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Motivation: composite Higgs

• A light elementary scalar particle is fine-tuned:  
   the Higgs naturalness problem 

• Plausible resolution: the Higgs is bound state  
   of new degrees of freedom 

  The description of the theory changes above ~ TeV, 
  Higgs mass is naturally “screened” 

• In viable composite Higgs models, Higgs doublet                              
arises as set of (pseudo) Nambu-Goldstone bosons 

• Minimal model:
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Motivation: Goldstone scalar dark matter

• In viable composite Higgs models, Higgs doublet                              
arises as set of (approximate) Goldstone bosons 

• But from bottom-up perspective, no reason for      to go alone:  

• If stable, extra pNGB scalars make attractive WIMP candidates 

• Naturally light and weakly coupled at low energies 

• DM mass and interactions dictated by  

   global symmetry + some amount of explicit breaking
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pNGB dark matter

• Higgs portal to the Standard Model: 

1
f2 @µ(h2)@µ(�⇤�) + �h2�⇤�

radiative, 
    explicit breaking/

leading, derivative interaction

f ⇠ 1 TeV
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pNGB dark matter

• Higgs portal to the Standard Model: 

1
f2 @µ(h2)@µ(�⇤�) + �h2�⇤�

radiative, 
    explicit breaking/

pin pout
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q q annihilation:  

direct detection:  
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leading, derivative interaction
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pNGB dark matter

• Higgs portal to the Standard Model: 
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leading, derivative interaction

see Bruggisser, Riva, Urbano,  
1607.02474 & 1607.02475
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derivative Higgs portal can easily satisfy  
strong constraints from direct detection

1
f2 @µ(h2)@µ(�⇤�)

pNGB scalar is attractive WIMP

1401.6085
see excellent 
overview by  
K. Palladino,  
Tuesday morning



Origin of DM stability?

• Real scalar with parity symmetry, 

 In this case, some assumptions needed on UV completion:  

 WZW term 

•   Complex scalar charged under unbroken U(1), e.g.

Gripaios et al. 2009,  
Frigerio et al. 2012 
Marzocca et al. 2014
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Balkin, Ruhdorfer,  
Salvioni, Weiler,  
1707.07685

Can be weakly gauged, robust DM stabilization 
+ consequences on phenomenology !8



Couplings of elementary fermions

•  Non-derivative interactions of DM are subleading,  
    but important for pheno: 

   Strength is model-dependent: Yukawas from partial compositeness 

•  Pick reprs. for the                     fix size of breaking of DM shift symmetry

1
f2 @µ(h2)@µ(�⇤�) + �h2�⇤�

   direct  
detection

Oi
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LUV ⇠ ✏q q̄LOq + ✏uuROu + ✏ddROd
<latexit sha1_base64="tZ/Kv+ZNCyBd0mB6CciPNUShlLk="></latexit><latexit sha1_base64="tZ/Kv+ZNCyBd0mB6CciPNUShlLk="></latexit><latexit sha1_base64="tZ/Kv+ZNCyBd0mB6CciPNUShlLk="></latexit><latexit sha1_base64="tZ/Kv+ZNCyBd0mB6CciPNUShlLk="></latexit>

!9



Couplings of elementary fermions

•  Non-derivative interactions of DM are subleading,  
    but important for pheno: 

   Strength is model-dependent: Yukawas from partial compositeness 

•  Pick reprs. for the                     fix size of breaking of DM shift symmetry

1
f2 @µ(h2)@µ(�⇤�) + �h2�⇤�

   direct  
detection

Oi
<latexit sha1_base64="Ok4l/wE+uuvLXUqNM2uTMHhMRSM=">AAAB+HicbVC7TsMwFL0pr1IeDTCyWLRITFXSARgrsbBRJPqQ2ihyXKe16jiR7SCVqF/CwgBCrHwKG3+D02aAliNZOjrnXt3jEyScKe0431ZpY3Nre6e8W9nbPzis2kfHXRWnktAOiXks+wFWlDNBO5ppTvuJpDgKOO0F05vc7z1SqVgsHvQsoV6Ex4KFjGBtJN+u1ocR1hOCeXY391ndt2tOw1kArRO3IDUo0Pbtr+EoJmlEhSYcKzVwnUR7GZaaEU7nlWGqaILJFI/pwFCBI6q8bBF8js6NMkJhLM0TGi3U3xsZjpSaRYGZzFOqVS8X//MGqQ6vvYyJJNVUkOWhMOVIxyhvAY2YpETzmSGYSGayIjLBEhNtuqqYEtzVL6+TbrPhOg33vllrXRZ1lOEUzuACXLiCFtxCGzpAIIVneIU368l6sd6tj+VoySp2TuAPrM8fOfySwA==</latexit><latexit sha1_base64="Ok4l/wE+uuvLXUqNM2uTMHhMRSM=">AAAB+HicbVC7TsMwFL0pr1IeDTCyWLRITFXSARgrsbBRJPqQ2ihyXKe16jiR7SCVqF/CwgBCrHwKG3+D02aAliNZOjrnXt3jEyScKe0431ZpY3Nre6e8W9nbPzis2kfHXRWnktAOiXks+wFWlDNBO5ppTvuJpDgKOO0F05vc7z1SqVgsHvQsoV6Ex4KFjGBtJN+u1ocR1hOCeXY391ndt2tOw1kArRO3IDUo0Pbtr+EoJmlEhSYcKzVwnUR7GZaaEU7nlWGqaILJFI/pwFCBI6q8bBF8js6NMkJhLM0TGi3U3xsZjpSaRYGZzFOqVS8X//MGqQ6vvYyJJNVUkOWhMOVIxyhvAY2YpETzmSGYSGayIjLBEhNtuqqYEtzVL6+TbrPhOg33vllrXRZ1lOEUzuACXLiCFtxCGzpAIIVneIU368l6sd6tj+VoySp2TuAPrM8fOfySwA==</latexit><latexit sha1_base64="Ok4l/wE+uuvLXUqNM2uTMHhMRSM=">AAAB+HicbVC7TsMwFL0pr1IeDTCyWLRITFXSARgrsbBRJPqQ2ihyXKe16jiR7SCVqF/CwgBCrHwKG3+D02aAliNZOjrnXt3jEyScKe0431ZpY3Nre6e8W9nbPzis2kfHXRWnktAOiXks+wFWlDNBO5ppTvuJpDgKOO0F05vc7z1SqVgsHvQsoV6Ex4KFjGBtJN+u1ocR1hOCeXY391ndt2tOw1kArRO3IDUo0Pbtr+EoJmlEhSYcKzVwnUR7GZaaEU7nlWGqaILJFI/pwFCBI6q8bBF8js6NMkJhLM0TGi3U3xsZjpSaRYGZzFOqVS8X//MGqQ6vvYyJJNVUkOWhMOVIxyhvAY2YpETzmSGYSGayIjLBEhNtuqqYEtzVL6+TbrPhOg33vllrXRZ1lOEUzuACXLiCFtxCGzpAIIVneIU368l6sd6tj+VoySp2TuAPrM8fOfySwA==</latexit><latexit sha1_base64="Ok4l/wE+uuvLXUqNM2uTMHhMRSM=">AAAB+HicbVC7TsMwFL0pr1IeDTCyWLRITFXSARgrsbBRJPqQ2ihyXKe16jiR7SCVqF/CwgBCrHwKG3+D02aAliNZOjrnXt3jEyScKe0431ZpY3Nre6e8W9nbPzis2kfHXRWnktAOiXks+wFWlDNBO5ppTvuJpDgKOO0F05vc7z1SqVgsHvQsoV6Ex4KFjGBtJN+u1ocR1hOCeXY391ndt2tOw1kArRO3IDUo0Pbtr+EoJmlEhSYcKzVwnUR7GZaaEU7nlWGqaILJFI/pwFCBI6q8bBF8js6NMkJhLM0TGi3U3xsZjpSaRYGZzFOqVS8X//MGqQ6vvYyJJNVUkOWhMOVIxyhvAY2YpETzmSGYSGayIjLBEhNtuqqYEtzVL6+TbrPhOg33vllrXRZ1lOEUzuACXLiCFtxCGzpAIIVneIU368l6sd6tj+VoySp2TuAPrM8fOfySwA==</latexit>

SO(4)SM ⇥ SO(3)0
<latexit sha1_base64="AoIDFW3kDiCe8NBkSU1IBTgQBlM=">AAACDXicbVC7TsMwFHV4lvIKMLJYtEjtUiUFAWMlFhZEUelDakLkuE5r1XEi20Gqov4AC7/CwgBCrOxs/A1umwFajmTp3HPu1fU9fsyoVJb1bSwtr6yurec28ptb2zu75t5+S0aJwKSJIxaJjo8kYZSTpqKKkU4sCAp9Rtr+8HLitx+IkDTid2oUEzdEfU4DipHSkmcWi42b0mnZSx0Rwsb1GDqKhkRCrZ6U751Y6KromQWrYk0BF4mdkQLIUPfML6cX4SQkXGGGpOzaVqzcFAlFMSPjvJNIEiM8RH3S1ZQjvdJNp9eM4bFWejCIhH5cwan6eyJFoZSj0NedIVIDOe9NxP+8bqKCCzelPE4U4Xi2KEgYVBGcRAN7VBCs2EgThAXVf4V4gATCSgeY1yHY8ycvkla1YlsV+7ZaqJ1lceTAITgCJWCDc1ADV6AOmgCDR/AMXsGb8WS8GO/Gx6x1ychmDsAfGJ8/4V2ZgQ==</latexit><latexit sha1_base64="AoIDFW3kDiCe8NBkSU1IBTgQBlM=">AAACDXicbVC7TsMwFHV4lvIKMLJYtEjtUiUFAWMlFhZEUelDakLkuE5r1XEi20Gqov4AC7/CwgBCrOxs/A1umwFajmTp3HPu1fU9fsyoVJb1bSwtr6yurec28ptb2zu75t5+S0aJwKSJIxaJjo8kYZSTpqKKkU4sCAp9Rtr+8HLitx+IkDTid2oUEzdEfU4DipHSkmcWi42b0mnZSx0Rwsb1GDqKhkRCrZ6U751Y6KromQWrYk0BF4mdkQLIUPfML6cX4SQkXGGGpOzaVqzcFAlFMSPjvJNIEiM8RH3S1ZQjvdJNp9eM4bFWejCIhH5cwan6eyJFoZSj0NedIVIDOe9NxP+8bqKCCzelPE4U4Xi2KEgYVBGcRAN7VBCs2EgThAXVf4V4gATCSgeY1yHY8ycvkla1YlsV+7ZaqJ1lceTAITgCJWCDc1ADV6AOmgCDR/AMXsGb8WS8GO/Gx6x1ychmDsAfGJ8/4V2ZgQ==</latexit><latexit sha1_base64="AoIDFW3kDiCe8NBkSU1IBTgQBlM=">AAACDXicbVC7TsMwFHV4lvIKMLJYtEjtUiUFAWMlFhZEUelDakLkuE5r1XEi20Gqov4AC7/CwgBCrOxs/A1umwFajmTp3HPu1fU9fsyoVJb1bSwtr6yurec28ptb2zu75t5+S0aJwKSJIxaJjo8kYZSTpqKKkU4sCAp9Rtr+8HLitx+IkDTid2oUEzdEfU4DipHSkmcWi42b0mnZSx0Rwsb1GDqKhkRCrZ6U751Y6KromQWrYk0BF4mdkQLIUPfML6cX4SQkXGGGpOzaVqzcFAlFMSPjvJNIEiM8RH3S1ZQjvdJNp9eM4bFWejCIhH5cwan6eyJFoZSj0NedIVIDOe9NxP+8bqKCCzelPE4U4Xi2KEgYVBGcRAN7VBCs2EgThAXVf4V4gATCSgeY1yHY8ycvkla1YlsV+7ZaqJ1lceTAITgCJWCDc1ADV6AOmgCDR/AMXsGb8WS8GO/Gx6x1ychmDsAfGJ8/4V2ZgQ==</latexit><latexit sha1_base64="AoIDFW3kDiCe8NBkSU1IBTgQBlM=">AAACDXicbVC7TsMwFHV4lvIKMLJYtEjtUiUFAWMlFhZEUelDakLkuE5r1XEi20Gqov4AC7/CwgBCrOxs/A1umwFajmTp3HPu1fU9fsyoVJb1bSwtr6yurec28ptb2zu75t5+S0aJwKSJIxaJjo8kYZSTpqKKkU4sCAp9Rtr+8HLitx+IkDTid2oUEzdEfU4DipHSkmcWi42b0mnZSx0Rwsb1GDqKhkRCrZ6U751Y6KromQWrYk0BF4mdkQLIUPfML6cX4SQkXGGGpOzaVqzcFAlFMSPjvJNIEiM8RH3S1ZQjvdJNp9eM4bFWejCIhH5cwan6eyJFoZSj0NedIVIDOe9NxP+8bqKCCzelPE4U4Xi2KEgYVBGcRAN7VBCs2EgThAXVf4V4gATCSgeY1yHY8ycvkla1YlsV+7ZaqJ1lceTAITgCJWCDc1ADV6AOmgCDR/AMXsGb8WS8GO/Gx6x1ychmDsAfGJ8/4V2ZgQ==</latexit>

{TDM, XRe, XIm}

DM shift symmetries
U(1)DM

LUV ⇠ ✏q q̄LOq + ✏uuROu + ✏ddROd
<latexit sha1_base64="tZ/Kv+ZNCyBd0mB6CciPNUShlLk="></latexit><latexit sha1_base64="tZ/Kv+ZNCyBd0mB6CciPNUShlLk="></latexit><latexit sha1_base64="tZ/Kv+ZNCyBd0mB6CciPNUShlLk="></latexit><latexit sha1_base64="tZ/Kv+ZNCyBd0mB6CciPNUShlLk="></latexit>

Example:



DM shift symmetry is… 

1. Broken by top quark couplings 

2. Broken by bottom quark couplings 

3. Respected by all SM fermions

Three scenarios



1. Top quark breaks DM shift symmetry

•  Top quark loops give 

    with  

•  Direct detection

m2
��

⇤�+ �h2�⇤�+ . . .
<latexit sha1_base64="8OYoKjLwMMw2JW5typrer4xgyk8=">AAACKXicbVDLSgMxFM3UV62vUZdugq0gCGWmG7ssuHFZwT6gU4dMJtOGZh4kd4Qy9Hfc+CtuFBR164+YTmehbQ+EHM659yb3eIngCizryyhtbG5t75R3K3v7B4dH5vFJV8WppKxDYxHLvkcUEzxiHeAgWD+RjISeYD1vcjP3e49MKh5H9zBN2DAko4gHnBLQkmu2aqHr0DF/aOD8coiCnOEr7Ag9xyd4vN70Y1C45ppVq27lwKvELkgVFWi75pvjxzQNWQRUEKUGtpXAMCMSOBVsVnFSxRJCJ2TEBppGJGRqmOWbzvCFVnwcxFKfCHCu/u3ISKjUNPR0ZUhgrJa9ubjOG6QQNIcZj5IUWEQXDwWpwBDjeWzY55JREFNNCJVc/xXTMZGEgg63okOwl1deJd1G3bbq9l2j2moWcZTRGTpHl8hG16iFblEbdRBFT+gFvaMP49l4NT6N70VpySh6TtE/GD+/s2ikZA==</latexit><latexit sha1_base64="8OYoKjLwMMw2JW5typrer4xgyk8=">AAACKXicbVDLSgMxFM3UV62vUZdugq0gCGWmG7ssuHFZwT6gU4dMJtOGZh4kd4Qy9Hfc+CtuFBR164+YTmehbQ+EHM659yb3eIngCizryyhtbG5t75R3K3v7B4dH5vFJV8WppKxDYxHLvkcUEzxiHeAgWD+RjISeYD1vcjP3e49MKh5H9zBN2DAko4gHnBLQkmu2aqHr0DF/aOD8coiCnOEr7Ag9xyd4vN70Y1C45ppVq27lwKvELkgVFWi75pvjxzQNWQRUEKUGtpXAMCMSOBVsVnFSxRJCJ2TEBppGJGRqmOWbzvCFVnwcxFKfCHCu/u3ISKjUNPR0ZUhgrJa9ubjOG6QQNIcZj5IUWEQXDwWpwBDjeWzY55JREFNNCJVc/xXTMZGEgg63okOwl1deJd1G3bbq9l2j2moWcZTRGTpHl8hG16iFblEbdRBFT+gFvaMP49l4NT6N70VpySh6TtE/GD+/s2ikZA==</latexit><latexit sha1_base64="8OYoKjLwMMw2JW5typrer4xgyk8=">AAACKXicbVDLSgMxFM3UV62vUZdugq0gCGWmG7ssuHFZwT6gU4dMJtOGZh4kd4Qy9Hfc+CtuFBR164+YTmehbQ+EHM659yb3eIngCizryyhtbG5t75R3K3v7B4dH5vFJV8WppKxDYxHLvkcUEzxiHeAgWD+RjISeYD1vcjP3e49MKh5H9zBN2DAko4gHnBLQkmu2aqHr0DF/aOD8coiCnOEr7Ag9xyd4vN70Y1C45ppVq27lwKvELkgVFWi75pvjxzQNWQRUEKUGtpXAMCMSOBVsVnFSxRJCJ2TEBppGJGRqmOWbzvCFVnwcxFKfCHCu/u3ISKjUNPR0ZUhgrJa9ubjOG6QQNIcZj5IUWEQXDwWpwBDjeWzY55JREFNNCJVc/xXTMZGEgg63okOwl1deJd1G3bbq9l2j2moWcZTRGTpHl8hG16iFblEbdRBFT+gFvaMP49l4NT6N70VpySh6TtE/GD+/s2ikZA==</latexit><latexit sha1_base64="8OYoKjLwMMw2JW5typrer4xgyk8=">AAACKXicbVDLSgMxFM3UV62vUZdugq0gCGWmG7ssuHFZwT6gU4dMJtOGZh4kd4Qy9Hfc+CtuFBR164+YTmehbQ+EHM659yb3eIngCizryyhtbG5t75R3K3v7B4dH5vFJV8WppKxDYxHLvkcUEzxiHeAgWD+RjISeYD1vcjP3e49MKh5H9zBN2DAko4gHnBLQkmu2aqHr0DF/aOD8coiCnOEr7Ag9xyd4vN70Y1C45ppVq27lwKvELkgVFWi75pvjxzQNWQRUEKUGtpXAMCMSOBVsVnFSxRJCJ2TEBppGJGRqmOWbzvCFVnwcxFKfCHCu/u3ISKjUNPR0ZUhgrJa9ubjOG6QQNIcZj5IUWEQXDwWpwBDjeWzY55JREFNNCJVc/xXTMZGEgg63okOwl1deJd1G3bbq9l2j2moWcZTRGTpHl8hG16iFblEbdRBFT+gFvaMP49l4NT6N70VpySh6TtE/GD+/s2ikZA==</latexit>

m� & mh � . �h
2 ⇠ few%

<latexit sha1_base64="kiFlsus/4rh1S1fJU2xz2/xKjPI="></latexit><latexit sha1_base64="kiFlsus/4rh1S1fJU2xz2/xKjPI="></latexit><latexit sha1_base64="kiFlsus/4rh1S1fJU2xz2/xKjPI="></latexit><latexit sha1_base64="kiFlsus/4rh1S1fJU2xz2/xKjPI="></latexit>

+

1
2f2 ⌧ �

m2
h

! ��N
SI ' f2

N
⇡

m4
N�2

m2
�m

4
h
⇠ 4⇥ 10�46 cm2

�
�

0.03

�2 ⇣ 300 GeV
m�

⌘2

(fN ' 0.30) !12



Balkin, Ruhdorfer,  
Salvioni, Weiler  
1707.07685

!13

correct relic density 
annihilation via  
derivative + marginal 
Higgs portals 

! ��N
SI ' f2

N
⇡

m4
N�2

m2
�m

4
h
⇠ 4⇥ 10�46 cm2

�
�

0.03

�2 ⇣ 300 GeV
m�

⌘2

under-abundance

over-abundance

m�[GeV]
<latexit sha1_base64="rjSmwkj1wCff/cZBntHORSDjJF0=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJFYqqSLjAwVGKAsUj0ISVR5LhOa9V2IttBqqIu/AoLAwix8hls/A1OmwFajnSlo3Pu1b33RCmjSjvOt1VZW9/Y3Kpu13Z29/YP7MOjnkoyiUkXJyyRgwgpwqggXU01I4NUEsQjRvrR5Kbw+49EKpqIBz1NScDRSNCYYqSNFNonDR76eEyh53Okx5Lnt6Q3CxqhXXeazhxwlbglqYMSndD+8ocJzjgRGjOklOc6qQ5yJDXFjMxqfqZIivAEjYhnqECcqCCfPzCD50YZwjiRpoSGc/X3RI64UlMemc7iSrXsFeJ/npfp+CrIqUgzTQReLIozBnUCizTgkEqCNZsagrCk5laIx0girE1mNROCu/zyKum1mq7TdO9b9fZ1GUcVnIIzcAFccAna4A50QBdgMAPP4BW8WU/Wi/VufSxaK1Y5cwz+wPr8AdlLleQ=</latexit><latexit sha1_base64="rjSmwkj1wCff/cZBntHORSDjJF0=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJFYqqSLjAwVGKAsUj0ISVR5LhOa9V2IttBqqIu/AoLAwix8hls/A1OmwFajnSlo3Pu1b33RCmjSjvOt1VZW9/Y3Kpu13Z29/YP7MOjnkoyiUkXJyyRgwgpwqggXU01I4NUEsQjRvrR5Kbw+49EKpqIBz1NScDRSNCYYqSNFNonDR76eEyh53Okx5Lnt6Q3CxqhXXeazhxwlbglqYMSndD+8ocJzjgRGjOklOc6qQ5yJDXFjMxqfqZIivAEjYhnqECcqCCfPzCD50YZwjiRpoSGc/X3RI64UlMemc7iSrXsFeJ/npfp+CrIqUgzTQReLIozBnUCizTgkEqCNZsagrCk5laIx0girE1mNROCu/zyKum1mq7TdO9b9fZ1GUcVnIIzcAFccAna4A50QBdgMAPP4BW8WU/Wi/VufSxaK1Y5cwz+wPr8AdlLleQ=</latexit><latexit sha1_base64="rjSmwkj1wCff/cZBntHORSDjJF0=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJFYqqSLjAwVGKAsUj0ISVR5LhOa9V2IttBqqIu/AoLAwix8hls/A1OmwFajnSlo3Pu1b33RCmjSjvOt1VZW9/Y3Kpu13Z29/YP7MOjnkoyiUkXJyyRgwgpwqggXU01I4NUEsQjRvrR5Kbw+49EKpqIBz1NScDRSNCYYqSNFNonDR76eEyh53Okx5Lnt6Q3CxqhXXeazhxwlbglqYMSndD+8ocJzjgRGjOklOc6qQ5yJDXFjMxqfqZIivAEjYhnqECcqCCfPzCD50YZwjiRpoSGc/X3RI64UlMemc7iSrXsFeJ/npfp+CrIqUgzTQReLIozBnUCizTgkEqCNZsagrCk5laIx0girE1mNROCu/zyKum1mq7TdO9b9fZ1GUcVnIIzcAFccAna4A50QBdgMAPP4BW8WU/Wi/VufSxaK1Y5cwz+wPr8AdlLleQ=</latexit><latexit sha1_base64="rjSmwkj1wCff/cZBntHORSDjJF0=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJFYqqSLjAwVGKAsUj0ISVR5LhOa9V2IttBqqIu/AoLAwix8hls/A1OmwFajnSlo3Pu1b33RCmjSjvOt1VZW9/Y3Kpu13Z29/YP7MOjnkoyiUkXJyyRgwgpwqggXU01I4NUEsQjRvrR5Kbw+49EKpqIBz1NScDRSNCYYqSNFNonDR76eEyh53Okx5Lnt6Q3CxqhXXeazhxwlbglqYMSndD+8ocJzjgRGjOklOc6qQ5yJDXFjMxqfqZIivAEjYhnqECcqCCfPzCD50YZwjiRpoSGc/X3RI64UlMemc7iSrXsFeJ/npfp+CrIqUgzTQReLIozBnUCizTgkEqCNZsagrCk5laIx0girE1mNROCu/zyKum1mq7TdO9b9fZ1GUcVnIIzcAFccAna4A50QBdgMAPP4BW8WU/Wi/VufSxaK1Y5cwz+wPr8AdlLleQ=</latexit>

