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Neutrinos and rich dark sectors: 
the quest for the origin of 

neutrino masses
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Neutrino 
masses

Where do they 
come from?

Low E BSM: 
Dark sectors High E BSM (GUT)

Special role of neutrinos in uncovering physics BSM.

Physics BSM
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Neutrinos give a new perspective on physics BSM.
1. Origin of masses 2. Problem of flavourWhy are neutrinos so much lighter ?�
Neutral vs charged hierarchy ?�

mf$~ λ#

Why neutrinos have mass? 
and why are they so much 
lighter than the other 
fermions?
and why their hierarchy is at 
most mild?

Why leptonic 
mixing is so 
different from 
quark mixing?
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Neutrinos: Open window on Physics BSM
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What is the new physics 
scale? 

Are there new: 
symmetries? 

particles? 
interactions?
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New physics scale: High Energy frontier and above

CLFV

MeV GeV TeV GUT scalekeVeV Intermediate scale

LHC 
new 
particle 
searches

 GW from 
U(1)L 
breaking

Despite intense searches in colliders, flavour and DM exp, 
no hints of TeV new physics have been found.

Leptogenesis/EW baryogenesis

LLP searches

At TeV SUSY MSSM, split SUSY, 
Composite Higgs, Technicolor…. GUT theories

Jie Xiao (Peking University) 03 June 2022

Neutrino2022 Heavy neutrinos at the LHC - results and prospects

Summary and Prospect

25

• Heavy neutrinos with mass from a few GeV to ~20 TeV are probed in various models: 

Type-I seesaw, Type-III seesaw, Heavy Composite Majorana Neutrino, Left-Right Symmetry model, … 

 

The exclusion mass increase and the limits are more stringent on the model parameters. But no significant 
deviations from the SM were detected. 

• Prospect 

• Run-3 is approaching, and then is HL-LHC 

• Other sectors can be tested, e.g., Top, Tau, … 

• More models could be studied.  
In particular, analyses provide a wider range of reinterpretation materials, e.g., HEPData

CMS-PAS-FTR-22-003

Trilepton channel

S. King et al., PRL 126 (2021)

LeptogenesisProton decay
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Low E See-saw models, NuMSM, extended see-saw…  

Leptogenesis

MeV GeV TeV GUT scalekeVeV Intermediate scale

HNL searches: peak, kinks, decays, 

Going low in energy: Dark sectors

Sterile nu 
oscillations

light DM

A change of paradigm might be needed: new physics may be 
light but hidden because too weakly interacting (dark or 

hidden sectors).

Recently, a strong theoretical effort has been done 
together with a blooming of experimental opportunities 

at the intensity frontier.

See e.g.  Artuso et al., 2210.04765, S. Gori et al, 2209.04671, FIPs 2023 report, 2305.01715
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The dark sector can interact with SM via portals:
- the kinetic mixing portal (dark photons);
- the scalar portal (dark scalar);
- the neutrino portal (heavy neutral leptons);
- the axion portal (axion).

SM NR⌫↵
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?
Dark sector

After symmetries breaking, the dark neutral fermions, 
HNLs and SM neutrinos will mix.
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Neutrino masses BSM at low scales
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In see-saw models, lowering the Yukawa couplings it is 
possible also to lower the N mass scale, making it exp 
reachable.

The mixing angle remains rather small: 

making searches very challenging.

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond, Slansky; 
Mohapatra, Senjanovic
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Y 2
⌫ v

2
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In minimal models, HNL production and decay is 
controlled by the mixing with SM neutrinos.

Production in 
e.g. neutrino 
experiments:

Decays:

As the mixing is small and the 
Z, W very heavy, decays are 
typically very slow.

pion

W muon

N via 
mixing

N

e�
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<latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit><latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit><latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit><latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit>

µ
<latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit><latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit><latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit><latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit>
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Fig. 8. The 90 % C.L. sensitivity regions for dominant mixings |UeN |2 (top left), |UµN |2 (top
right), and |U⌧N |2 (bottom) are presented combining results for channels with good detection
prospects. The study is performed for Majorana neutrinos (solid) and Dirac neutrinos (dashed),
assuming no background. The region excluded by experimental constraints (brown) is obtained by
combining the results from PS191 [56, 57], peak searches [52, 54, 55], CHARM [59], NuTeV [61],
DELPHI [60], and T2K [73]. The sensitivity for DUNE ND (black) is compared to the predictions
of future experiments, SBN [74] (blue), SHiP [110] (red), and NA62 [106] (green). The shaded
areas corresponds to possible neutrino mass models considered in this article: the simulations of
the ISS (2,2) and ISS (2,3) models where the lightest pseudo-Dirac pair is the neutrino decaying in
the ND (cyan); the ISS (2,3) scenario when the single Majorana state is responsible for a signal
(magenta); the type I seesaw scenario with a neutrino mass starting from 20 meV to 0.2 eV (yellow).

sufficient precision. The neutrino spectrum component coming from the D
s

meson allows
for weaker sensitivity to masses above the neutral kaon mass. We conducted the sensitivity
study for both scenarios, in which either a Majorana or a Dirac neutrino is the decaying
particle.

To appreciate the ND performance, we make a comparison with results of previous ex-
periments, in particular PS191 [56, 57], peak searches [52, 54, 55], CHARM [59], NuTeV [61],

– 32 –
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“A la beam dump” or fixed target experiments

Future exp such as DUNE ND, SHiP, FCC might 
approach the “see-saw region”.

