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The origin of the knee in the energy spectrum of cosmic rays is still an unresolved problem. It arises because
of the change in the slope of cosmic ray energy spectrum at the energy

�������	��

�������������
Existing detectors

are insensitive to energies of secondary muons, allowing for the possibility that there which there may be
missing energy carried away by the undetected particles produced at the knee. We model the cosmic ray muon
flux above the knee by invoking new physics without relying on any specific model. With a large mass iron
calorimeter(ICAL) detector one would be able to measure the energies of these muons using the pair meter
technique. We estimate the event rates of muons in such a detector which would signal new physics, the
number of interactions and their energy distribution, taking into account the effect of surrounding rock.

1. Introduction

Cosmic rays are observed in a wide range of energies. Energy of the cosmic rays ranges from
���

to
�������������

The energy spectrum of cosmic rays obeys a power law over a many order of magnitude. This power law
behaviour breaks at the knee which occurs at energy  �!
������������

and again at the ankle which occurs at
energy  #" 
$���%�'&������ Let’s consider the differential flux (*),+�(.-0/1-,243 ��5 takes value 6 �7� untill knee. After
the knee

5
changes to 8 �9�*� This change in the slope of the cosmic ray spectrum at the knee is not clearly

understood so far because above the knee energy, energy resolution of the ground array experiments is very
poor.

Interaction of high energetic primary cosmic rays with the air nuclei in the atmosphere develops extensive air
shower with electromagnetic, hadronic and deeply penetrating muon component. Basically energy of primary
particles is distributed among these components. In most of the ground array experiments we measure number
of secondary particle produced such as electrons, muons etc but not the energy. The knee problem can be
solved in two ways. First way is to consider a change in the composition of the primary cosmic ray flux near
knee energy. Second way may be the creation of new heavy particles at knee energy. For a review of several
models, we refer the reader to [1]. Here we will concentrate on the second case. For the measurement of energy
of muon we use pair meter technique. This technique is useful only when we have large-scale iron calorimeter
detectors. Previous designed detectors are failed so far to make this technique fruitful because of their small
size. Future Indian neutrino observatory(INO) experiments will be able to measure energy of muons more
accurately.

The advantages of pair meter technique is that energy resolution is not deterioated with the increase in muon
energy.

2. Interaction of Muons With Matter

A better understanding of muon energy loss in any medium at high energies is required for the energy measure-
ment. Muon loses it’s energy through ionization, bremsstrahlung, pair production and photonuclear scattering
at high energies. The direct production of electron-positron pairs dominate other processes at low energy
transfers and complete screening [2, 3].
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Figure 1. Differential cross section :<;>=@?�ACB<:�D vs. AFE�: (inverse of the relative energy transfer)
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Figure 2. Integral Cross Section ;>G'?�AHB':�D vs. AFE�: (inverse of relative energy transfer)

In the approximation, IJLK ��M�NMPO and QFRS6�TVU ��W	X.Y �@Z 2 ��[]\  ��� 8 Z 2 ��[]\_^ ����` differential pair production is
given by Qbadc � - ` Q �  ���.5X@egf �dh�i j�k T U -Q]Tmlon `

(1)

where Q is the energy tranfer, - is the muon energy, TpU is the mass of electron, T!l is the mass of muon,5rqo� + � 8 �%` k  �*� W
and

f � is the radiation lenth (r.l) which isf � q j �>Zs�tZvu1���w 5yx �� ) � hzi �'��W	X.Z 2 ��[]\ � n 2 � ` (2)
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Figure 3. Number of interactions vs. muon energy for :�{m|~}_�P���C?z�b�������@��������D�Bb}����P����?����_���<���	D�B�}������P����?����*���%���	D
while T is fixed to 1000 r.l.

where
w

is the atomic weight,
x � is the classical radius, ) � is the Avagadro number and

Z
is the atomic number.

The behaviour of differential cross section with inverse of relative energy transfer is given in fig. 1.

Similarly we can write the integral cross section with energy transfer above some threshold Q � � If Q �C� ��� 2 \ -
then the integral pair production cross section is given by,

a�� � - ` Q �  ��5X	egf � j hzi � j�k TVUb-Q � T l�n u�� n `
(3)

where
�  �	� ���9�

The cross section is plotted in fig. 2.

