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WIMP paradigm

Weakly Interacting 
Massive Particles(WIMP)

Equilibrium: �� $ SM SM
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“Freeze-out” process
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◆

[Lee,Weinberg(1977)]

: SM

: DM

: insensitive to initial history.
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WIMP detection

Nucleus recoil E:

Event rate:

Astrophysics
Particle Physics⇢� = 0.3GeV/cm3
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e.g. XENON1T
S1: Scintillation

(photons)
S2: Ionization
(electrons)

vave = 220 km/s
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DM spin, mass, interactions

60~600M DM particles per sec go through our body.

~1event/kg/day

NaI,  CaWO4,  etc.

S2

S1
WIMP:

S1/S2>>(S1/S2)γ
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XENON1T electron recoil
• Excess in electron recoil spectrum (SR1)

ER=1-7keV:  285 events observed,
expected232± 15
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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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Interpretations
• Tritium background

-2-

• Solar axion,  neutrino

• keV-scale dark matter
e.g. axion-like particle, 

dark photon, etc.

favored at 3.2�
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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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Star cooling bounds -5-

• Solar axion,  neutrino

• keV-scale dark matter

• Electron coupling to light dark matter could affect 
cooling of white dwarfs, red giant stars, etc.

: Excluded by order of 
magnitude from star 

cooling bounds

: Consistent with star
cooling bounds

[F.  Takahashi et al] [J. Jaeckel et al]



Exothermic dark 
matter



Elastic vs inelastic -6-

• Elastic scattering between dark matter & electron:

:  Too small recoil energyER ⇠ µ2v2

me
⇠ mev

2 ⇠ 0.3 eV

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

• 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>

�m = m�1 �m�2 � 1

2
mev

2

<latexit sha1_base64="Xfr9qCFmN+KUVZ2N1kVpUcQ/jZI=">AAACHXicbZDLSsNAFIYn3q23qEs3g0VwY0lCQV0oBV24VLCt0NQwmZ6kgzNJmJkUSsiLuPFV3LhQxIUb8W2c1grefhj4+M85nDl/mHGmtOO8W1PTM7Nz8wuLlaXlldU1e32jpdJcUmjSlKfyKiQKOEugqZnmcJVJICLk0A5vTkb19gCkYmlyqYcZdAWJExYxSrSxArvunwLXBIsjERQ+7bPALfe+0Cv9OMZ+JAkt3LLwShEAHlx7gV11as5Y+C+4E6iiic4D+9XvpTQXkGjKiVId18l0tyBSM8qhrPi5gozQGxJDx2BCBKhuMb6uxDvG6eEoleYlGo/d7xMFEUoNRWg6BdF99bs2Mv+rdXIdHXQLlmS5hoR+LopyjnWKR1HhHpNANR8aIFQy81dM+8SEoU2gFROC+/vkv9Dyam69dnhRrzaOJ3EsoC20jXaRi/ZRA52hc9REFN2ie/SInqw768F6tl4+W6esycwm+iHr7QOwmqGt</latexit>

“Exothermic dark matter”

ER ⇠ �m,

<latexit sha1_base64="5cSu43rsuo3zCkL0DRQJ+ZDGrwE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkoiBXUjBRVcVrEPaEKYTCft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd77wkTRpV2nG+rsLS8srpWXC9tbG5t79jl3ZaKU4lJE8cslp0QKcKoIE1NNSOdRBLEQ0ba4fBy4rcfiFQ0Fvd6lBCfo76gEcVIGymwy9fBnacoh94VYRpBfhzYFafqTAEXiZuTCsjRCOwvrxfjlBOhMUNKdV0n0X6GpKaYkXHJSxVJEB6iPukaKhAnys+mp4/hoVF6MIqlKaHhVP09kSGu1IiHppMjPVDz3kT8z+umOjrzMyqSVBOBZ4uilEEdw0kOsEclwZqNDEFYUnMrxAMkEdYmrZIJwZ1/eZG0TqpurXp+W6vUL/I4imAfHIAj4IJTUAc3oAGaAINH8AxewZv1ZL1Y79bHrLVg5TN74A+szx/X3ZMX</latexit>

