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WHERE TO LOOK BEYOND SM?
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[Gninenko et al., 1301.5516]

[Planck Collaboration; 1807.06209]

Le
ft

Le
ft

R
ig
ht

Le
ft

R
ig
ht

Le
ft

Le
ft

R
ig
ht

Le
ft

Le
ft

R
ig
ht

Le
ft

R
ig
ht

Le
ft

R
ig
ht

Le
ft

R
ig
ht

Le
ft

R
ig
ht

Le
ft

R
ig
htu

up

2.4 MeV

⅔ c
charm

1.27 GeV

⅔ t
top

171.2 GeV 

⅔

d
down

4.8 MeV

-⅓ s
strange

104 MeV

-⅓ b
bottom

4.2 GeV

-⅓

νe
electron
neutrino

0 eV

0 νμ
muon

neutrino

0 eV

0 ντ
tau

neutrino

0 eV 

0

e
electron

0.511 MeV

-1 μ
muon

105.7 MeV

-1 τ
tau

1.777 GeV

-1

g
gluon

0 

0

γ
photon

0

0

Z
091.2 GeV

0

weak
force

W
±80.4 GeV

± 1

weak
force

mass→

charge→

Q
ua

rk
s

Le
pt

on
s

Three Generations 
of Matter (Fermions) spin ½

B
os

on
s 

(F
or

ce
s)

 s
pi

n 
1

I II III

name→

H
>114 GeV 

0

0
Higgs
boson

spin 0

CMB informs 
us 

about energy  
budget

? ? ?

[SNO Collaboration PRL 87:071301]

Oscillations 
require  
massive 

neutrinos

Two obvious targets:

?

What can we learn about these @ LHC?

Part II
Part I

https://arxiv.org/search/hep-ph?searchtype=author&query=Gninenko%2C+S+N
https://arxiv.org/abs/1301.5516
https://arxiv.org/search/hep-ph?searchtype=author&query=Gninenko%2C+S+N
https://arxiv.org/abs/1301.5516


ULTRALIGHT DM
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QUICK REMINDER ABOUT DM
1. Stable, cold, (almost) collisionless,  

dissipationless substance 

2. Interacts (only?) gravitationally 

3. Makes up ~25 % of  the 
energy density of the universe 

4. Mass ???

1050

<latexit sha1_base64="VcB//I1glSZUk5nrtDKfQHMF9TI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUS9S8OKxgv2ANpbNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5YMYJ+hEdSB5yRo2VWp77mF24k1654lbdGcgy8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns3Ak5sUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfR30ucKmRFjSyhT3N5K2JAqyoxNqGRD8BZfXibNs6p3Xr2+P6/UbvI4inAEx3AKHlxCDe6gDg1gMIJneIU3J3FenHfnY95acPKZQ/gD5/MHSMCO5A==</latexit>

1040

<latexit sha1_base64="C6WcJf5/RNQkBkeR/KyvH+IPNzw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j1nNnfbLFbfqzkFWiZeTCuRo9MtfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzslZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nvZCA0ZygnllCmhb2VsBHVlKFNqGRD8JZfXiWti6pXq17f1yr1mzyOIpzAKZyDB5dQhztoQBMYjOEZXuHNSZwX5935WLQWnHzmGP7A+fwBRzqO4w==</latexit>

1030

<latexit sha1_base64="Bw9wxpJEFWW9rD88lGaYcW5BR6Q=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokW1IsUvHisYD+gjWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKLc99zC7cSa9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx27oScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo76XOFzIixJZQpbm8lbEgVZcYmVLQheIsvL5PmecWrVq7vq+XaTR5HAY7hBM7Ag0uowR3UoQEMRvAMr/DmJM6L8+58zFtXnHzmCP7A+fwBRbSO4g==</latexit>

1020

<latexit sha1_base64="alEK5bHJNvj3xTAdy1iuUYNioVA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqBcpePFYwX5AG8tmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Hbmt5+4NiJWDzhJuB/RoRKhYBSt1Pbcx6zqTvulsltx5yCrxMtJGXI0+qWv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/Nz52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLQheMsvr5JWteLVKtf3tXL9Jo+jAKdwBhfgwSXU4Q4a0AQGY3iGV3hzEufFeXc+Fq1rTj5zAn/gfP4ARC6O4Q==</latexit>

1010

<latexit sha1_base64="/ZN7f7/hs/UNtN5ueogac+LCJa4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j5nnTvvlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/Nz52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLIheMsvr5LWRdWrVa/va5X6TR5HEU7gFM7Bg0uowx00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AQqiO4A==</latexit>

10�10

<latexit sha1_base64="b/KQL9oufIzdKG5TWFSzRaeVc2g=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbArAfUiAS8eI5gHJGuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGRusdxzP2QDpToC0bRSi3PfUjPPHfSLZbcsjsDWSZeRkqQodYtfnV6EUtCrpBJakzbc2P0U6pRMMknhU5ieEzZiA5421JFQ278dHbvhJxYpUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBEVbAje4svLpHFe9irlq7tKqXqdxZGHIziGU/DgAqpwCzWoAwMJz/AKb86j8+K8Ox/z1pyTzRzCHzifP62Njxc=</latexit>

10�20

<latexit sha1_base64="vKu5NXthdUpgIudz5LNRjizyVzs=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHZDQL1IwIvHCOYByRpmJ5NkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcRSGHTdb2dldW19YzO3ld/e2d3bLxwcNkyUaMbrLJKRbgXUcCkUr6NAyVux5jQMJG8Go5up33zi2ohI3eM45n5IB0r0BaNopZbnPqTnZXfSLRTdkjsDWSZeRoqQodYtfHV6EUtCrpBJakzbc2P0U6pRMMkn+U5ieEzZiA5421JFQ278dHbvhJxapUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBHlbQje4svLpFEueZXS1V2lWL3O4sjBMZzAGXhwAVW4hRrUgYGEZ3iFN+fReXHenY9564qTzRzBHzifP68Tjxg=</latexit>

10�30

<latexit sha1_base64="8NxDfHQsCqBvLwJLAHDNc467aeI=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHY1oF4k4MVjBPOAZA2zk95kyOzsOjMrhCU/4cWDIl79HW/+jZPHQRMLGoqqbrq7gkRwbVz321laXlldW89t5De3tnd2C3v7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMbsZ+4wmV5rG8N8ME/Yj2JA85o8ZKTc99yE7P3VGnUHRL7gRkkXgzUoQZqp3CV7sbszRCaZigWrc8NzF+RpXhTOAo3041JpQNaA9blkoaofazyb0jcmyVLgljZUsaMlF/T2Q00noYBbYzoqav572x+J/XSk146WdcJqlByaaLwlQQE5Px86TLFTIjhpZQpri9lbA+VZQZG1HehuDNv7xI6mclr1y6uisXK9ezOHJwCEdwAh5cQAVuoQo1YCDgGV7hzXl0Xpx352PauuTMZg7gD5zPH7CZjxk=</latexit>

100

<latexit sha1_base64="CxdeM/atM7LyHLIvkI1rVP7FGzg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QxrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN2kO2vpg4PHeDDPzgpgzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMf3WG15tbdHGiVeAWpQYHWsPo1GEUkEVQawrHWfc+NjZ9iZRjhdF4ZJJrGmEzxmPYtlVhQ7af5rXN0ZpURCiNlSxqUq78nUiy0nonAdgpsJnrZy8T/vH5iwis/ZTJODJVksShMODIRyh5HI6YoMXxmCSaK2VsRmWCFibHxVGwI3vLLq6RzUfca9ev7Rq15U8RRhhM4hXPw4BKacActaAOBCTzDK7w5wnlx3p2PRWvJKWaO4Q+czx8Olo2d</latexit>

microlensing 
searches of 

PBHs

[Niikura et al., Nat. Astr. 3 (2019) 6]

m . 1046 GeV

<latexit sha1_base64="3a5VmfZD/dLh7+okbHetXOjnx1o=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZREio9d0YUuK9gHNLVMprft0JkkzEyEErJ046+4caGIWz/BnX/jpO1CWw9cOJxzL/fe40ecKe0431ZuYXFpeSW/Wlhb39jcsrd36iqMJYUaDXkomz5RwFkANc00h2YkgQifQ8MfXmV+4wGkYmFwp0cRtAXpB6zHKNFG6tj7wuOglGICu859Uj5NvWNPED2QIrmGetqxi07JGQPPE3dKimiKasf+8rohjQUEmnKiVMt1It1OiNSMckgLXqwgInRI+tAyNCACVDsZP5LiQ6N0cS+UpgKNx+rviYQIpUbCN53ZjWrWy8T/vFase+fthAVRrCGgk0W9mGMd4iwV3GUSqOYjQwiVzNyK6YBIQrXJrmBCcGdfnif1k5JbLl3clouVy2kcebSHDtARctEZqqAbVEU1RNEjekav6M16sl6sd+tj0pqzpjO76A+szx8GTJle</latexit>

Galaxy formation

[Hlozek et al., PRD 91 (2015)]

m & 10�24 eV

<latexit sha1_base64="qHR9aLEIch7rDE9aDuLCxrg7oG4=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQktSCuqu6MZlBfuAJpbJdNoOnZmEmYlQQnZu/BU3LhRx6y+482+ctFlo64ELh3Pu5d57gohRpR3n2yosLa+srhXXSxubW9s79u5eS4WxxKSJQxbKToAUYVSQpqaakU4kCeIBI+1gfJ357QciFQ3FnZ5ExOdoKOiAYqSN1LMPuTfUxubQde6Ts2ot9U49jvRI8oS00p5ddirOFHCRuDkpgxyNnv3l9UMccyI0ZkiprutE2k+Q1BQzkpa8WJEI4TEakq6hAnGi/GT6RwqPjdKHg1CaEhpO1d8TCeJKTXhgOrMT1byXif953VgPLvyEiijWRODZokHMoA5hFgrsU0mwZhNDEJbU3ArxCEmEtYmuZEJw519eJK1qxa1VLm9r5fpVHkcRHIAjcAJccA7q4AY0QBNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5AwNwmMw=</latexit>

�dB =
2⇡

mv
. 100 kpc

<latexit sha1_base64="A49QQRSOgshunKhZMwdIuXdnhG4=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0VwVZJSqC6EUjcuK9gHNKFMJpN26EwSZiaFEvIpbvwVNy4U0Z1+jZM2C209MHA451zm3uPFjEplWV9GaWNza3unvFvZ2z84PDKPT3oySgQmXRyxSAw8JAmjIekqqhgZxIIg7jHS96a3ud+fESFpFD6oeUxcjsYhDShGSksjs+kwHfbRKPXb2Y0TCITTuhPTLOVwljmMSCkph7ZlOdDhSE0ET6cxzkZm1apZC8B1YhekCgp0Ruan40c44SRUmCEph7YVKzdFQlHMSFZxEklihKdoTIaahogT6aaLAzN4oRUfBpHQL1Rwof6eSBGXcs49ncx3lKteLv7nDRMVXLkpDeNEkRAvPwoSBlUE87agTwXBis01QVhQvSvEE6RLUrrTii7BXj15nfTqNbtRu75vVFvtoo4yOAPn4BLYoAla4A50QBdg8AiewSt4M56MF+Pd+FhGS0Yxcwr+wPj+AXQZo8o=</latexit>

m[GeV]

