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Self-interacting dark 
matter



Core-Cusp problem

• CDM N-body simulation predicts cuspy DM profile (NFW), 
making rotation velocities overshooting at small scales.

[Spergel, Steinhardt, 2000;  Tulin, Yu, 2017]
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CDM works well at >Mpc Galaxy rotation curves at <1kpc
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Too-big-to-fail problem

Baryonic effect (SN feedback) can make halo profile shallow.

[Brooks & Zolotov, 2012]

Diversity problem: large scatter for the same maximum velocity

Massive subhalos are too dense to host dwarf galaxies.
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Self-Interacting Dark Matter

[Tulin, Yu, 2017][Weinberg et al, 2013]
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Self-Interacting cross section solves small-scale problems:

Transport heat from outside makes DM scatter and cored.

�/m . 0.7 cm2/g
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cf. Bullet cluster for DM self-scattering at clusters.
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Velocity-dependent SIDM

• Velocity-dependence resolves tension galaxies & clusters.

[M. Kaplinghat et al, 2015](gray)
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SIDM:  Halo separation

>  Gravity between sub-halo and galaxyFriction between halos

splitting of sub-halo from galaxy

e.g.  Abell 3827 cluster off-set:

[Massey et al(2015); F. Kalhoefer et al (2015)]
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Diversity solved

[A. Kamada et al, 2016]

SIDM with baryons explains diversity of rotation curves
at inner region for the same maximum velocity.  

CDM

SIDM
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SIDM: resonances

Effective potential with light mediators:

dipolespin-spinYukawa

Hulthen
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[Kang, HML, 2020]

-7-



Bounds on light mediators
Light mediators enhance dark matter annihilations/detection.

Strong constraints from indirect and direct detections.

Dark matter annihilates into neutrinos or hidden sector particles.

[Bringmann et al, 2016] [Hambye et al, 2019]
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SIDM: sub-GeV
Born cross section (w/ heavy mediator):

DM relic freeze-out with 2→2 (forbidden) annihilation: CMB safe

Contact interactions:

<latexit sha1_base64="nlh/NwV0TkW22+C6I5f6YJD8A8U="></latexit>
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m⇡ . 1GeV

sub-GeV DM mass => large & velocity-dependent at perturbative level.

DM relic by self-interactions
Wess-Zumino-Witten term:

<latexit sha1_base64="yNvciGwgOI+qW1XirS9QClOO5hE=">AAACHXicbZDLSgMxFIYz9VbrrerSTbAILkqZqUVdFt24ESrYCzTDkEkzbWgyMyQZoQzzIm58FTcuFHHhRnwb02kX2vpD4Oc753Byfj/mTGnb/rYKK6tr6xvFzdLW9s7uXnn/oKOiRBLaJhGPZM/HinIW0rZmmtNeLCkWPqddf3w9rXcfqFQsCu/1JKauwMOQBYxgbZBXbqBAYpIKD8UsS4MMKSZgowpRFVVhTnNyZtuomiIp4C3tZF65YtfsXHDZOHNTAXO1vPInGkQkETTUhGOl+o4dazfFUjPCaVZCiaIxJmM8pH1jQyyoctP8ugyeGDKAQSTNCzXM6e+JFAulJsI3nQLrkVqsTeF/tX6ig0s3ZWGcaBqS2aIg4VBHcBoVHDBJieYTYzCRzPwVkhE2cWkTaMmE4CyevGw69ZpzXqvfNSrNq3kcRXAEjsEpcMAFaIIb0AJtQMAjeAav4M16sl6sd+tj1lqw5jOH4I+srx88LqC6</latexit>m⇡

f
⇠ 4, m⇡ ⇠ 300MeV[Hochberg et al, 2014; 

M.-S. Seo, HML, 2015]
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u-channel resonances



t-channel resonance
• Consider dark matter and mediator with masses, m1 & m2.

Self-coupling for dark matter:

Elastic 2→2 self-scattering in t-channel
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<latexit sha1_base64="TVXgA4c5lB+a41EIEz2YUK2azRQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3GOM+w==</latexit>p
<latexit sha1_base64="sQEziKRWhToowhYH7OhWGQZhfPQ=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KkkR9Vj04rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9JGe9UtmtuDOQZeLlpAw56r3SV7cfszRCaZigWnc8NzF+RpXhTOCk2E01JpSN6AA7lkoaofaz2aUTcmqVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07RhuAtvrxMmtWKd1mp3l+Uazd5HAU4hhM4Bw+uoAZ3UIcGMAjhGV7hzRk5L8678zFvXXHymSP4A+fzBzzijSw=</latexit>

p0

<latexit sha1_base64="BqAvywt6Z4FvUX+ZqRkGFRVRJuY=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1mu1C9K1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN3njPw=</latexit>q
<latexit sha1_base64="1UlOQ+AGlWBu4BQccPmT/EIDCCU=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjF6IrvEqEeiF49o5JEAIbNDL0yYnV1nZk3Ihj/w4kFjvPpH3vwbB9iDgpV0UqnqTneXHwuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLV8qlGwSXWDTcCW7FCGvoCm/7oZuo3n1BpHskHM46xG9KB5AFn1Fjp/vG0Vyy5ZXcGsky8jJQgQ61X/Or0I5aEKA0TVOu258amm1JlOBM4KXQSjTFlIzrAtqWShqi76ezSCTmxSp8EkbIlDZmpvydSGmo9Dn3bGVIz1IveVPzPaycmuOqmXMaJQcnmi4JEEBOR6dukzxUyI8aWUKa4vZWwIVWUGRtOwYbgLb68TBqVsndRrtydl6rXWRx5OIJjOAMPLqEKt1CDOjAI4Ble4c0ZOS/Ou/Mxb8052cwh/IHz+QM+Z40t</latexit>

q0

“Instantaneous” interaction 

A small mass m2 leads to enhanced t-channel!

Resummation of ladder diagrams:  Sommerfeld factor

<latexit sha1_base64="U3qyGXE0o82ENMo0+I4CQBhyr3o="></latexit>

�̃t(p, q; p
0, q0) =

4g2m2
1

|~p� ~p0|2 +m2
2 � !2
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u-channel resonance
• Take two component dark matter with masses, m1 & m2

Self-coupling between dark matter:

Elastic 2→2 co-scattering in u-channel
<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="jQz0oRKbkPMc0+7Rg0EXEapS7/I=">AAACF3icbVDLSgMxFM3UV62vqks3wSK40DIziLoRim5cuKhgH9CpQyZN29AkMyQZoUznL9z4K25cKOJWd/6N6bQLbT1wuYdz7iW5J4gYVdq2v63cwuLS8kp+tbC2vrG5VdzeqaswlpjUcMhC2QyQIowKUtNUM9KMJEE8YKQRDK7GfuOBSEVDcaeHEWlz1BO0SzHSRvKL5cTDiMGb1E88ySEVOr04dnvQO+K+A72oT30XjrLujO5dv1iyy3YGOE+cKSmBKap+8cvrhDjmRGjMkFItx450O0FSU8xIWvBiRSKEB6hHWoYKxIlqJ9ldKTwwSgd2Q2lKaJipvzcSxJUa8sBMcqT7atYbi/95rVh3z9sJFVGsicCTh7oxgzqE45Bgh0qCNRsagrCk5q8Q95FEWJsoCyYEZ/bkeVJ3y85p2b09KVUup3HkwR7YB4fAAWegAq5BFdQABo/gGbyCN+vJerHerY/JaM6a7uyCP7A+fwBwt542</latexit>

Lint = �2g m1�2|�1|2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="rJRRLfUd/EbGBbzgUCmiY0hdApQ="></latexit>

�̃u(p, q; p
0, q0) =

4g2m2
1

|~p� ~q0|2 +m2
1 � !2

“Delayed” interaction 

“Effectively massless” off-shell DM

<latexit sha1_base64="TVXgA4c5lB+a41EIEz2YUK2azRQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3GOM+w==</latexit>p

<latexit sha1_base64="BqAvywt6Z4FvUX+ZqRkGFRVRJuY=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1mu1C9K1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN3njPw=</latexit>q
<latexit sha1_base64="sQEziKRWhToowhYH7OhWGQZhfPQ=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KkkR9Vj04rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9JGe9UtmtuDOQZeLlpAw56r3SV7cfszRCaZigWnc8NzF+RpXhTOCk2E01JpSN6AA7lkoaofaz2aUTcmqVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07RhuAtvrxMmtWKd1mp3l+Uazd5HAU4hhM4Bw+uoAZ3UIcGMAjhGV7hzRk5L8678zFvXXHymSP4A+fzBzzijSw=</latexit>

p0

<latexit sha1_base64="1UlOQ+AGlWBu4BQccPmT/EIDCCU=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjF6IrvEqEeiF49o5JEAIbNDL0yYnV1nZk3Ihj/w4kFjvPpH3vwbB9iDgpV0UqnqTneXHwuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLV8qlGwSXWDTcCW7FCGvoCm/7oZuo3n1BpHskHM46xG9KB5AFn1Fjp/vG0Vyy5ZXcGsky8jJQgQ61X/Or0I5aEKA0TVOu258amm1JlOBM4KXQSjTFlIzrAtqWShqi76ezSCTmxSp8EkbIlDZmpvydSGmo9Dn3bGVIz1IveVPzPaycmuOqmXMaJQcnmi4JEEBOR6dukzxUyI8aWUKa4vZWwIVWUGRtOwYbgLb68TBqVsndRrtydl6rXWRx5OIJjOAMPLqEKt1CDOjAI4Ble4c0ZOS/Ou/Mxb8052cwh/IHz+QM+Z40t</latexit>

q0

Similar resummation of ladder diagrams is also needed.

