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• Audience	with	diverse	interests (QCD/SM,	bSM):	discussion	should	be	useful	for	all
• Will	give	an	overview	of	important	results	and	state	of	the	art	developments;
• Not	too	many	details,	but	sufficient	depth	to	start	thinking	about/discussing	the	subject

• Context:	precision	in	LHC	physics	is	becoming	more	and	more	relevant



ü The	SM	prospective

• Top	production	is	the	most	complex	SM	process:	tame	tt,	tame	the	SM	(needed	for	bSM)
- massive:	addition	of	a	mass	in	a	problem	adds	a	dimension	to	its	complexity
- colored
- large	QCD	corrections
- important	EW	interactions	(strongly	interacts	with	all	SM	particles)
- results	in	very	complex	final	states

• Top	can be	studied	perturbatively:	very	high	accuracy	expected	(both	TH	and	EXP)
• The	only	bare quark:	gives	direct	access	to	the	SM	Lagrangian (with	caveats,	of	course)

ü The	bSM prospective

• Top	is	a	major	background	for	many	(most?)	bSM processes:	search	for	bSM
• Many	prominent	past/current	discrepancies:	spin-correlations,	Tevatron top	AFB ,	…
• BSM	decays	to	tops;	top	loop	effects
• Very	large	coupling	to	Higgs:	if	anything	in	the	SM	matters	for	Higgs,	this	is	the	top
• In	summary,	top	matters	in	2	ways:

- through	its	parametric values	(e.g.	Mtop and	EW	vacuum	stability)
- directly	(through	its	production	rates)





• Is	the	top	special	(as	we	hear	all	the	time?):	it	depends!
• From	the	viewpoint	of	QCD:	NO
• From	the	viewpoint	EW	:	YES

• Top	gets	most	of	its	corrections	– and	production	rates	– from	QCD	effects.	But	it	gets	
its	properties	from	EW	interactions	==>	both	are	very	important.

• Top’s	main	attribute:	its	very	large	mass:	Mtop ≈	173	GeV .	Compare:
*	MH ≈	125	GeV
*	MW ≈	80	GeV
*	Mb ≈	5	GeV
*	Mc ≈	1.5	GeV

Understanding	the	origin	of	its	mass	is	a	major	open	problem

• CKM	elements	relevant	for	top:	Vtb ≈	1.	
• Top	coupling	to	non-b	down-type	quarks	must	be	very	small	(CKM	suppression)
• Top	couplings	to	other	up-type	quarks	is	non-zero	at	loop-level	but	tiny.	

Any	significant	top	coupling	to	non-b	quarks	might	be	a	sign	of	bSM physics



Top’s	very	large	mass*	dictates	its	properties	(both	intrinsic	and	production	ones)

*	To	be	elaborated	upon	later.

• Mtop >>	MW
Implication: top	readily	decays;	not	true	for	the	other	quarks.

• Γtop ≈	1.5	GeV >>	ΛQCD ≈	0.3	GeV
Implication: top’s	lifetime	(~1/Γtop)	is	much	smaller	than	the	typical	

hadronization time	(~1/ΛQCD).
Profound	consequence: top	decays	before	forming	strongly	interacting	bound	states

(i.e.	mesons).

ü This	is	of	major	importance.	For	the	other	quarks	we	have	to	make	conclusions	based	on	
modeling	of	non-perturbative physics.	This	can	be	done	but	can	be	extremely	tricky.
In	certain	cases	even	beyond	our	ability	to	model	QCD	(not	even	speaking	of	solving	it).

ü The	fact	that	top	decays	(largely*)	free	of	non-perturbative effects	gives	us	added	
confidence	that	we	know	what	we	are	doing	regarding	SM	physics	
(it	really	matters	in	the	grand	scheme	of	things…).

Top	is	the	only	quark	that	decays	as	a	bare particle.



• We	refer	to	the	top	mode	based	
on	the	measured	final	state.	
Here	are	the	SM	options:
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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

2

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

QCD, top and LHCLecture IV: Top Physics – p.6/48



• At	hadron	colliders	top	quarks	are	produced	in	pairs	(dominant)	or	singly.
Top Pair-Production ChannelsTop Pair-Production Channels

Top Single-Production Channels

Top Single-Production Channels

Top Single-Production Channels

• Top	quark	production	rates,	for	various	initial	states	and	colliders:

substantial uncertainties. In turn, large-x gluons play an important role in theoretical pre-

dictions of many BSM scenarios like gluino pair production [15], high-mass Kaluza-Klein

graviton production [16–18], resonances in the tt̄ invariant mass spectrum [19, 20], quark

compositeness in inclusive jet and dijet production [21–24] and many others. The availabil-

ity of the full NNLO calculation makes top quark pair production the only hadron collider

process that is both sensitive to the gluon and can be consistently included in a NNLO

PDF fit without any approximations. Hadronic constraints on the gluon PDF are provided

also by inclusive jet and dijet production [25–28] and isolated photon production [29, 30],

though these two processes are only known to NLO and a↵ected by substantial scale un-

certainties.1

The focus of this paper is, on the one hand, to provide an up-to-date summary of

the theoretical uncertainties on the total tt̄ cross section, and on the other hand, to show

how top quark data can be used to constrain the large-x gluon PDF. Indeed, unlike the

Tevatron, top quark pair production at the LHC is dominated by gg scattering, thus

providing a complementary probe of the gluon PDF. As shown in Table 1, at the LHC the

relative contribution of the gg subprocess is between 85% and 90% depending on the beam

energy, with qq being about 10-15%, almost the opposite of the Tevatron.

TeVatron LHC 7 TeV LHC 8 TeV LHC 14 TeV

gg 15.4% 84.8% 86.2% 90.2%

qg + q̄g -1.7% -1.6% -1.1% 0.5%

qq 86.3% 16.8% 14.9% 9.3%

Table 1. The relative contribution of the various partonic sub-channels to the NNLO+NNLL cross
section for di↵erent colliders and collider energies, computed with the MSTW2008NNLO PDFs.
We loosely label with qq the sum of all processes without gluons in the initial state.

To illustrate the range of Bjorken-x’s to which the top cross section is sensitive, the

correlation [32] between the top quark production cross section and the gluon and the up

quark PDFs is shown in Fig. 1 for the various cases that we will discuss in the paper:

Tevatron Run II, LHC 7, 8 and 14 TeV. A correlation whose absolute magnitude is close

to 1 indicates that variations of PDFs with a particular value of x will in turn translate

into cross-section variations. It is clear from Fig. 1 that for the LHC the top quark cross

section directly probes the gluon in the range of x between x = 0.1 and x = 0.5, where

gluon PDF uncertainties are relatively large.

The outline of this paper is as follows. In Sect. 2 we discuss the settings of the

calculation and the treatment of the various theoretical uncertainties. In Sect. 3 we provide

up-to-date predictions for the tt̄ cross section at the Tevatron and LHC and compare with

the most recent experimental data. In Sect. 4 we quantify the impact of the available

top data on the gluon PDF, show how it reduces the gluon PDF’s large-x uncertainties,

1Recent progress on the NNLO cross section for jet production was presented in Ref. [31], so in the near

future it should also be possible to consistently include this process in NNLO PDF fits.
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Question: any	guesses	why	the	rate	for	the	qg reaction	(starts	at	NLO)	is	negative?	Is	this	OK?

quark production. In each section, we first review the presently available standard model
predictions and discuss then possible new physics effects. Moreover, experimental results
from the Tevatron and measurement perspectives at the LHC will be briefly outlined. As
usual in particle phenomenology, values of particles masses and decay widths are given
in natural units putting ! = c= 1.

Table 1: Upper part: number of tt̄ events produced at the Tevatron and expected tt̄ produc-
tion rates at the LHC and at a future e+e− linear collider (ILC), where L is the integrated
luminosity of the respective collider in units of fb−1. Lower part: Number of t and t̄
events at the Tevatron and expected number at the LHC produced in single top reactions.

tt̄ pairs dominant reaction Ntt̄
Tevatron: pp̄ (1.96 TeV) qq̄→ tt̄ ∼ 7 ·104×L
LHC: pp (14 TeV) gg→ tt̄ ∼ 9 ·105×L
ILC: e+e− (400 GeV) e+e− → tt̄ ∼ 800×L

single top dominant reaction (Nt +Nt̄)
Tevatron: u+b W−→d+ t ∼ 3 ·103×L
LHC: u+b W−→d+ t ∼ 3.3 ·105×L

2. The profile of the top quark
The top quark couples to all known fundamental interactions. Because of its large mass,
it is expected to couple strongly to the forces that break the electroweak gauge symmetry.
While the interactions of the top quark have not been explored in great detail so far,
its mass has been experimentally determined very precisely. In this section we briefly
describe what is known about the properties of the top quark, i.e., its mass, lifetime, spin,
and its charges. Because its mass plays a central role in the physics of this quark, we shall
first discuss the meaning of this parameter.

