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• travelling through material
• Vector particle lifetime crucial
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Success of the Dark Photon

Attractive Mass range: MeV-GeV
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Description of Hadronic Current

Attractive Mass range: MeV-GeV
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Attractive Mass range: MeV-GeV
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Vector meson dominance:
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<latexit sha1_base64="PafWjyazZ0MAKtUaFL0Tq7D7qa4=">AAAB73icbVDLSgNBEOyNrxhfUY+KDAbBU9j1oB6DXjwmYB6QXcPsZJIMmZldZ2aFsOToD3jxoIhX/yDf4c1v8CecPA6aWNBQVHXT3RXGnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lChCqyTikWqEWFPOJK0aZjhtxIpiEXJaD/vXY7/+QJVmkbw1g5gGAncl6zCCjZUavupFd75IWvmCW3QnQIvEm5FC6XBU+X48GpVb+U+/HZFEUGkIx1o3PTc2QYqVYYTTYc5PNI0x6eMubVoqsaA6SCf3DtGJVdqoEylb0qCJ+nsixULrgQhtp8Cmp+e9sfif10xM5zJImYwTQyWZLuokHJkIjZ9HbaYoMXxgCSaK2VsR6WGFibER5WwI3vzLi6R2VvTOi17FpnEFU2ThAI7hFDy4gBLcQBmqQIDDE7zAq3PvPDtvzvu0NePMZvbhD5yPHxvHk7g=</latexit>

⇢µ
<latexit sha1_base64="gDZ8VCpTcNHyE0A3tuwJymO/cno=">AAAB8XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZF+pGLLpxWcFesB1LJj3ThiaZIckIZehbuHGhiC59EPduxLcxvSy09YfAx/+fQ845YcKZNp737eQWFpeWV/Kr7tr6xuZWYXunpuNUUajSmMeqERINnEmoGmY4NBIFRIQc6mH/cpTX70FpFssbM0ggEKQrWcQoMda6bcUCuuSuJdJ2oeiVvLHwPPhTKJ5/uGfJ25dbaRc+W52YpgKkoZxo3fS9xAQZUYZRDkO3lWpICO2TLjQtSiJAB9l44iE+sE4HR7GyTxo8dn93ZERoPRChrRTE9PRsNjL/y5qpiU6DjMkkNSDp5KMo5djEeLQ+7jAF1PCBBUIVs7Ni2iOKUGOP5Noj+LMrz0PtqOQfl/xrr1i+QBPl0R7aR4fIRyeojK5QBVURRRI9oCf07Gjn0XlxXielOWfas4v+yHn/AQHzlCI=</latexit>

!µ <latexit sha1_base64="5Q8GgAjCJwT1vT4kebOCWa78Jag=">AAAB73icbVDLSgNBEOyNrxhfUY+KDAbBU9j1oB6DXjwmYB6QXcPsZJIMmZldZ2aFsOToD3jxoIhX/yDf4c1v8CecPA6aWNBQVHXT3RXGnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lChCqyTikWqEWFPOJK0aZjhtxIpiEXJaD/vXY7/+QJVmkbw1g5gGAncl6zCCjZUaftxjd75IWvmCW3QnQIvEm5FC6XBU+X48GpVb+U+/HZFEUGkIx1o3PTc2QYqVYYTTYc5PNI0x6eMubVoqsaA6SCf3DtGJVdqoEylb0qCJ+nsixULrgQhtp8Cmp+e9sfif10xM5zJImYwTQyWZLuokHJkIjZ9HbaYoMXxgCSaK2VsR6WGFibER5WwI3vzLi6R2VvTOi17FpnEFU2ThAI7hFDy4gBLcQBmqQIDDE7zAq3PvPDtvzvu0NePMZvbhD5yPHw+Dk7A=</latexit>

�µ

Description of Hadronic Current

!



