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Physics at hadron colliders

Physics at hadron colliders

u Hadron-hadron interactions

u Higgs

u Future colliders 
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Hadron-hadron interactions

protons complex objects:            
partonic 
substructure: 
quarks & gluons

hard scattering 
processes (large 
momentum transfer):

quark-quark     
quark-gluon     
gluon-gluon

at parton level

however: hard scattering (high pT processes) represent
only a tiny fraction of the total inelastic pp cross section.  
e.g. total inelastic cross section ~80 mb at Ös = 13 TeV.

Dominated by events with small momentum transfer, in 
particular by two event types: diffractive (colourless
exchange with the quantum numbers of vacuum between
the two protons) & minimum-bias (exchange of colour).

Hadron-hadron interactions 

scattering or annihilation
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Most interactions due to interactions at large distance 
between incoming protons where protons interact as    
“a whole” ® small momentum transfer (Dp » ! /Dx )/ 
large impact parameter b  ® particles in final state 
have large (small) longitudinal (transverse) momentum.

< pT > » 500 MeV    (of charged particles in final state)

7  »hd
dN

most energy escapes down the beam pipe.

Called minimum-bias events (“soft“ events) & constitute  
a large fraction of the total cross section e.g. ~ 60 mb of  
~ 110 mb at Ös = 13 TeV. Perhaps not very interesting in 
themselves but needs to be understood. Cross section  
large that they occur multiple times per bunch crossing 
(e.g. 2023: ~ 50 times) ⇒ overlap interesting collisions 
(“pile-up”)  & change the measured event quantities.   

Minimum-bias events 

(LHC numbers) 

Inelastic low pT hadron-hadron collisions

~6 charged particles per pseudorapidity 
unit in central region of experiment
(uniform distribution in azimuthal angle)

6

b
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Diffraction

Diffractive processes 
another large part of the total cross section are diffractive
processes, where non-colored object(s) are exchanged
refered to as ”Pomeron(s)”. Pomeron is described by a 
system of two (or even number) of gluons or gluon ladder

diffractive events characterized by ”rapidity gaps”                    
(= regions of pseudorapidity without primary particle production)

elastic scattering ~ 30 mb                                                
single diffraction 10 -16 mb                                                     
double diffraction 5 -10 mb                                                   
central diffraction ~ 1 mb                                                                  
in total ~ 50 mb @ Ös = 13 TeV.

~ 30 mb

10 -16 mb

5 -10 mb

~ 1 mb

(13 TeV)

e.g. elastic scattering
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Hadron-hadron interactions

Charge flow

Energy flow

CMS, ATLAS

CMS, ATLAS

RP, ZDCRP, ZDC

RP = Roman Pots 
(detect protons)
ZDC = Zero Degree 
Calorimeters (detect 
neutral particles)

charged particle
& energy flow
in an average
proton-proton 
collision at LHC.   
The acceptancies
of baseline ATLAS & 
CMS experiments
are also indicated

pseudorapidity
  
polar angle

average particle
momentum
  

distance to IP @                  
LHC vacuum chamber radius IP = interaction point
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proton beam can be seen as a beam of quarks & gluons 
with a wide band of energies. occasionally occurs hard 
scattering between constituents of incoming hadrons.

constituents carry only a fraction 0 < x < 1 of proton momentum.   

ŝxap xbp

p º momentum of incoming hadron

Hard scattering processes

Inelastic high pT hadron-hadron collisions

to produce at LHC a mass of:
100 GeV:   x ~ 0.007        
1 TeV:        x ~ 0.07
5 TeV:        x ~ 0.36          

•  effective centre-of-mass energy 𝑠̂ smaller
   than 𝑠 of colliding beams: 

s xsxx  ŝ ba »=

if xa » xb

these are interesting physics events but they are rare.
ū

W-

d
s (pp ® W) » 150 nb » 10-6 stot (pp) 

e.g. ū + d ® W-
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Hadron-hadron interactions

specific features: 
u hard scattering s averaged over pdf’s
u initial and final states can emit gluons
u colored final states fragment to form “jets”
u underlying event from proton remnants

fragmentation

parton
distribution

parton
distribution

Jet

Underlying
event

Photon, W, Z etc.

