26.4
−25.6

(+2.7%)
(−2.6%)

+55.2
−60.5

(+5.7%)
(−6.2%)

JR09 906.5 +16.7
−17.0

(+1.8%)
(−1.9%)

+35.5
−35.5

(+3.9%)
(−3.9%)

+0.0
−0.0

(+0.0%)
(−0.0%)

+24.7
−23.9

(+2.7%)
(−2.6%)

+60.0
−59.8

(+6.6%)
(−6.6%)

MSTW08 953.6 +22.7
−33.9

(+2.4%)
(−3.6%)

+16.2
−17.8

(+1.7%)
(−1.9%)

+12.8
−12.8

(+1.3%)
(−1.3%)

+26.1
−25.3

(+2.7%)
(−2.7%)

+56.3
−66.8

(+5.9%)
(−7.0%)

NNPDF2.3 977.5 +23.6
−35.4

(+2.4%)
(−3.6%)

+16.4
−16.4

(+1.7%)
(−1.7%)

+12.2
−12.2

(+1.3%)
(−1.3%)

+26.9
−26.1

(+2.8%)
(−2.7%)

+57.4
−68.5

(+5.9%)
(−7.0%)

Table 6. Same as Table 3 for LHC 14 TeV.
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Figure 2. The best predictions from each PDF set compared to experimental data, as a function
of the default αs(MZ) value. The inner error bar corresponds to the linear sum of PDF and scale
uncertainties, while the outer error bar is the total theoretical uncertainty, computed as described
in the text.

define a pull estimator as follows,

P =
1

Ndat

Ndat
∑

i=1

(

σ(exp)
tt̄ − σ(th)

tt̄

)2

δ(exp)2tot + δ(th)2tot

, (3.2)
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the default fit and after including the Tevatron and LHC top quark cross section data. Right plot:
the relative reduction of PDF uncertainties thanks to the inclusion of top data in the PDF fit.

negligible.

It is interesting to study the modifications of the theory predictions after the top

quark data have been added into the NNPDF2.3 fit. In Table 9 we show the tt̄ cross

section for NNPDF2.3, comparing the default prediction with the predictions after adding

different subsets of the top quark data. We show only the entries which correspond to pure

predictions. By including top data from lower energy colliders, we can provide arguably

the most accurate theoretical prediction for the total tt̄ cross section at higher energies,

given that PDF uncertainties will be reduced in the same kinematical range from lower

energy data.11

These predictions are collected in Table 9. As an illustration, the NNPDF2.3 prediction

including Tevatron and LHC 7 top data would be the best available theory prediction for

LHC 8 TeV. Note that not only PDF uncertainties are reduced, but that also the central

value is shifted to improve the agreement with the experimental data. As can be seen, the

precise 7 TeV data carry most of the constraining power, though of course improved power

of the 8 TeV data will be provided with the analysis of the full 2012 dataset.

Then in Table 10 we provide NNPDF2.3 χ2 compared to the top quark data, before

adding any data, after adding all Tevatron and LHC data and adding only the Tevatron

and LHC 7 TeV data points. The slight improvement of an already good quantitative

description can be seen. As expected, the agreement of the prediction with LHC8 data,

when only Tevatron and LHC7 data are used, is a non-trivial consistency check of the

whole procedure.12

Given that the constraints from top quark data in a global PDF fit such as NNPDF2.3

are already substantial, we expect even larger constrains in PDF sets based on reduced

11Note that, as shown by Fig. 1, the typical x ranges covered by the theory predictions at LHC 7, 8

and 14 TeV are quite similar, justifying the extrapolation of lower LHC energy data to improve the theory

predictions at higher LHC center of mass energies.
12The small change of the χ2 between TEV+LHC data and TEV+LHC7 data is due to statistical fluc-

tuations, reflecting the fact that the 8 TeV data are still not precise enough to provide constraints on the

gluon PDF.
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•  Improved	
  pdf	
  fits	
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  processes:	
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  power	
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  cross-­‐secBon	
  raBos:	
  

	
  
	
  
•  Many	
  uncertainBes	
  cancel	
  in	
  raBos!	
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Figure 8. Left plot: the tt̄ cross section above a minimum value of the tt̄ invariant mass Mtt,
computed with aMCatNLO with the Herwig parton shower, and the NNPDF2.3 as input set, at the
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this high-mass tail are only a negligible fraction of the total tt̄ cross section, and therefore

do not play any role in the PDF fit itself. The PDF fit including σ(tt̄) reduces the gluon

uncertainty at large x only because of the overall constraints on the PDF evolution, which

correlate the x behavior in the x ∼ 0.1 region (which dominates the total production cross

section) and the large-x region, which is relevant to the high-mass behavior.

As in the case of dijet cross sections, we expect that rate measurements in kinematical

regions where, for example, the tt̄ system has a large rapidity, can be used to further improve

the knowledge of large-x gluons, and improve even more the precision of predictions for

the production of large-mass objects in gg-initiated channels.
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Figure 1: Graphical representation of the results in Tables 4–6 for cross section ratios obtained with different
PDF sets. The upper plots show the results for the cross section ratios of 8 over 7 TeV, obtained for all
three PDF sets considered for the most relevant observables, normalized to NNPDF2.1 NNLO. The lower plots
represent the same ratios this time for 14 over 8 TeV cross sections. The left plot show the results for the
inclusive cross sections, which probe O (100 GeV) scales, while the right plots correspond to more differential
distributions in the O (1 TeV) region.

is probing the antiquark PDFs at very large x, a region in which these PDFs are virtually unknown.
Is clear thus that the measurement of cross section ratios that involve high mass final states provides
stringent constraints on large–x PDFs, which in turn are an important ingredient for new physics
searches like supersymmetric particle production [58].

Let us conclude this section by mentioning that the qualitative behavior of the parton luminosity
ratios is very similar if the MSTW08 PDF set is used instead.

4 Sensitivity to BSM contributions

Having evaluated the systematic uncertainties of the cross section ratios of relevant LHC cross sections,
and having seen that they are very small in general, we would like to discuss how the study of these
ratios could allow to detect possible Beyond the Standard Model (BSM) contributions, that might be
not accessible through absolute cross sections.

If the final state X receives contributions from both SM and BSM processes, we shall write:

σ(pp → X) = σSM (pp → X) + σBSM(pp → X) , (11)
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Top quark decays
Since mt > MW + mb a top quark decays
predominantly into a b quark and an on-shell W
boson

t → W+ + b
|
→ l+ + ν

t → W+ + b
|
→ q + q̄

the branching ratio to leptons is given by
counting the decay modes of the W , eν̄e, µν̄µ,
τ ν̄τ and three colours of ud̄ and cs̄,

BR(W+ → e+ν̄) =
1

3 + 3 + 3
≈ 11%.

the branching ratio of top pairs to one flavour of
lepton + jets is 2 × 1

9 × 2
3 ≃ 0.15
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In particular one can easily show that for the top, the 
lepton+ (or the d), in the top rest frame,  tends to be 
emitted in the same direction of the top spin.

Note that this has nothing to do with W polarization! 
In particular one studies spin correlations between the 
top and anti-top in ttbar production and the spin of 
the top in single top. 

Results depend on the degree of polarization (p) of 
the tops themselves and from the choice of the “spin-
analyzer” ki.

How to measure top spin

1

Γ

dΓ

d cos θ
=

1 + p ki cos θ
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Figure 1: Representative tree diagrams involving two (first line), only one (second line),
or no (last line) top-quark resonances.

2.1.1 Treatment of unstable top quarks

Our predictions for the process h1h2 → W+W−bb̄ +X → νee+µ−ν̄µbb̄ +X provide a
complete description of hadronic top-quark pair production and decay, including doubly-
resonant contributions where the νee+µ−ν̄µbb̄ final state results from the decay of a tt̄
pair, as well as singly-resonant and non-resonant diagrams, i.e. contributions with only
one or no top resonance. Interferences between doubly-, singly-, and non-resonant dia-
grams are consistently taken into account. A few representative LO diagrams are depicted
in Figure 1. The qq̄ and gg partonic channels involve 14 and 31 tree diagrams, respec-
tively, if only topologies involving two resonant W bosons are considered.3 Additional
contributions with less than two W-boson resonances are discussed in Section 2.1.3.

To regularize intermediate top-quark resonances in a gauge-invariant way we employ
the complex-mass scheme [51], where the top-quark width Γt is incorporated into the
definition of the (squared) top-quark mass,

µ2
t = m2

t − imtΓt. (2.3)

3Since we treat b quarks as massless partons there are no Higgs-exchange diagrams at tree level.

4

In this way, off-shell-top contributions are consistently described by Breit–Wigner distri-
butions, and all matrix elements are evaluated using the complex top mass µt. Technical
implications of the complex-mass scheme at one loop are discussed in Section 2.2.6.

The inclusive νee+µ−ν̄µbb̄ cross section is dominated by the doubly-resonant top-
pair contribution and can be described, with fairly good accuracy, in narrow-top-width
approximation. It is thus instructive to compare our calculation to this approximation,
which corresponds to the Γt → 0 limit. To avoid confusion between the treatment of top-
quark and W-boson decays, in the following we denote the Γt → 0 and ΓW → 0 limits as
narrow-top-width (NtWA) and narrow-W-width (NwWA) approximations, respectively.
Contributions that vanish in NtWA and NwWA are called finite-top-width (FtW) and
finite-W-width (FwW) effects, respectively. Our treatment of FwW effects is discussed in
Section 2.1.3.

