
Dark Matter Phenomenology: 
a brief Status

“Future Accelerators Workshop 2024”,  
Corfu, 22/05/2024

PAOLO PANCI



Dark Matter Detection
Experimental strategies to identify the DM microphysics

Direct Detection Indirect Detection

BSM
SM

DM

SM

DM

BSM
SM

SM

DM

DM

Colliders

BSM
DM

DM

SM

SM

Constrain the parameter space 
Find several anomalies



Dark Matter Detection
Experimental strategies to identify the DM microphysics

Direct Detection Indirect Detection

Approaching now the A new era has begunTeV scale
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Thermal Freeze-out



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

<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



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 :    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 

:    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             coupling &

:    DM freezes-out

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

xf ' 30

<latexit sha1_base64="RFY70PUhhUzQ+LwQfjVBmA1d+Ok=">AAAB+HicbVDLSsNAFL3xWeujUZduBotQNyURqS6LbtxZwT6gDWEynbRDJ5MwM1Fq6Ze4caGIWz/FnX/jpM1CWw8MHM65l3vmBAlnSjvOt7Wyura+sVnYKm7v7O6V7P2DlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD0XXmtx+oVCwW93qcUC/CA8FCRrA2km+XehHWQ4I5uq0M/MdT3y47VWcGtEzcnJQhR8O3v3r9mKQRFZpwrFTXdRLtTbDUjHA6LfZSRRNMRnhAu4YKHFHlTWbBp+jEKH0UxtI8odFM/b0xwZFS4ygwk1lMtehl4n9eN9XhpTdhIkk1FWR+KEw50jHKWkB9JinRfGwIJpKZrIgMscREm66KpgR38cvLpHVWdWvV2t15uX6V11GAIziGCrhwAXW4gQY0gUAKz/AKb9aT9WK9Wx/z0RUr3zmEP7A+fwC5pZJ/</latexit>

O(gw)
<latexit sha1_base64="p5Nqkz8wY16SIwDfxl9wURd0GdI="></latexit>

mDM ⇡ (0.1 $ 100) TeVTeV



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>
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Figure 1: Basics of DM direct detection. Left: on a ⇠km scale. Right: on a ⇠fm scale.

Should be v, not ~v.

implying
ū(p, s)u(p, s

0) = v̄(p, s)v(p, s
0) = Np 2m �s,s0 (B.39)

(we formally define Np = 1 for scalars). Canonical (anti)commutation relations then impose
KpNp = (2⇡)3 2Ep. The normalization used here and in Ref. [? ] is

Np = 1 , Kp = (2⇡)3 2Ep , (B.40)

implying ⇢(p) = 2Ep.

C Rate

C.1 Preliminaries

Direct detection experiments attempt at measuring the energy released in the detector by DM
particles scattering o↵ detector nuclei. Brutally speaking, and from a theoretician viewpoint
only, a detector is a chunk of material covered with sensors. When a DM particle with velocity
v reaches the detector, it may undergo scattering o↵ of a nucleus in the material. The nucleus
is initially at rest, to a very good approximation, and it recoils with a recoil energy ER when it
is struck by the DM particle. The detector is placed in a cave deep underground to be screened
by cosmic rays, and further artificial shields are added to reduce the background due to natural
radioactivity. Fig. 1 illustrates/elucidates these concepts in the clearest possible manner.

This sort of DM searches, like others, relies on the assumption that the DM interacts with
the standard matter other than just gravitationally. Unfortunately, we have no evidence that
this is actually the case. We will just close our eyes here and assume that the DM couples
to the standard matter beyond gravity. For large enough couplings, DM particles may scatter
already in Earth’s atmosphere or in the rock before getting to the detector. This type of
DM is called Strongly Interacting Massive Particle (SIMP), and was studied e.g. in Ref. [49].
Existing bounds on this candidate can be found summarized in Refs. [50, 51]. We will be
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the detectors must work deeply underground 
they must use active shields and very clean materials  
they must discriminate multiple scattering 

DM collisions are very rare  
(less then 0.01 cpd/kg/keV)
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Deeply NR DM-nucleus scattering
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operators is, following the numbering introduced in Refs. [27, 118? ],

O
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O
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O
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6
⌘ (s� · q)(sN · q) ,

O
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7
⌘ I�sN · v?

, O
NR

8
⌘ INs� · v?

,

O
NR

9
⌘ i s� · (sN ⇥ q) , O

NR

10
⌘ i I�sN · q ,

O
NR

11
⌘ i INs� · q , O

NR

12
⌘ v? · (s� ⇥ sN) ,

O
NR

13
⌘ i(s� · v?)(sN · q) , O

NR

14
⌘ i(s� · q)(sN · v?) ,

O
NR

15
⌘ [s� · (q ⇥ v?)](sN · q) , O

NR

16
⌘ (s� · v?)(sN · v?) ,

O
NR

17
⌘ i[s� · (q ⇥ v?)](sN · v?) .

(E.86)

We ignored O
NR

2
⌘ v

?2
since, as said above, we store all dependence on v

?2
in the coe�cients

multiplying the O
NR’s. For a scalar DM � we have the above operators provided one substitutes

I� ! I� ⌘ 1 , s� ! s� ⌘ 0 . (E.87)

As we will see in the next subsection, the operators from O
NR

1
to O

NR

12
are enough to describe

the non-relativistic limit of many of the quantum field theory operators often encountered in
the literature.

From the expression of the matrix element (E.2) in terms of non-relativistic operators,

MN =
X

k

c
NR

k O
NR

k , (E.88)

one may be able to derive the non-relativistic DM-N interaction potential, meaning a quantum-
mechanical operator V whose matrix element equals MN (see e.g. Ref. [89]). It is easy to
imagine that the dependence of the potential on the DM and nucleon spin operators should
match the matrix element dependence on s� or sN . However, the operatorial form of q, v? and
combinations thereof may not be so straightforward, as it may involve the position operator in
a non-trivial way. It is customary to confuse the quantum operators making up the potential
with the O

NR’s, hence the name ‘operators’ for the latter. The potential could be inferred
from its position-space matrix element obtained in Born approximation by Fourier-transforming
MN [89],

hx0|V |xi / �
(3)(x� x0)

Z
d3

q e
�iq·x

X

k

c
NR

k (q2
, v

?2

)O
NR

k . (E.89)

This is particularly meaningful if MN has been obtained at tree level from an e↵ective theory
or from a t-channel one-meson exchange. The full DM-nucleus scattering amplitude may then
be computed by taking the matrix element of the potential between DM-nucleus states. Each
of the operators (corresponding to the) O

NR’s will contribute to a certain DM-nucleus coupling,
realizing a specific interaction. As we will see in Sec. G, for instance, scattering through O

NR

1

results in coupling the DM particle to the nucleon number density inside the nucleus. This is
the standard spin-independent interaction (Sec. G.2). O

NR

4
instead couples the DM spin with

the (nucleon spin contribution to the) nuclear spin, the standard spin-dependent interaction

38
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Figure 1: Nuclear responses of the fluorine (a) and the iodine (b) targets considering two completely different types of interactions. On a
more specific level, we show, in red, the nuclear responses for the “standard” SI contact interaction, while in blue those for another kind of
interaction described in the nonrelativistic limit by the operator ONR6 = ( ⃗𝑠𝜒 ⋅ ⃗𝑞)( ⃗𝑠𝑁 ⋅ ⃗𝑞). The different hatching refers instead to the possible
choices of nucleon pairs in the nucleus. In particular, the solid, dashed, and dotted lines are for (𝑝,𝑝), (𝑛, 𝑛), and (𝑝, 𝑛) pairs, while the thick
ones are obtained by summing over all of them (total nuclear responses). Notice that the total nuclear responses for the “standard” SI contact
interaction (thick red lines) reduce to 𝐴2N𝐹2Helm(𝑞), where 𝐹2Helm(𝑞) is the customary Helm form factor [33].

