
��

/RQJ�OLYHG�3DUWLFOHV�DQG�+HDY\�1HXWUDO�/HSWRQV�
7KHRU\�3KHQR�3HUVSHFWLYH

*LRYDQQD�&RWWLQ
8QLYHUVLGDG�$GROIR�,EixH]��6DQWLDJR��&KLOH

�WK�/DUJH�+DGURQ�&ROOLGHU�3K\VLFV�&RQIHUHQFH��/+&3������
-XQH�����  q©�͆� 1¡s�#V\PPHWU\PDJD]LQH�RUJ�DUWLFOH�ORQJ�OLYHG�SDUWLFOHV�JHW�WKHLU�PRPHQW

#V\PPHWU\PDJD]LQH�RUJ�DUWLFOH�WKH�KLGGHQ�QHXWULQR
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/RQJ�/LYHG�3DUWLFOHV�FDQ�WUDYHO�PDFURVFRSLF�GLVWDQFHV�EHIRUH�GHFD\LQJ�

//3�LQ�WKH�60

7KHLU�SUHVHQFH�FRPHV�IURP�FRQVHUYHG�
V\PPHWULHV��IHHEO\�FRXSOLQJV��KHDY\�
PHGLDWRUV�KLHUDUFK\�RI�PDVV�VFDOHV��
VPDOO�SKDVH�VSDFH�

,PDJH�E\�%�6KXYH��
/RQJ�OLYHG�3DUWLFOH�&RPPXQLW\�:KLWH�3DSHU��-��$OLPHQD�HW�DO��DU;LY�����������
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/RQJ�/LYHG�3DUWLFOHV�DUH�SUHGLFWHG�LQ�PDQ\�EH\RQG�WKH�6WDQGDUG�0RGHO�WKHRULHV
//3�LQ�%60�FDQ�DULVH�IURP�PDQ\�
ZHOO�PRWLYDWHG�FODVVHV�RI�WKHRULHV

/RQJ�OLYHG�3DUWLFOH�&RPPXQLW\�:KLWH�3DSHU��-��$OLPHQD�HW�DO��DU;LY�����������
6HH�DOVR�0$7+86/$�SK\VLFV�FDVH�PRWLYDWLQJ�PRGHOV��'��&XUWLQ�HW�DO���DU;LY�����������

:K\"�:H�QHHG�%60�WR�H[SODLQ�PDWWHU�DQWLPDWWHU�
DV\PPHWU\��GDUN�PDWWHU�DQG�QHXWULQR�PDVVHV��
1HHG�WR�LQYHVW�LQ�D�GHGLFDWHG�ORQJ�OLYHG�SDUWLFOH��//3��
SURJUDP�DW�FROOLGHUV�H[SHULPHQWV��

60�LPDJH�#�&(51��$7/$6�ZHE
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http://arxiv.org/abs/arXiv:1903.04497
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$Q�DQVZHU�IRU�QHXWULQR�PDVV�JHQHUDWLRQ�PHFKDQLVP
�6HH�UHYLHZ�LQ�$��$WUH��7��+DQ��6��3DVFROL��%��=KDQJ��-+(3����������������DU;LY�����������

&RXOG�DOVR�H[SODLQ�'DUN�0DWWHU�DQG�%DU\RQ�$V\PPHWU\�
�7�$VDND��0�6KDSRVKQLNRY��3/�%������������KHS�SK��������
�6HH�UHYLHZV�LQ�$��%R\DUVN\��HW�DO���3URJ��LQ�3DUW��DQG�1XFO��3K\V��������������DU;LY������������
�$��%R\DUVN\��2��5XFKD\VNL\��0��6KDSRVKQLNRY��$QQ�5HY�1XFO�3DUW�6FL�������������DU;LY�����������

.QRZQ

Ɣ 1HXWULQR�RVFLOODWLRQV�
WKHUHIRUH�QHXWULQRV�LQ�
WKH�60�KDYH�PDVV

8QNQRZQ

Ɣ 1HXWULQR�0DVV�0HFKDQLVP�LQYROYLQJ�+1/��L�H�VHHVDZ�
PHFKDQLVP��LQYHUVH�VHHVDZ������

Ɣ 6SHFLILF�%60�0RGHO�RI�QHXWULQR�PDVV�JHQHUDWLRQ��L�H�QHZ�
LQWHUDFWLRQV�RI�+1/�EH\RQG�<XNDZD�RQHV"�

Ɣ +1/�QDWXUH��'LUDF�RU�0DMRUDQD�
Ɣ +1/�PDVV�VFDOH

6HH�3��)��GH�6DODV�HW�DO���-+(3����������������DU;LY�����������
,PDJHV�E\�#V\PPHWU\PDJD]LQH

+1/�//3�
0RWLYDWLRQ�

https://atlas.cern/discover/physics
https://arxiv.org/abs/0901.3589
https://arxiv.org/abs/hep-ph/0505013
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6HHVDZ�0HFKDQLVP�V�
Ɣ 3UHGLFWV�+1/V
Ɣ +1/V�PL[�ZLWK�60�QHXWULQRV
Ɣ &DQ�EH�UHDOLVHG�LQ�PDQ\�%60�PRGHOV

6HHVDZ
3��0LQNRZVNL��3K\V��/HWW����%�������

5��1��0RKDSDWUD�DQG�*��6HQMDQRYLF��3K\V��5HY��/HWW�����������
-��6FKHFKWHU�DQG�-��:��)��9DOOH��3K\V��5HY��'���������������

#V\PPHWU\PDJD]LQH

0LQLPDO�7\SH�,�6HHVDZ� ,V�QRW�WKH�RQO\�SRVVLELOLW\��������L�H�,QYHUVH�6HHVDZ�

,QYHUVH�VHHVDZ
5��0RKDSDWUD�DQG�-��9DOOH��3K\V��5HY��'��������������

3KHQR�DSSURDFK��FRQVLGHU�+1/�PDVV�DQG�PL[LQJ�DV�LQGHSHQGHQW�SDUDPHWHUV
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.44.912
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.1642
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5LFK�FROOLGHU�SKHQRPHQRORJ\�DFURVV�GLIIHUHQW�PDVVHV
�6HH�UHYLHZV
�0��'UHZHV��,QW�-�0RG�3K\V�(��������������������DU;LY�����������
�)��'HSSLVFK��3��6��%KXSDO�'HY��$SRVWRORV�3LODIWVLV��1HZ�-�3K\V�����������������������DU;LY�����������
�<��&DL��7��+DQ��7RQJ�/L��5��5XL]��)URQW�LQ�3K\V���������������DU;LY�������������

+1/�//3�
0RWLYDWLRQ�

$GDSWHG�IURP�+HDWKHU�5XVVHO
�-��$OLPHQD�HW�DO��DU;LY�����������

+1/�GLVFRYHU\�SRWHQWLDO�ZLWK�D�YDULHW\�RI�
//3�VLJQDWXUHV�

$GDSWHG�IURP�*��&RWWLQ��-�&��+HOR�DQG�0��+LUVFK��35'����������

https://atlas.cern/discover/physics
https://arxiv.org/abs/1303.6912
https://arxiv.org/pdf/1502.06541.pdf
https://arxiv.org/pdf/1711.02180.pdf
http://arxiv.org/abs/arXiv:1903.04497
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.035012
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+1/�//3�3KHQRPHQRORJ\�LQ�0LQLPDO�7\SH�,�VHHVDZ�
+1/�PL[HV�ZLWK�60�QHXWULQR��/DUJH�OLIHWLPH�GXH�WR�RII�VKHOO�GHFD\�

'LVSODFHG�YHUWH[�VHDUFKHV
Ɣ +1/�GHFD\V�OHSWRQLFDOO\�DQG�RU�VHPLOHSWRQLFDOO\
Ɣ SURPSW�OHSWRQ�WULJJHU�IURP�:�GHFD\

,QQHU�7UDFNHUV��,7�
Ɣ KLJK�PDVV�DQG�GLVSODFHG�WUDFN�PXOWLSOLFLW\�'9V�LQ�LQQHU�WUDFNHU�WR�

VXSSUHVV�KDGURQLF�ENJV�

-��&��+HOR��0��+LUVFK��6��.RYDOHQNR��35'������������*��&RWWLQ��-�&��+HOR�DQG�0��+LUVFK��
35'������������,U\QD�%RLDUVND�HW�DO���DU;LY�������������$��$EDGD��HW�DO���-+(3�������������
0��'UHZHV��-��+DMHU��-+(3����������

³+1/�RSWLPL]HG´�GLVSODFHG�VWUDWHJLHV�SURSRVDOV�WKDW�EXLOG�XS�RQ�
H[SHULPHQWDO�//3�/+&�VHDUFKHV�QRW�UHDOO\�GHVLJQHG�IRU�+1/V�
�DSRORJLHV�LI�,�PLVVHG�\RXU�ZRUN��

$7/$6�(YHQW�'LVSOD\�DU;LY����������

0XRQ�6\VWHPV��06�
Ɣ FDQ�DFFHVV�ODUJHU�GLVSODFHPHQWV��L�H�ORZHU�+1/�PDVVHV�
Ɣ SXUHO\�PXRQLF�YHUWLFHV�JLYH�EHWWHU�VHQVLWLYLW\�DW�ORZ�+1/�

PDVVHV��QRW�QHFHVVDULO\�OLPLWHG�E\�LQYDULDQW�PDVV�FXW�RI�'9�

.��%RQGDUHQNR�HW�DO��3K\V��5HY��'������������
0��'UHZHV��-��+DMHU��-+(3����������

https://atlas.cern/discover/physics
http://arxiv.org/abs/1312.2900
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.035012
https://arxiv.org/abs/1902.04535
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https://link.springer.com/article/10.1007/JHEP02(2020)070
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+1/�//3�3KHQRPHQRORJ\�LQ�0LQLPDO�7\SH�,�VHHVDZ�
+1/�PL[HV�ZLWK�60�QHXWULQR��/DUJH�OLIHWLPH�GXH�WR�RII�VKHOO�GHFD\�

'LVSODFHG�OHSWRQ�VHDUFKHV
Ɣ +1/�GHFD\V�OHSWRQLFDOO\�
Ɣ SURPSW�OHSWRQ�WULJJHU
Ɣ $W�OHDVW�RQH�GLVSODFHG�WUDFN�IURP�+1/�LV�D�QRQ�LVRODWHG�OHSWRQ
Ɣ &DQ�GR�H[SOLFLW�YHUWH[�UHFRQVWUXFWLRQ�RI�GLVSODFHG�GL�PXRQ�GL�HOHFWURQ�HPX�YHUWLFHV�LQ�,'�RU�06
Ɣ 1R�H[SOLFLW�YHUWH[�UHTXLUHPHQW�OHDGV�WR�DGGLWLRQDO�VRXUFHV�RI�60�ENJV��

-��/LX��=��/LX��/LDQ�7DR�:DQJ��;LDR�3LQJ�:DQJ��-+(3���������
0��'UHZHV��-��+DMHU��-+(3����������

�$7/$6��-+(3������������ILUVW��GHGLFDWHG�+1/�GLVSODFHG�VHDUFK�DW�WKH�/+&

'LVSODFHG�OHSWRQ�MHWV
Ɣ 3URPSW�OHSWRQ�WULJJHU�IURP�:�GHFD\
Ɣ 5HFRQVWUXFW�ERRVWHG�+1/�GHFD\�DV�D�VLQJOH�GLVSODFHG�OM�REMHFW�

�ZLWK�PRUH�WKDQ�RQH�OHSWRQLF�GLVSODFHG�WUDFN�FRQFHQWUDWHG�ZLWKLQ�D�FRQH�

(��,]DJXLUUH�DQG�%��6KXYH��3K\V��5HY��'���������
6��'XEH��'��*DGNDUL��DQG�$��0��7KDODSLOOLO��3K\V��5HY��'���������

³+1/�RSWLPL]HG´�GLVSODFHG�VWUDWHJLHV�SURSRVDOV�WKDW�EXLOG�XS�RQ�
H[SHULPHQWDO�//3�/+&�VHDUFKHV�QRW�UHDOO\
�GHVLJQHG�IRU�+1/V�
�DSRORJLHV�LI�,�PLVVHG�\RXU�ZRUN��
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+1/�ODQGVFDSH�ZLWK�//3�VWUDWHJLHV���DSRORJLHV�LI�\RXU�ZRUN�LV�QRW�LQ�WKLV�SORW��
HOHFWURQ�PL[LQJ�TXDOLWDWLYHO\�VLPLODU��WDX�VHFWRU�LV�IDU�OHVV�FRQVWUDLQHG�H[SHULPHQWDOO\���
H�J���VHH�*��&RWWLQ��-�&��+HOR�DQG�0��+LUVFK��35'����������

https://atlas.cern/discover/physics
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+1/�ODQGVFDSH�ZLWK�//3�VWUDWHJLHV���DSRORJLHV�LI�\RXU�ZRUN�LV�QRW�LQ�WKLV�SORW��
HOHFWURQ�PL[LQJ�TXDOLWDWLYHO\�VLPLODU��WDX�VHFWRU�LV�IDU�OHVV�FRQVWUDLQHG�H[SHULPHQWDOO\���
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%H\RQG�0LQLPDO�7\SH�,�VHHVDZ�

6LPLODU�//3�+1/�GLVSODFHG�VHDUFK�VWUDWHJLHV�KDYH�EHHQ�SURSRVHG�WKDW�FDQ�EH�VHQVLWLYH�WR�QRQ�PLQLPDO�
+1/�PRGHOV�ZLWK�DGGLWLRQDO�SURGXFWLRQ�PRGHV�YLD�H�J��QHZ�JDXJH�ERVRQV��=¶��:5���KLJJV�HV��

&DQ�KDYH��'9�RU���'9V�ZLWK�QR�DGGLWLRQDO�SURPSW�REMHFWV�
�KLJKOLJKWLQJ�D�FULWLFDO�QHHG�IRU�GHGLFDWHG�GLVSODFHG�WULJJHUV�
)RU�/HIW�5LJKW��VHH�H�J�
*��&RWWLQ��-�&��+HOR��0��+LUVFK��'��6LOYD���35'������������*��&RWWLQ��-�&��+HOR��0��+LUVFK��35'������������
0��1HPHYãHN��)��1HVWL��*��3RSDUD��35'�����������

)RU�%�/��VHH�H�J��
&��:��&KLDQJ��*��&RWWLQ�HW��DO��-+(3������������)��'HSSLVFK�HW�DO���35'�������������
)��'HSSLVFK�HW�DO���-+(3�������������%��%DWHOO�HW�DO���-+(3���������

$�V\VWHPDWLF�ZD\�WR�VWXG\�VXFK�QRQ�PLQLPDO�+1/V�LV�
WR�DSSO\�HIIHFWLYH�ILHOG�WKHRU\��()7���ZLWK�152�ZKLFK�DUH�
VXSSUHVVHG�E\�D�QHZ�SK\VLFV�VFDOH�Ư

)RU�+1/V�LQ�()7�ZLWK�//3V�DW�WKH�/+&��VHH�H�J�
*��&RWWLQ��-��&��+HOR��0��+LUVFK��$��7LWRY��=��6��:DQJ��DU;LY�����������
-RUG\�GH�9ULHV��+��.��'UHLQHU��-��<��*�QWKHU��=��6��:DQJ��*��=KRX��-+(3����������
$��&DSXWR��3��+HUQDQGH]��-��/RSH]�3DYRQ��-��6DOYDGR��-+(3����������
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%H\RQG�0LQLPDO�7\SH�,�VHHVDZ�
$Q�H[DPSOH�IRU�G� ���IRU�WKH�³1560()7´��WKH�()7�RI�WKH�60�H[WHQGHG�ZLWK�+1/V
*��&RWWLQ��-��&��+HOR��0��+LUVFK��$��7LWRY��=��6��:DQJ��DU;LY�����������

0XFK�ODUJHU�VHQVLWLYLWLHV�FDQ�EH�DFKLHYHG�ZLWK�/+&�//3�VHDUFKHV�DV�FRPSDUHG�WR�WKH�0LQLPDO�7\SH�,�VHHVDZ��

https://atlas.cern/discover/physics
https://arxiv.org/search/hep-ph?searchtype=author&query=Cottin,+G
https://arxiv.org/search/hep-ph?searchtype=author&query=Helo,+J+C
https://arxiv.org/search/hep-ph?searchtype=author&query=Hirsch,+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Titov,+A
https://arxiv.org/search/hep-ph?searchtype=author&query=Wang,+Z+S
https://arxiv.org/abs/2105.13851


͆�¶g�©�ĕƿƂĕƅĸŖĕŘƚ ��

6XPPDU\

Ɣ +1/V�DUH�SUHGLFWHG�LQ��VHHVDZ��PHFKDQLVPV�DEOH�WR�H[SODLQ�WKH�RULJLQ�RI�VPDOO�QHXWULQR�PDVVHV�LQ�WKH�60��DQG�WKH\�FDQ�
EH�DXWRPDWLFDOO\�ORQJ�OLYHG�SDUWLFOHV�ZLWK�PDVVHV�EHORZ�WKH�HOHFWURZHDN�VFDOH�

Ɣ ,Q�WKH�KLJK�OXPLQRVLW\�SKDVH�RI�WKH�/+&��ERWK�/+&E�DQG�WKH�PDLQ�GHWHFWRUV�$7/$6�DQG�&06�FDQ�H[WHQG�H[LVWLQJ�OLPLWV�
IRU� �RU�SURYLGH�GLVFRYHU\�RI��+1/V�XVLQJ�GLVSODFHG�VHDUFKHV��'HGLFDWHG�GHWHFWRUV�FDQ�FRYHU�FRPSOHPHQWDU\�UHJLRQV� LQ�
+1/�PDVV�DQG�PL[LQJ�VSDFH

Ɣ 'HGLFDWHG�VHDUFKHV�DQG�GLVSODFHG�WULJJHUV��DEOH�WR�LGHQWLI\�GLUHFWO\�WKH�+1/�VLJQDWXUH��DUH�FULWLFDO�WR�HQKDQFH�VHQVLWLYLW\��
([SHULPHQWDO�VHDUFKHV�ZLWK�GLIIHUHQW�+1/�GHFD\�VLJQDWXUHV�L�H��1�ĺ�H�MM��1�ĺ�Ĳ�MM��DUH�GHVLUDEOH�WR�FRPSOHPHQW�H[LVWLQJ�
DQDO\VHV��H[LVWLQJ�SKHQR�SURSRVDOV�WR�WHVW�RWKHU�PL[LQJ�SDUDPHWHUV�

Ɣ +1/� SURGXFWLRQ� LQ� QRQ�PLQLPDO� PRGHOV� EH\RQG� 7\SH� ,� VHHVDZ� FDQ� OHDG� WR� HQKDQFHG� FURVV�VHFWLRQV� �ZKLFK� DUH� QRW�
VXSSUHVVHG�E\�WKH�VPDOO�PL[LQJ�RI�WKH�+1/V�ZLWK�WKH�60�QHXWULQRV��OHDGLQJ�WR�D�ODUJHU�VHQVLWLYLW\�UHDFK�DW�WKH�+/�/+&

Ɣ 'LVSODFHG�VHDUFKHV�FDQ�SURYLGH�D�FOHDU�FROOLGHU�WHVW�RI�PDQ\�PRGHOV�IRU�QHXWULQR�PDVV�JHQHUDWLRQ���
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