DUNE & Near Detector Requirements

Sep-2019 A.Weber           ND Overview2

ND

• LBNF sends an intense, broadband nµ (or anti- nµ) beam ~1300 km 
from Fermilab to the DUNE far detectors in South Dakota

• The Near Detectors must provide enough information so that we 
can develop a model that predicts the # evts that we should observe

- Where: F is the flux, s the xsec and R the detector response

NFD (να →νβ ,Erec ) = dEν∫ Φνα
(Eν )σνβ

(Eν )Rνβ
(Eν ,Erec )P(να →νβ ,Eν )

visible particles

N

Detector Dirt

Tar
get

pi, K, (D)

p
µ

<latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit><latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit><latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit><latexit sha1_base64="jkiMD73F4DbDvk015LbbV/2Diyg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzQOSJcxOepMhM7PLzKwQluAXeNUv8CZe/RY/wP9wkuzBJBY0FFXddHeFCWfaeN63U1hb39jcKm6Xdnb39g/Kh0dNHaeKYoPGPFbtkGjkTGLDMMOxnSgkIuTYCke3U7/1hEqzWD6acYKBIAPJIkaJsdJDV6S9csWrejO4q8TPSQVy1Hvln24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7NSJe2aVvhvFypY07kz9O5ERofVYhLZTEDPUy95U/M/rpCa6DjImk9SgpPNFUcpdE7vTv90+U0gNH1tCqGL2VpcOiSLU2HQWtkQ4liKZ2Fz85RRWSfOi6ntV//6yUrvJEyrCCZzCOfhwBTW4gzo0gMIAXuAV3pxn5935cD7nrQUnnzmGBThfvwNLlkQ=</latexit>

x
sin2 ✓

<latexit sha1_base64="V9OPMOWWVZ7/w/8vpQNALfqPmWc=">AAACB3icbVBLSgNBFOyJvxh/UZduGoPgKswEQZdBNy4jmA8kY+jpvEma9PSM3W+EEHIAT+BWT+BO3HoMD+A97CSzMIkFD4qq96hHBYkUBl3328mtrW9sbuW3Czu7e/sHxcOjholTzaHOYxnrVsAMSKGgjgIltBINLAokNIPhzdRvPoE2Ilb3OErAj1hfiVBwhlbyO0aohwrt4ACQdYslt+zOQFeJl5ESyVDrFn86vZinESjkkhnT9twE/THTKLiESaGTGkgYH7I+tC1VLALjj2dPT+iZVXo0jLUdhXSm/r0Ys8iYURTYzYjhwCx7U/E/r51ieOWPhUpSBMXnQWEqKcZ02gDtCQ0c5cgSxrWwv1I+YJpxtD0tpIQwUlEysb14yy2skkal7Lll7+6iVL3OGsqTE3JKzolHLkmV3JIaqRNOHskLeSVvzrPz7nw4n/PVnJPdHJMFOF+/MXaaMg==</latexit><latexit sha1_base64="V9OPMOWWVZ7/w/8vpQNALfqPmWc=">AAACB3icbVBLSgNBFOyJvxh/UZduGoPgKswEQZdBNy4jmA8kY+jpvEma9PSM3W+EEHIAT+BWT+BO3HoMD+A97CSzMIkFD4qq96hHBYkUBl3328mtrW9sbuW3Czu7e/sHxcOjholTzaHOYxnrVsAMSKGgjgIltBINLAokNIPhzdRvPoE2Ilb3OErAj1hfiVBwhlbyO0aohwrt4ACQdYslt+zOQFeJl5ESyVDrFn86vZinESjkkhnT9twE/THTKLiESaGTGkgYH7I+tC1VLALjj2dPT+iZVXo0jLUdhXSm/r0Ys8iYURTYzYjhwCx7U/E/r51ieOWPhUpSBMXnQWEqKcZ02gDtCQ0c5cgSxrWwv1I+YJpxtD0tpIQwUlEysb14yy2skkal7Lll7+6iVL3OGsqTE3JKzolHLkmV3JIaqRNOHskLeSVvzrPz7nw4n/PVnJPdHJMFOF+/MXaaMg==</latexit><latexit sha1_base64="V9OPMOWWVZ7/w/8vpQNALfqPmWc=">AAACB3icbVBLSgNBFOyJvxh/UZduGoPgKswEQZdBNy4jmA8kY+jpvEma9PSM3W+EEHIAT+BWT+BO3HoMD+A97CSzMIkFD4qq96hHBYkUBl3328mtrW9sbuW3Czu7e/sHxcOjholTzaHOYxnrVsAMSKGgjgIltBINLAokNIPhzdRvPoE2Ilb3OErAj1hfiVBwhlbyO0aohwrt4ACQdYslt+zOQFeJl5ESyVDrFn86vZinESjkkhnT9twE/THTKLiESaGTGkgYH7I+tC1VLALjj2dPT+iZVXo0jLUdhXSm/r0Ys8iYURTYzYjhwCx7U/E/r51ieOWPhUpSBMXnQWEqKcZ02gDtCQ0c5cgSxrWwv1I+YJpxtD0tpIQwUlEysb14yy2skkal7Lll7+6iVL3OGsqTE3JKzolHLkmV3JIaqRNOHskLeSVvzrPz7nw4n/PVnJPdHJMFOF+/MXaaMg==</latexit><latexit sha1_base64="V9OPMOWWVZ7/w/8vpQNALfqPmWc=">AAACB3icbVBLSgNBFOyJvxh/UZduGoPgKswEQZdBNy4jmA8kY+jpvEma9PSM3W+EEHIAT+BWT+BO3HoMD+A97CSzMIkFD4qq96hHBYkUBl3328mtrW9sbuW3Czu7e/sHxcOjholTzaHOYxnrVsAMSKGgjgIltBINLAokNIPhzdRvPoE2Ilb3OErAj1hfiVBwhlbyO0aohwrt4ACQdYslt+zOQFeJl5ESyVDrFn86vZinESjkkhnT9twE/THTKLiESaGTGkgYH7I+tC1VLALjj2dPT+iZVXo0jLUdhXSm/r0Ys8iYURTYzYjhwCx7U/E/r51ieOWPhUpSBMXnQWEqKcZ02gDtCQ0c5cgSxrWwv1I+YJpxtD0tpIQwUlEysb14yy2skkal7Lll7+6iVL3OGsqTE3JKzolHLkmV3JIaqRNOHskLeSVvzrPz7nw4n/PVnJPdHJMFOF+/MXaaMg==</latexit>

