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WIMP Dark Matter 
✦ Thermal Production mechanism   
✦ Current phenomenological status 

Main properties of EW multiplets 
• Selection criteria 
• Thermal mass w/ non-perturbative effects 

Phenomenology of EW multiplets  
★ Direct & Indirect detection 
★ Signatures at the µCollider 

Outlook & Discussions

Plan of the Talk



Dark Matter in the Universe
Compelling macroscopic evidence of Dark Matter

Cosmological scaleCluster scaleGalaxy scale

DM Exists !
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Dark Matter in the Universe
Compelling macroscopic evidence of Dark Matter

Cosmological scaleCluster scaleGalaxy scale

DM Exists !
80% of the matter  

in the Universe is DARK

THEORY: Hidden sector theories, Supersymmetry, Technicolor, etc… 

DM CANDIDATE: axions, asymmetric DM, WIMP, primordial Black Holes, etc… 

DM DENSITY: cuspy DM density profiles (e.g. NFW) or cored profiles (e.g. IsoT)

The DM microphysics is unknownBUT

Stable
Non-relativistic
Weakly interacting



Dark Matter Detection
Experimental strategies to identify the DM microphysics
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Constrain the parameter space 
Find several anomalies



Dark Matter Detection
Experimental strategies to identify the DM microphysics
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Thermal Freeze-out



Thermal Freeze-out
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x > 1
Relativistic species Non-relativistic species
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x < 1

:    DM stays in thermal equilibrium<latexit sha1_base64="kTPV7rddBsKNKE1CPuKAjJKtlls=">AAAB+3icdVA9TwJBEN3DL8Qv1NJmIzGxIncoiI0hsZASE0EMEDO3Drhh9+6yO2dCCL/CVis7Y+uPsfC/eJyYqNFXvbw3k3nz/EhJS6775mTm5hcWl7LLuZXVtfWN/OZWy4axEdgUoQpN2weLSgbYJEkK25FB0L7CS394OvUv79BYGQYXNIqwp2EQyL4UQIl01T0DreGkzq/zBbdYdr3jygF3i26KlFS9UpV7M6XAZmhc59+7N6GINQYkFFjb8dyIemMwJIXCSa4bW4xADGGAnYQGoNH2xmngCd+LLVDIIzRcKp6K+H1jDNrakfaTSQ10a397U/EvrxNTv9obyyCKCQMxPURSYXrICiOTJpDfSINEME2OXAZcgAEiNJKDEIkYJ9Xkkj6+nub/k1ap6FWK5fPDQq06aybLdtgu22ceO2I1VmcN1mSCaXbPHtijM3GenGfn5XM048x2ttkPOK8fw56UaQ==</latexit>
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Thermal Freeze-out
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Thermal freeze-out

Measured DM abundance 
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Thermal Freeze-out
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x < 1

:    DM stays in thermal equilibrium<latexit sha1_base64="kTPV7rddBsKNKE1CPuKAjJKtlls=">AAAB+3icdVA9TwJBEN3DL8Qv1NJmIzGxIncoiI0hsZASE0EMEDO3Drhh9+6yO2dCCL/CVis7Y+uPsfC/eJyYqNFXvbw3k3nz/EhJS6775mTm5hcWl7LLuZXVtfWN/OZWy4axEdgUoQpN2weLSgbYJEkK25FB0L7CS394OvUv79BYGQYXNIqwp2EQyL4UQIl01T0DreGkzq/zBbdYdr3jygF3i26KlFS9UpV7M6XAZmhc59+7N6GINQYkFFjb8dyIemMwJIXCSa4bW4xADGGAnYQGoNH2xmngCd+LLVDIIzRcKp6K+H1jDNrakfaTSQ10a397U/EvrxNTv9obyyCKCQMxPURSYXrICiOTJpDfSINEME2OXAZcgAEiNJKDEIkYJ9Xkkj6+nub/k1ap6FWK5fPDQq06aybLdtgu22ceO2I1VmcN1mSCaXbPHtijM3GenGfn5XM048x2ttkPOK8fw56UaQ==</latexit>

� > H

<latexit sha1_base64="otwkigCjaA+yruEkHX3ZDjbkP3I=">AAAB+3icdVA9SwNBEN3z2/gVtbRZDILVsReMJmAhWGipYBIlCTK3TuLi7t2xOydIyK+w1cpObP0xFv4XNzGCir5mHu/NMDMvzrRyJMRbMDE5NT0zOzdfWFhcWl4prq41XJpbiXWZ6tSex+BQqwTrpEjjeWYRTKyxGd8cDv3mLVqn0uSM7jLsGOglqqskkJcu2kdgDOwf88tiSYSiXK2IGhdh2ZdyxZOKiGq7NR6FYoQSG+PksvjevkplbjAhqcG5ViQy6vTBkpIaB4V27jADeQM9bHmagEHX6Y8OHvCt3AGlPEPLleYjEb9P9ME4d2di32mArt1vbyj+5bVy6lY7fZVkOWEih4tIaRwtctIqnwTyK2WRCIaXI1cJl2CBCK3iIKUXcx9Nwefx9TT/nzTKYbQbVk53SgfVcTJzbINtsm0WsT12wI7ZCaszyQy7Zw/sMRgET8Fz8PLZOhGMZ9bZDwSvH/KvlIk=</latexit>

� < H

For 2 → 2 scatterings            fully controls the abundance 
<latexit sha1_base64="oc4IclV9nWev4XCUnOoiAhbCE0M=">AAACFHicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJRBIgEpjqL1ZRNO3J2tuzUSstLyCXwFLVR0iJaegn/BNil4TTWa2dXuTJQo6cj3372p6ZnZufnKQnVxaXlltba23nFxagW2RaxiexmBQyUNtkmSwsvEIuhI4UV0fVL4FzdonYzNOd0m2NMwMnIoBVAu9Ws8VGBGCnno5EhDPwut5nQ15jehLY1+re43/BL8LwkmpM4maPVrH+EgFqlGQ0KBc93AT6iXgSUpFI6rYeowAXENI+zm1IBG18vKJGO+nTqgmCdouVS8FPH7RgbauVsd5ZMa6Mr99grxP6+b0vCol0mTpIRGFIdI5qmLQ05YmVeEfCAtEkHxOXJpuAALRGglByFyMc07q+Z9BL/T/yWd3UZw0Ng/26s3jyfNVNgm22I7LGCHrMlOWYu1mWB37IE9sifv3nv2XrzXr9Epb7KzwX7Ae/sEvRSeyw==</latexit>

h�thvi
<latexit sha1_base64="7f1DZA4b0dKd98AmBJtc1uLMeVI=">AAACFnicbVC7TsNAEDzzJrwClDQnIiQKFNmIV4Ui0VCCRAAptqL1ZZOccmebuzVSZKXnE/gKWqjoEC0tBf+CHVzwmmp2Zle7O2GipCXXfXcmJqemZ2bn5isLi0vLK9XVtUsbp0ZgU8QqNtchWFQywiZJUnidGAQdKrwKByeFf3WLxso4uqBhgoGGXiS7UgDlUru66VvZ09DOfKM59Uc8rzXecI/7O7zQkrBdrbl1dwz+l3glqbESZ+3qh9+JRaoxIqHA2pbnJhRkYEgKhaOKn1pMQAygh62cRqDRBtn4lxHfSi1QzBM0XCo+FvH7RAba2qEO804N1Le/vUL8z2ul1D0KMhklKWEkikUkFY4XWWFkHhLyjjRIBMXlyGXEBRggQiM5CJGLaZ5aJc/D+/39X3K5W/cO6vvne7XGcZnMHNtgm2ybeeyQNdgpO2NNJtgde2CP7Mm5d56dF+f1q3XCKWfW2Q84b59dnZ5m</latexit>

�th ' 1 pbFor DM freezes-out 

:    DM freezes-out

<latexit sha1_base64="sR0u0mbF9k3ffIY3rzdb7ti9EqY=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrIhPMpINJRBIg8psaLzZRNOubOduzUislLwFbRQ0SFaPoWCf8E2LiBhqtHMrnZ2vFAKg7b9aRWWlldW14rrpY3Nre2d8u5eywSR5tDkgQx0x2MGpPChiQIldEINTHkS2t74KvXb96CNCPxbnIbgKjbyxVBwhonkPvSHtGeEggk9tfvlil21M9BF4uSkQnI0+uWv3iDgkQIfuWTGdB07RDdmGgWXMCv1IgMh42M2gm5CfabAuHEWekaPIsMwoCFoKiTNRPi9ETNlzFR5yaRieGfmvVT8z+tGOLx0Y+GHEYLP00MoJGSHDNciaQPoQGhAZGlyoMKnnGmGCFpQxnkiRkk9paQPZ/77RdI6qTrn1bObWqVey5spkgNySI6JQy5InVyTBmkSTibkiTyTF+vRerXerPef0YKV7+yTP7A+vgFtV5XY</latexit>

xf ' 30



Thermal Freeze-out
<latexit sha1_base64="0Mg9UyD9h6DorlTE4gz7JQoGABI=">AAACE3icbVDLSgNBEJz1GeMr6tGDg0HwFHYlohchoAcvgoLRSDaE3klHB2dnl5leISx79BP8Cq968iZe/QAP/ou7MYivOhVV3XRXBbGSllz3zRkbn5icmi7NlGfn5hcWK0vLZzZKjMCmiFRkWgFYVFJjkyQpbMUGIQwUngfX+4V/foPGykif0iDGTgiXWvalAMqlbmXtopv6JuQHR9me3zcgUv0lZKnNupWqW3OH4H+JNyJVNsJxt/Lu9yKRhKhJKLC27bkxdVIwJIXCrOwnFmMQ13CJ7ZxqCNF20mGQjG8kFijiMRouFR+K+H0jhdDaQRjkkyHQlf3tFeJ/Xjuh/m4nlTpOCLUoDpFUODxkhZF5Q8h70iARFJ8jl5oLMECERnIQIheTvLJy3of3O/1fcrZV87Zr7km92qiPmimxVbbONpnHdliDHbJj1mSC3bJ79sAenTvnyXl2Xj5Hx5zRzgr7Aef1A9LfnkE=</latexit>

YDM =
nDM

s

<latexit sha1_base64="7bofOfWnWlmqRrETyihJIv1SIXo=">AAACCnicbVDLSgNBEJz1GeMrKnjxMhgET2FXfF2EgB68CBHyEJIQeiedOGRmd5npFWXdP/ArvOrJm3j1Jzz4L25iDhqtU1HVTVeXHylpyXU/nKnpmdm5+dxCfnFpeWW1sLZet2FsBNZEqEJz5YNFJQOskSSFV5FB0L7Chj84HfqNGzRWhkGV7iJsa+gHsicFUCZ1Cpu3J62eAZHoTtIymp9dpGlSTTuFoltyR+B/iTcmRTZGpVP4bHVDEWsMSCiwtum5EbUTMCSFwjTfii1GIAbQx2ZGA9Bo28kof8p3YgsU8ggNl4qPRPy5kYC29k772aQGuraT3lD8z2vG1DtuJzKIYsJADA+RVDg6ZIWRWTHIu9IgEQyTI5cBF2CACI3kIEQmxllT+awPb/L7v6S+V/IOSweX+8Xy/riZHNti22yXeeyIldk5q7AaE+yePbIn9uw8OC/Oq/P2PTrljHc22C84718bVpqp</latexit>

x =
mDM

T

<latexit sha1_base64="s2KZItAglfszdR2DbC0guDx/p5U=">AAAB/HicdVC7TsNAEDzzDOEVoKQ5ESFRWeeQhKSLREMZJBIeSRSdjwVOnM/mbo0UWeEraKGiQ7T8CwX/gm2CBAimGs3samfHj5S0yNibMzU9Mzs3X1goLi4tr6yW1ta7NoyNgI4IVWhOfG5BSQ0dlKjgJDLAA1/BsX+9n/nHt2CsDPURjiIYBPxSywspOKbS2ekw6ZuAws14WCozt8a8Zt2jzK3UWLO2mxLmMVZpUM9lOcpkgvaw9N4/D0UcgEahuLU9j0U4SLhBKRSMi/3YQsTFNb+EXko1D8AOkjzxmG7HlmNIIzBUKpqL8H0j4YG1o8BPJwOOV/a3l4l/eb0YLxqDROooRtAiO4RSQX7ICiPTKoCeSwOIPEsOVGoquOGIYCTlQqRinHZTTPv4epr+T7oV16u7tcNquVWdNFMgm2SL7BCP7JEWOSBt0iGCaHJPHsijc+c8Oc/Oy+folDPZ2SA/4Lx+AImulXk=</latexit>