For what concerns top resonances, we point out that FtW contributions are included
everywhere in our calculation, i.e. we never make use of the NtWA. Nevertheless, in the
following we briefly introduce this approximation in order to discuss the origin of FtW
effects and other features of our predictions. In the NtWA, each top-quark resonance
leads to

lim
Γt→0

1

(p2t −m2
t )2 +m2

tΓ
2
t

=
π

mtΓt
δ(p2t −m2

t ), (2.4)

where the δ-function that forces the top quark on its mass shell is accompanied by a
1/Γt factor. In NtWA the νee+µ−ν̄µbb̄ cross section includes only contributions involving
two top resonances, which are proportional to 1/Γ2

t . Singly- and non-resonant diagrams,
as well as their interference with doubly-resonant diagrams, are neglected due to their
suppression in the Γt → 0 limit. As a result of these approximations, the differential
h1h2 → tt̄ → νee+µ−ν̄µbb̄ cross section is factorized into the h1h2 → tt̄ production cross
section times the t → Wb → lνlb partial decay widths,

dσNtWA = Γ−2
t

(

dσt̄t dΓt→i dΓt̄→j

)

, (2.5)

where the subscripts i, j refer to the (anti)top-decay final states νee+b and µ−ν̄µb̄, and
the total top-quark width is obtained by summing over all relevant decay channels,

Γt =
∑

k

∫

dΓt→k. (2.6)

Top-quark spin correlations in (2.5) are implicitly understood.
In NtWA, LO and NLO partonic cross sections can be schematically written as

dσLO
NtWA = (ΓLO

t )−2
[

dσLO
t̄t dΓLO

t→i dΓ
LO
t̄→j

]

,

dσNLO
NtWA = (ΓNLO

t )−2
[

(

dσ0
t̄t + dσ1

t̄t

)

dΓ0
t→i dΓ

0
t̄→j + dσ0

t̄t

(

dΓ1
t→i dΓ

0
t̄→j + dΓ0

t→i dΓ
1
t̄→j

)

]

,

(2.7)

where the superscripts 0 and 1 indicate LO and correction contributions to NLO quan-
tities, i.e. dΓNLO

t→k = dΓ0
t→k + dΓ1

t→k and dσNLO
t̄t = dσ0

t̄t + dσ1
t̄t. Note that dσ0

t̄t ̸= dσLO
t̄t ,

since the ingredients of dσLO
NtWA and dσNLO

NtWA have to be evaluated with input parameters
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Figure 1: Representative tree diagrams involving two (first line), only one (second line),
or no (last line) top-quark resonances.

2.1.1 Treatment of unstable top quarks

Our predictions for the process h1h2 → W+W−bb̄ +X → νee+µ−ν̄µbb̄ +X provide a
complete description of hadronic top-quark pair production and decay, including doubly-
resonant contributions where the νee+µ−ν̄µbb̄ final state results from the decay of a tt̄
pair, as well as singly-resonant and non-resonant diagrams, i.e. contributions with only
one or no top resonance. Interferences between doubly-, singly-, and non-resonant dia-
grams are consistently taken into account. A few representative LO diagrams are depicted
in Figure 1. The qq̄ and gg partonic channels involve 14 and 31 tree diagrams, respec-
tively, if only topologies involving two resonant W bosons are considered.3 Additional
contributions with less than two W-boson resonances are discussed in Section 2.1.3.

To regularize intermediate top-quark resonances in a gauge-invariant way we employ
the complex-mass scheme [51], where the top-quark width Γt is incorporated into the
definition of the (squared) top-quark mass,

µ2
t = m2

t − imtΓt. (2.3)

3Since we treat b quarks as massless partons there are no Higgs-exchange diagrams at tree level.
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2.1.2 Matching to NLO inclusive tt̄ cross section

Let us now discuss effects related to the truncation of the perturbative expansion at
NLO in the presence of unstable intermediate particles. To start with, we consider the
fully inclusive cross section in NtWA,

∫

dσNtWA = σt̄t BRt→i BRt̄→j, (2.8)

which is obtained by integrating (2.5) over the full phase space and is given by the on-shell
inclusive tt̄ cross section,

σt̄t =

∫

dσt̄t, (2.9)

times the branching fractions

BRt→k =
Γt→k

Γt
=

∫

dΓt→k

Γt
, (2.10)

with k = i, j. Apart from Coulomb effects near threshold, the above relation between
the pp → tt̄ → ij and the on-shell tt̄ cross sections is valid to all orders of perturbation
theory [67]. However, due to missing higher-order terms, the NLO approximation (2.7)
does not fulfil (2.8) exactly. The mismatch can be expressed in terms of products of NLO
contributions as follows,

∆σNLO
trunc = σNLO

t̄t BRNLO
t→i BRNLO

t̄→j −
∫

dσNLO
NtWA

= (ΓNLO
t )−2

(

σ0
t̄t + σ1

t̄t

) (

Γ0
t→i + Γ1

t→i

) (

Γ0
t̄→j + Γ1

t̄→j

)

−
∫

dσNLO
NtWA

= (ΓNLO
t )−2

[

(

σ0
t̄t + σ1

t̄t

)

Γ1
t→i Γ

1
t̄→j + σ1

t̄t

(

Γ1
t→i Γ

0
t̄→j + Γ0

t→i Γ
1
t̄→j

)

]

. (2.11)

Rewriting (2.11) as a relative correction to (2.8) yields

δNLO
trunc =

∆σNLO
trunc

σNLO
t̄t BRNLO

t→i BRNLO
t̄→j

= [xi(1− xj) + (1− xi)xj ] δt̄t + xixj , (2.12)

where the factors

δt̄t =
σ1
t̄t

σNLO
t̄t

= 1−
σ0
t̄t

σNLO
t̄t

(2.13)

and

xk =
Γ1
t→k

ΓNLO
t→k

= 1−
Γ0
t→k

ΓNLO
t→k

(2.14)

represent NLO corrections to tt̄ production and decay, respectively. For the case of a
di-lepton final state, where xi = xj = x, Eq. (2.12) simplifies to

δNLO
trunc = 2x(1− x)δt̄t + x2. (2.15)

Since x ≃ 10% and δt̄t ≃ 10−30%, the correction δNLO
trunc can reach a few per cent and

should thus be taken into account.
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Figure 3: Examples of one-loop diagrams contributing to qq̄/gg → W+W−bb̄ →
νee+µ−ν̄µbb̄: doubly-top-resonant diagrams with corrections to tt̄ production or decay
(first line), non-factorizable pentagons and hexagons with two top-quark resonances (sec-
ond line), pentagons and hexagons with less than two top resonances (third line).

in-houseMathematica programs, one of which relies on FormCalc [73] for preliminary
manipulations.

The employed approach strongly mitigates the complexity inherent in Feynman dia-
grams by exploiting factorization of colour matrices, reduction of helicity structures to
compact spinor chains, and recycling a multitude of common subexpressions. The re-
duced expressions are automatically converted into Fortran77 programs that evaluate
colour/helicity summed quantities with very high CPU efficiency.

The virtual corrections are obtained from the interference of the one-loop and LO ma-
trix elements summed over external-state colours and helicities on a diagram-by-diagram
basis.

2.2.2 Colour factorization

One of the key features of the diagram-by-diagram approach is that the cost related
to the large number of diagrams is compensated by the possibility to perform colour sums
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Figure 3: Examples of one-loop diagrams contributing to qq̄/gg → W+W−bb̄ →
νee+µ−ν̄µbb̄: doubly-top-resonant diagrams with corrections to tt̄ production or decay
(first line), non-factorizable pentagons and hexagons with two top-quark resonances (sec-
ond line), pentagons and hexagons with less than two top resonances (third line).

in-houseMathematica programs, one of which relies on FormCalc [73] for preliminary
manipulations.

The employed approach strongly mitigates the complexity inherent in Feynman dia-
grams by exploiting factorization of colour matrices, reduction of helicity structures to
compact spinor chains, and recycling a multitude of common subexpressions. The re-
duced expressions are automatically converted into Fortran77 programs that evaluate
colour/helicity summed quantities with very high CPU efficiency.

The virtual corrections are obtained from the interference of the one-loop and LO ma-
trix elements summed over external-state colours and helicities on a diagram-by-diagram
basis.

2.2.2 Colour factorization

One of the key features of the diagram-by-diagram approach is that the cost related
to the large number of diagrams is compensated by the possibility to perform colour sums
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•  Some	
  factorizable	
  correcBons	
  

•  …	
  and	
  some	
  non-­‐factorizable	
  ones	
  

Plots	
  from	
  1207.5018	
  

CompuBng	
  the	
  full	
  non-­‐factorizable	
  contribuBons	
  is	
  at	
  the	
  edge	
  of	
  current	
  capabiliBes	
  
The	
  real	
  quesBon	
  is	
  if	
  they	
  maser?	
  

•  The	
  Narrow	
  Width	
  approximaBon	
  is	
  correct	
  up	
  to	
  correcBon	
  of	
  	
  	
  ~	
  Γtop/Mtop	
  ≈	
  1%.	
  	
  
•  When	
  is	
  this	
  the	
  case?	
  



•  In	
  general,	
  we	
  expect	
  that	
  inclusive	
  observables	
  are	
  not	
  very	
  sensiBve	
  to	
  NWA	
  breaking	
  effects.	
  
•  UnBl	
  few	
  years	
  ago	
  no	
  complete	
  calculaBon	
  existed	
  and	
  thus	
  we	
  didn’t	
  know	
  for	
  sure.	
  
•  Complete	
  NLO	
  calculaBons	
  of	
  s	
  producBon	
  showed	
  that	
  indeed,	
  this	
  is	
  the	
  case	
  
•  In	
  addiBon,	
  large	
  correcBons	
  are	
  found	
  in	
  certain	
  kinemaBc	
  regions.	
  

