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risoluzione spaziale:
• σx = 30 μm
• σy = 10 μm
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Beam

• beam “spot”: puntiforme (X e Y)
• divergenza beam: σ~1 mrad (θx e θy), gaussiana

• fotoni (β= v/c =1)
• energia: 5 GeV

“beam pipe”



Produzione di coppie

“beam pipe”

Il fotone ha una certa probabilità di fare pair-production:

γ à e- + e+

fotone: 
pγ = {pγ

x, pγ
y, pγ

z}
Eγ

positrone:
pp = {pp

x, pp
y, pp

z}
Ep

elettrone:
pe = {pe

x, pe
y, pe

z}
Ee

Il fenomeno nel vuoto NON può accadere (non si possono 
conservare E e p contemporaneamente) e accade solamente 
perché un nucleo del materiale rincula (pochi keV) garantendo le 
conservazioni



Produzione di coppie

La sezione d’urto per la creazione di una 
coppia e--e+ è:

(X0 è la “radiation lenght”, in g cm-2)
cioè di un flusso di fotoni iniziale I0, dopo un 
percorso lungo x, avremo un flusso residuo

I(x) = I0 e-μx

dove μ = σn = σρNA/A = 7/9 ρ/X0

(cioè il cammino libero medio, λ, è 9/7 X0/ρ)
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Figure 33.19: The photon mass attenuation length (or mean free path) λ = 1/(µ/ρ) for various elemental absorbers as a function
of photon energy. The mass attenuation coefficient is µ/ρ, where ρ is the density. The intensity I remaining after traversal of
thickness t (in mass/unit area) is given by I = I0 exp(−t/λ). The accuracy is a few percent. For a chemical compound or mixture,
1/λeff ≈

∑

elements wZ/λZ , where wZ is the proportion by weight of the element with atomic number Z. The processes responsible for
attenuation are given in Fig. 33.11. Since coherent processes are included, not all these processes result in energy deposition. The data for
30 eV < E < 1 keV are obtained from http://www-cxro.lbl.gov/optical constants (courtesy of Eric M. Gullikson, LBNL). The data
for 1 keV < E < 100 GeV are from http://physics.nist.gov/PhysRefData, through the courtesy of John H. Hubbell (NIST).

The increasing domination of pair production as the energy
increases is shown in Fig. 33.16. Using approximations similar to
those used to obtain Eq. (33.30), Tsai’s formula for the differential
cross section [42] reduces to

dσ

dx
=

A

X0NA

[

1 − 4
3x(1 − x)

]

(33.32)

in the complete-screening limit valid at high energies. Here x = E/k
is the fractional energy transfer to the pair-produced electron (or
positron), and k is the incident photon energy. The cross section is
very closely related to that for bremsstrahlung, since the Feynman
diagrams are variants of one another. The cross section is of necessity
symmetric between x and 1 − x, as can be seen by the solid curve in
Fig. 33.17. See the review by Motz, Olsen, & Koch for a more detailed
treatment [52].

Eq. (33.32) may be integrated to find the high-energy limit for the
total e+e− pair-production cross section:

σ = 7
9(A/X0NA) . (33.33)

Equation Eq. (33.33) is accurate to within a few percent down to
energies as low as 1 GeV, particularly for high-Z materials.

33.4.6. Bremsstrahlung and pair production at very high en-
ergies :

At ultrahigh energies, Eqns. 33.29–33.33 will fail because of
quantum mechanical interference between amplitudes from different
scattering centers. Since the longitudinal momentum transfer to a
given center is small (∝ k/E(E − k), in the case of bremsstrahlung),
the interaction is spread over a comparatively long distance called
the formation length (∝ E(E − k)/k) via the uncertainty principle.
In alternate language, the formation length is the distance over
which the highly relativistic electron and the photon “split apart.”
The interference is usually destructive. Calculations of the “Landau-
Pomeranchuk-Migdal” (LPM) effect may be made semi-classically
based on the average multiple scattering, or more rigorously using a
quantum transport approach [44,45].

In amorphous media, bremsstrahlung is suppressed if the photon

energy k is less than E2/(E + ELPM ) [45], where*

ELPM =
(mec

2)2αX0

4π!cρ
= (7.7 TeV/cm) ×

X0

ρ
. (33.34)

Since physical distances are involved, X0/ρ, in cm, appears. The
energy-weighted bremsstrahlung spectrum for lead, k dσLPM/dk,
is shown in Fig. 33.12. With appropriate scaling by X0/ρ, other
materials behave similarly.

