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"#$%&'&! (&)$*+$! ,)$-! ./! 0&12+3! 0451! (1+%! "647&6! 89$2-#:+24! ;#%<$49! =/! >-:?4-+$! ;#%<$49!(/!
=*4#746@$92+3! 04$-! A)4*:&+24B! ;$6:! =/! C5346*D4-+%! .9346*&! ;&67$-*4+E27! F$)#46! G&5+E3! ($*<$!
H4-:$*$6$'$-+E$3!

IJ<4*46&%5%9#%!%$634-4D!KICADL!3#-2!)465!D*6&-795!*&!*6$-D#*#&-!'4*$9D!214!*&!*<4#6!1-#M14!494%*6&-#%!D*61%*164!B4$*16#-7!$!

2#)$94-*!%$63&-!$*&'!@#*<!$!9&-4!?$#6!#-!$!<#7<95!2#64%*#&-$9!!" #J<536#2#N42!&63#*$9/! .D!D1%<+!*<45!%$-!34!$DD4'3942!#-*&!

'&-&9$546D!&-!'4*$9!D16B$%4D!*<$*!<$)4!4-<$-%42!D*$3#9#*5!%&'?$642!*&!*<4#6!*<#&9J3$D42!%&1-*46?$6*D/!O<4!1*#9#*5!&B!ICAD!

*&!B&6'!D1%<!6&31D*!D49BJ$DD4'3942! '&-&9$546D!K=.;DL!@$D!&-95!64%4-*95!64%&7-#N42!$-2! '$-5!B1-2$'4-*$9!M14D*#&-D!

64'$#-/! C464! @4! #-)4D*#7$*4! *<4!D*61%*164! $-2! 74&'4*65! &B! $! D46#4D! &B! ICAD! &-! .1KPPPL! 1D#-7!<#7<J64D&91*#&-!QJ6$5!

?<&*&494%*6&-!D?4%*6&D%&?5!$-2!24-D#*5!B1-%*#&-$9!*<4&65!%$9%19$*#&-D/!R4!B#-2!*<$*!*<4! IJD13D*#*14-*D!&-!*<4! ICA!6#-7!
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?64)#&1D! 64?&6*D+! &16!4Q?46#'4-*$9! $-2! *<4&64*#%$9! 64D19*D!?6&)#24! 1-4M1#)&%$9! 4)#24-%4! *<$*! ICAD! @#*<! IJ'4*<59!

D13D*#*14-*D!3#-2!*&!1-246%&&62#-$*42!$2$*&'D!*&!B&6'!B9$*J95#-7!%&'?94Q4D/!>-!*<4D4!=.;D+!*<4!2&-&6J$%%4?*&6!#-*46$%*#&-!

34*@44-!*<4! ICA!9&-4!?$#6!$-2!*<4!1-246%&&62#-$*42!.1!$2$*&'!#D!?6#'$6#95!64D?&-D#394!B&6!*<4!D*6&-7!3&-2#-7!&B!*<4!

'&94%194D! *&! *<4! D16B$%4/!ICAD! @#*<! 319:#46!IJ D13D*#*14-*D! ?64)4-*! *<4! B&6'$*#&-! &B! D1%<! %&'?94Q4D! 35!B&6%#-7! *<4!
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%&&62#-$*#&-!%<4'#D*65!D5-*<4*#%!D*6$*47#4D/

A($%*0./$'*( !
! IJ<4*46&%5%9#%!%$634-4D!KICADL!$64!4Q%4?*#&-$995!D*6&-7!! J
2&-&6! 9#7$-2D! %$?$394! &B! 3#-2#-7! *&! )#6*1$995! $-5! *6$-D#*#&-!
'4*$9/!O<45!$64!64%4#)#-7!#-%64$D#-7!#-*464D*!B&6!*<4#6!$3#9#*5!*&!
B&6'! B1-%*#&-$9! D49BJ$DD4'3942! '&-&9$546D! K=.;DL! &-! '4*$9!
D16B$%4D/PJV!W&<-D&-+! A61224-! $-2! *<4#6! 64D?4%*#)4! %&@&6:46D!
<$)4! 24'&-D*6$*42! *<$*! ICAJ3$D42! =.;D! 4Q<#3#*!64'$6:$394!
*<46'$9!$-2!%<4'#%$9!D*$3#9#*5!*<$*!7&!@499!345&-2!*<#&9J3$D42!

