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Global fits of precision measurements

§ The symmetry structure of the Standard Model defines specific relations 
among couplings and masses.

§ The renormalizability of the theory assures that tree-level relations are 
modified by finite calculable corrections.

§ Precision measurements of masses and couplings via multiple observables:
§ Test the consistency of the theory at the quantum level
§ Indirectly probe new physics via virtual effects

A comprehensive program of precision physics (EW, top, Higgs, flavor, …) can be 
a very powerful  tool to explore physics beyond the Standard Model



The Standard Model at a glance

A minimal theory of elementary par=cles with high predic=vity. 
A very successful history of precision physics leading to predic=ons confirmed 
by discoveries and now poin=ng to the model’s intrinsic limita=ons.



The Standard Model of par0cle physics

A very minimal quantum field theory describing 
strong, weak, and electromagnetic interactions, 
based on a local (gauge) symmetry

Strong interactions: gluons →	𝑚! = 0
Electromagnetic interactions: photon → 	𝑚"= 0
Weak interactions: 𝑊± and 𝑍 →	𝑀$, 𝑀% ≠ 0

Due to the presence of a scalar field whose poten3al 
spontaneously breaks the gauge symmetry of electroweak 
interac3ons and gives origin to massive gauge bosons (W,Z)

The Higgs boson (H) is the physical 
particle associated with such field 

SU(3)C x SU(2)L x U(1)Y → SU(3)C x U(1)Q
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Higgs interac,ons par,cle masses

SM: unique pattern 
of Higgs couplings 

and particle masses



From prediction to discovery to precision
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Figure 1: Top: |+21 | vs |+D1 | plane showing the values reported in Table 1. We include in the average the
LHCb ratio measurement [6] that is shown as a diagonal band. Bottom: d̄-[̄ plane with the SM global fit
results using only exclusive inputs for both +D1 and +21 (left) and using only inclusive inputs (right).
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Figure 2: Left: global fit input distribution for the angle U (in solid yellow histogram) with the three
separate distributions coming from the three contributing final states cc, dd and dc. Right: global fit input
distribution for the angle W (in solid yellow histogram) obtained by the HFLAV [3] average compared with
the global UTfit prediction for the same angle.

obtained via the GGOU (Gambino, Giordano, Ossola and Uraltsev [7]) calculation, and then we
add a flat uncertainty covering the spread of central values from the other calculations: this results

3

discovery

Mt becomes a crucial 
input in precision fits of 
the SM (including flavor)

Anomalies in Top-quark EW couplings (W,Z,H) possible hint of BSM physics
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From prediction to discovery to precision
Global fits of precision EW observables gave us strong indications of where to find the 
SM Higgs boson and we now use its mass as one of the EW precision observables of 
the EW global fit to constrain new physics.
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The big open questions

The SM weaknesses are its strength: less sa=sfactory aspects that we should 
inves=gate



The scalar sector of the SM is s0ll very mysterious

The Higgs is necessary to the consistency of the SM as a quantum theory,
W and Z have longitudinal components that can be problemaHc without a Higgs: 
Ø Loop correc=ons are not finite without a Higgs 
 
Ø ScaXering amplitudes grows with energy: unitarity viola=on

But the origin of SSB and ulHmately of the EW scale is unexplained by the SM
ØWhy the Higgs poten=al? Why µ2<0? 

Ø Dynamical origin?  What induces it?

ØWhy MH=125 GeV? → Hierarchy problem - Naturalness
Ø Mass of scalar not protected by symmetry, 
     receives large quantum correc3ons Δ𝑀&

' ∝ 	±
𝜆(
16𝜋'

𝑀('x

W,Z W,Z

H

+ …



Ø Why the hierarchy of fermion masses? 
Ø Why the hierarchy of Yukawa couplings? 
       (arbitrary in the SM)

Ø Why flavor-diagonal scalar couplings? ↔ Why one Higgs? 
      (With more than one Higgs mass and current eigenstates can be different)

Yukawa couplings to fermions: an even deeper mystery

𝐿)*+ =	𝑦,- 5𝜓.,𝜙𝜓/
- + ℎ. 𝑐.

𝜙 → 𝐻 + 𝑣

𝑦,- →
𝑚0
𝑣
	𝛿,- = 𝑦0

Yukawa couplings

fermion masses

Ø Is this a new force all together??



The big open ques6ons
Thermal 

History of 
Universe

Higgs 
Physics

Origin of 
EWSB? Higgs Portal 

to Hidden Sectors?

