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Core-Cusp problem

• Core-Cusp problem:  CDM N-body simulation predicts 
cuspy DM profile (NFW), rendering rotation velocities 
larger at small scales (→cored DM profile favored).

[Spergel, Steinhardt, 2000;  Tulin, Yu, 2017]Overshoot at <kpc

cf. Too-big-to-fail, Diversities for the same halo mass.
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Self-Interacting dark matter

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

Self-interactions transport heat from outside to the core.

Flattening the inner DM profile. cf. Baryons (SN feedback).
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sub-GeV dark matter favored without a light mediator.



Velocity-dependent SIDM

• Bullet cluster shows no DM self-interactions.

[M. Kaplinghat et al, 2015]

• DM self-interaction may be velocity-dependent.
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Collision rate:

�/m . 0.7 cm2/g
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Dark matter detection

Nucleus recoil E:

Event rate:
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e.g. XENON1T
S1: Scintillation

(photons)
S2: Ionization
(electrons)

~1event/kg/day

S2

S1
WIMP:

S1/S2>>(S1/S2)γ
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Light dark matter such as SIDM

Too small recoil energy below threshold.



Light DM detection

• DM-electron scattering (semi-conductor, superconductor)
[Hochberg et al (2015)]

• DM-nucleon scattering => cryogenic semi-conductors.
e.g. CDMSlite: Ge,  Eth=56eV mDM & 1.6GeV
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e.g.  Al:
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Meson threshold

mDMv2 & � ⇠ meV
<latexit sha1_base64="24aDAsPxVDrQ5vfRsWaOTmudG3c=">AAACEXicbVBNS8NAFNz4bf2qevSyWAS9lKQI6kUEPXgRFEwrNLVstq/t0t0k7L4IJfQ3ePGvePGg4tWbN/+Nm5qDVgcWhpl5vH0TJlIYdN1PZ2p6ZnZufmGxtLS8srpWXt+omzjVHHwey1jfhMyAFBH4KFDCTaKBqVBCIxyc5n7jDrQRcXSNwwRaivUi0RWcoZXa5T3VzgKt6NnF6O62FvTQRhUNzkAiC3I6dhXUR+1yxa26Y9C/xCtIhRS4bJc/gk7MUwURcsmMaXpugq2MaRRcwqgUpAYSxgesB01LI6bAtLLxSSO6Y5UO7cbavgjpWP05kTFlzFCFNqkY9s2kl4v/ec0Uu4etTERJihDx70XdVFKMad4P7QgNHOXQEsa1sH+lvM8042hbLNkSvMmT/xK/Vj2qelf7lZPjoo0FskW2yS7xyAE5IefkkviEk3vySJ7Ji/PgPDmvztt3dMopZjbJLzjvXzjcnWM=</latexit><latexit sha1_base64="24aDAsPxVDrQ5vfRsWaOTmudG3c=">AAACEXicbVBNS8NAFNz4bf2qevSyWAS9lKQI6kUEPXgRFEwrNLVstq/t0t0k7L4IJfQ3ePGvePGg4tWbN/+Nm5qDVgcWhpl5vH0TJlIYdN1PZ2p6ZnZufmGxtLS8srpWXt+omzjVHHwey1jfhMyAFBH4KFDCTaKBqVBCIxyc5n7jDrQRcXSNwwRaivUi0RWcoZXa5T3VzgKt6NnF6O62FvTQRhUNzkAiC3I6dhXUR+1yxa26Y9C/xCtIhRS4bJc/gk7MUwURcsmMaXpugq2MaRRcwqgUpAYSxgesB01LI6bAtLLxSSO6Y5UO7cbavgjpWP05kTFlzFCFNqkY9s2kl4v/ec0Uu4etTERJihDx70XdVFKMad4P7QgNHOXQEsa1sH+lvM8042hbLNkSvMmT/xK/Vj2qelf7lZPjoo0FskW2yS7xyAE5IefkkviEk3vySJ7Ji/PgPDmvztt3dMopZjbJLzjvXzjcnWM=</latexit><latexit sha1_base64="24aDAsPxVDrQ5vfRsWaOTmudG3c=">AAACEXicbVBNS8NAFNz4bf2qevSyWAS9lKQI6kUEPXgRFEwrNLVstq/t0t0k7L4IJfQ3ePGvePGg4tWbN/+Nm5qDVgcWhpl5vH0TJlIYdN1PZ2p6ZnZufmGxtLS8srpWXt+omzjVHHwey1jfhMyAFBH4KFDCTaKBqVBCIxyc5n7jDrQRcXSNwwRaivUi0RWcoZXa5T3VzgKt6NnF6O62FvTQRhUNzkAiC3I6dhXUR+1yxa26Y9C/xCtIhRS4bJc/gk7MUwURcsmMaXpugq2MaRRcwqgUpAYSxgesB01LI6bAtLLxSSO6Y5UO7cbavgjpWP05kTFlzFCFNqkY9s2kl4v/ec0Uu4etTERJihDx70XdVFKMad4P7QgNHOXQEsa1sH+lvM8042hbLNkSvMmT/xK/Vj2qelf7lZPjoo0FskW2yS7xyAE5IefkkviEk3vySJ7Ji/PgPDmvztt3dMopZjbJLzjvXzjcnWM=</latexit><latexit sha1_base64="24aDAsPxVDrQ5vfRsWaOTmudG3c=">AAACEXicbVBNS8NAFNz4bf2qevSyWAS9lKQI6kUEPXgRFEwrNLVstq/t0t0k7L4IJfQ3ePGvePGg4tWbN/+Nm5qDVgcWhpl5vH0TJlIYdN1PZ2p6ZnZufmGxtLS8srpWXt+omzjVHHwey1jfhMyAFBH4KFDCTaKBqVBCIxyc5n7jDrQRcXSNwwRaivUi0RWcoZXa5T3VzgKt6NnF6O62FvTQRhUNzkAiC3I6dhXUR+1yxa26Y9C/xCtIhRS4bJc/gk7MUwURcsmMaXpugq2MaRRcwqgUpAYSxgesB01LI6bAtLLxSSO6Y5UO7cbavgjpWP05kTFlzFCFNqkY9s2kl4v/ec0Uu4etTERJihDx70XdVFKMad4P7QgNHOXQEsa1sH+lvM8042hbLNkSvMmT/xK/Vj2qelf7lZPjoo0FskW2yS7xyAE5IefkkviEk3vySJ7Ji/PgPDmvztt3dMopZjbJLzjvXzjcnWM=</latexit>
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<latexit sha1_base64="ci72xDkJjdo5VAaW1VnMCR4yzsc="></latexit>

EF = 11.7 eV, vrel ⇠ vF ⇠ 10�2



XENON1T electron recoil
• Excess in electron recoil spectrum.

ER=1-7keV:  285 events observed,

expected232± 15

<latexit sha1_base64="L3GPG0oHQ7JNAc1YLLswRnsdaug=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtLepFCl48VrAf0i4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhBzpo3rfju5tfWNza38dmFnd2//oHh41NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GN/O/PYTVZpF8sFMYuoLPJQsZAQbKz1WLiq9WCCv1i+W3LI7B1olXkZKkKHRL371BhFJBJWGcKx113Nj46dYGUY4nRZ6iaYxJmM8pF1LJRZU++n84Ck6s8oAhZGyJQ2aq78nUiy0nojAdgpsRnrZm4n/ed3EhFd+ymScGCrJYlGYcGQiNPseDZiixPCJJZgoZm9FZIQVJsZmVLAheMsvr5JWpexVy9f31VL9JosjDydwCufgwSXU4Q4a0AQCAp7hFd4c5bw4787HojXnZDPH8AfO5w/uVo8y</latexit>

3.3�

<latexit sha1_base64="NALphFLppqYCMDtlgEj8qaAotw0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07JrC+pFCl48VrAf0i4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXphwpo3nfTuFtfWNza3idmlnd2//oHx41NJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN/O/PYTVZrF8sFMEhoIPJQsYgQbKz1W3WpPs6HA/XLFc7050Crxc1KBHI1++as3iEkqqDSEY627vpeYIMPKMMLptNRLNU0wGeMh7VoqsaA6yOYHT9GZVQYoipUtadBc/T2RYaH1RIS2U2Az0sveTPzP66YmugoyJpPUUEkWi6KUIxOj2fdowBQlhk8swUQxeysiI6wwMTajkg3BX355lbQuXL/mXt/XKvWbPI4inMApnIMPl1CHO2hAEwgIeIZXeHOU8+K8Ox+L1oKTzxzDHzifP/JGj90=</latexit>

deviation:
most significant at 

ER=2-3keV

[XENON1T, 2006.09721]
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cf. Other backgrounds:  Unknown Tritium,  Ar37



New physics for Xe1t excess
• Solar axion (or neutrino magnetic dipole moment)

• keV-scale dark matter
Axio-electric process for “cold 

axion-like particle”, dark photon, etc.

mono-chromatic recoil;

favored at 3.5�

<latexit sha1_base64="+plDlxHqtpUkxZG6PRF44IxSosQ=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KGVGK+pGCm5cVrAP6AzlTpppQ5OZIckUytAPcOOvuHGhiFs/wJ1/Y9rOQlsPBA7nnMvNPX7MmdK2/W3lVlbX1jfym4Wt7Z3dveL+QVNFiSS0QSIeybYPinIW0oZmmtN2LCkIn9OWP7yd+q0RlYpF4YMex9QT0A9ZwAhoI3WLpdSVAgcwiiTtYbfsljHoyYycVy5cxfoCTMqu2DPgZeJkpIQy1LvFL7cXkUTQUBMOSnUcO9ZeClIzwumk4CaKxkCG0KcdQ0MQVHnp7JgJPjFKDweRNC/UeKb+nkhBKDUWvkkK0AO16E3F/7xOooMrL2VhnGgakvmiIOFYR3jaDO4xSYnmY0OASGb+iskAJBBt+iuYEpzFk5dJ86ziVCvX99VS7SarI4+O0DE6RQ66RDV0h+qogQh6RM/oFb1ZT9aL9W59zKM5K5s5RH9gff4A7eaZow==</latexit>

global(local) at 3.0(4.0)�

<latexit sha1_base64="eARl7l6G8+HyykDMl/dA/mhoR0c=">AAACF3icbVDLSgMxFM3UV62vqks3wSK0UIYZLagbKbhxWcHWQqeUO2nahiaTIckIZehfuPFX3LhQxK3u/BvTx0JbD1zu4Zx7Se4JY8608bxvJ7Oyura+kd3MbW3v7O7l9w8aWiaK0DqRXKpmCJpyFtG6YYbTZqwoiJDT+3B4PfHvH6jSTEZ3ZhTTtoB+xHqMgLFSJ++mgRK4z2UIHBe5JMBLQTkoYzDjaT9zvWLF9UqBZn0BnXzBc70p8DLx56SA5qh18l9BV5JE0MgQDlq3fC827RSUYYTTcS5INI2BDKFPW5ZGIKhup9O7xvjEKl3ck8pWZPBU/b2RgtB6JEI7KcAM9KI3Ef/zWonpXbRTFsWJoRGZPdRLODYST0LCXaYoMXxkCRDF7F8xGYACYmyUORuCv3jyMmmcun7FvbytFKpX8ziy6AgdoyLy0TmqohtUQ3VE0CN6Rq/ozXlyXpx352M2mnHmO4foD5zPH0NanNU=</latexit>
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Solar axions produced by ABC, Promakoff, etc, 
are absorbed by Xenon atoms.



Elastic vs inelastic light DM

• Inelastic scattering between dark matter & electron.

�1

<latexit sha1_base64="9d4y4s/HA81xjU9lFMLgeOQ++6E=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb1IwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDvz209MG67kg50kLIjJUPKIU2Kd1OrREe/7/XLFq3pz4FXi56QCORr98ldvoGgaM2mpIMZ0fS+xQUa05VSwaamXGpYQOiZD1nVUkpiZIJtfO8VnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6R1UfVr1ev7WqV+k8dRhBM4hXPw4RLqcAcNaAKFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAqCo7e</latexit>

�2

<latexit sha1_base64="Sj2qz6i7OQ0BzJVbYO6UBbt63cI=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld1SUC9S8OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwkRwYz3vG62tb2xubRd2irt7+weHpaPjllGppqxJlVC6ExLDBJesabkVrJNoRuJQsHY4vp357SemDVfywU4SFsRkKHnEKbFOavXoiPer/VLZq3hz4FXi56QMORr90ldvoGgaM2mpIMZ0fS+xQUa05VSwabGXGpYQOiZD1nVUkpiZIJtfO8XnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBFV0I/vLLq6RVrfi1yvV9rVy/yeMowCmcwQX4cAl1uIMGNIHCIzzDK7whhV7QO/pYtK6hfOYE/gB9/gArjo7f</latexit>

e

<latexit sha1_base64="j9fyxLU2k/RvnND+tDXYibK/bXc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqYn9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9Zs8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMwZjPE=</latexit>

e

<latexit sha1_base64="j9fyxLU2k/RvnND+tDXYibK/bXc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqYn9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9Zs8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMwZjPE=</latexit>

“Exothermic (Exo) dark matter”

[K. Harigaya et al; HML; 
J. Bramante et al; Essig et al]

Down scattering with electron 
for small mass splitting:

Xenon excess is consistent 
with standard DM halo model. cf.  P. Graham et al;  R. Essig et al (2010)

• Elastic scattering between light DM & electron.

:   small recoil energy.ER ⇠ µ2v2

me
⇠ mev

2 ⇠ 0.3 eV

<latexit sha1_base64="DvZD3cdwrLaOTbDDoR86KhzmbGE="></latexit>
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t

m� & me,

<latexit sha1_base64="kgfU1Hj2qqGPUb80ykIOsxqH6mg=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBhZRECuqu6MZlBfuAJoTJdNIOnUnCzEQsob/ixoUibv0Rd/6N0zYLbT0wcDjnXO6dE6acKe0431ZpbX1jc6u8XdnZ3ds/sA+rHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G49uZ332kUrEkftCTlPoCD2MWMYK1kQK7KgKPjJg31CYjkAjoeWDXnLozB1olbkFqUKAV2F/eICGZoLEmHCvVd51U+zmWmhFOpxUvUzTFZIyHtG9ojAVVfj6/fYpOjTJAUSLNizWaq78nciyUmojQJAXWI7XszcT/vH6moys/Z3GaaRqTxaIo40gnaFYEGjBJieYTQzCRzNyKyAhLTLSpq2JKcJe/vEo6F3W3Ub++b9SaN0UdZTiGEzgDFy6hCXfQgjYQeIJneIU3a2q9WO/WxyJasoqZI/gD6/MHqWGUNg==</latexit>

�m = m�1 �m�2 � mev
2

<latexit sha1_base64="+chvSzfe46+4cO54tVxe5DK2EZM=">AAACEnicbZDLSgMxFIYzXmu9jbp0EyyCLiwzpaAulIIuXFawF+jUIZOetqHJzJBkCmXoM7jxVdy4UMStK3e+jelF0NYfAh//OYeT8wcxZ0o7zpe1sLi0vLKaWcuub2xubds7u1UVJZJChUY8kvWAKOAshIpmmkM9lkBEwKEW9K5G9VofpGJReKcHMTQF6YSszSjRxvLtY+8auCZYXAg/9WiX+e7w5AcLQ6/TwcIH3L8v+HbOyTtj4Xlwp5BDU5V9+9NrRTQREGrKiVIN14l1MyVSM8phmPUSBTGhPdKBhsGQCFDNdHzSEB8ap4XbkTQv1Hjs/p5IiVBqIALTKYjuqtnayPyv1kh0+6yZsjBONIR0sqidcKwjPMoHt5gEqvnAAKGSmb9i2iWSUG1SzJoQ3NmT56FayLvF/PltMVe6nMaRQfvoAB0hF52iErpBZVRBFD2gJ/SCXq1H69l6s94nrQvWdGYP/ZH18Q3Yapz0</latexit>

ER ⇠ �m ⇠ 2.5 keV

<latexit sha1_base64="p0PCDzHWt9ulia0KdOz9J6Tvd3A=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmZKRd1IQQWXVewDOkPJpLdtaDIzJBmhDP0AN/6KGxeKuPUD3Pk3ptNZaOuBwMk555Lc40ecKW3b39bC4tLyympuLb++sbm1XdjZbagwlhTqNOShbPlEAWcB1DXTHFqRBCJ8Dk1/eDnxmw8gFQuDez2KwBOkH7Aeo0QbqVMoXnfuXMUEdq+Aa4JFeimXTtzjxJUCD6ExNim7ZKfA88TJSBFlqHUKX243pLGAQFNOlGo7dqS9hEjNKIdx3o0VRIQOSR/ahgZEgPKSdJkxPjRKF/dCaU6gcar+nkiIUGokfJMURA/UrDcR//Pase6deQkLolhDQKcP9WKOdYgnzeAuk0A1HxlCqGTmr5gOiCRUm/7ypgRnduV50iiXnErp/LZSrF5kdeTQPjpAR8hBp6iKblAN1RFFj+gZvaI368l6sd6tj2l0wcpm9tAfWJ8/cHWZ+g==</latexit>

� 20 eV

<latexit sha1_base64="f0u3jaFAg5LwgrmT9g0/SGzDg4s=">AAAB+HicbVBNS8NAEN34WetHox69LBbBQy1JKagXKXjxWMF+QBPKZjtpl242YXcj1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5gUJZ0o7zre1tr6xubVd2Cnu7u0flOzDo7aKU0mhRWMey25AFHAmoKWZ5tBNJJAo4NAJxrczv/MIUrFYPOhJAn5EhoKFjBJtpL5duvAqNcerZJ6MMLSnfbvsVJ058Cpxc1JGOZp9+8sbxDSNQGjKiVI910m0nxGpGeUwLXqpgoTQMRlCz1BBIlB+Nj98is+MMsBhLE0Jjefq74mMREpNosB0RkSP1LI3E//zeqkOr/yMiSTVIOhiUZhyrGM8SwEPmASq+cQQQiUzt2I6IpJQbbIqmhDc5ZdXSbtWdevV6/t6uXGTx1FAJ+gUnSMXXaIGukNN1EIUpegZvaI368l6sd6tj0XrmpXPHKM/sD5/AONqkfY=</latexit>

v ⇠ 220 km/s� 10�2c

<latexit sha1_base64="Asf7y29Xu6DrvrQQ4BfSlg6cIGI=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgwtYkFNSNFNy4rGAf0MQymU7aoTNJmJkUSsjOjb/ixoUibv0Fd/6N0zYLrR64cDjnXu69x48ZlcqyvozC0vLK6lpxvbSxubW9Y+7utWSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66nfntMhKRReKcmMfE4GoQ0oBgpLfXMw7ErKYeOY7mnqSs4HPEzmVVs6z6tOBnumWWras0A/xI7J2WQo9EzP91+hBNOQoUZkrJrW7HyUiQUxYxkJTeRJEZ4hAakq2mIOJFeOvsjg8da6cMgErpCBWfqz4kUcSkn3NedHKmhXPSm4n9eN1HBhZfSME4UCfF8UZAwqCI4DQX2qSBYsYkmCAuqb4V4iATCSkdX0iHYiy//JS2nateql7e1cv0qj6MIDsAROAE2OAd1cAMaoAkweABP4AW8Go/Gs/FmvM9bC0Y+sw9+wfj4BkRsl6k=</latexit>



Inside Xenon atoms
• Electrons are not isolated, bound to Xenon atoms.