For photons, pair production is reduced for E(k − E) > k ELPM .
The pair-production cross sections for different photon energies are
shown in Fig. 33.17.

If k ≪ E, several additional mechanisms can also produce
suppression. When the formation length is long, even weak factors
can perturb the interaction. For example, the emitted photon can
coherently forward scatter off of the electrons in the media. Because
of this, for k < ωpE/me ∼ 10−4, bremsstrahlung is suppressed
by a factor (kme/ωpE)2 [47]. Magnetic fields can also suppress
bremsstrahlung.

In crystalline media, the situation is more complicated, with
coherent enhancement or suppression possible. The cross section
depends on the electron and photon energies and the angles between
the particle direction and the crystalline axes [54].

33.4.7. Photonuclear and electronuclear interactions at still
higher energies :

At still higher photon and electron energies, where the bremsstrah-
lung and pair production cross-sections are heavily suppressed by the
LPM effect, photonuclear and electronuclear interactions predominate
over electromagnetic interactions.

At photon energies above about 1020eV, for example, photons
usually interact hadronically. The exact cross-over energy depends
on the model used for the photonuclear interactions. These processes
are illustrated in Fig. 33.18. At still higher energies (>∼ 1023eV),

* This definition differs from that of Ref. 53 by a factor of two.
ELPM scales as the 4th power of the mass of the incident particle, so
that ELPM = (1.4 × 1010TeV/cm) × X0/ρ for a muon.

Il fotone ha una certa probabilità di fare pair-production:

γ à e- + e+

γ

e+

e-



Produzione di coppie
Probabilità di interazione del fotone:

Pint(x) = 1 - e-μx

La produzione di coppie la possiamo simulare quindi in 
due modi:

• step fisso, x, e si randomizza il numero di interazioni 
subite dal fotone (0 o 1)

<Nint> ~ 1 - e-μx

(lo step deve essere tale che questa cosa sia >0 e <1!)

– randomizzando la probabilità (uniforme fra 0 e 1) e 
confrontandola con Pint(x)
– randomizzando poissonianamente <Nint> 
("gestendo" le estrazioni >1…)

• si randomizza la dimensione dello step, x, alla fine del 
quale avviene un’interazione. La distribuzione di 
probabilità di un certo cammino libero, x, alla fine del 
quale si ha un’interazione sarà infatti

dPint(x)/dx = μe-μx à PDF(x) ∝ e-μx

– pescando random x dalla sua distribuzione di
probabilità

454 33. Passage of particles through matter

The accuracy of approximate forms for Ec has been limited by the
failure to distinguish between gases and solid or liquids, where there
is a substantial difference in ionization at the relevant energy because
of the density effect. We distinguish these two cases in Fig. 33.14.
Fits were also made with functions of the form a/(Z + b)α, but α
was found to be essentially unity. Since Ec also depends on A, I, and
other factors, such forms are at best approximate.

Values of Ec for both electrons and positrons in more than 300
materials can be found at pdg.lbl.gov/AtomicNuclearProperties.
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Figure 33.15: Photon total cross sections as a function of
energy in carbon and lead, showing the contributions of different
processes [50]:

σp.e. = Atomic photoelectric effect (electron ejection,
photon absorption)

σRayleigh = Rayleigh (coherent) scattering–atom neither
ionized nor excited

σCompton = Incoherent scattering (Compton scattering off an
electron)

κnuc = Pair production, nuclear field
κe = Pair production, electron field

σg.d.r. = Photonuclear interactions, most notably the Giant
Dipole Resonance [51]. In these interactions, the
target nucleus is broken up.

Original figures through the courtesy of John H. Hubbell
(NIST).

33.4.5. Energy loss by photons :

Contributions to the photon cross section in a light element
(carbon) and a heavy element (lead) are shown in Fig. 33.15. At low
energies it is seen that the photoelectric effect dominates, although
Compton scattering, Rayleigh scattering, and photonuclear absorption
also contribute. The photoelectric cross section is characterized by
discontinuities (absorption edges) as thresholds for photoionization
of various atomic levels are reached. Photon attenuation lengths
for a variety of elements are shown in Fig. 33.19, and data for
30 eV< k <100 GeV for all elements are available from the web pages
given in the caption. Here k is the photon energy.

