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Scope of the Lectures

Experimental particle physics at high energy colliders
with emphasis on LHC (currently running highest energy collider)

Today:  

What we would like to measure (pheonomenology of hadron collisions) 
and how (detectors)

Tomorrow:

Where we are (measurement of the Higgs boson profile)
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Challenge questions
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PART 1



1. What we would like to measure
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It´s a long long way from

Bonn         to           Kuldīga



1. What we would like to measure
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It´s a long long way from

a Geiger Counter     to (e.g.)      Higgs boson cross sections 



1. What we would like to measure

Particle physics: study (most) microscopic structure of Nature

o What are the smallest/elementary building blocks of matter?
o How does this matter interact (forces)?
o How does the microscopic structure shape our view of the Universe?

= „discovered at
colliders“
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…dass ich erkenne, was die Welt 
im Innersten zusammenhält

(That I may detect the inmost force
Which binds the world, and guides its course;)

Goethe, Faust



1. What we can measure (at colliders)

Can we detect an electron? yes
Can we detect a muon? yes
Can we detect a tau lepton? no*

Can we detect a neutrino? no*

Can we detect a quark? no
Can we detect a gluon? no
Can we detect a photon? yes
Can we detect a W/Z boson? no
Can we detect a Higgs boson? no

Detection (reconstruction) of most fundamental particles has to proceed indirectly
Infer their presence from detection and reconstruction of measurable particles:
• decay
• hadronisation
• E/p conservation 7

= „directly
detectable
at colliders“

This inference requires a lot of
„theory“ + „modelling“ + „auxillary measurements“



1. What we can measure (at colliders)

Note: also most hypothetical BSM particles
would be only inferred from their decays
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Exceptions: e.g. magnetic monopoles, 
„long-lived“ neutral/charged heavy particles

Example: search for magnetic monopoles in ATLAS 
arXiv:2306.17642

Example: search for leptoquark pair production decaying to
te or tµ



1. What we would like to measure and what we can measure
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Particles we can actually “see” 
- need to reach the detector (travel distance ! = #$%& ≳ o(cm)  cτ = 1 cm → & = 33 ps) )
- need to interact with the sensitive volume of the detector 

1. electromagnetically
a) charged particles
b) photons

2. through strong interaction (with subsequent e.-m. interactions)
all “stable” hadrons

àAll detectors exploit the electro-magnetic interaction

Only very few particle species arrive in our detectors:
Photon, Electron/Positron, Muon/Antimuon, Charged Pions, Charged Kaons, Protons/Antiproton, 
Neutral “stable” hadrons (3!/#$ , 5, Λ) (and a few more strange hadrons, practically mostly irrelevant)

How close can we get?
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How close can we get?

LHCbVelo detector
5 mm to beam



Lepton vs. Hadron collisions
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• p = composite particle:
unknown energy of partons,
parasitic parton collisions
coloured initial state

• p = strongly interacting:
huge SM backgrounds,
highly selective trigger needed,
radiation hard detectors needed

• e = pointlike particle:
known and tunable energy of particles,

    kinematic contraints can be used
    only electroweak interaction in initial state
    polarisation of IS particles possible,

• e = electroweakly interacting
low SM backgrounds,
no trigger needed,
detector design driven by precision

p p

à if they were equally easy to accelerate leptons were the choice! 

e+ e-



Lepton vs. Hadron collisions
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p p e+ e-

e.g. 
E =150 GeV
R = 25 km
ΔE = 1.8 GeV per turn

Can this be overcome?for electrons

Synchrotron radiation
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4 pi detectorsWe do have a powerful hadron collider : the LHC
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LHC Collision Snapshot
Exposure Time = 25ns

Complications in hadron collisions 1: pile-up

Total cross-section of pp collisions is dominated by
Minimum Bias events.

7tot ≈ 100 mb

<% ≈ 300 MeV

@5
@A

≈ 7

@5
@C

≈ const.

„Interesting“ cross sections suppressed by ~10-9

àmultiple pp collisions per bunch crossing (25 ns)
unavoidable. 

Rapidity plateau

57

[n
b]

How can one mitigate pile-up?
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LHC Collision Snapshot
Exposure Time = 25ns

Complications in hadron collisions 1: pile-up

How can one mitigate pile-up?

Number of (MB) events per BX

57



Pseudorapidity
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Pseudorapidity&&

HECP:&N.&Wermes& SS&2012& 15 

η = - ln tg θ/2 

B

3

Three reasons to use pseudorapidity (rather than polar angle):
- Differences of pseudorapidity are invariant under longitudinal boosts
- Occupancy vs. pseudorapidity ~ const (need higher angular granularity in forward direction)
- Jets are ~ “round” in ΔηΔφ-space
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~10cm

Raw SET~2 TeV
14 jets with ET>40
Estimated  PU~50

LHC Collision Snapshot
Exposure Time = 25ns

Complications in hadron collisions 1: pile-up

[Tully]
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0.15ns

0.4ns

0ns
(define to be t=0)

0.11ns

-0.11ns 0.02ns

0.2ns-0.05ns

-0.12ns

LHC Bunch Crossing 
1ns Clip

Raw SET~2 TeV
14 jets with ET>40
Estimated  PU~50

Complications in hadron collisions 1: pile-up

[Tully]

Vertex resolution
+ 
Timing 
helps



Complications in hadron collisions II: the parton model
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The most simple approach to describe pp scattering by 2à2 parton scattering + spectatorsReminder:'how'‚protons‘'interact'

Proton'scaCering'='scaCering'of'quarks'and'gluons'

�(pp � Y X) =

Z 1

0
dx1

Z 1

0
dx2

X

f

ff (x1)ff̄ (x2)·�(qf (x1P )+q̄f (x2P ) � Y )

Peter%Mä(g,%CERN%Summer%Students%2012%

1 2

3

4

Here the (12) system (initial state) is not at rest in the lab frame
Incoming 4-momenta p1 = x1 P1 p2 = x2P2 (P1,P2 4-momenta of protons, Björken-x: x1, x2)

Note: this is a (rather strong) simplification!
- ignores the interaction of the rest of the two protons („underlying event“)
- assumes that the incoming partons have no transverse momentum pt
- assumes that the incoming partons do not radiate gluons before they interact

P1
P2

x2 P2x1 P1

B

Hard process kinematics

68

B

Hard process kinematics

72

B



Complications in hadron collisions II: the parton model
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B

A more complete (but very complex) picture of „what´s really happening“

[SHERPA team, F. Krauss et al]



Complications in hadron collisions II: the parton model
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B

We can see only, what is outside the circle

but we want to
know, what´s
happening at the
red dot.

Frightening...



Complications in hadron collisions II: the parton model
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B

Fortunately, there are concepts which work (surprisingly?) well!

Inside out: (theory) 

1. hard process (at higher order perturbation theory) „exact“
2. parton shower for outgoing and incoming (coloured) objects
3. transition from partons to hadrons „hadronisation“
4. decay of unstable hadrons à observable particles

Outside in: (experiment)

1. assign raw signals to observable particles („reconstruction“)
2. combine hadrons (and photons from F$ → $$) to jets
3. associate jets with partons (quarks, gluons) – highly non-unique
4. combine objects (jets, leptons, miss. energy) to heavier objects (e.g. t)
5. measure „parton-level“ cross-sections and compare them to theory

Where do theory and
experiment meet best?



Jets
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Jets: the (best?) link between measurable particles and “calculable” partons

Jet definition should be:

• simple to implement in experimental analysis

• simple to implement in theoretical calculations

• well-defined in any order of perturbation theory

• yield finite cross-sections (infrared and collinear safety)

• insensitive to specifics of the hadronization model 

Long history of algorithms. 

Today sequential recombination algorithms dominate,

 in particular anti-kT algorithm

AT
LA

S 
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Jet Algorithms

24

Distance measures:  !!" = 2min '#,!%&, '#,"%&
'(!"#
(# !!) = '#,!%& Δ*!"% = +! − +"

% + .* − .% %

B = „beam“
Algorithm:
1. if only one particle is left, call it jet and stop
2. find minimum of dij, diB
3. if minimum is dij, combine i and j, goto 1
4. if minimum is diB, declare particle i a final state jet, remove it from list, goto 1
5. stop if no particles remain in list

à arbitrarily soft particle can become „jets“ à need to specify a minimum jet pT

p = 1: kT algorithm
p = 0: Cambridge/Aachen algorithm
p = -1: anti-kT algorithm:

• favours clusterings that involve hard particles (rather than soft particles)
• jets evolve from hard seed (grow inside out)
• still, collinear branchings are clustered first (collinear and infrared safe)
• but: not related to QCD branching/splitting functions



Jet Algorithms
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Recombination schemes:
Need to define how to combine the four vectors of particles i and j (in all algorithms)

Option A: simply add 4-momenta of particles (leads to „massive“ jets)

Option B: 

G&,()% =H
*
G&,*

A()% =
1

G&,()%
H
*
G&,* A*

I()% =
1

G&,()%
H
*
G&,* I*

à resulting jets are massless
àdisadvantage: not invariant under longitudinal boosts if component particles are massive



Jet Algorithms: what they do...
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Comparison between 4 IRC safe jet algorithms

Irina Cioară Jet Algorithms November 5, 2012 20 / 24



Complications in hadron collisions II: parton density functions

27

Cross sections depend on (still uncalculable) parton density functions
Need to be measured/constrained with data.
Most important (still): ep DIS data from HERA

D
G

LA
P

Yuri Dokshitzer



3.1 Factorization theorem
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D
G

LA
P

Yuri Dokshitzer



Complications in hadron collisions II: parton density functions

29[Anastasiou et al, 2022]



Complications in hadron collisions II: parton density functions

30pdf uncertainties for ggàH Higgs production



End-to-end modelling: Monte Carlo generators
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Does Nature know
about this?

