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• Many UV theories predict heavy new states with sizeable 
couplings (e.g. SUSY, GUTs, String Models, …)

WHERE TO LOOK FOR BSM
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• If  is broken by VEV  of scalar, mass is related to coupling: 

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

U(1)X f

MA′� ≪ MZ

DARK PHOTONS
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L = LSM � 1

4
Xµ⌫X

µ⌫ � ✏

2
Bµ⌫X

µ⌫ � M2
X

2
Xµ Xµ � gx J

X
µ Xµ

<latexit sha1_base64="8W5HpAk7BqSQRRU8WlCm8ZHQvvY="></latexit>

[Holdom; PLB 166, 196]

eAµJ
µ
EM � ✏ eA0

µJ
µ
EMAµ ! Aµ � ✏A0µ

Hidden Photon couples to EM current suppressed by  ! ϵ

<latexit sha1_base64="dSsSn2GxE5GQU2ynfh6eeVRbVew="></latexit>
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MA0 = gx f
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MA0
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smaller couplings 
  smaller mass!⇒



DARK PHOTON SEARCHES
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A′

A

e− e+

θ

L coll
⇡ O(10�1) ab�1yr�1

<latexit sha1_base64="OTuzxF4O67sZIH58k3GjQd4wa+U="></latexit>
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Colliders: Beam dumps/forward experiments:

P, e

P, e

P
⇡A

A0 A

A0

• Production:

<latexit sha1_base64="zwuq3ml3kot9Z06nVrXI4ywnWo4="></latexit>

L bd
⇡ O(1) ab�1d�1
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(g-2)μ ± 2σ

SECLUDED           U(1)X

5 [Ilten+ ’18, Bauer+ ’18, FASER ’18, …]

• Minimal secluded  
model for   
(only kinetic mixing) 

•  produced in EM 
processes like 
bremsstrahlung, radiative 
return and meson decays  

• FASER(2) will be able to 
search for A’ in visible 
decays and push sensitivity 
significantly 

U(1)X
JX

μ = 0

A′�



ANOMALY FREE GAUGE 
EXTENSIONS
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Jµ
X 6= 0



• Loop-induced mixing is unavoidable!  
However, it is finite and calculable for  :Li − Lj

γ A′

ℓi,j, νi,j
q

) ✏ij(q2)

2
Fµ⌫F 0

µ⌫
<latexit sha1_base64="7fy6VaSml4wiyH5QuECbFrU6dA8="></latexit><latexit sha1_base64="7fy6VaSml4wiyH5QuECbFrU6dA8="></latexit><latexit sha1_base64="7fy6VaSml4wiyH5QuECbFrU6dA8="></latexit><latexit sha1_base64="7fy6VaSml4wiyH5QuECbFrU6dA8="></latexit>

<latexit sha1_base64="TEcJjQmnikNbdHslCkfQ8t1dS8A="></latexit>

✏ij(q
2) =

e gij
2⇡2

Z 1

0
dx x(1� x)


log

✓
m2

i � x(1� x)q2

m2
j � x(1� x)q2

◆�

GAUGING SM SYMMETRIES

Universal  
quark & lepton 
charges

charging ith & 
jth generation 
leptons

Universal quark & 
family-specific 
lepton charges

• Consider three popular anomaly-free models:
<latexit sha1_base64="pc/sErVFRT2mJ7Zrn3RpkV6yXyA=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgY7gTRcsQGwuLiOYDkiPsbSbJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo5up33xCpXkkH804Rj+kA8n7nFFjpYfq2V23WHLL7gxkmXgZKUGGWrf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10duqEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/7adcxolByeaL+okgJiLTv0mPK2RGjC2hTHF7K2FDqigzNp2CDcFbfHmZNM7L3mXZvb8oVapZHHk4gmM4BQ+uoAK3UIM6MBjAM7zCmyOcF+fd+Zi35pxs5hD+wPn8AZehjVc=</latexit>

