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Abstract

Axions or axion-like particles (ALPs) are intriguing hypothetical entities with the
potential to solve long-standing mysteries in physics, including the strong CP problem
and the nature of dark matter. This work presents a project demonstrating a novel
method to search for axion/(ALPs) using a storage ring by exploiting the notion that
the local ALP-saturated dark matter field couples to the spin of the nucleons, via

either oscillating electric dipole moment, or via the axion-wind effect.

The proof-of-principle experiment was conducted at the Cooler Synchrotron COSY
in Jiilich, Germany, using an in-plane polarised deuteron beam with momenta near
970 MeV /c. At resonance between the spin-precession frequency, which is related to
the momentum of the beam, and the ALP frequency related to its mass, the polari-
sation was expected to accumulate in the direction perpendicular to the ring plane.
Since the axion frequency is unknown, the experiment involved scanning the frequency
space for the aforementioned resonance. The scanning process entailed ramping of the
beam momentum and, consequently, the spin precession frequency and searching for
the change in vertical polarisation that is anticipated as the signal for resonance cross-
ing. To account for the unknown phase between the polarisation precession and the
ALP field, four beam bunches with mutually orthogonal polarisation directions were
employed. A frequency scan of 1.5-kHz width centred around the spin precession fre-
quency of 121 kHz was performed, accompanied by a methodology test using a radio

frequency Wien filter.

Although no resonant signals from ALPs were observed within the experimental sen-
sitivity, the first upper limit on the oscillating electric dipole moment of deuterons
d,dAC 6.4x10%% e cm is provided at a 90% confidence level. Additionally, the up-
per limit on the coupling constants of ALPs with deuteron in the mass range of
4.95neV ¢ - 5.02neV ¢ are also derived.






Streszczenie

Aksjony lub czastki aksjonopodobne (ang. axion-like particles, ALPs) sa intrygu-
jacymi hipotetycznymi bytami stanowigcymi potencjalne rozwiazanie pewych prob-
leméw w fizyce, m.in. zbyt stabego tamania symetrii CP (ang. strong CP problem)
i natury ciemnej materii. Niniejsza praca przedstawia projekt demonstrujacy nowa-
torska metode poszukiwania aksjonéw i ALPs przy uzyciu pierécienia akumulacyjnego,
przy zalozeniu, ze lokalne pole ciemnej materii, pochodzgce gtéwnie od ALPs, oddzi-
atuje ze spinem nukleonéw poprzez indukowanie oscylujacego elektrycznego momentu

dipolowego lub efekt tzw. wiatru aksjonowego.

Pierwszy eksperyment demonstrujacy metode zostal przeprowadzony przy uzyciu
synchrotronu Cooler Synchrotron COSY w Jillich w Niemczech przy wykorzysta-
niu wigzki deuteronéw spolaryzowanej w ptaszczyznie pierscienia, o pedach bliskich
970 MeV /c. Oczekiwano, ze przy rezonansie miedzy czestotliwoscia precesji spinowej,
ktéra jest zwigzana z pedem wiazki, a czestotliwo$cia ALPs zwigzana z ich masg, po-
laryzacja wiazki bedzie zyskiwaé¢ sktadowa w kierunku prostopadtym do ptaszczyzny
pierécienia. Poniewaz czestotliwos¢ aksjonéw nie jest znana, eksperyment polegal na
skanowaniu przestrzeni czestotliwosci w poszukiwaniu wspomnianego rezonansu. Pro-
ces skanowania wigzal sie ze zwickszaniem pedu wiazki, a w konsekwencji czestotli-
wosci precesji spinu, i poszukiwaniem zmiany sktadowej pionowej wektora polaryzacji,
ktéra jest oczekiwana jako sygnal przejscia rezonansowego. Aby uwzgledni¢ nieznana
faze miedzy precesjg polaryzacji a polem ALPs, zastosowano cztery wigzki o wzajem-
nie ortogonalnych kierunkach polaryzacji. Przeprowadzono skanowanie czestotliwosci
w przedziale o szerokoéci 1,5 kHz wysrodkowanym wokot czestotliwosci precesji spinu
wynoszacej 121 kHz, ktoremu towarzyszyl test metodologiczny z uzyciem filtru Wiena

o czestotliwosci radiowe;j.