monochromatic

cf. Boosted dark matter: �� ! �X

<latexit sha1_base64="ilaNUZlKXuu5k6x3SJYXzQCnwbg=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KokU1I0U3LisYB/QhjKZTtqhk0yYuVFKKLjxV9y4UMStP+HOv3GSZqGtBy6cOede7tzjx4JrcJxva2l5ZXVtvbRR3tza3tm19/ZbWiaKsiaVQqqOTzQTPGJN4CBYJ1aMhL5gbX98nfnte6Y0l9EdTGLmhWQY8YBTAkbq24c9OuJ5KT4cAVFKPuDsjTt9u+JUnRx4kbgFqaACjb791RtImoQsAiqI1l3XicFLiQJOBZuWe4lmMaFjMmRdQyMSMu2l+Q1TfGKUAQ6kMhUBztXfEykJtZ6EvukMCYz0vJeJ/3ndBIILL+VRnACL6GxRkAgMEmeB4AFXjIKYGEKo4uavmI6IIhRMbGUTgjt/8iJpnVXdWvXytlapXxVxlNAROkanyEXnqI5uUAM1EUWP6Bm9ojfryXqx3q2PWeuSVcwcoD+wPn8A1VmXpA==</latexit>

Large cross section for elastic scattering, 

Dark matter profile dependent. 

�e ⇠ 10�28 cm2

<latexit sha1_base64="DFQ8+snk7LIOP+j1uCeTiLLykb0=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwoSUpBetGCm5cVrAPaNIwmU7aoTNJmJkIJWTtxl9x40IRt36BO//GaZuFth643MM59zJzjx8zKpVlfRuFldW19Y3iZmlre2d3z9w/aMsoEZi0cMQi0fWRJIyGpKWoYqQbC4K4z0jHH99M/c4DEZJG4b2axMTlaBjSgGKktOSZx46kQ448ojuHttVPL6r1zDlPHcEh5lm/6pllq2LNAJeJnZMyyNH0zC9nEOGEk1BhhqTs2Vas3BQJRTEjWclJJIkRHqMh6WkaIk6km85OyeCpVgYwiISuUMGZ+nsjRVzKCff1JEdqJBe9qfif10tUUHdTGsaJIiGePxQkDKoITnOBAyoIVmyiCcKC6r9CPEICYaXTK+kQ7MWTl0m7WrFrlau7WrlxncdRBEfgBJwBG1yCBrgFTdACGDyCZ/AK3own48V4Nz7mowUj3zkEf2B8/gB385l8</latexit>

[B. Fornal et al]

, v� < 0.6

<latexit sha1_base64="X4lLVmm29k/cCcPkZ2Q9TdKdNgw=">AAAB+HicbVDLSsNAFL3xWeujUZdugkVwISGR4gNECm5cVrAPaEKYTCft0MkkzEwKNfRL3LhQxK2f4s6/cdpmoa3ncuFwzr3MnROmjErlON/Gyura+sZmaau8vbO7VzH3D1oyyQQmTZywRHRCJAmjnDQVVYx0UkFQHDLSDod3U789IkLShD+qcUr8GPU5jShGSkuBWTnzdI0CDw/ojWNfBGbVsZ0ZrGXiFqQKBRqB+eX1EpzFhCvMkJRd10mVnyOhKGZkUvYySVKEh6hPuppyFBPp57PDJ9aJVnpWlAjdXFkz9fdGjmIpx3GoJ2OkBnLRm4r/ed1MRVd+TnmaKcLx/KEoY5ZKrGkKVo8KghUba4KwoPpWCw+QQFjprMo6BHfxy8ukdW67Nfv6oVat3xZxlOAIjuEUXLiEOtxDA5qAIYNneIU348l4Md6Nj/noilHsHMIfGJ8/i2WRug==</latexit>

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



EDM kinematics -7-

• Both recoil energy and momentum transfer are 
fixed by the mass splitting.