B � L
A′

f̄
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gX Q⌫ ⌫̄�
µ⌫ A0

µ

<latexit sha1_base64="b+nnISBxvE0evQdN0lrV3tw93jc="></latexit>

(i) X = B � xe Le � xµ Lµ � (3� xe � xµ)L⌧ ,

(ii) X = ye Le + yµ Lµ � (ye + yµ)L⌧ ,

<latexit sha1_base64="IR3IICNLHXiOE7tTH0xL1mdONGM=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYhBsDHcqahm0sUgRwXxAchx7m71kze7esbsnhCM/wsZCEVt/j53/xk1yhSY+GHi8N8PMvDDhTBvX/XaWlldW19YLG8XNre2d3dLeflPHqSK0QWIeq3aINeVM0oZhhtN2oigWIaetcHg78VtPVGkWywczSqgvcF+yiBFsrNSqBey0FjwGpbJbcadAi8TLSRly1IPSV7cXk1RQaQjHWnc8NzF+hpVhhNNxsZtqmmAyxH3asVRiQbWfTc8do2Or9FAUK1vSoKn6eyLDQuuRCG2nwGag572J+J/XSU107WdMJqmhkswWRSlHJkaT31GPKUoMH1mCiWL2VkQGWGFibEJFG4I3//IiaZ5VvMvK+f1FuXqTx1GAQziCE/DgCqpwB3VoAIEhPMMrvDmJ8+K8Ox+z1iUnnzmAP3A+fwChxI8e</latexit>

Li � Lj
<latexit sha1_base64="jnnhZ+CuXLrXTDU8dLVRoRjc/cY=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgY7gzopYhNhYWEcwHJEfY2+wla/Z2j909IRz5DzYWitj6f+z8N26SKzTxwcDjvRlm5gUxZ9q47reTW1ldW9/Ibxa2tnd294r7B00tE0Vog0guVTvAmnImaMMww2k7VhRHAaetYHQz9VtPVGkmxYMZx9SP8ECwkBFsrNSsnVXueqxXLLlldwa0TLyMlCBDvVf86vYlSSIqDOFY647nxsZPsTKMcDopdBNNY0xGeEA7lgocUe2ns2sn6MQqfRRKZUsYNFN/T6Q40nocBbYzwmaoF72p+J/XSUx47adMxImhgswXhQlHRqLp66jPFCWGjy3BRDF7KyJDrDAxNqCCDcFbfHmZNM/L3mW5cn9RqtayOPJwBMdwCh5cQRVuoQ4NIPAIz/AKb450Xpx352PemnOymUP4A+fzB4cQjnQ=</latexit>

B � 3Li

Generic feature: 
Neutrino interactions

7

• In general, there are two possibilities for anomaly free  :U(1)X
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8 adapt.[Bauer, PF, Jaeckel; 1803.05466]

B − L
• Collider & beam dump 

limits very similar to 
secluded case 

• Strong limits arise from 
neutrino scattering and 
invisible searches  
(Texono, Borexino, NA64) 

• LHC can abundantly 
produce  boson, 
FASER(2) has large 
sensitivity due to visible 
hadronic and leptonic 
decays

B − L
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9 adapt.[Bauer, PF, Jaeckel; 1803.05466]

• LHC production of  
bosons proceeds only via 
loop-suppressed kinetic 
mixing! 

• Strong limits from neutrino 
scattering, invisible 
searches and electron 
scattering   

• FASER2 only sensitive to 
very small region of 
parameter space due to 
suppressed production

Li − Lj
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10 [Bauer, PF, Mosny; 2011.12973]

B − 3Lμ
• Production and detection 

of gauge boson in 
electronic processes highly 
suppressed! 

• FASER2 sensitive to 
displaced muonic decays  

• (  similar to case of 
, -> see Backup)

B − 3Le
B − L
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11 [Bauer, PF, Mosny; 2011.12973]
[Kling; 2005.03594]

B − 3Lτ
• Production and detection 

of gauge boson in 
electronic and muonic 
processes highly 
suppressed! 

• FASER2 sensitive to 
displaced hadronic  
decays at  resonance 

• FASER  sensitive to extra 
tau neutrino scattering 
from A’ decay

ω

ν



OPPORTUNITIES AT FPF
• The FPF will be an excellent facility to undertake a broad dark 

photon search program in displaced forward decays 

• FASER can look for a plethora of anomaly-free   bosons  in 
model-independent searches of charged dilepton and hadron 
decays 

• FASERv can probe  scattering of extra neutrino production. 
Similar analysis for electron and muon flavoured interactions? 

• If you favourite dark photon search is still missing please do get in 
touch! 
                           patrick.foldenauer@durham.ac.uk

U(1)X

ντ

THANK YOU!
12
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BACKUP
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14 [Bauer, PF, Mosny; 2011.12973]
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16 adapt.[Bauer, PF, Jaeckel; 1803.05466, Amaral, Cerdeño, PF, Reid; 2006.11225]



ANOMALY FREE  MODELSU(1)X
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• Additional constraints from Yukawa terms:
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