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TEXTO NO CLEAR BSM SIGNAL AT THE LHC SO FAR

▸ SM based in the simplest gauge 
symmetries: SU(3)xSU(2)xU(1) 

▸ Also the flavour sector very 
symmetric (GIM)  

▸ The “natural” theory at “low” energies 
(below the TeVs) 

▸ We should expect that it will break at 
high energies: departure scale 
undetermined | no theory guidance
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▸ LHC results suggest that new physics will appear as a gentle 

deviation from the SM predictions / rare events suppressed in 
the SM
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NO CLEAR BSM SIGNAL AT THE LHC SO FAR

WHERE TO EXPECT A BSM SIGNAL?
▸ LHC results suggest that new physics will appear as a gentle 

deviation from the SM predictions / rare events suppressed in 
the SM

▸ Very unlikely to be visible in inclusive observables or total decay 
rates of known particles: the bulk of the contributions at “low 
energies”, the characteristic hard scale is “low energy”
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NO CLEAR BSM SIGNAL AT THE LHC SO FAR

WHERE TO EXPECT A BSM SIGNAL?
▸ LHC results suggest that new physics will appear as a gentle 

deviation from the SM predictions / rare events suppressed in 
the SM

▸ Very unlikely to be visible in inclusive observables or total decay 
rates of known particles: the bulk of the contributions at “low 
energies”, the characteristic hard scale is “low energy”

▸ Higher chances at the tail of differential distributions (not 
necessarily a clear bump) “high energy” characteristic hard 
scale: more sensitive to quantum corrections / missing 
quantum corrections can fake BSM



Germán Rodrigo – QCD                                                                                                                                                               TAE 2019

higher orders improve systematically the 
precision of the theoretical predictions 
(estimated by varying the renormalization / 
factorization scales) for background and 
signal. Uncertainty bands are expected to 
narrow and overlap from one order to the 
next one

[Kilgore,Harlander]

Perturbative view at hadron-hadron colliders
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higher orders improve systematically the 
precision of the theoretical predictions 
(estimated by varying the renormalization / 
factorization scales) for background and 
signal. Uncertainty bands are expected to 
narrow and overlap from one order to the 
next one

[Kilgore,Harlander]

Perturbative view at hadron-hadron colliders

▪ LO: fails to describe normalization (up to a 
factor 2). Monte Carlo event generators 
(LO + parton showers) : improves the 
shape of distributions, but normalization 
still underestimated 

▪ NLO:  first reliable estimate of central 
value

▪ NNLO: first serious estimate of the 
theoretical uncertainty
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Higgs boson production is 
one loop at LO
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New channels open from LO to NLO

Higgs boson production is 
one loop at LO

QCD correction to the LO
New channels at NLO 

!  and !qg(q̄g) qq̄

Only NNLO is a correction to all the channels 
that appear at the NLO
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STUNNING PROGRESS IN THEORETICAL CALCULATIONS IN THE PAST YEARS
▸ NLO revolution (2010-2011) leading to automation in event generators 
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▸ NLO revolution (2010-2011) leading to automation in event generators 

✦ first serious order because protons are not elementary
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STUNNING PROGRESS IN THEORETICAL CALCULATIONS IN THE PAST YEARS
▸ NLO revolution (2010-2011) leading to automation in event generators 

✦ first serious order because protons are not elementary
✦ thanks to a better understanding of the mathematical beauty of scattering 

amplitudes
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Figure by G.P. Salam

STUNNING PROGRESS IN THEORETICAL CALCULATIONS IN THE PAST YEARS
▸ NLO revolution (2010-2011) leading to automation in event generators 

✦ first serious order because protons are not elementary
✦ thanks to a better understanding of the mathematical beauty of scattering 

amplitudes
▸ Many 2➔2 processes at NNLO (since 2015), current frontier is 2➔3
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Figure by G.P. Salam

STUNNING PROGRESS IN THEORETICAL CALCULATIONS IN THE PAST YEARS
▸ NLO revolution (2010-2011) leading to automation in event generators 

✦ first serious order because protons are not elementary
✦ thanks to a better understanding of the mathematical beauty of scattering 

amplitudes
▸ Many 2➔2 processes at NNLO (since 2015), current frontier is 2➔3

e.g. dijet production 
data prefer NNLO
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STUNNING PROGRESS IN THEORETICAL CALCULATIONS IN THE PAST YEARS
▸ N3LO ggH (2➔1): 5% th+3% (PDF- � ) [Anastasiou et al., 2016]αS

[Dulat at PASCOS2018]
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DATA/THEORY | INCLUSIVE OBSERVABLES 5-20% THEORETICAL ACCURACY
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HL-LHC PROSPECTS

▸ statistical errors in the range 1% - 2%

LHC PHYSICS AT % PRECISION ?

