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NEW PHENO CHALLENGES AT THE LHC PRECISION FRONTIER

‣ Lecture I:  
“LHC Run III and the precision frontier” 

‣ Lecture II: 
“New frontiers in the determination of the proton structure” 

‣ Lecture III: 
“Hints for new physics from precision physics”
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AIM: GIVE A PERSONAL PERSPECTIVE ABOUT WHAT I IDENTIFY AS MOST EXCITING CHALLENGES 
THAT MODERN COLLIDER PHENOMENOLOGY FACES. 

DISCLAIMER: IMPOSSIBLE TO GO INTO ALL DETAILS THAT TOPICS DESERVE  
NOR TO COVER ALL RELEVANT TOPICS.



OUTLINE
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• The hunt for new physics at the LHC 

• Direct searches 

➡ Current status 

➡ Looking for a broader Higgs sector 

➡ How QCD helps searches  

• Indirect searches 

➡  The SMEFT framework 

➡  Need for simultaneous fits 

• Conclusions and outlook



THE HUNT FOR 
NEW PHYSICS 
AT THE LHC

I.



MANY FASCINATING OPEN QUESTIONS
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Degrassi et al, 2012

Higgs Boson

Hierarchy problem: 
Huge gap between EW scale (102 GeV) and Planck scale (1019 GeV)

Elementary or composite?  
Additional Higgs bosons?

Is the vacuum of the universe stable?
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Dark Matter

Weakly-interacting massive particle?
Sterile neutrino?
Extremely light particle (axion)?
Alternative explanations?

Interaction with SM?
Self-interacting?

Higgs Boson

Hierarchy problem: 
Huge gap between EW scale (102 GeV) and Planck scale (1019 GeV)

Elementary or composite?  
Additional Higgs bosons?

Is the vacuum of the universe stable?
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Flavour anomaly and (g-2) muon

Origin of matter-antimatter 
asymmetry in the Universe?

Are neutrinos Majorana or Dirac 
fermions?

Quarks and leptons

Super-Kamiokande observation of neutrino oscillations, 2004

Higgs Boson

Hierarchy problem: 
Huge gap between EW scale (102 GeV) and Planck scale (1019 GeV)

Elementary or composite?  
Additional Higgs bosons?

Is the vacuum of the universe stable?

Dark Matter

Weakly-interacting massive particle?
Sterile neutrino?
Extremely light particle (axion)?
Alternative explanations?

Interaction with SM?
Self-interacting?
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Higgs Boson

Hierarchy problem: 
Huge gap between EW scale (102 GeV) and Planck scale (1019 GeV)

Elementary or composite?  
Additional Higgs bosons?

Is the vacuum of the universe stable?

LHCb latest results, Moriond 2021

Flavour anomaly and (g-2) muon

Origin of matter-antimatter 
asymmetry in the Universe?

Are neutrinos Majorana or Dirac 
fermions?

Quarks and leptons

3.1𝞂 tension with SM

Dark Matter

Weakly-interacting massive particle?
Sterile neutrino?
Extremely light particle (axion)?
Alternative explanations?

Interaction with SM?
Self-interacting?
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Higgs Boson

Hierarchy problem: 
Huge gap between EW scale (102 GeV) and Planck scale (1019 GeV)

Elementary or composite?  
Additional Higgs bosons?

Is the vacuum of the universe stable?

R. Postel, Fermilab/Muon g-s collaboration

Flavour anomaly and (g-2) muon

Origin of matter-antimatter 
asymmetry in the Universe?

Are neutrinos Majorana or Dirac 
fermions?

Quarks and leptons

4.2𝞂 tension with SM

Dark Matter

Weakly-interacting massive particle?
Sterile neutrino?
Extremely light particle (axion)?
Alternative explanations?

Interaction with SM?
Self-interacting?



ROLE OF PRECISION IN THE HUNT FOR NEW PHYSICS AT THE LHC
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102 : EW SCALE

1019 : PLANK SCALE
GeV

L
H
C

Direct detection  
(resonance peaks) 
precision required to  
characterise NP

• Precision physics not only motivated by need of matching experimental precision  
• Precision physics is key ingredient in the quest for new physics
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102 : EW SCALE

1019 : PLANK SCALE
GeV

L
H
C

Indirect detection 
(deviations in tails)  
precision essential to  
spot deviations from  
SM predictions

𝜦

ROLE OF PRECISION IN THE HUNT FOR NEW PHYSICS AT THE LHC
• Precision physics not only motivated by need of matching experimental precision  
• Precision physics is key ingredient in the quest for new physics



DIRECT 
SEARCHESII.



