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Scenarios
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• Particle physics frontiers: 1. The intensity frontier

2. The  cosmic frontier

3. The energy frontier

• Intensity frontier: high statistics to look for small effects, e.g.  


• Cosmic frontier:  uses astronomical/cosmological data. 

• Energy frontier: colliders are used to test the SM and look for BSM

μ− → e−γ



Collider parameters
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p1 p2

• Center-of-mass energy:  


• Instantaneous luminosity:                        

s = (p1 + p2)2

·Nevents = ℒ σ

Observe

Machine Physics


•  Beams are a collection of bunches ℒ ∝
n1n2 f

A
Colliders

p
s (GeV) L �E/E f polar. L

(GeV) (cm
�2

s
�1

) (kHz) (km)

LEP I MZ 2.4⇥ 10
31 ⇠ 0.1% 45 55% 26.7

SLC ⇠ 100 2.5⇥ 10
30

0.12% 0.12 80% 2.9

LEP II ⇠ 210 10
32 ⇠ 0.1% 45 26.7

BEPC up to 4.4 ⇠ 10
31 ⇠ 6.⇥ 10

�4
1200 0.24

(TeV) (MHz)

ILC 0.5�1 2.5⇥ 10
34

0.1% 3 80, 60% 14-33

CLIC 3�5 ⇠ 10
35

0.35% 1500 80, 60% 33-53

Rule of thumb:


σ ∝
1
s

⟹ ℒ ∝ s
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•   colliders are precision machines: interactions are well understood


• Initial charges are zero


• Scattering kinematics is well understood/constrained


• All CM energy is available to produce new states


• It is possible to polarize the beams

e+e−
Advantages

Disadvantages

•  Large synchrotron radiation


•  Energy losses by bremstrahlung/beamstrahlung


•  Need to take into account the energy spread:  ∫
dℒ
dτ

σ( ̂s) with τ =
̂s

s



 colliderse+e−
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• ISR can lead to large effects
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hadron colliders



Hadron colliders
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• higher CM energies


• Higher luminosities 

mp ≫ me ⟹

Advantages

Disadvantages

• Fewer kinematics constraints due to protons being composite of quarks and gluons


• Protons are strongly interacting: collisions are messier


• Strong interactions  large cross sections  mb⟹ σtotal ≃ 100



Hadron colliders
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• QCD factorization theorem: for large transfer momentum we have  




•  is the  parton density in hadron  carrying  of its momentum


•  is a characteristic scale

σ(AB → F X) = ∑
a,b

∫ dx1dx2 fa/A(x1, Q2) fb/B(x2, Q2) ̂σ(ab → F)

fb/B(x, Q2) b B x

Q2

parton-parton scatteringinclusive distribution functions

x1pA x2pB
A B
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LEP 1 Physics



 colliders: LEP 1e+e−
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• LEP 1 studied in detail the . At tree level


• Born amplitude for  :


• Close to the  resonance :

Z

e+e− → ff̄

Z

Γ(Z → ff̄) =
α

3 sin2 θW cos2 θW
MZ(g2

V + g2
A)Nc

Mborn !
1
s
Jα

γe ⊗ Jγf
α +

1
s−M2

Z + isΓZ/MZ
Jα

Ze ⊗ JZf
α

dσ

dΩ
=

3
16π

(
1 + cos2 θ + 2AeAf cos θ

)
σ(e+e− → ff̄)

Ae ≡
2ge

V ge
A

(ge
V )2 + (ge

A)2
Af ≡

2gf
V gf

A

(gf
V )2 + (gf

A)2

σ(e+e− → ff̄) =
s

M2
Z

12πΓeΓf

(s−M2
Z)2 + s2Γ2

Z/M2
Z

Some observables:


, , , 


, 

mZ ΓZ σhad Rℓ =
Γhad

Γℓ

Rb =
Γb

Γhad
Rc =

Γc

Γhad gf
V = T3

f − 2Qf sin2 θW and gf
A = T3

f



 colliders: LEP 1e+e−
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• Varying  near the  masss Z

From 
ΓZ = Γℓ + Γq + Γν

Nν = 2.9840 ± 0.0082


σ ∝
1

(s − MZ)2 + s2Γ2
Z /M2

Z

⟹ ΓZ



 colliders: LEP 1e+e−
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• Additional observables:


• Forward-backward asymmetry 


• SLAC could polarize the  beam 


•  polarization


•  can be extracted

e−

τ

sin2 θW

AFB ≡
σ(cos θ > 0)− σ(cos θ < 0)
σ(cos θ > 0) + σ(cos θ < 0)