•  This	
  tail	
  correcBons	
  might	
  be	
  relevant,	
  for	
  example,	
  in	
  top	
  mass	
  measurements	
  (more	
  later)	
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Figure 16: Invariant-mass distribution of the top quark, Mt = Mνee+b, with standard cuts
for the LHC at

√
s = 8TeV for dynamical scale µ0 = ET/2.
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Bevilacqua,	
  Czakon,	
  	
  van	
  Hameren,	
  Papadopoulos,	
  Worek	
  ‘10	
  
Denner,	
  Dismaier,	
  Kallweit,	
  Pozzorini	
  ’11	
  

DramaBc	
  	
  
off-­‐shell	
  
effects	
  

Fig. 27: Distribution in the invariant mass of the positron–b-jet system (as defined in the text) at the 7 TeV
LHC: LO (blue) and NLO (red) predictions in narrow-width approximation (tt̄, dashed) and including
finite-top-width effects (WWbb̄, solid). Plotted are absolute predictions (left) and relative deviations
of LO (upper-right) and narrow-width (lower-right) approximations w.r.t. NLO and WWbb̄ predictions,
respectively.

10.4 CONCLUSIONS
Based on recent NLO QCD calculations, we have presented a systematic comparison of top-pair pro-
duction and decay in narrow-top-width approximation, pp ! tt̄ ! WWbb̄, against the complete
pp ! WWbb̄ process, which involves finite-top-width effects of non-resonant and off-shell type.

At the Tevatron and the LHC (7 and 14 TeV), finite-top-width contributions to the integrated cross
section (in the di-lepton channel) turn out not to exceed one percent. This confirms previous estimates
based on the �t ! 0 extrapolation of pp ! WWbb̄ predictions. At the 7 TeV LHC, we also investigated
differential observables that are relevant either for top-pair production as a signal or as a background in
Higgs or new-physics searches. In the case of the b-jet transverse momentum and pT,miss distributions,
finite-width effects remain very small over a large kinematic range and reach the 10% level only around
300 GeV. In contrast, the pT-distribution of the bb̄ di-jet system receives �t-corrections beyond 20–30%
for pT,bb̄

>⇠ 200GeV, a kinematic region that plays an important role in pp ! H(! bb̄)W searches
based on boosted H ! bb̄ candidates. For the lepton–b-jet invariant-mass distribution—an observ-
able that provides high sensitivity to the top-quark mass—finite-width corrections do not exceed one
percent in the range that contains the bulk of the cross section, but become more sizable in the region
of highest mt-sensitivity. This motivates more detailed studies of finite-width effects in the context of
high-precision mt-measurements at the LHC. The results of this investigation of finite-width effects in
tt̄ production give also useful insights into possible limitations of treating associated top-pair production
processes in the narrow-width approximation, since NLO calculations for pp ! WWbb̄j and similar
reactions will not be available too soon.
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•  Tops	
  are	
  never	
  seen	
  directly	
  -­‐	
  just	
  like	
  many	
  other	
  parBcles	
  (H,	
  W,	
  …).	
  

•  Unlike	
  the	
  above,	
  the	
  top-­‐pair	
  final	
  state	
  is	
  very	
  complex,	
  typically	
  associated	
  by	
  addiBonal	
  
	
  	
  	
  	
  	
  	
  hard	
  QCD	
  radiaBon.	
  	
  

•  Therefore,	
  starBng	
  from	
  certain	
  precision	
  level,	
  it	
  is	
  very	
  hard	
  to	
  try	
  to	
  define	
  the	
  tops.	
  

•  The	
  real	
  quesBon	
  is:	
  do	
  we	
  need	
  to	
  speak	
  of	
  tops?	
  Ideally	
  theorists	
  can	
  do	
  calculaBons	
  	
  
	
  	
  	
  	
  	
  	
  directly	
  at	
  the	
  level	
  of	
  final	
  states	
  (i.e.	
  decayed	
  tops)	
  and	
  compare	
  this	
  to	
  measurements.	
  

•  While	
  this	
  may	
  not	
  be	
  the	
  case	
  yet,	
  this	
  should	
  certainly	
  be	
  the	
  approach	
  in	
  the	
  future.	
  	
  

•  Let’s	
  look	
  at	
  one	
  example…	
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Figure 9: Normalised differential tt production cross section in the `+jets channels as a func-
tion of the pt

T (top left) and yt (top right) of the top quarks, and the ptt
T (middle left), ytt (middle

right), and mtt (bottom) of the top-quark pairs. The superscript ‘t’ refers to both top quarks and
antiquarks. The inner (outer) error bars indicate the statistical (combined statistical and system-
atic) uncertainty. The measurements are compared to predictions from MADGRAPH, POWHEG,
and MC@NLO, and to NLO+NNLL [15] and approximate NNLO [16, 17] calculations, when
available. The MADGRAPH prediction is shown both as a curve and as a binned histogram.
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Figure 8: Normalised differential tt production cross section in the dilepton channels as a func-
tion of the pb

T (left) and hb (right) of the b jets. The superscript ‘b’ refers to both b and bb
jets. The inner (outer) error bars indicate the statistical (combined statistical and systematic)
uncertainty. The measurements are compared to predictions from MADGRAPH, POWHEG, and
MC@NLO. The MADGRAPH prediction is shown both as a curve and as a binned histogram.

rapidity ytt, and the invariant mass mtt of the top-quark pair. Also shown are predictions from
MADGRAPH, POWHEG, and MC@NLO. In addition, the top-quark results are compared to the
approximate NNLO calculations from Ref. [16, 17], while the mtt distribution is compared to
the NLO+NNLL prediction in Ref. [15].

For both `+jets and dilepton channels, good agreement is observed between data and theoreti-
cal predictions within experimental uncertainties. Among the various predictions, the approx-
imate NNLO calculation provides a better description of the data, as it predicts a slightly softer
top-quark transverse momentum spectrum than the other three predictions.

7 Summary

First measurements of normalised differential top-quark-pair production cross sections in pp col-
lisions at

p
s = 7 TeV with the CMS detector are presented. The measurements are performed

in the `+jets (e+jets and µ+jets) and the dilepton (e+e�, µ+µ�, and µ±e⌥) tt decay chan-
nels. The normalised tt cross section is measured as a function of the transverse momentum,
(pseudo)rapidity, and invariant mass of the final-state leptons and b jets in the visible phase
space, and of the top quarks and tt system in the full phase space. The measurements among
the different decay channels are in agreement with each other and with standard model predic-
tions up to approximate next-to-next-to-leading-order precision. The prediction at approximate
NNLO precision is found to give a particularly good description of the top-quark transverse
momentum.
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which there exists some discrepancy between the different generators.
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Figure 7: Normalised differential tt production cross section in the dilepton channels as a func-
tion of the p`T (top left) and h` (top right) of the leptons, and the p`

+`�
T (bottom left), and m`+`�

(bottom right) of the lepton pair. The superscript ‘`’ refers to both `+ and `�. The inner (outer)
error bars indicate the statistical (combined statistical and systematic) uncertainty. The mea-
surements are compared to predictions from MADGRAPH, POWHEG, and MC@NLO. The MAD-
GRAPH prediction is shown both as a curve and as a binned histogram.

6.2 Top-Quark and tt Differential Cross Sections

The normalised differential tt cross section as a function of the kinematic properties of the top
quarks and the top-quark pair is presented at parton level and extrapolated to the full phase
space using the MADGRAPH prediction for both the `+jets and the dilepton channels.

In Figs. 9 and 10, the distributions for the top-quark and the top-quark-pair observables in the
`+jets channels and the dilepton channels are presented. Those are the transverse momentum
pt

T and the rapidity yt of the top quarks and antiquarks, and the transverse momentum ptt
T, the

•  Same	
  plot	
  we	
  saw	
  at	
  Lecture	
  1:	
  
•  Notable	
  discrepancy	
  between	
  Exp	
  and	
  NLO	
  SM	
  
•  The	
  beser	
  agreement	
  at	
  NNLOapprox	
  is	
  quesBonable:	
  

•  Beyond	
  NLO	
  correcBons	
  are	
  not	
  expected	
  to	
  modify	
  	
  
	
  	
  	
  	
  	
  	
  shapes	
  much,	
  especially	
  in	
  the	
  peak	
  region,	
  
•  Aaer	
  all,	
  what	
  is	
  presented	
  as	
  a	
  top	
  is	
  not	
  measured,	
  
	
  	
  	
  	
  	
  	
  but	
  is	
  the	
  result	
  of	
  modeling.	
  Could	
  this	
  be	
  the	
  reason	
  for	
  
	
  	
  	
  	
  	
  	
  the	
  discrepancy?	
  

•  Indeed,	
  lepton	
  spectra	
  are	
  described	
  well	
  by	
  NLO	
  QCD	
  
•  b-­‐jets	
  are	
  not	
  described	
  as	
  well,	
  but	
  this	
  could	
  well	
  be	
  a	
  modeling	
  issue.	
  

Nice	
  problem	
  for	
  future	
  research!	
  





QCD	
  diagrams	
  that	
  generate	
  asymmetry:	
  

…	
  and	
  some	
  QCD	
  diagrams	
  that	
  do	
  not:	
  

ü 	
  For	
  sbar:	
  charge	
  asymmetry	
  starts	
  from	
  NLO	
  
	
  
ü 	
  For	
  sbar	
  +	
  jet:	
  starts	
  already	
  from	
  LO	
  

ü 	
  Asymmetry	
  appears	
  when	
  sufficiently	
  large	
  number	
  of	
  fermions	
  (real	
  or	
  virtual)	
  are	
  
present.	
  

ü 	
  The	
  asymmetry	
  is	
  QED	
  like.	
  	
  

ü 	
  It	
  does	
  not	
  need	
  massive	
  fermions.	
  

ü 	
  It	
  is	
  the	
  twin	
  effect	
  of	
  the	
  perturbaBve	
  strange	
  (or	
  c-­‐	
  or	
  b-­‐)	
  asymmetry	
  in	
  the	
  proton!	
  

