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ËG(�É
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Ð54
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Ì³Ë/Ð³ÉÊÌKJXAG("4'4rD�Í84 B�Ð³Ð£É 7 (")ÊÉÊÎ phË#%LD D)Ë,^"D &eÍ3%¸Ð � m ÔMj �CÕ�Ì³Ñ % � ,�p6DÊË,A/Ð.%LD)ÐTÐ��cÌ³Ë/Ð³ÉÊÌKJ
phËG%'DRÌ+("4eÑcË2Ì �gA2ËGkÏÐ6&¸Í3%eÐ�ËG4 0�N � 7 ("& %'DÊÐrp6D*(8A2Ð6%¸Ð54R%>P�Ð5&�Ë,(
Î ! � )*&9%'DÊÐ5&�Ñ�(8&eÐ�,
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%¸Ð+49%pË2ÉU4R%L&eÐ³ÍÏÑcÐ5&GÑ�(
ÎÊÐTP�Ð5&R7 ("&eÑcÐ³ÎU(�ÉU%LD*&�Ð³ÐTH�É�Í3A �gP*&9(�Î�)ÊÌ+%eË,(�ÉUsdWY<@4 49D*(Op64Y%'D�Í3%
%LD)Ð�ÌIDÊÍÏÑ B�Ð5&'4wD�ÍFEÏÐ�Í )ÊÉÊË#7 ("&eÑ B�Ð5D�ÍFE
Ë,(")�&Y(OEÏÐ5&c%LDÊÐTp6D*(8A2ÐhÍÏÌK%¸ËGEÏÐhÍ8&eÐ³Í �%Ð��cÌ³Ë/Ð³ÉÊÌKJ
Í3% 0 ~ � �DÍÏÉ)ÎQ%'D�Í3%6%LD)Ë,4TB�Ð5D�ÍFE
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ÍOE�Í8A2ÍÏÉÊÌIDÊÐrÑl(�ÎÊÐrÎÊÐ£Ñ�(�É�49%L&eÍ3%¸Ð+4�%LDÊÍ3%�Ë#%�ËG4�P�("4'4�Ë,B*A/Ð
%L(Q)*4�Ð %LDÊÐU4¸Í�ÑPÐ �`ZwZ 7 (8&eÐ54�Ð³Ð£É 7 ("& %'DÊÐU49%'&eÐJÍ�ÑPÐ+&!Ñ�(
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(�ÉU4eÑPÍ8AGA�P*&9(8%L(8%}JgP�Ð54GË,4cP�&eÐ54�Ð³É�%LA#J0Ë2É P*&9("^"&�Ð54'4 ! � P %L(IÉ*(Op#,�Ú�ÚÏÔ��;D)ËG%L4¸Õ�Ì³Ñ % D�ÍFE�Ð
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(87h%'DÊÐ6ËG(�É�×Ë,(�ÉlÌ+("A,A/Ë,4eËG(�É*4�Í�ÉÊÎl%'(zÍ�ÌIDÊË2ÐKE�Ð(Í/^"AG("B�Í8AÊÌIDÊÍ8&¸ÍÏÌK%¸Ð+&eË��³Í3%¸ËG(�ÉU(87h%'DÊÐ�Ð+E�Ð£É�%L4
� <@D�Í8P]%¸Ð5&  � ! STD)ÐTÈ q $ <>Z Ð []P&Ð+&eË2ÑcÐ³É�%(ÍÏÉÊÎ %LD)Ð �;)*(�É � ("&RpoÍ3&eÎ 1]P�Ð³ÌK%L&9(�ÑPÐK%¸Ð+&
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^�ËGEÏÐ³É¦Ë2É�<@D�Í8P�%eÐ5&hÚ ! STDÊÐ A2Í849%@P�Í8&9% (87�%'DÊË,4Y%LDÊÐ+4eË,4 � <@D�Í3P�%¸Ð+& m ÍÏÉÊÎ N �pËG4ØÎÊÐKE"(8%eÐ³Î
%L(U%LDÊÐIÐK[]P�Ð5&�Ë2ÑcÐ³É�% Í8Ah&eÐ549)*AG%'46(87\B�ÐJÍ�Ñ ÍÏÉÊÎHÍ8^�Ð£Ë2É*^ %eÐ549%'4 !
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Figure 8: Magnetisation in the Ising model with and without external magnetic field H.
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Figure 9: The temperature dependence of the Polyakov loop for (a) pure gauge theory,
mq = ∞, and (b) two-flavour QCD with massless quarks, mq = 0.
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Figure 10: The expected temperature dependence of the effective external field in full
QCD.
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Chapitre 1 : Plasma de quarks et de gluons 9
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impact parameter in the collision; since this is not a quantity which can be measured
directly, centrality is usually determined in terms of a certain cut in the multiplicity dis-
tribution; e.g., a 0 − 10% centrality cut means that out of a given sample, 10% of the
events which have the highest multiplicity have been selected.
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Figure 1: Centrality dependence of the charged
particle multiplicity near mid-rapidity in Au + Au
collisions at

√
s = 20, 130,and 200 GeV, from [17].

It is convenient to characterize centrality
in terms of the number of “participants” –
the nucleons which underwent an inelastic
interaction in a given collision. Glauber
theory [8] can be used to correlate a cer-
tain centrality cut with an average number
of participants (for an explicit set of formu-
lae for nuclear collisions, see e.g. [9], [10]).
This procedure can be independently ver-
ified by measuring the energy carried for-
ward by spectator neutrons; for that pur-
pose all RHIC experiments are equipped by
Zero Degree Calorimeters.

2.1.1. Multiplicity
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Figure 2: Centrality dependence of the charged
particle multiplicity near mid-rapidity in Au + Au
collisions at

√
s = 130 GeV and 200 GeV, from [15].

Multiplicity in heavy ion collision tells
us which fraction of the collision energy is
inelastically transferred to secondary par-
ticles.

Theoretical expectations for hadron mul-
tiplicities at RHIC varied by factor of five
(see, e.g., [11]), and the experimental ver-
dict was thus eagerly awaited. After the
commissioning of the machine, the first
multiplicity results did not take long to
come; they are shown on Fig. 1 in com-
parison to the multiplicity previously mea-
sured in pp and p̄p collisions.

The measured multiplicity appeared
much smaller than most theoretical pre-
dictions. Is this disappointing? To an-
swer this question, let us recall that, by
the very definition, an incoherent superpo-
sition of independent nucleon–nucleon col-
lisions yields multiplicity equal to the number of collisions times the multiplicity in NN
collision. This trivial statement holds also in the presence of elastic rescatterings. Indeed,
according to so-called AGK cutting rules [12] of multiple scattering theory, the nuclear
cross section is given by

E
d3σa

AB

d3p
= TAB(~b)E

d3σa
NN

d3p
, (1)
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Figure 3. Centrality dependence of the charged particle multiplicity near mid-rapidity in Au + Au
collisions at

√
s = 20, 130,and 200 GeV, from [17].
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Figure 4: Pseudo-rapidity distributions of charged
particles from Au + Au collisions at

√
s = 200 GeV

(open circles), from [22]. Solid line is the prediction
based on parton saturation [21], and dashed line is
the multi-phase transport model calculation [23].

Therefore one expects [19] that the cen-
trality dependence should become increas-
ingly steep as the

√
s increases (for the lat-

est development, see however [20]). This
increase is not seen in Fig.2, which in the
lower panel shows that the ratio of the dis-
tributions at

√
s = 200 GeV and

√
s = 130

GeV is constant within error bars. The
almost constant ratio appears consistent
with the prediction [21],[10] based on the
ideas of parton saturation, where the in-
crease of multiplicity stems from the run-
ning of the QCD coupling constant deter-
mining the occupation number ∼ 1/αs of
gluons in the classical field.

A very important result presented at this Conference is the centrality dependence of
charged hadron multiplicity at RHIC injection energy of

√
s = 20 GeV [17], Fig.3. One

can see that the shape of the centrality dependence changes very little over a large energy
range, in which the perturbative minijet cross section grows by over an order of magnitude.
The prediction of the saturation model [18] is seen to agree with the data; this indicates
the possibility that parton saturation sets in in heavy ion collisions already at moderate
energies.
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´/µ�°�� ¯,«TºMºM°e¯�·�°j´,°e»)´/©M¯À©IÃ�´,µ�°CBÊ¸�©Iª¬�(³[°j»j´/¯1©M¥È°j´/°j¯�DzËz¼~«h¹T¹�·�«h¨1»e¸�¨1¨~´,µ�«h¨ §I¯,ºI¸�¥¢°jªS´
«hª&¥¢©I¯,°�·�°)´�§I«T¹h¨q«Tª¬�(°e»j´,«h©MªÊ: ± J ± 5 ±

�FE � GIHKJ LNMPORQTS UVJXW�JZY[W\^]�_

�Àµ�° 8 ��Ën�q� ·�°j´,°e»)´/©M¯1¨0� ¨1°e° X«hºM¸
¯,° ;D± :S��µ�§LÉI° ¿|°e°jª ©M³
´,«h¥È«<`e°j·Å´/©¬¥È°	§¦¨,¸�¯1°
§Iª�·Æ«h·�°jªR´,«TÃ ¾ ¥¢«T·(3(¯/§¦³�«h·�«K´�¾Èµ+§I·�¯1©Mª�¨eÂ+¹T°e³
´,©Mª�¨�§Iª�·Æ³�µ�©¦´/©Mª�¨~³�¯1©D·
¸�»e°j·Ê«Tª&´,µ�°�«hªD�
´/°e¯,§I»j´,«h©Mª�Â °j¨,³|°e»j«`§I¹T¹T¾Ê«hª µ�°	§	ÉR¾M3(«h©Iª>»e©I¹h¹h«T¨,«T©Mª�¨�D�´/µ�«T¨�¯,°j¨,¸�¹K´/¨�«hª §&¸�ª�«h R¸�°�·�°j¨,«TºMª
¼~«T´/µ ¯,°j¨,³|°e»j´ ´/©7´,µ�°¬©¦´/µ�°j¯ ����� ° aD³[°j¯,«h¥È°eªS´,¨eÂq¼~µ�«T»�µ §I¯,°Ê©M³
´,«h¥È«<`e°j· Ã�©M¯¢³R3(³
»e©M¹T¹h«h¨1«h©Mª
¨ ± 8 ��Ën�q� µ+§I¨Ä¿|°e°eª¢»e©Mª
»e°e«KÉM°j· ´/©�´/¯,§I»���§Iª�·¢«h·�°jªS´/«TÃ ¾]³+§I¯n´/«h»j¹h°À«Tª¢§�¼~«h·
°
³)bz¯/§¦ª�ºM°¢��¡ 4
± 5)3|5 4M4dc °�e�¤�»L�)Â+´,© ¯,°j»e©Mª
¨1´/¯1¸�»j´�¨,µ�©I¯1´n3R¹h«TÉI°e·Æ³+§I¯n´/«h»j¹h°j¨�¨1¸�»�µÅ§I¨�µS¾S�
³[°j¯,©Mª�¨jÂ ² §¦ª�·0f ¥È°e¨1©Mª�¨jÂ�§Iª�·¢´/©]³|°e¯nÃ�©M¯,¥ ´,µ�°e¨1°�´�§¦¨,�R¨q«hª¢§Iª�°jªSÉD«T¯,©Mª
¥¢°jªR´�¼~«T´,µ
¹`§I¯1ºM°¶»�µ�§I¯,ºM°j·�³+§I¯n´/«T»e¹h°~¥�¸
¹T´/«T³�¹h«T»e«K´/«h°j¨eÂ¦¸�³ ´/©]Q 4M4M4 »�µ+§I¯1ºM°e· ³+§I¯1´,«h»j¹h°�³[°j¯�¯,§I³�«h·
«T´�¾
¸�ª�«T´�¾>§¦´�¥¢«T·(3(¯,§I³�«h·
«T´�¾ ±&8 ´�´/µ�°�³
¯,°e¨1°eªS´�¥È©M¥¢°jªS´	Â®´,µ�° ´,µ�°e©M¯1°j´,«h»	§¦¹�³�¯1°e·�«T»j´,«h©Mª�¨
Ã�©M¯Ä¥�¸�¹T´,«h³�¹T«h»j«T´�¾�«hªÈ§�»j°eªS´/¯,§I¹|PÄ¿R3DPz¿�»e©M¹T¹h«T¨,«h©Iª�¯/§Iª�ºI°~Ã�¯1©M¥ ;I4M4I4 ´,©�J 4I4M4 »�µ+§I¯,ºI°e·
³+§I¯1´,«h»j¹h°Æ³[°j¯ ¯/§¦³�«h·�«K´�¾x¸�ª�«K´�¾½§¦´�¥È«h·(3R¯/§I³�«T·�«T´�¾IÂs¼~µ
«h¹h°&´/µ
°¬°Aa(´,¯/§I³|©M¹`§�´/«h©Iª�¨�Ã�¯,©M¥
�¶��Ën� ³�¯1©�É(«T·�°�§]É¦§I¹h¸�°�©¦ÃX§¦¿[©M¸D´�:SB 4M4 D$§I¹h¹|´/µ�°j¨,°�É¦§I¹h¸�°j¨~§I¯,°�¿[°j¹h©L¼ ´,µ�°�©Mª�° 8 �^�
Ën�q� µ+§I¨�¿|°e°eª »j©Mª�»e°j«TÉI°e·7Ã�©I¯��#Q 4I4M4 »�µ+§I¯1ºM°e· ³+§I¯n´/«h»j¹h°�³|°e¯�¯,§I³�«T·�«T´�¾Ê¸�ª�«K´�¾��¶´,µR¸�¨
©4g�°j¯,«Tª�ºÈ§�¨,§¦Ã�°j´�¾&¥¢§I¯1ºM«hª�¹h§I¯,ºI°e¯q´/µ�§Iª ;D±