[S. Kim, HML, B. Zhu, 2021, 2022]
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Non-perturbative scattering
Non-perturbative co-scattering in u-channel

Bethe-Salpeter wave function for two-component DM:

<latexit sha1_base64="mCfrY9XrIbtojtuoKM/Km2jpMy4=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMtuEfVY9OKxgtsW2qVk02wbms3GJCuUpb/BiwdFvPqDvPlvTNs9aOuDgcd7M8zMCyVn2rjut1NYWV1b3yhulra2d3b3yvsHTZ2kilCfJDxR7RBrypmgvmGG07ZUFMchp61wdDv1W09UaZaIBzOWNIjxQLCIEWys5Muzx/NRr1xxq+4MaJl4OalAjkav/NXtJySNqTCEY607nitNkGFlGOF0UuqmmkpMRnhAO5YKHFMdZLNjJ+jEKn0UJcqWMGim/p7IcKz1OA5tZ4zNUC96U/E/r5Oa6DrImJCpoYLMF0UpRyZB089RnylKDB9bgoli9lZEhlhhYmw+JRuCt/jyMmnWqt5ltXZ/Uanf5HEU4QiO4RQ8uII63EEDfCDA4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gBGTI5X</latexit>

p+ q � k

<latexit sha1_base64="46A/fGvrmwI4lz98cQ+hBoLmW7Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15kWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1M+M9g==</latexit>

k

<latexit sha1_base64="BqAvywt6Z4FvUX+ZqRkGFRVRJuY=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1mu1C9K1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN3njPw=</latexit>q

<latexit sha1_base64="TVXgA4c5lB+a41EIEz2YUK2azRQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP3GOM+w==</latexit>p

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="LZSrXYhd6najiA4w/NVUq+At4c4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSRF1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGt1O/9cS1EbF6xHHC/YgOlAgFo2ilh+R81CuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx26oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadog3BW3x5mTSrFe+yUr2/KNdu8jgKcAwncAYeXEEN7qAODWAwgGd4hTdHOi/Ou/Mxb11x8pkj+APn8wcNuI2n</latexit>

p� k

-12-

(tree-level amplitude ignored)



Bethe-Salpeter equation
Change of variables:

: shifted loop momentum
<latexit sha1_base64="cFutCrOL7CcONhNl0WpLyZ7XwSw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KkkR9Vj04rGK/YA2lM120y7dbMLuRCih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpYXTWK5XdijsDWSZeTsqQo94rfXX7MUsjrpBJakzHcxP0M6pRMMknxW5qeELZiA54x1JFI278bHbphJxapU/CWNtSSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDaz8TKkmRKzZfFKaSYEymb5O+0JyhHFtCmRb2VsKGVFOGNpyiDcFbfHmZNKsV77JSvb8o127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDzVJjSc=</latexit>

k0

Tree-level amplitude:

BS w.f. in momentum space:

<latexit sha1_base64="2rrrM3dS2uowKQDwGD2Pxy/KmfE=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY9ELx4xcYEENmR26IUJsw9mZknIhp/w4kFjvPo73vwbB9iDgpV0UqnqTneXnwiutG1/W4WNza3tneJuaW//4PCofHzSVHEqGbosFrFs+1Sh4BG6mmuB7UQiDX2BLX90P/dbE5SKx9GTnibohXQQ8YAzqo3U7uI45RPi9soVu2ovQNaJk5MK5Gj0yl/dfszSECPNBFWq49iJ9jIqNWcCZ6VuqjChbEQH2DE0oiEqL1vcOyMXRumTIJamIk0W6u+JjIZKTUPfdIZUD9WqNxf/8zqpDm69jEdJqjFiy0VBKoiOyfx50ucSmRZTQyiT3NxK2JBKyrSJqGRCcFZfXifNWtW5rtYeryr1uzyOIpzBOVyCAzdQhwdogAsMBDzDK7xZY+vFerc+lq0FK585hT+wPn8AxPKPzA==</latexit>

⌘ U

<latexit sha1_base64="GTSW99QlSCBaXKiUhOYULD4V/i8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFqp44diOPTzfqXq1tw5yCrxClKFAs1+5csfJCyLuUImqTE9z00xyKlGwSSflv3M8JSyMR3ynqWKxtwE+fzcKTm3yoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zehlGN0EuVJohV2yxKMokwYTMficDoTlDObGEMi3srYSNqKYMbUJlG4K3/PIqaddr3lWt/nBZbdwWcZTgFM7gAjy4hgbcQxNawGAMz/AKb07qvDjvzseidc0pZk7gD5zPH1Wpj5M=</latexit>⇢
-13-



Bethe-Salpeter equation
<latexit sha1_base64="9ELMWCpBIf0pKJ86tOADn/oryok="></latexit>

G2 =
i

(Q+ 2µ
m1

P )2 �m2
2 + i✏

' i

2m2(Q0 �Q+)
,

<latexit sha1_base64="baQXw7nkuoa6vKxJBasSBNx/+l8="></latexit>

G1 =
i

(�Q+ 2µ
m2

P )2 �m2
1 + i✏

' i

2m1(Q0 �Q�)

<latexit sha1_base64="vzIDrY8PqKUjFo1B4X31j3CCHcA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rFF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZ6aPTdfqnsVtw5yCrxclKGHPV+6as3iFkaoTRMUK27npsYP6PKcCZwWuylGhPKxnSIXUsljVD72fzUKTm3yoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2naEPwll9eJa1qxbuqVBuX5dptHkcBTuEMLsCDa6jBPdShCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gDQ/Y1/</latexit>

Q0

X

X

<latexit sha1_base64="+CuuLTE9IAHvqTr2VaxCpHSnQ5c=">AAACH3icbVBNS8NAFNzUr1q/qh69LBZBEEsSpHoRRBE8tmBVaGrYbF/s0t0k7G6EEvJPvPhXvHhQRLz5b9y0PWjrwMIw84a3b4KEM6Vt+9sqzc0vLC6Vlysrq2vrG9XNrRsVp5JCm8Y8lncBUcBZBG3NNIe7RAIRAYfbYHBR+LePIBWLo2s9TKAryEPEQkaJNpJfbbT8g1MvlIRmmfcIFLfyezfPXOG7+eFY90SaZ8J38stD5kGiGC+CNbtuj4BniTMhNTRB069+eb2YpgIiTTlRquPYie5mRGpGOeQVL1WQEDogD9AxNCICVDcb3ZfjPaP0cBhL8yKNR+rvREaEUkMRmElBdF9Ne4X4n9dJdXjSzViUpBoiOl4UphzrGBdl4R6TQDUfGkKoZOavmPaJKUWbSiumBGf65Fly49adRt1tHdXOzid1lNEO2kX7yEHH6AxdoSZqI4qe0At6Q+/Ws/VqfVif49GSNclsoz+wvn8AIY2jEg==</latexit>

Q+ =
~Q2

2m2
� µ

m1
E � i✏

<latexit sha1_base64="J0Imx+YZKNM9Wjc7sZO+Ki8NeXE=">AAACIHicbVBPS8MwHE3n//lv6tFLcAiCbLRFnBdBFMGjA6eDtY40+9WFJW1JUmGUfhQvfhUvHhTRm34a020HdT4IvLz3eyS/FyScKW3bn1ZpZnZufmFxqby8srq2XtnYvFZxKim0aMxj2Q6IAs4iaGmmObQTCUQEHG6CwVnh39yDVCyOrvQwAV+Qu4iFjBJtpG6l0ezWjmteKAnNMu8eKG7mt26euaLr5vtj3RNpnhX38xrzIFGMF8mqXbdHwNPEmZAqmuCyW/nwejFNBUSacqJUx7ET7WdEakY55GUvVZAQOiB30DE0IgKUn40WzPGuUXo4jKU5kcYj9WciI0KpoQjMpCC6r/56hfif10l1eORnLEpSDREdPxSmHOsYF23hHpNANR8aQqhk5q+Y9okpRZtOy6YE5+/K0+TarTuHdbd5UD05ndSxiLbRDtpDDmqgE3SBLlELUfSAntALerUerWfrzXofj5asSWYL/YL19Q2W1KNK</latexit>

Q� = �
~Q2

2m2
+

µ

m2
E � i✏

<latexit sha1_base64="w4zV13LRZ9b5EHmbZK5lGYFsOnM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUY9OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe1flSv2yVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3VTjLc=</latexit>, <latexit sha1_base64="r8WhGkATuVP8DIGdQFlEvpXz0qs=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUfEU9OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6je9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3N4sjDCZzCOXhwBVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD4qLjMU=</latexit>:

<latexit sha1_base64="2Qsdalu/dg77by3FFjV+bjq8QIQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2WK/WLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP48XjMg=</latexit>=

Bethe-Salpeter equation:

<latexit sha1_base64="2Qsdalu/dg77by3FFjV+bjq8QIQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2WK/WLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP48XjMg=</latexit>=

<latexit sha1_base64="GTSW99QlSCBaXKiUhOYULD4V/i8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM120y7dbMLuRCihP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFqp44diOPTzfqXq1tw5yCrxClKFAs1+5csfJCyLuUImqTE9z00xyKlGwSSflv3M8JSyMR3ynqWKxtwE+fzcKTm3yoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zehlGN0EuVJohV2yxKMokwYTMficDoTlDObGEMi3srYSNqKYMbUJlG4K3/PIqaddr3lWt/nBZbdwWcZTgFM7gAjy4hgbcQxNawGAMz/AKb07qvDjvzseidc0pZk7gD5zPH1Wpj5M=</latexit>⇢

<latexit sha1_base64="w4zV13LRZ9b5EHmbZK5lGYFsOnM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUY9OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe1flSv2yVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3VTjLc=</latexit>,

[S. Kim, HML, B. Zhu, 2021, 2022]

-14-

<latexit sha1_base64="ygmy9zTqFlNCU0RviBNpuNXdE90=">AAAB73icdVBNSwMxEJ31s9avqkcvwSJ4Krtr0fYiBS9ehAr2A9qlZNNsG5pk1yQrlNI/4cWDIl79O978N2bbCir6YODx3gwz88KEM21c98NZWl5ZXVvPbeQ3t7Z3dgt7+00dp4rQBol5rNoh1pQzSRuGGU7biaJYhJy2wtFl5rfuqdIslrdmnNBA4IFkESPYWKl93eUciZ7fKxTdkutWq5UymhPfz4jnuqce8qySoQgL1HuF924/Jqmg0hCOte54bmKCCVaGEU6n+W6qaYLJCA9ox1KJBdXBZHbvFB1bpY+iWNmSBs3U7xMTLLQei9B2CmyG+reXiX95ndRElWDCZJIaKsl8UZRyZGKUPY/6TFFi+NgSTBSztyIyxAoTYyPK2xC+PkX/k6Zf8s5K/k25WLtYxJGDQziCE/DgHGpwBXVoAAEOD/AEz86d8+i8OK/z1iVnMXMAP+C8fQKKAI+l</latexit>

M ⌧ m2

Effective light resonance

<latexit sha1_base64="P7nYmoZXh5RGDqN0hRg+ZCAYpR0=">AAAB+nicdVBNS8NAEN3Ur1q/Uj16WSyCp5LEoq0HKXjxWMHaQhvCZrtpl+5uwu5GKbE/xYsHRbz6S7z5b9y0FVT0wcDjvRlm5oUJo0o7zodVWFpeWV0rrpc2Nre2d+zy7o2KU4lJG8cslt0QKcKoIG1NNSPdRBLEQ0Y64fgi9zu3RCoai2s9SYjP0VDQiGKkjRTYZR54fUaUUpRDjwfuWWBXnKrjNBr1GpwTz8uJ6zjHLnSNkqMCFmgF9nt/EOOUE6ExQ0r1XCfRfoakppiRaamfKpIgPEZD0jNUIE6Un81On8JDowxgFEtTQsOZ+n0iQ1ypCQ9NJ0d6pH57ufiX10t1VPczKpJUE4Hni6KUQR3DPAc4oJJgzSaGICypuRXiEZIIa5NWyYTw9Sn8n9x4Vfek6l3VKs3zRRxFsA8OwBFwwSlogkvQAm2AwR14AE/g2bq3Hq0X63XeWrAWM3vgB6y3T2rqk3Q=</latexit>

m2 . 2m1 :



Difference from t-channel
t-channel: u-channel:

<latexit sha1_base64="4qD9wmvmgaTZZZggZzxVd19VaEY="></latexit>

�̃t =
4g2m2

1

|~p� ~p0|2 +m2
2

<latexit sha1_base64="3YzYC03sR9WK1s8J93Bfz9Q7oz4="></latexit>

�̃u =
4g2m2

1��
q

m1
m2

~p�
q

m2
m1

~q0
��2 +m2(2m1 �m2)

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1
<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2
<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1
<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1
<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1
<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="f6okCTXMoi9UOLS1h/KSnOqR5xA=">AAACEXicbVBNS8NAEN3Ur1q/oh69LBahhVKSIOqx6EGPFWwtNCFsNtt26W4SdjdCCf0LXvwrXjwo4tWbN/+N2zQHbX0w8Hhvhpl5QcKoVJb1bZRWVtfWN8qbla3tnd09c/+gK+NUYNLBMYtFL0CSMBqRjqKKkV4iCOIBI/fB+Grm3z8QIWkc3alJQjyOhhEdUIyUlnyz5uIRrdkNp+5KymHmKspC4l4jztHUT2FuOw277ptVq2nlgMvELkgVFGj75pcbxjjlJFKYISn7tpUoL0NCUczItOKmkiQIj9GQ9DWNECfSy/KPpvBEKyEcxEJXpGCu/p7IEJdywgPdyZEayUVvJv7n9VM1uPAyGiWpIhGeLxqkDKoYzuKBIRUEKzbRBGFB9a0Qj5BAWOkQKzoEe/HlZdJ1mvZZ07k9rbYuizjK4AgcgxqwwTlogRvQBh2AwSN4Bq/gzXgyXox342PeWjKKmUPwB8bnD20Um4A=</latexit>

�(1, 2) ⇠ �̃u�(2, 1)
<latexit sha1_base64="AwAbQZZ83D+xOj177VTd3vPfKAg=">AAACE3icbVBNS8NAEN3Ur1q/qh69LBaxipSkiHosetBjBfsBTSmb7aZdupuE3YlQQv+DF/+KFw+KePXizX/jtg2orQ8GHu/NMDPPiwTXYNtfVmZhcWl5JbuaW1vf2NzKb+/UdRgrymo0FKFqekQzwQNWAw6CNSPFiPQEa3iDq7HfuGdK8zC4g2HE2pL0Au5zSsBInfyxS/u86Jw4h0eu5hInLnDRZe41kZKMOoB//E6+YJfsCfA8cVJSQCmqnfyn2w1pLFkAVBCtW44dQTshCjgVbJRzY80iQgekx1qGBkQy3U4mP43wgVG62A+VqQDwRP09kRCp9VB6plMS6OtZbyz+57Vi8C/aCQ+iGFhAp4v8WGAI8Tgg3OWKURBDQwhV3NyKaZ8oQsHEmDMhOLMvz5N6ueSclcq3p4XKZRpHFu2hfVREDjpHFXSDqqiGKHpAT+gFvVqP1rP1Zr1PWzNWOrOL/sD6+AY9zJvf</latexit>

�(1, 10) ⇠ �̃t�(1, 1
0)

DM exchange in loops => 
BS wave-function flips in the potential!

<latexit sha1_base64="myIQh7iQdmQSrlUt/DQWmNlhWZs="></latexit>⇣r2

2µ
+ E

⌘
 (~x) = V (~x) (~x)

<latexit sha1_base64="YTV1p4ol65YzsCjhdwP5YG+t/R0="></latexit>⇣r2

2µ
+ E

⌘
 (~x) = V (~x) 

⇣
� m2

m1
~x
⌘
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No DM exchange in loops => 
No flip for BS wave-function



Delayed interactions
BS w.f. in spherical coordinates:

<latexit sha1_base64="r8WhGkATuVP8DIGdQFlEvpXz0qs=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUfEU9OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6je9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3N4sjDCZzCOXhwBVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD4qLjMU=</latexit>:Radial equation

• Attractive for l=even ; repulsive for l=odd.

• Effective mediator mass: <latexit sha1_base64="z0W1mSAlk4d0V1XtobhsqW8Fg1g=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgQspMEXVZdOOygn1AO5RMmmlDM5khuSOUoR/hxoUibv0ed/6NaTsLbT0QOJxzL7nnBIkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDfz209cGxGrR5wk3I/oUIlQMIpWavcwJu4F6ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/d0rOrDIgYaztU0jm6u+NjEbGTKLATkYUR2bZm4n/ed0Uwxs/EypJkSu2+ChMJbEhZ9nJQGjOUE4soUwLeythI6opQ9tQyZbgLUdeJa1a1buq1h4uK/XbvI4inMApnIMH11CHe2hAExiM4Rle4c1JnBfn3flYjBacfOcY/sD5/AHnRo6i</latexit>! 0,
<latexit sha1_base64="qZYz+2aeMv9JTaEy+nvjbONIkUU=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4CkkQ9Vj04rGC/YA2hM120y7d3cTdTaGU/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+nbX1jc2t7dJOeXdv/+CwcnTc1GmuCG2QlKeqHWNNOZO0YZjhtJ0pikXMaSse3s381ogqzVL5aMYZDQXuS5Ywgo2VQhEFXZOiQES+i6JK1XO9OdAq8QtShQL1qPLV7aUkF1QawrHWHd/LTDjByjDC6bTczTXNMBniPu1YKrGgOpzMj56ic6v0UJIqW9Kgufp7YoKF1mMR206BzUAvezPxP6+Tm+QmnDCZ5YZKsliU5BzZP2cJoB5TlBg+tgQTxeytiAywwsTYnMo2BH/55VXSDFz/yg0eLqu12yKOEpzCGVyAD9dQg3uoQwMIPMEzvMKbM3JenHfnY9G65hQzJ/AHzucP3s2Q3Q==</latexit>

m2 ! 2m1.