Kuhn,	
  Rodrigo	
  ‘98	
  



DefiniBon	
  of	
  the	
  asymmetry:	
  

The	
  CDF	
  measurement	
  versus	
  (known)	
  SM:	
   Discrepancy	
  	
  w/r	
  to	
  SM	
  ≤	
  3σ	
  

Asymmetry in top production
At the Tevatron (i.e. in pp̄ collisions), there is a
forward-backward asymmetry that appears first
at order α3

S , from both real and virtual
diagrams of the type shown.

Asymmetries can be defined both at the parton
level and for the charged leptons.

AFB =
N(∆y > 0) − N(∆y < 0)

(∆y > 0) + N(∆y < 0)

Al
FB =

N(qlyl > 0) − N(qlyl < 0)

N(qlyl > 0) + N(qlyl < 0)

QCD, top and LHCLecture IV: Top Physics – p.44/48

Asymmetry at LHC
No forward backward asymmetry at LHC, (pp
machine!)

Ac =
N(∆|y| > 0) − N(∆|y| < 0)

N(∆|y| > 0) + N(∆|y| < 0)
,

∆|y| = |yt|− |yt̄|

ATLAS:
Ac = 0.029 ± 0.018(stat.)± 0.014(syst.)
CMS: Corrected:
Ac = 0.004 ± 0.010(stat.)± 0.011(syst.)
Theory: (Kühn, Rodrigo):
Ac = 0.0115 ± 0.0006

QCD, top and LHCLecture IV: Top Physics – p.47/48

Tevatron	
  
LHC	
  

•  Expect	
  net	
  asymmetry	
  at	
  the	
  Tevatron,	
  but	
  not	
  LHC	
  
•  At	
  the	
  LHC	
  one	
  has	
  to	
  look	
  for	
  the	
  difference	
  in	
  the	
  rapidity	
  shapes	
  

New	
  (2014):	
  
D0	
  finds	
  near	
  
agreement	
  	
  
with	
  SM…	
  



ü 	
  The	
  largest	
  known	
  contribuBon	
  to	
  AFB	
  is	
  due	
  to	
  NLO	
  QCD,	
  i.e.	
  ~(αS)3.	
  	
  

Almeida,	
  Sterman,	
  Wogelsang	
  ’08	
  
Ahrens,	
  Ferroglia,	
  Neubert,	
  Pecjak,	
  Yang	
  `11	
  
Manohar,	
  Tros	
  ’12	
  
Skands,	
  Webber,	
  Winter	
  ‘12	
  

Kuhn,	
  Rodrigo	
  ‘98	
  

ü 	
  Higher	
  order	
  soa	
  effects	
  probed.	
  No	
  new	
  effects	
  appear	
  (beyond	
  Kuhn	
  &	
  Rodrigo).	
  

	
  
ü 	
  F.O.	
  EW	
  effects	
  checked.	
  Not	
  as	
  small	
  as	
  one	
  might	
  naively	
  expect.	
  Can’t	
  explain	
  it.	
  

ü 	
  BLM/PMC	
  scales	
  se}ng	
  does	
  the	
  job?	
  Claimed	
  near	
  agreement	
  with	
  the	
  measurements.	
  

ü 	
  Higher	
  order	
  hard	
  QCD	
  correcBons?	
  Not	
  yet	
  known.	
  Expect	
  very	
  soon.	
  

	
  
ü 	
  Final	
  state	
  non-­‐factorizable	
  interacBons?	
  Unlikely.	
  

ü 	
  Revisited	
  matching	
  of	
  s	
  and	
  sj	
  samples:	
  improves	
  data-­‐SM	
  agreement	
  

Hollik,	
  Pagani	
  ’11	
  

Brodsky,	
  Wu	
  ‘12	
  

Mitov,	
  Sterman	
  ‘12	
  
Rosner	
  ‘12	
  	
  

What	
  is	
  known	
  about	
  AFB	
  ?	
  	
  

Hoche,	
  Huang,	
  Luisoni,	
  Schonherr,	
  Winter	
  `13	
  





•  The	
  three	
  channels	
  for	
  single	
  top	
  producBon:	
  

5. Single-top-quark production
In the hadronic production of single (anti)top quarks the weak interactions are involved
in an essential way. Therefore, these reactions provide, besides top-quark decay, another
important opportunity to study the charged weak current interactions of this quark. In the
SM there are three main hadronic production modes, namely top-quark production via the
exchange of a virtualW boson in the t-channel and in the s-channel, and the associated
production of a t quark and realW boson:

q(q̄)b→ q′ (q̄′) t , qq̄′ → b̄ t , bg→W− t . (5.1)

These reactions are depicted to lowest order in the gauge couplings in figure 8. The cross
sections of these processes are proportional to |Vtb|2. Thus, single-top-quark production
provides a means of directly measuring the strength of the Wtb vertex. Moreover, the
reactions (5.1) are a source of highly polarized top quarks, which allow for dedicated in-
vestigations of the structure of the charged weak current interactions of this quark. Exotic
t and t̄ production processes involving new particles/interactions are also conceivable; for
instance, the associated production of a top quark and charged Higgs boson, or enhanced
production of single top quarks by sizeable flavour-changing neutral currents.

b)

q̄′

q t

b̄

W+

c)

b t

W−

b

W−

t

d)

t

b

gg

t

a)

W+

b

q (q̄) q′ (q̄′)

Figure 8: Lowest order Feynman diagrams for single-top-quark production processes: t
channel (a), s channel (b), and associated tW production (c,d).

Thus, there are interesting physics issues associated with the hadronic production of single
top quarks. However, their observation is much more challenging than detecting tt̄ pairs.
This is partly due to smaller cross sections, but mainly due to the fact that the final-state
signatures suffer from larger backgrounds (see below). Although a few thousand single t
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t-­‐channel	
   s-­‐channel	
  

Wt	
  -­‐	
  producBon	
  Wt	
  -­‐	
  producBon	
  

gluons, one would take into account the reactions qg→ q′tb̄ instead of qb→ q′t. (That is
why the t-channel reactions are often called “W -gluon fusion processes” in the literature.)
However, the cross section for the W -gluon fusion process contains terms proportional
to αs ln(mt/mb)2 from the region where the outgoing b̄ is parallel to the gluon in the
initial state. These logarithmically enhanced terms, which make perturbation theory in αs
unreliable, can be summed up by introducing a b-quark PDF [285]. In this approach, the
process qg→ q′tb̄ (with the contribution from the collinear region subtracted) is one of
the next-to-leading order QCD contributions to the LO cross section.
To NLO QCD the t-channel cross section was calculated in [286–288]. The corrections
are relatively modest, they increase the LO t-quark cross section at the LHC (Tevatron)
by about about 5% (9%). NLO QCD results for the fully differential cross section were
presented in [289–291]. NLO QCD analyses including the semileptonic top decays were
made in [292] and in [293, 294], where also top-spin effects were taken into account.
Matching of the next-to-leading order QCD results with parton shower Monte Carlo sim-
ulations, according to the prescription used in the Monte Carlo program MC@NLO, was
made in [295]. The electroweak corrections were computed in [296, 297] within the SM
and the MSSM. The corrections turn out to be small in both models, at the percent level
and below.

Table 7: Predictions for single top-quark production cross sections at the Tevatron and
the LHC according to the recent update [298, 299]. The given errors include scale uncer-
tainties, PDF uncertainties, and uncertainties in mt . The value mt = 171.4±2.1 GeV was
used. At the Tevatron the SM prediction for t̄ production is equal to σt .

cross section t channel s channel tW mode
σtTevatron 1.15±0.07 pb 0.54±0.04 pb 0.14±0.03 pb
σtLHC 150±6 pb 7.8±0.7 pb 44±5 pb
σt̄LHC 92±4 pb 4.3±0.3 pb 44±5 pb

Table 7 contains predictions for the t-channel cross sections which were updated in [298,
299]. The value given for the Tevatron was obtained taking higher-order soft gluon cor-
rections into account. For the LHC the incorporation of these threshold corrections is
not meaningful in the case of the t-channel processes. Therefore the values for σtLHC
and σt̄LHC given in table 7 are based on the fixed-order NLO QCD results. The predic-
tions were made with the parton distribution functions MRST2004 [173, 174] and with
mt = 171.4±2.1 GeV. The given errors include the uncertainties in the PDF, in mt , and
those due to variation of the factorization and renormalization scales, µF and µR, between
mt/2 and 2mt . For fixed-order NLO predictions, see [289, 290].
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•  Typical	
  cross-­‐secBon	
  values	
  

Note	
  that	
  top	
  and	
  anB-­‐top	
  s/t-­‐channel	
  x-­‐secBons	
  are	
  different	
  at	
  the	
  LHC	
  (due	
  to	
  pdf’s)	
  



– 15–

 [TeV]s
2 4 6 8 10 12 14

 [p
b]

t
t+

σ

1

10

210

310
CDF s-chan.
CDF t-chan.
D0 s-chan.
D0 t-chan.
CMS t-chan.
CMS Wt-chan.
ATLAS t-chan.
ATLAS Wt-chan.
ATLAS+CMS t-chan.

approx
) at NNLOtTheory (t+

s-channel (pp) 
)ps-channel (p

t-channel
Wt

 

Figure 2: Measured and predicted single top production cross
sections from Tevatron energies in pp collisions to LHC energies
in pp collisions. Tevatron data points at

√
s = 1.96 TeV are

from Refs. [57,60] and [62]. The ATLAS and CMS data points
at

√
s = 7 TeV are from Refs. [64,66,74,78] and [79,65,75],

respectively. The ones at
√

s = 8 TeV are from Refs. [67,69,76]
and [68,69,77]. Theory curves are generated using [6,7,8].

radiation. The asymmetry, AFB, is defined by

AFB =
N(∆y > 0) − N(∆y < 0)

N(∆y > 0) + N(∆y < 0)
(2)

where ∆y = yt − yt̄ is the rapidity difference between the

top- and the anti-top quark. NLO calculations predict a small

AFB at the Tevatron. The most recent calculations at NLO,

including electromagnetic and electroweak corrections, yield a

predicted asymmetry of (≈ 8.8 ± 0.6)% [80,81].