Chociaz nie zaobserwowano sygnalow rezonansowych z ALPs w zakresie czultodci
eksperymentalnej, wyznaczono pierwsze gorne ograniczenie na oscylujacy elektryczny
moment dipolowy deuteronow dg\c 6.4x105" e cm na poziomie ufnosci 90%. Do-

datkowo podano réowniez gérne ograniczenie na state sprzezenia ALPs z deuteronami
w zakresie mas ALPs 4.95neV ¢™” - 5.02 neV ¢,
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AM //BiBQM iQ i?2 6 + pBiv M/ i?2 b2timTQH2 }2H/b- i?2 a*h -
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K2 bm 2K2Mib +QM/m+i2/ rBi? 2H2+i QM T ' 2@+QQHBM;-r?BH2 i?2/
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b HQM; bi?2 TQH "Bb iBQM /B '2+iBQMb "2 T2 'T2M/B+mH ~ BM
Bb bm{+B2Mi iQ ? p2irQ bBKmHi M2Qmb #2 Kb iQ T2 ' 7Q K tBQM
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/IBiBQM HHv- b2H2+iBM; 7Qm  #mM+?2b "2bmHibBMiB;?i2" ;"Qm
#mM+?- TQi2MiB HHv B/BM; BM KBMBKBbBM; /2TQH "Bb iBQM 2:
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h?2 C1.A+QHH #Q iBQM (3e) ? b #22M +QM/m+iBM; 2b2 "+?
MQHQ;v iQr /b #mBH/BM; /2/B+ i2/ "BM; 7Q" i?2 b2 "+? Q7 b
T 'iB+H2b ii?2*QQH2 avM+? Qi QM 7 +BHBiv (3d) HQ+ i2/ i€
12 K MvX

*Pau Bb + T #H2 Q7 ++2H2  iBM; M/ biQ BM; #Qi? TQH "Bb2/
M/ /2mi2 QM #2 Kb BM KQK2Mijo @ j H{EXyXW:POBb 2tT2 BK2Mi i
b2 "+?27Q GSb-r2miBHBb2/ TQH "Bb2//2mi2 QM #2QR rBi? M
yXNd{c2e¢Q 2bTQM/BM;iQ M2M2 ;vQ7kjeldJ2o0X h?2*Pau7 +BH
+QKT Bb2b MBQMbQm +2 UMQib?QrM BM 6B;X 8XRV-i?22T 2¢C
*V+HQIi"QM UCIGA*V r?B+? ++2H2" i2bi?2 #2 KiQ BMD2+iBQM
SQH BK2i2  UG1SV iQ K2 bm 2 #2 K TQH 'Bb iBQM T ' 2@BMD?
HBM2- M/ i?2 *PaubiQ ;2 BM;X

gBi?BM *Pau-b2p2°" H TT " imb2b 2T 2b2Mi- BM+HmM/BM; i?" .
K ;M2ib- M2H2+i QM +QQH2 - "~ /BQ7 2[m2M+v bQH2MQB/-
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TQH 'Bb iBQM b 2tTH BM2/ BM a2+iBQM XREQM 2 A2KiBH¥QKHV TC
i?72 bQm +2 Bb BMD2+i2/ BMiQ i?2 CIGA* +V+HQi QM- r?22°2 i?2 #
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#2 K HBM2 r?2°2 i?2 G1S Bb HQ+ i2/X h?2 G1S (3N) KQMBiQ b i?:
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h?2 *Pau "BM; ? b~ +2@i +F b? T2-rBi? +B +mK72 2M+2 Q
+QKT Bb2b irQ "+ b2+iBQMb-2 +? 2 pBM; ~ /Bmb Q7 ReX8K N
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i?72 ga /2i2+iQ - M/i?2 _6 gB2M }Hi2 X

