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Energy loss of muons and taus in inelastic scattering on nuclei
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A hybrid model [1] was used to describe the energy loss of very high-energy taus and muons in matter due to
inelastic scattering on nuclei. The model involves photonuclear interactions at low and moderate

���
as well as

the deep inelastic scattering. For the lepton scattering off nuclei all important nuclear effects, shadowing, anti-
shadowing, EMC and nucleon binding, were taken into account. The neutral current contribution to the energy
loss is considered. Approximating formulas for the muon and tau energy loss portion by inelastic scattering
off nuclei in water are given for wide energy range.

1. Introduction

The muon inelastic scattering off nuclei contributes noticeably to the energy loss of cosmic rays muons. The
influence of this interaction on the shape of ultra-high energy muon spectra at the great depth of a rock/water
is still unknown in detail. The tau-lepton energy loss is of interest in view of ability of atmospheric or extrater-
restrial muon neutrinos to transform to tau neutrinos which may in turn produce taus in ��� -interactions.

In Ref. [1], the hybrid (two- and three-component) model was proposed to describe high-energy interactions of
charged leptons with nuclei. Calculations of differential cross sections for lepton-nucleon inelastic scattering
at HERA energies were checked making a comparison with H1 and ZEUS measurements of electron and
positron scattering off protons. With this model muon and tau energy loss spectra due to lepton-nuclear inelastic
scattering were computed as well as that of energy loss rate for leptons passing through standard rock. Now we
apply the two-component version to study the energy loss by scattering off nuclei of very-high energy muons
and taus passing through water and rock. The difference in the scattering of opposite charged leptons that
might originate from weak neutral current processes is considered.

2. Charged lepton inelastic scattering off nuclei

The hybrid two-component (2C) model for inelastic interactions of high-energy muons and taus with nuclei
involves photonuclear interactions at low and moderate momentum transfer squared as well as deep inelastic
scattering (DIS) processes at high

� �
. For virtuality ��� � � �
	 GeV

�
the Regge based parametrization [2, 3]

for the structure function � � was applied and the cross section of lepton-nucleon scattering at
� �
� 	 GeV

�
was computed with the formula������ � � ����� ����� �� ��� ���! �  � ���" �$# ���%'& � #)(+*�, �! %.- �/� �
0 , � # � �" � � �10!2 � � &4365 � � *87 (1)

where the ratio ( � �:96;<�1=
is taken into account according to Ref. [4];

3 � � �>; &?%�@ " � *A7 In DIS region the
cross section of nonpolarized lepton scattering off nonpolarized nucleon can be written (see Ref. [5]) in the
form ������ � � ����� ����� �� ��� � , �! �  � ���" �$# ���%  ��� - �/� �B0 �+CED� F , ���%  � 0 3 �+CEDG 2 5 (2)
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where we put ( � � �>; & " � * � � � @ � 3 �H; � � 5
that is equivalent to the Callan-Gross relation, � � � %.3 �JIHK

signs “ F ” stand for L>M ( L �ON 5QP ). In Eq. (2) used notations are:�+CED� � ��R�  TS /UWV R<X ��R<X� # & S /U � # S /Y � * V �R<X � X� 5 �+CEDG �  ES /Y V R<X ��R<XG # % S / U S /Y V �R<X � XG K (3)V R<X �[Z+\ @ �X%�] % ��� � �@^�X # � � 5 S /U �  �% # %`_badc �fe�g 5 S /Y �  �% 7 (4)

Structure functions � X� , � XG represent weak neutral current (NC) contribution, � R.X� , � R<XG are taking into
account the electromagnetic and weak current interference. Nucleon structure functions, � R� , � R<X� , � X� ,

3 � R<XG ,3 � XG , are defined in the quark-parton picture:h ��R� 5 ��R.X� 5 � X��i � 3kj�l hnm � l 5o% m l S lU 5 S lU � # S lY � i &?p # p * 5 h ��R<XG 5 � XG i � j�lrq % m l S lY 5s% S lU S lYut &vp  p * 5 (5)

where
S lU � F I�  % m l _Qadc �fe g

,
S lY � F I� . Sign # &  * corresponds to w 5Qx<5by8& � 5oz�5s{ * -quarks. For the range

of
� �}| 	 GeV

�
electroweak nucleon SFs are computed with the CTEQ6 [6] and MRST [7] sets of parton

distributions. Linear fits for the nucleon SFs are used in 	�� � � ��~ GeV
�

range. For the scattering off nuclei
effects of the nucleon shadowing, anti-shadowing as well as EMC effect are taken into account according to
Ref. [8, 9] (see also [10] and [11] for details).

3. Results

The energy loss spectra for lepton passing a substance with nuclear weight � can be derived from the differen-
tial cross-section: �$� � ��� / Y��� � ��� ���)�6��6�Q�� ������ � � � � � � / Y� � � ��� 5 � � "  "��" � �" 5 (6)

where � � � � Y ; � 7 The energy loss rate due to lepton-nucleus interactions is defined as{>� /��� & " *��  �" � "��� � �$� ��� �6�Q�� ����� � ��� / Y��� ��� 7 (7)
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Figure 1. NC contribution to cross sections for ª scattering off protons (left panel) and standard rock nuclei (A=22) at«�¬�­
PeV and ®°¯E± ­s²>³ GeV ¯ .
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Figure 2. Energy loss due to inelastic scattering of charged leptons in water (left panel) and NC contribution (right) to the
lepton energy loss due to ÎAÏ -nucleus inelastic scattering in water.