Both, CDF and DØ, have measured asymmetry values in

excess of the SM prediction, fueling speculation about exotic

production mechanisms (see, for example, [82] and references

therein). The first measurement of this asymmetry by DØ in

0.9 fb−1 [83] found an asymmetry at the detector level of

(12 ± 8)%. The first CDF measurement in 1.9 fb−1 [84] yielded

(24 ± 14)% at parton level. Both values were higher, though

statistically consistent with the SM expectation. With the addi-

tion of more data, the uncertainties have been reduced, but the

December 18, 2013 12:01

From	
  PDG	
  2013	
  

•  Good	
  agreement	
  between	
  SM	
  theory	
  and	
  measurements	
  



•  Single	
  top	
  t-­‐channel	
  producBon	
  is	
  now	
  know	
  through	
  NNLO.	
  

•  Theory	
  uncertainBes	
  are	
  now	
  Bny:	
  1%	
  or	
  less	
  

•  The	
  producBon	
  rate	
  for	
  single	
  top	
  at	
  the	
  LHC	
  is	
  large	
  and	
  comparable	
  to	
  top-­‐pair	
  

•  It	
  is	
  much	
  harder	
  to	
  measure	
  single	
  top	
  due	
  to	
  not-­‐so-­‐disBnct	
  final	
  state	
  

•  Single	
  top	
  could	
  be	
  used	
  to	
  measure	
  directly	
  top	
  quark	
  properBes,	
  especially	
  Vtb	
  

•  Good	
  playground	
  for	
  tesBng	
  4-­‐	
  versus	
  5-­‐flavor	
  number	
  schemes	
  

•  Search	
  for	
  FCNC	
  in	
  top	
  producBon	
  

•  Charged	
  light	
  Higgs	
  boson	
  





Why	
  do	
  we	
  care	
  about	
  the	
  top	
  quark	
  mass?	
  	
  

ü 	
  Precision	
  EW	
  tests:	
  the	
  place	
  in	
  collider	
  physics	
  that	
  is	
  most	
  sensiBve	
  to	
  mtop	
  .	
  	
  
	
  	
  	
  	
  With	
  the	
  discovery	
  of	
  the	
  (presumably	
  SM)	
  Higgs	
  boson	
  the	
  SM	
  is	
  complete	
  and	
  the	
  tests	
  are	
  	
  
	
  	
  	
  over-­‐determined.	
  Everything	
  looks	
  good.	
  The	
  “bosleneck”	
  is	
  the	
  uncertainty	
  on	
  the	
  W	
  mass.	
  
	
  	
  	
  Top	
  mass	
  will	
  be	
  compeBBve	
  once	
  the	
  ulBmate	
  W	
  mass	
  precision	
  (at	
  LHC)	
  is	
  achieved.	
  
	
  
ü 	
  All	
  other	
  places	
  in	
  collider	
  physics	
  are	
  even	
  less	
  sensiBve	
  to	
  mtop	
  .	
  	
  
	
  
ü 	
  However:	
  there	
  is	
  very	
  strong	
  dependence	
  on	
  mtop	
  in	
  models	
  that	
  rely	
  on	
  bosom-­‐up	
  approaches.	
  	
  
	
  	
  	
  	
  These	
  take	
  some	
  data	
  at	
  EW	
  scale	
  (measured)	
  and	
  then	
  predict	
  (through	
  RG	
  running)	
  	
  
	
  	
  	
  	
  how	
  the	
  model	
  looks	
  at	
  much	
  larger	
  scales,	
  say	
  O(MPlank).	
  
	
  
ü 	
  Two	
  types	
  of	
  uncertainBes	
  appear:	
  

ü 	
  Due	
  to	
  running	
  itself	
  

ü 	
  Due	
  to	
  boundary	
  condiBon	
  at	
  EW.	
  It	
  is	
  here	
  mtop	
  is	
  crucial.	
  
	
  
ü 	
  Examples:	
  
	
  
o 	
  Higgs	
  inflaBon.	
  Model	
  very	
  predicBve;	
  relates	
  SM	
  and	
  ΛCDM	
  parameters.	
  Agrees	
  with	
  Planck	
  data.	
  
o 	
  Vacuum	
  stability	
  in	
  SM.	
  Change	
  of	
  1	
  GeV	
  in	
  mtop	
  shias	
  the	
  stability	
  bound	
  for	
  SM	
  from	
  	
  
	
  	
  	
  1011	
  to	
  the	
  Plank	
  scale.	
  

Chetyrkin,	
  Zoller	
  ’12-­‐13	
  
Bednyakov,	
  Pikelner,	
  Velizhanin	
  `13	
  

Bezrukov,	
  Shaposhnikov	
  ’07-­‐’08	
  
De	
  Simone,	
  Hertzbergy,	
  Wilczek	
  ’08	
  
Degrassi,	
  Di	
  Vita,	
  Elias-­‐Miro,	
  Espinosa,	
  Giudice,	
  Isidori,	
  Strumia	
  ‘12	
  

This	
  is	
  the	
  place	
  where	
  high	
  precision	
  in	
  mtop	
  is	
  needed	
  most.	
  



Higgs	
  mass	
  and	
  vacuum	
  stability	
  in	
  the	
  Standard	
  Model	
  at	
  NNLO.	
  	
  	
  

Degrassi,	
  Di	
  Vita,	
  Elias-­‐Miro,	
  Espinosa,	
  Giudice,	
  Isidori,	
  Strumia	
  ‘12	
  

The	
  fate	
  of	
  the	
  Universe	
  might	
  depend	
  on	
  1	
  GeV	
  in	
  Mtop!	
  

Quantum	
  correcBons	
  	
  
	
  	
  	
  	
  	
  	
  	
  (included)	
  

Vacuum	
  stability	
  condiBon:	
  

Possible	
  implicaBon:	
  	
  
For	
  the	
  right	
  values	
  of	
  the	
  SM	
  parameters	
  (and	
  we	
  are	
  right	
  there)	
  SM	
  might	
  survive	
  the	
  Desert.	
  

ü 	
  Currently	
  a	
  big	
  push	
  for	
  beser	
  understanding	
  of	
  the	
  top	
  mass.	
  Precision	
  is	
  crucial	
  here…	
  



ü 	
  The	
  apparent	
  sensiBvity	
  to	
  mtop	
  requires	
  convincing	
  mtop	
  determinaBon	
  

ü 	
  What	
  do	
  I	
  mean	
  by	
  convincing?	
  

ü 	
  mtop	
  is	
  not	
  an	
  observable;	
  cannot	
  be	
  measured	
  directly.	
  

ü 	
  It	
  is	
  extracted	
  indirectly,	
  through	
  the	
  sensiBvity	
  of	
  observables	
  to	
  mtop	
  

ü 	
  	
  The	
  implicaBon:	
  the	
  “determined”	
  value	
  of	
  mtop	
  is	
  as	
  sensiBve	
  to	
  theoreBcal	
  modeling	
  	
  
	
  	
  	
  	
  	
  as	
  it	
  is	
  to	
  the	
  measurement	
  itself	
  

	
  
	
  

ü 	
  The	
  measured	
  mass	
  is	
  close	
  to	
  the	
  pole	
  mass	
  (top	
  decays	
  …)	
  

ü 	
  One	
  needs	
  to	
  go	
  beyond	
  the	
  usual	
  MC’s	
  to	
  achieve	
  theoreBcal	
  control	
  	
  	
  

ü 	
  Lots	
  of	
  acBvity	
  (past	
  and	
  ongoing).	
  An	
  up-­‐to-­‐date	
  review:	
  
Juste,	
  Mantry,	
  Mitov,	
  Penin,	
  Skands,	
  Varnes,	
  Vos,	
  Wimpenny	
  ‘13	
  

Goals	
  regarding	
  top	
  mass	
  determinaBon	
  at	
  hadron	
  colliders	
  



	
  
Ø 	
  	
  A	
  worry:	
  can	
  there	
  be	
  an	
  addiBonal	
  systemaBc	
  O(1	
  GeV)	
  shia	
  in	
  mtop	
  ?	
  	
  	
  

Ø 	
  Two	
  types	
  of	
  possible	
  hidden	
  errors	
  (biases):	
  
	
  
ü 	
  QCD	
  related.	
  As	
  follows	
  from	
  the	
  equaBon:	
  
	
  
	
  	
  	
  the	
  precision	
  in	
  mtop	
  determinaBon	
  reflects	
  both	
  the	
  experimental	
  uncertainty,	
  	
  
	
  	
  	
  and	
  the	
  error	
  on	
  the	
  theory	
  input.	
  Therefore,	
  unaccounted	
  theory	
  errors	
  do	
  maser!	
  
	
  
	
  	
  	
  Typical	
  situaBon:	
  using	
  a	
  MC	
  to	
  construct	
  a	
  likelihood	
  and	
  find	
  the	
  likeliest	
  value	
  of	
  mtop.	
  	
  
	
  	
  	
  Combine	
  with	
  other	
  methods/measurements	
  to	
  improve	
  errors,	
  etc.	
  etc.	
  	
  
	
  	
  	
  At	
  each	
  step	
  the	
  error	
  seemingly	
  decreases.	
  But	
  this	
  may	
  be	
  an	
  illusion	
  if	
  irreducible	
  hidden	
  	
  
	
  	
  	
  errors	
  exist.	
  They	
  lead	
  to	
  biases	
  in	
  the	
  extracted	
  mass.	
  
	
  
	
  	
  	
  This	
  is	
  not	
  just	
  an	
  abstract	
  possibility.	
  Here	
  are	
  three	
  	
  
	
  	
  	
  most	
  recent	
  top	
  mass	
  measurements.	
  
