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• Precision Frontier and LEP

• Direct Detection and astro/cosmo constraints 
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• Particle Model 
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Motivation and Hints

Credit: SDSS
Credit:  
Planck

CMB Large-scale 
Structure 

Galaxy Rotation Curves Bullet Cluster Credit:  
NASA

Credit: Physics and UniverseCredit: Katie Mack
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Motivation and Hints

Credit: CERN Courier

e.g. Production in colliders (heavy DM) or stars (light DM)

Direct  
detection

Indirect detection

Fixed-target 
experiment

• How to probe dark sector?
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Credit: 1901.05658

Indirect detection

Minimal WIMP model is excluded!
A light dark sector (< GeV — TeV) possible?

Credit: 1511.08787

Direct detection

Yellow dot: best fit to GC excess

Motivation and Hints
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Motivation and Hints
• 511 keV line measured by INTEGRAL/SPI

Origin: electron-positron annihilation 
after positronium formation

Low-energy positron source?  
Astrophysics: seems not viable

Positrons from the annihilation 
of light dark matter!?

arXiv:1009.4620 

Jean et. al  (2003),  Knodlseder et. al (2003), Prantzos et. al (2010) and 
Siegert et. al (2015) 

511 keV Line

Low-E continuum

Boehm et. al  (2003)

Prantzos et. al (2010) and Panther et. al (2017) 

s-wave

p-wave



      Sub-GeV Scalar Dark Matter — Hints and Probes     15.01.2021     Jui-Lin Kuo                                                                                          /438

Motivation and Hints
• Muon g-2 anomaly

3-sigma deviation from SM prediction

Indication of contribution from new physics? (maybe)

Bennett et. al (2006) 

Precise calculation of SM contribution (QED, EW and hadronic)

BSM

New particles 
Dark-sector particles 

<latexit sha1_base64="vIOFSNb+N+tVW01+S8kno4aUT9A=">AAAB7nicbVBNSwJRFL1jX2ZfVss2QxK0kpkQcim0aWmQGuggd55v9OX7GN57E4j4H9q0KIi2/Z52/ZueOovSDlw4nHMv994Tp5wZGwTfXmFjc2t7p7hb2ts/ODwqH5+0jco0oS2iuNIPMRrKmaQtyyynD6mmKGJOO/H4Zu53nqg2TMl7O0lpJHAoWcIIWie1e0MUAvvlSlANFvDXSZiTCuRo9stfvYEimaDSEo7GdMMgtdEUtWWE01mplxmaIhnjkHYdlSioiaaLa2f+hVMGfqK0K2n9hfp7YorCmImIXadAOzKr3lz8z+tmNqlHUybTzFJJlouSjPtW+fPX/QHTlFg+cQSJZu5Wn4xQI7EuoJILIVx9eZ10rqphrRqGd7VKo57nUYQzOIdLCOEaGnALTWgBgUd4hld485T34r17H8vWgpfPnMIfeJ8/G/WPRA==</latexit>�

<latexit sha1_base64="5CsmM/dQrFmqs2SogOqMBo4z8TY=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe4kYMqAjWVEYwLJEfY2k2TJ7t6xuyeEIz/BxkJBbP1Ddv4bN8kVmvhg4PHeDDPzokRwY33/2ytsbG5t7xR3S3v7B4dH5eOTRxOnmmGLxSLWnYgaFFxhy3IrsJNopDIS2I4mN3O//YTa8Fg92GmCoaQjxYecUeuk+55M++WKX/UXIOskyEkFcjT75a/eIGapRGWZoMZ0Az+xYUa15UzgrNRLDSaUTegIu44qKtGE2eLUGblwyoAMY+1KWbJQf09kVBozlZHrlNSOzao3F//zuqkd1sOMqyS1qNhy0TAVxMZk/jcZcI3MiqkjlGnubiVsTDVl1qVTciEEqy+vk/ZVNahVg+CuVmnU8zyKcAbncAkBXEMDbqEJLWAwgmd4hTdPeC/eu/exbC14+cwp/IH3+QPxNY4F</latexit>µ <latexit sha1_base64="5CsmM/dQrFmqs2SogOqMBo4z8TY=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe4kYMqAjWVEYwLJEfY2k2TJ7t6xuyeEIz/BxkJBbP1Ddv4bN8kVmvhg4PHeDDPzokRwY33/2ytsbG5t7xR3S3v7B4dH5eOTRxOnmmGLxSLWnYgaFFxhy3IrsJNopDIS2I4mN3O//YTa8Fg92GmCoaQjxYecUeuk+55M++WKX/UXIOskyEkFcjT75a/eIGapRGWZoMZ0Az+xYUa15UzgrNRLDSaUTegIu44qKtGE2eLUGblwyoAMY+1KWbJQf09kVBozlZHrlNSOzao3F//zuqkd1sOMqyS1qNhy0TAVxMZk/jcZcI3MiqkjlGnubiVsTDVl1qVTciEEqy+vk/ZVNahVg+CuVmnU8zyKcAbncAkBXEMDbqEJLWAwgmd4hTdPeC/eu/exbC14+cwp/IH3+QPxNY4F</latexit>µ

Lighter particles can have larger contribution
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Motivation and Hints (3)
• DM relic density

Works for conventional WIMP 
(GeV-TeV)

Credit: Caltech

Y1 / 1

m�h�annvi
<latexit sha1_base64="ckOxNLP3jnEMxDgqmwiq3XqqgW0="></latexit>

CMB and large-scale structure measurements constrain the 
abundance of dark matter 

Straightforward scenario: thermal freeze-out

Also possible for light DM (sub-GeV) !
Exist other production mechanism such as 
freeze-in scenario



      Sub-GeV Scalar Dark Matter — Hints and Probes     15.01.2021     Jui-Lin Kuo                                                                                          /4310

Particle Model
• Sub-GeV Dark Matter is motivated suggested by previous hints

Scalar Dark Matter Candidates Boehm and Fayet (2003) 

1. Fermion portal

2. Vector portal

Successfully address the hints (INTEGRAL 511 keV line, muon 
g-2, thermal freeze-out) Boehm and Fayet (2003) 

Pioneering work on sub-GeV DM

If only 1 generation of F, LFV is possible 

scalar-QED like interaction

Yukawa-type interaction 

QED-like interaction,  
but chiral interaction is possible
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Particle Model
At that time (2003), no data can constrain aforementioned models! 

Intensity frontier (low-E colliders, fixed-target/ beam-dump exp.) 

Precision tests of SM 

DM direct detection by scattering with bound electrons 

Updated Astro./ Cosmo. Constraints on new physics

Now: time for revisiting these models with two decades of data

LEP and High-E colliders

Still no plausible positron source for the 511 keV line 

BSM charged particle needs to be heavier than ~ O(800) GeV 
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Particle Model
• To probe a ‘light’ dark sector

High intensity: low-energy colliders, fixed-target experiment 
and beam-dump experiments

High precision: SM precision observables 

Low threshold: stellar emission and direct detection 

The physical picture is still the 
same! 
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Overview of Parameter Space: F
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      Overview of Parameter Space:  
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<latexit sha1_base64="r2HZZ+O+ZiiJd5C1vFmHcv63l4k=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoMeCFy9CFWuLbSib7aRdutmE3Y1QQv+BFw8K4tVf5M1/47bNQVsfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDFssljEqh1QjYJLbBpuBLYThTQKBLaC0dXUbz2h0jyW92acoB/RgeQhZ9RY6e7xtFeuuFV3BrJMvJxUIEejV/7q9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfja7dEJOrNInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCS/9jMskNSjZfFGYCmJiMn2b9LlCZsTYEsoUt7cSNqSKMmPDKdkQvMWXl0nrvOrVqp53W6vUb/I8inAEx3AGHlxAHa6hAU1gEMIzvMKbM3JenHfnY95acPKZQ/gD5/MHspSNUw==</latexit>

Z 0
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Check List
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Produce light particles

Intensity frontier exp.

High-energy collider exp.

Produce heavy particles

• Very high intensity: integrated 
luminosity could be larger than 
that from collider

• Difficulties in handling the 
neutrino background 

Pros 

Cons 

Intensity Frontier



      Sub-GeV Scalar Dark Matter — Hints and Probes     15.01.2021     Jui-Lin Kuo                                                                                          /4317

Intensity Frontier

e� �

e+ �⇤

F�

� e�

e+

�

�⇤

Z 0

�

• Low-energy electron-positron collider (BaBar and Belle II)

Process: electron-positron annihilation with initial-state radiation 

Signal: missing transverse E/p + mono-photon
SM background:

<latexit sha1_base64="q8It/kCYE8FYsurRYYV1ZSiYy5I="></latexit>

e+e� ! ��/ (peak), e+e� ! �e+/e�/ or ��/�/ (continuum)
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Intensity Frontier
• Low-energy electron-positron collider

<latexit sha1_base64="NJgCNVGxZianqFm1yMpFXUVreO4=">AAACB3icbVDLSsNAFJ3UV62vqEsRBovgQkKiFd0IhSK6ESrYBzQhTKaTdujkwcxEKCErN/6KGxcK4tZfcOffOE2z0NYDFw7n3Mu993gxo0Ka5rdWWlhcWl4pr1bW1jc2t/TtnbaIEo5JC0cs4l0PCcJoSFqSSka6MSco8BjpeKPGxO88EC5oFN7LcUycAA1C6lOMpJJcff/KTW0ewMZtBi+hZRqnZ/ZxrlyTdubqVdMwc8B5YhWkCgo0Xf3L7kc4CUgoMUNC9Cwzlk6KuKSYkaxiJ4LECI/QgPQUDVFAhJPmb2TwUCl96EdcVShhrv6eSFEgxDjwVGeA5FDMehPxP6+XSP/CSWkYJ5KEeLrITxiUEZxkAvuUEyzZWBGEOVW3QjxEHGGpkquoEKzZl+dJ58SwaoZl3dWq9XqRRxnsgQNwBCxwDurgBjRBC2DwCJ7BK3jTnrQX7V37mLaWtGJmF/yB9vkDNtKW3A==</latexit>

