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Description of hadronic currents 
for Vector Particles

• Data-driven approach based on           - low-energy data
• Theory: 

•  ChPT, valid  up to
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Description of hadronic currents 
for Vector Particles

• Data-driven approach based on           - low-energy data
• Theory: 

•  ChPT, valid  up to
• Hidden Local Symmetry       inserts vector meson fields
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Description of hadronic currents 
for Vector Particles

• Data-driven approach based on           - low-energy data
• Theory: 

•  ChPT, valid  up to
• Hidden Local Symmetry       inserts vector meson fields
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s . 500 MeV
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Vector Meson Dominance (VMD) approach = vector mesons 
dominate hadronic currents
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Description of hadronic currents 
for Vector Particles

• Data-driven. Approach based on           - low-energy data
• Theory: 

•  ChPT, valid  up to
• Hidden Local Symmetry       inserts vector meson fields

<latexit sha1_base64="N8R2KgI5g8e4cCj5Ypu/uDHTpVc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMgiGFXRD0GvXiMYB6QbMLspDcZMzu7zMwKYck/ePGgiFf/x5t/4+Rx0GhBQ1HVTXdXkAiujet+Obml5ZXVtfx6YWNza3unuLtX13GqGNZYLGLVDKhGwSXWDDcCm4lCGgUCG8HwZuI3HlFpHst7M0rQj2hf8pAzaqxUx84Jdk67xZJbdqcgf4k3JyWYo9otfrZ7MUsjlIYJqnXLcxPjZ1QZzgSOC+1UY0LZkPaxZamkEWo/m147JkdW6ZEwVrakIVP150RGI61HUWA7I2oGetGbiP95rdSEV37GZZIalGy2KEwFMTGZvE56XCEzYmQJZYrbWwkbUEWZsQEVbAje4st/Sf2s7F2UvbvzUuV6HkceDuAQjsGDS6jALVShBgwe4Ale4NWJnWfnzXmfteac+cw+/ILz8Q3EmI6a</latexit>

e+e�
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Vector Meson Dominance (VMD) approach = vector mesons 
dominate hadronic currents
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⇢µ
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!µ
<latexit sha1_base64="5Q8GgAjCJwT1vT4kebOCWa78Jag=">AAAB73icbVDLSgNBEOyNrxhfUY+KDAbBU9j1oB6DXjwmYB6QXcPsZJIMmZldZ2aFsOToD3jxoIhX/yDf4c1v8CecPA6aWNBQVHXT3RXGnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lChCqyTikWqEWFPOJK0aZjhtxIpiEXJaD/vXY7/+QJVmkbw1g5gGAncl6zCCjZUaftxjd75IWvmCW3QnQIvEm5FC6XBU+X48GpVb+U+/HZFEUGkIx1o3PTc2QYqVYYTTYc5PNI0x6eMubVoqsaA6SCf3DtGJVdqoEylb0qCJ+nsixULrgQhtp8Cmp+e9sfif10xM5zJImYwTQyWZLuokHJkIjZ9HbaYoMXxgCSaK2VsR6WGFibER5WwI3vzLi6R2VvTOi17FpnEFU2ThAI7hFDy4gBLcQBmqQIDDE7zAq3PvPDtvzvu0NePMZvbhD5yPHw+Dk7A=</latexit>
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<latexit sha1_base64="j2OyxZ+XJB/T4vIVntjrCUOLchc="></latexit>
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<latexit sha1_base64="kdkQvate7Vs83X5kp6XivQpA1lc=">AAACJXicbVBLSwMxEM76tr6qHr0EiyKoZVdEPXgQvQheKlgVmlpm03QbmseSZIVS+me8+Fe8eFBE8ORfMdv24GtgZj6+b4ZkvjgV3Low/AjGxicmp6ZnZgtz8wuLS8XllWurM0NZlWqhzW0MlgmuWNVxJ9htahjIWLCbuHOW6zf3zFiu1ZXrpqwuIVG8xSk4TzWKx0RLlgAmTuNNkvK77bzs5iXcwYNGEpASiNIOEkIKm/jiYsen1xrFUlgOB4H/gmgESmgUlUbxlTQ1zSRTjgqwthaFqav3wDhOBesXSGZZCrQDCat5qEAyW+8NruzjDc80cUsbn8rhAft9owfS2q6M/aQE17a/tZz8T6tlrnVU73GVZo4pOnyolQnsLcktw01uGHWi6wFQw/1fMW2DAeq8sQVvQvT75L/geq8cHZSjy/3SyenIjhm0htbRForQITpB56iCqoiiB/SEXtBr8Bg8B2/B+3B0LBjtrKIfEXx+Ab//ouw=</latexit>

! !⇡+⇡�⇡0,⇡0�

KK,KK⇡

<latexit sha1_base64="f84CLHmNt0ZkDoh6knWgoQTmSJQ=">AAACI3icbVBLSwMxEM76rPVV9eglWBTBWnZFVDwVvQi9VLAPaGqZTdM2mGSXJCuU4n/x4l/x4kEpXjz4X8y2PfgamJmP75shmS+MBTfW9z+8mdm5+YXFzFJ2eWV1bT23sVkzUaIpq9JIRLoRgmGCK1a13ArWiDUDGQpWD+8uU71+z7Thkbqxg5i1JPQU73IK1lHt3DmJ+xwTG+E9EvPbg7QcpsUv4HEjPZASiIos9AjJ7uFyueDSae1c3i/648B/QTAFeTSNSjs3Ip2IJpIpSwUY0wz82LaGoC2ngj1kSWJYDPQOeqzpoALJTGs4vvEB7zqmg7uRdqksHrPfN4YgjRnI0E1KsH3zW0vJ/7RmYrtnrSFXcWKZopOHuonAzpLUMNzhmlErBg4A1dz9FdM+aKDW2Zp1JgS/T/4LakfF4KQYXB/nSxdTOzJoG+2gfRSgU1RCV6iCqoiiR/SMXtGb9+S9eCPvfTI64013ttCP8D6/ABgQohA=</latexit>

� !⇡+⇡�⇡0,⇡0�

KK,KK⇡



Workflow
Individual hadronic channels have the form:

<latexit sha1_base64="Nz1xw7T4XEKzyVEsJRKTomF4yWo="></latexit>

Jµ
KK = �(p1 � p2)

µFKK(ŝ)

