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Where do we stand?
The LHC reference frame and unit of time
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t0

We are at 1/3 of our adventure with 1/20 of the expected data 
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Where do we stand?
The LHC reference frame and unit of time
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Where do we stand?
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• SU(3)c x SU(2)L x U(1)Y gauge symmetries.

• Matter is organised in chiral multiplets of the fund. representation.

• The SU(2) x U(1)  symmetry is spontaneously broken to U(1)EM. 

• Yukawa interactions lead to fermion masses, mixing and CP violation.

• Matter+gauge group => Anomaly free 

• Renormalisable = valid to “arbitrary” high scales. 

• A number of accidental symmetries seen in Nature.  

• Neutrino masses can be accommodated in two distinct ways. 

ℒ(4)
SM = −

1
4

FμνFμν + ψ̄i/Dψ + (yijψ̄ i
Lϕψ j

R + h . c.) + |Dμϕ |2 − V(ϕ)
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FμνFμν + ψ̄i/Dψ + (yijψ̄ i
Lϕψ j

R + h . c.) + |Dμϕ |2 − V(ϕ)

[Andreassen et al. 1707.08124]

SM

https://arxiv.org/abs/1707.08124
https://arxiv.org/abs/1707.08124
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Where do we stand?
• Ta n g i b l e r e s u l t s o f a n a m a z i n g 

experimental effort over a 10+ year span, 
accessing a wide range of final states, 
each with very different challenges. 

• Theory predictions seem adeguate. (The 
key role of MCs is hidden in this plot). 
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Higgs
[ATLAS 2020]

Unique mass generation mechanism 
for fermions and vectors.

Constrained system.

7

Where do we stand?

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/ATLAS-CONF-2020-027.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/ATLAS-CONF-2020-027.pdf
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Higgs
[ATLAS 2020]

Unique mass generation mechanism 
for fermions and vectors.

2  [ATLAS, 2020]σ
3   [CMS, 2020]σ

Constrained system.

7

Where do we stand?

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/ATLAS-CONF-2020-027.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/ATLAS-CONF-2020-027.pdf
http://cds.cern.ch/record/2725423
https://arxiv.org/abs/2007.07830
https://arxiv.org/abs/2007.07830
http://cds.cern.ch/record/2725423
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H

Higgs

8

Where do we stand?
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Where do we stand?

http://arxiv.org/abs/arXiv:1711.00019
http://arxiv.org/abs/arXiv:1711.00019
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Where do we stand?

http://arxiv.org/abs/arXiv:1711.00019
http://arxiv.org/abs/arXiv:1711.00019
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Higgs self coupling

9

Where do we stand?

[ATLAS, 2020]

One of the flagship measurements foreseen for the HL-LHC. [Di Micco et al., 1910.00012 ]

https://cds.cern.ch/record/2693958
https://cds.cern.ch/record/2693958
https://arxiv.org/abs/1910.00012
https://arxiv.org/abs/1910.00012
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Precision calculations for the LHC
Status

10

Fixed Order 
LO, NLO,…


QCD EW

Resummation 
LL, NLL,… 


Parton Showers

PDF’s 
LO,NLO,..Evolution


Fits

Precision 
@ LHC
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The path

11

αS

αW

∑
n

(αx u)n

“Rules of thumb at the LHC”:


• Predictions must be calculated at least to NLO QCD to control the central 
value at 10-20%.


• N2LO QCD provides control at 5% level and on the uncertainties stabilizing 
the perturbative expansion.


• N2LO QCD is expected to be of the same order as NLO EW , yet 
EW corrections grow large and negative at high energies (Sudakov logs). 


• N3LO QCD is the frontier of precision aiming ~1% of MHO uncertainties. 


• Resummation Universal, all-order terms that are potentially large for some 
observables (logs or 1PI loops for propagators) need to be resummed. They 
might refer to global or non-global observables. Resummation leads to 
mprovements in precision and accuracy. 


α2
S ∼ αW

Precision calculations for the LHC
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Precision calculations for the LHC
Status: Fixed Order

12

• NNLO brings us in the 
few percent arena

• Several NNLO 
computations move the 
central value out of the 
NLO uncertainties

• The 2→3 wall broken
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8 years

Major tour de force 

Milestone of the precision program  
of the theoretical community 

Precision calculations for the LHC
N3LO revolution
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<5%

Precision calculations for the LHC
N3LO revolution

• Very significant 
reduction of MHO 
uncertainties. 


• Differential distributions 
are available. 


• Uncertainty budget 
points to PDF as the 
main source of error. 



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

N3LO revolution

15

[Duhr, Dulat and Mistelberger, 2001.07717]

Drell-Yan 

(photon)

Precision calculations for the LHC

[Duhr, Dulat and Mistelberger, 2007.13313 ]

• Non-overlapping uncertainty bands. 


• Z/  to come. 


• Uncertainty budget points to PDFs 
as the main source of error. 

γ*

https://arxiv.org/abs/2001.07717
https://arxiv.org/abs/2001.07717
https://arxiv.org/abs/2007.13313
https://arxiv.org/abs/2007.13313
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Precision calculations for the LHC
Status: Resummation

16

[E. Re, L. Rottoli and P. Torrielli et al,  2104.07509 ]

Resummation improves the stability of the cross 
section predictions even in presence of cut-
induced log effects. 

The calculation is fully exclusive with respect to the Born kinematics, which allows the application of 
arbitrary fiducial selection cuts on the decay products of the resonance.  With a transverse-recoil 
prescription, the dominant classes of subleading-power corrections in a fiducial setup are accounted 
for. The resummed predictions are matched with fixed-order differential spectra at next-to-next-to-
leading order (NNLO) accuracy. 

[Billis et al.  et al,  2102.08039]

https://inspirehep.net/authors/1058529
https://arxiv.org/abs/2104.07509
https://inspirehep.net/authors/1058529
https://arxiv.org/abs/2104.07509
https://arxiv.org/abs/2102.08039
https://arxiv.org/abs/2102.08039
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Precision calculations for the LHC
Fully exclusive simulations

17

[M. Dasgupta et al.  2002.11114 ] [K. Hamilton et al. 2011.10054 ]

All current PS implementations are formally at LL accuracy 
(with several  improvements towards NLL). Moving them to 
NLL has been proven a formidable challenge. Needs to 
account subheading effects in the logs and in color. 

Systematic explorations are on-going and very promising.
[Nagy and Soper 2011.04773, 2011.04777]
[Forshaw et al. 2003.06400]

https://inspirehep.net/authors/1012405
https://arxiv.org/abs/2002.11114
https://inspirehep.net/authors/1027899
https://arxiv.org/abs/2011.10054
https://inspirehep.net/authors/1012405
https://arxiv.org/abs/2002.11114
https://inspirehep.net/authors/1027899
https://arxiv.org/abs/2011.10054
https://arxiv.org/abs/2011.04773
https://arxiv.org/abs/2011.04777
https://arxiv.org/abs/2011.04773
https://arxiv.org/abs/2011.04777
https://arxiv.org/abs/2003.06400
https://arxiv.org/abs/2003.06400
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Precision calculations for the LHC
Example: NNLO+Parton Shower
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A MILESTONE IN ACCURATE LHC SIMULATIONS! 

Precision calculations for the LHC
Example: NNLO+Parton Shower
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Precision calculations for the LHC
Status: PDF’s

19

[Khalek, et al. 1906.10127]

[ Moch et al. , 1707.08315]

• Complete N3LO PDF’s 
evolution not available yet. 
Non-singlet evolution available 
at 4 loops already. 


• Error budget with many 
sources. MHO uncertainties yet 
to be included in the final 
assessment. 


• Reaching 1% will be very 
challenging.


• Room for a breakthrough from 
lattice?

https://arxiv.org/abs/1906.10127
https://arxiv.org/abs/1906.10127
https://arxiv.org/abs/1707.08315
https://arxiv.org/abs/1707.08315
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The lattice frontier
 and PDF’sαS

20

Lattice determinations of the strong coupling   [Del Debbio and A. Ramos e-Print: 2101.04762 ]

MHO PC
Using Lattice QCD, one can combine input from well-measured QCD quantities -- like 
for example the proton mass, or a meson decay constant -- with the perturbative 
expansion of a short distance observable that does not need to be directly observable 
(like the quark anti-quark force). The advantage of this approach is that the 
experimental input comes from the hadron spectrum with a negligible uncertainty.

Neural-network analysis of Parton Distribution Functions from Ioffe-time pseudodistributions [L. Del Debbio et al. 2010.03996 ] 
Parton Distribution Functions from Ioffe Time Pseudodistributions from Lattice Calculations: Approaching the Physical Point  [Bálint Joó et al. : 2004.01687 ] 

This formula allows to relate collinear PDFs to quantities which are computable 
in lattice QCD simulations, through a factorized expression similar to those 
relating collinear PDFs to physical cross sections.It can be used in a fitting 
framework, to extract PDFs from lattice data, performing the same kind of 
analysis which is usually done when considering experimental data.

https://inspirehep.net/literature/1840506
https://arxiv.org/abs/2101.04762
https://inspirehep.net/literature/1840506
https://arxiv.org/abs/2101.04762
https://inspirehep.net/literature/1821940
https://arxiv.org/abs/2010.03996
https://inspirehep.net/literature/1821940
https://arxiv.org/abs/2010.03996
https://inspirehep.net/literature/1789625
https://inspirehep.net/authors/1004118
https://arxiv.org/abs/2004.01687
https://inspirehep.net/literature/1789625
https://inspirehep.net/authors/1004118
https://arxiv.org/abs/2004.01687
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Precision physics at the HL-LHC
Three questions

21

1. Given the statistics increase of a factor ~20 with respect to what we currently 
have what is the expected experimental precision on key EW/top/Higgs 
measurements and a reasonable goal for TH predictions?


2. How will we achieve it? What is it needed? What are the challenges and the 
current avenues? 


3. How to frame and interpret our results?
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Towards the HL-LHC
• 20-fold data sample

• 1/5 statistical uncertainties

• Comparable reduction of systematic uncertainties?

• Definition of tails and access to rare processes 


22
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HL-LHC projections
Higgs couplings

23

[De Blas et al., 2020]

10-20%

https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1905.03764
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HL-LHC projections
Higgs couplings

23

[De Blas et al., 2020] [De Blas et al., 2020]

    →          2-4%10-20%

https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1905.03764
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Now
[ATLAS, 2020]

HL-LHC projections
Higgs couplings

https://cds.cern.ch/record/2693958
https://cds.cern.ch/record/2693958
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Now
[ATLAS, 2020]

HL-LHC projections
Higgs couplings

[De Blas et al., 2020]

Currently limits on  from H and HH are comparable and will stay so at the HL-LHC.