	
  	
  	
  	
  They	
  are	
  compaBble	
  with	
  each	
  other	
  at	
  2σ…	
  
	
  
	
  
	
  
ü 	
  bSM	
  related.	
  Unexplored	
  territory.	
  Conceptually	
  the	
  same	
  as	
  above,	
  but	
  the	
  the	
  role	
  of	
  higher	
  	
  
	
  	
  	
  order	
  terms	
  is	
  now	
  played	
  by	
  bSM	
  physics:	
  it	
  contributes	
  to	
  the	
  measurement	
  but	
  is	
  not	
  
	
  	
  	
  accounted	
  for	
  on	
  the	
  theory	
  side.	
  Basically,	
  a	
  kind	
  of	
  bias	
  again.	
  

Goals	
  regarding	
  top	
  mass	
  determinaBon	
  at	
  hadron	
  colliders	
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1. Introduction

The current world average of the top quark mass [1]

mt = 173.34± 0.76GeV [WorldAverage] (1.1)

implies that mt is known with a precision better than 0.5%. Such an accuracy is per-

fectly adequate for present collider-physics applications [2] including, notably, the global

electroweak (EW) fits [3], which are saturated by the uncertainty on the W -boson mass,

and not by that on mt. Still, the accurate determination of the top quark mass at hadron

colliders remains a subject of much activity and debate.

Two separate developments have been the main drivers behind the above mentioned

activity: the outsize role played by the top quark mass in determining the stability of the

electroweak vacuum (both in the Standard Model (SM) [4–6] and beyond [7]), and the

recognition that the extraction of mt at hadron colliders involves significant theoretical

challenges, that might conceivably a↵ect its value at the level of O(1GeV) (see ref. [2] for

detailed discussion).

– 1 –

The bottom-up extrapolation of EW-scale physics, based on eq. (1.1), implies either

that the EW vacuum becomes unstable below the Planck scale, or that the result of eq. (1.1)

deviates from the value needed for the stability of the SM EW vacuum up to the Planck scale

by about two to four sigma’s [6, 8]. If confirmed, such a conclusion might indirectly imply

the existence of Beyond the SM (BSM) physics somewhere below the Planck scale. Given

the non-observation of BSM signals so far, it would be hard to overstate the importance of

this implication. We stress that these facts are mainly driven by the mt value of eq. (1.1),

and this because of the large parametric dependence of the stability condition on the top

quark mass.

At this point one might wonder about the need for revisiting the subject of mt deter-

mination, given the quite high precision of the top mass of eq. (1.1). To this end let us

remind the reader that there are a number of high-precision measurements that marginally

agree with the current world average. Examples are the very recent CMS [9] and D0 [10]

measurements:

mt = 172.04± 0.77GeV [CMSCollaboration] ,

mt = 174.98± 0.76GeV [D0Collaboration] . (1.2)

The above measurements have the same uncertainty as the combination in eq. (1.1), but

notably di↵erent central values1. In particular, the CMS measurement [9] is consistent with

the SM EW vacuum being stable up to the Planck scale, while the D0 measurement [10]

implies a rather unstable SM EW vacuum. Therefore, the spread in the available mt

measurements alone warrants a closer inspection of the determination of the top quark

mass. As we shall detail in the following, there are also strong theoretical reasons that

motivate further studies of the extraction of this parameter from hadron collider data.

The determination of the top quark mass is as much dependent on theoretical assump-

tions as it is on measurements. The reason is that the top quark mass is not an observable

and thus cannot be measured directly2: it is a theoretical concept, and its value is ex-

tracted from data in collider events that feature top quarks. Such an extraction depends

on the definition of the mass (pole mass, running mass, and so forth), on the observables

chosen, and on the various approximations made when computing those observables. Since

measurements are insensitive to theory assumptions3, any modification in the theoretical

modelling will result in a di↵erent value of the extracted top mass. If everything is consis-

tent, i.e. if the estimated uncertainty is a realistic representation of the true uncertainty,

then the di↵erences in the returned values should fall within the corresponding theory er-

rors. In reality, this may not be the case due to the presence of biases, whose very existence

might be di�cult to establish. With this important subtlety in mind, one of the main as-

pects of the present work is to devise a structured approach towards the identification of

such hidden biases.

1The measurements in eq. (1.2) agree with the world average of eq. (1.1) at approximately 2�.
2For this reason we do not speak of top massmeasurements but of top mass determinations or extractions.
3Strictly speaking, this is never the case. For example, corrections for detector e↵ects do depend on

theory assumptions. In the first approximation, one can ignore these data-theory correlations.

– 2 –

Such	
  differences	
  are	
  possible	
  in	
  the	
  context	
  of	
  this	
  discussion:	
  different	
  theory	
  systemaBcs.	
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IntroducBon:	
  issues	
  in	
  top	
  mass	
  determinaBon	
  

ü 	
  MC	
  modeling.	
  	
  

Most	
  methods	
  for	
  extracBon	
  of	
  mtop	
  rely	
  on	
  modeling	
  the	
  measured	
  final	
  state	
  with	
  typically	
  
LO+LL	
  MC	
  generators.	
  The	
  extracted	
  mass	
  then	
  reflects	
  the	
  mass	
  parameter	
  in	
  the	
  	
  
corresponding	
  MC	
  generator.	
  IdenBfying	
  the	
  nature	
  of	
  this	
  mass	
  parameter	
  and	
  relaBng	
  it	
  to	
  	
  
common	
  mass	
  schemes,	
  like	
  the	
  pole	
  mass,	
  is	
  a	
  non-­‐trivial	
  and	
  open	
  problem.	
  
It	
  may	
  be	
  associated	
  with	
  ambiguiBes	
  of	
  order	
  1	
  GeV.	
  	
  
	
  
	
  
The	
  effect	
  of	
  the	
  top	
  and	
  bosom	
  masses	
  on	
  parton-­‐shower	
  radiaBon	
  paserns	
  is	
  generally	
  	
  
included	
  already	
  in	
  the	
  LO+LL	
  MC’s	
  and	
  they	
  screen	
  collinear	
  singulariBes.	
  	
  

Buckley,	
  Buserworth,	
  Gieseke	
  et	
  al	
  Phys.	
  Rep.	
  ‘11	
  

ü 	
  Non-­‐perturbaBve	
  correcBons:	
  

Mostly	
  affect	
  the	
  MC	
  modeling	
  of	
  the	
  final	
  state.	
  Includes	
  hadronizaBon,	
  color	
  reconnecBon,	
  	
  
Underlying	
  Event,	
  final	
  state	
  interacBons	
  (especially	
  with	
  jet	
  vetoes).	
  	
  
	
  
Many	
  such	
  systemaBcs	
  are	
  accounted	
  for	
  through	
  the	
  JES.	
  
Color	
  reconnecBon	
  small	
  at	
  e+e-­‐	
  but	
  O(500	
  MeV)	
  at	
  hadron	
  colliders.	
  

RecommendaBon:	
  try	
  methods	
  with	
  alternaBve	
  systemaBcs	
  (unrelated	
  to	
  MC).	
  	
  



IntroducBon:	
  issues	
  in	
  top	
  mass	
  determinaBon	
  

ü 	
  	
  ReconstrucBon	
  of	
  the	
  top	
  pair.	
  	
  

Oaen,	
  the	
  exisBng	
  methods	
  for	
  extracBon	
  of	
  the	
  top	
  quark	
  mass	
  implicitly	
  or	
  
explicitly	
  rely	
  on	
  the	
  reconstrucBon	
  of	
  the	
  top	
  pair	
  from	
  final	
  state	
  leptons	
  and	
  jets.	
  	
  
	
  
This	
  introduces	
  uncertainBes	
  of	
  both	
  perturbaBve	
  origin	
  (through	
  higher-­‐order	
  correcBons)	
  	
  
and	
  non-­‐perturbaBve	
  origin	
  (related	
  to	
  showering	
  and	
  non-­‐factorizable	
  correcBons).	
  	
  
	
  
Methods	
  that	
  do	
  not	
  rely	
  on	
  such	
  reconstrucBon	
  are	
  therefore	
  complementary	
  and	
  	
  
highly	
  desirable;	
  two	
  examples	
  are	
  the	
  J/Ψ	
  method	
  and	
  dilepton	
  distribuBons.	
  

ü 	
  This	
  is	
  correlated	
  with	
  the	
  asempt	
  to	
  define	
  a	
  pseudo	
  top.	
  How	
  needed/useful	
  is	
  that?	
  
	
  	
  	
  	
  	
  	
  (recall	
  our	
  earlier	
  discussion)	
  



IntroducBon:	
  issues	
  in	
  top	
  mass	
  determinaBon	
  

ü 	
  AlternaBve	
  top	
  mass	
  definiBons.	
  
	
  
AlternaBve	
  mass	
  definiBons	
  that	
  reflect	
  the	
  physics	
  are	
  beneficial	
  (known	
  from	
  e+e-­‐).	
  
Less	
  clear	
  at	
  hadron	
  colliders.	
  

ü 	
  Renormalon	
  ambiguity	
  in	
  top	
  mass	
  definiBon.	
  

Pole	
  mass	
  of	
  the	
  top	
  quark	
  suffers	
  from	
  the	
  so-­‐called	
  renormalon	
  ambiguity.	
  This	
  implies	
  	
  
an	
  addiBonal	
  irreducible	
  uncertainty	
  of	
  several	
  hundred	
  MeV's	
  on	
  the	
  top	
  pole	
  mass.	
  
Not	
  an	
  issue	
  for	
  short	
  distance	
  masses.	
  Currently,	
  at	
  hadron	
  colliders,	
  this	
  is	
  a	
  subdominant	
  	
  
uncertainty.	
  