1805.12562

1. Top quark breaks DM shift symmetry



2. Bottom quark breaks DM shift symmetry

•  Bottom quark loops give 

    with  

•  Direct detection
+

m2
��

⇤�+ �h2�⇤�+ . . .
<latexit sha1_base64="8OYoKjLwMMw2JW5typrer4xgyk8=">AAACKXicbVDLSgMxFM3UV62vUZdugq0gCGWmG7ssuHFZwT6gU4dMJtOGZh4kd4Qy9Hfc+CtuFBR164+YTmehbQ+EHM659yb3eIngCizryyhtbG5t75R3K3v7B4dH5vFJV8WppKxDYxHLvkcUEzxiHeAgWD+RjISeYD1vcjP3e49MKh5H9zBN2DAko4gHnBLQkmu2aqHr0DF/aOD8coiCnOEr7Ag9xyd4vN70Y1C45ppVq27lwKvELkgVFWi75pvjxzQNWQRUEKUGtpXAMCMSOBVsVnFSxRJCJ2TEBppGJGRqmOWbzvCFVnwcxFKfCHCu/u3ISKjUNPR0ZUhgrJa9ubjOG6QQNIcZj5IUWEQXDwWpwBDjeWzY55JREFNNCJVc/xXTMZGEgg63okOwl1deJd1G3bbq9l2j2moWcZTRGTpHl8hG16iFblEbdRBFT+gFvaMP49l4NT6N70VpySh6TtE/GD+/s2ikZA==</latexit><latexit sha1_base64="8OYoKjLwMMw2JW5typrer4xgyk8=">AAACKXicbVDLSgMxFM3UV62vUZdugq0gCGWmG7ssuHFZwT6gU4dMJtOGZh4kd4Qy9Hfc+CtuFBR164+YTmehbQ+EHM659yb3eIngCizryyhtbG5t75R3K3v7B4dH5vFJV8WppKxDYxHLvkcUEzxiHeAgWD+RjISeYD1vcjP3e49MKh5H9zBN2DAko4gHnBLQkmu2aqHr0DF/aOD8coiCnOEr7Ag9xyd4vN70Y1C45ppVq27lwKvELkgVFWi75pvjxzQNWQRUEKUGtpXAMCMSOBVsVnFSxRJCJ2TEBppGJGRqmOWbzvCFVnwcxFKfCHCu/u3ISKjUNPR0ZUhgrJa9ubjOG6QQNIcZj5IUWEQXDwWpwBDjeWzY55JREFNNCJVc/xXTMZGEgg63okOwl1deJd1G3bbq9l2j2moWcZTRGTpHl8hG16iFblEbdRBFT+gFvaMP49l4NT6N70VpySh6TtE/GD+/s2ikZA==</latexit><latexit sha1_base64="8OYoKjLwMMw2JW5typrer4xgyk8=">AAACKXicbVDLSgMxFM3UV62vUZdugq0gCGWmG7ssuHFZwT6gU4dMJtOGZh4kd4Qy9Hfc+CtuFBR164+YTmehbQ+EHM659yb3eIngCizryyhtbG5t75R3K3v7B4dH5vFJV8WppKxDYxHLvkcUEzxiHeAgWD+RjISeYD1vcjP3e49MKh5H9zBN2DAko4gHnBLQkmu2aqHr0DF/aOD8coiCnOEr7Ag9xyd4vN70Y1C45ppVq27lwKvELkgVFWi75pvjxzQNWQRUEKUGtpXAMCMSOBVsVnFSxRJCJ2TEBppGJGRqmOWbzvCFVnwcxFKfCHCu/u3ISKjUNPR0ZUhgrJa9ubjOG6QQNIcZj5IUWEQXDwWpwBDjeWzY55JREFNNCJVc/xXTMZGEgg63okOwl1deJd1G3bbq9l2j2moWcZTRGTpHl8hG16iFblEbdRBFT+gFvaMP49l4NT6N70VpySh6TtE/GD+/s2ikZA==</latexit><latexit sha1_base64="8OYoKjLwMMw2JW5typrer4xgyk8=">AAACKXicbVDLSgMxFM3UV62vUZdugq0gCGWmG7ssuHFZwT6gU4dMJtOGZh4kd4Qy9Hfc+CtuFBR164+YTmehbQ+EHM659yb3eIngCizryyhtbG5t75R3K3v7B4dH5vFJV8WppKxDYxHLvkcUEzxiHeAgWD+RjISeYD1vcjP3e49MKh5H9zBN2DAko4gHnBLQkmu2aqHr0DF/aOD8coiCnOEr7Ag9xyd4vN70Y1C45ppVq27lwKvELkgVFWi75pvjxzQNWQRUEKUGtpXAMCMSOBVsVnFSxRJCJ2TEBppGJGRqmOWbzvCFVnwcxFKfCHCu/u3ISKjUNPR0ZUhgrJa9ubjOG6QQNIcZj5IUWEQXDwWpwBDjeWzY55JREFNNCJVc/xXTMZGEgg63okOwl1deJd1G3bbq9l2j2moWcZTRGTpHl8hG16iFblEbdRBFT+gFvaMP49l4NT6N70VpySh6TtE/GD+/s2ikZA==</latexit>

m� . mh � ⇠ Ncy
2
b

8⇡2
m2

⇤
f2 . 10�3

<latexit sha1_base64="KSE/UA1tg6x1xiCprJ2e6dHtW4k="></latexit><latexit sha1_base64="KSE/UA1tg6x1xiCprJ2e6dHtW4k="></latexit><latexit sha1_base64="KSE/UA1tg6x1xiCprJ2e6dHtW4k="></latexit><latexit sha1_base64="KSE/UA1tg6x1xiCprJ2e6dHtW4k="></latexit>

1
2f2 � �

m2
h

<latexit sha1_base64="EdKtUxMa+l1xmUOCOhNV1W1negU=">AAACH3icbVBLS8NAGNz4rPUV9ehlsRU8lSQH9SQFLx4r2Ac0MWw2m3Tp5uHuRigh/8SLf8WLB0XEW/+N2zSCtg4sDDPz7e43XsqokIYx1VZW19Y3Nmtb9e2d3b19/eCwJ5KMY9LFCUv4wEOCMBqTrqSSkUHKCYo8Rvre+Hrm9x8JFzSJ7+QkJU6EwpgGFCOpJFc/b9oBRzg3i9wK7q0C2g8Z8qEdhj+stG2mrvRRkUfuSKWart4wWkYJuEzMijRAhY6rf9l+grOIxBIzJMTQNFLp5IhLihkp6nYmSIrwGIVkqGiMIiKcvNyvgKdK8WGQcHViCUv190SOIiEmkaeSEZIjsejNxP+8YSaDSyencZpJEuP5Q0HGoEzgrCzoU06wZBNFEOZU/RXiEVKFSFVpXZVgLq68THpWyzRa5q3VaF9VddTAMTgBZ8AEF6ANbkAHdAEGT+AFvIF37Vl71T60z3l0RatmjsAfaNNvKQqiaw==</latexit><latexit sha1_base64="EdKtUxMa+l1xmUOCOhNV1W1negU=">AAACH3icbVBLS8NAGNz4rPUV9ehlsRU8lSQH9SQFLx4r2Ac0MWw2m3Tp5uHuRigh/8SLf8WLB0XEW/+N2zSCtg4sDDPz7e43XsqokIYx1VZW19Y3Nmtb9e2d3b19/eCwJ5KMY9LFCUv4wEOCMBqTrqSSkUHKCYo8Rvre+Hrm9x8JFzSJ7+QkJU6EwpgGFCOpJFc/b9oBRzg3i9wK7q0C2g8Z8qEdhj+stG2mrvRRkUfuSKWart4wWkYJuEzMijRAhY6rf9l+grOIxBIzJMTQNFLp5IhLihkp6nYmSIrwGIVkqGiMIiKcvNyvgKdK8WGQcHViCUv190SOIiEmkaeSEZIjsejNxP+8YSaDSyencZpJEuP5Q0HGoEzgrCzoU06wZBNFEOZU/RXiEVKFSFVpXZVgLq68THpWyzRa5q3VaF9VddTAMTgBZ8AEF6ANbkAHdAEGT+AFvIF37Vl71T60z3l0RatmjsAfaNNvKQqiaw==</latexit><latexit sha1_base64="EdKtUxMa+l1xmUOCOhNV1W1negU=">AAACH3icbVBLS8NAGNz4rPUV9ehlsRU8lSQH9SQFLx4r2Ac0MWw2m3Tp5uHuRigh/8SLf8WLB0XEW/+N2zSCtg4sDDPz7e43XsqokIYx1VZW19Y3Nmtb9e2d3b19/eCwJ5KMY9LFCUv4wEOCMBqTrqSSkUHKCYo8Rvre+Hrm9x8JFzSJ7+QkJU6EwpgGFCOpJFc/b9oBRzg3i9wK7q0C2g8Z8qEdhj+stG2mrvRRkUfuSKWart4wWkYJuEzMijRAhY6rf9l+grOIxBIzJMTQNFLp5IhLihkp6nYmSIrwGIVkqGiMIiKcvNyvgKdK8WGQcHViCUv190SOIiEmkaeSEZIjsejNxP+8YSaDSyencZpJEuP5Q0HGoEzgrCzoU06wZBNFEOZU/RXiEVKFSFVpXZVgLq68THpWyzRa5q3VaF9VddTAMTgBZ8AEF6ANbkAHdAEGT+AFvIF37Vl71T60z3l0RatmjsAfaNNvKQqiaw==</latexit><latexit sha1_base64="EdKtUxMa+l1xmUOCOhNV1W1negU=">AAACH3icbVBLS8NAGNz4rPUV9ehlsRU8lSQH9SQFLx4r2Ac0MWw2m3Tp5uHuRigh/8SLf8WLB0XEW/+N2zSCtg4sDDPz7e43XsqokIYx1VZW19Y3Nmtb9e2d3b19/eCwJ5KMY9LFCUv4wEOCMBqTrqSSkUHKCYo8Rvre+Hrm9x8JFzSJ7+QkJU6EwpgGFCOpJFc/b9oBRzg3i9wK7q0C2g8Z8qEdhj+stG2mrvRRkUfuSKWart4wWkYJuEzMijRAhY6rf9l+grOIxBIzJMTQNFLp5IhLihkp6nYmSIrwGIVkqGiMIiKcvNyvgKdK8WGQcHViCUv190SOIiEmkaeSEZIjsejNxP+8YSaDSyencZpJEuP5Q0HGoEzgrCzoU06wZBNFEOZU/RXiEVKFSFVpXZVgLq68THpWyzRa5q3VaF9VddTAMTgBZ8AEF6ANbkAHdAEGT+AFvIF37Vl71T60z3l0RatmjsAfaNNvKQqiaw==</latexit>

very  
suppressed

(f̃N ' 0.07)
<latexit sha1_base64="MvYCIZ64lFZ9BZ0CFu/FZqlpWmM=">AAACBHicbZC7SgNBFIZnvcZ4W7VMM5gIsQm7sYhlwMZKIpgLJMsyO3s2GTJ7cWZWCEsKG1/FxkIRWx/CzrdxkmyhiT8MfPznHM6c30s4k8qyvo219Y3Nre3CTnF3b//g0Dw67sg4FRTaNOax6HlEAmcRtBVTHHqJABJ6HLre+GpW7z6AkCyO7tQkASckw4gFjBKlLdcsVaoDxbgPWTB1b/BAshDusVWzGucV1yxrmAuvgp1DGe VquebXwI9pGkKkKCdS9m0rUU5GhGKUw7Q4SCUkhI7JEPoaIxKCdLL5EVN8ph0fB7HQL1J47v6eyEgo5ST0dGdI1Egu12bmf7V+qoJLJ2NRkiqI6GJRkHKsYjxLBPtMAFV8ooFQwfRfMR0RQajSuRV1CPbyyavQqddsq2bf1svNizyOAiqhU1RFNmqgJrpGLdRGFD2iZ/SK3own48V4Nz4WrWtGPnOC/sj4/AHd1JY6</latexit><latexit sha1_base64="MvYCIZ64lFZ9BZ0CFu/FZqlpWmM=">AAACBHicbZC7SgNBFIZnvcZ4W7VMM5gIsQm7sYhlwMZKIpgLJMsyO3s2GTJ7cWZWCEsKG1/FxkIRWx/CzrdxkmyhiT8MfPznHM6c30s4k8qyvo219Y3Nre3CTnF3b//g0Dw67sg4FRTaNOax6HlEAmcRtBVTHHqJABJ6HLre+GpW7z6AkCyO7tQkASckw4gFjBKlLdcsVaoDxbgPWTB1b/BAshDusVWzGucV1yxrmAuvgp1DGe VquebXwI9pGkKkKCdS9m0rUU5GhGKUw7Q4SCUkhI7JEPoaIxKCdLL5EVN8ph0fB7HQL1J47v6eyEgo5ST0dGdI1Egu12bmf7V+qoJLJ2NRkiqI6GJRkHKsYjxLBPtMAFV8ooFQwfRfMR0RQajSuRV1CPbyyavQqddsq2bf1svNizyOAiqhU1RFNmqgJrpGLdRGFD2iZ/SK3own48V4Nz4WrWtGPnOC/sj4/AHd1JY6</latexit><latexit sha1_base64="MvYCIZ64lFZ9BZ0CFu/FZqlpWmM=">AAACBHicbZC7SgNBFIZnvcZ4W7VMM5gIsQm7sYhlwMZKIpgLJMsyO3s2GTJ7cWZWCEsKG1/FxkIRWx/CzrdxkmyhiT8MfPznHM6c30s4k8qyvo219Y3Nre3CTnF3b//g0Dw67sg4FRTaNOax6HlEAmcRtBVTHHqJABJ6HLre+GpW7z6AkCyO7tQkASckw4gFjBKlLdcsVaoDxbgPWTB1b/BAshDusVWzGucV1yxrmAuvgp1DGe VquebXwI9pGkKkKCdS9m0rUU5GhGKUw7Q4SCUkhI7JEPoaIxKCdLL5EVN8ph0fB7HQL1J47v6eyEgo5ST0dGdI1Egu12bmf7V+qoJLJ2NRkiqI6GJRkHKsYjxLBPtMAFV8ooFQwfRfMR0RQajSuRV1CPbyyavQqddsq2bf1svNizyOAiqhU1RFNmqgJrpGLdRGFD2iZ/SK3own48V4Nz4WrWtGPnOC/sj4/AHd1JY6</latexit><latexit sha1_base64="MvYCIZ64lFZ9BZ0CFu/FZqlpWmM=">AAACBHicbZC7SgNBFIZnvcZ4W7VMM5gIsQm7sYhlwMZKIpgLJMsyO3s2GTJ7cWZWCEsKG1/FxkIRWx/CzrdxkmyhiT8MfPznHM6c30s4k8qyvo219Y3Nre3CTnF3b//g0Dw67sg4FRTaNOax6HlEAmcRtBVTHHqJABJ6HLre+GpW7z6AkCyO7tQkASckw4gFjBKlLdcsVaoDxbgPWTB1b/BAshDusVWzGucV1yxrmAuvgp1DGe VquebXwI9pGkKkKCdS9m0rUU5GhGKUw7Q4SCUkhI7JEPoaIxKCdLL5EVN8ph0fB7HQL1J47v6eyEgo5ST0dGdI1Egu12bmf7V+qoJLJ2NRkiqI6GJRkHKsYjxLBPtMAFV8ooFQwfRfMR0RQajSuRV1CPbyyavQqddsq2bf1svNizyOAiqhU1RFNmqgJrpGLdRGFD2iZ/SK3own48V4Nz4WrWtGPnOC/sj4/AHd1JY6</latexit>

! ��N
SI ' f̃ 2

N
4⇡

m4
N

m2
�f

4 ⇠ 10�47 cm2
⇣

1 TeV
f

⌘4 ⇣
100 GeV

m�

⌘2

<latexit sha1_base64="9p1+KyBzjB5FkpiZe1dG4PmH79Y="></latexit><latexit sha1_base64="9p1+KyBzjB5FkpiZe1dG4PmH79Y="></latexit><latexit sha1_base64="9p1+KyBzjB5FkpiZe1dG4PmH79Y="></latexit><latexit sha1_base64="9p1+KyBzjB5FkpiZe1dG4PmH79Y="></latexit>
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Annihilation dominated by derivative portal: one-to one correspondence  
 between       and  

�⇤

�
h

SM

SM

f
<latexit sha1_base64="Dm3CjPmFP3TfgT6/ZFoAvTkoV+o=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaKUlsLDHKRwIXsrfMwYa9vcvungm58BNsLDTG1l9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0duF3n1BpHstHM0vQj+hY8pAzaqz0UA2rw3LFrblLkE3i5aQCOVrD8tdgFLM0QmmYoFr3PTcxfkaV4UzgvDRINSaUTekY+5ZKGqH2s+Wpc3JllREJY2VLGrJUf09kNNJ6FgW2M6Jmote9hfif109N2PAzLpPUoGSrRWEqiInJ4m8y4gqZETNLKFPc3krYhCrKjE2nZEPw1l/eJJ16zXNr3n290mzkcRThAi7hGjy4gSbcQQvawGAMz/AKb45wXpx352PVWnDymXP4A+fzB372jTo=</latexit><latexit sha1_base64="Dm3CjPmFP3TfgT6/ZFoAvTkoV+o=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaKUlsLDHKRwIXsrfMwYa9vcvungm58BNsLDTG1l9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0duF3n1BpHstHM0vQj+hY8pAzaqz0UA2rw3LFrblLkE3i5aQCOVrD8tdgFLM0QmmYoFr3PTcxfkaV4UzgvDRINSaUTekY+5ZKGqH2s+Wpc3JllREJY2VLGrJUf09kNNJ6FgW2M6Jmote9hfif109N2PAzLpPUoGSrRWEqiInJ4m8y4gqZETNLKFPc3krYhCrKjE2nZEPw1l/eJJ16zXNr3n290mzkcRThAi7hGjy4gSbcQQvawGAMz/AKb45wXpx352PVWnDymXP4A+fzB372jTo=</latexit><latexit sha1_base64="Dm3CjPmFP3TfgT6/ZFoAvTkoV+o=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaKUlsLDHKRwIXsrfMwYa9vcvungm58BNsLDTG1l9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0duF3n1BpHstHM0vQj+hY8pAzaqz0UA2rw3LFrblLkE3i5aQCOVrD8tdgFLM0QmmYoFr3PTcxfkaV4UzgvDRINSaUTekY+5ZKGqH2s+Wpc3JllREJY2VLGrJUf09kNNJ6FgW2M6Jmote9hfif109N2PAzLpPUoGSrRWEqiInJ4m8y4gqZETNLKFPc3krYhCrKjE2nZEPw1l/eJJ16zXNr3n290mzkcRThAi7hGjy4gSbcQQvawGAMz/AKb45wXpx352PVWnDymXP4A+fzB372jTo=</latexit><latexit sha1_base64="Dm3CjPmFP3TfgT6/ZFoAvTkoV+o=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaKUlsLDHKRwIXsrfMwYa9vcvungm58BNsLDTG1l9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0duF3n1BpHstHM0vQj+hY8pAzaqz0UA2rw3LFrblLkE3i5aQCOVrD8tdgFLM0QmmYoFr3PTcxfkaV4UzgvDRINSaUTekY+5ZKGqH2s+Wpc3JllREJY2VLGrJUf09kNNJ6FgW2M6Jmote9hfif109N2PAzLpPUoGSrRWEqiInJ4m8y4gqZETNLKFPc3krYhCrKjE2nZEPw1l/eJJ16zXNr3n290mzkcRThAi7hGjy4gSbcQQvawGAMz/AKb45wXpx352PVWnDymXP4A+fzB372jTo=</latexit>

m�
<latexit sha1_base64="lh5bQQSzGyHlLsST5mO2hvM7s4A=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc5EjixSMm8khgQ2aHWZgwj3Vm1oRs+AkvHjTGq7/jzb9xgD0oWEknlarudHdFCWfG+v63V9ja3tndK+6XDg6Pjk/Kp2cdo1JNaJsornQvwoZyJmnbMstpL9EUi4jTbjS9XfjdJ6oNU/LBzhIaCjyWLGYEWyf1qmI4IBNWHZYrfs1fAm2SICcVyNEalr8GI0VSQaUlHBvTD/zEhhnWlhFO56VBamiCyRSPad9RiQU1Yba8d46unDJCsdKupEVL9fdEhoUxMxG5ToHtxKx7C/E/r5/auBFmTCappZKsFsUpR1ahxfNoxDQlls8cwUQzdysiE6wxsS6ikgshWH95k3TqtcCvBff1SrORx1GEC7iEawjgBppwBy1oAwEOz/AKb96j9+K9ex+r1oKXz5zDH3ifPzkvj2I=</latexit><latexit sha1_base64="lh5bQQSzGyHlLsST5mO2hvM7s4A=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc5EjixSMm8khgQ2aHWZgwj3Vm1oRs+AkvHjTGq7/jzb9xgD0oWEknlarudHdFCWfG+v63V9ja3tndK+6XDg6Pjk/Kp2cdo1JNaJsornQvwoZyJmnbMstpL9EUi4jTbjS9XfjdJ6oNU/LBzhIaCjyWLGYEWyf1qmI4IBNWHZYrfs1fAm2SICcVyNEalr8GI0VSQaUlHBvTD/zEhhnWlhFO56VBamiCyRSPad9RiQU1Yba8d46unDJCsdKupEVL9fdEhoUxMxG5ToHtxKx7C/E/r5/auBFmTCappZKsFsUpR1ahxfNoxDQlls8cwUQzdysiE6wxsS6ikgshWH95k3TqtcCvBff1SrORx1GEC7iEawjgBppwBy1oAwEOz/AKb96j9+K9ex+r1oKXz5zDH3ifPzkvj2I=</latexit><latexit sha1_base64="lh5bQQSzGyHlLsST5mO2hvM7s4A=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc5EjixSMm8khgQ2aHWZgwj3Vm1oRs+AkvHjTGq7/jzb9xgD0oWEknlarudHdFCWfG+v63V9ja3tndK+6XDg6Pjk/Kp2cdo1JNaJsornQvwoZyJmnbMstpL9EUi4jTbjS9XfjdJ6oNU/LBzhIaCjyWLGYEWyf1qmI4IBNWHZYrfs1fAm2SICcVyNEalr8GI0VSQaUlHBvTD/zEhhnWlhFO56VBamiCyRSPad9RiQU1Yba8d46unDJCsdKupEVL9fdEhoUxMxG5ToHtxKx7C/E/r5/auBFmTCappZKsFsUpR1ahxfNoxDQlls8cwUQzdysiE6wxsS6ikgshWH95k3TqtcCvBff1SrORx1GEC7iEawjgBppwBy1oAwEOz/AKb96j9+K9ex+r1oKXz5zDH3ifPzkvj2I=</latexit><latexit sha1_base64="lh5bQQSzGyHlLsST5mO2hvM7s4A=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc5EjixSMm8khgQ2aHWZgwj3Vm1oRs+AkvHjTGq7/jzb9xgD0oWEknlarudHdFCWfG+v63V9ja3tndK+6XDg6Pjk/Kp2cdo1JNaJsornQvwoZyJmnbMstpL9EUi4jTbjS9XfjdJ6oNU/LBzhIaCjyWLGYEWyf1qmI4IBNWHZYrfs1fAm2SICcVyNEalr8GI0VSQaUlHBvTD/zEhhnWlhFO56VBamiCyRSPad9RiQU1Yba8d46unDJCsdKupEVL9fdEhoUxMxG5ToHtxKx7C/E/r5/auBFmTCappZKsFsUpR1ahxfNoxDQlls8cwUQzdysiE6wxsS6ikgshWH95k3TqtcCvBff1SrORx1GEC7iEawjgBppwBy1oAwEOz/AKb96j9+K9ex+r1oKXz5zDH3ifPzkvj2I=</latexit>