• Delay differential eq:

<latexit sha1_base64="w4zV13LRZ9b5EHmbZK5lGYFsOnM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUY9OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe1flSv2yVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3VTjLc=</latexit>,

delay term
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Sommerfeld factor

Boundary conditions (s-wave):

“plane-wave”

“constant R”

Sommerfeld factor (s-wave):
<latexit sha1_base64="UMPRhvd4nmSJdAYLEy9XqWzVvb0=">AAACInicbZDLSgMxFIYz9VbrbdSlm2AR6qbMFPGyKNS6cVmpvUBnWjJppg3NXEgyQpn2Wdz4Km5cKOpK8GFM2xFq6w+Bn++cw8n5nZBRIQ3jS0utrK6tb6Q3M1vbO7t7+v5BXQQRx6SGAxbwpoMEYdQnNUklI82QE+Q5jDScwc2k3nggXNDAv5fDkNge6vnUpRhJhTr6VbVouRzheGSFgnZii3uwXB3njNNRuzCepyHh8pcXr9uFjp418sZUcNmYicmCRJWO/mF1Axx5xJeYISFaphFKO0ZcUszIOGNFgoQID1CPtJT1kUeEHU9PHMMTRbrQDbh6voRTOj8RI0+IoeeoTg/JvlisTeB/tVYk3Us7pn4YSeLj2SI3YlAGcJIX7FJOsGRDZRDmVP0V4j5SiUmVakaFYC6evGzqhbx5ni/cnWVL5SSONDgCxyAHTHABSuAWVEANYPAInsEreNOetBftXfuctaa0ZOYQ/JH2/QNfdaOI</latexit>

S =
| BS(0)|2

| pert(0)|2
= A2

Effective mediator mass
<latexit sha1_base64="/Irx3ievJROzgvRcPqwiLkx//6w=">AAACCHicbVDLSsNAFJ3UV62vqksXDhbBjSUJom6Eoi5cVrAPaEqYTG/aoTNJnJkIJXTpxl9x40IRt36CO//G6WOhrQcuHM65l3vvCRLOlLbtbyu3sLi0vJJfLaytb2xuFbd36ipOJYUajXksmwFRwFkENc00h2YigYiAQyPoX438xgNIxeLoTg8SaAvSjVjIKNFG8ov73jVwTS6cYy+UhGbCd4eZK3xn6HXhHtt+sWSX7THwPHGmpISmqPrFL68T01RApCknSrUcO9HtjEjNKIdhwUsVJIT2SRdahkZEgGpn40eG+NAoHRzG0lSk8Vj9PZERodRABKZTEN1Ts95I/M9rpTo8b2csSlINEZ0sClOOdYxHqeAOk0A1HxhCqGTmVkx7xASiTXYFE4Iz+/I8qbtl57Ts3p6UKpfTOPJoDx2gI+SgM1RBN6iKaoiiR/SMXtGb9WS9WO/Wx6Q1Z01ndtEfWJ8/IsiYxw==</latexit>

� = 1� m2

2m1
� 0

[S. Kim, HML, B. Zhu, 2021]
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u-channel co-scattering

:  energy-transfer average

Self-scattering for SRDM is velocity-dependent.

<latexit sha1_base64="pzr6tcJN950iEPHMl8iOd1LzCwk=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoqBIipgoWxSPQhNVHkuE5r1bEj20Gqoi4s/AoLAwix8g9s/A1umqG0HMnW8Tn36vqeMGFUacf5sUorq2vrG+XNytb2zu6evX/QViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0glHt1O/80ikooI/6HFC/BgNOI0oRtpIgX3sJUMauPld97SYf14HdtWpOTngMnELUgUFmoH97fUFTmPCNWZIqZ7rJNrPkNQUMzKpeKkiCcIjNCA9QzmKifKzfIsJPDVKH0ZCmsM1zNX5jgzFSo3j0FTGSA/VojcV//N6qY6u/IzyJNWE49mgKGVQCziNBPapJFizsSEIS2r+CvEQSYS1Ca5iQnAXV14m7XrNvajV78+rjZsijjI4AifgDLjgEjTAHWiCFsDgCbyAN/BuPVuv1of1OSstWUXPIfgD6+sXkHeX+Q==</latexit>

�1�2 ! �1�2 : ,  total cross section
[S. Kim, HML, B. Zhu, 2021]
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Other channels for SIDM
s-channel

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1
<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

t-channel

<latexit sha1_base64="vKoScjJsJYd9W/zQnVBZ8QzyBwM="></latexit>

⇠ 1

(m2
1(4 + v2rel)�m2

2)
2 + �2

2m
2
2

<latexit sha1_base64="LoPOmlcPjS3aD/oEw6QpQiyNUF4=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkQ9eCh6MVjBfsBbQib7aZduruJuxuhhP4JLx4U8erf8ea/cdvmoK0PBh7vzTAzL0o508Z1v52V1bX1jc3SVnl7Z3dvv3Jw2NJJpghtkoQnqhNhTTmTtGmY4bSTKopFxGk7Gt1O/fYTVZol8sGMUxoIPJAsZgQbK3VE6F/7IvTCStWtuTOgZeIVpAoFGmHlq9dPSCaoNIRjrbuem5ogx8owwumk3Ms0TTEZ4QHtWiqxoDrIZ/dO0KlV+ihOlC1p0Ez9PZFjofVYRLZTYDPUi95U/M/rZia+CnIm08xQSeaL4owjk6Dp86jPFCWGjy3BRDF7KyJDrDAxNqKyDcFbfHmZtPyad1Hz78+r9ZsijhIcwwmcgQeXUIc7aEATCHB4hld4cx6dF+fd+Zi3rjjFzBH8gfP5A+VXjzo=</latexit>

m2 < 2m1u-channel mass:
off resonance

No enhancement

<latexit sha1_base64="F3QbY2o0HnCNpJcYdCz/4cvsGbg=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIziLosunFZwT6gHYZMmmlDk0xIMmId+iVuXCji1k9x59+YtrPQ1gMXDufcy733xJJRbTzv2ymtrW9sbpW3Kzu7e/tV9+CwrdNMYdLCKUtVN0aaMCpIy1DDSFcqgnjMSCce38z8zgNRmqbi3kwkCTkaCppQjIyVIrfKo6CPpFTpIwx45Eduzat7c8BV4hekBgo0I/erP0hxxokwmCGte74nTZgjZShmZFrpZ5pIhMdoSHqWCsSJDvP54VN4apUBTFJlSxg4V39P5IhrPeGx7eTIjPSyNxP/83qZSa7CnAqZGSLwYlGSMWhSOEsBDqgi2LCJJQgram+FeIQUwsZmVbEh+Msvr5J2UPcv6sHdea1xXcRRBsfgBJwBH1yCBrgFTdACGGTgGbyCN+fJeXHenY9Fa8kpZo7AHzifP9BWkos=</latexit>

m2 ⇡ 2m1
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Models for u-channel 
resonances



DM annihilation
2→2 annihilation

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1
<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

u-channel
Sommerfeld enhancement

<latexit sha1_base64="V3DOLh1JOlqEHOI38yM+kkz/Pm0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15kWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuAOM4w==</latexit>

X

BS w.f.

-20-

Annihilation of heavier 
DM is always present 
in u-channel models. 

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="V3DOLh1JOlqEHOI38yM+kkz/Pm0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15kWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuAOM4w==</latexit>

X<latexit sha1_base64="7EKh6ey14YIrCruZdUsbrnOoVqU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMgHsJuEPUY9OIxgnlAEsPspDcZMju7zswKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pG8N+MYuyEdSB5wRo2VWp14yB/Oel6vWHLL7gxkmXgZKUGGWq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2b0TcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw1U25jBODks0XBYkgJiLT50mfK2RGjC2hTHF7K2FDqigzNqKCDcFbfHmZNCpl76JcuTsvVa+zOPJwBMdwCh5cQhVuoQZ1YCDgGV7hzXl0Xpx352PemnOymUP4A+fzB1pFj4Y=</latexit>

�⇤
1

<latexit sha1_base64="V3DOLh1JOlqEHOI38yM+kkz/Pm0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15kWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuAOM4w==</latexit>

X

<latexit sha1_base64="smFZ8EBeE2egnNkp+CFeIdN6FxA=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkRFU9FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzThBP6IDyUPOqLHSQ/u6Vyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Nrt0Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIyfZv0uUJmxNgSyhS3txI2pIoyY8Mp2hC8xZeXSbNa8S4q1fvzcu0mj6MAx3ACZ+DBJdTgDurQAAYhPMMrvDkj58V5dz7mrStOPnMEf+B8/gA1No0n</latexit>

X : extra mediator
Need to annihilate lighter DM



DM annihilation
3→2 annihilation

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1
<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