6 + pBiv
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Qb+BHH iBM; pQHi ;2 r?B+? ++2H2  i2bi?2/2mi2 @M#2 KX h?~
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6 bQH2MQB/

h?2 6 bQH2MQB/Bb QM2 Q7 i?2bTBMK MBTmH iBQM /2pB+2b
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9k *QQH2 avM+? Qi QM *Pau

irQ "Qi iBQMb “2bmHib BM Qb+BHH iBQM Q7 i?2 TQH "Bb iBQM-
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h?Bb T?2MQK2MQM Bb 2KTHQvV2/ BM i?2 2t@
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H2M;i? Q71?296 M/ 7 HHDb? "THv ii?22M/bX HQM; rBi? p BQml
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2 T2 T2M/IB+mH " iQ 2 +? Qi?2° M/ iQ i?2 #2 K KQK2MimKX h?2
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i?72 1.J@KQ/2-i?2 K ;M2iB+ }2H/ Q7 i?2 6 qB2M }Hi2  Bb BM i?2
Bib 2z2+i QM i?2 bTBM Bb +HQDb2 iQi? i Q7 Qb+BHH iBM; 1.JX h?:
#2ir22M 1?72 2z2+ib Q7 Qb+BHH iBM; 1.J M/ _6gB2M }Hi2 ci?2H i
TOBMiBMi?2 "BM;-r?BH2i?22z2+iQ7 Qb+BHH iBM; 1.JBb T 2b2
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6B;m 2 8Xj, .2bB;M KQ/2H Q7 _6 qB2M }Hi2 i F2M 7°QK (NK)X h?2 T
HQM; i?2 #2 K tBbX

L2p2°i?2H2bb-i?2 6 gB2M }Hi2 +QmH/ #2 mb2/iQ + 2 i2 i2bil
KQ/2H + H+mH iBQMX

8Xkga TQH BK2i2"

h?2 *Pau "BM; Bb 2[mBTT2/ rBi? i?2 7Q°r °/ M;H2 gB/2 M;H2 a
[2i2+iQ X 6B;m 2 8X9 b?Qrb i?2 p "BQmb 2H2K2Mib BM i?2 /2i2
i2° 7 QK i?2 + "#QM i ;2iBMi?27Q'r '/ /B 2+iBQM M/ 2tBi i?z
bi BMH2bb@bi22H rBM/QrX h?2M i?2v T bbi?"Qm;?irQ TH biB+
i2°b-bi>rim#2b-i'B;;2  ?2Q/Qb+QT2- M/ }p2H v2'bQ7 TH biB+
/[2i2+iQ°b Q° °~ M;2 ?Q/Qb+QT2X 1t+2Ti i?2 bi> r im#2b- HH H
TB2@b? T2/ b2;K2Mib M/ 22 / Qmi mbBM; T?QiQKmHiIBTHB?2
h?2 + "#QM i “;2i rBi? i?2 i?B+FM2bb Q7 k+K Bb BMb2 i2/ bm+
i ;2iBb HB;M2/rBi?i?2+2Mi"2Q7i?2/2i2+iQ°"XAMQ /2 iQ +-
/IDmbiK2Mir b K /2iQHQr2 i?2#2 KT i?#v TT QtBK i2Hv jKK
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6B:m 2 8X9, *"Qbb@b2+iBQM H /B ;" K b?QrBM; i?2 H vQmi Q7 i?2 q a
i F2M 7°QK (Nj)X h?2 "2/ “"Qr :Bp2bi?2 #2 K /B 2+iBQMX

+ “#QM i “:2iX .m'BM:i?2/i +[mBbBiBQM- M _6 MQBb2 :2M2" i
#QtV Bb mb2/iQ TTHvV ?2 iBM;iQi?2 #2 KX h?2 7 2[m2M+v Q7 i?2
iQ QM2 Q7 i?2? "KQMB+b Q7 p2 iB+ HimM2X h?Bb 22 iBM; BM i?2
i?2 T "iB+H2b BM i?2 Qmi2 T iQ7i?2 #2 KiQ "Bb2 M/ ?Bii?2 7°C
b BHHmbi® i2/ BM 6B;X 8X8X h?2b2 T "iB+H2b mM/2 :Q b+ ii2°2/
ga 7Q°'r //2i2+iQ X h?2 M HvbBM: TQr2 b Q7 2H biB+ b+ ii2 BN
h?2 Q#b2 p2//2i2+iQ " i2b "2 /QKBM i2/ #v 2H biB+ b+ ii2 2/ /2m