Electron velocity
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Nuclear recoil

Ionization energy
<latexit sha1_base64="Jl1edPlP9jhtoPp3FkyLLs7stv4=">AAACC3icbVA9SwNBEN3zM8avU0ubJUGwkHAnilYSEMEygvmAXAh7m0myZHfv2N0TwpHexr9iY6GIrX/Azn/j5nKFJj4YeLw3w8y8MOZMG8/7dpaWV1bX1gsbxc2t7Z1dd2+/oaNEUajTiEeqFRINnEmoG2Y4tGIFRIQcmuHoeuo3H0BpFsl7M46hI8hAsj6jxFip65ZuummgBA6jRPYmAQetNRPYD04yeQSNSdctexUvA14kfk7KKEet634FvYgmAqShnGjd9r3YdFKiDKMcJsUg0RATOiIDaFsqiQDdSbNfJvjIKj3cj5QtaXCm/p5IidB6LELbKYgZ6nlvKv7ntRPTv+ykTMaJAUlni/oJxybC02Bwjymgho8tIVQxeyumQ6IINTa+og3Bn395kTROK/55xbs7K1ev8jgK6BCV0DHy0QWqoltUQ3VE0SN6Rq/ozXlyXpx352PWuuTkMwfoD5zPH5T8mrw=</latexit>

Ebound . 1 keV

<latexit sha1_base64="MjYHWNEyPldvs6tZ2s0tiRuopTo=">AAACG3icbVDLSsNAFJ34rPUVdelmsAiuShIUXUnBCm4sFewDmhgm00k7dCYJM5NCCfkPN/6KGxeKuBJc+DdOHwttPTBwOOdc7twTJIxKZVnfxtLyyuraemGjuLm1vbNr7u03ZZwKTBo4ZrFoB0gSRiPSUFQx0k4EQTxgpBUMrsZ+a0iEpHF0r0YJ8TjqRTSkGCkt+abjVglTCF77mSs4rOWupBy6oUA4s/PMyV2e+jU4fHCmgept7pslq2xNABeJPSMlMEPdNz/dboxTTiKFGZKyY1uJ8jIkFMWM5EU3lSRBeIB6pKNphDiRXja5LYfHWunCMBb6RQpO1N8TGeJSjnigkxypvpz3xuJ/XidV4YWX0ShJFYnwdFGYMqhiOC4KdqkgWLGRJggLqv8KcR/pXpSus6hLsOdPXiRNp2yfla2701LlclZHARyCI3ACbHAOKuAG1EEDYPAInsEreDOejBfj3fiYRpeM2cwB+APj6wfhuaCu</latexit>

�EN ⇠ 1

2
µNv2DM

<latexit sha1_base64="GgHic3HOK45+Gtg8tYCbaqEoPxE=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgxpIURVdScOOygn1gU8NketMOnUnCzKRQQr/Ajb/ixoUibl2782+cPhbaeuDC4Zx7ufeeIOFMacf5tnIrq2vrG/nNwtb2zu6evX/QUHEqKdRpzGPZCogCziKoa6Y5tBIJRAQcmsHgeuI3hyAVi6M7PUqgI0gvYiGjRBvJt0tDHzzFBL73M08KDGE49ghP+mSqus5DdloZ+3bRKTtT4GXizkkRzVHz7S+vG9NUQKQpJ0q1XSfRnYxIzSiHccFLFSSEDkgP2oZGRIDqZNN3xrhklC4OY2kq0niq/p7IiFBqJALTKYjuq0VvIv7ntVMdXnYyFiWphojOFoUpxzrGk2xwl0mgmo8MIVQycyumfSIJ1SbBggnBXXx5mTQqZfe87NyeFatX8zjy6AgdoxPkogtURTeohuqIokf0jF7Rm/VkvVjv1sesNWfNZw7RH1ifP0i8m5Y=</latexit>

ve ⇠ Ze↵↵ ⇠ 10�2
<latexit sha1_base64="fAUcBYUZ42NjxS//+PWG8THCym8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvHisYD+gCWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlRwbVz32ymtrW9sbpW3Kzu7e/sH1cOjtk4yxbDFEpGobkg1Ci6xZbgR2E0V0jgU2AnHdzO/84RK80Q+mkmKQUyHkkecUWOljh/y4dDP+9WaW3fnIKvEK0gNCjT71S9/kLAsRmmYoFr3PDc1QU6V4UzgtOJnGlPKxnSIPUsljVEH+fzcKTmzyoBEibIlDZmrvydyGms9iUPbGVMz0sveTPzP62UmuglyLtPMoGSLRVEmiEnI7Hcy4AqZERNLKFPc3krYiCrKjE2oYkPwll9eJe2LundVdx8ua43bIo4ynMApnIMH19CAe2hCCxiM4Rle4c1JnRfn3flYtJacYuYY/sD5/AFTfY+M</latexit>⇢

<latexit sha1_base64="JiHZhajSR0K5GZ4fyBxk77cTWjE=">AAACBXicbVBNS8NAEN34WetX1KMeFovgxZKIoheloAWPVewHNCVsttN26WYTdjdCCb148a948aCIV/+DN/+N2zYHbX0w8Hhvhpl5QcyZ0o7zbc3NLywuLedW8qtr6xub9tZ2TUWJpFClEY9kIyAKOBNQ1UxzaMQSSBhwqAf9q5FffwCpWCTu9SCGVki6gnUYJdpIvr1X9u8uvGvgmuCyD0dlP/VkiIMoEe2hbxecojMGniVuRgooQ8W3v7x2RJMQhKacKNV0nVi3UiI1oxyGeS9REBPaJ11oGipICKqVjr8Y4gOjtHEnkqaExmP190RKQqUGYWA6Q6J7atobif95zUR3zlspE3GiQdDJok7CsY7wKBLcZhKo5gNDCJXM3Ippj0hCtQkub0Jwp1+eJbXjontadG5PCqXLLI4c2kX76BC56AyV0A2qoCqi6BE9o1f0Zj1ZL9a79TFpnbOymR30B9bnDwPSl6E=</latexit>

ER = �Ee � Ebound

DM

DM’

<latexit sha1_base64="H2/7aDH4Ik6KAHkYj1gV7H89LCI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKDeyXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6V1W3cVmp3eZxFOEETuEcPLiGGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHyYuM6Q==</latexit>e
[Essig et al, 2015; HML, 2020]

• Nuclear recoil energy:
[Bunge et al, 1993;Dror et al, 2020]

<latexit sha1_base64="9FrhDtJ2t/ElGEKlgl6NHEvLqJo=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokoepKCF8FLC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hbqt55QaR7LBzNO0I/oQPKQM2qsVL/vlcpuxZ2BLBMvJ2XIUeuVvrr9mKURSsME1brjuYnxM6oMZwInxW6qMaFsRAfYsVTSCLWfzQ6dkFOr9EkYK1vSkJn6eyKjkdbjKLCdETVDvehNxf+8TmrCaz/jMkkNSjZfFKaCmJhMvyZ9rpAZMbaEMsXtrYQNqaLM2GyKNgRv8eVl0jyveJcVt35Rrt7kcRTgGE7gDDy4gircQQ0awADhGV7hzXl0Xpx352PeuuLkM0fwB87nD6IjjM8=</latexit>

K

<latexit sha1_base64="eako/RmCJMGLTp8hfxoPm7OyiBk=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp0oWknAxsIiAfMByRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++2srK6tb2wWtorbO7t7+6WDw6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrdTv/WESvNYPphxgn5EB5KHnFFjpfp9r1R2K+4MZJl4OSlDjlqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbohJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvsZl0lqULL5ojAVxMRk+jXpc4XMiLEllClubyVsSBVlxmZTtCF4iy8vk+Z5xbusuPWLcvUmj6MAx3ACZ+DBFVThDmrQAAYIz/AKb86j8+K8Ox/z1hUnnzmCP3A+fwCjp4zQ</latexit>

L

<latexit sha1_base64="Q9SIvGzDIgrT1yYK1VY4G02wFis=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokoepKCFy9CC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hbqt55QaR7LBzNO0I/oQPKQM2qsVL/vlcpuxZ2BLBMvJ2XIUeuVvrr9mKURSsME1brjuYnxM6oMZwInxW6qMaFsRAfYsVTSCLWfzQ6dkFOr9EkYK1vSkJn6eyKjkdbjKLCdETVDvehNxf+8TmrCaz/jMkkNSjZfFKaCmJhMvyZ9rpAZMbaEMsXtrYQNqaLM2GyKNgRv8eVl0jyveJcVt35Rrt7kcRTgGE7gDDy4gircQQ0awADhGV7hzXl0Xpx352PeuuLkM0fwB87nD6UrjNE=</latexit>

M

<latexit sha1_base64="VElqasBsuT/Z333w2BsaqdPFpK4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokoepKCF0/Sgv2ANpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup36rSdUmsfywYwT9CM6kDzkjBor1e97pbJbcWcgy8TLSRly1Hqlr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0Mn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTr0mfK2RGjC2hTHF7K2FDqigzNpuiDcFbfHmZNM8r3mXFrV+Uqzd5HAU4hhM4Aw+uoAp3UIMGMEB4hld4cx6dF+fd+Zi3rjj5zBH8gfP5A6avjNI=</latexit>

N

<latexit sha1_base64="Jmv7MZ7CRzykmxDZ8PO//f6Qz/g=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokoepKCF2+2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKgzjNM=</latexit>

O



Exact recoil energy
• Assume no nuclear recoil but electron velocity.

-10-

Energy conservation:

Electron momentum 
in CM frame:

Total 3-momentum:

Electron recoil E:

Momentum transfer:

Initial energies: <latexit sha1_base64="U19Bmt8MIyk9G1ySofAh0RINa0k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIoicpePHYgv2ANpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv6rSdUmsfywYwT9CM6kDzkjBor1c97pbJbcWcgy8TLSRly1Hqlr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0Mn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rwxs+4TFKDks0XhakgJibTr0mfK2RGjC2hTHF7K2FDqigzNpuiDcFbfHmZNC8q3lXFrV+Wq7d5HAU4hhM4Aw+uoQr3UIMGMEB4hld4cx6dF+fd+Zi3rjj5zBH8gfP5A3MnjLA=</latexit>,

[HML, 2020]



Electrons near at rest -11-

• Initial electron momentum can be ignored for 
relatively heavy dark matter.

“Monochromatic”
Momentum 

transfer:

� 1

<latexit sha1_base64="zecvbMqcUtakuRkIN9VnjPOd7pI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S8OKxgmkLbSib7SRdutmE3Y1QSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF2aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSaK4Y+S0WqOiHVKLhE33AjsJMppEkosB2O7mZ++wmV5ql8NOMMg4TGkkecUWMlvxfHxOtXa27dnYOsEq8gNSjQ7Fe/eoOU5QlKwwTVuuu5mQkmVBnOBE4rvVxjRtmIxti1VNIEdTCZHzslZ1YZkChVtqQhc/X3xIQmWo+T0HYm1Az1sjcT//O6uYmugwmXWW5QssWiKBfEpGT2ORlwhcyIsSWUKW5vJWxIFWXG5lOxIXjLL6+S1kXdu6zfPFzWGrdFHGU4gVM4Bw+uoAH30AQfGHB4hld4c6Tz4rw7H4vWklPMHMMfOJ8/CM2OLw==</latexit>

Recoil E: [HML, 2020]

<latexit sha1_base64="mahtSjNcJje6sSJwfT4/K+ky8XI=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBg5RdUfQkBS9ehAr2A7pLyabZNjTJrkm2UJb+Di8eFPHqj/HmvzFt96CtDwYe780wMy9MONPGdb+dwsrq2vpGcbO0tb2zu1feP2jqOFWENkjMY9UOsaacSdowzHDaThTFIuS0FQ5vp35rRJVmsXw044QGAvclixjBxkqB5/pnma8EuqfNSbdccavuDGiZeDmpQI56t/zl92KSCioN4VjrjucmJsiwMoxwOin5qaYJJkPcpx1LJRZUB9ns6Ak6sUoPRbGyJQ2aqb8nMiy0HovQdgpsBnrRm4r/eZ3URNdBxmSSGirJfFGUcmRiNE0A9ZiixPCxJZgoZm9FZIAVJsbmVLIheIsvL5PmedW7rLoPF5XaTR5HEY7gGE7BgyuowR3UoQEEnuAZXuHNGTkvzrvzMW8tOPnMIfyB8/kDemORQA==</latexit>

10MeV

Total 3-momentum: due to DM energy.

<latexit sha1_base64="0t9mA4zSaZ3zzxltMp+wOgqIdJw=">AAACAnicbVDLSgNBEJz1GeMr6km8DAbBU9gNip4koILHCOYBSVxmJ73JkJnZzcysEJbgxV/x4kERr36FN//GyeOgiQUNRVU33V1BzJk2rvvtLCwuLa+sZtay6xubW9u5nd2qjhJFoUIjHql6QDRwJqFimOFQjxUQEXCoBb3LkV97AKVZJO/MIIaWIB3JQkaJsZKf2+/fF5uaCejjovABN6+AG4KvffBzebfgjoHniTcleTRF2c99NdsRTQRIQznRuuG5sWmlRBlGOQyzzURDTGiPdKBhqSQCdCsdvzDER1Zp4zBStqTBY/X3REqE1gMR2E5BTFfPeiPxP6+RmPC8lTIZJwYknSwKE45NhEd54DZTQA0fWEKoYvZWTLtEEWpsalkbgjf78jypFgveacG9PcmXLqZxZNABOkTHyENnqIRuUBlVEEWP6Bm9ojfnyXlx3p2PSeuCM53ZQ3/gfP4AgiGWMw==</latexit>

q2 ' 2me�Ee

Mass splitting determines both recoil E & 
momentum transfer dominantly.



