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RESUMÉ DE LA THÈSE EN FRANÇAIS 
 
L'expérience ALICE au LHC va étudier dès 2010 le plasma de quarks et de gluons (QGP), état 
de la matière dans lequel les quarks et les gluons sont déconfinés. Le travail présenté ici a été 
effectué au sein de la collaboration ALICE, dans le but de préparer l'analyse des futures 
données expérimentales.  Outre une approche théorique du QGP et de la symétrie chirale, nous 
y développons trois aspects expérimentaux : le sous-détecteur V0, l'étude des mésons de basses 
masses et la déconvolution. 
Tout d'abord, nous détaillons les mesures de luminosité et de multiplicité réalisables avec le 
V0. Ensuite, nous développons l'étude des dimuons dans le spectromètre à muons. Nous nous 
concentrons en particulier sur les mésons de basses masses : le rho, le omega et le phi. Enfin, 
nous présentons une façon d'améliorer les données du spectromètre : la déconvolution de 
Richardson-Lucy. 
 
 
 
 
 
 
 
 
TITRE DE LA THÈSE EN ANGLAIS :  
 
Preparation of the study of the quark-gluon plasma in ALICE: the V0 detector and the low 
masses resonances in the muon spectrometer.     
 
 
 
 
RESUMÉ DE LA THÈSE EN ANGLAIS 
 
The ALICE experiment at LHC will study from 2010 the quark-gluon plasma (QGP), phase of 
the matter in which quarks and gluons are deconfined. The work presented here was done 
within the ALICE collaboration, for preparing the analysis of the incoming experimental data. 
Besides a theoretical approach of the QGP and of the chiral symmetry, we develop three 
experimental aspects: the V0 sub-detector, the study of the low mass mesons and the 
deconvolution. 
First, we detail the measures of luminosity and multiplicity that can be done with the V0. We 
then develop the study of the dimuons in the muon spectometer. We concentrate on the low 
masses mesons: the rho, the omega and the phi. Finally, we present a method for improving the 
spectrometer data: the Richardson-Lucy deconvolution. 
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@xITUoUoI�>"¦]>QP+MNKTI�¦;ITio_¡J+IT_�UuINS/h4KNiu>tUuc+ijIN_�UoO;ctêjO;cLio_�h+`<c+_�M\À+>Qc+J+IT_NÝ.ITU�¦;ITio_¡J+IT_¡KNh4Oe�Vc+IT_�UuO;ce°
êjO;c+ij_^hL`bc+_^h+ioOrM\À+IT_�J+c�É+abs]°±É >QP+sLÝL¦]>Â��>Qa<ioIAc+P�P+O;cL¦QI">Qc�ÉO;PLJ�>"¦;ITMË`bIAJ+KTSÊ>]ioiu>]s;IAJ+c�=&��@ë>Qc
@CZÞ£�ßD:+=.IN_ MTO;`b`<ab_oa<O;P+_ÞINP1UoioI¡P+Ow¿1>]ced�J+I�hL`bO;S�ÉÊ�rcLaæ¿Ê_jO;P1U^>]UoUoINP+JLc+IN_ J+�T_^GQ{L9w{D¦;O;P1U�MNijKNITi c+P
?AÈD�×INP+MTO;ioI hL`bc+_[M\À+>Qc+J/�rcLI MNIN`<c+a+J+cÂ£^����@�:1@xI�?AÈA�¶>]c+iu>�c+PLI J+c+ioKTI J+IC¦rabI h+`<c+_[`<O;P+s;c+I]ÝQI�U
c+P+I^U\>Qa<`b`bIxh+`bc+_�s;io>QP+J+I��rcLI�_oIT_Ch+ijKNJ+KTMNIN_j_oITc+io_T:4qeO;PÊK�Uuc+JLI�_oITiu>EJLO;P+M�hL`bc+_Þ��>QMNa<`bI�ITUC>QS/KN`ba<O;ioITiu>
P+OQUoioI¡MNOQP+P >Qa<_o_u>]P+MNIDJ+c�S2OQP+J+IAJ+IN_��Vc >Qij�V_�I�U�JLIN_�s;`bcLO;P+_N:

è�P/J+KTUoINMTUoINc+i�IN_�U�_oh4KNMNab>Q`bITS2ITP1UÞMNO;P+ìTcÊh4O;c+i�MTITUoUoI�KTUucLJ+IEç1��=.��@CZ�:1�´` _TÇY>]s;a<UÞJ�Çác+P/abS/S2ITP+_oI
INP+_jINS�ÉL`bI�J+I�_oO;cL_�°´JLKTUuITMTUoINc+ij_2Uuio>"¦Q>]ab`b`b>QP1UËJLI�MTO;P+MTINijUNÝÞITU/J+O;P1U/M\À >QMTc+P�>×J+IT_/_jhKTMNa�R M">]UoabO;PL_
�Vc+a[`bcLa[_oO;P1UAh+ijO;h+ijIN_N:&=.IÂs;ijO;c+h4I���=.��@CZíJ+I/=�¿;OQP�Ý.J >QP+_¡`<IN�Vc+IT`êjI�Uuiu>"¦]>Qa<`b`bI]Ý4>�`b>¢M\À >Qijs;IÂJ+c
_oO;cL_�°´JLKTUuITMTUoINc+i���{L:�´`�IN_�U¡J+I�h+`<c+_�a<S2h+`<ab�Vc+KAJ >QPL_�`åÇm>QP >Q`�¿r_oIËJLIN_�J+OQP+P+KNIT_¡J+c(_oh4INM�UuijO;S2��UuijI��
S�c+O;PL_NÝ >"¦;ITMEcLP+IE_jhKTMNab>Q`ba<_u>]UoabO;P2J >QP+_�`åÇáKTUoc+J+IAJ+IT_�S/KN_jO;P+_ ¦;ITMTUuITc+io_

ω
Ý
ρ
ITU
φ
:

=&I�Uoiu>"¦]>Qab`]h+ioKT_oINP1UoKÁa<MNa;IT_jU»J+O;P+M�>tdeKÞ_ocLi»`<I[�¡{ ITU»_jc+i&`bIN_.S/KN_jO;P+_.¦;ITMTUoINc+ij_N:t�´`1_NÇm>QijUoabMNcL`bI[J+IÞ`b>
SÊ>]P+ab�TioI�_ocLa<¦]>QP1UuI]:Q=.I�M\À >Qh+a�UuioI^9�J+O;P+P+IÁc+P+IÁ>Qh+h+ijOeM\ÀLIÁUuÀLKNO;ijab�Vc+I�J+c�?AÈA��Ýt>QabPL_oa1�Vc+Ix`5ÇmK�U\>]U»J+IT_
`ba<INced�J+IN_»MNO;PLP >Qab_j_u>QPLMNIN_�>QM�Uuc+IT`b`bIT_N:-=.IÞM\À >Qh+a�UuijICGCIN_�UnMTO;P+_o>QMNijKC� `åÇáI�deh4KNioa<INP+MTIÁ��=.��@CZ�J+c�=&��@�:
¤�PE¿DJ+KNMTioa�U[J�Çm>QÉ4O;ioJE`åÇm>QMNMTKN`bKTiu>]UoINc+iTÝ-h+c+ab_�`bI�J+KTUoINM�UuINcLiNÝ;>"¦]>QP1U[JLIx_oIÁMNO;PLMNINP1UoioINin_oc+i�`bIÞ�¡{�I�U[_oIT_
h+ioITS2a<INij_�ioKT_oc+`�U\>]Uo_N:w��cDM\À >QhLa<UuijIÞX _oO;P1U»J+KTUu>Qab`<`bKTIN_�`<IN_&S2IT_oc+ijIN_&J+IÞ`bcLS2a<P+O;_oa�UuK�ITU&J+IÞS�c+`�Uua<h+`ba<MNa<UoK
ioKN>Q`ba<_u>QÉ+`<IN_n>w¦QINM�`bIÁ�¡{L:Q=&I M\À+>Qh+a<UoioI �¡IT_jUÞMNOQP+_u>QMTioK^>Qced�S2KT_oO;PL_[¦;INM�UuITc+io_T:L¤�PÂS/O;P1UuioIx`åÇáabP1UuKTioÆTU
J+I�`bITc+i�K�Uuc+J+I��xUoiu>"¦;ITio_»c+P+I�abP1UoioOrJ+c+MTUoabO;P���`b>C_j¿rS/KTUuijabI[M\ÀLabiu>]`bIQÝN>"¦Q>]PVU&JLI�S2O;P1UoioINi.`b>Á��>Qa<_u>QÉ+a<`ba�UuK
J+I�MTITUoUoI¡KTUoc+J+I¡s;ioîQMNI¡>]cf_oh4INMTUoioO;S/�TUoioIA��S�cLO;P+_CJ�Çá��=.��@CZ : =.I¡J+ITioP+a<INiCM\À >]h+a<UoioI�h+ijO;h4O;_oI�cLP+I
UuITM\À+P+ab�Vc+I�J�Çm>QS/KN`ba<O;iu>tUuabOQP�J+IN_»J+O;PLP+KNIT_nJ+I�MNI�_oh4INM�UuioOQS2��UuioI^çw`¯> J+KTMNO;P1¦QO;`bcLUoabO;PEJ+IÁ£^a<M\À >QioJL_oO;Pe°
=.c+MT¿QÝ"`¯>Qijs;INS/INP1U.ceUuab`<ab_jKNInITPAh+À+OQUoO;s;iu>]h+À+abI]ÝN�Vc+IÞP+O;cL_&>Qh+h+`<ab�Vc+O;P+_æabMNaQ� P+O;_._oh4INM�UuijIN_&h+À1¿r_oab�Vc+IT_N:
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=&I�S/OeJ+�T`bIf_�U\>QP+J+>QioJ�J+I�`b>%hLÀV¿r_jab�Vc+IyJLIN_Êh+>QijUoabMNcL`bIN_ÂJ+KTMNija<UÂUuO;cL_2`<IN_/h+À+KNPLO;S2�TP+IN_/h+À1¿1°
_oa<�rcLIN_¡INP�UoINijS2IT_¡J+I�MNOQP+_jUoa<Uuc+>QP1Uu_¡KN`<KNS/INP1U\>]abioIT_�ITU�J+I���O;ioMTIN_���OQP+J >QS/INP1U\>]`bIN_T:�=.IN_¡h+>QijUoabMNcL`bIN_
KN`<KNS/INP1U\>Qa<ioIT_EijINMNITP+_oKTIN_/��`5ÇmÀLINc+ijI¢>QM�Uuc+IT`b`bI/_oOQPVU�>QcvP+O;SËÉ+ioI/J+I�G]�¶çnÃ��rc+>Qio�V_NÝnÃy`bIThLUuOQP+_ËI�U
`bITc+io_�>QP1Uoabh >Qi�Uua<MNc+`<IN_CijIN_oh4INM�Uua�¦;IN_�â�¦QO;abiCUu>QÉ+`bIN>Qc(9;:�9-ã�:

1ère s;KTP+KNio>]Uua<O;P 2ème s;KTP+KNio>]Uua<O;P 3ème s;KNPLKNiu>tUuabOQP?�c >Qio�V_ c M U
J _ É

=.INhLUoO;P+_ I
µ τ

νe νµ ντ
������� 9;:�9
	¢=.IN_^h >Qi�Uua<MNc+`<IN_ KN`<KNS/INP1U\>]abioIT_N:

�´`Á��>QcLUE¿v>wêjO;cLUuITi�`bIT_ËÉ4O;_oOQP+_�S/KNJ+ab>]UuITc+io_EJ+IN_��Vc >]UoioIÊ��OQioMNIT_Ë��O;P+J+>QS2ITP1U\>Q`<IN_Êç�`bI2h+À+OQUoO;P
hOQc+iÂ`¯>���O;ioMTI�KN`bITMTUoioO;S2>Qs;P+K�Uua<�rcLIQÝ�`bIT_ÂÉO;_jO;P+_

W+,W−
ITU
Z0 h4O;c+iÂ`åÇáabP1UoINiu>]MTUua<O;Pv��>Qa<É+`bIfI�U

`bIT_fW s;`bc+OQP+_¢J+I×`åÇáabP1UoINiu>]MTUua<O;P���O;i�UuI]: =�ÇmIgdLa<_jUoINP+MTI%JæÇmc+Pés;io>w¦ra�UuO;PÅh4O;c+i¢`b>vs;iu>"¦ra<Uu>]Uua<O;P�ijIN_jUoI
À1¿eh4OQUoÀ+KTUoab�Vc+IQÝeITU `b>Es;io>"¦ea�U\>]UoabO;P2ioIT_jUuI�c+P+I���O;ijMNI¡�Eh >QijUCJ+cÊ��>Qa�UCJ+I�`5Çma<S2h4O;_j_oabÉLab`ba�UuKx>QMTUoc+IN`<`bI�JLI
J+KT¦QIN`<O;h+h4INi^c+P+IEUoÀ+KNOQioabIAJ+IEs;iu>"¦ra<Uu>]Uua<O;P��Vc >QP1Uua<�rcLIQ:4Z�PLR P�Ý4`bIDÉOQ_oO;P�J+IË�^abs;sQ_NÝ h+ijKNJ+a�U�J+ITh+c+a<_
h+`bcL_�J+IÁX;{�>QP+_NÝtIN_�U[P+KTMNIT_o_u>]abioIx��`b>^MTO;À+KNijINP+MTICJ+c�S/OrJ+�N`<I�_jU\>]P+J >QijJ�INP�h4INijS2I�UoUu>QP1UnJ�ÇáI�deh+`<ab�Vc+ITi
`¯>�É+ijab_jc+ioIAJ+IA_j¿rS/KTUoioabI¡KT`bITMTUuijOQ��>Qa<É+`bI]:

=&I(S/OrJ+�N`<Iy_jUu>QP+J >]ioJé>vMNO;PLPrcéJ�ÇáKNP+OQioS/IN_f_ocLMNMN�T_�JLc+iu>QP1U�MTIN_fUuijINP1UuI(J+ITioP+a<�NijIN_�>QP+P+KTIN_TÝ
ITU�IN_jUD>]ctêjO;c+ijJ�ÇmÀVc+a�`¯>Qijs;INS/INP1U�>QJ+S/ab_TÝS/ÆNS/IE_ja[J+IT_�I�drUuITP+_oa<O;P+_¡J+I�¦rabINPLP+INP1UAabPLJ+ab_jhITP+_u>QÉL`bIN_��
`åÇáI�deh+`<abM">tUuabOQP�J+I/MNINi�U\>Qa<P+IN_DO;É+_jINi�¦Q>tUuabOQP+_N:»®�OQP¶Uuio>"¦Q>]ab`[_jIÊh+`b>QMNIÂJ >QPL_E`<I�M">QJ+ijI2JLI2MTI2S/OeJL�N`bI
_jUu>QP+J >QijJ�Ý ITU�_TÇma<P1UuKNijIN_j_oIËhL`bc+_ h >]ijUua<MNc+`<ab�TioINS/INP1U���`5Çma<PVUoINio>QMTUoabO;P¢��O;i�UuI]:

=ÞÇáabP1UoINiu>]MTUua<O;P(��O;ijUoIÂIN_jUEioIT_oh4O;P+_o>QÉ+`bI/J+c%��>Qa<UA�Vc+I/`bIT_D�Vc >]io�V_ËP+I/h4INcL¦QINP1U�h >]_EÆ�UuioI/ab_jO;`bKT_N:
Z�PÊIT³ITUNÝe`<IN_��Vc >Qio�V_Á_oO;P1UCMTO;PLR PLKN_CJ >]P+_x`<IN_�À >QJ+ijO;P+_NÝVMTI��Vc+a4ioINPLJ¢MNIT_xh >Qi�Uua<MNc+`<IN_�KN`bKTS2ITP1U\>Qa<ioIN_
Uuij�N_ÊJLa��/MNa<`bIN_/�#K�Uuc+JLabINiT:��n>Qi2I�deINS/h+`bI]ÝÁ`<IN_2SÊ>Q_j_oIT_ÊJ+IT_¢�Vc >Qio�V_

u
I�U
d
_jO;P1U¢MTO;P+PVc+IN_¢�#c+P

��>QMTUoINc+i^G�h+ij�N_TÝ>]`bO;ij_C�Vc+IA`¯>�SÊ>]_o_oI¡JLID`5ÇmKT`bITMTUuijO;P�IN_�U�MTO;P+PVc+ID>"¦;ITMEc+PLIDhLioKNMTab_jabO;P�J+I
10−9 :Ñ@xI_oa<S2h+`<IÊIgdLITS2hL`bIfab`<`bc+_�UuijIÊÉ+a<INP `¯>�JLa��/MNc+`�UuK¢JLI�`5ÇmK�Uuc+JLIfJ+If`åÇáabP1UuITiu>QM�Uua<O;P#��O;i�UuI¢h >]i�iu>Qh+h4O;i�UÂ�

`åÇáabP1UuITiu>QM�Uua<O;P¢KN`<INM�UuioOQSÊ>QsQP+KTUoab�Vc+IQ:
=»>���O;ijMNI¡��O;ijUoI¡IN_�U�h4O;ijUoKNIAh >Qi�`<IN_�s;`bcLO;P+_NÝ I�U^IN`b`<I¡P�Çm>Qs;a<U��Vc+ID_ocLi^`<IN_��Vc >Qij�r_^ITU�`bIT_�s;`bc+OQP+_N:

Z�`b`bI�IN_�U�J+KNMTioa<UoI¡h >Qi `b>ËM\À+ioOQS2OrJL¿rP >QS/ab�Vc+I��Vc >]PVUoab�Vc+I2âå?A@CBËÝLJ+I¡`åÇm>QP+s;`b>Qab_������������������� �!�"�!#
$�% �&���(')��*-ã�:=&>f?A@CBÓIT_jU¡cLP+I�UuÀ+KTO;ioa<IË�Vc >QP1Uoab�Vc+I�J+IT_�M\À >QS/h+_¡É >Q_jKNI�_jc+i�`bIEs;ioOQc+hIËJ+I^êo>Qc+sQI

F



qLè�â�X1ã�:+ZÞ`<`bI�JLKNMNija<U^`åÇáabP1UoINiu>]MTUua<O;PÊ��O;i�UuID>"¦;ITME`<I¡`¯>Qs;io>QP+s;a<INP¢_jc+a<¦]>QP1UAç

LQCD = −1

4
Ga
µνG

µν
a +

∑

q

iq̄γµDµq −
∑

q

mq q̄q,
â 9;:<9wã

O,+
a = 1, 2, ..., 8

IN_jUC`¯>E_jO;S/SÊ>]UoabO;P/_ocLiC`bIT_xs;`<c+O;P+_TÝeI�U
q = d, u, s, c, b, t

IN_�U�`¯>E_jO;S/SÊ>]UoabO;P/_ocLi
`bIT_ �rc+>Qio�V_N:

B�>QP+_�MNIA`b>Qs;iu>]P+s;abITP�Ý

Ga
µν = ∂µA

a
ν − ∂νA

a
µ + gsfabcA

b
µA

c
ν

â�9Q:HG;ã
IN_�U&`bI[UuITioS/I�J+KNMTioa�¦Q>]PVU&`<IN_&W s;`<c+O;P+_Þâ�M\À >QS/h+_&J+Iæêo>Qc+s;I

Aµ
ã�:"�´`1MTO;P1UuabITP1U»��`b>x��O;ab_æ`¯>CMNa<P+KTUoab�Vc+I�J+IT_

s;`bcLO;P+_Þâ
∂µA

a
ν−∂νAaµ

ãI�U»`åÇáabP1UuITiu>QM�UuabOQP�J+IT_»sQ`bc+O;PL_.INP1UuijI�INced2â�M">QcL_oKNIÞh >]i.`bInUoINioS/I
gsfabcA

b
µA

c
ν

ã�:
@xO;S/S2I�PLO;c+_�`bI�¦QINioijO;P+_�h+`<c+_ `bO;a<P�ÝLMTITUjUuIAabP1UuITiu>QM�Uua<O;PfIN_�U^Uoio�T_^a<S2h4O;i�U\>QP1UuI�J >QP+_�`åÇáKTUoc+J+I¡J+IA`b>
?A@CBËÝ1ITUÞIT_jUÁc+P+I�J+a<³KNijINP+MTI ��O;P+J >QS/INP1Uu>Q`bICITP1UuioI�`b>¡��OQioMNIC��OQijUuI I�U�`¯>���O;ijMNI�KN`<INMTUoioO;S2>Qs;PLKTUua<�Vc+IQ:
Z�PLR P�Ý

gs
IN_�U^`¯>�MNO;PL_jU\>]PVUoIAJ+IAMNO;c+hL`¯>Qs;I���OQijUuIAI�U�J+KTUoINioS/abPLID`5Çma<P1UuINPL_oa<UoK�J+IA`¯>Ë��OQioMNI¡��O;i�UuI]:

=&IT_ J+INcrd�>QcLUoioIN_CUoINijS2IT_ J+c�`¯>Qs;io>QP+s;a<INP�9Q:<9¡J+KTMNija<¦;ITP1U�`<IN_ M\À >]S2h+_ JLI¡�rc+>Qio�V_
q
I�U�`bINcLiCabPe°

UuITiu>QM�UuabOQPÂ>w¦QINM^`bIT_�sQ`bc+O;PL_N:1B�>]P+_Þ`bI J+ITcedeab�NS/I UuITioS/IQÝ;P+OQc+_ÞioITUoioO;ce¦;O;P+_�c+P+I�J+KTioa�¦;KNI�MTO-¦]>Qija¯>QP1UoI
J+KTR+P+abI¡MTO;S2S/I�ç

Dµ = ∂µ − igsA
a
µ

λa

2
,

â�9Q:YX1ã
O,+µ`bIN_

λa
_oO;P1U2`bIN_ÂS2>]UuijabMTIN_ÂJ+IyÈAIT`b`�° ®y>QP+Pæ:�=.I�h+ijINS/abITi�UuINijS2I�J+I�MNI�UoUuI�J+KTioa<¦QKNI�J+KNMTioa<U/`b>

MNa<P+KTUoab�Vc+I¢J+IT_��Vc >Qio�V_TÝ[ITUÂ`<IÊ_oITMNO;PLJµJLKNMNija<U�`<IN_�a<P1UuINio>QMTUoabO;PL_�INP1UuijIf`bIT_��Vc >Qio�V_�I�UÂ`bIN_Ës;`bc+OQP+_NÝ
h+ioOQhO;i�Uua<O;P+P+IT`b`bIT_ �Â`¯>ÂMNO;P+_�U\>QP1UoIËJ+IDMNO;cLh+`¯>QsQIA��OQijUuI]:Ñ=.IEJ+ITioP+a<INi UuITioS/IEJLcy`¯>]s;iu>QPLs;abITP(9;:<9DIN_�U
`bIDUuINijS2I�JLI�SÊ>Q_j_oI�J+IT_¡�Vc >Qio�V_AJ+O;P1UA`<IN_�¦]>Q`<INc+ij_

mq
I�deh4KNioa<S2ITP1U\>Q`<IN_¡_oOQPVUAa<P+J+a<�rcLKNIN_¡J+>QP+_¡`bI

U\>QÉL`bI">]c(9;:HGr:
md

XË°x�Â®�I±�
mu

9;:YFE°ÁX2®�I±�
ms 95 ± 25

®�I±�
mc 1.25 ± 0.09

È¡I±�
mb

�L:HGE°��+:Y�2È¡I±�
mt 174 ± 4

È¡I±�
������� 9Q:HG-	f®y>Q_j_oIN_�J+IN_��Vc >Qij�V_�_jIN`bOQP/. 9�05:

�E6721n7»�r!#�r70/�102�5¹�¼��V*-0"¸�� ��·&!#�&0w6 0-¹5'æ)»�
=&I�s;ioO;cLhI�JLIÁêo>Qc+s;I�_jc+i `bIT�Vc+IN`�IT_jU�É >]_oK¡`¯>�?D@CB�IT_jU�`bI�s;ioOQc+hI¡qLè�â�X1ã�: =.I���>]a<UC�Vc+IDqeè�â5X;ã

_oO;a�U�P+OQPe° >QÉ4KN`<abITPvJ+O;P+PLI���`b>×?A@CB�JLINcedÔhLioO;h+ijabK�UuKN_�Uoio�T_�h >QijUoabMTc+`ba<�NioIT_Êç[`<I¢MNOQPLR P+ITS2ITPVU/I�U
`¯>�`ba<ÉITijUoKA>Q_j¿rS/hLUuOQUoab�Vc+I]:æ@xIT_�J+ITced�M">Qio>QMTUoKNijab_jUoab�Vc+IT_�J+ID`¯>2?A@CBõ_oOQPVU�M">]h+a<Uu>Q`bIT_NÝ ITU�S/KNioa�UuITPVU
�Vc�ÇmOQP�_TÇY>]UjU\>QijJ+IA_oc+i�`<INc+i MN>Qc+_oI]:

=»>ÂP+O;Pr°´MNOQS2S�ceU\>]Uoa<¦ra<UoK�J+I�qeè�â5X;ã�>/hOQc+i�MNO;P+_jKN�Vc+ITP+MNI�c+PLIËabP1UoINiu>]MTUua<O;P�J+IN_�s;`bcLO;P+_�INP1UuijI
INced%ç `<IN_^s;`bcLO;P+_�hOQijUuITP1U�cLP+IEM\À+>Qios;IA��O;i�UuIÊâ�c+P+IDMNOQc+`bITc+i\ãCITU^_jO;P1U�J+OQP+ME_jINP+_jabÉ+`<IN_��2`5Çma<PVUoINio>QM�°
Uua<O;P(��O;ijUoIQ:»@xINMTaÞP�ÇmIT_jUEh >Q_A`bIÂMN>Q_EJ+>QP+_AJ+IN_AUuÀLKNO;ijabIN_E>QÉ4KN`<abINPLP+IN_¡MTO;S2S/I�`åÇáKN`<INM�UuioOrJL¿rP >QS/ab�Vc+I
�Vc >QP1Uua<�rcLI�âå?¡ZÞB¡ãËç�`bIT_¡h+À+OQUoO;P+_¡P+I�h4O;i�UuINP1UAh >]_¡J+I�M\À >Qijs;IÂKN`bITMTUoioab�Vc+Ifâ�`bIËJ+INijP+abITi�UuINijS2I�JLI
`åÇáKN�Vc >]UoabO;P29;:YG�P�ÇmIgdeab_jUoI h >Q_[ITP2?AZÞB¡ãg:1=�Çma<P1UuINio>QMTUoabO;PËINP1UuijI `bIN_ns;`bc+OQP+_nITPVUoiu>43bP+ICc+PÂI�³æI�U�J�Çm>QP1Uua�°
KNMTiu>QP1U\>]s;I�çLh+`<c+_CO;P�_TÇmKT`bO;a<s;P+I�JæÇmc+PLI¡_oO;c+ijMNI]Ý h+`bc+_xMNIN`<`bIg°´MNah >Qio>43bUÁabP1UuITP+_oI]:4@xIN`b>�_oI�Uuio>QJ+c+a�UCh >]i
c+P+If>]c+s;S/INP1U\>]UoabO;P#J+I¢`¯>�MNO;P+_�U\>QP1UoIfJ+IfMNO;cLh+`¯>QsQI2��O;i�UuI×â

αs = g2s
2πh̄c

ãEITPv��O;P+MTUoabO;P#J+If`¯>yJLab_�°
U\>QPLMNIQÝ�JLO;P+M�c+P+I�J+abS/abPVcLUoabO;P J+I

αs
>w¦QINM�`åÇáKNP+ITios;a<IQ:�®y>tUuÀ+KTSÊ>]Uoab�Vc+ITS2ITPVUNÝ�`åÇáKT¦QO;`bcLUoabO;P JLI�`b>

Ã



MNO;PL_jU\>]PVUoI�J+I�MTO;c+h+`b>Qs;IË>w¦QINM�`5ÇmKTP+INijs;abIDhITcLU¡Æ�UuioIËM">Q`<MNc+`<KNIE�¢h >QijUoabi^J+IN_�KN�Vc >]UoabO;P+_�J+c�s;ijO;c+h4I
J+IAioITP+O;ioS2>Q`<ab_u>tUuabOQPÊJ+O;P1U^`¯>�_jO;`bceUuabOQP�>Qc�h+ioITS2a<INi O;ijJ+ioIAIN_�UDç

αs(Q
2) =

1

β0ln(Q2/Λ2)
,

â�9Q:m�Vã

O,+
β0

IN_jU^c+PLIDMTO;P+_�U\>QP1UuIDITU
Λ
IT_jU^c+P�h >Qio>QS2��UuijIQ:Ñ@xI�UoUuIA_jO;`bcLUoabO;P2Uuiu>]J+c+a<U�ÉLabINP�`b>�J+abS/abPVcLUoabO;P

S2ITP1UuabOQP+P+KNI¡hL`bc+_ À >]cLU^ITU^IN_�U^Uoio�T_^ÉLabINP�¦;KTioa�R KNIAI�deh4KNijabS/INP1U\>Q`<INS/INP1UEâ5Ä�abs+:9;:<9wã�:

5�6879� 9;:�9-	�Z[¦;OQ`bcLUoabO;P�JLI�`¯>/MNO;P+_�U\>QP1UoI�J+I�MNOQc+h+`¯>]s;IE��O;i�UuIË>w¦QINM�`5ÇmKTP+INijs;abI]:æÄna<s;c+ijIEIgdeUoiu>Qa�UuI�JLI
`¯>�ijKT��KNijINP+MTI".mG!05:

@xITUoUoI�J+a<S2a<PrceUuabOQP�JLI
αs

>"¦;ITM�`åÇáKNPLINiosQabIDIN_jU�KN�Vc+a�¦Q>]`bINP1UoI��Êc+PLI�>Qc+sQS2ITPVUu>]Uua<O;PyJLI
αs

>"¦;ITM
`¯>�J+a<_jUu>QP+MNI]:V@xITUjUuI^h+ioOQh+ioa<KTUuKxIN_jU�_jhKTMNa<R+�rcLI��¡`¯>A?A@CB©ç;`åÇáabP1UoINP+_ja<UuK JLI `¯>���O;ioMTIC��O;ijUoI�>Qc+s;S/INP1UoI
>"¦;INM%`¯>vJLab_jUu>QP+MTIQÝ MNOQPVUoiu>Qa<ioITS2ITPVU�� `åÇáabP1UoINP+_ja<UuK(JLIN_�UuioOQab_�>QcLUoioIT_���OQioMNIT_f��O;P+J >QS/INP1Uu>Q`bIT_f�rcLa
J+abS/abPVc+IÊ>"¦;INM�`b>�J+ab_�U\>QP+MTIQ:Þ@xI�UoUoI�K�¦;O;`<cLUua<O;PvUuij�N_Âh >Qi�Uua<MNc+`<ab�NijIÊJ+If`b>�MNO;PL_jU\>]PVUoI�J+I�MNO;c+hL`¯>Qs;I
��O;ijUoI¡IN_�U�`b>�M">QcL_oIDJ+c�MTO;PLR PLINS/INP1U^ITU^J+IA`¯>�`ba<ÉITijUoK¡>Q_j¿rS/hLUuO]Uuab�Vc+I�ç

	 � h4ITUua�UuI�KTP+INijs;abI]ÝCMQÇáIN_�U��ÔJLabioI��ÔsQiu>QP+JLI(J+ab_�U\>QP+MTIQÝ
αs

IT_jU�Uuij�N_fKN`<IT¦QKQ:���`bc+_f`5ÇmKTP+INijs;abI
J+a<S2a<PVc+IQÝ4J+O;P+MËh+`bc+_�`¯>ÊJ+a<_jUu>QP+MNI�>Qc+s;S/INP1UuI]Ýæh+`<c+_

αs
>]c+s;S/INP1UuI]:.@xIN`b>f>¢MNO;S/S/IEMTO;P+_oKg°

�Vc+ITP+MNI(`5Çma<S2h4O;_o_jabÉ+a<`ba�UuK/J+I�_oKTh >QijINiÊJLIN_¢�Vc >Qij�V_¢`ba<KN_N:Þ��`<c+_Ês;KTP+KNio>Q`bITS2ITP1U"Ý�`åÇáI�dehKTioa<INP+MTI
P+OQc+_�S/O;P1UuioI¶�Vc�Çma<`EIT_jUyabS/hO;_j_oa<É+`bI×J�ÇáO;É+_jINij¦QINi(c+Pí�rc+>Qio�é`ba<É+ioI]:�@xI�UoUoIvh+ioOQh+ioa<KTUuK%IN_�U
MTO;P+PVc+ID_oO;c+_^`bI¡PLO;S�J+IAMTO;PLR P+ITS2ITP1U":

	 �Ds;iu>QPLJ+I�KTP+INijs;abI]ÝrM]ÇmIT_jUC�EJ+a<ioI^�Eh4ITUoa<UuI^J+a<_jU\>]P+MNI]Ý
αs

IN_�Ux��>Qa<É+`bI]:r@xIN`¯>A_oI^Uuio>QJ+c+a�UÁh+>QiÁcLP+I
a<PVUoINio>QMTUoabO;P(Uuij�N_¡��>Qa<É+`bI�h4O;c+i¡JLIN_D�rc+>Qio�V_AUuio�T_Ah+ioOrM\À+IN_T:»B�>QP+_Ac+P%h+ioO]UuO;P×h >QiAIgdLITS2hL`bIQÝ
`<IN_��Vc >Qij�r_Á>Qh+h+>Qiu>Qa<_o_jINP1UÞMNO;S/S/ICJ+IN_Þh >]ijUua<MNc+`<IN_[`<abÉ+ijIN_T:1@�ÇáIN_jUÁMNI �Vc�ÇáO;P2>Qh+h4IN`<`bIC`b>�`ba<ÉITijUuK
>Q_�¿rS2hLUoOQUua<�Vc+IQ:

=&IËMNO;PLR+P+INS/INP1UAP�ÇáIN_�UAh >Q_¡INPLMNO;ijI�Uuio�T_¡É+abITP�MNOQS2h+ijab_��¢`åÇáÀ+INc+ijIÂ>QMTUoc+IN`<`bI]:æZ�P(IT³ITUNÝ�`bID��>Qa<U
�Vc+I�`b>AMTO;P+_�U\>QP1UuI�J+I�MTO;c+h+`b>Qs;I ��O;i�UuI^_oO;a�U�Uoio�T_Á��O;i�UuI��Es;io>QP+J+IT_ÁJ+a<_jUu>QP+MNIT_xITS2h4ÆNM\À+I�J�ÇácLUua<`bab_jINi�`b>
UuÀ+KTO;ioa<I�J+IT_Dh4INi�Uuc+ijÉ >]UoabO;P+_¡h4O;c+i¡JLKNMNijabijI�MNIÂh+À+KTP+O;S/�NP+I]:»@�ÇmIT_jUEhO;cLio�Vc+O;a[JLa<³KNioITP1Uu_AS2OrJ+�T`bIN_
_oO;P1UÂJ+K�¦;IT`bO;h+h4KN_TÝÞÉ >Q_oKT_Â_oc+iÂ`¯>�hLÀ+KNP+OQS2KTP+O;`bOQs;abI]:[�n>]i�I�deINS/h+`bI]Ý�`bI¢S/OrJ+�N`<I¢J+cµ_u>QM�J+c�®��´¥
J+KNMTioa�UÁcLP2À >]J+ioO;P/MNOQS2S/I�c+P2ITP+_oITS�É+`<I�J+I^�Vc >Qij�r_�`ba<É+ioIT_�MNO;P1UoINPVc+_CJ >]P+_Þc+PÊ_o>QM�_jh+À+KTioab�Vc+I:.áX40å:
@xI2S/OrJ+�N`<I/hLioINPLJv��`b>¢��O;ab_AINP¶MNO;S/hLUoI2`<I/MTO;PLR PLINS/INP1U�â�`bIÂ_u>QM"ãAI�UË`b>�`<abÉ4INi�UuKÂ>Q_�¿eS/hLUoOQUua<�rcLI
â�`<IN_ �Vc >Qij�r_^_oOQPVU^`<abÉ+ijIN_ �Â`åÇáabP1UuKTioa<INc+iCJLc�_o>QMwãg:

�



úEû<; ü>=@?BADCFE:GIHJGK=DL =DG(M
@xO;S2S/I^P+O;c+_C`5ÇY>"¦QO;P+_Á¦rc�ÝeJ >QP+_ÁJ+IN_xMNO;P+JLa<Uua<O;P+_�äTP+O;ijSÊ>]`bIN_"ä]ÝV`bIT_x�Vc >Qij�r_xITUC`<IN_Ás;`bc+OQP+_Á_jO;P1U

MNO;PeR P+KN_^J >QPL_^`<IN_�À >QJLioO;P+_T: �´`.I�deab_�UuIAMNIThITP+J >QP1U�J+IN_^MNOQP+J+a<UoabO;PL_ I�drUuijÆNS/IN_�J >QP+_^`bIT_o�Vc+IT`b`bIT_ `bIT_
�Vc >Qio�V_�I�UÂ`bIN_�sQ`bc+O;PL_Ë_oOQPVU/`<abÉ+ijIN_N:�Z�PÔIT³ITU"Ý[�×cLP+IfMNITijU\>]abP+IÊUoINS/hKTiu>]Uoc+ioIfI�UON]OQc J+INP+_ja<UoKQÝ[`b>
SÊ>tUuab�TioIEÀ >QJ+ijO;P+ab�Vc+IË_oc+É+a�U¡c+P+I�Uoiu>QPL_oa<UoabO;PyJ+I�h+À >Q_jIfç�`bIT_��Vc >Qij�r_AI�U¡`bIT_�s;`bcLO;P+_�P+I�_jO;P1UAh+`bcL_
MNO;PeR P+KN_�J >QP+_�`bIT_�À >]J+ioO;PL_N:=&IDS/OeJ+�T`bIAJ+c�_o>QMËJLKNMNija<U�MNIT`¯>2MTO;S/S2IAc+P�KNMN`b>]UuITS2ITP1U�J+cy_u>QMEJQP
�Ê`¯>/Uuio�T_���O;ijUoI�>Qs;a�U\>]UoabO;P�UuÀ+ITioS/ab�Vc+I�JLIN_¡�Vc >Qij�r_A�¢À+>QcLUuI�UoINS/hKTiu>]Uoc+ioIfâ�h4O;c+i�c+P�Uoiu>Qa�UuITS2ITPVU
h+`bcL_�S2>]UuÀ+KTSÊ>tUuab�Vc+IDJ+c(J+KTMNO;PeR P+INS/INP1UAJ >]P+_�`bIEM">QJLioI�J+c(S/OrJ+�N`<IEJ+c(_o>QMQÝ¦;O;a<i�h >Qi�I�deINS/h+`<I
`¯>/ioKT��KTioITP+MNIK. ��0¯ã�:.@xIËS2OrJ+�N`<IEhLioKNJLa<U�cLP+I�UuITS2h4KNio>]Uuc+ijIËJ+IEUuiu>]P+_oa�UuabOQPyJ+I�hLÀ >Q_oI�>QcedyINP1¦rabioOQP+_
J+IÂ9-FQ{Â®�I±�ËÝ ¦Q>]`bINcLiCUuO;cLU^����>Qa�U MNOQS2h >tUuabÉL`bI¡>"¦;ITME`<IN_ ijKN_ocL`<U\>tUu_�J+IA`¯>Â?A@CB©_oc+i^ioKT_oI">]c�:

@xI�P+O;cL¦QIN`[K�U\>]U¡JLI�`¯>ÊS2>]Uoab�NijIËIT_jUD>Qh+h4IN`<KËh+`b>Q_oS2>ÊJ+IË�rc+>Qio�V_AITU¡JLI�s;`bcLO;P+_NÝO;c%?AÈD�òâ�JLI
`åÇm>QP+s;`b>Qab_
RS�Q��� T!#OUSVW���!�BX�VY�!*Z�[�rã�:VB�>]P+_x`<I�?AÈA��Ý1`<IN_��rc+>Qio�V_xI�Ux`<IN_Þs;`<c+O;P+_�_oO;P1UÁJ+KNMTO;PLR PLKN_N:L=.I
UuITioS/I�J+I2hL`¯>Q_jSÊ>¢��>Qa�U¡ioK���KNioITP+MNIÊ��`b>fh+ioKT_oINPLMNIÊJLI2M\À >]ios;IT_E`<abÉ+ijIN_�ç.MNOQS2S/I�J >QP+_Dc+P¶h+`¯>Q_jSÊ>
KN`<INMTUoioO;S2>Qs;PLKTUua<�Vc+IxJ >]P+_�`bIT�rcLIN`+`<IN_�M\À >Qijs;IN_�KT`bITMTUuijab�Vc+IT_^â�`bIT_[KN`<INM�UuioOQP+_\ãn_jI^S/INce¦;INP1UÞ`<abÉ+ijINS/INP1U"Ý
J >QP+_�c+Py?AÈD�µ`bIT_ M\À >QiosQIN_^J+IAMNO;c+`<INc+iDâ�`bIT_^�Vc >]io�V_�ITU^`bIT_ s;`bc+OQP+_\ãx_jO;P1U�`<abÉ+ijIN_N:

è�P/?AÈD�×P�ÇáIN_�UÁhLioKN_jINP1U��Vc�ÇY�¡J+IT_[UuITS2h4KNio>]Uuc+ijIN_�I�UON]O;c�JLIN_�J+ITP+_oa�UuKN_�IgdrUuioÆTS2ITS2ITP1UÞs;iu>QPLJ+IN_TÝ
�DUoIN`4hO;a<P1UÁ�Vc�Çáab`4P�ÇáINP¢Igdeab_jUoI�h >]_C�Ë`5ÇmK�U\>]U�P >]Uoc+ioIT`J+>QP+_xPLOQUuijI�_j¿r_�Uu�NS/I�_jO;`¯>Qa<ioI]:V��O;c+iÁ`åÇáKTUoc+J+abITiNÝ
ab`&��>QcLU¡JLO;P+M�ioITs1>QijJ+INiA>Qcr°´J+IT`¯�L:�n>Qi¡IgdeINS/h+`bI]Ý�`bIT_�S2OrJ+�T`bIN_�UuÀ+KTO;ioa<�rcLIN_¡h+ijKNJ+a<_oINP1UD`¯>2h+ioKT_oINPLMNI
J�Çác+P/?AÈD�%>Qc�M�\Ac+inJ+ICMNITijUu>QabP+IT_�KTUoO;ab`<IN_[��P+INcLUoioO;PL_[Uuio�T_�J+INPL_oIN_TÝV>Qh+h4IN`<KNIN_nKTUuOQab`bIT_[���Vc >Qij�V_�O;c
KTUoO;ab`<IN_�K�Uuiu>]P+s;IN_[.mF!05:&@xINh4INP+J+>QP1U"Ý&`åÇáI�deab_�UuITP+MNIÂJ+I�UoIN`b`<IN_¡K�UuO;a<`bIN_�ioIN_�UuIÂÀ1¿rhOQUoÀ+KTUoab�Vc+I]Ý.ITUDS2ÆTS2I
_NÇáab`�Igdeab_jUoIA�rcLIN`b�Vc+IT_�MN>QP+J+a<J >]Uo_NÝ `åÇáKTUoc+J+I¡J+cy?AÈD�µINP�`bITc+i MNITPVUoioIDP�ÇáIN_jU�h >Q_�ijK">Q`<ab_u>]É+`bI]:

��h+ij�N_C>"¦QO;abiÞioITs1>QijJ+K�`<O;abPÂJ >]P+_x`5ÇmIT_oh >QMTIQÝVP+O;cL_xh4O;cL¦;OQP+_x>]c+_o_jaijINs1>QijJ+INi�`bOQabPÂJ >QP+_Á`bI UuITS2hL_
hOQc+i�UuijO;cL¦;ITiÂJ+c�?DÈA��:^]Qc+_jUoI�>]h+io�T_/`<IfÉ+abs(É+>QP+s+Ý[`5ÇmcLP+a<¦QINio_ÂK�U\>Qa�U�UuIT`b`bITS2ITP1U�M\À >Qc+Jµ�Vc+I�`bIT_
�Vc >Qio�V_EKTU\>]abINP1UEJ+KNMTO;PLR PLKN_N:n�´`Þ¿¶>�J+O;P+M2INcvc+PLIÊh+À >]_oIÊJLIf?AÈD�à�Vc+aÁ>�JLc+ioK¡êjc+_o�Vc�Çm�yMNI2�Vc+I
`¯>EUoINS/hKTiu>]Uoc+ioI�UoO;S�É4I¡INP�J+IT_o_oOQc+_�JLID`b>ËUuITS2h4KNio>]Uuc+ijI¡J+I�Uuio>QP+_ja<Uua<O;PfJ+I¡h+À+>Q_oI]Ý _oO;a�U��rcLIN`b�Vc+IT_
S2a<MNijO;_oITMNO;P+JLIN_E>Qh+io�T_�`bIÂÉ+a<syÉ >]P+s âÕ¦;O;a<iDR sQc+ioI�9;:HGQã�:�@xINh4INP+J+>QP1U�MNI�UoUuI2h+À >Q_jIÊJ+I¢?AÈD��>yITc

5�6879� 9;:YGB	×=&IT_�J+a�³æKTioINP1UoIN_�h+À+>Q_oIT_�J+IÊ`b>�S2>]Uua<�NijI/À+>QJ+ioOQP+ab�Vc+IÊ�yh >Qi�UuabiAJ+c ÉLabs�É >QP+s+Ý»ITUË`bIT_
UuITS2h+_ I�U�UuINS/h4KNiu>tUuc+ijIN_^>Qh+h+ijO"dLa<SÊ>tUua<¦QIN_ J+IT_�M\À >QP+s;ITS2ITP1Uu_^J�ÇmK�U\>]U�>Q_j_oOrMNa<KN_N:

`ba<INc�Uuij�N_ÞU _QU�â�>w¦]>QP1U
10−5 _\ãgÝVÉ+abITPÊ>"¦]>QP1U�`¯>¡��O;ioS2>]Uua<O;P�J+IT_x>tUuO;S/IN_�â5�

1013 _\ãg:V�éMTITUjUuI^KNh4Oe�Vc+I]Ý
W



`åÇác+P+a�¦;INij_�P+I�`b>Qab_j_u>Qa�U�JLO;P+M�h >]_�INP+MTO;ioI�h+>Q_o_jINi¡`¯>2`bc+S/ab�TioIQÝÑMTI��rcLanioITP+J×abS/hOQ_o_oa<É+`bIA`5ÇmK�Uuc+J+I�JLI
MNIE?AÈD�µh >Qi J+IT_�OQÉ+_oITij¦]>]Uua<O;P+_T:

=&I�_oITc+`æS/Ow¿;INPÊJ�ÇmK�Uuc+JLabINiÁ`bI�?AÈD� IN_�UCJ+OQP+M�J�ÇáINPfMTioKTINiC>]ijUua�R MNa<IN`<`bINS/INP1UN:1=.IN_xUoINS/hKTiu>]Uoc+ioIT_
I�drUuijÆNS/IN_[PLKNMNIT_o_o>QabijIN_Þ��`b>�MNijK">]UoabO;PEJ�Çác+P/?AÈD�(h4INcL¦QINP1UÞÆTUoioIC>tUoUuITabP1UuIT_[`bOQio_»J+ICMNOQ`b`ba<_oa<O;P+_.J�ÇáabO;PL_
`bO;cLioJ+_»c+`<Uoiu>t°±ioIT`¯>]Uoa<¦rab_�UuIN_T:-@xIN_�MTO;`b`<ab_jabO;P+_._jO;P1U[I�³æITMTUucLKNIN_Þ>]c�_oITabP�J�Çm>QMTMNKN`<KNio>]UuITc+io_[JLICh >Qi�UuabMTc+`bIT_N:
]Qc+_o�Vc�Çm��h+ijKN_oITP1U"ÝLJLIN_Ca<P+J+abMTIN_ÁJ+I���O;ijSÊ>tUuabOQP2J+I�?AÈD� O;P1UCK�UuK�UoioO;ce¦;KN_C>Qc¢_oITabP¢JLI�J+ITcedf>]MNMNKT`bKg°
iu>]UoINc+ij_¡ç `bIAqe�Áq%âa`b�dc�eZ�
X����!�f�!�g` % �h����� �!��� �!�æãC>Qc�@CZÞ£^ßpâ�O;ijs1>QP+a<_u>]UoabO;P2INc+ijO;hKTINP+PLIEh4O;c+i `b>
ioITM\À+INijM\À+I�PVc+MN`<K">Qa<ioID�2ÈAITP+�T¦QIwã^I�U�£^����@õâfiDeZVY����'8jd'k*Z�l')�nm-e<��j %(o �!�qp��!V8VW' $ eZ�QãC>Qc�¾Cß�= âsrD� �d�!#
Td����j�eZ�utn���l')�!�&��V�vw�yxZ�!�z���a�!� % ã�:t��`¯>�R s;c+ijI�9;:mXLÝt`bIN_»UuITS2h4KNio>]Uuc+ijIN_[I�U�J+ITP+_oa�UuKN_[>]UoUoINabP1UoIN_[s;ioîQMNIx�
MNIT_x>QMTMNKT`bKNio>]UuITc+io_Á_oO;P1UÁhOQ_oa<UoabO;PLP+KNIT_�J+>QP+_�`bI�J+a¯>]s;iu>QS/S/ICJ+I^h+À >Q_jI�J+I^`¯>ASÊ>tUuab�TioI À >]J+ioO;PLab�Vc+IQ:

5�6879� 9;:mX-	fB�a¯>Qs;io>QS/S2I^J+I¡h+À >]_oIAJ+I¡`¯>ESÊ>]Uoab�TioI�À >]J+ioO;PLab�Vc+I�I�U�hO;_ja<UoabO;P¢J+>QP+_ MNIAJ+ab>Qs;io>QS2S/I
J+IN_xP+Ow¿1>Qced¢>]UoO;S2a<�Vc+IN_TÝeJ+IT_CKTUoO;ab`<IN_�J+INPL_oIN_ I�U J+IT_�?AÈD� O;ÉLUoINPVc+_ ITP¢`¯>QÉ4O;io>]UuO;a<ioIEâåqe�Áq4Ý+£^����@
ITU^=&��@ ãg:Ñ=&>ÂUoiu>-êjITMTUuOQabioI¡JLc�É+a<s]°´É+>QP+s�IT_jU�>Qc+_o_ja.ioITh+ioKT_oINP1UoKNIfâ8{ �NM\ÀLIwã�:

@xO;S2S/ICP+OQc+_Á`<Ix¦;Ow¿QO;P+_x_jc+iÞMNI�UoUuI R sQc+ioI]Ý1`¯>¡SÊ>tUuab�TioICÀ+>QJ+ioOQP+ab�Vc+I h >]_o_oI^J�Çác+P+I^h+À >Q_jI�MNO;PLRe°
P+KNID��É >]_o_oIAUuITS2h4KNio>]UucLioI¡ITU�É+>Q_o_jIDJLINP+_ja<UuKD��c+P+IAh+À+>Q_oIAJ+KTMNO;PLR+P+KNIE��À >QcLUoI�UuINS/h4KNiu>tUuc+ijI¡O;c
À >QcLUoI�JLINP+_ja<UuK]:V�ëÀ >]cLUuI^J+INPL_oa<UoKQÝVab`+¿/>Ac+P+I^Uuio>QP+_oa�Uua<O;PÂJ+I�hLÀ >Q_oI^J+c2h+ioITS2a<INiÞO;ioJLioIQÝr>Q`<O;io_Þ�Vc�Çm�
É >Q_j_oI�J+INP+_ja<UoK�a<`Q¿D>�c+PEMTioO;_j_�°±O-¦QINiT:]Z�P1UuijIÁ`<IN_&J+ITcedD_oIÞUuijO;cL¦;I�c+PDhOQabP1U&MNija<Uua<�Vc+IÞJ+O;P1U»`¯> hOQ_oa<UoabO;P
J >QP+_Á`bI�J+a¯>QsQiu>QS/S2I JLI�h+À >Q_jI�IN_�U�>QctêjOQc+ioJ�ÇáÀVc+aæITP+MNOQioI�Uoio�N_xSÊ>Q`ÑMTO;P+PVc+IQ:L�ëUuij�N_CÀ+>QcLUuI�J+INP+_ja<UoK
ITU�É+>Q_o_jI¢UuINS/h4KNiu>tUuc+ijIQÝ»`bIN_ËS2OrJ+�N`<IN_Ë>QMTUoc+IN`<_�h+ioK�¦;O;a<INP1UÂc+P+IÊh+À >Q_jIfJ+I¢_ocLh+iu>QMTO;P+J+cLMTUua�¦ra<UuKfJLI
MNO;cL`bINcLi^çV`<IN_Þ�Vc >Qio�V_Á_oI�MTO;P+J+ITP+_oITP1U INP2J+IN_Áh >QabijIN_ÞJ+I�@xOeO;h4INi�â�MNO;`<O;ioKTIN_\ã�`bOQio_ÞJ�Çác+PÊS/KNMN>QP+ab_jS2I
J+I�U´¿eh4I¡¾ @ qJ.mÃ|0å:e=.IN_xJLINP+_ja<UuKT_xITPDêjINc¢h4O;c+i�MNI�UoUoI�h+À >]_oI�JLI�_ocLh+iu>QMTO;P+J+cLMTUua�¦ra<UuK�J+I^MNO;c+`<INc+iTÝeJLI
`åÇáO;ioJLioI�J+I2Ff�(9w{¢��O;ab_¡`b>¢J+INPL_oa<UoKÂJ�ÇmcLP¶P+Ow¿;>Qc�Ý._oOQPVUDa<P >QMNMTIN_j_oabÉL`bIN_¡IgdehKTioabS/INP1Uu>Q`bITS2ITPVU2â�ITUD`bI
ioIT_jUuITioO;P1U\ã�:4qeITc+`.`bI¡M}\DcLi^JLIDMTINi�U\>Qa<P+IN_�KTUoO;ab`<IN_ h4O;c+ijiu>Qa�U _oI¡UuijO;cL¦QINi�J >QP+_�MTITU�KTU\>tU":

@xO;S2S/IË`<I�S/O;P1UuioIE`¯>2R+s;c+ioIf9Q:YXLÝ`bI�qL��q(I�UA£^����@�O;P1U¡h+ioOQÉ >QÉ+`<INS/INP1U¡MNijKNK�J+c%?AÈA��:æB�I
h >Qi�UC_u>Eh+`bc+_xs;iu>QPLJ+I�KTP+INijs;abI]Ý+£^����@�h+ijOeJ+cLa<UCcLPfKTU\>tUCh+`<c+_xM\À >]c+J�ITUCS/O;a<P+_ÁJLINP+_jI¡�rcæÇY>Qc�qe�Áq4:
B�>QP+_A`<I���cLUuc+iTÝ.`bI�=&��@ò>Qc+io>�cLP+IÂKNP+ITios;a<I�INP+MTO;ioI/h+`bcL_¡s;iu>QPLJ+IQÝ.h+ijOeJLc+ab_o>QP1UAc+Pv?AÈA�ëITP+MNO;ijI
h+`bcL_�M\À >Qc+J%ITU�INP+MTO;ioIÂS/O;abP+_�J+INPL_oIQ:�@xI�UoUuI�S/ÆNS/IËR sQc+ioIf9;:mX¢S/O;P1UuioIÂ>]c+_o_ja[`¯>ÊUoiu>-êjITMTUuOQabioIËJ+c
É+abs2É >QP+sÊJ >QP+_�MTI�J+ab>Qs;iu>]S2S/IAJ+IËh+À+>Q_oIfç4`åÇác+P+a�¦;INij_�_jI�ioI���ioO;a<J+a<U��Êh >Qi�Uua<i�J�Çác+P+IEUuINS/h4KNiu>tUuc+ijI
�Vc >Q_oa °´a<PLR P+a<IQÝ+����>Qa<É+`bI�J+INP+_ja<UoKQ:

=»>/_oc+a�UuIEJ+I�MNIDUuio>w¦]>Qa<`&_oIËMTO;P+MTINP1UuijI�_oc+i�`bIË?DÈA�Åh+ioOrJ+c+a�U�J+>QP+_�`<IN_�>QMNMTKN`bKTiu>]UoINc+ij_�J+IËh >Qi�°
Uua<MNc+`<IN_NÝe`bO;ij_ J+IAMNO;`<`ba<_oabOQP+_xJ�ÇáabOQP+_ `bO;cLioJ+_ c+`�Uuio>t°´ijIN`¯>tUua<¦ra<_jUuIT_N:r=&>�h+À >Q_jI�?AÈA��J+c�É+a<s/É+>QP+sÂITU^`bI

Ò



M�\Ac+i�J+IN_ÁKTUoO;ab`<IN_ÞJ+INPL_oIN_xP+I�_jO;P1UCh >]_Á_jc��/_u>QS/S2ITP1U >QMTMNIN_j_oa<É+`bIT_Áh4O;c+i�hITioS/ITUjUuioI^c+P+I�KTUoc+J+I�JLI
MNI�U�K�U\>]UN:

Ìf¸r*-64)»���r!#�r70Â$ÞÖ�)�7&�×«;64�5��¹��"¹�647
ß�O;c+_x>Q`b`<O;P+_ÞJ�Çm>QÉ4O;ioJ2J+KTUu>Qab`<`bINi�`<I�JLKNioOQc+`bITS2ITPVUÁJ�Çác+P+I�MNO;`<`bab_jabO;PÂITPVUoioI�J+INcedÊP+Ow¿1>]ced2`bO;c+ijJ+_NÝ

>]R PvJæÇá¿#_oa<Uoc+INiË`¯>�hLÀ >Q_oIfJLI�?AÈD�»:n�´`xIgdeab_jUoI¢h+`<c+_oa<INc+ij_Ë��>QìNOQP+_�J+IfijINh+ijKN_oITP1UuINiÂc+PLI¢MNO;`<`ba<_oabOQP�Ý
J+O;P1UC`b>Eh+`<c+_xMTO;c+io>QP1UuI�IT_jUCcLPf_oM\À+KTSÊ>ËJLcfM�_;P+I�J+I�`<c+S2a<�NijI^MTINP1UuijKA>Qc¢S/O;S/INP1UxJLI�`¯>DMNO;`<`ba<_oabOQP�:
è�P+I¡ijINh+ijKN_jINP1U\>]UoabO;P�J+IAMNIAM}_;P+I/â�ijIN_�UuioITabP1U���c+P+I¡_oITc+`bIAJ+a<S2ITP+_oa<O;Pf_oh+>]Uuab>Q`bI"ã�IN_�U^S2O;P1UoioKNIA��`b>
R s;c+ijI�9;:á�+:

5�6879� 9;:á�~	�B�KNioOQc+`bITS2ITPVU¢_oM\À+KTSÊ>]Uoab�Vc+I�J�ÇmcLP+I�MNOQ`b`ba<_oa<O;PÔJ�Çma<O;P+_2`bO;c+ijJ+_Ê_jIN`<O;P�`bI�_oMTKNP >QijabOvJLI
¾&êjO;ij�QINP/.m�!0å:

=&IT_�J+a<³KNijINP1UuIT_�h+À+>Q_oIT_�J�Çác+P+IAMTO;`b`<ab_oa<O;PÊ_jO;P1U�`<IN_ _jc+a<¦]>QP1UuIT_Z��ç
	 ��À >Q_jID{�ç

τ = 0
ç+abS/h >QM�UCabPLa<Uuab>Q`åÝ1OrMNMTc+ioijINP+MTIN_^J+IAh+ioOrMNIT_o_jc+_�J+c+io_TÝ MNijK">]UoabO;P�J�Çác+P+In�TO;P+I

��O;i�UuITS2ITPVU^IgdLMTa<UoKNIQ:
	 ��À >Q_jI�9µç

0 < τ < 1 − 2
��S ç h+ioKg°´KN�Vc+a<`ba<É+ioI]Ýx`bI(S/ab`<abITc�_oI×UuÀ+ITioS2>Q`ba<_oI�sQiuîQMTI¶>]ced

a<PVUoINio>QMTUoabO;P+_C��OQijUuIT_�INP1UuijIDh+>QijUoO;P+_N:
	 ��À >Q_jI�G�ç

2 < τ < 10
��S÷ç1?DÈA��ÝQ�rc+>Qio�V_ÞITU�s;`<c+O;P+_[JLKNMNOQPLR P+KT_NÝrINPÂKN�Vc+a<`babÉLioIxUoÀ+INijS2a<�rcLIQ:

�©`¯>ËR+P�J+IAMTITUoUoIEhLÀ >Q_oI]Ý `bIT_^�Vc >]io�V_�MNO;S/S2ITP+MNITP1U��Â_NÇáÀ >QJLioO;P+a<_oITiN:
	 ��À >Q_jIfX¶ç

10 < τ < 20
��S ç&s1>��2J+IÊÀ+>QJ+ioOQP+_EM\À+>Qc+J�Ý�KT¦;ITP1Uuc+IT`b`bITS2ITP1U�h+ijKNMNKTJ+K¢J�Çác+P+I

h+À+>Q_oIDS2a drUuIA?AÈA��NtÀ >QJ+ijO;P+_�INP�M">Q_�J+IAMTioO;_j_�°´Ow¦QINiN:
	 ��À >Q_jI¢�vç

τ > 20
��S ç&ioIT��ijO;abJLab_o_jINS/INP1UEJ+cvs1>��2J+IÊÀ+>QJ+ioOQP+_NÝ�>"¦;INMfh4O;c+iDMNOQP+_oKT�rcLINP+MTI

c+P ��ijINI��TI�°±O;cLU�M\À+a<S2a<�Vc+I(âÕR P J+IN_�MTO;`b`<ab_jabO;P+_Aa<P+KN`b>Q_jUoab�Vc+IN_ËITU�MTO;P1UuINPVcÔINPÔh >]ijUua<MNc+`<IN_EJ+c
_�¿e_�Uu�TS2I�R sQKwã�Ýeh+c+a<_xc+P¢��ijINI��TI�°±O;cLU MTabP+K�Uuab�Vc+I�â�R PfJLIN_CMTO;`b`<ab_oa<O;P+_ÞKN`b>Q_jUoab�Vc+IT_xITUCh+ioO;hLioabK�UuKT_
MTabP+KTSÊ>]Uoab�Vc+IT_ J+IN_^h >Qi�UuabMTc+`bIT_ J+c�_j¿r_jUo�NS/IAR+s;KNIT_\ã�:

@xÀ >QMNcLP+IÞJ+I�MNIT_»hLÀ >Q_oIT_.��>Qa<Uæ`åÇáO;ÉrêjITU&JæÇmc+PLI�J+IN_jMNioa<hLUua<O;P�UuÀLKNO;ijab�Vc+I�abPLJ+KNh4INP+J+>QP1UuIQ:-=&>Ch+À+>Q_oI�{
IN_�U[MNIT`b`<Ix�Vc+aLJLO;P+P+IC`<IN_�MNO;P+JLa<Uua<O;P+_»abP+a�Uuab>Q`bIT_.hO;cLin`bIT_[>QceUuioIT_NÝ]ITU�h4INcLUnÆTUoioICJ+KTMNija<UuIÁJ >QP+_n`bIxMN>QJ+ijI
J+IC`b>¡?A@CB h4INi�Uuc+ijÉ >]Uoa<¦;I]:;=&>�UuÀLKNO;ijabIC>]MTUucLIN`b`<ICh4O;c+inMTITUjUuI J+IT_oMNijabhLUoabO;P�IT_jUÞ`<I @ ÈD@Åç&���!Vk�!����VY�!*�*

�f���<���|�|���z�z�h�d�z�h�d�����z���z�����z���|�!�}�l�<���|�������!�d�z���w�d����� ���!���)�Z�����a�2�d�������a�����)�)�Z���������d���������Z�������l���Z�������z��  �Z���z�|�s����!�d��¡��|���<�w�������l�}���2�|�z�w�z�l����¢9���)���}�!�w�4�}�|�£�d�<�£�a�}�����������Z�!�w�a�z�����s�O���z�w�O�n��¤¦¥��
9w{



���!� $ eZ��*����ae�â�MTO;P+J+ITP+_u>]UDJ+I�¦QINioijI2JLI/MTO;c+`<INc+iuã§.mW405:&@xI�UoUuIÂUuÀLKNO;ijabI�J+KTMNija<UD`åÇáKTUu>]U¡J�Çác+P%P+Ow¿1>Qc¶�
Uuij�N_¡À >QceUuI�KNPLINiosQabIQÝæINP×S2OQPVUoiu>QP1U¡cLP+I�_u>]Uoc+iu>tUuabOQP(J+I�h >Qi�UuO;P+_¡JLc+IÂ�f`bINcLi�I�drUuijÆNS/I�J+INPL_oa<UoKÂ�
hI�Uua�U

x
:�=&>yh+À >Q_jI�9¢IT_jU�J+KTMNija<UuIÊ>"¦;INMfJLIN_ËUoÀ+KNO;ijabIT_ËMNa<P+KTUoab�Vc+IT_N:[=.IT_�h+À >Q_jIN_ÂG�ITU�X�_oO;P1U�J+IT_

_j¿r_jUo�NS/IN_^INP�KN�Vc+a<`babÉLioIQÝeITU^h4INcL¦QINP1U�JLO;P+MAÆTUoioIAJ+KNMTioa�UuIN_^s;ioîQMNIA�Â`åÇáÀ1¿eJLioOrJL¿rP >QS/ab�Vc+IQ:
B�IN_fh >]ijUua<MNc+`<IN_/hITcL¦;ITP1U�_TÇmKTM\À >Qh+h4INifJLcÅS2a<`babITc��%UuO;cLUÊS2OQS2ITPVUÊJ+c+io>QP1U¢MNIT_fJ+a<³KNijINP1UuIT_

h+À >Q_jIN_T:��´`[IN_�UAKT¦rabJLINP1UD�rcLI�`bIN_��rc+>Qio�V_A_NÇáÀ >QJ+ijO;P+a<_oINP1UAÉ+a<INP%>"¦]>QP1U¡J�Çm>]UoUoINabPLJ+ioI�`<IN_�J+K�UuITMTUuITc+io_T:
Z�P¶��>Qa�UA`bIN_A_jINc+`<IN_Ëh+>QijUoabMNcL`bIN_¡M\À+>Qios;KTIN_E_oc��/_u>]S2S/INP1UE_jU\>]É+`bIT_Eh4O;c+iD>]UjUuINa<P+J+ijI2`<IN_AJ+KTUoINM�UuINcLio_
_oO;P1U�`<IN_EKN`bITMTUoioO;P+_TÝn`<IN_ËSËc+O;P+_TÝnITUË�Vc+IN`<�rcLIN_�À >QJLioO;P+_Êçnh+a<O;P+_NÝ»�t>QO;P+_EITU�hLioOQUoO;P+_N:�¥�OQcLUuIT_�`bIT_
>QcLUoioIN_Á_oI�J+KN_jabP1Uu�Ts;ioITPVUÁUuijO;h¢iu>]h+abJ+ITS2ITP1Uxh4O;c+i�ÆTUoioI�JLKTUuITMTUoKNIN_T:L¥»O;cLUoI�`¯>DJ+a��/MTc+`<UoK�IT_jUCJLO;P+M�JLI
J+KTUoINijS2a<P+INiD��h >QijUoabi¡J+IT_Eh+>QijUoabMNcL`bIN_AJ+K�UuITMTUuKTIN_�MTI2�Vc+aÞ_TÇmIT_jU�hLioOrJ+c+a<UxêjcL_jUuIÊ>Qh+ij�N_D`¯>fMNO;`<`ba<_oabOQP�:
Z�P�h+>QijUoabMNcL`babITiNÝV`åÇáI�dea<_jUuITP+MNIAI�U `bIT_ M">Qio>QMTUoKNioa<_jUoab�Vc+IN_ JæÇmc+P�?AÈA�µP+I¡h4INce¦;INP1U�ÆTUoioI¡KTUoc+J+a<KNIN_��Vc�Çm�
h >Qi�UuabiÞJ+I�S2IT_oc+ijIN_xa<P+J+a<ioINM�UuIT_N:e=»>E_oINM�Uua<O;P¢_ocLa<¦]>QP1UuI�IN_jUCMNO;P+_o>QMNijKNI¡�E`åÇáKTUucLJ+I�IgdLh4KNijabS/INP1U\>]`bI^J+c
?AÈD�»:

úEû�¨ ©ªM»ýnM«?B=D¬®Z¯Z=D°I± =F±"²³AS´�¯�L =DG(M»ý-

@xITUoUoI�_jINMTUoabO;P2IN_�UCJ+a�¦ea<_oKTI�INP2J+INcrd¢h >]ijUua<IN_T:e=&>Dh+ioITS2a<�NioI�J+KTMNija<UÁ`bIN_�I�deh4KNijabINPLMNIN_xJ+c�qL��q2I�U
J+c×£^����@�Ý.ITU�`¯>¢J+ITcedeab�NS/I�J+KTMNioa�U¡�Vc+IN`<�Vc+IN_A_oa<s;P >]Uoc+ioIT_¡hOQ_o_oa<É+`bIT_�J�Çác+P¶?AÈD�é>QabPL_oa[�Vc+I�`<INc+ij_
S2a<_oIT_ INP�KT¦rabJ+ITP+MNIDI�deh4KNijabS/INP1U\>Q`<IN_T:

µ�¶�·D¶�µ ¸B¹Sº¼»w½�¾�¿2ÀÂÁh¿2Ã
@xO;S2S/I�S/INP1Uua<O;P+P+K�h+`<c+_&À >QcLUNÝwJ+INcrdE>QMNMTKN`bKTiu>]UoINc+ij_�OQPVU»h4OQUuITP1UuabIT`b`<INS/INP1U.h+ijOeJ+cLa<U&c+PË?AÈD�#ç

`bI�qe�Áq >Qc�@CZÞ£^ß÷ITUÂ`bI¢£��^��@p>Qcµ¾Cß�=�:Þ@xÀ >QMTc+P�JLIfMNIN_/>QMTMNKT`bKNio>]UuITc+io_Â>]`babS/INP1UoIÊh+`<c+_oa<INc+ij_
I�deh4KNioa<INP+MTIN_^J+KNJLabKNIT_^>Qc�?AÈA��I�U�h4O;_j_o�NJLIEh+`<c+_oa<INc+ij_ S2OrJ+IT_ J+I¡��O;P+MTUoabO;PLP+INS/INP1U":

��c/qL��qÝ]`bIN_�I�deh4KNioa<INP+MTIN_ÞJ+KTJ+abKTIN_���`5ÇmK�Uuc+JLICJ+c/?AÈD�(_jIC_oO;P1U�_jc+MNMTKNJ+KTIN_�J >QP+_n`bIÁUoINS/h+_�>"¦;ITM
ioIT_oh4INMTUoa<¦QINS/INP1UAß���X;Wg.áÒ405Ýæß^�¡FQ{J.�9"{40åÝß���F;�J. 9;9�0»I�U¡ß���Ã;{Ä. 9-G|05:æ@xIN_�IgdLh4KNijabITP+MNIT_�_oc+i�MNabÉL`bIN_
RLdeIN_�O;P1U�h+ijab_ J+IT_^JLO;P+P+KTIN_^INP1UuijI/9"Ò;W;Ã�ITU�GQ{Q{1Fe:+ß^�¡F;��>"¦]>Qa<UChO;cLi É+cLU�`åÇáKTUoc+J+IAJ+IT_^h+>QijUoabMNcL`bIN_
KTUoiu>QP+sQIN_D��`5ÇY>]abJ+I�JLI/JLKTUuITMTUoINc+ij_���h+a�deIN`<_NÝ�I�UD`bIN_¡UoioO;a<_A>QcLUuijIN_AKTUoc+J+ab>QabITPVUAIT_o_jINP1Uua<IN`b`<INS/INP1UD`bIT_
S�c+O;PL_N:�=.I/qL��q×>f>QMNMTKN`<KNioK�hL`bc+_jabINcLio_�U´¿rhIT_AJ+I�P+Ow¿1>QcrdæÝ»>]R+P(J+IÂ_oKNh+>QioITi¡`bIN_¡JLa<³KNioITP1Uu_¡IT³ITUo_
h+À1¿r_oab�Vc+IT_N:�¤�P h4INcLU�MT`¯>Q_j_oITi�`bIN_EMNO;`<`ba<_oabOQP+_EhLioOrJ+c+a<UoIN_EINP UuijO;ab_EM">]UoKNs;O;ijabIT_¢çnMTO;`b`<ab_oa<O;P+_AJ�ÇáabO;PL_
`bO;cLioJ+_�_j¿rS2K�Uuijab�Vc+IN_¡JLIËU´¿rhI���°´�²â���Ée° ��É�Ý��´Pr°´�´PÑãgÝæMNOQ`b`ba<_oa<O;P+_�J�ÇáabO;P+_�`bO;c+ijJ+_�>]_j¿rS2K�Uuijab�Vc+IN_¡JLI
U´¿rhI×�^°´¾ âåqV°´èEÝC�´Pe° qeaÕãÊI�U�MNO;`<`ba<_oabOQP+_Êh+ijOQUuOQPe°´P+Ow¿;>QcëJLI×U´¿rh4I×he°´� â�he°sÅ©Ý he°´èEÝChr° ��ÉÑã�:^@xIT_
J+INijP+ab�TioIT_�_oITij¦;ITP1UËIT_o_oITP1UuabIT`b`<INS/INP1UA�ÊJ+K�UuITioS/abP+ITi�`bIT_�IT³ITUo_¡PrcLMN`bKN>QabijIN_�I�U¡`bIT_�IT³ITUo_¡J+c(S/ab`ba<INc
À >QJ+ijO;P+a<�rcLIQÝ+MN>Qi�`¯>�J+ITP+_oa�UuKAJ�ÇáKNP+ITios;a<IDPæÇá¿fIT_jU^h >Q_^>Q_j_oI}�EKT`bIT¦QKNIDhOQc+i h+ioOrJ+c+a<ioI¡c+Py?AÈD�»:

@xO;P1Uuiu>]abioITS2ITP1U�>QcëqL��q JLO;P1U�`¯>#��O;P+M�Uua<O;PÅh+ioa<P+MNa<h >Q`<IyIN_�U�`åÇm>QMNMTKN`<KNiu>tUuabOQP�J+I(h+ijOQUuO;PL_NÝ `bI
£��^��@µ>¡K�UuK�MNO;PLìNcÊJ+>QP+_�`bI ÉLcLU�J+I�MNioKTINiÞITUÞJæÇmK�Uuc+J+a<INiÞ`bI^?AÈA��:;�´`+>DK�UuK S/ab_�INP���O;PLMTUua<O;P+P+ITS2ITP1U
INP¶GQ{;{Q{L:&?�c >]UoioI�I�deh4KNijabINPLMNIN_D_oOQPVUDJ+KTJ+abKTIN_E�fMNITUjUuIÂKTUoc+J+I�ç»qe¥»��£AÝ.�Þ��ZÞß��sÆËÝ»����¤¡¾ ¤Aq×I�U
¾C£�����®yq:Ñ=.IN_�J+INcrd�h+ioITS2a<�NioIT_�_oO;P1U^INP+MTO;ioIE>QM�Uua<¦QIN_TÝÑ>Q`bO;ij_ �Vc+IË�Þ��¤A¾C¤DqfITU�¾C£�����®�qfO;P1U
KTUoKf>QioijÆTUoKNIN_�ijIN_jhITMTUua�¦;ITS2ITPVUÂITPµGQ{;{1F�ITU/GQ{Q{;ÃL:n@xIN_�J+K�UuINM�UuITc+io_Â_oOQPVU�É+abITP h+`bc+_Es;KNPLKNiu>]`bab_�UuIT_
�Vc+I�MNITced�J+c�qe�Áq4ÝLKTUu>QP1U�MNO;PL_jUua�Uuc+KT_CJ+I�hL`bc+_jabINcLio_C_jO;c+_�°±J+KTUoINM�UuINcLio_�_oh4KNMTa¯>Q`<ab_oKT_Aâ�Uoiu>QM\�]INiTÝ+¥���@�Ý
¥^¤¡ÄxÝ�M\À >QSËÉ+ioIT_E�fS�cLO;P+_NÝn:<:�:Hãg:&@xIÂMNO;PLMNINheUEJLI/JLKTUuITMTUoINc+iAh4O;`<¿V¦]>Q`bITP1UA>fJ�ÇY>]ab`b`<INc+ij_�K�UuKÂioITh+ioa<_
J >QP+_ ��=.��@CZ�Ý I�U^P+O;c+_ ¿¢ijIT¦rabITP+J+ijO;P+_�J+O;P+MAITP�JLKTU\>]ab`�h+`<c+_ `bOQabP�:e=.I¡S2OrJ+I¡J+I���O;PLMTUua<O;P+P+ITS2ITP1U
h+ioa<P+MNa<h >Q`ÁJ+c�£^����@ÓIN_�U2��ce°´��c�Ý�S2>Qab_�a<` >%>Qc+_o_jaC��O;P+M�UuabOQP+P+KfINP�@xce° @xc�ÝÞJe°´��c�I�UÂhe°´h�:�qrO;P
KNP+ITios;a<I¢KTUu>QP1UÂh+`bcL_�KN`<IT¦;KTI��rcæÇY>Qc�qL��qÝn`¯>yS2>]Uua<�NijI¢À >QJ+ijO;P+a<�rcLI¢MNijKNKNI�IT_jUÂh+`<c+_�M\À >QcLJ+I�ITUÂ`bI
?AÈD�#h4INceUx>"¦QO;abiÞc+P+I^J+c+ijKNI�J+I^¦ra<I^hL`bc+_Þ`bOQP+s;c+I]:Vß�O;c+_�J+K�U\>Qa<`b`bITioO;PL_[MNIT_xh4O;abP1Uu_ÞJ >]P+_Á`b>¡_oINM�Uua<O;P
_oc+i�`<IA=»��@�:
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µ�¶�·D¶)Ç È9¾aÉ�À�Ê¦ËÍÌÂ½Q¿2Ã
Z�Uu>QP1UxJLO;P+P+K��Vc�Çáab`ÑP�ÇáIN_jUÁh >Q_�h4O;_o_jabÉ+`<I J+I�äg¦;O;a<iwäCc+Pf?AÈA��Ý1a<`+_NÇm>Qs;a�UÁJLI^UoioO;cL¦QINi�J+IN_�h+ijINcL¦QIN_

J+IC_jO;PÂI�deab_�UuINPLMNIQ:r@xI�UoUoI�UuîQM\À+I IT_jU�Uuij�N_�J+aY�/MNab`<IQÝtM">Qi�a<`ePæÇmIgdLa<_jUoI h >Q_�J+I h+ijINcL¦QI�abioijKT��cLUu>QÉ+`<IxJ+I `b>
��O;ioS2>]UoabO;P¢JæÇmc+Py?AÈD�»Ý SÊ>]ab_C_jINc+`<INS/INP1U�JLIN_^abP+J+a<MNIT_N: ��iu>tUuab�Vc+ITS2ITP1U^UoO;c+_^MNIT_�a<P+J+abMTIN_ h4INcL¦QINP1U
ÆTUoioIÊIgdeh+`ba<�rcLKN_Ëa<P+J+KThITP+J >QS/S2ITP1UEh+>QiËJ�Çm>QcLUoioIT_ËIT³ITUo_Ë�Vc+I¢`<I¢?AÈA��Ý&MNOQS2S/IÂ`bIN_EIT³ITUo_ËJ+c+_Ë�
`¯>EUoio�T_ s;iu>QPLJ+I�J+ITP+_oa�UuK¡À >QJLioO;P+a<�Vc+IQ:+qeINc+`<I¡`åÇm>QMNMTc+S�c+`b>]Uua<O;P/J+I¡_oa<s;P >]Uoc+ioIT_ J+ID?AÈD�ÔhITioS/ITU JLI
MNO;PLMN`bcLioIA�Â`åÇáI�deab_�UuINPLMNIAJ�Çác+P+IAh+À >Q_jIEJLKNMNOQPLR P+KTIQ:

B�>QP+_(MTITUoUoI _oO;cL_�°´_jINM�UuabOQP�Ý�P+O;cL_(>Q`b`<O;P+_�J+KTUu>Qab`<`bINi�UuijO;ab_�_oa<s;P >]Uoc+ioIT_ ç�`åÇm>Qc+sQS2ITPVUu>]Uua<O;PíJLI
`åÇáKTUoiu>QP+sQITUuK]ÝV`¯>A_oc+h+hLioIN_j_oa<O;P¢J+IT_C�Vc >Qio�]O;P+ab>E`bOQc+ioJ+_�ITUÁ`bID{ OQUÁIN`<`ba<hLUua<�rcLIQ:1=.I�M\ÀLO;a�d/J+I�MNIT_x_oa<s;P >t°
Uuc+ijIN_¡>¢K�UuKË��>]a<U�INP(iu>]h+hOQijUA>"¦;ITM�`¯>/_oc+a�UuI�J+IËMNITUjUuI�UoÀ+�N_jIfçæ`bIT_�J+ITced(hLioINS/ab�TioIT_�hITcL¦;ITP1UEÆ�UuijI
KTUoc+J+abKTIN_�J >]P+_Þ`bIC_jhITMTUuijO;S/�TUuijI^��S�c+O;P+_TÝ1ITUÞ`<Ix�¡{¡h4O;c+ioio>Qa<UnMNO;P1UoioabÉLc+INi���`¯>�S/IN_jc+ioI�J+I `b>�UuijO;a�°
_oa<�NS/IQ:L�´`.Igdeab_jUoI¡J+IAP+O;S�ÉLioINcL_oIN_�>QcLUoioIT_ _oabsQP >]UucLioIN_�J�Çác+P�?AÈD�»Ý+J+O;P1U�MTINijUu>QabPLIN_�_oO;P1U^ioKT_oc+S/KNIT_
��`¯>ËR P�J+IAMNI�UoUuIA_jO;c+_�°±_oITMTUua<O;P�:
}f)»34!#�r70"�L0-¹�67µ$&�(��Ö ¸10w*-� 7&3Ñ�V0"¸

è�P+I^J+IN_�h+ijINS/ab�NijIN_Þ_oa<s;P >]Uoc+ioIT_ÁhLioO;h4O;_oKTIN_�hOQc+iÞc+Pf?AÈA�v>DK�UuK^`åÇm>Qc+s;S/INP1Uu>]Uua<O;P�J+I^`åÇáKTUoiu>QPe°
s;ITUoKÎ.�9wX|0å:-=�ÇáabJ+KTIÞIN_jU�`¯> _jc+a<¦]>QP1UuI�çwJ >]P+_&c+PËS/ab`<abINc�J+KNMTO;PLR PLKQÝt`¯> h+ioOrJ+c+M�Uua<O;PAJ+IÞ�rc+>Qio�V_»KTUuio>QP+s;IT_
IN_�U�ÉLabINP�h+`<c+_�abS/hO;i�U\>QP1UoI��Vc+IEJ+>QP+_^c+P�S/ab`<abITc¢À >QJ+ijO;P+a<�rcLIQ:ÑZ�PyI�³æI�U"Ý J+IT_�h+ijOeMTIN_j_oc+_�J+c�U´¿rh4I
gg → ss̄, uū → ss̄

O;c
dd̄ → ss̄

hLioOrJ+c+ab_jINP1UAc+P+IÂs;io>QP+J+I�>QÉOQP+J >QP+MTIÂJ�ÇmK�Uuio>QP+s;I�UuKQ:�B�>QP+_Ac+P
S2a<`ba<INc¢À >]J+ioO;PLab�Vc+IQÝ `<IN_�h+ijOeMTIN_o_jc+_�hLioOrJ+c+ab_o>QP1U^J+IA`åÇáKTUuio>QP+s;I�UuKA_oOQPVU�J+c�U´¿rhI