where we define the total SI nuclear response as𝐹totN (𝐸𝑅) = ∑𝑁,𝑁=𝑝,𝑛𝐹(𝑁,𝑁)1,1 (𝐸𝑅,N) . (17)

Here, since 𝜆𝑝SI = 𝜆𝑛SI, the total nuclear response reduces to
the square of the customary Helm form factor [33] multiplied
by the coherent enhancement of the cross section 𝐴2N. In
particular it reads 𝐹totN (𝐸𝑅) = 𝐴2N𝐹2Helm(𝐸𝑅). The function
I(𝐸𝑅) = ∫VescVmin

d3V𝑓𝐺(V⃗ + V⃗𝐸(𝑡))/V is instead the velocity
integral encountered many times in the literature. It is worth
noticing thatI(𝐸𝑅) can be written in this way because in the
“standard” SI interaction the operator that the describes the
nonrelativistic limit of the effective Lagrangian does not carry
any dependences on the relative velocity V⃗. In Section 3.2
the interpretation of the experimental results in terms of the
“standard” SI interaction is briefly reviewed.

2.3. Experimental Observables. Since, as already stated, the
Earth’s orbital velocity projected in the galactic plane is
relatively small compared to the drift velocity of the Sun, we
can then expand the recoil rate (11), assuming that the velocity

distribution is not strongly anisotropic.Then, by means then
of (7), one gets

d𝑅N
d𝐸𝑅 (𝑡) ≃ d𝑅N

d𝐸𝑅 V𝐸=V⊙+ 𝜕𝜕V𝐸 d𝑅Nd𝐸𝑅 V𝐸=V⊙ΔV cos[2𝜋 (𝑡 − 𝜙)𝜏 ] . (18)

In order now to properly reproduce the experimental
rate of nuclear recoil and in turn the expected number of
events in a certain energy bin, one should take into account
the response of the detectors as well. It can be done by the
following energy convolution and transformation:

d𝑅
d𝐸 =∑

N

𝜖 (𝐸)∫∞0 d𝐸𝑅KN (𝑞N𝐸𝑅,𝐸) d𝑅Nd𝐸𝑅 (𝐸𝑅) , (19)

where 𝐸 is the detected energy and the functions
KN(𝑞N𝐸𝑅,𝐸) and 𝜖(𝐸) are the energy resolution centered
in 𝑞N𝐸𝑅 and the detector’s efficiency, respectively. Here
the sum runs over the different species of the detectors
(e.g., DAMA is a multiple target experiment composed
by crystal of sodium and iodine) and 𝑞N is the so-called
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ME sensitives to Galileian combinations of NR d.o.f. 

Going beyond the usual pictures (i.e. SI & SD interactions)

# of Events: in terms of model independent form factor
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<latexit sha1_base64="qHCXuMQiWV9AD0n0Yu1ldV2achY="></latexit>

�16�N
SDmDMmN| {z }~sDM · ~sN| {z }

<latexit sha1_base64="erLCPE9NUJMo8MiAN5yF0j7QJIY="></latexit>

4�N
SImDMmN| {z } IDMIN| {z }

<latexit sha1_base64="0102WcwlWoKwjIoj4dIeCi5JQJU="></latexit>

cN1 O
NR
1

<latexit sha1_base64="j8pWOeyxmGRIrpryt5T+ql56mKM="></latexit>

cN4 O
NR
4

<latexit sha1_base64="KYvbjBpox9jJT+mh1vIPz/GkfHI="></latexit>



The standard interactions
SPIN INDEPENDENT SPIN DEPENDENT
Dimension-6 four fermion interactions

DM-nucleon ME

THE RATE 

Mq2!0 ⌘ h�N |L|�0N 0iq2!0
<latexit sha1_base64="GgqAzUL681deh+7afryIhZ4q2Z8="></latexit>

�N
SI �̄�µ� N̄�µN

<latexit sha1_base64="nDBi/9ozg8aZW51yoF4p54ep1NQ="></latexit>

�N
SD �̄�µ�5� N̄�µ�5N

<latexit sha1_base64="qHCXuMQiWV9AD0n0Yu1ldV2achY="></latexit>

�16�N
SDmDMmN| {z }~sDM · ~sN| {z }

<latexit sha1_base64="erLCPE9NUJMo8MiAN5yF0j7QJIY="></latexit>

4�N
SImDMmN| {z } IDMIN| {z }

<latexit sha1_base64="0102WcwlWoKwjIoj4dIeCi5JQJU="></latexit>
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⇡
<latexit sha1_base64="g9qXYu+3Kb25a8ZAZFX6WqwZz/Y="></latexit>

coherent  
factor

Nuclear 
spin factor

cN1 O
NR
1

<latexit sha1_base64="j8pWOeyxmGRIrpryt5T+ql56mKM="></latexit>

cN4 O
NR
4

<latexit sha1_base64="KYvbjBpox9jJT+mh1vIPz/GkfHI="></latexit>



Worldwide DM searches



Spin independent: Status



Spin independent: Status

PRL 131, 041002 (2023)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041002


Spin dependent: Status

SENSITIVITIES: 
unpaired neutrons in the outer nuclear shell (e.g. xenon): large DM-n SD 
unpaired protons in the outer nuclear shell (e.g. fluorine): large DM-p SD

DM-protonDM-neutron

PRL 131, 041002 (2023)PRL 131, 041002 (2023)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041002


Direct detection vs WIMP paradigm
Tremendous progress in testing the properties of DM

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

�th ' 1 pbThe limits are well below  



Direct detection vs WIMP paradigm

NOT REALLY!Does it mean that WIMP are dead?

Tremendous progress in testing the properties of DM
<latexit sha1_base64="7f1DZA4b0dKd98AmBJtc1uLMeVI=">AAACFnicbVC7TsNAEDzzJrwClDQnIiQKFNmIV4Ui0VCCRAAptqL1ZZOccmebuzVSZKXnE/gKWqjoEC0tBf+CHVzwmmp2Zle7O2GipCXXfXcmJqemZ2bn5isLi0vLK9XVtUsbp0ZgU8QqNtchWFQywiZJUnidGAQdKrwKByeFf3WLxso4uqBhgoGGXiS7UgDlUru66VvZ09DOfKM59Uc8rzXecI/7O7zQkrBdrbl1dwz+l3glqbESZ+3qh9+JRaoxIqHA2pbnJhRkYEgKhaOKn1pMQAygh62cRqDRBtn4lxHfSi1QzBM0XCo+FvH7RAba2qEO804N1Le/vUL8z2ul1D0KMhklKWEkikUkFY4XWWFkHhLyjjRIBMXlyGXEBRggQiM5CJGLaZ5aJc/D+/39X3K5W/cO6vvne7XGcZnMHNtgm2ybeeyQNdgpO2NNJtgde2CP7Mm5d56dF+f1q3XCKWfW2Q84b59dnZ5m</latexit>

�th ' 1 pbThe limits are well below  

• Different energy scale: Energy entering in the scattering (few tens of MeV)    
is completely different with respect to the relevant one in the annihilation (TeV & beyond) 

• Different d.o.f.: direct detection is only sensitive to light degrees of freedom   
(light quarks and gluons)  

Direct comparison of the scattering and the thermal XS is not correct:



Direct detection vs WIMP paradigm

NOT REALLY!Does it mean that WIMP are dead?

