
*?�Ti2` 3

amT2`bvKK2i`B+ /�`F K�ii2`

q2 ?�p2 � bi�M/�`/ KQ/2H �HbQ 7Q` +QbKQHQ;v- i?2 G�K#/� *QH/ .�`F J�ii2` KQ/2H U⇤*.JVX
h?Bb KQ/2Hb i?2 Q#b2`p2/ mMBp2`b2 QM i?`22 K�BM BM;`2/B2Mib, i?2 FMQrM ai�M/�`/ JQ/2H K�i@
i2` U/QKBM�MiHv i?2 #�`vQMB+ K�ii2` Q7 i?2 �iQKb- `�/B�iBQM �M/ M2mi`BMQbV- /�`F 2M2`;v U⇤V
�M/ +QH/ /�`F K�ii2` U*.JV- r?2`2 i?2 +QH/ bB;MB}2b i?�i i?Bb BM;`2/B2Mi Bb MQM@`2H�iBpBbiB+X
AM i?Bb +?�Ti2` r2 rBHH HQQF +HQb2` �i +�M/B/�i2b 7Q` /�`F K�ii2` U.JV BM bmT2`bvKK2i`B+
KQ/2HbX

3XR 1pB/2M+2 7Q` /�`F K�ii2`
h?2 B/2� Q7 /�`F K�ii2` ;Q2b #�+F [mBi2 � HQM; r�vX hQ/�v r2 ?�p2 2pB/2M+2 7Q` i?2 2tBbi2M+2
Q7 /�`F K�ii2` i?`Qm;? b2p2`�H 2z2+ib r?2`2 r2 Q#b2`p2 Bib ;`�pBi�iBQM�H BM~m2M+2 QM Q`/BM�`v
K�ii2`X q2 HBbi i?2 2pB/2M+2 #2HQr,

RV EBM2K�iB+b UwrB+Fv RNjj (jN)V, h?2 KQiBQM Q7 ;�H�tB2b Up2HQ+Biv /BbT2`bBQMV +�MMQi #2
2tTH�BM2/ #v i?2 pBbB#H2 K�ii2`X h?Bb ?�b �HbQ #22M Q#b2`p2/ QM i?2 b+�H2b Q7 ;�H�tB2b BM
i?2B` `Qi�iBQM +m`p2b U_m#BM RNdy (9y)VX

kV :`�pBi�iBQM�H H2MbBM; UhvbQM RNNe (9R)VX 6B`bi Q#b2`p2/ BM ;�H�+iB+ +Hmbi2`bX *Hmbi2`b
b?Qr 2pB/2M+2 Q7 H2MbBM; MQi 2tTH�BM2/ #v HmKBMQmb K�ii2`X .�`F K�ii2` /vM�KB+b UMQM@
BMi2`�+iBM;V �`2 /2KQMbi`�i2/ #v i?2 "mHH2i +Hmbi2` U*HQr2 kyye (9k)VX

jV G�`;2 b+�H2 bi`m+im`2b U+Hmbi2`b- bmT2`+Hmbi2`b- }H�K2Mib �M/ pQB/bV, h?2 bi`m+im`2b Q#@
b2`p2/ BM i?2 k/6:_a Uk@/2;`22 6B2H/ :�H�tv _2/b?B7i bm`p2v *QHH2b kyyR (9j)V �M/ i?2
a.aa UaHQ�M .B;Bi�H aFv am`p2v h2;K�`F kyy9 (99)V BKTHv � `2H�iBp2 K�ii2` /2MbBiv Q7
⌦m ⌘

⇢m

⇢c
' 0.29 r?2`2 ⇢c = 1.05 · 10�5h2:2of+K3 Bb i?2 +`BiB+�H 2M2`;v /2MbBiv 7Q` �

~�i mMBp2`b2XR h?2v �HbQ BKTHv i?�i i?2 K�DQ`Biv Q7 .J Kmbi #2 +QH/ UMQM@`2H�iBpBbiB+V-
#2+�mb2 r�`K .J rQmH/ bmTT`2bb +Hmbi2`BM;X