=.;D! &-! .1+ P+! X! &?4-#-7! *<4! 2&&6! *&! -&)49! $??9#%$*#&-D! #-!
D494%*#)4! <4*46&74-4&1D! %$*$95D#D+Y+! PZ! -$-&*4%<-&9&75PP! $-2!
D4-D#-7/[ ! ;&64&)46+! *<4! D*64-7*<! $-2! 2#64%*#&-$9#*5! &B! ICAS
'4*$9! 3&-2D+! 35! -&@! @499J4D*$39#D<42! #-! %&&62#-$*#&-!
%<4'#D*65+!&BB46!4Q%#*#-7!-4@!?&DD#3#9#*#4D!B&6!?$DD#)$*#-7!$-2\&6!
'$-#?19$*#-7! *<4! @&6:! B1-%*#&-! &B! '4*$9! D16B$%4D/P[! R<#94! $!
D13D*$-*#$9!3&25!&B!@&6:!<$D!344-!24)&*42!*&!ICAD!D#-%4!*<4#6!
2#D%&)465+P]J[P!*<#D!64D4$6%<!<$D!*<1D!B$6!'$#-95!B&%1D42!&-!*<4!
24D#7-! &B! <&'&74-4&1D! %$*$95D*D/! ^5! %&-*6$D*+! '$-5!
B1-2$'4-*$9! M14D*#&-D! 647$62#-7! *<4! D*61%*164! &B! ICA! =.;D!
$-2! *<4#6! 494%*6&-#%! %&1?9#-7! @#*<! '4*$9! D16B$%4D! 64'$#-!
1-$-D@4642/P+!X+!V+![[!G4%4-*95+!D&'4!1-#M14!#-D#7<*D!<$)4!344-!
?6&)#242! *<6&17<! *<4!$??9#%$*#&-! &B!ICAD! $D!9#-:46! 76&1?D! #-!
'&94%19$6JD%$94!494%*6&-#%D/[]+![_ !
! O&! 2$*4+! '&D*! '&2 49D! &B! ICAJ3&1-2! =.;D! &-! '4*$9!
D16B$%4D! ?&D*19$*4! *<$*! *<4! '&94%194D! $2&?*!$-! 1?6#7<*!
74&'4*65+!@#*<! *<4! <4*46&%5%9#%! D5D*4'! ?46?4-2#%19$6! *&! *<4!
D16B$%4/X+! V+! [[+! [J̀[V! >-! *<#D! &6#4-*$*#&-+! $! 2&-&6J$%%4?*&6!
#-*46$%*#&-!B6&'!*<4!%$634-4!9&-4!?$#6!*&!$!D16B$%4!$*&'!#D!*<4!
?6#'$65! %&-*6#31*#&-! *&! *<4! ICAS'4*$9! 3&-2/! >-! %&-*6$D*+!
^$224945+! a$?$74&67#&1+! $-2! *<4#6! 64D?4%*#)4! %&J@&6:46D!
64%4-*95! 64?&6*42! *<$*! D&'4! ICAD! %$-! B&6'! B9$*J95#-7!
'&-&-1%94$6!%&'?94Q4D!KICAL[ ;!K;!b!A1+!.7+!.1L!&-!D16B$%4D+!
@<464!*<4!%&&62#-$*42! '4*$9!D#*4!#D!?19942!&1*!&B!*<4!D16B$%4!

$%!&'"$()*'+),-.,/""01'2,345!16!,$+2,/""01'2,7$)4'*$)16! 8,9-0:*;1$,<+1='(!1)58,
>'?,@-(A8,>'?,@-(A,BCC#D8,<+1)'2,E)$)'!,

;%!&'"$()*'+),-., 94'*1!)(58,9-0:*;1$,<+1='(!1)58,>'?,@-(A8,>'?,@-(A,BCC#D8,
<+1)'2,E)$)'!,

6%!9'+)'(,.-(,F:+6)1-+$0,>$+-*$)'(1$0!8,G(--A4$='+,>$)1-+$0,H$;-($)-(58,<")-+8,
>'?,@-(A,,

2%!CNR-IOM Laboratorio Nazionale TASC, Basovizza SS-14, km 163.5, 34012 
Trieste, Italy,

'%!Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, 
Ljubljana, Slovenia,

.%!J. Stefan Institute, Jamova 39, SI-1000, Ljubljana, Slovenia,
I%!Department of Physics, University of Trieste, via A. Valerio 2, 34127, Trieste, 

