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�#bi`�+i

Ai Bb FMQrM i?�i M2mi`BMQb ?�p2 bK�HH K�bb2b- mMHBF2 i?2 �bbmKTiBQM BM i?2 bi�M/�`/ KQ/2H
Q7 2H2K2Mi�`v T�`iB+H2 T?vbB+bX A7 M2mi`BMQb ?�p2 i?2 J�DQ`�M� K�bb i2`Kb- i?2 bK�HH M2mi`BMQ
K�bb K�v #2 M�im`�HHv 2tTH�BM2/X h?2 J�DQ`�M� M�im`2 Q7 M2mi`BMQ Bb �HbQ � F2v iQ mM/2`@
bi�M/BM; i?2 K�ii2`@�MiBK�ii2` �bvKK2i`v BM i?2 mMBp2`b2X h?2 Q#b2`p�iBQM Q7 M2mi`BMQH2bb
/Qm#H2@#2i� /2+�v U0νββV rBHH #2 i?2 2pB/2M+2 7Q` i?2 J�DQ`�M� M�im`2 Q7 i?2 M2mi`BMQX h?2
+m``2Mi KQbi bi`BM;2Mi HBKBi Bb i?2 QM2 Q#i�BM2/ rBi? 136XeX h?2 HQr2` HBKBi QM i?2 ?�H7@HB72
Q7 136Xe 0νββ Bb 2.3× 1026 yearsX

� s2MQM 1H2+i`QGmKBM2b+2M+2 /2i2+iQ` U�s1GV Bb � /2i2+iQ` mM/2` /2p2HQTK2Mi iQ b2�`+?
7Q` 0νββ rBi? 136XeX h?2 �s1G /2i2+iQ` Bb � ?B;?@T`2bbm`2 t2MQM ;�b iBK2 T`QD2+iBQM +?�K@
#2` rBi? � mMB[m2 `2�/Qmi bvbi2K 7Q` BQMBx�iBQM bB;M�Hb +�HH2/ i?2 2H2+i`QHmKBM2b+2M+2 HB;?i
+QHH2+iBQM +2HH U1G**VX 1G** �HHQrb i?2 �s1G /2i2+iQ` iQ �+?B2p2 ;QQ/ 2M2`;v `2bQHmiBQM
�M/ i?`22@/BK2MbBQM�H i`�+F `2+QMbi`m+iBQM- r?B+? �`2 BKTQ`i�Mi 72�im`2b iQ +QM/m+i � ?B;?Hv
b2MbBiBp2 0νββ b2�`+?X � /2KQMbi`�iBQM �i i?2 2M2`;v �`QmM/ i?2 Z p�Hm2 Q7 136Xe 0νββ-
2458 keV Bb � +`BiB+�H bi2T iQ `2�HBx2 � ?B;? b2MbBiBpBiv 0νββ b2�`+? rBi? i?2 �s1G /2i2+iQ`X
6Q` i?Bb Tm`TQb2- � T`QiQivT2 /2i2+iQ` rBi? � p2bb2H Q7 180L ?�b #22M /2p2HQT2/X

h?2 /`B7i }2H/ +�;2 ;2M2`�i2b i?2 2H2+i`B+ }2H/ iQ /`B7i i?2 BQMBx�iBQM 2H2+i`QMb iQr�`/ i?2
1G**X h?2 `2[mB`2K2Mi 7Q` i?2 /`B7i 2H2+i`B+ }2H/ r�b bim/B2/ BM i2`Kb Q7 i?2 2M2`;v `2bQHmiBQM
�M/ i`�+F `2+QMbi`m+iBQM �#BHBivX h?2M- i?2 }2H/ +�;2 7Q` i?2 180L T`QiQivT2 /2i2+iQ` r�b
+QMbi`m+i2/ �M/ +QKKBbbBQM2/X

hQ 2p�Hm�i2 i?2 T2`7Q`K�M+2 Q7 i?2 180L T`QiQivT2 /2i2+iQ`- i?2 K2�bm`2K2Mi r�b +QM@
/m+i2/ rBi? ;�KK�@`�v bQm`+2b- 88Y �M/ i?Q`BmK b2`B2bX � +H2�` T2�F Q7 2615 keV- 7`QK
208Tl ;�KK� `�vb- r�b Q#b2`p2/ BM i?2 �+[mB`2/ 2M2`;v bT2+i`mKX h?2 2M2`;v `2bQHmiBQM
r�b 2p�Hm�i2/ rBi? Qi?2` T2�Fb BM i?2 2M2`;v bT2+i`mKX h?2 Q#i�BM2/ 6q>J 2M2`;v `2bQ@
HmiBQM Bb (0.73± 0.11)% �i 1836 keV- r?B+? +Q``2bTQM/b iQ i?2 6q>J 2M2`;v `2bQHmiBQM Q7
(0.60± 0.03)% Q` (0.70± 0.21)% �i i?2 Z p�Hm2X

h?2 `2+QMbi`m+i2/ i`�+F BK�;2b r2`2 �HbQ 2p�Hm�i2/X h?2 /2Mb2 2M2`;v /2TQbBib �i i?2 2M/
Q7 i?2 i`�+F r2`2 Q#b2`p2/- +Q``2bTQM/BM; iQ i?2 MmK#2` Q7 2H2+i`QMb BM i?2 2p2MibX h?Bb Bb
� +H2�` 72�im`2 i?�i +�M #2 mb2/ iQ /Bb+`BKBM�i2 #2ir22M i?2 0νββ bB;M�H �M/ i?2 ;�KK�@
`�v #�+F;`QmM/bX h?2 /BzmbBQM +QMbi�Mib r2`2 /2`Bp2/ 7`QK i?2 /�i�X h?Bb Bb �M BKTQ`i�Mi
BMTmi 7Q` bBKmH�i2/ i`�+F BK�;2b- r?B+? Bb i?2 #�bBb Q7 i?2 /2p2HQTK2Mi Q7 bB;M�H #�+F;`QmM/
/Bb+`BKBM�iBQM �H;Q`Bi?KbX



SQbbB#H2 bQm`+2b i?�i �z2+i i?2 2M2`;v `2bQHmiBQM r2`2 BMp2biB;�i2/ 2t?�mbiBp2Hv- �M/ i?2
K2�bm`2/ 2M2`;v `2bQHmiBQM r�b 7mHHv 2tTH�BM2/ bm++2bb7mHHvX AKT`Qp2K2Mi Q7 i?2 2M2`;v `2bQ@
HmiBQM #v 7m`i?2` /2p2HQTK2Mi Q7 i?2 /2i2+iQ` +QKTQM2Mib Bb /Bb+mbb2/ #�b2/ QM i?2 #`2�F/QrM
Q7 i?2 2M2`;v `2bQHmiBQMX h?2 b2MbBiBpBiv Q7 i?2 7mim`2 �s1G /2i2+iQ` Bb �HbQ /Bb+mbb2/X
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�+FMQrH2/;K2Mi

A 2ti2M/ Kv bBM+2`2 ;`�iBim/2 iQ i?2 BM/BpB/m�Hb r?Q bmTTQ`i2/ �M/ ;mB/2/ i?2 +QKTH2iBQM
Q7 i?Bb /Q+iQ`�H i?2bBbX

6B`bi �M/ 7Q`2KQbi- A 2tT`2bb Kv /22T2bi �TT`2+B�iBQM iQ S`Q7X �ibmFQ A+?BF�r�- Kv T`B@
K�`v bmT2`pBbQ`- 7Q` ?2` ;mB/�M+2 Qp2` i?2 T�bi MBM2 v2�`bX >2` mM+QKT`QKBbBM; �iiBim/2 iQ
2tT2`BK2Mib ?�b i�m;?i K2 /22THvX A �K i`mHv ;`�i27mH 7Q` ?2` K2MiQ`b?BT- r?B+? ?�b b?�T2/
Kv 7mM/�K2Mi�H r�v Q7 +QM7`QMiBM; `2b2�`+?X

A �K �HbQ i?�MF7mH iQ S`Q7X hbmvQb?B L�F�v� 7Q` ?Bb ;mB/�M+2 BM i?2bBb r`BiBM; �M/ /Q+mK2Mi
T`2T�`�iBQMX �HbQ /m`BM; /�BHv +?�ib- ?Bb BM+HmbBp2 T2`bT2+iBp2- 2ti2M/BM; #2vQM/ BM/BpB/m�H
2tT2`BK2Mib iQ 2M+QKT�bb i?2 #`Q�/2` b+QT2 Q7 ?B;?@2M2`;v T?vbB+b- ?�b #`Q�/2M2/ Kv mM@
/2`bi�M/BM;X

Jv bBM+2`2 i?�MFb ;Q iQ S`Q7X EBb2FB L�F�Km`�- r?Qb2 +QHH�#Q`�iBQM BM 2tT2`BK2Mi�H rQ`F
T`QpB/2/ � T`�;K�iB+ 2tT2`B2M+2X A ?�p2 #22M ;`2�iHv ?2HT2/ #v ?Bb K2iB+mHQmb +QMbB/2`�iBQM Q7
p�`BQmb �bT2+ib Q7 Qm` rQ`F- r?B+? ?�b bB;MB}+�MiHv +QMi`B#mi2/ iQ i?2 [m�HBiv Q7 Qm` `2b2�`+?X

A 2tT`2bb Kv ;`�iBim/2 iQ .`X a?m?2B P#�`�- .`X a2B "�M- �M/ .`X E�xm?B`Q L�F�Km`�- Kv
b2MBQ`b �M/ � T22` /m`BM; i?2 �s1G 2tT2`BK2MiX h?2 bi�#H2 QT2`�iBQM Q7 i?2 180L T`QiQivT2
/2i2+iQ` bi�M/b QM i?2B` H2;�+v �M/ 2tT2`iBb2X

h?2 BMBiB�iBQM Q7 i?2 �s1G 2tT2`BK2Mi r�b K�/2 TQbbB#H2 #v i?2 TBQM22`BM; `2b2�`+? #v
J`X a?BMB+?B �FBv�K�X A �K T�`iB+mH�`Hv ;`�i27mH 7Q` ?BK iQ i�F2 Qp2` Kv `2b2�`+? QM i?2
*Q+F+`Q7i@q�HiQM pQHi�;2 KmHiBTHB2`X

A 2ti2M/ Kv �TT`2+B�iBQM iQ J`X "mM;Q am;�b?BK�- J`X umFBK�b� E�b?BMQ- J`X >B#BFB
a?BM�;�r�- J`X CmMv� >BFB/�- �M/ J`X aQFB l`�MQ- Kv DmMBQ`b /m`BM; i?2 �s1G 2tT2`BK2MiX
h?2B` �bbBbi�M+2 BM +QM/m+iBM; 2tT2`BK2Mib �M/ p�Hm�#H2 BMbB;?ib /m`BM; /�BHv K22iBM;b �`2
+`m+B�H iQ i?2 bm++2bb Q7 i?2 T`QD2+iX aT2+B�H K2MiBQM ;Q2b iQ J`X "X am;�b?BK�- r?Q mM+Qp2`2/
#m;b BM Qm` �M�Hvb2b- H2�/BM; iQ bB;MB}+�Mi BKT`Qp2K2Mib BM i?2 `2bmHibX

hQ �HH i?2 Qi?2` �s1G +QHH�#Q`�iQ`b- A 2tT`2bb Kv ;`�iBim/2 7Q` i?2B` bmTTQ`i i?`Qm;?Qmi
i?2 2tT2`BK2MiX

A rQmH/ HBF2 iQ i?�MF JbX >�`mKB a2FB;m+?B- JbX J�M� a�b�FB- �M/ JbX *?B?�`m hbmxmFB
7Q` i?2B` BMp�Hm�#H2 bmTTQ`i BM b2+`2i�`v rQ`FX

B



A 2ti2M/ Kv ;2M2`�H �TT`2+B�iBQM iQ i?2 K2K#2`b Q7 i?2 >B;? 1M2`;v S?vbB+b G�#Q`�iQ`v
7Q` i?2B` +QMi`B#miBQM iQ i?2 `2b2�`+? 2MpB`QMK2MiX 1bT2+B�HHv- A i?�MF J`X umv� JBMQ- J`X
J�b�FB E�r�m2- �M/ J`X >B`QMQ#m L�F�i�X .�BHv +?�ib rBi? i?2K /m`BM; +Qz22 #`2�Fb Q`
/BMM2`b- r?B+? bQK2iBK2b BM+Hm/2 T?vbB+b iQTB+b- �`2 ?2�HBM; 7Q` Kv KBM/X

6BM�HHv- A i?�MF Kv T�`2Mib- h�F�b?B �M/ >B`QFQ- 7Q` i?2B` bmTTQ`i BM Kv HB72 /m`BM; i?2
HQM;@i2`K Q7 /Q+iQ`�H +Qm`b2X

J�b�b?B uQb?B/�
EvQiQ- C�T�M

kyk9- 62#`m�`v
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*QMi2Mib

�R� AMi`Q/m+iBQM R
RXR L2mi`BMQ BM i?2 ai�M/�`/ JQ/2H X X X X X X X X X X X X X X X X X X X X X X X R
RXk J�bb Q7 i?2 M2mi`BMQ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k
RXj J�DQ`�M� K�bb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8
RX9 L2mi`BMQH2bb /Qm#H2@#2i� /2+�v X X X X X X X X X X X X X X X X X X X X X X X X N
RX8 aB;M�H �M/ #�+F;`QmM/ 7Q` 0νββ b2�`+? X X X X X X X X X X X X X X X X X X X RR
RXe 1tT2`BK2Mib b2�`+?BM; 7Q` 0νββ X X X X X X X X X X X X X X X X X X X X X X X Re
RXd 0νββ b2�`+? 2tT2`BK2Mib mbBM; ?B;?@T`2bbm`2 t2MQM ;�b iBK2 T`QD2+iBQM

+?�K#2` X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rd
RX3 PmiHBM2 Q7 i?Bb i?2bBb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kR

�k� �s1G 2tT2`BK2Mi kj
kXR Pp2`pB2r Q7 i?2 /2i2+iQ` X X X X X X X X X X X X X X X X X X X X X X X X X X X kj
kXk _Q�/K�T Q7 i?2 �s1G 2tT2`BK2Mi X X X X X X X X X X X X X X X X X X X X X X k8
kXj 180L T`QiQivT2 /2i2+iQ` X X X X X X X X X X X X X X X X X X X X X X X X X X X kd

�j� .2bB;M �M/ +QMbi`m+iBQM Q7 i?2 }2H/ +�;2 7Q` i?2 R3y G T`QiQivT2 /2i2+iQ` 9R
jXR .`B7i 2H2+i`B+ }2H/ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9R
jXk .2bB;M Q7 i?2 }2H/ +�;2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X 99
jXj *QMbi`m+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 98
jX9 *QKKBbbBQMBM; Q7 i?2 }2H/ +�;2 X X X X X X X X X X X X X X X X X X X X X X X 9N
jX8 AMi2`HQ+F bvbi2K 7Q` /Bb+?�`;2b X X X X X X X X X X X X X X X X X X X X X X X X 8R

�9� PT2`�iBQM Q7 i?2 R3y G T`QiQivT2 /2i2+iQ` 8j
9XR 1p�+m�iBQM Q7 i?2 p2bb2H �M/ BMi`Q/m+iBQM �M/ Tm`B}+�iBQM Q7 t2MQM ;�b X 8j
9Xk J2�bm`2K2Mi +QM/BiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X 89
9Xj .�i� i�FBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8e

�8� �M�HvbBb 8N
8XR 1G** r�p27Q`K �M�HvbBb X X X X X X X X X X X X X X X X X X X X X X X X X X X ey

BBB



8Xk SJh r�p27Q`K �M�HvbBb X X X X X X X X X X X X X X X X X X X X X X X X X X X X ej
8Xj 6B/m+B�H pQHmK2 +mib �M/ Qp2`�HH +Q``2+iBQMb X X X X X X X X X X X X X X X X ee

�e� _2bmHib dj
eXR GBM2�`Biv �M/ 1M2`;v `2bQHmiBQM X X X X X X X X X X X X X X X X X X X X X X X dj
eXk h`�+F `2+QMbi`m+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d8
eXj .`B7i p2HQ+Biv �M/ /BzmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X dd
eX9 a+BMiBHH�iBQM /2i2+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3y

�d� .Bb+mbbBQM 3j
dXR lM/2`bi�M/BM; Q7 i?2 2M2`;v `2bQHmiBQM X X X X X X X X X X X X X X X X X X X 3j
dXk *?�`�+i2` Q7 KmHiBTH2@+Hmbi2`2/ 2p2Mib X X X X X X X X X X X X X X X X X X X X 3d
dXj 6mim`2 BKT`Qp2K2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3N
dX9 a2MbBiBpBiv Q7 0νββ b2�`+? rBi? R@iQM �s1G /2i2+iQ` X X X X X X X X X X X Ny

�3� *QM+HmbBQM Nj

"B#HBQ;`�T?v N8

Bp



�R�

AMi`Q/m+iBQM

h?2 2tBbi2M+2 Q7 i?2 M2mi`BMQ K�bb Bb � r2HH@2bi�#HBb?2/ 7�+i #2vQM/ i?2 bi�M/�`/ KQ/2H Q7
2H2K2Mi�`v T�`iB+H2 T?vbB+bX h?2 bK�HHM2bb Q7 i?2 M2mi`BMQ K�bb KQiBp�i2b i?2 2tBbi2M+2 Q7 �
K�bb@�+[mBbBiBQM K2+?�MBbK /Bz2`2Mi 7`QK i?�i Q7 Qi?2` 72`KBQMb- r?B+? Bb +�HH2/ i?2 J�DQ`�M�
K�bbX h?2 Q#b2`p�iBQM Q7 i?2 M2mi`BMQH2bb /Qm#H2@#2i� /2+�v rBHH #2 i?2 /B`2+i 2pB/2M+2 Q7
i?2 J�DQ`�M� K�bb Q7 M2mi`BMQbX h?Bb i?2bBb 7Q+mb2b QM i?2 /2p2HQTK2Mi Q7 � ?B;?@T`2bbm`2
t2MQM ;�b iBK2 T`QD2+iBQM +?�K#2` iQ b2�`+? 7Q` M2mi`BMQH2bb /Qm#H2@#2i� /2+�v Q7 136Xe �M/
2p�Hm�iBQM Q7 Bib T2`7Q`K�M+2X AM i?Bb +?�Ti2`- i?2 i?2Q`2iB+�H #�+F;`QmM/ QM M2mi`BMQH2bb
/Qm#H2 #2i� /2+�v �M/ 2t�KTH2b Q7 2tT2`BK2Mib iQ b2�`+? 7Q` M2mi`BMQH2bb /Qm#H2 #2i� /2+�v
�`2 /2b+`B#2/X

RXR L2mi`BMQ BM i?2 ai�M/�`/ JQ/2H
h?2 bi�M/�`/ KQ/2H Q7 2H2K2Mi�`v T�`iB+H2 T?vbB+b UaJV Bb � }2H/ i?2Q`v BM+Hm/BM; }2H/b

+Q``2bTQM/BM; iQ �HH FMQrM 2H2K2Mi�`v T�`iB+H2b rBi? GQ`2Mix BMp�`B�M+2 �M/ HQ+�H ;�m;2 bvK@
K2i`v Q7 SU(3)×SU(2)×U(1)X h?2 aJ bm++2bb7mHHv /2b+`B#2b �HKQbi �HH T?2MQK2M� `2;�`/BM;
2H2K2Mi�`v T�`iB+H2b mM/2` i?2 �+?B2p�#H2 2M2`;v, h?2 i?`22 U2H2+i`QK�;M2iB+- r2�F- bi`QM;V
BMi2`�+iBQMb #2ir22M i?2 72`KBQMb U[m�`Fb- H2TiQMbV �M/ i?2 2tBbi2M+2 Q7 ;�mb2 #QbQMb �`2
/2b+`B#2/ #v i?2 ;�m;2 bvKK2i`B2b- �M/ i?2 K�bb2b Q7 i?2 72`KBQMb �M/ ;�m;2 #QbQMb �`2
2tTH�BM2/ #v i?2 bTQMi�M2Qmb bvKK2i`v #`2�FBM; Q7 i?2 >B;;b }2H/ U>B;;b K2+?�MBbKVX �HH
Q7 i?2 T�`iB+H2b BM+Hm/2/ BM i?2 aJ Bb �H`2�/v /Bb+Qp2`2/X >Qr2p2`- i?2`2 �`2 bQK2 T?2MQK2M�
i?�i +�MMQi #2 2tTH�BM2/ BM i?2 b+QT2 Q7 i?2 aJ- 7Q` 2t�KTH2- i?2 2tBbi2M+2 Q7 i?2 /�`F K�ii2`
�M/ i?2 [m�MiBx�iBQM Q7 i?2 +?�`;2X >2M+2 Bi Bb +QMbB/2`2/ i?�i i?2`2 Bb � v2i mMFMQrM ?B;?@
2M2`;v i?2Q`v i?�i 2K#`�+2b i?2 aJX h?2 K�bb Q7 M2mi`BMQ Bb QM2 Q7 i?2 KQbi r2HH@2bi�#HBb?2/
T?2MQK2M� #2vQM/ i?2 aJX L2mi`BMQ +�M #2 +QMbB/2`2/ iQ #2 i?2 F2v iQ mM/2`bi�M/BM; i?2
T?vbB+b #2vQM/ i?2 aJX

L2mi`BMQ Bb BMi`Q/m+2/ BM i?2 aJ �b � K�bbH2bb M2mi`�H H27i@?�M/2/ r2vH 72`KBQM 7Q`KBM; �M

R



SU(2) /Qm#H2i rBi? � H27i@?�M/2/ +?�`;2/ H2TiQMX *Q``2bTQM/BM; iQ i?2 i?`22 ;2M2`�iBQMb Q7
i?2 +?�`;2/ H2TiQM U2H2+i`QM- KmQM- �M/ i�mQMV- i?2`2 �`2 i?`22 ~�pQ`b Q7 M2mi`BMQ U2H2+i`QM
M2mi`BMQ- KmQM M2mi`BMQ- �M/ i�m M2mi`BMQVX

h?2 }`bi /2i2+iBQM Q7 M2mi`BMQ r�b /QM2 #v 6X _2BM2b �M/ *X GX *Qr�M BM RN8e (R)- BM r?B+?
2H2+i`QM �MiB@M2mi`BMQb 7`QK � Mm+H2�` `2�+iQ` r2`2 Q#b2`p2/X am#b2[m2MiHv- GX JX G2/2`K�M-
JX a+?r�`ix- �M/ CX ai2BM#2`;2` /2i2+i2/ KmQM M2mi`BMQb 7`QK TBQM /2+�vb BM RNek (k)- 2b@
i�#HBb?BM; i?2 2tBbi2M+2 Q7 /Bz2`2Mi ~�pQ`b Q7 M2mi`BMQX h�m M2mi`BMQ r�b /Bb+Qp2`2/ #v i?2
.PLlh 2tT2`BK2Mi BM kyyy (j)X h?2 MmK#2` Q7 ~�pQ`b Q7 M2mi`BMQ HB;?i2` i?�M ?�H7 Q7 i?2
Z #QbQM K�bb ?�b #22M K2�bm`2/ iQ #2 2.9840± 0.0082 7`QK i?2 /2+�v rB/i? Q7 Z #QbQM #v
+QHHB/2` 2tT2`BK2Mib (9)X

RXk J�bb Q7 i?2 M2mi`BMQ
h?Qm;? M2mi`BMQ Bb K�bbH2bb BM i?2 aJ- i?2 /Bb+Qp2`v Q7 M2mi`BMQ Qb+BHH�iBQM (8) `2p2�H2/

i?�i M2mi`BMQb ?�p2 K�bb2b �+im�HHvX L2mi`BMQ Qb+BHH�iBQM Bb � T?2MQK2MQM BM r?B+? M2mi`BMQb
+?�M;2 i?2B` ~�pQ` /m`BM; ~B;?iX Ai ?�TT2Mb QMHv r?2M M2mi`BMQb ?�p2 K�bb2bX L2mi`BMQ
Qb+BHH�iBQMb �KQM; i?`22 ~�pQ`b ?�p2 #22M 2bi�#HBb?2/ #v 2tT2`BK2Mib mbBM; p�`BQmb M2mi`BMQ
bQm`+2b bm+? �b �iKQbT?2`B+- bQH�`- `2�+iQ`b- �M/ �++2H2`�iQ`bX

RXkXR L2mi`BMQ Qb+BHH�iBQM

L2mi`BMQ Qb+BHH�iBQM Bb i?2Q`2iB+�HHv /2b+`B#2/ �b 7QHHQrbX h?2 ~�pQ` 2B;2Mbi�i2 Q7 � M2mi`BMQ
|νl〉 (l = e, µ, τ) Bb 2tT`2bb2/ �b � HBM2�` bmT2`TQbBiBQM Q7 i?`22 K�bb 2B;2Mbi�i2b |νi〉〉 (i =

1, 2, 3) �b
|νl〉 =

∑

i

Uli |νi〉 . URXRV

>2`2- U Bb � 3×3 mMBi�`v KBtBM; K�i`Bt +�HH2/ i?2 SQMi2+Q`pQ@J�FB@L�F�;�r�@a�F�i� USJLaV
K�i`BtX Ai +�M #2 T�`�K2i`Bx2/ �b

U =




Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3





=




1 0 0
0 c23 s23
0 −s23 c23








c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13








c12 s12 0
−s12 c12 0
0 0 1



 , URXkV

r?2`2 sij = sin θij - cij = cos θij - θij �`2 KBtBM; �M;H2b- �M/ δ Bb � *S pBQH�iBM; T?�b2 +�HH2/
i?2 .B`�+ *S T?�b2X *QMbB/2`BM; i?2 iBK2 2pQHmiBQM Q7 i?2 K�bb 2B;2Mbi�i2 rBi? �M 2M2`;v E

�b
|νi(t)〉 = e−iEt |νi〉 , URXjV

k



h�#H2RXR, amKK�`v Q7 i?2 +m``2Mi #2bi@}i p�Hm2b Q7 i?2 M2mi`BMQ Qb+BHH�iBQM T�`�K2i2`b (e- d)X

S�`�K2i2` J�bb P`/2`BM; "2bi@}i±1σ

sin2 θ12
LP 0.303+0.012

−0.012

AP 0.303+0.012
−0.011

sin2 θ23
LP 0.451+0.019

−0.016

AP 0.569+0.016
−0.021

sin2 θ13
LP 0.02225+0.00056

−0.00059

AP 0.02223+0.00058
−0.00058

∆m2
21 Ĝ 7.41+0.21

−0.20 × 10−5 eV2

∆m2
31 LP +2.507+0.026

−0.027 × 10−3 eV2

∆m2
32 AP −2.486+0.025

−0.028 × 10−3 eV2

δ
LP 232◦+36◦

−26◦

AP 276◦+22◦

−29◦

i?2 T`Q#�#BHBiv Q7 M2mi`BMQ Qb+BHH�iBQM 7`QK |νl〉 iQ |νl′〉 BM p�+mmK rBi? � `2H�iBpBbiB+ 2M2`;v
E �M/ � T`QT�;�iBQM /Bbi�M+2 L Bb +�H+mH�i2/ �b

P (νl → νl′) % δll′ − 4
∑

i>j

Re
(
U∗
liUl′iUljU

∗
l′j

)
sin2

(
∆m2

ijL

4E

)

+ 2
∑

i>j

Im
(
U∗
liUl′iUljU

∗
l′j

)
sin2

(
∆m2

ijL

2E

)
, URX9V

r?2`2

δll′ =

{
1 (l = l′)

0 (l &= l′) ,
URX8V

Bb E`QM2+F2`Ƕb /2Hi�- ∆m2
ij = mi

2 − mj
2 Bb � K�bb@b[m�`2/ /Bz2`2M+2- �M/ mi Bb i?2 K�bb

2B;2Mp�Hm2 Q7 |νi〉X h?2`27Q`2 M2mi`BMQ Qb+BHH�iBQM Q++m`b QMHv B7 M2mi`BMQb ?�p2 iBMv K�bb2b �M/
i?2 K�bb2b �`2 /Bz2`2Mi #2ir22M i?2 K�bb 2B;2Mbi�i2bX J2�bm`2K2Mi Q7 M2mi`BMQ Qb+BHH�iBQMb
/2`Bp2b θij �M/ |∆m2

ij |X
*m``2MiHv- i?2`2 `2K�BM irQ TQbbB#BHBiB2b 7Q` K�bb Q`/2`BM;c m1 < m2 < m3 r?B+? Bb +�HH2/

LQ`K�H P`/2`BM; ULPV- �M/ m3 < m1 < m2 r?B+? Bb +�HH2/ AMp2`i2/ P`/2`BM; UAPVX
h�#H2 RXR bmKK�`Bx2b i?2 +m``2Mi #2bi@}i p�Hm2b Q7 i?2 M2mi`BMQ Qb+BHH�iBQM T�`�K2i2`b Q#@

i�BM2/ 7`QK i?2 ;HQ#�H }i (e- d) Q7 i?2 /�i� Q7 2tBbiBM; M2mi`BMQ Qb+BHH�iBQM 2tT2`BK2MibX h?2
KBtBM; �M;H2b �M/ K�bb@b[m�`2/ /Bz2`2M+2b �`2 T`2+Bb2Hv K2�bm`2/- r?BH2 i?2 .B`�+ *S T?�b2
?�b v2i H�`;2 mM+2`i�BMivX

j



RXkXk J�bb Q`/2`BM;

h?2 K�bb Q`/2`BM; Q7 i?2 M2mi`BMQb- LP Q` AP- Bb QM2 Q7 i?2 QT2M [m2biBQMb �#Qmi M2mi`BMQ
K�bbX aBM+2 i?2 �#bQHmi2 K�bb b+�H2 Q7 i?2 M2mi`BMQb Bb /Bz2`2Mi /2T2M/BM; QM i?2 K�bb
Q`/2`BM;- Bi Bb �M BKTQ`i�Mi BMTmi iQ i?2 b2�`+? 7Q` M2mi`BMQH2bb /Qm#H2@#2i� /2+�v Ua2+X RX9VX
1[m�iBQM RX9 Bb i?2 Qb+BHH�iBQM T`Q#�#BHBiv BM p�+mmK �M/ Bb MQi b2MbBiBp2 iQ i?2 bB;M Q7 ∆m2

ij X
h?`Qm;? i?2 K�ii2` 2z2+i- ?Qr2p2`- M2mi`BMQ Qb+BHH�iBQM 2tT2`BK2Mib ?�p2 b2MbBiBpBiv iQ i?2
bB;M Q7 ∆m2

ij - Q` i?2 K�bb Q`/2`BM;X h?Bb Bb #2+�mb2 2H2+i`QM M2mi`BMQb 722H /Bz2`2Mi TQi2MiB�H
i?�M i?2 KmQM �M/ i�m M2mi`BMQb /Q BM /2Mb2 K�ii2`- �M/ i?2 Qb+BHH�iBQM T`Q#�#BHBiB2b +?�M;2
/Bz2`2MiHv /2T2M/BM; QM i?2 K�bb Q`/2`BM;X

h?2 amT2`@E�KBQF�M/2 2tT2`BK2Mi 7�pQ`b i?2 LP (3) rBi? � bB;MB}+�M+2 Q7 93% +QM}/2M+2
H2p2HX h?2 hkE �++2H2`�iQ` 2tT2`BK2Mi /Bb7�pQ`b i?2 AP �i KQ`2 i?�M 1σ 7Q` �HH p�Hm2b Q7 i?2
.B`�+ *S T?�b2 (N)X *QMbB/2`2/ BM +QMDmM+iBQM rBi? i?2 +QbKQHQ;B+�H Q#b2`p�iBQMb i?�i #2;BM
iQ `2D2+i i?2 AP T?�b2 bT�+2 Ua2+X RXkXjV- i?2 TQbbB#BHBiv Q7 i?2 LP Bb #2+QKBM; KQ`2 HBF2HvX Ai Bb
2tT2+i2/ iQ #2 /2i2`KBM2/ rBi? � b2MbBiBpBiv Q7 ?B;?2` i?�M 3σ �7i2` 8 v2�`b Q7 Q#b2`p�iBQM #v
>vT2` E�KBQF�M/2 (Ry)X h?2 ClLP 2tT2`BK2Mi Bb �HbQ 2tT2+i2/ iQ `2bQHp2 i?2 K�bb Q`/2`BM;
�i KQ`2 i?�M 3σ rBi? e v2�`b Q7 /�i� i�FBM; (RR)X

RXkXj *QMbi`�BMi QM i?2 �#bQHmi2 M2mi`BMQ K�bb b+�H2

aBM+2 M2mi`BMQ Qb+BHH�iBQM 2tT2`BK2Mib �`2 QMHv b2MbBiBp2 iQ i?2 K�bb@b[m�`2/ /Bz2`2M+2-
i?2 �#bQHmi2 K�bb b+�H2 Q7 M2mi`BMQ Bb v2i mMFMQrMX h?2`2 �`2 b2p2`�H r�vb iQ +QMbi`�BM i?2
�#bQHmi2 M2mi`BMQ K�bb b+�H2X P7 i?Qb2- +QbKQHQ;B+�H Q#b2`p�iBQM �M/ /B`2+i K�bb K2�bm`2K2Mi
rBi? #2i� /2+�v �`2 /2b+`B#2/ ?2`2X

*QMbi`�BMi 7`QK +QbKQHQ;B+�H Q#b2`p�iBQM
h?2 K�bb Q7 M2mi`BMQb �z2+ib i?2 TQr2` bT2+i`mK Q7 i?2 +QbKB+ KB+`Qr�p2 #�+F;`QmM/

U*J"V- #2+�mb2 M2mi`BMQb /Bzmb2 i?2 /2MbBiv ~m+im�iBQM Q7 i?2 mMBp2`b2- �M/ i?2 /2;`22 Q7
i?2 /BzmbBQM /2T2M/b QM i?2 iQi�H M2mi`BMQ K�bbX h?2 iQi�H M2mi`BMQ K�bb Bb +QMbi`�BM2/ iQ
#2 ∑

i

mi < 0.26 eV , URXeV

�i 95% +QM}/2M+2 H2p2H 7`QK i?2 K2�bm`2K2Mi Q7 i?2 *J" TQr2` bT2+i`mK #v SH�M+F (Rk)X
� KQ`2 bi`BM;2Mi HBKBi Bb �+?B2p2/ #v +QK#BMBM; Qi?2` /�i� Q7 +QbKQHQ;B+�H bm`p2v (Rj) �b

∑

i

mi < 0.082 eV , URXdV
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�i 95% +QM}/2M+2 H2p2H- i?Qm;? i?Bb `2bmHi /2T2M/b QM i?2 +QbKQHQ;B+�H KQ/2HX LQi2 i?�i
∑

i mi Bb ;`2�i2` i?�M 0.06 eV U0.1 eVV 7Q` i?2 LP UAPV +QMbB/2`BM; i?2 Qb+BHH�iBQM T�`�K2i2`bX
h?2`27Q`2 i?2 `2bmHi Q7 +QbKQHQ;B+�H Q#b2`p�iBQMb #2;BMb iQ `2D2+i i?2 APX h?2 M2ti ;2M2`�iBQM
*J" Q#b2`p�iQ`B2b- 7Q` 2t�KTH2- aBKQMb P#b2`p�iQ`v- �`2 2tT2+i2/ iQ /2i2+i i?2 MQM@x2`Q
iQi�H M2mi`BMQ K�bb rBi? KQ`2 i?�M 3.5σ U5.9σV b2MbBiBpBiv 7Q` i?2 +�b2 Q7 i?2 LP UAPV (R9)X

*QMbi`�BMi 7`QK /B`2+i K�bb K2�bm`2K2Mi rBi? #2i� /2+�v
h?2 /B`2+i K�bb K2�bm`2K2Mi Bb #�b2/ QM i?2 FBM2K�iB+b Q7 #2i� /2+�v,

n → p+ e− + ν̄e . URX3V

h?2 ?B;?2` 2/;2 Q7 i?2 #2i� `�v 2M2`;v bT2+i`mK Bb HQr2`2/ 7`QK i?2 Z p�Hm2 Q7 i?2 #2i� /2+�v
#v i?2 2z2+iBp2 2H2+i`QM M2mi`BMQ K�bb /2}M2/ �b

meff
νe

=

√∑

i

m2
i |Uei|2 . URXNV

h?2`2 Bb v2i MQ BM/B+�iBQM Q7 meff
νe

&= 0- �M/ i?2 KQbi bi`BM;2Mi mTT2` HBKBi QM meff
νe

Bb 7`QK i?2
E�h_AL 2tT2`BK2Mi Q#b2`pBM; i`BiBmK #2i� /2+�v �b

meff
νe

< 0.8 eV URXRyV

�i 90% +QM}/2M+2 H2p2H (R8)X h?Bb `2bmHi `Qm;?Hv +Q``2bTQM/b iQ i?2 +QMbi`�BMi QM i?2 HB;?i2bi
M2mi`BMQ K�bb- mlightest < 0.8 eV- r?B+? Bb Km+? H2bb bi`BM;2Mi +QKT�`2/ iQ i?2 +QbKQHQ;B+�H
+QMbi`�BMiX h?2 +QMbi`�BMi 7`QK i?2 b2�`+? 7Q` i?2 M2mi`BMQH2bb /Qm#H2@#2i� /2+�v /2b+`B#2/
BM a2+X RX9 Bb �HbQ KQ`2 b2MbBiBp2 iQ i?2 HB;?i2bi M2mi`BMQ K�bb i?�M /B`2+i K�bb K2�bm`2K2Mi-
�bbmKBM; i?2 J�DQ`�M� M�im`2 Q7 M2mi`BMQbX >Qr2p2`- /B`2+i K�bb K2�bm`2K2Mi Bb i?2 KQ/2H@
BM/2T2M/2Mi K2�bm`2K2Mi QM i?2 �#bQHmi2 M2mi`BMQ K�bb b+�H2 �M/ Bb i?2`27Q`2 BKTQ`i�MiX

RXj J�DQ`�M� K�bb
�b b22M �#Qp2- i?2 K�bb2b Q7 M2mi`BMQb �`2 +QMbi`�BM2/ iQ #2 �i KQbi ! 1 eVX h?Bb Bb [mBi2

HB;?i2` i?�M i?2 Qi?2` 72`KBQMb BM i?2 aJc ∼ 10−6 HB;?i2` i?�M i?2 2H2+i`QM U511 keVV- i?2
HB;?i2bi +?�`;2/ 72`KBQM BM i?2 aJ- 7Q` 2t�KTH2X h?Bb /Bb+`2T�M+v Bb mMM�im`�H B7 i?2 Q`B;BM
Q7 i?2 M2mi`BMQ K�bb �M/ i?�i Q7 i?2 Qi?2` 72`KBQMb �`2 i?2 b�K2- �M/ Bi KQiBp�i2b QM2 iQ
+QMbB/2` i?2 bT2+B�H Q`B;BM Q7 K�bb 7Q` M2mi`BMQbX

h?2 K�bb Q7 i?2 72`KBQM BM i?2 aJ Bb ;2M2`�i2/ 7`QK i?2 umF�r� +QmTHBM; iQ i?2 >B;;b
}2H/X 6Q` 2t�KTH2- BM i?2 +�b2 Q7 +?�`;2/ H2TiQMb- Bi Bb

− LYukawa = ylLlLφelR + h.c. (l = e, µ, τ), URXRRV
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r?2`2 yl Bb i?2 umF�r� +QmTHBM; +QMbi�Mi- LlL =

(
νlL

elL

)
Bb i?2 SU(2) /Qm#H2i Q7 i?2 H27i@

?�M/2/ H2TiQMb- elR Bb i?2 `B;?i@?�M/2/ +?�`;2/ H2TiQMb- φ Bb i?2 >B;;b }2H/- SU(2) /Qm#H2i
+QKTH2t b+�H�` }2H/- �M/ h.c. `272`b iQ i?2 >2`KBiB�M +QMDm;�i2X h?2 φ ?�b � TQi2MiB�H Q7

V (φ) = −m2
φφ

†φ+ λ
(
φ†φ

)2
, URXRkV

r?2`2 mφ �M/ λ �`2 `2�H TQbBiBp2 +Q2{+B2MibX h?2M- �b � `2bmHi Q7 � bTQMi�M2Qmb bvKK2i`v
#`2�FBM;- φ ?�b i?2 p�+mmK 2tT2+i�iBQM p�Hm2,

〈φ〉 =
(

0
v√
2

)
, URXRjV

r?2`2 v = mφ/
√
λX 1[m�iBQM RXRR im`Mb iQ

− LYukawa =
ylv√
2
(elLelR + elRelL) URXR9V

h?Bb Bb i?2 K�bb i2`K- �M/ i?2 72`KBQM ;2ib � K�bb Q7 ylv/
√
2X h?Bb K2+?�MBbK Bb +�HH2/ i?2

>B;;b K2+?�MBbKX
� bBKTH2 r�v iQ ;Bp2 K�bb2b iQ M2mi`BMQb Bb iQ BMi`Q/m+2 i?`22 `B;?i@?�M/2/ M2mi`BMQb νlR

�M/ �// i?2 7QHHQrBM; i2`Kb iQ i?2 G�;`�M;B�M,

− Lν,Yukawa = yνlLlLφ̃νlR + h.c. , URXR8V

r?2`2 φ̃ =

(
0 1

−1 0

)
φ∗X h?2M i?2 K�bb i2`K Bb �+[mB`2/ �HbQ #v i?2 >B;;b K2+?�MBbKX h?Bb

Bb- ?Qr2p2`- �bbmKBM; KQ`2 i?�M � 106 /Bb+`2T�M+v Q7 i?2 umF�r� +QmTHBM; #2ir22M M2mi`BMQb
�M/ Qi?2` 72`KBQMb- �M/ Bi Bb mMM�im`�HX

aBM+2 M2mi`BMQb �`2 M2mi`�H- �MQi?2` ivT2 Q7 K�bb i2`K +�HH2/ i?2 J�DQ`�M� K�bb i2`K Bb
�HHQr2/X h?2 J�DQ`�M� K�bb i2`K +QMbBbib Q7 QMHv � H27i@?�M/2/ Q` QMHv � `B;?i@?�M/2/ bTBMQ`X
� +HQb2` HQQF �i i?2 J�DQ`�M� K�bb i2`K Bb ;Bp2M #2HQrX *QMbB/2` � 7Qm`@+QKTQM2Mi bTBMQ`
ΨX AM +�b2 Ψ Bb M2mi`�H- Bi Bb �HHQr2/ i?�i i?2 +?�`;2 +QMDm;�i2 Q7 Ψ Bb B/2MiB+�H iQ Ψ Bib2H7,

Ψc = Ψ . URXReV

1[m�iBQM RXRe Bb +�HH2/ i?2 J�DQ`�M� +QM/BiBQMX lM/2` i?2 +?B`�H `2T`2b2Mi�iBQM- i?2 J�DQ`�M�
+QM/BiBQM Bb

Ψ =

(
ψL

ψR

)
=

(
ψc
R
ψc
L

)
= Ψc , URXRdV

r?2`2 ψL �M/ ψR Bb i?2 H27i@?�M/2/ �M/ i?2 `B;?i@?�M/2/ +QKTQM2Mi Q7 ΨX >2M+2 Ψ +�M #2
2tT`2bb2/ QMHv #v i?2 H27i@?�M/2/ Q` i?2 `B;?i@?�M/2/ +QKTQM2Mi,

Ψ =

(
ψL

ψc
L

)
=

(
ψc
R

ψR

)
. URXR3V

e



h?2M- i?2 K�bb i2`K Q7 Ψ �HbQ +QMbBbib Q7 QMHv i?2 H27i@?�M/2/ Q` i?2 `B;?i@?�M/2/ +QKTQM2Mi,

−mΨ̄Ψ = −m
(
ψLψ

c
L + ψc

LψL

)
= −m

(
ψRψ

c
R + ψc

RψR

)
. URXRNV

am+? � K�bb i2`K Bb +�HH2/ i?2 J�DQ`�M� K�bb i2`K- �M/ M2mi`BMQb K�v ?�p2 i?2 J�DQ`�M�
K�bb i2`KX

AM+Hm/BM; i?2 J�DQ`�M� K�bb i2`K- i?2 ;2M2`�H K�bb i2`K 7Q` M2mi`BMQb Bb r`Bii2M �b 7QHHQrb-
BMi`Q/m+BM; N `B;?i@?�M/2/ M2mi`BMQb νiR (i = 1, 2, . . . , N),

