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Dark Matter is neutral 

•  We know that we can not  
see dark matter directly
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Is Dark Matter neutral under …? 
• We know that we can not  

see dark matter directly

•  Dark Matter is Neutral  
under Standard Model U(1)EM

• But it does not mean that Dark Matter is neutral under  
“Dark Gauge Group(s)”
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• What would be the  
            phenomenological consequences  
of “dark charged” dark matter ? 

• How we can 
                              check 
whether dark matter is “dark charged” or not.
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Particle under Gauge Group

• In the Standard Model, fermions get masses due 
to weak gauge-charged and a Higgs. 

• In the Standard Model, proton/neutron get masses 
due to non-abelian gauge-charged.
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• Fermion, Gauge particle and Higgs  
 
- Dark Matter, Dark Gauge particle and Dark Higgs



DM with dark charge and dark-Higgs
• For a minimality, abelian U(1)-gauge on DM  
 
- Dark Matter, Gauge field and Dark-Higgs
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Yukawa for mass



• Dark matter and dark-photon  share the same origin 
(Dark Higgs) for their mass
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Dark-gauge breaking with  

non-zero charge  Q0
�
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Q0
�L

= �Q0
�

<latexit sha1_base64="f/RyQA3pY/eJpO3kIOu26PaJJ3Y=">AAACAnicbVC7TsMwFHXKq5RXgAmxWLQIFqqkCyxIFSwMDK1EH1IbRY7rNBaOE9kOUhVFLPwKCwMIsfIVbPwNbpoBWo50peNz7pXvPV7MqFSW9W2UlpZXVtfK65WNza3tHXN3ryujRGDSwRGLRN9DkjDKSUdRxUg/FgSFHiM97/566vceiJA04ndqEhMnRGNOfYqR0pJrHtTaJ246xAF1bzN4eZa/WgHNaq5ZtepWDrhI7IJUQYGWa34NRxFOQsIVZkjKgW3FykmRUBQzklWGiSQxwvdoTAaachQS6aT5CRk81soI+pHQxRXM1d8TKQqlnISe7gyRCuS8NxX/8waJ8i+clPI4UYTj2Ud+wqCK4DQPOKKCYMUmmiAsqN4V4gAJhJVOraJDsOdPXiTdRt226na7UW1eFXGUwSE4AqfABuegCW5AC3QABo/gGbyCN+PJeDHejY9Za8koZvbBHxifP914lcs=</latexit><latexit sha1_base64="f/RyQA3pY/eJpO3kIOu26PaJJ3Y=">AAACAnicbVC7TsMwFHXKq5RXgAmxWLQIFqqkCyxIFSwMDK1EH1IbRY7rNBaOE9kOUhVFLPwKCwMIsfIVbPwNbpoBWo50peNz7pXvPV7MqFSW9W2UlpZXVtfK65WNza3tHXN3ryujRGDSwRGLRN9DkjDKSUdRxUg/FgSFHiM97/566vceiJA04ndqEhMnRGNOfYqR0pJrHtTaJ246xAF1bzN4eZa/WgHNaq5ZtepWDrhI7IJUQYGWa34NRxFOQsIVZkjKgW3FykmRUBQzklWGiSQxwvdoTAaachQS6aT5CRk81soI+pHQxRXM1d8TKQqlnISe7gyRCuS8NxX/8waJ8i+clPI4UYTj2Ud+wqCK4DQPOKKCYMUmmiAsqN4V4gAJhJVOraJDsOdPXiTdRt226na7UW1eFXGUwSE4AqfABuegCW5AC3QABo/gGbyCN+PJeDHejY9Za8koZvbBHxifP914lcs=</latexit><latexit sha1_base64="f/RyQA3pY/eJpO3kIOu26PaJJ3Y=">AAACAnicbVC7TsMwFHXKq5RXgAmxWLQIFqqkCyxIFSwMDK1EH1IbRY7rNBaOE9kOUhVFLPwKCwMIsfIVbPwNbpoBWo50peNz7pXvPV7MqFSW9W2UlpZXVtfK65WNza3tHXN3ryujRGDSwRGLRN9DkjDKSUdRxUg/FgSFHiM97/566vceiJA04ndqEhMnRGNOfYqR0pJrHtTaJ246xAF1bzN4eZa/WgHNaq5ZtepWDrhI7IJUQYGWa34NRxFOQsIVZkjKgW3FykmRUBQzklWGiSQxwvdoTAaachQS6aT5CRk81soI+pHQxRXM1d8TKQqlnISe7gyRCuS8NxX/8waJ8i+clPI4UYTj2Ud+wqCK4DQPOKKCYMUmmiAsqN4V4gAJhJVOraJDsOdPXiTdRt226na7UW1eFXGUwSE4AqfABuegCW5AC3QABo/gGbyCN+PJeDHejY9Za8koZvbBHxifP914lcs=</latexit><latexit sha1_base64="f/RyQA3pY/eJpO3kIOu26PaJJ3Y=">AAACAnicbVC7TsMwFHXKq5RXgAmxWLQIFqqkCyxIFSwMDK1EH1IbRY7rNBaOE9kOUhVFLPwKCwMIsfIVbPwNbpoBWo50peNz7pXvPV7MqFSW9W2UlpZXVtfK65WNza3tHXN3ryujRGDSwRGLRN9DkjDKSUdRxUg/FgSFHiM97/566vceiJA04ndqEhMnRGNOfYqR0pJrHtTaJ246xAF1bzN4eZa/WgHNaq5ZtepWDrhI7IJUQYGWa34NRxFOQsIVZkjKgW3FykmRUBQzklWGiSQxwvdoTAaachQS6aT5CRk81soI+pHQxRXM1d8TKQqlnISe7gyRCuS8NxX/8waJ8i+clPI4UYTj2Ud+wqCK4DQPOKKCYMUmmiAsqN4V4gAJhJVOraJDsOdPXiTdRt226na7UW1eFXGUwSE4AqfABuegCW5AC3QABo/gGbyCN+PJeDHejY9Za8koZvbBHxifP914lcs=</latexit>

