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FD?R]EB�oq9Yn 
�oq=%=�I39;:E=%FD?Ac[<KBDPqniP#?t<K<*=�>KBH:E� ����P�C _a=XcKP��E=�_x?t<*BD@�@#?`<KC¢BH:a©^� OJ>*?a6A7H679�cKB�IE>K=�cKP�BD:E]E=
]^?`FDFDCXc[<*?`<*CG?A]J>KC :EBHP%C��A=%:E=�>*?`<KC�� = cKBic[<KOE]EB)?�FD?q>K=%?A@%BHC :E=§<K>*?A_hBH<K=�F+{f=�:E=%>[� B)?�BD:EBH@%BD?AFD=1=$©^:^?`FD=
]E=�F FD=�IJ<*CA:E=�=�BHF�cKOJC ?A:E� C FHC|]EB�]EB +�OEcKBHC :E=`7Soq?,�"OJ=%c[<K=�wA?`>KB)? �EBDFHB�cKC :EC3cY< ?`<K=�CA<K<K=%:�OJ<K=�FD=
IE>[BD_h=�BD:i\�C >K_a?A@%BHC :EB�cKOEFHF)?�cY<*>KOi<K<*OJ>*?Z]E=%F�:�OEP�FD=%CA:E=GBD:EBH@%B)?`FD=A7

P

k k’

*

W
q

"�BH� OE>K?¢6 78679 /�?AIEIJ>K=%c[=%:-< ?`@%BDCA:E= cKP��E=�_x?`<KBDP%?G]JBEOE:^?b]EB +¡OEc[BDC :J=$IE>KC`\�C :E]^?A_h=%:-<K=$BD:E=�F)?AcY<*BHP#?

�oq9Yn���9

k
=

k
′ cKCA:ECaB`�"OE?A]E>KB8w =M<K<*CA>KB0]E=%F�FH=%IJ<KC :E=bBH:EP%BH]E=%:-<*=G=G]EB +¡OEc[C��

P
BHF���O^?A]E>[BHw =M<K<KC >K=

]E=�F§:�OEP�FD=%CA:E=xBH:EBD@�B)?AFH=�=
q
�"OJ=%FDFHC ]E=�F�\�C`<*C :E=acKP%?A_ �EBD?`<*C��

q∗
8�� 
aF)?r_x?Ac[c*?rBD:-w`?A>KBD?A:-<*=

]E=�FDFHC�c[< ?t<*Ch?A]E>[C :EBDP�C�©^:^?AFH=A7

�0?�_x?Ac[c*?�BH:�w`?A>[B)?A:-<K=q]E=�FDFDC¢c[< ?t<*Ch?A]E>[C :EBDP�C
W
�EcKB¡>KBDP%?#wA?S]^?AB���O^?A]J>KBD_hC _h=%:-<*B�]E=�F¡\�C`L

<KC :E=�cKP%?A_ �EBD?`<*C
q
��=�]E=�F-:"OJP%FD=�C :E=�BH:EBD@�B)?AFH=

P
P%C _h= _hC c[<K>*?`<KC :E=%FHF)?§c[=%� OJ=%:-<*=1OE� OE?A� FDBD?A:E@%?�9

W 2 = (P + q)2 lab
= M2 + 2Mν − Q2,


Y6 7VT7�
]EC�wA=

M

|F)? _a?Ac[c*? ]E=�F§:�OEP�FD=%CA:E=3BD:EBH@%BD?AFD=���=

ν

|OE:	BH:�w`?A>[B)?A:-<K=x>K=�F)?`<KBHw"BDcY<*BHP%Cr]E=�©^:JBH<*C

P�C _a=�9
ν =

P · q
M

;

Y6 7fd �

:E=�FbF)?$��C >K?`<*C >[BDC��
ν

P�C BD:JP%BD]J=�P%C : F+{f=�:E=%>[� B)? <K>*?AcY\�=%>[BH< ?']E?AF�FD=�IJ<*CA:E= ?AF�:�OEP�FD=%CA:E=�9
ν =

E − E
′ 7
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�X=�F�P%?AcKCR=%FD?Ac[<KBDP�CG?A]aOJ:^?R=�:E=%>[� B)?bBH:EP%BH]E=%:-<*=�z ©EcKc*?t< ?���PA{ 
�cKC FHCbOE:xI^?`>*?A_h=�<K>KCbFDB
��=�>KC�9
F)?GcK=�@%BHC :E=�]g{fOJ>[<*CS]EB /�CAcK=%:!�EFHOJ< �a=XB^\�?`<[<*C >[B^]EB^\�C >K_a?GP��E=Xw"B P%C _hI^?ABHC :ECG]EBHI�=�:E]EC :ECRcKCAFDC
]^?

Q2 7¢9;:-w =�P%=h:E=%F�P%?AcKC BH:E=%FD?Ac[<KBDP%CaF {m=%:E=�>K� BD?|]EB =�P%P%B8< ?A@�BDC :J=�]E=%F�:"OJP%FD=�C :E=h?A� �ABDOE:E�A=¢OE:
OEF8<*=%>[BDC >[=�� >*?`]ECX]JB-FDB#��=%>Y<�% =1F)? cK=�@%BHC :E=�]g{fOJ>[<*C 
1\�OE:E@%BHC :E=1]EB�]EOE=�I^?A>K?A_h=�<*>[B BD:J]EBDI�=%:E]J=%:-<*B��
?A]'=�cK=�_aIEBHC

ν
=

Q2 7 oq=�cKP�>KBHwA=%:E]JC FD?r]JBD:^?A_hBDP%?3]E=%F�IE>KC"P%=�cKcKC BD:E=�F)?AcY<*BDP�CsBH: <K=%>K_hBD:JB�]EB
\�?`<[<*C >[B§]EB§\�CA>K_a?�� ��OE=%cY<*B ]EBHI�=�:E]EC :EC I�=%>Y< ?A:-<*C ]^? ]JOE=3wA?`>KB)? �EBDFHB�=3FD? � =%:J=%>*?`FDBD@�@#?A@�BDC :J=
]E=�FDF)?�c[=%@�BDC :E=G]g{mOE>Y<*Ch]EBK/ C cK=�: �JFDOJ< � 
�P#?AFHP%C FD?`< ?�:E=�F�F)?$��C >K?`<*C >[BDC ��]EB8w =%:-<*? $md�&�9

(

d2σ

dΩdE ′

)

lab

=
α2

4E2 sin4 θ
2

·
[

W2(Q
2, ν) cos2 θ

2
+ 2W1(Q

2, ν) sin2 θ

2

]

.

p6 7Vy7�

9;:-<*>[Ci]EOJP%B)?`_aC ?5��OE=%cY<*C�IJOE:-<*C�OJ:^? w`?A>[B)?$�JBDFD=sP��E= _aBHcKOE>K? F+{fBH:E=%FD?Ac[<KBDP�BH<�% ]E=%FHF {mOE>[<KC��qFD?
� D���� D B��.> A����MF	��D�> D
������
������ A��=9

x =
Q2

2P · q =
Q2

2Mν
.


p6 7 � �
�0?xw`?A>KBD?$�EBDFH=S]JB �! #" >#�A=%: 
�P�C _aIJ>K=%cK?|<*>*?|@�=%>[Cr=¢OE:EC�9

0 < x < 1
7 �X=�F P#?Ac[C =%F)?`c[<*BHP%C,


x = 1
8EBH:���OE=�c[<KCxP#?`cKCZBD:J\�?t<K<*B`


W = M
=G]^?AFDF+{f='��O^?A@%BHC :E=�6A7 T�cKB�C`<K<*BH=%:E=�9

2Mν − Q2 = 0.

Y6 7f¥ �

�X=�F�P#?Ac[CaBH:E=%FD?Ac[<KBDP�C�BD:-w =�P%=
W > M

� I�=�> P%OEB�9

2Mν − Q2 > 0.

p6 786�k �

niBq]J=�©^:EBHcKP�=�OE>[<KC	IE>KCA\�CA:E]^?A_h=%:-<*=sBD:E=�F)?AcY<*BHP%C 
�oq9Yn��xOE:¡{fBH:�<K=%>K?A@%BHC :E= P�C :
Q2 → ∞ �

ν → ∞ =�w`?AFDCA>KB�]EB
x
©^:EBH<KB¡=�FH=S��O^?A:-<*B8<�%�P��E=bwA=%:E� CA:EC�wA?`FDOJ<*?`<*=�c[C :ECZB�\�?t<K<*CA>KB¡]JB¡\�C >K_a?

?A]EBH_a=�:EcKBHC :^?AFHBf
�P��EB)?`_x?`<KBg?A:JP��E=R\�OJ:E@%BHC :EBg]EB�cY<*>[OJ<K<KOE>*? �Z9

F1(x, Q2) = Mc2 W1(Q
2, ν)

F2(x, Q2) = ν W2(Q
2, ν).


p6 786 6V�
o�?AB�]^?`<KB�cKI�=%>[BD_h=%:-< ?`FDB	��P%CA_a=�_hC cY<*>*?t<*C|BH: ©^� OE>K? 6 7VU;�¡c[B�w =�]E=�P��E=ZI�=�>qw`?AFDCA>KB�©^cKc[B�]EB

x=R?AFH<KB¡w`?AFDCA>KB¡]JB
Q2 �^Bg\�?`<[<*C >[Bg]EBg\�C >[_x?�:ECA:s]EBHI�=�:E]EC :JC 
�Ca]JBDI�=%:E]ECA:ECZcKC FHCh]J= ��C FD_h=%:-<*=h�

]^?
Q2 7 � OE=%cY< ? P%?A>*?`<[<*=�>KBDcY<*BHP#? 
x]E=M<K< ?���� � D���� D���� D�����F	��D�> D���\�C >K_a?AFH_a=�:�<K=�BD:E]JBDP#?t< ? BD:

��OE=%cY<*Ca_aC"]EC�9

F1(x, Q2)−→F1(x)

F2(x, Q2)−→F2(x).

p6 786�U7�
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"�BH� OE>K?¢6 7VU;9��0?q\�OE:J@%BDCA:E= ]EBJcY<*>[OJ<K<KOE>*?
F2

BH:�\�OE:E@%BHC :E=$]JB
Q2 BH:�BD:-<*=�>[w`?AFDFHBi]JB

x
7 9�>KBHcKOEF8< ?`<KB

IE>[C�w =%:J� C :ECa]^?�]EBHwA=%>Kc[B�=%c[I�=�>KBD_h=%:-<KB�=%cK=�� OEB8<*B0?hnJ� ��¦���?AF0¦$z�/��2� ?Zo�z�n���7
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��{fBH:E]EBHI�=�:E]E=%:J@#?�]E=%B�\�?`<K<KC >KB�]EB$\�C >K_a? ]^?`FDF)?rwA?`>KB)? �EBDFH=
Q2 
 <KBDIEBHP#? ]JB$OE>[<KB$cKO cKCA>K� =�:�<KB

IEOE:-<KBH\�C >[_aB 
��^?`c[<*BbI�=%:Jc*?A>[=��q:J=%F�P%?AcKC =%FD?Ac[<KBDP�C�� P��E= F)?�<*>K?Ac[\�CA>K_a?`< ?�]JB�"^C OE>KBH=%>a]EB�OE:
\�?`<[<*C >[=�]EB-\�C >[_x? P%CAc[< ?`:�<K=§P�C >K>[BDcKI�C :E]J=§?A]SOE:^?�]EBDcY<*>KB
�EOE@�BDC :E=1]EB"P#?`>KBDP%?X?�]E=%F8< ? ]EBioqBD>K?AP �Z8
:E= c[=%� OJ=�P��E=�Bq:�OEP�FD=%CA:EBqc[C :EC	P%CAc[<*B8<*OEB8<*B ]^?'P�C _aI�C :E=�:-<*B�IEOE:-<*B8\�C >K_hB 7 9;:EC FH<K>K=���]E?AFDFD?
>K=�F)?A@�BDC :J=¢]EB ¦$?AFDFD?A:iLY b>KCAcKc 
+?A:EP��¡{f=�cKc*?3w =�>KB8©^P#?`<*?|cKI�=%>[BD_h=%:-< ?AFH_a=�:-<*=¢P�C _h=�_aCAc[<*>K?`<*CxBD:
©^� OJ>*?36 7fe ��9

2xF1(x) = F2(x),

p6 786�e �

cK=�� OE=bP��E=GFD?ScK=�@%BHC :E=b]g{mOE>[<KCZoq9Yn|IE>K=�cK=�:�<*?hFD?S<*BHIEBDP%?S]EBHI�=�:E]E=�:E@#?Z?A:E�AC F)?A>[=X]J=%FDFD?¢cK=�@%BHC :E=
]g{mOE>[<KC�P��E=�]J=%cKP�>KB8w =�F+{fBH:�<K=%>K?A@%BHC :E= <*>K?¢OE:|FH=%IJ<KC :E=�=qOE:^?SI^?A>[<KBDP�=%FDFD?bP#?A>[BDP#?RIEOE:-<*B8\�C >K_h=�]EB
cKIJBD:

1/2
7 ¤�?AFH=¢?A:E?AFDC �AB)?�BD_hIEFHBDP#?�P��J=�?A:EP��J=¢B�P%C cY<*BH<KOE=%:-<KB�IJOE:-<*BH\�CA>K_hB�]E=%F�:�OEP%FH=%C :E=¢?$�iL

�EBD?A:ECGcKIEBH:
1/2

=���c[P%=%�AFDBD=�:E]EC
x
=�]

y
P�C _h= FD= ]EOE= w`?A>KBD?$�EBHFDB"BD:E]EBHI�=�:E]E=�:�<KB^P��E=�]E=%c[P%>KB8w C :JC

BDF¡IE>KC"P%=�cKcKCh]EB0oq9Yn �^]EC�w =
y =

P · q
P · k

lab
=

ν

E
;


p6 7H6%l �
F)?�c[=%@�BDC :E=R]g{mOE>[<KCZcKP%>[BH<[< ?�:E=%FHF {m=C��O^?A@�BDC :J=�6 7 y�]EB8w =�:�<*?�9

(

d2σ

dxdy

)

=
2πα2

Q4
s [1 + (1 − y)2] F2(x).


p6 786�T7�

9;F�_hC"]E=%FHFDCh?xI^?A>Y<*C :JB	��]E=%c[P%>KB8<K<KC3:E=%F�I^?A>*?`� >*?`\�CacKOEP�P%=�cKcKB8w C��g\�CA>K:EBHcKP%=SOE:g{mBD:-<*=�>KIE>[=�<*?A@%BHC :E=
]E=�B�>KBDc[OEFH<*?`<*B�cKI�=%>[BD_h=%:-< ?AFHBg?AIJI�=�:^?h]J=%cKP�>KB8<K<*B+7

����� � * � ' ���.*,*(' " -7"% ��'/�0&
�X=�F1_aC"]E=%FHFDC3?3I^?`>[<*CA:EB $fd-&1BDF :�OEP�FD=%CA:E= 
aP�C c[<KBH<*OJBH<*C3]E?rOE: P%=�>[<KCs:�OE_h=%>[Cs]EB�IE?A>[<KBDP%=�FDFH=
cK=�:E@#?ac[<*>[OJ<K<KOE>*?;��B0I^?A>Y<*C :JB	�^P%BD?AcKP�OE:^?h]E=%FHFD=U��O^?AFDB�I�C >Y< ?ZOE:^?h\�>K?A@%BHC :E=

x
]E=�F�_hC _h=%:-<*Ch=

]E=�FDF {m=%:J=%>K�AB)?�]E=�F�:"OJP%FD=�C :E=�9

nucleone partone

energia E xE

momento P xP

massa M xM

Y6 786�d �

=GF {mOE>[<KC�<*>K?hFH=%IJ<KC :E=b=G:�OEP%FH=%C :E=U
G>*?`IEIE>K=�cK=�:�<*?`<*ChP%CA_a=GBD:|©E� OE>*? 6 7mlE7
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"�BH� OE>K?h6 7fe�91¦§CA:J\�=%>[_x?RcKI�=%>KBH_a=�:-< ?AFH=�]J=%FDFD?R>[=%FD?A@%BHC :E= ]EB¡¦$?AFDFD?A:| b>KCAcKc§I�=%>�]EB8w =%>[cKB�wA?`FDC >[B
]EB

Q2 7

P xP

γ∗ 

k’k

W

"�BH� OE>*?|6A7fl�9�¦§BH:E=%_a?`<KBDP#?�]JBgOE:^?Z>K=%?A@%BHC :E=Goq9Yn ]E=%c[P%>KB8<K<*?ZP�C :rBDFg_hCi]J=%FDFHC�?ZI^?A>Y<*C :EB+7
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ni=rcKB ]E=�cKP%>[BHwA=sBHF§IE>[CiP�=%cKc[C'oq9Yn	:E=�F�c[BDcY<*=%_a?�]EB$>[BH\�=%>[BD_h=%:-<*C�BH: P%OEB BHF ��=�>KcK?A� FDBHC �^?
OE: _hC _a=�:-<*C3P��E=�<K=%:E]E=h?A] BH:J©^:EB8<*C|=�c[B I�CAcKcKCA:EC �"OJBD:E]EB�<*>*?`cKP%OJ>*?A>[=�cKB)?|FH=�P%CA_aI�C :E=�:iL
<*B�<*>*?`c[w =�>Kc[=s]E=�F _aCA_a=�:�<KC�cKBD? FD=|_a?AcKc[=r? >KBDI�C c[C�]E=%B I^?`>[<*CA:EB$=3]E=�F :"OJP%FD=�C :E=���FD? cKO^?
BD:-<K=%>KIJ>K=�<*?A@%BHC :E=�<K>*?A_hBH<K=�BDFg_hC"]E=%FHFDC�?ZI^?A>Y<*C :JBg]EBHwA=%:-< ?Z_hC FH<KC�BD:-<*OJBH<*B8w`?�9