Borderline sensitivity to say something about EW baryogenesis… 

kλ

Future

https://cds.cern.ch/record/2693958
https://cds.cern.ch/record/2693958
https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1905.03764


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

Towards the HL-LHC
• 20-fold data sample

• 1/5 statistical uncertainties

• Comparable reduction of systematic uncertainties?

• Definition of tails and access to rare processes 


25

•Are we ready?          

•Is everything understood and clear just need to do it?           

•Are we sure there are no roadblocks? 

•Are we sure we will make a discovery?
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Towards the HL-LHC
• 20-fold data sample

• 1/5 statistical uncertainties
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•Are we sure we will make a discovery?

Explore = travel through (an unfamiliar area) in order to learn about it.
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Precision calculations for the LHC
The challenges towards the “1% goal”

26

Fixed Order 
LO, NLO,…


QCD/EW

Resum 
LL, NLL,… 


PS

PDF’s 
LO,NLO,..


Fits
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26

Fixed Order 
LO, NLO,…


QCD/EW

Resum 
LL, NLL,… 


PS

PDF’s 
LO,NLO,..


Fits

• Very fast progress in conceptual 
as well as technical aspects. 


• Tight and consolidated 
community, with high 
momentum. 


• Considering the status of 20 
years ago seems clear that 
NNLO will be completed and  
N3LO will start to become 
available for 2→2 (see 3-loop 

 results)


• Mixed QCD-EW being included. 

qq̄ → γγ

https://arxiv.org/abs/2011.13946
https://arxiv.org/abs/2011.13946


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

Precision calculations for the LHC
The challenges towards the “1% goal”

26

Fixed Order 
LO, NLO,…


QCD/EW

Resum 
LL, NLL,… 


PS

PDF’s 
LO,NLO,..


Fits

• Very fast progress in conceptual 
as well as technical aspects. 


• Tight and consolidated 
community, with high 
momentum. 


• Considering the status of 20 
years ago seems clear that 
NNLO will be completed and  
N3LO will start to become 
available for 2→2 (see 3-loop 

 results)


• Mixed QCD-EW being included. 

qq̄ → γγ

• A variety of approaches 
available, both analytical and 
numerical. 


• Analytically historically 
matching the FO accuracy. 


• NNLO+PS will be the new 
standard. (N3LO+PS already 
being explored)


• Having a NLL and beyond PS, 
is being explored now. To be 
seen. 


• Not clear  whether one can 
reach 1%. 

https://arxiv.org/abs/2011.13946
https://arxiv.org/abs/2011.13946
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• Tight and consolidated 
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• Considering the status of 20 
years ago seems clear that 
NNLO will be completed and  
N3LO will start to become 
available for 2→2 (see 3-loop 

 results)


• Mixed QCD-EW being included. 

qq̄ → γγ

• A variety of approaches 
available, both analytical and 
numerical. 


• Analytically historically 
matching the FO accuracy. 


• NNLO+PS will be the new 
standard. (N3LO+PS already 
being explored)


• Having a NLL and beyond PS, 
is being explored now. To be 
seen. 


• Not clear  whether one can 
reach 1%. 

• Complete N3LO PDF’s 
evolution not available yet. 


• PDF determination from fitting 
large set of data. Final quality 
depends on measurements. 


• Error budget with many 
sources. MHO uncertainties yet 
to be included in the final 
assessment. 


• Reaching 1% will be very 
challenging.


• Room for a breakthrough from 
lattice.

https://arxiv.org/abs/2011.13946
https://arxiv.org/abs/2011.13946
https://arxiv.org/abs/2106.03206
https://arxiv.org/abs/2106.03206
https://arxiv.org/abs/2106.03206
https://arxiv.org/abs/2106.03206
https://arxiv.org/abs/2106.03206
https://arxiv.org/abs/2106.03206
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Computing needs

27

Wide set of needs. MC simulations significantly contribute to the budget [2004.13687, 2008.13636]. More so, if TH improvements 
(NNLO,…) which are very expensive will be folded in. Change in paradigm for MC generation seems to be needed. 


Precision calculations for the LHC

https://arxiv.org/abs/2004.13687
https://arxiv.org/abs/2008.13636
https://arxiv.org/abs/2004.13687
https://arxiv.org/abs/2008.13636
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The fast-jet revolution (2005)

28

N3  → N log N

[Cacciari, Salam, Soyez][2005] [2008]

https://arxiv.org/abs/hep-ph/0512210
https://arxiv.org/abs/hep-ph/0512210
https://arxiv.org/abs/0802.1189
https://arxiv.org/abs/0802.1189
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The fast-jet revolution (2005)

28

N3  → N log N

[Cacciari, Salam, Soyez][2005] [2008] [Gavin Salam @ Boost 2018]

Algorithmic improvement triggered a new field of study in jet sub-structure, tagging, boosted objects, 
NP searches as well as  testing ground for new theoretical ideas, computations and technologies. 

https://arxiv.org/abs/hep-ph/0512210
https://arxiv.org/abs/hep-ph/0512210
https://arxiv.org/abs/0802.1189
https://arxiv.org/abs/0802.1189
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New architectures

29

Algorithmic challenges

[S. Carrazza et al. , 2105.10529]


Completely different approach, based on 
TensorFlow primitives, Vegas and PDF 
implementations, and of matrix elements 
using dedicated ALOHA routines.  

[Hagiwara et al. , 1305.0708]

MadGraph on GPUs 2013

Proof of principle implementation based on 
CUDA and first GPUs. Memory constraints, 
large color matrices →  huge gains but 
scaling with # extra partons bad…

MadGraph on GPUs - on going 

https://inspirehep.net/authors/1236285
https://arxiv.org/abs/2105.10529
https://inspirehep.net/authors/1236285
https://arxiv.org/abs/2105.10529
https://arxiv.org/abs/1305.0708
https://arxiv.org/abs/1305.0708
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Algorithmic challenges
Machine Learning techniques

30

A survey of machine learning-based physics event generation 

[Y. Alanazi, et al. 2106.00643 ]

Understanding Event-Generation Networks via Uncertainties 

[M. Bellagente et al  2104.04543 ] 

Phase Space Sampling and Inference from Weighted Events with Autoregressive Flows 

[B. Stienen et al. , 2011.13445 ]

i-flow: High-dimensional Integration and Sampling with Normalizing Flows 

[Christina Gao  et al. 2001.05486 ]

How to GAN Event Unweighting 

[M. Backes et al. : 2012.07873 ]

Generative Networks for LHC events 

[Anja Butter and Plehn 2008.08558 ]

Invertible Networks or Partons to Detector and Back Again 

[M. Bellagente et al. e-Print: 2006.06685 ]

How to GAN away Detector Effects 

[M. Bellagente et al,  1912.00477 ]

How to GAN LHC Events 

Anja Butter et al. 1907.03764 [hep-ph]

Impressive progress in the exploration of different 
methods and in identifying the most relevant 
questions in last couple of years! 


• Can the ML-MC go beyond the statistical precision of the 
training event samples?


• Can they faithfully reproduce the physics?

• Can they provide new physics insights? 

https://inspirehep.net/literature/1866344
https://arxiv.org/abs/2106.00643
https://inspirehep.net/literature/1857841
https://arxiv.org/abs/2104.04543
https://inspirehep.net/literature/1833625
https://arxiv.org/abs/2011.13445
https://inspirehep.net/literature/1775792
https://inspirehep.net/authors/1631087
https://arxiv.org/abs/2001.05486
https://inspirehep.net/literature/1836749
https://arxiv.org/abs/2012.07873
https://inspirehep.net/literature/1812355
https://inspirehep.net/authors/1790622
https://arxiv.org/abs/2008.08558
https://inspirehep.net/literature/1800956
https://arxiv.org/abs/2006.06685
https://inspirehep.net/literature/1768021
https://arxiv.org/abs/1912.00477
https://inspirehep.net/literature/1742987
https://inspirehep.net/authors/1790622
https://arxiv.org/abs/1907.03764
https://inspirehep.net/literature/1866344
https://arxiv.org/abs/2106.00643
https://inspirehep.net/literature/1857841
https://arxiv.org/abs/2104.04543
https://inspirehep.net/literature/1833625
https://arxiv.org/abs/2011.13445
https://inspirehep.net/literature/1775792
https://inspirehep.net/authors/1631087
https://arxiv.org/abs/2001.05486
https://inspirehep.net/literature/1836749
https://arxiv.org/abs/2012.07873
https://inspirehep.net/literature/1812355
https://inspirehep.net/authors/1790622
https://arxiv.org/abs/2008.08558
https://inspirehep.net/literature/1800956
https://arxiv.org/abs/2006.06685
https://inspirehep.net/literature/1768021
https://arxiv.org/abs/1912.00477
https://inspirehep.net/literature/1742987
https://inspirehep.net/authors/1790622
https://arxiv.org/abs/1907.03764
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Quantum Computing

31

Algorithmic challenges

Quantum Algorithm for High Energy Physics Simulations
[C. W. Bauer et al. 1904.03196]

Simulating collider physics on quantum computers using effective field theories
C. W. Bauer et al.  2102.05044 [hep-ph]

Quantum algorithm for Feynman loop integrals
Selomit Ramírez-Uribe et al. 2105.08703 

Towards a quantum computing algorithm for helicity amplitudes and parton showers
Khadeejah Bepari et al. 2010.00046 [hep-ph]

Quantum Algorithms for Jet Clustering
Annie Y. Wei et al. 1908.08949 [hep-ph]

Growing interest in quantum computations for HEP: 

Many initiatives (see e.g. https://quanthep.eu/)   

Determining the proton content with a quantum computer
Adrián Pérez-Salinas et al. 2011.13934

sum over helicities sum over PS histories

https://inspirehep.net/literature/1728687
https://inspirehep.net/authors/1017103
https://arxiv.org/abs/1904.03196
https://inspirehep.net/literature/1728687
https://inspirehep.net/authors/1017103
https://arxiv.org/abs/1904.03196
https://inspirehep.net/literature/1845763
https://inspirehep.net/authors/1017103
https://arxiv.org/abs/2102.05044
https://inspirehep.net/literature/1845763
https://inspirehep.net/authors/1017103
https://arxiv.org/abs/2102.05044
https://inspirehep.net/literature/1863769
https://inspirehep.net/authors/1730297
https://arxiv.org/abs/2105.08703
https://inspirehep.net/literature/1863769
https://inspirehep.net/authors/1730297
https://arxiv.org/abs/2105.08703
https://inspirehep.net/literature/1820606
https://inspirehep.net/literature?q=a%20K.Bepari.1
https://arxiv.org/abs/2010.00046
https://inspirehep.net/literature/1820606
https://inspirehep.net/literature?q=a%20K.Bepari.1
https://arxiv.org/abs/2010.00046
https://inspirehep.net/literature/1751122
https://inspirehep.net/literature?q=a%20A.Y.Wei.1
https://arxiv.org/abs/1908.08949
https://inspirehep.net/literature/1751122
https://inspirehep.net/literature?q=a%20A.Y.Wei.1
https://arxiv.org/abs/1908.08949
https://quanthep.eu/
https://quanthep.eu/
https://inspirehep.net/literature/1834151
https://inspirehep.net/literature?q=a%20A.Perez.Salinas.1
https://arxiv.org/abs/2011.13934
https://inspirehep.net/literature/1834151
https://inspirehep.net/literature?q=a%20A.Perez.Salinas.1
https://arxiv.org/abs/2011.13934
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Precision physics at the HL-LHC
The main questions

1. Given the statistics increase of a factor ~20 with respect to what we 
currently have what is the expected experimental precision on key EW/
top/Higgs measurements and a reasonable goal for TH predictions?