ECM = 10.35GeV <latexit sha1_base64="GCx3nRqfgZ1EL+9NbfbUX99OHxk=">AAACB3icbVDLSsNAFJ3UV62vqEsRBovgQkIilboRCkV0I1SwD2hCmEwn7dDJg5mJUEJWbvwVNy4UxK2/4M6/cZpmoa0HLhzOuZd77/FiRoU0zW+ttLS8srpWXq9sbG5t7+i7ex0RJRyTNo5YxHseEoTRkLQllYz0Yk5Q4DHS9cbNqd99IFzQKLyXk5g4ARqG1KcYSSW5+uGVm9o8gM3bDF5CyzTO6/ZprlyTTubqVdMwc8BFYhWkCgq0XP3LHkQ4CUgoMUNC9C0zlk6KuKSYkaxiJ4LECI/RkPQVDVFAhJPmb2TwWCkD6EdcVShhrv6eSFEgxCTwVGeA5EjMe1PxP6+fSP/CSWkYJ5KEeLbITxiUEZxmAgeUEyzZRBGEOVW3QjxCHGGpkquoEKz5lxdJ98ywaoZl3dWqjUaRRxkcgCNwAixQBw1wA1qgDTB4BM/gFbxpT9qL9q59zFpLWjGzD/5A+/wBPRSW4A==</latexit>

ECM = 10.57GeV
<latexit sha1_base64="+DluF1dC2fdpwlHCXMomwlGCpx0="></latexit>

L = 19 fb�1(low E�) and 28 fb�1(high E�)
<latexit sha1_base64="VfecjRi/1QP6shJny5micCxIdG0=">AAACCnicbVBNS8NAEN3Ur1q/oh69LBbBg5ZEKnoRCl48eKhgbaGJZbPdtEt3N2F3I5SQqxf/ihcPCuLVX+DNf+OmzUFbHww83pthZl4QM6q043xbpYXFpeWV8mplbX1jc8ve3rlTUSIxaeGIRbITIEUYFaSlqWakE0uCeMBIOxhd5n77gUhFI3GrxzHxORoIGlKMtJF6NvQ40kOMWHqdwQt46nhHqSc5REF2nx67GezZVafmTADniVuQKijQ7NlfXj/CCSdCY4aU6rpOrP0USU0xI1nFSxSJER6hAekaKhAnyk8nn2TwwCh9GEbSlNBwov6eSBFXaswD05nfrWa9XPzP6yY6PPdTKuJEE4Gni8KEQR3BPBbYp5JgzcaGICypuRXiIZIIaxNexYTgzr48T9onNbdec92berXRKPIogz2wDw6BC85AA1yBJmgBDB7BM3gFb9aT9WK9Wx/T1pJVzOyCP7A+fwDVL5jw</latexit>

L = 50 ab�1

Current: BaBar Future: Belle II 
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Intensity Frontier

target
<latexit sha1_base64="vioGMydJJs7vKs2iPQux94fNPkg=">AAAB7XicbVBNSwMxEM3Wr1q/qh69BIvgqey2oPZW8OKxgv2AdinZNG1js8mSzApl6X/w4kERr/4fb/4bs9tF1Ppg4PHeDDPzgkhwA6776RTW1jc2t4rbpZ3dvf2D8uFRx6hYU9amSijdC4hhgkvWBg6C9SLNSBgI1g1m16nffWDacCXvYB4xPyQTycecErBSB4ieMBiWK27VzYBXiZeTCsrRGpY/BiNF45BJoIIY0/fcCPyEaOBUsEVpEBsWETojE9a3VJKQGT/Jrl3gM6uM8FhpWxJwpv6cSEhozDwMbGdIYGr+eqn4n9ePYXzlJ1xGMTBJl4vGscCgcPo6HnHNKIi5JYRqbm/FdEo0oWADKmUhNFJcfL+8Sjq1qlev1m9rlWYjj6OITtApOkceukRNdINaqI0oukeP6Bm9OMp5cl6dt2VrwclnjtEvOO9f2X2PaQ==</latexit>

detector
<latexit sha1_base64="0BrsA5G5HRXLBdWYU/LqTHJ6Lfo=">AAAB73icbVDLSsNAFL2pr1pfVZdugkVwVZIW1O4KblxWsA9oQ5lMJu3QyUycmQgl9CfcuFDErb/jzr9xkgZR64GBwzn3MvccP2ZUacf5tEpr6xubW+Xtys7u3v5B9fCop0QiMeliwYQc+EgRRjnpaqoZGcSSoMhnpO/PrjO//0CkooLf6XlMvAhNOA0pRtpIg4BogrWQ42rNqTs57FXiFqQGBTrj6scoEDiJCNeYIaWGrhNrL0VSU8zIojJKFIkRnqEJGRrKUUSUl+b3LuwzowR2KKR5XNu5+nMjRZFS88g3kxHSU/XXy8T/vGGiwysvpTxONOF4+VGYMFsLOwtvB1SauGxuCMKSmlttPEUSYW0qquQltDJcfEdeJb1G3W3Wm7eNWrtV1FGGEziFc3DhEtpwAx3oAgYGj/AML9a99WS9Wm/L0ZJV7BzDL1jvX2hmkFA=</latexit>

e� beam
<latexit sha1_base64="Ajy9Q4aymREgMAnrDyN7CGtduJ0=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCCy1TKz52RTcuK9gHdMaSSTNtaJIZkoxQh36JGxeKuPVT3Pk3ZqaDqPVA4HDOPdyb40eMKu04n1ZhYXFpeaW4Wlpb39gs21vbbRXGEpMWDlkouz5ShFFBWppqRrqRJIj7jHT88VXqd+6JVDQUt3oSEY+joaABxUgbqW+Xyd2Re5i4kkPfxKZ9u+JUnQxwntRyUgE5mn37wx2EOOZEaMyQUr2aE2kvQVJTzMi05MaKRAiP0ZD0DBWIE+Ul2eFTuG+UAQxCaZ7QMFN/JhLElZpw30xypEfqr5eK/3m9WAfnXkJFFGsi8GxREDOoQ5i2AAdUEqzZxBCEJTW3QjxCEmFtuiplJVykOP3+8jxpH1dr9Wr95qTSuMzrKIJdsAcOQA2cgQa4Bk3QAhjE4BE8gxfrwXqyXq232WjByjM74Bes9y8PopLY</latexit>

e�
<latexit sha1_base64="BfBP/mlTl/tCtDe29sTsbzI1YOY=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4saRW/LhIwYvHCvYD2lg220m7dDcJuxuhhP4FLx4U8eof8ua/MUmDqPXBwOO9GWbmuaHg2tj2p7WwuLS8slpYK65vbG5tl3Z2WzqIFMMmC0SgOi7VKLiPTcONwE6okEpXYNsdX6d++wGV5oF/ZyYhOpIOfe5xRk0q4f0x6ZfKdsXOQOZJNSdlyNHolz56g4BFEn3DBNW6W7VD48RUGc4ETou9SGNI2ZgOsZtQn0rUTpzdOiWHiTIgXqCS8g3J1J8TMZVaT6SbdEpqRvqvl4r/ed3IeBdOzP0wMuiz2SIvEsQEJH2cDLhCZsQkIZQpntxK2IgqykwSTzEL4TLF2ffL86R1UqnWKrXb03L9Ko+jAPtwAEdQhXOoww00oAkMRvAIz/BiSevJerXeZq0LVj6zB79gvX8BVRWN5Q==</latexit>

e�
<latexit sha1_base64="BfBP/mlTl/tCtDe29sTsbzI1YOY=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4saRW/LhIwYvHCvYD2lg220m7dDcJuxuhhP4FLx4U8eof8ua/MUmDqPXBwOO9GWbmuaHg2tj2p7WwuLS8slpYK65vbG5tl3Z2WzqIFMMmC0SgOi7VKLiPTcONwE6okEpXYNsdX6d++wGV5oF/ZyYhOpIOfe5xRk0q4f0x6ZfKdsXOQOZJNSdlyNHolz56g4BFEn3DBNW6W7VD48RUGc4ETou9SGNI2ZgOsZtQn0rUTpzdOiWHiTIgXqCS8g3J1J8TMZVaT6SbdEpqRvqvl4r/ed3IeBdOzP0wMuiz2SIvEsQEJH2cDLhCZsQkIZQpntxK2IgqykwSTzEL4TLF2ffL86R1UqnWKrXb03L9Ko+jAPtwAEdQhXOoww00oAkMRvAIz/BiSevJerXeZq0LVj6zB79gvX8BVRWN5Q==</latexit>

�
<latexit sha1_base64="xXK4sQKfOD1EOnL5XOHlD9X74m4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lsUXsrePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlvTNIgan0w8Hhvhpl5XsSZNrb9aZXW1jc2t8rblZ3dvf2D6uFRT4exIrRLQh6qgYc15UzSrmGG00GkKBYep31vdpP5/QeqNAvlvZlH1BV4KpnPCDaZNIoCNq7W7LqdA60SpyA1KNAZVz9Gk5DEgkpDONZ66NiRcROsDCOcLiqjWNMIkxme0mFKJRZUu0l+6wKdpcoE+aFKSxqUqz8nEiy0ngsv7RTYBPqvl4n/ecPY+NduwmQUGyrJcpEfc2RClD2OJkxRYvg8JZgolt6KSIAVJiaNp5KH0Mpw+f3yKuld1J1GvXHXrLVbRRxlOIFTOAcHrqANt9CBLhAI4BGe4cUS1pP1ar0tW0tWMXMMv2C9fwEpm45t</latexit>