π +N → Λ +KITU�_jO;P1U�ÉLabINP�h+`<c+_ iu>QijIN_T:
=&IT_��Vc >Qio�V_�K�Uuiu>]P+s;IN_�hLioOrJ+c+a<Uo_[J >QPL_�c+P/?AÈD��â�O;c�J+>QP+_�c+PÂS/ab`ba<INcDÀ >QJ+ijO;P+a<�rcLIwã�_TÇY>Q_j_oOrMNa<INP1U

>"¦;INM^J�Çm>QcLUoioIN_��Vc >Qij�r_�h4O;c+i���O;ioS/INi�JLIN_�À >QJ+ijO;P+_�KTUuio>QP+s;IT_N:r=�ÇmK�Uuc+JLI�J+cÂU\>]ced/J+I�h+ioOrJ+c+M�Uua<O;P2JLI
MNIT_xÀ >QJLioO;P+_ÁKTUoiu>QP+sQIN_C>]h+hOQijUuI�c+P+I�abPL��O;ijSÊ>tUuabOQP�_oc+iÁ`åÇm>QÉOQP+J >QP+MTI�JLI��Vc >Qij�r_xKTUuio>QP+s;IT_CJ >QPL_x`bI
S2a<`ba<INcÊI�U^hITcLU^J+O;P+MAMNOQP+_jUoa<UucLINi c+P�abP+JLabMNI¡�Vc >]PVU��Â`¯>�h+ijKN_jINP+MTIËJ�Çác+P+IAh+À >]_oIDJ+KNMTO;PLR P+KTIQ:

=&IT_�À >QJLioO;P+_ËKTUuio>QP+s;IT_�`bIT_Ëh+`<c+_ËK�Uuc+JLabKN_Ë_oO;P1U�`<IN_ËÀ1¿rh4KNioOQP+_�â�É+>Qij¿QO;P+_�KTUoiu>QPLs;IN_uã�:�@xITcedV°´MTa
O;P1U�`5ÇY>"¦]>QP1U\>QsQIÊJ+I2hO;_j_oKTJ+INif9;ÝnG�O;cvX��rc+>Qio�â�_uãEKTUoiu>QPLs;I1â�_\ã�Ý�`bIT_�>QcLUoioIT_��Vc >Qio�V_�K�U\>QP1U�JLIN_

uO;c×J+IN_
d
:.Z�P%S2IT_oc+io>QP1UA`bIT_�U\>Qced(J+I�h+ioOrJ+c+M�Uua<O;P×J+IN_

Λ
â�9Â�Vc >Qij�

s
ã�Ý�JLIN_

Ξ
âåG¢�Vc >Qio�V_

s
ã�ITU

J+IN_
Ω

â�X��rc+>Qio�V_
s
ã�Ýeab`4IN_�U�hO;_j_oa<É+`bI�J+I¡h+ioOQcL¦;ITi c+P+I¡>QcLs;S2ITP1U\>]UoabO;P¢K�¦;ITPVUoc+IN`<`bI¡J+I�`åÇáKTUuio>QP+s;I�UuK]:

Z�P#IT³ITUNÝ&`bIN_AU\>]ced%J+I/h+ioOrJ+c+M�UuabOQP¶J+I/MNIT_Ëh >]ijUua<MNc+`<IN_A_oOQPVUEJ+a<ioINM�UuITS2ITPVUEioIT`ba<KN_D��`5ÇY>]ÉO;PLJ >QP+MTI
J+IA�Vc >Qio�V_

s
J >QP+_^`bI¡S/ab`<abITc�:+B�IDh+`<c+_NÝ `5ÇY>QcLs;S2ITP1U\>]UoabO;PfJ+c�U\>Qcrd�J+IDh+ioOrJ+c+M�UuabOQP�JLIN_�À1¿rh4KNioOQP+_

J+KNh4INPLJÊJ+a<ioINM�UuITS2ITPVU�J+I^`bITc+iÞKTUoiu>QP+sQITUuK]:r=»>Ah+ijKN_oITP+MNI�J�Çác+Pf?AÈA�v>Qc+s;S/INP1UoI^JLO;P+M^h+`bc+_Þ`<I�Uu>Qced
J+IAh+ioOrJ+c+M�Uua<O;PfJ+c

Ω
�Vc+IDMNIN`<c+a�J+c

Ξ
O;c�J+c

Λ
:

=&IT_�ioKN_jc+`<Uu>]Uu_�J+I%ß^�¡F;�vITU�J+I¶qe¥»��£	MTO;P+MTINioP+>QP1Uy`b>vS2IT_oc+ijI%JLIN_�U\>QcedÅJ+I×h+ioOrJ+c+M�UuabOQP
J�ÇáÀV¿rh4KNijO;P+_f_oOQPVU¢S2O;P1UoioKN_¢�#`¯>¶R+s;c+ioI#9;:HFr:xß^O;c+_¢MTO;P+_jUu>]UuOQP+_¢�Vc+I(MNIT_¢U\>Qcrd�J+Iyh+ioOrJ+c+M�UuabOQP
_oO;P1UxMNO;S/h >]UoabÉ+`<IN_�>"¦;INM¡cLP+I¡>Qc+sQS2ITPVUu>]Uua<O;P/J+I�`5ÇmK�Uuiu>]P+s;ITUoK�>"¦;ITM�`bI�P+O;S�ÉLioI�JLI�h >Qi�Uua<MNabh+>QP1Uu_�O;c
`bI�P+OQS�É+ioI�JLI2MTO;`b`<ab_oa<O;P+_�PrcLMN`bKTO;Pe°±PrcLMN`bKTO;P�Ý.I�UEJLO;P+M/>"¦;INM2`¯>Ê��O;ijSÊ>tUuabOQP�J�Çác+P ?AÈA��:.£�IN`<IT¦;OQP+_
MNIThITP+J >QP1Uf�Vc+I�_oa^`bIN_2ioKT_oc+`�U\>]Uo_ÊJ+c qe�ÁqµITU¢JLcÅ£��^��@�_oO;P1U2UuO;cLUÊ�¶��>Qa�U/MNO;S/h >]UoabÉ+`<IN_ÂINP1UuijI
INcedÝÞ`bIT_2S/OrJ+�N`<IN_�UuÀ+KTO;ioa<�Vc+IN_2>QMTUoc+IN`<_2h4INa<P+INP1UÊ�¶ijINh+ijOeJ+cLabioI�`<IN_ÂU\>QcedµJLI�h+ijOeJLc+MTUoabO;PµITU2`bIT_
J+ab_�UuijabÉ+cLUoabO;PL_CINP

pT
J+IN_^À1¿eh4KNijO;P+_T:

B�IN_/KTUoc+J+IN_2_oa<S2a<`¯>Qa<ioIN_DO;P1U/KTUoK���>Qa�UuIT_�_oc+i/J+IN_/S/KN_oOQP+_N:Þ=.IN_/S/KN_oOQP+_ÂKTUuio>QP+s;IT_2MTO;P+MTINioPLKN_
_oO;P1Ux`bIN_Á�t>QO;P+_�â�c+Pf�Vc >Qij�

s
I�UCc+P¢�Vc >]io�

u
O;c

d
ãÞI�U `bIT_

φ
â
ss̄
ãg:L=�ÇáKTUucLJ+I�J+IT_Ciu>QhLhO;i�Uu_ K

π

>Qa<P+_oa
�Vc+I φ

ρ+ω

>¡MTO;PLR ijS2K�`åÇm>Qc+sQS2ITPVUu>]Uua<O;P�J+I�`åÇáKTUoiu>QPLs;ITUoK^J+>QP+_Þ`bIT_�MTO;`b`<ab_jabO;P+_�P+Ow¿1>Qcr°´P+Ow¿1>]c³.�9"Ã!05:V=&IT_
ioKT_oc+`�U\>]Uo_�JLI�ß^�¡FQ{A_oO;P1UÁS2OQPVUoioKT_Á�A`¯>¡R s;cLioIA9;:mÃL:r@xITUjUuI�R+s;c+ioI�S/O;P1UuijI^`5ÇmK�¦;O;`<cLUua<O;PÂJ+cÊio>Qh+h4O;ijU
φ

ρ+ω

INP���O;P+M�UuabOQP�JLIE`5ÇmKTP+INijs;abI�Uoiu>QP+_�¦;ITio_oIEh+ioOrJ+c+a�UuI¡h >]i^`b>�MNO;`<`bab_jabO;Pæ:+@xI�UoUuIDKNPLINiosQabI¡Uuio>QP+_j¦QINij_oI
>Qc+s;S/INP1UoI2>"¦QINM¢`b>�SËc+`<Uoabh+`<abMNa�UuKEJ+I2h+>QijUoabMNcL`bIN_Ah+ijOeJLc+a<UoIN_NÝ&J+OQP+MÊ>"¦QINMÊ`<IÂP+O;S�É+ijI2JLI2PVc+MT`bKNOQP+_
h >Qi�UuabMTabh >]PVUo_N:&@�ÇáIN_�U�h4O;c+ij�rcLO;aÞ`bIN_DMNOQ`b`ba<_oa<O;P+_�J+I/P+Ow¿1>]ced¶`bKNsQINio_AMTO;ioijIN_oh4O;P+JLINP1U���c+P+I/KNP+ITios;a<I
Uuio>QP+_j¦QINij_oIA��>QabÉ+`<IQ:

=ÞÇm>Qc+sQS2ITPVUu>]Uua<O;P/J+cfP+O;S�ÉLioI�JLI�S/KN_oOQP+_xK�Uuiu>]P+s;IN_C>w¦QINM¡`5ÇmKTP+INijs;abI�Uuio>QP+_j¦QINij_oIQÝLITUCJLO;P+M¡>"¦;ITM
9-G



5�6879� 9Q:HFg	Ô��cLs;S2ITP1U\>]UoabO;PÔJ+I�`åÇáKTUuio>QP+s;I�UuKf¦rc+Iyh+>QiÊß^�¡F;�µâ�9wãÂI�UÊh >]i¢qe¥»��£ â5G;ã�ÝÞh4O;c+iÂ`bIT_
À1¿eh4KNijO;P+_Ëâ5>1ãxI�U�`bIT_�>]PVUoabÀ1¿rhKTioO;PL_Ëâ�ÉÑã�:ÑÄ�abs;c+ijIN_ IgdeUoiu>Qa�UuIT_^JLIÏ. 9"�!0&ITU:.�9wF|05:

`¯>�UuINS/h4KNiu>tUuc+ijIQÝQIT_jU�ÉLabINP�¦ra<_oabÉL`bIC��`¯>�R sQc+ioI�9Q:YÃL:Q@xIN`b>�MNO;PeR ioS/IC`åÇm>Qc+sQS2ITPVUu>]Uua<O;PDJ+IC`åÇáKTUoiu>QPLs;ITUoK
J >QP+_�c+P�S/ab`ba<INc2M\À >Qc+J�:

Ð )&�»��*-�r�"�"¹�647Å$»�r�Â*t¸r�N647&� 7»«;�e�/$&�('�)&�+*-,.�2��64)»*t$»�
=&IT_�ioKT_oO;P >]P+MNIT_/`<O;c+ijJ+IN_TÝ[>Qc+_j_oaCMTO;P+PVc+IT_�_oO;c+_�`<I¢P+O;S J+If�Vc >Qij�QO;PLa¯>LÝ�_oO;P1UÂJ+IT_�KTU\>tUu_�`<abKN_

J�Çác+P��rc+>Qio�2ITU�J�Çác+P�>QP1Uua<�rc+>Qio�2`bO;c+ijJ+_N:e�´`�_NÇm>Qs;a�U J+O;PLM¡J+IN_�M\À >QijS2OQP+a¯>fâ
cc̄
ãÁI�U�J+IN_�É4OQUoUoO;S/O;P+a¯>

â
bb̄
ã�Ñw:]=.IN_[ijKN_oOQP >QP+MTIN_�`bIT_[h+`<c+_na<PVUoKNijIN_o_o>QP1UuIT_�J+ICM\À >Q�Vc+IC��>]S2a<`b`bI�_jO;P1U�ioIT_oh4INM�Uua<¦QINS/INP1U�`<I

J/ψ
I�U

_oIT_^K�U\>]Uo_�I�deMNa�UuKN_Eâ
χc

ITU
ψ
ÇYãxITU^`bI

Υ
ITU�_jIN_�KTUu>]Uu_�I�deMTa<UuKT_Eâ

Υ
Ç+ITU

Υ Ò ã�:+=.I¡U\>]É+`bIN>Qc(9;:mXÂhLioKN_jINP1UuI
`bIT_/MN>Qiu>]MTUuKTioa<_jUua<�Vc+IN_ÂJ+I�MNIT_2ijKN_oOQP >QP+MTIN_N:x@xIN_2�Vc >Qio�]O;P+ab>%O;P1U/c+PµUuio�T_2sQiu>QP+JµabP1UoKNioÆ�U/`bO;ij_/JLI

Ó����^¡��!�Z��Ô
t
�S�|�|�^�d�|�)�����|�� Õ���¦���)�Z�
�a�}�|�l�)�¦�4�}�|�£��� �!�}�d���}�|���l�z�z�Õ���¦�)�Z���Z�|���|¢

tt̄
��� �aÖd���l�����|�Z�!���!�}���
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5�6879� 9Q:YÃg	µ£^>Qh+h4O;ijU φ
ρ+ω

ITP���O;P+M�Uua<O;P�JLI�`5ÇmKTP+INijs;abIfUuio>QP+_�¦;INij_oI]ÝÁS/IN_jc+ioK�h >Qi2ß���FQ{L:ÞÄna<s;c+ioI
I�drUuio>Qa<UoI¡J+IA`¯>�ijKT��KNijINP+MTI". 9-�!05:

?�c >Qij�QO;PLa¯>
J/ψ χc ψ

Ç
Υ Υ

Ç
Υ Ò®y>Q_j_oIÏ.YÈ¡I±�×N

c2
0 XL:<9 XL:YF Xe:H� ÒL:YF 9w{L:m{ 9"{L:m�

£^>w¿QO;P�S2Ow¿;ITPØ. ��Su0 {e:HG;F {L:mX;Ã {L:á�VF {L:<9N� {L:YGQW {e:YX;Ò
������� 9Q:YXu	���ioO;h+ijabK�UuKN_�J+IN_��rc+>Qio�]O;P+a¯>�çS2>Q_j_oIËI�U�J+a<_jUu>QP+MNIES2Ow¿QINP+P+IËINP1UuijI�`bID�Vc >Qio��I�U�`åÇm>QPe°
Uua<�rc+>Qio�Ñ:L��>Q`<INc+ij_ h+ioa<_oIT_^JLID`b>�ioKT��KTioITP+MNIÏ.�9"Ò!05:

`åÇáKTUoc+J+I�JLc�?DÈA��ÝrM">]ixO;P¢_TÇY>tUoUuITP+J��Ë`bITc+ixJLab_oh+>Qioa�UuabOQP2ITPfh+ioKT_oINPLMNI¡J�Çác+PfS/ab`ba<INcÂJ+KTMNO;PLR+P+Ku.�9"W40å:
@xITUjUuI�_oc+hLh+ioIT_o_oa<O;P/J+IN_ÞioKT_oO;P+>QP+MNIT_Á`<O;c+ijJ+IN_�IT_jUÞc+P+I�J+IT_Þ_oabsQP >]UucLioIN_�JLc¢?AÈA�%`<IN_�h+`<c+_�KTUoc+J+abKTIN_T:
ß�O;cL_�>Q`<`bO;PL_^JLKT¦;IT`bO;hLhITi�`bIT_�io>Qab_jO;P+_�UuÀ+KTO;ioa<�Vc+IN_�J�ÇmcLP+IEUoIN`b`<IAJ+ab_jh >Qioa�Uua<O;P�Ý+ITP�S2OQPVUoiu>QP1U��Vc+IË`b>
h+ioKT_oITP+MNIDJ�Çác+P�hL`¯>Q_jSÊ>�ITS2h4ÆNM\À+ID`¯>Ë��OQioS2>]Uua<O;P¢J+IT_�ijKN_oOQP >QP+MTIN_^`bO;c+ijJ+IN_T:

=ÞÇáKTUoc+J+I�JLIN_C�Vc >Qij�QO;PLa¯>Ëh4INcLUxÆTUoioI�ijK">Q`<ab_oKTI�J+>QP+_Cc+PÊM">QJ+ijI�P+OQPfioIN`b>]Uua�¦rab_jUoIQ:VB�>]P+_CMNI�M">Q_TÝe`b>
��O;ioMTI¡�Vc+a.`ba<I¡`bI��Vc >Qij�fITU^`åÇm>QP1Uua<�Vc >Qio�/IN_�U�JLKNMNija<UoI¡h >Qi�`bI¡h4OQUuITP1UuabIT`�J+IE@xO;ijP+IN`<`[ç

V (r) = σr − α

r
.

â�9Q:HF;ã

B�>QP+_ÞMTITUoUoI�KT�Vc >]Uua<O;P�Ý
r
IT_jUÁ`¯>�J+a<_jUu>QP+MNI^INP1UoioI�`bIT_�JLINced/�Vc >Qij�V_NÝVITU

σ
ITU
α
_oO;P1U�J+IT_ÁMTO;P+_jUu>QP1UuIT_N:

=.IEUuITioS/I
σr

J+KTMNija<U�`<IEMTO;PLR PLINS/INP1U"ÝITU
σ
hITcLU�J+OQP+MËÆ�UuijIË¦rc�MNO;S/S/IE`b>/UuITP+_oa<O;PyJLI�`¯>/MNO;ijJ+I

INP1UuijI�`bIN_Â�Vc >Qij�V_N:�=.I�_jINMTO;P+J�UoINijS2I�ioITh+ioKT_oITPVUoIy`5ÇmKTM\À >QP+s;I�J+I�s;`<c+O;P+_�I�U2IT_jUÊ>Qh+h4IN`<K%äTh >Qi�UuabI
MNO;cL`bO;S�ÉLabINPLP+I1ä�J+c�h4OQUuITPVUoabIT`å:t=&>�ioKT_oO;`<cLUua<O;PËJæÇmc+PLICKN�Vc >]UoabO;PËJ+I qeM\ÀLi<ÙrJ+abP+sQINi[>"¦QINM MNIÁhO]UuINP1UoabIN`
hITioS/ITU�JLI�UoioO;ce¦;INiÞ`<IN_�J+a<_jU\>]P+MNIT_

r
S2Ow¿QINP+P+IT_ÁITP1UuioI�`<IN_��Vc >Qij�r_�âÕ¦;O;a<i�h >Qi�I�deITS2h+`<I `¯>�ijKT��KNijINP+MTI

.�9"Ò!0¯ã�:r@xIN_�J+a<_jU\>]P+MNIT_�MTO;ioijIN_jhO;PLJ+INP1Ux>QcedÂio>w¿QO;P+_�S2Ow¿QINP+_�J+IN_Þ�Vc >Qij�QO;PLa¯>LÝ1J+OQPVU�`<IN_[¦]>Q`bITc+io_�_jO;P1U
abP+JLab�Vc+KNIT_�>]c�U\>]É+`bIN>Qc¶9Q:YXL:4@xI�UoUoI�>Qh+hLioOrM\À+IËijINh+ijOeJ+cLa<U^ioITSÊ>Qij�Vc >QÉ+`<INS/INP1U^É+abITPy`bIA_jhITMTUuijIËJ+IT_
�Vc >Qio�]O;P+ab>L:

�´`+_NÇm>Qs;a�UÞSÊ>Qa<P1UuINP+>QP1U�J+I�ioITs1>QioJLINiÞMNI��Vc+a _oI�h >]_o_oI�J >]P+_Þc+P¢?AÈA��:1B�>QP+_ÞMNI�M">]_NÝ1J+IT_�M\À+>Qios;IT_
J+I×MNO;cL`bINcLi%â��Vc >Qij�r_�I�U�sQ`bc+O;PL_f`babÉLioIN_uãÊ_oO;P1U�h+ijKN_oITP1UuIN_�INP1UuijI×`bI(�Vc >Qij��ITU�`åÇm>QP1Uua<�Vc >Qio�Ñ:�@xIT_
M\À >Qijs;IN_/J+I�MNO;c+`<INc+iÂh+ijOeJLc+ab_jINP1U/c+P�I�³æI�UÊJ�ÇáKNMTiu>QP1Uu>Qs;IQÝÞ_jabS/ab`¯>]abioI2�×`åÇáKNMNio>QP1U\>QsQI�JæÇmc+P�M\À >QS/h
KN`<INMTUoioa<�rcLI�ITP�hLioKN_jINP+MTIyJ+I�M\À >Qijs;IN_/KN`<INM�Uuioa<�Vc+IN_T:x@xI�U/IT³ITU2J�ÇmKTMNio>QP1U\>Qs;I�h4INcLU/ÆTUoioI�J+KNMTioa�U2ITP

9"�



>-êjO;cLUu>QP1U�c+P�h >Qiu>]S2��UuioI¡JLKNh4INP+J >]PVU�J+IA`¯>ËUoINS/hKTiu>]Uoc+ioI¡J+>QP+_^`bI¡h4OQUuITPVUoabIT`�J+IE@xO;ioPLIN`b`nç

V (r, T ) = σr ·
(

1 − e−µr

µr

)

− α

r
· e−µr, â�9Q:YÃ1ã

O,+
µ = µ(T )

J+KTMNija<U�`åÇáabP1UuITP+_oa�UuKDJ+IË`5ÇmKTMNiu>]PVUu>Qs;I]:=.O;ij_o�Vc+I
T
>]c+s;S/INP1UuI]Ý

µ
>Qc+s;S/INP1UoIQÝ4ITU�JLO;P+M

`bI�h4OQUoINP1Uua<IN`.J+IA`bab>Qab_jO;P¢ITPVUoioIA`bIT_��rc+>Qio�V_^J+abS/abPVc+I]:
��O;c+iÁc+P+I^UuINS/h4KNiu>tUuc+ijI�Uuij�N_ÁKN`bI�¦;KTIQÝL`5ÇmI�³æI�UCJ�ÇáKNMTiu>QP1Uu>Qs;I�ITS2h4ÆNM\ÀLI�`¯>¡��O;ioS2>]UoabO;P/J+I��Vc >]io�QOt°

P+a¯>eÝtMN>Qi[`<IÁ�Vc >Qij�ËI�U[`åÇm>QP1Uua<�Vc >Qio�AP+Ix_oIAä�¦QO;abITP1U-äÁh+`<c+_N:QB�O;P+Mx`bIN_�KTUu>]Uu_[`<abKT_
cc̄

I�U
bb̄

J+a<_oh >]iu>Qa<_o_oITP1U
��Uoio�N_ËÀ >QcLUoI2UuITS2h4KNio>]UucLioIQ:»�´`�IN_jUËabP1UuKTioIT_o_u>]PVU�J+I¢J+K�UuINijS2a<P+INiE���Vc+IT`b`<I2UuITS2h4KNio>]UucLioI/M\À >Q�Vc+I
�Vc >Qio�]O;P+a<c+S÷J+a<_oh >Qio>43bUAâ�UuITS2h4KNio>]UucLioIAJ+IAJ+ab_j_oOrMNab>]Uua<O;PÑã�:+qL>QP+_^INP1UoioINi�J >]P+_�`<IN_�J+K�U\>Qa<`b_CJ+IT_�MN>Q`�°
MNc+`<_NÝrO;P¢MTO;S2hLioINPLJf�rcLI�`åÇáIT³ITUxJ�ÇmKTMNio>QP1U\>Qs;I�>]³æITMTUoI�h+`bcL_x`bIT_x�Vc >Qij�QO;PLa¯>��ËsQiu>QP+JL_Ciu>"¿;OQP+_NÝehO;cLi
`bIT_o�Vc+IN`<_C`¯>DJ+ab_�U\>QPLMNI�ITPVUoioI¡`<I��Vc >Qij�ÊITUx`åÇm>QP1Uua<�rc+>Qio�ÂIN_�U�h+`bcL_xKN`<IT¦QKNIQ:+ß�O;c+_ h4O;cL¦QO;P+_CJLO;P+M�P+OQc+_
>]UoUoINP+JLioIA��c+P+I�UoINS/hKTiu>]Uoc+ioI¡JLI¡J+ab_j_oOrMNa¯>tUuabOQPÊh+`<c+_ É >Q_j_oI¡h4O;c+i `bI

χc
Ýe`bI

ψ
Ç+I�U�`bI

Υ Ò �Vc+I¡hOQc+i`bIT_�>QcLUuijIN_��Vc >Qij�QO;P+ab>L:
@xI�ioKN_jc+`<Uu>]UAabP1Uoc+a<Uoa<��IT_jUDMNO;PeR ioS/K�h >Qi�`<IN_¡MN>Q`bMTc+`b_TÝ��f`¯>Ê��O;a<_�J >QPL_¡`bI�S/OeJL�N`bIËJ+I�hO]UuINP1UoabIN`

¦rc%hL`bc+_¡À >]cLU¡�Vc+IÂh >Qi¡`<IN_¡M">]`bMNcL`b_�J+I/?A@CB�_ocLiDijKN_jI">Qc¶�ÊUuITS2h4KNio>]Uuc+ijI�R P+a<IQ:�=.I�Uu>QÉ+`bIN>Qc 9;:á�
S2OQPVUoioI�`bIT_ÞioKN_jc+`<Uu>]Uu_ÞJ+IT_xMN>Q`bMTc+`b_�_jc+iÁijKN_jI">Qc�Ýrh4O;c+iÞ`¯>���>QS/ab`<`bIxJLIN_�M\À >QioS/O;P+ab>L:1=&>¡UuINS/h4KNiu>tUuc+ijI
J+IÞJ+ab_j_oOrMNab>]Uua<O;P�¿¡IT_jU�I�deh+ioa<S2KTI�INPA��O;P+M�UuabOQPDJLI

TC
Ý"`b> UoINS/hKTiu>]Uoc+ioI�MTioa�Uuab�Vc+I�JLI�JLKNMNOQPLR P+ITS2ITPVUN:

@xÀ+>QioS/O;P+a<c+S ¥�ITS2h4KNio>]UucLioIAJ+IAJ+ab_j_oOrMNab>]Uua<O;P
J/ψ 2 · TC
χc 1.2 · TC
ψ
Ç

1.1 · TC
������� 9;:á�J	#¥�ITS2h4KNio>]Uuc+ijIN_�J+IfJLab_o_jOeMTa¯>]UoabO;P¶J+IN_ÂM\À >]ioS/O;P+a¯>e:

TC
ioINhLioKN_jINP1UuI�`¯>�UuINS/h4KNiu>tUuc+ijI

MNija<Uua<�Vc+I�J+IAJ+KTMNO;PLR+P+INS/INP1U":

=&IÂh+ijINS/abITi¡_oabsQP+I�J�Çác+P+I/_oc+h+hLioIN_j_oa<O;P#J+c
J/ψ

IN_�UE¦QINPVcvJ+I/ß^�¡FQ{L:�=»>fR s;cLioI�9;:Y�fS/O;P1UuijI
MNI�UoUuID_ocLh+h+ioIT_o_jabO;P�INP�ioINhLioKN_jINP1U\>]PVU�`bI¡P+O;SËÉ+ioIAJ+I

J/ψ
S2IT_oc+ijKEJLa<¦rab_jKDh+>Qi `bIAP+O;SËÉ+ioIAJ+I

J/ψ>]UoUoINP+JLc%ITP%��OQP+MTUoabO;P×J+IÂ`¯>¢JLINP+_ja<UuKÂJ�ÇáKNPLINiosQabIQ:&=.IÂP+O;SËÉ+ioI�J+I
J/ψ

>]UjUuITP+J+c%IN_jUDMTIN`bcLa[�Vc+aÞP+I
h+ioITP+J�INP�MNO;S/hLUuIA�Vc+IA`¯>�_jc+h+h+ijIN_o_jabO;P�P+O;ijSÊ>Q`<I�J+c

J/ψ
Ý+M]ÇmIT_jU���J+abijI¡`¯>�_oc+hLh+ioIT_o_oa<O;PyJLc+ID�Â`b>

Uuio>w¦QINij_oKNIDJ+c�S2a<`ba<INc¢PVc+MT`bK">]abioI]:
=»>DR s;c+ijI�9;:Y�ES2OQPVUoioI��rcLI�hOQc+ixc+PLI�J+INPL_oa<UoK�J�ÇáKNP+ITios;a<I���>Qa<É+`bIËâ�MTO;`b`<ab_oa<O;P+_�J+I�P+Ow¿1>Qced¢`bKTs;INij_

O;c�MTO;`b`<ab_oa<O;P+_�h4KNijabh+À+KTioa<�rcLIN_¢J+IyP+Ow¿1>Qced�`bOQc+ioJ+_uã�Ý�`åÇm>QÉ+_jO;iohLUoabO;P�P+O;ijSÊ>Q`<I�_jc��ÂU��#J+KTMNijabioI�`bIT_
J+O;P+PLKNIN_T: Z�P�IT³ITU"ÝLhO;cLi

ε < 2.2
È¡I±�×Nt��S 3 ÝL`<I�iu>QhLhO;i�UCITPVUoioIA`bI�P+O;S�ÉLioI�J+I J/ψ S2IT_oc+ijK�ITU�`<I

P+O;S�ÉLioI�JLI
J/ψ

>tUoUuITP+J+c¢¦]>QcLU�9;:r�íh >Qi�Uua<iÁJ�Çác+P+I¡JLINP+_ja<UuK�J�ÇáKNP+ITios;a<I�J+IAGe:mX�È¡I±�×N-��S 3 ITPV¦ra<ioO;P�ÝMNI2iu>Qh+h4O;i�U�M\ÀVcLUuI]:[�´`�I�deab_�UuI¢J+OQP+MÊc+P _jINc+a<`x>]cvJ+IN`b�yJ+c+�Vc+IT`x`5ÇY>QÉL_oO;ijhLUua<O;P#PVc+MT`bK">]abioI2P+IÊ_jc��ÂU
h+`bcL_C�ËIgdLhL`bab�Vc+ITiC`bIT_CJ+O;PLP+KNIT_NÝ+MTI��Vc+a�>�K�UuK�a<PVUoINijh+ioK�UuK�MTO;S2S/I�cLP+I�_oa<s;P >]Uoc+ioI�J+I�`b>E��O;ioS2>]UoabO;P
J�Çác+P�?AÈA��:

=»>Â_ocLh+h+ioIT_o_jabO;P(J+c
J/ψ

¦ecLIËh >Qi�ß���FQ{/>2KTUoKËMTO;PLR ijS2KTIEh >]i�ß^��Ã;{ÂITU�h >Qi��Þ��ZÞß��sÆË:æ=&>
R s;c+ijIA9;:YWA_ocLhITioh4O;_oI�`bIN_ÞJ+OQP+P+KNIT_xJ+I^MNIT_ÁJLa<³KNioITP1UuIN_ÁI�deh4KNioa<INP+MTIN_T:L=�ÇáO;É+_oITij¦]>QÉ+`<I�ceUuab`<ab_jKNICa<MNa IN_�U
`bI���>]MTUuITc+i�J+IAS2OrJ+a�R M">]UoabO;PÊPrcLMN`bKN>QabijI

RAA
JLKTR P+a.MTO;S/S2I�ç

RAA =
∆NAA/N

AA
coll

∆Npp

,
â�9Q:H�;ã

MQÇáIN_�U��fJ+a<ioIÂ`bI�io>Qh+h4O;ijUDINP1UoioI/`bI�P+O;SËÉ+ioIÂJ+I
J/ψ

h+ioOrJ+c+a�Uu_AJ >QPL_DcLP+I2MTO;`b`<ab_jabO;P�PLO-¿;>Qce°±P+Ow¿1>Qc
ITU�`bIDP+O;S�ÉLioIËJLI

J/ψ
h+ioOrJ+c+a�Uu_^J >QP+_�c+P+I�MTO;`b`<ab_jabO;Pfh+ijOQUuOQPe°´h+ijOQUuOQP�Ý P+O;ijSÊ>Q`<ab_jKE>]cyP+O;SËÉ+ioIEJ+I

9-F



5�6879� 9;:Y�-	�qrc+h+h+ijIN_o_jabO;P�J+c
J/ψ

¦ecLIDh+>Qi�ß���FQ{L:ÑÄna<s;c+ioI�I�drUuio>Qa<UoIDJLIÏ.mGQ{|0å:

MNO;`<`ba<_oabOQP+_�PVc+MT`bKTO;Pe°´PVc+MT`bKTO;P�:r@xITUjUuI^O;É+_jINij¦]>QÉL`bI h4INioS/ITU�J+I�MTO;S2h+>QioITi�`bIN_�ijKN_jc+`<Uu>]Uu_ÞJ+I�MNOQ`b`ba<_oa<O;P+_
INP1UuijIAJ+IN_^P+Ow¿1>Qcrd�J+I¡U\>Qa<`b`bIT_xJ+a�³æKTioITPVUoIN_T:

=»>EioINS2>Qij�rc+>QÉ+`bI^MNOQioioIT_oh4O;P+J >]P+MNI¡J+IT_CJ+O;PLP+KNIT_ J+cf£^����@�ITUxJ+c�qL��qÊINP¢��O;PLMTUua<O;PÊJLI
NpartMNO;PL_jUua�Uuc+I¡cLP+I¡_oc+ijh+ioa<_oI]Ý KTU\>]PVU�JLO;P+P+KA�Vc+IA`bIT_ J+INP+_ja<UoKN_�J�ÇáKNP+ITios;a<I¡INP�êjINc�_oO;P1U Uoio�N_�J+a�³æKTioITPVUoIN_T:

B�a<³KNijINP1Uu_AS/OeJL�N`bIT_¡O;P1UDKTUuK/J+K�¦;IN`<O;h+h4KN_DhOQc+iAI�deh+`ba<�Vc+INi¡MTIN_DJ+O;P+P+KTIN_T:nB�>]P+_EMTIN_DS2OrJ+�T`bIN_TÝ�`bI
?AÈD�ÅP�ÇáIN_�UA�rcæÇmc+P¶>QM�UuINcLi�h >QijS2a»ÉIN>Qc+MTO;c+h×J�Çm>QcLUuijIN_TÝ�MNO;S/S/IË`bIT_�IT³ITUo_¡abP+a�Uuab>Qced#â�_jÀ >QJ+OdÚ�a<P+s
J+I¡s;`<c+O;P+_TÝ >QÉ+_jO;iohLUoabO;PfPVc+MT`bKN>QabijIQÝ^p��!Vk�!�(USVY�!*�*up��!� $ eZ��*����ae�Ý:<:�:HãgÝ+`bIT_ IT³ITUo_^JLIDS/ab`<abITc(â�ijINMTO;SÂ°
É+abP+>Qab_jO;P�Ý;MTO;S2Ow¦QINio_TÝÑ:<:�:HãgÝVITUuM]:rB�I�hL`bc+_TÝ1`bIN_ÞS/KNMN>QP+ab_jS2IT_ÞJ+I^��OQioS2>]Uua<O;P�ITUÁJ�ÇáKT¦QO;`bcLUoabO;P/J+cÊ?AÈD�
ITU�MNITced�J+IEhLioOrJ+c+MTUoabO;P�J+I

J/ψ
_oO;P1U�Uoio�T_�S2>Q`.MNOQP+PVc+_�I�U�h4INcL¦QINP1U¡J+OQP+MEÆ�UuijIË>QJ+>QhLUuKT_NÝ4MNID�Vc+a

ioITP+J�`b>Ë¦]>Qioa<KTUuK¡JLID_jMNKTP >Qioa<O;_ Uuij�N_�abS/hOQijU\>]PVUoIQ:
@xINh4INP+J >]PVU¢`¯>¶hL`bc+h >]ijU/J+I�MTIN_Ê_jMNKTP >Qioa<O;_Ê_TÇY>]MNMNOQioJ+ITPVU�_jc+iÊ`<I���>]a<U/�Vc+I�`bI

J/ψ
P�ÇmIT_jUfh+>Q_

J+abijINM�UuINS/INP1U�_jc+h+h+ijabS/KE>]cedfUuITS2h4KNio>]UucLioIN_^>]UjUuITabP1UuIT_ h >Qi�`bIDqL��qfITU^`bIA£^����@�:4=&>�_oc+hLh+ioIT_o_oa<O;P
O;É+_jINij¦QKNIÊ¦ra<INP+J+io>Qa<UDh+`<cLU _]UEJLIÊ`¯>f_jc+h+h+ijIN_o_jabO;P JLc

χc
ITUEJ+c

ψ′
:»Z�PvI�³æI�U"Ý»_oINcL`xÃ;{,Û J+IN_

J/ψh+ioOw¦rabITP+P+ITPVU�J�Çác+P+IËhLioOrJ+c+MTUoabO;P�J+a<ioINM�UuI]Ý4`<IN_^�1{yÛ�ijIN_jUu>QP1Uu_�KTU\>]PVU�J+IT_�h+ijOeJ+cLa<Uu_^J+IDJ+KN_jabP1UuKTs;iu>-°
Uua<O;P+_AJ+IÊ_jIN_�K�U\>]Uo_ËIgdLMTa<UoKN_Êç

χc → J/ψ + X
â�X;{yÛ J+IT_

J/ψ
ã�ITU

ψ′ → J/ψ + X
â�9w{,Û J+IN_

J/ψ
ãg:�=�ÇmÀ1¿rh4OQUuÀ+�T_oIÂ`¯>¢hL`bc+_�ITP(¦;O;s;cLI2>]MTUucLIN`b`<INS/INP1U¡IT_jUAJ+O;PLM�c+P+I�ä���O;P1UuI;äËJ+IN_

χc
ITUAJ+IT_

ψ′
Ý

SÊ>]ab_Þc+P+I^UuINS/h4KNiu>tUuc+ijI�abPL_oc��/_u>]PVUoI�h4O;c+iÁc+P+I�äg��O;P1UuI1ä^J+c
J/ψ

:eqea4MNI�_oMTKNP >QijabOEIN_jUCMNO;ijioINM�U"Ýe>Qc
=&��@µPLO;c+_ÞJ+IT¦rijabO;P+_�¦QO;abi�c+PLI^_jc+h+h+ijIN_j_oabOQPÊÉ+a<INP/h+`bc+_�a<S2h4O;i�U\>QP1UuIxJ+c

J/ψ
Ý;M">]i�`b>�UuITS2h4KNio>]Uuc+ijI

>]UoUoINa<PVUoI¡J+IT¦rio>Qa<U�IgdLMTKNJ+ITi�_o>�UoINS/hKTiu>]Uoc+ioIAJ+IAJ+a<_o_jOeMTa¯>]UoabO;P�:
=ÞÇáKTUoc+J+ICJLIC`¯>�_oc+hLh+ioIT_o_oa<O;PÂJ+c

J/ψ
>Qc�=&��@#ijIT¦;Æ�UÞc+P+IÁabS/hO;i�U\>QPLMNI�M">Qh+a�U\>Q`<IÁh4O;c+i&��>Qa<ioI�c+P+I

J+ab_�Uua<P+MTUoabO;P�ITP1UuioI^`bIT_ÞS2OrJ+�N`<IN_�>]MTUucLIN`b_TÝ1ITU�h+`<c+_Þs;KNP+KTiu>Q`<INS/INP1UÞh4O;c+i�c+P+I^S/INab`<`bITc+ioIÁMNO;S/h+ioKTÀ+INPr°
_oa<O;P¢J+I¡`b>�?A@CBË: =.IA=&��@ >Qc+iu>Ë>Qc+_o_ja.`åÇm>"¦Q>]PVUu>Qs;I�J+I¡MNijKNINi cLP+I¡s;iu>]P+J+I��Vc >QP1Uoa<UuK¡JLI

Υ
ÝLITUCc+P+I

KTUoc+J+IÂJ+I/`¯>¢_ocLh+h+ioIT_o_jabO;PvJLIN_AÉO]UoUuOQS2O;PLa¯>¢_oITiu>�ioKN>Q`ba<_u>QÉ+`<IQ:w]Qc+_o�Vc�Çm��h+ijKN_jINP1U"Ý»`bIT_¡J+O;P+P+KTIN_EJ+c
£��^��@�MTO;P+MNITioP >]PVUE`bIT_

Υ
_jO;cL³ioINP1UEJ�Çác+P#S2>QP+�Vc+IÂJ+IÂ_jUu>]Uua<_jUoab�Vc+IÂITUE>Qc+MTc+P%ioKN_jc+`<Uu>]UDh+ioOQÉ >QP1U

P�Çm>ÂITP+MNOQioIDKTUuKAh+cLÉ+`ba<KQ:
9wÃ



5�6879� 9;:mW¼	¢qrc+h+h+ijIN_o_jabO;P�J+c
J/ψ

¦rc+IAh >Qi�ß^��X;WeÝ+ß���FQ{LÝ ß^��Ã;{B.mGe9�0�ITU^�Þ��ZÞß��sÆ®.mG;G|05: Äna<s;c+ijI
I�drUuio>Qa<UoI¡J+IA`¯>�ijKT��KNijINP+MTI".mGQX405:

Ü ��6 0Â�r���5¹��»0w¹5'�)&�
=»> S/IN_jc+ioIÞJ+c×{ OQU&IT`b`ba<hLUua<�Vc+I[IN_�U»c+PES/Ow¿;ITPEJ+IÞ_jO;P+J+ITi»`<IN_.h+ijO;h+ijabKTUoKN_&J+cDS2a<`ba<INc�hLioOrJ+c+a<U&`<O;io_

J�Çác+P+I/MNO;`<`bab_jabO;Pæ:æZ�P#ijKN_jc+S2K]Ý&ab`[_TÇY>QsQa<UAJ�ÇáKTUoc+J+abITiE`b>fJ+ab_�Uuioa<É+cLUoabO;P(J+IT_Eh+>QijUoabMNcL`bIN_A_jIN`bOQP¶`5ÇY>QPLs;`bI
>��Na<S�cLUu>Q`

φ
:Á��O;cLi¢`bIT_ÊMNOQ`b`ba<_oa<O;P+_�P+Ow¿1>]ce°´P+Ow¿;>Qc P+O;P�MTINP1Uuio>Q`bIT_NÝxMTITUjUuI�J+a<_jUoioabÉLcLUua<O;P�PæÇmIT_jUfh >]_

Uuija<¦ra¯>Q`<IQ:ÑZ�P�I�³æI�U"Ýæ`b>2P+OQP(MNINP1Uoiu>Q`<a<UuKDJ+I�`b>2MTO;`b`<ab_oa<O;P�J+KTR+P+a<U�c+P(h+`¯>]P�J+IËijK">QM�Uua<O;P��Vc+anÉLioab_jIË`b>
_j¿rS/KTUuijabI¡_jIN`bOQP

φ
âÕ¦;O;a<iC`¯>�R s;cLioIÂ9;:mÒ1ã�:

@xITUoUoID>QP+ab_jOQUuijO;h+a<I�J >QPL_ `¯>�s;KTO;S2K�UuijabI�J+I¡`b>�MNO;`<`ba<_oabOQP2IT_jU�Uuio>QP+_oS/ab_jI�h >Qi sQiu>QJ+a<INP1U J+IAh+ijIN_ °
_oa<O;P(>QcedyabS/h+c+`<_oa<O;P+_�J+IN_�h >QijUoabMTc+`bIT_�J+c(S/ab`<abINcæ:Ñè�P+I�S/IN_jc+ioIËJ+I�`åÇm>QP+a<_oOQUoioO;hLabIAJ+IN_¡h+>QijUoabMNcL`bIN_
_oIT`bO;P

φ
>Qh+h4O;i�UuIÊJLO;P+MÊJLIN_�a<PL��O;ioS2>]UoabO;P+_¡_jc+i�`<I2S/ab`<abINc×h+ijOeJLc+a<UE`bO;ij_EJLI¢`¯>�MNO;`<`ba<_oabOQP�:.=.I¢h >t°

iu>QS/�TUoioI2cLUua<`bab_jK2h4O;c+iEMNI�UoUuIfK�Uuc+JLI¢IN_�UÂ`bI
v2

:n=&I
v2

J+KTMNija<U�`5ÇmIT`b`ba<hLUua<MNa�UuK�J+cÝ{+OQU�J+I¢h+>QijUoabMNcL`bIN_
h+ioOrJ+c+a�UuIT_N:;Ä O;ijS2IT`b`<INS/INP1U"Ý

v2

IT_jU�`bI MTOeIZ�2MTabITPVUÞJLc2J+ITcedeab�TS2ICUoINioS/I J+I `5ÇmIgdLh+>QP+_oa<O;PÂJ+I�Ä O;c+ijabINi
J+IA`¯>�J+a<_jUoioabÉLcLUua<O;Pf>QP+sQc+`¯>Qa<ioI�JLIN_^h >QijUoabMTc+`bIT_Ch+ioOrJ+c+a�UuIT_:.mG;Fd0Þç

dN

dφ
= n (1 + 2v1cosφ+ 2v2cos2φ+ ...) ,

â�9;:mW1ã
O,+

N
IN_�U/`bI¢P+OQS�É+ioIfJLI�h+>QijUoabMNcL`bIN_TÝ

n
IT_jU/c+P ��>QMTUoINc+iÂJ+IfPLO;ioS2>Q`ba<_u>]UoabO;PæÝ

v1, v2, ...
_jO;P1UÂ`bIT_

MNOrI}�/MNa<INP1Uu_^J+IËÄÑOQc+ioa<INiNÝLITU
φ
IT_jU�`5ÇY>]P+s;`bIA>4�NabSEUuc >Q`æS2IT_oc+ijKËh >Qi�io>Qh+h4O;ijU�>Qc�h+`¯>QP�J+IEioK">]MTUua<O;P�:

qea
v2 = 0

ÝÑab`&P�Ç ¿�>/h >Q_�J�ÇmIT`b`<abhLUoabMNa�UuK¡I�U�`¯>Â_j¿rS/KTUoioabIEINP
φ
IN_�U�h+ijKN_oITP1UuIfç4`bI×{ OQU�IN_jU�MNabijMNc+`b>QabijIQ:

@�ÇmIT_jU�`<IÁMN>Q_[h4O;c+i»J+IN_nMNO;`<`bab_jabO;PL_.h+ioOQUoO;Pe°±h+ioOQUoO;PËOQc�hOQc+inJ+IT_[MNOQ`b`ba<_oa<O;P+_.P+Ow¿1>]ce°´P+Ow¿;>Qc�MNITPVUoiu>Q`<IN_T:
=&I

v2

h4INcLU�ÆTUoioI%M">Q`<MNc+`<K×hO;cLi�UoO;c+_�`bIT_�U´¿rh4IN_�J+I×h >QijUoabMTc+`bIT_%ç
π
Ý
K
Ý
p
Ý¡:<:�:�@�ÇmIT_jU�c+P+I

O;É+_jINij¦]>QÉL`bI�Uuij�N_AabP1UoKNioIT_o_o>QP1UuIQÝ&MN>Qi¡IN`<`bI�s1>]ioJ+IÂ`bIT_¡h+ioOQh+ioa<KTUuKT_¡J+c~{ OQUAabPLa<Uuab>Q`xâ�INP×S/Ow¿;INPLP+Iwãg:»�´`
IN_�UÁJLO;P+M�hOQ_o_oa<É+`bI�J+I�J+K�UuITioS/abP+ITi�_oaÑ`bIS{ O]UÁa<P+a<Uoa¯>Q`e>AKTUuK Uoiu>QP+_jS2a<_Þ>QcedÂ�Vc >]io�V_ÁOQcÊ>Qcrd/À >QJ+ijO;P+_N:
Z�P�I�³æI�U"Ý _oa.`<IN_ À >]J+ioO;PL_Ëâ

π,K, p, ...
ãxKTUu>QabITPVU�JLKTUuITMTUoKN_�>"¦QINMD`bI¡S/ÆNS/I

v2

Ý MTIN`¯>�_jabs;P+a�R INio>Qa<Ux�Vc+I
`bIn{ OQU�>2K�UuKDUuiu>]P+_oS/ab_�>Qced�À >]J+ioO;PL_NÝ4ITU�JLO;P+MË�Vc+IE`bIDS2a<`ba<INcfKTUu>Qa<U^J >]P+_�c+PyKTU\>tU�MTO;PLR P+K êjc+_jUoI

9-�



5�6879� 9;:mÒ×	2B�KTR P+a�Uua<O;PÊJ+cÊh+`¯>QP2J+I�ijK">QM�UuabOQP(â
x− z

ã�çr¦rc+I�J >QP+_Á`åÇáIN_oh+>QMNIÂâ�s1>Qc+M\ÀLIwã�I�UC¦rc+I�J+>QP+_
`bIÂh+`b>QP

x − y
â�INP¶À >QcLUË��J+ijO;a<UoIwãg:&=&I/h >Q_j_u>QsQIÊJ+I2`åÇm>QP+ab_jOQUuijO;h+a<I�J+IÊh4O;_ja<Uua<O;P%��`5ÇY>]P+ab_jOQUuijO;h+abI

J�ÇáabS/h+c+`b_jabO;PÊIN_jU^_jÀ+KNS2>]Uua<_oK¡ITP�É >]_��ÂJ+ijO;a<UoIQ:+Ä�abs;c+ijI¡abP+_jh+abijKNI¡J+IA`b>�ioKT��KTioITP+MNIÏ.YGt��0å:

>Qh+ij�N_Þ`¯>�MTO;`b`<ab_oa<O;P�:t� `åÇáO;h+h4O;_oK]Ý;_oa `<I
v2

J+IN_ÞÀ >QJLioO;P+_�J+KThITP+J2JLI�`<INc+ij_�P+O;S�É+ijIN_ÞJ+I��Vc >Qij�r_TÝeMTIN`b>
_oa<s;P+a<R+I��Vc+I2`<I§{ OQUE>fKTUoK/Uoiu>QP+_jS2a<_¡>Qced(�rc+>Qio�V_NÝ»ITUAJLO;P+M/�rcLI/`<I�S2a<`ba<INc�K�U\>Qa�UAJ+KNMTO;PLR P+K]:»=&IT_
ioKT_oc+`�U\>]Uo_ I�dehKTioa<S2ITPVUu>Qced�S/O;P1UuijINP1U^�Vc+IAMQÇáIN_jU�MNI�UoUoID_jINMTO;P+J+IEÀV¿rh4OQUuÀL�N_oID�Vc+a.IN_�U^ioK">]`bab_jKNI]:

5�6879� 9;:�9w{
	
v2

S2IT_oc+ijK�h >]iC�Þ��ZÞß��sÆíITU qe¥���£D:e�^¿rh4OQUuÀL�N_oI�J�ÇmcLP¢S2a<`ba<INcÂÀ >QJ+ijO;P+a<_oK^ITUCMN>Q`bMTc+`b_
UuÀ+KTO;ioa<�Vc+IN_¢â5>1ãgÝ»I�UËÀ1¿rh4OQUuÀ+�T_oIfJ�Çác+PvS/ab`<abITc(J+KNMTO;PLR P+K(â�ÉÑã2â

KET = mT − m0

ãg:»Z[drUoiu>Qa�UËJ+IT_
ioK���KNioITP+MNIT_¼.mGQÃ40�ITU:.YGQ�!0å:

9wW



Z�Uu>QP1UfJ+O;PLP+KNI�`b>¶P >tUuc+ijI�J+c
v2

ÝÁ_o>vS2IT_oc+ijI�P�ÇáIN_�UfhOQ_o_oa<É+`bI��Vc+I�J >QPL_¢J+IN_ÊJ+KTUoINMTUoINc+ij_��
s;iu>]P+J+IAMNO;ce¦;INi�Uuc+ijI�>QP+sQc+`¯>Qa<ioI�MTO;S/S2IAMNITced�J+c�£^����@�:4=.IN_�J+KTUoINM�UuINcLio_�JLc(qL��q�P�ÇáKTUu>QabITP1U�h >]_
>QJ >QheUuKN_��Êc+P+IEUuIN`<`bIDS2IT_oc+ijIQ:æ=»>/R s;c+ijI¢9;:�9w{ÊS/O;P1UuioIE`bIT_�ioKT_oc+`�U\>]Uo_�J+I�����ZÞß��sÆ�I�U¡J+IÂqe¥»��£
MNO;PLMNINijP >QP1U/`¯>�S/IN_jc+ioIfJ+c

v2

h4O;c+i�JLa<³KNioITP1Uu_�U´¿rhIT_2J+Ifh+>QijUoabMNcL`bIN_T:�=�Çma<SÊ>]s;IÊJ+I�s1>]c+M\À+I%â5>;ã
S2OQPVUoioIE�rcLI�`bIT_

π
Ý`bIN_

K
ITU¡`<IN_

p
O;P1U�J+IT_

v2

J+a�³æKTioITPVUo_NÝITU��Vc+I�`<IN_�M">Q`<MNc+`<_�UuÀLKNO;ijab�Vc+IN_�É >Q_oKT_
_oc+i^`åÇáÀ1¿rJ+ioOrJL¿rP >QS/ab�Vc+IAP+IDioITh+ioOrJ+c+a<_oINP1U�h >Q_^`bIT_�S/IN_jc+ioIT_N:4��cyMTO;P1Uuio>QabijIQÝ _oa&MTIN_�S/IN_jc+ioIT_�_jO;P1U
P+O;ijSÊ>Q`<ab_jKNIN_�ITP���O;PLMTUua<O;PÔJ+c�PLO;S�É+ijI�JLI��Vc >Qij�V_ÊITU2�Vc+I�`¯>(SÊ>]_o_oI�J+IT_2�Vc >Qij�V_ÊIN_�UÊhLioab_jI�ITP
MNO;S/hLUoIQÝ+c+P

v2

a<J+INP1Uua<�Vc+IAhO;cLiCUuO;cLUoIN_�`bIT_ h >Qi�UuabMTc+`bIT_ IN_�U�ijITUoioO;cL¦QK¢â�ÉÑã�:
@xI�ioKT_oc+`�U\>]UÁJ�Çác+P

v2

abJ+ITP1Uuab�Vc+I^h4O;c+ixM\À+>Q�Vc+I�À >QJLioO;P2`bO;ij_o�Vc�ÇáO;P¢`bI^J+a�¦ea<_oI^h >Qi�`bI^P+O;S�ÉLioI�JLI
�Vc >Qio�V_ _jabs;P+a�R I��Vc+IA`åÇm>QP+a<_oOQUoioO;hLabI^J+c�S2a<`babITcÊIT_jU Uuio>QP+_���KNioKTID>Qcedf�Vc >]io�V_NÝ I�U�P+O;P�>QcedfÀ >QJ+ijO;P+_NÝ
ITU�J+OQP+M(�Vc+I¶`<I�S/ab`ba<INc�_oI(UuijO;cL¦;I×J >]P+_�c+P KTU\>tU�J+KNMTO;PLR P+K¶� MNI(S/O;S/INP1U": Z�P h+`<c+_fJ�ÇáÆTUuijI
c+P+IA_oa<s;P >]Uoc+ioI¡JæÇmc+PLIEh+À+>Q_oIAJ+IE?AÈD�»Ý+`bIT_�ioKN_jc+`<Uu>]Uu_�J+c

v2

h4INijS2I�UoUuITP1U�JLIDMTO;P+P >!3bUuijI¡MNITijU\>]abP+IT_
h+ioOQh+ioa<KTUuKT_ÁJLI�MNI�UoUoI�h+À >Q_jIQ:L�n>QiÁI�deINS/h+`bI]ÝV`bIN_ÁJ+O;P+PLKNIN_xI�dehKTioa<S2ITPVUu>Q`bIT_Á_jO;P1U MNOQS2h >tUuabÉL`bIN_�>"¦;ITM
c+P(S/ab`ba<INc�_oI�MNOQS2h4O;ijUu>QP1U�MTO;S2S/IËcLP%`<ab�Vc+a<J+IËh >]ij��>Qa�U"Ý4MQÇáIN_jUD�¢JLabioIËc+P×S2a<`babITc�ITP×abP1UuITiu>QM�UuabOQP
â���O;i�UuI"ãxJ+I¡¦ea<_oMTO;_oa�UuK/â��Vc >]_oa�° ã�PVc+`<`bI(.mGQW405:

}f)&0"*t�r���"¹�347»�e0-)»*-�r�
B�I P+O;S�ÉLioINcL_oIN_Þ>]cLUuijIN_�_oa<s;P >]Uoc+ioIT_[J�Çác+P+I h+À+>Q_oICJLKNMNOQPLR P+KTI^Igdeab_jUoINP1U":;�n>Qi�IgdLITS2hL`bIQÝ]`bIT_4êjITUo_

�Ês;io>QP+J+I�a<S2hLc+`b_jabO;P�Uuiu>]P+_j¦QINio_jIÂ_oO;P1U¡J+IT_¡_oO;PLJ+IN_AJ+c(S/ab`<abINc�Uuij�N_¡a<PVUoKNijIN_o_o>QP1UuIT_Ï.mGQÒ|0å:�@xIN_xêjITUo_
h+ioOw¦rabITP+P+ITPVUÂJLIN_Âh+ioOrMNIT_o_jc+_ÂJ+c+io_/>"¿1>]PVUÂ`<abITcv`bO;ij_�J+If`5Çma<S2h >]MTUEabP+a�Uua¯>]`åÝ.h+c+a<_�ab`<_EUuio>"¦;INij_oITPVU2`bI
S2a<`ba<INc2>w¦]>QP1U�J�Çm>]UjUuINa<P+J+ijI¡`bI�J+K�UuITMTUuITc+iN:qe¥»��£ëITU^�Þ��ZÞß��sÆ�O;P1U�S/O;P1UuijK��Vc+IAMNIN_nêjI�Uu_ h4INioJLINP1U
J+IË`5ÇmKTP+INijs;abIEJ >QP+_�MNI�S/ab`<abINc��¢MN>Qc+_oIËJ+I�MNOQ`b`ba<_oa<O;P+_�ITU�J+I�iu>"¿QO;P+P+ITS2ITPVUAJLI�s;`bcLO;P�:4=�ÇmK�Uuc+J+I�JLI
MNI/h+À+KTP+O;S/�NP+I]Ý�>]h+hIT`bKyä´êjITUD�Vc+ITP+M\À+abPLsÑä]Ý»`bO;ij_DJLI2MTO;`b`<ab_oa<O;P+_�Jr°´��c¶ITUE��ce°±��c¶>�S/O;P1UuijK/�Vc�Çáab`
P�ÇáI�deab_�UuI �Vc+I J >QPL_[J+IN_�MTO;`b`<ab_jabO;P+_»J�ÇáabO;PL_n`bOQc+ioJ+_T:Q�´`e_NÇm>Qs;a<U[J+O;P+MCijKNIT`b`bITS2ITP1U[J�Çác+PÂIT³ITUÞJ+c�S/ab`<abITc�Ý
ITUÞh >]_�JæÇmc+P/IT³ITU�JQP2�¡`åÇáKTUu>]UÞabP+a�Uuab>Q`å:tB�I�h+`<c+_NÝ;`5ÇmK�Uuc+JLI^JLI^MTIN_�S2ÆTS2IT_êjITUo_Á>¡h4INijS2a<_[J+I�S2OQPVUoioITi
`åÇáI�deab_�UuITP+MNI�J�ÇmcLP+I�äTOQP+J+I�JLI�M\À+OrM1ä^>Qc¢h >Q_j_u>QsQI�J+I�MNIN_&êjITUu_TÝe_jabS/ab`b>QabijIC�EcLP¢M�_;PLI�J+I�®y>QM\À¢J >]P+_
`åÇm>QabiT:VB�IN_xS2IT_oc+ijIN_C_jc+iC`¯>Dh+ioOQh >Qs1>]UoabO;P/J+I�MTITUjUuI�O;PLJ+I�J+I�M\À+OeM�hITioS/ITUoUoINP1UCJLI�MNO;P1Uoiu>Qa<P+J+ioI�`bIT_
S2OrJ+�T`bIN_ÁUuÀ+KTO;ioa<�rcLIN_�INP�J+O;P+P+>QP1U�`b>�¦ea�UuIT_o_oIAJ+c�_oOQP�J >]P+_�`bI¡S/ab`ba<INc�:

=&IT_�h+À+OQUoO;P+_�>Qc+_o_jaAhITcL¦;ITPVUy>Qh+h4O;i�UuINi�J+IT_�a<PL��O;ijSÊ>]UoabO;PL_Ê_ocLi�`<I×S2a<`babITc���O;ijS2K×>QhLio�N_�`b>
MNO;`<`ba<_oabOQP".áX;{!05:1=.IN_n_oO;c+ijMNIT_�JLI h+À+OQUoO;P+_[_jO;P1UÞJ+a<¦QINio_jIN_�çQhLÀ+OQUuOQP+_�J+abijINM�Uu_NÝ]h+À+OQUoO;P+_�h+ijOw¦;INP+>QP1UÁJLI
`¯> ��iu>QsQS2ITPVUu>]Uua<O;PDJ+ICh >Qi�Uua<MNc+`<IN_»O;c�J+Ix¾xioITS2_j_jUuio>QÀ+`<c+P+s+ÝtO;c�h+ÀLOQUuO;PL_�UuÀLINioS/ab�Vc+IT_N:Q@xIN_�J+ITioP+a<INij_

5�6879� 9;:�9;9�	EB�a¯>Qs;io>QS/S2IÞJ+I Ä I�¿ePLSÊ>QP�h4O;c+i�`bIT_nh+ijOeMTIN_o_jc+_ÞJ+ICh+ijOeJLc+MTUoabO;PEJ+ICh+À+O]UuO;P+_nh+ioO;S/hLUo_
â5>1ãxI�UEâ�ÉÑãgÝ ITU^J+IAh+À+O]UuO;P+_�J+I¡��io>Qs;S/INP1U\>]UoabO;PL_Aâ�M"ã I�UEâ�JÑãg:

_oO;P1U¡Uoio�N_¡a<P1UuKNijIN_j_u>QP1Uu_TÝ&M">Qi¡c+PLI�S2IT_oc+ijI�J+IN_Ah+À+O]UuO;P+_�UoÀ+INijS2a<�Vc+IN_¡h4INijS2I�UoUuio>Qa<U�J�Çm>w¦QO;abiA>]MNMN�T_
J+abijINM�UuINS/INP1U^��`¯>DUuINS/h4KNiu>tUuc+ijI¡J+c�S/ab`<abITcyç+`<I�U\>Qcrd�J+I¡h+À+O]UuO;P+_ UoÀ+INijS2a<�rcLIN_ iu>"¿QO;P+P+KT_�h >]i c+P
MNO;ijh+_DM\À >Qc+J¶IN_jUËh+ioOQhO;i�Uua<O;P+P+IT`��

T 4 :»®y>]`bÀ+ITc+ioITc+_oITS2ITPVUNÝ�a<`�IN_�UEUoio�N_EJ+a��/MTab`bI�JLI2_jKNh >QijINiD`bIT_
9wÒ



J+a<³KNijINP1UuIT_EMTO;P1UuijabÉ+cLUoabO;PL_NÝ�I�UE`b>fh+`bc+_As;io>QP+J+I/h >Qi�Uua<I�J+IN_Dh+À+OQUoO;P+_Ah+ijO-¦ra<INP+P+ITP1U�J+IÂh+ijOeMTIN_o_jc+_
J+I�J+KT_oabP1UoKNs;io>]Uua<O;Pµâ�R sQc+ioIf9;:�9;9�â�M"ã�ITU2â�JÑãoãg:£]Qc+_o�Vc�Çm��h+ioKT_oINP1UNÝ»`<IN_�UoÀ+KNOQioabMTabITP+_¡P+I�_NÇm>QMTMNO;ijJ+INP1U
h >Q_Á�rc+>QP1U >Qced/Uu>Qced2ioIT_oh4INMTUoa<��_ÁJ+IN_CJLa<³KNioITP1Uu_xS/OrJ+IN_�J+I�h+ijOeJLc+MTUoabO;P�ÝVI�Ux`<IN_xijKN_jc+`<Uu>]Uu_ÁO;ÉLUuITPVc+_
_oc+i�`<IN_ h+À+O]UuO;P+_�P+IA_jO;P1U�h+>Q_�INP+MTO;ioIDMNO;PLMN`bc+>QP1Uu_N:

�´`�IN_�U�>Qc+_o_ja�h4O;_o_jabÉ+`<I�J+I(MNOQS�É+abPLINi¢`<IN_fh+À+O]UuO;P+_fI�U�`bIT_DêjITUo_NÝCITPéK�Uuc+JLa¯>QP1U�`bIT_¢h+ijOeMTIN_o_jc+_
J+I2U´¿rh4I×äTs1>]S2S2>t°<êjI�U-ä�â�¦QO;abiAR s;c+ijI�9;:�9;9×â�>1ãDI�U�â�É ãoã�:n@xIN_�hLioOrMNIN_j_oc+_�hLioOrJ+c+ab_jINP1U�cLP h+À+OQUoO;P
ITUËc+Pvh >Qi�UuO;P#`bO;ij_EJ+I2MNO;`<`ba<_oabOQP+_AJ+c+ioIT_N:n=&I2h+À+OQUoO;PvI�U�`bI/h >Qi�UuO;P#_oO;P1UÂ>Q`<O;io_Dh+ijOeJ+cLa<Uu_DJ+O;_ ° �t°
J+O;_TÝÁI�UÊ`<I�h+ÀLOQUuO;P�Uuiu>"¦QINio_jI�`bI�S/ab`ba<INcÔ_u>]P+_Êa<PVUoINio>Qs;abi/>Q`<O;io_/�Vc+Iy`<I�h+>QijUoO;P���O;ijS2I�c+P%êjI�U¢I�U
_oc+ÉLa<U¢`<IN_2IT³ITUu_ÊJ+c�S/ab`ba<INc�:Þ=&>#S/IN_jc+ioIyJ+Iy`5ÇmKTP+INijs;abI�ITU¢JLI�`åÇáabS/h+c+`<_oabOQPµJLc�h+À+OQUoO;P�h4INijS2I�U
>Q`bOQio_CJ+I¡MTO;P+P >!3bUuijI¡h+ioKTMNa<_oKNS/INP1U�`5ÇmKTP+INijs;abI�I�U^`¯>ËJ+a<ioITMTUua<O;PfabPLa<Uuab>Q`bI^J+cËêjITUN: =�ÇmK�Uuc+JLIDJLID`b>�hITijUoI
J�ÇáKNP+ITios;a<IDI�U�`b>�J+KT¦ra¯>tUuabOQP�JLcÂêjITU^J >]P+_�`<IAS2a<`babITcfJ+IT¦ra<INP1U�>]`bO;ij_ É+abITP�h+`<c+_�>Qab_jKNIQ:4@xIDh+ijOeMTIN_o_jc+_
IN_�U�S2>Q`<À+INc+ijINc+_jINS/INP1U�ioIT`¯>]Uoa<¦QINS/INP1U�iu>QijIAITU�_oOQcL³æijIEJæÇmc+P�S2>QP+�Vc+I¡J+IA_jUu>]Uua<_jUoab�Vc+IQ:

BËÇY>]cLUuijIN_AO;É+_jINij¦]>QÉL`bIN_¡JLc#?AÈA�ëa<P+MN`<c+INP1U¡`<IN_�U\>]ced(J+I�hLioOrJ+c+MTUoabO;PL_A>QÉ+_oOQ`bc+_�JLI/h+>QijUoabMNcL`bIN_
M\À >Qijs;KNIT_NÝ+`<I�iu>QhLhO;i�UCÉ >]ij¿;OQP+_ _oc+i S/KN_jO;P+_TÝ+`¯>Ë_jc+h+h+ijIN_j_oabOQP�JLIN_ À >QJLioO;P+_���À+>QcLU

pT
O;cf`5ÇmK�Uuc+JLI

J+IN_ÁM\À >QijS2IT_CITUxJ+IN_CÉ4I">]cLUuKT_xO;cL¦QINi�Uu_N:+=&I�_oa�UuI^abP1UuITioP+I�U J+I��Þ��Z�ß^�sÆÞ.áXL9�04ioK���KNioITP+MNa<I�MNIT_CO;É+_jINi °
¦]>QÉ+`bIT_�>Qa<P+_oar�Vc+I�`bIN_nioKN_jc+`<Uu>]Uu_nO;ÉLUuITPVc+_�ITUÞ`<IN_[�Vc+IT_jUua<O;P+_�O;ce¦;INi�UuIT_N:r@xÀ >QMTc+P+I J+I MTIN_�O;ÉL_oINi�¦]>QÉ+`bIT_
J+O;a�U�Æ�UuioIËKTUucLJ+abKTI�P+O;P�_jINc+`<INS/INP1UAhOQc+i�J+IT_¡MNO;`<`ba<_oabOQP+_��^°´�EÝS2>Qa<_�>Qc+_j_oa�INP×S2OrJ+IEhe°´h�I�U¡he°±�
>]R P�J+IAJ+a�³æKTioINPLMNabITi `bIT_^I�³æI�Uu_�J+cy?AÈD�µJ+IN_^IT³ITUo_^JLc+_���`b>�J+INP+_ja<UoKDJLc�S/ab`<abINcæ:
µ�¶�·D¶l· ß>à�ÀÂÁháaÌ�Ã�¾aà�À

@xO;S2S/I¡P+O;cL_�`bI¡¦QO-¿QO;P+_TÝa<`.I�deab_�UuIDc+P+IAUuio�T_�sQiu>QP+JLIE�Vc >QP1Uoa<UuKDJ+ID_oa<s;P >]Uoc+ioIT_^JæÇmc+P(?DÈA��: �´`
¿%>�J+OQP+MÊc+P#abS/S2ITP+_oI�Uuio>"¦Q>]ab`Þ��`b>���OQab_DI�dehKTioa<S2ITPVUu>Q`ÞhOQc+iE`5ÇmIgdrUuiu>]MTUua<O;P%J+IÊMTIN_ËJLO;P+P+KTIN_�I�U
UuÀ+KTO;ioa<�Vc+I�h4O;c+iÁ`¯>EMTO;S/h+ioKTÀ+INP+_jabO;PÊJ+I�MNIT`b`<IN_�°±MNa5:e=.IT_xUuÀ+KTO;ioa<IN_x>QMTUoc+IN`<`bIN_ÁJ+I���O;ijSÊ>tUuabOQP2J+I�?AÈD�
_oO;P1U&J+IÞh+`<c+_.INPAh+`<c+_.MNOQPVUoiu>Qa<P1UuIN_TÝwITU&`b>CJ+IN_jMNioa<hLUua<O;PAJ+I�`åÇáKT¦QO;`bceUuabOQP�J+cDS2a<`babITc�h+ijOeJLc+a<U.`<O;io_æJ�ÇmcLP+I
MNO;`<`ba<_oabOQPfJ�Çma<O;P+_^`bO;cLioJ+_�J+IT¦rabITP1U�I�drUoioÆNS/INS/INP1U�MNO;S/h+`bIgdeIQ:ß�O;c+_�hOQcL¦;O;PL_�MNIThITP+J >QP1U¡ijKN_ocLS2ITi
`åÇáKTUu>]U�>QM�Uuc+IT`+J+IT_�MTO;P+P >]ab_o_o>QP+MTIN_ÞJ+I `¯>^��>QìNO;P�_jc+a<¦]>QP1UoI×.YG]�40�ç;`<ICS2a<`ba<INcDMNioKTK^>QcÂ£��^��@ÔI�U�>Qc/qL��q
_oI�MTO;S/hO;i�UuIEMNO;S/S2IDc+PÄ{ cLabJ+I�â�h+ioIT_o�Vc+I"ã�h >Qij��>]a<U"ÝÑM\À >]c+J�Ý�J+ITP+_oI�I�U�ITP%a<P1UuINio>QMTUoabO;P���O;ijUoIQ:æ@xI
S2a<`ba<INc�P+I�h4O;cL¦]>QP1U�h >Q_�ÆTUoioI�J+KNMTioa�UÁJ+>QP+_�`bI M">]J+ioI^J+I�S2OrJ+�T`bIN_�JLI�s1>4�^JLI^À+>QJ+ioOQP+_NÝV`åÇáÀ1¿rhOQUoÀ+�N_jI
J�Çác+P+ICh+À+>Q_oICJLKNMNOQPLR P+KTI�>Qh+h >Qio>43bU�abPLJ+ab_jhITP+_u>QÉL`bIQÝ-MTO;P+J+c+a<_u>QP1UÞ��`¯>�PLOQUua<O;PËJ+Ix_\?AÈD� çLä|*Z�l���!����V %
'8���aeZ�z���Z�l'8���gRnU��^ä]:

=»>Dh+À1¿r_oab�Vc+I¡JLc�?AÈD�vIT_jU h >]_o_oKTI�J�Çác+P+I�hLÀ >Q_oI�J+I�J+KTMNO;ce¦;INi�UuIA�Dc+P+I�h+À+>Q_oI�J�ÇmIgdeh+`bO;io>]Uua<O;P�:
B�>QP+_ÂMTI�MN>QJ+ijIQÝ�`bIT_�J+O;P+PLKNIN_/J+c�=&��@�_oO;P1U2>]UoUoINP+JLc+IN_2>"¦;INM�abS/h >]UoabITP+MNI�çn_oO;PµKNP+ITios;a<Ifh+`bcL_
KN`<IT¦;KTIy�Vc+I�MTIN`<`bIN_/J+cÅ£^����@÷I�U¢J+c qe�ÁqµhITioS/ITUoUoiu>%`¯>(��O;ioS2>]Uua<O;PµJ�ÇmcLP�S2a<`ba<INcÔINP+MTO;ioI�h+`bcL_
M\À >Qc+Jæ: �´`�_oITiu>ÂhITcLUj°±ÆTUuijI¡hOQ_o_oa<É+`bI�J�ÇY>tUoUuITabP+JLioI¡J+IT_^KTP+INijs;abIT_^>Qcede�Vc+IN`<`bIN_ `b>Ë��O;ioMTI���O;ijUoI¡J+IT¦ra<INP1U
Uuij�N_ ��>QabÉL`bIQÝeITU�J+IAh >]_o_oITi�JæÇmc+P�_\?AÈA����c+Py?DÈA�àä�s1>��NITced�ä]Ý J >QPL_�`<IN�Vc+IN`.`<IN_ h >]ijUuOQP+_�_oINio>QabITP1U
�Vc >Q_oa °´a<P+J+KNh4INPLJ >QP1Uu_T:

GQ{
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@xICM\À >Qh+a�UuijICJ+KNMTioa�U[`åÇáI�deh4KNijabINPLMNIC��=&��@CZ%INPÂ>Q`<`¯>QP1U»J+c�s;KTP+KNio>Q`+>]c�h >QijUoabMTc+`ba<INiN:w�´`eMNO;S/S/INP+MTI
h >Qi.c+PLIÁJ+IT_oMTioabheUuabOQPEJ+IÞ`5ÇY>QMTMNKT`bKNio>]UuITc+i»=&��@%_jc+i»`bIN�Vc+IT`VIN_jU�h+`b>QMNK�`<I�JLKTUuITMTUoINc+iT:]ß^O;c+_»J+O;P+PLINioOQP+_
INP+_jc+a<UoIËc+PLIË¦rab_oa<O;PysQ`bO;É >]`bIDJ�Çm��=.��@CZ�ÝINP(KTPrcLS2KTiu>QP1U¡`<IN_�_jO;c+_ °´J+K�UuINM�UuITc+io_¡�Vc+a�`bIËMTO;S/hO;_jINP1U":
ß�O;cL_xP+O;cL_CMNO;PLMNINP1UoioINijO;P+_ _jc+ix`<I�_jhITMTUuijO;S/�TUuijI¡�ËS�cLO;P+_NÝe�Ë`b>DMTO;P+_jUoioc+M�Uua<O;P¢J+c+�Vc+IT`�`bI^s;ijO;c+h4I
J+I¢=�¿QO;P >�MTO;P1UuijabÉ+c+K]Ý�I�UËJLO;P1U�`bIT_EJLO;P+P+KTIN_�>]UjUuITP+J+c+IT_�MNO;PL_jUua�Uuc+ITP1U�P+OQUoioIÊ>QP >Q`�¿e_jI�â�M\À >Qh+a�UuijI
�+:YG;ã�:4=&>ÊUuijO;ab_jab�NS/IAh >Qi�UuabIEJ+IËMTI�M\À >QhLa<UuijI�IN_�U¡MNOQP+_u>QMTioKTIÂ>Qc�_oOQc+_�°±J+KTUoINMTUoINc+i���{LÝ4MNO;P+_�Uuijc+a<U¡ITP
s;iu>]P+J+I¡h >Qi�Uua<I¡h >Qi `bI¡sQioO;c+h4IAJ+ID=�¿;O;P�:

;/ûTú ü>=kü/ç ÿ
=&IIvw������e§mn� $ ���!�èp��!V8VW' $ eZ�(â�sQiu>QP+J%MNOQ`b`ba<_oa<O;P+P+ITc+i�J+IÂÀ >]J+ioO;PL_\ã�Ý.hL`bc+_¡MTO;P+PVc#_jO;c+_A_oIT_Ea<P+a�°

Uuab>Q`bIT_ËäT=»��@¡ä]ÝæIT_jU�c+P×>QMNMTKN`<KNiu>tUuINcLi�J+I�h+>QijUoabMNcL`bIN_^MNOQP+_jUoioc+a�U¡>Qc×@CZÞ£^ßõh+ij�N_�J+I�ÈAITP+�T¦QIB.mX;G!0å:
=.IN_�h+ioITS2a<�NijIN_ MNOQ`b`ba<_oa<O;P+_�INP1UuijIDhLioOQUoO;P+_ ¿f_oOQPVU^>tUoUuITP+J+c+IT_���`b>ËR P�JLI¡`åÇm>QP+P+KTIËG]{;{;ÒL:L=&OQio_o�Vc�Çáab`
��O;P+M�UuabOQP+P+INio>Ë�ËhL`bINa<P+I�hLc+ab_j_u>QP+MTIQÝ+a<`4>]UoUoINabPLJ+iu>ËJLIN_CKTP+INijs;abIT_»êo>QS2>Qab_Á>]UoUoINa<PVUoIN_TÝeJ+KTh >Q_j_u>QP1U�J�Çác+P
��>QMTUoINc+iA_jINhLUD`åÇáKNPLINiosQabI�J+I/_oO;P%h+ijKNJ+KTMNIN_j_oITc+i�ITUDMTO;P+MNcLioioITP1U�>QS/KNijabMN>QabP(J+c%¥»IT¦]>]UuijO;P�:.�´`Þ>fKTUoK
MNO;PLìNc�J >]P+_�`<IEÉLcLU�J+IDJ+KTMNO;cL¦rijabi�JLIN_�PLO;cL¦;IT`b`<IN_�h+>QijUoabMNcL`bIN_TÝ INP�h+>QijUoabMNcL`babITi `bIDÉOQ_oO;P�J+I��^abs;s;_
ITU�`<IN_�h >Qi�UuabMTc+`bIT_ _oc+h4INij_j¿rS/KTUuijab�Vc+IT_N:

@xITUEO;ÉrêjINM�Uua�� J+I/J+KNMTO;cL¦;ITijUoI¢MNO;P1Uoiu>Q_�UuI2>w¦QINM2`åÇáO;ÉrêjINM�Uua��CJ+I/h+À1¿r_oab�Vc+IÊJ+I2hLioKNMTab_jabO;P%J+IN_E>QMg°
MNKT`bKNio>]UuITc+io_�J+I×`<INhLUoO;P+_fUuIT`¡�rcLI¶`<I×=»ZÞ�lâsvw���)��egéFVke��Z�l� �!�êXD�d*Z'8�l���!�æã�Ý _jO;Péh+ioKTJ+KNMTIN_o_jINc+i�>Qc
@CZÞ£�ßD:&ZÞP×I�³æI�U"Ý.ab`nIN_jUDh+`<c+_���>QMTab`bIËJ�ÇY>tUoUuITabP+JLioI�J+I�Uoio�N_AÀ >]cLUuIT_EKTP+INijs;abIT_A>w¦QINM/J+IN_AÀ >]J+ioO;PL_/ç
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INP�h >Qi�U\>QP1U�J+c�hOQabP1U�J�ÇáabP1UuITiu>QM�UuabOQP(ç
	Å�´¥^q�â o ���feZ�O�&��V&
��<����T!'8���B` % *Z�feZ� ç._�¿e_�Uu�TS2I/J+I�Uuio>-êjINM�UuO;s;io>Qh+À+a<I�abP1UoINioPLIwã�:»@xI�Uoiu>-êjITMTUuOt°
s;io>Qh+À+IxJ�ÇmcLP+I h+ioKTMNa<_oabOQP�J+IC�Vc+IN`<�Vc+IN_ÞJ+a��">Qa<P+IN_�J+ICS/abMNijO;P+_�IN_jUÞMTO;P+_�Uua<Uoc+KCJ+IÁUuioOQab_nUoINM\À+P+Ot°
`<O;s;abIT_CJ+a�³æKTioINP1UoIN_Dç `bIAqL�ÞB�âa`b'8VW')���!�JX�''�ÍeZV)(§eZ�fe��Z�f�!�;ãgÝ+`bIDqLB�B�âf`b'8VW')���!�*(×�O' �O�+(¼eZ�ae��Z�f�!�;ã
I�U�`<IDq+qLB�âa`b'8VW')���!�g`b�l�O'�c,(§eZ�fe��Z�a�!�Qã�:

	Å¥���@�â�
£'8�"e9X�� ��-Õe��Z�l'8���Ip������[xZeZ��ç1M\À >QS�ÉLioI��Dh+ijOtêjINM�Uua<O;P/UoINS/hOQioIN`<`bI"ã�:V@xI�UoUuI^¥���@�IN_�U
`<I¡_oO;c+_ °´J+K�UuITMTUuITc+i^`bI¡h+`<c+_ abS/hOQijU\>]PVUChO;cLi `¯>ËUuio>-êjINM�UuO;sQiu>Qh+ÀLabI¡J+IT_^h+>QijUoabMNcL`bIN_TÝ >"¦;ITMDcLP+I
É4O;P+P+IDioKT_oO;`<cLUua<O;P�INP

pT
ITU�INP

dE/dx
:ÑZ�`<`bIAIN_�U�J+IDh+`<c+_�M">Qh >]É+`bIAJ+IDJ+ab_�Uua<P+s;c+ITi^hL`bc+_^J+I

W;{Q{;{/Uoiu>QMTIN_�h >]i�c+P+a�UuKEJ+IËh+_jINc+JLO;iu>QhLabJ+a�UuKQÝ4MNIE�Vc+anITP���>Qa<U^c+P�IgdeMNIN`<`bITPVU�J+KTUoINMTUoINc+i�hO;cLi
`<IN_�À >QcLUoIN_�S�c+`�Uua<h+`ba<MNa<UoKN_Á>]UoUoINP+JLc+IN_^INP�MNO;`<`ba<_oabOQP+_C��Ée°´�ÞÉæ:

	Å¥�£^Bzâ�
Q�z����*Z'8�l')�!�Äi9� $ 'l���l')�!�,(§eZ�ae��Z�f�!��çæJ+K�UuINM�UuITc+iD�Êiu>"¿;OQP+P+INS/INP1UAJ+I�Uoiu>QPL_oa<UoabO;P ã�:4=.I
É+ceU�JLIDMTIAJ+KTUoINMTUoINc+i^IN_�U�JæÇma<J+INP1Uua�R INi `<IN_ KT`bINM�UuijO;P+_�J+IAÀ >QcLUoIN_^abS/h+c+`<_oabOQP+_N:

G;F



5�6879� Ge:mX¼	2�Þc+IA_jM\À+KNS2>]Uua<�Vc+IEJLc�JLKTUuITMTUoINc+i���=.��@CZ :ÑÄnabs;cLioI¡I�drUoiu>Qa�UuI¡J+IA`¯>�ijKT��KTioINPLMNIÏ.á�VF|0å:

	Å¥^¤¡Äéâ�
£'8�"e.�/�&0�VW'Y�!����çeUuITS2hL_ J+I�¦;O;`¯ã�:L=ÞÇáO;ÉrêjITMTUoa<�»J+c�¥^¤¡ÄÔIT_jU�c+PLI¡abJ+ITPVUoa<R MN>]Uua<O;P¢J+IT_
h >]ijUua<MNc+`<IN_ M\À >]ios;KTIN_Ëâ

π
Ý
K

ITU
p
ãg:

	 �Þ��¤Aq(âsX�m1�S�f�!�J`,c�e��Z�l���!�"eZ�feZ�Âçe_jhITMTUoioO;S/�TUoioI��Eh+À+OQUoO;P+_\ãg: @xI�J+KTUoINMTUoINc+iTÝ+J�Çác+P+I�UoO;cLUoI
h4ITUoa<UuIx>QMNMTINhLUu>QP+MTICs;KNOQS2K�Uuioa<�Vc+I¡â�W;Xyî32

θ
2�Ò;�,îåãgÝwIN_jUnM">Qh+>QÉ+`bIÁJ+IxJLKTUuITMTUoINiÞ>"¦;ITMCc+P+ICsQiu>QP+JLI

ijKN_oOQ`bcLUoabO;P�`bIT_ h+À+OQUoO;P+_�ITU^`<IN_
π0 hOQc+i J+IN_^abS/h+c+`<_oa<O;P+_xITP1UuioI/9AITUD9w{;{/È¡I±� /c :	 Z�®�@x��= âfé�Vke��Z��� �4�³�d���heZ��')�up��
v£�!�O'8�"eZ�aeZ�2ç M">Q`<O;ioa<S2��UuijI�KT`bINM�UuijO;SÊ>]s;P+KTUoab�Vc+I"ã�:Ñ@xIAM">]`bO]°

ijabS/�TUuijIQÝeJ+O;P1U^c+P+I¡h >Qi�Uua<I¡IN_jU�ITP+MNOQioIAINP�MNO;PL_jUuijc+MTUoabO;PæÝ+_oITiu>�_oh4KNMTa¯>Q`<ab_oK�J >QP+_�`åÇáKTUoc+J+I¡J+IT_
êjI�Uu_N:��´`Áh4O;_j_o�NJLI¢c+P+I¢hL`bc+_Es;iu>QPLJ+IÊMTO;cL¦;ITijUoc+ioIf>]P+s;c+`b>QabijI/�Vc+I¢����¤AqÝ�S2>Qa<_Ec+PLIÊS/O;abP+_
É4O;P+P+IAijKN_oOQ`bcLUoabO;P�:

	 ��®y��� Bkâsm
'Y�!�5�/�!�"eZ���l�Í� XS���Z�l')�ZVke o (§eZ���l' 6S�<����')�!�éç[a<J+INP1Uua�R M">tUuabOQP#J+IT_/h+>QijUoabMNcL`bIN_Ë�
s;io>QP+J+IT_�abS/h+c+`b_jabO;PL_\ã�:x@xO;P+_�Uua�Uuc+K(J+I(_jINhLU�J+K�UuITMTUuITc+io_y@xÀ+ITioINPL�QOw¦4Ý^`<I×��®y��� B >QabJLI(�
`5Çma<J+INP1Uua�R M">tUuabOQP¢J+IN_^h >Qi�Uua<MNc+`<IN_���s;iu>]P+J+IN_�a<S2h+cL`b_oa<O;P+_xUoiu>QPL_j¦;ITio_jIN_N:

¥�OQc+_�MNIT_A_oO;c+_ °´J+K�UuITMTUuITc+io_AMTO;cL¦rioITPVUD`<IN_�ijKNs;a<O;P+_�JLI�iu>Qh+a<J+a<UoKEMTINP1Uuio>Q`bI]Ý�MQÇáIN_�UD�¢J+abijIË`<IN_¡>QPLs;`bIT_
>QcLUoO;c+iCJ+I�`¯>Ëh4INijhITP+J+abMTc+`¯>]abioI�>Qc¢��>Qa<_oMNIN>Qc�:L=&IT_ J+INcrd�h+ioa<P+MNa<h >QcedÝr`åÇá�´¥^q¢ITU `b>Ë¥���@�Ý MNO;cL¦rijINP1U
UuO;ceU�`åÇáIN_oh+>QMNIA_oIT`bO;P�J�Çm>QP+s;`<IA>��Na<S�cLUu>Q`

φ
ITU^c+PLIEijKNs;a<O;PfINP�h+_oITc+J+O;io>Qh+abJLa<UuK¡ITP1UuioI¡°\9AI�UE9AITPV¦ra °

ioO;P � :L=.I^¥�£�BàI�Ux`<I�¥^¤¡Ä¶OQPVUxc+P+I�MNO;cL¦QINi�Uuc+ijI¡>QP+s;cL`¯>Qa<ioI�_oa<S2a<`¯>Qa<ioIQÝ]MNO;P1Uoiu>Qa<ioINS/INP1Ux>Qc¢�Þ��¤Dq4Ý
��`åÇmZÁ®y@x��=#I�U�>]c���®y��� Bò�Vc+a.O;P1U^c+P+ID>QMTMNIThLU\>QPLMNIDs;KNO;S/KTUoioa<�rcLI¡É+abITP�hL`bc+_�h4ITUua�UuI]:

ZÞPyh+`bc+_�J+I�MTIN_�J+K�UuITMTUuITc+io_¡JLI�iu>QhLabJ+a�UuKAMNITPVUoiu>Q`<IQÝJ+IN_�JLKTUuITMTUoINc+ij_A>Qh+h4IN`bKT_�J+K�UuITMTUuITc+io_¡sQ`bO]°
É >Qcedf_oO;P1U^abP+MT`bc+_ J+>QP+_�`åÇm>QabS2>QP1U =&Xfç

	 Ä�®�B â70��!�Oì���� $ �g��VW��'�c&VW')�Z' % (§eZ�fe��Z�f�!��çCJ+K�UuINM�UuITc+i�J+I×S�c+`<Uoabh+`<abMTa<UuKf¦QINio_�`5ÇY>"¦]>QP1Ugãg: =.I
Ä�®�B	>¶h4O;c+i/É+cLU2J�ÇáKT¦]>Q`bcLINi/`¯>×S�c+`<Uoabh+`<abMTa<UuK2J+Iyh+>QijUoabMNcL`bIN_ÂM\À >]ios;KTIN_f�%hI�Uua<Uo_/>QP+s;`<IN_NÝ
>Qa<P+_oa.�Vc+IAJ+IAJ+K�UuITioS/abP+ITi `bI¡h+`b>QP�J+IAioK">]MTUua<O;P�J+IN_�MTO;`b`<ab_oa<O;P+_ÁJ�Çma<O;P+_ `<O;c+ioJL_N:

�f���D�!�l�z�!�d�}�)�Z�|���|� �)�
η
�z�l���)�������z�	89�k� �Z�|�Z���

θ
�������Z�n���:9 �Z�)¢��|���<;

η = −ln(tan(θ/2))
��=£�|���!�O�������a�|�����z¢F�����8:>@?BAÍ�F�|�Z�!�

η = 0
�a�2�|�|�^�4�l�z�!�d�Z�s�O�!���d�����^�d�DC^���Z�)���<�l���Z�!�Î���Õ Õ���)�Z�E8GFH?IA8�

GQÃ



	���{�çLUoioa<s;s;INi���h4ITUoa<Uu_�>]P+s;`bIT_ _oc+i�`<IN�Vc+IN`.PLO;c+_�ioI�¦ea<INP+JLioO;P+_^INP�J+K�U\>Qa<`�h+`bcL_ `bO;a<P�:
	Å¥�{#ç&Uuijabs;sQINi¡��O;ioS/K/J+IÊMTO;S2heUuINcLio_�@xÀLINioITP+�QOw¦4:�È¡iuîQMTIÊ��c+P+I¢IgdLMTIN`<`bINP1UoIÊioKT_oO;`<cLUua<O;P#ITP
UoINS/h+_NÝ a<`�_oITiu>ÂM">Qh >]É+`bI¡J+IAJ+K�UuITioS/abP+ITi h+ioKTMNab_jKNS/INP1U^`bI�UoINS/h+_�J+IA`åÇáabP1UuITiu>QM�UuabOQP�:

	 ��®yB©âsX����!�f�!�1�Ä��VW�l'�c&VW')�Z'8� % (§eZ�fe��Z�f�!�Dç-J+K�UuITMTUuITc+i[J+I�S�c+`�Uua<h+`ba<MNa<UoKnJ+IÁh+À+OQUoO;P+_uã�:t=.IC��®yB
K�Uuc+J+a<INio>/`b>�S�c+`<Uoabh+`<abMTa<UuK�I�U�`b>�J+ab_�Uuioa<É+cLUoabO;P¢_jh >]Uoa¯>Q`<I�J+IN_^h+À+O]UuO;P+_T:

@xIN_fJ+K�UuITMTUuITc+io_�O;P1U�J+IT_�>QMNMTINhLUu>QP+MNIT_y>]P+s;c+`b>QabijIN_ÊJLa<¦;ITio_jIN_NÝ S2>Qa<_ÊMNOQcL¦rioINP1U�UuOQc+_fJ+IN_fh4ITUoa<Uo_
>QP+s;`<IN_T: =.INc+ij_^MTO;cL¦QINijUoc+ioIT_�ITP�h+_jINc+JLO;iu>QhLabJ+a�UuK¡_oOQPVU^a<P+J+ab�Vc+KTIN_^��`¯>�R s;cLioIEGe:á�+:

5�6879� Ge:m�g	 @xO;cL¦QINi�Uuc+ijI�ITP�h+_jINc+JLO;iu>QhLabJ+a�UuKfJ+IT_/_jO;c+_ °´J+K�UuINM�UuITc+io_2J�Çm��=.��@CZ�:Þ=&>(S�c+`�Uua<h+`ba<MNa<UoK
h >Qi c+PLa<UuK¡JLIDhL_oINcLJ+O;iu>]h+abJ+a�UuKA>]UjUuITP+J+c+IDhOQc+i c+P+IAMNOQ`b`ba<_oa<O;P¢MNITP1Uuiu>]`bI¡IN_�U�KTs1>Q`<INS/INP1U S/O;P1UuioKTIQ:

�´`���>QcLU^>-êjO;ceUuINi��ÂMNI�UoUoID`<ab_�UuI¡J+ITced�J+K�UuINM�UuITc+io_�À+O;io_�J+IA`5ÇY>Qa<SÊ>]PVU�ç
	KJ�B¡@�â�L¦eZ� �M(§e)��� e�eup���Vk�!�O'8�"eZ�aeZ�/çLMN>Q`bOQioabS/�TUoioI��§�NKTioO�J+ITs;ioK"ã�: ��`¯>]MNK¡��c+PLI¡MNINP1Uu>QabP+I¡JLI
S/�TUoioIN_^J+c�hO;a<P1U�JæÇma<PVUoINio>QMTUoabO;P�Ý _jO;PyÉLcLU�IT_jU�J+IDJ+KTUoINMTUoINi�`bIN_�PVc+MT`bKNOQP+_�_jhITMTU\>tUuINcLio_�>tR P
J+IAJ+K�UuITioS/abP+ITi^`b>�MNITPVUoiu>Q`<a<UoK¡J+IA`¯>�MNOQ`b`ba<_oa<O;P�:

	Å�^@ ¤¡£^B�Z â���v o p�é pD��*Z�(')�¦iS� % (
é��ae��Z�f�!��ç"JLKTUuITMTUoINc+i&J+I�io>w¿QO;P+_&MNOQ_oS/ab�Vc+IN_.JæÇm��=&��@CZ�ãg:
qea�Uuc+KË>Qc(_oOQS2S/ITU�J+I�`5ÇY>Qa<SÊ>]PVU�=&XLÝ4�^@ ¤¡£�B�Zë>¢�Ê`b>/��O;a<_�c+P(iz_;`bIEJ+IEUoioa<s;s;INi�ITU�J+I�J+Kg°
UoINMTUoINc+i^J+IAS�c+OQP+_�MNO;_jS2a<�rcLIN_N:

ß�OQUoO;P+_��Vc+IË`b>ÂMTO;P+MTINhLUoabO;P�J�Çá��=.��@CZÅ>/K�UuKDO;hLUoabS/ab_oKTI¡hOQc+i�S2IT_oc+ijINi^J+IN_^S�c+`�UuabhL`babMTa<UoKN_xJLI
h >Qi�UuabMTc+`bIT_�M\À+>Qios;KTIN_�h+>Qi�c+PLa<UuKEJ+I�h+_jINc+JLO;iu>QhLabJ+a�UuK

dN/dη = 4000
ÝÑITU�h4O;c+i�_oc+hLhO;i�UuITi�S2ÆTS2I

c+P+IES�c+`<Uoabh+`<abMTa<UuK�J+INcrdy��O;a<_�h+`bc+_�KN`<IT¦;KTIQ:�n>Qi�`¯>Â_oc+a�UuI]Ý`5ÇmIgdeUoiu>Qh4O;`b>]Uua<O;PfJ+IN_�J+O;P+P+KTIN_�JLI�£^����@
>ËS/O;P1UuioK��Vc+I�MNI�UoUoI�S�c+`�UuabhL`babMTa<UoKCJ+IT¦rio>Qa<Uxh+`bcLU<_QUx>w¦QO;ab_jabP+ITi G;F]{;{Ëh4O;c+ix`<IN_ÁMNO;`<`bab_jabO;PL_Þ�ÞÉr° ��Éf`bIT_
h+`bcL_�MNITPVUoiu>Q`<IN_T:Þ@xITUjUuIfJ+ITP+_oa�UuKfJ+Ifh >]ijUua<MNc+`<IN_E_oINio>(J+O;P+M�>Qa<_oKTS2ITPVUËUuiu>]a<UuKTI¢h >QiË��=.��@CZ Ý[É+abITP
�Vc�ÇmIT`b`<I¡_oO;a�U h+`bcL_oabITc+io_�MTINP1U\>Qa<P+IN_�J+I¡��O;a<_ h+`bcL_ KN`bI�¦;KTIE�Vc+IDMNIT`b`bI�J�ÇmcLP+IEMTO;`b`<ab_jabO;P2h+ioOQUoO;Pe°±h+ioOQUoO;P�:

ÇS¶sÇS¶)Ç ë§¿ Ã�º¼¿2ÁbËÍ½�à	��NhËÍ½�¿POQ� Ì�à�ÀÂÃ
=&I _jhITMTUoioO;S/�TUoioI^�¡S�c+O;P+_�JæÇm��=&��@CZ .á�1Ã!0Ñ>¡KTUuK MTO;P+ìTc2J >]P+_Þ`bI É+cLUÞJæÇmK�Uuc+J+a<INi�`<IN_��Vc >Qij�QO;P+ab>

J >QP+_.`<INc+i.MN>QP >Q`QJ+abS�cLO;P+ab�Vc+Ixç
J/ψ

Ý
Υ
Ý;:�:�: → µ+µ−

:wZ�PDh >QijUoabMTc+`ba<INiNÝ�ab`]J+IT¦rio>^Æ�UuioIÞ_jc��/_u>QS/S2ITP1U
h+ioKTMNa<_nh4O;c+inK�Uuc+JLabINin`¯>^��>]S2a<`b`bInJ+IN_

Υ
ÝtITUnJ+a<³KNijINP+MTabINi�`bI

Υ
Ýt`bI

Υ′
ITU[`<I

Υ′′
ÝQITUnMNI»êjcL_o�Vc�Çm��É >Q_

pT
:

ß�O;cL_�>Q`b`<O;P+_xS2>Qa<PVUoINP >]PVUCJ+KNMTioabijI¡`åÇm>Qh+h >]ioINa<`b`b>Qs;I^cLUua<`bab_jK�h4O;c+i�>]UjUuITabP+J+ijI�MNI�U^O;ÉrêjINM�Uua�� Ý+>"¦]>QP1U�JLI
ioITs1>QioJLINi&`bIT_&>QP >Q`�¿e_jIN_»hOQ_o_oa<É+`bIT_.s;iuî]MNI�>QcD_oh4INMTUoioO;S/�TUoioI�>Qa<P+_oa1�Vc+I�_oIT_�h4INi���O;ioS2>QP+MTIN_»>]UoUoINP+JLc+IN_T:

G;�



Ìf�e�N«;*]¹��&0-¹�647µ$�)Å�T���e«Q0"*t64!$R10w*-�
=&I^_oh4INM�UuijO;S2��UuijI��DS�c+O;P+_�IN_�UxhL`¯>QMTK�ITP¢>"¦]>Q`ÑJ+cÊh4O;abP1U�J�ÇáabP1UuITiu>QM�Uua<O;P�ÝV>"¦;ITM�c+P+I^MNOQcL¦;ITijUucLioI

>QP+s;cL`¯>Qa<ioI�INP1UoioIÁ°´Òyî+ITU�° G,î MNO;ijioIN_jhOQP+J >QP1U���`åÇáabP1UuITij¦]>Q`b`<I�INP�hL_oINcLJ+O;iu>]h+abJ+a�UuK −4 < η < −2.5
:t=&>

R s;c+ijI�Ge:HF¡S/O;P1UuioI cLP+I^¦rc+I^J+I�h+ijOQR `ÑJ+c/É+iu>Q_ÞJ+a<S�c+O;Pæ:1=.IN_�J+a<³KNijINP1UuIT_Áh >]ijUua<IN_Þ�Vc+a MNOQP+_jUoa<UucLINP1U

5�6879� Ge:YF§	yqrM\À+KNS2>ÊJ+c�_jhITMTUoioO;S/�TUoioI��/S�c+O;P+_T:�=.IËh4O;a<PVU�J�ÇáabP1UuITiu>QM�Uua<O;PyIT_jU�PLOQUuK��»:m�\:Äna<s;c+ioI
I�drUuio>Qa<UoI¡J+IA`¯>�ijKT��KNijINP+MTI". �V�!05:

`bI�_jhITMTUoioO;S/�TUoioI(¿�_jO;P1U�a<P+J+a<�rcLKNIN_(çx`bIN_�>]É+_oO;ijÉITc+io_TÝ�`åÇm>QabS2>QP1UÊJLabh4O;`¯>Qa<ioI]Ý�`<IN_fM\À >]S�É+ioIT_�JLI
Uuio>-êjINM�UuO;s;io>Qh+À+a<I¡ITU�`<IN_�M\À >QS�ÉLioIN_�J+IAJ+KTMN`<INP+M\À+ITS2ITP1U":

¥�ijO;ab_Dh >Qi�UuabIT_EJLcv_oh4INM�UuioOQS2��UuioI2_oITij¦;ITP1UÂJ+I2R `�UuijIN_DITU�OQPVUËhOQc+iEÉLcLU�J+I2P+IÊ`b>Qab_j_oITiEh >]_o_oITi
�Vc+IA`bIN_ SËc+O;P+_Aç

	Å`5ÇY>QÉL_oO;ijÉITc+i»��ijO;P1U\>Q`4âS�O� �!���£�yxZ*d�!�}xZeZ�;ãgÝ"h+`¯>]MNKÞINP1UuijIx`<I�h4O;a<PVU»J�ÇáabP1UoINiu>]MTUua<O;PDITU»`bIT_�M\À >]S�É+ioIT_
�ÊSËc+O;P+_T:æ@xI�UA>QÉ+_jO;ioÉ4INcLi�É+`<Oe�Vc+IDUuO;ceUuIN_�`bIT_�h >]ijUua<MNc+`<IN_^h+ioOw¦QINP >QP1U¡JLIË`¯>ÂMNOQ`b`ba<_oa<O;P�Ý+_o>QcL�
`<IN_�S�c+OQP+_N:[�´`xIN_jUÂhL`¯>QMTK¢Uuio�T_�h+ioOrM\À+IfJ+cÔh4O;abP1U�JæÇma<PVUoINio>QMTUoabO;Péâ�Ò;{�MNSÊãË>]R PÔJ+If`<abS/a<UoINi
>QcµS2>tdeabS�c+S�`<IfÉ+ioc+a�U�J+If��O;P+JÔMN>Qc+_oK�h >]i�`¯>�J+KT_oabP1UoKNs;io>]Uua<O;PÔS�c+O;P+a<�Vc+IfJ+IN_Âh+a<O;P+_�I�U
J+IT_E�t>QOQP+_Âç.ab`�`bIT_¡É+`bOr�Vc+I/>"¦Q>]PVUD`<INc+iAJ+KT_oabP1UoKNs;io>]Uua<O;P�:��´`�S/IN_jc+ioI/h+`bcL_¡J+I2��S	J+IÂ`<O;P+s+Ý
_jO;a<U�INP1¦rabijO;P(Ã;{Â��O;ab_^`¯>/`bO;P+sQc+INc+i^J+IEiu>QJ+ab>]Uua<O;P>.á�1F!0å:4�´`»IN_jU�h+ioa<P+MNa<h >Q`<INS/INP1U^MNO;S/hOQ_oKËJLI
MN>QioÉ4O;P+I]ÝC>]R PÅJLI�`ba<S2a�UuINiÂ`<IN_Êa<P1UuINio>QMTUoabO;PL_ÊITU¢`bIN_2hITijUoIN_fJ�ÇáKNP+ITios;a<I�J+IT_¢S�c+O;PL_¢�Vc+a�`bI
Uoiu>"¦;ITio_oITP1U":

	Å`5ÇY>QÉL_oO;ijÉITc+iÂ��hI�Uua�Uu_�>QPLs;`bIT_NÝ[h+`b>QMNK¢>QcLUuOQc+i�J+c UucLÉI¢��>Qa<_oMTI">Qc�:�@xIfÉ+`ba<P+J >Qs;I]Ý»��>]a<UÂ>"¦;ITM
J+IT_ SÊ>tUuKNija¯>QcrdÂUuio�T_xJ+ITP+_oIT_NÝ h+ijOQUu�Ts;I�`<IN_ÁM\À >QS�É+ijIN_ J+I^Uuio>-êjINM�UuO;s;io>Qh+À+a<I�>Qcrd¢ITPV¦ra<ioO;P+_xJ+c
��>Qa<_oMTI">Qc�:

	Å`<I¢R `<UoioI��(S�c+O;PL_NÝ�h+`b>QMNKfITPVUoioI�`bIT_�M\À >QS�ÉLioIN_/J+IfUuio>-êjINM�UuO;sQiu>Qh+ÀLabI¢I�U2`<IN_�M\À >]S�É+ioIT_2JLI
J+KTMN`<INP+M\À+ITS2ITP1U":Á@xITU2>QÉ+_jO;ioÉ4INcLi���>Qa<Uf9Q:HG�SkJæÇmKTh >Qab_j_oITc+iN:ÞZ[U\>]PVU/J+OQP+P+Kf�Vc+I�`bIT_�hITijUuIT_
J�ÇáKNPLINiosQabI�J+IN_»S�c+O;PL_�J >]P+_�MTI�R+`<UuijI�P�ÇáabP�{ cLINP+MTINP1U[h >]_�`b>�hLioKNMTab_jabO;PDJ+IÞ`¯> Uuio>-êjINM�UuO;s;io>Qh+À+a<IQÝ
a<`Á>�KTUoK2MTO;P+_jUoioc+a�UËITP#��INiT:&��c#R P+>Q`åÝ.`<IN_DS�c+O;P+_DJ+O;P1UË`åÇáKNP+ITios;a<I/IT_jUËabPL��KTioabITc+ioI/���(È¡I±�
_jO;P1U�É+`<Oe�Vc+KT_ h >Qi�`åÇm>QÉ+_jO;ioÉ4INcLiC��ioO;P1U\>]`�ITU^h >Qi MTI¡R `<UoioIQ:

=ÞÇm>Qa<SÊ>QP1U�J+abh4O;`¯>]abioIEIN_�UEhL`¯>QMTK�êjc+_jUoI/ITP¶JLINÀ+O;ij_AJ+IÂ`åÇm>QabS2>QP1U¡=&XLÝ.���¢S JLc¶h4O;abP1UAJ�ÇáabP1UoINi�°
>QMTUoabO;Pæ:n�´` h+ijOeJ+cLa<UÂc+PµM\À >QS/h�S2>Qs;PLKTUua<�Vc+I¢¦;ITijUua<M">Q` JLI�{e:H��¥¡:Á@xITUjUuI�abP1UuITP+_oa�UuK�h4INioS/ITUÂcLP+I
ÉOQP+P+I^S2IT_oc+ijI�J+I�`åÇáabS/h+c+`b_jabO;PËJ+IN_ÁS�c+O;P+_ÁITUx>EK�UuK�M\ÀLO;ab_jabI�>]R PÊJLI�_u>tUuab_���>QabijI�>Qced2I�dea<s;INP+MTIN_CJLI
ioKT_oO;`<cLUua<O;Pf_oc+i�`b>�SÊ>Q_j_oIAabP1¦]>Qija¯>QP1UuI�J+IN_^J+abSËc+O;P+_T:

GQW



=&I�_�¿e_�Uu�TS2I�J+IfUuio>-êjINM�UuO;s;io>Qh+À+a<IfIN_�U2MTO;S/hO;_jKfJ+I�MNa<P+�v_jUu>]Uua<O;P+_TÝ[M\À >QMTc+P+I���>Qa<UoIfJ+I�J+INced
M\À >QS�ÉLioIN_T:nB�INced¶J+I2MNIN_E_jUu>]Uua<O;P+_D_oO;P1U�hL`¯>QMTKNIN_Ë>"¦Q>]PVUE`åÇm>Qa<SÊ>QP1UAJ+a<hOQ`¯>Qa<ioI�I�UËJ+ITced#>Qh+ij�N_N:�=&>
J+INijP+ab�TioIfIT_jU/h+`¯>]MNKNI��(`åÇáabP1UoKNioa<INc+iËJ+I�`åÇm>QabS2>QP1U":�=.IN_ÂM\À >QS�ÉLioIN_/�(S�c+OQP+_Â_oO;P1U/J+IN_ÂM\À >]S�É+ioIT_
�2R `<_��¢M">tUuÀ+OrJ+IN_�_oINsQS2ITPVUoKNIT_/âå@C��@ÓçFp����÷��� $ e-XS� $ p������[xZeZ� *-ã�:è�P(_oM\ÀLKNS2>¢J+KNMTioa<¦]>QP1U¡`<INc+i
��O;P+M�UuabOQP+P+INS/INP1U�IN_jU�S2O;P1UoioK��2`¯>/R+s;c+ioI�Ge:YÃe:æ=&>2Uu>Qab`<`bIAJ+IN_�_oINsQS2ITPVUo_¡J+KNh4INPLJ(J+I�`bITc+i�ITS2hL`¯>t°

5�6879� Ge:YÃJ	ÔqeM\À+KTSÊ>(ab`<`bc+_�Uuio>QP1U�`bI¢��O;PLMTUua<O;P+P+ITS2ITP1UÂJ�ÇmcLP+I�M\À+>QS�É+ijI��(MN>]UuÀ+OrJ+IT_/_jINs;S/INP1UoKNIN_T:
ÄnabsQc+ioI�IgdrUuiu>]a<UuI¡JLID`b>�ioKT��KTioITP+MNIÏ.á�;W!05:

MNITS2ITPVUEçÑIN`<`bI¡¦]>Qioa<IDJLIË�Vc+IN`<�Vc+IN_�J+ak�N>QabP+IT_�JLIES/S 2 h4O;c+i^`bIN_^_oITs;S/INP1Uu_�h+ioOrM\À+IN_�J+cy��>Qa<_oMTI">Qc��
�Vc+IN`<�rcLIN_�MNINP1Uu>QabP+IT_ÁJLI�S/S 2 h4O;c+iÞMNITced2�Vc+aÑ_NÇáINPÊKT`bO;a<s;P+ITPVUN:1=�ÇmKT`bITMTUuijO;P+a<�rcLI�J+I�`<INMTUoc+ioI^IN_�UxhL`¯>t°
MNKTI�J+a<ioINM�UuITS2ITPVUÁ_ocLixMNIT_x_jINs;S/INP1Uu_T: @xI�J+ab_jhO;_ja<Uoa<�hITioS/ITU�J�Çm>]UoUoINabPLJ+ioI�c+P+I�ijKN_jO;`bcLUoabO;PÂ_jh >]Uuab>Q`bI
J�ÇáINP1¦rabioOQP��Q{

µm
J >QPL_^`<I¡h+`¯>]PfdV°å¿;:

��R PDJ+IÞP+IÞh >Q_.h4INijJ+ioI�INPAioKT_oO;`<cLUua<O;P�Ý"a<`QIT_jU»MNijc+MNab>Q`1J+IÞMNO;PLP >43bUoioI�h+ijKNMTab_oKTS2ITP1U�`b>ChOQ_oa<UoabO;P¡JLI
M\À >Q�Vc+I^M\À >QS�ÉLioIQ:V�»O;c+iÞMNIT`¯>LÝ1`b>�hOQ_oa<UoabO;P�JLIN_�M\À >QS�É+ijIN_�IN_�UÁS/IN_jc+ioKTI�ITP/UoINS/h+_ÞioKTIN` s;ioîQMNI^�Ac+P
_j¿r_jUo�NS/IEJLID_jO;c+ijMNIN_^`bcLS2a<P+INc+_jIN_�MNOQc+h+`bKTIN_���J+IN_^M">QheUuINcLio_^O;hLUua<�Vc+IN_TÝÑ>Qh+h4IN`bKEÈD®�q%â}UÂe��!�"eZ�l� %�/�!��'8�f�!�O'8���u` % *Z�aeZ� ç+_j¿r_jUo�NS/IAJ+I¡MNO;P1Uoi<_;`<I¡J+I¡`¯>ËsQKNO;S/KTUoioabI]ÝLijK">Q`<ab_oK�h >QiC`<I¡s;ioO;cLhI�JLIA=.¿QO;PÑãg:
@xI¢_j¿r_�Uu�NS/I¢S/IN_jc+ioI¢`b>�h4O;_oa�Uua<O;P#J+IT_�M\À >QSËÉ+ioIT_�`bIT_Ëc+P+IT_�h >QiEiu>Qh+h4O;i�U�>Qced#>QceUuioIT_�>Qa<P+_oa��Vc+I
`bITc+io_�h4O;_ja<Uua<O;P+_E>QÉ+_jO;`bc+IT_Â��`åÇáabP1UuKTioa<INc+iDJ+If`¯>�M">"¦;ITioP+I]:��´`xS/IN_ocLioIfKNs;>Q`bITS2ITPVUË`¯>yJLKT��O;ijSÊ>]UoabO;P
KT¦QINP1Uuc+IT`b`<IÊJ+IT_�M\À >QS�ÉLioIN_T:[B�IT_EUoIN_jUo_�O;P1U�S/O;P1UuijK2cLP+I¢ioKT_oO;`<cLUua<O;P%J+IfGQX

µm
_ocLiË`¯>�hOQ_oa<UoabO;P

ioIT`¯>]Uoa<¦;I�INP1UuijIEJ+ITced�M\À >QSËÉ+ioIT_:. �1Ò405:
=ÞÇm>QMT�rcLab_oa�Uua<O;P�JLIN_¢J+OQP+P+KNIT_¢IN_�U�>QM�Uua<¦QKNI�h >QiÊJLINced�M\À >QS�ÉLioIN_ÊJ+IyJ+KTMN`<INP+M\À+ITS2ITP1U�h+`¯>QMTKNIT_

>Qh+ij�N_x`<IN_ÁM\À >QS�É+ijIN_ J+I^Uuio>-êjINM�UuO;s;io>Qh+À+a<I�I�U >Qh+ij�N_C`<I�R `�UuijI��ESËc+O;P+_CS/KTUu>Q`b`<ab�Vc+I]:r@xIN_CM\À >]S�É+ioIT_
J+I�J+KNMT`bITP+M\À+INS/INP1U2_oO;P1U/M">]h >QÉ+`<IN_ÂJ�ÇáIN_jUoabS/INiÂ`åÇáabS/h+c+`<_oa<O;P¶Uoiu>QP+_�¦;ITio_oI�ITU/`bIf_jabs;PLIfJ+IN_/S�c+O;PL_
�Vc+aæ`<IN_xUoiu>"¦;ITio_oITP1U":Ñ�´`æIT_jU�J+O;PLM�hOQ_o_oa<É+`bI�J+I�M\À+O;a<_oa<iC`bIT_xKT¦QKNP+ITS2ITP1Uu_^J�Çma<P1UuKNijÆTUNÝLh >QixI�deINS/h+`bI¡ITP
I�deabsQI">QP1UE_oINcL`bINS/INP1UEc+PvS�cLO;P#O;c#>Qc#S/O;a<P+_Ac+P+I/h >QabijI2JLIÊS�c+OQP+_EJLI2_jabs;P+IT_ËO;hLhO;_jKN_T:��´`ÞIN_�U
>Qc+_j_oa�h4O;_o_jabÉ+`<I�J+I¡S/ITUjUuioI¡cLP+I¡MNO;cLh+c+ioI¡_jc+i�`åÇáabS/h+c+`<_oabOQP/Uoiu>QP+_�¦;ITio_oI]:4@xITUjUuIAMNO;cLh+c+ioI]Ý MNO;S/h+ijab_oI
INP1UuijI^{L:HF¡ITUxGAÈ¡I±�

/c
Ý1ioKTJ+c+a�UÞMNO;P+_jabJ+KTiu>QÉL`bINS/INP1U�`bI ÉLioc+a�UÞJ+I^��OQP+JÂJ+IN_�h+abOQP+_ÞITU�J+IN_Þ�t>QO;PL_�âÕUuij�N_

abS/hOQijU\>]PVUC��É >Q_
pT
ã�:

��0-)»$»�r��*-¸V� �5¹��N¸V�r���1ª�r«����y�N���r«Q0w*-6!5RV0"*t�
=ÞÇáKTUoc+J+I�hLioabPLMNabh+>Q`bI�ioKN>Q`ba<_oKNI�>"¦;ITM(`bIy_jhITMTUoioO;S/�TUoioI��¶S�c+O;P+_ÊIN_jU¢`åÇáKTUucLJ+IyJ+IT_¢�Vc >Qij�QO;P+ab>

J >QP+_/`bITc+io_/J+KT_oabP1UoKNs;io>]Uua<O;P+_ÂJ+abSËc+O;P+a<�rcLIN_�â
J/ψ,Υ → µ+µ−

ã�:�ß�OQc+_Ê>"¦QO;P+_ÊJLKT¦;IT`bO;hLhKy�%`b>
_oITMTUua<O;P�9;:mXL:YGË`åÇáabP1UuKTioÆ�UxJ+I¡`b>E_jc+h+h+ijIN_o_jabO;P�J+c

J/ψ
MNO;S/S2I^O;É+_jINi�¦Q>]É+`bI�JLc�?DÈA��ÝeITUxS2ITPVUoabO;PLP+K

`¯>�h4O;_o_jabÉ+a<`ba<UoK�J+IAioITs1>QijJ+INi�>Qc+_j_oa&`bIT_
Υ

>Qcy=&��@�:=�ÇáKTUoc+J+IËJLIN_^�rc+>Qio�]O;P+a¯>ÂJ >QPL_�`<IDMN>QP >Q`
µ+µ−IN_�U�h >Qi�Uua<MNc+`<ab�NijINS/INP1UDabP1UuKTioIT_o_u>]PVUoI¢M">]iË`bIT_ËS�cLO;P+_Ë_TÇmKTM\À >Qh+h4INP1UÂJ+c#S2a<`babITc×_u>QP+_ËabP1UuITiu>Qs;a<iNÝ.I�U

MNO;P1UoabINPLP+INP1U2J+O;P+M�J+IT_2a<PL��O;ioS2>]UoabO;P+_Ë_oc+iÂ`bIT_�UuO;c+_/h+ijINS/abINij_ÂabP+_�U\>QP1Uu_ÂJ+I�`¯>(MTO;`b`<ab_oa<O;P�:�=&>(Re°
s;c+ijI�Gr:H�¡h+ioKT_oITPVUoI�`<IN_ÞhITij��O;ijSÊ>]P+MNIT_�JLc2_jhITMTUuijO;S/�TUuijI�>tUoUuITP+J+c+IT_Áh4O;c+iÞMTIN_xS/IN_jc+ioIT_N:rè�P/�Vc >Qi °
�QO;PLa¯>�IN_�U�MTO;P+_jabJ+KTioKAMNO;S/S/I�KTUu>QP1U�J+>QP+_�`åÇm>QMNMTINhLUu>QP+MTID`<O;io_j�Vc+IA_oIN_�J+ITced�S�c+OQP+_ Uuiu>"¦QINio_jINP1U�>Qc
S2OQabP+_nUoioO;a<_[M\À >QSËÉ+ioIT_�JLI�Uoioa<s;s;INinITUÞ_oa dÂM\À >QSËÉ+ioIT_�JLI�Uoiu>-êjITMTUoO;s;iu>]h+À+abI]:;ß^O;c+_�¦;Ow¿;OQP+_Á�Vc+I�J >]P+_
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5�6879� Ge:Y�9	Ë��ITij��O;ijSÊ>QPLMNIN_�JLc�_oh4INMTUoioO;S/�TUoioI J >]P+_[`åÇáKTUoc+J+ICJLc
J/ψ

â�ITP/À+>QcLUgã»ITU�J+c
Υ

â�ITPÂÉ >Q_\ã�ç
>QMNMTINhLUu>QP+MTIDITPf��O;P+MTUoabO;PfJLI

pT
I�U�J+I

y
â���s1>Qc+M\À+I"ãCITU�_oh4INM�UuijIN_�INP�S2>Q_o_jI¡abP1¦]>Qioab>QP1UuI�h4O;c+iCJLIN_

MNO;`<`ba<_oabOQP+_�MNITPVUoiu>Q`<IN_�â5>Qc¢S/ab`<abITcÑãnITUx_oINS/a�°±MNITPVUoiu>Q`<IN_�â5�EJLioO;a�UuIwãg:LÄ�abs;c+ijI�IgdrUuiu>]a<UuI^J+I�`b>EijKT��KNijINP+MTI
.YF]{!05:

`¯>�ijKNs;a<O;P�INPyhL_oINcLJ+O;iu>]h+abJ+a�UuK¡MTO;cL¦;ITijUoIËh >Qi `<IA_oh4INMTUoioO;S/�TUoioI]Ý `åÇm>QMNMTINhLUu>QP+MNIDIN_�U^KN`bI�¦;KTIES/ÆNS/IA�
É >Q_

pT
:Ñ=�Çm>QMNMTINhLUu>QP+MTIEa<PVUoKNs;ijKNIA_ocLi�UoO;cLU�`5ÇmIT_oh >QMTIAJ+IAh+À >Q_jIE_jID_ja<Uoc+IAINP1UuijID�/ITU�F[Û�.mFQ{405:

=&IT_Â_oh4INMTUoioIT_/ITP�S2>Q_j_oIfabP1¦]>Qija¯>QP1UuIÊS2O;P1UoioINP1UÂITPµhL`bc+_�c+PÔÉ4O;PÔiu>QhLhO;i�U�_oa<s;P >Q`Á_oc+iÂÉ+ijc+a<U
â
S/B

ã�:ÑZ�PyMTO;`b`<ab_jabO;P+_xMNINP1Uoiu>Q`<IN_NÝÑMTIËiu>]h+hOQijU�IN_�U�J+IE{L:YGÂh4O;c+i�`<I
J/ψ

I�UË9;:Y��hO;cLi^`<I
Υ
:4È¡iuî]MNI

�E`b>DUuij�N_Ás;iu>QPLJ+I�_�U\>]Uoab_jUoab�Vc+I�>]UoUoINP+J+cLIQÝL`<IN_ÁioKN_jO;P >QPLMNIN_
ψ′
Ý
Υ′

I�U
Υ′′

_jINijO;P1U�>Qc+_j_oa>QP >Q`�¿e_o>QÉ+`<IN_N:
ß�O;cL_�¦;Ow¿QO;P+_�J+IChL`bc+_��rcLIC`¯>^_oKNh+>Qiu>]UoabO;PËJ+IC`¯>���>QS/ab`b`<I[J+IT_

Υ
_oINio>�ioKN>Q`ba<_u>QÉL`bIQÝ-É+a<INP��Vc+IxJ+KN`<abM">tUuIQ:

ZÞP×h+`<c+_¡J+I�`5ÇmK�Uuc+J+IËMN`¯>]_o_oa<�Vc+I�J+I�`¯>¢_jc+h+h+ijIN_j_oabOQP¶J+IT_¡�Vc >Qio�]O;P+ab>LÝ�ab`�IN_�UAhO;_j_oa<É+`bI�JæÇmKT`¯>Qijs;abi
MNI�UoUuI�KTUoc+J+I�ITPÊ��O;P+M�Uua<O;PÊJ+I�`åÇáabS/h+c+`<_oabOQP�Uuiu>]P+_j¦QINio_jIQÝeJ+I�`b>Eiu>]h+abJ+a�UuK]Ý1ITUuM]:LBEÇY>QceUuioIT_xO;ÉL_oINi�¦]>QÉ+`bIT_
MNO;PLMNINijP >QP1U�`bIT_��rc+>Qio�]O;P+a¯>¡_jINioOQPVUÁ>QcL_o_oaÑ>]P >Q`<¿r_jKNIN_TÝ1MNO;S/S/IC`¯>�h4O;`¯>]ioab_o>]Uua<O;PDJ+c

J/ψ
ÝQ`<I iu>Qh+h4O;i�U

Υ′/Υ
O;c�`bI
{ O]U�IT`b`<abhLUoab�Vc+I�JLIN_

J/ψ
.YFr9�0å:

BËÇY>]cLUuijIN_�h >Qi�UuabMTc+`bIT_ �Vc+IA`bIN_��Vc >Qij�QO;PLa¯>�_oITioO;P1U^KTUoc+J+abKTIN_�s;ioîQMNID>Qc�_oh4INM�UuijO;S2��UuijIE��S�cLO;P+_N:
=.IN_ÂM\À >QijS2IT_2I�U2`<IN_ÂÉ4I">QcLUoKN_ÂO;cL¦QINi�Uu_(â

D
ç�S2KT_oO;P+_ÂMTO;P1UuINP+>QP1U¢c+Pµ�Vc >Qio�

c
Ý�I�U

B
ç�S/KN_oOQP+_
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5.1 → 4.5 −3.7 → −3.2��P+P+I">]c(G
4.5 → 3.9 −3.2 → −2.7��P+P+I">]c�X
3.9 → 3.4 −2.7 → −2.2��P+P+I">]cy�
3.4 → 2.8 −2.2 → −1.8

������� Ge:YG:	�@xOQcL¦;ITijUucLioIN_�INP�h+_oITc+J+O;io>Qh+a<J+a<UoK¡J+c���{L:

5�6879� Ge:mÒD	E��À+OQUoO;_[J+c���{1@vO;cL¦QINijU�â5��s1>]c+M\À+IwãnI�U�>QhLio�N_�_jO;P�abPL_jU\>]`b`¯>tUuabOQP¡INP�h4O;_oa�UuabOQPËJ+K�R P+a<Uoa<¦QI
â5��J+ijO;a<UoIwã�:

J+c¢�¡{]�Ë:+=.I���{1@�IN_�U�J+O;P+M�MTO;P+_�Uua<Uoc+K�J+I¡�;WËKN`<KNS/INP1Uu_C_jMNa<PVUoab`<`¯>QP1Uu_TÝeI�U `bI^�¡{Q�íJ+I¡X1GËKT`bKNS/INP1Uo_
_oMTabP1Uua<`b`¯>]PVUo_N:Q=&I^P+O;SËÉ+ioI�J+I�¦;O;a<IN_�MNO;ijioIT_oh4O;P+JÊMTINh4INP+J+>QP1U >Qc/P+O;S�ÉLioI^J+I�MTIN`<`bc+`<IN_NÝQ_oO;a�UxX;G¡¦QO;abIT_
hOQc+i M\À >Q�Vc+IDJ+ab_j�Vc+IQ:

=»>�R sQc+ioIDGe:�9w{�S/O;P1UuioI�`bI¡_oÀLKNS2>ÂJæÇmc+PLIA¦QO;abI¡cLP+ab�Vc+I]:4¤¡Pf¿fS/O;P1UuijI�`bIT_ J+a<³KNijINP1UuIT_�h >QijUoabIT_

5�6879� Ge:�9w{¼	�qeM\ÀLKNS2>2J�Çác+P+ID¦;O;a<IEJ+c��¡{�ç4KT`bKTS2ITPVU�_oMTabP1Uua<`b`b>QP1U"ÝLR ÉLioIN_��2J+KTM">Q`b>Qs;IAJ+IE`bO;P+sQc+INc+i
J�ÇáO;P+J+Iyâ�R ÉLioIN_:Åé=�qLã�Ý&MNO;PLP+INM�UuINcLio_NÝ»R É+ijIN_ËOQhLUua<�rcLIN_ËI�UËhLÀ+OQUuOQS�c+`<Uoabh+`<abMN>]UuITc+iÂâ5��®�ãg:nZndrUuio>Qa<U
J+IA`¯>�ijKT��KNijINP+MTI".mF]��05:

Uuio>w¦QINij_oKNIT_ h >QiÁ`bIN_�h+À+O]UuO;P+_xh+ioOrJ+c+a�Uu_�J >QP+_C`<I�_jMNa<PVUoab`<`¯>]UoINc+i çr`bIT_ÁR É+ijIN_ �EJ+KNMN>Q`¯>QsQI�J+I�`bO;P+sQc+INc+i
J�ÇáO;P+J+I�âÕR É+ijIN_nÅé=»q+ã�Ý`bIN_�MNO;P+PLINMTUoINc+ij_NÝ&`bIT_�R É+ijIN_¡O;heUuab�Vc+IT_¡ITU¡`<I�h+À+O]UuO;S�cL`<Uua<h+`ba<M">]UoINc+iEâ��Á®yã
J >QP+_D`bIT�Vc+IN`�`bIT_DhLÀ+OQUuOQP+_Ëh+ijOeJLc+ab_jINP1UËcLP#_oa<s;P >Q`ÞKT`bINM�Uuijab�Vc+IQ:�@xI2_oabsQP >Q`�KN`<INM�Uuioa<�Vc+I2IT_jUËINP+_jc+a<UoI
>QS/h+`ba�R K�>"¦]>QP1U^J�ÇmÆ�UuijIAUoiu>Qa�UuK¡h >]i `åÇáKN`bITMTUoioO;P+a<�Vc+IQ:

X1G



���r�^]±647�«Q0w¹�647»��$�)Å$&¸10w�r«Q0w�r)»*/���
=»>C��O;PLMTUua<O;PAh+ioITS2a<�NijI�J+cD��{ IN_jU»J+I���O;cLioP+a<i.c+PEJLKNMN`<INP+M\ÀLINS/INP1U âÕUuijabs;s;ITi\ãJLI�ÉLa¯>Qa<_�S2a<P+abSËc+S

hOQc+i�`bIT_�J+KTUoINM�UuINcLio_/J+cÔÉ >Qioa<`CMNITP1Uuiu>]`åÝ[�(`b>y��O;ab_�h4O;c+i�`<IN_�MTO;`b`<ab_oa<O;P+_Dh+ioO]UuO;Pe°±h+ioO]UuO;P I�UÂhO;cLi
`bIT_EMTO;`b`<ab_oa<O;P+_¡P+Ow¿;>Qce°´PLO-¿;>Qc�:��»O;c+iEMNIN`b>LÝ»`bIÂ�¡{�JLO;a<UEÆTUoioI¢MN>Qh >QÉ+`<I2JLIÊJ+K�UuINijS2a<P+INiE�Vc >QP+JvcLP+I
MNO;`<`ba<_oabOQP���>Qa<_oMTI">Qce°å��>Qab_jMNIN>Qc(>¢`ba<INc�Ý4ITU�J+I���>QabijIË`b>ÊJ+a<³KNijINP+MTI�INP1UuijI�MNIT_Êä�ÉO;PLP+IN_"äËMNO;`<`bab_jabO;PL_�I�U
`bIT_ËMNOQ`b`ba<_oa<O;P+_¡��>Qab_jMNIN>Qce°´s;>��Q:»ß�OQc+_�>Qh+h4IN`<O;P+_D��>Qab_jMNI">]ce°´s1>4�Ê`bIT_ËMTO;`b`<ab_oa<O;P+_A�Vc+axOQPVU�`babITc#J >]P+_�`bI
Uuc+É4IDJ+cy��>Qa<_oMNIN>QcyITP1UuioIE`bIT_�h >]ijUua<MNc+`<IN_^J+c���>]ab_oMTI">Qc�ITU�`bIN_^S/O;`bKTMNc+`<IN_�J+IËs;>��E�Vc+a»ioIT_jUoINP1U�J >]P+_
`bIÊUoc+É4IfSÊ>Q`<s;ioK2`åÇác+`<Uoiu>"¦rabJ+I]:n�»O;c+iÂJ+a�³æKTioINPLMNabITi�MNIT_ÂJ+INcedvU´¿eh4IN_/J+IfMTO;`b`<ab_oa<O;P+_TÝ»I�UÂJ+KNMTabJ+ITiÂJ+c
J+KNMT`bITP+M\À+INS/INP1U^J+IT_^JLKTUuITMTUoINc+ij_�MTINP1Uuio>QcedÝ `bI���{�_oI¡É >Q_jIA_oc+i `<IN_CUuITS2hL_ J+I�¦;O;`.JLIN_�h >Qi�UuabMTc+`bIT_N:
@xI¢UuITS2h+_�JLI¢¦;O;`CIT_jU/M">]`bMNcL`bKf��h >]ijUua<i�J+If`5Çma<P+_jUu>QP1U�>Qc+�Vc+IT` J+INcrdÔh >Q�Vc+I�Uu_Â_oIfMTioO;a<_oINP1UÂJ >]P+_
��=.��@CZ :[@xI/UuITS2h+_

t0
J�Çác+P+IÊMNO;`<`bab_jabO;P(K�¦;ITPVUoc+IN`<`bI2IN_jUËMNO;PLPrcv>w¦QINM¢hLioKNMTab_jabO;P%h >QiE`bI/=&��@�ç»�

`bc+S/abPLO;_oa�UuKÂP+O;S/abP >]`bIQÝ.a<`�¿#>yc+P MTioO;a<_oITS2ITPVUËUuO;cLUoIN_�`<IN_ÂGQF�P+_N:n=.IÊ�¡{�IT_jU�_�¿ePLM\À+ioO;PLab_oK�>"¦;ITM
`åÇáÀ+O;ij`bO;s;I JLc¢=&��@�I�UxMTO;P+P >!3bUÁJ+O;P+M

t0
:eÈAioîQMNI��DcLP+I�S/IN_jc+ioI^h+ioKTMNa<_oI�JLc2UuITS2hL_C>Qc+�Vc+IT`ÑM\À >Q�Vc+I

J+ab_j�Vc+I¢IN_�U�UuO;cLM\À+KQÝ[a<`Áh4INceU���>QabijIÊ`b>yJ+a<³KNijINP+MTI¢INP1UoioIfc+P+IfMTO;`b`<ab_jabO;P(��>Qa<_oMNIN>Qce°å��>Qab_jMNI">]cvITU�cLP+I
MNO;`<`ba<_oabOQP2��>Qa<_oMNIN>Qce°±s1>��Q:

ZÞP#IT³ITU"Ý&`<O;io_DJ�Çác+P+IÊMTO;`b`<ab_jabO;P���>Qa<_oMTI">Qce°å��>Qab_jMNIN>Qc�Ý&`bI��¡{;@õIN_jUEUuO;cLM\À+KÊITPV¦ra<ioO;P X�P+_E>Qh+io�T_
`¯>ÊMTO;`b`<ab_jabO;Pvâ

t0 + 3
P+_uã�ITUA`bIE�¡{Q��IT_jU¡UuOQc+M\À+KÂINP1¦rabijO;PÔ9;9�P+_A>Qh+ij�N_A`¯>2MNO;`<`bab_jabO;Pvâ

t0 + 11
PL_\ã

â�¦QO;abiD`¯>�R s;c+ijIfGe:�9;9-ãg:nqrax>Qc#MNO;P1Uuio>QabijI2a<`�¿v>�c+P+I¢MTO;`b`<ab_oa<O;P���>Qa<_oMNIN>Qce°±s1>��QÝ&MTIN`b`<I�°±MNaÞ_oI¢hLioOrJ+c+a<U

5�6879� Gr:<9;9
	f£^ITh+ioKT_oINP1Uu>]Uua<O;P�JLIN_�UoINS/h+_�J+IA¦;O;`&INP1UoioID`bIAhOQabP1U�J�ÇáabP1UuITiu>QM�UuabOQPvâ���:á�\:HãCITU�M\À >QMTc+P
J+IN_�J+a<_o�Vc+IT_�J+c��¡{�`<O;io_ J�Çác+P+IAMTO;`b`<ab_oa<O;PÊ��>Qa<_oMTI">Qce°å��>Qab_jMNIN>Qc�:

INP�s;KNPLKNiu>]`&�Â`5ÇmIgdrUuKNijabITc+i�J�Çm��=.��@CZ�ÝÑI�U�JLO;P+MA`bIT_ J+ab_j�rcLIN_^J+c���{/_jO;P1U�UuO;c+M\ÀLKN_�>w¦QINMDJ+IN_�UuITS2hL_
J+a<³KNijINP1Uu_¡JLI/MTINced%JæÇmc+PLI/MTO;`b`<ab_jabO;P���>Qab_jMNI">]ce°±��>Qa<_oMTI">Qc�:æ�n>QiAIgdLITS2hL`bIQÝæ_oa�`¯>¢MTO;`b`<ab_jabO;Py>�`<abITc(J+c
M�_QUoK��EÝrM]ÇmIT_jU��EJ+abijI��Ds1>Qc+M\À+I�J+cÊ�¡{]�ëJ >]P+_C`¯>¡R s;cLioI¡Gr:<9;9QÝr`<I^��{Q�íIT_jUÁUuO;c+M\ÀLK�9;9�PL_ >"¦Q>]PVU

t0ITU�`<I��¡{1@éXÂPL_�>QhLio�N_
t0
:ÑB�IDS/ÆNS/IQÝLc+P+IDMNO;`<`bab_jabO;P/��>Qab_jMNIN>Qce°´s;>��¡J+c�M�_QUoKE@éh+ijOeJ+cLa<U�c+P�_oa<s;P >Q`

�
t0 + 11

P+_�J >QPL_^`<I��¡{Q��I�U��
t0 − 3

P+_�J >QP+_�`bI���{1@�:
=ÞÇáO;cL¦QINi�Uuc+ijI2J+IÂ��INPLÆTUuijIN_AUuITS2h4O;ioIT`b`<IN_A>QcLUoO;c+iAJ+IÂMNIT_E¦]>Q`<INc+ij_DS/Ow¿;ITP+P+IN_Dh4INioS/ITUDJ+OQP+M2JLI

SÊ>]io�Vc+INi�cLP�_jabs;P >]`CMNO;S/S/I¢¦;INP+>QP1UÊJ�Çác+P+I�MNOQ`b`ba<_oa<O;P¶��>Qa<_oMTI">Qce°å��>Qab_jMNIN>QcÔO;cµ��>]ab_oMTI">Qcr°´s1>��]:��n>]i
I�deINS/h+`<IQÝæ`b>ÊJ+K�UuINM�Uua<O;P×J�ÇmcLP+I�h >Qi�UuabMTc+`bIEJ >QP+_¡`<IË�¡{]���

t0 + 11
PL_/â ± �Vc+IT`b�Vc+IN_AP+_uã�h+ioOrJ+c+a�U

c+P×J+KNMT`bITP+M\À+INS/INP1UE¾C¾x��ç�`<IË�¡{]�Ó>�JLKTUuITMTUoK/cLP%_jabs;P+>Q`n��>Qa<_oMNIN>Qce°å��>Qab_jMNI">]cµâ5¾xIN>QSÂ°´¾xI">]S¢ãg:�qea
`¯>(J+K�UuINM�Uua<O;P�J+>QP+_/`bIf�¡{Q�z>×`ba<INcµ�

t0 − 11
PL_�â ± �Vc+IT`b�Vc+IT_2P+_uã�ÝÞMQÇáIN_�U¢c+PµJ+KTMN`bITP+M\À+ITS2ITPVU

¾ È¡�²�rcLa IN_jU2h+ijOeJ+cLa<Ufç�`<I¢�¡{Q�z>(J+KTUoINM�UuK�c+P�_jabs;P+>Q`x��>Qa<_oMNIN>Qce°±s1>��%â5¾ÁI">QS�°�ÈA>Q_\ãg:[=&>(R s;c+ijI
Ge:�9-GËioITh+ioKT_oINP1UoIË`bIT_CUuITS2h+_�>]c+�Vc+IN`<_^`<I��¡{]��I�U�`bI���{1@ _jO;P1U�UuO;c+M\ÀLKN_^J >QP+_�`bI�M">Q_�J+IAMNOQ`b`ba<_oa<O;P+_
��>Qab_jMNIN>Qce°±��>]ab_oMTI">QcyO;c���>Qab_jMNIN>Qce°´s;>��QÝITU¡`<IN_�J+KTMN`<INP+M\À+ITS2ITP1Uu_E>Q_o_jOeMTabKN_T:�Z�P×MNO;SËÉ+abP >]PVU�`bIN_�J+INced
J+ab_j�Vc+IN_TÝ.9wÃ�U´¿eh4IN_^J+IAJ+KTMN`bITP+M\À+ITS2ITPVUo_�h4INcL¦QINP1U�ÆTUuijIAh+ioOrJ+c+a�Uu_ h >Qi�`<I��¡{L:

=&IT_EJLKNMN`<INP+M\ÀLINS/INP1Uu_�hLioOrJ+c+a<Uo_Ah >QiD`bI��¡{�_oINi�¦rabioOQPVUEP+O;P¶_oITc+`bITS2ITPVUË��J+KNMT`bINPLM\À+INiE`bIN_DJ+Kg°
UuITMTUuITc+io_¡JLc�UuO;P+PLI">Qc(MTINP1Uuio>Q`åÝ4SÊ>]ab_�>]c+_o_ja[�¢MNOQPLR ioS/INi�`bIËJLKNMN`<INP+M\ÀLINS/INP1UAJ+c(_oh4INM�UuijO;S2��UuijI��
S�c+O;PL_N:;Z�P�I�³æI�U"ÝQ`<IN_[M\À+>QS�É+ijIN_�J+ICJLKNMN`<INP+M\ÀLINS/INP1UÞJ+cÂ_oh4INM�UuioOQS2��UuioIxP+ICh4INcL¦QINP1U�h >Q_n��>Qa<ioI�UuO;ce°
êjO;c+ij_Á`b>DJ+a�³æKTioITP+MNI^INP1UuijI�c+PLI�MNOQ`b`ba<_oa<O;P���>Qab_jMNIN>Qce°±��>]ab_oMTI">Qc/ITUÁc+P+I�MNO;`<`ba<_oabOQP���>Qab_jMNI">]ce°´s1>4�Q:V=.I^��{
IN_�U J+O;P+M¡a<P+J+a<_oh4INP+_o>QÉ+`bI�hOQc+iCKT¦ra�UuINixc+P�J+KNMT`bINPLM\À+INS/INP1U���ioKT�rcLINP1U�ITU�a<PrceUuab`<I�JLc�_jhITMTUoioO;S/�TUoioIQ:

X;X



5�6879� Ge:�9-Gn	Ê£�INh+ijKN_oITP1U\>]UoabO;PfJ+IT_CUuITS2h+_xJ�ÇY>]MTUua�¦]>]Uua<O;PÊJ+c¢��{Q�àI�U�J+c¢�¡{1@�h4O;c+iCJLIN_ MNOQ`b`ba<_oa<O;P+_
��>Qab_jMNIN>Qce°±��>]ab_oMTI">QcfOQc���>Qa<_oMTI">Qce°±s1>��]ÝLITU^J+KTMN`<INP+M\À+ITS2ITP1Uu_�hLioOrJ+c+a<Uo_ J >QP+_�M\À >]�rcLIEMN>Q_N:

®�INP1Uua<O;P+P+OQP+_ INP+MTO;ioI�`bIN_xJ+KNMT`bINPLM\À+INS/INP1Uu_�ITP�MTINP1Uuio>Q`ba�UuKT_x�Vc+I¡`bI��¡{Ëh4INcLU�JLKN`ba�¦rioINiÁ`bO;ij_xJ+IT_
MNO;`<`ba<_oabOQP+_�P+Ow¿1>]ce°´P+Ow¿;>Qc�:]��O;c+i»MNIT`¯>LÝ-a<`;��>QcLU»ioITs1>QioJLINi»`¯>�M\À >QiosQIÁJ+KThOQ_oKNIÁJ >QP+_»`bIÞ�¡{eÝw�rcLaeJ+KThITP+J
J+cÂP+O;S�ÉLioI J+I�h >Qi�Uua<MNc+`<IN_�h+ijOeJ+cLa<UuIT_�J >QP+_Þ`b>�MNO;`<`bab_jabO;PæÝtI�U�J+O;P+M�J+I `b>AMTINP1Uuio>Q`ba�UuKCJLI^`b>�MNO;`<`ba<_oabOQP�:
¾xabITP��Vc+I�`¯>/h+ioKTMNa<_oabOQP�J+c��¡{¢_jc+i�`b>ÊS2IT_oc+ijI�J+I�`b>ÊMNITP1Uuiu>]`ba<UoKËP+IË_oO;a�U�h >Q_�Uuio�T_�s;io>QP+J+I]Ýæab`»IN_�U
�Vc >QP+Je°±S2ÆTS2I2hOQ_o_oa<É+`bI2J+IfJ+ITSÊ>QPLJ+INi��Vc+If`b>yM\À >Qijs;IfJ+KThO;_jKNIfJ >]P+_�`bI/�¡{�_oOQa<U�_jc+hKTioa<INc+ijIf�
c+P+I�MTINijUu>QabPLI�¦Q>]`bINcLi¡>]R P×J+I�P+I�s;>QioJ+ITi¡�Vc+IÂ`bIN_�MNO;`<`bab_jabO;PL_�`<IN_¡h+`<c+_¡MNITPVUoiu>Q`<IN_T:.=.I�S2ÆTS2IËU´¿rh4I
J+IAJ+KNMT`bITP+M\À+INS/INP1U�hITcLU�Æ�UuijIEO;ÉeUuINPVc�INPyMTO;P+_jabJ+KTiu>QP1U^`bIAP+O;SËÉ+ioIAJ+IDMNIT`b`bcL`bIN_CUoO;c+M\À+KTIN_�>Qc�`<abITc
J+IA`¯>�M\À >]ios;I]:

ZÞP�h+`<c+_ J+IAMNIT_ ��O;P+MTUoabO;PL_CJ+IAJ+KNMT`bITP+M\À+INS/INP1UNÝ `bI��¡{�h4INcLU ��OQc+ioP+a<iCJ+a�³æKTioINP1UoIN_�S2IT_oc+ijIN_�_ocLi
`¯>ËMTO;`b`<ab_jabO;P�:V��>QiCIgdLITS2hL`bIQÝe`bI�S/OrJ+�N`<I�J+IAÈ¡`¯>]c+ÉITixh4INijS2I�U J+I�ijIN`ba<INiÁ`¯>ËM\À >]ios;I¡MTO;`b`<INMTUoKNI�h+>QiC`bI
�¡{E�E`¯>AMNITP1Uuiu>]`ba<UoK�JLI�`¯>AMNOQ`b`ba<_oa<O;P�INP1UuijI�J+ITcedÊP+Ow¿1>QcedÝeINP¢h >]_o_u>]PVUxh >Qi�`bI^P+O;S�ÉLioI^J+I�PVc+MT`bKNOQP+_
h >Qi�UuabMTabh >]PVU��¢`¯>¢MTO;`b`<ab_oa<O;P�:@xITUjUuIÂS/IN_ocLioIQÝæINP+MTO;ioI/�¢`åÇáKTUoc+J+I]Ý�_oITiu>Qa�U¡cLUua<`bI�h4O;c+i�MNO;S/h+`bK�UuITi�`bIT_
S2IT_oc+ijIN_2J+IN_Ê>QcLUuijIN_/_oO;cL_�°´JLKTUuITMTUoINc+ij_N:C�´`�J+I�¦eio>Qa<U2S/ÆNS/I�Æ�UuijIyh4O;_o_jabÉ+`<I�JLI���>Qa<ioI�c+P+I�S2IT_oc+ijI
J+c³{ OQUDIN`<`ba<hLUua<�rcLI�>"¦;ITM2`<IË�¡{L:.�´`n_oc��/iu>]a<UAh4O;c+i¡MNIT`¯>fJ+IÂioITs1>QijJ+INiA`¯>¢JLab_jUoioa<É+cLUua<O;P�ITP

φ
J+IÂ`b>

M\À >Qijs;I¢J+KThO;_jKNI�J >QPL_�`bI¢J+K�UuITMTUuITc+iNÝ��Vc+axJ+IT¦riu>]a<U�¦]>QijabINiEJ+Ifh+`<c+_oa<INc+ij_�J+ak�N>QabPLIN_�J+Ifh4O;c+ijMNITPVUo_
_oIT`bO;Pµ`åÇáIN`<`babheUuabMTa<UoKÊJ+c { OQUg.YF;F|0å:�è�PLI�UoIN`b`<I�S2IT_oc+ijI�IT_jU¢_jO;c+À >]a<UuKTI�h+>Qi2`<IN_ÂUuÀ+KTO;ioa<MNa<INP+_ÂM">]i2`b>
MNO;ce¦;INi�Uuc+ijIÂINP×h+_oITc+J+O;io>Qh+a<J+a<UoK�J+c(�¡{fIN_�UAc+P+a<�rcLI�ITU¡Uuij�N_¡a<PVUoKNijIN_o_o>QP1UuI]:»�´`»��>Qc+J+io>fMNINh4INPLJ >QP1U
>]UoUoINP+JLioIAc+P�ÉO;P�K�U\>Q`<O;P+P >QsQI¡ioIN`b>]Uua��&INP1UuijIA`bIN_�MTIN`b`<c+`bIT_ >"¦]>QP1U�JLIA��>]abioI¡MTITUjUuIAKTUoc+J+IQ:

B�INced�>QceUuioIT_ÊS/IN_jc+ioIT_Êh+À1¿r_oa<�rcLIN_¢_jINioOQPVU¢>Qc+_j_oa^hO;_j_oa<É+`bIT_Ê>"¦;ITMy`<I���{�çÞ`¯>×S/IN_ocLioIyJLI�`b>
`bc+S/abPLO;_oa�UuKAITU¡`b>2S/IN_jc+ioI�J+IË`¯>2SËc+`<Uoabh+`<abMNa�UuK]: Z[U\>QP1U¡J+OQP+P+K��Vc+I�MTIN_¡S/IN_ocLioIN_¡MTO;P+_�Uua<Uoc+INP1U¡cLP+I
h >Qi�UuabI�J+IAS2O;PfUoiu>"¦]>Qab`5ÝLIN`<`bIT_C_oITioO;P1U^Uuiu>]a<UuKTIN_ ITP�J+K�U\>Qa<`�J >QPL_^`<I¡M\À >Qh+a�UuijIEXe:

ÇS¶�·D¶)Ç ë§¿PY\[��ÂÊ�ÀÂÃ`_èáa¾�acbdb e
}f�5¹�Í¢6�6 0

��`bab£^OrOQU¡IT_jUË`bIÂP+O;SlJ+c#h+ioO;sQiu>QS/S2I�JLI2_jabS�c+`b>]Uua<O;P(J+I2��=.��@CZ :��´`ÞIN_�U�É >]_oK/_oc+iË£ ¤A¤¡¥¡Ý
h+ioOQs;iu>QS/S/I^ITP�@Dfgf�JLKT¦;IT`bO;hLhK�h+>Qix`<I¡@CZÞ£�ßD:L¥»O;cLUoI�`¯>Ds;KNO;S/KTUoioa<I�J+cÊJ+KTUoINMTUoINc+i IT_jU JLKNMNija<UoI
J >QP+_2��`<a¯£�OeOQUNÝ�ITUÊM\À >Q�Vc+I(_oOQc+_�°±J+KTUoINMTUoINc+i¢¿�IN_�UfabP1UoKNs;ijKyabPLJ+KNh4INP+J+>QS2S/INP1UN:Á=&>¶R+s;c+ioI(Ge:<9"X
S2OQPVUoioI¡`<I¡J+KTUoINMTUoINc+i�¦rabi�Uuc+IT`æUuIT`.�rcLIEJ+KTMNija<U�J >QPL_^��`bab£^OrOQU":

��O;c+iË`¯>�_jabS�cL`¯>]UoabO;P×J+I¢MTO;`b`<ab_jabO;P+_TÝ.��`<a¯£�OeOQUDIT_jU�a<PVUoINi���>QMNKÊ>w¦QINMfJ+IT_�s;KTP+KNio>]UuITc+io_�UoIN`b_E�Vc+I
�[¿rUoÀ+a¯>fO;c#����]Q� ß�ÈÂÝ.�Vc+aÞs;KTP+�NijINP1UË`<IN_AJ+a�³æKTioINP1UoIN_Dh >QijUoabMTc+`bIT_DhLioOrJ+c+a<UoIN_A`bOQio_¡J�Çác+P+I/MNO;`<`ba<_oabOQP�:

XQ�



5�6879� Ge:<9"X¼	Ê��=&��@CZ�J+>QP+_���`<a¯£�OeOQUN:L=.IT_^MTO;c+`<INc+ij_^JLa<³KNioITP1UuIN_^ioITh+ioKT_oITPVUoINP1U�`<IN_ J+a�³æKTioITPVUo_�S2>t°
UuKTioa¯>]ced: ÄnabsQc+ioI�IgdrUuiu>]a<UuIAJ+IA`b>�ioKT��KTioITP+MNIÏ.YF]Ã40å:

ß�O;cL_ ioIT¦ra<INP+J+ijO;P+_ h+`<c+_ INP�J+K�U\>Qa<`æ_jc+i�MNIN_ sQKNP+KTiu>]UoINc+ij_�>]cedf_jINMTUoabO;PL_^�L:HGe:mX�ITU��L:HGe:YFe:L=&IT_�h >QijUoa�°
MNc+`<IN_�_oa<S�c+`<KNIN_ _jO;P1U�ITP+_ocLa<UuIAUuio>QP+_jhO;i�UuKTIN_^�ÂUoiu>"¦;ITio_�`bIN_ JLa<³KNioITP1UuIN_^h >Qi�Uua<IN_�J�Çá��=.��@CZ�s;iuî]MNID�
ÈDZ���ß�¥¡:=»>ÂR s;c+ijIÂGe:�9"�ÊS/O;P1UuijIE`b>/Uoiu>-êjITMTUuOQabioIDJ+IT_�h >Qi�UuabMTc+`bIT_�hLioOrJ+c+a<UoIN_^J >QP+_�c+P+IËMTO;`b`<ab_jabO;P
h+ioO]UuO;Pe°±h+ioO]UuO;PÂITUÁJ >QPL_Ác+PLI�MTO;`b`<ab_oa<O;P�h+`<O;S�Ée°±h+`bO;SËÉ�:Q=.O;ij_o�Vc�Çác+P+I�h >QijUoabMTc+`bI Uuio>"¦;INij_oI�J+I�`b>DS2>t°

5�6879� Ge:�9"� 	 ��ab_oc+>Q`ba<_u>]UoabO;PéJ+IN_�Uoiu>-êjITMTUoO;abijIN_�J+IT_(h >Qi�UuabMTc+`bIT_yh+ijOeJLc+a<UoIN_�J >]P+_(c+P+IvMTO;`b`<ab_jabO;P
h+ioO]UuO;Pe°±h+ioO]UuO;P�â5�As1>QcLM\À+Iwã�ITU�J >QPL_Ác+PLI�MTO;`b`<ab_oa<O;P�h+`<O;S�Ée°±h+`bOQS�É�â5�AJ+ioOQa<UuI"ã�:1Ä�abs;c+ijI I�drUuio>Qa<UoI�JLI
`¯>�ijKT��KNijINP+MTI".mFQÃ405:

Uua<�NioI]ÝLIT`b`bI�¿fhITioJ�J+I¡`åÇáKNPLINiosQabIQ: qea�MNI�UoUoIDS2>]Uoab�NijI¡>Qh+h+>QijUoabINP1U^��c+P+I×�TO;P+ID>QMTUoa<¦QI¡J+c�J+KTUoINMTUoINc+iTÝ
MNI�UoUuIAKTP+INijs;abI¡IT_jU�MNO;P1¦;ITijUoabIAINP�_oa<s;P >Q`5ÝLMNOQioioIT_oh4O;P+J >]PVU�>Qc�_oa<s;P >Q`æKNS/ab_ h >Qi `<I¡J+KTUoINM�UuINcLiN:

X1F



=&IT_¢_oa<s;P >QcrdµMNioKTKN_fh >]iÊ`bI�J+K�UuINM�UuITc+iÊ¦rabi�Uuc+IT`�h4INcL¦QINP1U�INPL_oc+a�UuI�Æ�UuioI�Uuio>Qa<UoKN_ÊJLIy`¯>%S2ÆTS2I
SÊ>]P+ab�TioI��Vc+I�`bIT_x_jabs;P >]ced2ioKNIT`b_�â�h >Qi�I�deITS2h+`<I�ITP¢O;h4KNiu>]PVUxc+P+I�MT`bc+_�UuITioab_o>]Uua<O;P/O;c¢c+PÊUoiu>QM\�Va<P+sVã�:
@xIN`b>Âh4INijS2I�U�c+P+IAMNOQS2h >]iu>Qa<_oO;PfJ+IT_�JLO;P+P+KTIN_^ioKNMTO;`<UoKNIT_�>"¦QINMD`bIN_ JLO;P+P+KTIN_^_oabSËc+`bKTIN_N:
Ð ¹�!×)����L0-¹�647Ô$�)����

@xO;S2S/ICh4O;c+i[`<IN_Þ>QceUuioIT_�_oO;cL_�°´JLKTUuITMTUoINc+ij_NÝrab`LIT_jUÞa<S2h4O;ijUu>QP1U[�Vc+I�`bIÁ�¡{¡ioKN>Qs;ab_j_oI J+I `b>�S2ÆTS2I
SÊ>]P+ab�TioI J >QPL_x`¯>A_oa<S�c+`b>]Uua<O;P�ITUÁJ >QP+_Á`¯>AioKN>Q`ba�UuKQ:;ZÞPÊIT³ITU"ÝrMNOQS2S/I�P+O;c+_�`bI�¦;ITioioOQP+_C>Qc2M\À >Qh+a�UuijI
_oc+a�¦]>QP1U"Ý"MTINijUu>QabPL_»ijKN_jc+`<Uu>]Uu_&h+À1¿r_oa<�rcLIN_nMTO;S/S2I�`b>�S/IN_jc+ioIÞJ+IÞ`b>�`<c+S/abP+O;_ja<UoKnO;cDJ+IÞ`¯> S�c+`�Uua<h+`ba<MNa<UoK
J+KNh4INPLJ+INP1U�ITPís;io>QP+J+I%h >Qi�Uua<I(J+IN_�_oabSËc+`¯>]UoabO;PL_N:x�´`AIT_jU�J+O;P+M%P+KNMTIN_j_u>Qa<ioI#JæÇma<PVUoKNs;ijINi�J >QPL_�`b>
_oa<S�c+`¯>tUuabOQP�c+PÊS2>tdeabSËc+SõJ+I^h >Qio>QS/�TUuijIN_�S2IT_oc+ijKN_ÁINPÊ`b>QÉ4O;iu>]UoO;abijIQÝ]MNO;S/S2I `<IN_�hITijUoIN_�J >QP+_�`bIT_
R É+ijIN_[O;heUuab�Vc+IT_[ITU[J >QP+_[`<IN_�MNO;P+PLINMTUoINc+ij_NÝ1O;cË`bIN_nJ+ab_jh >Qioa�UuKT_nJ+ICs;>QabP+_�J+IN_nh+À+OQUoO;S�c+`�UuabhL`babMN>]UuITc+io_T:

B�INced�>Q_oh4INM�Uu_�O;P1U�h+>QijUoabMNcL`bab�TioITS2ITPVUnioI�UuINPVcÂS/O;P�>]UjUuINP1UoabO;P�ÝtJ+I h >]ijU[`<INc+inabS/hO;i�U\>QPLMNI�hO;cLi
`bIT_^S/IN_jc+ioIT_�J+IE`bc+S/abPLO;_oa�UuKQ:e�´`&_NÇm>Qs;a<U^J+IE`¯>ÂioKT_oO;`<cLUua<O;PfUuINS/h4O;ioIT`b`bI¡JLc��¡{/ITU�J+IË`5Çma<P1UuINPL_oa<UoKAJ+c
_oa<s;P >Q`�h+ioOrJ+c+a�U¡h >Qi¡c+P¶®�� � âh�g'8��'8�(�Í� o �!��'ji�'8���IXS���O�l')�ZVke Ñ ãg:.=&>�ijKN_jO;`bcLUoabO;P(ITP(UuINS/h+_D>¢KTUoK
S2IT_oc+ijKNI(>"¦QINM�c+PLIy¦]>Q`bITc+i2S/Ow¿;ITP+P+I(J+Iy{L:H�%P+_³.mF]�405:Á�´`�>#J+O;PLM���>Q`<`bcÔ��>QabijI�MTO;ioijIN_oh4O;P+JLioI�`b>
ioKT_oO;`<cLUua<O;P INPµUuINS/h+_ÂJ+IT_2_jabS�c+`b>]Uua<O;P+_��×MNI�UoUoI�¦]>Q`<INc+i�J+I�{L:Y��P+_N:�=&>×R+s;c+ioI�Ge:�9-F(S2OQPVUoioI�`bI
UuITS2h+_ JLIA¦QO;`.J+IT_�h >]ijUua<MNc+`<IN_ _jabS�c+`<KNIT_�>Qh+io�T_�MNITU�>-êjcL_jUuITS2ITP1U":

5�6879� Ge:<9wF×	¢¥»INS/h+_�J+I¡¦;OQ`.J+IN_�h >Qi�Uua<MNc+`<IN_C_jabS�c+`<KNIT_ J >QP+_�`bI���{Q�pâ5��s1>]c+M\À+IwãCI�U�J >QP+_�`bI���{1@
â5��J+ijO;a<UoIwã�:

@xO;P+MNITioP >]PVUE`åÇáabP1UoINP+_ja<UuK�JLc#_oa<s;P >Q`nh+ioOrJ+c+a�UAh >QiAc+P ®�� ��Ý&`¯>fJ+KTSÊ>QijM\À+IÂIN_�UEUoio�N_D_oa<S2a<`¯>Qa<ioI]:
=.IN_�S2IT_oc+ijIN_�h+ioa<_oIT_y>"¦;ITM#`<IN_�iu>"¿;OQP+_�MTO;_oS/ab�Vc+IT_�O;P1UyS/O;P1UuijK(c+P+I%J+ab_�Uuioa<É+cLUoabO;PÅs1>]c+_o_jabINPLP+I
J+I/`¯>�M\À >QiosQIÊMNOQ`b`bITMTUoKNIÂJ >QP+_Ec+P+I/MNIT`b`bcL`bIQÝ&>"¦QINM¢c+P¶KNMN>QijU�°±U´¿rhI/¦]>Q`¯>QP1UDc+P¶�rc+>QijUEJ+IÊ`b>�¦]>Q`<INc+i
S2Ow¿QINP+P+I]:V��O;cLiÁ>]`b`bKTs;INin`åÇáKNMNija<Uoc+ioI]Ý;P+O;c+_�>QhLhIT`b`bITioO;PL_Þ®�� �v`¯>�M\À+>Qios;I�S/Ow¿;INPLP+I�JLKNh4O;_oKTI^h+>QiÞc+P
®�� ��:æ=&>2J+a<_jUuijabÉ+ceUuabOQP�J+IËM\À >QiosQI�IN_�UA>Q`bOQio_^c+P+I�â��rc+>Q_oa °�ã�s;>Qc+_o_jabITP+P+IËJLIE¦]>Q`bITc+i�S/Ow¿;ITP+P+IÂ®�� �
ITUDJ�ÇáKNMN>QijU�°±U´¿rhIÊ®�� ��N]�+:»@xI�UoUoI2J+a<_jUoioabÉLcLUua<O;P×>�J�P¶Æ�UuioI/ioITh+ioOrJ+c+a�UuI�J >]P+_E`<IN_A_oa<S�c+`b>]Uua<O;P+_N:=&>
R s;c+ijI¡Ge:�9wÃËS/O;P1UuijI�`bIT_xS/IN_jc+ioIT_ h+ioa<_oIN_C>w¦QINM¡`<IN_xio>"¿;O;P+_ MTO;_oS/ab�Vc+IT_CITUx_oO;PfKT�Vc+a<¦]>Q`b>QP1UCJ >QPL_C`bIT_
_oa<S�c+`¯>tUuabOQP+_N:-B�>]P+_�`¯>^_oabSËc+`¯>]UoabO;PæÝwO;P�MNO;PL_jU\>tUuI c+P���O;PLJ�abS/hOQijU\>]PVUn>QcLUoO;c+i[JLc/®�� ��Ý]h+ioOw¦;ITP >QP1U
J�ÇáKT¦;KTP+INS/INP1Uo_¡�rcLanP+IEJ+O;P+P+ITP1U¡h >Q_�I�dL>QMTUoINS/INP1U¡c+PLI�h >Qi�UuabMTc+`bIE�/Uoiu>"¦;ITio_¡`b>/MTIN`b`<c+`bIÊâ�I�³æI�Uu_�JLI
ÉOQioJÑãg:

è�P+IÂ��O;ab_D�Vc+I/`bIÂ�¡{�IT_jUEMNO;ijioITMTUuITS2ITP1U�abP1UoKNs;ijK2J >]P+_Ë��`ba¯£�OrOQU"Ýab`�IN_�U�h4O;_o_jabÉ+`<IÂJ+I2_jabS�cL`bINi
J+IN_�MNO;`<`ba<_oabOQP+_ >]R PyJ�ÇY>]PVUoabMTabh4INi�`bIT_�J+OQP+P+KNIT_�J+c��¡{L:=&>/R s;cLioIËGe:<9w�/S/O;P1UuioIDc+P+ID¦rab_oc+>Q`ba<_u>]UoabO;P
J+c��¡{Â`bO;ij_ J�ÇmcLP+IEMTO;`b`<ab_jabO;P¢hr°´h�ITU^`bO;ij_ J�Çác+P+IDMNO;`<`bab_jabO;P¢�ÞÉr° ��Éy_jabS�c+`<KNIT_N:ÑqecLi�MTITUoUoIDR+s;c+ioI]Ý `bIT_
J+a<³KNijINP1UuIT_ËMTO;c+`bITc+io_EioITh+ioKT_oINP1UoINP1U/`åÇáabP1UuITP+_oa�UuKÂJ+cv_jabs;P >]`ÁJ+KT`ba�¦eijK2h+>QiEcLP+I¢MNIT`b`<c+`bI]:&=&IT_Ëh4O;abP1Uo_

Óa�!�Z�l�)�����|�����)�)�  }���s���Z�}�h�|�|�����������|���^�d�lkm?9�d�¦�!�Z�l�2�z���4�O���z�
X;Ã