2. How will we achieve it? What is it needed? What are the challenges 
and the current avenues? 


3. How to frame and interpret our results?


32
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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

Two main strategies for searching new physics 

 

SM

EFT in the tails

Rescaling

pT(t,H)

Illustrative plot

 

Energy helps precision

33

(6)

http://arxiv.org/abs/arXiv:1607.04251
http://arxiv.org/abs/arXiv:1607.04251
http://arxiv.org/abs/arXiv:1610.05771
http://arxiv.org/abs/arXiv:1610.05771
https://arxiv.org/abs/1709.08649
https://arxiv.org/abs/1709.08649
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A powerful approach
Searching for new interactions with an EFT 

ΔObsn = ObsEXP
n − ObsSM

n =
1

Λ2 ∑
i

a(6)
n,i (μ) c(6)

i (μ) + 𝒪 ( 1
Λ4 )

The master equation of an EFT approach has three key elements:

34
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The master equation of an EFT approach has three key elements:

Most precise/accurate experimental measurements with uncertainties 
and correlations
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increased NP Sensitivity 
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A powerful approach
Searching for new interactions with an EFT 

ΔObsn = ObsEXP
n − ObsSM

n =
1

Λ2 ∑
i

a(6)
n,i (μ) c(6)

i (μ) + 𝒪 ( 1
Λ4 )

The master equation of an EFT approach has three key elements:

Most precise/accurate experimental measurements with uncertainties 
and correlations

Most precise SM predictions for observables: 
NLO, NNLO, N3LO…

Most precise EFT predictions         
increased NP Sensitivity 
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First round of considerations
Precision Physics

•Running and exploiting the (HL)-LHC is a major challenge from both the TH/EXP p.o.v’s.


•Several breakthroughs are expected to occur along the way.


•The TH “1% goal” gives an idea of the advancements in the precision that will be needed 
to meet the exp precision. 


•The EFT approach provides a universal, consistent and systematically improvable 
language to interpret the exp data and combine/communicate with other exps. Huge 
potential. 


• Just moving now the first steps into global EFT interpretations, steep learning curve. 
Major changes in the way exp measurements are performed and value is perceived will 
occur. 

35
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Extra information
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A powerful approach
Progress in SMEFT at 1-loop level
1-loop accuracy allows:


• Unveil the SMEFT structure (mixing)


• K-factors (accuracy)


• Scale uncertainties (precision)


• Exploit loop sensitivity:

37

“same strategy” as in SM@dim4
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A powerful approach
Progress in SMEFT at 1-loop level

RGE
· Anomalous dimension  matrix  [Jenkins, Manohar and Trott, 2013,2014,2014]

Production
· pp jj (4F) [Gao, Li, Wang, Zhu, Yuan, 2011]
· pp tt (4F) [Shao, Li, Wang, Gao, Zhang, Zhu, 2011]
· pp VV [Dixon, Kunszt, Signer ,1999] [Melia, Nason, Röntsch, Zanderighi ,2011] 
[Baglio, Dawson, Lewis ,2017,2018,2019][Chiesa et al., 2018]
· top FCNCs  [Degrande, FM, Wang, Zhang ,2014] [Durieux, FM, Zhang ,2014]
· pp tt (chromo) [Franzosi, Zhang ,2015]
· pp tj [Zhang ,2016] [de Beurs, Laenen, Vreeswijk, Vryonidou ,2018]
· pp  ttZ [Rontsch and Schulze,2015] [Bylund, FM, Tsinikos, Vryonidou, Zhang ,2016]
· pp  ttH [FM, Vryonidou, Zhang ,2016]
· pp  HV,Hjj [Greljo, Isidori, Lindert, Marzocca, 2015][Degrande, Fuks, Mawatari, Mimasu, 
Sanz ,2016], [Alioli, Dekens, Girard, Mereghetti ,2018]
· pp H [Grazzini, Ilnicka, Spira, Wiesemann ,2016] [Deutschmann, Duhr, FM, Vryonidou ,2017]
· pp  tZj,tHj [Degrande, FM, Mimasu, Vryonidou, Zhang ,2018]
· pp  jets [Hirschi, FM, Tsinikos, Vryonidou ,2018]
· pp  VVV [Degrande, Durieux, FM, Mimasu, Vryonidou, Zhang, 20xx]
· gg  ZH,Hj,HH [Bylund, FM, Tsinikos, Vryonidou, Zhang ,2016]
· Higgs self-couplings  [McCullough, 2014][Degrassi, Giardino, FM, Pagani, Shivaji, Zhao, 
2016-2018][Borowka et al. 2019][FM,Pagani, Zhao, 2019]
· EW  loops in tt [Kuhn et al.,1305.5773], [Martini 1911.11244]
· EW top loops in Higgs & EW [Vryonidou, Zhang ,2018][Durieux, Gu, Vryonidou, Zhang ,2018]
[Boselli et al. 2019]
· Drell-Yan (EW corrections)  [Dawson and Giardino, 2021]

Decay
· Top [Zhang ,2014] [Boughezal, Chen, Petriello, Wiegand ,2019]
· h  VV [Hartmann, Trott ,2015] [Ghezzi, Gomez-Ambrosio, Passarino, Uccirati ,2015, 2015]
[Dawson, Giardino ,2018,2018][Dedes, et al. ,2018] [Dedes, Suxho, Trifyllis ,2019]
· h  ff [Gauld, Pecjak, Scott ,2016] [Cullen, Pecjak, Scott ,2019][Cullen, Pecjak, ,2020]
· Z,W [Hartmann, Shepherd, Trott ,2016] [Dawson, Ismail, Giardino ,2018,2018,2019]

EWPO
 · EWPO [Zhang, Greiner, Willenbrock ’12] [Dawson, Giardino ,2020]

→
→
→

→
→
→
→

→

→
→
→
→
→

→

→

1-loop accuracy allows:


• Unveil the SMEFT structure (mixing)


• K-factors (accuracy)


• Scale uncertainties (precision)


• Exploit loop sensitivity:
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“same strategy” as in SM@dim4

http://arxiv.org/abs/arXiv:1804.01477
https://arxiv.org/abs/1512.06135
https://arxiv.org/abs/1305.5773
https://arxiv.org/abs/1911.11244
https://arxiv.org/abs/2105.05852
http://arxiv.org/abs/arXiv:1804.01477
https://arxiv.org/abs/1512.06135
https://arxiv.org/abs/1305.5773
https://arxiv.org/abs/1911.11244
https://arxiv.org/abs/2105.05852
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Is this easy?
A powerful approach

It's as exciting as challenging. Pattern of deformations 
enter many observables in a correlated way. 


Needs to manage complexity, uncertainties and 
correlations. 


[Galler, ICHEP2020]

38

https://indico.cern.ch/event/868940/contributions/3816408/attachments/2083331/3499523/topfitter.pdf
https://indico.cern.ch/event/868940/contributions/3816408/attachments/2083331/3499523/topfitter.pdf
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Is this easy?
A powerful approach

It's as exciting as challenging. Pattern of deformations 
enter many observables in a correlated way. 


Needs to manage complexity, uncertainties and 
correlations. 


Needs coordinated work among analysis groups in 
collaborations traditionally working separately (top, 
Higgs, EW,…)
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Is this easy?
A powerful approach

42

It's as exciting as challenging. Pattern of deformations 
enter many observables in a correlated way. 


Needs to manage complexity, uncertainties and 
correlations. 


Needs coordinated work among analysis groups in 
collaborations traditionally working separately (top, Higgs, 
EW,…)


Needs coordinated work between theorists and 
exper imenta l is ts (model dependence, va l id i ty, 
interpretations, matching to the UV).


A LHC EFT WG has been set up to move things forward.

https://lpcc.web.cern.ch/lhc-eft-wg
https://lpcc.web.cern.ch/lhc-eft-wg
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42

It's as exciting as challenging. Pattern of deformations 
enter many observables in a correlated way. 


Needs to manage complexity, uncertainties and 
correlations. 


Needs coordinated work among analysis groups in 
collaborations traditionally working separately (top, Higgs, 
EW,…)


Needs coordinated work between theorists and 
exper imenta l is ts (model dependence, va l id i ty, 
interpretations, matching to the UV).


A LHC EFT WG has been set up to move things forward.

EFT Predictions

Data Analysis

Exp fit on Ci 

Top-down

SM Data Analysis

EFT Predictions+Fit

Observable

Bottom-up

Complementary!

https://lpcc.web.cern.ch/lhc-eft-wg
https://lpcc.web.cern.ch/lhc-eft-wg
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•  35 signal regions, 16 operators, including ttll ones.


•  Limits for operators only appearing here comparable with global 
TH fits, see, e.g., top fitter:


•First example of top-down EFT analysis in the top quark context.

CMS top fit  

[CMS 2020] 

43

Top-down EXP fits

http://cds.cern.ch/record/2706103
http://cds.cern.ch/record/2706103
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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.