Figure 33.16: Probability P that a photon interaction will
result in conversion to an e+e− pair. Except for a few-percent
contribution from photonuclear absorption around 10 or 20
MeV, essentially all other interactions in this energy range result
in Compton scattering off an atomic electron. For a photon
attenuation length λ (Fig. 33.19), the probability that a given
photon will produce an electron pair (without first Compton
scattering) in thickness t of absorber is P [1 − exp(−t/λ)].
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Figure 33.17: The normalized pair production cross section
dσLPM/dy, versus fractional electron energy x = E/k.
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Figure 33.18: Interaction length for a photon in ice as a
function of photon energy for the Bethe-Heitler (BH), LPM
(Mig) and photonuclear (γA) cross sections [55]. The Bethe-
Heitler interaction length is 9X0/7, and X0 is 0.393 m in
ice.

• κnuk è la pair-
production

• barn = 10-28 m2



Produzione di coppie
La sezione d’urto totale è (ad energie del GeV e TeV):

ma ha una dipendenza dalla frazione di energia passata a e+ e e-:

(integrata in x in [0,1] dà 7/9 A/X0NA)

dove x = E/k è, appunto, il
rapporto fra l’energia, E,
ceduta ad uno dei due e+ o
e- della coppia, e l’energia
iniziale, k, del fotone.
La formula è ovviamente
simmetrica per x e 1-x, dato
che se uno dei due della coppia
prende E, l’altro prenderà k-E

33. Passage of particles through matter 455

Photon energy

100

10

10
–4

10
–5

10
–6

1

0.1

0.01

0.001

10 eV 100 eV 1 keV 10 keV 100 keV 1 MeV 10 MeV 100 MeV 1 GeV 10 GeV 100 GeV

A
b
so

rp
ti

on
 l

en
g
th

 λ
  
(g

/
cm

2
)

Si

C

Fe Pb

H

Sn

Figure 33.19: The photon mass attenuation length (or mean free path) λ = 1/(µ/ρ) for various elemental absorbers as a function
of photon energy. The mass attenuation coefficient is µ/ρ, where ρ is the density. The intensity I remaining after traversal of
thickness t (in mass/unit area) is given by I = I0 exp(−t/λ). The accuracy is a few percent. For a chemical compound or mixture,
1/λeff ≈

∑

elements wZ/λZ , where wZ is the proportion by weight of the element with atomic number Z. The processes responsible for
attenuation are given in Fig. 33.11. Since coherent processes are included, not all these processes result in energy deposition. The data for
30 eV < E < 1 keV are obtained from http://www-cxro.lbl.gov/optical constants (courtesy of Eric M. Gullikson, LBNL). The data
for 1 keV < E < 100 GeV are from http://physics.nist.gov/PhysRefData, through the courtesy of John H. Hubbell (NIST).

The increasing domination of pair production as the energy
increases is shown in Fig. 33.16. Using approximations similar to
those used to obtain Eq. (33.30), Tsai’s formula for the differential
cross section [42] reduces to

dσ

dx
=

A

X0NA

[

1 − 4
3x(1 − x)

]

(33.32)

in the complete-screening limit valid at high energies. Here x = E/k
is the fractional energy transfer to the pair-produced electron (or
positron), and k is the incident photon energy. The cross section is
very closely related to that for bremsstrahlung, since the Feynman
diagrams are variants of one another. The cross section is of necessity
symmetric between x and 1 − x, as can be seen by the solid curve in
Fig. 33.17. See the review by Motz, Olsen, & Koch for a more detailed
treatment [52].

Eq. (33.32) may be integrated to find the high-energy limit for the
total e+e− pair-production cross section:

σ = 7
9(A/X0NA) . (33.33)

Equation Eq. (33.33) is accurate to within a few percent down to
energies as low as 1 GeV, particularly for high-Z materials.

33.4.6. Bremsstrahlung and pair production at very high en-
ergies :

At ultrahigh energies, Eqns. 33.29–33.33 will fail because of
quantum mechanical interference between amplitudes from different
scattering centers. Since the longitudinal momentum transfer to a
given center is small (∝ k/E(E − k), in the case of bremsstrahlung),
the interaction is spread over a comparatively long distance called
the formation length (∝ E(E − k)/k) via the uncertainty principle.
In alternate language, the formation length is the distance over
which the highly relativistic electron and the photon “split apart.”
The interference is usually destructive. Calculations of the “Landau-
Pomeranchuk-Migdal” (LPM) effect may be made semi-classically
based on the average multiple scattering, or more rigorously using a
quantum transport approach [44,45].