Tremendous progress in testing the properties of DM
<latexit sha1_base64="7f1DZA4b0dKd98AmBJtc1uLMeVI=">AAACFnicbVC7TsNAEDzzJrwClDQnIiQKFNmIV4Ui0VCCRAAptqL1ZZOccmebuzVSZKXnE/gKWqjoEC0tBf+CHVzwmmp2Zle7O2GipCXXfXcmJqemZ2bn5isLi0vLK9XVtUsbp0ZgU8QqNtchWFQywiZJUnidGAQdKrwKByeFf3WLxso4uqBhgoGGXiS7UgDlUru66VvZ09DOfKM59Uc8rzXecI/7O7zQkrBdrbl1dwz+l3glqbESZ+3qh9+JRaoxIqHA2pbnJhRkYEgKhaOKn1pMQAygh62cRqDRBtn4lxHfSi1QzBM0XCo+FvH7RAba2qEO804N1Le/vUL8z2ul1D0KMhklKWEkikUkFY4XWWFkHhLyjjRIBMXlyGXEBRggQiM5CJGLaZ5aJc/D+/39X3K5W/cO6vvne7XGcZnMHNtgm2ybeeyQNdgpO2NNJtgde2CP7Mm5d56dF+f1q3XCKWfW2Q84b59dnZ5m</latexit>

�th ' 1 pbThe limits are well below  

• Different energy scale: Energy entering in the scattering (few tens of MeV)    
is completely different with respect to the relevant one in the annihilation (TeV & beyond) 

• Different d.o.f.: direct detection is only sensitive to light degrees of freedom   
(light quarks and gluons)  

Direct comparison of the scattering and the thermal XS is not correct:

It is possibile to find not excluded thermal DM 
models but is becoming harder and harder!



Stable SM products (   ,    , .. ,  ) from annihilating/decaying DM
<latexit sha1_base64="GDJi3y7zrQl4lloLBKRWXLXZYr8=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0UQhJCkNa27ihuXFe0D2lgm00k7dDIJMxOhhII/4MaFIm79Inf+jZO2gooeuHA4517uvcePGZXKsj6M3NLyyupafr2wsbm1vVPc3WvJKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x9fZH77jghJI36jJjHxQjTkNKAYKS1dk9uTfrFkmWc11zl1oGVaVtUpuxlxqhWnDG2tZCiBBRr94ntvEOEkJFxhhqTs2lasvBQJRTEj00IvkSRGeIyGpKspRyGRXjo7dQqPtDKAQSR0cQVn6veJFIVSTkJfd4ZIjeRvLxP/8rqJCmpeSnmcKMLxfFGQMKgimP0NB1QQrNhEE4QF1bdCPEICYaXTKegQvj6F/5OWY9qu6V5VSvXz+3kceXAADsExsEEV1MElaIAmwGAIHsATeDaY8Wi8GK/z1pyxiHAf/IDx9glwT45U</latexit>

e+
<latexit sha1_base64="00j2VgiyJ9OBEkaErobpNkLmnL4=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjKDre2u4sZlBfuAdiiZNNPGZpIhyQhlKPgJblwo4tb/ceffmD4EFT1wuYdzbsi9J0w40wahDye3srq2vpHfLGxt7+zuFfcPWlqmitAmkVyqTog15UzQpmGG006iKI5DTtvh+HLmt++o0kyKGzNJaBDjoWARI9hYqdULsYJJv1hCLvKrZVSDyPVt88uWlJFXq9Sg56I5SmCJRr/43htIksZUGMKx1l0PJSbIsDKMcDot9FJNE0zGeEi7lgocUx1k822n8MQqAxhJZUsYOFe/v8hwrPUkDu1kjM1I//Zm4l9eNzVRNciYSFJDBVl8FKUcGglnp8MBU5QYPrEEE8XsrpCMsMLE2IAKNoSvS+H/pOW7XsWtXJ+V6hf3izjy4Agcg1PggXNQB1egAZqAgFvwAJ7AsyOdR+fFeV2M5pxlhIfgB5y3T8Drj64=</latexit>

p̄
<latexit sha1_base64="rK98EeHjhpeeqQAXsbC03zohgnE=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmaSmDi3iBePEcwCyRB6Op2kTS9Dd48QhoCf4MWDIl79H2/+jZ1FUNEHBY/3qqiqF8WMauN5H05mZXVtfSO7mdva3tndy+8fNLVMFCYNLJlU7QhpwqggDUMNI+1YEcQjRlrR+HLmt+6I0lSKGzOJScjRUNABxchYqdkdIs5RL1/wXL/kl7wi9NwgCCpB1RKvWDoLytB3vTkKYIl6L//e7UuccCIMZkjrju/FJkyRMhQzMs11E01ihMdoSDqWCsSJDtP5tVN4YpU+HEhlSxg4V79PpIhrPeGR7eTIjPRvbyb+5XUSMzgPUyrixBCBF4sGCYNGwtnrsE8VwYZNLEFYUXsrxCOkEDY2oJwN4etT+D9pFl2/4lauy4Xaxf0ijiw4AsfgFPigCmrgCtRBA2BwCx7AE3h2pPPovDivi9aMs4zwEPyA8/YJJmmP8Q==</latexit>�

Indirect Detection: overview



<latexit sha1_base64="SG/gMt4IFNwtZ/GVe6D2JyhCeU4=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2VGpO2y4MZlBfuAzlAyaaYNTSYhyUjLUPBX3LhQxK3f4c6/MW1noa0HLhzOuZd774kko9p43rdT2Njc2t4p7pb29g8Oj9zjk7YWqcKkhQUTqhshTRhNSMtQw0hXKoJ4xEgnGt/O/c4jUZqK5MFMJQk5GiY0phgZK/XdswBJqcQE1mHAIzHJ4FjiWd8texVvAbhO/JyUQY5m3/0KBgKnnCQGM6R1z/ekCTOkDMWMzEpBqolEeIyGpGdpgjjRYbY4fwYvrTKAsVC2EgMX6u+JDHGtpzyynRyZkV715uJ/Xi81cT3MaCJTQxK8XBSnDBoB51nAAVUEGza1BGFF7a0Qj5BC2NjESjYEf/XlddK+rvjVSvX+ptyo5XEUwTm4AFfABzXQAHegCVoAgww8g1fw5jw5L86787FsLTj5zCn4A+fzB7rVlVM=</latexit>

⇡ 8 kpc

Stable SM products (   ,    , .. ,  ) from annihilating/decaying DM
<latexit sha1_base64="GDJi3y7zrQl4lloLBKRWXLXZYr8=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0UQhJCkNa27ihuXFe0D2lgm00k7dDIJMxOhhII/4MaFIm79Inf+jZO2gooeuHA4517uvcePGZXKsj6M3NLyyupafr2wsbm1vVPc3WvJKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x9fZH77jghJI36jJjHxQjTkNKAYKS1dk9uTfrFkmWc11zl1oGVaVtUpuxlxqhWnDG2tZCiBBRr94ntvEOEkJFxhhqTs2lasvBQJRTEj00IvkSRGeIyGpKspRyGRXjo7dQqPtDKAQSR0cQVn6veJFIVSTkJfd4ZIjeRvLxP/8rqJCmpeSnmcKMLxfFGQMKgimP0NB1QQrNhEE4QF1bdCPEICYaXTKegQvj6F/5OWY9qu6V5VSvXz+3kceXAADsExsEEV1MElaIAmwGAIHsATeDaY8Wi8GK/z1pyxiHAf/IDx9glwT45U</latexit>

