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LHC is a top factory

2

Rich phenomenology:  

                         pair production

                          associated 
                          production

                          top loops

connection to Higgs physics

single 

4 tops
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Top physics
 Why study the top quark ? 

3

1. Heaviest known particle: Strong coupling to the Higgs 

2. Portal to new physics: e.g. EWSB, composite Higgs 

3. LHC is a top factory: precise access to top properties through a lot 
of production channels 
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Top has a special place in the Universe
Stability of the vacuum

Higgs potential:

4
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The future of the Universe
The fate of the Universe depends on 1GeV in mt  

yt(Mt) = 0.93587 + 0.00557

✓
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� 173.15

◆
. . .± 0.00200th

[Degrassi, et al.  ‘12] 

!131

It’s the Yukawa that enters in this calculation.
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Vacuum stability

!129

The one-loop renormalization group equation (RGE) for λ(µ) is
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This equation must be solved together with the one-loop RGEs for the gauge and Yukawa
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here gs is the strong interaction coupling constant, and the MS scheme is adopted.

Solving this system of coupled equations with the initial condition

λ (mH) =
m2

H

2v2
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Need  to be positive (and remain positive)!λ
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Top Yukawa!

Degrassi et al arXiv:1205.6497
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Top quark is a special quark
Spin Correlations

The top decays before hadronising


Spin information is preserved!


Top Spin effects 

5
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  The top is special

!101

Thanks to its large mass it is the only quark that decays 
before hadronising 

τhad ≈ h/ΛQCD ≈ 2•10-24 s 
τtop ≈ h/ Γtop =1/(GF mt3 |Vtb|2/8π√2) ≈ 5•10-25 s 
(with h=6.6 10-25 GeV s) 

(Compare with τb ≈ (GF2 mb5 |Vbc|2 )-1 ≈ 10-12 s)

t

b

W
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t

b

!+, d̄

W+

ν, u

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.

1

Γ

dΓ

d cos θ
=

1 + p ki cos θ

2

Spin correlations
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Spin correlations

Spin analysing power

We can check how the top is produced!

Lepton+ or d emitted in the top spin direction

ki
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Weak interaction and W polarisation

6
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W polarisation

!115

The SM vertex of the top decay implies that
it’s only the tL that takes part to the interaction.

This has straightforward consequences on the
possible helicity states of the on-shell W produced
in the decay.

Neglecting mb, this implies that the W can be only either longitudinally polarised or with 
negative helicity. In general:

How do we measure it??  The W polarisation is inherited by its decay products, which 
“remember it” in their angular distributions. 

Only left-handed tops in the decay!

Helicities of W bosons
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possible helicity states of the on-shell W produced
in the decay.

Neglecting mb, this implies that the W can be only either longitudinally polarised or with 
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longitudinal left-handed right-handed
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(1 − γ5)
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Weak interaction and W polarisation

7
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W polarisation

!116

Fraction of  longitudinal W’s  (basically the 
only ones we see in a pp collider!)

• The formula above is already not trivial since it says 
that  W polarisations  don’t  interfere!  (This  is  true 
only for 1dim distributions!)

• Longitudinal  polarisation  come  from  the  Higgs 
doublet (charged component).

• cos(θ), which is defined in a specific frame, can be 
related to m(lepton,bottom) or pt(lepton) , ergo

• no top momentum reconstruction necessary!
• Rather “easy measurement” .

f0 =
m2

t

2m2
W

+ m2
t

= 70%

1

N

dN(W → lν)

dcosθ
= K

[

f0 sin2 θ + fL(1 − cos θ)2 + fR(1 + cos θ)2
]
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Check of Wtb interaction!

Extract W polarisation by looking at the W decay products: 

fL =
2m2

W

2m2
W + m2

t
∼ 30 %f0 =

m2
t

2m2
W + m2

t
∼ 70 % fR ∼ 0 %
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Angular distribution of :l+
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Status of top measurements

8

Model ECM [TeV]
R
L dt[fb

�1
] Measurement Theory Reference

4t 13 139 fb�1 � = 24 + 7 � 6 fb � = 12.0 ± 2.4 fb (JHEP 02 (2018) 031) JHEP 11 (2021) 118

tZj 13 139 fb�1 � = 97 ± 13 ± 7 fb � = 102 + 5 � 2 fb (Madgraph5 + aMCNLO (NLO)) JHEP 07 (2020) 124

t̄t� 7 4.6 fb�1 � = 63 ± 8 + 17 � 13 fb � = 48 ± 10 fb (Whizard+NLO) PRD 91, 072007 (2015)

t̄t� 8 20.2 fb�1 � = 139 ± 7 ± 17 fb � = 151 ± 25 fb (MadGraph+PRD 83 (2011) 074013) JHEP 11 (2017) 086

t̄t� 13 36.1 fb�1 � = 521 ± 9 ± 41 fb � = 495 ± 99 fb (PRD 83 (2011) 074013) EPJC 79 (2019) 382

t̄tH 8 20.3 fb�1 � = 220 ± 100 ± 70 fb � = 133 + 8 � 13 fb (LHCHXSWG NLO QCD + NLO EW) PLB 784 (2018) 173

t̄tH 13 80 fb�1 � = 670 ± 90 + 110 � 100 fb � = 507 + 35 � 50 fb (LHCHXSWG NLO QCD + NLO EW) PLB 784 (2018) 173

t̄tZ 8 20.3 fb�1 � = 176 + 52 � 48 ± 24 fb � = 215 ± 30 fb (HELAC-NLO) JHEP 11, 172 (2015)

t̄tZ 13 139 fb�1 � = 990 ± 50 ± 80 fb � = 840 + 90 � 100 fb (NLO QCD + EW) Eur. Phys. J. C 81 (2021) 737

t̄tW 8 20.3 fb�1 � = 369 + 86 � 79 ± 44 fb � = 232 ± 32 fb (MCFM) JHEP 11, 172 (2015)

t̄tW 13 36.1 fb�1 � = 870 ± 130 ± 140 fb � = 600 ± 72 fb (Madgraph5 + aMCNLO) PRD 99, 072009 (2019)

ts�chan 8 20.3 fb�1 � = 4.8 ± 0.8 + 1.6 � 1.3 pb � = 5.61 ± 0.22 pb (NLO+NNL) PLB 756, 228-246 (2016)

Wt 7 2.0 fb�1 � = 16.8 ± 2.9 ± 3.9 pb � = 15.7 ± 1.1 pb (NLO+NLL) PLB 716, 142-159 (2012)

Wt 8 20.3 fb�1 � = 23 ± 1.3 + 3.4 � 3.7 pb � = 22.4 ± 1.5 pb (NLO+NLL) JHEP 01, 064 (2016)

Wt 13 3.2 fb�1 � = 94 ± 10 + 28 � 23 pb � = 71.7 ± 3.9 pb (NLO+NNLL) JHEP 01 (2018) 63

tt�chan 7 4.6 fb�1 � = 68 ± 2 ± 8 pb � = 64.6 + 2.7 � 2 pb (NLO+NLL) PRD 90, 112006 (2014)

tt�chan 8 20.3 fb�1 � = 89.6 ± 1.7 + 7.2 � 6.4 pb � = 87.8 + 3.4 � 1.9 pb (NLO+NLL) EPJC 77 (2017) 531

tt�chan 13 3.2 fb�1 � = 247 ± 6 ± 46 pb � = 217 ± 10 pb (NLO+NLL) JHEP 04 (2017) 086

t̄t 5 0.3 fb�1 � = 66.0 ± 4.5 ± 2.0 pb � = 68.2 + 5.1 � 5.3 pb (top++ NNLO+NNLL) ATLAS-CONF-2021-003

t̄t 7 4.6 fb�1 � = 182.9 ± 3.1 ± 6.4 pb � = 177 + 10 � 11 pb (top++ NNLO+NNLL) EPJC 74: 3109 (2014)

t̄t 8 20.2 fb�1 � = 242.9 ± 1.7 ± 8.6 pb � = 252.9 + 13.3 � 14.5 pb (top++ NNLO+NNLL) EPJC 74 (2014) 3109

t̄t 13 36.1 fb�1 � = 826.4 ± 3.6 ± 19.6 pb � = 832 + 40 � 45 pb (top++ NNLO+NNLL) EPJC 80 (2020) 528

Top Quark Production Cross Section Measurements

Status: March 2022

ATLAS Preliminary

Run 1,2
p
s = 5, 7, 8, 13 TeV

Table 2: Values and references used in Figure 1.
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t̄t 7 4.6 fb�1 � = 182.9 ± 3.1 ± 6.4 pb � = 177 + 10 � 11 pb (top++ NNLO+NNLL) EPJC 74: 3109 (2014)

t̄t 8 20.2 fb�1 � = 242.9 ± 1.7 ± 8.6 pb � = 252.9 + 13.3 � 14.5 pb (top++ NNLO+NNLL) EPJC 74 (2014) 3109

t̄t 13 36.1 fb�1 � = 826.4 ± 3.6 ± 19.6 pb � = 832 + 40 � 45 pb (top++ NNLO+NNLL) EPJC 80 (2020) 528

Top Quark Production Cross Section Measurements

Status: March 2022

ATLAS Preliminary

Run 1,2
p
s = 5, 7, 8, 13 TeV

Table 2: Values and references used in Figure 1.