Hi?Qm;?i?2°2 "2b2p2  HH v2'bBMi?2qga /2i2+iQ -7Q i?2Tm’
i2° K2 bm 2K2Mi- QMHv i?2 TH biB+ b+BMiBHH iQ'b "2 mb2/X h?
b+?2K2 M/ 2M #H2b i?2 QMHBM2 M HvbBb /m BM; i?2 2tT2 BK2MN
}+B2Mi 7Q  H i2° M HvbBb Tm TQb2b b r2HHX h?2 /2i2+iQ  b2;Kz2
7Qm> [m /> Mib BM Bib xBKmi? H M;H2- M K2/ G27i- IT- _B;?i- N
"B:?i M//QrM@mT bvKK2i'v+ H+mH i2/ 7°QK i?2 " i2b Q7 i?2b2 |
iQ K2 bm 2 i?2 p2 iB+ H M/ ?2Q 'BxQMi H TQH "Bb iBQM- “2bT2+i
iBQM jXKkVX
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6B:m 2 8X8, AHHmMbi® iBQM/2TB+iBM:i?2 2t+Bi iBQM T Q+2bb Q7i?2:
#v i?B+F #Hm2 "Qr- M/ i?2 HB:?i #Hm2 +VHBM/2  "2T 2b2Mib i?2 2
i° D2+iQ B2b Q7 irQ T "iB+H2b rBi?BM i?2 #2 K "2 b?QrM #v Tm TH?2
7°QOMi 7 +2 Q7 i?2 i “;2i U#H +F +m#2V M/ i?2M b+ ii2  iQ i?2 /2i2+iQ
MQi2i? ii?2 /B ;> KBb MQi/ rMiQ b+ H2X






1tT2 BK2Mi

"mMBH/BM; mTQM i?2 BM7Q K iBQM T 2b2Mi2/ BM i?2 T 2pBQml
TH BMb i?2 2tT2 ' BK2Mi H T°Q+2/m 2 TTHB2/ iQ b2 “+? 7Q° C
+?2°Qi"QMX h?Bb TQQ7@Q7@T BM+BTH2 2tT2 ' BK2Mi iQQF TH
mbBM; TQH 'Bb2//2mi2 QM #2 K M/ +QMbBbi2/ Q7 irQ@bi2"
iBK2 b2imT ii?2 #2;BMMBM: Q7 i?2 #2 K iBK2 iQ 2bi #HBb? i?2
2tT2 ' BK2Mi- 7TQHHQr2/ #vi?2 +im H2tT2 'BK2Mi iQ b2 “+?2 7Q"

hQ 7 +BHBi i2 mM/2 bi M/IBM;-i?2 7TQHHQrBM; i2 ' Kb "2 2tTH B
1?72 2tT2 BK2MiX

*v+H2

+Vv+H2 "272°b iQ QM2 +QKTH2i2 biQ" ;2 Q7 i?2 T iB+H2b BM
T "iB+mH "b2i Q7K +?BM2BMbi m+iBQMb /B+i i2/ #vi?2 iBKBM
i?72 BMD2+iBQM Q7 T 'iB+H2b BMiQ i?2 'BM;- r?BH2 ii?2 2M/-
ImMKT2/- M/ T 2T " iBQMb 7Q" i?2 M2ti +v+H2 bi iX .m BM; 2 +
+ M #2 BM 2Bi?2° TQH 'Bb2/bi i2Q M mMTQH "Bb2/ bi i2X *\
Riy M/6B;XeXRBb M2t KTH2 Q7 /2i2+iQ " i2b b 7mM+iBQ

m M

‘mM Bb +QHH2+iBQM Q7 +v+H2b +? * +i2 Bb2/ #v i?2 b K2 4
Bb 2t2+mi2/ rBi?Qmi Mv #°2 F #2ir22M +v+H2bX h?2 MmK#2  Q
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[2T2M/BM: QM i?2 bT2+B}+ Tm TQb2-" M:BM: 7°QK 8 iQ Ry +v+H?2
#2 2tTH BM2/H i2° BMi?2 +? Ti2 X AM +2°i BM + b2b- bT2+B}+ +v
/IBb+ “/2/H i2° B77Q bQK2 2 bQM +2°i BMi?BM:b-bm+? bi?2 . i
/B/ MQi QT2 i2 b BMi2M/2/X "mM- mbm HHv +QMDbBbiBM; Q7 Ki
HbQ BM+HmM/2b M mMMTQH “Bb2/ +v+H2 b K2 bm 2 Q7 i?2 TQH °