e+
<latexit sha1_base64="00j2VgiyJ9OBEkaErobpNkLmnL4=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjKDre2u4sZlBfuAdiiZNNPGZpIhyQhlKPgJblwo4tb/ceffmD4EFT1wuYdzbsi9J0w40wahDye3srq2vpHfLGxt7+zuFfcPWlqmitAmkVyqTog15UzQpmGG006iKI5DTtvh+HLmt++o0kyKGzNJaBDjoWARI9hYqdULsYJJv1hCLvKrZVSDyPVt88uWlJFXq9Sg56I5SmCJRr/43htIksZUGMKx1l0PJSbIsDKMcDot9FJNE0zGeEi7lgocUx1k822n8MQqAxhJZUsYOFe/v8hwrPUkDu1kjM1I//Zm4l9eNzVRNciYSFJDBVl8FKUcGglnp8MBU5QYPrEEE8XsrpCMsMLE2IAKNoSvS+H/pOW7XsWtXJ+V6hf3izjy4Agcg1PggXNQB1egAZqAgFvwAJ7AsyOdR+fFeV2M5pxlhIfgB5y3T8Drj64=</latexit>

p̄
<latexit sha1_base64="rK98EeHjhpeeqQAXsbC03zohgnE=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmaSmDi3iBePEcwCyRB6Op2kTS9Dd48QhoCf4MWDIl79H2/+jZ1FUNEHBY/3qqiqF8WMauN5H05mZXVtfSO7mdva3tndy+8fNLVMFCYNLJlU7QhpwqggDUMNI+1YEcQjRlrR+HLmt+6I0lSKGzOJScjRUNABxchYqdkdIs5RL1/wXL/kl7wi9NwgCCpB1RKvWDoLytB3vTkKYIl6L//e7UuccCIMZkjrju/FJkyRMhQzMs11E01ihMdoSDqWCsSJDtP5tVN4YpU+HEhlSxg4V79PpIhrPeGR7eTIjPRvbyb+5XUSMzgPUyrixBCBF4sGCYNGwtnrsE8VwYZNLEFYUXsrxCOkEDY2oJwN4etT+D9pFl2/4lauy4Xaxf0ijiw4AsfgFPigCmrgCtRBA2BwCx7AE3h2pPPovDivi9aMs4zwEPyA8/YJJmmP8Q==</latexit>�

Indirect Detection: overview



<latexit sha1_base64="SG/gMt4IFNwtZ/GVe6D2JyhCeU4=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2VGpO2y4MZlBfuAzlAyaaYNTSYhyUjLUPBX3LhQxK3f4c6/MW1noa0HLhzOuZd774kko9p43rdT2Njc2t4p7pb29g8Oj9zjk7YWqcKkhQUTqhshTRhNSMtQw0hXKoJ4xEgnGt/O/c4jUZqK5MFMJQk5GiY0phgZK/XdswBJqcQE1mHAIzHJ4FjiWd8texVvAbhO/JyUQY5m3/0KBgKnnCQGM6R1z/ekCTOkDMWMzEpBqolEeIyGpGdpgjjRYbY4fwYvrTKAsVC2EgMX6u+JDHGtpzyynRyZkV715uJ/Xi81cT3MaCJTQxK8XBSnDBoB51nAAVUEGza1BGFF7a0Qj5BC2NjESjYEf/XlddK+rvjVSvX+ptyo5XEUwTm4AFfABzXQAHegCVoAgww8g1fw5jw5L86787FsLTj5zCn4A+fzB7rVlVM=</latexit>

⇡ 8 kpc

Stable SM products (   ,    , .. ,  ) from annihilating/decaying DM
<latexit sha1_base64="GDJi3y7zrQl4lloLBKRWXLXZYr8=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0UQhJCkNa27ihuXFe0D2lgm00k7dDIJMxOhhII/4MaFIm79Inf+jZO2gooeuHA4517uvcePGZXKsj6M3NLyyupafr2wsbm1vVPc3WvJKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x9fZH77jghJI36jJjHxQjTkNKAYKS1dk9uTfrFkmWc11zl1oGVaVtUpuxlxqhWnDG2tZCiBBRr94ntvEOEkJFxhhqTs2lasvBQJRTEj00IvkSRGeIyGpKspRyGRXjo7dQqPtDKAQSR0cQVn6veJFIVSTkJfd4ZIjeRvLxP/8rqJCmpeSnmcKMLxfFGQMKgimP0NB1QQrNhEE4QF1bdCPEICYaXTKegQvj6F/5OWY9qu6V5VSvXz+3kceXAADsExsEEV1MElaIAmwGAIHsATeDaY8Wi8GK/z1pyxiHAf/IDx9glwT45U</latexit>

e+
<latexit sha1_base64="00j2VgiyJ9OBEkaErobpNkLmnL4=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjKDre2u4sZlBfuAdiiZNNPGZpIhyQhlKPgJblwo4tb/ceffmD4EFT1wuYdzbsi9J0w40wahDye3srq2vpHfLGxt7+zuFfcPWlqmitAmkVyqTog15UzQpmGG006iKI5DTtvh+HLmt++o0kyKGzNJaBDjoWARI9hYqdULsYJJv1hCLvKrZVSDyPVt88uWlJFXq9Sg56I5SmCJRr/43htIksZUGMKx1l0PJSbIsDKMcDot9FJNE0zGeEi7lgocUx1k822n8MQqAxhJZUsYOFe/v8hwrPUkDu1kjM1I//Zm4l9eNzVRNciYSFJDBVl8FKUcGglnp8MBU5QYPrEEE8XsrpCMsMLE2IAKNoSvS+H/pOW7XsWtXJ+V6hf3izjy4Agcg1PggXNQB1egAZqAgFvwAJ7AsyOdR+fFeV2M5pxlhIfgB5y3T8Drj64=</latexit>

p̄
<latexit sha1_base64="rK98EeHjhpeeqQAXsbC03zohgnE=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmaSmDi3iBePEcwCyRB6Op2kTS9Dd48QhoCf4MWDIl79H2/+jZ1FUNEHBY/3qqiqF8WMauN5H05mZXVtfSO7mdva3tndy+8fNLVMFCYNLJlU7QhpwqggDUMNI+1YEcQjRlrR+HLmt+6I0lSKGzOJScjRUNABxchYqdkdIs5RL1/wXL/kl7wi9NwgCCpB1RKvWDoLytB3vTkKYIl6L//e7UuccCIMZkjrju/FJkyRMhQzMs11E01ihMdoSDqWCsSJDtP5tVN4YpU+HEhlSxg4V79PpIhrPeGR7eTIjPRvbyb+5XUSMzgPUyrixBCBF4sGCYNGwtnrsE8VwYZNLEFYUXsrxCOkEDY2oJwN4etT+D9pFl2/4lauy4Xaxf0ijiw4AsfgFPigCmrgCtRBA2BwCx7AE3h2pPPovDivi9aMs4zwEPyA8/YJJmmP8Q==</latexit>�

Indirect Detection: overview



<latexit sha1_base64="SG/gMt4IFNwtZ/GVe6D2JyhCeU4=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2VGpO2y4MZlBfuAzlAyaaYNTSYhyUjLUPBX3LhQxK3f4c6/MW1noa0HLhzOuZd774kko9p43rdT2Njc2t4p7pb29g8Oj9zjk7YWqcKkhQUTqhshTRhNSMtQw0hXKoJ4xEgnGt/O/c4jUZqK5MFMJQk5GiY0phgZK/XdswBJqcQE1mHAIzHJ4FjiWd8texVvAbhO/JyUQY5m3/0KBgKnnCQGM6R1z/ekCTOkDMWMzEpBqolEeIyGpGdpgjjRYbY4fwYvrTKAsVC2EgMX6u+JDHGtpzyynRyZkV715uJ/Xi81cT3MaCJTQxK8XBSnDBoB51nAAVUEGza1BGFF7a0Qj5BC2NjESjYEf/XlddK+rvjVSvX+ptyo5XEUwTm4AFfABzXQAHegCVoAgww8g1fw5jw5L86787FsLTj5zCn4A+fzB7rVlVM=</latexit>

