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Total rates: overview
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• top processes: NLO, from MCFM / Hathor / MadGraph5_aMC@NLO. 5FNS, mt = 172.5 GeV 
• t+Z/H: LO, from MCFM 
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Single-top: composition
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t-channel single-top

�t
NNLO(13 TeV) = 0.14 [nb]

�t
NNLO(100 TeV) = 2.6 [nb]

�t̄
NNLO(13 TeV) = 0.08 [nb]

�t̄
NNLO(100 TeV) = 2.0 [nb]

x20

x25

NNLO, 5FNS, total rates

Backgrounds: 
•tt -> x40 
•W+jets -> x15



t-channel single-top
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Flavor separation, μF = mt

LHC13 FCC100

Scale ~1% ~2%

PDFNNPDF ~1% ~2%

mb,PDF ~4% ~3%

mt ~1% ~1%

Main uncertainties

• gluon growth 
• diff. valence/sea less relevant

�t
NNLO(13 TeV) = 0.14 [nb] �t

NNLO(100 TeV) = 2.6 [nb]

Parametric uncertainty  
dominates



t-channel: top/anti-top ratio
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Top/anti-top ratio very stable 
-> discriminant for PDF

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 

With the new sets,  
VERY GOOD AGREEMENT 
(especially at 100 TeV)



t-channel: s/t interferences?

vs

In principle: 
•beyond LO, t- and s- channels same initial/final states -> 

interferences, no well-defined distinction

However in practice: 
•thanks to color, interference starts at NNLO (5FNS) 
•strongly suppressed (color/kinematics)

Given the slow growth of the s-channel with collider energy,  
EVEN LESS A PROBLEM AT 100 TEV



t-channel: pt  dependence
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Cumulative cross-section

topNLO anti-topNLO

pt > 0 TeV 2.7 nb 2.0 nb

pt > 1 TeV 1.0 pb 0.57 pb

pt > 5 TeV 0.5 fb 0.2 fb



t-channel: rapidity
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Wt associated production
Already at NLO, Wt, tt and WW share the same initial/final states ->  
interferences, cannot be separated. Wt is not a well-defined quantity

If (low pt) b-quark dynamics is relevant -> massive b 
4FNS, interferences already at LO

Old techniques (DR,DS,PR) are not fully theoretically sound.  
Can give an idea, but one should gradually move to WWbb analysis

Given the large relative yield, likely to be relevant for a 100 TeV collider



Wt: rough estimates
To reduce a top-contamination: additional b-veto  
(see e.g. hep-ph/0506289)

�Wt
NLO(13 TeV) = �Wt̄

NLO = 0.035 [nb]

�Wt
NLO(100 TeV) = �Wt̄

NLO = 1.3 [nb]

x35 5FNS, pt,veto=80 GeV 
μ~pt,veto

Complete (massive) 
WWbb study highly 

desirable

δscale δPDF,NNPDF

LHC13 ~5-10% ~2%

FCC100 ~5-10% ~2%



Wt: main uncertainties
9

Table 2: Systematic uncertainties extracted by fixing sources one at a time and measuring dif-
ference in cross section uncertainty.

Systematic Uncertainty Ds (pb) Ds
s

ME/PS matching thresholds 3.25 14%
Q2 scale 2.68 11%
Top quark mass 2.28 10%
Statistical 2.13 9%
Luminosity 1.13 5%
JES 0.91 4%
tt cross section 0.87 4%
Z+jet data/MC scale factor 0.56 2%
tW DR/DS scheme 0.45 2%
PDF 0.33 1%
Lepton identification 0.31 1%
JER 0.27 1%
B-tagging data/MC scale factor 0.20 < 1%
tt Spin Correlations 0.12 < 1%
Top Pt Reweighting 0.12 < 1%
Event pile up 0.11 < 1%
Emiss

T modeling 0.07 < 1%
Lepton energy scale 0.02 < 1%
Total 5.58 24%

of the pT of the system. For this analysis, all fitting procedures are done exactly the same as in
Section 5. Templates of the distributions are taken from simulation and uncertainties are taken
into account based on their effect on the shape of the templates.

7 Results

An excess of events compared to a background-only hypothesis is observed based on a fit to
the shape of the BDT discriminant with a significance of 6.0s, compared to an expected signifi-
cance, extracted from simulation, of 5.4+1.5

�1.4s. The measured cross section of the tW production,
including both statistical and systematic uncertainties, is found to be 23.4+5.5

�5.4 pb, in agreement
with the standard model prediction.