2.1. Mass
The top mass is a convention-dependent parameter, like the other parameters of the SM.
As the top quark does not hadronize (see section 2.2), it seems natural to exploit the
picture of the top quark being a highly unstable bare fermion. This suggests to use the
concept of on-shell or pole mass, which is defined to be the real part of the complex-
valued pole of the quark propagator St(p). This is a purely perturbative concept. A quark
is unobservable due to colour confinement, so its full propagator has no pole. In finite-
order perturbation theory the propagator of the top quark has a pole at the complex value
√

p2 =mt− iΓt/2, where mt is the pole or on-shell mass and Γt is the decay width of the

2

From	W.	Bernreuther ‘08
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Top	quark	quantum	numbers
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• Electric	charge	=	+2/3|e|.
• Because	tops	are	mostly	pair	produced,	it	was	only	recently	shown	that

the	exotic	charge	-4/3	(i.e.	decay	to	bW-)	is	unlikely.	

• CKM:	from	weak	decays	it	follows	that:

• Limits	from	measurements	of	top	decays	are	much	weaker.

Γt/mt ≃ 0.008. Thus one can factorize, to good approximation, the theoretical description
of these reactions into the production of on-shell single top quarks or tt̄ pairs (being
produced in a certain spin configuration) and the decay of t and/or t̄. We treat top-quark
decays first while the survey of hadronic production of these quarks is postponed to the
following sections. We shall review (polarized) top-quark decays in the SM, then discuss
effects of possible anomalous couplings in the tbW vertex, and finally consider several
new decay modes which are possible in various SM extensions.

3.1. SM decays
In the SM, which involves three generations of quarks and leptons, the only two-particle
decays of the top quark4 which are possible to lowest order in the (gauge) couplings
are t → bW+, t → sW+, and t → dW+. Their rates are proportional to the squares of
the CKM matrix elements |Vtq|2, q = b,s,d, respectively. The rate of t → X , i.e. the
total decay width Γt of the top quark, is given by the sum of the widths of these three
decay modes, as the branching ratios of the loop-induced flavour-changing neutral current
decays are negligibly small in the SM (see section 3.2.4). The analysis of data from weak
decays of hadrons yields 0.9990 < |Vtb| < 0.9992 at 95% C.L. [19], using the unitarity
of the CKM matrix. From the recent observation of the oscillation of Bs ↔ B̄s mesons
by the D0 and CDF experiments at the Tevatron and from analogous data on Bd ↔ B̄d
oscillations one can extract the ratio 0.20 < |Vtd/Vts| < 0.22 [19]. The unitarity relation
|Vtb|2+ |Vts|2+ |Vtd|2 = 1 implies that the total decay rate is completely dominated by
t → bW+, and one gets for the branching ratios

B(t→ bW+) = 0.998, B(t→ sW+) ≃ 1.9×10−3, B(t→ dW+)≃ 10−4. (3.1)

There is direct information from the Tevatron which implies that |Vtb|≫ |Vtd|, |Vtd|, with-
out using the unitarity constraint. The CDF and D0 collaborations measured

R≡
B(t → bW )

∑q=b,s,d B(t→ qW )
=

|Vtb|2

|Vtb|2+ |Vts|2+ |Vtd|2
(3.2)

by comparing the number of tt̄ candidates with 0, 1, and 2 tagged b jets. The right-hand
side of (3.2) is the standard-model interpretation of this ratio. A collection of CDF and
D0 results on R is given in [28,29]; the recent D0 result is R= 0.97+0.09

−0.08 [29]. The D0 [3]
and the CDF [4] experiments reported evidence for single top quark production. The
agreement of the measured production cross section with the SM expectation was used
by these experiments for a direct determination of the CKM matrix element Vtb with the
result 0.68< |Vtb|≤ 1 [3] and |Vtb| = 0.88±0.14±0.07 [4]. (See also section 5).

3.1.1. The total decay width:

As just discussed, the total decay width of the top quark is given in the SM, to the
precision required for interpreting the Tevatron or forthcoming LHC experiments, by the

4Unless stated otherwise, the discussion of this section applies analogously also to t̄ decays.
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• Top	spin:	strongly	correlated	with	the	helicity of	the	W

SM	predictions	for	the	W	helicity fractions:

V −A structure and angular momentum conservation allow the decay into a zero-helicity
and negative helicityW boson, but the decay amplitude intoW (λW = +1) is suppressed
by a factor m2b/m2W . This is due to the fact that the V −A law forces the b quark, if it
were massless, to have negative helicity – but this is in conflict with angular momentum
conservation. The three cases are illustrated in figure 1. For the decay fractions one

W+b t W+b t

W+b t

Figure 1: Illustration of top-quark decay into a b quark and aW+ boson with λW = 0,∓1.
ForW+(λW = +1) the b quark must have positive helicity (to lowest order), which has
vanishing probability for mb → 0.

obtains at tree level, putting mb = 0, and using mW = 80.40 GeV:

FB0 =
m2t

m2t +2m2W
= 0.6934−0.0025× (171−mt [GeV]) ,

FB− =
2m2W

m2t +2m2W
= 0.3066+0.0025× (171−mt [GeV]) , FB+ = 0 . (3.7)

Once gluon (and photon) radiation is taken into account, F+ ̸= 0 even in the limit mb = 0.
The W -helicity fractions F0,∓ were computed in [36, 46], taking the O(αs) QCD and
O(α) electroweak corrections, and the corrections due to the finiteW width and mb ̸= 0
into account. These corrections are very small; in particular they generate a small fraction
F+. The result of [36] is

F0 = 0.99×FB0 , F− = 1.02×FB− , F+ = 0.001 . (3.8)

For t̄ → b̄W− we have F̄0 = F0, F̄− = F+, and F̄+ = F− in the SM. Violations of these
relations due to theCP-violating KM phase δKM are negligibly small.
The large fraction F0 ≃ 0.7 signifies that top-quark decay is a source of longitudinally
polarizedW bosons – in fact, the only significant one at the LHC. (Almost allW bosons
produced in QCD reactions are transversely polarized.) Recall that, in the SM, the lon-
gitudinally polarized state of theW boson is generated by the charged component of the
SU(2) Higgs doublet field. If the dynamics of electroweak symmetry breaking is differ-
ent from the SM Higgs mechanism, one may expect deviations of the tbW vertex from its
SM structure, and F0 should be sensitive to it. The fraction F+ is obviously sensitive to
a possible V +A admixture in the charged weak current involving the top quark. These
issues will be addressed in sections 3.1.3 and 3.2.1.
Information about the polarization of the W boson is obtained from the angular distri-
butions of one of its decay products, W+ → ℓ+νℓ,qq̄′. As a u-type jet cannot be distin-
guished experimentally from a d-type jet, the best choice is to consider a charged lepton
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≈	0.7 ≈	0.3

Very	sensitive	to	V-A	structure	of	the	tbW vertex

Decay vertex t ! b + W +

tbW vertex / ¯b�µ
(fLPL + fRPR)tW�

µ +

¯bi�µ⌫ q⌫
mW

(gLPL + gRPR)tW�
µ + h.c.

In the SM:

mb 6= 0 + QCD & EW corrections �! Prob(hW = +1) ' 0.1%. Do et al.

Exp. determination by helicity analysis; not yet measured precisely at Tevatron.
LHC perspectives: |fR| < 0.06, |gL| ' |gR| < 0.02
Hubaut et al. ; Aguilar-Saavreda et al.

Courtesy	of	W.	Bernreuther



The	run-up	to	the	discovery	of	the	top	quark	is	an	important	lesson	in	today	searches.Electroweak theory tests: loop level
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• We	had	an	idea	about	Mtop before	
top	quarks	were	first	seen:

• Using	the	known	Higgs	and	W	masses	one	
can	again	indirectly	“rediscover”	the	top.
The	returned	mass	is																												in	
impressive	agreement	with	direct	
determinations.
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Figure 3: ��2 profiles as a function of the Higgs mass (top left), the top quark mass (top right), the W
boson mass (bottom left) and the e↵ective weak mixing angle (bottom right). The data points placed along
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which is compatible and more precise than the average of the LEP/SLD measurements [9]. The
total uncertainty is dominated by that from �↵

had

and mt, while the contribution from the uncer-
tainty in MH is again very small. Adding quadratically theoretical and experimantal uncertainties
would lead to a total uncertainty in the sin2✓`

e↵

prediction of 0.00007.

Finally, the top quark mass, cf. Fig. 3 (top right, blue band), is indirectly determined to be

mt = 175.8+2.7
�2.4 GeV , (8)

in agreement with the direct measurement and cross-section based determination (cf. Footnote 5).
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tainty in MH is again very small. Adding quadratically theoretical and experimantal uncertainties
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prediction of 0.00007.

Finally, the top quark mass, cf. Fig. 3 (top right, blue band), is indirectly determined to be

mt = 175.8+2.7
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in agreement with the direct measurement and cross-section based determination (cf. Footnote 5).
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• The	total	inclusive	cross-sections	is	known	in	NNLO	+	NNLL	QCD

• EW	corrections	are	also	know	at	NLO	but	are	negligible	(below	1%)

• This	results	in	theoretical	prediction	with	O(5%)	accuracy:

Ø scales (i.e.missing yet-higher order corrections) ~	3%
Ø pdf (at 68%	cl) ~	2-3% 
Ø alphaS (parametric) ~	1.5%	
Ø mtop (parametric) ~	3%

• Soft	gluon	resummation	makes	a	difference:	scale	uncertainty	5%	à 3% 
• Clearly,	most	sources	of	TH	error	are	comparable	so	further	progress	will	be	hard

Impressive	
agreement		
between	
EXP	and	SM!