(xP + q)2 = (xP )2 − Q2 + 2xPq = x2M2 = 0,

p6 786�y7�

]^?ZP%OEB��J<*>K?AcKP�OE>*?`:E]EChBDF�<K=%>[_aBH:E=
(xP )2 �^c[B�CA<K<KBD=�:E=�9

x =
Q2

2P · q .

p6 7H6 � �

��CABDP����bFD?S\�>*?A@�BDC :J=�]E=%F`�"OE?A]E>KBH_aCA_a=�:�<KC�]E=�Fg:�OEP%FH=%C :E=bI�C >Y< ?`<KC�]^?AF¡IE?A>[<KC :E=�w"BD=�:E=bP%C c � ?
P%CABD:EP�BD]E=�>K=ZP%C : F)?|w`?A>KBD?$�EBHFD=�]EB �! #"A>��A=�:�IE>[=%P�=%]E=�:�<K=%_h=%:-<*=3]J=�©^:EB8< ?��

xP

hBD:-<*=�>KIE>[=�< ?t<*C

P%CA_a=XBDF �"OE?A]E>KBH_aCA_a=�:�<KC¢]E=�F¡I^?`>[<*CA:E=�P��E=��E?�?AcKc[C > �EB8<*C�BHF^\�CA<*C :J=�cKP%?A_ �EBD?`<*CS:E=%F�IE>KC"P%=�cYL
cKCJ7 9;:EC F8<*>[=���c[=x< ?`FD=a?AcKc[C > �EBH_a=�:-<*C ?#w�w"BD=�:E=|BD: OE:'BH:�<K=%>YwA?`FDFDC ]EB1<*=�_aI�Cs<*?AFD=hI�=%>¢P�OEB§c[B
I�C cKcK?rP�C :EcKBH]E=%>K?A>K=ZFHB#��=%>KC3BHF I^?A>Y<*C :J=hP�C FDIJBH<*C 
�:EC : BD:-<K=%>*?`� =%:-<*=ZP�C : �AFDB�?AF8<*>[B P%C cY<*B8<*OE=�:iL
<*B ]J=%F :�OEP%FH=%C :J= ����F {mBD:-<K=%>*?`@%BDCA:E=|FD=�IJ<*CA:E=MLN:"OJP%FD=�C :E=3]EB8w =�:�<*? FD?�cKC _h_x? BH:EP%C"=%>[=%:-<*=3]J=%FDFH=
BD:-<K=%>*?`@%BDCA:EB¡<*>K?�FD=%Ii<*C :E=b=Gc[BD:E� CAFDB¡IE?A>[<KC :EB 7

�0?hc[=%@%BHC :E=G]g{mOE>[<KCZIEO��h=%cKc[=%>[=Sc[P%>KB8<K<*?ZP�C _h=�9
(

d2σ

dxdy

)

`N→`
′
X

=
∑

i

fi(x) ·
(

d2σ

dxdy

)

`pi→`
′
p
′

i


p6 7H6#¥ �

]EC�w =
`
=

N
BH:E]EBHP#?A:EC >KBHcKI�=�<K<KBHw`?A_h=%:-<*=rBDF FH=%IJ<KC :E=s=%] BHF�:�OEP�FD=�C :E= BH:EBD@�B)?AFHB	�

i
BH:E]EBDP%? BHF

I^?A>Y<*C :J=
pi

P��E= BD:-<*=�>*?A�ABDcKP�=3P%C : BHF§FD=�IJ<*CA:E=
`
7'9;: cK=%:JC�? ��OE=�c[<*C _aC"]E=�FDFDCsF)? \�OE:J@%BDCA:E=

fi(x)

+��?`>[<*CA:3oqBDcY<*>[B#�EOJ<KBDC : "^OE:EP�<KBDC :ZL1�1o�" � 
�BD:-<*=�>KIE>[=�<*?`< ?RP%C _h=qBHF�:�OE_h=%>[C�_a=�]EBDCS]EB

I^?A>Y<*C :JB
pi

P�C : ��O^?`]E>KBH_aC _h=%:-<KC
xP

��]EC�w =
P

hBHF ��O^?A]E>[BD_hC _h=%:-<*C ]E=�F�:�OEP�FD=�C :E=h:E=%FHFDC

c[<*?`<*CZBH:EBD@�B)?AFH=A7
�0?hc[=%@%BHC :E=G]g{mOE>[<KCZ]E=%FHF {mBD:-<*=�>*?A@�BDC :E=X<*>*?�FH=%IJ<KC :E=b=GI^?A>Y<*C :E=bw`?AFH=�9

(

d2σ

dxdy

)

`pi→`
′
p
′

i

=
2πα2

Q4
e2

i ŝ [1 + (1 − y)2],

p6 7 U`k �

]EC�w =
ŝ = (xP + k)2 ' 2xP · k 
�FD?Sw`?A>KBD?$�EBDFH= ]EB�v ?`:E]E=%FHc[<*?A_ >[=%FD?`<*B8wA?S?AFDF+{fOJ>[<*CRFD=�IJ<*CA:E=ML

I^?A>Y<*C :J=A7�niC cY<*BH<KOE=%:J]EC 6 7 U`kZ:J=%FDFD?�cK=�@%BDCA:E=G]g{fOJ>[<*ChcKP�>KB8<K< ?�BH:�6 7H6#¥Zc[B�CA<K<KBD=�:E=�9
(

d2σ

dxdy

)

`p→`′X

=
2πα2

Q4
s[1 + (1 − y)2]

∑

i

e2
i xfi(x),
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]EC�wA=
s = (P + k)2 ' 2P · k


hF)?|w`?A>[B)?$�EBHFD=S]EB�v ?A:E]E=�FDcY< ?A_�>[=%F)?t<*BHw`?��¡BD:-w =�P%=�� ?AFDF+{fOE>Y<*C
FH=%IJ<KC :E=MLN:�OEP%FH=%C :E=`7

�qFHF)?�FHOEP%=b]E=�FDFD?�]E=%c[P%>KBH@%BHC :E=G]E=%F�_hC"]E=%FHFDC¢:JC :s>[=%FD?`<*B8wiBHc[<KBDP%C¢?(��O^?`>��|BHF¡:�OEP%FH=%C :J=SP�C :iL
c[BDc[<K= ]EBJ<K>K=���O^?A>#��]EBJw`?AFH=%:E@%?��-P��E= � FHBJP%CA:J\�=%>[BDcKP�C :ECGFD=§IE>KC IJ>KBD=M<�%�cY< ?`<KBDP��E=2
�cKIEBH:h= P%?A>KBHP#? �Z8
:E=�Fg_hCi]E=�FDFHC0��OEBH:E]EB¡B�I^?A>Y<*C :EB�w =�:E� C :ECZBH]E=%:-<*B8©^P#?t<*B�P%C :3B�<*>K=���O^?`>��h]EB¡w`?AFD=�:E@#?i7��0?¢\�OE:iL
@�BDC :E=

fi(x)

�BD:-<K=%>KIJ>K=�<*?`< ?bP�C _a= BHFE:�OE_a=�>KCR_a=�]EBDCG]EB ��O^?`>���P%CA:a\�>*?`@%BDCA:E=

x
]EB _hC _h=%:-<*C

?AFHF {mBD:-<*=�>K:EC ]E=%FX:�OEP%FH=%C :E= =���P��EB)?A_a?A:E]JC
ei

FD? \�>*?A@�BDC :J= ]EBXP#?A>[BDP#? I�C >Y< ?`<*? ]^?'P�B)?Ac[P%OE:
��O^?A>#�a]JB¡c*?`I�C >[=

i
�iF)?S\�OJ:E@%BHC :E=q]JB¡c[<K>KOJ<[<*OE>K?

F2
P��E=bP�C _hI^?A>K=X:E=%FHF)?RcK=%@�BDC :J=�]g{mOE>[<KC36 7H6�T;�

IEO �a=�cKcK=�>K=RcKP�>KBH<[< ?�P%CA_a=�9
F2(x) =

∑

i

e2
i xfi(x).
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9$<K>K= ��O^?`>��r]EB�w`?AFH=%:E@%?aP��E=¢P%C _hI�CA:E� C :ECaBDF0:�OEP%FH=%C :J=�]EC�w">K= �+��=�>KC3cKIE?A>[<KBD>Kc[B0=C��O^?A_h=%:-<*=
BHF�c[OECZBD_hIEOEFDc[C���P%BHC;
�FD?¢]EBHc[<*>[B#�EOJ@%BDCA:E=

F2(x)
_hBDc[OE>*?t< ?S]JC�w">[= � ��=G=%cKc[=%>[=RIJBDP%P%?`< ?¢?`<K<KC >K:EC

?AF�wA?`FDC >[=
1/3

��P%C _h=3_hC c[<K>*?`<KC :E=%F IJ>KBD_hC � >K?`©^P�C�BD: ?AF8<*C�]EB§©E� OE>*?	6 7VTi7 9;:�wA=%P�=��§:J=%F8L
F+{fBH:�<K=%>K?A@%BHC :E=GFD=�IJ<*C :J=¢:�OEP%FH=%C :J=��`
¢c[< ?t<*CxCAcKcK=�>[w`?`<KC3P��E=

F2(x)
�^?xOE:�?`:E]^?A_h=%:-<*CxcKBD_hBDFH=

? ��OE=�FDFHC _hC c[<K>*?`<KCs:E=�F§� >K?`©^P�C BD: �^?AcKc[C BD: ©^� OE>K?�6 7VT;��]JC�wA=3F {f?AFDFD?A>K� ?A_a=�:-<*C3]E=�FDF)? ]EBHcYL
<K>KB#�JOE@%BHC :E=6
�P%?AOEc*?t<*C ]^?AFHF {mBD:-<*=�>*?A@�BDC :E=G<*>K?|Bf��O^?A>#� =%] BHF�P%CA_aI�C >[<*?A_h=%:-<*C3?|IJBDP%P�C FDB

�



]EC�w"OJ<KCs?`FDF)?ZIE>[=%cK=�:E@#? ]EB�?AFH<K>K=¢P�C _hI�C :J=%:-<*B BH]E=%:-<KBH©^P%?`<*=SP%C _h=�P%CAIEIEBD= �"OE?A>�� Lp?`:�<KB ��O^?A>#�
]E=�F�_x?`>K=bP%CA:�<KBD:�O^?A_h=%:-<K=RP�>K=%?`<*=G:E=�FDF {mBD:-<K=%>*?`@%BDCA:E=A7

9;:EC F8<*>[=X:E=�F�_hC"]E=%FHFDCG?SIE?A>[<KC :EB F)?RcKC _h_x?b]E=�� FDB BH_aIEOJFDcKB^]J=%B�cKBD:J� C FDB��"OE?A>��Z]EB w`?AFD=�:E@#?
=�]J=%B���O^?A>#� 
�?A:-<*B �"OE?A>��;��]E=�F¡_a?A>K=X]EC�w">K= �+��=G=%c[cK=�>K=bOE� OE?AFD=b?`] 6bcK=S��OE=�c[<KBg\�C cKc[=%>KC�B�cKC FHB
P�C _aI�C :E=�:-<*B�]E=�F�:"OJP%FD=�C :E=��^BD:-w =�P%=2
RcY< ?`<KCZC cKc[=%>[w`?`<KCaP��J=�9

∑

i

∫ 1

0

dx xfi(x) ' 0.5

Y6 7VUAe �

]EC�wA=xF)? cKCA_a_a?�
hcKOJFDFD=Z]EBHc[<K>KB#�JOE@%BHC :EB�]EB1_hC _a=�:-<*Cr]EB�<*OJ<[<*B1B��"OE?A>�� =%]�?A:-<*B �"OE?A>���P��E=
>[BDcKOJFH< ?`:EC�IE>K=�cK=�:�<KB :E=%F :�OEP�FD=%CA:E= F)? P%OJB c[<*>[OJ<K<KOE>*? w"BD=�:E= BD:E]E?A�-?`<*? c[<*OJ]EB)?A:J]EC :E=3F+{fOE>Y<*C
P�C :|OE:|FH=%IJ<KC :E=XP#?A>[BDP%CJ7 ��{fBH:-<*=%>K?A@%BHC :E=�]EC _hBD:^?`:�<K=�<K>*?RFD=%Ii<*C :E=X=qI^?`>[<*CA:E=XBH: ��OE=�c[<*C�P%?AcKC

�P%C >[>KBDc[I�CA:E]E=%:-<K=x?AFHFD=�=�:E=%>[� BD=hcKI�=%>[BD_h=%:-< ?AFHB >*?`� � BDOJ:�<K= �Z�=
(��OE=%FHF)? =%FH=�<K<K>KC _a?A� :J=�<*BHP#?|P��E=
]EB8w =�:�<*?�<*>*?`cKP%OJ>*?$�EBHFD=XcK=bBDF�I^?A>Y<*C :E=�
�:E=%Oi<*>KCJ7 9 c[<*?`<*C ��OEBH:E]EBg]J=%]ECA<[<*C�P��E= ∼ BDF

50%
]E=%F

_hC _h=%:-<*C�]J=%F�:�OEP%FH=%C :J=�
bI�C >Y< ?`<KC�]^?�I^?A>Y<*BHP%=%FHFD=�=%FH=%_h=%:-< ?A>[B¡:E=�OJ<*>[=GBD]E=�:�<KBH©^P%?`<*=qI�C B�P%C :
B�� FHOEC :EB�P��J=�� cK=�P%C :E]JC|F)?�<*=�C >KBD?�]E=%FHF {mBD:-<*=�>*?A@�BDC :E=X\�C >[<K= 
 � O^?A:-<*OE_ ¦ �J>KC _hCxo 3i:E?A_aBHP%c$L
� ¦$o��Z�AcKCA:EC�FD=�I^?A>Y<*BDP�=%FHFD=1cKP%?A_ �EBD?`<*=�:E=%FHF {mBD:-<*=�>*?A@�BDC :J=1\�CA>[<*=�=$>K=�cKI�C :EcK?$�EBDFHB�]E=%FHF)? P%C"=%cKBHC :E=
]E=�F�:�OEP%FH=%C :E=`7
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"�BH� OE>*?	6 7VT;9 " OJ:E@%BHC :E= ]EB c[<K>KOJ<[<*OE>K?
F2

:E=%B P#?`cKB BD: P%OEB�BDF :�OEP�FD=�C :E=rcKB)? P%CAc[<*B8<*OEB8<*C ]^?
OE: cKC FHC ��O^?A>#����IE>[BD_a? >[BD�-?3BH:�?AF8<*C��0]^? <*>[= ��O^?A>#��]EB�w`?AFD=�:E@#? FDB
��=�>KB	��c[=%P�C :E]^? >[BD�-?;��C"]
BD:-<K=%>*?`� =%:-<*B��§<*=�>K@%?�>KBH�-?��$=�] BD:J©E:E= F+{fOEF8<*BH_x? >[BD�-?��§:E=%F�P#?Ac[C	BD: P%OEB�:E=%FX:�OEP%FH=%C :E=scKBD?A:EC
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����� � �	� ��� ��'/� - '�*�"  &($!$." ��'
ni=��`CAFH<*>[=1?AF FH=%IJ<KC :E=�]EB +¡OEc[C���w"BD=%:J=�>[BDFH=�w`?`<*C ?`:EP��E=1OE:EC�]E=%�AFDB-?A]J>KC :EBAIE>KC"]ECA<[<*B :E=�F-IE>KC"P%=�cKc[C
]EBgoq9Yn �^F {mOE>Y<*C�w"BD=�:E=G]E=�©^:JBH<*CZc[=%_hBgBD:EP�FDOEc[BHwAC�=bcKB�I^?A>[F)?�]EB�ni9poq9Yn 
 ni=�_aBg9;:JP%FDOJcKBHwA=Roq=%=�I
9;:E=�F)?AcY<*BHPRniP#?`<[<*=�>KBD:J� �M7�9;F�IE>[CiP�=%c[cKChc[<*OJ]EB)?`<KC 


`(l) + N(P ) → `
′

(l
′

) + h(Ph) + X,

Y6 7VU`l �

]EC�wA=
l
=%]

l′
cKCA:EC�B���O^?A]E>[BD_hC _h=%:-<*B�]E=%F¡FD=%Ii<*C :E=qIE>KBH_x?R=b]EC I�C�F {mOE>[<KC��

P

bBDF ��O^?A]E>[BD_hC`L

_h=%:-<*CZ]E=�F�:�OEP%FH=%C :E=
N

BD:JBD@%BD?AFD=�_h=%:-<*>[=
Ph


U��OE=%FHFDCZ]E=�FDF {f?A]E>[C :E=�IJ>KC"]ECA<K<KCE7
�0?hc[=%@�BDC :E=G]g{mOE>Y<*C�w"BD=%:J=Rc[P%>[BH<K<*?�P%C _h=�9

dσ`p→`
′

hX ∼
∑

i

fi · dσ`qi→`
′

q
′

i · Dh
i .
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z�cKcK?hw"BD=�:E=���OEBD:E]JBg=%c[IE>K=�cKc*?hBD:3<*=�>K_hBD:EB�]EBgIE>[Ci]JCA<K<KB�<*>K?�FD=b]EBHc[<*>[B#�EOJ@%BDCA:EB�IE?A>[<KC :EBDP��J=��
FD?hc[=%@%BHC :E=S]g{fOJ>[<*C�
p]EOJ>*?
�G>[=%FD?`<*B8wA?Z?AFHF {mBD:-<*=�>*?A@�BDC :J=�P��E=�?#w�w"BD=�:E=S<K>*?aBHFg\�CA<*CA:E=Rw"BH>[<*OE?AFD=G=%]
BHF���O^?A>���� =RFD=�\�OE:E@�BDC :JB�]EBg\�>*?A_h_h=%:-< ?A@�BDC :J= 
 "	"f�

Dh
i

P��E=R>*?`IEIE>K=�cK=�:�<*?A:EC|FD?�IE>KC$�^?$�EBHFDBH< %
]EB¡CA<K<K=%:E=�>K=GOE:r?A]E>[C :E=���=%: ]E=�©E:EBH<KCa?�IE?A>[<KBD>K=q]^?�OE: �"OE?A>��|]JBgOE: P%=�>[<*Chc*?`I�C >[=A71��=�"	"
]EBHI�=�:E]EC :JCR]E?ROE:E?G:�OEC�w`?bwA?`>KB)? �EBDFH=§P%BH:E=%_a?`<KBDP#?q?AcKc[CiP�B)?`<*?R?`FDF {f?A]E>[C :E=$>[BDFH=�w`?`<*C��

z = P ·Ph

P ·q

�
P��E= 
�FD? \�>K?A@%BHC :E=1]E=�FDF {m=%:J=%>K�AB)? ]E=%F ��O^?A>#�RIJ>K=%cK?X]^?`FDF {f?A]E>[C :E=��`P%?AFDP�C F)?`<*?$:E=%F"F)? ��C >K?`<*CA>KBDCJ70niB
]E=M©^:EBHcKP%CA:EC "	"s\�?#w C >[BH<K=P��OE=%FHFD=$I�=%> P�OEBEF+{V?A]J>KC :E=�IE>KC"]ECA<[<*C�P�C :-<*BH=%:E= OE: ��O^?`>��¢]JBJw`?AFD=�:E@#?
]E=�FDFHC'c[<K=%cKc[C c*?AI�C >K= ]EBS��OE=%FHFDC'P��J= �^?�\�>*?A_h_h=%:-< ?`<KC�= ��OEBH:E]EB�c[B��^?'OJ:^?'IE>KC$�^?$�EBHFDBH< %
>[=%F)?t<*BHw`?A_h=%:-<K=R�A>*?A:E]J=S]EB�CA<[<*=%:J=%>K=SF {f?A]E>[C :E=�� _h=%:-<*>[=¢c[B�]EBHP%C :JCacY\�?�wAC >KB8<*=0�"OJ=%FDFH= " " I�=%>
P�OEBbBDF�cK?AI�C >K= ]E=�F��"OE?A>�� P��J= \�>K?A_a_h=%:-<*? 
 ]JBHw =�>Kc[C ]^?5��OE=�FDFDC ]E=�B���O^?A>���]EB�w`?AFD=�:E@#?
P��E=aP%C _hI�C :E� C :JCrF+{V?`]E>KC :J=hIJ>KC"]ECA<K<KCE73��=%>RF)? cKBD_h_h=�<*>[B)?|]EB1BHcKC c[IEBD: =aF+{fBH:-wA?`>KB)?`:E@#?|I�=%>
P�C :EBDOJ�-?A@%BHC :E= ]EB^P%?A>KBHP#?���P�C :EcKBH]E=%>K?A:E]ECG<*>[= c*?AI�C >KB^]J=%F���O^?A>���
�O��m]��fc �1= ]EOJ=XI�C cKc[B#�EBHFDBic[< ?t<*B
©^:E?AFDBgP%?A>KBHP��EB�


π+ =
π− ���EBH:r�A=%:E=�>K=GcKB0?Ac[cKOE_h=�9

D1 = Dπ+

u = Dπ+

d
= Dπ−

d = Dπ−

u ,

p6 7VUAd �

D2 = Dπ+

d = Dπ+

u = Dπ−

u = Dπ−

d
,
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D3 = Dπ+

u = Dπ+

u = Dπ−

u = Dπ−

d
,


p6 7VU$� �
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z
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u
�
d
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BH:hP�OEB^F {f?Ac[cK= �rP�C BD:EP�BD]E= P�C :hF)?�]EBH>K=%@�BDC :J= ]E=%FE\�CA<KC :E= cKP%?A_ �EBD?`<*Cb=�]E=�F^:"OJP%FD=�C :E= ��=%>KcK?A� FHBDC
=$"XL*� 
GBHF¡IEBD?A:ECZP%C :-<K=%:E=�:�<K=SBHFg_�OECA:E=GBD:EP�BD]E=�:�<K=b=G]EB +�OEcKCJ7

%'&�()&�% *,+.-0/21435+6387:9';8<'/=7>;5+@?�14387>?�1);5/2AB+

� O^?A:-<KC�]E=�<[<*C�©^:JCZ?A]|C >K?Sw`?AFD=�:E=%F�P#?Ac[C�BD:|P�OEB¡BHF��"OE?A>��aIEO���=�cKcK=�>K=b=�+¡=M<K<*B8w`?A_a=�:-<*=�P�C :iL
c[BD]E=�>*?`<KC�P%C FHFDBD:J=#?A>[=qP%CA:rBHFg:�OEP%FH=%C :J=���=�>Kc*?`� FDBHC�=bP%C :rF {f?A]E>[C :E=�IJ>KC"]ECA<K<KC�:E=%FHF)?S\�>K?A_h_a=�:iL
<*?A@%BHC :E=��¡_x?xBH:�>K=%?AFH< %x:EC : cKB�I�C c[cKC :JC|<*>*?`cKP%OJ>*?A>[=�:���BDF�_aC _h=%:-<KCx<*>K?Ac[wA=%>Kc[CsBH:-<*>KBH:EcK=�P%C
]E=�F��"OE?A>�� :E=�F�:�OEP�FD=�C :E= ~kT

��:��(��OE=%FHFDCr]E=%� FHB1?A]E>[C :EB�>KBHcKI�=�<[<*Cs?AFDFD? ]JBD>K=�@%BHC :E=�]E=�F ��O^?A>#�
P��E=G\�>*?`_a_h=%:-< ?

~pT
7

�X=�� FDB�OJFH<*BH_aB�?A:E:EB 
Zc[=%_hIE>K=hIEB�� P��EBD?A>*? F {mBD_hI�C >[<*?A:E@#?a=%]�BHF >KOJC FDC ]EB ~kT
�0P��E=xc[I�=�cYL

c[C3:EC : IEO �3=%cKc[=%>[=�BD� :ECA>*?`<KCac[=�cKB�w C � FHBDC :JCxcKIJBD=%� ?A>K=ScK=%@�BDC :JB�]g{mOE>[<KC|:EC :�I�C FD?A>KBH@%@#?t<*=GBD:
IE>[CiP�=%c[cKB 
;]EOE>KB �Z<*BHI�C

pp → hX
$m¥�&�=|F)?r]EBDI�=%:E]J=%:E@%? ]^?AFDF+{V?`:E� C FHCs?`@%BD_¢OJ< ?AFH=Z]E=%FHF)?s]JBDcYL

<K>KB#�JOE@%BHC :E=3]E=�� FDB ?A]J>KC :EB§IE>KC"]ECA<[<*B :E=�Fqn"9poq9Yn �1_aBHcKOE>K?`<*= ?`] =�cK=%_hIEBHC ]E?AFDF+{f=�cKI�=%>KBH_a=�:-<*C
z�v ¦ ?`F0¦$z�/���:E=�F�6�¥�� e $�6�k�&+7

vsBHcKOE>K?A>K=ZF)?|]JBDI�=%:E]E=�:E@#? ]^? ~kT
]J=%FDFH=��1o�" 
 �"OJBD:E]EB�]JB�\�C :E]^?`_a=�:�<*?AFD=¢BD_hI�C >Y< ?A:J@#?

I�=%>�P#?AIJBD>K=GFD?hcY<*>KOi<K<*OJ>*?a]J=%B0:�OEP%FH=%C :EB��^=SFH=G_aBHcKOE>[=R]J=%FDFH=R?AcKBH_a_h=�<K>KBD=q:E=%FHFD=G]EBDcY<*>[B#�EOE@�BDC :JB
?A@�BD_�Oi< ?AFHB¡]E=�� FDB�?`]E>KC :JB�IE>KC"]ECA<[<*Bg:E=�F�ni9poq9Yn :EC :rI�C FD?A>KBH@%@%?`<*C6
GOE:sI^?Ac[cKChBD_hI�C >Y< ?A:-<K=�BD:
��OE=�c[< ?h]EBD>[=%@�BDC :E=`7

"^O _aCAc[<*>K?`<*C ]^? ¦$?$�E: $�6�UV&6$86#e�&�P��E=��X:J=%FDF+{V?`_ �EBH<KC ]J=%Fq_hC"]E=%FHFDC ?'I^?A>[<KC :EB�� BD:-<*>[C`L
]EOJP%=%:J]ECaOJ:^?�P%C _hI�C :E=%:-<K=b]E=%Fg_hC _h=%:-<*CS<*>*?`c[w =�>Kc[Ca]E=�F���O^?A>#� ~kT

]JBHw =�>KcK?Z]E?�@%=%>[CZ:E=%FHF)?
P�BD:E=�_x?`<KBDP%?�]E=%FHF {mOE>[<KC��Jc[B�CA<K<K=%:E� CA:ECx?`cKBD_h_h=�<*>[BD=X:E=%FHF)?�]EBHc[<*>[B#�EOJ@%BDCA:E=�]E=�FDF {f?A:E�AC FDC�?`@%BD_¢OiL
<*?AFD=

φ
<K>*?sBHF�IJB)?A:ECr]EB�IE>KC"]EOE@�BDC :E=h]E=�FDF {f?A]E>[C :E=h=%]	BHF�IJB)?A:ECs]EB�]EB +�OEcKBHC :E= 
�©^�AOE>*?�6A7 � � 7
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��{f=�+¡=M<K<KC P�C c��X� =%:E=�>*?`<KC�>KBHcKOEF8< ? ]ECA_aBH:^?A:-<*=���>KBDc[I�=M<K<KC ? �"OJ=%FDFHC IE>[=�w"BDcY<*C BD:EP�FDOE]J=%:E]EC�FD?
>*?`]EB)?A@�BDC :J=�� FDOJC :EBDP%?�:E=%FHF)?�]EBH:^?A_hBDP%?¢]E=%F�IJ>KC"P%=%c[cKC $86 6�& 7

��=�>SP%?AFDP�C F)?A>[=�F {f?Ac[BD_h_a=M<*>KBD?x?A@�BD_�Oi< ?AFH=¢]EC�w"OJ< ?s? ~kT

�=�+¡=M<K<KC ¦$?$�J:���cKB1P%C :JcKBD]J=%>KB�FD?

cK=�@%BHC :E=�]g{mOE>[<KC ]E=%FHF {mBD:-<*=�>*?A@�BDC :E=�<*>K?$FD=%Ii<*C :E=�BH:EP%BH]E=%:-<K= = ��O^?A>����tcKP�>KBH<[< ?$:E=�FDF+{f='�"OE?A@%BHC :E=$6 7VUAk��
BD: \�OE:E@�BDC :J=r]J=%FDFH=3wA?`>KB)? �EBDFHB�]EBXv ?`:E]E=%FHc[<*?A_ ]E=�FDF {mOE>Y<*C =%FH=%_h=%:-< ?A>[=

ŝ = (k + l)2 � û =

(k − l
′

)2 =
t̂ = (l− l

′

)2 = Q2 �J]JC�wA= k

�BHF��"OE?A]E>KBH_aCA_a=�:�<KC¢I�C >[<*?`<*CS]^?AF �"OE?A>��h=qP��E=b:J=%F

P#?`cKChP%C FHFDBD:J=#?A>[=�

k = xP

71�0?�cK=�@%BHC :E=G]g{mOE>[<KCa>[BDcKOJFH< ?�=�cKc[=%>K=�9

dσ`qi→`
′

q
′

i ∝ (ŝ2 + û2),

p6 7 U`¥ �

9;F�_aCA_a=�:�<KC�<*>*?`c[w =�>Kc[CaBH:�<K>KBH:EcK=�P%Ch]E=%FK��O^?A>#�|:E=�F�  �qn 

kT = (0, ~kT )

�
P%CA: ~kT = (kT · cos(φq), kT · sin(φq), 0)

��=�]0
�C >Y<*C �AC :^?AFH=�?AFDFD?§]EBH>K=%@�BDC :J= ]E=%F \�C`<*C :E=�c[P#?A_�L
�EBD?`<*CE7�¤�>*?`cKP%OJ>*?A:E]JC�FD=|_a?AcKc[=|]E=�FP��O^?A>����1]E=�F§FD=�IJ<*CA:E=|=|]E=�F$:�OEP%FH=%C :J=��1FD=hwA?`>KB)? �EBDFHB�]EB
v ?A:J]E=%FHc[< ?`_uw`?AFD� CA:EC�9

ŝ = 2l · (xP + kT ) = x 2 l · P − 2~lT ~kT = xs − 2 lT kT cos φq,

p6 7VeAk �

û = −2l
′ · (xP + kT ) = −

(

x 2 l
′ · P − 2~lT

′ ~kT

)

= xu + 2 l
′

T kT cos φq,

p6 7Vei6V�

φq

�F {f?A:E� CAFDCa?A@%BH_�OJ< ?`FD=G]E=%FM��O^?A>��r]EB +¡OEc[C|>KBHcKI�=�<[<*C|?`F�IEBD?A:EC|]JB�c[P#?`<[<*=%>[BD:E�x=%]

s
=%]

u
c[C :EChFD=�w`?A>[B)?$�EBHFDB ]EB�v ?`:E]E=%FHc[<*?A_j>K=�F)?`<KBHwA=G?AFDF+{fOE>Y<*C�FH=%IJ<KC :E= L;:�OEP%FH=%C :J=A7
��C BHP����RFD=�<*>K?ABD=M<K<KC >KBH=q]E=�F�FD=%Ii<*C :E=GBH:EBD@�B)?AFH=X=b©^:^?`FD=b� BD?AP%P�BDC :EC�c[OEF�IEBD?A:EC�]EB�]EB +¡OJcKBDCA:E=

=GI�=�> F)?�P%CA:EcK=�>[w`?A@%BHC :E=G]E=�F�_aC _h=%:-<KChc[B �^?�9

~lT = ~lT
′

= (lT , 0, 0),

p6 7fe-U7�

]EC�w =
lTx


GF)?�P%CA_aI�C :E=�:�<K=GFDOE:E�AC�F {f?AcKc[= " ]E=�F�  �qn�7
WXcK?A:E]EChF)?�>K=�F)?A@�BDC :J=

u = −(1 − y)s
cKB �^?�9

ŝ2 = (xs)2

(

1 − 2 lT kT

xs
· cos(φq)

)2

,

p6 7VeAe �

û2 = (xs)2

(

1 − y − 2 lT kT

xs
· cos(φq)

)2

.

p6 7Ve`l �

niB)?
α
F+{V?`:E� C FHCG\�CA>K_a?`<*CR]^?AFHF)?b]EBD>[=%@�BDC :E=�]E=�F�FH=%IJ<KC :E=qBH:EP%BH]E=%:-<K=XP�C :,��OE=%FHF)?G]E=%F�\�CA<*CA:E=

cKP%?A_ �EBD?`<*C�:J=%FDF+{fOJ>[<*C��EcKB �^?;9

lT = |~l| · sin(α)









Lab

=
E E

′

sin(θ)
√

Q2 + ν2









Lab

,

p6 7Ve T7�
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]EC�wA=
E

=%]
E

′ cKC :ECsFD=h=%:E=�>K� BH=a]J=%F1FD=�IJ<*C :J=aBH:EP%BH]E=%:-<*=h=h]EB +�OEcKC���>[BDcKI�=�<[<*B8wA?`_a=�:�<K=���P#?AF�L
P�C F)?`<K=G:E=%F�cKBHc[<*=�_x?h]E=%F0FD?$��CA>*?`<KC >KBHC�=

θ

SF+{V?A:J� C FDC�\�C >[_x?t<*CZ]^?AFHF)?�]EBD>[=%@�BDC :E=R]E=�F�FH=%IJ<KC :E=

BH:EP%BH]E=%:-<*= P�C : ��OE=�FDF)?	]E=�FbFD=�IJ<*C :J= ]JB +�OEcKCE7 z�cKIE>[BD_h=%:E]JC
lT

BD: \�OE:E@�BDC :E= ]EB�w`?A>[B)?$�JBDFDB
��C >[=%:-<*@ L;BD:-w`?A>[B)?A:-<*B�cKB �^?�9

lT =
Q

y
·
√

1 − y,

Y6 7fe d �

I�C BDP�� ��9

E · E ′

=
ν

y
· ν

y
(1 − y),


Y6 7fe-y7�

sinθ =
y Q

ν
√

1 − y
,


p6 7fe�� �

]EC�wA=Sc[BK
RP�C :Ec[BD]E=�>*?`<KC
ν2 � Q2 7

niC cY<*B8<*OE=�:E]EC'FD? >K=�F)?A@�BDC :J= 6 7fe d�:J=%FDFD? 6A7VeAl = I�C :E=%:J]EC
xs = Q2

y

cKBXCA<K<KBD=�:E=sP��J=�F)?
c[=%@%BHC :E=G]g{mOE>[<KCa=�FD=�_a=�:�<*?A>K=�
�9

dσ`qi→`
′

q
′

i ∝ (ŝ2 + û2)