⇠ 4m2
�

f2
<latexit sha1_base64="QMvOmQ8iCsf6GP7YFuNlMVhWzOo=">AAACEHicbVC7TsMwFHXKq5RXgJHFokUwVUmFRMdKLIxFog+pCZHjOK1VO4lsB6mK8gks/AoLAwixMrLxN7hpBmg5kq2jc+69vj5+wqhUlvVtVNbWNza3qtu1nd29/QPz8Kgv41Rg0sMxi8XQR5IwGpGeooqRYSII4j4jA396PfcHD0RIGkd3apYQl6NxREOKkdKSZ547xYxMkCBvOJJy6IQC4eySew6e0PtWnoX6anhm3WpaBeAqsUtSByW6nvnlBDFOOYkUZkjKkW0lys2QUBQzktecVJIE4Skak5GmEeJEulmxTA7PtBLAMBb6RAoW6u+ODHEpZ9zXlRypiVz25uJ/3ihVYdvNaJSkikR48VCYMqhiOE8HBlQQrNhME4QF1btCPEE6EKUzrOkQ7OUvr5J+q2lbTfu2Ve+0yziq4AScggtggyvQATegC3oAg0fwDF7Bm/FkvBjvxseitGKUPcfgD4zPH5m6nN4=</latexit><latexit sha1_base64="QMvOmQ8iCsf6GP7YFuNlMVhWzOo=">AAACEHicbVC7TsMwFHXKq5RXgJHFokUwVUmFRMdKLIxFog+pCZHjOK1VO4lsB6mK8gks/AoLAwixMrLxN7hpBmg5kq2jc+69vj5+wqhUlvVtVNbWNza3qtu1nd29/QPz8Kgv41Rg0sMxi8XQR5IwGpGeooqRYSII4j4jA396PfcHD0RIGkd3apYQl6NxREOKkdKSZ547xYxMkCBvOJJy6IQC4eySew6e0PtWnoX6anhm3WpaBeAqsUtSByW6nvnlBDFOOYkUZkjKkW0lys2QUBQzktecVJIE4Skak5GmEeJEulmxTA7PtBLAMBb6RAoW6u+ODHEpZ9zXlRypiVz25uJ/3ihVYdvNaJSkikR48VCYMqhiOE8HBlQQrNhME4QF1btCPEE6EKUzrOkQ7OUvr5J+q2lbTfu2Ve+0yziq4AScggtggyvQATegC3oAg0fwDF7Bm/FkvBjvxseitGKUPcfgD4zPH5m6nN4=</latexit><latexit sha1_base64="QMvOmQ8iCsf6GP7YFuNlMVhWzOo=">AAACEHicbVC7TsMwFHXKq5RXgJHFokUwVUmFRMdKLIxFog+pCZHjOK1VO4lsB6mK8gks/AoLAwixMrLxN7hpBmg5kq2jc+69vj5+wqhUlvVtVNbWNza3qtu1nd29/QPz8Kgv41Rg0sMxi8XQR5IwGpGeooqRYSII4j4jA396PfcHD0RIGkd3apYQl6NxREOKkdKSZ547xYxMkCBvOJJy6IQC4eySew6e0PtWnoX6anhm3WpaBeAqsUtSByW6nvnlBDFOOYkUZkjKkW0lys2QUBQzktecVJIE4Skak5GmEeJEulmxTA7PtBLAMBb6RAoW6u+ODHEpZ9zXlRypiVz25uJ/3ihVYdvNaJSkikR48VCYMqhiOE8HBlQQrNhME4QF1btCPEE6EKUzrOkQ7OUvr5J+q2lbTfu2Ve+0yziq4AScggtggyvQATegC3oAg0fwDF7Bm/FkvBjvxseitGKUPcfgD4zPH5m6nN4=</latexit><latexit sha1_base64="QMvOmQ8iCsf6GP7YFuNlMVhWzOo=">AAACEHicbVC7TsMwFHXKq5RXgJHFokUwVUmFRMdKLIxFog+pCZHjOK1VO4lsB6mK8gks/AoLAwixMrLxN7hpBmg5kq2jc+69vj5+wqhUlvVtVNbWNza3qtu1nd29/QPz8Kgv41Rg0sMxi8XQR5IwGpGeooqRYSII4j4jA396PfcHD0RIGkd3apYQl6NxREOKkdKSZ547xYxMkCBvOJJy6IQC4eySew6e0PtWnoX6anhm3WpaBeAqsUtSByW6nvnlBDFOOYkUZkjKkW0lys2QUBQzktecVJIE4Skak5GmEeJEulmxTA7PtBLAMBb6RAoW6u+ODHEpZ9zXlRypiVz25uJ/3ihVYdvNaJSkikR48VCYMqhiOE8HBlQQrNhME4QF1btCPEE6EKUzrOkQ7OUvr5J+q2lbTfu2Ve+0yziq4AScggtggyvQATegC3oAg0fwDF7Bm/FkvBjvxseitGKUPcfgD4zPH5m6nN4=</latexit>

LZ

! ��N
SI ' f̃ 2

N
4⇡

m4
N

m2
�f

4 ⇠ 10�47 cm2
⇣

1 TeV
f

⌘4 ⇣
100 GeV

m�

⌘2

<latexit sha1_base64="9p1+KyBzjB5FkpiZe1dG4PmH79Y="></latexit><latexit sha1_base64="9p1+KyBzjB5FkpiZe1dG4PmH79Y="></latexit><latexit sha1_base64="9p1+KyBzjB5FkpiZe1dG4PmH79Y="></latexit><latexit sha1_base64="9p1+KyBzjB5FkpiZe1dG4PmH79Y="></latexit>
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2. Bottom quark breaks DM shift symmetry



3. All SM fermions respect DM shift symmetry

⇠ 1
f2 @(h2)@(�⇤�)

Balkin, Ruhdorfer,  
Salvioni, Weiler, 
1807.xxxxx

•  We can construct a model where all fermions exactly preserve    

   the DM shift symmetry. For example in                        : 

• Coupling between DM and SM is 

• Direct detection cross section negligible 

• But also, DM has no potential…

qL ⇠ 7
<latexit sha1_base64="4JFjU0htzTd/tHZEzcejj7SD64Q=">AAAB/nicbVC7TsMwFHXKq5RXADGxWLRITFXSgTJWYmFgKBJ9SE0UOa7TWrWdYDtIVVSJX2FhACFWvoONv8FpM0DLkSwdnXOv7vEJE0aVdpxvq7S2vrG5Vd6u7Ozu7R/Yh0ddFacSkw6OWSz7IVKEUUE6mmpG+okkiIeM9MLJde73HolUNBb3epoQn6ORoBHFSBspsE9qD8Et9BTl0ONIj8Moa85qgV116s4ccJW4BamCAu3A/vKGMU45ERozpNTAdRLtZ0hqihmZVbxUkQThCRqRgaECcaL8bB5/Bs+NMoRRLM0TGs7V3xsZ4kpNeWgm84hq2cvF/7xBqqMrP6MiSTUReHEoShnUMcy7gEMqCdZsagjCkpqsEI+RRFibxiqmBHf5y6uk26i7Tt29a1Rbl0UdZXAKzsAFcEETtMANaIMOwCADz+AVvFlP1ov1bn0sRktWsXMM/sD6/AHVHZS1</latexit><latexit sha1_base64="4JFjU0htzTd/tHZEzcejj7SD64Q=">AAAB/nicbVC7TsMwFHXKq5RXADGxWLRITFXSgTJWYmFgKBJ9SE0UOa7TWrWdYDtIVVSJX2FhACFWvoONv8FpM0DLkSwdnXOv7vEJE0aVdpxvq7S2vrG5Vd6u7Ozu7R/Yh0ddFacSkw6OWSz7IVKEUUE6mmpG+okkiIeM9MLJde73HolUNBb3epoQn6ORoBHFSBspsE9qD8Et9BTl0ONIj8Moa85qgV116s4ccJW4BamCAu3A/vKGMU45ERozpNTAdRLtZ0hqihmZVbxUkQThCRqRgaECcaL8bB5/Bs+NMoRRLM0TGs7V3xsZ4kpNeWgm84hq2cvF/7xBqqMrP6MiSTUReHEoShnUMcy7gEMqCdZsagjCkpqsEI+RRFibxiqmBHf5y6uk26i7Tt29a1Rbl0UdZXAKzsAFcEETtMANaIMOwCADz+AVvFlP1ov1bn0sRktWsXMM/sD6/AHVHZS1</latexit><latexit sha1_base64="4JFjU0htzTd/tHZEzcejj7SD64Q=">AAAB/nicbVC7TsMwFHXKq5RXADGxWLRITFXSgTJWYmFgKBJ9SE0UOa7TWrWdYDtIVVSJX2FhACFWvoONv8FpM0DLkSwdnXOv7vEJE0aVdpxvq7S2vrG5Vd6u7Ozu7R/Yh0ddFacSkw6OWSz7IVKEUUE6mmpG+okkiIeM9MLJde73HolUNBb3epoQn6ORoBHFSBspsE9qD8Et9BTl0ONIj8Moa85qgV116s4ccJW4BamCAu3A/vKGMU45ERozpNTAdRLtZ0hqihmZVbxUkQThCRqRgaECcaL8bB5/Bs+NMoRRLM0TGs7V3xsZ4kpNeWgm84hq2cvF/7xBqqMrP6MiSTUReHEoShnUMcy7gEMqCdZsagjCkpqsEI+RRFibxiqmBHf5y6uk26i7Tt29a1Rbl0UdZXAKzsAFcEETtMANaIMOwCADz+AVvFlP1ov1bn0sRktWsXMM/sD6/AHVHZS1</latexit><latexit sha1_base64="4JFjU0htzTd/tHZEzcejj7SD64Q=">AAAB/nicbVC7TsMwFHXKq5RXADGxWLRITFXSgTJWYmFgKBJ9SE0UOa7TWrWdYDtIVVSJX2FhACFWvoONv8FpM0DLkSwdnXOv7vEJE0aVdpxvq7S2vrG5Vd6u7Ozu7R/Yh0ddFacSkw6OWSz7IVKEUUE6mmpG+okkiIeM9MLJde73HolUNBb3epoQn6ORoBHFSBspsE9qD8Et9BTl0ONIj8Moa85qgV116s4ccJW4BamCAu3A/vKGMU45ERozpNTAdRLtZ0hqihmZVbxUkQThCRqRgaECcaL8bB5/Bs+NMoRRLM0TGs7V3xsZ4kpNeWgm84hq2cvF/7xBqqMrP6MiSTUReHEoShnUMcy7gEMqCdZsagjCkpqsEI+RRFibxiqmBHf5y6uk26i7Tt29a1Rbl0UdZXAKzsAFcEETtMANaIMOwCADz+AVvFlP1ov1bn0sRktWsXMM/sD6/AHVHZS1</latexit>

uR, dR ⇠ 21
<latexit sha1_base64="VL6NJNwsRNw9ACaBFzHMBaZUapg=">AAACBHicbVC7TsMwFHV4lvIKMHaxaJEYUJV0AMZKLIylog+piSLHcVqrthPZDlIVdWDhV1gYQIiVj2Djb3DbDNBypCsdnXOv7r0nTBlV2nG+rbX1jc2t7dJOeXdv/+DQPjruqiSTmHRwwhLZD5EijArS0VQz0k8lQTxkpBeOb2Z+74FIRRNxrycp8TkaChpTjLSRArtSy4L2BYyCNvQU5dDjSI/COG+401pgV526MwdcJW5BqqBAK7C/vCjBGSdCY4aUGrhOqv0cSU0xI9OylymSIjxGQzIwVCBOlJ/Pn5jCM6NEME6kKaHhXP09kSOu1ISHpnN2o1r2ZuJ/3iDT8bWfU5Fmmgi8WBRnDOoEzhKBEZUEazYxBGFJza0Qj5BEWJvcyiYEd/nlVdJt1F2n7t41qs3LIo4SqIBTcA5ccAWa4Ba0QAdg8AiewSt4s56sF+vd+li0rlnFzAn4A+vzB0aElog=</latexit><latexit sha1_base64="VL6NJNwsRNw9ACaBFzHMBaZUapg=">AAACBHicbVC7TsMwFHV4lvIKMHaxaJEYUJV0AMZKLIylog+piSLHcVqrthPZDlIVdWDhV1gYQIiVj2Djb3DbDNBypCsdnXOv7r0nTBlV2nG+rbX1jc2t7dJOeXdv/+DQPjruqiSTmHRwwhLZD5EijArS0VQz0k8lQTxkpBeOb2Z+74FIRRNxrycp8TkaChpTjLSRArtSy4L2BYyCNvQU5dDjSI/COG+401pgV526MwdcJW5BqqBAK7C/vCjBGSdCY4aUGrhOqv0cSU0xI9OylymSIjxGQzIwVCBOlJ/Pn5jCM6NEME6kKaHhXP09kSOu1ISHpnN2o1r2ZuJ/3iDT8bWfU5Fmmgi8WBRnDOoEzhKBEZUEazYxBGFJza0Qj5BEWJvcyiYEd/nlVdJt1F2n7t41qs3LIo4SqIBTcA5ccAWa4Ba0QAdg8AiewSt4s56sF+vd+li0rlnFzAn4A+vzB0aElog=</latexit><latexit sha1_base64="VL6NJNwsRNw9ACaBFzHMBaZUapg=">AAACBHicbVC7TsMwFHV4lvIKMHaxaJEYUJV0AMZKLIylog+piSLHcVqrthPZDlIVdWDhV1gYQIiVj2Djb3DbDNBypCsdnXOv7r0nTBlV2nG+rbX1jc2t7dJOeXdv/+DQPjruqiSTmHRwwhLZD5EijArS0VQz0k8lQTxkpBeOb2Z+74FIRRNxrycp8TkaChpTjLSRArtSy4L2BYyCNvQU5dDjSI/COG+401pgV526MwdcJW5BqqBAK7C/vCjBGSdCY4aUGrhOqv0cSU0xI9OylymSIjxGQzIwVCBOlJ/Pn5jCM6NEME6kKaHhXP09kSOu1ISHpnN2o1r2ZuJ/3iDT8bWfU5Fmmgi8WBRnDOoEzhKBEZUEazYxBGFJza0Qj5BEWJvcyiYEd/nlVdJt1F2n7t41qs3LIo4SqIBTcA5ccAWa4Ba0QAdg8AiewSt4s56sF+vd+li0rlnFzAn4A+vzB0aElog=</latexit><latexit sha1_base64="VL6NJNwsRNw9ACaBFzHMBaZUapg=">AAACBHicbVC7TsMwFHV4lvIKMHaxaJEYUJV0AMZKLIylog+piSLHcVqrthPZDlIVdWDhV1gYQIiVj2Djb3DbDNBypCsdnXOv7r0nTBlV2nG+rbX1jc2t7dJOeXdv/+DQPjruqiSTmHRwwhLZD5EijArS0VQz0k8lQTxkpBeOb2Z+74FIRRNxrycp8TkaChpTjLSRArtSy4L2BYyCNvQU5dDjSI/COG+401pgV526MwdcJW5BqqBAK7C/vCjBGSdCY4aUGrhOqv0cSU0xI9OylymSIjxGQzIwVCBOlJ/Pn5jCM6NEME6kKaHhXP09kSOu1ISHpnN2o1r2ZuJ/3iDT8bWfU5Fmmgi8WBRnDOoEzhKBEZUEazYxBGFJza0Qj5BEWJvcyiYEd/nlVdJt1F2n7t41qs3LIo4SqIBTcA5ccAWa4Ba0QAdg8AiewSt4s56sF+vd+li0rlnFzAn4A+vzB0aElog=</latexit>
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(think of pion mass  
difference from EM)

⇠ 1
f2 @(h2)@(�⇤�)

3. All SM fermions respect DM shift symmetry

Balkin, Ruhdorfer,  
Salvioni, Weiler, 
1807.xxxxx

m2
� ⇡ 3g2

D
8⇡2 m2

⇢
<latexit sha1_base64="kzBReuZZKXrKVhrT5hrEweRAW3E=">AAACG3icbVC7TsMwFHV4lvIqMLJYtEhMVRIGOjBUgoGxSPQhNWnkuE5j1Ykt20FUUf+DhV9hYQAhJiQG/gb3MUDLkSwdnXOuru8JBaNK2/a3tbK6tr6xWdgqbu/s7u2XDg5bimcSkybmjMtOiBRhNCVNTTUjHSEJSkJG2uHwauK374lUlKd3eiSIn6BBSiOKkTZSUHIrSeDhmPZc6CEhJH+AXiQRzs/hILjuueO85gnjjqHJyZj33EpQKttVewq4TJw5KYM5GkHp0+tznCUk1ZghpbqOLbSfI6kpZmRc9DJFBMJDNCBdQ1OUEOXn09vG8NQofRhxaV6q4VT9PZGjRKlREppkgnSsFr2J+J/XzXRU83OaikyTFM8WRRmDmsNJUbBPJcGajQxBWFLzV4hjZKrRps6iKcFZPHmZtNyqY1edW7dcv5zXUQDH4AScAQdcgDq4AQ3QBBg8gmfwCt6sJ+vFerc+ZtEVaz5zBP7A+voBwi6f9A==</latexit><latexit sha1_base64="kzBReuZZKXrKVhrT5hrEweRAW3E=">AAACG3icbVC7TsMwFHV4lvIqMLJYtEhMVRIGOjBUgoGxSPQhNWnkuE5j1Ykt20FUUf+DhV9hYQAhJiQG/gb3MUDLkSwdnXOuru8JBaNK2/a3tbK6tr6xWdgqbu/s7u2XDg5bimcSkybmjMtOiBRhNCVNTTUjHSEJSkJG2uHwauK374lUlKd3eiSIn6BBSiOKkTZSUHIrSeDhmPZc6CEhJH+AXiQRzs/hILjuueO85gnjjqHJyZj33EpQKttVewq4TJw5KYM5GkHp0+tznCUk1ZghpbqOLbSfI6kpZmRc9DJFBMJDNCBdQ1OUEOXn09vG8NQofRhxaV6q4VT9PZGjRKlREppkgnSsFr2J+J/XzXRU83OaikyTFM8WRRmDmsNJUbBPJcGajQxBWFLzV4hjZKrRps6iKcFZPHmZtNyqY1edW7dcv5zXUQDH4AScAQdcgDq4AQ3QBBg8gmfwCt6sJ+vFerc+ZtEVaz5zBP7A+voBwi6f9A==</latexit><latexit sha1_base64="kzBReuZZKXrKVhrT5hrEweRAW3E=">AAACG3icbVC7TsMwFHV4lvIqMLJYtEhMVRIGOjBUgoGxSPQhNWnkuE5j1Ykt20FUUf+DhV9hYQAhJiQG/gb3MUDLkSwdnXOuru8JBaNK2/a3tbK6tr6xWdgqbu/s7u2XDg5bimcSkybmjMtOiBRhNCVNTTUjHSEJSkJG2uHwauK374lUlKd3eiSIn6BBSiOKkTZSUHIrSeDhmPZc6CEhJH+AXiQRzs/hILjuueO85gnjjqHJyZj33EpQKttVewq4TJw5KYM5GkHp0+tznCUk1ZghpbqOLbSfI6kpZmRc9DJFBMJDNCBdQ1OUEOXn09vG8NQofRhxaV6q4VT9PZGjRKlREppkgnSsFr2J+J/XzXRU83OaikyTFM8WRRmDmsNJUbBPJcGajQxBWFLzV4hjZKrRps6iKcFZPHmZtNyqY1edW7dcv5zXUQDH4AScAQdcgDq4AQ3QBBg8gmfwCt6sJ+vFerc+ZtEVaz5zBP7A+voBwi6f9A==</latexit><latexit sha1_base64="kzBReuZZKXrKVhrT5hrEweRAW3E=">AAACG3icbVC7TsMwFHV4lvIqMLJYtEhMVRIGOjBUgoGxSPQhNWnkuE5j1Ykt20FUUf+DhV9hYQAhJiQG/gb3MUDLkSwdnXOuru8JBaNK2/a3tbK6tr6xWdgqbu/s7u2XDg5bimcSkybmjMtOiBRhNCVNTTUjHSEJSkJG2uHwauK374lUlKd3eiSIn6BBSiOKkTZSUHIrSeDhmPZc6CEhJH+AXiQRzs/hILjuueO85gnjjqHJyZj33EpQKttVewq4TJw5KYM5GkHp0+tznCUk1ZghpbqOLbSfI6kpZmRc9DJFBMJDNCBdQ1OUEOXn09vG8NQofRhxaV6q4VT9PZGjRKlREppkgnSsFr2J+J/XzXRU83OaikyTFM8WRRmDmsNJUbBPJcGajQxBWFLzV4hjZKrRps6iKcFZPHmZtNyqY1edW7dcv5zXUQDH4AScAQdcgDq4AQ3QBBg8gmfwCt6sJ+vFerc+ZtEVaz5zBP7A+voBwi6f9A==</latexit>