9V "B;@"�M; Lm+H2QbvMi?2bBb U""LV, h?2 7Q`K�iBQM Q7 HB;?i 2H2K2Mib BM i?2 T2`BQ/ t = 1 �
1000 b �7i2` i?2 "B; "�M;X J2�bm`2K2Mib Q7 1�`Hv lMBp2`b2 �#mM/�M+2 Q7 HB;?i 2H2K2Mib-
K�BMHv . �M/ >2- TQBMib iQ � #�`vQMB+ K�ii2` /2MbBiv Q7 ⌦b ⇡ 0.04X h?Bb ;Bp2b ⌦H27iQp2` =
⌦.J ⇡ 0.25X

Rh Bb /2}M2/ i?`Qm;? i?2 >m##H2 +QMbi�Mi H0 �b H0 = 100h FKfJT+fbX

RRN
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8V amT2`MQp�2 U_B2bb RNN3 (98) �M/ S2`HKmii2` RNNN (9e)V, J2�bm`2K2Mib Q7 ivT2 A� bmT2`@
MQp�2 UaL2 A�V r2`2 mb2/ �b bi�M/�`/ +�M/H2b iQ b?Qr �M �++2H2`�i2/ 2tT�MbBQM Q7 i?2
lMBp2`b2X h?Bb }t2b ⌦⇤ � ⌦m ' k r?2`2 ⌦⇤ Bb i?2 2M2`;v /2MbBiv Q7 /�`F 2M2`;vf+QbKQ@
HQ;B+�H +QMbi�MiX

eV *QbKB+ JB+`Qr�p2 "�+F;`QmM/ U*J"V US2MxB�b � qBHbQM RNe8 (9d)V, h?2 i2KT2`�im`2
p�`B�iBQM Q7 i?2 *J" Qp2` i?2 bFv Q7 i?2 Q`/2` Q7 0.0002E Bb b2MbBiBp2 iQ �HH +QbKQHQ;B+�H
T�`�K2i2`b- �M/ ;Bp2b ⌦⇤ + ⌦m ' k- r?2`2 k Bb bQK2 +QMbi�MiX
h?2 2pB/2M+2 �#Qp2 +�M #2 mb2/ iQ +QMbi`�BM i?2 ⇤*.J +QM+Q`/�M+2 KQ/2H Q7 +QbKQHQ;v-

r?B+? ?�b Dmbi � ?�M/7mH Q7 BM;`2/B2Mib bm+? �b #�`vQMB+ �M/ /�`F K�ii2`- `�/B�iBQM UT?QiQMbV
�M/ /�`F 2M2`;vX AM 6B;X 3XR r2 b?Qr i?2 2z2+ib Q7 i?2 aL2- *J" �M/ H�`;2 b+�H2 bi`m+im`2
/�i� U"�PV QM i?Bb KQ/2H BM i?2 TH�M2 Q7 K�ii2` /2MbBiv ⌦K �M/ /�`F 2M2`;v /2MbBiv ⌦⇤X

6B;m`2 3XR, GBKBib 7`QK /Bz2`2Mi Q#b2`p�iBQM�H bQm`+2b QM i?2 /�`F 2M2`;v /2MbBiv- ⌦⇤- +QK@
T�`2/ iQ i?2 iQi�H K�bb /2MbBiv BM i?2 mMBp2`b2- ⌦mX

� K�tBKmK HBF2HB?QQ/ }i iQ � b2H2+i2/ bm#b2i Q7 i?2 K2�bm`2K2Mib #v i?2 SH�M+F *QH@
H�#Q`�iBQM (93) ;Bp2b i?2 T�`�K2i2`b 7Q` i?2 KQ/2H b?QrM BM h�#H2 3XRX h?Bb K2�Mb i?�i i?2
MQM@#�`vQMB+ K�ii2` +QMbiBimi2b bQK2 38W Q7 i?2 K�ii2` BM i?2 lMBp2`b2- �M/ i?�i Bib `2H�iBp2
2M2`;v /2MbBiv Bb [mBi2 r2HH /2i2`KBM2/- �i i?2 T2`+2Mi H2p2HX



