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2 Chapter 1. A New Generation of Research Facilities

Considering the above arguments and given that a new collider at CERN has to match the
existing LEP tunnel, the LHC was designed. It is planned to be operational in the year
2005. The LHC will be a p-p collider with a centre-of-mass energy

√
s of 2 × 7 = 14 TeV

and a design luminosity of L = 1034 cm−2s−1. Apart from accelerating protons, it will be
possible to use the LHC with Pb-Pb ions at a centre-of-mass energy in the PeV range. The
LHC will consist of two separate beam lines (with counter-rotating beams) which will be
installed in the existing LEP tunnel and will be filled with 0.45TeV protons delivered from
the Super Proton Synchrotron (SPS) and its pre-accelerators (see Figure 1.1).

*
*electrons

positrons
protons
antiprotons
Pb ions

LEP: Large Electron Positron collider
SPS: Super Proton Synchrotron
AAC: Antiproton Accumulator Complex
ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster
PS: Proton Synchrotron

LPI: Lep Pre-Injector
EPA: Electron Positron Accumulator
LIL: Lep Injector Linac
LINAC: LINear ACcelerator
LEAR: Low Energy Antiproton Ring
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Figure 1.1: Schematic view of the CERN accelerator complex.

The beam line will be occupied with super-conducting NbTi bending magnets, quadrupoles
for the beam optics and accelerating cavities. These magnets will house two separated beam
lines with opposite magnetic fields of 8.4T strength. The 1232 dipole magnets which are
foreseen along the beam line will be ∼ 14.6 m long.

At the interaction points, the bunches will have a transverse radius of 15 µm and the length
of the bunch will be 30 cm. This means that the position of the vertex will have a rather
large spread along the beam direction, the effective spread of the distribution of the vertex
position is expected to be 5.5 cm (r.m.s) along the beam direction.

Õ ÖF×ÙØÚ�ÛbÜ�ØÝ;Þ|ß3ÝKà�Ý;Ûâá�ãDá�à�ä

å�æmç�è�æ�é�æmê�ëhì í î"æ�ï
ð)ç�ë�é�æ�ñ�òôó�õ=æ�öô÷�ø�ù"ñ�ú�æ�÷�ò¨û=øhö�æ�ü ý�þ ÿ�ÿ{î
å���é�óÔú'ü�û�ç�ó�ò�é�ë ����þ ���|é�ü
�	��è�
Tæ�êø�ù�
��é�óÔú�æmü ��ý��hý
�çh÷�ò��=ü¡ø@ù"ñ�ú�æ�
��é�óÔú'ç�ñ ñ�ú�æ

ò¨éYñ�æ�êÔç�ó�ñ�ò¨ø�é1û=øhò�éYñ �����zè
å���é�óÔú.ö¨æ�é�ë�ñ�ú íDþí�ó�è
�	��è�
Tæ�êø�ù�û�ç�ê�ñ�ò¨ó�ö�ærò¨é1ç�
���é�óÔú ���������������
� ��èjò¨é�øYü�ò�ñBì �!��"$# ó�è&%('mü)%*�
+ ê�øhü�ü�ò¨é�ë{ç@é�ëhö�æ ÿ����,�zê�çh÷
+ ò¨ê�ó)��ö¨ç@ñ�ò¨é�ësó-��ê�ê�æ�éYñ ��þ ���,.
/oé�æ�ê�ë�ìsö¨øhü�ñû=æmê¡ê�ø���é�÷ í�0�æ�ï
î"ø@ñ�ç�özê�çh÷�òôç�ñ�æ�÷,ûTø�1�æ�ê�ù ø�êç


=æ�ç@è ÿ�þ ý,032

q3RTkK_WJÌ¦�pW¦TE�Ë�L1Í gKiTQSMWg;RT_�wKRTX]RTQ�JhG�JYXmP



46587&9;:=<?>A@CB(DE:A7GFAHJI�5�HK:A@MLONP@Q9MRS9;<T<?7;>VUW7X5Y9;Z;[\<?7;>V>�]=:A@PI)R^>AZ_<`9;Ua9=:A:b9;@P9;<;c?H

dfe8g3hjiWk�lnmpo`qEerd(s�mOtvu`wGxvo�d(y�x{z}|~dfe�g��f������wY�J��y��6���8i��`kPz}��dK�`s�dfz�d(oG�bk�mfwEyA�Qxvt�t`��x�s���u`t�mpz�kQxvo
z}��dKq`x��bk�s!k�o*z���k3mpw�tvx�o`k�yA��dfo z�mfxvo�k�qGxvo�z��`kPy�mfwGkQ��s)|(d(�(k�o`xv�&mfo`qEwEk����6mfo`x��3mft6y)z�s!u`��z�u`s�kp��i?d
mf����k�tvk�s�mpz�k�z���k��`s�dpz�d(o`y?z�d;z��`k�xvo��!k���z�xvd(oKk�o`k�s��f|Xdfe�h �f�M�Mk�lX�pz��`kQ��u`��k�sA��s!dfz�dO� |�o����`s�dfz�s�d(o
  �����`¡Qmfo`qVx�z�y���s�k�¢}mf����k�t�k�s�m�z�d(s!y;mfs!kKu�y�k�q  r£ �fu`s�kGg(�¥¤(¡��,i��`kEg�¤f¦*¤_w§mf�fo`k�z�yQerdfs�k�y!k�k�o¨mftvdfo`�
z��`kE�bk�mfw©t�xvo`kGmfs!kªg3h`� 4 w«t�d(o`�ªmpo`q¬�Qxvt�tA�6m3(k®m^wEmf�(o�k�z�x�� £ k�tvq¬dfeQ¯���¦(¦^iM�Wi��`k®��k3mfwGy
�Qxvtvt���dftvtvx�q`kQ�Qx�z��YmpoVmpo`�(tvk&dfe?¦(�(�~°±s�mfqaz�d�m3fd(xvq®w~u�t�z�x��`tvkP��dftvtvx�y�x�d(o`y��bk�z}��k�k�oYz��`kM�`u�o`���`k�y
o`k3mfs�z��`kMxvo*z�k�s�mp��z�x�d(o§fk�s!z�k�²b��³;y�z���kM�`u`o`���`k�yP�Qx�tvtb�bkO´J�µ´~��w¶tvd(o��_mfo`q®�Qxvt�tb�`m�fkjm�s�mfq`x�u`y
dfeQg 4 °±w·mpz&z��`k~��s�d(y!y�x�o`�®�bdfxvo*z3��z��`k~y!�`s�k�mfq¨dfe�z��`k_�bdfy�x�z�xvd(o¸dfeAz���k~xvo*z�k�s�mf��z�x�d(oVfk�s!z�k�²¹x�y
k�²��bk���z�k�qVz�dE��kj��� 4 ��w   s���w¸�ºy�¡�mft�d(o`�~z���kj��k3mpw»tvx�o`kf�

i���kX¼	mfs!�(kO½;mfq�s�d(o^¾�d(tvt�xvq`k�s,�Qx�tvt�dp��k�s�yPmGtvmfs��fk=s�mfo��(kOdfe���� |Jy!xv��yPd(�`��d(s)z�u`o`x{z�x�k�y��
i���kKwGd(y!zPx�wE��d(s!z�mfo*z�xvy!y�u`kjxvy�z��`kj¿Ju�k�y!zPerd(s�z���kKd(s!xv�(x�oadfe?z��`kjy���d(o*z�mfo�k�d(u`yPy!|JwGwEk�z�s)|

�`s�k�mfÀ xvo`�jwEk����6mfo`x�y�wÁxvo�z���k&k�tvk���z�s!d�,k3mpÀGy!k���z�d(s,dfe�z��`k=� z�mfo`q`mfs�qaÂVd�q�k�t   �`Âª¡�� ³Ã��d(y�y!xv�`t�k
w§mfo�x�erk�y)z�mpz�xvd(oYdfe�z��`kKy���d(o*z�mfo`k�d(u`y=y)|JwEwGk�z�s!|Y�`s!k3mfÀ xvo��awEk����6mfo`x�y�wÄxvyQz���kKk�²�x�y!z�k�o`��k_dfeAm
½&xv�f�(y8��d(y�d(o�d(s�dfebmMe$mpwEx�t�|Odfeb½&x��(�(y8�`mfs!z�xv��t�k�y8x�o~z��`kQ��mfy�k�dfe�z��`kQwEx�o`xvwEmft*y�u��bk�s�y!|JwGwEk�z�s!xv�
k�²Jz�k�o`y�x�d(oVdpe?z��`kK�Jz�mfo�q6mfs�q^ÂVdJq`k�tÅ�

i���kGy!k3mfs!���¬dfe,y�u��bk�s�y!|JwGwEk�z�s!xv�_�6mfs)z�x���tvk�yOmfyMdfe�mfo*|¨dfz��`k�sMy!xv�(o6mpt8dfe,o`k��S�`�*|�y!xv��y   erd(s
k�²�mfwG�`tvkp�fo`k��Æ��k3m3 |X�*mpu`�(k���d(y!d(o`y�u��~z�dM��¢ 4 iWk�lM¡?xvy?mfo`dpz��`k�s�s�k�tvk�fmpo z��6mfs)z8dfe`z��`k��`�*|Jy�x���y
�`s�d(�fs�mfw¸�

³&tvs!k3mfq�|Çmpz®x�o`x�z�x�mft�t�d���k�satvu`wGxvo�d(y�x{z}|Èz��`k¹¼	½=¾É�Qx�tvtP�bk¨mÊ��xv�(�Ës�mpz�k^�Ìmfo`qCza¿ u6mfs!À
e$mf��z�d(s!|f��i��`kX��s�d(y!y&y!k���z�xvdfoVerd(sPÍ�ÎÍM�6mfxvs!yQ�`s�dJq`u`��z�xvdfoVx�y&k�²���k���z�k�q^z�dE�bkK���¥��w~���bmp�bd(u�zKg�Ï
dfe8z���kKz�dpz�mftÐ��s�d(y!y=y�k���z�x�d(o±�Qi��`x�y&wGk3mfo�y;mf��d(u�z=��Ñ�g�� �$� k�(k�o z�yM�bk�sP|fk3mfs;mpz;m§tvu`wGxvo�d(y�x{z}|adfe
g�� �}� ��w �J� y �6� �A³Ò�Qx�q`kO�`s�df�(s�mfw¶dfe�ÓA¢}�`�*|Jy�x���yPy!z�u�q`xvk�yP��mfoYz�� u`yP�bkO��k�s!erdfs�wGk�q¸xvo`��tvu`q`x�o`��m
�`s�k���xvy!k_wEk�mfy�u�s�k�wGk�o*zOdfe�¾��Ì�x�d(t�m�z�xvdfoªmfo`qªz��`k_q`k�z�k�s!wEx�o6mpz�xvd(oªdpe�z��`k~�6mps�mfwGk�z�k�s�yMdpe�z��`k
¾�ÔKÂ wEmpz�s�x{²b�¸i��`kªg��fÕXÖ ÎÖO�6mfxvs!yXq`k�tvx{(k�s!k�qÈ��k�sj|(k3mpsX�Qx�z��Èm^tvu�wEx�o`d(y�x{z}|¨dfeOg�� �}� ��w �J� y �6�
�Qxvtvt	mptvtvd��\m§�`s�k���x�y�kKz�d(�ª¿ u6mfs!ÀYw§mfy!y;wGk3mfy!u`s�k�wEk�o*z=xvoVq`x��bk�s!k�o*z=���`mfo`o`k�tvy=mpo`q^z���kXy�k�mfs����
erd(s�s�mfs!kMq`k���m3|�y��

��s!dfz�d(oJ¢   mpo z�x×¡-�`s�dfz�d(o¨��s!d(y�yOy!k���z�xvd(o�yOerdfs=y�k�(k�s�mftA�`s�dJ��k�y�y!k�y~mps�k_y���d�QoØxvo £ �fu`s�k®g(��¦Ymfy
mVeru`o`��z�xvdfoÊdfe�z���k®��k�o*z�k�s_dfeQwEmfy�yKk�o`k�s��f|CÙ�´Ú��ª³�zXz��`k®¼	½;¾Ák�o`k�s!�f|(��o`dfoÈq`x��bs�mf��z�x{(kKÛ�¢�Û
xvo`k�t�mfy)z�xv�M��s�d(y!y&y!k���z�xvdfoVx�y&mpy�y�u�wEk�qVz�dG��k~´f��w~�±�,i��`xvyQwGk3mfo�y&mpoªm3(k�s�mf�(kjdfe�¤f�G��d(tvt�xvy!xvd(o`y
erd(s��`u`o`���V��s!d(y�y!xvo`�GmpzQz���kjq�k�y�x��(oYtvu`wGxvo�d(y�x{z}|(�

i���k&tvmfs��(k�y!zAers�mp��z�x�d(o�dfe�z��`k�y�k;��d(tvt�xvy!xvd(o`y�mfs�kPo`d(oGxvo*z�k�s�k�y!z�xvo`�jxvo`k�t�mfy)z�x�����d(t�tvx�y�xvdfo`y   z��`kQy�d
�3mft�tvk�q¸Ü®Ý�ÞbÝ�Ü®ß�ÜàÍ�Ý�áJâ�k�(k�o z�y�¡;���6mps�mf��z�k�s!xvã�k�q¨�*|Vm§y�wEmftvt	m3fk�s�mp�(kXz�s�mfo`y)(k�s!y�k_wGd(wGk�o*z�u`w
dfe�z��`k���s�dJq`u`��k�qE�`mfs!z�xv��t�k�y  )ä Û�å^æ&çÃ�p�(�OÂVk�lM¡�� è=o~z��`k�dfz���k�s��6mfo�q±�*�`s�dJ��k�y�y!k�yAdfe�xvo*z�k�s�k�y!z
�6m3(kQm;y!w§mft�tvk�sW��s�d(y!y�y�k���z�x�d(o±é(erd(s?k�²�mfwG�`tvk�z��`k���s�dfy�y�y�k���z�xvd(oXerdfs8½&x��(�(y?�`s�dJq`u`��z�xvdfo~xvy�mf�bdfu�z
g��M�`�±��i��`x�y��fx�(k�y�mj�`x�o*zAd(oGz��`kQxvwG�bdfs!z�mpo`��k�erd(s8z��`kPk�²��bk�s�x�wEk�o z�y�z��6mpzA�Qx�tvt�df�bk�s�mpz�k&m�z�z��`k
¼W½;¾Tdfe`mfoXmpq`k�¿ u6mpz�k,q�k�z�k���z�d(s��(s�mfo u`t�mps�x�z}|&z�d&m3(d(x�qPÛ6Ý�êrë�¢}ß*Û~mpo`qXdfe`mQfk�s)|K��xv�(�O�6mf��À �(s!d(u`o`q
s�k-�!k���z�xvd(oY�3mp�6mf�`x�tvx�z}|EdfeWz��`kMz�s�xv�f�(k�s�y)|Jy!z�k�wV�



ì(íµîJíÇïPð�ñKñPò®óMôQò±ô�õöò�÷Aø;ùMú8ï û

0.1 1 10
10-7

10-5

10-3

10-1

101

103

105

107

109

10-6

10-4

10-2

100

102

104

10

106

8

σjet(ET
jet > √s/4)

LHCTevatron

σt

σHiggs(MH = 500 GeV)

σZ

σjet(ET
jet > 100 GeV)

σHiggs(MH = 150 GeV)

σW

σjet(ET
jet > √s/20)

σb

σtot

proton - (anti)proton cross sections

σ 
 (n

b)

√s   (TeV)
ev

en
ts

/s
ec

  f
or

  L
 =

 1
0

34
 c

m
-2  s

-1
 

ü�ývþfÿ��������	��
����������������������ý��������������! "����#$#%#��& '��ý(����#*)+���,#��"-��
�&����./�����0 &�"#�#��"#1��#2�3)rÿ��� '��ý4�����)5��6��7 "�&�����"�8��)59��#$#8�"���&�!þ�:
; û=< �

>@?BA CED&F@FHGJI!KHGLKHM GLNPORQTSVU

WX�%Y6þ(ÿ��$�Z���\[P��6��]�'^��_�& "���&`a &����#�#��b#��" "��ý(����#�)+�����&�� B6�ý4��``ýc-Jý4``ÿd��.����$�� "�&#�#�)+����e�fhg&ývþfþ�#�ij��#����
�����0``ÿ� '��ý(���k�l�]��6��,mngPop�����3#�6��rq1�k��#7�*)rÿ��� "��ý(���s��)t��6��,g&ývþfþ�#]9��#�#vu!w ;yx < �{z]6��,g&ý�þ(þ�#
ij��#����Eý4#T�����0``ÿ� "�&`9a�fý(��.(:,-�ý4�jþ�.vÿ����0�}þ�.�ÿ����%)rÿ�#�ý(���@qQý(��6�Z "����#$#8#$�& "��ý4���a.|���!þ��&����6d���k�~}Z��i
)+���,u!wÒÿ�������[�}�}k���"�R��z]6��#��" &����`�`���9Gý4�d�����Z���$��`�ÿ� "��ý4���������0 &�"#�#Z)+���,u!wv�3�r}�}����"�
ý4#���6��R-��& '�����Pi_��#$����)rÿ�#�ý(����������ü��'�_z]6��@��#�#$�� �ý|�����&`������0``ÿ� "��ý4������)Ve�fEgPývþ(þ�#�qQý(��6k����6��&�
6��~�~-�:��d������ý( &.4�"#Z�����/�,������8�d�fý(��#B��ý(#]���".4�"-������])+����u�wv�v��}�}H���"�*�

z]6���g&ý�þ(þ�#Zi������� B6`ý4��þ�������ý4��#Z����`!��������.�qQý4`���6����$�#�6��=q1�Èý(��Y`þ(ÿ����k�����s����`����	����#*�
)rÿ��� '��ý4���k��)���6��*gPývþ(þ�#�9a��#$# ;�� < ��z]6��R`��" ~�~:0#Mÿ�#��')rÿ�.�)+���7gPývþ(þ�#1`��'���" "��ý(���ªý(��``ýc���"���"����u!w
������þ��&#L�����{��6���#��8qQýc��6R.4����þ��Ti������� B6�ý4�`þv������ý4�v����`*`��'���" "��ý(���R�' H �ý4�"�� ":R����`R.4�rq�id�� B¡Jþ����(ÿ���`
 &��������9Eý(�d����ý4���5�tz]6��39��#�#]�����`þ��Oþ��0�&#2)+����9¢��6���.4�rq8�"�].vý(9Eýc�8��)V���~[H���"�£#$�"��i�:�mn¤{�V� ; � <
����`���6��Oÿ����j�"��.�ý49Gý(�V��)V�Zz��"�¥���"¦ ÿ`ý4�$�&`�)+���2��6��3#��B��i`ý(.výc�X:��)���6��3��6��&���$:��



§d¨�©vª7«P¬t{®°¯�±a«{©H²{³0´'¨�³,«{®�µ3¶�®1ª�·¸ª7¬�¬t©7�¹�©R¨�ª7º7»¼¬t©7��½P«{®�´�·k{º%¬�ª7¹�ªP«{«jª7®�ª7¬7¾t³

¿LÀ4Á�Â�Ã�ÄÆÅ�ÇyÈ�É3ÊvÀ(Á�Á�Ë�Ì_Í�Ë�Í�Î�Ï�Ã$Í�Ð�Â�Ñ"Ò�À4Í�ÎÓÑ&Ã$Í�Ë�ËÕÔXË$Ä&Ñ"Ò�À4Í�Î�Ö�Ò�Ò�×�ÄØnÊ7Ù£Ú+Í�ÃPÒ�×�Ä%Û�Ö�Ã�À4Í�Â�Ë�Ï�Ã�Í0Ñ&Ä"Ë�Ë
Ö�Ë*Ö�Ú+Â�Î�Ñ"Ò�À4Í�Î�Í�Ú2Ò�×�Ä�Ê�À4Á�Á�ËZÜaÖ�Ë�ËRÝ!ÞvÇ�ß]×�ÄÐ�À|Ö�Á�Ã�Ö�ÜàÍ�Ú2Ò�×�ÄHÒXá8ÍkÐ�Í�ÜHÀ4ÎdÖ�Ò�À4Î�Á�Ï�Ã$Í�Ñ"Ä&Ë$Ë�Ä&Ë
â Á�ã(Â�Í�Î�ÔbÁ�ã4Â�Í�ÎÚ+Â�Ë�À(Í�ÎsÖ�Î�Ð�Û�Ä"Ñ"Ò�Í�Ã�Ì_Í�Ë$Í�ÎsÚ+Â�Ë�À4Í�Î/ä2Ö�Ã�Ä3Ë$×�Írá1Î�Í�Î�Ò�×�ÄZÃ$À4Á�×�Ò&Ç