Czakon,	Mitov	et	al	2012-13
Catani et	al	2018
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• Stable	top	quark	pair	production	is	aiming	at	as	high	precision	as	possible

• Results	are	becoming	“mature”	and	well	established.	Computed	by	two	groups	with	different	
methods.	Impressive	agreement!

• At	present	this	means	NNLO	QCD	+	EW	+	resummation	(soft	and	collinear	in	the	high-energy	
limit)

• Calculations	are	fully	differential	and	can	handle	any	safe	observable.	Up	to	two	dimensional	
distributions	computed

• Many	interesting	applications:

• PDFs	(studied	by	all	groups:	conclusions	vary	from	group	to	group)

• Top	parametric	impact	on	Higgs	and	BSM	

• Direct	searches	with	tops	

• Results	ready	for	used	by	SMEFT	fits	(theoretical	predictions	available	as	fastNLO tables;	even	
more	convenient	and	flexible	formats	in	development)

Czakon,	Mitov,	Poncelet at	al	2013	–
Catani,	Devoto,	Grazzini,	Kallweit,	Mazzitelli,	Sargsyan 2019

Czakon	et	al;
Pagani,	Tsinikos,	Zaro
Ferrogglia,	Pecjak,	Scott,	Wang,	Yang
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Figure 1: Theoretical predictions compared with the CMS data in the di-lepton channel [42].

4 Summary

In this paper, we describe a combination among four calculations for the di↵erential cross sections
in tt̄ production: the NNLO QCD calculations, the NNLL QCD threshold resummation, the
NNLL0 QCD resummation for boosted top quarks, and the complete-NLO predictions of QCD
and EW origin. This is the first time that such a complicated combination appears in the
literature. The outcome represents the state-of-the-art prediction for tt̄ di↵erential distributions
within the SM, which includes all sets of corrections available at the moment. Numerical results
are presented for the invariant-mass distribution, the transverse-momentum distribution as well
as rapidity distributions. We compare our predictions with the CMS measurements in the di-
lepton channel at the 13 TeV LHC with an integrated luminosity of 35.9 fb�1, and find overall
good agreements.
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• Stable	top	production	in	fixer	order	perturbation	theory	vs.	Monte	Carlos

• “The	top	PT	problem”

• It	was	noticed	long	ago	that	LHC	data	at	large	PT	is	not	described	well	by	MC’s	(even	at	NLO)

• It	turns	out,	there	are	important	higher	order	effects	due	to	hard	radiation.

• Once	included,	much	better	agreement

• Nowadays,	top-pair	MC	predictions	are	often	rescaled	to	repoduse the	NNLO	top	PT	



• This	has	been	an	extremely	fertile	and	useful	field.	
• Helps	in	our	understanding	of	QCD	at	higher	orders	and	non-perturbative phenomena.	
• Limited	kinematical	applicability:	certain	phase-space	regions	need	it,	most	do	not.

What	is	threshold?

• Kinematical	configuration	where	all	the	partonic energy	is	taken	by	the	top	pair	and	very	
little,	if	any,	energy	is	left	for	radiation.	

• Distinguish	“absolute	threshold”	and	“threshold”:

• Absolute	threshold	is	a	particular	case	of	a	threshold,	where	almost	all	the	partonic
energy	is	used	to	produce	the	tops	at	rest.

• Replacing	the	(unknown)	exact	NNLO	result	with	its	soft	approximation	(prev.	page)	became
known	as	NNLOapprox approaches.

• Warning: the	reliability	of	such	approaches	in	approximating	the	full	result	is	not	guaranteed.
Comparisons	with	exact	results	show	that	subleading terms	could	be	numerically	large



• Another	subtlety:	in	top	production,	there	is	another	effect	that	lives	close	to	threshold	
(i.e.	same	kinematics,	different	physics):	bound	state	formation.

• Resummation	of	bound	state	effects
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work. 2) The z ! 1 result corresponds to the “soft” or
“threshold” limit

p
ŝ ! Mtt̄ considered in, e.g., [8, 25]. It

should be stressed that the concept of “soft” or “thresh-
old” there has a completely di↵erent meaning than those
used in this work. We observe that, while not perfect,
the z ! 1 limit provides a reasonable approximation to
the full result in the low Mtt̄ region. It is known that
this limit works better in the high Mtt̄ region [8, 25]. 3)
Finally, the double limit � ! 0 and z ! 1 corresponds to
the “soft” limit considered in [16, 20]. One can see that
this approximation does not capture the dominant con-
tribution at NLO. This is essentially the reason why we
do not consider such a “soft” resummation in this work.

We now turn to compare the NLP resummed result
Eq. (6) and its fixed-order expansion. As in Eq. (8), we
label the expansion up to the i-th term (i = 0, 1, 2, . . .)
as niLO. Here the lower-case ‘n’ implies that these are
approximations to the full NiLO results in the � ! 0
limit. Note that the n0LO result equals exactly to the
full LO result due to the prefactors in Eq. (6). We show
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FIG. 4. The averaged tt̄ invariant mass distribution in the
[300-380] GeV range. The CMS result [2] is shown as the
green band. The various theoretical predictions are shown in
comparison, with NNLO+NLP being our best prediction.

such a comparison in Fig. 3, from which we can draw sev-
eral important conclusions. 1) The fixed-order expansion
converges rather quickly when Mtt̄ is much larger than
2mt. However, when Mtt̄ approaches the threshold, the
behavior becomes out-of-control. In particular, the n3LO
result tends to +1 while the n4LO one tends to �1 in
the � ! 0 limit (Mtt̄ ! 345 GeV). 2) The singularity
at � = 0 is regularized by the resummation e↵ects, and
we obtain a finite prediction near Mtt̄ = 2mt with the
NLP resummation formula. One also finds that in the
resummed result the region Mtt̄ < 2mt is allowed due
to bound-state e↵ects. The shape of the NLP curve for
Mtt̄ < 2mt depends crucially on the top quark width.
However, we have checked that the integrated cross sec-
tion in the [300-380] GeV range is insensitive to the value
of �t. 3) As a final implication of Fig. 3, we note that
the NLP curve almost overlaps with the nLO and n2LO
curves for Mtt̄ > 360 GeV. This means that in this re-
gion, the matched (N)NLO+NLP results of Eq. (8) are
governed by the fixed-order (N)NLO calculations. E↵ec-
tively, this shows that we are not applying the small-�
resummation to regions where one may worry about the
break down of the EFT description. As a matter of fact,
we have checked that the dominant beyond-NNLO cor-
rection comes from the region Mtt̄ < 350 GeV, where
� < 0.17 and pNRQCD is perfectly applicable.

Finally, we match our resummed calculation to the
NLO and NNLO results according to Eq. (8). The NLO
results are computed using MCFM and the NNLO results
are obtained from [6, 7, 26, 27]. The NLO+NLP and
NNLO+NLP results are shown in Fig. 4 together with
the NLO and NNLO ones, compared against the CMS
measurement. We find that the resummation e↵ects en-
hance the NNLO di↵erential cross section by about 9%,
and make the theoretical prediction more compatible
with experimental data. As discussed in the Introduc-
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used in this work. We observe that, while not perfect,
the z ! 1 limit provides a reasonable approximation to
the full result in the low Mtt̄ region. It is known that
this limit works better in the high Mtt̄ region [8, 25]. 3)
Finally, the double limit � ! 0 and z ! 1 corresponds to
the “soft” limit considered in [16, 20]. One can see that
this approximation does not capture the dominant con-
tribution at NLO. This is essentially the reason why we
do not consider such a “soft” resummation in this work.

We now turn to compare the NLP resummed result
Eq. (6) and its fixed-order expansion. As in Eq. (8), we
label the expansion up to the i-th term (i = 0, 1, 2, . . .)
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such a comparison in Fig. 3, from which we can draw sev-
eral important conclusions. 1) The fixed-order expansion
converges rather quickly when Mtt̄ is much larger than
2mt. However, when Mtt̄ approaches the threshold, the
behavior becomes out-of-control. In particular, the n3LO
result tends to +1 while the n4LO one tends to �1 in
the � ! 0 limit (Mtt̄ ! 345 GeV). 2) The singularity
at � = 0 is regularized by the resummation e↵ects, and
we obtain a finite prediction near Mtt̄ = 2mt with the
NLP resummation formula. One also finds that in the
resummed result the region Mtt̄ < 2mt is allowed due
to bound-state e↵ects. The shape of the NLP curve for
Mtt̄ < 2mt depends crucially on the top quark width.
However, we have checked that the integrated cross sec-
tion in the [300-380] GeV range is insensitive to the value
of �t. 3) As a final implication of Fig. 3, we note that
the NLP curve almost overlaps with the nLO and n2LO
curves for Mtt̄ > 360 GeV. This means that in this re-
gion, the matched (N)NLO+NLP results of Eq. (8) are
governed by the fixed-order (N)NLO calculations. E↵ec-
tively, this shows that we are not applying the small-�
resummation to regions where one may worry about the
break down of the EFT description. As a matter of fact,
we have checked that the dominant beyond-NNLO cor-
rection comes from the region Mtt̄ < 350 GeV, where
� < 0.17 and pNRQCD is perfectly applicable.

