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eX9 h?2 JaaJ bmT2`TQi2MiB�H
qBi? i?2 ;�m;2 bi`m+im`2 Q7 i?2 ai�M/�`/ JQ/2H BM TH�+2 r2 �`2 `2�/v iQ r`Bi2 /QrM �HH
TQbbB#H2 i2`Kb BM i?2 bmT2`TQi2MiB�HX 6B`bi- r2 MQiB+2 i?�i i?2`2 +�M #2 MQ i�/TQH2 i2`Kb
Ui2`Kb rBi? QMHv QM2 bmT2`}2H/V- bBM+2 i?2`2 �`2 MQ bmT2`}2H/b i?�i �`2 bBM;H2ib Ux2`Q +?�`;2V
mM/2` �HH ai�M/�`/ JQ/2H ;�m;2 ;`QmTbX h?2 QMHv �Hi2`M�iBp2 rQmH/ #2 B7 r2 BMi`Q/m+2/
`B;?i@?�M/2/ M2mi`BMQ bmT2`}2H/b N̄iX

6Q` i?2 TQbbB#H2 K�bb i2`Kb m�i�j r2 }`bi +?2+F i?2 �#2HB�M ;�m;2 ;`QmT U(1)Y - r?2`2
i?2 `2[mB`2K2Mi `2/m+2b iQ i?2 `2H�iBp2Hv bBKTH2 bmK Q7 ?vT2`+?�`;2b Yi + Yj = 0X AM h�#H2
eXR r2 b22 i?�i i?2 QMHv TQbbB#H2 +QMi`B#miBQMb 7`QK i?2 bmT2`}2H/b i?�i +QMi�BM i?2 ai�M/�`/
JQ/2H 72`KBQMb �`2 T�`iB+H2Ĝ�MiB@T�`iB+H2 +QK#BM�iBQMb bm+? �b liL l̄iR- #mi i?2b2 +QK2 7`QK
bmT2`}2H/b rBi? /Bz2`2Mi ?�M/2/M2bb �M/ +�MMQi #2 mb2/ iQ;2i?2`X

h?2 2t+2TiBQM Bb � K�bb i2`K rBi? i?2 irQ >B;;b bmT2`}2H/b i?�i ?�p2 QTTQbBi2 ?vT2`@
+?�`;2 Y = ±1X AM Q`/2` iQ �HbQ #2 BMp�`B�Mi mM/2` SU(2)L r2 ?�p2 iQ r`Bi2 i?Bb bmT2`TQ@
i2MiB�H i2`K �b3
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3h?Bb Bb BKK2/B�i2Hv BMp�`B�Mi mM/2` SU(3)C bBM+2 i?2 >B;;b }2H/b ?�p2 MQ +QHQm` +?�`;2X
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r?B+? r2 b?QmH/ ?�p2 #22M �#H2 iQ ;m2bb #2+�mb2 i?2 G�;`�M;B�M Kmbi �HbQ +QMb2`p2 2H2+i`B+
+?�`;2X

A7 vQm ?�p2 T�B/ p2`v +HQb2 �ii2MiBQM iQ i?2 �`;mK2Mi �#Qp2 vQm K�v ?�p2 MQiB+2/ i?�i
i?2`2 Bb QM2 KQ`2 TQbbB#BHBiv- M�K2Hv
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r?2`2 µ0 Bb bQK2 Qi?2` K�bb T�`�K2i2` BM i?2 bmT2`TQi2MiB�HX h?Bb Bb +H2�`Hv �M �HHQr�#H2
i2`K U�M/ r2 rBHH `2im`M iQ Bi #2HQrV- ?Qr2p2`- Bi �HbQ `�Bb2b � p2`v BMi2`2biBM; [m2biBQM,
*QmH/ r2 ?�p2 Li ⌘ Hd\ *QmH/ i?2 H2TiQM bmT2`}2H/b Li TH�v i?2 `ƬH2 Q7 >B;;b bmT2`}2H/b-
i?mb `2/m+BM; i?2 }2H/ +QMi2Mi M22/2/ iQ /2b+`B#2 i?2 aJ T�`iB+H2b BM � bmT2`bvKK2i`B+
i?2Q`v\ q?BH2 MQi BKK2/B�i2Hv 7Q`#B//2M- i?Bb bm;;2biBQMb mM7Q`imM�i2Hv H2�/b iQ T`Q#H2Kb
rBi? �MQK�Hv +�M+2H�iBQM- T`Q+2bb2b rBi? H�`;2 H2TiQM ~�pQm` pBQH�iBQM UG6oV �M/ Km+? iQQ
K�bbBp2 M2mi`BMQb- �M/ ?�b #22M �#�M/QM2/X