ß]×�Ä,Ë�Ò�Ã�ÖlÒ�Ä&Á�å�Ö�Ð�Í�Ï�Ò�Ä&Ð�Ú+Í�Ã2Ò�×�ÄZÊvÀ4Á�Á�Ë]Ë�Ä&Ö�Ã�ÑB×�Ä"ËvÐ�Ä&Ï_Ä&Î�Ð�ËvÍ�Î�Ý!Þ£æçÅ=èlé�É

ê ØëÍ=áìÜÖ�Ë�Ë{Ã�Ä"Á�À4Í�Î â Ý�Þ�í3Årî�ïZð�Ä"ñ�ä'Ç0òôó�õBöõ8×dÖ�ËTÖ3Ì�Ã�Ö�Î�ÑB×�À4Î�Á,Ã�Ö�Ò�À(ÍZÑ"ã4Í�Ë$Ä]Ò�ÍHÅ�Ì�Â�ÒVÒ�×�Ä
Ë�À(Á�ÎdÖ�ã�Ò�Í�ÌdÖ�ÑB÷�Á�Ã$Í�Â�Î�Ð�Ã�Ö�Ò�À4Í�Ð�Â�Ä@Ò�Í�øZÙ2ùúÌdÖ�ÑB÷�Á�Ã$Í�Â�Î�Ð�À4Ë�Ë$ÜÖ�ã4ã4Ä"ÃvÒ�×dÖ�ÎûÅrï0ü0ý~Ç*ß]×�À4Ë
Ð�Ä&Ñ&Ö~å�ÜaÍ0Ð�Ä3ÜÖ~åÆÌ_Ä3Â�Ë�Ä"Ð�À4ÎÆÒ�×�ÄRÖ�Ë�Ë�Í0Ñ&À4Ö�Ò�Ä"Ð�Ï�Ã�Í0Ð�Â�Ñ"Ò�À4Í�Î�Í�ÚtÒ�×�ÄZÊ�À4Á�Á�Ë]á1ÀcÒ�×�Öþ�ÿ/Ö
�pÍ�ÃVÖ�� ö�TÏdÖ�À(Ã���À4ÎÒ�×�Ä&Ë$ÄPÑ~Ö�Ë�Ä&ËVÒ�×�ÄP×�À4Á�×����sã4Ä"Ï�Ò�Í�Î�ËVÚ+Ã�Í�Ü Á�Ö�Â�Á�ÄvÌjÍ�Ë$Í�Î�ËVÍ�ÃVÒ�Í�Ï�Ð�Ä"Ñ~Ö~å
Ñ~Ö�ÎsÌ_Ä�Â�Ë�Ä"Ð�Ò�Í@Ë$Ä&ã4Ä"Ñ"Ò1Ò�×�ÄZÄ'Û�Ä"Î�Ò�Ë&Ç
ß]×�Ä%òôó
	�	�ÑB×dÖ�Î�Î�Ä&ãt×dÖ�Ë�ÖË$ÜÖ�ã4ãnÌ�Ã�Ö�Î�ÑB×�À4Î�Á�Ã�Ö�Ò�À4Í â Ö�Ì_Í�Â�ÒRÅrï ü� ä1Ì�Â�ÒPÒ�×�ÄRÄ���Ï_Ä&Ñ'Ò�Ä"Ð
Ë�À(Á�ÎdÖ�ã�Ò�Í@ÌdÖ�ÑB÷�Á�Ã�Í�Â�Î�ÐkÃ�Ö�Ò�À(Í%Í�ÚVÅrï ü� ÜÖ�÷�Ä&Ë]Ò�×�À4Ë1ÑB×dÖ�Î�Î�Ä&ãnÀ4Î�Ò�Ä&Ã�Ä"Ë$Ò�À4Î�Á�Ç

0 200 400 600 800 1000
.0001

.001

.01

.1

1

10

100
p + p     H + X s = 14 TeV

mt   = 174 GeV

g g      t t H
q q      W H

q q      Z H

M    (GeV)

g g      H

q q      q q H

(p
 b

)
σ

H

106

105

104

103

102

E
ve

nt
s 

fo
r  

10
5  p

b–1

CTEQ2L

E
ve

nt
s 

fo
r 1

0 
  p

b
5

-1

����� ����� ����� ����� ����� �����

�����

��� −�

��� − �
��� − 

��� −!
��� −"

γ γ

# $%
&'( )
&*
+ %,) -

.0/21�1436587�393;:=<?>A@�B

τ+τ−

CDC EFE

GH�H

GI�I

JKJG

¿LÀ4Á�Â�Ã�Ä3Å�ÇML�É�Ê�À4Á�Á�ËTÌ�Ã�Ö�Î�ÑB×�À(Î�ÁRÃ�Ö�Ò�À(Í�Ë8Ö�Ë8Ö3Ú+Â�Î�Ñ'Ô
Ò�À4Í�ÎÆÍ�Ú�Ý�ÞvÇ

¿LÀ(Á�Â�Ã�Ä%Å�ÇMN�ÉTß�Í�ÒBÖ�ãnÊ�À4Á�Á�Ë1á1À(Ð�Ò�×POnÞ°Ö�Ë
Ö*Ú+Â�Î�Ñ'Ò�À4Í�ÎsÍ�Ú�Ý!Þ�Ç



Q6RTSRVUXW8Y[Z]\^U8_a`b`cZ;de\gfihjYlkm\gd8fihXnDZ]Uok;p;qsr^fit�t^UvuxwyUzw{p|f�p}der;Zj`bU�U~` �

���4�������K�����~�����������������K���6���6�j�����6�b���i �¡^¢¤£y¡;¥�¢¤¦¨§�©«ª{¬~�����6���®l��¯°����±9²~³°´�¬0���~�~��³��
�����Pµb¶j·m·�¸T¹4º»¶½¼6¾;���~�
µ¿¶jÀÁÀÂ¸Ã¹4ºÄ¶V¾ÄÅ�¾ÄÅÆ©Çª{¬~�o³�������6���F���K�È�K��ÉÊ²~�������Ç���«�K���~²~´��
��¬���Ë~��´�ÌÊ�6�K�6²��~�z©

�
Í^�Î�6¬j�����K�������6�Î�6�s�A¢Ï£gÐ^¥6¢¤¦Æ§i©sª{¬~�«�~�Î�K´���Ñ�����ÒV�K¬~�6²�³��jËl�¿�?����Òj���½�K¬~�¿´�¬0�����~��³
µ¿¶j·m·;¶½¼�¾4©Xª{¬~���K�6²~��´����^��±eË0��´�ÌÊ�6���6²~�~�o±9�6�Ó��¬����{~���Ô´����K�^�����x�Õ���Î�~³ÎÒ��4¯Ö�~×
Ø�ÙØ ¶jÀ|Ú�Û�À ÙÚ�¶V¾ÄÅ~Ûx¾ÄÅzÙÜ?Ûx¾ÄÅ~Ûx¾ÄÅ�Ü ���~� ·^Ú ÙÚ�¶V¾9¾9¾»ÅÔÜ�¾ÄÅ¨ÙÜ
Ë~²�����¬��������6�0��³a´?���ÏËÆ�F�~�i����´i�����Ý�K��É²����K�Î�~�P���Ï¬����6¬Þ����Ñ����K���������Õ���K��±9�6�x�4¯°�P³���Ô���6�
0���Î�K��©
ß �6�àÑ�����ÒF³����K���Ó�Õ���K�K���^�A¢¤£gÐ;á��6�����i �§e�K¬~�y~�K��~²~´i��������´��K�6���[�K��´i���Î�6�F�~��´��K�?���K���Ö���~�
��¬���´�¬0���~����³���µb¶j·m·m¶V¾9¾ÄÅ~Åb���~�«µ¿¶jÀÁÀÁ¶V¾ÄÅ~¥�âÊã Ø�ä ¬0�?Ñ6���K��ËÆ�®²��K���¿�K�����~´��K�����K�
��¬����������K��������´���©

ª{¬~�x���������Î���K��´?��³Æ�����6�~�æå0´?���~´��F�9�~��å~�~���o���{ç�èéÊê ç�ë[ì¯y¬~������çíè����~�Èç�ëÞ���K�;�K¬~�x�Ê²~��Ël���Ó��±
�K�Î�6�0��³à���~�«Ë0��´�ÌÊ�6���6²~�~�Þ��Ñ���������§��Î�m�K¬~��¯y�Þ���bå0��²~�K�v�6©Mî������Õ±9²~��´����Î�6�¿��±]��¬~�FÍg���6���m�Õ���K�
±9�6�Ó��¬������ÎïÆ���K�����^����´?�?ÒÈ���Ô������©

ß ����²~�K�y�6©MîÔ×8ð�������Î�����Î´?��³������6���Îå0´����~´��[±9�6�ñ��¬��
�~����´���Ñ6����Òc��±]��ð~òóÍg���6���;Ël�6�K�6�c���c���ÎïÆ����ô
�����g´�¬0���~����³��íõÃ�öîö÷»©

ß �Î�6²~�����6©=ø�×]á�ùÞ´��6������²~�K�y���v�K¬~��¢Ïúñé Ø�û�üÆý
~³����~�m±9�6�Ó�K¬~��òbð~ð~òþÍ^�Î�6�6��õÃ�6��÷»©

ÿ���� �����
	������� � 	�������� ������������� 	! �#"�$ %&� '�'( )
*(+*(" � "
��,�	 - ���.-

� ±°��²~l���K��Ò�������K�K��´F0�������Î´�³Î���m�0/��Î����ìD�K¬~��Òc¯y��³�³eËÆ�F~���Ô��²~´����¤�����Þ��������´��K���Ý� �x��¬~�(1DÍ�2|���
�Þ�������®�����~���o²���K�Ý¥bª8�� �©[ª{¬~�iÒ ¯y��³Î³°��� �K²~�K���~��´��?Ò ���«��¬~�È³��Î�6¬��������F�K²�Æ���K��Ò�����i������´



35476�8:9�;�<>=�?A@CBD;�8(E�FHGI6�FJ;�?!KMLN?�9�OP9�<Q<>8:=�RS8#6T9�U�VW<>8�=.=�X!;�?�G�O.=�UY<Z9�R[9�;�;\9�?�9�<�]>F

^7_C`badcfehgfikjml�n�oqp#rNstcfeusvcxw�wbau_zyZgfi�_C{Z|}s7_C`b|Zgx~�cx{�a�i `d_Cehadcf{Z��rNcxads}��_zaba�i `h�}��sti�wdi _C`deus}����`
wd�Z^�i `bwb~����(ihad`dcxeJ^Z_C`badcfe gxi w�ads��Zw:wbihadw:w�a�`dcx{Z��ih{�aNgxcf�(cxadw���{��(cfwdwbcf{Z�Yih{Zi `b�C~��(i�_Cwb�Z`dih��ih{�a �

��sti�wbcf�(^ZgfihwbaJwd�Z^�i `bwb~��(��iIa�`dcxe�iI��a�ih{Zwdcx��{
�C��a�sZi���a�_C{Z|7_z`d|����H|Zihg�`di ���Zcx`dihwJa�r���|Z�C�H�
yZgfiIa�w:rNc�a�s��C_ze �Z�Z��iI�H^�i eIau_zadcf��{��z_Cgx�ZiJ����_z{Z|�� ��a��[cx��^tgfi �(i {�aNa�sti��(i eus7_C{tcfwd�¡�C��wd^���{H�
au_C{Zih���ZwNwb~��(��iIa�`�~TyZ`di _C¢�cf{Z�t�

��sti�^Zs�~�wdcxe�_CgS^7_C`�a�cxe gfi!wb^\ihehad`d�Z�¡e �C{�a�_Ccf{twNa�r��D{ti �tad`�_CgSwde _Cg£_z`�y���wb��{Zw�j¥¤�_C{t|�¦�p0§7a�r��
eus7_C`d�Ci |�¨:cx����w©y���wd�C{Zwqjm¦�ª«p©_C{Z|T��{Zi!^twdi �t|Z��wde _Cg£_z`�j�¬!p0����sZi!�D_zwdw��C�Sa�sti!gfcf�Cs�adi w�a�y\�Cwd��{
j¥¤p�|Zi ^�i {t|ZwN��{Ta�sZi!`d_za�cx�#�z�I® ���b¯�°�±�²«³�§7��{[adsZi!a���^T��_CwbwN_C{Z|���{Ta�sZi!��_Cwbwdi wN�C�SadsZi!�Ca�sti `
wd�Z^�i `bwb~����(ihad`dcxe�^7_C`�a�cxe gfihw ��´©a�g£_C`b��iJ°�±�²\³v_C{t|�rNcxa�s�µ[¶¸·£¹z¯ 35ºz»T¼ ih½�§«µT¾�¿ 35À�4T¼ ih½P_C{Z|
a�sZcxw:gxcf�(cxa�`bi |Z�Zehi w�����`�gf�5r�i `�°�±�²\³��:ÁÂ��_(wdcf{t��gfiq¨:cx����w�^7_C`badcfehgfi!rNcfgxg�y�iq���C�Z{Z|.rNc�a�s�_(�D_zwdw
g£_C`b��i `�ads7_C{ 35À�4(¼ ih½#§twd�Z^�i `bwb~����(ihad`dcxeMadsZi �C`dcfihw�rNcfgfg\y\iM`b�Zgfih|��C�ta��

��stiJ^tg£_C{Zi��C�>adsZi�a�r��(��`bi i!^7_C`d_C�(iha�ih`dw�ÃQÄ�_C{Z|T°�±�²«³�§Zcf{[adsZi!`�_z{Z��i 4 ¿:ÃQÄ�¿:Å 4�4�¼ ih½
_C{Z| 4 ¿�°�±�²\³�¿�Å 4 §�e�_C{(y\i�iI�H^Zgx��`dih|(rNc�a�s(wd���(iNwd^�i ehcxÆ7e�|Zi e _�~�eus7_C{Z{Zihgfw�gfcx¢CiN¬!®C¦�Ç}ÈtÈ�_C{Z|
rNcxa�sY�Z�É¨:cx����w�gfcf¢zi�eus7_z{Z{Zi gxw�_Cw�¤ÊC¦�Ç}Ë�Ë.jÌÆ7���Z`bi 3 �ÎÍ�pI����sZi©�(��w�a�^Z`b����cxwdcx{Z�:`bi wb�Zgxadw+a���y�i
a�sZiNeus7_C{t{Zi g7¬�®C¦�Ç}ÈtÈ«��ÁÂa�cfw�`bi ���Zcf`bi |(_���ih`b~������H|YÈ�cx|Zi {�a�c�Æ7e�_ a�cf�C{Ye�_C^7_zyZcfgxcxa�~�_C{Z|(_!���H��|
`di wb��gf�Ha�cf�C{kcx{���cxwdwdcx{Z��i {Zih`d�C~��(i�_zwd�Z`bi �(i {�a�����sZiDwbi gfihehadcf��{��C��a�sZihwdiDiI��ih{�adw�cxwJyZ_Cwdih|
��{
a�sZi�|ZiIa�iheha�cx��{Y�C�a�sti�gfi ^Ha���{Yeh����cx{Z����`b���Ï_�È«Ð�a�sZi��CadsZi `�È�e _C{Y|Zihe�_�~Ycf{�ad�!s7_C|Z`b��{Zw�jÑstcf��sZih`
yZ`�_C{teusZcf{Z�Y`d_za�cx��p��C`�cf{�a��#gxi ^tad��{Zwh���>��`dih|Z�ZehiMadsZi!y7_Ceu¢���`b���Z{Z|���`d�C�ÓÒ�ÒÇÕÔ0ÖÔ�×Ø����gxgf�5r�ih|[y�~
ÔhÇÚÙ�Û °+_C{Z|(ÖÔhÇvÜ�§�_C{�cfwb��g£_ a�i |Ystcf��s�ÒtÝDgfih^ta��C{Þ§�_�ßbiha�rNc�a�s�à�áÝ+â »�4M¼ ih½ã_z{Z|���cxwdwdcx{Z��ih{Zi `b�C~
jmàJä�å¸æmæÝ â:ç 4(¼ ih½Mp©_z`diM`dih���tcf`dih|Þ�

è(é0ê ëíìïîðë ñ
ò�ó#ô õ(ö�÷�øhõTõ�ù õ(úã÷�û�ü ü:ý.þ
ü!ÿ���� ü�ôT÷

��sZi�´���� ´!�
jÑ´Ó�>��`b��cf|Z_Cg���¨�� ´�^Z^Z_C`�_zad��Zp
	 3�À�� e ��gxg£_Cy���`�_ a�cf�C{T^Z`d��^���wbi |�_(��i {Zih`�_CgS^Z�t`��
^\��wbi:i0�H^\ih`dcf�(i {�a�|Zihwdcf�C{Zi |(a��JiI�H^Zgf�Ccxa�a�sZiN���ZgxgZ|Zcfwbe �5��ih`b~(^��Ca�ih{�adc£_Cg7�z�«a�sti��S¨� ���ta�gxcf{Zih|�cf{
a�sZiM^Z`bih��cf���tw�wbi eIa�cf�C{Zw ����sZiM��_Ccf{T����_Cgfw�ads7_zaNs7_��Ciq|Z`bcx�Ci {�a�sZiM|Zihwdcf�C{��z�>adsZiM|Zihadi ehad��`�_C`di��

�}´ e _Cgf�C`dcf�(ihadi `�w�~Hw�a�ih� a�sZ_za�e _C{[cx|Zi {�a�c��Ì~�_C{Z|D��i _Cwd�Z`bi:ihgfiheha�`b��{Zw�_C{Z|[^Zst�Ca���{tw §���i _ �
wd�Z`bi�i {Zih`d�C~k_C{t|Q|Zcx`diheha�cx��{��C��^7_C`�a�cfehgfihwM_C{Z|[ßbiha�wJ_C{t|�ads7_zaJcfw!sti `d�(ihadcfe#����`!�(cfwbwdcx{Z�
i {Zih`d�C~[��i _Cwd�Z`bi �(i {�a�wh�

�}´�{Mcf{t{Zi `Þad`�_Ceu¢�cf{t��w�~�wba�ih�W����` gfih^ta��C{J�(���(i {�a��t� �(i�_Cwb�Z`dih��ih{�a § ���C`ÞyH�����7_z`d¢�a�_C����cx{Z�
_C{Z|T����`�ih{Zs7_C{Zehi |�ihgfiheha�`b��{H�Â^ZsZ�Cad��{�cf|Zih{�adcxÆ7e _za�cx��{Þ�

�}´É�#�Z�C{�wb~�wbadi �&����`#���Z��{�cf|ti {�a�c�Æ7e�_zadcf��{Ú_C{Z|��(����ih{�a��Z� ��i _Cwd�t`di �(i {�aY����`q��i `�~
sZcf�Cs�ih{Zi `b�C~T�#�t��{Zw �

�}´ wdihgfi eIa�c���iMa�`dcx����ih`�a���e �C{t��`d��{�aNa�stiJstcf��s�y7_Ceu¢���`b���Z{Z|.i {���cf`b��{Z�(i {�a��
�}´ g£_C`b��i!��ih����iIa�`bcfe�_zgÞ_Cehe i ^Hau_C{ZehiC�
���:_z|Zc£_zadcf��{D`di wbcfw�au_C{Zehi!a���_Cgfgx� rã��^�i `d_za�cx��{[����`��(��`di�ads7_C{Ta�ih{�~Ci�_C`bw:�z�+|7_ au_Yau_C¢�cf{t�Z�



�����������������! "�#%$'&(���)$*$�+,$(-.��/102043�5�0�687:9;0�#<� =�=

ATLAS

S. C. Air Core
Toroids

S. C. Solenoid

Hadron
Calorimeters

Forward
Calorimeters

Muon
Detectors

Inner
Detector

EM Calorimeters

>@?BA�C"DFE =HGJILKNM(O DFEPERQTS"?VUWEYX"Z[?V\�X"]H^4_`?VEPab\Hced O Egf M�h fijS"EPdFEYkRdl\�D GmM(O E
ZFCLn!S"ERdlEPkPdl\HDFZ1]HX"Sod O E*Ug]HA�X"ERd�Z[p`Z[dFEYUq]HD[E
Z O \ra�X G

stXvu"A�C"DFE =HGJI ]wd O D[EYExQtS"?BUgEPX"ZF?B\�Xy]H^z_{?BEPa|\Hc�d O E*f M�h f�i}S"EPdFEYkRdl\�D(?BZ(Z O \ra�X G i`d~]�D[dl?BX"Awc�DF\HU
d O E1n!EY]HU�^V?BX"EH��d O E1S"ERdlEPkPdl\HD�?VZ�Ug]HS"E8\Hc�]HXm?BX"X"EPD)dFDl]Hk~��EYDekP\�X�d~]H?BX"EYS�?VXm]
ZFC"�zEYD[kY\�XLS"C"kPdF?VX"A
ZF\�^BEYX"\H?VS'd O ]�d�A�EPX"EYDF]�dlEPZ�]
u"EY^VSg\Hc�� M EPZF^�]{�`\�c�]HX�EP^VEPkPdlD[\�Ug]HA�X"ERdl?Vk8]HXLS O ]HSLDF\�X"?Bk�k�]H^B\�DF?BUgExQ
dlEPD�]HX"S<\Hcyd O E�UwCL\�XwZF�zEYkRdlD[\�UgERdlEPD@d O ]�d4kY\HX"ZF?BZ[dlZ@?VXw^V]rpHEYD[Z4\Hc�UwC"\HX<k O ]HUwnzEYD[Z4?VX<]8dl\�D[\�?VSy]�^
]H?VD�QtkP\�DFE8U�]�A�X"EPd G f.A�^B\�ny]H^�D[EPc�EYD[EYX"kPE�Z[p`Z[dFEYU�?BZeS"ERuyX"EPSoa�?�d O d O E�nzE�]�U�^B?VX"E1]HZ(�<]��{?BZ�]HX"S
d O E���]��L?BZ��!\�?BX�dl?VXLA(?VX�d O E�C"�
S"?BDFEYkRdl?B\�X G stX
d O E��"Qt���L^�]HX"E���d O E)��kP\{\�D[S"?VX"]�dlE�?BZ�d O E�S"?BZ[d~]�X"kYE
c�DF\�U�d O E
n!EY]HU�^V?BX"E*]HX"S;��?VZ(d O E�]H�P?VUwC{d O ]H^�]HX"A�^BEW� �L¡1��¡1��¢�£ G)M(O EN�z\�^V]HD�]HX"A�^BE*¤W?BX}d O E
�1Q��w�"^V]HX"E?BZe?BXmd O EDF]HX"A�E�L¡8¤{¡(¢�¥{d O E�"Z[EYC"SL\�Dl]H�L?VS"?�dtp�¦g?VZeSLEPuyX"EPS;]�Z�¦"§w¨8^VX���d~]�X�� ¤H©���£F£ G

stXªd O E}c�\�^V^B\ra�?VX"A�kY]HX«n!E}c�\�CLX"Sª]¬n"D[?VERc1SLEYkYZ[DF?B�Ldl?B\�X«\Hc1d O EostX"X"EPDgERdlEPkPdl\HDg]�X"S«\Hc1d O A�E
® ]H^V\HDF?VUWEPdFEYD�Z:p`Z[dlEPU G