44

https://arxiv.org/abs/2012.02779
https://arxiv.org/abs/2105.00006
https://arxiv.org/abs/1910.03606
https://arxiv.org/abs/1910.14012
https://arxiv.org/abs/2012.02779
https://arxiv.org/abs/2105.00006
https://arxiv.org/abs/1910.03606
https://arxiv.org/abs/1910.14012
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Global fits: EWPO+H+EW+Top
Global fits

45

[Ellis et al. 2012.02779] [Either et al. 2105.00006]

34 operators,  


EWPO fitted, 341 data points

SU(2)2 × SU(3)3 36 operators,  


 EWPO fixed, 317 data points 

SU(2)2 × SU(3)3

https://arxiv.org/abs/2012.02779
https://arxiv.org/abs/2012.02779
https://arxiv.org/abs/2105.00006
https://arxiv.org/abs/2105.00006
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Global fits: EWPO+H+EW+Top
Global fits

46

The limited role of the high energy tails (so far) Top-Philic scenario (14  5 dof in the 2Q2q)→

Data restriction Theory restriction [Either et al. 2105.00006]

https://arxiv.org/abs/2105.00006
https://arxiv.org/abs/2105.00006
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Global fits: now vs future
EWPO+EW+Higgs 

47

Now HL-LHC[HEPfit, courtesy of De Blas et al., work in progress]

EW known at 0.1% 
TGC known at 1% 
Higgs known at 10% 

As constraints improve for the TGC and Higgs correlations increase. 
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EW+Higgs+EWPO
FutureNow

[Courtesy of De Blas et al., work in progress] [De Blas et al., 2020]

Expected more than 1 order of magnitude improvements
48

Global fits: now vs Future

https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1905.03764
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Theory trends
Global EFT Fits

Many directions of development and improvements in the fits are being pursued in TH:


• [Global] Extension to data sets from other (lower-energy) experiments. 


• [NLO] Improvement at NLO (QCD+EW) in the SMEFT on-going. RGE at two loops needed to 
maintain NLO accuracy at different scales. Inclusion of theory uncertainties.


• [Unlocking] Effects and constraints at dim=8 or HEFT. 


• [UV] Constraints from and to UV models, systematic studies of applicability/validity. Mixing.


• [PDF] Evaluation of the theory uncertainties to interplay with the PDF fits.


• [MaxSensitivity] Optimal observables, “energy helps accuracy”, “X without the X”….


• [QFT] General QFT arguments: resummation of higher-order terms, basis independent 
formulations (e.g. amplitudes), positivity/convexity. 

49
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Les Houches  wishlist 2019

50
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Higgs couplings
Higgs couplings without the Higgs

52

|

Disentagle SMEFT from HEFT!

[Henning et al. 1812.09299] 


https://arxiv.org/abs/1812.09299
https://arxiv.org/abs/1812.09299
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EFT and PDF fits
Global EFT Fits

53

[Greljo et al. 2104.02723]

https://arxiv.org/abs/2104.02723
https://arxiv.org/abs/2104.02723


Andrea Wulzer

The EW Precision Potential

of the (HL-)LHC
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The LHC Precision Program

At the LHC we can do more than searching for bumps !!

Because of remarkable progresses in: 
✦ PDF determination

✦ high-order calculations/generators

✦ analysis techniques
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The LHC Precision Program

At the LHC we can do more than searching for bumps !!

Because of remarkable progresses in: 
✦ PDF determination

✦ high-order calculations/generators

✦ analysis techniques

A “SM” Precision Program? 
✦ Within the SM, we can only measure SM parameters ( )

✦ Testing the SM entails comparing with SM extensions (e.g., EWPT par.)*

mH, mW, sin θW

*Testing SM calculations  is interesting 
and useful, but is not the final goal

A “BSM” Precision Program 
✦ Be as “agnostic” as possible on BSM models, at the same time learning 

as much as possible on concrete BSM scenarios 

✦ The (linear d=6) SM EFT is the prime candidate BSM “model”

4



High-Energy Probes

EFT
Ld=6

Low-energy:    
✦ Higgs properties are established success 

✦ Challenge is systematics unc. reduction

✦ “Easy” lunch at HL only for rare dec.s/proc.s

Δ"/" ∼ m2
EW/Λ2

High-energy:    
✦ Effects can overcome systematics

✦ Fully exploits Energy frontier

✦ Steady improvement with luminosity

Δ"/" ∼ E2/Λ2
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High-Energy Probes

EFT
Ld=6

Low-energy:    
✦ Higgs properties are established success 

✦ Challenge is systematics unc. reduction

✦ “Easy” lunch at HL only for rare dec.s/proc.s

Δ"/" ∼ m2
EW/Λ2

High-energy:    
✦ Effects can overcome systematics

✦ Fully exploits Energy frontier

✦ Steady improvement with luminosity

Δ"/" ∼ E2/Λ2
Energy 
Frontier

Accuracy Frontier

Energy & 
Accuracy

8



High-Energy Probes

1h @ 100GeV ⇠ 10% @ 1TeV

The Accuracy and Energy of LEP set a benchmark

Beyond that threshold, hadron colliders win, even in 
processes well measured by LEP!

Variety of LHC-accessible proc.s is way superior to LEP one. 

Much more complete (and challenging) exploration

9



High-Energy Probes

1h @ 100GeV ⇠ 10% @ 1TeV

The Accuracy and Energy of LEP set a benchmark

m`` d�
dm`` �stat �sys �tot �unc �1cor �2cor �3cor �4cor �5cor �6cor �7cor �8cor �9cor �10

cor �11
cor �12

cor �13
cor �14

cor �15
cor �16

cor �17
cor �18

cor �19
cor �20

cor �21
cor �22

cor �23
cor �24

cor �25
cor �26

cor �27
cor �28

cor �29
cor �30

cor �31
cor �32

cor �33
cor �34

cor �35
cor

[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
116–130 2.28 ⇥ 10�1 0.34 0.53 0.63 0.12 0.24 -0.01 0.08 -0.03 -0.03 0.00 0.01 0.01 0.00 0.01 0.00 -0.00 0.00 0.00 -0.01 0.01 -0.00 0.01 -0.02 0.01 -0.02 -0.05 -0.31 0.15 0.18 0.03 -0.04 -0.01 -0.02 0.11 0.04 0.07 0.07 0.09 -0.05
130–150 1.04 ⇥ 10�1 0.44 0.67 0.80 0.13 0.38 -0.00 0.03 -0.05 -0.02 0.03 -0.01 0.00 0.00 0.01 -0.00 -0.00 0.00 0.00 -0.01 -0.01 -0.01 0.02 -0.01 0.01 0.08 -0.08 -0.38 0.10 0.15 0.04 -0.08 0.01 0.04 0.22 0.03 0.08 0.14 0.08 -0.07
150–175 4.98 ⇥ 10�2 0.57 0.91 1.08 0.18 0.56 0.01 -0.02 -0.05 -0.01 0.05 -0.03 0.00 0.00 0.01 -0.00 0.00 0.00 0.00 -0.02 -0.02 -0.01 0.03 0.00 0.00 0.15 -0.10 -0.47 0.06 0.15 0.04 -0.12 -0.00 0.09 0.35 0.04 0.10 0.16 0.10 -0.09
175–200 2.54 ⇥ 10�2 0.81 1.18 1.43 0.25 0.74 -0.00 -0.06 -0.07 -0.01 0.06 -0.05 -0.01 -0.00 0.01 -0.00 0.00 0.01 0.00 -0.02 -0.03 -0.01 0.04 0.01 0.00 0.23 -0.11 -0.58 0.02 0.14 0.07 -0.12 -0.00 0.13 0.47 0.03 0.12 0.17 0.10 -0.12
200–230 1.37 ⇥ 10�2 1.02 1.42 1.75 0.32 0.89 0.02 -0.09 -0.06 -0.01 0.08 -0.05 -0.00 0.00 0.00 -0.00 0.00 0.00 -0.00 -0.02 -0.04 -0.00 0.04 0.02 -0.00 0.29 -0.12 -0.67 -0.01 0.17 0.05 -0.16 0.02 0.16 0.58 0.05 0.16 0.21 0.16 -0.15
230–260 7.89 ⇥ 10�3 1.36 1.59 2.09 0.43 0.99 -0.01 -0.12 -0.08 0.00 0.07 -0.06 -0.01 0.00 0.01 -0.00 0.00 0.01 -0.00 -0.02 -0.04 0.00 0.05 0.03 -0.01 0.28 -0.11 -0.74 0.04 0.19 0.09 -0.14 -0.00 0.23 0.65 0.06 0.23 0.10 0.22 -0.18
260–300 4.43 ⇥ 10�3 1.58 1.67 2.30 0.46 1.06 0.02 -0.11 -0.05 0.01 0.12 -0.06 -0.00 0.01 0.00 -0.00 -0.00 -0.00 -0.00 -0.04 -0.06 0.01 0.07 0.04 0.00 0.35 -0.19 -0.73 0.00 0.17 0.05 -0.15 0.04 0.17 0.68 0.08 0.22 0.18 0.22 -0.19
300–380 1.87 ⇥ 10�3 1.73 1.80 2.50 0.56 1.12 -0.02 -0.11 -0.09 0.01 0.09 -0.07 -0.01 0.00 0.01 -0.01 0.00 0.01 -0.00 -0.03 -0.06 -0.00 0.06 0.01 -0.01 0.29 -0.18 -0.79 0.03 0.15 0.08 -0.13 -0.00 0.20 0.76 0.06 0.30 0.03 0.29 -0.20
380–500 6.20 ⇥ 10�4 2.42 1.71 2.96 0.63 1.03 0.00 -0.08 -0.10 0.04 0.14 -0.07 -0.00 0.01 0.01 -0.00 -0.00 -0.00 0.00 -0.06 -0.08 0.01 0.08 0.01 0.02 0.30 -0.26 -0.69 0.09 0.20 0.05 -0.13 0.05 0.16 0.59 0.06 0.36 0.03 0.39 -0.25
500–700 1.53 ⇥ 10�4 3.65 1.68 4.02 0.57 0.87 -0.08 -0.06 -0.14 0.04 0.15 0.01 0.02 0.01 -0.00 -0.01 0.01 0.03 0.00 -0.05 -0.05 0.03 0.17 0.04 0.12 0.02 -0.21 -0.56 0.10 0.03 0.01 0.06 -0.15 0.06 0.38 0.13 0.96 -0.09 0.35 -0.18

700–1000 2.66 ⇥ 10�5 6.98 1.85 7.22 1.02 0.73 -0.09 0.04 -0.13 0.07 0.17 0.03 0.03 0.03 0.00 -0.01 -0.01 0.02 0.01 -0.07 -0.07 0.05 0.17 -0.01 0.14 -0.15 -0.26 -0.44 0.23 0.08 0.06 0.13 -0.09 0.02 0.17 0.19 1.00 -0.17 0.50 -0.17
1000–1500 2.66 ⇥ 10�6 17.05 2.95 17.31 2.26 0.71 0.04 0.16 -0.01 0.06 0.33 0.10 0.08 0.05 -0.04 -0.00 -0.00 -0.01 -0.01 -0.15 -0.14 0.02 0.22 -0.08 0.16 -0.10 -0.49 -0.32 0.21 0.23 0.08 -0.17 0.01 -0.34 0.28 0.32 1.21 -0.03 0.69 -0.35