Electron recoil energy -12-
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<latexit sha1_base64="x4bDy7gG0Oq5PkVRb0mdddfsLCw=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsJCwGw3RQglYaBnBPCC7LLOTSTJkZnaZmRXCso2/YmOhiK2fYeffOHkUmnjgwuGce7n3njBmVGnH+bZyS8srq2v59cLG5tb2jr2711RRIjFp4IhFsh0iRRgVpKGpZqQdS4J4yEgrHN6M/dYjkYpG4kGPYuJz1Be0RzHSRgrsAx6kHh7QoJxdud5p6kkOb0kzC+yiU3KqlfLlGTRkAujOkyKYoR7YX143wgknQmOGlOq4Tqz9FElNMSNZwUsUiREeoj7pGCoQJ8pPJw9k8NgoXdiLpCmh4UT9PZEirtSIh6aTIz1Q895Y/M/rJLp34adUxIkmAk8X9RIGdQTHacAulQRrNjIEYUnNrRAPkERYm8wKJoSFlxdJs1xyKyXn/rxYu57FkQeH4AicABdUQQ3cgTpoAAwy8AxewZv1ZL1Y79bHtDVnzWb2wR9Ynz/EkJXc</latexit>

m�2 = 1GeV

<latexit sha1_base64="C07iPHnMKrJmMqM/ugwr4SNiJE8=">AAACAXicdVDLSgMxFM34rPVVdSO4CRbBhQyZ1r4WSsGNG6GCfUCnDJk0bUOTmSHJCGWoG3/FjQtF3PoX7vwb04egogcuHM65l3vv8SPOlEbow1pYXFpeWU2tpdc3Nre2Mzu7DRXGktA6CXkoWz5WlLOA1jXTnLYiSbHwOW36w4uJ37ylUrEwuNGjiHYE7gesxwjWRvIy+8JLXDJgXm585iD3JHGlgFe0MfYyWWTnUa5YKEBko3KxWCkZUizlK4U8dGw0RRbMUfMy7243JLGggSYcK9V2UKQ7CZaaEU7HaTdWNMJkiPu0bWiABVWdZPrBGB4ZpQt7oTQVaDhVv08kWCg1Er7pFFgP1G9vIv7ltWPdK3cSFkSxpgGZLerFHOoQTuKAXSYp0XxkCCaSmVshGWCJiTahpU0IX5/C/0kjZzsFG12fZqvn8zhS4AAcgmPggBKogktQA3VAwB14AE/g2bq3Hq0X63XWumDNZ/bAD1hvn5vmlls=</latexit>

m�2 = 10MeV

<latexit sha1_base64="x4bDy7gG0Oq5PkVRb0mdddfsLCw=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsJCwGw3RQglYaBnBPCC7LLOTSTJkZnaZmRXCso2/YmOhiK2fYeffOHkUmnjgwuGce7n3njBmVGnH+bZyS8srq2v59cLG5tb2jr2711RRIjFp4IhFsh0iRRgVpKGpZqQdS4J4yEgrHN6M/dYjkYpG4kGPYuJz1Be0RzHSRgrsAx6kHh7QoJxdud5p6kkOb0kzC+yiU3KqlfLlGTRkAujOkyKYoR7YX143wgknQmOGlOq4Tqz9FElNMSNZwUsUiREeoj7pGCoQJ8pPJw9k8NgoXdiLpCmh4UT9PZEirtSIh6aTIz1Q895Y/M/rJLp34adUxIkmAk8X9RIGdQTHacAulQRrNjIEYUnNrRAPkERYm8wKJoSFlxdJs1xyKyXn/rxYu57FkQeH4AicABdUQQ3cgTpoAAwy8AxewZv1ZL1Y79bHtDVnzWb2wR9Ynz/EkJXc</latexit>

m�2 = 1GeV

<latexit sha1_base64="C07iPHnMKrJmMqM/ugwr4SNiJE8=">AAACAXicdVDLSgMxFM34rPVVdSO4CRbBhQyZ1r4WSsGNG6GCfUCnDJk0bUOTmSHJCGWoG3/FjQtF3PoX7vwb04egogcuHM65l3vv8SPOlEbow1pYXFpeWU2tpdc3Nre2Mzu7DRXGktA6CXkoWz5WlLOA1jXTnLYiSbHwOW36w4uJ37ylUrEwuNGjiHYE7gesxwjWRvIy+8JLXDJgXm585iD3JHGlgFe0MfYyWWTnUa5YKEBko3KxWCkZUizlK4U8dGw0RRbMUfMy7243JLGggSYcK9V2UKQ7CZaaEU7HaTdWNMJkiPu0bWiABVWdZPrBGB4ZpQt7oTQVaDhVv08kWCg1Er7pFFgP1G9vIv7ltWPdK3cSFkSxpgGZLerFHOoQTuKAXSYp0XxkCCaSmVshGWCJiTahpU0IX5/C/0kjZzsFG12fZqvn8zhS4AAcgmPggBKogktQA3VAwB14AE/g2bq3Hq0X63XWumDNZ/bAD1hvn5vmlls=</latexit>

m�2 = 10MeV

Monochromatic 
under detector resolutionAlmost DM mass independent



Momentum transfer -13-
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<latexit sha1_base64="x4bDy7gG0Oq5PkVRb0mdddfsLCw=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsJCwGw3RQglYaBnBPCC7LLOTSTJkZnaZmRXCso2/YmOhiK2fYeffOHkUmnjgwuGce7n3njBmVGnH+bZyS8srq2v59cLG5tb2jr2711RRIjFp4IhFsh0iRRgVpKGpZqQdS4J4yEgrHN6M/dYjkYpG4kGPYuJz1Be0RzHSRgrsAx6kHh7QoJxdud5p6kkOb0kzC+yiU3KqlfLlGTRkAujOkyKYoR7YX143wgknQmOGlOq4Tqz9FElNMSNZwUsUiREeoj7pGCoQJ8pPJw9k8NgoXdiLpCmh4UT9PZEirtSIh6aTIz1Q895Y/M/rJLp34adUxIkmAk8X9RIGdQTHacAulQRrNjIEYUnNrRAPkERYm8wKJoSFlxdJs1xyKyXn/rxYu57FkQeH4AicABdUQQ3cgTpoAAwy8AxewZv1ZL1Y79bHtDVnzWb2wR9Ynz/EkJXc</latexit>

m�2 = 1GeV

<latexit sha1_base64="C07iPHnMKrJmMqM/ugwr4SNiJE8=">AAACAXicdVDLSgMxFM34rPVVdSO4CRbBhQyZ1r4WSsGNG6GCfUCnDJk0bUOTmSHJCGWoG3/FjQtF3PoX7vwb04egogcuHM65l3vv8SPOlEbow1pYXFpeWU2tpdc3Nre2Mzu7DRXGktA6CXkoWz5WlLOA1jXTnLYiSbHwOW36w4uJ37ylUrEwuNGjiHYE7gesxwjWRvIy+8JLXDJgXm585iD3JHGlgFe0MfYyWWTnUa5YKEBko3KxWCkZUizlK4U8dGw0RRbMUfMy7243JLGggSYcK9V2UKQ7CZaaEU7HaTdWNMJkiPu0bWiABVWdZPrBGB4ZpQt7oTQVaDhVv08kWCg1Er7pFFgP1G9vIv7ltWPdK3cSFkSxpgGZLerFHOoQTuKAXSYp0XxkCCaSmVshGWCJiTahpU0IX5/C/0kjZzsFG12fZqvn8zhS4AAcgmPggBKogktQA3VAwB14AE/g2bq3Hq0X63XWumDNZ/bAD1hvn5vmlls=</latexit>

m�2 = 10MeV

<latexit sha1_base64="x4bDy7gG0Oq5PkVRb0mdddfsLCw=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsJCwGw3RQglYaBnBPCC7LLOTSTJkZnaZmRXCso2/YmOhiK2fYeffOHkUmnjgwuGce7n3njBmVGnH+bZyS8srq2v59cLG5tb2jr2711RRIjFp4IhFsh0iRRgVpKGpZqQdS4J4yEgrHN6M/dYjkYpG4kGPYuJz1Be0RzHSRgrsAx6kHh7QoJxdud5p6kkOb0kzC+yiU3KqlfLlGTRkAujOkyKYoR7YX143wgknQmOGlOq4Tqz9FElNMSNZwUsUiREeoj7pGCoQJ8pPJw9k8NgoXdiLpCmh4UT9PZEirtSIh6aTIz1Q895Y/M/rJLp34adUxIkmAk8X9RIGdQTHacAulQRrNjIEYUnNrRAPkERYm8wKJoSFlxdJs1xyKyXn/rxYu57FkQeH4AicABdUQQ3cgTpoAAwy8AxewZv1ZL1Y79bHtDVnzWb2wR9Ynz/EkJXc</latexit>

m�2 = 1GeV

<latexit sha1_base64="C07iPHnMKrJmMqM/ugwr4SNiJE8=">AAACAXicdVDLSgMxFM34rPVVdSO4CRbBhQyZ1r4WSsGNG6GCfUCnDJk0bUOTmSHJCGWoG3/FjQtF3PoX7vwb04egogcuHM65l3vv8SPOlEbow1pYXFpeWU2tpdc3Nre2Mzu7DRXGktA6CXkoWz5WlLOA1jXTnLYiSbHwOW36w4uJ37ylUrEwuNGjiHYE7gesxwjWRvIy+8JLXDJgXm585iD3JHGlgFe0MfYyWWTnUa5YKEBko3KxWCkZUizlK4U8dGw0RRbMUfMy7243JLGggSYcK9V2UKQ7CZaaEU7HaTdWNMJkiPu0bWiABVWdZPrBGB4ZpQt7oTQVaDhVv08kWCg1Er7pFFgP1G9vIv7ltWPdK3cSFkSxpgGZLerFHOoQTuKAXSYp0XxkCCaSmVshGWCJiTahpU0IX5/C/0kjZzsFG12fZqvn8zhS4AAcgmPggBKogktQA3VAwB14AE/g2bq3Hq0X63XWumDNZ/bAD1hvn5vmlls=</latexit>

m�2 = 10MeV

Momentum transfer is proportional to mass difference
with narrow width, being almost independent of DM mass.

<latexit sha1_base64="5x4Lq+w/2gi4sv4XwsTiZWMUxJ0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGRU8S8OIxonlAsobZSScZMju7zswKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMrqd+8wmV5pG8N+MY/ZAOJO9zRo2V7h4fKt1iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6ln3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSqJS987J7e1aqXmVx5OEIjuEUPLiAKtxADerAYADP8ApvjnBenHfnY96ac7KZQ/gD5/MHASONmQ==</latexit>

q2



Moving electrons -14-

• Width of recoil energy depends on electron 
velocity for light dark matter.

“Monochromatic”

Momentum 
transfer:

Recoil E:

<latexit sha1_base64="4Ms36FXEw1qPMAWswcj2E1Dwkeo=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCBymJKHqSghcvQgX7AU0om+2kXbqbhN2NWEL+ihcPinj1j3jz37htc9DWBwOP92aYmRcknCntON9WaWV1bX2jvFnZ2t7Z3bP3q20Vp5JCi8Y8lt2AKOAsgpZmmkM3kUBEwKETjG+mfucRpGJx9KAnCfiCDCMWMkq0kfp21VNMYNfxTjNPCnwH7bxv15y6MwNeJm5BaqhAs29/eYOYpgIiTTlRquc6ifYzIjWjHPKKlypICB2TIfQMjYgA5Wez23N8bJQBDmNpKtJ4pv6eyIhQaiIC0ymIHqlFbyr+5/VSHV75GYuSVENE54vClGMd42kQeMAkUM0nhhAqmbkV0xGRhGoTV8WE4C6+vEzaZ3X3ou7cn9ca10UcZXSIjtAJctElaqBb1EQtRNETekav6M3KrRfr3fqYt5asYuYA/YH1+QN1TpNo</latexit>

⇠ 10MeV

Total 3-momentum: due to electron energy.

Mass splitting still determines kinematics 
dominantly

<latexit sha1_base64="U19Bmt8MIyk9G1ySofAh0RINa0k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIoicpePHYgv2ANpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv6rSdUmsfywYwT9CM6kDzkjBor1c97pbJbcWcgy8TLSRly1Hqlr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0Mn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rwxs+4TFKDks0XhakgJibTr0mfK2RGjC2hTHF7K2FDqigzNpuiDcFbfHmZNC8q3lXFrV+Wq7d5HAU4hhM4Aw+uoQr3UIMGMEB4hld4cx6dF+fd+Zi3rjj5zBH8gfP5A3MnjLA=</latexit>,
<latexit sha1_base64="wxTDrFwViRSCuxkodGrhukYPyxs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvHisYNpCG8pmO0mXbjZhdyOU0t/gxYMiXv1B3vw3btsctPXBwOO9GWbmhZng2rjut1NaW9/Y3CpvV3Z29/YPqodHLZ3miqHPUpGqTkg1Ci7RN9wI7GQKaRIKbIeju5nffkKleSofzTjDIKGx5BFn1FjJ78Ux8frVmlt35yCrxCtIDQo0+9Wv3iBleYLSMEG17npuZoIJVYYzgdNKL9eYUTaiMXYtlTRBHUzmx07JmVUGJEqVLWnIXP09MaGJ1uMktJ0JNUO97M3E/7xubqKbYMJllhuUbLEoygUxKZl9TgZcITNibAllittbCRtSRZmx+VRsCN7yy6ukdVH3ruruw2WtcVvEUYYTOIVz8OAaGnAPTfCBAYdneIU3RzovzrvzsWgtOcXMMfyB8/kDBj+OJw==</latexit>� 1

[HML, 2020]



ExoDM event rate
• The general event rate per target mass is

• The total cross section for inelastic scattering:

,

<latexit sha1_base64="mmdLVcRWRukvntYQLI4k82KPNyk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuBNSLBLx4TMA8IFnC7KQ3GTM7u8zMCiHkC7x4UMSrn+TNv3GS7EETCxqKqm66u4JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRnczv/WESvNYPphxgn5EB5KHnFFjpfpFr1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8NqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelr1K+aZeKVVvszjycAKncA4eXEEV7qEGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QN1tYy4</latexit>

Atomic enhancement factor:

Phase space factor:

P 2(v) =

⇣
1� (m�2+me)

2

E2
cm

⌘1/2⇣
1� (m�2�me)

2

E2
cm

⌘1/2

⇣
1� (m�1+me)2

E2
cm

⌘1/2⇣
1� (m�1�me)2

E2
cm

⌘1/2

<latexit sha1_base64="kQi0dGKdaLM9OXquTb1y6Tjb01s="></latexit>

Ecm = (m�1 +me)
2 +mem�1v

2

<latexit sha1_base64="hTAf4vSkSDyYNedAEcWWI49KNyM=">AAACGHicbZDLSgMxFIYz9VbrrerSTbAIFaHOlIK6UAoiuKxgL9DLkEkzbWiSGZJMoQzzGG58FTcuFHHbnW9jegG19UDIx/+fQ3J+L2RUadv+slIrq2vrG+nNzNb2zu5edv+gpoJIYlLFAQtkw0OKMCpIVVPNSCOUBHGPkbo3uJ349SGRigbiUY9C0uaoJ6hPMdJGcrPnd27ckhxinlznuWHcp66TnHGXnHaKkwv+qMNO0c3m7II9LbgMzhxyYF4VNztudQMccSI0ZkippmOHuh0jqSlmJMm0IkVChAeoR5oGBeJEtePpYgk8MUoX+oE0R2g4VX9PxIgrNeKe6eRI99WiNxH/85qR9i/bMRVhpInAs4f8iEEdwElKsEslwZqNDCAsqfkrxH0kEdYmy4wJwVlceRlqxYJTKlw9lHLlm3kcaXAEjkEeOOAClME9qIAqwOAJvIA38G49W6/Wh/U5a01Z85lD8Kes8TfrJ58U</latexit>
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[K. Kannike et al;
K. Harigaya et al]

[HML, 2020]



Atomic form factors -16-

5p
4p
3p

5 10 50 100 500 100010-4

0.01

1

100

q[keV]

f io
n2

<latexit sha1_base64="beU5hRN9g/r/Ar4/aT4wHxJOD6s=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgQkqmdGpdKAURXFaxD+gMJZOmbWjmQZIRyzC/4saFIm79EXf+jZm2gooeuHA4517uvceLOJMKoQ8jt7S8srqWXy9sbG5t75i7xbYMY0Foi4Q8FF0PS8pZQFuKKU67kaDY9zjteJOLzO/cUSFZGNyqaURdH48CNmQEKy31zeJl/+bMKtvOceIIH05oO+2bJVRGCNUqpzAjVtVGM1Kv1WxoZZZGCSzQ7JvvziAksU8DRTiWsmehSLkJFooRTtOCE0saYTLBI9rTNMA+lW4yuz2Fh1oZwGEodAUKztTvEwn2pZz6nu70sRrL314m/uX1YjWsuwkLoljRgMwXDWMOVQizIOCACUoUn2qCiWD6VkjGWGCidFwFHcLXp/B/0q6ULbuMrqulxvkijjzYBwfgCFjgBDTAFWiCFiDgHjyAJ/BspMaj8WK8zltzxmJmD/yA8fYJWBSTWw==</latexit>

ER = 1.5 keV [Solid:  Bloch et al, 2006.14521;

Dashed:  S.Choi, HML, Zhu, 
to appear.]

<latexit sha1_base64="NegXnogVBiebXqdAQp1lBIwiIr0="></latexit>

K(ER, q) =
↵2me(me +m�1)

2

4ERm2
�1

X

n,l

|fnl(pe, q)|2,
<latexit sha1_base64="O7cLwjpugNsgOGUYKgXPkAQvesQ=">AAAB/HicdVBNS0JBFJ1nX2Zflss2QxK0knmiZotCiKClRX6AymPeeNXBeR/NzAvkYX+lTYsi2vZD2vVvmqcGFXXgwuGce7n3HjcUXGlCPqzU0vLK6lp6PbOxubW9k93da6ogkgwaLBCBbLtUgeA+NDTXAtqhBOq5Alru+DzxW3cgFQ/8Gz0JoefRoc8HnFFtJCebCx047apbqeOi5wC+cK6nTjZPCoSQSvEEJ8QulcmMVCuVMrYTyyCPFqg72fduP2CRB75mgirVsUmoezGVmjMB00w3UhBSNqZD6BjqUw9UL54dP8WHRunjQSBN+RrP1O8TMfWUmniu6fSoHqnfXiL+5XUiPaj2Yu6HkQafzRcNIoF1gJMkcJ9LYFpMDKFMcnMrZiMqKdMmr4wJ4etT/D9pFgt2uUCuSvna2SKONNpHB+gI2egY1dAlqqMGYmiCHtATerburUfrxXqdt6asxUwO/YD19gl2r5Sl</latexit>

pe =
p

2meER

Outer-shell electrons are 
more easily ionized.