�D
<latexit sha1_base64="43Z5zeUyVvIaeEkYyRSfSHwVIfc=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8lUTEj1tBDx4rGFtoQ5lsN+3S3U3c3Qgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZelHKmjed9O0vLK6tr66WN8ubW9s5uZW//QSeZIjQgCU9UK0JNOZM0MMxw2koVRRFx2oyG1xO/+USVZom8N6OUhgL7ksWMoLFSq9NHIbB7061UvZo3hbtI/IJUoUCjW/nq9BKSCSoN4ah12/dSE+aoDCOcjsudTNMUyRD7tG2pREF1mE/vHbvHVum5caJsSeNO1d8TOQqtRyKynQLNQM97E/E/r52Z+DLMmUwzQyWZLYoz7prEnTzv9piixPCRJUgUs7e6ZIAKibERlW0I/vzLiyQ4rV3V/Luzav28SKMEh3AEJ+DDBdThFhoQAAEOz/AKb86j8+K8Ox+z1iWnmDmAP3A+fwA1Oo+U</latexit><latexit sha1_base64="43Z5zeUyVvIaeEkYyRSfSHwVIfc=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8lUTEj1tBDx4rGFtoQ5lsN+3S3U3c3Qgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZelHKmjed9O0vLK6tr66WN8ubW9s5uZW//QSeZIjQgCU9UK0JNOZM0MMxw2koVRRFx2oyG1xO/+USVZom8N6OUhgL7ksWMoLFSq9NHIbB7061UvZo3hbtI/IJUoUCjW/nq9BKSCSoN4ah12/dSE+aoDCOcjsudTNMUyRD7tG2pREF1mE/vHbvHVum5caJsSeNO1d8TOQqtRyKynQLNQM97E/E/r52Z+DLMmUwzQyWZLYoz7prEnTzv9piixPCRJUgUs7e6ZIAKibERlW0I/vzLiyQ4rV3V/Luzav28SKMEh3AEJ+DDBdThFhoQAAEOz/AKb86j8+K8Ox+z1iWnmDmAP3A+fwA1Oo+U</latexit><latexit sha1_base64="43Z5zeUyVvIaeEkYyRSfSHwVIfc=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8lUTEj1tBDx4rGFtoQ5lsN+3S3U3c3Qgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZelHKmjed9O0vLK6tr66WN8ubW9s5uZW//QSeZIjQgCU9UK0JNOZM0MMxw2koVRRFx2oyG1xO/+USVZom8N6OUhgL7ksWMoLFSq9NHIbB7061UvZo3hbtI/IJUoUCjW/nq9BKSCSoN4ah12/dSE+aoDCOcjsudTNMUyRD7tG2pREF1mE/vHbvHVum5caJsSeNO1d8TOQqtRyKynQLNQM97E/E/r52Z+DLMmUwzQyWZLYoz7prEnTzv9piixPCRJUgUs7e6ZIAKibERlW0I/vzLiyQ4rV3V/Luzav28SKMEh3AEJ+DDBdThFhoQAAEOz/AKb86j8+K8Ox+z1iWnmDmAP3A+fwA1Oo+U</latexit><latexit sha1_base64="43Z5zeUyVvIaeEkYyRSfSHwVIfc=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8lUTEj1tBDx4rGFtoQ5lsN+3S3U3c3Qgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZelHKmjed9O0vLK6tr66WN8ubW9s5uZW//QSeZIjQgCU9UK0JNOZM0MMxw2koVRRFx2oyG1xO/+USVZom8N6OUhgL7ksWMoLFSq9NHIbB7061UvZo3hbtI/IJUoUCjW/nq9BKSCSoN4ah12/dSE+aoDCOcjsudTNMUyRD7tG2pREF1mE/vHbvHVum5caJsSeNO1d8TOQqtRyKynQLNQM97E/E/r52Z+DLMmUwzQyWZLYoz7prEnTzv9piixPCRJUgUs7e6ZIAKibERlW0I/vzLiyQ4rV3V/Luzav28SKMEh3AEJ+DDBdThFhoQAAEOz/AKb86j8+K8Ox+z1iWnmDmAP3A+fwA1Oo+U</latexit>

�h2�⇤�
<latexit sha1_base64="7AtSonpJaJXN+PTSxlkocZEnHso=">AAACBXicbVC7TsMwFL0pr1JeAUYYLFokpirpQsdKLIxFog+pSSvHcVqrzkO2g1RFXVj4FRYGEGLlH9j4G9w0A7QcydLROefq+h4v4Uwqy/o2ShubW9s75d3K3v7B4ZF5fNKVcSoI7ZCYx6LvYUk5i2hHMcVpPxEUhx6nPW96s/B7D1RIFkf3apZQN8TjiAWMYKWlkXlec7hO+xhNhg3kkAkbOliqnNVGZtWqWznQOrELUoUC7ZH55fgxSUMaKcKxlAPbSpSbYaEY4XRecVJJE0ymeEwHmkY4pNLN8ivm6FIrPgpioV+kUK7+nshwKOUs9HQyxGoiV72F+J83SFXQdDMWJamiEVkuClKOVIwWlSCfCUoUn2mCiWD6r4hMsMBE6eIqugR79eR10m3Ubatu3zWqrWZRRxnO4AKuwIZraMEttKEDBB7hGV7hzXgyXox342MZLRnFzCn8gfH5A3HIlzY=</latexit><latexit sha1_base64="7AtSonpJaJXN+PTSxlkocZEnHso=">AAACBXicbVC7TsMwFL0pr1JeAUYYLFokpirpQsdKLIxFog+pSSvHcVqrzkO2g1RFXVj4FRYGEGLlH9j4G9w0A7QcydLROefq+h4v4Uwqy/o2ShubW9s75d3K3v7B4ZF5fNKVcSoI7ZCYx6LvYUk5i2hHMcVpPxEUhx6nPW96s/B7D1RIFkf3apZQN8TjiAWMYKWlkXlec7hO+xhNhg3kkAkbOliqnNVGZtWqWznQOrELUoUC7ZH55fgxSUMaKcKxlAPbSpSbYaEY4XRecVJJE0ymeEwHmkY4pNLN8ivm6FIrPgpioV+kUK7+nshwKOUs9HQyxGoiV72F+J83SFXQdDMWJamiEVkuClKOVIwWlSCfCUoUn2mCiWD6r4hMsMBE6eIqugR79eR10m3Ubatu3zWqrWZRRxnO4AKuwIZraMEttKEDBB7hGV7hzXgyXox342MZLRnFzCn8gfH5A3HIlzY=</latexit><latexit sha1_base64="7AtSonpJaJXN+PTSxlkocZEnHso=">AAACBXicbVC7TsMwFL0pr1JeAUYYLFokpirpQsdKLIxFog+pSSvHcVqrzkO2g1RFXVj4FRYGEGLlH9j4G9w0A7QcydLROefq+h4v4Uwqy/o2ShubW9s75d3K3v7B4ZF5fNKVcSoI7ZCYx6LvYUk5i2hHMcVpPxEUhx6nPW96s/B7D1RIFkf3apZQN8TjiAWMYKWlkXlec7hO+xhNhg3kkAkbOliqnNVGZtWqWznQOrELUoUC7ZH55fgxSUMaKcKxlAPbSpSbYaEY4XRecVJJE0ymeEwHmkY4pNLN8ivm6FIrPgpioV+kUK7+nshwKOUs9HQyxGoiV72F+J83SFXQdDMWJamiEVkuClKOVIwWlSCfCUoUn2mCiWD6r4hMsMBE6eIqugR79eR10m3Ubatu3zWqrWZRRxnO4AKuwIZraMEttKEDBB7hGV7hzXgyXox342MZLRnFzCn8gfH5A3HIlzY=</latexit><latexit sha1_base64="7AtSonpJaJXN+PTSxlkocZEnHso=">AAACBXicbVC7TsMwFL0pr1JeAUYYLFokpirpQsdKLIxFog+pSSvHcVqrzkO2g1RFXVj4FRYGEGLlH9j4G9w0A7QcydLROefq+h4v4Uwqy/o2ShubW9s75d3K3v7B4ZF5fNKVcSoI7ZCYx6LvYUk5i2hHMcVpPxEUhx6nPW96s/B7D1RIFkf3apZQN8TjiAWMYKWlkXlec7hO+xhNhg3kkAkbOliqnNVGZtWqWznQOrELUoUC7ZH55fgxSUMaKcKxlAPbSpSbYaEY4XRecVJJE0ymeEwHmkY4pNLN8ivm6FIrPgpioV+kUK7+nshwKOUs9HQyxGoiV72F+J83SFXQdDMWJamiEVkuClKOVIwWlSCfCUoUn2mCiWD6r4hMsMBE6eIqugR79eR10m3Ubatu3zWqrWZRRxnO4AKuwIZraMEttKEDBB7hGV7hzXgyXox342MZLRnFzCn8gfH5A3HIlzY=</latexit>

not generated at 1 loop

qL ⇠ 7
<latexit sha1_base64="4JFjU0htzTd/tHZEzcejj7SD64Q=">AAAB/nicbVC7TsMwFHXKq5RXADGxWLRITFXSgTJWYmFgKBJ9SE0UOa7TWrWdYDtIVVSJX2FhACFWvoONv8FpM0DLkSwdnXOv7vEJE0aVdpxvq7S2vrG5Vd6u7Ozu7R/Yh0ddFacSkw6OWSz7IVKEUUE6mmpG+okkiIeM9MLJde73HolUNBb3epoQn6ORoBHFSBspsE9qD8Et9BTl0ONIj8Moa85qgV116s4ccJW4BamCAu3A/vKGMU45ERozpNTAdRLtZ0hqihmZVbxUkQThCRqRgaECcaL8bB5/Bs+NMoRRLM0TGs7V3xsZ4kpNeWgm84hq2cvF/7xBqqMrP6MiSTUReHEoShnUMcy7gEMqCdZsagjCkpqsEI+RRFibxiqmBHf5y6uk26i7Tt29a1Rbl0UdZXAKzsAFcEETtMANaIMOwCADz+AVvFlP1ov1bn0sRktWsXMM/sD6/AHVHZS1</latexit><latexit sha1_base64="4JFjU0htzTd/tHZEzcejj7SD64Q=">AAAB/nicbVC7TsMwFHXKq5RXADGxWLRITFXSgTJWYmFgKBJ9SE0UOa7TWrWdYDtIVVSJX2FhACFWvoONv8FpM0DLkSwdnXOv7vEJE0aVdpxvq7S2vrG5Vd6u7Ozu7R/Yh0ddFacSkw6OWSz7IVKEUUE6mmpG+okkiIeM9MLJde73HolUNBb3epoQn6ORoBHFSBspsE9qD8Et9BTl0ONIj8Moa85qgV116s4ccJW4BamCAu3A/vKGMU45ERozpNTAdRLtZ0hqihmZVbxUkQThCRqRgaECcaL8bB5/Bs+NMoRRLM0TGs7V3xsZ4kpNeWgm84hq2cvF/7xBqqMrP6MiSTUReHEoShnUMcy7gEMqCdZsagjCkpqsEI+RRFibxiqmBHf5y6uk26i7Tt29a1Rbl0UdZXAKzsAFcEETtMANaIMOwCADz+AVvFlP1ov1bn0sRktWsXMM/sD6/AHVHZS1</latexit><latexit sha1_base64="4JFjU0htzTd/tHZEzcejj7SD64Q=">AAAB/nicbVC7TsMwFHXKq5RXADGxWLRITFXSgTJWYmFgKBJ9SE0UOa7TWrWdYDtIVVSJX2FhACFWvoONv8FpM0DLkSwdnXOv7vEJE0aVdpxvq7S2vrG5Vd6u7Ozu7R/Yh0ddFacSkw6OWSz7IVKEUUE6mmpG+okkiIeM9MLJde73HolUNBb3epoQn6ORoBHFSBspsE9qD8Et9BTl0ONIj8Moa85qgV116s4ccJW4BamCAu3A/vKGMU45ERozpNTAdRLtZ0hqihmZVbxUkQThCRqRgaECcaL8bB5/Bs+NMoRRLM0TGs7V3xsZ4kpNeWgm84hq2cvF/7xBqqMrP6MiSTUReHEoShnUMcy7gEMqCdZsagjCkpqsEI+RRFibxiqmBHf5y6uk26i7Tt29a1Rbl0UdZXAKzsAFcEETtMANaIMOwCADz+AVvFlP1ov1bn0sRktWsXMM/sD6/AHVHZS1</latexit><latexit sha1_base64="4JFjU0htzTd/tHZEzcejj7SD64Q=">AAAB/nicbVC7TsMwFHXKq5RXADGxWLRITFXSgTJWYmFgKBJ9SE0UOa7TWrWdYDtIVVSJX2FhACFWvoONv8FpM0DLkSwdnXOv7vEJE0aVdpxvq7S2vrG5Vd6u7Ozu7R/Yh0ddFacSkw6OWSz7IVKEUUE6mmpG+okkiIeM9MLJde73HolUNBb3epoQn6ORoBHFSBspsE9qD8Et9BTl0ONIj8Moa85qgV116s4ccJW4BamCAu3A/vKGMU45ERozpNTAdRLtZ0hqihmZVbxUkQThCRqRgaECcaL8bB5/Bs+NMoRRLM0TGs7V3xsZ4kpNeWgm84hq2cvF/7xBqqMrP6MiSTUReHEoShnUMcy7gEMqCdZsagjCkpqsEI+RRFibxiqmBHf5y6uk26i7Tt29a1Rbl0UdZXAKzsAFcEETtMANaIMOwCADz+AVvFlP1ov1bn0sRktWsXMM/sD6/AHVHZS1</latexit>

uR, dR ⇠ 21
<latexit sha1_base64="VL6NJNwsRNw9ACaBFzHMBaZUapg=">AAACBHicbVC7TsMwFHV4lvIKMHaxaJEYUJV0AMZKLIylog+piSLHcVqrthPZDlIVdWDhV1gYQIiVj2Djb3DbDNBypCsdnXOv7r0nTBlV2nG+rbX1jc2t7dJOeXdv/+DQPjruqiSTmHRwwhLZD5EijArS0VQz0k8lQTxkpBeOb2Z+74FIRRNxrycp8TkaChpTjLSRArtSy4L2BYyCNvQU5dDjSI/COG+401pgV526MwdcJW5BqqBAK7C/vCjBGSdCY4aUGrhOqv0cSU0xI9OylymSIjxGQzIwVCBOlJ/Pn5jCM6NEME6kKaHhXP09kSOu1ISHpnN2o1r2ZuJ/3iDT8bWfU5Fmmgi8WBRnDOoEzhKBEZUEazYxBGFJza0Qj5BEWJvcyiYEd/nlVdJt1F2n7t41qs3LIo4SqIBTcA5ccAWa4Ba0QAdg8AiewSt4s56sF+vd+li0rlnFzAn4A+vzB0aElog=</latexit><latexit sha1_base64="VL6NJNwsRNw9ACaBFzHMBaZUapg=">AAACBHicbVC7TsMwFHV4lvIKMHaxaJEYUJV0AMZKLIylog+piSLHcVqrthPZDlIVdWDhV1gYQIiVj2Djb3DbDNBypCsdnXOv7r0nTBlV2nG+rbX1jc2t7dJOeXdv/+DQPjruqiSTmHRwwhLZD5EijArS0VQz0k8lQTxkpBeOb2Z+74FIRRNxrycp8TkaChpTjLSRArtSy4L2BYyCNvQU5dDjSI/COG+401pgV526MwdcJW5BqqBAK7C/vCjBGSdCY4aUGrhOqv0cSU0xI9OylymSIjxGQzIwVCBOlJ/Pn5jCM6NEME6kKaHhXP09kSOu1ISHpnN2o1r2ZuJ/3iDT8bWfU5Fmmgi8WBRnDOoEzhKBEZUEazYxBGFJza0Qj5BEWJvcyiYEd/nlVdJt1F2n7t41qs3LIo4SqIBTcA5ccAWa4Ba0QAdg8AiewSt4s56sF+vd+li0rlnFzAn4A+vzB0aElog=</latexit><latexit sha1_base64="VL6NJNwsRNw9ACaBFzHMBaZUapg=">AAACBHicbVC7TsMwFHV4lvIKMHaxaJEYUJV0AMZKLIylog+piSLHcVqrthPZDlIVdWDhV1gYQIiVj2Djb3DbDNBypCsdnXOv7r0nTBlV2nG+rbX1jc2t7dJOeXdv/+DQPjruqiSTmHRwwhLZD5EijArS0VQz0k8lQTxkpBeOb2Z+74FIRRNxrycp8TkaChpTjLSRArtSy4L2BYyCNvQU5dDjSI/COG+401pgV526MwdcJW5BqqBAK7C/vCjBGSdCY4aUGrhOqv0cSU0xI9OylymSIjxGQzIwVCBOlJ/Pn5jCM6NEME6kKaHhXP09kSOu1ISHpnN2o1r2ZuJ/3iDT8bWfU5Fmmgi8WBRnDOoEzhKBEZUEazYxBGFJza0Qj5BEWJvcyiYEd/nlVdJt1F2n7t41qs3LIo4SqIBTcA5ccAWa4Ba0QAdg8AiewSt4s56sF+vd+li0rlnFzAn4A+vzB0aElog=</latexit><latexit sha1_base64="VL6NJNwsRNw9ACaBFzHMBaZUapg=">AAACBHicbVC7TsMwFHV4lvIKMHaxaJEYUJV0AMZKLIylog+piSLHcVqrthPZDlIVdWDhV1gYQIiVj2Djb3DbDNBypCsdnXOv7r0nTBlV2nG+rbX1jc2t7dJOeXdv/+DQPjruqiSTmHRwwhLZD5EijArS0VQz0k8lQTxkpBeOb2Z+74FIRRNxrycp8TkaChpTjLSRArtSy4L2BYyCNvQU5dDjSI/COG+401pgV526MwdcJW5BqqBAK7C/vCjBGSdCY4aUGrhOqv0cSU0xI9OylymSIjxGQzIwVCBOlJ/Pn5jCM6NEME6kKaHhXP09kSOu1ISHpnN2o1r2ZuJ/3iDT8bWfU5Fmmgi8WBRnDOoEzhKBEZUEazYxBGFJza0Qj5BEWJvcyiYEd/nlVdJt1F2n7t41qs3LIo4SqIBTcA5ccAWa4Ba0QAdg8AiewSt4s56sF+vd+li0rlnFzAn4A+vzB0aElog=</latexit>

•  We can construct a model where all fermions exactly preserve    

   the DM shift symmetry. For example in                        : 

• Coupling between DM and SM is 

• Direct detection cross section negligible 

• But also, DM has no potential… 

• Gauging of U(1)DM
<latexit sha1_base64="ZB6HlWhCaf0QrZfALAtORQEbaDM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEV6qUkvSieCnrwIlQwtdCGsNlu26W7SdjdCDX0l3jxoIhXf4o3/43bNgdtfTDweG+GmXlhwpnSjvNtFdbWNza3itulnd29/bJ9cNhWcSoJ9UjMY9kJsaKcRdTTTHPaSSTFIuT0IRxfzfyHRyoVi6N7PUmoL/AwYgNGsDZSYJerXs09C7KeFOj6dloN7IpTd+ZAq8TNSQVytAL7q9ePSSpopAnHSnVdJ9F+hqVmhNNpqZcqmmAyxkPaNTTCgio/mx8+RadG6aNBLE1FGs3V3xMZFkpNRGg6BdYjtezNxP+8bqoHF37GoiTVNCKLRYOUIx2jWQqozyQlmk8MwUQycysiIywx0SarkgnBXX55lbQbddepu3eNSvMyj6MIx3ACNXDhHJpwAy3wgEAKz/AKb9aT9WK9Wx+L1oKVzxzBH1ifP2wEkZk=</latexit><latexit sha1_base64="ZB6HlWhCaf0QrZfALAtORQEbaDM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEV6qUkvSieCnrwIlQwtdCGsNlu26W7SdjdCDX0l3jxoIhXf4o3/43bNgdtfTDweG+GmXlhwpnSjvNtFdbWNza3itulnd29/bJ9cNhWcSoJ9UjMY9kJsaKcRdTTTHPaSSTFIuT0IRxfzfyHRyoVi6N7PUmoL/AwYgNGsDZSYJerXs09C7KeFOj6dloN7IpTd+ZAq8TNSQVytAL7q9ePSSpopAnHSnVdJ9F+hqVmhNNpqZcqmmAyxkPaNTTCgio/mx8+RadG6aNBLE1FGs3V3xMZFkpNRGg6BdYjtezNxP+8bqoHF37GoiTVNCKLRYOUIx2jWQqozyQlmk8MwUQycysiIywx0SarkgnBXX55lbQbddepu3eNSvMyj6MIx3ACNXDhHJpwAy3wgEAKz/AKb9aT9WK9Wx+L1oKVzxzBH1ifP2wEkZk=</latexit><latexit sha1_base64="ZB6HlWhCaf0QrZfALAtORQEbaDM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEV6qUkvSieCnrwIlQwtdCGsNlu26W7SdjdCDX0l3jxoIhXf4o3/43bNgdtfTDweG+GmXlhwpnSjvNtFdbWNza3itulnd29/bJ9cNhWcSoJ9UjMY9kJsaKcRdTTTHPaSSTFIuT0IRxfzfyHRyoVi6N7PUmoL/AwYgNGsDZSYJerXs09C7KeFOj6dloN7IpTd+ZAq8TNSQVytAL7q9ePSSpopAnHSnVdJ9F+hqVmhNNpqZcqmmAyxkPaNTTCgio/mx8+RadG6aNBLE1FGs3V3xMZFkpNRGg6BdYjtezNxP+8bqoHF37GoiTVNCKLRYOUIx2jWQqozyQlmk8MwUQycysiIywx0SarkgnBXX55lbQbddepu3eNSvMyj6MIx3ACNXDhHJpwAy3wgEAKz/AKb9aT9WK9Wx+L1oKVzxzBH1ifP2wEkZk=</latexit><latexit sha1_base64="ZB6HlWhCaf0QrZfALAtORQEbaDM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEV6qUkvSieCnrwIlQwtdCGsNlu26W7SdjdCDX0l3jxoIhXf4o3/43bNgdtfTDweG+GmXlhwpnSjvNtFdbWNza3itulnd29/bJ9cNhWcSoJ9UjMY9kJsaKcRdTTTHPaSSTFIuT0IRxfzfyHRyoVi6N7PUmoL/AwYgNGsDZSYJerXs09C7KeFOj6dloN7IpTd+ZAq8TNSQVytAL7q9ePSSpopAnHSnVdJ9F+hqVmhNNpqZcqmmAyxkPaNTTCgio/mx8+RadG6aNBLE1FGs3V3xMZFkpNRGg6BdYjtezNxP+8bqoHF37GoiTVNCKLRYOUIx2jWQqozyQlmk8MwUQycysiIywx0SarkgnBXX55lbQbddepu3eNSvMyj6MIx3ACNXDhHJpwAy3wgEAKz/AKb9aT9WK9Wx+L1oKVzxzBH1ifP2wEkZk=</latexit>
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Gauged U(1)DM

• Gauging has important effects on pheno 

• Take U(1)DM and U(1)Y  unmixed kinetically (motivated by explicit model),  

   DM-SM interactions: 