,
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• Dark matter and dark-photon  DO NOT  
share the a source for their mass

• No axial vector coupling:

No Yukawa Interaction: Vector-like DM

Q0
�L

= Q0
�R

<latexit sha1_base64="I3LP7trimJZaW3tCPZnEjlkevvM=">AAACBHicbVC7SgNBFL0bXzG+Vi3TDCaiVdhNo40QtLGwSMQ8IAnL7GQ2GTL7YGZWCMsWNv6KjYUitn6EnX/jJFlEEw9cOHPOvcy9x404k8qyvozcyura+kZ+s7C1vbO7Z+4ftGQYC0KbJOSh6LhYUs4C2lRMcdqJBMW+y2nbHV9N/fY9FZKFwZ2aRLTv42HAPEaw0pJjFsuNEyfpkRFzblJ08fO4TVHZMUtWxZoBLRM7IyXIUHfMz94gJLFPA0U4lrJrW5HqJ1goRjhNC71Y0giTMR7SrqYB9qnsJ7MjUnSslQHyQqErUGim/p5IsC/lxHd1p4/VSC56U/E/rxsr77yfsCCKFQ3I/CMv5kiFaJoIGjBBieITTTARTO+KyAgLTJTOraBDsBdPXiatasW2KnajWqpdZnHkoQhHcAo2nEENrqEOTSDwAE/wAq/Go/FsvBnv89ackc0cwh8YH99Qr5aW</latexit><latexit sha1_base64="I3LP7trimJZaW3tCPZnEjlkevvM=">AAACBHicbVC7SgNBFL0bXzG+Vi3TDCaiVdhNo40QtLGwSMQ8IAnL7GQ2GTL7YGZWCMsWNv6KjYUitn6EnX/jJFlEEw9cOHPOvcy9x404k8qyvozcyura+kZ+s7C1vbO7Z+4ftGQYC0KbJOSh6LhYUs4C2lRMcdqJBMW+y2nbHV9N/fY9FZKFwZ2aRLTv42HAPEaw0pJjFsuNEyfpkRFzblJ08fO4TVHZMUtWxZoBLRM7IyXIUHfMz94gJLFPA0U4lrJrW5HqJ1goRjhNC71Y0giTMR7SrqYB9qnsJ7MjUnSslQHyQqErUGim/p5IsC/lxHd1p4/VSC56U/E/rxsr77yfsCCKFQ3I/CMv5kiFaJoIGjBBieITTTARTO+KyAgLTJTOraBDsBdPXiatasW2KnajWqpdZnHkoQhHcAo2nEENrqEOTSDwAE/wAq/Go/FsvBnv89ackc0cwh8YH99Qr5aW</latexit><latexit sha1_base64="I3LP7trimJZaW3tCPZnEjlkevvM=">AAACBHicbVC7SgNBFL0bXzG+Vi3TDCaiVdhNo40QtLGwSMQ8IAnL7GQ2GTL7YGZWCMsWNv6KjYUitn6EnX/jJFlEEw9cOHPOvcy9x404k8qyvozcyura+kZ+s7C1vbO7Z+4ftGQYC0KbJOSh6LhYUs4C2lRMcdqJBMW+y2nbHV9N/fY9FZKFwZ2aRLTv42HAPEaw0pJjFsuNEyfpkRFzblJ08fO4TVHZMUtWxZoBLRM7IyXIUHfMz94gJLFPA0U4lrJrW5HqJ1goRjhNC71Y0giTMR7SrqYB9qnsJ7MjUnSslQHyQqErUGim/p5IsC/lxHd1p4/VSC56U/E/rxsr77yfsCCKFQ3I/CMv5kiFaJoIGjBBieITTTARTO+KyAgLTJTOraBDsBdPXiatasW2KnajWqpdZnHkoQhHcAo2nEENrqEOTSDwAE/wAq/Go/FsvBnv89ackc0cwh8YH99Qr5aW</latexit><latexit sha1_base64="I3LP7trimJZaW3tCPZnEjlkevvM=">AAACBHicbVC7SgNBFL0bXzG+Vi3TDCaiVdhNo40QtLGwSMQ8IAnL7GQ2GTL7YGZWCMsWNv6KjYUitn6EnX/jJFlEEw9cOHPOvcy9x404k8qyvozcyura+kZ+s7C1vbO7Z+4ftGQYC0KbJOSh6LhYUs4C2lRMcdqJBMW+y2nbHV9N/fY9FZKFwZ2aRLTv42HAPEaw0pJjFsuNEyfpkRFzblJ08fO4TVHZMUtWxZoBLRM7IyXIUHfMz94gJLFPA0U4lrJrW5HqJ1goRjhNC71Y0giTMR7SrqYB9qnsJ7MjUnSslQHyQqErUGim/p5IsC/lxHd1p4/VSC56U/E/rxsr77yfsCCKFQ3I/CMv5kiFaJoIGjBBieITTTARTO+KyAgLTJTOraBDsBdPXiatasW2KnajWqpdZnHkoQhHcAo2nEENrqEOTSDwAE/wAq/Go/FsvBnv89ackc0cwh8YH99Qr5aW</latexit>