Yeq

Thermal freeze-out

Measured DM abundance 
<latexit sha1_base64="dJioyRBVg694fpxq3UnAW4JV8QQ=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrJReFQoEg1lEOQhJVG0vmzCKeeH7tZAZOUTaKGiQ7R8DwX/gm1cQGCq0cyudnbcUElDtv1hFRYWl5ZXiqultfWNza3y9k7LBJEW2BSBCnTHBYNK+tgkSQo7oUbwXIVtd3KR+u071EYG/g1NQ+x7MPblSAqgRLp+OHcG5YpdtTPwv8TJSYXlaAzKn71hICIPfRIKjOk6dkj9GDRJoXBW6kUGQxATGGM3oT54aPpxFnXGDyIDFPAQNZeKZyL+3IjBM2bqucmkB3Rr5r1U/M/rRjQ668fSDyNCX6SHSCrMDhmhZdIB8qHUSARpcuTS5wI0EKGWHIRIxCgppZT04cx//5e0jqrOSfX4qlap1/JmimyP7bND5rBTVmeXrMGaTLAxe2RP7Nm6t16sV+vte7Rg5Tu77Bes9y99sZIA</latexit>

x > 1
Relativistic species Non-relativistic species

<latexit sha1_base64="UufQbmtvEGGusujfOgA3Qi2tPUU=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrJReBQUkWgogyAPKYmi9WUTTjk/dLcGIiufQAsVHaLleyj4F2zjAgJTjWZ2tbPjhkoasu0Pq7CwuLS8Ulwtra1vbG6Vt3daJoi0wKYIVKA7LhhU0scmSVLYCTWC5ypsu5OL1G/foTYy8G9oGmLfg7EvR1IAJdL1w7kzKFfsqp2B/yVOTiosR2NQ/uwNAxF56JNQYEzXsUPqx6BJCoWzUi8yGIKYwBi7CfXBQ9OPs6gzfhAZoICHqLlUPBPx50YMnjFTz00mPaBbM++l4n9eN6LRWT+WfhgR+iI9RFJhdsgILZMOkA+lRiJIkyOXPheggQi15CBEIkZJKaWkD2f++7+kdVR1TqrHV7VKvZY3U2R7bJ8dMoedsjq7ZA3WZIKN2SN7Ys/WvfVivVpv36MFK9/ZZb9gvX8BepGR/g==</latexit>

x < 1

:    DM stays in thermal equilibrium<latexit sha1_base64="kTPV7rddBsKNKE1CPuKAjJKtlls=">AAAB+3icdVA9TwJBEN3DL8Qv1NJmIzGxIncoiI0hsZASE0EMEDO3Drhh9+6yO2dCCL/CVis7Y+uPsfC/eJyYqNFXvbw3k3nz/EhJS6775mTm5hcWl7LLuZXVtfWN/OZWy4axEdgUoQpN2weLSgbYJEkK25FB0L7CS394OvUv79BYGQYXNIqwp2EQyL4UQIl01T0DreGkzq/zBbdYdr3jygF3i26KlFS9UpV7M6XAZmhc59+7N6GINQYkFFjb8dyIemMwJIXCSa4bW4xADGGAnYQGoNH2xmngCd+LLVDIIzRcKp6K+H1jDNrakfaTSQ10a397U/EvrxNTv9obyyCKCQMxPURSYXrICiOTJpDfSINEME2OXAZcgAEiNJKDEIkYJ9Xkkj6+nub/k1ap6FWK5fPDQq06aybLdtgu22ceO2I1VmcN1mSCaXbPHtijM3GenGfn5XM048x2ttkPOK8fw56UaQ==</latexit>

� > H

<latexit sha1_base64="otwkigCjaA+yruEkHX3ZDjbkP3I=">AAAB+3icdVA9SwNBEN3z2/gVtbRZDILVsReMJmAhWGipYBIlCTK3TuLi7t2xOydIyK+w1cpObP0xFv4XNzGCir5mHu/NMDMvzrRyJMRbMDE5NT0zOzdfWFhcWl4prq41XJpbiXWZ6tSex+BQqwTrpEjjeWYRTKyxGd8cDv3mLVqn0uSM7jLsGOglqqskkJcu2kdgDOwf88tiSYSiXK2IGhdh2ZdyxZOKiGq7NR6FYoQSG+PksvjevkplbjAhqcG5ViQy6vTBkpIaB4V27jADeQM9bHmagEHX6Y8OHvCt3AGlPEPLleYjEb9P9ME4d2di32mArt1vbyj+5bVy6lY7fZVkOWEih4tIaRwtctIqnwTyK2WRCIaXI1cJl2CBCK3iIKUXcx9Nwefx9TT/nzTKYbQbVk53SgfVcTJzbINtsm0WsT12wI7ZCaszyQy7Zw/sMRgET8Fz8PLZOhGMZ9bZDwSvH/KvlIk=</latexit>

� < H

For 2 → 2 scatterings            fully controls the abundance 
<latexit sha1_base64="oc4IclV9nWev4XCUnOoiAhbCE0M=">AAACFHicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJRBIgEpjqL1ZRNO3J2tuzUSstLyCXwFLVR0iJaegn/BNil4TTWa2dXuTJQo6cj3372p6ZnZufnKQnVxaXlltba23nFxagW2RaxiexmBQyUNtkmSwsvEIuhI4UV0fVL4FzdonYzNOd0m2NMwMnIoBVAu9Ws8VGBGCnno5EhDPwut5nQ15jehLY1+re43/BL8LwkmpM4maPVrH+EgFqlGQ0KBc93AT6iXgSUpFI6rYeowAXENI+zm1IBG18vKJGO+nTqgmCdouVS8FPH7RgbauVsd5ZMa6Mr99grxP6+b0vCol0mTpIRGFIdI5qmLQ05YmVeEfCAtEkHxOXJpuAALRGglByFyMc07q+Z9BL/T/yWd3UZw0Ng/26s3jyfNVNgm22I7LGCHrMlOWYu1mWB37IE9sifv3nv2XrzXr9Epb7KzwX7Ae/sEvRSeyw==</latexit>

h�thvi
<latexit sha1_base64="7f1DZA4b0dKd98AmBJtc1uLMeVI=">AAACFnicbVC7TsNAEDzzJrwClDQnIiQKFNmIV4Ui0VCCRAAptqL1ZZOccmebuzVSZKXnE/gKWqjoEC0tBf+CHVzwmmp2Zle7O2GipCXXfXcmJqemZ2bn5isLi0vLK9XVtUsbp0ZgU8QqNtchWFQywiZJUnidGAQdKrwKByeFf3WLxso4uqBhgoGGXiS7UgDlUru66VvZ09DOfKM59Uc8rzXecI/7O7zQkrBdrbl1dwz+l3glqbESZ+3qh9+JRaoxIqHA2pbnJhRkYEgKhaOKn1pMQAygh62cRqDRBtn4lxHfSi1QzBM0XCo+FvH7RAba2qEO804N1Le/vUL8z2ul1D0KMhklKWEkikUkFY4XWWFkHhLyjjRIBMXlyGXEBRggQiM5CJGLaZ5aJc/D+/39X3K5W/cO6vvne7XGcZnMHNtgm2ybeeyQNdgpO2NNJtgde2CP7Mm5d56dF+f1q3XCKWfW2Q84b59dnZ5m</latexit>

�th ' 1 pbFor DM freezes-out 

Obtained for               and 
<latexit sha1_base64="S4umGWQBV1aFbO7GrIoV/3Q8bSA=">AAACA3icbVC7TsNAEDyHVwiPBChpTkRIVJGNeFUoEg1lkMhDiq3ofNmEU+5s624NiqyUfAUtVHSIlg+h4F+wjQtImGo0s6udHT+SwqBtf1qlpeWV1bXyemVjc2u7WtvZ7Zgw1hzaPJSh7vnMgBQBtFGghF6kgSlfQtefXGV+9x60EWFwi9MIPMXGgRgJzjCVBrXq2DVC0fEgcbWiD7NBrW437Bx0kTgFqZMCrUHtyx2GPFYQIJfMmL5jR+glTKPgEmYVNzYQMT5hY+inNGAKjJfkwWf0MDYMQxqBpkLSXITfGwlTxkyVn04qhndm3svE/7x+jKMLLxFBFCMEPDuEQkJ+yHAt0kaADoUGRJYlByoCyplmiKAFZZynYpxWVEn7cOa/XySd44Zz1ji9Oak3L4tmymSfHJAj4pBz0iTXpEXahJOYPJFn8mI9Wq/Wm/X+M1qyip098gfWxzdk5JeI</latexit>g ⇠ gw

<latexit sha1_base64="pXhpILqpkKhlElAhVq9F4Y0C5W0=">AAACC3icbVC7TsNAEDyHVwgvAwUFzYkIiSqyEa8KRYKCBilIeUmxFZ0vm3DKnW3drZEiK5/AV9BCRYdo+QgK/gU7pICEqWZndrW7E8RSGHScT6uwsLi0vFJcLa2tb2xu2ds7TRMlmkODRzLS7YAZkCKEBgqU0I41MBVIaAXDq9xvPYA2IgrrOIrBV2wQir7gDDOpa++pbuppRa9vx9QzQtG8qEOza5edijMBnSfulJTJFLWu/eX1Ip4oCJFLZkzHdWL0U6ZRcAnjkpcYiBkfsgF0MhoyBcZPJw+M6WFiGEY0Bk2FpBMRfk+kTBkzUkHWqRjem1kvF//zOgn2L/xUhHGCEPJ8EQoJk0WGa5ElA7QnNCCy/HKgIqScaYYIWlDGeSYmWVSlLA939vt50jyuuGeV07uTcvVymkyR7JMDckRcck6q5IbUSINwMiZP5Jm8WI/Wq/Vmvf+0FqzpzC75A+vjG0gbmhs=</latexit>

mDM ⇠ TeV

:    DM freezes-out

<latexit sha1_base64="sR0u0mbF9k3ffIY3rzdb7ti9EqY=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrIhPMpINJRBIg8psaLzZRNOubOduzUislLwFbRQ0SFaPoWCf8E2LiBhqtHMrnZ2vFAKg7b9aRWWlldW14rrpY3Nre2d8u5eywSR5tDkgQx0x2MGpPChiQIldEINTHkS2t74KvXb96CNCPxbnIbgKjbyxVBwhonkPvSHtGeEggk9tfvlil21M9BF4uSkQnI0+uWv3iDgkQIfuWTGdB07RDdmGgWXMCv1IgMh42M2gm5CfabAuHEWekaPIsMwoCFoKiTNRPi9ETNlzFR5yaRieGfmvVT8z+tGOLx0Y+GHEYLP00MoJGSHDNciaQPoQGhAZGlyoMKnnGmGCFpQxnkiRkk9paQPZ/77RdI6qTrn1bObWqVey5spkgNySI6JQy5InVyTBmkSTibkiTyTF+vRerXerPef0YKV7+yTP7A+vgFtV5XY</latexit>

xf ' 30



Thermal Freeze-out
<latexit sha1_base64="0Mg9UyD9h6DorlTE4gz7JQoGABI=">AAACE3icbVDLSgNBEJz1GeMr6tGDg0HwFHYlohchoAcvgoLRSDaE3klHB2dnl5leISx79BP8Cq968iZe/QAP/ou7MYivOhVV3XRXBbGSllz3zRkbn5icmi7NlGfn5hcWK0vLZzZKjMCmiFRkWgFYVFJjkyQpbMUGIQwUngfX+4V/foPGykif0iDGTgiXWvalAMqlbmXtopv6JuQHR9me3zcgUv0lZKnNupWqW3OH4H+JNyJVNsJxt/Lu9yKRhKhJKLC27bkxdVIwJIXCrOwnFmMQ13CJ7ZxqCNF20mGQjG8kFijiMRouFR+K+H0jhdDaQRjkkyHQlf3tFeJ/Xjuh/m4nlTpOCLUoDpFUODxkhZF5Q8h70iARFJ8jl5oLMECERnIQIheTvLJy3of3O/1fcrZV87Zr7km92qiPmimxVbbONpnHdliDHbJj1mSC3bJ79sAenTvnyXl2Xj5Hx5zRzgr7Aef1A9LfnkE=</latexit>

YDM =
nDM

s

<latexit sha1_base64="7bofOfWnWlmqRrETyihJIv1SIXo=">AAACCnicbVDLSgNBEJz1GeMrKnjxMhgET2FXfF2EgB68CBHyEJIQeiedOGRmd5npFWXdP/ArvOrJm3j1Jzz4L25iDhqtU1HVTVeXHylpyXU/nKnpmdm5+dxCfnFpeWW1sLZet2FsBNZEqEJz5YNFJQOskSSFV5FB0L7Chj84HfqNGzRWhkGV7iJsa+gHsicFUCZ1Cpu3J62eAZHoTtIymp9dpGlSTTuFoltyR+B/iTcmRTZGpVP4bHVDEWsMSCiwtum5EbUTMCSFwjTfii1GIAbQx2ZGA9Bo28kof8p3YgsU8ggNl4qPRPy5kYC29k772aQGuraT3lD8z2vG1DtuJzKIYsJADA+RVDg6ZIWRWTHIu9IgEQyTI5cBF2CACI3kIEQmxllT+awPb/L7v6S+V/IOSweX+8Xy/riZHNti22yXeeyIldk5q7AaE+yePbIn9uw8OC/Oq/P2PTrljHc22C84718bVpqp</latexit>

x =
mDM

T

<latexit sha1_base64="s2KZItAglfszdR2DbC0guDx/p5U=">AAAB/HicdVC7TsNAEDzzDOEVoKQ5ESFRWeeQhKSLREMZJBIeSRSdjwVOnM/mbo0UWeEraKGiQ7T8CwX/gm2CBAimGs3samfHj5S0yNibMzU9Mzs3X1goLi4tr6yW1ta7NoyNgI4IVWhOfG5BSQ0dlKjgJDLAA1/BsX+9n/nHt2CsDPURjiIYBPxSywspOKbS2ekw6ZuAws14WCozt8a8Zt2jzK3UWLO2mxLmMVZpUM9lOcpkgvaw9N4/D0UcgEahuLU9j0U4SLhBKRSMi/3YQsTFNb+EXko1D8AOkjzxmG7HlmNIIzBUKpqL8H0j4YG1o8BPJwOOV/a3l4l/eb0YLxqDROooRtAiO4RSQX7ICiPTKoCeSwOIPEsOVGoquOGIYCTlQqRinHZTTPv4epr+T7oV16u7tcNquVWdNFMgm2SL7BCP7JEWOSBt0iGCaHJPHsijc+c8Oc/Oy+folDPZ2SA/4Lx+AImulXk=</latexit>

