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Outline

From prediction to discovery to precision, an incredible journey

• The multiple implications of the large top-quark mass.
• Short life-time and the access to an unbound quark state.

Why top-quark physics is unique

• An incredibly rich program.
• Progress of theoretical predictions, meeting (HL-)LHC precision.

Theory predictions for top-quark physics at the LHC

• Top-quark plays a special role in many models of new physics.
• Interesting to explore this connection in terms of effective interactions (EFT).

Constraining new physics via top-quark measurements



Theory 
predictions for 

top-quark 
physics at the 

LHC

• Top-quark physics is central and unique to the physics 
program of the (HL-)LHC. A growing spectrum of top-
physics observables is being measured with higher 
precision and theoretical predictions are being improved 
to match the experimental accuracy.



The breadth of LHC measurements

pp Jets � W Z t̄t t

tot.

VV

tot.

H Hjj

VBF

VH t̄tV

tot.

t̄tH

t̄t�
WWV

Vjj

EWK

���

t̄tt̄t

tot.

V��
V�jj
EWK

��!WW

VVjj

EWK

total (⇥2)

inelastic

pT > 100 GeV

pT >75 GeV
dijets

pT > 70 GeV

incl

pT >100 GeV

E
�
T >

125 GeV

E
�
T >

25 GeV

nj � 1

nj � 2

nj � 3

E
�
T >

100 GeV

nj � 0

pT >
30 GeV
nj � 1

nj � 2

nj � 3

nj � 4

nj � 5

nj � 6

nj � 7

pT >
100 GeV
nj = 1

nj = 2

nj = 3

nj = 4

nj = 5

nj � 6

nj � 0

pT >
30 GeV
nj � 1

nj � 2

nj � 3

nj � 4

nj � 5

nj � 6

nj � 7

total

pT > 25 GeV
nj � 4

nj � 5

nj � 6

nj � 7

nj � 8 tZj

t-chan

s-chan

Wt

ZZ ZZ

WZ

WW

Z�

��
(⇥0.01)

ZZ

WZ

WW

Z�

��
(⇥0.01)

ZZ

WZ

WW

Z�

W �

��
(⇥0.01)

total

H!WW
⇤

(ggF)

H ! ⌧⌧
(⇥0.25)

H ! ��

H ! 4`

total

H ! ��
(⇥0.5)

H!ZZ
⇤

H ! ⌧⌧
(⇥0.15)

H!bb̄

H!WW
⇤

(⇥0.5)

H!bb̄

(⇥0.5)

H ! ��

tt̄W
±

tt̄Z

H ! ��

WWW tot.

WWZ tot.
(⇥0.2)

WZ�

WW �

Wjj

Zjj

Z��
(⇥0.2)

W ��

Z�jj

W �jj

total

ZZ

W
+
W
�

W
±
W
±

WZ
10�3

10�2

10�1

1

101

102

103

104

105

106

1011

�
[p

b] Theory

LHC pp
p
s = 13.6 TeV

Data 29.0 � 31.4 fb�1

LHC pp
p
s = 13 TeV

Data 3.2 � 140 fb�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb�1

LHC pp
p
s = 7 TeV

Data 4.5 � 4.9 fb�1

LHC pp
p
s = 5 TeV

Data 0.03 � 0.3 fb�1

Standard Model Production Cross Section Measurements
Status: June 2024

ATLAS Preliminary
p
s = 5,7,8,13,13.6 TeV

pp W Z t̄t t

t-chan

Wt H WW WZ ZZ t

s-chan

t̄tW t̄tZ

WWV

tot.

t̄tt̄t

340 µb�1

500 µb�1

80 µb�1

2 fb
�1

WH

ZH

total

VBF

VH

tt̄H

(⇥0.3)

WWW

WWZ

(⇥0.2)

10�2

10�1

1

101

102

103

104

105

106

1011

�
[p

b
]
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Top-quark properties are extracted from the measurement 
of processes that  involve direct top-quark production or 
receive indirect top-quark dependent quantum corrections.