In amorphous media, bremsstrahlung is suppressed if the photon

energy k is less than E2/(E + ELPM ) [45], where*

ELPM =
(mec

2)2αX0

4π!cρ
= (7.7 TeV/cm) ×

X0

ρ
. (33.34)

Since physical distances are involved, X0/ρ, in cm, appears. The
energy-weighted bremsstrahlung spectrum for lead, k dσLPM/dk,
is shown in Fig. 33.12. With appropriate scaling by X0/ρ, other
materials behave similarly.

For photons, pair production is reduced for E(k − E) > k ELPM .
The pair-production cross sections for different photon energies are
shown in Fig. 33.17.

If k ≪ E, several additional mechanisms can also produce
suppression. When the formation length is long, even weak factors
can perturb the interaction. For example, the emitted photon can
coherently forward scatter off of the electrons in the media. Because
of this, for k < ωpE/me ∼ 10−4, bremsstrahlung is suppressed
by a factor (kme/ωpE)2 [47]. Magnetic fields can also suppress
bremsstrahlung.

In crystalline media, the situation is more complicated, with
coherent enhancement or suppression possible. The cross section
depends on the electron and photon energies and the angles between
the particle direction and the crystalline axes [54].

33.4.7. Photonuclear and electronuclear interactions at still
higher energies :

At still higher photon and electron energies, where the bremsstrah-
lung and pair production cross-sections are heavily suppressed by the
LPM effect, photonuclear and electronuclear interactions predominate
over electromagnetic interactions.

At photon energies above about 1020eV, for example, photons
usually interact hadronically. The exact cross-over energy depends
on the model used for the photonuclear interactions. These processes
are illustrated in Fig. 33.18. At still higher energies (>∼ 1023eV),

* This definition differs from that of Ref. 53 by a factor of two.
ELPM scales as the 4th power of the mass of the incident particle, so
that ELPM = (1.4 × 1010TeV/cm) × X0/ρ for a muon.
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Figure 33.19: The photon mass attenuation length (or mean free path) λ = 1/(µ/ρ) for various elemental absorbers as a function
of photon energy. The mass attenuation coefficient is µ/ρ, where ρ is the density. The intensity I remaining after traversal of
thickness t (in mass/unit area) is given by I = I0 exp(−t/λ). The accuracy is a few percent. For a chemical compound or mixture,
1/λeff ≈

∑

elements wZ/λZ , where wZ is the proportion by weight of the element with atomic number Z. The processes responsible for
attenuation are given in Fig. 33.11. Since coherent processes are included, not all these processes result in energy deposition. The data for
30 eV < E < 1 keV are obtained from http://www-cxro.lbl.gov/optical constants (courtesy of Eric M. Gullikson, LBNL). The data
for 1 keV < E < 100 GeV are from http://physics.nist.gov/PhysRefData, through the courtesy of John H. Hubbell (NIST).

The increasing domination of pair production as the energy
increases is shown in Fig. 33.16. Using approximations similar to
those used to obtain Eq. (33.30), Tsai’s formula for the differential
cross section [42] reduces to

dσ

dx
=

A

X0NA

[

1 − 4
3x(1 − x)

]

(33.32)

in the complete-screening limit valid at high energies. Here x = E/k
is the fractional energy transfer to the pair-produced electron (or
positron), and k is the incident photon energy. The cross section is
very closely related to that for bremsstrahlung, since the Feynman
diagrams are variants of one another. The cross section is of necessity
symmetric between x and 1 − x, as can be seen by the solid curve in
Fig. 33.17. See the review by Motz, Olsen, & Koch for a more detailed
treatment [52].

Eq. (33.32) may be integrated to find the high-energy limit for the
total e+e− pair-production cross section:

σ = 7
9(A/X0NA) . (33.33)

Equation Eq. (33.33) is accurate to within a few percent down to
energies as low as 1 GeV, particularly for high-Z materials.