The cross section measurement is used to determine the absolute value of the Cabibbo-Kobayashi-
Maskawa matrix element |Vtb|, based on the assumption that |Vtd| and |Vts| are much smaller
than |Vtb|:

|Vtb| =
q

stW
sth

tW
= 1.03 ± 0.12(exp.) ± 0.04(th.)

where sth
tW is the theoretical prediction of the tW cross section assuming |Vtb| = 1. Under the

standard model assumption of 0  |Vtb|2  1, a lower bound on |Vtb| at a 95% confidence level
of |Vtb| > 0.78 is found.

Similar results are found in the two cross check analyses. In the cut-based analysis, the signal
is observed with an excess of 3.6 s above a background-only hypothesis, with an expected
significance of 2.8+0.9

�0.8s, and a measured cross section of 33.9+8.6
�8.6 pb. In the fit to the distribution

CMS-PAS-TOP-12-040 
[8 TeV analysis]

It would be interesting to see 
whether the higher statistics 
would allow to move to 
theoretically cleaner analysis 
•‘high pt’ physics, minimize 
use of (uncontrolled) PS 

•old DR/DS… would become 
obsolete in favor of WWbb

Still, large parametrical 
uncertainty from mt. 



s-channel

�t
NLO(13 TeV) = 5.3 [pb]

�t
NLO(100 TeV) = 40.5 [pb]

�t̄
NLO(13 TeV) = 3.1 [pb]

�t̄
NLO(100 TeV) = 33 [pb]

x7

x10

δscale δPDF,NNPDF

LHC13 ~2% ~1%

FCC100 ~5% ~2%

Central region (|η|<2.5):

Fig. 15: Integrated mass spectrum of central t¯b pairs (and c.c.) in single-top s-channel production (solid line). The
potential background from inclusive t¯t production is shown by the dashed curve.

9 Physics with top quarks26

9.1 tt̄Z production
Includes anomalous couplings, etc

9.2 tt̄W production
9.3 tt̄� production
9.4 Top properties27

Includes rare and forbidden decays, anomalous couplings, FCNC probes through single top production,
etc

26Editor: tbd; contributors: cacciari, nason, czakon, mitov, Re, Caola, Schulze, Rontsch, Campbell, J-A Aguilar-Saavedra,
mangano, Gosam, etc

27Editor: J-A Agular-Saavedra

19

FCC-SM report

High invariant-mass events



Associated production: tH
LO rates, in the SM:

�tH
LO(13 TeV) = 14 [fb]

�tH
LO(100 TeV) = 0.4 [pb]

�t̄H
LO(100 TeV) = 0.4 [pb]

�t̄H
LO(13 TeV) = 10 [fb]Figure 6. Feynman graphs to calculate the lowest order amplitudes for single top + Higgs production. The

diagrams where the Higgs boson couples to the light quarks have been dropped.

the calculation is significantly more stable than the single top + Z case, with an order of magnitude
less events discarded due to insufficient numerical precision in the pole terms (less than 0.005%). The
renormalization of the Yukawa coupling of the Higgs boson to the top quark takes exactly the same
form as the renormalization of the ϕ coupling already discussed in Section 2.

For the results presented here we use mH = 126 GeV based on the first observation of a new
boson at the LHC. The cross sections for tH and t̄H production as a function of the LHC operating
energy

√
s are shown in Figure 7 (left). The effect of next-to-leading order corrections is larger than

in the single top + Z case, with an increase in the cross section of approximately 15% at NLO.
To investigate the scale dependence of this process we focus on the case

√
s = 8 TeV. In contrast
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Figure 7. Left: Cross sections for tH and t̄H production as a function of
√
s. Right: Scale dependence

of single top + H cross sections at 8 TeV (µ = µR = µF ). In both cases, the Higgs boson has a mass
mH = 126 GeV and leading order predictions are shown as dashed lines, next-to-leading order as solid lines.

to the production of single top + Z, in this case we find the largest scale dependence when both
renormalization and factorization scales are varied together. The results are shown in Figure 7 (right),
where we consider scale variation by a factor of four about the central value, µ = mt. Once again the
NLO scale dependence is very mild, as expected in an electroweak process.

This process has received considerable interest recently as a probe of non-standard couplings of
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Figure 2: Partonic cross sections for the process Wb ! th as a function of the center of mass
energy

p
s. The parameter cV is set to 1. The hard scattering cross section is defined by a cut

|⌘| < 2: the large enhancement obtained for cF = �cV with respect to the SM case is evident.
The forward cross section, defined by a cut |⌘| > 3, is also shown (dashed curves).