M(O E�¯°C"\�X;i{�zEYkPdFDF\�UWEPdFEYD(a�?V^B^±nzE�d O E*ZFCLn`²[EYkRd�\Hc�d O E
XLER�`d�k O ]H�LdlEPD G

³�´�´µ�¶2·�µ�¸Lµ�¹±¸"º)¶
M(O E
?VX"X"EPD(S"EPdFEYkRdl\�DN» =�¼H½�O ]HZ�nzEYEPX°S"EPZF?BA�X"EYSodl\'Ug]�dlk O d O E*c�\H^V^V\ra�?BX"AwDFEP¾�C"?VD[EYUWEYX�dlZ K

¿ M Dl]Hk~��?VXLAgkY]H�y]Hn"?B^V?�dtp�C"�odl\ÁÀ ¦�ÀJ¡�� GÃÂ{G
¿ M Dl]HX"Z:_�EPDFZFENUg\HUgEPX�dFC"U,D[EYZ[\�^VCLdF?V\�X«Ä"ÅxÆÅxÆ ¡1ÇH��È�]�d�É{Ê±§ Â ���WË*ERÌÍ]HX"S«À ¦�ÀÃ¡1�



Î�Ï"Ð4Ñ1Ò�Ó�Ô�Õ)Ö2×HØ�Ó�ÑWÙ�Ú{ÛRÐ�Ú
Ó�Ö�Ü*Ý�Ö8ÒÞbÒ�ÔjÔ�Ñ1Õ�ß�ÑwÐ}Òà�á.Ô�Ñ�Õ°Õ4â�Ó�Ö8Û:Þ°Õ)à<Ô"Ò�ßmÒÓ�Ó!Ò�Ö8Ò�Ô�ã�Ú

ä�å1æBç�è}éPêWëYæBéYì"ëRíjî ï�ðHñWòeó�ô�õ(æBöFô�÷Vø�ùléPúmùlõFøHë~û�ö8ü�æ�ùlè<ýLþ�ÿ1ð��*é��
� ì ô���éPõ��`æVéRü%ôHó(ùlè"égæVì"ìLéYõ�úLéPùléPëPùFô�õ�æBö�ç�æ���éYì æVì
	"ç��"õFé Î��Î����� ùlö�ô��LùléPõ�õlø�ú"æ��"öNæVö���� Î�Î ð
ë�� øHìLú¬æ�ù�æVöø��!ô��Lù���� ÷VôHì"ç �� ù*æBöú"æ��{æBú"éYú æBì�ùlè"õ[éYé��Yô�ìLéYö���æVìÁùFè"é<ëYéPì�ùFõløH÷8î! #"$ &%(' � ë���)
*�+-,.,�/�0 ò�ú"éPùFéYëRùlô�õ[ö<øHõFé21"÷VøHëYéPú æVì¬õFæBì"ç�ö
ëYéPì�ùFéYõ[éYú ô�ì¬ùlè"é3�!éYø�� ÷VæBì"é<ü�è"æV÷BéWæBìjùFè"éWó�ôHõ[üeøHõFú
õFéYçHæVô�ì"ö
î /5476�8�+ ý:9�ò�ùlè"éRívøHõFé*ø�õFõlø�ì"ç�éYúvæVìmü�èLéYéY÷�ô�õ:ùlè"ôHç�ô�ìyøH÷!ùlô<ùlè"é��zé�ø��,÷VæVìLé 

ä<;{é��WæVëPô�ì"ú=�LëPùlôHõ?>�õlø�ë~ûHéYõ�îA@CB�D�ò E� ù�æVöF��ø�ú"é1ô�ó�öFæB÷VæBëYô�ì'ú"éRùléYëRùlô�õ�öFéPç��géPì�ùléYú�æVì21"æ�G{éY÷Bö
î Ï ÷�ø�íHéYõFö8æVì}ùFè"é��yøHõFõ[éY÷�õ[éYç�æBô�ìvøHì"úH''ü�è"éPéY÷Bö1æBìoùFè"é*éYì"ú°ë�ø�1Lö~ò�ô�õ�æVìoö[ùFõFæI1"öNîKJW÷�ø�í�éPõFö
æVì}ùlèLéL�"øHõFõ[éY÷ ò  ;{æBì"ç�÷VéM1!ô�æBì�ù�õFéYö[ô�÷��{ùlæVôHìvæBö Î�NPO � 

äQ>�õFøHì"ö[æBùlæBô�ìHR1øHúLæ�ø�ùFæVô�ì�>�õFøHë~ûHéPõ'îSDT�MD�ò (� ùæBöM�gøHú"é
ôHó�ú"õ[æBó ù8ö[ùFõlø�ü ùU�=�zéYöM	"÷V÷VéPú°ü�æ�ùlè
øWVéYìLô�ì�ç�ø�ö2�Wæ�G`ùX�"õFémü�æ�ùlè�ø ö[æVì"çH÷VéY1zô�æVì�ù'õFéPöFô�÷I�LùlæBô�ì«ôHó Î � �ZO �H�[1!ô�÷�í\1"õFô�1�í`÷VéPì"é
õløHúLæ�ø�ùFô�õFö�øHõFéW1LõFô��`æVú"éPú ùFô ç�éYìLéYõlø�ùlé�ùlõFøHì"ö[æBùlæBô�ì õFøHú"æ�ø�ùlæVôHì�ü�è"æBë~è2ç�æI�HéYöoøHú"úLæBùlæBô�ìyøH÷
éY÷BéYëPùFõFô�ìoæBú"éYì�ùlæ�	yë�ø�ùlæVôHìoø��"æV÷BæBùtí 

] ø�ë~è�ùlõFøHë~û<ü�æBùlè^ _` a% Ïb ð*æBö�õ[éYëPô�ì"ö[ùFõX�"ëRùléPúoü�æ�ùlèdc�1"õ[éYëYæBöFéT1!ô�æBì�ùlö)æVì'ùlè"ée@FBfD øHì"úmø�ùe÷Bé�øHö:ù
N cP1!ô�æBì�ùlö(æVì}ùFè"éfDM�MD 

gihFjlknmporqtsvu�s`mxw
>(è"é � >zy � ; ëYøH÷Vô�õ[æ��WéPùFéYõ�{ Î ð}|~{ Î c�|�èyøHö��zéYéPì ú"éPöFæVçHì"éYú ùlô��géPéPù�ùFè"é'ú"æI�!éYõ[éYì�ù
ú"é��gøHì"ú"ö
ôHó
ùlè"é(y�åe��1"è�í{ö[æVëPö[1"õ[ô�ç�õlø�� ü�è"æB÷Vé(ô�1zéYõFø�ùlæBì"ç�æVìWøf��éYõ:í'è"æVçHèW÷I�=�WæVì"ô�ö[æBùtíNéYì-�`æVõ[ô�ì=�WéYì�ù  >(èLæVö
ö[í`ö[ùFé������"ö:ùT�zé
ë�ø�1yø��"÷Vé�ôHó@õFéPëYô�ì"ö:ùlõ��"ëPùFæVì"çWùlè"é*éYìLéYõFç�íoôHó4éP÷VéYëRùlõ[ô�ì"ö�)p1"èLôHùlô�ìLö1ø�ì"úP�[éRùlö1øHö
üeéP÷V÷�øHö��Wé�øHö��"õFæBì"ç��gæBöFö[æVì"çwùFõløHì"ör��éPõFöFéNéYì"éPõFçHí 

>(èLé�ë�ø�÷Vô�õ[æ��WéPùléPõ(æVö�öFèLô�ü�ì;æVì�	yç��"õ[é Î��Î�Î� � �"øHõFõ[éY÷�ëYõ:í�ô�ö:ù~ø�ùøHõFô��Lì"ú°ùFè"éNæBì"ì"éPõ1ú"éRùléPë��
ùlô�õ�ëYø��`æ�ùtí<ëYô�ì�ùløHæVì"ö4ùFè"éz�yøHõ[õFéY÷yéP÷VéPëPùlõ[ô��gøHç�ì"éRùlæVëeë�øH÷Bô�õFæI�géRùléYõ@øHì"ú<ùlèLé8ö[ô�÷VéPì"ô�æBúyøH÷LëPô�æV÷{ü�è"æVë~è
öX�=1=1L÷VæVéPö�ø��"ì"æ�ó�ô�õX��	yéP÷VújæVìjùFè"éWæVì"ì"éPõ
ùFõløHë~û�æBì"ç���ôH÷��=�Wé  >(è"æBöNëPô�æV÷�æBö�1"÷VøHëYéPú æBìjó�õFôHì�ùNôHó
ùlè"éméP÷VéPëPùlõ[ô��gøHç�ì"éRùlæVëWë�ø�÷Vô�õ[æ��WéPùléPõ  >�ü�ô¬éPì"ú ë�ø�1 ëYõ:í�ô�ö:ù~ø�ùFö<éYì"ëP÷Vô�ö[é�ùlè"é�éY÷VéPëPùFõFô��gøHç�ì"éRùlæBë
øHì"ú;è"øHú"õFôHì"æVë*éYìLú�ë�ø�1°ë�øH÷Bô�õFæI�géRùléPõFö�øHö�üeéP÷V÷�øHö�ùlè"é
æVì�ùFéYç�õFø�ùléPú°ó�ô�õ:ü�øHõ[ú;ëYøH÷Vô�õ[æ��WéPùFéYõ  >(è"é

� æBç��"õFé Î�BÎ5��� y�øríHô��Lù8ôHó�ùlè"é*æBì"ì"éYõ�ú"éRùléPëPùlôHõ



�������Q�M���v�f�$�=�e���������?���z�������� T¡¢¡¤£f¥F¡F¦(§r¨�¡F�P� ©�ª

«E¬I�®=¯X° ©�±I©�©�²C³�´ ¯X°µ°�¶�¬�·2°�¸=¹�¬�º�¸x»�¼$½\¬�°�¾�º�¿ÁÀ ´ °�Â�»�¼�º�¯�¬�·2°µÀX°�¯[¹rÃ\¹�ÀU°µ·

Ä »�¯�¯X°�¼z»�¸=¶�°�Å\ÀU°µ¸=¶=°�¶ Ä »�¯X¯�°�¼ ´ »�¶=¯Xº�¸=¬�ÂYÂ�»�¼�º�¯�¬�·2°µÀX°�¯X¹�»�¯X°YÂµº�¸-À!»�¬I¸=°�¶Æ¬�¸�»�¸Æº�®�ÀX°�¯P¹�®=Ç=Ç:º�¯�À
ÂµÃ\¼�¬I¸=¶=°µ¯�È�»�ÂµÀX¬�¸=H»�¼�¹�º�»�¹�·3»�¬I¸^¹�º�¼�°µ¸=º�¬I¶ÊÉ=®bÅ^¯X°�ÀU®=¯�¸ ±�³�´ °3º�®�ÀU°µ¯�¯U»�¶=¬I®=¹�º�¿[À ´ °2Â5»�¼Iº�¯X¬I·3°ÌË
ÀU°µ¯X¹L¬�¹�Í ±&Î�ª · ±2³�´ °2°�¼�°µÂµÀX¯Xº�·3»��¸=°�ÀU¬IÂPÂ5»�¼Iº�¯X¬I·3°�ÀU°�¯M®=¹X°µ¹�¼I°5»�¶
» Ä ¹�º�¯ Ä °�¯�¹�¬I¸^¼I¬�Ï�®=¬I¶^ÐT¯X�º�¸7Ñ
¬IÀP¬I¹P¬�·2Ç=¼�°µ·3°µ¸-ÀU°�¶Ò¬I¸Æ»�¸ÒÓ�Ô�ÕµÕ�Ö}×�Ø-Ù~Ö}Ú$Ó?�°µº�·2°µÀU¯rÃ ± ÐT¸=�®=¼�»�¯�¯�°�¹Xº�¼�®�ÀX¬�º�¸Ò¬I¹P°�ÅbÇ$°µÂµÀX°�¶QÀXº Ä °
Í-ÛÊÜ7¯U»�¶xÝpÞ ß�àKá�â}ã�ä�¾ ´ ¬�¼I°Y°�¸=°µ¯X�Ã�¯�°�¹Xº�¼�®�ÀX¬�º�¸Ò¾z¬�¼I¼ Ä °ÆåÌæç�è © Û-é�ÝpÞ ßdàêáLâ}ã�äPë © é ±ì³�´ °´ »�¶=¯�º�¸=¬IÂ�Â5»�¼Iº�¯X¬I·3°�ÀU°µ¯L¬I¸iÀ ´ ° Ä »�¯X¯�°�¼n¯X°��¬�º�¸i®�¹X°�¹�¬I¯Xº�¸Ò» Ä ¹Xº�¯ Ä °µ¯X¹�¾z¬�À ´ ¹�Â�¬�¸-ÀX¬�¼�¼�»�ÀUº�¯LÇ�¼í»�ÀX°�¹
¹�ÀU»���°µ¯X°�¶�¬I¸YÇ=¼í»�¸�°�¹�Ç:°�¯XÇ:°�¸�¶=¬�Âµ®=¼í»�¯nÀUº�À ´ ° Ä °5»�·î».Åb¬�¹ ± ÐïÀz¼í»�¯��°�¯n¯U»�Ç�¬�¶=¬�ÀU¬�°µ¹�È�¾ ´ °�¯�° ´ ¬� ´ °�¯
¯U»�¶�¬í»�ÀX¬�º�¸Z¯�°�¹X¬I¹�ÀU»�¸=Â�°2¬�¹�¯�°�Ï�®=¬�¯�°�¶7È`À ´ °3»�¶=¯Xº�¸�¬�Â�Â5»�¼Iº�¯X¬I·3°�ÀU°µ¯e¬�¹ Ä »�¹X°�¶
º�¸ÊÀ ´ °2®=¹X°2º�¿n¼�¬IÏ\®�¬�¶
ÐM¯��º�¸ ±e³�´ °�°�ÅbÇ:°�ÂµÀX°�¶ÊÂ�º�· Ä ¬�¸�°�¶W°µ¸=°�¯��ÃW¯�°�¹Xº�¼�®�ÀX¬�º�¸H¬�¹dåÌæç è�ð Û-é�ÝpÞ ßdàêáLâ}ã�äeë ª éñ¬�¸�À ´ °
Ä »�¯�¯X°�¼`»�¸=¶QåÌæç è © Û�Û-é�ÝpÞ ß�àKá�â}ã�äzë © Û-ét¬�¸YÀ ´ °�°µ¸=¶�Â�»�Ç=¹ ±

ÐïÀzò è Û�È�À ´ °fÀUº�ÀU»�¼óÀ ´ ¬�Â!ô�¸=°�¹�¹Mº�¿ÁÀ ´ °LÂ�»�¼�º�¯X¬�·2°µÀX°�¯�¹ï¬�¹z» Ä º�®�À ©�© ¬I¸-ÀU°�¯X»�ÂµÀX¬�º�¸�¼I°�¸=�À ´ ¹ ±



õ5öp÷¤øTùMúMû�ü?ý¢þ�ÿdúFø�������÷��LúFý��	�zý(ù�
 ùMû
û�øTü�`ø�÷Yù�����û�øMüHü��fúFý���
Hü��Pû=ù���ùeúFú$ùMý(ùMû����



� � ��� ���! "

# � � $ # % $ & ' (*) &+� �-,.�/ 0(*1 �2���! 

3�46587:9<;=7?>@9BAC5EDGFIHJ9K;=9MLONJ>@;=9MP�9M4QFIR�FSHUTVF�HUTW7E9YXJ;=>Z7E9M4[FIHJ9KXJ9<RS>Z\:465EDGFIHJ9K3�]K^_3�`aPaNJ5E4�R=bc9<dBe
FI;=5:Pf9BFI9<;hgji8kVlm>ZR�bJ;S9<RS9<4OFS9MXn>Z4oFSHJ96pU;SR�FqbUTV;=Fr5ED�FIHJ9�dsHUTEbtFS9M;<uhvwF	Dx5:y@yZ58AKR	TzXJ9<RSd<;S>@b�FI>@5E4�5ED
FIHJ9rTEbtbUTE;IT{FINJR�TE4JXz5ED|FIHJ9�FS;S>@\E\:9M;}R�~?R=FI9<P�u

3. The ATLAS Experiment at the Large Hadron Collider 39

trons and photons. For the jet reconstruction, the calorimeters have to be sensitive
for the direction of the absorbed particles.

The electromagnetic calorimeter is a lead liquid-argon sampling calorimeter. The
lead plates have accordion geometry providing at the same time fast and low-noise
signal readout and high homogeneity. In the pseudorapidity range |η| < 1.8, the
barrel electromagnetic calorimeter is preceded by a presampling detector used to
correct for the energy loss in the inner detector including the solenoidal magnet.

The barrel hadron tile calorimeter has a shape of a cylinder which is divided into
a central barrel part and two extended barrel parts. It consists of plastic scintillator
tiles embedded between iron absorber plates.

At larger pseudorapidities, where a higher radiation resistance is needed, the radi-
ation hard liquid-argon technology is used for the endcap calorimeters. The hadron
endcap calorimeter uses parallel plates as absorber material. The very forward
calorimeter uses rod-shaped electrodes in a tungsten matrix with thin cylindrical
liquid argon gaps.

The energy resolution of the calorimeter system is 50%/
√
E for jets and about

10%/
√
E for electrons and photons with energy E.

3.2.4 Muon Spectrometer

Thin Gap ChambersCathode Strip Chambers

Muon Drift Tube chambers

Inner Detector

Resistive Plate Chambers

Fig. 3.7: The ATLAS muon spectrometer with its four chamber technologies. The inner
detector is shown for the comparison. An opening in the central region at η = 0
serves for the passage of cables and services for inner detector and calorimeters.
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Fig. 3.9: The sagitta S of the circular trajectory with curvature radius ρ through the
points A,D,B is defined as the shortest distance C̄D from this trajectory to the
the middle point C on the line connecting A and B.

track position measurement is performed in bending plane of the toroidal magnetic
field. This means measuring with high precision the z coordinate of the track points
in the barrel and the r coordinate in the x− y plane in the end-caps.