(ŝ2 + û2) = x2 s2

(

(

1 − 2
√

1 − y · kT

Q
· cos(φq)

)2

+ (1 − y)2

(

1 − 2 kT

Q
√

1 − y
· cos(φq)

)2
)

=

= x2 s2 (1 + (1 − y)2 − 4 kT

Q
(2 − y)

√

1 − y · cos(φq) +

+

(

2 kT

Q

)2

(1 − y) · cos(2 · φq)) ,

Y6 7fe ¥ �

c[B;
$OJc*?`<*?XF)?�>K=�F)?A@�BDC :E=1<*>[BD� CA:EC _h=�<*>[BDP%?
cos2(φq) = cos(2·φq)+1

2

=�cKB4
§<*>K?AcKP�OE>*?t<*CqBHF-<*=%>[_aBH:E=
(

2 kT

Q

)2

· (1− y)
I�=%>[P�����IEBHP%P�C FDCS>KBDc[I�=M<K<KC�?AF <*=�>K_hBD:E=

1 + (1− y)2 �"P��E=�
qBHF <K=%>[_aBH:E=qP�C :iL
c[OE=�<KC|]E=%FHF)?�cK=�@%BHC :E=R]g{fOJ>[<*Ca]E=%FHF {mBD:-<*=�>*?A@�BDC :J=b=%FD=M<K<K>KC _a?A� :E=M<*BHP#?�<*>K?h]EOJ=S\�=%>[_aBHC :EBgP%?A>KBHP��EB
IEOJ:�<KBH\�C >[_aB"=%] 
 F+{fOJ:EBDP�Cq<*=�>K_hBD:E=�P��E= >KBH_x?A:J=§cK=

kT = 0
7 ¦§C :Ec[BD]E=�>*?A:E]JC��"OJBD:E]EBiF)?q]JBDI�=%:iL

]E=�:E@#?G]E=�FDF)?�\�OE:E@%BHC :E=$]JBE]EBDcY<*>[B#�EOE@�BDC :J=$]^? ~kT
c[BEBD:-<K>KC"]EOEP%CA:ECb]EOE= ?Ac[BD_h_a=M<*>[BD=�?A@%BH_�OJ< ?`FDB	�

P�C :|?A:J]^?A_h=%:-<*C
cos(φq)

=
cos(2φq)

��_x?GP%C :x]EBHwA=%>Kc[=q]EBHI�=�:E]E=�:E@%=X]^?
kT /Q

7 9;:|>[=#?AF8<�%GcKB
_hBDc[OE>*?¢FD?S]EBH>K=�@%BDCA:E=�]E=�FDF {f?A]E>[C :E=�IE>KC"]ECA<[<*C�=���OEBH:E]EB�CiP�P%C >[>K=q<K=%:E=�>$P%C :-<KCZ?A:EP��E=b]E=�Fg_hC`L
_h=%:-<*Ch<*>K?Ac[wA=%>Kc[C

~pT
]E=�FDF+{V?A]J>KC :E=R>KBHcKI�=�<[<*Ca?AFDFD?h]EBH>K=�@%BDCA:E=G]EB�\�>K?A_h_a=�:�<*?A@%BHC :E=G]E=�FM��O^?A>#�

P�C FDIEB8<*C���BDF�P��E=ZP%C _hI�C >[<*?xOE:^?|]EBHFDOEBH@%BHC :E=R]E=%FHF {f?AcKBH_a_h=�<K>KB)?Z?A@�BD_�Oi< ?AFH=¢>KBHcKOEF8< ?A:-<K=A7SniB BH:iL
<K>KC"]EOEP%CA:EC �"OJBD:E]EB FH=|\�OE:E@�BDC :EB§]EB ]EBDcY<*>[B#�EOE@�BDC :J=|= ]EB§\�>*?`_a_h=%:-< ?`@%BDCA:E=|]EBHI�=�:E]E=%:-<KB ]^?AF
_hC _h=%:-<*Cb<*>K?Ac[wA=%>[cKC

fi(~kT , x)
=

Dh
i (~pT , z)
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��{f=�cKIE>[=%c[cKBDCA:E=|P%CA_aIEFH=�<*?rI�=%>SF)? cK=%@�BDC :J=x]g{mOE>[<KC ni9poq9Yn IEO�� =�cKcK=�>K=|c[P%>[BH<K<*?sBH:�_hCi]ECrBD:"L
]EBHI�=�:E]E=%:-<K=s]^?`B�_hC"]E=%FHFDB�<K=%C >[BDP�BU$86�T &�P%C :Ec[BD]E=�>*?A:J]EC�FHC c[P#?A_ �EBDC ]EB OE: \�CA<*C :J=rc[BD:E�AC FDCE7
�X=�FDF+{f='�"OE?A@%BHC :E=bcK=�� OE=�:�<K=0
Gc[P%>KB8<K<*?ZFD?�cK=%@�BDC :J=R]¡{fOE>Y<*CZP#?`FDP%CAF)?`<*?�BD: $�6�T-&0I�=%>���=%>KcK?A� FHBg:EC :
I�C F)?A>[BD@�@#?`<KB	�t?AF 
;FD=%?A]EBD:J�XC >[]E=%> ��]EB � ¦$o =§<K>*?Ac[P%OE>K?A:E]ECbB"<*=%>[_aBH:EB�IE>KCAI�C >[@%BHC :^?AFHBi?`]

(M
Q

)2 �
]EC�w =

M

RFD?�_x?`cKc*?Z]E=�F�:"OJP%FD=�C :E=���=%>KcK?A� FHBDC�9

d5σ

dx dy dz dφ dP 2
T

=
2πα2

xyQ2
·

{

1 + (1 − y)2

2
) FUU +

+(2 − y)
√

1 − y cos φ F cosφ
UU +

+(1 − y) cos 2φF cos 2φ
UU +

+λl y
√

1 − y sin φ F sinφ
LU

}


p6 7fl k �

]EC�w =
λl


¢FD?aI�C F)?A>[BD@�@#?A@�BDC :E=G]E=�F�FH=%IJ<KC :E=¢BH:EP%BH]E=%:-<K=�=���>KBD�AO^?A>K]JCxF)?h:ECA<*?A@%BHC :E=R]E=%FHFD=S\�OJ:iL
@%BHC :EB�]EB¡cY<*>KOi<K<*OJ>*?

F
�JBDF�IE>[BD_hC¢BD:J]EBDP�=q]E=M©^:EBDc[P%=GF)?RI�CAF)?A>[BD@%@%?A@%BHC :E=�]E=%F¡FD=%Ii<*C :E=XBD:EP�BD]E=�:-<*=

=%] BDF�cK=�P%C :E]JC���OE=�FDF)? ]J=%F$:�OEP�FD=%CA:E= ��=�>Kc*?`� FDBHC 
+WjcY< ?�I�=�>�:EC : I�C F)?A>[BD@�@#?`<KC���� cY< ?�I�=%>
I�C F)?A>[BD@�@#?`<KCbFDC :E�ABH<*OJ]EBD:^?`FD_h=%:-<*=h���tBDFEc[O��hcKcKC¢BD:h?AIEBHP%= BD:E]JBDP#?�FD?�\�C >K_a?�]E=%FHF)?b_hCi]EOJF)?A@�BDC :E=
?A@�BD_�OJ<*?AFD=q>K=%FD?`<*B8w`?J7

WXcK?A:E]EChF)?�:ECA<*?A@%BHC :E=bP�C _aIE?`<K<*?�I�=�>�FD?�P%C :-wAC FDOE@�BDC :J=Rc[OEB�_hC _a=�:-<*B¡<K>*?AcYw =%>[cKB�9

C
[

w f D
]

= x
∑

i

e2
i

∫

d2pT d2kT δ(2)
(

z~kT + ~pT − ~PT

)

w(~pT , ~kT ) fi(x,~kT ) Di(z, ~pT ).


p6 7flJ6V�
]EC�w =

w(~kT , ~pT )
BH:E]EBHP#?¢OE:E?�\�OJ:E@%BHC :E=b]E=�Bg_aCA_a=�:�<KB�<K>*?AcYw =%>[cKB��

f
F)?¢�A=%:E=�>KBDP%?�¤�v o£�1o�"

=
D

F)?R� =%:E=�>KBHP#?S¤�vso "	" =X]EC�w =�FD?ScKCA_a_a?2
X='+�=�<[<*O^?`<*?¢cKOa<*OJ<[<*B�B ��O^?A>#�Z=%]3?A:-<KB ��O^?A>#�
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IE>[=%c[=%:-<*B0:E=�F�:"OJP%FD=�C :E=���FD?¢\�C >K_a?�=%c[IEFDBHP%B8< ?�]E=�FDFD=�\�OJ:E@%BHC :EBg]EB¡c[<*>[OJ<K<KOE>*? 
�9

FUU = C
[

f D
]

,

p6 7ml�U7�

F cos φ
UU =

2M

Q
C
[

− ĥ · ~pT

Mh
·
(

k2
T

M2
· h⊥H⊥

)

− ĥ · ~kT

M
fD

]

,

p6 7ml-e �

F cos 2φ
UU = C

[

−2
(

ĥ · ~pT

) (

ĥ · ~kT

)

− ~kT · ~pT

MMh
h⊥H⊥ +

2 (~kT · ĥ)2 − ~k2
T

Q2
· f D

]

,

p6 7ml l �

F sin φ
LU =

2M

Q
C
[

− ĥ · ~pT

Mh

m

M
f H⊥ +

ĥ · ~kT

M

m

M
h⊥ D

]

,

p6 7ml�T7�

p6 7ml-d �

P�C :
ĥ = ~PT/|PT |

� ~PT
BHF¡_hC _h=%:-<*C�<K>*?AcYw =%>[cKCh]E=%FHF {f?A]E>[C :E=�:E=�F0 ���n �

M
=�]

Mh
FD=q_x?Ac[cK=

]E=�F-:�OEP%FH=%C :E= ��=%>[c*?A�AFDBDC§=�]E=%FHF {f?A]E>KCA:E= IE>[Ci]EC`<K<*C >[BDc[I�=M<K<*B8w`?A_a=�:-<*= =�]
m

 ��OE=%FHF)?$]E=�F7��O^?A>�� 7

Lx9;F�<K=%>K_hBD:J=
FUU

=�cKIE>[BD_h=ZF {mBD:-<*=�>*?A@�BDC :E=�<K>*?rBDF FH=%IJ<KC :E=h=%]�BHF�:�OEP%FH=%C :E=h:E=�F�P%?AcKCsBD:
P�OEB�cKB)?`:EC�=�:�<K>*?A_ �EBq:ECA: I�CAF)?A>[BD@%@%?`<*B�8 =%c[cKC5
 F+{fOJ:EBDP�C <K=%>K_hBD:J=sP��E= :EC : ]EBHI�=�:E]E=
]E?AFDF+{V?A:J� C FDCx?A@%BH_�OJ<*?AFD=`7�9;:-<*=%�A>*?A:E]JCsFD? 6 7flJ6hc[O ~PT

=ZcKO
z
=Zc[C _a_a?A:E]JC3cKO <*OJ<[<*B

�AFDB ?A]E>[C :EB
FUU

]EBHwA=%:-< ?
2xF1

7
FUU


 IJ>KC I�C >K@�BDC :E?AFD= ?AFHF)?�P%CA:�wAC FDOJ@%BDCA:E=r<K>*? FD=
¤�vso ��o�"

f(x,~kT )
=$¤�v o "	"

D(z,~kT )
=�� ?AcKc[OE_a=�:E]EC�w`?AFHBD]^? F)? \�?`<K<KC >KBH@%@#?`@%BDCA:E=


�=%c[IE>K=�cKc*?�:J=%FDFH=�='��O^?A@%BHC :EBh6 7VTi6V���`?AB"IE>KC"]ECA<[<*B�]EB
f(x)

=�]
D(z)

P��E=§cKC :ECqFD=1\�OE:E@%BHC :EB
?t<K<*OE?AFD_h=%:-<*=q_a=�� FDBHC�P%C :JC cKP�BDOJ<K=A7

LxBHFq<*=�>K_hBD:E=
F cos φ

UU

�b?AFbIE>[BD_hC	C >K]EBH:E= BD: kT

Q

�S
 ]EC�w"OJ<*C�?AFDF+{f=�+¡=M<K<KC ¦$?$�E: ]J=%cKP�>KB8<[L
<KC :E=�F§I^?`>*?A� >K?`\�CrIE>K=�P%=%]J=%:-<*=3=x?A:EP%CA>*?sP�C :-<*BH=%:E=

f(x,~kT )
=

D(z,~kT )
7sWX:'?AFH<K>KC

P�C :-<*>[B#�EOJ<KC 
R]JC�w"OJ<KCx?�=�+¡=M<K<*B�]JB � ¦$oQI�=%>[<KOE> �E?`<*B8wA?;�E_x?6
G_hC FH<KC�_aBH:EC >[= $86A6'&�8
LxBHFE<*=�>K_hBD:E=

F cos 2φ
UU

P%C :-<*BH=%:E=XF)?b]EBHc[<*>[B#�EOJ@%BDCA:E= ]EB �§C"=%>YLpvsOEFH]E=%>[c
h⊥ P��J=��i?AP%P�C IEIEBD?`< ?

?`FDF)?�\�OE:E@�BDC :J=¢]EB0\�>*?A_h_h=%:-< ?A@�BDC :J=S]EB�¦§C FHFDBD:Jc
H⊥ �¡� =�:E=%>K?xOE:g{f?Ac[BD_h_a=M<*>KBD?a?`@%BD_¢OiL

<*?AFD=bBHF¡P�OEB�='+�=�<[<*C(
Gw"BHcKB#�JBDFD=X� B %�?`FDF {mC >[]EBD:E= kT

Q

=b]ECA_aBH:^?�cKOEF�P�C :-<*>[B#�EOJ<KCZ]E=%>[BHw`?A:-<*=
]E?AFDF+{f=�+¡=M<K<*C¢¦$?$�E:`�JP#?`FDP%CAF)?`<KCS:E=�F�IE?A>*?A�A>*?`\�CSIE>K=�P%=%]J=%:-<*=b=X]E=%FHF {mC >K]EBH:E= ]EB

(kT

Q
)2 71�0?

\�OJ:E@%BHC :E=1]EB �§C"=%>pLYvsOEFH]E=%>[c!
�cY< ?`<*?�BH:�<K>KC"]ECA<[< ?$]EB�>K=�P%=�:�<K=�=�]E=�cKP%>[BHwA=§F)?$P�C >K>[=%FD?A@%BHC :E=
<K>*?|BHF�_hC _a=�:-<*C3BD:-<K>KBD:JcK=%P�C ]E=%Ff��O^?`>�� =�] BHF�c[OECrwA=�<[<*C >[=�]EB�cKIEBH: <*>K?Ac[wA=%>Kc[C ?AFHF {mBD:iL
<K=%>[:EC�]EB OJ:�:�OEP%FH=%C :J=s:ECA:�I�C F)?A>[BD@�@#?`<KC��1_a=�:�<K>K=rF)? \�OE:E@�BD:E=r]EB�¦§C FHFDBH:Ec�]E=%c[P%>[BHw =
FD?aP�C >K>[=%F)?`@%BDCA:E=R<K>*?xFHCxc[IEBD: <K>*?AcYw =�>KcKC ]E=�FM��O^?`>��r=�F)?h]EBD>[=%@%BHC :E=S]EB�=�_aBHcKc[BDC :E=R]E=�F8L
F+{V?`]E>KC :J=RIJ>KC"]ECA<K<KCE7���=%>�=%c[=%_hIEBDChOE: �"OE?A>��3P��E=ScKB0_�OEC�wA=SC >[BD@�@%C :-< ?`FD_h=%:-<*=bFHOE:E� C
FD?h]JBD>K=�@%BHC :E=GI�CAcKBH<KBHw`?�]EBM� =RI�C FD?A>KBH@%@%?`<*CZFDOJ:E� C ��wA=%>Kc[C|F {f?AF8<*C��^=�_a=M<K<*=RBDF�_h=%c[C :E=
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IEB ��=�:E=%>[� =�<KBDP%C IE>KC"]ECA<[<*Cr:E=%FHF)? IE>KC IJ>KB)? \�>*?A_h_h=%:-< ?A@�BDC :J=��0IE>K=M\�=%>[B#�EBHFD_h=%:-<*=ZFDOJ:E� C
FD?R]EBH>K=�@%BDCA:E= I�C c[BH<KBHw`?b]E=%FHF {f?AcKc[= " $86#d�&M$86�yV& 7�W�:3?AF8<*>KCGP�C :-<*>KB
�EOJ<KC 
�]^?`<*CS]^?SP%?AFDP�C FDB
]EB � ¦$oQI�=�>[<KOE> �^?t<*BHw`?��J_x?�IEO �a=�cKcK=�>K=G<*>K?AcKP�OE>*?`<KC $md-T & 7

LaBH:J©^:E=bBHF¡<*=�>K_hBD:E=
F sinφ

LU

]J=%cKP�>KB8w =RF {mBD:-<*=�>*?A@�BDC :E=�<*>K?hBHF¡FD=�IJ<*CA:E=GI�C FD?A>KBH@%@%?`<*C�FHC :E� B8<*OiL
]EBH:^?AFH_a=�:�<K=�=%]rBDF¡:"OJP%FD=�C :E=G:EC :rI�C F)?A>[BD@�@#?`<KCE7