Stability of Universe

CPV and 
Baryogenesis

Origin of masses?

Origin of Flavor?

Is it unique?

Fundamental 
or Composite?

Naturalness

Thermal History of 
Universe

Origin of EWSB?

The discovery of the Higgs boson has sharpened 
the big open ques=ons and given  us a unique 

handle on BSM physics.

What is the origin of the EW scale?

Ø Why the MH≪Mplanck hierarchy problem? 
Ø What are the implica=ons for Naturalness?
Ø Can we uncover the origin of BSM physics from precision measurement of Higgs 

proper=es (couplings, width, …). Elementary vs composit? One Higgs? More?
Ø Can we measure the shape of the Higgs poten9al           Higgs self coupling(s)
Ø Can Higgs proper=es give us insights on flavor and vice versa? 

Ø Couplings to heavy flavors (bo=om, top, ..)
Ø Couplings to light quarks and leptons



Beyond Higgs, exploring the TeV scale 
with collider physics

Exploring the TeV scale: enabling the LHC physics program and beyond



The LHC era: exploring the TeV scale

We are only here

Many years of HL running ahead of us

➔ 2-fold increase in staFsFcs by the end of Run 3
➔ 20-fold increase in staFsFcs by the end of HL-LHC!

Indirectly via Higgs and Top:

Ø Run 2 delivery for Higgs 
couplings outperformed 
expectaFons 

Ø LHC will define top physics Fll 
the next high-energy collider
Ø e+e- > 500 GeV
Ø pp@100 TeV
Ø µ+µ- > 10 TeV 

Sta$s$cal limita$ons will be overcome 
for a very large number of observables

Reach % level precision



Example: zooming in on Higgs couplingsRun 2

Ø Couplings to W/Z at 5-10 %
Ø Couplings to 3rd generation to 10-20%
Ø First measurements of 2nd generation 

couplings

Ø HL-LHC projec$ons from par$al Run 2 data (YR):
Ø 2-5 % on most couplings 
Ø < 50% on Higgs self-coupling.

Ø Full Run2 results dras$cally improve par$al Run 
2 results: be;er projec=ons expected

reach for LBSM

CMS, arXiv:2207.00043
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Run 2 and 
beyond Beyond a simple rescaling of SM-coupling

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
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... generic BSM scenarios ...

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

L
e↵

SM = LSM +
X

d>4

1
⇤d�4

Ld = LSM +
1
⇤
L5 +

1
⇤2

L6 + · · ·

where

Ld =
X

i

C(d)

i
O

(d)

i
,

h
O

(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]

... generic BSM scenarios ...

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

L
e↵

SM = LSM +
X

d>4

1
⇤d�4

Ld = LSM +
1
⇤
L5 +

1
⇤2

L6 + · · ·

where

Ld =
X

i

C(d)

i
O

(d)

i
,

h
O

(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]

Extend SM Lagrangian by effec=ve interac=ons (ex. SM EFT)

Under the assump3on 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 distribu6ons → more visible in tails of distribu6ons



Beyond total rates
INDIRECT SEARCHES
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Precision calculation at low energy where rates are large or
Small deviations at tails of distributions

Ev
en

ts
/G

eV

Energy

SM process
EFT regime

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 sensi=ve regions

dim=6

dim=8 and above



The breadth of collider physics program: 
a  unique spectrum of SM measurements 
and BSM direct searches!

The realizaHon of this program largely depend on theoreHcal progress
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Emphasizing the breadth of collider physics

• Proton decay (dim 6^2)
• neutron-antineutron oscillations (dim-9)
• Neutrinoless double beta decay (dim-5^2)
• Lepton flavor violation (dim-6^2)
• Electric dipole moments (theta + dim-6)

Large number of  low-energy SM tests

CP or 
FCNC

B 
or 
L

~"

Spread of  BSM physics

Collider reach 

P

*just a cartoonscale probed

• Pion, neutron, nuclear beta decay (dim 6)
• Electron/muon g-2 (dim 6)
• Flavor physics (dim 6)
• Coherent neutrino scattering (dim 6)
• ……………………………

Any new physics hypothesis will 
have to stand the test of colliders

[European Strategy, arXiv:1910.11775]