<latexit sha1_base64="Qf5B8Vuj1pDei8Iuh/8NJwMtHlA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQd1IwYUuK9gHTIeSSTNtaJIZkkyhDP0TNy4UceufuPNvTNtZaOuBwOGce7knJ0o508bzvp3S2vrG5lZ5u7Kzu7d/4B4etXSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORnczvz2mSrNEPplJSkOBB5LFjGBjpZ7rChR0BTZDJfJ72pqGPbfq1bw50CrxC1KFAo2e+9XtJyQTVBrCsdaB76UmzLEyjHA6rXQzTVNMRnhAA0slFlSH+Tz5FJ1ZpY/iRNknDZqrvzdyLLSeiMhOzkLqZW8m/ucFmYmvw5zJNDNUksWhOOPIJGhWA+ozRYnhE0swUcxmRWSIFSbGllWxJfjLX14lrYuaf1m7ebys1m+LOspwAqdwDj5cQR0eoAFNIDCGZ3iFNyd3Xpx352MxWnKKnWP4A+fzB1Cxk3c=</latexit>

4



THE FUZZY DM PARADIGM

• Standard CDM typically 
produces too much small 
scale structure

1050

<latexit sha1_base64="VcB//I1glSZUk5nrtDKfQHMF9TI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUS9S8OKxgv2ANpbNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5YMYJ+hEdSB5yRo2VWp77mF24k1654lbdGcgy8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns3Ak5sUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfR30ucKmRFjSyhT3N5K2JAqyoxNqGRD8BZfXibNs6p3Xr2+P6/UbvI4inAEx3AKHlxCDe6gDg1gMIJneIU3J3FenHfnY95acPKZQ/gD5/MHSMCO5A==</latexit>

1040

<latexit sha1_base64="C6WcJf5/RNQkBkeR/KyvH+IPNzw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j1nNnfbLFbfqzkFWiZeTCuRo9MtfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzslZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nvZCA0ZygnllCmhb2VsBHVlKFNqGRD8JZfXiWti6pXq17f1yr1mzyOIpzAKZyDB5dQhztoQBMYjOEZXuHNSZwX5935WLQWnHzmGP7A+fwBRzqO4w==</latexit>

1030

<latexit sha1_base64="Bw9wxpJEFWW9rD88lGaYcW5BR6Q=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokW1IsUvHisYD+gjWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKLc99zC7cSa9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx27oScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo76XOFzIixJZQpbm8lbEgVZcYmVLQheIsvL5PmecWrVq7vq+XaTR5HAY7hBM7Ag0uowR3UoQEMRvAMr/DmJM6L8+58zFtXnHzmCP7A+fwBRbSO4g==</latexit>

1020

<latexit sha1_base64="alEK5bHJNvj3xTAdy1iuUYNioVA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqBcpePFYwX5AG8tmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Hbmt5+4NiJWDzhJuB/RoRKhYBSt1Pbcx6zqTvulsltx5yCrxMtJGXI0+qWv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/Nz52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLQheMsvr5JWteLVKtf3tXL9Jo+jAKdwBhfgwSXU4Q4a0AQGY3iGV3hzEufFeXc+Fq1rTj5zAn/gfP4ARC6O4Q==</latexit>

1010

<latexit sha1_base64="/ZN7f7/hs/UNtN5ueogac+LCJa4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j5nnTvvlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/Nz52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLIheMsvr5LWRdWrVa/va5X6TR5HEU7gFM7Bg0uowx00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AQqiO4A==</latexit>

10�10

<latexit sha1_base64="b/KQL9oufIzdKG5TWFSzRaeVc2g=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbArAfUiAS8eI5gHJGuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGRusdxzP2QDpToC0bRSi3PfUjPPHfSLZbcsjsDWSZeRkqQodYtfnV6EUtCrpBJakzbc2P0U6pRMMknhU5ieEzZiA5421JFQ278dHbvhJxYpUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBEVbAje4svLpHFe9irlq7tKqXqdxZGHIziGU/DgAqpwCzWoAwMJz/AKb86j8+K8Ox/z1pyTzRzCHzifP62Njxc=</latexit>

10�20

<latexit sha1_base64="vKu5NXthdUpgIudz5LNRjizyVzs=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHZDQL1IwIvHCOYByRpmJ5NkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcRSGHTdb2dldW19YzO3ld/e2d3bLxwcNkyUaMbrLJKRbgXUcCkUr6NAyVux5jQMJG8Go5up33zi2ohI3eM45n5IB0r0BaNopZbnPqTnZXfSLRTdkjsDWSZeRoqQodYtfHV6EUtCrpBJakzbc2P0U6pRMMkn+U5ieEzZiA5421JFQ278dHbvhJxapUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBHlbQje4svLpFEueZXS1V2lWL3O4sjBMZzAGXhwAVW4hRrUgYGEZ3iFN+fReXHenY9564qTzRzBHzifP68Tjxg=</latexit>

10�30

<latexit sha1_base64="8NxDfHQsCqBvLwJLAHDNc467aeI=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHY1oF4k4MVjBPOAZA2zk95kyOzsOjMrhCU/4cWDIl79HW/+jZPHQRMLGoqqbrq7gkRwbVz321laXlldW89t5De3tnd2C3v7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMbsZ+4wmV5rG8N8ME/Yj2JA85o8ZKTc99yE7P3VGnUHRL7gRkkXgzUoQZqp3CV7sbszRCaZigWrc8NzF+RpXhTOAo3041JpQNaA9blkoaofazyb0jcmyVLgljZUsaMlF/T2Q00noYBbYzoqav572x+J/XSk146WdcJqlByaaLwlQQE5Px86TLFTIjhpZQpri9lbA+VZQZG1HehuDNv7xI6mclr1y6uisXK9ezOHJwCEdwAh5cQAVuoQo1YCDgGV7hzXl0Xpx352PauuTMZg7gD5zPH7CZjxk=</latexit>

100

<latexit sha1_base64="CxdeM/atM7LyHLIvkI1rVP7FGzg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QxrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN2kO2vpg4PHeDDPzgpgzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMf3WG15tbdHGiVeAWpQYHWsPo1GEUkEVQawrHWfc+NjZ9iZRjhdF4ZJJrGmEzxmPYtlVhQ7af5rXN0ZpURCiNlSxqUq78nUiy0nonAdgpsJnrZy8T/vH5iwis/ZTJODJVksShMODIRyh5HI6YoMXxmCSaK2VsRmWCFibHxVGwI3vLLq6RzUfca9ev7Rq15U8RRhhM4hXPw4BKacActaAOBCTzDK7w5wnlx3p2PRWvJKWaO4Q+czx8Olo2d</latexit>

Dwarf galaxies

[Bullock et al., Ann.Rev.Astron.Astrophys. 55 (2017)]

[Hu, Barkana, Gruzinov, PRL 85 (2000)]

�dB & 1 kpc

<latexit sha1_base64="RPXzSe0k9ArDl1sPcwgW47u1rJg=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VwoSWRgrorunFZwT6gCWEymbRDZ5IwMxFKyFe48VfcuFDErbjzb5y0EbT1wMDhnHOZe4+fMCqVZX0ZlaXlldW16nptY3Nre8fc3evKOBWYdHDMYtH3kSSMRqSjqGKknwiCuM9Izx9fF37vnghJ4+hOTRLicjSMaEgxUlryzFOH6XCAPIcjNRI8C65y6AyVnuDQhs4J/DHGCc49s241rCngIrFLUgcl2p756QQxTjmJFGZIyoFtJcrNkFAUM5LXnFSSBOExGpKBphHiRLrZ9KwcHmklgGEs9IsUnKq/JzLEpZxwXyeLHeW8V4j/eYNUhRduRqMkVSTCs4/ClEEVw6IjGFBBsGITTRAWVO8K8QgJhJVusqZLsOdPXiTds4bdbFzeNuutVllHFRyAQ3AMbHAOWuAGtEEHYPAAnsALeDUejWfjzXifRStGObMP/sD4+AYgUJ9c</latexit>

mDM ⇡ 10�22 eV

<latexit sha1_base64="t5hkXwzVsGdUQ7OM3+8ZNEdZW0o=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQ1JKUgror6MKNUME+oIlhMp22Q2eSMDMRS8hHuPFX3LhQxK0Ld/6NkzaCVg9cOJxzL/fe40eMSmVZn0Zhbn5hcam4XFpZXVvfMDe3WjKMBSZNHLJQdHwkCaMBaSqqGOlEgiDuM9L2R2eZ374lQtIwuFbjiLgcDQLapxgpLXnmAfccjtRQ8OT8MnVQFInwDtrWTXJUrabOIfx2SSv1zLJVsSaAf4mdkzLI0fDMD6cX4piTQGGGpOzaVqTcBAlFMSNpyYkliRAeoQHpahogTqSbTJ5K4Z5WerAfCl2BghP150SCuJRj7uvO7EQ562Xif143Vv0TN6FBFCsS4OmifsygCmGWEOxRQbBiY00QFlTfCvEQCYSVzrGkQ7BnX/5LWtWKXaucXtXK9XoeRxHsgF2wD2xwDOrgAjRAE2BwDx7BM3gxHown49V4m7YWjHxmG/yC8f4FGZieOw==</latexit>

)

<latexit sha1_base64="t4DM7FAUplBYYGWZMzcbR9oh0Vw=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjxWsR+QhrLZbtqlm2zYnSil9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZVSmGW8yJZXuhNRwKRLeRIGSd1LNaRxK3g5HNzO//ci1ESp5wHHKg5gOEhEJRtFKfvdeDIZItVZPvXLFrbpzkFXi5aQCORq98le3r1gW8wSZpMb4nptiMKEaBZN8WupmhqeUjeiA+5YmNOYmmMxPnpIzq/RJpLStBMlc/T0xobEx4zi0nTHFoVn2ZuJ/np9hdBVMRJJmyBO2WBRlkqAis/9JX2jOUI4toUwLeythQ6opQ5tSyYbgLb+8SloXVa9Wvb6rVer1PI4inMApnIMHl1CHW2hAExgoeIZXeHPQeXHenY9Fa8HJZ47hD5zPH5RhkXc=</latexit>

Better fit to small  
scale structure!