Dissecting the challenge
Shower Monte Carlo Event Generators

B
e
a
m

B
e
a
m

Hard
Scattering
Q ≈ 100GeV

Hadronization

Fixed-order calculations 

Parton shower
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• Parton Showers are at the core of Shower Monte Carlo Generators, which contain all the ingredients 
to realistically describe complex collider events 

• Reproduce much of the data from LHC and its predecessors  
• Unknown or poor formal accuracy, especially of the Parton Shower component 

Herwig 

Sherpa 
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From S. Ferrario Ravasio, 
RADCOR 2023

𝑑𝜎 = ∑!" ∫𝑑𝑥# 𝑑𝑥$ 𝑓%,! 𝑥# 𝑓%," 𝑥$ (𝑑𝜎 𝑥#𝑥$𝑠 + 𝑂(( ⁄Λ'() 𝑄)%)

Parton Distribution 
Functions (PDF)

hard-scattering partonic 
xsection (pQCD+EW)

Hadronization, 
non-p QCD

The goal of theoretical predictions 
is to model the complexity of LHC 
events as closely as possible

Huge progress in the last 
two decades for all 
components of hadronic 
event modeling



𝒕𝒕̅	production

Ø NNLO refers to the fixed QCD order of the calculation
Ø State-of-the-art of 2 → 2 calculations
Ø Available also at differential level

Ø NNLL refers to the order of resummation of soft or 
threshold logs (log( ⁄1 − 4𝑚!

" 𝑠̂)). 
Ø Relevant if the threshold region is important

Extract mt from inclusive on-shell measurement 

Two partonic channels at tree level:
Ø 𝑞9𝑞 → 𝑡 ̅𝑡 (dominant at the Tevatron)
Ø 𝑔𝑔 → 𝑡 ̅𝑡 (dominant at the LHC



Comparing 𝒎𝒕 determinations

𝑚= from cross section 𝑚= from direct reconstruction

Where the debate is

What precision can we reach and what does it take?



The top quark mass
Pole mass, Monte Carlo mass, … what is measured? 

The top mass parameter in a theoretical calculation must be defined within a given renormalization scheme since (divergent) 
corrections appear at each order in perturbation theory

Ø Pole mass scheme (subtract divergent corrections in such a way that the pole in the propagator remains fixed)
Ø 𝑀𝑆 scheme (only the ⁄1 𝜖 poles are subtracted)

The two definitions lead to perturbatively equivalent theories, i.e. the relation between the two definition can be calculated 
order by order, e.g. (for 𝑚#$ = 163.643 GeV, and 𝛼%

(') = 0.1088)

𝑚) = 𝑚#$ + 7.557 + 1.617 + 0.501 + 0.195 ± 0.005	GeV

and the difference between predictions in the two theories is to the next perturbative order.

NLO NNLO N3LO N4LO [From P. Nason. arXiv:1712.0796]

So far, no ambiguity!



The top quark mass (cont’d)

The discussion arises because of the quoted precision of the determinations via direct reconstruction:

Ø Since the top is a colored object, no final-state hadronic system can be unambiguously associated to it. 
Ø The mass distribution can be computed, and the top-mass enters as a parameter. 
Ø Since this is performed via a parton-shower event generator people started calling it the Monte Carlo mass.
Ø Perturbative argument: since MC are LO, this mass does not correspond to any specific theory scheme.
Ø Non-perturbative argument: MC reconstruction is affected by non-perturbative effects (jets reconstruction, 

hadronization, etc.)
Ø Hence the quoted error is largely underestimated.

This argument can be argued because:
Ø The fact that MC are LO or include higher effects depend on the observable and on the MC.
Ø MC preserve the resonance structure, and the corresponding mass corresponds to a pole mass modulus non-

factorizable effects and non-perturbative effects.
Ø MC effects affect the indirect determination (from cross-sections measurements) as well.

It would be more correct (and constructive!) to say that direct reconstruction analyses measure the pole mass, and one 
should determine how the approximations present in the MC used propagate to such measurements.

Assigning a ballpark “1 GeV” uncertainty is not particularly meaningful.