“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>

cf. �m = 0 :

<latexit sha1_base64="CmEUe7jpQ1gaRy+nrEkvcRjRK/k=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKwAcoAT14jGAesFnC7GQ2GTKzs8z0CmHJZ3jxoIhXv8abf+Mk2YMmFjQUVd10d4WJ4AZc99sprKyurW8UN0tb2zu7e+X9g5ZRqaasSZVQuhMSwwSPWRM4CNZJNCMyFKwdjm6nfvuJacNV/AjjhAWSDGIecUrASn73jgkgWF67V71yxa26M+Bl4uWkgnI0euWvbl/RVLIYqCDG+J6bQJARDZwKNil1U8MSQkdkwHxLYyKZCbLZyRN8YpU+jpS2FQOeqb8nMiKNGcvQdkoCQ7PoTcX/PD+F6CLIeJykwGI6XxSlAoPC0/9xn2tGQYwtIVRzeyumQ6IJBZtSyYbgLb68TFpnVa9WvXyoVeo3eRxFdISO0Sny0Dmqo3vUQE1EkULP6BW9OeC8OO/Ox7y14OQzh+gPnM8f/K+Qag==</latexit>

Recoil E:

[HML, 2020]



EDM 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>

d!
dq2 =

ø! e

q2
+ ! q2

!
K int (ER )P2(v)

<latexit sha1_base64="Tj7RVCWHFP01lt8h45NtqXz3pF0="></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>

[K. Kannike et al;
K. Harigaya et al]

“M-shell electrons dominant”

-8-

[P. Graham et al, 2010]



EDM event rate

-2-

• Differential event rate per target mass:

• Event rate per detector:

,

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

dR

dER
'

⇣2�m

me

⌘1/2 �̄e⇢�1

m�1mT
Kint(ER)�(ER ��m)

Z vmax

0
f1(v)dv

<latexit sha1_base64="I5fNQpTztlecCE5jCmJv20ZWsxM="></latexit>

! 1

<latexit sha1_base64="Efh0wV6X92AJX8AilKVbEc9X1fk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S8OKxgv2ANpTNdtIu3WzS3Y1QQv+EFw+KePXvePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv5rSdUmsfy0UwS9CM6kDzkjBortbuaRzgmXq9ccavuHGSVeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOC11U40JZSM6wI6lkkao/Wx+75ScWaVPwljZkobM1d8TGY20nkSB7YyoGeplbyb+53VSE177GZdJalCyxaIwFcTEZPY86XOFzIiJJZQpbm8lbEgVZcZGVLIheMsvr5LmRdW7rN48XFZqt3kcRTiBUzgHD66gBvdQhwYwEPAMr/DmjJ0X5935WLQWnHzmGP7A+fwBfg6Png==</latexit>

! 50
!

M T

tonne " yrs

"!
K int (! m)

19.4

"!
! ! 1

0.4 GeV cm! 3

"

<latexit sha1_base64="6ksSIwh024Kv1fAYnn9Auvigln8="></latexit>

⇥
✓

�̄e/m�1

1.6⇥ 10�44 cm2/GeV

◆✓
�m

2.5 keV

◆1/2

<latexit sha1_base64="yqPCZzhaOl2zvCEwOPHZJWH5Y8U="></latexit>

• Convoluted with detector resolution & 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>

-9-

[HML, 2020]
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Blue lines:

Red line:  Background model

�m = 2.5 keV

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

XENON1T & EDM -10-

(�̄e/m�1)/(10
�44cm2 /GeV) ' 1.0, 1.4, 1.8

<latexit sha1_base64="oNP2DTHZNnkRvCqzU9QtI6J0sdg="></latexit>

[HML, 2020]
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[HML, 2020]



Effective theory for 
exothermic DM



EFT for EDM
• Effective interactions between EDM and 

electron with massive Z’ mediator:

-12-

• DM-electron scattering cross section:

• Constraints on lifetime of heavier state

• Relic abundances, microscopic models

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 below GeV scale 
is favored for XENON1T excess.