[PYTHIA team]
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PART 2
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Detectors

Peter Higgs (1929 - 2024) assembling the ATLAS detector…
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Electro-magnetic interaction: Charged Particles
Charged Particles

1. Ionization 
à Charge

2. Excitation 
à Light

3. Scattering 
à Deflection

4. Bremsstrahlung à 
E-loss, deflection

5. Cerenkov radiation
6. Transition radiation

Z2 electrons, q=-e0

7/18/2011 W. Riegler, Particle Detectors 7

Interaction with the 
atomic electrons. The 
incoming particle 
loses energy and the 
atoms are excited or  
ionized.

Interaction with the 
atomic nucleus. The 
particle is deflected 
(scattered)  causing 
multiple scattering of 
the particle in the 
material. During this 
scattering a 
Bremsstrahlung 
photon can be emitted.

In case the particle’s velocity is larger 
than the velocity of light in the medium, 
the resulting EM shockwave manifests 
itself as Cherenkov Radiation. When the 
particle crosses the boundary between 
two media, there is a probability of the 
order of 1% to produced and X ray 
photon, called Transition radiation. 

Electromagnetic Interaction of Particles with Matter

M, q=Z1 e0

[Riegler]
Is there more?
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Electro-magnetic interaction: Charged particles: Excitation + Ionization
Excitation + Ionization à “Universal energy loss – only depending on #$

Density effect. Medium is polarized
Which reduces the log. rise.

Bethe-Bloch equation

• I is the mean excitation energy. 
• F is the maximum possible energy transfer to a shell electron, occurring in a 
central collision). 
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Electro-magnetic interaction: Charged particles: Excitation + Ionization
Z/A matters…

Density effect. Medium is polarized
Which reduces the log. rise.Bethe-Bloch equation

Example 1:
Z » 0.5 A
1/r dE/dx » 1.4 MeV cm 2/g for ßγ » 3

Iron: d = 100 cm; ρ = 7.87 g/cm3

dE ≈ 1.4 * 100 * 7.87 MeV = 1102 MeV
à 1 GeV Muon can traverse 1m of Iron

Argon: d = 1 cm; ρ = 1.78 10-3 g/cm3

dE ≈ 1.4 * 1 * 1.78 keV = 2.5 keV

Need ~ 26 eV to ionize an Ar atom
à ~100 ionization electrons / cm 
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Electro-magnetic interaction: Charged particles: Excitation + Ionization
“Universal energy loss – only depending on #$
à if momentum of a particle is measured, dE/dx measurement can be used to determine
    a particles mass! (particle identification) 

Bethe-Bloch equation

25/10/23 The upgraded TPC for ALICE in LHC Run 3 5

TPC PID via dE/dx with Run 2

Energy loss per unit path length is described by the Bethe-Bloch formula

dE/dx pid 

TPC
Time
Projection
Chamber

ALICE
TPC
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Electro-magnetic interaction: Charged particles: Bremsstrahlung

Section 3.3: Energy loss through bremsstrahlung 63
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Fig. 3.27 Energy loss by ion-
isation and by bremsstrahlung
for electrons as a function of the
electron kinetic energy. Both
contributions (dashed lines)
intersect at the critical energy
Ec = 47.87 MeV, defined as
in (3.92). In the Rossi-PDG
definition (3.93) this value is
Ec = 40.19 MeV [762]. For com-
parison also the ionisation energy
loss for protons is given. All
curves have been computed using
the interactive programs ESTAR
and PSTAR [182].

3.3.3 Critical energy
Energy loss by radiation and by ionisation have di�erent dependencies on the energy
E and the mass M of the particle, as well as on the nuclear charge Z of the medium:

ionisation: Ã Z ln E/M
bremsstrahlung: Ã Z2 E/M2 .

Due to the di�erent energy dependencies ionisation dominates at low energies, brems-
strahlung at high energies. A critical energy Ec is defined as the point in energy at
which both energy loss curves intersect (fig. 3.27):

3
dE

dx
(Ec)

4

ion

=
3

dE

dx
(Ec)

4

rad

. (3.92)

Di�erent to (3.92) the Particle Data Group [746] has adopted the definition by Rossi
[835] according to which the critical energy is the energy at which the ionisation energy
loss after one radiation length equals the energy of the radiating electron:

3
dE

dx
(Ec)

4

ion

X0 = ≠Ec . (3.93)

This definition merges into (3.92) under the assumption that (dE/dx)rad ¥ ≠Ec/X0.
For (3.93) reasonably good approximations are available, di�ering for solid and liquid
compared to gaseous media due to the density e�ect:

Ec ¥
610 MeV
Z + 1.24 (solids and liquids) ,

(3.94)

Ec ¥
710 MeV
Z + 0.92 (gases) .

Radiation length X0 and critical energy Ec are important parameters for the develop-
ment of electromagnetic showers (see chapter 15). Numerical values for some materials
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Eventually, radiation loss gets larger than ionization loss

Critical energy:

Section 3.3: Energy loss through bremsstrahlung 63
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Handy formulae (for electrons):

Section 3.3: Energy loss through bremsstrahlung 63
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Section 3.3: Energy loss through bremsstrahlung 57
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Fig. 3.24 Bremsstrahlung
spectra for carbon (Z =6)
and lead (Z =82) according
to (3.76), but normalised by
a factor E“/Z

2. The dashed
curves do not include the
last term in (3.76).

LÕ
rad = 1

4Â1(0) ≠ 2 ln Z .

Numerical values are given in table 3.3.
In fig. 3.24 bremsstrahlung spectra according to formula (3.76), multiplied by E“/Z2,

are displayed for carbon (Z = 6) and lead (Z = 82). The curves are similar in shape,
but the fact that they di�er in height, even after normalising by a factor E“/Z2,
demonstrates that the cross section increases somewhat less than with Z2. The small
di�erence between the full and the dashed curves means that the last term in (3.76)
is quite small (we will learn below that it is ignored for the definition of the radiation
length). Note that in the adopted high energy limit the curves do not depend on the
primary energy E.

Approximation (3.76) holds for high electron energies with the exception of the
kinematic regime of highest photon energies (corresponding to high momentum trans-
fers to the atom). For non-asymptotically high electron energies and not too small
photon energies (E“ > 50 MeV) the cross section (3.74) can be computed using the
following approximate formulae [592]:

„1(÷) =
;

20.867 ≠ 3.242 ÷ + 0.625 ÷2, ÷ Æ 1
21.12 ≠ 4.184 ln(÷ + 0.952), ÷ > 1 ,

(3.77)

„2(÷) =
;

20.029 ≠ 1.930 ÷ + 0.086 ÷2, ÷ Æ 1
„1(÷), ÷ > 1 ,

(3.78)

Â1,2(÷) = LÕ
rad(Z)

Lrad(Z) ≠ f(Z)

3
„1,2(÷) ≠

4
3 ln Z ≠ 4f(Z)

4
+ 8 ln Z . (3.79)

The characteristic properties of the bremsstrahlung cross section (3.76) are (a)
the Z2/m2

e dependence (re Ã 1/me) which already showed up in the classical formula
(3.69), and (b) the (leading order) dependence on the photon energy:

d‡

dE“
Ã

1
E“

. (3.80)

The divergence at E“ = 0 has no practical e�ect because the lowest frequencies are
absorbed by the atoms (by the dielectric suppression mentioned above). In realistic
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Electro-magnetic interaction: Charged particles: Bremsstrahlung

Radiation length

Radiation length X0 =
amount of material (of a given composition) to be traversed until 
a particle has radiated off (1-1/e) = 63% of its energy.

Section 3.3: Energy loss through bremsstrahlung 61

where for the upper integration bound E ≠mec2
¥ E has been used. At high energies,

the energy loss per unit path length thus approximately scales with the electron energy.
One can then introduce the radiation length X0 as the characteristic length for energy
loss through bremsstrahlung by:

3
dE

dx

4

rad

= ≠
E

X0
. (3.86)

Integration of (3.85) yields:
E(x) = E0 e≠ x

X0 , (3.87)

meaning that after a path length x = X0 an electron on average possesses only 1/e of
its initial energy; the fraction 1 ≠ 1/e ¥ 63% has been radiated o�.

In [948] the radiation length X0 is defined by:

1
X0

= 4–r2
e

NA fl

A

#
Z2(Lrad ≠ f(Z) ) + ZLÕ

rad

$
. (3.88)

In this definition the term 1
18 (Z2 + Z) in (3.85), taking values between 1% and

1.7% depending on Z, has been neglected.8 With numerical values for the constants
(4–r2

e NA)≠1 = 716.408 mol cm≠2 we obtain:

fl X0 = 716.408 A mol/g
Z2 [(Lrad ≠ f(Z)) + ZLÕ

rad]
g

cm2 . (3.89)

Radiation lengths of various materials often occurring in particle physics experiments
are listed in table 3.4.