Q0
A = 1

2

�
Q0

�R
�Q0

�L

�
= 0

<latexit sha1_base64="l0+g9JY2QtvkkVA2Ts2aj+myEug="></latexit><latexit sha1_base64="l0+g9JY2QtvkkVA2Ts2aj+myEug="></latexit><latexit sha1_base64="l0+g9JY2QtvkkVA2Ts2aj+myEug="></latexit><latexit sha1_base64="l0+g9JY2QtvkkVA2Ts2aj+myEug="></latexit>
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dark matter and dark-photon  
share the same origin for their mass

Can we see difference @ LHC ?

dark matter and dark-photon  
have their own mass mechanism

Q0
A = 1

2 (Q
0
�R

�Q0
�L

) = Q0
�
2

Q0
�L

= Q0
�R

<latexit sha1_base64="I3LP7trimJZaW3tCPZnEjlkevvM=">AAACBHicbVC7SgNBFL0bXzG+Vi3TDCaiVdhNo40QtLGwSMQ8IAnL7GQ2GTL7YGZWCMsWNv6KjYUitn6EnX/jJFlEEw9cOHPOvcy9x404k8qyvozcyura+kZ+s7C1vbO7Z+4ftGQYC0KbJOSh6LhYUs4C2lRMcdqJBMW+y2nbHV9N/fY9FZKFwZ2aRLTv42HAPEaw0pJjFsuNEyfpkRFzblJ08fO4TVHZMUtWxZoBLRM7IyXIUHfMz94gJLFPA0U4lrJrW5HqJ1goRjhNC71Y0giTMR7SrqYB9qnsJ7MjUnSslQHyQqErUGim/p5IsC/lxHd1p4/VSC56U/E/rxsr77yfsCCKFQ3I/CMv5kiFaJoIGjBBieITTTARTO+KyAgLTJTOraBDsBdPXiatasW2KnajWqpdZnHkoQhHcAo2nEENrqEOTSDwAE/wAq/Go/FsvBnv89ackc0cwh8YH99Qr5aW</latexit><latexit sha1_base64="I3LP7trimJZaW3tCPZnEjlkevvM=">AAACBHicbVC7SgNBFL0bXzG+Vi3TDCaiVdhNo40QtLGwSMQ8IAnL7GQ2GTL7YGZWCMsWNv6KjYUitn6EnX/jJFlEEw9cOHPOvcy9x404k8qyvozcyura+kZ+s7C1vbO7Z+4ftGQYC0KbJOSh6LhYUs4C2lRMcdqJBMW+y2nbHV9N/fY9FZKFwZ2aRLTv42HAPEaw0pJjFsuNEyfpkRFzblJ08fO4TVHZMUtWxZoBLRM7IyXIUHfMz94gJLFPA0U4lrJrW5HqJ1goRjhNC71Y0giTMR7SrqYB9qnsJ7MjUnSslQHyQqErUGim/p5IsC/lxHd1p4/VSC56U/E/rxsr77yfsCCKFQ3I/CMv5kiFaJoIGjBBieITTTARTO+KyAgLTJTOraBDsBdPXiatasW2KnajWqpdZnHkoQhHcAo2nEENrqEOTSDwAE/wAq/Go/FsvBnv89ackc0cwh8YH99Qr5aW</latexit><latexit sha1_base64="I3LP7trimJZaW3tCPZnEjlkevvM=">AAACBHicbVC7SgNBFL0bXzG+Vi3TDCaiVdhNo40QtLGwSMQ8IAnL7GQ2GTL7YGZWCMsWNv6KjYUitn6EnX/jJFlEEw9cOHPOvcy9x404k8qyvozcyura+kZ+s7C1vbO7Z+4ftGQYC0KbJOSh6LhYUs4C2lRMcdqJBMW+y2nbHV9N/fY9FZKFwZ2aRLTv42HAPEaw0pJjFsuNEyfpkRFzblJ08fO4TVHZMUtWxZoBLRM7IyXIUHfMz94gJLFPA0U4lrJrW5HqJ1goRjhNC71Y0giTMR7SrqYB9qnsJ7MjUnSslQHyQqErUGim/p5IsC/lxHd1p4/VSC56U/E/rxsr77yfsCCKFQ3I/CMv5kiFaJoIGjBBieITTTARTO+KyAgLTJTOraBDsBdPXiatasW2KnajWqpdZnHkoQhHcAo2nEENrqEOTSDwAE/wAq/Go/FsvBnv89ackc0cwh8YH99Qr5aW</latexit><latexit sha1_base64="I3LP7trimJZaW3tCPZnEjlkevvM=">AAACBHicbVC7SgNBFL0bXzG+Vi3TDCaiVdhNo40QtLGwSMQ8IAnL7GQ2GTL7YGZWCMsWNv6KjYUitn6EnX/jJFlEEw9cOHPOvcy9x404k8qyvozcyura+kZ+s7C1vbO7Z+4ftGQYC0KbJOSh6LhYUs4C2lRMcdqJBMW+y2nbHV9N/fY9FZKFwZ2aRLTv42HAPEaw0pJjFsuNEyfpkRFzblJ08fO4TVHZMUtWxZoBLRM7IyXIUHfMz94gJLFPA0U4lrJrW5HqJ1goRjhNC71Y0giTMR7SrqYB9qnsJ7MjUnSslQHyQqErUGim/p5IsC/lxHd1p4/VSC56U/E/rxsr77yfsCCKFQ3I/CMv5kiFaJoIGjBBieITTTARTO+KyAgLTJTOraBDsBdPXiatasW2KnajWqpdZnHkoQhHcAo2nEENrqEOTSDwAE/wAq/Go/FsvBnv89ackc0cwh8YH99Qr5aW</latexit>

with Dark-Higgs  
Chiral fermion

No Dark-Higgs  
Vector-like fermion
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How can we observe?