3XkX qAJS J�:A* RkR

S�`�K2i2` ⌦⇤ ⌦Kh2 ⌦bh2 H0 (FKfJT+fb) t0 (:v)
o�Hm2 0.685+0.018

�0.016
0.1426± 0.0025 0.02205± 0.00028 67.3± 1.2 13.817± 0.048

h�#H2 3XR, J2�bm`2/ p�Hm2b 7Q` +QbKQHQ;B+�H T�`�K2i2`b (93)X

3Xk qAJS K�;B+
h?2 p2`v 2tBbi2M+2 Q7 � bi�#H2 q2�FHvk AMi2`�+iBM; J�bbBp2 S�`iB+H2 UqAJSV � �miQK�iB+�HHv
;Bp2b �M �//BiBQM�H +QKTQM2Mi iQ i?2 iQi�H 2M2`;v /2MbBiv Q7 i?2 lMBp2`b2X qAJSb �`2 7QmM/
BM � MmK#2` Q7 i?2Q`B2b- 7Q` 2t�KTH2 i?2 HB;?i2bi M2mi`�HBMQ Q7 i?2 JaaJ- i?2 HB;?i2bi E�Hmx�@
EH2BM T�`iB+H2 Q7 � i?2Q`v rBi? 2ti`� /BK2MbBQMb Q` �M BM2`i UMQ p2pV >B;;b #QbQMX

h?Bb Bb /m2 iQ i?2 BM 2[mBHB#`BmK i?2`K�H T`Q/m+iBQM Q7 i?2 qAJS i?`Qm;? i?2 T`Q+2bb
SM SM ! ��- r?2`2 SM �`2 bQK2 ai�M/�`/ JQ/2H T�`iB+H2b- �M/ i?2 `2p2`b2 �MMB?BH�iBQM
T`Q+2bb �� ! SM SM - BM i?2 2�`Hv ?Qi lMBp2`b2 UT � m�VX �b i?2 i2KT2`�im`2 /2+`2�b2b
iQ T < m� �M/ i?2`2 Bb MQi 2MQm;? 2M2`;v BM �M �p2`�;2 +QHHBbBQM 7Q` i?2 T`Q/m+iBQM Q7 �
iQ Q++m`- QMHv i?2 `2p2`b2 T`Q+2bb +�M i�F2 TH�+2- �M/ i?2 +QKQpBM; /2MbBivj 7�HHb rBi? i?2
i2KT2`�im`2 Q7 i?2 lMBp2`b2X

h?2 qAJSb i?2M 2tT2`B2M+2 r?�i Bb +�HH2/ � +?2KB+�H /2+QmTHBM;- Q` HQbb Q7 +?2KB+�H
2[mBHB#`BmK- /m2 iQ i?2 2tT�MbBQM Q7 i?2 lMBp2`b2X h?Bb Bb r?2M i?2 qAJSb #2+QK2 bQ
/BHmi2- #2+�mb2 Q7 i?2 2tT�MbBQM- i?�i i?2v BM 2z2+i MQ HQM;2` BMi2`�+i BM2H�biB+�HHv- �M/ i?Bb
`Qm;?Hv ?�TT2Mb r?2M i?2 2tT�MbBQM `�i2 #2+QK2b H�`;2` i?�M i?2 `�i2 Q7 �MMB?BH�iBQMX h?2
qAJSb i?2M ;2i � +QMbi�Mi U+QKQpBM;V /2MbBiv- r2 b�v i?�i i?2v 2tT2`B2M+2 � 7`22x2@Qmi
�i i?Bb i2KT2`�im`2 TcX qBi? r2�F@b+�H2 K�bb2b �M/ +QmTHBM;b i?2 7`22x2@Qmi ?�TT2Mb �i
Tc ⇡ 0.05m�- ?Qr2p2`- i?Bb Bb #27Q`2 Q` �i i?2 b�K2 iBK2 �b FBM2iB+ /2+QmTHBM; r?2`2 i?2
qAJSb 2z2+iBp2Hv HQb2 2H�biB+ BMi2`�+iBQMb rBi? i?2 Qi?2` K�ii2`- K2�MBM; i?�i � 7`22x2b@Qmi
rBi? MQM@`2H�iBpBbiB+ p2HQ+BiB2b �M/ #2+QK2 +QH/ /�`F K�ii2`X