No enhancement

<latexit sha1_base64="V3DOLh1JOlqEHOI38yM+kkz/Pm0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15kWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuAOM4w==</latexit>

X

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1 <latexit sha1_base64="0hocgSl1VjPAAEaPgCJK7nmweTU=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpDFRJVAFjBQtjkehDatrKcZ3Wqp1EtoNURRlZ+BUWBhBi5RPY+BucNgO0HOleHZ1zr+x7vIhRqSzr2yisrK6tbxQ3S1vbO7t75v5BS4axwKSJQxaKjockYTQgTUUVI51IEMQ9Rtre5Cbz2w9ESBoG92oakR5Ho4D6FCOlpYF57ErKoesLhBM7TSo13ncG9nnWnbN+LR2YZatqzQCXiZ2TMsjRGJhf7jDEMSeBwgxJ2bWtSPUSJBTFjKQlN5YkQniCRqSraYA4kb1kdkgKT7UyhH4odAUKztTfGwniUk65pyc5UmO56GXif143Vv5VL6FBFCsS4PlDfsygCmGWChxSQbBiU00QFlT/FeIx0qEonV1Jh2AvnrxMWk7Vvqg6d7Vy/TqPowiOwAmoABtcgjq4BQ3QBBg8gmfwCt6MJ+PFeDc+5qMFI985BH9gfP4AKvqYJQ==</latexit>

⇠ 1

(4m2
1 �m2

2)
4

<latexit sha1_base64="7EKh6ey14YIrCruZdUsbrnOoVqU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMgHsJuEPUY9OIxgnlAEsPspDcZMju7zswKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pG8N+MYuyEdSB5wRo2VWp14yB/Oel6vWHLL7gxkmXgZKUGGWq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2b0TcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw1U25jBODks0XBYkgJiLT50mfK2RGjC2hTHF7K2FDqigzNqKCDcFbfHmZNCpl76JcuTsvVa+zOPJwBMdwCh5cQhVuoQZ1YCDgGV7hzXl0Xpx352PemnOymUP4A+fzB1pFj4Y=</latexit>

�⇤
1

<latexit sha1_base64="7EKh6ey14YIrCruZdUsbrnOoVqU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMgHsJuEPUY9OIxgnlAEsPspDcZMju7zswKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pG8N+MYuyEdSB5wRo2VWp14yB/Oel6vWHLL7gxkmXgZKUGGWq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2b0TcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw1U25jBODks0XBYkgJiLT50mfK2RGjC2hTHF7K2FDqigzNqKCDcFbfHmZNCpl76JcuTsvVa+zOPJwBMdwCh5cQhVuoQZ1YCDgGV7hzXl0Xpx352PemnOymUP4A+fzB1pFj4Y=</latexit>

�⇤
1

<latexit sha1_base64="7EKh6ey14YIrCruZdUsbrnOoVqU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMgHsJuEPUY9OIxgnlAEsPspDcZMju7zswKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pG8N+MYuyEdSB5wRo2VWp14yB/Oel6vWHLL7gxkmXgZKUGGWq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2b0TcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw1U25jBODks0XBYkgJiLT50mfK2RGjC2hTHF7K2FDqigzNqKCDcFbfHmZNCpl76JcuTsvVa+zOPJwBMdwCh5cQhVuoQZ1YCDgGV7hzXl0Xpx352PemnOymUP4A+fzB1pFj4Y=</latexit>

�⇤
1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

s-, u-channels enhanced
at tree level.

u-channel

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1
<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

-21-

Focus on 2→2 annihilation for 
WIMP-like DM.



DM relic density

equal abundances  

[S. Kim, HML, B. Zhu, 2022]

-22-

<latexit sha1_base64="1A6gCotG1Py9TMqv3Ql++99kwXY=">AAAB+3icdZDLSsNAFIYnXmu9xbp0M1gEVyWJRduNFNy4rGAv0IQwmU7SoZNJmJmIJfRV3LhQxK0v4s63cdJUUNEfBj7+cw7nzB+kjEplWR/Gyura+sZmZau6vbO7t28e1PoyyQQmPZywRAwDJAmjnPQUVYwMU0FQHDAyCKZXRX1wR4SkCb9Vs5R4MYo4DSlGSlu+WXMRSyfIjSJYkj/0zbrVsKx2u9WEJThOAbZlndnQ1k6hOliq65vv7jjBWUy4wgxJObKtVHk5EopiRuZVN5MkRXiKIjLSyFFMpJcvbp/DE+2MYZgI/biCC/f7RI5iKWdxoDtjpCbyd60w/6qNMhW2vJzyNFOE43JRmDGoElgEAcdUEKzYTAPCgupbIZ4ggbDScVV1CF8/hf9D32nY5w3nplnvXC7jqIAjcAxOgQ0uQAdcgy7oAQzuwQN4As/G3Hg0XozXsnXFWM4cgh8y3j4B7lSUYA==</latexit>

↵ � ↵X

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="7EKh6ey14YIrCruZdUsbrnOoVqU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMgHsJuEPUY9OIxgnlAEsPspDcZMju7zswKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pG8N+MYuyEdSB5wRo2VWp14yB/Oel6vWHLL7gxkmXgZKUGGWq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2b0TcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw1U25jBODks0XBYkgJiLT50mfK2RGjC2hTHF7K2FDqigzNqKCDcFbfHmZNCpl76JcuTsvVa+zOPJwBMdwCh5cQhVuoQZ1YCDgGV7hzXl0Xpx352PemnOymUP4A+fzB1pFj4Y=</latexit>

�⇤
1

<latexit sha1_base64="+/lEYSM9VbfDOr5ZkbeP3GFKWKA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KpmxaLuRghuXFewD2qFk0kwbm8eQZIRS+g9uXCji1v9x59+YaSuo6IELh3Pu5d57ooQzYxH68HIrq2vrG/nNwtb2zu5ecf+gZVSqCW0SxZXuRNhQziRtWmY57SSaYhFx2o7GV5nfvqfaMCVv7SShocBDyWJGsHVSKxhC0ff7xRIqI1SrVStwQYIgIz5CZz70nZKhBJZo9IvvvYEiqaDSEo6N6fooseEUa8sIp7NCLzU0wWSMh7TrqMSCmnA6v3YGT5wygLHSrqSFc/X7xBQLYyYicp0C25H57WXiX143tXE1nDKZpJZKslgUpxxaBbPX4YBpSiyfOIKJZu5WSEZYY2JdQAUXwten8H/SCsr+eTm4qZTql8s48uAIHINT4IMLUAfXoAGagIA78ACewLOnvEfvxXtdtOa85cwh+AHv7RPZZ46o</latexit>

2gm1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="7EKh6ey14YIrCruZdUsbrnOoVqU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMgHsJuEPUY9OIxgnlAEsPspDcZMju7zswKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pG8N+MYuyEdSB5wRo2VWp14yB/Oel6vWHLL7gxkmXgZKUGGWq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2b0TcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw1U25jBODks0XBYkgJiLT50mfK2RGjC2hTHF7K2FDqigzNqKCDcFbfHmZNCpl76JcuTsvVa+zOPJwBMdwCh5cQhVuoQZ1YCDgGV7hzXl0Xpx352PemnOymUP4A+fzB1pFj4Y=</latexit>

�⇤
1

<latexit sha1_base64="V3DOLh1JOlqEHOI38yM+kkz/Pm0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15kWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuAOM4w==</latexit>

X<latexit sha1_base64="a3ZmNk2/WUuw3wyBuPzVgHXGev0=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0li0fYiBS8eK9oPaEPZbDfp0s0m7G6EEvoTvHhQxKu/yJv/xk1bQUUfDDzem2Fmnp9wprRtf1iFldW19Y3iZmlre2d3r7x/0FFxKgltk5jHsudjRTkTtK2Z5rSXSIojn9OuP7nK/e49lYrF4k5PE+pFOBQsYARrI92Gw96wXLGrtt1o1GtoQVw3J45tnznIMUqOCizRGpbfB6OYpBEVmnCsVN+xE+1lWGpGOJ2VBqmiCSYTHNK+oQJHVHnZ/NQZOjHKCAWxNCU0mqvfJzIcKTWNfNMZYT1Wv71c/MvrpzqoexkTSaqpIItFQcqRjlH+NxoxSYnmU0MwkczcisgYS0y0SadkQvj6FP1POm7VOa+6N7VK83IZRxGO4BhOwYELaMI1tKANBEJ4gCd4trj1aL1Yr4vWgrWcOYQfsN4+AYE4jfI=</latexit>gX

Dark photon portal:

<latexit sha1_base64="Sg1wOhLCSb2DZYy6W41DMVmhi5U=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwVWbGoq0LKbhxWcG+aIchk6ZtaJIZk0yhDP0TNy4UceufuPNvzLQVVPTAhcM593LvPWHMqNKO82HlVlbX1jfym4Wt7Z3dPXv/oKmiRGLSwBGLZDtEijAqSENTzUg7lgTxkJFWOL7O/NaESEUjcaenMfE5Ggo6oBhpIwW23QncnqKc3EMPdgLvMrCLTslxqtVKGS6I52XEdZwzF7pGyVAES9QD+73Xj3DCidCYIaW6rhNrP0VSU8zIrNBLFIkRHqMh6RoqECfKT+eXz+CJUfpwEElTQsO5+n0iRVypKQ9NJ0d6pH57mfiX1030oOKnVMSJJgIvFg0SBnUEsxhgn0qCNZsagrCk5laIR0girE1YBRPC16fwf9L0Su55ybstF2tXyzjy4Agcg1PgggtQAzegDhoAgwl4AE/g2UqtR+vFel205qzlzCH4AevtE9q1koE=</latexit>

Y1 ' 2Y2 :

 strong u-channel resonance
<latexit sha1_base64="M52sj08HDkQNvzURZfQEhMMfA6Q=">AAAB+HicdVBNS8NAEN3Ur1o/GvXoZbEInkoSi7YepODFYwVrC20Im+2mXbq7ibsboYb+Ei8eFPHqT/Hmv3HTVlDRBwOP92aYmRcmjCrtOB9WYWl5ZXWtuF7a2NzaLts7uzcqTiUmbRyzWHZDpAijgrQ11Yx0E0kQDxnphOOL3O/cEaloLK71JCE+R0NBI4qRNlJgl3ng9RXl5BZ6PHDPArviVB2n0ajX4Jx4Xk5cxzl2oWuUHBWwQCuw3/uDGKecCI0ZUqrnOon2MyQ1xYxMS/1UkQThMRqSnqECcaL8bHb4FB4aZQCjWJoSGs7U7xMZ4kpNeGg6OdIj9dvLxb+8Xqqjup9RkaSaCDxfFKUM6hjmKcABlQRrNjEEYUnNrRCPkERYm6xKJoSvT+H/5MaruidV76pWaZ4v4iiCfXAAjoALTkETXIIWaAMMUvAAnsCzdW89Wi/W67y1YC1m9sAPWG+fvt+Sfw==</latexit>

m2 ' 2m1 :

<latexit sha1_base64="gCs8FEtiVpnbF8xa0NjyhWqe77A="></latexit>

h�vi�2�2!�1�⇤
1
� h�vi�1�⇤

1!XX

:  large self-coupling 

Dark photon in thermal 
equilibrium with SM plasma



DM relic density

hierarchical abundances  

[S. Kim, HML, B. Zhu, 2022]

-23-

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="7EKh6ey14YIrCruZdUsbrnOoVqU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMgHsJuEPUY9OIxgnlAEsPspDcZMju7zswKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pG8N+MYuyEdSB5wRo2VWp14yB/Oel6vWHLL7gxkmXgZKUGGWq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2b0TcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw1U25jBODks0XBYkgJiLT50mfK2RGjC2hTHF7K2FDqigzNqKCDcFbfHmZNCpl76JcuTsvVa+zOPJwBMdwCh5cQhVuoQZ1YCDgGV7hzXl0Xpx352PemnOymUP4A+fzB1pFj4Y=</latexit>

�⇤
1

<latexit sha1_base64="+/lEYSM9VbfDOr5ZkbeP3GFKWKA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KpmxaLuRghuXFewD2qFk0kwbm8eQZIRS+g9uXCji1v9x59+YaSuo6IELh3Pu5d57ooQzYxH68HIrq2vrG/nNwtb2zu5ecf+gZVSqCW0SxZXuRNhQziRtWmY57SSaYhFx2o7GV5nfvqfaMCVv7SShocBDyWJGsHVSKxhC0ff7xRIqI1SrVStwQYIgIz5CZz70nZKhBJZo9IvvvYEiqaDSEo6N6fooseEUa8sIp7NCLzU0wWSMh7TrqMSCmnA6v3YGT5wygLHSrqSFc/X7xBQLYyYicp0C25H57WXiX143tXE1nDKZpJZKslgUpxxaBbPX4YBpSiyfOIKJZu5WSEZYY2JdQAUXwten8H/SCsr+eTm4qZTql8s48uAIHINT4IMLUAfXoAGagIA78ACewLOnvEfvxXtdtOa85cwh+AHv7RPZZ46o</latexit>

2gm1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="7EKh6ey14YIrCruZdUsbrnOoVqU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMgHsJuEPUY9OIxgnlAEsPspDcZMju7zswKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pG8N+MYuyEdSB5wRo2VWp14yB/Oel6vWHLL7gxkmXgZKUGGWq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2b0TcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw1U25jBODks0XBYkgJiLT50mfK2RGjC2hTHF7K2FDqigzNqKCDcFbfHmZNCpl76JcuTsvVa+zOPJwBMdwCh5cQhVuoQZ1YCDgGV7hzXl0Xpx352PemnOymUP4A+fzB1pFj4Y=</latexit>

�⇤
1

<latexit sha1_base64="V3DOLh1JOlqEHOI38yM+kkz/Pm0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15kWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuAOM4w==</latexit>

X<latexit sha1_base64="a3ZmNk2/WUuw3wyBuPzVgHXGev0=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0li0fYiBS8eK9oPaEPZbDfp0s0m7G6EEvoTvHhQxKu/yJv/xk1bQUUfDDzem2Fmnp9wprRtf1iFldW19Y3iZmlre2d3r7x/0FFxKgltk5jHsudjRTkTtK2Z5rSXSIojn9OuP7nK/e49lYrF4k5PE+pFOBQsYARrI92Gw96wXLGrtt1o1GtoQVw3J45tnznIMUqOCizRGpbfB6OYpBEVmnCsVN+xE+1lWGpGOJ2VBqmiCSYTHNK+oQJHVHnZ/NQZOjHKCAWxNCU0mqvfJzIcKTWNfNMZYT1Wv71c/MvrpzqoexkTSaqpIItFQcqRjlH+NxoxSYnmU0MwkczcisgYS0y0SadkQvj6FP1POm7VOa+6N7VK83IZRxGO4BhOwYELaMI1tKANBEJ4gCd4trj1aL1Yr4vWgrWcOYQfsN4+AYE4jfI=</latexit>gX

Dark photon portal:

mild u-channel resonance
<latexit sha1_base64="M52sj08HDkQNvzURZfQEhMMfA6Q=">AAAB+HicdVBNS8NAEN3Ur1o/GvXoZbEInkoSi7YepODFYwVrC20Im+2mXbq7ibsboYb+Ei8eFPHqT/Hmv3HTVlDRBwOP92aYmRcmjCrtOB9WYWl5ZXWtuF7a2NzaLts7uzcqTiUmbRyzWHZDpAijgrQ11Yx0E0kQDxnphOOL3O/cEaloLK71JCE+R0NBI4qRNlJgl3ng9RXl5BZ6PHDPArviVB2n0ajX4Jx4Xk5cxzl2oWuUHBWwQCuw3/uDGKecCI0ZUqrnOon2MyQ1xYxMS/1UkQThMRqSnqECcaL8bHb4FB4aZQCjWJoSGs7U7xMZ4kpNeGg6OdIj9dvLxb+8Xqqjup9RkaSaCDxfFKUM6hjmKcABlQRrNjEEYUnNrRCPkERYm6xKJoSvT+H/5MaruidV76pWaZ4v4iiCfXAAjoALTkETXIIWaAMMUvAAnsCzdW89Wi/W67y1YC1m9sAPWG+fvt+Sfw==</latexit>

m2 ' 2m1 :

:  small self-coupling 

Dark photon in thermal 
equilibrium with SM plasma

<latexit sha1_base64="UDgXaMhzRxt97XhjI8hCXgN0gU8="></latexit>

h�vi�2�2!�1�⇤
1
⌧ h�vi�1�⇤

1!XX

<latexit sha1_base64="S2rCvrjLYe+aCEqnNSNl1hPmhtw=">AAAB+3icdZDLSsNAFIYnXmu9xbp0M1gEV2VSi7YbKbhxWcFeoAlhMp20QyeTMDMRS+iruHGhiFtfxJ1v46SpoKI/DHz85xzOmT9IOFMaoQ9rZXVtfWOztFXe3tnd27cPKj0Vp5LQLol5LAcBVpQzQbuaaU4HiaQ4CjjtB9OrvN6/o1KxWNzqWUK9CI8FCxnB2li+XXExTybY5RwW5A98u4pqCLVazQYsoF7PwUHozIGOcXJVwVId3353RzFJIyo04VipoYMS7WVYakY4nZfdVNEEkyke06FBgSOqvGxx+xyeGGcEw1iaJzRcuN8nMhwpNYsC0xlhPVG/a7n5V22Y6rDpZUwkqaaCFIvClEMdwzwIOGKSEs1nBjCRzNwKyQRLTLSJq2xC+Pop/B969ZpzXqvfNKrty2UcJXAEjsEpcMAFaINr0AFdQMA9eABP4NmaW4/Wi/VatK5Yy5lD8EPW2yf925Rq</latexit>