•  Dark photon can get a Stückelberg mass. If very light (or massless),  

    it mediates long-range DM self-interactions 

•  If                      , new annihilation channel for the DM

g2D
h

SM

SM
@2

+
�D

<latexit sha1_base64="43Z5zeUyVvIaeEkYyRSfSHwVIfc=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8lUTEj1tBDx4rGFtoQ5lsN+3S3U3c3Qgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZelHKmjed9O0vLK6tr66WN8ubW9s5uZW//QSeZIjQgCU9UK0JNOZM0MMxw2koVRRFx2oyG1xO/+USVZom8N6OUhgL7ksWMoLFSq9NHIbB7061UvZo3hbtI/IJUoUCjW/nq9BKSCSoN4ah12/dSE+aoDCOcjsudTNMUyRD7tG2pREF1mE/vHbvHVum5caJsSeNO1d8TOQqtRyKynQLNQM97E/E/r52Z+DLMmUwzQyWZLYoz7prEnTzv9piixPCRJUgUs7e6ZIAKibERlW0I/vzLiyQ4rV3V/Luzav28SKMEh3AEJ+DDBdThFhoQAAEOz/AKb86j8+K8Ox+z1iWnmDmAP3A+fwA1Oo+U</latexit><latexit sha1_base64="43Z5zeUyVvIaeEkYyRSfSHwVIfc=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8lUTEj1tBDx4rGFtoQ5lsN+3S3U3c3Qgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZelHKmjed9O0vLK6tr66WN8ubW9s5uZW//QSeZIjQgCU9UK0JNOZM0MMxw2koVRRFx2oyG1xO/+USVZom8N6OUhgL7ksWMoLFSq9NHIbB7061UvZo3hbtI/IJUoUCjW/nq9BKSCSoN4ah12/dSE+aoDCOcjsudTNMUyRD7tG2pREF1mE/vHbvHVum5caJsSeNO1d8TOQqtRyKynQLNQM97E/E/r52Z+DLMmUwzQyWZLYoz7prEnTzv9piixPCRJUgUs7e6ZIAKibERlW0I/vzLiyQ4rV3V/Luzav28SKMEh3AEJ+DDBdThFhoQAAEOz/AKb86j8+K8Ox+z1iWnmDmAP3A+fwA1Oo+U</latexit><latexit sha1_base64="43Z5zeUyVvIaeEkYyRSfSHwVIfc=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8lUTEj1tBDx4rGFtoQ5lsN+3S3U3c3Qgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZelHKmjed9O0vLK6tr66WN8ubW9s5uZW//QSeZIjQgCU9UK0JNOZM0MMxw2koVRRFx2oyG1xO/+USVZom8N6OUhgL7ksWMoLFSq9NHIbB7061UvZo3hbtI/IJUoUCjW/nq9BKSCSoN4ah12/dSE+aoDCOcjsudTNMUyRD7tG2pREF1mE/vHbvHVum5caJsSeNO1d8TOQqtRyKynQLNQM97E/E/r52Z+DLMmUwzQyWZLYoz7prEnTzv9piixPCRJUgUs7e6ZIAKibERlW0I/vzLiyQ4rV3V/Luzav28SKMEh3AEJ+DDBdThFhoQAAEOz/AKb86j8+K8Ox+z1iWnmDmAP3A+fwA1Oo+U</latexit><latexit sha1_base64="43Z5zeUyVvIaeEkYyRSfSHwVIfc=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8lUTEj1tBDx4rGFtoQ5lsN+3S3U3c3Qgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZelHKmjed9O0vLK6tr66WN8ubW9s5uZW//QSeZIjQgCU9UK0JNOZM0MMxw2koVRRFx2oyG1xO/+USVZom8N6OUhgL7ksWMoLFSq9NHIbB7061UvZo3hbtI/IJUoUCjW/nq9BKSCSoN4ah12/dSE+aoDCOcjsudTNMUyRD7tG2pREF1mE/vHbvHVum5caJsSeNO1d8TOQqtRyKynQLNQM97E/E/r52Z+DLMmUwzQyWZLYoz7prEnTzv9piixPCRJUgUs7e6ZIAKibERlW0I/vzLiyQ4rV3V/Luzav28SKMEh3AEJ+DDBdThFhoQAAEOz/AKb86j8+K8Ox+z1iWnmDmAP3A+fwA1Oo+U</latexit>

�D
<latexit sha1_base64="43Z5zeUyVvIaeEkYyRSfSHwVIfc=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8lUTEj1tBDx4rGFtoQ5lsN+3S3U3c3Qgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZelHKmjed9O0vLK6tr66WN8ubW9s5uZW//QSeZIjQgCU9UK0JNOZM0MMxw2koVRRFx2oyG1xO/+USVZom8N6OUhgL7ksWMoLFSq9NHIbB7061UvZo3hbtI/IJUoUCjW/nq9BKSCSoN4ah12/dSE+aoDCOcjsudTNMUyRD7tG2pREF1mE/vHbvHVum5caJsSeNO1d8TOQqtRyKynQLNQM97E/E/r52Z+DLMmUwzQyWZLYoz7prEnTzv9piixPCRJUgUs7e6ZIAKibERlW0I/vzLiyQ4rV3V/Luzav28SKMEh3AEJ+DDBdThFhoQAAEOz/AKb86j8+K8Ox+z1iWnmDmAP3A+fwA1Oo+U</latexit><latexit sha1_base64="43Z5zeUyVvIaeEkYyRSfSHwVIfc=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8lUTEj1tBDx4rGFtoQ5lsN+3S3U3c3Qgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZelHKmjed9O0vLK6tr66WN8ubW9s5uZW//QSeZIjQgCU9UK0JNOZM0MMxw2koVRRFx2oyG1xO/+USVZom8N6OUhgL7ksWMoLFSq9NHIbB7061UvZo3hbtI/IJUoUCjW/nq9BKSCSoN4ah12/dSE+aoDCOcjsudTNMUyRD7tG2pREF1mE/vHbvHVum5caJsSeNO1d8TOQqtRyKynQLNQM97E/E/r52Z+DLMmUwzQyWZLYoz7prEnTzv9piixPCRJUgUs7e6ZIAKibERlW0I/vzLiyQ4rV3V/Luzav28SKMEh3AEJ+DDBdThFhoQAAEOz/AKb86j8+K8Ox+z1iWnmDmAP3A+fwA1Oo+U</latexit><latexit sha1_base64="43Z5zeUyVvIaeEkYyRSfSHwVIfc=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8lUTEj1tBDx4rGFtoQ5lsN+3S3U3c3Qgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZelHKmjed9O0vLK6tr66WN8ubW9s5uZW//QSeZIjQgCU9UK0JNOZM0MMxw2koVRRFx2oyG1xO/+USVZom8N6OUhgL7ksWMoLFSq9NHIbB7061UvZo3hbtI/IJUoUCjW/nq9BKSCSoN4ah12/dSE+aoDCOcjsudTNMUyRD7tG2pREF1mE/vHbvHVum5caJsSeNO1d8TOQqtRyKynQLNQM97E/E/r52Z+DLMmUwzQyWZLYoz7prEnTzv9piixPCRJUgUs7e6ZIAKibERlW0I/vzLiyQ4rV3V/Luzav28SKMEh3AEJ+DDBdThFhoQAAEOz/AKb86j8+K8Ox+z1iWnmDmAP3A+fwA1Oo+U</latexit><latexit sha1_base64="43Z5zeUyVvIaeEkYyRSfSHwVIfc=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8lUTEj1tBDx4rGFtoQ5lsN+3S3U3c3Qgl9E948aDi1d/jzX/jts1BWx8MPN6bYWZelHKmjed9O0vLK6tr66WN8ubW9s5uZW//QSeZIjQgCU9UK0JNOZM0MMxw2koVRRFx2oyG1xO/+USVZom8N6OUhgL7ksWMoLFSq9NHIbB7061UvZo3hbtI/IJUoUCjW/nq9BKSCSoN4ah12/dSE+aoDCOcjsudTNMUyRD7tG2pREF1mE/vHbvHVum5caJsSeNO1d8TOQqtRyKynQLNQM97E/E/r52Z+DLMmUwzQyWZLYoz7prEnTzv9piixPCRJUgUs7e6ZIAKibERlW0I/vzLiyQ4rV3V/Luzav28SKMEh3AEJ+DDBdThFhoQAAEOz/AKb86j8+K8Ox+z1iWnmDmAP3A+fwA1Oo+U</latexit>

m� > m�D
<latexit sha1_base64="fZpxHVQ/1yW9s4NzEQ3UyfL1d+Y=">AAACAHicbVBNS8NAEN34WetX1IMHL4ut4KkkPagnKejBYwX7AU0Ik+2mXbqbhN2NUEIv/hUvHhTx6s/w5r9x2+agrQ8GHu/NMDMvTDlT2nG+rZXVtfWNzdJWeXtnd2/fPjhsqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHN1O/80ilYkn8oMcp9QUMYhYxAtpIgX1cFYFHhgxfYxHk3gCEgOB2Ug3silNzZsDLxC1IBRVoBvaX109IJmisCQeleq6Taj8HqRnhdFL2MkVTICMY0J6hMQiq/Hz2wASfGaWPo0SaijWeqb8nchBKjUVoOgXooVr0puJ/Xi/T0ZWfszjNNI3JfFGUcawTPE0D95mkRPOxIUAkM7diMgQJRJvMyiYEd/HlZdKu11yn5t7XK42LIo4SOkGn6By56BI10B1qohYiaIKe0St6s56sF+vd+pi3rljFzBH6A+vzByPKlWs=</latexit><latexit sha1_base64="fZpxHVQ/1yW9s4NzEQ3UyfL1d+Y=">AAACAHicbVBNS8NAEN34WetX1IMHL4ut4KkkPagnKejBYwX7AU0Ik+2mXbqbhN2NUEIv/hUvHhTx6s/w5r9x2+agrQ8GHu/NMDMvTDlT2nG+rZXVtfWNzdJWeXtnd2/fPjhsqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHN1O/80ilYkn8oMcp9QUMYhYxAtpIgX1cFYFHhgxfYxHk3gCEgOB2Ug3silNzZsDLxC1IBRVoBvaX109IJmisCQeleq6Taj8HqRnhdFL2MkVTICMY0J6hMQiq/Hz2wASfGaWPo0SaijWeqb8nchBKjUVoOgXooVr0puJ/Xi/T0ZWfszjNNI3JfFGUcawTPE0D95mkRPOxIUAkM7diMgQJRJvMyiYEd/HlZdKu11yn5t7XK42LIo4SOkGn6By56BI10B1qohYiaIKe0St6s56sF+vd+pi3rljFzBH6A+vzByPKlWs=</latexit><latexit sha1_base64="fZpxHVQ/1yW9s4NzEQ3UyfL1d+Y=">AAACAHicbVBNS8NAEN34WetX1IMHL4ut4KkkPagnKejBYwX7AU0Ik+2mXbqbhN2NUEIv/hUvHhTx6s/w5r9x2+agrQ8GHu/NMDMvTDlT2nG+rZXVtfWNzdJWeXtnd2/fPjhsqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHN1O/80ilYkn8oMcp9QUMYhYxAtpIgX1cFYFHhgxfYxHk3gCEgOB2Ug3silNzZsDLxC1IBRVoBvaX109IJmisCQeleq6Taj8HqRnhdFL2MkVTICMY0J6hMQiq/Hz2wASfGaWPo0SaijWeqb8nchBKjUVoOgXooVr0puJ/Xi/T0ZWfszjNNI3JfFGUcawTPE0D95mkRPOxIUAkM7diMgQJRJvMyiYEd/HlZdKu11yn5t7XK42LIo4SOkGn6By56BI10B1qohYiaIKe0St6s56sF+vd+pi3rljFzBH6A+vzByPKlWs=</latexit><latexit sha1_base64="fZpxHVQ/1yW9s4NzEQ3UyfL1d+Y=">AAACAHicbVBNS8NAEN34WetX1IMHL4ut4KkkPagnKejBYwX7AU0Ik+2mXbqbhN2NUEIv/hUvHhTx6s/w5r9x2+agrQ8GHu/NMDMvTDlT2nG+rZXVtfWNzdJWeXtnd2/fPjhsqySThLZIwhPZDUFRzmLa0kxz2k0lBRFy2glHN1O/80ilYkn8oMcp9QUMYhYxAtpIgX1cFYFHhgxfYxHk3gCEgOB2Ug3silNzZsDLxC1IBRVoBvaX109IJmisCQeleq6Taj8HqRnhdFL2MkVTICMY0J6hMQiq/Hz2wASfGaWPo0SaijWeqb8nchBKjUVoOgXooVr0puJ/Xi/T0ZWfszjNNI3JfFGUcawTPE0D95mkRPOxIUAkM7diMgQJRJvMyiYEd/HlZdKu11yn5t7XK42LIo4SOkGn6By56BI10B1qohYiaIKe0St6s56sF+vd+pi3rljFzBH6A+vzByPKlWs=</latexit>

��⇤ ! �D�D
<latexit sha1_base64="AkiYOEpgjjMxln9SXMoaO5Eh/ZQ=">AAACDHicbVDLSgMxFM3UV62vqks3wSq4KjMiPnYFXbisYLXQGYc7aaYNTTJDkhFK6Q+48VfcuFBx6we4829M20G09UDC4Zx7Sc6JUs60cd0vpzA3v7C4VFwurayurW+UN7dudJIpQhsk4YlqRqApZ5I2DDOcNlNFQUSc3ka985F/e0+VZom8Nv2UBgI6ksWMgLFSWN7zSZfh0XXngzbYNwn2OyAEhBc/JCxX3Ko7Bp4lXk4qKEc9LH/67YRkgkpDOGjd8tzUBANQhhFOhyU/0zQF0oMObVkqQVAdDMZphnjfKm0cJ8oeafBY/b0xAKF1X0R2UoDp6mlvJP7ntTITnwYDJtPMUEkmD8UZxzbyqBrcZooSw/uWAFHM/hWTLiggxhZYsiV405FnSeOwelb1ro4qteO8jSLaQbvoAHnoBNXQJaqjBiLoAT2hF/TqPDrPzpvzPhktOPnONvoD5+Mbh9yawA==</latexit><latexit sha1_base64="AkiYOEpgjjMxln9SXMoaO5Eh/ZQ=">AAACDHicbVDLSgMxFM3UV62vqks3wSq4KjMiPnYFXbisYLXQGYc7aaYNTTJDkhFK6Q+48VfcuFBx6we4829M20G09UDC4Zx7Sc6JUs60cd0vpzA3v7C4VFwurayurW+UN7dudJIpQhsk4YlqRqApZ5I2DDOcNlNFQUSc3ka985F/e0+VZom8Nv2UBgI6ksWMgLFSWN7zSZfh0XXngzbYNwn2OyAEhBc/JCxX3Ko7Bp4lXk4qKEc9LH/67YRkgkpDOGjd8tzUBANQhhFOhyU/0zQF0oMObVkqQVAdDMZphnjfKm0cJ8oeafBY/b0xAKF1X0R2UoDp6mlvJP7ntTITnwYDJtPMUEkmD8UZxzbyqBrcZooSw/uWAFHM/hWTLiggxhZYsiV405FnSeOwelb1ro4qteO8jSLaQbvoAHnoBNXQJaqjBiLoAT2hF/TqPDrPzpvzPhktOPnONvoD5+Mbh9yawA==</latexit><latexit sha1_base64="AkiYOEpgjjMxln9SXMoaO5Eh/ZQ=">AAACDHicbVDLSgMxFM3UV62vqks3wSq4KjMiPnYFXbisYLXQGYc7aaYNTTJDkhFK6Q+48VfcuFBx6we4829M20G09UDC4Zx7Sc6JUs60cd0vpzA3v7C4VFwurayurW+UN7dudJIpQhsk4YlqRqApZ5I2DDOcNlNFQUSc3ka985F/e0+VZom8Nv2UBgI6ksWMgLFSWN7zSZfh0XXngzbYNwn2OyAEhBc/JCxX3Ko7Bp4lXk4qKEc9LH/67YRkgkpDOGjd8tzUBANQhhFOhyU/0zQF0oMObVkqQVAdDMZphnjfKm0cJ8oeafBY/b0xAKF1X0R2UoDp6mlvJP7ntTITnwYDJtPMUEkmD8UZxzbyqBrcZooSw/uWAFHM/hWTLiggxhZYsiV405FnSeOwelb1ro4qteO8jSLaQbvoAHnoBNXQJaqjBiLoAT2hF/TqPDrPzpvzPhktOPnONvoD5+Mbh9yawA==</latexit><latexit sha1_base64="AkiYOEpgjjMxln9SXMoaO5Eh/ZQ=">AAACDHicbVDLSgMxFM3UV62vqks3wSq4KjMiPnYFXbisYLXQGYc7aaYNTTJDkhFK6Q+48VfcuFBx6we4829M20G09UDC4Zx7Sc6JUs60cd0vpzA3v7C4VFwurayurW+UN7dudJIpQhsk4YlqRqApZ5I2DDOcNlNFQUSc3ka985F/e0+VZom8Nv2UBgI6ksWMgLFSWN7zSZfh0XXngzbYNwn2OyAEhBc/JCxX3Ko7Bp4lXk4qKEc9LH/67YRkgkpDOGjd8tzUBANQhhFOhyU/0zQF0oMObVkqQVAdDMZphnjfKm0cJ8oeafBY/b0xAKF1X0R2UoDp6mlvJP7ntTITnwYDJtPMUEkmD8UZxzbyqBrcZooSw/uWAFHM/hWTLiggxhZYsiV405FnSeOwelb1ro4qteO8jSLaQbvoAHnoBNXQJaqjBiLoAT2hF/TqPDrPzpvzPhktOPnONvoD5+Mbh9yawA==</latexit>

h�vi ⇡ 2⇡↵2
D

m2
�

Balkin, Ruhdorfer,  
Salvioni, Weiler, 
1807.xxxxx

!18



DM relic abundance
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<latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit>
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Constraints?

• Take massless dark photon
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Constraints: Neff

gAD
⇠(TBBN)3

g⇤s,vis(TBBN) =
(gAD

+g�)⇠(Tdec)
3

g⇤s,vis(Tdec)
⇠ ⌘ TD

Tvis
, ⇠(Tdec) = 1

gAD⇠(TBBN)4  7
8 2 (Ne↵ � 3) Feng et al. 2008 

Ackerman et al. 2008 
Feng et al. 2009

• Take massless dark photon 

• Bounds on extra radiation from BBN and CMB? 

• At early times, the dark sector (DM + dark radiation) remains in  
   kinetic equilibrium with the Standard model via 
   scattering mediated by (derivative) Higgs exchange  

• Below Tdec  where the two sectors decouple, entropies are separately 
conserved. At BBN:

�f ! �f

Ne↵  3.90 @ 95% CL ! g⇤s,vis(Tdec) � 12.8
<latexit sha1_base64="fo0QxpxPGF9iB5X0Ik08mGbDOJE="></latexit><latexit sha1_base64="fo0QxpxPGF9iB5X0Ik08mGbDOJE="></latexit><latexit sha1_base64="fo0QxpxPGF9iB5X0Ik08mGbDOJE="></latexit><latexit sha1_base64="fo0QxpxPGF9iB5X0Ik08mGbDOJE="></latexit>

Tdec & 100 MeV
<latexit sha1_base64="96jaUUDLm6a4U9OMokjpOA9+oF0=">AAACDXicbVDLSsNAFJ3UV62vqks3g6XgqiQiPnBTcONGqNC0haaEyeS2HTqThJmJUEK/wI2/4saFilv37vwbJ20X2npg4HDOucy9J0g4U9q2v63Cyura+kZxs7S1vbO7V94/aKk4lRRcGvNYdgKigLMIXM00h04igYiAQzsY3eR++wGkYnHU1OMEeoIMItZnlGgj+eVq0888KXAIdIK9gTZJgR3b9q49QfRQiuwOWhO/XLFr9hR4mThzUkFzNPzylxfGNBUQacqJUl3HTnQvI1IzymFS8lIFCaEjMoCuoRERoHrZ9JwJrholxP1YmhdpPFV/T2REKDUWgUnmO6pFLxf/87qp7l/2MhYlqYaIzj7qpxzrGOfd4JBJoJqPDSFUMrMrpkMiCdWmwZIpwVk8eZm4p7WrmnN/Vqmfz9sooiN0jE6Qgy5QHd2iBnIRRY/oGb2iN+vJerHerY9ZtGDNZw7RH1ifP41sm1Y=</latexit><latexit sha1_base64="96jaUUDLm6a4U9OMokjpOA9+oF0=">AAACDXicbVDLSsNAFJ3UV62vqks3g6XgqiQiPnBTcONGqNC0haaEyeS2HTqThJmJUEK/wI2/4saFilv37vwbJ20X2npg4HDOucy9J0g4U9q2v63Cyura+kZxs7S1vbO7V94/aKk4lRRcGvNYdgKigLMIXM00h04igYiAQzsY3eR++wGkYnHU1OMEeoIMItZnlGgj+eVq0888KXAIdIK9gTZJgR3b9q49QfRQiuwOWhO/XLFr9hR4mThzUkFzNPzylxfGNBUQacqJUl3HTnQvI1IzymFS8lIFCaEjMoCuoRERoHrZ9JwJrholxP1YmhdpPFV/T2REKDUWgUnmO6pFLxf/87qp7l/2MhYlqYaIzj7qpxzrGOfd4JBJoJqPDSFUMrMrpkMiCdWmwZIpwVk8eZm4p7WrmnN/Vqmfz9sooiN0jE6Qgy5QHd2iBnIRRY/oGb2iN+vJerHerY9ZtGDNZw7RH1ifP41sm1Y=</latexit><latexit sha1_base64="96jaUUDLm6a4U9OMokjpOA9+oF0=">AAACDXicbVDLSsNAFJ3UV62vqks3g6XgqiQiPnBTcONGqNC0haaEyeS2HTqThJmJUEK/wI2/4saFilv37vwbJ20X2npg4HDOucy9J0g4U9q2v63Cyura+kZxs7S1vbO7V94/aKk4lRRcGvNYdgKigLMIXM00h04igYiAQzsY3eR++wGkYnHU1OMEeoIMItZnlGgj+eVq0888KXAIdIK9gTZJgR3b9q49QfRQiuwOWhO/XLFr9hR4mThzUkFzNPzylxfGNBUQacqJUl3HTnQvI1IzymFS8lIFCaEjMoCuoRERoHrZ9JwJrholxP1YmhdpPFV/T2REKDUWgUnmO6pFLxf/87qp7l/2MhYlqYaIzj7qpxzrGOfd4JBJoJqPDSFUMrMrpkMiCdWmwZIpwVk8eZm4p7WrmnN/Vqmfz9sooiN0jE6Qgy5QHd2iBnIRRY/oGb2iN+vJerHerY9ZtGDNZw7RH1ifP41sm1Y=</latexit><latexit sha1_base64="96jaUUDLm6a4U9OMokjpOA9+oF0=">AAACDXicbVDLSsNAFJ3UV62vqks3g6XgqiQiPnBTcONGqNC0haaEyeS2HTqThJmJUEK/wI2/4saFilv37vwbJ20X2npg4HDOucy9J0g4U9q2v63Cyura+kZxs7S1vbO7V94/aKk4lRRcGvNYdgKigLMIXM00h04igYiAQzsY3eR++wGkYnHU1OMEeoIMItZnlGgj+eVq0888KXAIdIK9gTZJgR3b9q49QfRQiuwOWhO/XLFr9hR4mThzUkFzNPzylxfGNBUQacqJUl3HTnQvI1IzymFS8lIFCaEjMoCuoRERoHrZ9JwJrholxP1YmhdpPFV/T2REKDUWgUnmO6pFLxf/87qp7l/2MhYlqYaIzj7qpxzrGOfd4JBJoJqPDSFUMrMrpkMiCdWmwZIpwVk8eZm4p7WrmnN/Vqmfz9sooiN0jE6Qgy5QHd2iBnIRRY/oGb2iN+vJerHerY9ZtGDNZw7RH1ifP41sm1Y=</latexit>
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CMB bounds and decoupling temperature
current 95% CL exclusion