Table 2: The combined Born-level single-di↵erential cross section d�
dm``

. The measurements are listed together with the statistical (�stat), systematic (�sys) and
total (�tot) uncertainties. In addition the contributions from the individual correlated (�1cor-�35

cor) and uncorrelated (�unc) systematic error sources are also provided.
The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total uncertainties.
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~ 1 TeV measured at ~ 10%

Example: Neutral Drell—Yan  
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Reach comparable with LEP ?
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High-Energy Probes

1h @ 100GeV ⇠ 10% @ 1TeV

The Accuracy and Energy of LEP set a benchmark

m`` d�
dm`` �stat �sys �tot �unc �1cor �2cor �3cor �4cor �5cor �6cor �7cor �8cor �9cor �10

cor �11
cor �12

cor �13
cor �14

cor �15
cor �16

cor �17
cor �18

cor �19
cor �20

cor �21
cor �22

cor �23
cor �24

cor �25
cor �26

cor �27
cor �28

cor �29
cor �30

cor �31
cor �32

cor �33
cor �34

cor �35
cor

[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
116–130 2.28 ⇥ 10�1 0.34 0.53 0.63 0.12 0.24 -0.01 0.08 -0.03 -0.03 0.00 0.01 0.01 0.00 0.01 0.00 -0.00 0.00 0.00 -0.01 0.01 -0.00 0.01 -0.02 0.01 -0.02 -0.05 -0.31 0.15 0.18 0.03 -0.04 -0.01 -0.02 0.11 0.04 0.07 0.07 0.09 -0.05
130–150 1.04 ⇥ 10�1 0.44 0.67 0.80 0.13 0.38 -0.00 0.03 -0.05 -0.02 0.03 -0.01 0.00 0.00 0.01 -0.00 -0.00 0.00 0.00 -0.01 -0.01 -0.01 0.02 -0.01 0.01 0.08 -0.08 -0.38 0.10 0.15 0.04 -0.08 0.01 0.04 0.22 0.03 0.08 0.14 0.08 -0.07
150–175 4.98 ⇥ 10�2 0.57 0.91 1.08 0.18 0.56 0.01 -0.02 -0.05 -0.01 0.05 -0.03 0.00 0.00 0.01 -0.00 0.00 0.00 0.00 -0.02 -0.02 -0.01 0.03 0.00 0.00 0.15 -0.10 -0.47 0.06 0.15 0.04 -0.12 -0.00 0.09 0.35 0.04 0.10 0.16 0.10 -0.09
175–200 2.54 ⇥ 10�2 0.81 1.18 1.43 0.25 0.74 -0.00 -0.06 -0.07 -0.01 0.06 -0.05 -0.01 -0.00 0.01 -0.00 0.00 0.01 0.00 -0.02 -0.03 -0.01 0.04 0.01 0.00 0.23 -0.11 -0.58 0.02 0.14 0.07 -0.12 -0.00 0.13 0.47 0.03 0.12 0.17 0.10 -0.12
200–230 1.37 ⇥ 10�2 1.02 1.42 1.75 0.32 0.89 0.02 -0.09 -0.06 -0.01 0.08 -0.05 -0.00 0.00 0.00 -0.00 0.00 0.00 -0.00 -0.02 -0.04 -0.00 0.04 0.02 -0.00 0.29 -0.12 -0.67 -0.01 0.17 0.05 -0.16 0.02 0.16 0.58 0.05 0.16 0.21 0.16 -0.15
230–260 7.89 ⇥ 10�3 1.36 1.59 2.09 0.43 0.99 -0.01 -0.12 -0.08 0.00 0.07 -0.06 -0.01 0.00 0.01 -0.00 0.00 0.01 -0.00 -0.02 -0.04 0.00 0.05 0.03 -0.01 0.28 -0.11 -0.74 0.04 0.19 0.09 -0.14 -0.00 0.23 0.65 0.06 0.23 0.10 0.22 -0.18
260–300 4.43 ⇥ 10�3 1.58 1.67 2.30 0.46 1.06 0.02 -0.11 -0.05 0.01 0.12 -0.06 -0.00 0.01 0.00 -0.00 -0.00 -0.00 -0.00 -0.04 -0.06 0.01 0.07 0.04 0.00 0.35 -0.19 -0.73 0.00 0.17 0.05 -0.15 0.04 0.17 0.68 0.08 0.22 0.18 0.22 -0.19
300–380 1.87 ⇥ 10�3 1.73 1.80 2.50 0.56 1.12 -0.02 -0.11 -0.09 0.01 0.09 -0.07 -0.01 0.00 0.01 -0.01 0.00 0.01 -0.00 -0.03 -0.06 -0.00 0.06 0.01 -0.01 0.29 -0.18 -0.79 0.03 0.15 0.08 -0.13 -0.00 0.20 0.76 0.06 0.30 0.03 0.29 -0.20
380–500 6.20 ⇥ 10�4 2.42 1.71 2.96 0.63 1.03 0.00 -0.08 -0.10 0.04 0.14 -0.07 -0.00 0.01 0.01 -0.00 -0.00 -0.00 0.00 -0.06 -0.08 0.01 0.08 0.01 0.02 0.30 -0.26 -0.69 0.09 0.20 0.05 -0.13 0.05 0.16 0.59 0.06 0.36 0.03 0.39 -0.25
500–700 1.53 ⇥ 10�4 3.65 1.68 4.02 0.57 0.87 -0.08 -0.06 -0.14 0.04 0.15 0.01 0.02 0.01 -0.00 -0.01 0.01 0.03 0.00 -0.05 -0.05 0.03 0.17 0.04 0.12 0.02 -0.21 -0.56 0.10 0.03 0.01 0.06 -0.15 0.06 0.38 0.13 0.96 -0.09 0.35 -0.18

700–1000 2.66 ⇥ 10�5 6.98 1.85 7.22 1.02 0.73 -0.09 0.04 -0.13 0.07 0.17 0.03 0.03 0.03 0.00 -0.01 -0.01 0.02 0.01 -0.07 -0.07 0.05 0.17 -0.01 0.14 -0.15 -0.26 -0.44 0.23 0.08 0.06 0.13 -0.09 0.02 0.17 0.19 1.00 -0.17 0.50 -0.17
1000–1500 2.66 ⇥ 10�6 17.05 2.95 17.31 2.26 0.71 0.04 0.16 -0.01 0.06 0.33 0.10 0.08 0.05 -0.04 -0.00 -0.00 -0.01 -0.01 -0.15 -0.14 0.02 0.22 -0.08 0.16 -0.10 -0.49 -0.32 0.21 0.23 0.08 -0.17 0.01 -0.34 0.28 0.32 1.21 -0.03 0.69 -0.35

Table 2: The combined Born-level single-di↵erential cross section d�
dm``

. The measurements are listed together with the statistical (�stat), systematic (�sys) and
total (�tot) uncertainties. In addition the contributions from the individual correlated (�1cor-�35

cor) and uncorrelated (�unc) systematic error sources are also provided.
The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total uncertainties.
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~ 1 TeV measured at ~ 10%

Reach comparable with LEP ?

Statistically dominated error 

>> X-sec (at high mass) @ run-2

Run-2 will surpass LEP ?

Example: Neutral Drell—Yan  
                 at the 8 TeV LHC:
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High-Energy Drell—Yan

Two-parameters (Universal op.s) sensitivity projection: 

Neutral DY @ 8TeV Neutral and Charged @ (HL-)LHC

− W
4 m2

W
(DμWνρ)2 − Y

4 m2
W

(DμBνρ)2

[Farina, Panico, Pappadopulo, Ruderman, Torre AW, 2016]
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Accurate Experimental Measurements: 
in the right kin. ranges and of right observables


✦ Dedicated experimental analyses, careful systematics reduction

✦ Precision with hadronic objects would be game-changer

High-Energy Probes: What is Needed?
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High-Energy Probes: What is Needed?

Accurate Experimental Measurements: 
in the right kin. ranges and of right observables


✦ Dedicated experimental analyses, careful systematics reduction

✦ Precision with hadronic objects would be game-changer

Accurate Theoretical Predictions: 
in the right kin. ranges and of right observables


✦ NLO automated, NNLO~available, NLO EW~available at NLLog at least

✦ PDF uncertainties reduction


Without fitting NP away! [Carrazza, Degrande, Iranipour, Rojo, Ubiali, 2019; Greljo, Rojo, Ubiali et.al. 2021]

✦ Fast BSM predictions! (e.g., by re-weighting )
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High-Energy Probes: What is Needed?

Accurate Experimental Measurements: 
in the right kin. ranges and of right observables


✦ Dedicated experimental analyses, careful systematics reduction

✦ Precision with hadronic objects would be game-changer

Accurate Theoretical Predictions: 
in the right kin. ranges and of right observables


✦ NLO automated, NNLO~available, NLO EW~available at NLLog at least

✦ PDF uncertainties reduction


Without fitting NP away! [Carrazza, Degrande, Iranipour, Rojo, Ubiali, 2019; Greljo, Rojo, Ubiali et.al. 2021]

✦ Fast BSM predictions! (e.g., by re-weighting )

Growing-with-energy Targets:

✦ Pair up operators and final states

✦ Characterise effects, design analyses and observables

✦ Assess implications, Beyond Wilson C. reach tables!


Compare reach, assess EFT validity and assumptions, translate on models, …
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Fully-Differential High-Energy Drell—Yan: 
[Ricci, Torre, AW, 2021; Ricci, Panico, AW, 2021]


✦ BSM predictions at NLOQCD+PS, plus approx-NLOEW

✦ PDF unc. are largest; Sensitivity floor is well below

✦ All 7 growing-with-energy operators included (6 accessible)

✦ Feasible only because BSM predictions from event re-weighting

✦ Extended sensitivity, discovery and characterisation potential for Z’

High-Energy Probes: What is Needed?