ü 	
  Higher-­‐order	
  correcBons.	
  

Important	
  source	
  of	
  uncertainty.	
  State	
  of	
  the	
  art	
  NLO	
  QCD;	
  not	
  always	
  included.	
  	
  



IntroducBon:	
  issues	
  in	
  top	
  mass	
  determinaBon	
  

ü 	
  Unstable	
  top	
  and	
  finite	
  top	
  width	
  effects.	
  

Understood	
  for	
  e+e-­‐.	
  	
  
	
  
Computed	
  at	
  NLO	
  for	
  hadron	
  colliders.	
  Could	
  affect	
  certain	
  distribuBons.	
  	
  
	
  
	
  
	
  
	
  
	
  
Not	
  really	
  used	
  so	
  far	
  in	
  top	
  mass	
  studies.	
  

ü 	
  Bound-­‐state	
  effects	
  in	
  top	
  pair	
  producBon	
  at	
  hadron	
  colliders.	
  
	
  
When	
  the	
  sbar	
  pair	
  is	
  produced	
  with	
  small	
  relaBve	
  velocity	
  (i.e.	
  close	
  to	
  threshold)	
  bound-­‐state	
  
formaBon	
  begins.	
  These	
  effects	
  can	
  affect	
  the	
  shape	
  of	
  differenBal	
  distribuBons	
  within	
  few	
  
GeV	
  away	
  from	
  the	
  threshold.	
  Special	
  care	
  must	
  be	
  taken	
  if	
  a	
  measurement	
  is	
  sensiBve	
  
to	
  such	
  effects.	
  
	
  
In	
  usual	
  “inclusive”	
  observables	
  (like	
  total	
  x-­‐secBon)	
  this	
  effect	
  is	
  diluted	
  	
  

Melnikov,	
  Schulze	
  



Methods	
  for	
  mtop	
  determinaBon	
  



Methods	
  for	
  mtop	
  determinaBon:	
  Matrix	
  Element	
  Methods	
  

ü 	
  The	
  backbone	
  of	
  the	
  Tevatron	
  studies	
  as	
  well	
  as	
  the	
  most	
  precise	
  LHC	
  ones.	
  	
  
	
  	
  	
  Performed	
  in	
  all	
  final	
  states.	
  	
  

ü 	
  Measured	
  objects	
  are	
  compared	
  with	
  expectaBons	
  from	
  the	
  LO	
  s	
  producBon	
  and	
  decay	
  	
  
	
  	
  	
  diagrams	
  convoluted	
  with	
  the	
  detector	
  response.	
  

ü 	
  Method’s	
  power	
  comes	
  from	
  the	
  fact	
  that	
  the	
  likelihood	
  for	
  each	
  event	
  to	
  be	
  consistent	
  	
  
	
  	
  	
  with	
  both	
  s	
  and	
  background	
  producBon	
  is	
  calculated;	
  greater	
  weight	
  is	
  assigned	
  	
  
	
  	
  	
  to	
  events	
  that	
  are	
  more	
  likely	
  to	
  be	
  from	
  s	
  when	
  measuring	
  mtop.	
  

ü 	
  Issue:	
  incorrect	
  modeling	
  due	
  to	
  missing	
  theory	
  correcBons.	
  	
  



Methods	
  for	
  mtop	
  determinaBon:	
  Matrix	
  Element	
  Methods	
  

ProjecBons	
  based	
  on	
  CMS	
  lepton-­‐plus-­‐jet	
  analysis:	
  

ü 	
  ProjecBons	
  beyond	
  14	
  TeV	
  require	
  full	
  detector	
  simulaBon.	
  Not	
  done	
  here.	
  

ü 	
  Pileup	
  and	
  UE	
  become	
  more	
  important	
  at	
  higher	
  energy/pileup.	
  

ü 	
  ISR/FSR	
  become	
  dominant	
  uncertainBes	
  at	
  high	
  luminosity	
  (unlike	
  current	
  measurements)	
  

ü 	
  Extra	
  300MeV	
  uncertainty	
  added	
  by	
  hand.	
  



Methods	
  for	
  mtop	
  determinaBon:	
  CMS	
  endpoint	
  method	
  

A	
  kinemaBcal	
  method:	
  uBlizes	
  the	
  strong	
  correlaBon	
  between	
  the	
  maximum	
  of	
  the	
  Mbl	
  	
  
distribuBon	
  and	
  mtop.	
  	
  

ü 	
  ISR/FSR	
  and	
  pileup	
  do	
  not	
  play	
  a	
  role	
  at	
  high	
  luminosity.	
  	
  (unlike	
  convenBonal	
  methods)	
  

ü 	
  Does	
  not	
  rely	
  on	
  MC	
  for	
  internal	
  calibraBon	
  (analyBcal	
  with	
  data-­‐driven	
  backgrounds).	
  

ü 	
  Less	
  likely	
  to	
  be	
  affected	
  by	
  bSM	
  correcBons.	
  

ü 	
  Nonetheless,	
  higher	
  order	
  effects	
  do	
  affect	
  the	
  endpoint	
  posiBon	
  (parBcularly	
  top	
  widths)	
  	
  	
  
	
  	
  	
  NLO	
  calculaBons	
  do	
  exist	
  –	
  not	
  uBlized.	
  	
  



Methods	
  for	
  mtop	
  determinaBon:	
  J/Ψ	
  method	
  

A	
  different	
  method:	
  no	
  reconstrucBon	
  is	
  involved.	
  Predict	
  the	
  Mtop	
  dependence	
  of	
  	
  
the	
  peak	
  of	
  the	
  	
  invariant	
  mass	
  of	
  the	
  three	
  leptons.	
  
Note	
  the	
  very	
  strong	
  suppression	
  due	
  to	
  B-­‐>	
  J/PSi	
  

EsBmates	
  from	
  NLO	
  QCD.	
  	
  
	
  
	
  
	
  
NNLO	
  accuracy	
  assumed	
  in	
  some	
  extrapolaBons.	
  
	
  
	
  
Main	
  source:	
  B-­‐fragmentaBon.	
  Likely	
  will	
  be	
  irreducible	
  unless	
  new	
  e+e-­‐	
  data.	
  	
  

(see	
  also)	
  

Top mass measurement at the LHCTop mass measurement at the LHC

A. A. KharchilavaKharchilava, hep, hep--ph/9912320ph/9912320::

!! Experimentally very clean signalExperimentally very clean signal
!! Low branching ratio ~ 10Low branching ratio ~ 10--55 , but , but 
!! Compensated by large top production ratesCompensated by large top production rates
!! Expected 1000 events/year at LHCExpected 1000 events/year at LHC
!! Accuracy Accuracy !! 1 1 GeVGeV for 4 years of running.for 4 years of running.

Jet measurements are hard at the LHC; check out the lepton signaJet measurements are hard at the LHC; check out the lepton signall

MethodMethod: study the invariant mass distribution of M: study the invariant mass distribution of MJ/J/""--## in top decayin top decay

A. MitovA. Mitov Top mass measurement at the LHC and ILC                         Top mass measurement at the LHC and ILC                         Workshop on LHC/ILC Synergies , SLAC Workshop on LHC/ILC Synergies , SLAC 



Methods	
  for	
  mtop	
  determinaBon:	
  mtop	
  from	
  kinemaBc	
  distribuBons	
  

ü 	
  Total	
  cross-­‐secBon:	
  

Allows	
  extracBon	
  with	
  about	
  
3%	
  uncertainty	
  due	
  to	
  limited	
  
sensiBvity	
  to	
  mtop	
  .	
  

Ø 	
  PosiBve	
  features:	
  
	
  
	
  	
  	
  Good	
  theory	
  control	
  (NNLO)	
  
	
  	
  	
  Small	
  non-­‐perturbaBve	
  and	
  width	
  effects	
  
	
  
Ø 	
  NegaBves:	
  
	
  
	
  	
  	
  Small	
  sensiBvity	
  (unlikely	
  to	
  improve)	
  
	
  
ü 	
  At	
  present	
  there	
  are	
  inconsistently	
  applied	
  acceptance	
  correcBons	
  (i.e.	
  LO	
  or	
  NLO	
  not	
  NNLO).	
  	
  
	
  	
  	
  	
  SBll,	
  likely	
  a	
  small	
  effect.	
  	
  	
  
	
  
	
  	
  -­‐	
  Recent	
  extracBon	
  from	
  ATLAS	
  
	
  	
  	
  	
  (note	
  how	
  far	
  apart	
  they	
  are)	
  

Latest	
  Tevatron	
  CombinaBon:	
  1309.7570	
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Table 5. Fiducial cross-section measurement results at
p
s = 7TeV and

p
s = 8TeV, for di↵erent requirements on the minimum

lepton p
T

and maximum lepton |⌘|, and with or without the inclusion of leptons from W ! ⌧ ! ` decays. In each case, the
first uncertainty is statistical, the second due to analysis systematic e↵ects, the third due to the integrated luminosity and the
fourth due to the LHC beam energy.

p`
T

(GeV) |⌘`| W ! ⌧ ! `
p
s = 7TeV (pb)

p
s = 8TeV (pb)

> 25 < 2.5 yes 2.615± 0.044± 0.056± 0.052± 0.047 3.448± 0.025± 0.069± 0.107± 0.059
> 25 < 2.5 no 2.305± 0.039± 0.049± 0.046± 0.041 3.036± 0.022± 0.061± 0.094± 0.052
> 30 < 2.4 yes 2.029± 0.034± 0.043± 0.040± 0.036 2.662± 0.019± 0.054± 0.083± 0.046
> 30 < 2.4 no 1.817± 0.031± 0.039± 0.036± 0.033 2.380± 0.017± 0.048± 0.074± 0.041
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Fig. 7. Predicted NNLO+NNLL tt̄ production cross-sections
at

p
s = 7TeV and

p
s = 8TeV as a function of mpole

t , show-
ing the central values and total uncertainty bands with several
PDF sets. The yellow band shows the QCD scale uncertainty.
The measurements of �t¯t are also shown, with their depen-
dence on the assumed value of mt through acceptance and
background corrections parameterised using Eq. (2).

mass mpole
t

:

L(mpole
t

) = (3)Z
G(�0

tt̄

|�
tt̄

(mpole
t

), ⇢exp) ·G(�0
tt̄

|�theo
tt̄

(mpole
t

), ⇢±theo )d�
0
tt̄

.