Yeq

Thermal freeze-out

Measured DM abundance 
<latexit sha1_base64="dJioyRBVg694fpxq3UnAW4JV8QQ=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrJReFQoEg1lEOQhJVG0vmzCKeeH7tZAZOUTaKGiQ7R8DwX/gm1cQGCq0cyudnbcUElDtv1hFRYWl5ZXiqultfWNza3y9k7LBJEW2BSBCnTHBYNK+tgkSQo7oUbwXIVtd3KR+u071EYG/g1NQ+x7MPblSAqgRLp+OHcG5YpdtTPwv8TJSYXlaAzKn71hICIPfRIKjOk6dkj9GDRJoXBW6kUGQxATGGM3oT54aPpxFnXGDyIDFPAQNZeKZyL+3IjBM2bqucmkB3Rr5r1U/M/rRjQ668fSDyNCX6SHSCrMDhmhZdIB8qHUSARpcuTS5wI0EKGWHIRIxCgppZT04cx//5e0jqrOSfX4qlap1/JmimyP7bND5rBTVmeXrMGaTLAxe2RP7Nm6t16sV+vte7Rg5Tu77Bes9y99sZIA</latexit>

x > 1
Relativistic species Non-relativistic species

<latexit sha1_base64="UufQbmtvEGGusujfOgA3Qi2tPUU=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrJReBQUkWgogyAPKYmi9WUTTjk/dLcGIiufQAsVHaLleyj4F2zjAgJTjWZ2tbPjhkoasu0Pq7CwuLS8Ulwtra1vbG6Vt3daJoi0wKYIVKA7LhhU0scmSVLYCTWC5ypsu5OL1G/foTYy8G9oGmLfg7EvR1IAJdL1w7kzKFfsqp2B/yVOTiosR2NQ/uwNAxF56JNQYEzXsUPqx6BJCoWzUi8yGIKYwBi7CfXBQ9OPs6gzfhAZoICHqLlUPBPx50YMnjFTz00mPaBbM++l4n9eN6LRWT+WfhgR+iI9RFJhdsgILZMOkA+lRiJIkyOXPheggQi15CBEIkZJKaWkD2f++7+kdVR1TqrHV7VKvZY3U2R7bJ8dMoedsjq7ZA3WZIKN2SN7Ys/WvfVivVpv36MFK9/ZZb9gvX8BepGR/g==</latexit>

x < 1

:    DM stays in thermal equilibrium<latexit sha1_base64="kTPV7rddBsKNKE1CPuKAjJKtlls=">AAAB+3icdVA9TwJBEN3DL8Qv1NJmIzGxIncoiI0hsZASE0EMEDO3Drhh9+6yO2dCCL/CVis7Y+uPsfC/eJyYqNFXvbw3k3nz/EhJS6775mTm5hcWl7LLuZXVtfWN/OZWy4axEdgUoQpN2weLSgbYJEkK25FB0L7CS394OvUv79BYGQYXNIqwp2EQyL4UQIl01T0DreGkzq/zBbdYdr3jygF3i26KlFS9UpV7M6XAZmhc59+7N6GINQYkFFjb8dyIemMwJIXCSa4bW4xADGGAnYQGoNH2xmngCd+LLVDIIzRcKp6K+H1jDNrakfaTSQ10a397U/EvrxNTv9obyyCKCQMxPURSYXrICiOTJpDfSINEME2OXAZcgAEiNJKDEIkYJ9Xkkj6+nub/k1ap6FWK5fPDQq06aybLdtgu22ceO2I1VmcN1mSCaXbPHtijM3GenGfn5XM048x2ttkPOK8fw56UaQ==</latexit>

� > H

<latexit sha1_base64="otwkigCjaA+yruEkHX3ZDjbkP3I=">AAAB+3icdVA9SwNBEN3z2/gVtbRZDILVsReMJmAhWGipYBIlCTK3TuLi7t2xOydIyK+w1cpObP0xFv4XNzGCir5mHu/NMDMvzrRyJMRbMDE5NT0zOzdfWFhcWl4prq41XJpbiXWZ6tSex+BQqwTrpEjjeWYRTKyxGd8cDv3mLVqn0uSM7jLsGOglqqskkJcu2kdgDOwf88tiSYSiXK2IGhdh2ZdyxZOKiGq7NR6FYoQSG+PksvjevkplbjAhqcG5ViQy6vTBkpIaB4V27jADeQM9bHmagEHX6Y8OHvCt3AGlPEPLleYjEb9P9ME4d2di32mArt1vbyj+5bVy6lY7fZVkOWEih4tIaRwtctIqnwTyK2WRCIaXI1cJl2CBCK3iIKUXcx9Nwefx9TT/nzTKYbQbVk53SgfVcTJzbINtsm0WsT12wI7ZCaszyQy7Zw/sMRgET8Fz8PLZOhGMZ9bZDwSvH/KvlIk=</latexit>

� < H

WIMP Miracle: Simple and robust explanation of the DM abundance and  
a connection to naturalness of EW scale

For 2 → 2 scatterings            fully controls the abundance 
<latexit sha1_base64="oc4IclV9nWev4XCUnOoiAhbCE0M=">AAACFHicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJRBIgEpjqL1ZRNO3J2tuzUSstLyCXwFLVR0iJaegn/BNil4TTWa2dXuTJQo6cj3372p6ZnZufnKQnVxaXlltba23nFxagW2RaxiexmBQyUNtkmSwsvEIuhI4UV0fVL4FzdonYzNOd0m2NMwMnIoBVAu9Ws8VGBGCnno5EhDPwut5nQ15jehLY1+re43/BL8LwkmpM4maPVrH+EgFqlGQ0KBc93AT6iXgSUpFI6rYeowAXENI+zm1IBG18vKJGO+nTqgmCdouVS8FPH7RgbauVsd5ZMa6Mr99grxP6+b0vCol0mTpIRGFIdI5qmLQ05YmVeEfCAtEkHxOXJpuAALRGglByFyMc07q+Z9BL/T/yWd3UZw0Ng/26s3jyfNVNgm22I7LGCHrMlOWYu1mWB37IE9sifv3nv2XrzXr9Epb7KzwX7Ae/sEvRSeyw==</latexit>

h�thvi
<latexit sha1_base64="7f1DZA4b0dKd98AmBJtc1uLMeVI=">AAACFnicbVC7TsNAEDzzJrwClDQnIiQKFNmIV4Ui0VCCRAAptqL1ZZOccmebuzVSZKXnE/gKWqjoEC0tBf+CHVzwmmp2Zle7O2GipCXXfXcmJqemZ2bn5isLi0vLK9XVtUsbp0ZgU8QqNtchWFQywiZJUnidGAQdKrwKByeFf3WLxso4uqBhgoGGXiS7UgDlUru66VvZ09DOfKM59Uc8rzXecI/7O7zQkrBdrbl1dwz+l3glqbESZ+3qh9+JRaoxIqHA2pbnJhRkYEgKhaOKn1pMQAygh62cRqDRBtn4lxHfSi1QzBM0XCo+FvH7RAba2qEO804N1Le/vUL8z2ul1D0KMhklKWEkikUkFY4XWWFkHhLyjjRIBMXlyGXEBRggQiM5CJGLaZ5aJc/D+/39X3K5W/cO6vvne7XGcZnMHNtgm2ybeeyQNdgpO2NNJtgde2CP7Mm5d56dF+f1q3XCKWfW2Q84b59dnZ5m</latexit>

�th ' 1 pbFor DM freezes-out 

Obtained for               and 
<latexit sha1_base64="S4umGWQBV1aFbO7GrIoV/3Q8bSA=">AAACA3icbVC7TsNAEDyHVwiPBChpTkRIVJGNeFUoEg1lkMhDiq3ofNmEU+5s624NiqyUfAUtVHSIlg+h4F+wjQtImGo0s6udHT+SwqBtf1qlpeWV1bXyemVjc2u7WtvZ7Zgw1hzaPJSh7vnMgBQBtFGghF6kgSlfQtefXGV+9x60EWFwi9MIPMXGgRgJzjCVBrXq2DVC0fEgcbWiD7NBrW437Bx0kTgFqZMCrUHtyx2GPFYQIJfMmL5jR+glTKPgEmYVNzYQMT5hY+inNGAKjJfkwWf0MDYMQxqBpkLSXITfGwlTxkyVn04qhndm3svE/7x+jKMLLxFBFCMEPDuEQkJ+yHAt0kaADoUGRJYlByoCyplmiKAFZZynYpxWVEn7cOa/XySd44Zz1ji9Oak3L4tmymSfHJAj4pBz0iTXpEXahJOYPJFn8mI9Wq/Wm/X+M1qyip098gfWxzdk5JeI</latexit>g ⇠ gw

<latexit sha1_base64="pXhpILqpkKhlElAhVq9F4Y0C5W0=">AAACC3icbVC7TsNAEDyHVwgvAwUFzYkIiSqyEa8KRYKCBilIeUmxFZ0vm3DKnW3drZEiK5/AV9BCRYdo+QgK/gU7pICEqWZndrW7E8RSGHScT6uwsLi0vFJcLa2tb2xu2ds7TRMlmkODRzLS7YAZkCKEBgqU0I41MBVIaAXDq9xvPYA2IgrrOIrBV2wQir7gDDOpa++pbuppRa9vx9QzQtG8qEOza5edijMBnSfulJTJFLWu/eX1Ip4oCJFLZkzHdWL0U6ZRcAnjkpcYiBkfsgF0MhoyBcZPJw+M6WFiGEY0Bk2FpBMRfk+kTBkzUkHWqRjem1kvF//zOgn2L/xUhHGCEPJ8EQoJk0WGa5ElA7QnNCCy/HKgIqScaYYIWlDGeSYmWVSlLA939vt50jyuuGeV07uTcvVymkyR7JMDckRcck6q5IbUSINwMiZP5Jm8WI/Wq/Vmvf+0FqzpzC75A+vjG0gbmhs=</latexit>

mDM ⇠ TeV

VERY REACH PHENOMENOLOGY

:    DM freezes-out

<latexit sha1_base64="sR0u0mbF9k3ffIY3rzdb7ti9EqY=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrIhPMpINJRBIg8psaLzZRNOubOduzUislLwFbRQ0SFaPoWCf8E2LiBhqtHMrnZ2vFAKg7b9aRWWlldW14rrpY3Nre2d8u5eywSR5tDkgQx0x2MGpPChiQIldEINTHkS2t74KvXb96CNCPxbnIbgKjbyxVBwhonkPvSHtGeEggk9tfvlil21M9BF4uSkQnI0+uWv3iDgkQIfuWTGdB07RDdmGgWXMCv1IgMh42M2gm5CfabAuHEWekaPIsMwoCFoKiTNRPi9ETNlzFR5yaRieGfmvVT8z+tGOLx0Y+GHEYLP00MoJGSHDNciaQPoQGhAZGlyoMKnnGmGCFpQxnkiRkk9paQPZ/77RdI6qTrn1bObWqVey5spkgNySI6JQy5InVyTBmkSTibkiTyTF+vRerXerPef0YKV7+yTP7A+vgFtV5XY</latexit>

xf ' 30
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Does it mean that WIMP are dead?
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Direct Detection Bounds

Does it mean that WIMP are dead?

2207.03764

✦ Energy entering in the scattering (few tens of MeV) is completely different                  
with respect to the relevant one in the annihilation process (TeV and beyond)    

✦ Direct detection only sensitive to light SM degrees of freedom (light quarks and gluons)
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Direct Detection Bounds

NOT REALLYDoes it mean that WIMP are dead?