⇡ 8 kpc

Stable SM products (   ,    , .. ,  ) from annihilating/decaying DM
<latexit sha1_base64="GDJi3y7zrQl4lloLBKRWXLXZYr8=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0UQhJCkNa27ihuXFe0D2lgm00k7dDIJMxOhhII/4MaFIm79Inf+jZO2gooeuHA4517uvcePGZXKsj6M3NLyyupafr2wsbm1vVPc3WvJKBGYNHHEItHxkSSMctJUVDHSiQVBoc9I2x9fZH77jghJI36jJjHxQjTkNKAYKS1dk9uTfrFkmWc11zl1oGVaVtUpuxlxqhWnDG2tZCiBBRr94ntvEOEkJFxhhqTs2lasvBQJRTEj00IvkSRGeIyGpKspRyGRXjo7dQqPtDKAQSR0cQVn6veJFIVSTkJfd4ZIjeRvLxP/8rqJCmpeSnmcKMLxfFGQMKgimP0NB1QQrNhEE4QF1bdCPEICYaXTKegQvj6F/5OWY9qu6V5VSvXz+3kceXAADsExsEEV1MElaIAmwGAIHsATeDaY8Wi8GK/z1pyxiHAf/IDx9glwT45U</latexit>

e+
<latexit sha1_base64="00j2VgiyJ9OBEkaErobpNkLmnL4=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjKDre2u4sZlBfuAdiiZNNPGZpIhyQhlKPgJblwo4tb/ceffmD4EFT1wuYdzbsi9J0w40wahDye3srq2vpHfLGxt7+zuFfcPWlqmitAmkVyqTog15UzQpmGG006iKI5DTtvh+HLmt++o0kyKGzNJaBDjoWARI9hYqdULsYJJv1hCLvKrZVSDyPVt88uWlJFXq9Sg56I5SmCJRr/43htIksZUGMKx1l0PJSbIsDKMcDot9FJNE0zGeEi7lgocUx1k822n8MQqAxhJZUsYOFe/v8hwrPUkDu1kjM1I//Zm4l9eNzVRNciYSFJDBVl8FKUcGglnp8MBU5QYPrEEE8XsrpCMsMLE2IAKNoSvS+H/pOW7XsWtXJ+V6hf3izjy4Agcg1PggXNQB1egAZqAgFvwAJ7AsyOdR+fFeV2M5pxlhIfgB5y3T8Drj64=</latexit>
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Prompt γ-ray fluxes @Earth

FERMI-LAT γ-ray sky DM diffuse γ-ray emission (MW-like) 

PARTICLE PHYSICS ASTROPHYSICS

GALACTIC CENTER
• Very bright
• Strong bkg
• Large uncertainties

MW DWARF GALAXIES
• Clean environment
• Low bkg
• J-factor is measured

GALACTIC HALO



Zoology of γ-ray detection facilities



✦ 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

Indirect Detection Bounds: collection

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


Indirect Detection with CTA: GC

FERMI & CTA can close the Thermal window for s-wave annihilations   

JCAP 01 (2021) 057

https://iopscience.iop.org/article/10.1088/1475-7516/2021/01/057


Indirect Detection with CTA: GC

✦BE AWARE OF UNCERTAINTIES

FERMI & CTA can close the Thermal window for s-wave annihilations   

Extensive DM cores are a blind spot for CTA (high degeneracy with the CR component).

JCAP 01 (2021) 057

https://iopscience.iop.org/article/10.1088/1475-7516/2021/01/057


JCAP 01 (2021) 057

Indirect Detection with CTA: GC

https://iopscience.iop.org/article/10.1088/1475-7516/2021/01/057
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NOT REALLY!Are WIMPs on the verge to be excluded?

➡ FERMI excludes the thermal production for light DM   

•         is not simply s-wave: This is generically the case for heavy WIMPs                   
(non-perturbative non-relativistic effects generates velocity dependent XS)

➡ CTA will be sensitive to thermal DM in the multi-TeV mass range

FERMI & CTA can test the thermal DM production
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Indirect detection vs WIMP paradigm

NOT REALLY!Are WIMPs on the verge to be excluded?

➡ FERMI excludes the thermal production for light DM   

•         is not simply s-wave: This is generically the case for heavy WIMPs                   
(non-perturbative non-relativistic effects generates velocity dependent XS)

To draw robust conclusions it is preferable to 
utilize clean astrophysical environments 

➡ CTA will be sensitive to thermal DM in the multi-TeV mass range

FERMI & CTA can test the thermal DM production
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EW multiplets as DM candidates
Consider a single ElectroWeak (EW) multiplet (n,Y) 
in the same spirit of the original Minimal DM paper hep-ph/0512090 and 1512.05353

• Fully predicable
• The mass is set by the requirement of the relic abundance

Thermal freeze-out points to multi-TeV mass scales

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

REAL WIMPs

Wino         Minimal DM

https://arxiv.org/abs/hep-ph/0512090
https://arxiv.org/abs/1512.05353
https://arxiv.org/abs/2107.09688


For EW multiplets Z-mediated elastic scattering is forbidden  
Direct Detection of EW multiplets
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https://arxiv.org/abs/hep-ph/0407168
https://arxiv.org/abs/1104.0228
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�2
with ⇠ = 16.6± 1.3

• Very small cross section: The SI interaction occurs at loop-level 

• Accidental cancellation: for specific choices of n and Y there is a 
cancellation: (e.g.                                                                 )
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�2 ' 0 for 21/2 and 51

For EW multiplets Z-mediated elastic scattering is forbidden  

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


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


Non-perturbative effects enhance          → all EW bosons in low velocity targets
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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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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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SMOKING GUN: Heavy EW multiplets are like atoms emitting in γ-rays.  
➡ One can look for correlations of multiple lines!
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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

To be included: 

- continuum (small effect) 

- BS formations  

- Correlations of multiples lines 

CTA sensitivity of γ-ray lines towards clean environments 

PRELIMINARY

https://arxiv.org/abs/2107.09688
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• I review the model independent signatures in both direct 
and indirect detection of heavy DM

Conclusions & outlook

• We envisage a plan to say a final word on the EW nature 
of 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 (refer to BUTTAZZO’s talk) 

• Current and upcoming experiments are pushing previous 
searches to probe deeper the multi-TeV mass range 
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High-energy Operators

JCAP10(2013)019
Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators

might have the same non-relativistic form, corresponding thus to the same O
NR

k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
dependent (axial-vector) interactions in [19, 20].

5.1 E↵ective operators for fermion dark matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field �
and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(5.1)

where we do not take into account here flavor-violating interactions. Notice that the operators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (5.2)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i�µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(5.3)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (5.4)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
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k . This can
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Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
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dependent (axial-vector) interactions in [19, 20].
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the e↵ective operators analyses when they consider one operator at a time.
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µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (5.4)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (5.5)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�cients
introduced in eq. (2.2): the first ones are the coe�cients in the expansion in terms of quark/gluon level
e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR operators.
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Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators

might have the same non-relativistic form, corresponding thus to the same O
NR

k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
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(5.1)
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and �O
q
9
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2
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a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
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Lagrangian at the nucleon level
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8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�cients
introduced in eq. (2.2): the first ones are the coe�cients in the expansion in terms of quark/gluon level
e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR operators.
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where the O
N
k (N = p, n) are