• Can be suppressed if DM de 
Broglie wavelength prohibits 
small scale structures:

m[GeV]

<latexit sha1_base64="Qf5B8Vuj1pDei8Iuh/8NJwMtHlA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQd1IwYUuK9gHTIeSSTNtaJIZkkyhDP0TNy4UceufuPNvTNtZaOuBwOGce7knJ0o508bzvp3S2vrG5lZ5u7Kzu7d/4B4etXSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORnczvz2mSrNEPplJSkOBB5LFjGBjpZ7rChR0BTZDJfJ72pqGPbfq1bw50CrxC1KFAo2e+9XtJyQTVBrCsdaB76UmzLEyjHA6rXQzTVNMRnhAA0slFlSH+Tz5FJ1ZpY/iRNknDZqrvzdyLLSeiMhOzkLqZW8m/ucFmYmvw5zJNDNUksWhOOPIJGhWA+ozRYnhE0swUcxmRWSIFSbGllWxJfjLX14lrYuaf1m7ebys1m+LOspwAqdwDj5cQR0eoAFNIDCGZ3iFNyd3Xpx352MxWnKKnWP4A+fzB1Cxk3c=</latexit>
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THE FUZZY DM PARADIGM
• Small scale is set by a balance of gravity and quantum pressure:  

m[GeV]

<latexit sha1_base64="Qf5B8Vuj1pDei8Iuh/8NJwMtHlA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQd1IwYUuK9gHTIeSSTNtaJIZkkyhDP0TNy4UceufuPNvTNtZaOuBwOGce7knJ0o508bzvp3S2vrG5lZ5u7Kzu7d/4B4etXSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORnczvz2mSrNEPplJSkOBB5LFjGBjpZ7rChR0BTZDJfJ72pqGPbfq1bw50CrxC1KFAo2e+9XtJyQTVBrCsdaB76UmzLEyjHA6rXQzTVNMRnhAA0slFlSH+Tz5FJ1ZpY/iRNknDZqrvzdyLLSeiMhOzkLqZW8m/ucFmYmvw5zJNDNUksWhOOPIJGhWA+ozRYnhE0swUcxmRWSIFSbGllWxJfjLX14lrYuaf1m7ebys1m+LOspwAqdwDj5cQR0eoAFNIDCGZ3iFNyd3Xpx352MxWnKKnWP4A+fzB1Cxk3c=</latexit>

1050

<latexit sha1_base64="VcB//I1glSZUk5nrtDKfQHMF9TI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUS9S8OKxgv2ANpbNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5YMYJ+hEdSB5yRo2VWp77mF24k1654lbdGcgy8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns3Ak5sUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfR30ucKmRFjSyhT3N5K2JAqyoxNqGRD8BZfXibNs6p3Xr2+P6/UbvI4inAEx3AKHlxCDe6gDg1gMIJneIU3J3FenHfnY95acPKZQ/gD5/MHSMCO5A==</latexit>

1040

<latexit sha1_base64="C6WcJf5/RNQkBkeR/KyvH+IPNzw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j1nNnfbLFbfqzkFWiZeTCuRo9MtfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzslZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nvZCA0ZygnllCmhb2VsBHVlKFNqGRD8JZfXiWti6pXq17f1yr1mzyOIpzAKZyDB5dQhztoQBMYjOEZXuHNSZwX5935WLQWnHzmGP7A+fwBRzqO4w==</latexit>

1030

<latexit sha1_base64="Bw9wxpJEFWW9rD88lGaYcW5BR6Q=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokW1IsUvHisYD+gjWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKLc99zC7cSa9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx27oScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo76XOFzIixJZQpbm8lbEgVZcYmVLQheIsvL5PmecWrVq7vq+XaTR5HAY7hBM7Ag0uowR3UoQEMRvAMr/DmJM6L8+58zFtXnHzmCP7A+fwBRbSO4g==</latexit>

1020

<latexit sha1_base64="alEK5bHJNvj3xTAdy1iuUYNioVA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqBcpePFYwX5AG8tmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Hbmt5+4NiJWDzhJuB/RoRKhYBSt1Pbcx6zqTvulsltx5yCrxMtJGXI0+qWv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/Nz52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLQheMsvr5JWteLVKtf3tXL9Jo+jAKdwBhfgwSXU4Q4a0AQGY3iGV3hzEufFeXc+Fq1rTj5zAn/gfP4ARC6O4Q==</latexit>

1010

<latexit sha1_base64="/ZN7f7/hs/UNtN5ueogac+LCJa4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j5nnTvvlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/Nz52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLIheMsvr5LWRdWrVa/va5X6TR5HEU7gFM7Bg0uowx00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AQqiO4A==</latexit>

10�10

<latexit sha1_base64="b/KQL9oufIzdKG5TWFSzRaeVc2g=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbArAfUiAS8eI5gHJGuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGRusdxzP2QDpToC0bRSi3PfUjPPHfSLZbcsjsDWSZeRkqQodYtfnV6EUtCrpBJakzbc2P0U6pRMMknhU5ieEzZiA5421JFQ278dHbvhJxYpUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBEVbAje4svLpHFe9irlq7tKqXqdxZGHIziGU/DgAqpwCzWoAwMJz/AKb86j8+K8Ox/z1pyTzRzCHzifP62Njxc=</latexit>

10�20

<latexit sha1_base64="vKu5NXthdUpgIudz5LNRjizyVzs=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHZDQL1IwIvHCOYByRpmJ5NkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcRSGHTdb2dldW19YzO3ld/e2d3bLxwcNkyUaMbrLJKRbgXUcCkUr6NAyVux5jQMJG8Go5up33zi2ohI3eM45n5IB0r0BaNopZbnPqTnZXfSLRTdkjsDWSZeRoqQodYtfHV6EUtCrpBJakzbc2P0U6pRMMkn+U5ieEzZiA5421JFQ278dHbvhJxapUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBHlbQje4svLpFEueZXS1V2lWL3O4sjBMZzAGXhwAVW4hRrUgYGEZ3iFN+fReXHenY9564qTzRzBHzifP68Tjxg=</latexit>

10�30

<latexit sha1_base64="8NxDfHQsCqBvLwJLAHDNc467aeI=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHY1oF4k4MVjBPOAZA2zk95kyOzsOjMrhCU/4cWDIl79HW/+jZPHQRMLGoqqbrq7gkRwbVz321laXlldW89t5De3tnd2C3v7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMbsZ+4wmV5rG8N8ME/Yj2JA85o8ZKTc99yE7P3VGnUHRL7gRkkXgzUoQZqp3CV7sbszRCaZigWrc8NzF+RpXhTOAo3041JpQNaA9blkoaofazyb0jcmyVLgljZUsaMlF/T2Q00noYBbYzoqav572x+J/XSk146WdcJqlByaaLwlQQE5Px86TLFTIjhpZQpri9lbA+VZQZG1HehuDNv7xI6mclr1y6uisXK9ezOHJwCEdwAh5cQAVuoQo1YCDgGV7hzXl0Xpx352PauuTMZg7gD5zPH7CZjxk=</latexit>

100

<latexit sha1_base64="CxdeM/atM7LyHLIvkI1rVP7FGzg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QxrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN2kO2vpg4PHeDDPzgpgzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMf3WG15tbdHGiVeAWpQYHWsPo1GEUkEVQawrHWfc+NjZ9iZRjhdF4ZJJrGmEzxmPYtlVhQ7af5rXN0ZpURCiNlSxqUq78nUiy0nonAdgpsJnrZy8T/vH5iwis/ZTJODJVksShMODIRyh5HI6YoMXxmCSaK2VsRmWCFibHxVGwI3vLLq6RzUfca9ev7Rq15U8RRhhM4hXPw4BKacActaAOBCTzDK7w5wnlx3p2PRWvJKWaO4Q+czx8Olo2d</latexit>

qp
No self-interactions!

gravity

Focus of this talk!

• Self-interactions may drastically alter situation:

qpgravityqp gravity
repulsive attractive

� > 0

<latexit sha1_base64="llmRcIOE0iH9H4n07jZx6PGkTBY=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQiqBspuHFZwT6gDWUymbRDJ5MwcyOU0M9w40IRt36NO//GaZuFth4YOJxzLnPvCVIpDLrut1NaW9/Y3CpvV3Z29/YPqodHbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+G7md564NiJRjzhJuR/ToRKRYBSt1OtLGw0puSXuoFpz6+4cZJV4BalBgeag+tUPE5bFXCGT1Jie56bo51SjYJJPK/3M8JSyMR3ynqWKxtz4+XzlKTmzSkiiRNunkMzV3xM5jY2ZxIFNxhRHZtmbif95vQyjaz8XKs2QK7b4KMokwYTM7ieh0JyhnFhCmRZ2V8JGVFOGtqWKLcFbPnmVtC/q3mX95uGy1mgUdZThBE7hHDy4ggbcQxNawCCBZ3iFNwedF+fd+VhES04xcwx/4Hz+AOeOkF0=</latexit>

� < 0

<latexit sha1_base64="kTUGaSABv6G0/ptTf5IEDBtapiM=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQiqOCi4MZlBfuANpTJZNIOnUzCzI1QQj/DjQtF3Po17vwbp20W2npg4HDOucy9J0ilMOi6305pbX1jc6u8XdnZ3ds/qB4etU2SacZbLJGJ7gbUcCkUb6FAybup5jQOJO8E47uZ33ni2ohEPeIk5X5Mh0pEglG0Uq8vbTSk5Ja4g2rNrbtzkFXiFaQGBZqD6lc/TFgWc4VMUmN6npuin1ONgkk+rfQzw1PKxnTIe5YqGnPj5/OVp+TMKiGJEm2fQjJXf0/kNDZmEgc2GVMcmWVvJv7n9TKMrv1cqDRDrtjioyiTBBMyu5+EQnOGcmIJZVrYXQkbUU0Z2pYqtgRv+eRV0r6oe5f1m4fLWqNR1FGGEziFc/DgChpwD01oAYMEnuEV3hx0Xpx352MRLTnFzDH8gfP5A+SCkFs=</latexit>

Instabilities!
[Guth et al. PRD 92, 2015 ]

Relaxed mass range: [Ferreira, 2005.03254]

mDM ⇡ 10�22 � 1 eV

<latexit sha1_base64="IUVGYKSp4Xvl8pR9ZX8Mj/LCspU=">AAACFnicbVDLSsNAFJ34rPUVdelmsAgubElKQd0VdOFGqGAf0MQwmU7boTNJmJmIJeQr3Pgrblwo4lbc+TdO2gjaeuDC4Zx7ufceP2JUKsv6MhYWl5ZXVgtrxfWNza1tc2e3JcNYYNLEIQtFx0eSMBqQpqKKkU4kCOI+I21/dJ757TsiJA2DGzWOiMvRIKB9ipHSkmeWuedwpIaCJxdXqYOiSIT30LZuk3K1mpZt5xj++KSVembJqlgTwHli56QEcjQ889PphTjmJFCYISm7thUpN0FCUcxIWnRiSSKER2hAupoGiBPpJpO3UniolR7sh0JXoOBE/T2RIC7lmPu6MztRznqZ+J/XjVX/1E1oEMWKBHi6qB8zqEKYZQR7VBCs2FgThAXVt0I8RAJhpZMs6hDs2ZfnSatasWuVs+taqV7P4yiAfXAAjoANTkAdXIIGaAIMHsATeAGvxqPxbLwZ79PWBSOf2QN/YHx8Aw1Qnq0=</latexit>
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• Typical searches for Fuzzy DM (FDM) employ their properties of 
a classical background field. 