A compact formula, obtained from a fit and deviating by less than 2.5% from the
input data for all elements except for He (deviation ¥ 5%), is given in [724]:

fl X0 = 716.408 A mol/g
Z(Z + 1) ln 287Ô

Z

g
cm2 . (3.90)

In this representation the dependence on Z can be seen better: in addition to the Z2

dependence for coherent scattering o� the entire nucleus there is the same contribution
proportional to Z originating from the scattering o� individual shell electrons which
has to be summed over.

For mixtures and compounds the radiation length can be calculated from the cor-
responding contributions X0i of the individual components with weight fraction gi:

1
flX0

=
ÿ

i

gi

flX0i
with gi = fli

fl
. (3.91)

The radiation length X0 generally serves as an important measure to characterise
electromagnetic processes taking place in the Coulomb field of a nucleus, this is, apart
from bremsstrahlung, above all e+e≠ pair production (section 3.5.5) and multiple
Coulomb scattering (section 3.4). For example, X0 is used in detector building to
characterise the thickness of material traversed on average by a particle. Note, however,

8The term is neglected in order to be able to also express the cross section for pair production
(section 3.5.5) at high energies by means of the radiation length.
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For total absorption (electro-magnetic calorimeter) 
we need several X0 of material

For non-destructive (tracking) measurements we need to
minimize the number/fraction of X0´s

X0 governs: - bremsstrahlung
    - photon pair production
    - multiple Coulomb scattering
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Radiation length

62 Chapter 3: Interactions of particles with matter

Table 3.4 Radiation length (given as flX0 in units mass/area and in units of length at the
given density) and critical energy Ec (electrons), E

µ
c (muons), as well as the correspondingly

relevant atomic properties for various materials often used in detector applications (adapted
from [762], the data for photoemulsions correspond to Ilford G5 [889]).

Material Z ÈZ/AÍ Density X0 Ec Eµ
c

(mol/g) (g/cm3) (g/cm2) (cm) (MeV) (GeV)
elemental solids

Be 4 0.444 1.85 65.19 35.2 113.7 1328
C 6 0.500 2.21 42.70 19.3 81.7 1057
(graphite)
Al 13 0.482 2.70 24.01 8.9 42.7 612
Si 14 0.499 2.33 21.82 9.36 40.2 582
Fe 26 0.466 7.87 13.84 1.76 21.7 347
Cu 29 0.456 8.96 12.86 1.44 19.4 317
Ge 32 0.441 5.32 12.25 2.30 18.2 297
W 74 0.403 19.30 6.76 0.35 8.0 150
Pb 82 0.396 11.35 6.37 0.56 7.4 141
U 92 0.387 18.95 6.00 0.32 6.7 128

scintillators
NaI 11,53 0.427 3.67 9.49 2.59 13.4 228
CsI 55,53 0.416 4.51 8.39 1.86 11.2 198
BaF2 56,9 0.422 4.89 9.91 2.03 13.8 233
PbWO4 82,74,8 0.413 8.30 7.39 0.89 9.6 170
polystyrene 1,6 0.538 1.06 43.79 41.3 93.1 1183

gases (20 °C, 1 atm)
H2 1 0.992 0.084◊10≠3 63.04 750 500 344.8 3611
He 2 0.500 0.166◊10≠3 94.32 568 200 257.1 2352
air 7,8 0.499 1.205◊10≠3 36.62 30 390 87.9 1115
Ar 18 0.451 1.66◊10≠3 19.55 11 777 38.0 572
Xe 54 0.411 5.48◊10≠3 8.48 1 547 12.3 232

other materials
H2O (liquid) 1, 8 0.555 1.0 36.1 36.1 78.3 1029
standard rock 11 0.500 2.65 26.5 10.0 49.1 693
photoemulsion 3.82 11.33 2.97 17.4 286

that the definition of the radiation length bares some level of arbitrariness since the
published formulae usually rely on some approximations made. Definitions other than
those given here and in [746] do exist, based on di�erent approximations, for example
in [835]. For the mentioned rough calculations this does usually not play a major role.
If more exact computations are needed, Monte Carlo simulations are usually employed
which use more precise formulae.
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Ze
γ

θ
ze

Fig. 3.29 Scattering of a charged particle (charge ze) in the
Coulomb field of a nucleus with charge Ze (Rutherford scatter-
ing).

Here ◊ is the scattering angle, z, — and p are charge, velocity and momentum of the
scattered particle, and Z is the charge of the nucleus. Given the predominantly small
momentum transfers (corresponding to the large reach of electromagnetic interactions)
the process is a coherent scattering process o� the total charge of the nucleus resulting
in the quadratic Z-dependence already mentioned (by contrast the energy loss by
ionisation is proportional to Z since all shell electrons contribute as an incoherent
sum). If the scattered particle is light compared to the mass of the nucleus it is deflected
with only a small energy transfer to the nucleus.

For a not too thin scattering medium, that is, if the number of scatters exceeds
about 20, we speak of multiple or Molière scattering. According to the central limit
theorem of statistics one expects for an infinite number of scatters that the distribution
of the scattering angle is Gaussian. The general case of a finite number of scatters has
been treated by Molière [710,711]. For most practical cases the distribution obtained by
the Molière theory can be approximated well by a Gaussian distribution. One should
keep in mind, however, that the Molière distribution predicts larger probabilities for
large multiple scattering angles which results from the nature of the underlying Ruther-
ford scattering processes. Figure 3.30 shows a measured scattering angle distribution
of protons [198] compared with the exact Molière theory and with the approximation

f(θ
)

δ2 = (θ / θC)2

101

102

103

0 1 3 4 5 62

e–δ2

Molière theory

scattering of protons in a foil of aluminium 

Fig. 3.30 Distribution of the scat-
tering angle of protons with kinetic
energy T = 2.18 MeV having traversed
an aluminium foil with area mass den-
sity of x = 3.42 ◊ 10≠3 g cm≠2 (i.e.
thickness of about 13µm) [198]. The
measurements are compared with
the exact Molière theory and also
with a Gaussian (data and curves
taken from [198]). In this logarithmic
representation plotted against the
squared scattering angle the Gauss
distribution is a straight line. The
scattering angle is normalised here to
the characteristic angle ◊c appearing
in the Molière theory (◊c = ‰c

Ô
B

with parameters ‰c and B as given
in [711], ◊c ¥ ◊ms

Ô
2). Thus with

” = ◊/◊c the leading dependence of
the Molière distribution at small
angles is proportional to exp(≠”

2).
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68 Chapter 3: Interactions of particles with matter

x

splane
yplane

Ψplane

θplane

x /2

Fig. 3.32 Sketch illustrating
multiple scattering of a charged
particle in a scattering layer
projected onto a plane perpen-
dicular to the incoming particle
direction as well as characteristic
quantities used to describe this
multiple Coulomb scattering
process (source: PDG [746]).

the direction of motion. The ◊ distribution is obtained as the product of the statistically
independent distributions for ◊x and ◊y, each following (3.99):

g(◊)d◊ = 1
◊2

ms

exp
3

≠
◊2

2 ◊2
ms

4
◊ d◊ . (3.103)

Here we used d◊x d◊y = ◊ d◊ d„ and integrated over „. Note that the spatial scattering
angle can only assume positive values, in contrast to the projection of this angle onto a
plane (fig. 3.31 and fig. 3.32). It is thus appropriate to examine the probability density
of ◊2 which with 2◊d◊ = d◊2 becomes

h(◊2)d◊2 = 1
2◊2

ms

exp
3

≠
◊2

2 ◊2
ms

4
d◊2 . (3.104)

The distributions (3.103) and (3.104) are normalised to unity in 0 Æ ◊ < Œ. The max-
imum of h(◊2) is at ◊ = 0 and corresponds to the most probable scattering angle in a
solid angle interval ◊ d◊ d„, whereas the average value is at È◊Í =


fi/2 ◊ms > 0. The

standard deviation of the spatial scattering angle with respect to the most probably
value at ◊ = 0 is 

È◊2Í =
Ô

2◊ms . (3.105)

The angle
Ô

2◊ms approximately corresponds to the characteristic Molière angle ◊c in
fig. 3.30.

For computer simulations of particles traversing a detector the traversed matter
is sliced into scattering layers and the relevant scattering quantities are calculated
for each layer. The sketch in fig. 3.32 illustrates the quantities describing the e�ects
of multiple scattering after traversing a layer of material with thickness x: the rms10

averages of the e�ective scattering angle ◊plane, the deflection angle Âplane, the o�set
from the original entrance point yplane and the central o�set splane. The relation to
the scattering angle parameter ◊ms is given by [746]:

◊rms
plane = ◊ms , ÈÂplaneÍ = 1

Ô
3

◊ms , ÈyplaneÍ = 1
Ô

3
x ◊ms , ÈsplaneÍ = 1

4
Ô

3
x ◊ms

(3.106)

10rms = root-mean-square; square root of the mean squares of a set of numbers xi, that is,


Èx2Í
(the same as the standard deviation of the xi if the mean is zero) which is also defined for continuous
random variables. Frequently also the terms ‘rms deviation’ or ‘rms error’ are used for the rms of the
di�erences between values x̂i predicted by a model or an estimator and the observed values xi, that
is,


È(x ≠ x̂)2Í.
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Section 3.4: Multiple Coulomb scattering 67

-3 -2 -1 0 1 2 3
θplane /θms

f(θplane)

σ=θms  

Kolanoski, Wermes 2015

(a) Distribution of the plane projected scattering
angle as defined by (3.103).