Italy%,
,94%*6&-#%!=1??94'4-*$65!>-B&6'$*#&-!K,=>L!$)$#9$394c!=5-*<4*#%!24*$#9D!B&6!*<4!ICA!
?64%16D&6D/! ! .22#*#&-$9! 24*$#9D! 647$62#-7! *<4! ?64?$6$*#&-! &B! *<4! D$'?94D+! <#7<J
64D&91*#&-!Fa=! '4$D164'4-*D+! I,F.d=! '4$D164'4-* D+!*<4&64*#%$9!%$9%19$*#&-D+!$D!
@499! $D! $-5! $22#*#&-$9!4Q?46#'4-*$9! $-2! *<4&64*#%$9! 2$*$/!=44!
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e/=/!0T,!TBB#%4!&B!=%#4-%4!d$%#9#*5+!$-2!*<4!=%#4-*#B#%!0$*$!$-2!
A&'?1*#-7!A4-*46+!$!%&'?&-4-*!&B!*<4!A&'?1*$*#&-$9!=%#4-%4!
>-#*#$*#)4+! $*! ^6&&:<$)4-! I$*#&-$9! ($3&6$*&65+! 1-246! A&-*6$%*!
I&/!0, J=AZZP[XZ_/!

3*$#9!)(0!?#+#%#(/#9!
P/! A/!;/!A61224-+!W/!C/!C&6*&-+!>/!>/!,36$9#2N4+!T/!H/!u4-:#-$+!./!

^/!;%(4$-+!^/!064)-#&:+!u/!=<4+!C/Ĵ /!86$$*N+!I/!W/!;&D45+!O/!
=4:#+!,/!A/!84D:4+!W/!0/!(4$:4+!./!G&1D#-$JR433!$-2!"/!R1+!
>$)%,94'*%+![ZP_+!PJf/ !

[/ ! A/!;/!A61224-+!W/!C/!C&6*&-+!;/!G/!I$6&1N+!u/!(#+!A/!./!='#*<+!
8/! ;1-6&+! A/! W/! ^$224945+! A/! G/! ($664$+!^/! 064)-#&:+! ^/!
O<$-$3$9$D#-7$'+! ./! ^/! ;%(4$-+! T/! H/! u4-:#-$+! >/! >/!
,36$9#2N4+!u/!=<4+!C/Ĵ /!86$$*N+!I/!W/!;&D45+!(/!I/!=$1-246D!
$-2!./!r$7#+!>$)%,9-**:+%+![ZPf+!I /!

]/ ! F/!(#-7+!=/!G&9$-2!$-2!;/!a/!a#94-#+!94'*1!)(5,-.,7$)'(1$0! +!
[ZP`+!DI+!_P_J_[]/ !

_/! F/!(#-7+!I/!=%<$4BB46+!=/!G&9$-2!$-2!;/!a/!a#94-#+!H$+I*:1(+!
[ZP`+!E<+!P[VX]JP[VV[/!

`/ ! ;/!W/!;$%(4&2!$-2!W/!./!W&<-D&-+!K%,/*%,94'*%,E-6%+![ZP`+!
<EI+!XYX_JXYXX/!

f/ ! =/! G&9$-2+! F/! (#-7! $-2! ;/! a/! a#94-#+!H$+I*:1( +! [ZPf+!ED+!
XfV]Jn/!

X/! ./!H/!u<1:<&)#*D:#5+!;/!"/!;$)6&D+!O/!H$-!H&&6<#D!$-2!W/!./!
W&<-D&-+!K%,/*%,94'*%,E-6%+![ZP]+!<EJ+!X_PVJX_[P/!

V/! O/! R4#2-46+! W/! ,/! ^$#&+! ./! ;1-2D*&%:+! A/! "6&DD4+! =/!
8$6*<$1D46+!A/!^61<-!$-2!e/!=#4'49#-7+!/:!)($01$+,K-:(+$0,
-.,94'*1!)(5 +![ZPP+!KH+!PPXXJPPXY/!

Y/! W/! ./! ;$*$+! ;/! a&5$*&D! $-2! ,/! a46#D+!9--(2%, 94'*%, L'=%+!
[ZZX+!DJ<+!V_PJV`Y/!