sin2 ✓
<latexit sha1_base64="V9OPMOWWVZ7/w/8vpQNALfqPmWc=">AAACB3icbVBLSgNBFOyJvxh/UZduGoPgKswEQZdBNy4jmA8kY+jpvEma9PSM3W+EEHIAT+BWT+BO3HoMD+A97CSzMIkFD4qq96hHBYkUBl3328mtrW9sbuW3Czu7e/sHxcOjholTzaHOYxnrVsAMSKGgjgIltBINLAokNIPhzdRvPoE2Ilb3OErAj1hfiVBwhlbyO0aohwrt4ACQdYslt+zOQFeJl5ESyVDrFn86vZinESjkkhnT9twE/THTKLiESaGTGkgYH7I+tC1VLALjj2dPT+iZVXo0jLUdhXSm/r0Ys8iYURTYzYjhwCx7U/E/r51ieOWPhUpSBMXnQWEqKcZ02gDtCQ0c5cgSxrWwv1I+YJpxtD0tpIQwUlEysb14yy2skkal7Lll7+6iVL3OGsqTE3JKzolHLkmV3JIaqRNOHskLeSVvzrPz7nw4n/PVnJPdHJMFOF+/MXaaMg==</latexit><latexit sha1_base64="V9OPMOWWVZ7/w/8vpQNALfqPmWc=">AAACB3icbVBLSgNBFOyJvxh/UZduGoPgKswEQZdBNy4jmA8kY+jpvEma9PSM3W+EEHIAT+BWT+BO3HoMD+A97CSzMIkFD4qq96hHBYkUBl3328mtrW9sbuW3Czu7e/sHxcOjholTzaHOYxnrVsAMSKGgjgIltBINLAokNIPhzdRvPoE2Ilb3OErAj1hfiVBwhlbyO0aohwrt4ACQdYslt+zOQFeJl5ESyVDrFn86vZinESjkkhnT9twE/THTKLiESaGTGkgYH7I+tC1VLALjj2dPT+iZVXo0jLUdhXSm/r0Ys8iYURTYzYjhwCx7U/E/r51ieOWPhUpSBMXnQWEqKcZ02gDtCQ0c5cgSxrWwv1I+YJpxtD0tpIQwUlEysb14yy2skkal7Lll7+6iVL3OGsqTE3JKzolHLkmV3JIaqRNOHskLeSVvzrPz7nw4n/PVnJPdHJMFOF+/MXaaMg==</latexit><latexit sha1_base64="V9OPMOWWVZ7/w/8vpQNALfqPmWc=">AAACB3icbVBLSgNBFOyJvxh/UZduGoPgKswEQZdBNy4jmA8kY+jpvEma9PSM3W+EEHIAT+BWT+BO3HoMD+A97CSzMIkFD4qq96hHBYkUBl3328mtrW9sbuW3Czu7e/sHxcOjholTzaHOYxnrVsAMSKGgjgIltBINLAokNIPhzdRvPoE2Ilb3OErAj1hfiVBwhlbyO0aohwrt4ACQdYslt+zOQFeJl5ESyVDrFn86vZinESjkkhnT9twE/THTKLiESaGTGkgYH7I+tC1VLALjj2dPT+iZVXo0jLUdhXSm/r0Ys8iYURTYzYjhwCx7U/E/r51ieOWPhUpSBMXnQWEqKcZ02gDtCQ0c5cgSxrWwv1I+YJpxtD0tpIQwUlEysb14yy2skkal7Lll7+6iVL3OGsqTE3JKzolHLkmV3JIaqRNOHskLeSVvzrPz7nw4n/PVnJPdHJMFOF+/MXaaMg==</latexit><latexit sha1_base64="V9OPMOWWVZ7/w/8vpQNALfqPmWc=">AAACB3icbVBLSgNBFOyJvxh/UZduGoPgKswEQZdBNy4jmA8kY+jpvEma9PSM3W+EEHIAT+BWT+BO3HoMD+A97CSzMIkFD4qq96hHBYkUBl3328mtrW9sbuW3Czu7e/sHxcOjholTzaHOYxnrVsAMSKGgjgIltBINLAokNIPhzdRvPoE2Ilb3OErAj1hfiVBwhlbyO0aohwrt4ACQdYslt+zOQFeJl5ESyVDrFn86vZinESjkkhnT9twE/THTKLiESaGTGkgYH7I+tC1VLALjj2dPT+iZVXo0jLUdhXSm/r0Ys8iYURTYzYjhwCx7U/E/r51ieOWPhUpSBMXnQWEqKcZ02gDtCQ0c5cgSxrWwv1I+YJpxtD0tpIQwUlEysb14yy2skkal7Lll7+6iVL3OGsqTE3JKzolHLkmV3JIaqRNOHskLeSVvzrPz7nw4n/PVnJPdHJMFOF+/MXaaMg==</latexit>