Beyond fixed-order on-shell production
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Figure 12: Comparison of NLOPS predictions of on-shell and off-shell generators for pp !
e
+
⌫ejjbb̄ at 13 TeV in the fiducial phase space with two b jets plus two light jets, a positron and

a neutrino, as defined in Sect. 9.2: distributions in the rapidity of the positron (a), its transverse
momentum (b), as well as the transverse momentum of the hardest b̄ jet (c) and its invariant mass
(d). The upper frame shows NLOPS predictions of bb4l for R = 0.5. The middle frame shows
ratios wrt bb4l-sl for the case of hvq, hvq+STwtch in DS and DR mode, while the lower frame
shows the ratio of hvq+STwtch-DS and bb4l-sl distributions obtained with default Pythia settings
(d�def ) and disabling Pythia’s matrix-element corrections (d�MEo↵ ).
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Figure 12: Comparison of NLOPS predictions of on-shell and off-shell generators for pp !
e
+
⌫ejjbb̄ at 13 TeV in the fiducial phase space with two b jets plus two light jets, a positron and

a neutrino, as defined in Sect. 9.2: distributions in the rapidity of the positron (a), its transverse
momentum (b), as well as the transverse momentum of the hardest b̄ jet (c) and its invariant mass
(d). The upper frame shows NLOPS predictions of bb4l for R = 0.5. The middle frame shows
ratios wrt bb4l-sl for the case of hvq, hvq+STwtch in DS and DR mode, while the lower frame
shows the ratio of hvq+STwtch-DS and bb4l-sl distributions obtained with default Pythia settings
(d�def ) and disabling Pythia’s matrix-element corrections (d�MEo↵ ).
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double resonant

single resonant

non resonant

[arXiv:2307.15653, Ježo, Lindert, Pozzorini]



𝒕𝒕̅ + 𝑿	(𝑿 = 𝑾,𝒁, 𝑿, 𝜸) production
Ø Crucial for a complete measurement of top-quark EW couplings 

(together with single-top processes, …)

Ø Top-quark couplings @ (HL-)LHC as indirect probe of BSM physics
Ø Top-quark, unique probe
Ø Unrivaled access to top-quark physics till future TeV-energy lepton collider

Ø Background to 𝑡 ̅𝑡𝐻
Ø Need accurate modeling of both 𝑡 ̅𝑡𝑍 and 𝑡 ̅𝑡𝑊 to measure 𝑡 ̅𝑡𝐻 

Ø Background to many searches of BSM physics
Ø signatures with multi-leptons, b jets, and missing energy

Received focused experimental and theoretical attention



Challenge: NNLO for 2→3 multi-scale processes 

Most recently first NNLO results for multi-scale processes: 𝑏%𝑏𝑊, 𝑡 ̅𝑡𝑊, 𝑡 ̅𝑡𝐻

1 massive final-state 
particle (b massless)

3 massive final-state 
particles

Hartanto, Poncelet, Popescu, Zoia
2205.01687

Buonocore,  Devoto, Grazzini, Kallweit, 
Mazzitelli, Rotoli, Savoini , 2306.16311

Catani, Devoto, Grazzini, Kallweit, 
Mazzitelli, Savoini , 2210.07846

Major bottle neck: 2-loop 5-point amplitudes
Evaluated in 𝑡 ̅𝑡𝑊, 𝑡 ̅𝑡𝐻 calculation by soft-W/H approximation

Major impact on LHC 
phenomenology

Very recently first results 
for 2-loop amplitudes 

Febres Cordero, Figueiredo, Krauss, Page, Reina, 2312.08131
Buccioni, Kreer, Liu, Tancredi, 2312.10015
Agarwal, Heinrich, Jones, Kerner, Klein, 2402.03301



𝑡 ̅𝑡𝑊 and 𝑡 ̅𝑡𝐻	at aNNLO
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�22.2% 25.38+21.1%

�16.0%

�NLO 0.4875+5.6%
�9.1% 36.43+9.4%

�8.7%

�NNLO 0.5070 (31)+0.9%
�3.0% 37.20(25)+0.1%

�2.2%

TABLE II: LO, NLO and NNLO cross sections at
p
s = 13TeV andp

s = 100TeV. The errors stated in brackets at NNLO combine
numerical errors with the uncertainty due to the soft Higgs boson

approximation.

expected to be smaller than these values. We multiply
this uncertainty by a tolerance factor that is chosen to
be 3 for both the gg and the qq̄ channels, taking into
account the overall quality of the approximation and the
e↵ect of the µIR variations discussed above. To obtain
the final uncertainty on the full NNLO cross section, we
linearly combine the ensuing uncertainties from the gg

and qq̄ channels. As we will see, the overall uncertainty
on the NNLO cross section estimated in this way is still
significantly smaller than the residual perturbative un-
certainties.