0 1 2 3 4

K(θ2)

θ2/(2θms)Kolanoski, Wermes 2015
2

(b) Distribution of the squared spatial scattering
angle as defined by (3.104).

Fig. 3.31 Gaussian approximation of scattering angle distributions.

of a Gaussian distribution. In this logarithmic representation it is particularly obvious
that the tails of the distribution at large scattering angles cannot be described by a
Gaussian.

In the small-angle Gaussian approximation the multiple scattering angular distri-
bution is specified by one parameter, the standard deviation ◊ms (often denoted ◊0 in
the literature) of the angle ◊plane projected onto a plane perpendicular to the direction
of motion of the incoming particle:

f(◊plane)d◊plane = 1
Ô

2fi ◊ms

exp
A

≠
◊2

plane

2◊2
ms

B
d◊plane . (3.99)

A simple formula for the parameter ◊ms has been estimated by Rossi and Greisen [834]
from the variance of the scattering angle distribution as

◊ms ¥

Ò
È◊2

planeÍ ¥
Es

Ô
2 p c —

Ú
x

X0
, (3.100)

where the scale is specified by

Es = me c2
Ú

4fi

–
= 21.2 MeV . (3.101)

In (3.100) x is the thickness of the scattering material and X0 the medium’s radiation
length. The radiation length appears here again because it characterises processes in
the Coulomb field of a nucleus as also the case for bremsstrahlung of electrons in the
field of a nucleus (section 3.3) for which X0 has been defined in (3.88).

A better approximation for the parameter ◊ms is obtained by the so-called ‘High-
land formula’ [522] given here in the parametrisation of [679], adapted also by the
Particle Data Group [746]:

◊ms = 13.6 MeV/c
p—

z

Ú
x

X0

3
1 + 0.038 ln x

X0

4
. (3.102)

The spatial scattering angle is the angle between the particle direction before and
after the scattering volume and is composed of the two orthogonal projections ◊x, ◊y:
◊space =: ◊ ¥

Ò
◊2

x + ◊2
y in the small-angle approximation, where x, y are orthogonal to
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• Multiple coulomb scattering limits the momentum resolution of any tracking detector at 
low particle momenta

• name of the game for tracker construction: “no” material!

400 Chapter 9: Track reconstruction and momentum measurement
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Kolanoski, Wermes 2015
 

Fig. 9.13 Sketch of the momentum resolu-
tion of a magnet spectrometer according to
(9.73), combining contributions due to the
measurement accuracy of the detector and
due to multiple scattering. The numerical
values on the axes correspond to the reso-
lution of the OPAL jet chamber according
to (9.74) [202].

Lp = 1.6 m, B = 0.435 T, N = 159, ‡meas = 135µm.
Then the calculated contribution from the position measurement is

‡pT
/pT = 8.5 ◊ 10≠4 pT .

The actual resolution measured by OPAL is [202]:
‡pT

pT

=


(0.0015 pT )2 + (0.02)2 (pT in GeV/c) . (9.74)

The measurement and scattering terms become equal at about 13 GeV.

9.4.5 Direction resolution in a magnetic field
To completely reconstruct the momentum vector (usually at the production point of
the track) in addition to pT two independent angles also have to be measured. The
case where the angles are reconstructed in a field-free space through straight lines is
treated in section 9.4.2. Here we discuss the direction resolution for the case that the
trajectory is measured in a magnetic field and then extrapolated to the interaction
point or the entrance point into the magnetic field, respectively.

9.4.5.1 Error due to position measurement
For measurements in a magnetic field we are referring to the configuration in fig. 9.6(a),
but with measurements inside the magnet only. In order to determine the direction
resolution we use the linearised form (9.21) of a circle trajectory:

y = a + bx + 1
2cx2 . (9.75)

The parameter c is the curvature which is the same as Ÿ used in other formulae. In
appendix F the errors of a, b, c (‡a, ‡b, ‡c) and their covariances (‡ab, ‡bc, ‡ac) are
determined for the case that the origin of the x-axis is the centre of gravity of N
measurements which are equally spaced in x. In a more general case, one wants to
determine the slope at an arbitrary x coordinate x0, corresponding to the derivative
of the function (9.75) at x = x0:

dy

dx

----
x0

= b + c x0 = bÕ
∆ ‡bÕ

--
x0

=
Ò

‡2
b + ‡2

c x2
0 + 2 ‡bc x0 . (9.76)
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Electro-magnetic interaction: Multiple Coulomb scattering

A fact of life: you always need more material than you thought!

• Never forget that your detector needs support, cooling, power cables. 
data cables, control cables



43

Electro-magnetic interaction: tracking – vertex detection
A	Large	Ion	Collider	Experiment

kai.schweda@cern.ch22-Nov-2023

ELECTROMECHANICAL INTEGRATION

39

‣ Latest	assembly:	L0	using	“chips”/a	secson	from	
an	exissng	CMOS	wafer	

‣ Wire-bonded	to	an	FPC	aâer	bending
ALICE ITS3 Pixel detector development
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Electro-magnetic interaction: photons

1. Photoeffect       2. Compton      3. Pair production
      scattering

70 Chapter 3: Interactions of particles with matter

-eγ

Z

-
γ

e

'

θ

γ

e+

e–

γ

Ze
(a) (b) (c)

Kolanoski, Wermes 2015

Fig. 3.34 Diagrams for (a) photoelectric e�ect, (b) Compton e�ect and (c) pair production.

This means that the distance of the first detector layer to the vertices should be as
small as possible and the detector should be as thin as possible in comparison to the
radiation length of its material (see also section 9.4.6.2).

In table 3.6 the error of the impact parameter is given for a thickness of the
scattering material of x = 1 mm and a particle momentum of p = 5 GeV/c and — ¥ 1
for the materials aluminium and beryllium. Since the radiation length of Be is about
four times larger than for Al the error of the impact parameter is hence a factor of 2
smaller.

In section 9.4 of chapter 9 the conditions for a good vertex resolution are discussed
more generally.

3.5 Interactions of photons with matter
For particle detectors the following interactions of photons with matter are of partic-
ular importance (fig. 3.34):
– Photoelectric e�ect: the photon transfers its total energy to an atom which there-

upon emits a shell electron.
– Compton e�ect: the photon is scattered elastically o� a shell electron.
– Pair production: the photon converts in the field of a nucleus into an electron–

positron pair.
Figure 3.35 shows these processes in a picture of a bubble-chamber event and fig. 3.36
on page 72 shows the various photon cross sections as a function of the photon energy.
The three processes dominate at photon energies above the ionisation threshold. At
low energies Thomson and Rayleigh scattering also play a role. Thomson scattering
is low energy photon scattering o� free charges. For electrons it constitutes the low
energy Compton limit (see eq. (3.128)). The coherent scattering o� a whole atom
without shell excitation or ionisation is called Rayleigh scattering.

We discuss all processes entering in fig. 3.36 in sections 3.5.2 to 3.5.5 below. For
Rayleigh and Thomson scattering almost no energy transfer to the atom occurs. Hence
they are not of importance for photon detection.

3.5.1 Photon absorption
As a result of the above interaction processes, photons are absorbed or—in the Comp-
ton case—scattered o� from their original direction, with a probability proportional to
the path length dx in the medium. In section 3.1 the absorption coe�cient µ, specifying
the absorption probability per path length, has been defined:

≠
1
N

dN

dx
= µ = fl

NA

A
‡ = n ‡ (n = target density) . (3.108)

The reciprocal of µ is the mean free path or absorption length:
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86 Chapter 3: Interactions of particles with matter

compared to Compton scattering is responsible for the fact that the region in which the
Compton e�ect dominates becomes smaller with increasing Z. For silicon (Z = 14), for
example, the Compton e�ect dominates roughly between 60 keV and 15 MeV, whereas
for lead it is dominant between about 0.6 MeV and 4 MeV. For media with high Z, the
Compton e�ect only dominates in a relatively narrow window around 1 MeV. In this
region around 1 MeV photon absorption generally reaches a minimum. Electromagnetic
radiation of this energy is therefore di�cult to shield.

3.6 Interactions of hadrons with matter

In interactions of hadrons (p, n, fi, K, . . .) with matter, besides ionisation, hadronic
interactions play an important role. A theoretical treatment of hadronic interaction
is very challenging due to the multitude of possible reactions which are generally also
less well computable than electromagnetic processes. Here we only introduce some
terms and definitions used to describe the interactions of high energetic hadrons in
detectors and defer a more detailed treatment to chapter 15 where hadron calorimeters
are described.