11

Eur. Phys. J. C          (2023) 83:1122 Page 193 of 266  1122 

Fig. 151 Constraints on the active-sterile mixing and mass of HNLs from past experiments together with projections for future experiments [1632].
The bold green line shows the sensitivity of displaced vertex searches at FCC-ee

cles with very low production cross-sections, the SM back-
grounds are often overwhelming. This can be counteracted
by searching for FIPs with signatures that are uncharacteris-
tic of the SM, such as displaced vertices or delayed jets from
long-lived particles (LLPs). FCC-ee offers exciting poten-
tial for the study of LLPs, where searches can be highly
competitive to similar searches at collider and non-collider
experiments. Three physics cases producing long-lived sig-
natures at FCC-ee are highlighted here; heavy neutral leptons
(HNLs), axion-like particles (ALPs), and exotic decays of the
Higgs boson.

4.12.2 Heavy neutral leptons

A common feature of several popular solutions to the origin
of neutrino masses is the hypothetical existence of heavy,
sterile neutrinos, also referred to as heavy neutral leptons
(HNLs). Depending on the precise scenario, they can be
Dirac or Majorana fermions, and mediate processes that vio-
late lepton flavor symmetries. If HNLs mix with the SM neu-
trinos, they can participate in the SM weak interaction with
couplings proportional to the active-sterile mixing matrix ele-
ments and the HNL mass. In the kinematically accessible
regime, FCC-ee is an excellent machine to discover HNLs
and to study their properties. The sensitivity to active-sterile
mixing is shown in Fig. 151 for current and proposed detec-
tors, including an FCC-ee displaced vertex analysis.

Dirac and Majorana HNLs are studied for FCC-ee con-
sidering only the lightest heavy mass eigenstate, denoted by
N , with mass mN and mixing VℓN . The processes

Majorana N : e+e− → Z → Nνe + Nνe,

with N → e+e−νe + e+e−νe, (171a)

Dirac N : e+e− → Z → Nνe + Nνe,

with N (N )→ e+e−νe (νe), (171b)

are simulated for e+e− collisions at
√
s = 91 GeV using the

HeavyN [1633,1634] and HeavyN_Dirac [1634,1635]
Universal FeynRules Object [1636–1638] libraries and
simulation details according to Ref. [1632]. The detector
response is simulated with Delphes [1639], using the lat-
est Innovative Detector for Electron-positron Accelerators
(IDEA) FCC-ee detector concept [1640] card.

In the absence of additional new physics, light HNLs with
active-sterile mixing much smaller than unity are generically
long-lived. To explore this at FCC-ee, Fig. 152 shows the
generator-level lifetime of N and the reconstructed three-
dimensional decay length Lxyz of the HNL. For a fixed width
of |VeN | = 1.41×10−6, different qualitative features can be
observed for the representative mN . For the smallest con-
sidered masses, characteristic decay lengths readily exceed
several meters, resulting in decay vertices outside the fiducial
coverage of the detectors. Such HNLs will appear as miss-
ing momentum in the e+e− collision events. For heavier N ,
lifetimes are drastically smaller, with decay lengths that are
mostly within 100 mm, making these signals suitable e.g for
displaced vertex searches.

As a first step towards a sensitivity analysis for FCC-ee,
several backgrounds to the HNL processes are considered;
Z bosons decaying to electron-positron pairs, to tau pairs,
to light quarks, to charm quark pairs, and to b quark pairs.
These background processes are simulated with the same
conditions as the signal. Figure 153 shows distributions of
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Future exp such as DUNE ND, SHiP, FCC might 
approach the “see-saw region” in certain mass 
ranges. The typical search is for displaced vertices.



Models in which it is possible to lower the mass scale, 
keeping large Yukawa couplings have been studied.

Let’s introduce two right-handed singlet neutrinos.

L = Y L̄ ·HN1 + Y2L̄ ·HN c
2 + ⇤N̄1N2 + µ0NT

1 CN1 + µNT
2 CN2

Extensions of the see saw mechanism

0

@
0 Y v Y2v
Y v µ0 ⇤
Y2v ⇤ µ

1

A

doDirac limit). In fact, in Ref. [24] it is shown how the constraints from neutrino oscillation

experiments leave those limits as the only allowed regions for n = n0 = 1 and M̃
1

= M̃
2

.

The region of the parameter space in between is ruled out and only the pseudoDirac and

seesaw limits survive. Reasonably extrapolating these results to the more general case with

M̃
1

6= M̃
2

studied here, leaves the seesaw limit (M̃i � m̃D) as the only relevant part of the

parameter space in the 0⌫�� decay context2. From now on, we will focus on the seesaw

limit. Notice, however, that this does not necessarily mean that M̃i have to be at the GUT

or the TeV scale and can be considerably lighter [25–27].