−LMν = MDilνiRνlL +
1

2
MNijνiRν

c
jR + h.c. URXkyV

=
1

2
(νclL, νiR)

(
O

[
MT

D

]
lj

[MD]l′i [MN ]ij

)(
νl′L
νcjR

)
+ h.c. , URXkRV

r?2`2 i?2 }`bi i2`K Q7 1[X RXky Bb +�HH2/ i?2 .B`�+ K�bb ;2M2`�i2/ #v >B;;b K2+?�MBbK 7`QK
1[X RXR8- �M/ i?2 b2+QM/ i2`K Bb i?2 J�DQ`�M� K�bb Q7 i?2 `B;?i@?�M/2/ M2mi`BMQbX LQi2 i?�i
i?2 J�DQ`�M� K�bb Q7 i?2 H27i@?�M/2/ M2mi`BMQb Bb T`Q?B#Bi2/ #v i?2 SU(2) BMp�`B�M+2X

RXjXR a22@a�r K2+?�MBbK

A7 i?2 K�bb 2B;2Mp�Hm2 Q7 MN Bb H�`;2 �M/ M−1
N MD Bb bK�HH- i?2 K�bb K�i`Bt Q7 1[X RXkR-

M̂ =

(
O MT

D

MD MN

)
+�M #2 /B�;QM�HBx2/ �b 7QHHQrbX 6B`bi- M̂ Bb #HQ+F /B�;QM�HBx2/,

U1 =

(
13

(
M−1

N MD

)†

−M−1
N MD 1N

)
URXkkV

U†
1M̂U1 =

(
Mν O
O MN

)
, URXkjV

r?2`2 Mν = −M†
DM−1

N MDX L2ti- Mν �M/ MN �`2 /B�;QM�HBx2/X

U†
νMνUν = diag (m1,m2,m3) URXk9V

U †
NMNUN = diag (m4,m5, . . . ,m3+N ) URXk8V

U2 =

(
Uν O
O UN

)
URXkeV

U †
2U

†
1M̂U1U2 = diag (m1,m2,m3, . . . ,m3+N ) . URXkdV

h?2 `2H�iBQM #2ir22M i?2 ~�pQ` bi�i2 �M/ K�bb bi�i2
(
νi

N c
I

)
(i = 1, 2, 3) (I = 4, 5, . . . , 3 +N)

Bb
(
νlL
νciR

)
= U1U2

(
νi
N c

I

)
=

(
Uν

(
M−1

N MD

)†
UN

−M−1
N MDUν UN

)(
νi
N c

I

)
, URXk3V

especially, νlL = Uνliνi +
[(
M−1

N MD

)†
UN

]

lI
N c

I . URXkNV

d



aBM+2 i?2 +QMi`B#miBQM Q7 N c
I Bb bmTT`2bb2/ #v bK�HH M−1

N MD- νlL Bb �HKQbi � HBM2�` bmT2`TQ@
bBiBQM Q7 νiX h?mb Uν Bb i?2 SJLa K�i`Bt U1[X RXkVX >Qr2p2`- Bi Bb 2ti2M/2/ #v �//BiBQM�H
*S pBQH�iBM; T?�b2b φ1,φ2 +�HH2/ i?2 J�DQ`�M� *S T?�b2,

U =




Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3





=




1 0 0
0 c23 s23
0 −s23 c23








c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13








c12 s12 0
−s12 c12 0
0 0 1








1

ei
φ1
2

ei
φ2
2



 . URXjyV

h?2 bmTT`2bbBQM Q7 Mν #v M−1
N MD M�im`�HHv 2tTH�BMb i?2 bK�HHM2bb Q7 i?2 K�bb 2B;2Mbi�i2b

m1- m2- �M/ m3- 2p2M B7 i?2 .B`�+ K�bb MD Bb +QKT�`�#H2 iQ i?2 K�bb Q7 i?2 Qi?2` 72`KBQMbX
h?Bb K2+?�MBbK Bb +�HH2/ i?2 UhvT2@AV a22@a�r K2+?�MBbKX

JQ`2 ;2M2`�HHv- QM2 +�M +QMbB/2` i?�i i?2`2 Bb � M2r T?vbB+b #2vQM/ i?2 aJ �#Qp2 i?2 2M2`;v
b+�H2 Q7 ΛNP �M/ i?�i i?2 aJ Bb � HQr@2M2`;v 2z2+iBp2 i?2Q`vX AM bm+? � +�b2- i?2 G�;`�M;B�M Q7
i?2 2z2+iBp2 i?2Q`v +�M +QMi�BM MQM@`2MQ`K�HBx�#H2 i2`Kb bmTT`2bb2/ #v ΛNPX lbBM; QMHv i?2
}2H/ +QMi�BM2/ BM i?2 aJ �M/ `2bT2+iBM; ;�m;2 bvKK2i`v- i?2 7QHHQrBM; /BK2MbBQM@8 QT2`�iQ`
+�M #2 +QMbi`m+i2/,

O5 =
fll′

ΛNP

(
LlLφ̃

)(
φ̃TLc

l′L

)
+ h.c. , URXjRV

r?2`2 fll′ Bb � +QmTHBM; +QMbi�MiX �7i2` i?2 bTQMi�M2Qmb bvKK2i`v #`2�FBM; Q7 φ̃- 1[X RXjR
;2M2`�i2b i?2 2z2+iBp2 J�DQ`�M� K�bb i2`K Q7 i?2 H27i@?�M/2/ M2mi`BMQb,

− LMν =
fll′

2

v2

ΛNP
νlLν

c
l′L + h.c. . URXjkV

h?2 J�DQ`�M� K�bb Bb fll′v2/ΛNP �M/ bmTT`2bb2/ #v v/ΛNPX h?Bb Bb i?2 ;2M2`�H 7Q`K Q7 i?2
a22@a�r K2+?�MBbK- �M/ i?2 hvT2@A a22@a�r Bb � bT2+B�H +�b2 Q7 i?BbX

RXjXk G2TiQ;2M2bBb

Ai Bb +QMbB/2`2/ i?�i BM i?2 2�`Hv mMBp2`b2- � bK�HH �bvKK2i`v #2ir22M #�`vQMb �M/ �MiB@
#�`vQMb r�b +`2�i2/ #v bQK2 K2+?�MBbK- r?B+? b?QmH/ ?�p2 2tBbi2/ BM 2[m�H MmK#2`b- �M/
i?�i QMHv � T�`i Q7 i?2 #�`vQMb `2K�BM2/ i?`Qm;? T�B` �MMB?BH�iBQM �M/ 7Q`K2/ i?2 T`2b2Mi
mMBp2`b2X

h?2 J�DQ`�M� K�bb i2`K Q7 M2mi`BMQb pBQH�i2b i?2 iQi�H H2TiQM MmK#2` #v irQ mMBibX G2T@
iQ;2M2bBb Bb � b+2M�`BQ BM r?B+? i?2 H2TiQM MmK#2` Bb ;2M2`�i2/ pB� i?2 J�DQ`�M� M�im`2
Q7 M2mi`BMQb BM i?2 2�`Hv mMBp2`b2- �M/ i?2 ;2M2`�i2/ H2TiQM MmK#2` L Bb +QMp2`i2/ iQ i?2
#�`vQM MmK#2` B i?`Qm;? i?2 bT?�H2`QM T`Q+2bb +QMb2`pBM; B − L- `2bmHiBM; BM i?2 K�ii2`@
�MiBK�ii2` �bvKK2i`v BM i?2 mMBp2`b2X G2TiQ;2M2bBb r�b }`bi T`QTQb2/ #v JX 6mFm;Bi� �M/

3



h�#H2RXk, amKK�`v Q7 i?2 /Qm#H2@#2i� Mm+H2B +QKKQMHv mb2/ BM 2tT2`BK2MibX h?2 Mmi`�H
�#mM/�M+2b �`2 7`QK (R3)- �M/ i?2 Z p�Hm2b �`2 7`QK (RN)X

M�im`�H �#mM/�M+2 Z p�Hm2 (keV) ?�H7@HB72 Q7 2νββ
48Ca 0.187% 4268

(
6.4+0.7+1.2

−0.6−0.9

)
× 1019 (ky)

76Ge 7.44% 2039 (1.926± 0.094)× 1021 (kR)
82Se 8.73% 2998 (9.39± 0.17± 0.58)× 1019 (kk)
96Zr 2.80% 3356 (2.35± 0.14± 0.16)× 1019 (kj)

100Mo 9.63% 3034 (6.90± 0.15± 0.37)× 1018 (k9)
116Cd 7.49% 2813 (2.74± 0.04± 0.18)× 1019 (k8)
130Te 33.80% 2528

(
7.71+0.08+0.12

−0.06−0.15

)
× 1020 (ke)

136Xe 8.9% 2458 (2.38± 0.02± 0.14)× 1021 (kd)
150Nd 5.64% 3371

(
9.34± 0.22+0.62

−0.60

)
× 1018 (k3)

hX u�M�;B/� (Re)- �M/ p�`BQmb p�`B�iBQMb 2tBbi iQ/�v (Rd) bBM+2 Bi +�M T`Q/m+2 bm{+B2Mi �bvK@
K2i`v iQ 2tTH�BM i?2 �KQmMi Q7 K�ii2` BM i?2 +m``2Mi mMBp2`b2X aBM+2 KQbi Q7 G2TiQ;2M2bBb
KQ/2Hb �bbmK2 i?2 J�DQ`�M� M�im`2 Q7 M2mi`BMQb- i?2 +QM}`K�iBQM Q7 i?2 J�DQ`�M� M�im`2 Bb
?B;?Hv KQiBp�i2/X

RX9 L2mi`BMQH2bb /Qm#H2@#2i� /2+�v
J�DQ`�M� M2mi`BMQ Bb r2HH KQiBp�i2/ �b /2b+`B#2/ �#Qp2X >Qr2p2`- r?2i?2` M2mi`BMQb ?�p2

i?2 J�DQ`�M� K�bb i2`K Bb MQi v2i /2i2`KBM2/X h?2 KQbi TH�mbB#H2 r�v +QMbB/2`2/ bQ 7�` iQ
+QM}`K i?2 J�DQ`�M� M�im`2 Q7 M2mi`BMQb Bb iQ b2�`+? 7Q` M2mi`BMQH2bb /Qm#H2@#2i� /2+�vX

.Qm#H2@#2i� /2+�v Bb � T?2MQK2MQM BM r?B+? irQ #2i� /2+�vb bBKmHi�M2QmbHv Q++m` BM �
Mm+H2mbX Ai Q++m`b BM i?2 Mm+H2B BM r?B+? bBM;H2 #2i� /2+�v Bb T`Q?B#Bi2/ #v i?2 K�bb /Bz2`2M+2
Q` H�`;2 bTBM /Bz2`2M+2 rBi? i?2 /�m;?i2` Mm+H2BX h�#H2 RXk Bb i?2 bmKK�`v Q7 i?2 /Qm#H2@#2i�
Mm+H2B +QKKQMHv mb2/ BM 2tT2`BK2MibX AM i?2b2 Mm+H2B- 136Xe �M/ 76Ge �`2 mb2/ T�`iB+mH�`Hv
Q7i2M #2+�mb2 i?2v ?�p2 HQM; ?�H7@HBp2b Q7 2νββ- r?B+? H2�/b iQ H2bb #�+F;`QmM/ BM 0νββ

b2�`+?2b- �M/ �HbQ +�M #2 2M`B+?2/X h?2 /2}MBiBQMb Q7 2νββ �M/ 0νββ �`2 �b 7QHHQrbX
h?2 M2mi`BMQ 2KBiiBM; /2+�v KQ/2 i?�i Q++m`b rBi?BM i?2 aJ Bb +�HH2/ 2νββ,

2n → 2p+ 2e+ 2ν̄e . URXjjV

h?2 62vMK�M /B�;`�K Q7 2νββ Bb b?QrM BM 6B;X RXR�X
A7 �M/ QMHv B7 M2mi`BMQb ?�p2 i?2 J�DQ`�M� K�bb i2`K- i?2 /2+�v KQ/2 rBi?Qmi 2KBiiBM;

M2mi`BMQb Bb �HHQr2/X h?Bb /2+�v KQ/2 Bb +�HH2/ M2mi`BMQH2bb /Qm#H2@#2i� /2+�v U0νββV,

2n → 2p+ 2e . URXj9V

N



W−

W−

n

n

p

e−

ν̄e

ν̄e

e−

p

U�V 2νββ

W−

W−

n

n

p

e−

e−

p

νM

U#V 0νββ

6B;m`2RXR, 62vMK�M /B�;`�Kb Q7 /Qm#H2@#2i� /2+�vbX U�V Bb 7Q` 2νββ �M/ U#V Bb 7Q` 0νββX

hrQ M2mi`BMQb BK�;BM�`v �MMB?BH�i2 BM i?2 Mm+H2mb pB� i?2 J�DQ`�M� K�bb i2`K- �M/ ?2M+2 MQ
M2mi`BMQ Bb 2KBii2/X h?2 62vMK�M /B�;`�K Q7 0νββ Bb b?QrM BM 6B;X RXR#X

q?2M QM2 Q#b2`p2b i?2 /Qm#H2@#2i� /2+�v- QMHv irQ 2H2+i`QMb +�M #2 Q#b2`p2/ BM #Qi?
2νββ �M/ 0νββ bBM+2 i?2 +`Qbb b2+iBQM Q7 i?2 M2mi`BMQb Bb 2ti`2K2Hv bK�HHX h?mb i?2 irQ �`2
/BbiBM;mBb?2/ QMHv #v i?2B` 2M2`;B2bX 6B;m`2 RXk b?Qrb i?2 b+?2K�iB+ bT2+i`mK Q7 i?2 bmK Q7
i?2 FBM2iB+ 2M2`;B2b Q7 irQ 2H2+i`QMb 2KBii2/ BM /Qm#H2@#2i� /2+�vbX h?2 2νββ bT2+i`mK Bb
+QMiBMmQmb #2HQr i?2 Z p�Hm2 Q7 i?2 /Qm#H2@#2i� /2+�v #2+�mb2 M2mi`BMQb +�``v �r�v bQK2
FBM2iB+ 2M2`;B2bX PM i?2 Qi?2` ?�M/- i?2 0νββ bT2+i`mK Bb � KQMQ+?`QK�iB+ T2�F �i i?2 Z
p�Hm2- i?Qm;? Bi Bb #`Q�/2M2/ #v i?2 }MBi2 2M2`;v `2bQHmiBQM Q7 � /2i2+iQ`X h?2`27Q`2 ;QQ/
2M2`;v `2bQHmiBQM Bb 2bb2MiB�H iQ /BbiBM;mBb? i?2b2 irQ /2+�v KQ/2bX

h?2 ?�H7@HB72 Q7 0νββ Bb- 2p2M B7 Bi ?�TT2Mb- +QMbB/2`�#Hv HQM;2` i?�M i?�i Q7 2νββ /m2 iQ
i?2 HB;?iM2bb Q7 i?2 M2mi`BMQ J�DQ`�M� K�bbX h?2 ?�H7@HB72 Q7 0νββ Bb /2`Bp2/ iQ #2

(
T 0ν
1/2

)−1
= G0ν

∣∣M0ν
∣∣2m2

ββ , URXj8V

r?2`2 G0ν Bb i?2 T?�b2 bT�+2 7�+iQ` +�H+mH�i2/ 7`QK i?2 BMBiB�H �M/ }M�H bi�i2 Q7 i?2 /2+�v- �M/
M0ν Bb i?2 Mm+H2�` K�i`Bt 2H2K2Mi Q7 0νββX mββ Bb i?2 2z2+iBp2 J�DQ`�M� K�bb Q7 2H2+i`QM
M2mi`BMQ 2tT`2bb2/ mbBM; i?2 SJLa K�i`Bt U1[X RXjyV �b

mββ =

∣∣∣∣∣
∑

i

U2
eimi

∣∣∣∣∣

=
∣∣∣
(
m1c

2
12 +m2s

2
12e

iφ1
)
c213 +m3s

2
13e

i(φ2−2δ)
∣∣∣ . URXjeV

h?mb i?2 /Bb+Qp2`v Q7 0νββ MQi QMHv Bb i?2 /B`2+i 2pB/2M+2 Q7 i?2 J�DQ`�M� M�im`2 Q7 M2mi`BMQb
#mi �HbQ H2�/b iQ i?2 K2�bm`2K2Mi Q7 i?2 �#bQHmi2 K�bb b+�H2 Q7 M2mi`BMQb �M/ i?2 J�DQ`�M�

Ry



6B;m`2RXk, a+?2K�iB+ bT2+i`mK Q7 i?2 bmK Q7 i?2 2M2`;B2b Q7 irQ 2H2+i`QMb 2KBii2/ BM /Qm#H2@
#2i� /2+�vX 2νββ U/Qii2/ +m`p2V �M/ 0νββ UbQHB/ +m`p2VX 6B;m`2 7`QK (kN)X

*S T?�b2bX >Qr2p2`- i?2 Mm+H2�` K�i`Bt 2H2K2Mi M0ν +�M +m``2MiHv #2 Q#i�BM2/ QMHv #v
MmK2`B+�H +�H+mH�iBQMb #�b2/ QM Mm+H2�` KQ/2Hb �M/ ?�b H�`;2 KQ/2H /2T2M/2M+2 #v � 7�+iQ`
Q7 kĜj (jy)X >2M+2 i?2 i`�MbH�iBQM 7`QK T 0ν

1/2 iQ mββ ?�b bB;MB}+�Mi mM+2`i�BMivX h?2 +m``2Mi
#2bi HBKBi QM mββ Bb b2i #v E�KG�L.@w2M mbBM; 136Xe (jR) U6B;X RXjVX h?2 HQr2` HBKBi QM i?2
?�H7@HB72 Bb

T 0ν
1/2 > 2.3× 1026 year URXjdV

�i 90% +QM}/2M+2 H2p2H- �M/ i?2 +Q`22bTQM/BM; mTT2` HBKBi QM mββ Bb

mββ < Uje Ĝ R8eV K2o . URXj3V

Ai b?QmH/ #2 MQi2/ i?�i i?2 ?�H7@HB72 Q7 2.3× 1026 v2�`b +Q``2bTQM/b iQ QM2 /2+�v T2` v2�` rBi?
52 kg Q7 136XeX hQ HQr2` i?2 HBKBi QM mββ #v 7�+iQ` k- 7Qm` iBK2b KQ`2 i�`;2i K�bb Bb `2[mB`2/
7Q` � #�+F;`QmM/@7`22 +�b2 �M/ Re iBK2b KQ`2 i�`;2i K�bb 7Q` � #�+F;`QmM/@/QKBM�i2/ +�b2X

RX8 aB;M�H �M/ #�+F;`QmM/ 7Q` 0νββ b2�`+?
h?2 KQbi BKTQ`i�Mi 72�im`2 Q7 i?2 bB;M�H BM i?2 0νββ b2�`+? Bb i?�i i?2 bmK 2M2`;v Q7 i?2

irQ #2i� `�vb Bb 2[m�H iQ i?2 Z p�Hm2- 2458 keV 7Q` 136XeX A7 i?2 2tT2`BK2Mi +�M `2+QMbi`m+i
+?�`;2/ T�`iB+H2 i`�+Fb- irQ 2H2+i`QM i`�+Fb 2KBii2/ 7`QK QM2 TQBMi �`2 �HbQ � TQr2`7mH 72�im`2
iQ /BbiBM;mBb? i?2 bB;M�H 7`QK #�+F;`QmM/bX

AM ;2M2`�H- bQm`+2b Q7 i?2 #�+F;`QmM/ 2p2Mib �`2 2νββ rBi? 2M2`;B2b +HQb2 iQ i?2 Z p�Hm2-
2MpB`QMK2Mi�H `�/B�iBQM- �M/ bT�HH�iBQM T`Q/m+ib /m2 iQ +QbKB+ KmQMbX h?2 #�+F;`QmM/b
BM/m+2/ #v +QbKB+ KmQMb +�M #2 `2/m+2/ #v +QM/m+iBM; 2tT2`BK2Mib �i mM/2`;`QmM/ 7�+BH@
BiB2b- BX2X- b?B2H/BM; #v `Q+FbX am``QmM/BM; i?2 /2i2+iQ` rBi? �M �+iBp2 Q` T�bbBp2 b?B2H/ Bb

RR



6B;m`2RXj, mββ �b � 7mM+iBQM Q7 i?2 HB;?i2bi M2mi`BMQ K�bbX h?2 `2/ U;`22MV b?�/2/ �`2� Bb
i?2 �HHQr2/ `2;BQM 7`QK i?2 Qb+BHH�iBQM T�`�K2i2`b BM i?2 +�b2 Q7 i?2 LP UAPVX h?2 ?Q`BxQMi�H
HBM2b b?Qr i?2 mTT2` HBKBib QM mββ Q#i�BM2/ rBi? i?2 p�`BQmb Mm+H2�` K�i`Bt 2H2K2MibX h?2
bB/2 T�M2H b?Qr i?2 #2bi HBKBib 7Q` 136Xe- 76Ge- �M/ 130Te- �M/ i?2Q`2iB+�H T`2/B+iBQMb QM mββ

7Q` APX 6B;m`2 7`QK (jR)X

�HbQ 2z2+iBp2X h?2 #�+F;`QmM/ Q7 2MpB`QMK2Mi�H `�/B�iBQM Bb �HbQ bmTT`2bb2/ #v b?B2H/bX Ai
Bb �HbQ BKTQ`i�Mi iQ mb2 K�i2`B�Hb rBi? HQr `�/BQ�+iBpBiv BM i?2 /2i2+iQ`X h?2 `2K�BMBM;
#�+F;`QmM/b b?QmH/ #2 `2D2+i2/ #v ;QQ/ 2M2`;v `2bQHmiBQM �M/ �//BiBQM�H b2T�`�iBQM #v i?2
/2i2+iQ`X h`�+FBM; /2i2+iQ`b +�M 2�bBHv `2KQp2 �HT?� `�vb �M/ *QKTiQM b+�ii2`BM; Q7 ;�KK�
`�vb Ua2+X RX8XRVX

AM i?2 7QHHQrBM;- i?2 BMi2`�+iBQM Q7 ;�KK� `�vb- i?2 K�DQ` #�+F;`QmM/ bQm`+2- Bb /2b+`B#2/-
7QHHQr2/ #v � /2i�BH2/ /2b+`BTiBQM Q7 i?2 /Bb+`BKBM�iBQM #2ir22M bB;M�H �M/ #�+F;`QmM/ 2p2MibX

RX8XR AMi2`�+iBQM Q7 ;�KK� `�vb

AM i?Bb 2M2`;v `2;BQM- ;�KK� `�vb BMi2`�+i rBi? K�ii2` #v T?QiQ2H2+i`B+ �#bQ`TiBQM- *QKT@
iQM b+�ii2`BM;- �M/ 2H2+i`QM@TQbBi`QM T�B` +`2�iBQMX 6B;m`2 RX9 b?Qrb i?2 K�bb �ii2Mm�iBQM
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6B;m`2RX9, hQi�H K�bb �ii2Mm�iBQM H2M;i? Q7 ;�KK� `�vb BM t2MQMX :2M2`�i2/ #v (jk)X AM+Q@
?2`2Mi b+�ii2`BM; `272`b iQ *QKTiQM b+�ii2`BM;X 1 cm2/g +Q``2bTQM/b iQ 220 barnX

H2M;i? Q7 ;�KK� `�vb BM t2MQMX �i HQr2` 2M2`;B2b- T?QiQ2H2+i`B+ �#bQ`TiBQM Bb /QKBM�MiX
�#Qp2 �TT`QtBK�i2Hv 500 keV- *QKTiQM b+�ii2`BM; #2+QK2b KQ`2 7`2[m2MiX �#Qp2 � i?`2b?@
QH/ Q7 1022 keV- 2H2+i`QM@TQbBi`QM T�B` +`2�iBQM Q++m`bX
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h�#H2RXj, 1M2`;B2b Q7 +?�`�+i2`BbiB+ s@`�vb Q7 t2MQM (jj)

1M2`;v
Kα1 29.78 keV

Kα2 29.46 keV

Kβ 33.62 keV

Lα1 4.110 keV

S?QiQ2H2+i`B+ �#bQ`TiBQM
AM i?Bb T`Q+2bb- � ;�KK� `�v Bb �#bQ`#2/ #v �M �iQK- �M/ � bBM;H2 Q`#Bi�H 2H2+i`QM Bb 2KBii2/

�b � T?QiQ2H2+i`QMX h?2 ?QH2 +`2�i2/ BM i?2 Q`#Bi�H Bb 2p2Mim�HHv Q++mTB2/ #v � ?B;?2` Q`#Bi�H
2H2+i`QM- �M/ � +?�`�+i2`BbiB+ s@`�v Q` �m;2` 2H2+i`QM Bb 2KBii2/ rBi? �M 2M2`;v 2[m�H iQ
i?2 /Bz2`2M+2 BM i?2 #BM/BM; 2M2`;B2bX h?2 bmK Q7 i?2 2M2`;B2b Q7 i?2 T?QiQ2H2+i`QM �M/ s@
`�vf�m;2` 2H2+i`QM Bb 2[m�H iQ i?�i Q7 i?2 BMBiB�H ;�KK� `�vX h�#H2 RXj HBbib i?2 2M2`;B2b Q7
+?�`�+i2`BbiB+ s@`�vb Q7 t2MQMX aBM+2 i?2 2M2`;B2b Q7 Kα1 �M/ Kα2 �`2 p2`v +HQb2- ?2`2�7i2` i?2v
�`2 `272``2/ iQ B/2MiB+�HHv �b Kα- rBi? �M 2M2`;v Q7 29.68 keV- �p2`�;2/ rBi? i?2B` #`�M+?BM;
`�iBQX

6Q` � bm{+B2MiHv H�`;2 /2i2+iQ`- i?2 T?QiQ2H2+i`QM �M/ +?�`�+i2`BbiB+ s@`�v Q` �m;2` 2H2+i`QM
�`2 7mHHv +QMi�BM2/ BM i?2 /2i2+iQ` �M/ /2TQbBi i?2B` 7mHH 2M2`;vX h?mb T?QiQ2H2+i`B+ �#bQ`TiBQM
2p2Mib K�F2 � 7mHH 2M2`;v T2�F BM i?2 K2�bm`2/ 2M2`;v bT2+i`mKX

h?2 bT�iB�H T�ii2`M Q7 � T?QiQ2H2+i`B+ �#bQ`TiBQM 2p2Mi Bb � bBM;H2 +Hmbi2` i`�+F rBi? � /2Mb2
2M2`;v /2TQbBi �i i?2 2M/TQBMiX >Qr2p2`- BM +�b2 � Kα Q` Kβ s@`�v Bb 2KBii2/- �MQi?2` +Hmbi2`
K�v #2 7Q`K2/ �i � b?Q`i /Bbi�M+2 7`QK i?2 BMi2`�+iBQM TQBMi- ∼ 3 cm 7Q` 8 bar Q7 t2MQM ;�bX
AM i?2 +�b2 Q7 i?2 2KBbbBQM Q7 �M G s@`�v- Bi Bb mbm�HHv iQQ +HQb2 iQ b2T�`�i2 i?2 +Hmbi2`bX

*QKTiQM b+�ii2`BM;
h?Bb Bb � T`Q+2bb BM r?B+? � ;�KK� `�v BMi2`�+ib rBi? i?2 Q`#Bi�H 2H2+i`QM- �M/ #Qi? i?2

T?QiQM �M/ i?2 2H2+i`QM �`2 b+�ii2`2/ QzX h?2 i�`;2i 2H2+i`QM +�M �HKQbi #2 `2;�`/2/ �b � 7`22
2H2+i`QM- �M/ i?2`27Q`2 i?2 `2H�iBQM Q7 2M2`;B2b Q7 i?2 BM+B/2Mi T?QiQM UhνV �M/ i?2 b+�ii2`2/
T?QiQM Uhν′V Bb ;Bp2M �b

hν′ =
hν

1 + hν
mec2

(1− cos θ)
, URXjNV

r?2`2 θ Bb i?2 b+�ii2`2/ �M;H2 Q7 i?2 T?QiQM �M/ mec2 Bb i?2 K�bb Q7 �M 2H2+i`QM U511 keVVX
h?2 b+�ii2`2/ 2H2+i`QM ;2ib FBM2iB+ 2M2`;v Q7 hν − hν′X

A7 i?2 b+�ii2`2/ T?QiQM 2b+�T2b 7`QK i?2 /2i2+iQ`- /2TQbBi2/ 2M2`;v Bb QMHv hν − hν′X h?mb-
BM i?2 2M2`;v bT2+i`mK- i?2b2 2p2Mib K�F2 � +QMiBMmmK rBi? i?2 K�tBKmK 2M2`;v Q7 i?2 +�b2
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θ = 180◦- r?B+? Bb +�HH2/ *QKTiQM 2/;2X h?2 bT�iB�H T�ii2`M Q7 i?2b2 2p2Mib Bb bBM;H2@+Hmbi2`2/X
AM +�b2 i?2 2KBii2/ T?QiQM BMi2`�+ib BM i?2 /2i2+iQ` �;�BM- i?2 /2TQbBi2/ 2M2`;v 2t+22/b i?2

*QKTiQM 2/;2- �M/ i?2 bT�iB�H T�ii2`M ?�b KmHiBTH2 +Hmbi2`bX q?2M i?2 H�bi b+�ii2`2/ T?QiQM
Bb �#bQ`#2/ BM i?2 /2i2+iQ` pB� T?QiQ2H2+i`B+ �#bQ`TiBQM- i?2 iQi�H /2TQbBi2/ 2M2`;v Bb i?2 7mHH
2M2`;v Q7 i?2 BMBiB�H ;�KK� `�v- �M/ i?2 2p2Mi Bb +QMi�BM2/ BM i?2 7mHH 2M2`;v T2�F BM i?2
2M2`;v bT2+i`mKX

1H2+i`QM@TQbBi`QM T�B` +`2�iBQM
AM i?Bb T`Q+2bb- � ;�KK�@`�v T?QiQM BMi2`�+ib rBi? i?2 2H2+i`B+ }2H/ Q7 � Mm+H2mb �M/ +QMp2`ib

iQ � T�B` Q7 �M 2H2+i`QM �M/ � TQbBi`QMX
h?2 +`2�i2/ 2H2+i`QM �M/ TQbBi`QM /2TQbBi i?2B` FBM2iB+ 2M2`;v BM i?2 /2i2+iQ`X �7i2` /2@

TQbBiBM; Bib 7mHH FBM2iB+ 2M2`;v- i?2 biQTT2/ TQbBi`QM �MMB?BH�i2b rBi? QM2 Q7 i?2 bm``QmM/BM;
2H2+i`QMb �M/ 2KBib irQ ;�KK� `�vb Q7 511 keVX AM +�b2 i?2 �MMB?BH�iBQM ;�KK� `�vb 2b+�T2
7`QK i?2 /2i2+iQ`- i?2 /2TQbBi2/ 2M2`;v Bb QMHv i?2 FBM2iB+ 2M2`;B2b Q7 i?2 2H2+i`QM �M/ i?2
TQbBi`QM- r?B+? Bb 1022 keV HQr2` i?�M i?2 7mHH 2M2`;v Q7 i?2 BMBiB�H ;�KK� `�vX h?mb i?2b2
2p2Mib K�F2 � T2�F BM i?2 2M2`;v bT2+i`mK- r?B+? Bb +�HH2/ � /Qm#H2 2b+�T2 T2�FX

h?2 bT�iB�H T�ii2`M Q7 � T�B` +`2�iBQM 2p2Mi Bb � bBM;H2 +Hmbi2` rBi? irQ /2Mb2 2M2`;v /2TQbBib
�i i?2 2M/TQBMib +Q``2bTQM/BM; iQ i?2 biQTT2/ TQbBiBQMb Q7 �M 2H2+i`QM �M/ � TQbBi`QMX

RX8Xk aB;M�H@#�+F;`QmM/ /Bb+`BKBM�iBQM

1MpB`QMK2Mi�H `�/B�iBQMb i?�i K�v #2 +QMi�KBM�i2/ BM i?2 T2�F `2;BQM Q7 0νββ Q7 136Xe

�`2 i?2 2448 keV ;�KK� `�vb 7`QK 214Bi BM i?2 m`�MBmK b2`B2b �M/ 2615 keV ;�KK� `�vb 7`QK
208Tl BM i?2 i?Q`BmK b2`B2bX h?2 /Bz2`2M+2 #2ir22M i?2 Z p�Hm2- 2458 keV- �M/ i?2 2M2`;v
Q7 i?2 ;�KK� `�vb 7`QK 214Bi- 2448 keV- Bb QMHv yX9WX � 2615 keV ;�KK� `�v 7`QK 208Tl

+�M mM/2`;Q � *QKTiQM b+�ii2`BM; QmibB/2 i?2 b2MbBiBp2 pQHmK2- �M/ i?2 b+�ii2`2/ ;�KK� `�v
K�v 2Mi2` i?2 /2i2+iQ` �M/ BMi2`�+iX h?2 2M2`;v +�M #2 �`#Bi`�`v mM/2` i?2 BMBiB�H 2M2`;v-
2615 keVX q?2M i?2 2M2`;v Bb +HQb2 iQ i?2 Z p�Hm2- Bi #2+QK2b � #�+F;`QmM/X J2�Mr?BH2-
i?2b2 ;�KK�@`�v #�+F;`QmM/b +�M #2 b2T�`�i2/ #v i?2B` bT�iB�H T�ii2`Mc 0νββ ?�b QM2 +Hmbi2`
rBi? irQ /2Mb2 2M/TQBMib- �M/ i?2b2 ;�KK� `�vb ?�p2 KmHiBTH2 +Hmbi2`b U*QKTiQM b+�ii2`BM;
Q` T?QiQ2H2+i`B+ �#bQ`TiBQM rBi? � E s@`�vV Q` bBM;H2 +Hmbi2` #mi rBi? QMHv QM2 /2Mb2 2M/TQBMi
UT?QiQ2H2+i`B+ �#bQ`TiBQMVX

h?2 2M2`;v Q7 2νββ 2p2Mib Bb HQr2` i?�M 0νββ 2p2Mib #v i?2 �KQmMi M2mi`BMQb +�``v �r�vX
aBM+2 M2mi`BMQb �`2 MQi Q#b2`p�#H2- Bi Bb BKTQbbB#H2 iQ /BbiBM;mBb? 2νββ 7`QK 0νββ #v BM7Q`@
K�iBQM Qi?2` i?�M i?2B` 2M2`;vX >Qr2p2`- /m2 iQ i?2 }MBi2 2M2`;v `2bQHmiBQM Q7 i?2 /2i2+iQ`-
2νββ 2p2Mib +�MMQi #2 +QKTH2i2Hv b2T�`�i2/ 7`QK 0νββ 2p2MibX �++Q`/BM; iQ (j9)- i?2 7`�+iBQM
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F Q7 i?2 2νββ +QmMib BM i?2 T2�F `2;BQM Q7 0νββ Bb �TT`QtBK�i2/ iQ #2

F =
a (δE)QδE

6

me
, URX9yV

r?2`2 δE Bb i?2 6q>J 2M2`;v `2bQHmiBQM 2tT`2bb2/ �b � 7`�+iBQM iQ i?2 Z p�Hm2 �M/ me Bb i?2
2H2+i`QM K�bbX h?2 +Q2{+B2Mi a (δE) Bb KQ/2`�i2Hv /2T2M/2Mi QM i?2 2M2`;v `2bQHmiBQM- �M/ Bi
Bb 3X8 7Q` i?2 +�b2 Q7 δE = 1%X h?mb- +QMbB/2`BM; i?2 136Xe 2νββ ?�H7@HB72 Q7 2.38× 1021 years-
i?2 2M2`;v `2bQHmiBQM #2ii2` i?�M 3% U2%V bmTT`2bb2b i?2 2νββ +QMi�KBM�iBQM iQ H2bb i?�M
RfRyy Q7 i?2 0νββ bB;M�H 7Q` � ?�H7@HB72 Q7 10× 1027 U10× 1028V v2�`b Q7 0νββX

AM bmKK�`v- ?B;? 2M2`;v `2bQHmiBQM �M/ /2i2+iBQM Q7 2p2Mi T�ii2`Mb �`2 2bb2MiB�H 7Q` bB;M�H@
#�+F;`QmM/ /Bb+`BKBM�iBQMX Ai Bb �HbQ BKTQ`i�Mi iQ `2/m+2 i?2 MmK#2` Q7 #�+F;`QmM/ 2p2Mib
#27Q`2 i?2 /Bb+`BKBM�iBQM #v b?B2H/BM; �M/ HQr2`BM; i?2 `�/B�iBQM Q7 i?2 /2i2+iQ` +QKTQM2MibX

RXe 1tT2`BK2Mib b2�`+?BM; 7Q` 0νββ
h?2 7QHHQrBM; +QM/BiBQMb �`2 `2[mB`2/ iQ +QM/m+i � b2MbBiBp2 b2�`+? 7Q` 0νββX

Ç G�`;2 �KQmMi Q7 /Qm#H2@#2i� /2+�v Mm+H2B
Ç :QQ/ 2M2`;v `2bQHmiBQM
Ç GQr #�+F;`QmM/ 2MpB`QMK2Mi �M/fQ` #�+F;`QmM/ `2D2+iBQM +�T�#BHBiv

>2`2�7i2`- i?2 2tT2`BK2Mib i?�i b2i i?2 KQbi bi`BM;2Mi HBKBi QM i?2 0νββ ?�H7@HB72 Q7 136Xe �M/
76Ge �`2 bmKK�`Bx2/X

E�KG�L.@w2M (jR)

h?2 E�KG�L.@w2M 2tT2`BK2Mi Bb �M 2tT2`BK2Mi mbBM; � HB[mB/ b+BMiBHH�iQ` �b � /2i2+iQ`
K2/BmKX h?2 t2MQM@HQ�/2/ HB[mB/ b+BMiBHH�iQ` Bb +QMi�BM2/ BM i?2 BMM2` #�HHQQM bm``QmM/2/ #v R
FBHQiQM Q7 HB[mB/ b+BMiBHH�iQ` +QMi�BM2/ BM i?2 Qmi2` #�HHQQMX h?2 /2i2+iQ` Bb HQ+�i2/ BM E�KBQF�
KBM2 BM C�T�M- mM/2` kdyy K2i2` r�i2` 2[mBp�H2Mi UKXrX2XV `Q+F- iQ `2/m+2 #�+F;`QmM/ 2p2Mib
BM/m+2/ #v +QbKB+ KmQMbX qBi? � i?Q`Qm;? bm`p2v Q7 i?2 /2i2+iQ` K�i2`B�H �M/ Tm`B}+�iBQM
Q7 i?2 HB[mB/ b+BMiBHH�iQ`- i?2v ?�p2 �+?B2p2/ 2ti`2K2Hv HQr `�/BQ�+iBp2 BKTm`BiB2bX

�b i?2 }`bi T?�b2 U`272``2/ iQ �b E�KG�L.@w2M 9yyV- i?2v mb2/ 380 kg Q7 91% 2M`B+?2/
136XeX AM i?2 b2+QM/ T?�b2 U`272``2/ iQ �b E�KG�L.@w2M 3yyV- i?2v BM+`2�b2/ i?2 K�bb Q7
2M`B+?2/ t2MQM iQ 745 kgX h?2 2tTQbm`2 `2TQ`i2/ bQ 7�` Bb 504 kg year 7Q` E�KG�L.@w2M
9yy (j8) �M/ 970 kg year 7Q` E�KG�L.@w2M 3yyX *QK#BMBM; i?2 /�i� Q7 E�KG�L.@w2M 9yy
�M/ E�KG�L.@w2M 3yy- i?2v b2i � +m``2Mi KQbi bi`BM;2Mi HBKBi �b b?QrM BM 1[bX RXjd �M/
RXj3X

h?2 H�`;2bi #�+F;`QmM/ Bb 2νββ #2+�mb2 Q7 i?2 KQ/2`�i2 2M2`;v `2bQHmiBQM Q7 `Qm;?Hv 10%

Re



U6q>JV �i i?2 Z p�Hm2 U2458 keVVX s2MQM bT�HH�iBQM T`Q/m+ib BM/m+2/ #v +QbKB+ KmQMb �`2
�HbQ K�DQ` #�+F;`QmM/bX h?2 bm++2bbQ` 2tT2`BK2Mi E�KG�L.k@w2M Bb TH�MM2/- BM+`2�bBM;
t2MQM K�bb �M/ BKT`QpBM; i?2 2M2`;v `2bQHmiBQMX h?2 HB;?i vB2H/ rBHH #2 BM+`2�b2/ #v 8 iBK2b
#v BMi`Q/m+BM; ?B;? [m�MimK 2{+B2M+v T?QiQKmHiBTHB2` im#2b- � M2r HB[mB/ b+BMiBHH�iQ` rBi?
?B;? HB;?i BMi2MbBiv- �M/ KB``Q`b iQ 2{+B2MiHv +QHH2+i i?2 b+BMiBHH�iBQM HB;?iX

:1_.� (je)

h?2 :1_.� 2tT2`BK2Mi mb2/ ?B;?@Tm`Biv ;2`K�MBmK #Qi? �b � bQm`+2 �M/ � /2i2+iQ`X
h?2 ;2`K�MBmK /2i2+iQ` r�b bm``QmM/2/ #v HB[mB/ �`;QM r?B+? �+ib �b � b?B2H/ �M/ +QQHBM;
K�i2`B�HX h?2 2tT2`BK2Mi r�b HQ+�i2/ �i G�#Q`�iQ`B L�xBQM�HB /2H :`�M a�bbQ BM Ai�Hv- j8yy
KXrX2X

h?2v }M�HHv mb2/ 45.2 kg Q7 ;2`K�MBmK /2i2+iQ` 2M`B+?2/ BM 76Ge iQ 87%X h?2 iQi�H 2tTQ@
bm`2 Bb 127.2 kg yearX h?2 2t+2HH2Mi 2M2`;v `2bQHmiBQM Q7 0.12%Ĝ0.24% U6q>JV �i i?2 Z p�Hm2
U2039 keVV �HHQr2/ � #�+F;`QmM/@7`22 b2�`+?- �M/ i?2 Q#i�BM2/ HQr2` HBKBi QM i?2 ?�H7@HB72 Q7
76Ge 0νββ Bb

T 0ν
1/2

(
76Ge

)
> 1.8× 1026 year URX9RV

�i 90% +QM}/2M+2 H2p2HX h?Bb Bb i?2 +m``2Mi #2bi HBKBi QM 76GeX h?Bb +Q``2bTQM/b iQ i?2 mTT2`
HBKBi QM i?2 mββ Q7

mββ < UdN Ĝ R3yV K2o . URX9kV

h?2 :1_.� ;`QmT �M/ �MQi?2` ;2`K�MBmK 2tT2`BK2Mi- i?2 J�DQ`�M� .2KQMbi`�iQ` 2t@
T2`BK2Mi- ?�p2 DQBM2/ �M/ bi�`i2/ i?2 G1:1L.@kyy 2tT2`BK2Mi- TH�MMBM; iQ mb2 200 kg Q7
;2`K�MBmK /2i2+iQ`b iQ BKT`Qp2 i?2 b2MbBiBpBivX h?2 /�i� i�FBM; Q7 G1:1L.@kyy Bb QM;QBM;-
}`bi rBi? 142 kg Q7 ;2`K�MBmK /2i2+iQ`bX

RXd 0νββ b2�`+? 2tT2`BK2Mib mbBM; ?B;?@T`2bbm`2 t2MQM ;�b iBK2
T`QD2+iBQM +?�K#2`

� ?B;?@T`2bbm`2 t2MQM ;�b iBK2 T`QD2+iBQM +?�K#2` UhS*V Bb � /2i2+iQ` i?�i ?�b i?2 TQ@
i2MiB�H iQ �+?B2p2 � ?B;?Hv b2MbBiBp2 b2�`+? 7Q` 0νββ Q7 136XeX h?2 T`BM+BTH2 Q7 � ?B;?@T`2bbm`2
t2MQM ;�b hS* Bb �b 7QHHQrbX

*?�`;2/ T�`iB+H2b- 7Q` 2t�KTH2- #2i�@`�vb ;2M2`�i2/ BM 0νββ Q` Qi?2` #�+F;`QmM/ 2p2Mib-
/2TQbBi i?2B` 2M2`;B2b #v 2t+BiBM; �M/ BQMBxBM; i?2 t2MQM �iQKb �HQM; i?2 i`�+FbX 1t+Bi2/
�iQKb 2KBi i?2 T`BK�`v b+BMiBHH�iBQM T?QiQMb 7QHHQrBM; i?2 T`Q+2bb Q7