5�6879� Ge:�9wÃ×	ÊB�a<_jUuijabÉ+ceUuabOQP¢INP�M\À >Qijs;I�h4O;c+iCcLPy®�� ��J >QPL_ c+P+I¡MNIT`b`<c+`bI^J+cf�¡{L:+®�IN_jc+ioIT_�I�dehKTioa °
S2ITP1U\>Q`<IN_Dâ5��s1>]c+M\À+IwãCI�U�_jabS�cL`¯>]UoabO;P+_x>Q_o_jOeMTabKTIN_Eâ5�ÂJ+ioOQa<UuI"ã�:

5�6879� Ge:�9-�-	�@xO;`<`ba<_oabOQPÊhe°±h#â��/s;>Qc+M\À+I"ã I�U��ÞÉr° ��Évâ���J+ioO;a�UuI"ãÁ¦ecLIN_^h >Qi `bI���{�â�_oa<S�c+`b>]Uua<O;P+_\ãg:

ioO;cLs;IN_Â_oOQPVU2`bIT_ÂhO;a<P1Uu_ÂJ�ÇáINP1UuijKNIyJLIN_/h >QijUoabMTc+`bIT_�J >QP+_/`bIf�¡{eÝ�ITU/P+I�_oINijO;P1UÊh+>Q_�¦ea<_oa<É+`bIT_/IgdV°
hKTioa<S2ITPVUu>Q`bITS2ITP1U":ß�O;c+_�¦QOw¿;O;P+_D�Vc�Çác+P+IÂMNO;`<`ba<_oabOQPyhe°±h¶>]MTUua�¦;I��Vc+IT`b�Vc+IN_AMTIN`b`<c+`bIT_�J >QPL_¡M\À >Q�Vc+I
J+ab_j�Vc+IQÝÑ>Q`<O;io_x�rcæÇmc+PLIEMTO;`b`<ab_oa<O;Pf��Ée°´�ÞÉ�>QM�Uua<¦QI¡UuO;cLUoIN_�`bIT_ MNIT`b`bcL`bIN_T:

ÇS¶�·D¶l· �Ä½Q¿�� ¾�Nw½Q¿2Ã � ¿2Ã�ÌÂ½Q¿2Ã Ê�n�¿2Á áa¿PYo[
�»¦]>QP1U/`åÇáabP+MTabJ+ITP1U�J+cé9wÒ(_oINheUuINSËÉ+ioIyGQ{;{;WeÝn`bI¢��{×>%h+cÔh+ijINP+JLioI�J+IN_ÂJ+O;PLP+KNIT_2J+cLiu>QP1U/`bIT_

h+À >Q_jIN_ÞJ+I UuIT_jUo_�JLIN_Þ��>Qab_jMNI">]ced:1Z�P2I�³æI�U"Ý1��=.��@CZv>¡`b>�M\À >QP+MTI�J�ÇáÆTUoioI�h+`b>QMNK�êjc+_�UuI^>Qh+ij�N_Þ`bI h4O;a<PVU
J�ÇáabPtêjITMTUua<O;P#JæÇmc+P#J+IN_Ë��>]ab_oMTI">Qcrd âÕ¦;O;a<iE`b>�R s;cLioI�Ge:�9-ãg:�=.O;ij_ËJ+IT_ËUuIT_jUo_�J�Çma<PtêjINM�Uua<O;P�Ý&`bIÂ��>Qab_jMNIN>Qc
KTUu>Qa<U�_jUoO;h+h4K�>w¦]>QP1U�JLIxUuio>w¦QINij_oINi���=.��@CZ�:1@xIN`¯>�h+ioOrJ+c+a<_u>Qa�Unc+PLI KNP+O;ijS2IÁ�Vc >QP1Uua�UuKCJ+IxS�c+O;P+_n�rcLa
h >Q_j_u>Qa<INP1UC�AUuio>w¦QINij_x`bI^J+K�UuINM�UuITc+iNÝrITUxJ+O;P+M��DUoiu>"¦;ITio_x`<I^��{L:r=&>DR s;cLioI�Ge:<9"WDS/O;P1UuijI�`<IN_�_oabsQP >Qced
¦;ITP >QP1UyJLcé��{Ô`<O;io_fJæÇmc+PéJ+I×MNIT_�K�¦;KTP+INS/INP1Uu_T:�qrc+i�MNITUjUuI(R s;cLioIQÝ�`<IN_fMNIT`b`<c+`bIT_fJ+IN_�>QP+PLI">Qced
I�drUuKTioa<INc+ij_�_jO;P1U�É+a<INP�h+`bcL_^a<`b`<c+S2a<P+KNIT_C�Vc+ID`bIN_�MTIN`b`<c+`bIT_�J+IN_�>QP+P+IN>Qced�a<PVUoKNijabINcLio_N:@xIT`¯>ÂIN_jU�JQP��
`åÇm>QioijO;_u>]s;IÁcLP+a<��O;ijS2I�J+I `b>�_ocLij��>QMTI J+c��¡{�h+>Qi[`bIT_nS�cLO;P+_NÝ]h+ioOw¦QOe�Vc >QP1UÞc+P�_jabs;P+>Q`ehLioO;h4O;ijUoabO;PLP+IN`
�/`b>�_oc+i���>QMNIEJ+IE`b>�MNIN`<`bc+`<IQ:Ñ�»O;c+i^MNITUjUuIDS2ÆTS2IAio>Qab_jO;P�Ý `bI¡��{Q�òJLO;P+P+IDc+Py_jabs;P+>Q`.É+abITP�hL`bc+_���O;ijU
�Vc+I2`<I��¡{1@�:�@xI/_oINio>�J+a�³æKTioITPVUD`<O;io_AJ+I/MNO;`<`ba<_oabOQP+_���>Qa<_oMNIN>Qce°å��>Qab_jMNI">]c�Ý�`bIT_DUu>Qab`<`bIT_�J+IN_E>QP+PLI">Qced

X1�



5�6879� Gr:<9wW:	Ê�´`b`<c+S/abP >]UoabO;P/J+c��¡{Â`bO;ij_CJ+IT_^UoIN_jUo_�J�Çma<PtêjINM�Uua<O;P�J+I¡��>Qab_jMNI">]ced:

KTUu>QP1U�M">Q`<MNc+`<KNIN_�h4O;c+i c+P�_oa<s;P >Q`æ_oabS/ab`b>QabijI�J+>QP+_�M\À >Q�Vc+IDMNIT`b`bcL`bIQ:
@xIN_ÁUoIN_�Uu_�O;P1Uxh4INijS2a<_�h+`bc+_jabITc+io_Þ¦;KTioa<R+M">]UoabO;P+_Þ_jc+iÁ`<I ��O;P+MTUoabO;PLP+INS/INP1U�J+c2��{L:V�n>]iÁIgdLITS2hL`bIQÝ

O;P×>¢h+c(¦;KTioa�R INi¡�Vc+I�`<I�_oa<s;P >Q`»UuINS/h+_�IT_jUAMTO;ioijINMTUoINS/INP1UDS2IT_oc+ijK�ITU�Uoiu>QPL_oS/ab_N:æ=&>ÊR s;c+ijI/Ge:<9"Ò
S2OQPVUoioIf`b>×S/IN_jc+ioI�J+cÔUuITS2h+_ÂJ >]P+_2M\À+>Q�Vc+I�MTIN`<`bc+`<IfhO;cLi�c+P�K�¦;KNPLINS/INP1U":Áß�O;cL_Â¦QOw¿;O;P+_2�Vc+I

5�6879� Gr:<9wÒF	Eqrabs;P >]`;UuINS/h+_»J+IN_»J+a�³æKTioINP1UoIN_nMTIN`<`bc+`<IN_&J+cE��{L:-�´MNa5Ýw`bIN_»MNIT`b`<c+`bIT_&{��^XL9xMTO;ioijIN_oh4O;P+JLINP1U
>Qcf�¡{Q��I�U^`bIN_�MTIN`b`<c+`bIT_ X1G��ÂÃ;XÂMNO;ijioIN_jhOQP+J+INP1U�>Qcf�¡{1@�:

UuO;ceUuIN_A`<IN_AMNIT`b`bcL`bIN_�J+c¶��{Q��ITUDJ+c%�¡{1@©S2IT_oc+ijINP1UDc+P¶UoINS/h+_Ah+`bc+_¡OQc¶S/O;abPL_¡KN�Vc+a<¦]>Q`<INP1U":�B�I
h+`bcL_NÝ�`<I���>Qab_jMNI">]c#>Qijioa�¦Q>]PVU�J+c¶M}_QUuK/�ËÝæ`bI��¡{Q��IT_jUDUuO;cLM\À+K/>w¦]>QP1UD`bI���{1@�Ý&MNO;S/S/I�`bI�S/O;P1UuijI
`¯>yR sQc+ioI�Ge:�9wÒL:[=»>(J+a�³æKTioITP+MNIfJ+IfUoINS/h+_ÂS2IT_oc+ijKNI�INP1UuijI�`bIÊ��{Q��ITUÂ`bI¢��{1@�Ý[ITPV¦ra<ioO;Pé9-FyP+_TÝ
MNO;ijioIT_oh4O;P+J�É+abITP���`b>ÂJLab_jUu>QP+MTIDITP1UuioIA`<IN_�J+INcrd�J+ab_j�Vc+IN_Ëâ��+:mX�S¢ãg:

�´`Á>�>Qc+_j_oaÞKTUoK2h4O;_j_oabÉL`bIÂJ+I�¦;KTioa<R+INiD`¯>�MNO;ijioIN_jhOQP+J >QP+MTI2ITP1UuioI2`bIT_DS/IN_jc+ioIT_EJLI2`5Çm�´¥^q×ITUD`bIT_
S2IT_oc+ijIN_�J+c��¡{L:+ZÞP�h >Qi�Uua<MNc+`<abINiTÝLa<`�>ÂKTUuKAS/O;P1UuijK¡�rcLIDhL`bc+_�`bI�P+O;S�É+ijIAJ+I¡Uuiu>]MNIN_�J >]P+_�`bIDqL�ÞB
KTUu>Qa<UDabS/h4O;ijUu>QP1U"Ý�h+`<c+_A`¯>�M\À >Qijs;IÊS/IN_jc+ioKTI2J >]P+_Ë`<IÂ��{�K�U\>Qa�UEsQiu>QP+JLIQ:»=&>�R s;cLioIÊGe:HG]{�S/O;P1UuijI

X;W



MNI�UoUuIÁMNO;ijioIT_oh4O;P+J >QPLMNI h4O;c+incLP+IÁUoioINP1Uu>QabP+IÁJ�ÇáKT¦;KTP+INS/INP1Uo_�MTO;`b`<INM�UuKN_�`bO;ij_�JLIN_nUoIN_jUo_[J+Ix��>]ab_oMTI">Qcrdæ:

5�6879� Ge:YGQ{K	#@xOQS2h >]iu>Qa<_oO;P¶INP1UuijIf`bI/P+O;S�É+ijI¢J+IÊUoiu>QMTIN_�J+>QP+_�`<IfqL�ÞB÷ITU�`¯>�M\À+>Qios;IÊMNO;`<`bINM�UuKTI
J >QP+_�`<I��¡{L: Ä�abs;c+ijI¡I�drUuio>Qa<UoI¡J+IA`¯>�ijKT��KNijINP+MTI".mF;�!05:

¤¡PÅPLI�hITcLU�h >Q_Êh >Qio`<INi2J+IN_fh+ijINS/abITio_ÊijKN_jc+`<Uu>]Uu_¢JLc ��{#_u>]P+_fS2ITP1UuabOQP+P+INiÊ`bIN_Êh+ioITS2a<INio_
UuO;cLio_xJLc¢��>Qab_jMNI">]c¢J >QP+_x`bI�=&��@�:+=.IË9w{E_oINheUuINSËÉ+ioIDGQ{Q{;WLÝV`bI^��>Qab_jMNI">]c¢KTUu>Qa<UÁabPtêjITMTUoK�êjc+_jUoI¡>"¦]>QP1U
��=.��@CZõ_jO;c+_Â`¯>y��O;ijS2IfJæÇmc+Pµh >Q�Vc+I�UÂUuO;cLUoIN_Â`bIT_��1W(_oITMNO;P+JLIN_N:x@xIN_Âh >]�rcLITUu_/KTUu>QabITP1UÂ_jUuOQh+hKT_
J�Çm>QÉOQioJDêjc+_�UuI¡>]h+io�T_C��=.��@CZ Ý+h+c+a<_xJ+I�h+`bc+_xINPfh+`<c+_x`<O;abP2J >QP+_C`<I�=&��@�ÝL>"¦Q>]PVUCJ+I���>Qa<ioI^c+P¢UuO;cLi
MNO;S/h+`<ITU":Ñ=.O;ij_�JLIËMNI�UoUoI�h+ioOrMNKTJ+c+ijIQÝ4J+IN_�KNMNio>QP+_�JLIËMNOQPVUoi<_;`<IEK�U\>Qa<INP1U�h+`¯>QMTKN_^J >QP+_�`bIAUuc+É4I�>tR P
J+I�¦;KTioa�R INi¡`b>ÊhOQ_oa<UoabO;PyJ+c���>Qab_jMNIN>Qc�:&@xIT_¡KNMNio>QP+_AP�ÇáKTUu>QP1UAh >Q_¡h >Qi���>Qa<UoINS/INP1U�Uoiu>QPL_oh >QijINP1Uu_TÝ.`bIT_
abP1UuITiu>QM�Uua<O;P+_Ë��>Qa<_oMTI">Qce°±KNMTiu>QP+_Âh+ijOeJLc+ab_o>QabITPVUÂJLIN_Âh >Qi�UuabMTc+`bIT_��Vc+a�h >Q_o_o>QabITP1UÊ��Uoiu>"¦;ITio_/��=.��@CZ :
ÈAioîQMNID��MNIT_�h >]ijUua<MNc+`<IN_TÝ+`bI¡�¡{/>Âh+c�_jc+a<¦rijIEM\À >]�rcLIEh >]_o_u>]s;IEJLID��>Qa<_oMTI">Qc�Ý �Vc+a&_jIES2>]UuKTioab>Q`ba<_u>Qa�U
_oO;cL_C`¯>A��O;ioS/I�JæÇmc+PfhLabM^J+I�M\À >Qijs;I�UoO;cLUuIT_C`bIT_x�1WD_oITMNO;P+JLIN_N:Ñ=.O;ij_xJ+cÊh+ioITS2a<INiÁUoO;c+iÁJ+I���>Qa<_oMTI">Qc�Ý
`bI2h+abM¢JLI¢M\À >Qijs;I�>�INc c+PLIfabP1UuITP+_oa�UuK¢J+OQc+É+`bIÊJ+IN_�h+ijKNMTKNJ+ITPVUo_�ç�MNO;S/S/IÊ`bI2MNO;P1Uoi<_;`<I¢INPÔ`ba<s;P+I
abP1Uu�Ts;ioI/`¯>�M\À >Qijs;I¢_jc+i�G�_oINMTO;P+J+IT_NÝ[`<I/UoINS/h+_DJ+IÊijINS/ab_oI2�g�TKNioOyJ+cvMNOQS2hLUoINc+iDIN_�U�P+I�UoUoINS/INP1U
_oc+h4KNijabITc+iC�D`¯>EJLc+ioKTI�J�Çác+PÊUuOQc+ixJ+I^��>Qab_jMNIN>Qc�:e=»>AR s;c+ijI¡Ge:YGe9�S/O;P1UuijI�`b>EM\À >]ios;I^UuOQUu>Q`bI^_oc+i�UuO;ceU
`bID�¡{¢abP1UoKNs;ijKNI�_ocLiDGÊ_oINMTO;P+J+IT_D>Qc×S2O;S/INP1U�J+c×h+ioITS2a<INi�UoO;c+i�JLI���>Qab_jMNI">]c�:�ß^O;c+_�¦;Ow¿QO;P+_A�Vc+I
`bIAh+a<MË_ocLa<¦]>QP1UË9"{QÀÑG;FÂIN_jU�J+INcrdy��O;a<_�h+`bc+_�KN`<IT¦;KE�Vc+I�`bIT_�hLioKNMTKNJ+ITP1Uu_NÝæabP+J+a<�Vc >QP1U�JLINcedyh >Q_j_u>Qs;IT_
J+cy��>Qa<_oMTI">Qc�:=.IN_¡h+a<MN_�_oc+a�¦Q>]PVUo_�_oOQPVU�h+`bc+_�É >Q_�MN>Qi�`<IËs1>]abPyJLIN_�h+ÀLOQUuO;SËc+`<Uoabh+`<abM">tUuINcLio_�O;P1U�h >]i
`¯>�_jc+a<UoI¡KTUuKE>QÉ >]ab_o_jKN_T:

ZÞP�hL`bc+_�J+ICMNIT_�ioKT_oc+`�U\>]Uo_nh4O;_oa�Uua<��_»MNOQP+MNITioP >QP1UÞ`<IÁ�¡{eÝQ�Vc+IN`<�Vc+IN_�h+ijO;É+`<�NS/IN_nOQPVU[>Qc+_j_oa+h+c�Æ�UuijI
UuijO;cL¦;KT_N:Q=&IÁh+ioa<P+MNa<h >Q`Vh+ijO;É+`b�TS2I�MNOQP+MNITioP+ICMTIC�Vc�ÇáO;PÂ>Qh+h4IN`<`bIÞ`bIT_ äN>]�ÕUoINijh+c+`b_jIN_"ä]:]�´`r_NÇm>Qs;a�UnJLIx��>Qced
_oa<s;P >Qced2MTioKNKT_CJ >QPL_C`bIT_ÁUucLÉIT_xJ+IT_ h+À+OQUoO;S�c+`�UuabhL`babMN>]UuITc+io_�I�UC�Vc+aæ>Qh+h >Qio>Qab_j_oITPVUC>Qh+ij�N_Cc+P(ä�¦riu>Qa±ä
_oa<s;P >Q`£.mFQW!05:V�´`b_Þh4INcL¦QINP1U�>Qh+h+>Qiu>43<UuijI INP1UuijI��Vc+IN`<�Vc+IN_ÁP >QP+O;_jINMTO;P+J+IT_CITU��Vc+IN`<�Vc+IN_CS/abMTioO;_jINMTO;P+J+IT_
>Qh+ij�N_Cc+PÊ_oabsQP >Q`å:r=&>ER sQc+ioIAGr:HG;GDS2O;P1UoioI�cLP¢I�deINS/h+`<I�J�Çm>]�ÕUuITioh+c+`<_oIT_C`bO;ij_xJ+IT_xUuIT_jUo_CJ+I���>Qa<_oMTI">Qc�:

@xITUoUoI^R+s;c+ioI�S/O;P1UuijI^MTO;S/S2I h+ijKT¦rcÊcLP+I^>QMTUoa<¦]>]Uua<O;P�J+c/�¡{Q�Åh+cLab_ÞJ+c2��{1@µ`<O;io_�JLc2h >]_o_u>]s;I
J+c¢��>Qa<_oMNIN>Qc�:Ñ@xIThITP+J >QP1UNÝÑ>Qh+io�T_ MNI¡h >]_o_u>]s;IQÝ+OQP�ijITUoioO;cL¦QI¡J >QP+_ MTINi�U\>Qa<P+IN_ MTIN`b`<c+`bIT_CJ+IT_ _oabsQP >Qced
�Vc+aÑP+I�_jO;P1Uxh+>Q_ÁhLÀV¿r_jab�Vc+IN_T: @xIT_x>]�ÕUoINijh+c+`b_jIN_ÁhO;cLioiu>]abINP1UÞÆ�UuioI^s;ÆTP >QP1Uu_Á`bO;ij_�JLc/��O;PLMTUua<O;P+P+ITS2ITP1U
J+c2=»��@µMN>QiÞab`b_�JLO;P+P+ITiu>Qa<INP1U�abPVcLUua<`bITS2ITPVU[J+IN_�_oa<s;P >Qced�J+I�JLKNMN`<INP+M\ÀLINS/INP1U":eß�OQUoO;P+_ÞP+KN>QP+S/O;abP+_
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5�6879� Gr:HGe9
	fZÞMTiu>QP�J+IDMNO;P1Uuiz_;`bIAJ+c��¡{�çÑM\À >QiosQIEa<PVUoKNs;ijKNIA_ocLi�M\À >]�rcLIËJ+a<_o�Vc+IË`<O;io_ JLcyh+ijINS/abINi
UuO;cLi J+I¡��>Qab_jMNI">]c�:

5�6879� Gr:HG;G�	Aqeabs;P+>QcedAJ+I�J+KTMN`bITP+M\À+ITS2ITPVUnJ+KN`<a<¦rioKT_&h >Qi&`bIT_�J+a�³æKTioITPVUoIN_»MNIT`b`bcL`bIN_.JLcE�¡{�INPD��O;P+M�UuabOQP
J+cfUuITS2h+_T:Ñ=.IN_�_oa<s;P >QcedfINP�J+IN_j_oO;c+_^J+I

t = 0
_oO;P1U^J+IN_�>]�ÕUoINiohLc+`b_jIN_N:

�Vc+I2`<IN_E>]�ÕUuITioh+cL`b_oIT_Ë>]h+h >Qio>Qab_j_oINP1UEh+`bcL_D��ijKN�Vc+INS/S/INP1UË`<O;io_j�Vc+I2`b>�UoINP+_jabO;P%J >QPL_Ë`bIÂh+ÀLOQUuO;SËc+`�°
Uua<h+`ba<M">]UoINc+i�IT_jU¢KT`bI�¦;KNI]:C=.O;ij_2J+IT_¢h+ijab_oIT_ÊJ+I�J+O;P+PLKNIN_ÊMNO;ijioIN_jhOQP+J >QP1Uf�%`¯>(R s;c+ijI(Ge:YG;GeÝÞMTITUoUoI
UuITP+_oa<O;P¶K�U\>Qa�U¡Uuij�N_DKN`bI�¦;KTIQ:�B�I2hL`bc+_TÝ.`bIN_¡��ITP+ÆTUoioIN_EJ+c×UuINS/h+_E>QMNMTO;ioJLKNIN_D_ocLiE`<I/MTioO;a<_oITS2ITPVUDJ+IT_
��>Qab_jMNIN>QcedÂK�U\>Qa<INP1UÞ`¯>Qijs;INS/INP1UÞO;ce¦;INi�UuIT_¡âåGQF¡PL_\ã�`bO;ij_�J+I�MNIN_ÞUuIT_jUo_N:rß�O;cL_ÁP+OQc+_�>]UoUoINP+J+OQP+_ÁJLO;P+M^�
c+P+I�Uoio�T_x��O;ijUoI�J+a<S2a<PrceUuabOQP2J+IT_ >]�ÕUoINiohLc+`b_jIN_C`<O;io_ÁJ+IN_ MTO;P+J+a�UuabOQP+_xP+OQioS2>Q`bIT_ÁJ+I���O;P+MTUoabO;PLP+INS/INP1U"Ý
>"¦;INMDJ+IT_�UoINP+_jabO;PL_^hL`bc+_ É >]_o_oIT_�I�U�J+IN_���INP+Æ�UuijIN_^J+I¡UuINS/h+_�h+`<c+_ KTUoioO;a�UuIN_T:

qea�SÊ>]`bs;ijKËUuO;ceU"Ý.MNIT`¯>�P�ÇáIN_jUEh >Q_D_ocÍ�2_o>QP1U"Ý&ab`�ijIN_�UuI/J�ÇY>]cLUuijIN_A��>QìNO;PL_DJLI2ijKNJ+c+a<ioIÂ`bI�PLO;S�É+ijI
J+I�JLKNMN`<INP+M\ÀLINS/INP1Uu_Ca<P1UuINS/h4IN_jUoa<��_T:r�´`4_oITiu>Qa�Uxh+>QiÁIgdeINS/h+`bI�hO;_j_oa<É+`bI^J+I�JLINS2>QP+J+ITiÁ�Vc+I¡>]cÊS/O;abP+_
J+INcrdµMNIN`<`bc+`<IN_�_jO;abITPVU2>QM�Uua�¦;KNIT_2h4O;c+i��Vc+I�`bI�J+a<_o�Vc+I�_oO;a�UÂMNO;PL_oabJLKNioK�MTO;S2S/I¢UuOQc+M\À+KQ:ÁB�>QPL_/MTI
M">Q_TÝ+c+PfUuijabs;sQINix��{Q����ß�B©��{1@ PLID_jINio>Qa<U hLioOrJ+c+a<UC�rcLID_ja.>Qc�S/O;abP+_xJ+INcedfMNIN`<`bc+`<IN_CJLI¡M\À >Q�Vc+I
J+ab_j�Vc+I�_jO;P1UÁUoO;c+M\À+KTIN_T:+@xIT`¯>AJ+abS/abPVc+ITiu>Qa�U�s;iu>]P+J+INS/INP1UÁ`bIT_�JLKNMN`<INP+M\ÀLINS/INP1Ux��O;i�Uuijc+a<Uo_�â�ab`L¿/>DhITc
J+I�M\À >QP+MTIN_¢�Vc+I�`bIN_2>]�ÕUoINiohLc+`b_jIN_¢>]h+h >Qio>Qab_j_oINP1UÊ_oabSËc+`<Uu>QP+KNS/INP1UÂJ >]P+_Êh+`<c+_oa<INc+ij_2MTIN`<`bc+`<IN_\ãg:�@xI

�1{



S2OrJ+I�J+I���O;P+M�UuabOQP+P+INS/INP1UÁJ+abS/abPVc+ITiu>Qa�U�P+KN>QP+S/O;abP+_ÞJ+I�F,Ûõ`åÇáI}�/MN>QMNa�UuK�J+I�Uoioa<s;s;INi��Vc+a4h >Q_j_oITiu>Qa�U
J+I�WL9|Û ���]ÃyÛõhOQc+iÁcLPÊUuijabs;s;ITiÞ��ß�Bë`bO;ij_�JLI�MNOQ`b`ba<_oa<O;P+_�he°±h¢�29N�Ë¥»I±�Óâ�hL`bc+_�J+I^h+ioKTMNab_jabO;PL_x_ocLi
MNI�UoUuIAIZ�2MN>QMNa�UuKA_oITioO;P1U^J+O;PLP+KNIT_�>Qc�M\À >QhLa<UuijI¡_oc+a�¦]>QP1Ugã�:

è�P+I�>]cLUuijI�hOQ_o_oa<É+ab`<a<UoKDh4O;c+i�J+abS/abPVc+ITi�`<IN_¡>t�ÕUuINijh+c+`<_oIN_�IN_jU�c+P+IÂ>Qc+sQS2ITPVUu>]Uua<O;PyJLc(_oINcLab`nJLI
J+KTUoINM�UuabOQP�:Ñ@xIA_oITc+ab`.J+IAJ+K�UuITMTUua<O;P�hITcLU^ÆTUoioI¡RLdeKAINP���O;P+MTUoabO;PfJLc�®�� �»Ý h >Qi IgdLITS2hL`bID�/®�� ��N;G
O;cf®�� ��N]XL:L��`<c+_x`<I�_jINc+a<`4IT_jU KT`bI�¦;KQÝrS/INab`<`bITc+ioIT_�_jO;P1UC`<IN_xM\À+>QP+MNIT_CJ�ÇáKN`<abS/abP+ITi�`bIN_x>]�ÕUuITioh+cL`b_oIT_N:e=.I
h+ioOQÉ+`b�TS2IÁIN_jUÞ�Vc�Çác+P+I^>QcLs;S2ITP1U\>]UoabO;PEJ+cÂ_oINcLab`L_jc+h+h+ijabS/I >Qc+_j_oa J+c�_jabs;P+>Q`å:]=&>��rcLIN_jUoabO;PÂIT_jUÞJ+O;PLM
J+I�MTO;P+P >!3bUuijI�`b>Dh4INi�UuI�J+I�_oa<s;P >Q`ÑITPÊ��O;P+M�UuabOQPÊJ+I�`¯>AMNO;c+hLc+ioI�_jc+ix`b>EM\À >]ios;I]:L=&>EijKNh4O;P+_jI¡�EMTITUoUoI
�Vc+IN_�UuabOQPËIN_�UnS/O;P1UuijKNIÁ��`b>�R sQc+ioIxGe:YGQXL:t@xITUjUuI�R s;c+ijIÁS/O;P1UuijIÁ`5ÇmIZ�2MN>QMNa�UuKÞJ+IÁJ+KTUoINMTUoabO;PEJ�Çác+P�®�� �

5�6879� Ge:HG]X¼	¢Z¦�/M">QMTa<UoKDJLIDJLKTUuITMTUoabO;P�J�Çác+P�®�� ��J >QP+_�c+P+IAMTIN`b`<c+`bI�J+c���{�INP���O;P+MTUoabO;P�J+c�_oITc+ab`
J+IAJ+KTUoINM�UuabOQP�:

INPÊ��OQP+MTUoabO;P2J+c¢_oITc+ab`4J+I�J+KTUoINMTUoabO;Pæ:+=.IN_ÁMNO;c+hLc+ioIT_ ��®�� ��N;GEI�U ��®�� ��N]XË_oO;P1U�>]c+_o_jaæabPLJ+ab�Vc+KTIN_NÝ
S2OQPVUoiu>QP1U�c+P+I�h4INijUoI�J�Çác+P×hITc(h+`bcL_�J+I�XyÛ²INP×h >]_o_u>]PVUAJLIÂ®�� ��NQX���®�� ��N;Ge:æß�OQUoO;P+_��Vc+I�`b>
hITijUoI�_oc+i¡`<IN_�Uuijabs;sQINio_�IN_jUDÉ+a<INP(h+`<c+_���>Qa<É+`bI]ÝMN>Qi¡J >QP+_A`b>¢s;iu>QPLJ+I�SÊ>wêjO;ioa�UuKËJLIN_AM">Q_TÝ�h+`<c+_oa<INc+ij_
MNIT`b`bcL`bIN_xh >Qi J+a<_o�Vc+ID_oO;P1U�UuO;cLM\À+KNIT_N:@xITU�>Q_jhITMTU�_oINio>/JLKT¦;IT`bO;hLhKAJ >QPL_^`<I¡h+ioOrM\À >Qa<P�M\À >Qh+a�UuioI]:

�+9
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@xO;S2S/ICJ+a�UÞh+ioKTMNKTJ+INS/S2ITP1U"ÝV`¯>���O;PLMTUua<O;PÂh+ioITS2a<�NijI J+c/��{¡IN_jU�J+I�J+OQP+P+INiÞ`<I J+KNMT`bINPLM\À+INS/INP1U
hOQc+iÁ`<IN_CJLKTUuITMTUoINc+ij_ J+cÊUuOQP+P+I">]cfMNINP1Uoiu>Q`5:+@xIThITP+J >QP1U"ÝL`bI��¡{ËIT_jU�>QcL_o_oaM">Qh+>QÉ+`bI�J+I���O;cLioP+a<iÁJ+IT_
S2IT_oc+ijIN_[hLÀV¿r_jab�Vc+IN_[Uoio�T_[abS/hOQijU\>]PVUoIN_TÝtMTO;S/S2I�`¯>^S2IT_oc+ijICJ+Ix`b>�`<c+S2a<P+O;_ja<UuKÞijINìNcLICJ >QP+_n��=.��@CZ Ý
O;c�J+IA`¯>�S�cL`<Uua<h+`ba<MNa�UuK^J+IAh >QijUoabMTc+`bIT_ M\À >QiosQKNIN_^h+ijOeJ+cLa<UuIT_ `bO;ij_ J�Çác+P+IAMNO;`<`ba<_oabOQP�:

ß�O;c+_�¦QINioijO;P+_/J >QP+_Â`b>�_oINM�Uua<O;P�Xe:<9�h4O;c+io�Vc+OQa P+O;c+_ÂJ+I�¦;O;P+_/S/IN_ocLioINiÂ`b>×`<c+S/abP+O;_ja<UoK2J >]P+_
��=.��@CZ Ý"ITU&MTO;S/S2ITPVU&`<In�¡{ IT_jU&M">]h >QÉ+`<I�J+I[��>QabijI[MNI�UoUoI�S2IT_oc+ijIÁ>"¦QINMÞc+P+I�h+ijKNMTab_oa<O;P¡�Vc+aV>]UjUuINa<P+J+io>
�ÂUoINijS2IEF,Û¢:4=&>/_jINMTUoabO;PyXL:YGÂIT_jU��rc+>QP1U¡�ÂIN`b`<IAMNO;P+_o>QMNijKNIË�/`b>ÂS/IN_jc+ioIDJ+IE`¯>�S�c+`�UuabhL`babMTa<UoK�J >]P+_
`bIT_�WÂijKNs;a<O;P+_ ITP�h+_jINc+JLO]°´io>Qh+abJLa<UuK¡MTO;cL¦QINijUoIN_�h >Qi `bIT_�W2>]P+P+I">]ced�J+c��¡{L:

¨ÊûTú s =D¬£°I´�= ?B= Tý �°KL ¯}GBE¼¬2¯OM£A =DG ²B´�E-M£E:GutQ²B´�E-M£E:G
@xITUoUoI¢_oITMTUoabO;PvIT_jU�JLa<¦rab_jKNI/INP MNa<P+�×h >Qi�UuabIT_N:�=&>�h+ijINS/ab�NijIÊh >]ijUua<I2JLKTR P+a�U�`b>�`<c+S2a<P+O;_ja<UuKÂI�U

S2OQPVUoioI�`åÇáabS/hOQijU\>]P+MNI�J+cE�¡{�h4O;c+i»_u>�S/IN_jc+ioI]:;¤�PË¿Da<PVUoioOrJ+c+a�Un>]c+_o_ja
f
Ý]`b>���io>QMTUoabO;PEJ+IxMTO;`b`<ab_oa<O;P+_

J+KTUoINM�UuKNIT_Þh >Qi�`bI��¡{L:;ß�O;c+_[¦QINijioO;P+_Þ�Vc�Çác+P+I�É4O;P+P+ICMTO;P+P >]ab_o_o>QP+MTI^JLI MNITUjUuIC��io>QMTUoabO;P�IT_jU�M">]h+a<Uu>Q`bI
hOQc+i c+P+IAS/IN_ocLioIAh+ioKTMNa<_oIAJ+IA`¯>�`bcLS2a<P+O;_oa�UuK]:

=&IT_�J+ITcedvh+>QijUoabIN_E_oc+a�¦]>QP1UuIN_ËMNO;P+MTINijP+INP1UÂh+`<c+_�h >Qi�Uua<MNc+`<ab�NijINS/INP1U
f
:�B�>QP+_Ë`¯>y_jO;c+_�°±_oITMTUua<O;P

XL:�9;:HGÊPLO;c+_AJ+KTUu>Qab`<`bO;PL_�`b>¢S2K�UuÀ+OrJ+I�cLUoab`ba<_oKTIËh4O;c+i¡O;ÉLUoINP+a<i
f
s;ioîQMNIÂ>Qcrd×_oa<S�c+`¯>tUuabOQP+_N:4Z�P+_ocLa<UuI]Ý

`¯>Â_oO;cL_�°´_jINM�UuabOQP(XL:�9;:YX/J+KT¦QIN`<O;h+h4IËc+P(>]_oh4INMTU�h+`bc+_^h+À1¿r_oa<�rcLI�J+I
f
ç4`bIN_�MNO;P1UoioabÉLcLUua<O;P+_�ioIT`¯>]Uoa<¦;IT_

J+IN_�MTO;`b`<ab_oa<O;P+_ÁJ+a<³iu>QM�Uua�¦;IN_ I�U^P+O;Pe°±J+a<³iu>QM�Uua�¦;IN_T:
B�>QP+_^`¯>�_jO;c+_�°±_oITMTUua<O;P�XL:<9Q:m�/P+O;c+_�MN>Q`bMTc+`bO;PL_ `bIN_�a<P+MNITijUua�Uuc+JLIN_�MNO;PLMNINijP >QP1U

f
ITU^`¯>�h+ijKNMNa<_oa<O;P

�Vc+IAP+O;c+_�IN_jhKTioO;PL_�O;ÉeUuINPLabi _ocLi^`b>�S2IT_oc+ijIAJ+IE`b>�`bc+S/abPLO;_oa�UuK�>"¦QINMD`bI��¡{e:

·D¶zµ�¶�µ �Ä½Q¾aÀ�Á�¾aº:¿
=»>(`<c+S2a<P+O;_ja<UuKyâ

L
ãËijIN`ba<I¢`¯>�_jINM�UuabOQPµIZ�/M">QMTI�J�Çác+PÔh+ijOeMTIN_o_jc+_yâ

σ
ã�>Qc Uu>Qced JæÇmK�¦;KNPLINS/INP1Uu_

MNO;ijioIT_oh4O;P+J >QP1U���MNIAh+ijOeMTIN_o_jc+_�â
R
ã�ç

R =
dN

dt
= σ · L â�XL:<9wã

�n>Qi IgdeINS/h+`bIA`bI�Uu>Qced�JLIDMTO;`b`<ab_jabO;P+_Áh+ioO]UuO;Pe°±h+ioO]UuO;Pfa<P+KN`b>Q_jUoab�Vc+IN_C¦]>QceU
σinélastique · L

:
=»>�`<c+S/abP+O;_ja<UoK�JLKNh4INP+JÂJ+I J+a�³æKTioITPVUo_[h >Qio>QS/�TUuijIN_[MTO;P1Uuiz_;`bKT_�h >Qi[`<IC=&��@�Ý;MTO;S/S2IÁ`bIxPLO;S�É+ijI

J+I�h >]�rcLITUu_¡J+>QP+_�`5ÇY>QPLP+I">QcæÝ`<IËP+O;SËÉ+ioIEJ+I�h >Qi�UuabMTc+`bIT_�h+>Qi�h >Q�Vc+I�U¡O;c(`<IN_�hLioO;h+ijabK�UuKN_�J+IN_���>]ab_�°
MNIN>Qced�>]c�h4O;a<PVUCJ�Çma<P1UuINio>QMTUoabO;Pæ:L=.O;ij_ J+cf��O;P+MTUoabO;PLP+INS/INP1U J+c�=&��@�Ý `b>E¦]>Q`bITc+iCJ+I¡`b>�`bc+S/abPLO;_oa�UuK
P+O;c+_/IN_�U¢J+OQP+MyJ+OQP+P+KNI�h >Qi/`bIT_2h4INij_oO;P+PLIN_¢_TÇmOrMNMTc+h >QP1U¢JLIy`åÇm>QMTMNKN`<KNio>]UuITc+iN:Þ�´`�IN_�U¢P+KN>QP+S/O;abP+_
abP+JLab_oh4INPL_u>QÉ+`<IyJ+IyS2IT_oc+ijINi¢`b>#`bc+S/abPLO;_oa�UuK�ioKNIT`b`<I��#`5Çma<PVUoKNijabINcLiÊJ�Çá��=.��@CZ Ý �#`b>¶��O;ab_2INP `ba<s;P+I
âwv<�!��VW'8�hexvgã�ITU�ÀLO;io_ `<abs;P+I�âwv<��y '8�hexvgã�:eè�P�_jc+a<¦ra�ITP�`<abs;PLI�J+O;PLP+I¡`¯>�`<c+S2a<P+O;_ja<UuK^abPL_jU\>]PVUu>QP+KTIQÝ+I�U
hITioS/ITU�>Qcy=»��@íc+P�MTO;P1Uui<_Q`bIAJ+IËMTIË�Vc�Çáab`&INP1¦QO;abI]Ýæ>Qa<P+_oa&�Vc�Çác+P+IEO;hLUua<S2a<_u>]UoabO;PfJLIN_�h+>Qiu>QS/�TUoioIT_

�1X



J+cË��>Qa<_oMTI">Qc�:tB�Ixh+`bc+_»`bIT_n_jO;c+_�°±J+KTUoINM�UuINcLio_�_oOQPVUnabP1UuKTioIT_o_oKT_[h >Qi�MNI�UoUuIÁabPL��OQioS2>]Uua<O;P�:w��>QinIgdLITS2hL`bIQÝ
`¯>Ë¥���@ÅP+I¡h4INcLU h+>Q_ _oc+hLhO;i�UuITi c+P+I¡`bcLS2a<P+O;_oa�UuK�_ocLhKTioabITc+ioIA�

3 · 1030 MNS −2 _oITM −1 :+�´`IN_jU^>]c+_o_jaabS/hOQijU\>]PVUxJ�ÇáINP+ijINs;a<_jUuijINi MTIN_�S2IT_oc+ijIN_�J+IA`¯>�`<c+S/abP+O;_ja<UoK�À+OQio_ `ba<s;P+I]ÝLM">]i `¯>�MNOQP+P >Qa<_o_u>]P+MNIAJ+I¡`b>
`bc+S/abPLO;_oa�UuK�a<PVUoKNs;ijKNI2IN_jUËabP+JLab_oh4INPL_u>QÉ+`<I2h4O;c+iDÉ4I">Qc+MTO;c+hvJæÇY>QP+>Q`<¿r_oIT_�h+À1¿r_oa<�rcLIN_N:n�n>QiEI�deINS/h+`<I
`bIT_�S2IT_oc+ijIN_AJ+IÂ_oITMTUoabO;P+_¡IZ�/M">QMTIN_DP+IÂhITcL¦;ITPVUEh >Q_¡_jI���>QabijI�_u>QPL_¡MNO;P+P+>43bUoioI�`¯>¢`<c+S/abP+O;_ja<UoK¢â�MT�
KN�Vc�:ÑXL:�9-ãg:

=&IE�¡{¢>ÊcLP(i<_;`<IËM">]h+a<Uu>Q`&J >QP+_¡`b>2S/IN_ocLioI�J+IË`¯>2`<c+S/abP+O;_ja<UoKQ: ��a<J+K�h >]i�`bIE¥�{¢ITU�J >QP+_�cLP+I
S2OQabP+J+ijI¡S2IT_oc+ijIAh >Qi�`bIMJ�B¡@�ÝÑab`æIN_jU�`bIAh+`<c+_�hITij��O;ijSÊ>]PVU�JLIN_^_oO;c+_ °´J+K�UuITMTUuITc+io_�J�Çm��=.��@CZ�hO;cLi
MNI�UoUuI�U\îQM\ÀLIQÝ�ITU¢MTIys;ioîQMNI��¶_jIN_¢SËc+`<Uoabh+`<IN_Â>"¦]>QP1U\>Qs;IT_N:ÁßEÇm>"¿1>QP1Ufh >]_ÊJ+I�UuITS2h+_2S2OQijUu_TÝÞab` IN_�U
M">Qh+>QÉ+`bIÊJ+I�h+ioITP+J+ioI�J+IT_/S/IN_jc+ioIT_ÂINPµMNO;P1Uua<PVc�:ÞB�I�h+`bcL_NÝ[_o>×ijKN_jO;`bcLUoabO;P ITPµUoINS/h+_ÂJ+I�{L:Y�yP+_
hITioS/ITU�c+PLIDJLa<³KNioITP+MNab>]Uua<O;P¢ITPVUoioIA`bIT_�MNO;`<`bab_jabO;PL_���>Qa<_oMTI">Qce°å��>Qab_jMNIN>Qc�ITU�`bI¡ÉLioc+a�U�J+I���O;P+J�¦;ITP >QP1U
J+IN_�abP1UuITiu>QM�UuabOQP+_�J+c���>]ab_oMTI">Qc�>w¦QINMÂ`bIEs1>��EioKN_jabJ+cLIN`nJ+>QP+_¡`bIDUuc+É4I�J+IË`åÇm>QMNMTKN`bKTiu>]UoINc+i�â���>Qa<_oMTI">Qce°
s1>��"ã�:t�´`eh4O;_o_j�NJ+I ITPLR P�c+PLICMNO;ce¦;INi�Uuc+ijICINP�hL_oINcLJ+O;iu>]h+abJ+a�UuKÁ_oc��/_u>]S2S/INP1U[sQiu>QP+JLIChOQc+inJ+K�UuITMTUuITi
`¯>�s;io>QP+J+IAS2>-êjO;ija<UuK�J+IN_^MNOQ`b`ba<_oa<O;P+_N:

��O;c+i�S/IN_ocLioINi�`¯>A`bcLS2a<P+O;_oa�UuK >"¦QINM�`<I �¡{LÝVab`e��>QcLU�Uuiu>]P+_j��O;ijS2ITiÞ`åÇáKN�Vc >]UoabO;P/XL:�9�JLI�`¯>¡S2>QP+a<�NioI
_oc+a�¦]>QP1UuI�ç

RV 0 = σin · L · f, â�XL:HGQã
O,+×ç

	
RV 0

IN_jU�`bI�Uu>Qced¢J�Çma<P1UuINio>QMTUoabO;P�S/IN_jc+ioKAh >Qi `<I��¡{LÝ
	
σin

IN_�U�`b>/_jINMTUoabO;P�I}�/M">]MNIËhLioOQUoO;Pe°´hLioOQUoO;Pya<P+KN`b>Q_jUoab�Vc+IQÝ `<IN_^MNO;`<`ba<_oabOQP+_CKN`b>Q_jUoab�Vc+IT_�P�ÇáKTUu>QP1U
h >]_^JLKTUuITMTUoKNIN_�h >Qi���=.��@CZ�â�`bIT_^JLINced�h+ijOQUuOQP+_�ioIN_�UuITPVU�J >QPL_^`<I�Uuc+É4I¡��>Qab_jMNIN>Qc�`bO;ij_ J�ÇmcLP+I
MTO;`b`<ab_oa<O;P¢KT`¯>Q_�Uuab�Vc+I"ã�Ý

	
f
IT_jU�`¯>D��iu>QM�UuabOQPÊJ+I¡MTO;`b`<ab_jabO;P+_Þa<P+KN`b>Q_jUoab�Vc+IN_xJ+KTUoINMTUoKNIT_^h+>QiC`bI^�¡{L:LZ�`b`bI�MNO;P1UoabINP1U���`b>E��O;a<_

`5ÇY>QMTMNIThLU\>QPLMNIÊâ
A
ãxI�U^`åÇáI}�/M">QMTa<UoK¡abP1UuijabP+_j�N�Vc+IAJ+c��¡{�â

ε
ã¡ç

f = A · ε :
�»¦]>QP1UÁ`bI J+KTSÊ>Qijiu>QsQI^JLcÊ=&��@�Ý

σin
>]ced/KNP+ITios;a<IN_�J+c2=»��@�IN_�UxMTO;P+PVc+I^s;iuî]MNI^�DJLIN_�I�drUuio>QhOt°

`¯>]UoabO;PL_�J+IN_CJLO;P+P+KTIN_ �ËhL`bc+_�É >Q_j_oIN_xKNP+ITios;a<IN_Aâ
< 5

¥�I±�¡ãÁITUxJ+IN_ÁJ+O;P+P+KTIN_CJLIN_Cio>w¿QO;P+_CMTO;_oS/ab�Vc+IT_
�EUuij�N_ÁÀ >QcLUoIN_ KNPLINiosQabIN_�â

> 104 ¥»I±�Aã�. 9�05:+qeOQPfabP+MTINijUoa<Uoc+J+I^J+KNh >]_o_oI¡`<IN_�9w{yÛ¢:L�&¦;ITM¡`åÇáI�dehKTioa<INP+MTI
¥^¤�¥�ZÁ®�J+c�=&��@�Ý `¯>�h+ijKNMTab_oa<O;P�_oc+i�MTITUoUoI¡¦Q>]`bINcLi J+IT¦riu>]a<U^>]UjUuINa<P+J+ijI/9dÛ�.áÃ1G!05:

Z�Uu>QP1U�J+O;P+P+K��Vc+I
RV 0

IT_jU�S/IN_ocLioK^>"¦;INM^`bIÁ�¡{LÝ1a<`L_ocÍ�/U�J+I�J+K�UuITioS/abP+ITi
f
hO;cLi�hO;ce¦;O;a<i�S2Ig°

_oc+ijINi�`¯>2`<c+S/abP+O;_ja<UoKQ:+�´`»IN_�U¡KT¦rabJLINP1U��Vc+I�PLO;c+_�PæÇY>"¦;OQP+_�h >Q_�>QMNMT�N_�IgdLh4KNijabS/INP1U\>]`bINS/INP1U��2MTITUoUoI
��iu>QM�Uua<O;PvJ�ÇáKT¦QKNP+ITS2ITPVUo_2JLKTUuITMTUoKN_NÝ�hLc+ab_j�rcLIf`bIÊ��{�P+IfhITcLU�h >]_�_u>"¦;O;a<i�MNOQS�É+abITP J+IfMNOQ`b`ba<_oa<O;P+_
abP+KT`¯>Q_�Uua<�rcLIN_CP+IA_jO;P1U�h >Q_�J+KTUoINM�UuKNIT_N:¤�P�P+IAhITcLU�MNO;PLP >43bUoioI¡MTITUoUoI¡¦Q>]`bINcLiC�Vc+IAh >Qi J+IT_^_jabS�cL`¯>t°
Uua<O;P+_N:B�I�hL`bc+_TÝæKTUu>QP1U¡J+O;PLP+K��Vc+I�`åÇáabPLMNINi�Uua�Uuc+J+IE_oc+i�`¯>2S/IN_jc+ioI�JLI�`¯>/`bc+S/abP+OQ_oa<UoKAIN_jUAJLO;S2a<P+KNI
h >Qi `5Çma<P+MNITijUua�Uuc+JLI�_oc+i

f
ÝLab`�IT_jU�Uuij�N_�abS/h4O;ijUu>QP1UCJ+IAMNOQP+P >43<UuioI¡`<IN_ É >]ioioIT_�J�ÇmITioijINc+i^_oc+i `b>�¦Q>]`bINcLi

O;ÉLUoINPVc+IAh >Qi�_oa<S�c+`b>]Uua<O;P+_N:

·D¶zµ�¶)Ç Xê»hËÍ¿w½z� ¾�ÀÂÊ¦Ë�¾aà�À{��¿
f

@xO;S2S/IAJ+a<U^h+`<c+_�À >QcLUNÝÑ`¯>���iu>QM�UuabOQP�J+IDMNOQ`b`ba<_oa<O;P+_CJ+K�UuITMTUuKTIN_�h+>Qi�`<I¡�¡{2MTO;S/h+ioITP+J��Â`¯>���O;ab_
`åÇm>QMNMTINhLUu>QP+MTIÊâ

A
ãxI�U�`5ÇmIZ�/M">QMTa<UuK/â

ε
ãCJ+c��¡{fç

f = A · ε. â�XL:mX1ã
=�ÇY>QMTMNIThLU\>QPLMNIDIN_jU^a<MNa�J+K�R P+a<IDMTO;S/S2I¡`b>Ë��iu>QM�UuabOQP�JLIDMTO;`b`<ab_jabO;P+_Áh+ioOrJ+c+a<_u>QP1U^>Qc�S/O;abP+_xc+P+IDh >Qi�°
Uua<MNc+`<I�J >QP+_�`5ÇY>QMTMNIThLU\>QPLMNIAs;KNOQS2K�Uuioa<�Vc+I¡J+c��¡{�ç

A =
nombre de collisions produisant au moins une particule dans l′acceptance du V0

nombre total de collisions
.â5Xe:m�Vã

�;�



Z[U\>QP1U�JLO;P+P+K¢`<IÊs;io>QP+JvPLO;S�É+ijIÊJ+I¢h+>QijUoabMNcL`bIN_DMNijKNKTIN_Â�yM\À >]�rcLIfMNO;`<`bab_jabO;PæÝ�ITU�`b>�h+`<c+_ËsQiu>QP+JLI
h+ioOQhO;i�Uua<O;PfJ+IAh >Qi�UuabMTc+`bIT_ h+ioOrJ+c+a�UuIT_��/h4ITUoa<Uu_�>]P+s;`bIT_NÝ

A
IT_jU�É+abITP�hL`bc+_�KN`<IT¦QKE�Vc+IA`5ÇY>QMTMNIThLU\>QPLMNI

s;KNOQS2K�Uuioa<�Vc+I�J+c��¡{LÝ I�U^J+KNh >]_o_oID`bIT_�W;{yÛ	âÕ¦;O;a<i h+`bcL_ `bO;a<PÑã�:
=ÞÇáI}�/MN>QMNa�UuK¢IT_jUÂINPL_oc+a�UuI¢`b>�h+ijO;hOQijUua<O;PvJ+IÊMNO;`<`bab_jabO;PL_Da<P+MN`<c+IN_EJ >QP+_�`5ÇY>]MNMNIThLU\>]P+MNI¢�Vc+axh+ioO]°

J+c+a<_oINP1U^c+P�_oa<s;P >Q`J >QP+_^`bI���{�ç

ε =
nombre de collisions détectées

nombre de collisions produisant au moins une particule dans l′acceptance du V0
.â5Xe:HF;ã

ß�O;c+_�>Q`<`bO;P+_ JLO;P+MDMNO;S/S2ITP+MNITi�h >Qi^M">Q`<MNc+`<INi `åÇm>QMTMNINheU\>QP+MTIEJLc��¡{eÝ4hLc+ab_�P+O;cL_�a<PVUoioOrJ+c+a<ioO;P+_
`bIT_ MNO;c+hLc+ioIT_�_jc+i�`¯>�M\À >Qijs;IAITU^`bI�UoINS/h+_NÝ MN>Qc+_jIN_^J�ÇmcLP+I¢âÕ��>QabÉL`bIwãÞabP+IZ�/M">QMTa<UuK]:

=»>�S/KTUoÀ+OeJLI¡cLUua<`bab_jKNI�h4O;c+i�`b>�J+KTUoINioS/abP+>]Uua<O;PfJ+IA`åÇm>QMNMTINhLUu>QP+MTIDJLc���{ÂIT_jU^`¯>�_jc+a<¦]>QP1UuI�ç
	Å_jabS�c+`b>]Uua<O;P+_�h+>Qin�%|�¥����´�µJ+IÁhL`bc+_jabINcLio_&J+ak�N>QabPLIN_&J+I�S2a<`b`ba<INij_æJ+IÞMNOQ`b`ba<_oa<O;P+_�h+ijOQUuOQPe°´h+ijOQUuOQP
a<P+KN`b>Q_jUoab�Vc+IN_TÝ

	�Uoiu>QP+_jhOQijU�J+IN_�h+>QijUoabMNcL`bIN_�h+ijOeJLc+a<UoIN_��µUuio>"¦;INij_�`bIT_�JLa<³KNioITP1UuIN_�h >Qi�UuabIT_�JæÇm��=&��@CZ²h >]i
ÈAZ���ß�¥�XeÝ

	ÅMTO;S2heU\>Qs;IAh4O;c+i^M\À >Q�Vc+IEMNO;`<`bab_jabO;PÊJ+cyP+OQS�É+ioIAJ+IDMNIT`b`<c+`bIT_^JLc��¡{�UuOQc+M\À+KNIT_�h >]i�c+PLIdN]J+IT_
h >]ijUua<MNc+`<IN_�â�MTI�P+O;SËÉ+ioI^J+I^MNIN`<`bc+`<IN_�IN_�U >Qh+h4IN`<K�J >QP+_Á`¯>A_oc+a�UuIËäTS�c+`�UuabhL`babMTa<UoKxJ >QPL_x`bI ��{ ä"ã�:

ß�O;c+_ÊhO;ce¦;O;P+_ÊINP+_jc+a<UoIyUuio>QMNITiÊ`¯>%J+ab_�UuijabÉ+cLUoabO;PµINPÅSËc+`<Uoabh+`<abMNa�UuK¢JLIN_¢MTO;`b`<ab_oa<O;P+_T:Þè�P+I�JLab_�°
UuijabÉ+cLUoabO;PµINP�S�c+`<Uoabh+`<abMTa<UuKÊJ >QP+_¢`<I���{1@�hOQc+iy9w{Q{;{;{¶MTO;`b`<ab_jabO;P+_�IT_jUfS/O;P1UuijKNIy�#`¯>¶Änabs+:ÞXe:<9;:
=.IN_�MTO;`b`<ab_oa<O;P+_DO;P1U�c+P+IfSËc+`<Uoabh+`<abMNa�UuK�ITPVUoioI�{Ôâ5>]c+MNc+PLIfMNIN`<`bc+`<I2JLcÔ��{1@ P�ÇáIN_jUÂUoO;c+M\À+KTIwãËITU/X;G
â�UoO;cLUuIT_�`<IN_�MNIT`b`<c+`bIT_ J+c���{1@ë_oOQPVU^UuOQc+M\À+KNIT_\ãg:æ=�Çm>QMNMTINhLUu>QP+MNIEMNO;ijioIT_oh4O;P+J�ITP+_oc+a�UuIE�/`b>���iu>QM�UuabOQP
J+IAMNO;`<`ba<_oabOQP+_ÁJLO;P1U�`b>�S�c+`<Uoabh+`<abMTa<UuK�IT_jU^_oc+h4KNijabITc+ioIE�Â{�â���J+ioO;a�UuI¡J+IA`b>�`babsQP+I�h4O;c+i�`¯>�Äna<s+:+Xe:<9-ãg:

5�6879� XL:�9�	ËB�ab_�UuijabÉ+cLUoabO;PEINPÂS�c+`�Uua<h+`ba<MNa<UoK�J >QP+_n`bIx��{1@vhO;cLi[c+P�KNM\À+>QP1Uuab`<`bO;PEJ+I¡9w{;{Q{;{�MNOQ`b`ba<_oa<O;P+_
�f9w{�¥�I±�Ë:Ñ=&IT_�MNO;`<`bab_jabO;PL_C��s1>Qc+M\ÀLIEJ+IA`b>�`babsQP+I�ioOQc+s;IAP+IA_oO;P1U^h >Q_�J+K�UuITMTUuKTIN_T:

=&I�U\>QÉL`bI">]c�XL:�9CioKT_oc+S/Ix`<IN_n>QMNMTINhLUu>QP+MNIT_�hOQc+in�Vc >]UoioICJLa<³KNioITP1UuIN_nMNO;PLR+s;c+iu>tUuabOQP+_ÁçtMNIT`b`<c+`bI;â�_\ã
J+cÂ�¡{Q�ÅUuOQc+M\À+KNI;â�_uã�ÝrMNIN`<`bc+`<I1â�_\ãnJ+c/�¡{1@ UuO;c+M\ÀLKNI1â�_\ãgÝeMTIN`b`<c+`bI;â�_uãnJ+c2��{Q� ITU�J+c2��{1@ÔUoO;c+M\À+KTI1â�_\ã
âoäN>]P+J&ä"ãxI�U�MNIN`<`bc+`<I1â�_\ãxJ+c��¡{Q��OQc�JLc���{1@ UoO;c+M\À+KTI1â�_uãNâjäTO;iwäNã�:

�VF



� MNMTINhLUu>QP+MTII.�Û§0
��{Q� W;We:m�
��{1@ W1�r:HG
��ß�B W1Gr:Y{
¤A£ Ò;Xe:H�

������� XL:�9�	¢� MTMNIThLU\>QPLMNIN_�J+c��¡{L:

�E6)&��)»*-�(�")&*¢���%«]º&�+*-3Ñ�
]Qc+_o�Vc�ÇáabMTaåÝ»_oINcL`bIÊ`5ÇY>]MNMNIThLU\>]P+MNIf>�KTUoK¢h+ioa<_oI/INP MTO;S2heUuI�çn>QcLMNc+P+IÊMNO;c+hLc+ioI¢PæÇY>"¿1>]PVU�KTUuK2abPe°

UuijOeJ+cLa<UuI]Ý+ab`æ_oc��ÂU��Vc�Çác+P+IDh >Qi�Uua<MNc+`<IAUoO;c+M\À+IDc+P+IDMNIT`b`<c+`bI¡h4O;c+i��Vc+IDMNIN`<`bIg°´MNa._jO;a<U�MTO;S/hLU\>QÉLab`ba<_oKTIQ:
B�>QP+_�`¯>ÊijK">Q`<a<UuK]ÝÑMNI�P�ÇáIN_�UAh >Q_�`<IËMN>Q_�çæ_jan`b>2h >Qi�Uua<MNc+`<IËP+I�JLKNh4O;_oI�h >]_¡>Q_o_jI���J�ÇáKNPLINiosQabIËJ+>QP+_¡`bI
J+KTUoINM�UuINcLiNÝ�`<IË_oa<s;P >Q`»h+ijOeJ+cLa<U�IN_jU¡UoioO;h���>QabÉ+`<IEI�U¡P�ÇáIN_�U¡h >Q_�JLab_jUoabP+M�U�J+c(ÉLioc+a�U�J+IË��OQP+J(KN`<INMTUoioO]°
P+ab�Vc+I]:æ��>Qi�IgdLITS2hL`bIQÝc+P+I�h+>QijUoabMNcL`bIAUuiu>"¦QINio_o>QP1Uxêjc+_jUoI�c+P×>QPLs;`bIDJ+I�MTIN`b`<c+`bIDP�ÇáIN_�UAh >Q_�JLKTUuITMTUoKNI
â�I�³æI�Uu_�J+IAÉOQioJÑãg:

��O;c+i¡K�¦ra<UuITiAJ+I�MNO;S/hLUu>QÉ+ab`<ab_jINi�JLc%ÉLioc+a�U¡J+I���O;P+J�ÝæM\À >Q�Vc+IÂMNIT`b`bcL`bI�J+c(��{�PLI/_jI�J+KNMT`bITP+M\À+I
�Vc+IÊ`<O;io_j�rcLI2`b>�M\À >]ios;I/ioITìNc+I¢JLKNh >Q_j_oI2c+PvMNITijUu>QabP%_oITc+ab`5:�B�>QP+_D`bIN_D_oa<S�c+`b>]Uua<O;P+_NÝæMNIN`b>�IT_jUEh+ioa<_
INP�MNO;S/hLUoIDh+>Qi�c+P+IDMNO;c+hLc+ioID_oc+i^`¯>�M\À >]ios;IÂçÑ`bIT_^MTIN`<`bc+`<IN_ h+ijOeJ+cLab_u>]PVU�cLP+IEM\À+>Qios;IDabPe��KNioa<INc+ijIA�
MNI�UoUuIDMNOQc+h+c+ijIEP+ID_oOQPVU^h >]_�MTO;P+_oa<J+KNijKNIT_�MNOQS2S/IA>QMTUoa<¦QKNIN_T:4B�INced�J+a�³æKTioITPVUoIN_^MNO;cLh+c+ioIT_�O;P1U^KTUoK
MNO;PL_oabJLKNioKTIN_CI�U _oOQPVUCioINhLioKN_jINP1UuKTIN_�_ocLiC`¯>EÄnabs+:rXL:YG2çrc+P+I�MTO;c+h+cLioI¡�

MIP − 2σ
I�UCc+P+I�MNO;c+hLc+ioI

�
MIP − 3σ

Ý
σ
K�U\>QP1U^`åÇáKNMN>QijU U´¿rh4IAJ+IA`¯>�â��Vc >]_oa�° ã�s1>]c+_o_jabINPLP+IAMNINP1UoioKNIE>Qcy®�� ��:

5�6879� XL:YG�	DB�a<_jUuijabÉ+ceUuabOQPDITP�M\À >Qijs;I�J >QP+_�c+P+IxMTIN`<`bc+`<I�J+cË�¡{^ITU�MNO;cLh+c+ioIT_[�
2σ

â8{ �NM\ÀLIxJ+IÁJ+ioO;a�UuI"ã
ITU

3σ
â8{ �NM\À+IDJ+IAs1>QcLM\À+Iwãg:Ñ=&IT_�h >QijUoabMTc+`bIT_��/s1>]c+M\À+IAJ+IA`¯>�MTO;c+h+c+ijIEPLID_jO;P1U^h >Q_�J+KTUoINM�UuKNIT_N:

qec+a<UoIx�^MNIT_nMNOQc+h+c+ijIN_NÝ]`¯>�J+ab_�UuijabÉ+cLUoabO;PAITPËS�c+`�Uua<h+`ba<MNa<UoK[J+I�`¯>^ÄnabsL:-XL:<9ÁIN_�U[`bKTs;�NijINS/INP1U�J+KNMN>Q`bKTI
¦;ITio_^`¯>�s1>Qc+M\ÀLI¢â�S2O;a<P+_ J+IAMNIT`b`<c+`bIT_ _oO;P1U�>QMTUoa<¦;KTIN_uã�:@xITUjUuIDS2OrJ+a<R+M">]UoabO;PfJ+IA`b>ÂJLab_jUoioa<É+cLUua<O;PfIN_�U
S2OQPVUoioKTI �¡`¯>�Äna<s+:]XL:YXe:;Z�P2h+>QijUoabMNcL`babITiNÝ-MNITijUu>QabP+IT_�MNO;`<`ba<_oabOQP+_�JLI S�c+`<Uoabh+`<abMTa<UuKÞP+OQP�PrcL`b`bIÁ¦ea<INP+PLINP1U
ioITS2h+`<abiD`¯>ySËc+`<Uoabh+`<abMNa�UuKu�NKTioO%>Qh+ij�N_�`b>�MNO;c+hLc+ioI]:Þ@xIN`b>×PLO;c+_�J+O;PLP+IfJ+abijINM�UuINS/INP1UÂ`b>yhITijUoI�ITP

�1Ã



5�6879� Xe:YX¼	�®�OeJ+a�R M">tUuabOQP�JLIE`b>ÂJLab_jUoioa<É+cLUua<O;P�INP�S�c+`�UuabhL`babMTa<UoK�J >QPL_�`<IA��{1@é_jc+a<UoIË�Â`¯>�MTO;c+h+c+ijI
_oc+iÂ`b>�M\À >QiosQIQÝ�h4O;c+iÂJ+IN_ÂMTO;`b`<ab_oa<O;P+_Ë�µ9w{(¥»I±��:�¥»ioO;a<_�J+ab_�UuijabÉ+cLUoabO;PL_�_oO;P1U2h+ioKT_oITPVUoKNIT_yçÞ>"¦]>QP1U
MNO;cLh+c+ioI/â�P+O;a<i�NtUoiu>Qa�UxKTh >Qab_uã�ÝL>Qh+io�T_ c+P+I¡MTO;c+h+c+ijIA�

2σ
â�ijO;c+s;IÕNtUuio>Qa<UÁR PÑãÁI�U^>Qh+ij�N_ c+P+I¡MTO;c+h+cLioI

�
3σ

â�É+`<INcbNthO;a<P1Uuab`<`bKT_\ã�:

I}�/M">]MNa<UoK¡J+c+IE��`¯>�MNOQc+h+c+ijIE_jc+i�`¯>�M\À >Qijs;IÂç INP1UuijIÂ9§Û�I�UA9;:YF[Û¢:
�E6)&��)»*-�r�2�N)»*Ê����0w�r!#�n�

=»>%J+INijP+ab�TioI�K�U\>Qh4I�>"¦]>QP1U¢JæÇY>"¦;OQabiÊ`b>×��io>QMTUoabO;P
f
R P+>Q`bI�IN_�UfJ�ÇáabP1UuijOeJ+cLabioI�`bIT_/��ITP+ÆTUoioIT_fJ+I

UuITS2h+_T:-=.IN_»h >QijUoabMTc+`bIT_»hLioOw¦;ITP >QP1U[J�Çác+P+IÁMNO;`<`ba<_oabOQP���>Qab_jMNIN>Qce°±��>]ab_oMTI">QcDS/ITUoUoINP1U»INP1¦rabijO;P�X�P+_»hO;cLi
>]UoUoINa<P+J+ioI^`bI��¡{;@�ITU�9Q9�P+_Ch4O;c+iÁ>]UjUuINa<P+J+ijI�`<I��¡{]�ËÝV`bIT_xJ+a<_jU\>]P+MNIT_xINP1UoioI�`<I�h4O;abP1UÁJ�ÇáabP1UuITiu>QM�UuabOQP
ITU/`bIT_ÂJ+ab_j�rcLIN_/KTU\>]PVU2ioIT_oh4INM�Uua<¦QINS/INP1U¢JLI�ÒQ{%MTS ITU2X1GQW(MNS�:���R+P�J�ÇáKN`<abS/abP+ITi�`bIT_/h+>QijUoabMNcL`bIN_
h+ioOw¦QINP >QP1U¡JLIN_�a<P1UuINio>QMTUoabO;PL_^��>Qa<_oMTI">Qce°±s1>��]Ý4JLIN_���ITP+ÆTUoioIN_�J+IEUoINS/h+_�_jO;P1U�O;cL¦QINi�UuIN_A>]cLUuO;cLi�J+IËX
P+_�hOQc+i `bI���{1@éI�U�JLI/9Q9DPL_^h4O;c+i `<I��¡{Q�pâ�ÄnabsL:+XL:á�Vã�:

è�PÅ_oa<s;P >Q`�>Qijioa<¦]>QP1U2INPÅJ+ITÀ+O;ij_fJ+I�MNIT_¢��INP+Æ�UuijIN_fP�ÇáIN_�Ufh >Q_¢hLioab_ÊINPÅMNOQS2hLUoIQ:��´`�IT_jU�J+O;PLM
hOQ_o_oa<É+`bIx�rcæÇmc+PLI�h >]ijUua<MNc+`<ICh+ijO-¦ra<INP+P+I�J�Çác+P+I�MTO;`b`<ab_oa<O;PË��>Qa<_oMTI">Qce°å��>Qab_jMNIN>Qc�ÝQS2>Qa<_[�Vc�ÇmIT`b`<I _oO;a�U[UuijO;h
`bITPVUoI¡hOQc+i�J+KNMT`bINPLM\À+INi^`bI���{L:

@xO;S2S/I�h4O;c+iÁ`¯>ËMTO;c+h+cLioI¡_ocLiC`¯>ËM\À+>Qios;I]ÝLMTIN_ MNOQc+h+c+ijIN_ _ocLi `bI�UoINS/h+_CITPVUoiu>43bP+INP1U cLP+I¡hITijUoI
J�ÇáI}�/M">QMTa<UoKQÝnI�UÂ`bI2S2ÆTS2I¢sQiu>Qh+ÀLab�Vc+I¢�Vc+If`b>�ÄnabsL:�Xe:YX�h4INcLU�ÆTUuijI¢Uuio>QMNK¢h4O;c+iË`bIÊUoINS/h+_N:[@xITUoUoI
hITijUoIEIT_jU¡J+IE`åÇáO;ioJLioIAJ+I�{e:HF,Û¢Ý4ITU�`bIDioKN_jc+`<Uu>]U^R P >Q`&h4O;c+i

f = Acc · Eff IN_jU�h+ioKT_oITPVUoK�J >QP+_�`bI
U\>QÉL`bI">]c(XL:YGfh4O;c+i�`bIN_�J+a<³KNijINP1UuIT_DKTP+INijs;abIT_¡J+I���O;P+M�Uua<O;P+P+ITS2ITPVU�J+c%=»��@�:&@xIÂ_oO;P1UA`<IN_�¦]>Q`<INc+ij_
J+IDMNIAU\>QÉ+`<I">Qc��Vc+a&_oO;P1U�cLUua<`bab_jKNIT_ J >QP+_�`¯>���O;ioSËc+`bIAXL:YG/h4O;c+i�`b>/S/IN_jc+ioIDJ+ID`¯>�`bc+S/abPLO;_oa�UuK�J >]P+_
��=.��@CZ :

�´`Ñ��>]cLUxijINS2>Qio�Vc+ITix�Vc+I�`bIN_�MNOQc+h+c+ijIN_C_jc+ix`b>DM\À >]ios;I�ITUÁ`bI�UuINS/h+_ÁP�Çma<P�{ c+ITP+MNITP1UC�Vc+I�Uoio�N_ÁhITc
`¯>Ë¦]>Q`<INc+i J+I

f
ÝL_oabsQP+IAJ�ÇmcLP+IAI}�/M">QMTa<UoKAabP1UuijabP+_j�N�Vc+I¡Uuij�N_�KN`<IT¦;KTI¢â

> 98%
ã�:

·D¶zµ�¶l· ß>à�áaáa¾aÃÍ¾aà�À�Ã ��¾h}-½QÊ�Á&ËÍ¾hn�¿2ÃcnSÃ ÀÂà�À<~��Â¾�}-½QÊ�ÁbË�¾hn�¿2Ã
B�IN_�_oa<S�c+`¯>tUuabOQP+_nO;P1UÞK�UuK ��>Qa<UoIN_�h4O;c+i�MTO;S2hLioINPLJ+ioI�`bIT_�J+KTUu>Qab`<_[J+I�MNIT_ÁijKN_jc+`<Uu>]Uu_T:1Z�P2h >]ijUua<MNce°

`ba<INiNÝVa<`IT_jU a<PVUoKNijIN_o_o>QP1U�J+I�ijINs1>QijJ+INix`¯>EJLa<³KNioITP+MNI¡ITP1UuioI�`bIN_xMNO;`<`bab_jabO;PL_�JLa<³iu>QM�Uua<¦QIN_TÝeJ+OQc+É+`bITS2ITP1U
�V�



5�6879� Xe:m�
	ÂB�ab_jUoioa<É+cLUua<O;PÂINP/UuINS/h+_ÞJ >QPL_Á`<I���{Q� ITUÁ`bI �¡{;@�ITUÞ��INPLÆTUuijIN_ÁJ+I^UoINS/h+_ÞhOQc+iÞM\À >Q�Vc+I
M�_QUoKQ:Ñ=.IN_�h >]ijUua<MNc+`<IN_ ITP�J+ITÀ+O;ij_^JLIDMTIN_���INP+Æ�UuijIN_^P+IA_oO;P1U^h >Q_�J+K�UuINM�UuKTIN_N:

f
ÒQ{;{/ÈAI±� 9w{�¥�I±� 9"�Â¥�I±�

�¡{Q� WQÃL:HG�Û W1�e:m{yÛ W1�e:mXyÛ
�¡{1@ W]�+:m�yÛ W;ÃL:m{yÛ W;ÃL:mÃyÛ
��ß�B �]ÃL:H��Û W;{L:mXyÛ WL9;:�9|Û
¤¡£ Ò]�+:Y{,Û Ò1Ge:Y�,Û Ò1Ge:mWyÛ

������� XL:HG-	Ê��>Q`bITc+io_ JLI
f = A · ε h4O;c+i `<IN_�J+a�³æKTioINP1Uo_^S/OrJ+IN_ J+I¡��O;PLMTUua<O;P+P+ITS2ITP1U�J+c���{L:

J+a<³iu>]MTUua�¦;IT_ ITU�P+O;Pr°´J+a�³æio>QMTUoa<¦;IT_N: Z�P�IT³ITUNÝ+É+abITP��rcLIDUoO;cLUuIT_ _oO;a<INP1U^J+IN_�MTO;`b`<ab_oa<O;P+_ÁabP+KT`¯>Q_�Uuab�Vc+IT_NÝ
`bI�P+O;S�ÉLioIxJLIxh >Qi�Uua<MNc+`<IN_»h+ioOrJ+c+a�UuIN_�J+a<³�NijIÁsQiu>QP+JLINS/INP1U[ITPVUoioICMTIN_nUoioO;a<_�MN>Q_N:QB�>QP+_nc+P+IxMTO;`b`<ab_jabO;P
J+a<³iu>]MTUua�¦;IA_oa<S2hL`bIQÝ cLP�J+IN_�h+ioOQUoO;P+_^ioIT_jUuIËabP1U\>QM�U�>]`bO;ij_��Vc+IE`åÇm>QcLUuijIE_jIËJ+KT_oa<PVUo�Ns;ijIËITP(À >QJ+ijO;P+_N:
B�>QP+_Ec+P+I2MNO;`<`bab_jabO;P(JLO;c+É+`<INS/INP1UËJLa<³iu>QM�Uua<¦QIQÝ.`<IN_DJ+INced#h+ijOQUuO;PL_E_jIÊJ+KT_oabP1Uo�Ns;ijINP1U�INP#À >QJ+ijO;P+_NÝ
SÊ>]ab_�`bI�P+OQS�É+ioI�J+I�h >Qi�Uua<MNc+`<IN_xhLioOrJ+c+a<UoIN_CijIN_�UuI¡É4I">Qc+MTO;c+h�h+`<c+_x��>Qa<É+`bI^�Vc+I¡`bO;ij_xJ�Çác+P+I¡MTO;`b`<ab_jabO;P
abP+KT`¯>Q_�Uua<�rcLI�_jUu>QP+J >QijJvâ�P+O;Pe°±J+a<³iu>]MTUua�¦;I"ã�â�M�� :ÑÄnabs+:LXL:YF;ã�:

�´`4IT_jUxJ+O;P+M�MN`¯>]abiÞ�Vc�ÇmcLP+I�MTO;`b`<ab_oa<O;PÂP+O;Pe°±J+a<³iu>]MTUua�¦;I^>EhL`bc+_�J+I�M\À+>QP+MNI�J+I�hLioOrJ+c+abijI�cLP¢_oa<s;P >Q`
J >QP+_�`bIA�¡{/�rcæÇmc+PLI�MNO;`<`ba<_oabOQPfJ+a<³iu>QM�Uua�¦;IQ:4=.IN_^��iu>QM�Uua<O;P+_^J+IËMTO;`b`<ab_oa<O;P+_ J+K�UuITMTUuKTIN_

f
_oO;P1U�ioINh4O;i °

UuKTIN_�J >]P+_�`bIAU\>]É+`bIN>Qc(XL:mXÊh4O;c+i�`<IN_��rc+>]UuijIËM">]_�J+a<³KNijINP1Uu_ËçP+OQPe°´J+a�³æio>QMTUoa<� Ý J+a�³æio>QMTUoa<��J+>QP+_�cLP+I
J+abijINM�UuabOQP�â

p+p→ p+X
ã�Ý1J >QPL_Á`5ÇY>QceUuioI JLabioITMTUoabO;P�â

p+p→ X+p
ã[ITU�J+O;cLÉ+`bITS2ITPVU�J+a�³æio>QMTUoa<� :

=&IT_ ioKT_oc+`�U\>]Uo_CJ+I¡MNIT_�_oabSËc+`¯>]UoabO;PL_Á_jO;P1UCUuO;ceU^�Ë��>Qa<UxMNO;À+KTioITPVUo_N:4È¡iuîQMTI¡>Qcfs;io>QP+JfP+OQS�É+ioI¡JLI
h >Qi�UuabMTc+`bIT_CMNijKNKTIN_^`bO;ij_CJ+IN_�MTO;`b`<ab_oa<O;P+_�P+O;Pe°±J+a<³iu>]MTUua�¦;IT_NÝLhLioIN_j�Vc+IDUoO;cLUoIN_�MNIT_^MTO;`b`<ab_jabO;P+_�â ∼ 99%

ã
_oO;P1U¡JLKTUuITMTUoKNIN_T:.=.IN_¡MTO;`b`<ab_oa<O;P+_ J+a�³æio>QMTUoa<¦QIN_��Vc >QP1UA�2IN`b`<IN_�INP1Uuio>43¯P+ITP1U¡c+P+I�IZ�/M">QMTa<UuKËÉ+abITP�h+`bcL_
��>QabÉL`bIQÝÑh+`<c+_�ITP+MNOQioI�J+c�M}_QUuKËJ+c(h+ioO]UuO;P(a<_oO;`<K¢â

f =∼ 40%
ã^�Vc+I�J+IË`åÇm>QcLUuijIfâ

f =∼ 70%
ã�:=&IT_

MNO;`<`ba<_oabOQP+_ÞJ+O;c+É+`<INS/INP1U J+a�³æio>QMTUoa<¦QIN_CMTO;ioijIN_oh4O;P+JLINP1U^>Q_o_jI��AÉ+a<INP�>QcedÊMNOQ`b`ba<_oa<O;P+_�J+a<³iu>QM�Uua�¦;IN_xM�_QUoK
ä
X
ä�â
f =∼ 65%

h4O;c+i M\À+>Q�Vc+IEJLab_o�Vc+IDab_jO;`bK"ã�:
��c�¦rc J+I(MNIT_fioKN_jc+`<Uu>]Uu_TÝCab`^IN_�U�M">QhLa<U\>]`�J+I�ÉLabINPÅMTO;P+P >!3bUuijI�`¯>¶h+ioO;h4O;i�UuabOQP�J+I(MNOQ`b`ba<_oa<O;P+_

J+a<³iu>]MTUua�¦;IT_C_oa.O;P¢¦QINcLU�>"¦;O;a<iCc+P+IAÉ4O;P+P+I¡hLioKNMTab_jabO;Pf_jc+i
f
:+Z�P�IT³ITUNÝ+c+P+IAINijioITc+i J+IÂ9w{yÛ�_oc+i�`<I

�1W



5�6879� Xe:HF>	 qeM\À+KNS2>ÔJ+IN_�J+a<³KNijINP1Uu_�U´¿rhIT_�JLI¶h+ijOeMTIN_j_oc+_�abP+KT`¯>Q_�Uuab�Vc+IT_fITU�`bITc+io_�h+ijO;h4O;ijUoabO;P+_
ioIT_oh4INMTUoa<¦QIN_�>Qh+h+ijOwdea<SÊ>]Uoa<¦QIN_��ÂÒ;{;{/È¡I±��:

f
P+O;P�J�:

p+ p→ p+X p+ p→ X + p
J+O;c+É+`<I¡J�: UuOQUu>Q`

��{Q� Ò;ÒL:YG,Û �;Ge:�9|Û X;WL:mÒyÛ Ã1�r:YÒyÛ W1�e:mXyÛ
�¡{;@ Ò;WL:mÒyÛ �+9;:mÃyÛ Ã1�e:YG,Û Ã;Xe:YÃyÛ W;ÃL:mÃyÛ
��ß�B Ò;WL:YG,Û �1{L:mÃyÛ X1�e:mÃyÛ �1Ãe:YXyÛ WL9;:�9|Û
¤¡£ Ò;ÒL:mÒyÛ �QXL:�9|Û Ã;WL:á��Û W1Fr:HG,Û Ò1Ge:mWyÛ

������� XL:mX:	2��>Q`bITc+io_ J+I
f = A · ε J+c��¡{Â��9"�Â¥�I±��h4O;c+i `<IN_�J+a<³KNijINP1Uu_�h+ijOeMTIN_j_oc+_T:

iu>QhLhO;i�U σdiffractif

σnondiffractif

ITPVUoiu>43bP+IËcLP+I�INijioITc+i�J+I�hLioIN_j�Vc+I/G,Û÷_oc+i
f
:æ¤¡i�c+P+I�MTO;S/h >Qiu>]ab_oOQPyINP1UoioI

J+INcrd/s;KNP+KTiu>]UoINc+ij_xJ�ÇáKT¦QKNP+ITS2ITP1Uu_CJ+a�³æKTioITPVUo_ÁS/O;P1UuijI�cLP+I�a<P+MNITijUoa<UucLJ+I�É+abITP2_jc+hKTioa<INc+iÁ�/9"{yÛ�çV�
c+P+IAKNPLINiosQabI¡J+I/9w{�¥�I±�ËÝÑ�[¿rUoÀ+a¯>�h+ijKNJ+a�U�Ã;ÒyÛpJLIDMTO;`b`<ab_jabO;P+_ÁP+O;P�J+a<³iu>]MTUua�¦;IT_NÝ >Q`<O;io_ �Vc+ID��À+OtêjI�U
INPÔh+ijKNJ+a�UÂW;{yÛ¢:[�´`CIT_jU/J+O;PLMfabP+J+a<_oh4INP+_o>QÉ+`<I¢J+IfS/IN_ocLioINi�â�>Qc S2OQabP+_�>]h+h+ioO"deabS2>]Uoa<¦;ITS2ITP1UgãDMTI
U\>Qcrdæ:

�»¦QINM�`bI/�¡{LÝ�P+O;c+_�>"¦QO;P+_Âc+P S/O-¿QINP J+IfMTO;P1Uuiz_;`bITiËMNI¢Uu>Qced:n�´`Á��>QcLU�h4O;c+iËMNIN`b>yKTUoc+J+a<INi�`b>
J+ab_�UuijabÉ+cLUoabO;P�INPéS�c+`<Uoabh+`<abMTa<UuK�J >QPL_�`<I��¡{L:�Z�PéIT³ITUNÝ _oINcL`bIN_�J+IT_�MTO;`b`<ab_oa<O;P+_2P+O;P J+a<³iu>]MTUua�¦;IT_
h+ioOrJ+c+a<_oITPVU2_ocÍ�2_o>QS/S2ITPVU2J+I�h >QijUoabMTc+`bIT_/h4O;c+i2>QM�Uua<¦QINi2J+I�PLO;S�É+ijINc+_jIN_¢MTIN`b`<c+`bIT_ÂJ+c���{L:�=&IT_
KT¦QKNP+ITS2ITPVUo_�JLa<³iu>QM�Uua<��_æO;P1U�cLP+IÞS�c+`<Uoabh+`<abMTa<UuK.Uoio�N_.��>Qa<É+`bI]ÝNITPDUoO;c+_&`bIT_.M">Q_&abPe��KNioa<INc+ijIÞ�^GQ{ hO;cLi.c+P
J+ab_j�Vc+IQ:-=&>CR s;c+ijI�XL:YÃ S/O;P1UuijI�`b>CJ+ab_�UuijabÉ+cLUoabO;P¡ITPESËc+`<Uoabh+`<abMNa�UuK&J >QPL_»`<I[�¡{1@�ÝwI�U»`bIN_&MTO;P1Uuioa<É+cLUoabO;P+_
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J >QP+_^`åÇm>QMTMNINheU\>QP+MTI�>QPLs;c+`¯>]abioI¡JLIËMNI�U¡>QPLP+I">Qcæ:æ@xI�UoUoIER s;cLioI�>/KTUoKËO;ÉLUoINPVc+IEINP�_jabS�c+`b>QP1U^W;{;{;{Q{
MNO;`<`ba<_oabOQP+_�he°´h���9"�v¥»I±�	I�UfINP�MNO;S/hLU\>]PVUÊhOQc+iÊM\À >]�rcLI�MNO;`<`ba<_oabOQPµ`<I�PLO;S�É+ijIyJ+I�h+>QijUoabMNcL`bIN_
M\À >Qijs;KNIT_nKNS/ab_jIN_n>w¦QINMCcLP+Ixh+_jINc+JLO;iu>QhLabJ+a�UuK�MNO;S/h+ioa<_oIÞINP1UoioIÁ° Ge:HG ITU»°\9;:mW�ITU[`<IÁPLO;S�É+ijIÁJ+IÁMNIT`b`bcL`bIN_
>QMTUoa<¦QKNIN_�J >]P+_�`åÇm>QP+P+IN>Qc�@x�+:

ß�O;c+_/¦;Ow¿;OQP+_fc+P+I�ijIN`b>]Uua<O;P�ITP1UuioIy`bI�P+O;S�É+ijIyJ+I�h >Qi�UuabMTc+`bIT_2hLioabS2>Qa<ioIN_ÂI�U¢`bI�P+O;S�ÉLioIyJLI
MNIT`b`bcL`bIN_AUuOQc+M\À+KNIT_�çnINPÔS/Ow¿;INPLP+IQÝ[`<O;io_j�Vc+I¢`bI2P+O;S�ÉLioI¢J+IÊh >QijUoabMTc+`bIT_�h+ioa<SÊ>]abioIT_Ë>]c+s;S/INP1UuI]Ýn`bI
P+O;S�ÉLioI�J+I�MNIT`b`bcL`bIN_�UoO;c+M\À+KTIN_Ê>Qc+s;S/INP1UuI�KTs1>Q`bITS2ITP1U":�@xITUjUuI�ioIT`¯>]UoabO;P IT_jU2h+`bc+_�¦rab_jabÉ+`<If_oc+i/`bI

Fe9



5�6879� XL:Y�J	v£�IN`b>]Uua<O;P#ITPVUoioI�`bIÊP+O;S�É+ijIfJ+I�h >Qi�UuabMTc+`bIT_�h+ijabS2>QabijIN_ËM\À+>Qios;KTIN_ÂKNS/ab_jIN_�J >]P+_�`åÇm>QM�°
MNIThLU\>QPLMNI�>QP+s;cL`¯>Qa<ioI¢J+I�`5ÇY>QPLP+I">QcÔ�V@ÓITU/`bIÊP+O;S�É+ijI�J+I�MNIN`<`bc+`<IN_�>]MTUua�¦;KTIN_/J >QP+_ÂMNI�U2>QP+P+IN>Qcëç
J+ab_�UuijabÉ+cLUoabO;PÊJ+IDW;{;{;{;{�K�¦;KTP+INS/INP1Uu_�_oa<S�c+`bKT_N: =�ÇáKNM\À+IT`b`<ID_jIN`<O;PK�DIT_jU^`bOQs1>Qioa�UuÀ+S/ab�Vc+I]:

h+ioO]R `ÑJ+I�`¯>¡R s;cLioI�Xe:H�ES/O;P1UuijK��E`¯>¡R s;c+ijI�XL:mWL:eß�O;c+_ÁMNO;PL_jU\>tUuO;P+_Ác+P+I�ijIN`b>]Uua<O;P2hLioO;h4O;ijUoabO;PLP+IN`<`bI

5�6879� XL:mW[	�ß�OQS�É+ioIËS2Ow¿;ITP(J+I�MNIT`b`<c+`bIT_^UoO;c+M\À+KTIN_AJ >QP+_�`åÇm>QP+P+IN>Qc(�V@àINP���O;PLMTUua<O;P�J+c(PLO;S�É+ijI
J+IAh >Qi�UuabMTc+`bIT_Ch+ijabS2>QabijIN_CKTS2a<_oIN_ J+>QP+_^_oO;P�>QMNMTINhLUu>QP+MTIEs;KTO;S/KTUuijab�Vc+I]:

INP1UuijI�`<I�P+O;SËÉ+ioI�J+I�h >]ijUua<MNc+`<IN_�h+ioa<SÊ>]abioIT_ÞITUC`<I�P+OQS�É+ioI^J+I�MTIN`<`bc+`<IN_ÞUuO;c+M\ÀLKNIN_xhO;cLixc+P¢PLO;S�É+ijI
J+I�h >]ijUua<MNc+`<IN_�h+ioa<SÊ>Qa<ioIT_�a<PL��KNijabINcLi���9w{e:æ�»O;c+i�c+P(sQiu>QP+J(PLO;S�É+ijIËJ+I�h >]ijUua<MNc+`<IN_�KNS/ab_oIT_�a<`»¿y>
KT¦rabJLINS/S2ITPVU�cLP+IA_u>]Uoc+iu>]UoabO;P�`<O;io_j�rcLI�UuO;cLUoIN_�`bIT_�MNIN`<`bc+`<IN_C_jO;P1U�UuO;c+M\ÀLKNIN_T:

F;G



ß�O;c+_�h4O;cL¦QO;P+_�>Qc+_j_oa¡��>QabijI�c+Péh+ioO]R `¡_oIT`bO;P `åÇm>QcLUoioI×>tdeI]Ý^h4O;c+i�>"¦QO;abif`<I(P+O;S�É+ijI(S2Ow¿QINP
J+I�h >Qi�UuabMTc+`bIT_Âh+ioa<SÊ>Qa<ioIT_�INPÔ��O;P+MTUoabO;PµJ+c�P+O;S�É+ijI�J+I�MTIN`<`bc+`<IN_�UuOQc+M\À+KNIT_N:C@xINMNa�IT_jU2S2O;P1UoioK��
`¯>yR sQc+ioI�XL:mÒL:Þ@xI�_oOQPVU/`<IN_�¦]>Q`bITc+io_Â�Vc+I�P+O;cL_/`<ab_jO;P+_�_ocLi/MTITUjUuIfR s;c+ijI��rcLa _oINijO;P1U/cLUua<`bIN_Â�(`b>

5�6879� XL:mÒ³	Ôß�O;SËÉ+ioI�S2Ow¿QINP�J+I�h >Qi�UuabMTc+`bIT_2hLioabS2>Qa<ioIN_�M\À+>Qios;KTIN_¢ITP���O;P+M�Uua<O;P�JLc�P+O;S�ÉLioIyJLI
MNIT`b`bcL`bIN_ÁUuO;c+M\ÀLKNIN_T:

J+KTUoINijS2a<P >]Uua<O;PyJLI dN
dη

:æ�´`�_oc��/iu>fJ+I�MTO;S/hLUuITi�`bIËP+O;S�É+ijI�J+I�MTIN`b`<c+`bIT_�UoO;c+M\À+KTIN_AJ >QP+_�`åÇm>QP+P+IN>Qc
MNO;PL_oabJLKNioK I�UÞJ�Çm>Qh+h+`<ab�Vc+INinhO;cLi[M\À >Q�Vc+I�MNOQ`b`ba<_oa<O;PË`<ICMNOrI}�/MNa<INP1UÞ`bc�_jc+i�MNI�UoUoICR s;c+ijI hO;cLi�O;ÉLUuITP+abi
`¯>�S�cL`<Uua<h+`ba<MNa�UuK�S2Ow¿QINP+P+ID_ocLi^cLP�s;io>QP+J�P+O;SËÉ+ioIAJ+IAMNOQ`b`ba<_oa<O;P+_N:

£�>QhLhIT`bO;P+_��Vc+I�_jINc+`<I�c+PLI�S�c+`�Uua<h+`ba<MNa<UoKxS/Ow¿;INPLP+I�h4INcLUxÆTUoioI�S/IN_jc+ioKTIQ:eè�P+I�S2IT_oc+ijI�_jc+iÁcLP+I
MNO;`<`ba<_oabOQPEP�Çm>¡h >Q_ÞJ+I _jINP+_TÝrMTO;S/S2IC`<ICS/O;P1UuioI `b>�R s;c+ijI�XL:�9w{L:V@xI�UoUuICR+s;c+ioI�S/O;P1UuijI `åÇáI�deINS/h+`bIxJ+c
M">Q_nO,+ÂÃ�MNIT`b`bcL`bIN_�J+I `åÇm>QP+PLI">QcÂ@x�A_jO;P1U[UuO;cLM\À+KNIT_N:r¤�P�¿Ë¦QO;a<U�`<IxP+OQS�É+ioIxJ+I h >Qi�UuabMTc+`bIT_nh+ijabS2>QabijIN_
h+ioOrJ+c+a�UuIT_E>"¦QINM −2.2 < η < −1.8

h4O;c+iDJ+IN_EMNO;`<`ba<_oabOQP+_¡>QM�Uua<¦]>QP1UEÃ�MTIN`<`bc+`<IN_AJ+I/`åÇm>QP+P+IN>Qc @x�+:
ß�O;cL_�¦QOw¿;O;P+_^�Vc�Çác+PyJ+KTMNO;S/hLUoIDJLc�PLO;S�É+ijIDJLIDMTIN`<`bc+`<IN_xUoO;c+M\À+KTIN_�_jc+i�c+P+IAMNOQ`b`ba<_oa<O;PÊP+IAh4INijS2I�U
h >Q_CJLI�UuijO;cL¦;ITiC`bI�P+O;S�ÉLioI�J+I�h >QijUoabMTc+`bIT_xh+ijabS2>QabijIN_Þh+ioOrJ+c+a�UuIT_x`bOQio_xJLI�MNI�UoUuI¡MTO;`b`<ab_jabO;P�çL`5ÇmK�U\>Q`<I�°
S2ITP1UÞIN_jU�É+a<INP�UuijO;hÂabS/hOQijU\>]PVUnhOQc+i�c+P+I�S/IN_ocLioI S/ÆNS/I�>Qh+h+ijOwdea<SÊ>]Uoa<¦QIQ:1@�ÇáIN_�U�hO;cLio�Vc+O;a _jINc+`<I
c+P+IAS/IN_ocLioIAS2Ow¿QINP+P+IAIT_jU�ioK">]`bab_o>QÉ+`<IQÝr_oc+i�c+P�s;iu>]P+J�KTM\À >QP1Uua<`b`<O;PfJ+IAMNO;`<`ba<_oabOQP+_N:
¨��e�N)»*-���×�»�+*w0-¹�*Ê$»�����×«tº»�L*t3Ñ�

è�P+I�K�Uuc+JLI�_oa<S2a<`¯>Qa<ioI�h4INcLU�ÆTUuijIË��>Qa�UuIDINP×>QP >]`<¿r_u>QP1U�MNITUjUuIË��OQab_^`¯>2M\À+>Qios;IËJ+KNh4O;_oKTI�J >QP+_�c+P
>QP+P+IN>Qc�Ý>Qcy`<abITc�J+IE_oIEMNO;P1UuITP1UuINi�J+c�P+O;SËÉ+ioIEJ+IEMTIN`<`bc+`<IN_�UuO;c+M\ÀLKNIN_T:�=.IËS/ÆNS/IDs;iu>QhLÀ+ab�Vc+ID�Vc+I
h+ioKTMNKTJ+INS/S2ITP1U�h4INcLUËÆTUuijIÊUuio>QMNK]Ýn>tR PvJ+I/¦;O;a<iË`¯>�ioIT`¯>]UoabO;P%INP1UoioI¢`b>�M\À >Qijs;IÊJLKNh4O;_oKTI¢J >QP+_Ëc+P
>QP+P+IN>Qc�ITU `<I�P+O;SËÉ+ioI¡J+I¡h+>QijUoabMNcL`bIN_xh+ioa<SÊ>Qa<ioIT_ÁM\À >]ios;KTIN_�KNS/ab_jIN_ J >QPL_ _oO;P�>QMTMNINheU\>QP+MTIAs;KNO;S/K�°
Uuijab�Vc+IQ:L=&>�R+s;c+ioIAXe:<9;9¡S/O;P1UuijI¡MNI�UoUuI¡ijIN`b>]Uua<O;P¢h4O;c+i `bIT_ S2ÆTS2IT_CMNOQ`b`ba<_oa<O;P+_��rcLIDhLioKNMTKNJ+ITS2S/INP1UNÝ
hOQc+i `åÇm>QP+P+IN>Qc��V@�:

B�I P+O;cL¦QI">QcæÝ;hOQc+in��>QMTab`ba�UuITi»`b>�`bITMTUoc+ioI]ÝQP+O;cL_�hO;ce¦;O;P+_[��>]abioIÁJ+IN_nh+ioOQR+`b_[_jIN`bOQP�`bIN_nJ+INced�>tdeIN_T:
=&>/R s;cLioI�Xe:<9-G/h+ioKT_oINP1UoI�`¯>/M\À >QiosQI�S2Ow¿QINP+P+IËMNO;`<`bINM�UuKTIEITPy��O;P+M�UuabOQPyJ+c(P+OQS�É+ioIDJ+I�h+>QijUoabMNcL`bIN_
h+ioa<SÊ>]abioIT_æKTS2a<_oIN_.J+>QP+_.`åÇm>QMTMNINheU\>QP+MTIÞMNO;P+_jabJ+KTioKTIQ:-=�ÇY>]c+s;S/INP1U\>]UoabO;P¡JLI�`¯>CM\À >Qijs;IÞJ+KNh4O;_jKNI�>"¦;INM�`bI
P+O;S�ÉLioIÞJ+Ixh+>QijUoabMNcL`bIN_&h+ijabS2>QabijIN_.KTS2a<_oIN_»IN_�UnK�¦rabJ+ITPVUoIx_jc+inMTITUoUoIÁR sQc+ioI]:]ß^O;c+_&¦;Ow¿;OQP+_���PLO;cL¦;IN>Qc

FQX



5�6879� XL:�9w{K	#ß�OQS�É+ioIÊJ+I¢h >Qi�Uua<MNc+`<IN_ËhLioabS2>Qa<ioIN_DM\À >Qijs;KNIT_Âh+ioOrJ+c+a�UuIN_�>w¦QINM −2.2 < η < −1.8J >QP+_�c+PLIDMTO;`b`<ab_jabO;P2h+ioOQUoO;Pe°±h+ioOQUoO;P�Ý+`<O;io_j�Vc+IDÃÂMTIN`<`bc+`<IN_CJ+IA`5ÇY>QPLP+I">Qc��V@Å_oO;P1U�>QM�Uua<¦QKNIT_N:

5�6879� Xe:<9;9¼	(£^IT`¯>]UoabO;P(ITP1UuioI/`bIÂP+OQS�É+ioIÂJ+IÂh >]ijUua<MNc+`<IN_Ah+ijabS2>QabijIN_�M\À >]ios;KTIN_ËKTS2a<_oIT_DJ+>QP+_A`åÇm>QM�°
MNIThLU\>QPLMNIE>QP+s;c+`b>QabijI�J+ID`åÇm>QP+P+IN>Qc��V@éI�U�`b>�M\À >Qijs;IEMTO;`b`<INM�UuKNIAJ >]P+_�MNITU�>QP+PLI">Qc�:Ñ=�ÇáKNM\À+IT`b`<ID_jIN`<O;P
�¡IN_�U�`<O;s1>Qija<UuÀLS2a<�rcLIQ:

c+P�`<KNs;ITi�I�³æI�U[J+IÁ_u>]Uoc+iu>]UoabO;PEhOQc+i�cLP+ICs;io>QP+J+I�S�c+`�UuabhL`babMTa<UoKQÝNS2>Qa<_»MTITU�I�³æI�U[a<PVUoINi�¦ea<INP1U[ÉLabINPEh+`bcL_
U\>QijJ¢�Vc+I�`<O;io_j�rcæÇmO;PfPLI�ioITs1>QioJLI��Vc+I¡`bI�P+O;S�ÉLioI�JLI�MNIT`b`bcL`bIN_ÞUuOQc+M\À+KNIT_N:4@�ÇáIN_�U�c+P¢h+ijINS/abINiÁabP+JLabMNI
J+Ix`5Çma<P1UuKNijÆTUnJ+ICioITs1>QijJ+INi�`¯>�M\À+>Qios;I�ç]`<IxioKT_oc+`�U\>]UnIN_�U�h+`bcL_nh+ijKNMNa<_nh4O;c+i�J+IN_�s;io>QP+J+IT_[S�c+`�Uua<h+`ba<MNa<UoKN_T:

ß�O;c+_�h4O;cL¦QO;P+_�SÊ>]abP1UuITP >QP1U ioITs1>QijJ+INi�`bI�h+ioOQR+`._oIN`<O;P�`åÇm>QcLUoioI¡>tdeI]Ý S2O;P1UoioKA��`¯>ËR sQc+ioIDXL:�9wXL:
@xITUjUuI R s;c+ijI�S2O;P1UoioI�c+P+I�ioIT`¯>]UoabO;P�hLioIN_j�Vc+I�`<abP+KN>QabijIxINP1UoioI^`¯>�M\À >Qijs;I^MNO;`<`bINM�UuKTI h >QiÞ`åÇm>QP+P+IN>QcÂ�V@

F]�



5�6879� XL:<9wG:	f@xÀ >]ios;IAS/O-¿QINP+PLIEMTO;`b`<INMTUoKNI¡J >]P+_�`åÇm>QP+P+IN>Qc�@x�ÂITP���O;P+M�Uua<O;PfJ+c�P+O;S�É+ijIAJ+IAh >QijUoa�°
MNc+`<IN_ h+ijabS2>QabijIN_CKTS2a<_oIT_^J+>QP+_�_oO;P�>QMTMNINheU\>QP+MTIEsQKNO;S/KTUoioab�Vc+I]:

5�6879� XL:<9"X¼	f@xÀ >]ios;IAS/O-¿QINP+PLIEMTO;`b`<INMTUoKNI¡J >]P+_�`åÇm>QP+P+IN>Qc�@x�ÂITP���O;P+M�Uua<O;PfJ+c�P+O;S�É+ijIAJ+IAh >QijUoa�°
MNc+`<IN_ h+ijabS2>QabijIN_CKTS2a<_oI¡J >]P+_�_oO;P�>QMNMTINhLUu>QP+MTIEs;KTO;S/KTUuijab�Vc+I]:

ITU.`<I�P+O;S�ÉLioI[J+I�h+>QijUoabMNcL`bIN_æh+ioa<SÊ>Qa<ioIT_æKNS/ab_jIN_.J >]P+_._oO;PD>QMTMNIThLU\>QPLMNIQ:]@xI�UoUuI��Vc >]_oa�°±h+ioOQhO;i�Uua<O;P+P >Q`<a<UoK
INP1UuijIË`b>/M\À >]ios;IEITU�`bIDP+O;S�É+ijIES/Ow¿;ITPyJ+IEh >QijUoabMTc+`bIT_�h+ijabS2>QabijIN_ _jIËioI�UuijO;cL¦;IEhOQc+i^UoO;c+_�`bIN_�>QPe°
P+I">]ced%J+c¶��{L:.�´`Þ_oc��/io>Qa<UDJ+O;PLM2J+I/MNOQP+P >43<UuioIÂ`<IÂ��>]MTUuITc+iDJ+I2hLioO;h4O;ijUoabO;PLP >Q`ba�UuKEhO;cLiES/IN_jc+ioITi
ioIT`¯>]Uoa<¦;ITS2ITP1U���>]MNab`<INS/INP1UÞ`¯>AS�c+`�Uua<h+`ba<MNa<UoKxJ+I�h >Qi�UuabMTc+`bIT_Þh+ioa<SÊ>Qa<ioIT_N:V®y>]`bÀ+ITc+ioITc+_oITS2ITPVUNÝeMTI�P�ÇáIN_�U

F;F



h >Q_¡>]c+_o_ja[_oa<S2h+`<IEMN>Qi�MTI���>QMTUoINc+i�JLKNh4INP+J×J+c(s1>]abP�J+IT_¡h+À+OQUoO;S�c+`�Uua<h+`ba<M">]UoINc+ij_N:Ñ��OQc+i���>QabijIEcLP+I
UuIT`b`bIËS2IT_oc+ijIQÝ.ab`»��>QcLUD�Vc+IÂ`¯>¢h4O;_oa�Uua<O;P(J+c#®�� �í_oOQa<UA`¯>¢S/ÆNS/I�h4O;c+i¡M\À >Q�Vc+I/MNIT`b`<c+`bI�I�UA�Vc�ÇmIT`b`<I
_oO;a�U _jUu>QÉ+`<IDJ+>QP+_�`bI�UoINS/h+_NÝ+MTIE�Vc+a.a<S2hL`bab�Vc+I�c+P+IAÉ4O;P+P+IAM">]`babÉLiu>]UoabO;P¢JLIDM\À+>Q�Vc+IEMTIN`<`bc+`<IQ:
�E67»«1��)��"¹�647��

�´` IN_jU2J+O;PLM�h4O;_j_oabÉL`bI�J+I�M">Q`<MNc+`<INiÂ`¯>�SËc+`<Uoabh+`<abMNa�UuK2>"¦;INM�M\À >Q�Vc+Iy>QP+P+IN>Qc�JLcµ��{%a<P+J+KNh4INPr°
J >QS/S2ITP1U"Ý4INP×S2IT_oc+io>QP1UA_oO;a�U¡`bIËP+O;S�É+ijI�J+I�MTIN`b`<c+`bIT_�UuOQc+M\À+KNIT_AhO;cLi�M\À >Q�Vc+IÂMNOQ`b`ba<_oa<O;P�ÝÑ_oO;a�U�`b>
M\À >Qijs;I�J+KNh4O;_oKTIQ:1�´` _jc��ÂUÁITP+_ocLa<UuI�J�Çm>Qh+hL`bab�Vc+ITi�`bIT_[��>QMTUoINc+ij_�UoioO;cL¦QKN_ÞINP/_oa<S�c+`b>]Uua<O;P+_ âÕR s;c+ijIN_�XL:mÒ
ITUËXL:�9wX1ã¡hO;cLiËO;ÉLUoINP+a<iE`b>�S�cL`<Uua<h+`ba<MNa�UuKËS/Ow¿;ITP+P+IQ:[@xITUjUuI¢S/KTUoÀ+OeJLI/��O;PLMTUua<O;P+P+I/_ocLi�J+IÊsQiu>QP+JL_
KNM\À >]PVUoab`<`bO;P+_�J�ÇáKT¦;KTP+INS/INP1Uo_2çab`&��>QcLU¡h+`<c+_oa<INc+ij_�S/ab`b`<abITio_�J�ÇáKT¦;KTP+INS/INP1Uo_Eh4O;c+i¡>"¦QO;abi�cLP+I�INijioITc+i
_jUu>]Uua<_jUua<�Vc+I�J+I¡`5ÇmOQioJ+ijI�J+c�h4O;c+ioMTINP1U":Lè�P+I¡S/IN_jc+ioIA�Eh >QijUoabiÁJ+I¡`¯>ËM\À+>Qios;I�_oI¡_u>tUuab_���>Qa<UxJ�Çác+Pfh+`bcL_
��>QabÉL`bI^KNM\À >QP1Uoab`b`<O;P�ÝVM">]iC`¯>ËhLioKNMTab_jabO;P¢JLI¡`¯>ES/IN_jc+ioI¡IT_jU�h+`<c+_xsQiu>QP+JLIQ: è^P+I�UuIT`b`<I�S/IN_ocLioI�P+I¡h4INceU
INP�ioIT¦]>QPLM\À+IËÆ�UuioIA��>Qa�UuI¡�Vc+IË`<O;io_j�Vc+IE`<IN_�s1>Qa<P+_�J+IN_�h+À+OQUoO;S�c+`�Uua<h+`ba<M">]UoINc+ij_x_oOQPVU�c+P+a���O;ioS/IN_Eâ�hO]°
_oa�UuabOQP�J+c¶®�� �ë_�U\>QÉL`bI�J >QPL_¡`bIËUoINS/h+_¡ITUAa<J+INP1Uua<�Vc+I�hOQc+i�UuOQcLUuIT_D`<IN_�MTIN`<`bc+`<IN_\ãg:�è^P+I�S2IT_oc+ijIÂ�
h >Qi�Uuabi�J+c¢PLO;S�É+ijI�J+I�MTIN`<`bc+`<IN_ÞUuO;c+M\ÀLKNIN_ IT_jU J+>QP+_CMTI�_oITP+_Ch+`<c+_x_jabS/h+`bI]ÝrI�U P+I�P+KNMTIN_o_ja<UoIA>Qc+MNcLP+I
M">Q`<abÉ+io>]Uua<O;P�:

ß�OQUoO;P+_¡�Vc+IÂP+OQUoioI�S/KTUuÀLOeJ+IËJ+KNh4INP+J%J+IÂ`¯>2_oabSËc+`¯>]UoabO;PæÝ4I�UAIN_�UEJLO;P+M�INP%MNI�_jINP+_A_jctêjITUjUuI/�
M">QceUuabOQPyM">]i�J+KThITP+J >QP1UuIËJ+IN_�S/OrJ+�N`<IN_N:4Z�P(IT³ITUNÝPLO;c+_�_jc+h+h4O;_oO;PL_�J >QP+_�P+O;_�_jabS�cL`¯>]UoabO;P+_ cLP+I
MNITijU\>]abP+IEJ+ab_�Uuioa<É+cLUoabO;P�INP(S�cL`<Uua<h+`ba<MNa�UuK�h4O;c+i�`bIN_�MNO;`<`ba<_oabOQP+_N: è^P+I�ITioioITc+i�_jc+i�MNI�UoUoI�J+ab_�UuijabÉ+cLUoabO;P
_oa<S�c+`bKTIAhITcLU�h4OQUuITP1UuabIT`b`<INS/INP1U^abP+J+cLabioIDc+P+IËabS/h+ioKTMNab_jabO;P�_jc+i�`<IN_�MTOeIZ�/MNabITP1Uu_�UoioO;cL¦QKN_¡�/h >Qi�Uuabi
J+IËMTIN_�_jabS�cL`¯>]UoabO;P+_T: �´`�_jINio>Qa<U�hOQ_o_oa<É+`bIDJ+I�ijINP+JLioI�P+O]UuioIES2K�UuÀ+OrJ+IDabP+JLKNh4INP+J >]PVUoI�J+IT_�S2OrJ+�T`bIN_
J+I/h+ioOrJ+c+M�UuabOQP%JLI2h >]ijUua<MNc+`<IN_Ah+ijabS2>QabijIN_NÝæINPv>]h+h+`ba<�Vc >QP1UAh >QiAI�deITS2h+`<I2cLP#h+ijOeMTIN_o_jc+_Ëa�UuKTiu>]Uoa<� :
�n>QiEI�deINS/h+`<IQÝ»`¯>�S/KTUoÀ+OrJ+IÊJ+IÊ£^a<M\À >QijJ+_oO;Pr° =.c+MT¿¶J+K�¦;IN`<O;h+h4KNIf>]cvM\À >Qh+a�UuijIfF�IT_jU�a<J+K">]`bI/hO;cLi
MNI/U´¿eh4I¢J+I2h+ioOQÉ+`b�TS2IT_2ç»`bIT_ER s;cLioIN_ËXL:Y��ITU�XL:<9Q9Êh4INcL¦QINP1U�ÆTUoioIÊUoiu>QPL_j��O;ijS2KTIN_DINP S2>]UuijabMNIT_EJLI
h >Q_j_u>Qs;IfITP1UuioIf`<IN_�_jabS�cL`¯>]UoabO;P+_DITU�`bIN_�S/IN_jc+ioIT_N:�B�IN_Âh+ioOrMNIT_o_jc+_Âa<UuKTiu>]Uoa<��_DO;P1UÂKTUoKfJ+KT¦QIN`bOQh+hKT_
hOQc+ix`<IN_xS/IN_jc+ioIT_CJ+I�SËc+`<Uoabh+`<abMNa�UuK >"¦QINM¡`bI�qL�ÞBàO;cf`b>E¥���@ .mÃ;{!0å:L@xIN`b>ËP�Çm>Ëh >Q_CK�UuK���>]a<UÁhO;cLix`bI
�¡{LÝLM">Qi�`åÇm>QS/KN`<abO;io>]Uua<O;P/>]UoUoINP+J+cLIEIT_jU���>QabÉL`bIQ:

ZÞP×I�³æI�U"Ý�`<IE��>QM�UuINcLi¡`bI�h+`<c+_�a<S2h4O;ijUu>QP1U�h4O;c+i�`¯>2¦]>Q`<INc+i�JLI�MNIN_¡MTOeIZ�/MNabITP1Uu_¡IN_�UA`bI�PLO;S�É+ijI
â�I�UE`5ÇmKTP+INijs;abI"ã�J+IN_Eh >QijUoabMTc+`bIT_D_jINMTO;P+J >Qa<ioIT_ËabPLJ+c+a<UoIN_Ah >QiAc+PLIÊh >Qi�Uua<MNc+`<I�h+ioa<SÊ>Qa<ioI]:&@xI2PLO;S�É+ijI
IN_�U�a<P+J+KThITP+J >QP1U^J+IN_^J+a<_jUuijabÉ+ceUuabOQP+_CINP�S�c+`�Uua<h+`ba<MNa<UoKN_�_oa<S�c+`bKTIN_T:+�´`.J+KNh4INPLJyh+ijabP+MTabh >Q`<INS/INP1U J+IT_
SÊ>tUuKNija¯>Qcrd/_oI�_ja<Uuc+>QP1U INP1UuijI�`bI�hOQabP1UCJ�ÇáabP1UoINiu>]MTUua<O;P¢I�U `bI�J+KTUoINMTUoINc+iTÝ+S2>]UuKTioa¯>]ced/�Vc+aæITP¢UuÀ+KTO;ioa<I
_oO;P1U�MNOQioioITMTUoINS/INP1UCJ+KTMNija<Uu_ÞJ >]P+_Á��`bab£^OrOQU":]ß�O]UuioI^S/KTUuÀLOeJ+I JLIT¦riu>Qa�U�J+O;P+M^_oc��/ijI�h4O;c+i�>"¦;O;a<i�>Qc
S2OQabP+_�c+P+IÂ>Qh+hLioO"deabS2>]Uua<O;P�J+I�`b>¢S�c+`<Uoabh+`<abMTa<UuK¡JLI/h+>QijUoabMNcL`bIN_�h+ioa<SÊ>Qa<ioIT_�ITP¶MTO;`b`<ab_oa<O;P+_^h+ioO]UuO;Pe°
h+ioO]UuO;P�:�ZÞP%MNOQ`b`ba<_oa<O;P+_�hL`bO;S�Ér°´h+`<O;S�É�Ý4`¯>fS/ÆNS/I�S2K�UuÀ+OrJ+I�h4INcLUDÆTUoioI/>Qh+hL`bab�Vc+KTIQÝ.S2>Qab_�MNO;S/S2I
UuO;ceUuIN_E`bIT_EMTIN`b`<c+`bIT_A_oINijO;P1UÂ>QM�Uua<¦QKNIT_NÝ»_oINcL`bIÊ`5Çma<PL��O;ijSÊ>]UoabO;P(MTO;P+MTINioP+>QP1U�`¯>�M\À >Qijs;IÊ_jINiu>�cLUua<`bIQ:.�´`
��>Qc+J+io>�hO;cLi MNIN`b>�_NÇm>Q_o_jc+ioITi�J�Çác+P+IDÉ4O;P+P+IAM">]`babÉLiu>]UoabO;P2J+I¡UuO;cLUoIN_�`bIT_�MNIN`<`bc+`<IN_CJLc���{L:

FQÃ
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@xI�M\À >Qh+a�UuijIËIN_�U¡J+a�¦ea<_oKEINP(J+ITced�_jINM�UuabOQP+_�ç4c+P+I�_jINMTUoabO;P�UuÀ+KTO;ioa<�rcLI�ITU�c+P+I�_jINMTUoabO;PyI�dehKTioa °
S2ITP1U\>Q`<IQ:Ñ=&>/_jINM�UuabOQP�UuÀLKNO;ijab�Vc+IË_jIEMTO;P+MTINP1UuijI�_oc+i�`¯>�_j¿rS/KTUoioabIDM\À+a<iu>Q`<IQÝ ITU�S/O;P1UuioID�Vc+IË`5ÇmK�Uuc+JLI
J+c�S/KN_jO;P

ρ
IT_jU[MN>Qh+a�U\>Q`<IÁh4O;c+i»`¯>^MNO;S/h+ioKTÀ+INPL_oabOQP�J+IxMTIN`<`bI�°±MNa5:-=»>�_oINM�Uua<O;P�I�deh4KNijabS/INP1U\>Q`<Ix>^hOQc+i

É+cLU�J+IËS/O;P1UuijINi��rcLIË`åÇáKTUoc+J+IEJ+c
ρ
_jINiu>2ioK">]`bab_o>QÉ+`<I¡J >QP+_�`<IE_jhITMTUoioO;S/�TUoioI��/S�c+O;PL_�J�Çá��=.��@CZ :

Z�`b`bI�KN`¯>]ios;a�UCMNI�UoUoIEK�Uuc+J+ID>Qcrd�J+INcrd�>QcLUuijIN_�ioKT_oO;P+>QP+MNIT_�JLIDÉ+>Q_o_jIN_�S2>Q_j_oIN_Aç+`<I
ω
I�U^`bI

φ
:

��ûTú ��´�¯}¬�°I´�= =SM ´�=D¬wM»ý-°B´nýnM£¯}E:G ?K= Tý ¬��"L ASM2´�¯}= C��B¯Z´ný-Z=
@xITUoUoI2_jINM�UuabOQP%UoÀ+KNO;ijab�Vc+I�¦rab_jI/UoO;cLUDJ�Çm>QÉOQioJ%��JLO;P+P+ITiEc+P¶>Qh4INijìNc#JLI/`b>f_j¿rS2K�UuijabIÂM\À+abio>Q`bI

J >QP+_Ê`bIyMN>QJ+ijI�J+I�`b> ?A@CBË:Cß^O;c+_¢S/O;P1UuijINioOQP+_¢�Vc+I(`bIy=&>Qs;iu>]P+s;abITP�J+Iy`¯> ?A@CB	h4O;_o_j�NJ+I(`b>
_j¿rS/KTUuijabI�M\À+a<iu>Q`<IQÝ[S2>Qab_��Vc+I�MNI�UoUoI�_�¿eS/KTUoioa<I�IT_jU2É+ioa<_oKTIy�×É >Q_j_oIN_/UuITS2h4KNio>]Uuc+ijIN_T:Þ=&IT_2À+>QcLUuIT_
UuITS2h4KNio>]Uuc+ijIN_ >tUoUuITabP1UuIT_C`bOQio_xJLI¡MNO;`<`bab_jabO;PL_�JæÇma<O;P+_C`<O;c+ioJL_xc+`�Uuiu>]ioIN`b>]Uua�¦rab_jUoIN_�INP1Uuio>43¯PLINP1U c+P+I¡ijIN_ °
U\>QcLiu>]UoabO;P�J+IE`¯>Â_j¿rS2K�UuijabIAM\À+abio>Q`bI]:4ß�O;c+_�¦;ITioijO;P+_��Vc+IEMNITUjUuIEioIN_�U\>QcLiu>]UoabO;P�hITcLU�ÆTUuijIËK�Uuc+J+a<KNIE�
Uuio>w¦QINij_C`¯>A��O;P+MTUoabO;P2_oh4INM�Uuiu>]`bI�JLc

ρ
ÝLI�UCP+OQc+_xJ+K�¦;IT`bO;h+h4INijO;P+_ `<IN_xijKN_jc+`<Uu>]Uu_ÁJ+I�ß^��Ã;{��EMNI�_jctêjITUN:

�Î¶zµ�¶�µ ë§ÊòÃw�D� »hËÍ½�¾a¿ Áz��¾f½�Ê�áa¿ ¿2À��èß�X
@xO;P+_oa<J+KNijO;P+_�`bI¡`b>Qs;io>QP+s;a<INPfJ+IA`¯>Â?A@CB�¦rcy>Qc�h >Qio>Qs;io>Qh+À+I�9;:�9Âç

LQCD = −1

4
Ga
µνG

µν
a +

∑

q

(iq̄γµDµq −mqq̄q),
â��+:�9-ã

O,+
Ga
µν

â
a = 1, 2, ..., 8)

MNO;P1UoabINP1U�`bIT_�ÀVc+a�U�M\À >]S2h+_^J+ICêo>Qc+s;IDMNOQioioIT_oh4O;P+J >]PVU�>Qced�ÀVc+a�U�s;`<c+O;P+_TÝ
ITU
q
ijINh+ijKN_oITP1UuID`bIN_^Ã��Vc >Qij�r_Ëâ�cæÝ J�Ý+_NÝÑM]Ý+É�Ý+UgãCJ+IAS2>Q_o_jI¡ioIT_oh4INMTUoa<¦QI

mq
:

=&OQio_»J+Ix`5ÇmK�Uuc+J+IÁJ+Ix`b>^_�¿rS2K�Uuioa<IÁM\ÀLabiu>]`bIQÝw`<IN_�s;`bc+OQP+_�_jO;P1U[`b>Qab_j_oKN_»J+I�M�_QUoKxMN>Qina<`b_»>Q`bOQc+ioJ+a<iu>Qa<INP1U
`bIT_ KN�Vc >]UoabO;P+_ ITP�PæÇY>QhLhO;i�U\>QP1U�ijabINPf_jc+i�`¯>�ijK">Q`<ab_u>tUuabOQPÊJ+IAMNI�UoUoID_�¿rS2K�Uuioa<IQ: B�>QP+_�`¯>�_jc+a<UoIQÝ+P+OQc+_
P+I�s1>QioJLINioOQP+_�JLO;P+M��rcLIx`bIÞ_jINMNOQP+JËUuITioS/IÁJLcË`¯>]s;iu>QPLs;abITP¡�+:<9ÁITU�P+O;c+_»MNOQP+_oa<J+KNijINioOQP+_nJ+IT_nJ+KTioa�¦;KNIT_
_oa<S2h+`<IN_ >]c�`<abITc�JLIN_�J+KNija<¦QKNIN_^MNOw¦]>Qija¯>QP1UuIT_N:

B�IEhL`bc+_TÝ4_jINc+`<_�`<IN_��Vc >Qio�V_�`bKNsQINio_^_oOQPVU�abS/h4O;ijUu>QP1Uu_^>Qced�KTM\À+IN`<`bIN_^J+IDUuINS/h4KNiu>tUuc+ijIDMTO;P+_jabJ+Kg°
ioKTIN_N:�@�ÇáIN_�U�h4O;c+io�Vc+OQa�P+O;c+_DP+O;c+_DioIT_jUoioINa<P+J+ijO;P+_E>Qced%�Vc >Qij�r_

u
I�U
d
:&=�ÇáabP+MT`bc+_jabO;P(J+c¶�Vc >Qio�

s_oITiu>Qa�U�KTs1>Q`<INS/INP1U�h4O;_j_oabÉL`bIQÝÑS2>Qab_^>Q`<O;c+ijJ+abio>Qa<U a<PVcLUua<`bINS/INP1U�P+O]UuioIEKTUoc+J+IQ:4��hLio�N_�MNIN_�_oa<S2h+`<a<R MN>t°
Uua<O;P+_NÝL`bI¡`¯>]s;iu>QPLs;abITP¢�+:�9D_jIAiu>QS/�NP+ID�fç

L = iūγµ∂µu+ id̄γµ∂µd−muūu−mdd̄d.
â��+:HGQã

ß�O;c+_ h4O;cL¦QO;P+_ S2>QabP1UoINP >QP1UxJ+KTR PLabi
ψ =

(

u
d

) ÝeITU�ijKNKNMTioa<ioI�MTI¡`¯>Qs;io>QP+s;a<INP2_oO;c+_ `b>Ë��O;ioS/IËç

L = iψ̄γµ∂µψ − mu +md

2
ψ̄ψ − mu −md

2
ψ̄τ3ψ,

â��L:YX1ã
F;�



O,+
τ3 =

(

1 0
0 −1

) :
qea[P+O;cL_¡MNO;P+_jabJ+KTioO;PL_¡INP+_jc+a<UoI�`bIN_�¦Q>]`bINcLio_�PVc+S/KNijab�Vc+IN_AJ+I

mu
â 9;:HF/°�X�®�I±�Aã�I�UAJ+I

md
â�X

°��Ê®�I±�AãgÝæP+O;cL_�¦;Ow¿QO;P+_¡�Vc+I�`<IËJ+ITioP+a<INi�UoINijS2IEJ+IË`5ÇmKT�rc+>]Uua<O;Py�+:mXLÝ4h+ioOQhO;i�Uua<O;P+P+IT`��
mu −md

Ý
IN_�U�P+KNsQ`babsQI">QÉ+`<IQ:�@xITUjUuIfÀ1¿rhO]UuÀ+�T_oI�INP1Uuio>43¯PLIf`¯>�MTO;P+_jINij¦]>]UoabO;P JLcµMTO;c+io>QP1U�¦;ITMTUuOQioabIT`Aâ�MTO;c+io>QP1U
J�Çáab_oOQ_oh+a<PÑã�Ý;Uoio�N_�É+a<INP2¦QKNija<R KTI�I�deh4KNijabS/INP1U\>Q`<INS/INP1U�â�h >]iÁIgdLITS2hL`bIQÝV`<IN_ÞSÊ>]_o_oIT_xJ+IT_xh+a<O;P+_

π+, π−ITU
π0 _oOQPVU^h+ijIN_j�rcLIËKNs;>Q`bIT_\ã�:B�I�S/ÆNS/IQÝÑP+O;c+_�hO;ce¦;O;P+_�J+abijIË�Vc+I�`b>2_oOQS2S/I

mu + md
IT_jU�Uoio�T_�hI�Uua�UuIDh >Qi�io>Qh+h4O;ijU�>Qced

KNM\À+IT`b`<IN_�J�ÇáKNPLINiosQabIfJ+I¢`b>(?A@CB â
ΛQCD ∼ 1

È¡I±�AãgÝnITU�J+O;P+Mf�Vc+If`<IÊJ+ITcedeab�NS/I¢UuITioS/I¢IN_�UÂ`bc+a
>Qc+_j_oa[P+KTs;`ba<s;I">]É+`bI]:=.I�MTO;c+iu>]PVUD>]_o_oOrMNa<K�IN_�UD`bI�MTO;c+iu>]PVU¡>tdea¯>Q`5:æ=&>¢MNOQP+_oITij¦]>]Uua<O;P×J+I�MNI�MTO;c+io>QP1U
P�ÇáIN_jU�h >]_Þ¦QKNija<R KTI^IgdehKTioabS/INP1Uu>Q`bITS2ITPVUNÝ1�AM">Qc+_jI�J+I�`¯>¡É+ioa<_oc+ijI _oh4O;P1U\>QPLKNI^J+I�`¯>�_j¿rS/KTUoioabI^>tdeab>Q`bI
â�M\À >]h+a<UoioI¡_ocLa<¦]>QP1Ugãg:

@xIN_ IN_�Uua<SÊ>]UoabO;PL_xP+O;cL_ hITioS/ITUoUoINP1U J+I¡ijKNJ+cLabioI�`¯>Ëh >]ijUua<I���INijS2a<O;P+a<�rcLI�J+cf`b>Qs;iu>]P+s;abITPf?A@CB
��_u>Âh+`bc+_ _jabS/h+`bI�I�deh+ioIT_o_jabO;P¶ç

L = iψ̄γµ∂µψ.
â��L:m�Vã

@xIA`¯>Qs;io>QP+s;a<INP¢IT_jU�Uuij�N_���>QMNa<`bITS2ITPVUCJ+KNMTO;S2h4O;_o>QÉ+`bI¡ITP�UoINijS2IT_ J+IAMNO;S/hOQ_u>QP1UuIT_�M\À+abio>Q`bIT_¡ç

L = iψ̄Lγ
µ∂µψL + iψ̄Rγ

µ∂µψR,
â��L:HF;ã

O,+
ψL = 1−γ5

2
ψ
IT_jUA`b>¢MNO;S/hOQ_u>QP1UuIËs1>Qc+M\À+I�JLI

ψ
ITU
ψR = 1+γ5

2
ψ
IN_jUA`b>ÊMNOQS2h4O;_u>]PVUoI�J+ioOQa<UuI

J+I
ψ
:

��h+ij�N_Ê`<IN_/�Vc+IN`<�rcLIN_f>QhLh+ioO"deabS2>]Uua<O;P+_��Vc+I�P+O;c+_Ê>w¦QO;P+_/��>Qa<UoIN_NÝÞJ+OQPVU2`¯>×S/O;abP+_ÂÉ4O;P+P+I�IN_�U
¦]>Q`¯>QÉL`bI^�E`5ÇmO;ijJ+ioI�J+IË9dÛzâ mu+md

ΛQCD
∼ 1%

ãgÝeP+OQc+_ >Qijioa<¦QO;P+_Á�Ëc+P¢`b>Qs;io>QP+s;a<INP/�rcLaæIN_�UCK�¦ea<J+INS/S/INP1U
abP1¦]>Qioab>QP1UxM\ÀLabiu>]`å:rZ�PfIT³ITU"ÝeJ >QP+_x`åÇáKN�Vc >]UoabO;P2�+:HFrÝ

ψL
ITU
ψR

_jI�Uuio>QP+_���O;ioS/INP1U a<P+J+KNh4INPLJ >QS/S2ITPVU
_oO;cL_^`<IN_CUoiu>QP+_���O;ioS2>]UoabO;P+_xM\À+abio>Q`bIT_¡ç

ψL → ei~σ·~εL/2ψL

ψR → ei~σ·~εR/2ψL
â��L:YÃ1ã

ß�O;c+_nhO;ce¦;O;P+_�JLO;P+MCJ+a<ioIC�Vc+I]Ý;J >QPL_[`¯>�`<abS/a<UoI�J+IN_��Vc >Qij�V_�`bKNsQINio_TÝQ`b>¡?A@CB�hO;_j_o�TJ+I `¯>�_�¿rS2Kg°
UuijabI�M\À+a<iu>Q`<I^â�abP1¦]>Qija¯>QP+MTI[J+I�`¯>xUoÀ+KNO;ijabIÞ_oOQc+_&`bIN_.Uoiu>QP+_���O;ioS2>]UoabO;P+_æJ+cEsQioO;c+h4I

SU(2)L⊗ SU(2)R
ã�:

ß�OQUoO;P+_¢�Vc+I(_ja�`åÇáO;P >-êjO;ceU\>Qa�UÊc+PÅUoINioS/I�J+I(S2>Q_j_oI�J >]P+_f`bIT_¢KN�Vc >]UoabO;PL_¢�+:á� ITU��+:YFeÝxMTIN`b>
É+ioa<_oITiu>Qa�U `¯>�_�¿eS/KTUoioa<IDM\ÀLabiu>]`bI�J+c�`¯>]s;iu>QPLs;abITP�ÝeITP�a<P1UuioOrJ+c+a<_u>QP1U�J+IT_ UuINijS2IT_�J+IA`¯>���O;ioS/I�ç

mψ̄ψ = m(ψ̄LψR + ψ̄RψL).
â��L:H�;ã

ß�O;cL_�>]c+ioa<O;P+_�>Q`<O;io_ c+PLIDÉLioab_jc+ioIAIgdLhL`babMTa<UoI�J+ID`¯>�_j¿rS/KTUoioabIAM\À+a<iu>Q`<IQ: B�O;P+MA`bIT_�UoINijS2IT_^�Vc+IAP+OQc+_
>"¦;O;P+_^P+KTs;`ba<s;KN_ J >]P+_�`5ÇmKT�Vc >]Uua<O;P��+:mX/ITPVUoiu>43bP+INP1U�c+P+IDÉ+ioa<_oc+ijIAI�deh+`ba<MNa�UuI¡J+ID`¯>�_j¿rS/KTUoioabIAM\À+a<iu>Q`<IQ:
@xINh4INP+J+>QP1U"ÝæMTITUjUuIËÉLioab_jc+ioIEIN_�U�_ocÍ�2_o>QS/S2ITPVU���>QabÉL`bIAhOQc+i�MTO;P+_oa<J+KNijINi��rcLIË`¯>Ê?A@CBõhOQ_o_o�TJ+I�`b>
_j¿rS/KTUuijabI¡M\À+a<iu>Q`<IQ:
�Î¶zµ�¶)Ç �>½Q¾aÃ�ÌÂ½�¿ Ã�º:à�À�ËÍÊ�ÀÂ»2¿P�Â¿ áaÊòÃw�<� »hË�½�¾�¿ Áz��¾f½QÊ�áa¿

è�P+I�MNOQP+_oKT�rcLINP+MTI�J+I�`¯>�_�¿eS/KTUoioa<I^M\ÀLabiu>]`bICIT_jUÁ�rcLI^M\À+>Q�Vc+I�h+>QijUoabMNcL`bI h4O;_o_j�NJ+I^c+P/h >QijUoINP >]abioI
M\À+abio>Q`åÝrMQÇáIN_�Uj°´�t°´J+a<ioI�cLP+I¡h >Qi�UuabMTc+`bI�J+I¡S/ÆNS/I�_ohLabP�ITU JLI¡h >Qioa�UuK�OQh+hOQ_oKNI]: �n>]i I�deINS/h+`bI]ÝL`<I�h+abOQP
J+I/_oh+a<Pe°´h >]ioa<UoK

0−
IN_jUË>Q_j_oOrMNabK2>Qc%_oa<s;SÊ>fJ+I/_ohLabPe°±h >Qioa�UuK

0+ :&B�IÊS/ÆNS/IQÝ.`<I�h >QijUoINP >]abioIÂM\À+a<iu>Q`
J+c

ρ(1−)
IN_�U�`bI

a1(1
+)

ITU�MTIN`bcLaxJ+c PVc+MT`bKNOQPíâ 1
2

+ ãEIT_jU�`<I
N(1535)( 1

2

−
)
:[=.IT_�SÊ>Q_j_oIT_�J+IfMNIT_

h >Qi�UuINP+>QabijIN_ M\À+a<iu>Qcedf_oO;P1U^S2OQPVUoioKTIN_^��`¯>�R s;c+ijI¡�+:�9;:
qea�`¯>×_j¿rS2K�UuijabI�M\À+abio>Q`bI�KTUu>Qa<U2ioKN>Q`ba<_oKTI��%`¯>³Å abs;PLINiNÝÞJ+ITced�h >Qi�UuINP+>QabijIN_/M\À+abio>Qced�>Qc+io>QabITPVU

`¯>vS/ÆNS/I(SÊ>]_o_oI]:^¤�ifMNI×P�ÇáIN_jU�S2>QP+a<��IT_jUoINS/INP1U�h >Q_�`bI(MN>Q_¶â�R sQc+ioI×�+:�9-ã�: @xIN`¯> _jabs;P+a�R I(J+O;PLM
�Vc+I2`b>�_�¿rS2K�Uuioa<IÂM\À+abio>Q`bIÂIN_�UËÉLioab_jKNI]:n@xOQS2S/IÂP+O;c+_D`åÇm>"¦;O;P+_A¦rc�Ý»`¯>fÉ+ioa<_oc+ijI2Igdeh+`ba<MNa<UoI�J+c+IÊ��`b>

FQW



5�6879� �+:�9
	�®y>Q_j_oIT_�J+IT_�h+>QijUoINP >Qa<ioIT_ M\À+abio>Qced×ç
π − σ

Ý
ρ− a1

I�U
N(940) −N(1535)

:

SÊ>]_o_oIÊP+O;PvPVc+`<`bIÊJLIN_��Vc >Qij�r_�IT_jU�Uoio�N_E��>QabÉ+`<IQÝ.UuijO;hv��>Qa<É+`bI/hOQc+iËIgdLhL`bab�Vc+ITi�`bIT_�J+a�³æKTioINPLMNIN_�JLI
SÊ>]_o_oIEO;É+_jINij¦QKNIT_¡INP1UuijIËh >Qi�UuITP >QabijIN_�M\À+abio>Qced:�´`&��>QcLU�J+O;PLMËabP1UoioOrJ+c+abijIEcLP+IËÉ+ijab_jc+ioIE_oh4O;P1U\>QP+KTI
J+I�`¯>×_j¿rS2K�UuijabIyM\ÀLabiu>]`bIQ:�@xIT`¯>%_oabsQP+a<R I��Vc+I]ÝÁÉ+a<INP��Vc+I�`bI�`¯>]s;iu>QPLs;abITP�_jO;a<U/_j¿rS/KTUoioab�Vc+I]ÝÁ`5ÇmK�U\>]U
��O;P+J >]S2ITPVUu>Q`Þâ�`bI�¦rabJLIwãCP+IA`åÇáIN_�U�h >Q_N:

è�P+I�a<SÊ>]s;IEJLI�MNI�hLÀ+KNP+OQS2�TP+I�IN_�UAS2OQPVUoioKTI��Ê`b>2R s;c+ijI��+:YGeÝ4�rcLanioITh+ioKT_oITPVUoIÂc+P+I�_�¿eS/KTUoioa<I
ioKN>Q`ba<_oKNI^�A`¯>nÅ abs;PLINi�â5>1ã�ITUÁc+P+I^_j¿rS/KTUoioabI^É+ijab_oKTI�â�ÉÑã�:rB�>]P+_x`<IN_ÞJ+INcrdÊMN>Q_NÝr`bI�h4OQUuITP1UuabIT`ÑhO;_j_o�TJ+I

5�6879� �+:YGn	Ê£^ITh+ioKT_oITPVUu>]Uua<O;P�J+I¡h4OQUuITPVUoabIT`b_C>"¦QINMAc+P+I�_�¿rS2K�Uuioa<I�ioKN>Q`ba<_oKTI¡��`¯>:Å a<s;P+ITi¡â5>;ãÁITU cLP+I
_j¿rS/KTUuijabI¡É+ijab_jKNI2â�ÉÑãg:

c+P+I�_�¿rS2K�Uuioa<I�J+I�ioOQUu>]Uua<O;P�:r=.O;io_j�rcLI¡`¯>E_�¿rS2K�Uuioa<I�IN_�U ioKN>Q`ba<_oKTI��Ë`b>:Å abs;PLINiNÝr`bI^¦rabJ+I�h4O;_j_o�NJLI¡`bc+a
>Qc+_j_oa�MNI�UoUoI/_�¿rS2K�Uuioa<I�â�a<`[_oI�UuijO;cL¦QI2>]c%MTINP1UuijI2JLc%h4OQUoINP1Uua<IN`[J >]P+_A`¯>ÊR s;cLioIÂ�+:YG%â�>1ãoãg:.=.O;io_j�Vc+I
`¯>�_�¿eS/KTUoioa<IDIT_jU^É+ijab_oKTIQÝÑ`bI�¦ra<J+I2â�ioITh+ioKT_oITPVUoKËh >]i `¯>�_oh+ÀL�NioIDJ >QPL_^`b>�R s;c+ijID�L:HG�â�ÉÑãjãxP+IDhO;_j_o�TJ+I
h+`bcL_ MNITUjUuIA_j¿rS/KTUoioabI]:

B�>QP+_�`bI�M">QJ+ijI¡J+c�S2OrJ+�T`bI�_�U\>QP+J+>QioJ�ÝLMNI�U´¿rhIAJ+I¡ÉLioab_jc+ioI¡JLI¡_j¿rS2K�UuijabIA>�KTUoK¡ioINPLJ+c�MNKN`<�NÉ+ijI
h >QiA`bIÂS/KNMN>QP+ab_jS2I�JLIÊ�^abs;s;_A�Vc+aÞÉ+ijab_oIÂ`5Çma<PVUoINio>QMTUoabO;P×KN`<INM�UuioO]��>QabÉ+`<IQÝJ >QP+_D`bIT�rcLIN`Þ`bIÂM\À >QS/h#JLI
��a<s;s;_ h4O;_o_j�NJ+IEc+P+IA¦Q>]`bINcLi^PLO;P�PVc+`<`bIAJ >QPL_�`<IA¦ra<J+IQ:ÑB�>]P+_�`<IAM">Q_^J+ID`¯>�_j¿rS/KTUuijabIAM\À+a<iu>Q`<IQÝ MQÇáIN_�U
`bI MTO;P+J+ITP+_u>]U�J+I��Vc >Qij�V_Á�Vc+aÑIN_�U�abP1UuijOeJ+cLa<U�MTO;S2S/ICh >]iu>QS/�TUoioI J�ÇáO;ioJLioI�hOQc+iÞS2IT_oc+ijINiÞ`bIDäTJLINs;ijK
J+IAÉ+ioa<_oc+ijI1ä�J+IA`¯>�_�¿rS2K�Uuioa<IÂç

〈q̄q〉 =
1

2

〈

0|ψ̄LψR + ψ̄RψL|0
〉

.
â��L:YW1ã

FQÒ



qeanMTI�MNOQP+J+INPL_u>]UAJ+I��Vc >]io�V_¡hOQ_o_o�TJ+I�c+P+I�¦]>Q`<INc+i�PVc+`b`<IËJ >QPL_�`bIË¦ra<J+IQÝ`¯>2_�¿rS2K�Uuioa<I�IN_�UAioKN>Q`ba<_oKNI
�%`b>~Å a<s;P+ITiNÝ�_oa<P+O;P�IN`b`<IfIN_�U¢É+ijab_oKTIvâ�c+P+I�s;iu>]P+J+I�¦Q>]`bINcLi/JLI 〈q̄q〉 abS/h+`ba<�rc+>QP1UÂc+P+I�_j¿rS2K�UuijabI
��O;ijUoINS/INP1U¡É+ijab_jKNIwãg:&¤�i�`¯>Ê¦]>Q`<INc+i�J+I�MNI�MTO;P+J+ITP+_u>]UDJ+I��Vc >]io�V_AhITcLUAÆTUoioI�M">]`bMNcL`bKNI��¢h >QijUoabi�JLI
S2IT_oc+ijIN_�_ocLi^`b>�J+KN_jabP1UuKTs;iu>]UoabO;PfJLc�h+a<O;P�:Ñ@xIT_�S/IN_jc+ioIT_�J+O;P+P+ITP1UËç

〈q̄q〉0 ≈ −(240MeV)3 â��L:YÒ1ã
@xIN`¯>f_jabs;P+a�R I�J+OQP+M��Vc+I 〈q̄q〉 IT_jUAUuij�N_AJ+a�³æKTioINP1UAJ+Iu�TKNioO�J >]P+_A`bIË¦rabJLI�J+I2?D@CBEÝ.J+O;P+M��Vc+I

`¯>Ê_�¿rS2K�Uuioa<I�M\À+abio>Q`bIËIN_jUD_jhO;P1Uu>QP+KNS/INP1UDÉ+ijab_oKTIfç.É+abITP(�Vc+IÂ`bI�`¯>]s;iu>QPLs;abITP�hOQ_o_o�TJ+IÂ`¯>¢_�¿eS/KTUoioa<I
M\À+abio>Q`bI]ÝVMNIN`<`bIg°´MNa4P�ÇáIN_�U h >Q_CijK">Q`<ab_jKNI��E`¯>:Å a<s;P+INiT:LZ�Pfh >]ijUua<MNc+`<abITiNÝ1`¯>D_j¿rS/KTUuijabI�M\ÀLabiu>]`bI^P�ÇmIT_jU�h >]_
¦rab_oa<É+`bI�J >QPL_�`bIx_jhITMTUoioI INPÂS2>Q_o_jICJ+IT_�h >QijUoabMTc+`bIT_�â5Äna<s+:-�+:�9-ã�:;@xICS2OrJ+�T`bIxJLI É+ioa<_oc+ijICJ+IC_�¿eS/KTUoioa<I
M\À+abio>Q`bI hLioKNJLa<U�J+I�h+`bcL_Ác+PLI^ijIN`b>]Uua<O;PÂINP1UuijI�`<IN_ÞSÊ>]_o_oIT_ÁJLI

ρ
ITUÁJ+I

a1

ç
ma1 =

√
2mρ

.áÃ;X405:r@xITUoUoI
ioIT`¯>]UoabO;P/IN_�U�É+abITP¢¦;KNija<R KTI�I�deh4KNijabS/INP1U\>Q`<INS/INP1UAâ�>"¦;INMAc+PLI�h+ioKTMNa<_oabOQP¢J+I�9-F§ÛÂãgÝLMNI��rcLa�MNO;Pe��O;ijUoI
`¯>Ë¦]>Q`<abJ+a�UuK�JLIDMTIAS2OrJ+�N`<IQ:

��O;c+i/R P+a<iNÝÞS2ITP1UuabOQP+P+O;P+_2`åÇáI�deab_�UuITP+MNI�J+IyÉ4O;_oOQP+_¢J+I�ÈAO;`<J+_jUoO;P+I�P+O;P�S2>Q_j_oa<��_TÝÞh+ioO;hLioIN_Ê�
UuO;ceUuIN_Ë`bIN_EÉ+ioa<_oc+ijIN_�J+IÊ_j¿rS2K�UuijabIN_ËMNO;P1Uua<PVc+IN_T:�B�>QP+_Ë`bIÊMN>Q_�J+I¢`b>�_�¿eS/KTUoioa<I¢M\À+abio>Q`bI]Ý�`<IN_Eh+abO;PL_
êjO;c+ITPVU�MNIDi<_Q`bIQ:+=»>/`bKTs;�NijIDÉLioab_jc+ioIAIgdLhL`babMTa<UoIDJLIE`b>Â_�¿rS2K�Uuioa<IAM\À+abio>Q`bIAJ+c+IE�Â`¯>���>QabÉ+`<I�S2>Q_o_jIEJ+IT_
�Vc >Qio�V_�IT_jUÂ`¯>�M">Qc+_jI�J+I¢`¯>�SÊ>Q_j_oIfJ+IT_�h+abOQP+_NÝ�ITUÂI�deh+`<ab�Vc+I¢`<IÊ��>Qa�U��Vc+IfMNI�UoUoIfSÊ>Q_j_oIf_jO;a<UEUuio�T_
��>QabÉL`bI�h+>Qi�iu>Qh+h4O;i�U^>Qced�S2>Q_o_jIN_�J+IT_�>]cLUuijIN_�À >QJ+ijO;P+_T:
�Î¶zµ�¶l· a ¿2ÃyË�Ê�ÌÎ½QÊ¦ËÍ¾�à�À{��¿ áaÊòÃ��<� »hË�½Q¾a¿ Áz�Â¾f½QÊ�áa¿

ß�O;c+_¢>Q`b`<O;P+_/SÊ>Qa<P1UuINP+>QP1UÊijINs1>QijJ+INiÊMNI��Vc+a�_jI�h >Q_j_oI×>Qcrd�Uoio�N_ÊÀ >QcLUoIN_ÊUoINS/hKTiu>]Uoc+ioIT_f>]Uj°
UuITabP1UuIT_�`bOQio_�JLIËMNOQ`b`ba<_oa<O;P+_�J�ÇáabO;P+_�`bO;cLioJ+_T:æB�IT_�S/OeJ+�T`bIT_�IT³INM�Uua���_NÝ4MNO;S/S2ID`bIES2OrJ+�T`bIEß
];= .mÃ]��0åÝ
ioITP+J+INP1U^MNI�UoUoI¡KTUucLJ+IAhO;_j_oa<É+`bI]:LZ�P�h >QijUoabMTc+`ba<INiNÝVMTIN_�S2OrJ+�T`bIN_xhITioS/ITUoUoINP1U�J+I¡MN>Q`bMTc+`bITix`¯>Ë¦]>Q`<INc+i
J+cÔMNO;PLJ+INP+_o>]U/J+I��Vc >Qio�V_ 〈q̄q〉 J >QP+_Âc+PÔS/ab`ba<INc¶M\À >Qc+J�ITUÂJ+ITP+_oI]Ý�I�UÂh+ioKTJ+ab_jINP1U/c+P+I�J+a<S2a<Prcr°
Uua<O;P(J+I�MNIÂMTO;P+J+ITP+_u>]UE>"¦;ITMÂ`¯>ÊUuITS2h4KNio>]UucLioIQ:�=&IT_AM">Q`<MNc+`<_�J+I2?A@CBÓ_jc+iAioKT_oI">]c¶MTO;PLR ijS2ITPVUAMTI
ioKT_oc+`�U\>]UNÝ+MNO;S/S/I�`bI¡S/O;P1UuijI¡`¯>�R s;c+ijIA�+:YXe:

5�6879� �+:mX9	AZ[¦;O;`<cLUua<O;PEJLc�MNO;PLJ+INP+_o>]U[JLIx�Vc >Qij�r_n>"¦;INMx`¯> UuINS/h4KNiu>tUuc+ijI�â�INP�É+`<INc§N^ioOQP+J+_nOQcL¦;ITijUu_uã
ITU�_jc+_oMTINhLUoabÉ+a<`ba�UuKÁ>Q_o_jOeMTabKNI¡â�INPÂijO;c+s;ISN�M">QijioKN_nh+`bITabP+_uã�ÝQhLioKNJLa<UuIT_[h >Qin`¯>�?A@CBÅ_ocLi[ioKT_oI">]c�:1Äna<s;c+ioI
I�drUuio>Qa<UoI¡J+IA`¯>�ijKT��KNijINP+MTI".áÃ1F!05:

@xO;S2S/I�P+O;c+_/`bIf¦QO-¿QO;P+_¢_jc+i/MNITUjUuI�R s;c+ijIQÝÞ`¯>¶?A@CB _jc+iÊijKN_oIN>Qc�hLioKNJLa<U2c+P+I�M\ÀrceUuIyJLI�`b>
¦]>Q`bITc+iÂJ+I 〈q̄q〉 �¶c+P+I�UuITS2h4KNio>]UucLioI�MNioa�Uua<�rcLI

Tc
:Þ�´` ¿�>¶J+OQP+M�cLP+I�Uoiu>QP+_ja<UoabO;PÔJ+I�h+À >Q_jI#ç��

É >Q_j_oI�UuITS2h4KNio>]UucLioIQÝÁ`¯>#_�¿rS2K�Uuioa<I�M\À+a<iu>Q`<IyIN_�U¢��O;i�UuINS/INP1UfÉLioab_jKNI]ÝCITUf`<O;io_j�Vc+I�`¯>%UuINS/h4KNiu>tUuc+ijI
Ã;{



>Qc+s;S/INP1UoIQÝ�`b>Ê_j¿rS/KTUuijabI�M\À+a<iu>Q`<I�_oI�ijIN_�U\>Qc+ijIQ:.� Uoio�N_AÀ >]cLUuI�UoINS/hKTiu>]Uoc+ioI]Ý�`¯>Ê_�¿rS2K�Uuioa<I�M\À+abio>Q`bI
IN_�U�hLiu>]Uoab�Vc+INS/INP1U�ijK">Q`<ab_oKTIQ:

è�Pyh4O;a<PVU^Uuij�N_�abP1UuKTioIN_j_u>QP1U�IN_jU�`bIA��>Qa<U^�Vc+IE`¯>�UuINS/h4KNiu>tUuc+ijIEMTioa<Uoab�Vc+IDJ+IËijIN_�U\>Qc+io>]Uua<O;P�J+IË`b>
_j¿rS/KTUuijabI�M\À+a<iu>Q`<I�IN_�UD`¯>¢S/ÆNS/I��rcLI/`b>¢UuINS/h4KNiu>tUuc+ijI�MNioa�Uua<�rcLI�J+I�J+KNMTO;PLR PLINS/INP1U":»Z�P¶I�³æI�U"Ý.`b>
?A@CBí_oc+i�ioKT_oIN>QcfS2OQPVUoioI^�Vc+I�MTIN_CJ+ITced/UuITS2h4KNio>]Uuc+ijIN_�¦Q>]`bINP1UÁINP1¦rabijO;Py9wWQ{�®�I±�Ë:L=&>DR+s;c+ioI^�+:á�
S2OQPVUoioIA`åÇáKT¦QO;`bceUuabOQP�JLcyh >Qio>QS/�TUuijIAJ�ÇmOQioJ+ijIEJ+c�MNO;PeR P+INS/INP1U�INP���OQP+MTUoabO;P�J+ID`¯>�UuITS2h4KNio>]Uuc+ijI2ç
hOQc+i

T < Tc
Ý�a<`Á¿Ô>×MNOQPLR P+ITS2ITPVUNÝ�ITU/h4O;c+i

T > Tc
Ýn`bIN_��Vc >]io�V_2_jO;P1U/J+KNMTO;PLR P+KT_N:xqeaCP+OQc+_

5�6879� �L:m�(	�Z[¦;OQ`bcLUoabO;P�J+cyh+>Qiu>QS/�TUoioIAJ�ÇáO;ioJLioIËJLcyMNOQPLR P+ITS2ITPVU�>"¦;INME`¯>�UuITS2h4KNio>]UucLioIÊâ�INP�É+`bITc
NEioOQP+J+_CO;ce¦;INi�Uu_uãxITU _jc+_oMTINhLUoabÉ+a<`ba<UoK�>]_o_oOrMNa<KNIÂâ�INPfijO;c+s;I×NDM">QijioKN_xh+`bITabP+_uã�:eÄnabs;cLioI�IgdrUuiu>]a<UuI�J+I�`b>
ioK���KNioITP+MNIÏ.áÃ1F|05:

ioITh+ioITP+O;P+_AP+OQUoioI�J+ab>Qs;io>QS2S/IDJ+I�h+À >Q_jI�¦ec×h+ijKNMTKNJ+ITS2S/INP1UÊâ�R sQc+ioIf9;:mX1ãgÝæP+O;cL_Dh4O;cL¦QO;P+_AJ+O;PLM
>-êjO;cLUoINi�`b>¡Uoiu>QPL_oa<UoabO;PËJ+I�h+À >Q_jI�M\À+a<iu>Q`<I�>QcÂJ+KNMTO;PLR PLINS/INP1U"ÝVMNOQS2S/I `bI S/O;P1UuijI `¯>�R s;cLioI��+:YFe:1=&>
MNO��åP+MNa<J+INPLMNI^J+IN_�UuINS/h4KNiu>tUuc+ijIN_�MNioa�Uua<�rcLIN_�J+I�JLKNMNOQPLR P+ITS2ITPVUCITUÁJ+I�ÉLioab_jc+ioI^J+I^_j¿rS/KTUuijabI^M\À+abio>Q`bI
P+I¡UuijO;cL¦;IAh >]_^ITP+MNOQioIAJ�ÇáI�deh+`ba<M">]UoabO;P¢UoÀ+KNOQioab�Vc+IAI�U�IT_jU^J+O;PLMDcLP�M\À >]S2h�J+IAioITM\À+INijM\À+I�>QM�Uua�� :

�Î¶zµ�¶�� �Âà�À�ÁbËÍ¾�à�À Ã�º:¿2Á&Ë�½�Ê�áa¿��ÂÌ
ρ

�ÞO-¿QO;P+_Ê�¶h+ijKN_oITP1U¢MNOQS2S/INP1U/`¯>×ioIT_jU\>]c+iu>]UoabO;PµJ+I�`¯>(_j¿rS/KTUuijabI�M\À+abio>Q`bI�h4INcLU2ÆTUoioI�KTUucLJ+abKTI
I�deh4KNioa<S2ITP1U\>Q`<INS/INP1U"Ý�MQÇáIN_�Uj° �-°´J+a<ioI��Vc+IT`b`bIT_¢INP _jO;P1U�`bIN_Ê_oabsQP >]UucLioIN_f`<O;io_2J+IN_�MTO;`b`<ab_oa<O;P+_ÂJ�ÇáabO;PL_
`bO;cLioJ+_T:Ñ@xO;S/S2I�PLO;c+_�`bI�¦QINioijO;P+_TÝ4`<I¡S2KT_oO;P

ρ
êjO;c+I¡c+P�i<_;`<I¡M">QhLa<U\>]`æJ >QPL_�MTITUoUoIAKTUucLJ+IQ:

è�P+I�J+IT_AMNO;P+_jKN�Vc+ITP+MNIT_�J+I�`¯>¢ijIN_�U\>Qc+io>]Uua<O;P(J+I�`b>¢_j¿rS2K�UuijabI�M\À+a<iu>Q`<I�IN_�UAc+P×S2KT`¯>QP+sQI�INP1UuijI
`bIT_¡h >QijUoINP >]abioIT_¡M\À+abio>Qced:.��>QiAI�deINS/h+`bI]Ý�h4O;c+i¡c+P+IÂ_�¿eS/KTUoioa<I�UuOQUu>Q`bITS2ITPVU�ioIN_�U\>QcLioKNI]Ý.`bI

ρ
ITUD`<I

a1

P+ID_oO;P1U�h >Q_^J+a<³KNijINP1Uuab>QÉ+`bIT_�ITU�`bINcLio_ ��O;P+M�UuabOQP+_�_jhITMTUoiu>Q`<IN_^_oO;P1U�abJ+ITPVUoab�Vc+IT_N:ß�O;c+_^h4O;cL¦;OQP+_
J+O;P+MxP+O;c+_�>]UjUuINPLJ+ioI���c+PLI S2OrJ+a<R+M">]UoabO;PEJ+c�_oh4INM�UuioI�J+c

ρ
J+c+I���MTI S2KT`¯>QPLs;IxM\À+a<iu>Q`5:Q�´`eIN_jU�J+OQP+M

abP1UuKTioIT_o_u>]PVU^J+IAMTO;S2hLioINPLJ+ioIAMNOQS2S/INP1U�`åÇm>Qc+sQS2ITPVUu>]Uua<O;P¢J+IA`b>ËUuINS/h4KNiu>tUuc+ijI¡S2OrJ+a<R+I�`bI¡_jhITMTUuijI
J+c

ρ
Ý�>]R P J+I2¦;O;a<iË_oaxab`ÞIN_�UÂhO;_j_oa<É+`bI2J+I¢h+ijO;cL¦;ITi�I�deh4KNijabS/INP1U\>Q`<INS/INP1U�cLP KT¦;ITP1Uuc+IT` S2KT`¯>QP+sQI

M\À+abio>Q`�ITPVUoioIA`bI
ρ
ITU^`<I

a1

:
=»>�J+a��/MTc+`<UoK/JLI2`5ÇmK�Uuc+J+I2J+I/`¯>f��O;P+MTUoabO;P%_oh4INM�Uuio>Q`bI/J+c

ρ
¦ea<INP1UEJ+c¶��>Qa�UD�rcLIÊJ+I/P+O;S�ÉLioINcrd

>QcLUoioIN_xh+ioOrMNIT_o_ocL_^�Vc+I¡`<I�S/KN`¯>]P+s;I�M\ÀLabiu>]`
ρ− a1

_oO;P1U�INPËêjITc�:+ß^O;c+_ J+K�U\>Qa<`b`bITioO;PL_ÁMTIN_ h+ijOeMTIN_o_jc+_
h+`bcL_.`bO;a<P�ÝTS2>Qa<_�hOQc+i.`åÇáabP+_�U\>QP1U.PLO;c+_»>Q`b`<O;P+_�PLO;c+_&MNO;PLMNINP1UoioINi»_ocLi.`åÇáIT³ITU&`bI�hL`bc+_.a<S2h4O;ijUu>QP1U":NB�INced
_oMTKNP >QijabO;_nJ+a<³KNijINP1Uu_�_jO;P1U�INPÂMNOQP+MNc+ijioITP+MNI�h4O;c+i[MTITUoUoI MNO;P1UoioabÉLcLUua<O;PËh+ijabP+MTabh >]`bI�ç]`bIÁMNO;c+hL`¯>Qs;IxJ+c
ρ
>"¦QINMË`<IAMNO;P+JLINP+_o>]U�J+ID�Vc >Qij�r_^ITU�`bIT_�IT³ITUu_�J+IDS2a<`babITc�:L@xO;S2S/IAP+O;c+_^`bI¡¦QINioijO;P+_TÝ4`<IAS2KT`¯>QP+sQI

M\À+abio>Q`�J+a<ioITMTU
ρ− a1

>Âc+P+IAabP�{+c+INP+MTIAÉIN>Qc+MNOQc+h�hL`bc+_ ��>Qa<É+`bI��Vc+IA`5Çmc+P�O;c�`åÇm>QcLUoioI�JLIDMTIN_^IT³ITUo_N:
ÃL9



5�6879� �L:HF�	DB�ab>Qs;io>QS2S/I[J+I�h+À >]_oI�J+IÁ`b>^S2>]Uoab�NijI�À >QJ+ijO;P+a<�rcLI�çwMTO;PLR P+ITS2ITP1U[ITU�_j¿rS/KTUoioabIÞM\À+a<iu>Q`<IQ:

B�>QP+_2`bI�h+ioITS2a<INiÂ_oMTKNP >]ioabOLÝ�JLKT¦;IT`bO;hLhK�J >QP+_2`¯>×ioKT��KTioITP+MNIØ.mÃ;Ã!0åÝÞ`¯>×S2>Q_o_jI�J+c
ρ
h+ijO-¦ra<INP1U

J+abijINM�UuINS/INP1U�J+I 〈q̄q〉 :�B�>]P+_�MTI×M">Q_TÝ^`b> ioIN_�U\>QcLiu>]UoabO;P J+I×`¯> _�¿eS/KTUoioa<I%M\ÀLabiu>]`bI�ITPVUoiu>43bP+I×c+P+I
É >Qa<_o_oI JLI^`b>�SÊ>]_o_oI JLc

ρ
J+c+I^�¡`¯>�M\ÀVcLUoI�JLI^`b>�¦]>Q`bITc+i[J+I 〈q̄q〉 :Vß�OQc+_[¦;ITioioOQP+_Á�Vc+I�MTINMNa PæÇmIT_jUÁh >Q_¦;KTioa<R+KËI�deh4KNijabS/INP1U\>Q`<INS/INP1U"Ý4ITU��rcLI�MQÇáIN_�UA`bIDJ+INcedea<�NS/I�_oMTKNP >QijabO¢�Vc+a�IN_�UA>QMTUoc+IN`<`bITS2ITPVU�`bIEh+`bcL_

��>"¦;O;ijab_oK]:.B�>QPL_¡MNITUE>QceUuioIË_oMNKTP >QijabO+Ý�`<I
ρ
abP1UuITiu>QsQa<U¡>"¦QINM/`bI�S/ab`<abINcæÝ4M]ÇmIT_jU�° �t°±J+abijI�INP×h >Qi�Uua<MNc+`<abINi

>"¦;INMË`bIN_�h+abOQP+_NÝ4SÊ>]ab_^>Qc+_j_oa[>"¦QINM�`bIT_�É >]ij¿;OQP+_�ITU�`bIT_�>QcLUoioIT_�S/KN_oOQP+_(.áÃ1�!05:�@xIT`¯>2PæÇmITPVUoiu>43bP+I�h >]_
c+P+I¡S/OeJLa<R MN>]Uua<O;PÊJ+I¡`b>�SÊ>]_o_oI¡JLc

ρ
Ý+SÊ>]ab_xJLID`b>E��O;ijS2I�JLI¡_oO;P�_oh4INM�UuijIQ:Ñ=&>�R s;c+ijI¡�+:YÃ�S/O;P1UuijI

`åÇáKT¦QO;`bcLUoabO;P�>]UoUoINP+J+cLI�J+I�`¯>Ê��O;PLMTUua<O;P(_oh4INM�Uuio>Q`bI�J+c
ρ
>"¦;ITM/cLP+I�UuINS/h4KNiu>tUuc+ijI�MNijO;ab_j_u>QP1UuI�J+>QP+_

`bI¡MN>QJ+ioIDJ+IDMNID_oMTKNP >QijabO+:@xO;S/S/I¡P+O;c+_^hOQcL¦;O;PL_�`bI¡MTO;P+_�U\>]UoINi�_jc+i^MNITUjUuIAR s;c+ijIQÝÑO;P�_NÇm>]UoUoINP+Jy�

5�6879� �+:mÃ-	ÊÄÑOQP+MTUoabO;P2_oh4INMTUoiu>Q`<I¡J+c
ρ
J >QP+_ `<I�¦rabJLIÂâ�Uoiu>Qa�UCh+`<INabP ã�ITU^��JLa<³KNioITP1UuIN_CUoINS/hKTiu>]Uoc+ioIT_

h+ioOrM\À+IT_^JLI
Tc
Ý h+ijKNJ+a�UuI¡h >Qi�`<I¡S2OrJ+�N`<I�J+K�¦;IN`<O;h+h4KAINP/.mÃ1�|0å:

MNI/�Vc+I2`<I
ρ
ä���O;PLJ+I1ä/��`b>�UoINS/hKTiu>]Uoc+ioIÂMNija<Uoab�Vc+IQÝ.ITP1Uuiu>!3¯P >QP1UEc+P#KT`¯>Qijs;ab_j_oITS2ITPVUAMTO;P+_jabJ+KTiu>QÉ+`<I

J+IA_u>���O;P+M�Uua<O;P�_oh4INMTUoiu>Q`<IQ:
Ã1G



�E6!¶���+*-� ¹��N647��1ª4�r«*��}��Ñ�
�ÞO-¿QO;P+_�SÊ>Qa<P1UuINP+>QP1U�MTIE�Vc+ID`bIT_�JLO;P+P+KTIN_�IgdehKTioabS/INP1Uu>Q`bIT_^PLO;c+_�>]h+h+ioITP+P+ITPVUN:æ=�ÇáI�deh4KNioa<INP+MTI

ß���Ã;{�>Qc�qL��q¢IN_�U�`¯>Ëh+`<c+_ abS/h4O;ijUu>QP1UuI��ÂMTI¡_octêjI�U�M">QixIN`b`<I�>�KTUoK¡M">Qh+>QÉ+`bI�J�ÇmIgdrUuiu>]abioI�`bI�_jhITMTUuijI
J+c

ρ
:Qß^��Ã;{�K�U\>Qa�U»c+P+IxIgdehKTioabITP+MNIx_oc+i�MNabÉL`bIÞRLdeIx�Vc+a+>^KTUoc+J+abK�J+IT_[MNO;`<`ba<_oabOQP+_.�´Pe°´�´P���c+P+IÁKNP+ITios;a<I