�⇤
<latexit sha1_base64="j2weMAMp21DH/F2WS5l4VAs6IHU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIsgHkpiRe2t4MVjBfsBbSyb7aZdu9kNuxuhhP4HLx4U8er/8ea/cZMGUeuDgcd7M8zM8yNGlXacT6uwtLyyulZcL21sbm3vlHf32krEEpMWFkzIro8UYZSTlqaakW4kCQp9Rjr+5Cr1Ow9EKir4rZ5GxAvRiNOAYqSN1O5HY3p3MihXnKqTwV4kbk4qkKM5KH/0hwLHIeEaM6RUz3Ui7SVIaooZmZX6sSIRwhM0Ij1DOQqJ8pLs2pl9ZJShHQhpims7U39OJChUahr6pjNEeqz+eqn4n9eLdXDpJZRHsSYczxcFMbO1sNPX7SGVBGs2NQRhSc2tNh4jibA2AZWyEOopzr9fXiTt06pbq9ZuziqNeh5HEQ7gEI7BhQtowDU0oQUY7uERnuHFEtaT9Wq9zVsLVj6zD79gvX8BRTiPCQ==</latexit>

<latexit sha1_base64="5AAxuCpGc9F65pomqg4gQASPgNQ=">AAACAnicbVA9SwNBEN2LXzF+RW0Em8UgWIU7CahdwMZKIhgTSI6wt5lLluztHbtzYjhi41+xsVAQW3+Fnf/GzUehiQ8GHu/NMDMvSKQw6LrfTm5peWV1Lb9e2Njc2t4p7u7dmTjVHOo8lrFuBsyAFArqKFBCM9HAokBCIxhcjv3GPWgjYnWLwwT8iPWUCAVnaKVO8aCN8IAZXNNAQ2QMataXqeqNOsWSW3YnoIvEm5ESmaHWKX61uzFPI1DIJTOm5bkJ+hnTKLiEUaGdGkgYH7AetCxVLALjZ5MPRvTYKl0axtqWQjpRf09kzN42jALbGTHsm3lvLP7ntVIMz/1MqCRFUHy6KEwlxZiO46BdoYGjHFrCuBb2Vsr7TDOONrSCDcGbf3mRNE7LXqXseTeVUvVilkeeHJIjckI8ckaq5IrUSJ1w8kieySt5c56cF+fd+Zi25pzZzD75A+fzB/u3l6g=</latexit>

eN bremsstrahlung

e� e�

N Xn

� �⇤

�

F�

e� e�

N Xn

�

�⇤

�

Z 0

• Electron fixed-target experiments (NA64 and LDMX)

Signal: missing transverse E/p
(ECAL)

Active veto system and cuts 
Background free! 
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Intensity Frontier
• Electron fixed-target experiments

<latexit sha1_base64="fZuCQdd1fbPUDeeDh6enlOtRu3k=">AAACB3icbVDLSsNAFJ3UV62vqEsRBovgQkpGCroRKiK6rGAf0IQwmU7boZNJmJkIJQQEN/6KGxcK4tZfcOffOE270NYDFw7n3Mu99wQxZ0o7zrdVWFhcWl4prpbW1jc2t+ztnaaKEklog0Q8ku0AK8qZoA3NNKftWFIcBpy2guHl2G/dU6lYJO70KKZeiPuC9RjB2ki+vX/lp64MYWBmMngOkeO4x7lyTZuZb5edipMDzhM0JWUwRd23v9xuRJKQCk04VqqDnFh7KZaaEU6zkpsoGmMyxH3aMVTgkCovzd/I4KFRurAXSVNCw1z9PZHiUKlRGJjOEOuBmvXG4n9eJ9G9My9lIk40FWSyqJdwqCM4zgR2maRE85EhmEhmboVkgCUm2iRXMiGg2ZfnSeukgqoVhG6r5drFwySPItgDB+AIIHAKauAG1EEDEPAInsEreLOerBfr3fqYtBasaYa74A+szx9aapf8</latexit>

Ebeam = 100GeV

Current: NA64

<latexit sha1_base64="kvP+Nj9w3tkzhaFZPvT8ebWakAs=">AAACC3icbVDLSsNAFJ34rPUVdelmtAiuQkYLiiAURHClFVpbaGKYTCft0MmDmYlQQtZu/BU3LhTErT/gzr9x2mahrQcuHM65l3vv8RPOpLLtb2NufmFxabm0Ul5dW9/YNLe272ScCkKbJOaxaPtYUs4i2lRMcdpOBMWhz2nLH1yM/NYDFZLFUUMNE+qGuBexgBGstOSZe9de5ogQXt40cngOq9YxdBQLqYTIvs+QnUPPrNiWPQacJaggFVCg7plfTjcmaUgjRTiWsoPsRLkZFooRTvOyk0qaYDLAPdrRNMJ6m5uNX8nhgVa6MIiFrkjBsfp7IsOhlMPQ150hVn057Y3E/7xOqoJTN2NRkioakcmiIOVQxXCUC+wyQYniQ00wEUzfCkkfC0yUTq+sQ0DTL8+S1pGFqhZCt9VK7azIowR2wT44BAicgBq4AnXQBAQ8gmfwCt6MJ+PFeDc+Jq1zRjGzA/7A+PwBnWuYFg==</latexit>

NEOT = 4.3⇥ 1010

Future: LDMX
<latexit sha1_base64="K1U03SqjjXW2P8SU4zeyWU6Z5Ho="></latexit>

Ebeam = 4GeV (phase-I) and 8GeV (phase-II)
<latexit sha1_base64="ivp/2oYAWGkieYGAT5jbQdCHgb0="></latexit>

NEOT = 4⇥ 1014 (phase-I) and 3.2⇥ 1015 (phase-II)

Similar setup with NA64 …
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Intensity Frontier

target
<latexit sha1_base64="vioGMydJJs7vKs2iPQux94fNPkg=">AAAB7XicbVBNSwMxEM3Wr1q/qh69BIvgqey2oPZW8OKxgv2AdinZNG1js8mSzApl6X/w4kERr/4fb/4bs9tF1Ppg4PHeDDPzgkhwA6776RTW1jc2t4rbpZ3dvf2D8uFRx6hYU9amSijdC4hhgkvWBg6C9SLNSBgI1g1m16nffWDacCXvYB4xPyQTycecErBSB4ieMBiWK27VzYBXiZeTCsrRGpY/BiNF45BJoIIY0/fcCPyEaOBUsEVpEBsWETojE9a3VJKQGT/Jrl3gM6uM8FhpWxJwpv6cSEhozDwMbGdIYGr+eqn4n9ePYXzlJ1xGMTBJl4vGscCgcPo6HnHNKIi5JYRqbm/FdEo0oWADKmUhNFJcfL+8Sjq1qlev1m9rlWYjj6OITtApOkceukRNdINaqI0oukeP6Bm9OMp5cl6dt2VrwclnjtEvOO9f2X2PaQ==</latexit>

e� beam
<latexit sha1_base64="Ajy9Q4aymREgMAnrDyN7CGtduJ0=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCCy1TKz52RTcuK9gHdMaSSTNtaJIZkoxQh36JGxeKuPVT3Pk3ZqaDqPVA4HDOPdyb40eMKu04n1ZhYXFpeaW4Wlpb39gs21vbbRXGEpMWDlkouz5ShFFBWppqRrqRJIj7jHT88VXqd+6JVDQUt3oSEY+joaABxUgbqW+Xyd2Re5i4kkPfxKZ9u+JUnQxwntRyUgE5mn37wx2EOOZEaMyQUr2aE2kvQVJTzMi05MaKRAiP0ZD0DBWIE+Ul2eFTuG+UAQxCaZ7QMFN/JhLElZpw30xypEfqr5eK/3m9WAfnXkJFFGsi8GxREDOoQ5i2AAdUEqzZxBCEJTW3QjxCEmFtuiplJVykOP3+8jxpH1dr9Wr95qTSuMzrKIJdsAcOQA2cgQa4Bk3QAhjE4BE8gxfrwXqyXq232WjByjM74Bes9y8PopLY</latexit>

downstream detector
<latexit sha1_base64="xCxop55g1Ho8nT7ESS+qbhPoOKs=">AAACA3icbVDLSgMxFM34tr6q7nQTLIKrMrXiYyOCG5cVrBbaUjKZ2zaYSYbkjlqGght/xY0LRdz6E+78GzNtEbUeCBzOuYebe4JYCou+/+lNTE5Nz8zOzecWFpeWV/Kra5dWJ4ZDlWupTS1gFqRQUEWBEmqxARYFEq6C69PMv7oBY4VWF9iLoRmxjhJtwRk6qZXfaCDcYRrqW2UxC9IQEDhq02/lC37RH4COk9KIFMgIlVb+oxFqnkSgkEtmbb3kx9hMmUHBJfRzjcRCzPg160DdUcUisM10cEOfbjslpG1t3FNIB+rPRMoia3tR4CYjhl3718vE/7x6gu3DZipUnCAoPlzUTiRFTbNCaCiMu1f2HGHcCPdXyrvMMI6uttyghKMM+98nj5PL3WKpXCyf7xVOjkd1zJFNskV2SIkckBNyRiqkSji5J4/kmbx4D96T9+q9DUcnvFFmnfyC9/4FVP6YuQ==</latexit>

�
<latexit sha1_base64="xXK4sQKfOD1EOnL5XOHlD9X74m4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lsUXsrePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlvTNIgan0w8Hhvhpl5XsSZNrb9aZXW1jc2t8rblZ3dvf2D6uFRT4exIrRLQh6qgYc15UzSrmGG00GkKBYep31vdpP5/QeqNAvlvZlH1BV4KpnPCDaZNIoCNq7W7LqdA60SpyA1KNAZVz9Gk5DEgkpDONZ66NiRcROsDCOcLiqjWNMIkxme0mFKJRZUu0l+6wKdpcoE+aFKSxqUqz8nEiy0ngsv7RTYBPqvl4n/ecPY+NduwmQUGyrJcpEfc2RClD2OJkxRYvg8JZgolt6KSIAVJiaNp5KH0Mpw+f3yKuld1J1GvXHXrLVbRRxlOIFTOAcHrqANt9CBLhAI4BGe4cUS1pP1ar0tW0tWMXMMv2C9fwEpm45t</latexit>