33.4.6. Bremsstrahlung and pair production at very high en-
ergies :

At ultrahigh energies, Eqns. 33.29–33.33 will fail because of
quantum mechanical interference between amplitudes from different
scattering centers. Since the longitudinal momentum transfer to a
given center is small (∝ k/E(E − k), in the case of bremsstrahlung),
the interaction is spread over a comparatively long distance called
the formation length (∝ E(E − k)/k) via the uncertainty principle.
In alternate language, the formation length is the distance over
which the highly relativistic electron and the photon “split apart.”
The interference is usually destructive. Calculations of the “Landau-
Pomeranchuk-Migdal” (LPM) effect may be made semi-classically
based on the average multiple scattering, or more rigorously using a
quantum transport approach [44,45].

In amorphous media, bremsstrahlung is suppressed if the photon

energy k is less than E2/(E + ELPM ) [45], where*

ELPM =
(mec

2)2αX0

4π!cρ
= (7.7 TeV/cm) ×

X0

ρ
. (33.34)

Since physical distances are involved, X0/ρ, in cm, appears. The
energy-weighted bremsstrahlung spectrum for lead, k dσLPM/dk,
is shown in Fig. 33.12. With appropriate scaling by X0/ρ, other
materials behave similarly.

For photons, pair production is reduced for E(k − E) > k ELPM .
The pair-production cross sections for different photon energies are
shown in Fig. 33.17.

If k ≪ E, several additional mechanisms can also produce
suppression. When the formation length is long, even weak factors
can perturb the interaction. For example, the emitted photon can
coherently forward scatter off of the electrons in the media. Because
of this, for k < ωpE/me ∼ 10−4, bremsstrahlung is suppressed
by a factor (kme/ωpE)2 [47]. Magnetic fields can also suppress
bremsstrahlung.

In crystalline media, the situation is more complicated, with
coherent enhancement or suppression possible. The cross section
depends on the electron and photon energies and the angles between
the particle direction and the crystalline axes [54].

33.4.7. Photonuclear and electronuclear interactions at still
higher energies :

At still higher photon and electron energies, where the bremsstrah-
lung and pair production cross-sections are heavily suppressed by the
LPM effect, photonuclear and electronuclear interactions predominate
over electromagnetic interactions.

At photon energies above about 1020eV, for example, photons
usually interact hadronically. The exact cross-over energy depends
on the model used for the photonuclear interactions. These processes
are illustrated in Fig. 33.18. At still higher energies (>∼ 1023eV),

* This definition differs from that of Ref. 53 by a factor of two.
ELPM scales as the 4th power of the mass of the incident particle, so
that ELPM = (1.4 × 1010TeV/cm) × X0/ρ for a muon.
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The accuracy of approximate forms for Ec has been limited by the
failure to distinguish between gases and solid or liquids, where there
is a substantial difference in ionization at the relevant energy because
of the density effect. We distinguish these two cases in Fig. 33.14.
Fits were also made with functions of the form a/(Z + b)α, but α
was found to be essentially unity. Since Ec also depends on A, I, and
other factors, such forms are at best approximate.

Values of Ec for both electrons and positrons in more than 300
materials can be found at pdg.lbl.gov/AtomicNuclearProperties.
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Figure 33.15: Photon total cross sections as a function of
energy in carbon and lead, showing the contributions of different
processes [50]:

σp.e. = Atomic photoelectric effect (electron ejection,
photon absorption)

σRayleigh = Rayleigh (coherent) scattering–atom neither
ionized nor excited

σCompton = Incoherent scattering (Compton scattering off an
electron)

κnuc = Pair production, nuclear field
κe = Pair production, electron field

σg.d.r. = Photonuclear interactions, most notably the Giant
Dipole Resonance [51]. In these interactions, the
target nucleus is broken up.

Original figures through the courtesy of John H. Hubbell
(NIST).

33.4.5. Energy loss by photons :

Contributions to the photon cross section in a light element
(carbon) and a heavy element (lead) are shown in Fig. 33.15. At low
energies it is seen that the photoelectric effect dominates, although
Compton scattering, Rayleigh scattering, and photonuclear absorption
also contribute. The photoelectric cross section is characterized by
discontinuities (absorption edges) as thresholds for photoionization
of various atomic levels are reached. Photon attenuation lengths
for a variety of elements are shown in Fig. 33.19, and data for
30 eV< k <100 GeV for all elements are available from the web pages
given in the caption. Here k is the photon energy.