[J. de Vries, talk at Snowmass 21 CPM] 

complementarity



Theory has come a long way

Aiming for percent level precision at the HL-LHC



Many components to percent precision

QCD at 1% accuracy

QCD infrastructure 
for these calculations

N2LO and N3LO 
calculations

all-round standards 
for accuracy control

representative 
uncertainty estimates

• Parton-shower event generators
• Adapting theoretical tools to 

experimental analyses
• Well-defined standards for 

theoretical systematics
• Statistical models for data analysis
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Choice of  
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Search 
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Shower Monte Carlo Event Generators
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m

Hard
Scattering
Q ≈ 100GeV

Hadronization

Fixed-order calculations 

Parton shower

3

• 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 

3



Higgs produc6on via gg fusion at N3LO 
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Con=nuous progress on a crucial process  

• The leading Higgs production mode
• A benchmark test of QCD, and QCD+EW, including H+j production
• An excellent testing ground to probe theoretical accuracy

Anastasiou, Duhr, Dulat, 
Herzog, Mistlberger
1503.06056
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… crucial to map residual uncertain6es
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Figure 1: Relative cummulative contributions to the total cross section as a function of
the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty

�(theory) = +0.13pb
�1.20pb

�
+0.28%
�2.50%

�
�(scale)

+ ±0.56pb (±1.16%) �(PDF-TH)
+ ±0.49pb (±1.00%) �(EWK)
+ ±0.41pb (±0.85%) �(t,b,c)
+ ±0.49pb (±1.00%) �(1/mt)
= +2.08pb

�3.16pb

�
+4.28%
�6.5%

�
,

�(PDF) = ±0.89pb (±1.85%) ,
�(↵S) = +1.25pb

�1.26pb

�
+2.59%
�2.62%

�
.

(38)

17

Dulat, Lazopoulos, Mistlberger
1802.00827 (iHixis)LHC @ 13 TeV

Uncertainty removed by calcula,on 
of exact NNLO mt dependence

Czakon, Harlander, Klappert, 
Nieggetied, 2105.04436

Reduced uncertainty  to 0.26% by 
calculation of NLO mixed QCD+EW

Becched, Bonciani, Del Duca, Hirschi, 
Moriello, Schweitzer, 2010.09451

Future challenges:
• N3LO PDF!  → d(PDF-TH)
• Light-quark mass effects → d(b,c)
• More EW corrections
• Large logs resummation (fiducial)?

4-loop splidng func,ons (low moments) – Moch, Ruijl, Ueda, Vermaseren, Vogt, 2111.15561 
DY@N3LO QCD – Duhr, Dulat, Mistlberger, 2001.07717, 2007.13313



DY at N3LO – input to PDF fits and MW measurement
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Duhr, Dulat, Mistlberger, 2001.07717

Duhr, Dulat, Mistlberger, 2007.13313

• Scale dependence: non-uniform behavior in all Q-regions
• Important input for PDFs (not yet included)
• Region around Q~MW: reconsider how to estimate 

theoretical uncertainty from scale variation 

MW

Recall from before: need 0.1% accuracy in template 
distribuJons in order to achieve DMW~10 MeV

NC-DY CC-DY



PDF – first approximate N3LO  sets

aN3LO →	MSHT20aN3LO

• Including PDF uncertainty from 
missing higher-orders (MHOU) as 
theore,cal uncertainty in the fit

• Making use of all available 
knowledge to constrain PDF 
parametrization, including 
both exact, resummed, and 
approximate estimates of 
N3LO results

• Based on N3LO approximation 
to structure functions and 
DGLAP evolution

Ø Gluon fusion to H: the increase in the cross sec,on predic,on at N3LO is 
compensated by the N3LO PDF, sugges,ng a cancella,on between terms in the 
PDF and cross sec,on theory at N3LO → matching orders ma?ers!

Ø Vector Boson Fusion: no relevant change in going from N2LO to N3LO PDF, 
due to different partonic channel involved.

McGowan, Cridge, Harland-
Lang, Thorne, 2207.04739



NNLO for 2→3 processes 
• Several recent results for pp → 𝛾𝛾𝛾, 𝛾𝛾𝑗, 𝛾𝑗𝑗, 𝑗𝑗𝑗

• Most recently first NNLO results for mulH-scale processes: 𝑏"𝑏𝑊, 𝑡 ̅𝑡𝑊, 𝑡 ̅𝑡𝐻
Chawdry, Czakon, Mitov, Poncelet; Kallweit, Sotnikov, Wiesemann; Badger, Gerhmann, Marcoli, Moodie; 

1 massive final-state 
par3cle (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 boXle neck: 2-loop 5-point amplitudes
Evaluated in 𝑡 ̅𝑡𝑊, 𝑡 ̅𝑡𝐻 calcula=on by soe-W/H approxima=on

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 NNLO
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� [pb]
p
s = 13TeV

p
s = 100TeV

�LO 0.3910+31.3%
�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. 