In analogy to the radiation length X0 for electromagnetic processes, for high energy
hadrons a (hadronic) absorption length ⁄a is defined. If N0 hadrons initially enter an
absorber, after a distance x a number

N(x) = N0 e≠x/⁄a (3.144)

still remain. The absorption length can be deduced from the inelastic hadronic cross
section being about constant for high energy hadrons (¥ 45 mb per nucleon, see eq.
(3.9)):

⁄a = A

NA fl ‡inel

Ã
≥ A

≠ 2
3 . (3.145)

The approximate proportionality to A
≠2/3 results from (3.9) and the assumption that

fl is roughly proportional to A (remember that we denote the atomic mass by A and
the mass number by A, see footnote 1 on page 24). Again, in tables one usually finds
quoted values for fl ⁄a instead. For larger Z the absorption length ⁄a is generally
much larger than the radiation length X0 (see table 15.3 on page 599). This is why
hadron calorimeters are always much larger than electromagnetic calorimeters (see
chapter 15). Instead of the absorption length an interaction length ⁄int is also defined
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Fig. 3.49 Regions in the (E“ , Z)
plane in which the di�erent photon
absorption processes are dominant
(adapted from [382], data from [181]).
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Absorption length for pair production:

586 Chapter 15: Calorimeters

γ

Kolanoski, Wermes 2015

e+

e–

e–                    
γ

ZeZe

(a) Bremsstrahlung. (b) Pair production.

Fig. 15.2 Diagrams for bremsstrahlung and pair production, the most important processes
for the development of electromagnetic showers.

require any restricting assumptions (if not for curtailing computing time) and which
very well describe experimental data (see the corresponding description on page 588).
On the other hand the analytical calculations have led to a deeper understanding of
the shower parameters which are essential for detector reconstruction and to the de-
velopment of simple formulae describing the showers. In the following we will therefore
employ analytical calculations in order to convey a basic understanding and to derive
some important rules of thumb.

The most important shower processes. According to Rossi’s ‘Approximation
B’ [835] the most important processes for the development of electromagnetic showers
are bremsstrahlung for electrons and positrons as well as pair production for photons
(fig. 15.2, see also the sections 3.3 and 3.5.5), which both proceed in the field of a
nucleus with nuclear charge corresponding to the atomic number Z.

Since the cross sections of both processes increase proportionally to the square of
the nuclear charge,

‡ Ã Z2 (bremsstrahlung, pair production) , (15.3)

the detector medium should have high Z making lead, tungsten and uranium the
preferred materials. In both processes the secondary particles are produced with in-
creasing energy more and more into the forward direction:

◊ Ã
1
“

= me

E
. (15.4)

The characteristic length for both processes is the radiation length X0 Ã 1/Z2 (see
eq. (3.88) and table 3.4). At high energies the absorption length of photons becomes
proportional to the radiation length,

⁄ ¥
9
7 X0 , (15.5)

and for electrons X0 determines the relative energy loss per path length:

dE

E
= dx

X0
. (15.6)

With the critical energy Ec, that is, the energy at which the energy loss through
bremsstrahlung equals that through ionisation (see fig. 3.27 and eq. (3.92)), it follows
from (15.6) that

dE

dx

----
ion

(Ec) ¥
Ec

X0
. (15.7)
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Basis for electro-magnetic showers 
à e.m. calorimetersSection 15.2: Electromagnetic showers 587

0 1 2 3 4

E0 /2 E0 /4 E0 /8

x/X0

….

E0

Kolanoski, Wermes 2015

Fig. 15.3 Simplified model of shower evolution. At
each step of length X0 the number of particles dou-
bles and the particle energy is halved.

A simple model for the shower evolution. For the visualisation of the evolution
of electromagnetic showers a simplified model introduced by Heitler [517] (see also the
description by Rossi [835]) is often reverted to. The model assumes that electrons and
photons only interact with matter through bremsstrahlung and pair production until
the critical energy Ec is reached. Subsequently the remaining electrons and positrons
only lose their energy through ionisation. From this model it follows that the total
deposited energy E0 is proportional to the total number of produced electrons and
positrons and proportional to their total path length in the medium:

total number Ntot ¥
E0
Ec

, (15.8)

total path length stot ¥
E0
Ec

X0 . (15.9)

Further we want to assume that after each radiation length one of the two processes
occurs and that each of the two particles emerging from a reaction carries half of the
energy of the incoming particle. This is sketched in (fig. 15.3):

bremsstrahlung Ee(n X0) = E“(n X0) = 1
2Ee [(n ≠ 1) X0] , (15.10)

pair production Ee+(n X0) = Ee≠(n X0) = 1
2E“ [(n ≠ 1) X0] . (15.11)

When the electrons and positrons in this cascade reach the energy Ec they deposit
their whole remaining energy without a further radiative process.

After a distance s = t X0 (t is the path length in units of radiation length) the
number and the energy of the particles are

N = 2t, E = E0
2t

. (15.12)

The maximal number and maximal length of a shower is reached at the energy

E = Ec = E0
2tmax

, (15.13)

yielding

Nmax = E0
Ec

, (15.14)

tmax = ln E0/Ec

ln 2 . (15.15)
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Electro-magnetic interaction: photons

Photons

1. Photoeffect
2. Compton scattering
3. Pair production

[Wermes, Kolanoski]

Section 3.5: Interactions of photons with matter 71

pair production
positron

annihilation

Compton- or
photoeffect 

pair production
by bremsstrahlung

Fig. 3.35 Details of a bubble chamber picture of an electromagnetic shower (see section 15.2)
developing from bottom to top (source: CERN [284]). The picture was taken by the ‘15-foot
Bubble Chamber’ at Fermilab filled with a mixture of He and Ne. The curvatures of the tracks
are due to a magnetic field pointing in this exposure into the plane of the picture (negative
tracks are curved clockwise). The crosses are reference points for the measurement of the
track parameters. The picture shows examples for the processes sketched by the diagrams in
fig. 3.34. Pairs of tracks with opposite curvatures and small opening angle at the vertex are
electron–positron pairs, here originating mostly from bremsstrahlung photons. In the picture
also the case is indicated in which the photon obviously originates from the annihilation of
a positron with a shell electron (inverse pair production). One of the annihilation photons
again produces a pair close to the annihilation point at a position lying in the direction of the
original positron. Pairs that have a vertex very near a straight line and having a tangential
emission topology, likely come from bremsstrahlung of the particle belonging to the straight
track. The individual spirals, curved clockwise, are electrons, created by photo or Compton
e�ect.

⁄ = 1
µ

= 1
n ‡

. (3.109)

Again, one usually finds tabulated values normalised to unit density:

µ

fl
= NA

A
‡ respectively fl ⁄ =

3
µ

fl

4≠1
(3.110)

in units cm2/g or g/cm2, respectively. Figure 3.37 shows the absorption lengths of
various elements as a function of the photon energy. The number of photons in a
beam follows an exponential law following from (3.108):

N(x) = N0 e≠µx . (3.111)

This must be compared with the ionisation interactions a�ecting charged particles
which show a completely di�erent depth dependence: the particles lose energy con-
tinuously resulting in an energy dependent but fixed absorption range (see fig. 3.2 on
page 25).
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Electromagnetic and hadronic showers596 Chapter 15: Calorimeters

hadronic shower

100 GeV  S
40 cm

150 cm

Fe

electromagnetic shower

100 GeV  e–

40 cm

Fe

Fig. 15.11 Simulation of showers in an iron block. The picture compares an electron and
a pion shower at the same energy at 100 GeV. Only ionising particles are plotted. Author:
S. Menke.

neutral pions. The neutral pions decay with a short lifetime exclusively into photons
and electrons, with 98.8 % into two photons:

fi0
æ ““ (· ¥ 10≠16 s) . (15.24)

The photons create electromagnetic sub-showers within the hadronic shower. Charged
pions have a large probability of generating in turn pions via hadronic scattering, of
which again one-third ends up as electromagnetic showers. These electromagnetic sub-
showers essentially no longer contribute to the hadronic shower, therefore both shower
types can be considered separately. The higher the initial energy the more frequently
a split-o� of an electromagnetic portion from the hadronic cascade can occur. In this
way a substantial fraction of the energy can be deposited through electromagnetic
interactions (see the following discussion of shower fluctuations).

In not very dense media the decay probabilities for unstable particles, like charged
pions and kaons, could compete with the interaction probability in the medium. This
plays an important role for air shower generated by cosmic radiation (chapter 16). In
weak decays like fi±

æ µ±(≠)
‹µ and K±

æ µ±(≠)
‹µ the neutrinos carry energy out of the

detector volume, which cannot be detected. In dense calorimeters neutrinos produced
by weak decays of pions, kaons and others contribute to the non-observable energy
with only about 1% of the hadronically deposited energy [982].

These combinations of di�erent processes—hadronic, electromagnetic and weak
interactions—in the shower development lead to stronger shower fluctuations and in
general worse energy resolutions for hadronic showers as compared to electromagnetic
showers. Figure 15.11 shows the simulation of cascades initiated by an electron and a
hadron in an iron block both at the same energy of 100 GeV. Obviously the electron
shower is much shorter and much smoother than the hadron shower. The spots with
increased density in the hadron shower indicate electromagnetic sub-showers, mostly
initiated by neutral pions.

D
ow

nloaded from
 https://academ

ic.oup.com
/book/43645 by BO

TAN
ISC

H
ES IN

STU
TU

T D
 U

N
IV user on 04 August 2024



47

Let´s build detectors…



48

4π Detectors

paradigm:

1. non-destructive 
2. destructive
3. catch “survivors” = 

muons 

This ”paradigm” is
established for 
collider detectors
since > 50 years

But it is no 
“law of nature”

Could we do differently?
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Detectors

few KD crazy ideas:

- continuous transition from non-destructive to destructive?

- single optical photon detection

- ultra-sensitive sensing  (quantum sensing, …)
  (see e.g. M. Doser (CERN) at ICHEP24)

- “contact-less” sensing?   