�Àµ�°�·�°)´/°j»j´/©I¯�§I»j»e°j³
´�§Iª
»e° ¥�¸�¨1´~¿|°�¨,¸)hÈ»j«h°eªS´,¹T¾0¹h§I¯,ºM°
i ´/©m°jª+§I¿�¹T° ´/µ
° °jÉI°eªS´1�u¿S¾R�u°jÉI°eªS´�¨n´/¸�·
¾7©IÃ~³+§¦¯1´/«T»e¹T°¢¯,§¦´/«T©M¨eÂ$³�b~¨,³|°e»j´,¯/§
ÂÄ§¦ª�·
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� f � � ��§IªR¿�¸�¯n¾MÂ	f ¯1©�¼~ªÊ§Iª�·Æ�q¼~«h¨n´��q»e©I¯,¯,°j¹`§¦´,«h©Mª
¨	�

i½´,© ·�°j´,°e»j´ ´/µ�°Å·�°j»	§	¾�³
¯,©(·�¸�»j´,¨0©IÃ�¹h©L¼ ´,¯/§Iª�¨nÉM°j¯,¨,° ¥È©M¥È°eªS´/¸�¥ ³+§I¯n´/«T»e¹h°j¨
��³)b�
~¥ Ã�©M¯À¥��5)3 ; c °�e����

i½´,©�»j©M¹h¹T°e»j´s§ ¨,«TºMª�«T��»	§IªS´Ä¨1´/§¦´/«T¨1´,«h»	§¦¹+¨/§I¥È³�¹h°À©¦Ã�� «TªÈ´,µ�°¶·
«h°e¹T°e»)´/¯,©IªÈ»�µ�§Iª�ª�°j¹ ±

�Àµ�°�»e°jªR´,¯/§I¹z³�§I¯1´�©IÃÄ´,µ�°�·�°j´,°e»)´/©M¯�»e©LÉI°e¯,¨�´/µ
°�¯/§I³�«T·�«T´�¾Ê¯,°jºM«h©Iª�� ����
 4
± H0§Iª�·
´/µ
°qÃ�¸�¹h¹
§4`e«T¥�¸
´/µ�§I¹
§¦ª�ºM¹h°���ÂM´/©�©M¿D´�§I«Tª�§�»e©M¥È³�¯1©M¥¢«T¨,°q¿|°j´�¼�°e°jªÈ´,µ�°À¯,°j R¸�«h¯1°e¥È°eªS´/¨
¹h«T¨1´,°e·Å§I¿|©LÉM°�§¦ª�·¬´/µ
°�»e©M¨n´�§Iª�·¬³�¯/§I»)´/«T»	§I¹ «h¥È³�¹h°j¥¢°jªS´�§¦´,«h©Mª&»e©Iª�¨1´,¯/§I«Tª�¨ ± � ©�ºS§¦«hª
«hª ¨,°eª
¨,«T´,«TÉ(«T´�¾È©Mª¢´/µ�°�ºI¹h©M¿+§¦¹|°)ÉM°jªR´�¨n´/¯,¸
»j´/¸
¯,°IÂ
»�µ+§I¯,ºI°e·0³+§I¯n´/«T»e¹h°�¥�¸�¹K´/«T³�¹h«T»e«T´�¾�¼~«h¹T¹
¿|° ¥È°	§¦¨,¸�¯1°e·Æ«hªÆ§�¹`§I¯1ºM°e¯À¯,§I³�«h·
«T´�¾¢·�©M¥¢§I«hª �`�9: ± @�
���
�B ± 5�� ±

�Àµ�°�·�°j´,°e»)´/«h©Iª7§¦ª�· «h·�°jªR´,«T�+»e§¦´/«T©Mªm©IÃ�¥�¸�©Iª�¨�§I¯,°�³|°e¯nÃ�©M¯,¥È°e·m¼~«K´/µm´,µ�°�·�°e·�«��
»	§�´/°e· BÆ¸�©MªÅ+©M¯n¼q§I¯1· �D³|°e»)´/¯,©I¥¢°)´/°e¯jÂ�«Tª�»e¹T¸�·�«hª
º § ¹h§I¯,ºI° ¼ §I¯,¥Á·�«T³[©M¹T° §Iª�·Å»e©LÉS�
°e¯1«hª�º¢§�¯,°eºI«h©Mª&©IÃX¹`§I¯1ºM°�¯/§I³
«h·�«K´/«h°j¨ � �u@ ±=4 
���
q� ;D± @R� ± �Àµ�° ¥�¸�©MªÆ·�°)´/°e»)´/«T©Mªm§I¹T¹h©L¼
´/©Ê¥¢°e§I¨,¸
¯,°¢´,µ�° µ
°	§	ÉR¾S3R (¸�§I¯,�7¯,°e¨1©Mª+§Iª
»e°e¨�¨1³[°j»j´,¯,¸�¥ §Iª�·7´/©¬«T·�°eªS´,«TÃ ¾��S¤�� §Iª�·
���`Â ��Â �!�|§Iª�·"�#� �[³�§I¯1´,«h»e¹T°e¨ É(«h§�´,µ�°e«T¯À·�°e»e§	¾&«hª0´�¼ ©È¥�¸�©Iª�¨ ±

Ë�ª¬´/µ
°�Ã�©M¹T¹h©L¼~«hª�º�¨1°e»j´,«h©Mª
¨eÂ^§È¿�¯,«T°jÃz©LÉI°e¯1É(«T°j¼ ©IÃ$´,µ�°]»j°eªS´/¯,§I¹X¿+§¦¯,¯,°j¹®·
°j´/°j»j´,©M¯,¨
§Iª�·0©¦Ã�´/µ�°�Ã�©I¯1¼ §I¯,·�©Iª�°e¨q«T¨ ¯1°e³|©M¯1´,°e· ± �Àµ�°�ª
°Aa(´À»�µ+§I³D´/°e¯q¼~«T¹h¹�¿|°�·�°j·�«h»e§¦´/°j·�´/©�§
¥È©M¯,°�³�¯1°e»j«h¨,°�·�°j¨,»j¯,«h³D´/«h©IªÆ©¦ÃX´/µ
°2BÆ¸�©MªÊ�©I¯1¼ §I¯,·Ê�D³|°e»)´/¯,©I¥¢°)´/°e¯ ±

Ì �



���������

oÀpuoÀpnr ����� y�� � �
�+w��	��wz�+�
���
�Àµ�°�»j°eªS´/¯,§I¹�¿+§I¯1¯,°j¹�§I¹h¹T©L¼~¨q§Iª&°jÉI°eªS´1�u¿S¾R�u°jÉI°eªS´�¨1´,¸�·
¾IÂ+³�¯,©LÉ(«h·�«Tª�º�«Tª
Ã�©M¯,¥¢§¦´,«h©Mª

©Mª¢´,µ�°¶»j©M¹h¹T«h¨1«h©Mª�´,©M³[©I¹h©MºI¾0��ÉI°e¯1´,°Aa[Â�»j°eªS´/¯,§I¹h«K´�¾�§Iª�·È´/¯/§¦»��(«Tª�ºR�Ä§Iª�·¢¥¢°e§I¨,¸�¯1«hª�º�´/µ
°
³�¯,©(·�¸�»)´/«h©IªÆ©¦ÃX³�µ
©I´/©Mª
¨¶§¦ª�·Ê»�µ�§I¯,ºM°j·Ê³�§I¯1´,«h»e¹T°e¨ ±

�Àµ�°�¨1¸�¿(3(·�°)´/°j»j´/©I¯,¨ µ+§	ÉM°È¿[°j°eª »�µ�©M¨,°jª §Iª
· ·
°e¨,«TºMª�°j· ´,©Æ»j©M³|°�¼~«T´/µÅ´,µ�°�Ã�©M¹K�
¹h©L¼~«hª�º�»j©Mª�¨1´,¯/§I«Tª�¨�D

i ´/µ�°�µ�«TºMµ&³+§I¯n´/«h»j¹h°�¥]¸�¹T´,«h³�¹T«h»e«K´�¾�°AaD³|°e»j´,°e·m«TªÆPÄ¿R3DPz¿Ê»j©M¹h¹T«h¨,«T©Mª�¨ �
i½§�´,¯/§I»��I3R��ª�·�«hª
ºÈ°AhÈ»e«h°jª�»j¾&©¦Ã$§¦´�¹T°	§I¨n´�H 4� Ã�©I¯À³)b ��5 4M4 BÆ°�e�¤�» �
i ´/µ�° ¥¢©M¥È°eªS´,¸�¥�¯,°j¨,©M¹T¸
´/«T©Mª^Â®¼~µ
«h»�µ «T¨]·�« g�°j¯,°eªS´�Ã�©M¯�·
« g[°e¯,°jªS´�¥¢©I¥¢°jªR´,¸�¥
¯/§Iª
ºM°4D
� §¦´�¹T©�¼7¥È©M¥¢°jªS´�§���
 4D± ;[c °�e�¤¦»L�[´,µ�°z¯,°j¨,©M¹T¸
´/«T©Mª�ª�°e°j·�¨ §I¯,°z»j©Mª�¨n´/¯/§¦«hª�°j·
¿S¾0«h·�°jªS´/«h»e§I¹^³+§¦¯1´/«T»e¹T°�«hªS´/°j¯1Ã�°j¯,©M¥È°j´,¯1¾ �

� §¦´�«hªS´,°e¯,¥È°e·
«`§¦´,° ¥È©M¥¢°jªS´�§x� 4D± ;���; c °Ae�¤¦»	��§ 5 � ¯1°e¨,©I¹h¸
´,«h©Mª «T¨�¯,°��
 R¸�«h¯1°e·&´/©�·�«h¨n´/«Tª�ºM¸�«T¨,µ0´/µ�°���§Iª�·�� ¥È°e¨1©Mª�¨À´/©È¨1´,¸�·
¾0´/µ
° ¯1°e¨1©Mª+§Iª�»j°
¥ §¦¨,¨~§Iª�·&¼~«h·D´/µ&«hª0´/µ
° ·
°eª�¨1°�¥È°e·�«T¸�¥�

� §¦´�µ
«hºMµ7¥¢©M¥È°eªS´/§ � � ;Kc °�e�¤¦»L��´/µ�° ¯,°e¨1©M¹h¸D´/«h©Iª>¥�¸�¨n´�§I¹T¹h©L¼ ´,µ�°��1°)´
¨,³|°e»)´/¯/§�¥È°	§I¨1¸�¯,°j¥¢°jªR´ ±

�Àµ�°�´,¯/§I»��R«hª
ºÊ¨n¾D¨n´/°j¥ «T¨�¿+§I¨1°e·>©Iª ´,µ�°��À«h¥È°�Pz¯,©��1°j»j´/«T©Mª>� µ+§I¥�¿|°e¯¢� �~Ps�À��Â
´/µ�°~Ë�ª�ª�°j¯Ä�®¯,§I»��R«hª�º��(¾(¨1´,°e¥ ��Ë������)ÂS¿
¸
´s§I¹h¨1©�´/µ�°~� ¯/§Iª
¨,«T´,«h©Mª���§I·�«h§¦´/«T©Mª ² °)´/°j»j´/©I¯
� � ² �¶�)Â+»	§¦ªÆ¿|°�¸�¨,°j·m§I¨�§�´/¯,§I»��R«hª�º�·�°)´/°j»j´/©I¯ ±8 ¹h¹�´/µ�°�·�°)´/°j»j´/©I¯q©IÃ�´/µ�°�»j°eªS´/¯,§I¹^¿+§¦¯,¯,°j¹^§I¯1°�°eª
»e¹h©I¨,°e·&«Tª ´/µ�°�¨1©M¹h°jª�©M«T·�¥ §¦ºMª�°j´
»e©Mª�¨n´/¯1¸�»j´,°e· Ã�©M¯¶´,µ�°���:�°AaD³|°e¯,«T¥¢°jªS´�§¦´����ÄP®Â[¼~«T´/µm§IªÅ«hªS´/°j¯,ª+§¦¹X¹h°jª�ºI´,µm©IÃ�5 ; ¥
§Iª�·Å§ ¯,§I·�«T¸�¨¶©¦Ã�B¢¥ ±~8 ª�©M¥È«hª+§I¹��+°j¹h·Ê©IÃ 4
± BÈ� µ+§I¨�¿[°j°eªm»�µ�©I¨,°eªÅ´,©¢Ã�¸�¹K�+¹h¹�´/µ
°
¥¢©M¥È°eªS´,¸�¥ ¯,°e¨1©M¹h¸D´/«h©Iª¢¹T«h¨1´,°e· §I¿[©LÉI°�§Iª�· ´,©�§	ÉM©I«h·�¹T©M¨,¨1°e¨q©IÃ�´/µ�°¶¹h©L¼ ¥¢©I¥¢°jªR´,¸�¥
³+§I¯1´,«h»j¹h°e¨ ±