Figure 33.16: Probability P that a photon interaction will
result in conversion to an e+e− pair. Except for a few-percent
contribution from photonuclear absorption around 10 or 20
MeV, essentially all other interactions in this energy range result
in Compton scattering off an atomic electron. For a photon
attenuation length λ (Fig. 33.19), the probability that a given
photon will produce an electron pair (without first Compton
scattering) in thickness t of absorber is P [1 − exp(−t/λ)].
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Figure 33.17: The normalized pair production cross section
dσLPM/dy, versus fractional electron energy x = E/k.
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Heitler interaction length is 9X0/7, and X0 is 0.393 m in
ice.
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Produzione di coppie

La distribuzione angolare è abbastanza complessa e vincolata a quella 
energetica. Per determinarla, anche con diverse approssimazioni, 
servirebbe utilizzare la cinematica relativistica.
Ci accontentiamo di utilizzare una distribuzione gaussiana (rossa) con:
• <θ> = 0
• σθ= me/E (me è la massa dell’elettrone [facile trovarla già in eV…])
• e poi generare un φ uniforme per “distribuire” fra θx e θy

* R.Morris, J.Cohen-Tanugi ”Event Analysis for the Gamma-ray Large Area Space Telescope” https://slideplayer.com/slide/5321463

�± =
mec2

E±
u
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La vera distribuzione 
angolare è

con u distribuito come in 
Figura (curva blu).
Per la simulazione 
utilizzeremo la curva 
rossa.

https://slideplayer.com/slide/5321463


Produzione di coppie

à simulare un’ “alta” statistica di fotoni 
incidenti

à valutare la frazione di conversioni che 
avvengono in ciascun piano del 
"tracciatore-convertitore"

γ

e+

e-

Il fotone ha una certa probabilità di fare pair-production:

γ à e- + e+



Spettrometro magnetico
Elettrone e positrone dentro il campo magnetico curvano (in 
direzioni opposte)

fotone: 
pγ =
{pγ

x, pγ
y, pγ

z}
Eγ

positrone:
pp =

{pp
x, pp

y, pp
z}

Ep

elettrone:
pe =

{pe
x, pe

y, pe
z}

Ee

tracciando le posizioni di passaggio delle particelle (simulando la 
risoluzione spaziale) nei piani di silicio uno può ricostruire la traiettoria 
curva della particella e quindi il suo momento (o meglio: il modulo della 
componente trasversa al campo magnetico) 



Spettrometro magnetico
Elettrone e positrone dentro il campo magnetico curvano (in 
direzioni opposte)

fotone: 
pγ =
{pγ

x, pγ
y, pγ

z}
Eγ

positrone:
pp =

{pp
x, pp

y, pp
z}

Ep

elettrone:
pe =

{pe
x, pe

y, pe
z}

Eerisoluzione spaziale:
• σx = 30 μm
• σy = 10 μm

la posizione misurata può essere 
simulata come la posizione vera con 
uno smearing gaussiano con σ uguale 
alle risoluzione spaziale del rivelatore



Spettrometro magnetico
Elettrone e positrone dentro il campo magnetico curvano (in 
direzioni opposte)

fotone: 
pγ =
{pγ

x, pγ
y, pγ

z}
Eγ

positrone:
pp =

{pp
x, pp

y, pp
z}

Ep

elettrone:
pe =

{pe
x, pe

y, pe
z}

Ee

Una volta misurato il modulo della componente trasversa al campo 
magnetico, pp,e, si può ricostruire anche la componente parallela, e
quindi il modulo totale (pp,e = p⫠p,e + p⫽p,e), e poi il vettore completo, 
tenendo conto delle direzioni (misurate) delle tracce



Spettrometro magnetico

à propagare le particelle nel 
campo magnetico 

à ricostruire la traiettoria 
curva, fittando i parametri 
dell'arco di circonferenza che 
minimizzano il χ2 (punti 
misurati dal tracciatore vs fit)

positrone:
pp =

{pp
x, pp

y, pp
z}

Ep

elettrone:
pe =

{pe
x, pe

y, pe
z}

Ee

dipende dal segno di q e B

(x� x0)
2 + (y � y0)

2 = ⇢2

x2 + x2
0 � 2xx0 + y2 + y20 � 2yy0 � ⇢2 = 0

y2 � 2yy0 +
�
x2 + x2

0 � 2xx0 + y20 � ⇢2
�
= 0
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y1,2 = y0 ±
q

y20 � (x2 + x2
0 � 2xx0 + y20 � ⇢2) =

y1,2 = y0 ±
q

� (x2 + x2
0 � 2xx0 � ⇢2)
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Spettrometro magnetico