Attractive Mass range: MeV-GeV

<latexit sha1_base64="nRTkTC9dWlpnVNkJ8CmyGqC8pD0=">AAACB3icbVC7SgNBFJ31GeMrainIkCCkCrsWxjJoI1YRzAOyMcxObpIhM7PLzKwQlnQ2foN/YGOhiK2lrZ3oxzh5FJp44MLhnHu5954g4kwb1/10FhaXlldWU2vp9Y3Nre3Mzm5Vh7GiUKEhD1U9IBo4k1AxzHCoRwqICDjUgv7ZyK/dgNIslFdmEEFTkK5kHUaJsVIrc+BrJrAPkWY8lBjwRSvxlcAghte+iFuZnFtwx8DzxJuSXCmb//4qvt+XW5kPvx3SWIA0lBOtG54bmWZClGGUwzDtxxoiQvukCw1LJRGgm8n4jyE+tEobd0JlSxo8Vn9PJERoPRCB7RTE9PSsNxL/8xqx6Zw0Eyaj2ICkk0WdmGMT4lEouM0UUMMHlhCqmL0V0x5RhBobXdqG4M2+PE+qRwXvuOBd2jRO0QQptI+yKI88VEQldI7KqIIoukUP6Ak9O3fOo/PivE5aF5zpzB76A+ftB5eFnN8=</latexit>

⇠ ✏eJµ
em

<latexit sha1_base64="c9eh2iTL1YEAZzrwjBVVmbB+lZU="></latexit>

�Z�!H = �Z�!µ+µ�RH

µ [exp]

• Branching ratio into leptons
• Lifetime of the dark photon

γ

e−

e+

<latexit sha1_base64="m0OTCmvuaDP7DePiypEUCtsYks4=">AAACAnicbVC7SgNBFJ2Nr5j4WLUSm8EoWIVdC7UM2ohYRDAPyMZldjKbDJmZXWZmA2EJNv6KjYUigpWdf2Dnh2jt5FFo4oELZ865l7n3BDGjSjvOp5WZm19YXMou5/Irq2vr9sZmVUWJxKSCIxbJeoAUYVSQiqaakXosCeIBI7Wgezb0az0iFY3Ete7HpMlRW9CQYqSN5NvbnqIcXvoeT+CFn3qSQ8IHN+bp2wWn6IwAZ4k7IYXS3tfrey//XfbtD68V4YQToTFDSjVcJ9bNFElNMSODnJcoEiPcRW3SMFQgTlQzHZ0wgPtGacEwkqaEhiP190SKuFJ9HphOjnRHTXtD8T+vkejwpJlSESeaCDz+KEwY1BEc5gFbVBKsWd8QhCU1u0LcQRJhbVLLmRDc6ZNnSfWw6B4V3SuTxikYIwt2wC44AC44BiVwDsqgAjC4BffgETxZd9aD9Wy9jFsz1mRmC/yB9fYDSdqbKA==</latexit>

⇠ LµJ
µ
em

<latexit sha1_base64="c72+PPwVUEWXyFrGytHIG9TEXvs=">AAAB+nicbVDLTsJAFJ3iC/FVdKkxjcTEBCGtC3VJdOMSEnkkUMh0uIUJ00dmphpSWfoZblxojFsXfIc7v8GfcAosFDzJvTk5597MneOEjAppml9aaml5ZXUtvZ7Z2Nza3tGzuzURRJxAlQQs4A0HC2DUh6qkkkEj5IA9h0HdGVwnfv0OuKCBfyuHIdge7vnUpQRLJXX0LLTz0C6ctryonU9aoaPnzKI5gbFIrBnJlQ7Gle/Hw3G5o3+2ugGJPPAlYViIpmWG0o4xl5QwGGVakYAQkwHuQVNRH3sg7Hhy+sg4VkrXcAOuypfGRP29EWNPiKHnqEkPy76Y9xLxP68ZSffSjqkfRhJ8Mn3IjZghAyPJwehSDkSyoSKYcKpuNUgfc0ykSiujQrDmv7xIamdF67xoVVQaV2iKNNpHR+gEWegCldANKqMqIugePaEX9Ko9aM/am/Y+HU1ps5099Afaxw+QvZac</latexit>