�������������� "!�#�$%�'&)(+*',.-/�10 23�.�4(�5

�Àµ�° Ë���� �AB � »e©MªS´,¯,«h¿
¸
´/°j¨�´/©¬´,µ�°�ºM¹T©M¿+§I¹z´/¯,§I»��R«hª�ºÅ©¦Ã 8�6 Ën�q� ¿S¾7«h¥È³�¯,©LÉ(«hª�º
´/µ�°�¥È©M¥È°eªS´/¸
¥ §¦ª�·m´/µ�°�§Iª�ºM¹T°]¯,°j¨,©M¹T¸
´/«T©Mª¬©I¿
´�§I«Tª�°e·¬¿R¾Æ´/µ
°��~Ps� ± �Àµ�°�´�§¦¨,�Æ©IÃ
´/µ�°�Ë����Ê§¦¯,°4D

i ´/©�¹h©(»	§¦¹h«<`j°�´/µ
° ³
¯,«h¥¢§I¯n¾¢ÉI°e¯1´,°Aa&¼~«K´/µÆ§È¯1°e¨1©M¹h¸
´,«h©Mª0¿|°j´1´/°j¯~´,µ+§Iª 5 4M487 ¥�

i ´/©0¯1°e»e©Iª�¨1´,¯,¸�»)´�´/µ�°�¨1°e»j©Mª�·+§I¯n¾mÉM°j¯1´,«h»e°j¨�Ã�¯,©M¥ ·�°j»	§	¾(¨�©IÃÄµS¾D³|°e¯1©Mª�¨jÂ ² §¦ª�·
f ¥È°e¨1©Mª�¨�§Iª�·:9 O ; �
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i½´,©È´,¯/§I»��Æ§Iª�·Ê«h·�°jªS´/«TÃ ¾�³+§I¯1´,«h»j¹h°e¨À¼~«K´/µ¬¥È©M¥È°eªS´/¸
¥ ¿[°j¹h©L¼ 5 4I4 BÊ°Ae�¤¦»¦Â[·
°)�
´,°e»j´/§I¿�¹T° ©Iª�¹T¾ ¿R¾ ´/µ�°�Ë���� �

i½´,©�«h¥È³�¯1©�ÉI°�´,µ�° ¥È©M¥È°eªS´/¸�¥ §¦ª�·�§Iª
ºM¹h°s¯,°j¨,©M¹T¸
´/«T©Mª�Ã�©M¯�´/µ
° µ�«TºMµD��³�b�³+§I¯n´/«T»e¹h°j¨
¼~µ�«T»�µ¬§¦¹h¨,©�´,¯/§	ÉM°j¯,¨,°�´/µ
° �~Ps� ±

�Àµ�°ÈË���� »j©Mª�¨,«T¨1´,¨�©IÃ�¨,« aÅ»)¾D¹T«hª�·
¯,«h»e§I¹$¹h§L¾I°e¯1¨ ©¦Ã ¨1«h¹h«T»e©MªÅ·
°j´/°j»j´,©M¯,¨ §Iª�· »e©LÉI°e¯,¨
´/µ
°�¯/§I³
«h·�«K´�¾¢¯,§Iª�ºM°�©IÃ�� ��� 
 4 C6H ± �Àµ�°���¯,¨1´q¹`§	¾M°j¯qµ+§I¨À§�¥È©M¯1°�°Aa(´,°eª�·�°j·Ê»j©LÉM°e¯,§IºM°
��� � � 
 5IC=HMQM��´,©7³
¯,©LÉ(«h·�°¦Â ´/©MºI°j´/µ
°e¯�¼~«T´,µ ´/µ
°Ê+©M¯n¼q§¦¯,· BÆ¸�¹T´,«h³�¹T«h»e«K´�¾ ² °j´/°j»j´,©M¯,¨
�#B ² �)Â�§0»j©MªS´/«hªR¸�©I¸�¨�»e©LÉM°j¯/§IºM°È«hªÅ¯,§I³�«T·�«T´�¾ÆÃ�©M¯�´/µ
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¿�¨1´/§IªS´/«`§¦¹�«h¥È³�¯1©�ÉI°e¥È°eªS´�©¦Ã�´/µ�°m¥È©M¥È°eªS´/¸
¥
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¯,°e¨1©M¹h¸D´/«h©IªÊ§�´~µ�«hºMµ(��³)b ±

� $%0�� �	��
� $ & +- (+*',.-/�10 2�����
 5

�Àµ�° ��
� � H � «h¨ §]¹`§I¯1ºM°�§¦¯,°	§]§I¯,¯,§L¾�´,µ+§¦´À»j©�ÉI°e¯1¨q´/µ�°�»j°eªS´/¯,§I¹�³
¨,°e¸
·�©¦��¯,§I³�«T·�«T´�¾
¯,°eºI«h©Mª�� � ��� 
 4 C6H���Ã�©M¯ �X§I¯n´/«h»j¹h°�Ë ² °jªS´/«T��»	§¦´,«h©Mª � �zË ² ��«hªm´/µ
°�«hªS´/°j¯,¥È°e·�«h§¦´/°�¥È©¦�
¥¢°jªR´,¸�¥ ¯/§¦ª�ºM° ��Ã�¯1©M¥ 4
±�� ´/© �D± B c °�e�¤¦» � ± �D«hª�»j°�´/µ�°�¥¢§ �1©M¯1«T´�¾�©¦Ã®´,µ�°�³�¯,©(·�¸�»j°e·
»�µ+§I¯,ºI°e· ³+§I¯n´/«h»j¹h°j¨�«h¨�°e¥È«T´,´,°e·m«Tª¬´/µ
«h¨�¯,§Iª�ºM°¦Â�´/µ
°�³[°j¯1Ã�©M¯1¥ §Iª
»e°]©¦ÃÄ¨,¸�»�µ7§ ·�°)´/°e»��
´/©M¯�«T¨�©IÃ »j¯,¸�»j«`§I¹z«T¥¢³|©M¯n´�§Iª�»j°]Ã�©M¯�´,µ�°�°AaD³[°j¯,«T¥¢°jªR´ ± �Àµ�°�¥¢°e§I¨,¸
¯,°e¥È°eªS´�§Iª�· ´/µ
°
«h·�°jªR´,«T�+»e§¦´/«T©Mª&©IÃz»�µ+§¦¯,ºM°j·¬³+§I¯n´/«T»e¹h°j¨~«hª&´/µ�° «hªS´/°j¯,¥È°e·�«h§¦´/°�¥È©M¥È°eªS´/¸�¥ ¯/§Iª�ºI°�¼~«T¹h¹
³�¯,©LÉ(«h·�°�©I¿�¨,°j¯1É¦§I¿�¹T°e¨q¼~µ�«T»�µÆ»e§Iª&¿[°�¸
¨,°e·&´/©�³
¯,©M¿|°�´/µ
°�ª+§¦´/¸
¯,°�§Iª�·0´,µ�°�·
¾(ª+§I¥È«K�
»	§I¹[°jÉM©I¹h¸
´,«h©Mª�©¦Ã�´/µ�°�¨n¾(¨1´/°j¥ ³�¯1©D·�¸
»e°e·0«Tª�¸�¹K´/¯/§�¯,°e¹h§¦´/«KÉ(«h¨1´,«h»~µ�°e§LÉR¾S��«T©Mª0»e©I¹h¹h«T¨,«T©Mª�¨
§¦´ 6 ��� °jª�°e¯1ºM«h°j¨ ±

�Àµ�°���
� ÂX»e©M¸�³
¹h°e· ¼~«K´/µ ´/µ
°0Ë����x§¦ª�· ����� Ã�©M¯]´,¯/§I»��>§Iª�· ÉM°j¯1´/° ax¯,°j»e©Mª(�
¨1´/¯1¸�»j´,«h©Mª §Iª
· Ã�©M¯�·+�s¤¦·�a ¥È°	§I¨1¸�¯,°j¥¢°jªS´/¨�«hªÅ´/µ
°�¹h©L¼q��¥È©M¥È°eªS´/¸�¥Á¯/§¦ª�ºM° � ¸
³ ´,©
§I¿[©I¸
´ 4
± B c °�e�¤�» �)Âs¼~«h¹T¹q³�¯,©LÉ(«h·
°Ê°)ÉM°eªS´n��¿S¾S��°jÉI°eªS´&«h·
°eªS´/«K�+»	§¦´,«h©Mª ©¦Ã�¹`§¦¯,ºM°0¨,§I¥��
³�¹h°j¨�©¦Ã$³�«T©Mª�¨eÂ+��§I©Iª�¨eÂ�§Iª
·Ê³�¯1©I´/©Iª�¨ ± �Àµ�° ��
�x«h·
°eªS´/«K�+°e·Æ³+§I¯n´/«h»j¹h°j¨q¼~«h¹h¹�¿[°�¸�¨1°e·
´/©0¨1´,¸�·
¾¬¯,°e¹T°jÉ¦§IªS´�µ+§I·
¯,©Mª�«T»]©M¿
¨,°e¯nÉ¦§I¿�¹h°j¨�©Mª §�¨,«Tª�ºM¹T°)��°)ÉM°jªR´�¿+§I¨,«T¨ ± Ë�ª §I·�·�«K´/«T©Mª^Â
§¦´�´/µ
° «hª
»e¹h¸
¨,«TÉI°�¹h°)ÉM°j¹�Â$«T·�°eªS´/«K�+°e·>�¦§¦©Mª�¨]¼~«T¹h¹s§I¹h¹T©L¼ «hªSÉ¦§I¯,«h§IªS´]¥¢§I¨1¨�¨1´,¸�·�«h°j¨eÂz«Tª
³+§I¯1´,«h»j¸�¹`§I¯�´/µ�°�·�°)´/°e»)´/«T©MªÊ©¦ÃX©M³|°eªÆ»�µ+§I¯1¥ ¨1´/§¦´/°j¨�§¦ª�·&©IÃ®´,µ�°��m¥¢°j¨,©Mª ±

8 ¹h§I¯,ºI°)��»j©LÉM°e¯,§IºM°¦ÂS³[©L¼�°e¯1Ã�¸
¹���
�m·
°j´/°j»j´,©M¯eÂR©M³|°e¯,§¦´/«Tª�º�°�hÈ»e«T°eªS´/¹K¾�«Tª�°Aa(´/¯1°e¥È°
¥�¸�¹T´,«h³�¹T«h»j«T´�¾�»e©Iª�·�«T´,«h©Mª
¨eÂS¨,µ
©M¸�¹h·Èµ+§	ÉM°¶§Iª�°AaD»j°e¹h¹T°eªS´s«hªS´/¯1«hª�¨1«h»À¯1°e¨,³|©Mª�¨1°4Dz§¦ª¢«TªR´,°eªD�
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¨,«KÉM°¢��� ² ³�¯,©MºI¯/§I¥ µ+§I¨ ¨,µ�©L¼~ª>´,µ+§¦´�´/µ�°È¿|°e¨1´�¨,©I¹h¸
´,«h©MªmÃ�©M¯�´,µ�° ��
� ·�°j´,°e»)´/©M¯
«h¨�´/µ
° � ¸�¹K´/«���ºS§I³7�~°e¨,«T¨1´,«TÉM° �z¹`§¦´,°�� µ+§¦¥�¿[°j¯�� � � �s� � ± 6 §¦´,°e¨1´�´/°j¨1´/¨]©IÃÀ¨,°)ÉM°j¯/§I¹
� � �s� ¨ ¨,µ
©�¼Ç´/µ+§¦´Ä´,µ�°e¨1°�·�°)ÉD«T»e°j¨ »	§¦ª¢¯1°	§I»�µ §Iª «TªR´,¯,«Tª�¨,«T»q´/«h¥È°q¯1°e¨,©I¹h¸
´,«h©MªÈ¿[°)´,´,°e¯
´/µ�§Iª¬§¦¿[©M¸D´~@ 4 ³�¨�§Iª�·Ê§Iª&°�hÈ»e«T°eª�»)¾&»e¹h©I¨,°�´/©&5 4M4��0±

�Àµ�°�·�°)´/°j»j´/©I¯�»e©LÉM°j¯,¨�§Æ»j¾(¹h«Tª�·�¯,«T»	§I¹Ä¨1¸�¯1Ã §I»j° ¼~«T´,µ>¥È©D·
¸�¹`§I¯�¨n´/¯,¸
»j´/¸
¯,°�»j©M¯,¯1°)�
¨,³|©Mª�·
«hª�º0´/© 5LQ0¨1°e»j´,©M¯,¨�«Tª ´,µ�°È§4`e«T¥�¸
´,µ+§I¹$§¦ª�ºM¹h°�§¦ª�·Å´/©ÊB�¨,°eºI¥¢°jªR´,¨]§¦¹h©Mª�º�´,µ�°
¿|°	§I¥ §�a
«T¨ ±