Both results are consistent,
in particular, near the peak.

<latexit sha1_base64="NAox99xUqwEvAbItbcj/ulhywAw=">AAAB9HicdVDLTgIxFO3gC/GFunTTSExwQzoEEDeGxI1LTOSRwEg6pQMNnc7QdkjIwHe4caExbv0Yd/6NHcBEjZ7kJifn3Jt773FDzpRG6MNKra1vbG6ltzM7u3v7B9nDo6YKIklogwQ8kG0XK8qZoA3NNKftUFLsu5y23NF14rcmVCoWiDs9Danj44FgHiNYG8mZeb1Y8Hl+fD67L/ayOVRACFWKlzAhdqmMFqRaqZShnVgGObBCvZd97/YDEvlUaMKxUh0bhdqJsdSMcDrPdCNFQ0xGeEA7hgrsU+XEi6Pn8MwofegF0pTQcKF+n4ixr9TUd02nj/VQ/fYS8S+vE2mv6sRMhJGmgiwXeRGHOoBJArDPJCWaTw3BRDJzKyRDLDHRJqeMCeHrU/g/aRYLdrmAbku52tUqjjQ4AacgD2xwAWrgBtRBAxAwBg/gCTxbE+vRerFel60pazVzDH7AevsEu+CSEQ==</latexit> |f
n
l(
q)
|2



ExoDM event rate
• Differential event rate per target mass:

• Total event rate per detector:

,

<latexit sha1_base64="mmdLVcRWRukvntYQLI4k82KPNyk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuBNSLBLx4TMA8IFnC7KQ3GTM7u8zMCiHkC7x4UMSrn+TNv3GS7EETCxqKqm66u4JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRnczv/WESvNYPphxgn5EB5KHnFFjpfpFr1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8NqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelr1K+aZeKVVvszjycAKncA4eXEEV7qEGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QN1tYy4</latexit>
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[HML, 2020]

<latexit sha1_base64="M/dt5g8R4oSJXXeL+Q4qoR7a7+0="></latexit>

' 50

✓
MT

tonne� yrs

◆✓
Kint(�m)

2

◆✓
⇢�1

0.4GeVcm�3

◆

<latexit sha1_base64="oeWugi7jhf8PuwgnMtUEK9eaAQo="></latexit>

⇥
✓

�̄e/m�1

1.6⇥ 10�43 cm2/GeV

◆✓
�m

2.5 keV

◆1/2

Peaked at 
<latexit sha1_base64="TKBKxlgQHZC2f5KobUcBcZSu0wY="></latexit>

q '
p

2me�m ' 50 keV, ER ' �m = 2.5 keV.

<latexit sha1_base64="PZ9Kqa6FqRcoZLRBWJODsXnLnBc=">AAAB6HicdVBNSwMxEJ31s9avqkcvwSJ4kJItba0XKXjx2IL9gHYp2TTbxmazS5IVSukv8OJBEa/+JG/+G7NtBRV9MPB4b4aZeX4suDYYfzgrq2vrG5uZrez2zu7efu7gsKWjRFHWpJGIVMcnmgkuWdNwI1gnVoyEvmBtf3yd+u17pjSP5K2ZxMwLyVDygFNirNQ47+fyuIAxrhQvUUrcUhnPSbVSKSM3tSzysES9n3vvDSKahEwaKojWXRfHxpsSZTgVbJbtJZrFhI7JkHUtlSRk2pvOD52hU6sMUBApW9Kgufp9YkpCrSehbztDYkb6t5eKf3ndxARVb8plnBgm6WJRkAhkIpR+jQZcMWrExBJCFbe3IjoiilBjs8naEL4+Rf+TVrHglgu4UcrXrpZxZOAYTuAMXLiAGtxAHZpAgcEDPMGzc+c8Oi/O66J1xVnOHMEPOG+fveeM5A==</latexit>,

with



ExoDM event rate
• The event is convoluted with detector resolution 

and efficiency.

� : 20%� 6%, ER = 2� 30 keV,

<latexit sha1_base64="cYc8J/+R4WopYfUQKsRrzG+TE6k=">AAACE3icbVDLSgMxFM3UV62vqks3wVIQmZaZWnyBUhDBZRX7gKaUTJq2ocnMkGSEMvQf3Pgrblwo4taNO//G9LHQ1gMXDufcy733eCFnSjvOt5VYWFxaXkmuptbWNza30ts7VRVEktAKCXgg6x5WlDOfVjTTnNZDSbHwOK15/auRX3ugUrHAv9eDkDYF7vqswwjWRmqlD5FiXYHPkQ0LDsrmjlHWRvZ16+6ikDtykB0jKWCfVoc2bKUzTt4ZA84Td0oyYIpyK/2F2gGJBPU14ViphuuEuhljqRnhdJhCkaIhJn3cpQ1DfSyoasbjn4Ywa5Q27ATSlK/hWP09EWOh1EB4plNg3VOz3kj8z2tEunPajJkfRpr6ZLKoE3GoAzgKCLaZpETzgSGYSGZuhaSHJSbaxJgyIbizL8+TaiHvFvNnt8VM6XIaRxLsgX1wAFxwAkrgBpRBBRDwCJ7BK3iznqwX6936mLQmrOnMLvgD6/MH2K6aYw==</latexit>

↵(E) = 0.7� 0.9, ER = 2� 10 keV

<latexit sha1_base64="/FrKXKNY2zkyB69KX/AHK/uBCNc=">AAACEXicbVBdSwJBFJ21L7OvrR57GZLAQJddEcwHQwihR4s0wV2W2XHUwdkPZmYDWfwLvfRXeumhiF57661/06j7UNqBC4dz7uXee7yIUSFN81vLrK1vbG5lt3M7u3v7B/rhUUeEMcekjUMW8q6HBGE0IG1JJSPdiBPke4zce+OrmX//QLigYXAnJxFxfDQM6IBiJJXk6gUbsWiECs3zumlUS6ZRK9pF2HRv6+WSZdrFxOY+HJPO1NXzpmHOAVeJlZI8SNFy9S+7H+LYJ4HEDAnRs8xIOgnikmJGpjk7FiRCeIyGpKdogHwinGT+0RSeKaUPByFXFUg4V39PJMgXYuJ7qtNHciSWvZn4n9eL5eDCSWgQxZIEeLFoEDMoQziLB/YpJ1iyiSIIc6puhXiEOMJShZhTIVjLL6+STtmwKkbtppJvXKZxZMEJOAUFYIEqaIBr0AJtgMEjeAav4E170l60d+1j0ZrR0plj8Afa5w9XUZmZ</latexit>

-18-

<latexit sha1_base64="LBSEq/lDcIf7U1ZqfeZoLS3UiEM=">AAAB+3icdVDLSgMxFM3UV62vWpdugkVwIUOmdGpdKAURXFaxD2jLkEnTNjSZGZKMWIb+ihsXirj1R9z5N2baCip64MLhnHu59x4/4kxphD6szNLyyupadj23sbm1vZPfLTRVGEtCGyTkoWz7WFHOAtrQTHPajiTFwue05Y8vUr91R6ViYXCrJxHtCTwM2IARrI3k5QuX3s1ZyXa7x0lXCjimzamXLyIbIVQpncKUOGUXzUi1UnGhk1oGRbBA3cu/d/shiQUNNOFYqY6DIt1LsNSMcDrNdWNFI0zGeEg7hgZYUNVLZrdP4aFR+nAQSlOBhjP1+0SChVIT4ZtOgfVI/fZS8S+vE+tBtZewIIo1Dch80SDmUIcwDQL2maRE84khmEhmboVkhCUm2sSVMyF8fQr/J82S7bg2ui4Xa+eLOLJgHxyAI+CAE1ADV6AOGoCAe/AAnsCzNbUerRfrdd6asRYze+AHrLdPWaWTXA==</latexit>

ER = 2.5 keV
<latexit sha1_base64="Ygm4AvsQuZKkMZJplJteb1thElA="></latexit>

� = 0.4 keV, ↵ & 0.8



Bottom to top:

Red line:  Background model

XENON1T electron recoil
-19-

[HML, 2020]

�m = 2.5 keV

<latexit sha1_base64="Qm8nSXcWCnSCdj+/Vvl8KiN2cCk=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4EJCUirqQinowmUF+4AmlMn0th06k4SZiVBCN/6KGxeKuPUz3Pk3Th8LbT1w4XDOvdx7T5hwprTrflu5peWV1bX8emFjc2t7x97dq6s4lRRqNOaxbIZEAWcR1DTTHJqJBCJCDo1wcDP2G48gFYujBz1MIBCkF7Euo0QbqW0f+LfANcHiquSc+aeZLwUeQH3Utouu406AF4k3I0U0Q7Vtf/mdmKYCIk05UarluYkOMiI1oxxGBT9VkBA6ID1oGRoRASrIJg+M8LFROrgbS1ORxhP190RGhFJDEZpOQXRfzXtj8T+vleruRZCxKEk1RHS6qJtyrGM8TgN3mASq+dAQQiUzt2LaJ5JQbTIrmBC8+ZcXSb3keGXn8r5crFzP4sijQ3SETpCHzlEF3aEqqiGKRugZvaI368l6sd6tj2lrzprN7KM/sD5/AMNulT8=</latexit>

<latexit sha1_base64="So1yFVpCgNCuVjyjhizshy6r5CA="></latexit>

(�̄e/m�1)/(10
�43cm2 /GeV) ' 1.0, 1.4, 1.8



EFT for ExoDM
• Effective interactions between EDM and 

electron with massive Z’ mediator:

-20-

• DM-electron inelastic cross section:

• Astrophysics bounds on lifetime of heavier state.

• DM relic abundances & terrestrial bounds.

Z 0

<latexit sha1_base64="bPKz5oW9QwfQJj9VqpsXwUOcbAQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexKQL1IwIvHKOaBSQizk95kyOzsMjMrhCV/4MWDIl79I2/+jZNkD5pY0FBUddPd5ceCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItXyqUXCJdcONwFaskIa+wKY/upn6zSdUmkfywYxj7IZ0IHnAGTVWun887RVLbtmdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjq7dEJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCS67KZdxYlCy+aIgEcREZPo26XOFzIixJZQpbm8lbEgVZcaGU7AheIsvL5PGedmrlK/uKqXqdRZHHo7gGM7Agwuowi3UoA4MAniGV3hzRs6L8+58zFtzTjZzCH/gfP4AG9aNFw==</latexit>

�1

<latexit sha1_base64="9d4y4s/HA81xjU9lFMLgeOQ++6E=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb1IwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDvz209MG67kg50kLIjJUPKIU2Kd1OrREe/7/XLFq3pz4FXi56QCORr98ldvoGgaM2mpIMZ0fS+xQUa05VSwaamXGpYQOiZD1nVUkpiZIJtfO8VnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6R1UfVr1ev7WqV+k8dRhBM4hXPw4RLqcAcNaAKFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAqCo7e</latexit>

�2

<latexit sha1_base64="Sj2qz6i7OQ0BzJVbYO6UBbt63cI=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld1SUC9S8OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwkRwYz3vG62tb2xubRd2irt7+weHpaPjllGppqxJlVC6ExLDBJesabkVrJNoRuJQsHY4vp357SemDVfywU4SFsRkKHnEKbFOavXoiPer/VLZq3hz4FXi56QMORr90ldvoGgaM2mpIMZ0fS+xQUa05VSwabGXGpYQOiZD1nVUkpiZIJtfO8XnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBFV0I/vLLq6RVrfi1yvV9rVy/yeMowCmcwQX4cAl1uIMGNIHCIzzDK7whhV7QO/pYtK6hfOYE/gB9/gArjo7f</latexit>

e

<latexit sha1_base64="j9fyxLU2k/RvnND+tDXYibK/bXc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqYn9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9Zs8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMwZjPE=</latexit>

e

<latexit sha1_base64="j9fyxLU2k/RvnND+tDXYibK/bXc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqYn9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9Zs8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMwZjPE=</latexit>

Light dark matter and mediator below GeV 
scale are favored for XENON1T excess.

[HML, 2020]

<latexit sha1_base64="lgqnejvBwU0hsSeGzXuhcbtQU9E="></latexit>

�̄e '
v2�v
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⇡m4
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<latexit sha1_base64="aKXG1rthN6HgXUlcrIra36QTR/g="></latexit>
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⇣v�gZ0
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10�4e
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me

⌘2
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Bounds on ExoDM
• The axial vector coupling for electron can lead 

the heavier state to decay into two photons:

-21-

• Accompanying neutrino coupling opens up 
neutrino decay channels:

Diffuse X-ray: ⌧�1 & 1024 sec

<latexit sha1_base64="6eD7baNkncP4Z8Zv33tedw8ER+M=">AAACEHicbVDLSsNAFJ34rPUVdelmsIgupCSloG6k4MZlBfuAJobJdNoOnUnCzI1QQj7Bjb/ixoUibl2682+cPhbaemDgcM653LknTATX4Djf1tLyyuraemGjuLm1vbNr7+03dZwqyho0FrFqh0QzwSPWAA6CtRPFiAwFa4XD67HfemBK8zi6g1HCfEn6Ee9xSsBIgX3iAUmDzKMDHri51wcTldh17rNKNffOMk9JrBnNA7vklJ0J8CJxZ6SEZqgH9pfXjWkqWQRUEK07rpOAnxEFnAqWF71Us4TQIemzjqERkUz72eSgHB8bpYt7sTIvAjxRf09kRGo9kqFJSgIDPe+Nxf+8Tgq9Cz/jUZICi+h0US8VGGI8bgd3uWIUxMgQQhU3f8V0QBShYDosmhLc+ZMXSbNSdqvly9tqqXY1q6OADtEROkUuOkc1dIPqqIEoekTP6BW9WU/Wi/VufUyjS9Zs5gD9gfX5AxKNnJs=</latexit>

Z 0

<latexit sha1_base64="bPKz5oW9QwfQJj9VqpsXwUOcbAQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexKQL1IwIvHKOaBSQizk95kyOzsMjMrhCV/4MWDIl79I2/+jZNkD5pY0FBUddPd5ceCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItXyqUXCJdcONwFaskIa+wKY/upn6zSdUmkfywYxj7IZ0IHnAGTVWun887RVLbtmdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjq7dEJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCS67KZdxYlCy+aIgEcREZPo26XOFzIixJZQpbm8lbEgVZcaGU7AheIsvL5PGedmrlK/uKqXqdRZHHo7gGM7Agwuowi3UoA4MAniGV3hzRs6L8+58zFtzTjZzCH/gfP4AG9aNFw==</latexit>

�

<latexit sha1_base64="EnsJG0WL723gDAXTuyMf/glzamk=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQL1IwIvHCOYByRJ6J7PJmHksM7NCWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUE9okiivdicBQziRtWmY57SSagog4bUfj25nffqLaMCUf7CShoYChZDEjYJ3U6g1BCOiXK37VnwOvkiAnFZSj0S9/9QaKpIJKSzgY0w38xIYZaMsIp9NSLzU0ATKGIe06KkFQE2bza6f4zCkDHCvtSlo8V39PZCCMmYjIdQqwI7PszcT/vG5q46swYzJJLZVksShOObYKz17HA6YpsXziCBDN3K2YjEADsS6gkgshWH55lbQuqkGten1fq9Rv8jiK6ASdonMUoEtUR3eogZqIoEf0jF7Rm6e8F+/d+1i0Frx85hj9gff5A4mXjx0=</latexit>

�

<latexit sha1_base64="EnsJG0WL723gDAXTuyMf/glzamk=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQL1IwIvHCOYByRJ6J7PJmHksM7NCWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUE9okiivdicBQziRtWmY57SSagog4bUfj25nffqLaMCUf7CShoYChZDEjYJ3U6g1BCOiXK37VnwOvkiAnFZSj0S9/9QaKpIJKSzgY0w38xIYZaMsIp9NSLzU0ATKGIe06KkFQE2bza6f4zCkDHCvtSlo8V39PZCCMmYjIdQqwI7PszcT/vG5q46swYzJJLZVksShOObYKz17HA6YpsXziCBDN3K2YjEADsS6gkgshWH55lbQuqkGten1fq9Rv8jiK6ASdonMUoEtUR3eogZqIoEf0jF7Rm6e8F+/d+1i0Frx85hj9gff5A4mXjx0=</latexit>

�1

<latexit sha1_base64="9d4y4s/HA81xjU9lFMLgeOQ++6E=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb1IwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDvz209MG67kg50kLIjJUPKIU2Kd1OrREe/7/XLFq3pz4FXi56QCORr98ldvoGgaM2mpIMZ0fS+xQUa05VSwaamXGpYQOiZD1nVUkpiZIJtfO8VnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6R1UfVr1ev7WqV+k8dRhBM4hXPw4RLqcAcNaAKFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAqCo7e</latexit>