�

�

�d

(Accelerated)

10

• Dark Showering: Accelerated "Dark Charged" 
particle radiates corresponding  dark-gauge bosons

�⇤
<latexit sha1_base64="vZmR1syUIIREnJLveKSCKT97/uE=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5gYC3JHoyXRxhIT+UjgJHvLHmzY2zt350wI4U/YWGiMrX/Hzn/jAlco+JJJXt6bycy8IJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2J1j+OE+xEdKBEKRtFK7XKXDcXDRblXLLkVdw6ySryMlCBDvVf86vZjlkZcIZPUmI7nJuhPqEbBJJ8WuqnhCWUjOuAdSxWNuPEn83un5MwqfRLG2pZCMld/T0xoZMw4CmxnRHFolr2Z+J/XSTG88idCJSlyxRaLwlQSjMnsedIXmjOUY0so08LeStiQasrQRlSwIXjLL6+SZrXiuRXvrlqqXWdx5OEETuEcPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox6I152Qzx/AHzucP1K+PKA==</latexit><latexit sha1_base64="vZmR1syUIIREnJLveKSCKT97/uE=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5gYC3JHoyXRxhIT+UjgJHvLHmzY2zt350wI4U/YWGiMrX/Hzn/jAlco+JJJXt6bycy8IJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2J1j+OE+xEdKBEKRtFK7XKXDcXDRblXLLkVdw6ySryMlCBDvVf86vZjlkZcIZPUmI7nJuhPqEbBJJ8WuqnhCWUjOuAdSxWNuPEn83un5MwqfRLG2pZCMld/T0xoZMw4CmxnRHFolr2Z+J/XSTG88idCJSlyxRaLwlQSjMnsedIXmjOUY0so08LeStiQasrQRlSwIXjLL6+SZrXiuRXvrlqqXWdx5OEETuEcPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox6I152Qzx/AHzucP1K+PKA==</latexit><latexit sha1_base64="vZmR1syUIIREnJLveKSCKT97/uE=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5gYC3JHoyXRxhIT+UjgJHvLHmzY2zt350wI4U/YWGiMrX/Hzn/jAlco+JJJXt6bycy8IJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2J1j+OE+xEdKBEKRtFK7XKXDcXDRblXLLkVdw6ySryMlCBDvVf86vZjlkZcIZPUmI7nJuhPqEbBJJ8WuqnhCWUjOuAdSxWNuPEn83un5MwqfRLG2pZCMld/T0xoZMw4CmxnRHFolr2Z+J/XSTG88idCJSlyxRaLwlQSjMnsedIXmjOUY0so08LeStiQasrQRlSwIXjLL6+SZrXiuRXvrlqqXWdx5OEETuEcPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox6I152Qzx/AHzucP1K+PKA==</latexit><latexit sha1_base64="vZmR1syUIIREnJLveKSCKT97/uE=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5gYC3JHoyXRxhIT+UjgJHvLHmzY2zt350wI4U/YWGiMrX/Hzn/jAlco+JJJXt6bycy8IJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2J1j+OE+xEdKBEKRtFK7XKXDcXDRblXLLkVdw6ySryMlCBDvVf86vZjlkZcIZPUmI7nJuhPqEbBJJ8WuqnhCWUjOuAdSxWNuPEn83un5MwqfRLG2pZCMld/T0xoZMw4CmxnRHFolr2Z+J/XSTG88idCJSlyxRaLwlQSjMnsedIXmjOUY0so08LeStiQasrQRlSwIXjLL6+SZrXiuRXvrlqqXWdx5OEETuEcPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox6I152Qzx/AHzucP1K+PKA==</latexit>



�

�

�d �⇤ fSM

f̄SML 3 ✏F 0
µ⌫F

µ⌫
Y

• dark-U(1) can mix with SM U(1)-hyper  
through a Gauge-kinetic mixing : Gauge-invariant term

How can we observe?