IV. LIGHT NEUTRINO MASSES AND 0⌫�� DECAY

For M̃i � m̃D, the light neutrino mass matrix is given at tree level by

mtree ' �mT
DM

�1mD ' v2

2(⇤2 � µ0µ)

�
µY T

1

Y
1

+ ✏2µ0Y T
2

Y
2

� ⇤✏(Y T
2

Y
1

+ Y T
1

Y
2

)
�
, (12)

where mD and M are the 2 ⇥ 3 Dirac and 2 ⇥ 2 Majorana sub-matrices respectively in

Eq. (8) for n = n0 = 1. Here, we have performed the standard “see-saw” mD/M expansion

keeping the leading order terms. We will discuss later if the higher order corrections can be

relevant. The contribution of the light mostly-active neutrinos to the 0⌫�� decay amplitude

is proportional to the “ee” element of this e↵ective mass matrix as

Alight /
3X

i=1

miU
2

eiM0⌫��(0) ⇡ �
�
mT

DM
�1mD

�
ee
M0⌫��(0) =

=
µY 2

1e + ✏Y
2e (✏µ0Y

2e � 2⇤Y
1e)

2(⇤2 � µ0µ)
v2M0⌫��(0) . (13)

Therefore, the light neutrino contribution is strictly cancelled as long as the parameters of

the model satisfy the following relation

µY 2

1e + ✏Y
2e (✏µ

0Y
2e � 2⇤Y

1e) = 0 . (14)

This condition is fulfilled for

✏ = µ = 0 . (15)

2 Of course, the Dirac limit will not be considered in this analysis where the 0⌫�� decay phenomenology is

studied.

9

Small neutrino masses emerge due to cancellations 
between the contributions of the two sterile neutrinos 
(typically associated to small breaking of some L).

See e.g. Gavela et al., 0906.1461; 
Ibarra, Molinaro, Petcov, 
1103.6217; Kang, Kim, 2007; 
Majee et al., 2008; Mitra, 
Senjanovic, Vissani, 1108.0004; 
Malinsky, Romao, Valle, 2005
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Two limits:
● Inverse see-saw:
Two quasi-Dirac neutrinos with large mixing:

● Extended see-saw:
One light and one heavy sterile neutrino:

@Silvia Pascoli

⇤ � µ, Y2v, µ
0

• Inverse seesaw limit (ISS limit): ⇤ � µ0, mD. This limit corresponds to one of the

Minimal Flavour Violation models (MFV) studied in Ref. [16]. It is also related to the

case analyzed in Ref. [6], where a di↵erent parameterization is used. In this case the

heavy neutrino spectrum is quasi-degenerate, forming a quasi-Dirac pair:

m
4

⇡ �m
5

⇡ M̃
1

⇡ �M̃
2

⇡ ⇤, Ue4 ⇡ Ue5 ⇡ Y
1ev/2⇤,

�M̃ ⌘ |M̃
2

|� |M̃
1

| ⇡ µ0,
(20)

and we can expect lepton number violating processes such as neutrino less double beta

decay to be controlled by µ0.

If all the heavy neutrinos are located below the 0⌫�� scale, a cancellation driven by

Eq. (3) is expected at tree level, as we have already mentioned. This cancellation applies in

general as long as all the heavy neutrinos are in the light regime, including the two limits

distinguished above.

The approximation made in Eq. (16), M0⌫��(mI) / 1/m2

I , does not apply if one of the

heavy neutrinos (or both) is lighter than (or close to) ⇠ 100 MeV. However, as we have

already commented, we will not restrict the analysis to any particular value of the sterile

neutrino masses. This is the reason why we have made use of a numerical computation for

the NME in which no approximation for the neutrino mass dependence has been considered.

Notice, for instance, that the phenomenology for heavy masses around 100 MeV can be very

interesting and the approximation M0⌫��(mI) / 1/m2

I is not very accurate in that region.

In summary, at tree level the light neutrino masses are independent of µ0 (and ⇤) for

✏ = µ = 0, being actually zero. However, lepton number violation processes such as 0⌫��

decay are sensitive to these parameters and µ0 in particular. The idea behind Ref. [6, 7] is to

exploit this apparent decoupling between the heavy and light contributions in order to have

a measurable e↵ect in the 0⌫�� decay coming from the heavy side. In the following, we will

check if a heavy dominant contribution is really possible once the relevant corrections and

experimental constraints are taken into account.

V. HIGHER ORDER CORRECTIONS IN THE SEESAW EXPANSION

Only the leading order in mD/M has been considered in the expansion performed in

Eq. (12). We now check if the higher order corrections may induce any relevant e↵ects

11

µ0 � ⇤, µ

Gavela et al., 0906.1461; Ibarra, 
Molinaro, Petcov, 1103.6217

Kang, Kim, 2007; Majee et al., 2008; 
Mitra, Senjanovic, Vissani, 1108.0004
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The all parameter 
space for larger U2 
becomes theoretically 
viable.
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Of course, it may also be satisfied for other choices of parameters, but ✏ = µ = 0 is the

most stable one under radiative corrections and higher order terms in the expansion, as we

will show later. From now on we will assume that this cancellation condition is fulfilled.