5

Very precise measurements!


In some cases:


ΔEXP < ΔTH
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New Physics searches at the LHC

9

New particles New Interactions of SM particles 

Model-dependent Model-Independent
SUSY, 2HDM… simplified models,EFT

anomalous couplings, EFT

Deviations in tails
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EFT: What is it all about?

10

SM

Λ

New Physics
Energy

Z’

We have integrated out the Z’

A Taylor expansion
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EFT: What is it all about?

11

Energy

SM

New Physics

Λ=M

c/Λ2 can be linked to High Scale physics: 
Matching and Running
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EFT for New Physics 

12

The way to probe New Physics in the absence of light states

Modified interactions suppressed 
by the scale of New Physics

Low Energy Effective Theory without the Z’

Rate

New Interaction

The first sign of new 
physics from precision 

measurements

Z

Z’

Energy
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12

The way to probe New Physics in the absence of light states

Modified interactions suppressed 
by the scale of New Physics

Low Energy Effective Theory without the Z’

Rate

M

New Interaction

The first sign of new 
physics from precision 

measurements

EFT region
Z

Z’

Energy
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Does the effective theory work?

13

n ! p+ e� + ⌫̄e Fermi formulated his theory in the 1930’s 
It described β-decay data very well

An example of a successful EFT:

1983 Discovery of W-boson at CERN UA1 and UA2 
Mw=80 GeV >> Qβ

Energy of β-decay: ~MeV
n

p

e�

⌫̄e

Energy borrowed from the vacuum
A virtual W-boson exchange

⌫̄e

e�

But this is not the full theory: cross-section rising with energy, 
violating unitarity

W

d u
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Why use an effective theory?

Top-bottom: We know the full theory but it’s too complicated

EFT simplifies the calculation by only including the relevant interactions

It focuses on the relevant scale

Examples: SCET, HQEFT


Bottom-up: We don’t know the full theory, we are trying to describe measurements 
and guess the full theory

Efficient to characterise new physics

Examples: SMEFT, Fermi Theory (when formulated in the 1930’s)


14
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SMEFT for New Physics

15

• Focus on SMEFT:  
• only SM fields 
• respecting SM symmetries 
• valid below scale Λ 

• Gauge invariant 
• Higher-order corrections: renormalisable order by order in 1/Λ 

• Complete description 
• Model Independent (apart from symmetries and no new light states)

✔

✔

✔

✔

✔
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Let’s take a tour of SMEFT

16

SM Effective Field Theory

Leff = L(4) +
∑

D>4

∑

i

c
(D)
i

ΛD−4
O(D)

i

• Most general Lagrangian with the SM gauge symmetries

SU(3)C ⊗ SU(2)L ⊗ U(1)Y

• Light (m! Λ ≡ ΛNP) SM fields only

• The SM Lagrangian corresponds to D=4

• c(D)
i contain information on the underlying dynamics:

L
NP

=̇ g
X
(q̄Lγ

µqL)Xµ

g 2
X

M2
X

(q̄Lγ
µqL) (q̄LγµqL)

• Assumes that H(125) belongs to an SU(2)L doublet

EFT A. Pich – 2020 19
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UVHuge effort to improve each one of these steps!
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SMEFT dimension-5

17
HiggsTools School - June 2015 Fabio Maltoni

• Consider the SM@dim5. There is only one such operator that can be added:

When the Higgs fields acquires a vev this term give rise to a Majorana neutrino mass

If I now calculate  the amplitude vv → hh 

MAJORANA NEUTRINOS

21

m⌫ = c
v2

⇤

⇒ ⇒ min mass for the neutrino ⇒ upper bound for Λ

⇒ grows with energy 

= unitarity violations

Majorana neutrino mass implies New Physics before 1015 GeV 

L =
c

⇤
(LT ✏�)C(�T ✏L) + h.c.

Weinberg (1979) 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⇤
(LT ✏�)C(�T ✏L) + h.c.

Majorana neutrino mass

Neutrino masses of 0.01-0.1eV imply  TeV!!!Λ ∼ 1015

One lepton number violating operator at dim-5

Possible UV completion: see-saw model

HiggsTools School - June 2015 Fabio Maltoni

• An UV completion of the dim=5 operator  (there are few) is well known: the see-saw model

with a Dirac mass term and a Majorana one (vR is a singlet of SU(2)). One can diagonalise the 
mass matrix and obtains two mass eingenstates

and the amplitude vv → hh does not grow anymore because the last term is not present. 
anymore

22

MAJORANA NEUTRINOS

ν ∼ νL mν ∼ m2
D/MR

N ∼ νR MR
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• An UV completion of the dim=5 operator  (there are few) is well known: the see-saw model

with a Dirac mass term and a Majorana one (vR is a singlet of SU(2)). One can diagonalise the 
mass matrix and obtains two mass eingenstates
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anymore
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MAJORANA NEUTRINOS

ν ∼ νL mν ∼ m2
D/MR

N ∼ νR MR

Not relevant for LHC physics
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SMEFT@dim-6

59(2499) operators at dim-6:                                

18

Buchmuller, Wyler Nucl.Phys. B268 (1986) 621-653   

Grzadkowski et al arxiv:1008.4884 

Warsaw basis of dimension-6 operators
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• We can make “reasonable” assumptions
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Examples of operators

20

Dimension-6 operators of the SMEFT:

Interaction ImpactX
3 : ✏IJKW

I
µ⌫ W

J,⌫⇢
W

K,µ
⇢ X

2
H

2 : ('†
')2Ga

µ⌫G
µ⌫
a

H
6 : ('†

')3 H
4
D

2 : ('†
D

µ
')⇤('†

D
µ
')

 
2
H

3 : ('†
')2(q̄i uj '̃)  

2
XH : (q̄i �

µ⌫
uj '̃)Bµ⌫

 
2
H

2
D : ('†$

Dµ ')(q̄i �
µ
qj)  

4 : (q̄i �
µ
qj)(q̄k �µ ql)

<latexit sha1_bas e64="f7qwm3FwlUoM83a4Ir0RTd54tEM="></latexit>

X
3 : ✏IJKW
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J,⌫⇢
W

K,µ
⇢ X

2
H

2 : ('†
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')3 H
4
D

2 : ('†
D

µ
')⇤('†

D
µ
')

 
2
H

3 : ('†
')2(q̄i uj '̃)  

2
XH : (q̄i �

µ⌫
uj '̃)Bµ⌫

 
2
H

2
D : ('†$

Dµ ')(q̄i �
µ
qj)  

4 : (q̄i �
µ
qj)(q̄k �µ ql)

<latexit sha1_base64="f7qwm3FwlUoM83a4Ir0RTd54tEM="></latexit>

Warsaw ExampleClass

Assuming i = j = 3
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Examples of operators

20

Dimension-6 operators of the SMEFT:

Higgs-fermion (Yukawa)

gauge-fermion (Z,W)

dipole

four fermion

ttH

ttZ production, Wtb, single top

ttZ, ttA, WtB (ttVH)
top pair production, single top, ttH, 
ttV, tttt
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From Operators to Observables

Operators have different impact on particle interactions

1) Modification of SM vertices

2) New Lorentz structures

(3) Indirect effect due to impact on input parameters and canonical 
normalisation of fields

21

What is next? Study particular processes and observables to maximise 
sensitivity on different operators


Fit data to extract EFT coefficients
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SMEFT in practice

22

EFT has a global character

VBS

Higgs

Top Weak

ttH

tH/Zj
VH/VBF

4-tops

CPV

HH

HH

ttH

VV

tj

ttV

ttV

H

HH+j

EWPO

HH
H+j

tH/Zj

VBS
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EFT pathway to New Physics