<latexit sha1_base64="5UslPq860MLMlIAePFzrZCwM0co="></latexit>

FKK(ŝ) /
X

V=⇢,!,�,...

aV m2
V e

i'V

m2
V � ŝ� imV �V

           data to describe the
 SM current

<latexit sha1_base64="T1SDRd5XaJ3FR7+NXuif55iiwZI=">AAAB9XicbVDLSgNBEOyNrxhfUY9ehgQhp7DrwXgMehFPEcwDspswO5lNhszsLjOzSljyH4J4UMSr3+HVm+jHOHkcNLGgoajqprvLjzlT2rY/rczK6tr6RnYzt7W9s7uX3z9oqCiRhNZJxCPZ8rGinIW0rpnmtBVLioXPadMfXkz85i2VikXhjR7F1BO4H7KAEayN1Lnqpq4UiIpxxxVJN1+0y/YUaJk4c1KsFkrfX5X3h1o3/+H2IpIIGmrCsVJtx461l2KpGeF0nHMTRWNMhrhP24aGWFDlpdOrx+jYKD0URNJUqNFU/T2RYqHUSPimU2A9UIveRPzPayc6OPNSFsaJpiGZLQoSjnSEJhGgHpOUaD4yBBPJzK2IDLDERJugciYEZ/HlZdI4KTunZefapHEOM2ThCApQAgcqUIVLqEEdCEi4hyd4tu6sR+vFep21Zqz5zCH8gfX2A5d1lk4=</latexit>

Jµ
em

<latexit sha1_base64="HBGWzrDqQN54o5FHL7/R03TM/9c=">AAAB7XicbZDLSgMxFIYzXut4q7p0EyyCIJYZF+pGLLpxWcFeoJ2WTHqmjc0kQ5IRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDDhTBvP+3bm5hcWl5YzK+7q2vrGZnZru6xlqiiUqORSVUOigTMBJcMMh2qigMQhh0rYvRrmlXtQmklxa3oJBDFpCxYxSoy1ytA4hMZRM5vz8t5IeBb8CeQuPtzz5O3LLTazn/WWpGkMwlBOtK75XmKCPlGGUQ4Dt55qSAjtkjbULAoSgw76o2kHeN86LRxJZZ8weOT+7uiTWOteHNrKmJiOns6G5n9ZLTXRWdBnIkkNCDr+KEo5NhIPV8ctpoAa3rNAqGJ2Vkw7RBFq7IFcewR/euVZKB/n/ZO8f+PlCpdorAzaRXvoAPnoFBXQNSqiEqLoDj2gJ/TsSOfReXFex6VzzqRnB/2R8/4DJC6R1w==</latexit>

e+e�
Description for

 individual channels           
 <latexit sha1_base64="aJSC2HmRzlZCnq0jsQl8f62d7/0=">AAACBHicbVDLSgMxFM3UV62vUZcVCRbBhQwzVdRl0Y3QTQv2Ae1QMmmmDc1khiQjlKELF/orblwoInTlR7jzG/wJM20XWj0kl8M595Lc40WMSmXbn0ZmYXFpeSW7mltb39jcMrd36jKMBSY1HLJQND0kCaOc1BRVjDQjQVDgMdLwBlep37glQtKQ36hhRNwA9Tj1KUZKSx0zX2xH9PgkLadpKZf1SYllWR2zYFv2BPAvcWakUNobV7/u98eVjvnR7oY4DghXmCEpW44dKTdBQlHMyCjXjiWJEB6gHmlpylFApJtMlhjBQ610oR8KfbmCE/XnRIICKYeBpzsDpPpy3kvF/7xWrPwLN6E8ihXhePqQHzOoQpgmArtUEKzYUBOEBdV/hbiPBMJK55bTITjzK/8l9aLlnFlOVadxCabIgjw4AEfAAeegBK5BBdQABnfgETyDF+PBeDJejbdpa8aYzeyCXzDevwHmppll</latexit>

2⇡, 3⇡, 4⇡,KK,KK⇡, ...

Separate 
contributions       

<latexit sha1_base64="8EOUYZKLyvrgHTSMvhHZhrTuFHs=">AAAB+XicbVC7SgNBFJ31GeNr1VKRwSBYhLBroZZBG8sEzAOyS5idzCZD5rHMzAbCktK/sLFQxNYm32HnN/gTTh6FJh64cDjnXu69J0oY1cbzvpyV1bX1jc3cVn57Z3dv3z04rGuZKkxqWDKpmhHShFFBaoYaRpqJIohHjDSi/t3EbwyI0lSKBzNMSMhRV9CYYmSs1HbdQPVkMZCcdFExSHq07Ra8kjcFXCb+nBTKJ+Pq9+PpuNJ2P4OOxCknwmCGtG75XmLCDClDMSOjfJBqkiDcR13SslQgTnSYTS8fwXOrdGAslS1h4FT9PZEhrvWQR7aTI9PTi95E/M9rpSa+CTMqktQQgWeL4pRBI+EkBtihimDDhpYgrKi9FeIeUggbG1behuAvvrxM6pcl/6rkV20at2CGHDgGZ+AC+OAalME9qIAawGAAnsALeHUy59l5c95nrSvOfOYI/IHz8QMFh5b3</latexit>

⇢,!,�

Put together pieces for 
hadronic current of model

8



Status and Improvements

• DarkCast only considers the 
ground-state  peak


• We also include higher  
resonances, as well as a     and a    

 (second peak) contribution


• This channel is very important 
since it is the only one below the 
two-pion threshold.

𝜔

<latexit sha1_base64="qurhj8pKXakhdyfexOufncBzTnE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0Ip/Q1ePCji1R/kzX/jps1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+y/32EyrNE/loJikGMR1KHnFGjZX8XjrilX615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmmBKleFM4KzSyzSmlI3pELuWShqjDqbzY2fkzCoDEiXKljRkrv6emNJY60kc2s6YmpFe9nLxP6+bmegmmHKZZgYlWyyKMkFMQvLPyYArZEZMLKFMcXsrYSOqKDM2nzwEb/nlVdK6qHtXde/hsta4LeIowwmcwjl4cA0NuIcm+MCAwzO8wpsjnRfn3flYtJacYuYY/sD5/AFLL45Z</latexit>