Obviously, setting ✏ and µ to zero leads to vanishing tree level active neutrino masses as

well. However, the light neutrino masses can be generated at one-loop as we will see.

One could naively think that taking into account Eq. (3) would lead us to the same

cancellation for the heavy neutrinos (see Eq. (2)), however, the dependence of the NME on

mI avoids a complete cancellation, if the heavy neutrinos are not very degenerate.

When the heavy neutrinos are above the 0⌫�� scale, m
4

,m
5

� 100 MeV, the heavy

contribution to the 0⌫�� decay amplitude can be approximated as

Aextra /
extraX

I

mIU
2

eIM0⌫��(mI) / �
�
mT

DM
�3mD

�
ee

(16)

= v2
�
µ3 + ⇤2(2µ+ µ0)

�
Y 2

1e � 2✏⇤
�
⇤2 + µ02 + µ2 + µµ0�Y

1eY2e +
�
µ02 + ⇤2(µ+ 2µ0)

�
✏2Y 2

2e

2 (⇤2 � µµ0)3
,

which reduces to

Aextra /
v2µ0Y 2

1e

2⇤4

. (17)

if the light neutrino contribution is cancelled (✏ = µ = 0). Apparently, the above expression

indicates that for large values of µ0 and/or small enough ⇤ the heavy neutrinos may give a

relevant contribution to the 0⌫�� decay at tree level. At this point two interesting limits of

Eq. (8) arise:

• Extended seesaw limit (ESS limit): µ0 � ⇤, mD. In view of Eq. (17), this possibility

appears quite appealing. This limit matches the so-called extended seesaw models [28]

and corresponds to a hierarchical spectrum for the heavy neutrinos:

m
4

⇡ M̃
1

⇡ �⇤2/µ0, Ue4 ⇡ Y
1ev/

p
2⇤,

m
5

⇡ M̃
2

⇡ µ0, Ue5 ⇡ Y
1ev/

p
2µ0,

(18)

where we also show the corresponding mixing with the active neutrinos. In this regime,

the lightest of the two heavy neutrinos dominates the heavy contribution. Moreover,

for large enough values of µ0, m
4

becomes lighter than 100 MeV, the NME takes its

maximum value and the heavy contribution to the 0⌫�� decay becomes independent

of ⇤:

Aextra / U2

e4m4

M0⌫��(0) ⇡ �Y 2

1ev
2

2µ0 M0⌫��(0) . (19)
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Fig. 151 Constraints on the active-sterile mixing and mass of HNLs from past experiments together with projections for future experiments [1632].
The bold green line shows the sensitivity of displaced vertex searches at FCC-ee

cles with very low production cross-sections, the SM back-
grounds are often overwhelming. This can be counteracted
by searching for FIPs with signatures that are uncharacteris-
tic of the SM, such as displaced vertices or delayed jets from
long-lived particles (LLPs). FCC-ee offers exciting poten-
tial for the study of LLPs, where searches can be highly
competitive to similar searches at collider and non-collider
experiments. Three physics cases producing long-lived sig-
natures at FCC-ee are highlighted here; heavy neutral leptons
(HNLs), axion-like particles (ALPs), and exotic decays of the
Higgs boson.

4.12.2 Heavy neutral leptons

A common feature of several popular solutions to the origin
of neutrino masses is the hypothetical existence of heavy,
sterile neutrinos, also referred to as heavy neutral leptons
(HNLs). Depending on the precise scenario, they can be
Dirac or Majorana fermions, and mediate processes that vio-
late lepton flavor symmetries. If HNLs mix with the SM neu-
trinos, they can participate in the SM weak interaction with
couplings proportional to the active-sterile mixing matrix ele-
ments and the HNL mass. In the kinematically accessible
regime, FCC-ee is an excellent machine to discover HNLs
and to study their properties. The sensitivity to active-sterile
mixing is shown in Fig. 151 for current and proposed detec-
tors, including an FCC-ee displaced vertex analysis.

Dirac and Majorana HNLs are studied for FCC-ee con-
sidering only the lightest heavy mass eigenstate, denoted by
N , with mass mN and mixing VℓN . The processes

Majorana N : e+e− → Z → Nνe + Nνe,

with N → e+e−νe + e+e−νe, (171a)

Dirac N : e+e− → Z → Nνe + Nνe,

with N (N )→ e+e−νe (νe), (171b)

are simulated for e+e− collisions at
√
s = 91 GeV using the

HeavyN [1633,1634] and HeavyN_Dirac [1634,1635]
Universal FeynRules Object [1636–1638] libraries and
simulation details according to Ref. [1632]. The detector
response is simulated with Delphes [1639], using the lat-
est Innovative Detector for Electron-positron Accelerators
(IDEA) FCC-ee detector concept [1640] card.

In the absence of additional new physics, light HNLs with
active-sterile mixing much smaller than unity are generically
long-lived. To explore this at FCC-ee, Fig. 152 shows the
generator-level lifetime of N and the reconstructed three-
dimensional decay length Lxyz of the HNL. For a fixed width
of |VeN | = 1.41×10−6, different qualitative features can be
observed for the representative mN . For the smallest con-
sidered masses, characteristic decay lengths readily exceed
several meters, resulting in decay vertices outside the fiducial
coverage of the detectors. Such HNLs will appear as miss-
ing momentum in the e+e− collision events. For heavier N ,
lifetimes are drastically smaller, with decay lengths that are
mostly within 100 mm, making these signals suitable e.g for
displaced vertex searches.