h?2 2t�+i iBK2 Ui2KT2`�im`2V Q7 7`22x2@Qmi Bb +QMi`QHH2/ #v i?2 �MMB?BH�iBQM +`Qbb b2+iBQM
Q7 �- H�`;2` +`Qbb b2+iBQMb F22T +?2KB+�H 2[mBHB#`BmK 7Q` HQM;2`- BM im`M `2bmHiBM; BM HQr2`
/�`F K�ii2` `2HB+ �#mM/�M+2X h?Bb �#mM/�M+2- BM MmK#2` /2MbBiv- +�M #2 7QmM/ 7`QK i?2
"QHixK�MM 2[m�iBQM

dn�

dt
= �3Hn� � h�vi(n2

� � neq

�

2), U3XRV

r?2`2 neq
� �M/ n� �`2 i?2 +?2KB+�H 2[mBHB#`BmK �M/ �+im�H +QKQpBM; MmK#2` /2MbBiB2b- H Bb

>m##H2Ƕb +QMbi�Mi 7Q` i?2 2tT�MbBQM `�i2- �M/ h�vi i?2 p2HQ+Biv �p2`�;2/ �MMB?BH�iBQM +`Qbb
b2+iBQM 7Q` �� ! SM SM X aQHmiBQMb iQ i?Bb 2[m�iBQM 7Q` BM+`2�bBM; h�vi �`2 b?QrM BM 6B;X 3XkX

AM T`�+iB+2 QM2 Kmbi �HbQ Q7i2M i�F2 BMiQ �++QmMi +Q@�MMB?BH�iBQM rBi? Qi?2` T�`iB+H2b rBi?
K�bb rBi?BM 10%�20% Q7 i?2 �- �M/ MmK2`B+�H +Q/2b bm+? �b .�`Falau (9N) Q` JB+`PJ1:�b (8y-
8R) �`2 ivTB+�HHv mb2/ iQ bQHp2 i?2 "QHixK�MM 2[m�iBQMX 6Q` r2�F b+�H2 T�`iB+H2b � `Qm;?
�TT`QtBK�iBQM iQ i?2 `2bmHiBM; /�`F K�ii2` /2MbBiv Bb

⌦�h
2 = 0.1⇥

3⇥ 10�26 cm3s�1

h�vi
,

kq2�F �b BM 2H2+i`Q@r2�F- K2�MBM; QM i?2 b�K2 b+�H2 �b i?2 r2�F 7Q`+2X
jh�FBM; i?2 2tT�MbBQM Q7 i?2 mMBp2`b2 BMiQ �++QmMi #v HQQFBM; �i i?2 MmK#2` Q7 T�`iB+H2b BM � pQHmK2

2tT�M/BM; �i i?2 b�K2 `�i2X



Rkk *>�Sh1_ 3X alS1_auJJ1h_A* .�_E J�hh1_

6B;m`2 3Xk, AHHmbi`�iBQM Q7 i?2 7`22x2@Qmi Q7 i?2 +QKQpBM; MmK#2` /2MbBiv Q7 � qAJS �b �
7mM+iBQM Q7 iBK2- r?2`2 i?2 #H�+F HBM2 `2T`2b2Mib � KQ/2H rBi?Qmi +?2KB+�H /2+QmTHBM;- �M/
i?2 /Qii2/ HBM2b `2T`2b2Mi /Bz2`2Mi 7`22x2 Qmi i2KT2`�im`2b 7Q` /Bz2`2Mi p2HQ+Biv �p2`�;2/
�MMB?BH�iBQM +`Qbb b2+iBQMbX