�2

<latexit sha1_base64="Sj2qz6i7OQ0BzJVbYO6UBbt63cI=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld1SUC9S8OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwkRwYz3vG62tb2xubRd2irt7+weHpaPjllGppqxJlVC6ExLDBJesabkVrJNoRuJQsHY4vp357SemDVfywU4SFsRkKHnEKbFOavXoiPer/VLZq3hz4FXi56QMORr90ldvoGgaM2mpIMZ0fS+xQUa05VSwabGXGpYQOiZD1nVUkpiZIJtfO8XnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBFV0I/vLLq6RVrfi1yvV9rVy/yeMowCmcwQX4cAl1uIMGNIHCIzzDK7whhV7QO/pYtK6hfOYE/gB9/gArjo7f</latexit>

Z 0

<latexit sha1_base64="bPKz5oW9QwfQJj9VqpsXwUOcbAQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexKQL1IwIvHKOaBSQizk95kyOzsMjMrhCV/4MWDIl79I2/+jZNkD5pY0FBUddPd5ceCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItXyqUXCJdcONwFaskIa+wKY/upn6zSdUmkfywYxj7IZ0IHnAGTVWun887RVLbtmdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjq7dEJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCS67KZdxYlCy+aIgEcREZPo26XOFzIixJZQpbm8lbEgVZcaGU7AheIsvL5PGedmrlK/uKqXqdRZHHo7gGM7Agwuowi3UoA4MAniGV3hzRs6L8+58zFtzTjZzCH/gfP4AG9aNFw==</latexit>

�1

<latexit sha1_base64="9d4y4s/HA81xjU9lFMLgeOQ++6E=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb1IwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDvz209MG67kg50kLIjJUPKIU2Kd1OrREe/7/XLFq3pz4FXi56QCORr98ldvoGgaM2mpIMZ0fS+xQUa05VSwaamXGpYQOiZD1nVUkpiZIJtfO8VnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6R1UfVr1ev7WqV+k8dRhBM4hXPw4RLqcAcNaAKFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAqCo7e</latexit>

�2

<latexit sha1_base64="Sj2qz6i7OQ0BzJVbYO6UBbt63cI=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld1SUC9S8OKxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwkRwYz3vG62tb2xubRd2irt7+weHpaPjllGppqxJlVC6ExLDBJesabkVrJNoRuJQsHY4vp357SemDVfywU4SFsRkKHnEKbFOavXoiPer/VLZq3hz4FXi56QMORr90ldvoGgaM2mpIMZ0fS+xQUa05VSwabGXGpYQOiZD1nVUkpiZIJtfO8XnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBFV0I/vLLq6RVrfi1yvV9rVy/yeMowCmcwQX4cAl1uIMGNIHCIzzDK7whhV7QO/pYtK6hfOYE/gB9/gArjo7f</latexit>

⌫

<latexit sha1_base64="DUUOTsqa57PPQgXW9s+phdZva20=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfy0UwS9CM6lDzkjBorPfRk2i9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6R1UfVq1ev7WqV+k8dRhBM4hXPw4BLqcAcNaAKDITzDK7w5wnlx3p2PRWvByWeO4Q+czx9hj43f</latexit>

⌫̄

<latexit sha1_base64="bV4wxHeyhe3bvheXqeJG0LW/e4U=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfshTSib7aZdursJuxuhhP4KLx4U8erP8ea/cZvmoK0PBh7vzTAzL0w408Z1v53S2vrG5lZ5u7Kzu7d/UD086ug4VYS2Scxj1QuxppxJ2jbMcNpLFMUi5LQbTm7nfveJKs1i+WCmCQ0EHkkWMYKNlR4zP8TKl+lsUK25dTcHWiVeQWpQoDWofvnDmKSCSkM41rrvuYkJMqwMI5zOKn6qaYLJBI9o31KJBdVBlh88Q2dWGaIoVrakQbn6eyLDQuupCG2nwGasl725+J/XT010FWRMJqmhkiwWRSlHJkbz79GQKUoMn1qCiWL2VkTGWGFibEYVG4K3/PIq6VzUvUb9+r5Ra94UcZThBE7hHDy4hCbcQQvaQEDAM7zCm6OcF+fd+Vi0lpxi5hj+wPn8ASSgkKQ=</latexit>

e

<latexit sha1_base64="j9fyxLU2k/RvnND+tDXYibK/bXc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqYn9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9Zs8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMwZjPE=</latexit>

e

<latexit sha1_base64="j9fyxLU2k/RvnND+tDXYibK/bXc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqYn9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9Zs8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMwZjPE=</latexit>

e

<latexit sha1_base64="j9fyxLU2k/RvnND+tDXYibK/bXc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqYn9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9Zs8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMwZjPE=</latexit>

E⌫ ⇠ keV

<latexit sha1_base64="W8iNCobj+WOFQtMF58hOiZYcFvg=">AAAB/HicbVBNSwMxEJ2tX7V+rfboJVgET2VXCupFCiJ4rGA/oLuUbJq2oUl2SbJCWepf8eJBEa/+EG/+G9N2D9r6YODx3gwz86KEM20879sprK1vbG4Vt0s7u3v7B+7hUUvHqSK0SWIeq06ENeVM0qZhhtNOoigWEaftaHwz89uPVGkWywczSWgo8FCyASPYWKnnlm97gUwDzQTKAiXQmLamPbfiVb050Crxc1KBHI2e+xX0Y5IKKg3hWOuu7yUmzLAyjHA6LQWppgkmYzykXUslFlSH2fz4KTq1Sh8NYmVLGjRXf09kWGg9EZHtFNiM9LI3E//zuqkZXIYZk0lqqCSLRYOUIxOjWRKozxQlhk8swUQxeysiI6wwMTavkg3BX355lbTOq36tenVfq9Sv8ziKcAwncAY+XEAd7qABTSAwgWd4hTfnyXlx3p2PRWvByWfK8AfO5w9TBpSS</latexit>

⌧�1 & 1024 sec

<latexit sha1_base64="6eD7baNkncP4Z8Zv33tedw8ER+M=">AAACEHicbVDLSsNAFJ34rPUVdelmsIgupCSloG6k4MZlBfuAJobJdNoOnUnCzI1QQj7Bjb/ixoUibl2682+cPhbaemDgcM653LknTATX4Djf1tLyyuraemGjuLm1vbNr7+03dZwqyho0FrFqh0QzwSPWAA6CtRPFiAwFa4XD67HfemBK8zi6g1HCfEn6Ee9xSsBIgX3iAUmDzKMDHri51wcTldh17rNKNffOMk9JrBnNA7vklJ0J8CJxZ6SEZqgH9pfXjWkqWQRUEK07rpOAnxEFnAqWF71Us4TQIemzjqERkUz72eSgHB8bpYt7sTIvAjxRf09kRGo9kqFJSgIDPe+Nxf+8Tgq9Cz/jUZICi+h0US8VGGI8bgd3uWIUxMgQQhU3f8V0QBShYDosmhLc+ZMXSbNSdqvly9tqqXY1q6OADtEROkUuOkc1dIPqqIEoekTP6BW9WU/Wi/VufUyjS9Zs5gD9gfX5AxKNnJs=</latexit>

cf. Super-K:

⌧�1 > tU :

<latexit sha1_base64="8/DRHqtziVprnOT4FQ2SVB9GlqY=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi+FiUghuXFUxbaEKYTCft0MmDmRuxhPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPUEquALL+jYqa+sbm1vV7drO7t7+gXlY76okk5Q5NBGJ7AdEMcFj5gAHwfqpZCQKBOsFk9uZ33tkUvEkfoBpyryIjGIeckpAS75Zd4Fkfu7SMfftogW+c+ObDatpzYFXiV2SBirR8c0vd5jQLGIxUEGUGthWCl5OJHAqWFFzM8VSQidkxAaaxiRiysvntxf4VCtDHCZSVwx4rv6eyEmk1DQKdGdEYKyWvZn4nzfIILzych6nGbCYLhaFmcCQ4FkQeMgloyCmmhAqub4V0zGRhIKOq6ZDsJdfXiXd86Z90by+v2i0W2UcVXSMTtAZstElaqM71EEOougJPaNX9GYUxovxbnwsWitGOXOE/sD4/AGS45Qk</latexit>

, E⌫ & 0.1GeV

<latexit sha1_base64="KD8A29erLRsCYCqV9oFOm8ZrQ+8=">AAACCXicbVDNS8MwHE39nPOr6tFLcAgeRmlloF5kIKLHCe4D1lLSLN3CkrQkqTDKrl78V7x4UMSr/4E3/xuzrQfdfCHweO/9SH4vShlV2nW/raXlldW19dJGeXNre2fX3ttvqSSTmDRxwhLZiZAijArS1FQz0kklQTxipB0NryZ++4FIRRNxr0cpCTjqCxpTjLSRQhtWfXOuQ19kfl+bHIeu4/nV3Jcc3pDWOLQrruNOAReJV5AKKNAI7S+/l+CME6ExQ0p1PTfVQY6kppiRcdnPFEkRHqI+6RoqECcqyKebjOGxUXowTqS5QsOp+nsiR1ypEY9MkiM9UPPeRPzP62Y6Pg9yKtJME4FnD8UZgzqBk1pgj0qCNRsZgrCk5q8QD5BEWJvyyqYEb37lRdI6dbyac3FXq9QvizpK4BAcgRPggTNQB7egAZoAg0fwDF7Bm/VkvVjv1scsumQVMwfgD6zPH9/emJA=</latexit>



Dark matter relic density
• ExoDM can annihilate into a pair of electrons 

or neutrinos, and a pair of Z’ gauge bosons.

-22-

�1

<latexit sha1_base64="9d4y4s/HA81xjU9lFMLgeOQ++6E=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb1IwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDvz209MG67kg50kLIjJUPKIU2Kd1OrREe/7/XLFq3pz4FXi56QCORr98ldvoGgaM2mpIMZ0fS+xQUa05VSwaamXGpYQOiZD1nVUkpiZIJtfO8VnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6R1UfVr1ev7WqV+k8dRhBM4hXPw4RLqcAcNaAKFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAqCo7e</latexit>

�̄2

<latexit sha1_base64="oZioITOwfDX4XWkCquwB/Ku/pdI=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyGgHqRgBePEcwDskuYncwmQ2Znl5leISz5DS8eFPHqz3jzb5w8DppY0FBUddPdFaZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOMtlshEd0NquBSKt1Cg5N1UcxqHknfC8d3M7zxxbUSiHnGS8iCmQyUiwShayc/9kGqfjcS0X+uXK27VnYOsE29JKrBEs1/+8gcJy2KukElqTM9zUwxyqlEwyaclPzM8pWxMh7xnqaIxN0E+v3lKLqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz6s3E/7xehtF1kAuVZsgVWyyKMkkwIbMAyEBozlBOLKFMC3srYSOqKUMbU8mG4K2+vE7atapXr9481CuN22UcRTiDc7gED66gAffQhBYwSOEZXuHNyZwX5935WLQWnOXMKfyB8/kD9iORpA==</latexit>

e

<latexit sha1_base64="j9fyxLU2k/RvnND+tDXYibK/bXc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqYn9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9Zs8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMwZjPE=</latexit>

ē

<latexit sha1_base64="b5Wlu3Qd4XExxFAVw5dWXxb7U5U=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSib7aRdutnE3Y1QQv+EFw+KePXvePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBordbJeQBXBab9ccavuHGSVeDmpQI5Gv/zVG8QsjVAaJqjWXc9NjJ9RZTgTOC31Uo0JZWM6xK6lkkao/Wx+75ScWWVAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE175GZdJalCyxaIwFcTEZPY8GXCFzIiJJZQpbm8lbEQVZcZGVLIheMsvr5LWRdWrVa/va5X6TR5HEU7gFM7Bg0uowx00oAkMBDzDK7w5j86L8+58LFoLTj5zDH/gfP4A4dyP4A==</latexit>

�1,2

<latexit sha1_base64="OGT9CQ8qDNzct8oNhWNIfFfUDKE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgQcJuCKgXCXjxGME8MFnC7GSSDJmdXWZ6hbDkL7x4UMSrf+PNv3GS7EETCxqKqm66u4JYCoOu++3k1tY3Nrfy24Wd3b39g+LhUdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6d+a0nro2I1ANOYu6HdKjEQDCKVnrsspHopd5FZdorltyyOwdZJV5GSpCh3it+dfsRS0KukElqTMdzY/RTqlEwyaeFbmJ4TNmYDnnHUkVDbvx0fvGUnFmlTwaRtqWQzNXfEykNjZmEge0MKY7MsjcT//M6CQ6u/FSoOEGu2GLRIJEEIzJ7n/SF5gzlxBLKtLC3EjaimjK0IRVsCN7yy6ukWSl71fL1fbVUu8niyMMJnMI5eHAJNbiDOjSAgYJneIU3xzgvzrvzsWjNOdnMMfyB8/kDzwmQXA==</latexit>

Z 0

<latexit sha1_base64="bPKz5oW9QwfQJj9VqpsXwUOcbAQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexKQL1IwIvHKOaBSQizk95kyOzsMjMrhCV/4MWDIl79I2/+jZNkD5pY0FBUddPd5ceCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItXyqUXCJdcONwFaskIa+wKY/upn6zSdUmkfywYxj7IZ0IHnAGTVWun887RVLbtmdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjq7dEJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCS67KZdxYlCy+aIgEcREZPo26XOFzIixJZQpbm8lbEgVZcaGU7AheIsvL5PGedmrlK/uKqXqdRZHHo7gGM7Agwuowi3UoA4MAniGV3hzRs6L8+58zFtzTjZzCH/gfP4AG9aNFw==</latexit>

Z 0

<latexit sha1_base64="bPKz5oW9QwfQJj9VqpsXwUOcbAQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexKQL1IwIvHKOaBSQizk95kyOzsMjMrhCV/4MWDIl79I2/+jZNkD5pY0FBUddPd5ceCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItXyqUXCJdcONwFaskIa+wKY/upn6zSdUmkfywYxj7IZ0IHnAGTVWun887RVLbtmdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjq7dEJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCS67KZdxYlCy+aIgEcREZPo26XOFzIixJZQpbm8lbEgVZcaGU7AheIsvL5PGedmrlK/uKqXqdRZHHo7gGM7Agwuowi3UoA4MAniGV3hzRs6L8+58zFtzTjZzCH/gfP4AG9aNFw==</latexit>

�2,1

<latexit sha1_base64="FypPnE4I2LHsrtPYdS91gZm1tZI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgQcJuCKgXCXjxGME8MFnC7GSSDJmdXWZ6hbDkL7x4UMSrf+PNv3GS7EETCxqKqm66u4JYCoOu++3k1tY3Nrfy24Wd3b39g+LhUdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6d+a0nro2I1ANOYu6HdKjEQDCKVnrsspHopZULb9orltyyOwdZJV5GSpCh3it+dfsRS0KukElqTMdzY/RTqlEwyaeFbmJ4TNmYDnnHUkVDbvx0fvGUnFmlTwaRtqWQzNXfEykNjZmEge0MKY7MsjcT//M6CQ6u/FSoOEGu2GLRIJEEIzJ7n/SF5gzlxBLKtLC3EjaimjK0IRVsCN7yy6ukWSl71fL1fbVUu8niyMMJnMI5eHAJNbiDOjSAgYJneIU3xzgvzrvzsWjNOdnMMfyB8/kDzwuQXA==</latexit>

�̄1,2

<latexit sha1_base64="ia4ZJlFilY3j6rfW0Rf7KqeHUgE=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg5SkFNSLFLx4rGA/oAlhs920SzebsLsplNB/4sWDIl79J978N27bHLT1wcDjvRlm5oUpZ0o7zrdV2tjc2t4p71b29g8Oj+zjk45KMklomyQ8kb0QK8qZoG3NNKe9VFIch5x2w/H93O9OqFQsEU96mlI/xkPBIkawNlJg27kXYumREZsFuXtVnwV21ak5C6B14hakCgVagf3lDRKSxVRowrFSfddJtZ9jqRnhdFbxMkVTTMZ4SPuGChxT5eeLy2fowigDFCXSlNBoof6eyHGs1DQOTWeM9UitenPxP6+f6ejGz5lIM00FWS6KMo50guYxoAGTlGg+NQQTycytiIywxESbsComBHf15XXSqdfcRu32sVFt3hVxlOEMzuESXLiGJjxAC9pAYALP8ApvVm69WO/Wx7K1ZBUzp/AH1ucPG+STUg==</latexit>

Z 0

<latexit sha1_base64="bPKz5oW9QwfQJj9VqpsXwUOcbAQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexKQL1IwIvHKOaBSQizk95kyOzsMjMrhCV/4MWDIl79I2/+jZNkD5pY0FBUddPd5ceCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItXyqUXCJdcONwFaskIa+wKY/upn6zSdUmkfywYxj7IZ0IHnAGTVWun887RVLbtmdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjq7dEJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCS67KZdxYlCy+aIgEcREZPo26XOFzIixJZQpbm8lbEgVZcaGU7AheIsvL5PGedmrlK/uKqXqdRZHHo7gGM7Agwuowi3UoA4MAniGV3hzRs6L8+58zFtzTjZzCH/gfP4AG9aNFw==</latexit>