23

ΔObsn = ObsEXP
n − ObsSM

n = ∑
i

c6
i (μ)
Λ2

a6
n,i(μ) + 𝒪 ( 1

Λ4 )

Precise experimental measurements

Precise EFT predictions

Precise SM predictions
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Top-pair production 
W-helicities, 
asymmetry

Single top t-, s-channel

4 tops, ttbb, top-
pair associated 

production

Data Dataset
Ô

s, L Info Observables ndat Ref

ATLAS_tt_8TeV_ljets 8 TeV, 20.3 fb≠1 lepton+jets d‡/dmtt̄ 7 [46]

CMS_tt_8TeV_ljets 8 TeV, 20.3 fb≠1 lepton+jets 1/‡d‡/dytt̄ 10 [47]

CMS_tt2D_8TeV_dilep 8 TeV, 20.3 fb≠1 dileptons 1/‡d
2
‡/dytt̄dmtt̄ 16 [48]

ATLAS_tt_8TeV_dilep (*) 8 TeV, 20.3 fb≠1 dileptons d‡/dmtt̄ 6 [54]

CMS_tt_13TeV_ljets_2015 13 TeV, 2.3 fb≠1 lepton+jets d‡/dmtt̄ 8 [51]

CMS_tt_13TeV_dilep_2015 13 TeV, 2.1 fb≠1 dileptons d‡/dmtt̄ 6 [53]

CMS_tt_13TeV_ljets_2016 13 TeV, 35.8 fb≠1 lepton+jets d‡/dmtt̄ 10 [52]

CMS_tt_13TeV_dilep_2016 (*) 13 TeV, 35.8 fb≠1 dileptons d‡/dmtt̄ 7 [56]

ATLAS_tt_13TeV_ljets_2016 (*) 13 TeV, 35.8 fb≠1 lepton+jets d‡/dmtt̄ 9 [55]

ATLAS_WhelF_8TeV 8 TeV, 20.3 fb≠1
W hel. fract F0, FL, FR 3 [49]

CMS_WhelF_8TeV 8 TeV, 20.3 fb≠1
W hel. fract F0, FL, FR 3 [50]

ATLAS_CMS_tt_AC_8TeV (*) 8 TeV, 20.3 fb≠1 charge asymmetry AC 6 [57]

ATLAS_tt_AC_13TeV (*) 8 TeV, 20.3 fb≠1 charge asymmetry AC 5 [58]

Table 3.1. The experimental measurements of inclusive top-quark pair production at the LHC
considered in the present analysis. For each dataset we indicate the label, the center of mass energy
Ô

s, the integrated luminosity L, the final state or the specific production mechanism, the physical
observable, the number of data points ndat, and the publication reference. Measurements indicated
with (*) were not included in [7]. We also include in this category the W helicity fractions from top
quark decay and the charge asymmetries.

di�erential distributions based on luminosities larger than L ƒ 36 fb≠1 are not available yet:
the statistical precision of the data, and consequently their constraining power, remain there-
fore limited. For instance, the ATLAS fully hadronic final state measurement [61] is available,
but it exhibits larger uncertainties than in the cleaner lepton+jets and dilepton final states.
Furthermore, some measurements are not reconstructed at the parton level, as required in our
analysis. This is the case of the ATLAS and CMS measurements at high top-quark transverse
momentum [61, 62], that are based on reconstructing boosted topologies, and of the dilepton
distributions from ATLAS [63], that are restricted to the particle level.

Concerning theoretical calculations, the SM cross-sections are evaluated at NLO using
MadGraph5_aMC@NLO [64] and supplemented with NNLO K-factors [65, 66]. The input PDF
set is NNPDF3.1NNLO no-top [67], to avoid possible contamination between PDF and EFT
e�ects.2 The EFT cross-sections are evaluated with MadGraph5_aMC@NLO [64] combined with
the SMEFT@NLO model [39]. Unless otherwise specified, the same EFT settings will be used
also for the other processes considered in this analysis. Specifically, NLO QCD e�ects to the

2See [68, 69] for a detailed discussion of the interplay between PDF and EFT fits.
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Dataset
Ô

s, L Info Observables Ndat Ref

CMS_ttbb_13TeV 13 TeV, 2.3 fb≠1 total xsec ‡tot(tt̄bb̄) 1 [70]

CMS_ttbb_13TeV_2016 (*) 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄bb̄) 1 [79]

ATLAS_ttbb_13TeV_2016 (*) 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄bb̄) 1 [78]

CMS_tttt_13TeV 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄tt̄) 1 [71]

CMS_tttt_13TeV_run2 (*) 13 TeV, 137 fb≠1 total xsec ‡tot(tt̄tt̄) 1 [76]

ATLAS_tttt_13TeV_run2 (*) 13 TeV, 137 fb≠1 total xsec ‡tot(tt̄tt̄) 1 [77]

CMS_ttZ_8TeV 8 TeV, 19.5 fb≠1 total xsec ‡tot(tt̄Z) 1 [72]

CMS_ttZ_13TeV 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄Z) 1 [73]

CMS_ttZ_ptZ_13TeV (*) 13 TeV, 77.5 fb≠1 total xsec d‡(tt̄Z)/dp
Z
T 4 [81]

ATLAS_ttZ_8TeV 8 TeV, 20.3 fb≠1 total xsec ‡tot(tt̄Z) 1 [74]

ATLAS_ttZ_13TeV 13 TeV, 3.2 fb≠1 total xsec ‡tot(tt̄Z) 1 [75]

ATLAS_ttZ_13TeV_2016 (*) 13 TeV, 36 fb≠1 total xsec ‡tot(tt̄Z) 1 [80]

CMS_ttW_8_TeV 8 TeV, 19.5 fb≠1 total xsec ‡tot(tt̄W ) 1 [72]

CMS_ttW_13TeV 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄W ) 1 [73]

ATLAS_ttW_8TeV 8 TeV, 20.3 fb≠1 total xsec ‡tot(tt̄W ) 1 [74]

ATLAS_ttW_13TeV 13 TeV, 3.2 fb≠1 total xsec ‡tot(tt̄W ) 1 [75]

ATLAS_ttW_13TeV_2016 (*) 13 TeV, 36 fb≠1 total xsec ‡tot(tt̄W ) 1 [80]

Table 3.2. Same as Table 3.1, now for the production of top quark pairs in association with heavy
quarks and with weak vector bosons.

the initial state of the reaction, see [93] for details. The NNLO QCD K-factors in the 5FNS
are obtained from the calculation of [94].

Associated single top-quark production with weak bosons. Finally, in Table 3.4 we
consider the experimental measurements on the associated production of single top-quarks
together with a weak gauge boson V . The dataset in this category that was already part of
our original analysis [7] consisted in the total inclusive cross-sections for tW production by
ATLAS and CMS at 8 TeV [95, 96] and at 13 TeV [97, 98], as well as in the ATLAS and CMS
measurements of the tZ total cross-sections at 13 TeV [99, 100], in the latter case restricted
to the fiducial region in the Wb¸+¸≠q final state.

In addition to these datasets, we include here several new measurements of tW and tZ
production. First of all, we include a new total cross-section measurement of tW production
by ATLAS at 8 TeV [101]. This measurement is carried out in the single lepton channel,
and thus does not overlap with [95], which instead was obtained in the two leptons with one
central b-jet channel. Then we include the ATLAS measurement of the fiducial cross-section
for tZ production [102] using the t¸+¸≠q final state (in the tri-lepton channel) based on the
full Run II luminosity of L = 139 fb≠1. In this analysis, the cross-section measurement
di�ers from the background-only hypothesis (dominated by tt̄Z and dibosons) by more than
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Dataset
Ô

s, L Info Observables Ndat Ref

CMS_t_tch_8TeV_inc 8 TeV, 19.7 fb≠1
t-channel ‡tot(t), ‡tot(t̄) 2 [83]

ATLAS_t_tch_8TeV 8 TeV, 20.2 fb≠1
t-channel d‡(tq)/dyt 4 [85]

CMS_t_tch_8TeV_dif 8 TeV, 19.7 fb≠1
t-channel d‡/d|y

(t+t̄)
| 6 [84]

CMS_t_sch_8TeV 8 TeV, 19.7 fb≠1
s-channel ‡tot(t + t̄) 1 [87]

ATLAS_t_sch_8TeV 8 TeV, 20.3 fb≠1
s-channel ‡tot(t + t̄) 1 [86]

ATLAS_t_tch_13TeV 13 TeV, 3.2 fb≠1
t-channel ‡tot(t), ‡tot(t̄) 2 [88]

CMS_t_tch_13TeV_inc 13 TeV, 2.2 fb≠1
t-channel ‡tot(t), ‡tot(t̄) 2 [90]

CMS_t_tch_13TeV_dif 13 TeV, 2.3 fb≠1
t-channel d‡/d|y

(t+t̄)
| 4 [89]

CMS_t_tch_13TeV_2016 (*) 13 TeV, 35.9 fb≠1
t-channel d‡/d|y

(t)
| 5 [91]

Table 3.3. Same as Table 3.1, now for inclusive single t production both in the t- and the s-channels.

five sigma and thus corresponds to an observation of this process. We also consider the
corresponding measurement from CMS, where the observation of tZ associated production is
reported by reconstructing the t¸+¸≠q final state [103] based on a luminosity of L = 77.4 fb≠1.
No di�erential distributions for tZ have been reported so far. The settings of the theoretical
calculations for these ndat = 9 data points are the same as of [7].