O
N
1 = �̄� N̄N , O

N
2 = �̄ i�5� N̄N ,

O
N
3 = �̄� N̄ i�5N , O

N
4 = �̄ i�5� N̄ i�5N ,

O
N
5 = �̄�µ� N̄�µN , O

N
6 = �̄�µ�5� N̄�µN ,

O
N
7 = �̄�µ� N̄�µ�

5N , O
N
8 = �̄�µ�5� N̄�µ�

5N ,

O
N
9 = �̄ �µ⌫� N̄ �µ⌫N , O

N
10 = �̄ i�µ⌫�5� N̄ �µ⌫N ,

(5.6)

and we denoted with N the nucleon field. Notice that the gluon operators contribute to the
scalar operators ON

1
, ON

2
, ON

3
and O

N
4
. The couplings are

cN1,2 =
X

q=u,d,s

cq
1,2

mN

mq
f (N)

Tq +
2

27
f (N)

TG

0

@
X

q=c,b,t

cq
1,2

mN

mq
� cg

1,2mN

1

A , (5.7a)

cN3,4 =
X

q=u,d,s

mN

mq

h
(cq

3,4 � C3,4) + cg
3,4m̄

i
�(N)

q , (5.7b)

cp
5,6 = 2 cu5,6 + cd5,6 , cn5,6 = cu5,6 + 2 cd5,6 , (5.7c)

cN7,8 =
X

q

cq
7,8�

(N)

q , (5.7d)

cN9,10 =
X

q

cq
9,10 �

(N)

q , (5.7e)

where C3,4 ⌘
P

q c
q
3,4 m̄/mq with m̄ ⌘ (1/mu + 1/md + 1/ms)�1; the factors fTq, fTG, �

(N)

q

and �(N)

q are given in appendix B, to which the reader should refer for the derivation of the
equations (5.7) and where reference to the relevant literature is provided. For the quark
scalar couplings cq

1
to cq

4
it is usually assumed cqk / mq, as it would be the case for a DM-

quark interaction mediated by a higgs-like particle coupling to the quark masses (we will go
back to this point in section 6.1).

To compute the DM-nucleus amplitude, we have now to coherently sum up the interac-
tion amplitude over all nucleons in the nucleus, taking also into account the physics of the
bound state. The form factor formalism of [3] allows to make this for any type of interaction,
only we have first to evaluate the matrix elements outh�, N |ON

k |�, Niin and to express them
in terms of the non-relativistic operators O

NR

i introduced in eq. (2.1). To do so, we can
expand the solution of the Dirac equation in its non-relativistic limit: in the Weyl or chiral
representation for the spinors,

us(p) =

✓p
pµ�µ ⇠sp
pµ�̄µ ⇠s

◆
=

1p
2(p0 +m)

✓
(pµ�µ +m) ⇠s

(pµ�̄µ +m) ⇠s

◆

=
1p
4m

✓
(2m� ~p · ~�) ⇠s
(2m+ ~p · ~�) ⇠s

◆
+ O(~p 2)

(5.8)

where �µ = ( ,~�), �̄µ = ( ,�~�) and we approximated pµ = (m, ~p) + O(~p 2) in the non-
relativistic limit. In this limit we can study the velocity, momentum and spin dependence of
the fermion bilinears, when both fermions are on-shell. Up to and including the first order
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in the three-momenta,

ū(p0)u(p) ' 2m, (5.9a)

ū(p0)i �5u(p) ' 2i ~q · ~s , (5.9b)
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◆
, (5.9d)

ū(p0)�µ⌫u(p) '
 

0 i ~q � 2~P ⇥ ~s

�i ~q + 2~P ⇥ ~s 4m "ijksk

!
, (5.9e)

ū(p0)i�µ⌫�5u(p) '
✓

0 �4m~s
4m~s i "ijkqk � 2Pisj + 2Pjsi

◆
, (5.9f)

where ~q = ~p� ~p 0 is the exchanged momentum, and ~P = ~p+ ~p 0. The spin operator is defined
as ~s ⌘ ⇠0† ~�

2
⇠, where in its absence a ⇠0†⇠ is understood.

Finally, when contracting fermionic DM and nucleon bilinears,9 the following expressions
can be derived for the (matrix elements of the) O
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k , at leading order in the non-relativistic
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Here we took ~q to be the momentum transferred by the DM to the nucleus. With these
substitutions, the e↵ective Lagrangian (5.5) gives origin to the nucleonic matrix element in
the form of eq. (2.2), and the results of section 2 can be applied straightforwardly.10

From eq. (5.11) one can now see clearly that O
N
1

and O
N
5

correspond to the same
non-relativistic operator, and so do O

N
8

and O
N
9
. They are therefore indistinguishable by

direct detection experiments alone. This also means that a bound computed on one of these
operators is identical to the bound computed on the other, a di↵erence arising only if di↵erent
coe�cients are chosen for the two in the Lagrangian. Furthermore, if a model features both
operators, strong cancellations or enhancements of the scattering cross section might arise

9The following expression can be useful in expressing the result as function of only ~q and ~v?:

~P�

m�
�

~PN

mN
= 2~v? , (5.10)

where ~P� (~PN ) is the sum of the initial and final DM (nucleon) momenta.
10Notice that, while in [3, 4] the matrix element is defined as inh. . . iout, we use outh. . . iin instead. For this

reason we expect to get a minus sign for each power of q occurring in the NR operators. However, we use an
opposite convention for ~q so that the final result will be the same.
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amplitude will then be a rotationally invariant function of these variables; invariance un-
der Galilean boosts is ensured by the fact that these vectors are by themselves invariant
under Galileo velocity transformations, and translational symmetry is also respected given
the absence of a reference frame/point in space. In this regard, a basis of 16 rotationally
invariant operators can be constructed with ⇣v, ⇣q, ⇣sN , and ⇣s� [5], which include all possible
spin configurations. The scattering amplitude can then be written as a linear combination
of these operators, with coe⌅cients that may depend on the momenta only through the q2

or v2 scalars (⇣q · ⇣v = �q2/2µN by energy conservation, with µN the DM-nucleon reduced
mass). Before introducing these NR operators, however, let us notice that, instead of ⇣v, the
variable ⇣v� ⇧ ⇣v+⇣q/2µN is somehow more suitable to write the amplitude. ⇣v� is Hermitian,
in a sense explained in Ref. [3], while ⇣v is not, and moreover one has ⇣v� · ⇣q = 0. Following
Ref. [3] we will therefore use, in the description of the NR operators, ⇣v� instead of ⇣v. The
NR operators considered in this work are

ONR
1 = ,

ONR
3 = i⇣sN · (⇣q ⇤ ⇣v�) , ONR

4 = ⇣s� · ⇣sN ,

ONR
5 = i⇣s� · (⇣q ⇤ ⇣v�) , ONR

6 = (⇣s� · ⇣q)(⇣sN · ⇣q) ,

ONR
7 = ⇣sN · ⇣v� , ONR

8 = ⇣s� · ⇣v� ,

ONR
9 = i⇣s� · (⇣sN ⇤ ⇣q) , ONR

10 = i⇣sN · ⇣q ,

ONR
11 = i⇣s� · ⇣q , ONR

12 = ⇣v� · (⇣s� ⇤ ⇣sN) .