q2 ?�p2 MQr 7QmM/ �HH TQbbB#H2 K�bb i2`Kb BM i?2 bmT2`TQi2MiB�HX q?�i �#Qmi i?2 umF�r�
i2`Kb\ h?2 ?vT2`+?�`;2 `2[mB`2K2Mi ?2`2 Bb Yi+Yj+Yk = 0X 6`QK Qm` i�#H2 Q7 ?vT2`+?�`;2b
QMHv i?2 7QHHQrBM; i2`Kb �`2 7QmM/ iQ #2 pB�#H2,
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i?2b2 i2`Kb r2 +�M bBKmHi�M2QmbHv F22T SU(2)L BMp�`B�M+2 rBi? i?2 i�2 +QMbi`m+iBQM BKTHB+BiHv
BMb2`i2/ #2ir22M �Mv bmT2`}2H/ /Qm#H2ibX LQi2 i?�i #2+�mb2 Q7 i?2 SU(2)L BMp�`B�M+2- r2
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6Q` SU(3)C iQ #2 +QMb2`p2/- r2 M22/ iQ ?�p2 +QHQm` bBM;H2ibX aQK2 Q7 i?2b2 i2`Kb �`2
+QHQm` bBM;H2ib #v +QMbi`m+iBQM bBM+2 i?2v /Q MQi +QMi�BM �Mv +QHQm`2/ }2H/bX h?2 i2`Kb rBi?
QMHv irQ [m�`F bmT2`}2H/b +QMi�BM H27i@?�M/2/ q2vH bTBMQ`b 7Q` [m�`Fb �M/ �MiB@[m�`Fb- r?B+?
�`2 SU(3)C bBM;H2ib B7 i?2 bmT2`}2H/b +QK2 BM +QHQm`Ĝ�MiB@+QHQm` T�B`bX AM `2T`2b2Mi�iBQM
H�M;m�;2 i?2v �`2 BM i?2 3 �M/ 3̄ `2T`2b2Mi�iBQMb Q7 SU(3)C X q`Bii2M rBi? +QHQm` BM/B+2b
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ŪiD̄jD̄k. UeX3V

h?2 T�`�K2i2` µ- TQi2MiB�HHv +QKTH2t- Bb � #`�M/ M2r T�`�K2i2` �TT2�`BM; BM i?2 bmT2`TQi2M@
iB�H- rBi? MQ +Q``2bTQM/BM; T�`�K2i2` 2tBbiBM; BM i?2 ai�M/�`/ JQ/2H G�;`�M;B�MX >Qr2p2`-
i?2 umF�r� +QmTHBM;b y ?2`2 �`2 2t�+iHv i?2 b�K2 �b i?2 ai�M/�`/ JQ/2H umF�r� +QmTHBM;b
bBM+2- i?2v rBHH #2 `2[mB`2/ iQ ;Bp2 K�bb iQ i?2 ai�M/�`/ JQ/2H 72`KBQMb �7i2` 2H2+i`Qr2�F
bvKK2i`v #`2�FBM; r?2M i?2 >B;;b }2H/b ;2i � p2p- b22 a2+iBQM eX3X h?2 7�i2 Q7 i?2 Qi?2`
T�`�K2i2`b rBHH #2 /Bb+mbb2/ BM i?2 M2ti b2+iBQMX