�M/ bBM+2 i?2 �MMB?BH�iBQM +`Qbb b2+iBQM +�M #2 b?QrM iQ #2

h�vi ⇡
↵2

weak

m2

weak

⇡ 10�25 cm3s�1, U3XkV

i?2 T`2/B+i2/ /�`F K�ii2` /2MbBiv Bb

⌦�h
2
⇡ 0.1⇥

✓
gweak

g�

◆
4
✓

m�

mweak

◆
2

.

q?2M +QKT�`2/ iQ i?2 p�Hm2b BM h�#H2 3XR i?Bb Bb +�HH2/ i?2 qAJS@KB`�+H2 bBM+2 Bi bmTTHB2b
Dmbi �#Qmi i?2 +Q``2+i KBbbBM; 2M2`;v /2MbBiv 7Q` i?2 qAJS �b HQM; �b Bi ?�b � r2�F b+�H2 K�bb
�M/ � r2�F b+�H2 +QmTHBM; iQ i?2 ai�M/�`/ JQ/2HX h?2 bi`QM; b2MbBiBpBiv Q7 i?2 T`2/B+i2/ /�`F
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K�ii2` /2MbBiv iQ #Qi? i?2 K�bb �M/ i?2 +QmTHBM;- �M/ i?2 T`2+Bb2Hv K2�bm`2/ 2tT2`BK2Mi�H
p�Hm2- K2�Mb i?�i i?2 qAJS b+2M�`BQ Bb p2`v T`2/B+iBp2 �M/ i2bi�#H2X

6Q` � KQ`2 /2i�BH2/ /Bb+mbbBQM Q7 i?2 qAJS KB`�+H2- b22 i?2 bi�M/�`/ +QbKQHQ;v #QQF #v
EQH# �M/ hm`M2` (8k)X

3Xj .�`F K�ii2` +�M/B/�i2b BM bmT2`bvKK2i`v

qBi? _@T�`Biv +QMb2`p�iBQM BM TH�+2 r2 ?�p2 b22M i?�i i?2 GaS Bb bi�#H2 �M/ �Mv M2mi`�H
GaS +�M i?2M BM T`BM+BTH2 +QMbiBimi2 �HH Q` T�`i Q7 i?2 /�`F K�ii2`X qBi?Qmi _@T�`Biv QMHv
bmT2`@r2�FHv +QmTHBM; T�`iB+H2b HBF2 ;`�pBiBMQb �M/ �tBMQb �`2 +�M/B/�i2bX "2HQr r2 #`B2~v
/Bb+mbb i?2 p�`BQmb TQbbB#BHBiB2bX

3XjXR L2mi`�HBMQ

�b bQQM �b vQm ?�p2 � bi�#H2 M2mi`�HBMQ GaS- vQm mbm�HHv ;2i BMiQ i`Qm#H2 i`vBM; iQ 2tTH�BM
r?v i?2`2 Bb bQ HBiiH2 /�`F K�ii2`X 6Q` 2t�KTH2- i?2 bi�M/�`/ Kal:_� #BMQ@HBF2 �̃0

1
b+2M�`BQ

T`272`b GaS K�bb2b �`QmM/ Ryy :2o Q` HQr2` MQi iQ Qp2`T`Q/m+2 /�`F K�ii2`X .m2 iQ +m``2Mi
HQr2` #QmM/b QM i?2 �̃0

1
K�bb �M/ i?2 K2�bm`2/ >B;;b K�bb i?Bb i2M/b iQ #2 /B{+mHi iQ `2�HBb2

BM T`�+iBb2X h?Bb b+2M�`BQ rBi? � HQr K�bb #BMQ@HBF2 M2mi`�HBMQ Bb Q7i2M +�HH2/ i?2 #mHF `2;BQM
b+2M�`BQ- r?B+? +�M #2 b22M BM 6B;X 3Xj BM i?2 HQr2` H27i +Q`M2`X