Results. We are now ready to present our results for
the inclusive tt̄H cross section. In Table II we report
LO, NLO and NNLO cross sections. The scale uncer-
tainties are obtained through the customary procedure of
independently varying the renormalisation (µR) and fac-
torisation (µF) scales by a factor of 2 around their cen-
tral value with the constraint 0.5  µR/µF  2. Since,
as can be seen from Table II, such scale uncertainties
are highly asymmetric, especially at NNLO, in the fol-
lowing we will conservatively consider their symmetrised
version as our estimate of perturbative uncertainty. More
precisely, we take the maximum among the upward and
downward variations, assign it symmetrically and leave
the nominal prediction unchanged.

The errors stated in brackets at NNLO are obtained
by combining the uncertainty from the soft Higgs bo-
son approximation, estimated as discussed above, with
the (much smaller) systematic uncertainty from the sub-
traction procedure. Comparing NLO and LO results
we see that NLO corrections increase the LO result by
25% at

p
s = 13TeV and by 44% at

p
s = 100TeV. The

impact of NNLO corrections is much smaller: they in-
crease the NLO result by 4% at

p
s = 13TeV and by

2% at
p
s = 100TeV. The NNLO contribution of the

o↵-diagonal channels [43] is below the permille level atp
s = 13TeV, while it amounts to about half of the com-

puted correction at
p
s = 100TeV. Perturbative uncer-

tainties are reduced down to the few-percent level. The
uncertainty from the soft Higgs boson approximation
amounts to about ±0.6% at both values of

p
s. We point

out that this uncertainty, although not negligible, is still
significantly smaller than the remaining perturbative un-
certainties.

FIG. 1: LO, NLO and NNLO cross sections with their perturbative
uncertainties as functions of the centre-of-mass energy. The

experimental results from ATLAS [3] and CMS [4] at
p
s = 13TeV are

also shown. The lower panel illustrates the impact of NNLO
corrections with respect to the NLO result. The inner NNLO band
denotes the uncertainty from the soft approximation combined with

the systematic uncertainty from the subtraction procedure.

In Fig. 1 we show the LO, NLO and NNLO cross sec-
tions and their perturbative uncertainties as functions
of the centre-of-mass energy

p
s. The lower panel illus-

trates the relative impact of the NNLO corrections with
respect to the NLO result. The inner NNLO band de-
notes the combination of the uncertainty from the soft
approximation with the systematic uncertainty from the
subtraction procedure. We see that NNLO corrections
range from about +4% at low

p
s to about +2% atp

s = 100TeV. The perturbative uncertainty is reduced
from ±9% at NLO in the entire range of

p
s to ±3%

(±2%) at
p
s = 8TeV (

p
s = 100TeV). We observe that

the NNLO band is fully contained within the NLO band.
The experimental results by ATLAS (Fig. 04a in the aux-
iliary material of Ref. [3]) and CMS [4] at

p
s = 13TeV

are also shown for reference in Fig. 1. We point out
that for a sensible comparison with experimental data
NLO EW corrections should be considered as well. Atp
s = 13TeV, NLO EW corrections increase the cross

section by 1.7% with respect to the NLO result [28].

Summary. The associated production of a Higgs bo-
son with a top–antitop quark pair is a crucial process
at hadron colliders since it allows for a direct measure-
ment of the top-quark Yukawa coupling. In this Letter
we have presented first NNLO QCD results for the tt̄H

cross section in proton collisions. The calculation is com-
plete except for the finite part of the two-loop virtual
amplitude that is computed by using a soft Higgs bo-

Catani et al., 2210.07846

Buonocore et al., 2306.16311

Theoretical uncertainty 
reduced to 3% level

NNO QCD+NLO EW within at 
most 2s of exp. measurement. 

Ratio ⁄𝜎! ̅!+! 𝜎! ̅!+" in very 
good agreement with ATLAS 
measurement

Comparison in fiducial volumes 
may give further insight



Comparison of most recent results

Buonocore, Devoto, Grazzini, 
Kallweit, Mazzitelli, Rottoli, Savoini

Kulesza, Motyka, Schwartländer, 
Stebel, Theeuwes[NNLO QCD (no finite 2-loop)]



𝒑𝒑 → 𝒆!𝝂𝒆𝝁#&𝝂𝝁𝒃(𝒃𝝉!𝝉# 𝒕𝒕̅𝒁 , full off-shell description

+  NLO QCD

§ EW Gµ input scheme (Gµ,mZ,mW). Other inputs: mt, GW , GZ , Gt (LO, NLO, unstable-W and NWA)
§ Unstable particles in complex mass scheme.
§ Studied (µR,µF) scale dependence wrt to both a fixed and dynamical central scale (7-point variation)
§ Studies PDF uncertainty.