In addition to these measurements, both ATLAS and CMS have measured di�erential
distributions in tW production at 13 TeV based on a luminosity of L = 35.9 fb≠1 [104, 105].
However, these measurements are reported at the particle rather than at the parton level,
and therefore they are not suitable for inclusion in the present analysis, which is restricted to
top-quark level observables. We also note that CMS has reported on the EFT interpretation
of the associated production of top-quarks, including with vector bosons, in an analysis based
on a luminosity of L = 41.5 fb≠1 [106].

Combining the four categories discussed above, the present analysis contains ndat = 150
top-quark cross-sections, to be compared with ndat = 103 in [7]. In Sect. 5.3 we will quantify
the impact of the new top-quark measurements by comparing two fits, one based on the
dataset of [7] and one based on the extended top-quark dataset included here.

3.2 Higgs production and decay
We now turn to the Higgs boson production and decay measurements. We consider first
inclusive cross-section measurements, presented as signal strengths normalised to the SM
predictions, and then di�erential distributions and STXS measurements.

Signal strengths. First of all, we consider the inclusive Higgs boson production signal
strengths µf

i
measured by ATLAS and CMS from LHC Run I and Run II. These signal

strengths are defined for each combination of production and decay channels in terms of
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Dataset
Ô

s, L Info Observables Ndat Ref

ATLAS_tW_8TeV_inc 8 TeV, 20.2 fb≠1
inclusive

‡tot(tW )
1

[95]
(dilepton)

ATLAS_tW_inc_slep_8TeV (*) 8 TeV, 20.2 fb≠1
inclusive

‡tot(tW )
1

[101]
(single lepton)

CMS_tW_8TeV_inc 8 TeV, 19.7 fb≠1 inclusive ‡tot(tW ) 1 [96]

ATLAS_tW_inc_13TeV 13 TeV, 3.2 fb≠1 inclusive ‡tot(tW ) 1 [97]

CMS_tW_13TeV_inc 13 TeV, 35.9 fb≠1 inclusive ‡tot(tW ) 1 [98]

ATLAS_tZ_13TeV_inc 13 TeV, 36.1 fb≠1 inclusive ‡tot(tZq) 1 [100]

ATLAS_tZ_13TeV_run2_inc (*) 13 TeV, 139.1 fb≠1 inclusive ‡fid(t¸+
¸

≠
q) 1 [102]

CMS_tZ_13TeV_inc 13 TeV, 35.9 fb≠1 inclusive ‡fid(W b¸
+

¸
≠

q) 1 [99]

CMS_tZ_13TeV_2016_inc (*) 13 TeV, 77.4 fb≠1 inclusive ‡fid(t¸+
¸

≠
q) 1 [103]

Table 3.4. Same as Table 3.1, now for single top quark production in association with electroweak
gauge bosons.

cross-section ‡i and the branching fraction Bf as

µf

i
©

‡i ◊ Bf

(‡i)SM ◊ (Bf )SM
= µi · µf =

A
‡i

(‡i)SM

BA
Bf

(Bf )SM

B

, (3.1)

that is, as the ratio of the experimentally measured production cross-sections in specific
decay channels to the corresponding (state-of-the-art) SM predictions. These inclusive signal
strengths can also be expressed as

µf

i
=

A
‡i

(‡i)SM

BA
�(h æ f)

�(h æ f)
--
SM

BA
�(h æ all)

�(h æ all)
--
SM

B≠1

, (3.2)

in terms of the partial and total decay widths. The measurements of signal strengths that
we consider in the present analysis are collected in Table 3.5. In contrast to the di�erential
distributions and STXS discussed below, these signal strengths are typically extrapolated to
the full phase space and do not include selection or acceptance cuts.

For the LHC Run I, we take into account the inclusive measurements of Higgs boson
production and decay rates from the ATLAS and CMS combination based on the full 7 and
8 TeV datasets [107]. Specifically, we include the 20 measurements presented in Table 8
of [107]. These measurements correspond to five di�erent production channels (ggF, VBF,
Wh, Zh, tth) for five final states (““, ZZ, WW , ·· , bb̄), excluding those combinations that
are either not measured with a meaningful precision or not measured at all. We account for
the experimental correlations between the measured signal strengths using the information
provided in [107]. In addition to these ATLAS+CMS combination results from Run I, we also
include two more signal strengths measurements from Run I, namely the ATLAS constraints
on the Z“ and µµ decays from [108].
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 tW, tZ

Dataset
Ô

s, L Info Observables ndat Ref.

ATLAS_CMS_SSinc_RunI (*) 7+8 TeV, 20 fb≠1 Incl. µ
f
i

ggF, VBF, V h, tt̄h
20 [114]

h æ ““, V V, ··, bb̄

ATLAS_SSinc_RunI (*) 8 TeV, 20 fb≠1 Incl. µ
f
i h æ Z“, µµ 2 [115]

ATLAS_SSinc_RunII (*) 13 TeV, 80 fb≠1 Incl. µ
f
i

ggF, VBF, V h, tt̄h
16 [116]

h æ ““, W W, ZZ, ··, bb̄

CMS_SSinc_RunII (*) 13 TeV, 36.9 fb≠1 Incl. µ
f
i

ggF, VBF, W h, Zh tt̄h
24 [117]

h æ ““, W W, ZZ, ··, bb̄

Table 3.5. Same as Table 3.1 now for the measurements of the inclusive signal strenghts, Eq. (3.2),
in Higgs production and decay from the LHC Run I and Run II.

For the LHC Run II, we consider the ATLAS measurement of signal strengths correspond-
ing to an integrated luminosity of L = 80 fb≠1 [116], and the CMS measurement corresponding
to an integrated luminosity of L = 35.9 fb≠1 [117]. As in the case of the Run I signal strengths,
we keep into account correlations between the various production and final state combina-
tions. The ATLAS combination contains 16 signal strengths for the ggF, VBF, V h and tt̄h
production channels and the ““, ZZ, WW , ·· and bb̄ final states. As in the case of Run I,
measurements are sometimes not available for all final states for a given production channel,
for example the h æ bb̄ decay is not available for ggF while ·· is not provided in the case
of V h associate production. The CMS analysis contains 24 signal strengths measurements
in the ggF, VBF, Wh, Zh, and tt̄h production channels for the same final states as in the
ATLAS case. Results for the WW , ZZ and““ final states are available for all production
channels, while for the other final states, µµ, ·· , and bb̄, signal strength measurements are
only available for specific production channels. In total, we have ndat = 62 measurements of
Higgs inclusive signal strengths from Runs I and II.

Concerning the theoretical calculations corresponding to these measurements, the SM
production cross-sections and decay branching fractions are obtained from the associated
experimental publications. In turn, these represent the most updated available predictions,
and are provided in the LHC Higgs Cross-Section Working Group (HXSWG) reports [118–
120]. As in the case of top-quark production processes, EFT calculations are obtained at NLO
QCD using MadGraph5_aMC@NLO [71] with the SMEFT@NLO model. Additional details about
the implementation of EFT corrections to the Higgs signal strengths are provided in App. B.

Di�erential distributions and STXS. Table 3.6 summarizes the experimental measure-
ments of di�erential distributions and STXS for Higgs boson production and decay at the LHC
considered in the present analysis. Whenever one has a potential double counting between
a signal strength measurement and the corresponding di�erential distribution or STXS mea-
surement, we always select the latter, which provides more information on the EFT parameter
space due to its enhanced kinematical sensitivity.