�0?h]EBHc[<K>KB#�JOE@%BHC :E=�]E=�FDF+{V?A:J� C FDC�?A@%BH_�OJ< ?`FD=q]J=%FDF+{V?`]E>KC :J=��EIE>[=�w"BDcY< ?���
2��OEBH:E]EB�9

dσ ∝ 1 + ε1 A1 cos(φ) + ε2 A2 cos(2φ) + λl ε3 A3 sin(φ),

p6 7ml�y7�

]EC�w =RBg<*=�>K_hBD:EB
εi

cKC :EChFD=�\�OJ:E@%BHC :EBg]EB
y
9

ε1 = (2 − y) ·
√

1 − y · 2

1 + (1 − y)2
,

ε2 = (1 − y) ·
√

1 − y · 2

1 + (1 − y)2
,

ε3 = y
√

1 − y · 2

1 + (1 − y)2
,


p6 7fl�� �
=

A1 =
F cos φ

UU

FUU
,

A2 =
F cos 2φ

UU

FUU
,

A3 =
F sinφ

LU

FUU

.

p6 7fl ¥ �

9;:x� =�:E=%>K?AFD=��iI�=%>�P#?`FDP%CAF)?A>[= =%cKIJFDBDP�BH<*?A_a=�:-<*=
Ai


�FH=�?AcKBH_a_h=�<K>KBD=§_aBHcKOE>K?$�EBDFHB.�Z�AcKB�?Ac[cKOE_h=
OE:^? ]EBHI�=�:E]E=�:E@#? �-?AOEc[cKBD?A:^?$]^?AF-_hC _h=%:-<*C$<K>*?AcYw =�>KcKC�BD:-<K>KBD:JcK=%P�C���cKB wA=%]^? I�=�>�=%c[=%_hIEBDC2$�6�e-&��
=U��OEBD:E]JB�cKB �^?�9

f(x, kT ) = f(x) · 1

π < k2
T >

· e
−k2

T

<k2
T

> ,

D(z, pT ) = D(z) · 1

π < p2
T >

· e
−p2

T

<p2
T

> ,


p6 7 T`k �
P%CAc��GP��E= ∫

d2~kTf(x, kT ) = f(x)
= ∫

d2~pT D(z, pT ) = D(z)
7 9;:%��OE=�c[<KC'_aC"]EC :E=%FHFD=

?Ac[BD_h_a=M<*>KBH=q_hBDc[OE>*?$�JBDFDB
Ai

P�C _aIE?A>K=GOE:^?�\�OE:E@�BDC :J=b]EB
< k2

T >
=

< p2
T >

=G]E=�F�IE>KC"]ECA<[<*C
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� UAe

]E=�FDFH= �1o�"�= " "£BD:-<K=%� >K?`<*=scKOEFX_aC _h=%:-<KC <*>K?Ac[wA=%>[cKCE7 ��=%F�P#?Ac[C	]EB
A1

FD= ��o�"�= "	"

c[C :EC ��OE=�FDFD=rOEc[O^?AFDB :ECA: I�CAF)?A>[BD@%@%?`<*=��§= �"OJBD:E]EB ]^?`FDF)? cKOE?�_aBHcKOE>K? c[BXI�C c[cKC :EC�=%c[<K>*?A>[>K=
BH:J\�C >K_a?A@�BDC :EBJcKO

< k2
T >

=
< p2

T >
�"OJ<*BHFDBH@%@#? �EBDFHBJI�C B I�=�>�=�c[<*>K?A>K>[=�?AF8<*>[=X¤�v o ��o�"�=�"	"

]^?`FDFD=q>KBD_a?A:E=�:-<*Bg]EOJ=S?`cKBD_h_h=�<*>[BD=`7
��=qIE>[BD_h= _aBHcKOE>[=�]J=%FDF+{V?`cKBD_h_h=�<*>[B)?qBH:

cos(φ)
\�OE>[C :ECSIEO � �EFHBDP%?`<*=�:E=%F06�¥$� eS]^?`FDF {m=%c[I�=�>YL

BH_a=�:�<KC�z�v ¦ ?AF¡¦$z / � $�6 �-&¡=�:E=%F�6�¥ ¥ eR]^?�z1d d-T $�6�¥�&+7�vsBHcKOE>[=qIEB �|>K=�P%=%:-<KBgI�=�>
cos(φ)

=
cos(2φ)

c[C :ECac[< ?t<*=S\�?t<K<*=S? �gz�Wqn $fUAk-& $fUi6C&�=¢IE>[BD_h=b_aBHcKOE>[=S]JB
sin(φ)

cKC :JCxc[<*?`<*=R\�?`<K<K=
?h¦$� �bn $VU U &0=%] �qz�/Xv z�n $fUAe�&+7

o�?`<*?bF {mBD_hI�C >Y< ?A:J@#?X]J=%FDFH=$?Ac[BD_h_a=M<*>[BD=$?`@%BD_¢OJ< ?AFHB�IE>K=�cK=%:-<KB�:J=%FDF+{fOJ>[<*Cbni9poq9Yn�:EC :�I�C F)?A>pL
BH@%@#?t<*CZ¦��Gv � �bnEn �iP��E=b� B#%Sc[<KOE]EBD?¢F)?Rc[<*>[OJ<K<KOE>*?�]J=%FDFHC¢c[IEBD:|]J=%F¡:�OEP�FD=�C :E=��Jc[< ?SBD:-<*>K?AIE>K=�:iL
]E=�:E]EC��1I^?`>*?AFHFD=%FD?A_h=%:-<*=���FDC c[<*OJ]EBDC�]E=�FDFD? ]EBDcY<*>[B#�EOE@�BDC :J=|?A:E�AC F)?A>[=x]E=�FDF+{V?A]J>KC :E=aIE>KC"]ECA<[<*C
:E=�FDF+{fOE>Y<*C n"9poq9Yn :JC :�I�CAF)?A>[BD@%@%?`<*CJ7GWX: IE>KBH_aCxF)?#w C >[C3IE>K=�FDBH_aBH:^?A>K=2
�cY< ?`<KCrP�C _hIEBDOJ<KC|cKO
I^?`>[<*=G]E=�B�]^?`<KBg]EBDc[I�CA:EB#�EBHFDB�BD: $fU`l�&+7
9 BH: ��OE=%cY<*ChP%C :-<*=�c[<KCaP��E=Gc[BgP%C FHFDC"P#?RBDF¡FD?#w C >[C�]EB¡<*=�cKBf�JBDF¡P�OEBgc[P%C I�C 
bFDC�c[<KOE]EBHC�]E=%FHF)?

\�?`<[<*B
�EBDFHBH<�%b]EB ��OE=%cY<*=G_aBHcKOE>[=��"IEB��3]JB �hP%BHFDB ]E=%FHFD=X_aBHcKOE>[=q]EB�?`cKBD_h_h=�<*>[BD= ]EBgc[IEBD:3BH:,��O^?A:-<*C
>[BDP��EBH=%]EC :JC OE:E? �EOJC :^? P�C :EC c[P%=�:E@#?�=rcKBH_�OEFD?A@%BHC :E=|]E=�FDF+{V?AIJI^?A>*?t<*C�cKI�=%>[BD_h=%:-< ?`FD=���P%C _h=
wA=%>K> %hc[IEBD=��-?`<KChBH: cK=%�AOEBH<KCE7
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��{m=%cKI�=%>[BD_h=%:-<*C ¦��Gv � �bnEn 
3OE: =�cKI�=%>[BD_h=%:-<*C ? ��=�>KcK?A� FDBHC ©^c[cKC BD:EcY< ?AFHF)?`<KC�?AF ¦$z�/ �0�
:E=�FDFD? �E?AFDF��$�����qc[OEFDFD?	FDBD:J=#?	]EB�\�?Ac[P%BDC v U ]E=%FHF {VnJ��n 
 niOEI�=%>s��>KCA<KC : n43":EP%>[CA<*C : �M7j�0?
>[=#?AFHBD@%@%?A@%BHC :E=�]E=%F-IE>[C � >K?A_a_a?�]JB ©^cKBHP#? ?`<[<*O^?`<KC ]^? ¦��Gv ����nEnRBH_aI�C :E=�cKI�=%P%B8©^P%B->[=C��OEBHcKBH<KB
?AFHFD=GP#?`>*?`<[<*=%>[BDcY<*BDP��J=S]E=�FDFHChc[I�=M<K<K>KC _h=�<K>KC�9$�A>*?A:E]J=¢?AP�P%=M<K< ?`:E@#?|?`:E� C FD?A>K=G=%] BD:r_aC _h=%:-<KC�8
P%?AI^?AP�BH<�%r]EB�>KBDP�C c[<K>KOEBH>K=Z<*>K?AP%P�=|F)?Ac[P%BD?`<*=h]^? I^?`>[<*BHP%=�FDFD=Z]EB +¡OJcK=|?`]	?A:E� CAFDB1_aCAFH<*C IEBHP%P�C FDB�8
IE>[=%P�BDc*? >KBHP%C cY<*>[OE@%BHC :E=�]E=�FDF)? P%BD:J=%_a?`<*BHP#?']EBbC �A:EB�=�wA=%:-<*C�8�= �hP%BH=%:-<*= BH]E=%:-<*B8©^P#?`@%BDCA:E=�]EB
I^?`>[<*BHP%=�FDFD=R= �EOJC :^?|>KBHcKC FHOE@%BHC :E=R:E=%FHF)?x]J=�<*=�>K_hBD:^?`@%BDCA:E=S]J=%FDFD?xFDCA>KCx_a?Ac[c*?J7G��=�P�C :E]EBH@%BDCA:EB
]EB ?`FH< ?bFHOE_aBH:EC c[BH<�%;�ABD:J]EBDc[I�=�:Ec*?$�JBDFDBiI�=�>�FH= _aBHcKOE>[= ]EB�¦��Gv ����nEn �">KBDP��JBD=%]JC :ECGF)?bP#?`I^?AP%B8<�%
]EBX?#w =�>K=�OE:�\�?`cKP%BHC'?A] ?AFH<*? BD:-<K=%:Ec[BH<�%;�$]EBqc[C c[<K=%:E=�>K= OJ:^?'=%FH=�w`?`< ? \�>K='�"OJ=%:E@%? 
�>*?t<*= �Z]EB
P�C :-<*=%�A� B�=G<*>[BD� �A=%> =¢]EB�I�CA<*=�>Xc[C c[<K=%:E=�>K=�OE: =%:EC >[_a=��^OEc[cKC|]JB�]^?t<*B 7§9;: ©^� OE>K?|Ui786Sw"BH=%:E=
BHFDFDOJc[<*>K?`<*C FDC�cKI�=�<[<*>[C _a=M<*>[C :J=%FDFD?�cKO^? P%C :i©^� OE>K?A@%BHC :E=3I�=%>ZF)? IE>[=%cK? ]^?t<*B ]E=�F�UAk kAlE7	9;:
=�cKc*?|c[B�I�C cKc[C :EC|]JBDc[<KBD:E�AOE=%>[=S<*>[=¢I^?`>[<*B�IE>[BD:EP�BDI^?AFHB 7 �0?aIJ>KBD_a? 
SP%C cY<*B8<*OEB8< ?a]E?AB�>[BHwA=%F)?t<*C >[B
P��E=�c[C :EC'I�C c[BD@%BHC :^?`<KB IE>KBH_x? ]E=%F���=�>KcK?A� FDBHC 
�OEIEc[<K>K=%?A_,�Z= P��E= c[=%>Yw C :EC ?�_hBDc[OE>*?`>K=rFD=
I^?`>[<*BHP%=�FDFD=3]J=%F \�?AcKP�BDC IE>KBH_x? ]E=%FHF {mOE>[<KCE7 9�>[=%cY< ?A:-<*B�>KB8w =�F)?`<KC >KB c[C :EC�cY< ?`<KB I�C cY<*B ]EC I�C�BHF
��=%>[c*?A� FHBDC 
�]EC � :Ec[<K>K=%?A_,�Z��I�=�>bOE:^?3FDOJ:E���E=�@%@#?|<KCA< ?AFH=�]EB P�BD>[P#? TAk�_ ��=�P%C cY<*B8<*OEBHcKP%CA:EC FDC
c[I�=M<K<*>[C _h=�<*>[C ? � >*?A:J]EB ?A:J� C FDB�
+� �bn���= ��OE=%FHFDC ? IEBDP�P%C FHBA?`:E� C FHB�
+n �bn��¡P�C c[<K>KOEB8<*B���P%B)?`cKP%OJ:EC��
?`<[<*C >[:EC ?`]�OE: _x?A�A:E=�<K=x?A:E?AFDBH@%@#?t<*C >[=��0=xP�C _aIJFD=�<*?`<*B�P�C :'OE: P#?AFHC >KBH_a=M<*>[Cs?`]E>KC :JBDP%Cr=%]
OE:Z©^F8<*>KCb_¢OEC :EBHP%CbI�=%>1F {mBD]E=�:-<*BH©EP#?A@�BDC :E=§]EBE_�OECA:EB^?A]a?AFH<K=$=%:J=%>K�ABD=A7 WX:Z>KB8w =%FD?`<*CA>K= / 9Y¦ �0�
I�=%> F+{fBH]E=%:-<*B8©^P#?`@%BDCA:E=q]EBg?A]E>KCA:EB	�4
bI�CAc[<*CZ:E=�FDFD?¢IE>KBH_x?SI^?A>[<K=b]E=%FHFDC�c[I�=M<K<K>KC _h=�<K>KC��i_a=�:�<K>K=
:E=�FDFD?�I^?A>[<K=R?ZIJBDP%P�C FDCZ?`:E� C FHC 
RIJ>K=%c[=%:-<*=ROE:rP#?AFHC >KBH_a=M<*>[C�=%FH=�<K<K>KC _a?A� :J=�<*BHP%CE7

��{fOJcKC�]EB�]EOJ=§cKI�=�<[<*>[C _a=M<*>[B"I�=%>�>KBHFD=MwA?`>K=�FD=�I^?A>Y<*BHP%=%FHFD=�]EB +¡OJcK= 
§]E=M<K< ?t<*Cq]E?AFDFD?$:E=%P�=%cKc[BH< %
]EB ]JBDcKI�C >[>K=3]EB$�A>*?A:E]J=s?`P%P%=M<K<*?A:E@#?;�§?A:J� C F)?`>K=|=�] BH: _hC _h=%:-<*CJ7'9;F � �bn 
+�0?A>[� = �q:E�AFD=
niI�=%PM<*>[C _a=M<*=�>E��� 
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_hC :-<*=b]E=�FDF+{V?Ac[cKC > �EBH<KC >K=`7

9;F�cK=%P�C :E]EC�c[I�=M<K<K>KC _h=�<K>KC BH:EBD@�B)?3cKO+�EBH<KC ]EC I�C BHF�IJ>KBD_hC���? ∼ 6�T _ ]JB�]EBHc[<*?A:E@#?r]^?AF
��=%>[c*?A� FHBDC���=hcKB1=�c[<*=�:E]E=|I�=%>RP%BH>KP%?se k _��0©E:EC ?AFHF)?x©^:J=x]E=�FDF {f?AIEIE?A>*?`<KCE7h��=aP�C _aI�C :E=�:-<*B
]EB ��OE=%cY<*C cKI�=�<[<*>KCA_a=M<*>KC�c[C :EC�FH=xc[<K=%c[cK=���cKB�>KBDI�=�<K=|F)?rcK='�"OJ=%:E@%? ]EB§=%FD=�_a=�:-<*B§]J=%F§IJ>KBD_hC
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cKI�=�<[<*>[C _a=M<*>[C�9�FH= ]EB +�=%>[=%:E@�= cKC cY< ?A:E@�B)?AFHBEcKCA:ECGF)?b_x?`:EP#?A:J@#?b]E=%F�/ 9Y¦ � LpU�=�FD?�IE>K=�cK=�:E@#?R]EB
z�¦ ����USI�C c[<KC¢]^?#w`?A:-<*B�?A] ��¦ �q��UR=%]|?t<K<*C¢?R_hBDc[OE>*?`>K= F {m=%:E=�>K� BD?R>[BDFD?AcKP�B)?`<*?�]^?A� FHB^cKP%BD?A_hB
=%FH=�<[<*>KCA_x?A�A:E=�<KBDP%B+7

� �
� � � '�� ��'�� & � ��� � &

�&��J���0�-
��
9G_x?`� :E=�<KB§]E=�B§]EOJ=3cKI�=�<K<K>KC _h=�<K>KB�cKC :EC�]JCA< ?`<KB§]EB�I�C`<*=%>[B§]E= �^=�<[<*C >[B§]EB8w =�>KcKB��1?A]^?`<[<*B§?AFDFH=
P#?`>*?`<[<*=%>[BDcY<*BDP��J=h]J=%FDFH=�I^?A>Y<*BDP�=%FHFD=�P��E=a]E=�wAC :EC ?A:^?AFHBD@%@%?A>K=�9bBDF _hC _h=%:-<*C _h=%]EBHC ]E=%FHFD=�I^?A>pL
<*BHP%=�FDFD=R?h� >*?A:J]E=�?A:J� C FDC�� ?A:^?AFHBD@%@%?`<*=G]^?|nEv 67� 
¢_hBD:ECA>K=A7 9;F0I�CA<*=�>K=S]E= �^=M<K<KC >K=�]JB�nJv 66