PZ/! 8/!H/!=/!G$-7$-$*<+!=/!T-#*D1:$+!./!8/!81'$6!$-2!W/!>-$-$7$+!
9$)$05!1!,E61'+6',M,N'64+-0-I5+![ZP]+!E+![PfPJ[PVP/!

PP/! G/!R/!r/!;$-+!A/!C/!(#+!;/!R/!./!;$%(4$-+!T/!H/!u4-:#-$+!;/!
O/! u$'&6$+! (/! I/! =$1-246D+! ./!G&1D#-$JR433+! ;/! I$6-3&!
$-2! A/! ;/! A61224-+!K%, /*%, 94'*%, E-6%+! [ZPV+!<HL+! P`XfJ
P`XY/!

P[/! C/! 8/! 8#'+! ./! =/! C59$+! a/! R#-74*+! C/! (#+! A/! ;/! R5DD+!./! W/!
W&62$-+!d/!./!($66$#-+!W/!a/!=$2#7<#+!A/!d14-*4DJC46-$-24N+!^/!
8#??494-+! W/J(/! ^6v2$D+! =/! ^$69&@! $-2! =/! G/! ;$6246+!
94'*1!)(5,-.,7$)'(1$0! +![ZPX+!DM+!]_Z]J]_PP/!

P]/! ./!W/!.6214-7&+!G/!(/!C$69&@!$-2!;/!89#-4+!K%,/*%,94'*%,E-6%+!
PYYP+!<<E+!]fPJ]f]/ !

P_/! =/!0#4NJ"&-N$94N+! I/! ;$6#&-!$-2!=/!a/! I&9$-+!94'*%,L'=%+!
[ZZY+!<LM+!]fP[J]fXf/ !

P`/! 0/!,-246D+!T/!I#4'4#46!$-2!./!C4-D4946+!94'*%,L'=%+![ZZX+!
<LI+!`fZf J̀ f``/ !

Pf/! R/! ./!C466'$--+! /+I'?%,94'*%,O+)%,P2%+! [ZZ[+!H<+!P[YZJ
P]ZY/!

PX/! R/!./!C466'$--+!;/!,9#D&-+!W/!d#D%<46+!A/!8&%<46!$-2!"/!G/!W/!
.6*1D+!/+I'?%,94'*%,O+)%,P2%+!PYY`+!EH+![]XPJ[]X_/ !

PV/! R/!./!C466'$--+!;/!,9#D&-+!W/!d#D%<46+!A/!8&%<46!$-2!"/!G/!W/!
.6*1D+!94'*%,P:(%,K%+!PYYf+!D+!XX[JXVZ/!

PY/! R/! ./! C466'$--! $-2! A/! 8&%<46+!/+I'?%, 94'*%, O+)%, P2%+!
PYYX+!EK+![Pf[J[PVX/!

[Z/! I/!;$6#&-+!=/!0#4NJ"&-N$94N!$-2!=/!a/!I&9$-+!/+I'?%,94'*%,
O+)%,P2%+![ZZX+!HK+![YVVJ]ZZZ/!

[P/! I/!;$6#&-!$-2!=/!a/!I&9$-+!94'*%,E-6%,L'=%+![ZZV+!EI+!PXXfJ
PXV[/!

[[/ ! "/!R$-7+!./!G1<9#-7+!=/!.'#6o$9$546+!;/!8-&6+!W/!^/!,6-D*+!A/!
G#%<*46+!C/!W/!"$&+!./!O#''46+!C/!r/!"$&+!I/!(/!0&9*D#-#D+!d/!
"9&6#1D!$-2!C/!d1%<D+!>$)%,94'*%+![ZPX+!M+!P`[JP`f/ !

[]/ ! A/!G/!($664$+!A/!W/!^$224945+!;/!G/!I$6&1N+!I/!W/!;&D45+!W/!C/!
C&6*&-!$-2!A/!;/!A61224-+!94'*345!94'* +![ZPX/!

[_/ ! ./!^$::46+!./!O#''46+!,/!8&9&2N4#D:#+!;/!d64#*$7+!C/!r/!"$&+!
C/!;&4-#7+!=/!.'#6o$9$546+!d/!"9&6#1D!$-2!C/!d1%<D+!K%,/*%,
94'*%,E-6%+![ZPV/!

[`/ ! ,/!A/!C16D*+!8/!R#9D&-+!>/!W/!=/!d$#69$'3!$-2!H/!A<4%<#:+!>'?,
K-:(+$0,-.,94'*1!)(5+![ZZY+!EE+!PV]XJPV_Z/!