SEARCH STRATEGIES

• With a collider that is reaching 
unexplored energy scales, 
searches for new physics should 
aim at being sensitive to the 
highest possible energy scale 
and no stone should be left 
unturned. 

• LHC strategy: look for New 
Physics by covering the widest 
range of theoretically or 
experimentally motivated 
searches
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DIRECT SEARCHES FOR A BROADER HIGGS SECTOR

• The Higgs provides a privileged searching ground. 
It has just been discovered. Some of its properties 
are either just been measured or completely 
unknown. A plethora of production and decay 
modes available. 

• First “elementary” scalar ever : carrier of a new 
Yukawa force, whose effects still need to be 
measured.  

• Several motivations to have a reacher scalar sector 
with more doublets or higher representations ⟹  
Higgs might be the first of many new scalar states. 
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• The Higgs provides a privileged searching ground. 
It has just been discovered. Some of its properties 
are either just been measured or completely 
unknown. A plethora of production and decay 
modes available. 

• First “elementary” scalar ever : carrier of a new 
Yukawa force, whose effects still need to be 
measured.  

• Several motivations to have a reacher scalar sector 
with more doublets or higher representations ⟹  
Higgs might be the first of many new scalar states.  

• 2HDM simplest extension of SM Higgs sector two 
Higgs doublets, leading to five physical scalar 
Higgs bosons.  

• Simplified model that embeds several specific 
models (like MSSM)
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• Observing a charged Higgs would be unmistakable sign of a broader Higgs sector
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DIRECT SEARCHES FOR A BROADER HIGGS SECTOR



A FULLY AUTOMATED SIMULATION CHAIN… 

Idea

Lagrangian

FeynRules//Sarah

ME Generator

Signal & Bkg

Events

PS+Had

Delphes/Sim

Data

HOW PRECISE QCD CALCULATIONS ARE AND 
HAVE BEEN KEY TO IMPROVE EXCLUSION 

REGIONS IN DIRECT SEARCHES

Complete automated NLO 
calculations available, including 
merging with  the parton shower in 
multi-jet final states, for SM as well 
as for BSM physics. 

TH

EXP
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… TO SEARCH FOR CHARGED HIGGS

INTERMEDIATE 
RANGE, mH± ~ mt

LIGHT HIGGS
mH± < mt

HEAVY HIGGS
mH± > mt

Large theoretical uncertainties due 
to ambiguity in choice of schemes

5F scheme4F scheme Vs

Charged Higgs main production mechanisms at the LHC:

No searches in Run I 
due to lack of 
complex mass 
scheme calculation 
for resonant tops

Precise predictions 
known for some time

STATUS IN 2015
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HEAVY CHARGED HIGGS

✘ It does not resum possibly large  
log(Q/mb), yet it has them explicitly  
✘ Computing higher orders is more 
involved 
✔ Mass effects are there at any order  
✔ Straightforward implementation in 
MC event generators at LO and NLO 

✔ It resums initial state large logs into  
b-PDFs leading to more stable 
predictions 
✔ Computing higher orders is easier 
✘ pT of bottom enters at higher orders  
✘ Implementation in MC depends on 
the gluon splitting model in the PS

4FS 5FS

↵S(ŝ) log
ŝ

m2
b

' 1
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HEAVY CHARGED HIGGS

≈(mH+ + mt )/5

• For total cross section a matching of state-of-
the-art 4FS and 5FS calculations performed 
  Flechl, Klees, Kramer, Spira, MU,  Phys.Rev. D91 (2015)  

• All sources of uncertainties included (PDFs, 
mb, αs, scales, yb) and scale settings for the 5FS 
motivated by kinematical study in 
   Maltoni, Ridolfi, MU, JHEP 1207 (2012) 022

 For inclusive xsec, where 
resummation nor b-quark mass 
effects are essential, 4FS and 5FS 
pictures are not too different, once 
judicious scales are chosen

4FS versus 5FS 
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HEAVY CHARGED HIGGS

CMS-CR-2018-389 

‣  To compare signal shapes with 
respect measured distributions, 
need fully differential predictions 

‣  Until 2015, MC@NLO [Weydert et al, 

Eur.Phys.J. C67 (2010)] and POWHEG 
[Klasen et al, Eur.Phys.J. C72 (2012)] only 
available in the 5FS and differences 
between 4FS (leading order 
MG5_aMCatNLO + K-factor) and 
5FS was big source of systematic 
uncertainty in charged Higgs 
searches
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HEAVY CHARGED HIGGS