e+e�, µ+µ�Most searches

<latexit sha1_base64="77HWqbDnh/EJWGMjEtkqjOTMLqs="></latexit>

Jµ
em =

1p
2
(quem � qdem)| {z }

=1

Jµ
I=1 +

1p
2
(quem + qdem)| {z }

=1/3

Jµ
I=0 + qsem|{z}

�1/3

Jµ
s

<latexit sha1_base64="JtPf1Gk5Ar+LHJ1ogHV7WVGwsHI="></latexit>

Jµ
em =

X

f

f̄�µqfemf

Chiral Perturbation Theory:

Zγ

<latexit sha1_base64="DUsfieOzwyxBPyXo6bQ/r+lxL2w="></latexit>

LV ZQ = gQZ
µ
Q2Tr[VµQ

f ]

<latexit sha1_base64="EvjAd0ioYDG6mf7QqyE4N83RWg4="></latexit>

LV A = eAµ2Tr[VµQem]SM:

BSM:

<latexit sha1_base64="PafWjyazZ0MAKtUaFL0Tq7D7qa4=">AAAB73icbVDLSgNBEOyNrxhfUY+KDAbBU9j1oB6DXjwmYB6QXcPsZJIMmZldZ2aFsOToD3jxoIhX/yDf4c1v8CecPA6aWNBQVHXT3RXGnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lChCqyTikWqEWFPOJK0aZjhtxIpiEXJaD/vXY7/+QJVmkbw1g5gGAncl6zCCjZUavupFd75IWvmCW3QnQIvEm5FC6XBU+X48GpVb+U+/HZFEUGkIx1o3PTc2QYqVYYTTYc5PNI0x6eMubVoqsaA6SCf3DtGJVdqoEylb0qCJ+nsixULrgQhtp8Cmp+e9sfif10xM5zJImYwTQyWZLuokHJkIjZ9HbaYoMXxgCSaK2VsR6WGFibER5WwI3vzLi6R2VvTOi17FpnEFU2ThAI7hFDy4gBLcQBmqQIDDE7zAq3PvPDtvzvu0NePMZvbhD5yPHxvHk7g=</latexit>

⇢µ
<latexit sha1_base64="gDZ8VCpTcNHyE0A3tuwJymO/cno=">AAAB8XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZF+pGLLpxWcFesB1LJj3ThiaZIckIZehbuHGhiC59EPduxLcxvSy09YfAx/+fQ845YcKZNp737eQWFpeWV/Kr7tr6xuZWYXunpuNUUajSmMeqERINnEmoGmY4NBIFRIQc6mH/cpTX70FpFssbM0ggEKQrWcQoMda6bcUCuuSuJdJ2oeiVvLHwPPhTKJ5/uGfJ25dbaRc+W52YpgKkoZxo3fS9xAQZUYZRDkO3lWpICO2TLjQtSiJAB9l44iE+sE4HR7GyTxo8dn93ZERoPRChrRTE9PRsNjL/y5qpiU6DjMkkNSDp5KMo5djEeLQ+7jAF1PCBBUIVs7Ni2iOKUGOP5Noj+LMrz0PtqOQfl/xrr1i+QBPl0R7aR4fIRyeojK5QBVURRRI9oCf07Gjn0XlxXielOWfas4v+yHn/AQHzlCI=</latexit>