�Hi2`M�iBp2b iQ i?2 #mHF `2;BQM b+2M�`BQ mb2 +Q@�MMB?BH�iBQM Q` `2bQM�Mi �MMB?BH�iBQM iQ
BM+`2�b2 h�vi �M/ i?mb /2+`2�b2 i?2 /�`F K�ii2` /2MbBivX h?2 bi�m@+Q�MMB?BH�iBQM `2;BQM-
r?2`2 ⌧̃1�̃0

1
! SM SM Bb �M 2{+B2Mi �MMB?BH�iBQM T`Q+2bb `2/m+BM; i?2 /�`F K�ii2` /2MbBiv-

2tBbib 7Q` m⌧̃1 �m
�̃
0
1
 10:2oX h?Bb K�F2b i?2 b+2M�`BQ /B{+mHi iQ /Bb+Qp2` �i +QHHB/2` 2tT2`@

BK2Mib /m2 iQ i?2 T`Q/m+iBQM Q7 bQ7i UHQr@2M2`;vV i�mbX AM Kal:_� i?2 bi�m@+Q�MMB?BH�iBQM
`2;BQM +�M #2 7QmM/ 7Q` bK�HH m0- �M/ Bb b?QrM �b i?2 HQr2` bi`BT BM 6B;X 3Xj r?B+? 7QHHQrb i?2
HQr2` i?2Q`2iB+�H #QmM/ U#`QrMV r?2`2 i?2 bi�m #2+QK2b i?2 GaSX PmibB/2 Q7 Kal:_� bBK@
BH�` `2;BQMb +�M �HbQ #2 7QmM/ 7Q` bKmQMb �M/ b2H2+i`QMb- rBi? H�`;2 K�bb /2;2M2`�+v #2ir22M
i?2 bH2TiQM �M/ i?2 GaSX

h?2 biQT@+Q�MMB?BH�iBQM `2;BQM- r?2`2 t̃1�̃0

1
! SM SM Bb 2{+B2Mi ivTB+�HHv ?�b m

t̃1
�

m
�̃
0
1
 25:2oX AM Kal:_� i?Bb 2tBbib 7Q` H�`;2 p�Hm2b Q7 |A0|- bK�HH m0 �M/ m1/2X �;�BM-

i?Bb Bb /B{+mHi iQ /Bb+Qp2` #2+�mb2 Q7 i?2 bQ7i /2+�v T`Q/m+ib Q7 i?2 biQTX
h?2 >B;;b 7mMM2H `2;BQM Bb 7QmM/ 7Q` 2m

�̃
0
1
' mA,H �M/ H�`;2 tan�- r?2`2 i?2 M2mi`�HBMQ

?�b `2bQM�Mi �MMB?BH�iBQM i?`Qm;? � ?2�pv >B;;b #QbQMX 6Q` Kal:_�- i?Bb Bb b?QrM BM 6B;m`2
3Xj �b i?2 irQ /B�;QM�H bi`m+im`2b `Qm;?Hv BM i?2 KB//H2 Q7 i?2 THQi- `BbBM; �b � 7mMM2H mTr�`/bX