To being with, we consider the ATLAS and CMS di�erential distributions in the Higgs
boson kinematic variables obtained from the combination of the h æ ““, h æ ZZ, and (in
the CMS case) h æ bb̄ final states at 13 TeV based on L = 36 fb≠1 [121, 122]. Specifically, we
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Dataset
Ô

s, L Info Observables Ndat Ref

CMS_H_13TeV_2015 (*) 13 TeV, 35.9 fb≠1
ggF, VBF, V h, tt̄h

d‡/dp
h
T 9 [121]

h æ ZZ, ““, bb̄

ATLAS_ggF_13TeV_2015 (*) 13 TeV, 36.1 fb≠1
ggF, VBF, V h, tt̄h

d‡/dp
h
T 9 [122]

h æ ZZ(æ 4l)

ATLAS_Vh_hbb_13TeV (*) 13 TeV, 79.8 fb≠1
W h, Zh

d‡
(fid)

/dp
W
T 2

[123]
d‡

(fid)
/dp

Z
T 3

ATLAS_ggF_ZZ_13TeV (*) 13 TeV, 79.8 fb≠1
ggF, h æ ZZ ‡ggF(ph

T , Njets) 6 [116]

CMS_ggF_aa_13TeV (*) 13 TeV, 77.4 fb≠1
ggF, h æ ““ ‡ggF(ph

T , Njets) 6 [124]

Table 3.6. Same as Table 3.1 for di�erential distributions and STXS for Higgs production and decay.

consider the di�erential distributions in the Higgs boson transverse momentum ph

T
. These dis-

tributions are particularly sensitive probes of new physics, for instance through new particles
circulating in the gluon-fusion loop.

We also include the ATLAS measurement of the associated production of Higgs bosons,
V h, in the h æ bb̄ final state at 13 TeV [123]. These measurements, performed in kinematic
fiducial volumes defined in the simplified template cross-section framework, correspond to an
integrated luminosity of L = 79.8 fb≠1. Specifically, here we include the data corresponding
to the 5-POI (parameters of interest) category, which refers to three cross-sections for Zh
production in the bins 75 < pZ

T
< 150 GeV, 150 < pZ

T
< 250 GeV, and pZ

T
> 250 GeV,

and two cross-sections for Wh production, one for 150 < pW

T
< 250 GeV and the other for

pW

T
> 250 GeV. Gauge bosons are reconstructed by means of their leptonic decays.
Then we also include selected di�erential measurements presented in the ATLAS Run II

Higgs combination paper [116]. Specifically, we include the measurements of Higgs production
in gluon fusion, gg æ h, in di�erent bins of ph

T
and in the number of jets in the event. These

measurements are presented as ‡i ◊ BZZ/B(SM)
ZZ

, since the ZZ branching fraction is used to
normalise the data. We include the 0-jet cross-section, the 1-jet cross-section for ph

T
< 60

GeV, 60 Æ ph

T
Æ 120 GeV, and 120 Æ ph

T
Æ 200 GeV, and the Æ 1 jet and Æ 2 jet cross-sections

for ph

T
Ø 200 GeV and ph

T
< 200 GeV respectively.

Furthermore, we consider the di�erential Higgs boson production measurements presented
by CMS at 13 TeV based on an integrated luminosity of L = 77.4 fb≠1 and corresponding to
the final state ““ [124]. The STXS measurements associated to di�erent final-state topologies
and kinematic values such as ph

T
are presented. These inclusive measurements are dominated

by the gluon-fusion production channel. Note that the CMS diphoton measurement of [124]
supersedes [125], which was based on the 2016 dataset only.

Whenever available, the information on the experimental correlated systematic uncer-
tainties is included. As mentioned above, the SM theoretical predictions are taken from
the HXSWG reports [118–120]. In total, we include ndat = 35 measurements of di�erential
cross-sections and STXS on Higgs production and decay from the LHC Run II.
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Dataset
Ô

s, L Info Observables Ndat Ref

LEP2_WW_diff (*) [182, 296] GeV LEP-2 comb d
2
‡(W W )/dEcmd cos ◊W 40 [128]

ATLAS_WZ_13TeV_2016 (*) 13 TeV, 36.1 fb≠1 fully leptonic d‡
(fid)

/dm
W Z
T 6 [129]

ATLAS_WW_13TeV_2016 (*) 13 TeV, 36.1 fb≠1 fully leptonic d‡
(fid)

/dmeµ 13 [130]

CMS_WZ_13TeV_2016 (*) 13 TeV, 35.9 fb≠1 fully leptonic d‡
(fid)

/dp
Z
T 11 [131]

Table 3.7. Same as Table 3.1 for the di�erential distributions of gauge boson pair production from
LEP-2 and the LHC.

We note that additional Higgs production and decay measurements have been recently
presented by ATLAS and CMS based on the full Run II luminosity of L = 139 fb≠1. Two
examples of these are the CMS measurement of the ph

T
distribution in the h æ WW fully

leptonic final state [126] and the updated ATLAS measurement of V h associated production in
the bb̄ final state [127]. These measurements are however not expected to modify significantly
the results of the present analysis, since the constraints they provide on the EFT parameter
space are already covered by other measurements, and their inclusion is left for future work.

3.3 Diboson production from LEP and the LHC
We complement the constraints provided by the Higgs data with those provided by diboson
production cross-sections measured by LEP and the LHC. The dataset is summarised in Ta-
ble 3.7. To begin with, we consider the LEP-2 legacy measurements of WW production [128].
Specifically, we include the cross-sections di�erential in cos ◊W in four di�erent bins in the
center of mass energy, from

Ô
s = 182 GeV up to

Ô
s = 206 GeV. Here ◊W is defined as the

polar angle of the produced W ≠ boson with respect to the incoming electron beam direction.
Each set of bins with a di�erent center-of-mass energy correspond to a di�erent integrated
luminosity, ranging between L = 163.9 pb≠1 and 630.5 pb≠1. For each value of

Ô
s, there are

10 bins in cos ◊W , adding up to a total of ndat = 40 data points. The theoretical calculations
of the SM predictions, which include higher-order electroweak but not NLO QCD corrections,
are also taken from [128]. For this process, the squared terms in the EFT proportional to
cicj/�≠4 are small and will be neglected.

Concerning the LHC datasets, we include measurements of the di�erential distributions
for W ±Z production at 13 TeV from ATLAS [132] and CMS [131] based on a luminosity
of L = 36.1 fb≠1. In both cases, the two gauge bosons are reconstructed by means of the
fully leptonic final state, whereby events of the type WZ æ ¸+¸≠¸(Õ)± are selected. The
di�erent leptonic final states are then combined into an inclusive measurement. For the
ATLAS measurement three fiducial distributions are presented, respectively di�erential in
pW

T
, pZ

T
and mW Z

T
. As indicated in Table 3.7, in this analysis, our baseline choice will be to

include the mW Z

T
distribution, which extends up to transverse masses of mW Z

T
= 600 GeV. In

the case of the corresponding CMS measurement, normalised di�erential distributions in pZ

T
,

mW Z , pW

T
, and pjet,lead

T
are available. Here the baseline will be the pZ

T
distribution.

In addition to these measurements, we also consider the di�erential distributions for
WWproduction from ATLAS at 13 TeV based on a luminosity of L = 36.1 fb≠1 [130]. Events
are selected by requiring one electron and one muon in the final state, corresponding to the
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Top-pair production 
W-helicities, 
asymmetry

Single top t-, s-channel

4 tops, ttbb, top-
pair associated 

production

Data Dataset
Ô

s, L Info Observables ndat Ref

ATLAS_tt_8TeV_ljets 8 TeV, 20.3 fb≠1 lepton+jets d‡/dmtt̄ 7 [46]

CMS_tt_8TeV_ljets 8 TeV, 20.3 fb≠1 lepton+jets 1/‡d‡/dytt̄ 10 [47]

CMS_tt2D_8TeV_dilep 8 TeV, 20.3 fb≠1 dileptons 1/‡d
2
‡/dytt̄dmtt̄ 16 [48]

ATLAS_tt_8TeV_dilep (*) 8 TeV, 20.3 fb≠1 dileptons d‡/dmtt̄ 6 [54]

CMS_tt_13TeV_ljets_2015 13 TeV, 2.3 fb≠1 lepton+jets d‡/dmtt̄ 8 [51]

CMS_tt_13TeV_dilep_2015 13 TeV, 2.1 fb≠1 dileptons d‡/dmtt̄ 6 [53]

CMS_tt_13TeV_ljets_2016 13 TeV, 35.8 fb≠1 lepton+jets d‡/dmtt̄ 10 [52]