Xe∗ + 2Xe → Xe∗2 +Xe URX9jV
Xe∗2 → 2Xe + γ , URX99V
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r?2`2 Xe∗ `2T`2b2Mib i?2 2t+Bi2/ t2MQM �iQK- Xe∗2 `2T`2b2Mib i?2 /BK2`- �M/ γ `2T`2b2Mib
i?2 2KBii2/ b+BMiBHH�iBQM T?QiQMX h?Bb 2KBbbBQM ?�TT2Mb BM � iBK2b+�H2 Q7 b2p2`�H i2Mb Q7
M�MQb2+QM/b (jd)X h?2 2KBii2/ T`BK�`v b+BMiBHH�iBQM ?�b � r�p2H2M;i? Q7 �`QmM/ 175 nm r?B+?
Bb BM i?2 p�+mmK mHi`�pBQH2i UoloV `2;BQMX � mMB7Q`K 2H2+i`B+ }2H/ Bb �TTHB2/ BM i?2 hS*-
�M/ BQMBx�iBQM 2H2+i`QMb /`B7i iQr�`/ i?2 �MQ/2 TH�M2 rBi? � +QMbi�Mi /`B7i p2HQ+Biv mM/2` i?2
2H2+i`B+ }2H/X Aib iBK2b+�H2 Bb 7`QK KB+`Qb2+QM/b iQ b2p2`�H ?mM/`2/b Q7 KB+`Qb2+QM/bX �i i?2
�MQ/2- BQMBx�iBQM 2H2+i`QMb �`2 /2i2+i2/ #v � irQ@/BK2MbBQM�H /2i2+iQ`X 6`QK i?2 ?Bi T�ii2`M
BM i?2 irQ@/BK2MbBQM�H /2i2+iQ` �M/ i?2 /`B7i iBK2 K2�bm`2/ 7`QK i?2 T`BK�`v b+BMiBHH�iBQM-
i?2 i?`22@/BK2MbBQM�H i`�+F Bb `2+QMbi`m+i2/X

6Q` i?2 /2i2+iBQM Q7 i?2 BQMBx�iBQM 2H2+i`QMb- b2+QM/�`v b+BMiBHH�iBQM 2KBbbBQM #v i?2 2H2+i`Q@
HmKBM2b+2M+2 T`Q+2bb U1G T`Q+2bbV +�M #2 miBHBx2/X h?2 1G T`Q+2bb Bb � T?2MQK2MQM BM r?B+?
i?2 BQMBx�iBQM 2H2+i`QMb �`2 �++2H2`�i2/ iQ 2t+Bi2 #mi MQi BQMBx2 i?2 bm``QmM/BM; t2MQM �iQKb
mM/2` � bi`QM; 2H2+i`B+ }2H/- �M/ 2t+Bi2/ �iQKb 2KBi b2+QM/�`v b+BMiBHH�iBQM T?QiQMb 7QHHQrBM;
1[bX RX9j �M/ RX99X aBM+2 i?2 1G T`Q+2bb Bb � T`QTQ`iBQM�H T`Q+2bb- Bi ?�b i?2 �/p�Mi�;2 i?�i
i?2 ~m+im�iBQMb BM i?2 MmK#2` Q7 2KBii2/ T?QiQMb �`2 bK�HH2` i?�M i?2 ~m+im�iBQMb BM i?2
MmK#2` Q7 2H2+i`QMb 2KBii2/ BM i?2 �p�H�M+?2 �KTHB}+�iBQMX

h?2 ?B;?@T`2bbm`2 t2MQM ;�b hS* +�M bBKmHi�M2QmbHv �+?B2p2 i?2 i?`22 +QM/BiBQMb 7Q` �
b2MbBiBp2 0νββ b2�`+? /2b+`B#2/ BM a2+X RXeX 6B`bi- 136Xe +�M #2 2M`B+?2/ `2H�iBp2Hv 2�bBHv #v
+2Mi`B7m;�iBQMX � H�`;2 �KQmMi Q7 /2+�v Mm+H2B Bb �+?B2p2/ #v mbBM; 136Xe 2M`B+?2/ t2MQM
;�b �i ?B;? T`2bbm`2X a2+QM/- i?2 BMi`BMbB+ 2M2`;v `2bQHmiBQM Q7 t2MQM ;�b Bb ;QQ/X lM/2` �M
2H2+i`B+ }2H/ rBi? bm{+B2MiHv ?B;? BMi2MbBiv- i?2 �p2`�;2 2M2`;v Wi iQ K�F2 QM2 BQMBx�iBQM
2H2+i`QM Bb Wi = 22.1 eV (j3)X qBi? i?2 6�MQ 7�+iQ` F Q7 yXRj (jN)- i?2 ~m+im�iBQM BM i?2
MmK#2` Q7 BQMBx�iBQM 2H2+i`QMb Bb

∆N

N
= 2.36

√
F

N
= 2.36

√
FWi

E
, URX98V

r?2`2 N Bb i?2 MmK#2` Q7 BQMBx�iBQM 2H2+i`QMb- ∆N Bb Bib ~m+im�iBQM- �M/ E Bb i?2 2M2`;v Q7 i?2
2p2MiX h?mb i?2 BMi`BMbB+ 6q>J 2M2`;v `2bQHmiBQM �i i?2 Z p�Hm2 Q7 136Xe 0νββ- 2458 keV-
Bb 0.26%X h?2 /2i2+iBQM Q7 BQMBx�iBQM 2H2+i`QMb #v i?2 1G T`Q+2bb +�M F22T i?2 ;QQ/ 2M2`;v
`2bQHmiBQMX G�biHv- i?2 #�+F;`QmM/ 2p2Mib +�M #2 `2D2+i2/ #v bT�iB�H T�ii2`M `2+Q;MBiBQM Q7 i?2
`2+QMbi`m+i2/ i?`22@/BK2MbBQM�H i`�+F Q7 i?2 2p2Mi �b /2b+`B#2/ BM a2+X RX8XkX

h?mb- ?B;?@T`2bbm`2 t2MQM ;�b hS* Bb �/p�Mi�;2Qmb BM 0νββ b2�`+? �M/ Bb #2BM; /2p2HQT2/
#v KmHiBTH2 ;`QmTbX

L1sh

h?2 L1sh 2tT2`BK2Mi Bb i?2 TBQM22` Q7 0νββ b2�`+? mbBM; ?B;?@T`2bbm`2 t2MQM ;�b hS*
rBi? i?2 1G T`Q+2bbX � b+?2K�iB+ pB2r Q7 i?2 L1sh /2i2+iQ` Bb b?QrM BM 6B;X RX8X AQMBx�iBQM

R3



6B;m`2RX8, a+?2K�iB+ pB2r Q7 i?2 T`BM+BTH2 Q7 i?2 L1sh /2i2+iQ`X >B;? pQHi�;2b �`2 �TTHB2/
iQ i?2 +�i?Q/2 �M/ i?2 ;�i2 K2b? 2H2+i`Q/2X AQMBx�iBQM 2H2+i`QMb mM/2`;Q i?2 1G T`Q+2bb �i
i?2 2H2+i`QHmKBM2b+2Mi ;�TX 6B;m`2 7`QK (9y)

2H2+i`QMb mM/2`;Q i?2 1G T`Q+2bb �i i?2 ;�T #2ir22M i?2 ;�i2 K2b? 2H2+i`Q/2 �M/ i?2 �MQ/2
[m�`ix TH�i2 +Q�i2/ #v BM/BmK iBM QtB/2X "Qi? i?2 T`BK�`v b+BMiBHH�iBQM �M/ 1G T?QiQMb
�`2 /2i2+i2/ #v i?2 T?QiQKmHiBTHB2` im#2 USJhV �``�v �i i?2 2M/ Q7 i?2 +�i?Q/2 bB/2 iQ
K2�bm`2 i?2 /2TQbBi2/ 2M2`;vX 1G T?QiQMb �`2 �HbQ /2i2+i2/ #v i?2 /2Mb2 �``�v Q7 bBHB+QM
T?QiQKmHiBTHB2`b UaBSJbV �i i?2 2M/ Q7 i?2 �MQ/2 bB/2 iQ �+[mB`2 i?2 i`�+F T�ii2`MX

h?2 8@F; b+�H2 /2KQMbi`�iBQM /2i2+iQ`- L1sh@q?Bi2- Bb +m``2MiHv mM/2` QT2`�iBQM �i *�M@
7`�M+ lM/2`;`QmM/ G�#Q`�iQ`v BM aT�BMX h?2v �+?B2p2/ i?2 6q>J 2M2`;v `2bQHmiBQM Q7
(0.92± 0.06)% �i i?2 Z p�Hm2 (9y)X h?2v /2p2HQT2/ i?2 #�+F;`QmM/ `2D2+iBQM K2i?Q/ mb@
BM; � /22T M2m`�H M2irQ`F �M/ �TTHB2/ Bi iQ i?2 `2�H L1sh@q?Bi2 /�i�- b?QrBM; i?�i i?2
#�+F;`QmM/ Bb `2/m+2/ iQ 10% r?BH2 K�BMi�BMBM; i?2 bB;M�H 2{+B2M+v Q7 65% (9R)X

h?2 Ryy@F; b+�H2 bm++2bbQ` /2i2+iQ`- L1sh@Ryy- Bb MQr mM/2` +QMbi`m+iBQMX � 7mim`2 iQM@
b+�H2 /2i2+iQ` Bb TH�MM2/- �M/ Bib b2MbBiBpBiv iQ i?2 ?�H7@HB72 Bb 2tT2+i2/ iQ #2 1.4× 1027 years

�i 90% +QM}/2M+2 H2p2H �7i2` 8 v2�`b Q7 QT2`�iBQM (9k)X

RN



6B;m`2RXe, Pp2`pB2r Q7 i?2 S�M/�s@AAA /2i2+iQ`X 6B;m`2 7`QK (9j)X

S�M/�s@AAA

h?2 S�M/�@s AAA 2tT2`BK2Mi �HbQ �/QTib � ?B;?@T`2bbm`2 t2MQM ;�b hS* iQ b2�`+? 7Q` 0νββX
h?2 Qp2`pB2r Q7 i?2 S�M/�@s AAA /2i2+iQ` Bb b?QrM BM 6B;X RXeX h?2v mb2 � ;�b KBtim`2 Q7 t2MQM
�M/ 1% i`BK2i?vH�KBM2 UhJ�VX �Hi?Qm;? i?2 �/KBtim`2 Q7 hJ� 2HBKBM�i2b b+BMiBHH�iBQM HB;?i
2KBbbBQM- Bi bmTT`2bb2b i?2 /BzmbBQM Q7 BQMBx�iBQM 2H2+i`QMb /m`BM; i?2 /`B7i- H2�/BM; iQ i?2
T`2+Bb2 `2+QMbi`m+iBQM Q7 i?2 i`�+F T�ii2`MX h?2v �/QTi JB+`QK2;�b- � FBM/ Q7 KB+`QT�ii2`M
;�b /2i2+iQ`- iQ /2i2+i BQMBx�iBQM bB;M�Hb rBi? �p�H�M+?2 �KTHB}+�iBQMX h?2v b?Qr2/ �M 2M2`;v
`2bQHmiBQM Q7 14% U6q>JV �i 60 keV rBi? i?2 T`QiQivT2 /2i2+iQ` (99)X h?2 2tT2+i2/ 2M2`;v
`2bQHmiBQM �i i?2 Z p�Hm2 Bb 3% U6q>JVX

h?2 /2i2+iQ` ?QH/BM; 140 kg Q7 t2MQM ;�b Bb +m``2MiHv mM/2` +QMbi`m+iBQMX h?2v ?�p2 /2@
p2HT2/ � #�+F;`QmM/ `2D2+iBQM K2i?Q/ #�b2/ QM i?2 E�HK�M }Hi2`X Ai Bb 2tT2+i2/ iQ bmTT`2bb
#�+F;`QmM/b #v � 7�+iQ` Q7 8.3× 10−4 r?BH2 F22TBM; 50% bB;M�H 2{+B2M+v (98)X "�b2/ QM i?Bb
#�+F;`QmM/ `2D2+iBQM K2i?Q/- i?2 b2MbBiBpBiv Q7 i?2 R9y@F; /2i2+iQ` QM i?2 ?�H7@HB72 Bb 2tT2+i2/
iQ #2 2.7× 1026 years �i 90% +QM}/2M+2 H2p2H �7i2` 8 v2�`b Q7 HBp2 iBK2 (99)X

�s1G

h?2 �s1G /2i2+iQ` Bb �HbQ � ?B;?@T`2bbm`2 t2MQM ;�b hS* mbBM; i?2 1G T`Q+2bb iQ b2�`+? 7Q`
0νββX h?2 �s1G /2i2+iQ` ?�b � mMB[m2 +2HHmH�` `2�/Qmi bvbi2K 7Q` BQMBx�iBQM 2H2+i`QMb +�HH2/

ky



i?2 2H2+i`QHmKBM2b+2M+2 HB;?i +QHH2+iBQM +2HH U1G**VX 1G** ?�b 2ti2M/�#BHBiv iQ � H�`;2` bBx2
r?BH2 K�BMi�BMBM; ;QQ/ 2M2`;v `2bQHmiBQMX h?2 /2i�BH Q7 i?2 �s1G 2tT2`BK2Mi Bb /2b+`B#2/ BM
*?�TX kX

RX3 PmiHBM2 Q7 i?Bb i?2bBb
h?2 Tm`TQb2 Q7 i?Bb i?2bBb Bb iQ /2b+`B#2 i?2 /2p2HQTK2Mi Q7 i?2 �s1G /2i2+iQ`- 7Q+mbBM;

QM i?2 }2H/ b?�TBM; 2H2+i`Q/2- 2bi�#HBb?K2Mi Q7 �M �M�HvbBb K2i?Q/ iQ �+?B2p2 ;QQ/ 2M2`;v
`2bQHmiBQM- �M/ 2p�Hm�iBQM �M/ mM/2`bi�M/BM; Q7 Bib T2`7Q`K�M+2 �i �`QmM/ i?2 Z p�Hm2 Q7
136Xe 0νββX h?2 Qp2`pB2r Q7 i?2 �s1G 2tT2`BK2Mi Bb bmKK�`Bx2/ BM *?�Ti2` kX h?2 /2bB;M-
+QMbi`m+iBQM- �M/ +QKKBbbBQMBM; Q7 i?2 }2H/ b?�TBM; 2H2+i`Q/2- i?2 }2H/ +�;2- �`2 /2b+`B#2/
BM *?�Ti2` jX h?2 QT2`�iBQM T`Q+2/m`2 Q7 i?2 T`QiQivT2 /2i2+iQ` �M/ i?2 K2�bm`2K2Mi rBi?
;�KK�@`�v bQm`+2b �`2 /2b+`B#2/ BM *?�Ti2` 9X h?2 �M�HvbBb K2i?Q/ Bb /2b+`B#2/ BM *?�Ti2` 8X
"�b2/ QM i?2 `2bmHi Q7 i?2 �M�HvbBb- i?2 /2i2+iQ` T2`7Q`K�M+2 Bb 2p�Hm�i2/ BM *?�Ti2` eX h?2
`2bmHib Q7 i?2 T2`7Q`K�M+2 2p�Hm�iBQM �`2 /Bb+mbb2/ BM *?�Ti2` dX 6mim`2 b2MbBiBpBiv Bb �HbQ
/Bb+mbb2/ BM i?Bb +?�Ti2`X 6BM�HHv- i?Bb i?2bBb Bb bmKK�`Bx2/ BM *?�Ti2` 3X

kR





�k�

�s1G 2tT2`BK2Mi

�s1G U� s2MQM 1H2+i`QGmKBM2b+2M+2 /2i2+iQ`V Bb � T`QD2+i iQ b2�`+? 7Q` 0νββ Q7 136Xe

mbBM; � ?B;?@T`2bm`2 t2MQM ;�b iBK2 T`QD2+iBQM +?�K#2` UhS*VX h?2 T`QD2+i Bb +m``2MiHv BM
i?2 _�. T?�b2X AM i?Bb +?�Ti2`- �M Qp2`pB2r Q7 i?2 �s1G T`QD2+i Bb /2b+`B#2/X

kXR Pp2`pB2r Q7 i?2 /2i2+iQ`
6B;m`2 kXR b?Qrb i?2 b+?2K�iB+ pB2r Q7 i?2 �s1G /2i2+iQ`X s2MQM ;�b T`2bbm`Bx2/ mT iQ

10 bar �M/ /2i2+iQ` +QKTQM2Mib �`2 +QMi�BM2/ BM � +vHBM/`B+�H p2bb2HX >B;? 2M2`;v +?�`;2/

6B;m`2kXR, a+?2K�iB+ pB2r Q7 i?2 �s1G /2i2+iQ`

kj



T�`iB+H2b- 7Q` 2t�KTH2- β@`�vb ;2M2`�i2/ BM 0νββ Q` Qi?2` #�+F;`QmM/ 2p2Mib- /2TQbBi i?2B`
2M2`;B2b #v 2t+BiBM; �M/ BQMBxBM; i?2 t2MQM �iQKb �HQM; i?2 i`�+FbX 1t+Bi2/ �iQKb 2KBi i?2
T`BK�`v b+BMiBHH�iBQM T?QiQMb rBi? � r�p2H2M;i? Q7 ∼175 nm BM i?2 iBK2b+�H2 Q7 b2p2`�H i2Mb
Q7 M�MQb2+QM/b (jd)X h?2 b+BMiBHH�iBQM T?QiQMb �`2 /2i2+i2/ #v p�+mmK mHi`�pBQH2i UoloV
b2MbBiBp2 T?QiQKmHiBTHB2` im#2b USJhbV �i i?2 2M/ Q7 i?2 +�i?Q/2 bB/2X AQMBx�iBQM 2H2+i`QMb
/`B7i iQr�`/ i?2 �MQ/2 bB/2 rBi? � +QMbi�Mi /`B7i p2HQ+Biv mM/2` i?2 mMB7Q`K 2H2+i`B+ }2H/
K�/2 #v i?2 }2H/ +�;2 BM i?2 iBK2b+�H2 Q7 i2Mb Q7 KB+`Qb2+QM/bX �i i?2 2M/ Q7 i?2 �MQ/2
bB/2- � TBt2HBx2/ 2H2+i`QM /2i2+iQ` +�HH2/ 1H2+i`QHmKBM2b+2M+2 GB;?i *QHH2+iBQM *2HH U1G**V
Bb TH�+2/X �i 1G**- BQMBx�iBQM 2H2+i`QMb ;2M2`�i2 b2+QM/�`v b+BMiBHH�iBQM T?QiQMb rBi? i?2
2H2+i`QHmKBM2b+2M+2 T`Q+2bb U1G T`Q+2bbV- �M/ i?2 T?QiQMb U1G T?QiQMbV �`2 /2i2+i2/ #v
T?QiQb2MbQ`bX h?2 /2i�BHb Q7 1G** �`2 /2b+`B#2/ BM a2+X kXRXRX h?2 /2TQbBi2/ 2M2`;v Q7 �M
2p2Mi Bb /2`Bp2/ 7`QK i?2 T?QiQM +QmMib �i i?2 1G** r?B+? Bb T`QTQ`iBQM�H iQ i?2 MmK#2` Q7
BQMBx�iBQM 2H2+i`QMbX h?2 i?`22@/BK2MbBQM�H i`�+F T�ii2`M Q7 �M 2p2Mi Bb `2+QMbi`m+i2/ 7`QK
i?2 irQ@/BK2MbBQM�H ?Bi T�ii2`M �i i?2 1G** �M/ i?2 iBK2 BMi2`p�H #2ir22M i?2 ?Bib Q7 SJhb
�M/ 1G**X

h?2 �s1G /2i2+iQ` Bb 2tT2+i2/ iQ bBKmHi�M2QmbHv �+?B2p2 i?2 i?`22 +QM/BiBQMb 7Q` � b2M@
bBiBp2 0νββ b2�`+? /2b+`B#2/ BM a2+X RXe �i � ?B;? H2p2H, � H�`;2 �KQmMi Q7 136Xe +�M #2
�+?B2p2/ #v 2M`B+?2/ ?B;?@T`2bbm`2 t2MQM ;�b- i?2 ;QQ/ 2M2`;v `2bQHmiBQM +�M #2 �+?B2p2/ #v
i?2 1G** `2�/Qmi- �M/ #�+F;`QmM/ `2D2+iBQM +�M #2 �+?B2p2/ #v /Bb+`BKBM�iBM; ;�KK�@`�v
2p2Mib i?`Qm;? i?`22@/BK2MbBQM�H i`�+F `2+QMbi`m+iBQMX

kXRXR 1H2+i`QHmKBM2b+2M+2 GB;?i *QHH2+iBQM *2HH

1G** Bb � TBt2HBx2/ /2i2+iQ` 7Q` BQMBx�iBQM 2H2+i`QMbX � b+?2K�iB+ pB2r Q7 1G** Bb b?QrM BM
6B;X kXkX 1G** Bb /2bB;M2/ iQ �+?B2p2 i?2 ?B;? 2M2`;v `2bQHmiBQM 7Q` � H�`;2 /2i2+iBQM �`2� #v
i?2 bK�HH /2T2M/2M+2 Q7 i?2 /2i2+iQ` `2bTQMb2 QM i?2 BMBiB�H TQbBiBQM Q7 i?2 BQMBx�iBQM 2H2+i`QMb-
�M/ �HbQ iQ �+?B2p2 i?2 i`�+FBM; �#BHBiv #v TBt2HBx�iBQMX 1G** +QMbBbib Q7 � /`B7i �MQ/2
2H2+i`Q/2- � ;`QmM/ TQi2MiB�H K2b? 2H2+i`Q/2- �M/ � TQHvi2i`�~mQ`Q2i?vH2M2 TH�i2 USh61
#Q/vV BM #2ir22M i?2 irQ 2H2+i`Q/2bX h?2 �MQ/2 2H2+i`Q/2 �M/ Sh61 #Q/v ?�p2 ?QH2b �``�M;2/
BM � ?2t�;QM�H H�iiB+2 T�ii2`M- �M/ � olo@b2MbBiBp2 bBHB+QM T?QiQKmHiBTHB2` UaBSJV Bb TH�+2/
7Q` 2�+? ?QH2 #2?BM/ i?2 K2b? 2H2+i`Q/2X h?2 mMBi +QMbBbiBM; Q7 �M �MQ/2 ?QH2- Sh61 #Q/v
?QH2- �M/ � aBSJ Bb +�HH2/ � +2HHX �M 2H2+i`B+ }2H/- +�HH2/ 1G }2H/- KQ`2 BMi2Mb2 i?�M i?2
/`B7i 2H2+i`B+ }2H/ Bb ;2M2`�i2/ #v �TTHvBM; ?B;? pQHi�;2 #2ir22M i?2 �MQ/2 2H2+i`Q/2 �M/ i?2
K2b? 2H2+i`Q/2X h?2M �HH i?2 2H2+i`B+ }2H/ HBM2b BM i?2 /`B7i `2;BQM �`2 ;�i?2`2/ BMiQ i?2 +2HH �b
b?QrM BM 6B;X kXjX h?2 BQMBx�iBQM 2H2+i`QMb �`2 /`�rM BMiQ i?2 +2HHb �HQM; i?2 }2H/ HBM2b r?2M
i?2v `2�+? 1G**X AM i?2 +2HHb- i?2 BQMBx�iBQM 2H2+i`QMb ;2M2`�i2 1G T?QiQMb i?`Qm;? i?2 1G
T`Q+2bb- r?B+? �`2 /2i2+i2/ #v i?2 aBSJbX

k9



6B;m`2kXk, a+?2K�iB+ +`Qbb@b2+iBQM�H pB2r Q7 1G**

h?2 �/p�Mi�;2b Q7 1G** �`2 bmKK�`Bx2/ �b #2HQrX

Ç aK�HH TQbBiBQM /2T2M/2M+2, "v �TTHvBM; � bi`QM; 2H2+i`B+ }2H/ `2H�iBp2 iQ i?�i Q7 i?2
/`B7i `2;BQM- BQMBx�iBQM 2H2+i`QMb �`2 /`�rM M2�` i?2 +2Mi2` Q7 i?2 +2HHX h?2`27Q`2 i?2
MmK#2` Q7 /2i2+i2/ T?QiQMb Bb H2bb /2T2M/2Mi QM i?2 BMBiB�H TQbBiBQM Q7 i?2 BQMBx�iBQM
2H2+i`QMbX

Ç _B;B/M2bb, h?2 2H2+i`Q/2b Q7 1G** Bb bmTTQ`i2/ #v i?2 Sh61 #Q/v �M/ ?2M+2 i?2`2
Bb HBiiH2 /27Q`K�iBQMX Ai H2�/b iQ H2bb +?�MM2H #v +?�MM2H p�`B�iBQM BM i?2 MmK#2` Q7
;2M2`�i2/ T?QiQMbX

Ç 1ti2M/�#BHBiv, 1G** +�M #2 /BpB/2/ BMiQ mMBib- �M/ ?2M+2 Bi Bb 2�bv iQ 2ti2M/ i?2
b2MbBiBp2 �`2� #v BM+`2�bBM; i?2 MmK#2` Q7 1G** mMBibX h?2`2 Bb MQ /2�/ `2;BQM #2+�mb2
MQ �//BiBQM�H bmTTQ`i 7Q` i?2 2H2+i`Q/2 Bb M2+2bb�`vX

kXk _Q�/K�T Q7 i?2 �s1G 2tT2`BK2Mi
q2- i?2 �s1G ;`QmT- ?�p2 #22M /2p2HQTBM; Qm` /2i2+iQ` #v BM+`2�bBM; Bib bBx2 bi2T #v

bi2TX h?2 }`bi T`QiQivT2 /2i2+iQ` mb2/ � p2bb2H Q7 � 10L pQHmK2X q2 /2KQMbi`�i2/ i?2
T`QQ7@Q7@T`BM+BTH2 Q7 Qm` /2i2+iQ`- 2bT2+B�HHv 1G**- �M/ i?2 }`bi 2p�Hm�iBQM Q7 i?2 2M2`;v
`2bQHmiBQM r�b /QM2- rBi? i?Bb 10L T`QiQivT2 /2i2+iQ` (93)X h?2 2M2`;v `2bQHmiBQM BM 6q>J
r�b (4.0± 0.3)% 7Q` 122 keV 2H2+i`QMb- 2ti`�TQH�i2/ iQ #2 0.9 Ĝ 2.0% 6q>J �i i?2 Z p�Hm2X

h?2 b2+QM/ T`QiQivT2 /2i2+iQ` mb2b � p2bb2H Q7 � 180L pQHmK2X h?2 Tm`TQb2 Q7 i?Bb 180L

T`QiQivT2 Bb iQ �+[mB`2 i?2 FMQr@?Qr iQ b+�H2 mT i?2 /2i2+iQ` �M/ iQ 2p�Hm�i2 i?2 T2`7Q`K�M+2
�i i?2 2M2`;v �`QmM/ i?2 Z p�Hm2X 6Q` i?2 }`bi T?�b2 Q7 i?2 180L T`QiQivT2 /2i2+iQ`- Re3
+?�MM2Hb Q7 1G**- 10 cm Q7 }2H/ +�;2- �M/ irQ SJhb r2`2 BMbi�HH2/- `2bmHiBM; BM 1455 cm3 Q7
i?2 b2MbBiBp2 pQHmK2X qBi? i?Bb }`bi T?�b2- i?2 6q>J 2M2`;v `2bQHmiBQM Q7 (1.73± 0.07)%
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6B;m`2kXj, 1H2+i`B+ }2H/ bi`2M;i? �M/ }2H/ HBM2 bBKmH�i2/ #v 1HK2` (9e) �i 1G**X h?2 �TTHB2/
2H2+i`B+ }2H/ Bb 100V/cm/bar 7Q` i?2 /`B7i `2;BQM �M/ 3 kV/cm/bar 7Q` i?2 +2HHX 6B;m`2 7`QK
(9d)X

7Q` 511 keV 2H2+i`QMb r�b Q#i�BM2/ mM/2` 4 bar t2MQM- 2ti`�TQH�i2/ iQ #2 0.79 Ĝ 1.52% 6q>J
�i i?2 Z p�Hm2 (9N)X

�b i?2 b2+QM/ T?�b2 Q7 i?2 180L T`QiQivT2 /2i2+iQ`- Bi r�b mT;`�/2/ rBi? �M 2MH�`;2/
b2MbBiBp2 pQHmK2 iQ `2�HBx2 i?2 T2`7Q`K�M+2 2p�Hm�iBQM �i i?2 2M2`;v �`QmM/ i?2 Z p�Hm2X
h?2 /2i�BH Q7 i?2 mT;`�/2 Bb /2b+`B#2/ BM a2+X kXj �M/ *?�Ti2` jX �b i?2 }`bi 2p�Hm�iBQM-
i?2 6q>J 2M2`;v `2bQHmiBQM Q7 (0.89± 0.03)% 7Q` 1836 keV 2H2+i`QMb r�b �+?B2p2/ rBi? i?Bb
b2+QM/ T?�b2- 2ti`�TQH�i2/ iQ #2 0.79% 6q>J �i i?2 Z p�Hm2 (8y)X

AM i?2b2 bim/B2b- QMHv 2p2Mib rBi? 2M2`;B2b HQr2` i?�M i?2 Z p�Hm2 r2`2 �+[mB`2/- �M/ i?2
T2`7Q`K�M+2 2p�Hm�iBQM QMHv 7Q+mb2/ QM i?2 2M2`;v `2bQHmiBQMX 6m`i?2`KQ`2- i?2 7�+iQ`b /2@
i2`KBMBM; i?2 2M2`;v `2bQHmiBQM r2`2 K�BMHv mMFMQrMX AM i?Bb i?2bBb- mbBM; i?2 b2+QM/ T?�b2
Q7 i?2 180L T`QiQivT2 /2i2+iQ`- 2p2Mib rBi? 2M2`;B2b ?B;?2` i?�M i?2 Z p�Hm2 �`2 �+[mB`2/
Ua2+X eXRV- MQi QMHv i?2 2M2`;v `2bQHmiBQM #mi �HbQ i?2 T�`�K2i2`b /2i2`KBMBM; i?2 `2+QM@
bi`m+i2/ i`�+F BK�;2 �`2 2p�Hm�i2/ Ua2+X eXjV- �M/ i?2 7�+iQ`b /2i2`KBMBM; i?2 2M2`;v `2bQHmiBQM

ke



6B;m`2kX9, S?QiQ;`�T? Q7 i?2 p2bb2H Q7 i?2 R3y G T`QiQivT2 /2i2+iQ`

�`2 i?Q`Qm;?Hv 2p�Hm�i2/ rBi?Qmi mMFMQrM 7�+iQ` Ua2+X dXRVX
"�b2/ QM i?2 i2+?MB[m2b /2p2HQT2/ rBi? i?2 180L T`QiQivT2 /2i2+iQ`- i?2 /2i2+iQ` rBi? �

p2bb2H Q7 � 1000L pQHmK2 Bb +m``2MiHv mM/2` +QMbi`m+iBQMX �b i?2 }`bi bi2T- i?2 T`2bbm`2 p2bb2H
r�b +QMbi`m+i2/ �M/ BMbi�HH2/ BM i?2 mM/2`;`QmM/ 7�+BHBiv Q7 i?2 E�KBQF� Q#b2`p�iQ`v- A*__-
lMBp2`bBiv Q7 hQFvQX � T?vbB+b b2�`+? Bb TH�MM2/ rBi? i?Bb 1000L /2i2+iQ` rBi? mT iQ 20 kg Q7
136XeX AM i?2 7mim`2- r2 2MpBbBQM +QMbi`m+iBM; � R@iQM@b+�H2 /2i2+iQ` iQ b2�`+? 7Q` 0νββ rBi?
� b2MbBiBpBiv Q7 mββ = 15meVĜ63meVX

kXj 180 L T`QiQivT2 /2i2+iQ`
>2`2- i?2 /2i2+iQ` +QKTQM2Mib Q7 i?2 b2+QM/ T?�b2 Q7 i?2 180L T`QiQivT2 /2i2+iQ` Bb /2@

b+`B#2/X h?2 mT;`�/2b Q7 i?2 180L T`QiQivT2 /2i2+iQ` 7`QK i?2 }`bi T?�b2 iQ i?2 b2+QM/ T?�b2
r2`2 K�BMHv 7Q+mb2/ QM i?2 2MH�`;2K2Mi Q7 i?2 b2MbBiBp2 pQHmK2 iQ 7mHHv +QMi�BM i?2 2p2Mib
rBi? i?2 2M2`;B2b �i �`QmM/ i?2 Z p�Hm2X

kXjXR o2bb2H

6B;m`2 kX9 Bb � TB+im`2 Q7 i?2 180L p2bb2HX Ai Bb K�/2 Q7 bi�BMH2bb bi22HX h?2 +vHBM/`B+�H
bi`�B;?i b2+iBQM- 610mm HQM;- Bb #�b2/ QM i?2 bi�M/�`/ Q7 CAa 88y�@b+?Ryc i?2 Qmi2` /B�K2i2`

kd



6B;m`2kX8, S?QiQ;`�T? Q7 QM2 1G** mMBi

Bb 559mm �M/ i?2 BMM2` /B�K2i2` Bb 547mmX "Qi? 2M/b �`2 `QmM/2/ iQ rBi?bi�M/ i?2 T`2bbm`2X
h?2 2M/@iQ@2M/ H2M;i? Bb 834mm- `2bmHiBM; BM � pQHmK2 Q7 180LX h?2 p2bb2H Bb /BpB/2/ BMiQ
irQ T�`ibX h?2 HB/ T�`i Bb }t2/ �M/ i?2 #Q/v T�`i Bb QM `�BHb iQ #2 QT2M2/ #v bHB/BM;X h?2b2
irQ T�`ib �`2 +QmTH2/ #v ~�M;2b Q7 CAa RyE88y�X h?2`2 �`2 7Qm` CAa 3y� TQ`ib �M/ QM2 CAa
8y� TQ`i QM i?2 HB/ T�`iX h?2 8y� TQ`i Bb mb2/ 7Q` i?2 ;�b HBM2c 2p�+m�iBQM �M/ +B`+mH�iBQMX
PM2 Q7 i?2 3y� TQ`ib Bb mb2/ 7Q` i?2 �MQ/2 �M/ +�i?Q/2 ?B;? pQHi�;2 BMi`Q/m+iBQMX �MQi?2`
QM2 Q7 i?2 3y� TQ`ib Bb mb2/ 7Q` i?2 722/i?`Qm;? Q7 ~2tB#H2 T`BMi +B`+mBi +�#H2b `2�/BM; Qmi
1G**X PM i?2 #Q/v T�`i- i?2`2 �`2 irQ CAa 3y� TQ`ibc QM2 Bb 7Q` ;�b +B`+mH�iBQM- �M/ i?2
Qi?2` Bb 7Q` 722/i?`Qm;? Q7 SJh `2�/QmiX

kXjXk 1G**

h?2 1G** TH�M2 +QMbBbib Q7 T�`�HH2HQ;`�K@b?�T2/ mMBib rBi? 8e U= 7 × 8V +?�MM2Hb 2�+?-
+Qp2`BM; 48.5 cm2 Q7 b2MbBiBp2 �`2�X 6Q` 2�+? mMBi- � ~2tB#H2 T`BMi +B`+mBi U6S*V Bb �ii�+?2/ iQ
`2�/ Qmi i?2 bB;M�H �M/ 722/ i?2 #B�b pQHi�;2b Q7 JSS*bX 6B;m`2 kX8 Bb � T?QiQ;`�T? Q7 QM2
1G** mMBiX

h?2 /BK2MbBQMb Q7 1G** �`2 QTiBKBx2/ #v bBKmH�iBQMb BM i2`Kb Q7 i?2 2M2`;v `2bQHmiBQM
�i 30 keV U∼ i?2 2M2`;v Q7 Kα s@`�vV 7Q` i?2 /`B7i }2H/ Q7 100V/cm/bar �M/ i?2 1G }2H/ Q7
3 kV/cm/barX 6Q` 2�+? b2i Q7 /BK2MbBQMb- �M 2H2+i`B+ }2H/ Bb +�H+mH�i2/ #v 1HK2` (9e)- �M/ i?2
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U�V 1G ;�BM K�T 7Q` 2�+? BMBiB�H TQbBiBQM Q7 2H2+@
i`QMbX h?2 `2/ +B`+H2b `2T`2b2Mi i?2 +2HH TQbBiBQMX U#V .Bbi`B#miBQM Q7 1G ;�BMX

6B;m`2kXe, aBKmH�i2/ 1G ;�BM /2T2M/2M+2 QM BMBiB�H TQbBiBQMb Q7 2H2+i`QMbX 6B;m`2b 7`QK (9d)X

MmK#2` Q7 ;2M2`�i2/ 1G T?QiQMb Bb +�H+mH�i2/ #�b2/ QM i?2 T�i? Q7 BQMBx�iBQM 2H2+i`QMb �HQM;
i?2 2H2+i`B+ }2H/X h?2 QTiBKBx2/ /BK2MbBQMb �`2 �b 7QHHQrb (9N), i?2 /B�K2i2` Q7 �MQ/2 ?QH2b
Bb 5.5mm- i?2 /B�K2i2` Q7 Sh61 #Q/v ?QH2b Bb 4.5mm- i?2 /2Ti? Q7 +2HHb Bb 5mm- �M/ i?2
TBi+? Q7 +2HHb Bb 10mmX

AM i?Bb +QM/BiBQM- i?2 +QHH2+iBQM 2{+B2M+v Q7 BMBiB�H 2H2+i`QMb Bb 99.96%X h?2 +QHH2+iBQM 2{@
+B2M+v /2;`�/2b B7 i?2 1G }2H/ Bb r2�F2` i?�M 3 kV/cm/bar 7Q` i?2 /`B7i }2H/ Q7 100V/cm/barX
h?2 /2T2M/2M+2 Q7 i?2 �p2`�;2/ MmK#2` Q7 /2i2+i2/ T?QiQMb T2` 2H2+i`QM U1G ;�BMV QM i?2
BMBiB�H TQbBiBQM Q7 �M 2H2+i`QM `2H�iBp2 iQ i?2 +2HH Bb b?QrM BM 6B;X kXe�- �M/ 6B;X kXe# Bb Bib QM2@
/BK2MbBQM�H T`QD2+iBQMX h?2 1G ;�BM Bb bm{+B2MiHv mMB7Q`K BM i2`Kb Q7 i?2 2M2`;v `2bQHmiBQMX

AM i?2 b2+QM/ T?�b2- i?2 MmK#2` Q7 1G** mMBib Bb BM+`2�b2/ iQ ir2Hp2- �M/ i?2 iQi�H MmK#2`
Q7 +?�MM2Hb iQ 672 U6B;X kXdVX h?2 `2bmHiBM; b2MbBiBp2 �`2� Bb 580 cm2X h?2 /2i�BH2/ bi`m+im`2 Q7
i?2 1G** mMBi Bb +?�M;2/ iQ bmTT`2bb /Bb+?�`;2b #2ir22M i?2 �MQ/2 2H2+i`Q/2 �M/ i?2 K2b?
2H2+i`Q/2- bBM+2 i?2 1G** QT2`�iBM; pQHi�;2 Bb BM+`2�b2/ rBi? i?2 ?B;?2` T`2bbm`2 Q7 t2MQM
;�bX 6B;m`2 kX3 b?Qrb i?2 T�i? Q7 /Bb+?�`;2b �M/ mT;`�/2/ bi`m+im`2 �b � +QmMi2`K2�bm`2 iQ
i?2 /Bb+?�`;2bX AM i?2 }`bi T?�b2- /Bb+?�`;2b Q++m``2/ #2ir22M i?2 �MQ/2 2H2+i`Q/2 �M/ i?2
;`QmM/ K2b? 2H2+i`Q/2 �i i?2 #QmM/�`B2b Q7 1G** mMBib �M/ i?2 b+`2r ?QH2b iQ }t 1G**
mMBibX h?2 7QHHQrBM; +QmMi2`K2�bm`2b �`2 i�F2M iQ T`2p2Mi i?2b2 /Bb+?�`;2bX h?2 Sh61 #Q/v
Bb b2T�`�i2/ BMiQ irQ H�v2`bX h?2 mTT2` Ui?2 �MQ/2 2H2+i`Q/2 bB/2V H�v2` Bb +�HH2/ i?2 +Qp2`X
h?2 b?�T2 Q7 i?2 +Qp2` Bb K�/2 /Bz2`2Mi 7`QK i?�i Q7 i?2 mMBib BM Q`/2` iQ b?B7i i?2 #QmM/�`B2b
7`QK i?Qb2 Q7 i?2 HQr2` H�v2`bX h?2M- i?2 �MQ/2 2H2+i`Q/2 �M/ i?2 ;`QmM/ K2b? 2H2+i`Q/2 /Q
MQi 7�+2 2�+? Qi?2` /B`2+iHvX � 125µm TQHvBKB/2 b?22i Bb BMb2`i2/ #2ir22M i?2 irQ H�v2`b iQ
#HQ+F i?2 BMi2`b2+iBQM Q7 i?2 #QmM/�`v Q7 i?2 +Qp2` �M/ i?2 #QmM/�`v Q7 i?2 HQr2` H�v2` Ua22
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6B;m`2kXd, S?QiQ;`�T? Q7 1G** TH�M2 rBi? Rk mMBib �M/ edk +?�MM2HbX

6B;X kXNVX h?2 /B`2+iBQM Q7 i?2 b+`2rb iQ }t 1G** mMBib Bb `2p2`b2/ bQ i?�i i?2`2 �`2 MQ ?QH2b
;QBM; i?`Qm;? i?2 1G** mMBibX

kXjXj JSS*

1G T?QiQMb ;2M2`�i2/ BM � 1G** +2HH �`2 /2i2+i2/ #v KmHiB@TBt2H T?QiQM +QmMi2`b UJSS*bV
K�/2 #v >�K�K�ibm S?QiQMB+b- � FBM/ Q7 bBHB+QM T?QiQKmHiBTHB2`X h?2 olo@b2MbBiBp2 KQ/2H-
aRjjdy@jy8y*L- Bb mb2/X

PM2 JSS* +QMbBbib Q7 �M �``�v Q7 �p�H�M+?2 T?QiQ/BQ/2b U�S.bV �M/ [m2M+?BM; `2bBbiQ`b
Ua22 6B;X kXRyVX 1�+? �S. Bb +�HH2/ � TBt2HX h?2 �S.b �`2 QT2`�i2/ BM i?2 :2B;2` KQ/2 -BX2X
i?2 JSS*b �`2 QT2`�i2/ �i pQHi�;2b �#Qp2 i?2 #`2�F/QrM pQHi�;2 UVbrVX q?2M � T?QiQM ?Bib
� TBt2H- � bmbi�BM2/ 2H2+i`QM �p�H�M+?2 Q++m`b- �M/ i?2 pQHi�;2 /`QTb #2HQr Vbr /m2 iQ i?2
+m``2Mi ~QrBM; i?2 [m2M+?BM; `2bBbiQ`X h?2`27Q`2- i?2 QmiTmi +?�`;2 7`QK � bBM;H2 TBt2H Bb �
+2`i�BM +QMbi�Mi p�Hm2 rBi? bK�HH ~m+im�iBQMbX h?2 QmiTmi +?�`;2 Q7 i?2 2MiB`2 JSS* Bb i?2
bmK Q7 i?Qb2 Q7 TBt2Hb �M/ i?mb Bb T`QTQ`iBQM�H iQ i?2 MmK#2` Q7 BM+B/2Mi T?QiQMb r?2M i?2
MmK#2` Q7 T?QiQMb Bb bK�HH +QKT�`2/ iQ i?�i Q7 i?2 TBt2HbX

jy



6B;m`2kX3, a+?2K�iB+ +`Qbb@b2+iBQM�H pB2rb Q7 1G** bi`m+im`2bX h?2 T`2pBQmb bi`m+im`2 Bb
b?QrM BM i?2 mTT2` T�`i �M/ i?2 mT;`�/2/ bi`m+im`2 iQ T`2p2Mi /Bb+?�`;2b Bb b?QrM BM i?2
HQr2` T�`iX h?2 T�i?b Q7 /Bb+?�`;2b �`2 b?QrM BM i?2 #Hm2 �``Qrb BM i?2 mTT2` T�`iX