Ra,o ⁄𝜎! ̅!#! 𝜎! ̅!#" in very 
good agreement with ATLAS 
measurement

Comparison in fiducial volumes 
may give further insight



NLO: push the mul6plicity 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 es,mate theore,cal systema,c
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… exploring boosted kinema0cs and off-shell signatures 
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Pointing to the need for precision in modelling signatures from tt+X processes in regions where 
on-shell calculations may not be accurate enough

Top+addiFonal leptons

Top pair + boosted Z/H

Effects in tails of 
distribuEons but also 
anomalous shapes
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Parton-shower event generators

Radcor, backup slidesSilvia Ferrario Ravasio

It’s time for better Parton Showers!

44

DGLAP splitting functions
LO NLO NNLO [parts of N3LO]

1980 1990 2000 2010 20201970

Drell-Yan (γ/Ζ) & Higgs production at hadron colliders
NLOLO NNLO[……………….] N3LO

transverse-momentum resummation (DY&Higgs)
NLL[……]LL NNLL[…] N3LL

fixed-order matching of parton showers
LO NLO NNLO […….] [N3LO]

parton showers
[parts of NLL…………………………………………..]LL

(many of today’s widely-used showers only LL@leading-colour)

Slide from G. Salam

From S. Ferrario Ravasio, RADCOR 2023

Crucial ingredient to reproduce 
the complexity of collider events

Ooen unknown or with poor formal 
accuracy (built in approx., tunings, etc.)

Ø Standard PS are Leading Logarithmic (LL) → becoming a limita3on
Ø Several groups aiming for NLL hadron-collider PS  
Nagy&Soper, PanScales, Holguin- Forshaw-Platzer, Herren-Höche-Krauss- Reichelt-Schönherr 

Shower Monte Carlo Event Generators

B
e
a
m

B
e
a
m

Hard
Scattering
Q ≈ 100GeV

Hadronization

Fixed-order calculations 

Parton shower

3

• 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 

3



Global fits of the SM and beyond

From EW precision fits to global fits of EW, Higgs, top, and flavor observables in 
the framework if the SM effec=ve field theory (SMEFT)



Need a framework 
Open-source tool

Statistical framework based on a Bayesian MCMC 
analysis as implemented in 
BAT (Bayesian Analysis Toolkit)
Caldwell et al., arXiv:0808.2552 

Supports SM (fully implemented) and BSM models, some 
already implemented (e.g. dim-6  SMEFT).

Used for several global fit and future collider projections.

New release will include EW, Higgs, top, and flavor 
observables in the SM and the SMEFT with
q SM predictions at NLO or higher;
q SMEFT at tree level (dim-6 operators only);
q RGE running of the SMEFT Wilson coefficients;
q Linear and quadratic effects from dim-6 operators.

hsp://hepfit.roma1.infn.it 

J. De Blas et al., 1910.14012

Other exis,ng frameworks for SMEFT global fits:
SMEFiT, Celada et al. 2105.00006, 2302.06660, 2404.12809
Fitmaker, Ellis et al. 2012.02779
Allwicher et al, 2311.00020 
Cirigliano et al. 2311.00021
Bartocci et al. 2311.04963

http://hepfit.roma1.infn.it/


EW Global fit: general framework
§ Set of input parameters (a or MW scheme):

§ Fixed: GF, a 
§ Floa=ng: MW, MZ, MH, mt, as(MZ), Dahad

(5) 

§ Compute EW Precision Observables (EWPO), including all known higher-order SM 
correcCons:
§ Z-pole observables (LEP/SLD): GZ, sin2qeff, Al, AFB, …
§ W observables (LEP II, Tevatron, LHC): MW, GW
§ mt, MH, sin2qeff (Tevatron/LHC)

§  Perform best fit to EW precision data through different fiFng procedures and 
compare with experimental measurements.