6q¤ _���_a=�:-<*>K= ��OE=%FHFDCR]EB�nEv UU
XlE7ml¢¤ _�8 ��OE=%cY<*C�BH_aIEFHBDP%?�OE:^?S_a?A� �ABDC >[=$IE>K=�P%BHcKBDCA:E=X:J=%FDFD?
>KBHP%C cY<*>[OE@%BHC :E=b]E=�F�_aC _h=%:-<KC�_aBHcKOE>K?`<*C�:E=�F�n �bn3>KBHcKI�=�<[<*Ch?(��OE=�FDFHC�CA<K<K=%:�OJ<*Ch:E=�F0� ��n�7

��=��M<�? � A���� � A���� �
��]E=�Bg]EOE=bc[I�=M<K<K>KC _h=�<K>KBg:E=�FgP#?`cKCZBD:3P�OEBgOE:^?�<K>*?AP�P%B)?�c[B)?�_hBDc[OE>*?`<*?
?�_aCA:�<K=G=S?�w`?AFHFD=�]E=�B�>KBHcKI�=�<K<KBHw"Bg_a?A� :E=M<*B�cKB�I�C cKc[C :EChP#?AFHP%C FD?A>K=�]E?AFDFD?¢\�C >K_�OJF)?�9

σp

p2
=

σθ

0.3(BL)
(
 G= � �`P

)−1,

+Ui786V�

]EC�w =XBDF^I^?`>*?A_h=�<K>KC 
��$�=� 
XBHF^I�C`<*=%>[= ]E= �^=M<K<KC >K=X]E=%F _a?A� :E=M<*=���=
σθ


�F {m=%>[>KC >[=�c[OEFDFD?b]E= �^=�cYL
cKBHC :E=�]J=%FDFD?a<*>K?AP%P�B)?J7R��{m=%>K>[C >K=¢cKOEFHF)?x]EBH>K=�@%BDCA:E=¢]E=�FDFD?a<*>K?AP%P�B)?|P%CA>K>KBHcKI�C :E]E=�? ∼ kJ7ml3_h>*?A]
I�=%> <*>K?AP%P�=R>[BHwA=%F)?t<*=bcKCAFDCZ:E=%F0� ��n �^=R? ∼ kJ7Vk$�Z_h>*?`]rI�=%> ��OE=�FDFD=b>[BHwA=%F)?t<*=G?A:EP��J=S:E=�F�n �bn

 ��OE=�c[<KB¡w`?AFDC >[B cKC :EC�cY< ?`<KB¡CA<[<*=�:"Oi<*Bf$fU$��&¡P%C :i\�>KC :-< ?`:E]EC�B�I^?A>*?`_a=M<*>KB�]E=�FDFD=�<*>K?AP%P�=�� =%:J=%>*?t<*=
P%CA: v ¦ P%C :���OE=%FHFDBg]J=%FDFH=�<*>K?AP%P�=R>[BDP�C c[<K>KOEB8<*=bP%CA:rF+{V?`FD� C >[BH<K_aCSOEc*?`<KCZ:E=%FHF {f?A:^?AFHBDcKB ��� ��OEBD:J]EB
cKBg<K>KC�w`?�9

(

σp

p2

)

LAS

∼ 2 · 10−3 (
 b= ���`P

)−1,

+Ui7VU7�

(

σp

p2

)

SAS

∼ 10−4 (
 b= ���`P

)−1.

+Ui7fe �


�,��N�^!%�-���	���
µ

�0?bFDBD:J=#?�]EBJ\�?`cKP%BHCRv UbI�=�>K_h=�<K<K= BDF"<*>*?`cKI�C >[<KCb]EBE\�?AcKP�BE]EB
µ+ ]EBE?AFH<*?�BD:-<*=�:EcKB8<�%�= _aCA_a=�:�<KC

©^:EC ?'6#¥ kh G= � �`PA7 9;F�\�?Ac[P%BHC IE>KBH_x?`>KBDCsOEc*?t<*C�I�=%>�IE>[Ci]JOE>K>[=|B
µ+ 
|=�c[<K>*?`<[<*C�]^?AF nJ��n �

=%] 
¢P%CAc[<*B8<*OEB8<*CZ]^?xIJ>KCA<KC :EB�?#w =%:-<KB�_hC _a=�:-<*Chl-k kh G= � �`PRP��E=�BD:JP%BD]JC :EChcKO OE: ��=�>KcK?A� FDBHC
cKCAFDBD]JC|]EB �§=�>KBHFDFDBHCxc[I�=�cKcKC TAk�P%_ 7 ��=%FHF {mBD:-<*=�>*?A@�BDC :E=Rw =�:E� C :EC IE>[Ci]JCA<K<KB�cKCAIE>*?`<KOJ<K<KC IEBDC :JB

�P�C : eJ7fd�� ]EBbP�C :-< ?A_hBD:E?A@%BHC :E= ]E?��G?ACA:EB.� 7�9hIEBDC :JB�]EB�_hC _h=%:-<*C U UATh b= ���tP ± 6#k��
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 ��� � eJ6

wA=%:E� CA:EC cK=%FH=%@�BDC :^?t<*B�?A]�C I�=%>*?|]JB ��O^?A]E>[OEI�C FDB�=�]EBDI�C FHB�= ��OEBH:E]EB�<*>*?`cKI�C >[<*?`<*B�FDOE:J� C|OE:^?
FHBD:E=%?a]EB�d k k�_ :E=%FHF)?(�"OE?AFD=SBD: IE?A>[<K=�]E=%P%?A]EC :JC|BD:

µν
7��0?xc[=%FH=%@%BHC :E=S]E=%B�_�OEC :EB=
S\�?t<K< ?

<K>*?A_hBH<K=�OE:s?AcKc[C > �EB8<*C >[=G]EB!�§=%>[BDFHFDBDCSP��E=G\�=%>K_a?�FD=G?AF8<*>[=bI^?A>[<KBDP�=%FDFH=��i_a=�:ECZI�=�:E=�<K>*?A:-<*B+7§�0?
I�C F)?`>KBD@�@#?A@�BDC :J=$FDC :J� BH<KOE]EBD:E?AFD=�]E=%F^\�?Ac[P%BDC��"BH:E]EBHcKI�=%:EcK?$�EBDFH=$I�=%>�FD= _aBHcKOE>[= ]EB�?AcKBH_a_h=�<K>KBD?q]EB
]ECAIEIEBDCacKIEBH:���
¢CA<[<*=�:"Oi< ?x:^?t<*OE>K?AFD_h=%:-<*=�9§F+{f=�FDBDP�BH< %�]EB�OJ: _�OEC :J=SI�C cKB8<*B8w Ch:E=%F�cKBHc[<*=�_x?h]EB
>[BH\�=%>[BD_h=%:-<*Cb]J=%F^IEBHC :E= P��E=�FDC��^?GIE>[Ci]EC`<K<*C�
$L*67�-]EOE:���OE=�F)?bI�C F)?`>KBD@�@#?A@�BDC :J=§]E=�B^_�OEC :EB^:J=%F
c[BDc[<K=%_a?a]E=�F�P�=%:-<*>[C|]EB0_a?AcKcK? 
¢]J=%F�6�k k��|7 �X=�F�c[BDcY<*=%_a?a]J=%F�F)?$��C >*?t<*C >[BDC��iBDF�w`?AFDC >[=G]E=%FHF)?
I�C F)?`>KBD@�@#?A@�BDC :J= ]EBDI�=%:J]E=1]^?AFDF+{f=�:E=%>[� B)?$BH:EBD@�B)?AFH=�]E=�F-IEBDCA:E=1=�]E?AFDF+{V?A:J� C FDC§]EB-]E=%P%?A]EBH_a=�:�<KCX]J=%F
_�OJC :E=�90I�=%>�BDF \�?Ac[P%BDCX]EBJ¦��Rvs���bnJnSF)? I�CAF)?A>[BD@%@%?A@%BHC :E=�_h=%]EBD?�FHC :E� B8<*OE]JBD:^?AFH=f
§]J=%FDF+{fCA>K]EBH:E=
]EB �Ak��|7

��>KBH_x?h]EB�=�:-<*>*?`>K=�:E=�FDFD?ac*?`F)?a]J=%FDF+{f=�cKI�=%>[BD_h=%:-<*C���BDF�\�?Ac[P%BHC|I�=�>KP�C >K>[=�?A:EP�C >*? ∼ l-kAkZ_ 9
FHOE:E� CU��OE=%cY<*CSI�=�>KP%CA>KcKC��"OJ:^?Rc[=%>[BD= ]EB^_a?A� :E=M<*BE]J= �^=M<K<*CA>KB cK=�FD=%@�BDC :E?GFD?�P#?A>[BDP%?G= BHFE_aCA_a=�:iL
<KC���=¢?AFDP�OE:EB0_a?A� :E=M<*B�\�CiP%?AFDBH@%@%?`<*C >[Bg:E=S]EBD_hBD:�OEBHcKP%CA:ECaF+{f=�c[<K=%:E@�BDC :E=ScKI^?`@%B)?`FD=A7 ��=%FHF)?Z@%C :^?
c[I�=�>KBD_h=%:-<*?AFD=�FD=$]EBH_a=�:EcKBHC :EB"]E=%F"\�?AcKP�BDCbc[C :ECb]EB � × ��_h_ 2 
 σx×σy

��=$FD?qcKOE?G]JBHw =�>K� =�:E@#?

X]EBgkJ7ml × kJ7 �S_h>*?A] 2 
 σx × σy

� 7 9;F�_aC _h=%:-<KC �^?¢OJ:^?6/Xv na]E=�F�T �|7�9;F \�?AcKP�BDC¢>[BDc[OEFH<*?A:-<*=

RP#?A>K?`<K<K=%>[BD@%@%?`<*Ch]^?ZOE:g{f?AFH<*?hBH:-<*=%:JcKBH< %��^P%CA>K>KBHcKI�C :E]E=�:-<*=S?

2 · 108 µ
�`cKIJBDFDF�8EBDF�P�BDP�FDCZOJ<*BHFD=�


]EB�lJ7 ��c �"6�dJ7 �Zc'� ��OEBD:E]JB�BDFg:�OE_h=%>[Ch]JB�_�OEC :EBg?AFgcK=�P%C :J]EC 
 ∼ 4 · 107 µ
�`c�7

WX:¡{V?AF8<*>K?�P#?A>K?`<K<K=%>[BDc[<KBDP%?�]E=%FX\�?AcKP�BDC']EBX_�OEC :JBqP%CAc��¢CA<[<*=�:"Oi<*C5
�BDF�P%CAcKBD]J]E=�<[<*C ?AFHC :E=
]EC�w"OJ<KCZ?AB�_¢OEC :EB�:EC :|c[O��hP%BH=%:-<*=�_a=�:�<K=b]E= �E=%cKc[BgC"]3?AcKc[C > �JBH<*B+7	��=%FDFD?R@�C :^?¢]J=%F ��=%>[c*?A�AFDBDC��
F+{ D�> � �`A � � ����� �-�E©E:ECx?ZP%BH>KP%?r6�T�P%_ ]E?AFDFD?�FDBD:J=#?�]EB�\�?AcKP�BDC�� �E?hOE:E?hBH:�<K=%:Ec[BH< %hI�=%>�OE:EB8<�%�]EB
c[OEI�=�>[©^P�BD=q<K>K=XC >K]EBH:EB ]EB�� >*?A:J]E=%@�@#?¢BH:J\�=%>[BDC >[=X>[BDcKI�=�<[<*C¢? ��OE=%FHF)?G_x?Ac[cKBH_x?���_h=%:-<*>[=qF+{ D�> � �`A
> � ���	D�� � �E?�OE:^?�BD:-<*=�:EcKB8<�%�I�=%>$OJ:EBH< %�]EBgcKOJI�=�>[©^P�BD=bP%BH:���OE=bC >[]EBD:EB�]EBg� >K?A:E]E=�@%@%?ZBH:J\�=%>[BDC >[=
=GcKB�=�c[<K=%:E]E=G©^:ECa?�P%BH>KP#?Ze�_j]^?`FDF)?�FHBD:E=%?�]EB¡\�?Ac[P%BHCE7

��>KBH_x?¢P��J=bBDF^\�?AcKP�BDC�=�:-<*>KB¡:E=%FHF)?ScK?AF)?S]E=%FHF {m=%cKI�=%>[BD_h=%:-<*C��iBHF�_hC _h=%:-<*C�]JB¡C � :JB�_�OJC :E=S

_hBDc[OE>*?`<KC|]^?3OE:^?|cY< ?A@�BDC :J=�]E=%]EBHP#?`<*?��gFD?,�§=#?`_�vsC _h=%:-<KOE_�n"<*?`<*BHC : 
��$v n����¡BDFDFHOEc[<K>*?`<*?
BH:�©^� OE>K?�Ui7fe�81=%c[c*?�
x\�C >[_x?`<*?s]^?sOE:^? cK=�>KBH=x]EB�_x?A�A:E=�<KB�]E= �^=�<[<*C >[B�
�BD:E]EBHP#?`<KB1P%C _h= �$d
:E=�FDFD? ©^� OE>K?	Ui7fe ����P��E=�c[=%I^?A>K?'FD= IE?A>[<KBDP%=�FDFH=sBH: �^?Ac[= ?AFqFHC >KC'_hC _h=%:-<*C�� = ]^? ��O^?`<[<*>KC
C"]EC c[P%C IEB�]JB�P%C :-< ?t<*C >[B0?hc[P%BD:-<KBDFDFD?A@%BHC :E=XP#?A>K?`<K<K=%>KBH@%@%?`<*Bg]E?hCA<[<*BH_x?�>[BDcKCAFDOE@�BDC :E=X<*=%_hI�C >*?AFH=

 ∼ e kAkZIJcE���ABD:�_hCi]JCq]^?X\�CA>K:EBH>K=§OJ:^?q_hBDcKOJ>*?X]J=%FJ_hC _h=%:-<*CX]E=%F"\�?AcKP�BDC�=Mw =�:�<KCGI�=�> =�wA=%:-<*C��

�F)?�>KBHcKC FHOE@%BHC :E=�BH: _aC _h=%:-<KC 


.
6�� =bF {m= �hP�BD=%:J@#?Z]EB�>KBHP%C cY<*>KOJ@%BDCA:E= ∼ ¥Ae�� �M7



e-U � � ��� ��� � ����� � � ��� � ����� � � � � ����� � � � �

"�BH� OE>*? Ui7Ve;9 ��=%>KP�C >Kc[C ]J=%FS\�?`cKP%BHC IE>KBH_x? ]EB�=�:�<K>*?A>[=	:E=%FHF)? �^?AFDFS]E=%FHF {m=%c[I�=�>KBD_h=%:-<KC�8ZBD:
=�w"BH]E=%:E@%?hFD?�P%C FHFDC"P#?A@�BDC :E=X]E=%FHF)?�cY< ?A@�BDC :E=U�$v n�7
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(����t!%�E��,���� ����,��E�t���-�-�J
��
�0?�cKP�=%FH<*?�]EB$OE: ��=�>KcK?A� FDBHC I�C F)?A>[BD@�@#?`<KC�?�c[< ?t<*C cKC FHBD]EC 
rcY< ?`<*?�BD_hI�C cY< ? ]E?AFDFD? BD:E�A=%:-<*=
cY< ?`<KBDc[<KBDP%? >KBDP��JBD=%cY< ? I�=%>�FD? wA?`FDOJ<*?A@%BHC :E=|]E=�FDFH=3?AcKBH_a_h=�<K>KBH=a_hBDc[OE>*?`<K=|= ��OEBD:J]EB ]^?AFHF {f?AFH<*?
FHOE_aBH:EC c[BH<�%�>[BDP��EBH=%cY< ?J7 �0?Z]E=%c[P%>[BD@%BHC :E=RP��E=¢c[=%� OJ=¢=RF)?�©^� OE>K?xUi7mlxc[B0>KBH\�=�>KBHcKP%CA:ECx?`� FDB�?`:E:EB
]EB�IJ>K=%cK?h]E?`<*B�UAkAk-U¢=SUAk kAlE7

9;F�_a?`<K=%>KBD?AFD=RP��E=�P�C c[<KBH<KOEBDc[P%=�BHF ��=%>[c*?A� FHBDC���BDF 6 ��B)o0� 
�P�C :-<*=�:"Oi<*C BD: ]JOE=�P%=�FDFH=��¡>K? �h�`L
OE>K?`<*=SBD: ©E� OE>*?|Ui7fl��¡FDOJ:E���E=¢d k�P%_ =¢]EB�]EB)?A_h=�<K>KCaehP�_ �¡cK=�I^?A>K?`<*=|6#kZP�_ F+{fOJ:^?x]^?AFHF {f?AF8L
<K>*?J7Z9;F�_a?`<*=�>KB)?`FD=¢c[P%=�FH<*C�
ZP#?A>K?`<K<K=%>[BD@%@%?`<*C ]^? OE: ?AFH<KC|\�?`<K<KC >K=Z]EB�]JBDFDOJBD@%BHC :E=��¡C�w�w =%>[C ]^?
OE:E?h� >K?A:E]E=GI�=%>[P%=%:-<KO^?AFD=R]EB�:�OEP�FD=%CA:EB�I�CAF)?A>[BD@%@%?$�EBHFDB�P%C :-<*=�:�OJ<*B0BD: =�cKcKCJ7$��{V?`FH<*C�\�?`<[<*C >[=b]EB
]EBHFDOEBH@%BHC :E=�
qOJ:xI^?A>K?A_h=�<*>[C¢=�cKcK=�:E@%BD?AFD=�I�=%>§FH=X_hBDc[OE>K= ]EB�?Ac[BD_h_a=M<*>KBD?�P��E=�]EBHI�=�:E]EC :JC¢]^?AF�L
F+{fC >[BD=�:�<*?A@%BHC :E=S]E=%� FHB cKIJBD: ]E=%B�:�OEP�FD=�C :EB�P%CA:�<K=%:�OJ<KB�:J=%F	��=%>[c*?A� FHBDC3>[BDcKI�=�<[<*C ?AFHF)?x]JBD>K=�@%BHC :E=
]E=�FE\�?AcKP�BDCbI�C BDP�� � � FDBi=�w =�:-<*B BD:�P�OEB^BE_�OECA:EBJBH:�<K=%>K?A� BDc[P%C :JCbP%C :hBE:�OEP%FH=%C :JBE:EC :ZI�C F)?A>[BD@�@#?`<KB
P�C c[<KBH<*OJBDcKP�C :ECb\�C :E]JCRI�=%>1FH= ?A:^?AFHBDcKB+7 ¦§CA:EcKBH]E=%>K?A:E]ECGBDF 6 �0BJP%C _h= OE:ECRc[< ?t<*CGFD=��-?`<*C $fU y-&^<K>*?
OE:E?sI^?A>Y<*BHP%=%FHF)?