�⇤
<latexit sha1_base64="j2weMAMp21DH/F2WS5l4VAs6IHU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIsgHkpiRe2t4MVjBfsBbSyb7aZdu9kNuxuhhP4HLx4U8er/8ea/cZMGUeuDgcd7M8zM8yNGlXacT6uwtLyyulZcL21sbm3vlHf32krEEpMWFkzIro8UYZSTlqaakW4kCQp9Rjr+5Cr1Ow9EKir4rZ5GxAvRiNOAYqSN1O5HY3p3MihXnKqTwV4kbk4qkKM5KH/0hwLHIeEaM6RUz3Ui7SVIaooZmZX6sSIRwhM0Ij1DOQqJ8pLs2pl9ZJShHQhpims7U39OJChUahr6pjNEeqz+eqn4n9eLdXDpJZRHsSYczxcFMbO1sNPX7SGVBGs2NQRhSc2tNh4jibA2AZWyEOopzr9fXiTt06pbq9ZuziqNeh5HEQ7gEI7BhQtowDU0oQUY7uERnuHFEtaT9Wq9zVsLVj6zD79gvX8BRTiPCQ==</latexit>

<latexit sha1_base64="5AAxuCpGc9F65pomqg4gQASPgNQ=">AAACAnicbVA9SwNBEN2LXzF+RW0Em8UgWIU7CahdwMZKIhgTSI6wt5lLluztHbtzYjhi41+xsVAQW3+Fnf/GzUehiQ8GHu/NMDMvSKQw6LrfTm5peWV1Lb9e2Njc2t4p7u7dmTjVHOo8lrFuBsyAFArqKFBCM9HAokBCIxhcjv3GPWgjYnWLwwT8iPWUCAVnaKVO8aCN8IAZXNNAQ2QMataXqeqNOsWSW3YnoIvEm5ESmaHWKX61uzFPI1DIJTOm5bkJ+hnTKLiEUaGdGkgYH7AetCxVLALjZ5MPRvTYKl0axtqWQjpRf09kzN42jALbGTHsm3lvLP7ntVIMz/1MqCRFUHy6KEwlxZiO46BdoYGjHFrCuBb2Vsr7TDOONrSCDcGbf3mRNE7LXqXseTeVUvVilkeeHJIjckI8ckaq5IrUSJ1w8kieySt5c56cF+fd+Zi25pzZzD75A+fzB/u3l6g=</latexit>

eN bremsstrahlung

Production:

• Electron beam-dump experiments (mQ, BDX) 
Signal: electron recoil

detector acceptance
electron propagation in (thick) target

Detection:

Background: neutrino 
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Intensity Frontier
• Electron beam-dump experiments

Current: mQ

Future: BDX

arXiv:1307.6861

<latexit sha1_base64="teFyl6os5A+YopvmBEEOiJzTzgg=">AAACCHicbVDLSsNAFJ34rPUVdSnIYBFcSEhKRV0IFRFdVrAPaEKYTKft0MkkzEyEEgIu3PgrblwoiFs/wZ1/4zTtQlsPXDiccy/33hPEjEpl29/G3PzC4tJyYaW4ura+sWlubTdklAhM6jhikWgFSBJGOakrqhhpxYKgMGCkGQwuR37znghJI36nhjHxQtTjtEsxUlryzb0rP3VFCAM9k8FzWD6zjt2jXLomjcw3S7Zl54CzxJmQEpig5ptfbifCSUi4wgxJ2XbsWHkpEopiRrKim0gSIzxAPdLWlKOQSC/N/8jggVY6sBsJXVzBXP09kaJQymEY6M4Qqb6c9kbif147Ud1TL6U8ThTheLyomzCoIjgKBXaoIFixoSYIC6pvhbiPBMJKR1fUITjTL8+SZtlyKpbj3FZK1YuHcR4FsAv2wSFwwAmoghtQA3WAwSN4Bq/gzXgyXox342PcOmdMMtwBf2B8/gDko5hD</latexit>

Ebeam = 29.5GeV
<latexit sha1_base64="9ocqXg9M/ny7vpz9Fo1WvdLYbSw=">AAACCnicbVDLSsNAFJ3UV62vqEs3g0VwFTJSsAhCQQRXWqG1hSaGyXTSDp08mJkIJWTrxl9x40JB3PoF7vwbp20W2nrgwuGce7n3Hj/hTCrb/jZKS8srq2vl9crG5tb2jrm7dyfjVBDaJjGPRdfHknIW0bZiitNuIigOfU47/uhi4nceqJAsjlpqnFA3xIOIBYxgpSXPhNde5ogQXt60cngO61YNOoqFVEJk32eonntm1bbsKeAiQQWpggJNz/xy+jFJQxopwrGUPWQnys2wUIxwmlecVNIEkxEe0J6mEdbL3Gz6SQ6PtNKHQSx0RQpO1d8TGQ6lHIe+7gyxGsp5byL+5/VSFdTdjEVJqmhEZouClEMVw0kssM8EJYqPNcFEMH0rJEMsMFE6vIoOAc2/vEg6JxaqWQjd1qqNsyKPMjgAh+AYIHAKGuAKNEEbEPAInsEreDOejBfj3fiYtZaMYmYf/IHx+QNR1Zf5</latexit>

NEOT = 8.4⇥ 1018

<latexit sha1_base64="pHRMotrfRvcocDZjRFL+S55CmIs=">AAACBnicbVDLSsNAFJ3UV62vqEtdDBbBhZSMFHQjVER0WcE+oAlhMp22QyeTMDMRSgiIG3/FjQsFces3uPNvnKZdaOuBC4dz7uXee4KYM6Ud59sqLCwuLa8UV0tr6xubW/b2TlNFiSS0QSIeyXaAFeVM0IZmmtN2LCkOA05bwfBy7LfuqVQsEnd6FFMvxH3BeoxgbSTf3r/yU1eGMDAzGTyHCLnHuXBNm5lvl52KkwPOEzQlZTBF3be/3G5EkpAKTThWqoOcWHsplpoRTrOSmygaYzLEfdoxVOCQKi/Nv8jgoVG6sBdJU0LDXP09keJQqVEYmM4Q64Ga9cbif14n0b0zL2UiTjQVZLKol3CoIziOBHaZpETzkSGYSGZuhWSAJSbaBFcyIaDZl+dJ66SCqhWEbqvl2sXDJI8i2AMH4AggcApq4AbUQQMQ8AiewSt4s56sF+vd+pi0FqxphrvgD6zPH+ZHl8M=</latexit>

Ebeam = 11GeV
<latexit sha1_base64="VyyjYyglksEViZFhCZ/XeFThUgg=">AAAB/3icbVBNS8NAEN3Ur1q/ouLJy2IRPJVsKSiCUBDBk1ZobaGNYbPdtEs3m7C7EUoI+Fe8eFAQr/4Nb/4bt20O2vpg4PHeDDPz/JgzpR3n2yosLa+srhXXSxubW9s79u7evYoSSWiLRDySHR8rypmgLc00p51YUhz6nLb90eXEbz9SqVgkmnocUzfEA8ECRrA2kmcf3HhpT4bw6raZwQuInIe0Ws08u+xUnCngIkE5KYMcDc/+6vUjkoRUaMKxUl3kxNpNsdSMcJqVeomiMSYjPKBdQwUOqXLT6fkZPDZKHwaRNCU0nKq/J1IcKjUOfdMZYj1U895E/M/rJjo4c1Mm4kRTQWaLgoRDHcFJFrDPJCWajw3BRDJzKyRDLDHRJrGSCQHNv7xI2tUKqlUQuquV6+d5HkVwCI7ACUDgFNTBNWiAFiAgBc/gFbxZT9aL9W59zFoLVj6zD/7A+vwBRSSULg==</latexit>

NEOT = 1022
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Overview of Parameter Space: F
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      Overview of Parameter Space:  
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<latexit sha1_base64="r2HZZ+O+ZiiJd5C1vFmHcv63l4k=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoMeCFy9CFWuLbSib7aRdutmE3Y1QQv+BFw8K4tVf5M1/47bNQVsfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDFssljEqh1QjYJLbBpuBLYThTQKBLaC0dXUbz2h0jyW92acoB/RgeQhZ9RY6e7xtFeuuFV3BrJMvJxUIEejV/7q9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfja7dEJOrNInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCS/9jMskNSjZfFGYCmJiMn2b9LlCZsTYEsoUt7cSNqSKMmPDKdkQvMWXl0nrvOrVqp53W6vUb/I8inAEx3AGHlxAHa6hAU1gEMIzvMKbM3JenHfnY95acPKZQ/gD5/MHspSNUw==</latexit>

Z 0

• Intensity frontier constraints are important 
(rule out INTEGRAL favoured region)
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Precision Frontier

New measurement of       from Cs atom interferometer

• Electron g-2

<latexit sha1_base64="86OLSUSCZtVUjHVEuczO0Ue1plQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmAckS+idzCZjZmeWmVkhhPyDFw8K4tXv8ebfOEn2oIkFDUVVN91dUSq4sb7/7RU2Nre2d4q7pb39g8Oj8vFJy6hMU9akSijdidAwwSVrWm4F66SaYRIJ1o7Gt3O//cS04Uo+2EnKwgSHkseconVSq4ciHWG/XPGr/gJknQQ5qUCORr/81RsomiVMWirQmG7gpzacoracCjYr9TLDUqRjHLKuoxITZsLp4toZuXDKgMRKu5KWLNTfE1NMjJkkketM0I7MqjcX//O6mY1vwimXaWaZpMtFcSaIVWT+OhlwzagVE0eQau5uJXSEGql1AZVcCMHqy+ukfVUNatUguK9V6vU8jyKcwTlcQgDXUIc7aEATKDzCM7zCm6e8F+/d+1i2Frx85hT+wPv8ASL2j08=</latexit>↵ Parker et. al  (2018)