[f/ ! A/!G#%<*46+!8/!=%<$4?4+!d/!"9&6#1D!$-2!^/!W/!G$)&&+!94'*16$0,
9-**:+16$)1-+! +![ZP_+!JL+!][Z_J][ZX/ !

[X/! k/!O$-7!$-2!0/!,/!W#$-7+!94'*1!)(5,-.,7$)'(1$0! +![ZPX+!DM+!
fYZVJfYP`/!

[V/! ./!H/!u<1:<&)#*D:#5+!;/!W/!;$%(4&2!$-2!W/!./!W&<-D&-+!94'*%,
L'=%+![ZP`+!<<J+!PP`Z]JPP`][/ !

[Y/! (/!W#$-7+!^/!u<$-7+!"/!;42$62+!./!a/!=4#*D&-4-+!d/!C$$7+!d/!
.994764**#+! W/! G4#%<46*+! ^/! 81D*46+! W/! H/! ^$6*<! $-2!. /! A/!
a$?$74&67#&1+!94'*%,E61%+![ZPX+!N+!V]ZP/!

]Z/! ./! A&DD$6&+! G/! ;$NN$6499&+! G/! G&1DD4$1+! (/! A$D$9#D+! ./!
H462#-#+! ./! 8&<9'4546+! (/! d9&64$-&+! =/! =%$-2&9&+! ./!
;&67$-*4+! ;/! (/! 894#-!$-2! "/! =%&94D+!E61'+6'+! [ZZV+!ED<+!
Y_]JY_f/!

]P/! W/!=*&<6+!>PQ/FE,E"'6)(-!6-"5+!C4#2493467+!PYY[/!
][/ ! =/!;/!R4**4646+!0/!W/!($)6#%<+!O/!A1''#-7D+!=/!(/!^46-$D4:!

$-2!"/!=%&94D+!K%,345!%,94'*%,G+!PYYV+!<LD+!Y[ff JY[X`/!
]]/ ! a/! "#$--&NN#+!=/!^$6&-#+! I/! ^&-#-#+!;/!A$9$-26$+!G/!A$6+!A/!

A$)$NN&-#+!0/!A464D&9#+!"/!(/!A<#$6&**#+!;/!A&%&%%#&-#!$-2!>/!
0$3&+!K%,345!%R9-+2%,7$)%+![ZZY+!D<+!]Y``Z[/ !

]_/ ! 8/!̂ 469$-2+!H/!G/!A&&?46+!8/!(44+!,/!=%<6w246+!O/!O<&-<$1D46+!
a/! C5927$$62! $-2! ^/! >/! (1-2M)#D*+!L'"-()!, -+, 3(-I('!!, 1+,
345!16!+![ZP`+!IN+!Zff`ZP/!

]`/ ! 0/!A/!($-764*<+!^/!>/!(1-2M)#D*+!=/!0/!A<$:$6&)$J8$%:+!H/!G/!
A&&?46+!;/!0#&-+!a/!C5927$$62+!./!849::$-4-+!W/!894#D+!(/!u/!
8&-7+!=/!(#+!a/!"/!;&D4D+!,/!;166$5+!./!a1N246+!C/!G523467+!
,/!=%<6&246!$-2!O/!O<&-<$1D46+!K%,345!%R9-+2%,7$)%+![ZZY+!
D</!

]f/ ! ./! A&DD$6&+! (/! d9&64$-&+! ./! H462#-#+! (/! A$D$9#D! $-2! ./!
;& 67$-*4+!345!%,L'=%,H'))%+![ZZY+!<LE/!

]X/! A/!"&6$-DD&-+!R/!T9&)DD&-!$-2!>/!./!.36#:&D&)+!345!%,L'=%,
G+![ZZ`+!ID/!

]V/! W/!d/!W$-$:+!345!%,L'=%,G+!PYXV+!<N+!XPfJ̀XPfV/!
]Y/! "/!864DD4!$-2!W/!d16*<'19946+!345!%,L'=%,G+!PYYf+!JH+!PPPfY/!
_Z/! "/! 864DD4! $-2! W/! d16*<'19946+!9-*":)$)1-+$0, 7$)'(1$0!,

E61'+6'+!PYYf+!K+!PJ̀̀ Z/!

!