§ Parametrize new physics effects on EWPO (tree-level) and constrain deviaCons in 
terms of chosen parameters:
§ Oblique parameters : S,T, U
§ Effec$ve interac$ons: SMEFT  
§ …. focus of this talk



EW Observables: Theoretical parametrization

• Z-pole observables:

10

• Analytic theoretical predictions of Z and W boson observables.

• Func6ons of all the parameters of the model (masses, couplings) through SM quantum correc3ons 



Stress-tes6ng the SM

A recent challenge: CDF new MW measurement
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MW=80.379 ±0.012	GeV

MW=80.4133 ±0.0088	GeV

MW=80.4133 ±0.015	GeV

De Blas et al.
[2204.04204]



EW global fit of the SM - exerpt
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For MW we combine:
q All LEP 2 measurements;
q Previous Tevatron average
q ATLAS and LHCb measurements
q CDF measurement [MW=(80.4335±0.0094) GeV]
q ATLAS measurement [MW=(80.360±0.0016) GeV]

MW = 80.409 ± 0.008 GeV (standard, with CDF)
MW = 80.360± 0.012 GeV (standard, without CDF)

For mt we combine:
q 2016 Tevatron combination
q ATLAS  Run 1 and Run2 results
q CMS Run 1 and Run 2 results
q Recent CMS l+j measurement [mt=(171.77±0.38) GeV]

mt = 172.71 ±0.58 GeV (standard) 

Due to tension between LEP, Tevatron, and LHC measurements  consider 
also a conservative error of dMW=18 MeV and dmt=1 GeV (à la PDG) 

“standard”
(6.1 s pull)

“conserva6ve”
(3.0 s pull)

J. de Blas et al. 2112.07274, 
2204.04204, plus updates



Luca Silvestrini 12

 

MWDays23

“standard” scenario

EW global fit 
results - example

``standard’’ scenario

Experimental 
values used as 
inputs

Results of 
the global fit

Result of the fit 
not using the 
corresponding 
measurement

Result of the fit not 
using any 
measurements of 
SM parameters

Predic\ons using 
measurements of 
SM parameters

From L. Silvestrini’s talk at MWDays23



Beyond the SM: {S,T,U}
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MWDays23

OBLIQUE NP: RESULTS

● Compare models using the Information Criterion:

● No significant gain in IC for U0
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OBLIQUE NP: RESULTS

● Compare models using the Information Criterion:

● No significant gain in IC for U0

 



Beyond the SM: SMEFT (d=6)
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Rome, 10/5/2022

THE SMEFT

● Most general gauge-invariant Lagrangian built 

with SM fields up to dimension d (here d=6)

● Some relevant operators in the “Warsaw 

basis”:
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Rome, 10/5/2022

MW IN THE SMEFT

● Eight independent combinations of dim. 6 

operators contribute to EWPO. In the 

Warsaw basis:

● Again, one independent combination enters 

only MW and Gw, namely:           ; very loose 

prediction for MW from Gw

Zff/Wff 
vertex 

correc\ons

W/Z 
propagators S,T

GF

Only 8 independent combina3ons enter EWPO

Fitting all operators at the time:

• EW observables can constrain 8 out of 10 Ci’s.
• Significant effects on                                  .

Fitting one operator at the time:

• Higgs and top observables can lift the degeneracy.                                  

Analysis in progress!

absorbed by the rest Ci’s.

Global Fit: SMEFT

|   8   ||    Angelica Goncalves Dos Santos    |     Pheno2022    |    May 2022

Very loose predic,on of MW from GW(MW)
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MW IN THE SMEFT

● Eight independent combinations of dim. 6 

operators contribute to EWPO. In the 

Warsaw basis:

● Again, one independent combination enters 

only MW and Gw, namely:           ; very loose 

prediction for MW from Gw



Global fit of all coefficients Fit of individual coefficients

No substan,al impact of new mt and MW measurements, within uncertainty of the fit.

Adding Higgs observables lifts the degeneracy

Extended set of coefficients constrained independently by the 
global fit

Fitting all operators at the time:

• EW observables can constrain 8 out of 10 Ci’s.
• Significant effects on                                  .

Fitting one operator at the time:

• Higgs and top observables can lift the degeneracy.                                  

Analysis in progress!

absorbed by the rest Ci’s.