2.1 Muon loss at a depth X

At muon energies -Fl�� ���F����`
the average loss almost increases linearly with energy which satisfies a relation,� (*-(	�0� qo��5���� - `

(4)

where
5

gets contribution from ionization of muons and
�

gets contribution from bremsstrahlung, pair produc-
tion and photonuclear process. Assuming

5
and

�
does not change with energy, we get average muon energy

at depth � as   - � � ��¡�q j - � u 5� n � 2£¢*¤ � 5� ` (5)

where - � is the initial muon energy. Minimum energy required of a muon at the surface reach depth � is give
by, - M �9¥� q 5�§¦ � ¢.¤ ����¨V� (6)
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Figure 4. Number of interactions vs. muon energy for ©ª|1«����*?����*���%���@�����£��D�B�}b�����	?������¬�<���	D�B�­�������®�¯ ��?z�b�������@�����£��D while:�{ is fixed to 1 GeV.

¿From Eq. 5, we get the relation between initial energy - � and degarded energy of muon - l after travelling a
distance � as, - � q j - l u 5� n � ¢*¤ � 5� �

(7)

Differential muon flux at a depth � is given by,(.)(.- l q (.)(.- � � ¢*¤ � (8)

where cb°c J4± is the initial muon flux with energy - � �
In ref. [4], it is shown that

5
and

�
value in the analytical expression can be obtained for standard rock, in the

depth range
���C�²���.�³
$���*�b´ +�µ�T ��� The values are,�pq 8 �7���¶
���� 2d· µ_T � + ´4` 5� q§¸@�>� ^ ����� (9)

For these values of
5

and
��`

the analytical expression for the muon flux at depth � matches well with monte
carlo results done in ref. [4].

3. Energy Estimation and Number of Interactions

Authors of ref. [3] have evaluated expressions for energy, number of interaction and energy measurement errors
in pair meter theory. We outline here their results. We take the simplest case where number of interaction obeys
a poisson distribution. The expression for number of interactions ¹ and energy - for the threshold energy
region Q �C� ��� 2 \ - is given by, ¹ q ��5y�X	e j h�i � j³k TVUb-T l Q � n u²� n `

(10)
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- q T l Q �k TVUmº_»>¼p½¿¾ X	e ¹��5y� �
�ÁÀÂ�
(11)

where T is the thickness of the material in units of r.l. The behaviour of ¹ with energy is shown in fig. 3 for
different energy transfers Q � and in fig. 4 for different thick nesses of the apparatus. We can clearly seen from
Table. 1 that number of interaction increases as the energy of muons increases.- l ���F���s� 1 10 100 1000 10000

M 10.889 38.363 84.991 150.774 235.712

Table 1. No. of interactions at different muon energies for : { |²}_�P���Ã¯- l ���F���s� Model no. 1 Model no. 2 Model no. 3
100 486 342 496
200 43 1424 122
300 11 1593 48
400 4 1384 24
500 2 1126 13
600 1 785 9
700 .5 602 5
800 .3 469 4
900 .2 371 3
1000 .1 298 2
10000

��� 2 � 0.6 .001

Table 2. Number of events in 3 years of exposure time for three different flux model. No degradation in energy of muons
due to surrounding rock is taken into account.

4. Flux Model

Here we describe three flux models.

4.1 Model 1

Differential conventional muon fluxes from the decay of pion and muon decays[5] read as,(*)(*- q ) � -Ä2£Å.2 ��Æu w - (12)

for -ÈÇ²- � � (.)(.- q )�É� -Ä2£Å É 2 ��Æu w - (13)

for -ÈÊ²- � � For conventional flux ) � q1��� 6 ` ) É� q§��� 6 `�Ë!qo�*�7����`�Ë É q 6 �9�*` - � q " � 8 
���� � ` w qÌ��� �*�.�%�
As we explained in the Introduction of this paper that we would be looking at a option for the explanation of
cosmic ray knee in which new processes dominates the dynamics at the knee energy. In this option we assume



6 Sukanta Panda et al.

D
if

fe
re

nt
ila

 F
lu

x 
( G

eV
−1

s−1
Sr

−1
m

−2
)

Muon Energy ( GeV )

1e−22

1e−20

1e−18

1e−16

1e−14

1e−12

1e−10

1e−08

1e−06

0.0001

100 1000 10000 100000 1e+06 1e+07

Figure 5. Differential flux vs. muon enegy for model 1(solid line), model 2(dotted line) and model 3(dashed line) respec-
tively.

that some new particle of mass Í �F��� are produced at knee because center of mass energy of the interaction
of primary cosmic rays with the air nuclei at knee is of the order of TeV. This might be responsible for the
change of the cosmic ray spectrum slope at knee.