eX8 _@T�`Biv
h?2 bmT2`TQi2MiB�H i2`Kb LHu- LLE �M/ LQD̄ i?�i r2 ?�p2 r`Bii2M /QrM BM UeX3V �HH pBQH�i2
H2TiQM MmK#2` +QMb2`p�iBQM- �M/ ŪD̄D̄ pBQH�i2b #�`vQM MmK#2` +QMb2`p�iBQMX am+? i2`Kb /Q
MQi 2tBbi BM i?2 ai�M/�`/ JQ/2H- �Hi?Qm;? i?2`2 Bb MQ bvKK2i`v 7Q`#B//BM; i?2B` 2tBbi2M+2
i?2`2- BMbi2�/ � +QK#BM�iBQM Q7 r?�i }2H/b 2tBbi �M/ i?2 ;�m;2 bvKK2i`B2b i?�i HBKBi i?2B`
BMi2`�+iBQMb K2�Mb i?�i i?2`2 �`2 MQ bm+? i`22@H2p2H BMi2`�+iBQMbX q2 +�HH i?Bb �M �++B/2Mi�H
bvKK2i`v Q7 i?2 ai�M/�`/ JQ/2HX

�HHQrBM; bm+? i2`Kb BM i?2 JaaJ rQmH/ H2�/ iQ- �KQM; Qi?2` T?2MQK2MQHQ;B+�H T`Q#H2Kb-
T`Q+2bb2b HBF2 T`QiQM /2+�v- 7Q` 2t�KTH2 i?`Qm;? p ! e+⇡0 �b b?QrM BM 6B;X eXk- r?B+? #`2�Fb
#Qi? #�`vQM MmK#2` �M/ H2TiQM MmK#2`X q2 +�M 2biBK�i2 i?2 `2bmHiBM; T`QiQM HB72@iBK2 #v
MQiBM; i?�i i?2 2t+?�M;2 Q7 � b+�H�` T�`iB+H2 UBM i?Bb 2t�KTH2 � bi`�M;2 b[m�`F s̃V +`2�i2b �M
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?�b K�bb /BK2MbBQM M�4X aBM+2 /2+�v rB/i? ?�b K�bb /BK2MbBQM M - i?2 T?�b2 bT�+2 T�`i Q7
i?2 +�H+mH�iBQM Kmbi T`QpB/2 bQK2i?BM; Q7 K�bb /BK2MbBQM M5X h?2 QMHv K�bb b+�H2 BMpQHp2/
BM i?2 T`Q#H2K Bb i?2 T`QiQM K�bb mp- i?mb r2 �TT`QtBK�i2 i?2 T?�b2 bT�+2 BMi2;`�iBQM T�`i
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Bb ⌧p!e+⇡0 > 1.6 · 1034 y (RR)- Q`- +QMp2`iBM; iQ b2+QM/b- ⌧p!e+⇡0 > ⇡ · 107 s/y⇥ 1.6 · 1034 y =
5.0 · 1041 b- r?B+? ;Bp2b � HBKBi QM i?2 rB/i?
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~
⌧
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|�0
112�

00
112| < 1.3 · 10�27

⇣ ms̃

1 TeV

⌘
2

. UeXRRV

am+? bi`B+i HBKBib +�M #2 7QmM/ QM KQbi Q7 i?2 H2TiQM �M/ #�`vQM MmK#2` +QmTHBM;b mbBM;
i?2 K2�bm`2/ T`QT2`iB2b Q7 i?2 ai�M/�`/ JQ/2H T�`iB+H2b- rBi? bQK2 2t+2TiBQMb 7Q` +QmTHBM;
BMpQHpBM; i?2 b2+QM/ �M/ i?B`/ ;2M2`�iBQM 72`KBQMbX

hQ �pQB/ �HH bm+? H2TiQM �M/ #�`vQM MmK#2` +QmTHBM;b 6�v2i URNd8V (Rk) BMi`Q/m+2/ i?2
+QMb2`p�iBQM Q7 _@T�`iBivX