��$ & �� � 0��1�+-���0 �� "�/- $%! �%� � ���1�+- $	� !� - $
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�Àµ�° � � �zË ² ���� � «h¨Æ·�°e·
«h»	§�´/°e· ´/©½«hª�»j¹h¸�¨1«TÉI°7¥È°	§I¨1¸�¯,°j¥¢°jªS´/¨¬©¦Ã�«h·
°eªS´/«K�+°e·
µ+§I·
¯,©Mª�¨¶Ã�©M¯�³)b ��� c °Ae�¤�� ± �Àµ�°�� � �zË ² ¼ §I¨�·�°j¨,«TºMª�°e· §¦¨�§�¨,«Tª�ºM¹h°��9§I¯1¥ §I¯,¯,§	¾
¼~«T´,µÈ§Iª §¦»e»e°j³
´�§¦ª�»e°�©IÃ�B � ©IÃ|´/µ
°�»j°eªS´/¯,§I¹+¿+§I¯1¯,°j¹+³�µ+§I¨1°�¨1³+§I»j° ± �Àµ�°�� � �ÄË ² ¼~«h¹T¹
°eª
µ+§Iª�»j°�´/µ�° �zË ² »	§I³�§I¿�«h¹T«T´�¾]©IÃ^´/µ
° 8�6 Ën�q� °AaD³|°e¯1«h¥È°eªS´q¿S¾È°eª+§¦¿�¹h«Tª�º�«T·�°eªS´,«T�+»e§��
´/«T©Mª ©IÃq³+§¦¯1´/«T»e¹T°e¨�¿[°)¾M©Mª
·>´/µ�°È¥È©M¥¢°jªS´/¸�¥�«TªR´,°e¯nÉI§¦¹Ä§¦´,´/§I«hª+§¦¿�¹h°�´,µ�¯,©M¸
ºMµ>°jª�°e¯1ºI¾
¹h©I¨,¨ ��«hª�Ë�����§Iª�· ���s� �$§Iª�·�´/«h¥È°s©IÃ��+«TºMµS´$¥È°	§I¨1¸�¯,°j¥¢°jªR´,¨$«hª���
� ± �Àµ
°q·�°j´,°e»)´/©M¯
¼ §I¨�©M³
´/«T¥¢« `e°j·m´/©0°Aa(´,°eª�· ´/µ�°�¸�¨1°jÃ�¸�¹z¯,§Iª�ºM°�Ã�©M¯���¤ 9 §¦ª�· 9�¤�³ ·
«h¨,»j¯,«T¥¢«Tª+§¦´/«T©Mª^Â
©Mªx§m´/¯,§I»��>¿S¾7´/¯/§¦»��>¿+§I¨1«h¨jÂs¸
³ ´/© : c °Ae�¤¦»�§Iª�· B c °Ae�¤¦» ¯,°e¨1³[°j»j´,«TÉM°j¹T¾ ± �Àµ�°
³+§I¯n´/«T»e¹h° ¨,³|°e»j´,¯/§�¼~«h¹T¹
³�¯1©�É(«T·�°~«hª
Ã�©M¯1¥ §�´/«h©Iª]©Mª�´/µ�° �1°)´s (¸
°eª�»�µ�«Tª�º�ÂD§I¨,¨1¸�¥È«hª�º�´,µ+§¦´
´/µ
°�Ã�©M¯,°j¨,°e°jª7¨1¸�³�³�¯1°e¨1¨,«h©Iª>©IÃs¹`§¦¯,ºM°��b �1°j´,¨�¹h°	§¦·�¨�´/©0´,µ�°�¨,¸�³
³�¯,°j¨,¨,«T©Mª ©IÃsµ�«hºMµ(��³)b
³+§I¯n´/«T»e¹h°j¨ ±

�Àµ�°�� � �zË ² «h¨~¿+§I¨1°e·Å©Mª¬��«Tª�º¢Ë�¥¢§IºM«Tª�º¢� µ�°e¯1°eª��¦©LÉ �#�~Ën�q� �~»e©M¸
ªR´,°e¯1¨�§Iª�·
»e©Iª�¨,«T¨1´/¨�©IÃ^¨1°jÉI°eª0¥È©D·�¸
¹h°e¨Ä©IÃ^§I¿|©M¸
´�� ± B ��� ± B�¥���°	§I»�µ^Â(¥È©M¸�ªS´/°j· «hª¢§Iª¢«hª�·�°j³[°jªD�
·�°jªR´ ¨1¸�³�³|©M¯1´�»j¯/§I·�¹T° �#X«TºM¸�¯1° �D± < � ± �Àµ�°¢� µ�°e¯1°eª��¦©�É ¹T«hºMµS´�»j©Mª�°�«T¨�³�¯,©(·�¸�»j°e· «hª
´/µ
° ������ £ ¹T«h R¸�«h·Å¯,§I·�«h§¦´/©M¯����� "!$# �%� ± <M< ��§¦ª�·7·
°j´/°j»j´,°e· ¿S¾ § � � �s� §I¨�¨,µ
©�¼~ª
«hªÆX«TºM¸�¯1° �D± Q ±

�&� � - � � ((' �1! -/��� 0��-/��� 2 �&� �	( 5

�Àµ�°��Ä� 
�� �6< � «h¨]§mµ�«hºMµ ¯1°e¨1©M¹h¸
´,«h©Mª>°e¹h°j»j´,¯,©M¥¢§IºMª�°)´/«T» ¨,³|°e»)´/¯1©M¥¢°)´/°j¯]¼~µ�«h»�µ
¼~«h¹T¹¶·
°j´/°j»j´Æ·�«T¯,°e»)´0³�µ�©¦´/©Mª�¨&§¦ª�· ³�µ�©I´,©Mª�¨&§¦´�µ�«hºMµ(��³)b�»j©M¥¢«Tª�º>Ã�¯1©M¥ � O §¦ª�· �
·�°j»	§	¾ ± �Àµ�°�¥ §¦«hª0³�µS¾(¨,«T»e¨�©M¿1�1°e»)´/«KÉM°e¨¶§I¯1°�´,µ�°�Ã�©M¹h¹T©L¼~«hª�º D

i½´,°e¨1´,«hª�º ´/µ�°j¯,¥¢§I¹~§Iª�· ·
¾(ª+§I¥È«h»e§I¹~³�¯,©M³|°e¯n´/«T°e¨È©IÃ�´,µ�°¬«Tª�«T´,«`§I¹�³�µ+§I¨1°¬©IÃ�´,µ�°
»j©M¹h¹T«h¨,«T©Mª^Â[«hª ³+§I¯n´/«h»j¸�¹`§¦¯�´/µ�°�«Tª�«T´,«`§I¹�´/°j¥¢³|°e¯,§¦´/¸�¯1°�§Iª�· ¨,³+§¦»e°*)S´/«h¥È°�·�«T¥¢°jªD�
¨1«h©Mª�¨z©¦Ã|´,µ�°Àµ�©I´�`j©Mª�°¦ÂR´,µ�¯,©I¸�ºMµ�¥È°	§I¨1¸�¯,°j¥¢°jªR´s©IÃ|·�«T¯,°j»j´Ä¨,«Tª�ºM¹T°)��³
µ�©I´/©Iª�§Iª�·
·�«T³�µ�©I´,©Mª&¨,³|°e»)´/¯/§ �

i «TªRÉI°e¨n´/«hºM§¦´/«Tª�º �1°j´q (¸
°eª�»�µ�«Tª�ºÈ§I¨~§�³�¯1©M¿[°�©IÃ ·�°e»j©Mª
�+ª�°j¥¢°jªS´	Â�´/µ
¯,©M¸�ºIµ0¥¢°e§��
¨1¸�¯,°j¥¢°jªR´¶©IÃ®µ�«hºIµD��³)b+� O §Iª�· �0·�°j»	§	¾&«hªS´,© � ³�µ
©I´/©Mª
¨	�

i ¨n´/¸�·
¾(«Tª�º � f � »j©M¯,¯1°e¹h§¦´/«T©Mª�¨ ¼~«K´/µ&ª�°e¸D´/¯/§¦¹�³�«h©Mª
¨ ±
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�Àµ�°�³�¯1«hª�»j«h³+§¦¹�¯,°j R¸�«h¯1°e¥È°eªS´/¨~©Mª��Ä� 
���«hª�»j¹h¸�·
°�´/µ�°�§I¿
«h¹h«K´�¾�´/©�«h·�°jªS´/«TÃ ¾ ³�µ�©¦�
´/©Mª�¨jÂ^·�«T¨,»e¯1«h¥È«hª+§�´/° ·�«h¯1°e»j´�³�µ�©I´,©Mª�¨�Ã�¯1©M¥ ·
°e»	§	¾¬³�µ�©I´,©Mª�¨�§Iª
·Å³[°j¯1Ã�©M¯1¥ ¥È©M¥È°eªD�
´/¸�¥ ¥È°	§¦¨,¸�¯1°e¥È°eªS´/¨�©LÉM°e¯¶§�¼~«h·�°�·
¾(ª+§¦¥¢«T»�¯/§Iª�ºI°�¼~«T´/µÆµ�«TºMµ0°eª�°j¯,ºI¾Æ§¦ª�·Ê¨1³+§¦´,«`§I¹
¯,°e¨1©M¹h¸D´/«h©Iª�¨ ±

�D«Tª�»e°&«K´¢«T¨�¨,°eª
¨,«T´,«TÉI°¬§I¹T¨,© ´/© »�µ+§I¯1ºM°e· ³+§I¯1´,«h»j¹h°e¨jÂq§7� µ+§I¯1ºM°e· ) �X§I¯n´/«h»j¹h°0eÄ°j´,©
��� �e��Àµ+§I¨À´/©�¿|°�³�¹`§I»j°e·&«hª0Ã�¯1©MªS´~©IÃX´,µ�°�»	§I¹T©M¯,«T¥¢°)´/°e¯ ±

�Àµ�° �s� 
��[Âq¥¢§I·�°¬©¦Ã��Ä¿ � 
 £ »e¯n¾D¨n´�§I¹T¨eÂ�«h¨¢³[©M¨1«T´,«h©Mª�°j·�©MªÇ´,µ�°m¿|©I´,´,©M¥ ©IÃ
´/µ�° 8�6 Ën�q��¨,°)´/¸�³�Â|«K´À¼~«h¹T¹�»e©LÉI°e¯�§¦³�³�¯,© aD«h¥¢§¦´,°e¹T¾ §� (¸�§I¯1´,°e¯~©IÃz§�¸�ª
«T´~«hªÆ³�¨1°e¸�·�©��
¯/§I³�«T·�«T´�¾IÂ����
C � � � � � �DC � � Â+§Iª�· � � � � «TªÊ§ `e«h¥]¸
´/µ+§¦¹^§Iª�ºI¹h° ±

oÀpuoÀpuo ����� ���~� � ����w��È� �^�"��y��
���+�
� ����� ���1& � ��� �  �
� ��$%0��-/���:2���� �45

�Àµ�°�©M¿�¨1°e¯1É¦§I¿
¹h°s¥¢©M¨n´X·
«h¯,°j»j´,¹T¾�¯,°j¹`§¦´,°e· ´/©¶´,µ�°sºM°e©M¥È°j´,¯1¾�©IÃ+§¶«h©Iª )(«h©Iª »j©M¹h¹T«h¨1«h©Mª
«h¨�´,µ�°�ªR¸�¥�¿|°e¯ ©IÃ ³+§I¯1´,«h»j«h³+§IªS´�ªR¸�»e¹T°e©Mª�¨jÂ
¼~µ�«T»�µ0»	§Iª0¿|°�°e¨n´/«T¥ §¦´,°e·�¿S¾¢¥¢°e§I¨,¸
¯,«hª
º
´/µ�°&°eª
°e¯,º¦¾x»	§I¯1¯,«h°j·x«hª ´/µ�°0Ã�©M¯n¼q§¦¯,·x·�«h¯1°e»)´/«h©Iª �#§¦´^`e°j¯,© ·�°jºM¯,°j°Ê¯1°e¹`§�´/«TÉI°�´/©Å´/µ
°
¿[°e§I¥ ·�«h¯1°e»)´/«h©Iª ��¿S¾xª�©MªD�u«hªS´/°j¯/§I»)´/«Tª�º � ¨,³|°e»)´�§¦´,©M¯ ��ªR¸�»j¹h°e©Iª�¨ ± �Àµ�°-`j°e¯1©7·�°jºM¯,°j°
Ã�©M¯1¼ §I¯,·Ê°eª�°j¯,ºI¾Æ·�°j»e¯1°	§I¨1°e¨�¼~«K´/µ¬«Tª�»e¯1°	§I¨1«hª�ºÈ»e°jªS´/¯/§¦¹h«T´�¾ ± �Àµ�°�¨,³|°e»j´/§¦´/©I¯¶ªR¸�»j¹h°e©Iª�¨
¼~«h¹h¹(¿|°q·�°j´,°e»)´/°e·È«hª 8�6 Ën�q�7¿S¾�¥È°	§¦ª�¨$©IÃ���°j¯,© ² °eºI¯,°e°À�q§I¹h©M¯1«h¥È°j´,°e¯,¨ ��� ² � ������ ��±

