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it is impossible to review in a decent way “all” radiative processes in 1.5 h*

* see also Matteo’s classes



One question every 3 (energy) decades…

MeV

Interaction rate

Energy density



One question every 3 (energy) decades…

MeV

Interaction rate

Energy density



One question every 3 (energy) decades…

MeV

Interaction rate

Energy density

—> ionisation

—> heating

—> chemistry

MeV: which 
impact on the 

ISM?



One question every 3 (energy) decades…

MeV

Interaction rate

Energy density

—> ionisation

—> heating

—> chemistry

MeV: which 
impact on the 

ISM?



One question every 3 (energy) decades…

MeV

Interaction rate

Energy density

—> ionisation

—> heating

—> chemistry

MeV: which 
impact on the 

ISM?

—> source power

—> pressure 
(CR-driven winds)

GeV: which 
source of 
energy?



One question every 3 (energy) decades…

MeV

Interaction rate

Energy density

—> ionisation

—> heating

—> chemistry

MeV: which 
impact on the 

ISM?

—> source power

—> pressure 
(CR-driven winds)

GeV: which 
source of 
energy?

TeV: which 
acceleration/transport 

mechanism?



One question every 3 (energy) decades…

MeV

Interaction rate

Energy density

—> ionisation

—> heating

—> chemistry

MeV: which 
impact on the 

ISM?

—> source power

—> pressure 
(CR-driven winds)

GeV: which 
source of 
energy?

TeV: which 
acceleration/transport 

mechanism?

PeV: where does 
acceleration ends?


(Galactic) 



One question every 3 (energy) decades…

MeV

Interaction rate

Energy density

—> ionisation

—> heating

—> chemistry

MeV: which 
impact on the 

ISM?

—> source power

—> pressure 
(CR-driven winds)

GeV: which 
source of 
energy?

TeV: which 
acceleration/transport 

mechanism?

PeV: where does 
acceleration ends?


(Galactic) 

EeV: where does 
acceleration ends?


(Extragalactic) 



Astrophysical environments

we will mostly discuss radiation produced 

in interactions between energetic particles and matter or radiation/B-fields



Astrophysical environments

we will mostly discuss radiation produced 

in interactions between energetic particles and matter or radiation/B-fields

interstellar medium (ISM) filling factor



Astrophysical environments

we will mostly discuss radiation produced 

in interactions between energetic particles and matter or radiation/B-fields

interstellar medium (ISM) filling factor

interstellar 
magnetic 

field
B ∼ 3 μG



Astrophysical environments

we will mostly discuss radiation produced 

in interactions between energetic particles and matter or radiation/B-fields

interstellar medium (ISM) filling factor

interstellar 
magnetic 

field
B ∼ 3 μG

a remarkable 
coincidence (yes, 
just a coincidence)

B2

8π
∼ ωCMB ∼ 0.25 eV/cm3



Astrophysical environments

we will mostly discuss radiation produced 

in interactions between energetic particles and matter or radiation/B-fields

interstellar medium (ISM) filling factor

interstellar 
magnetic 

field
B ∼ 3 μG

a remarkable 
coincidence (yes, 
just a coincidence)

B2

8π
∼ ωCMB ∼ 0.25 eV/cm3

but not only —
> high energy 

radiation without non-the
rmal particles
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Thermal emission
let’s begin with estimating the emission of a thermal plasma of temperature T

Simplifying assumptions: fully ionised hydrogen plasma (ni = ne), protons and 
electrons in thermal equilibrium (same temperature T)

hν ∼ kT ≈ 0.1 ( T
106 K ) keVtypical photon energy —>

ROSAT
—>      the hot phase consists of cavities inflated 

by stellar winds or generated by supernova 
remnants and emits thermal X-rays

X-ray telescopes onboard of satellites: XMM, Chandra, 
NuSTAR, eROSITA, …
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Thermal Bremsstrahlung

P = 2e2

3c3 a
2

b

v

r

proton

electron

power emitted by an 
accelerated charge

F = e2

r2

r ⇡ b ! a ⇡ e2

meb2

r � b ! a ⇡ 0{

b

⌧ ⇡ b
v

very brutal approximations…

characteristic time 
for the interaction

�! ! ⇡ 1
⌧ = v

b

characteristic 
frequency of the 
emitted radiation
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Thermal Bremsstrahlung
rough estimate of the 
impact parameter b

np

lp ⇠ n�1/3
p

plasma proton density ->

mean distance between protons -> ⇡ b

emissivity (power per unit frequency, volume, and solid angle)

ω -> ν = ω/2π

j(⌫) ⇡ neP
(4⇡)

2⇡
! = nenpe

6

3c3m2
e

�
me
kT

�1/2

j(⌫)

⌫h⌫max ⇠ kT

exponential suppression

-> no electrons with energy >> kT
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energy threshold
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neutral and charged 
pions produced with the 

same probability 
(1/3,1/3,1/3)



Neutrino telescopesICECUBE

Baikal

KM3NeT

diffuse emission 
from Galactic plane!



The gamma-neutrino connection
a neutrino signal from the disk is unavoidable !

optical

gamma

template

real

convolved
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Simple order-of-magnitude calculations
neutrinos valid at large energies  

The same as for gammas but:

f� �! f⌫ =
2

3
⇥ 3

4
⇥ 1

3

fraction of 
charged pions fraction of 

pion energy -> 
neutrinos

per flavour (after 
oscillations)

E� �! E⌫ ⇠ 0.05⇥ Ep



Simple order-of-magnitude calculations

valid at large energies  
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3
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2
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What about electrons?
false myths: the proton-to-electron ratio is ~100 in Galactic cosmic rays

true only 
here
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the Milky Way is filled with magnetic 
field and relativistic electrons!



Synchrotron emission from the Milky Way
radio domain

radio telescopes

A. E. Guzmán et al.: 45 MHz all-sky map and 45–408 MHz spectral index

Fig. 3. Multi-frequency spectra of the Galactic component for (from top
to bottom): south Galactic Pole, North Galactic Pole, and minimum-
south zones. The triangles are not considered in the least squares fitting
of the line. The squares represent the 45 and 408 MHz data.

Fig. 4. Multi-frequency spectra of the Galactic component for the (from
top to bottom) minimum-north, calibration point and anticenter zones.
The triangles are not considered on the least squares fitting of the line.
The squares represent the 45 and 408 MHz data.

Fig. 5. Minimum-South zone, Plate-Careé projection and five equi-
spaced contours between 3615 and 3870 K. No extragalactic correction
applied. The source seen next to the contours is Fornax A.

multifrequency spectral index, and the difference between these
last two columns (∆β = βextra_corr

multifreq − β
extra_corr
45−408 ).

We now explain the quantitative criterion used to evaluate
the quality of the fits: having seen that extragalactic-corrected
multi-frequency spectra are well fitted by single power laws, as
expected if we observe non-thermal synchrotron radiation, we
determine zero-level corrections (ZLC) to the 45 and 408 MHz
maps such that, when applied uniformly to the six zones, they
maximize the sum of the squares of the linear correlation coeffi-
cients of the six linear fits.

To summarize, reliable Galactic spectral indices between the
45 and 408 MHz can be derived by applying the ENTS, CMB
and the ZLC corrections to both surveys. Table 5 displays all of
these corrections. Table 6 shows the 45–408 MHz spectral index
corrected values (corrected for ENTS, CMB, and ZLC) and the
differences between these corrected temperatures and the multi-
frequency fit (Tfit). These spectral indices and the map derived
represent our best estimates of the Galactic temperature spectral
index between these two frequencies.

The isotropic corrections (Tν,0 = TCMB + Tν,Ex + Tν,ZLC in
Eq. (2)) are

T45,0 = 550 K and T408,0 = 1.6 K. (4)

Figure 6 shows the final spectral index map.
There are several considerations to take into account con-

cerning the multifrequency spectrum procedure:

– The different resolutions of the data. When comparing dif-
ferent surveys, we really should adopt a common resolution,
which we do not here. However, apart from the systematic
errors in the measured temperatures at low frequencies in
the minimum-south zone, as already explained, the multifre-
quency spectra show remarkable agreement between inde-
pendent measures and no significant departure from a single
power-law fit. Excluding the minimum-south zone, the zones
selected correspond to relatively extended and uniform areas

A138, page 5 of 10

power law spectra

the Milky Way is filled with magnetic 
field and relativistic electrons!
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Motion of a particle in a magnetic field
µ = cos#

pitch angle = angle between v and B

vk = µ v

v? = (1� µ2)1/2v

}
FL =

q

c
~v ⇥ ~BLorentz force

Larmor radius RL =
p?c

qB

gyration frequency ⌫B =
1

tg
=

v?
2⇡RL

=
qB

2⇡�mc

Lorentz factor



Power emitted by an electron*

P =
2e2

3c3
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2e2
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i
non-relativistic relativistic
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Relativistic beaming of mdiation emitted isotmpically in the rest 

4. Doppler Effect 

We have seen that any periodic phenomenon in the moving frame K’ will 
appear to have a longer period by a factor y when viewed by local 
observers in frame K. If, on the other hand, we measure the arrival times of 
pulses or other indications of the periodic phenomenon that propagate 
with the velocity of light, then there will be an additional effect on the 
observed period due to the delay times for light propagation. The joint 
effect is called the Doppler effect. 

In the rest frame of the observer K imagine that the moving source 
emits one period of radiation as it moves from point 1 to point 2 at 
velocity u. If the frequency of the radiation in the rest frame of the source 
is o’ then the time taken to move from point 1 to point 2 in the observer’s 
frame is given by the time-dilation effect: 

Now consider Fig. 4.4 and note I =  o h t  and d =  v At cose. The difference in 
arrival times AtA of the radiation emitted at 1 and 2 is equal to At minus 
the time taken for radiation to propagate a distance d. Thus we have 

Therefore, the observed frequency w will be 

277 w’ w= - = (4.1 1) 

This is the relativistic Doppler formula. The factor y - ’  is purely a 
relativistic effect, whereas the 1 -(u/c)cosB factor appears even classi- 
cally. One distinction between the classical and relativistic points of view 
should be mentioned, however. The classical Doppler effect (say, for sound 

# ⇠ 1

�

the radiation emitted by a relativistic particle is concentrated within a cone of 
opening angle 1/γ entered along the particle velocity
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Figurn 6.2 Emission cones at variouS points of an accelerated particle's 
trajectory. 

the direction of observation. The distance As along the path can be 
computed from the radius of curvature of the path, a = As/AB. 

From the geometry we have A0 = 2/y,  so that As = 2 a / y .  But the radius 
of curvature of the path follows from the equation of motion 

AV 4 ym-  = - v x B ,  
A t  c 

Since (Av( = v A 0  and As = v At, we have 

A 0  qBsina 
As ymcv ' 

wB sin a ' 

-=- 

V a = -  

(6.8a) 

(6.8b) 

Note that this differs by a factor sina from the radius of the circle of the 
projected motion in a plane normal to the field. Thus A s  is given by 

2u 
yw, sin a 

As = (6.8~) 

The times t, and t, at which the particle passes points 1 and 2 are such 
that A s  = u(t,  - t , )  so that 

2 
y o B  sin a ' 

t , -  t ,x 

Let t f  and tt be the arrival times of radiation at the point of observation 

2

�
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but the arrival time interval is shorter!



Characteristic frequency
as done for Bremsstrahlung: characteristic time ———> characteristic frequency

⌫B =
1

tg
=

v?
2⇡RL

=
qB

2⇡�mc
gyration frequency? ✗170 Synchrotron Radhtion 

Figurn 6.2 Emission cones at variouS points of an accelerated particle's 
trajectory. 

the direction of observation. The distance As along the path can be 
computed from the radius of curvature of the path, a = As/AB. 

From the geometry we have A0 = 2/y,  so that As = 2 a / y .  But the radius 
of curvature of the path follows from the equation of motion 

AV 4 ym-  = - v x B ,  
A t  c 

Since (Av( = v A 0  and As = v At, we have 

A 0  qBsina 
As ymcv ' 

wB sin a ' 

-=- 

V a = -  

(6.8a) 

(6.8b) 

Note that this differs by a factor sina from the radius of the circle of the 
projected motion in a plane normal to the field. Thus A s  is given by 

2u 
yw, sin a 

As = (6.8~) 

The times t, and t, at which the particle passes points 1 and 2 are such 
that A s  = u(t,  - t , )  so that 

2 
y o B  sin a ' 

t , -  t ,x 

Let t f  and tt be the arrival times of radiation at the point of observation 

2

�

�te =
RL�#

v?
=

1

⇡�⌫B

photons that reach us are 
emitted in the time interval:

when a photon is emitted in 2, the photon emitted in 1 has traveled a distance: c �te

but the arrival time interval is shorter!