h?2 +?�`;BMQ@+Q�MMB?BH�iBQM `2;BQM +�M #2 7QmM/ r?2M r2 ?�p2 ?B;;bBMQ Q` rBMQ GaSb-
r?2`2 � +?�`;BMQ Bb �miQK�iB+�HHv /2;2M2`�i2 rBi? i?2 GaS `2bmHiBM; BM � HQr2` /�`F K�ii2`
/2MbBiv ivTB+�HHv #2HQr 2tT2`BK2Mi�H #QmM/bX AM Kal:_� i?Bb `2;BQM Bb +�HH2/ i?2 7Q+mb
TQBMi `2;BQM- �M/ Bb 7QmM/ 7Q` H�`;2 m0 �M/ HQr µ- H2�/BM; iQ bQ@+�HH2/ bTHBi@alau- �b i?2
b72`KBQM K�bb2b M22/ iQ #2 T`2bb2/ mT [mBi2 � #Bi- �M/ i?2`2 Bb � H�`;2 K�bb /Bz2`2M+2 #2ir22M
;�m;BMQb �M/ b72`KBQMbX h?2 7Q+mb TQBMi `2;BQM +�M #2 b22M BM 6B;X 3Xj 7QHHQrBM; i?2 mTT2`
i?2Q`2iB+�H #QmM/ r?2`2 1qa" #`2�Fb /QrMX
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6B;m`2 3Xj, :2M2`B+ BHHmbi`�iBQM Q7 i?2 �HHQr2/ M2mi`�HBMQ /�`F K�ii2` `2;BQMb UTmF2 ;`22MV BM
i?2 (m0,m1/2)@TH�M2 7Q` Kal:_�X 1t+2Ti 7Q` i?2 HQr m0 �M/ m1/2 `2;BQMb i?2 �`2� QmibB/2
Q7 i?2 �HHQr2/ ;`22M `2;BQM ;Bp2b iQQ Km+? /�`F K�ii2`X h?2 /�b?2/ HBM2 b?Qrb i?2 >B;;b
K�bb HBKBi r?B+? Tmb?2b iQr�`/b H�`;2` p�Hm2b Q7 m1/2- r?BH2 i?2 /Qii2/ HBM2 `2T`2b2Mib i?2
HBKBi 7`QK i?2 �MQK�HQmb K�;M2iB+ KQK2Mi Q7 i?2 KmQMX

3XjXk aM2mi`BMQb

h?2 H27i ?�M/2/ bM2mi`BMQ ⌫̃L Bb ?�TTBHv 2t+Hm/2/ �b � TQi2MiB�H /�`F K�ii2` +�M/B/�i2 /m2 iQ
i?2 H�`;2 +`Qbb b2+iBQM 7Q` ⌫̃Lq ! ⌫̃Lq pB� Z@2t+?�M;2X9 h?2 H�`;2 +`Qbb K2�Mb i?�i Bi b?QmH/
�H`2�/v ?�p2 #22M b22M #v /B`2+i /2i2+iBQM 2tT2`BK2Mib- b22 a2+ 3X9X Ai Bb �HbQ T`Q#H2K�iB+ iQ
;2i m⌫̃L

< m
l̃L

/m2 iQ ?vT2`}M2@bTHBiiBM;X >Qr2p2`- i?2 `B;?i@?�M/2/ bM2mi`BMQ ⌫̃R +QmTH2b
p2`v r2�FHv �M/ Bb biBHH � pB�#H2 +�M/B/�i2X h?Bb rQmH/ M2+2bbBi�i2 �//BM; `B;?i@?�M/2/

96Q` i?2 M2mi`�HBMQb i?Bb T`Q#H2K QMHv 2tBbib 7Q` � ?B;;bBMQ �̃0
1 GaS- �b i?2 rBMQ �M/ #BMQ /Q MQi +QmTH2 iQ

i?2 ZX
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M2mi`BMQb �M/ bM2mi`BMQ bmT2`}2H/b iQ i?2 JaaJX

3XjXj :`�pBiBMQ
h?2 ;`�pBiBMQ Bb i?2 K�bbBp2 bTBM@jfk bmT2`bvKK2i`B+ T�`iM2` Q7 i?2 ;`�pBiQM BM KQ/2Hb rBi?
bmT2`;`�pBivX qBi? QMHv ;`�pBi�iBQM�H bi`2M;i? BMi2`�+iBQMb- i?2 ;`�pBiBMQ Bb MQi � qAJS �b
Bi Bb M2p2` BM +?2KB+�H 2[mBHB#`BmKX A7 Bi Bb i?2 GaS Bi +�M #2 +`2�i2/ 7`QK i?2 /2+�vb Q7 i?2
M2ti@iQ@HB;?i2bi bmT2`bvKK2i`B+ T�`iB+H2 ULGaSV- ;BpBM;- BM _@T�`Biv +QMb2`pBM; b+2M�`BQb-

⌦
G̃
=

m
G̃

mLGaS
⌦LGaS.