6B;m`2kXN, S?QiQ;`�T? Q7 i?2 mT;`�/2/ 1G** TH�M2 /m`BM; �bb2K#HvX S�`i Q7 i?2 TQHvBKB/2
b?22ib �M/ i?2 +Qp2`b �`2 `2KQp2/X

jR



6B;m`2kXRy, *B`+mBi /B�;`�K Q7 � JSS*X 6B;m`2 7`QK (8R)

h?2 ;�BM Q7 i?2 JSS* Bb /2}M2/ �b i?2 `2H2�b2/ +?�`;2 /BpB/2/ #v i?2 2H2K2Mi�`v +?�`;2 e

r?2M � T?QiQM BM+B/2Mi �M/ Bb ;Bp2M �b

g =
C (Vbias − Vbr)

e
, UkXRV

r?2`2 C Bb i?2 +�T�+Bi�M+2 Q7 QM2 TBt2H �M/ Vbias Bb i?2 #B�b pQHi�;2 �TTHB2/ iQ i?2 JSS*X
�i � +2`i�BM `�i2- TmHb2b �`2 ;2M2`�i2/ BM � JSS* `2;�`/H2bb Q7 i?2 BM+B/2Mi T?QiQMX h?Bb

Bb +�HH2/ i?2 /�`F +m``2MiX h?2 Q`B;BM Q7 i?2 /�`F +m``2Mi Bb +QMbB/2`2/ iQ #2 i?2 i?2`K�H
2t+Bi�iBQM �M/ imMM2HBM; Q7 �M 2H2+i`QM BM i?2 bBHB+QM +`vbi�H Q7 �S.bX h?2 ivTB+�H `�i2 Q7 i?2
/�`F +m``2Mi Q7 JSS* aRjjdy@jy8y*L Bb ∼ 1MHzX h?2 �KQmMi Q7 i?2 +?�`;2 Q7 i?2 /�`F
+m``2Mi TmHb2 Bb KQbiHv QM2 T?QiQM 2[mBp�H2Mi UR TX2XVX h?mb i?2 /Bbi`B#miBQM Q7 i?2 +?�`;2
Q7 i?2 /�`F +m``2Mi +�M #2 mb2/ iQ /2i2`KBM2 i?2 ;�BM Q7 i?2 JSS*X 6B;m`2 kXRR Bb � ivTB+�H
/Bbi`B#miBQM Q7 i?2 +?�`;2 Q7 i?2 /�`F +m``2Mi TmHb2bX h?2 ;�BM Bb +�H+mH�i2/ 7`QK i?2 K2�M Q7
i?Bb R TX2X T2�FX

6Q` ?B;? BM+B/2Mi HB;?i BMi2MbBiv- JSS*b ?�p2 � MQM@HBM2�` QmiTmiX h?Bb Bb #2+�mb2 i?2
MmK#2` Q7 TBt2Hb Bb HBKBi2/- �M/ Bi i�F2b � }MBi2 iBK2 7Q` 2�+? TBt2H iQ `2biQ`2 i?2 #B�b pQHi�;2
�7i2` i?2 +?�`;2 Bb `2H2�b2/ #v T?QiQM /2i2+iBQMc i?2 QmiTmi +?�`;2 #v � T?QiQM ?Bi r?BH2
i?2 #B�b pQHi�;2 Bb #2BM; `2biQ`2/ Bb H2bb i?�M i?2 Q`B;BM�H R TX2X +?�`;2X h?mb- i?2 MQM@
HBM2�`Biv Bb +?�`�+i2`Bx2/ #v i?2 MmK#2` Q7 TBt2Hb �M/ `2+Qp2`v iBK2X h?2 `2H�iBQM #2ir22M i?2
i`m2 MmK#2` Q7 ?Bi T?QiQMb- Ntrue- �M/ i?2 Q#b2`p2/ T?QiQM 2[mBp�H2Mi +?�`;2- Nobserved- Bb

jk



6B;m`2kXRR, hvTB+�H /Bbi`B#miBQM Q7 i?2 +?�`;2 Q7 i?2 /�`F +m``2Mi TmHb2b BM+Hm/BM; T2/2bi�HX
h?2 T2�F �`QmM/ i?2 65 pC Bb i?2 R TX2X T2�FX

2tT`2bb2/ �b 7QHHQrb (8k),
Nobserved =

Ntrue

1 + τ
∆t·Npixel

Ntrue
, UkXkV

r?2`2 ∆t Bb i?2 Q#b2`p�iBQM iBK2 rBM/Qr- τ Bb i?2 `2+Qp2`v iBK2- �M/ Npixel Bb i?2 MmK#2`
Q7 TBt2Hb- jeyy 7Q` Qm` JSS*X �+im�HHv- Q#b2`p2/ T?QiQM +QmMi ~m+im�i2b bi�iBbiB+�HHv rBi?
Nobserved �b i?2 K2�MX

h?2 JSS* aRjjdy@jy8y*L- r?B+? r2 mb2- ?�b MQ T`Qi2+iBp2 +Qp2` Q` K2K#`�M2 QM i?2
�S. TBt2H bm`7�+2 iQ K�F2 Bi b2MbBiBp2 iQ oloX h?2`27Q`2- i?2v �`2 pmHM2`�#H2 iQ KQBbim`2
BM i?2 �B`- �M/ i?2B` T2`7Q`K�M+2 K�v /2i2`BQ`�i2 /m2 iQ KQBbim`2 �#bQ`TiBQM r?2M biQ`2/ BM
� ?mKB/ 2MpB`QMK2MiX h?2`2 r�b � +�b2 BM r?B+? i?2 /�`F +QmMi `�i2 BM+`2�b2/ KQ`2 i?�M
Ry@7QH/ BM i?2 JSS*b i?�i r2`2 biQ`2/ rBi?Qmi KQBbim`2 T`Qi2+iBQM K2�bm`2bX Ai r�b 7QmM/
i?�i #�FBM; �i 150 ◦C 7Q` k9 ?Qm`b +QmH/ `2biQ`2 i?Bb BM+`2�b2/ /�`F +QmMi `�i2- �M/ i?Qb2
JSS*b r2`2 i�F2M +�`2 Q7X *m``2MiHv- JSS*b MQi BM mb2 �`2 biQ`2/ BM � /2bB++�iQ` rBi?
/2bB++�Mib iQ �pQB/ bm+? T`Q#H2KbX

kXjX9 6`QMi@2M/ 2H2+i`QMB+b #Q�`/

h?2 `2�/Qmi Q7 i?2 QmiTmi �M/ i?2 �TTHB+�iBQM Q7 i?2 #B�b pQHi�;2 Q7 i?2 JSS*b Bb /QM2
#v /2/B+�i2/ 7`QMi@2M/ 2H2+i`QMB+b #Q�`/ �t61" (8j)X h?2 #HQ+F /B�;`�K Q7 �t61" Bb b?QrM
BM 6B;X kXRkX PM2 �t61" ?�b 8e +?�MM2Hb Q7 BMTmib �M/ `2�/b Qmi QM2 1G** mMBiX �t61"
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6B;m`2kXRk, "HQ+F /B�;`�K Q7 �t61"X 6B;m`2 7`QK (8j)X

?�b irQ ivT2b Q7 �.*bX PM2 Bb � 40MS/s UJa bi�M/b 7Q` K2;� b�KTHBM;V- 2V T2�F@iQ@T2�F-
Rk@#Bi �.* iQ r?B+? Re8@iBK2b �KTHB}2/ bB;M�H Bb BMTmiX Ai �+[mB`2b b2p2`�H i2Mb Q7 ns TmHb2b
#v /�`F +m``2Mi 7Q` i?2 +�HB#`�iBQM Q7 i?2 JSS* ;�BMX h?Bb QM2 Bb +�HH2/ ?B;?@;�BM �.*X
a2p2M +?�MM2Hb b?�`2 QM2 ?B;?@;�BM �.* pB� � KmHiBTH2t2`X h?2 Qi?2` Bb � 5MS/s- 2V T2�F@
iQ@T2�F- Rk@#Bi �.* rBi? �M �KTHB}+�iBQM Q7 8 iBK2b �M/ � a�HH2M@E2v }Hi2` BM i?2 7`QMi bi�;2X
Ai �+[mB`2b i?2 1G bB;M�H Q7 µs iQ b2p2`�H ?mM/`2/b Q7 µs iBK2 b+�H2X h?Bb QM2 Bb +�HH2/ HQr@;�BM
�.*X

AM �//BiBQM iQ � +QKKQM #B�b pQHi�;2 bmTTHv- i?2 #B�b pQHi�;2 Q7 2�+? +?�MM2H Bb �/Dmbi2/
#v i?2 .�* iQ K�i+? i?2 ;�BMb Q7 i?2 JSS*bX

kXjX8 SJh

hQ /2i2+i T`BK�`v b+BMiBHH�iBQM HB;?ib BM i?2 olo `2;BQM- olo@b2MbBiBp2 �M/ ?B;?@T`2bbm`2
iQH2`�Mi SJhb- >�K�K�ibm _R8kN3- �`2 mb2/X hQ BKT`Qp2 i?2 /2i2+iBQM 2{+B2M+v Q7 i?2
T`BK�`v b+BMiBHH�iBQM HB;?ib rBi? � H�`;2` b2MbBiBp2 pQHmK2- i?2 MmK#2` Q7 SJhb Bb BM+`2�b2/
7`QK irQ iQ b2p2M U6B;X kXRjVX � ;m�`/ K2b? �i i?2 ;`QmM/ TQi2MiB�H Bb TH�+2/ BM 7`QMi Q7
i?2 SJhbX h?2 bB;M�Hb Q7 SJhb �`2 i`�Mb72``2/ pB� Sh61@+Q�i2/ +Q�tB�H +�#H2b- �KTHB}2/
Ryy@7QH/ rBi? 7�bi �KTHB}2`b- �M/ `2+Q`/2/ #v � 100MS/s r�p27Q`K /B;BiBx2` U*�1L- pRdk9VX

kXjXe .�i� �+[mBbBiBQM bvbi2K

�M Qp2`pB2r Q7 i?2 /�i� �+[mBbBiBQM bvbi2K Bb b?QrM BM 6B;X kXR9
�b MQi2/ BM a2+X kXjX9- QM2 �t61" Bb mb2/ iQ `2�/ Qmi QM2 1G** mMBiX aBM+2 i?2 MmK#2` Q7

1G** mMBib Bb ir2Hp2 Ua2+X kXjXkV- ir2Hp2 �t61"b �`2 mb2/X hQ +QKTBH2 i?2 BM7Q`K�iBQM 7`QK
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6B;m`2kXRj, S?QiQ;`�T? Q7 SJh �``�vX � ;m�`/ K2b? �i i?2 ;`QmM/ TQi2MiB�H Bb TH�+2/ BM
7`QMi Q7 i?2 SJhbX

ir2Hp2 �t61"b �M/ Bbbm2 i?2 i`B;;2`b iQ �HH i?2 �t61"b- � i`B;;2` #Q�`/- >�/`QM lMBp2`b�H
GQ;B+ KQ/mH2 U>lGV (89)- Bb mb2/X 1�+? �t61" b2M/b i?2 bmK r�p27Q`K Qp2` i?2 +?�MM2Hb iQ
>lG- �M/ >lG b2M/b i?2 i`B;;2` �M/ p2iQ bB;M�H �M/ � +QKKQM 160MHz +HQ+F iQ �t61"bX
>lG QmiTmib irQ Qi?2` LAJ bB;M�HbX PM2 Bb +�HH2/ b2M/@i`B;;2` bB;M�H i?�i Bb bvM+?`QMBx2/
rBi? i?2 i`B;;2` iQ �t61"bX h?2 Qi?2` Bb +�HH2/ b2M/@?2�/2` bB;M�H r?B+? Bb bvM+?`QMBx2/
rBi? i?2 iBKBM; Q7 /�i� i`�MbKBbbBQM iQ i?2 .�Z S* �7i2` r�p27Q`K �+[mBbBiBQM #v �t61"b
Bb +QKTH2i2X h?2 b2M/@i`B;;2` bB;M�H Bb `2+Q`/2/ BM QM2 +?�MM2H Q7 i?2 r�p27Q`K /B;BiBx2` 7Q`
SJhb iQ #2 mb2/ iQ K�i+? i?2 iBKBM; Q7 i?2 +Q``2bTQM/BM; 1G** 2p2Mib �M/ SJh 2p2MibX
h?2 /�i� �+[mBbBiBQM Q7 i?2 SJh bB;M�H Bb i`B;;2`2/ #v i?2 b2M/@?2�/2` bB;M�H 7`QK >lGX

hrQ FBM/b Q7 i`B;;2`b r2`2 mb2/ 7Q` i?2 /�i� �+[mBbBiBQM Q7 i?2 1G** bB;M�HX PM2 Bb +�HH2/
}/m+B�H i`B;;2`- r?B+? Bb Bbbm2/ r?2M i?2 bmK ?2B;?i Q7 i?2 bB;M�H Q7 +?�MM2Hb Qi?2` i?�M i?2
T`2/2}M2/ p2iQ +?�MM2Hb 2t+22/b � i?`2b?QH/- �M/ i?2 p2iQ +?�MM2Hb ?�p2 MQ ?BibX 6B/m+B�H
i`B;;2` Bb i�`;2iBM; 7mHHv +QMi�BM2/ 2p2MibX h?2 Qi?2`- i?2 r?QH2 i`B;;2`- b2ib � i?`2b?QH/ QM i?2
bB;M�H bmK 7Q` �HH +?�MM2Hb BM+Hm/BM; i?2 p2iQ +?�MM2HbX Ai Bb iQ i�F2 +�HB#`�iBQM /�i� i�`;2iBM;
30 keV +?�`�+i2`BbiB+ s@`�vb �M/ +�M #2 T`2b+�H2/ 7Q` HQr 2M2`;v 2p2Mib MQi iQ /QKBM�i2 i?2
/�i�X

h?2 /�i� 7`QK �t61" �M/ i?2 r�p27Q`K /B;BiBx2` 7Q` SJhb �`2 BM/2T2M/2MiHv `2+Q`/2/ BM
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6B;m`2kXR9, "HQ+F /B�;`�K Q7 i?2 /�i� �+[mBbBiBQM bvbi2KX

6B;m`2kXR8, :�b bvbi2K 7Q` i?2 180L T`QiQivT2 /2i2+iQ`X

b2T�`�i2 S*bX h?2v �`2 K�i+?2/ #v bQ7ir�`2 /m`BM; i?2 �M�HvbBb T?�b2X

kXjXd :�b bvbi2K

6B;m`2 kXR8 /BTB+ib i?2 Qp2`pB2r Q7 i?2 ;�b bvbi2K 7Q` i?2 180L T`QiQivT2 /2i2+iQ`X h?2
;�b bvbi2K ?�b 7mM+iBQMb Q7 2p�+m�iBQM- BMi`Q/m+iBQM- +B`+mH�iBQM- �M/ `2i`B2p�H Q7 i?2 ;�bX

1p�+m�iBQM Bb /QM2 #v i?2 p�+mmK TmKT mMBi- r?B+? +QMbBbib Q7 � im`#Q KQH2+mH�` TmKT
UPb�F� o�+mmK- h:j8y6*�"V �M/ � /`v b+`QHH TmKT UPb�F� o�+mmK- AaS@k8y*V �b � 7Q`2
TmKTX h?2 TmKTBM; bT22/ Q7 i?2 im`#Q KQH2+mH�` TmKT Bb 350L/sX

AMi`Q/m+iBQM- +B`+mH�iBQM- �M/ `2i`B2p�H �`2 /QM2 #v � K2i�H #2HHQrb TmKT Ua2MBQ` �2`QbT�+2-

je



J"@eyR>S�G- +B`+mH�iBQM TmKT BM 6B;X kXR8V- r?Qb2 K�tBKmK ~Qr Bb 70L/minX
.m`BM; +B`+mH�iBQM- t2MQM ;�b +�M #2 Tm`B}2/ #v irQ }Hi2`bc KQH2+mH�` bB2p2 U�TTHB2/ 1M2`;v

avbi2Kb- k8y*@oy9@A@6SV 7Q` BKTm`BiB2b Qi?2` i?�M N2- 7Q` 2t�KTH2- H2O- O2- CO2- �M/
:2ii2` U�SA- �SA@:1hh1_@A@_1V 7Q` N2X

h?2 ;�b ~Qr Bb KQMBiQ`2/ #v � K�bb ~Qr K2i2` U"`QMF?Q`bi- 6@RRR*J@9yE@��.@33@EVX
h?2 Tm`Biv Q7 i?2 t2MQM ;�b Bb KQMBiQ`2/ #v � /2r TQBMi K2i2` UJB+?2HH AMbi`mK2Mib- Sl_�VX

6B;m`2 kXRe b?Qrb i?2 �+im�H r?QH2 ;�b bvbi2KX
hQ BMi`Q/m+2 �M/ `2i`B2p2 t2MQM ;�b rBi? i?2 bBM;H2 +B`+mH�iBQM TmKT- i?2 biQ`�;2 +vHBM/2`b

Us2ah@R iQ 9 BM 6B;X kXReV �`2 +QMM2+i2/ #Qi? mTbi`2�K U`Qmi2 i?`Qm;? i?2 p�Hp2b aS@oj
�M/ ah@okV �M/ /QrMbi`2�K U`Qmi2 i?`Qm;? i?2 p�Hp2b ah@oR �M/ ah@o9V Q7 i?2 +B`+mH�iBQM
TmKT- �M/ i?2 `Qmi2 Bb brBi+?2/ #v p�Hp2bX

LQi QMHv i?2 +B`+mH�iBQM `Qmi2 i?`Qm;? �HH Q7 i?2 180L p2bb2H- i?2 ;2ii2`- �M/ i?2 KQH2+mH�`
bB2p2- #vT�bb HBM2b �`2 BKTH2K2Mi2/ iQ �HHQr +B`+mH�iBQM rBi?Qmi T�bbBM; i?`Qm;? 2�+? Q7 i?2K
Ui?`Qm;? p�Hp2b "S@oR iQ 9VX h?2 ;�b ~Qr Bb `2;mH�i2/ #v � #2HHQrb p�Hp2 U**@oRV MQi iQ
2ti2M/ i?2 `�i2/ ~Qr Q7 i?2 ;2ii2` �M/ i?2 KQH2+mH�` bB2p2- 5L/minX

AM Q`/2` iQ bi�`i i?2 +B`+mH�iBQM TmKT- i?2 T`2bbm`2 �`QmM/ i?2 TmKT Kmbi #2 �b HQr �b R
#�`X AM +�b2 i?2 +B`+mH�iBQM TmKT biQTb 7Q` bQK2 `2�bQM /m`BM; +B`+mH�iBQM- i?2 T`2bbm`2 �`QmM/
i?2 TmKT rBHH `2K�BM �i �#Qmi 3 #�`- K�FBM; Bi BKTQbbB#H2 iQ `2bi�`i i?2 +B`+mH�iBQM TmKTX
hQ T`2p2Mi i?Bb bBim�iBQM- � p2bb2H 7Q` i?2 #mz2` Bb BMbi�HH2/ U"mz2` *?�K#2` BM 6B;X kXReVX
qBi? i?2 p�Hp2b �`QmM/ i?2 180L p2bb2H UAL@ok �M/ **@oRV +HQb2/ �M/ i?2 ;�b BM i?2 TBT2HBM2
#2BM; `2H2�b2/ BMiQ i?2 #mz2` +?�K#2`- i?2 T`2bbm`2 Bb HQr2`2/ �M/ i?2 +B`+mH�iBQM TmKT +�M
#2 `2bi�`i2/X

�i i?2 bi�`i Q7 i?2 `2i`B2p�H Q7 i?2 t2MQM ;�b BM i?2 p2bb2H- i?2 T`2bbm`2 mTbi`2�K Q7 i?2
+B`+mH�iBQM TmKT Bb ?B;?2` i?�M i?�i /QrMbi`2�K- i?mb i?2 HQ�/ QM i?2 TmKT Bb HQrX �b
`2i`B2p�H T`Q+22/b- i?2 /QrMbi`2�K T`2bbm`2 2t+22/b i?2 mTbi`2�K T`2bbm`2- �M/ i?2 HQ�/ QM
i?2 TmKT BM+`2�b2b �M/ i?2 ~Qr /2+`2�b2bX q?2M i?2 mTbi`2�K T`2bbm`2- i?2 T`2bbm`2 BM
i?2 p2bb2H- `2�+?2b 0.3 bar- i?2 ~Qr biQTb- �M/ i?2 ;�b +�MMQi #2 `2i`B2p2/ �MvKQ`2 #v i?2
+B`+mH�iBQM TmKTX h?2 `2K�BMBM; t2MQM ;�b Bb `2i`B2p2/ #v bQHB/B}+�iBQM rBi? HB[mB/ MBi`Q;2MX
hQ T`2p2Mi t2MQM 7`QK 7`22xBM; �M/ #HQ+FBM; �i i?2 BMi`Q/m+iBQM TQ`i Q7 i?2 bQHB/B}+�iBQM
p2bb2H /m`BM; bQHB/B}+�iBQM- � ?2�i2` Bb BMbi�HH2/ �i i?2 BMi`Q/m+iBQM TQ`i iQ +QMi`QH i?2 t2MQM
i2KT2`�im`2 �#Qp2 i?2 #QBHBM; TQBMi Q7 t2MQM U165KVX

kXjX3 6B2H/ +�;2

h?2 }2H/ +�;2 Bb � b2i Q7 2H2+i`Q/2b 7Q`KBM; i?2 mMB7Q`K /`B7i 2H2+i`B+ }2H/X h?2 /2i�BHb Q7
i?2 /2bB;M �M/ /2p2HQTK2Mi Q7 i?2 }2H/ +�;2 7Q` i?2 180L T`QiQivT2 /2i2+iQ` �`2 /2b+`B#2/ BM
*?�Ti2` jX h?2 BMbi�HH2/ }2H/ +�;2 Bb }M�HHv 18 cm HQM; BM i?2 /`B7i /B`2+iBQM- `2bmHiBM; BM �
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6B;m`2kXRe, SBT2HBM2 /B�;`�K Q7 i?2 r?QH2 ;�b bvbi2KX
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h�#H2kXR, amKK�`v Q7 i?2 /2i2+iQ` T�`�K2i2`b Q7 i?2 b2+QM/ T?�b2 Q7 i?2 180L T`QiQivT2
/2i2+iQ`X

.2i2+iQ` T�`�K2i2`b
a2MbBiBp2 �`2� Q7 1G** 580 cm2

.`B7i H2M;i? 18 cm

a2MbBiBp2 pQHmK2 10 000 cm3

LmK#2` Q7 1G** +?�MM2Hb edk
LmK#2` Q7 SJhb d

b2MbBiBp2 pQHmK2 Q7 10 000 cm3X

kXjXN amKK�`v

h?2 /2i2+iQ` T�`�K2i2`b Q7 i?2 b2+QM/ T?�b2 Q7 i?2 180L T`QiQivT2 /2i2+iQ` �`2 bmKK�`Bx2/
BM h�#H2 kXRX

jN





�j�

.2bB;M �M/ +QMbi`m+iBQM Q7 i?2 }2H/ +�;2
7Q` i?2 R3y G T`QiQivT2 /2i2+iQ`

h?2 }2H/ +�;2 ;2M2`�i2b � mMB7Q`K /`B7i 2H2+i`B+ }2H/ �M/ Bb � F2v +QKTQM2Mi Q7 i?2 �s1G
/2i2+iQ`X h?2 [m�HBiv Q7 i?2 /`B7i 2H2+i`B+ }2H/ �z2+ib i?2 2M2`;v `2bQHmiBQM �M/ i`�+F `2+QM@
bi`m+iBQM +�T�#BHBiv Q7 i?2 /2i2+iQ` i?`Qm;? i?2 `2+QK#BM�iBQM- �ii�+?K2Mi- �M/ /BzmbBQM Q7
BQMBx�iBQM 2H2+i`QMbX AM i?Bb +?�Ti2`- i?2 `2[mB`2K2Mi 7Q` i?2 /`B7i 2H2+i`B+ }2H/ Q7 i?2 �s1G
/2i2+iQ`- i?2 /2bB;M Q7 i?2 }2H/ +�;2- �M/ i?2 +QMbi`m+iBQM T`Q+2bb Q7 i?2 }2H/ +�;2 �`2 /2@
b+`B#2/X

jXR .`B7i 2H2+i`B+ }2H/
AM hS*- BQMBx�iBQM 2H2+i`QMb �`2 /2i2+i2/ �7i2` /`B7iBM; iQr�`/ i?2 �MQ/2 mM/2` i?2 mMB7Q`K

/`B7i 2H2+i`B+ }2H/X AM +�b2 i?2 BMi2MbBiv Q7 i?2 /`B7i }2H/ Bb HQr- � T�`i Q7 i?2 BQMBx�iBQM
2H2+i`QMb `2+QK#BM2 rBi? BQMb- �M/ ?2M+2 i?2 /2i2+i2/ MmK#2` Q7 BQMBx�iBQM 2H2+i`QMb ;2ib
`2/m+2/- `2bmHiBM; BM rQ`b2 2M2`;v `2bQHmiBQM rBi? � ~m+im�iBQM Q7 `2+QK#BM�iBQMX

h?2 `2H�iBQM #2ir22M i?2 `2+QK#BM�iBQM `�i2 �M/ i?2 BMi2MbBiv Q7 i?2 /`B7i }2H/ +�M #2
�TT`QtBK�i2/ (88) #v

Q (Edrift)

Q0
% 0.8 + 0.2

(
1 +

K2

Edrift

)−1

, UjXRV

r?2`2 Q(Edrift) Bb i?2 MmK#2` Q7 /2i2+i2/ BQMBx�iBQM 2H2+i`QMb- Q0 Bb i?2 MmK#2` Q7 BQMBx�iBQM
2H2+i`QMb T`Q/m+2/- �M/ Edrift Bb i?2 BMi2MbBiv Q7 i?2 /`B7i }2H/X h?2 K2 `2T`2b2Mib i?2 /2;`22
Q7 `2+QK#BM�iBQM- �M/ r�b K2�bm`2/ iQ #2 (0.137± 0.048) kV/cm �i 10 bar (88)X �++Q`/BM;
iQ 1[X jXR- i?2 /2i2+i2/ BQMBx�iBQM 2H2+i`QMb Bb 97.6% r?2M i?2 /`B7i }2H/ Bb 100V/cm/bar-
�M/ i?2 /2;`�/�iBQM Q7 i?2 2M2`;v `2bQHmiBQM Bb M2;HB;B#H2X h?mb 100V/cm/bar Bb bm{+B2MiHv
?B;? BMi2MbBivX �+im�HHv- i?2 `2H�iBQM #2ir22M i?2 /`B7i 2H2+i`B+ }2H/ �M/ i?2 2M2`;v `2bQHmiBQM
BM � ?B;?@T`2bbm`2 t2MQM ;�b /2i2+iQ` r�b /B`2+iHv K2�bm`2/ BM (8e)- �M/ i?2 `2bmHi Bb b?QrM
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6B;m`2jXR, 6B2H/ /2T2M/2M+2 Q7 i?2 BMi`BMbB+ 2M2`;v `2bQHmiBQM UW6q>JV K2�bm`2/ 7Q`
662 keV ;�KK�@`�vbX .2MbBiB2b BM i?2 mMBi Q7 g/cm3 �`2 b?QrM �i `B;?i Q7 i?2 +m`p2bX (8e)

BM 6B;X jXRX h?2 2M2`;v `2bQHmiBQM 7Q` 662 keV ;�KK� `�vb `2�+?2b iQ 0.6% 7Q` i?2 /`B7i
2H2+i`B+ }2H/ Q7 " 4 kV/cm 7Q` i?2 t2MQM ;�b /2MbBiv Q7 0.25 g/cm3X h?Bb +Q``2bTQM/b iQ "
100V/cm/barX h?mb r2 ?�p2 b2i i?2 i�`;2i p�Hm2 7Q` i?2 /`B7i 2H2+i`B+ }2H/ Q7 i?2 �s1G
/2i2+iQ` �b 100V/cm/barX

h?2 `2[mB`2K2Mi 7Q` mMB7Q`KBiv Bb �HbQ +QMbB/2`2/ #�b2/ QM 1[X jXRX AM +�b2 Edrift /2pB�i2b
5% 7`QK 100V/cm/bar- i?2 +?�M;2 BM i?2 Q(Edrift) Bb `Qm;?Hv 0.1%X h?Bb Bb bK�HH +QKT�`2/
iQ i?2 BMi`BMbB+ 2M2`;v `2bQHmiBQM Q7 0.26%X h?2`27Q`2 i?2 �HHQr2/ /2pB�iBQM Bb b2i iQ #2 5%-
r?B+? Bb bm{+B2MiHv bK�HH BM i2`Kb Q7 i?2 2M2`;v `2bQHmiBQMX

q?BH2 BQMBx�iBQM 2H2+i`QMb �`2 �++2H2`�i2/ #v i?2 /`B7i 2H2+i`B+ }2H/- i?2v mM/2`;Q K�Mv
b+�ii2`BM; #v bm``QmM/BM; t2MQM �iQKbX �b � `2bmHi- i?2 BQMBx�iBQM 2H2+i`QMb /`B7i rBi? �
+QMbi�Mi p2HQ+Biv QM �p2`�;2 �M/ /Bzmb2 rBi? +2`i�BM `�i2b BM i?2 i`�Mbp2`b2 �M/ HQM;Bim/BM�H
/B`2+iBQMb rBi? `2bT2+i iQ i?2 /`B7i /B`2+iBQMX .BzmbBQM Bb � bi�iBbiB+�H T`Q+2bb �M/ /2b+`B#2/
#v � :�mbbB�M 7mM+iBQM rBi? i?2 bi�M/�`/ /2pB�iBQM Q7 σL,T ,

σL(T ) = DL(T )

√
vdt , UjXkV

r?2`2 DL(T ) Bb i?2 HQM;Bim/BM�H Ui`�Mbp2`b2V /BzmbBQM +QMbi�Mi- vd Bb i?2 /`B7i p2HQ+Biv �M/ t

Bb i?2 iBK2 Q7 i?2 /`B7iX AM Qi?2` rQ`/b- /BzmbBQM Bb T`QTQ`iBQM�H iQ i?2 b[m�`2 `QQi Q7 i?2
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U�V

U#V U+V

6B;m`2jXk, 6B2H/ /2T2M/2M+2 Q7 i?2 /`B7i p2HQ+Biv U�V- i`�Mbp2`b2 /BzmbBQM +QMbi�Mi U#V- �M/
HQM;Bim/BM�H /BzmbBQM +QMbi�Mi U+V +�H+mH�i2/ rBi? J�;#QHix (8d)X h?2 +�H+mH�iBQM Bb /QM2
mM/2` i?2 +QM/BiBQM Q7 8 bar ;�b T`2bbm`2 �M/ MQ K�;M2iB+ }2H/X

/`B7i /Bbi�M+2X 6B;m`2b jXk�- jXk#- �M/ jXk+ b?Qr i?2 }2H/ /2T2M/2M+2 Q7 i?2 /`B7i p2HQ+Biv �M/
/BzmbBQM +QMbi�Mib +�H+mH�i2/ rBi? J�;#QHix (8d) r?B+? BM+Q`TQ`�i2b i?2 +`Qbb b2+iBQMb 7`QK
i?2 /�i�#�b2 (83)X h?2 /`B7i p2HQ+Biv �i 100V/cm/bar Bb +�H+mH�i2/ iQ #2 0.11 cm/µsX h?2
/BzmbBQM +QMbi�Mib �`2 0.095 cm/

√
cm 7Q` i?2 i`�Mbp2`b2 �M/ 0.025 cm/

√
cm 7Q` i?2 HQM;Bim/BM�H

�i 100V/cm/barX 6Q` 2t�KTH2- i?2 /BzmbBQM �7i2` � 10 cm /`B7i Bb 0.3 cm 7Q` i?2 i`�Mbp2`b2 �M/
0.08 cm 7Q` i?2 HQM;Bim/BM�HX h?2b2 �`2 +QKT�`�#H2 iQ i?2 TQbBiBQM `2bQHmiBQM 7Q` i?2 i`�Mbp2`b2
�M/ HQM;Bim/BM�H /B`2+iBQM /2i2`KBM2/ #v i?2 TBi+? Q7 1G** U1 cmV �M/ i?2 b�KTHBM; bT22/
Q7 i?2 61" U0.2µs 7Q` R b�KTHBM;V `2bT2+iBp2HvX h?2`27Q`2 i?2 i�`;2i p�Hm2 Q7 100V/cm/bar Bb
�++2Ti�#H2 BM i2`Kb Q7 i?2 i`�+F T�ii2`M `2+QMbi`m+iBQMX AM Qi?2` rQ`/b- i?2 bT�iB�H `2bQHmiBQM
+�MMQi #2 BKT`Qp2/ bB;MB}+�MiHv 2p2M B7 i?2 TBi+? Q7 1G** +2HHb Bb b?Q`i2M2/- Q` i?2 b�KTHBM;
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`�i2 Q7 i?2 bB;M�H `2�/Qmi Bb BKT`Qp2/X
PM i?2 mMB7Q`KBiv- i?2 /`B7i p2HQ+Biv Bb QM � TH�i2�m �i 100V/cm/bar- �M/ ?2M+2 i?2 /2@

pB�iBQM Q7 i?2 /`B7i p2HQ+Biv #v i?2 5% /2pB�iBQM Q7 i?2 /`B7i 2H2+i`B+ }2H/ Bb H2bb i?�M 1%X
�bbmKBM; i?2 2ti`2K2 +�b2 i?�i i?2 /`B7i p2HQ+Biv Bb 1% /2pB�i2/ 7Q` i?2 7mHH 50 cm /`B7i- i?2
2``Q` BM i?2 TQbBiBQM `2+QMbi`m+iBQM Bb 1% Q7 50 cm- 5mmX h?Bb Bb +QKT�`�#H2 iQ i?2 i`�Mb@
p2`b2 /BzmbBQM �7i2` 50 cm /`B7i- 6.7mmX >2M+2 i?2 /2pB�iBQM Q7 5% BM i?2 /`B7i }2H/ Bb �HbQ
�++2Ti�#H2 BM i2`Kb Q7 i?2 i`�+F T�ii2`M `2+QMbi`m+iBQMX

AM +QM+HmbBQM- i?2 `2[mB`2K2Mi 7Q` i?2 /`B7i 2H2+i`B+ }2H/ Bb iQ �+?B2p2 100V/cm/bar rBi?BM
i?2 /2pB�iBQM Q7 5%X

jXk .2bB;M Q7 i?2 }2H/ +�;2
h?2 ;Q�H Q7 i?2 }2H/ +�;2 Bb iQ �+?B2p2 100V/cm/bar ± 5% BM �b H�`;2 � pQHmK2 �b TQbbB#H2

rBi?BM i?2 180L p2bb2HX h?2 ;`QmM/ TQi2MiB�H Q7 i?2 p2bb2H K�v /BbiQ`i i?2 2H2+i`B+ }2H/ BM
i?2 pB+BMBiv Q7 i?2 p2bb2HX hQ b?B2H/ i?Bb ;`QmM/ TQi2MiB�H Q7 i?2 p2bb2H- i?2 7QHHQrBM; bi`m+im`2
r�b �/QTi2/, #�M/@b?�T2/ `BM;b rBi? irQ /Bz2`2Mi /B�K2i2`b �`2 �Hi2`M�i2Hv HBM2/ mT rBi?
Qp2`H�Tb �b b?QrM BM 6B;X jXeX h?2 TQi2MiB�H /Bz2`2M+2 #2ir22M i?2 �MQ/2 �M/ i?2 +�i?Q/2
2H2+i`Q/2 Bb /BpB/2/ �M/ 2[m�HHv /Bbi`B#mi2/ iQ 2�+? `BM; 2H2+i`Q/2X AM Q`/2` iQ QTiBKBx2 i?2
/BK2MbBQMb- i?2 2H2+i`B+ }2H/ r�b +�H+mH�i2/ rBi? �M �tBbvKK2i`B+ BM i?2 }MBi2 2H2K2Mi K2i?Q/
#v 61JJ (8N)X h?2 /Bbi�M+2 #2ir22M i?2 +�i?Q/2 �M/ i?2 �MQ/2 2H2+i`Q/2b- �M/ i?2 TBi+? Q7
i?2 #�M/@b?�T2/ 2H2+i`Q/2- 10mm- �`2 }t2/X h?2 Qi?2` /BK2MbBQMb HBF2 i?2 `�/Bmb- i?B+FM2bb-
rB/i?- �M/ `�/Bmb Q7 i?2 2/;2 Q7 i?2 #�M/@b?�T2/ 2H2+i`Q/2b �`2 i?2 i�`;2ib Q7 i?2 QTiBKBx�iBQMX
h?2 QTiBKBx2/ +QM};m`�iBQM Bb b?QrM BM 6B;X jXjX h?2 #�M/@b?�T2/ 2H2+i`Q/2b �`2 3mm i?B+F
�M/ 12mm rB/2X h?2 `�/BB Q7 i?2 H�`;2` UQmi2`V �M/ bK�HH2` UBMM2`V 2H2+i`Q/2b �`2 252.5mm

�M/ 244.5mm- `2bT2+iBp2HvX h?2v �`2 �HB;M2/ rBi? Qp2`H�Tb Q7 2mmX � 20mm i?B+F +vHBM/2`
Q7 ?B;?@/2MbBiv TQHv2i?vH2M2 U>.S1V BMbmH�i2b i?2 Qmi2` 2H2+i`Q/2 �M/ i?2 p2bb2HX

h?2 +�H+mH�i2/ }2H/ Bb b?QrM BM 6B;X jX9X h?2 2H2+i`B+ }2H/ BM i?2 +2Mi`�H �tBb /B`2+iBQM K2i
i?2 +QM/BiBQM Q7 100V/cm/bar ± 5% rBi?BM i?2 `�/Bmb Q7 229.3mm 7`QK i?2 +2Mi`�H �tBbX
h?Bb Bb bm{+B2MiHv H�`;2` i?�M i?2 Rk@mMBi 1G**X

hQ T`2p2Mi 2H2+i`B+ /Bb+?�`;2b #2ir22M i?2 2H2+i`Q/2b Bb �HbQ BKTQ`i�Mi BM i?2 /2bB;M Q7 i?2
}2H/ +�;2, 6`2[m2Mi /Bb+?�`;2b BKT�B` i?2 bi�#BHBiv Q7 i?2 �TTHB2/ ?B;? pQHi�;2- �M/ 2p2Mim�HHv
+�`#QMBx2/ �M/ +QM/m+iBM; /Bb+?�`;2 T�i?b +�mb2 � b?Q`i- K�FBM; Bi BKTQbbB#H2 iQ �TTHv ?B;?
pQHi�;2bX h?2`2 Bb � `BbF Q7 /Bb+?�`;2 B7 i?2`2 �`2 HQ+�H `2;BQMb Q7 bi`QM; 2H2+i`B+ }2H/X 6B;@
m`2 jX8 b?Qrb i?2 2H2+i`B+ }2H/ BMi2MbBiv �`QmM/ i?2 2H2+i`Q/2bX h?2 2/;2b Q7 i?2 #�M/@b?�T2/
2H2+i`Q/2b �`2 `QmM/2/ Qz rBi? 0.3mm `�/BB iQ `2/m+2 i?2 BMi2MbBiv Q7 i?2 HQ+�H 2H2+i`B+ }2H/X
h?2 BMi2MbBiv Q7 i?2 2H2+i`B+ }2H/ #2ir22M i?2 BMM2` 2H2+i`Q/2b �M/ #2ir22M i?2 BMM2` �M/ i?2
Qmi2` 2H2+i`Q/2b �`2 bK�HH2` i?�M 500V/cm/bar- bm{+B2MiHv bK�HHX h?2 BMi2MbBiv Q7 i?2 2H2+@
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6B;m`2jXj, *QM};m`�iBQM BM i?2 2H2+i`B+ }2H/ +�H+mH�iBQM #v 61JJ �M/ QTiBKBx2/ /BK2MbBQMbX

i`B+ }2H/ #2ir22M i?2 Qmi2` 2H2+i`Q/2b 2t+22/b 1 kV/cm/barX h?Bb 2t+22/b i?2 i?`2b?QH/ Q7 i?2
1G T`Q+2bbX AQMBx�iBQM 2H2+i`QMb T`Q/m+2/ #v `�/BQ�+iBpBiv K�v ;2M2`�i2 1G T?QiQMb- �M/ i?2
;2M2`�i2/ olo 1G T?QiQMb bi`BF2 Qmi 2H2+i`QMb 7`QK i?2 bm``QmM/BM; K�i2`B�Hb- r?B+? +�mb2b
i?2 TQbBiBp2 722/#�+F Q7 2H2+i`QM 2KBbbBQM �M/ BM/m+2b /Bb+?�`;2bX >Qr2p2`- Bi Bb 2tT2+i2/
i?�i i?2 >.S1 bm`7�+2 Bb 2p2Mim�HHv +?�`;2/ mT- �M/ i?2 BMi2MbBiv Q7 i?2 2H2+i`B+ }2H/ Q7 i?Bb
`2;BQM Bb Km+? r2�F2M2/X

jXj *QMbi`m+iBQM
h?2 }2H/ +�;2 r�b +QMbi`m+i2/ #�b2/ QM i?2 �#Qp2 /2bB;MX 6B;m`2 jXe Bb � T?QiQ;`�T? Q7 i?2

+QMbi`m+i2/ }2H/ +�;2X
h?2 BMM2` �M/ Qmi2` 2H2+i`Q/2b �`2 K�/2 Q7 �HmKBMmKX �HmKBMmK `2~2+ib olo HB;?i- bQ Bi Bb

�/QTi2/ iQ BM+`2�b2 i?2 /2i2+iBQM 2{+B2M+v Q7 i?2 T`BK�`v b+BMiBHH�iBQM HB;?iX � bK�HH MmK#2`
Q7 2H2+i`Q/2b K�/2 Q7 Qtv;2M@7`22 +QTT2` r2`2 �HbQ K�Mm7�+im`2/ �M/ i2bi2/ �b �M QTiBQMX
�Hi?Qm;? Bi /Q2b MQi `2~2+i b+BMiBHH�iBQM HB;?i- Qtv;2M@7`22 +QTT2` K�v #2 �/p�Mi�;2Qmb BM
7mim`2 /2i2+iQ`b #2+�mb2 Bi ?�b H2bb Qmi;�bbBM; �M/ `�/BQ�+iBp2 BKTm`BiB2b i?�M �HmKBMmKX
h?2 Qtv;2M@7`22 +QTT2` 2H2+i`Q/2b �`2 K�/2 rBi? � i?B+FM2bb Q7 1.5mm iQ `2/m+2 i?2 K�bbX
1�+? 2H2+i`Q/2 ?�b � bi`�B;?i b2+iBQM Q7 jyy KK iQ K�F2 +�#HBM; bT�+2 #2ir22M i?2 >.S1
BMbmH�iBM; +vHBM/2` �M/ i?2 }2H/ +�;2X

h?2 +�i?Q/2 2H2+i`Q/2 Bb K�/2 Q7 bi�BMH2bb bi22H K2b? rBi? �M �T2`im`2 Q7 71% iQ T�bb
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6B;m`2jX9, h?2 +�H+mH�i2/ 2H2+i`B+ }2H/ +QKTQM2Mi Q7 i?2 +2Mi`�H �tBb /B`2+iBQMX h?2 #Hm2
HBM2 b?Qrb i?2 BMi2MbBiv QM i?2 +2Mi`�H �tBb Ur = 0mmV- �M/ i?2 `2/ HBM2 b?Qrb i?2 BMi2MbBiv
QM i?2 KQbi 7�` HBM2 7`QK i?2 +2Mi`�H �tBb b�iBb7vBM; i?2 +QM/BiBQM Q7 100V/cm/bar ± 5%