�ta =
c�te � v?�te

c
⇡ �te (1� �) = �te

1� �2

1 + �
⇡ �te

2�2



Emission from one and many electrons
duration of the 
received pulse

�ta ⇡ �te
2�2

=
1

2⇡�3⌫B
=

1

�2

mc

qB



Emission from one and many electrons
duration of the 
received pulse

�ta ⇡ �te
2�2

=
1

2⇡�3⌫B
=

1

�2

mc

qB

characteristic 
synchrotron frequency

⌫s =
1

2⇡�ta
= �3⌫B = �2 qB

2⇡mc



Emission from one and many electrons
duration of the 
received pulse

�ta ⇡ �te
2�2

=
1

2⇡�3⌫B
=

1

�2

mc

qB

characteristic 
synchrotron frequency

⌫s =
1

2⇡�ta
= �3⌫B = �2 qB

2⇡mc

Larmor frequency ⌫L



Emission from one and many electrons
duration of the 
received pulse

�ta ⇡ �te
2�2

=
1

2⇡�3⌫B
=

1

�2

mc

qB

characteristic 
synchrotron frequency

⌫s =
1

2⇡�ta
= �3⌫B = �2 qB

2⇡mc

power emitted by one electron P =
4

3
�T c UB�

2

Larmor frequency ⌫L



Emission from one and many electrons
duration of the 
received pulse

particle energy distribution found most often 
in high energy astrophysics: POWER LAW N(�) = K���

�ta ⇡ �te
2�2

=
1

2⇡�3⌫B
=

1

�2

mc

qB

characteristic 
synchrotron frequency

⌫s =
1

2⇡�ta
= �3⌫B = �2 qB

2⇡mc

power emitted by one electron P =
4

3
�T c UB�

2

Larmor frequency ⌫L



Emission from one and many electrons
duration of the 
received pulse

particle energy distribution found most often 
in high energy astrophysics: POWER LAW N(�) = K���

�ta ⇡ �te
2�2

=
1

2⇡�3⌫B
=

1

�2

mc

qB

characteristic 
synchrotron frequency

⌫s =
1

2⇡�ta
= �3⌫B = �2 qB

2⇡mc

power emitted by one electron P =
4

3
�T c UB�

2

Larmor frequency ⌫L

delta function approximation

Ls(⌫) =

Z
d�N(�)P (�, B)� (⌫ � ⌫s(�, B))



Emission from one and many electrons
duration of the 
received pulse

particle energy distribution found most often 
in high energy astrophysics: POWER LAW N(�) = K���

�ta ⇡ �te
2�2

=
1

2⇡�3⌫B
=

1

�2

mc

qB

characteristic 
synchrotron frequency

⌫s =
1

2⇡�ta
= �3⌫B = �2 qB

2⇡mc

power emitted by one electron P =
4

3
�T c UB�

2

Larmor frequency ⌫L

delta function approximation

Ls(⌫) =

Z
d�N(�)P (�, B)� (⌫ � ⌫s(�, B))

� (⌫ � ⌫s(�, B)) = � (f(�)) =
�(� � �0)

|f 0(�0)|
=

�(� � (⌫/⌫L)1/2)

2(⌫⌫L)1/2



Emission from one and many electrons
duration of the 
received pulse

particle energy distribution found most often 
in high energy astrophysics: POWER LAW N(�) = K���

�ta ⇡ �te
2�2

=
1

2⇡�3⌫B
=

1

�2

mc

qB

characteristic 
synchrotron frequency

⌫s =
1

2⇡�ta
= �3⌫B = �2 qB

2⇡mc

power emitted by one electron P =
4

3
�T c UB�

2

Larmor frequency ⌫L

delta function approximation

Ls(⌫) =

Z
d�N(�)P (�, B)� (⌫ � ⌫s(�, B))

� (⌫ � ⌫s(�, B)) = � (f(�)) =
�(� � �0)

|f 0(�0)|
=

�(� � (⌫/⌫L)1/2)

2(⌫⌫L)1/2

/ KB
�+1
2 ⌫�

��1
2

POWER LAW



Synchrotron emission: final considerations

L(⌫) / KB
�+1
2 ⌫�

��1
2



Synchrotron emission: final considerations

L(⌫) / KB
�+1
2 ⌫�

��1
2

if we observe a radio flux F = L/4πd2

at a given frequency



Synchrotron emission: final considerations

L(⌫) / KB
�+1
2 ⌫�

��1
2

if we observe a radio flux F = L/4πd2

at a given frequency

we can estimate a combination of K and B, but not the two quantities separately!!!



Synchrotron emission: final considerations

L(⌫) / KB
�+1
2 ⌫�

��1
2

if we observe a radio flux F = L/4πd2

at a given frequency

we can estimate a combination of K and B, but not the two quantities separately!!!

several ways to measure B exist, and they indicate B ~ 3 µG in the Milky Way 

⌫s = �2 qB

2⇡mc

Ee = 10 GeV �! ⌫s ⇠ 3 GHz

Ee = 100 TeV �! ⌫s ⇠ 1 keV

} radio

X-rays
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(Cosmic Microwave Background, IR and Optical galactic background...)

✓
✏i

✏0i = ✏i � (1� � cos ✓)In the electron rest frame (e.r.f.) the photon energy is:

✓0
✏0i

Assumption: in the e.r.f the scattering is Thomson: ✏0f = ✏0i

�0

✏0f can well be non-coplanar✏f
�

In the lab rest frame the (final) photon energy is: ✏f = ✏0f � (1 + � cos�)
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Leptonic Gamma-Rays: Inverse Compton

✏f = �2 ✏i G(✓,�)

After averaging over angles (tedious...): ✏f =
4

3
�2 ✏i

Example:

                                                                         X-rays


                                                                         gamma rays (FERMI)


                                                                         gamma rays (Cherenkov Telescopes) 

Cosmic Microwave Background -> T ⇠ 3 K kT ⇡ 3⇥ 10�4eV

Ee = 1 GeV ! ✏� = 1, 5 keV

Ee = 1 TeV ! ✏� = 1, 5 GeV

Ee = 25 TeV ! ✏� = 1 TeV
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Inverse Compton: energy loss rate

Scattering rate
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<latexit sha1_base64="RyiGZ8AxADQm3ANUN/mV/lyk+YA=">AAAB73icbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZQF6QLGF2MpsMmZldZ2aFsOQnbCwUsbXwL/wCOxu/xcmj0MQDFw7n3Mu99wQxZ9q47peTWVldW9/Ibua2tnd29/L7Bw0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HNxG/eU6VZJGtmFFNf4L5kISPYWKnV0awvcLfWzRfcojsFWibenBRKR9Vv9l7+qHTzn51eRBJBpSEca9323Nj4KVaGEU7HuU6iaYzJEPdp21KJBdV+Or13jE6t0kNhpGxJg6bq74kUC61HIrCdApuBXvQm4n9eOzHhlZ8yGSeGSjJbFCYcmQhNnkc9pigxfGQJJorZWxEZYIWJsRHlbAje4svLpHFe9C6K11WbRhlmyMIxnMAZeHAJJbiFCtSBAIcHeIJn5855dF6c11lrxpnPHMIfOG8/3VmTkw==</latexit>

c

<latexit sha1_base64="SlNxuS2a0wm91BKC4oab1fW6EFo=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdEdRCDNpYJmAukCxhdnI2GTN7YWZWCEuewMZCEVt9GHsb8W2cJBaa+MPAx/+fw5xz/ERwpR3ny8otLC4tr+RX7bX1jc2twvZOXcWpZFhjsYhl06cKBY+wprkW2Ewk0tAX2PAHV+O8cYdS8Ti60cMEvZD2Ih5wRrWxqqxTKDolZyIyD+4PFC/e7fPk7dOudAof7W7M0hAjzQRVquU6ifYyKjVnAkd2O1WYUDagPWwZjGiIyssmg47IgXG6JIileZEmE/d3R0ZDpYahbypDqvtqNhub/2WtVAenXsajJNUYselHQSqIjsl4a9LlEpkWQwOUSW5mJaxPJWXa3MY2R3BnV56H+lHJPS6dVZ1i+RKmysMe7MMhuHACZbiGCtSAAcI9PMKTdWs9WM/Wy7Q0Z/307MIfWa/fKduQMA==</latexit>
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Scattering rate
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<latexit sha1_base64="RyiGZ8AxADQm3ANUN/mV/lyk+YA=">AAAB73icbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZQF6QLGF2MpsMmZldZ2aFsOQnbCwUsbXwL/wCOxu/xcmj0MQDFw7n3Mu99wQxZ9q47peTWVldW9/Ibua2tnd29/L7Bw0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HNxG/eU6VZJGtmFFNf4L5kISPYWKnV0awvcLfWzRfcojsFWibenBRKR9Vv9l7+qHTzn51eRBJBpSEca9323Nj4KVaGEU7HuU6iaYzJEPdp21KJBdV+Or13jE6t0kNhpGxJg6bq74kUC61HIrCdApuBXvQm4n9eOzHhlZ8yGSeGSjJbFCYcmQhNnkc9pigxfGQJJorZWxEZYIWJsRHlbAje4svLpHFe9C6K11WbRhlmyMIxnMAZeHAJJbiFCtSBAIcHeIJn5855dF6c11lrxpnPHMIfOG8/3VmTkw==</latexit>

c

<latexit sha1_base64="SlNxuS2a0wm91BKC4oab1fW6EFo=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdEdRCDNpYJmAukCxhdnI2GTN7YWZWCEuewMZCEVt9GHsb8W2cJBaa+MPAx/+fw5xz/ERwpR3ny8otLC4tr+RX7bX1jc2twvZOXcWpZFhjsYhl06cKBY+wprkW2Ewk0tAX2PAHV+O8cYdS8Ti60cMEvZD2Ih5wRrWxqqxTKDolZyIyD+4PFC/e7fPk7dOudAof7W7M0hAjzQRVquU6ifYyKjVnAkd2O1WYUDagPWwZjGiIyssmg47IgXG6JIileZEmE/d3R0ZDpYahbypDqvtqNhub/2WtVAenXsajJNUYselHQSqIjsl4a9LlEpkWQwOUSW5mJaxPJWXa3MY2R3BnV56H+lHJPS6dVZ1i+RKmysMe7MMhuHACZbiGCtSAAcI9PMKTdWs9WM/Wy7Q0Z/307MIfWa/fKduQMA==</latexit>

Volume swept per second �T c

<latexit sha1_base64="mGP2eN1pP7F06Ox17WA8LLrdVAk=">AAAB8XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EC8eE8gLkyXMTmaTITOzy8ysEJb8hRcPingV/8Iv8ObFb3HyOGhiQUNR1U13VxBzpo3rfjmZldW19Y3sZm5re2d3L79/0NBRogitk4hHqhVgTTmTtG6Y4bQVK4pFwGkzGN5M/OY9VZpFsmZGMfUF7ksWMoKNle46mvUF7tYQ6eYLbtGdAi0Tb04KpaPqN3svf1S6+c9OLyKJoNIQjrVue25s/BQrwwin41wn0TTGZIj7tG2pxIJqP51ePEanVumhMFK2pEFT9fdEioXWIxHYToHNQC96E/E/r52Y8MpPmYwTQyWZLQoTjkyEJu+jHlOUGD6yBBPF7K2IDLDCxNiQcjYEb/HlZdI4L3oXxeuqTaMMM2ThGE7gDDy4hBLcQgXqQEDCAzzBs6OdR+fFeZ21Zpz5zCH8gfP2A/Q6lCo=</latexit>
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<latexit sha1_base64="RyiGZ8AxADQm3ANUN/mV/lyk+YA=">AAAB73icbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZQF6QLGF2MpsMmZldZ2aFsOQnbCwUsbXwL/wCOxu/xcmj0MQDFw7n3Mu99wQxZ9q47peTWVldW9/Ibua2tnd29/L7Bw0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HNxG/eU6VZJGtmFFNf4L5kISPYWKnV0awvcLfWzRfcojsFWibenBRKR9Vv9l7+qHTzn51eRBJBpSEca9323Nj4KVaGEU7HuU6iaYzJEPdp21KJBdV+Or13jE6t0kNhpGxJg6bq74kUC61HIrCdApuBXvQm4n9eOzHhlZ8yGSeGSjJbFCYcmQhNnkc9pigxfGQJJorZWxEZYIWJsRHlbAje4svLpHFe9C6K11WbRhlmyMIxnMAZeHAJJbiFCtSBAIcHeIJn5855dF6c11lrxpnPHMIfOG8/3VmTkw==</latexit>

c

<latexit sha1_base64="SlNxuS2a0wm91BKC4oab1fW6EFo=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdEdRCDNpYJmAukCxhdnI2GTN7YWZWCEuewMZCEVt9GHsb8W2cJBaa+MPAx/+fw5xz/ERwpR3ny8otLC4tr+RX7bX1jc2twvZOXcWpZFhjsYhl06cKBY+wprkW2Ewk0tAX2PAHV+O8cYdS8Ti60cMEvZD2Ih5wRrWxqqxTKDolZyIyD+4PFC/e7fPk7dOudAof7W7M0hAjzQRVquU6ifYyKjVnAkd2O1WYUDagPWwZjGiIyssmg47IgXG6JIileZEmE/d3R0ZDpYahbypDqvtqNhub/2WtVAenXsajJNUYselHQSqIjsl4a9LlEpkWQwOUSW5mJaxPJWXa3MY2R3BnV56H+lHJPS6dVZ1i+RKmysMe7MMhuHACZbiGCtSAAcI9PMKTdWs9WM/Wy7Q0Z/307MIfWa/fKduQMA==</latexit>

Volume swept per second �T c

<latexit sha1_base64="mGP2eN1pP7F06Ox17WA8LLrdVAk=">AAAB8XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EC8eE8gLkyXMTmaTITOzy8ysEJb8hRcPingV/8Iv8ObFb3HyOGhiQUNR1U13VxBzpo3rfjmZldW19Y3sZm5re2d3L79/0NBRogitk4hHqhVgTTmTtG6Y4bQVK4pFwGkzGN5M/OY9VZpFsmZGMfUF7ksWMoKNle46mvUF7tYQ6eYLbtGdAi0Tb04KpaPqN3svf1S6+c9OLyKJoNIQjrVue25s/BQrwwin41wn0TTGZIj7tG2pxIJqP51ePEanVumhMFK2pEFT9fdEioXWIxHYToHNQC96E/E/r52Y8MpPmYwTQyWZLQoTjkyEJu+jHlOUGD6yBBPF7K2IDLDCxNiQcjYEb/HlZdI4L3oXxeuqTaMMM2ThGE7gDDy4hBLcQgXqQEDCAzzBs6OdR+fFeZ21Zpz5zCH8gfP2A/Q6lCo=</latexit>