6B;m 2 eXR, h?2};m 2 b?Qrb i?2 6IT6 /2i2+iQ" "~ i2b7Q° bBM;H2 +v+H

eXR?2 QM2@iBK2 b2imT

h?2 7QHHQrBM; bi2Tb r2°2 2t2+mi2/ ii?2bi i Q7 i?22 #2 KiBK2 iC
b vK +?BM2 QT2  iBM: +QM/BiBQMbX h?2b2 bi2Th r2 2 MQi “2T:
bB:MB}+ Mi+? M;2biQ i?2 K +?BM2 b2iiBM:b-r?B+? Q++m "2/ BM"
b2iiBM;br2°2 QTiBKBb2/7Q  :QQ/ #2 K BMi2MbBiv-iQ Q#i BM ?B;
BMiQ i?2 #2 K TBT2- M/ iQ /2i2 ' KBM2 i?2 QTiBK H #2 K T i? Q  C
"BM;X h?Bb "272°2M+2 Q #Bi b2 p2/ b #2M+?2K "FiQ + H+mH i2



h?2 QM2@iBK2 b2imT 9

i72 2tT2 BK2MiX . i 7 QK "SJb /Bbi'B#mi2/ "QmM/ i?2 "BM; r2
i?72:Q HQ7 KBMBKBbBM: i?2 "QQi K2 Mb[m "2 U _JaV Q7 i?2b2

Pm> BKrbiQ? p2 TT BERM2HWQMb BM i?2 "BM; ii?2 bi i Q
+v+H2X >Qr2p2 - i?Bbp Hm2p "B2/i?2° Qm;?2Qmii?2 2tT2 BK2Mi
b "2bmHi Q7 ~m+im iBQMb BM i?2 bQm +2 M/ i?2 K +?BM2 Q
MmK#2 Q7 T "iB+H2b rQmH/ TQb2 +? HH2M;2b iQ K2 bm 2K2M
#Qi? i?2 bi iBbiB+ HmM+2 i BMivBMi?2 TQH “Bb iBQM K2 bm":
BM "SJb "2 /IBM;bX h?2 H ii2> rQmH/ "2bmHi BM BM ++m" i2 Q #
i?72 7Q K2  rQmH/ "2/m+2i?2 b2MbBiBpBiv Q7 i?2 2tT2 ' BK2MiX

eXRXBDOQH2MQB/ 2bQM M+2 7°2[m2M+v M

b K2ZMiBQM2/ BM T 2pBQmb +? Ti2 b-i?2 TQH "Bb2//2mi2°QM
p2 iB+ HHv TQH "Bb2/X hQ "Qi i2 i?Bb TQH "Bb iBQM iQ i?2 ?C
i?72 6 bQH2MQB/ i "2bQM M+2X q?BH2i?2 "2bQM M+2 7 °2[m2M
1?72 7Q HKppHpl Ggdf-2p r?2@Bb i?72 K ;M2iB+ fMEBb HA2 MQKB @

M H 2pQHmMIiBQM 7g2Hm EM+@Q MMix 7 +iQ - Bi Bb T m/2MiiQ 2t
/2i2 " KBM2 i?2 "2bQM M+2 7°2[m2M+v /m2 iQ TQi2MiB H /2pB il
+QM/BiBQMb 7 QK Qm~ bhmKNRH K RWDFQBM i?72 T ' 2+Bb2 "2bQ
7°2[m2M+v Q7 i?72 6 bQH2MQB/- p B #H2@7 2[m2M+v 6 QBDI
7Q K2/-7QHHQr2/#v b2'B2b Q7 }t2/@7 2[m2M+v b+ MbX h?26"°
+? M;BM; i?72 bQH2M Q¥ Q2iM22tT2+i2/ "2bQM M+2 M/ HQ
i?2 ~BT BM TQH 'Bb iBQM /B 2+iBQM Q7 i?2 p2 iB+ HHv TQH "B
7Q KmH

pe§0|

PP P 2 d8 1, UeXRXRYV

/2b+ B#2b i?Bb +? M:2 BM TQH 'Bb iBQM r?2M i?2 bQH2MQB/
M M+2X B2W\P; "2 i?2 TQH "Bb iBQM #27Q°2 M/ 7i2 i?2 "2bQ
“2bT2+iBp2HVX h?2 "2bQM M+2 be2M M2 Bl (29 Qii2/ #w?B+7?