hard 
scattering

ISR FSR

Jet

outgoing parton
Hard scatter

colorless states  
hadrons

R = +( ) ( )Dh Df2 2

fragmentation (hadronization):
u quarks/gluons produced give raise     

to lots of radiation (aS is large!) & 
recombine to form colorless spray      
of almost collinear hadrons: a jet

u jets = experimental signature of 
quarks/gluons & observed as locali-
zed energy deposits in calorimeters.

u jet energy ¹ parton energy due to 
calorimeter response, missing (n’s, 
low pT & out of cone) particles &   
overlapping particles (from min. bias 
events). average corrections applied.

at hadron colliders 
jets usually formed 
using simple cone 
algorithms (R » 0.7)
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quark & gluon 
fragmentation functions
measured mostly in e+e- 
collisions; modeled by 

fragmentation MC 

•  cross-section : 

åò=
ba,

baab
2

bb
2

aaba ) x,(x ˆ )Q ,(x f )Q ,(x f dx dx  ss

abŝ º         hard scattering cross-section

fi (x, Q2) º  parton distribution function

Hadron-hadron interactions

parton distribution 
functions

measured in DIS & 
hadron-hadron collisions

quark & gluon 
cross-sections
calculable in 

QCD
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Parton fragmentation functions

Parton fragmentation function Di
h(x, Q2) describes

probability to produce certain hadron h from parton i
(= q, q ... g). Analogous to pdf’s obtain from DIS.         

In fragmentation function, x represents fraction of 
partons momentum carried by produced hadron h «
In pdf, x represents fraction of momentum of original
hadron carried by interacting parton. Q2 describes here
the energy (scale) of the original parton when produced
instead of the momentum transfer as for pdf’s in DIS. 

Fragmentation functions Di
h(x, Q2) exhibit similar scaling

violations as pdf’s fi(x, Q2) from DIS. The  Q2 evolution
described by similar ”DGLAP”-equations:

_

...),(
2

),(),(where

,),(),(
2ln

),(

)1()0(

1 2
2

2

++=

=
¶

¶ åò

sji
s

sjisji

j
x jsji

si

zPzPzP

Q
z
xDzP

z
dz

Q
QxD

a
p
aaa

a
p
a

Lowest-order functions Pji
(0)(z) same as those for pdf’s in 

DIS but higher-order terms different. NB! Splitting function
Pji (& not Pij) since Dj describes fragmentation of final
parton. Pji = probability for parton i to transfer into parton j.

Effect of Q2 evolution same as for DIS pdf’s: x-distribution
shifted towards lower values for larger Q2’s. Pji’s contain
singularities at z = 0 & z =1, which have important effects
on fragmentation at small & large x, for details see
O. Biebel, P. Nason & B.R. Webber, hep-ph/0109282. 
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Parton fragmentation functions

Parton fragmentation function Di
h(x,s) usually

determined from e+e- fragmentation functions Fh(x,s).
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The e+e-

fragmentation
functions for 
all charged
particles for 
different Ös. 
The influence
of scaling
violations can
be seen. 
Larger Ös
shifts the      
x-distribution
towards
smaller x’s.

Phenomenology 2024
Physics at hadron colliders

& gi(s) appropriate (e.g. q) electroweak coupling.
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Parton fragmentation functions

In e+e- ® g/Z0 ® hX, differential distribution w.r.t. to x
& angle q between hadron h and incoming e+:
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Gluon fragmentation
function Dg(x) can be
extracted from measured
FT(x) & FL(x). Coefficient
functions Ci’s of q & g
comparable at O(as).
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GeV

where FL(x,s) & FT(x,s)                                                      
longitudinal & transverse
fragmentation functions
representing contributions
from virtual bosons
having longitudinal or
transversal polarization
(w.r.t. direction of motion
of hadron).   
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Most  interesting processes are rare processes:
• involve heavy particles
• have small cross-sections (e.g. W production)

Hadron-hadron interactions

Ös
main background: QCD jets ® lepton & photon signatures
important trigger signatures: a) µ (charged particle beyond cal.),  
b) g/e (em. shower) & c) neutrinos (missing transverse energy). 
note: pay a prize for branching ratio i.e. BR(W ® ln) » 30%

LHC 
2010-12

2015 −(p#p)

p#p

pp

(pp)
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• trigger: much more difficult than in e+e- collisions

bunch crossing rate: ~ 4 × 107 events/second 
can record ~ few kHz (event size ~1 MB)
 