�

<latexit sha1_base64="gOhfs16H5HsTlNvhUl/QEHoLivY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Rj04jGCeUCyhNlJbzJmHsvMrBBC/sGLB0W8+j/e/BsnyR40saChqOqmuytOOTM2CL69ldW19Y3NwlZxe2d3b790cNgwKtMU61RxpVsxMciZxLpllmMr1UhEzLEZD2+nfvMJtWFKPthRipEgfckSRol1UqOjBPZJt1QOKsEM/jIJc1KGHLVu6avTUzQTKC3lxJh2GKQ2GhNtGeU4KXYygymhQ9LHtqOSCDTReHbtxD91Ss9PlHYlrT9Tf0+MiTBmJGLXKYgdmEVvKv7ntTObXEdjJtPMoqTzRUnGfav86et+j2mklo8cIVQzd6tPB0QTal1ARRdCuPjyMmmcV8LLSnh/Ua7e5HEU4BhO4AxCuIIq3EEN6kDhEZ7hFd485b14797HvHXFy2eO4A+8zx+SKY8h</latexit>!
<latexit sha1_base64="z8sdpHS/mH37sXdSmmoq3IAcz60=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2m3bpZjfsboQS+hu8eFDEqz/Im//GTZqDtj4YeLw3w8y8MOFMG9f9dipr6xubW9Xt2s7u3v5B/fCoo2WqCPWJ5FL1QqwpZ4L6hhlOe4miOA457YbTu9zvPlGlmRSPZpbQIMZjwSJGsLGSP1ATWRvWG27TLYBWiVeSBpRoD+tfg5EkaUyFIRxr3ffcxAQZVoYRTue1QappgskUj2nfUoFjqoOsOHaOzqwyQpFUtoRBhfp7IsOx1rM4tJ0xNhO97OXif14/NdFNkDGRpIYKslgUpRwZifLP0YgpSgyfWYKJYvZWRCZYYWJsPnkI3vLLq6Rz0fSumt7DZaN1W8ZRhRM4hXPw4BpacA9t8IEAg2d4hTdHOC/Ou/OxaK045cwx/IHz+QNXW45h</latexit>⇢

9



and

• We fit every separate component of 
each channel to recent data

• DarkCast considers channels as a 

contributions only

<latexit sha1_base64="qurhj8pKXakhdyfexOufncBzTnE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0Ip/Q1ePCji1R/kzX/jps1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+y/32EyrNE/loJikGMR1KHnFGjZX8XjrilX615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmmBKleFM4KzSyzSmlI3pELuWShqjDqbzY2fkzCoDEiXKljRkrv6emNJY60kc2s6YmpFe9nLxP6+bmegmmHKZZgYlWyyKMkFMQvLPyYArZEZMLKFMcXsrYSOqKDM2nzwEb/nlVdK6qHtXde/hsta4LeIowwmcwjl4cA0NuIcm+MCAwzO8wpsjnRfn3flYtJacYuYY/sD5/AFLL45Z</latexit>

�

<latexit sha1_base64="KnnuvYFiB7JPkzAp4HNVhD0grTk=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAyCoIZdEbURgjbCNhHMA5JNmJ3MmiGzD2ZmhbCksfFXbCwUsfUf7PwbJ8kWmnjgwplz7uXOPV7MmVSW9W3k5uYXFpfyy4WV1bX1DXNzqyajRBBaJRGPRMPDknIW0qpiitNGLCgOPE7rXv965NcfqJAsCu/UIKZugO9D5jOClZY65q7joEvktC3U8rBInWHbOtLPQ13HqGMWrZI1BpoldkaKkKHSMb9a3YgkAQ0V4VjKpm3Fyk2xUIxwOiy0EkljTPr4njY1DXFApZuOrxiifa10kR8JXaFCY/X3RIoDKQeBpzsDrHpy2huJ/3nNRPkXbsrCOFE0JJNFfsKRitAoEtRlghLFB5pgIpj+KyI9LDBROriCDsGePnmW1E5K9lnJvj0tlq+yOPKwA3twADacQxluoAJVIPAIz/AKb8aT8WK8Gx+T1pyRzWzDHxifP5FflW0=</latexit>

KK = K0K̄0,K+K�

<latexit sha1_base64="+V2Z506/an1PJhYYIGyupzXPec8=">AAACHXicbVBNSwMxEM3Wr1q/Vj16CRZBsJZdKepFKHoR9lLBfkC3Ldk0bUOT3ZBkhVL6R7z4V7x4UMSDF/HfmN32oK0DE968ecNkXiAYVdpxvq3M0vLK6lp2PbexubW9Y+/u1VQUS0yqOGKRbARIEUZDUtVUM9IQkiAeMFIPhjdJv/5ApKJReK9HgrQ46oe0RzHShurYJc/zBYVX0GufeO1Tg9tOwRS+4OZ1YEL4XBTSwmQq6Nh5p+ikAReBOwN5MItKx/70uxGOOQk1ZkippusI3RojqSlmZJLzY0UEwkPUJ00DQ8SJao3T6ybwyDBd2IukyVDDlP09MUZcqREPjJIjPVDzvYT8r9eMde+yNaahiDUJ8XRRL2ZQRzCxCnapJFizkQEIS2r+CvEASYS1MTRnTHDnT14EtbOie15070r58vXMjiw4AIfgGLjgApTBLaiAKsDgETyDV/BmPVkv1rv1MZVmrNnMPvgT1tcPXA2eYg==</latexit>

KK⇡ = K+K�⇡0,K±K0⇡⌥,K0K0⇡0

10

Status and Improvements



Status and Improvements

A lot of additional hadronic 
modes considered!

11



Status and Improvements

•      and     contribution differ above 1.0 
GeV

• Sum of all hadronic contributions close to 
data up to higher energies

<latexit sha1_base64="qurhj8pKXakhdyfexOufncBzTnE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0Ip/Q1ePCji1R/kzX/jps1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+y/32EyrNE/loJikGMR1KHnFGjZX8XjrilX615tbdOcgq8QpSgwLNfvWrN0hYFqM0TFCtu56bmmBKleFM4KzSyzSmlI3pELuWShqjDqbzY2fkzCoDEiXKljRkrv6emNJY60kc2s6YmpFe9nLxP6+bmegmmHKZZgYlWyyKMkFMQvLPyYArZEZMLKFMcXsrYSOqKDM2nzwEb/nlVdK6qHtXde/hsta4LeIowwmcwjl4cA0NuIcm+MCAwzO8wpsjnRfn3flYtJacYuYY/sD5/AFLL45Z</latexit>