i?72 "2bQM M+2 Bb + Qbb2/X "v B/2MiB7vBM:; i?2 7°2[m2M+v bb
TQH 'Bb iBQM bB;M-r2 Q#i BM i?2 BMBiB H 2biBK i2 Q7 i?2 "2k



8y h?2 QM2@iBK2 b2imT

am#b2[m2MiHv- fhguift2 7°2[m2M+v M/ KTHBiIim/2 Q7 i?2 TQH "B
+BHH iBQMb T ' Q/m+2/ #v i?2 bQH2MQB/ r2°2 + H+mH i2/X h?Bb
IBz2 ZMgrBi? yXR>x +? M;2 #2ir22M 2 +? K2 bm 2K2MiX h?2 7 2]
bTQM/BM; iQ i?2 ?B;?2bi KTHBim/2 r b +?Qb2M b i?2 bQH2MQB
foon €ekN d88Xj>xX

PM+2i?2 2bQM M+2 7 2[m2M+vr b /2i2 KBM2/-i?2/m" iBQM 7Q"
rbim M2/ QM r bp 'B2/iQ +?B2p2 ? H7 ~BT Q7 i?2 TQH "Bb iB
p2 iB+ HTQH 'Bb iBQMX h?Bbr b +QM} K2/ #v +AQKP HB\; i?2 G _C
rBi? i? iQ7i?2 T '2pBQmbHV K2 bm 2/ mMTQH Bb2/ +v+H2 b 2

eXRXGIQM; bTBM +Q?2 2M+2 iBK2 mbBM; b2tim

GQM; bTBM +Q?2°2M+2 iBK2 Bb M 2bb2MiB H bT2+i Q7 i?Bb 2tT2
iQr “/b +?B2pBM; i?BbBbiQ+ M+2H i?22z2+ib Q7 #2i i'"QM Qb+B
b2timTQH2 }2H/b- b 2tTH BM2/ BM *? Ti2  9X h?2 "BM:; ? b i? 22
K :M2ibi? i "2bi  i2;B+ HHv HQ+ i2/ BM i?2 “+bX h?2b2 b2timTQ
Jsa-JsG M/Js:- "2HQ+ i2/ iTQbBiBQMb BM i?2 "BM: rBi? H “;2*
T ° K2iZxb M/betg- M/ H “;2 2Q BxQMi H /BbT2 'bBQM- "2bT2+iBp
bx Mhby, "2 i?2 2Q 'BXxQMi H M/ p2'iB+ H #2i 7mM+iBQMb- r?B+?
i° Mbp2'b2 bBx2 Q7 i?2 #2 KX

h?2 T°"Q+2bb BMpQHp2/ QTiBKBbBM; i?2 b2timTQH2 }2H/ p Hm2b
imTQH2 }2H/ b2iiBM; i? ivB2H/b HQM; a*hX aBM+2 i?2 ?2Q BxQMi
MQi bi'QM;Hv +QmTH2/iQ 2 +? Qi?2" (3k)-i?2 b2iiBM;b Q7 JsG +
/[2MiHvV Q7 Jsa M/ Js:X AMBIiB HHv- rBi? +QMbi Mip Hm2 Q7 Js(
Q7 Jsa M/ Js: }2H/br2°2 HBM2 "Hv p B2/- M/ i?2 a*hr b+ H+mkt
b2iiBM; 7°QKi?2 QMHBM2/ i Xh?Bb M HvbBbr bH i2 T2 ' 7Q K2/
iQ+ H+mH i2 a*h 7 QK i?2 bvKK2i'v/ i rBHH #2 2tTH BM2/ BM *?
K tBKmK a*hr b 7QmM/ 7 QK i?2 b+ Mb Q7 Jsa M/ Js: }2H/b-rBi?
}t2/-i?2 b+ M Q7 JsG }2H/br b/QM2iQ /2i2 ' KBM2 i?2 +QM/BiBQMI
a*hX 6Q° 2 +? b2iiBM;- "mM +QMbBbi2/ Q7 7Qm” > +v+H2b- M/ i?2
#v i FBM; i?2 p2° ;2 Q7 HH i?2 +v+H2bX PM+2 i?2 p Hm2b Q7 i?2