µ

Fig. 3.10: Display of a muon trajectory traversing the inner detector, the calorimeters
and the three barrel chamber stations of the muon spectrometer.
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ß�È=Ð{Ò{È=Ö�Ý�Ù§Ë{Ì/È`Þ+ØRÐ7Ë{Õ�Ê=Ó�È�å(â+×/ë«ó�ë ¯ æ!ëNìÄÌ/È`Ò{Ï/ÞTÈÐNÞTÎ�Õ�É�Ë{ÒwÊÎ
Î�Ð{Ö/ÕÔÉ+ØZË{ÈÒNØRÐ7È^Ë�ÌéÏ/ÒNÖ/È=Ë{ÈÐ7Í¦ÕÔÉ/ÈÖ
Ï/Ò{ÕÔÉ/×ôË�Ì/È�ÕÔÉ à Î�Ð{Í¦ØZË{Õ�Î�ÉçØ�ßZØRÕÔÓIØRÝ%Ó�È à Ð7Î�ÍõË{Ì/È�Ò{Õ�É%×�Ó�È§Ö%Ð{Õ à ËÄË{Ï/ÝTÈÒðå�Þ+ØZÐë�ó�ë�ö/ë ® æ!ë
ìÄÌ/È ÞTÎ�Õ�É�Ë�Ð7ÈÒ7Î�Ó�Ï%Ë{Õ�Î�Éç÷`å�øRæ�Õ�É�Ë{Ì/È�ó�ëXù�Ò{Ï%Í¦ÒÄÏ/Þ�Ë{Ì/È ÊÎRÉéË{Ð{ÕÔÝ/Ï%Ë�È=ÒÄÖ/Ï/È§Ë{Î�Ë�Ì/È ÕÔÉéË{Ð{ÕÔÉ/Ò{ÕÔÊ
Ë�Ï/ÝTÈ�Ð{È=Ò{Î�ÓÔÏ%Ë�ÕÔÎ�É�Ë�Ì/È�Í�Ï%ÓÔË�ÕÔÞ/Ó�È�Ò{ÊØZË{Ë{ÈÐ{ÕÔÉ/×QØRÉ/ÖGË�Ì/È¥ØRÓÔÕ�×�É%Í¦È=ÉéË�Þ/Ð{È=ÊÕ�Ò7Õ�Î�É�ë

ìÄÌ/ÈôØRÞ%Þ+ØRÐ�Ø9Ë�Ï/Ò§Í�Ï/Ò7Ë�ØZÓ�Ó�Î�Ú à ÎRÐ§Ø�Ð{È=Ò{Î�ÓÔÏ%Ë�ÕÔÎ�ÉûúVÛ/Ü4ü!Û/Ü`Î àPà È!ÚýÞTÈÐ7ÊÈÉ�Ë�ÕÔÉ�Ë�Ì%ÈôÓ�Î�ÚþÍ¦Î9ò
Í¦È=É�Ë�Ï/ÍÿÐ7È×�ÕÔÎ�É?å4Ò{ÈÈðÈRë�×/ë�Þ�ÎRÕ�É�Ë ® Î à Ë{Ì/È�Þ%Ð{È=ß
ÕÔÎ�Ï/Ò�Ò{ÈÊ!Ë�ÕÔÎ�É-æ�Ú�Ì%ÈÐ{È¥Ë�Ì/ÈðÐ{È=Ò{Î�ÓÔÏ%Ë�ÕÔÎ�É�ÕÔÒ
Ö/Î�ÍQÕ�É+Ø9Ë�ÈÖ~Ý�ÙGÈ=É/ÈÐ7×RÙGÓ�Î�Ò7Òðå�Ï/ÞGË�Î¦ó���������ü��=æ�ØRÉ/ÖÀÍ�Ï/ÓÔË{Õ�Þ/ÓÔÈµÒ7ÊVØZË7Ë�ÈÐ7Õ�É/×%ë�ìÄÌ/ÕÔÒÄÚ�ØRÒ�Ø
Ö/ÈÊ=Õ�Ò7ÕÔß�È¨ØRÐ{×RÏ/Í¦È=É�Ë à Î�Ð�ÊeÌ/Î
Î�Ò{ÕÔÉ/×§ØZÉ�ØRÕÔÐ�Ê=Î�Ð{È�ÍçØZ×�É/È=Ë�Ò7Ù
Ò�Ë�ÈÍþÚ�ÕÔË{ÌðË{Ì/È¨ÓÔÎ�Ú�ÈÒ�Ë^ÞTÎ�Ò{Ò7Õ�Ý/ÓÔÈ
ØRÍQÎ�Ï/É�Ë�Î à ÍçØZË7Ë�È=Ðë12 CHAPTER 1. INTRODUCTION
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Figure 1.8: Muon spectrometer momentum resolution [13]. Left: Resolution using only the
muon spectrometer. Above an energy of 300GeV the dominant contribution stems from
the single tube resolution, followed by the chamber alignment. For pt = 1TeV the relative
precision ∆pt/pt is about 10% which meets the requirement of equation (1.1). Right:
Combined momentum resolution of the Inner Detector and the muon spectrometer. One
can see that for energies above ≈ 100GeV the muon spectrometer stand-alone performance
almost equals the combined one. The dotted line is the resolution achievable using only the
Inner Detector.

are read out via capacitive coupling by a set of metal strips on the outside of the bakelite
plates. Strips on the two sides of the chamber are perpendicular with respect to each other;
’η-strips’ are parallel to the MDT wires; they reflect the bending of a track in the muon
spectrometer. ’ϕ-strips’ provide the second coordinate of a trajectory, i.e. the position in
direction of the MDT axis. The time resolution of a RPC is 1.5 ns with a granularity of
about 3 cm.
As to their principle of operation, TGCs are multi-wire proportional chambers with a
distance between the anode and the cathode plane that is smaller than the anode wire
pitch. The electric field configuration and the short drift distance provide for a good time
resolution and a fast response. In Atlas all TGCs are arranged such that their wires are
parallel to the MDT ones. A signal is read out both from the anodes and from strips
attached to the cathode. As in the case of the RPCs this allows for establishing the track

Parameter Requirement

Wire position within a MDT ≤ 10µm r.m.s.

Relative positioning accuracy of MDTs within a chamber ≤ 20µm r.m.s.

Local chamber alignment (in-plane alignment) ≤ 10 µm

Global chamber alignment (sagitta correction) ≤ 30 µm
−−−−−−−−−−−−−−−−−−−−−−−−− −−−−−−−−
Intrinsic single MDT resolution ≈ 80 µm

Table 1.1: Contributions to the MDT wire position accuracy. In order to reach a momen-
tum resolution of 10% for an energy of 1TeV (equation (1.1)), the requirements given in
the right column must be met.

�«Õ�×�Ï%Ð{Èôó
ë�ù���������Jë��¨Î�É�Ë�Ð{ÕÔÝ/Ï%Ë{Õ�Î�ÉÆË{ÎçË�Ì%ÈôÒ7ËeØZÉ/Ö+ØRÓÔÎ�É/È�Ë{Ð�ØRÉ/Ò�ß�È=Ð{Ò{ÈêÍ�Ï%Î�ÉûÍQÎZò
Í¦È=ÉéË{Ï/Í Ð7ÈÒ{ÎRÓ�Ï%Ë{Õ�Î�É£ØRÒ7Ò{Ï/ÍQÕ�É/×ÀØGÒ{ÕÔÉ/×�Ó�ÈðË�Ï/ÝTÈêÐ{ÈÒ7Î�Ó�Ï�Ë�Õ�ÎRÉ£Î à ¯ �����¡ë��µÝTÎ�ß�È
ù����������¨ü��êË�Ì/ÈçÖ/Î�ÍQÕ�É+ØRÉ�Ë�ÊÎ�É�Ë�Ð7Õ�Ý/Ï�Ë�Õ�ÎRÉ ÊÎ�ÍQÈÒ à Ð{Î�Í Ë�Ì/ÈçÒ{Õ�É%×�Ó�ÈQË�Ï/ÝTÈ~Ð{È=Ò�ò
Î�Ó�Ï%Ë{Õ�Î�É�í à Î�Ó�ÓÔÎ�Ú�ÈÖ Ý�Ù Ë�Ì/ÈêÊeÌ+ØZÍ�Ý�È=Ð�ØZÓ�Õ�×RÉ/Í¦È=É�ËVë� "!$#�%��Jë'&�Ï%Î�ÉñÍQÎ�ÍQÈÉ�Ë�Ï%Í
Ð{ÈÒ7Î�Ó�Ï�Ë�Õ�ÎRÉ�ÊÎRÍ�Ý/Õ�É%Õ�É/×�Ë�Ì/È�Í¦ÈØRÒ{Ï/Ð7ÈÍQÈÉ�Ë�Ò«Î à Ý�ÎZË�Ì�Ë{Ì/È�Ò{ÞTÈÊ!Ë�Ð7Î�Í¦È!Ë�È=Ð^ØRÉ/Ö�Ë{Ì/È
Õ�É/É/È=Ð§Ö/È!Ë�ÈÊ!Ë�Î�Ð=ë�ìÄÌ/ÈôÖ/ÎZË{Ë�È=Ö Ó�Õ�É%È�ÊÎRÐ{Ð{È=Ò{ÞTÎ�É/Ö/Ò Ë{Î�Ë�Ì/ÈôÕÔÉ/É/ÈÐ Ö%È=Ë�È=Ê=Ë{Î�Ð Ò7Ë�ØRÉ�ò
Ö+ØRÓ�ÎRÉ/ÈµË�Ð{ØRÊeèéÕ�É/×%ë��-ÎRÐ¨ÍQÎ�Í¦È=É�ËeØ�ØRÝTÎ�ß�È ® ���(������ü���Ë{Ì/È§Í�Ï/ÎRÉ~Ò{ÞTÈÊ=Ë{Ð{Î�ÍQÈ=Ë{ÈÐ
Ò7ËeØZÉ/Ö+ØRÓÔÎ�É/È ÞTÈÐ à ÎRÐ{Í¦ØRÉ/ÊÈ¥ØRÓÔÍ¦ÎRÒ7ËÄÈ*)
Ï/ØRÓ�Ò�Ë{Ì/È�ÊÎ�Í�Ý%Õ�É/È=Ö�Î�É%ÈRë

�µÒ^Ö%ÈÍQÎ�É/Ò7Ë{Ð�ØZË{ÈÖ�ÕÔÉ�â+×/ë^ó�ëXù§ØµÐ{È=Ò{Î�ÓÔÏ%Ë�ÕÔÎ�É�ÝTÈ=ËÚ�ÈÈ=É�ó�+þØZÉ/Öôù�,.-�+»Õ�Ò�ØRÊeÌ/Õ�È!ßZØRÝ/Ó�È�Õ�É�Ë{Ì/È
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Y�Z�Y\[*]_^a`bYdcfe�]bg�[ihjckZ�Y WUl�m�n�oqp�r ^fZ<s l�l�l�m�n�oqp�r�t�u�vfw ]bg<e�x v Z�^fyb[�Y\[ze v `�cf[zY�[z]_^
{�Z w ]_^ v {bcfZU| w~} [ }��_� ^ayb[ w ]b]b[*c } [P^a[*�*^aZ�c�^ay�[�s���|�e�x~`�[ w~v {�Z vfvkw~� x�[�hjckZ�Y�� m�n�oqp�r ^aZ
WUl�l�m�n�oqp�r�t
� w ]b�z[�^fyb[ w ]b]b[*c } [*^f[z�P^aZ�cB� v ^�e�] } e�x�Z�]b[U�Jck[ v Z�x~`�^ w Z�] w�v?� [*^f^f[zc�hjZ�c?Y�Z�Y�[z]_^�e"x�ZU�q[*c�^fy�e�]
s li� � l�m�n�o�p�r���w ]'^ayb[�� � {�y �Vvkw � vBv ^f` }bw [ v � v [*[�hjZ�c9[P��e�Y�{bx~[�{�Z w ]_^B��Z�hJ^fyb[�{bcf[P| w Z�` v
v [*�*^ w Z�]���^fyb[�Yi`bZ�]���ybe�Y � [zc v e�ck[�` v [ } Y\e w ]bx � e�^�^fc w g�g�[zcqx~[*|�[zx8� } [ v �zc w�� [ } hj`bck^fyb[zca� t
� yb[ w Y�{bx w ��e�^ w Z�]�hjZ�c�^fyb[�Yi`bZ�] vk�Vv ^f[zY w~v ^aybe�^�{be�^f^f[zcf]Rcf[*�zZ�g�] w ^ w Z�] v ybZ�`bx } �qZ�ck�
[*|�[z]ShjZ�c"^ayb[ v Z�h�^f[ v ^�Yi`�Z�] v cf[ze���y w ]�g�^fyb[ v {�[z�*^fcfZ�Y�[*^f[zc�� y w ��y¡y�e�|�[\e�Y�Z�Y�[z]_^a`�Y
Z�hJe � Z�`�^B� m�n�o�p�r�t

� yb[¢g�Z�e�xKZ�h�e£ck[ v Z�x~`�^ w Z�]@¤�¥b¦ p ¥b¦\§ WUl �¨hjZ�c�¥b¦\© W«ª�n�oqp�r�� e v ck[z{�Z�ck^f[ }¬w ]R^ayb[
{�Z w ]_^ s�Z�h«^ayb[K{bcf[P| w Z�` v�v [z�P^ w Z�] � �ze�] � [�e���y w [*|�[ } Z�]bx � ^fybcfZ�`�g�y�^ay�["�zZ�Y �bw ]�e�^ w Z�]\Z�h
^ay�[ � [z] }bw ]bgK{�ZU�q[*c�e�] } Z�hb^ay�[q{bck[z� w�vfw Z�]�Z�h�^ayb[ } [*^f[z�*^fZ�c w ]�^fyb[ v e�g w ^k^�e Y\[ze v `�cf[zY�[z]_^
�[*® t s t �_� t � yb[zck[*hjZ�ck[ v `b��y£cf[*®¯` w ck[zY�[z]_^ v ^acfZ�]bg�x �°w ]�±�`b[*]b�z[ } ^ay�[ } [P²�] w ^ w Z�]SZ�h�^ayb[
Y\e w ] } [P^a[*�*^aZ�cB��ybe�cae��P^a[*c w~v ^ w � vzt
� yb[�^f[zcfY´³iµ�¶ w ]�s t � v `bg�g�[ v ^ v ^ay�e�^�e"x·e�ckg�[q^fcae���� w ]�g���e�| w ^ � e�] } e�] w ]_^a[*] v [9Y\e�g�]�[*^ w �
²�[*x } e�cf[�]b[z[ } [ }�t � Z�g�[z]�[zcae�^a[�e'Y�e�g�]b[*^ w ��²�[zx } Z�h8hj[P� � [zx v e¸ZU|�[*c�^fyb[(x·e�cfg�[ v {¹[*� �
^ackZ�Y�[*^a[*c?|�Z�x�`bY�[ e��*`bcfck[z]_^�Z�h¹^fyb[ Z�c } [zc�Z�h WUl�º¼» Yi` v ^ � [ {bckZ�| w�} [ }�t � `b��y��*`bcfck[z]_^ v
��e�] � [��zZ vkw~} [*cf[ } Z�]bx �¸w ]�^ay�[��*Z�]_^a[½�¼^�Z�h v `b{�[zck�zZ�] } `b�*^ w Z�]�g�Y\e�g�]b[P^ vzt � yb[�]¯`bY � [zc
Z�h9x w ]b[ v �*cfZ vkv [ }¾�_� eGYi`�Z�]¡^fcae���� w ]°^aZ�ckZ w~}�v�w�v �zZ�] v ^ae�]_^(e�] } ^ayb[ � [*] }bw ]�g�{¹ZU��[zc
w ]��zcf[ze v [ v e�^ y w g�yb[zc�{ v [z` } Z�cae�{ w~}bw ^ w [ v � v [z[�s t �_�qyb[*]b�z[�ei^aZ�ckZ w~} e�x¿Y\e�g�]b[P^ w ��²�[*x } y�e v
^ay�[�{bckZ�{¹[*ck^ � ^fy�e�^�^ayb[�^acae�] v |�[zc v [¸Y�Z�Y\[*]_^a`bYdck[ v Z�x~`�^ w Z�] w~v �zZ�] v ^ae�]_^iZU|�[*cie�� w�} [
cae�]bg�[�Z�h { v [*` } Z�cfe�{ w~}�w ^ ��t<ÀM} cfeU� � e����SZ�hq^ay w�v �zZ�]�²�g�`bcfe�^ w Z�] w�v ^fy�e�^�^fyb[ � [z] }�w ]bg
} ZV[ v ]bZ�^�^ae���[�{bx~e��z[ w ]¢^ayb[({bx~e�]b[i^fcae�] v |�[*c v [�^aZ'^ay�[ � [ze�YÁe�� w~v ^fyb[zck[*hjZ�ck[(^ayb[�{bck[ �
� w�v [��¯]bZ�xÂ� } g�[�Z�hÃ^ay�[�{�c w Y\e�c �\w ]_^a[zcfe��*^ w Z�]'{�Z w ]¯^��Äs l(Å�Æ � w~} [�e�^ Ç�È�É��q�ze�]b]bZ�^ � [
[P�¼{bx�Z w ^f[ }�t
Ê w ^fy@³ © l�t1Ë¡ª e�] } µ�©ÍÌbÎ.Ï Æ¢� hjckZ�Y s t s¡cf[ v `bxÂ^ v e v e�g w ^f^�e¡Z�h�Ï l�l�Å�Æ hjZ�c¸e
Y�Z�Y\[*]_^a`bY Z�h W°ª�n�o�p�r�t � y w~v Y�[�e�] v ^ayb[ v e�g w ^k^�e£Yi` v ^ � [ } [*^a[*cfY w ]b[ } � w ^ayÐe
{bck[z� w�vfw Z�]ÒÑ�ÓÔ© ÕÐÖ¹¤�¥b¦ p ¥b¦�Z�h(e � Z�`�^GÏ l×Å�Æ �[z® t s t ��� t�Ø Z�c�y w g�yÐY�Z�Y�[z]_^a`�Y
Yi`bZ�] v Y�`bx w {bx~[ v ��e�^k^a[zc w ]bg w~v ]b[*g�x w g w~� x�['e�] } ^ayb[�cf[ v Z�x�`�^ w Z�] w~v�} Z�Y w ]�e�^f[ }×�_� ^ayb[
w ]_^fc w ] vfw �¸^f` � [<ck[ v Z�x~`�^ w Z�]Re�] } ^ayb[<e�x w g�]bY�[z]_^�{bck[z� w~vfw Z�]Re v\v ybZU� ] w ]×²�g t s t � tÚÙ ^
��e�] � [ } [zY�Z�] v ^fcae�^f[ } ^ay�e�^�e¢^a` � [�cf[ v Z�x�`�^ w Z�]×Z�hKe � Z�`�^\Û l¢Å�Æ w�v ]�[z�z[ vfv e�c ��tÚÀKv
e'�zZ�] v [z®¯`b[*]b�z[�^ay�[\e��z�z`�cae�� � Z�h�^ayb[(ck[zx~e�^ w |�[i{�Z vfw ^ w Z�] w ]�g�Z�h�^ay�[���ybe�Y � [zc v e�] } ^ayb[
Y�[z��y�e�] w ��e�x�{bck[z� w�vfw Z�]�Z�h�^ayb[9��y�e�Y � [*c�e vfv [zY � x � ybe v ^aZ�Y\e�^a��y(^fyb[ v {�e�^ w e�x�cf[ v Z�x�`�^ w Z�]
Z�h¼^ayb[ } c w h�^Ã^a` � [ v*t � y w�v e v �"hjZ�cEe } [ }bw ��e�^f[ } e�x w g�]bY\[*]_^ vk�Vv ^f[zYÜe�] }�v {�[z� w ²��8��y�e�Y � [zc
�zZ�] v ^fcf`b�P^ w Z�] } [zY\e�] }bv*tÝÀ�} [ v �*c w {�^ w Z�]ÝZ�hB^ayb[ v {�[z�P^ackZ�Y\[P^a[*c w�v g w |�[z] w ]£^fyb[�]b[P�V^
v [*�*^ w Z�] t

Þ À cf[*�zZ�] v ^ack`b�*^ w Z�]�Z�h8^ayb[i^fcae���� w ]¢^ayb[(]�Z�] �ß� [z] }bw ]bg�{bx~e�]b[({bckZ�àk[z�P^ w Z�]R�zá v [z�zZ�] } �*Z �
Z�c }bw ]�e�^a[zâ�{bx~e�]b[U�K� w ^ay¡e�{�Z w ]_^�cf[ v Z�x�`�^ w Z�]°Z�h9e � Z�`¼^ W�l�Æ'Æãw�v cf[z®¯` w cf[ } hjZ�c�e v e�hj[
^acfe����¸ck[z�zZ�] v ^fcf`b�P^ w Z�]Ge�] } ck[zx w e � x�["Y\Z�Y\[*]¯^f`bY } [*^a[*cfY w ]�e�^ w Z�] t
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The active detector parts can be divided into three subdetectors. The innermost
part is the tracking detector (inner detector). It is surrounded by the electromag-
netic and hadronic calorimeters. The outermost part, occupying the largest part of
the ATLAS volume is the muon spectrometer. The inner detector and the muon
spectrometer are immersed in a magnetic field which bends the charged particle
trajectories allowing for charge and the momentum measurement. In the following,
we shortly introduce each of the subdetectors.

3.2.1 Magnet System

Central Solenoid

Barrel Toroids

End Cap Toroid 
End Cap Toroid 

Fig. 3.4: The superconducting ATLAS magnet system with the central solenoid surround-
ing the inner detector, the barrel toroid magnet in the barrel region of the muon
spectrometer, and the endcap toroids in the two endcaps of the muon spec-
trometer. The central solenoid is installed in a common vacuum vessel with the
electromagnetic calorimeter.

The superconducting magnet system of the ATLAS detector comprises several
parts as shown in Figure 3.4. The 5.3 m long central solenoid encloses the inner
tracking detector providing it with a solenoidal magnetic field of 2 T. Since the
solenoid coil is positioned between the tracking detectors and the electromagnetic
calorimeter, the amount of the material used for the magnet has to be minimized
to achieve precise energy measurement of particles reaching the calorimeter. The
solenoid is therefore made as thin as possible and shares the same vacuum vessel
with the electromagnetic liquid argon calorimeter.
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Achieving a resolution ∆pT/pT ≈ 10% for pT = 1 TeV/c dictates the combination of the
bending power in the central rapidity region, and of the precision with which the muon
instrumentation must measure the sagitta of the particles.