<latexit sha1_base64="KGiOdwvRr0bmCHyITopWVF1bisw=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgadkNET0GvHiMYIySLGF2MpsMmccyMyuEJV/hxYOCePVvvPk3TpI9aGJBQ1HVTXdXnHJmbBB8e6W19Y3NrfJ2ZWd3b/+genh0b1SmCW0TxZV+iLGhnEnatsxy+pBqikXMaSceX8/8zhPVhil5ZycpjQQeSpYwgq2THuv+Rc+wocD9ai3wgznQKgkLUoMCrX71qzdQJBNUWsKxMd0wSG2UY20Z4XRa6WWGppiM8ZB2HZVYUBPl84On6MwpA5Qo7UpaNFd/T+RYGDMRsesU2I7MsjcT//O6mU2uopzJNLNUksWiJOPIKjT7Hg2YpsTyiSOYaOZuRWSENSbWZVRxIYTLL6+STt0PG34Y3jZqzWaRRxlO4BTOIYRLaMINtKANBAQ8wyu8edp78d69j0VryStmjuEPvM8fiTqQDQ==</latexit>

2.5� between               and 
<latexit sha1_base64="L+JRJGB0T97WvjxkBVSQbFj+L/c=">AAAB/XicbVBNS8NAEN3Ur1q/oj16WSxCvZRECnosePFYwVqhjWGznbRLd5OwuxFCiH/FiwcF8er/8Oa/cdvmoK0PBh7vzTAzL0g4U9pxvq3K2vrG5lZ1u7azu7d/YB8e3ak4lRR6NOaxvA+IAs4i6GmmOdwnEogIOPSD6dXM7z+CVCyObnWWgCfIOGIho0QbybfrxIeHvJkPpcACiGoVZ4VvN5yWMwdeJW5JGqhE17e/hqOYpgIiTTlRauA6ifZyIjWjHIraMFWQEDolYxgYGhEBysvnxxf41CgjHMbSVKTxXP09kROhVCYC0ymInqhlbyb+5w1SHV56OYuSVENEF4vClGMd41kSeMQkUM0zQwiVzNyK6YRIQrXJq2ZCcJdfXiX985bbbrnuTbvR6ZR5VNExOkFN5KIL1EHXqIt6iKIMPaNX9GY9WS/Wu/WxaK1Y5Uwd/YH1+QOmcpST</latexit>

a(meas.)
e

<latexit sha1_base64="z/Le8Xme+3n7UdN72sThdUsNkso=">AAAB+nicbVBNS8NAEJ34WetX1KOXxSLUS0mkoMdCLx4rWFtoY9hsN+3S3U3Y3RRK6D/x4kFBvPpLvPlv3LY5aOuDgcd7M8zMi1LOtPG8b2djc2t7Z7e0V94/ODw6dk9OH3WSKULbJOGJ6kZYU84kbRtmOO2mimIRcdqJxs2535lQpVkiH8w0pYHAQ8liRrCxUui6OKRPeTXvK4GaenY1C92KV/MWQOvEL0gFCrRC96s/SEgmqDSEY617vpeaIMfKMMLprNzPNE0xGeMh7VkqsaA6yBeXz9ClVQYoTpQtadBC/T2RY6H1VES2U2Az0qveXPzP62Umvg1yJtPMUEmWi+KMI5OgeQxowBQlhk8twUQxeysiI6wwMTassg3BX315nXSua3695vv39UqjUeRRgnO4gCr4cAMNuIMWtIHABJ7hFd6c3Hlx3p2PZeuGU8ycwR84nz9xL5NX</latexit>

a(Cs)
e

Caveat: allow new physics contribution of both signs!
Can also be recasted into      tension<latexit sha1_base64="86OLSUSCZtVUjHVEuczO0Ue1plQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmAckS+idzCZjZmeWmVkhhPyDFw8K4tXv8ebfOEn2oIkFDUVVN91dUSq4sb7/7RU2Nre2d4q7pb39g8Oj8vFJy6hMU9akSijdidAwwSVrWm4F66SaYRIJ1o7Gt3O//cS04Uo+2EnKwgSHkseconVSq4ciHWG/XPGr/gJknQQ5qUCORr/81RsomiVMWirQmG7gpzacoracCjYr9TLDUqRjHLKuoxITZsLp4toZuXDKgMRKu5KWLNTfE1NMjJkkketM0I7MqjcX//O6mY1vwimXaWaZpMtFcSaIVWT+OhlwzagVE0eQau5uJXSEGql1AZVcCMHqy+ukfVUNatUguK9V6vU8jyKcwTlcQgDXUIc7aEATKDzCM7zCm6e8F+/d+1i2Frx85hT+wPv8ASL2j08=</latexit>↵

Update: New measurement of       from the recoil 
velocity of a Rb atom that absorbs a photon 
using matter-wave interferometry 
Morel et. al, Nature (Dec. 02, 2020)

<latexit sha1_base64="86OLSUSCZtVUjHVEuczO0Ue1plQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmAckS+idzCZjZmeWmVkhhPyDFw8K4tXv8ebfOEn2oIkFDUVVN91dUSq4sb7/7RU2Nre2d4q7pb39g8Oj8vFJy6hMU9akSijdidAwwSVrWm4F66SaYRIJ1o7Gt3O//cS04Uo+2EnKwgSHkseconVSq4ciHWG/XPGr/gJknQQ5qUCORr/81RsomiVMWirQmG7gpzacoracCjYr9TLDUqRjHLKuoxITZsLp4toZuXDKgMRKu5KWLNTfE1NMjJkkketM0I7MqjcX//O6mY1vwimXaWaZpMtFcSaIVWT+OhlwzagVE0eQau5uJXSEGql1AZVcCMHqy+ukfVUNatUguK9V6vU8jyKcwTlcQgDXUIc7aEATKDzCM7zCm6e8F+/d+1i2Frx85hT+wPv8ASL2j08=</latexit>↵
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Precision Frontier

SM contribution: Z decays into neutrinos

• Z-invisible decay

Measurement: missing energy at the Z-pole (LEP)

BSM contribution: Z decays into scalar DM

Also in F case: effective charge-radius operator (triangle loop)  

and running of fine-structure constant (vacuum polarisation)

• Via triangle loop containing F

• Via kinetic mixing between Z and Z’

Bai and Berger  (2014) and Hamze et. al (2015) 

�, Z Z 0

l

�, Z(p)

�(p1)

�⇤(p2)

l�

F�

l�

�, Z(p)

�(p1)

�⇤(p2)

F�

l�

F�
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Precision Frontier

Measurement: asymmetry in polarisized Moller scattering

(No tree-level electron-electron scattering for F model)

• Parity violation

SM contribution: weak interaction

Two extreme cases for      :               and   
<latexit sha1_base64="BVUOTebzhlAiIslVwrC7BDx7jRw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbRU0mkUI8FLx6rWFtsQ9lsN+3SzSbsToQS+g+8eFAQr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uHRg4lTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5O1gfD3z209cGxGre5wk3I/oUIlQMIpWuns875crbtWdg6wSLycVyNHsl796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/dErOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7fJQGjOUE4soUwLeythI6opQxtOyYbgLb+8StqXVa9W9bzbWqXRyPMowgmcwgV4UIcG3EATWsAghGd4hTdn7Lw4787HorXg5DPH8AfO5w+uq41G</latexit>

Z 0 <latexit sha1_base64="YQ84conVFU5e1wiY4dIzsIhZDdc=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9lIQS9CwYsHDxXsB7RLyabZNjabLElWKEv/gxcPCuLV3+PNf2Pa7kFbHww83pthZl6YCG6s7397hbX1jc2t4nZpZ3dv/6B8eNQyKtWUNakSSndCYpjgkjUtt4J1Es1IHArWDsc3M7/9xLThSj7YScKCmAwljzgl1kmtYf8OXfv9csWv+nOgVYJzUoEcjX75qzdQNI2ZtFQQY7rYT2yQEW05FWxa6qWGJYSOyZB1HZUkZibI5tdO0ZlTBihS2pW0aK7+nshIbMwkDl1nTOzILHsz8T+vm9roKsi4TFLLJF0silKBrEKz19GAa0atmDhCqObuVkRHRBNqXUAlFwJefnmVtC+quFbF+L5WqdfzPIpwAqdwDhguoQ630IAmUHiEZ3iFN095L96797FoLXj5zDH8gff5A/mNjow=</latexit>

gL = 0
<latexit sha1_base64="bYDn94chNdAtuJsj5vdmMR6Q1lE=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9lIQS9CwYvHKvYD2qVk02wbm02WJCuUpf/BiwcF8erv8ea/MW33oK0PBh7vzTAzL0wEN9b3v73C2vrG5lZxu7Szu7d/UD48ahmVasqaVAmlOyExTHDJmpZbwTqJZiQOBWuH45uZ335i2nAlH+wkYUFMhpJHnBLrpNawf4+u/X654lf9OdAqwTmpQI5Gv/zVGyiaxkxaKogxXewnNsiItpwKNi31UsMSQsdkyLqOShIzE2Tza6fozCkDFCntSlo0V39PZCQ2ZhKHrjMmdmSWvZn4n9dNbXQVZFwmqWWSLhZFqUBWodnraMA1o1ZMHCFUc3croiOiCbUuoJILAS+/vEraF1Vcq2J8V6vU63keRTiBUzgHDJdQh1toQBMoPMIzvMKbp7wX7937WLQWvHzmGP7A+/wBAsyOkg==</latexit>

gR = 0

Current: E158 at SLAC
Future: MOLLER and P2 at MESA

Czarnecki and Marciano  (2000) 