Ë�ª ´/µ�°
	 6 Ën�q� °AaD³[°j¯,«T¥¢°jªR´eÂ®´,µ�°�� ² � ¨�¼~«h¹T¹z¿[°È³�¹`§¦»e°e·>§¦´�� �LJ&¥ Ã�¯1©M¥ ´/µ
°
Ë�ªR´,°e¯,§I»j´,«h©Mª �®©M«TªS´ ��Ë � �AD�§¦´�´/µ
«h¨�·�«T¨1´�§¦ª�»e°¦Â ´,µ�°�¨,³|°e»j´/§¦´/©I¯ ³
¯,©I´,©Mª�¨ §I¯,°�¨1³+§¦´/«h§I¹h¹K¾
¨,°e³�§I¯/§¦´,°e·�Ã�¯1©M¥ ª�°e¸D´/¯,©Iª�¨ ¿S¾�´/µ�°¶¥ §¦ºMª�°j´,«h»~°e¹T°e¥È°eªS´/¨s©IÃ^´,µ�° 6 ��� ¿[°e§I¥ ¹h«Tª�° ² �
§I¨�¨,µ
©�¼~ª «TªmX«Tº ± �D± H ± �Àµ�°e¯1°jÃ�©M¯1°]´�¼�©0·�«h¨n´/«hª
»j´�·
°j´/°j»j´,©M¯,¨�¼~«T¹h¹�¿|°�¸�¨,°j· D�©Mª�°]Ã�©M¯
¨,³|°e»j´/§¦´/©I¯$ª�°e¸D´/¯,©Iª�¨ ��� G �)Â�³�¹`§I»j°e·�§¦´�`e°j¯,©�·�°jºM¯,°j°e¨z¯,°j¹`§¦´,«TÉI°�´/©¶´/µ�° 6 ���x§�a
«T¨eÂS§¦ª�·
©Mª�°�Ã�©M¯�¨,³|°e»)´�§¦´,©M¯q³�¯1©I´/©Mª
¨���� � �)ÂD³�¹`§¦»e°e· °Aa(´/°j¯,ª+§I¹T¹T¾�´/©�´,µ�°�©M¸D´/ºM©M«Tª�º]¿|°	§¦¥ ³�«T³[°
©Mª>´/µ
° ¨,«T·�°¢¼~µ
°e¯,° ³[©M¨1«T´,«TÉM°È³+§I¯n´/«T»e¹h°j¨]§¦¯,° ·
° �+°j»j´/°j·x§I¨]¨1µ�©L¼~ª «hª>X«hº ± �D± H¬§¦ª�·
X«hº ± �D± ��� ± Ëu´�«h¨ÀÃ�©M¯,°j¨,°j°eªÊ´,©�°e¥È³�¹h©L¾ ´�¼�© «T·�°eªS´,«h»	§¦¹^¨,°)´/¨�©IÃX»e§I¹h©I¯,«h¥È°j´,°e¯1¨À©Mª&¿[©I´,µ
¨,«h·
°e¨~©IÃX´,µ�°�«hªS´/°j¯/§I»)´/«T©Mª0³[©I«hªS´À´/©�«h¥È³�¯1©�ÉI°�´/µ�°�«T¥¢³+§¦»j´À³+§¦¯/§I¥È°j´,°e¯À¯,°j¨,©M¹T¸
´/«T©Mª ±

�Àµ�°� (¸�§I¯1´ `��+¿|°e¯q»e§I¹h©M¯1«h¥È°j´,¯1¾�´,°e»�µ�ª�«T R¸�°IÂ��+¯1¨1´À·
°jÉM°j¹h©M³|°e·0«Tª G 	�B��0� � ��� Â
µ+§¦¨
¿[°j°eª�§I·�©M³
´,°e·�Ã�©M¯^´,µ�°�	 6 Ën�q�� ² � ± �Àµ
°s¨1µ�©L¼ °j¯®ºI°eª�°j¯/§¦´,°e·�¿S¾�«hª�»j«h·�°jªS´�³+§I¯1´,«h»j¹h°e¨
«hª §Ê·�°eª�¨1°0§I¿�¨1©M¯,¿|°e¯ ��´,µ�° ¨1©¦��»e§I¹h¹T°e·��1³+§I¨1¨,«TÉI°��Å¥¢§¦´/°j¯,«h§I¹ ��³�¯1©D·
¸�»e°j¨�� µ�°j¯,°eª
�I©LÉ
¯/§I·�«h§¦´/«T©Mª>«Tª  R¸+§I¯1´ `��+¿|°e¯,¨ ���,§I»)´/«TÉI°��Å¥¢§¦´/°j¯,«h§I¹ ��«hªS´/°j¯,¨1³[°j¯,¨,°j·x«hª ´/µ
°&§I¿�¨,©I¯,¿|°e¯ ±
�Àµ�«h¨ ´,°e»�µ�ª
«h R¸�°mÃ�¸�¹K�+¹h¹T¨�´�¼�© Ã�¸�ª�·�§I¥¢°jªS´�§I¹¶¯,°e R¸�«T¯,°j¥¢°jªR´,¨ ± X«T¯,¨n´/¹T¾IÂq·�¸�°m´,©>´/µ
°
¨,¥¢§I¹h¹s§I¥È©M¸�ªS´�©IÃ~¨,³+§¦»e°0§	É¦§I«h¹h§I¿�¹T° � ³+§I¯n´/«T»e¸�¹h§I¯,¹K¾mÃ�©M¯�´/µ�°�ª
°e¸
´,¯,©Mª »e§I¹h©I¯,«h¥È°j´,°e¯ �)Â
´/µ�°�·�°)´/°j»j´/©I¯,¨�¥�¸�¨n´�¿[°�»j©M¥È³+§I»j´�§Iª�·Å´/µ�°j¯,°)Ã�©M¯,°�§ ÉI°e¯1¾m·�°eª�¨1°�³+§I¨,¨1«TÉI°È¥¢§¦´,°e¯,«h§I¹
¥�¸�¨1´�¿|°&¸�¨,°j·½Ã�©I¯]´/µ�°Æ§I¿
¨,©M¯1¿[°j¯�´/© »e©MªS´/§I«hª ´,µ�°&¨,µ�©L¼�°e¯ ± �(°e»e©Iª�·�¹T¾IÂs´,µ�°�� ² �
¼~«h¹h¹�©I³[°j¯/§¦´,°�«Tªm§ÈÉI°e¯n¾Êµ
«hºMµÆ¯/§I·
«`§¦´,«h©Mª&°eªSÉ(«h¯1©Mª�¥È°eªS´ � §I¿|©M¸
´ � � £ c ¾
¤¦·+§	¾Æ«h¨~´/µ
°
°e¨1´,«h¥¢§¦´/°j·¢·
©M¨,°ÀÃ�©M¯$´,µ�°¶ª
°e¸
´,¯,©MªÈ»	§I¹T©M¯,«T¥¢°)´/°j¯z§¦´s§�¹h¸�¥È«hª�©I¨,«T´�¾ ©IÃ � � �9E »e¥�� � ¨�� � �AD
¯/§I·�«h§¦´/«T©Mª µ+§I¯1·�ª�°j¨,¨È«h¨�ºM¸+§¦¯/§IªS´/°j°e·½¿S¾ ´/µ�°&¯/§¦·�«`§¦´,«h©Mª>¯,°e¨1«h¨n´�§Iª�»j°&©IÃ�´,µ�°& (¸�§I¯1´ `
�+¿[°j¯,¨ ± +¸�¯1´,µ�°e¯1¥¢©I¯,°IÂ+´,µ�°�� µ�°j¯,°jª��I©LÉÅ°Ag�°j»j´�µ�§I¨¶´�¼�©�¥È©M¯,°�§I·
É¦§IªS´�§¦ºM°e¨�DÀ«T´¶³�¯,©¦�
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ÉD«T·�°e¨¢§ÅÉM°e¯n¾ Ã §I¨1´È¨1«hºMª+§¦¹À·�¸�°0´/© ´/µ�°&«TªR´,¯,«Tª�¨,«T»0¨,³|°e°e· ©IÃ�´,µ�°&°e¥È«h¨1¨,«h©Iª½³
¯,©(»e°e¨1¨
§Iª�·Æ§�ÉM°e¯n¾0¹h©L¼ ¨,°jª�¨,«K´/«KÉD«K´�¾ ´,©È«Tª�·�¸�»j°e·&¯/§¦·�«h©S§¦»j´/«KÉ¦§¦´/«T©Mª¢´,µ+§Iª��R¨q´/©�«K´/¨ ´,µ�¯,°j¨,µ�©M¹T·
¿[°jµ+§	ÉD«T©M¸�¯ ±

�®§I¿�¹T° �D±�� ¨,¸�¥È¥ §¦¯,«<`j°e¨X´,µ�°À³�¯1«hª�»j«h³+§I¹D»�µ+§I¯,§I»j´,°e¯,«T¨1´,«h»e¨z©¦Ã|´,µ�° � ² �>Ã�©M¯$³�¯1©I´/©Mª
¨
��� � �À§Iª�·0Ã�©M¯Àª�°j¸
´/¯1©Mª�¨ ��� G � ±
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�Àµ�° � ² � ³�¯1©��1°e»)´�«hª�»j¹h¸�·�°j¨�§�Ã�©M¯1¼ §I¯,· °j¹h°e»)´/¯1©M¥ §¦ºMª�°j´,«h»�»	§I¹T©M¯,«T¥¢°)´/°e¯�´/©0«T¥��
³�¯,©LÉM°�´,µ�°�»e°jªR´,¯/§I¹T«T´�¾Æ´/¯1«hºMºM°j¯ ± Ëu´�«T¨�·�°j¨,«hºIª�°e·Å´/©0¥È°	§¦¨,¸�¯1°IÂ�°jÉI°eªS´ )R¿R¾ )(°)ÉM°jªR´eÂX´/µ
°
°eª�°j¯,ºI¾&©IÃ®°e¹T°e»)´/¯,©I¥ §IºIª�°j´,«h»�³+§¦¯1´/«T»e¹T°e¨À°e¥È«T´1´/°j·Ê§�´ÀÃ�©M¯1¼ §I¯,·Æ¯/§¦³�«h·�«K´/«T°e¨eÂD°e¨1¨,°eªS´,«`§I¹T¹T¾
³�µ�©I´,©Mª�¨~ºM°eª
°e¯/§�´/°e·ÆÃ�¯,©M¥ � O ·�°e»e§L¾(¨ ±

�Àµ�° ·�°)´/°e»)´/«T©MªÊ´,°e»�µ�ª�«T R¸�°]°j¥¢³�¹T©L¾M°e·&Ã�©M¯À´/µ
°�°j¹h°e»)´/¯1©M¥ §¦ºMª�°j´,«h»�»e§I¹h©M¯1«h¥È°j´,°e¯À«h¨
´/µ�°�¨/§¦¥¢° §I¨À´/µ
° ©Iª�°�¸�¨,°j·ÊÃ�©M¯q´,µ�°�µ+§I·�¯1©Mª�«T»�»	§I¹T©M¯,«T¥¢°)´/°e¯1¨ ±
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�Àµ�° � � ² � ��� � «T¨È·
°e¨,«TºMª�°j· ´/© ¥È°	§I¨1¸�¯,°&´/µ�°Æ¥�¸�¹K´/«T³�¹h«T»e«T´�¾ §¦ª�· ´,µ�°Ê¨1³+§¦´,«`§I¹
·�«h¨n´/¯,«T¿�¸
´,«h©Mª � � ) ��¢©IÃ ³�µ�©¦´/©Mª�¨&©Mª §¦ª °)ÉM°jªR´ )(¿S¾ )(°jÉI°eªS´Å¿+§I¨1«h¨0«Tª�´/µ�°Å¯,§I³�«h·
«T´�¾
¯,°eºI«h©Mª �D± � ��
 ��
�� ± B ± �Àµ
° � � ² §I·�·�¯1°e¨,¨1°e¨�³�µS¾D¨1«h»j¨]«h¨1¨,¸�°j¨�¯1°e¹h§¦´/°j· ´,©Ê°)ÉM°jªR´n�
¿R¾S�u°jÉM°jªS´��+¸
»j´/¸�§¦´/«T©Mª�¨eÂ �+©L¼ §¦ª�·�Ã�©M¯,¥¢§¦´,«h©Mª¢©IÃ ² «h¨1©M¯,«T°eªS´/°j·&� µ�«h¯,§I¹�� ©Iª�·�°eª
¨/§¦´,°e¨
� ² �À� �À§Iª�·Æ³�¯,©LÉ(«h·
°e¨�°e¨1´,«h¥¢§¦´/°j¨À©IÃ ´/¯/§¦ª�¨1ÉI°e¯,¨1°]°j¹h°e»)´/¯1©M¥ §¦ºMª�°j´,«h»�°jª�°e¯1ºI¾Æ§Iª�·&´/µ
°
¯,°	§¦»j´/«T©Mª&³�¹`§¦ª�°�©MªÊ§Iª&°jÉM°jªS´1��¿S¾S��°)ÉM°jªR´�¿�§I¨,«T¨ ±

� °e§I¨,¸
¯,°e¥È°eªS´�©IÃ ³�µ�©¦´/©Mª0¥�¸
¹T´/«T³�¹h«T»e«K´�¾�«hª�´,µ�°�µ�«hºIµ0³+§I¯1´,«h»j¹h°�·
°eª�¨1«T´�¾�°jªSÉD«T¯,©Mª(�
¥¢°jªR´~©¦Ã 	 6 Ën�q�Ç¯,°j (¸
«h¯,°j¨~©M³
´/«T¥¢« `	§¦´,«h©MªÈ©IÃ ºM¯,§IªR¸�¹`§I¯1«T´�¾ §Iª�·&»e©IªRÉI°e¯n´/°e¯À´,µ�«h»��Rª�°j¨,¨
¨,©�´/µ+§¦´~©LÉI°e¯,¹h§I³Æ©IÃX³
µ�©I´/©IªÊ¨1µ�©L¼ °j¯,¨�«T¨À¥¢«Tª�«h¥]¸�¥ ±