!µ <latexit sha1_base64="5Q8GgAjCJwT1vT4kebOCWa78Jag=">AAAB73icbVDLSgNBEOyNrxhfUY+KDAbBU9j1oB6DXjwmYB6QXcPsZJIMmZldZ2aFsOToD3jxoIhX/yDf4c1v8CecPA6aWNBQVHXT3RXGnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lChCqyTikWqEWFPOJK0aZjhtxIpiEXJaD/vXY7/+QJVmkbw1g5gGAncl6zCCjZUaftxjd75IWvmCW3QnQIvEm5FC6XBU+X48GpVb+U+/HZFEUGkIx1o3PTc2QYqVYYTTYc5PNI0x6eMubVoqsaA6SCf3DtGJVdqoEylb0qCJ+nsixULrgQhtp8Cmp+e9sfif10xM5zJImYwTQyWZLuokHJkIjZ9HbaYoMXxgCSaK2VsR6WGFibER5WwI3vzLi6R2VvTOi17FpnEFU2ThAI7hFDy4gBLcQBmqQIDDE7zAq3PvPDtvzvu0NePMZvbhD5yPHw+Dk7A=</latexit>

�µ

Description of Hadronic Current

!



ZQ
<latexit sha1_base64="gTrjhc1f7fi8tUGumppm7KHwM8M=">AAACA3icbVDLSsNAFJ20Pmp9Rd3pZrAUXJXEhbosuimuWrAPaGKYTCft0JkkzEyEEgpu+iu6cKGIW3/Cnbj0R5y0XWjrgQuHc+7l3nv8mFGpLOvTyOVXVtfWCxvFza3tnV1zb78lo0Rg0sQRi0THR5IwGpKmooqRTiwI4j4jbX94lfntOyIkjcIbNYqJy1E/pAHFSGnJMw8dSTnsew147TkcqQFGLK2Nbx2eeGbJqlhTwGViz0mpWp7k7e/Hr7pnfji9CCechAozJGXXtmLlpkgoihkZF51EkhjhIeqTrqYh4kS66fSHMSxrpQeDSOgKFZyqvydSxKUccV93ZmfKRS8T//O6iQou3JSGcaJIiGeLgoRBFcEsENijgmDFRpogLKi+FeIBEggrHVtRh2AvvrxMWqcV+6xiN3Qal2CGAjgCx+AE2OAcVEEN1EETYHAPHsAzeDEmxpPxarzNWnPGfOYA/IHx/gMrp5rr</latexit>

⇠ gQJ
µ
H

<latexit sha1_base64="HfE6sesPj8ah2eWrxtSRT6juZKI=">AAAB/HicbVDLSsNAFJ20Pmp9Rbt0M1gKrkriQt2IRTfFVQX7gDaGyXTSDp1JwsxECKHu/A43goq49UPciUt/xEnbhbYeGDiccy/3zPEiRqWyrE8jl19aXlktrBXXNza3ts2d3ZYMY4FJE4csFB0PScJoQJqKKkY6kSCIe4y0vdFF5rdviZA0DK5VEhGHo0FAfYqR0pJrli7dHkdqiBFL6+ObHo9Pz1yzbFWtCeAisWekXKvc5+3vp6+Ga370+iGOOQkUZkjKrm1FykmRUBQzMi72YkkihEdoQLqaBogT6aST8GNY0Uof+qHQL1Bwov7eSBGXMuGensyCynkvE//zurHyT5yUBlGsSICnh/yYQRXCrAnYp4JgxRJNEBZUZ4V4iATCSvdV1CXY819eJK3Dqn1Uta90G+dgigLYA/vgANjgGNRAHTRAE2CQgAfwDF6MO+PReDXepqM5Y7ZTAn9gvP8AKriYJQ==</latexit>

Jµ
H

=?