(your crazy idea here…)

https://indico.cern.ch/event/1291157/contributions/5958231/attachments/2901053/5087438/ICHEP_Quantum22.7.2024v3.pdf
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4π detectors144 5 The ATLAS and CMS Experiments at the LHC

Fig. 5.4 Cut-away view of the ATLAS detector. The dimensions of the detector are 25m in height
and 44m in length

Compact Muon Solenoid

Silicon Tracker
Very-forward
Calorimeter

Electromagnetic
Calorimeter

Hadron
Calorimeter

Preshower

Muon
Detectors

Superconducting Solenoid

Fig. 5.5 Schematic view of the CMS detector showing the compact design of the different particle
detection systems

144 5 The ATLAS and CMS Experiments at the LHC

Fig. 5.4 Cut-away view of the ATLAS detector. The dimensions of the detector are 25m in height
and 44m in length

Compact Muon Solenoid

Silicon Tracker
Very-forward
Calorimeter

Electromagnetic
Calorimeter

Hadron
Calorimeter

Preshower

Muon
Detectors

Superconducting Solenoid

Fig. 5.5 Schematic view of the CMS detector showing the compact design of the different particle
detection systemsQuite significant differences, e.g.

central B-field   2T Calo outside  4T Calo inside    
Tracker     Si+Gas (TR)   Si only
E.-m. calorimeter  LAr Sampling   PbWO4 crystals
Muon system   Air core toroid   “instrumented iron”

(many more)

pros an cons?
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High-Luminosity upgrade of ATLAS and CMS
• increased luminosity (5 1034 cm-2s.1) is achieved by more intense and stronger 

focused beams
• new equipment will be installed in about 1.2 km of the LHC’s total length
– new focusing magnets and beam optics

• installed around ATLAS and CMS
– crab cavities

• installed around ATLAS and CMS
– about 100 new collimators for machine protection
– new crystal collimators for at cleaning insertions                                                                           

for ion beam operation
– superconducting power links (100kA @ 50 K)
– upgrade of the accelerator chain
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ATLAS ITk – a completely new tracking detector for ATLAS

higher luminosity achieved through a higher number of proton-proton interactions per bunch-crossing
– significantly messier events at the HL-LHC! To reach its physics goals, ATLAS must

• measure all relevant final state quantities with a precision at least comparable to Run 3
• withstand significantly higher radiation levels (factor 10)
• improve the triggering capabilities of the system (10x higher rate while maintaining the same pT thresholds)
• improve readout capabilities: all detectors must be read out at 1 MHz effective trigger rate^
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ATLAS ITk – layout

~2m

~6m
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ATLAS ITk pixel – layout

• 5 layers
• 3 subsystems
• 5 module flavours
• 3 sensor flavours
• 8.372 modules
• 13 m2 active silicon
• 5 Gpixels

Inner System Outer Barrel Outer Endcaps

HL-LHC detector upgrades are
a major stress test for the experimental collaborations!
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Precise Detector Simulations at various levels of detail

Charged Particles

Ionization à Charge (Tracking)
Excitation à Light (Scintillation)
Radiation (Bremsstrahlung) 

Cerenkov radiation
Transition radiation

Electric Fields in a Micromegas detector, e.g. COMSOLElectrons avalanche multiplication, GARFIELD++

CMS detector simulation GEANT ATLAS detector simulation GEANT

Silicon sensor simulation, TCAD

[after Riegler]
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From raw data to results: many steps and tasks

• data quality

• reconstruction of sub-detector data
 - calibration (charge calibration, correct for imperfections, time drifts, alignment)

 - track finding + fitting
 - calorimeter cluster reconstruction, particle flow

• global track reconstruction

• combined high-level ”object” reconstruction
• muons, electrons, photons, taus, jets, b-jets, missing transverse energy (MET)
• dedicated object reconstruction (e.g. jet substructure, di-tau jets, …)
• overlap removal

Much tedious work
But also a rewarding
playground for huge 
improvements
ML, AI!

is it justified to have 3000 authors on every paper?
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From raw data to results: many steps and tasks
Example: tagging of b-quark jets (same detector, smarter algorithms)

12

Aside: Improvements in Pavor tagging

ATLAS: Eur. Phys. J. C 83 (2023) 681, FTAG-2023-01

Rapid progress in techniques: BDTs → feed-forward DNNs → Graph NNs, transformer networks…

● Single b-jet and c-jet tagging

● Merged H→bb|cc|ττ tagging

Large gains in past years, s1ll improving quickly! → Major driver of sensi1vity increases

C
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More details in Maxence Draguet’s talk 

Be;er 

performance

Be;er 

performance

b-jet 

tagging

cc-jet 

tagging

similar progress
in CMS

BDT´s à feed forward deep ANN à Graph NNs, transformer NNs, …
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Some more remarks on the Higgs

The very broad picture:

The Standard Model rules!

• incredible multitude of measurements with ever-increasing precision
• first round of characterization of the Higgs boson
• hundreds to thousands of targeted and “blue-sky” searches for new particles

• to come: HL-LHC 10-20 x more data than today 
      better detectors

further improved analysis techniques

A few more remarks on the Higgs boson…
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Oct 1975
1441 citatations

Remark 1
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The total width of the Higgs boson

Different approaches to access the total width:

1. BR L → M* =
+!
+"#"

 , Γ%,% = ∑* Γ*  need to measure all decays, difficult at LHC

2. Γ = -
.  Higgs lifetime (SM) = 1.6 10-22 s too short-lived

3. Γ = Γ/0 lineshape Γ!1 = 4.1 MeV   too long-lived (i.e. too narrow)

4. Rather recent observation: exploit interference in:

Karsten Köneke/43

• Expected width: ΓH,SM = 4.1 MeV
- Direct limit: ΓH < 60 MeV @ 68% CL (≲320 MeV @ 95 % C.L.)

- Lifetime too short to measure:  
ΓH > 3.5 × 10−9 MeV @ 95% CL

Higgs Boson Width

9

  Phys. Rev. D 92, 072010 (2015)

   CMS-PAS-HIG-21-019 

ΓH = 3.2+2.4
−1.7 MeV Feb  2022

ΓH = 4.5+3.3
−2.5 MeV

   Phys. Lett. B 846 (2023) 138223

Apr  2023

- Evidence for off-shell production:  3.6 σ

-  

- Evidence for off-shell production:  3.3 σ

-                         

   Nat. Phys. 18 (2022) 1329

• Use H → ZZ(*) → 4𝓁 and 2𝓁2ν 

~10% of all pp → H → ZZ

+

Remark 2
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The total width of the Higgs boson
Measure ZZ* production above H threshold

Karsten Köneke/43

• Expected width: ΓH,SM = 4.1 MeV
- Direct limit: ΓH < 60 MeV @ 68% CL (≲320 MeV @ 95 % C.L.)

- Lifetime too short to measure:  
ΓH > 3.5 × 10−9 MeV @ 95% CL

Higgs Boson Width

9

  Phys. Rev. D 92, 072010 (2015)

   CMS-PAS-HIG-21-019 

ΓH = 3.2+2.4
−1.7 MeV Feb  2022

ΓH = 4.5+3.3
−2.5 MeV

   Phys. Lett. B 846 (2023) 138223

Apr  2023

- Evidence for off-shell production:  3.6 σ

-  

- Evidence for off-shell production:  3.3 σ

-                         

   Nat. Phys. 18 (2022) 1329

• Use H → ZZ(*) → 4𝓁 and 2𝓁2ν 

~10% of all pp → H → ZZ

+

strongest limits on ΓH so far…

when interpreted 
as measurement:

some model dependency…
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Higgs: CP quantum numbers

• Higgs CP = -1 in the SM
• What if H is not a CP eigenstate?
• Higgs as a source of additional CP violation?
• Need to access transverse spin correlations in L → &2&3

563 Page 2 of 30 Eur. Phys. J. C (2023) 83 :563

Fig. 1 Illustration of the τ -lepton decay planes for constructing the
ϕ∗
CP observable in a H → τ+τ− → π+π− + 2ν decay using the

impact parameter method, b H → τ+τ− → π+π0νπ−π0ν using
the ρ-decay plane method, and c H → τ+τ− → π+π0νπ−ν using
the combined impact parameter and ρ-decay plane method. The decay

planes are spanned by the spatial momentum vector of the charged decay
particle of the τ -lepton (π±) and either its impact parameter n∗± or the
spatial momentum vector of the neutral decay particle of the τ -lepton
(π0 )

tions of the τ -lepton decay products. The signed acoplanarity
angle ϕ∗

CP between the τ decay planes (described in Sect. 3
and illustrated in Fig. 1) is sensitive to the transverse spin cor-
relations impacted by the CP-mixing angle of the Yukawa
coupling. Such correlations are usually calculated by con-
tracting the polarimeter vectors of the decayed τ -leptons1

and the spin density matrix of the τ -lepton-pair spin state,
Ri, j , which depends on the τ -lepton pair-production process
[26–28]. In the case of Higgs boson decays, the spin den-
sity matrix Ri, j has only transverse components with respect
to the τ -lepton direction, and these are first-order trigono-
metric polynomials in the 2φτ angle. Per-event sensitivity to
CP-mixing depends on the τ -lepton-pair decay modes and
on the way in which the polarimeter vectors and decay planes
are reconstructed from observable quantities. The ϕ∗

CP angle
is directly related to φτ in the H → ττ differential decay rate
and the relation has the form of a first-order trigonometric
polynomial in cos(ϕ∗

CP − 2φτ ) at leading order [14,21,22]:

d'H→τ+τ− ≈ 1 − b(E+)b(E−)
π2

16
cos(ϕ∗

CP − 2φτ ),

where E± are the energies of the charged decay particles
in their respective τ -lepton rest frames, and b(E±) are the
spectral functions [29] describing the spin analysing power
of a given decay mode. Different methods [15–23] have
been developed in an attempt to approximately reconstruct τ -
lepton decay planes. The ϕ∗

CP variable used in this analysis is
constructed with various methods depending on the τ -lepton

1 A polarimeter vector is calculated from the matrix element of the
τ -lepton decay process and is usually expressed in terms of the momenta
of the decay products. Its direction gives the most probable direction of
the τ polarization vector, while its magnitude determines the efficiency
of a given decay as a polarimeter [25].

decay modes, largely following the strategy presented in Ref.
[23].