=
3
4
AeAf

Ae
LR ≡

σ(e−L )− σ(e−R)
σ(e−L ) + σ(e−R)

= Ae =
2ge

V ge
A

(ge
V )2 + (ge

A)2

P τ =
σR − σL

σR + σL
= −Aτ

gf
V = T3

f − 2Qf sine θW and gf
A = T3

f



 colliders: LEP 1e+e−
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• It is mandatory the inclusion of higher order corrections


• First task: define the input parameters and their definitions


• Radiative corrections modify tree level relations

sin2 θW = 1− M2
W

M2
Z

σ(νµe)
σ(ν̄µe)

=
3− 12s2

W + 16s4
W

1− 4s2
W + 16s4

W

πα√
2 GF

1
M2

W

= s2
W

Γ(Z → ff̄)
MZ

= Nc
αem

16s2
W c2

W

[(gf
V )2 + (gf

A)2]

P τ = − 2gτ
V gτ

A

(gτ
V )2 + (gτ

A)2

Z + + + . . .
W

W

f

+ + + . . .W

W

f H

Z

WW
tb b• Example:   and (αem , mf , MW , MZ , MH) sin2 θW = 1 −

M2
W

M2
Z

+
f t

+ . . .

+ . . .
Z

W



 colliders: LEP 1e+e−
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Z + + + . . .
W

W

f

+ + + . . .W

W

f H

• It is mandatory the inclusion of higher order corrections


• The   coupling:  


• Definition 


• The main contributions come from gauge boson self-energies and they are universal

Zf̄f ( 2GFM2
Z)1/2 ρf [(T3

f − 2Qf sin2 θWκf) γμ − T3
f γμγ5] Zμ

sin2 θeff = κf sin2 θW

Z

WW
tb b



• Testing lepton universality
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• Running of  is not enough! α

-0.041

-0.038

-0.035

-0.032

-0.503 -0.502 -0.501 -0.5
gAl

g Vl

68% CL

l+l−
e+e−

µ+µ−

τ+τ−

mt

mH

mt= 178.0 ± 4.3 GeV
mH= 114...1000 GeV

∆α

-0.8

-0.4

0

0.4

0.8

-0.8 -0.4 0 0.4 0.8
gAf

g Vf

68 % CL

e,µ,τ

b

c

u

d=s

ν

Γinv ∝ (gν
V )2 + (gν

A)2

• all fermion couplings

 colliders: LEP 1e+e−



 colliders: LEP 1e+e−

• Inputs and results to the fits


• Global fit


• The SM is doing very well
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backgrounds

• W mass from its decay products

• Main channels:        (46%)                       (44%)   WW → qqqq W → qqℓν

• Requiring 4 jets
• efficiency 85%
• purity 80%

• Requiring 2 jets, e/muon, missing pt
• efficiency 85%
• purity 90%

 colliders:  mass at LEP 2e+e− W

18



 Great advantage: CM = Lab frame   so we can use energy and 
momentum conservation

Ei + Ej =
√

s
2

Eν + E" =
√

s
2

!pν + Ei!ei + Ej!ej = 0

We can solve for Ei, Ej and !pν

good improvement

golden channel

• Mass and width obtained fitting the shape
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Large Hadron Collider



LHC: kinematics

• Subprocess CM frame does not coincide with LAB frame.


• Subprocess CM energy:  


• Rapidity/pseudorapidity: 


•       and     


• Advantage:  boost between the (subprocess) CM frame and LAB  

pμ =
s

2
(x1 + x2 , 0 , 0 , x1 − x2) ⟹ ̂s = x1x2s

pμ = E (1 , β sin θ cos φ , β sin θ sin φ , β cos θ)

y =
1
2

ln (
E + pz

E − pz ) η =
1
2

ln ( 1 + cos θ
1 − cos θ )

y = yCM +
1
2

ln ( x1

x2 )
21

x1pA x2pB
A B



LHC: observables

• Consider an stable particle decaying .  


• Invariant mass  can be measured if a/b are observed

X → a + b

Mab = (pμ
a + pμ

b )2

22

x1pA x2pB
A B



LHC: observables
• Conservation of the transverse momentum to the beam axis ( ) can be used


• If there are particles that can not be observed 


• Define the missing transverse moment 


• In the case   identify  


• The  can not be measured


• Define the transverse mass 


• Transverse energy 


•
Jacobian peak: 

⃗pT

⃗/pT = − ∑
visible

⃗pj
T

W− → e−ν̄e ⃗pν = ⃗/pT

Meν

M2
T = (Ee

T + Eν
T)2 − (pe

T + pν
T)2

ET = m2 + p2
T ≃ pT

1
σ

d ̂σ
d ̂sdm2

T
∝

ΓWmW

( ̂s − m2
W)2 + Γ2

WM2
W

1

̂s ̂s − M2
W

23

x1pA x2pB
A B



• We can study several properties of the top: mass,  quantum numbers, 
decay W polarization, coupling Wtb,  FCNC...