‣
150 fb

-1 
today (only ~ 1/3 analysed)


‣
300 fb

-1 
by 2023


‣ 3000 fb
-1

 by 2037





• all options aimed at attobarn-1 physics



• all options aimed at attobarn-1 physics
• requires to go far beyond NNLO for theory



• all options aimed at attobarn-1 physics
• requires to go far beyond NNLO for theory
• Even conservative estimates not reachable with current techniques 
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Factorisation in hadronic collisions

• Factorise physics into long 
distance (hadronic! ) 
and short distance 
(partonic ! ) 

• factorisation violation is 
power suppressed 
!

∼ Mhad

Q ≫ Mhad

∼ 𝒪(Mhad /Q)q

Parton densities

PDF

Hard scattering 
cross-section

Factorization and renormalization scales
Higher 
twistPartonic cms energy

σ = ∑
a,b

∫ dx1 dx2 fa(x1, μF) fb(x2, μF) ̂σ ab(x1pA, x2pB; μF, μR) + 𝒪 ( 1
Q )

̂s = x1 x2 s

beam remnant

colliding

protons
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parton 
densities PDF
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Looking inside the proton

non-perturbative 
input

scale evolution 
determined by 

pQCD
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Looking inside the proton

non-perturbative 
input

scale evolution 
determined by 

pQCD

Parton density (PDF): “probability” to find a parton of a given flavour carrying 
a longitudinal momentum fraction !  of the momentum of the protonx ∈ [0,1]
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DGLAP evolution [Dokshitzer 1977–Gribov–Lipatov 1972–Altarelli–Parisi 1977]

∂ q(x, μ2)
∂ log μ2

=
αS

2π ∫
1

x

dz
z

Pq→qg(z) q(x /z, μ2)

https://en.wikipedia.org/w/index.php?title=Yuri_Dokshitzer&action=edit&redlink=1
https://en.wikipedia.org/wiki/Vladimir_Gribov
https://en.wikipedia.org/wiki/Lev_Lipatov
https://en.wiipedia.org/wiki/Guido_Altarelli
https://en.wikipedia.org/wiki/Giorgio_Parisi
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DGLAP flavour structure
The proton contains both quarks and gluons: DGLAP is a matrix in flavour space 

spanning over all flavours and anti-flavours 

with the plus-prescription 
  is soft: only soft configurations 
matches virtual with real corrections
z = 1 ∫

1

0
dz

f (z)
(1 − z)+

= ∫
1

0
dz

f (z) − f (1)
1 − z

∂
∂ log μ2 (q

g) = (
Pq→qg Pg→qq̄

Pq→gq Pg→gg) ⊗ (q
g)

Pq→qg = CF ( 1 + z2

(1 − z)+
+

3
2

δ(1 − z))
Pq→gq = CF

1 + (1 − z)
z

Pg→qq̄ = TR [z2 + (1 − z)2]

Pg→gg = 2CA [ z
(1 − z)+

+
1 − z

z
+ z(1 − z)] + b0 δ(1 − z)
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 Parton densities
■ Non-perturbative input determined from global fits to collider data,                     
scale evolution from pQCD (NNLO)  
■ Vast choice: e.g. http://hepdata.cedar.ac.uk/pdfs 
 



Germán Rodrigo – QCD                                                                                                                                                                 TAE 2019

 Parton densities
■ Non-perturbative input determined from global fits to collider data,                     
scale evolution from pQCD (NNLO)  
■ Vast choice: e.g. http://hepdata.cedar.ac.uk/pdfs 
 



Germán Rodrigo – QCD                                                                                                                                                                 TAE 2019

PDFs strategy in a nutshell
• Make an ansatz for the functional form of the PDFs at some fixed low 

scale value ( ! ): e.g. in MRST/MSTW 

!  

• Note: NNPDF use neural networks and does not need such explicit 
functional form 

• Collect data at various !  from different experiments (e.g. DIS), use 
DGLAP equations to evolve down to !  and fit parameters, including !  

• Ensure sum rules: (Gottfried, momentum, … ).     !

Q0 ∼ 1 GeV

x uV = Au xη1 (1 − x)η2 (1 + ϵu x + γux) uV = u − ū

x dV = Ad xη3 (1 − x)η4 (1 + ϵd x + γdx) dV = d − d̄

x g = Ag x−λg (1 − x)ηg (1 + ϵg x + γgx)

(x, Q2)
Q0 αS

∫ dxx∑
i

fi(x, Q2) = 1
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 Parton densities
■ Differences are due to different: 
Data sets in fits, parameterization of starting distributions, order of pQCD 
evolution, power law contributions, nuclear target corrections, resummation 
corrections (ln 1/x, …), treatment of heavy quarks, strong coupling, choice of 
factorization and renormalization scales.  
■ at least 5-10% uncertainty in theoretical predictions
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three quarks sharing the proton 
momentum
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• Maximum of up and down at x=1/3: 
three quarks sharing the proton 
momentum

• up quark = 2 x down quark

• gluon density evolves faster: colour 
charge  versus quark colour 
charge 

CA = 3
CF = 4/3
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Bienvenido a PowerPoint