2207.03764

✦ Energy entering in the scattering (few tens of MeV) is completely different                  
with respect to the relevant one in the annihilation process (TeV and beyond)    

✦ Direct detection only sensitive to light SM degrees of freedom (light quarks and gluons)

It is p
ossibile to find not excluded thermal DM models 

but is becoming harder and harder!

https://arxiv.org/abs/2207.03764


Indirect Detection Bounds

✦ Below 500 GeV the best limit to date is set by the observation of 15 dwarf by the 
FERMI satellite (1503.02641). Stringent and robust exclusion    

✦ Above 500 GeV the best limit to date is set by an observation of the GC by the H.E.S.S. 
cherenkov telescope (2108.10302). Stringent exclusion but NOT ROBUST 

Thermal production is ruled out for light DM with s-wave annihilations   
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Indirect Detection Bounds

✦ Below 500 GeV the best limit to date is set by the observation of 15 dwarf by the 
FERMI satellite (1503.02641). Stringent and robust exclusion    

✦ Above 500 GeV the best limit to date is set by an observation of the GC by the H.E.S.S. 
cherenkov telescope (2108.10302). Stringent exclusion but NOT ROBUST 

Thermal production is ruled out for light DM with s-wave annihilations   

2108.10302

Pay attention to limits coming from dirty 

astrophysical environments: large uncertainties

https://arxiv.org/abs/1503.02641
https://arxiv.org/abs/2108.10302
https://arxiv.org/abs/2108.10302


WIMP Prototypes
Consider a single ElectroWeak (EW) multiplet (n,Y) 
in the same spirit of the original Minimal DM paper hep-ph/0512090 and 1512.05353

https://arxiv.org/abs/hep-ph/0512090
https://arxiv.org/abs/1512.05353


WIMP Prototypes
Consider a single ElectroWeak (EW) multiplet (n,Y) 
in the same spirit of the original Minimal DM paper hep-ph/0512090 and 1512.05353

Requirements: 

• NEUTRALITY: DM must be the neutral component → 

• STABILITY: DM must be stable →       is the lightest component of the multiplet    

• NOT EXCLUDED: by direct detection →       must not be coupled at tree-level 
with the Z boson 

• PERTURBATIVITY: of the annihilation cross section. This requirement is 
needed to select the maximal value of n

<latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

<latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

<latexit sha1_base64="gw766BZw2GWiUCG1Rr7eDivhWOg=">AAACFXicbVC7TgJBFJ3FF+ILtbQZJSYYcbNrfFWGxMYSE3kkgGR2uMCE2Udm7pqQDbWf4FfYamVnbK0t/Bd3cQsFTzPnnnNv7tzjBFJotKxPIzM3v7C4lF3OrayurW/kN7dq2g8Vhyr3pa8aDtMghQdVFCihEShgriOh7gyvEr9+D0oL37vFUQBtl/U90ROcYSx18rtF0zRLtMUH4u6wlDwdKy2PSjT2Djr5gmVaE9BZYqekQFJUOvmvVtfnoQsecsm0btpWgO2IKRRcwjjXCjUEjA9ZH5ox9ZgLuh1NThnT/VAz9GkAigpJJyL8noiYq/XIdeJOl+FAT3uJ+J/XDLF30Y6EF4QIHk8WoZAwWaS5EnFGQLtCASJLfg5UeJQzxRBBCco4j8UwDi0X52FPXz9LasemfWae3pwUypdpMlmyQ/ZIkdjknJTJNamQKuHkgTyRZ/JiPBqvxpvx/tOaMdKZbfIHxsc3KfSbSA==</latexit>

(...,�+,�0,�
�, ...)
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WIMP Prototypes
Consider a single ElectroWeak (EW) multiplet (n,Y) 
in the same spirit of the original Minimal DM paper hep-ph/0512090 and 1512.05353

Requirements: 

• NEUTRALITY: DM must be the neutral component → 

• STABILITY: DM must be stable →       is the lightest component of the multiplet    

• NOT EXCLUDED: by direct detection →       must not be coupled at tree-level 
with the Z boson 

• PERTURBATIVITY: of the annihilation cross section. This requirement is 
needed to select the maximal value of n

For a given n and Y the only free parameter is       
set by the requirement of thermal freeze-out

<latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

<latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

<latexit sha1_base64="gw766BZw2GWiUCG1Rr7eDivhWOg=">AAACFXicbVC7TgJBFJ3FF+ILtbQZJSYYcbNrfFWGxMYSE3kkgGR2uMCE2Udm7pqQDbWf4FfYamVnbK0t/Bd3cQsFTzPnnnNv7tzjBFJotKxPIzM3v7C4lF3OrayurW/kN7dq2g8Vhyr3pa8aDtMghQdVFCihEShgriOh7gyvEr9+D0oL37vFUQBtl/U90ROcYSx18rtF0zRLtMUH4u6wlDwdKy2PSjT2Djr5gmVaE9BZYqekQFJUOvmvVtfnoQsecsm0btpWgO2IKRRcwjjXCjUEjA9ZH5ox9ZgLuh1NThnT/VAz9GkAigpJJyL8noiYq/XIdeJOl+FAT3uJ+J/XDLF30Y6EF4QIHk8WoZAwWaS5EnFGQLtCASJLfg5UeJQzxRBBCco4j8UwDi0X52FPXz9LasemfWae3pwUypdpMlmyQ/ZIkdjknJTJNamQKuHkgTyRZ/JiPBqvxpvx/tOaMdKZbfIHxsc3KfSbSA==</latexit>

(...,�+,�0,�
�, ...)

<latexit sha1_base64="uxp+bNuMv/UYfGHH1HvJUkdN1Ak=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUZAQYMUJPIQSRSdL5twyt3ZulsjRVb4Clqo6BAt/0LBv2AbF5Aw1WhmVzs7fiiFRdf9dObmFxaXlgsrxdW19Y3N0tZ2wwaR4VDngQxMy2cWpNBQR4ESWqEBpnwJTX90kfrNBzBWBPoWxyF0FRtqMRCcYSLdqV7cMYpeXk96pbJbcTPQWeLlpExy1Hqlr04/4JECjVwya9ueG2I3ZgYFlzApdiILIeMjNoR2QjVTYLtxlnhC9yPLMKAhGCokzUT4vREzZe1Y+cmkYnhvp71U/M9rRzg468ZChxGC5ukhFBKyQ5YbkVQBtC8MILI0OVChKWeGIYIRlHGeiFHSTTHpw5v+fpY0DiveSeX45qhcPc+bKZBdskcOiEdOSZVckRqpE040eSLP5MV5dF6dN+f9Z3TOyXd2yB84H9/sj5Ud</latexit>mDM

https://arxiv.org/abs/hep-ph/0512090
https://arxiv.org/abs/1512.05353


WIMP Prototypes
Real WIMPs: odd n and Y=0 

For such multiplets      is<latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

automatically the lightest 

not coupled at tree-level with the Z    

Scalar

Fermion



WIMP Prototypes
Real WIMPs: odd n and Y=0 

For such multiplets      is<latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

automatically the lightest 

not coupled at tree-level with the Z    

<latexit sha1_base64="DbkQTzNg9u7NHdkKcunpCJgzx5U=">AAAB+nicbVDLSgNBEJyNrxhfUY9eBoMQQcKu+DoGvXiMYB6QhNA76cQhs7PLTK8QYn7Cq568iVd/xoP/4mbdg0brVFR109XlR0pact0PJ7ewuLS8kl8trK1vbG4Vt3caNoyNwLoIVWhaPlhUUmOdJClsRQYh8BU2/dHVzG/eo7Ey1Lc0jrAbwFDLgRRAidQqe0f6sOfyXrHkVtwU/C/xMlJiGWq94menH4o4QE1CgbVtz42oOwFDUiicFjqxxQjECIbYTqiGAG13kuad8oPYAoU8QsOl4qmIPzcmEFg7DvxkMgC6s/PeTPzPa8c0uOhOpI5iQi1mh0gqTA9ZYWRSBPK+NEgEs+TIpeYCDBChkRyESMQ4aaaQ9OHNf/+XNI4r3lnl9OakVL3MmsmzPbbPysxj56zKrlmN1Zlgij2yJ/bsPDgvzqvz9j2ac7KdXfYLzvsXo0GTJA==</latexit>

(1, n)0

<latexit sha1_base64="qbBKFJF2MSzc7yuLivDYsEhxrVk=">AAACHHicbVDLSgNBEJyNr7i+oh69DAYhIC674usY9OIxgnlAdg2zk04yZPbBTK8QQn7BT/ArvOrJm3gVPPgv7sYomlinoqqa7i4/lkKjbb8bubn5hcWl/LK5srq2vlHY3KrpKFEcqjySkWr4TIMUIVRRoIRGrIAFvoS637/I/PotKC2i8BoHMXgB64aiIzjDVGoVSpZlUdc1Xd4TN/vfrGX/aAcZS0OtQtG27DHoLHEmpEgmqLQKH2474kkAIXLJtG46dozekCkUXMLIdBMNMeN91oVmSkMWgPaG449GdC/RDCMag6JC0rEIvyeGLNB6EPhpMmDY09NeJv7nNRPsnHlDEcYJQsizRSgkjBdprkRaFdC2UIDIssuBipByphgiKEEZ56mYpN2ZaR/O9PezpHZoOSfW8dVRsXw+aSZPdsguKRGHnJIyuSQVUiWc3JEH8kiejHvj2XgxXr+iOWMys03+wHj7BNP1nbk=</latexit> ...

�+

�0

��

...

<latexit sha1_base64="6t929+fLyVNNuRTIMqaIMROoE2o=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWVA5IESK1pfNuGU80N360jIyh/QQkWHaPkfCv4F27iAhKlGM7va2fEiJQ3Z9qdVWlpeWV0rr1c2Nre2d6q7e20TxlpgS4Qq1F0PDCoZYIskKexGGsH3FHa8yVXmd6aojQyDO3qM0PVhHMiRFECpdNtPBtWaXbdz8EXiFKTGCjQH1a/+MBSxjwEJBcb0HDsiNwFNUiicVfqxwQjEBMbYS2kAPho3yZPO+FFsgEIeoeZS8VzE3xsJ+MY8+l466QM9mHkvE//zejGNLt1EBlFMGIjsEEmF+SEjtEwrQD6UGokgS45cBlyABiLUkoMQqRinnVTSPpz57xdJ+6TunNfPbk5rjfuimTI7YIfsmDnsgjXYNWuyFhNsxJ7YM3uxptar9Wa9/4yWrGJnn/2B9fENSh+SCw==</latexit>

{ hep-ph/9811316
hep-ph/9904250
hep-ph/9904378

1212.5989

Scalar

Fermion

<latexit sha1_base64="nYjp+VYL0lxkOhDG909jtlp1Dhw="></latexit>

�MEW
Q = �gQ

2 ' (167± 4MeV) Q2<latexit sha1_base64="qzdKm/s8F4uAfucf3yukDHSqMaQ=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnmgxIrWl0045fzQ3RopsvIVtFDRIVo+hoJ/wTYuIGGq0cyudna8SElDtv1plZaWV1bXyuuVjc2t7Z3q7l7bhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3Kd+Z1H1EaGwR1NI3R9GAdyJAVQKt33h6gIBmM+qNbsup2DLxKnIDVWoDmofvWHoYh9DEgoMKbn2BG5CWiSQuGs0o8NRiAmMMZeSgPw0bhJHnjGj2IDFPIINZeK5yL+3kjAN2bqe+mkD/Rg5r1M/M/rxTS6dBMZRDFhILJDJBXmh4zQMm0C+VBqJIIsOXIZcAEaiFBLDkKkYpxWU0n7cOa/XyTtk7pzXj+7Pa01ropmyuyAHbJj5rAL1mA3rMlaTDCfPbFn9mLNrFfrzXr/GS1Zxc4++wPr4xsnOZSr</latexit>

�g
1712.00968

See e.g. 

https://arxiv.org/abs/hep-ph/9811316
https://arxiv.org/abs/hep-ph/9904250
https://arxiv.org/abs/hep-ph/9904378
https://arxiv.org/abs/1212.5989
https://arxiv.org/abs/1712.00968


WIMP Prototypes
Real WIMPs: odd n and Y=0 

For such multiplets      is<latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

automatically the lightest 

not coupled at tree-level with the Z    

<latexit sha1_base64="DbkQTzNg9u7NHdkKcunpCJgzx5U=">AAAB+nicbVDLSgNBEJyNrxhfUY9eBoMQQcKu+DoGvXiMYB6QhNA76cQhs7PLTK8QYn7Cq568iVd/xoP/4mbdg0brVFR109XlR0pact0PJ7ewuLS8kl8trK1vbG4Vt3caNoyNwLoIVWhaPlhUUmOdJClsRQYh8BU2/dHVzG/eo7Ey1Lc0jrAbwFDLgRRAidQqe0f6sOfyXrHkVtwU/C/xMlJiGWq94menH4o4QE1CgbVtz42oOwFDUiicFjqxxQjECIbYTqiGAG13kuad8oPYAoU8QsOl4qmIPzcmEFg7DvxkMgC6s/PeTPzPa8c0uOhOpI5iQi1mh0gqTA9ZYWRSBPK+NEgEs+TIpeYCDBChkRyESMQ4aaaQ9OHNf/+XNI4r3lnl9OakVL3MmsmzPbbPysxj56zKrlmN1Zlgij2yJ/bsPDgvzqvz9j2ac7KdXfYLzvsXo0GTJA==</latexit>

(1, n)0

<latexit sha1_base64="qbBKFJF2MSzc7yuLivDYsEhxrVk=">AAACHHicbVDLSgNBEJyNr7i+oh69DAYhIC674usY9OIxgnlAdg2zk04yZPbBTK8QQn7BT/ArvOrJm3gVPPgv7sYomlinoqqa7i4/lkKjbb8bubn5hcWl/LK5srq2vlHY3KrpKFEcqjySkWr4TIMUIVRRoIRGrIAFvoS637/I/PotKC2i8BoHMXgB64aiIzjDVGoVSpZlUdc1Xd4TN/vfrGX/aAcZS0OtQtG27DHoLHEmpEgmqLQKH2474kkAIXLJtG46dozekCkUXMLIdBMNMeN91oVmSkMWgPaG449GdC/RDCMag6JC0rEIvyeGLNB6EPhpMmDY09NeJv7nNRPsnHlDEcYJQsizRSgkjBdprkRaFdC2UIDIssuBipByphgiKEEZ56mYpN2ZaR/O9PezpHZoOSfW8dVRsXw+aSZPdsguKRGHnJIyuSQVUiWc3JEH8kiejHvj2XgxXr+iOWMys03+wHj7BNP1nbk=</latexit> ...