Finally, we match our resummed calculation to the
NLO and NNLO results according to Eq. (8). The NLO
results are computed using MCFM and the NNLO results
are obtained from [6, 7, 26, 27]. The NLO+NLP and
NNLO+NLP results are shown in Fig. 4 together with
the NLO and NNLO ones, compared against the CMS
measurement. We find that the resummation e↵ects en-
hance the NNLO di↵erential cross section by about 9%,
and make the theoretical prediction more compatible
with experimental data. As discussed in the Introduc-
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• Above	are	updates	or	new	state	of	the	art	predictions	for	the	top-pair	invariant	mass	close	to	
threshold.



Effect	of	running	scales:
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Figure 8: Transverse-momentum distribution of the positron with standard cuts for the
LHC at

√
s = 8TeV for fixed scale µ0 = mt/2.
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Figure 9: Transverse-momentum distribution of the top quark with standard cuts for the
LHC at

√
s = 8TeV for fixed scale µ0 = mt/2.

33

pT,e+ [GeV]

400350300250200150100500

10

0

−10

∆FwW [%]

pT,e+ [GeV]

400350300250200150100500

10

0

−10

pp → νee+µ−ν̄µbb̄+X @
√
s = 8TeV

400350300250200150100500

1.5

1.25

1

0.75

0.5

K pp → νee+µ−ν̄µbb̄+X @
√
s = 8TeV

400350300250200150100500

1.5

1.25

1

0.75

0.5

pT,e+ [GeV]

400350300250200150100500

10

1

0.1

0.01

0.001

NLO

LON

dσ/dpT,e+ [fb/GeV]

pT,e+ [GeV]

400350300250200150100500

10

1

0.1

0.01

0.001

Figure 10: Transverse-momentum distribution of the positron with standard cuts for the
LHC at

√
s = 8TeV for dynamical scale µ0 = ET/2.
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Figure 11: Transverse-momentum distribution of the top quark with standard cuts for
the LHC at

√
s = 8TeV for dynamical scale µ0 = ET/2.
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• Nowadays	all	NNLO	
calculations	employ	
them.	

• They	are	particularly	
relevant	for	
observables	at	high	PT





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

QCD, top and LHCLecture IV: Top Physics – p.6/48
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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

2

• The	top	decays	very	fast,	so	it	is	unrealistic	to	treat	it	as	a	stable	particle.
• But	how	to	include	the	top	decay?
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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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• Use	narrow	width	approximation

• Treat	the	top	as	a	resonance	with	a	complex	mass
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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

• This	way	we	completely	separate	top	production	from	top	decay;	a	tremendous	simplification!

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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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).
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manipulations.
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compact spinor chains, and recycling a multitude of common subexpressions. The re-
duced expressions are automatically converted into Fortran77 programs that evaluate
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ū

νe

e+

b

b̄

µ−

ν̄µū
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manipulations.
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grams by exploiting factorization of colour matrices, reduction of helicity structures to
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colour/helicity summed quantities with very high CPU efficiency.
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• Some	factorizable corrections

• …	and	some	non-factorizable ones

Plots	from	1207.5018

Computing	the	full	non-factorizable contributions	is	at	the	edge	of	current	capabilities
The	real	question	is	if	they	matter?

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



• In	general,	we	expect	that	inclusive	observables	are	not	very	sensitive	to	NWA	breaking	effects.
• Until	few	years	ago	no	complete	calculation	existed	and	thus	we	didn’t	know	for	sure.
• Complete	NLO	calculations	of	tt production	showed	that	indeed,	this	is	the	case
• In	addition,	large	corrections	are	found	in	certain	kinematic	regions.

• This	tail	corrections	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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Figure 17: Invariant-mass distribution of positron–b-jet system 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,	Dittmaier,	Kallweit,	Pozzorini ’11

Dramatic	
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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History	of	calculations	for	top	production	with	decay

ü Top	production	and	decay	was	first	computed	at	NLO	10-15	years	ago

ü Later	expanded	to	include	off-shell/non-resonant	effects

ü Extension	for	NLO+PS:

ü NLO	is	still	the	state	of	the	art	for	off-shell	calculations

ü Progress	to	higher	orders	was	made	in	the	Narrow	Width	Approximation:

ü approx NNLO	(prod)	x	NNLO	(decay)

ü Full	NNLO	(prod)	x	NNLO	(decay)

Bernreuther,	Brandenbourg,	Si,	Uwer 2004
Melnikov,Schulze 2008

Denner,	Dittmaier,	Kallweit,	Pozzorini 2010-
Bevilacqua,	Czakon,	van	Hameren,	Papadopoulos,	Worek 2010
Frederix 2013
Cascioli,	Kallweit,	Maierhöfer,	Pozzorini 2013

Campbell,	Ellis,	Nason,	Re	2014
Jezo,	Lindert,	Nason,	Oleari,	Pozzorini 2016

Gao,	Papanastasiou	2017

Behring,	Czakon,	Mitov,	Papanastasiou,	Poncelet 2019
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ü m(lepton	pair)

ü Great	reduction	of	scale	error	at	NNLO	(vs	NLO).	Tiny	K-factor.
ü mt=171.5GeV	better	than	mt=172.5GeV.	
ü Improved	MC	error	required	to	draw	quantitative	conclusion	(especially	for	mt determ.)

NNLO	QCD	vs	ATLAS	data

Preliminary:	Czakon,	Mitov,	Poncelet



25

ü PT(lepton)
ü MC	error	of	NNLO	visible	albeit	small	(work	in	progress)
ü Great	reduction	of	scale	error	at	NNLO	(vs	NLO)
ü mt=171.5GeV	seems	better	than	mt=172.5GeV

NNLO	QCD	vs	ATLAS	data

Preliminary:	Czakon,	Mitov,	Poncelet
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ü PT(lepton	pair)
ü MC	error	of	NNLO	visible	albeit	small	(work	in	progress)
ü Great	reduction	of	scale	error	at	NNLO	(vs	NLO).	Tiny	K-factor.
ü Both	mt=171.5GeV	and	mt=172.5GeV	work	well.

NNLO	QCD	vs	ATLAS	data

Preliminary:	Czakon,	Mitov,	Poncelet
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ü Δ𝛗 vs.	m(tt)	(others	are	computed,	too,	not	shown)

ü Great	reduction	of	scale	error	at	NNLO	(vs	NLO).	Mostly	small	K-factors
ü Both	mt=171.5GeV	and	mt=172.5GeV	seem	to	work	
ü Improved	MC	error	required	to	draw	quantitative	conclusion	(mt sensitivity	is	apparent)

NNLO	QCD	vs	ATLAS	data:	2-dim

Preliminary:	Czakon,	Mitov,	Poncelet





How	can	a	high-precision	result	be	useful?	
(i.e.	what	can	be	done	with	it,	that	could	not	be	achieved	with	other	commonly	available	tools)

Closing	the	stop	gap	(i.e.	excluding	light	“stealthy”	top	squarks)
See	arXiv:1407.1043	for	more

SM	@	NNLO+NNLL	does	it… …	SM	@	NLO+LL	doesn’t	do	it.

Light	stop	can	be	excluded	based	on	rates:	
• 5%	uncertainty
• For	Mstop ~			Mtop we	have:			σstop ≈	0.15	σtop
• Thus	3σ	exclusion	can	be	expected.

High-precision	is	a	powerful	tool!



From	M.	Russell arXiv:1709.10508

• SMEFT	fits	in	top	physics	can	also	be	strong	discriminant	on	BSM	physics

For	up	to	date	status	see,	for	example:

Durieux,	Gu,	Vryonidou,	Zhang	arXiv:1809.03520
Durieux,	Irles,	Miralles,	Peñuelas,	Pöschl,	Perelló,	Vos	arXiv:1907.10619





• Top	quark	data	can	be	used	for	fitting	PDFs
• It	is	easy	to	see	why:	there	is	strong	correlation	between	top	data	and	gluon	pdf	at	large	x

-1

-0.5

 0

 0.5

 1

 0.001  0.01  0.1  1

x

ρ[g(x,Q),dσ/dyt]

Q=100 GeV

-1

-0.5

 0

 0.5

 1

 0.001  0.01  0.1  1

x

ρ[g(x,Q),dσ/dpt
T]

Q=100 GeV

-1

-0.5

 0

 0.5

 1

 0.001  0.01  0.1  1

x

ρ[g(x,Q),dσ/dytt
-]

Q=100 GeV

-1

-0.5

 0

 0.5

 1

 0.001  0.01  0.1  1

x

ρ[g(x,Q),dσ/dmtt
-]

Q=100 GeV

Figure 3: The correlation coe�cient ⇢ between the gluon g(x,Q2), evaluated at Q = 100 GeV, and each
of the bins of the yt, ptT , ytt̄ and mtt̄ top-quark di↵erential distributions at the LHC 8 TeV.

are evaluated at Q = 100 GeV from the NNPDF3.0 NNLO set. In the case of the gluon, we find
that already for x ⇠> 0.05 the correlation coe�cient can be larger than 0.5, while it peaks in the
region between x ' 0.08 and x ' 0.5, depending on the specific bin and kinematical distribution.
A similar trend is observed for the charm and bottom quarks, as a consequence of the fact that
they are generated radiatively through the gluon splitting in a quark-antiquark pair. In the case
of light quarks and antiquarks, moderate correlations are observed for u and d, while correlations
are almost negligible for ū, d̄, s and s̄. As we will show in Sect. 4, top-quark data will mostly
constrain the gluon, and, as a consequence, the radiatively generated charm and bottom quarks,
in the x region where the correlation coe�cient |⇢| is larger, roughly 0.08 . x . 0.5.