We can calculate the missing energy by comparing the following two fluxes at knee energy - � � Assumed two
energy spectra with different exponent, we write) � q ) j - �- � n Å�Î (14)

and ) � q ) j - �- � n Å_Ï ` (15)

where N is the particle density at knee energy. By comparing the Eq. 14 and Eq. 15, we get missing energyÐ - as Ð - q - � ½ ��� j - �- � nFÑ Å [ Å_Ï À (16)

where
Ð - q - � � - � and

Ð Ë!qªË � �ÒË � � For - � q0�����p�@�Ó
m���.���_���0q0�z���p�@��ÔC����`_Ë � q 6 ��� and
Ð Ëmq§��� ���

In order to explain the knee puzzle, this extra energy must be taken away by unobserved particles as we don’t
measure the energy in ground array experiments. In the framework of Standard Model(SM) the unobserved
particles can be three neutrinos and muons. Among these particles muons can be detected with higher proba-
bility. To estimate the event rate of muons in Iron Calorimeter detectors we need to know the muon flux after
including new processes at the knee. Here one searches for models beyond SM where one can accomodate
such a scenario. Without knowing the details of the model here we calculate energy spectrum of muons by
considering two limiting cases. Then any model lies in between these two limiting cases could be a reasonable
model to solve the knee puzzle.
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4.2 Model 2

In this case where three neutrinos and only one muon produced in the process then energy carried away by the
muon is

Ð -Õ+ ��� Then muon flux looks like

(.),+�(.-�l q1��� 6 
$���@ÖC
!� 2 ��×��'�]Ø][_Ù Ö Ù J O 2 J Î'Ú�Ú � - l � - � ��Ù 2 ��Û Ü Ö 2 � Ú�Æuv��� �*�.��� - l � - � � (17)

for -�l�Ç²" � 8 
����*� ^ ��� and(*),+�(.-�l q 6*6 
���� Ö 
m� 2 ��×£�<�bØ�[�Ù Ö Ù J O 2 J Î<Ú�Ú � - l � - � ��Ù 2 ��Û � 2 � Ú�ÆuÝ��� �	�%�>� - l � - � � (18)

for - l Ê²" � 8 
����*� ^ ����` where - � q - lÄÞ ��� ��×��'�]ØÖ J O
ß ��Û Ö []�_Û � �
4.3 Model 3

In this case apart from three neutrinos, ten muons are produced in the process then energy carried away by the
muon is

Ð -Õ+ �*��� Then muon flux looks like

(.)�+@(*- l q§��� W¶
m� 2 ��×��'�bØ�[�Ù Ö ��Ù J O 2 J Ï�Ú�Ú � - l � - � �bÙ 2 �bÛ Ü Ö 2 � Ú�ÆuÝ��� �	�.��� -�l � - � � (19)

for - l Ç²" � 8 
����*� ^ ��� and

(.),+�(.-�l qÌW	WÄ
!� 2 ��×��'�]Ø][�Ù Ö ��Ù J O 2 J Ï�ÚzÚ � - l � - � �bÙ 2 �_Û � 2 � Ú�Æuv��� �*�.�>� - l � - � � (20)

for -�l�Ê²" � 8 
����*��` where - � q -�l Þ ��� ��×£�<�bØÖ � J Oàß ��Û Ö []��Û � �
For all cases fluxes are plotted in fig. 5.

5. Event Rate

Number of integral events in ICAL detectors can be expressed as-Cá � i f<x�â.f'�Hq#ã�äJ4å�æ a�� � - ` Q � � (*)(*- l 
mç,
 w 
��o
mfÓ`
(21)

where
ç

is the density of the material, A is the area of the detector, T is the thickness of the detector and t is the
exposure time. For INO ICAL detectors, we have taken

w qª��� " 
���� ·�µ�T �	` w qo� 8 � " 
���� ·bµ�T �	`_�1qo� 8 ��� µ�T
and

çÄq#�>� W%��´ +�µ�T ��è4é�x@ê�f'��� h � This all amounts to 100 Kton ICAL detector.
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Figure 6. Number of events vs. muon energy for 100 KTon Ical detectors in 3 years of exposure time for flux model 1(solid
line), model 2(dotted line) and model 3(dashed line). Here effect from surrounding rock is not taken into account.
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Figure 7. Number of events vs. muon energy for 100 KTon Ical detectors in 3 years of exposure time for flux model 1(solid
line), model 2(dotted line) and model 3(dashed line). Here effect from surrounding rock is taken into account. Width of
rock is taken to be ëCìÒ}b��í]î*E�ï]ðÄñ�¯
6. Discussion

Results of the event rate calculations for all three models are given in Fig. 6 and Fig. 7. We also tabulate our
results in Table. 2 and 3. We can observe clearly thousand events for model 2 and hundred events for model 3
in three years of exposure time of the ICAL detectors. With the conventional flux (model 1) one can observe
few hundred events in 3 years of exposure time of the ICAL detectors.
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