↵ ⌧ ↵X

<latexit sha1_base64="fZjmxjaVpD+vCe9Nadiaw8myaIU=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwVSaxaOtCCm5cVrAv0hAm00k7dJIJMxOhhH6GGxeKuPVr3Pk3TtoKKnrgwuGce7n3niDhTGmEPqzCyura+kZxs7S1vbO7V94/6CiRSkLbRHAhewFWlLOYtjXTnPYSSXEUcNoNJte5372nUjER3+lpQr0Ij2IWMoK1kdy+bw84h33fufTLFVRFqNGo1+CCOE5ObITObGgbJUcFLNHyy++DoSBpRGNNOFbKtVGivQxLzQins9IgVTTBZIJH1DU0xhFVXjY/eQZPjDKEoZCmYg3n6veJDEdKTaPAdEZYj9VvLxf/8txUh3UvY3GSahqTxaIw5VALmP8Ph0xSovnUEEwkM7dCMsYSE21SKpkQvj6F/5OOU7XPq85trdK8WsZRBEfgGJwCG1yAJrgBLdAGBAjwAJ7As6WtR+vFel20FqzlzCH4AevtEydWkIU=</latexit>

Y1 ⌧ Y2 :



Indirect detection
-24-Cosmic ray from semi-annihilation:

CMB recombination & semi-annihilation:

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1
<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="V3DOLh1JOlqEHOI38yM+kkz/Pm0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15kWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuAOM4w==</latexit>

X

<latexit sha1_base64="V3DOLh1JOlqEHOI38yM+kkz/Pm0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15kWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuAOM4w==</latexit>

X

<latexit sha1_base64="WVfIdU1wPhEytb+JKywQ+KwgoRk=">AAAB6HicdVBNSwMxEM36WetX1aOXYBE8lWwt2l6k4MVjC/YD2qVk09k2NptdkqxQlv4CLx4U8epP8ua/MdtWUNEHA4/3ZpiZ58eCa0PIh7Oyura+sZnbym/v7O7tFw4O2zpKFIMWi0Skuj7VILiEluFGQDdWQENfQMefXGd+5x6U5pG8NdMYvJCOJA84o8ZKTTEoFEmJkFqtWsELUi5nxCXk3MWuVTIU0RKNQeG9P4xYEoI0TFCtey6JjZdSZTgTMMv3Ew0xZRM6gp6lkoagvXR+6AyfWmWIg0jZkgbP1e8TKQ21noa+7QypGevfXib+5fUSE1S9lMs4MSDZYlGQCGwinH2Nh1wBM2JqCWWK21sxG1NFmbHZ5G0IX5/i/0m7XHIvSuVmpVi/WsaRQ8foBJ0hF12iOrpBDdRCDAF6QE/o2blzHp0X53XRuuIsZ47QDzhvnyhqjSw=</latexit>

l

<latexit sha1_base64="Y6o+e82YJZggvxhCj9RXNRNimHQ=">AAAB73icdVBNSwMxEJ2tX7V+VT16CRbBU8nWou1FCl48VrAf0C4lm2bb0Gx2TbJCWfonvHhQxKt/x5v/xmxbQUUfDDzem2Fmnh8Lrg3GH05uZXVtfSO/Wdja3tndK+4ftHWUKMpaNBKR6vpEM8ElaxluBOvGipHQF6zjT64yv3PPlOaRvDXTmHkhGUkecEqMlbpp3ycKidmgWMJljOv1WhUtSKWSERfjMxe5VslQgiWag+J7fxjRJGTSUEG07rk4Nl5KlOFUsFmhn2gWEzohI9azVJKQaS+d3ztDJ1YZoiBStqRBc/X7REpCraehbztDYsb6t5eJf3m9xAQ1L+UyTgyTdLEoSAQyEcqeR0OuGDViagmhittbER0TRaixERVsCF+fov9Ju1J2z8uVm2qpcbmMIw9HcAyn4MIFNOAamtACCgIe4AmenTvn0XlxXhetOWc5cwg/4Lx9Aj40kBs=</latexit>

l̄

Leptons boosted in galactic center frame

Fermi-LAT & AMD-02
Box-shaped positron energy

cf. gamma-ray from 
Fermi-LAT, HESS, etc.

Leptons injects energy to CMB photons

Efficient factor:

<latexit sha1_base64="Q6pU+6eS4tBfBlYYfHDXhp59OrE=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgQcLsGjS5SMCLxwTMA5IlzE5mkzGzD2ZmhbDkC7x4UMSrn+TNv3E2iaCiBQ1FVTfdXV4suNIYf1i5ldW19Y38ZmFre2d3r7h/0FZRIilr0UhEsusRxQQPWUtzLVg3lowEnmAdb3Kd+Z17JhWPwls9jZkbkFHIfU6JNlLzbFAs4TLGtVq1ghbEcTJiY3xuI9soGUqwRGNQfO8PI5oELNRUEKV6No61mxKpORVsVugnisWETsiI9QwNScCUm84PnaETowyRH0lToUZz9ftESgKlpoFnOgOix+q3l4l/eb1E+1U35WGcaBbSxSI/EUhHKPsaDblkVIupIYRKbm5FdEwkodpkUzAhfH2K/idtp2xflJ1mpVS/WsaRhyM4hlOw4RLqcAMNaAEFBg/wBM/WnfVovVivi9actZw5hB+w3j4Bx1uM7A==</latexit>,

<latexit sha1_base64="Vi/UYd/iXa7NneyuOYCJ94P7TLY=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0li0fYiBS+epAX7AW0om+2kXbvZhN2NUEJ/gRcPinj1J3nz37hpK6jog4HHezPMzPNjzpS27Q8rt7K6tr6R3yxsbe/s7hX3D9oqSiSFFo14JLs+UcCZgJZmmkM3lkBCn0PHn1xlfucepGKRuNXTGLyQjAQLGCXaSM2bQbFkl227VqtW8IK4bkYc2z5zsGOUDCW0RGNQfO8PI5qEIDTlRKmeY8faS4nUjHKYFfqJgpjQCRlBz1BBQlBeOj90hk+MMsRBJE0Jjefq94mUhEpNQ990hkSP1W8vE//yeokOql7KRJxoEHSxKEg41hHOvsZDJoFqPjWEUMnMrZiOiSRUm2wKJoSvT/H/pO2WnfOy26yU6pfLOPLoCB2jU+SgC1RH16iBWogiQA/oCT1bd9aj9WK9Llpz1nLmEP2A9fYJ+uONDg==</latexit>

N

<latexit sha1_base64="xNaQHmlrPTUyKWSCObmb5wfUL40=">AAAB6nicdVBNSwMxEJ31s9avqkcvwSJ4Ktm1aHuRgggeK9oPaJeSTbNtaDa7JFmhlP4ELx4U8eov8ua/MdtWUNEHA4/3ZpiZFySCa4Pxh7O0vLK6tp7byG9ube/sFvb2mzpOFWUNGotYtQOimeCSNQw3grUTxUgUCNYKRpeZ37pnSvNY3plxwvyIDCQPOSXGSrdXvbBXKOISxtVqpYzmxPMy4mJ86iLXKhmKsEC9V3jv9mOaRkwaKojWHRcnxp8QZTgVbJrvppolhI7IgHUslSRi2p/MTp2iY6v0URgrW9Kgmfp9YkIircdRYDsjYob6t5eJf3md1IQVf8Jlkhom6XxRmApkYpT9jfpcMWrE2BJCFbe3IjokilBj08nbEL4+Rf+Tpldyz0reTblYu1jEkYNDOIITcOEcanANdWgAhQE8wBM8O8J5dF6c13nrkrOYOYAfcN4+AWKkjd4=</latexit>

Ef

[S. Kim, HML, B. Zhu, 2022]

[T. Slatyer, 2015]
<latexit sha1_base64="94OwYWRAwKLU6zmTBywJNKkw2mQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUkAS8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7RK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPEnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndVrtQvS9XbLI48nMApnIMH11CFe6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gB0H4yz</latexit>,



Indirect detection
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Benchmark models

Consistency with CMB bound (& other indirect bounds)

B4 marginally solves the small-scale problems. 

Large u-channel resonances

Either sizable mass splitting or small self-coupling.

[S. Kim, HML, B. Zhu, 2022]



Direct detection
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Boosted DM from semi-annihilation:

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1
<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="V3DOLh1JOlqEHOI38yM+kkz/Pm0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15kWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuAOM4w==</latexit>

X Light DM boosted from semi-annihilation
<latexit sha1_base64="CpCGjhXFkiJkNBi/+4FtIPt2KJc=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KpmxaLuRghuXFewD2nHIpGkbmmTGJKOUof/hxoUibv0Xd/6NmbaCih64cDjnXu69J4w50wahDye3tLyyupZfL2xsbm3vFHf3WjpKFKFNEvFIdUKsKWeSNg0znHZiRbEIOW2H44vMb99RpVkkr80kpr7AQ8kGjGBjpRsReD3NBL2FngjcoFhCZYRqtWoFzonnZcRF6MSFrlUylMACjaD43utHJBFUGsKx1l0XxcZPsTKMcDot9BJNY0zGeEi7lkosqPbT2dVTeGSVPhxEypY0cKZ+n0ix0HoiQtspsBnp314m/uV1EzOo+imTcWKoJPNFg4RDE8EsAthnihLDJ5Zgopi9FZIRVpgYG1TBhvD1KfyftLyye1r2riql+vkijjw4AIfgGLjgDNTBJWiAJiBAgQfwBJ6de+fReXFe5605ZzGzD37AefsExW2SCg==</latexit>

m2 ' 2m1

Flux for boosted DM (galactic center, NFW)

Detection by DM-electron scattering:

XENON1T excess

Sommerfeld factor:

In tension with indirect bounds.