Ur = 229.3mmVX

i?`Qm;? i?2 T`BK�`v b+BMiBHH�iBQM HB;?iX h?2 K2b? r�b TQBMi r2H/2/ iQ � 1mm i?B+F bi�BMH2bb
bi22H 7`�K2 mM/2` i2MbBQM- �M/ i?mb /2~2+iBQM Q7 i?2 K2b? Bb F2Ti bK�HHX

h?2 2H2+i`Q/2b �`2 }t2/ QM bBt TBHH�`b K�/2 Q7 TQHv2i?2`2i?2`F2iQM2 US11EV #v S11E
b+`2rb 7`QK i?2 BMbB/2X PM2 2M/ Q7 2�+? TBHH�` Bb }t2/ iQ i?2 Sh61 /BbF ?QbiBM; 1G** mMBib
�M/ i?2 �MQ/2 TH�M2X hQ bmTT`2bb bm`7�+2 /Bb+?�`;2 #2ir22M i?2 2H2+i`Q/2b- i?2 bm`7�+2 Q7 i?2
S11E TBHH�` Bb bi2TT2/- �M/ Sh61 bT�+2`b �`2 TH�+2/ #2ir22M Bi �M/ i?2 2H2+i`Q/2b U6B;X jXdVX

AM 7�+i- TH�+BM; i?2 TBHH�`b BMbB/2 i?2 }2H/ +�;2 K�v /BbiQ`i i?2 2H2+i`B+ }2H/ �`QmM/ i?2
TBHH�`b BM i?2 b2MbBiBp2 �`2� /m2 iQ i?2 +?�`;2@mT iQ i?2 TBHH�`bX qBi?BM i?2 b+QT2 Q7 i?Bb i?2bBb-
i?Bb TQbbB#H2 /BbiQ`iBQM Q7 i?2 /`B7i }2H/ Bb MQi � T`Q#H2K #2+�mb2 i?2 Qmi2`KQbi +?�MM2Hb Q7
Rk@mMBi 1G** �`2 r2HH �r�v 7`QK i?2 TBHH�`b U∼ 7 cmVX >Qr2p2`- Bi K�v #2 T`Q#H2K�iB+ 7Q`
i?2 +�b2b Q7 7mim`2 2tT�MbBQM �M/ i?2 7mim`2 1000L /2i2+iQ`X L2p2`i?2H2bb- TH�+BM; i?2 TBHH�`b
BMbB/2 i?2 }2H/ +�;2 r�b �/QTi2/ iQ �pQB/ /Bb+?�`;2b i?�i +QmH/ Q++m` B7 i?2 +QHmKMb r2`2
TH�+2/ QmibB/2 i?2 }2H/ +�;2X � b+?2K�iB+ BHHmbi`�iBQM Q7 i?Bb /Bb+?�`;2 Bb b?QrM BM 6B;m`2 jX3X
*?�`;2@mT #2ir22M i?2 bm`7�+2 Q7 i?2 TBHH�` �M/ i?2 >.S1 BMbmH�iBQM r�HH K�v bi`2M;i?2M i?2
2H2+i`B+ }2H/ QM i?2 bB/2 bm`7�+2 Q7 i?2 TBHH�`X �i bQK2 TQBMi- i?2 �++mKmH�i2/ +?�`;2 +QmH/ #2
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6B;m`2jX8, AMi2MbBiv Q7 i?2 2H2+i`B+ }2H/ �`QmM/ i?2 BMM2` �M/ i?2 Qmi2` 2H2+i`Q/2bX h?2
+�H+mH�iBQM �bbmK2b i?2 t2MQM ;�b T`2bbm`2 Q7 10 bar- �M/ ?2M+2 i?2 +QHQ` b+�H2 +Q``2bTQM/b
iQ 7`QK 500V/cm/bar iQ 1 kV/cm/barX

`2H2�b2/ �HH �i QM+2 i?`Qm;? i?2 bB/2 bm`7�+2 Q7 i?2 TBHH�`X q?2M /2bB;MBM; i?2 }2H/ +�;2 7Q`
i?2 1000L /2i2+iQ`- Bi Bb /2bB`2/ iQ /2bB;M � bi`m+im`2 i?�i +�M bQHp2 i?Bb TBHH�` T`Q#H2K bm+?
�b K�FBM; �xBKmi?�H /BTb BM i?2 BMM2` r�HH Q7 i?2 >.S1 BMbmH�iQ`X

h?2 >.S1 BMbmH�iBM; +vHBM/2` r�b K�/2 #v #2M/BM; � bBM;H2 15mm i?B+F TH�i2 Q7 >.S1
�M/ 7mbBM; i?2 2M/bX h?2 i?B+FM2bb r�b `2/m+2/ 7`QK i?2 20mm BM i?2 2H2+i`B+ }2H/ bBKmH�iBQM
iQ �HHQr 7Q` i?2 2H2+i`Q/2b iQ }i rBi?Qmi #2BM; bim+FX aBM+2 i?2 rBi?bi�M/ pQHi�;2 Q7 >.S1
Bb ∼ 30 kV/mm- 15mm i?B+F Q7 >.S1 +�M BMbmH�i2 ∼ 450 kVX h?2 pQHi�;2 Q7 i?2 2H2+i`Q/2 Bb
60 kV BM K�tBKmK- i?mb i?2 i?B+FM2bb Q7 i?2 >.S1 +vHBM/2` Bb bm{+B2MiX

L2;�iBp2 ?B;? pQHi�;2 Bb �TTHB2/ iQ i?2 +�i?Q/2 K2b? pB� � +�#H2 K�/2 Q7 rB`2b �M/ bBHB+QM2
`m##2` +Qp2` U�++m@:H�bb S`Q/m+ib- aAG@huSke@R8ǶV- r?B+? Bb iQH2`�Mi mT iQ 30 kVX h?2
+�i?Q/2- i?2 BMM2` �M/ i?2 Qmi2` 2H2+i`Q/2b- �M/ i?2 �MQ/2 �`2 +QMM2+i2/ BM b2`B2b pB� 100MΩ

`2bBbiQ`b iQ 2[m�HHv �TTHv TQi2MiB�H /Bz2`2M+2b #2ir22M M2B;?#Q`BM; 2H2+i`Q/2bX h?2 `2bBbiQ`b
�`2 }t2/ QM i?2 S11E TBHH�` QM i?2 bi`�B;?i b2+iBQM Q7 i?2 2H2+i`Q/2b #v i?2 b�K2 b+`2rb
}tBM; 2H2+i`Q/2b QM i?2 TBHH�`X hQ 2H2+i`B+�HHv +QMM2+i i?2 2H2+i`Q/2b �M/ `2bBbiQ`b- bi�BMH2bb
bi22H b+`2rb �`2 mb2/ BMbi2/ Q7 S11E b+`2rb 7Q` Qi?2` TBHH�`b U6B;X jXNVX
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6B;m`2jXe, S?QiQ;`�T? Q7 i?2 }2H/ +�;2X Ai Bb bmTTQ`i2/ #v i?2 HB/ T�`i Q7 i?2 p2bb2HX � r?Bi2
+vHBM/2` QM i?2 `B;?i bB/2 Bb i?2 >.S1 BMbmH�iQ`X

6B;m`2jXd, a+?2K�iB+ +`Qbb@b2+iBQM�H pB2r Q7 i?2 2H2+i`Q/2b }t2/ QM i?2 S11E TBHH�`X

.m2 iQ i?2 HBKBi�iBQM Q7 i?2 +�i?Q/2 ?B;? pQHi�;2 bmTTHv- i?2 MmK#2` Q7 BMbi�HH2/ 2H2+i`Q/2b
i?Bb iBK2 Bb MBM2 7Q` i?2 BMM2` �M/ MBM2 7Q` i?2 Qmi2`X >2M+2 i?2 H2M;i? #2ir22M i?2 +�i?Q/2
K2b? 2H2+i`Q/2 �M/ i?2 �MQ/2 TH�M2- i?2 /`B7i H2M;i?- Bb 18 cm- r?B+? r�b 10 cm #27Q`2 i?Bb
mT;`�/2X
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6B;m`2jX3, a+?2K�iB+ BHHmbi`�iBQM Q7 i?2 TQbbB#H2 /Bb+?�`;2 QM i?2 QmibB/2 TBHH�`X h?2 #Hm2
�``Qrb b?Qr i?2 T�i? Q7 i?2 /Bb+?�`;2X oB2r 7`QK i?2 /`B7i /B`2+iBQMX

6B;m`2jXN, S?QiQ;`�T? Q7 i?2 `2bBbiQ` +?�BM /BpB/BM; i?2 ?B;? pQHi�;2X

jX9 *QKKBbbBQMBM; Q7 i?2 }2H/ +�;2
.m`BM; i?2 }`bi +QKKBbbBQMBM; Q7 i?2 �bb2K#H2/ }2H/ +�;2 BM t2MQM ;�b- 7`2[m2Mi /Bb+?�`;2b

Q++m``2/X h?2 }2H/ +�;2 r�b 2t�KBM2/ iQ B/2MiB7v i?2 HQ+�iBQM Q7 i?2 /Bb+?�`;2b 7`QK i?2B`
i`�+2bX h?2`2 r�b � HQM; i`�+2 Q7 /Bb+?�`;2 QM i?2 bm`7�+2 Q7 i?2 bBHB+QM2 `m##2` +Q�iBM; Q7
i?2 ?B;? pQHi�;2 722/BM; +�#H2 U6B;X jXRy�VX h?2`2 r2`2 �HbQ #m`M i`�+2b QM #Qi? bB/2b �i i?2
+�i?Q/2 bB/2 Q7 i?2 S11E TBHH�` �i i?2 bi`�B;?i b2+iBQMX h?2v `�M #2ir22M i?2 bi�BMH2bb bi22H
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U�V U#V

6B;m`2jXRy, h`�+2 Q7 i?2 /Bb+?�`;2 7QmM/ BM i?2 BMbT2+iBQMX PM i?2 ?B;? pQHi�;2 722/BM; rB`2
U�V �M/ QM i?2 S11E TBHH�` �i i?2 bi`�B;?i b2+iBQM Q7 i?2 #�M/ 2H2+i`Q/2 U#VX

6B;m`2jXRR, AM72``2/ K2+?�MBbK Q7 i?2 /Bb+?�`;2b Q++m``2/ BM i?2 ?B;? pQHi�;2 �TTHvBM; i2biX
S�i?b Q7 i?2 /Bb+?�`;2b �`2 b?QrM #v i?2 #Hm2 �``QrbX

b+`2rb ?QH/BM; i?2 2H2+i`Q/2b �M/ `2bBbiQ`b U6B;X jXRy#VX
"�b2/ QM i?2b2 i`�+2b- r2 +QMbB/2` i?�i /Bb+?�`;2b ?�p2 Q++m``2/ �b BHHmbi`�i2/ BM 6B;X jXRRX

6B`bi- i?2 ?B;? pQHi�;2 722/BM; +�#H2 r�b b�;;BM; �M/ iQm+?BM; i?2 BMM2` 2H2+i`Q/2 +HQb2bi iQ
i?2 +�i?Q/2 �M/ i?2 bi�BMH2bb bi22H 7`�K2 ?QH/BM; i?2 1G**X h?mb � /Bb+?�`;2 QM i?2 +�#H2
bm`7�+2 Q++m``2/ #2ir22M i?2 BMM2` 2H2+i`Q/2 �M/ i?2 7`�K2X h?2M- #2+�mb2 i?2 }`bi /Bb+?�`;2
HQr2`2/ i?2 TQi2MiB�H Q7 i?2 BMM2` 2H2+i`Q/2 +QMi�+i2/ #v i?2 +�#H2- i?2 TQi2MiB�H /Bz2`2M+2
#2ir22M Bi �M/ i?2 mTT2` �M/ i?2 HQr2` Qmi2` 2H2+i`Q/2b BM+`2�b2/- +�mbBM; /Bb+?�`;2b #2ir22M
i?2 b+`2rbX

hQ bmTT`2bb i?2b2 /Bb+?�`;2b- i?2 7QHHQrBM; +QmMi2`K2�bm`2b r2`2 i�F2MX � DB; r�b BMbi�HH2/
iQ bmTTQ`i i?2 ?B;? pQHi�;2 722/BM; +�#H2 bQ i?�i i?2 +�#H2 Bb HB;?iHv i2MbBQM2/ �M/ /Q2b
MQi iQm+? i?2 2H2+i`Q/2b U�b b?QrM BM 6B;X jXeVX h?2 +�#H2 r�b r`�TT2/ #v 125µm i?B+F
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6B;m`2jXRk, amKK�`v BHHmbi`�iBQM Q7 i?2 +QmMi2`K2�bm`2b i�F2M iQ bmTT`2bb /Bb+?�`;2bX

6B;m`2jXRj, .B�;`�K Q7 i?2 ?B;? pQHi�;2 bmTTHvBM; bvbi2KX

TQHvBKB/2 }HKb iQ T`2p2Mi /B`2+i +QMi�+i �i TQBMib M2�` i?2 7`�K2 �M/ 2H2+i`Q/2b r?2`2 i?2`2
Bb � TQbbB#BHBiv Q7 +QMi�+iX h?2 bi�BMH2bb bi22H b+`2rb r?B+? }t i?2 2H2+i`Q/2b �M/ i?2 `2bBbiQ`
+?�BM r2`2 r`�TT2/ #v 50µm i?B+F TQHvBKB/2 }HKb iQ +QM+2�H i?2 b+`2r i?`2�/bX h?2b2
+QmMi2`K2�bm`2b �`2 BHHmbi`�i2/ BM 6B;X jXRkX qBi? i?2b2 +QmMi2`K2�bm`2b- i?2 `�i2 Q7 /Bb+?�`;2
r�b `2/m+2/- �M/ i?2 `2K�BMBM; /Bb+?�`;2b #2+�K2 MQi /2bi`m+iBp2X >2M+2 Bi #2+�K2 TQbbB#H2
iQ +QM/m+i � K2�bm`2K2MiX

jX8 AMi2`HQ+F bvbi2K 7Q` /Bb+?�`;2b
6B;m`2 jXRj b?Qrb i?2 /B�;`�K Q7 i?2 +�i?Q/2 �M/ �MQ/2 ?B;? pQHi�;2 bmTTHvBM; bvbi2KX

1�+? ?B;? pQHi�;2 bmTTHv ?�b � HQ�/ `2bBbiQ` �M/ T`Qi2+iBQM /BQ/2 iQ T`2p2Mi Bi 7`QK #2BM;
/�K�;2/ #v `2p2`b2 +m``2MiX h?2 QmiTmi +m``2Mib �`2 ?2M+2 34µA 7Q` i?2 +�i?Q/2 �M/ 52µA
7Q` i?2 �MQ/2 BM +�b2 Q7 i?2 QT2`�iBQM rBi? i?2 1G }2H/ Q7 3 kV/cm/bar �M/ i?2 /`B7i }2H/ Q7
100V/cm/barX
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h?2 BMi2`HQ+F bvbi2K Bb BKTH2K2Mi2/ 7Q` 2�+? ?B;? pQHi�;2 bmTTHv bQ i?�i i?2 bmTTHv Q7
pQHi�;2 +�M #2 +mi Qz BKK2/B�i2Hv iQ biQT i?2 /Bb+?�`;2b r?2M i?2v Q++m`X h?2 BMi2`HQ+F
bvbi2Kb KQMBiQ` i?2 QmiTmi +m``2Mi Q7 2�+? ?B;? pQHi�;2 bmTTHv r?B+? `�TB/Hv BM+`2�b2b BM
+�b2 Q7 /Bb+?�`;2bX h?2 BMi2`HQ+F bvbi2K Bb `2�HBx2/ #v � /�i� HQ;;2` U:`�T?i2+- :G3kyVX h?2
�M�HQ; QmiTmib T`QTQ`iBQM�H iQ i?2 QmiTmi +m``2Mi Q7 i?2 ?B;? pQHi�;2 bmTTHv �`2 BMTmi iQ i?2
/�i� HQ;;2`- �M/ i?2 5V �H�`K QmiTmib Q7 i?2 /�i� HQ;;2` KQMBiQ`BM; i?2 QmiTmi +m``2Mi �`2
BMTmi iQ i?2 TQr2` +QMi`QH Q7 i?2 ?B;? pQHi�;2 bmTTHB2b r?B+? +mi i?2 TQr2` iQ i?2 ?B;? pQHi�;2
bmTTHB2b r?2M 5V bB;M�H Bb BMTmiX h?2 i?`2b?QH/ 7Q` i?2 �H�`K QmiTmi Bb b2i �i 300µA 7Q` i?2
+�i?Q/2 �M/ 450µA 7Q` i?2 �MQ/2 `2bT2+iBp2HvX

�MQi?2` QTiBQM 7Q` i?2 BMi2`HQ+F 7Q` /Bb+?�`;2b Bb iQ KQMBiQ` i?2 `�i2 Q7 bB;M�Hb 7`QK SJhb-
BX2X- KQMBiQ`BM; i?2 7`2[m2Mi 2KBbbBQM Q7 HB;?i /m2 iQ /Bb+?�`;2bX h?2 SJh QmiTmi Bb BMTmi
iQ � LAJ /Bb+`BKBM�iQ`X h?2 QmiTmi Q7 i?2 /Bb+`BKBM�iQ` Bb +QMp2`i2/ iQ hhG TmHb2b #v �
H2p2H +QMp2`i2`- �M/ i?2 hhG TmHb2 Bb +QmMi2/ #v � /B;Bi�H TmHb2 +QmMi2`X h?2 TmHb2 +QmMi2`
QmiTmib �M�HQ; pQHi�;2 U0V iQ 10VV T`QTQ`iBQM�H iQ i?2 +QmMi2/ TmHb2 7`2[m2M+vX h?2 QmiTmi
pQHi�;2 Bb BMTmi iQ i?2 /�i� HQ;;2` �M/ �MQi?2` �H�`K QmiTmi Bb }`2/ r?2M i?2 TmHb2 7`2[m2M+v
2t+22/b 1000HzX h?Bb QTiBQM r�b �HbQ BKTH2K2Mi2/ #mi MQi mb2/ #2+�mb2 Bi Bb MQi TQbbB#H2 iQ
/BbiBM;mBb? #2ir22M /Bb+?�`;2b �i i?2 �MQ/2 bB/2 �M/ i?2 +�i?Q/2 bB/2X

�7i2` i?2 ?B;? pQHi�;2 Bb +mi Qz #v i?2 BMi2`HQ+F- i?2 pQHi�;2 b2iiBM; Bb bHB;?iHv HQr2`2/ �M/
`2@�TTHB2/- �M/ i?2M i?2 pQHi�;2 Bb ;`�/m�HHv `2biQ`2/ K�Mm�HHvX
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�9�

PT2`�iBQM Q7 i?2 R3y G T`QiQivT2
/2i2+iQ`

hQ 2p�Hm�i2 i?2 T2`7Q`K�M+2 Q7 i?2 �s1G /2i2+iQ` �i i?2 2M2`;v �`QmM/ i?2 Z p�Hm2 Q7
136Xe 0νββ- K2�bm`2K2Mib rBi? i?2 mT;`�/2/ 180L T`QiQivT2 /2i2+iQ` r2`2 +QM/m+i2/X AM
i?Bb +?�Ti2`- T`2T�`�iBQM- i?2 +QM/BiBQM- �M/ i?2 T`Q+2/m`2 Q7 i?2 K2�bm`2K2Mi �`2 /2b+`B#2/X

9XR 1p�+m�iBQM Q7 i?2 p2bb2H �M/ BMi`Q/m+iBQM �M/ Tm`B}+�iBQM Q7
t2MQM ;�b

"27Q`2 BMi`Q/m+BM; t2MQM ;�b BMiQ i?2 p2bb2H- �M 2p�+m�iBQM Q7 i?2 �B` BM i?2 T`2bbm`2 p2bb2H
Bb M22/2/X h?2 2p�+m�iBQM r�b /QM2 #v i?2 p�+mmK TmKT mMBi /2b+`B#2/ BM a2+X kXjXdX h?2
p2bb2H r�b Tm`;2/ rBi? 1 bar Q7 �`;QM ;�b iQ bi`BF2 Qmi i?2 `2K�BMBM; ;�b KQH2+mH2b QM i?2
bm`7�+2 Q7 i?2 /2i2+iQ` +QKTQM2Mib QM+2 QM2 /�v �7i2` �M/ �MQi?2` QM2 r22F �7i2` i?2 bi�`i Q7
i?2 2p�+m�iBQMX �7i2` i?2 b2+QM/ �`;QM Tm`;2- i?2 2p�+m�iBQM r�b +QM/m+i2/ 7Q` �MQi?2` QM2
r22FX h?2 `2�+?2/ p�+mmK H2p2H r�b K2�bm`2/ #v � +QH/ +�i?Q/2 ;�m;2 U.A�o�*- *@9�V-
�M/ i?2 Qmi;�bbBM; `�i2 r�b K2�bm`2/ #v � SB`�MB ;�m;2 U.A�o�*- Sa:@RV rBi? i?2 p�+mmK
2M+�TbmH�iBQM K2i?Q/- BX2X- � i2+?MB[m2 K2�bm`BM; i?2 iBK2 BM+`2�b2 BM T`2bbm`2 #v +HQbBM; i?2
p2bb2H �7i2` �M 2p�+m�iBQMX h?2 p�+mmK H2p2H `2�+?2/ 3.9× 10−2 Pa �M/ i?2 Qmi;�bbBM; `�i2
r�b 1.23× 10−4 Pam3/sX 6B;m`2 9XR b?Qrb i?2 i`2M/ Q7 i?2 Qmi;�bbBM; `�i2 �7i2` i?2 b2+QM/
�`;QM Tm`;2X h?Bb Qmi;�bbBM; `�i2 +Q``2bTQM/b iQ 77.7 ppm/day Q7 BKTm`Biv 7Q` 7.6 bar �M/
180L t2MQM ;�bX h?Bb Qmi;�bbBM; `�i2 Bb MQi bm{+B2MiHv HQr- ?Qr2p2`- bBM+2 Bi rQmH/ i�F2
irQ Q` KQ`2 r22Fb iQ HQr2` Bi #v �M Q`/2` Q7 K�;MBim/2- �M/ bBM+2 Bi +�M #2 /2�Hi rBi? #v
Tm`B}+�iBQM- 2p�+m�iBQM r�b i2`KBM�i2/ ?2`2X

�7i2` i?2 2p�+m�iBQM- 7.6 bar Q7 M�im`�H t2MQM ;�b r�b }HH2/- �M/ i?2 ;�b r�b +B`+mH�i2/ rBi?
� ~Qr Q7 5NL/min �M/ Tm`B}2/ #v i?2 KQH2+mH�` bB2p2 �M/ i?2 ;2ii2` /2b+`B#2/ BM a2+X kXjXd
U6B;X kXR8VX h?2 T2`7Q`K�M+2 Q7 KQH2+mH�` bB2p2b /2i2`BQ`�i2b rBi? +QMiBMm2/ mb2 /m2 iQ i?2
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6B;m`29XR, h`2M/ Q7 i?2 Qmi;�bbBM; `�i2 �7i2` i?2 b2+QM/ �`;QM Tm`;2X

�/bQ`TiBQM Q7 BKTm`BiB2bX h?Bb +�M #2 `2+Qp2`2/ #v #�FBM;X 6B;m`2 9Xk b?Qrb i?2 +?�M;2 BM
i?2 Tm`B}+�iBQM +�T�+Biv Q7 i?2 KQH2+mH�` bB2p2 #27Q`2 �M/ �7i2` #�FBM; �i 120 ◦C 7Q` e /�vbX
�HbQ i?Bb iBK2- #�FBM; r�b T2`7Q`K2/ #27Q`2 i?2 bi�`i Q7 Tm`B}+�iBQMX

"27Q`2 bi�`iBM; i?2 K2�bm`2K2Mi- i?`22 r22Fb Q7 Tm`B}+�iBQM i2`K r�b i�F2M r?BH2 KQMBiQ`@
BM; i?2 BKT`Qp2K2Mi Q7 i?2 /2r TQBMi �M/ 1G@HB;?i vB2H/X h?2 BKT`Qp2K2Mi Q7 i?2 Tm`Biv BM
i2`Kb Q7 i?2 r�i2` +QM+2Mi`�iBQM /m`BM; i?2 Tm`B}+�iBQM Bb b?QrM BM 6B;X 9XjX h?2 K2�bm`2@
K2Mi r�b bi�`i2/ r?2M i?2 r�i2` +QM+2Mi`�iBQM +�H+mH�i2/ 7`QK i?2 /2r TQBMi +QMp2`;2/ iQ
�#Qmi 0.1 ppmX

9Xk J2�bm`2K2Mi +QM/BiBQM
h?2 BMi2MbBiv Q7 i?2 1G �M/ /`B7i 2H2+i`B+ }2H/b r2`2 b2i iQ #2 2.5 kV/cm/bar �M/

83.3V/cm/bar- `2bT2+iBp2HvX h?2b2 �`2 HQr2` i?�M i?2 /2bB;M p�Hm2b Q7 3 kV/cm/bar �M/
100V/cm/barX h?Bb Bb #2+�mb2 7`2[m2Mi /Bb+?�`;2b biBH Q++m``2/ �i 1G** �i i?2 /2bB;M p�Hm2X
h?2 /Bb+?�`;2b r2`2 i?Qm;?i iQ Q++m` i?`Qm;? i?2 #QmM/�`v Q7 i?2 1G** +Qp2`- �+`Qbb i?2
bm`7�+2 Q7 i?2 TQHvBKB/2 b?22i- �M/ /QrM i?2 BMM2` bB/2 Q7 i?2 +2HH iQ i?2 K2b?- �i i?2 TQBMi
r?2`2 i?2 #QmM/�`v Q7 i?2 1G** +Qp2` �M/ i?2 +2HH ?QH2 �`2 +HQb2X h?2 `�iBQ #2ir22M i?2
1G �M/ /`B7i }2H/ BMi2MbBiv r�b F2Ti iQ #2 jy,R iQ K�BMi�BM 100% +QHH2+iBQM 2{+B2M+v Q7
BQMBx�iBQM 2H2+i`QMb BMiQ i?2 1G** +2HHbX h?2 �TTHB2/ ?B;? pQHi�;2b r2`2 ?2M+2 −9.5 kV 7Q`
i?2 �MQ/2 �M/ −20.9 kV 7Q` i?2 +�i?Q/2 Ua22 6B;bX kXR �M/ kXk 7Q` i?2 TQbBiBQMb Q7 i?2 �MQ/2
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6B;m`29Xk, *?�M;2 BM i?2 Tm`B}+�iBQM +�T�+Biv Q7 i?2 KQH2+mH�` bB2p2 #v #�FBM;X h?2 `2/
U#Hm2V HBM2 +Q``2bTQM/b iQ #27Q`2 U�7i2`V i?2 #�FBM;X
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6B;m`29Xj, AKT`Qp2K2Mi Q7 i?2 r�i2` +QM+2Mi`�iBQM /m`BM; i?2 Tm`B}+�iBQM T2`BQ/X

�M/ i?2 +�i?Q/2 2H2+i`Q/2bVX h?2 K2�bm`2K2Mi +QM/BiBQMb �`2 bmKK�`Bx2/ BM h�#H2 9XRX �i
i?2b2 +QM/BiBQMb- /Bb+?�`;2b ?�TT2M2/ QM+2 T2` b2p2`�H ?Qm`b QM #Qi? i?2 �MQ/2 �M/ +�i?Q/2X
q?2M � /Bb+?�`;2 Q++m`b- i?2 BMi2`HQ+F bvbi2K Ua2+X jX8V /2i2+ib Bi �M/ +mib Qz i?2 ?B;?
pQHi�;2bX

6Q` i?Bb K2�bm`2K2Mi- irQ FBM/b Q7 ;�KK�@`�v bQm`+2b r2`2 mb2/X PM2 Bb �M 88Y bQm`+2-
r?B+? K�BMHv 2KBib ;�KK� `�vb Q7 898.0 keV �M/ 1836 keVX h?2 BMi2MbBiv Q7 i?2 bQm`+2 r�b

88



h�#H29XR, amKK�`v Q7 i?2 K2�bm`2K2Mi +QM/BiBQMbX

:�b L�im`�H t2MQM
S`2bbm`2 (7.6± 0.1) bar

�MQ/2 pQHi�;2 (−9.50± 0.02) kV

*�i?Q/2 pQHi�;2 (−20.90± 0.02) kV

1G }2H/ (2.50± 0.05) kV/cm/bar

.`B7i }2H/ (83.3± 0.2)V/cm/bar

:�b i2KT2`�im`2 28 ◦C Ĝ 32 ◦C

q�i2` +QM+2Mi`�iBQM 0.08 ppm Ĝ 0.14 ppm

9kBqX �MQi?2` QM2 Bb � b2i Q7 i?Q`B�i2/ imM;bi2M `Q/bX h?2v �`2 +QKK2`+B�H T`Q/m+ib 7Q`
r2H/BM; �M/ BM+Hm/2 2% Q7 i?Q`BmK #v K�bbX h?mb i?2v +�M #2 mb2/ �b � bQm`+2 Q7 i?Q`BmK
b2`B2b `�/B�iBQMb BM+Hm/BM; 2615 keV ;�KK� `�vb 7`QK 208TlX h?2 �KQmMi Q7 mb2/ i?Q`B�i2/
imM;bi2M `Q/b r�b 1 kg- `2bmHiBM; BM 80 kBqX h?2 bQm`+2 r�b b2i QM i?2 QmibB/2 bm`7�+2 Q7 i?2
p2bb2H /m`BM; i?2 K2�bm`2K2MiX

9Xj .�i� i�FBM;
.�i� r2`2 i�F2M 7Q` }p2 /�vb 7Q` 88Y �M/ QM2 /�v 7Q` i?Q`B�i2/ imM;bi2M `Q/b BM CmM2

kykk rBi? BMi2`p�Hb 7Q` +QKKBbbBQMBM; �M/ /�i� +?2+FBM;X h?2 /�i� i�FBM; rBi? i?2 i?Q`B�i2/
imM;bi2M `Q/b r�b i2`KBM�i2/ /m2 iQ i?2 7�mHi Q7 i?2 +B`+mH�iBQM TmKTX h?2 �MQ/2 �M/ +�i?Q/2
pQHi�;2b- ;�b T`2bbm`2- ;�b i2KT2`�im`2- r�i2` +QM+2Mi`�iBQM- 2i+X r2`2 KQMBiQ`2/ /m`BM;
i?2 /�i� i�FBM;X 6B;m`2 9X9 b?Qrb i?2 i`2M/b Q7 BKTQ`i�Mi KQMBiQ` p�Hm2bX h?2 t2MQM ;�b
T`2bbm`2 r�b bi�#H2 �i 7.6 bar rBi?BM `Qm;?Hv 0.1 barX h?2 ;�b i2KT2`�im`2 r�b BM �HKQbi `BbBM;
i`2M/ 7`QK 28 ◦C iQ 32 ◦CX h?Bb Bb i?Qm;?i iQ #2 +�mb2/ #v ?2�i BM~Qr 7`QK i?2 +B`+mH�iBQM
TmKT U∼ 60 ◦CVX h?2 r�i2` +QM+2Mi`�iBQM- �b �M BM/B+�iQ` BM+Hm/BM; Qi?2` BKTm`BiB2b- `�M;2/
#2ir22M 0.08 ppm �M/ 0.14 ppmX

hQ b2H2+i 7mHHv +QMi�BM2/ 2p2Mib- i?2 Qmi2`KQbi Ny +?�MM2Hb Qmi Q7 edk +?�MM2Hb Q7 1G**
r2`2 �bbB;M2/ iQ i?2 p2iQ +?�MM2HbX h?2`2 r�b QM2 +?�MM2H rBi? � ?B;? /�`F +m``2Mi �M/ QM2
/2�/ +?�MM2HX h?2 ?B;? /�`F@+m``2Mi +?�MM2H �M/ bBt +?�MM2Hb �`QmM/ i?2 /2�/ +?�MM2H r2`2
�HbQ �//2/ iQ i?2 p2iQ +?�MM2Hb Ua22 6B;X 9X8VX

h?2 i?`2b?QH/ Q7 i?2 }/m+B�H i`B;;2` Ua2+X kXjXeV r�b b2i 7Q` i?2 KQpBM; �p2`�;2 Q7 i?2 bmK
r�p27Q`K 7Q` Ny b�KTHBM;b U18µsV iQ #2 ∼ 1500 �.* +QmMib Qp2` i?2 #�b2HBM2- +Q``2bTQM/BM;
�`QmM/ 400 keVX h?2 i?`2b?QH/ Q7 i?2 r?QH2 i`B;;2` Ua2+X kXjXeV r�b b2i 7Q` i?2 bmK r�p27Q`K
iQ #2 ∼ 15 �.* +QmMib Qp2` i?2 #�b2HBM2- bm{+B2MiHv HQr iQ i�FBM; Kα s@`�vbX h?2 T`2b+�H2
7�+iQ` 7Q` i?2 r?QH2 i`B;;2` r�b b2i iQ #2 Rf8yX

8e



6B;m`29X9, h`2M/ Q7 i?2 KQMBiQ` /�i�X h?2 mTT2` T�M2H Bb 7Q` ;�b +QM/BiBQMb- �M/ i?2 HQr2`
T�M2H Bb 7Q` ?B;? pQHi�;2bX h?2 ;`�v@b?�/2/ �`2�b �`2 /�i�@i�FBM; T2`BQ/bX h?2 /`QT BM i?2
�MQ/2 pQHi�;2 +Q``2bTQM/b iQ /Bb+?�`;2b Q` K�Mm�H QzX

�b /2b+`B#2/ BM i?2 a2+X kXjXe- /�i� �+[mBbBiBQM Q7 i?2 SJh bB;M�H Bb i`B;;2`2/ #v i?2 b2M/@
?2�/2` bB;M�H 7`QK >lGX h?2 r�p27Q`K `2+Q`/BM; rBM/Qr Bb b2i iQ 600µs- �M/ i?2 T`2@i`B;;2`
`2;BQM Bb 95% Q7 i?2 rBM/Qr bQ i?�i i?2 iBKBM; Q7 T`BK�`v b+BMiBHH�iBQM Bb +2`i�BMHv BM+Hm/2/
BM i?2 rBM/QrX

h?2 MmK#2` Q7 iQi�H �+[mB`2/ 2p2Mib Bb 1 145 761 7Q` i?2 88Y `mM �M/ 869 422 7Q` i?2 i?Q`B�i2/
imM;bi2M `Q/ `mMX h?2 r?QH2 /�i�b2i r�b mb2/ iQ 2p�Hm�i2 i?2 /2i2+iQ` T2`7Q`K�M+2X

8d



6B;m`29X8, *QM};m`�iBQM Q7 p2iQ +?�MM2HbX h?2 #Hm2@b?�/2/ +?�MM2Hb r2`2 �bbB;M2/ iQ p2iQX
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�8�

�M�HvbBb

h?2 bB;M�H ;2M2`�iBQM T`Q+2bb Q7 i?2 �s1G /2i2+iQ` Bb BHHmbi`�i2/ BM 6B;X 8XRX h?2 1G**
/2i2+ib i?2 BQMBx�iBQM 2H2+i`QMb i?`Qm;? i?2 1G T`Q+2bbX h?2 1G T?QiQMb �`2 /2i2+i2/ #v i?2
JSS*b- bQ i?2 2M2`;v /2TQbBi Bb /2`Bp2/ 7`QK i?2 JSS* QmiTmiX .2}MBM; i?2 /`B7i /B`2+iBQM
�b i?2 z@�tBb- i?2 bT�iB�H T�ii2`M Q7 i?2 2M2`;v /2TQbBi Bb `2+QMbi`m+i2/ 7`QK i?2 ?Bi T�ii2`M
BM 2�+? +?�MM2H Uxy@/B`2+iBQMV �M/ i?2 iBKBM; BM7Q`K�iBQM Uz@/B`2+iBQMVX h?2 SJhb /2i2+i

6B;m`28XR, a+?2K�iB+ BHHmbi`�iBQM Q7 bB;M�H ;2M2`�iBQMX h?2 T`BK�`v b+BMiBHH�iBQM Q++m`b �M/ Bb
/2i2+i2/ #v SJhbX �7i2` i?2 /`B7i Q7 i?2 BQMBx�iBQM 2H2+i`QMb- i?2 1G T`Q+2bb Q++m`b BM i?2
1G** +2HHb �M/ i?2 1G HB;?ib �`2 /2i2+i2/ #Qi? #v i?2 JSS* Q7 2�+? 1G** +2HH �M/ #v i?2
SJhbX

8N
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6B;m`28Xk, hvTB+�H r�p27Q`Kb Q7 i?2 1G** bB;M�HX h?2 r�p27Q`K Q7 2�+? +?�MM2H Bb /`�rM BM
+QHQ`2/ HBM2b rBi? �`#Bi`�`v Qzb2ibX h?2 bmK Q7 i?2 r�p27Q`Kb Bb /`�rM BM i?2 #H�+F HBM2X

#Qi? i?2 T`BK�`v b+BMiBHH�iBQM �M/ 1G HB;?i BM 1G**X h?2 �#bQHmi2 z@TQbBiBQM Q7 i?2 2p2Mi Bb
/2`Bp2/ 7`QK i?2 iBK2 BMi2`p�H Q7 i?2b2 irQ bB;M�Hb /BpB/2/ #v i?2 /`B7i p2HQ+BivX

h?2 �M�HvbBb T`Q+2bb Bb +QKTQb2/ Q7 i?`22 bi2TbX h?2 }`bi Bb i?2 1G** r�p27Q`K �M�HvbBb
Ua2+X 8XRV- r?B+? +QMbBbib Q7 i?2 b2�`+? 7Q` ?Bib- +Hmbi2`BM;- +Q``2+iBQM iQ i?2 MQM@HBM2�`Biv Q7
JSS*b- �M/ +Q``2+iBQM iQ i?2 ;�BM Q7 i?2 1G T`Q+2bb BM 2�+? 1G** +2HHX h?2 b2+QM/ Bb i?2
SJh r�p27Q`K �M�HvbBb Ua2+X 8XkV- r?B+? +QMbBbib Q7 i?2 b2�`+? 7Q` SJh ?Bib- B/2MiB}+�iBQM
Q7 i?2 T`BK�`v b+BMiBHH�iBQM- �M/ K�i+?BM; iQ i?2 1G** 2p2MibX h?2 H�bi bi2T Bb Qp2`�HH +mib
�M/ +Q``2+iBQMb Ua2+X 8XjVX

h?2 b�K2 �M�HvbBb K2i?Q/ r�b mb2/ 7Q` #Qi? i?2 88Y `mM �M/ i?2 i?Q`B�i2/ imM;bi2M `Q/
`mM U?2`2�7i2`- i?Q`BmK `mMV- ?Qr2p2`- i?2 +Q``2+iBQM +Q2{+B2Mib �`2 /Bz2`2Mi 7Q` 2�+? `mMX

8XR 1G** r�p27Q`K �M�HvbBb
6B;m`2 8Xk b?Qrb ivTB+�H r�p27Q`Kb Q7 i?2 1G** bB;M�H- BX2X i?2 JSS* QmiTmiX aBM+2 i?2

BQMBx�iBQM 2H2+i`QMb �`2 bT�iB�HHv /Bbi`B#mi2/- i?2v H2�p2 ?Bib BM KmHiBTH2 +?�MM2HbX "Qi? i?2
r�p27Q`K Q7 2�+? +?�MM2H �M/ i?2 bmKK2/ r�p27Q`K �`2 /2TB+i2/ BM 6B;X 8XkX

ey



8XRXR >Bi b2�`+? �M/ +Hmbi2`BM;

h?2 #�b2HBM2 Q7 i?2 r�p27Q`K Q7 2�+? +?�MM2H Bb +�H+mH�i2/ �b � K2�M Q7 �.* +QmMib Q7 i?2
H�bi kyy b�KTHBM;b U40µsV Q7 i?2 /�i�@i�FBM; rBM/Qr bBM+2 i?2`2 �`2 MQ ?Bib BM i?Bb `2;BQM 7Q`
KQbi Q7 i?2 2p2MibX

>Bib �`2 b2�`+?2/ 7Q` � i?`2b?QH/ Q7 3.5ADC +QmMib �#Qp2 i?2 #�b2HBM2- r?B+? +Q``2bTQM/b
iQ 3.8 photonsf0.2µs 2[mBp�H2MiX h?Bb i?`2b?QH/ Bb /2i2`KBM2/ 7`QK i?2 MQBb2 H2p2H- KQbiHv QM2
�.* +QmMi �M/ Q++�bBQM�HHv irQ �.* +QmMib 7`QK i?2 #�b2HBM2X Ai Bb bm{+B2MiHv HQr iQ /2i2+i
�HH BM+B/2Mi BQMBx�iBQM 2H2+i`QMb bBM+2 i?2 �p2`�;2 MmK#2` Q7 /2i2+i2/ T?QiQMb T2` BQMBx�iBQM
2H2+i`QM Bb RkX8 Ua22 a2+X 8XRXjVX

h?2 `BbBM; 2/;2 �M/ i?2 7�HHBM; 2/;2 Q7 i?2 r�p27Q`K Bb /2}M2/ iQ #2 i?2 `Bb2 iBKBM; �M/ i?2
7�HH iBKBM; Q7 � ?BiX h?2 `Bb2 iBKBM; �M/ i?2 7�HH iBKBM; Q7 � ?Bi �`2 /2}M2/ �b i?2 i?`2b?QH/@
+`QbbBM; iBKBM;X 6`QK i?2 }p2 b�KTHBM;b #27Q`2 i?2 `Bb2 iBKBM; iQ i?2 }p2 b�KTHBM;b �7i2` i?2
7�HH iBKBM;- i?2 �.* +QmMib Q7 i?2 r�p27Q`K �`2 bmKK2/ mT- �M/ i?2 bmK Bb +QMp2`i2/ iQ i?2
T?QiQM +QmMi #v mbBM; i?2 ;�BM Q7 i?2 +?�MM2HǶb JSS*X h?2 ;�BMb �`2 T`2@+�H+mH�i2/ mbBM;
i?2 JSS*Ƕb /�`F +m``2Mi TmHb2b- �b /2b+`B#2/ BM a2+X kXjXjX

� bBM;H2 +Hmbi2` Bb /2}M2/ �b � +QMb2+miBp2 2M2`;v /2TQbBi BM i?`22@/BK2MbBQM�H bT�+2X �b
MQi2/ BM a2+X RX8XR- T?QiQ2H2+i`B+ �#bQ`TiBQM 2p2Mib �`2 ivTB+�HHv bBM;H2@+Hmbi2`2/ �M/ *QKTiQM
b+�ii2`BM; 2p2Mib �`2 ivTB+�HHv KmHiBTH2@+Hmbi2`2/X h?2 ivTB+�H bBx2 Q7 i?2 +Hmbi2` Bb- 7Q` 2t�KTH2
BM i?2 +�b2 Q7 1000 keV +Hmbi2`- ∼ 30 +?�MM2Hb Q7 1G** �M/ ∼ 50µs BM i?2 iBK2 rB/i?X >Bib
i?�i �`2 BM �/D�+2Mi +?�MM2Hb �M/ Qp2`H�TT2/ BM iBK2 �`2 B/2MiB}2/ �b #2HQM;BM; iQ i?2 b�K2
bBM;H2 +Hmbi2`X �HH ?Bib BM �M 2p2Mi �`2 �bbB;M2/ iQ QM2 Q7 i?2 +Hmbi2`b �++Q`/BM; iQ i?Bb r�vX

1p2Mib �`2 `2KQp2/ 7`QK 7m`i?2` �M�HvbBb B7 �.*b Qp2`~Qr- i?2 `Bb2 iBKBM; Bb H2bb i?�M
ky b�KTHBM;b U4µsV Q` i?2 7�HH iBKBM; Bb Qp2` Rjyy b�KTHBM;b U260µsV- iQ 2Mbm`2 i?2 2MiB`2
?Bi Bb +QMi�BM2/ rBi?BM i?2 /�i�@i�FBM; rBM/Qr UR8yy b�KTHBM;b- 300µsV- �M/ i?2 ?Bi Bb MQi
Qp2`H�TT2/ BM i?2 `2;BQM 7Q` #�b2HBM2 +�H+mH�iBQMX

8XRXk JSS* MQM@HBM2�`Biv +Q``2+iBQM

�b /2b+`B#2/ BM a2+X kXjXj- JSS*b ?�p2 � MQM@HBM2�` QmiTmi 7Q` ?B;? BM+B/2Mi HB;?i BMi2MbBivX
hQ �+[mB`2 i?2 BM+B/2Mi MmK#2` Q7 T?QiQMb �M/ Q#i�BM #2ii2` 2M2`;v `2bQHmiBQM- i?Bb MQM@
HBM2�`Biv ?�b iQ #2 +Q``2+i2/X h?2 +Q``2+iBQM Bb /QM2 #v i?2 7QHHQrBM; 2[m�iBQM,