�⇤
<latexit sha1_base64="vZmR1syUIIREnJLveKSCKT97/uE=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5gYC3JHoyXRxhIT+UjgJHvLHmzY2zt350wI4U/YWGiMrX/Hzn/jAlco+JJJXt6bycy8IJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2J1j+OE+xEdKBEKRtFK7XKXDcXDRblXLLkVdw6ySryMlCBDvVf86vZjlkZcIZPUmI7nJuhPqEbBJJ8WuqnhCWUjOuAdSxWNuPEn83un5MwqfRLG2pZCMld/T0xoZMw4CmxnRHFolr2Z+J/XSTG88idCJSlyxRaLwlQSjMnsedIXmjOUY0so08LeStiQasrQRlSwIXjLL6+SZrXiuRXvrlqqXWdx5OEETuEcPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox6I152Qzx/AHzucP1K+PKA==</latexit><latexit sha1_base64="vZmR1syUIIREnJLveKSCKT97/uE=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5gYC3JHoyXRxhIT+UjgJHvLHmzY2zt350wI4U/YWGiMrX/Hzn/jAlco+JJJXt6bycy8IJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2J1j+OE+xEdKBEKRtFK7XKXDcXDRblXLLkVdw6ySryMlCBDvVf86vZjlkZcIZPUmI7nJuhPqEbBJJ8WuqnhCWUjOuAdSxWNuPEn83un5MwqfRLG2pZCMld/T0xoZMw4CmxnRHFolr2Z+J/XSTG88idCJSlyxRaLwlQSjMnsedIXmjOUY0so08LeStiQasrQRlSwIXjLL6+SZrXiuRXvrlqqXWdx5OEETuEcPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox6I152Qzx/AHzucP1K+PKA==</latexit><latexit sha1_base64="vZmR1syUIIREnJLveKSCKT97/uE=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5gYC3JHoyXRxhIT+UjgJHvLHmzY2zt350wI4U/YWGiMrX/Hzn/jAlco+JJJXt6bycy8IJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2J1j+OE+xEdKBEKRtFK7XKXDcXDRblXLLkVdw6ySryMlCBDvVf86vZjlkZcIZPUmI7nJuhPqEbBJJ8WuqnhCWUjOuAdSxWNuPEn83un5MwqfRLG2pZCMld/T0xoZMw4CmxnRHFolr2Z+J/XSTG88idCJSlyxRaLwlQSjMnsedIXmjOUY0so08LeStiQasrQRlSwIXjLL6+SZrXiuRXvrlqqXWdx5OEETuEcPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox6I152Qzx/AHzucP1K+PKA==</latexit><latexit sha1_base64="vZmR1syUIIREnJLveKSCKT97/uE=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5gYC3JHoyXRxhIT+UjgJHvLHmzY2zt350wI4U/YWGiMrX/Hzn/jAlco+JJJXt6bycy8IJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2J1j+OE+xEdKBEKRtFK7XKXDcXDRblXLLkVdw6ySryMlCBDvVf86vZjlkZcIZPUmI7nJuhPqEbBJJ8WuqnhCWUjOuAdSxWNuPEn83un5MwqfRLG2pZCMld/T0xoZMw4CmxnRHFolr2Z+J/XSTG88idCJSlyxRaLwlQSjMnsedIXmjOUY0so08LeStiQasrQRlSwIXjLL6+SZrXiuRXvrlqqXWdx5OEETuEcPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox6I152Qzx/AHzucP1K+PKA==</latexit>
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Showering process

Splitting function 

- In a chiral case, the longitudinal component of a dark photon  
  couples to a dark matter

x = E�,out

E�⇤With

Differential probability of  
a splitting process

�

�

�d

/ ↵0

2⇡dx
dt
t P�!��d(x, t)

�⇤
<latexit sha1_base64="vZmR1syUIIREnJLveKSCKT97/uE=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5gYC3JHoyXRxhIT+UjgJHvLHmzY2zt350wI4U/YWGiMrX/Hzn/jAlco+JJJXt6bycy8IJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2J1j+OE+xEdKBEKRtFK7XKXDcXDRblXLLkVdw6ySryMlCBDvVf86vZjlkZcIZPUmI7nJuhPqEbBJJ8WuqnhCWUjOuAdSxWNuPEn83un5MwqfRLG2pZCMld/T0xoZMw4CmxnRHFolr2Z+J/XSTG88idCJSlyxRaLwlQSjMnsedIXmjOUY0so08LeStiQasrQRlSwIXjLL6+SZrXiuRXvrlqqXWdx5OEETuEcPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox6I152Qzx/AHzucP1K+PKA==</latexit><latexit sha1_base64="vZmR1syUIIREnJLveKSCKT97/uE=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5gYC3JHoyXRxhIT+UjgJHvLHmzY2zt350wI4U/YWGiMrX/Hzn/jAlco+JJJXt6bycy8IJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2J1j+OE+xEdKBEKRtFK7XKXDcXDRblXLLkVdw6ySryMlCBDvVf86vZjlkZcIZPUmI7nJuhPqEbBJJ8WuqnhCWUjOuAdSxWNuPEn83un5MwqfRLG2pZCMld/T0xoZMw4CmxnRHFolr2Z+J/XSTG88idCJSlyxRaLwlQSjMnsedIXmjOUY0so08LeStiQasrQRlSwIXjLL6+SZrXiuRXvrlqqXWdx5OEETuEcPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox6I152Qzx/AHzucP1K+PKA==</latexit><latexit sha1_base64="vZmR1syUIIREnJLveKSCKT97/uE=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5gYC3JHoyXRxhIT+UjgJHvLHmzY2zt350wI4U/YWGiMrX/Hzn/jAlco+JJJXt6bycy8IJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2J1j+OE+xEdKBEKRtFK7XKXDcXDRblXLLkVdw6ySryMlCBDvVf86vZjlkZcIZPUmI7nJuhPqEbBJJ8WuqnhCWUjOuAdSxWNuPEn83un5MwqfRLG2pZCMld/T0xoZMw4CmxnRHFolr2Z+J/XSTG88idCJSlyxRaLwlQSjMnsedIXmjOUY0so08LeStiQasrQRlSwIXjLL6+SZrXiuRXvrlqqXWdx5OEETuEcPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox6I152Qzx/AHzucP1K+PKA==</latexit><latexit sha1_base64="vZmR1syUIIREnJLveKSCKT97/uE=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5gYC3JHoyXRxhIT+UjgJHvLHmzY2zt350wI4U/YWGiMrX/Hzn/jAlco+JJJXt6bycy8IJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2J1j+OE+xEdKBEKRtFK7XKXDcXDRblXLLkVdw6ySryMlCBDvVf86vZjlkZcIZPUmI7nJuhPqEbBJJ8WuqnhCWUjOuAdSxWNuPEn83un5MwqfRLG2pZCMld/T0xoZMw4CmxnRHFolr2Z+J/XSTG88idCJSlyxRaLwlQSjMnsedIXmjOUY0so08LeStiQasrQRlSwIXjLL6+SZrXiuRXvrlqqXWdx5OEETuEcPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox6I152Qzx/AHzucP1K+PKA==</latexit>
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Energetic DM @ Colliders

