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• Many UV theories predict heavy new states with sizeable 
couplings (e.g. SUSY, GUTs, String Models, …)
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• For light mediators   kinetic terms can be diagonalised 
by simple field redefinition:

MX ≪ MZ

HIDDEN PHOTONS
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[Okun ’82; Holdom ‘86]

Coupling to EM current suppressed by , where typically   ϵA ϵA ∝ gx /16π2

<latexit sha1_base64="bfH88Jxu8UJkubyTxA6NE4xvVU8="></latexit>

L � �✏A
2

Fµ⌫X
µ⌫

<latexit sha1_base64="VGmt3eiGkWa++xvOmzV/oKzKC30=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCQGqBJUAWMLC2OR6ENqQuW4TmvVdiLbQaqi/gALv8LCAEKs7Gz8DU6bAVqOZOnonHt1fU4QM6q043xbC4tLyyurhbXi+sbm1ra9s9tUUSIxaeCIRbIdIEUYFaShqWakHUuCeMBIKxheZ37rgUhFI3GnRzHxOeoLGlKMtJG69mHt3uMJ9HQEp+wUeiRWlBmz5p3AdiZ27ZJTdiaA88TNSQnkqHftL68X4YQToTFDSnVcJ9Z+iqSmmJFx0UsUiREeoj7pGCoQJ8pPJ2nG8MgoPRhG0jyh4UT9vZEirtSIB2aSIz1Qs14m/ud1Eh1e+ikVcaKJwNNDYcKgyZ5VA3tUEqzZyBCEJTV/hXiAJMLaFFg0JbizkedJ86zsnpcrt5VS9SqvowD2wQE4Bi64AFVwA+qgATB4BM/gFbxZT9aL9W59TEcXrHxnD/yB9fkDFuiaVA==</latexit>

Aµ ! Aµ � ✏A Xµ
<latexit sha1_base64="1PXK7tr34QFJv5gqSY87wOO9ROE=">AAACKHicbVDLSgMxFM3UV62vUZdugkVwoWVGRN35QhBBULAP6NQhk962wcyD5I5Yhn6OG3/FjYgi3folprULtR5IOJxzLsk9QSKFRsfpW7mJyanpmfxsYW5+YXHJXl6p6DhVHMo8lrGqBUyDFBGUUaCEWqKAhYGEanB3OvCr96C0iKMb7CbQCFk7Ei3BGRrJtw+BHvtemNKLW3P7HsIDZmeXPbpNPUi0kCZ07G1RCrT2X863i07JGYKOE3dEimSEK99+9ZoxT0OIkEumdd11EmxkTKHgEnoFL9WQMH7H2lA3NGIh6EY2XLRHN4zSpK1YmRMhHao/JzIWat0NA5MMGXb0X28g/ufVU2wdNDIRJSlCxL8faqWSYkwHrdGmUMBRdg1hXAnzV8o7TDGOptuCKcH9u/I4qeyU3L3S7vVu8ehkVEeerJF1sklcsk+OyDm5ImXCySN5Jm/k3XqyXqwPq/8dzVmjmVXyC9bnF+iwpVI=</latexit>

eAµJ
µ
EM � ✏A eXµJ

µ
EM



• For light mediators   kinetic terms can be diagonalised 
by simple field redefinition:

MX ≪ MZ

HIDDEN PHOTONS

3

[Okun ’82; Holdom ‘86]

Coupling to EM current suppressed by , where typically   ϵA ϵA ∝ gx /16π2

<latexit sha1_base64="bfH88Jxu8UJkubyTxA6NE4xvVU8="></latexit>

L � �✏A
2

Fµ⌫X
µ⌫

<latexit sha1_base64="VGmt3eiGkWa++xvOmzV/oKzKC30=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCQGqBJUAWMLC2OR6ENqQuW4TmvVdiLbQaqi/gALv8LCAEKs7Gz8DU6bAVqOZOnonHt1fU4QM6q043xbC4tLyyurhbXi+sbm1ra9s9tUUSIxaeCIRbIdIEUYFaShqWakHUuCeMBIKxheZ37rgUhFI3GnRzHxOeoLGlKMtJG69mHt3uMJ9HQEp+wUeiRWlBmz5p3AdiZ27ZJTdiaA88TNSQnkqHftL68X4YQToTFDSnVcJ9Z+iqSmmJFx0UsUiREeoj7pGCoQJ8pPJ2nG8MgoPRhG0jyh4UT9vZEirtSIB2aSIz1Qs14m/ud1Eh1e+ikVcaKJwNNDYcKgyZ5VA3tUEqzZyBCEJTV/hXiAJMLaFFg0JbizkedJ86zsnpcrt5VS9SqvowD2wQE4Bi64AFVwA+qgATB4BM/gFbxZT9aL9W59TEcXrHxnD/yB9fkDFuiaVA==</latexit>