Interaction rate �T cnCMB

<latexit sha1_base64="edMpvIzPWbZF9KVmC7WdW+m1bnc=">AAAB+3icbVDLSgMxFM34rPU1VnDjJlgEV2VGBHVX2o0boYW+oB2GTJppQ5PMkGTEMsyvuHGhiC79A7/AnRu/xfSx0NYDFw7n3Mu99wQxo0o7zpe1srq2vrGZ28pv7+zu7dsHhZaKEolJE0cskp0AKcKoIE1NNSOdWBLEA0bawag68dt3RCoaiYYex8TjaCBoSDHSRvLtQk/RAUd+A2Io/LR6W8l8u+iUnCngMnHnpFg+qn/Tt8pHzbc/e/0IJ5wIjRlSqus6sfZSJDXFjGT5XqJIjPAIDUjXUIE4UV46vT2Dp0bpwzCSpoSGU/X3RIq4UmMemE6O9FAtehPxP6+b6PDKS6mIE00Eni0KEwZ1BCdBwD6VBGs2NgRhSc2tEA+RRFibuPImBHfx5WXSOi+5F6XrukmjAmbIgWNwAs6ACy5BGdyAGmgCDO7BA3gCz1ZmPVov1uusdcWazxyCP7DefwDX4pdi</latexit>
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!CMB

h✏i

<latexit sha1_base64="BrC14z+vq+Hqfc8lJ7+NN1fC0wY="></latexit>
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<latexit sha1_base64="RyiGZ8AxADQm3ANUN/mV/lyk+YA=">AAAB73icbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZQF6QLGF2MpsMmZldZ2aFsOQnbCwUsbXwL/wCOxu/xcmj0MQDFw7n3Mu99wQxZ9q47peTWVldW9/Ibua2tnd29/L7Bw0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HNxG/eU6VZJGtmFFNf4L5kISPYWKnV0awvcLfWzRfcojsFWibenBRKR9Vv9l7+qHTzn51eRBJBpSEca9323Nj4KVaGEU7HuU6iaYzJEPdp21KJBdV+Or13jE6t0kNhpGxJg6bq74kUC61HIrCdApuBXvQm4n9eOzHhlZ8yGSeGSjJbFCYcmQhNnkc9pigxfGQJJorZWxEZYIWJsRHlbAje4svLpHFe9C6K11WbRhlmyMIxnMAZeHAJJbiFCtSBAIcHeIJn5855dF6c11lrxpnPHMIfOG8/3VmTkw==</latexit>

c

<latexit sha1_base64="SlNxuS2a0wm91BKC4oab1fW6EFo=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdEdRCDNpYJmAukCxhdnI2GTN7YWZWCEuewMZCEVt9GHsb8W2cJBaa+MPAx/+fw5xz/ERwpR3ny8otLC4tr+RX7bX1jc2twvZOXcWpZFhjsYhl06cKBY+wprkW2Ewk0tAX2PAHV+O8cYdS8Ti60cMEvZD2Ih5wRrWxqqxTKDolZyIyD+4PFC/e7fPk7dOudAof7W7M0hAjzQRVquU6ifYyKjVnAkd2O1WYUDagPWwZjGiIyssmg47IgXG6JIileZEmE/d3R0ZDpYahbypDqvtqNhub/2WtVAenXsajJNUYselHQSqIjsl4a9LlEpkWQwOUSW5mJaxPJWXa3MY2R3BnV56H+lHJPS6dVZ1i+RKmysMe7MMhuHACZbiGCtSAAcI9PMKTdWs9WM/Wy7Q0Z/307MIfWa/fKduQMA==</latexit>

Volume swept per second �T c

<latexit sha1_base64="mGP2eN1pP7F06Ox17WA8LLrdVAk=">AAAB8XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EC8eE8gLkyXMTmaTITOzy8ysEJb8hRcPingV/8Iv8ObFb3HyOGhiQUNR1U13VxBzpo3rfjmZldW19Y3sZm5re2d3L79/0NBRogitk4hHqhVgTTmTtG6Y4bQVK4pFwGkzGN5M/OY9VZpFsmZGMfUF7ksWMoKNle46mvUF7tYQ6eYLbtGdAi0Tb04KpaPqN3svf1S6+c9OLyKJoNIQjrVue25s/BQrwwin41wn0TTGZIj7tG2pxIJqP51ePEanVumhMFK2pEFT9fdEioXWIxHYToHNQC96E/E/r52Y8MpPmYwTQyWZLQoTjkyEJu+jHlOUGD6yBBPF7K2IDLDCxNiQcjYEb/HlZdI4L3oXxeuqTaMMM2ThGE7gDDy4hBLcQgXqQEDCAzzBs6OdR+fFeZ21Zpz5zCH8gfP2A/Q6lCo=</latexit>

Interaction rate �T cnCMB

<latexit sha1_base64="edMpvIzPWbZF9KVmC7WdW+m1bnc=">AAAB+3icbVDLSgMxFM34rPU1VnDjJlgEV2VGBHVX2o0boYW+oB2GTJppQ5PMkGTEMsyvuHGhiC79A7/AnRu/xfSx0NYDFw7n3Mu99wQxo0o7zpe1srq2vrGZ28pv7+zu7dsHhZaKEolJE0cskp0AKcKoIE1NNSOdWBLEA0bawag68dt3RCoaiYYex8TjaCBoSDHSRvLtQk/RAUd+A2Io/LR6W8l8u+iUnCngMnHnpFg+qn/Tt8pHzbc/e/0IJ5wIjRlSqus6sfZSJDXFjGT5XqJIjPAIDUjXUIE4UV46vT2Dp0bpwzCSpoSGU/X3RIq4UmMemE6O9FAtehPxP6+b6PDKS6mIE00Eni0KEwZ1BCdBwD6VBGs2NgRhSc2tEA+RRFibuPImBHfx5WXSOi+5F6XrukmjAmbIgWNwAs6ACy5BGdyAGmgCDO7BA3gCz1ZmPVov1uusdcWazxyCP7DefwDX4pdi</latexit>
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h✏i

<latexit sha1_base64="BrC14z+vq+Hqfc8lJ7+NN1fC0wY="></latexit>
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<latexit sha1_base64="Vrt6CXuVuOqDu8bpX4vX0ke5dV4="></latexit>
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<latexit sha1_base64="RyiGZ8AxADQm3ANUN/mV/lyk+YA=">AAAB73icbVC7SgNBFL0bXzG+ooKNzWAQrMKuCGoXYmOZQF6QLGF2MpsMmZldZ2aFsOQnbCwUsbXwL/wCOxu/xcmj0MQDFw7n3Mu99wQxZ9q47peTWVldW9/Ibua2tnd29/L7Bw0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+HNxG/eU6VZJGtmFFNf4L5kISPYWKnV0awvcLfWzRfcojsFWibenBRKR9Vv9l7+qHTzn51eRBJBpSEca9323Nj4KVaGEU7HuU6iaYzJEPdp21KJBdV+Or13jE6t0kNhpGxJg6bq74kUC61HIrCdApuBXvQm4n9eOzHhlZ8yGSeGSjJbFCYcmQhNnkc9pigxfGQJJorZWxEZYIWJsRHlbAje4svLpHFe9C6K11WbRhlmyMIxnMAZeHAJJbiFCtSBAIcHeIJn5855dF6c11lrxpnPHMIfOG8/3VmTkw==</latexit>
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<latexit sha1_base64="SlNxuS2a0wm91BKC4oab1fW6EFo=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8EgWIVdEdRCDNpYJmAukCxhdnI2GTN7YWZWCEuewMZCEVt9GHsb8W2cJBaa+MPAx/+fw5xz/ERwpR3ny8otLC4tr+RX7bX1jc2twvZOXcWpZFhjsYhl06cKBY+wprkW2Ewk0tAX2PAHV+O8cYdS8Ti60cMEvZD2Ih5wRrWxqqxTKDolZyIyD+4PFC/e7fPk7dOudAof7W7M0hAjzQRVquU6ifYyKjVnAkd2O1WYUDagPWwZjGiIyssmg47IgXG6JIileZEmE/d3R0ZDpYahbypDqvtqNhub/2WtVAenXsajJNUYselHQSqIjsl4a9LlEpkWQwOUSW5mJaxPJWXa3MY2R3BnV56H+lHJPS6dVZ1i+RKmysMe7MMhuHACZbiGCtSAAcI9PMKTdWs9WM/Wy7Q0Z/307MIfWa/fKduQMA==</latexit>

Volume swept per second �T c

<latexit sha1_base64="mGP2eN1pP7F06Ox17WA8LLrdVAk=">AAAB8XicbVDLSgNBEOyNrxhfUcGLl8EgeAq7Iqi3EC8eE8gLkyXMTmaTITOzy8ysEJb8hRcPingV/8Iv8ObFb3HyOGhiQUNR1U13VxBzpo3rfjmZldW19Y3sZm5re2d3L79/0NBRogitk4hHqhVgTTmTtG6Y4bQVK4pFwGkzGN5M/OY9VZpFsmZGMfUF7ksWMoKNle46mvUF7tYQ6eYLbtGdAi0Tb04KpaPqN3svf1S6+c9OLyKJoNIQjrVue25s/BQrwwin41wn0TTGZIj7tG2pxIJqP51ePEanVumhMFK2pEFT9fdEioXWIxHYToHNQC96E/E/r52Y8MpPmYwTQyWZLQoTjkyEJu+jHlOUGD6yBBPF7K2IDLDCxNiQcjYEb/HlZdI4L3oXxeuqTaMMM2ThGE7gDDy4hBLcQgXqQEDCAzzBs6OdR+fFeZ21Zpz5zCH8gfP2A/Q6lCo=</latexit>

Interaction rate �T cnCMB

<latexit sha1_base64="edMpvIzPWbZF9KVmC7WdW+m1bnc=">AAAB+3icbVDLSgMxFM34rPU1VnDjJlgEV2VGBHVX2o0boYW+oB2GTJppQ5PMkGTEMsyvuHGhiC79A7/AnRu/xfSx0NYDFw7n3Mu99wQxo0o7zpe1srq2vrGZ28pv7+zu7dsHhZaKEolJE0cskp0AKcKoIE1NNSOdWBLEA0bawag68dt3RCoaiYYex8TjaCBoSDHSRvLtQk/RAUd+A2Io/LR6W8l8u+iUnCngMnHnpFg+qn/Tt8pHzbc/e/0IJ5wIjRlSqus6sfZSJDXFjGT5XqJIjPAIDUjXUIE4UV46vT2Dp0bpwzCSpoSGU/X3RIq4UmMemE6O9FAtehPxP6+b6PDKS6mIE00Eni0KEwZ1BCdBwD6VBGs2NgRhSc2tEA+RRFibuPImBHfx5WXSOi+5F6XrukmjAmbIgWNwAs6ACy5BGdyAGmgCDO7BA3gCz1ZmPVov1uusdcWazxyCP7DefwDX4pdi</latexit>

nCMB =
!CMB

h✏i

<latexit sha1_base64="BrC14z+vq+Hqfc8lJ7+NN1fC0wY="></latexit>

Radiated power PIC =
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3
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<latexit sha1_base64="Vrt6CXuVuOqDu8bpX4vX0ke5dV4="></latexit>

Same expression as synchrotron!
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Note on the K-N regime
Lipari & Vernetto 2018

� ✏� > mc2

0.08 eV 1 eV

Ee > (mc2)2

ϵγ

Eγ =
4
3

γ2ϵγ Eγ >
4
3

(mc2)2

ϵγ
∼ 0.3 ( ϵγ

eV ) TeV

in first approximation: if you are a TeV astronomer just CMB matters for ICS
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Non-thermal Bremsstrahlung

b
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proton

electron b

remember what we did for the thermal Bremsstrahlung
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remember what we did for the thermal Bremsstrahlung

characteristic time for the interaction

γ
time contraction

—> in its rest frame, the e- sees the proton’s E field contracted into a very fast pulse

—> the pulse can be approximated as a spectrum of plane waves, i.e., “virtual” photons

—> the e- will Compton scatter the virtual photon

—> Compton cross section drops beyond photon energies equal to mc2

—> the spectrum of scattered photons (in the e-  rest frame) extends up to mc2

—> in the lab frame the spectrum extends up to γ mc2 !
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Non-thermal bremsstrahlung

electron frame

mc2

dN
dE

E

lab frame

γmc2

dN
dE

E
energy of the 

incident electron!

γmc2

E2 dN
dE

E

Bremsstrahlung is a 
catastrophic process

⟨Eγ⟩ ≲ E
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continuous losses —>
dE
dt

=
4
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σTcγ2 (ωB + ωCMB)

τsyn/IC ∼
E

dE/dt
≈ 1 ( ωTOT

0.25 eV/cm3 )
−1

( E
TeV )

−1

Myr

synchrotron inverse Compton

same importance 
in the ISM !

catastrophic losses —> τloss ∼ (κngasσc)
−1

inelasticity

p-p interactions —> τpp ∼ 60 ( ngas

cm−3 )
−1

Myr

relativistic Bremsstrahlung —> τBrem ∼ 30 ( ngas

cm−3 )
−1

Myr
ICS more 

effective in the 
TeV domain



pp interactions 
protons
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Question: where does the cosmic ray 
spectrum ends?