6°'2[m2M+v b+ Mb 8R

M2ibr2°2 FMQrM M/ b2i-i?2 K +?BM2r b T 2T 2/ 7Q i?2 7 2[m
b2 “+?BM: tBQMbX

eXke 2[m2M+v b+ Mb

h?2 7°2[m2M+v b+ Mb r2°2 /2bB;M2/ iQ b2 "+? 7Q" i?2 "2bQM I
T 2b2M+2 Q7 tBQMX .m BM; i?2b2 b+ Mb-2 +? +v+H2 BMpQHp?2
7°2[m2M+B2bX h?2 iBKBM; Q7 bT2+B}+ QT2  iBQMb rBi?BM  +\
Bb ;Bp2M BM i?2 h #H2 eXRX tBQM b+ Mb rBHH #2 2tTH BM2/
6 qB2M }Hi2' b+ Mb M/ + HB#  iBQM rBHH #2 2tTH BM2/ BM a
bT2+B}+ QT2  iBQMb M/ 7°2[m2M+v >~ M;2 r b “2T2 i2/ KmHiBT

"'mMX hvTB+ HHv- "mM +QMi BM2/ #2ir22M d M/ Ry +v+H2b-
MmK#2 X 1 +? +v+H2 +QMbBbi2/ Q7 T 2T ~iQ'vT? b2-i?2 7" 2]
irQ ~ 1iQThbX

eXkXR KT 2T " iBQM

PM+2i?2p2 iB+ HHv TQH "Bb2//2mi2 QM #2 K-r b BMD2+i2/ Bl
++2H2" i2/iQi?2 bi "iBM; KQK2MimK Q7 Ndy J2o0- +Q "2bTQM/E
[mM2M+fvQ7d8y eykXe>xXhQ7 +BHBi i2i?2b+ MMBM; T Q+2bbr
T? b2@ 2H i2/ Bbbm2b-i?2 #2 Kr b /BpB/2/ BMiQ 7Qm  /BbiBM
#2HH2/ "y- "R- "k- M/ "jX am#b2[m2MiHv- i?2 2H2+i"QM +QQH?2
M/ i?2 #2 Kr b +QQH2/iQ "2/ m+2i?2T? b2 bT +2- b/Bb+mbb2
+QQHBM; T°'Q+2bb H2 /biQ /2+°2 b2BMi?2bT°2/Q7 i Mbp2"
2T 2b2Mib i?72 2tT2°'BK2Mi H/ i b?QrBM; i?2 #2 K BMi2MbBiv
M/i?2 TQbBiBQM HQM;i?2 *Pau BM;X h?2 T 2b2M+2Q77Qm"
h?2 TQbBIiBQM HQM; i?2 "BM; Bb 2T 2b2Mi2/ BM i2°Kb Q7 i?2
h?Bb Bb + H+mH i2/ # b2/ QM i?2 iBK2 /2H v Q7 i?2 /2i2+i2/ 2p2
Q7 1?2 +m " 2rMfidgey M tev tnhaf-2pgmod 2pqg X

7127 1?22 2@+QQH2 r b im M2/ Qz- b2°'B2b Q7 bm#b2[m2Mi b
[MB+F bm++2bbBQMX h?Bb BMpQHp2/ KQpBM; i?2 + "#QM i ;2



8k 6°2[m2M+v b+ Mb

h #H2 eXR, hBKBM; 7Q  p BQmb *Pau QT2 iBQMb /m BM; i?2 #2 K +v+H

. ) tBOM b+ Mb g6 b+ Mb g6 + HB# iBQM

PT2 iBQMBM i?2 +v+H2
hBK2 UbV

AMD2+iBQM y Xy y Xy y Xy
++2H2 iBQM QM yXR8j yXR8j yXR8j
++2H2 iBQM Qz yXed9 yXed9 yXed9
1@+QQHBM; QM 4 75 4 75 4 75
* THEQM i ;21 KQp2/ BM ds d8 ds
g?Bi2 MQBb2 2ti° +iBQM QM dd dd dd
ga ~;U. ZQMV d3 d3 d3
_6 bQH2MQB/ PWU8BI) 862 83 86
6 gB2M }Hi2 QM 33 33
ZmB+F ~ KT iQ bi "i9Q.0 08.1IM 90.0 90.1
*QMbi Mi 7°2[m2M+30.20Q120.1 90.1 120.1
_ KTiQb2 "+?2 7Q 1&08l 255.1 120.1 255.1
*QMbi Mi 7°2[m2M+26210 1285.1 255.1 285.1
_6 gB2M }Hi2 Qz k38 k38
*Pau _6 biQT k3d k3d k3d
1M/ Q7 /i i FBM; k33 k33 k33