3.2 Comparison with the ATLAS and CMS di↵erential distributions

In order to assess the agreement between the data and the NNLO theoretical predictions based
on our current knowledge of PDFs, we perform now a systematic comparison of the calculations
described in the previous section and the ATLAS and CMS measurements. This comparison is
performed at the level of both absolute and normalized distributions, allowing for an improved
understanding of the di↵erences and similarities between PDF sets. This way, one can separate
di↵erences induced by the shape of the gluon from those induced by its normalisation.

The NNLO di↵erential distributions with the binning of the ATLAS and CMS measurements
have been computed using five di↵erent PDFs sets: NNPDF3.0, CT14, MMHT2014, HERA-
PDF2.0 [38] and ABM12 [7], in the last case with the nf = 5 version. For all these PDF sets, we
consistently use the same value of the strong coupling constant as in the NNLO matrix elements.
This corresponds to ↵s(mZ) = 0.118 for all sets except for ABM12, for which PDFs are only
available for their best-fit value of ↵s(mZ) = 0.113.

In Fig. 5 we show the NNLO predictions for the absolute (left) and normalized (right) ptT
di↵erential distributions compared to the corresponding CMS and ATLAS measurements. The
theory calculations are provided for NNPDF3.0, CT14, and MMHT14 and include only PDF
uncertainties. The data uncertainties correspond to the square root of the diagonal elements of
the experimental covariance matrix. At a qualitative level, we find that the theory calculations
based on the three PDF sets used in this comparison are in good agreement both among them-
selves and with the data. We also see that while at the level of normalized cross-sections the
experimental uncertainties are similar between ATLAS and CMS, there are larger di↵erences
for absolute distributions. Moreover, we note that the ATLAS and CMS measurements exhibit
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Figure 4: Same as Fig. 3, but for quarks and antiquarks, q(x,Q2), q = u, ū, d, d̄, s, s̄, c, b.

some degree of tension.
Next, in Fig. 6 we show the same comparison but now among NNPDF3.0, HERAPDF2.0

and ABM12. In the case of HERAPDF2.0, the PDF error band is the sum in quadrature of
the statistical, model and parametrization uncertainties. We note that while HERAPDF2.0
and NNPDF3.0 agree well, in particular for the normalized distribution, this is not the case
for ABM12, whose predictions are substantially lower than those of the other PDF sets. This
e↵ect is more pronounced for the absolute distributions, and reflects intrinsic di↵erences both in
the gluon-gluon luminosity and in the value of ↵s(mZ). We will show that this trend reappears
for other kinematical distributions. These di↵erences between ABM12 and the other PDF sets
cannot be accommodated by a shift in the value of mt used. As noted in Ref. [70], the sensitivity
of the ptT absolute di↵erential distribution on the value of mt is very non-uniform across the
whole ptT data range. In order for ABM12 to fit the data at the lowest ptT , one should require
an unreasonably small value of mt, roughly around mt = 169 GeV. However, even with such
a shift of mt, the large ptT tail of the distribution will hardly move at all. Therefore, the
shape of the ABM12 theoretical prediction will become even more di↵erent than that of the
measured ptT absolute di↵erential distribution. This should remain true also for the normalised
ptT distribution, since its shape will shift similarly to the absolute one.

In Fig. 7 we consider now the top quark rapidity distribution, yt. Here too we find a good
agreement among NNPDF3.0, CT14 and MMHT14, both for the absolute and for the normalized
distributions. For forward rapidities, the PDF uncertainty in NNPDF3.0 is larger than that of
the other two PDF sets. For this distribution, while CMS and ATLAS are consistent in the
absolute case, in the normalized case we again observe some discrepancies between the two
experiments in the central region. As we will show, this results in some di�culty in being able
to achieve a satisfactory fit of the distributions from both experiments simultaneously.

The corresponding comparisons between theory predictions and data for yt, now among
NNPDF3.0, ABM12 and HERAPDF2.0, are shown in Fig. 8. For the absolute distribution,
HERAPDF2.0 is between 5% and 10% lower than NNPDF3.0, with ABM12 lower by a larger
amount, between 20% and 30%. These di↵erences are reduced (but then the experimental
uncertainties are smaller as well) in the normalized case, where now ABM12 is above NNPDF3.0
and HERAPDF2.0 in the central region and undershoots them in the forward rapidity bins. As
we show below, these di↵erences translate into a poor �2 when the ABM12 predictions are
compared with the experimental data.

We now move to consider the comparison between data and theory for the kinematical

10

 [ TeV ]  G       M1 2 3 4 5 6
) [

re
f] 

G
 ( 

M
G
σ

) [
ne

w]
 / 

G
 ( 

M
G
σ

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2

NNPDF2.3

NNPDF2.3 + TeV,LHC Top Data

g g > G  @ LHC 8 TeV
Randall-Sundrum model
MadGraph5

Ratio to NNPDF2.3 NNLO

NNPDF2.3

NNPDF2.3 + TeV,LHC Top Data

g g > G  @ LHC 8 TeV
Randall-Sundrum model
MadGraph5

Figure 7. The PDF uncertainties for the production of Randall-Sundrum Kaluza-Klein gravitons
at the LHC 8 TeV, with NNPDF2.3 before and after including the top quark data, as a function
of the graviton mass MG. We have assumed that the graviton couples only to gluons. The cross
section has been computed at leading order with MadGraph5.
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LHC 8 TeV. The error band is the PDF uncertainty band. Right plot: the relative scale and PDF
uncertainties for the cross section of top quark pairs with invariant mass above Mtt,min, at LHC
8 TeV. In both cases we show the predictions with NNPDF2.3 before and after including the top
quark data into the PDF fit.

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.

– 16 –

Large	x	is	where	
heavy	BSM	
production	at	
the	LHC	hides	

From	arXiv:1611.08609



• The	power	of	top	data	to	fit	PDF	seems	to	depend	a	lot	on	the	PDF	fitting	methodology

• NNPDF	generally	finds	strong	impact	of	top	data	on	the	gluon

From	arXiv:1611.08609
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Figure 17: The gluon, charm and bottom PDFs from the global baseline fit compared to the optimal fit
including our optimal combination of LHC top-quark data.
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Figure 18: The gluon-gluon (upper) and quark-antiquark (lower) NNLO luminosities (left) and their
relative 1-� PDF uncertainties (right) at the LHC with

p
s = 13 TeV. We compare the global baseline

fit with the fit including the optimal combination of LHC top-quark pair di↵erential data.

In Fig. 18 we show the gg and the qq̄ luminosities comparing the global baseline fit with the fit
including LHC top data, together with the corresponding one-sigma PDF uncertainties. For the
gg luminosity, the results of Fig. 18 confirm the substantial PDF uncertainty reduction reported
in Fig. 17, which now translates into a reduction of the uncertainty for large invariant masses
MX ⇠> 600 GeV. For example, in the production of a final state with invariant mass MX ' 2
TeV (3 TeV), PDF uncertainties are reduced from 12% (20%) down to around 5% (8%). Such
a reduction has clear implications for BSM searches involving top quarks. The quark PDF
uncertainties are also reduced, essentially as a consequence of the improved determination of
heavy quarks, which follows in turn from a better determination of the gluon PDF. For the qq̄
luminosity, for example, we observe only a moderate uncertainty reduction in the region with
MX & 1 TeV, while PDF uncertainties are reduced from 2% to 1% around MX ⇠ 100 GeV.

Next, we study how the theoretical predictions are modified for those top-quark pair di↵er-
ential distributions not included in the fit. In Figs. 19 and 20 we show the NNLO calculations
for the absolute and normalized mt¯t and ptT distributions, respectively, obtained from the global
PDF fit before and after the LHC top-quark data has been included. In the lower panels, we
show the results normalized to the baseline fit. Note that none of the ATLAS and CMS data

26



• The	power	of	top	data	to	fit	PDF	seems	to	depend	a	lot	on	the	PDF	fitting	methodology

• CTEQ	finds	marginal	impact	of	top	data	on	the	gluon;	

• the	reason	is	the	amount	of	top	data	is	much	less	than	jet	data

• MMHT	conclusions	are	also	not	very	clear.	They	quote	the	available	data	(the	one	at	8	TeV)	as	
not	being	able	to	fit	it	well.	In	particular,	the	correlations	provided	with	these	measurements

• This	has	also	been	pointed	out	in	the	NNPDF	study	above

• Note	that	CTEQ	fit	different	8	TeV data	using	doubly	differential	observables

arXiv:1912.08801

arXiv:1912.08801





QCD	diagrams	that	generate	asymmetry:

…	and	some	QCD	diagrams	that	do	not:

ü For	ttbar:	charge	asymmetry	starts	from	NLO

ü For	ttbar +	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	perturbative	strange	(or	c- or	b-)	asymmetry	in	the	proton!