� <latexit sha1_base64="gOhfs16H5HsTlNvhUl/QEHoLivY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYhA8hV0R9Rj04jGCeUCyhNlJbzJmHsvMrBBC/sGLB0W8+j/e/BsnyR40saChqOqmuytOOTM2CL69ldW19Y3NwlZxe2d3b790cNgwKtMU61RxpVsxMciZxLpllmMr1UhEzLEZD2+nfvMJtWFKPthRipEgfckSRol1UqOjBPZJt1QOKsEM/jIJc1KGHLVu6avTUzQTKC3lxJh2GKQ2GhNtGeU4KXYygymhQ9LHtqOSCDTReHbtxD91Ss9PlHYlrT9Tf0+MiTBmJGLXKYgdmEVvKv7ntTObXEdjJtPMoqTzRUnGfav86et+j2mklo8cIVQzd6tPB0QTal1ARRdCuPjyMmmcV8LLSnh/Ua7e5HEU4BhO4AxCuIIq3EEN6kDhEZ7hFd485b14797HvHXFy2eO4A+8zx+SKY8h</latexit>!

12

Ana Foguel, Renata Zukanovich, PR

DEcays of LIght VEctors Revised 

https://arxiv.org/abs/2201.01788
https://github.com/preimitz/DeLiVeR


Long-Lived Vector 
Mediator Decays

Description of hadronic currents 
for Vector Particles

detector

ZγVector Particle 
Production

Dependent on 
lifetime …and Branching ratios

13



B model <latexit sha1_base64="5f5uiiOLPVUHBpXruNdn2rw0Nnc="></latexit>

Jµ
B =

1

3

X

q

q̄�µq

14



B model

In blue: leptonic decays

<latexit sha1_base64="5f5uiiOLPVUHBpXruNdn2rw0Nnc="></latexit>

Jµ
B =

1

3

X

q

q̄�µq

FPF Whitepaper

Ana Foguel, Renata 
Zukanovich, PR

15

https://arxiv.org/abs/2203.05090
https://arxiv.org/abs/2201.01788


B model <latexit sha1_base64="5f5uiiOLPVUHBpXruNdn2rw0Nnc="></latexit>

Jµ
B =

1

3

X

q

q̄�µq

Batell, Feng, Fieg, Ismail, Fling, 
Abraham, Trojanowski

FPF Whitepaper

Including DM!

16

https://arxiv.org/abs/2111.10343
https://arxiv.org/abs/2203.05090


Long-Lived Vector 
Mediator Decays

Indirect Detection with Vector DM 
or Vector Mediator Models

Description of hadronic currents 
for Vector Particles

detector

ZγVector Particle 
Production

Dependent on 
lifetime …and Branching ratios

1

2

3

4

perturbative QCD

non-perturbative QCD

energy scale:

ŝ

from ŝ

to a few GeV

ΛQCD

∼ 1 GeV

http://wmap.gsfc.nasa.gov/
media/101080

dN

dEkin

17

http://wmap.gsfc.nasa.gov/media/101080
http://wmap.gsfc.nasa.gov/media/101080


Indirect Detection with Vector DM 
or Vector Mediator Models

1

2

3

4

perturbative QCD

non-perturbative QCD

energy scale:

ŝ

from ŝ

to a few GeV

ΛQCD

∼ 1 GeV

<latexit sha1_base64="iHkp2qG7u+baoXI2+7GT5cPpRfI=">AAACCnicbVA9SwNBEN2LXzF+RS1tVoNoEeKdiFoGbSwjmCjkYpjbbJIlu3vL7p4QjtQ2/hUbC0Vs/QV2/hs3H4UmPhh4vDfDzLxIcWas7397mbn5hcWl7HJuZXVtfSO/uVUzcaIJrZKYx/ouAkM5k7RqmeX0TmkKIuL0NupdDv3bB6oNi+WN7SvaENCRrM0IWCc187v0Pg2VGBRx2AEhoIjVURiBTtVQksmBaeYLfskfAc+SYEIKaIJKM/8VtmKSCCot4WBMPfCVbaSgLSOcDnJhYqgC0oMOrTsqQVDTSEevDPC+U1q4HWtX0uKR+nsiBWFMX0SuU4DtmmlvKP7n1RPbPm+kTKrEUknGi9oJxzbGw1xwi2lKLO87AkQzdysmXdBArEsv50IIpl+eJbXjUnBaCq5PCuWLSRxZtIP20CEK0BkqoytUQVVE0CN6Rq/ozXvyXrx372PcmvEmM9voD7zPH7ZEmaM=</latexit>

e±, �, p/p̄, ⌫0s
Detection of stable particles

So far: • HEP tools: Herwig, Pythia
• Tabulated values: DarkSUSY, micrOmegas, 

PPPC4DMID, MadDM

dN

dEkin

<latexit sha1_base64="qCeyknkpEylCetpYHw4Kam2720U=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUR8LYsudFnBPqAJZTKdtkNnkjhzI5QQwY2/4saFIm79CHf+jdM2C209MHA451zu3BPEgmtwnG9rYXFpeWW1sFZc39jc2rZ3dhs6ShRldRqJSLUCopngIasDB8FasWJEBoI1g+Hl2G/eM6V5FN7CKGa+JP2Q9zglYKSOXfL0nYJUZ14fTErik4fUUxJfsUbWsctOxZkAzxM3J2WUo9axv7xuRBPJQqCCaN12nRj8lCjgVLCs6CWaxYQOSZ+1DQ2JZNpPJ0dk+MAoXdyLlHkh4In6eyIlUuuRDExSEhjoWW8s/ue1E+id+ykP4wRYSKeLeonAEOFxI7jLFaMgRoYQqrj5K6YDoggF01vRlODOnjxPGkcV97Ti3hyXqxd5HQVUQvvoELnoDFXRNaqhOqLoET2jV/RmPVkv1rv1MY0uWPnMHvoD6/MHKsSYag==</latexit>p
s & 5 GeV

18



Tilman Plehn, PR, Peter Richardson

PR

Torsten Bringmann, Joakim Edsjö

Adam Coogan, Logan Morrison, 
Tilman Plehn, Stefano Profumo, PR2.0:

Including error estimate!