Figure 2: 95% CL allowed regions for W and Y at the 14 TeV HL-LHC. The green and orange shaded
regions correspond to the bounds from charged and neutral DY, respectively, whereas the combined
bounds are given by the blue shaded regions. The fully-di↵erential analysis results are reported with
solid contours while the dashed contours represent the sensitivity of the single-di↵erential measurements.

thus expected to improve the determination of Y. It must be however noticed that the di↵erential
cross-section in the y ⇠ ymax and c⇤ ⇠ �1 corner is somewhat suppressed, and is an order of
magnitude smaller than in the c⇤ > 0 region. This means that a significant improvement in the
Y determination can be obtained only when a high number of signal events are collected, so
that the y ⇠ ymax and c⇤ ⇠ �1 region is su�ciently populated at high m``. To give an idea, at
the HL-LHC, out of ⇠ 12000 SM events with m`` > 1.1 TeV, only 210 events are expected in
the region with y/ymax > 0.4 and c⇤ < �0.6.

We show in Figure 2 the comparison of the projected exclusion reach on the W and Y
parameters obtained from a fit taking into account the fully-di↵erential distribution or the
single-di↵erential (invariant mass or transverse momentum for neutral and charged DY, respec-
tively) distributions. To obtain the bounds we considered the HL-LHC benchmark, with collider
energy 14 TeV and L = 3 ab�1 integrated luminosity, and we assumed that the experimental
measurements of the cross-section coincide with the SM predictions.7 The fit of the charged DY
process was obtained by considering a set of bins in the transverse momentum and rapidity of
the charged lepton, whose boundaries are

pT,` : {150, 180, 225, 300, 400, 550, 750, 1000, 1300, 7000} GeV , (11)

⌘l/⌘max : {0, 1/3, 2/3, 1} , (12)

where ⌘max is the minimum between the acceptance cut of 2.5 and the maximal kinematically
allowed rapidity arctanh[(1�4p2

T,`
/S)1/2]. For the neutral DY channel we instead used a binning

in m``, c⇤ and y, with boundaries

m`` : {300, 360, 450, 600, 800, 1100, 1500, 2000, 2600, 14000} GeV , (13)

c⇤ : {�1,�0.6,�0.2, 0.2, 0.6, 1} , (14)

y/ymax : {0, 0.2, 0.4, 0.6, 1} . (15)

7Results for the LHC run 3 benchmark are reported in Appendix C.

7

Figure 10: Single-parameter 95% reach on W (left) and on Y (right), with di↵erent integrated
luminosities and for di↵erent uncertainty configurations.

5 Conclusions

We have shown that the e↵ect of the most relevant dimension-6 operators (i.e., those that grow
quadratically with the energy at the interference level) can be incorporated in the high-energy
Drell–Yan predictions by analytic reweighting, up to the NLO accuracy in QCD and including
double and single log-enhanced EW corrections at one loop. Our method allows to compute the
dependence on the new physics parameters of the cross-section in any phase-space bin without
performing a scan on the parameters space. It can also generate events that include QCD and
QED showering e↵ects consistently, based on the POWHEG method.

Two operators in this set, associated with the W and Y parameters, are particularly inter-
esting because they are generated in universal new physics scenarios including Composite Higgs.
We thus focused on these operators for an illustration of the methodology, and performed LHC
(and HL-LHC) sensitivity projections. Our results confirm and strengthen the findings of ref. [1],
where less accurate predictions and systematic uncertainties estimates were employed. The ac-
curacy of our predictions for the new physics contribution to the cross-sections is found to be
totally adequate, and the associated uncertainties are negligible. The relevant uncertainties are
those on the SM term, and PDF are the dominant source. Theoretical uncertainties are under
control provided NNLO QCD predictions are employed for the SM term. One-loop EW radiative
corrections should also be included, possibly exactly rather than at the single-log order using our
strategy. The impact of two-loops EW logarithms on the reach has been found to be marginal,
also at the HL-LHC. Nevertheless, these terms could be included straightforwardly by analytic
reweighting.

Our work could be extended in two directions. First, by including all the relevant operators
in view of a global EFT fit. Second, by assessing the impact on the sensitivity of the angu-
lar distributions, to be studied in multi-di↵erential cross-section measurements. Our analytic
reweighting strategy will be crucial for these extensions as it allows to deal with a larger number
of parameters and of bins with limited extra computational e↵ort.

Acknowledgments:

We thank J. Ruderman, G. Panico, D. Pappadopulo and M. Farina for useful discussions and
for collaboration at the initial stage of this work. We are indebted with A. Vicini, E. Mergetti
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High-Energy Probes: What is Needed?
Fully-Differential High-Energy Drell—Yan: 

[Ricci, Torre, AW, 2021; Ricci, Panico, AW, 2021]

✦ BSM predictions at NLOQCD+PS, plus approx-NLOEW

✦ PDF unc. are largest; Sensitivity floor is well below

✦ All 7 growing-with-energy operators included (6 accessible)

✦ Feasible only because BSM predictions from event re-weighting

✦ Extended sensitivity, discovery and characterisation potential for Z’

]=

Figure 4: Allowed regions at 95% CL on the six coordinate planes along the four G±
E,O

coe�cients.
Solid contours correspond to the fully-di↵erential analysis, while the dashed ones are obtained with the
single-di↵erential measurements. The blue shaded regions include the full dependence on the Wilson
coe�cients in the cross-section, while only the linear terms are retained in the orange shaded regions.

A strong improvement is instead found in the sensitivity to G+
O
, as anticipated. The bound

from the full fit (i.e. including both the linear and quadratic dependence on the Wilson coe�cient
in the cross-section) improves roughly by a factor of 3. The improvement in the linearized fit
is even more dramatic, since G+

O
does not contribute to the invariant mass distribution at the

linear level up to small e↵ects, as previously discussed. Correspondingly, an approximate flat
direction is present for G+

O
(see for instance the middle plot on the top row of Figure 4) in the

single-di↵erential linearized contour. The fully-di↵erential analysis is instead strongly sensitive
to G+

O
at the linear level and the linearized and the full fit agree very well.

The impact of the fully-di↵erential analysis on the G�
E
and G�

O
parameters follows a slightly

di↵erent pattern. In the full fit a mild improvement of the bounds, of order 15%, is found.
The results, however, change drastically at the linearized level. In this case the fully-di↵erential
analysis is able to significantly improve the constraints on both parameters (see for instance the
middle plot on the second row of Figure 4).

The profiled bounds reported in Table 2 are more di�cult to interpret. They significantly
di↵er from the single operator ones, signaling the presence of non-negligible correlations among
the various parameters. We notice that for many parameters the fully-di↵erential analysis
improves the profiled bound more than the single-operator one. This pattern is particularly
visible for the eG(3)

lq
, G+

E
and G�

E
parameters, and, to a lesser degree, for G+

O
and G�

O
. The origin

of this behavior can be traced back to the reduction of flat directions in the fully-di↵erential fit,
which helps in reducing the correlations among the various Wilson coe�cients.

For completeness, we report in Table 3 the bounds on the four-fermion operators in the
Warsaw basis. In this basis we find that G(3)

lq
is expected to be determined with much higher

precision than the other parameters. Moreover its determination is only mildly a↵ected by
profiling, di↵erently from the bounds on the other coe�cients that significantly degrade in the

11
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High-Energy Probes: What is Needed?

Figure 7: HL-LHC 95% CL (1 d.o.f) exclusion reach in the mass/coupling plane for three di↵erent
Z 0 benchmark models, namely gBL = 0, gBL = �gY and gBL = gY . The blue shaded region can be
excluded through the fully-di↵erential di-lepton DY analysis, while the orange one can be probed with
the invariant-mass fit. The green shaded region corresponds to the exclusion from direct searches.

coe�cient cancels. The fully-di↵erential analysis linearized contour is instead quite close to the
full fit thanks to the improved sensitivity to G+

O
at the linear level.

In the left panel of Figure 6 we also compare our result with existing EWPT constraints,
extracted from Ref. [35]. With the fully-di↵erential analysis, the progress of the HL-LHC is of a
factor around 3 in g/M in most of the directions in the (gY /M, gBL/M) plane, which corresponds
to an improvement of one order of magnitude in the sensitivity to the Wilson coe�cients that
scale like (g/M)2. Furthermore, notice that the EWPT bounds in the figure are based on actual
experimental measurements whose central value, while compatible with the SM, disfavors the
Z 0 model. This is easily verified in the direction gBL = 0, where integrating out the Z 0 produces
only the O

0
2B operator with negative coe�cient, that corresponds to a positive Y parameter.

The central value of Y measured at LEP is instead negative (see e.g. Ref. [2]) making the EWPT
exclusion on the model stronger. Our HL-LHC projections assume instead a central value at the
SM point. Depending on the sign of central value that will be eventually observed the actual
sensitivity to the model could be stronger or weaker than the projection.

We turn now to the comparison of our findings with the projected HL-LHC sensitivity for
direct searches of the Z 0 particle, which are most e↵ectively performed in the dilepton final
state. The exclusion on the resonant production cross-section times branching ratio is obtained
from the projections in Ref. [36], slightly improved to take into account the more recent and
refined results in Ref. [37]. The Z 0 production cross-section is obtained by two MadGraph [38]
simulations (at each Z 0 mass) with the Z 0 coupling only to up- or to down-type quarks, rescaled
based on the analytical calculation of these couplings as a function of gY and gBL. The branching
ratio is also computed analytically. The results are reported in Figure 7, in the mass/coupling
plane for three benchmark models (gY = g⇤, gBL = 0), (gY = g⇤/

p
2, gBL = �g⇤/

p
2) and

(gY = g⇤/
p
2, gBL = g⇤/

p
2). Notice that the plot extends up to the maximal g⇤ coupling for

which, depending on the model, the width over mass ratio �/M of the Z 0 is reasonably small
(< 0.3) enabling a perturbative treatment. The indirect reach from our analyses, and from
EWPT, is also reported in the plots. We find a substantial improvement of the mass reach for
relatively large g⇤, up to around 30 TeV in the first and in the second benchmark model. Finally,
in the right panel of Figure 6 we compare direct and indirect searches in the (gY , gBL) plane at a
fixed mass M = 7 TeV, slightly below the threshold of around 8 TeV after which direct searches
become ine↵ective. The direction gBL = �gY is di�cult to probe also directly, as anticipated.
The sensitivity improvement of the fully-di↵erential analysis along this direction is significant.