Kuhn,	Rodrigo	‘98



Definition	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

(2014):	D0	
finds	near	
agreement	
with	SM…



• Impressive	measurements	from	the	LHC	(note	that	the	asymmetry	is	diluted	at	the	LHC	
relative	to	Tevatron by	a	factor	of	10)

• Impressive	improvement	of	the	precision	of	the	measurement	

• It	starts	to	differentiate	between	different	SM	predictions.

• Recall:	NNLO	QCD	corrections	played	important	role	at	the	Tevatron,	MC	did	not	model	
this	observable	satisfactorily



• One	can	even	plot	the	two	observables	together:

From	M.	Russell arXiv:1709.10508





ü Some	background:

ü Individual	top	quarks	are	produced	unpolarized

ü However	the	spins	of	the	two	top	quarks	in	the	pair	are	strongly	correlated	

ü Since	the	top	decays	very	fast	(the	only	quark	we	could	observe	as	a	bare	quark)	its	spin	
information	is	passed	to	its	decay	products

ü Measuring	distributions	of	decay	products	one	can	see	the	imprint	of	these	spin	
correlations

ü Why	is	this	observable	interesting?	It	can	help	differentiate	non-SM	contributions	to	top	pair	
production:
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Figure 7 – Left: observed and expected 95% CL exclusion in the plane of mt̃ and mLSP
7. Right: limits on the

t̃t̃⇤ cross section at 95% CL as a function of mt̃, assuming mLSP = 0.5 GeV. The expected limits when using the
|��``| and |�⌘| distributions alone are shown by the magenta and blue dashed lines, respectively 7.

5 Summary

Both ATLAS and CMS have presented measurements of tt̄ spin correlations using LHC pp
collision data corresponding to an integrated luminosity of 36 fb�1 at

p
s = 13 TeV. The

significant tension observed between the |��``| distributions measured by the ATLAS and CMS
experiments and the SM predictions is likely explained by missing higher order corrections to the
top quark kinematics, which become more important in the fiducial phase space accessible to the
experiments. The direct measurements of spin correlations are in good agreement with the SM
predictions, and all spin-dependent coe�cients of the tt̄ production density matrix have been
probed for the first time at

p
s = 13TeV. The spin correlation measurements are used to search

for new physics in the form of a light top squark or an anomalous top quark chromo-magnetic
dipole moment, and stringent constraints are placed in both cases.
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ü In	principle	the	full	spin	density	matrix	can	be	measured
ü However,	precision	is	low	(since	special	frames	are	needed)

ü To	improve	precision,	use	lab-frame	distributions	
(they	mix	spin-correlation	with	kinematics)

ü Best	candidate:	Δ𝛗 - the	angle	between	the	two	leptons	in	the	transverse	plane
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Figure 6: The parton-level di�erential cross-sections compared to predictions from P�����, M��-
G����5_aMC@NLO and S�����: absolute (left) and normalised (right), using the inclusive selection.

]π [rad/π)/-,l+(lφ∆Parton-level 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fr
ac

tio
na

l u
nc

er
ta

in
ty

 s
iz

e

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

Background
Pileup
Jet
Generator
Shower
Radiation

Stat.
 Syst.⊕Stat. 

ATLAS Preliminary
-1 = 13 TeV, 36.1 fbs

Absolute cross-section

(a)

]π [rad/π)/-,l+(lφ∆Parton-level 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fr
ac

tio
na

l u
nc

er
ta

in
ty

 s
iz

e

0.94

0.96

0.98

1

1.02

1.04

Background
Pileup
Jet
Generator
Shower
Radiation

Stat.
 Syst.⊕Stat. 

ATLAS Preliminary
-1 = 13 TeV, 36.1 fbs

Normalised cross-section

(b)

Figure 7: Systematic uncertainties for the parton-level di�erential cross-sections: absolute (left) and normalised
(right). The tt̄ modelling uncertainties refer to the contributions from the NLO matrix-element generator (“Gener-
ator”), the parton shower algorithm (“Shower”) and the variation of initial- and final-state radiation (“Radiation”).

of invariant mass, the systematic uncertainties arising from the modeling of the tt̄ and jets are dominant,
with statistical uncertainties on the data becoming more important at higher values of invariant mass. In
the lowest region of invariant mass, the various NLO predictions di�er from each other and from the data,
with the nominal P����� + P�����8 agreeing best and S����� agreeing the least. In the other regions
of m

t t̄

the di�erences are less pronounced and agree within the uncertainties.

The unfolded absolute and normalised particle-level cross-sections for �� are presented in Figure 10.
As with the parton-level results, the normalised uncertainties are significantly smaller than the absolute
uncertainties, and signal modelling uncertainties are dominant. The size of the overall uncertainties
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Region fSM Significance (incl. theory uncertainties)

m
t t̄

< 450 GeV 1.11 ± 0.04 ± 0.13 0.85 (0.84)
450 < m

t t̄

< 550 GeV 1.17 ± 0.09 ± 0.14 1.00 (0.91)
550 < m

t t̄

< 800 GeV 1.60 ± 0.24 ± 0.35 1.43 (1.37 )
m

t t̄

> 800 GeV 2.2 ± 1.8 ± 2.3 0.41 (0.40)
inclusive 1.250 ± 0.026 ± 0.063 3.70 (3.20)

Table 2: Summary of extracted fSM values for each explored region with total uncertainties as well as the significance
of the result with respect to the SM hypothesis. The significance with respect to the SM hypothesis is calculated
using the statistical and systematic uncertainties only. The values in brackets include the e�ect of scale variations and
PDF uncertainties on the hypothesis templates but do not account for possible correlations between these variations
and the experimental uncertainties of a similar nature.

not expected to have a large e�ect on the determination of fSM. Systematic uncertainties on fSM are
determined by propagating a source of systematic uncertainty to the unfolded level and rerunning the fit.
For each systematic uncertainty described in Section 6, a di�erent spectrum of unfolded data is obtained.
To determine the systematic uncertainty on fSM, the systematic-shifted unfolded data are used to extract
f syst
SM and the di�erence between this and the nominal value of fSM is taken as the systematic uncertainty for

each source, following the treatment described in Section 6. The largest sources of systematic uncertainty
arise due to the modelling of the tt̄ process.

The fSM extracted from each observable is shown in Table 2. The hypothesis templates for each observable,
the unfolded data, and the resulting fit are presented in Figure 11 and Figure 12. The consistency of the
observed fSM is presented in Table 2 and is calculated as the probability for the SM to fluctuate to an
fSM greater than the one observed in data. Two cases are considered: first, only the uncertainties on the
unfolded measurement are taken into account, and second, factorisation and renormalisation scale shifts
as well as PDF uncertainties 3 on the templates are included. For the inclusive result, the spin correlation
extracted from the unfolded data is significantly higher than the SM expectation at a confidence level of
3.7 standard deviations when not including theoretical uncertainties on the hypothesis templates, and at
3.2 standard deviations when including these uncertainties. Previous measurements from ATLAS and
CMS have also observed a fSM above 1 but the uncertainties were such that the results remained consistent
with the SM. The fSM as a function of m

t t̄

is found to increase, almost linearly, as a function of m
t t̄

.
However, the uncertainties on fSM are much larger than in the inclusive case and none of the results deviate
significantly from the SM expectation.

A number of cross-checks were performed to attempt to explain the results in terms of either the MC
modelling of the tt̄ system or by experimental e�ects not covered by the systematic prescription. One
possible candidate is the lack of higher-order radiative e�ects in the decay of the top quarks. The NLO
generators used in this analysis model tt̄ production at NLO but do not fully include NLO e�ects in the
decays of the top quarks, nor in the interference between the initial and final states. The MCFM generator
[80] can provide fixed-order predictions for tt̄ production and decay at full NLO in the dilepton channel.
Hypothesis templates were generated using MCFM, illustrated in Figure 11. The prediction is remarkably
close to the prediction from the P����� + P�����8, which is likely a consequence of including top-decay
observables in the tuning of the latter generator as well as matrix element corrections in the P����� 8

3 30 eigenvector variations from the PDF4LHC recommendation [70].
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generator, and no significant deviation is noted from the nominal result. The e�ect of the spin analysing
power of the lepton itself changes from unity at LO to 0.998 at NLO [81]. Therefore, we conclude that
the e�ect of missing higher orders in the decay of tops in P����� is not the cause of the deviation.

Alternative templates for fSM extraction may be also constructed from samples used to evaluate systematic
uncertainties, such as the radiation variation of P����� + P�����8, or from alternative generator setups,
such as P����� + H�����7 and M��G����5_aMC@NLO + P�����8, or by changing the scales and
PDF settings. In each case, the separation between the spin and no-spin templates is the same as is
modelled in the nominal P����� + P�����8 setup. The results of using di�erent hypothesis templates is
presented in Table 3. With the exception of the highest m

t t̄

bin, which has large statistical and systematic
uncertainties, the fSM values remain above 1 for all alternative templates.
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Figure 11: Results of the fit of hypothesis templates to the unfolded data showing the �� distribution for the inclusive
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Significant	
deviation!

ATLAS-CONF-2018-027



ü So,	what’s	the	explanation?