[HML, 2020]



Constraints on decaying EDM
• The axial vector coupling for electron can lead 

the heavier state to decay into two photons:

-13-

• 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>

Super-K:

⌧�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>

[HML, v3, to appear]

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>

!
(v2

! + 3a2
! )(v2

" + a2
" ) < 4.2 ! 10! 4

" 3
N"

#1/ 2" 2.5 keV
! m

#5/ 2" mZ ! /g Z !

0.3 GeV

#2

<latexit sha1_base64="eSeGT3QRDORuRI5+7UR2hA2yzxw="></latexit>



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

neutrinos, and a pair of Z’ gauge bosons.

-14-

�1

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

ø! 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 !

<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 !

<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 =
g4Z0

4⇡


v4� + a4� + 2v2�a

2
�

⇣
4
m2

�1

m2
Z0

� 3
⌘� m2

�1

(m2
Z0 � 2m2

�1
)2

✓
1� m2

Z0

m2
�1

◆3/2

,

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

{

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

(neq
Z ! )2

neq
! 1 neq

! 2

! ! v"Z ! Z ! ! ! 1 ø! 1 ,! 2 ø! 2 ,

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

m! 1 > mZ ! ,

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

m! 1 < mZ ! .

<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>



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

searches at BaBar, beam dump, rare meson decays.

mZ ! ! 10 GeV

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

|ve|gZ ! ! (10! 4 ! 10! 3) e

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

• Dark matter relic density constrains further.

Relic

Xenon1T

ae = v⌫ = a⌫ = 0

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



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

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

-16-

“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:



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

• Completely safe from diffuse X-ray bounds.

• EDM decays dominantly into neutrinos.

: Consistent with neutrino experiments.

! ! " 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>

-17-



Z’ portal & XENON1T -18-

• Decay of dark matter into neutrinos constrains the 
gauge kinetic mixing further.

Xenon1T

Relic

Xenon1T

Relic

10! ! 1
10! "

10! #

10! $

10! %

10! &

10! '

10! (

! Z'(GeV)

ϵ

" χ=-#χ=0.5, $Z'=0.6, ! χ=0.5GeV

!" -! !" -" !
!" -#

!" -$

!" -%

!" -&

!" -'

!" -(

!" -!

! ! !!!"# "

ϵ

" χ#$#χ#$%&'$! !#(' ! χ#$%)!"#

! ! 1 < 1024 sec

<latexit sha1_base64="56zV7N8NIoSoGB4uX0DPmFM/6aA=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgupCSloIJIwY3LCvYBTQyT6aQdOjMJMxOhhGzd+CtuXCji1j9w5984bbPQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7aKG9ube/s2nv7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0fXE7zwQqWgs7vQ4IT5HA0EjipE2UmBDT6M0yDw8pIGbX7rOfVar595p5kkOFcF5YFecqjMFXCRuQSqgQDOwv7x+jFNOhMYMKdVznUT7GZKaYkbyspcqkiA8QgPSM1QgTpSfTT/J4bFR+jCKpSmh4VT9PZEhrtSYh6aTIz1U895E/M/rpTo69zMqklQTgWeLopRBHcNJLLBPJcGajQ1BWFJzK8RDJBHWJryyCcGdf3mRtGtVt169uK1XGldFHCVwCI7ACXDBGWiAG9AELYDBI3gGr+DNerJerHfrY9a6ZBUzB+APrM8fXoGZfw==</latexit>

! ! 1 < 1024 sec

<latexit sha1_base64="56zV7N8NIoSoGB4uX0DPmFM/6aA=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgupCSloIJIwY3LCvYBTQyT6aQdOjMJMxOhhGzd+CtuXCji1j9w5984bbPQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7aKG9ube/s2nv7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0fXE7zwQqWgs7vQ4IT5HA0EjipE2UmBDT6M0yDw8pIGbX7rOfVar595p5kkOFcF5YFecqjMFXCRuQSqgQDOwv7x+jFNOhMYMKdVznUT7GZKaYkbyspcqkiA8QgPSM1QgTpSfTT/J4bFR+jCKpSmh4VT9PZEhrtSYh6aTIz1U895E/M/rpTo69zMqklQTgWeLopRBHcNJLLBPJcGajQ1BWFJzK8RDJBHWJryyCcGdf3mRtGtVt169uK1XGldFHCVwCI7ACXDBGWiAG9AELYDBI3gGr+DNerJerHfrY9a6ZBUzB+APrM8fXoGZfw==</latexit>



Vector-like lepton portal
• Vector-like lepton E with nonzero Z’ charge.