Aµ ! Aµ � ✏A Xµ
<latexit sha1_base64="1PXK7tr34QFJv5gqSY87wOO9ROE=">AAACKHicbVDLSgMxFM3UV62vUZdugkVwoWVGRN35QhBBULAP6NQhk962wcyD5I5Yhn6OG3/FjYgi3folprULtR5IOJxzLsk9QSKFRsfpW7mJyanpmfxsYW5+YXHJXl6p6DhVHMo8lrGqBUyDFBGUUaCEWqKAhYGEanB3OvCr96C0iKMb7CbQCFk7Ei3BGRrJtw+BHvtemNKLW3P7HsIDZmeXPbpNPUi0kCZ07G1RCrT2X863i07JGYKOE3dEimSEK99+9ZoxT0OIkEumdd11EmxkTKHgEnoFL9WQMH7H2lA3NGIh6EY2XLRHN4zSpK1YmRMhHao/JzIWat0NA5MMGXb0X28g/ufVU2wdNDIRJSlCxL8faqWSYkwHrdGmUMBRdg1hXAnzV8o7TDGOptuCKcH9u/I4qeyU3L3S7vVu8ehkVEeerJF1sklcsk+OyDm5ImXCySN5Jm/k3XqyXqwPq/8dzVmjmVXyC9bnF+iwpVI=</latexit>

eAµJ
µ
EM � ✏A eXµJ

µ
EM

<latexit sha1_base64="73hFIxocfEgpn247Kc7/FsZo6yA=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnFPiANZTK5aYZOZsLMRCmhH+AHuNVPcCdu/Qy/wN9w2mZhWw9cOJxzL/feE6SMKu0431ZpZXVtfaO8Wdna3tndq+4ftJXIJIEWEUzIboAVMMqhpalm0E0l4CRg0AmGNxO/8whSUcEf9CgFP8EDTiNKsDaS17ung1hjKcVTv1pz6s4U9jJxC1JDBZr96k8vFCRLgGvCsFKe66Taz7HUlDAYV3qZghSTIR6AZyjHCSg/n548tk+MEtqRkKa4tqfq34kcJ0qNksB0JljHatGbiP95XqajKz+nPM00cDJbFGXM1sKe/G+HVALRbGQIJpKaW20SY4mJNinNbVHmqRjCccUk4y7msEzaZ3X3ou7cndca10VGZXSEjtEpctElaqBb1EQtRJBAL+gVvVnP1rv1YX3OWktWMXOI5mB9/QK665pK</latexit>)
<latexit sha1_base64="5aFKiPTUVRQPEZKmafcMWrhtpeg=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkVwVRJRdOGi4MZlRfuANpTJ5KYdOpmEmYlYQhd+gFv9BHfi1k/xC/wNp20WtvXAhcM593LvPX7CmdKO820VVlbX1jeKm6Wt7Z3dvfL+QVPFqaTYoDGPZdsnCjkT2NBMc2wnEknkc2z5w5uJ33pEqVgsHvQoQS8ifcFCRok20n2/99QrV5yqM4W9TNycVCBHvVf+6QYxTSMUmnKiVMd1Eu1lRGpGOY5L3VRhQuiQ9LFjqCARKi+bnjq2T4wS2GEsTQltT9W/ExmJlBpFvumMiB6oRW8i/ud1Uh1eeRkTSapR0NmiMOW2ju3J33bAJFLNR4YQKpm51aYDIgnVJp25Lco8NcBgXDLJuIs5LJPmWdW9qDp355XadZ5REY7gGE7BhUuowS3UoQEU+vACr/BmPVvv1of1OWstWPnMIczB+voFP+2WrQ==</latexit>gx

smaller couplings 
  smaller mass!⇒MX = gx f

<latexit sha1_base64="Dco+2+N0DpvcB6FJKE6yCKDre+A="></latexit>

L = (DµS)
†DµS � g2xf

2 XµX
µ

• If  is broken by VEV  of scalar, mass is related to coupling:U(1)X f
<latexit sha1_base64="MK72QLQTYFnKPNGhlsHRPp6nrk0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRixehov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqt564NiJWjzhOuB/RgRKhYBSt9HDXa/fKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3UT2/P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDCDiNpQ==</latexit>

MX



• How does kinetic mixing with photon arise? Cannot be fundamental! 
 

• Kinetic mixing requires either tree-level mixing between the new  
and the SM hypercharge  or is induced at the loop-level if there are 
fields charged under both  and  
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• There is a dim-6 operator that induces mixing with the weak bosons 
(in theories with  multiplets charged under  generated at 
loop level) 
 

• This operator induces kinetic mixing after EWSB

SU(2)L U(1)X
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• The operator  captures the  contributions to kinetic mixing of 
the  boson with . After EWSB one can identify  

• The kinetic mixing due to  charged  multiplets reads
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• Beyond kinetic mixing  can be coupled to SM by gauge 
interactions

U(1)X



• Phenomenologically viable anomaly-free combinations are: 
 
 
 

• All of these models charge SM  multiplets, and thus 
necessarily induce  at the renormalizable level ( )!

SU(2)L
𝒪WX Λ = v
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• Beyond kinetic mixing  can be coupled to SM by gauge 
interactions

U(1)X



• In the IR the loop mixing with the photon is computed to

MATCHING EXAMPLE:  U(1)Lμ−Lτ
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• In the IR the loop mixing with the photon is computed to
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• Starting from the low-energy Lagrangian 
 
 
 
we can derive the Higgs decay amplitudes via the low-energy theorem:

HIGGS LOW-ENERGY THEOREM
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• In the SM we find then for mixing with a new  in the IR 
 

• Allows us to derive universal branching ratios for models gauging 

U(1)X
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CONCLUSIONS
• Hidden Photons are well motivated particles that could hide along the 

sensitivity frontier (i.e. weaker coupling, smaller mass) 

• The commonly quoted matching  is incomplete! 

• There is a dim-6 operator inducing  mixing. In models with  
multiplets charged under  it is generated at loop level 
 

• The  contribution is essential in anomaly-free U(1) models to obtain 
correct IR mixing!  

• Higgs low-energy theorems automatically incorporate all decay 
amplitudes comprehensively at fixed order in 

ϵA = cw ϵB

W3X SU(2)L
U(1)X
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• Have derived the vacuum polarisation amplitudes for kinetic mixing

HIGGS LOW-ENERGY THEOREM
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