17

Fully-Differential High-Energy Drell—Yan: 
[Ricci, Torre, AW, 2021; Ricci, Panico, AW, 2021]


✦ BSM predictions at NLOQCD+PS, plus approx-NLOEW

✦ PDF unc. are largest; Sensitivity floor is well below

✦ All 7 growing-with-energy operators included (6 accessible)

✦ Feasible only because BSM predictions from event re-weighting

✦ Extended sensitivity, discovery and characterisation potential for Z’
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Fully-Differential High-Energy Drell—Yan: 
[Ricci, Torre, AW, 2021; Ricci, Panico, AW, 2021]


✦ BSM predictions at NLOQCD+PS, plus approx-NLOEW

✦ PDF unc. are largest; Sensitivity floor is well below

✦ All 7 growing-with-energy operators included (6 accessible)

✦ Feasible only because BSM predictions from event re-weighting

✦ Extended sensitivity, discovery and characterisation potential for Z’

High-Energy Probes: What is Needed?

Figure 8: Left panel: 5� discovery reach for HL-LHC and 95% CL EWPT exclusions. Right panel: 95%
CL likelihood contours assuming the presence of a Z 0 with gBL/M = 0.12 TeV�1 in the measurements.

Discovery and characterization

High-energy measurements have the potential to discover the Z 0. This is shown on the left panel
of Figure 8 by comparing the HL-LHC 5� discovery reach with the current exclusion bound
from EWPT in the (gY /M, gBL/M) plane. For M of several TeV or more, direct searches are
ine↵ective and high-energy measurements will provide the only evidence for the existence of the
Z 0. While “indirect”, i.e. not based on the detection of a resonant peak, this evidence would be a
conclusive and convincing proof of the existence of new physics thanks to the peculiar behavior
(growing with energy) of the observed signal and to the possibility of getting confirmations on
its nature by the study of angular distributions. The fully-di↵erential analysis would clearly
play a major role in this context, on top of course of enabling the discovery itself in a larger
region of the parameter space.

We illustrate the benefits of the fully-di↵erential analysis for the characterization of a putative
signal by picking up a point (gBL/M = 0.12 TeV�1 and gY = 0) which is discoverable at the
HL-LHC, but close enough to the boundary of the discovery region to make characterization
more di�cult. We assume the presence of the corresponding signal in the data and we obtain
the 95% CL likelihood contours on the right panel of Figure 8. A simple question related to
characterization is whether we can establish that the underlying Z 0 couples to the B�L current,
rather than for instance to the hypercharge current. The figure shows that this is possible only
with the fully-di↵erential analysis.

4 Conclusions

We studied the potential of fully-di↵erential DY measurements to probe the seven flavor-
universal current-current operators listed in Table 1. We found (see Table 2) that five directions
in this parameter space can be probed e↵ectively at the linear interference level with the fully-
di↵erential analysis, while with single-di↵erential measurements this is possible for only two
directions. At the HL-LHC, the strongest single-parameter sensitivity improvement, by a factor
of 3, is for the parameter G+

O
because of the reasons explained in Section 2.1. Improvements

in the ballpark of 30% or 10% are observed for the other single-parameter bounds. The im-
provement is significantly more pronounced for the profiled bounds, owing to the reduction of
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High-Energy DiBosons

Next-to-Simplest EW process 
still, quite some work has been and will be needed …
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High-Energy DiBosons

Next-to-Simplest EW process 
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Discussion

Considering only the SM-BSM interference term, we
find the per-mille level bounds,

g
h

Zp 2 [�0.003, 0.003] (300 fb�1)

g
h

Zp 2 [�0.001, 0.001] (3000 fb�1). (11)

Using Eq. (10) the above bounds can be translated to
a lower bound on the scale of new physics given by 2.4
TeV (4.4 TeV) at 300 fb�1 (3000 fb�1). One can now
compare the above projections with existing LEP bounds
by turning on the LEP observables contributing to g

h

Zp in
Eq. (8) one by one. This is equivalent to assuming that
there are no large cancellations in Eq. (8) so that each
individual term is bounded by Eq. (11). The results are
shown in Tab. IV. We see that our projections are much
stronger than the LEP bounds for the TGCs �g

Z

1 and
�� and comparable in the case of the Z-pole observables
�g

Z

f
, that parametrize the deviations of the Z coupling

to quarks.
For the universal case, the EFT directions presented in

Table II can be visualized in the ��� Ŝ vs. �gZ1 plane as
shown in Fig. 2 for the interesting class of models where
W = Y = 0 [18]. The flat direction related to the pp !

LEP

WZ

Zh
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FIG. 2: We show in light blue (dark blue) the projection
for the allowed region with 300 fb�1 (3 ab�1) data from the
pp ! Zh process for universal models in the �� � Ŝ vs �g

Z

1

plane. The allowed region after LEP bounds are imposed is
shown in grey. The pink (dark pink) region corresponds to the
projection from the WZ process with 300 fb�1 (3 ab�1) data
derived in Ref. [18] and the purple (green) region shows the
region that survives after our projection from the Zh process
is combined with the above WZ projections with 300 fb�1 (3
ab�1) data.

Zh interference term, i.e., gh
Zp = 0, Eq. (7), is shown by

the dashed blue line, where the direction g
h

Zp is now given
by the second line of Eq. (8). The grey shaded area shows
the allowed region after the LEP II bounds [53] from the
e
+
e
�

! W
+
W

� process are imposed. The results of
this work are shown in blue (light (dark) blue for results
at 300 (3000) fb�1). To understand the shape of the
blue bands, note that along the dashed line, the SM-BSM
interference term vanishes. If the interference was the
only dominant e↵ect, the projected allowed region would
be a band along this direction. The BSM squared term
thus plays a role in determining the shape of the blue
region. To the left of the dashed blue line, the squared
and the interference terms have the same sign while there
is a partial cancellation between these two terms on the
right hand side of the dashed line. This results in the
curvature of the blue band with stronger bounds to the
left of the dashed line and weaker bounds to its right.
We see that, as we move further from the origin, the

e↵ect of the squared term becomes more pronounced.
This is expected, as along the dashed line, the interfer-
ence term is accidentally zero, even for energies below
the cut-o↵, and thus, the parametrically sub-dominant
squared term is larger. To achieve a partial cancellation
between these two terms one needs to deviate more and
more from the dashed line. While EFT validity has been
carefully imposed to derive our bounds, the fact that the
interference term vanishes along the flat direction and
the squared term becomes important, does imply that for
weakly coupled UV completions our bounds are suscep-
tible to O(1) dimension 8 deformations in this direction.
In the orthogonal direction shown by the dotted line, on
the other hand, our projections are more robust and not
sensitive to such e↵ects.
As we have emphasized already, V V production con-

strains the same set of operators as the V h production.
In Fig. 2, we also show the projected bound from the
WZ process at 300 fb�1 obtained in Ref. [18]. When
both these bounds are combined, only the purple region
remains. At 3000 fb�1, this region shrinks further to
the green region shown in Fig. 2. Thus, we see a dras-
tic reduction in the allowed LEP region is possible by
investigating pp ! Zh at high energies.

Conclusions

As hints for new physics beyond the SM remain elusive
with the LHC entering a new energy territory, model-
independent approaches based on the assumption of no
additional light propagating degrees of freedom are gain-
ing ground. The power of e↵ective field theory is that the-
oretical correlations between independent measurements
can be exploited to formulate tight constraints on the
presence of new physics, solely based on the SM symme-
tries and matter content.

LHC vs LEP (Univ. Th.)
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

UV model, the amplitude growth can be smoothly saturated at that scale, or display a reso-

nant peak one could more e↵ectively see by dedicated resonance searches. In no case it will

display the growing with energy behavior predicted by the EFT, making our search strategy

ine↵ective. Accurate experimental measurements that are sensitive to relatively small BSM

e↵ects, still performed at high energy such as to exploit the enhancement as much as possible,

are needed in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in

3
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

UV model, the amplitude growth can be smoothly saturated at that scale, or display a reso-

nant peak one could more e↵ectively see by dedicated resonance searches. In no case it will

display the growing with energy behavior predicted by the EFT, making our search strategy

ine↵ective. Accurate experimental measurements that are sensitive to relatively small BSM

e↵ects, still performed at high energy such as to exploit the enhancement as much as possible,

are needed in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in

3

a(3)q =

Strongly-coupled quarks 
(and Higgs)

=
16⇡2

M2
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

UV model, the amplitude growth can be smoothly saturated at that scale, or display a reso-

nant peak one could more e↵ectively see by dedicated resonance searches. In no case it will

display the growing with energy behavior predicted by the EFT, making our search strategy

ine↵ective. Accurate experimental measurements that are sensitive to relatively small BSM

e↵ects, still performed at high energy such as to exploit the enhancement as much as possible,

are needed in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in

3

a(3)q =

Strongly-coupled quarks 
(and Higgs)

=
16⇡2

M2

Weakly-coupled quarks, 
strongly coupled gauge

=
4⇡ gW
M2

a(3)q =

EFT Validity
Which UV theories are we probing? 


EFTs have finite upper energy cutoff of validity   

28



��� ��� �
���

�% �����

�% �����

���% �����

�% �����

��% �����

����

������ ���

����� ������

�� ��� ���/��
�� ��� �/��

��� ��� � � �

����
����

����
�

�
��

� ≃ ���
��� [���]

� �(
�)

[�
��

-
� ]

Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

UV model, the amplitude growth can be smoothly saturated at that scale, or display a reso-

nant peak one could more e↵ectively see by dedicated resonance searches. In no case it will

display the growing with energy behavior predicted by the EFT, making our search strategy

ine↵ective. Accurate experimental measurements that are sensitive to relatively small BSM

e↵ects, still performed at high energy such as to exploit the enhancement as much as possible,

are needed in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in

3

a(3)q =

Strongly-coupled quarks 
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

UV model, the amplitude growth can be smoothly saturated at that scale, or display a reso-

nant peak one could more e↵ectively see by dedicated resonance searches. In no case it will

display the growing with energy behavior predicted by the EFT, making our search strategy

ine↵ective. Accurate experimental measurements that are sensitive to relatively small BSM

e↵ects, still performed at high energy such as to exploit the enhancement as much as possible,

are needed in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in

3
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

UV model, the amplitude growth can be smoothly saturated at that scale, or display a reso-

nant peak one could more e↵ectively see by dedicated resonance searches. In no case it will

display the growing with energy behavior predicted by the EFT, making our search strategy

ine↵ective. Accurate experimental measurements that are sensitive to relatively small BSM

e↵ects, still performed at high energy such as to exploit the enhancement as much as possible,

are needed in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in

3
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High-Energy DiBosons

Transverse DiBosons:

✦ Targets are F3 operators; issue with helicity mismatch

✦ Must measure plane (rather than circular) polarizations


[Panico, Riva, AW, 2017]

✦ Great perspectives for multivariate analyses with novel ML techniques

r̂ goes in the positive x direction or, equivalently, such
that the y axis (for left-handed orientation of the x-y-z
system) is parallel to the cross-product between the V

1

direction and r̂. For a 2 ! 2 production process, r̂ coin-
cides with the collision axis, oriented in the direction of
the parton that carried the larger energy in the lab frame.
In the special frame the collision thus occurs in a rather
special configuration, where the initial states move in the
x-z plane while the intermediate bosons happen to be pro-
duced exactly parallel to the z-axis.

x

z

y

r̂

V1

V2

f 2
+

f 1
+

f 1
�

f 2
�

✓1✓2

'2

'1

⇥

Figure 1: Definition of the decay angles for the diboson system.