Magnet System

The magnet system consists of three air-core super-conducting toroids with an open struc-
ture to minimise the contribution of multiple scattering to the momentum resolution. The
toroidal design of the magnet system made it possible to provide a high-resolution, large-
acceptance and robust stand-alone Muon Spectrometer. A combined optimisation of the
magnet-field strength and its radius, constrained by magnet-fabrication costs and by space
limitations in the experimental cavern, led to the air-core toroid magnet configuration pro-
viding a bending power at ϕ = 0 of

∫
B dl = 2 Tm at η = 0 up to

∫
B dl = 9 Tm at

|η| = 2.8 (see Figure 1.12, the integral is calculated from the inner muon station to the
outer muon station). The average toroidal magnetic field will be ∼ 0.5 T. A big advantage
of the toroidal magnetic field is the fact that the bending power increases with higher
pseudo-rapidities.

The barrel toroid extends over a length of 25m, with an inner bore of 9.4m and an outer
diameter of 20.1 m. The two end-cap toroids are inserted in the barrel at each end. They
have a length of 5m, an inner bore of 1.64m and an outer diameter of 10.7m. Each toroid
consists of eight flat coils assembled radially and symmetrically around the beam axis. The
barrel-toroid coils are contained in individual cryostats, whereas the eight end-cap toroid-
coils are assembled in a single, large cryostat. Figure 1.11 shows a 3D view of the muon
magnet system.
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Figure 1.11: 3D view of the super-conducting
air-core toroid magnet system.

Figure 1.12: Toroid bending
power

∫
B dl of the azimuthal field

component as a function of η.
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Figure 1.9: Transverse view of
the ATLAS Muon Spectrometer.

Figure 1.10: Side view of one quadrant of the
ATLAS experiment.

Based on the discussion from Section 1.3 the important parameters that need to be opti-
mised for maximum physics reach are:

• Resolution: momentum and mass resolutions at the level of 1% are essential for the
reconstruction of narrow two- or four-muon final states on top of high background
levels, such as the intermediate-mass Higgs, and for reliable charge identification.
A transverse momentum resolution that is constant over the full rapidity range is
desirable.

• “Second coordinate” measurement: a measurement of muon tracks in the non-bending
projections with an r.m.s spatial resolution of 5–10mm is required for safe track
reconstruction and reliable momentum determination.

• Rapidity coverage of track reconstruction: all physics channels profit from a pseudo-
rapidity coverage up to |η| ≈ 3 and good hermeticity, in particular rare high-mass
processes.

• Trigger selectivity: transverse momentum thresholds of 10–20 GeV/c are adequate for
high-mass states, which will be in the focus of LHC physics at nominal luminosity.
Lower thresholds of pT ≈ 5 GeV/c are required for CP violation and beauty physics.

• Trigger coverage: adequate trigger efficiencies can be obtained with a pseudo-rapidity
coverage smaller than that of the precision chambers. The actual requirements are
mostly determined by processes at the opposite ends of the LHC mass scale: the need
for good acceptance for rare high-mass Higgs particles, and the need for very high
statistics to study small rate asymmetries due to CP violation in the B sector. A
trigger coverage of |η| < 2.4 is found to be sufficient.

• Bunch-crossing identification: the LHC bunch-crossing interval of 25 ns sets the scale
for the required time resolution of the first-level trigger system.
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Fig. 3.9: The sagitta S of the circular trajectory with curvature radius ρ through the
points A,D,B is defined as the shortest distance C̄D from this trajectory to the
the middle point C on the line connecting A and B.

track position measurement is performed in bending plane of the toroidal magnetic
field. This means measuring with high precision the z coordinate of the track points
in the barrel and the r coordinate in the x− y plane in the end-caps.

µ

Fig. 3.10: Display of a muon trajectory traversing the inner detector, the calorimeters
and the three barrel chamber stations of the muon spectrometer.
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Fig. 3.13: Schematic drawing of a rectangular barrel Monitored Drift Tube chamber with
the light rays of the optical in-plane chamber alignment system indicated which
monitors the planarity of the chamber.

On one end of the chamber, the tubes are connected to high voltage of 3080 V
and on the other end to the readout electronics. In the following we use the denom-
inations readout (RO) and high voltage (HV ) to distinguish between the chamber
ends (see Figure 3.13).

The supporting frame is a light-weight aluminium structure holding the drift tube
layers. It consists of three crossplates (RO, MI and HV , see Figure 3.13) oriented
perpendicular to the tube axis, i.e. in z-direction in the chamber coordinate system.
The crossplates are connected by two longbeams oriented parallel to the tube axis,
i.e. in x-direction. The multilayers are glued to the crossplates.

The basic units of a MDT chamber are the drift tubes with 30 mm outer diameter
and with 50 µm diameter gold-plated tungsten-rhenium sense wire centered in the
tube and following the tube axis. The anode wires are connected to positive high
voltage while the tube walls are the cathodes. The tubes are filled with Ar:CO2

(93:7) gas mixture with a pressure of 3 bar.
A muon traversing a drift tube (see Figure 3.14) ionizes the detector gas. The

ionization charges produced along the track are stochastically distributed in charge
clusters [32]. The clusters of ionization electrons (primary electrons) drift towards
the anode wire in the direction of the radial electric field E(r)

E(r) =
V

r ln b
a

, (3.4)
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core feature of the Atlas muon spectrometer, turns a drift tube into an MDT, with the
’M’ standing for ’monitored’.

Global alignment system: Owing to the large size of the muon system, relative cham-
ber movements with respect to each other of up to several millimeters can be expected
when the toroid magnet is switched on or as a consequence of temperature variations.
Equally important to the measurement of the individual chamber shapes is therefore the
monitoring of the total muon spectrometer geometry. This so-called ’global alignment sys-
tem’ is, as the in-plane one, based on optical sensors connected by light rays. The barrel
chambers are arranged such that they form projective towers (fig. 1.7): The hypothetical
lines connecting the corners of an inner, middle and outer station chamber point towards
the interaction point. Adjacent chambers are optically linked by proximity sensors; ax-
ial lines are parallel to the beam axis and connect chambers within a station. A set of
projective alignment rays finally provides for a connection of the three stations themselves.
In the endcap region the situation is slightly more difficult since the vacuum vessels of the
endcap toroids block the line of sight between some of the stations. In addition to the
elements described above for the barrel, a system of rigid reference bars is therefore used.
These are cylindrical metal tubes which are themselves equipped with an optical system
to monitor their deformation. Sensors mounted on the alignment bars are then utilized to
interconnect the individual chambers and stations.
Table 1.1 summarizes the different contributions to the precision with which a wire position
is known; figure 1.8 demonstrates the high accuracy with which the momentum of a high-
energetic muon can be determined from the muon spectrometer data alone. This stand-
alone capability is, in addition to the large toroid magnet system, a unique feature of the
Atlas design.

Trigger chambers: Trigger chambers are Resistive Plate Chambers (RPCs) in the bar-
rel and Thin Gap Chambers (TGCs) in the endcap. An RPC consists of a pair of parallel
bakelite plates of high resistivity with a well defined distance; the gap between the two
plates is filled with a gas mixture on the basis of tetrafluoroethane (C2H2F4). A high volt-
age of several kilovolts is applied across the gap; this causes primary ionization electrons
produced by a traversing particle to multiply while drifting towards the anode. Signals

In−plane alignment

cross plates

Projective
alignment

Axial
alignment

BO

BM

BI

Chamber

z

Figure 1.7:
Muon chamber alignment for the barrel region [9].
All chambers are arranged such that the lines con-
necting their corners point towards the interaction
point (’projective towers’). A set of optical align-
ment rays is used to monitor chamber movements.
Axial lines run parallel to the beam axis while projec-
tive lines connect different stations. Adjacent cham-
bers are additionally connected by so-called proximity
sensors (not shown).
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is larger than the cathode-anode distance (1.4mm). Signals from the anode wires,
arranged parallel to the MDT wires, provide the trigger information together with
readout strips arranged orthogonal to the wires, that also provide a measurement of
the “second coordinate”.

1.4.4 The Trigger Scheme

The role of the trigger system is to select bunch crossings containing interesting interactions.
The data-acquisition will be able to record events with a rate of ∼ 100 Hz (10–100MB/s).
Hence the task of the trigger is to reduce the vast interaction rate of 109 Hz to 100Hz of
interesting events.
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MUX MUX MUX
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processor
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Figure 1.13: The ATLAS three-level trigger architecture.

The ATLAS trigger is organised in three trigger levels (LVL1, LVL2 and LVL3) as shown
in Figure 1.13. The LVL1 trigger uses reduced-granularity data from a subset of detectors.
The LVL2 trigger uses full-granularity, full-precision data from most of the detectors, but
examines only regions of the detector flagged at LVL1 as containing interesting information.
The LVL3 trigger uses the full event data for the final selection of events for off-line analysis.

The LVL1 trigger accepts data at the full LHC bunch-crossing rate of 40MHz (every
25 ns). The latency, which is the time to form and distribute the LVL1 trigger decision,
is 2 µs and the maximum output rate is limited to 100 kHz by the capabilities of the sub-
detector readout systems and the LVL2 trigger. During the LVL1 processing, the data
from all parts of the ATLAS detector are held in pipeline memories. The LVL1 trigger
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¼]STi�I�VME  |~}v½���E�O�PH½]dgf�h¾KMS`i�X^G�\�i�EWXLE�VMGJP�EWRlkjm®«�« ¦�§�¨ bLQLN�PMN�XLK+O{VUN�p»G�¿ÁÀ�Â�Ã�Ä�KMN�ILVMFWE�|�Å�STi�QjP�½
dgf�hÆKUSTi�X^GJ\�i�E�X�E�V�G_P�E�R�kjm�G�plILN�X�|

¼^N�V�GÇbLQLN�PMN�X?E�XLEWVMi�mÉÈ	Ê�Ë ¤o¢�¢ ¦�§�¨ c<S`XLKUPMEHG�R¹c(P�QLEµOÁGHn�N�I�V�G�kL\`EYS`XjP�E�VMG�FWPMSTN�XÌS`K�PMQLE
·9N�pebvP�N�X�btN1F�EWKMKW| � X�PMQLSTK�FHGJKME�c P�Q�EqKUFHGJPUP�E�VUE�R�E�\TEWFWPMVMN�X�Q^G�K&G�QLS`i�Q�bLVMN�k^G�kLS`\TS`P�meP�N�VMEWF�E�Sxn�E



Í1Î£Ï�Î3Ð-Ñ�Ò>ÓlÔ]Ò>Ð-Õ�ÖC×YØ7ÙÉØ7Ð-Ö-ÑÚ(Û�Ò�Ø7Ó ÜjÝ

Þ�ß�à�ßLàWáMâ�ã

ä�å	æçä�è]é>êå ë ä7ì(íçî ìï¯ð î ìtñ�ò�ó ë ä	ì�ôJõ�åUö î�÷

øUù�ú�û�ü`à�ßjý&ýMþ�ýMá�ÞHÿ�àWáMøUàqý���à����Lþ��Tà<ý�ù���à�Þ�ß�	�üTþ�ßLü�
�à�ý��Là�âjÞ�ø�þ�áMü`â�üTßLÞJý�ü`ßLâ�Þ�øMüTâ�ß^Þ���øMü�eü��wÞ�á
ý�þ�ý��Là�lùLþ�ß ò�� â�� Ü ��� ÷ ���vü��ü��TÞ�á�û�þ�ßLøUü�	LàWá�ÞJýMüTþ�ß�ø�ûHÞ�ß���à�eÞ�	Là��{þ�á����Lþ�ýMþ�ßµüTßjý�àWá�Þ�û�ý�üTþ�ß�üTß
ý��Là�âjÞ��eÞlû�þ�ßjÿ�à�áMøUüTþ�ß�à�ß�à�áMâJã�á�Þ�ßLâ�à��

� �"! #%$'&(�*),+-�Là-�LáUþ.	Lù�ûWý�ø�þ��^ý��Là7ßLàWù�ý�áUþ�ß�üTßjý�àWá�Þ�û�ý�ü`þ�ßlüTßqý��Là	â�Þ�ø,/jüTßqý��Là	ýMù��tà0�	Þ�����þ�á+üTß
ý��Là øMù�áMáMþ�ùLß�	Lü`ßLâ�eÞJý�àWáMüTÞ���Þ�áUàCáUà�ø1�tþ�ß�øMü��2�Tà-þ���ý��Là üTþ�ßLü�
HÞJýMüTþ�ß3�4+-�LáMàWà5�LáUþvûWà�øMøUà�ø�ÞJáMà6�tþ�øMøMü����Tà�/	Là7��à�ß2	LüTßLâþ�ß�ý��Là-ßLàWù�ý�áUþ�ß®àWßLà�áUâ�ã8�:9&àWù�ý�áUþ�ßqû�Þ���ýMùLáMà�/��þ�øUý �LáUþ8�^Þ��2�Tà;�{þ�á�ý���à�á�eÞ��jßLàWù�ý�áUþ�ßLø
ò ù�� ýMþ=<?>8>A@CB ÷ /�Þ�ß�	 ûWþ�ßLøMàWâ�ùLàWßLû�àD���Lþ�ýMþ�ß à7�üTøUøMü`þ�ß Þ�ß�	µü`ß�ýMà�áMÞ�ûWýMüTþ�ßE��F^þ�áG�ÁÞ�øUý�ßLàWù�ý�áUþ�ßLø
ò <IH2@CBKJL<?>NMO@CB ÷ ý��Là�áMàWû�þ�ü���þ���âjÞJøeß�ùLûP�Tà�ü-��üxý��3üxý�ø�Þ�øUøMþ1û�üwÞ_ý�à7	 üTßLü�
HÞJýMüTþ�ßQ��áMþ"	LùLû�àWø�Þ	LàWýMà�û�ý[Þ����`à�øMü`â�ß^Þ��R�:S	ý5�LüTâ8��à�á à�ßLàWáMâ�ü`à�ø òUT <?>8>�MV@CB ÷ /1ûW�^Þ�áMâ�à7	A�^Þ�áZý�ü`û7�TàWø7/XeÞ�üTß��xã��LáUþ�ý�þ�ß�ø7/�LáMþ"	LùLûWà�øüTß�Þ�ßLàP�wÞ�øZý�ü`û�ßLà�ùvý�áMþ�ß�ûWþ8���`üTøMü`þ�ßLø9Þ�áMà<ý���à�øUþ�ùLáUû�à�þ��+ý��Là�øMü`â�ß^Þ��R�
Y�Z\[,Z][ ^`_]a�bdc�_Ue0fhg6fdij^Vkl_nm�o
p �Tà�û�ý�áUþ�ßLø�Þ�ß�	¸üTþ�ß�ø7/ �LáMþ"	LùLûWà7	¸üTß ý���à�ü`þ�ßLü�
HÞJýMüTþ�ßI��áMþ1û�à�øUø7/rq1ù�üTûWsX�`ã=�`þvþ�øMàlý���à�üTá<àWßLà�áUâ�ã��jãlù��xý�ü��2�Tà�û�þ����Tü`øMü`þ�ßLøE��ü`ý��®ý���à9âjÞ�ø*�þ8�TàWû�ù��`à�ø�ù��®ý�þý��Là ý��LàWá�eÞ���à�ßLàWáMâ�ã�t ëvuî H"w òyx{z > õ @CB
ÞJý�ý��Là�áMþ1þ8 ýMà7D�tàWá�ÞJýMùLáMà ÷ ��à�ü`ßLâ|Hµý��LàL}Cþ8�`ý�
7eÞ�ßµû�þ�ßLøZý[Þ�ßjý®Þ�ß�	~w ý��Là�ý�àP���à�áMÞJý�ù�áMà�üTß� à7�`ÿ1ü`ßE�d+-�LàlàWßLà�áUâ�ãI	�üTøUýMáMü��Lù�ý�ü`þ�ßgü`ø(â�üxÿ�àWß=��ã�ý���à��gÞ'�"�Cà7����JU}9þ��`ý�
P�ÞJßLß|�{ùLß�ûWý�ü`þ�ß=� ò t ÷-�� t í @��X�\�\�1�*�OSK��þ�ü`ß�ýnJ]�`ü�s�à�ûP�TùLøZý�à�áP/��LáMþ"	LùLûWà7	ÌÞJýeý�ü��à�� ë > üTß���%� /�üTß�ý��Là Þ��LøMàWßLû�à þ��
Þ�ßjã¸à��1ý�àWáMß^Þ�� � àP��	E/+øUý[ÞJáUý�ø�ý�þ|	Lü��tùLøUà��jã~lù��xý�ü��2�TàlûWþ8���`üTøMü`þ�ßLø�Þ�ûWû�þ�á1	LüTß�â�ýMþ�ý���à�û�þ�ß�ýMüTß�ùLüxý�ã
à7q�ù^ÞJýMüTþ�ß3� ���

ò �� ñ � ÷� � ��� í'� î � ò �� ñ � ÷ ò Ü ��� ÷
���Là�áUà � ü`ø9ý���à��^Þ�áUýMüTûP�Tàd	LàWßLøMüxý�ã�Þ�ß�	 � üTøCý��Là�	Lü��¹ùLøUüTþ�ß�ûWþvà�ú�û�üTàWßjý�þ��+ý��Là<âjÞ�øP�;+-�Là�áUàP�{þ�áUà�/
ÞJý<ý���à�ýMü��à�� T >2/�ý��Là��^Þ�áUýMüTûP�Tà�ø�Þ�áMà�	Lü`øUý�áUü��Lùvý�à7	µü`ßµý��Là�ø��^ÞJû�àeÞ�û�ûWþ�á�	Lü`ßLâ�ý�þ�Þ¡ �ÞJùLøMøUüwÞ�ß��ü`ý���ûWà�ßjý�àWá¢��7� Þ�ß2	¡��ü�	�ý��

£4¤ ë � ¥ � � ò � ¦ � � üTß�þ�ßLà�	Lü�eàWßLøMü`þ�ß ÷¨§ ò Ü � ¥ ÷

© ß�â�à�ßLàWá�Þ��R/�ý��Là�ÞHÿ�àWá�Þ�â�àª�àHÞ�ßA�{áUà�à��^ÞJý��|��àWý]�Cà�àWßgû�þ����Tü`øMü`þ�ßLø9ü`ø
« ë <¬ £ ò t ÷ ò Ü � Ý ÷

ü�� £ ò t ÷ ü`ølý��Là�ûWþ8���`üTøUüTþ�ß5ûWáMþ�øUø�øMà�û�ý�ü`þ�ß�Þ�ß�	 ¬ ë �®¯±° ò ¬ ¯ �AS&ÿ�þ�âjÞ�	LáUþ¸ûWþ�ßLøZý[Þ�ßjý ÷ ü`ølý��Là
ß�ù����à�á�þ��reþ8�`à�ûWù��TàWø-�tàWá�ÿ�þ8�Tù2eà��



²8³ ´¶µ¸·�¹dºr»6¼¾½"¿ÁÀ�Â-Ã¸Ä7º5Â-¼¸»6ÅÆÅ�¼GÄUÇGºÈº�ÉrÊ5»0Ë

Ì\Í�ÎWÏ�Ð�Ñ1Ò8Ó7ÔLÐ�Ñ�Ó¡Ó�Õ.Ö(×8Ô�ÓPØÚÙ�×�Ð�ÛÁÓ7Ü�Ó7Î�Ù�Ñ�Ý�Î¡Þ�Ó7Ü�Ø ßà�á-Ð~Ø�Ñ�Ý�Í�ÙDâ�×�Ù�Ý�×8ÛãÐ�Ü�×8Û�Ò�Ù�Ï�Ó�Þ�ÓPÜ�ØÁÜ�Ý�Û�ÓPÔ�Ý�ÔÔ�ä�Ö(Ó7Ñ1Ý�âDÖå×8Ô1Ó7Ø�×?æ8ÓPÑGÙ�Ï�Ó�Ø�Ý�Ô1×8Ñ�Ø�ÓPÑ�ÓPØ|Ø�Ý�ç3ä2Ô�Ý�×�Û¡âD×�Ù�Ý�×8ÛEèé-Ï2Óªä�Ô1ä�Ð�Ü4Ó¨Õ2Ö2Ñ�Ó7Ô1Ô�Ý�×8Û|Íê×8Ñ,Ù�Ï�Ó�Ø�Ñ�Ý�Í�Ù-Ý�Ô,æ�Ó7Ü�×.ÎPÝ�Ù]ëAÝ�Ô
ßì'í]î\ï�ð�ñ òôó�õ ßà�ö ÷ ² è ³ùø