§ Specific signature studied: 𝑒O𝜈P𝜇O𝜈̅Q𝑏<𝑏𝜏O𝜏R
§ 𝑝!" > 20 GeV, 𝑦" < 2.5, Δ𝑅#$> 0.4
§ 𝑝!%> 25 GeV,  𝑦%  < 2.5, Δ𝑅%%> 0.4
§ 𝑝!&#''  > 40 GeV [Bevilacqua et al., arXiv:1110.1499]
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Small dependence 
on PDF

Very small residual systematic uncertainty at NLO QCD 

Dynamic scale preferred over full range of distributions.
Not a uniform rescaling.

𝒑𝒑 → 𝒆!𝝂𝒆𝝁#&𝝂𝝁𝒃(𝒃𝝉!𝝉#: theoretical systematics



𝒑𝒑 → 𝒆!𝝂𝒆𝝁#&𝝂𝝁𝒃(𝒃𝝉!𝝉# 𝒕𝒕̅𝒁 	: fully off-shell vs NWA

Very thorough study of modelling effects
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Modelling �NLO

i [ab] �NLO

i /�NLO

NWAfull
� 1

O↵-shell 98.88 +11.4%

O↵-shell M25GeV

⌧+⌧� 91.00 +2.5%

O↵-shell M20GeV

⌧+⌧� 89.96 +1.4%

O↵-shell M15GeV

⌧+⌧� 88.44 �0.3%

O↵-shell M10GeV

⌧+⌧� 85.74 �3.4%

NWAfull 88.75 �
NWALOdec 96.74 +9.0%

1

Ø Large off-shell effects on total cross section (11%) originating from ttg* 
      contribution (including Z/g* interference): studied imposing narrower 
     |Mtt-mZ| < X (X=25,20,15,10 GeV) cut.
     Less evident in ttl+l- study because it used X=10 GeV.
Ø Large effect from including NLO QCD  corrections to top-quark decay (9%)
Ø Sizable off-shell effects in specific fiducial regions of differential distributions even with narrow window 

cut around the Z peak.
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[Bevilacqua et al., arXiv:1110.1499]



𝒑𝒑 → 𝒕𝒕̅𝒆!𝒆#: partial off-shell and spin-correlation effects + PS
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Compare 𝑡 ̅𝑡𝑍 and 𝑡 ̅𝑡𝑒!𝑒" keeping stable 
top quarks:
Ø Effects of off-shell Z
Ø Effects of 𝑒(𝑒) spin correlations

10-20% effect in high 𝑝# region and in the 
large pseudo-rapidity difference region

Compare 𝑡 ̅𝑡𝑒!𝑒" with and without  
modeling of top decays (NWA with 
LO spin correlations).

10-20% visible effects in the tails of 
distributions 



NLO 𝑡 ̅𝑡𝑊: push the multiplicity challenge
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Beyond on-shell production to match fiducial measurements

Bevilacqua, Bi, Hartanto, 
Kraus, Worek, 2005.09427 

Bevilacqua, Bi, Febres Cordero, Hartanto, 
Kraus, Nasufi, LR, Worek, 2109.15181 
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Off-shell effects most relevant in tails 
and end-points of distributions, where 
new physics effects can be hidden

Modelling full process crucial to 
match experimental fiducial cuts 
and estimate theoretical systematic
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… exploring boosted kinematics and off-shell signatures 
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Pointing to the need for precision in modelling signatures from 𝑡 ̅𝑡 + 𝑋	processes in regions 
where on-shell calculations may not be accurate enough

Top+additional leptons

Top pair + boosted Z/H

Effects in tails of 
distributions but also 
anomalous shapes
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Off-shell 
studies

G. Bevilacqua et al. [2203.15688]

pp       e+neµ-nµbbt+t-

M. Ghezzi et al. 
[2112.08892]



Single-top production

See Robert Schöfbeck’s 
lecture on Thursday



Constraining 
new physics via 

top-quark 
measurements 

• Examples of direct bounds on new physics models from 
top-quark physics measurement and their interpretation 
within the SM Effective Field Theory framework.