This simple formula gives accurate results: for example for
p
s = 5TeV, cV = �cF = 1 and a

centrality cut5 |⌘| < 2 we find that the cross section computed without any approximations is
�full(|⌘| < 2) = 41.3 pb, whereas �(|⌘| < 2, s ! 1) = 40.7 pb .

Since for cV 6= cF the hard scattering amplitude grows with energy, perturbative unitarity
will be lost at some cuto↵ scale ⇤, which we now estimate. In the spinor basis of Eq. (2.4),
only one s-wave amplitude is non-vanishing

a0 =
1

16⇡
p
2
p
s
(cF � cV )

gmt

mWv

Z 0

�s

A(t/s,'; ⇠Rt , ⇠
L
b ) = � 1

24
p
2⇡

(cF � cV )
gmt

p
s

mWv
ei' (2.6)

from which, imposing the condition |a0| < 1, we find that perturbative unitarity is violated at
a scale

p
s ' ⇤ with

⇤ = 12
p
2⇡

v2

mt |cF � cV | . (2.7)

For example, for cV = �cF = 1 the cuto↵ is ⇤ ' 9.3TeV. One may worry about other
processes involving top quarks, in which perturbative unitarity could be lost at a scale lower
than the one in Eq. (2.7) for cF < 0. A relevant and often mentioned process is W+

L W�
L !

tt̄, for which we find ⇤ = 16⇡v2/(mt |1� cV cF |) . For cV = �cF = 1 this formula yields
8.8TeV, essentially the same cuto↵ scale we found for WLb ! th. For previous discussions of
perturbative unitarity breakdown in processes with external fermions, see Refs. [23, 24].

5Note that for the expression in Eq. (2.5) to be reliable, ⌘̃ cannot be too large. In fact, as already mentioned,
in the forward region the cross section has a Coulomb enhancement which is not captured by the approximations
we made here. See also Appendix A.

4

Unitarity in the Higgs/top sector 
•if for example yt with opposite 
sign w.r.t. SM: unitarity loss at ~ 6 
TeV 

•interesting to study at 100 TeV
Non negligible rate

(see e.g. hep-ph/0106293, hep-ph/1211.3736, hep-ph/1302-3856)



Thank you very much  
for your attention



Back-up: jet-vetoed cross-section

total 1-jet 2-jet

pt > 0 
TeV 2.7 nb 1.3 nb 0.8 nb

pt > 1 
TeV 1.0 pb -0.4 pb 1.4 pb

pt > 5 
TeV 0.5 fb -1.3 fb 1.8 fb

pt > 10 
TeV 3 ab x x

Negative 1-jet bin cross-
section!



T-channel single top: do we need NNLO?

�LO = 53.77 + 3.03� 4.33 pb

The total cross section at the 8 TeV LHC:  A CLOSER LOOK

�NLO = 55.13 + 1.63� 0.90 pb
3

FIG. 3: Scale dependence of the 2 → 2 and 2 → 3 calculations,
at LO (dashed) and NLO (solid) order. Factorization and
renormalization scales in the heavy and light quark lines are
equal to µ. For the LHC only top production is considered,
the behaviour of the anti-top being very similar.

jet distributions at the Tevatron [34] and the LHC. On
the other hand, the distributions of the spectator b’s are
significantly affected.

In Fig. 3 we show the cross sections for top produc-
tion at the Tevatron and the LHC in the two schemes
as a function of µ/mt, where µ is a common renormal-
ization and factorization scale. The 4F calculation has a
stronger dependence on the scale than the 5F one, par-
ticularly at the Tevatron, which simply reflects the fact
that the 2 → 3 Born calculation already contains a fac-
tor of αs. However, we observe that both calculations are
much more stable under scale variations at NLO than at
LO. To establish an optimal central value for the scales,
we have studied separately the scale dependence associ-
ated with the light and heavy quark lines. As expected,
most of the overall scale dependence is inherited from
the heavy quark line. In the 4F scheme it is minimal
for scales around mt/2 and mt/4 for the light and heavy
quark lines respectively, which therefore sets our central
scale choice. In the 5F scheme the scale dependence is
very mild and we simply choose mt for both lines.