MadGraph

 MC@NLOCutTools

FKS 
MadGraph5_aM

C@NLO

Alwall, Frederix, Frixione, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Hirschi, Zaro arXiv:1405.0301

Implementation of 2HDM and charged Higgs production in the 4FS and 5FS schemes   in 
the automatic framework provided by MadGraph5_aMC@NLO 
Degrande, MU, Wiesemann, Zaro JHEP 1510 (2015)

‣ NLO results: FKS method for IR 
subtraction and OPP integral-
reduction procedure for one-loop 
matrix elements 

‣ NLO+PS: MC@NLO method 
‣ Scale and PDF uncertainties 

included 
‣ Models resulting into a set of rules 

(UFO) are now generated 
automatically [C.Degrande 1406.3030] 

‣ R2 and UV counter-terms 
automatically generated. Tested 
and validated in the 2HDM case

Illustration by M. Zaro
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HEAVY CHARGED HIGGS

� 
pe

r b
in

H-bt production at the 13 TeV LHC
LO,NLO+Pythia8, F=4
mH-=200 GeV, tan�=8

5FS yb
2, NLO

5FS yt
2 (x0.1), NLO
4FS yb

2, NLO
4FS yt

2 (x0.1), NLO
5FS yb

2, LO (x0.5)
5FS yt

2 (x0.05), LO
4FS yb

2, LO (x0.5)
4FS yt

2 (x0.05), LO

10-6

10-5

10-4

10-3

10-2

10-1

Ma
dG
ra

ph
5_
aM
C@

NL
O

 0.6
 0.8

 1 yb
2: Ratio over 5FS, NLO

 0.6
 0.8

 1 yt
2: Ratio over 5FS, NLO

pT(t) [GeV]

 0.5

 1

 1.5

 0  100  200  300  400  500

NLO/LO K-factor

� 
pe

r b
in

H-bt production at the 13 TeV LHC
LO,NLO+Pythia8, F=4
mH-=200 GeV, tan�=8

anti-kT R=0.4 pT>25GeV
|�|<2.5

5FS yb
2, NLO

5FS yt
2 (x0.1), NLO
4FS yb

2, NLO
4FS yt

2 (x0.1), NLO
5FS yb

2, LO (x0.5)
5FS yt

2 (x0.05), LO
4FS yb

2, LO (x0.5)
4FS yt

2 (x0.05), LO

10-6

10-5

10-4

10-3

10-2

Ma
dG
ra

ph
5_
aM
C@

NL
O

 0.6
 0.8

 1
 1.2
 1.4 yb

2: Ratio over 5FS, NLO

 0.6
 0.8

 1
 1.2
 1.4 yt

2: Ratio over 5FS, NLO

pT(b2) [GeV]

 0.5
 1

 1.5
 2

 0  20  40  60  80  100  120

NLO/LO K-factor

NLO corrections bring 
4FS and 5FS close for 
inclusive observables

5FS larger 
uncertainties and 
K-factor
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HEAVY CHARGED HIGGS
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5FS exhibit stronger dependence on the 
Parton Shower for b-exclusive observables

4FS to be preferred for 
observables exclusive in b
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INTERMEDIATE MASS CHARGED HIGGS

GAP

‣ Intermediate region has not been studied in the Run I 
‣ LO total cross section has large (30-50%) theoretical errors. For accurate predictions 

one needs to compute NLO correction. Need a MC tool to simulate the signal in the 
region in which charged Higgs mass close to top mass.
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INTERMEDIATE MASS CHARGED HIGGS
• Computation done with 

MadGraph5_aMC@NLO, improved with 
resonance-aware FKS subtraction  
Frederix et al. arXiv:1603:01178

• Complex top-mass (and Yukawa) scheme to 
include the top width in a gauge-invariant way. 
Γt computed at NLO for every (mH±, tanβ) point 

• Use massive bottom quarks (4FS).



INDIRECT 
SEARCHESIII.



THE EFT APPROACH
➡ EFT is a powerful and model-independent approach. 

➡ Assumption: new physics states are heavy 

➡ Write the Lagrangian with only light SM particles  

➡ BSM effects can be incorporated as a momentum expansion

SM particlesBSM effects

� = c = 1
dimAµ = 1
dim� = 1
dim⇥ = 3/2
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THE EFT APPROACH

SM particlesBSM effects

1019 : Plank scale

GeV

𝜦

102 : EW scale

L
H
C

UV model - Z’ of mass M >> ∧

➡ EFT is a powerful and model-independent approach. 