Constraining flavor-changing top-quark couplings

Notice the constraining power of LHC measurements!

Are these decays allowed at tree-level in the SM? In a 2HDM?
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The SMEFT framework
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O
(3)
qq (q̄p�µ⌧ Iqr)(q̄s�µ⌧ Iqt) Odd (d̄p�µdr)(d̄s�µdt) Old (l̄p�µlr)(d̄s�µdt)

O
(1)
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Grzadkowski, Iskrzynski,  
Misiak, Rosiek, 1008.4884

Ø Dim-6 operators only, including linear and quadratic effects
Ø Obeying SM symmetries, CP even
Ø Assuming U(2)5 flavor symmetry (3rd generation singled out)
Ø One Higgs doublet of SU(2)L, SSB linearly realized.

Higgs field and Mh Yukawa couplings

gauge fields 
and masses, 
HVV, VVV

Vff, HFF

4-fermion interactions: tt, ttH, DY



Where EFT effects matter most

GGI - Tea Breaks - 9 June - On Line                                                             Fabio Maltoni 

One can satisfy all the previous requirements, by building an EFT 
on top of the SM that respects the gauge symmetries:

Searching for new interactions with an EFT 
A simple approach

L
(6)
SM = L

(4)
SM +

X

i

ci
⇤2

Oi + . . .

With the “only” assumption that all new states are heavier than 
energy probed by the experiment .


The theory is renormalizable order by order in , perturbative 
computations can be consistently performed at any order, and 
the theory is predictive, i.e., well defined patterns of deviations 
are allowed, that can be further limited by adding assumptions 
from the UV.  Operators can lead to larger effects at high energy 
(for different reasons).  


s < Λ

1/Λ

* Sufficiently weakly interacting states may also exist without spoiling the EFT.

.
Λ2 > s |ci | /δ

s |ci | /Λ2 < δ

 

 

SM

EFT in the tails

Rescaling

pT(t,H)

Illustrative plot

 

Energy helps precision

33

(6)

... generic BSM scenarios ...

Extension of the SM Lagrangian by d > 4 e↵ective field theory (EFT) operators:

L
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SM = LSM +
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1
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L6 + · · ·
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Ld =
X
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O
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,

h
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(d)

i

i
= d ,

under the assumption that new physics lives at a scale ⇤ >
p
s.

Expansion in (v, E)/⇤: a↵ects all SM

observables at both low and high-energy.

• SM masses, couplings ! rescaling

• shape of distributions ! more visible

in high-energy tails

Systematic, yet complex approach.

+

Studying correlations among operators

can point to specific BSM patterns.

[Figures from F. Maltoni]
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can point to specific BSM patterns.
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Extend SM Lagrangian by effective interactions (ex. SM EFT)

Under the assumption that new 
physics leaves at scales Λ > 𝑠

Expansion in ⁄(𝒗, 𝑬) 𝜦:  affects all SM observables at 
both low and high energy

Ø SM masses and couplings →  rescaling
Ø Shapes of distributions → more visible in tails of distributions

Beyond a simple 
rescaling of 
SM couplings!



How to see SMEFT effects
INDIRECT SEARCHES

S. Dawson 48

Precision calculation at low energy where rates are large or
Small deviations at tails of distributions
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SM process
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Renormalizable 
SM Lagrangian

Higher
Dimensional
Operators

EFT 
breakdown

Resonance 
produced 
on-shell

off-shell precisionon-shell precision direct searches

EFT operators 
with HiggsesExamples: EFT operators 

with derivatives
EFT: light new 
physics

Need SM precision calculations at differential 
level both at lower energy, where rates are 
large and at higher energy where rates are small 
but effects of new physics may be more visible.

