
The LHC era: exploring the TeV scale

We are only here

Many years of HL running ahead of us

➔ 2-fold increase in sta0s0cs by the end of Run 3
➔ 20-fold increase in sta0s0cs by the end of HL-LHC!

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

Reach % level precision

Ø Run 1: Higgs discovery
Ø Run 2: Higgs couplings

Ø outperformed expectations
Ø Run 3 to HL-LHC

Ø  Higgs precision program
Ø Unique top physics reach till 

the next high-energy collider
Ø e+e- > 500 GeV
Ø pp@100 TeV
Ø µ+µ- > 10 TeV 
Ø Discovery?



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

The realization of this program largely depend on theoretical progress
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Standard Model Production Cross Section Measurements Status:

October 2023
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s = 5,7,8,13,13.6 TeV
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From predic+on to discovery to precision

0

40

80

120

160

200

240

1989 1991 1993 1995 1997 1999 2001 2003

To
p 

M
as

s 
(G

eV
/ c

2 )

Year

green dots             indirect fits
blue triangles             CDF
red triangles             D0
purple squares             world average
lines           various lower bounds

C. Quigg [hep-ph/0404228]

Top

PoS(EPS-HEP2021)512

Updates from UTfit Collaboration for Summer 2021 Marcella Bona
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Figure 1: Top: |+21 | vs |+D1 | plane showing the values reported in Table 1. We include in the average the
LHCb ratio measurement [6] that is shown as a diagonal band. Bottom: d̄-[̄ plane with the SM global fit
results using only exclusive inputs for both +D1 and +21 (left) and using only inclusive inputs (right).
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Figure 2: Left: global fit input distribution for the angle U (in solid yellow histogram) with the three
separate distributions coming from the three contributing final states cc, dd and dc. Right: global fit input
distribution for the angle W (in solid yellow histogram) obtained by the HFLAV [3] average compared with
the global UTfit prediction for the same angle.

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

3

discovery

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

Anomalies in Top-quark EW couplings (W,Z,H) possible hint of BSM physics
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From prediction to discovery to precision
Global fits of precision EW observables gave us strong indicaHons of where to find the 
SM Higgs boson and we now use its mass as one of the EW precision observables of 
the EW global fit to constrain new physics.
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Future direc*ons: energy and precision
Answering the big Open QuesDons via energy and precision
ØOrigin of the EW scale (SSB via Higgs mechanism, naturalness, flavor)
ØOrigin of Baryon Asymmetry, Dark MaNer, Dark Energy
Ø…
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<	1 TeV (e+e-) 13-14 TeV
pCM ~ 1 TeV

~10-30 TeV (µ+µ-), ~100 TeV  (pp)
pCM~ 10 TeV

Precision affects the sensi.vity to both direct 
and indirect effects of new physics since  it 
enhances sensi.vity to small devia.ons.

Given the level of consistency of the SM, and no 
clear evidence of new par;cles in LHC searches 
so far, we expect new physics effects to be small.



Higgs-boson factories 
(up to 1 TeV c.o.m. energy)

Mul.-TeV colliders 
(> 1 TeV c.o.m. energy)

6

Timelines are taken from the Collider ITF 
report (arXiv: 2208.06030)

Snowmass 21: 
EF Benchmark Scenarios

https://arxiv.org/abs/2208.06030


Proposals emerging  from Snowmass 2021 for a US based collider

CCC

  Muon Collider

2020 207020402030 2050 2060

Proton collider
Electron  collider
Muon  collider

2080 2090
UB

Preparation / R&D

 U
SA

CCC: 250 GeV 
2 ab-1

550 GeV
4 ab-18 km tunnel 

2 TeV
≈ 4 ab-15 years

muC:Stage1
3 TeV 

OR 4km+6km km ring 

Stage2
10 TeV; 
≈ 10 ab-1

13 years

RF upgrade

10km & 16.5 km tunnels

4km & reuse Tevatron ring
Note: Possibility of 
125 GeV or 1 TeV at Stage 1

2045 start physics

2040 start physics

Construction/Transformation

Original timeline from ESG 
Updated during Snowmass 2021 

(see EF Report)