Tdec [GeV]
<latexit sha1_base64="bsqZYvzbyrw2MeOS3tViMkcM1bY=">AAACBHicbVBNS8NAEN3Ur1q/qh71sFgED1ISEVS8FDzosULTFpJQNttpu3Q3CbsboYRcvPhXvHhQ8eqP8Oa/cftx0NYHA4/3ZpiZFyacKW3b31ZhaXllda24XtrY3NreKe/uNVWcSgoujXks2yFRwFkErmaaQzuRQETIoRUOb8Z+6wGkYnHU0KMEAkH6EesxSrSROuXDRifzpcBdoDn2rz1fED2QIruFZh50yhW7ak+AF4kzIxU0Q71T/vK7MU0FRJpyopTn2IkOMiI1oxzykp8qSAgdkj54hkZEgAqyyRc5PjZKF/diaSrSeKL+nsiIUGokQtM5PlLNe2PxP89Lde8yyFiUpBoiOl3USznWMR5HgrtMAtV8ZAihkplbMR0QSag2wZVMCM78y4vEPateVZ3780rtdJZGER2gI3SCHHSBaugO1ZGLKHpEz+gVvVlP1ov1bn1MWwvWbGYf/YH1+QNj8ZgB</latexit><latexit sha1_base64="bsqZYvzbyrw2MeOS3tViMkcM1bY=">AAACBHicbVBNS8NAEN3Ur1q/qh71sFgED1ISEVS8FDzosULTFpJQNttpu3Q3CbsboYRcvPhXvHhQ8eqP8Oa/cftx0NYHA4/3ZpiZFyacKW3b31ZhaXllda24XtrY3NreKe/uNVWcSgoujXks2yFRwFkErmaaQzuRQETIoRUOb8Z+6wGkYnHU0KMEAkH6EesxSrSROuXDRifzpcBdoDn2rz1fED2QIruFZh50yhW7ak+AF4kzIxU0Q71T/vK7MU0FRJpyopTn2IkOMiI1oxzykp8qSAgdkj54hkZEgAqyyRc5PjZKF/diaSrSeKL+nsiIUGokQtM5PlLNe2PxP89Lde8yyFiUpBoiOl3USznWMR5HgrtMAtV8ZAihkplbMR0QSag2wZVMCM78y4vEPateVZ3780rtdJZGER2gI3SCHHSBaugO1ZGLKHpEz+gVvVlP1ov1bn1MWwvWbGYf/YH1+QNj8ZgB</latexit><latexit sha1_base64="bsqZYvzbyrw2MeOS3tViMkcM1bY=">AAACBHicbVBNS8NAEN3Ur1q/qh71sFgED1ISEVS8FDzosULTFpJQNttpu3Q3CbsboYRcvPhXvHhQ8eqP8Oa/cftx0NYHA4/3ZpiZFyacKW3b31ZhaXllda24XtrY3NreKe/uNVWcSgoujXks2yFRwFkErmaaQzuRQETIoRUOb8Z+6wGkYnHU0KMEAkH6EesxSrSROuXDRifzpcBdoDn2rz1fED2QIruFZh50yhW7ak+AF4kzIxU0Q71T/vK7MU0FRJpyopTn2IkOMiI1oxzykp8qSAgdkj54hkZEgAqyyRc5PjZKF/diaSrSeKL+nsiIUGokQtM5PlLNe2PxP89Lde8yyFiUpBoiOl3USznWMR5HgrtMAtV8ZAihkplbMR0QSag2wZVMCM78y4vEPateVZ3780rtdJZGER2gI3SCHHSBaugO1ZGLKHpEz+gVvVlP1ov1bn1MWwvWbGYf/YH1+QNj8ZgB</latexit><latexit sha1_base64="bsqZYvzbyrw2MeOS3tViMkcM1bY=">AAACBHicbVBNS8NAEN3Ur1q/qh71sFgED1ISEVS8FDzosULTFpJQNttpu3Q3CbsboYRcvPhXvHhQ8eqP8Oa/cftx0NYHA4/3ZpiZFyacKW3b31ZhaXllda24XtrY3NreKe/uNVWcSgoujXks2yFRwFkErmaaQzuRQETIoRUOb8Z+6wGkYnHU0KMEAkH6EesxSrSROuXDRifzpcBdoDn2rz1fED2QIruFZh50yhW7ak+AF4kzIxU0Q71T/vK7MU0FRJpyopTn2IkOMiI1oxzykp8qSAgdkj54hkZEgAqyyRc5PjZKF/diaSrSeKL+nsiIUGokQtM5PlLNe2PxP89Lde8yyFiUpBoiOl3USznWMR5HgrtMAtV8ZAihkplbMR0QSag2wZVMCM78y4vEPateVZ3780rtdJZGER2gI3SCHHSBaugO1ZGLKHpEz+gVvVlP1ov1bn1MWwvWbGYf/YH1+QNj8ZgB</latexit>

�(Ne↵) = 0.02
<latexit sha1_base64="FTEFrtEMbItPmzNN55IjBSvYtGg=">AAACDnicbVDLSgMxFM34rPU16tJNsCh1U2aK+FgIBTeupIK1hc5QMumdNjSZGZKMUIb+gRt/xY0LFbeu3fk3ptMutPVAyOGce29uTpBwprTjfFsLi0vLK6uFteL6xubWtr2ze6/iVFJo0JjHshUQBZxF0NBMc2glEogIODSDwdXYbz6AVCyO7vQwAV+QXsRCRok2Usc+8vIZmYTuyFOsJwgu33QyTwoMYTg6xpfYqTjVjl0yVw48T9wpKaEp6h37y+vGNBUQacqJUm3XSbSfEakZ5TAqeqmChNAB6UHb0IgIUH6W7zLCh0bp4jCW5kQa5+rvjowIpYYiMJWC6L6a9cbif1471eG5n7EoSTVEdPJQmHKsYzwOB3eZBKr50BBCJTO7YtonklBtIiyaENzZL8+TRrVyUXFvT0q102kaBbSPDlAZuegM1dA1qqMGougRPaNX9GY9WS/Wu/UxKV2wpj176A+szx8dpprp</latexit><latexit sha1_base64="FTEFrtEMbItPmzNN55IjBSvYtGg=">AAACDnicbVDLSgMxFM34rPU16tJNsCh1U2aK+FgIBTeupIK1hc5QMumdNjSZGZKMUIb+gRt/xY0LFbeu3fk3ptMutPVAyOGce29uTpBwprTjfFsLi0vLK6uFteL6xubWtr2ze6/iVFJo0JjHshUQBZxF0NBMc2glEogIODSDwdXYbz6AVCyO7vQwAV+QXsRCRok2Usc+8vIZmYTuyFOsJwgu33QyTwoMYTg6xpfYqTjVjl0yVw48T9wpKaEp6h37y+vGNBUQacqJUm3XSbSfEakZ5TAqeqmChNAB6UHb0IgIUH6W7zLCh0bp4jCW5kQa5+rvjowIpYYiMJWC6L6a9cbif1471eG5n7EoSTVEdPJQmHKsYzwOB3eZBKr50BBCJTO7YtonklBtIiyaENzZL8+TRrVyUXFvT0q102kaBbSPDlAZuegM1dA1qqMGougRPaNX9GY9WS/Wu/UxKV2wpj176A+szx8dpprp</latexit><latexit sha1_base64="FTEFrtEMbItPmzNN55IjBSvYtGg=">AAACDnicbVDLSgMxFM34rPU16tJNsCh1U2aK+FgIBTeupIK1hc5QMumdNjSZGZKMUIb+gRt/xY0LFbeu3fk3ptMutPVAyOGce29uTpBwprTjfFsLi0vLK6uFteL6xubWtr2ze6/iVFJo0JjHshUQBZxF0NBMc2glEogIODSDwdXYbz6AVCyO7vQwAV+QXsRCRok2Usc+8vIZmYTuyFOsJwgu33QyTwoMYTg6xpfYqTjVjl0yVw48T9wpKaEp6h37y+vGNBUQacqJUm3XSbSfEakZ5TAqeqmChNAB6UHb0IgIUH6W7zLCh0bp4jCW5kQa5+rvjowIpYYiMJWC6L6a9cbif1471eG5n7EoSTVEdPJQmHKsYzwOB3eZBKr50BBCJTO7YtonklBtIiyaENzZL8+TRrVyUXFvT0q102kaBbSPDlAZuegM1dA1qqMGougRPaNX9GY9WS/Wu/UxKV2wpj176A+szx8dpprp</latexit><latexit sha1_base64="FTEFrtEMbItPmzNN55IjBSvYtGg=">AAACDnicbVDLSgMxFM34rPU16tJNsCh1U2aK+FgIBTeupIK1hc5QMumdNjSZGZKMUIb+gRt/xY0LFbeu3fk3ptMutPVAyOGce29uTpBwprTjfFsLi0vLK6uFteL6xubWtr2ze6/iVFJo0JjHshUQBZxF0NBMc2glEogIODSDwdXYbz6AVCyO7vQwAV+QXsRCRok2Usc+8vIZmYTuyFOsJwgu33QyTwoMYTg6xpfYqTjVjl0yVw48T9wpKaEp6h37y+vGNBUQacqJUm3XSbSfEakZ5TAqeqmChNAB6UHb0IgIUH6W7zLCh0bp4jCW5kQa5+rvjowIpYYiMJWC6L6a9cbif1471eG5n7EoSTVEdPJQmHKsYzwOB3eZBKr50BBCJTO7YtonklBtIiyaENzZL8+TRrVyUXFvT0q102kaBbSPDlAZuegM1dA1qqMGougRPaNX9GY9WS/Wu/UxKV2wpj176A+szx8dpprp</latexit>

1309.5383 (Snowmass)

stage-IV CMB
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CMB bounds and decoupling temperature
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f = 0.8 TeV

f = 1.4 TeV

current 95% CL exclusion

�(Ne↵) = 0.02
<latexit sha1_base64="FTEFrtEMbItPmzNN55IjBSvYtGg=">AAACDnicbVDLSgMxFM34rPU16tJNsCh1U2aK+FgIBTeupIK1hc5QMumdNjSZGZKMUIb+gRt/xY0LFbeu3fk3ptMutPVAyOGce29uTpBwprTjfFsLi0vLK6uFteL6xubWtr2ze6/iVFJo0JjHshUQBZxF0NBMc2glEogIODSDwdXYbz6AVCyO7vQwAV+QXsRCRok2Usc+8vIZmYTuyFOsJwgu33QyTwoMYTg6xpfYqTjVjl0yVw48T9wpKaEp6h37y+vGNBUQacqJUm3XSbSfEakZ5TAqeqmChNAB6UHb0IgIUH6W7zLCh0bp4jCW5kQa5+rvjowIpYYiMJWC6L6a9cbif1471eG5n7EoSTVEdPJQmHKsYzwOB3eZBKr50BBCJTO7YtonklBtIiyaENzZL8+TRrVyUXFvT0q102kaBbSPDlAZuegM1dA1qqMGougRPaNX9GY9WS/Wu/UxKV2wpj176A+szx8dpprp</latexit><latexit sha1_base64="FTEFrtEMbItPmzNN55IjBSvYtGg=">AAACDnicbVDLSgMxFM34rPU16tJNsCh1U2aK+FgIBTeupIK1hc5QMumdNjSZGZKMUIb+gRt/xY0LFbeu3fk3ptMutPVAyOGce29uTpBwprTjfFsLi0vLK6uFteL6xubWtr2ze6/iVFJo0JjHshUQBZxF0NBMc2glEogIODSDwdXYbz6AVCyO7vQwAV+QXsRCRok2Usc+8vIZmYTuyFOsJwgu33QyTwoMYTg6xpfYqTjVjl0yVw48T9wpKaEp6h37y+vGNBUQacqJUm3XSbSfEakZ5TAqeqmChNAB6UHb0IgIUH6W7zLCh0bp4jCW5kQa5+rvjowIpYYiMJWC6L6a9cbif1471eG5n7EoSTVEdPJQmHKsYzwOB3eZBKr50BBCJTO7YtonklBtIiyaENzZL8+TRrVyUXFvT0q102kaBbSPDlAZuegM1dA1qqMGougRPaNX9GY9WS/Wu/UxKV2wpj176A+szx8dpprp</latexit><latexit sha1_base64="FTEFrtEMbItPmzNN55IjBSvYtGg=">AAACDnicbVDLSgMxFM34rPU16tJNsCh1U2aK+FgIBTeupIK1hc5QMumdNjSZGZKMUIb+gRt/xY0LFbeu3fk3ptMutPVAyOGce29uTpBwprTjfFsLi0vLK6uFteL6xubWtr2ze6/iVFJo0JjHshUQBZxF0NBMc2glEogIODSDwdXYbz6AVCyO7vQwAV+QXsRCRok2Usc+8vIZmYTuyFOsJwgu33QyTwoMYTg6xpfYqTjVjl0yVw48T9wpKaEp6h37y+vGNBUQacqJUm3XSbSfEakZ5TAqeqmChNAB6UHb0IgIUH6W7zLCh0bp4jCW5kQa5+rvjowIpYYiMJWC6L6a9cbif1471eG5n7EoSTVEdPJQmHKsYzwOB3eZBKr50BBCJTO7YtonklBtIiyaENzZL8+TRrVyUXFvT0q102kaBbSPDlAZuegM1dA1qqMGougRPaNX9GY9WS/Wu/UxKV2wpj176A+szx8dpprp</latexit><latexit sha1_base64="FTEFrtEMbItPmzNN55IjBSvYtGg=">AAACDnicbVDLSgMxFM34rPU16tJNsCh1U2aK+FgIBTeupIK1hc5QMumdNjSZGZKMUIb+gRt/xY0LFbeu3fk3ptMutPVAyOGce29uTpBwprTjfFsLi0vLK6uFteL6xubWtr2ze6/iVFJo0JjHshUQBZxF0NBMc2glEogIODSDwdXYbz6AVCyO7vQwAV+QXsRCRok2Usc+8vIZmYTuyFOsJwgu33QyTwoMYTg6xpfYqTjVjl0yVw48T9wpKaEp6h37y+vGNBUQacqJUm3XSbSfEakZ5TAqeqmChNAB6UHb0IgIUH6W7zLCh0bp4jCW5kQa5+rvjowIpYYiMJWC6L6a9cbif1471eG5n7EoSTVEdPJQmHKsYzwOB3eZBKr50BBCJTO7YtonklBtIiyaENzZL8+TRrVyUXFvT0q102kaBbSPDlAZuegM1dA1qqMGougRPaNX9GY9WS/Wu/UxKV2wpj176A+szx8dpprp</latexit>

stage-IV CMB

1309.5383 (Snowmass)

Tdec [GeV]
<latexit sha1_base64="bsqZYvzbyrw2MeOS3tViMkcM1bY=">AAACBHicbVBNS8NAEN3Ur1q/qh71sFgED1ISEVS8FDzosULTFpJQNttpu3Q3CbsboYRcvPhXvHhQ8eqP8Oa/cftx0NYHA4/3ZpiZFyacKW3b31ZhaXllda24XtrY3NreKe/uNVWcSgoujXks2yFRwFkErmaaQzuRQETIoRUOb8Z+6wGkYnHU0KMEAkH6EesxSrSROuXDRifzpcBdoDn2rz1fED2QIruFZh50yhW7ak+AF4kzIxU0Q71T/vK7MU0FRJpyopTn2IkOMiI1oxzykp8qSAgdkj54hkZEgAqyyRc5PjZKF/diaSrSeKL+nsiIUGokQtM5PlLNe2PxP89Lde8yyFiUpBoiOl3USznWMR5HgrtMAtV8ZAihkplbMR0QSag2wZVMCM78y4vEPateVZ3780rtdJZGER2gI3SCHHSBaugO1ZGLKHpEz+gVvVlP1ov1bn1MWwvWbGYf/YH1+QNj8ZgB</latexit><latexit sha1_base64="bsqZYvzbyrw2MeOS3tViMkcM1bY=">AAACBHicbVBNS8NAEN3Ur1q/qh71sFgED1ISEVS8FDzosULTFpJQNttpu3Q3CbsboYRcvPhXvHhQ8eqP8Oa/cftx0NYHA4/3ZpiZFyacKW3b31ZhaXllda24XtrY3NreKe/uNVWcSgoujXks2yFRwFkErmaaQzuRQETIoRUOb8Z+6wGkYnHU0KMEAkH6EesxSrSROuXDRifzpcBdoDn2rz1fED2QIruFZh50yhW7ak+AF4kzIxU0Q71T/vK7MU0FRJpyopTn2IkOMiI1oxzykp8qSAgdkj54hkZEgAqyyRc5PjZKF/diaSrSeKL+nsiIUGokQtM5PlLNe2PxP89Lde8yyFiUpBoiOl3USznWMR5HgrtMAtV8ZAihkplbMR0QSag2wZVMCM78y4vEPateVZ3780rtdJZGER2gI3SCHHSBaugO1ZGLKHpEz+gVvVlP1ov1bn1MWwvWbGYf/YH1+QNj8ZgB</latexit><latexit sha1_base64="bsqZYvzbyrw2MeOS3tViMkcM1bY=">AAACBHicbVBNS8NAEN3Ur1q/qh71sFgED1ISEVS8FDzosULTFpJQNttpu3Q3CbsboYRcvPhXvHhQ8eqP8Oa/cftx0NYHA4/3ZpiZFyacKW3b31ZhaXllda24XtrY3NreKe/uNVWcSgoujXks2yFRwFkErmaaQzuRQETIoRUOb8Z+6wGkYnHU0KMEAkH6EesxSrSROuXDRifzpcBdoDn2rz1fED2QIruFZh50yhW7ak+AF4kzIxU0Q71T/vK7MU0FRJpyopTn2IkOMiI1oxzykp8qSAgdkj54hkZEgAqyyRc5PjZKF/diaSrSeKL+nsiIUGokQtM5PlLNe2PxP89Lde8yyFiUpBoiOl3USznWMR5HgrtMAtV8ZAihkplbMR0QSag2wZVMCM78y4vEPateVZ3780rtdJZGER2gI3SCHHSBaugO1ZGLKHpEz+gVvVlP1ov1bn1MWwvWbGYf/YH1+QNj8ZgB</latexit><latexit sha1_base64="bsqZYvzbyrw2MeOS3tViMkcM1bY=">AAACBHicbVBNS8NAEN3Ur1q/qh71sFgED1ISEVS8FDzosULTFpJQNttpu3Q3CbsboYRcvPhXvHhQ8eqP8Oa/cftx0NYHA4/3ZpiZFyacKW3b31ZhaXllda24XtrY3NreKe/uNVWcSgoujXks2yFRwFkErmaaQzuRQETIoRUOb8Z+6wGkYnHU0KMEAkH6EesxSrSROuXDRifzpcBdoDn2rz1fED2QIruFZh50yhW7ak+AF4kzIxU0Q71T/vK7MU0FRJpyopTn2IkOMiI1oxzykp8qSAgdkj54hkZEgAqyyRc5PjZKF/diaSrSeKL+nsiIUGokQtM5PlLNe2PxP89Lde8yyFiUpBoiOl3USznWMR5HgrtMAtV8ZAihkplbMR0QSag2wZVMCM78y4vEPateVZ3780rtdJZGER2gI3SCHHSBaugO1ZGLKHpEz+gVvVlP1ov1bn1MWwvWbGYf/YH1+QNj8ZgB</latexit>



Constraints: DM

• Take massless dark photon (it is dark radiation today)

S = 2⇡↵D/vrel

1�e�2⇡↵D/vrel
<latexit sha1_base64="kxWLFGXsLXkwzofCppnpef+oiPw="></latexit><latexit sha1_base64="kxWLFGXsLXkwzofCppnpef+oiPw="></latexit><latexit sha1_base64="kxWLFGXsLXkwzofCppnpef+oiPw="></latexit><latexit sha1_base64="kxWLFGXsLXkwzofCppnpef+oiPw="></latexit>

Sommerfeld-enhanced 
annihilation to SM (vdSphrel ⇠ 10�4)