CMS_tt_13TeV_dilep_2016 (*) 13 TeV, 35.8 fb≠1 dileptons d‡/dmtt̄ 7 [56]

ATLAS_tt_13TeV_ljets_2016 (*) 13 TeV, 35.8 fb≠1 lepton+jets d‡/dmtt̄ 9 [55]

ATLAS_WhelF_8TeV 8 TeV, 20.3 fb≠1
W hel. fract F0, FL, FR 3 [49]

CMS_WhelF_8TeV 8 TeV, 20.3 fb≠1
W hel. fract F0, FL, FR 3 [50]

ATLAS_CMS_tt_AC_8TeV (*) 8 TeV, 20.3 fb≠1 charge asymmetry AC 6 [57]

ATLAS_tt_AC_13TeV (*) 8 TeV, 20.3 fb≠1 charge asymmetry AC 5 [58]

Table 3.1. The experimental measurements of inclusive top-quark pair production at the LHC
considered in the present analysis. For each dataset we indicate the label, the center of mass energy
Ô

s, the integrated luminosity L, the final state or the specific production mechanism, the physical
observable, the number of data points ndat, and the publication reference. Measurements indicated
with (*) were not included in [7]. We also include in this category the W helicity fractions from top
quark decay and the charge asymmetries.

di�erential distributions based on luminosities larger than L ƒ 36 fb≠1 are not available yet:
the statistical precision of the data, and consequently their constraining power, remain there-
fore limited. For instance, the ATLAS fully hadronic final state measurement [61] is available,
but it exhibits larger uncertainties than in the cleaner lepton+jets and dilepton final states.
Furthermore, some measurements are not reconstructed at the parton level, as required in our
analysis. This is the case of the ATLAS and CMS measurements at high top-quark transverse
momentum [61, 62], that are based on reconstructing boosted topologies, and of the dilepton
distributions from ATLAS [63], that are restricted to the particle level.

Concerning theoretical calculations, the SM cross-sections are evaluated at NLO using
MadGraph5_aMC@NLO [64] and supplemented with NNLO K-factors [65, 66]. The input PDF
set is NNPDF3.1NNLO no-top [67], to avoid possible contamination between PDF and EFT
e�ects.2 The EFT cross-sections are evaluated with MadGraph5_aMC@NLO [64] combined with
the SMEFT@NLO model [39]. Unless otherwise specified, the same EFT settings will be used
also for the other processes considered in this analysis. Specifically, NLO QCD e�ects to the

2See [68, 69] for a detailed discussion of the interplay between PDF and EFT fits.
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Dataset
Ô

s, L Info Observables Ndat Ref

CMS_ttbb_13TeV 13 TeV, 2.3 fb≠1 total xsec ‡tot(tt̄bb̄) 1 [70]

CMS_ttbb_13TeV_2016 (*) 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄bb̄) 1 [79]

ATLAS_ttbb_13TeV_2016 (*) 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄bb̄) 1 [78]

CMS_tttt_13TeV 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄tt̄) 1 [71]

CMS_tttt_13TeV_run2 (*) 13 TeV, 137 fb≠1 total xsec ‡tot(tt̄tt̄) 1 [76]

ATLAS_tttt_13TeV_run2 (*) 13 TeV, 137 fb≠1 total xsec ‡tot(tt̄tt̄) 1 [77]

CMS_ttZ_8TeV 8 TeV, 19.5 fb≠1 total xsec ‡tot(tt̄Z) 1 [72]

CMS_ttZ_13TeV 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄Z) 1 [73]

CMS_ttZ_ptZ_13TeV (*) 13 TeV, 77.5 fb≠1 total xsec d‡(tt̄Z)/dp
Z
T 4 [81]

ATLAS_ttZ_8TeV 8 TeV, 20.3 fb≠1 total xsec ‡tot(tt̄Z) 1 [74]

ATLAS_ttZ_13TeV 13 TeV, 3.2 fb≠1 total xsec ‡tot(tt̄Z) 1 [75]

ATLAS_ttZ_13TeV_2016 (*) 13 TeV, 36 fb≠1 total xsec ‡tot(tt̄Z) 1 [80]

CMS_ttW_8_TeV 8 TeV, 19.5 fb≠1 total xsec ‡tot(tt̄W ) 1 [72]

CMS_ttW_13TeV 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄W ) 1 [73]

ATLAS_ttW_8TeV 8 TeV, 20.3 fb≠1 total xsec ‡tot(tt̄W ) 1 [74]

ATLAS_ttW_13TeV 13 TeV, 3.2 fb≠1 total xsec ‡tot(tt̄W ) 1 [75]

ATLAS_ttW_13TeV_2016 (*) 13 TeV, 36 fb≠1 total xsec ‡tot(tt̄W ) 1 [80]

Table 3.2. Same as Table 3.1, now for the production of top quark pairs in association with heavy
quarks and with weak vector bosons.

the initial state of the reaction, see [93] for details. The NNLO QCD K-factors in the 5FNS
are obtained from the calculation of [94].

Associated single top-quark production with weak bosons. Finally, in Table 3.4 we
consider the experimental measurements on the associated production of single top-quarks
together with a weak gauge boson V . The dataset in this category that was already part of
our original analysis [7] consisted in the total inclusive cross-sections for tW production by
ATLAS and CMS at 8 TeV [95, 96] and at 13 TeV [97, 98], as well as in the ATLAS and CMS
measurements of the tZ total cross-sections at 13 TeV [99, 100], in the latter case restricted
to the fiducial region in the Wb¸+¸≠q final state.

In addition to these datasets, we include here several new measurements of tW and tZ
production. First of all, we include a new total cross-section measurement of tW production
by ATLAS at 8 TeV [101]. This measurement is carried out in the single lepton channel,
and thus does not overlap with [95], which instead was obtained in the two leptons with one
central b-jet channel. Then we include the ATLAS measurement of the fiducial cross-section
for tZ production [102] using the t¸+¸≠q final state (in the tri-lepton channel) based on the
full Run II luminosity of L = 139 fb≠1. In this analysis, the cross-section measurement
di�ers from the background-only hypothesis (dominated by tt̄Z and dibosons) by more than
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Dataset
Ô

s, L Info Observables Ndat Ref

CMS_t_tch_8TeV_inc 8 TeV, 19.7 fb≠1
t-channel ‡tot(t), ‡tot(t̄) 2 [83]

ATLAS_t_tch_8TeV 8 TeV, 20.2 fb≠1
t-channel d‡(tq)/dyt 4 [85]

CMS_t_tch_8TeV_dif 8 TeV, 19.7 fb≠1
t-channel d‡/d|y

(t+t̄)
| 6 [84]

CMS_t_sch_8TeV 8 TeV, 19.7 fb≠1
s-channel ‡tot(t + t̄) 1 [87]

ATLAS_t_sch_8TeV 8 TeV, 20.3 fb≠1
s-channel ‡tot(t + t̄) 1 [86]

ATLAS_t_tch_13TeV 13 TeV, 3.2 fb≠1
t-channel ‡tot(t), ‡tot(t̄) 2 [88]

CMS_t_tch_13TeV_inc 13 TeV, 2.2 fb≠1
t-channel ‡tot(t), ‡tot(t̄) 2 [90]

CMS_t_tch_13TeV_dif 13 TeV, 2.3 fb≠1
t-channel d‡/d|y

(t+t̄)
| 4 [89]

CMS_t_tch_13TeV_2016 (*) 13 TeV, 35.9 fb≠1
t-channel d‡/d|y

(t)
| 5 [91]

Table 3.3. Same as Table 3.1, now for inclusive single t production both in the t- and the s-channels.

five sigma and thus corresponds to an observation of this process. We also consider the
corresponding measurement from CMS, where the observation of tZ associated production is
reported by reconstructing the t¸+¸≠q final state [103] based on a luminosity of L = 77.4 fb≠1.
No di�erential distributions for tZ have been reported so far. The settings of the theoretical
calculations for these ndat = 9 data points are the same as of [7].

In addition to these measurements, both ATLAS and CMS have measured di�erential
distributions in tW production at 13 TeV based on a luminosity of L = 35.9 fb≠1 [104, 105].
However, these measurements are reported at the particle rather than at the parton level,
and therefore they are not suitable for inclusion in the present analysis, which is restricted to
top-quark level observables. We also note that CMS has reported on the EFT interpretation
of the associated production of top-quarks, including with vector bosons, in an analysis based
on a luminosity of L = 41.5 fb≠1 [106].