The analysis is performed using 139 fb−1 of
√
s = 13 TeV

proton–proton (pp) collision data recorded from 2015 to
2018 with the ATLAS detector. Two τ -lepton-pair decay
channels are considered in the analysis: the first with one
leptonically (τlep ) and one hadronically decaying τ -lepton
(τhad ), referred to as the τlep τhad channel, and the second
with two hadronically decaying τ -leptons, referred to as the
τhad τhad channel. The leptonic decay τ± → ℓ±νν includes
decays to either an electron or a muon. In the case of hadronic
decay, the dominant τhad decay modes are considered: single-
pion decay π±ν, two-pion decay π±π0ν with an interme-
diate ρ±, and three-pion decay π±2π0ν and 3π±ν with an
intermediate a±1 . A small fraction of events with τ decays
to K± mesons is also included in the analysis. The τ -
lepton decay modes used in the analysis are summarised in
Table 1 with their branching fractions [30] and the nota-
tion used throughout this paper. The τhad decay modes are
labelled by YpXn in accord with the number of charged
(Y) and neutral (X) pions among the decay products. The τ -
lepton-pair decay modes considered in this analysis account
for 68% of all possible τ pair decays.

This paper is structured as follows. In Sect. 2 the ATLAS
detector is briefly described. The methodology and observ-
ables used in the analysis are discussed in Sect. 3. Section 4
gives a summary of the data and simulated event samples.
Section 5 describes the object reconstruction and event selec-
tion, and defines the signal and control regions. Section 6
details the experimental and theoretical systematic uncer-
tainties. The fit model and statistical analysis strategy are
explained in Sect. 7. Section 8 presents the measurement
results. Section 9 concludes the paper.

123

Remark 3
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Higgs: CP quantum numbers563 Page 4 of 30 Eur. Phys. J. C (2023) 83 :563

Fig. 2 Normalised ϕ∗
CP distributions in simulated H → τ+τ− →

π+π− + 2ν events at the generator level for different CP hypotheses.
The predictions for a pure CP-even SM Higgs boson (scalar, red circle),
a pure CP-odd hypothesis (pseudoscalar, green square), and CP-mix
hypothesis (φτ = 45◦, blue triangle) are shown. The transverse momen-
tum of the simulated τ leptons is required to be larger than 30 GeV
(20 GeV) for the leading (sub-leading) τ lepton during the event gen-
eration

The τ -lepton-pair decay combinations used in the analysis
and the respective methods for constructing theϕ∗

CP observable
are summarised in Table 2. The corresponding fraction of
events relative to the total from all possible di-τ decay com-
binations is calculated from the single-τ -lepton decay mode
branching fractions in Table 1. Other decay combinations
are not considered in this analysis because their respective
ϕ∗
CP observables perform relatively poorly in discriminating

between different CP scenarios.

3.1 Impact parameter (IP) method

The IP method is applied to τ -lepton decays with only one
charged particle in the final state, specifically the direct
hadronic decay τ± → π±ν or leptonic decays τ± → ℓ±νν.
This refers to the 1p0n–1p0n and ℓ–1p0n decay mode combi-
nations. In this case, the τ -lepton decay plane is formed from
the spatial momentum vector q± of the charged particle (π±,
ℓ±) and the three-dimensional (3D) impact parameter vector
n± of the charged particle, defined as the directional dis-
tance of closest approach of the charged particle’s track to
the reconstructed primary vertex (PV) of the event. The four-
vectors of the track momentum q±µ and the impact parameter
n±µ = (0, n±), initially defined and measured in the labora-
tory frame, are boosted to the rest frame of the two charged
decay particles (the visible di-τ ZMF, denoted by ∗). The
boosted and normalised impact parameter vector n̂∗± is then
decomposed into components which are parallel and trans-
verse (n̂∗±

⊥ ) to the direction of the associated normalised spa-
tial momentum vector q̂∗±. Using these vectors, an angle ϕ∗

and a CP-odd triple correlation O∗
CP are defined as

ϕ∗ = arccos(n̂∗+
⊥ · n̂∗−

⊥ ) and O∗
CP = q̂∗− · (n̂∗+

⊥ × n̂∗−
⊥ ),

and both are incorporated in a single observable ϕ∗
CP (0 ≤

ϕ∗
CP ≤ 360◦) defined by

ϕ∗
CP =

{
ϕ∗ if O∗

CP ≥ 0

360◦ − ϕ∗ if O∗
CP < 0.

(1)

In the case of leptonic decay, due to a different sign in
the spectral function for the leptonic τ decays [20,29], an
additional shift by 180◦ is applied to synchronise the phase
in ϕ∗

CP with the other decays.

3.2 ρ-decay plane (ρ) method

The ρ method is applied to construct ϕ∗
CP in events with

1p1n–1p1n or 1p1n–1pXn decay mode combinations. In the
case of consecutive decays τ± → ρ±ν, ρ± → π±π0, the
τ -lepton decay plane can be formed from the spatial momen-
tum vectors of the charged pion (q±) and neutral pion (q0±).
The four-momentum vectors of the π± and π0 are boosted
to the rest frame of the ρ-meson pair (the visible τ -lepton-
pair ZMF). The angle ϕ∗ and triple correlation O∗

CP are then
defined in the same way as in the IP method using the unit
spatial vectors, but replacing the impact parameter compo-
nent with the neutral-pion vector,

ϕ∗ = arccos(q̂∗0+
⊥ · q̂∗0−

⊥ ) and O∗
CP = q̂∗− · (q̂∗0+

⊥ × q̂∗0−
⊥ ),

where q̂∗0+
⊥ and q̂∗0−

⊥ are the normalised vectors transverse to
the direction of the associated charged pion for each neutral
pion. A signed observable ϕ∗′ is defined similarly to Eq. (1),

ϕ∗′ =
{

ϕ∗ if O∗
CP ≥ 0

360◦ − ϕ∗ if O∗
CP < 0.

An additional requirement that depends on the sign of the
product of τ -lepton spin-analysing functions yρ

± = (Eπ± −
Eπ0)/(Eπ± + Eπ0), where Eπ±,0 is the pion energy in
the laboratory frame, is needed to define the observable
ϕ∗
CP sensitive to the CP-mixing angle as

ϕ∗
CP =

{
ϕ∗′ if yρ

+y
ρ
− ≥ 0

ϕ∗′ + 180◦ if yρ
+y

ρ
− < 0.

(2)

In the case of 1pXn decays (e.g. τ± → a±1 ν → π±2π0ν),
the sum of the four-momenta of all neutral pions is taken as
the neutral component in the ρ method.

3.3 Combined IP and ρ (IP–ρ) method

For events with the combinations 1p0n–1p1n, 1p0n–1pXn,
ℓ–1p1n, and ℓ–1pXn, the IP method and the ρ method are
combined to compute the ϕ∗

CP angle. In the case of H →
ττ → π∓νρ±ν, ρ± → π±π0 (1p0n–1p1n) events, ϕ∗

CP is
defined in the visible τ -lepton-pair ZMF by using the πρ

rest frame. One of the decay planes is defined using the IP

123
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Fig. 5 One-dimensional likelihood scan of the CP-mixing angle φτ .
The observed (expected) value of φτ is 9◦ ± 16◦ (0◦ ± 28◦) at the 68%
confidence level (CL), and ±34◦ (+75◦

−70◦ ) at the 2σ level. The CP-odd
hypothesis is rejected at the 3.4σ (2.1σ expected) level

Table 6 Free-floating parameters in the measurement. Observed and
expected values are shown for the CP-mixing angle (φτ ), the sig-
nal strength (µττ ) and various background normalisations for Z →
ττ (NFZ→ττ ) corresponding to different signal phase-space regions

Fitted parameters Observed Expected

φτ 9◦ ± 16◦ 0◦ ± 28◦

µττ 1.02+0.20
−0.20 1.00+0.21

−0.21

NFBoost_1
Z→ττ 1.01 ± 0.05 1.00 ± 0.04

NFBoost_0
Z→ττ 1.02 ± 0.05 1.00 ± 0.05

NFVBF_1
Z→ττ 1.04 ± 0.08 1.00 ± 0.08

NFVBF_0
Z→ττ 0.95 ± 0.07 1.00 ± 0.08

Fig. 6 A 2D likelihood scan of the observed signal strengthµττ versus
the CP-mixing angle φτ . The 1σ and 2σ confidence regions are shown