• QUESTION: Can we write down QFT toy models for this kind of 
DM and learn something about the microscopic properties? 

• STRATEGY: Explore complementary search strategies using the 
particle properties of QFT toy models: 
 
i)  FDM can be scalar  or pseudo-scalar   
 
ii) Coupled to SM via Higgs  or new heavy singlet mediator 

s a

H ϕ

QFT TOY MODELS FOR FUZZY DM
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• Most economic way to couple fuzzy DM to SM via Higgs Portal:  
 

• DM is protected by a       symmetry and has positively bounded 
potential                   
 
      FDM can have wide mass range (but for no good reason) due to    
repulsive self-interactions 

• In the FDM regime momenta are small and the occupation numbers 
are huge 
 
      can be treated as a classical wave

1. SCALAR DM — HIGGS PORTAL

L � 1

2
@µs@

µ
s� 1

2
m

2
ss

2 � 1

4!
�ss

4 � 1

2
�hs s

2
H

†
H

<latexit sha1_base64="zb6km2acygPiRUzLUL7B6dO8MKg="></latexit>

Z2

<latexit sha1_base64="abft5ofPCWRVKljV4dUxGfFdIwA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisaFuxDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrh4BqFFxiy3Aj8CFRSKNAYCcYX8/8zhMqzWN5byYJ+hEdSh5yRo2V7h77tX654lbdOcgq8XJSgRzNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrz0My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZfXiXtWtWrV69u65VGI4+jCCdwCufgwQU04Aaa0AIGQ3iGV3hzhPPivDsfi9aCk88cwx84nz/it42N</latexit>

)

<latexit sha1_base64="t4DM7FAUplBYYGWZMzcbR9oh0Vw=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjxWsR+QhrLZbtqlm2zYnSil9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZVSmGW8yJZXuhNRwKRLeRIGSd1LNaRxK3g5HNzO//ci1ESp5wHHKg5gOEhEJRtFKfvdeDIZItVZPvXLFrbpzkFXi5aQCORq98le3r1gW8wSZpMb4nptiMKEaBZN8WupmhqeUjeiA+5YmNOYmmMxPnpIzq/RJpLStBMlc/T0xobEx4zi0nTHFoVn2ZuJ/np9hdBVMRJJmyBO2WBRlkqAis/9JX2jOUI4toUwLeythQ6opQ5tSyYbgLb+8SloXVa9Wvb6rVer1PI4inMApnIMHl1CHW2hAExgoeIZXeHPQeXHenY9Fa8HJZ47hD5zPH5RhkXc=</latexit>

n�3
dB ⇡ 6.35 · 105

✓
eV

m

◆4

<latexit sha1_base64="QxK7ego2LFvtEW5DpM3833NtmPs="></latexit>

)

<latexit sha1_base64="t4DM7FAUplBYYGWZMzcbR9oh0Vw=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjxWsR+QhrLZbtqlm2zYnSil9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZVSmGW8yJZXuhNRwKRLeRIGSd1LNaRxK3g5HNzO//ci1ESp5wHHKg5gOEhEJRtFKfvdeDIZItVZPvXLFrbpzkFXi5aQCORq98le3r1gW8wSZpMb4nptiMKEaBZN8WupmhqeUjeiA+5YmNOYmmMxPnpIzq/RJpLStBMlc/T0xobEx4zi0nTHFoVn2ZuJ/np9hdBVMRJJmyBO2WBRlkqAis/9JX2jOUI4toUwLeythQ6opQ5tSyYbgLb+8SloXVa9Wvb6rVer1PI4inMApnIMHl1CHW2hAExgoeIZXeHPQeXHenY9Fa8HJZ47hD5zPH5RhkXc=</latexit>

How do we search for wave DM?

�s > 0

<latexit sha1_base64="U29cdPpvGvZTHfwpGZsd6+fRPSw=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNSUDdSdOOygn3AdCiZTKYNzSRDckcoQz/DjQtF3Po17vwb03YW2nogcDjnXHLvCVPBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMyTVmbKqF0LySGCS5ZGzgI1ks1I0koWDcc38387hPThiv5CJOUBQkZSh5zSsBKfl/YaEQG5sYdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ytP8ZlVIhwrbZ8EPFd/T+QkMWaShDaZEBiZZW8m/uf5GcRXQc5lmgGTdPFRnAkMCs/uxxHXjIKYWEKo5nZXTEdEEwq2pYotwVs+eZV0Lupeo3790Kg1b4s6yugEnaJz5KFL1ET3qIXaiCKFntErenPAeXHenY9FtOQUM8foD5zPH8bEkPE=</latexit>
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VARIATION OF CONSTANTS

• In the presence of ULDM these operators are modified, e.g. in 
the Higgs portal 
 
 
 
 
where the DM field is described by the classical wave

LSM � �
X

f

mf f̄f � Fµ⌫Fµ⌫

4
+

X

V

�V m
2
V VµV

µ

<latexit sha1_base64="Vr3dVKl0oIRsmXMNsOob0/1d7iI="></latexit>

L � �hs

2

mf

m2
h

s2f̄f � �hsgh��
2

1

m2
h

s2Fµ⌫F
µ⌫ � �hs�V

m2
V

m2
h

s2VµV
µ

<latexit sha1_base64="gshnWnoDwrMQ/PPnfXLSD04tUTw="></latexit>

s2 = s20 cos
2(mst) !

s20
2
(1 + cos(2mst))

<latexit sha1_base64="AJA1b5vQf9ARROedNEC5WxQdRKY="></latexit>

δmf δαem δmV

9

• Fundamental constants like  or  are described by SM 
operators  

mf , αem mV



• At low momenta Higgs portal mediates an effective DM-nucleon 
coupling 
 

��-�� ��-�� ��-�� ��-�� ��-�� ��-�� ��-�� ��-�� ��-� ��-�
��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-�

��-�

�

oscillating energy levels
[Brax et al.,PRD97, 2018]
[Hees et al., PRD 98, 2018]

fifth force

primordial helium abundance
mN �mP / csNN s20

<latexit sha1_base64="YpQxLTSqEHX4DhkNOpKNNHxRFcU=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBhZaZUlB3BTeuSgX7gM44ZNJMG5rMhCQjlKFLN/6KGxeKuPUT3Pk3pu0stHogcDjnXm7OCQWjSjvOl1VYWl5ZXSuulzY2t7Z37N29tkpSiUkLJyyR3RApwmhMWppqRrpCEsRDRjrh6Grqd+6JVDSJb/VYEJ+jQUwjipE2UmAf8qBxxoOmJ2QidAJxkKlGYwK9U6gC564a2GWn4swA/xI3J2WQoxnYn14/wSknscYMKdVzHaH9DElNMSOTkpcqIhAeoQHpGRojTpSfzYJM4LFR+jBKpHmxhjP150aGuFJjHppJjvRQLXpT8T+vl+rows9oLFJNYjw/FKUMmsTTVmCfSoI1GxuCsKTmrxAPkURYm+5KpgR3MfJf0q5W3Frl8qZWrtfzOorgAByBE+CCc1AH16AJWgCDB/AEXsCr9Wg9W2/W+3y0YOU7++AXrI9v0N+YkQ==</latexit>

[Bauer, PF, Reimitz, Plehn, 2005.13551]

csNN = �hs

mN

m2
h

2nH

3(11� 2
3nL)

<latexit sha1_base64="/AICPp/MqAW83uQtR3+LdPcTrJM="></latexit>

1. SCALAR DM — HIGGS PORTAL

Supernova

s2 = s20 cos
2(mst) !

s20
2
(1 + cos(2mst))

<latexit sha1_base64="AJA1b5vQf9ARROedNEC5WxQdRKY="></latexit>

where classically

L � �1

2
�hs s

2
H

†
H

<latexit sha1_base64="iP+hdVxumOeW3yumGrWpeU8CLoM="></latexit>

csNN s2 N̄N

<latexit sha1_base64="8qNqDVIWG0WMeRkTv3qTpCwt0aw=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJlgEF1JmSkHdFdy4KhXsAzrjkEkzbWjmQZIRylBw46+4caGIW3/CnX9j2s5CW08I93DOvST3+AlnUlnWt1FYWV1b3yhulra2d3b3zP2DtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe34o+up33mgQrI4ulPjhLohHkQsYAQrLXnmEfEy2WhMnHMk76tIF8fHAjX08cyyVbFmQMvEzkkZcjQ988vpxyQNaaQIx1L2bCtRboaFYoTTSclJJU0wGeEB7Wka4ZBKN5vtMEGnWumjIBb6RgrN1N8TGQ6lHIe+7gyxGspFbyr+5/VSFVy6GYuSVNGIzB8KUo5UjKaBoD4TlCg+1gQTwfRfERligYnSsZV0CPbiysukXa3YtcrVba1cr+dxFOEYTuAMbLiAOtxAE1pA4BGe4RXejCfjxXg3PuatBSOfOYQ/MD5/AIJBlYI=</latexit>
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s2 = s20 cos
2(mst) !

s20
2
(1 + cos(2mst))

<latexit sha1_base64="AJA1b5vQf9ARROedNEC5WxQdRKY="></latexit>

��-�� ��-�� ��-�� ��-�� ��-�� ��-�� ��-�� ��-�� ��-� ��-�
��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-�

��-�

�

[Bauer, PF, Reimitz, Plehn, 2005.13551]

DD

��-� ��-� � ��� ��� ���

��-�

��-�

�

���

���

���

Powerful LHC probe!

csNN = �hs

mN

m2
h

2nH

3(11� 2
3nL)

<latexit sha1_base64="/AICPp/MqAW83uQtR3+LdPcTrJM="></latexit>

1. SCALAR DM — HIGGS PORTAL

where classically

• At low momenta Higgs portal mediates an effective DM-nucleon 
coupling  L � �1

2
�hs s

2
H

†
H

<latexit sha1_base64="iP+hdVxumOeW3yumGrWpeU8CLoM="></latexit>

csNN s2 N̄N

<latexit sha1_base64="8qNqDVIWG0WMeRkTv3qTpCwt0aw=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJlgEF1JmSkHdFdy4KhXsAzrjkEkzbWjmQZIRylBw46+4caGIW3/CnX9j2s5CW08I93DOvST3+AlnUlnWt1FYWV1b3yhulra2d3b3zP2DtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe34o+up33mgQrI4ulPjhLohHkQsYAQrLXnmEfEy2WhMnHMk76tIF8fHAjX08cyyVbFmQMvEzkkZcjQ988vpxyQNaaQIx1L2bCtRboaFYoTTSclJJU0wGeEB7Wka4ZBKN5vtMEGnWumjIBb6RgrN1N8TGQ6lHIe+7gyxGspFbyr+5/VSFVy6GYuSVNGIzB8KUo5UjKaBoD4TlCg+1gQTwfRfERligYnSsZV0CPbiysukXa3YtcrVba1cr+dxFOEYTuAMbLiAOtxAE1pA4BGe4RXejCfjxXg3PuatBSOfOYQ/MD5/AIJBlYI=</latexit>
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• Consider model with new weak scale mediator  

• High mass window rather unconstrained!