�+

�0

��

...

PERTURBATIVETY:

<latexit sha1_base64="6t929+fLyVNNuRTIMqaIMROoE2o=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWVA5IESK1pfNuGU80N360jIyh/QQkWHaPkfCv4F27iAhKlGM7va2fEiJQ3Z9qdVWlpeWV0rr1c2Nre2d6q7e20TxlpgS4Qq1F0PDCoZYIskKexGGsH3FHa8yVXmd6aojQyDO3qM0PVhHMiRFECpdNtPBtWaXbdz8EXiFKTGCjQH1a/+MBSxjwEJBcb0HDsiNwFNUiicVfqxwQjEBMbYS2kAPho3yZPO+FFsgEIeoeZS8VzE3xsJ+MY8+l466QM9mHkvE//zejGNLt1EBlFMGIjsEEmF+SEjtEwrQD6UGokgS45cBlyABiLUkoMQqRinnVTSPpz57xdJ+6TunNfPbk5rjfuimTI7YIfsmDnsgjXYNWuyFhNsxJ7YM3uxptar9Wa9/4yWrGJnn/2B9fENSh+SCw==</latexit>

{ hep-ph/9811316
hep-ph/9904250
hep-ph/9904378

1212.5989

3 5 7 9 11 13 15
n

Perturbative Unitarity

Scalar

Fermion

<latexit sha1_base64="nYjp+VYL0lxkOhDG909jtlp1Dhw="></latexit>

�MEW
Q = �gQ

2 ' (167± 4MeV) Q2<latexit sha1_base64="qzdKm/s8F4uAfucf3yukDHSqMaQ=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnmgxIrWl0045fzQ3RopsvIVtFDRIVo+hoJ/wTYuIGGq0cyudna8SElDtv1plZaWV1bXyuuVjc2t7Z3q7l7bhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3Kd+Z1H1EaGwR1NI3R9GAdyJAVQKt33h6gIBmM+qNbsup2DLxKnIDVWoDmofvWHoYh9DEgoMKbn2BG5CWiSQuGs0o8NRiAmMMZeSgPw0bhJHnjGj2IDFPIINZeK5yL+3kjAN2bqe+mkD/Rg5r1M/M/rxTS6dBMZRDFhILJDJBXmh4zQMm0C+VBqJIIsOXIZcAEaiFBLDkKkYpxWU0n7cOa/XyTtk7pzXj+7Pa01ropmyuyAHbJj5rAL1mA3rMlaTDCfPbFn9mLNrFfrzXr/GS1Zxc4++wPr4xsnOZSr</latexit>

�g
1712.00968

See e.g. 

https://arxiv.org/abs/hep-ph/9811316
https://arxiv.org/abs/hep-ph/9904250
https://arxiv.org/abs/hep-ph/9904378
https://arxiv.org/abs/1212.5989
https://arxiv.org/abs/1712.00968


WIMP Prototypes
Real WIMPs: odd n and Y=0 

For such multiplets      is<latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

automatically the lightest 

not coupled at tree-level with the Z    

<latexit sha1_base64="DbkQTzNg9u7NHdkKcunpCJgzx5U=">AAAB+nicbVDLSgNBEJyNrxhfUY9eBoMQQcKu+DoGvXiMYB6QhNA76cQhs7PLTK8QYn7Cq568iVd/xoP/4mbdg0brVFR109XlR0pact0PJ7ewuLS8kl8trK1vbG4Vt3caNoyNwLoIVWhaPlhUUmOdJClsRQYh8BU2/dHVzG/eo7Ey1Lc0jrAbwFDLgRRAidQqe0f6sOfyXrHkVtwU/C/xMlJiGWq94menH4o4QE1CgbVtz42oOwFDUiicFjqxxQjECIbYTqiGAG13kuad8oPYAoU8QsOl4qmIPzcmEFg7DvxkMgC6s/PeTPzPa8c0uOhOpI5iQi1mh0gqTA9ZYWRSBPK+NEgEs+TIpeYCDBChkRyESMQ4aaaQ9OHNf/+XNI4r3lnl9OakVL3MmsmzPbbPysxj56zKrlmN1Zlgij2yJ/bsPDgvzqvz9j2ac7KdXfYLzvsXo0GTJA==</latexit>

(1, n)0

<latexit sha1_base64="qbBKFJF2MSzc7yuLivDYsEhxrVk=">AAACHHicbVDLSgNBEJyNr7i+oh69DAYhIC674usY9OIxgnlAdg2zk04yZPbBTK8QQn7BT/ArvOrJm3gVPPgv7sYomlinoqqa7i4/lkKjbb8bubn5hcWl/LK5srq2vlHY3KrpKFEcqjySkWr4TIMUIVRRoIRGrIAFvoS637/I/PotKC2i8BoHMXgB64aiIzjDVGoVSpZlUdc1Xd4TN/vfrGX/aAcZS0OtQtG27DHoLHEmpEgmqLQKH2474kkAIXLJtG46dozekCkUXMLIdBMNMeN91oVmSkMWgPaG449GdC/RDCMag6JC0rEIvyeGLNB6EPhpMmDY09NeJv7nNRPsnHlDEcYJQsizRSgkjBdprkRaFdC2UIDIssuBipByphgiKEEZ56mYpN2ZaR/O9PezpHZoOSfW8dVRsXw+aSZPdsguKRGHnJIyuSQVUiWc3JEH8kiejHvj2XgxXr+iOWMys03+wHj7BNP1nbk=</latexit> ...

�+

�0

��

...

PERTURBATIVETY:

<latexit sha1_base64="6t929+fLyVNNuRTIMqaIMROoE2o=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWVA5IESK1pfNuGU80N360jIyh/QQkWHaPkfCv4F27iAhKlGM7va2fEiJQ3Z9qdVWlpeWV0rr1c2Nre2d6q7e20TxlpgS4Qq1F0PDCoZYIskKexGGsH3FHa8yVXmd6aojQyDO3qM0PVhHMiRFECpdNtPBtWaXbdz8EXiFKTGCjQH1a/+MBSxjwEJBcb0HDsiNwFNUiicVfqxwQjEBMbYS2kAPho3yZPO+FFsgEIeoeZS8VzE3xsJ+MY8+l466QM9mHkvE//zejGNLt1EBlFMGIjsEEmF+SEjtEwrQD6UGokgS45cBlyABiLUkoMQqRinnVTSPpz57xdJ+6TunNfPbk5rjfuimTI7YIfsmDnsgjXYNWuyFhNsxJ7YM3uxptar9Wa9/4yWrGJnn/2B9fENSh+SCw==</latexit>

{ hep-ph/9811316
hep-ph/9904250
hep-ph/9904378

1212.5989

3 5 7 9 11 13 15
n

Perturbative UnitarityWino         Minimal DM

Scalar

Fermion

<latexit sha1_base64="nYjp+VYL0lxkOhDG909jtlp1Dhw="></latexit>

�MEW
Q = �gQ

2 ' (167± 4MeV) Q2<latexit sha1_base64="qzdKm/s8F4uAfucf3yukDHSqMaQ=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnmgxIrWl0045fzQ3RopsvIVtFDRIVo+hoJ/wTYuIGGq0cyudna8SElDtv1plZaWV1bXyuuVjc2t7Z3q7l7bhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3Kd+Z1H1EaGwR1NI3R9GAdyJAVQKt33h6gIBmM+qNbsup2DLxKnIDVWoDmofvWHoYh9DEgoMKbn2BG5CWiSQuGs0o8NRiAmMMZeSgPw0bhJHnjGj2IDFPIINZeK5yL+3kjAN2bqe+mkD/Rg5r1M/M/rxTS6dBMZRDFhILJDJBXmh4zQMm0C+VBqJIIsOXIZcAEaiFBLDkKkYpxWU0n7cOa/XyTtk7pzXj+7Pa01ropmyuyAHbJj5rAL1mA3rMlaTDCfPbFn9mLNrFfrzXr/GS1Zxc4++wPr4xsnOZSr</latexit>

�g
1712.00968

See e.g. 

https://arxiv.org/abs/hep-ph/9811316
https://arxiv.org/abs/hep-ph/9904250
https://arxiv.org/abs/hep-ph/9904378
https://arxiv.org/abs/1212.5989
https://arxiv.org/abs/1712.00968


WIMP Prototypes
Complex WIMPs: any n and Y≠0 

Dirac Fermion 

NOT MINIMAL: higher dimensional operators are needed
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WIMP Prototypes
Complex WIMPs: any n and Y≠0 

Dirac Fermion 

NOT MINIMAL: higher dimensional operators are needed
Dirac  Majorana  

This splitting is necessary to make the Z-mediated DM collision inelastic

Dynamically set to zero when 



WIMP Prototypes

<latexit sha1_base64="klwXXInqwri57Zh/cf2hTtzge/A="></latexit>

�MEW
Q = �g

✓
Q2 +

2Y Q

cos ✓W

◆
<latexit sha1_base64="qbBKFJF2MSzc7yuLivDYsEhxrVk=">AAACHHicbVDLSgNBEJyNr7i+oh69DAYhIC674usY9OIxgnlAdg2zk04yZPbBTK8QQn7BT/ArvOrJm3gVPPgv7sYomlinoqqa7i4/lkKjbb8bubn5hcWl/LK5srq2vlHY3KrpKFEcqjySkWr4TIMUIVRRoIRGrIAFvoS637/I/PotKC2i8BoHMXgB64aiIzjDVGoVSpZlUdc1Xd4TN/vfrGX/aAcZS0OtQtG27DHoLHEmpEgmqLQKH2474kkAIXLJtG46dozekCkUXMLIdBMNMeN91oVmSkMWgPaG449GdC/RDCMag6JC0rEIvyeGLNB6EPhpMmDY09NeJv7nNRPsnHlDEcYJQsizRSgkjBdprkRaFdC2UIDIssuBipByphgiKEEZ56mYpN2ZaR/O9PezpHZoOSfW8dVRsXw+aSZPdsguKRGHnJIyuSQVUiWc3JEH8kiejHvj2XgxXr+iOWMys03+wHj7BNP1nbk=</latexit> ...

�+

�0

��

...

<latexit sha1_base64="6t929+fLyVNNuRTIMqaIMROoE2o=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWVA5IESK1pfNuGU80N360jIyh/QQkWHaPkfCv4F27iAhKlGM7va2fEiJQ3Z9qdVWlpeWV0rr1c2Nre2d6q7e20TxlpgS4Qq1F0PDCoZYIskKexGGsH3FHa8yVXmd6aojQyDO3qM0PVhHMiRFECpdNtPBtWaXbdz8EXiFKTGCjQH1a/+MBSxjwEJBcb0HDsiNwFNUiicVfqxwQjEBMbYS2kAPho3yZPO+FFsgEIeoeZS8VzE3xsJ+MY8+l466QM9mHkvE//zejGNLt1EBlFMGIjsEEmF+SEjtEwrQD6UGokgS45cBlyABiLUkoMQqRinnVTSPpz57xdJ+6TunNfPbk5rjfuimTI7YIfsmDnsgjXYNWuyFhNsxJ7YM3uxptar9Wa9/4yWrGJnn/2B9fENSh+SCw==</latexit>

{ <latexit sha1_base64="qzdKm/s8F4uAfucf3yukDHSqMaQ=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnmgxIrWl0045fzQ3RopsvIVtFDRIVo+hoJ/wTYuIGGq0cyudna8SElDtv1plZaWV1bXyuuVjc2t7Z3q7l7bhLEW2BKhCnXXA4NKBtgiSQq7kUbwPYUdb3Kd+Z1H1EaGwR1NI3R9GAdyJAVQKt33h6gIBmM+qNbsup2DLxKnIDVWoDmofvWHoYh9DEgoMKbn2BG5CWiSQuGs0o8NRiAmMMZeSgPw0bhJHnjGj2IDFPIINZeK5yL+3kjAN2bqe+mkD/Rg5r1M/M/rxTS6dBMZRDFhILJDJBXmh4zQMm0C+VBqJIIsOXIZcAEaiFBLDkKkYpxWU0n7cOa/XyTtk7pzXj+7Pa01ropmyuyAHbJj5rAL1mA3rMlaTDCfPbFn9mLNrFfrzXr/GS1Zxc4++wPr4xsnOZSr</latexit>

�g<latexit sha1_base64="KGknsqSlYl1Cg+ybkz5FzRu4c3w=">AAAB+XicbVDLSgNBEJz1GeMr6tHLYBAiSNgVXycJePEYwTwkCaF30olDZmeXmV4hLPkIr3ryJl79Gg/+i7sxB02sU1HVTVeXHylpyXU/nYXFpeWV1dxafn1jc2u7sLNbt2FsBNZEqELT9MGikhprJElhMzIIga+w4Q+vM7/xiMbKUN/RKMJOAAMt+1IApVKj5B3ro+59t1B0y+4EfJ54U1JkU1S7ha92LxRxgJqEAmtbnhtRJwFDUigc59uxxQjEEAbYSqmGAG0nmcQd88PYAoU8QsOl4hMRf28kEFg7Cvx0MgB6sLNeJv7ntWLqX3YSqaOYUIvsEEmFk0NWGJn2gLwnDRJBlhy51FyAASI0koMQqRinxeTTPrzZ7+dJ/aTsnZfPbk+LlatpMzm2zw5YiXnsglXYDauyGhNsyJ7YM3txEufVeXPef0YXnOnOHvsD5+MbiW6THw==</latexit>