SLAC E158 Collaboration  (2005) 

MOLLER Collaboration  (2014) and Becker et. al (2018)

Credit: Jewel Garcia

Z’ can be here!
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Precision Frontier

Measurement: LFV decay such as 

• Lepton-flavor violation (LFV)
<latexit sha1_base64="IzhodYX0DUv7jTIlXYnDuOX304w=">AAACLXicbVBNSwMxFMz6WetX1aOXYBFEStmVgh4LvXisYG2hu5a3adqGJtklySpl6Q/y4l8RxIMF8erfMG33oG0HHgwz80jehDFn2rjuxFlb39jc2s7t5Hf39g8OC0fHDzpKFKENEvFItULQlDNJG4YZTluxoiBCTpvhsDb1m09UaRbJezOKaSCgL1mPETBW6hRqvkiwr1h/YECp6BlT7PdBCPBLqa8EBtkdY7+EV8TiAZvO42WnUHTL7gx4mXgZKaIM9U7h3e9GJBFUGsJB67bnxiZIQRlGOB3n/UTTGMgQ+rRtqQRBdZDOjh3jc6t0cS9SdqTBM/XvRgpC65EIbVKAGehFbyqu8tqJ6d0EKZNxYqgk84d6CccmwtPmcJcpSgwfWQJEMftXTAaggBjbb96W4C2evEyaV2WvUva8u0qxWs36yKFTdIYukIeuURXdojpqIIJe0Bv6RBPn1flwvpzveXTNyXZO0D84P7/mBKfH</latexit>

µ ! e� andµ ! e��⇤

2. 

<latexit sha1_base64="Y4NcUDHoX/DFP5KdHmhNz6JDLFY=">AAACA3icbVBNS8NAEN3Ur1q/op7Ey2IRPJVECnosePFYwdpCE8pku2mX7m7C7kYpoXjxr3jxoCBe/RPe/Ddu2xy09cHA470ZZuZFKWfaeN63U1pZXVvfKG9WtrZ3dvfc/YM7nWSK0BZJeKI6EWjKmaQtwwynnVRREBGn7Wh0NfXb91RplshbM05pKGAgWcwIGCv13KNAZDhQbDA0oFTygCkOBiAEBD236tW8GfAy8QtSRQWaPfcr6CckE1QawkHrru+lJsxBGUY4nVSCTNMUyAgGtGupBEF1mM9emOBTq/RxnChb0uCZ+nsiB6H1WES2U4AZ6kVvKv7ndTMTX4Y5k2lmqCTzRXHGsUnwNA/cZ4oSw8eWAFHM3orJEBQQY1Or2BD8xZeXSfu85tdrvn9TrzYaRR5ldIxO0Bny0QVqoGvURC1E0CN6Rq/ozXlyXpx352PeWnKKmUP0B87nD2wGlz8=</latexit>µ ! e�

<latexit sha1_base64="BN+pc3q28IGK/Zcq33LXcC2EVBM=">AAACBnicbVDLSsNAFJ3UV62vqEtdDBZBXJRECrosuHFZwdpCE8tkOmmGziPMTJRSunHjr7hxoSBu/QZ3/o2TNgttPXDhcM693HtPlDKqjed9O6Wl5ZXVtfJ6ZWNza3vH3d271TJTmLSwZFJ1IqQJo4K0DDWMdFJFEI8YaUfDy9xv3xOlqRQ3ZpSSkKOBoDHFyFip5x4GPIOBooPEIKXkAyQwSBOa191pz616NW8KuEj8glRBgWbP/Qr6EmecCIMZ0rrre6kJx0gZihmZVIJMkxThIRqQrqUCcaLD8fSLCTy2Sh/GUtkSBk7V3xNjxLUe8ch2cmQSPe/l4n9eNzPxRTimIs0MEXi2KM4YNBLmkcA+VQQbNrIEYUXtrRAnSCFsbHAVG4I///IiaZ/V/HrN96/r1UajyKMMDsAROAE+OAcNcAWaoAUweATP4BW8OU/Oi/PufMxaS04xsw/+wPn8AYkumGQ=</latexit>

µ ! e��⇤

1.

<latexit sha1_base64="1lEXi7kceuZmWDAvyFUqENfSQq0="></latexit>

Brµ!e� < 4.2⇥ 10�13
MEG collaboration (2016)

Via the loop-induced effective magnetic dipole interaction 

<latexit sha1_base64="JkGjwsTNVc7EXsW8Mz/HzjXANbw="></latexit>

for (cµLc
e
R)

2 + (cµRc
e
L)

2 6= 0 or (cµLc
e
R)

2 + (cµRc
e
L)

2 = 0

Observable: distortion in the electron spectrum See review, Renga (2016)

Constrain flavour structure of F model

SM process

Michel parameters

When we only have 1 flavour of F …
<latexit sha1_base64="xEsKy1EHPqMR2u/UwSLFxb2NRUM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48RzAOSJfROZpMxM7PLzKwQQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTlDVoIhLdjtAwwRVrWG4Fa6eaoYwEa0Wj25nfemLa8EQ92HHKQokDxWNO0Tqp2R2glNgrV/yqPwdZJUFOKpCj3it/dfsJzSRTlgo0phP4qQ0nqC2ngk1L3cywFOkIB6zjqELJTDiZXzslZ07pkzjRrpQlc/X3xASlMWMZuU6JdmiWvZn4n9fJbHwTTrhKM8sUXSyKM0FsQmavkz7XjFoxdgSp5u5WQoeokVoXUMmFECy/vEqaF9XgqurfX1Zql3kcRTiBUziHAK6hBndQhwZQeIRneIU3L/FevHfvY9Fa8PKZY/gD7/MHhAePCw==</latexit>�

<latexit sha1_base64="TzXseXM5sq1u+TMdrQ8+27g39e0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih4LXjxWMG2hjWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btMctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcjv3O09UaRbLBzNNaCDwSLKIEWys5PdF+ngxqNbcupsDrRKvIDUo0BpUv/rDmKSCSkM41rrnuYkJMqwMI5zOKv1U0wSTCR7RnqUSC6qDLD92hs6sMkRRrGxJg3L190SGhdZTEdpOgc1YL3tz8T+vl5roJsiYTFJDJVksilKOTIzmn6MhU5QYPrUEE8XsrYiMscLE2HwqNgRv+eVV0r6se1d1975RazaKOMpwAqdwDh5cQxPuoAU+EGDwDK/w5kjnxXl3PhatJaeYOYY/cD5/AHnhjms=</latexit>

µ� <latexit sha1_base64="j16u3OHUqMA4LOTfvLnuZfHDqN0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArET0GBPEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxG11O/+YRK80g+mHGMfkgHkvc5o8ZK9zePZ91iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSOC97F2X3rlKqVrI48nAEx3AKHlxCFW6hBnVgMIBneIU3RzgvzrvzMW/NOdnMIfyB8/kDtPyNXw==</latexit>

F� <latexit sha1_base64="j16u3OHUqMA4LOTfvLnuZfHDqN0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArET0GBPEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxG11O/+YRK80g+mHGMfkgHkvc5o8ZK9zePZ91iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSOC97F2X3rlKqVrI48nAEx3AKHlxCFW6hBnVgMIBneIU3RzgvzrvzMW/NOdnMIfyB8/kDtPyNXw==</latexit>

F� <latexit sha1_base64="9LcXcBvmuGCiw3y4+Qp13Bz/voM=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS0WPBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0j4/nvVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJoXFe+y4t5Vy7VqHkcBjuEEzsCDK6jBLdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gDkNo1+</latexit>

e�

<latexit sha1_base64="smZHEAiSVx9vbKK2yICL9LPS/yg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZqDtj4YeLw3w8y8IOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMCaciZp1zDD6SBRFIuA034wu8v9/hNVmsXy0cwT6gs8lSxkBJtcGiURG9cbbtMtgNaJV5IGlOiM61+jSUxSQaUhHGs99NzE+BlWhhFOF7VRqmmCyQxP6dBSiQXVflbcukAXVpmgMFa2pEGF+nsiw0LruQhsp8Am0qteLv7nDVMT3voZk0lqqCTLRWHKkYlR/jiaMEWJ4XNLMFHM3opIhBUmxsZTsyF4qy+vk95V07tuug+tRrtVxlGFMziHS/DgBtpwDx3oAoEInuEV3hzhvDjvzseyteKUM6fwB87nDxCkjjU=</latexit>

�

(If kinematic allows) 
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LEP constraint

Missing energy search at Z-pole

Future: dark sector particles production by Drell-Yan processes in 
high-luminosity LHC and ILC

Caveat: constraint for  Z’ model 

L3 collaboration (2004)