<latexit sha1_base64="Ip293N/qlIozEcJalz4wtI9iv7U="></latexit>

Jµ
B =

1p
2
(quB � qdB)| {z }

=0

Jµ
I=1 +

1p
2
(quB + qdB)| {z }

=2/3

Jµ
I=0 + qsB|{z}

1/3

Jµ
s

<latexit sha1_base64="z3Z7FDJHuI02xhFWEecZOstBQnU=">AAACFXicbVDLSsNAFJ34tr6qLt0MFsGFlMSFulGKbtSVBfuApoab6aSOnUnizEQoIT/hxl9xo6CIW8GdHyM4abvwdWDgcM653LnHjzlT2rY/rLHxicmp6ZnZwtz8wuJScXmlrqJEElojEY9k0wdFOQtpTTPNaTOWFITPacPvHeV+44ZKxaLwXPdj2hbQDVnACGgjecWtUy+tZheuSPZdlQgvwK4PMg0ytwtCQG7g60EkwIFXLNllewD8lzgjUqqcfN4cnD5enXnFd7cTkUTQUBMOSrUcO9btFKRmhNOs4CaKxkB60KUtQ0MQVLXTwVUZ3jBKBweRNC/UeKB+n0hBKNUXvkkK0Jfqt5eL/3mtRAd77ZSFcaJpSIaLgoRjHeG8ItxhkhLN+4YAkcz8FZNLkEC0KbJgSnB+n/yX1LfLzk7ZqZo2DtEQM2gNraNN5KBdVEHH6AzVEEG36B49oWfrznqwXqzXYXTMGs2soh+w3r4AvQyi3w==</latexit>

Jµ
Q =

X

f

f̄�µqfQf

Other models?

Focus on B-coupled models

Hadronic current:

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

Jµ
B =

1

3

X

q

q̄�µq

<latexit sha1_base64="PafWjyazZ0MAKtUaFL0Tq7D7qa4=">AAAB73icbVDLSgNBEOyNrxhfUY+KDAbBU9j1oB6DXjwmYB6QXcPsZJIMmZldZ2aFsOToD3jxoIhX/yDf4c1v8CecPA6aWNBQVHXT3RXGnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lChCqyTikWqEWFPOJK0aZjhtxIpiEXJaD/vXY7/+QJVmkbw1g5gGAncl6zCCjZUavupFd75IWvmCW3QnQIvEm5FC6XBU+X48GpVb+U+/HZFEUGkIx1o3PTc2QYqVYYTTYc5PNI0x6eMubVoqsaA6SCf3DtGJVdqoEylb0qCJ+nsixULrgQhtp8Cmp+e9sfif10xM5zJImYwTQyWZLuokHJkIjZ9HbaYoMXxgCSaK2VsR6WGFibER5WwI3vzLi6R2VvTOi17FpnEFU2ThAI7hFDy4gBLcQBmqQIDDE7zAq3PvPDtvzvu0NePMZvbhD5yPHxvHk7g=</latexit>

⇢µ
<latexit sha1_base64="gDZ8VCpTcNHyE0A3tuwJymO/cno=">AAAB8XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZF+pGLLpxWcFesB1LJj3ThiaZIckIZehbuHGhiC59EPduxLcxvSy09YfAx/+fQ845YcKZNp737eQWFpeWV/Kr7tr6xuZWYXunpuNUUajSmMeqERINnEmoGmY4NBIFRIQc6mH/cpTX70FpFssbM0ggEKQrWcQoMda6bcUCuuSuJdJ2oeiVvLHwPPhTKJ5/uGfJ25dbaRc+W52YpgKkoZxo3fS9xAQZUYZRDkO3lWpICO2TLjQtSiJAB9l44iE+sE4HR7GyTxo8dn93ZERoPRChrRTE9PRsNjL/y5qpiU6DjMkkNSDp5KMo5djEeLQ+7jAF1PCBBUIVs7Ni2iOKUGOP5Noj+LMrz0PtqOQfl/xrr1i+QBPl0R7aR4fIRyeojK5QBVURRRI9oCf07Gjn0XlxXielOWfas4v+yHn/AQHzlCI=</latexit>