•  Top pairs are produced by

qq̄ → tt̄ (" 10%)

LHC 13.6 TeV    pb⟹ σ ≃ 240

•  The dominant decay is  t → W+b

τ+τ   1%
τ+µ   2%

τ+e   2%

µ+µ   1%

µ+e   2
%

e+e   
1%

e+jets 15%

µ+jets 15%

τ+jets  15%

"alljets"  46%

"lepton+jets""dileptons"

Top Pair Branching Fractions

LHC: observables

gg → tt̄ (" 90%)

 pairs ℒ ≃ 500 fb−1 ⟹ 1.2 × 108 tt̄



LHC: few SM measurements
• Top quark mass measurement:  dilepton + jets (4%) ,   lepton  + jets (30%) , all jets (46%)


• There are backgrounds to be mitigated 

25



• Higgs physics:  SM Higgs production via gluon fusion, VBF, associated VH production

• Main decay modes: 

• Many channels are observed

bb̄ , WW∗ , gg , ττ , ZZ∗ , γγ

≃ 44 pb

≃ 4 pb

LHC: few SM measurements
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Smaller cross section
More rare

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-011/fig_02.pdf

1 pb1 fb

1 pb ≈ 10 out of 1012

1 fb ≈ 10 out of 1015

•Many SM processes have been studied

•   varies but 10 orders of magnitude

•strong and weak processes

• In general, good agreement with SM

σ

LHC: SM measurements



•Many SM processes have been studied

•   varies but 10 orders of magnitude

•strong and weak processes

• In general, good agreement with SM

•  COM energy dependence is correct

σ

28

LHC: few SM measurements



LHC: searches
•There are two possibility to look for signals: direct and indirect

29



Direct searches
• Looking for new particles

• Signals depend on the model

• SUSY:  many different signals. For instance, assuming R parity conservation 

30

Jets +pmiss
T Jets +pmiss

T

top +pmiss
T W/Z + pmiss

T
Nice feature: SUSY has

a plethora of signals. 



Direct searches

•SUSY searches haven’t found any signal yet!
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Direct searches

•SUSY searches haven’t found any signal of top partners!
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Direct searches
•SUSY searches haven’t found any signal yet!

33



Direct searches

•Looking for new resonances/final states

•There are many possible final states 

•Leptoquarks appear in many extensions of the SM

•The signal is a peak in lepton-jet invariant mass 


•Dark matter: Mono-jet (Z, )  plus missing 

•Long-lived particles give rise to displaced vertices

•Many final states are possible!

γ pT

34



Direct searches
•Looking for new resonances
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Direct searches
•Looking for new resonances

36



Lack of conclusions: we have a lot of work ahead

• There are many possible extensions of the SM: 

extra symmetries; new Higgs systems; strongly 

interacting EWSB; etc 

• At this moment there is no smoking gun where the  

new physics might show up.

• We will need many signals to establish the nature 

of the new physics.

Tilman Plehn



Searches
•There are two possibility to look for signals: direct and indirect
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Indirect searches

•Total rates are in agreement with the SM predictions

•The high energy tail of the distribution might present deviation from the SM prediction

•This requires performing precision measurements at the LHC

•Hypothesis: there is a mass between the SM and BSM energy scales

39

UV Model

  EFT

mass gap
▸ To look for footprints of the UV model we can use EFT  

▸ Choice: the gauge symmetry is realized  linearly as in the SM (SMEFT)



Indirect searches
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▸ SMEFT  is a consistent QFT 

▸ The truncation of the series is decided by the (th&exp) precisions 

 

    

▸ For the LHC: focus on dimension-six operators (“lowest" one) 

ℳ = ℳSM +
1

Λ2
ℳ(6) +

1
Λ4

ℳ(8) + …

σ ∝ |ℳSM |2 +
1

Λ2
ℳ⋆

SMℳ(6) +
1

Λ4 [ |ℳ(6) |2 + ℳ⋆
SMℳ(8)]