2. SCALAR DM — NEW MEDIATOR

��-�� ��-�� ��-�� ��-�� ��-�� ��-�� ��-�� ��-�� ��-� ��-�
��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-�

��-�

��-� ��-� � ��� ��� ���

��-�

��-�

��-�

�

���

���

�

<latexit sha1_base64="aELKFSe9P3jt4IxJYPzpeBAZ2vc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4CXjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwpQzbVz326lsbG5t71R3a3v7B4dH9eOTrk4yRWiHJDxR/RBrypmkHcMMp/1UUSxCTnvh9K7we09UaZbIRzNLaSDwRLKIEWwKaZjGbFRvuE13AbROvJI0oER7VP8ajhOSCSoN4VjrgeemJsixMoxwOq8NM01TTKZ4QgeWSiyoDvLFrXN0YZUxihJlSxq0UH9P5FhoPROh7RTYxHrVK8T/vEFmopsgZzLNDJVkuSjKODIJKh5HY6YoMXxmCSaK2VsRibHCxNh4ajYEb/XlddK9anqt5u1Dq+H7ZRxVOINzuAQPrsGHe2hDBwjE8Ayv8OYI58V5dz6WrRWnnDmFP3A+fwAWzo5J</latexit>

L � �1

2
m2

��
2 � µ�s

2
�s2 � ↵S

⇤�
� Tr[Gµ⌫G

µ⌫ ]

<latexit sha1_base64="vU3y3RVjuj91/oQL4jhyuX9i898="></latexit>

csNN s2 N̄N

<latexit sha1_base64="8qNqDVIWG0WMeRkTv3qTpCwt0aw=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJlgEF1JmSkHdFdy4KhXsAzrjkEkzbWjmQZIRylBw46+4caGIW3/CnX9j2s5CW08I93DOvST3+AlnUlnWt1FYWV1b3yhulra2d3b3zP2DtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe34o+up33mgQrI4ulPjhLohHkQsYAQrLXnmEfEy2WhMnHMk76tIF8fHAjX08cyyVbFmQMvEzkkZcjQ988vpxyQNaaQIx1L2bCtRboaFYoTTSclJJU0wGeEB7Wka4ZBKN5vtMEGnWumjIBb6RgrN1N8TGQ6lHIe+7gyxGspFbyr+5/VSFVy6GYuSVNGIzB8KUo5UjKaBoD4TlCg+1gQTwfRfERligYnSsZV0CPbiysukXa3YtcrVba1cr+dxFOEYTuAMbLiAOtxAE1pA4BGe4RXejCfjxXg3PuatBSOfOYQ/MD5/AIJBlYI=</latexit>

csNN =
µ�s

⇤�

mN

m2
�

8⇡

11� 2
3nL

<latexit sha1_base64="81Mp5nnLTiDMd6BmNHRbUkBxqMs="></latexit>

[Bauer, PF, Reimitz, Plehn, 2005.13551]
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• Maybe best motivated candidate for FDM is an axion-like 
particle. It has a reason to be very light! 

• Axions are Nambu-Goldstone particles, protected by shift 
symmetry: 
 

• Mass is generated by small explicit breaking: 
 
 
 
Suppressed by heavy axion scale 

LIGHT DM — ALPS

ei a/f ! ei (a+c)/f = ei a/fei c/f

<latexit sha1_base64="sVH6w1aQa7++ndGF7br+vm0qHEE=">AAACJXicbZDLSgMxFIYz9VbrrerSTbAIFaXOSEEFhaIblxXsBTq1nEkzbWjmQpJRytCXceOruHFhEcGVr2LamYW2Hgh8+f9zSM7vhJxJZZpfRmZhcWl5JbuaW1vf2NzKb+/UZRAJQmsk4IFoOiApZz6tKaY4bYaCgudw2nAGNxO/8UiFZIF/r4YhbXvQ85nLCCgtdfKX9CFm9jGGE3eEbcF6fQVCBE841YtwRA61d5XcJ20JEU2dfMEsmdPC82ClUEBpVTv5sd0NSORRXxEOUrYsM1TtGIRihNNRzo4kDYEMoEdbGn3wqGzH0y1H+EArXewGQh9f4an6eyIGT8qh5+hOD1RfznoT8T+vFSn3vB0zP4wU9UnykBtxrAI8iQx3maBE8aEGIILpv2LSBwFE6WBzOgRrduV5qJ+WrHLp4q5cqFyncWTRHtpHRWShM1RBt6iKaoigZ/SK3tHYeDHejA/jM2nNGOnMLvpTxvcPK12j2g==</latexit>

V (a) = ⇤4


1� cos

✓
a

f

◆�
=

⇤4

2f2
a2 + . . .

<latexit sha1_base64="Ysge6OgdU66JbvPt1sqR+OPRB5U="></latexit>

f = O(fGUT)

<latexit sha1_base64="nu96o9m0qqldnabCWkN7EQptfFE=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkWom5JIQV0IRRe6s0LTFtoQJtNJO3QyCTMToYSs3Pgrblwo4tZvcOffOEmz0NYDA2fOuZd77/EiSoQ0zW+ttLS8srpWXq9sbG5t7+i7ex0RxhxhG4U05D0PCkwJw7YkkuJexDEMPIq73uQ687sPmAsSsracRtgJ4IgRnyAoleTqh/7lIIByjCBN7tKa7+Y/HiQ3djs9cfWqWTdzGIvEKkgVFGi5+tdgGKI4wEwiCoXoW2YknQRySRDFaWUQCxxBNIEj3FeUwQALJ8nPSI1jpQwNP+TqMWnk6u+OBAZCTANPVWZLinkvE//z+rH0z52EsCiWmKHZID+mhgyNLBNjSDhGkk4VgYgTtauBxpBDJFVyFRWCNX/yIumc1q1G/eK+UW1eFXGUwQE4AjVggTPQBLegBWyAwCN4Bq/gTXvSXrR37WNWWtKKnn3wB9rnDwb9mNw=</latexit>

<latexit sha1_base64="zBNcThFg6qvtC65iTnaKR4973y0=">AAACDnicbVDLSgMxFM34rPU16tJNsBQEoc4URUGEohuXFe0DOmPJpJk2NJMZk4xQwnyBG3/FjQtF3Lp259+YPhbaeuDC4Zx7ufeeIGFUKsf5tubmFxaXlnMr+dW19Y1Ne2u7LuNUYFLDMYtFM0CSMMpJTVHFSDMRBEUBI42gfzn0Gw9ESBrzWzVIiB+hLqchxUgZqW0Xb+A59EKBsJYHYaY9eS+ULmcZ9M4gudMUosMwa9sFp+SMAGeJOyEFMEG1bX95nRinEeEKMyRly3US5WskFMWMZHkvlSRBuI+6pGUoRxGRvh69k8GiUTowjIUpruBI/T2hUSTlIApMZ4RUT057Q/E/r5Wq8NTXlCepIhyPF4UpgyqGw2xghwqCFRsYgrCg5laIe8hko0yCeROCO/3yLKmXS+5xybk+KlQuJnHkwC7YA/vABSegAq5AFdQABo/gGbyCN+vJerHerY9x65w1mdkBf2B9/gCsZps+</latexit>

S =
s+ fp

2
eia/f
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• Can couple the Goldstone mode     of complex scalar      to the 
Higgs via Dim-6 operator 
 
 
 
 
with 

• Strong model independent  
Higgs to invisible bound:

3. ALP DM — HIGGS MEDIATOR
a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

[Bauer, PF, Reimitz, Plehn, 2005.13551]

��-� ��-� � ��� ��� ���

��-�

��-�

�

���

���

���

<latexit sha1_base64="OZ1M9HHcDMFCn/EIZ/x5/ZvDQiI="></latexit>

L =
(@µS)(@µ

S)†

⇤2
ha

H
†
H � @µa @

µ
a

2⇤2
ha

H
†
H

<latexit sha1_base64="U3dxbP7ADUYAkuTZV5b58uql3jA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF4/xkQckS5id9CZDZmeXmVkhLPkDLx4U8eofefNvnCR70MSChqKqm+6uIBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJaPZpygH9GB5CFn1Fjp/oH0yhW36s5AlomXkwrkqPfKX91+zNIIpWGCat3x3MT4GVWGM4GTUjfVmFA2ogPsWCpphNrPZpdOyIlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhlZ9xmaQGJZsvClNBTEymb5M+V8iMGFtCmeL2VsKGVFFmbDglG4K3+PIyaZ5VvYuqe3deqV3ncRThCI7hFDy4hBrcQh0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nDwU9jQU=</latexit>

S

<latexit sha1_base64="3OS/SR4hlj4/wjW3tQLXBRrXuVc="></latexit>

caNN =
1

⇤2
ha

mN

m2
h

2nH

3(11� 2
3nL)

caNN @µa@
µa N̄N

<latexit sha1_base64="R8O3Ly9iv7q+rFg/seDCx0XnJME=">AAACHXicbVDLSgMxFM3UV62vUZdugkVwIWVGCuqu6MZVqWAf0KnDnTRtQzMPkoxQhv6IG3/FjQtFXLgR/8bMdARtPRA495x7k9zjRZxJZVlfRmFpeWV1rbhe2tjc2t4xd/daMowFoU0S8lB0PJCUs4A2FVOcdiJBwfc4bXvjq9Rv31MhWRjcqklEez4MAzZgBJSWXLNK3ATq9alzghMnAqEYcNfxYwz4p7zLyrTD8UDgOq67ZtmqWBnwIrFzUkY5Gq754fRDEvs0UISDlF3bilQvSe8nnE5LTixpBGQMQ9rVNACfyl6SbTfFR1rp40Eo9AkUztTfEwn4Uk58T3f6oEZy3kvF/7xurAbnvYQFUaxoQGYPDWKOVYjTqHCfCUoUn2gCRDD9V0xGIIAoHWhJh2DPr7xIWqcVu1q5uKmWa5d5HEV0gA7RMbLRGaqha9RATUTQA3pCL+jVeDSejTfjfdZaMPKZffQHxuc3y7KhGA==</latexit>