<— 1020 eV
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Mucke+ 1999

Photomeson production:

pγ —> nπ+ or pπ0

≲ 6 x 10-28cm2

pronounced peak just above the threshold

photon energy in the proton frame

if the spectrum of soft photons and protons are steep 
enough, most interactions take place near the threshold

single π
3 leading π’s
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<latexit sha1_base64="2oLwYZ3sc2CG/BnG1dqmvt2wlOo=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQknEr2PRi8cKpi20tWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/ruNUMfRZLGLVDKhGwSX6hhuBzUQhjQKBjWB4O/EbT6g0j+WDGSXYiWhf8pAzaqzktxP+eNotld2KOwVZJF5OypCj1i19tXsxSyOUhgmqdctzE9PJqDKcCRwX26nGhLIh7WPLUkkj1J1seuyYHFulR8JY2ZKGTNXfExmNtB5Fge2MqBnoeW8i/ue1UhNedzIuk9SgZLNFYSqIicnkc9LjCpkRI0soU9zeStiAKsqMzadoQ/DmX14k9bOKd1m5uD8vV2/yOApwCEdwAh5cQRXuoAY+MODwDK/w5kjnxXl3PmatS04+cwB/4Hz+AG9KjnQ=</latexit>

⇡+

<latexit sha1_base64="zrAoX5WZl/tVsNb6yPWAMQONjzc=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVZa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB2lGM/A==</latexit>n

boost to the 
lab  frame



Photomeson production: threshold

produced at 
rest in the CMF

<latexit sha1_base64="2oLwYZ3sc2CG/BnG1dqmvt2wlOo=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQknEr2PRi8cKpi20tWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/ruNUMfRZLGLVDKhGwSX6hhuBzUQhjQKBjWB4O/EbT6g0j+WDGSXYiWhf8pAzaqzktxP+eNotld2KOwVZJF5OypCj1i19tXsxSyOUhgmqdctzE9PJqDKcCRwX26nGhLIh7WPLUkkj1J1seuyYHFulR8JY2ZKGTNXfExmNtB5Fge2MqBnoeW8i/ue1UhNedzIuk9SgZLNFYSqIicnkc9LjCpkRI0soU9zeStiAKsqMzadoQ/DmX14k9bOKd1m5uD8vV2/yOApwCEdwAh5cQRXuoAY+MODwDK/w5kjnxXl3PmatS04+cwB/4Hz+AG9KjnQ=</latexit>

⇡+

<latexit sha1_base64="zrAoX5WZl/tVsNb6yPWAMQONjzc=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVZa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB2lGM/A==</latexit>n

boost to the 
lab  frame

<latexit sha1_base64="n8cP3k77/jxXvum+gevzMsCZpPQ=">AAACJ3icdZDLSgMxFIYz9VbrrerSTbAIrsqMeNsoRSm4rGAv0ClDJs20oUkmJBmhDPM2bnwVN4KK6NI3Mb0stNUDgS//fw7J+UPJqDau++nkFhaXllfyq4W19Y3NreL2TkPHicKkjmMWq1aINGFUkLqhhpGWVATxkJFmOLge+c17ojSNxZ0ZStLhqCdoRDEyVgqKl9Ug9SXN4AX0I4Vwyif3zILMYDUQ0NeU/2PKoFhyy+644Dx4UyiBadWC4ovfjXHCiTCYIa3bnitNJ0XKUMxIVvATTSTCA9QjbYsCcaI76XjPDB5YpQujWNkjDByrPydSxLUe8tB2cmT6etYbiX957cRE552UCpkYIvDkoShh0MRwFBrsUkWwYUMLCCtq/wpxH9lEjI22YEPwZleeh8ZR2Tstn9welypX0zjyYA/sg0PggTNQATegBuoAgwfwBF7Bm/PoPDvvzsekNedMZ3bBr3K+vgF0jab0</latexit>

E⇡ =
m⇡

mp
En ⇠ m⇡

mp
Ep



Photomeson production: threshold

produced at 
rest in the CMF

<latexit sha1_base64="2oLwYZ3sc2CG/BnG1dqmvt2wlOo=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQknEr2PRi8cKpi20tWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/ruNUMfRZLGLVDKhGwSX6hhuBzUQhjQKBjWB4O/EbT6g0j+WDGSXYiWhf8pAzaqzktxP+eNotld2KOwVZJF5OypCj1i19tXsxSyOUhgmqdctzE9PJqDKcCRwX26nGhLIh7WPLUkkj1J1seuyYHFulR8JY2ZKGTNXfExmNtB5Fge2MqBnoeW8i/ue1UhNedzIuk9SgZLNFYSqIicnkc9LjCpkRI0soU9zeStiAKsqMzadoQ/DmX14k9bOKd1m5uD8vV2/yOApwCEdwAh5cQRXuoAY+MODwDK/w5kjnxXl3PmatS04+cwB/4Hz+AG9KjnQ=</latexit>

⇡+

<latexit sha1_base64="zrAoX5WZl/tVsNb6yPWAMQONjzc=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVZa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB2lGM/A==</latexit>n

boost to the 
lab  frame

<latexit sha1_base64="n8cP3k77/jxXvum+gevzMsCZpPQ=">AAACJ3icdZDLSgMxFIYz9VbrrerSTbAIrsqMeNsoRSm4rGAv0ClDJs20oUkmJBmhDPM2bnwVN4KK6NI3Mb0stNUDgS//fw7J+UPJqDau++nkFhaXllfyq4W19Y3NreL2TkPHicKkjmMWq1aINGFUkLqhhpGWVATxkJFmOLge+c17ojSNxZ0ZStLhqCdoRDEyVgqKl9Ug9SXN4AX0I4Vwyif3zILMYDUQ0NeU/2PKoFhyy+644Dx4UyiBadWC4ovfjXHCiTCYIa3bnitNJ0XKUMxIVvATTSTCA9QjbYsCcaI76XjPDB5YpQujWNkjDByrPydSxLUe8tB2cmT6etYbiX957cRE552UCpkYIvDkoShh0MRwFBrsUkWwYUMLCCtq/wpxH9lEjI22YEPwZleeh8ZR2Tstn9welypX0zjyYA/sg0PggTNQATegBuoAgwfwBF7Bm/PoPDvvzsekNedMZ3bBr3K+vgF0jab0</latexit>

E⇡ =
m⇡

mp
En ⇠ m⇡

mp
Ep

fraction of Ep lost in 
1 interaction



Photomeson production: threshold

produced at 
rest in the CMF

<latexit sha1_base64="2oLwYZ3sc2CG/BnG1dqmvt2wlOo=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQknEr2PRi8cKpi20tWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/ruNUMfRZLGLVDKhGwSX6hhuBzUQhjQKBjWB4O/EbT6g0j+WDGSXYiWhf8pAzaqzktxP+eNotld2KOwVZJF5OypCj1i19tXsxSyOUhgmqdctzE9PJqDKcCRwX26nGhLIh7WPLUkkj1J1seuyYHFulR8JY2ZKGTNXfExmNtB5Fge2MqBnoeW8i/ue1UhNedzIuk9SgZLNFYSqIicnkc9LjCpkRI0soU9zeStiAKsqMzadoQ/DmX14k9bOKd1m5uD8vV2/yOApwCEdwAh5cQRXuoAY+MODwDK/w5kjnxXl3PmatS04+cwB/4Hz+AG9KjnQ=</latexit>

⇡+

<latexit sha1_base64="zrAoX5WZl/tVsNb6yPWAMQONjzc=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVZa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB2lGM/A==</latexit>n

boost to the 
lab  frame

<latexit sha1_base64="n8cP3k77/jxXvum+gevzMsCZpPQ=">AAACJ3icdZDLSgMxFIYz9VbrrerSTbAIrsqMeNsoRSm4rGAv0ClDJs20oUkmJBmhDPM2bnwVN4KK6NI3Mb0stNUDgS//fw7J+UPJqDau++nkFhaXllfyq4W19Y3NreL2TkPHicKkjmMWq1aINGFUkLqhhpGWVATxkJFmOLge+c17ojSNxZ0ZStLhqCdoRDEyVgqKl9Ug9SXN4AX0I4Vwyif3zILMYDUQ0NeU/2PKoFhyy+644Dx4UyiBadWC4ovfjXHCiTCYIa3bnitNJ0XKUMxIVvATTSTCA9QjbYsCcaI76XjPDB5YpQujWNkjDByrPydSxLUe8tB2cmT6etYbiX957cRE552UCpkYIvDkoShh0MRwFBrsUkWwYUMLCCtq/wpxH9lEjI22YEPwZleeh8ZR2Tstn9welypX0zjyYA/sg0PggTNQATegBuoAgwfwBF7Bm/PoPDvvzsekNedMZ3bBr3K+vgF0jab0</latexit>

E⇡ =
m⇡

mp
En ⇠ m⇡

mp
Ep

fraction of Ep lost in 
1 interaction

<latexit sha1_base64="Nmg0A2nGtrTcYY+Yr3oaHcBeUZs=">AAACDXicbVDJSgNBEO2JW4xb1KOXxigIgTAjbsegF48RzAJJDDWdzqRJL0N3jxJCfsCLv+LFgyJevXvzb+wsB018UPB4r4qqemHMmbG+/+2lFhaXllfSq5m19Y3Nrez2TsWoRBNaJoorXQvBUM4kLVtmOa3FmoIIOa2GvauRX72n2jAlb20/pk0BkWQdRsA6qZU9iHEeNyIQAnCDKxlpFnUtaK0esBxZMbvLt7I5v+CPgedJMCU5NEWplf1qtBVJBJWWcDCmHvixbQ5AW0Y4HWYaiaExkB5EtO6oBEFNczD+ZogPndLGHaVdSYvH6u+JAQhj+iJ0nQJs18x6I/E/r57YzkVzwGScWCrJZFEn4dgqPIoGt5mmxPK+I0A0c7di0gUNxLoAMy6EYPbleVI5LgRnhdObk1zxchpHGu2hfXSEAnSOiugalVAZEfSIntErevOevBfv3fuYtKa86cwu+gPv8wdjNZqD</latexit>

p+ � �! n+ ⇡+

<latexit sha1_base64="LPe3GJWhKImQgAuMV2triBWDv8k=">AAACCnicbVDLSgMxFM3UV62vUZduokUQCmVGfC2LblxWsA/ojEMmzUxDM8mQZJQydO3GX3HjQhG3foE7/8b0sdDWAxdOzrmX3HvClFGlHefbKiwsLi2vFFdLa+sbm1v29k5TiUxi0sCCCdkOkSKMctLQVDPSTiVBSchIK+xfjfzWPZGKCn6rBynxExRzGlGMtJECe99jgseSxj2NpBQP0EuyuwqsQI9nQW4ew8AuO1VnDDhP3Ckpgynqgf3ldQXOEsI1Zkipjuuk2s+R1BQzMix5mSIpwn0Uk46hHCVE+fn4lCE8NEoXRkKa4hqO1d8TOUqUGiSh6UyQ7qlZbyT+53UyHV34OeVppgnHk4+ijEEt4CgX2KWSYM0GhiAsqdkV4h6SCGuTXsmE4M6ePE+ax1X3rHp6c1KuXU7jKII9cACOgAvOQQ1cgzpoAAwewTN4BW/Wk/VivVsfk9aCNZ3ZBX9gff4ABZiaeg==</latexit>

�! µ+ + ⌫µ
<latexit sha1_base64="Kwk1Xq8VoqSZHEOpW83Glyg69pI=">AAACEHicbZDLSgMxFIYz9VbrrerSTbCIQqHMiLdl0Y3LCvYCnVoy6WkbmkmGJKOUoY/gxldx40IRty7d+Tam7Sy09YfAx3/O4eT8QcSZNq777WQWFpeWV7KrubX1jc2t/PZOTctYUahSyaVqBEQDZwKqhhkOjUgBCQMO9WBwNa7X70FpJsWtGUbQCklPsC6jxFirnT/0uRQ9xXp9Q5SSDxjuiriIfRG3Ez+MRylDO19wS+5EeB68FAooVaWd//I7ksYhCEM50brpuZFpJUQZRjmMcn6sISJ0QHrQtChICLqVTA4a4QPrdHBXKvuEwRP390RCQq2HYWA7Q2L6erY2Nv+rNWPTvWglTESxAUGni7oxx0bicTq4wxRQw4cWCFXM/hXTPlGEGpthzobgzZ48D7XjkndWOr05KZQv0ziyaA/toyPkoXNURteogqqIokf0jF7Rm/PkvDjvzse0NeOkM7voj5zPH5TxnEs=</latexit>

�! e+ + ⌫µ + ⌫e

<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �
<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �



Photomeson production: threshold

produced at 
rest in the CMF

<latexit sha1_base64="2oLwYZ3sc2CG/BnG1dqmvt2wlOo=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQknEr2PRi8cKpi20tWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/ruNUMfRZLGLVDKhGwSX6hhuBzUQhjQKBjWB4O/EbT6g0j+WDGSXYiWhf8pAzaqzktxP+eNotld2KOwVZJF5OypCj1i19tXsxSyOUhgmqdctzE9PJqDKcCRwX26nGhLIh7WPLUkkj1J1seuyYHFulR8JY2ZKGTNXfExmNtB5Fge2MqBnoeW8i/ue1UhNedzIuk9SgZLNFYSqIicnkc9LjCpkRI0soU9zeStiAKsqMzadoQ/DmX14k9bOKd1m5uD8vV2/yOApwCEdwAh5cQRXuoAY+MODwDK/w5kjnxXl3PmatS04+cwB/4Hz+AG9KjnQ=</latexit>

⇡+

<latexit sha1_base64="zrAoX5WZl/tVsNb6yPWAMQONjzc=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVZa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB2lGM/A==</latexit>n

boost to the 
lab  frame

<latexit sha1_base64="n8cP3k77/jxXvum+gevzMsCZpPQ=">AAACJ3icdZDLSgMxFIYz9VbrrerSTbAIrsqMeNsoRSm4rGAv0ClDJs20oUkmJBmhDPM2bnwVN4KK6NI3Mb0stNUDgS//fw7J+UPJqDau++nkFhaXllfyq4W19Y3NreL2TkPHicKkjmMWq1aINGFUkLqhhpGWVATxkJFmOLge+c17ojSNxZ0ZStLhqCdoRDEyVgqKl9Ug9SXN4AX0I4Vwyif3zILMYDUQ0NeU/2PKoFhyy+644Dx4UyiBadWC4ovfjXHCiTCYIa3bnitNJ0XKUMxIVvATTSTCA9QjbYsCcaI76XjPDB5YpQujWNkjDByrPydSxLUe8tB2cmT6etYbiX957cRE552UCpkYIvDkoShh0MRwFBrsUkWwYUMLCCtq/wpxH9lEjI22YEPwZleeh8ZR2Tstn9welypX0zjyYA/sg0PggTNQATegBuoAgwfwBF7Bm/PoPDvvzsekNedMZ3bBr3K+vgF0jab0</latexit>