The reader might be confused by the fact that the spe-
cial reference system depends on the kinematical configu-
ration of the event, i.e. di↵erent systems are employed for
the calculation of the amplitude at di↵erent phase-space
points. The amplitude obtained in this way does not in-
deed coincide with the one evaluated directly in the lab
frame. To obtain the latter out of the former one has to
act with the phase-space dependent Lorentz transforma-
tion that connects the special frame with the lab, introduc-
ing in this way an additional and complicated dependence
on the kinematical variables. However the physical exter-
nal states of the process are the massless helicity eigenstate
fermions, and Lorentz transformations act as multiplica-
tive phase factors on massless states helicity amplitudes.
Therefore this additional dependence on the kinematics
drops from the amplitude modulus square and is unobserv-
able. Stated di↵erently, the amplitude for each kinemati-
cal configuration corresponds to one individual quantum-
mechanically distinguishable process. As such, each one
can be safely computed in its own frame.

In the special frame the amplitude reads

A / g1g2

X

h1,2

Ah1h2e
ih1'1e

ih2'2dh1(✓1)dh2(✓2) , (1)

where g1(2) are the couplings responsible for the V
1(2) de-

cays and Ah1h2 denotes the amplitude for the produc-
tion of on-shell vector bosons with helicities h1 and h2,
evaluated in the special frame. Normalizations and '1,2-
dependent overall phases, that will drop from the ampli-
tude modulus square, have been absorbed in the propor-
tionality factor. The above equation relies on the narrow-
width approximation for the decaying bosons only to the

extent to which it ignores possible Feynman diagrams where
the fermion pairs do not originate from the virtual vector
bosons, and by the fact that the “hard” amplitude Ah1h2 is
computed with exactly on-shell bosons. Its validity does
not require the fermion pairs invariant masses being ex-
actly equal to the pole mass of the corresponding bosons,
though the amplitude is peaked around this configuration,
because of the usual Breit-Wigner factors that we reab-
sorbed in the normalization factor.

The variables ✓1(2) 2 [0,⇡] are the polar decay angles of
each boson in its rest frame, oriented in the direction that
goes from the 3-momentum of the V

1(2) boson to the one

of the right-handed fermion f
1(2)
+ produced in its decay. In

the special frame they are obtained from the rapidities ⌘

of the final state fermions by the relations

cos ✓1 = tanh
⌘
s(f1

+)� ⌘
s(f1

�)

2
,

cos ✓2 = tanh
⌘
s(f2

�)� ⌘
s(f2

+)

2
, (2)

where the “ s ” subscript denotes spacial frame quantities.
The azimuthal variables '1(2) 2 [0, 2⇡] are defined in the
center of mass frame of the diboson system (see fig. 1) as
the angles between the decay plane of each boson and the
x-z plane of the special coordinate system. The orienta-
tion of the decay plane is taken in the direction that goes

from V
1(2) to f

1(2)
+ . In the special frame, '1(2) are simply

the azimuthal angles � of the final state fermions. More
precisely

'1 = �
s(f1

+) = �
s(f1

�) + ⇡ ,

'2 = ⇡ � �
s(f2

+) = ��
s(f2

�) , (3)

modulo 2⇡. Notice that our seemingly asymmetric defi-
nition of the decay angles for the two bosons is actually
what is needed to describe their decay symmetrically in
their own rest frames. Indeed it produces 1 $ 2 symmet-
rical angular factors in eq. (1).

With these definitions, eq. (1) is easily obtained by
direct calculation or by applying the Jacob–Wick partial
wave decomposition formula [20] to the case of a J = 1,
m = h particle decaying to two particles with helicity dif-
ference � = �1 � �2 = +1.1 Partial wave decomposition
determines the '1(2)-dependent phase factors in eq. (1) (up
to the previously mentioned overall phases) and gives us
dh(✓) equal to the d

J
m,� Wigner function, i.e.

d±1(✓) =
1± cos ✓

2
, d0(✓) =

sin ✓
p
2

. (4)

Our azimuthal angles '1(2) are similar to those defined
in Higgs to 4 leptons decay analyses [22, 23]. There is how-
ever one important di↵erence, namely the fact that their

1The result does depend on conventions in the definition of the
vector boson polarization vectors: di↵erent definitions can produce
phases in the vector boson decay amplitudes, that compensate for
the extra phases that will emerge from the diboson amplitude calcu-
lation. The standard HELAS conventions [21] are employed here.
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Figure 15: Best-fit values of C3W and corresponding 95% CL confidence intervals as a function
of the maximum p

g
T bin included in the fit (left). Measurement with and without the pure BSM

term are given by the black and red lines, respectively. The limits without the pure BSM term
given with and without the binning in |f f | are also shown (right), with black and blue lines,
respectively. The black lines in both figures correspond to the same limits.

The resulting cross section measurements are given in Fig. 17 and Table 11. The measured val-
ues are compared to the prediction from the NLO MG5 aMC+PY8 simulation. The correlation
matrix is also given in Fig. 18. Unlike in the 1D p

g
T cross section the correlations between differ-

ent p
g
T bins are relatively small, as these measurements at high p

g
T are much more dominated

by statistical uncertainties. For a given p
g
T bin the (anti-)correlation between |f f | bins is larger,

due to the migration in the response matrix discussed previously.

10 Summary
This note has presented an analysis of W±g production in

p
s = 13 TeV proton-proton col-

lisions using 137 fb�1 of data recorded by the CMS detector at the CERN LHC. Differential
and fiducial cross sections have been measured for several observables and compared to stan-
dard model predictions computed at next-to-leading order and next-to-next-to-leading order
in perturbative quantum chromodynamics. Constraints on the presence of heavy new physics
affecting the WWg vertex have been determined using an effective field theory framework. A
novel two-dimensional approach is utilized with the simultaneous measurement of the pho-
ton transverse momentum and the azimuthal angle of the charged lepton in a special reference
frame. This yields sensitivity to the interference between the standard model and the O3W op-
erator that is enhanced by up to a factor of ten compared to a measurement using the transverse
momentum alone.
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High-Energy DiBosons

Transverse DiBosons:

✦ Targets are F3 operators; issue with helicity mismatch

✦ Must measure plane (rather than circular) polarizations


[Panico, Riva, AW, 2017]

✦ Great perspectives for multivariate analyses with novel ML techniques

[Chen, Glioti, Panico, AW, 2020] J
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Figure 3. Expected exclusion reach on G(3)
ϕq (left) and onGW (right) with the various methodologies

described in the text. The results are also reported in table 1.

probably due to the appearance of same-helicity SM transverse amplitudes (see section 3.2)
and of the corresponding interference term for the OW operators.

Notice few minor differences in the implementation of the Quadratic Classifier and
of the Binned Analysis at NLO. The Quadratic Classifier now also employs the variable
pT,ZW, as discussed in section 3. The Binned Analysis for G(3)

ϕq employs pT,ZW as well,
through a cut pT,ZW/pT,V < 0.5. This improves the reach [40] because it helps recovering
(partially) the background suppression due to the zero of the transverse amplitudes in the
central region.

6 Neural Network implementation and validation

The strategies described in section 2 were implemented in Pytorch [62] and run on NVIDIA
GeForce GTX 1070 graphics card. Fully connected feedforward deep Neural Networks were
employed, acting on the features vector

x = {s, Θ, θW , θZ , pT,ZW, pT,Z, sinϕW , cosϕW , sinϕZ , cosϕZ} , (6.1)

for a total of 10 features. Each feature is standardized with a linear transformation to
have zero mean and unit variance on the training sample. For the Quadratic Classifier
training, the Wilson coefficient employed in the parametrization (2.12) were scaled to have
unit variance on the training sample. Employing the redundant variables (i.e., pT,Z, and
the cosines and sines of ϕW,Z) is helpful for the performances, especially the angular ones,
which enforce the periodicity of the azimuthal angular variables. The “baseline” results
presented in figures 2, 3 and in table 1 were all obtained with the features vector above
and employing a total of 6 million training Monte Carlo points for each of the two Wilson
coefficients. Training was always performed with a single batch (which was found to perform
better in all cases), even if in practice the gradients calculation was split in mini-batches of
100k points in order to avoid saturating the memory of the GPU. Apart from these common
aspects, the optimization of the Neural Network design and of the training strategy is rather
different for the Quadratic and for the Standard Classifier methods. They are thus discussed
separately in what follows.
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Figure 8: Schematic neural network architectures for point-by-point (top), agnostic parameterized
(middle), and morphing-aware parameterized (bottom) estimators. Solid lines denote dependencies

with learnable weights, dashed lines show fixed functional dependencies.

 [Brehmer, Kling, Espejo Cranmer (MadMiner),2019 ]

… 


[Brehmer, Dawson, Homiller, Kling, Plehn, 2019]

…
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Conclusions

 The BSM Precision Program

Needs dedicated EXP/QCD/PDF/BSM work

EFT useful models’ “container”. Connects low with high-energy probes

Inside, there are models waiting to be discovered

 Work in Progress!

We will not be sure of syst. until measurements out (DY is taking 3 yrs!)

Are existing calculations/PDF really sufficient in relevant kin. regimes?

Many more channels to be considered (HZ done, had.V?, WW?, top?)


[for a still incomplete list, see Henning, Lombardo, Riembau, Riva, 2018]

 Going Multivariate?

There might be much to gain compared to diff. XS measurements.

Requires dedicated analyses, refined statistical tools, challenging  
assessment of systematics, and/or Neural Networks… that’s great!

 Great physics ahead of us

20 years might be just enough time
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Thank You!
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Our questions to the Audience

 Which EFT?

Is linear d=6 EFT a good minimal target?

 Precision bottlenecks

PDF@1%?, M.C.@1%?, … and?

 EXP/TH Integration is needed

HowTo?

 The Flavour interplay

flavour assumptions incorporating bounds and anomalies

36


	GGI-tea-maltoni-delivered
	talk_wulzer copy