Here, G(x|µ, ⇢) represents a Gaussian probability density
in the variable x with mean µ and standard deviation
⇢. The first Gaussian term represents the experimental
measurement �

tt̄

with its dependence on mpole
t

and un-
certainty ⇢exp, and the second Gaussian term represents
the theoretical prediction given by Eq. (2) with its asym-
metric uncertainty ⇢±theo from PDFs, ↵s and QCD scale
choices as discussed in Sect. 2. The likelihood in Eq. (3)
was maximised separately for each PDF set and centre-
of-mass energy to give the mpole

t

values shown in Table 6.
The theoretical contributions to the total uncertainty are
slightly larger than the experimental uncertainties from
the measurement of �

tt̄

; the latter are about 1.4GeV atp
s = 7TeV and 1.6GeV at

p
s = 8TeV. A single mpole

t

value was derived for each centre-of-mass energy by defin-

Table 6. Measurements of the top quark pole mass deter-
mined from the tt̄ cross-section measurements at

p
s = 7TeV

and
p
s = 8TeV using various PDF sets.

mpole

t (GeV) from �t¯t

PDF
p
s = 7TeV

p
s = 8TeV

CT10 NNLO 171.4± 2.6 174.1± 2.6
MSTW 68% NNLO 171.2± 2.4 174.0± 2.5
NNPDF2.3 5f FFN 171.3+2.2

�2.3 174.2± 2.4

ing an asymmetric Gaussian theoretical probability den-
sity in Eq. (3) with mean equal to the CT10 prediction,
and a ±1 standard deviation uncertainty envelope which
encompasses the ±1 standard deviation uncertainties from
each PDF set following the PDF4LHC prescription [4],
giving:

mpole
t

= 171.4± 2.6 GeV (
p
s = 7TeV) and

mpole
t

= 174.1± 2.6 GeV (
p
s = 8TeV).

Considering only uncorrelated experimental uncertainties,
the two values are consistent at the level of 1.7 stan-
dard deviations. The top pole mass was also extracted
using a frequentist approach, evaluating the likelihood for
each mpole

t

value as the Gaussian compatibility between
the theoretically predicted and experimentally measured
values, and fixing the theory uncertainties to those at
mpole

t

= 172.5GeV. The results di↵er from those of the
Bayesian approach by at most 0.2GeV.

Finally, mpole
t

was extracted from the combined
p
s =

7TeV and
p
s = 8TeV dataset using the product of likeli-

hoods (Eq. (3)) for each centre-of-mass energy and ac-
counting for correlations via nuisance parameters. The
same set of experimental uncertainties was considered cor-
related as for the cross-section ratio measurement, and
the uncertainty on �theo

tt̄

was considered fully correlated
between the two datasets. The resulting value using the
envelope of all three considered PDF sets is

mpole
t

= 172.9+2.5
�2.6 GeV

and has only a slightly smaller uncertainty than the in-
dividual results at each centre-of-mass energy, due to the
large correlations, particularly for the theoretical predic-
tions. The results are shown in Fig. 8, together with previ-
ous determinations using similar techniques from D0 [57]



Methods	
  for	
  mtop	
  determinaBon:	
  mtop	
  from	
  kinemaBc	
  distribuBons	
  

ü 	
  ExtracBon	
  suggested	
  from	
  s+jet.	
  	
  
	
  
	
  
	
  	
  	
  EsBmates	
  for	
  contribuBons	
  from	
  unknown	
  correcBons	
  –	
  below	
  1	
  GeV.	
  
	
  
	
  	
  	
  Method	
  is	
  MC	
  dependent	
  and	
  involves	
  t	
  (tbar)	
  reconstrucBon	
  

ü 	
  Dilepton	
  distribuBons	
  
	
  

Ø 	
  No	
  reconstrucBon	
  

Ø 	
  Minimal	
  shower	
  and	
  NP	
  sensiBvity.	
  Reliably	
  computable	
  at	
  fixed	
  order.	
  

Ø 	
  Theory	
  error	
  esBmate	
  of	
  0.8	
  GeV	
  

Ø 	
  Strong	
  emphasis	
  on	
  combaBng	
  theory	
  biases!	
  

Frixione,	
  Mitov	
  ‘14	
  



New	
  Physics	
  contribuBons	
  to	
  mtop	
  

ü 	
  One	
  hardly	
  menBoned	
  problem!	
  

ü 	
  There	
  is	
  the	
  possibility	
  that	
  undetected	
  correcBons	
  to	
  top	
  producBon	
  might	
  shia	
  	
  
	
  	
  	
  	
  the	
  top	
  mass	
  measurements	
  (measure	
  top+bSM	
  but	
  theory	
  assumes	
  pure	
  SM).	
  
	
  

	
  Example:	
  stop	
  -­‐>	
  top+X	
  we	
  discussed	
  earlier	
  
	
  

	
  If	
  the	
  stop	
  is	
  light,	
  the	
  event	
  looks	
  top-­‐like!	
  

ü 	
  The	
  strongest	
  constraint	
  on	
  bSM	
  contribuBons	
  to	
  mtop	
  comes	
  from	
  the	
  CMS	
  end-­‐point	
  method	
  
	
  
ü 	
  The	
  method	
  is	
  kinemaBc:	
  it	
  measures	
  the	
  posiBon	
  of	
  the	
  end-­‐point	
  of	
  the	
  spectrum	
  of	
  	
  
	
  	
  	
  	
  top	
  decay	
  products.	
  This	
  is	
  independent	
  of	
  the	
  top	
  producBon	
  mechanism.	
  

ü 	
  The	
  total	
  error	
  from	
  the	
  measurement	
  is	
  just	
  above	
  2.0	
  GeV	
  and	
  agrees	
  with	
  the	
  world	
  average.	
  

ü 	
  From	
  here	
  we	
  can	
  conclude	
  that	
  bSM	
  contribuBons	
  to	
  Mtop	
  are	
  not	
  larger	
  than	
  ~2GeV.	
  

ü 	
  Dedicated	
  studies	
  are	
  welcome.	
  Likely	
  they	
  will	
  be	
  model	
  dependent;	
  any	
  model-­‐independent	
  	
  
	
  	
  	
  	
  arguments	
  would	
  be	
  very	
  valuable.	
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Figure 16: Invariant-mass distribution of the top quark, Mt = Mνee+b, with standard cuts
for the LHC at

√
s = 8TeV for dynamical scale µ0 = ET/2.
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√
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ü 	
  The	
  machine	
  where	
  the	
  ulBmate	
  precision	
  of	
  100MeV	
  or	
  less	
  can	
  be	
  achieved.	
  

ü 	
  Best	
  approach	
  is	
  threshold	
  scan.	
  

ü 	
  ConBnuum	
  producBon	
  also	
  possible.	
  	
  

ü 	
  Similar	
  at	
  ILC	
  and	
  CLIC.	
  

ü 	
  InteresBng	
  quesBon:	
  is	
  it	
  possible	
  to	
  measure	
  mtop	
  at	
  c.m.	
  energy	
  of,	
  say,	
  250GeV,	
  	
  
	
  	
  	
  	
  i.e.	
  below	
  the	
  threshold?	
  

ü 	
  Given	
  the	
  presumed	
  ILC	
  schedule	
  this	
  might	
  imply	
  few	
  more	
  years	
  of	
  waiBng	
  …	
  

observables have been taken into account yet. The results of the simulated scan for these

three observables are shown in fig. 1b.

As it can be appreciated, the beam energy spread, bremsstrahlung and beamstrahlung

significantly smear the measured cross-section and the precise determination of the (machine-

dependent) luminosity spectrum is crucial for the reconstruction of the actual energy depen-

dence of the cross-section from the threshold scan. A multi-parameter fit including the top

quark mass, top quark width and top quark Yukawa coupling is performed considering simul-

taneously the three observables mentioned above. The strong coupling constant αs(MZ) is

used as an input value with an assumed uncertainty of ±0.001. The resulting uncertainties

on the top quark mass and width are 31 MeV and 34 MeV, respectively. Note that these

estimates do not account for any uncertainties on the nominal beam energy or the luminosity

spectrum, which must be accurately known [118].

More recent studies have evaluated the potential precision on the top quark mass consid-

ering realistic luminosity spectra generated with theGuineaPig [119] program. In particular,

Ref. [120] reports a detailed evaluation of the sensitivity of the top quark mass measurement

to the ILC accelerator parameters. The nominal ILC parameters (Nominal) are compared

to two alternative machine parameter known as LowQ and LowP, that have reduced and

increased beamstrahlung, respectively. Reference [92] has compared the top quark mass ex-

traction form the threshold scan using luminosity spectra of the (nominal) ILC and CLIC,

where beamstrahlung plays a more important role.
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Figure 3. Top quark pair production cross-section in e+e− scattering near the tt̄ threshold. The
NNLO prediction based on the TOPPIK program [8], not including beam effects, is shown as the
dashed line. Also shown are the predicted cross sections after convolution of the beam effects (beam
energy spread, bremsstrahlung and beamstrahlung) corresponding to three different sets of ILC accel-
erator parameters (see text for details).

As an example, Figure 3 shows the bare tt̄ threshold as a function of centre of mass energy

near threshold, as well as the effective cross-sections after convolution with the total lumi-
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From	
  1310.0799	
  	
  