• Radiations from Energetic “dark charged” particles will 
acquire certain level of energy, enough to be “tagged”

(detectable effect)

�d

�d

�d

�d

�d �d

�d
�d

�

�̄

p

p
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A B C

• In the weak gauge coupling limit,

lim
↵0⌧1

↵0P�!��d ' ↵0 · 2Q02
A

m2
�

m2
�d

/
m2

�d

v2S
·
m2

�

m2
�d

⇠ y2� (1)
<latexit sha1_base64="efFvQ9d2JcZ3Tlj/YlR3avGpRPU="></latexit><latexit sha1_base64="efFvQ9d2JcZ3Tlj/YlR3avGpRPU="></latexit><latexit sha1_base64="efFvQ9d2JcZ3Tlj/YlR3avGpRPU="></latexit><latexit sha1_base64="efFvQ9d2JcZ3Tlj/YlR3avGpRPU="></latexit>

weak coupling limit

• Number of showered dark photons

Vector-like DM
Chiral DM

Vector-like DM
Chiral DM

Vector-like DM
Chiral DM
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Quantify the difference
• We use the transverse energy deposits

w
ea

k 
co

up
lin

g 
lim

it

• In a splitting function
P�!��d(x, t) ' Q02

V
1+x2

1�x
<latexit sha1_base64="e+joUIGPvCdVYOhLU6VhMuND8yo="></latexit><latexit sha1_base64="e+joUIGPvCdVYOhLU6VhMuND8yo="></latexit><latexit sha1_base64="e+joUIGPvCdVYOhLU6VhMuND8yo="></latexit><latexit sha1_base64="e+joUIGPvCdVYOhLU6VhMuND8yo="></latexit>

x ' 1 : Soft radiation
<latexit sha1_base64="oCOkhM0JCJLQSxVfcJBk1v+a+ek=">AAACBXicdVDLSsNAFJ34rPVVdamLwVZwFZJY2uqq6MZlRfuANpTJZNIOnTycmYgldOPGX3HjQhG3/oM7/8ZJG0FFD1w4nHMv997jRIwKaRgf2tz8wuLScm4lv7q2vrFZ2NpuiTDmmDRxyELecZAgjAakKalkpBNxgnyHkbYzOkv99g3hgobBlRxHxPbRIKAexUgqqV/YK932BPXJNTRL8ARehp6EHLk0s4uGflyrWOUKNHTDqJqWmRKrWj4qQ1MpKYogQ6NfeO+5IY59EkjMkBBd04iknSAuKWZkku/FgkQIj9CAdBUNkE+EnUy/mMADpbjQC7mqQMKp+n0iQb4QY99RnT6SQ/HbS8W/vG4svZqd0CCKJQnwbJEXMyhDmEYCXcoJlmysCMKcqlshHiKOsFTB5VUIX5/C/0nL0k1DNy+sYv00iyMHdsE+OAQmqII6OAcN0AQY3IEH8ASetXvtUXvRXmetc1o2swN+QHv7BMujl4A=</latexit><latexit sha1_base64="oCOkhM0JCJLQSxVfcJBk1v+a+ek=">AAACBXicdVDLSsNAFJ34rPVVdamLwVZwFZJY2uqq6MZlRfuANpTJZNIOnTycmYgldOPGX3HjQhG3/oM7/8ZJG0FFD1w4nHMv997jRIwKaRgf2tz8wuLScm4lv7q2vrFZ2NpuiTDmmDRxyELecZAgjAakKalkpBNxgnyHkbYzOkv99g3hgobBlRxHxPbRIKAexUgqqV/YK932BPXJNTRL8ARehp6EHLk0s4uGflyrWOUKNHTDqJqWmRKrWj4qQ1MpKYogQ6NfeO+5IY59EkjMkBBd04iknSAuKWZkku/FgkQIj9CAdBUNkE+EnUy/mMADpbjQC7mqQMKp+n0iQb4QY99RnT6SQ/HbS8W/vG4svZqd0CCKJQnwbJEXMyhDmEYCXcoJlmysCMKcqlshHiKOsFTB5VUIX5/C/0nL0k1DNy+sYv00iyMHdsE+OAQmqII6OAcN0AQY3IEH8ASetXvtUXvRXmetc1o2swN+QHv7BMujl4A=</latexit><latexit sha1_base64="oCOkhM0JCJLQSxVfcJBk1v+a+ek=">AAACBXicdVDLSsNAFJ34rPVVdamLwVZwFZJY2uqq6MZlRfuANpTJZNIOnTycmYgldOPGX3HjQhG3/oM7/8ZJG0FFD1w4nHMv997jRIwKaRgf2tz8wuLScm4lv7q2vrFZ2NpuiTDmmDRxyELecZAgjAakKalkpBNxgnyHkbYzOkv99g3hgobBlRxHxPbRIKAexUgqqV/YK932BPXJNTRL8ARehp6EHLk0s4uGflyrWOUKNHTDqJqWmRKrWj4qQ1MpKYogQ6NfeO+5IY59EkjMkBBd04iknSAuKWZkku/FgkQIj9CAdBUNkE+EnUy/mMADpbjQC7mqQMKp+n0iQb4QY99RnT6SQ/HbS8W/vG4svZqd0CCKJQnwbJEXMyhDmEYCXcoJlmysCMKcqlshHiKOsFTB5VUIX5/C/0nL0k1DNy+sYv00iyMHdsE+OAQmqII6OAcN0AQY3IEH8ASetXvtUXvRXmetc1o2swN+QHv7BMujl4A=</latexit><latexit sha1_base64="oCOkhM0JCJLQSxVfcJBk1v+a+ek=">AAACBXicdVDLSsNAFJ34rPVVdamLwVZwFZJY2uqq6MZlRfuANpTJZNIOnTycmYgldOPGX3HjQhG3/oM7/8ZJG0FFD1w4nHMv997jRIwKaRgf2tz8wuLScm4lv7q2vrFZ2NpuiTDmmDRxyELecZAgjAakKalkpBNxgnyHkbYzOkv99g3hgobBlRxHxPbRIKAexUgqqV/YK932BPXJNTRL8ARehp6EHLk0s4uGflyrWOUKNHTDqJqWmRKrWj4qQ1MpKYogQ6NfeO+5IY59EkjMkBBd04iknSAuKWZkku/FgkQIj9CAdBUNkE+EnUy/mMADpbjQC7mqQMKp+n0iQb4QY99RnT6SQ/HbS8W/vG4svZqd0CCKJQnwbJEXMyhDmEYCXcoJlmysCMKcqlshHiKOsFTB5VUIX5/C/0nL0k1DNy+sYv00iyMHdsE+OAQmqII6OAcN0AQY3IEH8ASetXvtUXvRXmetc1o2swN+QHv7BMujl4A=</latexit>