[S. Kim, HML, B. Zhu, 2022]

<latexit sha1_base64="94OwYWRAwKLU6zmTBywJNKkw2mQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUkAS8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7RK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPEnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndVrtQvS9XbLI48nMApnIMH11CFe6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gB0H4yz</latexit>,



EFT for SRDM
u-channel amplitudes for general self-resonant dark matter:

<latexit sha1_base64="3ALwyN1ISn258tpctCtvtwterPY="></latexit>

�̃u(p, q; p
0, q0) =

N
⇣q

m1
m2

~p�
q

m2
m1

~q0
⌘2

+m2(2m1 �m2)

<latexit sha1_base64="DL/Tb7QVUBc7ihbSA77lRkF/DP8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6jbjNk=</latexit>

N

<latexit sha1_base64="Q6nLmdoXBKh4dwIgjCdApRJAYAE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqHgqevFYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G07vM7z5RpVkkH80spr7AY8lCRrDJpEEsbobVmlt3c6BV4hWkBgVaw+rXYBSRRFBpCMda9z03Nn6KlWGE03llkGgaYzLFY9q3VGJBtZ/mt87RmVVGKIyULWlQrv6eSLHQeiYC2ymwmehlLxP/8/qJCa/9lMk4MVSSxaIw4chEKHscjZiixPCZJZgoZm9FZIIVJsbGU7EheMsvr5JOo+5d1hsPF7XmbRFHGU7gFM7Bgytowj20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8A1iCOHA==</latexit>± : fermion or anti-fermion

 Scalar-(pseudo)scalar DM,  fermion-pseudoscalar(vector) DM

co-scattering enhanced by u-channel resonances

[S. Kim, HML, B. Zhu, 2022]

-27-



Triple SRDM
• Take three component dark matter with masses, mi (I=1,2,3).

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="u0NXdSJoKAg7nfYECVvicrmcDZE=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJ4KrtV1GPRi8cK9gPapWTTbBubTUKSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuZFijNjff/bW1ldW9/YLGwVt3d29/ZLB4dNI1NNaINILnU7woZyJmjDMstpW2mKk4jTVjS6nfqtJ6oNk+LBjhUNEzwQLGYEWyc1u2rIeue9Utmv+DOgZRLkpAw56r3SV7cvSZpQYQnHxnQCX9kww9oywumk2E0NVZiM8IB2HBU4oSbMZtdO0KlT+iiW2pWwaKb+nshwYsw4iVxngu3QLHpT8T+vk9r4OsyYUKmlgswXxSlHVqLp66jPNCWWjx3BRDN3KyJDrDGxLqCiCyFYfHmZNKuV4LJSvb8o127yOApwDCdwBgFcQQ3uoA4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD0CYjuw=</latexit>

�3

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="zP+yf2KSV+cw7dXbHUlowfvXIvc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/WL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Zrd1fVOo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDz8Ujus=</latexit>

�2

<latexit sha1_base64="KmIDY2OkCgn9FldEwctuSYXYQGA=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/vlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa1a1b+s1u4vKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBz2Qjuo=</latexit>

�1

<latexit sha1_base64="u0NXdSJoKAg7nfYECVvicrmcDZE=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJ4KrtV1GPRi8cK9gPapWTTbBubTUKSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuZFijNjff/bW1ldW9/YLGwVt3d29/ZLB4dNI1NNaINILnU7woZyJmjDMstpW2mKk4jTVjS6nfqtJ6oNk+LBjhUNEzwQLGYEWyc1u2rIeue9Utmv+DOgZRLkpAw56r3SV7cvSZpQYQnHxnQCX9kww9oywumk2E0NVZiM8IB2HBU4oSbMZtdO0KlT+iiW2pWwaKb+nshwYsw4iVxngu3QLHpT8T+vk9r4OsyYUKmlgswXxSlHVqLp66jPNCWWjx3BRDN3KyJDrDGxLqCiCyFYfHmZNKuV4LJSvb8o127yOApwDCdwBgFcQQ3uoA4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD0CYjuw=</latexit>

�3

<latexit sha1_base64="u0NXdSJoKAg7nfYECVvicrmcDZE=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJ4KrtV1GPRi8cK9gPapWTTbBubTUKSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuZFijNjff/bW1ldW9/YLGwVt3d29/ZLB4dNI1NNaINILnU7woZyJmjDMstpW2mKk4jTVjS6nfqtJ6oNk+LBjhUNEzwQLGYEWyc1u2rIeue9Utmv+DOgZRLkpAw56r3SV7cvSZpQYQnHxnQCX9kww9oywumk2E0NVZiM8IB2HBU4oSbMZtdO0KlT+iiW2pWwaKb+nshwYsw4iVxngu3QLHpT8T+vk9r4OsyYUKmlgswXxSlHVqLp66jPNCWWjx3BRDN3KyJDrDGxLqCiCyFYfHmZNKuV4LJSvb8o127yOApwDCdwBgFcQQ3uoA4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD0CYjuw=</latexit>

�3

<latexit sha1_base64="zJlFS3ZfDdwOXdk+7+NulCSOmcA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgxZJUUS9C0YvHCvYD2hA22027dHcTdzeFkvZ3ePGgiFd/jDf/jds2B219MPB4b4aZeUHMqNKO823lVlbX1jfym4Wt7Z3dveL+QUNFicSkjiMWyVaAFGFUkLqmmpFWLAniASPNYHA39ZtDIhWNxKMexcTjqCdoSDHSRvK4f34z5r57xv3K2C+WnLIzg71M3IyUIEPNL351uhFOOBEaM6RU23Vi7aVIaooZmRQ6iSIxwgPUI21DBeJEeens6Il9YpSuHUbSlND2TP09kSKu1IgHppMj3VeL3lT8z2snOrz2UiriRBOB54vChNk6sqcJ2F0qCdZsZAjCkppbbdxHEmFtciqYENzFl5dJo1J2L8uVh4tS9TaLIw9HcAyn4MIVVOEealAHDE/wDK/wZg2tF+vd+pi35qxs5hD+wPr8AaQIkV8=</latexit>

m3 = |m1 �m2|

u-channel resonance masses:

<latexit sha1_base64="v+NlQXKqZYpUe74orfLiWxM7qoc=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktoiIIRS9ehAr2A9qlZNNsG5pklyQrlKV/wYsHRbz6h7z5b8y2e9DWBwOP92aYmRfEnGnjut9OYWV1bX2juFna2t7Z3SvvH7R0lChCmyTikeoEWFPOJG0aZjjtxIpiEXDaDsa3md9+okqzSD6aSUx9gYeShYxgk0n31+5Vv1xxq+4MaJl4OalAjka//NUbRCQRVBrCsdZdz42Nn2JlGOF0WuolmsaYjPGQdi2VWFDtp7Nbp+jEKgMURsqWNGim/p5IsdB6IgLbKbAZ6UUvE//zuokJL/2UyTgxVJL5ojDhyEQoexwNmKLE8IklmChmb0VkhBUmxsZTsiF4iy8vk1at6p1Xaw9nlfpNHkcRjuAYTsGDC6jDHTSgCQRG8Ayv8OYI58V5dz7mrQUnnzmEP3A+fwAU1I2d</latexit>

M = 0 :
<latexit sha1_base64="v+NlQXKqZYpUe74orfLiWxM7qoc=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktoiIIRS9ehAr2A9qlZNNsG5pklyQrlKV/wYsHRbz6h7z5b8y2e9DWBwOP92aYmRfEnGnjut9OYWV1bX2juFna2t7Z3SvvH7R0lChCmyTikeoEWFPOJG0aZjjtxIpiEXDaDsa3md9+okqzSD6aSUx9gYeShYxgk0n31+5Vv1xxq+4MaJl4OalAjka//NUbRCQRVBrCsdZdz42Nn2JlGOF0WuolmsaYjPGQdi2VWFDtp7Nbp+jEKgMURsqWNGim/p5IsdB6IgLbKbAZ6UUvE//zuokJL/2UyTgxVJL5ojDhyEQoexwNmKLE8IklmChmb0VkhBUmxsZTsiF4iy8vk1at6p1Xaw9nlfpNHkcRjuAYTsGDC6jDHTSgCQRG8Ayv8OYI58V5dz7mrQUnnzmEP3A+fwAU1I2d</latexit>

M = 0 :

u-channel resonance conditions are generalized.

[S. Kim, HML, B. Zhu, 2022]
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Conclusions
• Non-perturbative effects are important for precise 

calculations for dark matter self-scattering and 
annihilation.

• Dark matter co-scattering undergoes a delayed 
interaction due to u-channel resonance, being 
enhanced without a light mediator.

• Non-perturbative scattering amplitude for two-
component dark matter is obtained a la Bethe-
Salpeter.

• Multi-component dark matter models with u-channel 
resonances are identified; interesting signatures for 
DM co-scattering, indirect and direct detection.
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