�Àµ�° � � ² »e©Iª�¨,«T¨1´/¨�©IÃq´�¼�©m«h·
°eªS´/«T»	§I¹Ä³�¹h§Iª�°e¨ ©IÃÀºM§I¨�·
°j´/°j»j´,©M¯,¨]¼~«K´/µ>§�� � O
´/µ�«T»�� ¹h°e§I·�»j©MªSÉM°e¯n´/°j¯�«Tª�¿|°j´�¼�°e°eª&´/µ
°e¥ §¦¨q¨,µ�©L¼~ªÆ¨,»�µ�°j¥ §�´/«h»e§I¹h¹K¾�«hª&X«TºM¸�¯1° �D± � � �
´/µ�°�»j©MªSÉM°j¯1´/°j¯�´/µ�«T»��Rª�°e¨1¨�«h¨�©I³
´/«T¥¢« `e°e·Æ¨,¸
»�µ ´,µ+§¦´¶´/µ�°�»j©MªSÉM°j¯,¨,«T©MªÅ³�¯1©M¿+§I¿�«T¹h«K´�¾&©IÃ
³�µ�©I´,©Mª�¨�«T¨�µ�«hºIµ §Iª�· ´,µ�° ´,¯/§Iª�¨nÉM°j¯,¨,°&¨1«<`e° ©IÃÀ´/µ�° ¨,µ�©L¼�°e¯�«h¨�¨,¥¢§I¹h¹#ÂX«Tª ©M¯,·
°e¯]´,©
¯,°e·
¸�»e° ©D»j»e¸�³�§Iª�»j¾ ± �Àµ�°ÅÃ�¯,©IªR´&·
°j´/°j»j´,©M¯&³�¹`§Iª
°m«h¨0¸�¨1°e· Ã�©M¯ ÉI°j´/©I«hª�ºx»�µ+§I¯1ºM°e·(�
³+§I¯1´,«h»j¹h°Àµ�«K´/¨ ± �Àµ�°~·�°j´,°e»j´,©M¯s³�¹`§Iª
°�¿|°eµ
«hª�·�´/µ
°¶»j©MªSÉM°e¯n´/°j¯ «h¨$´,µ�°~³�¯,°j¨,µ�©L¼�°e¯q³
¹`§Iª�°
¼~µ�«h»�µÆ¯,°jºM«h¨n´/°e¯1¨~µ�«T´,¨~Ã�¯1©M¥ ¿|©I´,µÆ³
µ�©I´/©Iª�¨�§Iª�·Æ»�µ+§I¯,ºI°e·Æµ+§I·�¯1©Mª�¨ ±
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Ëu´¢¼~«T¹h¹q¿|°Æ¥¢©M¸
ªR´,°e·½©Mª ´,µ�° 6 �7¥¢§IºMª�°)´�·�©D©I¯eÂ ©Iª½´,µ�°Ê©I³�³[©I¨,«T´,°&¨,«h·
°&¼~«K´/µ
¯,°j¨,³|°e»)´�´/©È´/µ�° � ¸�©IªÅ�D³|°e»)´/¯,©I¥¢°)´/°e¯jÂ�§�´ � ± J�¥ Ã�¯,©M¥ ´,µ�° «hªS´/°j¯/§I»)´/«h©IªÊ³|©M«hªS´ � ¨1°e°
X«TºM¸�¯,° �(± � � � ±
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�Àµ�°�¥¢§I«hª0Ã�¸�ª
»j´/«T©Mª+§I¹T«T´�¾0©¦ÃX´/µ
°� � ² � @�Â*�	@ � «h¨~´/© ³
¯,©LÉ(«h·�° »�µ+§I¯1ºM°e·m³�§I¯1´,«h»e¹T°
¥�¸�¹K´/«T³�¹h«T»e«T´�¾�«hª
Ã�©M¯1¥ §�´/«h©Iª�«Tª]´/µ�°À³
¨,°e¸
·�©¦��¯,§I³�«T·�«T´�¾�¯/§Iª
ºM°�� � ± @�
 � 
q� � ± ��§Iª
· � ± � 

��
¶B ± � ©LÉI°e¯À´/µ�°�Ã�¸�¹T¹�§4`j«h¥�¸
´,µ ±

�Àµ�°~ � ² ¼~«T¹h¹(§I¹T¹h©L¼ Ã�©M¯ ´/µ�°q¨n´/¸�·D¾]©IÃ�¥]¸�¹T´,«h³�¹T«h»e«K´�¾ �+¸
»j´/¸�§¦´/«T©Mª�¨$©Mª�§Iª�°jÉI°eªS´1�
¿S¾S��°jÉI°eªS´�¿+§I¨1«h¨À§Iª
·�Ã�©M¯ �+©L¼ §Iª+§I¹K¾(¨,«h¨�«hª ´,µ�°�»e©Iª�¨,«T·�°e¯1°e·0³�¨1°e¸�·�©���¯/§¦³�«h·�«K´�¾ ¯,§Iª�ºM° ±
� ©MºM°j´,µ�°e¯Ê¼~«T´/µ ´/µ�° ³
« aD°e¹ ¨1¾(¨1´,°e¥ ©IÃ�´/µ�°>Ë����[Â¶´,µ�°  � ² ¼~«T¹h¹�³�¯1©�É(«T·�°>°e§I¯,¹K¾
»�µ+§I¯1ºM°e·Ê³+§I¯n´/«h»j¹h°�¥]¸�¹T´,«h³�¹T«h»e«K´�¾�·�«h¨n´/¯1«h¿�¸
´,«h©Mª
¨ Ã�©M¯~§I¹T¹^»e©M¹T¹h«T¨,«h©Iª¢´�¾(³[°j¨¶«Tª0´/µ�°�¯/§¦ª�ºM°
� � ± @�
 � 
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°² §¦´�§ 	¶»e R¸�«h¨1«T´,«h©MªÆ�(¾(¨n´/°e¥ � ² 	 � �q¿+§Iª
·
¼~«h·
´,µÊ¨1°j´¶§¦´�� ±�� � c f�¾R´/°e¨/¤¦¨ ±

�Àµ�°�´/¯,«TºMºM°j¯X§Iª
· ² 	 � ¨1¾(¨n´/°e¥È¨z¥�¸�¨n´$¿+§¦¹`§Iª�»j°�´,µ�°q»	§¦³+§I»e«K´�¾�´/©�¯1°e»e©I¯,·�»e°jªS´/¯/§¦¹
»e©M¹T¹h«h¨1«h©Mª
¨q¼~µ�«h»�µmºI°eª�°j¯/§¦´,°]¹`§¦¯,ºM°�°jÉI°eªS´/¨�¼~«K´/µÆ´/µ�°�§I¿�«T¹h«T´�¾ ´/©�§¦»e R¸�«h¯1° ´,µ�°]¹h§I¯,ºI°e¨1´
³[©M¨1¨,«T¿�¹h°�Ã�¯,§I»j´,«h©Mª&©IÃ®¯/§I¯1°�°jÉI°eªS´/¨¶¨,¸�»�µ¬§I¨~·�«h¥�¸
©Mª&©M¯À·�«h°j¹h°j»j´/¯1©Mª&°jÉI°eªS´/¨ ±

oÀp�t~pnr � �9}������4��� ��� �È���n}s} � �
	���� ��
�Àµ�° ¥¢°e§I¨,¸�¯1°e¥È°eªS´/¨X«hª]´,µ�° 	 6 Ën�q� °AaD³|°e¯,«T¥¢°jªS´$»e©LÉI°e¯z¿+§I¨1«h»�©M¿�¨,°j¯1É¦§I¿�¹T°e¨$¨1¸�»�µ

§I¨ ³+§¦¯1´/«T»e¹T°¶³�¯1©D·
¸�»j´,«h©Mª §Iª�·�»j©M¯,¯1°e¹`§�´/«h©Iª�¨s§I¨�¼�°e¹T¹�§I¨�³�¯,©I¿[°j¨ ¨,¸
»�µ&§I¨ ©M³|°eª »�µ+§I¯,¥
§Iª�· ¿[°e§I¸
´�¾MÂ¶ R¸+§I¯,�¦©Mª�«h§x³
¯,©(·�¸�»j´,«h©Mª�Â�·�«T¯,°e»)´&³�µ�©I´,©Mª�¨&§Iª
· �1°)´/¨ ± � ©M¨1´Æ©IÃ ´/µ
°
³�¯,©M¿|°e¨�§I¯1°À¯/§I¯1°�¨1«hºMª�§I¹h¨$¯1°e R¸�«T¯,«hª
º�´,µ�°~°AaD³�¹T©M«T´/§¦´/«T©Mª�©IÃ�§I¹h¹(´/µ�°�§	É¦§I«h¹h§I¿�¹h° ¹h¸�¥È«hª�©I¨n�
«T´�¾MÂ¦¼~µ�«h»�µ�¥¢§I�¦°e¨X«K´Xª
°e»e°j¨,¨,§I¯1¾�´,©�¨1«TÃ ´ ´/µ�¯1©M¸�ºMµ�§¦¹h¹R«hªS´/°j¯/§I»)´/«T©Mª�¨®§¦´z§�¯/§¦´,° ©IÃ|§I¿|©M¸
´

� �
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Q��(� `�Ã�©M¯ �z¿ )	�z¿ ± �Àµ�°��+¯1¨1´À¹T°jÉM°j¹ � ¯,«hºIºM°e¯q�(¾(¨1´/°j¥¢¨À©¦Ã ´,µ�° � ¸
©MªÊ�D³[°j»j´,¯,©M¥È°j´,°e¯
§Iª�·m´,µ�° �~� ² ¨,°e¹T°e»)´�¥�¸�©Mª §¦ª�·Å°e¹T°e»j´,¯,©Mª¬»	§Iª�·
«h·+§¦´,°e¨� R¸�«K´/°]°AhÈ»e«h°jªS´/¹T¾IÂ^¿�¸
´�´,µ�°
¯,°j¥ §¦«hª�«Tª�º~·+§¦´�§�¯/§¦´,° «T¨®¨n´/«h¹T¹MÃ §I¯ µ�«hºMµ
°e¯�´/µ+§Iª�¼~µ+§¦´®»	§Iª�¿|°�´,¯/§Iª
¨1Ã�°e¯1¯,°j·]´/©�´/µ�°�³[°j¯n�
¥¢§Iª�°eªS´ ¨1´,©M¯/§¦ºM°�¨1¾(¨1´,°e¥ ± �Àµ
° ��«hºMµ ) 6 °)ÉM°j¹��®¯1«hºMºM°j¯ �#� 6 � ��¨1¾(¨1´,°e¥ � ��� � ¯1° �1°e»)´/¨
Ã §I�¦°Ê°)ÉM°eªS´,¨ ¿S¾x¨,µ+§¦¯,³|°eª�«Tª�º ´,µ�°&¥¢©I¥¢°jªR´,¸�¥ »j¸
´È«hªx´/µ�° � ¸�©Iª �D³|°e»)´/¯,©I¥¢°)´/°e¯jÂ
¿S¾>«T¥¢³
¯,©LÉ(«hª�º&´/µ�° ³+§I¯1´,«h»j¹h°�«h·�°jªS´/«T��»	§¦´,«h©Mª^Â®¥¢©I¥¢°jªR´,¸�¥�¯,°j¨,©M¹T¸
´/«T©Mª §¦ª�· «h¥È³+§I»)´
³+§I¯,§I¥È°j´/°j¯~·�°j´,°e¯,¥È«hª�§¦´/«T©Mª Ã�©M¯ �~� ² °j¹h°e»)´/¯1©MªÊ»e§Iª�·�«T·+§¦´,°e¨~«hª0´/µ
°����s� ©M¯À¿S¾0�+¹��
´/°j¯,«Tª�º�©M¸
´�¹h©L¼ ¥È©M¥¢°jªS´/¸�¥ ´/¯,§I»��R¨�«hªÊ´/µ�° ���s� ± 	 6 Ën�q� ¼�©M¸�¹T·mª�©I´�¿[°�§¦¿�¹h°�´/©
§I»j (¸
«h¯,°�¨1¸)hÈ»e«h°jªS´�¨n´�§¦´,«h¨1´,«h»j¨qÃ�©M¯À¥ §¦ªR¾ ¯/§I¯1°�³�¯,©M¿|°e¨À¼~«K´/µ�©M¸D´À´/µ�° � 6 � ¨n¾D¨n´/°j¥ ±

�Àµ�°�³�µS¾(¨,«T»e¨�Ã�¸�ª�»)´/«T©Mª+§I¹T«T´�¾0©IÃz´,µ�°�� 6 � ¨1¾(¨n´/°e¥ »	§Iªm¿|°�¨1¸�¥¢¥¢§I¯1«h¨,°j·¬¿S¾¬´,µ�°
Ã�©M¹T¹h©L¼~«hª�º�´/µ�¯1°e°�»	§¦´,°eºM©I¯,«h°j¨�D

i � ¯,«TºMºM°e¯�D
	¶»e»j°e³
´È©M¯�¯1° �1°j»j´�°jÉI°eªS´/¨È¿+§I¨1°e·½©Mª ·�°)´�§I«T¹h°e·>©Mª�¹h«Tª�°0§Iª�§I¹T¾(¨,«T¨]©IÃ
³�µS¾(¨,«T»e¨~©M¿�¨1°e¯nÉI§¦¿�¹h°j¨eÂ�° ± º ± ÉM°j¯,«TÃ ¾ ·�«h°j¹h°j»j´/¯1©Mª�»e§Iª�·�«T·+§¦´/°j¨~§¦Ã ´/°j¯ �~� ² 6 ��§¦»)�
»j°e³
´/§Iª�»e°¦Â�¨,µ+§I¯1³[°jª¬·�«T¥�¸�©Mª�´,¯/§Iª
¨1ÉM°j¯,¨1°]¥È©M¥¢°jªS´/¸�¥ »e¸
´�©M¯À«T·�°eªS´/«KÃ ¾ �1°)´/¨ ±

i��D°j¹h°j»j´ D �D°j¹h°e»)´�¯,°e¹T°jÉ¦§IªS´�³+§I¯n´/¨~©IÃX´,µ�°�°jÉI°eªS´�©M¯~¯1°eºM«T©Mª�¨~©IÃ®«hªS´/°j¯,°e¨n´	Â�° ± º ± ¯1°)�
¥È©LÉM°È³�«h¹T°)��¸
³7«Tª7³ )R³^ÂX¯1°	§I·�©I¸
´ �1°)´]¯1°eºM«T©Mª�¨ ©M¯��+¹T´,°e¯ ©M¸
´�¹h©L¼ ¥È©M¥È°eªS´/¸
¥
´,¯/§I»��R¨ ±

i�� ©M¥È³�¯1°e¨,¨�Dz�~°e·�¸�»j°�´,µ�°�§I¥È©M¸�ªS´Ä©IÃ[·+§¦´�§�¯,°j R¸�«h¯1°e·�´/©�°eª�»j©D·
°�´,µ�°~°jÉM°jªS´ «TªD�
Ã�©M¯1¥ §�´/«h©Iª�©IÃ+´,µ�° ´,¯,«hºIºM°e¯1°e·�§¦ª�·�¨,°j¹h°e»)´/°j·�°jÉM°jªS´/¨s§I¨®Ã §¦¯$§I¨$³|©M¨1¨,«h¿
¹h°Ä¼~«T´/µ
©M¸
´
¹T©D©M¨1«hª�º]³�µS¾D¨1«h»j¨�«hªDÃ�©M¯,¥¢§¦´/«T©Mª ±