Ncorrected =
Nobserved

1− τ
∆t·Npixel

Nobserved
, U8XRV

r?2`2 Nobserved �M/ Ncorrected �`2 i?2 T?QiQM +QmMib #27Q`2 �M/ �7i2` i?2 +Q``2+iBQM `2bT2+@
iBp2Hv- τ Bb i?2 `2+Qp2`v iBK2- ∆t Bb i?2 iBK2 rB/i? �TTHvBM; i?Bb +Q``2+iBQM- 200 ns BM i?Bb

eR
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6B;m`28Xj, .Bbi`B#miBQM Q7 i?2 K2�bm`2/ `2+Qp2`v iBK2b Q7 JSS*b U�V �M/ i?2B` K2�bm`2K2Mi
2``Q`b U#VX

�M�HvbBb +Q``2bTQM/BM; iQ i?2 b�KTHBM; bT22/ Q7 i?2 61"b- �M/ Npixel = 3600- i?2 MmK#2` Q7
TBt2HbX h?Bb Bb i?2 7Q`K BM r?B+? 1[X kXk Bb bQHp2/ 7Q` NtrueX

h?2 `2+Qp2`v iBK2b Q7 2�+? JSS* r2`2 K2�bm`2/ BM �/p�M+2 #v K2�bm`BM; i?2 `2bTQMb2b iQ
i?2 ?B;?@BMi2MbBiv G1. HB;?iX hQ KQMBiQ` i?2 i`m2 MmK#2` Q7 T?QiQMb BM+B/2Mi iQ JSS*b- QM2
JSS* rBi? � 8W@L. }Hi2` �ii�+?2/ r�b mb2/ �b � `272`2M+2X 6B;m`2 8Xj� b?Qrb i?2 /Bbi`B#miBQM
Q7 i?2 K2�bm`2/ `2+Qp2`v iBK2b �M/ 6B;X 8Xj# Bb i?2 /Bbi`B#miBQM Q7 i?2B` K2�bm`2K2Mi 2``Q`bX
h?2 K2�M Q7 i?2 K2�bm`2/ `2+Qp2`v iBK2b Bb 73.4 ns- �M/ i?2 K2�M Q7 i?2 K2�bm`2K2Mi 2``Q`
Bb 0.53 nsX

8XRXj 1G ;�BM +Q``2+iBQM

h?2 ;�BM Q7 i?2 1G T`Q+2bb BM 2�+? 1G** +2HH U?2`2�7i2`- 1G ;�BMV Bb /2}M2/ �b i?2 K2�M Q7
/2i2+i2/ T?QiQM +QmMi r?2M QM2 BQMBx�iBQM 2H2+i`QM 2Mi2`b i?2 +2HHX h?2 1G ;�BMb �`2 /Bz2`2Mi
+?�MM2H #v +?�MM2H /m2 iQ /BK2MbBQM�H /Bz2`2M+2b #v K�+?BMBM; �++m`�+v- /Bz2`2M+2b BM i?2
T?QiQM /2i2+iBQM 2{+B2M+v Q7 JSS*b- �M/ bQ QMX h?2 /Bbi`B#miBQM Q7 i?2 1G ;�BMb Bb b?QrM
BM 6B;X 8X9�X h?mb- 2�+? bB;M�H b?QmH/ #2 +Q``2+i2/ mbBM; Bib ;�BM `2H�iBp2 iQ i?2 K2�M Qp2`
+?�MM2Hb iQ Q#i�BM #2ii2` 2M2`;v `2bQHmiBQMX

h?2 +Q``2+iBQM 7�+iQ`b �`2 /2i2`KBM2/ #v mbBM; i?2 T2�F Q7 Kα +?�`�+i2`BbiB+ s@`�vb BM i?2
T?QiQM +QmMi bT2+i`�X h?2 Kα s@`�v bB;M�H bT`2�/b Qp2` b2p2`�H +?�MM2Hb /m2 iQ /BzmbBQM-
bQ T?QiQM +QmMi bT2+i`mK Q7 i?2 +Hmbi2`b BM r?B+? i?2 i�`;2i +?�MM2H ?�b i?2 ?B;?2bi T?QiQM
+QmMib Bb mb2/X h?2 +Q``2+iBQM 7�+iQ` 7Q` i?2 i�`;2i +?�MM2H Bb /2`Bp2/ 7`QK i?2 `�iBQ Q7 i?2
Kα T2�F Q7 i?Bb bT2+i`mK iQ i?�i Q7 i?2 bT2+i`mK #v i?2 r?QH2 +?�MM2HbX h?`Qm;?Qmi i?Bb
T`Q+2/m`2- i?2 +Q``2+iBQM 7�+iQ`b Q7 i?2 �/D�+2Mi +?�MM2Hb �z2+i i?2 /2i2`KBM�iBQM Q7 i?2
+Q``2+iBQM 7�+iQ` Q7 i?2 +?�MM2HX >2M+2 i?Bb T`Q+2/m`2 Bb �TTHB2/ iQ �HH +?�MM2Hb �M/ Bi2`�i2/
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U#V

6B;m`28X9, .Bbi`B#miBQM Q7 i?2 1G ;�BMb #27Q`2 U�V �M/ �7i2` U#V i?2 +Q``2+iBQM 7Q` i?2 +?�MM2Hb
Qi?2` i?�M i?2 p2iQ +?�MM2HbX

KmHiBTH2 iBK2b mMiBH i?2 7�+iQ`b +QMp2`;2, BM i?Bb �M�HvbBb- bBt iBK2bX h?2 /Bbi`B#miBQM Q7 i?2
1G ;�BMb �7i2` bBt iBK2b Q7 +Q``2+iBQMb Bb b?QrM BM 6B;X 8X9#X h?2 K2�M Q7 i?2 1G ;�BMb Bb
RkXe T?QiQMf2H2+i`QM 7Q` i?Bb K2�bm`2K2MiX h?Bb Bb bHB;?iHv ?B;?2` i?�M i?2 1G ;�BM 2tT2+i2/
#v bBKmH�iBQM Ua22 6B;X kXe#VX h?Bb Bb +QMbB/2`2/ iQ #2 #2+�mb2 Q7 i?2 mM+2`i�BMiB2b BM i?2
bBKmH�iBQM +QM/BiBQMb- 7Q` 2t�KTH2- i?2 `2~2+i�M+2 Q7 i?2 Sh61X

8Xk SJh r�p27Q`K �M�HvbBb
6B;m`2 8X8 b?Qrb ivTB+�H bB;M�H r�p27Q`Kb Q7 i?2 SJhbX o2`v M�``Qr ?Bib +QBM+B/BM; BM

irQ SJhb �M/ T`2+2/BM; i?2 1G bB;M�Hb �`2 i?2 T`BK�`v b+BMiBHH�iBQM T?QiQM +�M/B/�i2bX AM
�//BiBQM iQ i?2 SJh r�p27Q`Kb- i?2 b2M/@i`B;;2` bB;M�H 7`QK >lG Bb �HbQ `2+Q`/2/ BM QM2
+?�MM2H 7Q` iBKBM; K�i+?BM; #2ir22M i?2 1G** bB;M�Hb- �b MQi2/ BM a2+X 9XjX

8XkXR >Bi b2�`+? �M/ B/2MiB}+�iBQM Q7 ?Bib #v i?2 T`BK�`v b+BMiBHH�iBQM

h?2 #�b2HBM2 Q7 i?2 r�p27Q`K Q7 2�+? +?�MM2H Bb +�H+mH�i2/ �b � K2�M Q7 �.* +QmMib Q7
i?2 }`bi Ryyy b�KTHBM;b U10µsV Q7 i?2 /�i�@i�FBM; rBM/Qr bBM+2 i?2`2 �`2 MQ ?Bib BM i?Bb
`2;BQM 7Q` KQbi Q7 i?2 2p2MibX h?2 ?Bi i?`2b?QH/ Bb b2i �i kyy �.* +QmMib #2HQr i?2 #�b2HBM2X
Ai Bb bm{+B2MiHv ?B;?2` i?�M MQBb2 �M/ HQr2` i?�M R TX2X r�p2 ?2B;?iX hQ b2T�`�i2 ?Bib #v
b+BMiBHH�iBQM HB;?i 7`QK ?Bib #v 1G HB;?ib- ?Bib �`2 b2H2+i2/ r?2M i?2v ?�p2 � rB/i? H2bb i?�M
400 ns �M/ �`2 KQ`2 i?�M 1µs �T�`i 7`QK Qi?2` ?BibX >2`2�7i2`- ?Bib b2H2+i2/ #v i?Bb +`Bi2`BQM
�`2 +�HH2/ b+BMiBHH�iBQM@HBF2 ?Bib- �M/ i?2 Qi?2`b �`2 +�HH2/ 1G@HBF2 ?BibX P7 i?2b2 b+BMiBHH�iBQM@
HBF2 ?Bib- i?Qb2 i?�i �`2 +QBM+B/2Mi rBi?BM 100 ns BM irQ Q` KQ`2 +?�MM2Hb �`2 `2+QMbi`m+i2/ �b

ej



6B;m`28X8, hvTB+�H r�p27Q`Kb Q7 i?2 SJhbX h?2 ?Bib �i ∼130µs BM +?�MM2H 9 �M/ +?�MM2H 8
�`2 i?2 b+BMiBHH�iBQM bB;M�HbX h?2 ?Bib �i �`QmM/ 300µs �`2 1G 7`QK 1G**X *?�MM2H 3 `2+Q`/b
i?2 b2M/@i`B;;2` bB;M�H 7`QK >lG �b K2MiBQM2/ BM a2+X 9Xj- MQi i?2 SJh bB;M�HX

� ?Bi +Hmbi2` #v i?2 T`BK�`v b+BMiBHH�iBQM HB;?iX 6Q` 2t�KTH2- BM 6B; 8X8- i?2 ?Bib �i ∼130µs
BM +?�MM2H 9 �M/ +?�MM2H 8 �`2 +QBM+B/2Mi- �M/ `2+QMbi`m+i2/ �b � ?Bi +Hmbi2` #v i?2 T`BK�`v
b+BMiBHH�iBQM HB;?iX h?2 2p2Mib rBi? QMHv QM2 `2+QMbi`m+i2/ ?Bi +Hmbi2` �`2 b2H2+i2/ 7Q` i?2
7m`i?2` �M�HvbBbX AM +�b2 i?2`2 �`2 irQ Q` KQ`2 ?Bi +Hmbi2`b- bm+? 2p2Mib �`2 +mi #2+�mb2 Bi Bb
MQi TQbbB#H2 iQ /2i2`KBM2 r?B+? ?Bi +Hmbi2` Bb i?2 �+im�H T`BK�`v b+BMiBHH�iBQMX h?2 /Bbi`B#miBQM
Q7 i?2 MmK#2` Q7 ?Bi +Hmbi2`b Bb b?QrM BM 6B;X eX3 7Q` 1836 keV 2p2MibX

8XkXk J�i+?BM; Q7 1G** �M/ SJh 2p2Mib �M/ `2+QMbi`m+iBQM Q7 z@TQbBiBQM

h?2 +Q``2bTQM/BM; 1G** 2p2Mi �M/ SJh 2p2Mi �`2 K�i+?2/ #�b2/ QM i?2 2p2Mi iBK2
BM7Q`K�iBQM #v i?2 iBK2bi�KT �M/ i?2 BMi2`M�H +HQ+F Q7 i?2 1G** 61"b �M/ i?2 SJh /B;BiBx2`X
6Q` K�i+?2/ 2p2Mib- i?2 iBK2 BMi2`p�H #2ir22M i?2 T`BK�`v b+BMiBHH�iBQM �M/ i?2 1G** ?Bib Bb
+�H+mH�i2/X hQ K�i+? i?2 iBK2 �t2b Q7 i?2 1G** bB;M�H r�p27Q`K �M/ SJh bB;M�H r�p27Q`K-
i?2 b2M/@i`B;;2` bB;M�H 7`QK >lG U6B;X 8X8 #QiiQK `B;?iV r?B+? +Q``2bTQM/b iQ i?2 }t2/ iBKBM;
BM i?2 /�i� �+[mBbBiBQM rBM/Qr 7Q` 1G** Bb mb2/X 6B;m`2 8Xe b?Qrb i?2 /Bbi`B#miBQM Q7 i?2 iBK2
BMi2`p�Hb #2ir22M i?2 T`BK�`v b+BMiBHH�iBQM �M/ i?2 7�HH iBKBM; Q7 1G** bB;M�HX aBM+2 �HH Q7 i?2
2p2Mib +`QbbBM; i?2 +�i?Q/2 K2b? 2H2+i`Q/2 ?�p2 i?2 7�HH iBKBM; Q7 1G bB;M�H +Q``2bTQM/BM;
iQ i?2 TQbBiBQM Q7 i?2 +�i?Q/2 K2b?- bm+? 2p2Mib K�F2 � T2�F BM i?Bb /Bbi`B#miBQMX h?2 T2�F
+Q``2bTQM/b iQ i?2 +�i?Q/2 TH�M2 Q7 i?2 }2H/ +�;2, BM Qi?2` rQ`/b- z = 18 cmX 6`QK i?Bb- i?2
/`B7i p2HQ+Biv Q7 BQMBx�iBQM 2H2+i`QMb Bb /2`Bp2/ iQ #2 1.04mm/µsX lbBM; i?Bb /`B7i p2HQ+Biv- i?2
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6B;m`28Xe, .Bbi`B#miBQM Q7 i?2 iBK2 BMi2`p�Hb #2ir22M b+BMiBHH�iBQM �M/ i?2 7�HH iBKBM; Q7 1G**
bB;M�HbX h?2 T2�F �i 175µs Bb 7Q`K2/ #v i?2 2p2Mib �+`Qbb i?2 +�i?Q/2 TH�M2X

z@TQbBiBQM Q7 2�+? BQMBx�iBQM bB;M�H /2i2+i2/ #v 1G** Bb `2+QMbi`m+i2/X

8XkXj a2H2+iBQMb iQ �pQB/ iBKBM; KBbK�i+? Q` z KBb@`2+QMbi`m+iBQM

6Q` ivTB+�H 2p2Mib- i?2 z@TQbBiBQMb Q7 i?2 2p2Mib �`2 /2i2`KBM2/ rBi?Qmi �K#B;mBiv #v 7QH@
HQrBM; i?2 �#Qp2 K2i?Q/- #mi MQi 7Q` bQK2 2p2MibX hQ 2Mbm`2 i?�i QMHv 2p2Mib BM r?B+? i?2
z@TQbBiBQMb �`2 +Q``2+iHv `2+QMbi`m+i2/ �`2 `2i�BM2/ 7Q` bm#b2[m2Mi �M�HvbBb- i?2 7QHHQrBM; i?`22
b2H2+iBQMb �`2 �TTHB2/X

6B`bi- i?2`2 �`2 bQK2 2p2Mib BM r?B+? KmHiBTH2 b2M/@i`B;;2` bB;M�Hb �`2 �++B/2Mi�HHv /2i2+i2/X
am+? 2p2Mib �`2 `2KQp2/ #2+�mb2 Bi H2�/b iQ � iBKBM; KBbK�i+? /2T2M/BM; QM r?B+? QM2
+Q``2bTQM/b iQ i?2 i`m2 #2;BMMBM; Q7 i?2 1G** 2p2MibX

a2+QM/- i?2`2 �`2 2p2Mib rBi? 1G@HBF2 ?Bib 2tBbiBM; BM i?2 `2;BQM r?2`2 i?2 b+BMiBHH�iBQM ?Bi
Bb 2tT2+i2/X aBM+2 �M 1G@HBF2 ?Bi Bb � b2i Q7 M�``Qr ?Bib- � T�`i Q7 i?2 1G@HBF2 ?Bib BM bm+?
2p2Mib +�M #2 KBbB/2MiB}2/ �b � b+BMiBHH�iBQM@HBF2 ?BiX 6B;X 8Xd b?Qrb � ivTB+�H SJh r�p27Q`K
Q7 bm+? �M 2p2MiX am+? +�b2b +�M Q++m` B7 i?2 #mz2` Q7 i?2 61" Bb 7mHH �M/ i?2 61" KBbb2b i?2
7Q`K2` 1G r�p27Q`KX h?2`27Q`2 2p2Mib BM r?B+? 1G@HBF2 ?Bib 2tBbi BM i?2 `2;BQM +Q``2bTQM/BM;
iQ rBi?BM 18 cm 7`QK i?2 `BbBM; 2/;2 Q7 i?2 1G** r�p27Q`K �`2 `2KQp2/X

6BM�HHv- i?2`2 Bb � TQbbB#H2 +�b2 BM r?B+? b+BMiBHH�iBQM 7`QK i?2 `2;BQM MQi b2MbBiBp2 iQ i?2
1G** Bb �++B/2Mi�HHv /2i2+i2/ #v i?2 SJhbX h?2b2 +�b2b H2�/ iQ i?2 KBb@`2+QMbi`m+iBQM Q7 i?2
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6B;m`28Xd, 1t�KTH2 Q7 i?2 SJh r�p7Q`K Q7 i?2 2p2Mib iQ #2 +miX h?2`2 �`2 1G@HBF2 ?Bib �i
∼ 100µs BMbi2�/ Q7 b+BMiBHH�iBQM@HBF2 ?BibX

z@TQbBiBQM r?2M i?2 r`QM; ?Bi +Hmbi2` Bb mb2/X hQ T`2p2Mi �b Km+? /2i2`BQ`�iBQM Q7 i?2 2M2`;v
`2bQHmiBQM �b TQbbB#H2 /m2 iQ KBb@`2+QMbi`m+iBQMb Q7 z@TQbBiBQM- 2p2Mib BM r?B+? b+BMiBHH�iBQM@
HBF2 ?Bib 2tBbi BM i?2 `2;BQM +Q``2bTQM/BM; iQ rBi?BM 2 cm 7`QK i?2 `BbBM; 2/;2 Q7 i?2 1G**
r�p27Q`K �`2 +miX h?2 b+?2K�iB+ /`�rBM; Q7 �M 2t�KTH2 Q7 � +mi 2p2Mi Bb b?QrM BM 6B;X 8X3X
h?2 `2�bQM 7Q` i?2 2 cm +`Bi2`BQM Bb i?�i BQMBx�iBQM 2H2+i`QMb ;2M2`�i2/ rBi?BM 2 cm 7`QK i?2
1G** bm`7�+2 �`2 MQi ;m�`�Mi22/ iQ #2 +QHH2+i2/ BMiQ i?2 1G** (9N)X h?2 2M2`;v `2bQHmiBQM
rQmH/ #2 rQ`b2 7Q` 2p2Mib r?B+? /2TQbBi 2M2`;v rBi?BM 2 cm 7`QK i?2 1G** bm`7�+2X

h?2 2z2+i Q7 i?2 KBb@`2+QMbi`m+iBQMb Q7 z@TQbBiBQM QM i?2 2M2`;v `2bQHmiBQM Bb /Bb+mbb2/ BM
a2+X dXRX9- �M/ i?2 TQbbB#H2 BKT`Qp2K2Mi iQ `2/m+2 KBb@`2+QMbi`m+iBQMb Bb T`QTQb2/ BM a2+X dXjX

8Xj 6B/m+B�H pQHmK2 +mib �M/ Qp2`�HH +Q``2+iBQMb
lbBM; i?2 BM7Q`K�iBQM Q#i�BM2/ 7`QK i?2 1G** �M/ SJh bB;M�H �M�HvbBb- }/m+B�H pQHmK2

+mi �M/ Qp2`�HH +Q``2+iBQMb �`2 �TTHB2/X

ee



6B;m`28X3, a+?2K�iB+ 2t�KTH2 Q7 �M 2p2Mi i?�i b?QmH/ #2 +mi #2+�mb2 Q7 i?2 KBb@`2+QMbi`m+iBQM
Q7 i?2 x@TQbBiBQMX a+BMiBHH�iBQM T?QiQMb #v �M �++B/2Mi�H 2p2Mi Qmi Q7 i?2 b2MbBiBp2 pQHmK2 Q7
i?2 1G** ?Bi irQ Q` KQ`2 SJhb URVX h?2 �+im�H T`BK�`v b+BMiBHH�iBQM T?QiQMb +Q``2bTQM/BM;
iQ i?2 2M2`;v /2TQbBi rBi?BM k +K �#Qp2 i?2 1G** QMHv ?Bi QM2 SJh UkVX h?2 z@TQbBiBQM Bb
KBb@`2+QMbi`m+i2/ �b i?2 /Qii2/ +m`p2X

8XjXR 1HBKBM�iBQM Q7 +Hmbi2`b rBi? bK�HH T?QiQM +QmMib

J�Mv 2p2Mib +QMi�BM � 72r iQ b2p2`�H i2Mb Q7 +Hmbi2`b rBi? T?QiQM +QmMib H2bb i?�M QM2
?mM/`2/X h?2b2 +Hmbi2`b �`2 ;2M2`�i2/ 7`QK QM2 iQ � 72r 2H2+i`QMb +QMbB/2`BM; i?2 �p2`�;2 1G
;�BM Q7 RkXeX 6B;m`2 8XN b?Qrb i?2 /Bbi`B#miBQM Q7 i?2 T?QiQM +QmMib �M/ i?2 /`B7i /Bbi�M+2
7`QK i?2 H2�/B;M 2/;2- `BbBM;- Q7 i?2 1G** bB;M�H 7Q` i?2b2 bK�HH T?QiQM@+QmMi +Hmbi2`bX h?2
/2Mb2 `2;BQM �`QmM/ 180mm- r?B+? +Q``2bTQM/b iQ i?2 H2M;i? Q7 i?2 /`B7i `2;BQM- Bb +QMbB/2`2/
iQ #2 +Hmbi2`b #v 2H2+i`QMb ;2M2`�i2/ #v olo 1G@HB;?i ?BiiBM; i?2 +�i?Q/2 K2b?X h?2 Qi?2`
+Hmbi2`b +�M #2 7Q`K2/ BM i?2 b�K2 K�MM2` rBi? p�`BQmb /2i2+iQ` +QKTQM2Mib �M/ �HbQ #v i?2
BQMBx�iBQM 2H2+i`QMb i?�i �ii�+? iQ BKTm`BiB2b BM i?2 ;�b /m`BM; /`B7i �M/ �`2 `2H2�b2/ �7i2` �
r?BH2X am+? � T?2MQK2MQM Bb �HbQ Q#b2`p2/ BM HB[mB/ t2MQM /2i2+iQ`b (eyĜek)X

A7 bm+? +Hmbi2`b rBi? bK�HH T?QiQM +QmMib �`2 BM+Hm/2/ BM i?2 2p2Mi- i?2 }/m+B�H +mi Bb �TTHB2/
KQ`2 b2p2`2Hv i?�M Bi b?QmH/ #2X �HbQ- i?2 MmK#2` Q7 +Hmbi2`b Bb ;`2�i2` i?�M Bi b?QmH/ #2X
h?2`27Q`2 +Hmbi2`b rBi? H2bb i?�M Ryy T?QiQMb �`2 2HBKBM�i2/ 7`QK 2p2MibX h?2 iQi�H T?QiQM
+QmMib Q7 2HBKBM�i2/ +Hmbi2`b BM � 2p2Mi �`2 9yy T?QiQMb �i K�tBKmKX h?mb i?2 2z2+i QM
i?2 `2+QMbi`m+iBQM Q7 2M2`;v Bb H2bb i?�M yXy9W 7Q` i?2 1836 keV T?QiQT2�F �M/ M2;HB;B#H2
+QKT�`2/ iQ i?2 2M2`;v `2bQHmiBQMX

ed
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6B;m`28XN, .`B7i /Bbi�M+2 7`QK i?2 `BbBM;- H2�/BM; 2/;2- Q7 i?2 2p2Mi �M/ T?QiQM +QmMib Q7 i?2
bK�HH T?QiQM@+QmMi +Hmbi2`bX

8XjXk 6B/m+B�H pQHmK2 +mi

h?2 }/m+B�H +?�MM2H Q7 i?2 1G** Bb /2}M2/ iQ #2 i?2 +?�MM2Hb Qi?2` i?�M i?2 p2iQ +?�MM2Hb
/2}M2/ �b /2b+`B#2/ BM a2+X 9XjX h?2 }/m+B�H pQHmK2 Bb /2}M2/ �b i?2 pQHmK2 �#Qp2 i?2 }/m+B�H
+?�MM2Hb �M/ i?2 z@TQbBiBQM Q7 2 cm iQ 17.5 cmX h?2 `2�bQM 7Q` i?2 HQr2` 2/;2 Q7 2 cm Bb i?2
b�K2 �b /2b+`B#2/ BM a2+X 8XkXj- �M/ i?2 mTT2` 2/;2 Q7 17.5 cm Bb iQ 7mHHv `2D2+i i?2 2p2Mib
+`QbbBM; i?2 +�i?Q/2 2H2+i`Q/2- z = 18 cmX 1p2Mib 7mHHv +QMi�BM2/ BM i?2 }/m+B�H pQHmK2 �`2
b2H2+i2/ 7Q` 7m`i?2` �M�HvbBb- BX2X `2D2+iBM; 2p2Mib i?�i ?�p2 �Mv ?Bib QM p2iQ +?�MM2Hb �M/
2p2Mib r?Qb2 z@TQbBiBQM 2ti2M/b #2vQM/ i?2 2 cm < z < 17.5 cm `2;BQMX

8XjXj *Q``2+iBQM Q7 iBK2 p�`B�iBQM

6B;m`2 8XRy b?Qrb i?2 iBK2 p�`B�iBQM Q7 T?QiQM +QmMib Q7 +Hmbi2`b �`QmM/ i?2 Kα 2M2`;vX
h?2 +�mb2 Q7 p�`B�iBQM +�M #2 +?�M;2b BM i?2 ;�b +QM/BiBQMb, i2KT2`�im`2- /2MbBiv- �M/ Tm`BivX
h?2 +Q``2+iBQM 7�+iQ`b �`2 /2`Bp2/ 7Q` /BpBbBQMb 2p2`v jy KBMmi2b �b i?2 `�iBQ Q7 i?2 Kα T2�F Q7
i?2 iBK2 /BpBbBQM iQ i?2 Kα T2�F 7Q` i?2 r?QH2 iBK2X h?2 rB/i? Q7 i?2 iBK2 #BM- jy KBMmi2b-
Bb /2i2`KBM2/ bQ i?�i i?2 rB/i? Q7 i?2 T2�F Q7 1836 keV Bb KBMBKBx2/c #�H�M+2/ #2ir22M
i?2 bi�iBbiB+�H 2``Q` Q7 i?2 +Q``2+iBQM 7�+iQ` �M/ i?2 b2MbBiBpBiv iQ i?2 iBK2 p�`B�iBQMX h?2
+Q``2+iBQM 7�+iQ` Q7 2�+? iBK2 #BM Bb /2i2`KBM2/ rBi? i?2 �++m`�+v Q7 0.137% BM �p2`�;2X
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6B;m`28XRy, o�`B�iBQM Q7 T?QiQM +QmMib rBi? iBK2X h?2 `2/ TQBMib rBi? i?2 2``Q` #�` `2T`2b2Mi
i?2 Kα T2�F BM 2�+? iBK2 /BpBbBQMX h?2 H27i T�M2H Bb 7Q` i?2 88Y `mM �M/ i?2 `B;?i Bb 7Q` i?2
i?Q`BmK `mMX

8XjX9 *Q``2+iBQM Q7 z@/2T2M/2M+2

aQK2 �KQmMi Q7 i?2 BQMBx�iBQM 2H2+i`QMb �`2 MQi /2i2+i2/ #2+�mb2 Q7 i?2 �ii�+?K2Mi #v
BKTm`BiB2b /m`BM; /`B7iX h?Bb �ii2Mm�iBQM Bb +?�`�+i2`Bx2/ #v i?2 7QHHQrBM; 2[m�iBQMX

N (z) = N0 exp
(
− z

λ

)
% N0

(
1− z

λ

)
if z * λ , U8XkV

r?2`2 N0 �M/ N(z) �`2 i?2 T?QiQM +QmMib #27Q`2 �M/ �7i2` i?2 �ii�+?K2Mi `2bT2+iBp2Hv �M/
λ Bb i?2 �ii2Mm�iBQM H2M;i? Q7 i?2 BQMBx�iBQM 2H2+i`QMbX 6B;m`2 8XRR b?Qrb i?2 /2T2M/2M+2 Q7
i?2 T?QiQM +QmMib Q7 Kα +Hmbi2`b QM i?2 z@TQbBiBQMX 6`QK i?Bb /2T2M/2M+2- i?2 �ii2Mm�iBQM
H2M;i?b Q7 λ = (21 700± 3700)mm 7Q` i?2 88Y `mM �M/ λ = (17 000± 2700)mm 7Q` i?2
i?Q`BmK `mM r2`2 Q#i�BM2/X h?2b2 +Q``2bTQM/ iQ i?2 2H2+i`QM HB72iBK2b Q7 (20.9± 3.6)ms �M/
(16.3± 2.6)ms `2bT2+iBp2HvX lbBM; i?2b2 �ii2Mm�iBQM H2M;i?b- i?2 T?QiQM +QmMib �`2 +Q``2+i2/
7Q` 2p2`v b�KTHBM; Q7 i?2 r�p27Q`KbX

8XjX8 Pp2`�HH }M2@imMBM; 7Q` i?2 `2+Qp2`v iBK2b Q7 JSS*b

�b /2b+`B#2/ BM a2+X 8XRXk- i?2 MQM@HBM2�`Biv Q7 i?2 JSS*b Bb +Q``2+i2/ mbBM; i?2 `2+Qp2`v
iBK2b Q7 JSS*b K2�bm`2/ BM �/p�M+2X >Qr2p2`- i?2 2z2+iBp2 `2+Qp2`v iBK2b +�M p�`v /2T2M/@
BM; QM i?2 +QM/BiBQMb Q7 i?2 JSS*b- bm+? �b i2KT2`�im`2- Q` b?�/Qr Q7 i?2 K2b? 2H2+i`Q/2
BM 7`QMi Q7 JSS*bX h?2 /2pB�iBQM BM T?QiQM +QmMib /m2 iQ i?2 /Bz2`2M+2 #2ir22M i?2 i`m2

eN
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6B;m`28XRR, .2T2M/2M+2 Q7 i?2 T?QiQM +QmMib Q7 Kα +Hmbi2`b QM i?2 z@TQbBiBQM 7Q` i?2 88Y `mMX
h?2 `2/ HBM2 b?Qrb i?2 }ii2/ 7mM+iBQMX

2z2+iBp2 `2+Qp2`v iBK2 �M/ i?2 K2�bm`2/ `2+Qp2`v iBK2 +�M #2 2tT`2bb2/ �b 7QHHQrbX

∑

i

riN i
rec −Ntrue =

∑

i

riN i
obs

1− k′N i
obs

−Ntrue

% ∆k
∑

i

ri
(
N i

rec

)2
, U8XjV

r?2`2 Ntrue Bb i?2 i`m2 iQi�H T?QiQM +QmMi Q7 i?2 2p2Mi- i `mMb 7Q` 2p2`v b�KTHBM; Q7 i?2
r�p27Q`K Q7 2p2`v ?Bi +?�MM2H- N i

obs �M/ N i
rec �`2 i?2 T?QiQM +QmMi 7Q` 2�+? b�KTHBM; Q7 i?2

r�p27Q`K #27Q`2 �M/ �7i2` i?2 JSS* MQM@HBM2�`Biv +Q``2+iBQM- `2bT2+iBp2Hv- ri Bb i?2 +Q``2+iBQM
7�+iQ` Qi?2` i?�M i?2 JSS* MQM@HBM2�`Biv- k(′) = τ(

′)/ (∆t ·Npixel)- τ(
′) Bb i?2 i`m2 UK2�bm`2/V

`2+Qp2`v iBK2 Q7 i?2 +?�MM2H- �M/ ∆k = k − k′X h?2 H�bi HBM2 �bbmK2b i?�i ∆k Bb bK�HH
�M/ +QKKQM �KQM; +?�MM2HbX h?Bb 2[m�iBQM BM/B+�i2b i?�i- B7 i?2`2 2tBbib �M Qp2`�HH #B�b
BM i?2 `2+Qp2`v iBK2b- Bi �TT2�`b �b � bHQT2 Q7 i?2 `2H�iBQM #2ir22M i?2 T?QiQM +QmMib �M/
∑

i r
i
(
N i

rec

)2 U/2}M2/ �b +Q``2+i2/ b[m�`2/ bmK- *aaVX
6B;m`2 8XRk b?Qrb i?2 /Bbi`B#miBQM Q7 i?2 T?QiQM +QmMib �M/ i?2 *aaX hQ /2i2`KBM2 i?2 ∆k

�M/ +Q``2bTQM/BM; #B�b2b Q7 i?2 JSS* `2+Qp2`v iBK2b- i?2 T2�Fb rBi? ?B;? bi�iBbiB+b �`2 mb2/c
i?2 T?QiQT2�F Q7 898 keV ;�KK� `�vb �M/ i?2 /Qm#H2 2b+�T2 T2�F Q7 1836 keV ;�KK� `�vb
7Q` i?2 88Y `mM- �M/ i?2 T?QiQT2�F Q7 583 keV ;�KK� `�vb �M/ i?2 /Qm#H2 2b+�T2 T2�F Q7
2615 keV ;�KK� `�vb 7Q` i?2 i?Q`BmK `mMX 6`QK i?2 bHQT2 �i 2�+? T2�F Q7 i?2 T?QiQM +QmMib-

dy
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6B;m`28XRk, _2H�iBQM #2ir22M i?2 T?QiQM +QmMib �M/ i?2 *aa 7Q` i?2 T?QiQT2�F Q7 898 keV
;�KK� `�vb U∼5.1× 105 T?QiQMV �M/ i?2 /Qm#H2 2b+�T2 T2�F Q7 1836 keV ;�KK� `�vb
U∼4.6× 105 T?QiQMV BM i?2 88Y `mMX

i?2 #B�b2b 7Q` i?2 JSS* `2+Qp2`v iBK2b r2`2 /2`Bp2/ �b Y2.35 ns 7Q` i?2 88Y `mM �M/ Y3.13 ns

7Q` i?2 i?Q`BmK `mMX
h?2 JSS* MQM@HBM2�`Biv +Q``2+iBQM- 1G ;�BM +Q``2+iBQM- iBK2 p�`B�iBQM +Q``2+iBQM- �M/ z

/2T2M/2M+2 +Q``2+iBQM �`2 `2T2�i2/ rBi? i?2 `2+Qp2`v iBK2b b?B7i2/ #v i?2b2 #B�b2bX

dR





�e�

_2bmHib

6`QK i?2 �M�HvbBb BM i?2 T`2pBQmb +?�Ti2`- 1G T?QiQM +QmMi �M/ i`�+F Q7 2p2Mib �`2 Q#i�BM2/X
"�b2/ QM i?2b2- i?2 T2`7Q`K�M+2 Q7 i?2 /2i2+iQ` Bb 2p�Hm�i2/X

eXR GBM2�`Biv �M/ 1M2`;v `2bQHmiBQM
6B;m`2 eXR Bb i?2 1G T?QiQM@+QmMi bT2+i`� Q7 2�+? `mMX a2p2`�H T2�Fb �`2 B/2MiB}2/ BM i?2

bT2+i`�c T2�Fb Q7 +?�`�+i2`BbiB+ s@`�vb Q7 t2MQM- 7mHH T2�Fb Q7 ;�KK� `�vb 7`QK i?2 bQm`+2b
�M/ 2MpB`QMK2Mi- �M/ /Qm#H2 2b+�T2 T2�Fb Q7 T�B` +`2�iBQMX 1�+? T2�F r�b }ii2/ �bbmKBM; �
:�mbbB�M T2�F �M/ HBM2�` #�+F;`QmM/X 6Q` i?2 ;�KK�@`�v 7mHH T2�Fb- bBM;H2@+Hmbi2`2/ 2p2Mib
�M/ KmHiB@+Hmbi2`2/ 2p2Mib r2`2 }ii2/ b2T�`�i2HvX 6B;m`2 eXk b?Qrb �M 2t�KTH2 Q7 i?2 }i
`2bmHib- �M/ h�#H2 eXR Bb i?2 bmKK�`vX � ;QQ/ 2M2`;v `2bQHmiBQM Q7 (0.73± 0.11)% Bb �+?B2p2/
7Q` 1836 keV bBM;H2@+Hmbi2`2/ 2p2MibX h?2 2M2`;v `2bQHmiBQMb 7Q` i?2 Qi?2` T2�Fb �`2 �HbQ ;QQ/-

6B;m`2eXR, S?QiQM +QmMi bT2+i`� �7i2` �HH Q7 i?2 +Q``2+iBQMb �M/ +mibX h?2 H27i T�M2H Bb 7Q` i?2
88Y `mM �M/ i?2 `B;?i Bb 7Q` i?2 i?Q`BmK `mMX h?2 /BT �`QmM/ kyy T?QiQM +QmMi +Q``2bTQM/b
iQ i?2 i?`2b?QH/ Q7 i?2 }/m+B�H i`B;;2`X

dj
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6B;m`2eXk, _2bmHi Q7 i?2 }i iQ i?2 bT2+i`mK Q7 i?2 bBM;H2@+Hmbi2`2/ 7mHH 2M2`;v T2�F Q7 88Y

1836 keV ;�KK� `�v 2p2MibX

i?Qm;? KmHiBTH2@+Hmbi2`2/ 2p2Mib ?�p2 bHB;?iHv rQ`b2 2M2`;v `2bQHmiBQMb 7Q` KQbi +�b2bX SQbbB#H2
`2�bQMb 7Q` i?2b2 rQ`2b2 2M2`;v `2bQHmiBQMb 7Q` i?2 KmHiBTH2@+Hmbi2`2/ 2p2Mib �`2 /Bb+mbb2/ BM
a2+X dXkX

hQ 2p�Hm�i2 i?2 2M2`;v `2bQHmiBQM �i i?2 Z p�Hm2- 2ti`�TQH�iBQM Bb M22/2/X "27Q`2 +QM/m+iBM;
i?2 2ti`�TQH�iBQM- i?2 HBM2�`Biv Q7 i?2 T?QiQM +QmMib p2`bmb i?2 2M2`;B2b Bb +QM}`K2/X 6B;m`2b
eXj� �M/ eXj# b?Qr i?2 K2�M T?QiQM +QmMib Q7 2�+? T2�F p2`bmb i?2 2M2`;v 7`QK � /�i�#�b2X
(R3)X h?2 `�iBQ Q7 i?2 /�i� TQBMi iQ i?2 }ii2/ T`QTQ`iBQM�H HBM2 Bb b?QrM BM 6B;bX eXj+ �M/ eXj/X
GBM2�`Biv Bb ;QQ/ 2t+2Ti i?�i i?2 Kα �M/ Kβ T2�Fb �`2 #2HQr i?2 }ii2/ HBM2X

"v 2ti`�TQH�iBM; i?2b2 `2bmHib- i?2 2M2`;v `2bQHmiBQM �i i?2 Z p�Hm2 Q7 136Xe 0νββ- 2458 keV-
Bb 2biBK�i2/X hrQ +�b2b �`2 +QMbB/2`2/ 7Q` i?2 /2T2M/2M+2 QM Ec a

√
E �M/ a

√
E + bE2X

h?2 7Q`K2` Bb 7Q` � bBim�iBQM /QKBM�i2/ #v bi�iBbiB+�H ~m+im�iBQM- �M/ i?2 H�ii2` Bb rBi?
bvbi2K�iB+b +QMi`B#miBM;X h?2 /�i� TQBMib Q7 bBM;H2@+Hmbi2`2/ ;�KK�@`�v T2�Fb �`2 }ii2/ #v
i?2b2 irQ 7mM+iBQMbX 6Bi `2bmHib �`2 bmKK�`Bx2/ BM h�#H2 eXk- �M/ 6B;X eX9 b?Qrb i?2 `2bmHib
Q7 i?2 2ti`�TQH�iBQM iQ i?2 Z p�Hm2X h?2 2biBK�i2/ 2M2`;v `2bQHmiBQM �i i?2 Z p�Hm2 Bb
(0.60± 0.03)% 7Q` i?2 7Q`K Q7 a

√
E �M/ (0.70± 0.21)% 7Q` i?2 7Q`K Q7 a

√
E + bE2X �b

b?QrM BM h�#H2 eXk- i?2 +Q2{+B2Mi b 7Q` i?2 7Q`K Q7 a
√
E + bE2 Bb x2`Q@+QMbBbi2Mi- �M/ i?2

2ti`�TQH�i2/ 2M2`;v `2bQHmiBQM �i i?2 Z p�Hm2 Bb +QMbBbi2Mi rBi?BM i?2 2``Q` #2ir22M i?2 7Q`K
Q7 a

√
E �M/ a

√
E + bE2X h?mb Bi +�M #2 b�B/ i?�i i?2 2z2+i Q7 bvbi2K�iB+ i2`K HBM2�`Hv

/2T2M/BM; QM E Bb bm{+B2MiHv bK�HH- �M/ i?2 2M2`;v `2bQHmiBQMb �`2 /QKBM�i2/ #v bi�iBbiB+�H

d9



h�#H2eXR, amKK�`v Q7 i?2 `2bmHi Q7 T2�F }iX aa bi�M/b 7Q` i?2 bBM;H2@bBi2 2p2Mib �M/ Ja
bi�M/b 7Q` i?2 KmHiBTH2@bBi2 2p2Mib 7Q` ;�KK�@`�v 7mHH T2�FbX 40K KmHiB@+Hmbi2` 2p2Mib BM i?2
i?Q`BmK `mM r2`2 iQQ 72r iQ 2p�Hm�i2 i?2 `2bQHmiBQMX

1M2`;v K2�M T?QiQM +QmMib `2bQHmiBQM (6q>J)
88Y `mM

Kα 29.68 keV (1.6870± 0.0004)× 104 (4.389± 0.050)%

Kβ 33.62 keV (1.9166± 0.0011)× 104 (4.722± 0.125)%

.Qm#H2 2b+�T2 Q7 88Y 1836 keV 814.1 keV (4.6512± 0.0022)× 105 (1.194± 0.102)%
88Y aa

898.0 keV (5.1374± 0.0022)× 105
(1.152± 0.119)%

88Y Ja (1.386± 0.109)%

2MpB`QMK2Mi�H 40K aa
1461 keV (8.3458± 0.0042)× 105

(0.81± 0.11)%

2MpB`QMK2Mi�H 40K Ja (1.09± 0.16)%
88Y aa

1836 keV (1.0504± 0.0006)× 106
(0.73± 0.11)%

88Y Ja (0.98± 0.19)%

i?Q`BmK `mM
Kα 29.68 keV (1.7270± 0.0005)× 104 (4.107± 0.053)%

Kβ 33.62 keV (1.9604± 0.0013)× 104 (5.003± 0.155)%

TQbBi`QM �MMB?BH�iBQM aa
511.0 keV (2.9889± 0.0022)× 105

(1.221± 0.182)%

TQbBi`QM �MMB?BH�iBQM Ja (1.541± 0.362)%
208Tl aa

583.2 keV (3.4115± 0.0012)× 105
(1.152± 0.078)%

208Tl Ja (1.32± 0.13)%
228Ac aa

911.2 keV (5.3298± 0.0049)× 105
(1.46± 0.23)%

228Ac Ja (1.17± 0.19)%

2MpB`QMK2Mi�H 40K aa 1461 keV (8.5596± 0.0077)× 105 (0.65± 0.22)%

.Qm#H2 2b+�T2 Q7 208Tl 2615 keV 1593 keV (9.3178± 0.0020)× 105 (0.940± 0.044)%

7�+iQ`bX h?2 �+?B2p2/ 2M2`;v `2bQHmiBQM �i i?2 Z p�Hm2 Bb i?2 #2bi 2p2` �KQM; i?2 0νββ b2�`+?
2tT2`BK2Mib mbBM; t2MQMX

eXk h`�+F `2+QMbi`m+iBQM
h?2 i`�+F BK�;2b Q7 2p2Mib �`2 bm++2bb7mHHv `2+QMbi`m+i2/X 6B;m`2b eX8 �M/ eXe �`2 ivTB+�H