α
��OE: IE>KC`<*C :E=Z=hOE:�:J=%OJ<K>KC :E=���B1:�OEP%FH=%C :JB�I�C FD?A>KBH@%@#? �EBDFHB�]E=�F 6 ��B)o~cKC :EC

��O^?`<[<*>[C 
�BHFE:E=�OJ<*>[C :E=��"BDF^IJ>KCA<KC :E=�=XB^]EOJ=X:�OEP�FD=%CA:EB ]E=%F�]E=%Oi<*=%>[BDC �Z��BD: ��O^?A:-<*CSF)?GI^?A>[<KBDP�=%FDFD?
α
�^?ZcKIJBD: :�OEFDFHC�8JBHF¡\�?`<K<KC >K=b]JB�]EBDFHOEBD@�BDC :E=X]E=%F 6 �0BK
G]EOJ:���OE=

f = 4
8

= 0.5
7

��=�>1F)?�I�C F)?A>[BD@�@#?A@�BDC :E=�]E=�F ��=�>KcK?A� FDBHCqw"BD=�:E= OEc*?t< ?bF)?q<K=%P%:JBDP#?Go��X�%
�o 3":^?A_hBDP �XOJP%FD=%?A>
��C F)?A>[BD@%?`<*BHC :�� P��E=aI�=%>[_a=M<K<K=�]EB�<*>K?Ac[\�=�>KBH>K=�FD?|I�C FD?A>KBH@%@%?A@%BHC :E=�?`PC��OEBDcY< ?`<*?3]^?A� FHB�=%FH=�<[<*>KCA:EB
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• 
 �t�E�-�-���J
#���t�1� �����-� ��,�� �^�0����,�� 
+ni_a?AFDF��q>K=%?h¤�>*?`PE�A=%>[cC�¡n ��¤ �M7
�0?G>K=%�ABDC :E= P��J=qP%CAIE>KC :JC0
 ]EB ∼ l-k × l-kbP�_ 2 ?t<K<*CA>K:ECR?AFHF)?�]EBH>K=%@�BDC :J= ]E=%F^\�?Ac[P%BDC��-P%C :
OE:E?q@%C :E?q_aCA>[< ?�]EB ∼ T × TXP�_ 2 7 �X=�FDF {f?AIEIE?A>*?`<KC��tC FH<K>K=�?ABiP�C :-< ?`<KC >KBi?Xc[P%BH:�<KBDFHF)?A@�BDC :E=
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"�BH� OE>K?|Ui7fd�9q¦§C :J©^� OJ>*?A@�BDC :E=S]EB�OJ:�IEB)?A:JC|P%C _hI�C c[<KC|]^?AFHFD=G© �E>K=¢cKP%BH:-<*BDFHF)?A:-<KBN
�BDF0:�OE_h=%>KC
]EB�cY<*>K?`<*B�]EB © �E>K=ZI�=%>GC � :EB�IJB)?A:EC 
 ���16�U3C 6#lr?rc[=%P�C :E]^?r]E=%FHF)?|c[<*?A@%BHC :E=Z? P%OEB ��OE=�c[<KC
?AIJI^?A>[<KBD=�:E= � 7

]J=%FDFH=P��O^?`<[<*>KCbcY< ?A@�BDC :JBEP��E= \�C >K_a?A:ECqF)?��§=%?A_�vsCA_a=�:�<KOE_�n�< ?`<KBDC :��AcKBJ<K>KC�w`?A:ECG]EOE=
<KBDIEB�]EBgn ��¤ ]JB¡:�OEC�w`?�P%C :EP�=%@�BDC :E=��EFD=�vs9Y¦P/��Gv z� ��bn 
 vs9Y¦P/�� v z�c �  ��qcK=�C OEc
n�<*>KOJP�<*OJ>K= �Z=sFH=s Rz�v 
+ R?`cxz�FD=�P�<K>KC : vsOEFH<KBDIEFHBD=�>E��93=�:-<*>*?`_ �EB cKC :JC�>KB8w =�F)?`<KC >KB ?
� ?AcC�1BD: P�OEB$F)? @�C :^?�]EB P�C :-w =%>[cKBHC :E= = �"OJ=%FDFD? ]EB$_hC FH<KBDIEFHBDP%?A@%BHC :E=�cKCA:EC c[=%I^?`>*?`<K=��
P%?A>*?t<K<*=�>KBH@%@#?t<*B^]^?GOE:g{m= �hP%BH=%:E@%?SI^?`>KB ? ∼ ¥-y �,��]^?ROJ:^? �EOJC :^?G>KBDc[C FDOJ@%BDCA:E=$cKIE?A@%BD?AFD=
=b<K=%_hI�C >K?AFD=`7

: ��=%FHFD= ��
�� �|�h����� � 4 �"BDF P%OEB�IE>[BD:EP�BDIEBHCS]EB \�OE:E@�BDC :E?A_a=�:-<*C 
XBDFHFDOEcY<*>*?t<*CGBD:
©E� OE>*?hUi7Vy;�EFD?�>KBHcKC FHOE@%BHC :E=�c[I^?A@%BD?AFD=�
G]EB�yAk

µ
_ ���"OJ=%FDFD?¢<*=�_aI�C >*?`FD=�]EB�6#kZ:Jc%7

: ��=%FHFD= ���b� ��BDF�P�OEB1IE>KBH:EP%BHIEBDCx]EB \�OE:E@�BDC :^?`_a=�:�<KC 
hBHFDFHOEc[<K>*?`<KCxBD:�©^�AOE>*?sUi7 ���
FD?�>KBHcKC FHOE@%BHC :E=�c[I^?A@%BD?AFD=�
R]JB�TAk

µ
_ �;��OE=%FHF)?�<*=�_aI�C >*?`FD=�]EB�6�U�:Jc%7

• 
 ���^�-�-���i
�� �`�1� �����^���0� �^�0����,�� 
���?`>K� =��X>K=#?Z¤�>*?APE�`=%>Kc'�¡� ��¤ � 7
��=3@�C :E=3cK=�:EcKB
�EBDFHB§]EBN�"OJ=%c[<KB >KBHwA=%FD?`<*C >[B�c[C :EC ]E=�FDF {mC >[]EBD:E=a]EBP��O^?AFHP��E= _ 2 7	z�cKc[B cKB
]JBHw"BD]ECA:ECGBD:xP%?A_h=%>K=�?R]E=%>[BHw`? 
�ob¦��ioq>KB8\/<$¦ �E?A_ ��=%>E��=�F � �#D�� ��?�B�Aq:E=%F IE>[BD_hCRc[I�=M<[L
<K>KC _h=�<K>KC���=rBD: P#?A_h=%>[=sIE>[C I�C >K@�BDC :^?`FDB§_¢OEFH<KBH©^FHC 
 v � ��¦��§vsOEFH<KB � BD>[=s��>[C I�CA>YL
<KBDC :E?AF�¦ �^?A_ ��=%> �S=3?AF8<*>K=h]EOE=3P%?A_h=%>K=x? ]E=%>[BHw`? ]EB�?A:EP�C >*? _a?A� �ABDC >[B�]EBD_h=%:Ec[BDC :JB

 � l`LYT��§:E=%F�c[=%P%CA:E]EChcKI�=�<K<K>KC _h=�<K>KCE7

: ��=%FHF {f?AIEI^?A>K?`<*CrcKB�<*>[C�w`?A:JCs<*>[=|c[<*?A@%BHC :EB�]EB 2 � I�C c[<K=|IE>[BD_a?r=|c[O �EB8<*C ]ECAI�C
nJv 67�§CA� :�OE:^? BD: � >*?`]EC ]EB _aBHcKOE>K?A>K=3CA<[<*C P%C"C >[]EBD:^?t<*=�8§BDF$<*=�_aI�C ]EB ]E=�>KBHw`?
_a?Ac[cKBD_hC 
$]EB^y`kq:EcC�A=$F)?�>KBDc[C FDOJ@%BDCA:E=�c[I^?A@�B)?AFH=§]EB"P%BH>KP#?S6�yAk

µ
_r7�¦§B)?Ac[P%OE:ECb]J=%B
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IJB)?A:EB�P��J=¢FD=GP�C _aI�C :E�AC :EC �^?hOJ:g{V?`>K=#?a]EB16 � k × 6�U y�P%_ 2 =�] 
RP#?A>K?`<K<K=%>KBH@%@%?`<*C
]E?ZOJ:g{f= �hP%BD=�:E@#?h]E=%F0¥ T �|7

: ��= c[<*?A@%BHC :EB ]EB��������	�
����
���P%C :Ec[BDcY<*C :ECSBD:hcK=�B�BH:EcKBH=%_hBE]EB ]EC IJIEB c[<*>K?`<*B ]EB^<KO �EB
]JB �`?`IJ<*C : ?AFHFDOE_hBD:^?t<*B0]EBDc[I�CAc[<*B�P�C : <K>K=ZC >[BD=%:-<*?A@%BHC :EB ]EB8w =�>KcK=���P�C : ]JB)?A_h=�<K>KC
]JB�d�_a_ :E=�FDF)? @%C :E?'IEB�� BH:�<K=%>[:^?�� = ]EBS6�k�_a_ BD:%��OE=�FDFD?�IEB�� =�c[<K=%>K:E?�8GF)?
c[OEI�=%>[©EP%BD=�P%CAI�=�>[< ?U
�]EB�eJ7 U�
+eJ7fd � × lE7fd 
�lE7H6 ��_ 2 7 ��?R>KBHcKC FHOE@%BHC :E=$c[I^?A@%BD?AFD= w`?A>[B)?
]E?aU`k kZ?heAk k

µ
_s7

: ��= ��� �Z� cKC :ECGP%?A>*?`<[<*=�>KBD@�@#?`<K= ]^?bOE:^?G]EBDcY< ?A:E@%?G<K>*?bBE©^FHB^?A:EC"]EBDP�BJ]EB�Ub_h_
=b]E?hOE:E?Z>[BDc[C FDOE@�BDC :J=�cKI^?`@%B)?`FD=b]EB�TAkAk

µ
_s7

: ��=R?AF8<*>K=b]JOE=SP%?A_h=%>K=R?Z]E=%>[BHw`?Z]E=%FHFDCZcKI�=�<[<*>KCA_a=M<*>KC�� � �E( 5 �^cKB�<*>[C�w`?A:JCa]ECAI�C
nJv U =ZP�C IE>KCA:ECsOJ:g{V?`>K=#?r]EB�T × Ui7VT _ 2 8�F)?3FDC >[C >KBDc[C FDOJ@%BDCA:E=�cKIE?A@%BD?AFD= 
h]EB ∼T`k k

µ
_r7
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9;F�>[BHw =�F)?`<KC >K=U/ 9Y¦ � 
�/ BD:E��9;_a?A� BH:E�h¦ �X=�>K=%:��AC�w�� 
GBD:EcY< ?AFHF)?`<KC�?AFDFD?¢©^:E=R]E=%F0� ��n =�] 
GBD:
� >K?A]EC�]EB"BD]E=�:�<KBH©^P%?A>K=1IEBHC :EB����t?AC :JB"=�IE>[CA<*C :JB"P%?A>KBHP��EB�BD:ROE:�?A_hIEBHC�BH:-<*=%>Yw`?AFDFHC ]EB�_aC _h=%:-<KC��
]^? cKCAIE>*?�cKC � FHB)? ¦ �E=�>K=�:��AC�w 
�P%C >[>KBHcKI�C :E]E=�:�<K=§? ∼ 2.5GeV

c

I�=%>0B�IEBHC :EB	� ∼ 9GeV
c

I�=%>�B4�t?ACA:EB
=

17GeV
c

I�=%>�BEIJ>KCA<KC :EB.�0©^:ECR? ∼ 50 > GeV
c

7 90\�CA<*CA:EBEIE>[Ci]EC`<K<*BJ:E=%FE� ?Ac�>*?A]JB)?`<KC >K=U
+¦
4
"
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I�=%>$=�+¡=M<K<KCZ¦ �E=%>[=%:��`C�w �^wA=%:E� CA:EC�\�CiP%?AFDBH@%@%?`<*B^]^?�c[I�=�P%P��EB¡c[\�=%>[BDP�B¡P%CA:|>*?A�A� BDCS]EB�P�OE>[w`?`<KOE>*?
]EB

6.6
_ c[OEFDFH=xcKOJI�=�>[©^P�B$]EB$]EOJ=|\�CA<*C >[BHwA=%F)?t<*C >[B�I�C cY<*B$?`F§]EB�\�OEC >KB�]E=%FHF {f?AP%P�=�<[< ?A:E@%? ]E=%FHFDC

c[I�=M<K<*>[C _h=�<*>[CxI�=%>X:EC : I�=%>Y<*OE> �^?A>[=¢FD=G<*>K?ABD=M<K<KC >KBH=b]E=%FHFD=RI^?A>[<KBDP�=%FDFH=A7$9$\�C`<*C >[BHw =�F)?`<KC >KB¡cKC :EC
v � ��¦��E='��OEBDI^?`� � B)?t<*=qP�C :3OE:3P%?`<*C"]EC�c[=%� _h=%:-< ?t<*C�>KBHP%C I�=%>Y<*C�P�C :3OE:EC�cY<*>K?`<*C�]EB�9;Ci]JOE>KC
]EB�¦§=�cKBHChP��J=R\�OE:J� =G]^?�_x?`<K=%>[B)?AFH=X\�CA<KCiP�C :-w =%>Y<*B8<*C >[=A7


�� �E,�� �t�+& ��
#�`�
9�P%?AFDCA>KBD_h=�<K>KB�?A]E>KCA:EBDP�B�IE>K=�cK=%:-<KB�:E=�FDF+{V?AIJI^?A>*?t<*C �^?A:J:EC OE:E?sc[<K>KOJ<[<*OE>K? 
p?rcK?A:E]+� BHP�� �E9SBD:
�q¦ ����6xcY<*>*?t<*B1]EB " =hP%CA:�cKI�=%c[cKC >[=x]EB§U T3_a_�c[B�?AFH<K=%>K:E?A:ECs?sc[<K>*?`<KB1]EB�Tr_h_�]EB1cKP%BH:iL
<KBDFDFD?`<*CA>K=ZIEF)?`c[<*BHP%C���_a=�:�<K>K=|BH: ��¦ �q��U c[B§<*>[C�wA?`:EC�c[<K>*?`<KB§]EBX6�d _a_�]EB$� �	=3]JB§l�_h_
]EB�c[P%BH:�<KBDFHF)?`<KC >K=XIEF)?AcY<*BHP%CE71z�cKc[B0_aBHcKOE>K?A:ECZF {m=%:E=�>K� BD?�]E=%�AFDB�?A]J>KC :EB�IJ>KC"]ECA<K<KBgBD: ��=%>[c*?A� FHBDC�=
I^?`>[<*=�P%BHI^?A:ECh?AF¡<K>KBH� � =%>�7

z�:-<*>*?`_ �EB�B�P%?AFDCA>KBD_h=�<K>KBJwA=%:E�AC :EC�P#?`FDB#�J>*?`<KB^?AFDF+{fBH:EBD@�BDC�]J=%F�I�=�>KBDC"]ECR]EB�IE>K=�c*?¢]^?t<*B�?A:^?AF�L
BH@%@#?`:E]EC�FDCscKI�=�<[<*>KC�]JB§=%:J=%>K�AB)? IE>[Ci]EC`<K<*C ]^?AB�_�OEC :EB�]E=%FHF {f?AFDCA:E=a=xF {f?A:E]^?A_h=%:-<KC FDBH:E=#?A>[=



l-k � � ��� ��� � ����� � � ��� � ����� � � � � ����� � � � �

]E=�FDF {m=%:J=%>K�AB)? _hBDcKOJ>*?`<*? ]E?AF P#?AFHC >KBH_a=M<*>[C�>KBDc[I�=M<K<KC ?`F _aC _h=%:-<KC _hBDc[OE>*?t<*C ]^?AB >[BHw =�F)?`<KC >KB
<*>K?AP%P�B)?A:-<KB�
G_aC cY<*>K?`<*C�BH: ©E� OE>*?aUi7f¥��Ec[B)?�I�=�> ��¦ �q�16RP��E=RI�=�> ��¦ ����Ui7���{m= �hP%BH=%:E@%?h]E=�B
P#?`FDC >[BD_h=�<*>[B P%CA_aIE>[=%:E]J=3?A:EP��E=xF)?3\�?AcK=a]EB�>[BDP�=%>KP%? ]E=�F 
;P%FDOJc[<*=�>��a=x]JBDI�=%:E]E=a]^?AFHF {m=%:E=�>K� BD?
]E=�FDF)?�IE?A>[<KBDP%=�FDFD?J7