<latexit sha1_base64="ZSqwiXNUGtywYy+4YfsbQMp3qEw="></latexit>

�(h ! aa) ⇡ v2m3
h

128⇡⇤4
ha

<latexit sha1_base64="FB3BKK2H/QhORVGSNLap+Zb5PLU=">AAACD3icbVC7SgNBFJ2NrxhfUUubwaBYhd2omDJooYVFBPOAbAizk5tkyOyDmbtiWOIX2PgrNhaK2Nra+TdOHoUmHhg4nHMud+7xIik02va3lVpYXFpeSa9m1tY3Nrey2ztVHcaKQ4WHMlR1j2mQIoAKCpRQjxQw35NQ8/oXI792B0qLMLjFQQRNn3UD0RGcoZFa2UNK3WsTb7NW0qNsSN0umrRPi8eFBxfhHpNLqA5b2Zydt8eg88SZkhyZotzKfrntkMc+BMgl07rh2BE2E6ZQcAnDjBtriBjvsy40DA2YD7qZjO8Z0gOjtGknVOYFSMfq74mE+VoPfM8kfYY9PeuNxP+8RoydYjMRQRQjBHyyqBNLiiEdlUPbQgFHOTCEcSXMXynvMcU4mgozpgRn9uR5Ui3kndO8fXOSK51P60iTPbJPjohDzkiJXJEyqRBOHskzeSVv1pP1Yr1bH5NoyprO7JI/sD5/AHOKm7A=</latexit>

⇤ha & 832 GeV
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• Consider model with new weak scale mediator   
and ALP . Only shift-symmetric couplings allowed:  
 
 
 
with 

• Almost unconstrained at low 
masses (momenta) because  
of momentum suppression:

ϕ
a

4. ALP DM — NEW MEDIATOR

��-� ��-� � ��� ��� ���
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caNN @µa@
µa N̄N

<latexit sha1_base64="R8O3Ly9iv7q+rFg/seDCx0XnJME=">AAACHXicbVDLSgMxFM3UV62vUZdugkVwIWVGCuqu6MZVqWAf0KnDnTRtQzMPkoxQhv6IG3/FjQtFXLgR/8bMdARtPRA495x7k9zjRZxJZVlfRmFpeWV1rbhe2tjc2t4xd/daMowFoU0S8lB0PJCUs4A2FVOcdiJBwfc4bXvjq9Rv31MhWRjcqklEez4MAzZgBJSWXLNK3ATq9alzghMnAqEYcNfxYwz4p7zLyrTD8UDgOq67ZtmqWBnwIrFzUkY5Gq754fRDEvs0UISDlF3bilQvSe8nnE5LTixpBGQMQ9rVNACfyl6SbTfFR1rp40Eo9AkUztTfEwn4Uk58T3f6oEZy3kvF/7xurAbnvYQFUaxoQGYPDWKOVYjTqHCfCUoUn2gCRDD9V0xGIIAoHWhJh2DPr7xIWqcVu1q5uKmWa5d5HEV0gA7RMbLRGaqha9RATUTQA3pCL+jVeDSejTfjfdZaMPKZffQHxuc3y7KhGA==</latexit>

[Bauer, PF, Reimitz, Plehn, 2005.13551]
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(2π4)

q2

ℓ2−m2
a

q2
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<latexit sha1_base64="TX5yE1wkDt5Nq2ulCwgZEDvWMd0=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXZUYK6q7oxmUF+4DpWDJppg3NJDG5I5TSz3DjQhG3fo07/8a0nYW2HggczrmX3HNiLbgF3//2VlbX1jc2C1vF7Z3dvf3SwWHTqsxQ1qBKKNOOiWWCS9YADoK1tWEkjQVrxcObqd96YsZyJe9hpFmUkr7kCacEnBR2tFEaFH58qHZLZb/iz4CXSZCTMspR75a+Oj1Fs5RJoIJYGwa+hmhMDHAq2KTYySzThA5Jn4WOSpIyG41nJ0/wqVN6OFHGPQl4pv7eGJPU2lEau8mUwMAuelPxPy/MILmMxlzqDJik84+STGAXcpof97hhFMTIEUINd7diOiCGUHAtFV0JwWLkZdI8rwTVytVdtVy7zusooGN0gs5QgC5QDd2iOmogihR6Rq/ozQPvxXv3PuajK16+c4T+wPv8AQFgkRc=</latexit>

<latexit sha1_base64="zgnMmojXQNcJ/I/OXID0/iVlSX0="></latexit>
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<latexit sha1_base64="tfp2/c0KAwPrUnZJXTgMXpo0DQs="></latexit>
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NEW SEARCH STRATEGIES AT LHC

• Conventional direct and indirect DM search strategies hopeless 
due to low momenta of (U)LDM 

• But production at LHC enhances momenta:

h

s

s

⟨s⟩

γ

γ

X

N

s s

gg

h,φ

Direct detection @ LHC Indirect detection @ LHC

[Bauer, PF, Reimitz, Plehn, 2005.13551]

(Deep inelastic scattering) (Background annihilation)

Not fe
asib

le
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INDIRECT DETECTION @ LHC
• ULDM has huge occupation numbers.  

Can it annihilate with the halo  
background field if produced at LHC?  
 
 

• But cross section scales with mass 

• Mean free path independent of mass and very large  
 
 

• Larger cross section above electron  
threshold, but also lower densities!

h

s

s

⟨s⟩

γ

γ

�hsis!�� ⇡
�2
hsg

2
h��

4⇡

ms

m3
h

<latexit sha1_base64="qHlBcY0VuxesyPFd+vXwDQ2lko8="></latexit>
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nDM �hsis!��
=
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m3
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& 1043 m

<latexit sha1_base64="eAHIu4/cVwf66YDLcYTuM7gXSBc="></latexit>

�hsis!f̄f =
�2
hs

8⇡

m2
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<latexit sha1_base64="7RlRf8sx4DPL4yuYLXF2IJhYegw="></latexit>

<latexit sha1_base64="GdMEvTFDs5Cfzu2G8fNk/vXSp50="></latexit>

nDM =
⇢DM

ms
⇡ 3⇥ 1030

cm3

✓
10�22 eV
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◆
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• Boosted DM can undergo DIS in  
detector material and produce jets.  

1. E.g. Higgs Portal: 
 
 
with  

     Distinguishable from LLPs 
     by location of interaction:

!41

Inner Detector
no events

Outer Detector,

displaced jets

Dark Matter

NDIS = LHL �h BRh!ss PDIS

<latexit sha1_base64="AR5euDPRS/pleT/GpL4SXCVOIJo="></latexit>

PDIS = 1� eLdet nX �X

<latexit sha1_base64="WT9MeF0i/se46zLEVrwkeEEP0EQ=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXWmekoC6Eoi4UXFS0WujUIZPe1mCSGZKMUIb5DDf+ihsXirjtzr8xfSzUeiDhcM69JOeEMWfauO6XMzE5NT0zm5vLzy8sLi0XVlZvdJQoCjUa8UjVQ6KBMwk1wwyHeqyAiJDDbfhw0vdvH0FpFslr042hKUhHsjajxFgpKOxWA18Qc69Eenp+leEj7O3AXXoRpC0wmb+NZVC3t69ZR5CgngWFoltyB8DjxBuRIhqhGhR6fiuiiQBpKCdaNzw3Ns2UKMMohyzvJxpiQh9IBxqWSiJAN9NBsAxvWqWF25GyRxo8UH9upERo3RWhneyH0H+9vvif10hM+6CZMhknBiQdPtROODYR7reEW0wBNbxrCaGK2b9iek8UocZ2mbcleH8jj5ObvZJXLh1elouV41EdObSONtAW8tA+qqAzVEU1RNETekFv6N15dl6dD+dzODrhjHbW0C84vW/PnZ8I</latexit>

But unfortunately for HP:

nPb � nXe

<latexit sha1_base64="u3RVZshkd+leTPeZMASSiPMU/rY=">AAAB+3icbZDNS8MwGMbT+TXnV51HL8Ex8DRaGai3oRePE9wHbKWk2dstLE1Lkoqj9F/x4kERr/4j3vxvzLYedPOFwI/nyUuePEHCmdKO822VNja3tnfKu5W9/YPDI/u42lVxKil0aMxj2Q+IAs4EdDTTHPqJBBIFHHrB9Hbu9x5BKhaLBz1LwIvIWLCQUaKN5NtV4WftIMfD8Rhjw33IfbvmNJzF4HVwC6ihYtq+/TUcxTSNQGjKiVID10m0lxGpGeWQV4apgoTQKRnDwKAgESgvW2TPcd0oIxzG0hyh8UL9vZGRSKlZZCLWI6InatWbi/95g1SHV17GRJJqEHT5UJhyrGM8LwKPmASq+cwAoZKZrJhOiCRUm7oqpgR39cvr0L1ouM3G9X2z1rop6iijU3SGzpGLLlEL3aE26iCKntAzekVvVm69WO/Wx/JqySp2TtCfsT5/ADcOk+4=</latexit>

[Bauer, PF, Reimitz, Plehn, 2005.13551]PDIS = 1� eLE nPb �PbeLH nFe �Fe ⇡ 7.5 · 10�21

<latexit sha1_base64="QERv6zsZQylV6Xb7fIu1ZOeLNmk="></latexit>

DIRECT DETECTION

ATLAS-like 
 detector
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N

s s
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h,φ

d2�̂DIS
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=
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hsg

2
hgg

4⇡ ŝ

Q4

(Q2 +m2
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2

<latexit sha1_base64="81vpS4ir/biV0ffnuGTnH+N/N4I="></latexit>
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Dijet + ISR

Supernova Cooling

2. Scalar DM with new scalar mediator

[Bauer, PF, Reimitz, Plehn, 2005.13551]
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DIRECT DETECTION AT THE LHC
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<latexit sha1_base64="NrXVGhQ0hqr4Y9G177bkJ8qYX2A="></latexit>

s

<latexit sha1_base64="XxxtDCjbh7LZwFiEjRJVxAQLGmc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrpfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f4oWNAw==</latexit>

s

<latexit sha1_base64="XxxtDCjbh7LZwFiEjRJVxAQLGmc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrpfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f4oWNAw==</latexit>
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3. ALP DM with Higgs mediator 
 
 

• With Higgs coupling  
 
 
and the Higgs invisible  
constraint 
 
 
we can estimate

DIRECT DETECTION AT THE LHC

[Bauer, PF, Reimitz, Plehn, 2005.13551]
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N

s s
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h,φ
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<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

<latexit sha1_base64="s1nAz7DZ3j15v4F7XIqi1BM6ZLM="></latexit>
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<latexit sha1_base64="hGhZBjPyeLNM30PrlqCesEfqYgc=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbmpSFN0IRTcuK9gHNCFMppNk6CQZZiZCCQU3/oobF4q49Sfc+TdO2yy09cCFwzn3cu89PmdUKsv6NkpLyyura+X1ysbm1vaOubvXkWkmMGnjlKWi5yNJGE1IW1HFSI8LgmKfka4/vJn43QciJE2TezXixI1RmNCAYqS05JkHoZdHYTiGV9BBjEfIk6c1u+FweuKZVatuTQEXiV2QKijQ8swvZ5DiLCaJwgxJ2bctrtwcCUUxI+OKk0nCER6ikPQ1TVBMpJtPfxjDY60MYJAKXYmCU/X3RI5iKUexrztjpCI5703E/7x+poJLN6cJzxRJ8GxRkDGoUjgJBA6oIFixkSYIC6pvhThCAmGlY6voEOz5lxdJp1G3z+vW3Vm1eV3EUQaH4AjUgA0uQBPcghZoAwwewTN4BW/Gk/FivBsfs9aSUczsgz8wPn8A+r2WcA==</latexit>

ghgg = ↵s/(12⇡)