, ⌫

<latexit sha1_base64="4JEA99LZrE2+ZEpCjX2c4W/vnZU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBQym7UlAvUvDisYL9gO5Ssmm2jc0mS5IVytL/4MWDIl79P978N6btHrT1wcDjvRlm5oUJZ9q47rdTWFvf2Nwqbpd2dvf2D8qHR20tU0Voi0guVTfEmnImaMsww2k3URTHIaedcHw78ztPVGkmxYOZJDSI8VCwiBFsrNSu+lVfpP1yxa25c6BV4uWkAjma/fKXP5AkjakwhGOte56bmCDDyjDC6bTkp5ommIzxkPYsFTimOsjm107RmVUGKJLKljBorv6eyHCs9SQObWeMzUgvezPxP6+XmugqyJhIUkMFWSyKUo6MRLPX0YApSgyfWIKJYvZWREZYYWJsQCUbgrf88ippX9S8eu36vl5p3ORxFOEETuEcPLiEBtxBE1pA4BGe4RXeHOm8OO/Ox6K14OQzx/AHzucP4/yOsQ==</latexit>

, ⌫̄

<latexit sha1_base64="3aVVynvY7ELggZk2vcHwC+0zWrI=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgIYRdCUQvEvDiMYJ5QHYJs5PZZMjs7DIPISz5DS8eFPHqz3jzb5wke9DEgoaiqpvurjDlTGnX/XYKG5tb2zvF3dLe/sHhUfn4pKMSIwltk4QnshdiRTkTtK2Z5rSXSorjkNNuOLmb+90nKhVLxKOepjSI8UiwiBGsreRX/Wrmh1j6wswG5YpbcxdA68TLSQVytAblL3+YEBNToQnHSvU9N9VBhqVmhNNZyTeKpphM8Ij2LRU4pirIFjfP0IVVhihKpC2h0UL9PZHhWKlpHNrOGOuxWvXm4n9e3+joOsiYSI2mgiwXRYYjnaB5AGjIJCWaTy3BRDJ7KyJjLDHRNqaSDcFbfXmddK5qXr1281CvNG/zOIpwBudwCR40oAn30II2EEjhGV7hzTHOi/PufCxbC04+cwp/4Hz+AKtpkXY=</latexit>

h�vi�1�̄1,�2�̄2!Z0Z0 =
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◆3/2

,

<latexit sha1_base64="A8KAHh9vhFJQkZWSmsNRahh0tZw="></latexit>

{

<latexit sha1_base64="brqAyFhAG8R5PJnWMhyreT0uNKo=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjFfsBbSib7aRdutmE3Y1QQv+BFw+KePUfefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfy0UwS9CM6lDzkjBorPfSyfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzSKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPIzLpPUoGSLRWEqiInJ7G0y4AqZERNLKFPc3krYiCrKjA2nZEPwll9eJa2LqlerXt/XKvWbPI4inMApnIMHl1CHO2hAExiE8Ayv8OaMnRfn3flYtBacfOYY/sD5/AGeMI1t</latexit>

(neq
Z0)2

neq
�1n

eq
�2

h�viZ0Z0!�1�̄1,�2�̄2 ,

<latexit sha1_base64="1xqVkJjZoqciCP2v3xnAfp7wJ+M="></latexit>

m�1 > mZ0 ,

<latexit sha1_base64="NAzeyEqMG+zimhvtbn74qn7UXjQ=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpJlhEF1ISKaibUnDjsoK9YBvCZDpph85MwsxELCGv4saFIm59EXe+jdPLQlt/GPj4zzmcM3+YMKq0635bK6tr6xubha3i9s7u3r59UGqpOJWYNHHMYtkJkSKMCtLUVDPSSSRBPGSkHY5uJvX2I5GKxuJejxPiczQQNKIYaWMFdokHWQ8PaeDlNYMPp/l5YJfdijuVswzeHMowVyOwv3r9GKecCI0ZUqrruYn2MyQ1xYzkxV6qSILwCA1I16BAnCg/m96eOyfG6TtRLM0T2pm6vycyxJUa89B0cqSHarE2Mf+rdVMdXfkZFUmqicCzRVHKHB07kyCcPpUEazY2gLCk5lYHD5FEWJu4iiYEb/HLy9C6qHjVyvVdtVyvzeMowBEcwxl4cAl1uIUGNAHDEzzDK7xZufVivVsfs9YVaz5zCH9kff4AUeWT+g==</latexit>

m�1 < mZ0 .

<latexit sha1_base64="83Pi28XSTIecKeaj9cHmXUvjuA8=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiugqJFFQQKbhxWcFesA1hMp20Q2cmYWYilpBXceNCEbe+iDvfxmmbhbb+MPDxn3M4Z/4wYVRp1/22Siura+sb5c3K1vbO7p69X22rOJWYtHDMYtkNkSKMCtLSVDPSTSRBPGSkE45vpvXOI5GKxuJeTxLiczQUNKIYaWMFdpUHWR+PaODlVwYfTnInsGuu484El8EroAYKNQP7qz+IccqJ0JghpXqem2g/Q1JTzEhe6aeKJAiP0ZD0DArEifKz2e05PDbOAEaxNE9oOHN/T2SIKzXhoenkSI/UYm1q/lfrpTq68DMqklQTgeeLopRBHcNpEHBAJcGaTQwgLKm5FeIRkghrE1fFhOAtfnkZ2meOV3cu7+q1xnURRxkcgiNwCjxwDhrgFjRBC2DwBJ7BK3izcuvFerc+5q0lq5g5AH9kff4AUdeT+g==</latexit>

“forbidden channels”

' 2⌦�1h
2

<latexit sha1_base64="RcFIcw27vrZ4wMJit520TRp1Wr0=">AAACBnicbVBNS8NAEN34WetX1aMIi0XwICUpBfUiBS/erGA/oIlhs522S3eTuLsRSujJi3/FiwdFvPobvPlv3LY5aOuDgcd7M8zMC2LOlLbtb2thcWl5ZTW3ll/f2NzaLuzsNlSUSAp1GvFItgKigLMQ6pppDq1YAhEBh2YwuBz7zQeQikXhrR7G4AnSC1mXUaKN5BcOXMUE3OOye+JeC+gRP3Vpn/nOCPfvyn6haJfsCfA8cTJSRBlqfuHL7UQ0ERBqyolSbceOtZcSqRnlMMq7iYKY0AHpQdvQkAhQXjp5Y4SPjNLB3UiaCjWeqL8nUiKUGorAdAqi+2rWG4v/ee1Ed8+8lIVxoiGk00XdhGMd4XEmuMMkUM2HhhAqmbkV0z6RhGqTXN6E4My+PE8a5ZJTKZ3fVIrViyyOHNpHh+gYOegUVdEVqqE6ougRPaNX9GY9WS/Wu/UxbV2wspk99AfW5w+wrpf+</latexit>



Late ExoDM decoupling
• Heavier DM keeps annihilating into lighter DM.

-23-

�1

<latexit sha1_base64="9d4y4s/HA81xjU9lFMLgeOQ++6E=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb1IwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDvz209MG67kg50kLIjJUPKIU2Kd1OrREe/7/XLFq3pz4FXi56QCORr98ldvoGgaM2mpIMZ0fS+xQUa05VSwaamXGpYQOiZD1nVUkpiZIJtfO8VnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6R1UfVr1ev7WqV+k8dRhBM4hXPw4RLqcAcNaAKFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAqCo7e</latexit>

�̄2

<latexit sha1_base64="oZioITOwfDX4XWkCquwB/Ku/pdI=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyGgHqRgBePEcwDskuYncwmQ2Znl5leISz5DS8eFPHqz3jzb5w8DppY0FBUddPdFaZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOMtlshEd0NquBSKt1Cg5N1UcxqHknfC8d3M7zxxbUSiHnGS8iCmQyUiwShayc/9kGqfjcS0X+uXK27VnYOsE29JKrBEs1/+8gcJy2KukElqTM9zUwxyqlEwyaclPzM8pWxMh7xnqaIxN0E+v3lKLqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz6s3E/7xehtF1kAuVZsgVWyyKMkkwIbMAyEBozlBOLKFMC3srYSOqKUMbU8mG4K2+vE7atapXr9481CuN22UcRTiDc7gED66gAffQhBYwSOEZXuHNyZwX5935WLQWnOXMKfyB8/kD9iORpA==</latexit>

<latexit sha1_base64="NwwpEBPQRJcltuoeZLDfQoDy384=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvHisYD+gCWWznbRLN5uwuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwlRwbVz32ymtrW9sbpW3Kzu7e/sH1cOjtk4yxbDFEpGobkg1Ci6xZbgR2E0V0jgU2AnHdzO/84RK80Q+mkmKQUyHkkecUWMlP/dDqnw24tO+16/W3Lo7B1klXkFqUKDZr375g4RlMUrDBNW657mpCXKqDGcCpxU/05hSNqZD7FkqaYw6yOc3T8mZVQYkSpQtachc/T2R01jrSRzazpiakV72ZuJ/Xi8z0U2Qc5lmBiVbLIoyQUxCZgGQAVfIjJhYQpni9lbCRlRRZmxMFRuCt/zyKmlf1L2ruvtwWWvcFnGU4QRO4Rw8uIYG3EMTWsAghWd4hTcnc16cd+dj0Vpyiplj+APn8wfyEZGb</latexit>

�̄1

<latexit sha1_base64="HsVClWKURXlAK9O+hhXqeMFL1YE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoicpePFYwX5AG8pmO2mXbjZxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKnazHRnzar/XLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/m907JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGbPkwFXyIyYWEKZ4vZWwkZUUWZsRCUbgrf88ipp1areZdW9v6jUb/I4inACp3AOHlxBHe6gAU1gIOAZXuHNeXRenHfnY9FacPKZY/gD5/MH8LSP4w==</latexit>�2

Heavier component must be decoupled at

Z 0

<latexit sha1_base64="bPKz5oW9QwfQJj9VqpsXwUOcbAQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexKQL1IwIvHKOaBSQizk95kyOzsMjMrhCV/4MWDIl79I2/+jZNkD5pY0FBUddPd5ceCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItXyqUXCJdcONwFaskIa+wKY/upn6zSdUmkfywYxj7IZ0IHnAGTVWun887RVLbtmdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjq7dEJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCS67KZdxYlCy+aIgEcREZPo26XOFzIixJZQpbm8lbEgVZcaGU7AheIsvL5PGedmrlK/uKqXqdRZHHo7gGM7Agwuowi3UoA4MAniGV3hzRs6L8+58zFtzTjZzCH/gfP4AG9aNFw==</latexit>

�1

<latexit sha1_base64="9d4y4s/HA81xjU9lFMLgeOQ++6E=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb1IwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDvz209MG67kg50kLIjJUPKIU2Kd1OrREe/7/XLFq3pz4FXi56QCORr98ldvoGgaM2mpIMZ0fS+xQUa05VSwaamXGpYQOiZD1nVUkpiZIJtfO8VnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6R1UfVr1ev7WqV+k8dRhBM4hXPw4RLqcAcNaAKFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAqCo7e</latexit>

<latexit sha1_base64="HsVClWKURXlAK9O+hhXqeMFL1YE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoicpePFYwX5AG8pmO2mXbjZxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKnazHRnzar/XLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/m907JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGbPkwFXyIyYWEKZ4vZWwkZUUWZsRCUbgrf88ipp1areZdW9v6jUb/I4inACp3AOHlxBHe6gAU1gIOAZXuHNeXRenHfnY9FacPKZY/gD5/MH8LSP4w==</latexit>�2

Z 0

<latexit sha1_base64="bPKz5oW9QwfQJj9VqpsXwUOcbAQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexKQL1IwIvHKOaBSQizk95kyOzsMjMrhCV/4MWDIl79I2/+jZNkD5pY0FBUddPd5ceCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItXyqUXCJdcONwFaskIa+wKY/upn6zSdUmkfywYxj7IZ0IHnAGTVWun887RVLbtmdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjq7dEJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCS67KZdxYlCy+aIgEcREZPo26XOFzIixJZQpbm8lbEgVZcaGU7AheIsvL5PGedmrlK/uKqXqdRZHHo7gGM7Agwuowi3UoA4MAniGV3hzRs6L8+58zFtzTjZzCH/gfP4AG9aNFw==</latexit>

�1

<latexit sha1_base64="9d4y4s/HA81xjU9lFMLgeOQ++6E=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb1IwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDvz209MG67kg50kLIjJUPKIU2Kd1OrREe/7/XLFq3pz4FXi56QCORr98ldvoGgaM2mpIMZ0fS+xQUa05VSwaamXGpYQOiZD1nVUkpiZIJtfO8VnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6R1UfVr1ev7WqV+k8dRhBM4hXPw4RLqcAcNaAKFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAqCo7e</latexit>

<latexit sha1_base64="HsVClWKURXlAK9O+hhXqeMFL1YE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoicpePFYwX5AG8pmO2mXbjZxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKnazHRnzar/XLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/m907JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGbPkwFXyIyYWEKZ4vZWwkZUUWZsRCUbgrf88ipp1areZdW9v6jUb/I4inACp3AOHlxBHe6gAU1gIOAZXuHNeXRenHfnY9FacPKZY/gD5/MH8LSP4w==</latexit>�2

<latexit sha1_base64="N2KCdTK4RdpNozY3j7+vrJP7IPo=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgKiSi6EoKunBZoS9oQphMp+3QmSTM3AglFDf+ihsXirj1K9z5N07bLLT1wMDhnHO5c0+UCq7Bdb+tpeWV1bX10kZ5c2t7Z9fe22/qJFOUNWgiEtWOiGaCx6wBHARrp4oRGQnWioY3E7/1wJTmSVyHUcoCSfox73FKwEihfVgPc58O+Njvg0lJ7N8yAQRLJ7QrruNOgReJV5AKKlAL7S+/m9BMshioIFp3PDeFICcKOBVsXPYzzVJCh6TPOobGRDId5NMTxvjEKF3cS5R5MeCp+nsiJ1LrkYxMUhIY6HlvIv7ndTLoXQU5j9MMWExni3qZwJDgSR+4yxWjIEaGEKq4+SumA6IIBdNa2ZTgzZ+8SJpnjnfhuPfnlep1UUcJHaFjdIo8dImq6A7VUANR9Iie0St6s56sF+vd+phFl6xi5gD9gfX5A7HklvM=</latexit>

T� & �m.

<latexit sha1_base64="yb0YOlFoAG5ypuzJEAB/mUZM94o="></latexit>

T� =
T 2

Tkd
, Tkd ⇠ MeV.Here, “Kinetic decoupling temp”

Otherwise, Boltzmann suppressed:
<latexit sha1_base64="SS+6l0Xwxw7KD4uxxyx53XsTg3Q=">AAACFnicbVDLSgMxFM3Ud32NunQTLIILW2eKohtF0IVLBfuATh0y6W0bmskMSUYow3yFG3/FjQtF3Io7/8b0IWjrgcDhnHO5uSeIOVPacb6s3Mzs3PzC4lJ+eWV1bd3e2KyqKJEUKjTikawHRAFnAiqaaQ71WAIJAw61oHcx8Gv3IBWLxK3ux9AMSUewNqNEG8m3i8JPPdplvpudwl1a9C6Ba4LDg9uRnmXe/k+knPl2wSk5Q+Bp4o5JAY1x7dufXiuiSQhCU06UarhOrJspkZpRDlneSxTEhPZIBxqGChKCaqbDszK8a5QWbkfSPKHxUP09kZJQqX4YmGRIdFdNegPxP6+R6PZJM2UiTjQIOlrUTjjWER50hFtMAtW8bwihkpm/YtolklBtmsybEtzJk6dJtVxyj0rOzWHh/GxcxyLaRjtoD7noGJ2jK3SNKoiiB/SEXtCr9Wg9W2/W+yias8YzW+gPrI9vzG2fIg==</latexit>

n�1 = e��m/T� n�2

<latexit sha1_base64="aHthfblCALhDRv1Wpu3DcRJxc8U="></latexit>

T� = �m

✓
1

2⌦�1

◆✓
5⇥ 10�3 GeV�2

h�vi0

◆✓
m�1/�m

4⇥ 104

◆3/2✓�m/2.5 keV

Tkd/1MeV

◆1/2

<latexit sha1_base64="ABA/BWhRD9h/Pv5EnQSbypjj3yw="></latexit>

n�1h�vi�1�̄1!�2�̄2 = H,
<latexit sha1_base64="6047ueTHYcklZaFm+GwpRA6jJ2A=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCh1ISUfRUCnrwWKFf0ISy2W7bpbtJ2J0IJfTkxb/ixYMiXv0N3vw3btsctPXBwOO9GWbmBbHgGhzn28qtrK6tb+Q3C1vbO7t79v5BU0eJoqxBIxGpdkA0EzxkDeAgWDtWjMhAsFYwupn6rQemNI/COoxj5ksyCHmfUwJG6trHqackJjDxSl6p3k09OuSTinfLBBAsu3bRKTsz4GXiZqSIMtS69pfXi2giWQhUEK07rhODnxIFnAo2KXiJZjGhIzJgHUNDIpn209kbE3xqlB7uR8pUCHim/p5IidR6LAPTKQkM9aI3Ff/zOgn0r/2Uh3ECLKTzRf1EYIjwNBPc44pREGNDCFXc3IrpkChCwSRXMCG4iy8vk+Z52b0sO/cXxWoliyOPjtAJOkMuukJVdIdqqIEoekTP6BW9WU/Wi/Vufcxbc1Y2c4j+wPr8ATv7mFE=</latexit>

at T� > �m



Dark matter self-scattering
• Inelastic self-scattering.