Combining the four categories discussed above, the present analysis contains ndat = 150
top-quark cross-sections, to be compared with ndat = 103 in [7]. In Sect. 5.3 we will quantify
the impact of the new top-quark measurements by comparing two fits, one based on the
dataset of [7] and one based on the extended top-quark dataset included here.

3.2 Higgs production and decay
We now turn to the Higgs boson production and decay measurements. We consider first
inclusive cross-section measurements, presented as signal strengths normalised to the SM
predictions, and then di�erential distributions and STXS measurements.

Signal strengths. First of all, we consider the inclusive Higgs boson production signal
strengths µf

i
measured by ATLAS and CMS from LHC Run I and Run II. These signal

strengths are defined for each combination of production and decay channels in terms of
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Dataset
Ô

s, L Info Observables Ndat Ref

ATLAS_tW_8TeV_inc 8 TeV, 20.2 fb≠1
inclusive

‡tot(tW )
1

[95]
(dilepton)

ATLAS_tW_inc_slep_8TeV (*) 8 TeV, 20.2 fb≠1
inclusive

‡tot(tW )
1

[101]
(single lepton)

CMS_tW_8TeV_inc 8 TeV, 19.7 fb≠1 inclusive ‡tot(tW ) 1 [96]

ATLAS_tW_inc_13TeV 13 TeV, 3.2 fb≠1 inclusive ‡tot(tW ) 1 [97]

CMS_tW_13TeV_inc 13 TeV, 35.9 fb≠1 inclusive ‡tot(tW ) 1 [98]

ATLAS_tZ_13TeV_inc 13 TeV, 36.1 fb≠1 inclusive ‡tot(tZq) 1 [100]

ATLAS_tZ_13TeV_run2_inc (*) 13 TeV, 139.1 fb≠1 inclusive ‡fid(t¸+
¸

≠
q) 1 [102]

CMS_tZ_13TeV_inc 13 TeV, 35.9 fb≠1 inclusive ‡fid(W b¸
+

¸
≠

q) 1 [99]

CMS_tZ_13TeV_2016_inc (*) 13 TeV, 77.4 fb≠1 inclusive ‡fid(t¸+
¸

≠
q) 1 [103]

Table 3.4. Same as Table 3.1, now for single top quark production in association with electroweak
gauge bosons.

cross-section ‡i and the branching fraction Bf as

µf

i
©

‡i ◊ Bf

(‡i)SM ◊ (Bf )SM
= µi · µf =

A
‡i

(‡i)SM

BA
Bf

(Bf )SM

B

, (3.1)

that is, as the ratio of the experimentally measured production cross-sections in specific
decay channels to the corresponding (state-of-the-art) SM predictions. These inclusive signal
strengths can also be expressed as

µf

i
=

A
‡i

(‡i)SM

BA
�(h æ f)

�(h æ f)
--
SM

BA
�(h æ all)

�(h æ all)
--
SM

B≠1

, (3.2)

in terms of the partial and total decay widths. The measurements of signal strengths that
we consider in the present analysis are collected in Table 3.5. In contrast to the di�erential
distributions and STXS discussed below, these signal strengths are typically extrapolated to
the full phase space and do not include selection or acceptance cuts.

For the LHC Run I, we take into account the inclusive measurements of Higgs boson
production and decay rates from the ATLAS and CMS combination based on the full 7 and
8 TeV datasets [107]. Specifically, we include the 20 measurements presented in Table 8
of [107]. These measurements correspond to five di�erent production channels (ggF, VBF,
Wh, Zh, tth) for five final states (““, ZZ, WW , ·· , bb̄), excluding those combinations that
are either not measured with a meaningful precision or not measured at all. We account for
the experimental correlations between the measured signal strengths using the information
provided in [107]. In addition to these ATLAS+CMS combination results from Run I, we also
include two more signal strengths measurements from Run I, namely the ATLAS constraints
on the Z“ and µµ decays from [108].
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 tW, tZ

Dataset
Ô

s, L Info Observables ndat Ref.

ATLAS_CMS_SSinc_RunI (*) 7+8 TeV, 20 fb≠1 Incl. µ
f
i

ggF, VBF, V h, tt̄h
20 [114]

h æ ““, V V, ··, bb̄

ATLAS_SSinc_RunI (*) 8 TeV, 20 fb≠1 Incl. µ
f
i h æ Z“, µµ 2 [115]

ATLAS_SSinc_RunII (*) 13 TeV, 80 fb≠1 Incl. µ
f
i

ggF, VBF, V h, tt̄h
16 [116]

h æ ““, W W, ZZ, ··, bb̄

CMS_SSinc_RunII (*) 13 TeV, 36.9 fb≠1 Incl. µ
f
i

ggF, VBF, W h, Zh tt̄h
24 [117]

h æ ““, W W, ZZ, ··, bb̄

Table 3.5. Same as Table 3.1 now for the measurements of the inclusive signal strenghts, Eq. (3.2),
in Higgs production and decay from the LHC Run I and Run II.

For the LHC Run II, we consider the ATLAS measurement of signal strengths correspond-
ing to an integrated luminosity of L = 80 fb≠1 [116], and the CMS measurement corresponding
to an integrated luminosity of L = 35.9 fb≠1 [117]. As in the case of the Run I signal strengths,
we keep into account correlations between the various production and final state combina-
tions. The ATLAS combination contains 16 signal strengths for the ggF, VBF, V h and tt̄h
production channels and the ““, ZZ, WW , ·· and bb̄ final states. As in the case of Run I,
measurements are sometimes not available for all final states for a given production channel,
for example the h æ bb̄ decay is not available for ggF while ·· is not provided in the case
of V h associate production. The CMS analysis contains 24 signal strengths measurements
in the ggF, VBF, Wh, Zh, and tt̄h production channels for the same final states as in the
ATLAS case. Results for the WW , ZZ and““ final states are available for all production
channels, while for the other final states, µµ, ·· , and bb̄, signal strength measurements are
only available for specific production channels. In total, we have ndat = 62 measurements of
Higgs inclusive signal strengths from Runs I and II.

Concerning the theoretical calculations corresponding to these measurements, the SM
production cross-sections and decay branching fractions are obtained from the associated
experimental publications. In turn, these represent the most updated available predictions,
and are provided in the LHC Higgs Cross-Section Working Group (HXSWG) reports [118–
120]. As in the case of top-quark production processes, EFT calculations are obtained at NLO
QCD using MadGraph5_aMC@NLO [71] with the SMEFT@NLO model. Additional details about
the implementation of EFT corrections to the Higgs signal strengths are provided in App. B.

Di�erential distributions and STXS. Table 3.6 summarizes the experimental measure-
ments of di�erential distributions and STXS for Higgs boson production and decay at the LHC
considered in the present analysis. Whenever one has a potential double counting between
a signal strength measurement and the corresponding di�erential distribution or STXS mea-
surement, we always select the latter, which provides more information on the EFT parameter
space due to its enhanced kinematical sensitivity.

To being with, we consider the ATLAS and CMS di�erential distributions in the Higgs
boson kinematic variables obtained from the combination of the h æ ““, h æ ZZ, and (in
the CMS case) h æ bb̄ final states at 13 TeV based on L = 36 fb≠1 [121, 122]. Specifically, we
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Dataset
Ô

s, L Info Observables Ndat Ref

CMS_H_13TeV_2015 (*) 13 TeV, 35.9 fb≠1
ggF, VBF, V h, tt̄h

d‡/dp
h
T 9 [121]

h æ ZZ, ““, bb̄

ATLAS_ggF_13TeV_2015 (*) 13 TeV, 36.1 fb≠1
ggF, VBF, V h, tt̄h

d‡/dp
h
T 9 [122]

h æ ZZ(æ 4l)

ATLAS_Vh_hbb_13TeV (*) 13 TeV, 79.8 fb≠1
W h, Zh

d‡
(fid)

/dp
W
T 2

[123]
d‡

(fid)
/dp

Z
T 3

ATLAS_ggF_ZZ_13TeV (*) 13 TeV, 79.8 fb≠1
ggF, h æ ZZ ‡ggF(ph

T , Njets) 6 [116]

CMS_ggF_aa_13TeV (*) 13 TeV, 77.4 fb≠1
ggF, h æ ““ ‡ggF(ph

T , Njets) 6 [124]

Table 3.6. Same as Table 3.1 for di�erential distributions and STXS for Higgs production and decay.

consider the di�erential distributions in the Higgs boson transverse momentum ph

T
. These dis-

tributions are particularly sensitive probes of new physics, for instance through new particles
circulating in the gluon-fusion loop.