Heavy new particles remain unconstrained by LEP (F, Z’)

constrain sub-GeV dark sector particles production 

<latexit sha1_base64="ZyIHfr/9RwCPSrxfjZqOUteQ7YM=">AAAB+3icbVBNS8NAEJ34WetXqkcvi0XqqSRSUMRDwYvHCtaWtiFstpt26W4SdjdKif0pXjwoiFf/iDf/jds2B219MPB4b4aZeUHCmdKO822trK6tb2wWtorbO7t7+3bp4F7FqSS0SWIey3aAFeUsok3NNKftRFIsAk5bweh66rceqFQsju70OKGewIOIhYxgbSTfLgk/61Qm6AoJv3OJOhXk22Wn6syAlombkzLkaPj2V68fk1TQSBOOleq6TqK9DEvNCKeTYi9VNMFkhAe0a2iEBVVeNjt9gk6M0kdhLE1FGs3U3xMZFkqNRWA6BdZDtehNxf+8bqrDCy9jUZJqGpH5ojDlSMdomgPqM0mJ5mNDMJHM3IrIEEtMtEmraEJwF19eJq2zqluruu5trVyv53kU4AiO4RRcOIc63EADmkDgEZ7hFd6sJ+vFerc+5q0rVj5zCH9gff4AJQ+Sbg==</latexit>

mZ0 < mZ : Z 0 can be produced on-shell

<latexit sha1_base64="4w+lmHRIqvuYjQbQ5mLKmJ6E2gA=">AAAB+3icbVBNS8NAEJ34WetXqkcvi0XqqSRSUDxIwYvHCtaWtiFstpt26W4SdjdKif0pXjwoiFf/iDf/jds2B219MPB4b4aZeUHCmdKO822trK6tb2wWtorbO7t7+3bp4F7FqSS0SWIey3aAFeUsok3NNKftRFIsAk5bweh66rceqFQsju70OKGewIOIhYxgbSTfLgk/61Qm6AoJv3OJOhXk22Wn6syAlombkzLkaPj2V68fk1TQSBOOleq6TqK9DEvNCKeTYi9VNMFkhAe0a2iEBVVeNjt9gk6M0kdhLE1FGs3U3xMZFkqNRWA6BdZDtehNxf+8bqrDCy9jUZJqGpH5ojDlSMdomgPqM0mJ5mNDMJHM3IrIEEtMtEmraEJwF19eJq2zqluruu5trVyv53kU4AiO4RRcOIc63EADmkDgEZ7hFd6sJ+vFerc+5q0rVj5zCH9gff4AKCuScA==</latexit>

mZ0 > mZ : Z 0 is always off-shell
constraint on 

constraint on 

<latexit sha1_base64="uwmfdIDmFmOEVi6FLU5/22gRXXo=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cK1hbbEDbbTbp0swm7E6GE/gsvHhTEq7/Gm//GbZuDtj4YeLw3w8y8MJPCoOt+O5W19Y3Nrep2bWd3b/+gfnj0YNJcM95hqUx1L6SGS6F4BwVK3ss0p0koeTcc38z87hPXRqTqHicZ9xMaKxEJRtFKj3EwyEaCxIEM6g236c5BVolXkgaUaAf1r8EwZXnCFTJJjel7boZ+QTUKJvm0NsgNzygb05j3LVU04cYv5hdPyZlVhiRKtS2FZK7+nihoYswkCW1nQnFklr2Z+J/XzzG69guhshy5YotFUS4JpmT2PhkKzRnKiSWUaWFvJWxENWVoQ6rZELzll1dJ96LpXTY97+6y0WqVeVThBE7hHDy4ghbcQhs6wEDBM7zCm2OcF+fd+Vi0Vpxy5hj+wPn8AcUTkMo=</latexit>g�gl

<latexit sha1_base64="rCNg/GDEsuENeV/1pLfihi2Da9k=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx4rWltoQ9lsJ+nSzSbsboQS+hO8eFAQr/4hb/4bt20O2vpg4PHeDDPzglRwbVz32yltbG5t75R3K3v7B4dH1eOTR51kimGHJSJRvYBqFFxix3AjsJcqpHEgsBtMbuZ+9wmV5ol8MNMU/ZhGkoecUWOl+2gohtWaW3cXIOvEK0gNCrSH1a/BKGFZjNIwQbXue25q/Jwqw5nAWWWQaUwpm9AI+5ZKGqP288WpM3JhlREJE2VLGrJQf0/kNNZ6Gge2M6ZmrFe9ufif189MeO3nXKaZQcmWi8JMEJOQ+d9kxBUyI6aWUKa4vZWwMVWUGZtOxYbgrb68TrpXda9R97y7Rq3VKvIowxmcwyV40IQW3EIbOsAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPhaY4B</latexit>gl

Fox et. al (2011) and Cheung et. al (2012)

Ilten et. al (2018) 
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Overview of Parameter Space: F
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• Electron g-2 gives strong constraint
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      Overview of Parameter Space:  
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<latexit sha1_base64="r2HZZ+O+ZiiJd5C1vFmHcv63l4k=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoMeCFy9CFWuLbSib7aRdutmE3Y1QQv+BFw8K4tVf5M1/47bNQVsfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDFssljEqh1QjYJLbBpuBLYThTQKBLaC0dXUbz2h0jyW92acoB/RgeQhZ9RY6e7xtFeuuFV3BrJMvJxUIEejV/7q9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfja7dEJOrNInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCS/9jMskNSjZfFGYCmJiMn2b9LlCZsTYEsoUt7cSNqSKMmPDKdkQvMWXl0nrvOrVqp53W6vUb/I8inAEx3AGHlxAHa6hAU1gEMIzvMKbM3JenHfnY95acPKZQ/gD5/MHspSNUw==</latexit>

Z 0

• LEP is the strongest terrestrial bound
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Direct Detection

N
<latexit sha1_base64="TbRGqeR2yQtSWkbCYH1IKgD0FZA=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0msqL0VvHiSFuwHtKFstpN27WYTdjdCCf0FXjwo4tWf5M1/4yYNotYHA4/3ZpiZ50WcKW3bn1ZhZXVtfaO4Wdra3tndK+8fdFQYSwptGvJQ9jyigDMBbc00h14kgQQeh643vU797gNIxUJxp2cRuAEZC+YzSrSRWrfDcsWu2hnwMnFyUkE5msPyx2AU0jgAoSknSvUdO9JuQqRmlMO8NIgVRIROyRj6hgoSgHKT7NA5PjHKCPuhNCU0ztSfEwkJlJoFnukMiJ6ov14q/uf1Y+1fuQkTUaxB0MUiP+ZYhzj9Go+YBKr5zBBCJTO3YjohklBtsillIdRTXHy/vEw6Z1WnVq21ziuNeh5HER2hY3SKHHSJGugGNVEbUQToET2jF+veerJerbdFa8HKZw7RL1jvX7ykjQA=</latexit>

e�
<latexit sha1_base64="/9hEpG05sPwFjVljDb3TJgOmBLI=">AAAB6nicbVBNS8NAEN3Ur1q/qh69LBbBiyWxovZW8OKxov2ANpbNdtIu3WzC7kYooT/BiwdFvPqLvPlv3KRB1Ppg4PHeDDPzvIgzpW370yosLa+srhXXSxubW9s75d29tgpjSaFFQx7KrkcUcCagpZnm0I0kkMDj0PEmV6nfeQCpWCju9DQCNyAjwXxGiTbSLdyfDMoVu2pnwIvEyUkF5WgOyh/9YUjjAISmnCjVc+xIuwmRmlEOs1I/VhAROiEj6BkqSADKTbJTZ/jIKEPsh9KU0DhTf04kJFBqGnimMyB6rP56qfif14u1f+kmTESxBkHni/yYYx3i9G88ZBKo5lNDCJXM3IrpmEhCtUmnlIVQT3H+/fIiaZ9WnVq1dnNWadTzOIroAB2iY+SgC9RA16iJWoiiEXpEz+jF4taT9Wq9zVsLVj6zj37Bev8C/S2Ntg==</latexit>

• Scattering with bound electron 

Lower threshold than 
nuclear recoil!

Last year: XENON1T 
low-energy excess!?

�
<latexit sha1_base64="xXK4sQKfOD1EOnL5XOHlD9X74m4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lsUXsrePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlvTNIgan0w8Hhvhpl5XsSZNrb9aZXW1jc2t8rblZ3dvf2D6uFRT4exIrRLQh6qgYc15UzSrmGG00GkKBYep31vdpP5/QeqNAvlvZlH1BV4KpnPCDaZNIoCNq7W7LqdA60SpyA1KNAZVz9Gk5DEgkpDONZ66NiRcROsDCOcLiqjWNMIkxme0mFKJRZUu0l+6wKdpcoE+aFKSxqUqz8nEiy0ngsv7RTYBPqvl4n/ecPY+NduwmQUGyrJcpEfc2RClD2OJkxRYvg8JZgolt6KSIAVJiaNp5KH0Mpw+f3yKuld1J1GvXHXrLVbRRxlOIFTOAcHrqANt9CBLhAI4BGe4cUS1pP1ar0tW0tWMXMMv2C9fwEpm45t</latexit>
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Direct Detection
• Scattering with bound electron 

Combined constraints from SENSEI, XENON10, XENON1T + 
(solar reflection flux)

Lower threshold: desirable for sub-GeV DM 

Both models: const. dark form factor (indep. of momentum transfer)

encode q-dependence
<latexit sha1_base64="zpqbsz6XtlxgYkn5B3QUicD454o="></latexit>

F (q) ⌘ |M(q)|
2
/|M(q)|

2

q2=↵2m2
e

SENSEI collaboration (2020), Essig et. al (2012), Essig et. al (2017), XENON collaboration (2019), An et. al (2018)
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Astro./Cosmo. Probes

Credit: Phys. Rev. D 80, 023505

Signal from DM annihilation 

• CMB bound (early universe)

Relevant for F model: s-wave annihilation

p-wave annihilation is  
velocity suppressed!