>Qc/MNINP1UoioI^J+I�S2>Q_j_oI^J+IE9w�EÈ¡I±��:VZ�`b`<I KTUoc+J+a¯>]a<UÞ`bIT_ÞJ+abS�cLO;P+_Þs;iuî]MNI^�DcLPÊ_oh4INM�UuijO;S2��UuijI��AS�c+O;PL_
MNO;ijioKT`bKA��c+PfUuKT`bIN_jMNO;h4ID��É >Q_oIAJ+IAh+a deIN`b_ JLIËqraå:L��h+io�T_�cLP�sQioO;_ Uuio>"¦Q>]ab`æJLIDMTO;S/h+ioKTÀ+INP+_jabO;P�J+IT_
_oO;cLioMNIT_ J+I¡J+a<S�c+O;P+_TÝLß^��Ã;{�>�ijKNc+_j_oa.��OQÉLUuITP+abiC`<I�_jhITMTUuijIAJ+c

ρ
hOQc+iCJ+a�³æKTioINP1Uo_ abP1UuITij¦]>Q`b`<IN_ÁJ+I

MNITPVUoiu>Q`<a<UoK(.mÃQW40å:Ñ=&>�R s;cLioIA�+:Y��hLioKN_jINP1UuID`bIT_�ioKN_jc+`<Uu>]Uu_ OQÉLUuITPrcL_N:

5�6879� �+:Y�u	yÄÑOQP+MTUoabO;P�_jhITMTUoiu>Q`<I�J+c
ρ
O;É+_oITij¦QKNI/h >Qi¡ß^��Ã;{¢h4O;c+i��Vc >tUuioI�JLa<³KNioITP1Uu_AabP1UuITij¦]>Q`<`bIN_

INP%MNITPVUoiu>Q`<a<UoK�â�Uuija¯>QPLs;`bIT_\ã�:æ=.I/_jhITMTUoioI�UuÀ+KTO;ioa<�Vc+IÂP+O;P%S2OrJ+a<R+K�J+c
ρ
â�`babsQP+I�h+`<INabPLIwã�Ý�>QabP+_ja[�Vc+I

`bIT_�S�c+OQP+_�P+OQP�MNO;ijioKT`bKN_�h+ioOw¦QINP >QP1UAJ+IT_�M\À >QijS2IT_Ââ�`<abs;PLIDh4O;a<PVUoab`<`bKNI"ãx_oO;P1UA>]c+_o_janS/O;P1UuioKT_N:4¥ abijK
J+IA`¯>�ijKT��KNijINP+MTI".áÃ;W405:

@xITUoUoI2R sQc+ioI2h+ioKT_oINP1UoI¢`bIT_EJ+OQP+P+KNIT_�O;É+_jINi�¦;KNIT_�h >QiEß���Ã;{y>Qa<P+_oa��Vc+IÊ`bIÂ_oh4INM�UuioI2UuÀ+KTO;ioa<�rcLI
hOQc+iCc+P

ρ
P+O;P�S2OrJ+a�R KQ:eß�O;cL_ MNO;P+_�U\>]UoO;P+_�c+P�P+I�U�IgdeMN�N_�J+IAJ+a<S�c+O;PL_Ch >Qi io>Qh+h4O;ijU�>]c�_jhITMTUoioI

UuÀ+KTO;ioa<�Vc+IQÝæ>QcLUuOQc+i�J+I�`b>ÊS2>Q_o_jI�J+c
ρ
:�@xITUAI�deMT�N_D>Qc+s;S/INP1UoI�>"¦;INM�`b>ÊMNITP1Uuiu>]`ba<UoKQ:Z[U\>QP1U¡J+OQP+P+K

�Vc+IE`b>ÂUoINS/hKTiu>]Uoc+ioIDIN_�U�JLabioITMTUoINS/INP1U�ijIN`<abKNID�Â`¯>ÂMNITPVUoiu>Q`<a<UoKQÝ ab`�¿�>/I�deMN�T_�J+IEJ+abSËc+O;P+_�J >QPL_�`b>
ioKTs;abO;PËJ+I�`¯>�S2>Q_o_jI�J+c

ρ
`<O;io_j�Vc+I `¯>�UoINS/hKTiu>]Uoc+ioICJLc/S/ab`<abITcËIN_�U�KN`bI�¦;KTIQ:r@xITU�IgdLMT�N_ÞIN_�U�I�deh+`ba<�Vc+K

h >QiÁ`¯>Eio>QJ+ab>]Uua<O;P/UoÀ+INijS2a<�Vc+I�J+I�`¯>DÉO;cL`bI�JLI���INc�ÝrJ+O;S/abPLK�h >]ix`bIT_xh+ijOeMTIN_j_oc+_
ππ → ρ→ µ+µ−

:
=&IfhL`bc+_�a<S2h4O;i�U\>QP1U�IT_jUÂ`b>���O;ioS/I¢J+IfMTIf_oh4INM�UuioI]:Þß�O;cL_�MNO;P+_�U\>]UoO;P+_�c+PÔKT`¯>Qijs;ab_j_oINS/INP1U�JLI

`¯>Ê��O;PLMTUua<O;P×_oh4INM�Uuiu>]`bI/>"¦;INM/`¯>¢UoINS/hKTiu>]Uoc+ioI]:»@xINMNaÞP�ÇáIN_�UDh >Q_DMNO;S/h >]UoabÉ+`<I�>"¦;ITMÊ`bI�_jMNKTP >Qioa<O�JLI
MNO;cLh+`¯>QsQI

ρ− 〈q̄q〉 h+ioKTJ+ab_o>QP1U�c+P+I¡É >Qa<_o_jI¡J+I¡`¯>ËS2>Q_j_oI¡J+c ρ Ý+S2>Qa<_xMQÇáIN_�U^MNO;S/h >]UoabÉ+`<I�>"¦;ITMAMNIN`<c+ah+ioKTJ+ab_o>QP1UË`b>#äg��O;P1UuI1äÂJ+IÊ_o>���O;P+M�Uua<O;P¶_jhITMTUoiu>Q`<IQ:»ß�O;cL_E¦;Ow¿QO;P+_�MTIN`¯>�J >QP+_E`¯>fR s;c+ijIÊ�+:mWLÝ.J >]P+_
`¯>Q�Vc+IT`b`<I�MNIT_�JLINced�S/OeJL�N`bIT_C_oOQPVU�MNOQPL��ioO;P1UoKN_^>Qced�ijKN_jc+`<Uu>]Uu_�J+IDß���Ã;{L:

=&IT_xJ+OQP+P+KNIT_xJ+I�ß���Ã;{D��>"¦QO;ioa<_oINP1UxJ+O;P+M^MN`b>QabijINS/INP1U�c+PÊKT`¯>Qijs;ab_j_oINS/INP1U�J+c2_oh4INMTUoioI�JLc
ρ
h+>Qi

iu>QhLhO;i�UE��c+P
ρ
P+O;P¶S2OrJ+a<R+K/OQc#c+P¶M\À >QP+s;ITS2ITP1U�J >QPL_Ë_u>�SÊ>Q_j_oI]:�B�IN_ËK�Uuc+JLIN_�ijKNMNITP1UuIN_I.Y�Q{!0

S2OQPVUoioITPVU/S/ÆNS/Ifc+P+I�Uuij�N_/ÉO;PLP+I�MTO;ioijIN_jhO;PLJ >QP+MTI�ITPVUoioI�`bIfS/OeJ+�T`bIfI�UÊ`<IN_ÂJ+O;P+PLKNIN_TÝÞMNI��rcLa
h+ioOQcL¦;I��Vc+I�`bIN_ÁJ+a<³KNijINP1UuIT_ MNO;P1UoioabÉLcLUua<O;P+_�J+cf_oh4INM�UuioI�hITcL¦;ITPVU�Æ�UuijI¡�Ëh+ijKN_oITP1U�É+abITP¢I�deh+`<ab�Vc+KNIT_
â�R sQc+ioID�+:mÒ1ã�:4@xI�UoUuIDR s;c+ijIEMTO;S/h >QioID`bIT_�J+O;P+P+KTIN_�JLIN_^MNO;`<`bab_jabO;PL_C_oITS2a °´MNITP1Uuiu>]`bIN_^J+IEß���Ã;{Ê>"¦;ITM
`bIT_^MN>Q`bMTc+`b_ UoÀ+KNO;ijab�Vc+IT_N:4=&>/S/ÆNS/IAKTUucLJ+IËh4O;c+i�`bIT_�MTO;`b`<ab_jabO;P+_xMNINP1Uoiu>Q`<IN_^J+O;P+P+IDc+P�_oh4INMTUoioIEh+iu>t°
Uua<�rcLINS/INP1U�abJ+ITP1Uuab�Vc+I2âÕ¦;O;a<i `¯>�ioK���KNijINP+MTI".m�Q{40.h4O;c+i�h+`<c+_ J+IAh+ijKNMNa<_oa<O;P+_\ãg:

Ã;X



5�6879� �L:YWg	µ@xOQS2h >]iu>Qa<_oO;PµINP1UuijI�`<IN_ÂJ+O;PLP+KNIT_ÊJ+I�ß���Ã;{¶I�U2`<IN_/S2OrJ+�T`bIN_�UoÀ+KNOQioab�Vc+IT_yç
ρ
P+O;P

S2OrJ+a�R KDâ�ITP¢ioO;cLs;IwãgÝr_jMNKTP >Qioa<O�>"¦;ITM�M\À >QPLs;INS/INP1UCJLI�S2>Q_o_jI�â�INPÊ¦QINijU\ã�I�U >"¦;ITM�KN`b>QiosQab_o_jINS/INP1UÁJ+c
_oh4INM�UuioI2â�INP�É+`bITcÑã�: ¥ a<ioK¡J+IA`¯>�ijKT��KTioINPLMNIÏ.mÃ;Ò!0å:

5�6879� �+:mÒ�	�@xOQPVUoioa<É+cLUua<O;P+_[JLIN_ÞJ+a<³KNijINP1Uu_�hLioOrMNIN_j_oc+_�>QcÂ_jhITMTUuijI�J+c
ρ
:;¥ abijKCJ+I�`¯>�ioKT��KTioITP+MNI-.m�Q{405:

�´`�_NÇm>Qs;a�U�� h+ioKT_oINP1U�J+I(h+ijO;cL¦;ITi�c+P+I×KT¦QINP1Uuc+IT`b`<I%ijIN_�U\>Qc+io>]Uua<O;PÅJ+I(`b>v_j¿rS2K�UuijabI(M\À+a<iu>Q`�ITP
J+KTUoINijS2a<P >QP1U�`5Çma<P�{ c+ITP+MNI�JæÇmc+P×S/KN`b>QP+s;IEM\À+abio>Q`n_jc+i¡`bIE_oh4INMTUoioIÂJ+c

ρ
:�£^ITs1>QioJLO;P+_�h4O;c+i�MTIN`b>¢INP

J+KTUu>Qab`]`bIT_.h+ioOrMNIT_o_ocL_»MTO;P1UuijabÉ+c >]PVU»>]cD_jhITMTUoioIÞ�+:mÒLÝNITPE`<IN_.h+ijINP >QP1U&J >]P+_&`bINcLi�O;ioJLioI�M\À+ijO;P+O;`<O;s;ab�Vc+I
J�Çm>Qh+h >Qija<UoabO;P2`bO;ij_xJ�Çác+P+I¡MTO;`b`<ab_oa<O;P�:V=.IN_CUoINS/h+_ S/INP1Uua<O;P+P+KT_C_oO;P1U a<P+J+a<M">]Uoa<��_xI�U P+I¡_jO;P1UC¦]>Q`¯>QÉL`bIN_
�Vc+IAhO;cLi�ß���ÃQ{L:

• t < 0.5
��S ç J+INced�MTO;P1UuijabÉ+cLUoabO;PL_ h+ioOw¦rabITP+P+INP1U�J+IA`¯>�MNOQ`b`ba<_oa<O;PÊIT`b`bIg°´S/ÆNS/I�ç `bIAB�ioIN`<`�°�|Á>QP

I�U¢`bIT_
ρ
hLioabS/O;ijJ+a¯>Qcrdæ:Þ=.IyB�ioIT`b`�°�|Á>QP+P�Ý�JLIy`¯>×��O;ioS/I

q̄q → γ∗ → µ+µ−
Ý�_oIyhLioOrJ+c+a<U

`<O;io_�JLIN_AMNO;`<`ba<_oabOQP+_�INP1UuijI/JLINced×PVc+MT`bKTO;P+_¡J+IT_¡P+Ow¿1>Qced(INP×MNO;`<`ba<_oabOQP�:qL>¢MNO;P1UoioabÉLcLUua<O;P�IN_�U
ÃQ�



P+OQS2S/KNIABG|õJ >QP+_�`¯>�R sQc+ioIA�+:mÒL: =.IN_
ρ
h+ioa<S2O;ijJ+a¯>]ced×â�h+ioa<S

ρ
ãC_oOQPVU^`<IN_

ρ
hLioOrJ+c+a<Uo_ `bO;ij_

J+IT_�hLioOrMNIN_j_oc+_^J+c+ij_�hLioabS/O;ijJ+a¯>QcrdæÝVUuio>"¦;INij_u>QP1U�`bI¡S/ab`<abINcÊ_u>QP+_�a<PVUoINio>Qs;abiT:
• {L:YF¢��S

< t < 2
��Skç»`<O;io_AJ+IÂ`b>�h+À+>Q_oI/J+IÊ?DÈA��Ý.`<IN_D>QP+PLabÀ+a<`¯>]UoabO;P+_

q̄q
h+ioOrJ+c+a<_oITPVUEJ+IT_

J+a<S�c+O;PL_CUuÀ+ITioS/ab�Vc+IN_TÝ P+OQUoKN_�?AÈD��J+>QP+_�`¯>ËR sQc+ioIA�+:mÒL:
• G���S

< t < 10
��S çnITPVUoioI¢`<I2��ijINI��TI�°±O;cLUÂM\À+a<S2a<�rcLIÊITU�`bI2��ijINI}�NI�°±O;cLU�UoÀ+INijS2a<�Vc+IQÝ»P+O;c+_

_jO;S2S/IN_ ITP�h+ioKT_oINPLMNIDJ�ÇmcLP�s1>4�¡J+I¡À >QJ+ijO;P+_�INP�a<PVUoINio>QMTUoabO;P�:+@�ÇmIT_jU���MNI¡S/O;S/INP1U �Vc+IA`bIT_
I�³æI�Uu_xJLI^S/ab`<abITc�_oO;P1UÁabS/hO;i�U\>QP1Uo_N:1@xOQS2S/I�P+O;c+_�`bIC¦QO-¿QO;P+_ÁJ >QP+_�`¯>�R s;cLioI^�+:YÒeÝ1`¯>¡MNO;P1Uoioa�°
É+ceUuabOQP#h+ijabP+MTabh >Q`<I�>Qc¶_oh4INMTUoioI2h+ioOw¦rabITPVUEJ+c

ρ
J >QP+_D`bIÂS/ab`<abINcµâ�abPe°±S2ITJ

ρ
ã�:�=»>f��O;P+M�Uua<O;P

_jhITMTUuio>Q`bIEJ+c
ρ
J >QP+_�`bIAS2a<`ba<INc�P�ÇáIN_jU�h >Q_�`¯>ÂS2ÆTS2IA�Vc+I�J >]P+_�`<ID¦ra<J+IË�/M">QcL_oI�J+IT_�I�³æI�Uu_

J+I�S2a<`ba<INcÂS2ITP1UuabOQP+P+KN_�h+`<c+_ÁÀ+>QcLU"Ýr�Vc+a4INP1Uuio>43¯P+ITP1Uxc+PÊKTU\>]`bINS/INP1UÁJ+c¢_jhITMTUuijIQ:e��`bc+_Áh+ioKTMNa�°
_jKNS/INP1U"Ý+`<I�h+ijO;h >Qs1>tUuINcLiCJ+c

ρ
IN_�U�S2OrJ+a�R K�h >]ix`bIT_CJ+ab>Qs;iu>]S2S/IN_�J+I¡_oIT`<�¯°±KNP+ITios;a<I�S/O;P1UuioKT_

�Â`¯>ËR sQc+ioIA�+:�9w{L:

5�6879� �+:�9w{×	¢qeO;cLioMNIT_�J+IN_ I�³æI�Uu_ J+I¡S/ab`<abINc�çLhLabO;P+_¡â5>1ãgÝLÉ >Qi�¿;O;PL_Dâ�ÉÑãÁI�U�S2KT_oO;PL_Aâ�M"ã�: ZndrUuio>Qa<U JLI
`¯>�ijKT��KNijINP+MTI".m�e9�05:

è^P+I�MNOQPVUoioa<É+cLUua<O;P¢É+a<INP¢hL`bc+_���>QabÉ+`<I�S2>Qa<_ÁP+KN>QP+S/O;abPL_ÁUuij�N_Ca<P1UuKNijIN_j_u>QP1UuI¡IT_jU MTIN`<`bI�JLI�`åÇm>QPe°
P+a<À+ab`b>]Uua<O;PDJ+I �¡h+abOQP+_N:Q=&IT_�h+ioOrMNIT_o_jc+_ÞMNO;P+MTINijP+KN_Þ_oOQPVUÞijINh+ijKN_jINP1UuKT_x��`b>�R s;c+ijIC�+:�9;9;:;@xITUoUoI

5�6879� �L:<9;9F	���ioOrMNIN_j_oc+_ÁMNO;P1UoioabÉLc >QP1UÁ>Qc2_jhITMTUoioI^J+c
ρ
J >QP+_�`bI MN>QP >Q` JæÇY>QPLP+abÀ+a<`¯>]UoabO;PËJ+I��Ah+a<O;P+_T:

MTO;P1Uuioa<É+cLUoabO;P¶MNO;P1Uua<INP1U�`b>�h+ijINcL¦QIfKT¦;ITP1Uuc+IT`b`bIÊJ�ÇmcLP S2KT`¯>QP+sQI2M\À+a<iu>Q`
ρ − a1

:�ß�OQc+_Ë¿%ioIg°
¦rabITP+J+ijO;P+_^h+`bc+_ `<O;abPæ:

• t > 10
��S çÞ>Qh+io�T_Â`bI¢��ioITI��TI�°´OQcLUÂUuÀ+ITioS/ab�Vc+IQÝnab`CijIN_jUoI�J+INcedµMTO;P1UuijabÉ+cLUoabO;PL_fç[`bIT_

ρ
�Vc+a

P+IE_oIE_oO;P1U�h+>Q_�J+KT_oa<PVUoKNs;ijKN_�>w¦]>QP1U�`bI¡��ioITI��NIg°´O;ceU�ITU�`bIT_�M\À >]ioS/IN_^O;cL¦;ITijUo_�MNO;ijioKT`bKN_TÝÑP+OQUuKT_
ijIN_oh4INM�Uua�¦;INS/INP1U�Ä»¤òITU^B�B�J >QP+_�`b>ËR s;c+ijID�L:YÒL:

=»>�_�¿rS2K�Uuioa<I M\À+abio>Q`bIxabP1UuITij¦rabITPVUÞJ+>QP+_�`bIT_�IT³ITUo_�J+I�S2a<`babITc¢â�abPe°±S2ITJ
ρ
J+I `¯>�R sQc+ioI �+:mÒ1ãg:Q�´`+IT_jU

MNIThITP+J >QP1U[Uoio�N_�J+a��/MTab`bIÞJ+IÁJ+KTUoINijS2a<P+INi»`bIT_nIT³ITUo_[J�Çác+P+IÁKT¦;ITP1Uuc+IT`b`bIxioIN_�U\>QcLiu>]UoabO;PEJ+Ix`b>^_�¿eS/KTUoioa<I
M\À+abio>Q`bI�J+>QP+_�ß���ÃQ{�_ocLi�MTITUoUoIÁMTO;P1UuijabÉ+cLUoabO;Pæ:-��O;c+i»MNI�UoUoIÁio>Qab_jO;P�Ýwab`;��>]cLU»ioINs;>QioJ+ITi�`b> MNO;P1UuijabÉ+ceUuabOQP
J+IË`5ÇY>]P+P+abÀLab`¯>tUuabOQPfJ+I��¢h+a<O;P+_T:æZ�P�I�³æI�U"ÝæMTITUjUuI�MTO;P1Uuioa<É+cLUoabO;P�IN_jU�É+abITP�h+`bcL_�abS/h4O;ijUu>QP1UuIDINP(M">]_
J+I ioIT_jUu>Qc+iu>tUuabOQP�J+I�`¯>�_j¿rS/KTUoioabI M\ÀLabiu>]`bI�ç;`<ICS/KN`¯>]P+s;ICM\À+a<iu>Q`LabP+J+cLa<U�c+PLIC��O;ijUoI�>Qc+s;S/INP1U\>tUuabOQP�J+c
P+O;S�ÉLioI^J+I�JLabS�c+OQP+_ÁJ+>QP+_�`¯>AioKNsQabO;P2J+c

a1

ÝVMNO;S/S/I^S/O;P1UuijK��D`¯>¡R s;c+ijI��L:<9-G2â�`<abs;P+IT_�UuabijITUoKNIN_uã�:
@xINh4INP+J >]PVUNÝÁMTO;S/S2I�P+O;cL_2`<I�¦QOw¿;O;P+_Ê_oc+i/MNI�UoUuI�R s;cLioIQÝÞ`5ÇmI�³æI�UÊJ+c�S2KT`¯>QPLs;IfM\À+abio>Q` _ocLiÊ`bI

_oh4INM�UuioI�UuO]U\>Q` ijIN_jUoI���>Qa<É+`bI(ç�a<` MNO;ijioIT_oh4O;P+J��%`¯>(J+a�³æKTioINPLMNI�INP1UuijIy`bIT_ÂJ+INced�MTO;c+ioÉ4IN_/h+`<INabPLIN_N:
Ã1F



5�6879� �+:<9wGK	�JæOrO;S _oc+iÂ`bIT_�h+`bcL_�À >QcLUoIN_ÂSÊ>]_o_oIT_ÂJ+I�`¯>yR s;cLioI��+:mÒLÝ�>"¦;ITM�JLINcedµMTO;P1Uuioa<É+cLUoabO;P+_
J+a<³KNijINP1UuIT_�J+If`5ÇY>QPLP+abÀ+a<`¯>]UoabO;P(JLIf�(h+abO;PL_Êç[>"¦QINM�S2KT`¯>QPLs;I2M\ÀLabiu>]`¡â

4π
S2a d+ãAI�U�_u>QPL_�S2KT`¯>QP+sQI

M\À+abio>Q`xâ
4π

¦]>QM"ã�:.=.IT_¡_oh4INMTUoioIT_AUoOQU\>]ced�OQÉLUuITPrcL_E>"¦QINM�M\À >QMTc+P+IÂJ+I�MTIN_¡h4O;_o_jabÉ+a<`ba<UoKN_^_oO;P1U¡Uoiu>QMTKN_
INP�`ba<s;P+IN_xMNO;P1Uua<PVc+IN_T:

Z[U\>QP1U�JLO;P+P+KTIN_�`bIT_�É >QijioIT_�J�ÇáINioijINc+iË_oc+i�`<IN_�S/IN_jc+ioIT_�J+Ifß^��Ã;{eÝ[>Qc+MTc+P+I¢hLioINce¦;IfJ+I¢S/KN`b>QP+s;I
M\À+abio>Q`ÞP+IÊh4INceU�J+O;P+M2ÆTUoioIÊJLKNJ+c+a�UuI2J+I¢MNIT_�J+O;PLP+KNIT_N:�@�ÇáIN_�U�h4O;c+io�Vc+OQaÁa<`�_jINio>�Uuij�N_�a<PVUoKNijIN_o_o>QP1U
J+I���>]abioI�`b>¶S/ÆNS/Iy>QP+>Q`<¿r_oIy>"¦;INMy��=.��@CZ :CZ�P�IT³ITUNÝÁ`<I(?AÈA� J >QP+_2��=.��@CZ�>]c+iu>%c+P+IyUu>Qab`<`bI
h+`bcL_�s;iu>QPLJ+If�Vc+I�J >QP+_/ß���Ã;{L:�=.IT_/I�³æI�Uu_ÂJ+I�S/ab`ba<INc�Ý&�Vc+a _jc+a<¦QINP1UÊJLabioITMTUoINS/INP1UÂMNI�UoUuI�h+À+>Q_oI]Ý
>Qc+ijO;P1UÁJLO;P+M�`ba<INcÂJ >QP+_�c+PÂ¦;O;`<c+S/I^hL`bc+_ÞabS/h4O;ijUu>QP1U":;ß^O;c+_Þh4O;cL¦;OQP+_xJ+OQP+M�P+O;c+_Á>]UoUoINP+JLioI��AcLP+I
>Qc+s;S/INP1Uu>]Uua<O;PfJ+IAMNIT_^I�³æI�Uu_^J+IAS2a<`ba<INcÊJ+>QP+_���=.��@CZ :

®y>Qab_E`åÇáKT¦QO;`bcLUoabO;P¶`¯>yhL`bc+_�a<S2h4O;i�U\>QP1UuI/INP1UoioI�ß���Ã;{yI�U���=.��@CZòIT_jUÂ`5ÇY>QcLs;S2ITP1U\>]UoabO;P%J+I¢`b>
_jUu>]Uua<_jUua<�Vc+IQ:æ@xITUjUuIÂ>Qc+sQS2ITPVUu>]Uua<O;PyJLIT¦riu>Qa�U�h4INijS2I�UoUuijI�J+I�JLabS/abPVc+INi�`bIT_�É >QijioIT_¡J�ÇmITioijINc+i�_jc+i¡`bI
_oh4INM�UuioIAJ+c

ρ
Ý _ja.`bIN_�_jO;c+ioMTIN_^J+IAJ+abSËc+O;P+_ _jO;P1U�ÉLabINP�MTO;S2hLioab_jIN_T:

=&I�M\À >QhLa<UuijI�_oc+a�¦Q>]PVU/IT_jU¢MTO;P+_o>QMNijKy�×`åÇm>QP >Q`�¿r_oI�J+I�`¯>���>Qab_o>QÉ+a<`ba<UoKÊJ�Çác+P+I�UuIT`b`bIfK�Uuc+JLI�J >]P+_
��=.��@CZ ÝITPyK�UuINPLJ >QP1U¡`åÇáKTUoc+J+IDJ+c

ρ
�2`åÇáKTUoc+J+IDJ+IËMTIE�Vc+IEP+O;c+_�>Qh+h4IN`<O;P+_^`bIN_ËäTÉ >]_o_oIT_�S2>Q_o_jIN_"ä]Ý

MQÇáIN_�U��ÂJ+a<ioI¡`bIT_ S2KT_oO;PL_
ρ
Ý
ω
I�U
φ
:

��û<; ©ªM�°K?B= ?K=D¬ L AD¬2E:GK¬��§=DC�M£=D°I´�¬ ?�ý-GK¬ Z= ¬2²³=DC�M2´�E:L �SM2´�= �
L °BE:G ¬

@xITUoUoIA_oINM�Uua<O;P�Ý+MTO;P+_u>]MNioKTIË��`5ÇmK�Uuc+J+I¡JLIN_�S2KT_oO;PL_
ρ
Ý
ω
I�U
φ
J >QP+_�`<I�_oh4INM�UuioOQS2��UuioID��S�c+OQP+_

J�Çá��=.��@CZ Ý1IN_jU�J+a�¦rab_oKTICINPÂUuijO;ab_nh >QijUoabIT_N:1=&>�h+ijINS/ab�NijI h >Qi�UuabIxIN_jUÞcLP+I�abP1UuijOeJ+cLMTUua<O;P�_ocLi�MNIN_ÞijKN_oOt°
P >QP+MTIN_�J+I^É >Q_o_jIN_ÁSÊ>Q_j_oIT_xITU�_jc+iÁ`<INc+iÞa<PVUoKNijÆTU":r=&>AJ+INcedea<�NS/I�I�UÁ`b>AUoioO;a<_oa<�NS/ICh >Qi�UuabI�_jO;P1UxMTO;P+_u>-°
MNijKNIN_E>Qced%ijKN_jc+`<Uu>]Uu_D�Vc+IÊP+OQc+_Eh4O;cL¦QO;P+_E>]UoUoINP+JLioI/ioIN_jhITMTUoa<¦;ITS2ITP1U�`bOQio_AJ+I/MNO;`<`bab_jabO;PL_�h+ioO]UuO;Pe°
h+ioO]UuO;P�ITU^h+`<O;S�Ée°±h+`bOQS�É�:

�Î¶sÇS¶�µ �,À�ËÍ»w½z�hËc�Â¿ á@�l»hËÍÌE�Â¿P�Â¿2Ãc� »2Ã�à�À�Ã n�¿2ÁbË�¿2ÌÎ½QÃ
@xO;S2S/INPLìNO;P+_Ah >]iDcLP+I2JLIN_oMTioa<hLUua<O;P¶JLIN_AUuioOQab_¡S/KN_oOQP+_D¦QINM�UuINcLio_ËMTO;P+MTINioPLKN_Êç&`<I

ρ
Ý&`bI

ω
I�U

`bI
φ
:4@xIT_�ijKN_oOQP >QP+MTIN_�OQPVU�J+IT_�S2>Q_o_jIN_^J+IE`5ÇmOQioJ+ijIDJLc(È¡I±��Ý É+a<INPyhL`bc+_�h4ITUua�UuIT_��Vc+ID`bI

J/ψ
â5XL:�9

ÈAI±�¡ã�O;c�`<IN_
Υ

â3¡�ÒAÈ¡I±�Aã�:QB�>QP+_�`b>�_ocLa<UuI]ÝQP+OQc+_�h >Qij`bINijO;P+_[_jabS/h+`bITS2ITP1U[J+ICÉ+>Q_o_jIN_ÞSÊ>]_o_oIT_�hOQc+i
Ã;Ã



`bI
ρ
Ýr`bI

ω
I�UC`<I

φ
ÝVITUÁJ+I�À >]cLUuIT_xS2>Q_o_jIN_xh4O;c+i�`bI

J/ψ
ITUÁ`bIT_

Υ
:r=.IN_xMN>Qiu>]MTUuKTioa<_jUua<�Vc+IN_�J+IN_ÁÉ >Q_j_oIN_

SÊ>]_o_oIT_�_jO;P1U�a<P+J+a<�rcLKNIN_^J >QPL_�`<IAUu>QÉ+`<I">Qc��+:�9;ÝÑ>"¦;ITMËh4O;c+i^MNO;S/h >Qio>Qab_jO;P�`bIN_�MN>Qiu>QM�UuKTioab_�Uua<�rcLIN_^J+c
J/ψ

ITU�J+c
Υ

â 9-q+ã�:
£^KT_oO;P+>QP+MNI ®y>Q_o_jI".m®�I±�

/c2
0 =&>QiosQINc+i×.m®�I±�

/c2
0
cτ

. ��Su0 £A: Z : INP
µ+µ−

.�Û¼0
ρ

�;�QF 9"�;Ò 9;:mX
4.6 · 10−3

ω
�QW;X WL:YF GQXL:YF

9.0 · 10−3

φ
9w{L9wÒ �+:mX �1Ã

2.9 · 10−2

J/ψ
X;{;Ò;� {L:m{;Ò;X Ge9wFQ{ Fe:mÒ

Υ
â 9-q+ã ÒQ�1ÃQ{ {L:m{1F]� X1�]{Q� Ge:YF

������� �+:<9"	Ô®y>Q_j_oIQÝ�`¯>]ios;ITc+iNÝnUoINS/h+_ÂJ+I�¦ea<I�ITU/iu>QhLhO;i�UÂJ�ÇáINS�É+io>QP+M\À+ITS2ITP1U¢INP�J+abSËc+O;P+_�J+IT_
S2KT_oO;PL_

ρ
Ý
ω
Ý
φ
Ý
J/ψ

I�U
Υ

â�9wq+ã�:L��>]`bINcLio_�h+ioa<_oI¡J >]P+_�`¯>�ioK���KNioITP+MNIÏ.áÃL9}05:

�Þ`<c+_oa<INc+ij_ J+a<³KNijINP+MTIN_�INP1UoioI¡`bIT_ ioKT_oO;P >]P+MNIT_^JLIDÉ+>Q_o_jIN_�SÊ>]_o_oIT_�ITU�J+I¡À >]cLUuIT_ SÊ>Q_j_oIT_^_jO;P1U^�
ioIT`bIT¦QINiT:&ß�O;c+_¡¦QO-¿QO;P+_AUuO;ceUAJ�ÇY>]ÉO;ijJ×c+P+IÂs;iu>]P+J+IÂJ+a<³KNijINP+MTIÂMNO;P+MTINijP >QP1UD`¯>¢`¯>]ios;ITc+i¡J+IN_AijKN_oOt°
P >QP+MTIN_Âç.`bIT_AÉ >Q_o_jIN_DSÊ>]_o_oIT_AO;P1UEcLP+I2`b>QiosQINc+i�ÉLabINP%h+`<c+_¡s;iu>]P+J+IQ:»@xIT`¯>f`bITc+i¡J+O;PLP+I2cLP+IÂJ+c+ioKTI
J+I¡¦rabIDS2Ow¿;ITP+P+IDÉ+abITP�hL`bc+_�MNOQc+ijUoI2çÑINP1UoioI/9EI�U¡FQ{���S²h4O;c+i�`bIT_�É >Q_o_jIN_�SÊ>Q_j_oIT_�MTO;P1UuioIDh+`<c+_�JLI
GQ{;{;{���S²h4O;c+i^`bIN_^À >QceUuIN_�SÊ>]_o_oIT_N:æ@xITUjUuIËJLc+ioKTIËJ+ID¦ea<IEJLO;a<U^ÆTUoioIDMNO;S/h >QijKNIË�/`b>/J+cLioKNIËJ+ID¦ra<I
J+cf?AÈA��ÝVJ+I�`åÇáO;ioJ+ijI�J+IË9w{A��SÓ>]UoUoINP+JLc+I�J >]P+_x`<I�=&��@�ÝrITUx>Qc/��ioINI}�NIg°´O;cLUÁUuÀ+ITioS/ab�Vc+I�>"¿1>QP1UC`<abITc
�Êh+`<c+_oa<INc+ij_�J+a��">Qa<P+IN_�J+IË��S�:=.IT_¡É >Q_o_jIN_¡S2>Q_o_jIN_�h+>Q_o_jINP1UAJ+O;P+MË`¯>2hL`bc+_�s;iu>QPLJ+I�h >Qi�Uua<IËJ+I�`<INc+i
¦rabI¡J >QPL_^cLP�S/ab`<abINc2Uuio�T_�M\À >Qc+J�Ý MTO;P1Uuio>QabijINS/INP1U^>Qced�À+>QcLUuIT_�S2>Q_j_oIN_T:

@xITUoUoIÂh >QijUoabMTc+`¯>Qija<UoKËIN_�UAUuio�T_AabS/hO;i�U\>QP1UoIÊç.`bIËS2a<`babITc�¦]>fS2OrJ+a�R INi�PLO;P×_oINcL`bINS/INP1UD`bI�Uu>Qced
J+IAh+ioOrJ+c+M�Uua<O;P�JLIN_^É >Q_o_jIN_^SÊ>]_o_oIT_NÝÑS2>Qab_�>QcL_o_oa&`<INc+i�_oh4INM�UuijIQ:4�n>Qi^I�deITS2h+`<IQÝ _jIN`bOQP�`<IN_�S2OrJ+�T`bIN_
UuÀ+KTO;ioa<�Vc+IN_TÝ[O;P _NÇm>]UjUuINPLJ���c+PLI�>Qc+s;S/INP1U\>tUuabOQPvO;cÔc+P+IfJ+a<S2a<PVcLUua<O;P#J+If`b>yS2>Q_o_jIfJ+c

φ
ÝnI�U/�

c+P+If>]c+s;S/INP1U\>]UoabO;P¶O;cvc+PLI¢J+abS/abPVcLUoabO;P%J+I¢_o>y`¯>]ios;ITc+ifâÕ¦;O;a<iËh >QiEI�deINS/h+`<I¢`bIÂU\>QÉL`bI">]cv�o�j�DJLI
`¯>¢ijKT��KNijINP+MTIg.m�;G!05Ý.�Vc+a�MNOQS2h >]ioIÂ`bIT_¡IT³ITUu_DJ+I/Ã�J+a<³KNijINP1Uu_AS/OeJ+�T`bIT_\ã�:�=&IÂMN>Q_EJLc

ρ
IN_�UEITP+MNOQioI

h+`bcL_ÊabP1UoKNioIT_o_o>QP1U�J+I�h >QiÊ_u>vJ+c+ijKNI�JLI�¦ea<IyITP+MNO;ijI(h+`bcL_2��>Qa<É+`bI]Ý�I�Uf`¯>%��O;ioS/IyJ+Iy_oO;PÅ_jhITMTUuijI
>Qh+h4O;ijUoI�J+IT_ abPL��O;ijSÊ>tUuabOQP+_Á_jc+iCUuOQcLUuI�`5ÇmK�¦;O;`<cLUua<O;P¢J+I¡`b>ËÉ4O;c+`bI�J+I���INc�ÝeMNO;S/S/I�P+O;c+_ `5ÇY>"¦QO;P+_x¦rc
>Qc�h >Qio>Qs;iu>]h+À+I¡h+ijKNMNKTJ+INP1UN:

ZÞPÂh+`<c+_�J+I�MNIT_ÞabPL��O;ijSÊ>tUuabOQP+_n_jc+i�`bI S/ab`<abINcDUuio>w¦QINij_oKQÝV`<IN_�É >Q_j_oIT_�S2>Q_j_oIN_�â�MNO;S/S2Ix`bIN_�À+>QcLUuIT_
SÊ>]_o_oIT_\ãfP+O;c+_�J+O;PLP+INP1Uy>Qc+_o_jaAJ+IN_�abP+J+a<M">]UoabO;PL_¢_oc+i�`åÇáKTUu>]U�J+cëS2a<`babITc�J >QPL_�`<IN�Vc+IN`AIT`b`bIT_�O;P1U
KTUoKfMNioKTKNIT_N:Á��O;c+i�MTIN`b>×a<`x��>QcLU�ioINs;>QioJ+ITiÂ`bIN_�Uu>QcedÔJLIfh+ioOrJ+c+M�UuabOQP�:��n>]i/IgdeINS/h+`bI]Ý[P+O;c+_/>"¦;OQP+_
S2ITP1UuabOQP+P+KE>Qcyh >]iu>Qs;io>Qh+À+I/9;:mX2�Vc+I�`5ÇY>]c+s;S/INP1U\>]UoabO;P�J+IE`åÇáKTUoiu>QP+sQITUuKDIN_�U�c+PLI�O;É+_jINij¦]>QÉL`bIDJ+IË`b>
��O;ioS2>]UoabO;P(J�Çác+PÔ?AÈA��:�@xITUjUuIÊ>Qc+s;S/INP1U\>tUuabOQP¶J+I2`åÇáKTUoiu>QP+sQITUuK2>�cLP+I2a<P�{ c+ITP+MNIÊ_oc+iD`bIÂU\>Qcrd#JLI
h+ioOrJ+c+M�Uua<O;PÊJ+cÊS2KT_oO;P

φ
â
ss̄
ã�çrOQP¢_NÇm>]UjUuINPLJ��Ec+P+I�h+ioOrJ+c+M�UuabOQPÊh+`<c+_Áa<S2h4O;i�U\>QP1UuI^J+I

φ
J >]P+_Cc+P

?AÈD�»:&è�P+I/KTUoc+J+I/J+c#io>Qh+h4O;ijU nombre de φ
nombre de ω

ITP¶��O;P+M�Uua<O;P¶JLI2`b>�MTINP1Uuio>Q`ba�UuKÂh4INcLUDJ+O;PLMÊ>QhLhO;i�UuITi
c+P�abP+JLabMNI¡JLID`b>���O;ioS2>]Uua<O;P¢J+IE?AÈA��:

£^ITs1>QioJLO;P+_fS2>QabP1UuITP >QP1Uf`b>vJ+INijP+ab�TioI(MNOQ`bO;P+PLI(J+cÅU\>QÉ+`<I">QcÅ�L:<9;Ýx�rcLa�J+O;P+PLI%h4O;c+iÊM\À >Q�Vc+I
ioKT_oO;P >]P+MNI2_oO;P#Uu>Qced¶J+I2J+KN_jabP1UuKTs;iu>]UoabO;P¶INPvJLabS�c+OQPÅâ�MN>QP >Q`ÞcLUoab`<ab_oKÂh4O;c+iDP+OQUoioIÊK�Uuc+JLIwã�:nß�O;cL_
¦;Ow¿;OQP+_��rcLI(MNI(U\>Qcrd�IT_jU�Uuij�N_¢��>Qa<É+`bI�hO;cLi¢`bIT_¢É >Q_j_oIN_�S2>Q_o_jIN_TÝ J+I(`åÇáO;ioJLioI�J+I

10−4 �
10−5 Ý>Q`bOQio_f�Vc�Çáab`¡IN_�UyJLI¶�Vc+IT`b�Vc+IN_gÛ h4O;c+i�`bIT_�À+>QcLUuIT_�S2>Q_j_oIN_T:^ß�K">]P+S2OQabP+_TÝ MNITUjUuI%J+a<³KNijINP+MTI¶JLI

iu>QhLhO;i�Uu_EJ�ÇmITS�É+io>QP+M\À+ITS2ITPVUÂIT_jUÂMTO;S2h4INPL_oKNIÊh >Qi�c+PLI¢h+ioOrJ+c+M�Uua<O;PvÉ+a<INP h+`<c+_�>QÉ4O;P+J+>QP1UuI¢J+IT_
É >Q_j_oIN_xSÊ>Q_j_oIT_N:L¤¡P¢>]UoUoINP+J¢ITP¢S/O-¿QINP+PLI¡Ã

ω
ÝrÃ

ρ
I�UC{e:YÃ

φ
`bOQio_�J�ÇmcLP+I�MTO;`b`<ab_oa<O;PÂh+ioO]UuO;Pe°±h+ioO]UuO;P�Ý

MNO;P1UoioI^S2O;a<P+_ÞJ�Çác+P
J/ψ

hO;cLi�9w{Q{;{DMTO;`b`<ab_jabO;P+_T:;=&>DR+s;c+ioI��+:�9wXDS/O;P1UuijI�`<IN_�_oh4INM�UuioIT_CJ+c2P+O;S�É+ijI
J+I�ijKN_jO;P >QP+MTIN_CJLI�É >Q_j_oIT_ SÊ>Q_j_oIT_xMNijKNKTIN_ h >Qi�MNOQ`b`ba<_oa<O;PÂhe°´hÊ�Ê9"�Ë¥»I±��ÝrITUx`bI�U\>QÉL`bI">]cÊ�+:YGDS/O;P1UuijI
`¯>�_jINMTUoabO;P�I}�/MN>QMNIAJ+IDh+ioOrJ+c+M�Uua<O;PfJ+IAM\À >QMTc+P+IDJ+IAMNIN_^ioKT_oO;P+>QP+MNIT_N:

@xIN`¯>E>Ëh4O;c+i�MNO;P+_jKN�Vc+ITP+MNIAc+P¢PLO;S�É+ijI�J+I�J+abS/O;P+_�h+ijO-¦QINP >]PVUCJ+IN_CÉ+>Q_o_jIN_CS2>Q_o_jIN_CJLc¢S2ÆTS2I
O;ioJLioI�J+Ixs;io>QP+J+ITc+in�Vc+IÁ`bI�P+O;S�ÉLioIxJLIxJ+a<S�c+O;P+_»h+ijO-¦QINP >]PVU[J+c

J/ψ
Ý-I�UnJ+OQP+Mxc+PË_oabsQP >Q`V_oa<S2a<`¯>Qa<ioI

Ã1�



5�6879� �+:<9"X"	�ß^O;S�É+ijI/JLI
ρ
â5�fs1>]c+M\À+IwãgÝ.J+I

ω
â�>Qc%S2a<`babITcÑã ITUDJ+I

φ
â5�fJ+ioOQa<UuI"ã�h+ioOrJ+c+a�Uu_�J+>QP+_

J+IN_�MTO;`b`<ab_oa<O;P+_Áh+ioOQUoO;Pe°±h+ioOQUoO;P���9"�Â¥�I±�Ë:

£�KN_jO;P >QPLMNI
ρ ω φ

σ
. S�É�0 Ã;ÒQ� Ã1�QW Ã1�e:Y�

σ ·R.E.µµ
.
µ
ÉÍ0 XL9Q:YÒ ÃL9;:m{ 9wÒL:mÃ

������� �L:HG³	�qeINM�UuabOQP�I}�/MN>QMNI(J+I�h+ioOrJ+c+M�Uua<O;P�I�U¢_oITMTUoabO;P�IZ�/M">QMTI(S�c+`<Uoabh+`<abKTIfh >Qi/`bIyio>Qh+h4O;ijU
J�ÇáINS�É+io>QP+M\À+ITS2ITP1UÞINP�J+a<S�c+O;PEhO;cLi[`bIT_nS/KN_oOQP+_[J+ICÉ+>Q_o_jIN_ÞSÊ>]_o_oIT_[INP�MTO;`b`<ab_jabO;P+_&h+ijOQUuOQPe°´h+ijOQUuOQP
�f9"�Â¥�I±�Ë:

>]UoUoINP+JLcÊJ >QPL_Á`<I^_jhITMTUoioO;S/�TUoioIQ:L®y>Qa<_ÞMNO;S/S2I�P+OQc+_x>]`b`bOQP+_Þ`bI ¦;O;a<iÞJ >QP+_Á`bIN_ÞM\À >]h+a<UoioIN_Á_oc+a�¦]>QP1Uu_NÝ
`bI�É+iocLa<U2J+I���O;PLJ�IN_�U¢É+a<INP�h+`<c+_/abS/hO;i�U\>QP1U/h4O;c+iÊ`<IN_/É >Q_j_oIN_fS2>Q_j_oIN_TÝÁijINP+J+>QP1Uf`bITc+iÊ>]P >Q`<¿r_jI
ÉIN>Qc+MTO;c+h�h+`bc+_ JLKN`ba<M">]UoIQ:

�Î¶sÇS¶)Ç ¢ª»2À�»w½�Ê¦Ë�¾aà�À£�Â¿2Ã ¤
Ê�Ã�ÃÍ¿2Ã�� Ê�Ã�ÃÍ¿2Ã

=&IT_�U\>Qced�J+I�h+ioOrJ+c+M�UuabOQP/JLIN_�É >Q_o_jIN_�SÊ>]_o_oIT_ÁITP2MTO;`b`<ab_jabO;PEh+ioOQUoO;Pe°±h+ioOQUoO;PÂ_oO;P1U�M">]`bMNcL`bKN_�>"¦;ITM
�[¿rUoÀ+a¯>e:;=.IN_ÞMNOQ`b`ba<_oa<O;P+_»J�Çma<O;P+_�`<O;c+ioJL_[_oO;P1U��Vc >QP1UÁ��IN`<`bIN_�¦ecLIN_�MNO;S/S2Ixc+P+I _oOQS2S/ICJ+I�MNOQ`b`ba<_oa<O;P+_
h+ioO]UuO;Pe°±h+ioO]UuO;P�â�hLioOQUoO;Pe°´PLINcLUoioO;P/ITU�P+ITcLUuijO;Pe°´PLINcLUoioO;PÑãgÝr>w¦QINM�J+IN_�IT³ITUo_ÁPVc+MT`bK">]abioIT_Þ_oc+h+hL`bKNS/INPr°
U\>Qa<ioIT_N: �^��]Q� ß�È�Ý+`bI¡s;KTP+KNio>]UuITc+i^J+IAMNO;`<`bab_jabO;PL_xP+Ow¿1>]ce°´P+Ow¿;>Qc�ÝÑIN_�U�JLO;P+MAÉ >Q_jKD_jc+i^�[¿rUoÀ+a¯>e:

Ã;W
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=»>v_jabS�cL`¯>]UoabO;PµJ+I(MNOQ`b`ba<_oa<O;P+_/h+ioOQUoO;Pe°±h+ioOQUoO;P�IT_jUf��>Qa�UuI�>"¦QINM×`bI�sQKNP+KTiu>]UoINc+i�®�OQPVUoI�° @C>Qio`<O

�[¿rUoÀ+a¯>×ÃL:YGe9"�L:[ß�OQc+_ÂcLUua<`bab_jO;P+_Ë��¿VUoÀ+a¯>×ÃLÝ[É+>Q_oK�_ocLi2Ä O;i�Uuio>QPµ�;�eÝ[MN>Qi�`¯>y¦QINij_oabOQP�WÔâ�KNMNija<UoI�ITP
@DfgfDã�P�ÇáIN_jUAh+>Q_¡INP+MTO;ioIË_oc��/_u>]S2S/INP1U¡UuIT_jUoKNI�h4O;c+i�Æ�UuijI�J+abs;PLIËJ+I�MTO;PLRÑ>]P+MNI]:��ÞO;abMTa�c+PLI�`ba<_jUuI
J+IN_¡hLÀ+KNP+OQS2�TP+IN_Ah+À1¿r_oa<�rcLIN_DJ+KNMTioa<Uo_¡h >Qi¡�[¿VUuÀLa¯>¢`bOQio_�J�Çác+P+IÂMTO;`b`<ab_oa<O;P�h+ioOQUoO;Pe°±h+ioOQUoO;P�ÝJ+O;P+P+KT_
J >QP+_�`<INc+i O;ijJ+ioI¡M\ÀLioO;P+OQ`bO;s;a<�Vc+I¡J�Çác+P+IDioK">]MTUua<O;P(ç

9;: h+ijOQUuOQP+_�abP+MTabJ+ITPVUo_NÝ J+KTMNija<Uu_�h >]i c+P+IAMNITijU\>]abP+IAJ+a<_jUuijabÉ+ceUuabOQP¢J+IAh >Qi�UuO;P+_Eâ���B�Ä�ã�:
Ge: io>QJ+a¯>tUuabOQP+_CJ >QPL_^`5ÇmK�U\>]U�a<P+a<Uoa¯>Q`5ÝVh >Qi I�deITS2h+`<I

q → qg
J�Çác+P��Vc >]io�fabPLMNabJLINP1U":

XL: h+ijOeMTIN_j_oc+_^J+c+i¡çec+P�h >QijUoO;PfJ+I¡M\À >]�rcLIDhLioOQUoO;P�abP1UuITiu>Qs;a<_o_jINP1U":+@�ÇmIT_jU^`bI�hLioOrMNIN_j_oc+_�`<I�h+`bcL_
a<S2h4O;ijUu>QP1U":

�+: J+KT_oa<PVUoKNs;io>]Uua<O;P�J+IN_^ioKT_oO;P+>QP+MNIT_���Uoio�N_�MTO;c+ijUoIAJ+c+ioKTIEJLIA¦ra<I¡MNO;S/S2I¡`<IN_
W±

O;c�`bI
Z0 :

Fe: io>QJ+a¯>tUuabOQP+_CJ >QPL_^`5ÇmK�U\>]U R+P >Q`å:
ÃL: ITPfh >Qiu>]`b`b�T`bI^>Qc¢hLioOrMNIN_j_oc+_�J+cLiNÝrabP1UuITiu>QM�UuabOQP+_xITPVUoioI�`<IN_ >]cLUuijIN_xh+>QijUoO;P+_CJ+IT_Ch+ijOQUuO;PL_CabP+MTa�°

J+ITP1Uu_NÝÑI�U�io>QJ+ab>]Uua<O;P+_ >Q_j_oOrMNa<KNIN_T:
�e:C��io>Qs;S/INP1Uu_�ioIT_jUu>QP1Uu_�J+IN_^h+ijOQUuO;PL_NÝ MNOQP+P+INM�UuKT_�>Qc�ioIT_jUoIDh+>Qi�J+IN_�abP1UoINiu>]MTUua<O;P+_ J+IAMTO;c+`bITc+iN:
WL: À >]J+ioO;PLab_u>tUuabOQPfJ+IN_^�Vc >Qio�V_^ITU�J+IT_�sQ`bc+O;PL_ J+IA`åÇáKTU\>tUCR P >Q`5:
ÒL: J+KT_oa<PVUoKNs;io>]Uua<O;P�J+IN_^h >Qi�Uua<MNc+`<IN_CR P >]`bIN_ a<P+_jUu>QÉ+`<IN_N:
� M\À >QMNcLP+IÞJ+I�MNIT_»K�U\>Qh4IN_TÝwJ+IN_.hLioO;É >]É+ab`<a<UuKT_æJ�ÇáOrMNMNcLioioITP+MNIÞJ+I�UoO;c+_.`bIT_�h+À+KTP+O;S/�NP+IT_&hO;_j_oa<É+`bIT_

_oO;P1UAa<PVUoioOrJ+c+a�UuIN_T:&@xIN_Ah+ijO;É >QÉLab`ba�UuKT_�_oOQPVUDMTO;P+PVc+IN_E�fh >Qi�Uuabi�J+IN_¡UuÀLKNO;ijabIN_���OQP+J >QS/INP1U\>]`bIN_T:.�n>]i
I�deINS/h+`<IQÝ"`b>�?A@CBµJ+KNMTioa<U&`b> h+ioO;É+>QÉ+ab`<a<UoKnJ�ÇáKNS/ab_j_oabOQPDJæÇmc+PDs;`<c+O;PAh >Qi&c+PD�Vc >Qio� � :w=�Çma<PVUoioOrJ+c+M�UuabOQP
J+IfMNIT_2hLioO;É >]É+ab`<a<UuKT_ËO;ÉL`babsQIf����>QabijI¢c+PµM\À+O;a�d INP1UuijI�hL`bc+_jabINcLio_�h4O;_o_jabÉ+a<`ba<UoKN_T:[��OQc+iÂMNIN`b>LÝ[a<`xIN_�U
P+KNMTIN_j_u>Qa<ioI�JæÇmcLUoab`<ab_oITi�J+IN_ÁS2K�UuÀ+OrJ+IT_ÁJ+I�®�O;P1UoI�°�@C>]io`bODcLUoab`ba<_u>QP1UÞJ+IT_ÁUoabiu>]s;IN_�>Q`<K">]UoO;abijIN_N:rÈ¡iuî]MNI^�
MNIT_[S2K�UuÀ+OrJ+IT_NÝtab`VIN_�U�J+O;P+MxhO;_j_oa<É+`bI�J�ÇáabS/a<UuITi&`bI�h+`bc+_»R J+�T`bINS/INP1UnhO;_j_oa<É+`bIÁ`¯>�P+>]Uuc+ijIxITP�_oabSËc+`¯>QP1U
UuO;ceUuIN_�`<IN_ h >Qi�Uua<MNc+`<IN_ MNijKNKTIN_^J�ÇmcLP+IEMTO;`b`<ab_jabO;P�:
Ì�¹5�T0"*]¹�¼�)&0-¹�647��D�r7

pT
�10/�r7

y
=»>�J+ab_�UuijabÉ+cLUoabO;P×ITP

pT
J+IT_Ëh >Qi�Uua<MNc+`<IN_Dh+ioOrJ+c+a�UuIN_Dh >QiE�[¿VUuÀ+ab>yIN_�U�>-êjc+_�UuKTIÊ_oIT`bO;P#c+P+IÊJLab_�°

UuijabÉ+cLUoabO;PµJ+I�ioKT��KTioITP+MNIvç�`¯>×J+a<_jUuijabÉ+ceUuabOQP�ITP
pT

J+IT_
π
:Á@xITUjUuI�J+ITioP+a<�NijI�>¶K�UuK�S/IN_jc+ioKTIyh >]i

`åÇáI�deh4KNioa<INP+MTIE@CB�Ä�>]c�Ä ITioS/ab`¯>]É¢ITU^IN_�U^É+abITP�JLKNMNija<UoIDh+>Qi `¯>�`bOQaæJ+IAh+c+a<_o_o>QP+MNIÏ.m�QX!0Þç

E
d3σ

d3p
= A

pn0
(pT + p0)n

,
â��+:�9w{1ã

O,+
A
IT_jU cLP¢��>QMTUoINc+iCJLI�P+O;ijSÊ>Q`<ab_o>]Uua<O;P�Ý

p0 = 1.3
ITU
n = 8.28

: @xI�UoUoI�`bO;a4IN_�UC¦]>Q`¯>]É+`bI^hOQc+ixc+PLI
abS/h+c+`<_oabOQP2Uuio>QP+_�¦;INij_oIE_oc+h4KNijabINcLioID�Â{L:HF/È¡I±�×N

c
:

=»>AJ+a<_jUuijabÉ+ceUuabOQP/ITP
pT

J+IN_x>QcLUuijIN_�h >Qi�UuabMTc+`bIT_ÞIN_jUÁs;KTP+KNijKNI�ITP2��O;PLMTUua<O;P/J+I�MTIN`<`bI�J+IN_
π
:r��O;cLi

`bIT_ ioKN_jO;P >QPLMNIN_^J+IAÉ >Q_j_oIT_�S2>Q_o_jIN_NÝ `b>�J+ab_�UuijabÉ+cLUoabO;PfceUuab`<ab_jKNI�IT_jU^J+O;P+PLKNIDh >Qi×.m�]��0�ç

dNX

dpT
=





√

m2
π + p2

T + 2
√

m2
X + p2

T + 2





12.3

· dNπ

dpT
,

â��+:�9;9-ã

O,+
X = ρ, ω

O;c
φ
:V=&>AR sQc+ioI��+:�9"�DS2O;P1UoioI�`¯>¡J+a<_jUuijabÉ+ceUuabOQP�INPÊa<S2hLc+`b_jabO;PËUoiu>QPL_j¦;ITio_jI�J+IT_

ω
`bO;ij_

J+I�MTO;`b`<ab_oa<O;P+_^he°´h×��9N�f¥�I±�Ë:.Z[U\>QP1UAJ+O;PLP+KNIT_¡`bIN_¡S2>Q_j_oIN_�Uoio�T_¡_oabS/ab`b>QabijIN_�J+c
ω
ÝJ+c

ρ
ITUAJ+c

φ
Ý
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5�6879� �L:<9"�¼	¢B�a<_jUuijabÉ+ceUuabOQPfINP�abS/h+c+`b_jabO;P2Uuiu>]P+_j¦QINio_jIËJ+IT_
ω
`<O;io_ J+IAMTO;`b`<ab_oa<O;P+_Áhe°´h��f9"�Â¥�I±�Ë:

`bITc+io_CJLab_jUoioa<É+cLUua<O;P+_�INP
pT

_oOQPVU Uoio�T_ _oabS/ab`b>QabijIN_^â�`åÇáKN�Vc >]UoabO;P¢�L:<9;9¡PLI¡J+KNh4INP+J��Vc+I¡J+I¡`b>ËS2>Q_o_jIwã�:
@xO;P+MNITioP >]PVUD`b>¢iu>Qh+a<J+a<UoK¼ÑwÝ�`b>¢J+ab_�UuijabÉ+cLUoabO;PycLUua<`bab_jKNIEIN_jUDc+PLIÂ��OQP+MTUoabO;P(h+`b>]UuIËINP1UuijI�°±�fITUA�+:

��O;cLiC`bIT_xioKTs;abOQP+_ >Qc¢JLIN`¯�EJ+I¡MNIT_x¦]>Q`bITc+io_TÝLc+P+I¡JLab_jUoioa<É+cLUua<O;P/s1>Qc+_j_oabITP+P+I¡MTINP1UuijKNI¡INPf��â�ioIT_oh�:+ITP
°´�VãCI�U�J�ÇáKNMN>QijU�°±U´¿rhIÊ9�IN_�U�cLUoab`ba<_oKTIQ:Ñ=&>2R s;cLioIË�L:<9-FÂS2OQPVUoioID`¯>/J+ab_�Uuioa<É+cLUoabO;P�INP�io>Qh+a<J+a<UoKDJLIN_

ω
Ý

>QabPL_oa»�rcLI�`¯>2JLab_jUoioa<É+cLUua<O;PyITP×h+_oITc+J+O;io>Qh+abJLa<UuKEMNO;ijioIT_oh4O;P+J >QP1UoIQ:.=.IN_¡JLab_jUoioa<É+cLUua<O;P+_^INP×iu>]h+abJ+a�UuK
J+IN_

ρ
ITU^J+IT_

φ
_jO;P1U�a<J+INP1Uoab�Vc+IN_^��MNIT`b`<I¡J+c

ω
:

5�6879� �+:<9wF×	fB�ab_jUoioa<É+cLUua<O;PfINP�iu>]h+abJ+a�UuK�JLIN_
ω
`bO;ij_ J+IAMNO;`<`bab_jabO;PL_Áhe°±h���9N�/¥»I±��â�Uoiu>Qa�U h+`bITabPÑãgÝLI�U

J+ab_�UuijabÉ+cLUoabO;PÊINP�h+_oITc+J+O;io>Qh+abJLa<UuK¡MTO;ioijIN_jhO;PLJ >QP1UuIÊâ�h4O;abP1Uoab`b`<KN_uã�:

ß�OQUoO;P+_ÞhOQc+i�R P+abi��Vc+I^`¯>¡J+a<_jUoioabÉLcLUua<O;P�INP2abS/h+c+`b_jabO;PËab_o_jc+I^J+IN_�J+ab_�UuijabÉ+cLUoabO;PL_[INP
pT

I�UÁITP
y

Ó����
�s�O�!���d�����
y

�z�l���d��¯4�|���Â�a�Z¢S¢S�
y = 1

2
ln
(

E+pL

E−pL

) �w°b�����D�<�÷���<¡��|�� ��Z���z�}�)�D8
���
�!�����4�d�Z�s�O�|���d�����D�|�Z�!�^���
����¢S�����^�)�������)�� Õ���÷�)�Z�
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J+O;P+PLKNIN_nMNa�°±J+IN_j_oc+_�IT_jU[��OQijUuITS2ITP1U[h+a<�rcLKNI ��É+>Q_o_jI abS/h+c+`b_jabO;PæÝ"¦;INij_C9^È¡I±�
/c
:Q@xITUoUoICJ+a<_jUuijabÉ+ceUuabOQP

IN_�U�S/O;P1UuijKNIA�Â`¯>ËR sQc+ioIA�+:�9wÃL:

5�6879� �+:�9wÃ:	¢B�ab_�UuijabÉ+cLUoabO;PfITP�a<S2hLc+`b_jabO;P¢JLIN_
ω
`<O;io_ JLIDMTO;`b`<ab_jabO;P+_Áhe°´h��f9"�Â¥»I±��:

���r�Â¼��+�"�N�r�2!¶� �"�N�r��ª&)»�r�Â���L*f���y�N���r«Q0w*-64!$R10w*-�
ß�O;c+_�>Q`<`bO;PL_ÊMNOQS2S/INP+MTINifh >]ifM">Q`<MNc+`<INif`¯>#��io>QMTUoabO;PÅJLI%É+>Q_o_jIN_�SÊ>Q_j_oIT_�JLKTUuITMTUoKNI%J >QP+_�`bI

_oh4INM�UuioOQS2��UuioI�â5>QMTMNIThLU\>QPLMNI · I}�/M">]MNa<UoKwãg:L�»O;c+ixMTIN`b>LÝePLO;c+_xPLO;c+_xMTO;P+MTINP1UuijINioOQP+_ _oc+iÁP+OQUoioI�MN>QP >Q`J�ÇáKTUucLJ+I#ç
ω, ρ, φ → µ+µ−

:�¥»O;c+_Ê`<IN_2M\À+a<³ioIT_ÊJ+O;PLP+KN_¢MTa�°±J+IN_j_oO;c+_2P+IyMTO;P+MTINioPLINP1U�J+O;P+M��Vc+I
`bIT_¡ioKN_jO;P >QPLMNIN_D_oIÂJ+KT_oa<PVUoKNs;io>QP1UËJ+>QP+_A`bITc+i¡M">QP+>Q`[J+a<S�c+O;P+a<�Vc+IQ:��´`�IT_jUDKT¦ra<J+INP1UD�Vc+I2`b>¢h+`bcLh >QijU
J+IfMNIT_�ioKT_oO;P >]P+MNIT_/PæÇY>×>Qc+MTc+P+IfM\À >]P+MNI�J�ÇáÆTUoioI�J+KTUoINM�UuKNI�J >]P+_�`bI¢_jhITMTUoioO;S/�TUoioI���S�c+OQP+_NÝ[JLI
h >QiE`åÇm>QMNMTINhLUu>QP+MNIfsQKNO;S/KTUoioab�Vc+I2ioIT`¯>]Uoa<¦;ITS2ITP1UË��>Qa<É+`bI/J+I¢MTI¢J+INijP+abITiN:nB�I¢h+`<c+_NÝ�`¯>yh+ijKN_jINP+MTI�JLI
`åÇm>QÉ+_jO;ioÉ4INc+i�INS/hÆTM\À+I�`bIT_¡S�c+O;P+_�J+I�É >Q_j_oIÂKNP+ITios;a<I�J�Çm>]UoUoINa<P+J+ioI�`<IËUuio>-êjINM�UuO;sQiu>Qh+ÀLIQ:���c×UoOQU\>]`åÝ
_oITc+`b_[�Vc+IT`b�Vc+IT_[hOQc+ioMTINP1Uu_�J+IT_�É >Q_j_oIN_�S2>Q_j_oIN_nMNioKTKNIT_�J >QP+_[cLP+ICMNOQ`b`ba<_oa<O;PA_oO;P1UÞioITMNO;PL_jUuijc+a<Uo_nJ >]P+_
`bI�_jhITMTUoioO;S/�TUoioIQÝÑMTO;S2S/I�P+OQc+_^>Q`b`<O;P+_C`<I�¦;O;a<iN:

=»>%R s;c+ijI��+:�9-�¶h+ijKN_oITP1UuI×`¯>×��iu>QM�UuabOQP�J+I
ω

JLKTUuITMTUoKN_�INP���O;PLMTUua<O;P�JLc
pT

ITUfJ+I
y
:Áß�O;cL_

¦;Ow¿;OQP+_��Vc�Çm�yÀ >QcLU
pT

Ý.UuOQcLUuIT_Ë`bIT_EijKN_jO;P >QP+MTIN_�hLioOrJ+c+a<UoIN_DJ >QP+_E`åÇm>QMNMTINhLUu>QP+MTIÊs;KTO;S2K�Uuijab�Vc+I/J+c
_oh4INM�UuioOQS2��UuioIx_oO;P1UÞJ+K�UuINM�UuKTIN_N:V��hL`bc+_[É+>Q_

pT
h >Qi[MTO;P1UuijIQÝ;`b>�h+`bc+h+>QijUnJ+IN_�ijKN_oOQP >QP+MTIN_Þh+ioOrJ+c+a�UuIT_

J >QP+_n`åÇm>QMNMTINhLUu>QP+MNI JLc/_jhITMTUoioO;S/�TUoioI P�ÇáIN_�UÞh >Q_[J+K�UuITMTUuKTI^��M">Qc+_jI�J+IC`¯>�h+ioKT_oINPLMNI^J+IC`åÇm>QÉ+_jO;ioÉ4INcLi
ITU�J+c�R `�UuioIA��S�cLO;P+_N:

��M">]c+_oICJLICMNI�UoUuIÁ��>QabÉ+`<IÞI}�/M">QMTa<UoK ��É >Q_
pT

ÝQ`5ÇmIZ�/M">QMTa<UuK�abP1UoKNs;ijKNIC_jc+in`5Çma<S2h+cL`b_oa<O;P¡Uuio>QP+_j¦QINij_oI
IN_�U�abPL��KTioabITc+ioI���X;{yÛ¢ÝLS/ÆNS/I�h4O;c+iCJ+IT_�ioKN_jO;P >QPLMNIN_�h+ijOeJLc+a<UoIN_CJ >]P+_ `åÇm>QMNMTINhLUu>QP+MTIDsQKNO;S/KTUoioab�Vc+I
J+cÊ_jhITMTUoioO;S/�TUoioIQ:e@xI�UoUuI^É >Q_j_oI�I}�/M">QMTa<UoK�a<PVUoKNs;ijKNI]Ýra<`b`<c+_jUoioKNI��D`¯>�R s;cLioI^�+:<9"WLÝ1IN_�UCM">]c+_oKTI�h >QiÞ`b>
Uuij�N_nsQiu>QP+JLIÁh+ijO;h4O;ijUoabO;PDJ+IxijKN_jO;P >QP+MTIN_[hLioOrJ+c+a<UoIN_���É >Q_

pT
âÕ¦;O;a<i�`b>�R sQc+ioIÁ�+:<9N�Vã�:t=&>^R sQc+ioIÁ�+:<9"W

h+ioKT_oITPVUoIf>Qc+_j_oaÁ`bIN_DMNOQP+_oKT�rcLINP+MTIN_Â_oc+iË`åÇáI}�/M">QMTa<UoK2J�Çác+P+IÊMNO;c+hLc+ioI2_oc+iE`bIN_ES�c+O;PL_ËabPLJ+a<¦rabJLc+IN`<_N:
�´`[IN_�UAINP×IT³ITUDh4O;_o_jabÉ+`<I�J+I�P+IÂJ+KTMN`<INP+M\À+ITiA`bI�_jhITMTUuijO;S/�TUuijI��Vc+IÂ`bO;ij_o�Vc+I�`bIT_¡J+INcrd×S�c+O;PL_¡O;P1U
c+P

pT
_jc+h4KNioa<INc+i/�×{L:YF×ÈAI±�

/c
O;cµ�Ô9�ÈAI±�

/c
â�J+IN_ÂMNOQc+h+c+ijIN_/h+`bc+_ÂKT`bIT¦QKNIT_2_jO;P1U2KTs1>Q`<INS/INP1U

hOQ_o_oa<É+`bIT_\ãg:Ñß�O;c+_ ¦QO-¿QO;P+_��Vc+IDJ+IAUuIT`b`bIT_ MNO;cLh+c+ioIT_�O;P1U^c+P�IT³ITU�J+iu>QS2>]Uoab�Vc+I¡_ocLi�`b>ÂhLioO;h4O;ijUoabO;P
J+I�ijKN_oOQP >QP+MTIN_ ioITMNO;PL_jUuijc+a<UoIN_¡çeS2O;a<P+_xJLIAG(ÛÓJLIN_

ω
h+ijOeJLc+a<Uo_CJ >QP+_x`åÇm>QMNMTINhLUu>QP+MNI¡sQKNO;S/KTUoioab�Vc+I

J+c�_oh4INM�UuioOQS2��UuioIA_jO;P1U�ijINMNOQP+_jUoc+a<Uo_^h4O;c+i cLP+IAMNO;c+hLc+ioIE�f9ËÈ¡I±�
/c
:

ZÞP×a<PVUoKNs;io>QP1UA`¯>2R+s;c+ioI��L:<9-�¢_jc+i¡`¯>¢io>Qh+abJLa<UuK]ÝPLO;c+_¡O;ÉLUoINP+OQP+_A`¯>ÊR s;cLioI��+:�9wÒL:�@xITUoUoI�R s;c+ijI
h+ioKT_oITPVUoI�`¯>/h+ioOQhO;i�Uua<O;P�JLI

ω
ioITMNO;PL_jUuijc+a<Uo_�J >]P+_�`<IË_oh4INM�UuijO;S2��UuijIËINP���O;P+MTUoabO;P�J+I�`5Çma<S2h+cL`b_oa<O;P

�e9



5�6879� �+:�9-�:	���ioOQhO;i�Uua<O;P�J+I
ω
ioINMTO;P+_�UuiocLa<Uu_^J >QPL_�`bIA_jhITMTUuijO;S/�TUuijIËITP���O;P+M�Uua<O;P�JLIË`¯>Âiu>]h+abJ+a�UuK

ITU�J+IA`5Çma<S2h+cL`b_oa<O;P2Uoiu>QPL_j¦;ITio_jIQ:

5�6879� �+:�9wWS	D��ioO;h4O;i�UuabOQPEJ+I
ω
ioITMNO;PL_jUuijc+a<Uo_nJ >]P+_n`<IÁ_jhITMTUuijO;S/�TUuijIxITPË��O;P+M�UuabOQPEJ+IÁ`¯>^iu>Qh+a<J+a<UoKÞJ+c

ω
:-¥�ijO;ab_[MTO;c+ijÉIT_[_oO;P1U�hLioKN_jINP1UuKTIN_�çQ_o>QP+_[MTO;c+h+cLioIDâ�Uoiu>Qa�UnhL`bINa<PÑã�Ýt>"¦;ITM c+P+I MTO;c+h+c+ijI ��{L:YF�È¡I±�

/câ�UoabioI�UuKT_\ãxITU��f9EÈAI±�
/c

â�hOQabP1Uua<`b`bKT_\ãÞ_oc+i�`bIT_ S�c+O;PL_^a<P+J+a�¦ea<J+c+IT`b_N:

Uuio>QP+_j¦QINij_oIQ:eß�OQc+_�¦;Ow¿;O;PL_x�Vc�Çm�DÀ >]cLU
pT

Ý1INP1¦rabijO;P�9Q9
ÛòJLIN_
ω
_jO;P1UÁijINMTO;P+_jUoioc+a�Uu_TÝrMTI��rcLa4MTO;ioijIN_ °

hOQP+J%��`b>¢�Vc >Q_oa °±UoOQU\>Q`<a<UoKËJ+IT_
ω
h+ijOeJ+cLa<Uu_�J >QP+_A`åÇm>QMTMNINheU\>QP+MTIÂs;KNO;S/KTUoioa<�rcLI�J+c¶_jhITMTUoioO;S/�TUoioIQ:

B�I^h+`bc+_TÝ1`bIT_�MTO;c+h+cLioIN_Á_oc+iÞ`<IN_�S�c+O;P+_Þa<P+J+a<¦ra<J+c+IN`<_�P�ÇáabP�{ cLINP+MTINP1Ux�Vc+I^Uuij�N_ÞhITcÊ`<IN_
ω
�AÀ >QcLU

pT
:

�©É >Q_
pT

Ý `bI¡Uu>Qced�J+I
ω
ioINMTO;P+_�UuiocLa<Uu_^J >QPL_�`<I¡_oh4INMTUoioO;S/�TUoioIDIN_�U�Uoio�N_ ��>Qa<É+`bI]Ý+J+IA`åÇáO;ijJ+ioIAJ+IÂ9;:YF

Ûzh4O;c+i¡J+IT_
ω
J+I/{L:YF�ÈAI±�

/c
â�MNO;ijioIT_oh4O;P+J >QP1UE>Qc×h+a<M�J+IÂ`¯>¢J+a<_jUuijabÉ+ceUuabOQP�INP

pT
JLIN_

ω
ç�¦QO;abi

`¯>2R+s;c+ioIË�+:<9N�Vã�:æ=ÞÇáabP1UoioOrJ+c+MTUoabO;PyJ�ÇmcLP+I�MNO;cLh+c+ioI�_jc+i¡`bIT_�S�c+OQP+_�abPLJ+a<¦rabJLc+IN`<_�>¢c+P+I�sQiu>QP+JLI�abPe°
{ c+ITP+MNI�J >QP+_ÁMNITUjUuI�ioKNsQabO;P�çVc+P+I^MNO;c+hLc+ioI�J+I�{L:YFDÈAI±�

/c
_oc+i�`bIT_ÁSËc+O;P+_�abP+JLa<¦rabJ+cLIN`b_Þa<P+J+c+a�UÞc+P+I

MNO;cLh+c+ioI��Ë{L:mÃEÈAI±�
/c

_oc+iÁ`åÇáabS/h+c+`<_oabOQPËUuio>QP+_j¦QINij_oI¡J+IT_
ω
:VB�I�S2ÆTS2I]ÝrcLP+I�MTO;c+h+c+ijI�J+IE9�È¡I±�

/c
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5�6879� �+:<9"Ò-	f��ijO;hOQijUua<O;P¢J+I
ω
ioITMNO;PL_jUuijc+a<Uo_ J >QP+_�`<I�_oh4INM�UuioOQS2��UuioIAITP���OQP+MTUoabO;PfJ+IA`5Çma<S2h+cL`b_oa<O;P

Uuio>QP+_j¦QINij_oINI(JLc
ω
:�¥»ioOQab_ÊMTO;c+ijÉIT_¢_oO;P1UfhLioKN_jINP1UuKTIN_×ç�_u>QP+_ÊMNO;c+hLc+ioIÔâÕUuio>Qa<U2h+`bITabPÑãgÝ�>w¦QINM�cLP+I

MNO;cLh+c+ioID�Â{L:YFÂÈAI±�
/c

â�UoabijITUuKT_\ãxI�U��f9EÈ¡I±�
/c

â�h4O;abP1Uua<`b`<KN_\ãÞ_oc+i�`<IN_ S�c+OQP+_�abP+J+a�¦rabJ+c+IT`b_T:

_oc+i�`bIT_�S�c+OQP+_�a<P+J+a<¦ra<J+c+IN`<_�abP+J+cLa<U�c+P+IËMTO;c+h+cLioI��y9Q:YWfÈ¡I±�
/c

_oc+i�`5Çma<S2hLc+`b_jabO;P¢Uoiu>QP+_�¦;ITio_oI�JLIN_
ω
:
@xO;P+MNITioP >]PVUÂ`<IN_�ijKN_jO;P >QP+MTIN_

ρ
I�U
φ
Ý»`bIN_ËioKN_jc+`<Uu>]Uu_Ë_oO;P1U�Uoio�N_�_jabS/ab`b>QabijIN_A��MNITced JLc

ω
:n=&>

R s;c+ijI��+:HG]{AhLioKN_jINP1UuI�`¯>�h+ijO;h4O;ijUoabO;PÂJ+I
ρ
ITU�J+I

φ
J+KTUoINMTUoKN_ÁJ >QP+_Þ`bI�_jhITMTUuijO;S/�TUuijIQ:V£�INS2>Qio�Vc+OQP+_

�Vc+I�`¯>/SÊ>]_o_oIËh+`bc+_�KN`<IT¦;KTI�J+c
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>Qc+s;S/INP1UoIEJ+OQP+MË`<KNs;�TioINS/INP1UNÝh >]_o_u>]PVU�J+IÊ9N�1Ò¢®�I±�

/c2
�¢G;GQ{Ê®�I±�

/c2
:�n>Qi^MNOQPVUoioI]Ýæ`bI

ω
I�U�`bI

φ
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h >Q_�`bIT_�h >QijUoabMTc+`bIT_^_jINMTO;P+J >Qa<ioIT_�h+ijOw¦;INP+>QP1U�J�Çác+P+IE>QcLUoioIAh >Qi�UuabMTc+`bI¡h4O;cL¦]>QP1U^ÆTUoioIDÀ+O;ij_^JLIEMTITUoUoI
³�¬Q�Z�|���|�|��9 �}�!�f�)���}�n�}�Z�!���������|�|�H©|���9���Z���}���|��8D¢F�µ´ �!�O�d�)���|���z�l���)�������z�	89�k� �<���O���¶´k��Õ�4�^�4�O�£���9�)�����������Z�.;

H =
2
√

2 ln(2) · σ ≈ 2.355 · σ
�

�;F



>QMNMTINhLUu>QP+MTIQ:4B�IAP+O;S�ÉLioINcrd
π
I�U
K

_oOQPVU^J >]P+_�MTIAM">Q_TÝ ITU^`bI¡É+ijc+a<U�JLIA��OQP+J�PLO;Pe°´MTO;ioijKN`<K¡�rcLa»ITP
ioKT_oc+`�UuI¡IN_�U�JLO;P+MA`bKTs;�NijINS/INP1U�_oO;cL_^IT_jUoabS/K¡J >QP+_�P+O;_�_jabS�c+`b>]Uua<O;P+_T:

Ð ���r«Q0w*-���e7Å!¶� �"�N�y¹57ªL�+*t¹��+70w�
=»>(R s;cLioI��+:HGQG×S/O;P1UuijI�`<I�_jhITMTUoioIyITP�S2>Q_o_jI�a<P1¦Q>]ioa¯>]PVUoI�>]UoUoINP+J+c�J >QP+_/`bI�_oh4INM�UuijO;S2��UuijI

��S�c+O;PL_/`<O;io_ËJ+I�MNO;`<`bab_jabO;PL_Eh+ijOQUuOQPe°´h+ijOQUuOQP�:[Z�Pµh+ioa<_oIfJ+I�J+O;PLP+KNIT_/ijKNIT`b`bIT_Â�(c+P+I�`bc+S/abPLO;_oa�UuK
J+I

1030 MTS
−2 _ −1 ÝncLPÔUoIN`C_jhITMTUoioI�_oITiu>(O;ÉLUoINPVcÔINPÔ�Vc+IN`<�rcLIN_ÂÀ+INcLioIN_�â ∼ 109 MNO;`<`ba<_oabOQP+_\ãg:&=&IT_

MNO;PLJ+a<UoabO;P+_ÞJ+I�_oa<S�c+`¯>tUuabOQP/ceUuab`<ab_jKNIN_Þ_jO;P1U MNIT`b`bIT_ÁhLioKNMTKNJ+ITS2S/INP1UxMNa<UoKNIT_N:+Z�P¢h+>QijUoabMNcL`babITiNÝ;`<IN_Áh >Qi�°
Uua<MNc+`<IN_�_jO;P1U�UuOQcLUuIT_�s;KNPLKNioKTIN_¡J >]P+_�`åÇm>QMTMNINheU\>QP+MTI�s;KNOQS2K�Uuioa<�Vc+IËJ+c(_jhITMTUoioO;S/�TUoioIQ:æ=.I�É+iocLa<U�JLI
��O;P+J�PLO;Pe°´MTO;ioijKN`<KE¿�IN_jU�J+O;P+M�`<KNs;�TioITS2ITPVU�_oO;cL_�°´IT_jUoabS/KQ:�B�I�h+`bcL_NÝæ`b>2MTO;P1Uuioa<É+cLUoabO;P�J+c

J/ψ
IT_jU

��O;ijUoINS/INP1U�_jO;c+_�°±IN_�UuabS/KNIÊJ >QP+_�MTIf_oh4INMTUoioI]:ÞZÞP I�³æI�U"Ý[`<IN_�JLINioPLab�NijIN_Â_oa<S�c+`b>]Uua<O;P+_AO��/MNa<IN`b`<IN_�JLI
��=.��@CZ�h+ijKT¦QO;abITPVU^c+PLIDMTO;P1UuijabÉ+cLUoabO;PfITP1¦ea<ioO;P�FË��O;a<_Ch+`bcL_ abS/hO;i�U\>QP1UoI��Vc+IAh+ioKT_oINP1UoKNIDabMNa5ÝL_jc+a<UoI
��c+P+IAP+O;cL¦QIN`<`bI¡IN_�Uua<SÊ>]UoabO;PfJLID`b>�_oITMTUua<O;P�I}�/M">QMTIEJLIDhLioOrJ+c+MTUoabO;PfJLc

J/Ψ
.m�;F!05:

5�6879� �+:HGQGÂ	Âqeh4INM�UuioI�ITP2S2>Q_o_jI�abP1¦]>Qioab>QP1UuICUuIT` �Vc+I ¦ec/J >QPL_Á`<I _oh4INMTUoioO;S/�TUoioI^�¡S�c+O;PL_�h4O;c+i
109MNO;`<`ba<_oabOQP+_&h+ioOQUoO;Pe°±h+ioOQUoO;P��E9"�¡¥�I±�Ë:;=.IN_nJ+a<³KNijINP1UuIT_�MNO;P1UuijabÉ+ceUuabOQP+_[��MTIC_oh4INM�UuijI _oO;P1UÞ_oKTh >QijKNIN_ ç

`bIT_EijKN_oOQP >QP+MTIN_
η
â�É+`<INc#MT`¯>Qa<i\ãgÝ

ρ
â�É+`<INc¶��OQP+MNK"ã�Ý

ω
â�¦;ITijU���OQP+MNK"ã�Ý

φ
â�¦QINi�U�MN`b>Qabiuã¡I�U

J/ψ
â�É+`<INc

��O;P+MTKA� ∼ XL:�9DÈAI±�nN
c2
ã�Ý+`<I�É+iocLa<U J+I���OQP+J�h+ioOw¦;ITP >QP1U^J+IN_