Tabulated values
Limited to kinetic mixing, B-

coupled models

• computing spectra using ChPT
• Constraints from existing gamma-ray data + CMB
• Prospects for upcoming telescopes

Adam Coogan, Logan Morrison, Stefano Profumo

Extension to GeV range！

19

Updates

https://arxiv.org/abs/1911.11147
https://arxiv.org/abs/2203.07439
https://github.com/LoganAMorrison/Hazma
https://arxiv.org/abs/2102.00041
https://arxiv.org/abs/1907.11846
https://arxiv.org/abs/2104.06168


Sources: 1. Monochromatic    rays from 

         Line-like spectrum at

2. Decays of unstable particles, e.g. 

         box spectrum in         , more complicated in consecutive decays, e.g. 

3. Final State Radiation (FSR): goes like                 

<latexit sha1_base64="1HbveT5JU6V0eK6wHlVYfExiar0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rAT3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiOOPGw==</latexit>�
<latexit sha1_base64="OG2AEssrpo0ddVt/nEGKAsoegvo=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUB2DbOT2WTIPJaZWSEs+QwvHhTx6td482+cJHvQxIKGoqqb7q445cxY3//2VlbX1jc2S1vl7Z3dvf3KwWHLqEwT2iSKK92JsaGcSdq0zHLaSTXFIua0HY9up377iWrDlHyw45RGAg8kSxjB1kndMGWPfjjAQuBeperX/BnQMgkKUoUCjV7lK+wrkgkqLeHYmG7gpzbKsbaMcDoph5mhKSYjPKBdRyUW1ET57OQJOnVKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7xuZpPrKGcyzSyVZL4oyTiyCk3/R32mKbF87AgmmrlbERlijYl1KZVdCMHiy8ukdV4LLmvB/UW1flPEUYJjOIEzCOAK6nAHDWgCAQXP8ApvnvVevHfvY9664hUzR/AH3ucP+9iREA==</latexit>

⇡0� <latexit sha1_base64="BUooLLmUuxrrEttr5emwfXWuX8o=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMFW4tNKJPtpl26uwm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSjnTxvO+ndLK6tr6RnmzsrW9s7tX3T9o6yRThLZIwhPViVBTziRtGWY47aSKoog4fYhGN1P/4YkqzRJ5b8YpDQUOJIsZQWOlx4AaDAYoBPaqNa/uzeAuE78gNSjQ7FW/gn5CMkGlIRy17vpeasIclWGE00klyDRNkYxwQLuWShRUh/ns4ol7YpW+GyfKljTuTP09kaPQeiwi2ynQDPWiNxX/87qZia/CnMk0M1SS+aI4465J3On7bp8pSgwfW4JEMXurS4aokBgbUsWG4C++vEzaZ3X/ou7fndca10UcZTiCYzgFHy6hAbfQhBYQkPAMr/DmaOfFeXc+5q0lp5g5hD9wPn8AkAKQ2Q==</latexit>⌘�and
<latexit sha1_base64="oxe8cFUDFsbntHiThsSJxHAb6hw=">AAACHnicbVDLSsNAFJ34rPUVdelmsAh1YUiKr41QlILLCvYBTRsm00k7dCYJMxOhhHyJG3/FjQtFBFf6N04fi9p64MLhnHu59x4/ZlQq2/4xlpZXVtfWcxv5za3tnV1zb78uo0RgUsMRi0TTR5IwGpKaooqRZiwI4j4jDX9wO/Ibj0RIGoUPahiTNke9kAYUI6UlzzyveG4PcY6u3UAgnBYrXuoKDrHFraxTOuVetVM6ydLSrJ55ZsG27DHgInGmpACmqHrml9uNcMJJqDBDUrYcO1btFAlFMSNZ3k0kiREeoB5paRoiTmQ7Hb+XwWOtdGEQCV2hgmN1diJFXMoh93UnR6ov572R+J/XSlRw1U5pGCeKhHiyKEgYVBEcZQW7VBCs2FAThAXVt0LcRzompRPN6xCc+ZcXSb1kOReWc39WKN9M48iBQ3AEisABl6AM7kAV1AAGT+AFvIF349l4NT6Mz0nrkjGdOQB/YHz/Au06oR0=</latexit>

E� =
(E2

c.m. �m2
P )

2Ec.m.

<latexit sha1_base64="xjWYYyEgshnfzaonbJ2JnFAwOz0=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPEhJRNSLUPTisYL9gCaUzXbTLt1Nwu5EKaHiX/HiQRGv/g5v/hu3bQ7a+mDg8d4MM/OCRHANjvNtFRYWl5ZXiqultfWNzS17e6eh41RRVqexiFUrIJoJHrE6cBCslShGZCBYMxhcj/3mPVOax9EdDBPmS9KLeMgpASN17L3MUxI/cOiPHmuXXsKPPQakY5edijMBniduTsooR61jf3ndmKaSRUAF0brtOgn4GVHAqWCjkpdqlhA6ID3WNjQikmk/m5w/wodG6eIwVqYiwBP190RGpNZDGZhOSaCvZ72x+J/XTiG88DMeJSmwiE4XhanAEONxFrjLFaMghoYQqri5FdM+UYSCSaxkQnBnX54njZOKe1Zxb0/L1as8jiLaRwfoCLnoHFXRDaqhOqIoQ8/oFb1ZT9aL9W59TFsLVj6zi/7A+vwBGyKVlA==</latexit>

with P = ⇡, ⌘

<latexit sha1_base64="nizdVxDXEumxjk0y84X40dnya9Y=">AAACEnicbVDLSsNAFJ3UV62vqEs3wSIoSElE1GXRjcsK9gFNLDfTSTt0JgkzN0Ip9Rfc+CtuXCji1pU7/8bpY6GtB+7lcM69zNwTpoJrdN1vK7ewuLS8kl8trK1vbG7Z2zs1nWSKsipNRKIaIWgmeMyqyFGwRqoYyFCweti7Gvn1e6Y0T+Jb7KcskNCJecQpoJFa9pGf8jvXx8TvgJQw6ccPPkOYEVt20S25YzjzxJuSIpmi0rK//HZCM8lipAK0bnpuisEAFHIq2LDgZ5qlQHvQYU1DY5BMB4PxSUPnwChtJ0qUqRidsfp7YwBS674MzaQE7OpZbyT+5zUzjC6CAY/TDFlMJw9FmXAwcUb5OG2uGEXRNwSo4uavDu2CAoomxYIJwZs9eZ7UTkreWcm7OS2WL6dx5Mke2SeHxCPnpEyuSYVUCSWP5Jm8kjfryXqx3q2PyWjOmu7skj+wPn8A8CieSA==</latexit>