Jets
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What´s a jet

▪ a bunch of energetic 
and collimated 
particles

▪ 60% of LHC papers 
use jets [Salam, Soyez]
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Why and how do we see jets? 
Gluon emission 

higher probability at small angle 
(collinear) and small energy 
(soft) 
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▪ Clearly  
a two-jet event
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▪ Clearly  
a two-jet event

▪ Three- or four-jet event ?  
▪ Depends on the jet resolution parameter
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▪ Define distance among particles: e.g. dij = (pi + pj)2
[Catani, Dokshitzer, Seymour, Webber, 93] 

[Ellis, Soper, 93]

The �  algorithm at hadron colliders    kT
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▪ Is this distance smaller than a resolution parameter? Combine into the same jet 
recursively 
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▪ Define distance among particles: e.g. dij = (pi + pj)2

▪ Is this distance smaller than a resolution parameter? Combine into the same jet 
recursively 

▪ At hadron colliders there are beams, introduce also “”beam distance” 
diB = p2

Ti = 2E2
i (1 − cos θiB)
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The �  algorithm at hadron colliders    kT

Inclusive !  

� 


• Compute the smallest distance �  or � 


• If � , cluster �  and �  together


• If � , call �  a jet and remove from the list of particles

• Repeat until no particle is left

• Two parameters �  and minimal transverse momentum �

kT

dij = min(p2
Ti, p2

Tj
)

ΔR2
ij

R2
diB = p2

Ti ΔR2
ij = (yi − yj)2 + (ϕi − ϕj)2

dij diB

dij i j
diB i

R pTi > pT,min
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recursively 

▪ At hadron colliders there are beams, introduce also “”beam distance” 
diB = p2
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i (1 − cos θiB)

[Catani, Dokshitzer, Seymour, Webber, 93] 
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The �  algorithm at hadron colliders    kT

Inclusive !  

� 


• Compute the smallest distance �  or � 


• If � , cluster �  and �  together


• If � , call �  a jet and remove from the list of particles

• Repeat until no particle is left

• Two parameters �  and minimal transverse momentum �

kT

dij = min(p2
Ti, p2

Tj
)

ΔR2
ij

R2
diB = p2

Ti ΔR2
ij = (yi − yj)2 + (ϕi − ϕj)2

dij diB

dij i j
diB i

R pTi > pT,min

!     for massive particlesy =
1
2

log
E + pz

E − pz
≠ η = − log(tan(θ/2))
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▪  has a physical meaning: the stronger divergence between a pair of particles, 
the more likely it is they will be associated with each other
kT

The anti-�  algorithm   kT
[Cacciari, Salam, Soyez 08]



Germán Rodrigo – QCD                                                                                                                                                                 TAE 2019

▪  has a physical meaning: the stronger divergence between a pair of particles, 
the more likely it is they will be associated with each other
kT

▪ However: ATLAS and CMS use anti-kT

The anti-�  algorithm   kT
[Cacciari, Salam, Soyez 08]



Germán Rodrigo – QCD                                                                                                                                                                 TAE 2019

▪  has a physical meaning: the stronger divergence between a pair of particles, 
the more likely it is they will be associated with each other
kT

▪ However: ATLAS and CMS use anti-kT

The anti-�  algorithm   kT

anti- !  

� 


• Cluster hardest particles first

• Cone-shaped cones but it is IRC safe, contrary to cone algorithms widely 

used at Tevatron

• Easier to energy jet energy scale right

kT

dij = min(p−2
Ti , p−2

Tj )
ΔR2

ij

R2
diB = p−2

Ti ΔR2
ij = (yi − yj)2 + (ϕi − ϕj)2

[Cacciari, Salam, Soyez 08]
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▪  has a physical meaning: the stronger divergence between a pair of particles, 
the more likely it is they will be associated with each other
kT

▪ However: ATLAS and CMS use anti-kT

The anti-�  algorithm   kT

anti- !  

� 


• Cluster hardest particles first

• Cone-shaped cones but it is IRC safe, contrary to cone algorithms widely 

used at Tevatron

• Easier to energy jet energy scale right

kT

dij = min(p−2
Ti , p−2

Tj )
ΔR2

ij

R2
diB = p−2

Ti ΔR2
ij = (yi − yj)2 + (ϕi − ϕj)2

[Cacciari, Salam, Soyez 08]

▪ Cambridge/Aachen: !  dij =
ΔR2

ij

R2
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[Cacciari, Salam, Soyez 08]
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FABIOLA GIANOTTI AT                                                                                       FEB 2019

Precise measurements of known particles and interactions 
are just as important as finding new particles
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TEXTO

“This work naturally pushes our search methods towards making 
more detailed and higher precision measurements that will help us 
constrain possible deviations by new physics,” Willocq says.
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Exploring through precision 
The universe is full of fields, and what we think 
of as particles are just excitations of those 
fields, like waves in an ocean. An electron, for 
example, is just an excitation of an electron 
field. Resonances and wave crests break up out 
of the fields and thus we reproduce very rare 
processes study to search for new physics. The 
key to observe these very rare processes is a 
particle accelerator for electrons and anti-
electrons in a new 100 km tunnel.

http://codeoftheuniverse.web.cern.ch/