• In a chiral case,  
additional term:

P�!��d(x, t) 3 2Q02
A

m2
�

m2
�d

<latexit sha1_base64="y+FCax8v3lixObtqVPTCYfaddLE="></latexit><latexit sha1_base64="y+FCax8v3lixObtqVPTCYfaddLE="></latexit><latexit sha1_base64="y+FCax8v3lixObtqVPTCYfaddLE="></latexit><latexit sha1_base64="y+FCax8v3lixObtqVPTCYfaddLE="></latexit>

: No singularity at x~ 1
Number of dark photons HT (`) [GeV]

<latexit sha1_base64="SY3c9Qj/H6vm5ycGRiVzyn0pD6Y=">AAAB/HicbVDLSsNAFJ3UV62vaJduBluhbkrSjS6LLuyyQl/QhjCZ3rRDJw9mJkII9VfcuFDErR/izr9x2mahrQcuHM65l3vv8WLOpLKsb6Owtb2zu1fcLx0cHh2fmKdnPRklgkKXRjwSA49I4CyErmKKwyAWQAKPQ9+b3S38/iMIyaKwo9IYnIBMQuYzSpSWXLNcbblZpzYCzq/mVTy8h57jmhWrbi2BN4mdkwrK0XbNr9E4okkAoaKcSDm0rVg5GRGKUQ7z0iiREBM6IxMYahqSAKSTLY+f40utjLEfCV2hwkv190RGAinTwNOdAVFTue4txP+8YaL8GydjYZwoCOlqkZ9wrCK8SAKPmQCqeKoJoYLpWzGdEkGo0nmVdAj2+subpNeo21bdfmhUmrd5HEV0ji5QDdnoGjVRC7VRF1GUomf0it6MJ+PFeDc+Vq0FI58poz8wPn8AjaCTZg==</latexit><latexit sha1_base64="SY3c9Qj/H6vm5ycGRiVzyn0pD6Y=">AAAB/HicbVDLSsNAFJ3UV62vaJduBluhbkrSjS6LLuyyQl/QhjCZ3rRDJw9mJkII9VfcuFDErR/izr9x2mahrQcuHM65l3vv8WLOpLKsb6Owtb2zu1fcLx0cHh2fmKdnPRklgkKXRjwSA49I4CyErmKKwyAWQAKPQ9+b3S38/iMIyaKwo9IYnIBMQuYzSpSWXLNcbblZpzYCzq/mVTy8h57jmhWrbi2BN4mdkwrK0XbNr9E4okkAoaKcSDm0rVg5GRGKUQ7z0iiREBM6IxMYahqSAKSTLY+f40utjLEfCV2hwkv190RGAinTwNOdAVFTue4txP+8YaL8GydjYZwoCOlqkZ9wrCK8SAKPmQCqeKoJoYLpWzGdEkGo0nmVdAj2+subpNeo21bdfmhUmrd5HEV0ji5QDdnoGjVRC7VRF1GUomf0it6MJ+PFeDc+Vq0FI58poz8wPn8AjaCTZg==</latexit><latexit sha1_base64="SY3c9Qj/H6vm5ycGRiVzyn0pD6Y=">AAAB/HicbVDLSsNAFJ3UV62vaJduBluhbkrSjS6LLuyyQl/QhjCZ3rRDJw9mJkII9VfcuFDErR/izr9x2mahrQcuHM65l3vv8WLOpLKsb6Owtb2zu1fcLx0cHh2fmKdnPRklgkKXRjwSA49I4CyErmKKwyAWQAKPQ9+b3S38/iMIyaKwo9IYnIBMQuYzSpSWXLNcbblZpzYCzq/mVTy8h57jmhWrbi2BN4mdkwrK0XbNr9E4okkAoaKcSDm0rVg5GRGKUQ7z0iiREBM6IxMYahqSAKSTLY+f40utjLEfCV2hwkv190RGAinTwNOdAVFTue4txP+8YaL8GydjYZwoCOlqkZ9wrCK8SAKPmQCqeKoJoYLpWzGdEkGo0nmVdAj2+subpNeo21bdfmhUmrd5HEV0ji5QDdnoGjVRC7VRF1GUomf0it6MJ+PFeDc+Vq0FI58poz8wPn8AjaCTZg==</latexit><latexit sha1_base64="SY3c9Qj/H6vm5ycGRiVzyn0pD6Y=">AAAB/HicbVDLSsNAFJ3UV62vaJduBluhbkrSjS6LLuyyQl/QhjCZ3rRDJw9mJkII9VfcuFDErR/izr9x2mahrQcuHM65l3vv8WLOpLKsb6Owtb2zu1fcLx0cHh2fmKdnPRklgkKXRjwSA49I4CyErmKKwyAWQAKPQ9+b3S38/iMIyaKwo9IYnIBMQuYzSpSWXLNcbblZpzYCzq/mVTy8h57jmhWrbi2BN4mdkwrK0XbNr9E4okkAoaKcSDm0rVg5GRGKUQ7z0iiREBM6IxMYahqSAKSTLY+f40utjLEfCV2hwkv190RGAinTwNOdAVFTue4txP+8YaL8GydjYZwoCOlqkZ9wrCK8SAKPmQCqeKoJoYLpWzGdEkGo0nmVdAj2+subpNeo21bdfmhUmrd5HEV0ji5QDdnoGjVRC7VRF1GUomf0it6MJ+PFeDc+Vq0FI58poz8wPn8AjaCTZg==</latexit>
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Checking chirality@ Collider
• After triggering signal events by tagging a 

collimated muon-jet (a jet only with muons) 

with 100 , 400 signal events after cuts to reduce BKG