Le↵ = LSM +
X

j�5

fj,k
⇤j�4

O
(k)
j

<latexit sha1_base64="AnVNtu04NKRr/g/lOx6uKV2R+NA="></latexit>



Indirect searches
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•  Linear realization of the symmetry leads to correlations:

relacionados pela invariância de gauge

<latexit sha1_base64="nwapqtye6VFM7zSyoQFbzMbwCkY="></latexit>

OBW = �†B̂µ⌫Ŵµ⌫� , OWW = �†Ŵµ⌫Ŵµ⌫� ,

OBB = �†B̂µ⌫B̂µ⌫� , O�,2 = 1
2@

µ
�
�†�

�
@µ

�
�†�

�

𝒪B = (DμΦ)†BμνDνΦ



Indirect searches
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<latexit sha1_base64="ZlJQZV0KyqXMYTkE8Pccd6KvW8M="></latexit>

U(3)L ⇥ U(3)` ⇥ U(2)Q ⇥ U(2)u ⇥ U(2)d

<latexit sha1_base64="Z93+gnJsQJr0B/bfhFtb4mZcrRI="></latexit>

U(3)L ⇥ U(3)` ⇥ U(3)Q ⇥ U(3)u ⇥ U(3)d

▸ Lesson 1: we need to introduce a hypothesis on the flavor symmetry 

▸ Lesson 2: in any case, we need many datasets

▸ Large number of Wilson coefficients and correlations between processes call 
for a global analysis

▸ SMEFT has many parameters, so any measurement has blind directions

▸ Taking flavor into account the number of operators might get out control! 

▸ Without any flavor symmetry: 1350 (CP-even) and 1149 (CP-odd) = 2499 

▸ Assuming                                                           there are  85   

▸ Assuming                                                           there are 270 



Indirect searches
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•  We also need many datasets 

<latexit sha1_base64="2oJVfzBul0ziKOZNa9qIondWI/s="></latexit>

U(2)Q ⇥ U(2)u ⇥ U(2)d

Dataset Number of operators hypothesis

EWPO 10

Diboson (TGC) 11

top 22

Higgs 18++

SU(3)5

SU(3)5

SU(3)5



Indirect searches
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•We need a basis of operators, e.g. the dimension-six Warsaw basis arXiv:1008.4884



Indirect searches
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•  The experiments are already performing their analyses using SMEFT:

Higgs production

Top



Indirect searches
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•  In some cases, e.g.  production, effects of order  are important

•We can only estimate the impact of the dimension-eight operators


• 


•Assuming universal physics, we can perform the EWPO and TGC analysis

W+W− 1/Λ4

σ ∝ |ℳSM |2 +
1

Λ2
ℳ⋆

SMℳ(6) +
1

Λ4 [ |ℳ(6) |2 + ℳ⋆
SMℳ(8)]

[Corbett et al., arXiv:2304.03305]



Indirect searches
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•Theorists do global analyses : Linear fit by Ellis et al. 2012.02779 C ≃
g2

⋆

Λ2
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FINAL THOUGHTS



Final thoughts
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•The LHC will accumulate more data, so we can probe neutral top partners, etc

•The LHC is becoming a precision machine

•A great effort is on going from the experimental and theoretical communities



Final thoughts
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•Future Circular Collider could follow the success story of LEP-LHC
for only 8-15



Final thoughts
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•These future machine will allow very precise measurements at least

Tha
nk

 yo
u!





Final thoughts
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•We need new toys! 



Final thoughts
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•We need new toys! 



IV. Jets



Three jet event:

• why not 4?
• Which particles 
belong to a jet?
• how to get

pparton ' pjet ?



[Lian-Tao Wang]

Not an easy task:



Criteria for a good jet recipe: [Snowmass]

1. Simple to implement in an experimental analysis

2. Simple to implement in a theoretical calculation

3. Defined at any order of perturbation theory

4. Yields finite cross sections at any order of PT

5. Yields a cross section rather insensitive to hadronization



controls the number of jets







A few jet algorithms

• Three popular jet algorithms are kT, anti-kT, and Cambridge/Aachen

• The distance and rule to join objets is 

dij = min[p2↵
Ti ,p

2↵
Ti ]

✓
�Rij

R

◆2

and diB = p2↵
Ti

with �Rij =
q

�⌘2
ij + �'2

ij

repeatedly combine objets until     is the smaller distance.
Then call it a jet, remove from the list and start again   

diB

•The choices are: kT (         );  anti-kT (          ); 
C/A (        )

↵ = 1 ↵ = �1
↵ = 0



• Example with C/A algorithm [borrow from G. Salam]



• The different algorithms lead to distinct 
jets shapes when they overlap 

kT (1) starts around softer objects

C/A (0) cares only about distances

anti-kt (-1)  clusters around hard objects

dij = min[p2↵
Ti ,p

2↵
Ti ]

✓
�Rij

R

◆2

and diB = p2↵
Ti



[JHEP04 (2008) 063] 
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