(1, n)Y

It is negative if in the  
multiple are present states with  

negative charge Q=-Y

is necessary to make      the lightest state  
unless we choose multiplets with maximal Y
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Complex WIMPs: any n and Y≠0 

Dirac Fermion 

NOT MINIMAL: higher dimensional operators are needed

is mandatory to make Z-mediated  
DM collision inelastic



WIMP Prototypes

PERTURBATIVETY:

2 4 6 8 10 12
n

Perturbative Unitarity

3 5
n

Perturbativity of the mass splitting

n
Non-perturbative

Y=1/2

Y=1

Y>1
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{

Complex WIMPs: any n and Y≠0 

Dirac Fermion 

NOT MINIMAL: higher dimensional operators are needed

is necessary to make      the lightest state  
unless we choose multiplets with maximal Y
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is mandatory to make Z-mediated  
DM collision inelastic



WIMP Prototypes

PERTURBATIVETY:

2 4 6 8 10 12
n

Perturbative UnitarityHiggsino  

3 5
n

Perturbativity of the mass splitting

n
Non-perturbative

Y=1/2

Y=1

Y>1
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{

Complex WIMPs: any n and Y≠0 

Dirac Fermion 

NOT MINIMAL: higher dimensional operators are needed

is necessary to make      the lightest state  
unless we choose multiplets with maximal Y
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is mandatory to make Z-mediated  
DM collision inelastic



Thermal Production 
For 2 to 2 processes            fully controls the abundance 
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h�thvi



Thermal Production 
For 2 to 2 processes            fully controls the abundance 

<latexit sha1_base64="oc4IclV9nWev4XCUnOoiAhbCE0M=">AAACFHicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVaFINJRBIgEpjqL1ZRNO3J2tuzUSstLyCXwFLVR0iJaegn/BNil4TTWa2dXuTJQo6cj3372p6ZnZufnKQnVxaXlltba23nFxagW2RaxiexmBQyUNtkmSwsvEIuhI4UV0fVL4FzdonYzNOd0m2NMwMnIoBVAu9Ws8VGBGCnno5EhDPwut5nQ15jehLY1+re43/BL8LwkmpM4maPVrH+EgFqlGQ0KBc93AT6iXgSUpFI6rYeowAXENI+zm1IBG18vKJGO+nTqgmCdouVS8FPH7RgbauVsd5ZMa6Mr99grxP6+b0vCol0mTpIRGFIdI5qmLQ05YmVeEfCAtEkHxOXJpuAALRGglByFyMc07q+Z9BL/T/yWd3UZw0Ng/26s3jyfNVNgm22I7LGCHrMlOWYu1mWB37IE9sifv3nv2XrzXr9Epb7KzwX7Ae/sEvRSeyw==</latexit>

h�thvi

WHICH CROSS SECTION?

Tree-level estimate: 
(e.g. for majorana fermion) 

CORRECT…



Thermal Production 
For 2 to 2 processes            fully controls the abundance 
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h�thvi

WHICH CROSS SECTION?

Tree-level estimate: 
(e.g. for majorana fermion) 

CORRECT…

BUT INACCURATE!!
Important non-perturbative, non-relativistic effects are missing: 

✦ Sommerfeld enhancement  
✦ Bound States formation



Sommerfeld & BS formations
SE: long-range EW potentials deform the wave functions of the incoming particles

The correction becomes more relevant at low velocity and saturate for 
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vrel ' 10�2c



Sommerfeld & BS formations
SE: long-range EW potentials deform the wave functions of the incoming particles

BS: Particle-antiparticle pair bind into a WIMPONIUM BS emitting a gauge boson

The correction becomes more relevant at low velocity and saturate for 
<latexit sha1_base64="gR1Db2WENBQjCQMoRctgvfvipWc=">AAACEHicbVC7TsNAEDyHVwivACUUJyIkGiI74tlFoqEMEnlIcYjOl0045c42d+tIkeWGT+AraKGiQ7T8AQX/ghNcQGCq0cyudme8UAqDtv1h5ebmFxaX8suFldW19Y3i5lbDBJHmUOeBDHTLYwak8KGOAiW0Qg1MeRKa3vBi4jdHoI0I/Gsch9BRbOCLvuAMU6lb3B11Y1crqkEm1DVCwR117Jv4sJJQ3i2W7LI9Bf1LnIyUSIZat/jp9gIeKfCRS2ZM27FD7MRMo+ASkoIbGQgZH7IBtFPqMwWmE09TJHQ/MgwDGoKmQtKpCD83YqaMGSsvnVQMb82sNxH/89oR9s86sfDDCMHnk0MoJEwPGa5FWg/QntCAyCafAxU+5UwzRNCCMs5TMUr7KqR9OLPp/5JGpeyclI+vjkrV86yZPNkhe+SAOOSUVMklqZE64eSePJIn8mw9WC/Wq/X2PZqzsp1t8gvW+xfthJwI</latexit>

vrel ' 10�2c

Annihilation enhancement: BS later annihilates into SM (see e.g. 1702.01141 ):

https://arxiv.org/abs/1702.01141


The WIMP thermal masses

Eur.Phys.J.C 82 (2022) 1, 31

https://arxiv.org/abs/2107.09688


The WIMP thermal masses

How do we probe these states?

(and similar for complex…)

Eur.Phys.J.C 82 (2022) 1, 31

Eur.Phys.J.C 82 (2022) 11, 992  

https://arxiv.org/abs/2107.09688
https://arxiv.org/pdf/2205.04486.pdf


The WIMP thermal masses

How do we probe these states?

(and similar for complex…)

Eur.Phys.J.C 82 (2022) 1, 31

Eur.Phys.J.C 82 (2022) 11, 992  DM Direct & Indirect  
detection  

https://arxiv.org/abs/2107.09688
https://arxiv.org/pdf/2205.04486.pdf


The WIMP thermal masses

How do we probe these states?

(and similar for complex…)

Eur.Phys.J.C 82 (2022) 1, 31

Eur.Phys.J.C 82 (2022) 11, 992  DM Direct & Indirect  
detection  

µCollider? 

https://arxiv.org/abs/2107.09688
https://arxiv.org/pdf/2205.04486.pdf


For EW multiplets the Z-mediated elastic DM-nucleon is forbidden

see e.g. Hisano et al. hep-ph/0407168 and 1104.0228

Direct Detection of EW multiplets

https://arxiv.org/abs/hep-ph/0407168
https://arxiv.org/abs/1104.0228


For EW multiplets the Z-mediated elastic DM-nucleon is forbidden

For complex EW multiplets: non minimal higgs portal can arise

see e.g. Hisano et al. hep-ph/0407168 and 1104.0228

Direct Detection of EW multiplets
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O0,O+

Generate tree-level coupling  
to the higgs 

IRRELEVANT FOR MINIMAL SPLITTING!!

https://arxiv.org/abs/hep-ph/0407168
https://arxiv.org/abs/1104.0228


Direct Detection of EW multiplets
Real Multiplets

Complex Multiplets - minimal splitting

All real multiplets are above  
the neutrino floor

All complex multiplets are above  
the neutrino floor  
(except doublets and 5-plets)

LZ (2022)

LZ (2022)

Eur.Phys.J.C 82 (2022) 1, 31

https://arxiv.org/abs/2107.09688


Direct Detection of EW multiplets
Real Multiplets

Complex Multiplets - minimal splitting

All real multiplets are above  
the neutrino floor

All complex multiplets are above  
the neutrino floor  
(except doublets and 5-plets)

Next generation of kton Direct Detection experiments 

can probe almost all of them in 30 years

LZ (2022)

LZ (2022)



Non-perturbative effects enhance          → all EW bosons in low velocity targets
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h�vi
Indirect Detection of EW multiplets
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γ-ray line

Continuum: from the decays and hadronization of heavy EW gauge bosons 
γ-ray line: The Sommerfeld boost the loop-induced annihilation into γγ and γZ  
Series of γ-lines: Due to the formation of WIMPONIUM

Series of γ-lines

Non-perturbative effects enhance          → all EW bosons in low velocity targets

Continuum

Typical γ-ray fluxes expected from       annihilations in astrophysical targets: 
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<latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

<latexit sha1_base64="6t929+fLyVNNuRTIMqaIMROoE2o=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWVA5IESK1pfNuGU80N360jIyh/QQkWHaPkfCv4F27iAhKlGM7va2fEiJQ3Z9qdVWlpeWV0rr1c2Nre2d6q7e20TxlpgS4Qq1F0PDCoZYIskKexGGsH3FHa8yVXmd6aojQyDO3qM0PVhHMiRFECpdNtPBtWaXbdz8EXiFKTGCjQH1a/+MBSxjwEJBcb0HDsiNwFNUiicVfqxwQjEBMbYS2kAPho3yZPO+FFsgEIeoeZS8VzE3xsJ+MY8+l466QM9mHkvE//zejGNLt1EBlFMGIjsEEmF+SEjtEwrQD6UGokgS45cBlyABiLUkoMQqRinnVTSPpz57xdJ+6TunNfPbk5rjfuimTI7YIfsmDnsgjXYNWuyFhNsxJ7YM3uxptar9Wa9/4yWrGJnn/2B9fENSh+SCw==</latexit> {

Indirect Detection of EW multiplets

<latexit sha1_base64="Pf2jPIbNmDTyGHKdR/EtydaoEtI="></latexit>

⇡ 100GeV



<latexit sha1_base64="KfBnF8mvdiZIeWio7FtHRzjIWgg=">AAACInicbVDLSgNBEJz1GeMr6tHLYBA8hV3xkWNABI8RTBSyMfROOnFwZneZ6RXCsn/hJ/gVXvXkTTwJ+i9uYgIarVNNVTU9XUGspCXXfXdmZufmFxYLS8XlldW19dLGZtNGiRHYEJGKzFUAFpUMsUGSFF7FBkEHCi+D25Ohf3mHxsoovKBBjG0N/VD2pADKpU6pctrx+6A1XO9zv2dApKlvNO9mfv1GZpPHJJR1SmW34o7A/x JvTMpsjHqn9Ol3I5FoDEkosLbluTG1UzAkhcKs6CcWYxC30MdWTkPQaNvp6K6M7yYWKOIxGi4VH4n4cyIFbe1AB3lSA93YaW8o/ue1EupV26kM44QwFMNFJBWOFllhZF4Y8q40SATDnyOXIRdggAiN5CBELiZ5g8W8D2/6+r+kuV/xjiqH5wflWnXcTIFtsx22xzx2zGrsjNVZgwl2zx7ZE3t2HpwX59V5+47OOOOZLfYLzscXpeKkhQ==</latexit>

E2
�
d�

dE�

<latexit sha1_base64="3wDMFlu8p8IeHCZ5DATCFuQR8iY=">AAAB+nicbVDLSgNBEJz1GeMr6tHLYBA8hV3xkWNABI8RzAOSJfROOnHIzO4y0yuENT/hVU/exKs/48F/cbPmoIl1Kqq66eoKYiUtue6ns7S8srq2Xtgobm5t7+yW9vabNkqMwIaIVGTaAVhUMsQGSVLYjg2CDhS2gtHV1G89oLEyCu9oHKOvYRjKgRRAmdS+7nWHoDX0SmW34ubgi8SbkTKbod4rfXX7kUg0hiQUWNvx3Jj8FAxJoXBS7CYWYxAjGGInoyFotH6a553w48QCRTxGw6XiuYi/N1LQ1o51kE1qoHs7703F/7xOQoOqn8owTghDMT1EUmF+yAojsyKQ96VBIpgmRy5DLsAAERrJQYhMTLJmilkf3vz3i6R5WvEuKue3Z+VaddZMgR2yI3bCPHbJauyG1VmDCabYE3tmL86j8+q8Oe8/o0vObOeA/YHz8Q2KWZRS</latexit>

E�
<latexit sha1_base64="TJQVarRGOg9Q9NyLGSTtIMQH7TQ=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRTbikTISFDRIQSIPkVjR+bIJp9ydrbs1UmSFr6CFig7R8i8U/Au2SQEJU41mdrWzE0RSWHTdT2dhcWl5ZbWwVlzf2NzaLu3sNm0YGw4NHsrQtANmQQoNDRQooR0ZYCqQ0ApGF5nfegBjRahvcRyBr9hQi4HgDFPpTvWSrlH08nrSK5XdipuDzhNvSspkinqv9NXthzxWoJFLZm3HcyP0E2ZQcAmTYje2EDE+YkPopFQzBdZP8sQTehhbhiGNwFAhaS7C742EKWvHKkgnFcN7O+tl4n9eJ8ZB1U+EjmIEzbNDKCTkhyw3Iq0CaF8YQGRZcqBCU84MQwQjKOM8FeO0m2Lahzf7/TxpHle8s8rpzUm5Vp02UyD75IAcEY+ckxq5InXSIJxo8kSeyYvz6Lw6b877z+iCM93ZI3/gfHwD6Y2VEw==</latexit>mDM

γ-ray line

Continuum: from the decays and hadronization of heavy EW gauge bosons 
γ-ray line: The Sommerfeld boost the loop-induced annihilation into γγ and γZ  
Series of γ-lines: Due to the formation of WIMPONIUM

Series of γ-lines

Non-perturbative effects enhance          → all EW bosons in low velocity targets

Continuum

Typical γ-ray fluxes expected from       annihilations in astrophysical targets: 

<latexit sha1_base64="rZhrIsdzTWW8iyf99nqzKEu7bcU=">AAACDHicbVC7TsNAEDzzDOEVoEGiOREhUUU24lVG0FAGiTykOIrWl0045Xy27taRoih8Al9BCxUdouUfKPgX7JACEqYazexqdyaIlbTkup/OwuLS8spqbi2/vrG5tV3Y2a3ZKDECqyJSkWkEYFFJjVWSpLARG4QwUFgP+teZXx+gsTLSdzSMsRVCT8uuFECp1C7s+wp0TyH3reyFwAfcNxOhXSi6JXcCPk+8KSmyKSrtwpffiUQSoiahwNqm58bUGoEhKRSO835iMQbRhx42U6ohRNsaTRKM+VFigSIeo+FS8YmIvzdGEFo7DIN0MgS6t7NeJv7nNRPqXrZGUscJoRbZIZJp2uyQFUam1SDvSINEkH2OXGouwAARGslBiFRM0q7yaR/ebPp5Ujspeeels9vTYvlq2kyOHbBDdsw8dsHK7IZVWJUJ9sCe2DN7cR6dV+fNef8ZXXCmO3vsD5yPb+PSmxE=</latexit>

h�vi

SMOKING GUN: Heavy EW multiplets are like atoms emitting in γ-rays.  
➡ One can look for correlations of multiple lines!

<latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

<latexit sha1_base64="6t929+fLyVNNuRTIMqaIMROoE2o=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRrzISDWVA5IESK1pfNuGU80N360jIyh/QQkWHaPkfCv4F27iAhKlGM7va2fEiJQ3Z9qdVWlpeWV0rr1c2Nre2d6q7e20TxlpgS4Qq1F0PDCoZYIskKexGGsH3FHa8yVXmd6aojQyDO3qM0PVhHMiRFECpdNtPBtWaXbdz8EXiFKTGCjQH1a/+MBSxjwEJBcb0HDsiNwFNUiicVfqxwQjEBMbYS2kAPho3yZPO+FFsgEIeoeZS8VzE3xsJ+MY8+l466QM9mHkvE//zejGNLt1EBlFMGIjsEEmF+SEjtEwrQD6UGokgS45cBlyABiLUkoMQqRinnVTSPpz57xdJ+6TunNfPbk5rjfuimTI7YIfsmDnsgjXYNWuyFhNsxJ7YM3uxptar9Wa9/4yWrGJnn/2B9fENSh+SCw==</latexit> {

Indirect Detection of EW multiplets

<latexit sha1_base64="Pf2jPIbNmDTyGHKdR/EtydaoEtI="></latexit>

⇡ 100GeV



Loop-induced annihilations into γγ and γZ are largely boosted by the Sommerfeld

Indirect Detection of EW multiplets

Eur.Phys.J.C 82 (2022) 1, 31

Look for γ-ray lines with CTA towards clean environments   

To be included: 

- continuum (small effect) 

- BS formations  

- Correlations of multiples lines 

https://arxiv.org/abs/2107.09688


Loop-induced annihilations into γγ and γZ are largely boosted by the Sommerfeld

Indirect Detection of EW multiplets

Look for γ-ray lines with CTA towards clean environments   

To be included: 

- continuum (small effect) 

- BS formations  

- Correlations of multiples lines Next generation of Cherenkov telescope can easily probe 

large multiplets due to increased annihilation cross sections

Eur.Phys.J.C 82 (2022) 1, 31

https://arxiv.org/abs/2107.09688


Production @ Colliders



Production @ Colliders
2 → 2 production of invisible      pair + event tag, e.g. mono-γ <latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

Very difficult at hadron colliders: large background, strong PDF 
suppression at high partonic c.o.m energies (large invariant mass)

✦ LHC sensitive to DM masses  
✦ Even at 100 TeV can’t reach thermal freeze-out targets

<latexit sha1_base64="sL4vFieOpRavJ8j9kCexjrXAOQQ=">AAACEnicbVDLSgNBEJyNrxhfUY+CDAZBQcJu8HUMetCbCuYB2RB6xzYOmdldZnoFWbz5CX6FVz15E6/+gAf/xd2Yg686FVXddHUFsZKWXPfdKYyNT0xOFadLM7Nz8wvlxaWmjRIjsCEiFZl2ABaVDLFBkhS2Y4OgA4WtYHCY+61rNFZG4TndxNjV0A/lpRRAmdQrr/pWau5roCsBip9s1FyX+1u+0fwIm5u9csWtukPwv8QbkQob4bRX/vAvIpFoDEkosLbjuTF1UzAkhcLbkp9YjEEMoI+djIag0XbT4R+3fD2xQBGP0XCp+FDE7xspaGtvdJBN5oHtby8X//M6CV3ud1MZxglhKPJDJBUOD1lhZFYQ8gtpkAjy5MhlyAUYIEIjOQiRiUnWWCnrw/v9/V/SrFW93erO2XalfjBqpshW2BrbYB7bY3V2zE5Zgwl2xx7YI3ty7p1n58V5/RotOKOdZfYDztsnlRSbuA==</latexit>

⇠ O(200GeV)

See e.g. Sala et al. 1407.7058

https://arxiv.org/abs/1407.7058


Production @ Colliders
2 → 2 production of invisible      pair + event tag, e.g. mono-γ <latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

➡ Try with a high-energy lepton collider

Very difficult at hadron colliders: large background, strong PDF 
suppression at high partonic c.o.m energies (large invariant mass)

✦ LHC sensitive to DM masses  
✦ Even at 100 TeV can’t reach thermal freeze-out targets

<latexit sha1_base64="sL4vFieOpRavJ8j9kCexjrXAOQQ=">AAACEnicbVDLSgNBEJyNrxhfUY+CDAZBQcJu8HUMetCbCuYB2RB6xzYOmdldZnoFWbz5CX6FVz15E6/+gAf/xd2Yg686FVXddHUFsZKWXPfdKYyNT0xOFadLM7Nz8wvlxaWmjRIjsCEiFZl2ABaVDLFBkhS2Y4OgA4WtYHCY+61rNFZG4TndxNjV0A/lpRRAmdQrr/pWau5roCsBip9s1FyX+1u+0fwIm5u9csWtukPwv8QbkQob4bRX/vAvIpFoDEkosLbjuTF1UzAkhcLbkp9YjEEMoI+djIag0XbT4R+3fD2xQBGP0XCp+FDE7xspaGtvdJBN5oHtby8X//M6CV3ud1MZxglhKPJDJBUOD1lhZFYQ8gtpkAjy5MhlyAUYIEIjOQiRiUnWWCnrw/v9/V/SrFW93erO2XalfjBqpshW2BrbYB7bY3V2zE5Zgwl2xx7YI3ty7p1n58V5/RotOKOdZfYDztsnlRSbuA==</latexit>

⇠ O(200GeV)

See e.g. Sala et al. 1407.7058

https://arxiv.org/abs/1407.7058


Missing mass searches @ µCollider
Drell-Yan production of invisible      pair + event tag <latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0



Missing mass searches @ µCollider
Drell-Yan production of invisible      pair + event tag <latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

✴ Full energy available in the c.o.m. 
(ability to discover particles up to           ) 

<latexit sha1_base64="kmIC7eKcxJNN4MYfdmCs/Lhqq+E=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKtgRrwpFoqEMEnmIxIrOl0045Xw2d2ukyApfQQsVHaLlXyj4F2zjAhKmGs3samfHC6UwaNufVmFhcWl5pbhaWlvf2Nwqb++0TBBpDk0eyEB3PGZACgVNFCihE2pgvieh7Y0vU7/9ANqIQN3gJATXZyMlhoIzTKTbnrnXSA09qvXLFbtqZ6DzxMlJheRo9MtfvUHAIx8UcsmM6Tp2iG7MNAouYVrqRQZCxsdsBN2EKuaDceMs8ZQeRIZhQEPQVEiaifB7I2a+MRPfSyZ9hndm1kvF/7xuhMNzNxYqjBAUTw+hkJAdMlyLpAqgA6EBkaXJgQpFOdMMEbSgjPNEjJJuSkkfzuz386RVqzqn1ZPr40r9Im+mSPbIPjkkDjkjdXJFGqRJOFHkiTyTF+vRerXerPef0YKV7+ySP7A+vgEzH5Sj</latexit>p
s/2



Missing mass searches @ µCollider
Drell-Yan production of invisible      pair + event tag <latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

✴ Full energy available in the c.o.m. 
(ability to discover particles up to           ) 

✴ Full event reconstruction: missing invariant mass (not just pT)

<latexit sha1_base64="kmIC7eKcxJNN4MYfdmCs/Lhqq+E=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKtgRrwpFoqEMEnmIxIrOl0045Xw2d2ukyApfQQsVHaLlXyj4F2zjAhKmGs3samfHC6UwaNufVmFhcWl5pbhaWlvf2Nwqb++0TBBpDk0eyEB3PGZACgVNFCihE2pgvieh7Y0vU7/9ANqIQN3gJATXZyMlhoIzTKTbnrnXSA09qvXLFbtqZ6DzxMlJheRo9MtfvUHAIx8UcsmM6Tp2iG7MNAouYVrqRQZCxsdsBN2EKuaDceMs8ZQeRIZhQEPQVEiaifB7I2a+MRPfSyZ9hndm1kvF/7xuhMNzNxYqjBAUTw+hkJAdMlyLpAqgA6EBkaXJgQpFOdMMEbSgjPNEjJJuSkkfzuz386RVqzqn1ZPr40r9Im+mSPbIPjkkDjkjdXJFGqRJOFHkiTyTF+vRerXerPef0YKV7+ySP7A+vgEzH5Sj</latexit>p
s/2



Missing mass searches @ µCollider
Drell-Yan production of invisible      pair + event tag <latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

✴ Full energy available in the c.o.m. 
(ability to discover particles up to           ) 

✴ Full event reconstruction: missing invariant mass (not just pT)

✴No QCD background: ideal for EW physics

<latexit sha1_base64="kmIC7eKcxJNN4MYfdmCs/Lhqq+E=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKtgRrwpFoqEMEnmIxIrOl0045Xw2d2ukyApfQQsVHaLlXyj4F2zjAhKmGs3samfHC6UwaNufVmFhcWl5pbhaWlvf2Nwqb++0TBBpDk0eyEB3PGZACgVNFCihE2pgvieh7Y0vU7/9ANqIQN3gJATXZyMlhoIzTKTbnrnXSA09qvXLFbtqZ6DzxMlJheRo9MtfvUHAIx8UcsmM6Tp2iG7MNAouYVrqRQZCxsdsBN2EKuaDceMs8ZQeRIZhQEPQVEiaifB7I2a+MRPfSyZ9hndm1kvF/7xuhMNzNxYqjBAUTw+hkJAdMlyLpAqgA6EBkaXJgQpFOdMMEbSgjPNEjJJuSkkfzuz386RVqzqn1ZPr40r9Im+mSPbIPjkkDjkjdXJFGqRJOFHkiTyTF+vRerXerPef0YKV7+ySP7A+vgEzH5Sj</latexit>p
s/2



Missing mass searches @ µCollider
Drell-Yan production of invisible      pair + event tag <latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

✴ Full energy available in the c.o.m. 
(ability to discover particles up to           ) 

✴ Full event reconstruction: missing invariant mass (not just pT)

✴EW radiation becomes important at multi-TeV energies!