Observable: distortion in  
CMB power spectrum 

Energy injection from 
DM annihilation

Heating 
Ionization
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Astro./Cosmo. Probes
Signal from DM annihilation 

• Indirect search (late universe)
Relevant for  Z’ model: p-wave annihilation
p-wave annihilation receives enhancement from clustering

Observable: extra anti-matter or gamma ray lines

Data: Voyager 1 
Future: e-ASTROGAM and AMEGO

Stone et. al (2013)

Credit: 1612.07698
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Astro./Cosmo. Probes
• BBN/CMB           bounds

<latexit sha1_base64="yOvVn6HQZK+CcxB0uND/Ix7Q1VU=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMeIF08SwZhAsoTZSW8yZGZ2mekVwhLwJ7x4UBCv/ow3/8bJ46CJBQ1FVTfdXVEqhUXf//YKK6tr6xvFzdLW9s7uXnn/4MEmmeHQ4IlMTCtiFqTQ0ECBElqpAaYiCc1oeD3xm49grEj0PY5SCBXraxELztBJ7dtu3jGKQhyPu+WKX/WnoMskmJMKmaPeLX91egnPFGjkklnbDvwUw5wZFFzCuNTJLKSMD1kf2o5qpsCG+fTkMT1xSo/GiXGlkU7V3xM5U9aOVOQ6FcOBXfQm4n9eO8P4MsyFTjMEzWeL4kxSTOjkf9oTBjjKkSOMG+FupXzADOPoUiq5EILFl5dJ86wanFeD4O68Urt6muVRJEfkmJySgFyQGrkhddIgnCTkmbySNw+9F+/d+5i1Frx5hofkD7zPH9BLkdE=</latexit>

Ne↵

Thermalized MeV scalar DM can contribute to the relativistic 
degrees of freedom in the early universe

Constraint: 
<latexit sha1_base64="fS/4QuYvWHLfmYXraRaWuQcC8Pg=">AAACA3icbVBNS8NAEN3Ur1q/op7Ey2IRPEhJSkGPBS9ehAr2A5oQNttpu3Q3ibsboYTixb/ixYOCePVPePPfuG1z0NYHA4/3ZpiZFyacKe0431ZhZXVtfaO4Wdra3tnds/cPWipOJYUmjXksOyFRwFkETc00h04igYiQQzscXU399gNIxeLoTo8T8AUZRKzPKNFGCuwjEXjJkGFvAPe4ir3zzJMC30BrEthlp+LMgJeJm5MyytEI7C+vF9NUQKQpJ0p1XSfRfkakZpTDpOSlChJCR2QAXUMjIkD52eyFCT41Sg/3Y2kq0nim/p7IiFBqLELTKYgeqkVvKv7ndVPdv/QzFiWphojOF/VTjnWMp3ngHpNANR8bQqhk5lZMh0QSqk1qJROCu/jyMmlXK26t4rq3tXK9nudRRMfoBJ0hF12gOrpGDdREFD2iZ/SK3qwn68V6tz7mrQUrnzlEf2B9/gD6qZZT</latexit>

m� � 2MeV

Phys. Rev. D 100, 015038

At BBN
At CMB

credit: Sunny Vagnozzi
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Astro./Cosmo. Probes
• SN1987A

MeV scalar DM can also be produced in supernova (T ~ MeV)
Anomalous energy loss alters the cooling rate of the proto-neutron star

Constraint: 
<latexit sha1_base64="hyzEH3Ay1vCiqkHnUF2PQq8lctM="></latexit>

L�  L⌫ = 3⇥ 1052 erg/s Raffelt (1996)

Trapping: interaction too strong 
(Upper boundary of constraint)

�
<latexit sha1_base64="xXK4sQKfOD1EOnL5XOHlD9X74m4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lsUXsrePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlvTNIgan0w8Hhvhpl5XsSZNrb9aZXW1jc2t8rblZ3dvf2D6uFRT4exIrRLQh6qgYc15UzSrmGG00GkKBYep31vdpP5/QeqNAvlvZlH1BV4KpnPCDaZNIoCNq7W7LqdA60SpyA1KNAZVz9Gk5DEgkpDONZ66NiRcROsDCOcLiqjWNMIkxme0mFKJRZUu0l+6wKdpcoE+aFKSxqUqz8nEiy0ngsv7RTYBPqvl4n/ecPY+NduwmQUGyrJcpEfc2RClD2OJkxRYvg8JZgolt6KSIAVJiaNp5KH0Mpw+f3yKuld1J1GvXHXrLVbRRxlOIFTOAcHrqANt9CBLhAI4BGe4cUS1pP1ar0tW0tWMXMMv2C9fwEpm45t</latexit>

�
<latexit sha1_base64="xXK4sQKfOD1EOnL5XOHlD9X74m4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lsUXsrePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlvTNIgan0w8Hhvhpl5XsSZNrb9aZXW1jc2t8rblZ3dvf2D6uFRT4exIrRLQh6qgYc15UzSrmGG00GkKBYep31vdpP5/QeqNAvlvZlH1BV4KpnPCDaZNIoCNq7W7LqdA60SpyA1KNAZVz9Gk5DEgkpDONZ66NiRcROsDCOcLiqjWNMIkxme0mFKJRZUu0l+6wKdpcoE+aFKSxqUqz8nEiy0ngsv7RTYBPqvl4n/ecPY+NduwmQUGyrJcpEfc2RClD2OJkxRYvg8JZgolt6KSIAVJiaNp5KH0Mpw+f3yKuld1J1GvXHXrLVbRRxlOIFTOAcHrqANt9CBLhAI4BGe4cUS1pP1ar0tW0tWMXMMv2C9fwEpm45t</latexit>

Anomalous energy loss  
(Lower boundary of constraint)

SN profile

credit: Chandra X-ray Observatory

We observe few neutrinos from it!
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Overview of Parameter Space: F
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• SN1987A has best sensitivity
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      Overview of Parameter Space:  
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Z 0

• SN1987A has best sensitivity
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Summary

• The INTEGRAL (both NFW and Einasto) and thermal freeze-out favoured 
parameter space are ruled out for both models

• Future intensity frontier experiments can have better sensitivity on a light 
dark sector  

• Electron g-2 puts strong constraints on BSM physics but with caveat

• Precision tests of SM are sensitive to the flavour and chiral structure of the 
dark sector 

• Stellar environments such as SN1987A has the best sensitivity for MeV 
scale dark sector particles 

2003 2020 Future?
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Backup
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Electron-Positron Annihilation

• Direct annihilation of stopped electron and positron
Single 511 keV line 

• Annihilation after positronium formation
Single 511 keV line 
Lower energy continuum
INTEGRAL signal preferred
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511 keV line
• Morphology  

• INTEGRAL X-ray data  

Rule out scalar DM with mass larger than 70 MeV to be the 
explanation 

Cirelli et. al (2020)

The Einasto profile seems fit better than the NFW profile 
Vincent et. al (2012)
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Limit on DM energy loss
• Trapping of dark states in SN 

Once the dark states are produced, they engage in random walk by 
scattering with charged particles in the environment

When the coupling is too large, the dark states cannot escape the stellar 
profile due to frequent scattering and are trapped inside, rendering the 
energy loss argument ineffective          upper boundary of the constraint

Credit: astro-ph/0105250

Neutrino analogue 

(Raffelt 2001)
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• Contribution to Z-invisible decay: F-loop
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Z-invisible decay diagram (2)

�, Z Z 0

l

• Contribution to Z-invisible decay: kinetic mixing

The ensuing constraint is fully covered by LEP bound 
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Particle Model (4)
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                      Low mass      (1) 

1. Fix       by cluster bound or saturate the perturbativity bound

• Annihilation xsec for INTEGRAL 511 keV line 

Caveat: resonant annihilation                  at                    
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Z 0

can be on-shell in intensity frontier experiments
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mZ0 < 10GeV : Z 0

Cannot use effective operator!
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�SI/m�  0.5 cm2/g
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↵D ⌘ g2�/(4⇡) < 10
Harvey et. al (2015),  
Bondarenko et. al (2018), 
and Harvey et. al (2019)

2. Solve for          for each                 to fulfil <latexit sha1_base64="Zu4vdQsLIEdKayznyur7TO82T8s=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPoKexKQI8BLx4jmAcmS5idzCZj5rHMzAphyT948aAgXv0eb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4Zua3n6g2TMl7O0loKPBQspgRbJ3UEv3s4XzaL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7tFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmr6MB05RYPnEEE83crYiMsMbEuoBKLoRg+eVV0r6sBrVqENzVKvV6nkcRTuAULiCAK6jDLTSgCQQe4Rle4c1T3ov37n0sWgtePnMMf+B9/gD2448y</latexit>mZ0
<latexit sha1_base64="aDPiGJTf4w/SEBHJHuie99o+NPk=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahgpRdKeix4MVjBWsL7bJk02wbmmS3SbZQlv4OLx4UxKv/xZv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sHhUfn45EnHqSK0RWIeq06INeVM0pZhhtNOoigWIaftcHQ399sTqjSL5aOZJtQXeCBZxAg2VvKrIuglQ3aFBgG/DMoVt+YugNaJl5MK5GgG5a9ePyapoNIQjrXuem5i/Awrwwins1Iv1TTBZIQHtGupxIJqP1scPUMXVumjKFa2pEEL9fdEhoXWUxHaToHNUK96c/E/r5ua6NbPmExSQyVZLopSjkyM5gmgPlOUGD61BBPF7K2IDLHCxNicSjYEb/XlddK+rnn1muc91CuNRp5HEc7gHKrgwQ004B6a0AICY3iGV3hzJs6L8+58LFsLTj5zCn/gfP4ABEGRaw==</latexit>

(m�, gl)

• Annihilation xsec for thermal freeze-out
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mZ0  2m�
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��⇤ ! Z 0

Additional velocity dependence in annihilation xsec 
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                      Low mass      (2)  
<latexit sha1_base64="r2HZZ+O+ZiiJd5C1vFmHcv63l4k=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoMeCFy9CFWuLbSib7aRdutmE3Y1QQv+BFw8K4tVf5M1/47bNQVsfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDFssljEqh1QjYJLbBpuBLYThTQKBLaC0dXUbz2h0jyW92acoB/RgeQhZ9RY6e7xtFeuuFV3BrJMvJxUIEejV/7q9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfja7dEJOrNInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCS/9jMskNSjZfFGYCmJiMn2b9LlCZsTYEsoUt7cSNqSKMmPDKdkQvMWXl0nrvOrVqp53W6vUb/I8inAEx3AGHlxAHa6hAU1gEMIzvMKbM3JenHfnY95acPKZQ/gD5/MHspSNUw==</latexit>

Z 0

Intensity frontier: invisibly decaying Z’ See review, Beacham et. al (1996)