-24-

�1

<latexit sha1_base64="9d4y4s/HA81xjU9lFMLgeOQ++6E=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb1IwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDvz209MG67kg50kLIjJUPKIU2Kd1OrREe/7/XLFq3pz4FXi56QCORr98ldvoGgaM2mpIMZ0fS+xQUa05VSwaamXGpYQOiZD1nVUkpiZIJtfO8VnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6R1UfVr1ev7WqV+k8dRhBM4hXPw4RLqcAcNaAKFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAqCo7e</latexit>

�̄2

<latexit sha1_base64="oZioITOwfDX4XWkCquwB/Ku/pdI=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyGgHqRgBePEcwDskuYncwmQ2Znl5leISz5DS8eFPHqz3jzb5w8DppY0FBUddPdFaZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOMtlshEd0NquBSKt1Cg5N1UcxqHknfC8d3M7zxxbUSiHnGS8iCmQyUiwShayc/9kGqfjcS0X+uXK27VnYOsE29JKrBEs1/+8gcJy2KukElqTM9zUwxyqlEwyaclPzM8pWxMh7xnqaIxN0E+v3lKLqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz6s3E/7xehtF1kAuVZsgVWyyKMkkwIbMAyEBozlBOLKFMC3srYSOqKUMbU8mG4K2+vE7atapXr9481CuN22UcRTiDc7gED66gAffQhBYwSOEZXuHNyZwX5935WLQWnOXMKfyB8/kD9iORpA==</latexit>

<latexit sha1_base64="NwwpEBPQRJcltuoeZLDfQoDy384=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvHisYD+gCWWznbRLN5uwuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwlRwbVz32ymtrW9sbpW3Kzu7e/sH1cOjtk4yxbDFEpGobkg1Ci6xZbgR2E0V0jgU2AnHdzO/84RK80Q+mkmKQUyHkkecUWMlP/dDqnw24tO+16/W3Lo7B1klXkFqUKDZr375g4RlMUrDBNW657mpCXKqDGcCpxU/05hSNqZD7FkqaYw6yOc3T8mZVQYkSpQtachc/T2R01jrSRzazpiakV72ZuJ/Xi8z0U2Qc5lmBiVbLIoyQUxCZgGQAVfIjJhYQpni9lbCRlRRZmxMFRuCt/zyKmlf1L2ruvtwWWvcFnGU4QRO4Rw8uIYG3EMTWsAghWd4hTcnc16cd+dj0Vpyiplj+APn8wfyEZGb</latexit>

�̄1

<latexit sha1_base64="HsVClWKURXlAK9O+hhXqeMFL1YE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoicpePFYwX5AG8pmO2mXbjZxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKnazHRnzar/XLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/m907JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGbPkwFXyIyYWEKZ4vZWwkZUUWZsRCUbgrf88ipp1areZdW9v6jUb/I4inACp3AOHlxBHe6gAU1gIOAZXuHNeXRenHfnY9FacPKZY/gD5/MH8LSP4w==</latexit>�2

Z 0

<latexit sha1_base64="bPKz5oW9QwfQJj9VqpsXwUOcbAQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexKQL1IwIvHKOaBSQizk95kyOzsMjMrhCV/4MWDIl79I2/+jZNkD5pY0FBUddPd5ceCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItXyqUXCJdcONwFaskIa+wKY/upn6zSdUmkfywYxj7IZ0IHnAGTVWun887RVLbtmdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjq7dEJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCS67KZdxYlCy+aIgEcREZPo26XOFzIixJZQpbm8lbEgVZcaGU7AheIsvL5PGedmrlK/uKqXqdRZHHo7gGM7Agwuowi3UoA4MAniGV3hzRs6L8+58zFtzTjZzCH/gfP4AG9aNFw==</latexit>

�1

<latexit sha1_base64="9d4y4s/HA81xjU9lFMLgeOQ++6E=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb1IwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDvz209MG67kg50kLIjJUPKIU2Kd1OrREe/7/XLFq3pz4FXi56QCORr98ldvoGgaM2mpIMZ0fS+xQUa05VSwaamXGpYQOiZD1nVUkpiZIJtfO8VnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6R1UfVr1ev7WqV+k8dRhBM4hXPw4RLqcAcNaAKFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAqCo7e</latexit>

<latexit sha1_base64="HsVClWKURXlAK9O+hhXqeMFL1YE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoicpePFYwX5AG8pmO2mXbjZxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKnazHRnzar/XLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/m907JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGbPkwFXyIyYWEKZ4vZWwkZUUWZsRCUbgrf88ipp1areZdW9v6jUb/I4inACp3AOHlxBHe6gAU1gIOAZXuHNeXRenHfnY9FacPKZY/gD5/MH8LSP4w==</latexit>�2

Z 0

<latexit sha1_base64="bPKz5oW9QwfQJj9VqpsXwUOcbAQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexKQL1IwIvHKOaBSQizk95kyOzsMjMrhCV/4MWDIl79I2/+jZNkD5pY0FBUddPd5ceCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItXyqUXCJdcONwFaskIa+wKY/upn6zSdUmkfywYxj7IZ0IHnAGTVWun887RVLbtmdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjq7dEJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCS67KZdxYlCy+aIgEcREZPo26XOFzIixJZQpbm8lbEgVZcaGU7AheIsvL5PGedmrlK/uKqXqdRZHHo7gGM7Agwuowi3UoA4MAniGV3hzRs6L8+58zFtzTjZzCH/gfP4AG9aNFw==</latexit>

�1

<latexit sha1_base64="9d4y4s/HA81xjU9lFMLgeOQ++6E=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb1IwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDvz209MG67kg50kLIjJUPKIU2Kd1OrREe/7/XLFq3pz4FXi56QCORr98ldvoGgaM2mpIMZ0fS+xQUa05VSwaamXGpYQOiZD1nVUkpiZIJtfO8VnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6R1UfVr1ev7WqV+k8dRhBM4hXPw4RLqcAcNaAKFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAqCo7e</latexit>

<latexit sha1_base64="HsVClWKURXlAK9O+hhXqeMFL1YE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoicpePFYwX5AG8pmO2mXbjZxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKnazHRnzar/XLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/m907JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGbPkwFXyIyYWEKZ4vZWwkZUUWZsRCUbgrf88ipp1areZdW9v6jUb/I4inACp3AOHlxBHe6gAU1gIOAZXuHNeXRenHfnY9FacPKZY/gD5/MH8LSP4w==</latexit>�2

�1

<latexit sha1_base64="9d4y4s/HA81xjU9lFMLgeOQ++6E=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb1IwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDvz209MG67kg50kLIjJUPKIU2Kd1OrREe/7/XLFq3pz4FXi56QCORr98ldvoGgaM2mpIMZ0fS+xQUa05VSwaamXGpYQOiZD1nVUkpiZIJtfO8VnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6R1UfVr1ev7WqV+k8dRhBM4hXPw4RLqcAcNaAKFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAqCo7e</latexit>

�̄2

<latexit sha1_base64="oZioITOwfDX4XWkCquwB/Ku/pdI=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyGgHqRgBePEcwDskuYncwmQ2Znl5leISz5DS8eFPHqz3jzb5w8DppY0FBUddPdFaZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOMtlshEd0NquBSKt1Cg5N1UcxqHknfC8d3M7zxxbUSiHnGS8iCmQyUiwShayc/9kGqfjcS0X+uXK27VnYOsE29JKrBEs1/+8gcJy2KukElqTM9zUwxyqlEwyaclPzM8pWxMh7xnqaIxN0E+v3lKLqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz6s3E/7xehtF1kAuVZsgVWyyKMkkwIbMAyEBozlBOLKFMC3srYSOqKUMbU8mG4K2+vE7atapXr9481CuN22UcRTiDc7gED66gAffQhBYwSOEZXuHNyZwX5935WLQWnOXMKfyB8/kD9iORpA==</latexit>

�1

<latexit sha1_base64="9d4y4s/HA81xjU9lFMLgeOQ++6E=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQb1IwYvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b1RYW9/Y3Cpul3Z29/YPyodHLaNSTVmTKqF0JySGCS5Z03IrWCfRjMShYO1wfDvz209MG67kg50kLIjJUPKIU2Kd1OrREe/7/XLFq3pz4FXi56QCORr98ldvoGgaM2mpIMZ0fS+xQUa05VSwaamXGpYQOiZD1nVUkpiZIJtfO8VnThngSGlX0uK5+nsiI7Exkzh0nTGxI7PszcT/vG5qo6sg4zJJLZN0sShKBbYKz17HA64ZtWLiCKGau1sxHRFNqHUBlVwI/vLLq6R1UfVr1ev7WqV+k8dRhBM4hXPw4RLqcAcNaAKFR3iGV3hDCr2gd/SxaC2gfOYY/gB9/gAqCo7e</latexit>

�̄2

<latexit sha1_base64="oZioITOwfDX4XWkCquwB/Ku/pdI=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyGgHqRgBePEcwDskuYncwmQ2Znl5leISz5DS8eFPHqz3jzb5w8DppY0FBUddPdFaZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOMtlshEd0NquBSKt1Cg5N1UcxqHknfC8d3M7zxxbUSiHnGS8iCmQyUiwShayc/9kGqfjcS0X+uXK27VnYOsE29JKrBEs1/+8gcJy2KukElqTM9zUwxyqlEwyaclPzM8pWxMh7xnqaIxN0E+v3lKLqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz6s3E/7xehtF1kAuVZsgVWyyKMkkwIbMAyEBozlBOLKFMC3srYSOqKUMbU8mG4K2+vE7atapXr9481CuN22UcRTiDc7gED66gAffQhBYwSOEZXuHNyZwX5935WLQWnOXMKfyB8/kD9iORpA==</latexit>

Z 0

<latexit sha1_base64="bPKz5oW9QwfQJj9VqpsXwUOcbAQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexKQL1IwIvHKOaBSQizk95kyOzsMjMrhCV/4MWDIl79I2/+jZNkD5pY0FBUddPd5ceCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItXyqUXCJdcONwFaskIa+wKY/upn6zSdUmkfywYxj7IZ0IHnAGTVWun887RVLbtmdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjq7dEJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCS67KZdxYlCy+aIgEcREZPo26XOFzIixJZQpbm8lbEgVZcaGU7AheIsvL5PGedmrlK/uKqXqdRZHHo7gGM7Agwuowi3UoA4MAniGV3hzRs6L8+58zFtzTjZzCH/gfP4AG9aNFw==</latexit>

• Elastic self-scattering.

Velocity-dependent self-scattering!

<latexit sha1_base64="UIk+DVPxGWKspmJDmr5wCQ8PTLg="></latexit>

��1�̄1!�2�̄2 =
1

8⇡

g4Z0m2
�1

m4
Z0

(v4� + 3a4�)
<latexit sha1_base64="CZqoYIApG3XiJzW+Xm5Eh1mNk44="></latexit>

��1�1!�2�2 =
1

16⇡

g4Z0m2
�1

m4
Z0

(v4� + 6a2�v
2
� + 9a4�),

<latexit sha1_base64="Je1zBrr+rxP3RW0/yhlmxB9Af3Y="></latexit>

��1�̄2!�1�̄2 =
g4Z0v2�(v

2
� + a2�)

⇡

m2
�1

(m2
Z0 � 4m2

�1
(1 + v2/4))2 + �2

Z0m2
Z0

10-1 1
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
1

10

mZ'(GeV)

σ s
el
f(c
m
2 /
g)

vχ=-aχ=0.5, gZ'=1, mχ=0.1GeV



XENON1T + relic
• Electron couplings are constrained by visible/invisible 

searches at BaBar, beam dump, meson decays, Belle-2.

mZ0 . 10GeV

<latexit sha1_base64="xDzTZDIni9RtUtNB4wFkYfVA7zQ=">AAACBXicbVA9SwNBEN2LXzF+nVpqsRhECwl3ElAbCVhoGcF8YC6Evc0kWbJ7d+zuCeG4xsa/YmOhiK3/wc5/4ya5QhMfDDzem2Fmnh9xprTjfFu5hcWl5ZX8amFtfWNzy97eqaswlhRqNOShbPpEAWcB1DTTHJqRBCJ8Dg1/eDX2Gw8gFQuDOz2KoC1IP2A9Rok2UsfeF53k/ij1OCilmMCu450knhT4Guppxy46JWcCPE/cjBRRhmrH/vK6IY0FBJpyolTLdSLdTojUjHJIC16sICJ0SPrQMjQgAlQ7mXyR4kOjdHEvlKYCjSfq74mECKVGwjedguiBmvXG4n9eK9a983bCgijWENDpol7MsQ7xOBLcZRKo5iNDCJXM3IrpgEhCtQmuYEJwZ1+eJ/XTklsuXdyWi5XLLI482kMH6Bi56AxV0A2qohqi6BE9o1f0Zj1ZL9a79TFtzVnZzC76A+vzB0XVl8o=</latexit>

|ve|gZ0 . (10�4 � 10�3) e

<latexit sha1_base64="XDEnJUlNogny707fqwUxfQUgezQ=">AAACEXicbVC7SgNBFJ31GeNr1dJmMIgRTNjVgNpIwMYygnlgEpfZyU0yZPbBzGwgbPYXbPwVGwtFbO3s/Bsnj0ITD1zu4Zx7mbnHDTmTyrK+jYXFpeWV1dRaen1jc2vb3NmtyCASFMo04IGouUQCZz6UFVMcaqEA4rkcqm7veuRX+yAkC/w7NQih6ZGOz9qMEqUlx8wO+w4MO058f5Q0OEgpmYeztvUQ5wpJbtzPkuPGCThmxspbY+B5Yk9JBk1RcsyvRiugkQe+opxIWbetUDVjIhSjHJJ0I5IQEtojHahr6hMPZDMeX5TgQ620cDsQunyFx+rvjZh4Ug48V096RHXlrDcS//PqkWpfNGPmh5ECn04eakccqwCP4sEtJoAqPtCEUMH0XzHtEkGo0iGmdQj27MnzpHKatwv5y9tCpng1jSOF9tEByiIbnaMiukElVEYUPaJn9IrejCfjxXg3PiajC8Z0Zw/9gfH5A/QRm8o=</latexit>

• DM relic density & decoupling condition can be satisfied.

ae = v⌫ = a⌫ = 0

<latexit sha1_base64="su9QKD/bZDNOLLlRtHuFFQEOfnI=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEUBeVghuXFewD2hAm02k7dDIJM5NKif0UNy4UceuXuPNvnKZZaOuBezmccy9z5wQxZ0o7zrdVWFvf2Nwqbpd2dvf2D+zyYUtFiSS0SSIeyU6AFeVM0KZmmtNOLCkOA07bwfh27rcnVCoWiQc9jakX4qFgA0awNpJvl7FPaxO/J5Iazrrj2xWn6mRAq8TNSQVyNHz7q9ePSBJSoQnHSnVdJ9ZeiqVmhNNZqZcoGmMyxkPaNVTgkCovzU6foVOj9NEgkqaERpn6eyPFoVLTMDCTIdYjtezNxf+8bqIHV17KRJxoKsjioUHCkY7QPAfUZ5ISzaeGYCKZuRWREZaYaJNWyYTgLn95lbTOq+5F9fr+olK/yeMowjGcwBm4cAl1uIMGNIHAIzzDK7xZT9aL9W59LEYLVr5zBH9gff4AdICTfA==</latexit>

-25-

BaBar

Xenon1t

Relic density

Late decoupling

10-1 1
10-8

10-7

10-6

10-5

10-4

10-3

10-2

mZ'(GeV)

ve

vχ=-aχ=0.5, gZ'=1, mχ=0.3GeV

Xenon1t

Relic density
Late decoupling

10-1 1
10-2

10-1

1

10

mZ'(GeV)

gZ'

vχ=-aχ=0.5, ve=10-5, mχ=0.2GeV

<latexit sha1_base64="Tcqwcgm9qIG1lkEKHj/XKtFoBOk=">AAACE3icbVBNS8MwGE79nPOr6tFLcAgisrVD0Ysy8OJxgvuAtZY0S7ewpC1JKozS/+DFv+LFgyJevXjz35h1PejmA4Enz/O+b/I+fsyoVJb1bSwsLi2vrJbWyusbm1vb5s5uW0aJwKSFIxaJro8kYTQkLUUVI91YEMR9Rjr+6Hridx6IkDQK79Q4Ji5Hg5AGFCOlJc88diQdcOSljuBQjwmyGtcXPKTZpe2c5DLm9/XaIPPMilW1csB5YhekAgo0PfPL6Uc44SRUmCEpe7YVKzdFQlHMSFZ2EklihEdoQHqahogT6ab5Thk81EofBpHQJ1QwV393pIhLOea+ruRIDeWsNxH/83qJCi7clIZxokiIpw8FCYMqgpOAYJ8KghUba4KwoPqvEA+RQFjpGMs6BHt25XnSrlfts6p1e1ppXBVxlMA+OABHwAbnoAFuQBO0AAaP4Bm8gjfjyXgx3o2PaemCUfTsgT8wPn8AdSqd2g==</latexit>

�self/m� = 1 cm2/g
<latexit sha1_base64="W6/5nWmzdmXNqNNPSwbH8ZQKFfs=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBhdSkKLqSghuXFewDmlgm00k7dCYJMxOxhPyKGxeKuPVH3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94vt1ScSkKbJOax7ARYUc4i2tRMc9pJJMUi4LQdjG4mfvuRSsXi6F6PE+oLPIhYyAjWRurZZafquN5p5kmBiHionQ3ynl0x4hRombhzUoE5Gj37y+vHJBU00oRjpbquk2g/w1Izwmle8lJFE0xGeEC7hkZYUOVn09tzdGyUPgpjaSrSaKr+nsiwUGosAtMpsB6qRW8i/ud1Ux1e+RmLklTTiMwWhSlHOkaTIFCfSUo0HxuCiWTmVkSGWGKiTVwlE4K7+PIyadWq7kXVuTuv1K/ncRThEI7gBFy4hDrcQgOaQOAJnuEV3qzcerHerY9Za8GazxzAH1ifP7Zdku8=</latexit>

0.01 cm2/g



Pseudo-Dirac dark matter
• Dark matter = singlet Dirac fermion, vector-like 

under Z’, which is broken by dark Higgs VEV vɸ.