➡ Assumption: new physics states are heavy 

➡ Write the Lagrangian with only light SM particles  

➡ BSM effects can be incorporated as a momentum expansion
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SM particlesBSM effects

1019 : Plank scale

GeV

𝜦

102 : EW scale

L
H
C

UV model - Z’ of mass M >> ∧
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➡ EFT is a powerful and model-independent approach. 

➡ Assumption: new physics states are heavy 

➡ Write the Lagrangian with only light SM particles  

➡ BSM effects can be incorporated as a momentum expansion

THE EFT APPROACH



THE EFT APPROACH

SM particlesBSM effects

1019 : Plank scale

GeV

𝜦

102 : EW scale

L
H
C

UV model - Z’ of mass M >> ∧
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➡ EFT is a powerful and model-independent approach. 

➡ Assumption: new physics states are heavy 

➡ Write the Lagrangian with only light SM particles  

➡ BSM effects can be incorporated as a momentum expansion



THE EFT APPROACH

SM particlesBSM effects

1019 : Plank scale

GeV

𝜦

102 : EW scale

L
H
C

UV model - Z’ of mass M >> ∧
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➡ EFT is a powerful and model-independent approach. 

➡ Assumption: new physics states are heavy 

➡ Write the Lagrangian with only light SM particles  

➡ BSM effects can be incorporated as a momentum expansion



THE EFT APPROACH

SM particlesBSM effects

1019 : Plank scale

GeV

𝜦

102 : EW scale

L
H
C

UV model - Z’ of mass M >> ∧

BSM is a perturbation around the SM.  
EFT reveals high energy physics through 

precise measurements at low energy. 
Each operator can be improved at higher 
orders including QCD and EW corrections
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➡ EFT is a powerful and model-independent approach. 

➡ Assumption: new physics states are heavy 

➡ Write the Lagrangian with only light SM particles  

➡ BSM effects can be incorporated as a momentum expansion



THE STANDARD MODEL EFFECTIVE FIELD THEORY
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#1 The basic framework is that of a relativistic quantum field theory, 
with interactions between particles described by a local Lagrangian. 

#2 The Lagrangian is invariant under the linearly realised local 
SU(3)×SU(2)×U(1) symmetry 

#3 The vacuum state of the theory preserves only SU(3)C × U(1)em 
local symmetry, as a result of the Brout-Englert-Higgs mechanism. 
The spontaneous breaking of the SU(2)L × U(1)Y symmetry down to 
U(1)em arises due to a vacuum expectation value (VEV) of a scalar 
field transforming as (1, 2)1/2 under the local symmetry. 

#4 Interactions are renormalizable, which means that only 
interactions up to the canonical mass dimension 4 are allowed in the 
Lagrangian. 



THE STANDARD MODEL EFFECTIVE FIELD THEORY
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O𝛂 → complete basis of SU(3) × SU(2) × U(1) invariant D = 6 operators constructed out of the SM fields.  
In general 2499 independent operators after imposing baryon and lepton number conservation.  
Flavor universality, 76 operators. Only 9 combinations of these operators will be relevant for a 
completely general description of the Higgs signal strength measurements at the LHC

#1 The basic framework is that of a relativistic quantum field theory, 
with interactions between particles described by a local Lagrangian. 

#2 The Lagrangian is invariant under the linearly realised local 
SU(3)×SU(2)×U(1) symmetry 

#3 The vacuum state of the theory preserves only SU(3)C × U(1)em 
local symmetry, as a result of the Brout-Englert-Higgs mechanism. 
The spontaneous breaking of the SU(2)L × U(1)Y symmetry down to 
U(1)em arises due to a vacuum expectation value (VEV) of a scalar 
field transforming as (1, 2)1/2 under the local symmetry. 



DIM-6 OPERATORS

[Buchmuller and Wyler, 86] [Grzadkowski et al, 10]
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http://www.sciencedirect.com/science/article/pii/0550321386902622
http://arxiv.org/abs/1008.4884


DIM-6 OPERATORS

[Buchmuller and Wyler, 86] [Grzadkowski et al, 10]

X SERIES OF MAJORANA LECTURES, PHYSICS DEPT, UNIVERSITY OF NAPLES “FEDERICO II”  - 21 APRIL 2021 - M. UBIALI

http://www.sciencedirect.com/science/article/pii/0550321386902622
http://arxiv.org/abs/1008.4884


CONSTRAINING THE SMEFT AT THE LHC 
• Large number of operators, yet a 

plethora of observables and final 
states to measure. 