<latexit sha1_base64="4uxUQnjEQYI0Wax94UcYNSf5fdM=">AAACEHicbZC7TsMwFIadcivlFmBksWgRZaBKKgSMlVgYi6AXqWkrx3Faq3YS2U6lKsojsPAqLAwgxMrIxtvgph2g5ZcsffrPOTo+vxsxKpVlfRu5ldW19Y38ZmFre2d3z9w/aMowFpg0cMhC0XaRJIwGpKGoYqQdCYK4y0jLHd1M660xEZKGwYOaRKTL0SCgPsVIaatvnpbK437iCA4FYWkvI+8+GqbQkZRD2+ol5xfpWalvFq2KlQkugz2HIpir3je/HC/EMSeBwgxJ2bGtSHUTJBTFjKQFJ5YkQniEBqSjMUCcyG6SHZTCE+140A+FfoGCmft7IkFcygl3dSdHaigXa1Pzv1onVv51N6FBFCsS4NkiP2ZQhXCaDvSoIFixiQaEBdV/hXiIBMJKZ1jQIdiLJy9Ds1qxrYp9Vy3WLudx5MEROAZlYIMrUAO3oA4aAINH8AxewZvxZLwY78bHrDVnzGcOwR8Znz9Gpptk</latexit><latexit sha1_base64="4uxUQnjEQYI0Wax94UcYNSf5fdM=">AAACEHicbZC7TsMwFIadcivlFmBksWgRZaBKKgSMlVgYi6AXqWkrx3Faq3YS2U6lKsojsPAqLAwgxMrIxtvgph2g5ZcsffrPOTo+vxsxKpVlfRu5ldW19Y38ZmFre2d3z9w/aMowFpg0cMhC0XaRJIwGpKGoYqQdCYK4y0jLHd1M660xEZKGwYOaRKTL0SCgPsVIaatvnpbK437iCA4FYWkvI+8+GqbQkZRD2+ol5xfpWalvFq2KlQkugz2HIpir3je/HC/EMSeBwgxJ2bGtSHUTJBTFjKQFJ5YkQniEBqSjMUCcyG6SHZTCE+140A+FfoGCmft7IkFcygl3dSdHaigXa1Pzv1onVv51N6FBFCsS4NkiP2ZQhXCaDvSoIFixiQaEBdV/hXiIBMJKZ1jQIdiLJy9Ds1qxrYp9Vy3WLudx5MEROAZlYIMrUAO3oA4aAINH8AxewZvxZLwY78bHrDVnzGcOwR8Znz9Gpptk</latexit><latexit sha1_base64="4uxUQnjEQYI0Wax94UcYNSf5fdM=">AAACEHicbZC7TsMwFIadcivlFmBksWgRZaBKKgSMlVgYi6AXqWkrx3Faq3YS2U6lKsojsPAqLAwgxMrIxtvgph2g5ZcsffrPOTo+vxsxKpVlfRu5ldW19Y38ZmFre2d3z9w/aMowFpg0cMhC0XaRJIwGpKGoYqQdCYK4y0jLHd1M660xEZKGwYOaRKTL0SCgPsVIaatvnpbK437iCA4FYWkvI+8+GqbQkZRD2+ol5xfpWalvFq2KlQkugz2HIpir3je/HC/EMSeBwgxJ2bGtSHUTJBTFjKQFJ5YkQniEBqSjMUCcyG6SHZTCE+140A+FfoGCmft7IkFcygl3dSdHaigXa1Pzv1onVv51N6FBFCsS4NkiP2ZQhXCaDvSoIFixiQaEBdV/hXiIBMJKZ1jQIdiLJy9Ds1qxrYp9Vy3WLudx5MEROAZlYIMrUAO3oA4aAINH8AxewZvxZLwY78bHrDVnzGcOwR8Znz9Gpptk</latexit><latexit sha1_base64="4uxUQnjEQYI0Wax94UcYNSf5fdM=">AAACEHicbZC7TsMwFIadcivlFmBksWgRZaBKKgSMlVgYi6AXqWkrx3Faq3YS2U6lKsojsPAqLAwgxMrIxtvgph2g5ZcsffrPOTo+vxsxKpVlfRu5ldW19Y38ZmFre2d3z9w/aMowFpg0cMhC0XaRJIwGpKGoYqQdCYK4y0jLHd1M660xEZKGwYOaRKTL0SCgPsVIaatvnpbK437iCA4FYWkvI+8+GqbQkZRD2+ol5xfpWalvFq2KlQkugz2HIpir3je/HC/EMSeBwgxJ2bGtSHUTJBTFjKQFJ5YkQniEBqSjMUCcyG6SHZTCE+140A+FfoGCmft7IkFcygl3dSdHaigXa1Pzv1onVv51N6FBFCsS4NkiP2ZQhXCaDvSoIFixiQaEBdV/hXiIBMJKZ1jQIdiLJy9Ds1qxrYp9Vy3WLudx5MEROAZlYIMrUAO3oA4aAINH8AxewZvxZLwY78bHrDVnzGcOwR8Znz9Gpptk</latexit>

dSph  
[Fermi-LAT, 1503.02641] ↵D

m� [GeV]
<latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit>



Constraints: DM

• Take massless dark photon (it is dark radiation today)

dSph  
[Fermi-LAT, 1503.02641] ↵D

m� [GeV]
<latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit>

�D�D
<latexit sha1_base64="oMviDnUMKOQ3aUUoX8rlN/JEkok=">AAACCHicbZC7TsMwFIadcivlFmBkwKJFYqqSDsBYCQbGItGL1ESR4zqtVduJbAepijqy8CosDCDEyiOw8Ta4aZCg5UiWPv3/OfbxHyaMKu04X1ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46uZ370nUtFY3OlJQnyOhoJGFCNtpMA+9vI7spClZFrzhohzFFzDH6gFdtWpO3nBZXALqIKiWoH96Q1inHIiNGZIqb7rJNrPkNQUMzKteKkiCcJjNCR9gwJxovwsX2IKT40ygFEszREa5urviQxxpSY8NJ0c6ZFa9Gbif14/1dGln1GRpJoIPH8oShnUMZylAgdUEqzZxADCkppdIR4hibA22VVMCO7il5eh06i7Tt29bVSb50UcZXAETsAZcMEFaIIb0AJtgMEDeAIv4NV6tJ6tN+t93lqyiplD8Kesj28swpla</latexit><latexit sha1_base64="oMviDnUMKOQ3aUUoX8rlN/JEkok=">AAACCHicbZC7TsMwFIadcivlFmBkwKJFYqqSDsBYCQbGItGL1ESR4zqtVduJbAepijqy8CosDCDEyiOw8Ta4aZCg5UiWPv3/OfbxHyaMKu04X1ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46uZ370nUtFY3OlJQnyOhoJGFCNtpMA+9vI7spClZFrzhohzFFzDH6gFdtWpO3nBZXALqIKiWoH96Q1inHIiNGZIqb7rJNrPkNQUMzKteKkiCcJjNCR9gwJxovwsX2IKT40ygFEszREa5urviQxxpSY8NJ0c6ZFa9Gbif14/1dGln1GRpJoIPH8oShnUMZylAgdUEqzZxADCkppdIR4hibA22VVMCO7il5eh06i7Tt29bVSb50UcZXAETsAZcMEFaIIb0AJtgMEDeAIv4NV6tJ6tN+t93lqyiplD8Kesj28swpla</latexit><latexit sha1_base64="oMviDnUMKOQ3aUUoX8rlN/JEkok=">AAACCHicbZC7TsMwFIadcivlFmBkwKJFYqqSDsBYCQbGItGL1ESR4zqtVduJbAepijqy8CosDCDEyiOw8Ta4aZCg5UiWPv3/OfbxHyaMKu04X1ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46uZ370nUtFY3OlJQnyOhoJGFCNtpMA+9vI7spClZFrzhohzFFzDH6gFdtWpO3nBZXALqIKiWoH96Q1inHIiNGZIqb7rJNrPkNQUMzKteKkiCcJjNCR9gwJxovwsX2IKT40ygFEszREa5urviQxxpSY8NJ0c6ZFa9Gbif14/1dGln1GRpJoIPH8oShnUMZylAgdUEqzZxADCkppdIR4hibA22VVMCO7il5eh06i7Tt29bVSb50UcZXAETsAZcMEFaIIb0AJtgMEDeAIv4NV6tJ6tN+t93lqyiplD8Kesj28swpla</latexit><latexit sha1_base64="oMviDnUMKOQ3aUUoX8rlN/JEkok=">AAACCHicbZC7TsMwFIadcivlFmBkwKJFYqqSDsBYCQbGItGL1ESR4zqtVduJbAepijqy8CosDCDEyiOw8Ta4aZCg5UiWPv3/OfbxHyaMKu04X1ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46uZ370nUtFY3OlJQnyOhoJGFCNtpMA+9vI7spClZFrzhohzFFzDH6gFdtWpO3nBZXALqIKiWoH96Q1inHIiNGZIqb7rJNrPkNQUMzKteKkiCcJjNCR9gwJxovwsX2IKT40ygFEszREa5urviQxxpSY8NJ0c6ZFa9Gbif14/1dGln1GRpJoIPH8oShnUMZylAgdUEqzZxADCkppdIR4hibA22VVMCO7il5eh06i7Tt29bVSb50UcZXAETsAZcMEFaIIb0AJtgMEDeAIv4NV6tJ6tN+t93lqyiplD8Kesj28swpla</latexit>

annihilation to 

(     very suppressed) bb̄
<latexit sha1_base64="Suxoj0M/prFu/FqBwwGi1isOKRE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5gu5Qkzbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8w8kghurO9/e4WNza3tneJuaW//4PCofHzSNirVlLWoEkp3CTZMcMlallvBuolmOCaCdcjkdu53npg2XMkHO01YGOOR5BGn2DrpsUr6BOuMzKqDcsWv+QugdRLkpAI5moPyV3+oaBozaanAxvQCP7FhhrXlVLBZqZ8almA6wSPWc1TimJkwW1w8QxdOGaJIaVfSooX6eyLDsTHTmLjOGNuxWfXm4n9eL7XRTZhxmaSWSbpcFKUCWYXm76Mh14xaMXUEU83drYiOscbUupBKLoRg9eV10q7XAr8W3Ncrjas8jiKcwTlcQgDX0IA7aEILKEh4hld484z34r17H8vWgpfPnMIfeJ8/9hqQZQ==</latexit><latexit sha1_base64="Suxoj0M/prFu/FqBwwGi1isOKRE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5gu5Qkzbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8w8kghurO9/e4WNza3tneJuaW//4PCofHzSNirVlLWoEkp3CTZMcMlallvBuolmOCaCdcjkdu53npg2XMkHO01YGOOR5BGn2DrpsUr6BOuMzKqDcsWv+QugdRLkpAI5moPyV3+oaBozaanAxvQCP7FhhrXlVLBZqZ8almA6wSPWc1TimJkwW1w8QxdOGaJIaVfSooX6eyLDsTHTmLjOGNuxWfXm4n9eL7XRTZhxmaSWSbpcFKUCWYXm76Mh14xaMXUEU83drYiOscbUupBKLoRg9eV10q7XAr8W3Ncrjas8jiKcwTlcQgDX0IA7aEILKEh4hld484z34r17H8vWgpfPnMIfeJ8/9hqQZQ==</latexit><latexit sha1_base64="Suxoj0M/prFu/FqBwwGi1isOKRE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5gu5Qkzbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8w8kghurO9/e4WNza3tneJuaW//4PCofHzSNirVlLWoEkp3CTZMcMlallvBuolmOCaCdcjkdu53npg2XMkHO01YGOOR5BGn2DrpsUr6BOuMzKqDcsWv+QugdRLkpAI5moPyV3+oaBozaanAxvQCP7FhhrXlVLBZqZ8almA6wSPWc1TimJkwW1w8QxdOGaJIaVfSooX6eyLDsTHTmLjOGNuxWfXm4n9eL7XRTZhxmaSWSbpcFKUCWYXm76Mh14xaMXUEU83drYiOscbUupBKLoRg9eV10q7XAr8W3Ncrjas8jiKcwTlcQgDX0IA7aEILKEh4hld484z34r17H8vWgpfPnMIfeJ8/9hqQZQ==</latexit><latexit sha1_base64="Suxoj0M/prFu/FqBwwGi1isOKRE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5gu5Qkzbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8w8kghurO9/e4WNza3tneJuaW//4PCofHzSNirVlLWoEkp3CTZMcMlallvBuolmOCaCdcjkdu53npg2XMkHO01YGOOR5BGn2DrpsUr6BOuMzKqDcsWv+QugdRLkpAI5moPyV3+oaBozaanAxvQCP7FhhrXlVLBZqZ8almA6wSPWc1TimJkwW1w8QxdOGaJIaVfSooX6eyLDsTHTmLjOGNuxWfXm4n9eL7XRTZhxmaSWSbpcFKUCWYXm76Mh14xaMXUEU83drYiOscbUupBKLoRg9eV10q7XAr8W3Ncrjas8jiKcwTlcQgDX0IA7aEILKEh4hld484z34r17H8vWgpfPnMIfeJ8/9hqQZQ==</latexit>
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Constraints: DM

• Take massless dark photon (it is dark radiation today)

dSph  
[Fermi-LAT, 1503.02641] ↵D

m� [GeV]
<latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit>

�D�D
<latexit sha1_base64="oMviDnUMKOQ3aUUoX8rlN/JEkok=">AAACCHicbZC7TsMwFIadcivlFmBkwKJFYqqSDsBYCQbGItGL1ESR4zqtVduJbAepijqy8CosDCDEyiOw8Ta4aZCg5UiWPv3/OfbxHyaMKu04X1ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46uZ370nUtFY3OlJQnyOhoJGFCNtpMA+9vI7spClZFrzhohzFFzDH6gFdtWpO3nBZXALqIKiWoH96Q1inHIiNGZIqb7rJNrPkNQUMzKteKkiCcJjNCR9gwJxovwsX2IKT40ygFEszREa5urviQxxpSY8NJ0c6ZFa9Gbif14/1dGln1GRpJoIPH8oShnUMZylAgdUEqzZxADCkppdIR4hibA22VVMCO7il5eh06i7Tt29bVSb50UcZXAETsAZcMEFaIIb0AJtgMEDeAIv4NV6tJ6tN+t93lqyiplD8Kesj28swpla</latexit><latexit sha1_base64="oMviDnUMKOQ3aUUoX8rlN/JEkok=">AAACCHicbZC7TsMwFIadcivlFmBkwKJFYqqSDsBYCQbGItGL1ESR4zqtVduJbAepijqy8CosDCDEyiOw8Ta4aZCg5UiWPv3/OfbxHyaMKu04X1ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46uZ370nUtFY3OlJQnyOhoJGFCNtpMA+9vI7spClZFrzhohzFFzDH6gFdtWpO3nBZXALqIKiWoH96Q1inHIiNGZIqb7rJNrPkNQUMzKteKkiCcJjNCR9gwJxovwsX2IKT40ygFEszREa5urviQxxpSY8NJ0c6ZFa9Gbif14/1dGln1GRpJoIPH8oShnUMZylAgdUEqzZxADCkppdIR4hibA22VVMCO7il5eh06i7Tt29bVSb50UcZXAETsAZcMEFaIIb0AJtgMEDeAIv4NV6tJ6tN+t93lqyiplD8Kesj28swpla</latexit><latexit sha1_base64="oMviDnUMKOQ3aUUoX8rlN/JEkok=">AAACCHicbZC7TsMwFIadcivlFmBkwKJFYqqSDsBYCQbGItGL1ESR4zqtVduJbAepijqy8CosDCDEyiOw8Ta4aZCg5UiWPv3/OfbxHyaMKu04X1ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46uZ370nUtFY3OlJQnyOhoJGFCNtpMA+9vI7spClZFrzhohzFFzDH6gFdtWpO3nBZXALqIKiWoH96Q1inHIiNGZIqb7rJNrPkNQUMzKteKkiCcJjNCR9gwJxovwsX2IKT40ygFEszREa5urviQxxpSY8NJ0c6ZFa9Gbif14/1dGln1GRpJoIPH8oShnUMZylAgdUEqzZxADCkppdIR4hibA22VVMCO7il5eh06i7Tt29bVSb50UcZXAETsAZcMEFaIIb0AJtgMEDeAIv4NV6tJ6tN+t93lqyiplD8Kesj28swpla</latexit><latexit sha1_base64="oMviDnUMKOQ3aUUoX8rlN/JEkok=">AAACCHicbZC7TsMwFIadcivlFmBkwKJFYqqSDsBYCQbGItGL1ESR4zqtVduJbAepijqy8CosDCDEyiOw8Ta4aZCg5UiWPv3/OfbxHyaMKu04X1ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46uZ370nUtFY3OlJQnyOhoJGFCNtpMA+9vI7spClZFrzhohzFFzDH6gFdtWpO3nBZXALqIKiWoH96Q1inHIiNGZIqb7rJNrPkNQUMzKteKkiCcJjNCR9gwJxovwsX2IKT40ygFEszREa5urviQxxpSY8NJ0c6ZFa9Gbif14/1dGln1GRpJoIPH8oShnUMZylAgdUEqzZxADCkppdIR4hibA22VVMCO7il5eh06i7Tt29bVSb50UcZXAETsAZcMEFaIIb0AJtgMEDeAIv4NV6tJ6tN+t93lqyiplD8Kesj28swpla</latexit>

annihilation to 

(     very suppressed) bb̄
<latexit sha1_base64="Suxoj0M/prFu/FqBwwGi1isOKRE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5gu5Qkzbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8w8kghurO9/e4WNza3tneJuaW//4PCofHzSNirVlLWoEkp3CTZMcMlallvBuolmOCaCdcjkdu53npg2XMkHO01YGOOR5BGn2DrpsUr6BOuMzKqDcsWv+QugdRLkpAI5moPyV3+oaBozaanAxvQCP7FhhrXlVLBZqZ8almA6wSPWc1TimJkwW1w8QxdOGaJIaVfSooX6eyLDsTHTmLjOGNuxWfXm4n9eL7XRTZhxmaSWSbpcFKUCWYXm76Mh14xaMXUEU83drYiOscbUupBKLoRg9eV10q7XAr8W3Ncrjas8jiKcwTlcQgDX0IA7aEILKEh4hld484z34r17H8vWgpfPnMIfeJ8/9hqQZQ==</latexit><latexit sha1_base64="Suxoj0M/prFu/FqBwwGi1isOKRE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5gu5Qkzbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8w8kghurO9/e4WNza3tneJuaW//4PCofHzSNirVlLWoEkp3CTZMcMlallvBuolmOCaCdcjkdu53npg2XMkHO01YGOOR5BGn2DrpsUr6BOuMzKqDcsWv+QugdRLkpAI5moPyV3+oaBozaanAxvQCP7FhhrXlVLBZqZ8almA6wSPWc1TimJkwW1w8QxdOGaJIaVfSooX6eyLDsTHTmLjOGNuxWfXm4n9eL7XRTZhxmaSWSbpcFKUCWYXm76Mh14xaMXUEU83drYiOscbUupBKLoRg9eV10q7XAr8W3Ncrjas8jiKcwTlcQgDX0IA7aEILKEh4hld484z34r17H8vWgpfPnMIfeJ8/9hqQZQ==</latexit><latexit sha1_base64="Suxoj0M/prFu/FqBwwGi1isOKRE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5gu5Qkzbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8w8kghurO9/e4WNza3tneJuaW//4PCofHzSNirVlLWoEkp3CTZMcMlallvBuolmOCaCdcjkdu53npg2XMkHO01YGOOR5BGn2DrpsUr6BOuMzKqDcsWv+QugdRLkpAI5moPyV3+oaBozaanAxvQCP7FhhrXlVLBZqZ8almA6wSPWc1TimJkwW1w8QxdOGaJIaVfSooX6eyLDsTHTmLjOGNuxWfXm4n9eL7XRTZhxmaSWSbpcFKUCWYXm76Mh14xaMXUEU83drYiOscbUupBKLoRg9eV10q7XAr8W3Ncrjas8jiKcwTlcQgDX0IA7aEILKEh4hld484z34r17H8vWgpfPnMIfeJ8/9hqQZQ==</latexit><latexit sha1_base64="Suxoj0M/prFu/FqBwwGi1isOKRE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5gu5Qkzbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8w8kghurO9/e4WNza3tneJuaW//4PCofHzSNirVlLWoEkp3CTZMcMlallvBuolmOCaCdcjkdu53npg2XMkHO01YGOOR5BGn2DrpsUr6BOuMzKqDcsWv+QugdRLkpAI5moPyV3+oaBozaanAxvQCP7FhhrXlVLBZqZ8almA6wSPWc1TimJkwW1w8QxdOGaJIaVfSooX6eyLDsTHTmLjOGNuxWfXm4n9eL7XRTZhxmaSWSbpcFKUCWYXm76Mh14xaMXUEU83drYiOscbUupBKLoRg9eV10q7XAr8W3Ncrjas8jiKcwTlcQgDX0IA7aEILKEh4hld484z34r17H8vWgpfPnMIfeJ8/9hqQZQ==</latexit>

limit on long-range DM  
self-interaction  
(ellipticity of grav. potential  
of NGC720) according to 
Agrawal et al. 1610.04611
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Constraints: DM

• Take massless dark photon (it is dark radiation today)

dSph  
[Fermi-LAT, 1503.02641] ↵D

m� [GeV]
<latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit><latexit sha1_base64="cv8U7hN2zLYPpD3hXIT4uC6LVhg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM9gKLqQk3dhlwYUuK9gHJCFMptN26MwkzEyEEoobf8WNC0Xc+hXu/BsnbRbaeuDC4Zx7ufeeKGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVXEqMengmMWyHyFFGBWko6lmpJ9IgnjESC+aXOd+74FIRWNxr6cJCTgaCTqkGGkjhfZJjYc+HlPoX3o+R3oseXZDurOgFtpVp+7MAVeJW5AqKNAO7S9/EOOUE6ExQ0p5rpPoIENSU8zIrOKniiQIT9CIeIYKxIkKsvkLM3hulAEcxtKU0HCu/p7IEFdqyiPTmV+plr1c/M/zUj1sBhkVSaqJwItFw5RBHcM8DzigkmDNpoYgLKm5FeIxkghrk1rFhOAuv7xKuo2669Tdu0a11SziKINTcAYugAuuQAvcgjboAAwewTN4BW/Wk/VivVsfi9aSVcwcgz+wPn8A/jqWfA==</latexit>

�D�D
<latexit sha1_base64="oMviDnUMKOQ3aUUoX8rlN/JEkok=">AAACCHicbZC7TsMwFIadcivlFmBkwKJFYqqSDsBYCQbGItGL1ESR4zqtVduJbAepijqy8CosDCDEyiOw8Ta4aZCg5UiWPv3/OfbxHyaMKu04X1ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46uZ370nUtFY3OlJQnyOhoJGFCNtpMA+9vI7spClZFrzhohzFFzDH6gFdtWpO3nBZXALqIKiWoH96Q1inHIiNGZIqb7rJNrPkNQUMzKteKkiCcJjNCR9gwJxovwsX2IKT40ygFEszREa5urviQxxpSY8NJ0c6ZFa9Gbif14/1dGln1GRpJoIPH8oShnUMZylAgdUEqzZxADCkppdIR4hibA22VVMCO7il5eh06i7Tt29bVSb50UcZXAETsAZcMEFaIIb0AJtgMEDeAIv4NV6tJ6tN+t93lqyiplD8Kesj28swpla</latexit><latexit sha1_base64="oMviDnUMKOQ3aUUoX8rlN/JEkok=">AAACCHicbZC7TsMwFIadcivlFmBkwKJFYqqSDsBYCQbGItGL1ESR4zqtVduJbAepijqy8CosDCDEyiOw8Ta4aZCg5UiWPv3/OfbxHyaMKu04X1ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46uZ370nUtFY3OlJQnyOhoJGFCNtpMA+9vI7spClZFrzhohzFFzDH6gFdtWpO3nBZXALqIKiWoH96Q1inHIiNGZIqb7rJNrPkNQUMzKteKkiCcJjNCR9gwJxovwsX2IKT40ygFEszREa5urviQxxpSY8NJ0c6ZFa9Gbif14/1dGln1GRpJoIPH8oShnUMZylAgdUEqzZxADCkppdIR4hibA22VVMCO7il5eh06i7Tt29bVSb50UcZXAETsAZcMEFaIIb0AJtgMEDeAIv4NV6tJ6tN+t93lqyiplD8Kesj28swpla</latexit><latexit sha1_base64="oMviDnUMKOQ3aUUoX8rlN/JEkok=">AAACCHicbZC7TsMwFIadcivlFmBkwKJFYqqSDsBYCQbGItGL1ESR4zqtVduJbAepijqy8CosDCDEyiOw8Ta4aZCg5UiWPv3/OfbxHyaMKu04X1ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46uZ370nUtFY3OlJQnyOhoJGFCNtpMA+9vI7spClZFrzhohzFFzDH6gFdtWpO3nBZXALqIKiWoH96Q1inHIiNGZIqb7rJNrPkNQUMzKteKkiCcJjNCR9gwJxovwsX2IKT40ygFEszREa5urviQxxpSY8NJ0c6ZFa9Gbif14/1dGln1GRpJoIPH8oShnUMZylAgdUEqzZxADCkppdIR4hibA22VVMCO7il5eh06i7Tt29bVSb50UcZXAETsAZcMEFaIIb0AJtgMEDeAIv4NV6tJ6tN+t93lqyiplD8Kesj28swpla</latexit><latexit sha1_base64="oMviDnUMKOQ3aUUoX8rlN/JEkok=">AAACCHicbZC7TsMwFIadcivlFmBkwKJFYqqSDsBYCQbGItGL1ESR4zqtVduJbAepijqy8CosDCDEyiOw8Ta4aZCg5UiWPv3/OfbxHyaMKu04X1ZpZXVtfaO8Wdna3tnds/cPOipOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG46uZ370nUtFY3OlJQnyOhoJGFCNtpMA+9vI7spClZFrzhohzFFzDH6gFdtWpO3nBZXALqIKiWoH96Q1inHIiNGZIqb7rJNrPkNQUMzKteKkiCcJjNCR9gwJxovwsX2IKT40ygFEszREa5urviQxxpSY8NJ0c6ZFa9Gbif14/1dGln1GRpJoIPH8oShnUMZylAgdUEqzZxADCkppdIR4hibA22VVMCO7il5eh06i7Tt29bVSb50UcZXAETsAZcMEFaIIb0AJtgMEDeAIv4NV6tJ6tN+t93lqyiplD8Kesj28swpla</latexit>