✴No QCD background: ideal for EW physics

<latexit sha1_base64="kmIC7eKcxJNN4MYfdmCs/Lhqq+E=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKtgRrwpFoqEMEnmIxIrOl0045Xw2d2ukyApfQQsVHaLlXyj4F2zjAhKmGs3samfHC6UwaNufVmFhcWl5pbhaWlvf2Nwqb++0TBBpDk0eyEB3PGZACgVNFCihE2pgvieh7Y0vU7/9ANqIQN3gJATXZyMlhoIzTKTbnrnXSA09qvXLFbtqZ6DzxMlJheRo9MtfvUHAIx8UcsmM6Tp2iG7MNAouYVrqRQZCxsdsBN2EKuaDceMs8ZQeRIZhQEPQVEiaifB7I2a+MRPfSyZ9hndm1kvF/7xuhMNzNxYqjBAUTw+hkJAdMlyLpAqgA6EBkaXJgQpFOdMMEbSgjPNEjJJuSkkfzuz386RVqzqn1ZPr40r9Im+mSPbIPjkkDjkjdXJFGqRJOFHkiTyTF+vRerXerPef0YKV7+ySP7A+vgEzH5Sj</latexit>p
s/2

➡ mono-γ, mono-Z, mono-W, are similar! 
➡ multiple gauge bosons emission

Sudakov factor: 
<latexit sha1_base64="EUNHC51lv0xtDim1MFJBIPw6+4k="></latexit> ↵

4⇡
log2(E/mW ) ⇡ 1 for E ⇠ 10TeV



Missing mass searches @ µCollider

* shadings=different assumptions about systematic errors 
typically low S/B → requires good control of systematics 



Missing mass searches @ µCollider

* shadings=different assumptions about systematic errors 
typically low S/B → requires good control of systematics 



Mass splitting and DTs



Mass splitting and DTs
✴DM is part of a multiplet that also includes charge states

<latexit sha1_base64="gw766BZw2GWiUCG1Rr7eDivhWOg=">AAACFXicbVC7TgJBFJ3FF+ILtbQZJSYYcbNrfFWGxMYSE3kkgGR2uMCE2Udm7pqQDbWf4FfYamVnbK0t/Bd3cQsFTzPnnnNv7tzjBFJotKxPIzM3v7C4lF3OrayurW/kN7dq2g8Vhyr3pa8aDtMghQdVFCihEShgriOh7gyvEr9+D0oL37vFUQBtl/U90ROcYSx18rtF0zRLtMUH4u6wlDwdKy2PSjT2Djr5gmVaE9BZYqekQFJUOvmvVtfnoQsecsm0btpWgO2IKRRcwjjXCjUEjA9ZH5ox9ZgLuh1NThnT/VAz9GkAigpJJyL8noiYq/XIdeJOl+FAT3uJ+J/XDLF30Y6EF4QIHk8WoZAwWaS5EnFGQLtCASJLfg5UeJQzxRBBCco4j8UwDi0X52FPXz9LasemfWae3pwUypdpMlmyQ /ZIkdjknJTJNamQKuHkgTyRZ/JiPBqvxpvx/tOaMdKZbfIHxsc3KfSbSA==</latexit>

(...,�+,�0,�
�, ...) decays into DM inside the detector

✴Look for disappearing tracks of the charged particles 
to isolate the DM signals from the SM background (mainly neutrinos)

Recast of Capdevila et al. 2101.10334 

<latexit sha1_base64="ldlXxG78HyhEeGZ7mpK0BtGyQf0=">AAAB+3icdVDLTgJBEJz1ifhCPXqZSEw8kVkiCBdD4sUjJvIwgGR2aGDCzO5mpteEEL7Cq568Ga9+jAf/xQExUaN1qlR1p6sriJW0yNibt7S8srq2ntpIb25t7+xm9vbrNkqMgJqIVGSaAbegZAg1lKigGRvgOlDQCEYXM79xB8bKKLzGcQwdzQeh7EvB0Uk3bTGUt+1Y024my3L5AiuXfMpyzCGfd6TA/HKxSP25wliWLFDtZt7bvUgkGkIUilvb8lmMnQk3KIWCabqdWIi5GPEBtBwNuQbbmcwDT+lxYjlGNAZDpaJzEb5vTLi2dqwDN6k5Du1vbyb+5bUS7Jc6ExnGCUIoZodQKpgfssJI1wTQnjSAyGfJgcqQCm44IhhJuRBOTFw1adfH19P0f1LP5/xirnB1mq2cL5pJkUNyRE6IT85IhVySKqkRQTS5Jw/k0Zt6T96z9/I5uuQtdg7ID3ivH3JvlN4=</latexit>

�±

https://arxiv.org/abs/2101.10334


Mass splitting and DTs
✴DM is part of a multiplet that also includes charge states

<latexit sha1_base64="gw766BZw2GWiUCG1Rr7eDivhWOg=">AAACFXicbVC7TgJBFJ3FF+ILtbQZJSYYcbNrfFWGxMYSE3kkgGR2uMCE2Udm7pqQDbWf4FfYamVnbK0t/Bd3cQsFTzPnnnNv7tzjBFJotKxPIzM3v7C4lF3OrayurW/kN7dq2g8Vhyr3pa8aDtMghQdVFCihEShgriOh7gyvEr9+D0oL37vFUQBtl/U90ROcYSx18rtF0zRLtMUH4u6wlDwdKy2PSjT2Djr5gmVaE9BZYqekQFJUOvmvVtfnoQsecsm0btpWgO2IKRRcwjjXCjUEjA9ZH5ox9ZgLuh1NThnT/VAz9GkAigpJJyL8noiYq/XIdeJOl+FAT3uJ+J/XDLF30Y6EF4QIHk8WoZAwWaS5EnFGQLtCASJLfg5UeJQzxRBBCco4j8UwDi0X52FPXz9LasemfWae3pwUypdpMlmyQ /ZIkdjknJTJNamQKuHkgTyRZ/JiPBqvxpvx/tOaMdKZbfIHxsc3KfSbSA==</latexit>

(...,�+,�0,�
�, ...) decays into DM inside the detector

✴Look for disappearing tracks of the charged particles 
to isolate the DM signals from the SM background (mainly neutrinos)

✴ For real WIMPs with Y=0
mass splitting is fixed:

Recast of Capdevila et al. 2101.10334 

<latexit sha1_base64="ldlXxG78HyhEeGZ7mpK0BtGyQf0=">AAAB+3icdVDLTgJBEJz1ifhCPXqZSEw8kVkiCBdD4sUjJvIwgGR2aGDCzO5mpteEEL7Cq568Ga9+jAf/xQExUaN1qlR1p6sriJW0yNibt7S8srq2ntpIb25t7+xm9vbrNkqMgJqIVGSaAbegZAg1lKigGRvgOlDQCEYXM79xB8bKKLzGcQwdzQeh7EvB0Uk3bTGUt+1Y024my3L5AiuXfMpyzCGfd6TA/HKxSP25wliWLFDtZt7bvUgkGkIUilvb8lmMnQk3KIWCabqdWIi5GPEBtBwNuQbbmcwDT+lxYjlGNAZDpaJzEb5vTLi2dqwDN6k5Du1vbyb+5bUS7Jc6ExnGCUIoZodQKpgfssJI1wTQnjSAyGfJgcqQCm44IhhJuRBOTFw1adfH19P0f1LP5/xirnB1mq2cL5pJkUNyRE6IT85IhVySKqkRQTS5Jw/k0Zt6T96z9/I5uuQtdg7ID3ivH3JvlN4=</latexit>

�±

https://arxiv.org/abs/2101.10334


Mass splitting and DTs
✴DM is part of a multiplet that also includes charge states
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(...,�+,�0,�
�, ...) decays into DM inside the detector

✴Look for disappearing tracks of the charged particles 
to isolate the DM signals from the SM background (mainly neutrinos)

✴ For real WIMPs with Y=0

✴ For complex WIMPs with Y≠0:

mass splitting is fixed:

mass splitting is fixed by gauge interactions  
only for multiplets with maximal Y

Recast of Capdevila et al. 2101.10334 

<latexit sha1_base64="ldlXxG78HyhEeGZ7mpK0BtGyQf0=">AAAB+3icdVDLTgJBEJz1ifhCPXqZSEw8kVkiCBdD4sUjJvIwgGR2aGDCzO5mpteEEL7Cq568Ga9+jAf/xQExUaN1qlR1p6sriJW0yNibt7S8srq2ntpIb25t7+xm9vbrNkqMgJqIVGSaAbegZAg1lKigGRvgOlDQCEYXM79xB8bKKLzGcQwdzQeh7EvB0Uk3bTGUt+1Y024my3L5AiuXfMpyzCGfd6TA/HKxSP25wliWLFDtZt7bvUgkGkIUilvb8lmMnQk3KIWCabqdWIi5GPEBtBwNuQbbmcwDT+lxYjlGNAZDpaJzEb5vTLi2dqwDN6k5Du1vbyb+5bUS7Jc6ExnGCUIoZodQKpgfssJI1wTQnjSAyGfJgcqQCm44IhhJuRBOTFw1adfH19P0f1LP5/xirnB1mq2cL5pJkUNyRE6IT85IhVySKqkRQTS5Jw/k0Zt6T96z9/I5uuQtdg7ID3ivH3JvlN4=</latexit>

�±

https://arxiv.org/abs/2101.10334
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<latexit sha1_base64="gw766BZw2GWiUCG1Rr7eDivhWOg=">AAACFXicbVC7TgJBFJ3FF+ILtbQZJSYYcbNrfFWGxMYSE3kkgGR2uMCE2Udm7pqQDbWf4FfYamVnbK0t/Bd3cQsFTzPnnnNv7tzjBFJotKxPIzM3v7C4lF3OrayurW/kN7dq2g8Vhyr3pa8aDtMghQdVFCihEShgriOh7gyvEr9+D0oL37vFUQBtl/U90ROcYSx18rtF0zRLtMUH4u6wlDwdKy2PSjT2Djr5gmVaE9BZYqekQFJUOvmvVtfnoQsecsm0btpWgO2IKRRcwjjXCjUEjA9ZH5ox9ZgLuh1NThnT/VAz9GkAigpJJyL8noiYq/XIdeJOl+FAT3uJ+J/XDLF30Y6EF4QIHk8WoZAwWaS5EnFGQLtCASJLfg5UeJQzxRBBCco4j8UwDi0X52FPXz9LasemfWae3pwUypdpMlmyQ /ZIkdjknJTJNamQKuHkgTyRZ/JiPBqvxpvx/tOaMdKZbfIHxsc3KfSbSA==</latexit>

(...,�+,�0,�
�, ...) decays into DM inside the detector

✴Look for disappearing tracks of the charged particles 
to isolate the DM signals from the SM background (mainly neutrinos)

✴ For real WIMPs with Y=0

✴ For complex WIMPs with Y≠0:

mass splitting is fixed:

mass splitting is fixed by gauge interactions  
only for multiplets with maximal Y

Recast of Capdevila et al. 2101.10334 

<latexit sha1_base64="ldlXxG78HyhEeGZ7mpK0BtGyQf0=">AAAB+3icdVDLTgJBEJz1ifhCPXqZSEw8kVkiCBdD4sUjJvIwgGR2aGDCzO5mpteEEL7Cq568Ga9+jAf/xQExUaN1qlR1p6sriJW0yNibt7S8srq2ntpIb25t7+xm9vbrNkqMgJqIVGSaAbegZAg1lKigGRvgOlDQCEYXM79xB8bKKLzGcQwdzQeh7EvB0Uk3bTGUt+1Y024my3L5AiuXfMpyzCGfd6TA/HKxSP25wliWLFDtZt7bvUgkGkIUilvb8lmMnQk3KIWCabqdWIi5GPEBtBwNuQbbmcwDT+lxYjlGNAZDpaJzEb5vTLi2dqwDN6k5Du1vbyb+5bUS7Jc6ExnGCUIoZodQKpgfssJI1wTQnjSAyGfJgcqQCm44IhhJuRBOTFw1adfH19P0f1LP5/xirnB1mq2cL5pJkUNyRE6IT85IhVySKqkRQTS5Jw/k0Zt6T96z9/I5uuQtdg7ID3ivH3JvlN4=</latexit>

�±

https://arxiv.org/abs/2101.10334


Disappearing tracks @ µCollider

Minimal splitting



Disappearing tracks @ Colliders

*Disappearing tracks allow  
to probe the Wino also at FCC-hh

Majorana 3-plet

Sala et al. 1407.7058

https://arxiv.org/abs/1407.7058


Conclusions
We review the phenomenology of EW multiples 
which are the prototype of WIMP DM 

Thermal freeze-out points to multi-TeV mass 
scales. Not probed yet! 

We envisage a plan to say a final word on 
WIMP DM in the upcoming 30 years  

• Indirect detection: can test large EW multiplets due to the 
enhanced annihilation cross sections in low velocity environments 

• kTon Direct detection exp.: can probe basically all the 
candidates except the complex doublet and 5plet 

• 14 TeV µCollider: is needed to probe small multiplets like the 
supersymmetric higgsino and the Wino 



BACKUP



Results: Real WIMPs



Results: Complex WIMPs



Bound States dynamics

Example: n=7



Indirect effets at colliders
From BUTTAZZO’s talk @ Moriond



µCollider
2 → 2 production of invisible      pair + event tag, e.g. mono-γ <latexit sha1_base64="gdsymdwpLRbgW0rKhKcEmLor+Uo=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRrwpFoqEMEnlIiRWtL5vkyPmhuzVSsPIPtFDRIVr+hoJ/wTEuIGGq0cyudna8SElDtv1pFZaWV1bXiuuljc2t7Z3y7l7ThLEW2BChCnXbA4NKBtggSQrbkUbwPYUtb3w981sPqI0MgzuaROj6MAzkQAqgVGp2xUj27F65YlftDHyRODmpsBz1Xvmr2w9F7GNAQoExHceOyE1AkxQKp6VubDACMYYhdlIagI/GTbK0U34UG6CQR6i5VDwT8fdGAr4xE99LJ32gkZn3ZuJ/XiemwaWbyCCKCQMxO0RSYXbICC3TGpD3pUYimCVHLgMuQAMRaslBiFSM015KaR/O/PeLpHlSdc6rZ7enldpV3kyRHbBDdswcdsFq7IbVWYMJds+e2DN7sR6tV+vNev8ZLVj5zj77A+vjG9qLk2A=</latexit>�0

Very difficult at hadron colliders: strong PDF suppression at  
high partonic c.o.m energies (large invariant mass), large background

✦ LHC sensitive to DM masses of the order of 200 GeV 
✦ Even at 100 TeV can’t reach thermal freeze-out targets

➡ Try with a high-energy lepton collider



Main SM backgrounds
MIM + mono-V

Di-V

mono-W requires a lost charge along the beam 
Dominated by VBF

Possible SM backgrounds:



Lumi vs Energy (Mono-W)



Lumi vs Energy (DTs)



Disappearing Tracks Reach



Results: Scalar WIMPs
Scalar WIMPs have lower cross sections 