(1)

As in [3], we do not consider the full set of independent operators (for instance, as apparent,
we do not consider the operator labeled ONR

2 in [3], nor those above the 12th); however,
as we will see in Sec. 5, the operators listed above are enough to describe the NR limit
of many of the relativistic operators often encountered in the literature. We obtained the
form factor for the operator ONR

12 from the authors of [3] (private communication / cite
a paper not out yet). •

Given a model for the interaction of DM with the fundamental particles of the SM, we
can build the non-relativistic e⇥ective Lagrangian describing DM-nucleon interactions as
follows. Starting from the fundamental Lagrangian, the matrix element for a scattering
process at the nucleon level 1 can be expressed as a linear combination of the operators (1):

MN =
12�

i=1

cN
i (�, m�) ONR

i . (2)

The coe⌅cients cN
i , where N = p, n can be proton or neutron, are function of the parameters

of the model, such as couplings, mediator masses and mixing angles, (collectively denoted)
�, the DM mass m� and the nucleon mass mN . For example, if the scattering between
a fermonic DM ⇤ and the nucleon N is described by the (high-energy) scalar operator
gN/�2 ⇤̄⇤ N̄N , the only non-relativistic operator involved is ONR

1 , and its coe⌅cient is
cN
1 = 4 gNm�mN/�2. The general way to determine the coe⌅cients entering the matrix

element (2), starting from high-energy e⇥ective operators, is described explicitly in Sec. 5.
As anticipated above, the cN

i can in principle also depend on the exchanged momentum
squared q2; in this case we factorize the momentum dependence outside of the coe⌅cients

1Note that this quantity coincides with what is denoted as a Lagrangian L in [3,4], e.g. in eq. (55) of [3].
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Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators
might have the same non-relativistic form, corresponding thus to the same O

NR

k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

Notice that, while long-distance QCD e↵ects induce energy-dependent corrections to
the scattering amplitude, we will only present the matching from quark and gluon level
to the nucleon level at lowest order. Next to leading order e↵ects, including two-nucleon
interactions [17], have been studied in the case of scalar interactions in [18], and for spin-
dependent (axial-vector) interactions in [19, 20].

5.1 E↵ective operators for fermion dark matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field �
and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(5.1)

where we do not take into account here flavor-violating interactions. Notice that the operators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (5.2)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i�µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(5.3)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (5.4)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (5.5)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�cients
introduced in eq. (2.2): the first ones are the coe�cients in the expansion in terms of quark/gluon level
e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR operators.
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Higgs-like couplings 

cqi =
mq
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➡The simplest method:                                                                                        
assume the idealized case in which only one operator is active at a time
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5.1 E↵ective operators for fermion Dark Matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field
� and quark fields q are

O
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= �̄� q̄q , O

q
2
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3
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5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
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= �̄ �µ⌫� q̄ �µ⌫q , O

q
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= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(39)

where we do not take into account here flavor-violating interactions. Notice that the oper-
ators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (40)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i �µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(41)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (42)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in Appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (43)

where the O
N
k (N = p, n) are

O
N
1
= �̄� N̄N , O

N
2
= �̄ i�5� N̄N ,

O
N
3
= �̄� N̄ i�5N , O

N
4
= �̄ i�5� N̄ i�5N ,

O
N
5
= �̄�µ� N̄�µN , O

N
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= �̄�µ�5� N̄�µN ,
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= �̄�µ� N̄�µ�
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= �̄�µ�5� N̄�µ�

5N ,

O
N
9
= �̄ �µ⌫� N̄ �µ⌫N , O

N
10

= �̄ i�µ⌫�5� N̄ �µ⌫N ,

(44)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�-
cients introduced in Eq. (2): the first ones are the coe�cients in the expansion in terms of quark/gluon
level e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR
operators.
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cients introduced in Eq. (2): the first ones are the coe�cients in the expansion in terms of quark/gluon
level e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR
operators.
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5.1 E↵ective operators for fermion Dark Matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field
� and quark fields q are
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(39)

where we do not take into account here flavor-violating interactions. Notice that the oper-
ators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (40)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i �µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are
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(41)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (42)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in Appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (43)

where the O
N
k (N = p, n) are
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(44)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�-
cients introduced in Eq. (2): the first ones are the coe�cients in the expansion in terms of quark/gluon
level e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR
operators.
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where G̃a
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Figure 7: Bounds on individual contact e↵ective operators, all at 90% CL.
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Higgs-like couplings

5.1 E↵ective operators for fermion Dark Matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field
� and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(39)

where we do not take into account here flavor-violating interactions. Notice that the oper-
ators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (40)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i �µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(41)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (42)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in Appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (43)

where the O
N
k (N = p, n) are

O
N
1
= �̄� N̄N , O

N
2
= �̄ i�5� N̄N ,

O
N
3
= �̄� N̄ i�5N , O

N
4
= �̄ i�5� N̄ i�5N ,
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N
5
= �̄�µ� N̄�µN , O

N
6
= �̄�µ�5� N̄�µN ,
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7
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N
8
= �̄�µ�5� N̄�µ�

5N ,

O
N
9
= �̄ �µ⌫� N̄ �µ⌫N , O

N
10

= �̄ i�µ⌫�5� N̄ �µ⌫N ,

(44)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�-
cients introduced in Eq. (2): the first ones are the coe�cients in the expansion in terms of quark/gluon
level e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR
operators.
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where G̃a
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⇢�, and the numerical overall factors have been chosen for later conve-
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The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +
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k , (42)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in Appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level
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(44)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�-
cients introduced in Eq. (2): the first ones are the coe�cients in the expansion in terms of quark/gluon
level e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR
operators.
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5.1 E↵ective operators for fermion Dark Matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field
� and quark fields q are

O
q
1
= �̄� q̄q , O

q
2
= �̄ i�5� q̄q ,

O
q
3
= �̄� q̄ i�5q , O

q
4
= �̄ i�5� q̄ i�5q ,

O
q
5
= �̄�µ� q̄�µq , O

q
6
= �̄�µ�5� q̄�µq ,

O
q
7
= �̄�µ� q̄�µ�

5q , O
q
8
= �̄�µ�5� q̄�µ�

5q ,

O
q
9
= �̄ �µ⌫� q̄ �µ⌫q , O

q
10

= �̄ i�µ⌫�5� q̄ �µ⌫q ,

(39)

where we do not take into account here flavor-violating interactions. Notice that the oper-
ators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (40)

are equal to O
q
10

and �O
q
9
, respectively, by virtue of the identity i �µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1
=

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2
=

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3
=

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4
=

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(41)

where G̃a
µ⌫ ⌘ "µ⌫⇢�Ga

⇢�, and the numerical overall factors have been chosen for later conve-
nience.

The e↵ective Lagrangian at the quark-gluon level is

Le↵ =
10X

k=1

X

q

cqkO
q
k +

4X

k=1

cgkO
g
k , (42)

where the cqk and cgk are real dimensionful coe�cients:8 cqk will have dimensions of [mass]�2

and cgk of [mass]�3. As briefly reviewed in Appendix B, these operators induce an e↵ective
Lagrangian at the nucleon level

Le↵ =
10X

k=1

X

N=p,n

cNk O
N
k , (43)

where the O
N
k (N = p, n) are

O
N
1
= �̄� N̄N , O

N
2
= �̄ i�5� N̄N ,

O
N
3
= �̄� N̄ i�5N , O

N
4
= �̄ i�5� N̄ i�5N ,

O
N
5
= �̄�µ� N̄�µN , O

N
6
= �̄�µ�5� N̄�µN ,

O
N
7
= �̄�µ� N̄�µ�

5N , O
N
8
= �̄�µ�5� N̄�µ�

5N ,

O
N
9
= �̄ �µ⌫� N̄ �µ⌫N , O

N
10

= �̄ i�µ⌫�5� N̄ �µ⌫N ,

(44)

8The cqk coe�cients are not to be confused with cNk coe�cients defined below nor with the cNk coe�-
cients introduced in Eq. (2): the first ones are the coe�cients in the expansion in terms of quark/gluon
level e↵ective operators, the second ones of the expansion in nucleon level operators, the last ones in NR
operators.
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Direct detection tools
Interested in the limits from all possible  

non-relativistic DM-nucleus elastic collisions?