annihilation to 

(     very suppressed) bb̄
<latexit sha1_base64="Suxoj0M/prFu/FqBwwGi1isOKRE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5gu5Qkzbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8w8kghurO9/e4WNza3tneJuaW//4PCofHzSNirVlLWoEkp3CTZMcMlallvBuolmOCaCdcjkdu53npg2XMkHO01YGOOR5BGn2DrpsUr6BOuMzKqDcsWv+QugdRLkpAI5moPyV3+oaBozaanAxvQCP7FhhrXlVLBZqZ8almA6wSPWc1TimJkwW1w8QxdOGaJIaVfSooX6eyLDsTHTmLjOGNuxWfXm4n9eL7XRTZhxmaSWSbpcFKUCWYXm76Mh14xaMXUEU83drYiOscbUupBKLoRg9eV10q7XAr8W3Ncrjas8jiKcwTlcQgDX0IA7aEILKEh4hld484z34r17H8vWgpfPnMIfeJ8/9hqQZQ==</latexit><latexit sha1_base64="Suxoj0M/prFu/FqBwwGi1isOKRE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5gu5Qkzbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8w8kghurO9/e4WNza3tneJuaW//4PCofHzSNirVlLWoEkp3CTZMcMlallvBuolmOCaCdcjkdu53npg2XMkHO01YGOOR5BGn2DrpsUr6BOuMzKqDcsWv+QugdRLkpAI5moPyV3+oaBozaanAxvQCP7FhhrXlVLBZqZ8almA6wSPWc1TimJkwW1w8QxdOGaJIaVfSooX6eyLDsTHTmLjOGNuxWfXm4n9eL7XRTZhxmaSWSbpcFKUCWYXm76Mh14xaMXUEU83drYiOscbUupBKLoRg9eV10q7XAr8W3Ncrjas8jiKcwTlcQgDX0IA7aEILKEh4hld484z34r17H8vWgpfPnMIfeJ8/9hqQZQ==</latexit><latexit sha1_base64="Suxoj0M/prFu/FqBwwGi1isOKRE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5gu5Qkzbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8w8kghurO9/e4WNza3tneJuaW//4PCofHzSNirVlLWoEkp3CTZMcMlallvBuolmOCaCdcjkdu53npg2XMkHO01YGOOR5BGn2DrpsUr6BOuMzKqDcsWv+QugdRLkpAI5moPyV3+oaBozaanAxvQCP7FhhrXlVLBZqZ8almA6wSPWc1TimJkwW1w8QxdOGaJIaVfSooX6eyLDsTHTmLjOGNuxWfXm4n9eL7XRTZhxmaSWSbpcFKUCWYXm76Mh14xaMXUEU83drYiOscbUupBKLoRg9eV10q7XAr8W3Ncrjas8jiKcwTlcQgDX0IA7aEILKEh4hld484z34r17H8vWgpfPnMIfeJ8/9hqQZQ==</latexit><latexit sha1_base64="Suxoj0M/prFu/FqBwwGi1isOKRE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5gu5Qkzbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8w8kghurO9/e4WNza3tneJuaW//4PCofHzSNirVlLWoEkp3CTZMcMlallvBuolmOCaCdcjkdu53npg2XMkHO01YGOOR5BGn2DrpsUr6BOuMzKqDcsWv+QugdRLkpAI5moPyV3+oaBozaanAxvQCP7FhhrXlVLBZqZ8almA6wSPWc1TimJkwW1w8QxdOGaJIaVfSooX6eyLDsTHTmLjOGNuxWfXm4n9eL7XRTZhxmaSWSbpcFKUCWYXm76Mh14xaMXUEU83drYiOscbUupBKLoRg9eV10q7XAr8W3Ncrjas8jiKcwTlcQgDX0IA7aEILKEh4hld484z34r17H8vWgpfPnMIfeJ8/9hqQZQ==</latexit>

invisible Higgs width @LHC:
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<latexit sha1_base64="AogKI+pNNc6T/haXTO7dJOQqz/A="></latexit><latexit sha1_base64="AogKI+pNNc6T/haXTO7dJOQqz/A="></latexit><latexit sha1_base64="AogKI+pNNc6T/haXTO7dJOQqz/A="></latexit><latexit sha1_base64="AogKI+pNNc6T/haXTO7dJOQqz/A="></latexit>

BRinv < 0.24  

f & 1.2 TeV

CMS 1610.09218

limit on long-range DM  
self-interaction  
(ellipticity of grav. potential  
of NGC720) according to 
Agrawal et al. 1610.04611



•  A composite pNGB scalar that accompanies the Higgs  
    can make compelling WIMP DM candidate 

•  “UV-robust” stabilization by dark                symmetry of strong sector 

•  Derivative Higgs portal to SM, direct detection xsec naturally very suppressed 

•  Pheno strongly depends on the “quality” of the DM shift symmetries 
    (model dependence): 

   Broken by top quark couplings: tested now @ XENON1T 

   Broken by bottom quark: @ next generation experiments 

   Fully respected by SM fermions:  
Leading breaking from gauging of   
Out of reach for direct detection, but signatures  
in cosmo, astrophysics, and at colliders 

Summary & the way ahead

U(1)DM

U(1)DM

!28



Backup

!29



Coupling of the RH bottom

!30

• The coupling of bR may break the DM shift symmetry, for ex. 
• Contributes to DM mass as 

µ2
DM ' Nc

4⇡2f2

R1
0 dp2p2

✓PNS

j=1
|✏jbS |2

p2+m2

S(b)j

�
PNQ

i=1
|✏ibQ|2

p2+m2

Q(b)i

◆

UV-finite if             or faster

Marzocca et al. 2012 
Pomarol, Riva 2012

Marzocca, Urbano 2014

obtain calculability through 
generalized Weinberg Sum Rules,  
which give relations between parameters 

bR ⇠ 7�1/3



Coupling of the RH bottom

• The coupling of bR may break the DM shift symmetry, for ex. 
• Contributes to DM mass as 

• In this model, tree-level corrections 
   to Z-bL-bL are generated

µ2
DM ' Nc

4⇡2f2

R1
0 dp2p2

✓PNS

j=1
|✏jbS |2

p2+m2

S(b)j

�
PNQ

i=1
|✏ibQ|2

p2+m2

Q(b)i

◆

UV-finite if             or faster

Marzocca et al. 2012 
Pomarol, Riva 2012

Marzocca, Urbano 2014

obtain calculability through 
generalized Weinberg Sum Rules,  
which give relations between parameters 
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Fine-tuning, 7 + 21 model

f = 0.8 TeV
<latexit sha1_base64="RxoSBoxLNfnmfTfFJ6cnIdeGL8w=">AAAB/nicbVBPS8MwHE39O+e/quDFS3AInkYrAyciDLx4nLBug7WMNEu3sCQtSSqMuoNfxYsHFa9+Dm9+G9OtB918EHi89/vxe3lhwqjSjvNtrayurW9slrbK2zu7e/v2wWFbxanExMMxi2U3RIowKoinqWakm0iCeMhIJxzf5n7ngUhFY9HSk4QEHA0FjShG2kh9+ziCN9Cp1qF/7XOkR5JnLdKe9u2KU3VmgMvELUgFFGj27S9/EOOUE6ExQ0r1XCfRQYakppiRadlPFUkQHqMh6RkqECcqyGb5p/DMKAMYxdI8oeFM/b2RIa7UhIdmMs+oFr1c/M/rpTqqBxkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFY2JbiLX14m3kX1qure1yqNWtFGCZyAU3AOXHAJGuAONIEHMHgEz+AVvFlP1ov1bn3MR1esYucI/IH1+QMa8pRp</latexit><latexit sha1_base64="RxoSBoxLNfnmfTfFJ6cnIdeGL8w=">AAAB/nicbVBPS8MwHE39O+e/quDFS3AInkYrAyciDLx4nLBug7WMNEu3sCQtSSqMuoNfxYsHFa9+Dm9+G9OtB918EHi89/vxe3lhwqjSjvNtrayurW9slrbK2zu7e/v2wWFbxanExMMxi2U3RIowKoinqWakm0iCeMhIJxzf5n7ngUhFY9HSk4QEHA0FjShG2kh9+ziCN9Cp1qF/7XOkR5JnLdKe9u2KU3VmgMvELUgFFGj27S9/EOOUE6ExQ0r1XCfRQYakppiRadlPFUkQHqMh6RkqECcqyGb5p/DMKAMYxdI8oeFM/b2RIa7UhIdmMs+oFr1c/M/rpTqqBxkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFY2JbiLX14m3kX1qure1yqNWtFGCZyAU3AOXHAJGuAONIEHMHgEz+AVvFlP1ov1bn3MR1esYucI/IH1+QMa8pRp</latexit><latexit sha1_base64="RxoSBoxLNfnmfTfFJ6cnIdeGL8w=">AAAB/nicbVBPS8MwHE39O+e/quDFS3AInkYrAyciDLx4nLBug7WMNEu3sCQtSSqMuoNfxYsHFa9+Dm9+G9OtB918EHi89/vxe3lhwqjSjvNtrayurW9slrbK2zu7e/v2wWFbxanExMMxi2U3RIowKoinqWakm0iCeMhIJxzf5n7ngUhFY9HSk4QEHA0FjShG2kh9+ziCN9Cp1qF/7XOkR5JnLdKe9u2KU3VmgMvELUgFFGj27S9/EOOUE6ExQ0r1XCfRQYakppiRadlPFUkQHqMh6RkqECcqyGb5p/DMKAMYxdI8oeFM/b2RIa7UhIdmMs+oFr1c/M/rpTqqBxkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFY2JbiLX14m3kX1qure1yqNWtFGCZyAU3AOXHAJGuAONIEHMHgEz+AVvFlP1ov1bn3MR1esYucI/IH1+QMa8pRp</latexit><latexit sha1_base64="RxoSBoxLNfnmfTfFJ6cnIdeGL8w=">AAAB/nicbVBPS8MwHE39O+e/quDFS3AInkYrAyciDLx4nLBug7WMNEu3sCQtSSqMuoNfxYsHFa9+Dm9+G9OtB918EHi89/vxe3lhwqjSjvNtrayurW9slrbK2zu7e/v2wWFbxanExMMxi2U3RIowKoinqWakm0iCeMhIJxzf5n7ngUhFY9HSk4QEHA0FjShG2kh9+ziCN9Cp1qF/7XOkR5JnLdKe9u2KU3VmgMvELUgFFGj27S9/EOOUE6ExQ0r1XCfRQYakppiRadlPFUkQHqMh6RkqECcqyGb5p/DMKAMYxdI8oeFM/b2RIa7UhIdmMs+oFr1c/M/rpTqqBxkVSaqJwPNDUcqgjmFeBhxQSbBmE0MQltRkhXiEJMLaVFY2JbiLX14m3kX1qure1yqNWtFGCZyAU3AOXHAJGuAONIEHMHgEz+AVvFlP1ov1bn3MR1esYucI/IH1+QMa8pRp</latexit>

f = 1 TeV
<latexit sha1_base64="cQa6rdek4ejDH5DIjpsNKNNPPP8=">AAAB/HicbVDLSgMxFM3UV62v8bFzEyyCqzIjBRURCm5cVui0hc5QMmmmDU0yQ5IR6lD8FTcuVNz6Ie78GzPtLLT1QOBwzr3ckxMmjCrtON9WaWV1bX2jvFnZ2t7Z3bP3D9oqTiUmHo5ZLLshUoRRQTxNNSPdRBLEQ0Y64fg29zsPRCoai5aeJCTgaChoRDHSRurbRxG8gS70r32O9EjyrEXa075ddWrODHCZuAWpggLNvv3lD2KcciI0ZkipnuskOsiQ1BQzMq34qSIJwmM0JD1DBeJEBdks/RSeGmUAo1iaJzScqb83MsSVmvDQTOYZ1aKXi/95vVRHl0FGRZJqIvD8UJQyqGOYVwEHVBKs2cQQhCU1WSEeIYmwNoVVTAnu4peXiXdeu6q59/Vqo160UQbH4AScARdcgAa4A03gAQwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8AL6OT8A==</latexit><latexit sha1_base64="cQa6rdek4ejDH5DIjpsNKNNPPP8=">AAAB/HicbVDLSgMxFM3UV62v8bFzEyyCqzIjBRURCm5cVui0hc5QMmmmDU0yQ5IR6lD8FTcuVNz6Ie78GzPtLLT1QOBwzr3ckxMmjCrtON9WaWV1bX2jvFnZ2t7Z3bP3D9oqTiUmHo5ZLLshUoRRQTxNNSPdRBLEQ0Y64fg29zsPRCoai5aeJCTgaChoRDHSRurbRxG8gS70r32O9EjyrEXa075ddWrODHCZuAWpggLNvv3lD2KcciI0ZkipnuskOsiQ1BQzMq34qSIJwmM0JD1DBeJEBdks/RSeGmUAo1iaJzScqb83MsSVmvDQTOYZ1aKXi/95vVRHl0FGRZJqIvD8UJQyqGOYVwEHVBKs2cQQhCU1WSEeIYmwNoVVTAnu4peXiXdeu6q59/Vqo160UQbH4AScARdcgAa4A03gAQwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8AL6OT8A==</latexit><latexit sha1_base64="cQa6rdek4ejDH5DIjpsNKNNPPP8=">AAAB/HicbVDLSgMxFM3UV62v8bFzEyyCqzIjBRURCm5cVui0hc5QMmmmDU0yQ5IR6lD8FTcuVNz6Ie78GzPtLLT1QOBwzr3ckxMmjCrtON9WaWV1bX2jvFnZ2t7Z3bP3D9oqTiUmHo5ZLLshUoRRQTxNNSPdRBLEQ0Y64fg29zsPRCoai5aeJCTgaChoRDHSRurbRxG8gS70r32O9EjyrEXa075ddWrODHCZuAWpggLNvv3lD2KcciI0ZkipnuskOsiQ1BQzMq34qSIJwmM0JD1DBeJEBdks/RSeGmUAo1iaJzScqb83MsSVmvDQTOYZ1aKXi/95vVRHl0FGRZJqIvD8UJQyqGOYVwEHVBKs2cQQhCU1WSEeIYmwNoVVTAnu4peXiXdeu6q59/Vqo160UQbH4AScARdcgAa4A03gAQwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8AL6OT8A==</latexit><latexit sha1_base64="cQa6rdek4ejDH5DIjpsNKNNPPP8=">AAAB/HicbVDLSgMxFM3UV62v8bFzEyyCqzIjBRURCm5cVui0hc5QMmmmDU0yQ5IR6lD8FTcuVNz6Ie78GzPtLLT1QOBwzr3ckxMmjCrtON9WaWV1bX2jvFnZ2t7Z3bP3D9oqTiUmHo5ZLLshUoRRQTxNNSPdRBLEQ0Y64fg29zsPRCoai5aeJCTgaChoRDHSRurbRxG8gS70r32O9EjyrEXa075ddWrODHCZuAWpggLNvv3lD2KcciI0ZkipnuskOsiQ1BQzMq34qSIJwmM0JD1DBeJEBdks/RSeGmUAo1iaJzScqb83MsSVmvDQTOYZ1aKXi/95vVRHl0FGRZJqIvD8UJQyqGOYVwEHVBKs2cQQhCU1WSEeIYmwNoVVTAnu4peXiXdeu6q59/Vqo160UQbH4AScARdcgAa4A03gAQwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8AL6OT8A==</latexit>

orange: all top partners above 1 TeV

“doubly-tuned” model: 

v2/f2
<latexit sha1_base64="xF9mUYONXl6eBOMUvdEyWx3BIKo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg9TdIqi3ghePFVxbaLclm2bb0GyyJNlCWfojvHhQ8er/8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etIyVYT6RHKpWiHWlDNBfcMMp61EURyHnDbD0d3Mb46p0kyKRzNJaBDjgWARI9hYqTnu1i6jbq1XrrhVdw60SrycVCBHo1f+6vQlSWMqDOFY67bnJibIsDKMcDotdVJNE0xGeEDblgocUx1k83On6MwqfRRJZUsYNFd/T2Q41noSh7Yzxmaol72Z+J/XTk10E2RMJKmhgiwWRSlHRqLZ76jPFCWGTyzBRDF7KyJDrDAxNqGSDcFbfnmV+LXqbdV7uKrUL/I0inACp3AOHlxDHe6hAT4QGMEzvMKbkzgvzrvzsWgtOPnMMfyB8/kDxFCOqQ==</latexit><latexit sha1_base64="xF9mUYONXl6eBOMUvdEyWx3BIKo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg9TdIqi3ghePFVxbaLclm2bb0GyyJNlCWfojvHhQ8er/8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etIyVYT6RHKpWiHWlDNBfcMMp61EURyHnDbD0d3Mb46p0kyKRzNJaBDjgWARI9hYqTnu1i6jbq1XrrhVdw60SrycVCBHo1f+6vQlSWMqDOFY67bnJibIsDKMcDotdVJNE0xGeEDblgocUx1k83On6MwqfRRJZUsYNFd/T2Q41noSh7Yzxmaol72Z+J/XTk10E2RMJKmhgiwWRSlHRqLZ76jPFCWGTyzBRDF7KyJDrDAxNqGSDcFbfnmV+LXqbdV7uKrUL/I0inACp3AOHlxDHe6hAT4QGMEzvMKbkzgvzrvzsWgtOPnMMfyB8/kDxFCOqQ==</latexit><latexit sha1_base64="xF9mUYONXl6eBOMUvdEyWx3BIKo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg9TdIqi3ghePFVxbaLclm2bb0GyyJNlCWfojvHhQ8er/8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etIyVYT6RHKpWiHWlDNBfcMMp61EURyHnDbD0d3Mb46p0kyKRzNJaBDjgWARI9hYqTnu1i6jbq1XrrhVdw60SrycVCBHo1f+6vQlSWMqDOFY67bnJibIsDKMcDotdVJNE0xGeEDblgocUx1k83On6MwqfRRJZUsYNFd/T2Q41noSh7Yzxmaol72Z+J/XTk10E2RMJKmhgiwWRSlHRqLZ76jPFCWGTyzBRDF7KyJDrDAxNqGSDcFbfnmV+LXqbdV7uKrUL/I0inACp3AOHlxDHe6hAT4QGMEzvMKbkzgvzrvzsWgtOPnMMfyB8/kDxFCOqQ==</latexit><latexit sha1_base64="xF9mUYONXl6eBOMUvdEyWx3BIKo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg9TdIqi3ghePFVxbaLclm2bb0GyyJNlCWfojvHhQ8er/8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etIyVYT6RHKpWiHWlDNBfcMMp61EURyHnDbD0d3Mb46p0kyKRzNJaBDjgWARI9hYqTnu1i6jbq1XrrhVdw60SrycVCBHo1f+6vQlSWMqDOFY67bnJibIsDKMcDotdVJNE0xGeEDblgocUx1k83On6MwqfRRJZUsYNFd/T2Q41noSh7Yzxmaol72Z+J/XTk10E2RMJKmhgiwWRSlHRqLZ76jPFCWGTyzBRDF7KyJDrDAxNqGSDcFbfnmV+LXqbdV7uKrUL/I0inACp3AOHlxDHe6hAT4QGMEzvMKbkzgvzrvzsWgtOPnMMfyB8/kDxFCOqQ==</latexit>

v2/f2
<latexit sha1_base64="xF9mUYONXl6eBOMUvdEyWx3BIKo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg9TdIqi3ghePFVxbaLclm2bb0GyyJNlCWfojvHhQ8er/8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etIyVYT6RHKpWiHWlDNBfcMMp61EURyHnDbD0d3Mb46p0kyKRzNJaBDjgWARI9hYqTnu1i6jbq1XrrhVdw60SrycVCBHo1f+6vQlSWMqDOFY67bnJibIsDKMcDotdVJNE0xGeEDblgocUx1k83On6MwqfRRJZUsYNFd/T2Q41noSh7Yzxmaol72Z+J/XTk10E2RMJKmhgiwWRSlHRqLZ76jPFCWGTyzBRDF7KyJDrDAxNqGSDcFbfnmV+LXqbdV7uKrUL/I0inACp3AOHlxDHe6hAT4QGMEzvMKbkzgvzrvzsWgtOPnMMfyB8/kDxFCOqQ==</latexit><latexit sha1_base64="xF9mUYONXl6eBOMUvdEyWx3BIKo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg9TdIqi3ghePFVxbaLclm2bb0GyyJNlCWfojvHhQ8er/8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etIyVYT6RHKpWiHWlDNBfcMMp61EURyHnDbD0d3Mb46p0kyKRzNJaBDjgWARI9hYqTnu1i6jbq1XrrhVdw60SrycVCBHo1f+6vQlSWMqDOFY67bnJibIsDKMcDotdVJNE0xGeEDblgocUx1k83On6MwqfRRJZUsYNFd/T2Q41noSh7Yzxmaol72Z+J/XTk10E2RMJKmhgiwWRSlHRqLZ76jPFCWGTyzBRDF7KyJDrDAxNqGSDcFbfnmV+LXqbdV7uKrUL/I0inACp3AOHlxDHe6hAT4QGMEzvMKbkzgvzrvzsWgtOPnMMfyB8/kDxFCOqQ==</latexit><latexit sha1_base64="xF9mUYONXl6eBOMUvdEyWx3BIKo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg9TdIqi3ghePFVxbaLclm2bb0GyyJNlCWfojvHhQ8er/8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etIyVYT6RHKpWiHWlDNBfcMMp61EURyHnDbD0d3Mb46p0kyKRzNJaBDjgWARI9hYqTnu1i6jbq1XrrhVdw60SrycVCBHo1f+6vQlSWMqDOFY67bnJibIsDKMcDotdVJNE0xGeEDblgocUx1k83On6MwqfRRJZUsYNFd/T2Q41noSh7Yzxmaol72Z+J/XTk10E2RMJKmhgiwWRSlHRqLZ76jPFCWGTyzBRDF7KyJDrDAxNqGSDcFbfnmV+LXqbdV7uKrUL/I0inACp3AOHlxDHe6hAT4QGMEzvMKbkzgvzrvzsWgtOPnMMfyB8/kDxFCOqQ==</latexit><latexit sha1_base64="xF9mUYONXl6eBOMUvdEyWx3BIKo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg9TdIqi3ghePFVxbaLclm2bb0GyyJNlCWfojvHhQ8er/8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etIyVYT6RHKpWiHWlDNBfcMMp61EURyHnDbD0d3Mb46p0kyKRzNJaBDjgWARI9hYqTnu1i6jbq1XrrhVdw60SrycVCBHo1f+6vQlSWMqDOFY67bnJibIsDKMcDotdVJNE0xGeEDblgocUx1k83On6MwqfRRJZUsYNFd/T2Q41noSh7Yzxmaol72Z+J/XTk10E2RMJKmhgiwWRSlHRqLZ76jPFCWGTyzBRDF7KyJDrDAxNqGSDcFbfnmV+LXqbdV7uKrUL/I0inACp3AOHlxDHe6hAT4QGMEzvMKbkzgvzrvzsWgtOPnMMfyB8/kDxFCOqQ==</latexit>

see e.g. Panico, Redi, Tesi, Wulzer, 1210.7114
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Constraint from DM relic density
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SO(7)/SO(6)

Y,Z

Collider pheno, sketch

top partners charged under

6

U(1)DM

Y,Z ! t+ �(⇤)

current LHC bounds:

MX > 1.2 TeV, MY,Z > 1.4 TeV

typical spectrum

same-sign leptons tt̄+MET
CMS 1705.04650