9;F�P#?AFHC >KBH_a=M<*>KC =�FD=M<K<*>[C _a?A� :E=M<*BDP�C0
+z�¦ ����U7�K
�P�C _hI�C cY<*C�]^?
64×48

_hCi]JOEFDB P�C c[<KBH<KOEBH<KB	�
P%BD?AcKP�OE:EC���]^?GOE:hI^?A>K?AFDFH=%FD=�IEBDI�=%]JCq]EBEwA=�<*>[C�?AFJIEBDC _ ��Cb]EB^]JBD_h=%:Ec[BDC :EB

38×38×450
_h_ 3 7

z�cKc[C _aBHcKOE>K?3F {m=%:E=�>K� BD? ]J=%� FHB�c[P%BD?A_aB�=%FD=M<K<K>KC _a?A� :E=M<*BHP%B	80FH=hBH:J\�C >[_x?A@�BDC :JB�IE>[C�wA=%:EBH=%:-<*B�]^?
z�¦ ����U�:EC : w =%:J� C :EChOJ<*BHFDBH@%@#?t<*=�:E=�FDF+{V?A:E?AFDBHcKB c[<*?A:E]^?A>[]g7
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����

|_hC cY<*>*?t<*C BH:-w =%P�=3F {f?A:E]^?`_a=�:�<KC ]E=�FDFD?s>KBHcKC FHOE@%BHC :E=hBD:'=�:E=%>[� B)?scK=%_hIE>[=|BD: \�OE:E@%BHC :E=|]J=%F
_hC _h=%:-<*CE7 �0=G=�:E=%>[� BD=GcKCA:ECZ_aBHcKOE>K?`<*=bBH:  b= �Q=%]rB�_hC _a=�:-<*B¡BH:s G= � �`PA7

"�BH� OE>K?|Ui786�k�9 �X=�FDFD?h©^� OJ>*?3?xc[BD:EBHc[<*>K? 
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BH: ��¦ ����U|>KBHcKI�=�<[<*C3?AF�_aC _h=%:-<KC|]E=%F�\�?AcKP�BDC3OEcK?`<*C3I�=%>bFD?xP#?AFHB#�E>K?A@%BHC :E=`7��X=%FHF)?a©E� OE>*? ?
]E=�c[<K>*? 
Z_aC cY<*>K?`<*C|BH:-w =%P�=ZF {f?A:E]^?A_h=%:-<KC3]E=%FHF)?x>[BDcKCAFDOE@�BDC :E=SBD: =%:J=%>K�AB)?J7S��=�=%:E=�>K� BH=�cKC :EC
_hBDc[OE>*?`<K=bBD:r b= �
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N±
u,d = B±

u,d · (ρ · l) · au,d(φ) · σ(φ)

+eJ786V�

σ(φ) = σ0 · (1 + X(φ) ± P±
u,d · Y (φ))


+eJ7VU7�

oqC�w =�9

• B±
u,d
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+
�

=G� >K?A@%BH=G?AF¡< ?`� FDBHC�cKOEFHFD=�<K>*?AP�P%=G]E=%B�_¢OEC :EBgBH:EP%BH]E=%:-<KB	��

B+

u = B−
d

=
B−

u = B+
d

8

• BHFgIE>[Ci]EC`<K<*C
ρ · l 
SFD?�]E=%:JcKBH< %h]JB�P�=%:-<*>[B0]EB +�OEcKCA>KBgI�=%> OE:EB8<�%�]EB0cKOJI�=�>[©^P�BD=�� IE>[=%c[=%:-<*B

:E=�F ��=�>KcK?A� FDBHC�8

• σ(φ)

 F)? cK=�@%BDCA:E= ]g{mOE>[<KC']EBHI�=�:E]E=%:-<K= ]^?

φ
�

X

 F)? I^?A>[<K= BH:E]EBDI�=%:J]E=%:-<*= ]^?AFDFHC

c[IEBD:	]E=�F ��=%>[c*?A� FHBDC���_a=�:�<K>K=
Y

:E=3]EBDI�=%:J]E=|=
σ0
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• au,d
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Y (φ)
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F =
N+

u ·N+

d
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d
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a(φ)
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(1 + X(φ))
7�¦§B �ZcKB�CA<[<*BH=%:E=bP�C :sFD?6��O^?A:-<*B8<�%�9

n = C ·
(

b · P−
u · (P+
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u
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d
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C

 OE:^?'P�C c[<*?A:-<*=��XBH:EBD: �EOE=%:-<*= ]^?AFq_hC _h=%:-<*C�P��E= w =�:E� C :EC

w`?AFHOJ< ?`<K=b]E=%FHFD=b?`cKBD_h_h=�<*>[BD=`7
niB^w =�]E=X\�?`P%BDFH_a=�:-<*= P��E=

n
>[BDcKOJFH< ?�=�cKc[=%>K=qIE>KC I�C >[@%BDCA:^?AFD=$?AFDFD?Gc[C _h_x?b]E=�FDFD= ?`P%P%=M<K<*?A:E@%=
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n(φ) = C · (au(φ) + ad(φ)) · (1 + X(φ)),

�eJ7fl �
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C

aOE:E? ��O^?A:-<*B8<�%rBD:E]EBHI�=�:E]E=�:�<K=x]^?

φ
7 ��=%>S>KBDcK?AFDBH>K=��0?A:^?AFHBD@%@%?A:E]ECrB1]^?`<KB�]J=%FDF+{f=�cYL

I�=%>[BD_h=%:-<*C��g?AFDFD?a]EBHc[<*>[B#�EOJ@%BDCA:E=¢]E=�FDF+{V?A:J� C FDCx?A@%BH_�OJ<*?AFD=S]E=%FHF {f?A]E>KCA:E=¢= ��OEBH:E]EB CA<[<*=�:E=%>[=�FD=
?Ac[BD_h_a=M<*>[BD=�?`@%BD_¢OJ< ?AFHB P��E=SP�C _hI^?ABDCA:EC�:E=�FDF {m=C��O^?`@%BDCA:E=�6 7VTAk�]E=%F¡P#?AIEB8<*C FHC|67��
G:E=�P%=�cKc*?`>KBDC
cY<*BD_a?A>[=XFD? ��O^?A:-<*B8<�%

(au(φ) + ad(φ))
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Nmc
R (φ)

Nmc
G (φ)

=
N0 · f(φ) · α(φ)

N0 · f(φ)
.
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• F {mBD:E]EBHP%=
mc
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• N0
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Q2, W, y

��=
f(φ)

:E=�>*?AIJIE>K=�cK=%:-<*?SF {m=�wA=%:-<*OE?AFD=�]EBDI�=%:J]E=%:E@%?
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• α (φ)
]EBHI�=�:E]E=�]^?`FDF {m= �hP�BD=%:J@#?x]E=�B�>[BHw =�F)?`<KC >KB�� ]^?AFDF+{f= �hP%BD=�:E@#?h]E=%F�<*>[BD� � =�>q=�]E?AFDF+{V?AP L

P�=�<[< ?A:E@%? ?A:E� C FD?A>K=R=¢\�C >[:EBDc[P%=�FD?xc[<KBD_a?x]EB
au(φ) + ad(φ)
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FH=G?AcKBH_a_h=�<K>KBH=�?A@�BD_�OJ<*?AFDB+7

9;:J©^:J=��
N = n(φ)

α(φ)
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n

$]E=M©^:EB8<*Cb:E=�FDF {m=C��O^?`@%BDCA:E= eJ7fe �M
$FD?q]EBHc[<*>[B#�EOJ@%BDCA:E=��t\�OE:E@%BHC :E=

]E=�FDF+{V?A:J� C FDC ?A@%BH_�OJ<*?AFD=a]E=%FHF {f?A]E>KCA:E=���]^?`F$P%OEB$©J<ZcKB$CA<[<*=�:E� C :EC FH=3?AcKBH_a_h=�<K>KBH=|?A@�BD_�OJ<*?AFDB
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c[<*?`<*BHcKBHP%C cKO

n
�
σn

cKBD?$]^?���OE=%FHFDC cKO
α
�
σα

cK=%P�C :E]EC�F)?§\�CA>K_�OEFD?$=%c[IE>K=�cKc*?�:E=%FHF {m=C��O^?A@�BDC :J=1eJ7Vd;9

σN = N ·
√

(
σn

n
)2 + (

σα

α
)2,


�eJ7fd �
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n
7 �XcYL

cKOJ_a=�:E]EC��0>*?`� BDC :J=�w CAFD_h=%:-<*=��gP��E=ZB�w`?AFDCA>KB ?`cKcKCAFDOJ<KB�]E=�FDFD=¢I�C FD?A>KBH@%@%?A@%BHC :EB
p
cKB)?`:EC3OE�-?AFHB�=

P%CA:	=%>K>[C >KB�<*>K?AcKP�OE>*?$�JBDFDB���P��J=3BDF�:"OJ_a=�>KC ]EB§?A]E>[C :EB�>KBDP�C c[<K>KOEB8<*B�cKBD? FDCsc[<*=�cKc[C��1P%BDC4

np =

N+
u = N−

u = N+
d = N−

d

�^=bP��E=RcKBD?
B−

u = B+
u = Nµ

�^cKB�C`<K<*BH=%:E=�9

n ' 4 · p2 · np · (b + 1),

σn

n
=

√

(
σnp

np
)2 + (

σb

b + 1
)2 =

√

1

np
· (1 +

2 · np

Nµ
)
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b
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1

np
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G
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�OE:3c[CA<K<KC BD:JcKBD=�_a=�]E=�F¡]E=�:"OJ_a=�>*?`<KC >K=�P��J=qw"BD=%:J=�P%C :JcKBD]J=%>*?t<*C�=�c*?`<[<*C�=%]

α
IEO��
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1−α
F)?GIE>[C��^?$�EBHFDB8<�%bP��E=qF+{V?`]E>KC :J=X:ECA:xw =�:E�-?¢>[BDP%CAc[<*>[OEBH<KCE7�9;:

IE>[BD_a?�?AIEIE>[C cKc[BD_a?A@%BHC :E=�BHF¡<*=�>K_hBD:E=
1 − α

IJO��a=�cKc[=%>K=RIE>[=%cKChOE� OE?AFD=G?A]rOE:ECZ=GcKB �E?�9

σα

α
=

√

Nmc
R · (1 − α)

Nmc
G · α '

√

1

Nmc
R

.
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ni= cKBiw C OEFH= P��E= BDF"P%CA:�<K>KB
�EOJ<*CG?`FDF {m=%>[>KC >[=§cY< ?`<KBDc[<KBDP�C�=%c[IE>K=�cKcKCR:E=�FDF {m=C��O^?`@%BDCA:E= eJ7fd�I�CA>[< ?�L
<*Cq]^?AF-<*=�>K_hBD:E= σα

α

cKBD?X]E=�FDF {mC >[]EBD:E=1]EB4��OE=%FHFDCX]EC�wiOi<*Cb?AF�<*=�>K_hBD:E= σn
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¢BD:-wA=%P%=¢BDF0:�OE_a=�>KCa]EB�?`]E>KC :JB�>[BDP%CAc[<*>[OEBH<KB�]^?AFHF {f?A:^?AFHBDcKB�\�?`<K<*?ac[OEB�]^?t<*B0]EB
=�:�<K>*?A_ �EB1B�I�=%>[BDC"]EB�?A:E?AFDBH@%@#?t<*B =�]	?rP�OEB1P%C >[>KBHcKI�C :E]E=hBDF �^OJcKcKC

Bdati = 1.36 · 1013 7 ε
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ε = 0.42
7 9;F _hCA<*B8w CRI�=�>�P�OEB^< ?AFH= wA?`FDC >[=

c[B)?�P%C c � ]EBHwA=%>[cKCh]^?hOJ:ECZ>KBDP��JBD=%]J=RBH:E]^?A�ABD:EB�OEFH<K=%>[BDC >[B 7
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ev
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]EB¡=�w =�:-<*B0P��E=��EBDc[C � :^?��A=%:E=�>*?A>[=bI�=�> BDF¡P%?AFDP�C FDC¢]^?AFDF+{V?`P%P%=M<K<*?A:E@#?

α
I�=�>KP����GBDF�cKOECZP�C :-<*>KB
�iL

OJ<KC¢?`FDF {m=%>[>KC >[= ]E=%FHF)?�]EBHc[<K>KB#�JOE@%BHC :E=$©^:^?`FD= cKBD?R]E=�FDFHCbc[<*=�cKc[C�C >K]JBD:E= ]EB ��OE=�FDFDCR?AIJI�C >Y< ?`<KCG]^?AB
]^?t<*B	9

Nmc
G =

nmc
ev

hmc
· np ' 107,


�eJ786�e �
]EC�wA=

np ' 2 ·106 
 BHFE:�OE_a=�>KCR]EB�?A]E>[C :EB^>KBHP%C cY<*>[OEBH<KBJ:E=�B�]E?`<*B^I�=%>1OE:a]^?`<*CGc[CA<K<KC I�=�>KBHCi]ECG=
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¤�OJ<K<*?#wiBD?���I�=�>x?#w =�>K=rP��E=rF {m=%>K>[C >K= I�C >[<*?`<*C ]^?

α
cKBD? <*>*?`cKP%OJ>*?$�EBHFD=���I�=%>Z=%c[=%_hIEBDC ]EB OE:

\�?`<[<*C >[=�6�k�IEB�� IEBHP%P�C FDC�]EBN�"OJ=%FDFHC I�C >Y< ?`<KC�]^?
n
��BDF§:�OE_h=%>[C ]JB ?A]E>[C :EB =%] BHF§<*=�_aI�C

TBH_aIEBH=%�-?t<*C$? IE>[Ci]JOE>KFHB ?AOE_h=%:-<K=%>K= � ��=%>KC�]EB-OE:b\�?`<[<*C >[= 6�k kJ709;:ECAFH<*>[=�FDC cY<*OE]EBHC ]EB-cKBH_a_h=�<K>KBH=
?A@�BD_�Oi< ?AFHBEIEO���=�cKc[=%>K=�\�?t<K<*CROEcK?A:E]EC�B ]^?`<KB�>[=%FD?`<*B8wiB^c[B)?S?AFDFD?GP�C :J©^�AOE>*?A@�BDC :J=qFDCA:E� BH<KOE]EBH:^?AFD=
P��E=S<*>*?`c[w =�>KcK?��gP��E=�¦��Rvs���bnJn �E?aIE>[=%cKC3c[B)?h:E=%F�UAk k ehP��E=¢:J=%F�U`k k-U�
�C F8<*>K=RC�w�wiBD?A_h=%:-<*=
? ��OE=�FDFHB�>[=%F)?t<*BHw"B1?AF$UAk k dr=3UAkAk-ys:EC :�]EBDc[I�C :JB#�EBHFDB :E=�F§I�=%>[BDC"]EC ]EB�F)?#w CA>KC ]JB�<*=�cKB �R=xP�B �
P�C _aI�C >Y<*=%>[= � ��=GOE: OEFH<K=%>[BDC >[=�BD:EP�>K=�_a=�:�<KCa]J=%F�:�OE_h=%>KCZ]EB�=Mw =�:�<KB0]^?h�A=%:E=�>*?A>[=A7

�X=�FDFD?�IE>[C cKI�=�<[<*B8wA? ��OEBD:J]EB�]EB�cKBD_¢OEF)?A@�BDC :JB-vsC :-<K= ¦$?A>[FDC \�OJ<*OE>[=�BHF-P%OEB":�OE_h=%>KC�]EB�=�wA=%:-<*B
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<K=%_hI�C BD_hIEBD=��-?`<*C ]EB8w =�:�<K=%>[= � ��= ]E=�FDF {mC >[]EBD:E= ]E=�� FDB�?A:J:EBXc[= cKB�OEcK?AcKc[=%>KC	FH=sc[C FD=r>KBHcKC >[cK=
P�C _aIJOJ< ?A@�BDC :E?AFDBA?�]EBHcKI�C cKBH@%BHC :E= ]E=�FDFD? \�?`>K_ ]EB-¤�>KBH=%cY<*=��tcKB 
1C IJ<*?`<*C�I�=%>0F {mBD_hIEFD=�_a=�:-< ?A@�BDC :E=
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='+�=�<[<*O^?`>K=�F)?�cKBH_�OEFD?A@%BHC :E=$P��E= �^?GIE>KC"]ECA<[<*CGB^]^?`<KBEP%CA:xP%OJB 
�cY< ?`<*?RP%?AFDP�C F)?t< ?�F {f?AP�P%=�<[< ?A:J@#?
α(φ)

]J=%FDF+{V?`IEI^?A>K?`<*CE7
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DATA BASE

Task da fare ?

τ_κ

Lancia il Master

τ_κ

[ T_1 ,T_2 , ... , T_k , ... ,T_n ]

Riserva T_k Il DB blocca il
task T_k

Il DB cambia lo
status di T_k in
"submitted"

Aggiorna status

GetTask
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0.1 < y < 0.9
Q2 > 1(GeV/c)2

W > 5GeV/c2

0.2 < z < 0.85
0.1 < PT < 1.5(GeV/c)
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• 0.003 < x < 0.99
K

• 0.05 < y < 0.95
K

• W > 4.00GeV/c2 K

• Q2 > 0.90(GeV/c)2 K
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