Global Fit: SMEFT

|   8   ||    Angelica Goncalves Dos Santos    |     Pheno2022    |    May 2022



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

• Higgs boson observables
• Signal strengths. 
• Simplified Template Cross Sec7ons (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
• Radia7ve B decays (𝐵 → 𝑋%,#𝛾)

Constraining new physics through the spectrum of LHC measurements and beyond

Preliminary results in this talk

Still being tested

𝜇23 =
𝜎2×𝐵𝑟3

(𝜎2×𝐵𝑟3)*4



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)

Connec=ng 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)

Connec=ng 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 𝐶2,6*4789 Λ7#

Evolved to 𝑪𝒊,𝒅𝑺𝑴𝑬𝑭𝑻 𝜦𝑬𝑾  using RGE based 
on 1-loop SMEFT anomalous dimension

Match to LEFT operators to 
calculate flavor observables

No,ce that the NLO evolu,on requires tree-level  
ini,al condi,ons at ΛBC  and matrix elements at Λ7#

Will be constrained 
by the fit



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)

Connec=ng 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 𝐶2,6*4789 Λ7#

Evolved to 𝑪𝒊,𝒅𝑺𝑴𝑬𝑭𝑻 𝜦𝑬𝑾  
using RGEsolver++

Match to LEFT operators to 
calculate flavor observables

Based on 1-loop SMEFT 
anomalous dimension

Jenkins, Manohar, and Tro4, 
1308.2627, 1310.4838,1312.2014Di Noi and Silvestrini, 2210.06838

Jenkins, Manohar, Stoffer, 
1709.04486, 1711.05270

StarEng with specific UV models:
MatchmakereO, 2112.10787  
MATCH2FIT, 2309.04523

Will be constrained 
by the fit

Notice that the NLO evolution requires tree-level  
initial conditions at ΛBC  and matrix elements at Λ7#



with covariant derivaEve:

“Warsaw” basis

The SMEFT framework for this study
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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 interac\ons: e, eH, DY



Direct and indirect SMEFT effects

VEV iden,fied from the minimiza,on of V(ϕ):

Shift on the Higgs field identified from the normalization of its kinetic-term:

Shift on the physical mass of the Higgs field identified from the normalization of its mass-term:

Expansion of SU(2) scalar doublet 
around the VEV and Higgs field 

(unitary gauge)

Direct effect on hVV interaction

Example: scalar sector
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Probability amplitudes

Physical observables

SMEFT predictions 

Fields and parameters

InteracJons



SMEFT predictions

A given observable will be wriTen as

SM: including SM 
higher-order correc,ons SMEFT: tree level

Observables have been calculated either analy=cally and via parametriza=ons reported 
in the literature (e.g. EW observables) or obtained using various tools 
(MG5_aMC@NLO with SMEFTci2, a new UFO file developed for this study, 
Feynart+Feyncalc for loop-induced Higgs decays, …)

Including direct and indirect SMEFT effects from 
dim-6 operators up to O(1/L^4), by A. Goncalves

See also, SmeftFR-v3, Dedes et al. 2302.01353



Example of Preliminary results

Highly constrained from ggH
RGE effects visible

Effect of Ve (V=Z,W,g)
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Driven by EW Effect on H to bb 

De Blas et al.
In prepara,on



Projecting back on EW and Higgs couplings

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

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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EFT connects different processes with large correlations: pattern of 
coefficients give insights on underlying BSM model

EW + Higgs 

δgHZZ δgHWW δgH
γγ

δgH
Zγ δg1,Z δκγ λZ
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precision reach on effective couplings from SMEFT global fit
HL-LHC S2 + LEP/SLD CEPC Z100/WW6/240GeV20

CEPC +360GeV1
FCC-ee Z150/WW10/240GeV5
FCC-ee +365GeV1.5

ILC 250GeV2
ILC +350GeV0.2+500GeV4
ILC +1TeV8 w/Giga-Z

CLIC 380GeV1
CLIC +1.5TeV2.5
CLIC +3TeV5

MuC 3TeV1 w/FCC-ee
MuC 10TeV10
MuC 125GeV0.02+10TeV10

(combined in all lepton collider scenarios)
Free H Width
no H exotic decay subscripts denote luminosity in ab-1, Z & WW denote Z-pole & WW threshold
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imposed U(2) in 1&2 gen quarks

arXiv:2206.08326

https://arxiv.org/abs/2206.08326


Disentangling models from EFT pa6erns

bb cc gg WW ττ ZZ γγ µµ
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: Composite example-1 + 500 GeV, 4 ab-1ILC 250 GeV, 2 ab

ILC precisions from full EFT fit

model predictions

addi,onal scalar singlet
(mS=2.8 TeV, max mixing)