• Precision observables in the bulk 
of the distributions while tails 
provide sensitivity through the 
energy growth. 

• Validity issues arise, as well as for 
the interpretation in terms of UV 
models.  
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E. Vryonidou, RECFA meeting 2019

➡ A global constraining strategy needs to be employed 
➡ Identify the operators entering predictions for each observable (LO, NLO,..) 
➡ Find enough observables (cross sections, BR’s, distributions,…) to constrain all operators.
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CONSTRAINING THE SMEFT AT THE LHC 
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arXiv:2012.02779

➡ Most fits of SMEFT coefficients are restricted to a few observables or sectors, thus reducing 
the number of dim-6 operators involved.  

➡ Possibly the most global fit so far includes 34 dim-6 operators (linearly) and include EW 
precision observable, diboson production at LEP and LHC, LHC Run I and II Higgs, Tevatron 
and LHC top data for a total of ~300 measurements  
[Ellis, Madigan, Mimasu, Sanz, You arXiv: 2012.02779] 



NEED FOR 
SIMULTANEOUS 
FITS?
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A SHORT DIGRESSION: PDFS AND 𝛂S
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PDG 2020

➡ PDFs and 𝛼s strongly correlated (PDF 
evolution with the scale and hard cross 
sections) 
➡ Cleanest determinations of 𝛼s from processes 
that do not require knowledge of the PDFs  
➡ A determination of 𝛼s jointly with the PDFs has 
advantage that it is driven by the combination 
of many experimental measurements from 
several different processes.



A SHORT DIGRESSION: PDFS AND 𝛂S
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Ball, Carrazza, Del Debbio, Forte, Kassabov, Rojo, Slade, MU 1802.03398

➡ Early determinations involve a scan over 𝛼s and 
ignored PDF and 𝛼s correlation in the fit 
➡ Recent simultaneous determination of PDF and 𝛼s 

using correlated replica method  
➡ Many determination of 𝛼s from analyses of specific 
LHC processes have been published recently ( from 
tt~, Z and W production, jets)  
➡ How reliable are such partial determination of 𝛼s ?

Ball et al, 1110.2483

➡ PDFs and 𝛼s strongly correlated (PDF 
evolution with the scale and hard cross 
sections) 
➡ Cleanest determinations of 𝛼s from processes 
that do not require knowledge of the PDFs  
➡ A determination of 𝛼s jointly with the PDFs has 
advantage that it is driven by the combination 
of many experimental measurements from 
several different processes.



A SHORT DIGRESSION: PDFS AND 𝛂S
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Forte, Kassabov 2001.04986

These results point towards the need of new generation of global fits, in which all 
ingredients that enter theoretical predictions are treated consistently.  
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WHAT ABOUT PDF FITS AND SMEFT FITS?



Hartland et al 1901.05965
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A SIGNIFICANT OVERLAP



Alte et al 1711.07484
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A SIGNIFICANT OVERLAP
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Alioli et al 1804.07407

A SIGNIFICANT OVERLAP



➡ Cuts? 
➡ Conservative partons?

HOW TO DISENTANGLE THE EFFECTS?
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What’s the 
interplay?  

Simultaneous 
fits

Carrazza, Degrande, Iranipour, Rojo, MU, Phys.Rev.Lett. 123 (2019) no.13, 132001  
Greljo, Iranipour, Kassabov, Madigan, Moore, Rojo, MU, Voisey, arXiv:2104.02723

SIMULTANEOUS FITS
X SERIES OF MAJORANA LECTURES, PHYSICS DEPT, UNIVERSITY OF NAPLES “FEDERICO II”  - 21 APRIL 2021 - M. UBIALI



DRELL-YAN HIGH-ENERGY TAILS
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From Cameron Voisey’s talk at HEFT2021



OBLIQUE CORRECTIONS 
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R. Torre et all 2008.12978



SM PDFS VERSUS SMEFT PDFS
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ANALYSIS SETTINGS
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From Cameron Voisey’s talk at HEFT2021



RESULTS: CURRENT DATA
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RESULTS: HL-LHC PROJECTIONS
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CONCLUSIONS
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• Precision physics opens up new fascinating challenges  

• Precise and accurate predictions are key to make progress in 
comparing theoretical predictions predictions to experimental data 

• QCD precision physics helps direct searches and is essential for indirect 
searches 

• A robust framework to globally interpret all subtle deviations from the SM 
predictions that might arise is uttermost needed.  

• The terms precision and discovery have characterised the 10-year LHC 
legacy and will become even more predominant in the 20+ years ahead.
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