Extending the SM via effective interactions 
above the EW scale          SMEFT

Crucial to control EFT sensitive regions

dim=6

dim=8 and above



… through multiple probes

Kinematic distributions add 
substantial constraining power

Global fits of top observables

Accurate modelling of ttZ 
differential cross sections and 

signatures is crucial

V Miralles, M. Miralles López, M. Moreno Llacer, A. 
Peñuelas, M. Perelló, M. Vos [arXiv:2107.13917]



Beyond EW fits: adding Higgs, top, DY, di-boson, flavor 

• Higgs boson observables
• Signal strengths. 
• Simplified Template Cross Sections (STXS)

• Top quark observables
• 𝑝𝑝 → 𝑡 ̅𝑡, 𝑡 ̅𝑡𝑍, 𝑡 ̅𝑡𝑊, 𝑡 +𝑡𝛾,𝑡𝑍𝑞, 𝑡𝛾𝑞, 𝑡𝑊,…

• Drell-Yan, Di-boson measurements
• 𝑝𝑝 → 𝑊, 𝑍 → 𝑓! +𝑓"
• 𝑝𝑝 → 𝑊𝑍,𝑊𝑊, 𝑍𝑍, 𝑍𝛾

• Flavor observables 
• DF=2: Δ𝑀𝐵#,% , 𝐷& − +𝐷&, 𝜀'
• Leptonic decays: 𝐵#,% → 𝜇(𝜇), B → 𝜏𝜈, 𝐷 → 𝜏𝜈, K → 𝜇𝜈, π → µν	
• Semi-leptonic decays: 𝐵 → 𝐷(∗)𝑙𝜈, 𝐾 → 𝜋𝜈𝜈̅, 𝐵 → 𝐾𝜈𝜈̅, 𝐵,𝐾 → 𝜋𝑙𝜈
• Radiative B decays (𝐵 → 𝑋%,#𝛾)

Constraining new physics through the spectrum of LHC measurements and beyond

Preliminary results in this talk

Still being tested

𝜇89 =
𝜎8×𝐵𝑟9

(𝜎8×𝐵𝑟9)$#



Beyond EW fits – Higgs, top, flavor observables 

SMEFT
(UV)

LEFT
(t,H,W,Z)

LUV

LEW
(t,H,W,Z)

Lb (B)
Lc (D)

Ls (K)

Connecting far apart scales naturally lends itself to the EFT framework

Heavy physics decouples and leaves  
effective contact interactions of  dim > 4

RGE

RGE

Operators mix through RGE and what we really want to 
know is the SMEFT structure at the high scale 



Beyond EW fits – Higgs, top, flavor observables 

SMEFT
(UV)

LEFT
(t,H,W,Z)

LUV

LEW
(t,H,W,Z)

Lb (B)
Lc (D)

Ls (K)

Connecting far apart scales naturally lends itself to the EFT framework

𝑪𝒊,𝒅𝑺𝑴𝑬𝑭𝑻(𝜦𝑼𝑽) (from matching to UV theory)

All fit observables are calculated in terms of 𝐶8,;$#<=> Λ<+

Evolved to 𝑪𝒊,𝒅𝑺𝑴𝑬𝑭𝑻 𝜦𝑬𝑾  
using RGEsolver++

Match to LEFT operators to 
calculate flavor observables

Based on 1-loop SMEFT 
anomalous dimension

Notice that the NLO evolution requires tree level  
initial conditions at ΛGHand matrix elements at Λ<+

Jenkins, Manohar, and Trott, 
1308.2627, 1310.4838,1312.2014Di Noi and Silvestrini, 2210.06838

Jenkins, Manohar, Stoffer, 
1709.04486, 1711.05270

Matchmakereft, 2112.10787  
MATCH2FIT, 2309.04523

Will be constrained 
by the fit



Preliminary results
Fits with U(2)5 flavour symmetry: 2-Fermion

Limits for WC at the scale ⇤UV = 1 TeV
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Fits with U(2)5 flavour symmetry: 4-Fermion
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Highly constrained from 
ggH RGE effects visible

Effect of Vtt 
(V=Z,W,g)
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++ ++ ★★ATLAS CMS NNLOQCD+NLOEW
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Mainly constrained by top observables
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Global fits: EWPO+H+EW+Top
Global fits

• Already now and without a dedicated experimental effort there 
is considerable information that can be used to set limits:


•Fitmaker [Ellis et al. 2012.02779]

•SMEFiT  [Either et al. 2105.00006]

•SFitter [Biekötter, Corbett, Plehn, 2018] +  [Brivio et al., 1910.03606]  (separated)

•HEPfit [de Blas, et al. 2019]

•  30+ operators, linear and/or quadratic fits, Higgs/Top/EW at 
LHC, WW at LEP and EWPO.
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A glance to the future



Stress testing the SM  and 
exploring anomalous couplings 
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