Figure 1 illustrates the charge-dependent NC contribution to scattering leptons and on protons (left panel) and
on nuclei (A=22) at

" � �
PeV,

� �+| � � � GeV
�

as function of
� 7 The effect of Z exchange is fairly seen just

for very large
� � 7 In Fig. 2 presented are the energy loss rate by interactions of muons and taus with nuclei in

water(left panel). Dashed lines are results of calculations according to the vector-meson dominance model [12]
for photonuclear interactions of muons and tau-leptons. The right panel of Fig. 2 shows the difference of energy
loss ratio calculated for LÑÐ and L.Ò particles. For whole energy range this effect is too little (

� �:Ò � ) to be of
practical interest.

In the second column of the Table 1, the 2C model calculation of the muon and tau energy loss in standard
rock and that are presented along with recent predictions [10, 13, 14]. One can see that present calculations
of tau-lepton energy loss in standard rock are close to the results of other authors. As concerns to muons, this
work result for

{ �dÓ �� differs apparently from that of Ref. [14].

Table 1. The muon and tau energy loss in standard rock ( Ô ¬�ÕÑÕ )" 5 { � /��� & " * 5 � ��Ò×Ö cm
��Ø

g Ò I
GeV This work Ref. [13] Ref. [10] Ref. [14]

Muon� ��Ù � 7 ~ % � 7 ~�� � 7 ~�Ú � 7ÜÛ �� ��Ö � 7 Ú % � 7 Ú�� � 7 Ý � � 7 ��Ú� ��Þ � 7 	�ß � 7 	��  % 7 % 	� ��à % 7 � ~ % 7 � 	  ß 7 � �
Tau� ��Ù � 7 � ß � 7 � %  � 7 � �� ��Ö � 7 � Ý � 7 � Ú  � 7 % �� � Þ � 7 � � � 7 � �  � 7 	<�� � à � 7 ~�	 � 7 ~��  � 7ÜÛ %

The energy dependence of the inelastic scattering energy loss rate of muons and taus penetrating through water
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may be fitted for the range (
� � �  á� ��à ) GeV with formula ( L �âN 5bP ):{ � /��� & " * � &vx � # x I V # x � V � # x G V G # x � V � * Ø � � ÒãÖ�ä�å � ;Hæ 5 V �âç æ & " ; �uèké�ê * 5 (8)

where coefficients are:Nìë x � � � 7 ��~ � � ~ 5×x I � � 7 ~ � ~ % Ý 5�x � � � 7 % ��ß Ý � 5fx G �  � 7 � % � ~�	 5�x � � � 7 ��� � ß'KP ë x � � � 7 ß�	<~ Ý�Û 5×x I �  � 7 % ��� ß Û 5�x � � � 7 � Û � ��ß 5fx G �  � 7 ��� Ý � � 5�x � � � 7 ������	 � 7
4. Conclusions

Recent calculations [1], [10], [13], [14] of the energy loss in tau-nuclear interaction agree at least for lepton
energy up to

� ��à GeV. However there is the discrepancy between predictions of high-energy behavior of the
muon energy loss,

{ �dÓ �� & " * , in Refs. [13] and [1]) on the one hand, and that of Ref. [14] on the other hand,
likely due to diverse ways in considering of nuclear effects and high

� �
processes.

The neutral current (Z exchange) contribution to energy loss of muons and taus is found to be negligible both
in water and standard rock on whole energy range (up to

� � I � GeV). Though the ratio of the cross section for
inelastic scattering of

P Ð to that for
P Ò is a sizeable for

� �
| � � � GeV
�

at not too large energies, the effect
for the energy loss ( í { �
î � �'Ò � Ø { � ) seems too small in the cosmic ray physics context.

5. Acknowledgements

We acknowledge partial financial support from Russian Federation Ministry of Education and Science, grant
ur.02.01.063 ”Universities of Russia”.

References
[1] K.S. Kuzmin, K.S. Lokhtin, S.I. Sinegovsky, hep-ph/0412377.
[2] A. Capella, A.B. Kaidalov, C. Merino, J.Tran Thanh Van, Phys. Lett. B 337, 358 (1994); hep-ph/9405338.
[3] A.B. Kaidalov, C. Merino, D. Pertermann, Eur. Phys. J. C 20, 301 (2001).
[4] K. Abe et. al., Phys. Lett. B 452, 194 (1999); hep-ex/9808028.
[5] S. Eidelman et al., Phys. Lett. B 592, 1 (2004).
[6] J. Pumplin et al., JHEP 0207, 012 (2002); hep-ph/0201195.
[7] A.D. Martin, R.G. Roberts, W.J. Stirling, R.S. Thorne, Eur. Phys. J. C 23, 73 (2002).
[8] G.I. Smirnov, Phys. Lett. B 364, 87 (1995); hep-ph/9512204.
[9] G.I. Smirnov, Eur. Phys. J. C 10, 239 (1999); hep-ph/9901422.

[10] A.V. Butkevich, S.P. Mikheyev, Zh. Eksp. Teor. Fiz. 122, 17 (2002); hep-ph/0109060.
[11] M. Arneodo, Phys. Rept. 240, 301 (1994).
[12] L.B. Bezrukov, E.V. Bugaev, Sov. J. Nucl. Phys. 33, 635 (1981).
[13] S.I. Dutta, M.H. Reno, I. Sarcevic, D. Seckel, Phys. Rev. D 63, 094020 (2001).
[14] E. V. Bugaev, Yu. V. Shlepin, Phys. Rev. D 67, 034027 (2003); hep-ph/0203096 v5.