⇡0 ! ��, ⌘ ! ��

<latexit sha1_base64="OG2AEssrpo0ddVt/nEGKAsoegvo=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUB2DbOT2WTIPJaZWSEs+QwvHhTx6td482+cJHvQxIKGoqqb7q445cxY3//2VlbX1jc2S1vl7Z3dvf3KwWHLqEwT2iSKK92JsaGcSdq0zHLaSTXFIua0HY9up377iWrDlHyw45RGAg8kSxjB1kndMGWPfjjAQuBeperX/BnQMgkKUoUCjV7lK+wrkgkqLeHYmG7gpzbKsbaMcDoph5mhKSYjPKBdRyUW1ET57OQJOnVKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7xuZpPrKGcyzSyVZL4oyTiyCk3/R32mKbF87AgmmrlbERlijYl1KZVdCMHiy8ukdV4LLmvB/UW1flPEUYJjOIEzCOAK6nAHDWgCAQXP8ApvnvVevHfvY9664hUzR/AH3ucP+9iREA==</latexit>

⇡0�
<latexit sha1_base64="tr1dmcvVOkouX8wzOS9qFdSW3ow=">AAACJnicbVDLSgMxFM34rPVVdekmWAQXUmZUqhuh6EbQRQVbhWYc7qRpDSYzQ5IRytD+jBt/xY2Liog7P8X0IWj1QOBwzrnc3BMmgmvjuh/O1PTM7Nx8biG/uLS8slpYW6/rOFWU1WgsYnUTgmaCR6xmuBHsJlEMZCjYdXh/OvCvH5jSPI6uTCdhvoR2xFucgrFSUDg+Dy5uXWLiPZLwIcEHpA1Swm4vI0riWHUJ6RFmwHr736HyKBMUim7JHQL/Jd6YFNEY1aDQJ82YppJFhgrQuuG5ifEzUIZTwbp5kmqWAL2HNmtYGoFk2s+GZ3bxtlWauBUr+yKDh+rPiQyk1h0Z2qQEc6cnvYH4n9dITevIz3iUpIZFdLSolQpsyxh0hptcMWpExxKgitu/YnoHCqixzeZtCd7kyX9Jfa/klUve5UGxcjKuI4c20RbaQR46RBV0hqqohih6RM+oj16dJ+fFeXPeR9EpZzyzgX7B+fwC2POlcA==</latexit>

K0
L ! 2⇡0 ! 4�, or

⌘ ! 3⇡0 ! 6�
<latexit sha1_base64="y0h2eMlNH72wYISH021IxV7NW+o=">AAACI3icbVDLSgMxFM3UV62vUZdugkVwVWZEVFwVRXAlFewDOsOQSTNtaJIZkoxQhvkXN/6KGxdKcePCfzFtR9HqgcDhnHu5OSdMGFXacd6t0sLi0vJKebWytr6xuWVv77RUnEpMmjhmseyESBFGBWlqqhnpJJIgHjLSDoeXE799T6SisbjTo4T4HPUFjShG2kiBfe5FEuEs8ySHvfwm/2JXgddHnKPcS2Sc6BjO5tw8+3YCu+rUnCngX+IWpAoKNAJ77PVinHIiNGZIqa7rJNrPkNQUM5JXvFSRBOEh6pOuoQJxovxsmjGHB0bpwSiW5gkNp+rPjQxxpUY8NJMc6YGa9ybif1431dGZn1GRpJoIPDsUpQyazJPCYI9KgjUbGYKwpOavEA+QKUObWiumBHc+8l/SOqq5JzX39rhavyjqKIM9sA8OgQtOQR1cgwZoAgwewBN4Aa/Wo/Vsja232WjJKnZ2wS9YH58yb6XY</latexit>
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Gamma rays



Gamma rays

Sources: 1. Monochromatic    rays from 

         Line-like spectrum at

2. Decays of unstable particles, e.g. 

         box spectrum in         , more complicated in consecutive decays, e.g. 

3. Final State Radiation (FSR): goes like                 

<latexit sha1_base64="1HbveT5JU6V0eK6wHlVYfExiar0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rAT3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiOOPGw==</latexit>�
<latexit sha1_base64="OG2AEssrpo0ddVt/nEGKAsoegvo=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUB2DbOT2WTIPJaZWSEs+QwvHhTx6td482+cJHvQxIKGoqqb7q445cxY3//2VlbX1jc2S1vl7Z3dvf3KwWHLqEwT2iSKK92JsaGcSdq0zHLaSTXFIua0HY9up377iWrDlHyw45RGAg8kSxjB1kndMGWPfjjAQuBeperX/BnQMgkKUoUCjV7lK+wrkgkqLeHYmG7gpzbKsbaMcDoph5mhKSYjPKBdRyUW1ET57OQJOnVKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7xuZpPrKGcyzSyVZL4oyTiyCk3/R32mKbF87AgmmrlbERlijYl1KZVdCMHiy8ukdV4LLmvB/UW1flPEUYJjOIEzCOAK6nAHDWgCAQXP8ApvnvVevHfvY9664hUzR/AH3ucP+9iREA==</latexit>

⇡0� <latexit sha1_base64="BUooLLmUuxrrEttr5emwfXWuX8o=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMFW4tNKJPtpl26uwm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSjnTxvO+ndLK6tr6RnmzsrW9s7tX3T9o6yRThLZIwhPViVBTziRtGWY47aSKoog4fYhGN1P/4YkqzRJ5b8YpDQUOJIsZQWOlx4AaDAYoBPaqNa/uzeAuE78gNSjQ7FW/gn5CMkGlIRy17vpeasIclWGE00klyDRNkYxwQLuWShRUh/ns4ol7YpW+GyfKljTuTP09kaPQeiwi2ynQDPWiNxX/87qZia/CnMk0M1SS+aI4465J3On7bp8pSgwfW4JEMXurS4aokBgbUsWG4C++vEzaZ3X/ou7fndca10UcZTiCYzgFHy6hAbfQhBYQkPAMr/DmaOfFeXc+5q0lp5g5hD9wPn8AkAKQ2Q==</latexit>⌘�and
<latexit sha1_base64="oxe8cFUDFsbntHiThsSJxHAb6hw=">AAACHnicbVDLSsNAFJ34rPUVdelmsAh1YUiKr41QlILLCvYBTRsm00k7dCYJMxOhhHyJG3/FjQtFBFf6N04fi9p64MLhnHu59x4/ZlQq2/4xlpZXVtfWcxv5za3tnV1zb78uo0RgUsMRi0TTR5IwGpKaooqRZiwI4j4jDX9wO/Ibj0RIGoUPahiTNke9kAYUI6UlzzyveG4PcY6u3UAgnBYrXuoKDrHFraxTOuVetVM6ydLSrJ55ZsG27DHgInGmpACmqHrml9uNcMJJqDBDUrYcO1btFAlFMSNZ3k0kiREeoB5paRoiTmQ7Hb+XwWOtdGEQCV2hgmN1diJFXMoh93UnR6ov572R+J/XSlRw1U5pGCeKhHiyKEgYVBEcZQW7VBCs2FAThAXVt0LcRzompRPN6xCc+ZcXSb1kOReWc39WKN9M48iBQ3AEisABl6AM7kAV1AAGT+AFvIF349l4NT6Mz0nrkjGdOQB/YHz/Au06oR0=</latexit>