é-Ï�Ó�ú"ä�Ð�ÛùÙ�Ý�Ù]ë
ó|òVó ÷�û.ü�à�ü�ý ø ÷ ² èÿþ ø

Ý�Ô¸Ù�Ï�Ó�ÎWÏ�Ð�Ñ�Ò8Ó�âD×���Ý�Ü�Ý�Ù]ë8è�é-Ï�Ó�âD×���Ý�Ü�Ý�Ù]ë¢Ý�Ô�Ö2Ñ�×8Ö(×8Ñ1Ù�Ý�×8Û�Ð�Ü4Ù�×LÙ�Ï�Ó�Ð%æ8ÓPÑ�Ð�Ò8ÓªÙ�Ý�âDÓ��åÓ�Ù��5ÓPÓ7Û~Î7×8Ü��Ü�Ý�Ô1Ý�×8Û2Ô�� ÷ ² è
	�� ø� Ý�Ù�Ø2Ó7Ö(Ó7Û�Ø�Ô¸×8Û Ù�Ï�ÓªÖ�Ð�Ñ1Ù�Ý�Î7Ü�Ó�Ó7Û�ÓPÑ�Ò�ë�á3Ï�ÓPÛ�Î7Ó�×�Û|Ù�Ï2Ó�Ó7Ü�Ó7Î�Ù�Ñ�Ý�Î�Þ�Ó7Ü�ØIÔ1Ù�Ñ�Ó7Û2Ò�Ù�Ïà ò�� ßà � Ð�Ü�Ô�×�árÝ�ÙªÝ�Ô�Ø2Ý�Ñ�ÓPÎPÙ�Ü�ë�Ö�Ñ1×8Öå×�Ñ1Ù�Ý�×8Û�Ð�Ü;Ù�×|Ù�Ï2Ó¢â�Ó7Ð�ÛNÍêÑ1Ó7Ó¢Ö�Ð�Ù�Ïô÷ ² è�	 ²ùø Ù�ÏXä�Ô�Ý�ÛXæ�Ó7Ñ1Ô�Ó7Ü�ëÖ�Ñ�×8Ö(×8ÑnÙ�Ý�×�Û�Ð�Ü2Ù�×�Ù�Ï�Ó¸Ò8Ð�Ô6Ø�Ó7Û�Ô1Ý�Ù]ë��.Ù�Ï�ÓGÔ�Î%Ð�Ü�Ý�Û2Ò ó ÷ ý ø òÈó ÷êý�� ø ý�����ý�Ï2×8Ü�Ø�Ô��(ÓPÙ��0Ó7ÓPÛLÙ�Ï�Ó�æ�Ð�Ü�ä2Ó7ÔÐ�Ù-Ù�Ï�Ó�Ù��0×�Ø2Ý�çåÓ7Ñ�ÓPÛùÙ¸Ø2Ó7Û�Ô1Ý�Ù�Ý�Ó7Ô�ý��¸Ð�Û�Ø¡ý�è
Ì\Í*Ð�Ü�Ô1×�Ð�â�Ð�Ò8Û�Ó�Ù�Ý�ÎGÞ�Ó7Ü�Ø ß� Ý�Ô0Ö�Ñ�ÓPÔ�ÓPÛXÙª÷ Ð�Ô,Ý�Ù,Ï�Ð�Ö2ÖåÓPÛ�Ô���Ï�ÓPÛ¡Ö�Ð�Ñ1Ù�Ý�Î7Ü�Ó¸âD×8âDÓ7ÛùÙ�ä2âvâDÓ%Ð�Ô�ä�Ñ1Ó��â�ÓPÛXÙ�Ô-Ý�Ô,Ñ1Ó7úXä�Ý�Ñ�Ó7Ø ø Ù�Ï�Ó�Ø�Ñ1Ý�Í�Ù5æ�Ó7Ü�×.ÎPÝ�Ù]ëLÍê×�Ü�Ü�×���Ô Ù�Ï�Ó�Ü�Ý�Û�Ód×�Í*Ù�Ï�ÓdÍê×8Ñ1Î7Ó`ß� ò�� ÷ ßà � ßì�í]î\ï ðWñ"! ß� øÐ�Û�Ø�Ù�Ï�Ó�Ð�Û�Ò�Ü�Ó#�(ÓPÙ��0Ó7ÓPÛ ßì�í]î\ï ðWñ Ð�Û�Ø ß��Ý�Ô-Î%Ð�Ü�Ü�ÓPØ%$�&(' �*),+.-0/1)�2435� è6l×�Ñ�Ö�Ð�Ñ1Ù�Ý�Î7Ü�Ó7Ô�Ø�Ý�ç3ä2Ô�Ý�Û2Ò7��Ý�Ù�Ï�Ù�Ï�ÓPÑ�â�Ð�Ü;Ó7Û�ÓPÑ�Ò�ë�árÙ�Ï�ÓDÍê×�Ü�Ü�×���Ý�Û�ÒAÑ�ÓPÜ Ð�Ù�Ý�×8Û�Ó�Õ.Ý�Ô1Ù�Ô��(ÓPÙ��0Ó7Ó7Û�Ù�Ï�Óâ�×��2Ý�Ü�Ý�Ù]ë�Ð�Û�ØAÙ�Ï�Ó�Ø�Ý�ç3ä2Ô�Ý�×�Û¡ÎP×.Ó�8DÎ7Ý�ÓPÛùÙ�Ô�÷:9¸ÓPÑ�Û�ÔnÙ;�\ér×���Û�Ô1Ó7Û�Ø Íê×�Ñ�â�ä�Ü�Ð ø�<

ó ò>=@?� ö ÷ ² è
	*A ø6lÑ1×8â ² èCB2á ² è ³ Ð�Û2Ø ² è
	*ALÑ�ÓPÔ�ä�Ü�Ù�Ô�Ù�Ï�Ð�Ù�Ù�Ï�Ó�Ø�Ý�ç3ä2Ô�Ý�×�ÛD��Ý�Ø.Ù�Ï=×�Í;Ù�Ï�Ó7Ñ1âLÐ�Ü*Ý�×�Û�ÔdÐ�Û2Ø=Ó7Ü�ÓPÎPÙ�Ñ�×8Û�ÔPá×Cæ�Ó7Ñ:ÐGØ�Ý�Ô1Ù�Ð�Û�Î7Ó�$ òÈì'í]î\ï�ð�ñ(+ á�Ý�Ô Ý�Û�Ø�Ó7Ö(Ó7Û2Ø�Ó7ÛùÙ¶×�ÛªÙ�Ï2Ó0Û�Ð'Ù�ä�Ñ1Ó0×�Í2Ù�Ï�Ó Ý�×8ÛªÐ�Û�Ø�Ù�Ï�Ó ÒùÐ�Ô5÷êÙ�Ï�Ó7Ñ1âLÐ�ÜÜ�Ý�âDÝ�Ù ø� EGF òIH J =@? $� à ö ÷ ² è
	K	 ø
LNMPORQTS5U�V(W�X*U�WZY[S:U0Y\S5UK]�^PV(O_ Ô�Ý�â�Ö2Ü�Ó�â�Ý�Î7Ñ1×8Ô�ÎP×8Ö�Ý�Î�âD×.Ø2Ó7Ü*×�Í¶Ù�Ï2Ó�Ö�Ð�ÑnÙ�Ý�Î7Ü�Ó�âD×�Ù�Ý�×8Û�Ý�Û Ù�Ï�Ó�ÒùÐ�Ô�Î%Ð�Û`�åÓ�Íê×8Ñ�â�ä�Ü Ð�Ù�Ó7ØEèba0Ó��Ù��5ÓPÓ7ÛIÙ��0×AÎ7×8Ü�Ü�Ý�Ô1Ý�×8Û2Ô5Ù�Ï�ÓªØ�Ñ�Ý�Í�Ù¸æ�Ó7Ü�×.ÎPÝ�Ù]ë ßì'íUîyï�ð�ñ ×�Í6Ð�Ö�Ð�Ñ1Ù�Ý�Î7Ü�Ó���Ý�Ù�Ï|ÎWÏ�Ð�Ñ�Ò�Ó � Ð�Û�Ø|âLÐ�Ô�ÔdcjÝ�ÔÙ�Ï�Ó�Ô�ä�â ×�Í,Ù�Ï�Ó¢Ñ�Ð�Û�Ø�×8âjÙ�Ï2Ó7Ñ�â�Ð�Ü;æ8ÓPÜ�×"Î7Ý�Ù]ë ßìCî árÙ�Ï�Ó�Î7×8âDÖå×�Û�Ó7ÛùÙ ßì'í Ð�Î7úXä�Ý�Ñ�ÓPØEá¶Ý�Û~Ù�Ï�Ó�Ø�Ñ�Ý�Í�Ù÷êÞ�ÓPÜ�Ø ø Ø2Ý�Ñ�ÓPÎPÙ�Ý�×8ÛEá�Ô�Ý�Û2Î7Ó,Ù�Ï2Ó-Ö�Ñ�Ó�æ.Ý�×8ä�Ô;Ô1Î%Ð�Ù1Ù�Ó7Ñ1Ý�Û�Ò2áXÐ�Û�Ø�Ù�Ï2Ó,æ8Ó7Ü�×.ÎPÝ�Ù]ë ßìfe ÷ + ø Ø�ä�Ó-Ù�×dÙ�Ï�Ó-Ó7Ü�Ó7Î�Ù�Ñ�Ý�ÎÞ�Ó7Ü�Ø ßà�Ð�ÎPÎ7ÓPÜ�Ó7Ñ�Ð�Ù�Ý�×8ÛAØ�ä�Ñ1Ý�Û�Ò�Ù�Ï�Ó�Ù�Ý�âDÓ + 

ßì'í]î\ï�ð�ñ ò ßì'î � ßì�í � ßì(e=ò ßì'î � ßì�í � �c ßà + ö ÷ ² è
	 J ø
Ì\ÙGÝ�Ô�Ð�Ô�Ô1ä�â�ÓPØ +�g �%��Ï�Ó7Ñ1Ó��¡Ý�Ô,Ù�Ï�Ó�Ð%æ8Ó7Ñ�Ð�Ò8Ó�Ù�Ý�â�Ó#�(ÓPÙ��0Ó7ÓPÛIÎ7×�Ü�Ü�Ý�Ô�Ý�×8Û�Ô � ò hìCî�ikj ò 	l E ìCî�ikj ö ÷ ² è
	 ²ùø



m@nCopnrq�sbtvuxw\tvq�yPz|{~}���}�q�z�s��d�"t�}�u ���
�������1���K�����
�����(���k�������������* ��¢¡��K£���¡;�¢¤��f���� ��¥ ��¢¤
¦4§¨�
����¦K©�������ªp¡��
©«������£7¬��K¡.���
§¢¤��0�K��ª�������£��K�¬��K¡.����§¨¤��¨�����������¤��K®,¦K¡��f��¦�¡;�¯©°¡��K±¯�K²���p�³¡��K��ª�¦�±´�����¨¡�±0�K¤µ§¢¦K�1��¡��
®��p���
¦��·¶�(�b f�K���
�����¨�¸¦K��§¢�³�* ��¢¡��K£��¨ª¹¦� ��¨¡d�K�p£�¤��¨�Nº°�K²»£�²¼¦� K�¢¡±��f�1�x§¢¦�¤
¤����;¦�����½\�K��ª¥§*�f�0®��b���¢£�¤
�¢§����¢ª¾²À¿�©GÁÂ�
�ÀÃpÄ4�¢ªµÅ4�K�¥�¢�1���
¤���®p¡����p±Æ§¨¦���ª�������¦K�Ç���È¡��¢�K§É���¨ªÊ ���¢�`�����N±¯¦�±¯�¢�����p�`£��K�
���¢ªD®,��� Ê �¨�¢�R� Ê ¦��¢��§¨¦��������¨¡��Ë����¤�¦K�;�¸���¹�����N����Ä@�#§¢¦K¤�¤��
���
¦��µ²�������¢�1���
¤���®p¡����p±´§¨¦���ª�������¦K���� Ì ¶�(Í�º«ÎZ½�ÏÂÐ�Ñ Ì º¨¶�(ÒÈÓÆ¶�fÍ¼º«ÎZ½�½�Ô º � ²�Õ*Ö1½�������@���K�����
�����¨����� � ²�Õ*Ö¯�K¡����K�;����±¯�¢ªD�* ��¢¡��K£��¨ª¹¦� ��¨¡¸±0�K���§¢¦K¤�¤��
��¦��p�¢²À�����Ë©5�K§���¦�¡¸Ð�Ñ³�
��������* ��¢¡��K£���©°¡��K§¨����¦����K¤�±0¦�±¯�¢������±×¤�¦��;�³�
�Ø�����0��§¢�f�����¢¡��
��£`�
�~���p��Ã��¢¤
ªTª��
¡��¢§����
¦��TÙ�¦�¡;± � ²
Õ�Ú4Å� ²�Õ*Ö¥¡��¢�;��¤
���¢Û ¶�(Òv�kÜ�Ý�ÞPÏ>¶�(ÒÀÓß¶�fÍ`Ï´¶�(Í Õbà·Ð�ÑÐ�Ñ ÓÆ¶�(ÍRÏ ¶�fÍÐ�Ñ Ï áÌ Î ÕÐ�Ñãâ ¶Á¯Ô º � ²�Õ�ä�½
���p����¡��¨¤å�f����¦��³æ;�p�;����Ã��¢����������Ä4¬�¡��¨���;��¦�� � ²èç4²é#�¨¡��� 4�
��£��K�¥��Ä4¬�¤
��§¨�
�È��Äp¬p¡��¢�;���
¦��0©°¦�¡À������¡��¢¤��f���� ��� K�¢¤
¦4§¨�
���Ç�����k�4���Ç���p� � ²
Õ � Å������b±¯¦�®���¤
�
���ª��¢¬��¢�pª���¦����������¢���¨¡�£K�¯����¡;¦���£��¯�����¸��§¢�f�����¢¡��
��£N§¨¡�¦��;�����¨§¨����¦��0ê`¦���¤���²\���p�d��¦K���K¤Z�¢���¨¡�£K�¯¦K©�Ç¬��K¡;����§¨¤��#±¯¦� 4�
��£ Ê �
���%�����.�É�K���É�f���¢¦��p�b K�¢¤
¦4§¨�
�����¯����±0�Kª��Ë�p¬7¦f©[�����Ë�����¨¡�±0�K¤¾�¨���¢¡;£K�%�K��ª�������¨���¢¡;£K�%¡��¨§¢�¢�� ��¨ªD©°¡�¦K±´���p���¨¤��¨§¨��¡;��§#Ã��¨¤�ª~º°ë(Í"½�Û

ëËÏ ÕÚ Ì �1ì�Ï �Úµí@î Óïë(ÍÀÔ º � ²�Õ�ð�½� Ê ¦0¤��
±0�������p£³§¢�K���¨�¸§¢�K�D®��Ëª��
�;���
��£����
�����¨ª7�K§¢§¨¦�¡�ª��
��£Ç��¦Ç���p��Ã��¢¤�ª7�;��¡��¨��£K���¾²ñrò ¦ Ê Ã��¨¤�ª%¤��
±0���*ÛPëfÍ·ó�ó ��ô Ú í@î ²¿�����������§*�f���d®�¦K���0���p�d£��K�¼±¯¦�¤��¨§¢��¤
�¢�È ��¨¤�¦@§¢�
���¥��õ.ö�÷��K�pª0���p�dª�¡;�
©«���
��£�¬��K¡.����§¨¤��� ��¨¤�¦@§¢������¥�K¡;�¸§¨¦�±0¬��K¡��K®p¤����K��ª������d¡;�¢¤��f���� ��� ��¨¤�¦@§¢�
���¥§¢�K��®��¸§¢�K¤�§¨��¤å�(���¢ª0®��¯�����d�¨�1����¬��f¡;�������
¦��¦K©[�¢���¨¡�£K�
�1ì���k� ÏÇóßø«¶�³àù¶�(õ.ö;÷(ø1úbì�Ï��1ì[Ó·�1ìõ.ö�÷ Ï � í@îüû ÕÌ Ó Õý>þ Ï � í@î ô Ì%ÿ º � ²�Õ���½

Ê ���¨¡��Ný �
��������±0�K���b¦K©"������±¯¦�¤��¨§¢��¤
�¢��¦f©\���p��±¯�¢ªp�å�Ç�K��ªÌ%ÿ Ï û ÕÌ Ó Õý þ ��� º � ²�Õ�ç�½
����������¡��¨ª���§¢��±0�K���b¦K©"�����Ë� Ê ¦0§¨¦�¤�¤
��ª��
��£N®�¦@ª����¨�¢²��������§¢�f�����¢¡��
��£¥§*�K�7®���§¨¦����;��ª��¨¡��¢ª7�¢¤��K�;����§Ë�
���������¢�p�¢¡�£f�%¡��K��£K��§¨¦����;��ª��¨¡��¢ª¾²�����¹©5�f§¨��¦K¡Ð�ÑR���K�0�����¹©°¦�¤
¤�¦ Ê ����£ º°��¦��ã¡;�¢¤å�(���
 @�
�;���
§�½x��Ä4¬�¡;�¢�;����¦K� ���ã§¢�K���`¦f©��¢¤å�f�;���
§��§¢�f�����¢¡;����£�Û Ð�Ñ#Ï ýý Ó Ì ºvÕ�à ���	��
�½ÈÏ

Ì ÿÌ ºvÕbà ���	��
K½ º � ²�Õ � ½



�� �����������������! #"%$�&'�("%����)*)+�,&.-,�/��0�1(�32
465!798;:=<?>#8=@'A	:=:=>'BC7ED?FGAHDIFKJE>ML�NPOQDR:S<I>UTWVKJEJ9VYXZ7ED?F[:S<?>U8=@MA\:=:S>�B=79D?F]XZ7EJ9J_^`>[AH8C8=a?bc>'d7E8CVH:SBCVKe?7E@	f g�h	i�5kj � 4WXZ<?79@l<!7E8mAnFKVoV�dpAHe?e?BCVMqI79brA\:S7EVHD[TWVHBc>�JE>�@�:SBCVKD?8c^?aI:cD?VH:rAHJtsXuAMv�8ZTWVKB%7EVKDI8%>'8=e`>'@�7wAHJ9J9vxA	:Z<?7EFH<ybcVKbc>'D�:lAKL�N{z,8=7EDIFm|oN9}Y|o~�|IN�}���AHD?d;|IN9}M�If

�	�Q�����l� j ������c��� j�� }�������� � }|���� �y�� ��y� ���c� 4�|IN�� � L
O�:%TWVKJEJ9VYXZ8u:S<�A	:ZbcVK^?79JE7�:Qvm798%BSA	:=<?>'BZ@�VKD?8C:SAHD�:,7ED�:S<?> J9V�X/¡�>�JEd�JE79bm7�:+4¢¡�F?N£|IN¥¤�L�N

¦¨§ 79FK<©¡�>'J9dªJ97Ebc79:'f,«\¬/_ |K®K�K���_N¯OQD°:=<?7E8+@'AH8=>¯«x±²«\¬!AHDId ���Q³µ´ ± � N¯¶%<?>¯·K>'J9Vo@�79:Qv �B=>'AH@l<?>'8£:S<?>,>'¸¹a?79JE79^?B=79a?bº·	AHJ9a?>%XZ<?>'Dc:S<?>,>'DI>'B=F	vcAH@'¸¹a?79B=>'dcTWB=VKb*:S<?>Z¡�>'J9d � ^`>�:QX3>'>�D:QX(Vc>'DI@'VKa?D�:=>'B=8�7E8%J9VK8C:Z79Dx:S<?> D?>»qo:�@'VHJEJE798=79VKD¼f
� �R� � � j¾½\¬+«_j¿½\¬ }� ���¹À 4�|IN���}�L

XZ<?>'BC> ½\¬Á7E8�:S<?>,TWBSAH@�:S7EVHDrVHT¼:=<?>�:=VH:lA	J`>�D?>'BCFHvm@'>'dI>'dx:SV_:S<?>�F�AH8�N�ÂÃBCVKbÄ|IN�}��ÅA	D?d�|INÆ�o}TWVKJEJ9VYXZ8'f �¹À�Q�����l� j �� � �y� � }� ½\¬½�Ç � �� ���c� 4�|IN��H�KL
O�:{TWVKJEJ9VYXZ8�:S<?A	:�bmVH^?7EJ979:Qv 7E8�AHe?e?BCVYqo79brA	:=79·H>'J9v_e?BCVKe`VKBC:=7EVKD�A	J�:=Vc}Y®¹È � 79DÉ:S<?>%<I7EFK<É¡�>�JEdJE79bm7�:+4¢¡�F?N�|IN¥¤�L�N

Ê!Ê Ë Ê!ÊO�:�@MA	D©^Ì>ÉdI>'bcVKD?8C:=BSA	:=>'dÍ:=<�A	:�:=<?>Ébc>MAHDÁd?7E8Ce?JwAH@�>'bc>'D�: �ÃÎ 7EDÍVKDI>Éd?7EBC>'@�:S7EVHDÍA	T¢:=>'B�AmJwAHBCFK>D�aIbÉ^Ì>�BZÏÁjÑÐC® � VHT�7E8=V	:SB=VHe?7E@+8C@MA	:C:S>'BC7ED?FH8%7E8ZFK79·H>'D�^�v� ÀÎ j/Ï �|ÓÒ À j �| Ò À� Ð � 4�|IN��	|�L
¶%<?> @'V�>�Ôc@'79>'D�:�ÕÖ798u:S<?> e�AHB×:Ze?B=VHeÌVKB×:S79VKD�AHJ`:SVm�\Ð%A	8,79D�:S<?>_|IN¥¤If