ü Months	after	ATLAS	published,	the	NNLO	calculation	with	top	decay	also	at	NNLO	appeared

ü An	extensive	analysis	was	made.	All	but	one	sources	were	dismissed:

ü Scale	choice
ü mtop
ü PDF
ü Finite	width	and	EW	corrections

ü What	was	found	was	very	surprising:

ü NNLO	describes	the	data	in	fiducial	volume	but	not	in	the	inclusive	one!	How	can	that	be?

Behring,	Czakon,	Mitov,	Papanastasiou,	Poncelet arXiv:1901.05407





• The	three	channels	for	single	top	production:

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 - productionWt - production

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-section	values

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



From	PDG	2018

• Good	agreement	between	SM	theory	and	measurements
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• Single	top	t-channel	production	is	now	know	through	NNLO.

• Theory	uncertainties	are	now	tiny:	1%	or	less

• The	production	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-distinct	final	state

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

• Good	playground	for	testing	4- versus	5-flavor	number	schemes

• Search	for	FCNC	in	top	production

• Charged	light	Higgs	boson
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ü It	is	a	fundamental	parameter	of	the	SM

ü Its	precision	affects	many	precision	observables	in	the	SM.	

ü Its	precision	affects	the	searches	for	new	physics.	

ü However,	the	most	relevant	case	is:	extrapolation	of	the	SM	to	very	high	energies.	

ü Once	the	Higgs	boson	was	found	(and	the	mass	measured	quite	precisely)	mtop is	the	
SM	parameter	that	mostly	parametrically	affects	SM	predictions

ü Prime	example:	stability	of	EW	vacuum

Why the top mass?

Lower Higgs masses: RG corrections push Higgs coupling
to negative values

For Higgs masses MH < M
critical

coupling constant is negative above
some scale µ0.
The Higgs potential may become
negative!
I Our world is not in the lowest energy

state!
I Problems at some scale
µ0 > 108 GeV?
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ü Here	is	how	mtop enters	the	game:

ü Take	the	pole-masses	mtop and	mh as	input	parameters.	Then:	

ü In	other	words	in	SM	both	𝜆 and	yt are	derived	parameters.	Their	values	are:
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- running	parameters

All	numbers	on	this	slide	adapted	from	
Buttazzo et	al	arXiv:1307.3536v4

µ̄ = Mt � yt g2 gY m/GeV
LO 0.12917 0.99561 0.65294 0.34972 125.15
NLO 0.12774 0.95113 0.64754 0.35940 132.37
NNLO 0.12604 0.94018 0.64779 0.35830 131.55

Table 3: Values of the fundamental SM parameters computed at tree level, one loop, two loops
in the ms scheme and renormalised at µ̄ = Mt for the central values of the measurements listed
in table 2.

present them with interpolating formulas. Using the inputs in table 2 we find
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3 SM couplings at the electroweak scale

In this section we give practical results for the SM parameters ✓ = {�,m2, yt, g2, gY } computed
in terms of the observables Mh,Mt,MW ,MZ , Gµ and ↵3(MZ), whose measured values are listed
in table 2. Each ms parameter ✓ is expanded in loops as

✓ = ✓(0) + ✓(1) + ✓(2) + · · · (54)

where

1. the tree-level values ✓(0) are listed in table 1;

2. the one-loop corrections ✓(1) are analytically given in appendix A;

3. the two-loop corrections ✓(2) are computed in section 2.

After combining these corrections, we give in the following the numerical values for the SM
parameters renormalised at the top pole mass Mt in the ms scheme.

3.1 The Higgs quartic coupling

For the Higgs quartic coupling, defined by writing the SM potential as V = �1
2
m2|H|2+�|H|4,

we find
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Size	of	loop	effects:
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Driven	by	mtop ,	not	mh!

Where:	
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ü The	effective	potential	can	be	non-negative	all	the	way	to	mPL if	the	top	mass	were	lower
than	the	current	world	average	by	about	2	GeV.	

ü Stated	differently,	stability	requires:

Lower Higgs masses: RG corrections push Higgs coupling
to negative values

For Higgs masses MH < M
critical

coupling constant is negative above
some scale µ0.
The Higgs potential may become
negative!
I Our world is not in the lowest energy

state!
I Problems at some scale
µ0 > 108 GeV?

Coupling � evolution:

Higgs potential V (�) ' �(�) �
4

4
V

�
Fermi Planck

V

�
Fermi Planck

V

�
Fermi Planck

Fedor Bezrukov (UoM) mt and vacuum stability MC4BSM, Durham, 2018 8 / 24

Buttazzo et	al	arXiv:1307.3536v4
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perturbative uncertainties associated with the relation between the measured value of the top
mass and the actual definition of the top pole mass used here (presumably of the order of ⇤QCD)
are buried inside the parameter Mt in eq. (64). For this reason we include a theoretical error
in the top pole mass and take Mt = (173.34± 0.76exp ± 0.3th)GeV. Combining in quadrature
theoretical uncertainties with experimental errors, we find

Mh > (129.6± 1.5)GeV (stability condition). (65)

From this result we conclude that vacuum stability of the SM up to the Planck scale is excluded
at 2.8� (99.8% C.L. one-sided). Since the main source of uncertainty in eq. (64) comes from
Mt, any refinement in the measurement of the top mass is of great importance for the question
of EW vacuum stability.

Since the experimental error on the Higgs mass is already fairly small and will be further
reduced by future LHC analyses, it is becoming more appropriate to express the stability
condition in terms of the pole top mass. We can express the stability condition of eq. (64) as

Mt < (171.53± 0.15± 0.23↵3 ± 0.15Mh
)GeV = (171.53± 0.42)GeV. (66)

In the latter equation we combined in quadrature the theoretical uncertainty with the experi-
mental uncertainties on Mh and ↵3.

Notice that the stability bound is scheme and gauge independent. While intermediate
steps of the computation (threshold corrections, higher-order RG equations, and the e↵ective
potential) are scheme-dependent, the values of the e↵ective potential at its local minima are
scheme-independent physical observables, and thus the stability condition has the same prop-
erty.

The instability scale ⇤V can be defined in a gauge-independent and scheme-independent
way as ⇤V ⌘ (maxh Ve↵(h))1/4, in terms of the value of the e↵ective SM potential of eq. (63) at
the maximum of its barrier. Numerically we find

log10
⇤V

GeV
= 9.5 + 0.7

✓
Mh

GeV
� 125.15

◆
� 1.0

✓
Mt

GeV
� 173.34
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↵3(MZ)� 0.1184

0.0007
. (67)

The alternative definition of the instability scale, as the scale ⇤� at which the running coupling �
vanishes, is scheme-dependent. In the ms scheme we find ⇤� ⇡ 2⇤V . The alternative definition
of the instability scale, as the scale ⇤I at which �e↵ vanishes, is gauge dependent. In the Landau
gauge we find ⇤I ⇡ 13⇤V around the observed values of the SM parameters.

4.4 The SM phase diagram in terms of Planck-scale couplings

The discovery of the SM near-criticality has led to many theoretical speculations [4,27–50,110,
111]. In order to address such speculations and to investigate if the measured value of Mh is
really special in the SM, it is more appropriate to study the phase diagram in terms of the
Higgs quartic and the top Yukawa coupling evaluated at some high-energy scale, rather than
at the weak scale. This is because of our theoretical bias that the SM is eventually embedded
into a new framework at short distances, possibly as short as the Planck length. Therefore,
it is more likely that information about the underlying theory is directly encoded in the high-
energy coupling constants. For this reason in fig. 4 we recast the phase diagram of fig. 3 in
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Figure 4: Left: SM phase diagram in terms of quartic Higgs coupling � and top Yukawa coupling
yt renormalised at the Planck scale. The region where the instability scale ⇤I is larger than
1018 GeV is indicated as ‘Planck-scale dominated’. Right: Zoom around the experimentally
measured values of the couplings, which correspond to the thin ellipse roughly at the centre of
the panel. The dotted lines show contours of ⇤I in GeV.

terms of �(MPl) and yt(MPl). The diagram is shown in a broad range of couplings allowed by
perturbativity, and also after zooming into the interesting region. The new area denoted as ‘no
EW vacuum’ corresponds to a situation in which � is negative at the weak scale, and therefore
the usual Higgs vacuum does not exist. In the region denoted as ‘Planck-scale dominated’ the
instability scale ⇤I is larger than 1018 GeV. In this situation we expect that both the Higgs
potential and the tunnelling rate receive large gravitational corrections and any assessment
about vacuum stability becomes unreliable.

From the left panel of fig. 4 it is evident that, even when we consider the situation in
terms of high-energy couplings, our universe appears to live under very special conditions.
The interesting theoretical question is to understand if the apparent peculiarity of �(MPl)
and yt(MPl) carry any important information about phenomena well beyond the reach of any
collider experiment. Of course this result could be just an accidental coincidence, because in
reality the SM potential is significantly modified by new physics at low or intermediate scales.
Indeed, the Higgs naturalness problem corroborates this possibility. However, both the reputed
violation of naturalness in the cosmological constant and the present lack of new physics at
the LHC cast doubts on the validity of the naturalness criterion for the Higgs boson. Of
course, even without a natural EW sector, there are good reasons to believe in the existence
of new degrees of freedom at intermediate energies. Neutrino masses, dark matter, axion,
inflation, baryon asymmetry provide good motivations for the existence of new dynamics below
the Planck mass. However, for each of these problems we can imagine solutions that either
involve physics well above the instability scale or do not significantly modify the shape of the
Higgs potential. As a typical example, take the see-saw mechanism. As shown in ref. [29], for
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)
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So,	what	is	the	value	of	mtop and	how	well	do	we	know	it?