E� =
(E2

c.m. �m2
P )

2Ec.m.

<latexit sha1_base64="xjWYYyEgshnfzaonbJ2JnFAwOz0=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPEhJRNSLUPTisYL9gCaUzXbTLt1Nwu5EKaHiX/HiQRGv/g5v/hu3bQ7a+mDg8d4MM/OCRHANjvNtFRYWl5ZXiqultfWNzS17e6eh41RRVqexiFUrIJoJHrE6cBCslShGZCBYMxhcj/3mPVOax9EdDBPmS9KLeMgpASN17L3MUxI/cOiPHmuXXsKPPQakY5edijMBniduTsooR61jf3ndmKaSRUAF0brtOgn4GVHAqWCjkpdqlhA6ID3WNjQikmk/m5w/wodG6eIwVqYiwBP190RGpNZDGZhOSaCvZ72x+J/XTiG88DMeJSmwiE4XhanAEONxFrjLFaMghoYQqri5FdM+UYSCSaxkQnBnX54njZOKe1Zxb0/L1as8jiLaRwfoCLnoHFXRDaqhOqIoQ8/oFb1ZT9aL9W59TFsLVj6zi/7A+vwBGyKVlA==</latexit>

with P = ⇡, ⌘

<latexit sha1_base64="nizdVxDXEumxjk0y84X40dnya9Y=">AAACEnicbVDLSsNAFJ3UV62vqEs3wSIoSElE1GXRjcsK9gFNLDfTSTt0JgkzN0Ip9Rfc+CtuXCji1pU7/8bpY6GtB+7lcM69zNwTpoJrdN1vK7ewuLS8kl8trK1vbG7Z2zs1nWSKsipNRKIaIWgmeMyqyFGwRqoYyFCweti7Gvn1e6Y0T+Jb7KcskNCJecQpoJFa9pGf8jvXx8TvgJQw6ccPPkOYEVt20S25YzjzxJuSIpmi0rK//HZCM8lipAK0bnpuisEAFHIq2LDgZ5qlQHvQYU1DY5BMB4PxSUPnwChtJ0qUqRidsfp7YwBS674MzaQE7OpZbyT+5zUzjC6CAY/TDFlMJw9FmXAwcUb5OG2uGEXRNwSo4uavDu2CAoomxYIJwZs9eZ7UTkreWcm7OS2WL6dx5Mke2SeHxCPnpEyuSYVUCSWP5Jm8kjfryXqx3q2PyWjOmu7skj+wPn8A8CieSA==</latexit>

⇡0 ! ��, ⌘ ! ��

<latexit sha1_base64="OG2AEssrpo0ddVt/nEGKAsoegvo=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUB2DbOT2WTIPJaZWSEs+QwvHhTx6td482+cJHvQxIKGoqqb7q445cxY3//2VlbX1jc2S1vl7Z3dvf3KwWHLqEwT2iSKK92JsaGcSdq0zHLaSTXFIua0HY9up377iWrDlHyw45RGAg8kSxjB1kndMGWPfjjAQuBeperX/BnQMgkKUoUCjV7lK+wrkgkqLeHYmG7gpzbKsbaMcDoph5mhKSYjPKBdRyUW1ET57OQJOnVKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7xuZpPrKGcyzSyVZL4oyTiyCk3/R32mKbF87AgmmrlbERlijYl1KZVdCMHiy8ukdV4LLmvB/UW1flPEUYJjOIEzCOAK6nAHDWgCAQXP8ApvnvVevHfvY9664hUzR/AH3ucP+9iREA==</latexit>

⇡0�
<latexit sha1_base64="tr1dmcvVOkouX8wzOS9qFdSW3ow=">AAACJnicbVDLSgMxFM34rPVVdekmWAQXUmZUqhuh6EbQRQVbhWYc7qRpDSYzQ5IRytD+jBt/xY2Liog7P8X0IWj1QOBwzrnc3BMmgmvjuh/O1PTM7Nx8biG/uLS8slpYW6/rOFWU1WgsYnUTgmaCR6xmuBHsJlEMZCjYdXh/OvCvH5jSPI6uTCdhvoR2xFucgrFSUDg+Dy5uXWLiPZLwIcEHpA1Swm4vI0riWHUJ6RFmwHr736HyKBMUim7JHQL/Jd6YFNEY1aDQJ82YppJFhgrQuuG5ifEzUIZTwbp5kmqWAL2HNmtYGoFk2s+GZ3bxtlWauBUr+yKDh+rPiQyk1h0Z2qQEc6cnvYH4n9dITevIz3iUpIZFdLSolQpsyxh0hptcMWpExxKgitu/YnoHCqixzeZtCd7kyX9Jfa/klUve5UGxcjKuI4c20RbaQR46RBV0hqqohih6RM+oj16dJ+fFeXPeR9EpZzyzgX7B+fwC2POlcA==</latexit>