Þ trigger rejection ~ 104

trigger decision » µs ® > interaction rate (of 25 ns)

store massive amount of data in 
pipelines while special trigger 
processors performs calculations

detector

trash

savePIPELINE
NO

YES

trigger

4×107 evts/s few 103 
evts/s

Hadron-hadron interactions

(LHC numbers given) 

at LHC:
- low level (1st) trigger based (mostly) on calorimetry & 

muons chamber info Þ change for high lumi LHC
- high level trigger (HLT) software based using cruder

event reconstruction. 
- exceptions: LHCb triggerless (online analysis)
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Typical of LHC:
protons grouped in bunches (of ~ few 1011 protons) 
crossing each other at the interaction points every 25 ns 

Þ at each beam crossing ~ 50-60 minimum-bias events 
are produced at L » few 1034 cm-2s-1. these overlap with 
high pT physics events, giving rise to so-called pile-up  

detector

25 ns

Reconstructed tracks 
with pt > 25 GeV

example:      
a H®ZZ; 
Z®µ+µ- at 
L = 10+34 
cm-2s-1

trick: focus 
on high pT 
particles   

~ 1600 
charged 
particles in 
the detectors  
however most 
particles have 
low pT   

Pileup
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Pile-up, a very serious experimental difficulty at LHC

Large impact on detector design:

• LHC detectors must have fast response, otherwise 
integrate over many bunch crossings ® too large pile-up
  

  Typical response time : 15-50 ns ®  integrate over 1-2 
bunch crossings ® pile-up of ~ 50-60 minimum bias Þ 
very challenging readout electronics
  

• LHC detectors must be highly granular to minimize
probability that pile-up particles are in the same sensitive 
detector element as interesting object (e.g. g from H ® gg) 
® large number of electronic channels Þ  high cost
  

• LHC detectors must be radiation resistant: high flux of 
particles from pp collisions ® high radiation environment     

0 10 20 30 40 50 60
R [cm]

1012

1013

1014

1015

total eq

neutrons eq

pions eq

 other charged
hadrons eq

SCT - barrelSCT - barrel
PixelPixel

3x1014cm-23x1014cm-2

SCT - barrelSCT - barrel

PixelPixel

ATLAS - Inner Detector

Pile-up

Fluence of different type of
particles in 1 year at 10+34

cm-2 s-1 in ATLAS 
silicon tracker as function
of distance to collsion
vertex. Innermost pixel
layer (at 4 cm) survives
~3 years with current
technology. Some definitions
�  fluence: F = Npart/A [cm-2]
�  dose: D = E/m [Gy = J/kg]
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Keyword: large event statistics
Expected event rates in ATLAS & CMS for 
representative (both known & new) physics processes
at current high luminosity running (L  ≈ 2 # 1034 cm-2 s-1)

0.02             5 # 104

  (mgluino = 1 TeV)
  
     H                       ~1              few 106

  (mH = 125 GeV)  

Process            Events/s Events/year    Other machines  
         (total statistics) 

W® en                  300 109 104 LEP / 107 Tev. 
Z® ee              30                 108                       107 LEP

16               5 # 107  104 Tevatron 

106                    few  1012             108 B-factories

QCD jets              103   few 109           107 Tevatron
pT > 200 GeV

gg~~

tt

bb

High lumi LHC (~ 5 × 1035 cm-2s-1): statistics 2.5 times larger

® LHC is  a B-factory, top factory, W/Z factory, Higgs 
factory, etc…. (the difficult challenge is to extract the signal)

Event rates at LHC

104 Tevatron
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Higgs physics
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Higgs production & decay
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,
24
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2

fH
fF

f
C m

mGN
ffH b

p
=®Gat 1st order:

where bf is the 
fermion velocity 
in the decay.

Higgs decay

125

58  
3   
8

22 
2.7

0.02 (µ) 
6.4     
0.2 gg

125
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Higgs discovery
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Higgs discovery

Phenomenology 2024
Physics at hadron colliders

S H®xx

⋆
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H ® gg
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H ® ZZ* 



Kenneth Österberg V/24Phenomenology 2024
Physics at hadron colliders

H ® WW*/ H mass
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Higgs width

CMS: Γ% = 3.2+2.4−1.7 MeV
   

Nature Physics 18 (2022) 1329
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Higgs decays

+ evidence for coupling to second generation: 𝐻 → 𝜇&𝜇'

& Muons
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110 115 120 125 130 135 140 145 150
 (GeV)µµm