!µ
<latexit sha1_base64="5Q8GgAjCJwT1vT4kebOCWa78Jag=">AAAB73icbVDLSgNBEOyNrxhfUY+KDAbBU9j1oB6DXjwmYB6QXcPsZJIMmZldZ2aFsOToD3jxoIhX/yDf4c1v8CecPA6aWNBQVHXT3RXGnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lChCqyTikWqEWFPOJK0aZjhtxIpiEXJaD/vXY7/+QJVmkbw1g5gGAncl6zCCjZUaftxjd75IWvmCW3QnQIvEm5FC6XBU+X48GpVb+U+/HZFEUGkIx1o3PTc2QYqVYYTTYc5PNI0x6eMubVoqsaA6SCf3DtGJVdqoEylb0qCJ+nsixULrgQhtp8Cmp+e9sfif10xM5zJImYwTQyWZLuokHJkIjZ9HbaYoMXxgCSaK2VsR6WGFibER5WwI3vzLi6R2VvTOi17FpnEFU2ThAI7hFDy4gBLcQBmqQIDDE7zAq3PvPDtvzvu0NePMZvbhD5yPHw+Dk7A=</latexit>

�µ



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

Some taken from 1911.11147 
(Herwig implementation)

Some new ones 2201.01788
Python package DeLiVeR

BSM Sec. II.B.10 (A.L. Foguel, P.R., R. Zukanovich)
arXiv:2201.01788



Two models and comparison to DarkCast

Dark Photon B-coupled models

DarkCast: P. Ilten, Y. Soreq, M. Williams, W. Wue 
arXiv:1801.04847



Two models and comparison to DarkCast

<latexit sha1_base64="oBiCqddDtmG331tPy+SoMqePVRU=">AAACBHicbVC7SgNBFJ31bXytWkZkMASswq6FWoo2lgkYFbIhzM7eTQZnH8zcFcMSwUJ/xcZCESGVH2HnN/gTThILTTwwcDjnXu6c46dSaHScT2tqemZ2bn5hsbC0vLK6Zq9vnOskUxzqPJGJuvSZBiliqKNACZepAhb5Ei78q5OBf3ENSoskPsNuCs2ItWMRCs7QSC276GkRUdfxyrcewg3mgQhDUBBz6LXsklNxhqCTxP0hpaOtfu3rfrtfbdkfXpDwLIIYuWRaN1wnxWbOFAouoVfwMg0p41esDQ1DYxaBbubDED1aNkpAw0SZFyMdqr83chZp3Y18Mxkx7OhxbyD+5zUyDA+buYjTDE2s0aEwkxQTOmiEBkIBR9k1hHElzF8p7zDFOJreCqYEdzzyJDnfq7j7Fbdm2jgmIyyQItkhu8QlB+SInJIqqRNO7sgjeSYv1oP1ZL1ab6PRKetnZ5P8gfX+DW+Zm68=</latexit>

⇠ 10% di↵erence



B model

In blue: leptonic decays

BSM Sec. II.B.6 
(A.L. Foguel, P.R.)

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

Jµ
B =

1

3

X

q

q̄�µq



B model

Using FORESEE

BSM Sec. II.B.6 
(A.L. Foguel, P.R.)

BSM Sec. I.A.1 
arXiv:2105.07077



Vector Particle 
Production

DecayVector particle “beam”

• travelling through material
• Vector particle lifetime crucial

<latexit sha1_base64="Ibi6SLdjpclURCb041ZjpT3aiNw=">AAACBnicbVC7TsMwFHXKq7Q8AowIKaIgGFCVMAADQ4GFsUj0ITVR5LhOa9VOItupVEVhYeFXWBhAwIrEH7DxITDjtB2g5UiWj865V/fe40WUCGman1puZnZufiG/WCguLa+s6mvrdRHGHOEaCmnImx4UmJIA1ySRFDcjjiHzKG54vYvMb/QxFyQMruUgwg6DnYD4BEGpJFffSmzODD/k6Q1zk7O99FR9dkQObCxh6uols2wOYUwTa0xKlZ2vl/d+8bvq6h92O0Qxw4FEFArRssxIOgnkkiCK04IdCxxB1IMd3FI0gAwLJxmekRq7Smlnu6gXSGOo/u5IIBNiwDxVyaDsikkvE//zWrH0T5yEBFEscYBGg/yYGjI0skyMNuEYSTpQBCJO1K4G6kIOkVTJFVQI1uTJ06R+WLaOytaVSuMcjJAHm2Ab7AMLHIMKuARVUAMI3IJ78AietDvtQXvWXkelOW3cswH+QHv7AR5UnVM=</latexit>