Mass matrix:

Mass eigenvalues:

Mixing angles:

Z’-DM int:

. 2.2⇥ 10�3,

<latexit sha1_base64="6yzWWJ/c0hSu0E7K6vG7Nuls2Pc=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFcaEhqQd1IwY3LCvYBTSyT6aQdOjMJMxOhhC7c+CtuXCji1o9w5984bbPQ1gMXDufcy733hAmjSrvut7W0vLK6tl7YKG5ube/s2nv7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTC4fXEbz0QqWgs7vQoIQFHfUEjipE2Utcu+YwopSiHFafia8qJgp57n52ejU+6dtl13CngIvFyUgY56l37y+/FOOVEaMyQUh3PTXSQIakpZmRc9FNFEoSHqE86hgpktgXZ9IkxPDJKD0axNCU0nKq/JzLElRrx0HRypAdq3puI/3mdVEcXQUZFkmoi8GxRlDKoYzhJBPaoJFizkSEIS2puhXiAJMLa5FY0IXjzLy+SZsXxqs7lbbVcu8rjKIASOATHwAPnoAZuQB00AAaP4Bm8gjfryXqx3q2PWeuSlc8cgD+wPn8AdP6WsA==</latexit>

ME & 100GeV

<latexit sha1_base64="jB2+pfsfE2wBI+QfzEArN+H5T58=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEF1JmpKBupCCiG6GCfUBnGDJppg1NMkOSEcpQ3Pgrblwo4tavcOffmLaz0NYDgcM553JzT5gwqrTjfFuFhcWl5ZXiamltfWNzy97eaao4lZg0cMxi2Q6RIowK0tBUM9JOJEE8ZKQVDi7HfuuBSEVjca+HCfE56gkaUYy0kQJ77za48nraBDh0Hcc7zjzJ4TVpjgK77FScCeA8cXNSBjnqgf3ldWOcciI0Zkipjusk2s+Q1BQzMip5qSIJwgPUIx1DBeJE+dnkhBE8NEoXRrE0T2g4UX9PZIgrNeShSXKk+2rWG4v/eZ1UR2d+RkWSaiLwdFGUMqhjOO4DdqkkWLOhIQhLav4KcR9JhLVprWRKcGdPnifNk4pbrZzfVcu1i7yOItgHB+AIuOAU1MANqIMGwOARPINX8GY9WS/Wu/UxjRasfGYX/IH1+QNVh5Ye</latexit>

,

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

:

<latexit sha1_base64="nyyXm216NMACHAXjc2yN9K4RhJ0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKwMdBAl48JmAekCxhdtKbjJmdXWZmhRDyBV48KOLVT/Lm3zhJ9qCJBQ1FVTfdXUEiuDau++3k1tY3Nrfy24Wd3b39g+LhUVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo7uZ33pCpXksH8w4QT+iA8lDzqixUv2mVyy5ZXcOskq8jJQgQ61X/Or2Y5ZGKA0TVOuO5ybGn1BlOBM4LXRTjQllIzrAjqWSRqj9yfzQKTmzSp+EsbIlDZmrvycmNNJ6HAW2M6JmqJe9mfif10lNeOVPuExSg5ItFoWpICYms69JnytkRowtoUxxeythQ6ooMzabgg3BW355lTQvyl6lfF2vlKq3WRx5OIFTOAcPLqEK91CDBjBAeIZXeHMenRfn3flYtOacbOYY/sD5/AGK7YzG</latexit>

:

<latexit sha1_base64="nyyXm216NMACHAXjc2yN9K4RhJ0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKwMdBAl48JmAekCxhdtKbjJmdXWZmhRDyBV48KOLVT/Lm3zhJ9qCJBQ1FVTfdXUEiuDau++3k1tY3Nrfy24Wd3b39g+LhUVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo7uZ33pCpXksH8w4QT+iA8lDzqixUv2mVyy5ZXcOskq8jJQgQ61X/Or2Y5ZGKA0TVOuO5ybGn1BlOBM4LXRTjQllIzrAjqWSRqj9yfzQKTmzSp+EsbIlDZmrvycmNNJ6HAW2M6JmqJe9mfif10lNeOVPuExSg5ItFoWpICYms69JnytkRowtoUxxeythQ6ooMzabgg3BW355lTQvyl6lfF2vlKq3WRx5OIFTOAcPLqEK91CDBjBAeIZXeHMenRfn3flYtOacbOYY/sD5/AGK7YzG</latexit>

,

<latexit sha1_base64="mmdLVcRWRukvntYQLI4k82KPNyk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuBNSLBLx4TMA8IFnC7KQ3GTM7u8zMCiHkC7x4UMSrn+TNv3GS7EETCxqKqm66u4JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRnczv/WESvNYPphxgn5EB5KHnFFjpfpFr1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8NqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelr1K+aZeKVVvszjycAKncA4eXEEV7qEGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QN1tYy4</latexit>
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VL lepton & XENON1T
• Decay of dark matter into two photons constrains 

the lepton mixing further.

Xenon1T
Relic

Xenon1T

Relic
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<latexit sha1_base64="56zV7N8NIoSoGB4uX0DPmFM/6aA=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgupCSloIJIwY3LCvYBTQyT6aQdOjMJMxOhhGzd+CtuXCji1j9w5984bbPQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7aKG9ube/s2nv7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0fXE7zwQqWgs7vQ4IT5HA0EjipE2UmBDT6M0yDw8pIGbX7rOfVar595p5kkOFcF5YFecqjMFXCRuQSqgQDOwv7x+jFNOhMYMKdVznUT7GZKaYkbyspcqkiA8QgPSM1QgTpSfTT/J4bFR+jCKpSmh4VT9PZEhrtSYh6aTIz1U895E/M/rpTo69zMqklQTgWeLopRBHcNJLLBPJcGajQ1BWFJzK8RDJBHWJryyCcGdf3mRtGtVt169uK1XGldFHCVwCI7ACXDBGWiAG9AELYDBI3gGr+DNerJerHfrY9a6ZBUzB+APrM8fXoGZfw==</latexit>

! ! 1 < 1024 sec

<latexit sha1_base64="56zV7N8NIoSoGB4uX0DPmFM/6aA=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgupCSloIJIwY3LCvYBTQyT6aQdOjMJMxOhhGzd+CtuXCji1j9w5984bbPQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7aKG9ube/s2nv7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0fXE7zwQqWgs7vQ4IT5HA0EjipE2UmBDT6M0yDw8pIGbX7rOfVar595p5kkOFcF5YFecqjMFXCRuQSqgQDOwv7x+jFNOhMYMKdVznUT7GZKaYkbyspcqkiA8QgPSM1QgTpSfTT/J4bFR+jCKpSmh4VT9PZEhrtSYh6aTIz1U895E/M/rpTo69zMqklQTgWeLopRBHcNJLLBPJcGajQ1BWFJzK8RDJBHWJryyCcGdf3mRtGtVt169uK1XGldFHCVwCI7ACXDBGWiAG9AELYDBI3gGr+DNerJerHfrY9a6ZBUzB+APrM8fXoGZfw==</latexit>



Conclusions
• The Xenon electron excess can be explained by 

down-scattering of exothermic dark matter for 
standard halo model. 
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• Pseudo-Dirac dark fermion is a candidate for 
exothermic dark matter with a small mass splitting.

• There are consistent parameter spaces for Xenon 
excess in Z’ portal and vector-like lepton portal.

• The effective theory for exothermic dark matter 
with Z’ mediator was proposed.