E⇡ =
m⇡

mp
En ⇠ m⇡

mp
Ep

fraction of Ep lost in 
1 interaction

<latexit sha1_base64="Nmg0A2nGtrTcYY+Yr3oaHcBeUZs=">AAACDXicbVDJSgNBEO2JW4xb1KOXxigIgTAjbsegF48RzAJJDDWdzqRJL0N3jxJCfsCLv+LFgyJevXvzb+wsB018UPB4r4qqemHMmbG+/+2lFhaXllfSq5m19Y3Nrez2TsWoRBNaJoorXQvBUM4kLVtmOa3FmoIIOa2GvauRX72n2jAlb20/pk0BkWQdRsA6qZU9iHEeNyIQAnCDKxlpFnUtaK0esBxZMbvLt7I5v+CPgedJMCU5NEWplf1qtBVJBJWWcDCmHvixbQ5AW0Y4HWYaiaExkB5EtO6oBEFNczD+ZogPndLGHaVdSYvH6u+JAQhj+iJ0nQJs18x6I/E/r57YzkVzwGScWCrJZFEn4dgqPIoGt5mmxPK+I0A0c7di0gUNxLoAMy6EYPbleVI5LgRnhdObk1zxchpHGu2hfXSEAnSOiugalVAZEfSIntErevOevBfv3fuYtKa86cwu+gPv8wdjNZqD</latexit>

p+ � �! n+ ⇡+

<latexit sha1_base64="LPe3GJWhKImQgAuMV2triBWDv8k=">AAACCnicbVDLSgMxFM3UV62vUZduokUQCmVGfC2LblxWsA/ojEMmzUxDM8mQZJQydO3GX3HjQhG3foE7/8b0sdDWAxdOzrmX3HvClFGlHefbKiwsLi2vFFdLa+sbm1v29k5TiUxi0sCCCdkOkSKMctLQVDPSTiVBSchIK+xfjfzWPZGKCn6rBynxExRzGlGMtJECe99jgseSxj2NpBQP0EuyuwqsQI9nQW4ew8AuO1VnDDhP3Ckpgynqgf3ldQXOEsI1Zkipjuuk2s+R1BQzMix5mSIpwn0Uk46hHCVE+fn4lCE8NEoXRkKa4hqO1d8TOUqUGiSh6UyQ7qlZbyT+53UyHV34OeVppgnHk4+ijEEt4CgX2KWSYM0GhiAsqdkV4h6SCGuTXsmE4M6ePE+ax1X3rHp6c1KuXU7jKII9cACOgAvOQQ1cgzpoAAwewTN4BW/Wk/VivVsfk9aCNZ3ZBX9gff4ABZiaeg==</latexit>

�! µ+ + ⌫µ
<latexit sha1_base64="Kwk1Xq8VoqSZHEOpW83Glyg69pI=">AAACEHicbZDLSgMxFIYz9VbrrerSTbCIQqHMiLdl0Y3LCvYCnVoy6WkbmkmGJKOUoY/gxldx40IRty7d+Tam7Sy09YfAx3/O4eT8QcSZNq777WQWFpeWV7KrubX1jc2t/PZOTctYUahSyaVqBEQDZwKqhhkOjUgBCQMO9WBwNa7X70FpJsWtGUbQCklPsC6jxFirnT/0uRQ9xXp9Q5SSDxjuiriIfRG3Ez+MRylDO19wS+5EeB68FAooVaWd//I7ksYhCEM50brpuZFpJUQZRjmMcn6sISJ0QHrQtChICLqVTA4a4QPrdHBXKvuEwRP390RCQq2HYWA7Q2L6erY2Nv+rNWPTvWglTESxAUGni7oxx0bicTq4wxRQw4cWCFXM/hXTPlGEGpthzobgzZ48D7XjkndWOr05KZQv0ziyaA/toyPkoXNURteogqqIokf0jF7Rm/PkvDjvzse0NeOkM7voj5zPH5TxnEs=</latexit>

�! e+ + ⌫µ + ⌫e

<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �
<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �

4 stable particles carrying 
~the same energy



Photomeson production: threshold

produced at 
rest in the CMF

<latexit sha1_base64="2oLwYZ3sc2CG/BnG1dqmvt2wlOo=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQknEr2PRi8cKpi20tWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/ruNUMfRZLGLVDKhGwSX6hhuBzUQhjQKBjWB4O/EbT6g0j+WDGSXYiWhf8pAzaqzktxP+eNotld2KOwVZJF5OypCj1i19tXsxSyOUhgmqdctzE9PJqDKcCRwX26nGhLIh7WPLUkkj1J1seuyYHFulR8JY2ZKGTNXfExmNtB5Fge2MqBnoeW8i/ue1UhNedzIuk9SgZLNFYSqIicnkc9LjCpkRI0soU9zeStiAKsqMzadoQ/DmX14k9bOKd1m5uD8vV2/yOApwCEdwAh5cQRXuoAY+MODwDK/w5kjnxXl3PmatS04+cwB/4Hz+AG9KjnQ=</latexit>

⇡+

<latexit sha1_base64="zrAoX5WZl/tVsNb6yPWAMQONjzc=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVZa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB2lGM/A==</latexit>n

boost to the 
lab  frame

<latexit sha1_base64="n8cP3k77/jxXvum+gevzMsCZpPQ=">AAACJ3icdZDLSgMxFIYz9VbrrerSTbAIrsqMeNsoRSm4rGAv0ClDJs20oUkmJBmhDPM2bnwVN4KK6NI3Mb0stNUDgS//fw7J+UPJqDau++nkFhaXllfyq4W19Y3NreL2TkPHicKkjmMWq1aINGFUkLqhhpGWVATxkJFmOLge+c17ojSNxZ0ZStLhqCdoRDEyVgqKl9Ug9SXN4AX0I4Vwyif3zILMYDUQ0NeU/2PKoFhyy+644Dx4UyiBadWC4ovfjXHCiTCYIa3bnitNJ0XKUMxIVvATTSTCA9QjbYsCcaI76XjPDB5YpQujWNkjDByrPydSxLUe8tB2cmT6etYbiX957cRE552UCpkYIvDkoShh0MRwFBrsUkWwYUMLCCtq/wpxH9lEjI22YEPwZleeh8ZR2Tstn9welypX0zjyYA/sg0PggTNQATegBuoAgwfwBF7Bm/PoPDvvzsekNedMZ3bBr3K+vgF0jab0</latexit>

E⇡ =
m⇡

mp
En ⇠ m⇡

mp
Ep

fraction of Ep lost in 
1 interaction

<latexit sha1_base64="Nmg0A2nGtrTcYY+Yr3oaHcBeUZs=">AAACDXicbVDJSgNBEO2JW4xb1KOXxigIgTAjbsegF48RzAJJDDWdzqRJL0N3jxJCfsCLv+LFgyJevXvzb+wsB018UPB4r4qqemHMmbG+/+2lFhaXllfSq5m19Y3Nrez2TsWoRBNaJoorXQvBUM4kLVtmOa3FmoIIOa2GvauRX72n2jAlb20/pk0BkWQdRsA6qZU9iHEeNyIQAnCDKxlpFnUtaK0esBxZMbvLt7I5v+CPgedJMCU5NEWplf1qtBVJBJWWcDCmHvixbQ5AW0Y4HWYaiaExkB5EtO6oBEFNczD+ZogPndLGHaVdSYvH6u+JAQhj+iJ0nQJs18x6I/E/r57YzkVzwGScWCrJZFEn4dgqPIoGt5mmxPK+I0A0c7di0gUNxLoAMy6EYPbleVI5LgRnhdObk1zxchpHGu2hfXSEAnSOiugalVAZEfSIntErevOevBfv3fuYtKa86cwu+gPv8wdjNZqD</latexit>

p+ � �! n+ ⇡+

<latexit sha1_base64="LPe3GJWhKImQgAuMV2triBWDv8k=">AAACCnicbVDLSgMxFM3UV62vUZduokUQCmVGfC2LblxWsA/ojEMmzUxDM8mQZJQydO3GX3HjQhG3foE7/8b0sdDWAxdOzrmX3HvClFGlHefbKiwsLi2vFFdLa+sbm1v29k5TiUxi0sCCCdkOkSKMctLQVDPSTiVBSchIK+xfjfzWPZGKCn6rBynxExRzGlGMtJECe99jgseSxj2NpBQP0EuyuwqsQI9nQW4ew8AuO1VnDDhP3Ckpgynqgf3ldQXOEsI1Zkipjuuk2s+R1BQzMix5mSIpwn0Uk46hHCVE+fn4lCE8NEoXRkKa4hqO1d8TOUqUGiSh6UyQ7qlZbyT+53UyHV34OeVppgnHk4+ijEEt4CgX2KWSYM0GhiAsqdkV4h6SCGuTXsmE4M6ePE+ax1X3rHp6c1KuXU7jKII9cACOgAvOQQ1cgzpoAAwewTN4BW/Wk/VivVsfk9aCNZ3ZBX9gff4ABZiaeg==</latexit>

�! µ+ + ⌫µ
<latexit sha1_base64="Kwk1Xq8VoqSZHEOpW83Glyg69pI=">AAACEHicbZDLSgMxFIYz9VbrrerSTbCIQqHMiLdl0Y3LCvYCnVoy6WkbmkmGJKOUoY/gxldx40IRty7d+Tam7Sy09YfAx3/O4eT8QcSZNq777WQWFpeWV7KrubX1jc2t/PZOTctYUahSyaVqBEQDZwKqhhkOjUgBCQMO9WBwNa7X70FpJsWtGUbQCklPsC6jxFirnT/0uRQ9xXp9Q5SSDxjuiriIfRG3Ez+MRylDO19wS+5EeB68FAooVaWd//I7ksYhCEM50brpuZFpJUQZRjmMcn6sISJ0QHrQtChICLqVTA4a4QPrdHBXKvuEwRP390RCQq2HYWA7Q2L6erY2Nv+rNWPTvWglTESxAUGni7oxx0bicTq4wxRQw4cWCFXM/hXTPlGEGpthzobgzZ48D7XjkndWOr05KZQv0ziyaA/toyPkoXNURteogqqIokf0jF7Rm/PkvDjvzse0NeOkM7voj5zPH5TxnEs=</latexit>

�! e+ + ⌫µ + ⌫e

<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �
<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �

4 stable particles carrying 
~the same energy

<latexit sha1_base64="z8sv9KbyvwHcrGEjeItNxxKQzjc=">AAACHnicbVDLSgMxFM34tr6qLt0Ei6CbMiO+lqIUXFawVeiUIZNm2tAkE5I7QhnmS9z4K25cKCK40r8xfSzUeiBwOOdcbu6JteAWfP/Lm5mdm19YXFourayurW+UN7eaNs0MZQ2aitTcxcQywRVrAAfB7rRhRMaC3cb9y6F/e8+M5am6gYFmbUm6iiecEnBSVD6uRXmosgKHlkscCpbAPg4TQ2gunaN5UeRHWEbaJQzv9uAA1yIdlSt+1R8BT5NgQipognpU/gg7Kc0kU0AFsbYV+BraOTHAqWBFKcws04T2SZe1HFVEMtvOR+cVeM8pHZykxj0FeKT+nMiJtHYgY5eUBHr2rzcU//NaGSRn7ZwrnQFTdLwoyQSGFA+7wh1uGAUxcIRQw91fMe0R1w24RkuuhODvydOkeVgNTqrH10eV84tJHUtoB+2ifRSgU3SOrlAdNRBFD+gJvaBX79F79t6893F0xpvMbKNf8D6/Abtyoj4=</latexit>

E⌫ ⇠
✓

m⇡

4mp

◆
Ep



Photomeson production: threshold

produced at 
rest in the CMF

<latexit sha1_base64="2oLwYZ3sc2CG/BnG1dqmvt2wlOo=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQknEr2PRi8cKpi20tWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZekAiujet+O0vLK6tr64WN4ubW9s5uaW+/ruNUMfRZLGLVDKhGwSX6hhuBzUQhjQKBjWB4O/EbT6g0j+WDGSXYiWhf8pAzaqzktxP+eNotld2KOwVZJF5OypCj1i19tXsxSyOUhgmqdctzE9PJqDKcCRwX26nGhLIh7WPLUkkj1J1seuyYHFulR8JY2ZKGTNXfExmNtB5Fge2MqBnoeW8i/ue1UhNedzIuk9SgZLNFYSqIicnkc9LjCpkRI0soU9zeStiAKsqMzadoQ/DmX14k9bOKd1m5uD8vV2/yOApwCEdwAh5cQRXuoAY+MODwDK/w5kjnxXl3PmatS04+cwB/4Hz+AG9KjnQ=</latexit>

⇡+

<latexit sha1_base64="zrAoX5WZl/tVsNb6yPWAMQONjzc=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVZa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB2lGM/A==</latexit>n

boost to the 
lab  frame

<latexit sha1_base64="n8cP3k77/jxXvum+gevzMsCZpPQ=">AAACJ3icdZDLSgMxFIYz9VbrrerSTbAIrsqMeNsoRSm4rGAv0ClDJs20oUkmJBmhDPM2bnwVN4KK6NI3Mb0stNUDgS//fw7J+UPJqDau++nkFhaXllfyq4W19Y3NreL2TkPHicKkjmMWq1aINGFUkLqhhpGWVATxkJFmOLge+c17ojSNxZ0ZStLhqCdoRDEyVgqKl9Ug9SXN4AX0I4Vwyif3zILMYDUQ0NeU/2PKoFhyy+644Dx4UyiBadWC4ovfjXHCiTCYIa3bnitNJ0XKUMxIVvATTSTCA9QjbYsCcaI76XjPDB5YpQujWNkjDByrPydSxLUe8tB2cmT6etYbiX957cRE552UCpkYIvDkoShh0MRwFBrsUkWwYUMLCCtq/wpxH9lEjI22YEPwZleeh8ZR2Tstn9welypX0zjyYA/sg0PggTNQATegBuoAgwfwBF7Bm/PoPDvvzsekNedMZ3bBr3K+vgF0jab0</latexit>

E⇡ =
m⇡

mp
En ⇠ m⇡

mp
Ep

fraction of Ep lost in 
1 interaction

<latexit sha1_base64="Nmg0A2nGtrTcYY+Yr3oaHcBeUZs=">AAACDXicbVDJSgNBEO2JW4xb1KOXxigIgTAjbsegF48RzAJJDDWdzqRJL0N3jxJCfsCLv+LFgyJevXvzb+wsB018UPB4r4qqemHMmbG+/+2lFhaXllfSq5m19Y3Nrez2TsWoRBNaJoorXQvBUM4kLVtmOa3FmoIIOa2GvauRX72n2jAlb20/pk0BkWQdRsA6qZU9iHEeNyIQAnCDKxlpFnUtaK0esBxZMbvLt7I5v+CPgedJMCU5NEWplf1qtBVJBJWWcDCmHvixbQ5AW0Y4HWYaiaExkB5EtO6oBEFNczD+ZogPndLGHaVdSYvH6u+JAQhj+iJ0nQJs18x6I/E/r57YzkVzwGScWCrJZFEn4dgqPIoGt5mmxPK+I0A0c7di0gUNxLoAMy6EYPbleVI5LgRnhdObk1zxchpHGu2hfXSEAnSOiugalVAZEfSIntErevOevBfv3fuYtKa86cwu+gPv8wdjNZqD</latexit>

p+ � �! n+ ⇡+

<latexit sha1_base64="LPe3GJWhKImQgAuMV2triBWDv8k=">AAACCnicbVDLSgMxFM3UV62vUZduokUQCmVGfC2LblxWsA/ojEMmzUxDM8mQZJQydO3GX3HjQhG3foE7/8b0sdDWAxdOzrmX3HvClFGlHefbKiwsLi2vFFdLa+sbm1v29k5TiUxi0sCCCdkOkSKMctLQVDPSTiVBSchIK+xfjfzWPZGKCn6rBynxExRzGlGMtJECe99jgseSxj2NpBQP0EuyuwqsQI9nQW4ew8AuO1VnDDhP3Ckpgynqgf3ldQXOEsI1Zkipjuuk2s+R1BQzMix5mSIpwn0Uk46hHCVE+fn4lCE8NEoXRkKa4hqO1d8TOUqUGiSh6UyQ7qlZbyT+53UyHV34OeVppgnHk4+ijEEt4CgX2KWSYM0GhiAsqdkV4h6SCGuTXsmE4M6ePE+ax1X3rHp6c1KuXU7jKII9cACOgAvOQQ1cgzpoAAwewTN4BW/Wk/VivVsfk9aCNZ3ZBX9gff4ABZiaeg==</latexit>