>Qr2p2`- i?2b2 b+2M�`BQb �`2 T`Q#H2K�iB+ #2+�mb2 i?2 LGaS Bb HQM;@HBp2/ /m2 iQ i?2 2ti`2�KHv
r2�F BMi2`�+iBQM �M/ +`2�i2b TQi2MiB�H i`Qm#H2 BM ""L #v BMD2+iBM; 2M2`;v i?�i +?�M;2b i?2
T`Q/m+iBQM Q7 HB;?i 2H2K2MibX

�Hi2`M�iBp2Hv- i?2 ;`�pBiBMQ +�M #2 +`2�i2/ BM MQM@i?2`K�H T`Q/m+iBQM T`Q+2bb2b BM i?2
T2`BQ/ Q7 `2?2�iBM; �7i2` BM~�iBQMX PM2 TQi2MiB�H T`Q+2bb gg ! g̃G̃ Bb b?QrM BM 6B;X 3X9X h?2
`2p2`b2 T`Q+2bb g̃G̃ ! gg Bb MQi 2{+B2Mi �b i?2 /2MbBiv Q7 ;`�pBiBMQb Bb M2p2` ?B;? 2MQm;? ;Bp2M
i?2 bK�HH +`Qbb b2+iBQMX h?Bb ivT2 Q7 /�`F K�ii2` +`2�iBQM T`Q+2bb Bb Q7i2M +�HH2/ 7`22x2@BMX
6Q` i?2 ;`�pBiBMQ i?Bb ;Bp2b � M2r K�;B+ 7Q`KmH�,

⌦
G̃
h2 ⇡ 0.5 ·

✓
TR

1010GeV

◆✓
100GeV

m
G̃

◆⇣ mg̃

1TeV

⌘
2

, U3XjV

r?2`2 TR Bb i?2 mMFMQrM �M/ p2`v r2�FHv +QMbi`�BM2/ `2?2�iBM; i2KT2`�im`2X h?Bb T`Q/m+@
iBQM K2+?�MBbK Bb �HbQ p�HB/ 7Q` KQ/2Hb rBi? _@T�`Biv pBQH�iBQMX h?2`2 i?2 bK�HH ;`�pBiBMQ
+QmTHBM; /

1

MP

K�F2b i?2 ;`�pBiBMQb p2`v HQM;@HBp2/- rBi? HB72iBK2b HQM;2` i?�M i?2 �;2 Q7 i?2
lMBp2`b2- #mi MQi �#bQHmi2Hv bi�#H2 #2+�mb2 Q7 i?2 _@T�`Biv pBQH�iBM; QT2`�iQ`bX

6B;m`2 3X9, PM2 TQbbB#H2 /B�;`�K 7Q` i?2 MQM@i?2`K�H T`Q/m+iBQM Q7 ;`�pBiBMQb 7`QK i?2
b+�ii2`BM; Q7 ;HmQMbX

3XjX9 Pi?2`b
PM2 +QmH/ 2p2M BK�;BM2 +QHQm` +?�`;2/ bmT2`bvKK2i`B+ T�`iB+H2b �b /�`F K�ii2`- BM T�`iB+mH�`
i?2 ;HmBMQ- r?B+?- B7 bi�#H2- �7i2` ?�/`QMBb�iBQM rBi? ai�M/�`/ JQ/2H [m�`Fb �M/fQ` ;HmQMb
rQmH/ 7Q`K bQ@+�HH2/ _@?�/`QMbX h?2b2 ?�p2 p2`v bi`B+i HBKBib 7`QK b2�`+?2b- #mi i?2b2
HBKBib �`2 bQK2r?�i Q#7mb+�i2/ #v +QKTHB+�iBQMb BM KQ/2HHBM; _@?�/`QM b+�ii2`BM;X
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