As a first step towards a sensitivity analysis for FCC-ee,
several backgrounds to the HNL processes are considered;
Z bosons decaying to electron-positron pairs, to tau pairs,
to light quarks, to charm quark pairs, and to b quark pairs.
These background processes are simulated with the same
conditions as the signal. Figure 153 shows distributions of
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Changing the paradigm 

Rich dark sectors 

Two contrasting approaches can be taken: 
Minimality: the fewest ingredients -> predictivity
Richness: connections, new signatures
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Non-minimality is strongly motivated: 
the SM is highly non-minimal and it exists.

SU(3)xSU(2)
xU(1)

Gauge sector 
W, Z

Scalar sector 
H to break the 

gauge 
symmetry

Fermion sector 
Quarks
Leptons

in 3 generations



A rich dark sector

16

U(1)’

Gauge sector 
Z’ (dark 

photon, A’)

Scalar sector 
dark scalar 
needed to 
break U(1)’

Fermion sector 
dark neutrinos 

charged under the 
U(1)’

E.g. P. Ballett, M. Hostert, 
SP, PRD 101 (2020)

This type of structure is typical of rich dark sectors, that 
contain multiple particles and interactions.

L̄ ·HNR (+...NRNS)
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2

dark neutrinos, contained in the vector ˆN . In this way,
our neutral lepton sector is composed of SM active neu-
trinos, vector-like dark neutrinos, as well as LH sterile
neutrinos.

The dark gauge symmetry is spontaneously broken by
the vacuum expectation value (VEV) of a complex scalar,
�, which is a singlet under all SM symmetries. The full
Lagrangian is given as

L � LSM � 1

4

Xµ⌫Xµ⌫ � sin �

2

Xµ⌫Bµ⌫ (1)

+ (Dµ�)

†
(Dµ

�) � V (�) � ��H |H|2 |�|2

+ ⌫̂N i/@̂⌫N + ⌫̂Di /DX ⌫̂D �

(L eH)Y ⌫̂c

N + ⌫̂NYL⌫̂c
DL

�

+ ⌫̂NYR⌫̂DR�

⇤
+

1

2

⌫̂NMN ⌫̂c
N + ⌫̂DLMX ⌫̂DR + h.c.

#
,

⌫D check 1/2 factors where we write the kinetic mixing
and scalar mixing portal couplings explicitly and write
/DX =

/@ � igX /X check convention. The Majorana mass
matrix (MN )n⇥n is arbitrary, and the Yukawa matrices
are given by Y3⇥n and (YL(R))n⇥d/2. The scalars � and
H acquire VEVs, v' ' O(500) MeV and vH ' 246 GeV,
respectively. After the electroweak and dark symmetries
are spontaneously broken, the mostly-active light neutri-
nos acquire masses, which are small provided ||Y || ⌧ 1.
With ⌫̂f ⌘

�
⌫̂c

↵ ⌫̂c
N ⌫̂c

DL
⌫̂DR

�T , the mass matrix reads

L⌫�mass

=

1

2

⌫̂c
f

0

BB@

0 MD 0 0

MT
D MN ⇤L ⇤R

0 ⇤

T
L 0 MX

0 ⇤

T
R MT

X 0

1

CCA ⌫̂f + h.c. , (2)

check the Twhere MD = Y vH/
p

2 and ⇤L,R =

YL,R v�/
p

2. At tree-level, a contribution to light neu-
trino masses proportional to MX appears, analogous to
the standard inverse seesaw. In addition, radiative cor-
rections can be large and provide both a correction to
MX as well as a finite and independent contribution to
neutrino masses proportional to MN . These corrections
arise from SM and, more importantly, light dark sector
bosons exchange [10]. Note that neutrinos remain mas-
sive at tree level if MX ! 0 and MN 6= 0, or if MX 6= 0

and MN ! 0. This fact can be explored to invoke can-
cellations between tree- and loop-level contributions. If
a hierarchy exists between MN and MX , then a seesaw
is happens in the heavy neutrino sector. Two interesting
limits arise. If ⇤, MN ⌧ MX , then our spectrum con-
tains mostly-sterile state at intermediate scales, with a
series of pseudo-Dirac, mostly-dark fermions at the high
heavy? scale MX . On the other hand, if ⇤, MX ⌧ MN ,
then mostly-dark fermions will lie at an intermediate
scale and mostly-sterile states at high heavy? scales MN .

The massive dark vector, scalar, and HNLs only couple
to the SM via portal operators, and mix with the neutral

states in the SM. After symmetry breaking, we diago-
nalise the CP-even scalars to find a light scalar '0, and a
heavy SM-like Higgs h0, with '0 �H scalar mixing given
by ✓ ' (��H/2�H) ⇥ (v'/vH), where �H is the quar-
tic coupling of the Higgs. All portal couplings, �, ��H ,
are kept small and we neglect terms of order �2 and ✓2.
With the usual diagonalization of kinetic terms, followed
by three rotations of the neutral gauge boson basis, we
find a light Z 0 vector boson with mZ0 ⇡ gXv' that cou-
ples to the SM electromagnetic (EM) and neutral current
(NC), as well as to the dark sector current (Jµ

D) as

L � �Z 0
µ

✓
e" Jµ

EM +

g

2cW

m2
Z0

m2
Z

� Jµ
NC + gX Jµ

D

◆
, (3)

where " ⌘ cW �check NC coupling. The Z 0 coupling to
NC as well as the Zµ coupling to the dark current (pro-
portional to gXsW �) can be safely neglected. Note that
the photon does not couple to the dark fermions.