.2}MBiBQM, _@T�`Biv Bb � KmHiBTHB+�iBp2Hv +QMb2`p2/ [m�MimK MmK#2` ;Bp2M #v

R = (�1)2s+3B+L

r?2`2 s Bb � T�`iB+H2Ƕb bTBM- B Bib #�`vQM MmK#2` �M/ L Bib H2TiQM MmK#2`X
6Q` �HH ai�M/�`/ JQ/2H T�`iB+H2b- BM+Hm/BM; �HH i?2 b+�H�` >B;;b #QbQMb- i?Bb ;Bp2b R = 1- r?BH2
i?2 bmT2`T�`iM2`b �HH ?�p2 R = �1X PM2 mbm�HHv /2}M2b i?2 JaaJ �b +QMb2`pBM; _@T�`BivX
6Q` i?2 JaaJ i?Bb 2t+Hm/2b i?2 i2`Kb LHu- LLĒ- LQD̄ �M/ ŪD̄D̄ 7`QK i?2 bmT2`TQi2MiB�H-Ry

H2�pBM; mb rBi? i?2 _@T�`iBv +QMb2`pBM; bmT2`TQi2MiB�H

W = µHuHd + yeijLiHdEj + yuijQiHuŪj + ydijQiHdD̄j . UeXRkV

h?2 +QMb2[m2M+2 Q7 i?Bb bQK2r?�i �/ ?Q+ /2}MBiBQM Bb i?�i BM �HH BMi2`�+iBQMb i?2 iQi�H
MmK#2` Q7 BM+QKBM; �M/ Qmi;QBM; bmT2`bvKK2i`B+ T�`iB+H2b Kmbi #2 �M 2p2M MmK#2` 2n- bQ
i?�i i?2 iQi�H _@MmK#2` Bb (�1)2n = 1X h?Bb H2�/b iQ i?2 7QHHQrBM; p2`v BKTQ`i�Mi T?2@
MQK2MQHQ;B+�H +QMb2[m2M+2b,

Ry�HH i?2 bmT2`TQi2MiB�H umF�r� i2`Kb H2�/ iQ +QKTQM2Mi }2H/ i2`Kb Q7 i?2 7Q`K Ai j kX A7 i?2 b+�H�` Ai

?2`2 Bb MQi � >B;;b #QbQM- i?2M Bi Bb � bmT2`T�`iM2` �M/ B7 MQM2 Q7 i?2 72`KBQMb +QK2 7`QK � >B;;b bmT2`}2H/
bQ i?�i i?2v �`2 �HbQ � bmT2`T�`iM2` i?2 i2`K #`2�Fb _@T�`Biv +QMb2`p�iBQMX h?2 bmT2`TQi2MiB�H K�bb i2`Kb
?�p2 +QKTQM2Mi }2H/ i2`Kb Q7 i?2 7Q`K  i j X A7 QM2 Q7 i?2 72`KBQMb ?2`2 +QK2b 7`QK � >B;;b bmT2`}2H/- i?2M
Bi Bb � bmT2`T�`iM2`- �M/ B7 i?2 Qi?2` /Q2b MQi- i?2 i2`K #`2�Fb _@T�`BivX
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RX �HH bT�`iB+H2b Kmbi #2 T`Q/m+2/ BM T�B`b UB;MQ`BM; i?2 p2`v HQr T`Q#�#BHBiv Q7 T`Q/m+BM;
7Qm` Q` KQ`2VX

kX aT�`iB+H2b Kmbi �MMB?BH�i2 BM T�B`bX

jX h?2 HB;?i2bi bmT2`bvKK2i`B+ T�`iB+H2 UGaSV Bb �#bQHmi2Hv bi�#H2- �M/ 2p2`v Qi?2`
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