for mA0 < m⇡,⌘

Meson decays

Drell-Yan Proton bremsstrahlung

BSM Sec. II.B.8 (Foroughi-Abari, Ritz)
arXiv:2108.05900

Decay ( & Production) of Light Vector Particles

q, e−

q̄, e+

Zγ

detector

Zγ

ρ,ω,φ

Zγ

γ

π0, η

ρ,ω
Zγ

p

p

p

p



Vector Particle 
Production

DecayVector particle “beam”

• travelling through material
• Vector particle lifetime crucial

Meson decays

Drell-Yan Proton bremsstrahlung

BSM Sec. II.B.8 (Foroughi-Abari, Ritz)
arXiv:2108.05900

Decay ( & Production) of Light Vector Particles

q, e−

q̄, e+

Zγ

detector

Zγ

ρ,ω,φ

Zγ

γ

π0, η

More Production Modes?

ρ,ω
Zγ

p

p

p

p

<latexit sha1_base64="QxWd5QOErT3UKugRTCgOtArFDBU=">AAACDXicbVA9SwNBEN3z2/gVtbQ5jIKFhDsRtbAQbSwjmCjmwjG3mcTF3btjd04Mx/kDbPwrNhaK2Nrb+W/cxBR+PVh4+94MM/OiVApDnvfhjIyOjU9MTk2XZmbn5hfKi0sNk2SaY50nMtHnERiUIsY6CZJ4nmoEFUk8i66O+v7ZNWojkviUeim2FHRj0REcyEpheS0gvKG8k+jiVoX5RRh0QSko9u0nSMVmgARFWK54VW8A9y/xh6TChqiF5fegnfBMYUxcgjFN30uplYMmwSUWpSAzmAK/gi42LY1BoWnlg2sKd90qbdduZF9M7kD93pGDMqanIlupgC7Nb68v/uc1M+rstXIRpxlhzL8GdTLpUuL2o3HbQiMn2bMEuBZ2V5dfggZONsCSDcH/ffJf0tiq+jtV/2S7cnA4jGOKrbBVtsF8tssO2DGrsTrj7I49sCf27Nw7j86L8/pVOuIMe5bZDzhvnwm5nMo=</latexit>

for mZ� < m⇡,⌘



Additional Production Modes 

a)

b)

c)

d)

e)

f)

b)

a) ISR
b) Beam remnants
c) Hard process
d) FSR
e) Hadronization
f) Decays of hadrons

Start with ISR, FSR

BSM Sec. II.B.9 
(M.R.Masouminia, P.R., S.Plätzer)



ISR & FSR in HERWIG

A

q2

q1

∼ iaγµ(aLPL + aRPR)

Zγ

q0
q′

Splitting function:
<latexit sha1_base64="jaGt4UqOa4we9jDYEkV4Xi0Hka0="></latexit>

Pq!q0Z� (z, q̃) =
a2

1� z

"
1 + z2 �

2m2
q +mZ�

zq̃2

#
General vector splittings found in

arXiv:2108.10817 M.R. Masouminia, P. Richardson
arXiv:2112.15487  N. Darvishi, M.R. Masouminia

Advantage of Herwig: Vector decays already implemented



Conclusions
• Robust calculation of Hadronic decays of Vector particles
• Especially useful for baryophilic models
• Leading constraints coming from hadronic signatures in FPF experiments
• Available in python package DeLiVeR (Decays of Light Vectors Revised)

Decays of Vector Particles:

Production of Vector Particles:

• several possibilities for additional production modes
• Start with adding ISR&FSR to HERWIG
• Towards complete implementation of Vector Particles in Herwig (Production and Decay)

https://github.com/preimitz/DeLiVeR