i?72+2Mi"2Q7i?22/2i2+iQ -2M #HBM;i?2r?Bi2 MQBb2iQ 2ti> +ii??2
M/ +iBp iBM; i?2qga .ZX AM 6B;X eXR-i?2 +QmMi > i2b "2 TH(
BM/B+ iBM:i? ii?2. Zr bMQibrBi+?2/ QM T°BQ iQi? i iBK2X h??
bi ;2 BMpQHpP2/ mbBM; i?2 _6 bQH2MQB/ 7 Q,ojube kBN @88X752[m2 M +
iQ ~BT i?2 p2'iB+ HTQH "Bb iBQMiQ i?2 2Q BxQMi HTH M2X

PM+2i?2 TQH 'Bb iBQM Q7 2 +? #mM+?r b BM/BpB/m HHv Qi i2/
1?72 #mM+?2b +[mB 2 bTBM T 2+2bbBQM 7 2[m2M+v-r?B+? + M
72 2MH2 QM ffpgfibtemM Rky 39dXj>xX AM 6B;X eXj-i?2 T? b2b Q7 2 A
TQH "Bb iBQM ‘2 b?QrM b + H+mH i2/ ii?2 /2i2+iQ X h?2 M H
BM/BpB/m H#mM+? T? b2b rBHH #2 2tTH BM2/ BM *? Ti2 3 X aBNMN
i?2 /2i2+iQ° UHQ+ i2/ i }t2/ TQBMi BM i?2 "BM;V QM2 7i2" i?2
EmM+? "] “"Bp2b ii?2/2i2+iQ -i?2 TQH 'Bb iBQM Q7 T 2pBQmb



6°'2[m2M+v b+ Mb 8]

6B;m 2 eXk, irQ@/BK2MbBQM H THQi b?QrBM; i?2 /2mi2 QM #2 K Bl
"BM; 70QB * / BM iyw2tBb M/ iBK2 BMx*twWBHX BR2 /2MbBiv Q7 TQBMib B
THQI +Q "2bTQM/b iQ i?2 #2 K BMi2MbBiv-r?2°2/ "F2° "2;BQMb BM/B
b2T " iIBQM Q7 i?2 #2 KBMiQ 7Qm™ #mM+?2b Bb +H2 "Hv pBbB#H2X

"yV rQmH/ ? p2 "2+2bb2/ BMiQ i?2 2Q BXxQMi HpFéM2MB22 i?2
i72p Hm2b T 2b2Mi2/ BMBB;X 6 Xj BXRQiBQM2/ BM *? Ti2 9X J
+ H+mH iBQMb Ub?QrM BM a2+iBQM dXKV /2KQMbi > i2i? ii?2 T
p Hm2b RXjk /- RXjk /- RXjk >/ M/ kXjk > /- "2 2[mBp H2Mi iQ
p{2 #2ir22M i?2 T "iB+H2b6 TQH "Bb iBQM i Mv ;Bp2M KQK2Mi>

7i2°i?2 +QKTH2iBOQM Q7 i?2#2 KT 2T ~ iBQMbi :2-r2 "2 H27]
"2/m+2/ T? b2 bT +2 M/ TQbb2bbBM; HQM; a*h- rBi? BM/BpB/m
iQi?72 ?2Q BXxQMi HTH M2 bm+?i? i TQH "Bb iBQMb "2 T2 T2M/
T “iB+H2 "2bi 7" K2X 6" QK i?2 T 2+Bh2 MMQHH2QY 2 Q72APA2 M +v
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6B;m 2eXj,,h?2THQi/BbTH vbi?2T? b2+ H+mH i2/7Q 2 +?#mM+? # [
/i1 X h?2 "2H iBp2 T? b2 #2ir22M i?2 #mM+?2b Bb T'QpB/2/ BM "2/X h?2
p Hm2b Q#i BM2/ 7' QK i?2 KQ/2H + H+mH iBQMb Q7pIR i #mM+?2b rBi?
Mv ;Bp2M iBK2- ""BpBM; ii?2/2i2+iQ  Ur?B+? BbBM }t2/ bT +2V i /Bz
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