<latexit sha1_base64="FB3BKK2H/QhORVGSNLap+Zb5PLU=">AAACD3icbVC7SgNBFJ2NrxhfUUubwaBYhd2omDJooYVFBPOAbAizk5tkyOyDmbtiWOIX2PgrNhaK2Nra+TdOHoUmHhg4nHMud+7xIik02va3lVpYXFpeSa9m1tY3Nrey2ztVHcaKQ4WHMlR1j2mQIoAKCpRQjxQw35NQ8/oXI792B0qLMLjFQQRNn3UD0RGcoZFa2UNK3WsTb7NW0qNsSN0umrRPi8eFBxfhHpNLqA5b2Zydt8eg88SZkhyZotzKfrntkMc+BMgl07rh2BE2E6ZQcAnDjBtriBjvsy40DA2YD7qZjO8Z0gOjtGknVOYFSMfq74mE+VoPfM8kfYY9PeuNxP+8RoydYjMRQRQjBHyyqBNLiiEdlUPbQgFHOTCEcSXMXynvMcU4mgozpgRn9uR5Ui3kndO8fXOSK51P60iTPbJPjohDzkiJXJEyqRBOHskzeSVv1pP1Yr1bH5NoyprO7JI/sD5/AHOKm7A=</latexit>

⇤ha & 832 GeV

<latexit sha1_base64="IevMoffBl4K6pmxTLiX/kOGFVRE="></latexit>

PDIS = 1� e�LE nPb �Pbe�LH nFe �Fe ⇡ 10�23

20



DIRECT DETECTION AT THE LHC
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Dijet + ISR

Supernova Cooling

[Bauer, PF, Reimitz, Plehn, 2005.13551]

4. ALP DM with scalar mediator
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<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>
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<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>
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NEUTRINOS
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NEUTRINO CROSS SECTIONS
• Neutrinos still least 

understood particles of SM: 
CP violation, masses, 
Majorana vs. Dirac 

• Gap in knowledge of 
neutrino cross section 
between 370 GeV and 6.3 
TeV! 

• New LHC forward 
experiments (FASER, SND)! [IceCube, Nature 551 (2017) 596-600]

370 GeV

IceCube

6.3 TeV

[FASER, 2001.03073] 23



APPLICATION TO NEUTRINOS
• Displaced jet signature interesting for light particles coupled to weak 

scale mediator           highly energetic neutrinos @ LHC 

• Neutrino production typically peaks in very forward direction  
          dedicated forward experiments have excellent sensitivity to 
neutrinos from meson decays 

• Large unused potential of high energy W-produced neutrinos!

[PF, Kling, Reimitz; 2108.05370]
24



• Upgraded CMS high-granularity endcap calorimeter ideally suited to search for 
forward neutrino scattering  

• Angular coverage in the forward region between  

• High cell granularity (0.5-1) cm  allows for high resolution measurement of 
lateral shower development and good two-shower separation!

1.5 ≤ |η | ≤ 3.0

2

CMS ENDCAP CALORIMETER

[CMS; Nucl.Instrum.Meth.A 978 (2020) 164428]
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APPLICATION TO NEUTRINOS
• Displaced jet signature interesting for light particles coupled to weak 

scale mediator           highly energetic neutrinos @ LHC 

• CMS high-granularity endcap calorimeter upgrade (HGCAL) can access 
high-energy neutrinos  (  GeV)  from W production! 
 
                        How do we search for those neutrinos at CMS?

Eν ≳ 𝒪(100)

[PF, Kling, Reimitz; 2108.05370]
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• Promising candidate is              
 production with decay 

 

• Search for neutrino in CMS  
HGCAL via the process  
 

W
qq′� → W → νμ + μ1

NEUTRINOS  FROM  W  DECAY

N

νµ µ

W

<latexit sha1_base64="i+CyB0XjWoxwE8bkSXC8pmv6MHw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WOpF48V7Ac0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1Bqw8GHu/NMDMvTKUw6LpfTmltfWNzq7xd2dnd2z+oHh51TJJpxtsskYnuhdRwKRRvo0DJe6nmNA4l74aT27nffeTaiEQ94DTlQUxHSkSCUbRS12+K0cifDao1t+4uQP4SryA1KNAaVD/9YcKymCtkkhrT99wUg5xqFEzyWcXPDE8pm9AR71uqaMxNkC/OnZEzqwxJlGhbCslC/TmR09iYaRzazpji2Kx6c/E/r59hdBPkQqUZcsWWi6JMEkzI/HcyFJozlFNLKNPC3krYmGrK0CZUsSF4qy//JZ2LundVd+8va41mEUcZTuAUzsGDa2jAHbSgDQwm8AQv8OqkzrPz5rwvW0tOMXMMv+B8fAMmmY9y</latexit>)
<latexit sha1_base64="NFst67Qgd75Y4uc4Mt2SsZoGLO0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU6PTLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDtwuM4A==</latexit>

X

<latexit sha1_base64="Qku4lQwpO7EskpQP7Xtflkf+gyo=">AAACDXicbVDLSgMxFM3UV62vUZduglUQhDJTRV0W3biSCvYBnWHIpGkbm2SGJCOUoT/gxl9x40IRt+7d+Tdm2llo64HA4Zx7yT0njBlV2nG+rcLC4tLySnG1tLa+sbllb+80VZRITBo4YpFsh0gRRgVpaKoZaceSIB4y0gqHV5nfeiBS0Ujc6VFMfI76gvYoRtpIgX3giSTweAKP4Q30dAQ9jvRA8vSe6LERjRVUA7vsVJwJ4Dxxc1IGOeqB/eV1I5xwIjRmSKmO68TaT5HUFDMyLnmJIjHCQ9QnHUMF4kT56STNGB4apQt7kTRPaDhRf2+kiCs14qGZzG5Vs14m/ud1Et278FMq4kQTgacf9RIGTeqsGtilkmDNRoYgLKm5FeIBkghrU2DJlODORp4nzWrFPauc3J6Wa5d5HUWwB/bBEXDBOaiBa1AHDYDBI3gGr+DNerJerHfrYzpasPKdXfAH1ucPbxKaiQ==</latexit>

⌫µ +N ! jet + µ2

<latexit sha1_base64="/yuABuvH+z5/0BBsD1KOHYEguVc=">AAAB7nicdVDJSgNBEO2JW4xb1KOXxiB4GnomiSa3oBePEcwCmSH0dDpJk56eoRchDPkILx4U8er3ePNv7CyCij4oeLxXRVW9KOVMaYQ+nNza+sbmVn67sLO7t39QPDxqq8RIQlsk4YnsRlhRzgRtaaY57aaS4jjitBNNrud+555KxRJxp6cpDWM8EmzICNZW6gTC9IPY9Isl5NbrqFKpQuRWke/7NUtQ2a/VPei5aIESWKHZL74Hg4SYmApNOFaq56FUhxmWmhFOZ4XAKJpiMsEj2rNU4JiqMFucO4NnVhnAYSJtCQ0X6veJDMdKTePIdsZYj9Vvby7+5fWMHtbCjInUaCrIctHQcKgTOP8dDpikRPOpJZhIZm+FZIwlJtomVLAhfH0K/ydt3/Uu3PJtpdS4WsWRByfgFJwDD1yCBrgBTdACBEzAA3gCz07qPDovzuuyNeesZo7BDzhvn9hvj+0=</latexit>⌫µ

<latexit sha1_base64="+n0LYyOTLu/6c/SHacMeOkPhhco=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4GjLTVttd0Y3LCk5baIeSSTNtaJIZkoxQSr/BjQtF3PpB7vwb04egogcuHM65l3vviVLOtEHow8mtrW9sbuW3Czu7e/sHxcOjlk4yRWhAEp6oToQ15UzSwDDDaSdVFIuI03Y0vp777XuqNEvknZmkNBR4KFnMCDZWCnoi6/v9Ygm59TqqVKoQuVXk+37NElT2a3UPei5aoARWaPaL771BQjJBpSEca931UGrCKVaGEU5nhV6maYrJGA9p11KJBdXhdHHsDJ5ZZQDjRNmSBi7U7xNTLLSeiMh2CmxG+rc3F//yupmJa+GUyTQzVJLlojjj0CRw/jkcMEWJ4RNLMFHM3grJCCtMjM2nYEP4+hT+T1q+61245dtKqXG1iiMPTsApOAceuAQNcAOaIAAEMPAAnsCzI51H58V5XbbmnNXMMfgB5+0T8l+OzA==</latexit>µ2

<latexit sha1_base64="ovuaWugXlnZOQotiKTknDQmoeyI=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4GjLTVttd0Y3LCk5baIeSSTNtaJIZkoxQSr/BjQtF3PpB7vwb04egogcuHM65l3vviVLOtEHow8mtrW9sbuW3Czu7e/sHxcOjlk4yRWhAEp6oToQ15UzSwDDDaSdVFIuI03Y0vp777XuqNEvknZmkNBR4KFnMCDZWCnoi63v9Ygm59TqqVKoQuVXk+37NElT2a3UPei5aoARWaPaL771BQjJBpSEca931UGrCKVaGEU5nhV6maYrJGA9p11KJBdXhdHHsDJ5ZZQDjRNmSBi7U7xNTLLSeiMh2CmxG+rc3F//yupmJa+GUyTQzVJLlojjj0CRw/jkcMEWJ4RNLMFHM3grJCCtMjM2nYEP4+hT+T1q+61245dtKqXG1iiMPTsApOAceuAQNcAOaIAAEMPAAnsCzI51H58V5XbbmnNXMMfgB5+0T8NuOyw==</latexit>µ1

27



• PROBLEM:  
Huge background of neutral 
hadron due to pile-up! 
 