�! µ+ + ⌫µ
<latexit sha1_base64="Kwk1Xq8VoqSZHEOpW83Glyg69pI=">AAACEHicbZDLSgMxFIYz9VbrrerSTbCIQqHMiLdl0Y3LCvYCnVoy6WkbmkmGJKOUoY/gxldx40IRty7d+Tam7Sy09YfAx3/O4eT8QcSZNq777WQWFpeWV7KrubX1jc2t/PZOTctYUahSyaVqBEQDZwKqhhkOjUgBCQMO9WBwNa7X70FpJsWtGUbQCklPsC6jxFirnT/0uRQ9xXp9Q5SSDxjuiriIfRG3Ez+MRylDO19wS+5EeB68FAooVaWd//I7ksYhCEM50brpuZFpJUQZRjmMcn6sISJ0QHrQtChICLqVTA4a4QPrdHBXKvuEwRP390RCQq2HYWA7Q2L6erY2Nv+rNWPTvWglTESxAUGni7oxx0bicTq4wxRQw4cWCFXM/hXTPlGEGpthzobgzZ48D7XjkndWOr05KZQv0ziyaA/toyPkoXNURteogqqIokf0jF7Rm/PkvDjvzse0NeOkM7voj5zPH5TxnEs=</latexit>

�! e+ + ⌫µ + ⌫e

<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �
<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �

4 stable particles carrying 
~the same energy

<latexit sha1_base64="z8sv9KbyvwHcrGEjeItNxxKQzjc=">AAACHnicbVDLSgMxFM34tr6qLt0Ei6CbMiO+lqIUXFawVeiUIZNm2tAkE5I7QhnmS9z4K25cKCK40r8xfSzUeiBwOOdcbu6JteAWfP/Lm5mdm19YXFourayurW+UN7eaNs0MZQ2aitTcxcQywRVrAAfB7rRhRMaC3cb9y6F/e8+M5am6gYFmbUm6iiecEnBSVD6uRXmosgKHlkscCpbAPg4TQ2gunaN5UeRHWEbaJQzv9uAA1yIdlSt+1R8BT5NgQipognpU/gg7Kc0kU0AFsbYV+BraOTHAqWBFKcws04T2SZe1HFVEMtvOR+cVeM8pHZykxj0FeKT+nMiJtHYgY5eUBHr2rzcU//NaGSRn7ZwrnQFTdLwoyQSGFA+7wh1uGAUxcIRQw91fMe0R1w24RkuuhODvydOkeVgNTqrH10eV84tJHUtoB+2ifRSgU3SOrlAdNRBFD+gJvaBX79F79t6893F0xpvMbKNf8D6/Abtyoj4=</latexit>

E⌫ ⇠
✓

m⇡

4mp

◆
Ep

<latexit sha1_base64="HIhiQPV8rONR6JW0gwY9jNnEF90=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsyIr2VRBJcV7APaYcikmTY0k4QkIy1D/RQ3LhRx64+4829M21lo64ELJ+fcS+49kWRUG8/7dgorq2vrG8XN0tb2zu6eu19uapEqTBpYMKHaEdKEUU4ahhpG2lIRlESMtKLhzdRvPRKlqeAPZixJkKA+pzHFyFgpdMtdJKUSI+hVvTP4BG9DGboV+5gBLhM/JxWQox66X92ewGlCuMEMad3xPWmCDClDMSOTUjfVRCI8RH3SsZSjhOggm+0+gcdW6cFYKFvcwJn6eyJDidbjJLKdCTIDvehNxf+8TmriqyCjXKaGcDz/KE4ZNAJOg4A9qgg2bGwJworaXSEeIIWwsXGVbAj+4snLpHla9S+q5/dnldp1HkcRHIIjcAJ8cAlq4A7UQQNgMALP4BW8ORPnxXl3PuatBSefOQB/4Hz+AOn3kxM=</latexit>⇡ 0.04 Ep



Absorption of gamma rays
<latexit sha1_base64="XsLYhw0JjxS/NpfPfwhgdebv8aI=">AAACDXicbVDJSgNBEO1xjXGLevTSGAVBCDPidgx68RjBLJDEUNPpTJr0MnT3KCHkB7z4K148KOLVuzf/xs4kB018UPB4r4qqemHMmbG+/+3NzS8sLi1nVrKra+sbm7mt7YpRiSa0TBRXuhaCoZxJWrbMclqLNQURcloNe1cjv3pPtWFK3tp+TJsCIsk6jIB1Uiu3H+Mj3IhACMANrmSkWdS1oLV6wKkVszu/lcv7BT8FniXBhOTRBKVW7qvRViQRVFrCwZh64Me2OQBtGeF0mG0khsZAehDRuqMSBDXNQfrNEB84pY07SruSFqfq74kBCGP6InSdAmzXTHsj8T+vntjORXPAZJxYKsl4USfh2Co8iga3mabE8r4jQDRzt2LSBQ3EugCzLoRg+uVZUjkuBGeF05uTfPFyEkcG7aI9dIgCdI6K6BqVUBkR9Iie0St68568F+/d+xi3znmTmR30B97nD23hmoo=</latexit>

p+ � �! p+ ⇡0

<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �<latexit sha1_base64="SnN7hqiIaVm5/ZsJeQQCZyGGX6g=">AAACCHicbZC7SgNBFIZn4y3GW9TSwsEgCELYFW9l0MYygrlAEsLZyWQzZC7LzKwSQkobX8XGQhFbH8HOt3GSbKGJPwx8/Occzpw/jDkz1ve/vczC4tLySnY1t7a+sbmV396pGpVoQitEcaXrIRjKmaQVyyyn9VhTECGntbB/Pa7X7qk2TMk7O4hpS0AkWZcRsM5q5/ebXMlIs6hnQWv1gJsRCAH4OIV2vuAX/YnwPAQpFFCqcjv/1ewokggqLeFgTCPwY9sagraMcDrKNRNDYyB9iGjDoQRBTWs4OWSED53TwV2l3ZMWT9zfE0MQxgxE6DoF2J6ZrY3N/2qNxHYvW0Mm48RSSaaLugnHVuFxKrjDNCWWDxwA0cz9FZMeaCDWZZdzIQSzJ89D9aQYnBfPbk8Lpas0jizaQwfoCAXoApXQDSqjCiLoET2jV/TmPXkv3rv3MW3NeOnMLvoj7/MHVrmZiQ==</latexit>�! � + �

50% of the times



Absorption of gamma rays
<latexit sha1_base64="XsLYhw0JjxS/NpfPfwhgdebv8aI=">AAACDXicbVDJSgNBEO1xjXGLevTSGAVBCDPidgx68RjBLJDEUNPpTJr0MnT3KCHkB7z4K148KOLVuzf/xs4kB018UPB4r4qqemHMmbG+/+3NzS8sLi1nVrKra+sbm7mt7YpRiSa0TBRXuhaCoZxJWrbMclqLNQURcloNe1cjv3pPtWFK3tp+TJsCIsk6jIB1Uiu3H+Mj3IhACMANrmSkWdS1oLV6wKkVszu/lcv7BT8FniXBhOTRBKVW7qvRViQRVFrCwZh64Me2OQBtGeF0mG0khsZAehDRuqMSBDXNQfrNEB84pY07SruSFqfq74kBCGP6InSdAmzXTHsj8T+vntjORXPAZJxYKsl4USfh2Co8iga3mabE8r4jQDRzt2LSBQ3EugCzLoRg+uVZUjkuBGeF05uTfPFyEkcG7aI9dIgCdI6K6BqVUBkR9Iie0St68568F+/d+xi3znmTmR30B97nD23hmoo=</latexit>

p+ � �! p+ ⇡0

<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �<latexit sha1_base64="SnN7hqiIaVm5/ZsJeQQCZyGGX6g=">AAACCHicbZC7SgNBFIZn4y3GW9TSwsEgCELYFW9l0MYygrlAEsLZyWQzZC7LzKwSQkobX8XGQhFbH8HOt3GSbKGJPwx8/Occzpw/jDkz1ve/vczC4tLySnY1t7a+sbmV396pGpVoQitEcaXrIRjKmaQVyyyn9VhTECGntbB/Pa7X7qk2TMk7O4hpS0AkWZcRsM5q5/ebXMlIs6hnQWv1gJsRCAH4OIV2vuAX/YnwPAQpFFCqcjv/1ewokggqLeFgTCPwY9sagraMcDrKNRNDYyB9iGjDoQRBTWs4OWSED53TwV2l3ZMWT9zfE0MQxgxE6DoF2J6ZrY3N/2qNxHYvW0Mm48RSSaaLugnHVuFxKrjDNCWWDxwA0cz9FZMeaCDWZZdzIQSzJ89D9aQYnBfPbk8Lpas0jizaQwfoCAXoApXQDSqjCiLoET2jV/TmPXkv3rv3MW3NeOnMLvoj7/MHVrmZiQ==</latexit>�! � + �

50% of the times

the π0 carries a fraction of the proton energy equal to
<latexit sha1_base64="HJ8J7wTgtqCD4CYhbYmEpgsEX9g=">AAAB/HicbZDLSgMxFIYzXmu9jXbpJlgEV2VGvC2LblxWsBfoDEMmzbShSSYkGaEM46u4caGIWx/EnW9j2s5CW38IfPznHM7JH0tGtfG8b2dldW19Y7OyVd3e2d3bdw8OOzrNFCZtnLJU9WKkCaOCtA01jPSkIojHjHTj8e203n0kStNUPJiJJCFHQ0ETipGxVuTWgkQhnPMoDyQtCguyiNy61/Bmgsvgl1AHpVqR+xUMUpxxIgxmSOu+70kT5kgZihkpqkGmiUR4jIakb1EgTnSYz44v4Il1BjBJlX3CwJn7eyJHXOsJj20nR2akF2tT879aPzPJdZhTITNDBJ4vSjIGTQqnScABVQQbNrGAsKL2VohHyKZhbF5VG4K/+OVl6Jw1/MvGxf15vXlTxlEBR+AYnAIfXIEmuAMt0AYYTMAzeAVvzpPz4rw7H/PWFaecqYE/cj5/ANjplZA=</latexit>m⇡

mp



Absorption of gamma rays
<latexit sha1_base64="XsLYhw0JjxS/NpfPfwhgdebv8aI=">AAACDXicbVDJSgNBEO1xjXGLevTSGAVBCDPidgx68RjBLJDEUNPpTJr0MnT3KCHkB7z4K148KOLVuzf/xs4kB018UPB4r4qqemHMmbG+/+3NzS8sLi1nVrKra+sbm7mt7YpRiSa0TBRXuhaCoZxJWrbMclqLNQURcloNe1cjv3pPtWFK3tp+TJsCIsk6jIB1Uiu3H+Mj3IhACMANrmSkWdS1oLV6wKkVszu/lcv7BT8FniXBhOTRBKVW7qvRViQRVFrCwZh64Me2OQBtGeF0mG0khsZAehDRuqMSBDXNQfrNEB84pY07SruSFqfq74kBCGP6InSdAmzXTHsj8T+vntjORXPAZJxYKsl4USfh2Co8iga3mabE8r4jQDRzt2LSBQ3EugCzLoRg+uVZUjkuBGeF05uTfPFyEkcG7aI9dIgCdI6K6BqVUBkR9Iie0St68568F+/d+xi3znmTmR30B97nD23hmoo=</latexit>

p+ � �! p+ ⇡0

<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �<latexit sha1_base64="SnN7hqiIaVm5/ZsJeQQCZyGGX6g=">AAACCHicbZC7SgNBFIZn4y3GW9TSwsEgCELYFW9l0MYygrlAEsLZyWQzZC7LzKwSQkobX8XGQhFbH8HOt3GSbKGJPwx8/Occzpw/jDkz1ve/vczC4tLySnY1t7a+sbmV396pGpVoQitEcaXrIRjKmaQVyyyn9VhTECGntbB/Pa7X7qk2TMk7O4hpS0AkWZcRsM5q5/ebXMlIs6hnQWv1gJsRCAH4OIV2vuAX/YnwPAQpFFCqcjv/1ewokggqLeFgTCPwY9sagraMcDrKNRNDYyB9iGjDoQRBTWs4OWSED53TwV2l3ZMWT9zfE0MQxgxE6DoF2J6ZrY3N/2qNxHYvW0Mm48RSSaaLugnHVuFxKrjDNCWWDxwA0cz9FZMeaCDWZZdzIQSzJ89D9aQYnBfPbk8Lpas0jizaQwfoCAXoApXQDSqjCiLoET2jV/TmPXkv3rv3MW3NeOnMLvoj7/MHVrmZiQ==</latexit>�! � + �

50% of the times

the π0 carries a fraction of the proton energy equal to

2 stable particles of average energy

<latexit sha1_base64="HJ8J7wTgtqCD4CYhbYmEpgsEX9g=">AAAB/HicbZDLSgMxFIYzXmu9jXbpJlgEV2VGvC2LblxWsBfoDEMmzbShSSYkGaEM46u4caGIWx/EnW9j2s5CW38IfPznHM7JH0tGtfG8b2dldW19Y7OyVd3e2d3bdw8OOzrNFCZtnLJU9WKkCaOCtA01jPSkIojHjHTj8e203n0kStNUPJiJJCFHQ0ETipGxVuTWgkQhnPMoDyQtCguyiNy61/Bmgsvgl1AHpVqR+xUMUpxxIgxmSOu+70kT5kgZihkpqkGmiUR4jIakb1EgTnSYz44v4Il1BjBJlX3CwJn7eyJHXOsJj20nR2akF2tT879aPzPJdZhTITNDBJ4vSjIGTQqnScABVQQbNrGAsKL2VohHyKZhbF5VG4K/+OVl6Jw1/MvGxf15vXlTxlEBR+AYnAIfXIEmuAMt0AYYTMAzeAVvzpPz4rw7H/PWFaecqYE/cj5/ANjplZA=</latexit>m⇡

mp
<latexit sha1_base64="p9LcqLBQwFm4bzWvDe8ER6fmODg="></latexit>

E� ⇠
✓

m⇡

2mp

◆
Ep ⇠ 2 E⌫



Absorption of gamma rays
<latexit sha1_base64="XsLYhw0JjxS/NpfPfwhgdebv8aI=">AAACDXicbVDJSgNBEO1xjXGLevTSGAVBCDPidgx68RjBLJDEUNPpTJr0MnT3KCHkB7z4K148KOLVuzf/xs4kB018UPB4r4qqemHMmbG+/+3NzS8sLi1nVrKra+sbm7mt7YpRiSa0TBRXuhaCoZxJWrbMclqLNQURcloNe1cjv3pPtWFK3tp+TJsCIsk6jIB1Uiu3H+Mj3IhACMANrmSkWdS1oLV6wKkVszu/lcv7BT8FniXBhOTRBKVW7qvRViQRVFrCwZh64Me2OQBtGeF0mG0khsZAehDRuqMSBDXNQfrNEB84pY07SruSFqfq74kBCGP6InSdAmzXTHsj8T+vntjORXPAZJxYKsl4USfh2Co8iga3mabE8r4jQDRzt2LSBQ3EugCzLoRg+uVZUjkuBGeF05uTfPFyEkcG7aI9dIgCdI6K6BqVUBkR9Iie0St68568F+/d+xi3znmTmR30B97nD23hmoo=</latexit>

p+ � �! p+ ⇡0

<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �<latexit sha1_base64="SnN7hqiIaVm5/ZsJeQQCZyGGX6g=">AAACCHicbZC7SgNBFIZn4y3GW9TSwsEgCELYFW9l0MYygrlAEsLZyWQzZC7LzKwSQkobX8XGQhFbH8HOt3GSbKGJPwx8/Occzpw/jDkz1ve/vczC4tLySnY1t7a+sbmV396pGpVoQitEcaXrIRjKmaQVyyyn9VhTECGntbB/Pa7X7qk2TMk7O4hpS0AkWZcRsM5q5/ebXMlIs6hnQWv1gJsRCAH4OIV2vuAX/YnwPAQpFFCqcjv/1ewokggqLeFgTCPwY9sagraMcDrKNRNDYyB9iGjDoQRBTWs4OWSED53TwV2l3ZMWT9zfE0MQxgxE6DoF2J6ZrY3N/2qNxHYvW0Mm48RSSaaLugnHVuFxKrjDNCWWDxwA0cz9FZMeaCDWZZdzIQSzJ89D9aQYnBfPbk8Lpas0jizaQwfoCAXoApXQDSqjCiLoET2jV/TmPXkv3rv3MW3NeOnMLvoj7/MHVrmZiQ==</latexit>�! � + �

50% of the times

the π0 carries a fraction of the proton energy equal to

2 stable particles of average energy

<latexit sha1_base64="HJ8J7wTgtqCD4CYhbYmEpgsEX9g=">AAAB/HicbZDLSgMxFIYzXmu9jXbpJlgEV2VGvC2LblxWsBfoDEMmzbShSSYkGaEM46u4caGIWx/EnW9j2s5CW38IfPznHM7JH0tGtfG8b2dldW19Y7OyVd3e2d3bdw8OOzrNFCZtnLJU9WKkCaOCtA01jPSkIojHjHTj8e203n0kStNUPJiJJCFHQ0ETipGxVuTWgkQhnPMoDyQtCguyiNy61/Bmgsvgl1AHpVqR+xUMUpxxIgxmSOu+70kT5kgZihkpqkGmiUR4jIakb1EgTnSYz44v4Il1BjBJlX3CwJn7eyJHXOsJj20nR2akF2tT879aPzPJdZhTITNDBJ4vSjIGTQqnScABVQQbNrGAsKL2VohHyKZhbF5VG4K/+OVl6Jw1/MvGxf15vXlTxlEBR+AYnAIfXIEmuAMt0AYYTMAzeAVvzpPz4rw7H/PWFaecqYE/cj5/ANjplZA=</latexit>m⇡

mp
<latexit sha1_base64="p9LcqLBQwFm4bzWvDe8ER6fmODg="></latexit>

E� ⇠
✓

m⇡

2mp

◆
Ep ⇠ 2 E⌫

<latexit sha1_base64="CtpcZ4pa740JFPXMz22lrDhH/us="></latexit>

E�✏� (1� cos#) > 2 m2
e

threshold energy pair production
<latexit sha1_base64="6x7KKFQsLJ+EX5WHkJGGMP0e9YA=">AAACDnicbZC7SgNBFIZn4z3eVi1tBkNACIZd8VaKNpYKRgPZTTg7OUmGzOwuM7NKCHkCG1/FxkIRW2s738ZJ3MLbgYGP/z+HM+ePUsG18bwPpzA1PTM7N79QXFxaXll119avdJIphjWWiETVI9AoeIw1w43AeqoQZCTwOuqfjv3rG1SaJ/GlGaQYSujGvMMZGCu13HLQBSmBVmgOgeLdngGlkluKzYo1sLnTckte1ZsU/Qt+DiWS13nLfQ/aCcskxoYJ0Lrhe6kJh6AMZwJHxSDTmALrQxcbFmOQqMPh5JwRLVulTTuJsi82dKJ+nxiC1HogI9spwfT0b28s/uc1MtM5Coc8TjODMfta1MkENQkdZ0PbXCEzYmABmOL2r5T1QAEzNsGiDcH/ffJfuNqt+gfV/Yu90vFJHsc82SRbZJv45JAckzNyTmqEkTvyQJ7Is3PvPDovzutXa8HJZzbIj3LePgGAC5p+</latexit>

� + � ! e+ + e�



Absorption of gamma rays
<latexit sha1_base64="XsLYhw0JjxS/NpfPfwhgdebv8aI=">AAACDXicbVDJSgNBEO1xjXGLevTSGAVBCDPidgx68RjBLJDEUNPpTJr0MnT3KCHkB7z4K148KOLVuzf/xs4kB018UPB4r4qqemHMmbG+/+3NzS8sLi1nVrKra+sbm7mt7YpRiSa0TBRXuhaCoZxJWrbMclqLNQURcloNe1cjv3pPtWFK3tp+TJsCIsk6jIB1Uiu3H+Mj3IhACMANrmSkWdS1oLV6wKkVszu/lcv7BT8FniXBhOTRBKVW7qvRViQRVFrCwZh64Me2OQBtGeF0mG0khsZAehDRuqMSBDXNQfrNEB84pY07SruSFqfq74kBCGP6InSdAmzXTHsj8T+vntjORXPAZJxYKsl4USfh2Co8iga3mabE8r4jQDRzt2LSBQ3EugCzLoRg+uVZUjkuBGeF05uTfPFyEkcG7aI9dIgCdI6K6BqVUBkR9Iie0St68568F+/d+xi3znmTmR30B97nD23hmoo=</latexit>

p+ � �! p+ ⇡0

<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �<latexit sha1_base64="SnN7hqiIaVm5/ZsJeQQCZyGGX6g=">AAACCHicbZC7SgNBFIZn4y3GW9TSwsEgCELYFW9l0MYygrlAEsLZyWQzZC7LzKwSQkobX8XGQhFbH8HOt3GSbKGJPwx8/Occzpw/jDkz1ve/vczC4tLySnY1t7a+sbmV396pGpVoQitEcaXrIRjKmaQVyyyn9VhTECGntbB/Pa7X7qk2TMk7O4hpS0AkWZcRsM5q5/ebXMlIs6hnQWv1gJsRCAH4OIV2vuAX/YnwPAQpFFCqcjv/1ewokggqLeFgTCPwY9sagraMcDrKNRNDYyB9iGjDoQRBTWs4OWSED53TwV2l3ZMWT9zfE0MQxgxE6DoF2J6ZrY3N/2qNxHYvW0Mm48RSSaaLugnHVuFxKrjDNCWWDxwA0cz9FZMeaCDWZZdzIQSzJ89D9aQYnBfPbk8Lpas0jizaQwfoCAXoApXQDSqjCiLoET2jV/TmPXkv3rv3MW3NeOnMLvoj7/MHVrmZiQ==</latexit>�! � + �

50% of the times

<latexit sha1_base64="w80ocVdW209AKTsaS7/XXbov0Nc="></latexit>

Emin
� ⇡ 0.3

⇣ ✏�
eV

⌘�1
TeV

the π0 carries a fraction of the proton energy equal to

2 stable particles of average energy

<latexit sha1_base64="HJ8J7wTgtqCD4CYhbYmEpgsEX9g=">AAAB/HicbZDLSgMxFIYzXmu9jXbpJlgEV2VGvC2LblxWsBfoDEMmzbShSSYkGaEM46u4caGIWx/EnW9j2s5CW38IfPznHM7JH0tGtfG8b2dldW19Y7OyVd3e2d3bdw8OOzrNFCZtnLJU9WKkCaOCtA01jPSkIojHjHTj8e203n0kStNUPJiJJCFHQ0ETipGxVuTWgkQhnPMoDyQtCguyiNy61/Bmgsvgl1AHpVqR+xUMUpxxIgxmSOu+70kT5kgZihkpqkGmiUR4jIakb1EgTnSYz44v4Il1BjBJlX3CwJn7eyJHXOsJj20nR2akF2tT879aPzPJdZhTITNDBJ4vSjIGTQqnScABVQQbNrGAsKL2VohHyKZhbF5VG4K/+OVl6Jw1/MvGxf15vXlTxlEBR+AYnAIfXIEmuAMt0AYYTMAzeAVvzpPz4rw7H/PWFaecqYE/cj5/ANjplZA=</latexit>m⇡

mp
<latexit sha1_base64="p9LcqLBQwFm4bzWvDe8ER6fmODg="></latexit>

E� ⇠
✓

m⇡

2mp

◆
Ep ⇠ 2 E⌫

<latexit sha1_base64="CtpcZ4pa740JFPXMz22lrDhH/us="></latexit>

E�✏� (1� cos#) > 2 m2
e

threshold energy pair production
<latexit sha1_base64="6x7KKFQsLJ+EX5WHkJGGMP0e9YA=">AAACDnicbZC7SgNBFIZn4z3eVi1tBkNACIZd8VaKNpYKRgPZTTg7OUmGzOwuM7NKCHkCG1/FxkIRW2s738ZJ3MLbgYGP/z+HM+ePUsG18bwPpzA1PTM7N79QXFxaXll119avdJIphjWWiETVI9AoeIw1w43AeqoQZCTwOuqfjv3rG1SaJ/GlGaQYSujGvMMZGCu13HLQBSmBVmgOgeLdngGlkluKzYo1sLnTckte1ZsU/Qt+DiWS13nLfQ/aCcskxoYJ0Lrhe6kJh6AMZwJHxSDTmALrQxcbFmOQqMPh5JwRLVulTTuJsi82dKJ+nxiC1HogI9spwfT0b28s/uc1MtM5Coc8TjODMfta1MkENQkdZ0PbXCEzYmABmOL2r5T1QAEzNsGiDcH/ffJfuNqt+gfV/Yu90vFJHsc82SRbZJv45JAckzNyTmqEkTvyQJ7Is3PvPDovzutXa8HJZzbIj3LePgGAC5p+</latexit>

� + � ! e+ + e�



A
haronian’s book

Absorption of gamma rays
<latexit sha1_base64="XsLYhw0JjxS/NpfPfwhgdebv8aI=">AAACDXicbVDJSgNBEO1xjXGLevTSGAVBCDPidgx68RjBLJDEUNPpTJr0MnT3KCHkB7z4K148KOLVuzf/xs4kB018UPB4r4qqemHMmbG+/+3NzS8sLi1nVrKra+sbm7mt7YpRiSa0TBRXuhaCoZxJWrbMclqLNQURcloNe1cjv3pPtWFK3tp+TJsCIsk6jIB1Uiu3H+Mj3IhACMANrmSkWdS1oLV6wKkVszu/lcv7BT8FniXBhOTRBKVW7qvRViQRVFrCwZh64Me2OQBtGeF0mG0khsZAehDRuqMSBDXNQfrNEB84pY07SruSFqfq74kBCGP6InSdAmzXTHsj8T+vntjORXPAZJxYKsl4USfh2Co8iga3mabE8r4jQDRzt2LSBQ3EugCzLoRg+uVZUjkuBGeF05uTfPFyEkcG7aI9dIgCdI6K6BqVUBkR9Iie0St68568F+/d+xi3znmTmR30B97nD23hmoo=</latexit>

p+ � �! p+ ⇡0

<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �<latexit sha1_base64="SnN7hqiIaVm5/ZsJeQQCZyGGX6g=">AAACCHicbZC7SgNBFIZn4y3GW9TSwsEgCELYFW9l0MYygrlAEsLZyWQzZC7LzKwSQkobX8XGQhFbH8HOt3GSbKGJPwx8/Occzpw/jDkz1ve/vczC4tLySnY1t7a+sbmV396pGpVoQitEcaXrIRjKmaQVyyyn9VhTECGntbB/Pa7X7qk2TMk7O4hpS0AkWZcRsM5q5/ebXMlIs6hnQWv1gJsRCAH4OIV2vuAX/YnwPAQpFFCqcjv/1ewokggqLeFgTCPwY9sagraMcDrKNRNDYyB9iGjDoQRBTWs4OWSED53TwV2l3ZMWT9zfE0MQxgxE6DoF2J6ZrY3N/2qNxHYvW0Mm48RSSaaLugnHVuFxKrjDNCWWDxwA0cz9FZMeaCDWZZdzIQSzJ89D9aQYnBfPbk8Lpas0jizaQwfoCAXoApXQDSqjCiLoET2jV/TmPXkv3rv3MW3NeOnMLvoj7/MHVrmZiQ==</latexit>�! � + �

50% of the times

<latexit sha1_base64="w80ocVdW209AKTsaS7/XXbov0Nc="></latexit>

Emin
� ⇡ 0.3

⇣ ✏�
eV

⌘�1
TeV

the π0 carries a fraction of the proton energy equal to

2 stable particles of average energy

<latexit sha1_base64="HJ8J7wTgtqCD4CYhbYmEpgsEX9g=">AAAB/HicbZDLSgMxFIYzXmu9jXbpJlgEV2VGvC2LblxWsBfoDEMmzbShSSYkGaEM46u4caGIWx/EnW9j2s5CW38IfPznHM7JH0tGtfG8b2dldW19Y7OyVd3e2d3bdw8OOzrNFCZtnLJU9WKkCaOCtA01jPSkIojHjHTj8e203n0kStNUPJiJJCFHQ0ETipGxVuTWgkQhnPMoDyQtCguyiNy61/Bmgsvgl1AHpVqR+xUMUpxxIgxmSOu+70kT5kgZihkpqkGmiUR4jIakb1EgTnSYz44v4Il1BjBJlX3CwJn7eyJHXOsJj20nR2akF2tT879aPzPJdZhTITNDBJ4vSjIGTQqnScABVQQbNrGAsKL2VohHyKZhbF5VG4K/+OVl6Jw1/MvGxf15vXlTxlEBR+AYnAIfXIEmuAMt0AYYTMAzeAVvzpPz4rw7H/PWFaecqYE/cj5/ANjplZA=</latexit>m⇡

mp
<latexit sha1_base64="p9LcqLBQwFm4bzWvDe8ER6fmODg="></latexit>

E� ⇠
✓

m⇡

2mp

◆
Ep ⇠ 2 E⌫

<latexit sha1_base64="CtpcZ4pa740JFPXMz22lrDhH/us="></latexit>

E�✏� (1� cos#) > 2 m2
e

threshold energy pair production
<latexit sha1_base64="6x7KKFQsLJ+EX5WHkJGGMP0e9YA=">AAACDnicbZC7SgNBFIZn4z3eVi1tBkNACIZd8VaKNpYKRgPZTTg7OUmGzOwuM7NKCHkCG1/FxkIRW2s738ZJ3MLbgYGP/z+HM+ePUsG18bwPpzA1PTM7N79QXFxaXll119avdJIphjWWiETVI9AoeIw1w43AeqoQZCTwOuqfjv3rG1SaJ/GlGaQYSujGvMMZGCu13HLQBSmBVmgOgeLdngGlkluKzYo1sLnTckte1ZsU/Qt+DiWS13nLfQ/aCcskxoYJ0Lrhe6kJh6AMZwJHxSDTmALrQxcbFmOQqMPh5JwRLVulTTuJsi82dKJ+nxiC1HogI9spwfT0b28s/uc1MtM5Coc8TjODMfta1MkENQkdZ0PbXCEzYmABmOL2r5T1QAEzNsGiDcH/ffJfuNqt+gfV/Yu90vFJHsc82SRbZJv45JAckzNyTmqEkTvyQJ7Is3PvPDovzutXa8HJZzbIj3LePgGAC5p+</latexit>

� + � ! e+ + e�



A
haronian’s book

Absorption of gamma rays
<latexit sha1_base64="XsLYhw0JjxS/NpfPfwhgdebv8aI=">AAACDXicbVDJSgNBEO1xjXGLevTSGAVBCDPidgx68RjBLJDEUNPpTJr0MnT3KCHkB7z4K148KOLVuzf/xs4kB018UPB4r4qqemHMmbG+/+3NzS8sLi1nVrKra+sbm7mt7YpRiSa0TBRXuhaCoZxJWrbMclqLNQURcloNe1cjv3pPtWFK3tp+TJsCIsk6jIB1Uiu3H+Mj3IhACMANrmSkWdS1oLV6wKkVszu/lcv7BT8FniXBhOTRBKVW7qvRViQRVFrCwZh64Me2OQBtGeF0mG0khsZAehDRuqMSBDXNQfrNEB84pY07SruSFqfq74kBCGP6InSdAmzXTHsj8T+vntjORXPAZJxYKsl4USfh2Co8iga3mabE8r4jQDRzt2LSBQ3EugCzLoRg+uVZUjkuBGeF05uTfPFyEkcG7aI9dIgCdI6K6BqVUBkR9Iie0St68568F+/d+xi3znmTmR30B97nD23hmoo=</latexit>

p+ � �! p+ ⇡0

<latexit sha1_base64="bPX14xxB1FNjJ6wDAIgcughuA1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4TMA9IQpid9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+4uPxZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESq5VONgkusG24EtmKFNPQFNv3R3dRvPqHSPJIPZhxjN6QDyQPOqLFS7axXLLlldwayTLyMlCBDtVf86vQjloQoDRNU67bnxqabUmU4EzgpdBKNMWUjOsC2pZKGqLvp7NAJObFKnwSRsiUNmam/J1Iaaj0OfdsZUjPUi95U/M9rJya46aZcxolByeaLgkQQE5Hp16TPFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGudl76p8WbsoVW6zOPJwBMdwCh5cQwXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A3fNjLs=</latexit> �<latexit sha1_base64="SnN7hqiIaVm5/ZsJeQQCZyGGX6g=">AAACCHicbZC7SgNBFIZn4y3GW9TSwsEgCELYFW9l0MYygrlAEsLZyWQzZC7LzKwSQkobX8XGQhFbH8HOt3GSbKGJPwx8/Occzpw/jDkz1ve/vczC4tLySnY1t7a+sbmV396pGpVoQitEcaXrIRjKmaQVyyyn9VhTECGntbB/Pa7X7qk2TMk7O4hpS0AkWZcRsM5q5/ebXMlIs6hnQWv1gJsRCAH4OIV2vuAX/YnwPAQpFFCqcjv/1ewokggqLeFgTCPwY9sagraMcDrKNRNDYyB9iGjDoQRBTWs4OWSED53TwV2l3ZMWT9zfE0MQxgxE6DoF2J6ZrY3N/2qNxHYvW0Mm48RSSaaLugnHVuFxKrjDNCWWDxwA0cz9FZMeaCDWZZdzIQSzJ89D9aQYnBfPbk8Lpas0jizaQwfoCAXoApXQDSqjCiLoET2jV/TmPXkv3rv3MW3NeOnMLvoj7/MHVrmZiQ==</latexit>�! � + �

50% of the times

<latexit sha1_base64="w80ocVdW209AKTsaS7/XXbov0Nc="></latexit>

Emin
� ⇡ 0.3

⇣ ✏�
eV

⌘�1
TeV

the π0 carries a fraction of the proton energy equal to

2 stable particles of average energy

<latexit sha1_base64="HJ8J7wTgtqCD4CYhbYmEpgsEX9g=">AAAB/HicbZDLSgMxFIYzXmu9jXbpJlgEV2VGvC2LblxWsBfoDEMmzbShSSYkGaEM46u4caGIWx/EnW9j2s5CW38IfPznHM7JH0tGtfG8b2dldW19Y7OyVd3e2d3bdw8OOzrNFCZtnLJU9WKkCaOCtA01jPSkIojHjHTj8e203n0kStNUPJiJJCFHQ0ETipGxVuTWgkQhnPMoDyQtCguyiNy61/Bmgsvgl1AHpVqR+xUMUpxxIgxmSOu+70kT5kgZihkpqkGmiUR4jIakb1EgTnSYz44v4Il1BjBJlX3CwJn7eyJHXOsJj20nR2akF2tT879aPzPJdZhTITNDBJ4vSjIGTQqnScABVQQbNrGAsKL2VohHyKZhbF5VG4K/+OVl6Jw1/MvGxf15vXlTxlEBR+AYnAIfXIEmuAMt0AYYTMAzeAVvzpPz4rw7H/PWFaecqYE/cj5/ANjplZA=</latexit>m⇡

mp
<latexit sha1_base64="p9LcqLBQwFm4bzWvDe8ER6fmODg="></latexit>

E� ⇠
✓

m⇡

2mp

◆
Ep ⇠ 2 E⌫

~10-25cm2

<latexit sha1_base64="CtpcZ4pa740JFPXMz22lrDhH/us="></latexit>

E�✏� (1� cos#) > 2 m2
e

threshold energy pair production
<latexit sha1_base64="6x7KKFQsLJ+EX5WHkJGGMP0e9YA=">AAACDnicbZC7SgNBFIZn4z3eVi1tBkNACIZd8VaKNpYKRgPZTTg7OUmGzOwuM7NKCHkCG1/FxkIRW2s738ZJ3MLbgYGP/z+HM+ePUsG18bwPpzA1PTM7N79QXFxaXll119avdJIphjWWiETVI9AoeIw1w43AeqoQZCTwOuqfjv3rG1SaJ/GlGaQYSujGvMMZGCu13HLQBSmBVmgOgeLdngGlkluKzYo1sLnTckte1ZsU/Qt+DiWS13nLfQ/aCcskxoYJ0Lrhe6kJh6AMZwJHxSDTmALrQxcbFmOQqMPh5JwRLVulTTuJsi82dKJ+nxiC1HogI9spwfT0b28s/uc1MtM5Coc8TjODMfta1MkENQkdZ0PbXCEzYmABmOL2r5T1QAEzNsGiDcH/ffJfuNqt+gfV/Yu90vFJHsc82SRbZJv45JAckzNyTmqEkTvyQJ7Is3PvPDovzutXa8HJZzbIj3LePgGAC5p+</latexit>

� + � ! e+ + e�



Where do photons go?



Where do photons go?
CR source



Where do photons go?
CR source

Klein-Nishina 
cascade

<latexit sha1_base64="apzD+aILuwQQw3Bhr75E5AtImec=">AAACD3icbZDLSsNAFIYn9VbrrerSzWBRXJWkeFsWRXBZwV6giWEyPU2HziRhZiKU0Ddw46u4caGIW7fufBunF1Bbfxj4+c45nDl/kHCmtG1/WbmFxaXllfxqYW19Y3OruL3TUHEqKdRpzGPZCogCziKoa6Y5tBIJRAQcmkH/clRv3oNULI5u9SABT5AwYl1GiTbILx5e+ZkbEiHIELuQKMYN/SFhiIUPdxW/WLLL9lh43jhTU0JT1fzip9uJaSog0pQTpdqOnWgvI1IzymFYcFMFCaF9EkLb2IgIUF42vmeIDwzp4G4szYs0HtPfExkRSg1EYDoF0T01WxvB/2rtVHfPvYxFSaohopNF3ZRjHeNROLjDJFDNB8YQKpn5K6Y9IgnVJsKCCcGZPXneNCpl57R8cnNcql5M48ijPbSPjpCDzlAVXaMaqiOKHtATekGv1qP1bL1Z75PWnDWd2UV/ZH18A84qnIM=</latexit>

E�✏� � m2
e

inverse Compton + pair production

electron
photon



Where do photons go?
CR source

Thompson cascade

<latexit sha1_base64="flbq/1J5CYC45CTKzSk8lXKRr+8=">AAACE3icbVDLSgMxFM3UV62vUZdugkUQF2Wm+FoWRXBZwT6gU4dMetuGJjNDkhHK0H9w46+4caGIWzfu/BvTdkBtPRA4nHMPN/cEMWdKO86XlVtYXFpeya8W1tY3Nrfs7Z26ihJJoUYjHslmQBRwFkJNM82hGUsgIuDQCAaXY79xD1KxKLzVwxjagvRC1mWUaCP59tGVn3o9IgQZYQ9ixbhRf5SeNlGBhQ93Zd8uOiVnAjxP3IwUUYaqb396nYgmAkJNOVGq5TqxbqdEakY5jApeoiAmdEB60DI0JAJUO53cNMIHRungbiTNCzWeqL8TKRFKDUVgJgXRfTXrjcX/vFaiu+ftlIVxoiGk00XdhGMd4XFBuMMkUM2HhhAqmfkrpn0iCdWmxoIpwZ09eZ7UyyX3tHRyc1ysXGR15NEe2keHyEVnqIKuURXVEEUP6Am9oFfr0Xq23qz36WjOyjK76A+sj29WE55z</latexit>

E�✏� & m2
e

<100 GeV

Klein-Nishina 
cascade

<latexit sha1_base64="apzD+aILuwQQw3Bhr75E5AtImec=">AAACD3icbZDLSsNAFIYn9VbrrerSzWBRXJWkeFsWRXBZwV6giWEyPU2HziRhZiKU0Ddw46u4caGIW7fufBunF1Bbfxj4+c45nDl/kHCmtG1/WbmFxaXllfxqYW19Y3OruL3TUHEqKdRpzGPZCogCziKoa6Y5tBIJRAQcmkH/clRv3oNULI5u9SABT5AwYl1GiTbILx5e+ZkbEiHIELuQKMYN/SFhiIUPdxW/WLLL9lh43jhTU0JT1fzip9uJaSog0pQTpdqOnWgvI1IzymFYcFMFCaF9EkLb2IgIUF42vmeIDwzp4G4szYs0HtPfExkRSg1EYDoF0T01WxvB/2rtVHfPvYxFSaohopNF3ZRjHeNROLjDJFDNB8YQKpn5K6Y9IgnVJsKCCcGZPXneNCpl57R8cnNcql5M48ijPbSPjpCDzlAVXaMaqiOKHtATekGv1qP1bL1Z75PWnDWd2UV/ZH18A84qnIM=</latexit>

E�✏� � m2
e

inverse Compton + pair production

electron
photon



Photopair production

photomeson 
production

photopair 
production

p + γ ⟶ p + e+ + e−

Vannoni+ 2011



Photopair production

photomeson 
production

photopair 
production

p + γ ⟶ p + e+ + e−

Vannoni+ 2011

see 
Matte

o’s c
lass 

for 
more 

extr
agal

actic
 stu

ff!



next class: apply all this to “Galactic sources”…