`2+QMbi`m+i2/ i`�+F BK�;2b Q7 � 2615 keV 2p2Mi �M/ � 1593 keV 2p2MiX h?2 7Q`K2` Bb +QMbBbi2Mi
rBi? � T?QiQ2H2+i`B+ �#bQ`TiBQM Q7 � 2615 keV ;�KK� `�v 7`QK 208TlX h?2 H�ii2` Bb +QMbB/2`2/
iQ #2 � /Qm#H2 2b+�T2 Q7 � 2615 keV T�B` +`2�iBQMX � /2Mb2 2M2`;v /2TQbBi �i i?2 2M/ Q7 i?2
i`�+F UǴ#HQ#ǴV Bb +QM}`K2/ BM 6B;X eX8X AM 6B;X eXe- irQ #HQ#b +�M #2 b22M +Q``2bTQM/BM; iQ i?2

d8
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6B;m`2eXj, _2H�iBQM #2ir22M i?2 T?QiQM +QmMib �M/ i?2 +Q``2bTQM/BM; 2M2`;B2bX h?2 HBM2b �`2
i?2 }i `2bmHib �b T`QTQ`iBQM�H UU�V �M/ U#VVX h?2 `�iBQ Q7 i?2 /�i� TQBMi iQ i?2 }i UU+V �M/
U/VVX

h�#H2eXk, amKK�`v Q7 i?2 }ii2/ 7mM+iBQMb iQ i?2 2M2`;v `2bQHmiBQMbX

6mM+iBQM a b
1ti`�TQH�i2/ 6q>J 2M2`;v

`2bQHmiBQM �i i?2 Z p�Hm2
a
√
E (2.99± 0.13)× 10−1 Ĝ (0.60± 0.03)%

a
√
E + bE2 (2.70± 0.35)× 10−1 (2.73± 3.58)× 10−4 (0.70± 0.21)%

2M/TQBMib Q7 i?2 2H2+i`QM �M/ i?2 TQbBi`QMX h?2 MmK#2` Q7 #HQ#b rBHH #2 � F2v iQ /BbiBM;mBb?BM;
i?2 0νββ bB;M�Hb 7`QK i?2 ;�KK�@`�v #�+F;`QmM/b �b MQi2/ BM a2+X RX8XkX

de
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6B;m`2eX9, 1ti`�TQH�iBQM Q7 i?2 6q>J 2M2`;v `2bQHmiBQM iQ i?2 Z p�Hm2 Q7 136Xe 0νββ rBi?
irQ FBM/b Q7 i?2 }i 7mM+iBQM- a

√
E �M/ a

√
E + bE2X PMHv i?2 bBM;H2@+Hmbi2` ;�KK�@`�v /�i�

TQBMib UbQHB/ +B`+H2V r2`2 mb2/ 7Q` i?2 }iX

eXj .`B7i p2HQ+Biv �M/ /BzmbBQM
AM i?2 /2p2HQTK2Mi Q7 i?2 �H;Q`Bi?K iQ /BbiBM;mBb? bB;M�Hb 7`QK #�+F;`QmM/b #�b2/ QM i`�+F

BK�;2b- i?2 T`QT2`iB2b Q7 i`�+F BK�;2b b?QmH/ #2 mM/2`biQQ/ �M/ `2T`Q/m+2/ BM i?2 bBKmH�iBQM
/�i�b2iX 6Q` i?Bb Tm`TQb2- i?2 /`B7i p2HQ+Biv �M/ i?2 /BzmbBQM Q7 i?2 i`�+Fb Bb 2p�Hm�i2/ BM i?Bb
b2+iBQMX

�b /2b+`B#2/ BM a2+X 8XkXk- i?2 /`B7i p2HQ+Biv Q7 BQMBx�iBQM 2H2+i`QMb Bb 1.04mm/µs BM i?Bb
K2�bm`2K2MiX h?Bb Bb +QMbBbi2Mi rBi? i?2 2tT2+i�iBQM Q7 1.05mm/µs +�H+mH�i2/ #v J�;#QHixX

hQ 2p�Hm�i2 i?2 /BzmbBQM Q7 i?2 i`�+Fb- i?2 Kα +Hmbi2`b- r?Qb2 i`�+F H2M;i? Bb �#Qmi 0.8mm

�M/ Km+? bK�HH2` i?�M i?2 bT`2�/ #v /BzmbBQM- �`2 mb2/X h?2v �`2 b2H2+i2/ 7Q` 2p2`v 1 cm

BMi2`p�H BM i?2 z@/B`2+iBQM �M/ Qp2`H�B/ rBi? `2bT2+i iQ 2�+? +2Mi2` TQbBiBQM iQ Q#i�BM �p2`�;2/
?Bi /Bbi`B#miBQMbX h?2 bi�M/�`/ /2pB�iBQMb Q7 i?2 /Bbi`B#miBQM BM i?2 x- y- �M/ z /B`2+iBQMb �`2
THQii2/ �b � 7mM+iBQM Q7 i?2 z@TQbBiBQM BM 6B;X eXdX h?2v �`2 }ii2/ #v i?2 7Q`K Q7

√
p02z + p12-

r?2`2 i?2 }i T�`�K2i2` p0 +Q``2bTQM/b iQ i?2 /BzmbBQM Q7 BQMBx�iBQM 2H2+i`QMb /m`BM; /`B7i
�M/ i?2 T�`�K2i2` p1 +Q``2bTQM/b iQ i?2 Qzb2i i2`K- 7Q` 2t�KTH2- #v i?2 TBt2HBx�iBQM �i
1G** 7Q` i?2 i`�Mbp2`b2 /B`2+iBQM- �M/ #v i?2 a�HH2M@E2v }Hi2` BM �t61" �M/ }MBi2 iBK2 Q7
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6B;m`2eX8, _2+QMbi`m+i2/ i`�+F BK�;2 Q7 � 2615 keV 2p2MiX Ai Bb +QMbB/2`2/ iQ #2 � T?QiQ2H2+i`B+
�#bQ`TiBQM 2p2MiX

1G T?QiQM ;2M2`�iBQM BM 1G** +2HHb 7Q` i?2 HQM;Bim/BM�H /B`2+iBQMX h?2 }i `2bmHib �`2 p0 4
(0.1120± 0.0004) cm/

√
cm 7Q` i?2 i`�Mbp2`b2 /B`2+iBQM �M/ p0 4 (0.0264± 0.0002) cm/

√
cm

7Q` i?2 HQM;Bim/BM�H /B`2+iBQMX h?2 2tT2+i�iBQMb +�H+mH�i2/ #v J�;#QHix �`2 0.115 cm/
√
cm 7Q`

i?2 i`�Mbp2`b2 /BzmbBQM �M/ 0.0323 cm/
√
cm 7Q` i?2 HQM;Bim/BM�H /BzmbBQMX h?2 b�K2 �M�HvbBb

r�b T2`7Q`K2/ QM i?2 bBKmH�iBQM /�i�b2i ;2M2`�i2/ rBi? i?2b2 2tT2+i2/ /BzmbBQM +QMbi�MibX
h?2 bBKmH�iBQM i�F2b BMiQ �++QmMi i?2 ;2M2`�iBQM Q7 T?QiQMb BM i?2 1G** U1µsV �M/ i?2 `2@
bTQMb2 Q7 �t61"X �b b?QrM BM 6B;X eXd- i?2 i`�Mbp2`b2 /BzmbBQM Bb `Qm;?Hv `2T`Q/m+2/ #mi i?2
HQM;Bim/BM�H /BzmbBQM /Bz2`b #Qi? 7Q` i?2 Qzb2i �M/ z /2T2M/2M+2X 6Q` i?2 HQM;Bim/BM�H /B`2+@
iBQM- �M �//BiBQM�H Qzb2i Q7 1.5µs Bb �//2/ iQ i?2 bBKmH�iBQM �M/ Bb �HbQ /BbTH�v2/ BM 6B;X eXdX
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6B;m`2eXe, _2+QMbi`m+i2/ i`�+F BK�;2 Q7 � 1593 keV 2p2MiX Ai Bb +QMbB/2`2/ iQ #2 � /Qm#H2
2b+�T2 2p2Mi Q7 � T�B` +`2�iBQM #v � 2615 keV ;�KK� `�vX

h?2 �;`22K2Mi #2ir22M i?2 K2�bm`2K2Mi �M/ bBKmH�iBQM #2+QK2b #2ii2`X h?2`2 Bb- ?Qr2p2`-
biBHH /Bb�;`22K2Mi- BM/B+�iBM; i?�i i?2 /BzmbBQM +QMbi�Mi Bb /Bz2`2MiX h?2 /BzmbBQM +QMbi�Mi Bb
b2MbBiBp2 iQ i?2 BKTm`BiB2b BM i?2 ;�b- �M/ i?Bb K�v #2 i?2 `2�bQM 7Q` i?2 /Bb�;`22K2MiX aBM+2
i?2 �KQmMi Q7 BKTm`BiB2b +�M 2�bBHv p�`B2b #2ir22M K2�bm`2K2Mib- Bi Bb BKTQ`i�Mi iQ +�H+mH�i2
i?2 /BzmbBQM +QMbi�Mib 7`QK i?2 /�i� BM i?Bb r�vX

aBKmH�iBQM +�M #2 imM2/ mbBM; i?2b2 /�i�- r?B+? Bb [mBi2 BKTQ`i�Mi iQ p�HB/�i2 i?2 �H;Q`Bi?Kb
b2T�`�iBM; i?2 0νββ bB;M�H 7`QK i?2 ;�KK�@`�v #�+F;`QmM/ #�b2/ QM i?2 i`�+F BK�;2X

dN
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Longitudinal Diffusion

6B;m`2eXd, h?2 bi�M/�`/ /2pB�iBQM Q7 i?2 �p2`�;2/ ?Bi /Bbi`B#miBQM Q7 i?2 Kα +Hmbi2`b BM i?2
i`�Mbp2`b2 UH27i T�M2HV �M/ i?2 HQM;Bim/BM�H U`B;?i T�M2HV /B`2+iBQM iQ i?2 /`B7i /B`2+iBQMX h?2
`2bmHib 7Q` i?2 bBKmH�iBQM /�i�b2i �`2 �HbQ b?QrMX
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6B;m`2eX3, LmK#2` Q7 +�M/B/�i2b 7Q` i?2 T`BK�`v b+BMiBHH�iBQM HB;?i 7Q` 1836 keV 2p2MibX

eX9 a+BMiBHH�iBQM /2i2+iBQM
6B;m`2 eX3 b?Qrb i?2 /Bbi`B#miBQM Q7 i?2 MmK#2` Q7 ?Bi +Hmbi2`b 7Q` i?2 T`BK�`v b+BMiBHH�iBQM

HB;?i +�M/B/�i2b 7Q` 1836 keV 2p2MibX �bbmKBM; i?2 2{+B2M+v Q7 /2i2+iBM; i?2 `B;?i b+BMiBHH�iBQM
HB;?i Bb ε- �M/ i?2 �p2`�;2 MmK#2` Q7 i?2 /2i2+i2/ �++B/2Mi�H b+BMiBHH�iBQM ?Bib Bb µacc- i?2

3y



T`Q#�#BHBiB2b i?�i MQ Q` Dmbi QM2 ?Bi +Hmbi2` Bb /2i2+i2/ �b � T`BK�`v b+BMiBHH�iBQM HB;?i +�M/B/�i2
�`2 �b 7QHHQrbX

P (nsci = 0) = (1− ε) e−µacc UeXRV
P (nsci = 1) = (1− ε)µacce

−µacc + εe−µacc UeXkV

6`QK 6B;X eX3- Bi 7QHHQrb i?�i ε = 0.60 �M/ µacc = 0.075X
aBM+2 i?2 �p2`�;2 2M2`;v iQ K�F2 QM2 b+BMiBHH�iBQM T?QiQM Bb K2�bm`2/ iQ #2 72 eV (ej)-

i?2 MmK#2` Q7 ;2M2`�i2/ b+BMiBHH�iBQM T?QiQMb 7Q` 1836 keV 2p2Mib Bb 26 000X *QMbB/2`BM; i?2
�p2`�;2 /Bbi�M+2 iQ i?2 SJhb Bb 47 cm- i?2 �`2� Q7 QM2 SJh Bb 2 cm × 2 cm- i?2 T?QiQM
/2i2+iBQM 2{+B2M+v Q7 i?2 SJh Bb 21%- �M/ i?2 �T2`im`2b Q7 i?2 K2b?2b �`2 71% 7Q` i?2
+�i?Q/2 K2b? �M/ 67% 7Q` i?2 SJh ;m�`/ K2b?- i?2 iQi�H MmK#2` /2i2+i2/ #v b2p2M SJhb
Bb ∼ 2.6X h?mb Bi Bb M�im`�H i?�i i?2 2{+B2M+v 7Q` `2+QMbi`m+iBM; i?2 T`BK�`v b+BMiBHH�iBQM Bb
`�i?2` HQr- ε = 0.60- `2[mB`BM; i?2 +QBM+B/2M+2 Q7 irQ Q` KQ`2 SJhbX _�. iQ BKT`Qp2 i?2
b+BMiBHH�iBQM /2i2+iBQM 2{+B2M+v 7Q` i?2 7mim`2 /2i2+iQ` Bb QM;QBM;X

3R





�d�

.Bb+mbbBQM

AM i?Bb +?�Ti2`- i?2 T2`7Q`K�M+2 Q#i�BM2/ BM i?2 T`2pBQmb +?�Ti2`- 2bT2+B�HHv i?2 2M2`;v
`2bQHmiBQM- Bb /Bb+mbb2/ BM /2i�BHX h?2 2tT2+i2/ b2MbBiBpBiv Q7 i?2 7mim`2 /2i2+iQ` 7Q` 0νββ

b2�`+? Bb �HbQ /2b+`B#2/X

dXR lM/2`bi�M/BM; Q7 i?2 2M2`;v `2bQHmiBQM
AM Q`/2` iQ �+?B2p2 #2ii2` 2M2`;v `2bQHmiBQM- Bi Bb `2[mB`2/ iQ mM/2`bi�M/ i?2 7�+iQ`b /2@

i2`KBMBM; i?2 K2�bm`2/ 2M2`;v `2bQHmiBQMX *QMi`B#miBQMb 7`QK p�`BQmb bQm`+2b iQ i?2 2M2`;v
`2bQHmiBQM r2`2 2p�Hm�i2/ 7Q` i?2 T2�F Q7 88Y 1836 keV ;�KK� `�vbX �b i?2 bQm`+2b- i?2
~m+im�iBQM BM i?2 bB;M�H ;2M2`�iBQM T`Q+2bb Ua2+X dXRXRV- i?2 2``Q`b BM i?2 +Q``2+iBQM T`Q+2bb
Ua2+X dXRXkV- i?2 ?�`/r�`2@Q`B;BM 2``Q`b Ua2+X dXRXjV- �M/ i?2 KBb@`2+QMbi`m+iBQM Q7 i?2 x@TQbBiBQM
Ua2+X dXRX9V �`2 +QMbB/2`2/X

6Q` bQK2 bQm`+2b- i?2B` 2z2+ib �`2 2biBK�i2/ #�b2/ QM i?2 bBKmH�iBQMX h?2 bBKmH�iBQM
BM+Hm/2b i?2 r?QH2 bB;M�H ;2M2`�iBQM T`Q+2bbX 1p2Mib �`2 ;2M2`�i2/ #v :2�Mi9 (e9Ĝee)X h?2
/Bbi`B#miBQM Q7 BQMBx�iBQM 2H2+i`QMb Bb +�H+mH�i2/ 7`QK i?2 2M2`;v /2TQbBi- �M/ i?2 /`B7i Q7 i?2
BQMBx�iBQM 2H2+i`QMb Bb bBKmH�i2/ +QMbB/2`BM; i?2 /BzmbBQMX h?2 MmK#2` Q7 T?QiQMb /2i2+i2/ �i
1G** �HQM; i?2 iBK2 Bb +�H+mH�i2/ #�b2/ QM i?2 bBKmH�i2/ `2bTQMb2 Q7 1G** Ua2+X kXjXkV iQ
i?2 /`B7i2/ BQMBx�iBQM 2H2+i`QMbX 6Q` i?2 K2�M 1G ;�BM- i?2 p�Hm2 Q#i�BM2/ BM i?2 K2�bm`2K2Mi-
RkXe- Bb mb2/X h?2 T?QiQM /2i2+iBQM �HQM; i?2 iBK2 Bb +QMp2`i2/ iQ i?2 r�p27Q`K mbBM; i?2
`2bTQMb2 Q7 i?2 a�HH2M@E2v }Hi2` �M/ /B;BiBx�iBQM BM i?2 �t61"X h?2 ;2M2`�i2/ r�p27Q`Kb �`2
�M�Hvx2/ BM i?2 b�K2 T`Q+2bb �b i?2 /�i�X AM i?Bb bBKmH�iBQM T`Q+2bb- bQK2 T`Q+2bb Bb brBi+?2/
Qz iQ +QKT�`2 i?2 2M2`;v `2bQHmiBQM �M/ iQ 2p�Hm�i2 Bib 2z2+i QM i?2 2M2`;v `2bQHmiBQMX

h�#H2 dXR bmKK�`Bx2b i?2 #`2�F/QrM Q7 i?2 2M2`;v `2bQHmiBQM �i 1836 keVX h?2 /2i�BHb BM
2�+? bQm`+2 Q7 i?2 2M2`;v `2bQHmiBQM �`2 /2b+`B#2/ BM a2+bX dXRXR iQ dXRX9X h?2 iQi�H 2biBK�i2/
2M2`;v `2bQHmiBQM Bb 0.63% iQ 0.67% r?BH2 i?2 K2�bm`2/ 2M2`;v `2bQHmiBQM Bb (0.73± 0.11)%X
h?2v �`2 BM �;`22K2Mi rBi?BM i?2 K�`;BM Q7 2``Q`X

3j



h�#H2dXR, "`2�F/QrM Q7 i?2 2M2`;v `2bQHmiBQM �i 1836 keV HBbi2/ BM /2b+2M/BM; Q`/2`X

1``Q` BM i?2 iBK2 p�`B�iBQM +Q``2+iBQM Ua2+X dXRXkV yXjk W
6Hm+im�iBQM Q7 i?2 MmK#2` Q7 BMBiB�H BQMBx�iBQM 2H2+i`QMb Ua2+X dXRXRV yXkN W

6Hm+im�iBQM Q7 i?2 1G ;2M2`�iBQM �M/ /2i2+iBQM Ua2+X dXRXRV yXk9 W
1``Q` BM i?2 1G ;�BM +Q``2+iBQM Ua2+X dXRXkV yXkj W

_2+QK#BM�iBQM Ua2+X dXRXRV yXkk W
6Hm+im�iBQM Q7 i?2 JSS* MQM@HBM2�`Biv Ua2+X dXRXRV yXR3 W

z KBb@`2+QMbi`m+iBQM Ua2+X dXRX9V yXRj W
o�`B�iBQM BM iBK2 #BM Q7 iBK2 p�`B�iBQM +Q``2+iBQM Ua2+X dXRXkV ! yXRe W

1``Q` BM i?2 z@/2T2M/2M+2 +Q``2+iBQM Ua2+X dXRXkV ! yXRR W
�++m`�+v Q7 i?2 JSS* `2+Qp2`v iBK2b Ua2+X dXRXkV ! yXRR W

Pzb2i Q7 i?2 #�b2HBM2 Ua2+X dXRXjV ! yXyN W
6Hm+im�iBQM Q7 i?2 �ii�+?K2Mi Ua2+X dXRXRV ! yXyk W

SQbBiBQM /2T2M/2M+2 Q7 i?2 1G ;�BM Ua2+X dXRXjV y W
q�p27Q`K }Hi2`BM; BM i?2 61" Ua2+X dXRXjV y W

1biBK�iBQM iQi�H 0.63% iQ 0.67%

.�i� iQi�H (0.73± 0.11)%

dXRXR 6Hm+im�iBQM BM i?2 bB;M�H ;2M2`�iBQM T`Q+2bb

h?2 7QHHQrBM; }p2 bQm`+2b �`2 +QMbB/2`2/ BM i?Bb +�i2;Q`vc ~m+im�iBQM Q7 i?2 MmK#2` Q7
BMBiB�H BQMBx�iBQM 2H2+i`QMb- `2+QK#BM�iBQM- �ii�+?K2Mi- ~m+im�iBQM Q7 i?2 1G ;2M2`�iBQM- �M/
~m+im�iBQM Q7 i?2 JSS* MQM@HBM2�`BivX

h?2 ~m+im�iBQM Q7 i?2 MmK#2` Q7 BMBiB�H BQMBx�iBQM 2H2+i`QMb Bb +�H+mH�i2/ iQ #2 0.29% �b
b�K2 �b 1[X RX98- `2TH�+BM; i?2 2M2`;v iQ 1836 keVX

�b /Bb+mbb2/ BM a2+X jXR- i?2 2M2`;v `2bQHmiBQM /2i2`BQ`�i2b �b i?2 /`B7i 2H2+i`B+ }2H/ Bb HQr2`2/X
h?Bb Bb #2+�mb2 Q7 i?2 `2+QK#BM�iBQM Q7 BQMBx�iBQM 2H2+i`QMbX �b +�M #2 `2�/ 7`QK 6B;X jXR-
i?2 2M2`;v `2bQHmiBQM 7Q` 661.7 keV ;�KK� `�vb Bb 0.6% �i "100V/cm/bar #mi Bb rQ`b2M2/
iQ 0.7% �i i?2 2H2+i`B+ }2H/ �i r?B+? i?2 K2�bm`2K2Mi r�b T2`7Q`K2/ U83.3V/cm/barVX h?Bb
/Bz2`2M+2 +Q``2bTQM/b iQ 0.22% �i 1836 keVX

h?2 MmK#2` Q7 BQMBx�iBQM 2H2+i`QMb Bb `2/m+2/ #v 0.83% #v �ii�+?K2Mi /m`BM; i?2 180mm

/`B7i rBi? i?2 K2�bm`2/ �ii2Mm�iBQM H2M;i? Q7 21 700mm U1[X 8XkVX *QMbB/2`BM; i?2 K2�M
T?QiQM +QmMi �i 1836 keV Bb 1.05× 106- i?2 ~m+im�iBQM Q7 i?Bb `2/m+iBQM Bb �i KQbi 2.36 ×
√
1.05× 106 × 0.83%/1.05× 106 = 0.02%- r?2`2 kXje Bb i?2 +QMp2`bBQM 7�+iQ` 7`QK i?2 bi�M@

/�`/ /2pB�iBQM iQ i?2 6q>JX
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h?2 ~m+im�iBQM Q7 i?2 1G ;2M2`�iBQM �M/ /2i2+iBQM r�b 2p�Hm�i2/ #v � bBKmH�iBQM- �M/ r�b
7QmM/ iQ #2 0.24%X

�b /Bb+mbb2/ BM a2+X 8XRXk- JSS*b bmz2` 7`QK MQM@HBM2�`Biv r?2M i?2 MmK#2` Q7 T?QiQMb
bBKmHi�M2QmbHv BM+B/2Mi Bb +HQb2 iQ i?2 MmK#2` Q7 TBt2HbX h?Bb Bb � bi�iBbiB+�H T`Q+2bb bQ i?2
~m+im�iBQM `2K�BMb 2p2M �7i2` i?2 MQM@HBM2�`Biv Bb +Q``2+i2/X "v +QKT�`BM; i?2 bBKmH�iBQMb
rBi? �M/ rBi?Qmi i?Bb 2z2+i- i?2 +QMi`B#miBQM r�b 2biBK�i2/ iQ #2 0.18%X

dXRXk *Q``2+iBQM 2``Q`

1``Q`b BM i?2 7QHHQrBM; 7Qm` +Q``2+iBQMb +�M +QMi`B#mi2 iQ i?2 2M2`;v `2bQHmiBQMc 1G ;�BM
+Q``2+iBQM- JSS* `2+Qp2`v iBK2b- iBK2 p�`B�iBQM +Q``2+iBQM- �M/ z@/2T2M/2M+2 +Q``2+iBQMX

h?2 +QMi`B#miBQM 7`QK i?2 2``Q` Q7 i?2 1G ;�BM +Q``2+iBQM Ua2+X 8XRXjV Bb +�H+mH�i2/ �b
7QHHQrb- √∑

ch

(
εchN̄ch

)2

N̄
× 2.36 % ε̄

√∑
ch N̄

2
ch

N̄2
× 2.36, UdXRV

r?2`2 εch Bb i?2 2``Q` 7Q` 2�+? +?�MM2H- ε̄ Bb i?2 K2�M 2``Q`- N̄ch Bb i?2 K2�M T?QiQM +QmMi
7Q` 2�+? +?�MM2H- �M/ N̄ Bb i?2 K2�M iQi�H T?QiQM +QmMi �i 1836 keVX �b i?2 K2�M Q7 i?2
/Bbi`B#miBQM Q7 i?2 }i 2``Q`b 7Q` i?2 Kα T2�F Q7 2�+? +?�MM2H /m`BM; i?2 1G ;�BM +Q``2+iBQM- ε̄
Bb /2`Bp2/ iQ #2 0.46%X 6Q` 2p2`v 2p2Mib-

∑
ch N

2
ch/N

2 Bb +�H+mH�i2/- �M/
∑

ch N̄
2
ch/N̄

2 = 0.043

Bb /2`Bp2/ �b i?2 K2�M Q7 Bib /Bbi`B#miBQMX lbBM; i?2b2 p�Hm2b- i?2 +QMi`B#miBQM iQ i?2 2M2`;v
`2bQHmiBQM Bb 0.23%X h?Bb `2bmHi Bb �HbQ BMi2`T`2i2/ �b ε̄/√neff ×2.36- r?2`2 neff Bb i?2 2z2+iBp2
MmK#2` Q7 i?2 ?Bi +?�MM2HbX *�H+mH�i2/ 7`QK i?2 `2bmHi 0.23%- neff = 22.7X

h?2 �++m`�+v Q7 i?2 JSS* `2+Qp2`v iBK2 K2�bm`2K2Mi �z2+ib i?2 2M2`;v `2bQHmiBQM BM irQ
r�vb, T`2+BbBQM Q7 BM/BpB/m�H JSS*Ƕb `2+Qp2`v iBK2b �M/ Qp2`�HH #B�bX h?2 `2+Qp2`v iBK2b
Q7 BM/BpB/m�H JSS*b r2`2 K2�bm`2/ rBi? �#Qmi 0.5 ns T`2+BbBQMX Aib 2z2+i r�b 2biBK�i2/
#v bBKmH�iBQM �M/ 7QmM/ iQ #2 M2;HB;B#H2 (8y)X h?2 2z2+i Q7 i?2 Qp2`�HH #B�b Bb 2p�Hm�i2/
#�b2/ QM i?2 1[X 8Xj BM a2+X 8XjX8X �7i2` i?2 Qp2`�HH }M2@imMBM; Q7 i?2 `2+Qp2`v iBK2b- ∆k Bb
(−0.29± 1.84)× 10−6- +QMbBbi2Mi rBi? x2`Q- r?B+? Bb i?�MFb iQ i?2 }M2@imMBM;X 6Q` 1836 keV

2p2Mib- i?2 6q>J Q7 i?2 /Bbi`B#miBQM Q7 *aa Bb 6.15× 108- �M/ i?2`27Q`2 i?2 +QMi`B#miBQM iQ
i?2 2M2`;v `2bQHmiBQM Bb �i KQbi

√
0.292 + 1.842 × 10−6 × 6.15× 108/

(
1.05× 106

)
= 0.11%X

h?2 iBK2 p�`B�iBQM +Q``2+iBQM 7�+iQ` Bb /2i2`KBM2/ 7`QK i?2 Kα T2�F }i BM 2�+? iBK2 #BM
Ua2+X 8XjXjVX h?2 �p2`�;2 }i 2``Q` Bb 0.137%- i?2`27Q`2 i?2 2``Q` Q7 i?2 b+�H2 7�+iQ` Bb �HbQ
0.137%- �M/ i?2 +QMi`B#miBQM iQ i?2 2M2`;v `2bQHmiBQM Bb 0.32%- KmHiBTHB2/ #v kXjeX

h?2 p�`B�iBQM rBi?BM i?2 iBK2 #BM Bb �HbQ 2p�Hm�i2/X h?2`2 Bb �i KQbi 0.24% p�`B�iBQM BM i?2
iBK2 #BM Q7 jy KBMmi2bX �bbmKBM; i?2 p�`B�iBQM BM i?2 iBK2 #BM Bb mMB7Q`K- i?2 +QMi`B#miBQM
iQ i?2 2M2`;v `2bQHmiBQM Bb �i KQbi 0.24%× 2.36√

12
= 0.16%X

q?2M i?2`2 Bb �M 2``Q` BM i?2 �ii2Mm�iBQM H2M;i? /2i2`KBM�iBQM- i?2 2``Q` 7`QK i?2 z@
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6B;m`2dXR, _2H�iBQM #2ir22M i?2 +Q``2+i2/ T?QiQM +QmMib UNcorV �M/ i?2 T`Q/m+i Q7 i?2 T?QiQM
+QmMib �M/ i?2 K2�M z@TQbBbBQM Uz̄NcorVX h?2 +Hmbi2`b �i ∼5.1× 105 T?QiQMb �M/ ∼4.6× 105

T?QiQMb +Q``2bTQM/ iQ i?2 T?QiQT2�F Q7 898 keV ;�KK� `�vb �M/ i?2 /Qm#H2 2b+�T2 T2�F Q7
1836 keV ;�KK� `�vb- `2bT2+iBp2HvX

+Q``2+iBQM Ua2+X8XjX9V QM i?2 T?QiQM +QmMib Bb +�H+mH�i2/ �b

∆Ncor =
∑

i

piN i
obs

(
1 +

zi

λ′

)
−
∑

i

piN i
obs

(
1 +

zi

λ

)
UdXkV

%
(

1

λ′
− 1

λ

)
z̄Ncor UdXjV

r?2`2 pi Bb i?2 +Q``2+iBQM 7�+iQ` Qi?2` i?�M i?2 z@/2T2M/2M+2 +Q``2+iBQM- zi Bb i?2 z@TQbBiBQM
Q7 2�+? b�KTHBM; Q7 i?2 r�p27Q`K- λ′ Bb i?2 �ii2Mm�iBQM H2M;i? mb2/ BM i?2 +Q``2+iBQM- λ Bb
i?2 i`m2 �ii2Mm�iBQM H2M;i?- �M/ z̄ Bb i?2 z@TQbBiBQM Q7 i?2 2p2Mi ;Bp2M �b i?2 K2�M r2B;?i2/
#v i?2 T?QiQM +QmMibX 6B;m`2 dXR b?Qrb i?2 /Bbi`B#miBQM Q7 Ncor p2`bmb z̄NcorX AM i?Bb /Bb@
i`B#miBQM- 1/λ′ − 1/λ rQmH/ �TT2�` �b � bHQT2X 6`QK i?Bb THQi- 1/λ′ − 1/λ Bb Q#i�BM2/ �b
(−1.52± 1.12)× 10−5 mm−1- +QMbBbi2Mi rBi? x2`QX "2+�mb2 i?2 6q>J Q7 i?2 /Bbi`B#miBQM
Q7 z̄Ncor 7Q` 1836 keV 2p2Mib Bb 6.03× 107 mm- i?2 +QMi`B#miBQM iQ i?2 2M2`;v `2bQHmiBQM Bb �i
KQbi

√
1.522 + 1.122 × 10−5 × 6.03× 107 T?QiQMb- i?�i Bb 0.11%X
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dXRXj >�`/r�`2@Q`B;BM 2``Q`

SQbBiBQM /2T2M/2M+2 Q7 i?2 1G ;�BM �M/ 2``Q`b �`BbBM; 7`QK i?2 r�p27Q`K T`Q+2bbBM; BM i?2
61" �`2 +QMbB/2`2/X

h?2 1G ;�BMb /2T2M/ QM i?2 BMD2+iBQM TQbBiBQMb Q7 BQMBx�iBQM 2H2+i`QMb `2H�iBp2 iQ i?2 +2HH �b
/2b+`B#2/ BM a2+X kXjXk- �M/ i?2 /2T2M/2M+2 Bb BM+Hm/2/ BM i?2 bBKmH�iBQMX h?2 2z2+i QM i?2
2M2`;v `2bQHmiBQM r�b 7QmM/ iQ #2 M2;HB;B#H2 #v +QKT�`BM; i?2 `2bmHib Q7 bBKmH�iBQMb rBi? �M/
rBi?Qmi i?Bb 1G ;�BM /2T2M/2M+2 QM i?2 TQbBiBQM Q7 BQMBx�iBQM 2H2+i`QMbX

AM i?2 61"b- i?2 bB;M�H r�p27Q`Kb �`2 b?�T2/ #v i?2 a�HH2M@E2v }Hi2`b �M/ i?2M /B;BiBx2/X
h?2 2z2+i Q7 i?2b2 }Hi2`BM; �M/ /B;BiBx�iBQM r�b 2p�Hm�i2/ #v bBKmH�iBQM �M/ r�b 7QmM/ iQ #2
M2;HB;B#H2X

h?2 #�b2HBM2 Q7 i?2 r�p27Q`K Bb mMFMQrM rBi?BM QM2 �.* +QmMiX h?Bb H2�/b iQ irQ 2z2+ib
QM i?2 2M2`;v `2+QMbi`m+iBQMX 6B`bi- 2p2Mi@#v@2p2Mi ~m+im�iBQM Q7 i?2 mMFMQrM Qzb2i +�mb2b
~m+im�iBQM BM i?2 T?QiQM +QmMi /2i2`KBM�iBQMX AM �//BiBQM- bBM+2 i?2 2p2Mi iBK2 rB/i? Bi@
b2H7 ~m+im�i2b- i?2 Qzb2i �z2+ib i?2 T?QiQM +QmMi /2i2`KBM�iBQM 2p2M B7 Bi Bb +QMbi�MiX h?2
+QMi`B#miBQM iQ i?2 2M2`;v `2bQHmiBQM 7`QK i?2 #�b2HBM2 Qzb2i Bb +�H+mH�i2/ 7`QK i?2 K2�M
�M/ bi�M/�`/ /2pB�iBQM Q7 i?2 2p2Mi iBK2 rB/i? �M/ r�b 7QmM/ iQ #2 0.09% �i KQbiX h?2
+QMi`B#miBQMb 7`QK ?�`/r�`2 �`2 bK�HHX h?Bb Bb M�im`�H #2+�mb2 i?2v r2`2 bQ /2bB;M2/X

dXRX9 JBb@`2+QMbi`m+iBQM Q7 z@TQbBiBQM

A7 i?2 T`BK�`v b+BMiBHH�iBQM Bb r`QM;Hv B/2MiB}2/- i?2 z@TQbBiBQM Q7 i?2 2p2Mi Bb KBb@
`2+QMbi`m+i2/ �M/ i?2 +Q``2+iBQM Q7 z@/2T2M/2M+2 Bb r`QM;Hv �TTHB2/X 6`QK 1[X eXk- i?2
T`Q#�#BHBiv Q7 KBb@`2+QMbi`m+iBQM Q7 i?2 z@TQbBiBQM Bb (1−ε)µacce

−µacc

P (nsci=1) bBM+2 QMHv i?2 2p2Mib rBi?
Dmbi QM2 ?Bi +Hmbi2` �`2 +?Qb2M BM i?2 �M�HvbBbX lbBM; i?2 p�Hm2b ε = 0.60 �M/ µacc = 0.075-
i?Bb KBb@`2+QMbi`m+iBQM T`Q#�#BHBiv Bb +�H+HmH�i2/ iQ #2 5%X �bbmKBM; i?2 KBb@`2+QMbi`m+iBQM
/Bbi`B#mi2b mMB7Q`KHv 7`QK 0mm iQ 180mm- i?2 KBb@+Q``2+iBQM Q7 z@/2T2M/2M+2 mMB@
7Q`KHv /Bbi`B#mi2b 7`QK y iQ 0.83%X h?2M- i?2 +QMi`B#miBQM iQ i?2 2M2`;v `2bQHmiBQM Bb
√
5%× 0.83%√

12
× 2.36 = 0.13%X

dXk *?�`�+i2` Q7 KmHiBTH2@+Hmbi2`2/ 2p2Mib
h?2 2biBK�iBQM BM i?2 T`2pBQmb b2+iBQM r�b K�/2 7Q` i?2 bBM;H2@+Hmbi2`2/ i`�+F +�b2X �b

b?QrM BM h�#H2 eXR- i?2 2M2`;v `2bQHmiBQMb 7Q` i?2 KmHiBTH2@+Hmbi2`2/ 2p2Mib �`2 rQ`b2 i?�M
i?Qb2 Q7 i?2 bBM;H2@+Hmbi2`2/ 2p2Mib 7Q` KQbi 2M2`;v T2�FbX hQ }M/ i?2 +�mb2 Q7 i?Bb- r2 7Q+mb
QM *aa U+Q``2+i2/ b[m�`2/ bmKVX

1p2M �7i2` i?2 }M2@imMBM; Q7 i?2 Qp2`�HH #B�b Q7 i?2 `2+Qp2`v iBK2b Q7 JSS*b Ua2+X 8XjX8V-
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6B;m`2dXk, _2H�iBQM #2ir22M i?2 T?QiQM +QmMib �M/ i?2 *aa 7Q` i?2 KmHiBTH2@+Hmbi2`2/ 2p2Mib
Q7 898 keV BM i?2 88Y `mM �7i2` i?2 #B�b `2D2+iBQM 7Q` JSS* `2+Qp2`v iBK2bX � bHQT2 `2K�BMb
BM i?2 /Bbi`B#miBQM- �M/ Bi +Q``2bTQM/b iQ i?2 `2+Qp2`v iBK2 #B�b Q7 1.3 nsX

Bi r�b 7QmM/ i?�i � #B�b Q7 1.3 ns `2K�BMb 7Q` i?2 KmHiBTH2@+Hmbi2`2/ 2p2Mib U6B;X dXkVX h?Bb
BM/B+�i2b i?�i i?2 Qp2`�HH #B�b /Bz2`b #2ir22M i?2 bBM;H2@+Hmbi2`2/ 2p2Mib �M/ i?2 KmHiBTH2@
+Hmbi2`2/ 2p2MibX

"2bB/2b- �b b?QrM BM 6B;X dXj- *aa Q7 i?2 KmHiBTH2@+Hmbi2`2/ 2p2Mib Bb bHB;?iHv ?B;?2` i?�M
i?�i Q7 i?2 bBM;H2@+Hmbi2`2/ 2p2MibX >B;? *aa K2�Mb i?�i i?2 2M2`;v /2TQbBi Bb +QM+2Mi`�i2/ BM
� bK�HH pQHmK2X h?Bb Bb �b 2tT2+i2/ #2+�mb2 KmHiBTH2@+Hmbi2`2/ 2p2Mib +QMi�BM KQ`2 i?�M QM2
i`�+F- BX2X KmHiBTH2 biQT TQBMibX >2M+2 Bi Bb TQbbB#H2 i?�i i?2 +QMi`B#miBQMb 7`QK `2+QK#BM�iBQM
�M/ ~m+im�iBQM Q7 i?2 JSS* MQM@HBM2�`Biv �`2 H�`;2` 7Q` i?2 KmHiBTH2@+Hmbi2`2/ 2p2MibX

*QMbB/2`BM; i?2 0νββ b2�`+?- KmHiBTH2@+Hmbi2`2/ #�+F;`QmM/ 2p2Mib �`2 `2D2+i2/ #v Bib bT�iB�H
T�ii2`MX h?2`27Q`2 rQ`b2 2M2`;v `2bQHmiBQM 7Q` i?2 KmHiBTH2@+Hmbi2`2/ 2p2Mib Bb MQi � T`Q#H2K
BM i?2 0νββ b2�`+? BM T`BM+BTH2X >Qr2p2`- 0νββ 2p2Mib �`2 2tT2+i2/ iQ ?�p2 irQ #HQ#b-
�M/ ?2M+2 i?2B` *aa p�Hm2b �`2 2tT2+i2/ iQ #2 bHB;?iHv ?B;?X h?mb- iQ Q#i�BM #2ii2` 2M2`;v
`2bQHmiBQM 7Q` i?2 0νββ 2p2Mib- � #2ii2` mM/2`bi�M/BM; Q7 i?Bb rQ`b2 2M2`;v `2bQHmiBQM 7Q` i?2
KmHiBTH2@+Hmbi2`2/ 2p2Mib Bb M22/2/X

33



0 200 400 600 800 1000 1200 1400 1600
610×

CSS
0

10

20

30

40

50

60

70

80
Ar

bi
tra

ry

single clustered

multiple clustered

6B;m`2dXj, .Bbi`B#miBQMb Q7 *aa 7Q` i?2 bBM;H2@+Hmbi2`2/ �M/ i?2 KmHiBTH2@+Hmbi2`2/ 898 keV

T2�FX h?2 ?2B;?ib �`2 b+�H2/ iQ K�i+? i?2 MmK#2` Q7 2Mi`B2bX

dXj 6mim`2 BKT`Qp2K2Mi
AM i?2 +QMi`B#miBQMb b?QrM BM h�#H2 dXR- i?2 ~m+im�iBQM Q7 i?2 1G ;2M2`�iBQM �M/ /2i2+iBQM

+�M #2 bmTT`2bb2/ #v BM+`2�bBM; i?2 /2i2+i2/ MmK#2` Q7 T?QiQMbX hQ �+?B2p2 i?Bb- r2 �`2 MQr
/2p2HQTBM; M2r 1G** rBi? JSS*b Q7 �TT`QtBK�i2Hv irQ iBK2b H�`;2` b2MbBiBp2 �`2�b �M/
�MQ/2 2H2+i`Q/2b rBi? ?B;?2` /Bb+?�`;2 `2bBbi�M+2X h?Bb BKT`Qp2K2Mi BM+`2�b2b i?2 MmK#2` Q7
/2i2+i2/ T?QiQMb #v � 7�+iQ` Q7 kXe- i?mb `2/m+BM; i?2 +QMi`B#miBQM iQ i?2 2M2`;v `2bQHmiBQM
7`QK 0.24% iQ 0.15%X

h?2 +QMi`B#miBQM 7`QK `2+QK#BM�iBQM +�M #2 Km+? bmTT`2bb2/ #v �TTHvBM; � bi`QM;2` /`B7i
2H2+i`B+ }2H/- r?B+? Bb MQr HBKBi2/ #v i?2 /Bb+?�`;2b �i 1G**X

h?2 �++m`�+B2b Q7 i?2 1G ;�BM +Q``2+iBQM �M/ i?2 iBK2 p�`B�iBQM +Q``2+iBQM �`2 HBKBi2/ #v i?2
bi�iBbiB+b Q7 i?2 Kα T2�F 2p2Mib �M/ i?2`27Q`2 +�M #2 `2/m+2/ iQ � M2;HB;B#H2 H2p2H #v i�FBM;
KQ`2 /�i� rBi? � bi2�/B2` +QM/BiBQMX

JBb@`2+QMbi`m+iBQM Q7 z@TQbBiBQM +QK2b 7`QK i?2 HBKBi2/ 2{+B2M+v Q7 i?2 T`BK�`v b+BMiBHH�iBQM
/2i2+iBQM- r?B+? Bb MQr R TX2X H2p2HX q2 �`2 /2p2HQTBM; � r�p2H2M;i?@b?B7iBM;@TH�i2 +QM};m`�@
iBQM iQ BKT`Qp2 i?2 2{+B2M+v Q7 T`BK�`v b+BMiBHH�iBQM /2i2+iBQM �M/ `2/m+2 KBb@`2+QMbi`m+iBQM
mbBM; i?2 BM7Q`K�iBQM Q7 T?QiQM +QmMibX

qBi? i?2b2 +QmMi2`K2�bm`2b- i?2 iQi�H 2M2`;v `2bQHmiBQM Bb 2tT2+i2/ iQ #2 BKT`Qp2/ /QrM
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6B;m`2dX9, aB;M�H HBF2HB?QQ/ QmiTmi Q7 i?2 M2m`�H M2irQ`FX h?2 QmiTmi Bb 7`QK y iQ R- �M/ i?2
?B;?2` p�Hm2 BM/B+�i2b i?2 KQ`2 bB;M�H@HBF2X h?2 #Hm2 HBM2 Bb 7Q` i?2 0νββ bB;M�Hb- �M/ i?2 `2/
HBM2 Bb 7Q` i?2 214Bi #�+F;`QmM/bX 6B;m`2 7`QK (ed)X

iQ yXjdW U6q>JV �i 1836 keV- r?B+? +Q``2bTQM/b iQ yXjkW U6q>JV �i i?2 Z p�Hm2X

dX9 a2MbBiBpBiv Q7 0νββ b2�`+? rBi? R@iQM �s1G /2i2+iQ`
�bbmKBM; i?2 7mim`2 �s1G /2i2+iQ` rBi? R iQM Q7 Tm`2 136Xe �M/ i?2 K�BM #�+F;`QmM/

bQm`+2 Q7 214Bi BM i?2 Ry iQMb Q7 Qtv;2M@7`22 +QTT2` �b �M BMM2` r�HH Q7 i?2 p2bb2H- i?2 T`2pBQmb
bim/v rBi? i?`22@/BK2MbBQM�H +QMpQHmiBQM�H M2mi`�H M2irQ`F- � FBM/ Q7 /22T H2�`MBM;- �TTHB2/
QM i?2 i`�+F T�ii2`M 2biBK�i2/ i?�i i?2 bB;M�H 2{+B2M+v �M/ i?2 #�+F;`QmM/ `�i2 �`2 36.0%