Limitations of the naive matching

En
er

gy
 S

ca
le

mW

mb

b

c

u

d

b

c

u

d

B -> D π

b

c

u

d

g

(RGE)

hD⇡|HW (mb)|Bi

Dark Matter Direct Detection

En
er

gy
 S

ca
le

Mmed

µN

Integrate-out  
mediator

DM SM

SMDM Med

DM SM

SMDM

EFT for DM interactions with SM particles

LSM� = LSM + �
�
i/@ �m�

�
�+

X

d>4

X

↵

c(d)↵

Md�4
med

O
(d)
↵

c(d)↵ (Mmed)

c(d)↵ (µN )

DM DM

SM SM

SM
SM

Renormalization Group 
Evolution (RGE)

Couplings at the nuclear 
scale muN ~ 1 GeV

hDM N|LSM�(µN )|DM N i

DM Direct Detection
En

er
gy

 S
ca

le

mW

mb

b

c

u

d

b

c

u

d

B -> D π

b

c

u

d

g

(RGE)

hD⇡|HW (mb)|Bi

Dark Matter Direct Detection

En
er

gy
 S

ca
le

Mmed

µN

Integrate-out  
mediator

DM SM

SMDM Med

DM SM

SMDM

EFT for DM interactions with SM particles

LSM� = LSM + �
�
i/@ �m�

�
�+

X

d>4

X

↵

c(d)↵

Md�4
med

O
(d)
↵

c(d)↵ (Mmed)

c(d)↵ (µN )

DM DM

SM SM

SM
SM

Renormalization Group 
Evolution (RGE)

Couplings at the nuclear 
scale muN ~ 1 GeV

hDM N|LSM�(µN )|DM N i

DM Direct Detection
En

er
gy

 S
ca

le

mW

mb

b

c

u

d

b

c

u

d

B -> D π

b

c

u

d

g

(RGE)

hD⇡|HW (mb)|Bi

Dark Matter Direct Detection

En
er

gy
 S

ca
le

Mmed

µN

Integrate-out  
mediator

DM SM

SMDM Med

DM SM

SMDM

EFT for DM interactions with SM particles

LSM� = LSM + �
�
i/@ �m�

�
�+

X

d>4

X

↵

c(d)↵

Md�4
med

O
(d)
↵

c(d)↵ (Mmed)

c(d)↵ (µN )

DM DM

SM SM

SM
SM

Renormalization Group 
Evolution (RGE)

Couplings at the nuclear 
scale muN ~ 1 GeV

hDM N|LSM�(µN )|DM N i

DM Direct Detection

En
er

gy
 S

ca
le

mW

mb

b

c

u

d

b

c

u

d

B -> D π

b

c

u

d

g

(RGE)

hD⇡|HW (mb)|Bi

Dark Matter Direct Detection

En
er

gy
 S

ca
le

Mmed

µN

Integrate-out  
mediator

DM SM

SMDM Med

DM SM

SMDM

EFT for DM interactions with SM particles

LSM� = LSM + �
�
i/@ �m�

�
�+

X

d>4

X

↵

c(d)↵

Md�4
med

O
(d)
↵

c(d)↵ (Mmed)

c(d)↵ (µN )

DM DM

SM SM

SM
SM

Renormalization Group 
Evolution (RGE)

Couplings at the nuclear 
scale muN ~ 1 GeV

hDM N|LSM�(µN )|DM N i

DM Direct Detection

Mmed EFT for DM interactions with SM particles

coupling at the  
nuclear energy scale

Renormalization Group 
Evolution (RGE)

µN ' 1 GeV

coupling at the  
mediator mass

h�N |LN
e↵(µN )|N�i

➡ In UV Models several HE operators are generated                 
with Wilson coefficients related in a non-trivial way

E
N

E
R

G
Y

 S
C

A
L

E

DD 
EXPERIMENTS

L
A

R
G

E
 e

ne
rg

y 
sc

al
e 

se
pa

ra
tio

n



III PART  
Connect DM model to the nuclear energy scale
"You can hide but you have to run: Direct detection with vector mediator" 

F. D’Eramo, B. J. Kavanagh, PP,  JHEP 1608 (2016) 111,  [arXiv:1605.04917]



Why is RGE Relevant?

Should we worry about loop corrections 
in a pre-discovery era?

DM-nucleus collisions 
only sensitive to light degrees of 
freedom (light quarks & gluons) 
particularly sensitive to the Lorentz 
structure of the HE operators

RGE Effects 
change the size of the Wilson 
coefficient of the HE operators 
generate operator mixing           
at low energy 
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Vector mediator
Vector Mediators

Simplified Model

L = LSM + LDM + LV + Jµ
DM Vµ + Jµ

SM Vµ
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SIMPLIFIED MODEL

Kinetic term for the spin 1 massive mediator

We do not consider mass and kinetic mixing  
with the Z boson since they depend  

on the details of the UV theory
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straightforward for vector mediator

complete one loop RGE analysis 
for Spin 1 mediator can be found in 

F. D’Eramo, M. Procura, JHEP 1504 (2015), [arXiv:1411.3342] 
F. Bishara, J. Brod, B. Grinstein, J. Zupan, [arXiv:1809.03506] 
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Some Results: Quark VectorResults I: quarks vector
Mediator with flavor universal 

couplings to quark vector currents
LEFT = � 1

m2
V

JDMµ

3X

i=1

h
ui�µui + di�µdi

i

RGE effects are O(1%) correction to EFT couplings
FD, Kavanagh, Panci, in preparation 
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RGE driven by loops of electromagnetic currents (no mixing)

Mediator coupled FU with    
vector currents of quarks



Mediator with flavor universal 
couplings to quark axial currents

Results II: quarks axial
LEFT = � 1

m2
V

JDMµ

3X

i=1

h
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i

FD, Kavanagh, Panci, in preparation 

RGE effects drive by Yukawa couplings alter the rates
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Some Results: Quark Axial

RGE driven by Yukawa couplings alter the rate (mixing)

Mediator coupled FU with    
axial currents of quarks
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runDM: general RGE
Interested in the RGE of the 15 gauge invariant 

couplings from high energy to low energy ?

https://github.com/bradkav/runDM/

Exhaustive study for other cases in JHEP 1608 (2016) 111,  [arXiv: 1605.04917] 



DD vs LHC (Axial-Axial)

See e.g. XENON1T [arXiv: 1902.03234]; LUX [arXiv: 1602.03489]; PICO-2L [arXiv: 1601.03729];  
ATLAS [arXiv: 1604.01306], etc…..
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Backup slides EW DM



WIMP Prototypes
Two approaches:

Top-down approach: Electroweak multiplets (EW) naturally arise in several  
BSM theories that primarily aim to address the naturalness problem of the EW scale 

Bottom-up approach: EW multiplets are chosen by imposing general requirements  
that all DM candidates must satisfy, without specifying the theory in which they are embedded

Refer for instance to Hisano's talk at the previous edition of this workshop 

In this talk I will follow this approach

https://indico.ipmu.jp/event/389/contributions/5899/attachments/3843/4977/presentation_hisano.pdf


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
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WIMP Prototypes
Real WIMPs: odd n and Y=0 
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automatically the lightest 

not coupled at tree-level with the Z    
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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
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{ <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

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

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 UnitarityHiggsino  

3 5
n

Perturbativity of the mass splitting

n
Non-perturbative

Y=1/2

Y=1

Y>1

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

{

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

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

is mandatory to make Z-mediated  
DM collision inelastic



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…

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

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

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


Results: Real WIMPs



Results: Complex WIMPs



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

✴ 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



Lumi vs Energy (Mono-W)



Lumi vs Energy (DTs)



Missing mass searches @ µCollider

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



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

✴ 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 Reach



Disappearing tracks @ µCollider

Minimal splitting



Results: Scalar WIMPs
Scalar WIMPs have lower cross sections 



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


Indirect effets at colliders
From BUTTAZZO’s talk @ Moriond