ü And	the	latest	LHCtopWG combination:

So how well do we (think) we know the top mass?

ü At	face	value,	the	World	
Average	is	more	than	3σ	
away	from	stability.

ü In	practice,	the	most-
precise	LHC	measurements	
are	almost	consistent	with	
stability!

perturbative uncertainties associated with the relation between the measured value of the top
mass and the actual definition of the top pole mass used here (presumably of the order of ⇤QCD)
are buried inside the parameter Mt in eq. (64). For this reason we include a theoretical error
in the top pole mass and take Mt = (173.34± 0.76exp ± 0.3th)GeV. Combining in quadrature
theoretical uncertainties with experimental errors, we find

Mh > (129.6± 1.5)GeV (stability condition). (65)

From this result we conclude that vacuum stability of the SM up to the Planck scale is excluded
at 2.8� (99.8% C.L. one-sided). Since the main source of uncertainty in eq. (64) comes from
Mt, any refinement in the measurement of the top mass is of great importance for the question
of EW vacuum stability.

Since the experimental error on the Higgs mass is already fairly small and will be further
reduced by future LHC analyses, it is becoming more appropriate to express the stability
condition in terms of the pole top mass. We can express the stability condition of eq. (64) as

Mt < (171.53± 0.15± 0.23↵3 ± 0.15Mh
)GeV = (171.53± 0.42)GeV. (66)

In the latter equation we combined in quadrature the theoretical uncertainty with the experi-
mental uncertainties on Mh and ↵3.

Notice that the stability bound is scheme and gauge independent. While intermediate
steps of the computation (threshold corrections, higher-order RG equations, and the e↵ective
potential) are scheme-dependent, the values of the e↵ective potential at its local minima are
scheme-independent physical observables, and thus the stability condition has the same prop-
erty.

The instability scale ⇤V can be defined in a gauge-independent and scheme-independent
way as ⇤V ⌘ (maxh Ve↵(h))1/4, in terms of the value of the e↵ective SM potential of eq. (63) at
the maximum of its barrier. Numerically we find

log10
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✓
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The alternative definition of the instability scale, as the scale ⇤� at which the running coupling �
vanishes, is scheme-dependent. In the ms scheme we find ⇤� ⇡ 2⇤V . The alternative definition
of the instability scale, as the scale ⇤I at which �e↵ vanishes, is gauge dependent. In the Landau
gauge we find ⇤I ⇡ 13⇤V around the observed values of the SM parameters.

4.4 The SM phase diagram in terms of Planck-scale couplings

The discovery of the SM near-criticality has led to many theoretical speculations [4,27–50,110,
111]. In order to address such speculations and to investigate if the measured value of Mh is
really special in the SM, it is more appropriate to study the phase diagram in terms of the
Higgs quartic and the top Yukawa coupling evaluated at some high-energy scale, rather than
at the weak scale. This is because of our theoretical bias that the SM is eventually embedded
into a new framework at short distances, possibly as short as the Planck length. Therefore,
it is more likely that information about the underlying theory is directly encoded in the high-
energy coupling constants. For this reason in fig. 4 we recast the phase diagram of fig. 3 in
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ü Computing	in	terms	of	the	pole	mass	is	easy	and	natural.

ü However,	that	particular	mass	has	non-perturbative	corrections	that	restrict	its	ultimate	
precision

ü Recent	estimate	based	on	the	4-loop	relation:	pole	mass	<-->	Msbar mass

ü Exploring	the	leading	asymptotic	behavior	of	the	above	relation	

ü One	can	derive	an	improved	relation	which	predicts	(approximately)	higher	terms	in	the	
above	expansion.	

ü The	ultimate	precision	is	taken	for	the	term	where	the	term-to-term	difference	is	smallest

ü Error	from	the	terms	beyond	4	loops:	~	250	MeV
ü Ultimate	intrinsic	error	in	the	above	relation:	~	70	MeV

ü All	this	is	very	important	at	e+e- colliders

Beneke,	Marquard,	Nason,	Steinhauser ‘16

Marquard,	Smirnov,	Smirnov,	Steinhauser ’15

Assuming: and	

Beneke ‘94

However	see	A.	Hoang	et	al.	‘17

Top mass: precision and scheme dependence



Ongoing developments: POWHEG

Ferrario-Ravasio,	Jezo,	Oleari,	Nason,	arXiv:1801.03944
ü Peak	position	of	the	“direct”	measurement	(plus:	strong	correlation	with	mtop)POWHEG-bb̄4l, Herwig7 - Pythia8 comparison

No large di↵erence in the peak position (i.e. no indication here of
large NP e↵ects that displace the peak.). However, the marked
di↵erence in shape is bound to lead to problems when the
experimental resolution is taken into account.
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Ongoing/future developments: POWHEG

Ferrario-Ravasio,	Jezo,	Oleari,	Nason,	arXiv:1801.03944

ü Peak	position	of	the	“direct”	measurement	(plus:	strong	correlation	with	mtop)

ü After	smearing	(i.e.	experimental	resolution)	
POWHEG-bb̄4l, Herwig7 - Pythia8 comparison

When the resolution is accounted for, we find a 1.1 GeV di↵erence
between Herwig7 and Pythia8.
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ü One	hardly	mentioned	problem!

ü There	is	the	possibility	that	undetected	corrections	to	top	production	might	shift	
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 contributions	to	mtop comes	from	the	CMS	end-point	method

ü The	method	is	kinematic:	it	measures	the	position	of	the	end-point	of	the	spectrum	of	
top	decay	products.	This	is	independent	of	the	top	production	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 contributions	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 17: Invariant-mass distribution of positron–b-jet system with standard cuts for
the LHC at

√
s = 8TeV for dynamical scale µ0 = ET/2.
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ü The	machine	where	the	ultimate	precision	of	50	MeV	on	mtop can	be	achieved!

ü Best	approach	is	threshold	scan.

ü Continuum	production	also	possible,	depending	on	the	collider

FCC-ee Conceptual Design Report

corrections become absolute with no remaining additional parameters. Any deviation will be a demon-
stration of the existence of new, weakly interacting particle(s). As just discussed, the FCC-ee offers the
opportunity to measure such quantities with precisions between one and two orders of magnitude better
than the present status. The theoretical prediction of these quantities with a matching precision is an
incredible challenge, but the genuine ability of these tests of the completeness of the standard model to
discover new weakly-interacting particles beyond those already known is a fundamental motivation to
take it up and bring it to a satisfactory conclusion.

As an illustration, the SM can be fitted to all the electroweak precision observables measured at the
FCC-ee but the mW and mtop direct measurements. The result as obtained with the GFitter program [33],
under the assumption that all relevant theory uncertainties can be reduced to match the experimental
uncertainties, is displayed in Fig. 1.8 as 68% CL contours in the (mtop, mW) plane. This fit is compared
to the direct mW and mtop measurements at the W+W� and the tt̄ thresholds. A comparison with the
precisions obtained with the current data at lepton and hadron colliders, as well as with LHC projections,
is also shown.
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Figure 1.8: Contours of 68% confidence level obtained as in Fig. 1.4 from fits of the standard model to
the electroweak precision measurements offered by the FCC-ee, under the assumption that all relevant
theory uncertainties can be reduced to match the experimental uncertainties, in the (mtop, mW) plane.
The red ellipse is obtained from the FCC-ee measurements at the Z pole, while the blue ellipses arise
from the FCC-ee direct measurements of the W and top masses. One of the two blue ellipses is centred
around the central values measured today, the other is central around the values predicted by the standard
model (pink line) for mH = 125.09 GeV. The two dotted lines around the standard model prediction
illustrate the uncertainty from the Z mass measurement if it were not improved at the FCC-ee. The green
ellipse corresponds to the current W and top mass uncertainties from the Tevatron and the LHC, as in
Fig. 1.4. The potential future improvements from the LHC are illustrated by the black dashed ellipse.
The cyan ellipse corresponds to the dark blue 68% C.L. contour of Fig. 1.4 that includes all current Z
pole measurements and the current Higgs boson mass measurement at the LHC.

1.3 The Higgs Boson
Owing to its recent observation at the LHC, the Higgs boson is the least understood of all particles in the
standard model. Accurate and model-independent measurements of its properties are in order to unravel
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ü Top	quark	physics	is	a	major	subject

ü It	is	actively	being	developed	at	the	LHC

ü Great	prospects	at	future	Colliders

üHL-LHC
üFCC-pp

ü e+e- machines

üSome	things	I	did	not	cover	(lack	of	time,	not	importance)

ü Top	Yukawa	measurements:

üGreat	progress	at	LHC	– direct	and	indirect
üGreat	prospects	at	future	pp	and	e+e- machines

I	would	be	super	happy	to	discuss	any	of	the	above	in	detail