D
I�U
B

â�¦rabO;`<ITU\ã�ITU�`<I�É+ijc+a<U JLI���O;P+J
P+O;Pe°±MNO;ijioKT`bKÂâ

π
Ý
K
Ý.:<:�:�ç ijO;c+s;I"ã�:

Z�Uu>QP1UyJLO;P+P+K%�Vc+I¶MTI¶_jO;P1UyJLIN_�_oabSËc+`¯>]UoabO;PL_NÝxa<`�IN_�Uyh4O;_j_oabÉL`bI×J+I%_oKNh+>QioITi�`<IN_�J+a<³KNijINP1UuIT_
MNO;P1UoioabÉLcLUua<O;P+_Á>Qcf_oh4INM�UuioI�INPfS2>Q_o_jI�abP1¦]>Qioab>QP1UuI]:+@�ÇáIN_�U MNI¡�Vc+aæ>ËKTUoK���>Qa<Ux�Ë`b>ER s;c+ijI��+:YG;Ge:eß�O;cL_
¦;Ow¿;OQP+_n�Vc+IÁ`bIN_»ioKT_oO;P+>QP+MNIT_�â

η
Ý
ρ
Ý
ω
Ý
φ
ITU
J/ψ

ã.hO;cL_o_oITP1U[_ocLi�c+PËMNO;P1Uua<PVc+c+S�:t@xIxMNOQPVUoabPVc+c+S�IT_jU
MNO;PL_jUua�Uuc+KDJ+c�ÉLioc+a�U�J+ID��O;P+J�PLO;Pe°´MTO;ioijKN`<KQÝÑJ+IN_�M\À >QijS2IT_�O;cL¦QINi�Uu_Ââ

D
ã�I�U�J+IT_�É4I">QcLUoKN_�O;cL¦;ITijUoIN_

â
B
ãg:
=&IDÉ+ijc+a<U^J+ID��O;P+JyhLioOw¦;ITP >QP1U�J+IT_��Vc >Qij�V_�M\À >QijS2KT_�I�U�J+IT_�É4I">QceUuKN_�hITcLU�ÆTUuijIE_jKNh >]ioKË_jIN`<O;P

_oIT_DUoioO;a<_¡MNO;P1UuijabÉ+ceUuabOQP+_Âç.`¯>fMNO;P1UoioabÉLcLUua<O;P×J+IN_Dh >Qa<ioIN_
DD̄

Ý&MNIN`<`bI�J+IT_Eh+>QabijIN_
BB̄

ITUEMNIN`<`bI�J+IT_
h >Qa<ioIN_

DB̄
O;c
BD̄

:-=»> R s;cLioIÞ�+:YGQX S2O;P1UoioIÞ`åÇáabS/hOQijU\>]P+MNI�ioIN_jhITMTUoa<¦;I�J+I�MNIT_»UoioO;a<_.MNO;P1UuijabÉ+ceUuabOQP+_N:
�QÃ



5�6879� �+:HG]X�	�@xO;P1UoioabÉLcLUua<O;P+_�J+IT_ÁM\À >]ioS/IN_ÞITU�J+IT_�É4I">]cLUuKT_�ç;h+>QabijIN_
cc̄

â�ijO;c+s;I"ã�Ý1h >Qa<ioIT_
bb̄

âÕ¦ea<O;`bI�Ugã
ITU�S/KN`b>QP+s;I

b− c
â�ÉL`bINc ã�:

@xO;S/S2IDO;P(h4INcLU¡_TÇá¿�>]UoUoINP+JLioIQÝæ`bIN_�h >Qa<ioIN_
DD̄

_oOQPVU�`bIN_�h+`bc+_�abS/hO;i�U\>QP1UoIN_NÝ4ITU�`bIN_�h >Qa<ioIN_
BB̄_oO;P1U�`<IN_[S/O;a<P+_nP+OQS�É+ioITc+_oIT_N:r@xIT`¯>�IN_�UÞJQPÂ��`åÇm>QÉ4O;P+J >]P+MNICPLITUoUoINS/INP1UÞh+`<c+_[abS/h4O;ijUu>QP1UnJ+I �Vc >]io�V_

c
h >Qi io>Qh+h4O;ijU^>]ced��Vc >Qij�r_

b
J+>QP+_�c+P+IAMNOQ`b`ba<_oa<O;P�:

=»>�s;iu>]P+J+I/SÊ>-êjOQioa<UoK�J+IÊMTI2ÉLioc+a�UËJ+IÂ��O;P+J¶IN_�U�MNOQioioKT`bK]:�Z�P¶IT³ITU"Ý»`bIT_E�Vc >]io�V_
c
ITU
b
KTUu>QP1U

h+ioOrJ+c+a�Uu_Áh >Qi h >Qa<ioIT_Aâ
gg → bb̄

h >]iCI�deINS/h+`<Iwã�ÝL`bIN_xh >QabijIN_
DD̄

ITU
BB̄

a<_o_ocL_ J+I¡`bITc+iCÀ >QJLioO;P+a<_u>t°
Uua<O;P�_oOQPVU�MNO;ijioKN`<KNIT_N:.=.O;ij_o�Vc+I�`bIT_�J+ITced(_jI�J+KN_jabP1Uu�Ts;ioITPVUDJ >]P+_�`bITc+i�MN>QP >Q`�S�c+O;P+a<�Vc+IQÝ`bIN_�J+INced
S�c+O;PL_�MTO;ioijIN_oh4O;P+J+>QP1Uu_�_jO;P1U�J+O;PLMËMNOQioioKT`bKT_N:4�n>Qi�>Qab`<`bITc+io_TÝ c+P+IËsQiu>QP+JLIEh >]ijUua<IEJLIË`¯>�UuijO;ab_jab�TS2I
MNO;P1UoioabÉLcLUua<O;P�â�S/KN`¯>]P+s;I

b − c
ã¡IN_�UËIT`b`<I2>]c+_o_jaÁMTO;ioijKN`bKTIQ:&Z�PvI�³æI�U"Ý&`¯>�h+`bcLh >QijUDJ+I/MNIT_ËJ+a<S�c+O;PL_

_oO;P1U�ab_o_jc+_�J�Çác+P+IËh >QabijI
bb̄
Ý`<O;io_j�rcæÇmc+P(S/KN_jO;P�É4I">Qcy_oI�J+KT_oa<PVUo�Ns;ijI�INP(cLP�S2KT_oO;PyM\À >QioS/KQ:�@xINMTa

IN_�U�`<I¡M">Q_�h4O;c+i ITPV¦ra<ioO;Py�Q{yÛÓJ+IN_^J+abSËc+O;P+_ h+ijOw¦;INP+>QP1U�J�Çác+P�MNO;cLh+`bI
c− b

:
=&I/É+ijc+a<UEJ+I2��OQP+J#P+OQPe°´MTO;ioijKN`bKyâ�MTO;S�É+a<P >]UoO;abijIwã�h+ijO-¦ra<INP1U��Vc >QP1U���`bcLa�J+IN_�MTO;`b`<ab_jabO;P+_�hO;cLi

`bIT_o�Vc+IN`<`bIT_�J+INcrd%S�c+O;P+_¡JLI�_oO;c+ijMNIT_EJ+a�³æKTioITPVUoIN_A_oOQPVUAhLioOrJ+c+a<Uo_¡h >Qi¡À >]_u>QijJ%J+>QP+_¡`åÇm>QMTMNINheU\>QP+MTI
J+I¢_jhITMTUuijO;S/�TUuijIQ:[�´`x_NÇm>Qs;a<UËINPÔh >Qi�Uua<MNc+`<abINiDJ+IT_

π
I�U�J+IT_

K
ç
π± → µ±νµ

I�U
K± → µ±νµ

:
Z�PyIT³ITUNÝÉLabINP��Vc+IË`<INc+i^J+INS/a�°å¦rabI¡J+IE`åÇáO;ioJ+ijIAJ+I

10−8 _^`bINcLi�J+OQP+P+IËcLPy`ba<É+ioIAh >]ioMNOQc+io_^S2Ow¿QINP
J+IDh+`bc+_jabITc+io_^S2��UuijIN_NÝÑc+PLIËMNITijUu>QabP+IDh+ijO;hOQijUua<O;P�J�ÇáINP1UuijI�INced�_jIËJ+KT_oa<PVUo�Ns;ijI�>"¦]>QP1U�`5ÇY>]É+_oO;ijÉITc+iN:
¾xabITP��Vc+I�MNI�UoUoI�h+ioOQhO;i�Uua<O;Py_jO;a<U���>QabÉ+`<IQÝÑ`åÇm>QÉ4O;P+J >]P+MNI�JLIN_

π
I�U¡J+IN_

K
`<O;io_�J�Çác+P+I�MNOQ`b`ba<_oa<O;P�ITP

��>Qa<U[`¯>¡h+ioa<P+MNa<h >Q`<I MNO;P1UuijabÉ+ceUuabOQP2>]c2É+ijc+a<UÞJLI^��O;PLJ2P+OQPe°´MTO;ioijKN`bK]:1=.I^��OQP+J2PLO;Pe°´MTO;ioijKN`<K h+ioOw¦;ITP >QP1U
J+I�UuOQcLUuIT_¡`bIN_�MNO;S�ÉLabP >Qa<_oO;PL_�h4O;_o_jabÉ+`<IN_�ITPVUoioIÂ`bIT_�S�c+OQP+_¡J+IN_¡ijKN_jO;P >QP+MTIN_AITUA`<IN_�SËc+O;P+_¡J+IT_

DITU�J+IT_
B

IT_jU�É+abITP�hL`bc+_C��>Qa<É+`bI]:
ß�O;c+_¡¦QO-¿QO;P+_E_oc+iA`¯>¢R sQc+ioIÂ�+:YG;G¢�Vc+I2`<IN_AioKT_oO;P+>QP+MNIT_EJLI2É >]_o_oIT_ES2>Q_j_oIN_A��O;ijS2ITPVUAJLIN_Dh+abMT_

MN`b>QabijINS/INP1U ¦rab_oa<É+`bIT_N:4=�Çma<P1UuINPL_oa<UoKEJLcy_oa<s;P >Q`&I�U�J+c�É+iocLa<U�>QabP+_ja&�rcLIË`bIAio>Qh+h4O;ijU�_oa<s;P >Q`._jc+i�É+ijc+a<U
hOQc+i�M\À >QMTc+P+I�JLIN_�UuijO;ab_�ijKN_oOQP >QP+MTIN_x_jO;P1U�h+ioKT_oINP1UoKN_ >Qc�Uu>QÉ+`bIN>QcÂ�+:á�+:V=.IN_Þ¦Q>]`bINcLio_�J+O;PLP+KNIT_ÁJ >]P+_
MNI^U\>QÉ+`<I">QcÊ_oO;P1UCMN>Q`bMTc+`bKTIN_CJ+>QP+_x`b>EijKNs;a<O;P

[M − 2σ,M + 2σ]
ÝeO�+

M
IN_�U `¯>A¦Q>]`bINcLixS/O-¿QINP+PLI�ITU

σ
`åÇáKNM">]ijUj°åU´¿rhIAJ+IA`¯>Ë��OQP+MTUoabO;Pfs1>]c+_o_jabINPLP+IË>wêjc+_jUoKNIE�Â`b>�ioKT_oO;P >]P+MNI]:
ß�O;c+_ ¦QO-¿QO;P+_^�Vc+IE`<I¡_oa<s;P >Q`.>tUoUuITP+J+c�IN_�U�JLINced���O;a<_ h+`bcL_ abS/hO;i�U\>QP1U h4O;c+i `<I

ω
�Vc+IAh4O;c+i�`bI

�;�



£^KT_oO;P+>QP+MNI qeabs;P+>Q` ¾xioc+a�U qeabs;P+>Q`�_ocLi^ÉLioc+a�U
ρ

F]WQ�1{ Ò1G;FQ{ {e:YÃ;X
ω

9w{1�]{;{ FQX;{;{ Ge:m{
φ

F]�;W;{ Ã;Ã;X;{ {L:mW;X
������� �+:á�§	Ê�´P1UuITP+_oa�UuKAJ+c�_oa<s;P >Q`�I�U^J+c�É+ioc+a�U�ITU^iu>]h+hOQijU _jabs;P >]`�_oc+i�É+ijc+a<U�h4O;c+i `<IN_ ijKN_oOQP >QP+MTIN_
J+IAÉ >Q_j_oIN_^S2>Q_o_jIN_�J+IA`¯>ËR sQc+ioIA�+:YG;GeÝ+h4O;c+i

109 MTO;`b`<ab_jabO;P+_Áh+ioO]UuO;Pe°±h+ioO]UuO;P��f9"�Â¥�I±�Ë:

ρ
ITU�`bI

φ
:æ=&>ÊMN>Qc+_jI�INP(IN_�U¡`¯>/_oc+a�¦]>QP1UuI¢ç4`bIEiu>Qh+h4O;i�U�J�ÇáINS�ÉLiu>QP+M\ÀLINS/INP1UAJ+c

ω
ITP(J+abS�cLO;PyIT_jU

J+INcrd(��O;ab_¡hL`bc+_¡s;io>QP+J%�Vc+IÂ`bI�iu>]h+hOQijUAJ�ÇáINS�ÉLiu>QP+M\ÀLINS/INP1UËJLc
ρ
INP%J+abSËc+O;P×hOQc+i¡c+P%P+O;S�É+ijI

KNs1>]`CJ+I
ρ
ITU/J+I

ω
h+ioOrJ+c+a�Uu_�h+>Qi�MNO;`<`ba<_oabOQP�Ý&ITUÂ`bIfPLO;S�É+ijIfJ+I

φ
h+ioOrJ+c+a�Uu_�h+>Qi�MNO;`<`ba<_oabOQP#É+a<INP

h+`bcL_^��>Qa<É+`bI¡�Vc+IE`bIAP+O;SËÉ+ioIDJ+I
ω
h+ioOrJ+c+a�Uu_^h >Qi^MNO;`<`ba<_oabOQPfMNO;S/hITP+_oKDINPyh >QijUoabIAh >Qi^c+P�io>Qh+h4O;ijU

J�ÇáINS�É+io>QP+M\À+ITS2ITP1U�ITPyJ+a<S�c+O;PfhL`bc+_ s;io>QP+J�:
ß�O;c+_^¦;Ow¿;OQP+_¡J+I�h+`<c+_��Vc+IË`¯>2`b>QiosQINc+i^J+c

ρ
ITPVUoiu>43bP+IËcLP�É+iocLa<U¡�

2σ
h+`<c+_�a<S2h4O;i�U\>QP1U^hOQc+i

MNI�UoUuI^ioKT_oO;P+>QP+MNI]:r=&I^iu>]h+hOQijU�_oa<s;P >Q`+_jc+i�É+ioc+a�U�J+c
ρ
IN_�UxJ+OQP+M�`<I�h+`bc+_���>Qa<É+`bI JLIN_ÞUuioOQab_NÝV>"¦QINM^c+P+I

¦]>Q`bITc+i�JLI {L:mÃL:1@xI�UoUuIÁ¦Q>]`bINcLinIN_�U�P+KN>QP+S/O;abP+_�É+abITP�_ocÍ�2_o>QP1UuI�h4O;c+inh4INijS2I�UoUoioIxcLP+ICI�drUoiu>QM�UuabOQP�J+c
_oa<s;P >Q`5Ý"ITU»`åÇáKTUoc+J+I�J+IN_»É >Q_j_oIT_[SÊ>]_o_oIT_�ITPËMTO;`b`<ab_oa<O;P+_�hLioOQUoO;Pe°´hLioOQUoO;PAJ+IT¦riu>]a<U�J+O;P+M�ÆTUoioIÞ��>QMNa<`bINS/INP1U
ioKN>Q`ba<_u>QÉ+`<IQÝrMNO;S/S/I¡P+O;c+_^>Q`<`bO;P+_x`bI�¦;OQabi S2>QabP1UuITP >QP1U":
�Î¶sÇS¶�� ¸B¹FËÍ½�Ê�Á&ËÍ¾aà�À£��Ì ÃÍ¾aÉ�À�Ê�á

ß�O;c+_ JLKTU\>]ab`b`<O;P+_�SÊ>]abP1UuITP >QP1U `¯>ES2K�UuÀ+OrJ+I�cLUoab`<ab_oKTI�h4O;c+iCIgdrUuiu>]abioI�`bIN_xioKN_jO;P >QPLMNIN_�J+I¡É+>Q_o_jIN_
SÊ>]_o_oIT_Ê�%h >Qi�UuabiÂJ�Çác+P�_jhITMTUoioIyJLI�S2>Q_o_jIya<PV¦]>Qija¯>QP1UoI�UoIN`��Vc+IyMTIN`<c+a�J+Iy`b>×R sQc+ioI��+:YG]�+:�ß�O;cL_
IN_j_u>"¿;O;PL_�J+IDioIT_jUuITi�`<IAh+`bc+_�h+ij�N_^hOQ_o_oa<É+`bIAJ�Çác+P+IE>QP >]`<¿r_oIAJ+IDJ+O;P+PLKNIN_�ioKTIN`b`<IN_TÝ INP���>Qab_o>QP1U�PLOQUuijI
>QP >Q`�¿r_oI×INPë>"¦;INcLs;`bI%ITU�INPéP�ÇácLUua<`ba<_u>QP1U�`bIT_f_oa<S�c+`¯>tUuabOQP+_¢�Vc+I%hO;cLi�¦QKNija<R ITi�`5ÇmIZ�/M">QMTa<UuK×J+I×`b>
h+ioOrMNKTJ+c+ijIQ:

5�6879� �+:YG]�¼	fqehITMTUoioIAINP�SÊ>]_o_oIAa<PV¦]>Qija¯>QP1UoI¡INP�MNO;`<`bab_jabO;PL_Áh+ijOQUuOQPe°´h+ijOQUuOQP�:

¥�ijO;ab_ÁKTU\>]hIT_C_oO;P1UxP+KNMTIN_o_o>QabijIN_ h4O;c+iÁI�drUuio>QabijI�MNOQioioITMTUoINS/INP1U `bIT_ÁUoioO;a<_xioKT_oO;P+>QP+MNIT_ J+I�É+>Q_o_jIN_
SÊ>]_o_oIT_N:4�´`.��>QcLU�MNO;S/S2ITP+MNITi�h >Qi^KN`ba<S2a<P+INi `<IAMNO;P1Uua<PVc+c+S�h+ioOw¦QINP >QP1U¡JLcyÉ+ijc+a<U�J+IA��O;P+JyMTO;ioijKN`<K

�QW



ITUDP+O;Pr°´MNOQioioKT`bK]:&ZÞPL_oc+a�UuIQÝ&a<`�IN_jUEh4O;_o_jabÉ+`<I/JLI2ijITUuijO;cL¦QINiËJæÇY>QÉ4O;ijJ¶`<I/_jhITMTUoioIÊJLc
φ
Ý.I�UËJ+>QP+_Dc+P

J+INijP+abITiCUuITS2h+_�`<IN_ _oh4INM�UuijIN_^J+c
ω
ITU^J+c

ρ
:

�»¦]>QP1U^J�ÇáIT³INMTUoc+INi^MNIT_^UoioO;a<_ KTUu>QhIT_NÝÑab`æIN_jU�Uoio�N_^abS/h4O;ijUu>QP1U J+IAÉ+abITP�J+KTUoINioS/abPLINi�`åÇáabP1UuITij¦]>Q`<`bI
J >QP+_^`bIT�Vc+IN`»P+O;c+_�>Q`<`bO;P+_ Uoiu>"¦]>Qab`<`bINiT:+�»O;c+i^MNIN`b>LÝÑab`._TÇY>QsQa<U^J+IEUoioO;ce¦;INi�`åÇáabP1UuITij¦]>Q`<`bI�`<IDhL`bc+_^s;iu>]P+J
hOQ_o_oa<É+`bI��Vc+a4P+I�MTO;P1Uua<INP1UC�Vc+I�`bIN_�É >Q_j_oIT_CSÊ>]_o_oIT_xI�UC`bI^MNOQPVUoabPVc+c+S�:rZ�P¢h >Qi�UuabMTc+`ba<INiTÝ;P+O;c+_x>Q`b`<O;P+_
P+O;c+_Ë>Qioio>QP+s;ITiEh4O;c+iD�Vc+I¢`<IN_DS2KT_oO;P+_

η
ITU
J/ψ

_oOQabINP1UËI�deMN`<c+_ËJ+c#J+O;S2>QabP+IÂJ�ÇáKTUoc+J+I]Ý[>]R P#J+I
P+IËh+>Q_�MNOQS2h+`<ab�Vc+ITi�a<PrceUuab`<INS/INP1U^P+OQUoioI�>]P >Q`<¿r_jIQ:��»O;c+i�`¯>2S/ÆNS/IËio>Qab_jO;P�ÝÑ`¯>/MNO;P1UoioabÉLcLUua<O;P

ω →
π0µ+µ−

P+IEJ+O;a<U�h >Q_�P+O;P�h+`<c+_¡>QhLh >QijUoINP+a<i��2P+OQUuijI�abP1UoINij¦]>Q`<`bI]:Ñ��O;c+i�MNIN_�iu>Qa<_oO;P+_TÝPLO;c+_¡>"¦;OQP+_
M\À+O;a<_oa�J+I¡Uoiu>"¦]>Qab`<`bINiÁJ >QP+_�`5Çma<PVUoINi�¦Q>]`b`bI¼.m{e:YÃ1FrÝÑGe:mÃ40»È¡I±�

/c2
:

Ð 64)»�T0w*-� «Q0-¹�647�$»)Å«;6470-¹�7�)�)»!
ZÞP1UoioIÂ{L:mÃ1F¢È¡I±�

/c2
ITUAGe:YÃ�È¡I±�

/c2
Ý`bIEMNO;P1Uua<PVc+c+S IT_jU¡Uoio�N_�É+abITP(J+KNMTioa<U�h >Qi�cLP+I���O;P+M�UuabOQP

hOQ`<¿rP+O;S/a¯>Q`<IEJLI/JLINs;ijKÂXL:.��R P%J+I�J+K�UuITioS/abP+ITi¡MNITUjUuIÂ��O;P+M�UuabOQP�ÝæP+OQc+_D>w¦QO;P+_E>-êjc+_�UuKÂ`bI�_jhITMTUuijI
INP¶SÊ>Q_j_oI/abP1¦]>Qioab>QP1UuIÂ>"¦;ITMÊc+PLI2_jO;S2S/IÂJ+IÂUuioOQab_¡��O;P+M�UuabOQP+_Âç»cLP+I/��OQP+MTUoabO;P%`bO;ijINP1U �TabITP+P+IQÝ.cLP+I
��O;P+M�UuabOQPfs1>Qc+_j_oabITP+P+IDITU^c+P�hOQ`<¿rPQ_;S/I�J+IAJ+ITs;ioKDXL:Ñ=.IAÉ+cLU^IN_�U^J+IAJ+KNMTioabijIA`bIN_ ijKN_jO;P >QP+MTIN_

ω
I�U

ρ
s;ioîQMNIÊ��`b>�`bOQioINP1U<�NabITP+P+I/ITUË`¯>�ijKN_jO;P >QP+MTI

φ
s;iuîQMTI¢��`¯>�s1>Qc+_j_oabITP+P+I]Ý[>]R P¶J+I¢J+K�UuITioS/abP+ITiE`<I

hOQ`<¿rPQ_;S/IËijINh+ijKN_oITP1U\>QP1UD`bIEMNO;P1Uua<PVc+c+S�:�=&>Ê��O;P+M�UuabOQP�`bO;ijINP1U �TabITP+P+I�IN_�UAINP(I�³æI�UA`¯>2��O;PLMTUua<O;P�`b>
h+`bcL_ _oabS/h+`<I�hITioS/ITUjU\>QP1U�J+IAJ+KTMNioa<ioIAioIT`¯>]Uoa<¦QINS/INP1U�É+abITP�`¯>�_oOQS2S/I¡J+c

ω
I�U�JLc

ρ
:

=»>#��OQP+MTUoabO;P��Vc+I×P+OQc+_fcLUua<`ba<_oO;P+_/h4O;c+ifMNI(hLioINS/abITi¢>-êjcL_jUuITS2ITP1U�hO;_j_o�TJ+I×J+O;P+M 9w{vh+>Qiu>t°
S2��UuijIN_fç��×hOQc+i�`bIfh4O;`<¿rPQ_QS2I]Ý[X(hOQc+i�`¯>�`<O;ioITPVU<�Na<INP+P+I�I�U/X×h4O;c+i�`b>(s1>Qc+_j_oabITP+P+I]:ÞB�INcedµJLI
MNIT_�h >Qiu>]S2��UuioIT_�hITcL¦;ITP1U2Æ�UuijI¢RLdeKN_�ç[`bIÊMNINP1UoioI�J+If`¯>�`bO;ijINP1U �TabINPLP+IfIN_�U�RLdeK��({e:H�;�(È¡I±�

/c2
Ý

MNO;ijioIT_oh4O;P+J >QP1UD�¢`b>ÊhOQ_oa<UoabO;PyJ+c(h+abMËJ+c
ρ
I�U¡J+c

ω
ÝæI�U¡`bIËMNINP1UoioIÂJ+I�`¯>2s1>Qc+_j_oabITP+P+I�IT_jU¡RLdeKÂ�

9;:m{1G�ÈAI±�
/c2

Ý MNO;ijioIT_oh4O;P+J >QP1U���`¯>�S2>Q_o_jIDJLc
φ
:

B�I2hL`bc+_TÝ.ab`[IT_jUEP+KNMTIN_o_o>QabijI2JLI/RLdeITiEJ+IT_E`<abS/a<UoIN_�_jc+iDJ�ÇY>]cLUuijIN_Dh >Qiu>]S2��UuioIT_AJ�ÇY>wêjc+_jUoINS/INP1UÊç
`¯>�P+O;ijSÊ>Q`<ab_o>]Uua<O;P(ITUE`åÇáKNMN>QijU�°±U´¿rhI2J+IÊ`b>�`<O;ioITP1U �Na<INP+PLIÊITUËJ+IÊ`b>�s;>Qc+_o_jabITP+P+IQ:nqea�MNIT`¯>�PæÇmIT_jU�h >]_
��>Qa<UNÝ.`åÇáabP1UuITioh4O;`¯>tUuabOQP(P+IÊMTO;P1¦;INijs;I¢h >]_N:n�´`Þ_TÇY>QsQa<UEP+K">QPLS2O;a<P+_DJ+IÊijIN_jUoINiËUoio�T_Ës;KTP+KNio>Q`åÝ&h4O;c+iËPLI
h >Q_ÁabP�{ cLINP+MTINix`<I�ijKN_jc+`<Uu>]U":eß�O;cL_C>"¦;O;PL_CJ+O;P+M�M\À+O;a<_oa4J+I�`<abS/a<UuITi�`bIT_ÁP+OQioS2>Q`ba<_u>]UoabO;P+_�ITP1UuioIË9w{EI�U
FQ{;{;{Q{LÝ ITU�`bIT_�KNMN>QijU�°±U´¿rh4IN_�ITP1UuioI�{L:Y{e9EI�U�9�È¡I±�

/c2
:=.IEijKN_jc+`<Uu>]U�JæÇmc+PLIËUuIT`b`bIAa<PVUoINijhO;`b>]Uua<O;PfIN_�U

S2OQPVUoioKA��`¯>ËR+s;c+ioIA�+:YG;Fe:
ß�O;c+_Þ>"¦QO;P+_�INP+_jc+a<UoIC¦;KNija<R K�P+O]UuioI ijKN_jc+`<Uu>]U�>"¦;INM�`<IN_�_oa<S�c+`b>]Uua<O;P+_N:t�´`+_TÇY>"¦;�TioI^�Vc+I�MNITUjUuI�abP1UoINi�°

hOQ`¯>]UoabO;P�IN_jU&ijIN`b>]Uua�¦;INS/INP1U.IZ�/M">QMTI�h4O;c+i.IT_jUoabS/INi�I�U&_oO;c+_�Uuio>QabijI�`bI[MTO;P1UuabPVc+cLS�ÝTMNO;S/S2In`bI[S/O;P1UuijI
`¯>�R s;c+ijIC�+:YGQÃ�â�s;>Qc+M\À+I"ã�:1@xI�UoUoICR s;c+ijICS2OQPVUoioIÁ`åÇáINioijINc+inioIN`b>]Uua�¦;I���>Qa<UoIÁITP�IN_jUoabS2>QP1U[`<IxMNOQPVUoabPVc+c+S
>"¦;INMf`<IÊh4O;`<¿rPQ_QS2I2O;ÉLUuITPVcµh+>QiËP+O]UuioI¢>-êjc+_jUoINS/INP1U�â

erreur relative = continuum réel−polynôme

continuum réel

ã�:
ß�O;cL_^¦QO-¿QO;P+_¡�Vc+IEMNITUjUuIEINioijINc+i�ioIT`¯>]Uoa<¦;IAIT_jU�a<PL��KNijabITc+ioIE�ÊX"ÛfÝ4_oa&O;PyP+IDUoabITPVU�h >Q_�MNO;S/hLUoIEJ+IT_
{ c+M�Uuc >]UoabO;PL_Á_�U\>]Uoab_jUoab�Vc+IT_N:r=&>AR sQc+ioI�J+I�JLioO;a�UuI�S2OQPVUoioI^`bI�_oh4INM�UuijI�INP2SÊ>Q_j_oI^abP1¦]>Qioab>QP1UuI�O;ÉLUoINPVc
>Qh+ij�N_�_oO;cL_jUuio>QMTUoabO;P�J+c�MNOQPVUoabPVc+c+S�:
�E·�0w*-� «Q0w¹�647µ$�)

φ
¾xabITP��rcLI^`b>�h+ioITS2a<�NijI abP1UuITioh4O;`¯>]UoabO;PE_oO;a�U�I}�/MN>QMNI�h4O;c+i�`åÇáIN_�Uua<SÊ>]UoabO;PEJ+cÂMNO;P1UoabPVc+c+S�Ý;IN`<`bICPLI

`åÇáIN_�U h >Q_ h4O;c+iC`5ÇmIT_jUoabS2>]Uua<O;PÊJ+IT_ _oh4INM�UuioIT_�J+IN_�ioKT_oO;P+>QP+MNIT_N:ÑZ�P�IT³ITUNÝ+ab`_NÇm>w¦Q�NijID�Vc+IA`b>E��O;P+M�UuabOQP
s1>Qc+_j_oa<INP+P+IËcLUua<`bab_jKNIDh+ioKTMNKTJ+INS/S2ITP1U¡hOQc+i�`bI

φ
_jO;c+_�°±IN_�UuabS/IË`<IËP+OQS�É+ioIEJ+I

φ
JæÇmITPV¦ra<ioO;P%GQ{IÛf:

@xIN`b>ÊIN_�UAJQP%�¢`¯>2��O;ijS2IEM\À+O;a<_oabIËhO;cLi¡>-êjc+_�UuINi¡`<IËh+a<M
ω + ρ

çæcLP+I�`bO;ijINP1U �TabITP+P+I�P+I�JLKNMNija<U¡h+>Q_
h+ioKTMNa<_oKNS/INP1U»MNIT_&ioKN_jO;P >QPLMNIN_TÝ-ITU�> c+P+IÞMNO;P1UoioabÉLcLUua<O;P¡UuioOQhDa<S2h4O;i�U\>QP1UuI�hOQc+i

Mµµ >
{L:mÒ^ÈAI±�

/c2
:

�´` _NÇm>Qs;a<U/J+OQP+M�JLI�UoioO;cL¦QINi/c+P+I�S2ITab`<`bINcLioIÊ��O;PLMTUua<O;PÔ�Vc+Iy`b>×`<O;ioITP1U �Na<INP+PLI�h4O;c+iÂJ+KTMNijabioI�`bI
h+ioITS2a<INi�hLabMQ:&�»O;c+iAMNIT`¯>LÝ.PLO;c+_AcLUua<`ba<_oO;P+_�`¯>f_oO;S/S/I�J�ÇmcLP+I2`<O;ioITP1U �Na<INP+PLI�ITUDJ�Çác+P+I/s1>Qc+_j_oabITP+P+I]Ý
UuO;ceUuIN_f`<IN_¢JLINced MTINP1UuijKNIT_�ITPé{L:H�Q� ÈAI±�

/c2
: =&>#��O;P+MTUoabO;P�R+P >Q`bIyIN_jU�JLO;P+M(`¯>¶_oO;S/S2IyJ�ÇmcLP+I

`bO;ijINP1U �TabITP+P+I¡ITU�JæÇmc+PLIEs1>]c+_o_jabINPLP+IAMNINP1UoioKNIT_�ITPy{e:H�;��È¡I±�
/c2

Ý I�U�J�Çác+P+IDs1>Qc+_j_oabITP+P+IAMNITP1UuioKTIEITP
9¡È¡I±�

/c2
:L@xITUjUuI���O;PLMTUua<O;PÊh4O;_j_o�NJLI�J+O;P+M�ÒËh >Qio>QS/�TUuijIN_TÝeJ+OQPVUCXE_jO;P1UCRLdeKN_T:+=.IN_ >]S2h+`<a<Uoc+J+IN_ÞI�U

`bIT_xKNMN>QijU�°±U´¿rh4IN_ J+IT_CUuioOQab_Á��OQP+MTUoabO;P+_x_oO;P1U MTO;P1Uuiu>]abP1Uu_CJLI¡`¯>ES/ÆNS/I�S2>QP+a<�NijI��Vc+I¡h+ijKNMNKTJ+INS/S/INP1U
�QÒ



5�6879� �+:HGQF×	¢��êjc+_jUoINS/INP1U^J+c�_oh4INMTUoioIAINP�S2>Q_o_jI¡abP1¦]>Qioab>QP1UuI�cLUoab`<ab_oK�hO;cLi _oO;c+_�Uuio>QabijI¡`bI�É+ijc+a<U�JLI
��O;P+J×â�MNO;ijioKT`bKgfàP+O;PfMTO;ioijKN`<Kwã�:e=&>�MNO;cLioÉ4I¡>-êjc+_�UuKNI/âÕUuio>Qab_ÁKNh >Qa<_\ãÞIN_jU�`b>E_jO;S2S/I�JæÇmc+Pfh4O;`�¿eP�_;S2I
J+I^J+INs;ijK�XÊâ�ijO;c+s;I"ã�ÝVJ�Çác+P+I���O;P+MTUoabO;P/`bOQioINP1U<�NabITP+P+IËâ�É+`<INcÑã�ITUÁJ�Çác+P+I^��O;P+MTUoabO;P/s1>QcL_o_oa<INP+PLI�âÕ¦;INi�Ugãg:

5�6879� �+:YGQÃD	ËZ�ioijINc+i�ijIN`¯>tUua<¦QIxO;ÉeUuINPVc+I _jc+i�`bIÁMNO;P1UoabPVc+c+Sò`bO;ij_nJ+I P+O]UuioIxabP1UuITioh4O;`¯>]UoabO;PÊâ5��s;>Qc+M\À+I]Ý
`bI�Uoiu>Qa�U KNh >]ab_�ioITh+ioKT_oINP1Uu>QP1U�_u>�UuITP+J >QPLMNIDÀ+O;io_9{ cLMTUuc+>]Uua<O;P+_\ãgÝ ITU^_oh4INM�UuijIEijKN_ocL`<U\>]PVU^J+IA`b>Â_jO;c+_ °
Uuio>QMTUoabO;PfJ+c�MNOQPVUoabPVc+c+Slâ5��J+ioOQa<UuI"ã�:

>]R PvJæÇY>Q_j_oc+ijINi�`b>�MTO;P1¦;INijs;INPLMNI�J+I¢`5Çma<PVUoINijhO;`b>]Uua<O;P�:.=&>�R+s;c+ioI2�+:YG;��S/O;P1UuioI2`bI/ioKT_oc+`�U\>]UËJ�ÇmcLP+I
UuIT`b`bI�abP1UuITioh4O;`¯>]UoabO;Pæ:

@xITUoUoI�S/KTUoÀ+OeJLI�h4INioS/ITUÁJ+I�ioITUoioO;ce¦;INix`bI^P+O;S�É+ijI�JLI
φ
>w¦QINM�cLP+I�h+ijKNMNa<_oa<O;PÊS/INa<`b`bITc+ioI �Vc+I�F

Û¢:æß^OQUuO;PL_��Vc+I�`<IN_¡>QS/h+`<a<UucLJ+IN_�ioIT_oh4INM�Uua<¦QIN_¡J+IË`¯>2`<O;ioITP1U �Na<INP+PLIËITU�J+I�`b>2s1>QcL_o_oa<INP+PLI�MNITPVUoioKTIN_
INPy{L:H�Q�2È¡I±�

/c2
PLIEMTO;ioijIN_oh4O;P+JLINP1U�h >]_�>Qc�P+O;S�ÉLioIAJ+I

ω
ITU�J+I

ρ
ÝÑITU��rcæÇmc+PLIEUuijO;ab_jab�TS2I¡K�U\>Qh4I

IN_�U�JLO;P+MAP+KNMTIN_j_u>Qa<ioIDhO;cLi _oKNh+>QioITi^MTIN_^J+INcrd�ioKN_jO;P >QPLMNIN_T:
W;{



5�6879� �+:YG;�~	��Þêjc+_�UuITS2ITPVU�JLcé_jhITMTUoioI×INPÅS2>Q_o_jI(abP1¦]>Qioab>QP1UuI�cLUua<`bab_jKyh4O;c+i¢IgdrUuiu>]abioIy`bI
φ
:C=&>

MNO;cLioÉ4I×>-êjc+_jUoKNI�â�Uoiu>Qa<_¢KNh >]ab_\ãÊIT_jU�`¯>v_jO;S/S2I�JæÇmc+PLI%��O;PLMTUua<O;PÅ`bOQioINP1U<�NabITP+P+I(MTINP1UuijKNI%INPë{L:H�Q�
ÈAI±�

/c2
â�É+`<INcÑãgÝ]JæÇmc+PLIx��O;P+M�UuabOQPËs1>QcL_o_oa<INP+PLICMNITPVUoioKTICINPÂ{L:Y�;��È¡I±�

/c2
â�ioO;cLs;Iwã&ITU[JæÇmc+PLIx��O;P+M�UuabOQP

s1>Qc+_j_oa<INP+P+IAMTINP1UuijKNIDINP%9ËÈ¡I±�
/c2

â�¦QINijU\ã�:

Ð ¸V�»�+*-�L0-¹�647�$�)
ω
�102$�)

ρ
=»>¡_jKNh >Qio>]Uua<O;P�J+c

ω
ITUÞJ+c

ρ
IN_jU�Uoio�T_�JLKN`ba<M">]UoICJ >QPL_���=.��@CZ�:VZ�PÂIT³ITUNÝ1MNIT_�JLINcedÂijKN_jO;P >QP+MTIN_

>"¿1>QP1U�J+IN_&S2>Q_o_jIN_&Uuio�T_�_jabS/ab`b>QabijIN_NÝ�ab`QIN_jU»a<S2h4O;_o_jabÉ+`<I[J+I�`bIT_.J+a<³KNijINP+MTabINi&ITPËcLUoab`ba<_u>QP1U.`b>CJ+a<³KNijINP+MTI
J+I¢S2>Q_o_jIN_T:�=&>�S2K�UuÀ+OrJ+IÊJLI�ß���ÃQ{yhOQc+i�MNI�UoUoIf_oKNh+>Qiu>]UoabO;P#KTU\>]a<U�cLP+If_oO;cL_jUuio>QMTUoabO;P JLc

ω
ITP

I�deabsQI">QP1U��Vc+I%`bI(_oh4INM�UuijI¶J+c
ρ
ioKT_oc+`�U\>QP1U�_oO;a�U�`ba<_o_oIq.m�QÃ|0å:^@xIT`¯> KTUu>Qa<U�h4O;_o_jabÉ+`<I(s;iuî]MNI×�Ô`bINcLi

ÉOQP+P+I�ijKN_oOQ`bcLUoabO;P�ITPÅSÊ>]_o_oI(a<P1¦Q>]ioa¯>]PVUoI â5GQ{ ®�I±��J >]P+_¢`¯>¶ioKNsQabO;P�JLc
ω

.m�;�!0¯ã�:xB�>QP+_fPLOQUuijI
M">Q_TÝ[`¯>�ioKN_jO;`bceUuabOQPvIN_�U/UoioO;a<_E��O;a<_�S/O;abP+_EÉOQP+P+IQ:[=»>�S/KTUoÀ+OrJ+IfcLUua<`ba<_oKNI2J >QP+_Âß^��Ã;{�IT_jUÂJ+IfMTI
��>Qa<U�abioijK">Q`<ab_o>QÉ+`bIÊç�UuO;cLUoIÂ_oO;c+_�Uuio>QMTUoabO;P%J�Çác+P+I/s1>Qc+_j_oabITP+P+I/J�ÇáKNM">]ijUj°åU´¿rhI2J+I/Ã;{y®�I±��J+OQP+P+I/c+P
_oh4INM�UuioIA`<ab_o_jIQ:

è�P+I(>]cLUuijI�S2K�UuÀ+OrJ+I�IT_jU�J+OQP+M�P+KTMNIN_j_u>Qa<ioI]: è�P+I(hLioO;h4O;_oa�Uua<O;P�IT_jU�J+Iy_oO;c+_�Uuio>QabijI�`bI
ω

ITP
MNO;PLP >Qab_j_u>QP1Ux_u>�P+O;ijSÊ>]`bab_o>]Uua<O;P�:1�»O;c+iCMTIN`b>LÝePLO;c+_Ch4O;cL¦QO;P+_CMN>Q`bMTc+`bITi

Nρ/Nω
ÝLO�+

Nω
â
Nρ

ã�IT_jU�`bI
P+O;S�ÉLioI¡J+I

ω
â
ρ
ãCMNOQPVUoioa<É+c >QP1U^��P+OQUoioIA_oh4INM�UuioI/ç

Nω

Nρ
=
Nω/coll ·B.R.µµ(ω) · εω
Nρ/coll ·B.R.µµ(ρ) · ερ

=
6.07 · 9 · 10−5 · 2.5%

6.31 · 4.6 · 10−5 · 2.5%
= 1.88,

â��+:<9wG;ã
O,+

Nω/coll
IN_jU^`<IDPLO;S�É+ijIDJLI

ω
h >]i^MTO;`b`<ab_jabO;P×âÕR s;c+ijIA�+:<9"X1ã�Ý

B.R.µµ(ω)
IN_�U^`bI¡iu>]h+hOQijU^J�ÇáINS�°

É+iu>]P+M\À+INS/INP1U�J >]P+_ `bI�M">QP >]`æJ+a<S�c+O;P%âÕU\>QÉ+`<I">QcÊ�+:<9wãÁITU
εω

IT_jU�`¯>D��iu>QM�UuabOQP¢J+I
ω
J+K�UuINM�UuKTIDh+>QiC`bI

_oh4INM�UuioOQS2��UuioI2âÕU\>QÉ+`<I">Qcf�L:YX1ãgÝ+ITU^_jabS/ab`¯>]abioITS2ITP1Uxh4O;c+i `<I
ρ
:

@xO;P+P >Qa<_o_o>QP1U
Nρ/Nω

Ý PLO;c+_�hOQcL¦;O;PL_^OQÉLUuITP+abi¡ç
Nω

Nρ +Nω
=

1
Nρ

Nω
+ 1

= 0.65.
â��+:<9"X1ã

@xIN`b>#_oa<s;P+a<R+I��Vc�ÇmITP1¦ea<ioO;PëG,N]X#J+c h+abM�h+ioOw¦rabITP1U�J+IN_
ω
:Á=.I���>Qa<UÊJ+I�_oI(`<abS/a<UoINi/�v`åÇáabP1UuITij¦]>Q`<`bI

.m{e:YÃ1FrÝ�Ge:mÃ40[ÈAI±�
/c2

P+I�J+I�¦eio>Qa<U��rcLI�hITc(M\À >QP+sQINi¡MNIËiu>Qh+h4O;i�U":ß�OQUoioI�_�Uuiu>tUuKNsQabIËIT_jUAJ+OQP+M�J�ÇáabPe°
UuKTs;ioITiÊP+OQUoioI�_oh4INMTUoioI×>QhLio�N_Ê_oO;c+_�Uuio>QMTUoabO;P�JLc�MNO;P1UoabPVc+c+S ITUfJLc

φ
>]R+PÅJ�ÇmOQÉLUuITP+abi2`¯>%¦]>Q`<INc+i

WL9



Nρ + Nω
:�ß�O;c+_¡h4O;cL¦QO;P+_AINPL_oc+a�UuI�_oOQc+_jUoiu>Qa<ioI�`bIË_oh4INMTUoioIÂJ+c

ω
P+O;ijSÊ>Q`<ab_jK��

0.65 · (Nρ + Nω)hOQc+i¡O;ÉLUoINP+a<iD`<I
ρ
:»=&>�R sQc+ioIÂ�+:YGQW�S2O;P1UoioI��Vc+IÊJ+>QP+_A`åÇáabP1UuITij¦]>Q`<`bI�MTO;P+_oa<J+KNijKQÝ.`<I/_jhITMTUoioI/J+c

ρ>QabPL_oa�ijITUuijO;cL¦QKDMTO;ioijIN_jhO;PLJyÉ+a<INP���MNIN`<c+a._oa<S�c+`<KQ:

5�6879� �+:YGQW9	�qrhITMTUuijICJ+c
ρ
OQÉLUuITPrcÂ>]h+io�T_[P+OQUoioIxS/KTUoÀ+OrJ+IxJ�ÇáI�drUoiu>QM�UuabOQP�J+c�_oa<s;P >Q`æâ�ÉL`bINcËMNO;P1Uua<PVcÑã

MNO;S/h >QijKA>Qc�_oh4INM�UuioIDJ+c
ρ
_jabS�cL`bKÂâ�P+O;abiÁUuiu>]a<Uua<`b`<Kwã�:

�Î¶sÇS¶�¸ ë§¿2Ã`¤
Ê�ÃÍÃ�¿2Ã�� Ê�ÃÍÃ�¿2ÃÝ¿2À Áhà�áaáa¾�Ã�¾aà�À�Ãqº
áaà	��¤<~|º
áaà	��¤
=&IT_AMNO;`<`bab_jabO;PL_�h+`<O;S�Ée°±h+`bOQS�Éy_jO;P1UA_oabSËc+`bKTIN_A>"¦;ITM2�^��]Q� ß�È�:.BËÇác+P+I/SÊ>]P+ab�TioI�s;KTP+KNio>Q`bI]Ý��^�å°

]Q� ß�È J+KTMNioa�U�cLP+I�MNOQ`b`ba<_oa<O;PfP+Ow¿1>Qcr°´P+Ow¿1>]c(MNO;S/S2IDc+P+IE_oO;S/S/IEJ+IEMNO;`<`ba<_oabOQP+_ PVc+MN`<KNO;Pe°±PVc+MN`<KNO;P�:
=�ÇmOrMNMTc+ioijINP+MTI¢J+IÊMTIN_�MTO;`b`<ab_jabO;P+_APVc+MT`bKNOQPe°´PVc+MT`bKNOQPvIN_�U�J+O;PLP+KNI¢h+>QiË`<I2S/OeJL�N`bI/J+I¢ÈA`b>Qc+É4INiNÝ&I�U
M\À >Q�Vc+IÂMNOQ`b`ba<_oa<O;P�IT_jUAITP+_oc+a�UuI�_jabS�c+`<KNI�>"¦QINM/�[¿rUoÀ+a¯>e:�����]Q� ß�È�abPLMN`bceU�INP×h+`<c+_�J+IT_AIT³ITUu_¡JLc+_A�
`¯>�Uu>Qab`<`bI/J+IN_ÂP+Ow¿;>Qced:Þ�n>Qi�IgdeINS/h+`bI]Ý[`¯>�h+ijKN_jINP+MTI�J�Çác+PÔS/ab`ba<INc¶J+INP+_jI�>Qh+io�T_�`¯>�MTO;`b`<ab_oa<O;P#S/O]°
J+a<R+IË`åÇáKNPLINiosQabIËJLIN_�h >]ijUuOQP+_�`bIDUuio>w¦QINij_u>QP1U"Ýæh+ioOw¦;Or�Vc >QP1UAc+P+IÂ>]c+s;S/INP1U\>]UoabO;P�J+I�`b>2S�c+`�Uua<h+`ba<MNa<UoK
hOQc+i�J+IT_DhL_oINcLJ+O;iu>]h+abJ+a�UuKT_¡MNINP1Uoiu>Q`<IN_N:æ��cLUoioI�I�deITS2h+`<IQÝ�`5ÇmKTMNio>QP1U\>Qs;I�J+>QP+_¡`bIËP+Ow¿1>Qc%S2OrJ+a�R IË`b>
��O;P+M�UuabOQPfJ+IAJ+ab_�UuabÉLcLUua<O;PfJ+IN_�h >]ijUuOQP+_N:

@xO;P+MNITioP >]PVUCP+O;_x_jabS�cL`¯>]UoabO;P+_�h4O;c+iÁ`bIT_ÁJ+a<S�c+O;PL_NÝrJ+INced/U´¿rh4IN_ J+I�_oabSËc+`¯>]UoabO;PL_�O;P1UCKTUoK�cLUoab`<a�°
_oKTIN_�çeJ+IN_C_jabS�cL`¯>]UoabO;P+_�äTMTO;S/h+`b��UuIN_"ä^I�U J+IN_x_oabSËc+`¯>]UoabO;PL_�io>Qh+a<J+IN_T:L=.IN_x_oabSËc+`¯>]UoabO;PL_�io>Qh+a<J+IN_ÁO;P1U
KTUoK�cLUua<`ba<_oKNIT_Áh4O;c+iÁUuO;cLUoIN_C`<IN_CK�Uuc+JLIN_ _j¿r_�UuKNS2>]Uoab�Vc+IN_TÝ+�Vc+aæ_jINio>QabITPVUCÉ+abITPÊUuijO;hf`bO;PLs;c+IN_ÁINPf_jabS�ce°
`¯>]UoabO;PL_ÁMTO;S2hL`b�TUoIN_T: =.O;io_ J+IT_ _oa<S�c+`¯>tUuabOQP+_xio>Qh+abJLIN_NÝe`bIT_ ioKNh4O;P+_jIN_�J+c�_oh4INM�UuijO;S2��UuijI¡INPf��O;P+M�UuabOQP
J+c

pT
I�U^J+c

y
J+IN_^S�c+OQP+_ _oO;P1U�h >Qio>QS/KTUuijKNIT_ J >QP+_^J+IN_ Uu>QÉ+`bIN>QcedÝ+I�U�`<I¡_oc+a�¦ra.J+IN_�h >Qi�Uua<MNc+`<IN_��

Uuio>w¦QINij_¡`bIËJLKTUuITMTUoINc+iAP�ÇáIN_�UAJ+O;P+M�h+>Q_���>Qa<UN:@xIN`¯>Ê��>]a<U�s;>Qs;P+ITi�c+P(UuITS2hL_�MNO;PL_oabJLKNiu>]É+`bIEhO;cLi�`bIT_
_oa<S�c+`¯>tUuabOQP+_N:

Ð ¹�!×)����L0-¹�647��E*t�L�n¹�$»�r�
=&OQio_�J+IN_C_jabS�cL`¯>]UoabO;P+_�io>Qh+a<J+IN_TÝr`<I�PLO;S�É+ijI�J+I�ioKN_jO;P >QPLMNIN_

X
â
X = ω, ρ, φ, J/Ψ

ãnh+ijOeJLc+a<UoIN_
J >QP+_�UuO;ceUC`åÇáIN_jh >QMTI�J+I�h+À+>Q_oI�`<O;io_�J�Çác+P+I�MTO;`b`<ab_jabO;P/��É ��ÉfJ+I�h >]iu>QS/�TUoioI^J�Çma<S2h+>QMTU

b
IT_jU MN>Q`bMTc+`bK

W1G



s;iuî]MNIA��`¯>���O;ijS�c+`bIËç
NX(b) = Npp

X · FOverlap(b) · CS(b),
â��L:<9"�1ã

O,+
Npp
X

IT_jUË`bIÊPLO;S�É+ijIÊJ+I¢ijKN_jO;P >QP+MTIN_�h+ijOeJLc+a<UoIN_Ë`<O;io_DJ�Çác+P+I¢MTO;`b`<ab_jabO;P×h+h�Ý
FOverlap(b)

IT_jU�`b>
��O;P+M�UuabOQPDJLIÁijINMNOQcL¦rioINS/INP1UnPrcLMN`bKN>QabijIÞJ+O;P+P+KTIxh >]i»`<IÞS2OrJ+�N`<IÞJ+ICÈ¡`¯>]c+ÉITi.ITU

CS(b)
IN_�U[`bI���>QM�UuITc+i

J�ÇáKNMNio>QP1U\>QsQI�âs*���� $ �!ì^'8���+ã�:�@xIÂ��>]MTUuITc+iDIN_jUEJ+KTMNioa�UAh >QiA`¯>¢��O;ijS�c+`<I�_oc+a�¦Q>]PVUoIQÝ&J+K�UuINijS2a<P+KNI/>"¦;ITM
J+IN_�_jabS�c+`b>]Uua<O;P+_x����]Q� ß�ÈõI�U^J+IN_�h+ijKNJ+a<MTUua<O;P+_CUoÀ+KNO;ijab�Vc+IT_:.m�QW40Þç

CS(b) = CS(0) + (1 − CS(0))

(

b

16

)4

,
â��+:�9-F;ã

O,+y`<IEh+>Qiu>QS/�TUoioIDJ�ÇáabS/h >QMTU
b
IN_�U�J+O;PLP+K�INP���SzI�U

CS(0)
IN_jU�c+P+IËMTO;P+_�U\>QP1UuIËJ+KNh4INP+J+>QP1U¡J+IË`b>

h >Qi�UuabMTc+`bIDMNOQP+_oa<J+KNijKNIQ:�@xITUjUuI�MNOQP+_jUu>QP1UuI�h4INcLU�ÆTUuijI�M">Q`<MNc+`<KNIEh >Qi�JLIN_�S/OeJL�N`bIT_�UoÀ+KNO;ijab�Vc+IT_(.Y�]Ò40åÝ
ITUÂ¦]>QcLU2h >QiÂI�deITS2h+`<Iy{e:YÃ×hOQc+iÂ`bI

J/Ψ
ITU2{L:Y�QÃ×hO;cLi/`<I

Υ
:Á�»O;c+i/`bIT_/É+>Q_o_jIN_ÊS2>Q_j_oIN_TÝÞP+O;c+_

UuijO;cL¦;OQP+_
CS(0) = 0.6

:
=&IT_�>]cLUuijIN_�JLO;P+P+KTIN_�ITP1UuioKTIN_�J >QP+_^`bIT_�_jabS�c+`b>]Uua<O;P+_Cio>Qh+a<J+IN_^_oO;P1U�`bIAiu>]h+hOQijU^J�ÇáINS�É+io>QP+M\À+Ig°

S2ITP1U¢INP�J+abS�cLO;P�Ý�>QabPL_oa^�rcLI�`¯>%`bc+S/abP+OQ_oa<UoKfITUÊ`bI�UoINS/h+_ÊJLIyh+ijab_oI�J+I�J+OQP+P+KNIT_N:Á�´`�IN_�Uf>Qa<P+_oa
hOQ_o_oa<É+`bI�J�ÇmOQÉLUuITP+abi�c+P�M\À+a�³æijIE>]É+_oO;`<c�hO;cLi c+P+IAhKTioa<OeJ+I�RedLKTIEJLIDhLioab_jIAJ+IAJ+O;P+P+KTIN_Dç

NX→µµ = L · σpp · T ·NX(b) ·REµµ · Acc · Eff,
â��+:�9wÃ1ã

O,+
NX→µµ

IN_jU�`bIAP+O;SËÉ+ioIDJ+IËJLabS�c+OQP+_ ¦;INP+>QP1U¡J+ID`¯>ÂioKN_jO;P >QPLMNI
X

J+KTUoINM�UuKN_�J >QP+_�`bIA_oh4INM�UuioOt°
S2��UuijI�JLc+iu>QP1Unc+P+I�h+ioa<_oI�J+IxJ+OQP+P+KNIT_nJ+IÁJ+c+ijKNI

T
��c+P+IÁ`bc+S/abPLO;_oa�UuK

L
:
σpp

IN_�U[`¯>�_oITMTUoabO;PEI}�/M">QMTI
UuOQUu>Q`bI¡hLioOQUoO;Pe°´hLioOQUoO;P�ITU

REµµ
IN_jU�`bIAio>Qh+h4O;ijU^J�ÇáINS�ÉLiu>QP+M\ÀLINS/INP1U

X → µ+µ−
:4=ÞÇm>QMTMNINheU\>QP+MTI

Acc
ITUC`5ÇmIZ�/M">QMTa<UuK

Eff
_oOQPVUCioKNMTc+h4KNioKTIN_ J >]P+_CJ+IT_xU\>QÉL`bIN_ÁabP+JLKNh4INP+J >]S2S/INP1UCh4O;c+iÁM\À >QMTc+PfJ+IN_

J+INcrd�S�c+O;PL_NÝ INP���O;P+M�Uua<O;P�J+IA`bINcLi
pT

Ý
η
I�U
φ
:

qeIN`<O;P¢`bI�S2ÆTS2I^h+ijabP+MTabh4IQÝrab`ÑIN_�U hOQ_o_oa<É+`bI�J+I���>Qa<ioI^J+IN_x_oabSËc+`¯>]UoabO;PL_�io>Qh+a<J+IN_ÁhO;cLiÁUuijO;cL¦QINi `bI
É+iocLa<UÁJ+I���O;P+J¢>]UoUoINP+J+cL_CINPfMTO;`b`<ab_oa<O;P/��Ée° ��É�:eß�O;cL_ChOQcL¦;O;PL_ >QabPL_oa>w¦QO;abiÁc+P+I�a<J+KNI�J+c¢_jabs;P >]`I�U
J+c�É+ioc+a�U�J+I¡��O;P+J�>]UjUuINPLJ+c+_^hO;cLi^JLa<³KNioITP1UuIN_ Uoiu>QP+M\ÀLIN_^INPyMTINP1Uuio>Q`ba�UuK]: =&>�R+s;c+ioIA�+:YGQÒ�h+ijKN_oITP1UuI
`bIT_ ioKN_jc+`<Uu>]Uu_�J+I¡UoIN`b`<IN_ _jabS�c+`b>]Uua<O;P+_ÁhO;cLi�UoioO;a<_CUuio>QP+M\À+IT_�ITP�MTINP1Uuio>Q`ba�UuKN_ JLa<³KNioITP1UuIN_Dç MNOQ`b`ba<_oa<O;P+_
MNITPVUoiu>Q`<IN_^â�{t° X���SÊã�ÝQMTO;`b`<ab_jabO;P+_�_oITS2a °´MNITP1Uuiu>]`bIN_ â5Ãt°´Ò���S¢ãnI�UÞMNO;`<`bab_jabO;PL_nh4KNioa<h+À+KTioab�Vc+IT_^â�9-Gw°\9wÃ���SÊã�:
B�INcrdÔMNO;cLh+c+ioIT_ÂJ+a<³KNijINP1UuIT_/_jc+iÂ`bI

pT
J+IT_/SËc+O;P+_�a<P+J+a<¦ra<J+c+IN`<_Ë_jO;P1U2MTO;S/h >QioKTIN_fç[MTO;c+h+cLioI��

{L:YF/È¡I±�
/c

ITU��f9EÈAI±�
/c
:

=&IT_fMNO;P1UoioabÉLcLUua<O;P+_�>Qced�_oh4INM�UuioIT_�INPéSÊ>Q_j_oIT_fabP1¦]>Qioab>QP1UuIN_Ê_oO;P1U�`bIT_¢S2ÆTS2IT_f�Vc+I×hO;cLi¢`bIT_
MNO;`<`ba<_oabOQP+_�hLhµçæioKN_jO;P >QPLMNIN_AJ+I�É+>Q_o_jIN_DSÊ>Q_j_oIT_NÝ

J/Ψ
ITUAMNOQPVUoabPVc+c+S MNO;P+_�Uua�Uuc+K�J+IT_¡M\À >QijS2IT_DI�U

J+IN_AÉ4I">QceUuKN_DO;cL¦QINi�Uu_DITUDJ+c#ÉLioc+a�UAJ+I���O;P+J%P+O;Pe°±MNO;ijioKN`<KQ:&@xIThITP+J >QP1UNÝ�`<I�É+ioc+a�UAJ+I���O;P+J%h+ioITP+J
abMTaCc+P+I�abS/h4O;ijUu>QP+MNIÊÉ+abITPµhL`bc+_Âs;io>QP+J+I��Vc+I�hOQc+iÂ`bIN_�MTO;`b`<ab_jabO;P+_Eh+h�Ý�ITP�h >]ijUua<MNc+`<abITi�hOQc+i�`bIT_
MNO;`<`ba<_oabOQP+_ `bIT_�h+`<c+_�MTINP1Uuio>Q`bIT_N:��`bc+_�`bIN_^MNOQ`b`ba<_oa<O;P+_ _oOQPVU�hKTioa<h+À+KNijab�Vc+IT_NÝ4S2ITab`b`<INc+i IT_jU¡`<IEio>Qh+h4O;ijU
_oa<s;P >Q`»_oc+i¡ÉLioc+a�U�çæ`b>¢�rc+>QP1Uua<UoK�J+I�h >]ijUua<MNc+`<IN_�MTioKTKNIN_AK�U\>QP1UAÉ+a<INP(h+`<c+_���>Qa<É+`bIE`bO;ij_�J+I�MNOQ`b`ba<_oa<O;P+_
hKTioa<h+À+KNijab�Vc+IT_NÝ `bI¡ÉLioc+a�U J+I¡��O;P+J�P+O;Pe°±MNO;ijioKT`bK�¿fIT_jU^J�Çm>QcLU\>]PVU^h+`<c+_C��>Qa<É+`bI]:

ß�O;c+_Þ¦;Ow¿QO;P+_ �Vc�Çác+P+I�MTO;c+h+cLioI�_jc+ix`<I
pT

J+IT_xS�c+OQP+_C>QS/KN`<abO;ijICs;io>QP+J+ITS2ITPVUÁ`åÇm>QS/h+`ba�Uuc+JLI J+c
_oa<s;P >Q`�ijIN`¯>tUua<¦QINS/INP1UE>Qc%É+ioc+a�UDJ+I2��O;PLJ�:»@xIN`b>�IN_�UËJ�Pv��`b>fJ+ab_�Uuioa<É+cLUoabO;P×INP

pT
J+IT_ËS�cLO;P+_DJ+c

É+iocLa<U�JLIÊ��O;P+J�Ý»Uuij�N_���O;i�UuINS/INP1UËh+ab�Vc+KTI��yUuio�T_�É >Q_
pT

:�@xINh4INPLJ >QP1U"Ý[`<IN_�I�³æI�Uu_�J+IÊS2a<`babITc%UoIN`<_
�Vc+I�J+KNMTioa�Uu_A�f`¯>¢_jINMTUoabO;P(�L:<9;ÝæJ+O;P1UA`bIT_¡M\À >QP+s;ITS2ITP1Uu_AJ >QP+_¡`b>Ê��O;P+M�UuabOQP(_oh4INMTUoiu>Q`<I�J+c

ρ
J+c+_A�

`¯>AioIT_jU\>]c+iu>]UoabO;P2J+I�`b>E_�¿eS/KTUoioa<I�M\À+a<iu>Q`<IQÝV_oO;P1UxÉ+abITPÊh+`<c+_Á¦rab_jabÉ+`<IN_�hOQc+ixJ+IT_xijKN_oOQP >QP+MTIN_��EÉ+>Q_o_jIN_
abS/h+c+`<_oabOQP+_ Uuiu>]P+_j¦QINio_jIN_T:»�´`�_oITiu>fJ+O;P+MEUuio�T_¡abS/hOQijU\>]PVU^J+I�h+>Qij¦QINP+a<i¡�¢I�drUuio>QabijIË`<IN_�ijKN_oOQP >QP+MTIN_
J+I�É >Q_j_oIN_/S2>Q_o_jIN_/S2ÆTS2IfJ >]P+_Â`bIN_ÂMTO;P+J+a�UuabOQP+_�`bIT_/hL`bc+_�J+K���>"¦;O;io>QÉ+`bIT_�çÞ>"¦QINM�c+P+IfUuij�N_/É >Q_o_jI
MNO;cLh+c+ioIAITP

pT
ITU�h4O;c+i�`bIT_ MNO;`<`ba<_oabOQP+_x`<IN_ h+`<c+_�MNINP1Uoiu>Q`<IN_N:

��O;c+ixKTUucLJ+abITix`¯>A��>Qab_o>QÉ+a<`ba<UoK J�Çác+P+I�UuIT`b`<I�K�Uuc+J+I]ÝLijINs1>QijJ+O;P+_x`bI�io>Qh+h4O;ijUÁ_oa<s;P >Q`4_ocLiCÉ+iocLa<UCI�UC`b>
_oa<s;P+a<R+M">QP+MTIA>]UoUoINP+JLc+IQ:Ñ=&>�_oa<s;P+a<R+M">QP+MTIAIN_jU^J+K�R P+a<IDMTO;S/S2I�ç

Σ =
S√
S +B

,
â��+:�9-�;ã

W;X



5�6879� �+:YGQÒ§	�qeh4INM�UuioIT_�INPySÊ>Q_j_oIEabP1¦]>Qioab>QP1UuIDO;ÉLUuITPVc+_¡>"¦;ITM�`bIT_�_jabS�c+`b>]Uua<O;P+_ io>Qh+abJLIN_�h4O;c+i�UuijO;ab_
Uuio>QP+M\À+IT_EITP¶MTINP1Uuio>Q`ba�UuK�J+a�³æKTioINP1UoIN_/ç�MNITPVUoiu>Q`<IN_Êâ�ITP¶À >]cLUgãgÝ._oINS/a�°±MNITPVUoiu>Q`<IN_/â�>Qc¶S/ab`<abITcÑã�I�UDhKg°
ioa<h+À+KNijab�Vc+IT_�â�INPµÉ >Q_uã�:ÞB�ITced�MNO;cLh+c+ioIT_2_jc+iÂ`bI

pT
J+IT_2S�cLO;P+_ÂabP+JLa<¦rabJ+cLIN`b_Ë_oO;P1U/MNO;S/h >QijKNIT_�ç

MNO;cLh+c+ioID�Â{L:YFÂÈAI±�
/c

â5��s1>]c+M\À+IwãCI�U��f9EÈ¡I±�
/c

â5�ÂJ+ioO;a�UuI"ã�:

O,+
S
IN_�UC`bI�_jabs;P >]`+ITU

B
IT_jUÁ`bI�É+ijc+a<U�J+I���O;P+J�:V=&>D_oabsQP+a<R MN>QP+MTI^JLKNh4INP+J2J+O;P+M^J+c2UoINS/h+_�J+I�hLioab_jI

J+I�JLO;P+P+KTIN_NÝLITU�>QcLs;S2ITP1UuI�>"¦QINM¡`¯>D_jUu>]Uua<_jUua<�Vc+I�ijKNMNOQ`<UuKTIQ:e=.I�U\>QÉL`bI">]cÊ�+:YFES/O;P1UuioI�`bI�_oabsQP >Q`
S
ÝL`bI

É+iocLa<U^J+IE��OQP+J
B
ÝÑ`bIDiu>]h+hOQijU�_oabsQP >Q`&_oc+i�É+iocLa<U

S/B
ITU�`b>/_jabs;PLa<R MN>QP+MNI

Σ
>]UjUuINPLJ+c+_�h4O;c+i^`bI

ρ
Ý

`bI
ω
ITU^`<I

φ
hO;cLi^JLa<³KNioITP1Uu_�abP1UuITij¦]>Q`<`bIN_xJ+IAMNINP1Uoiu>Q`<a<UuK]:

=&IT_�¦]>Q`bITc+io_��Vc+IfPLO;c+_�abPLJ+ab�Vc+O;PL_�MNO;PLMNINijP >QP1U/`bI¢_jabs;P+>Q`åÝ&`bIÊÉ+ioc+a�U�ITU�`¯>y_jabs;P+a�R M">]P+MNI¢_jO;P1U
M">Q`<MNc+`<KNIT_�h4O;c+i^c+PyS/O;a<_^JLIËh+ijab_oIDJ+IEJ+O;P+P+KTIN_Ââ

106 _\ã��2c+P+IE`bc+S/abPLO;_oa�UuK¡J+I
5 · 1026 MNS

−2 _ −1 :B�IÊhL`bc+_TÝ»`<I2_jabs;P+>Q`ÞITU�`<I2ÉLioc+a�UË_jO;P1U�M">]`bMNcL`bKN_DJ >QPL_Ëc+Pva<P1UuINi�¦]>Q`b`<I�J+I ±2σ
>]cLUuO;cLiEJ+I2M\À >Q�Vc+I

ioKT_oO;P >]P+MNI]:æß^O;c+_¡>"¦;OQP+_�_jc+h+h4O;_oK�cLP+IËMTO;c+h+c+ijI��Ê{e:HF2ÈAI±�
/c

_oc+i�`bIT_�S�c+OQP+_�a<P+J+a�¦ea<J+c+IT`b_N:Ñè^P+I
MNO;cLh+c+ioI2�×9¢È¡I±�

/c
M\À >QP+s;IÂUuij�N_EhITc¶`b>�_jabs;P+a�R M">]P+MNI]Ý.É+abITP¶�Vc+I/`bIÂiu>]h+hOQijUD_oa<s;P >Q`�_jc+iEÉLioc+a�U

_oO;a�U S�c+`�Uua<h+`ba<K�h >]i�F�ITPV¦ra<ioO;P�:
WQ�



®�KN_jO;P @xINP1Uoiu>Q`<a<UuK§. ��Su0 q¶â ·103 ã ¾òâ ·103 ã S/B
â)ÛÂã

Σ{Ë°ÁX GQF;F 9"Ã1�Q{;{ 9Q:HF Ã;G
ρ

ÃË°ÁÒ X;WL9 Ò;Ã1�Q{ XL:YW 9-GQ{
9-GE°^9wÃ �+9 9wÃ1� G;F Ò;G
{Ë°ÁX F]{;X W]�1Ò;{ Fr:YÒ 9"Ã;W

ω
ÃË°ÁÒ �QF;F Fr9wW;{ 9-F Xe9w{
9-GE°^9wÃ W1G W;Ò Ò1G 9"Ò;Ò
{Ë°ÁX Gr9w{ 9"{;Ã1�Q{ Gr:Y{ Ã]�

φ
ÃË°ÁÒ X;GQX Ãe9wX;{ Fr:YX 9wG;�
9-GE°^9wÃ XQ� 9;9-G X;{ Òe9

������� �+:YF:	�qea<s;P >Q`
S
Ý+ÉLioc+a�U

B
Ý iu>]h+hOQijU�_oa<s;P >Q`æ_oc+i�É+ijc+a<U

S/B
I�U�_jabs;PLa<R MN>QP+MNID>]UjUuITP+J+c+_�h4O;c+i

`bI
ρ
ÝÞ`<I

ω
ITU2`bI

φ
h4O;c+iÂJ+IT_ÊMNOQ`b`ba<_oa<O;P+_ËMTINP1Uuio>Q`bIT_�â�{(°ËX(��S¢ãgÝ[_oITS2a °´MTINP1Uuio>Q`bIT_yâ�Ã(°ËÒ(��S¢ãËI�U

hKTioa<h+À+KNijab�Vc+IT_Ëâ 9-GD°^9wÃ���S¢ãg:

ß�O;c+_.¦QO-¿QO;P+_»�Vc+IÁ`<I�iu>QhLhO;i�U._oa<s;P >Q`Q_oc+i&É+ijc+a<U&IT_jU&Uuij�N_&É >Q_TÝwINPDh >QijUoabMTc+`ba<INiæh4O;c+i.`<IN_&MNOQ`b`ba<_oa<O;P+_
`bIT_xh+`<c+_xMTINP1Uuio>Q`bIT_ hO;cLix`bIT_o�Vc+IT`b`bIT_xMTI�iu>QhLhO;i�UCIT_jU�J+I�`5ÇmOQioJ+ijI�J+I

10−2 :L=&I�Uuiu>"¦]>Qa<`4JæÇmIgdeUoiu>QM�Uua<O;PJ+c×_oa<s;P >Q`[_jINio>�JLO;P+M�Uuij�N_AJ+KN`<abMN>]U�ç.a<`���>Qc+JLiu>fc+P+I�h+ijKNMTab_oa<O;P×J+IÂ`åÇáO;ioJLioI�J+I/{L:�9[Û J >]P+_A`åÇáIN_jUoa�°
SÊ>tUuabOQPyJ+c×É+ijc+a<U�J+I���O;P+J(h4O;c+iA>]UjUuITabP+J+ijI�c+P+I�ITioijINc+i¡a<PL��KNijabINcLioI���9"{KÛz_ocLi¡`bIN_�ioKN_jO;P >QPLMNIN_T:
@xINh4INP+J+>QP1U"Ý»`bIÂs;ioOQ_Ë>"¦]>QP1U\>QsQI2J�Çá��=.��@CZ�IN_�U�_o>�Uuij�N_Es;iu>QPLJ+I2_�U\>]Uoab_�Uuab�Vc+I]:»ÈAioîQMNI2��MTITUjUuI/_jU\>-°
Uua<_jUua<�Vc+IQÝr`¯>�_jabs;P+a�R M">]P+MNI�IT_jU Uoio�N_ KT`bI�¦;KNI]Ý+MNI¡�Vc+aæJ+IT¦riu>]a<U h4INijS2I�UoUuijI�c+P+I¡É4O;P+PLI¡I�drUuio>QMTUoabO;PfJ+IT_
É >Q_j_oIN_^S2>Q_o_jIN_N:

Ð ¹�!×)����L0-¹�647��Ë«;6!¶�n��R10w�r�
��O;c+i�`bIT_Þ_oabSËc+`¯>]UoabO;PL_[MNO;S/h+`<�TUuIT_NÝ1P+OQc+_x>"¦QO;P+_xceUuab`<ab_jK c+P2MTOeM\�1Uu>Qab`ÑJ+I�S�c+OQP+_ÁhLioOw¦;ITP >QP1UCJ+IT_

M\À >QijS2IT_xITUxJ+IN_xÉIN>QcLUuKT_CO;cL¦QINi�Uu_NÝeJ+IN_xioKN_jO;P >QPLMNIN_x`bO;c+ijJ+IN_�â�ITP¢h >Qi�UuabMTc+`ba<INiÞJ+c
J/ψ

ã�ÝrJ+IN_Áh+abOQP+_
ITUEJ+IN_E�t>QO;P+_T:�=.IT_ËioKT_oO;P+>QP+MNIT_�J+I/É >Q_j_oIN_ËSÊ>Q_j_oIT_ËP�ÇáO;P1UËh+>Q_EK�UuK2abP1UuKTs;ioKTIN_���MNIT_Ë_jabS�c+`b>]Uua<O;P+_
ITU�O;P1U�J+OQP+MËJQPyÆTUuijI�>-êjO;ceUuKNIT_(�¼c��d*Z�aeZ�O')�!�O'Õ:4=&>2P+O;ijSÊ>]`bab_o>]Uua<O;PfJ+IT_�É >Q_j_oIN_�SÊ>Q_j_oIT_¡>2K�UuKE��>]a<UuI
�2`5ÇY>Qa<J+IDJ+IN_�_jabS�cL`¯>]UoabO;P+_ io>Qh+a<J+IN_TÝh >]i�iu>]h+hOQijU�>Qc

J/ψ
ç4P+O;cL_�>"¦;O;PL_�I�deabsQKË�Vc+I�`<IN_�io>Qh+h4O;ijUo_

NX/NJ/ψ
â�O,+

X = ρ, ω
O;c

φ
ãx_oO;a<INP1U�`bIT_�S2ÆTS2IT_ �rcLIDJ+>QP+_^`bIN_ _jabS�cL`¯>]UoabO;P+_Áiu>QhLabJ+IT_N:

B�INcedEJ+a�³æKTioITP+MNIT_[_oO;P1Un��ijIN`bI�¦;ITinINP1UoioIx`<IN_»MNOrM\�1U\>Qa<`b_&J+IxSËc+O;P+_»J+IN_�MNO;`<`ba<_oabOQP+_�he°±hËITUn��Ée° ��É¢ç
`bIT_�_oITMTUua<O;P+_¡IZ�2MN>QMNIT_EJLI�h+ioOrJ+c+M�UuabOQP�ITUA`<I�_oÀ >]J+OdÚ�abP+s+:�=&IT_¡_oITMTUua<O;P+_¡IZ�2MN>QMNIT_EJLI�h+ioOrJ+c+M�UuabOQP
J+IN_�ijKN_oOQP >QP+MTIN_�I�U�J+c�É+ioc+a�U�J+I¡��O;P+J�INP�MNO;`<`ba<_oabOQP+_C��Ée°´�ÞÉ�_oOQPVU�I�drUoiu>Qh4O;`bKTIN_��Âh >Qi�UuabixJ+IAMNIN`<`bIT_
INP MTO;`b`<ab_oa<O;P+_Ahe°±h s;iuîQMTIf>Qc S/OeJL�N`bI2J+I�È¡`¯>QcLÉITiNÝ»ITU�J+KThITP+J+ITPVU/J+c h+>Qiu>QS/�TUoioI¢JæÇma<S2h >]MTU�JLI
`¯>�MNOQ`b`ba<_oa<O;P�:+=.IE_oÀ >QJLO|Ú�a<P+sÊIT_jU�abP1UuijOeJ+cLa<U�INP�>-êjO;cLUu>QP1U��Â`¯>Â_oITMTUua<O;PyIZ�/M">QMTI�J+IDh+ioOrJ+c+M�UuabOQPy`bI
��>QMTUoINc+i JLKNh4INP+J >]PVU�J+c�h >Qio>QS2��UuijI¡J�Çma<S2h+>QMTU JLKTR P+a»��`åÇáKN�Vc >tUuabOQP��L:<9-Fr:

=&I�ioKT_oc+`�U\>]U�J+IT_n_oa<S�c+`b>]Uua<O;P+_.MNOQS2h+`<�TUoIN_»hO;cLi»JLIN_[MTO;`b`<ab_oa<O;P+_.��Ée°´��É�MNITPVUoiu>Q`<IN_xâ
b = 0−5

��SÊã
IN_�U�S/O;P1UuioKË�Ê`¯>�R s;cLioI��+:mX;{º¹":æè^PyUuIT`�_jhITMTUuijI�MNOQioioIT_oh4O;P+J×�y9"Ã2S/ab`b`<abO;PL_CJ+I�J+a<S�c+O;PL_�J >]P+_�`bI
_oh4INM�UuO;S/�TUoioIQÝ&_jKN`bITMTUoabO;P+PLKN_D_oc+iD`¯>fMNITP1Uuiu>]`ba<UoK�J+I/`¯>�MNO;`<`bab_jabO;P â

b = 0 − 5
��S¢ãg:.�´`�J+IT¦rio>Qa<UEÆTUoioI

O;ÉLUoINPVcÊITPÊS/O;abP+_�JæÇmc+PLIÞêjO;c+ijP+KNI^J+I^MNO;`<`ba<_oabOQP+_���Ée° ��ÉÊ�D`b>D`<c+S2a<P+O;_ja<UuKxP+O;S/abP >Q`<IQ:Qß�O;c+_Þ¦;Ow¿QO;P+_
�Vc+Ix`<I�ÉLioc+a�UnJ+IÞ��O;P+JEP+O;Pe°±MNO;ijioKT`bK�IN_jUnJ+I�`bO;a<PE`b>^MTO;P1Uuioa<É+cLUoabO;PD`¯>�h+`bcL_�a<S2h4O;ijUu>QP1UuI�J+IÁMNIÁ_oh4INMTUoioI]:
qeO;P�KN`<abS/abP >tUuabOQP2IT_jU�J+O;P+MAM">]h+a<Uu>Q`bI�h4O;c+i IT_oh4KNijINi^I�drUuio>QabijI¡`bIN_ ijKN_jO;P >QP+MTIN_�J+IAÉ >Q_o_jIN_^SÊ>]_o_oIT_N:

B�I�h+`<c+_NÝrMNOQPVUoiu>Qa<ioITS2ITPVUx>Qced2MTO;`b`<ab_oa<O;P+_[hr°´h�Ýr`bIT_Áh >]abioIT_
D− D̄

ITU
B− B̄

_oO;P1UCS2>-êjO;ija<Uu>QabijI�°
S2ITP1UxP+OQPe°´MTO;ioijKN`bKTIN_Á`bO;ij_ÁJ+I�MNO;`<`ba<_oabOQP+_Þ��Ée° ��É¢MTINP1Uuio>Q`bIT_N: ®�O;abP+_�J+IAF:Û J+IN_

D− D̄
ITUxINP1¦rabijO;P

`¯>ÊS/O;a�UuabKEJ+IN_
B − B̄

_oO;P1UDMNOQioioKT`bKT_u.YFe9Z0å:�B�O;P+M]Ý._oa[P+OQc+_Ah >Qij¦QINP+OQP+_D��KT`ba<S2a<P+INi�UuOQcLUA`bI�ÉLioc+a�U
J+IÊ��O;PLJvMNO;SËÉ+abP >tUuO;a<ioIQÝ&c+PLI¢s;iu>]P+J+I¢h >]ijU�J+cvUoiu>"¦]>Qab`ÞJ�ÇáI�drUoiu>QM�UuabOQP J+I¢_oa<s;P >Q`�_oITiu>y��>Qa�UuI]:nB�IT_
» ���<�¦���z�@¼z���<�^�d� �,���)���4�a�z�^�|�9�|�Z�)¢9�O�����)���)���}�:�d�<��§!�Z�)�l�<�¦¢9�Z�)�l�<���4�O�^�s�O�|���Z���+8Â���&¯!�Z�!���:F!�¾½¨>
���Z�����d�|�<�+8�d�<�w¢S�����z��8m¿÷�Z�!���d�^�a�z�l�s�O���|�z�w ��O�����!�)��À

NX/coll
�Z�

R.E.X→µµ Á �
W1F



5�6879� �L:YX;{:	fqeh4INM�UuioIDINP�SÊ>]_o_oIAa<PV¦]>Qija¯>QP1UoI�UuIN`.�Vc+IA¦rc�J+>QP+_^`bI¡_oh4INM�UuijO;S2��UuijIË��S�c+OQP+_�`bO;ij_^JLI
MNO;`<`ba<_oabOQP+_[h+`<O;S�Ée°±h+`bO;SËÉ�MNITPVUoiu>Q`<IN_T:L=.IN_�J+a�³æKTioINP1UoIN_xMTO;P1UuijabÉ+cLUoabO;PL_Á�DMNI^_oh4INM�UuioI�_oO;P1UÁ_oKTh >QioKTIN_�ç
`bIT_�ijKN_oOQP >QP+MTIN_

ρ
â�É+`<INcÑãgÝ

ω
â�¦;ITijU���O;P+MNK"ã�Ý

φ
â�ioO;cLs;Iwã ITU

J/ψ
â�É+`bITc�� ∼ XL:�9�È¡I±�×N

c2
ã�ÝÑ`<IEÉ+ijc+a<U

J+I¡��O;P+J�h+ioOw¦QINP >QP1U�J+IN_
D − D̄

â�¦rabO;`<ITU MTO;P1Uua<Prc ã�Ý J+IT_
B − B̄

â�¦rabO;`<ITU�h4O;abP1Uoab`b`<Kwã�ITU^`bI¡ÉLioc+a�U�JLI
��O;P+J(P+OQPe°´MTO;ioijKN`bK¢â

π
Ý
K
Ýn:�:<:nçæioOQc+s;Iwãg:�=&>¢MNOQPVUoioa<É+cLUua<O;P�J+IT_

π
ITU¡JLIN_

K
>Qc���O;P+J(P+OQPe°´MTO;ioijKN`bK

IN_�U�S/O;P1UuijKNI¡ITP�ijO;c+s;IAh4O;abP1Uua<`b`<KQ:

S2K�UuÀ+OrJ+IT_�J�ÇbäTIT¦QINP1UDS2a deabP+sÑä¡O;c�JLI�äT`ba<�QIg°´_oa<s;PySËc+O;P+_"äE_oO;P1U¡ITP(MNO;cLio_�J+IËJ+KT¦QIN`bOQh+hITS2ITP1U"Ý�I�U
`bIT_ h+ioITS2a<INio_ ijKN_jc+`<Uu>]Uu_�_oOQPVU�Uoio�N_�ITP+MNO;cLiu>Qs;IN>QP1Uu_T:

=»>yR+s;c+ioIÊ�+:YXe9fS2O;P1UoioI¢`<I¢_oh4INM�UuioIfITPÔSÊ>Q_j_oI¢a<P1¦Q>]ioa¯>]PVUoI¢O;ÉLUoINPVcµ>Qh+ij�N_�c+P I�¦;INP1U/S/a�deabP+s
_oc+iÂ`<If_oh4INMTUoioI�J+I�`¯>�R s;c+ijI��+:YXQ{L:�=.I�É+ioc+a�U/J+If��O;P+JµP+O;Pe°±MNO;ijioKN`<Kf�Vc+I�PLO;c+_/>"¦;O;P+_2_oO;cL_jUuio>Qa<U
hOQc+iEOQÉLUuITP+abiEMNITUjUuIÊR+s;c+ioI2IN_�U�UuijO;cL¦;KÊh >QiDc+P IT¦QINP1UÂS2a deabP+s�_oa<S2hL`bI�ç�_o>���O;ioS/I/IN_jU�O;ÉLUuITPVc+I
INP×M">]`bMNcL`¯>QP1U¡`<IN_¡S2>Q_o_jIN_AabP1¦]>Qioab>QP1UuIT_¡J+IN_Ah >Qa<ioIT_¡J+IÂS�c+O;P+_¡JLI/_jabs;PLIN_¡O;h+h4O;_jKN_Ah+ioa<_¡J >QP+_AJ+IT_
MNO;`<`ba<_oabOQP+_ÁJLa<³KNioITP1UuIN_T:Ñ��O;cLi^_o>�P+O;ioS2>Q`<ab_u>tUuabOQP�ÝVP+O;c+_^>"¦;O;PL_^ceUuab`<ab_jK�`¯>Ë��O;ijS�c+`<I�_ocLa<¦]>QP1UuI]Ý É >Q_oKTI
_oc+i�`<I¡P+O;S�É+ijI¡J+IAh >Qa<ioIN_ JLIDSËc+O;P+_�J+IAS/ÆNS/I¡_oabsQP+I¡J+KTUoINM�UuKN_�J >QP+_�`<I¡_oh4INMTUoioO;S/�TUoioIÂç

Nµ−µ+

= 2
√
Nµ+µ+Nµ−µ− .