Table I shows the predictions for the total cross sec-
tions in the two schemes, together with their uncertain-
ties. The scale uncertainties are evaluated by varying the
renormalization and factorization scales independently
between µL,H

0 /2 < µF,R < 2µL,H
0 with 1/2 < µF /µR < 2

and µL/µH constant. We see that the uncertainty in
the 4F scheme is larger than (similar to) that in the 5F
scheme at the Tevatron (LHC). The difference between
the NLO predictions in the two schemes is rather small,
with uncertainties typically less than 5% in both cases.

The exception is the 4F calculation at the Tevatron with
an uncertainty of around 10%, which is however still of
the same order as the absolute difference with the 5F
calculation. The small scale uncertainties together with
quite modest increases of the cross sections from LO to
NLO provide a clear indication that the perturbative ex-
pansions are very well behaved.

In Fig. 4 we compare NLO predictions for the top
quark and light jet pseudo rapidity η and transverse mo-
mentum pT . To define the light jet we used the kT al-
gorithm and imposed pT > 15 GeV, ∆R > 0.7. Results
are presented as a bin-by-bin ratio of the normalized (4F
and 5F) distributions. For the LHC only top production
is shown, with the behaviour of the anti-top very similar.
Although the predictions differ somewhat, the differences
are typically at the 10% level and always less than 20%.
Finally, we study the NLO distributions in η and pT for
the spectator b. We find that the fraction of events at
the Tevatron (LHC) where the b is central and at high-pT

(|η| < 2.5, pT > 20 GeV) is 28% (36%) with a very small
scale dependence. From Fig. 5 we see that the largest ef-
fects in the shapes are present at the Tevatron, where the
spectator b tends to be more forward and softer at high
pT than in the 5F calculation (where these observables
are effectively only at LO).

We have reported on the computation of the NLO
corrections to the EW production of top and bottom
quarks through the t-channel exchange of a W boson,
keeping the mass of the heavy quarks finite. This allows
a systematic study of the approximations and improve-
ments associated with the different schemes for treating
heavy flavors in QCD. We find that the 4F calculation
is well behaved: it displays a 10% (4%) scale uncer-
tainty and a modest (very small) increase of the cross
section from LO to NLO at the Tevatron (LHC). It gives
rates that are slightly smaller than the 5F predictions
(by about 6%). The two calculations are consistent at
the Tevatron, where the uncertainty of the 4F calcula-
tion is similar to their difference and marginally consis-
tent at the LHC, where the estimated uncertainties are
much smaller. Such a difference could be interpreted as

Born
TeV t (= t̄) LHC t LHC t̄

(LO) NLO (LO) NLO (LO) NLO

2 → 2 (0.92) 1.00+0.03+0.10
−0.02−0.08 (153) 156+4+3

−4−4 (89) 93+3+2
−2−2

2 → 3 (0.68) 0.94+0.07+0.08
−0.11−0.07 (143) 146+4+3

−7−3 (81) 86+4+2
−3−2

TABLE I: Inclusive cross sections (in pb) for t-channel single
top production at the Tevatron and LHC using (CTEQ6L1)
CTEQ6.6 PDF’s for the (LO) NLO predictions and µL

0 = mt

(µH
0 = mt) and µL

0 = mt/2 (µH
0 = mt/4) as central values

for the factorization and renormalization scales for the light
(heavy) line in the 5F and 4F schemes, respectively. The first
uncertainty comes from scale variations, the second from PDF
errors.

[Campbell et al (2009)]

•Scale variation (-> h.o. est.) 
similar to corrections

•~ percent difference 
between 4FNS/5FNS 
calculations

Residual perturbative 
uncertainty at the percent-level



t-channel single top: do we need NNLO?

�LO = 53.77 + 3.03� 4.33 pb

‘Typical’ NLO corrections are much more ~10%

�NLO = 55.13 + 1.63� 0.90 pb

+12% -14%

Large cancellations among channels
(beware of approximations only considering one channel)



Single-top in the ‘factorized’ approximation
Two-loop amplitudes:

Trivial (~NLO2)

Simple

~OK

hard

Must be interfered with tree-level -> COLOR SINGLET

The ‘hard’ amplitude contribution is suppressed by 1/Nc2

NEGLECTED IN OUR COMPUTATION

[same for s/t interference]

Preliminary investigations: 
[Uwer et al (2014)]



single-top @ NNLO: 5FNS vs 4FNS@NLO

NLO

NNLO

Inside NNLO 5FNS: ~ NLO 4FNS
• collinear regulator: MSbar vs mb (log resummed, p.s.t. neglected)
• SLC light/heavy interference neglected in our computation
• ‘Nice’ features of 4FNS NLO (B-JET MODELING) inherited