 
 
and heavy hadron decays 
 

 

• Scattering of neutral hadron  
can fake neutrino jet: 
 

 

qq′� → W + QCD → μ1 + QCD

qq′� → b/c + QCD → μ1 + QCD

neutral hadron + N → jet

NEUTRINOS  FROM  W  DECAY
<latexit sha1_base64="ovuaWugXlnZOQotiKTknDQmoeyI=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4GjLTVttd0Y3LCk5baIeSSTNtaJIZkoxQSr/BjQtF3PpB7vwb04egogcuHM65l3vviVLOtEHow8mtrW9sbuW3Czu7e/sHxcOjlk4yRWhAEp6oToQ15UzSwDDDaSdVFIuI03Y0vp777XuqNEvknZmkNBR4KFnMCDZWCnoi63v9Ygm59TqqVKoQuVXk+37NElT2a3UPei5aoARWaPaL771BQjJBpSEca931UGrCKVaGEU5nhV6maYrJGA9p11KJBdXhdHHsDJ5ZZQDjRNmSBi7U7xNTLLSeiMh2CmxG+rc3F//yupmJa+GUyTQzVJLlojjj0CRw/jkcMEWJ4RNLMFHM3grJCCtMjM2nYEP4+hT+T1q+61245dtKqXG1iiMPTsApOAceuAQNcAOaIAAEMPAAnsCzI51H58V5XbbmnNXMMfgB5+0T8NuOyw==</latexit>µ1

<latexit sha1_base64="NZI2M1Fzhn4nnBisYuvspL4FUuA=">AAACAXicdVDLSgMxFM34rPVVdSO4CRbBRRky01bbXdGNYBcV7APaOmTStA3NZIYkI5RSN/6KGxeKuPUv3Pk3pg9BRQ8EDufcw809fsSZ0gh9WAuLS8srq4m15PrG5tZ2ame3psJYElolIQ9lw8eKciZoVTPNaSOSFAc+p3V/cD7x67dUKhaKaz2MaDvAPcG6jGBtJC+1LzLw8gZ55QxslU2sgw1pMA95qTSyi0WUy+UhsvPIdd2CISjrFooOdGw0RRrMUfFS761OSOKACk04VqrpoEi3R1hqRjgdJ1uxohEmA9yjTUMFDqhqj6YXjOGRUTqwG0rzhIZT9XtihAOlhoFvJgOs++q3NxH/8pqx7hbaIyaiWFNBZou6MYc6hJM6YIdJSjQfGoKJZOavkPSxxESb0pKmhK9L4f+k5trOiZ29yqVLZ/M6EuAAHIJj4IBTUAIXoAKqgIA78ACewLN1bz1aL9brbHTBmmf2wA9Yb5+DD5UL</latexit>

n,K
0
L
,⇤,⌅0
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• HL-LHC: average of 130-200 pile-up events per bunch crossing (~40 now) 

• Crab kissing: Novel collision technique stretches pile-up over ~31.4 cm 

• HGCAL has excellent timing window of ~90 ps/  cm 
 
                Can reduce pile-up to ~11 per bunch crossing  

Δl ∼ 2.7

PILE-UP MITIGATION

[Verdu-Andres et al.; Nucl.Part.Phys.Proc. 273-275 (2016) 193-197]

29

“Crab crossing”

“Crab kissing”

[Fartoukh; Phys. Rev. ST Accel. Beams 17, 111001]



A. Isolated primary muon: 

B. Isolated jet: 

C. W mass cut on invariant mass: 

D. Displaced jet energy cut:     
 

NEUTRINOS  FROM  W  DECAY
<latexit sha1_base64="JglnVm/OwH9dUmfrLyj/+P+7WqM="></latexit>

Riso,µ1 > 0.1, pT,µ1 > 20 GeV, |⌘µ1 | < 2.4

<latexit sha1_base64="Xsuq5CkQxmCLc+Y72P+tAoy7M90=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkKioq6k6MZlFfuANoTJdNKOncmEmYkQQvwVNy4UceuHuPNvnD4WWj1w4XDOvdx7T5gwqrTrflmlhcWl5ZXyamVtfWNzy97eaSmRSkyaWDAhOyFShNGYNDXVjHQSSRAPGWmHo6ux334gUlER3+ksIT5Hg5hGFCNtpMCu3gZ53pMcUiWKw/viwnW8wK65jjsB/Eu8GamBGRqB/dnrC5xyEmvMkFJdz020nyOpKWakqPRSRRKER2hAuobGiBPl55PjC7hvlD6MhDQVazhRf07kiCuV8dB0cqSHat4bi/953VRH535O4yTVJMbTRVHKoBZwnATsU0mwZpkhCEtqboV4iCTC2uRVMSF48y//Ja0jxzt1jm9OavXLWRxlsAv2wAHwwBmog2vQAE2AQQaewAt4tR6tZ+vNep+2lqzZTBX8gvXxDaBvlBs=</latexit>

Riso,j > 0.1

<latexit sha1_base64="aq2SoPLv7Nk0zYg1vDR07YcuXrs=">AAACF3icbVDLSgMxFM3UV62vUZdugkVwVWZUqgUXRRe6rGAf0BlKJk3b0CQzJBmhDPUr3Pgrblwo4lZ3/o2Zdha29UDg5Jx7ufeeIGJUacf5sXJLyyura/n1wsbm1vaOvbvXUGEsManjkIWyFSBFGBWkrqlmpBVJgnjASDMYXqd+84FIRUNxr0cR8TnqC9qjGGkjdexSufzocaQHkic3pDGGl5B3Eo/HnojTT6UyY3fsolNyJoCLxM1IEWSodexvrxvimBOhMUNKtV0n0n6CpKaYkXHBixWJEB6iPmkbKhAnyk8md43hkVG6sBdK84SGE/VvR4K4UiMemMp0RzXvpeJ/XjvWvQs/oSKKNRF4OqgXM6hDmIYEu1QSrNnIEIQlNbtCPEASYW2iLJgQ3PmTF0njpOSWS6d3Z8XqVRZHHhyAQ3AMXHAOquAW1EAdYPAEXsAbeLeerVfrw/qcluasrGcfzMD6+gUmbZ9Q</latexit>

66 GeV < mµ⌫ < 99 GeV

[PF, Kling, Reimitz; 2108.05370]

<latexit sha1_base64="Cslud2ScrCKZgK512Kd3YNNvUmE=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KolKdSVFEV1WsA9oQphMJ+3QmSTMTIQS4sKNv+LGhSJu/Qd3/o2TNgttPXDhcM693HuPHzMqlWV9G3PzC4tLy6WV8ura+samubXdklEiMGniiEWi4yNJGA1JU1HFSCcWBHGfkbY/vMz99j0RkkbhnRrFxOWoH9KAYqS05Jl7V17qCA5xorJzu2Y9OBypgeDpNWllnlmxqtYYcJbYBamAAg3P/HJ6EU44CRVmSMqubcXKTZFQFDOSlZ1EkhjhIeqTrqYh4kS66fiLDB5opQeDSOgKFRyrvydSxKUccV935jfKaS8X//O6iQrO3JSGcaJIiCeLgoRBFcE8EtijgmDFRpogLKi+FeIBEggrHVxZh2BPvzxLWkdVu1Y9vj2p1C+KOEpgF+yDQ2CDU1AHN6ABmgCDR/AMXsGb8WS8GO/Gx6R1zihmdsAfGJ8/9wOYQA==</latexit>

Ecut > 160 GeV

background  
still  

dominates!
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• Require highly energetic  
secondary muon:  
 
      
 

Eμ2
/Ej > 0.33

NEUTRINOS  FROM  W  DECAY
<latexit sha1_base64="7O2f8plzs9MUsAkUzizwlHVoHmM="></latexit>

Cuts Hadrons Neutrinos

isolated muon 1.02 · 1011 7.59

isolated jet 8.63 · 1010 7.05

W mass 1.92 · 109 6.55

secondary muon 3.49 · 105 5.48

Ej > 160 GeV 3.52 3.60

<latexit sha1_base64="/yuABuvH+z5/0BBsD1KOHYEguVc=">AAAB7nicdVDJSgNBEO2JW4xb1KOXxiB4GnomiSa3oBePEcwCmSH0dDpJk56eoRchDPkILx4U8er3ePNv7CyCij4oeLxXRVW9KOVMaYQ+nNza+sbmVn67sLO7t39QPDxqq8RIQlsk4YnsRlhRzgRtaaY57aaS4jjitBNNrud+555KxRJxp6cpDWM8EmzICNZW6gTC9IPY9Isl5NbrqFKpQuRWke/7NUtQ2a/VPei5aIESWKHZL74Hg4SYmApNOFaq56FUhxmWmhFOZ4XAKJpiMsEj2rNU4JiqMFucO4NnVhnAYSJtCQ0X6veJDMdKTePIdsZYj9Vvby7+5fWMHtbCjInUaCrIctHQcKgTOP8dDpikRPOpJZhIZm+FZIwlJtomVLAhfH0K/ydt3/Uu3PJtpdS4WsWRByfgFJwDD1yCBrgBTdACBEzAA3gCz07qPDovzuuyNeesZo7BDzhvn9hvj+0=</latexit>⌫µ

<latexit sha1_base64="+n0LYyOTLu/6c/SHacMeOkPhhco=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4GjLTVttd0Y3LCk5baIeSSTNtaJIZkoxQSr/BjQtF3PpB7vwb04egogcuHM65l3vviVLOtEHow8mtrW9sbuW3Czu7e/sHxcOjlk4yRWhAEp6oToQ15UzSwDDDaSdVFIuI03Y0vp777XuqNEvknZmkNBR4KFnMCDZWCnoi6/v9Ygm59TqqVKoQuVXk+37NElT2a3UPei5aoARWaPaL771BQjJBpSEca931UGrCKVaGEU5nhV6maYrJGA9p11KJBdXhdHHsDJ5ZZQDjRNmSBi7U7xNTLLSeiMh2CmxG+rc3F//yupmJa+GUyTQzVJLlojjj0CRw/jkcMEWJ4RNLMFHM3grJCCtMjM2nYEP4+hT+T1q+61245dtKqXG1iiMPTsApOAceuAQNcAOaIAAEMPAAnsCzI51H58V5XbbmnNXMMfgB5+0T8l+OzA==</latexit>µ2

<latexit sha1_base64="ovuaWugXlnZOQotiKTknDQmoeyI=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4GjLTVttd0Y3LCk5baIeSSTNtaJIZkoxQSr/BjQtF3PpB7vwb04egogcuHM65l3vviVLOtEHow8mtrW9sbuW3Czu7e/sHxcOjlk4yRWhAEp6oToQ15UzSwDDDaSdVFIuI03Y0vp777XuqNEvknZmkNBR4KFnMCDZWCnoi63v9Ygm59TqqVKoQuVXk+37NElT2a3UPei5aoARWaPaL771BQjJBpSEca931UGrCKVaGEU5nhV6maYrJGA9p11KJBdXhdHHsDJ5ZZQDjRNmSBi7U7xNTLLSeiMh2CmxG+rc3F//yupmJa+GUyTQzVJLlojjj0CRw/jkcMEWJ4RNLMFHM3grJCCtMjM2nYEP4+hT+T1q+61245dtKqXG1iiMPTsApOAceuAQNcAOaIAAEMPAAnsCzI51H58V5XbbmnNXMMfgB5+0T8NuOyw==</latexit>µ1

[PF, Kling, Reimitz; 2108.05370]
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• Displaced recoil jets are promising signature to search for light 
physics at the LHC 

• Complementary to existing direct detection or ULDM probes! 
Promising for momentum-suppressed interactions! 

• Promising signature to detect neutrino  
scattering at the LHC in CMS HGCAL 

• Hadronic background suppression  
via highly energetic secondary muon 

• More improvements and generalisations: 
- central muon station events  
- sterile neutrino  
- meson decays 
- shower development/jet variables  
- b/c neutrinos

!41

Inner Detector
no events

Outer Detector,

displaced jets

Dark Matter

CONCLUSIONS
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