Õ²j Ò À| � j � À��³µ´| �?� 4�|IN��  L
Â�VKBØe�AHBC:=7E@�JE>'8Ød?79ÙÌa?8=79D?F�XZ7�:S<É:S<I>'B=bmAHJo>'D?>�B=FHvH~�BC>'JEA	:S79VKD?8�|oN9}�Ú�A	D?dc|IN�� � @MAHD�^`>%a?8=>�d¼~�AHD?d:S<?>_|INÆ�  ^Ì>�@MAHbc>'8,Õ²jÛ���%® �ÝÜ XZ<I7E@l<y7E8u:S<I>Å|oN9} � NÞ�ß`àâáã >MAH8Ca?B=>�dk·HA	JEa?>�8_TWVKB_:S<?>mbm>'AHDUTWBC>'>re?A	:S<¼~�·H>'J9Vo@�79:QvK~ØAHD?d#dI79ÙÌa?8=79VKDU@�Vo>�Ôm@�7E>�D¹:ÉVHTZ8=>�·K>'B=AHJ7EVKD?8ZA	B=> JE798C:S>�d�7ED�:lA	^?JE> |IN¥|INÂ�VKBÝ>�JE>'@�:SBC7E@{¡�>'J9dÅ8×:SBC>'D?FH:=<äD?VHB=bmAHJEJ�v�a?8C>'d_TWVKBÝd?B=7�T¢:Ý@l<�AHbÉ^`>'BC8â:=<?>379VKD_bmVK^I7EJE7�:Qv,7E8âAHJEbcVK8×:7ED?d?>�eÌ>�D?d?>�D¹:�VKD;:=<?>ä>�JE>�@�:SBC7E@+¡�>�JEd¼N%å�8�8=<IV�XZDÁ7ED;¡?F?NZ|IN¥¤I~Ãå�B=FHVKDÁbcVK^?79JE79:Qvm7E8,@'VHD?8C:SAHD�:�a?e



æ�ç¥èIç!é�êZë.ìÉíØë.é�îÝï3ðªñ%ò¿ñ%é�ï�ê,ó�ôâë�ñ%ì õ?ö
÷KøHù úâû6ü»ýyþ ÿ©û������\ùlþ � û����
	����þ� 	 ö������Zö������ �������Zö���� ���� 	õ�"! �������Zö������ ö��¥õ#�Zö���� ���$�&%')( ö������Zö������ õ*�¥õ#�Zö��&+ �����	õ, 	 ö������Zö�� ��� - �����Zö�� + ������%� 	�. ö������Zö�� ��� / �9ö0�Zö�� + �������

1 ø�2*3 !  ��� �465#798�:<;�=>7?7A@�8�B�CED0F�7HGJI�KHLMB�N8�:POQO�L RTSEUHLVIW:XK?I�7�YQKHLV7H:ZB[;\IW=#LVIW:�U#LM:BMCZ7HLM=]@�8�=>7H:ZB_^E8WU
`a:bIW=�c
8�GdK?IW:PO�LMB�LVIW:�UfeW�

g>hji ø�3lk ! ù h�m[g>n ! ( !�o k�� !�op! 3 ! � g (rq �ts ! 3 ovu �Hwyx ���{z �?û6ü»ý}|�~��&�Hþ'û + þ g>n ø g � ! ø��?ù�k*� g>h øo q ù g ø���� ! x ö������ ý m ( h � g9n !]� qJ( ! ø g�g>n ! � h � q ��ø�3���� 1 i�h 3 g øH÷ ! ��� � m ø�� g�� ø�÷ ( ! ø g�m ( ø&� g q h �h�m�g9n !�! � ! ( ÷��_ø���k ql( !�o 2E� g>n ! q h �?ù h �Åø�� ! ø&� m ( !�! ��ø g>nb� q ù�3 h ù g q � g>n ! � h 3J3 q ù q h � � q g>n�g9n ! ÷�øHù� h 3 ! ��k*3 ! ù�2 ! �'ø�k?ù ! h&m�g>n ! ùr�rø&3J3P�røHùCù o q�� ! ( ! �*� ! � 1 n ! ( ! m�h ( ! g9n ! ql( ! � ! ( ÷�� ( ! �mø q �?ù3ø�3l� h ù gg>n ! ( �mø�3Ãø�� o h �*3���ø ù9�mø�3J3 m ( ø�� g q h � q ù o k ! g>h�g>n ! s ! 3 o �_� h ( ø�� q�� g k ( ! h�m�� o ql� ! ( ! � g ÷KøHù ! ù �g>n ! � h 2 q 3 q g � �b� h&mdg9n ! q h ��� q ù%÷ q i ! ��2E�°û� �3wø�����¡ ù"3Eø � þ 4ö�b��¢ £¤ ¥
¦�§

ü ¥�b� ¥P¨ û  ���� - þ
� n ! ( ! ü ¥ q ù g9n ! � h �*� ! � g ( ø g q h ��2E� i�h 3Jk�� ! h�m�g>n ! ÷KøHùT©xø�� o �b� ¥ q ù g>n ! � h 2 q 3 q g � h�m�g>n ! q h �� q � g>n ! ÷�øHù�© � � ! ø	ù9k ( !�o � h 2 q 3 q g q ! ù h&m o ql� ! ( ! � g q h �?ù q � g>n ! qJ( h � �©÷�øHù h ()q �Áø o q�� ! ( ! � gh � ! �Mø&��2 ! m�h k*� o q � g ø�2*3 !  ��¥õ*�� m o q�� ! ( ! � gªg ��� ! h�m q h �?ùxø ( ! � ( ! ù ! � g���g9n*h ù !j� q g>nQn q ÷ n ! (ªq h � qJ« ø g q h �y� h�g ! � g q ø&3Eùxø ( !� ! k g ( ø&3 q ù !�o ø mMg ! ( ö\� 	r¬ ö\�� � h 3l3 q ù q h �?ùT2�� g>n ! �'ø�� g k ( ! h�m ! 3 ! � g ( h �?ù m ( h � ø g>h �cù � q g9n 3 h �®! (q h � qJ« ø g q h �j� h&g ! � g q ø�39ù � � ! ø&� m ( !�! ��ø g>n ùÅø ( ! h�m{g>n ! h ( o�! ( h�m ö������ ü�ý �¯h �*3�� h � !±° q � o h�mq h �Iù q ù g9n k?ù[3 ! mMg ø mMg ! ( ø o (rq mMg 3 ! �?÷ g>nAh�m ø�2 h k g -T² ö���� 	���©xü»ý q m © q ù g9n ! � ! ( � ! � g øH÷ ! h�m�g>n !3 h �®! ù g q h � qJ« ø g q h ��� h�g ! � g q ø&3³� h 3 ! ��k*3 ! ù �

´ øHù � h � � h 2 q 3 q g �û����
	9µ � § ù � § þ�"! ��!\¶ ö���� õ��·"! ·�! ¶ õ*�9ö\�')( '�( ¶ ö�� -  ¸ ( ¸ ( ¶ ����¹�%º)! º»! ¶ ��� -�/¼[, 	 ½ ¼[, 	>¾ ¶ ö�����¹¼ � + ½ ¼ � + ¾ ¶ ���$�&%')( ½ ¼[, 	>¾ ¶ ö�� / �')( ½ ¼ � + ¾ ¶ ö���� /
1 ø&2*3 !  �� õ*4 � ! øHùrk ( !�o � h 2 q 3 q g q ! ù m�h ( o q�� ! ( ! � gq h �Iù_û�� h ( �rø&3³� h � o q g q h �?ùSþ �

� q ÷�k ( !  ���%�4 � h 2 q 3 q g � m�h (�¿ � ¶ q h �?ù q � ¿ �� q g>n ( ! ù9� ! � gÀg>hÁg9n ! ( !�o k*� !�oÂ! 3 ! � g (9q �#s ! 3 ou �Hw �
Ã9Ä³Å�Æ_Æ9Ç�ÈWÉ�Ê?Ë�Ì�ÆÎÍ�Ï�ÐWÆrÌ�Ñ»Ë�Ï_Ò�Ë�ÏÔÓÕÉ$Ö³×HØ�ÏVË�É�Í�Æ9Ñ�Ø\ÙTÓ®È�Ì�ÏÔÉ�Ú�Ì�Ù\É�Í�Û[Ø\Ù)Ü?Ý�Þ�ß



à�á â_ã�ä)å»ædçéèXê�ëyìví[î�ï�æ�í[è�çéðñð�è"ïóò"æ}æ)ôdõ�ç®ö

÷�ø�ù�ú�û�ü�ýPþ¯ÿ
���������	�
�	������
�������������	�
�	������������� �!�#"$�����&%(')�+*#%,�������	�)����"�-&./����01�	�	����01�2�	���
�����3�������4�	��%65
7 �������(���8�
���)�9./�	�	��')�3�:��*)�-6���3�:���
"�*$���	�9���)�(��*)��-;*�� <��=�>�����)"��	�?%@�	���;AB�3�	� 7 �C��*�DFEG�������H<��	�
��*)�I�3%J�!���K%@�����(�
% 7 �������>��*��C�;��*���-L�����3�J�������(���)�	�3"�-M0=*)�	�N�������
���)�
�)"O�	�P�!�3���
� ���
�
-�0=�Q��*R��*)�
"$���:%,�������	')�
�	��DKS����T��*��	���8�3� ���3���)�=�	�
�	��������)�4� ���2�3� ���+*O�����)�)��%U�	�)����"��
�	�4�3��<��������V�����)�����4��A
%J��"��)�
��')�)�(*)�
"�*)���W��*�������*)�6��*)�	�3%J���9���)��D,���L�O�3��% 7 ���Q���	�#%,�X�)�	�9��*)�,�)���QAY�><������X�	�
��-�� ���
.��80=���Q�����	�G���

ZC[�\^]`_�acb dá!e2f�gWh)i jlk D á!m$n
0=*)�	�3� hVjog,i�p n ������*)�q� <��	����"��6���
%@�;.����0T���	�R�������
���3�����)��DWr4*)�6�	���
���
�������s�	�3�����W�3�	���������M�������
���s��*��;�	���)����tX'��	�)��� h �u�)� 7 ���)�)�>�����Q�����	�����Q-I���&��*)���	�����������������)�	�3"�-s���)�s��*)�;�����	����3���W���	�
��D
���sAl�����	�v�	�������������&�	�)����"�-&� ���&� ���3���Q- 7 �����w��*)�x��*)�3�	�3*)�����&��AK�
�)�	�����3�����W�yz�	�Q�+�!�������G��A{��*)�x"$���
%@���
�	��')�����	|��
�}��*)�
�J�	�����!�w��*)�#�)���QAY�@<��	�
�z���
��- j ��*���%@��.)���
�
��- n .����	��%,�	�O�LAB'��)���������}�!Ax��*)�
�	�)����"�-O�
�����=���3���X�	���!�����O0=�Q��*O��'��+* 7 ���X�	������D

S9��"�'���� k D�~z���T�����
���3�������	�3�����2�3�	���������}AB���I�	�
�	�5
�������)�=���O���3"����G���4AB')�)��������G�!A?��*)�W�	�)����"�-�D

S?��"�')�3� k D������T�����
���3�����8�������3�?�3�	���������WAB���c�	�
�	��5
���������4���G���>�	D

���+*)��������������������
� 7 *)�	����%@���)����0=*)���+*�%@� -��X�	�	��')�(AB���6�	�
�	��������)�6������*)� dH� �����)"��2�
�
��*)�x�w��%@����')���4�����	���	DF�:�w��*)�	�3�����)�	�3"������=�	�������������)�40T� <��	�
�	�)"!��*��!���W�	��% 7 ������.)�
�����q./��')�)�
�	�������������I����.)�Q���T�
�J��*��>%@�����	��')�����1�!A���*)��"����4���)�2t�'��!����')%�%@���+*����)�
� ���������	�����=�����
���w0=*)���+*
%J���!�:��*)�w�!����%,�K�)� ���3�
-������!�)� 7 �!���	�$�����W�	�
�	��������)�	����D���D?���	���)�{�����8%@�
�)��%;')�(���(��*)�=�	���
���
�������
�	�������8��������������DW���#�y���% 7 ���(�!AK��*)�
�>.���*�� <X����')�����>"��Q<����#.�-&��*)�;�	�������8�������������#��A������	����3���)�
�������3"���� j ��")D k D�~ n D,r4*)�,�	�)����"�-������3�����
.)'����
����0=���
�9Al� <���'��W��*)���3�@���)�	�3"������xAB���>0=*����+*L��*)�
���$����������������I�	�3�����4�3�	���������O�
�:����01�	�	DK���2���)�����	�����8�
�I��*)�8���)�	�3"�-I�
�IAl�����4�
% 7 �������T�!�2���)����� �!���
���L��*)� 7 ����.)��.)���
�
��-#�!A4���	�!�����	���
�)"&0=�Q��*M��*)�@��').)�3�	t�')�����q���)�	�3"�-L�����3�	D2r4*)�
�������)�)�;���s�!�	� 7�	�������������@�	�)����"�-,�	�
�����=���W��*����������3�T�������������@%@�
�)��%('�%&Dcr4*)�
�1��u�����:�
� ���������;�x���!��')���!�������,��A
��*)�W�)�3�
AY�4<������X�	�Q��-J0=*)�
�+*&�3�	%@�����)�=�!��%,���3�4�����)���+���$�=0=�
��*&�
�)�	�3� ���3���)"q�	�
�	������
�>���	�
� j ��")D k D��AB��� 7 ')�3�x����"���� n D



�X����� �F¡=¢¤£(¥9¢¤�F¦c§1¨L©4ª«©4�F§F¡w¬��¢©4£ ®$¯

°4±�²:³J´�µ3¶�·9¸�¶�¹)º�²�»�¼)²	¹)¸�²�¶!½/¾�±)²:º3²	¹)º3¿
¾�¿QÀ�²4Á)²�Â�²�¹)Á)²�¸	²=¶�½�¾�±�²:¸	·3¶�º�ºKº3²	¸�¾�¿�¶�¹6¶�¹(¾�±)²4²�¹)²	·3Ã�Ä
¿�º8¾�±)´!¾WÁ)·�¿Q½Y¾8À�²�Å�¶X¸	¿
¾�Äs¸ ´�¹�À!´�·3Ä�¸	¶�º3¿�Á)²�·�´�Æ)ÅQÄ�Ç=¿
¾�±�º�³@´�Å�Å{¸+±)´�¹)Ã�²�º�¿
¹�¾�±)²qÃ$´�ºW¸	¶�³@Â/¶�º�¿Q¾�¿
¶�¹
º�¿
¹)¸	²8¶�¹�²>Ã$´�º:³@´ ÄJ±)´�À�²W´(ÅP´�·3Ã�²�º3¸ ´!¾3¾�²�·�¿�¹�Ã(¸	·3¶�º�º4º3²	¸�¾�¿�¶�¹IÇ=±�²	·�²x´�¹�¶�¾�±)²�·:±�´�º:´(³@¿
¹)¿�³(¼�³&È
°4±)¿�º8±)´�Â)Â/²	¹)º8½B¶�·>²�É�´�³@Â�Å�²;½B¶�·�³@¿`Éz¾�¼)·�²;¶�½�Ê�·�Ã�¶�¹#Ç=¿
¾�±#Â/¶�ÅQÄ$´!¾�¶�³@¿
¸�Ã�´�º�²�º	È(Ë�¹#Ì�Ã)È ¯ È�ÍI¿�º
º�±)¶�Ç=¹I¾�±)²�¸�·�¶�º3ºTº�²�¸�¾�¿�¶�¹J½B¶�·1¸	´�·�Æ/¶�¹JÁ�¿�¶ Éz¿�Á)²!ÈKÎ9¿�Ã�¼)·�² ¯ È�Ï�¿�¹�º3¾�²	´�ÁJº3±)¶�Ç=º:º�¶�³@²�²É�´�³,Â)Å�²�º1¶�½
Á)·�¿Q½Y¾4À�²�Å�¶X¸	¿
¾�Ä@À�²�·�º�¼�º�¾�±�²x²�Å�²�¸�¾�·3¿�¸>Ì�²�Å�Á2½B¶�·4Á)¿QÐu²�·�²�¹�¾wÃ$´!º�²	ºw´�¹�Á&¸�¶�³@Â/¶�º3¿
¾�¿
¶�¹)º�È

0.0 0.5 1.0 1.5
distance from wire [cm]

0.0

0.2

0.4

0.6

dr
if

t 
ti

m
e 

[µ
s]

Ar-CH4-N2 91-5-4, DATCHA
Ar-CH4-N2-CO2 94-3-2-1
Ar-CF4-N2-CO2 94.5-0.5-2-3
Ar-CO2 95-5

0.1 1.0 10.0
E/p [V/cm Torr]

0

1

2

3

4

5

6

dr
if

t 
ve

lo
ci

ty
 [

cm
/µ

s]

Ar-CH4-N2 91-5-4, DATCHA
Ar-CH4-N2-CO2 94-3-2-1
Ar-CF4-N2-CO2 94.5-0.5-2-3
Ar-CO2 95-5

1.46 cm 0.2 cm (3270V, 3bar)

0.0 0.5 1.0 1.5
distance from wire [cm]

0

10

20

30

40

L
or

en
tz

 a
ng

le
 [

de
gr

ee
]

Ar-CH4-N2 91-5-4, DATCHA
Ar-CH4-N2-CO2 94-3-2-1
Ar-CF4-N2-CO2 94.5-0.5-2-3
Ar-CO2 95-5

0.1 1.0 10.0
E/p [V/cm Torr]

0.0

0.5

1.0

1.5

lo
ng

it
ud

in
al

 d
if

fu
si

on
 [

cm
 s

qr
t(

T
or

r)
]

Ar-CH4-N2 91-5-4, DATCHA
Ar-CH4-N2-CO2 94-3-2-1
Ar-CF4-N2-CO2 94.5-0.5-2-3
Ar-CO2 95-5

1.46 cm 0.2 cm (3270V, 3bar)
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R T
C F

R i

C f

R f

R D

C D

wall
   tube

HV + wire

GND
HV

Z W

C F

R i R T

power
supply

HV 
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5. MDT Chamber Response to Muons 78

tubes. It couples the readout electronics capacitively to the wires and provides a
discharge protection for the amplifier inputs. 3×8 tubes, 8 in each of the 3 layers
of a multilayer are read out via one hedgehog board. A separate mezzanine printed
circuit board which plugs into the hedgehog PCB contains three 8-channel ASD
chips (Amplifier, Shaper, Discriminator) [38] and one 24-channel TDC chip (Time-
to-Digital-Converter) [39]. The high voltage is connected to the tubes via hedgehog
PCBs at the opposite tube ends (see Figure 5.2). Both ends of each multilayer
are enclosed by a Faraday cage. The Chamber Service Module (CSM) provides the
interface between the readout electronics and the data acquisition system. In the
ATLAS detector, the data will be transmitted from the CSM by about ∼100 m long
optical fibers to the Readout Driver modules (ROD).

3x
8 

tu
be

s

Hedgehog PCB

mezzanine PCB

Faraday cage

~100 m

CSM
ROD

coupling capacitors

Fig. 5.1: Layout of the MDT readout system.

The current signal of the wires is amplified and converted into a voltage pulse
which is sent to a discriminator. A time-to-digital converter, synchronized to the
bunch crossing clock, measures the time of the leading and the trailing edge of the
discriminator output and stores it in a buffer. The space-to-drift-time relationship
r(t) relates the measured drift time t (the leading edge threshold crossing time
reduced by the constant time offset due to the signal propagation in the readout
electronics) to the distance r of the track from the anode wire:

r = r(t) =

t
∫

0

ṙ(t)dt, (5.1)

where ṙ(t) is the drift velocity which depends on the gas mixture and, in general,
on the electric field in the tube. For Ar:CO2 gas the drift velocity depends on the
electric field and, therefore, on the position in the tube: it has the largest value in
the vicinity of the anode wire and decreases with increasing distance from the wire.

The drift-time resolution and thus the spatial resolution of the track point is
affected by the threshold setting and by the gas gain. An important limitation of
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2.3. BACKGROUND ENVIRONMENT AT LHC 27

2.3 Background environment at LHC

A large fraction of hits detected in the Atlas muon spectrometer will be due to background
events rather than due to muons themselves. In this the LHC detectors differ significantly
from past experiments like those at the Large Electron Positron Collider LEP, where rates
in the muon systems were negligible.
In the MDT case the main background contributions are photon and neutron interactions.
Neutrons typically stem from secondary particles produced in the beam pipe and other
machine elements as well as in the calorimeters. Photons are to a large extent created
by (n,γ)-reactions. Both neutrons and photons have in common that they are essentially
uncorrelated to any primary interaction products due to the large number of scattering
and (re)absorption processes involved in their creation [9].
Figure 2.13 shows simulation results for the expected photon flux in the Atlas muon
spectrometer; photon rates are highest in the region close to the beam pipe, in particular
in the two innermost endcap stations (EI, EM). The mechanisms by which a photon will
deposit energy in an MDT were discussed in section 2.2.1; the interaction probability
(efficiency) as well as the number of produced primary electrons depend on the photon
energy (fig. 2.14). Combining simulation results for the expected photon energy spectrum
with the γ-efficiency curve gives

N̄p.e. = 1235 (2.18)

BOS + BOL

BMS + BML

BIS + BIL

EMS + EML

endcap
outer 
station

endcap
toroid

CSCs

EI

Figure 2.13: Expected photon flux in the Atlas muon spectrometer for a luminosity of
1034 s−1cm−2 according to [17]. Photon rates are highest in the innermost part of the
inner endcap station (EI).
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Figure 5.12 Total neutron flux in a full Atlas quadrant (GCALOR – Jan03).