�Àµ�°�´,¯,«TºMºM°e¯1°e·&°jÉI°eªS´�©I¯�¨1°e¹T°e»j´,°e·Ê¯,°eºI«h©Mª�¨À©¦Ã$«hªS´,°e¯,°j¨1´�§I¯,°��+ª�§I¹h¹K¾�»e©I¥¢³�¯1°e¨1¨,°e·
§Iª�·½´/µ�°jªÇ¨1¸�¿�¥È«T´,´,°e·x´/© ´/µ�°Æ°jÉI°eªS´�¿�¸
«h¹h·
°e¯,¨�Ã�©M¯È³|°e¯,¥¢§Iª�°jªS´¢¨n´/©M¯,§IºM° ± Ë�ªÇ»e§I¨,°
©IÃ � 6 � ¯,° �1°e»)´	Â�´/µ�°�°jÉI°eªS´�«T¨�·�«h¨1»	§I¯1·�°e· ± 	¶ª7°)ÉM°jªR´]«h¨�¯1°e R¸�«h¯1°e· ´/©Æ¿[°�´,¯,«hºIºM°e¯1°e·
¿S¾ 6 � §Iª
· §I»e»j°e³
´,°e· ¿S¾Ç¿|©I´,µ 6 �Å§Iª�· 6 � «Tª�©M¯,·
°e¯¢´,© ¯,°e§I»�µ�´/µ
°Å� 6 � ± �Àµ�°
¥¢§I«hª ·�« g�°j¯,°jª�»e°0¿|°j´�¼�°e°jª�� 6 � §Iª
·x´,µ�°0¹h©L¼�°e¯�´/¯1«hºMºI°e¯]¹h§	¾M°e¯1¨�«h¨�´/µ
°�Ã §I»j´�´,µ+§¦´
´/µ
°e¯,°�«h¨zª
©�·�°)´/°j»j´/©I¯�¯1°e R¸�«h¯1°e¥È°eªS´�«h¥È³[©M¨1«hª�º�§ ¥¢§�aD«h¥�¸
¥ � 6 ��¹h§¦´/°jª�»j¾IÂR¼~µ
«h»�µÈ«h¨
¿+§I¨1«h»e§I¹h¹K¾�·�°j�+ª
°e·Æ¿R¾È´/¯1«hºMºI°e¯ ¯,§¦´/°�§Iª�·&§	É¦§I«h¹h§I¿�¹h°~¿�¸�g�°j¯q¨,³+§¦»e° ± +¸�¯n´/µ�°j¯,¥È©M¯,°�´,µ�°
� 6 � «T¨�´/µ�°�´/¯1«hºMºI°e¯�¹`§	¾I°e¯�§I¹T¹h©L¼~«hª�º¢´/©Æ»e©M¥�¿
«hª�°�´,µ�°�«hª
Ã�©M¯1¥ §�´/«h©Iª¬©IÃ §I¹h¹ 	 6 Ën�q�
¨,¸
¿[·�°)´/°j»j´/©I¯,¨�§�´~©Mª�°�³�¹`§¦»e° ±

� �
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�� � 6 ��� ��a
³|°e¯1«h¥È°eªS´�§¦¹ � ©Mª�·�«K´/«h©Iª�¨eÂ 	 6 Ën�q�ÇË�ªS´/°e¯1ª+§I¹��¶©¦´/°IÂ � � � � � � ���
� ��� Ë ± � ± � ©I¹h¹h«Tª�¨q§¦ª�· 
 ± f ± � §I¹K¾(¨,µ�°)É[Â 6 ��� �z¯,©��1°j»j´��¶©I´,° � � �
� � � 	 6 Ën�q� � ©I¹h¹`§¦¿[©M¯,§¦´/«T©Mª^Â � °e»�µ�ª�«T»	§I¹ �z¯1©M³[©I¨/§I¹#Â��q�Ä����¤ 6 ���À�	� �L� � �
� � � 	 6 Ën�q�[D �zµR¾(¨1«h»e¨ �®°e¯nÃ�©M¯,¥¢§Iª�»j°��~°e³|©M¯1´eÂ eÄ©M¹h¸�¥È°�Ë�Â�� ± �zµS¾(¨ ± c D
�¶¸�»j¹ ± �X§¦¯1´ ±

�zµS¾(¨ ± � � � � � � � �)Â ��� ��� ) ����� �
� � � Ë������®°j»�µ�ª�«T»	§I¹ ² °e¨1«hºMªÆ�~°e³|©M¯1´eÂ��q�Ä����¤ 6 ���À�	����� � �
�� � ���s� � °e»�µ�ª
«h»	§¦¹ ² °e¨,«TºMªÆ��°j³[©I¯1´	Â|�q�Ä����¤ 6 ���À� � � � ��� � � �
� � � �Ä� 
����®°j»�µ�ª�«T»	§I¹ ² °e¨1«hºMªÆ�~°e³|©M¯1´eÂ��q�Ä����¤ 6 ���À�	����� �
�� � 	 � ¯/§Iª�¨1«T´,«h©Mª½��§I·�«`§�´/«h©Iª ² °j´/°j»j´,©M¯�Ã�©M¯È�Ä¹T°e»)´/¯,©Iª Ë�·�°jªS´/«T��»	§¦´,«h©Mªx¼~«T´,µ�«hª ´/µ
°

	 6 Ën�q� � °eªS´/¯,§I¹ � ¯,«TºMºM°e¯9� 	¶·�·�°jª�·�¸�¥ ´,©¬´/µ
° 	 6 Ën�q� � °e»�µ
ª�«h»e§I¹ �z¯,©M³|©M¨,§I¹�Â
�q�Ä����¤ 6 ���À������� � �

�� � ��
� �®°j»�µ�ª�«h»e§I¹ ² °e¨1«hºMªÆ�~°e³|©M¯1´eÂ��q�Ä����¤ 6 ���À� � � � ��� � �
�� � � � � �zË ² � °e»�µ�ª
«h»	§¦¹ ² °j¨,«TºMª&��°j³[©I¯1´	Â|�q�Ä����¤ 6 ���À�	����� ���
�� � � � ² ��� °e»�µ�ª�«T»	§I¹ ² °j¨,«hºIª&��°j³[©M¯n´	Â|�q�Ä����¤ 6 ���À������� �
�� ��� � ± 	¶¯,ª+§I¹T·�«����������hÂ��¶¸�»j¹ ± Ë�ª
¨1´/¯ ± §Iª�· � °j´,µ ± 	 ��� � � �����������

���� � � � ² �®°j»�µ�ª�«T»	§I¹ ² °j¨,«hºIªÊ�~°e³|©M¯n´	Â��q�Ä����¤ 6 ���À������� � �
���� � 	 6 Ën�q� � ©M¹h¹h§I¿[©I¯/§¦´,«h©Mª^Â �®°j»�µ�ª�«h»e§I¹ ² °e¨1«hºMª���°j³[©I¯1´�©IÃD´/µ�°�+©M¯1¼ §I¯,· ·�°)´/°e»)´/©M¯1¨

� � � ��� �À�q�Ä����¤ 6 ���À� � � ����� � �
���� � f ± � µ�°j¾(ª�«T¨����������hÂ 	 6 Ën�q�ÇË�ªS´,°e¯,ª�§I¹��¶©I´,° 	 6 Ën�q�s¤�� ��� � �
���� � 	 6 Ën�q� � ©M¹h¹h§I¿[©I¯/§¦´,«h©Mª � � � � �®°j»�µ�ª�«h»e§I¹ ² °e¨1«hºMª���°j³[©I¯1´ ©IÃ
´,µ�° �®¯1«hºMºM°j¯eÂ ² §¦´/§

	¶»e R¸�«h¨1«T´,«h©Mª^Â¦�¶«TºMµ ) 6 °)ÉM°e¹ �®¯1«hºMºI°e¯®§Iª�·�� ©MªS´,¯,©M¹
�(¾(¨1´,°e¥ �q�s����¤ 6 ���À� � � � ���
� �

���� � 	 ± eÄ°e¨1´,¿[©
Â��¶«TºMµ 6 °)ÉM°j¹ � ¯,«hºIºM°e¯��(¾(¨1´,°e¥ Ã�©M¯Ä´/µ�° 6 ��� 	 6 Ën�q�x��a
³|°e¯1«h¥È°eªS´	Â
	 6 Ën�q�X�9� 	�� � � � � � � � �

� 
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Ë�ªÅ¾M°e§I¯ ����� �DÂ�´/µ
° 	 6 Ë-,/. »10I¹h¹32¦¿40M¯52¦´7680:9Æ³<;50M³=0:>@?e· ´700¸<A�ºB;72I·<?DC,µ<?�»1?E9FC7;72¦¹
·<?EC5?e»EC50:;~¼G68C/µH2JIK0:;1¼L2B;1· � ¸M0:9ONPA4?j»EC7;@0:QR?EC7?E;1S

T 2B;,·^ÂUA4?E9<?EC5;72UC56V9�ºWA<;50I¿4?E>eÂ:>1¸�»�µJ2B>XµM?X2	ÉR¾ZYR¸K2B;@[B0:9M632\>-C]2UC5?1>eÂ:2B;5?L2B9Z?E>5>5?E9FC7632¦¹
C70P0M¹qÃ^0:;_A<;@0M¿<6V9
º`C5a<?H?X2B;1¹T¾�2U9�·baM0BCR>@C]2¦º:?)0IÃca<?12	É(¾ )P680:9½»10M¹T¹V6V>@6V0:9M>1S 	/C 6 T ,
?19<?E;,º:68?1>eÂd?E9<?1;1ºI¾0·<?E9<>56eC76V?E>Ga<6hº:a)?E9<0M¸�º:a)C70JQR?e¹eC/C7a<? � ¼G6h¹h¹�¿4?f;@?X2I»]a<?j·gS

�ha<?~»E0:QiA
¹V?EC5?/>5A=?e»jC7;1¸<Qk0IÃ=a<?X2	ÉR¾JYR¸K2B;@[]É:?j»EC70B;lQR?1>@0:9<> �^6mSn?BS �Fo �¶Â � � Â ��Â � �
2B9<p �!� � �jqr2U>tsL?EuVuK2B>tC5a<? �vQR?1>50B9gq:sG6Vu8uxw=?hQi?12B>5yM;5?1pR6V9DC5a<? 7 � 7 �Rp<?1z12'{Jz]a<2B9<9<?Eu
wr{�C7a<? 	 6}| ,/. � y<0:9�NxA=?1zjC7;50BQi?jC7?1;ES �ha<?~>568QDy<ueC]2B9<?E0:y<>�Qi?12B>5yM;5?1QR?19FC_0U��2BuVu
C7a<?hYryK2B;@[B0:9M632c>5A=?1zE6V?E>�sG68C5aDC7a<?/>52BQR?h2BA<AK2U;72UC5y<>�sG6Vu8uM2UuVuV0's�2cpM6V;5?EzEC�z10:QRAK2B;@6V>50B9
0B�tC7aM?16V;WA<;50Pp<y<zjC7680:9$;52UC7?Z2B>c2J�^y<9<zjC76V0B9�0B��pM6 g4?1;5?E9FCcAK2B;52BQR?EC7?E;5>W>5y<z]a`2B>GC7;52B9<>��
� ?1;@>5?�Qi0:QR?19FC5y<Q�2B9<pHz10BuVuV68>5680:9�z1?E9FC7;72UuV68C�{BS | 9�2BpMp<68C56V0:9~C70 � ?1zEC50:;�Qi?E>50:9<>Eq=2BuV>@0
C7a<?Jy<9<u86V[U?*)P>@6V�:9+p<68QDy<0:9+zE0:9FC7689PyMy<Q�y<A+C70)Qi2B>5>@?1>�2B;@0:y<9<p � � c ?�e�o�z � sG6Vu8u�w=?
>@C7yMp<6V?EpgS�Nx6V9<zE?�2UC 6 T ,�?19<?E;5�:68?1>Eq<C7a<?fzE0:9FC76V9ry<yMQ�6V>h? aMA=?1zjC7?Ep$C70_w=?fp<0:QR6V9<2UC7?Ep
wr{`QZy<0:9<>f�^;50BQ�C7aM?R>@?1QR6e��uV?1AxC70:9<68zZp<?EzX2X{`0B��0:A=?19�z]aK2B;5Q�2B9<p�0:A4?E9�w=?X2UyMC�{:q�68C
sG6VuVu�2BuV>@0~w4?JA=0:>5>@6Vw<u8?ZC70)>-C7y<pM{�C7a<?_A<;@0xpMy<zEC56V0:9`0B�l0:A=?19���a<?12 � { � �d2 � 0By<;5>�sG68C5a
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290 8 Implementation and infrastructures

Figure 8.5: Layout of the front absorber section.