�M/ 3.50 event/year- `2bT2+iBp2Hv- r?2M MQ +mi Bb �TTHB2/ iQ i?2 2M2`;v (ed)X 6B;m`2 dX9 b?Qrb
i?2 bB;M�H HBF2HB?QQ/ QmiTmi Q7 i?2 M2m`�H M2irQ`F �M/ i?2 QTiBK�H +mi i?`2b?QH/X h?2 �#Qp2
#�+F;`QmM/ `�i2 �M/ i?2 bB;M�H 2{+B2M+v �`2 #�b2/ QM i?Bb `2bmHiX

"�b2/ QM i?2b2 p�Hm2b- i?2 b2MbBiBpBiv 7Q` i2M v2�`b Q7 Q#b2`p�iBQM Bb +�H+mH�i2/ 7Q` i?2 +�b2
r?2`2 i?2 6q>J 2M2`;v `2bQHmiBQM Bb 0.6%- 2ti`�TQH�i2/ 7`QK i?2 K2�bm`2K2Mi- �M/ 0.32%

�b 2tT2+i2/ BM i?2 T`2pBQmb b2+iBQMX � b+?2K�iB+ BHHmbi`�iBQM Q7 i?2 2M2`;v bT2+i`� Q7 0νββ

�M/ 214Bi 7Q` i?2 6q>J `2bQHmiBQM Q7 0.6% �M/ 0.32% +�b2 Bb b?QrM BM 6B;X dX8X 6B`bi-
i?2 bB;M�H 2{+B2M+v �M/ i?2 #�+F;`QmM/ `�i2 �`2 `2+�H+mH�i2/ #�b2/ QM i?2 �bbmK2/ 2M2`;v
`2bQHmiBQM �M/ i?2 p�`BQmb `�M;2b Q7 i?2 2M2`;v b2H2+iBQM U`2;BQM Q7 BMi2`2bi- _PAVX h?2M- �
90% +QM}/2M+2 H2p2H mTT2` HBKBi QM i?2 MmK#2` Q7 bB;M�Hb N sig

upper Bb +�H+mH�i2/ 7Q` i?2 MmHH
bB;M�H +�b2 7`QK i?2 #�+F;`QmM/ `�i2 7QHHQrBM; i?2 62H/K�M@*QmbBMb K2i?Q/ (e3)X h?2M- i?2
90% +QM}/2M+2 H2p2H b2MbBiBpBiv Bb

T 0ν
1/2 = NXe × t× εsig

N sig
upper

, UdX9V

Ny
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6B;m`2dX8, 1tT2+i2/ 2M2`;v bT2+i`� Q7 0νββU#Hm2V �M/ 214Bi U`2/V 7Q` i?2 6q>J 2M2`;v
`2bQHmiBQM Q7 0.6% UbQHB/V �M/ 0.32% U/�b?2/V +�b2bX hrQ iBK2b KQ`2 2p2Mib Bb �bbmK2/ 7Q`
214Bi i?�M 0νββX

r?2`2 NXe = 4.43× 1027 Bb i?2 MmK#2` Q7 t2MQM �iQKb 7Q` R iQM- t = 10 years Bb Q#b2`p�iBQM
iBK2- �M/ εsig Bb i?2 bB;M�H 2{+B2M+vX

6B;m`2 dXe b?Qrb i?2 +�H+mH�i2/ b2MbBiBpBivX h?2 K�tBKmK b2MbBiBpBiv Bb 1.25× 1027 years

7Q` i?2 _PA Q7 Q ± 8 keV BM i?2 +�b2 Q7 0.6% `2bQHmiBQM �M/ 2.53× 1027 years 7Q` i?2 _PA
Q7 Q ± 4 keV BM i?2 +�b2 Q7 0.32% `2bQHmiBQMX h?2 H�ii2` +Q``2bTQM/b iQ RRĜ9d K2o Q7 mββ

�bbmKBM; i?2 b�K2 Mm+H2�` K�i`Bt 2H2K2Mi �b i?2 `2bmHi Q7 E�KG�L.@w2M (jR)- BX2X +�H+mH�i2/
p�Hm2b #�b2/ QM 2M2`;v@/2MbBiv 7mM+iBQM�H i?2Q`v (eNĜdR)- BMi2`�+iBM; #QbQM KQ/2H (dk- dj)-
b?2HH KQ/2H (d9Ĝde)- �M/ [m�bBT�`iB+H2 `�M/QK T?�b2 �TT`QtBK�iBQM (ddĜ3R)X aBM+2 i?2 `2;BQM
Q7 BMp2`i2/ Q`/2`BM; M2mi`BMQ K�bb Bb mββ " 20meV- i?Bb `2bmHi /2KQMbi`�i2b i?2 BKT�+i Q7
i?2 2M2`;v `2bQHmiBQM Q7 0.32%X

NR
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6B;m`2dXe, 90% +QM}/2M+2 H2p2H b2MbBiBpBiv BM i?2 ?�H7@HB72 Q7 0νββ Q7 i?2 �s1G R iQM /2i2+iQ`
7Q` Ry v2�`b Q7 Q#b2`p�iBQMX

Nk



�3�

*QM+HmbBQM

h?2 /Bb+Qp2`v Q7 M2mi`BMQ Qb+BHH�iBQM `2p2�H2/ i?2 2tBbi2M+2 Q7 M2mi`BMQ K�bb- �M/ Bi Bb FMQrM
iQ #2 2ti`2K2Hv bK�HH 7`QK i?2 +QbKQHQ;B+�H Q#b2`p�iBQMb �M/ i?2 /B`2+i K�bb K2�bm`2K2MiX
AM T`BM+BTH2- M2mi`BMQ +�M ?�p2 i?2 J�DQ`�M� K�bb i2`K- B7 bQ- i?2 bK�HHM2bb Q7 M2mi`BMQ K�bb
K�v #2 M�im`�HHv 2tTH�BM2/ #v i?2 a22@a�r KQ/2HX h?2 J�DQ`�M� M�im`2 Q7 M2mi`BMQ Bb �HbQ �
F2v iQ mM/2`bi�M/BM; i?2 K�ii2`@�MiBK�ii2` �bvKK2i`v BM i?2 mMBp2`b2 pB� i?2 G2TiQ;2M2bBb
KQ/2HX h?2 KQbi TH�mbB#H2 r�v iQ +QM}`K i?2 J�DQ`�M� M�im`2 Q7 i?2 M2mi`BMQ Bb iQ Q#b2`p2
i?2 M2mi`BMQH2bb /Qm#H2@#2i� /2+�v U0νββVX h?2 ?�H7@HB72 Q7 yM## Bb BMp2`b2Hv T`QTQ`iBQM�H
iQ i?2 b[m�`2 Q7 i?2 2z2+iBp2 J�DQ`�M� K�bb Q7 i?2 2H2+i`QM M2mi`BMQ UmββVX h?2 +m``2Mi
#2bi HQr2` HBKBi QM i?2 ?�H7@HB72 Q7 136Xe 0νββ Bb b2i #v i?2 E�KG�L.@w2M 2tT2`BK2Mi iQ
#2 T 0ν

1/2 > 2.3× 1026 yearX h?Bb +Q``2bTQM/b iQ i?2 #2bi mTT2` HBKBi QM i?2 mββ Q7 mββ <

Uje Ĝ R8eV K2oX hQ +QM/m+i � b2MbBiBp2 b2�`+? 7Q` bm+? � `�`2 T`Q+2bb- � H�`;2 �KQmMi Q7
/Qm#H2@#2i� /2+�v Mm+H2B- ;QQ/ 2M2`;v `2bQHmiBQM- �M/ #�+F;`QmM/ `2D2+iBQM +�T�#BHBiv �`2
`2[mB`2/X

q2 ?�p2 #22M /2p2HQTBM; � ?B;?@T`2bbm`2 t2MQM ;�b iBK2 T`QD2+iBQM +?�K#2`- �s1G- iQ
b2�`+? 7Q` 0νββ Q7 136XeX AM i?2 �s1G /2i2+iQ`- i?2 BQMBx�iBQM bB;M�H Bb `2�/ Qmi i?`Qm;?
i?2 2H2+i`QHmKBM2b+2M+2 T`Q+2bb #v � TBt2HBx2/ /2i2+iQ`- 1G**X h?2 1G** �HHQrb ;QQ/ 2M@
2`;v `2bQHmiBQM �M/ i?`22@/BK2MbBQM�H i`�+F `2+QMbi`m+iBQM- r?B+? +�M #2 mb2/ iQ /Bb+`BKBM�i2
#�+F;`QmM/ 2p2MibX h?2 T`QiQivT2 /2i2+iQ`b ?�p2 #22M /2p2HQT2/ #v BM+`2�bBM; i?2 bBx2 bi2T
#v bi2TX h?2 +m``2Mi T`QiQivT2 /2i2+iQ` mb2b � p2bb2H Q7 � 180L pQHmK2X h?2 Tm`TQb2 Q7 i?2
180L T`QiQivT2 /2i2+iQ` Bb iQ 2bi�#HBb? i?2 T2`7Q`K�M+2 �i i?2 2M2`;v �`QmM/ i?2 Z p�Hm2 Q7
136Xe U2458 keVVX

h?2 /`B7i }2H/ +�;2 Bb QM2 Q7 i?2 F2v +QKTQM2Mib Q7 i?2 �s1G /2i2+iQ`X h?2 }2H/ +�;2 ;2M@
2`�i2b � mMB7Q`K 2H2+i`B+ }2H/ iQ /`B7i BQMBx�iBQM 2H2+i`QMbX h?2 mMB7Q`KBiv Q7 i?2 /`B7i 2H2+i`B+
}2H/ �z2+ib i?2 2M2`;v `2bQHmiBQM �M/ i?2 i`�+F `2+QMbi`m+iBQM +�T�#BHBivX h?2 `2[mB`2K2Mi 7Q`
i?2 /`B7i }2H/ r�b bim/B2/- �M/ Bi r�b 7QmM/ i?�i i?2 }2H/ BMi2MbBiv ?B;?2` i?�M 100V/cm/bar

�M/ i?2 mMB7Q`KBiv rBi?BM 5% ?�p2 iQ #2 `2�HBx2/X h?2 }2H/ +�;2 r�b /2bB;M2/ iQ b�iBb7v i?Bb

Nj



+QM/BiBQM BM �b H�`;2 � pQHmK2 �b TQbbB#H2 BM i?2 180L p2bb2H �M/ r�b +QMbi`m+i2/X �i i?2
}`bi +QKKBbbBQMBM;- 2H2+i`B+ /Bb+?�`;2b Q++m``2/ QM i?2 }2H/ +�;2X h?2 T�i?b Q7 i?2 /Bb+?�`;2b
r2`2 2t�KBM2/ �M/ �//`2bb2/ iQ T`2p2Mi /Bb+?�`;2b- r?B+? H2�/b iQ bi�#H2 QT2`�iBQMX

h?2 K2�bm`2K2Mi 7Q` i?2 T2`7Q`K�M+2 2p�Hm�iBQM Q7 i?2 180L T`QiQivT2 /2i2+iQ` r�b +QM@
/m+i2/ rBi? irQ FBM/b Q7 ;�KK�@`�v bQm`+2b, 88Y U898 keV- 1836 keVV �M/ i?Q`BmK b2`B2b
`�/B�iBQM UK�BMHv 2615 keV 7`QK 208TlVX h?2 /�i� r2`2 T`Q+2bb2/ iQ ;2i #2ii2` 2M2`;v `2bQHm@
iBQM- 2bT2+B�HHv 2HBKBM�iBM; i?2 /BbT2`bBQMb �M/ #B�b2b Q7 /2i2+iQ` `2bTQMb2bX

h?2 �+[mB`2/ 2M2`;v bT2+i`mK ?�b � T2�F �i 2615 keVX h?Bb Bb i?2 }`bi Q#b2`p�iBQM 2t+22/BM;
i?2 Z p�Hm2 BM i?2 ?BbiQ`v Q7 i?2 �s1G /2p2HQTK2Mi- i?Qm;? i?2 bi�iBbiB+b r2`2 HBKBi2/ iQ
2p�Hm�i2 i?2 2M2`;v `2bQHmiBQM /m2 iQ � i`Qm#H2 Q7 i?2 ;�b +B`+mH�iBQM TmKTX Pi?2` T2�Fb
r2`2 }ii2/ �M/ i?2 2M2`;v `2bQHmiBQM r�b 2p�Hm�i2/X h?2 Q#i�BM2/ 6q>J 2M2`;v `2bQHmiBQM
Bb (0.73± 0.11)% �i 1836 keVX h?2 6q>J 2M2`;v `2bQHmiBQM �i i?2 Z p�Hm2 Bb 2biBK�i2/ iQ
#2 (0.60± 0.03)% r?2M 2ti`�TQH�i2/ #v i?2 2M2`;v /2T2M/2M+2 Q7 a

√
E- �M/ (0.70± 0.21)%

r?2M 2ti`�TQH�i2/ #v a
√
E + bE2X h?Bb Bb i?2 #2bi 2M2`;v `2bQHmiBQM 2p2` �KQM; i?2 0νββ

b2�`+? 2tT2`BK2Mib mbBM; t2MQMX
AM i?2 `2+QMbi`m+i2/ i`�+F BK�;2b- i?2 /2Mb2 2M2`;v /2TQbBib �i i?2 2M/ Q7 i?2 i`�+F- #HQ#b-

r2`2 Q#b2`p2/- +Q``2bTQM/BM; iQ i?2 MmK#2` Q7 2H2+i`QMb BM i?2 2p2MibX h?Bb Bb � +H2�` 72�im`2
i?�i +�M #2 mb2/ iQ /Bb+`BKBM�i2 #2ir22M i?2 0νββ bB;M�H �M/ i?2 ;�KK�@`�v #�+F;`QmM/bX
h?2 /BzmbBQM +QMbi�Mib r2`2 /2`Bp2/ 7`QK i?2 /�i� 7Q` i?2 }`bi iBK2- r?B+? Bb BKTQ`i�Mi 7Q`
/2p2HQTBM; �H;Q`Bi?Kb iQ /Bb+`BKBM�i2 i?2 bB;M�H �M/ #�+F;`QmM/ #�b2/ QM bBKmH�i2/ i`�+F
BK�;2bX

q2 BMp2biB;�i2/ TQbbB#H2 bQm`+2b i?�i �z2+i i?2 2M2`;v `2bQHmiBQM 2t?�mbiBp2Hv �M/ bm+@
+22/2/ BM 7mHHv 2tTH�BMBM; i?2 K2�bm`2/ 2M2`;v `2bQHmiBQMX h?2 `2bmHi bm;;2bib i?�i 7m`i?2`
/2p2HQTK2Mi Q7 i?2 1G** �M/ BKT`Qp2K2Mi Q7 i?2 T`BK�`v b+BMiBHH�iBQM /2i2+iBQM +�M bB;MB}@
+�MiHv BKT`Qp2 i?2 2M2`;v `2bQHmiBQM iQ i?2 H2p2H Q7 0.32% 6q>J �i i?2 Z p�Hm2X qBi? i?Bb
BKT`Qp2/ 2M2`;v `2bQHmiBQM- i?2 7mim`2 �s1G /2i2+iQ` Bb 2tT2+i2/ iQ �+?B2p2 � b2MbBiBpBiv Q7
URR Ĝ 9dV K2o 7Q` mββ X

N9



"B#HBQ;`�T?v

(R) 6X _2BM2b- *X GX *Qr�M- 6X "X >�``BbQM- �X .X J+:mB`2- �M/ >X qX E`mb2- .2i2+iBQM Q7
i?2 6`22 �MiBM2mi`BMQ- S?vbX _2pX RRd UC�M- RNeyV R8NĜRdjX

(k) :X .�M#v- CX JX :�BHH�`/- EX :QmHB�MQb- GX JX G2/2`K�M- LX JBbi`v- JX a+?r�`ix- �M/
CX ai2BM#2`;2`- P#b2`p�iBQM Q7 >B;?@1M2`;v L2mi`BMQ _2�+iBQMb �M/ i?2 1tBbi2M+2 Q7
hrQ EBM/b Q7 L2mi`BMQb- S?vbX _2pX G2iiX N UCmH- RNekV jeĜ99X

(j) EX EQ/�K� 2i �HX- P#b2`p�iBQM Q7 i�m M2mi`BMQ BMi2`�+iBQMb- S?vbX G2iiX " 8y9 UkyyRV
kR3Ĝkk9X

(9) �G1S>- .1GS>A- Gj- PS�G- aG.- G1S 1H2+i`Qr2�F qQ`FBM; :`QmT- aG.
1H2+i`Qr2�F :`QmT- aG. >2�pv 6H�pQm` :`QmT *QHH�#Q`�iBQM- aX a+?�2H 2i �HX-
S`2+BbBQM 2H2+i`Qr2�F K2�bm`2K2Mib QM i?2 Z `2bQM�M+2- S?vbX _2TiX 9kd UkyyeV
k8dĜ989- �`sBp,?2T@2tfy8yNyy3X

(8) amT2`@E�KBQF�M/2 *QHH�#Q`�iBQM- uX 6mFm/� 2i �HX- 1pB/2M+2 7Q` Pb+BHH�iBQM Q7
�iKQbT?2`B+ L2mi`BMQb- S?vbX _2pX G2iiX 3R U�m;- RNN3V R8ekĜR8edX

(e) AX 1bi2#�M- JX *X :QMx�H2x@:�`+B�- JX J�HiQMB- hX a+?r2ix- �M/ �X w?Qm- h?2 7�i2 Q7
?BMib, mT/�i2/ ;HQ#�H �M�HvbBb Q7 i?`22@~�pQ` M2mi`BMQ Qb+BHH�iBQMb- C>1S yN UkykyV Rd3-
�`sBp,kyydXR9dNk (?2T@T?)X

(d) Lm6Ah 8Xk- kykkX rrrXMm@}iXQ`;X
(3) amT2`@E�KBQF�M/2 *QHH�#Q`�iBQM- EX �#2 2i �HX- �iKQbT?2`B+ M2mi`BMQ Qb+BHH�iBQM

�M�HvbBb rBi? 2ti2`M�H +QMbi`�BMib BM amT2`@E�KBQF�M/2 A@Ao- S?vbX _2pX . Nd UkyR3V
ydkyyR- �`sBp,RdRyXyNRke (?2T@2t)X

(N) hkE *QHH�#Q`�iBQM- EX �#2 2i �HX- J2�bm`2K2Mib Q7 M2mi`BMQ Qb+BHH�iBQM T�`�K2i2`b
7`QK i?2 hkE 2tT2`BK2Mi mbBM; 3.6× 1021 T`QiQMb QM i�`;2i- 1m`X S?vbX CX * 3j UkykjV
d3k- �`sBp,kjyjXyjkkk (?2T@2t)X

(Ry) >vT2`@E�KBQF�M/2 *QHH�#Q`�iBQM- EX �#2 2i �HX- >vT2`@E�KBQF�M/2 .2bB;M _2TQ`i-
�`sBp,R3y8Xy9Rej (T?vbB+bXBMb@/2i)X

(RR) ClLP *QHH�#Q`�iBQM- �X �#mbH2K2 2i �HX- ClLP T?vbB+b �M/ /2i2+iQ`- S`Q;X S�`iX
Lm+HX S?vbX Rkj UkykkV RyjNkd- �`sBp,kRy9Xyk8e8 (?2T@2t)X

(Rk) SH�M+F *QHH�#Q`�iBQM- LX �;?�MBK 2i �HX- SH�M+F kyR3 `2bmHibX oAX *QbKQHQ;B+�H

N8

https://link.aps.org/doi/10.1103/PhysRev.117.159
https://link.aps.org/doi/10.1103/PhysRevLett.9.36
https://www.sciencedirect.com/science/article/pii/S0370269301003070
https://www.sciencedirect.com/science/article/pii/S0370269301003070
http://dx.doi.org/10.1016/j.physrep.2005.12.006
http://dx.doi.org/10.1016/j.physrep.2005.12.006
http://arxiv.org/abs/hep-ex/0509008
https://link.aps.org/doi/10.1103/PhysRevLett.81.1562
http://dx.doi.org/10.1007/JHEP09(2020)178
http://arxiv.org/abs/2007.14792
http://dx.doi.org/10.1103/PhysRevD.97.072001
http://dx.doi.org/10.1103/PhysRevD.97.072001
http://arxiv.org/abs/1710.09126
http://dx.doi.org/10.1140/epjc/s10052-023-11819-x
http://dx.doi.org/10.1140/epjc/s10052-023-11819-x
http://arxiv.org/abs/2303.03222
http://arxiv.org/abs/1805.04163
http://dx.doi.org/10.1016/j.ppnp.2021.103927
http://dx.doi.org/10.1016/j.ppnp.2021.103927
http://arxiv.org/abs/2104.02565


T�`�K2i2`b- �bi`QMX �bi`QT?vbX e9R UkykyV �e- �`sBp,R3ydXyekyN (�bi`Q@T?X*P)X
(1``�imK, �bi`QMX�bi`QT?vbX e8k- *9 UkykRV)X

(Rj) aX "`B2/2M- >X :BH@J�`őM- �M/ GX o2`/2- JQ/2H@�;MQbiB+ BMi2`T`2i�iBQM Q7 Ry #BHHBQM v2�`b
Q7 +QbKB+ 2pQHmiBQM i`�+2/ #v "Paa �M/ 2"Paa /�i�- C*�S y3 UkykkV yk9- �`sBp,
kky9XRR3e3 (�bi`Q@T?X*P)X

(R9) SX �/2 2i �HX- h?2 bBKQMb Q#b2`p�iQ`v, b+B2M+2 ;Q�Hb �M/ 7Q`2+�bib- C*�S kyRN U62#-
kyRNV y8eX

(R8) E�h_AL *QHH�#Q`�iBQM- JX �F2` 2i �HX- .B`2+i M2mi`BMQ@K�bb K2�bm`2K2Mi rBi?
bm#@2H2+i`QMpQHi b2MbBiBpBiv- L�im`2 S?vbX R3 UkykkV ReyĜRee- �`sBp,kRy8Xy38jj (?2T@2t)X

(Re) JX 6mFm;Bi� �M/ hX u�M�;B/�- "�`v;2M2bBb rBi?Qmi ;`�M/ mMB}+�iBQM- S?vbX G2iiX "
Rd9 URN3eV 98Ĝ9dX

(Rd) _X LX JQ?�T�i`� 2i �HX- h?2Q`v Q7 M2mi`BMQb, � r?Bi2 T�T2`- _2TiX S`Q;X S?vbX dy UP+i-
kyydV Rd8dX

(R3) aX *?m- GX 1Fbi`Q2K- �M/ _X 6B`2biQM2- GmM/fG"LG Lm+H2�` .�i� a2�`+?- kykjX
?iiT,ffMm+H2�`/�i�XMm+H2�`XHmXb2fiQBfX

(RN) "X S`Biv+?2MFQ- avbi2K�iB+ �M�HvbBb Q7 /Qm#H2@#2i� /2+�v ?�H7 HBp2b- Lm+HX S?vbX � Ryjj
UkykjV Rkkek3- �`sBp,kjyjXyy3j3 (Mm+H@i?)X

(ky) L1JP@j *QHH�#Q`�iBQM- _X �`MQH/ 2i �HX- J2�bm`2K2Mi Q7 i?2 /Qm#H2@#2i� /2+�v
?�H7@HB72 �M/ b2�`+? 7Q` i?2 M2mi`BMQH2bb /Qm#H2@#2i� /2+�v Q7 48*� rBi? i?2 L1JP@j
/2i2+iQ`- S?vbX _2pX . Nj UkyReV RRkyy3- �`sBp,Rey9XyRdRy (?2T@2t)X

(kR) JX �;QbiBMB 2i �HX- _2bmHib QM ββ /2+�v rBi? 2KBbbBQM Q7 irQ M2mi`BMQb Q` J�DQ`QMb BM76

:2 7`QK :1_.� S?�b2 A- 1m`X S?vbX CX * d8 UkyR8V 9Re- �`sBp,R8yRXykj98 (Mm+H@2t)X
(kk) _X �`MQH/ 2i �HX- 6BM�H `2bmHib QM 82Se /Qm#H2 #2i� /2+�v iQ i?2 ;`QmM/ bi�i2 Q7 82Kr

7`QK i?2 L1JP@j 2tT2`BK2Mi- 1m`X S?vbX CX * d3 UkyR3V 3kR- �`sBp,
R3yeXy888j (?2T@2t)X

(kj) L1JP@j *QHH�#Q`�iBQM- CX �`;v`B�/2b 2i �HX- J2�bm`2K2Mi Q7 i?2 irQ M2mi`BMQ /Qm#H2
#2i� /2+�v ?�H7@HB72 Q7 w`@Ne rBi? i?2 L1JP@j /2i2+iQ`- Lm+HX S?vbX � 39d UkyRyV
Re3ĜRdN- �`sBp,yNyeXkeN9 (Mm+H@2t)X

(k9) 1X �`K2M;�m/ 2i �HX- .2p2HQTK2Mi Q7 100JQ@+QMi�BMBM; b+BMiBHH�iBM; #QHQK2i2`b 7Q` �
?B;?@b2MbBiBpBiv M2mi`BMQH2bb /Qm#H2@#2i� /2+�v b2�`+?- 1m`X S?vbX CX * dd UkyRdV d38-
�`sBp,Rdy9XyRd83 (T?vbB+bXBMb@/2i)X

(k8) L1JP@j *QHH�#Q`�iBQM- _X �`MQH/ 2i �HX- J2�bm`2K2Mi Q7 i?2 2νββ .2+�v >�H7@GB72
�M/ a2�`+? 7Q` i?2 0νββ .2+�v Q7 116*/ rBi? i?2 L1JP@j .2i2+iQ`- S?vbX _2pX . N8
UkyRdV yRkyyd- �`sBp,ReRyXyjkke (?2T@2t)X

(ke) *lP_1 *QHH�#Q`�iBQM- .X ZX �/�Kb 2i �HX- J2�bm`2K2Mi Q7 i?2 2νββ .2+�v >�H7@GB72
Q7 130Te rBi? *lP_1- S?vbX _2pX G2iiX Rke UkykRV RdR3yR- �`sBp,kyRkXRRd9N (Mm+H@2t)X

(kd) E�KG�L.@w2M *QHH�#Q`�iBQM- �X :�M/Q 2i �HX- J2�bm`2K2Mi Q7 i?2 /Qm#H2@β /2+�v

Ne
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?�H7@HB72 Q7 136Xe rBi? i?2 E�KG�L.@w2M 2tT2`BK2Mi- S?vbX _2pX * 38 UkyRkV y988y9-
�`sBp,RkyRX9ee9 (?2T@2t)X

(k3) L1JP@j *QHH�#Q`�iBQM- _X �`MQH/ 2i �HX- J2�bm`2K2Mi Q7 i?2 kνββ /2+�v ?�H7@HB72 Q7
150L/ �M/ � b2�`+? 7Q` yνββ /2+�v T`Q+2bb2b rBi? i?2 7mHH 2tTQbm`2 7`QK i?2 L1JP@j
/2i2+iQ`- S?vbX _2pX . N9 UkyReV ydkyyj- �`sBp,ReyeXy39N9 (?2T@2t)X

(kN) 6X hX �pB;MQM2- AAA- aX _X 1HHBQii- �M/ CX 1M;2H- .Qm#H2 "2i� .2+�v- J�DQ`�M� L2mi`BMQb-
�M/ L2mi`BMQ J�bb- _2pX JQ/X S?vbX 3y Ukyy3V 93RĜ8Re- �`sBp,ydy3XRyjj (Mm+H@2t)X

(jy) CX 1M;2H �M/ CX J2MûM/2x- ai�imb �M/ 6mim`2 Q7 Lm+H2�` J�i`Bt 1H2K2Mib 7Q`
L2mi`BMQH2bb .Qm#H2@"2i� .2+�v, � _2pB2r- _2TiX S`Q;X S?vbX 3y UkyRdV y9ejyR-
�`sBp,ReRyXye893 (Mm+H@i?)X

(jR) E�KG�L.@w2M *QHH�#Q`�iBQM- aX �#2 2i �HX- a2�`+? 7Q` i?2 J�DQ`�M� L�im`2 Q7
L2mi`BMQb BM i?2 AMp2`i2/ J�bb P`/2`BM; _2;BQM rBi? E�KG�L.@w2M- S?vbX _2pX G2iiX
Rjy UC�M- kykjV y8R3yRX

(jk) JX "2`;2`- CX >m##2HH- aX a2Hix2`- CX *?�M;- CX *Qm`b2v- _X amFmK�`- .X wm+F2`- �M/
EX PHb2M- s*PJ, S?QiQM *`Qbb a2+iBQM .�i�#�b2 Up2`bBQM RX8V- kyRyX ?iiT,ff
T?vbB+bXMBbiX;Qpft+QKX

(jj) _X .2bH�ii2b 2i �HX- s@`�v h`�MbBiBQM 1M2`;B2b Up2`bBQM RXkV- kyy8X ?iiT,ff
T?vbB+bXMBbiX;Qpfs`�vh`�MbX

(j9) aX _X 1HHBQii �M/ SX oQ;2H- .Pl"G1 "1h� .1*�u- �MMX _2pX Lm+HX S�`iX a+BX 8k
UkyykV RR8ĜR8R- ?iiTb,ff/QBXQ`;fRyXRR9ef�MMm`2pXMm+HX8kXy8yRykXyNye9RX

(j8) E�KG�L.@w2M *QHH�#Q`�iBQM- �X :�M/Q 2i �HX- a2�`+? 7Q` J�DQ`�M� L2mi`BMQb M2�`
i?2 AMp2`i2/ J�bb >B2`�`+?v _2;BQM rBi? E�KG�L.@w2M- S?vbX _2pX G2iiX RRd UkyReV
y3k8yj- �`sBp,Rey8Xyk33N (?2T@2t)X (�//2M/mK, S?vbX_2pXG2iiX RRd- RyNNyj UkyReV)X

(je) :1_.� *QHH�#Q`�iBQM- JX �;QbiBMB 2i �HX- 6BM�H _2bmHib Q7 :1_.� QM i?2 a2�`+? 7Q`
L2mi`BMQH2bb .Qm#H2@β .2+�v- S?vbX _2pX G2iiX Rk8 UkykyV k8k8yk- �`sBp,
kyyNXyeydN (Mm+H@2t)X

(jd) >X �X EQ2?H2`- GX CX 62`/2`#2`- .X GX _2/?2�/- �M/ SX CX 1#2`i- o�+mmK@mHi`�pBQH2i
2KBbbBQM 7`QK ?B;?@T`2bbm`2 t2MQM �M/ �`;QM 2t+Bi2/ #v ?B;?@+m``2Mi `2H�iBpBbiB+
2H2+i`QM #2�Kb- S?vbX _2pX � N U62#- RNd9V de3Ĝd3RX

(j3) aX SX �?H2M- h?2Q`2iB+�H �M/ 2tT2`BK2Mi�H �bT2+ib Q7 i?2 2M2`;v HQbb Q7 `2H�iBpBbiB+
?2�pBHv BQMBxBM; T�`iB+H2b- _2pX JQ/X S?vbX 8k UC�M- RN3yV RkRĜRdjX

(jN) .X �M/2`bQM- hX >�KBHiQM- qX Em- �M/ _X LQpB+F- � H�`;2 �`2�- ;�b b+BMiBHH�iBQM
T`QTQ`iBQM�H +QmMi2`- Lm+HX AMbi`mKX J2i?X Rej URNdNV Rk8ĜRj9X

(9y) L1sh *QHH�#Q`�iBQM- CX _2MM2` 2i �HX- 1M2`;v +�HB#`�iBQM Q7 i?2 L1sh@q?Bi2 /2i2+iQ`
rBi? RW `2bQHmiBQM M2�` Zββ Q7136s2- C>1S Ry UkyRNV kjy- �`sBp,
RNy8XRjRRy (T?vbB+bXBMb@/2i)X

(9R) L1sh *QHH�#Q`�iBQM- JX E2FB+ 2i �HX- .2KQMbi`�iBQM Q7 #�+F;`QmM/ `2D2+iBQM mbBM;

Nd
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/22T +QMpQHmiBQM�H M2m`�H M2irQ`Fb BM i?2 L1sh 2tT2`BK2Mi- C>1S yR UkykRV R3N-
�`sBp,kyyNXRyd3j (T?vbB+bXBMb@/2i)X

(9k) L1sh *QHH�#Q`�iBQM- *X �/�Kb 2i �HX- a2MbBiBpBiv Q7 � iQMM2@b+�H2 L1sh /2i2+iQ` 7Q`
M2mi`BMQH2bb /Qm#H2 #2i� /2+�v b2�`+?2b- C>1S kykR UkykRV Re9- �`sBp,
kyy8Xye9ed (T?vbB+bXBMb@/2i)X

(9j) S�M/�s@AAA *QHH�#Q`�iBQM- qX w?�M;- >X GBM- uX GBm- EX >�M- EX LB- aX q�M;- �M/
qX w?�B- ai�imb �M/ T`QbT2+ib Q7 i?2 S�M/�s@AAA 2tT2`BK2Mi- CALah R3 UkykjV *RkyyR-
�`sBp,kjRRXRjjNe (T?vbB+bXBMb@/2i)X

(99) S�M/�s@AAA *QHH�#Q`�iBQM- >X GBM- G�i2bi T`Q;`2bb Q7 S�M/�s@AAA M2mi`BMQH2bb /Qm#H2
#2i� /2+�v 2tT2`BK2Mi- CX S?vbX *QM7X a2`X k8yk UkykjV yRkyydX

(98) hX GB- aX q�M;- uX *?2M- EX >�M- >X GBM- EX LB- qX q�M;- uX sm- �M/ �X wQm- aB;M�H
B/2MiB}+�iBQM rBi? E�HK�M 6BHi2` iQr�`/b #�+F;`QmM/@7`22 M2mi`BMQH2bb /Qm#H2 #2i�
/2+�v b2�`+?2b BM ;�b2Qmb /2i2+iQ`b- C>1S ye UkykRV Rye- �`sBp,
kRykXy3kkR (T?vbB+bXBMb@/2i)X

(9e) JX J�HBM2M �M/ SX _�#�+F-
JmHiBb+�H2 JQ/2HHBM; J2i?Q/b 7Q` �TTHB+�iBQMb BM J�i2`B�H a+B2M+2- +?X 1HK2` }MBi2
2H2K2Mi bQHp2` 7Q` KmHiBT?vbB+b �M/ KmHiBb+�H2 T`Q#H2KbX 6Q`b+?mM;bx2Mi`mK Cm2HB+?-
kyRjX

(9d) aX "�M- .2p2HQTK2Mi Q7 � ?B;? T`2bbm`2 t2MQM ;�b iBK2 T`QD2+iBQM +?�K#2` rBi? �
mMB[m2 +2HHmH�` `2�/Qmi bi`m+im`2 iQ b2�`+? 7Q` M2mi`BMQH2bb /Qm#H2 #2i� /2+�vX S?.
i?2bBb- EvQiQ lMBp2`bBiv- kykyX

(93) aX "�M 2i �HX- 1H2+i`QHmKBM2b+2M+2 +QHH2+iBQM +2HH �b � `2�/Qmi 7Q` � ?B;? 2M2`;v
`2bQHmiBQM s2MQM ;�b hS*- Lm+HX AMbi`mKX J2i?X � 3d8 UkyRdV R38 Ĝ RNkX

(9N) aX "�M 2i �HX- .2bB;M �M/ T2`7Q`K�M+2 Q7 � ?B;?@T`2bbm`2 t2MQM ;�b hS* �b � T`QiQivT2
7Q` � H�`;2@b+�H2 M2mi`BMQH2bb /Qm#H2@#2i� /2+�v b2�`+?- Sh1S kyky UkykyV X yjj>yRX

(8y) EX L�F�Km`�- .2p2HQTK2Mi Q7 � H�`;2@bBx2/ ?B;?@T`2bbm`2 t2MQM ;�b iBK2 T`QD2+iBQM
+?�K#2` 7Q` M2mi`BMQH2bb /Qm#H2 #2i� /2+�v b2�`+?X S?. i?2bBb- EvQiQ lMBp2`bBiv- kykkX

(8R) h2+?MB+�H MQi2 Q7 JSS*- kykjX
?iiTb,ffrrrX?�K�K�ibmX+QKf+QMi2Mif/�Kf?�K�K�ibm@T?QiQMB+bfbBi2bf
/Q+mK2MibfNNna�G1anGA"_�_ufbb/fKTT+nF�T/Nyy32XT/7X

(8k) aX u�M�;Bi� J�bi2`Ƕb i?2bBb- EvQiQ lMBp2`bBiv- kyR8X BM C�T�M2b2X
(8j) EX wX L�F�Km`�- aX "�M- �X EX A+?BF�r�- JX AF2MQ- EX .X L�F�Km`�- hX L�F�v�-

aX P#�`�- aX h�M�F�- hX l+?B/�- �M/ JX uQb?B/�- 6`QMi@1M/ 1H2+i`QMB+b 7Q` i?2
aBSJ@_2�/Qmi :�b2Qmb hS* 7Q` L2mi`BMQH2bb .Qm#H2@"2i� .2+�v a2�`+?- A111 h`�MbX
Lm+HX a+BX ed UkykyV RddkĜRddeX

(89) _X >QM/�- EX JBr�- EX >QbQKB- JX AF2MQ- �M/ hX l+?B/�- .2p2HQTK2Mi Q7 i?2 ;2M2`�H
Tm`TQb2 HQ;B+ KQ/mH2- ?�/`QM mMBp2`b�H HQ;B+ KQ/mH2- 7Q` i?2 D@T�`+ ?�/`QM

N3
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2tT2`BK2MibX- J22iBM; �#bi`�+ib Q7 i?2 S?vbB+�H aQ+B2iv Q7 C�T�M dRXk UkyReV kkjĜkkjX
(88) L1sh *QHH�#Q`�iBQM- GX a2``� 2i �HX- �M BKT`Qp2/ K2�bm`2K2Mi Q7 2H2+i`QM@BQM

`2+QK#BM�iBQM BM ?B;?@T`2bbm`2 t2MQM ;�b- CALah Ry UkyR8V Syjyk8- �`sBp,
R9RkXj8dj (T?vbB+bXBMb@/2i)X

(8e) �X "QHQiMBFQp �M/ "X _�Kb2v- h?2 bT2+i`Qb+QTB+ T`QT2`iB2b Q7 ?B;?@T`2bbm`2 t2MQM-
Lm+HX AMbi`mKX J2i?X � jNe URNNdV jeyĜjdyX

(8d) aX "B�;B- J�;#QHix @ i`�MbTQ`i Q7 2H2+i`QMb BM ;�b KBtim`2b- RNN8X ?iiT,ff
K�;#QHixXr2#X+2`MX+?fK�;#QHixX

(83) GX *X SBi+?7Q`/ 2i �HX- Gs*�i, �M PT2M@�++2bb- q2#@"�b2/ SH�i7Q`K 7Q` .�i� L22/2/
7Q` JQ/2HBM; GQr h2KT2`�im`2 SH�bK�b- SH�bK� S`Q+2bbX SQHvKX R9 UkyReV ReyyyN3X

(8N) .X *X J22F2`- 6BMBi2 2H2K2Mi K2i?Q/ K�;M2iB+b- p2`bBQM 9Xk- kyR3X ?iiTb,ff
rrrX72KKXBM7QfrBFBf>QK2S�;2X

(ey) w1SGAL@AAA *QHH�#Q`�iBQM- 1X a�MiQb 2i �HX- aBM;H2 2H2+i`QM 2KBbbBQM BM irQ@T?�b2
t2MQM rBi? �TTHB+�iBQM iQ i?2 /2i2+iBQM Q7 +Q?2`2Mi M2mi`BMQ@Mm+H2mb b+�ii2`BM;- C>1S
Rk UkyRRV RR8- �`sBp,RRRyXjy8e (T?vbB+bXBMb@/2i)X

(eR) 1X �T`BH2 2i �HX- P#b2`p�iBQM �M/ �TTHB+�iBQMb Q7 bBM;H2@2H2+i`QM +?�`;2 bB;M�Hb BM i?2
s1LPLRyy 2tT2`BK2Mi- CX S?vbX : 9R U62#- kyR9V yj8kyRX

(ek) SX aQ`2Mb2M �M/ EX E�K/BM- hrQ /BbiBM+i +QKTQM2Mib Q7 i?2 /2H�v2/ bBM;H2 2H2+i`QM
MQBb2 BM HB[mB/ t2MQM 2KBbbBQM /2i2+iQ`b- CALah Rj U62#- kyR3V SykyjkX

(ej) GX JX SX 62`M�M/2b- 1X .X *X 6`2Bi�b- JX "�HH- CX CX :QK2x@*�/2M�b- *X JX "X JQMi2B`Q-
LX u�?H�HB- .X Lv;`2M- �M/ CX JX 6X /X a�MiQb- S`BK�`v �M/ b2+QM/�`v b+BMiBHH�iBQM
K2�bm`2K2Mib BM � t2MQM :�b S`QTQ`iBQM�H a+BMiBHH�iBQM *QmMi2`- CALah 8 UkyRyV
SyNyye- �`sBp,RyyNXkdRN (�bi`Q@T?XAJ)X (1``�imK, CALah 8- �RkyyR UkyRyV)X

(e9) aX �;QbiBM2HHB 2i �HX- :2�Mi9ě� bBKmH�iBQM iQQHFBi- Lm+HX AMbi`mKX J2i?X � 8ye UkyyjV
k8y Ĝ jyjX

(e8) CX �HHBbQM 2i �HX- :2�Mi9 /2p2HQTK2Mib �M/ �TTHB+�iBQMb- A111 h`�MbX Lm+HX a+BX 8j
UkyyeV kdyĜkd3X

(ee) CX �HHBbQM 2i �HX- _2+2Mi /2p2HQTK2Mib BM :2�Mi9- Lm+HX AMbi`mKX J2i?X � 3j8 UkyReV
R3eĜkk8X

(ed) aX h�M�F�- kyRNX T`Bp�i2 +QKKmMB+�iBQMX
(e3) :X CX 62H/K�M �M/ _X .X *QmbBMb- lMB}2/ �TT`Q�+? iQ i?2 +H�bbB+�H bi�iBbiB+�H �M�HvbBb
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Ryy3X8key (Mm+H@i?)X
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�M/ b?Q`i@`�M;2 K2+?�MBbKb BM 0νββ /2+�v- S?vbX _2pX . Ryk UkykyV yN8yRe- �`sBp,
kyyNXRyRRN (?2T@T?)X

(dj) CX "�`2�- CX EQiBH�- �M/ 6X A�+?2HHQ- 0νββ �M/ 2νββ Mm+H2�` K�i`Bt 2H2K2Mib BM i?2
BMi2`�+iBM; #QbQM KQ/2H rBi? BbQbTBM `2biQ`�iBQM- S?vbX _2pX * NR UkyR8V yj9jy9-
�`sBp,R8yeXy38jy (Mm+H@i?)X
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1H2K2Mib Q7 i?2 L2mi`BMQH2bb #2i� #2i� .2+�v- Lm+HX S?vbX � 3R3 UkyyNV RjNĜR8R-
�`sBp,y3yRXjdey (Mm+H@i?)X

(dd) CX h2`�b�FB- ai`2M;i? Q7 i?2 BbQb+�H�` T�B`BM; BMi2`�+iBQM /2i2`KBM2/ #v � `2H�iBQM
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* Ryk UkykyV y99jyj- �`sBp,kyyjXyj89k (Mm+H@i?)X
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