à propagare le particelle nel 
campo magnetico 

à ricostruire la traiettoria 
curva, fittando i parametri 
dell'arco di circonferenza che 
minimizzano il χ2 (punti 
misurati dal tracciatore vs fit)

à confrontare il momento 
ricostruito (la curvatura fittata) 
con quello generato e ricavare 
la risoluzione in momento 
dello spettrometro (i.e. la 
deviazione standard) 

positrone:
pp =

{pp
x, pp

y, pp
z}

Ep

elettrone:
pe =

{pe
x, pe

y, pe
z}

Ee

(x� x0)
2 + (y � y0)

2 = ⇢2
<latexit sha1_base64="4MW1SscjCqLP0LRTvVLDFhQwfbI="></latexit>

la variabile che è 
distribuita gaussianamente 
non è la curvatura (o il 
momomento) ma il suo 
inverso (e quindo l'inverso 
del momento) 



Telescopio per fotoni

fotone: 
pγ =
{pγ

x, pγ
y, pγ

z}
Eγ

positrone:
pp =

{pp
x, pp

y, pp
z}

Ep

elettrone:
pe =

{pe
x, pe

y, pe
z}

Ee

à ricostruire la direzione di
arrivo del fotone:

à confrontarla con la "verità MC" (i.e. quella di generazione) 
e ricavare la risoluzione angolare del telescopio (i.e. 
deviazione standard di θx e θy)

~p �

p�
=

~p e� + ~p e+

p�
<latexit sha1_base64="mKlkrC7/sW6uTSC1rFXS201UWi8="></latexit>



Programma e relazione
• Il programma scritto dovrà essere accompagnato da opportuno 

Makefile e istruzioni (se sono più di tre righe c’è un problema!) di 
come compilarlo ed eseguirlo e come guardare i risultati 
(terminale, root file da aprire o immagini salvate su disco);

• Il programma scritto dovrà essere accompagnato da una 
relazione che descriva le scelte fatte e i risultati ottenuti, ma che 
sia anche sintetica



Relatività
Relatività:

~� =
~p c

E

~p = m0
~� c �

E = m0 c
2 � = mc2E2 = m2

0 c
4 + p2c2

� =
1p

1� �2



Unità di misura
Unità di misura:

ü eV = 1.6021766208(98)*10-19 J      (cfr. 
https://en.wikipedia.org/wiki/Electronvolt)
ma tipicamente si utilizza il GeV = 109 eV

– E in GeV

– p in GeV/c   à 1 GeV/c  = 5.344286*10-19 kg m/s
– m in GeV/c2 à 1 GeV/c2 = 1.783*10-27 kg

spesso si usa c=1 e quindi tutte sono in GeV.

ü Le cariche si misurano in carica elementare, e.

à Particelle “comuni”:
- elettrone:       q = -e,  m ~  0.5 MeV

- protone:         q = e, m ~ 1    GeV

- nucleo di 4He: q = 2e, m ~ 4    GeV

https://en.wikipedia.org/wiki/Electronvolt


Relatività e unità di misura
Relatività:

che in un sistema di unità in cui c=1:

• un protone di 1 GeV di momento ha ~ √ 2 GeV di energia

• un protone di 10 GeV di momento ha ~ 10 GeV di energia
• un elettrone di 1 GeV di momento ha ~ 1 GeV di energia

~� =
~p c

E

~p = m0
~� c �

E = m0 c
2 � = mc2E2 = m2

0 c
4 + p2c2

� =
1p

1� �2

E2 = m2
0 + p2

E = m0 � = m

~p = m0
~� �

~� =
~p

E



Forza di Lorentz e unità di misura
à Nel caso dell’elettromagnetismo la conversione è banale.

Ad esempio il raggio di girazione, ρ, di una particella carica, in un campo 
magnetico uniforme è:

à la variabile che “domina” il moto è la rigidità

Per p=1GeV, q=1e (à R=1V) e B=1T

che può essere “mnemonizzato” come “mettere 0.3 davanti al campo B, 
utilizzando le formule in metri, GeV, cariche elementari e Tesla”:

⇢ =
p

qB

⇢ =
5.34 · 10�19 Kgm

s

1.6 · 10�19 CKg
C s

⇡ 1

0.3
m

⇢

1m
=

p
1Kgm/s
q

1C
B
1T

⇡ 1

0.3

p
1GeV
q
1 e

B
1T

R =
p c

q
(V)