Figure 8.6: Layout of the first small-angle absorber section.
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290 8 Implementation and infrastructures

Figure 8.5: Layout of the front absorber section.

Figure 8.6: Layout of the first small-angle absorber section.�������.- ��� � &�
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2.4 Final detector description 91

Figure 2.81: General design of one quadrant of TC1 chamber.
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168 3 Trigger system

Figure 3.24: Structure of the trigger detector.

Table 3.6: Dimensions of the RPC modules (see Fig. 3.27)
Chamber External dimensions Active surface

MT1, chamber 5 2230 720 mm2 2210 680 mm2

MT1, chamber 1–4 and 6–9 2740 720 mm2 2720 680 mm2

MT2, chamber 5 2376 765 mm2 2356 725 mm2

MT2, chamber 1–4 and 6–9 2920 765 mm2 2900 725 mm2

trigger detector defines a geometrical acceptance ranging from 2 to 9.6 ( 2 to 10.8 ) in the non-bending
(bending) plane. It can be seen from the analysis presented in the chapter ‘Physics performances’ that
the tracking and trigger systems should both optimize the acceptance at around 2 in the bending plane.

The structure of the trigger detector is shown in Fig. 3.24. Each plane is divided into two halves in
the vertical direction containing nine chambers. The mechanical structure of each half-plane allows a
slight geometrical overlap of the inactive zones on the top and bottom edges of the RPCs avoiding dead
zones between two adjacent chambers. In the vertical direction there is a dead zone of about 4 cm wide
where the two half-planes are connected.

The sizes of the RPCs in the two stations are shown in Table 3.6. There are 4 small chambers and
32 large chambers for each station, with a total of 72 RPC modules. To accommodate the beam shield,
chambers 4 and 6 of each half-plane are slightly different than the other large chambers (see Fig. 3.24).

The RPCs are operated in streamer mode with a gas mixture of Ar/C2H2F4/C4H10/SF6 in the pro-
portion of 49/40/7/4 as described in the previous paragraph. The gas and the high voltage are distributed
to all chambers independently.

The read-out strip planes are divided into different zones in which the strips have the same width
and length; the strip widths range from 1 to 4 cm, from the inner to the outer part of the trigger planes.
There are 21K read-out channels for the 4 RPC planes. The signal are shaped and discriminated by the
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Figure 3.43: L0 local trigger electronics.

surements show that a cluster with N = 2 corresponds to a particle crossing the detector between
two strips [27]. The algorithm is (2N - 5) for N 3. This kind of algorithm is very powerful
because the position resolution of the trigger is enhanced but an additional bit is needed to define
the middle of two real strips. Indeed, the remainder of the trigger logic has to carry double bit
patterns: 31+31 for MT1 and 63+63 for MT2.

Mini-road and DS reduction. A ‘mini-road’ 1 strip wide ( 2 bits after declustering) is opened
between the two planes of the same station. This is necessary to account for the particle deviation
between these planes separated by 15 cm. This leads to the introduction of the notion of Singles
(S) and Doubles (D), illustrated in the bottom of Fig. 3.44. The general cases are given in the
first three columns and the parenthesis indicate the width of the mini-road. The output pattern, in
term of Singles and Doubles, is given in lines 3 and 4. The last two columns are more complex
examples. The bit-pattern of the Singles and Doubles per trigger station is then substituted for the
initial bit-pattern.
At this stage the so-called ‘DS’ reduction is applied: if the bit-pattern of the Doubles is non-
zero, and only in this case, the bit-pattern of the Singles is reset. Examples of DS reduction are
shown in the last line of Fig. 3.44. This is obviously very efficient for reducing the effect of the
soft-background hits on the trigger rates without compromising on the signal detection efficiency.

Roads 8 strips with 3/4 majority. For any Single or Double on MT1, a ‘road’ is opened with a
fixed width of 8 strips (actually 15 bits after declustering) which is the maximum range. A
valid ‘road’ requires the 3/4 majority condition i.e. S-D, D-S or D-D respectively on MT1-MT2.
The full ‘road’ width is indicated in Fig. 3.45. The vertical bar indicates the ‘zero-deviation’ bit
of MT2 in correspondence with the considered bit of MT1: the road defined by these two bits
points back to the interaction point in a straight line. Two open ‘roads’ are shown in the example
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Figure 3.45: Example of ‘roads’ in the bending plane L0-X.

of Fig. 3.45: the left one is not valid because the 3/4 condition is not fulfilled but the right one is
validated by one or the other Double of MT2.

Minimum deviation. The computation of the deviation is the last stage of the L0-X logic. Each
circuit actually calculates the minimum deviation which corresponds to the track with the higher
pt (that has to be kept). Still taking the example in Fig. 3.45, the final answer of this circuit is
a valid ‘road’ for bit 2 (from MT1) with a deviation of 3 bits (from MT2). The sign of the
deviation is associated to the particle charge with four possibilities: , , 0 (empty ‘road’) and

(particular case of the ‘zero-deviation’). The bit number (1:31) from MT1 and the minimum
deviation ( 15:+15) from MT2 of the valid road are coded in two words of 5 bits each.

In the non-bending plane L0-Y, each trigger card collects a maximum of 16 data points from each
plane. The processing steps are the following:

declustering. Same as L0-X.

mini-road 1 bit (after declustering) and DS reduction (not mandatory).

roads 1 strip ( 2 bits after declustering) with 3/4 majority. This ‘road’ is introduced to account
for any possible deviation coming for example from multiple scattering, the magnetic field in non-
bending plane or bad alignment of the strips, etc.
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of Fig. 3.45: the left one is not valid because the 3/4 condition is not fulfilled but the right one is
validated by one or the other Double of MT2.

Minimum deviation. The computation of the deviation is the last stage of the L0-X logic. Each
circuit actually calculates the minimum deviation which corresponds to the track with the higher
pt (that has to be kept). Still taking the example in Fig. 3.45, the final answer of this circuit is
a valid ‘road’ for bit 2 (from MT1) with a deviation of 3 bits (from MT2). The sign of the
deviation is associated to the particle charge with four possibilities: , , 0 (empty ‘road’) and

(particular case of the ‘zero-deviation’). The bit number (1:31) from MT1 and the minimum
deviation ( 15:+15) from MT2 of the valid road are coded in two words of 5 bits each.

In the non-bending plane L0-Y, each trigger card collects a maximum of 16 data points from each
plane. The processing steps are the following:

declustering. Same as L0-X.

mini-road 1 bit (after declustering) and DS reduction (not mandatory).

roads 1 strip ( 2 bits after declustering) with 3/4 majority. This ‘road’ is introduced to account
for any possible deviation coming for example from multiple scattering, the magnetic field in non-
bending plane or bad alignment of the strips, etc.
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of Fig. 3.45: the left one is not valid because the 3/4 condition is not fulfilled but the right one is
validated by one or the other Double of MT2.

Minimum deviation. The computation of the deviation is the last stage of the L0-X logic. Each
circuit actually calculates the minimum deviation which corresponds to the track with the higher
pt (that has to be kept). Still taking the example in Fig. 3.45, the final answer of this circuit is
a valid ‘road’ for bit 2 (from MT1) with a deviation of 3 bits (from MT2). The sign of the
deviation is associated to the particle charge with four possibilities: , , 0 (empty ‘road’) and

(particular case of the ‘zero-deviation’). The bit number (1:31) from MT1 and the minimum
deviation ( 15:+15) from MT2 of the valid road are coded in two words of 5 bits each.

In the non-bending plane L0-Y, each trigger card collects a maximum of 16 data points from each
plane. The processing steps are the following:

declustering. Same as L0-X.

mini-road 1 bit (after declustering) and DS reduction (not mandatory).

roads 1 strip ( 2 bits after declustering) with 3/4 majority. This ‘road’ is introduced to account
for any possible deviation coming for example from multiple scattering, the magnetic field in non-
bending plane or bad alignment of the strips, etc.
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Figure 3.47: Regional trigger electronics: the elementary cell is described in Fig. 3.46.�È�������
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190 3 Trigger system

Table 3.15: Various combinations at the regional level for two local inputs; both inputs TRGin
1 and TRGin

2 are
permutable; stands for zero-deviation tracks, LS for Like-Sign pair and US for Unlike-Sign pair; the first column
and the last one are only comments on the various configurations

Two inputs TRGin
1 TRGin

2 TRGout LS US output

Nothing 00 00 00 0 0 nothing
Only 1- 01 00 01 0 0 –
Only 1+ 10 00 10 0 0 +
Only 1 11 00 11 0 0

2- 01 01 01 1 0 –LS
1- & 1+ 01 10 11 0 1 US
1- & 1 01 11 11 1 1 LS & US

2+ 10 10 10 1 0 + LS
1+ & 1 10 11 11 1 1 LS & US

2 11 11 11 1 1 LS & US

TLS = ( TRG_A [0] . TRG_B [0] ) + ( TRG_A [1] . TRG_B [1] ) + TLS_A + TLS_B

TRG [1] = TRG_A [1] + TRG_B [1]

TUS
TRG

TRG [0] = TRG_A [0] + TRG_B [0]

TLS

TLS_A

TUS = (TRG_A [0] . TRG_B [1]) + (TRG_A [1] . TRG_B [0]) + TUS_A + TUS_B

TUS_B
TRG_B
TLS_B

TUS_A
TRG_A

Figure 3.46: An elementary cell of the trigger builder and the associated logical equations (TRG is a 2-bit signal).

1 track (with the corresponding deviation sign).

2 (or more) like-sign tracks (with the corresponding deviation sign).

2 (or more) unlike-sign tracks.

An additional problem comes from the zero-deviation tracks which could be either positive or negative
deviations. The different cases for two local responses are listed in the Table 3.15: 4 bits are necessary
to describe all the different combinations (0, 1 or 2 tracks with the corresponding sign if any).

From these considerations, a multistage algorithm is used: the 16 (at the most) local outputs are
treated by 8 processes in parallel, and then these outputs are considered as inputs for the next stage. One
has to consider the LS (like-sign) bit and the US (unlike-sign) bit as input for all stages except the first.
An elementary cell of such a treatment is represented in Fig. 3.46 and the associated logical equation for
each bit involved is also given.

A regional trigger treatment will be performed by a 4-stage combination of elementary cells as rep-
resented on Fig. 3.47. Each regional card contains this device twice in order to deal with the low and the
high pt cut. Therefore, 2 4 8 bits are available at the output.

This algorithm will be implemented in a FPGA chip. It has been designed with a full hardware
description language (VHDL). The internal combinatorial logic lasts less than 16 ns in a FPGA such as
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Figure 3.48: Timing of the dimuon trigger.

the ALTERA MAX7000 [28]. To ensure a sequential logic, all inputs and outputs are synchronized with
the 40 MHz LHC Clock by making use of registers.

With all these considerations, the output regional trigger signal is available 25 ns after the local signal
arrival.

3.4.3.2 Global trigger card

The third step consists of the gathering of the information coming from the 16 regional trigger cards.
These 2 4 16 128 bits are sent to a ‘global card’ via front-end connectors. The global algorithm
is quite similar to the regional one, with the same number of same elementary cells (see Fig. 3.46); the
difference, compared to Fig. 3.47, is that in the global card case, the TUS and TLS entries are used even
at the first stage.

As a global dimuon trigger has to be delivered, an additional final stage is necessary to combine
the 2 4 output bits coming from the two threshold processes. Even if the ‘standard dimuon trigger’
corresponds to an unlike-sign pair of muons, the individual pt cut (low or high threshold) has to be
chosen and other trigger configurations may be foreseen (for example, like-sign pairs). A configurable
multiplexer is used to perform this final stage.

A single bit signal is finally delivered, according to the chosen physical trigger. However, as the high
pt events are rare events, an additional signal is also sent to the ALICE trigger process as priority flag in
case of such events.

The timing considerations involved in the whole trigger signal building and the associated informa-
tion reduction is represented in Fig. 3.48.

The L0 dimuon trigger signal is locally available in 600 ns after the bunch crossing. The time
corresponding to the transfer to the ALICE L0 trigger module should then be added.

3.4.4 Connections between trigger and DAQ

The local and regional trigger cards are not only used in the trigger dimuon signal. They are also involved
in the data transfer from the RPCs to the DAQ system. These two purposes are sketched in the Fig. 3.49.

The local cards receive the bit patterns corresponding to the strips of each sub-detector (16 strips per
plane, 8 planes). These 128 bits fill a pipeline every 25 ns (40 MHz). These data are latched when a
ALICE L0 trigger occurs. The length of the pipeline fits the fixed latency of this L0 trigger, available in
the central part about 1 2µs after the interaction has taken place [3].

When a ALICE L1 trigger is delivered, the transfer of these data is initiated. This ’start readout’
signal is sent via the address bus. The data are then sequentially sent to the regional card using the back
plane bus (32 bits, 10 MHz). The regional card stands only as cable driver in the data transfer point of
view. The data originating from each regional crate are sent in parallel to the ’DAQ card’ via a 32-wire
external bus. As a regional crate contains 16 local cards, the data transfer time to the DAQ card is 6 4 µs.
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