2HDM-II
(MH=600 GeV, tanb=7)

Composite Higgs
(f=1.2 TeV)

The “inverse Higgs” problem

Snowmass 2021: ILC white paper (arXiv: 2203.07622)

Examples to illustrate the different pa?erns of Higgs coupling devia6ons from different BSM models



EFT allows multiple probes

Kinema=c distribu=ons add 
substan=al constraining power

Global fits of top observables

Accurate modelling of X+X 
differen=al cross sec=ons and 

signatures becomes crucial

V. Miralles, et al. [arXiv:2107.13917]



Testing the SMEFT framework

Assessing the validity of the EFT approach: relevance of higher-order terms in 
the EFT expansion.
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Analytic parametrization of Z and W observables:

W±

Z

Relevance of dim-6 quadraIc terms – The case of EW fits
Tes=ng the EFT expansion to dim-6. Tensions could indicate need for dim-8 in specific cases. 



12

Relevance of dim-6 quadratic terms – The case of EW fits

Preliminary Global Fit of EW observables at quadra6c order in the dim=6 SMEFT

O(1/Λ⁴) :    degeneracy is (analytically) lifted

O(1/Λ²) :    Constrain 8 independent relaEons
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Preliminary Global Fit of EW observables at quadra6c order in the dim=6 SMEFT:

O(1/Λ²) O(1/Λ⁴) original-representation O(1/Λ⁴)   hat-representation

Fit parameters      Analy7cally     Numerically

         ≤8 
         >8 

Fit parameters      Analytically     Numerically

         ≤8 
         >8 

Fit parameters      Analy7cally     Numerically

         ≤8 
         >8 
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INA
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Relevance of dim-6 quadratic terms – The case of EW fits



Relevance of dim-8 operators – The case of DY
Increased precision allows sensi=vity to SMEFT expansion beyond dim-6

Linear vs. quadratic fits
• We now consider the di!erence between expanding the dim-6 SMEFT to the linear 

and quadratic orders. As an illustrative example we turn on two coe"cients only.

14

• The AFB data set (boomerang shape) alone 
exhibits signi#cant degeneracies; need to #t to 
multiple data sets! 

• Linear (cyan) and quadratic (red) combined #ts 
di!er signi#cantly; important to include higher-
order terms in the SMEFT expansion! 

• Note that AFB data doesn’t improve the combined 
#t; the power comes from the invariant mass data

RB, Huang, Petriello (2023)

Dimension-8 effects
• If quadratic dimension-6 terms have an e!ect, dimension-8 terms should as well. 

Test this with an example.

• Turn on left-handed lepton coupling to right 
handed up quark at dim-6 and dim-8 as an example. 

• Shaded regions are the one-parameter constraints 
at 95% CL. Ellipses are when both parameters are 
turned on. 

• Signi"cant shifts! For example, the allowed region of 
Clu extends to -0.5 with dim-8 turned on; in the single 
parameter "t it extends only to -0.1. 

• Note this time constraints primarily from AFB!

RB, Huang, Petriello (2023) 15

LHC reach with angular analysis

30

•Turn on each operator 
separately, set UV scale 
Λ=2 TeV 

•Several operators lead to 
signi!cant deviations 
from SM predictions

√s=14 TeV

LHC reach with angular analysis

31

Promising “smoking gun” signature of dim-8 at the LHC!

• Single-bin signi!cance reaches 3 for 
largest operator with 300 "-1 

• Combining 600-1000 GeV bins leads to 
Sig>6 for largest operator, Sig>3.5 for 
next two 

• HL-LHC increases these results by √10 
• We have discovery potential at the 
LHC for some of these coe#cients!From R. Boughezal’s 

talk at Loopfest 2024

See large effects by expanding 
dim-6 at quadra\c order 

Need to explore effects 
of dim-8

Non-SM effects from 
dim-8 in angular 
distribu\ons



Conclusions

§ Global fits stress-test the SM and provide a very strong  indirect constraint on new 
physics.

§ Effects of new physics can then be constrained using the broad spectrum of precision 
measurement available from EW, Higgs, top, flavor physics and more.

§ The SMEFT (→LEFT) framework can be used to connect unknown physics at the UV scale 
(> 1 TeV) to the EW scale and below within a systematic framework that allows some 
model independence.

§ With increasing precision in both theory and experiments, constraints could start to show 
intriguing patterns and guide future explorations.