We also include the ATLAS measurement of the associated production of Higgs bosons,
V h, in the h æ bb̄ final state at 13 TeV [123]. These measurements, performed in kinematic
fiducial volumes defined in the simplified template cross-section framework, correspond to an
integrated luminosity of L = 79.8 fb≠1. Specifically, here we include the data corresponding
to the 5-POI (parameters of interest) category, which refers to three cross-sections for Zh
production in the bins 75 < pZ

T
< 150 GeV, 150 < pZ

T
< 250 GeV, and pZ

T
> 250 GeV,

and two cross-sections for Wh production, one for 150 < pW

T
< 250 GeV and the other for

pW

T
> 250 GeV. Gauge bosons are reconstructed by means of their leptonic decays.
Then we also include selected di�erential measurements presented in the ATLAS Run II

Higgs combination paper [116]. Specifically, we include the measurements of Higgs production
in gluon fusion, gg æ h, in di�erent bins of ph

T
and in the number of jets in the event. These

measurements are presented as ‡i ◊ BZZ/B(SM)
ZZ

, since the ZZ branching fraction is used to
normalise the data. We include the 0-jet cross-section, the 1-jet cross-section for ph

T
< 60

GeV, 60 Æ ph

T
Æ 120 GeV, and 120 Æ ph

T
Æ 200 GeV, and the Æ 1 jet and Æ 2 jet cross-sections

for ph

T
Ø 200 GeV and ph

T
< 200 GeV respectively.

Furthermore, we consider the di�erential Higgs boson production measurements presented
by CMS at 13 TeV based on an integrated luminosity of L = 77.4 fb≠1 and corresponding to
the final state ““ [124]. The STXS measurements associated to di�erent final-state topologies
and kinematic values such as ph

T
are presented. These inclusive measurements are dominated

by the gluon-fusion production channel. Note that the CMS diphoton measurement of [124]
supersedes [125], which was based on the 2016 dataset only.

Whenever available, the information on the experimental correlated systematic uncer-
tainties is included. As mentioned above, the SM theoretical predictions are taken from
the HXSWG reports [118–120]. In total, we include ndat = 35 measurements of di�erential
cross-sections and STXS on Higgs production and decay from the LHC Run II.
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Dataset
Ô

s, L Info Observables Ndat Ref

LEP2_WW_diff (*) [182, 296] GeV LEP-2 comb d
2
‡(W W )/dEcmd cos ◊W 40 [128]

ATLAS_WZ_13TeV_2016 (*) 13 TeV, 36.1 fb≠1 fully leptonic d‡
(fid)

/dm
W Z
T 6 [129]

ATLAS_WW_13TeV_2016 (*) 13 TeV, 36.1 fb≠1 fully leptonic d‡
(fid)

/dmeµ 13 [130]

CMS_WZ_13TeV_2016 (*) 13 TeV, 35.9 fb≠1 fully leptonic d‡
(fid)

/dp
Z
T 11 [131]

Table 3.7. Same as Table 3.1 for the di�erential distributions of gauge boson pair production from
LEP-2 and the LHC.

We note that additional Higgs production and decay measurements have been recently
presented by ATLAS and CMS based on the full Run II luminosity of L = 139 fb≠1. Two
examples of these are the CMS measurement of the ph

T
distribution in the h æ WW fully

leptonic final state [126] and the updated ATLAS measurement of V h associated production in
the bb̄ final state [127]. These measurements are however not expected to modify significantly
the results of the present analysis, since the constraints they provide on the EFT parameter
space are already covered by other measurements, and their inclusion is left for future work.

3.3 Diboson production from LEP and the LHC
We complement the constraints provided by the Higgs data with those provided by diboson
production cross-sections measured by LEP and the LHC. The dataset is summarised in Ta-
ble 3.7. To begin with, we consider the LEP-2 legacy measurements of WW production [128].
Specifically, we include the cross-sections di�erential in cos ◊W in four di�erent bins in the
center of mass energy, from

Ô
s = 182 GeV up to

Ô
s = 206 GeV. Here ◊W is defined as the

polar angle of the produced W ≠ boson with respect to the incoming electron beam direction.
Each set of bins with a di�erent center-of-mass energy correspond to a di�erent integrated
luminosity, ranging between L = 163.9 pb≠1 and 630.5 pb≠1. For each value of

Ô
s, there are

10 bins in cos ◊W , adding up to a total of ndat = 40 data points. The theoretical calculations
of the SM predictions, which include higher-order electroweak but not NLO QCD corrections,
are also taken from [128]. For this process, the squared terms in the EFT proportional to
cicj/�≠4 are small and will be neglected.

Concerning the LHC datasets, we include measurements of the di�erential distributions
for W ±Z production at 13 TeV from ATLAS [132] and CMS [131] based on a luminosity
of L = 36.1 fb≠1. In both cases, the two gauge bosons are reconstructed by means of the
fully leptonic final state, whereby events of the type WZ æ ¸+¸≠¸(Õ)± are selected. The
di�erent leptonic final states are then combined into an inclusive measurement. For the
ATLAS measurement three fiducial distributions are presented, respectively di�erential in
pW

T
, pZ

T
and mW Z

T
. As indicated in Table 3.7, in this analysis, our baseline choice will be to

include the mW Z

T
distribution, which extends up to transverse masses of mW Z

T
= 600 GeV. In

the case of the corresponding CMS measurement, normalised di�erential distributions in pZ

T
,

mW Z , pW

T
, and pjet,lead

T
are available. Here the baseline will be the pZ

T
distribution.

In addition to these measurements, we also consider the di�erential distributions for
WWproduction from ATLAS at 13 TeV based on a luminosity of L = 36.1 fb≠1 [130]. Events
are selected by requiring one electron and one muon in the final state, corresponding to the
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Category Processes ndat

Top quark production

tt̄ (inclusive) 94
tt̄Z, tt̄W 14

single top (inclusive) 27
tZ, tW 9

tt̄tt̄, tt̄bb̄ 6
Total 150

Higgs production
Run I signal strengths 22

and decay
Run II signal strengths 40

Run II, di�erential distributions & STXS 35
Total 97

Diboson production
LEP-2 40
LHC 30
Total 70

Baseline dataset Total 317

Table 3.8. The number of data points ndat in our baseline dataset for each of the categories of
processes considered here.

Dependence on the EFT coe�cients. In order to interpret the results of the global
EFT analyses which will be presented in Sect. 5, it is useful to collect the dependence of the
various datasets described in this section with respect to the degrees of freedom defined in
Sect. 2. Table 3.10 indicates which EFT coe�cients contribute to the theoretical description
of each of the processes considered in this analysis. Recall that the 16 coe�cients listed in
Eq. (2.4) are related among them by the EWPO relations, and that only two of them are
independent.

In Table 3.10 we display from top to bottom the coe�cients associated to the two-light-
two-heavy, four-heavy, four-lepton, two-fermion plus bosonic, and purely bosonic dimension-
six operators. The Higgs measurements are separated between the Run I and Run II datasets,
and in the latter case also between signal strengths and di�erential distributions and STXS.
A check mark outside (inside) brackets indicates that a given process constrains the corre-
sponding coe�cients starting at O(�≠2) (O(�≠4)) at LO. Entries labelled with (b) indicate
that the sensitivity to the associated coe�cients enters via bottom-initiated processes, which
arise due to contributions from the b-PDF in the 5FNS adopted here.

Several observations can be drawn from this table. First of all, we observe that the
four-heavy coe�cients are constrained only by the tt̄QQ̄ production data, either tt̄tt̄ or tt̄bb̄.
Such measurements also depend on the 2-light-2-heavy operators, as well as on ctG, although
in practice this correlation is small. Furthermore, the four-heavy coe�cients are essentially
left undetermined at O

!
�≠2"

, and can only be meaningfully constrained only the quadratic
corrections are accounted for. One can also note how the two-light-two-heavy operators are
constrained by top-quark pair production (inclusive and in association with vector bosons)
as well as by the tt̄h production measurements. As will be shown below, by far the dominant
constraints on these coe�cients arise from the di�erential distributions in inclusive top quark
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Ellis, Madigan, Mimasu, Sanz, You arXiv:2012.02779

• EFT bounds translate to constraints on parameters of UV models 
• Simplest case: single-field extensions of the SM

Z’
W’

VLL

VLQ

Scalars

VLQ

VLL

M(λ = 1) λ(M = 1 TeV)

Fix coupling and set bound on mass or the other way round



Eleni Vryonidou STFC HEP school 2024 32

THANK YOU