Renewed interest in lepton colliders:
need supporMng R&D in near future



 

feet or why Collider Physics

I tmall.fr the physicsof the high energy
coition If elementaryparticles

this is the domain from where most of
our knowledge of subatomic physics

her come

so far
the idea is simple collide head on two focused beams
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We need to remember that in ete colliders the fuel Ecm
is available in the final state and usable to reach the

desired energy threshold while at hh h hadron
colliders only a fraction of it

is

this is compensated however by the fact
that hadron collider can reach higher Ears

WHY because they do not loose
much energy

to synchrotron radiation

AE α Em Mn'sme

radius of a
circuler accelerator

So to reach high ECM

lepton colliders need to be linear
and long

hedron colliders can be circular with hergeR

Once we know the B ECM we can calculate the

probability for a givenprocess tohappen
i e the probability

of a given event
proportional to what

we call the

Crossetin for a givenprocess
ab

which we calculate in the well defined

framework of QFT for agiven
theory

Except the standard Model Ste

or any of its BEE
generic EEE.mg

including

we will see several examples in the course of these
lecturer



Last in order to estimate the rate with which a

given kind of events
are produced at a specific collider

we need to calculate how many one on one collisions

happen per unit time

we need to consider A the cross area of the beams

and f the bunch crossingfrequency sinceparticles
in the beams come in buncher

IEEE
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integrated
Luminosity

f given by L integrated
over a given time
ex time of running

Ex LHC has L 1034Chi 5 10
hLnonobern

1034collisions out s 159born
on the LHC website you can find
the integrated luminosity for each Run

includingRon 3

if 6 Inb 10 events rec

or knowing 6 one cell estimate how long to run

in order to collect the desired numberofevents

NOI life is not that simple
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particles decay and experiments
measure

the decayproducts
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very 1 103or lower
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Estimate the of Hiffr bosonproduced by Ron
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by the end of the HL LHC What about future collider



End of past present and future colliders
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Iure precision energy
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Why the future
see lectures on SM and beyond C Gropean

then
understanding the sealer sector of the

SM

Hiffs boson mass
EW scale

Higgs potential why
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graft

lectures on collider physics General

Tao Han Collider phenomenology hep th 0508097

Matthew Schwartz TASI lectures on collider physics
arxiv 1709 04533

Maxim Perdstein Introduction to Collider physics
arxiv 1002 0274

Manyrecordings

Books
QCD and collider physics by Ellis Stirling Webber

ColliderPhysics by Barger Phillips

QFT books my favorite one for this purpose
would be

M Schwartz's book

The history of collider physics is fascinating
the experimentalfoundations of particle physier

by Cohn Goldheber

Collider technology

Shietser Zimmermann Modern Future Colliders

arXiv 2003 09084

Roser et al on the feasibility of future colliders

arxiv 2208 00030



Specific Topics hepph 0512377
with emphasis at collidem arXiv 1208 5504

s Higgs physics 4 3 parxiv
0512342

TASI lectures Dawson Reina Wells

CERN Fermilab school on Hadron
Collider Physics

Reina

CTER summer school Reina video only 2019
video only

ICTP Dawson
hep th 9901280

top physics hepph 0303191

TASI ketones Dawson

STEQ Schools Reina video only
2009

hepph 0402031
arxiv 2012 11642

as EN r

TASI lectures Matcher Freitas

_D QCD strong interactions

features by Garin Salam see his webpage

TAG Reina video 2020

D BSM searches

TASI LN video 2022

Recordings exist for many of these features

PDF slides are available for most of them



To Present Future perspective

TAS factory on Future Colliders Mangano
arXiv 1905.07489

European strategy he website

Snowass 2021 Report of the Energy Frontier

arxiv 2211 11084

TopicalGroups Reports

Report of the Accelerator Frontier

arxiv 2209 14136