Table 7 Impact of different sources of uncertainty on the φτ

measurement

Set of nuisance parameters Impact on φτ [degrees]

Jet energy scale 3.4

Jet energy resolution 2.5

Pile-up jet tagging 0.5

Jet flavour tagging 0.2

Emiss
T 0.4

Electron 0.3

Muon 0.9

τhad reconstruction 1.0

Misidentified τ 0.6

τhad decay mode classification 0.3

π0 angular resolution and energy scale 0.2

Track (π±, impact parameter) 0.7

Luminosity 0.1

Theory uncertainty in H → ττ processes 1.5

Theory uncertainty in Z → ττ processes 1.1

Simulated background sample statistics 1.4

Signal normalisation 1.4

Background normalisation 0.6

Total systematic uncertainty 5.2

Data sample statistics 15.6

Total 16.4

Fig. 7 Combined post-fit distribution of ϕ∗
CP from all signal regions

in both the τlep τhad and τhad τhad channels. Events are weighted with
ln(1 + S/B) for the corresponding signal region. The background is
subtracted from data. The best-fit H → ττ signal is shown in solid
pink, while the red and green lines indicate the predictions for the
pure CP-even (scalar, SM) and pure CP-odd (pseudoscalar) hypothe-
ses, respectively, all scaled to the best-fit H → ττ signal yield. The
hatched uncertainty band includes all sources of uncertainty after the
fit to data, and represents the same uncertainty in the total signal and
background predictions as in Fig. 4
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CP from all signal regions

in both the τlep τhad and τhad τhad channels. Events are weighted with
ln(1 + S/B) for the corresponding signal region. The background is
subtracted from data. The best-fit H → ττ signal is shown in solid
pink, while the red and green lines indicate the predictions for the
pure CP-even (scalar, SM) and pure CP-odd (pseudoscalar) hypothe-
ses, respectively, all scaled to the best-fit H → ττ signal yield. The
hatched uncertainty band includes all sources of uncertainty after the
fit to data, and represents the same uncertainty in the total signal and
background predictions as in Fig. 4
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Fig. 5 One-dimensional likelihood scan of the CP-mixing angle φτ .
The observed (expected) value of φτ is 9◦ ± 16◦ (0◦ ± 28◦) at the 68%
confidence level (CL), and ±34◦ (+75◦

−70◦ ) at the 2σ level. The CP-odd
hypothesis is rejected at the 3.4σ (2.1σ expected) level

Table 6 Free-floating parameters in the measurement. Observed and
expected values are shown for the CP-mixing angle (φτ ), the sig-
nal strength (µττ ) and various background normalisations for Z →
ττ (NFZ→ττ ) corresponding to different signal phase-space regions

Fitted parameters Observed Expected

φτ 9◦ ± 16◦ 0◦ ± 28◦

µττ 1.02+0.20
−0.20 1.00+0.21

−0.21

NFBoost_1
Z→ττ 1.01 ± 0.05 1.00 ± 0.04

NFBoost_0
Z→ττ 1.02 ± 0.05 1.00 ± 0.05

NFVBF_1
Z→ττ 1.04 ± 0.08 1.00 ± 0.08

NFVBF_0
Z→ττ 0.95 ± 0.07 1.00 ± 0.08

Fig. 6 A 2D likelihood scan of the observed signal strengthµττ versus
the CP-mixing angle φτ . The 1σ and 2σ confidence regions are shown

Table 7 Impact of different sources of uncertainty on the φτ

measurement

Set of nuisance parameters Impact on φτ [degrees]

Jet energy scale 3.4

Jet energy resolution 2.5

Pile-up jet tagging 0.5

Jet flavour tagging 0.2

Emiss
T 0.4

Electron 0.3

Muon 0.9

τhad reconstruction 1.0

Misidentified τ 0.6

τhad decay mode classification 0.3

π0 angular resolution and energy scale 0.2

Track (π±, impact parameter) 0.7

Luminosity 0.1

Theory uncertainty in H → ττ processes 1.5

Theory uncertainty in Z → ττ processes 1.1

Simulated background sample statistics 1.4

Signal normalisation 1.4

Background normalisation 0.6

Total systematic uncertainty 5.2

Data sample statistics 15.6

Total 16.4

Fig. 7 Combined post-fit distribution of ϕ∗
CP from all signal regions

in both the τlep τhad and τhad τhad channels. Events are weighted with
ln(1 + S/B) for the corresponding signal region. The background is
subtracted from data. The best-fit H → ττ signal is shown in solid
pink, while the red and green lines indicate the predictions for the
pure CP-even (scalar, SM) and pure CP-odd (pseudoscalar) hypothe-
ses, respectively, all scaled to the best-fit H → ττ signal yield. The
hatched uncertainty band includes all sources of uncertainty after the
fit to data, and represents the same uncertainty in the total signal and
background predictions as in Fig. 4
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Higgs to muons
The rarest Higgs decay “seen” so far.

Karsten Köneke/43

H → µµ
• SM branching ratio:

- BRSM(H → µµ) = 2.18 ×10-4

⇒ ~1700 H → µµ events in 137 fb-1,  
huge Z/γ* → µµ background

• Results:
- Signal strength   
- Observed (expected) significance:  3.0 (2.5) σ 

μ = 1.19+0.44
−0.42

19
   JHEP 01 (2021) 148

ATLAS result:
• Signal strength µ =1.2 ± 0.6   
• Observed (expected) significance: 2.0 (1.7) σ 
• Observed (expected) upper limit on BR: 2.2 (1.1) × SM (95% C.L.)

   Phys. Lett. B 812 (2021) 135980

Can you see it? J 

Karsten Köneke/43

H → µµ
• SM branching ratio:

- BRSM(H → µµ) = 2.18 ×10-4

⇒ ~1700 H → µµ events in 137 fb-1,  
huge Z/γ* → µµ background
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ATLAS result:
• Signal strength µ =1.2 ± 0.6   
• Observed (expected) significance: 2.0 (1.7) σ 
• Observed (expected) upper limit on BR: 2.2 (1.1) × SM (95% C.L.)

   Phys. Lett. B 812 (2021) 135980

[J.Ellis et al, 1975]

Remark 4
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Higgs self coupling

Higgs self-coupling leads to HHH (and HHHH) vertices

Karsten Köneke/43

HH Production
• Map out Higgs potential

22

ℒ ∋ − λv2H2 − λvH3 − λ
4 H4

H self interactions

V(𝜙)

Re(𝜙)

Im(𝜙)

arXiv:1401.7340

κλ = λ/λSM

Karsten Köneke/43

HH Production
• Map out Higgs potential

22

ℒ ∋ − λv2H2 − λvH3 − λ
4 H4

H self interactions

V(𝜙)

Re(𝜙)

Im(𝜙)

arXiv:1401.7340

κλ = λ/λSM

Determines the shape of the Higgs potential
Exactly fixed in the SM
But not constrained by any measurement yet…

LHC: Di-Higgs production is sensitive
But very tiny cross section
Major motivation for HL-LHC

a multi-boson process, finally J
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Higgs self coupling / Di-Higgs analyses

HH

Karsten Köneke/43

σ(gg → HH) = 31.05 fb ⇒ ~4300 events in 140 fb-1 

10-1

100

101

102

-4 -3 -2 -1  0  1  2  3  4

σ
(N

)L
O

[fb
]

λ/λSM

ppÆHH (EFT loop-improved)
ppÆHHjj (VBF)

ppÆttHH

ppÆWHH

ppÆZHH ppÆtjHH

HH production at 14 TeV LHC at (N)LO in QCD
MH=125 GeV, MSTW2008 (N)LO pdf (68%cl)

Ma
dG
ra
ph
5_
aM
C@
NL
O

Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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κλ = λ/λSM

SM

HH Production
• Map out Higgs potential

22

ℒ ∋ − λv2H2 − λvH3 − λ
4 H4

H self interactions

arXiv:1401.7340

κλ = λ/λSM

we search here…

22

Higgs pair produc'on at LHC

pp→HH : 1000× smaller than pp→H

Access the triple Higgs boson coupling (→ κλ)

 ⇒ Probe the shape of the Higgs poten1al

Also accesses other interac1ons, e.g. VVHH (→ κ2V).

From G. Salam et al, Nature volume 607, pages 41–47 (2022)

(destruc1ve 

interference)

+Κλ

also:

Remark 5
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Higgs self coupling / Di-Higgs analyses

25

ATLAS Run 2 Di-Higgs Combina'on CERN-EP-2024-160

Combine HH→bbττ + bbγγ + bbbb + mul'leptons + bbll+MET:

Uncertainty comparable to SM signal!

-1.2 < κλ < 7.2 @ 95% CL

dominated by γγbb + ττbb

Best constraint to date on λ3 coupling!

0.6 < κ2V < 1.5 @ 95% CL

dominated by VBF HH→bbbb

Best constraint from CMS: 0.67 < κ2V < 1.38 @ 95% CL

More in  Dilia Por1llo’s talk 

and Song-Ming Wang’s talk 

on HL-LHC prospects

μHH = 0.5 −1.0

+1.2 ( −0.6

+0.7
 syst.)

CMS HH Combina1on results: 

Nature 607 (2022) 60

Di Higgs is a (the) major quest 
for the next decade
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THE END


