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Continuous part of the energy losses: �f����Z�B�5� �¢¡�£
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The stochastic part: ¤p¥ �¢¡��§¦^¨.£©£]�<ª �¢¡\�«¦(¨.£©£ ¤ ¦ . Probability to suffer
a catastrophic loss on ¤ ¦ at ¦9¬ is�©­ �®¤p¥ �¢¡\�«¦(¨¯£©£°£²±H³´³µ³d±H�©­ �®¤p¥ �¢¡\�«¦ ¬ £©£©£¶± ¤H¥ �¢¡\�«¦ ¬ £©£�¸·º¹H»l� �[¤p¥ �¢¡��§¦(¨¯£©£©£¶±H³´³´³¼±�·º¹H»l� �[¤p¥ �¢¡\�«¦ ¬ £°£©£²± ¤p¥ �¢¡\�«¦ ¬ £©£�®·º¹H»�½ ��¾ �¶¿�ÁÀ ¤p¥ �¢¡\�«¦Â£°£.ÃÄ± ¤p¥ �¢¡\�«¦ ¬ £©£� ¤ ¬ ½ � ·º¹H»Â� � ¾ � ¿� À ªT�¢¡�£� � �¢¡�£ ± ¤ ¡�£ Ã � ¤ � �LÅ £ÇÆ ÅfÈ �«ÉHÊZ­ºË
The above equation can be solved for ¡[¬ :¾ � ¿� À ªT�¢¡�£� � �¢¡�£ ± ¤ ¡<� �@ÌÎÍ�Ï � Å £ (energy integral),

and then the corresponding displacement is found:

¦l¬f�¸¦(¨ � ¾ �²¿�9À ¤ ¡� �¢¡�£ (tracking integral).Ð �\�Y�,���{�	�\�@ÑÒ���Ó�@Ô��\����Õc���,�Ö�\�
choose ¤ ¦ so small that ×ÂØ �ÚÙÜÛ°ÝÎÞ¯ßÛ°à × �§á�Êº¡�£ ¤ á]± ¤ ¦bâ�­ã á�äc� ¾ Û ÝåÞ¯ßÛ à áL± × �§á¼Êº¡�£ ¤ áL± ¤ ¦ ã á�æLäc� ¾ Û ÝåÞ¯ßÛ à á�æ�± × �§á¼Êº¡�£ ¤ áN± ¤ ¦ã �§ç�áè£ æ äc� ã á æ ä � ã á�ä æ
For small á�éëêèì , × �§á¼Êº¡�£Bí × �§á¼Êº¡O¨¯£fî distributions × �§á¼Êº¡�£ are the
same î central limit theorem can be appliedã �§ç\�§ç�¡�£©£ æ äc�Úï�ðòñ ã á æð ä � ã á ð ä æ|ó �
ï�ðõôHö ¾ Û ÝåÞ¯ßÛ÷à á æð ± × �§á ð Êº¡N¨¢£ ¤ á ðHø ¤ ¦ ð � ö ¾ Û ÝåÞ¯ßÛ÷à á ð ± × �§á ð Êº¡N¨¯£ ¤ á ðHø æ ¤ ¦ æð¼ù
í ¾ �x¿��À ¤ ¦²± ô7ö ¾ Û÷ÝåÞ¯ßÛ÷à á�æ�± × �§á¼Êº¡\�«¦Â£©£ ¤ á ø � ö ¾ Û÷ÝåÞ¯ßÛ÷à á]± × �§á¼Êº¡\�«¦Â£©£ ¤ á ø æ ¤ ¦ ù
Here ¡N¨ was replaced with average expectation value of energy at¦ , ¡��«¦9£ . As ¤ ¦bî`É , the second term disappears. The lower limit of
the integral over á can be replaced with zero, since all of the cross
sections diverge slower than ­�údáèû . Then,ã �§ç\�§ç�¡�£°£.æLäcí ¾ � ¿� À ¤ ¡� �ü�¯¡�£ ± ö ¾ Û ÝåÞ¯ßØ á�æ�± × �§á¼Êº¡�£ ¤ á ø
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þÿ~vÑÜ�@���TÑ
medium a, � Û ���� Û b,

� Ø��	��
� Û av. dev. max. dev.
ice 0.259 0.357 3.7% 6.6%
fr. rock 0.231 0.429 3.0% 5.1%

medium a, � Û ���� Û b,
� Ø ������ Û av. dev.

ice 0.268 0.470 3.0%
fréjus rock 0.218 0.520 2.8%
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Average final energy deviation from the purely “continuous” prediction
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� Ø�� muons with energy 9 TeV propagated through 10 km of water: regular
(dashed) vs. “cont” (dotted)

Survival probabilities� é©êèì “cont” 1 TeV 3 km 9 TeV 10 km ­|É � TeV 40 km
0.2 no 0 0 0.153
0.2 yes 0.010 0.057 0.177
0.05 no 0 0.035 0.143
0.05 yes 0.045 0.039 0.139
0.01 no 0.030 0.037 0.142
0.01 yes 0.034 0.037 0.139­|É � û no 0.034 0.037 0.140­|É � û yes 0.034 0.037 0.135
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dE/dx=a+bE

a=0.259425 [ GeV/mwe ],
b=0.000357204 [ 1/mwe ]
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Fit to the energy losses in ice ��� plot for energy losses in ice

dE/dx=a+bE
a=0.217798 [ GeV/mwe ],
b=0.000520421 [ 1/mwe ]
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Fit to the average range in Fréjus
rock

� � plot for average range in Fréjus
rockþ �Ó�	�f~ Ô��ÖÑü�T���	� �u�,���Y��Ñ
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in Fréjus rock: solid line designates the value of the range evaluated with
the second table (continuous and stochastic losses) and the broken line
shows the range evaluated with the first table (continuous losses only).

Parametrization errors:
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energy losses in ice Interpolation precision � Û ��� � Û � �"! # Û �$�Final energy distribution of the muons that crossed 300 m of
Fréjus Rock with initial energy 100 TeV:
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Comparison of Û % &('*) ��+ (dotted-
dashed) with Û % &(' =10 TeV (dotted).
Also shown is the relative difference
of the curves.

Comparison of paramerized
(dashed-dotted) with exact (non-
parametrized, dotted) versions for, ÝåÞ¯ß ) Ø�- Ø � .

Final energy distribution of the muons that crossed 300 m of
Fréjus Rock with initial energy 100 TeV:
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Photonuclear losses, LPM effect and Molière scattering
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different photon-nucleon cross
sections implemented in MMC,
Bezrukov Bugaev parametrization

photonuclear energy losses (di-
vided by energy), according to dif-
ferent formulae.
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