Figure 5.13 Photon flux in a full Atlas quadrant (GCALOR – Jan03).
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Turning again to the average neutron efficiencies for the various regions and chamber types
given in Table 6.4, we see that the average efficiency changes from 2 10 in the barrel to 5 10
in the outer part of the big wheel and up to about 10 10 at the inner radius of the forward
region. The higher values, as we have seen, are due to the more intense hard neutron component
of the spectrum. However, to avoid double counting with protons fluences, it is better to exclude
the contribution secondary protons. The rightmost column in Table 6.4 shows the average
efficiencies excluding neutrons with energy above 10 MeV. The MDT values vary then from 1.1
to 3.0 10 .
In summary, for all the MDTs, we can use conservatively the value of 3.10 . In addition, the
table shows that folding the same efficiency curve with the FLUKA spectrum instead of the
GCALOR spectrum can give up to a factor 1.5 higher average efficiency. That factor can be
taken as an estimate of the uncertainty on the average efficiency which is related the shape of the
spectrum, in turn dependent on the transport program. The average efficiency used so far in
calculation involving MDTs was 5 10 . The values we can quote for RPC, CSC, and TGC are
2.0 10 , 1.2 10 , and 5.0 10 respectively. They can be compared to the value of 1.0 10
used so far in calculation for all three types of chamber. Table 6.11, at the end of the section,
summarizes all efficiencies.

6.2.3 Efficiency for photons

6.2.3.1 Single plane efficiency

The single plane efficiency for photons in the MDT chambers is shown in Figure 6.16.
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Figure 2.15: Approximate total MDT count rates in Hz/cm2 for a luminosity of
1034 s−1cm−2. The values shown are based on the latest background simulation [17], which
takes into account photon, neutron, proton, muon, pion and electron contributions.

in 10 years of LHC operation (108 sec), assuming a gas gain of 2 · 104 and treating all
background events as photons (N̄p.e. = 1235).
The safety factor 5 in formula (2.20) decreases if the larger pulse charge of neutrons is
correctly included. Calculations carried out by P.Nevski et al. [55] for the innermost EI
MDT chambers4 indicate that even though the count rate due to fast neutrons (En >
100 keV) is 10 times smaller than the count rate due to photons, the energy deposited by
ionization is almost equal (

∫
Eion

n /
∫

Eion
γ = 1.2) for the two types of interaction. As a

consequence the safety margin in (2.20) is 2.5 instead of 5, which has to be kept in mind
particularly when discussing ageing results.

4position z = 720 cm, r= 270 cm in fig. 2.13
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_ `(a@b�a�c�cFdfe(g)eha�ikjldfmon�g)prq(moj&s&modfb�bVa�n0thpogBehs�d�poa�mog)dfuhihthp7v�gBwo`�d�xf_zy@{|qhmoj}w~jD��j&u���_ `ha
ihthp�g)p�df����a�pop�a�n���g)d������ ��y�p�a�wothqOpw~m�g)ehsh�Dw~`ha+xf_zy@{�p�womogBehsh�(��j&elw�dfgBehg)e(s0dfu)ukw~`ha�m�a��=thgBmoa�n
q�dfmodfbVa�w~a�mopO���}�}��g)p0uBjldfnha�n���m�j&b�dfe�a��Dwoa�moehdfu�y��h��������u)a�d}ehn[gBp>poa�elw�w~j,w~`(aOb�a�c�cFdfehgBeha
i j&dfmonhp��r_ `ha¡��m�p�w qhdfm~dfb�a�woa�m�¢���m�p�w���i(gBw�j}�Zw~`ha:p�w~m�g)ehsl£¤qhm�j3�DgBnha�p�wo`ha�p�a�wowog)ehs+��j&mYwo`ha�¥�y@�
v�`hg)��`���jfe=womoj&uBp�w~`ha¦y��(¥§w~`hm�a�po`(j&u)n¨�}dfu)t(af©Ywo`hg)p��}dfuBtha1��dfe[ika1�}dfmogBa�nª��m�j&b¬«��&}®,¯�°±w~j
�& ] ¯�°²g)eªpw~a�qhp�jf�:��b���³z��j&mEa��(dfb�qhuBaf��wo`haV�}dfuBtha�´.µf�O��jfmomoa�poqkj&ehnhp+w~j,dOwo`hmoa�po`hjfu)nªjf�
«�&�®=¶�´.µ&�¸·Y�&¹:« ^ �O¯�°��¨_ `ha�y�¥��ºg)elwoa�s&mod}w~gBj&eªsld}woa¦�Fdfe�ika¦��`hj&poa�eKika�w»vYa�a�e¼�<dfehn�®=
½Z¾ g)e#p�woa�q¨jf�@�D�¿ ½¸¾ �O_ `haÀnha��Ádft(uBwE�fd}u)tha�g)p�´3 ½¸¾ ��_ `ha1n(a��Ádfthu
w�n(g)po��`hdfmos&aÂ¢Ám�theªnhj.v�eÃ£
��thm�moa�e=w��fd}u)tha@g)p¤®h�ÄEÅ¸Æ|dfehn1��dfeÀmodfehs&a@��moj&bÇ���%®�Å¸ÆÈw~j�É�� ^ Å¸ÆWg)eÀpw~a�qhp�jf�Êµ��¿É�Å¸Æ��7Ë¡wo`ha�m
qhmojfs&m~dfb�bVdfihu)a:q�dfmodfbVa�w~a�mop ��jfe=womoj&u w~`ha�_�¥��Tw~g)b�a¡b�aFd}pothm�a�b�a�elwF�7_ `ha�b�aFdfehgBehs0jf�Êw~`(a�poa
q�dfmodfbVa�w~a�mop�g)p aÌ�(q(uÍdfgBeha�n�g)e¦��sfthmoa�®h�Ä���

measured time (ns) =25* (coarse time)+25/32*(fine time)

matching window

search window
mask window

trigger hit time

count rollover

trigger offset

ÎRg)s&thm�a�®h�Ä��³7¥�a���e(gBw~gBj&e1��j&m�wo`ha�w~g)b�a�b�aFdfp�thmoa�bVa�elw~p�q�dfmodfbVa�w~a�mop��

_ `(a�¯�Ï&ÐÑ�Ò�Ó¡Ô ½ÖÕ=× ÓWnha���e(a�p�w~`(a�w~g)b�a@g)elw~a�m��}dfuÖgBeÀv�`hgB��`¦`hgBwop dfmoa¡��j&ehp�g)nha�moa�n1w~j0bVd}w~��`
w~`ha�w~m�g)s&sfa�m�v�`hgBu)a�w~`(a ¾.Ø ÏlÙ}Ñ�ÒOÓ:Ô ½ÖÕD× ÓÚ��jfe=womoj&uBp w~`ha�v�g)ehn(j3v|g)e�v�`hg)��`�`hg
w~p@dfmoa�b�aFdfp�thmoa�n¸�
_ `ha�Ñ ×3ÛÃ½ ÐEÙ ×}Ü�Ü�×�ÝDØ Ù�dfehnªw~`(a1Ð�Ù}ÔÁÞDÞ Ø Ù ×fßÖß¸¾.Ø Ð�q�d}m~dfb�a�woa�mop+�(�ªwo`ha¦p�w~dfm�wog)ehs,qkj&g)elw�jf��w~`ha
�}dfmogBj&thp�w~g)b�a�v�g)ehnhj.v�p¡v�g
w~`Omoa�p�q a���w�wojÀw~`(a+w~m�g)s&sfa�m@pog)sfe�dfuà� _ `(a�¯�Ï ¾�á Ó:Ô ½ÖÕD× Óânha��heha�p�d
w~gBbVa�v�gBehnhj.v¼ika���jfmoa w~`ha womog)sfs&a�m�wog)b�a�v�`ha�moa w~jEu)jDj&ã���j&mr`hgBwopäw~`�d�w7bÀdFå�`hd.�fa:jfihpo��thmoa�nÀ`hg
w~p
g)e�w~`ha:bÀd}wo��`hg)e(s+v�g)e(nhj.v��ry¡u)u�wo`ha�p�a�q�dfmodfbVa�w~a�mop�d}moa¡sfgB�&a�e1g)eV��j&t(mopoa@w~gBbVa@��j&t(e=wop�¢à�fEehp~£��
_ `ha¡ika�`hd.�DgBj&thm�j}�Öw~`(a¡_�¥��Kb�thpw�d}u)pojEika¡qhm�j&s&m~d}bVb�a�n�ilåV��`(j�j&p�g)ehsEw~j+bVa�dfpothm�a@wo`ha:wog)b�a
j&e�w~`ha Ü�Ø Ï Õ Ô ½ Þ Ø.Õ Þ Ø �hjfe�wo`ha�Ð�ÙfÏlÔ Ü Ô ½ Þ Ø.Õ Þ Ø j&m�w~j�bVa�dfpot(moa�w~`ha�v�gBn(w~`�jf�zw~`ha�p�g)s&e�d}u7¢�Ð�Ô�¯ Ø
×�ÝDØ Ù�Ð�ÒhÙ Ø3¾ Ò ×�Ü�Õ £��7_ `ha�nha��Ád}thuBw���`hjfg)��a�gBp�w~j>bVa�dfpot(moa�w~`ha�uBaFdfnhgBehs0a�n(s&a+j}�Rwo`ha�pog)sfe�dfuà�

Ë�eh��a�w~`ha���j&e(��s&t(m~d}wog)j&e0`�d}pri a�a�e�q a�m���j&m�bVa�n¸�lg)eh��j&b�g)ehs@w~mogBs&s&a�mop7dfm�a a�e�dfi(u)a�n�dfe(n�nhd}w�d
��j&uBu)a���w~gBj&e¦�Fd}eOpw�dfmwF�

_ `(a¦� �h��µÂm�a���a�gB�fa�p0dOpog)sfe�dfur��moj&bæd}eªa��Dw~a�moe�d}uYw~m�g)s&sfa�m�nha��DgB��a¦dfe(nªnhg)pw~m�g)iht(woa�pEgBwEw~j
w~`ha�_�¥��WgBe�dfe�dfp�åDeh��`hm�j&ehj&t(p:v�d.å#¢�j&e�w~`ha���m�p�w��Ádfu)uBg)ehs�a�nhs&a�jf�zw~`(a+gBe=woa�m�e�dfu¸��u)jD��ã1jf�zw~`ha
� �h�±��j&u)uBj.v�g)ehs�w~`(a¡w~m�g)s&s&a�mYp�g)s&ehdfuç£Ì�rè¡dF�Dg)ehs�ehj�g)e���j&mobVd}w~gBj&e>j&e1w~`(a¡g)elwoa�moehdfuÖ��u)jD��ã�¢çv�`hg)��`
g)eªwo`ha1a���qka�m�g)b�a�elw0v�g)uBu¤ika¦moa�uÍd}woa�nªwoj�w~`ha¦bVdf��`hgBehaÀwog)b�g)ehs=£�g
w�g)p�eha���a�popodfm�åéw~j,b�aFdfp�thmoa
w~`ha0wog)b�a�ika�w»vYa�a�e/w~`ha0womog)sfs&a�m�d}ehn,w~`ha0��u)jD��ã�a�n(s&a>poa�e(nhg)ehs¦wo`ha>p~dfb�a�w~m�g)s&sfa�m�p�g)s&e�d}uäg)e<d
��`�dfehe(a�u¤jf��d�_�¥��ê��j&eheha���woa�néwoj�wo`ha>p~dfb�aV� �h��µ(�V_ `haVe=thb�i a�mEj}��vYj&monhpEg)e,wo`haVa��&a�e=w
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A.4 Front end electronics: Tail cancellation

In section 2.2.5 it was shown that the current signal induced in the anode wire of a drift
tube by a single ion cluster has the form

I(t) = − q

2 · ln (b/a)
· 1

t + t0
. (2.17)

(2.17) is characterized by a long tail towards large t, which is unwanted in high rate condi-
tions since it leads to pile-up and an effective shift of the signal baseline.

R 1
R 2

C

Figure A.4:
Pole-zero filter network

A pole-zero filter as shown in figure A.4 can be used for tail
cancellation. The transfer and response functions for such a
circuit are

T (p) =
p + 1

τ1

p + 1
τ2

and (A.9)

gδ(t) = (
1

τ1
− 1

τ2
) · e−t/τ2 + δ(t) (A.10)

with τ1 = R1 ·C and τ2 = R1·R2·C
R1+R2

. A Pole-zero filter transforms an exponential e−t/τ1 into

e−t/τ2 with τ2 < τ1. Drift tube signals following (2.17) can be approximated by a sum of
exponentials; several pole-zero networks are then used to obtain optimal tail cancellation.

A.5 Response function for the MDT ASD-lite

The voltage response for the amplifier-shaper combination of the MDT prototype electron-
ics was simulated with the program PSPICE3; it is shown in figure A.5. The numerically
obtained function can be parametrized as

gδ(t) = p1 ·
(

t

τ

)3

· e−t/τ + e (p2−p3·t) + e (p4−p5·t) with (A.11)

3PSPICE simulation courtesy of C. Posch, Boston University

Figure A.5: ASD-lite voltage response to a δ-like current input pulse (PSPICE simulation).
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¯2°4±�²�±K³I´8µ/¶8±�·I¸|¹<°4±�ºD·F»O»:±Kº^¹<±K¼QºR°S³J¶8½F±�¾d¶8³U¿ÀºR°S³J¶8½F±JÁSÂS³I¶KÃ�Ä/Ã ��Å ºK³IÆQÇ%±�ÈI±K¶GÉ�µ4´8±^¸�µ4»�¹<·
Ê Æ�ÈF±D´G¹ Ê ½�³J¹8±gÈI³J¶ Ê ³Ë¹ Ê ·IÆ Ê ÆÌ¹<°4±g¹8µ4Ç%±B½�³ Ê ÆÌ³IÆ4¼ Ê Æ�¹<°4±�·�ÈF±D¶<³I»:»�¹<µ4Çb±IÍÎ´6¶8±K´GÂ%·IÆ4´8±�´ Ê ½IÆS³I»ÏÃ
¯2°4±M¼ Ê ´G¹8¶ Ê Ç/µ/¹ Ê ·FÆ�·I¸�¹8°4±gºK·I»O»O±DºD¹8±K¼�ºR°S³J¶8½F± Ê ´>´G°4·�¿�Æ Ê Æ�Ð Ê ½4Ã%Ñ\Ã �U� ¸�·F¶�³�¹pÉZÂ Ê ºU³I»|¹<µ4Çb±
¾d»:±D¸h¹ Å ³IÆ/¼Ò¸�·F¶�¹<°/±B¹p¿j·�¹<µ/Ç%±D´Y³I»:¶8±K³I¼/É�° Ê ½F°4» Ê ½F°�¹<±D¼ Ê ÆÌ¹<°4±�Â4¶8±^È Ê ·Fµ4´6´8±DºD¹ Ê ·FÆÓ¾�ºK±DÆÔ¹8±K¶
³IÆ4¼Q¶ Ê ½F°�¹ Å Ã
Õ ´�ºK³IÆ�Çb±2´8±D±KÆ�¹<°4±�¼ Ê ´G¹8¶ Ê Ç/µ/¹ Ê ·FÆY¸�·F¶
¹8°4·F´G±�¹8µ4Çb±K´ Ê ´�¶8³J¹<°/±K¶�¼ Ê ´G¹<·I¶G¹<±D¼lÃ�ÖpÆg¹<°/±!»O³I´G¹�¶8µ4Æ
·I¸×¹<°4±�Ø�ÙËÚQÛ � ´<³I²BÂ4»:±�¹8°4±�¶8±K³I¼\Üp·Iµ/¹6±K»O±DºD¹8¶8·FÆ Ê ºK´�¿�³I´ÝºR°4³IÆ4½F±D¼lÞ
¹<° Ê ´�¶8±D´8µ4»�¹<±K¼ Ê Æß³IÆ
Ê ²BÂ4¶8·�ÈI±K²B±KÆ�¹�·I¸à¹<°/± Õá�â ¶8±D´8Âb·FÆ4´8±2¸�·F¶)¹<°4±D´8±o¹p¿j·�¹8µ4Çb±K´×³I´�´G°4·�¿�Æ Ê Æ�Ð Ê ½4ÃJÑ\Ã � ÄB¾�»O±D¸h¹ Å
·FÆ4»�É�¸�·F¶�¹<µ4Çb±aÑQ³I´Ý³IÆã±iä/³I²�Â/»O±IÃå¯2°4±åÆ4· Ê ´8± Ê Æ/¼4µ4ºK±D¼ãÂb±U³Iæ�Âb±K¼/±K´G¹<³I» Ê ´6´G¹ Ê »O»�¶8³J¹<°/±K¶
° Ê ½I°lÃM¯2°4±B¼4¶ Ê ¸h¹¹ Ê ²�±Y¼ Ê ´u¹<¶ Ê Ç4µ/¹ Ê ·FÆ�·FÇ\¹R³ Ê Æ4±K¼Ì¶8±DçÔµ Ê ¶ Ê Æ4½Q³IÆ Õá�â ÈJ³I»Oµ/±g»è³I¶G½F±K¶>¹8°S³IÆ
éIê Õá�â ºD·Fµ4Æ�¹<´å¾ Ê ÆÒ·I¶8¼4±D¶�¹8·(´Gµ4Â4Â4¶G±K´G´Y¹<°4±�Æ4· Ê ´8± Ê Æ4¼4µ4ºD±K¼ãÂb±U³Jæ�Â%±D¼4±K´u¹R³I» Å °4³I´6¹8°4±
±^ä\Âb±KºD¹8±K¼(´8°S³IÂb±6³I´�´8°4·�¿�Æ Ê Æ_Ð Ê ½/ÃSÑ\Ã � Ä(¾d¶ Ê ½F°�¹ Å Ã

Ð Ê ½Fµ4¶8±6ÑZÃ ��éZë Õá�â ´8Âb±KºD¹8¶8µ4²íì/¹8¹<±D¼_¿ Ê ¼/¹<°Q¹<°/±�¸�µ/Æ4ºD¹ Ê ·FÆ(Ñ\Ã ��é Ã

ÐS·F¶�ºK·F»:»O±Kº^¹<±D¼(ºR°S³J¶8½F±6´G¹8µ4¼ Ê ±D´ Ê ´�Æ4±KºD±K´8´8³I¶GÉ_¹<·Bì4¹�¹<°4± Õá�â ¼ Ê ´u¹<¶ Ê Ç4µ/¹ Ê ·FÆa¿ Ê ¹8°�³�¶8±DÂ\Ü
¶8±D´8±KÆ�¹<³J¹ Ê ÈF±�¸�µ4Æ4ºD¹ Ê ·FÆ�¿�°4±D¶8±�¹<°4±!²�±K³IÆ�ÈI³J»Oµ4±�³IÆ/¼B¿ Ê ¼/¹<°BºU³IÆ�Ç%±�¼4±D¶ Ê ÈF±K¼å³IÆS³I»�ÉÔ¹ Ê ºK³I»O»�ÉFÃ
¯)·Bì4¹!¹<°4±6ºK±DÆÔ¹8¶<³I»|¶8±D½ Ê ·IÆ(·I¸)¹<°4±ÝºK·F»:»O±DºD¹<±D¼(ºR°4³I¶8½F±6¼ Ê ´G¹<¶ Ê Ç4µ\¹ Ê ·IÆlÁS±^ä\ºK»:µ4¼ Ê Æ4½B¹8°4±YÂb±U³Jæ
Â%±D¼4±K´u¹R³I»îÁ

ï ¾�ð Å*ñ�òzóGôJõ�öø÷8ùDúpû�ü û÷îú�ýÿþ ¾îÑ\Ã ��éFÅ
°S³I´2Çb±K±DÆ(ºD·FÆ4´G¹8¶8µ4º^¹<±D¼(¿�° Ê ºR° Ê ´�³�½F³Iµ4´8´ Ê ³IÆa¿ Ê ¼/¹<°_³gÆ4·FÆ\Ü�ºK·FÆ/´G¹R³JÆÔ¹!´ Ê ½F²�³/ÁZµ4´8±^¸�µ4»�¸�·F¶
çÔµS³I´ Ê Üp´uÉ\²B²B±D¹<¶ Ê º×¼ Ê ´u¹<¶ Ê Ç4µ/¹ Ê ·FÆzÃ|¯2°/±2ÂS³I¶<³J²�±^¹<±K¶ ò�� Ê ´)¹<°/±�ÈJ³I»Oµ4±jºK·F¶G¶8±D´8Âb·FÆ4¼ Ê Æ4½¹<·>¹8°4±
²å³�ä Ê ²Mµ4² ·I¸2¹8°4±�¼ Ê ´G¹8¶ Ê Ç/µ/¹ Ê ·FÆ#³IÆ/¼ã¹<°4±�¿ Ê ¼/¹8°#ºU³IÆ Çb±�¼4±D´8ºD¶ Ê Çb±K¼ Ç�ÉÒ¹<°4±������	�
½ Ê ÈI±KÆQÇ�É
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Figure 1: Horizontal cut of the TAPIRO fast source reactor with a general view of the experimental channels and
of the Thermal column cave.
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