4-

2-

0

2

4

6

8

Ba
ck

gr
ou

nd
-s

ub
tra

ct
ed

 d
at

a 
/ 1

 G
eV

 (13 TeV)-1138 fbCMS
µµ ®H 

S/(S+B) Weighted

Data
Signal

 1 SD±
B uncertainty:



Kenneth Österberg V/27Phenomenology 2024
Physics at hadron colliders

Higgs couplings
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Higgs decays & couplings

60 80 100 120 140 160
 (GeV)bbm

200-
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1 SD±

CMS
 bb®H 

S/(S+B) Weighted

 (13 TeV)-1138 fb

& c-quarks

b-quark decay channel of 
Higgs solidly confirmed

…but c-quark decay channel 
of Higgs still elude searches

Z! → c ̅𝑐
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Higgs couplings

0 0.5 1 1.5 2 2.5 3 3.5 4
Parameter value

gZk

µk

tk

bk

tk

gk

gk

Zk

Wk

 (13 TeV)-1138 fb

Observed 1 SD (stat)±

 syst)Å1 SD (stat ± 1 SD (syst)±

 syst)Å2 SDs (stat ±

CMS

0.37-
0.34+1.65 0.35-

0.31+ 0.09-
0.14+ 

0.22-
0.21+1.12 0.20-

0.19+ 0.09±

0.08± 0.92 0.06± 0.06±

0.16-
0.17+0.99 0.12± 0.10-

0.12+ 

0.10-
0.11+1.01 0.07± 0.08±

0.08± 0.92 0.05± 0.06±

0.08± 1.10 0.06± 0.05±

0.07± 1.04 0.05± 0.05±

0.08± 1.02 0.05± 0.05±

Stat Syst
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Vector bosons

 generation fermionsrd3

 generation fermionsnd2

SM Higgs boson

 (13 TeV)-1138 fbCMS
=125.38 GeVHm
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Higgs boson is Standard Model like !
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ATLAS
Observed best fit

Observed 68% CL

Observed 95% CL

SM prediction

Run 2
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-1 139 fb− = 13 TeV, 36.1 s

| < 2.5
H

y = 125.09 GeV, | Hm

 = 63%
SM

p profiled, γZκ

Observed best fit

Observed 68% CL

Observed 95% CL

Standard Model



Kenneth Österberg V/30Phenomenology 2024
Physics at hadron colliders

Higgs self-couplings

(accidental) negative interference between the two diagrams 
reduces cross section and hence sensitivity to g!!! coupling
  

Rule of thumb: event yield ~ 1000 smaller than for single H
  

Most sensitive channels: 𝐻 (→ 𝑏'𝑏) + 𝐻 (→ 𝜏"𝜏#|𝑏'𝑏|𝛾𝛾) 

6− 4− 2− 0 2 4 6 8 10
λκ
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95
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Excluded Excluded

Observed          Median expected
Theory prediction 68% expected    
                       95% expected    

CMS 

 = 1Vκ = 2Vκ = tκ

 (13 TeV)-1138 fb

2− 1− 0 1 2 3 4
2Vκ
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σ
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L 
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it 
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Excluded Excluded

Observed          Median expected
Theory prediction 68% expected    
                       95% expected    

CMS 

 = 1Vκ = tκ = λκ

 (13 TeV)-1138 fb

Limits on self-coupling

  

Limits on quartic coupling

Not yet enough sensitivity!

Most likely need high 
luminosity LHC to discover 
double Higgs production
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Future colliders

2012-24:
2012-24:

2012-24:
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Future colliders
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Future colliders

(2025-2040)
2020

~2040

(LHC Run2: completed)
  

(LHC Run 3: on-going)
  

(HL-LHC: Approved)
13.6 TeV by 2025

~2040
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Future colliders

2020

2020

favoured!

27

27
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Future colliders

2041

13.6 TeV Run3
2025-26

13.6 TeV Run3

𝑠 = 13 TeV,

𝑠 = 13.6 TeV,
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HL-LHC 
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HL-LHC 

1

10

210 bb bb ttbb 

Early LHC Run 2

This paper
HL-LHC

1

10

210 ggbb Combined

Observed
Median exp.
68% exp.
95% exp.

CMS
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Double Higgs boson 
production discovery 
seems to be within 
HL-LHC reach 
(especially if ATLAS & 
CMS data combined)
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HL-LHC 
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HL-LHC 