-26-

“Dirac mass” “Majorana masses”

Mass eigenvalues:

Mixing angle:

y1 = y2 :

<latexit sha1_base64="Tarm7gaKeQCt6vuvC0EzfZYW6vE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKoSooBS8eK9gPaEPYbDft0s0m7m6EEPonvHhQxKt/x5v/xm2bg7Y+GHi8N8PMPD/mTGnb/rYKa+sbm1vF7dLO7t7+QfnwqKOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I787tPVCoWiQedxtQN8UiwgBGsjdRLPec69WpXXrliV+050CpxclKBHC2v/DUYRiQJqdCEY6X6jh1rN8NSM8LptDRIFI0xmeAR7RsqcEiVm83vnaIzowxREElTQqO5+nsiw6FSaeibzhDrsVr2ZuJ/Xj/RwYWbMREnmgqyWBQkHOkIzZ5HQyYp0Tw1BBPJzK2IjLHERJuISiYEZ/nlVdKpVZ169fK+Xmne5HEU4QRO4RwcaEAT7qAFbSDA4Rle4c16tF6sd+tj0Vqw8plj+APr8wcYq49c</latexit>

,

<latexit sha1_base64="mmdLVcRWRukvntYQLI4k82KPNyk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuBNSLBLx4TMA8IFnC7KQ3GTM7u8zMCiHkC7x4UMSrn+TNv3GS7EETCxqKqm66u4JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRnczv/WESvNYPphxgn5EB5KHnFFjpfpFr1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8NqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelr1K+aZeKVVvszjycAKncA4eXEEV7qEGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QN1tYy4</latexit>

�m = 4|y1|v� = 2.5 keV

<latexit sha1_base64="/KlRPVjzEyKX37hXL3pBDPPoRaQ=">AAACDXicbVC7SgNBFJ31GeMramkzGAULCbshohaRgBaWEcwDsmGZndwkQ2Z2l5nZQNjkB2z8FRsLRWzt7fwbJ49CEw9cOJxzL/fe40ecKW3b39bS8srq2npqI725tb2zm9nbr6owlhQqNOShrPtEAWcBVDTTHOqRBCJ8DjW/dzP2a32QioXBgx5E0BSkE7A2o0Qbycscu7fANcGiWBgOPGfY99yoy4r53Ll7lrhS4B5UR14ma+fsCfAicWYki2Yoe5kvtxXSWECgKSdKNRw70s2ESM0oh1HajRVEhPZIBxqGBkSAaiaTb0b4xCgt3A6lqUDjifp7IiFCqYHwTacguqvmvbH4n9eIdfuymbAgijUEdLqoHXOsQzyOBreYBKr5wBBCJTO3YtolklBtAkybEJz5lxdJNZ9zCrmr+0K2dD2LI4UO0RE6RQ66QCV0h8qogih6RM/oFb1ZT9aL9W59TFuXrNnMAfoD6/MHmzSapQ==</latexit>

Z’-DM int:

“Technically natural splitting”



Z’-portal for ExoDM
• Z’ mediates to the SM by gauge kinetic mixing,

• Completely safe from diffuse X-ray bounds.

• ExoDM decays dominantly into neutrinos.

: Consistent with lifetime bound.

" ⌘ ⇠ cos ✓W ⌧ 1

<latexit sha1_base64="m4PkP4pLSIKa/hRQmpmuaCWPK4s=">AAACD3icbVA9SwNBEN3zM8avU0ubxaBYhTsR1EYCNpYKxgi5I+xtJsmSvd1zdy4Ygv/Axr9iY6GIra2d/8ZNvMKvBwOP92aYmZdkUlgMgg9vanpmdm6+tFBeXFpeWfXX1i+tzg2HOtdSm6uEWZBCQR0FSrjKDLA0kdBI+idjvzEAY4VWFzjMIE5ZV4mO4Ayd1PJ3ogEzkFkhtYrgOhcDGt2IiGsbYQ+QtRqRlDRs+ZWgGkxA/5KwIBVS4Kzlv0dtzfMUFHLJrG2GQYbxiBkUXMJtOcotZIz3WReajiqWgo1Hk39u6bZT2rSjjSuFdKJ+nxix1NphmrjOlGHP/vbG4n9eM8fOYTwSKssRFP9a1MklRU3H4dC2MMBRDh1h3Ah3K+U9ZhhHF2HZhRD+fvkvudyrhvvVo/P9Su24iKNENskW2SUhOSA1ckrOSJ1wckceyBN59u69R+/Fe/1qnfKKmQ3yA97bJ5ojnP8=</latexit>

-27-



Dark mesons
Dark light fermions
G=SU(Nf)LxSU(Nf)R Condensate

in dark QCD

Dark mesons 
H=SU(Nf)V flavor sym.   

SU(3)V dark flavor symmetry:
:  common masses for dark mesons

Stability of dark mesons

⇢

<latexit sha1_base64="22nrH4tWnA5VjPPmrU9o3X49KS0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S8OKxgv2AJpTNdtMu3WzC7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1MpDLrut1NaW9/Y3CpvV3Z29/YPqodHbZNkmvEWS2SiuyE1XArFWyhQ8m6qOY1DyTvh+G7md564NiJRjzhJeRDToRKRYBSt1PFDMRz6eb9ac+vuHGSVeAWpQYFmv/rlDxKWxVwhk9SYnuemGORUo2CSTyt+ZnhK2ZgOec9SRWNugnx+7pScWWVAokTbUkjm6u+JnMbGTOLQdsYUR2bZm4n/eb0Mo+sgFyrNkCu2WBRlkmBCZr+TgdCcoZxYQpkW9lbCRlRThjahig3BW355lbQv6t5l/ebhsta4LeIowwmcwjl4cAUNuIcmtIDBGJ7hFd6c1Hlx3p2PRWvJKWaO4Q+czx9WC4+U</latexit>

-28-

Meson masses:



Z’-portal for dark mesons

e e

[HML, M. Seo, 2015]
Z’

Z’

Dark mesons SM

U(1)YU(1)’
Z’-portal
X

• Kinetic equilibrium:

• Z’ with no dark chiral anomalies ensure stable mesons.

/ Tr(Q02T a) = 0

<latexit sha1_base64="cHOrSff0fZMfZg6pgFF3VRdY2pI=">AAACDHicbVDLSgMxFM34rPVVdekmWIS6KTOloC6UghuXLfQFnWnJpJk2NMkMSUYow3yAG3/FjQtF3PoB7vwb03YW2nogcDjnXG7u8SNGlbbtb2ttfWNzazu3k9/d2z84LBwdt1UYS0xaOGSh7PpIEUYFaWmqGelGkiDuM9LxJ3czv/NApKKhaOppRDyORoIGFCNtpEGh6EYyjHQIE1dy2JRpqdFPjEY5gZW02UcXN7ZJ2WV7DrhKnIwUQYb6oPDlDkMccyI0ZkipnmNH2kuQ1BQzkubdWJEI4QkakZ6hAnGivGR+TArPjTKEQSjNExrO1d8TCeJKTblvkhzpsVr2ZuJ/Xi/WwZWXUBHFmgi8WBTEDJrjZ83AIZUEazY1BGFJzV8hHiOJsDb95U0JzvLJq6RdKTvV8nWjWqzdZnXkwCk4AyXggEtQA/egDloAg0fwDF7Bm/VkvVjv1sciumZlMyfgD6zPH2bimo0=</latexit>
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Split masses for dark mesons

Mixings due to broken U(1)’

Meson mass splitting:

[S.Choi, HML, B. Zhu, to appear]
-30-

• Mass splitting due to flavor mixing

<latexit sha1_base64="U19Bmt8MIyk9G1ySofAh0RINa0k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIoicpePHYgv2ANpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv6rSdUmsfywYwT9CM6kDzkjBor1c97pbJbcWcgy8TLSRly1Hqlr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0Mn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rwxs+4TFKDks0XhakgJibTr0mfK2RGjC2hTHF7K2FDqigzNpuiDcFbfHmZNC8q3lXFrV+Wq7d5HAU4hhM4Aw+uoQr3UIMGMEB4hld4cx6dF+fd+Zi3rjj5zBH8gfP5A3MnjLA=</latexit>,

• Mass corrections due to Z’

Negligible Z’ corrections for

<latexit sha1_base64="U19Bmt8MIyk9G1ySofAh0RINa0k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIoicpePHYgv2ANpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv6rSdUmsfywYwT9CM6kDzkjBor1c97pbJbcWcgy8TLSRly1Hqlr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0Mn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rwxs+4TFKDks0XhakgJibTr0mfK2RGjC2hTHF7K2FDqigzNpuiDcFbfHmZNC8q3lXFrV+Wq7d5HAU4hhM4Aw+uoQr3UIMGMEB4hld4cx6dF+fd+Zi3rjj5zBH8gfP5A3MnjLA=</latexit>,

<latexit sha1_base64="fAUcBYUZ42NjxS//+PWG8THCym8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvHisYD+gCWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlRwbVz32ymtrW9sbpW3Kzu7e/sH1cOjtk4yxbDFEpGobkg1Ci6xZbgR2E0V0jgU2AnHdzO/84RK80Q+mkmKQUyHkkecUWOljh/y4dDP+9WaW3fnIKvEK0gNCjT71S9/kLAsRmmYoFr3PDc1QU6V4UzgtOJnGlPKxnSIPUsljVEH+fzcKTmzyoBEibIlDZmrvydyGms9iUPbGVMz0sveTPzP62UmuglyLtPMoGSLRVEmiEnI7Hcy4AqZERNLKFPc3krYiCrKjE2oYkPwll9eJe2LundVdx8ua43bIo4ynMApnIMH19CAe2hCCxiM4Rle4c1JnRfn3flYtJacYuYY/sD5/AFTfY+M</latexit>⇢



Exothermic dark mesons
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Z 0

<latexit sha1_base64="bPKz5oW9QwfQJj9VqpsXwUOcbAQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexKQL1IwIvHKOaBSQizk95kyOzsMjMrhCV/4MWDIl79I2/+jZNkD5pY0FBUddPd5ceCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItXyqUXCJdcONwFaskIa+wKY/upn6zSdUmkfywYxj7IZ0IHnAGTVWun887RVLbtmdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjq7dEJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCS67KZdxYlCy+aIgEcREZPo26XOFzIixJZQpbm8lbEgVZcaGU7AheIsvL5PGedmrlK/uKqXqdRZHHo7gGM7Agwuowi3UoA4MAniGV3hzRs6L8+58zFtzTjZzCH/gfP4AG9aNFw==</latexit>

e

<latexit sha1_base64="j9fyxLU2k/RvnND+tDXYibK/bXc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqYn9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9Zs8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMwZjPE=</latexit>

e

<latexit sha1_base64="j9fyxLU2k/RvnND+tDXYibK/bXc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqYn9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYq9Zs8jiKcwCmcgweXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AMwZjPE=</latexit>

eK0(e⇡±)

<latexit sha1_base64="2ZbjAaWlSUljaeDRD7XP9KeD4ew=">AAACD3icbVC7SgNBFJ31GeNr1dJmMCixCbsSUBsJ2Ag2EcwDspswO3s3GTL7YGZWCUv+wMZfsbFQxNbWzr9x8ihi4oELh3Pu5d57vIQzqSzrx1haXlldW89t5De3tnd2zb39uoxTQaFGYx6LpkckcBZBTTHFoZkIIKHHoeH1r0d+4wGEZHF0rwYJuCHpRixglCgtdcyTzHlkPijGfcC3w7aFizOKk7Bh20nC045ZsErWGHiR2FNSQFNUO+a348c0DSFSlBMpW7aVKDcjQjHKYZh3UgkJoX3ShZamEQlButn4nyE+1oqPg1joihQeq7MTGQmlHISe7gyJ6sl5byT+57VSFVy4GYuSVEFEJ4uClGMV41E42GcCqOIDTQgVTN+KaY8IQpWOMK9DsOdfXiT1s5JdLl3elQuVq2kcOXSIjlAR2egcVdANqqIaougJvaA39G48G6/Gh/E5aV0ypjMH6A+Mr1/K5pyD</latexit>

eK±(e⇡0)

<latexit sha1_base64="MGUruqhHS/r2u7b/83fWwMvsatI=">AAACD3icbVC7SgNBFJ31GeNr1dJmMCixCbsSUBsJ2Ag2EcwDspswO3s3GTL7YGZWCUv+wMZfsbFQxNbWzr9x8ihi4oELh3Pu5d57vIQzqSzrx1haXlldW89t5De3tnd2zb39uoxTQaFGYx6LpkckcBZBTTHFoZkIIKHHoeH1r0d+4wGEZHF0rwYJuCHpRixglCgtdcyTzHlkPijGfcC3w7aThLg4ozkJG7at045ZsErWGHiR2FNSQFNUO+a348c0DSFSlBMpW7aVKDcjQjHKYZh3UgkJoX3ShZamEQlButn4nyE+1oqPg1joihQeq7MTGQmlHISe7gyJ6sl5byT+57VSFVy4GYuSVEFEJ4uClGMV41E42GcCqOIDTQgVTN+KaY8IQpWOMK9DsOdfXiT1s5JdLl3elQuVq2kcOXSIjlAR2egcVdANqqIaougJvaA39G48G6/Gh/E5aV0ypjMH6A+Mr1/QXZyD</latexit>

<latexit sha1_base64="sY7VsRwy9XhJbJbnPJCj26sFvDo=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA9SNgVRU8S8OJFSMA8YLOE2UknGTI7u87MCiHkN7x4UMSrP+PNv3GS7EETCxqKqm66u8JEcG1c99tZWl5ZXVvPbeQ3t7Z3dgt7+3Udp4phjcUiVs2QahRcYs1wI7CZKKRRKLARDm4nfuMJleaxfDDDBIOI9iTvckaNlVp+9eTsPmhJfCRuu1B0S+4UZJF4GSlChkq78NXqxCyNUBomqNa+5yYmGFFlOBM4zrdSjQllA9pD31JJI9TBaHrzmBxbpUO6sbIlDZmqvydGNNJ6GIW2M6Kmr+e9ifif56emex2MuExSg5LNFnVTQUxMJgGQDlfIjBhaQpni9lbC+lRRZmxMeRuCN//yIqmfl7zLklu9KJZvsjhycAhHcAoeXEEZ7qACNWCQwDO8wpuTOi/Ou/Mxa11yspkD+APn8wdOzpCL</latexit>

[Q0,M ] 6= 0• Non-universal dark U(1)’:

Exothermic DM-e scattering 

Meson-changing Z’ interactions

Flavor mixing

[S.Choi, HML, B. Zhu, to appear]



Double peaks in electron ER
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<latexit sha1_base64="ooeBSSlmvUFV0Wf1vumpb4LTWVM="></latexit>

me⇡± �me⇡0 = �m = 2.5 keV,
<latexit sha1_base64="0U4m1/fhGWQmm/NrQ1C0DcDEpPU="></latexit>

m eK0 �m eK± =
p
3�m = 4.3 keV.

[S.Choi, HML, B. Zhu, to appear]



Dark meson self-scattering

[Wess, Zumino,1971;Witten, 1983]

SIMP annihilation
from WZW

Large self-scattering
in ChpT + Z’ interactions

[Hochberg et al, 2014; Seo, HML, 2015; S. Choi, P. Ko, HML, 
A. Natale, 2018; S.Choi, HML, B. Zhu, to appear]

for π5(G/H)=Z

• Strongly Interacting Massive Particles from WZW terms

-33-

~1/Nf
~const



Conclusions
• The Xenon electron excess can be explained by 

down-scattering of exothermic dark matter for 
standard halo model. 

-34-

• Pseudo-Dirac dark fermion or dark mesons with 
flavor mixing are natural candidates for exothermic 
dark matter with Z’ portals.

• Dark fermion or mesons can be self-interacting, being 
consistent with Xenon excess and Bullet cluster.

• Light dark matter and mediator are favored by 
Xenon excess, thus dark matter can be naturally 
self-interacting.