â��+:�9wW1ã
@xITUjUuI^KN�Vc >]UoabO;PÂIN_�UÁ¦]>Q`b>QÉ+`<IC`bO;ij_o�Vc+I^`åÇm>QMNMTINhLUu>QP+MTI�J+IT_ÁSËc+O;P+_ÞP+I�J+KThITP+J¢h >Q_ÞJ+I^`bITc+i�_oa<s;P+I-. ��0åÝ
MNIA�Vc+a.IN_�U^h+iu>]Uoab�Vc+ITS2ITPVU^`<I¡M">Q_�J >QPL_^��=.��@CZ�:

ß�O;c+_¡¦QO-¿QO;P+_Ë��`b>fR+s;c+ioIÂ�+:mXL9Â�Vc+I/`bIN_AJ+ITced%h+a<MN_AMNO;ijioIT_oh4O;P+J >QP1UË>Qced×É+>Q_o_jIN_ËS2>Q_j_oIN_E>Qhe°
h >Qio>Qab_j_oINP1UxP+ITUjUuINS/INP1UC>Qh+io�T_xc+PÊIT¦;ITP1U�S2a dLa<P+s+:V@xIThITP+J >QP1UNÝ+`bIT_�{ cLMTUuc+>]Uua<O;P+_x_�U\>]Uoab_�Uuab�Vc+IT_Á_jO;P1U
Uuij�N_Ëa<S2h4O;i�U\>QP1UuIT_NÝ&_ocLijUuOQcLU�_oaÁO;Pv`<IN_ËMTO;S/h >QioI2�y`b>�ioKTs;abOQP#J+c

J/ψ
:[@xIT`¯>�IT_jU�J�PÔ��`åÇáabS/h4O;i�°

U\>QPLMNI�J+c�É+ijc+a<UCJ+I���O;P+JfP+OQPe°´MTO;ioijKN`bK�J >QP+_ `b>ËioKTs;abO;PfJLIN_ É >Q_j_oIT_^S2>Q_j_oIN_T:+�&¦;INMAc+PLI¡_jU\>tUuab_�Uua<�rcLI
É+abITP¶hL`bc+_Ds;iu>]P+J+IQÝ&MTO;S2S/IÂMNI2_oINio>�`<I/MN>Q_�>]h+io�T_Ec+P¶S2OQab_AJ+I/h+ioa<_oI/J+IÊJ+OQP+P+KNIT_NÝ»MNIT_:{ c+M�Uuc >-°
Uua<O;P+_Þ_jUu>]Uua<_jUua<�Vc+IN_�J+IT¦rio>QabITPVUxJ+ab_jh >Qio>43bUoioIQÝQITUCOQPÊh4INcLUÁ_NÇm>]UoUoINP+JLioI��DJ+IN_Á_oh4INM�UuioIT_CJ+I�Uuij�N_xÉ4O;P+PLI
�Vc >Q`ba�UuK]:

qeaePLO;c+_nMTO;S/h >QioOQP+_�`<IÁ_jhITMTUoioICO;ÉeUuINPVc�>]h+io�T_n_oOQc+_jUoiu>QM�UuabOQP�J+c�É+ijc+a<U»J+I���O;P+J�>"¦QINMC`<IÁ_jhITMTUuijI
_oa<S�c+`bK�â�_jO;S/S2IÁJ+IN_

ρ
Ý
ω
ITU
φ
ã�Ý]P+O;c+_n¦QOw¿;O;P+_Þ�Vc+IC`b>�J+a�³æKTioINPLMNICIT_jUÞ_ocLijUuOQcLU�J�ÇáO;ioJLioIC_�U\>]Uoab_jUoab�Vc+I]Ý

W;Ã



5�6879� �+:mXL9-	�qeh4INM�UuijI�INP(S2>Q_o_jI�abP1¦]>Qioab>QP1UuIË>Qh+io�T_�_oOQc+_jUoiu>QM�UuabOQP(J+c(É+iocLa<U�JLIË��O;P+J(P+OQPe°´MTO;ioijKN`bK
h >Qi�IT¦QINP1U�S/a�dea<P+s+:+=.IT_�ijKN_oOQP >QP+MTIN_�_jabS�cL`bKNIT_ _oO;P1U�>Qc+_j_oa&S2OQPVUoioKTIN_Dç

ω
â�INP�¦QINi�Ugã�Ý

ρ
â�INP�É+`<INcÑãgÝ

φ
â�ITP�ijO;c+s;I"ãxITU

J/ψ
â�ITP�É+`<INcÑãg:

MNO;S/S/I¡`bIAS2OQPVUoioIA`¯>�R sQc+ioID�+:mX1Ge:Ñß�OQc+_�MTO;P+_�U\>]UoO;P+_�UuO;cLU^J+IDS/ÆNS/I¡c+P+ID`bKNsQ�NioID_ocLioIN_�Uua<SÊ>]UoabO;P
J+cµ_oabsQP >Q`CJ >]P+_2`b>(ioKNsQabO;PÔJ+IT_/É+>Q_o_jIN_ÊS2>Q_j_oIN_TÝÞ�rcLa^JLIT¦riu>×ÆTUoioI�abP1¦;IT_jUua<s;c+KTI�hL`bc+_/>"¦]>QP1U¢>"¦;ITM
c+P+IDh+`bcL_^sQiu>QP+JLIE_�U\>]Uoab_jUoab�Vc+I]:ÑZÞPyMNO;S/h >Qio>Qab_jO;P�>w¦QINME`bIAh+abMAJ+c

ω
Ý MNI�UoUuID_ocLioIN_�Uua<SÊ>]UoabO;P�IT_jU�JLI

`åÇáO;ioJLioI�J+IEF[Û¢ÝÑ>Q`bO;ij_C�Vc+ID`bIN_S{+c+MTUoc >]Uua<O;P+_�_jUu>]Uua<_jUoab�Vc+IN_ _jO;P1U^J+IA`åÇáO;ioJ+ijI¡J+IÂ9w{t°u9-F(Û¢:
ß�OQUoO;P+_D�rcLI¢`bIÂÉ+ijc+a<UEJ+I2��OQP+J#MTO;ioijKN`bK/h+ijO-¦QINP >]PVUËJ+IN_ËM\À >QioS/IN_EITUEJ+IN_EÉIN>QcLUoKN_ËPæÇmIT_jU�h >]_

_oa<S�c+`bK]:1��OQc+ixMTITUoUoI�io>Qab_jO;P�Ý1P+OQUoioI^IT¦QINP1U S/a�deabP+sA_jc+h+h+ijabS/I^UoO;cLUÁ`bI�É+iocLa<UÁJ+I^��OQP+JÊ_jabS�c+`<KQ:VB�>]P+_
`¯>yijK">Q`<a<UoKQÝ�>Qh+io�T_Â`åÇáIT¦;ITP1UÂS2a dLa<P+s+Ý»P+O;c+_Â>]c+ioO;PL_Â>]³�>]abioIÊ�(c+PÔ_oh4INMTUoioI�_oa<S2a<`¯>Qa<ioIÂ>Qcrd _oh4INM�UuijIN_
he°´h â�R s;cLioIË�L:HG;GQãDç4`bIN_�h+abMT_�J+IT_�ioKT_oO;P >]P+MNIT_¡hO;cL_o_oITP1UA_oc+i�cLP(MNO;P1Uua<PVc+c+SzJ+c(S2ÆTS2IDO;ijJ+ioI�JLI
s;iu>]P+J+INcLi��rcLI�`<I _oabsQP >Q`å:]�´`+��>Qc+J+io>DJLO;P+M�abMTa >Qc+_j_oa4>Qh+h+`<ab�Vc+ITi[J+IN_�S/KTUuÀLOeJ+IT_ÞJ�ÇY>wêjc+_jUoINS/INP1UÁUoIN`<`bIN_
�Vc+I2JLKNMNija<UoIN_���`¯>�_oITMTUoabO;P%�+:YGe:m�y>]R P%J+IÊijIN_j_oO;i�UuabiA`<IN_DioKN_jO;P >QPLMNIN_T:n=�Çm>-êjO;cLUEJ+c¶É+ioc+a�UDJ+I/��OQP+J
MNO;ijioKT`bK¡J >QPL_^`<IN_ _jabS�c+`b>]Uua<O;P+_ÁIN_jU�INP�MNOQc+io_�J�ÇáKTUoc+J+IQ:
�Î¶sÇS¶¶Â ß>à�ÀÂÁháaÌ�Ã�¾aà�À

qeaÞ`åÇáKTUucLJ+I2JLIN_ËijKN_jO;P >QP+MTIN_�JLI2É >]_o_oIT_ËS2>Q_o_jIN_EJ+IT¦riu>]a<UEÆTUuijI2ijIN`b>]Uua�¦;INS/INP1UA��>QMTab`bIÂ��ioKN>Q`ba<_oINi
INPÅMTO;`b`<ab_oa<O;P+_�h+ijOQUuOQPe°´h+ijOQUuOQP�ÝÁa<`�_jINio>#h+`bcL_¢J+a��/MTab`bI�J�ÇáINPÅIgdeUoiu>Qa<ioI�`bIN_Ê_oh4INMTUoioIT_fINPÅMNOQ`b`ba<_oa<O;P+_
h+`bOQS�Ée°´hL`bO;S�Éæ:n@xI�UoUoI�K�Uuc+JLI�JLIT¦riu>Qa�UÂP+K">]P+S2OQab_�Æ�UuioIfh4O;_j_oabÉL`bIQÝnS2ÆTS2I¢h4O;c+i�`<IN_�MTO;`b`<ab_oa<O;P+_D`bIT_
h+`bcL_ MNINP1Uoiu>Q`<IN_NÝ sQiuîQMTIE��`5Çma<S2S/INP+_jI�_jUu>]Uua<_jUoab�Vc+IA>]UjUuINPLJ+c+IAJ >QP+_^`bI�=»��@�:

ß�O;c+_C>w¦QO;P+_�S/O;P1UuioK��rcLI¡`bIN_xioKN_jc+`<Uu>]Uu_xh+ioKT`babS/abP+>QabijIN_ÞhOQc+iC`åÇáI�drUoiu>QM�UuabOQP¢J+cf_oa<s;P >Q`INPfMTO;`b`<a�°
_oa<O;P+_�h+`<O;S�Ée°±h+`bO;SËÉ�_oO;P1UÁINP+MTO;c+io>Qs;I">]PVUo_NÝVS2>Qab_��Vc+I^`bICUoiu>"¦]>Qab`+_jc+iÞ`bIT_�JLO;P+P+KTIN_�ioKNIT`b`<IN_Þ_oITiu>¡Uuio�T_
abS/hOQijU\>]PVUN:tZÞPÂh >]ijUua<MNc+`<abITiNÝtab`L_jINio>D>]É+_oO;`<c+S/INP1U�P+KTMNIN_j_u>Qa<ioI�J+I _jO;c+_jUoiu>Qa<ioIC`<ICÉ+ijc+a<U�JLIC��O;P+J�P+O;Pr°
MNO;ijioKT`bK�J+I^SÊ>QPLab�NijICUuij�N_xhLioKNMTab_jIQÝVKTUu>QP1UxJ+OQP+P+KNI^`¯>¡��>Qa<É+`bIT_o_oI�J+c2iu>QhLhO;i�U�_oabsQP >Q` _ocLiÁÉ+ijc+a<UN:V��O;cLi
MNIT`¯>LÝVab` ��>QcLJ+iu>Dh+ioITP+J+ioI�INP¢MTO;S2heUuI�`<I�ÉLioc+a�UxJ+I^��O;P+J¢MTO;ioijKN`<KQÝVITUx`¯>EPLO;ioS2>Q`ba<_u>]UoabO;P�_jabS/h+`ba<_jUoI^JLI
`åÇáIT¦QINP1U^S2a dLa<P+sË¦rc+IDh+`bcL_ À >QcLUËâ�KT�Vc >]Uua<O;P��+:�9wW1ãxJ+I�¦eio>/Æ�UuijIDijIT¦rc+I]:

W1�



5�6879� �+:mX1G�	2Z�ioioITc+iC>]É+_oO;`<c+I^_oc+iÁ`¯>E_jO;c+_�Uuiu>]MTUua<O;PÊJLc¢É+iocLa<UÁJ+I���O;PLJ¢P+O;Pe°±MNO;ijioKT`bKDçeMTO;S2h+>Qiu>Qa<_oO;P
INP1UuijI�MTI��Vc+aÑ>AKTUoK�sQKNP+KTioK^ITU�MNI^�Vc+I�PLO;c+_�ioITUoioO;ce¦;O;P+_x>Qh+ij�N_ÞIT¦QINP1UCS/a�deabPLs¡_oc+i�`bIT_�_jhITMTUoioIN_�¦rc+_
h+`bcL_ À >QcLUN:

W;W
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åçê éòðH÷lìîãIéëðI÷ªäIåçüxðI÷CG¶æ�å�ìôà�ú�ú�ðIæ�ì üxåçêzö éòðMìîãIéëðI÷ªäIåçüxð�y&êzÿzÿ�éòð7HN�@OEðH÷MðNP�ðHúûü�éòðI÷ â�ð�é � ð�z�äBà�äHíëìîã.â�ðâzãIäHåçæ�èçåçéëê�ìîíëåçæ�÷²åçæ�ì ú�åçæ�ìîö²ãH÷ à�êDP�Aõý�êzö²ðH÷{B2��EgðHì{BD�k|D�
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Q�åçíë÷:üzéëêz÷Dâ � ðIæ�ìîöªãIðI÷}��êzðgéòðl÷ªü)ðHäHì²ö²ðgü�øhüJ�9?GðHìªìîð ÷ªìîàºìîíë÷ªì²íj��êzðüzéòê�÷�ãIéëðHèçãHðDüzö²åwâzêzíjì�êzæ^÷ªü)ðHäHìîöªð<ÿzíòðHæ.üzéòêz÷ s éòíë÷²÷²ð s þ�äIåçæ�ìîðHæõà�æ�ì	úûå�íòæz÷mâzð�tõêzä@ìîêõàºì²íòåçæ�÷�ÿzíòæulÿ�íòæ¡�ß � à�ü�üõà�ö²íjìîíëåçæ âzðI÷,tõêzä@ìîêõà�ìîíòå�æz÷�üzö²å4èçå2��êzãIðH÷%üõàºöáé � àºúûüzéëí�AõäIàºìîíëåçæEâ�ðI÷,tõêzäHì²êõàºì²íòåçæz÷�âzêÝäIå�æ�ì²íòæ�êzêzúðI÷3ì&â�åçæzägüzéòê�÷:ìôà�öªâzíëè�ðÝâzà�æz÷<äIðgäBàº÷��

ñ ðHéòðHè�åçæz÷Dìîöªåçíò÷DöªãIýçíëåçæz÷Dâ � íòæ�ì²ãIöv
@ì ÷²êzö<é àgAzýçêzö²ðRBD�FE.|�ZY¦Úìîö^�I÷ ÿõàº÷²÷²ð.úûà�÷ª÷²ðlG
< 1

ØgðÈ�
/c2

H¨þÏéòðM÷²üxðIä@ìîö²ð^öªðIäIå�æz÷ªì²ö²êzíjì æ � ðI÷ªìÝüõàº÷lìîöv�H÷ ÿ)å�æ¤ÚäBà�êz÷ªðâ � ð��)ðHì²÷Mâ � à�äHäIðHü�ìôà�æ�äIð�ðHìgâ � ð�z�äBàºäIíëì²ã^âzê ÷²üxðIäHì²ö²åçú��Hì²ö²ð���ßáàÚâ�ãIäIå�æ�è�åçéòê�ìîíòå�æ�äHåçö²öªíòýçðMìîöv�H÷ÿzíëðIæ�äIðH÷ ð��/ð@ìî÷Hþxð@ì äIðgâ<�I÷<éòà^ü�ö²ðIú�íj�Hö²ð íjìîãIö²àºìîíëåçæ¡�Y¦1�m�FE�Ø ðÈ�
/c2
þDéëð�ü�íòä âzê

J/ψ
ðH÷ªì*ÿzíòðHæ ü�éòêz÷ïèwíò÷ªíòÿzéëð à�üzöv�H÷�é à`âzãIäHåçæ�èçåçéëê�ìîíëåçæ¡�}�&å�êz÷öªðHèwíòðHæzâzö²å�æz÷&÷ªêzö<éòð

J/ψ
üzéëêz÷Déòå�íòæ¡�Y¦uü�éòêz÷ óõà�ê�ì²ðúûà�÷²÷ªð�G

> 3.3
Ø ðÈ�

/c2
H@þ®é à�âzãIäHåçæ�èçåçéëê�ìîíëåçæØâzã@ìîãHö²íòå�ö²ðÝéòðÝ÷²üxðIäHì²ö²ð1äIà�ö íòéÏù*àì²öv�I÷Eü)ðHê,âzð1÷ªìîàºìîíë÷ªì²íj��êzð�þxâzåçæ�äâzð1ý�öîà�æzâ�ðI÷{tõê�äHìîêzàºìîíëåçæz÷��J?GðIéòàuíòæ�âzêzíëì&âzðgQ¶àºêDP*üzíòäH÷Iþ'�wê�íæ � åçæ�ì&à�êzäHêzæØ÷ªðIæz÷<üzó�ùw÷²í��wê�ð>��&åçêz÷:à�éòéëåçæz÷Gúûà�íëæ�ì²ðIæõàºæ�ìGæzåçêz÷GäIåçæzäHðIæ�ìîöªðIö<÷²ê�ö:éòð

J/ψ
�zß � ð�Pwìîö²à�äHì²íòåçæuâzê�÷²íòý�æõà�éxäIåçöªö²ðI÷ªü)å�æ�øâõà�æ�ì à�ê

J/ψ
à.ãHì²ãiQ¶àºíëìîðlà4è�ðIägêzæzðgú�ãHì²ózå�â�ðlìîöv�H÷<÷²íòú�üzéëðgZõåçæïìîöªåçê�è�ðÝéëð úûðHíòéëéòðIê�ö�Azì<ðHæ�ìîö²ðR|D�kBðHì��D�~BuØ ðÈ�

/c2
àBèçðIägéòà1÷²åçú�úûð&â � êzæ*üxåçéjù�æmÒçúûð&âzð âzðHýçö²ãi�lG¶äHåçæ�ìîíëæwê�êzú�H	ðHì<â � êzæzð ý�àºêz÷²÷ªíòðIæ�æzðG

J/ψ
H��	ß�ðI÷Úüõàºöîà�ú��Hì²ö²ðI÷uâzð�é à�ý�à�êz÷ª÷²íëðIæzæzðØãHìôàºæ�ìÚéòíòÿ�ö²ðI÷Hþ+æzåçêz÷Úâ�ãHìîðHö²ú�íòæzå�æz÷ïà�íëæz÷²í<é à�è�àºéòðIê�öúûå4ù�ðIæzæzðgð@ì&éëð ÷²íëýçúuà1â�ê

J/ψ
.äôóõà>��êzðÝíëì²ãIö²àºìîíëåçæ¡�

?Gåçúûú�ð1âõàºæz÷ éòð1äIà�÷güzö²åºìîåçæ�ø7üzö²åºìîåçæÏþxéòð.÷ªíòýçúûàuâzê
J/ψ

÷ � àºúûãHéòíòå�ö²ð1àBè�ðIä^éòð1æ�åçú1ÿzöªð.â � íjìîã¨øöîàºì²íòåçæ�÷��áß � ã@èçåçéëê�ìîíëåçæ ðI÷3ì.÷²íëúûíëé à�íëö²ð\�äHðIéëéòð�âzðÚé à!Aõýçêzöªð!BD��x�þmà4è�ðIäïêzæ�ðÚö²ãH÷²åçéëê�ìîíëåçæ íòæ�íëìîíòà�éòð.â�ð�>¨Mc���ðÈ�
/c2
ðHìgêzæzð.öªãI÷ªåçéòê�ì²íòåçæ�à�üzöv�H÷�|>¯Úíëì²ãIö²àºìîíëåçæz÷Eâ�ð�|%|>c!�*ðÈ�

/c2
�,?GðHìªìîð^à�ú�ãIéëíòåçö²àºìîíëåçæ*â�ðé àuöªãI÷ªåçéòê�ì²íòåçæØðIæ�ìîö²à�£ æzðêzæzð^à�ú�ãIéëíòåçö²àºìîíëåçæ�âzê öîà�üzüxåçö3ìl÷²íëýçæõà�ém÷²êzö ÿ�ö²êzíjì�G

S/B
HRZ/ðHæ äBà�éëäIêzéòà�æ�ìäIðgöîàºüzü)å�öªì} ±2σ

àºê�ìîåçê�öDâzê
J/ψ
þzæzåçê�÷ å�ÿ�ìîðHæzåçæz÷ êzæ�ý�à�íëæ�â � êzæ!Q¶à�ä@ìîðIê�ö{|!G

S/B = 0.08
÷²ê�öéòðl÷ªü)ðHäHì²ö²ðÝö²ðIäHåçæz÷3ìîö²ê�íëì ðHìfcm�FE.B.à�üzö^�I÷<é à1âzãHäIåçæ�è�åçéòê�ì²íòåçæ�H��_hémðH÷ªìlíëúûüxåçö3ìôà�æ�ì<âzðÝèçãIöªí�AõðHö{��êzðMæzå�ìîöªðüzöªå�äHãIâzê�ö²ðæ � à�éjìh�Hö²ðÝüõà�÷Eéòà^èºà�éëðIêzö âzðMé à^úuà�÷ª÷²ðMâzê

J/ψ
�7ráåçêzö�äIðHé à�þ4æ�åçêz÷�üzö²ãH÷²ðHæ�ì²åçæz÷� éòàKAzýçêzö²ðUBD�FE7�Dé à:èºà�éëðIêzö�ú�å4ùçðIæ�æzð â�ð	éòàDý�à�êz÷ª÷²íòðHæzæzð	åçÿ�ì²ðIæ�êzðüzö²ãHäIãHâzðIú�úûðHæ�ìq���&å�êz÷.èçå4ùçåçæ�÷[��êzð�äIð@ì²ìîð�èºà�éòðHêzö.ú�å�ù�ðIæzæ�ð�æ�ð�èºà�öªíòð���êzð!Q¶à�íòÿ�éòðIú�ðIæ�ì.÷ªêzíëì²ð!

SUTWVKXLBD�FE7��Y±�²�/ð@ì�âzðDé à&âzãIäHåçæ�èçåçéëê�ìîíëåçæ.÷²êzö�éòà&èºà�éòðHêzö�âzðDéòàEúûà�÷²÷ªð:âzê
J/ψ

Z�úûà�÷ª÷²ðDö²ðHäIåçæ�÷ªìîöªêzíëì²ððIæ!Q�åçæzä@ìîíòå�æïâzê*æ�åçú1ÿzöªð â � íjìîãHöîàºì²íòåçæz÷����&å�ú1ÿzö²ð â�ð
J/ψ

ý�ãIæzãHö²ãI÷�Z@E7a%c>cm�

é à,âzãHäIåçæ�èçå�éòê�ì²íòåçæÝZ	ðHéòéëð�üzà�÷²÷ªðØâzð�|D��x�Â�m�kc�ØgðÈ�
/c2
à�üzö^�I÷�üzéòê�÷²íòðHêzö²÷�âzí�³Bà�íëæzðI÷^â � íëì²ãIöîà�ìîíòå�æz÷��® à�äôóõàºæ�ì��wê�ð1é à�úuà�÷ª÷²ð1ý�ãIæzãHö²ãIð.â�ê

J/ψ
ðH÷ªìi�m�FEuØ ðÈ�

/c2
þ/æ�åçêz÷läHåçæz÷ªìîàºìîå�æz÷lú�
Iú�ðMêzæ�ð1éòãHý%�Iöªðà�ú�ãIéòíëåçöîà�ìîíòå�æûâzðgäHðHì²ì²ð è�àºéòðIê�ö��

E7c%c



� æzð�å�ÿz÷²ðHöªèºà�ÿzéëð�ìîöv�H÷Úíòú�üxåçöªìîà�æ�ìîðØâzà�æz÷Úéëð�äBà�â�ö²ð�âzð,é � ã@ìîêzâ�ð�â � êzæßÞiØ�rQðI÷3ì�éòðØæ�åçú1ÿzöªðâzð
J/ψ

�°_hé�Q¶àºê�ìlâzå�æzä.æzåçêz÷là�÷²÷ªêzö²ðHö��wê�ð.æzå�ìîöªð1ú�ãHìîó�å�âzðæ � àºêzýçú�ðIæ�ìîð1üzà�÷ à�ö3ìîí�AzäIíòðHéòéëðIú�ðIæ�ì äIðæzåçú1ÿ�ö²ð�þ�äIåçú�úûð å�æ�üxåçêzöªöîà�íjì<é � íòúûà�ýçíëæzðIö	÷²êzíjìîðgà�ê�âzãHü)ðHêzüzéòðHúûðHæ�ì&â�ðI÷ ö²ãIý�íòåçæz÷<àºê�ìîåçê�öDâzê*ü�íòä>��&åçê�÷1àBèçåçæ�÷.âzåçæzäûíòæ�ìîãHýçö²ãÚæ�å�ìîöªðu÷²íëýçæõà�é	ðIæ�ì²ö²ð ±2σ
àºê�ìîåçê�öâzðÚéòà�èºà�éëðIêzöMúûå4ùçðHæzæzðºþ�à�üzö^�I÷1éòà÷²åçê�÷ªìîö²à�äHì²íòåçæ,üxåçéjù�æ�åçúûíòà�é�âzê ÿzö²ê�íëìlâ�ð±Q�åçæzâ¡��ß�ð.æzå�ú1ÿzö²ðâzð

J/ψ
åçÿ�ì²ðIæ�ê�Úäôóõà>��êzð^íëì²ãIöîà�ìîíòå�æðI÷3ì:üzöªãI÷²ðHæ�ìîãiéòà�Aõýçê�ö²ð�B2��Eq¨m��ß�åçöª÷GâzðH÷:÷²íëú1êzé à�ìîíòå�æz÷Iþ�E7a>c%c

J/ψ
ãHìîà�íòðHæ�ìGýçãIæ�ãIö²ãH÷Iþ�ðHìD÷ªðIêzéëðIú�ðIæ�ì

SUTWVKX'BD��E�¨RY��²�)ðHì<âzðgéòà1âzãIäHåçæ�èçåçéëê�ìîíëåçæ�÷²êzöDéëð æzåçú1ÿzöªð âzð
J/ψ

ö²ðHäIåçæ�÷ªìîöªêzíëìiZ�÷²íòý�æõà�é¡ ±2σ
ðIæQ�åçæzä@ìîíòå�æïâzê*æ�åçú1ÿzöªð â � íjìîãHöîàºì²íòåçæz÷��

¯%c%c.ö²ðHäIåçæ�÷ªìîöªêzíëì²÷��xß�à�Aõý�êzö²ðgBD�FEq¨^úûåçæ�ì²ö²ð��wê�ðMæzåºìîö²ðÝú�ãHìîó�å�âzðÝà�ú�ãIéëíòåçöªðläIå�æz÷²íëâzãIö²à�ÿzéòðHúûðHæ�ì&äHðæzåçú1ÿ�ö²ð�þ�ú�
Iú�ðEàºüzöv�H÷GüxðIêÚâ � íëì²ãIö²àºìîíëåçæz÷��L� åçêz÷	èçå4ùçåçæ�÷���êzðléòð æzåçúÿzö²ð âzð
J/ψ

ìîðHæzâuè�ðIö²÷{E.¥>c%c�þ÷²åçíjì^êzæzð�èºà�éòðHêzö1ìîö^�I÷�üzö²åwäôózð�âzð�é à,ýçãIæ�ãIöîà�ìîíòå�æÏþ%ìîå�ê�ì�ðIæröªðI÷3ìôà�æ�ì^ìîåçê.Iªåçêzö²÷^íëæmQ�ãIöªíòðIê�öu�äHðHì²ì²ðèºà�éòðHêzö��)ß � íëö²ö²ãHýçêzéòà�ö²íjìîã âzð1äHðHìªìîð.üzöªåçýçö²ðH÷²÷ªíòåçæ�ðH÷ªì â�êzðuué � íòæ�äIéòê�÷²íòå�æ9�ºð�P�äHéòêz÷ªíòåçæ�âzð1ÿzíëæz÷Eâzà�æz÷léòàö²ãHýçíòåçæ ±2σ
�

ß�ð ìîà�ÿzéòðIà�êlBD�FEMöªãI÷ªêzúûðgéëðI÷Dö²ãH÷²êzéjìôàºì²÷<üzö²ãHäIãIâ�ðIæ�ìî÷&äIåçæzäHðIöªæõà�æ�ì éòð
J/ψ

�
J/ψ

® íëýçúûà�`k�*ðÈ�
/c2

d ® íëýçæõà�éÁ�>©Gö²ê�íëì �Øàº÷²÷²ðC`�ØgðÈ�
/c2

d � åçú1ÿzöªðÝâ�ð
J/ψý�ãIæzãHö²ã ∼ 0

�m�FE E7a%c%c
öªðIäHåçæz÷ªì²ö²êzíjì �%�%c cm��c%a |D�kx ¯%c%c

à�üzö^�I÷f|>¯.íëì²ãIö²àºìîíëåçæz÷ |>c%c cm�FE.B �m�kc Eq¯%c%c
à�üzö^�I÷�E7c%c1íjìîãIö²àºìîíëåçæz÷ E7a%c cm�k| �m�kc E7¥>c%c

àUá6â�X'BD�FE{Y�ñ<ãI÷ªêzúûãgâzðH÷<ö²ãI÷ªêzéëìîàºìî÷<åçÿ�ìîðIæ�êz÷ ýçövÚ�äIði.é à.âzãHäIåçæ�è�åçéòê�ì²íòåçæ�÷ªêzö<éòð
J/ψ

�

ã ),+q:�02�\��3�02�>+7:.02�
�&åçêz÷Úà4è�åçæz÷�à�æzà�éëùw÷²ãØðIæ\âzãHìîà�íòé éòðH÷Úö²ãH÷²êzéjìôàºì²÷Úâzð�éòà$âzãHäIåçæ�èçå�éòê�ì²íòåçæo÷ªêzöÚâzðH÷ï÷²üxðIäHì²ö²ðH÷�ðHæúuàº÷²÷²ð&íòæ�èºà�ö²íòà�æ�ìîð���ßáàMúC
Húûð<üzöªå�äHãIâzêzöªðlüxðIê�ìn
Hìîöªðlà�ü�üzéòí��wê�ãIðlàºêDPuà�ê�ìîöªðI÷ ÷²üxðIäHì²ö²ðH÷IþzäHåçúûú�ð<éòðH÷÷²üxðIä@ìîö²ð^ðHæ

p
å�ê�ðHæ

pT
�Ïß�ð.äIà�÷gâzð.äIðH÷g÷²üxðIäHì²ö²ðH÷MðH÷ªìgìîö^�I÷ âzíF�/ãHö²ðIæ�ìgâzð^äHð���êzð^æzå�êz÷gàBèçåçæz÷ èwêüzö²ãHäIãHâzðIú�úûðHæ�ìBþ�äBà�öáíòé�÷ � àºýçíëì�âzð	÷²üxðIä@ìîöªðI÷�éëíò÷²÷ªðI÷Hþ4÷îà�æz÷müzíòäH÷����Øà�íë÷�ÿzíòðHæR��êzð é àDâzãIäHåçæ�èçåçéëê�ìîíëåçæ÷ªåçíëìüõà�ö3ìîíòäHêzéòí��IöªðIú�ðIæ�ìDà�âzà�ü�ìîãHð��é � ã@ìîêzâzð â�ðÝü�íòäI÷Hþõæzåçêz÷<üxåçê�è�åçæz÷&à�úûãHéòíëåçö²ðHö ìîå�ê�ìDìhùwü)ðgâzðg÷²üxðIä@ìîöªð>�ßáà\Aõýçê�ö²ðRBD�FE.B1üzö²ãH÷²ðIæ�ì²ðéòðgöªãI÷²ê�éëìôà�ì&å�ÿ�ìîðHæwê�÷²ê�ö&êzæ�÷²üxðIä@ìîöªððIæ�íòú�üzêzéë÷²íëåçæ¡� = Aõæ�âzðMú�íòðHêDP

E7cmE



SUTWVKX<BD�FE.BfY�OEãHäIåçæ�è�åçéòê�ì²íòåçæuà�üzüzéëíj��êzãHð{gêzæÚ÷ªü)ðHäHìîöªðEðHæÚíòú�üzêzéë÷²íòå�æÏþçà�ü�öv�I÷ êzæzð íëì²ãIöîà�ìîíòå�æ¡�M�möªåçíò÷÷²üxðIä@ìîö²ðH÷&÷ªåçæ�ìE÷ªêzüxðIö²üxåç÷ªãI÷gZõéëð ÷²üxðIä@ìîö²ðÝýçãHæzãIöªã�G�ü)åçíëæ�ìîíòéëéòãqH@þwéòð ÷²üxðIä@ìîöªðMöªðIäIå�æz÷ªì²ö²êzíjì&üzà�ö<éòðg÷²üxðIä¨øìîöªåçúC�@ìîöªðuG�ì²öîà�íjìKAõæ9HGðHì éëð ÷²üxðIäHì²ö²ðÝåçÿ�ì²ðIæ�êØàºüzöv�H÷ éòà.âzãIäHåçæ�èçåçéëê�ìîíëåçæ�G�ìîö²à�íëì:ãIüõà�íë÷�HN�

èçåçíëöEé � à�ú�ãIéëíòåçö²àºìîíëåçæÚâzê,÷ªü)ðHäHì²ö²ð�þ/é àCAõý�êzö²ðuB2��E7¯ûúûåçæ�ì²ö²ðéòàûâzíF�/ãHö²ðHæzäIð.ðHæ�ì²ö²ð1ý�ãIæzãHö²ã.ðHìlö²ðIäHåçæz÷�øìîöªêzíëìIþDàBè�àºæ�ì�ð@ìØàºüzöv�H÷*éòà�ü�ö²ðIú�íj�Hö²ð,íjìîãIö²àºìîíëåçæ¡�n�&åçêz÷�èçå4ù�åçæz÷���êzð�é à`âzãHäIåçæ�è�åçéòê�ì²íòåçæ\üxðIöªúûð@ìâzð�äIåçöªö²íòý�ðIöïéòðH÷�ðIö²öªðIêzöª÷Ø÷3ù�÷3ìîãHúuàºì²íj��êzðH÷ØäBàºêz÷²ãHðI÷Øüzà�ö�é à�ö²ðIäHåçæz÷3ìîö²ê�äHìîíëåçæ¡� ß�à öªðIäHåçæz÷ªì²ö²êzä@ìîíëåçæ÷²åçê�÷3øhðH÷ªì²íòú�ðØé à èºà�éòðHêzöuâzðØé � íòú�üzêzéò÷ªíòåçæ/þ�äIðÃ��êzí&ðIæ�ìîö²à�£ æ�ðØêzæo÷ªêzö²üxðIêzü�éòðIú�ðIæ�ìïâzà�æz÷Úéòà5ö²ãHýçíòå�æ
p < 25

ØgðÈ���ºäð@ì êzæ�âzãHü)ðHêzüzéëðIú�ðIæ�ì âzð1éòàuö²ãHýçíòå�æ
p > 25

ØgðÈ���ºä>�/ß�àuâzãIäHåçæ�èçåçéëê�ìîíëåçæ�äHåçö²öªíòýçðìîö^�I÷�ÿzíëðIæ.äHð:üzózãHæzåçú��Iæzð��MO � à�ê�ìîöªð:üõà�ö3ìBþºéòðGúûà�æ<��êzðGâzðD÷ªìîàºìîíë÷ªìîí���êzð�lóõàºê�ìîð:íëúûü�êzéò÷ªíòåçæÝðIæ�ìîö²à�£ æ�ðêzæzð�Q�åçíë÷:ðIæzäHåçö²ðÝâzðgýçö²à�æzâzðH÷�tzêzäHì²êõàºìîíëåçæz÷��
rmåçêzö�âzð�ìîðHéò÷�÷²üxðIäHì²ö²ðH÷IþGíëé�Q¶à�ê�ì�÷²ð*éòíëúûíjìîðIög5êzæ�ð*÷ªðIêzéëð*íjìîãIö²àºìîíëåçæ¡��?GðHé à�÷²êmz^ì[5äIå�ö²ö²íëýçðIöéòðH÷ ðHö²öªðIêzöª÷&âzðÝö²ðHäIåçæ�÷ªìîöªêzäHì²íòåçæ/þxð@ìEâ�ðI÷ íëìîãHöîàºì²íòåçæ�÷D÷²êzüzü�éòãIú�ðIæ�ìîà�íòöªðI÷ æzð�Q�ðHöîà�íëðIæ�ì}��êzðMâ�ãHìîãHö²íëåçö²ðHöéòð*÷²üxðIäHì²ö²ð üõà�öué � à�úûü�éòí�AzäBàºì²íòåçæ�âzðH÷!tzêzäHì²êõàºìîíëåçæz÷Ú÷3ìôàºì²íò÷3ìîíj��êzðH÷���?Gð,öªãI÷ªêzéëìîàºìïðI÷3ì�ÿzíòðHædèwíò÷²íëÿzéòðéòåçöª÷gâ � ê�æzðuàºæõà�éëùw÷ªðûðHæ

χ2
ìîðHéòéëð���êzð�èwêzðûü�ö²ãIäHãIâzðHúûú�ðIæ�ìIþmâzå�æ�ìMéòð�ö²ãH÷²êzéjìôàºìÝðH÷ªì1ü�ö²ãI÷ªðIæ�ìîã��éòàAõýçêzöªð	BD�FE.¥D�U?Gð@ì²ìîð AõýçêzöªðØú�åçæ�ìîö²ð*êzæzð�ìîöv�H÷[Q�åçö3ìîð*à�úûãHéòíëåçöîàºì²íòåçæ`â�ê

χ2
éòåçöª÷ûâzð*é à�üzö²ðHúûí��Iö²ðíëì²ãIöîà�ìîíòå�æÏþ�ü�êzíò÷<êzæzðgâzã@ìîãHö²íòå�öîàºì²íòåçæïüzöªåçýçöªðI÷²÷ªíëè�ðÝâ�êzð��é � à�ú�üzéëí�AõäIàºìîíëåçæûâ�ðI÷Ktõêzä@ìîêõàºì²íòåçæ�÷��

ßáàÝâzãIäHåçæ�èçåçéëê�ìîíëåçæuüxðIê�ì�
Hì²ö²ð&à�üzüzéëíj��êzãHð&÷ªêzö ì²åçêz÷GéëðI÷	÷²üxðIä@ìîö²ðH÷:üzó�ùw÷²í��wê�ðI÷��mr%à�ö ð�P�ðIú�üzéëð�þ�éòðH÷ìîöªåçíò÷áö²ãH÷²åçæõàºæzäIðH÷�âzðGéòà}Q¶à�ú�íòéëéòð�â�ðI÷
Υ
÷ªåçæ�ì�ÿzíëðIæ1üzéëêz÷6Q¶àºäIíòéëðI÷�Eâzíë÷ªì²íòæzýçê�ðIömà�üzöv�H÷%æzåºìîö²ð úûã@ìîózåwâzð��ß�à�üzö²íëæzäIíëüõà�éòðûâzí�z�äHêzéëì²ãïäIåçæz÷ªíò÷3ìîð!,äBà�éëäIêzéëðIö1éòà�úuà�ìîö²íëäIð

fij
üxåçêzö.äôózà>��êzð*æ�åçê�èçðIà�ê ÷²üxðIäHì²ö²ð��?GðIéòà å�ÿzéòíëýçð!�÷ªíòú1ê�éòðIöêzærýçö²à�æzâ æzåçú1ÿ�ö²ð�â � ãHèçãHæzðIú�ðIæ�ì²÷¤G*��êzðHéj��êzðI÷ûúûíëéòéëíòåçæz÷hHgâzà�æz÷^é à	³Iå�æzðäIåçæ�÷²íòâ�ãIö²ãHð>�<_hé)ðI÷3ì<íòú�ü)åçö3ìôà�æ�ìU��êzð éòð&æzåçú1ÿzöªð â � ãHèçãHæzðIú�ðIæ�ì²÷ ê�ìîíòéëíò÷ªãI÷GüxåçêzöGäIö²ãHðIöDéòàúuà�ìîö²íëäIð

fij÷²åçíjìG÷ªêmz�÷îà�ú�ú�ðIæ�ì:íëúûüxåçöªìîà�æ�ì à�AõæÚâ � ãHèwíjìîðIö âzðI÷UtõêzäHì²êõàºì²íòåçæz÷ ÷ªìîàºìîíë÷ªìîí���êzðI÷ âõà�æz÷:äHðHìªìîðEúûàºì²ö²íòäHð>�OEð+ìîðIéëéòðH÷¡tõêzäHì²êõàºì²íòåçæz÷á÷ªìîàºìîíë÷ªì²íj��êzðI÷áà�ê�öîà�íëðIæ�ìáâzð ý�öîàBèçðH÷%äIå�æz÷²ã��wê�ðIæzäHðI÷�éëåçö²÷�âzð	é àDâzãHäIåçæ�èçå�éòê�ì²íòåçæÏþðIæ�ìîö²à�£ æzà�æ�ì<êzæzðÝà�üzüõàºö²íëì²íòåçæïÿ�íòðIæ�üzéëêz÷Döîàºüzíòâzð â�ðitzêzäHì²êõàºìîíëåçæz÷<âõà�æ�÷ éëð äIåçæ�ì²íòæ�êzêzúl�
E7cM|



SUTWVKX�BD�FE7¯lY��²�/ð@ì^âzðïé àØâ�ãIäIå�æ�è�åçéòê�ìîíòå�æ ÷ªêzö.êzæ�÷²üxðIä@ìîöªðïðIæ�íòú�üzêzéë÷²íòå�æ¡��OEðIêDP`÷²üxðIäHì²ö²ðH÷�÷ªåçæ�ìüzö²ãH÷²ðHæ�ì²ãI÷KZ�àBèºà�æ�ì�é à âzãIäHåçæ�èçåçéëê�ìîíëåçæ!G
(Nreco−Ngen)/Nreco

þ�ì²öîà�íjì,Aõæ9Háð@ì�à�ü�öv�I÷%é à<âzãIäHåçæ�èçåçéëê�ìîíëåçæG
(Ndeconv −Ngen)/Ndeconv

þzì²öîà�íjìDãIüõàºíò÷�HN�

SUTWVKX2BD��E7¥fY
χ2

G ìîðHé��wê�ð&âzã�Aõæzíõüõàºö	é � ã���êõàºìîíëåçæ�BD�FE%E.H%ðHæCQ�åçæzä@ìîíëåçæ.âzê�æzåçú1ÿzöªð<â � íjìîãHöîàºì²íòåçæz÷%ü)åçê�öêzæ�÷²üxðIä@ìîö²ðÝðIæ�íòú�üzêzéë÷²íëåçæ¡� � æzð ìîðHéòéëð ãHèçå�éòê�ì²íòåçæï÷ªðMöªðHìîöªåçê�è�ðÝüxåçêzö:ì²åçêz÷<éòðH÷<÷²üxðIäHì²ö²ðH÷&éëíò÷²÷ªðI÷��

Å�ÆÈÇ�Æ*ä ånÖÍÊ�æ�çÍËÍçÄÖDÔèÏ{ÐÝËaÊêé{ë<ìKÌ°Ô@Ï{Î}ë<Ð
ßáà1ú�ãHì²ózåwâzð���êzð æzåçê�÷<à4è�åçæz÷<âzãHäIö²íjìîðl÷ªåçêm�)ö²ð â � êzæzð�Q¶àºíòÿzéëðI÷²÷ªðlãHèwíëâzðIæ�ìîðuZ�é àâzã@ìîðHö²ú�íòæõàºì²íòåçæâzð	é à<úuàºì²ö²íëäIð

fij
ðH÷ªì�Q¶à�íëì²ðU üõà�ö3ìîíòö�âzð ÷²íëú1êzé à�ìîíòå�æz÷Iþ�Q�å�ö²äIãHúûðHæ�ì%íëæzð�P�à�ä@ìîðI÷��>OEà�æz÷%éòà öªãBà�éëíëì²ã�þBæzå�êz÷

E7c%�



æzð^äIåçæ�æõà�íò÷ª÷²åçæ�÷Müõàº÷ÝéëðI÷gåçÿ2Iªð@ìî÷Ý÷²íëú1êzéòãH÷gðHìÝæzåçêz÷Ý÷²å�úûú�ðI÷ âzå�æzä�Q�å�ö²äIãH÷Mâ�ð�ýçà�ö²âzðHögé à�Q�åçæzä@ìîíòå�æâ � ãHìôàºéòðIú�ðIæ�ìMâzãHì²ðIöªúûíëæzãIð�üõà�öM÷²íòúêzé àºì²íòåçæJ�,� 
Iú�ðu÷ªí éëðI÷Ý÷²íëú1êzé à�ìîíòå�æz÷ ÷²ðHö²åçæ�ì.äHåçæmQ�ö²å�æ�ì²ãIðH÷\*éòàö²ãIà�éòíjìîã<ðHì<à7Iªêz÷ªì²ãIðI÷DðHæïäIåçæ�÷²ã���êzðHæzäIðºþ®æzåçêz÷:æ�ðlü)å�ê�èçåçæ�÷:üõà�÷Dàº÷²÷²ê�ö²ðIöDê�æzðEìîö^�I÷:ý�öîà�æzâ�ðlüzö²ãHäIíë÷²íòå�æ÷²êzö
fij
�'? � ðH÷ªì&â � àºíòéòéëðIêzöª÷GüxåçêzöDäHðHì²ì²ðMö²à�íò÷ªåçæ!��ê � ê�æzðg÷²íòú�üzéëðlíòæ�èçðHö²÷ªíòåçæ�âzðgé � ã���êõàºì²íòåçælB2�k�.âzåçæ�æzðâzðI÷<öªãI÷²ê�éëìôà�ìî÷<äIåçú�üzé��HìîðHúûðHæ�ì�Q¶à�êDP°�_hé�ðI÷3ì ìîöv�H÷ íòú�ü)å�öªìôàºæ�ì&âzð1è�ãIö²íFAõðIö���êzð.æ�å�ìîöªð.úûã@ìîózåwâzð1æzð.÷ªåçêm�)ö²ð.üõàº÷lâ � êzæ,ìîðIé%âzã�Q¶à�ê�ìBþÏð@ì��ê � ê�æzðDíòú�üzö²ãHäIíë÷²íòå�æ1÷²êzö

fij
æ�ðD÷²ðDö²ãHü)ðHö²äHê�ìîð<üõà�÷%ð�P�à�ýçãHö²ãIú�ðIæ�ì	÷²ê�ö�éòð:öªãI÷²ê�éëìôà�ì²Aõæõà�ée�M? � ðI÷3ì+ü)åçê�öäIð@ì²ìîð�öîàºíò÷²å�æÂ��êzð�æzåçê�÷àBèçå�æz÷äôózå�íò÷²í�â � à�æzà�éëùw÷²ðHögâzðI÷MãHèçãHæzðIú�ðIæ�ì²÷ýçãHæzãIöªãI÷ðHæ]|>c>c%¯m� = íòæz÷ªí�þÏéòàúuà�ìîö²íëäIð1äHö²ãHãIðûà4è�ðIä�êzæzð.èçðHö²÷ªíòåçæ�âzðC|>c%c%aÚæ � ðH÷ªìMüõà�÷gé àÚú�
Iú�ð\��êzð^äIðIéëéòð\��êzí+à�ê�öîà�íjìgãHìîã^äHö²ãIãHððIæ4|>c%c%¯m����ærð��/ð@ìBþ	ðIæ¦|�à�æz÷Hþ	â�ðØæzåçúÿzö²ðHêDPcüõà�öîàºúC�@ìîö²ðH÷ûå�æ�ìûãHì²ãØäôóõàºæzýçãI÷uâõà�æz÷ = éòíòñK�i�����êzíÏüxðIê�è�ðIæ�ìlíëæmtõêzðHæzäIðHö äHðHìªìîðgúuà�ìîö²íëäIð±G¶üõà�öDðNP�ðIú�üzéòðgéòðH÷Dúûã@ìîózåwâzðH÷Dâzð ìîöîàºä�íwíëæzý^åçæ�ì<ãHè�åçéòêzãH÷�HN��Øà�éëýçö²ã äIðHìªìîðDúûàºìîöªíòäHð s íëúûüzöªãIäHíò÷²ð s þ�æzåçêz÷+àBèçå�æz÷�èwê���êzðDéëðI÷�öªãI÷ªêzéëìîàºìî÷�âzðGé àEâzãHäIåçæ�è�åçéòê�ì²íòåçæ.÷ªåçæ�ììîö^�I÷<ÿ)å�æz÷���&åçêz÷uàBèçåçæz÷ïæ�ãBà�æzú�åçíëæz÷�è�åçêzéëêrìîðH÷ªìîðHöÚüzéëêz÷uüzöªãIäHíò÷²ãHúûðHæ�ìïé � íòæmtzêzðIæzäHðØâ � ðIöªö²ðHêzö²÷ïâõàºæz÷

fij
þðIæ íòæ�ì²ö²åwâzêzíò÷²à�æ�ìgà�ö3ìîí�AzäIíòðHéòéëðIú�ðIæ�ìEâ�ðI÷gðIöªö²ðIê�ö²÷gâõà�æz÷géòàuúuà�ìîö²íëäIð1ê�ìîíòéëíò÷ªãIðüxåçêzö â�ãIäIå�æ�è�åçéòê�ðIögéòðH÷÷²üxðIä@ìîö²ðH÷MðHæ5úûà�÷ª÷²ð^íòæ�èºà�ö²íòà�æ�ìîð��¡rmå�êzögäIðIéòà�þÏæzå�êz÷Ýà4è�åçæz÷Ýíòæ�ìîöªå�â�êzíëì ê�æzð^ðIö²öªðIêzög÷3ìôàºì²íò÷ªì²íj��êzð.üõàºöêzæÚã@ìôà�éëðIú�ðIæ�ìGýçà�êz÷²÷ªíòðHæïâzðgE7c%ÙÊ÷ªêzö:äôóõà��wê�ðlãIéëãIú�ðIæ�ì:âzðEúuàºì²ö²íëäIð�þ�ð@ì:êzæzðEðIö²öªðIêzö ÷ªùw÷ªì²ãIúûàºìîí���êzðüõà�ö.êzæ�âzãHäBà�éòà�ýçðïâzð¤Eq¨MÙUâzðïé � ðHæz÷²ðHú1ÿzéòðïâ�ðI÷^ãIéëãIú�ðIæ�ìî÷^âzðïéòà�úuàºì²ö²íëäIð>���&åçê�÷ûàBè�åçæz÷�ðIæz÷ªêzíëì²ðüzö²åwäIãHâzãÝà�êDP�íjìîãHöîàºì²íòåçæz÷G÷²êzäHäIðI÷ª÷²íjèçðI÷là4è�ðIäÝäIð@ì²ìîðgæzå�ê�èçðHéòéòð úûàºì²ö²íòäHð>�

ß�ðH÷uöªãI÷²ê�éëìôà�ìî÷uâ � êzæcìîðIé<ìîðH÷ªìï÷ªåçæ�ìuì²öv�I÷ûäIåçæ�äIéòêzà�æ�ìî÷�Z	éòðH÷uð��/ð@ìî÷uâ�ðI÷ÚðHö²ö²ðHêzö²÷uâõà�æz÷ûé à5úûà�øìîöªíòäIðû÷²åçæ�ì1ì²öv�H÷±Q¶à�íòÿzéëðI÷���rmà�ö1ð�P�ðHúûüzéëð�þ%à�êzäIê�æ`äôóõà�æzýçðHúûðHæ�ì^æ � ðH÷ªì.èwíò÷ªíòÿzéëðû÷ªêzö.éòðH÷åçÿ�÷²ðIö3èºà�ÿzéòðH÷äIåçæ�÷²íòâ�ãIö²ãHðI÷.üxåçêzö1éëð
J/ψ

G�üzö²ãH÷²ðIæ�ì²ãIðI÷ûà�ê ìîà�ÿzéòðIà�ê1BD�FE.H��6_héGðH÷ªì^üõà�ö3ìîíëäIêzéëíj�IöªðIú�ðIæ�ì1íëæ�ìîãIöªðI÷ª÷îà�æ�ìâzðØäHåçæz÷3ìôàºì²ðIö[��êzð*é à è�àºéòðIê�öûâzð*é à úuàº÷²÷²ð*âzê
J/ψ

æ � ðI÷ªìuüõà�÷ûíòæmtõê�ðIæzäHãIð�üõàºöûé � íëæ�ì²ö²åwâzêzä@ìîíòå�æâ � êzæzðÚðHö²ö²ðHêzö.÷ªùw÷3ìîãIúûàºì²íj��êzð>��?GðIé à*ðI÷ªì^âmîw�é à*ú�ãHì²ózåwâzðÚâzðïñ<íòäôózà�ö²âz÷ªåçæ�øhß�ê�äHùçþ��wê�íGê�ì²íòéòíë÷²ðCäôóõà>��êzð íëì²ãIöîà�ìîíòå�æ�éëð<÷²üxðIäHì²ö²ð íòæzíjìîíòà�é@G
I0
âõà�æ�÷ éòà�Q�å�ö²ú1êzéëð}BD��aMH@þ�äHðf��êzí®ö²ðHæzâuéëðI÷+íëì²ãIö²àºìîíëåçæz÷�ú�åçíòæz÷âzãIüxðIæ�âõà�æ�ìîðH÷&âzðgéòà\Q�å�æzäHì²íòåçæïâ � ãHìîà�éòðHúûðHæ�ìq�

ß�ðH÷EâzíF�/ãHö²ðHæzäIðH÷EðIæ�ì²ö²ðéëðI÷ ÷²üxðIä@ìîö²ðH÷lâzãHäIåçæ�èçå�éòêzãH÷ àBèçðIäêzæzðúûàºì²ö²íòäHðgð�P�à�äHì²ðð@ìlêzæzðÝúûàºìîöªíòäIðíòú�üzö²ãHäIíë÷²ðEã@ìôà�æ�ì:ì²ö²åçü�Q¶àºíòÿzéëðI÷GüxåçêzöU
Hì²ö²ðlèwíò÷ªíòÿzéëðI÷Iþwæzåçê�÷DæzðlüzöªãI÷²ðHæ�ìîåçæz÷<íëäIíJ��êzð éëðI÷:â�í��)ãIö²ðHæ�ìî÷
χ2åçÿ�ì²ðIæ�êz÷ à4è�ðIäläHðI÷	âzðIê2Puúûàºì²ö²íòäHðI÷fG/Azýçêzö²ð{BD�FE7aMHN�M�&åçê�÷ èçå4ù�åçæz÷n��êzð&âzðI÷	ðIöªö²ðHêzö²÷ âõà�æz÷	é à úûàºìîöªíòäIðâzãHì²ãIöªíòåçöªðIæ�ìuéòàÂ��êõàºéòíëì²ã*â�ð*éòà5âzãHäIåçæ�èçå�éòê�ì²íòåçæÏþ	àBèçðHä�êzæ

χ2
min

ÿzíòðHærüzéëêz÷uãHéòð@èçã���êzð*ü)å�êzöûê�æzðâzãIäHåçæ�èçåçéëê�ìîíëåçæïàBèçðHägêzæzðlúûàºìîöªíòäHðEð�P�à�ä@ìîð���OEðlüzéëêz÷Iþ�éòð&÷²üxðIäHì²ö²ð ÷ªð âzãHì²ãIö²íëåçö²ðEÿ)ðIà�êzäIå�êzüïüzéòê�÷:öîà�øüzíòâ�ðIú�ðIæ�ìGéëåçö²÷^��êzðEéëð&æzå�ú1ÿzö²ð&â � íëìîãHöîàºì²íòåçæ�÷ àºêzýçú�ðIæ�ìîð��<?GðHü)ðHæzâõà�æ�ìBþ�é � à�ú�ãIéòíëåçöîà�ìîíòå�æ1âzê
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Mgén
µµ = 2

ØgðÈ�
/c2
þ�àºéòåçöª÷

1.5 < M reco
µµ < 2.2

ØgðÈ�
/c2
þðHìGéòðI÷ ãIéëãIú�ðIæ�ìî÷ ðIæïâzðHózåçö²÷ âzðläHðHì²ì²ð�³Iå�æzðE÷ªåçæ�ìDæ�êzéò÷��mráåçêzö:êzæûìôà�ÿzéëðBà�ê[±aâzíëúûðHæz÷²íëåçæz÷ àBèçðIä�|�cðIæ�ìîöªãIðH÷Iþ®÷²ðHêzé�êzæ�ãIéòãHúûðHæ�ì&÷ªêzöiE7c%c%c>c%c1ðI÷3ì&æ�åçæ*æ�êzée�

�&åçêz÷^àBè�åçæz÷^äIåçú�ú�ðIæzäHãïüõà�ö.ú�ðHì²ì²ö²ð�,üzöªå>Azì^äHð�Q¶à�íëì.ðHæ�ê�ìîíëéòíò÷²à�æ�ì1êzæ]Aõäôó�íòðIö.ì²ð�Pwìîðïâõàºæz÷éòð��wê�ðIél÷ªðIêzéë÷�éëðI÷ïãHéòãIú�ðIæ�ì²÷ïæzåçæ\æ�êzéò÷ï÷ªåçæ�ì*ãHäIöªíëìî÷���Ø öhÚ�äHð¤�äHðHìªìîð úûã@ìîózåwâzðºþ:æzåçêz÷�àBè�åçæz÷�üzêäBà�éëäIêzéëðIöÚð@ì�ðIæzöªðIýçíë÷ªìîöªðIö�êzæKìôà�ÿzéëðBà�êßwa�âzíòú�ðIæz÷ªíòåçæ�÷ïàBèçðIä�|>c`ðIæ�ìîöªãIðH÷��{�Øà�íò÷ïéëðI÷ïìîðHúûü�÷�â�ðäBà�éëäIêzéë÷ð@ì.âzðïæzåçöªúuàºéòíò÷²àºìîíëåçæ âzðïäIðÚìîà�ÿzéëðBà�ê â�ðHèwíòðHæzæzðIæ�ì^èwíëì²ðuìîöªåçü`éòåçæ�ýç÷éëåçö²÷^�wê�ðïéòðuæ�åçú1ÿzöªðâ � ðIæ�ìîöªãIðI÷gàºêzýçú�ðIæ�ìîð�G¶êzæzð1à�æzæzãHð1âzð1äIà�éòäHêzémðH÷ªì²íòú�ãIðüxåçêzö�B>cuðHæ�ì²ö²ãHðI÷�HN�@OEð1ü�éòêz÷Hþ/éòðÝüzöªå�äHðI÷²÷ªêz÷íëì²ãIöîà�ìîí�Q ðH÷ªìûð�Pwìîö^
Iú�ðIú�ðIæ�ìuéëåçæzýzþ²�äIà�êz÷²ð*âzðI÷�ú1êzéjìîíëüzéòðH÷1éòðHäHìîê�ö²ðI÷�âzê1AõäôózíòðHö�ì²ð�Pwìîð  äôóõà>��êzðäBà�éëäIêzée�

Å�Æeä�Æ�Ç óßÔ@Ì°ì�ônõ�ì�ËpÎ�ÖDçpì�ô¶Ö2ëmçpÏfçpøêÐ@ô{Õ2çpì�ôfô{Ð@ËÍËÍÐ
� æzðM÷²ðIäHåçæzâzð÷²åçéëê�ìîíëåçæ�ðIæ�èwíò÷îàºýçãIð1ã@ìôà�íjì é � ê�ìîíëéòíò÷²àºìîíëåçæÚâ � êzæzðäIé àº÷²÷²ðÝ÷²üxãIäHí à�éëðMâ�ð1ñK�i��� þ9�wê�íæzðGýçà�ö²âzð ðIæ1ú�ãIú�åçíëö²ð���êzðGéëðI÷%ãHéòãHúûðHæ�ì²÷%æzå�æ1æ�êzéò÷mâ � ê�æìôà�ÿ�éòðBàºê�G*��y æ ® üõàºö²÷²ð�Ñ�H��%?GðHìªìîð:÷ªåçéòê�ì²íòåçæàâ � à�ÿxåçö²âïã@ìîãlìîðH÷ªì²ãIð ÷²ê�öDâzðI÷D÷ªü)ðHäHìîöªðI÷<âzðlúêzåçæz÷:÷ªíòú�üzéòðH÷Iþ�à�Aõæ�âzðl÷ªð éòíëúûíjìîðIö�1âzðH÷D÷²üxðIä@ìîö²ðH÷�ìîöªåçíò÷&âzíòú�ðIæz÷ªíòåçæ�÷EðHìlâzðI÷lìîà�ÿzéòðIà�êDPØâzð1üõàº÷²÷îàºýçðuu÷²í�P�â�íòú�ðIæz÷ªíòåçæz÷��JOEà�æz÷ äIð.äIà�÷Iþ/éòðI÷ ìîðHúûüz÷ â�ðäBà�éëäIêzéx÷²å�æ�ì<ö²à�íò÷ªåçæzæõàºÿzéòðH÷GüxåçêzöGâ�ðI÷Dæzåçúÿzö²ðH÷:âzð ÿzíëæz÷G÷ªêmz�÷îà�ú�úûðHæ�ìDü)ð@ìîíjìî÷iG

< 50
H���ß�å�ö²÷v��êzð éëðæzåçú1ÿ�ö²ð.âzð^ÿzíëæz÷Ýà�êzýçú�ðIæ�ìîðºþÏéòðH÷ ìîðIú�üz÷gâzð^äBàºéòäIê�é�à�êzýçú�ðIæ�ì²ðIæ�ìÝð�P�ü)å�æzðIæ�ìîíëðIéëéòðIú�ðIæ�ìgäHåçúûú�ð.éòðúûå�æ�ì²ö²ð^é à�Aõý�êzö²ð[BD�FE7xm�@rmà�öMðNPwìîöîàºü)åçéòàºìîíëåçæÏþ)æzåçêz÷gèçå4ùçå�æz÷±��ê � íòé²Q¶à�êzâ�öîà�íjìR|�à�æ�÷MüxåçêzögäBàºéòäIê�éòðIö

fij
àBèçðIäuE7c>c1ðIæ�ìîöªãIðI÷HþõðHì<üzéëêz÷Dâzð�|%Bú�íòéëéòíëåçæz÷+â � à�æzæzãHðI÷<ü)å�êzö:âzðH÷ ÷ªü)ðHäHì²ö²ðI÷}u|>c>c1ÿzíòæz÷:ì²ðIéë÷���êzðäIðHêDP!��êzðÝæzåçêz÷ àBèçåçæ�÷&âzãHäIåçæ�è�åçéòêzãH÷{.êzæ�ðÝâ�íòú�ðIæz÷ªíòåçæ¡�
?GðIüxðIæzâõàºæ�ìIþõäIð ìîðHúûü�÷Dâzð äBà�éëäIêzé)æ � ðI÷ªì üõàº÷Dö²ãIâ�ózíòÿzíjìîåçíëö²ð��m��æ�ð��)ðHìIþõíòé/ðH÷ªìDì²åçê�Iªåçêzöª÷Dü)å�÷²÷²íëÿzéòðâzð^÷²ãHüõà�ö²ðHöêzæ5÷²üxðIä@ìîö²ð�ðIæ5üzéòê�÷²íòðHêzö²÷güõàºöªìîíëðI÷ÝâzãIäHåçæ�èçåçéëêzãIðH÷÷ªãIüõà�öªãIú�ðIæ�ìq�6r%àºöÝðNP�ðIú�üzéòðºþáíëé�ðI÷3ìü)å�÷²÷²íëÿzéòð^âzð�÷²ãHüõà�öªðIö[E7|>c*ÿzíëæz÷ÝðIæ��!Q�åçíò÷i¨Mc�ÿzíòæ�÷Iþ�ü)å�êzöMäôózà>��êzðuâzíëúûðHæz÷²íëåçæ¡�@_hé�ù5à�êzö²à�íëìgâõàºæz÷äIðMäBà�÷

36 = 729
ìôà�ÿzéëðBà�ê2P

fij
�'rmà�ö²ú�ímäHðI÷ ìôà�ÿzéëðBà�ê2P/þ®÷ªðIêzéëðêzæzðäIðIæ�ìîà�íòæzðM÷²åçæ�ì�ûäBàºéòäIê�éòðIö�Z®éòðH÷

33 = 27
ìîà�ÿzéòðIà�êDP s ÷ªêzö	é àgâzí à�ý�åçæõà�éëð s ðHì éòðH÷	ìîà�ÿzéëðBà�êDP1èçåçíë÷²íòæ�÷ âzð é àgâzíòà�ýçåçæõàºéòð�þºìîåçêz÷	éòðH÷	à�ê�ìîöªðI÷ãHìîà�æ�ì�èwíòâzðH÷��L?GðH÷�äBà�éëäIêzéë÷%üxåçê�èºà�æ�ì�
Hì²ö²ðnQ¶àºíëì�ðHæ.üõà�ö²à�éòé��Iéòðºþ�êzæzðDâzãHäIåçæ�èçå�éòê�ì²íòåçæ1ì²ö²íòâ�íòú�ðIæz÷ªíòåçæzæ�ðIéòéëð

E7c%¯



SUTWVKXLBD�FE7x}YR�mðHúûü�÷	â�ðDäBà�éëäIêzé�âzð
fij
ðIæ\Q�åçæzä@ìîíëåçæ.âzê^æzåçú1ÿ�ö²ð:âzðDÿ�íòæz÷�éëåçö²÷�â � êzæ�ðDâzãIäHåçæ�èçåçéëê�ìîíëåçæìîöªíòâzíëúûðHæz÷²íëåçæzæzðHéòéòð��wß � íòæ�ì²ðIö²üxåçéòàºìîíëåçæuðNP�üxåçæzðHæ�ìîíòðHéòéëð ö²ðIü�ö²åwâzêzíëì<ÿ�íòðIæ�éëðI÷<âzåçæzæ�ãIðI÷��

üõà�öK³HåçæzðgðI÷3ì&öªãBà�éëíò÷²à�ÿzéòð��ß�ðûö²ãH÷²êzéjìôàºìâ � ê�æzðuâzãHäIåçæ�è�åçéòê�ì²íòåçæ5ìîö²íëâzíòú�ðIæ�÷²íòå�æzæzðIéëéòð.ðH÷ªì1ú�åçæ�ìîöªã�Øéòà!Azýçêzö²ð�BD�~|�cm�6?GðHì²ì²ð

SUTWVKX}BD�~|�c�Ydñ<ãI÷²ê�éëìôà�ìî÷�âzð é à`âzãHäIåçæ�èçå�éòê�ì²íòåçæoìîöªíòâzíëúûðHæz÷²íëåçæzæzðHéòéëðØ÷²ê�ö�éëðI÷�÷²üxðIä@ìîöªðI÷�ðIæ
px

G*ý�à�êzäôó�ð7HðHì^ðHæ
pz

Ge,âzö²å�íëìîðqH@þ%à�üzöv�H÷�E7c�íëì²ãIö²àºìîíëåçæz÷��mß�ðI÷^÷²üxðIä@ìîöªðI÷^ö²ðHüzö²ãH÷²ðIæ�ì²ãI÷�÷²åçæ�ì�éòðH÷1âzí��)ã@øö²ðHæzäIðH÷1ðIæ�ìîöªðÚé à�ö²ðHäIåçæz÷3ìîöªêzäHì²íòåçæ ð@ì1éòà*ýçãHæzãIö²àºìîíëåçæ àBèºà�æ�ìlG�ì²öîà�íjìiAõæ9HÝð@ì.à�ü�öv�I÷�G�ìîö²à�íëìMãIüzà�íò÷hHgéòàâzãIäHåçæ�èçåçéëê�ìîíëåçæ¡�

AõýçêzöªðØüzöªãI÷ªðIæ�ìîð é à�âzí��)ãIöªðIæzäHð�ðIæ�ì²ö²ð�éëðI÷Ú÷ªü)ðHäHìîöªðI÷ïðHæ
px
ðHìuðIæ

pz
öªðIäHåçæz÷ªì²êzíëì²÷¤G�àBèºà�æ�ìN�ºà�üzöv�H÷âzãIäHåçæ�èçåçéëê�ìîíëåçæ9H1ðHìû÷²íëú1êzéëãI÷��+ß�à âzãIäHåçæ�èçåçéëê�ìîíëåçæcà5ãHì²ãlQ¶àºíëìîðï÷ªêzöûì²åçê�ì²ð�éòàÂ³Håçæzð�äIíëæzãIúûàºìîí���êzð�þàBèçðIäêzæ�æzåçúÿzö²ðMâzðÿzíëæz÷EöªðI÷3ìîö²ðHíòæ�ìi�¨Mcm�)ß�ðH÷E÷ªü)ðHäHìîöªðI÷ üzöªãI÷ªðIæ�ìîãH÷ ÷²åçæ�ì éëðI÷Eü�ö²å�IªðHäHìîíëåçæz÷&÷²êzö

pxðHì
pz
âzðH÷û÷ªü)ðHäHìîöªðI÷^ìîöªíòâzíëúûðHæz÷²íëåçæzæzðHéò÷�G

px, py, pz
H@þ%÷²íòúêzéòãH÷Iþ�öªðIäIå�æz÷ªì²ö²êzíjìî÷^ðHì^âzãHäIåçæ�è�åçéòêzãH÷��	ß�àüzö²å.IªðIäHì²íòåçæ�÷ªêzö

py
âzå�æzæzð�âzðI÷^ö²ãH÷²êzéjìôàºì²÷.íòâzðHæ�ìîíj��êzðH÷�

px
���må�êz÷^éòðI÷.÷ªü)ðHäHì²ö²ðI÷ûäIåçæ�äIðIöªæõà�æ�ì�éòðH÷ú1êzåçæ�÷:÷²íëúûüzéëðI÷ ü)ðHê�èçðHæ�ì}
@ìîö²ðlì²öîà�äHãI÷�1üõàºöªìîíëöGâzð äHðI÷D÷ªü)ðHäHìîöªðI÷DìîöªíòâzíëúûðHæz÷²íëåçæzæzðHéò÷{G¶üõàºö:ð�P�ðIú�üzéëð

p
åçê

pT
H���&åçêz÷�è�å�ù�åçæz÷6�wê�ð äHðI÷áö²ãI÷ªêzéëìîàºìî÷�÷ªåçæ�ì%üzéëê�ìhÒºì�ðIæzäHåçêzöîàºýçðBà�æ�ì²÷UZ4éëðI÷�ðIöªö²ðIê�ö²÷á÷ªùw÷ªì²ãIúûàºìîí��wê�ðI÷%öªãBà�øéòíë÷²ãIðH÷ éëåçö²÷	âzð&é àMöªðIäHåçæz÷ªì²ö²êzä@ìîíëåçæÚ÷²å�æ�ìGÿzíòðHæÚäIå�ö²ö²íëýçãIðH÷ ý�öhÚ�äHð�éòàÝâzãHäIåçæ�è�åçéòê�ì²íòåçæJ�m��æÚð��/ð@ìBþwü)åçê�ö

px
ð@ì
pz
üzö²åwäôózðH÷ âzðuc�þ/éëð÷ªü)ðHäHìîöªð.âzãIäHåçæ�èçåçéëêzã^ðI÷3ì ÿzíòðHæ,úûðHíòéëéòðIê�ö}��êzð.éëð1÷²üxðIä@ìîöªð.ö²ðIäHåçæz÷3ìîö²ê�íëìq�

E7cM¥



_hé%ù,àïäHðIüxðIæzâõàºæ�ìÝêzæ ýçö²àBèçð^üzö²å�ÿzéj�Húûð�Z/é àuæzå�ö²ú�ð.æ � ðH÷ªìÝüõà�÷ äHåçæz÷ªðIöªè�ãIð��mß�ð^æzåçúÿzö²ð1â � ã@èçãIæ�ð@øúûðHæ�ìî÷â�ãIäIå�æ�è�åçéòê�ãI÷.ðI÷3ì.üzéëêz÷RQ¶à�íëÿzéòðu��êzðÚéëðuæzå�ú1ÿzö²ðûâ � ãHèçãHæzðIú�ðIæ�ì²÷�ý�ãIæzãHö²ãI÷ðHì1öªðIäHåçæz÷ªì²ö²êzíjìî÷�Z
Ndeconv −Ngén < 0

ðIæuúûå4ùçðHæzæzðºþ�üõà�ö3ìîíëäIêzéëíj�IöªðIú�ðIæ�ì+èwíò÷²íëÿzéòð ÷²ê�ö
px
�m?GðHìªìîðlüxðIö3ìîðEâ � ã@èçãIæ�ðIú�ðIæ�ìî÷ðI÷3ì â�ð&é � åçöªâzö²ðDâ�ðfx%Ù ðHì	æ � ðI÷3ìGüõàº÷	ü�ö²ãI÷ªðIæ�ìîð&âõà�æz÷	éòðD÷ªü)ðHäHì²ö²ð ö²ðIäHåçæz÷3ìîö²ê�íëìq�2?Gå�úûú�ðDæzåçêz÷	é � àBèçåçæ�÷èwêûüzéëêz÷	óõà�ê�ìIþ�é à úûã@ìîózåwâzð<âzð&ñ íëäôóõà�öªâz÷²åçæwø�ß�êzäHù^äHåçæz÷ªðIöªè�ðEéòàgæ�åçö²ú�ð>�LOEå�æzä&äHð&ü�ö²åçÿzé��Iú�ð<àÝê�æzðà�ê�ì²ö²ð åçöªíòýçíëæzð���êzðgé à.âzãHäIåçæ�èçå�éòê�ì²íòåçæ¡�

�&åçêz÷^àBè�åçæz÷±Q¶à�íjì1âzðÚæ�åçú1ÿzöªðIêDP$ìîðI÷3ìî÷.üxåçêzö1÷ªíëì²êzðIö1éëðÚüzöªåçÿzéj�Húûð��%ß�à�æzå�ö²úûà�éòíë÷îàºì²íòåçæ�âzðÚéòàúuà�ìîö²íëäIð
fij
ãHìîà�æ�ìéëð.üzö²ðHúûíëðIö ÷ªêz÷²üxðIä@ìBþáæzåçêz÷MàBèçåçæz÷gèçãHö²íFAõãC��ê � íòé�æ � ù�àBèºà�íëìgüzà�÷gâ � ðHö²öªðIêzög�äHðæzíëè�ðBà�êJ�>rmà�ö�ð�P�ðHúûüzéëð�þ�æzåçêz÷%àBèçåçæz÷�äHåçæz÷3ìôàºì²ã���êzð:é à ÷²åçú�ú�ð âzðH÷�ãIéëãIú�ðIæ�ìî÷mâ � êzæzð s äHåçéòå�æzæzð s G�ìîöªíjøâzíòú�ðIæ�÷²íòå�æzæzðIéëéòðqHmâzåçæzæ�ðREçþ�ð@ìGéòàg÷ªåçú�úûð<âzðH÷GãIéëãIú�ðIæ�ìî÷	â � êzæzð s éòíëýçæzð s âzå�æzæzð&à�êz÷²÷ªí)ðHæuú�å4ùçðIæ�æzðE%�2�&åçê�÷DàBèçåçæz÷Gâzðlú�
Iú�ð&üzêuð�P�äIéëêzö²ðlâ � à�ê�ìîö²ðH÷:ó�ùwü)å�ì²ó<�I÷ªðI÷DäHåçúûú�ð é àMüxðIö3ìîð&â � ã@èçãHæzðIú�ðIæ�ìî÷<üõàºöð�P�äIéëêz÷²íëåçæ�âzðgé à±³HåçæzðÝâzð ìîöîàBèºà�íëé��

ß � åçöªíòýçíëæzð�é à`üzéëêz÷�üzö²å�ÿõà�ÿzéëð,âzð äIð�üzö²åçÿ�éj�Iú�ð,÷²ð�÷²íjìîêzð àºê æzíjèçðIà�êPâzð éòà�æ�åçö²úûà�éòíë÷îàºì²íòåçæJ��&åçê�÷EàBèçå�æz÷lðIæ*ð��)ðHìEäIåçæz÷3ìôàºì²ãg��êzðMé à^æzåçö²úûà�éëíò÷îà�ìîíòå�æÚðIæØì²ö²åçíë÷<âzíòú�ðIæz÷ªíòåçæ�÷ æ�ðö²ðH÷²üxðIä@ìîð1üõàº÷&éòàQ�åçö²ú�ðÝýçãIæzãHöîà�éëð1âzðH÷ üzö²å�IªðHäHì²íòåçæz÷E÷²êzöläôózà�äIêzæ�ð�â�ðI÷ âzíëúûðHæz÷²íëåçæz÷��xß�àÚúûàºìîöªíòäIð
pgénx − precx
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`b¨M¥�d�r6�¡?Gö²åwäôózðHìu` = ß@_p?��Ý?Gåçéòéòà�ÿxåçöîàºì²íòåçæDd�þN�Ä�Dózð = ß,_p?��§Q�åçö/�:à�öªâ�ú1êzå�æ�÷²üxðIä@ìîö²å�úûð@ìîðIöHþ��±r�öîà�øúuàºæõàt!�Y�G�|>c>cM|%H{E7cMB2E%�
`b¨%a�di�Dó<�I÷ªðûâ�ðeK���?Gå�æzðI÷²à�âzðHé²�	à�éòéëð�þZ�prmðHö^Q�åçöªúuàºæzäIð.âzð�r�ó�ùw÷²íj��êzðûâzê�÷²üxðIäHì²ö²åçú��Hì²ö²ð�ïú1êzåçæ�÷âzð é � ð�P�ü)ãHö²íëðIæzäHð = ß@_p?��`à�êzüzö^�I÷	âzê�Q�ê�ìîêzö+äIå�éòéòíë÷²íëåçæzðIê�ö�â � íòåçæz÷�éëåçêzöªâz÷	ß�y{?Eþ��Dêzæzíëè�ðIöª÷²íëì²ã&â�ð�Eà�æ�ì²ðI÷gG�|>c%c%¥%H��
`b¨%x�dÝñ��m�DíòðIê�éòðIæ�ì<ð@ì à�é��jþ���ñ ðH÷²êzéjìî÷nQ�öªåçú ì²ózðlìîðH÷ªì ÿ)ðHæzäôó�å>Qmì²ózð�Ø ðIåçú�ðHì²öªù��*åçæzíjìîåçöªíòæzý ® ù�÷3ìîðHúå>Qáìîózð = ß@_p?��¦�*ê�åçæ ® ü)ðHäHìîöªåçú�ðHìîðHöIþ�� = ß,_p?��%øÈ_Í�f�Gøp|�c%cM¥�øÄcmE7c!G�|�c%cM¥%HN�
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`kB�a�d�yEà�úûà�úûàºìî÷ªê]r�ózå�ì²åçæzíòäH÷Q$\�w$\�jþE�Ír+ó�å�ìîåçúêzéëì²íòüzéëíòðIöª÷ ìîêzÿxðI÷Hþ�ÿõà�÷ªíòäI÷^àºæzâ�à�üzüzéëíòäIàºìîíëåçæz÷gèm��þ��G�|>c>cM¥%H��
`kB�x�di�Dó<�I÷ªðgâzð�©{��ñ&à�ü�üÏþ��Ír+öªå�â�êzäHì²íòåçæûâzð âzíòúêzåçæz÷ ðIæïö²ãIà�äHì²íòåçæ�÷:ü�øhüuðHì}r�ÿ�øÍr�ÿ�àBèçðHä = ß@_p?��ÝZéòð âzã@ìîðHäHìîðHêzö���c.ðHì éòðH÷<ö²ãI÷ªåçæõà�æ�äIðI÷ âzðgÿõà�÷ª÷²ðÝúuàº÷²÷²ð�����_Ír�� â�ðMßÏù�åçæ]Ge|>c%c>¨LHN�
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`�¯%|�dRØu��ß�àºìîíëæzå `b�}������� ?Gåçéòéòà�ÿ)å�öîàºì²íòåçæmd�þ)�Í�Dó�ð �}������� ��P�üxðIöªíòú�ðIæ�ì àºì ß,y{?Eþ��à�ö#"Eíëè�Zkc%a>cMBD���%x%¯%a�` ózðIüwøhð�P2de�
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