K0
L ! 2⇡0 ! 4�, or

⌘ ! 3⇡0 ! 6�
<latexit sha1_base64="y0h2eMlNH72wYISH021IxV7NW+o=">AAACI3icbVDLSgMxFM3UV62vUZdugkVwVWZEVFwVRXAlFewDOsOQSTNtaJIZkoxQhvkXN/6KGxdKcePCfzFtR9HqgcDhnHu5OSdMGFXacd6t0sLi0vJKebWytr6xuWVv77RUnEpMmjhmseyESBFGBWlqqhnpJJIgHjLSDoeXE799T6SisbjTo4T4HPUFjShG2kiBfe5FEuEs8ySHvfwm/2JXgddHnKPcS2Sc6BjO5tw8+3YCu+rUnCngX+IWpAoKNAJ77PVinHIiNGZIqa7rJNrPkNQUM5JXvFSRBOEh6pOuoQJxovxsmjGHB0bpwSiW5gkNp+rPjQxxpUY8NJMc6YGa9ybif1431dGZn1GRpJoIPDsUpQyazJPCYI9KgjUbGYKwpOavEA+QKUObWiumBHc+8l/SOqq5JzX39rhavyjqKIM9sA8OgQtOQR1cgwZoAgwewBN4Aa/Wo/Vsja232WjJKnZ2wS9YH58yb6XY</latexit>
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Positron

2.0
Sources: 1.  Line-like spectrum from              at

2. Decay from unstable particles:
A. Muon decay spectrum: analytic form including bounds of 

integration from boost into lab frame
B. Pion decay spectrum is boosted version
C. Others more round

<latexit sha1_base64="ftRj9T0GX24OlUaZGn21W6Jlf+0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMgiGFXRD0GvXiMYB6QF7OT3mTI7OwyMyuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1093lx4Jr47rfTm5ldW19I79Z2Nre2d0r7h/UdZQohjUWiUg1fapRcIk1w43AZqyQhr7Ahj+6m/qNJ1SaR/LRjGPshHQgecAZNVZqYPeMYPe8Vyy5ZXcGsky8jJQgQ7VX/Gr3I5aEKA0TVOuW58amk1JlOBM4KbQTjTFlIzrAlqWShqg76ezcCTmxSp8EkbIlDZmpvydSGmo9Dn3bGVIz1IveVPzPayUmuOmkXMaJQcnmi4JEEBOR6e+kzxUyI8aWUKa4vZWwIVWUGZtQwYbgLb68TOoXZe+q7D1cliq3WRx5OIJjOAUPrqEC91CFGjAYwTO8wpsTOy/Ou/Mxb8052cwh/IHz+QMbY47E</latexit>
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<latexit sha1_base64="W8GdQOy+i1E4tLyziN3ij5Cxc/k=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARBGGcKaJuhKIILivYB7TjkEnTNjTJDElGKOMs/BU3LhRx62+4829M21lo9cDlHs65l9ycMGZUadf9sgpz8wuLS8Xl0srq2vqGvbnVUFEiManjiEWyFSJFGBWkrqlmpBVLgnjISDMcXo795j2RikbiVo9i4nPUF7RHMdJGCuydqyAld4fZuekdySF2uJMdVQK77DruBPAv8XJSBjlqgf3Z6UY44URozJBSbc+NtZ8iqSlmJCt1EkVihIeoT9qGCsSJ8tPJ/RncN0oX9iJpSmg4UX9upIgrNeKhmeRID9SsNxb/89qJ7p35KRVxoonA04d6CYM6guMwYJdKgjUbGYKwpOZWiAdIIqxNZCUTgjf75b+kUXG8E8e7OS5XL/I4imAX7IED4IFTUAXXoAbqAIMH8ARewKv1aD1bb9b7dLRg5Tvb4Besj28SapTY</latexit>

Ee+ = Ec.m./2

1.2.A.

2.B.

2.C.

22



Limits:

2.0
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<latexit sha1_base64="0dQ9cnfd1+oIJMs7IENJpSrtjK4=">AAACBXicbVDLSsNAFL3xWesr6lIXg0VwVRIRdVl040aoaB/QhDKZTtqhk0mYmQgldOPGX3HjQhG3/oM7/8ZpmoW2HpjL4Zx7uXNPkHCmtON8WwuLS8srq6W18vrG5ta2vbPbVHEqCW2QmMeyHWBFORO0oZnmtJ1IiqOA01YwvJr4rQcqFYvFvR4l1I9wX7CQEayN1LUPPDJgaFp0jJp5zTwZobubcdeuOFUnB5onbkEqUKDetb+8XkzSiApNOFaq4zqJ9jMsNSOcjsteqmiCyRD3acdQgSOq/Cy/YoyOjNJDYSzNExrl6u+JDEdKjaLAdEZYD9SsNxH/8zqpDi/8jIkk1VSQ6aIw5chcOokE9ZikRPORIZhIZv6KyABLTLQJrmxCcGdPnifNk6p7VnVvTyu1yyKOEuzDIRyDC+dQg2uoQwMIPMIzvMKb9WS9WO/Wx7R1wSpm9uAPrM8fhJSXUA==</latexit>

�� ! V ! SM
<latexit sha1_base64="mvHnNuZZ4XbAPYvo+GuTUb5qJI0=">AAAB+nicbVBNSwMxEJ34WevXVo9egkXwVHZF1GPRi8cKdltol5JNs21oNrskWaWs/SlePCji1V/izX9j2u5BWx8kPN6bYWZemAqujet+o5XVtfWNzdJWeXtnd2/fqRz4OskUZU2aiES1Q6KZ4JI1DTeCtVPFSBwK1gpHN1O/9cCU5om8N+OUBTEZSB5xSoyVek6lS4cczz+TYB/7Pafq1twZ8DLxClKFAo2e89XtJzSLmTRUEK07npuaICfKcCrYpNzNNEsJHZEB61gqScx0kM9Wn+ATq/RxlCj7pMEz9XdHTmKtx3FoK2NihnrRm4r/eZ3MRFdBzmWaGSbpfFCUCWyPnOaA+1wxasTYEkIVt7tiOiSKUGPTKtsQvMWTl4l/VvMuat7debV+XcRRgiM4hlPw4BLqcAsNaAKFR3iGV3hDT+gFvaOPeekKKnoO4Q/Q5w+PzZLm</latexit>

�� ! V V
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Conclusions
• Robust description of decays into various hadronic final states for vector particles with arbitrary couplings

• Improvements compared to previous calculations of widths, branching ratios, lifetime 

• DEcays of LIght VEctors Revised (DELIVER) Code available on Github 

• Forward physics Facility: Important for experiments like FASER2

• Indirect Detection: Energy spectra can now be calculated for models with vector particles in the GeV and sub-

GeV region

1. with Herwig (MC generation), DarkSUSY (tabulated spectra)

2. with Hazma: Full Indirect Detection pipeline from process to limit

2.0
Publicly available soon!
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https://github.com/preimitz/DeLiVeR