Number of BKG ~ O(1)
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• "Composite " particle (baryon) under non-abelian 
gauge group 
 
- "Composite" Dark Matter under dark non-abelian 
gauge group



Minimal setup
• Consider a minimal set up for Hadron Collider  

- SM Strong Sector - Mediator - Hidden Sector 
 
to produce and detect signatures at hadron colliders

SU(Nd):

OR

Lmed =

• A mediator which couples SM part and Dark part
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SU(N) dark sector

Where is from the stability of Dark matter ? 

How does Dark matter become MASSIVE ?

= Dark "Baryon"

18



Activities at Collider
19



Color factor
• What is the most significant difference between  

quark and gluon ?

Fq!g(z, ✓) =
4

Nc

↵s

⇡

1 + (1� z)2

z

1

sin2 ✓

Fg!q(z, ✓) =
4

N2
c � 1

↵s

⇡

z2 + (1� z)2

sin2 ✓
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pencil (q) v.s. wide (g)
21



What's the case of 
Dark QCD ?



Jet evolution depends on  
1. Color factor


2. Coupling

Jet components depends on

- decay mode.

A, C : Large Lambda QCD 
B, D : Small Lambda QCD C, D : additional meson decay 

A, B : meson decays into HF

22



eg: jet mass

Gluon: C= 3

Quark: C= 4/3 

: Coupling strengths of A and C are larger  
than the case of B and D

Large C↵ Large          pushes a distribution to the right   C↵

23



eg: Girth
• A radial "spread", called girth is a good discriminator

Large C↵

24



eg: Energy correlation
• Correlations among constitute particles would be interesting

Large C↵
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Identify dark jet

• Combining : Jet mass, Energy correlation function, girth, charged track multiplicity,  
                     # of subjects, ... 


• High PT jet would be better to separate dark jet from SM QCD jets

26



Conclusion 
• LHC  program is an active experiment  

      - to find dark sector ( dark matter ).  
      - to measure properties of a dark sector. 

• The mass origin in dark sector (like SM-Higgs 
mechanism) can strongly affect the dark photon 
showering in “Energetic” dark matter. 

• Collider can probe the nature of dark matter by examine 
the pattern of dark photon showering

• LHC can probe the compositeness of dark matter using  
sophisticated jet-substructure techniques.  



Back up



Benchmark points
• We choose a bench mark point for  

- the prompt decays of a dark photon  
- Non-negligible decay mode into muons-pair to tag!

Dark Sectors 2016 Workshop 
arXiv:1608.08632

Set dark photon = 0.4GeV M. Buschmann et.al arXiv:1505.07459



Constraints from LHC

Excluded by
ATLAS lepton-jet analysis
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