Low Energy Anomalies – Our aim is to provide an
explanation of several low energy anomalies, and keep-
ing light neutrino masses compatible with experimental
constraints. For concreteness, we allow mixing with only
muon neutrinos, ⌫µ, and use n = 3 sterile flavors, and
d = 1 vector-like dark fermions. We provide three bench-
mark points (BPs) that realize our proposal in Table I.
As we will see, all points provide an explanation of the
MiniBooNE and �aµ anomalies, with BP-B also explain-
ing PS-191 and E816, and BP-C explaining all the above
as well as KOTO.invert, 78 always heavier, define Uij

Let us comment on generic features of our solution?
bit strong. Firstly, N4 is long-lived as its decays are sup-
pressed by small U4i neutrino mixing parameters, while
Ni, with i = 5, 6, are much shorter-lived with dominant
B(N6,5 ! N5(4)e

+e�). As we will see, N5 will typically
decay with c⌧0

5 . 5 cm, leading to displaced e+e� ver-
tices, while N6 will decay more promptly, c⌧0

6 . 1 mm.
Secondly, N4 states are mostly in a sterile direction
and are, therefore, more weakly coupled to the Z 0 than
N5,6. In this way, B(Z 0 ! N4N{4,5,6}) ⌧ B(Z 0 !
N{5,6}N{5,6}). Finally, the scalar is always heavier than
N6, kinematically forbidding fast Ni ! ⌫'0 decays.

�aµ and BaBar – A discrepancy between the most pre-
cise �aµ measurement performed by the Muon (g � 2)

collaboration [5] and existing theoretical calculations [11–
15] (for the latest consensus in this field, see Ref. [16])
stands at more than 3.7� 1. In view of the current efforts
to measure this quantity four times more precisely at
Fermilab [20], it is timely to reconsider the dark photon
contribution to �aµ. The minimal dark photon explana-
tion is excluded by collider and beam dump searches for

1 Recent lattice calculations [17] predict values closer to the ex-
periment. However, this has been pointed out to lead to incon-
sistency with e+e� ! hadrons data [18, 19].
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dark neutrinos, contained in the vector ˆN . In this way,
our neutral lepton sector is composed of SM active neu-
trinos, vector-like dark neutrinos, as well as LH sterile
neutrinos.

The dark gauge symmetry is spontaneously broken by
the vacuum expectation value (VEV) of a complex scalar,
�, which is a singlet under all SM symmetries. The full
Lagrangian is given as
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⌫D check 1/2 factors where we write the kinetic mixing
and scalar mixing portal couplings explicitly and write
/DX =

/@ � igX /X check convention. The Majorana mass
matrix (MN )n⇥n is arbitrary, and the Yukawa matrices
are given by Y3⇥n and (YL(R))n⇥d/2. The scalars � and
H acquire VEVs, v' ' O(500) MeV and vH ' 246 GeV,
respectively. After the electroweak and dark symmetries
are spontaneously broken, the mostly-active light neutri-
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check the Twhere MD = Y vH/
p

2 and ⇤L,R =
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2. At tree-level, a contribution to light neu-
trino masses proportional to MX appears, analogous to
the standard inverse seesaw. In addition, radiative cor-
rections can be large and provide both a correction to
MX as well as a finite and independent contribution to
neutrino masses proportional to MN . These corrections
arise from SM and, more importantly, light dark sector
bosons exchange [10]. Note that neutrinos remain mas-
sive at tree level if MX ! 0 and MN 6= 0, or if MX 6= 0

and MN ! 0. This fact can be explored to invoke can-
cellations between tree- and loop-level contributions. If
a hierarchy exists between MN and MX , then a seesaw
is happens in the heavy neutrino sector. Two interesting
limits arise. If ⇤, MN ⌧ MX , then our spectrum con-
tains mostly-sterile state at intermediate scales, with a
series of pseudo-Dirac, mostly-dark fermions at the high
heavy? scale MX . On the other hand, if ⇤, MX ⌧ MN ,
then mostly-dark fermions will lie at an intermediate
scale and mostly-sterile states at high heavy? scales MN .

The massive dark vector, scalar, and HNLs only couple
to the SM via portal operators, and mix with the neutral

states in the SM. After symmetry breaking, we diago-
nalise the CP-even scalars to find a light scalar '0, and a
heavy SM-like Higgs h0, with '0 �H scalar mixing given
by ✓ ' (��H/2�H) ⇥ (v'/vH), where �H is the quar-
tic coupling of the Higgs. All portal couplings, �, ��H ,
are kept small and we neglect terms of order �2 and ✓2.
With the usual diagonalization of kinetic terms, followed
by three rotations of the neutral gauge boson basis, we
find a light Z 0 vector boson with mZ0 ⇡ gXv' that cou-
ples to the SM electromagnetic (EM) and neutral current
(NC), as well as to the dark sector current (Jµ

D) as

L � �Z 0
µ

✓
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EM +

g

2cW

m2
Z0

m2
Z

� Jµ
NC + gX Jµ

D

◆
, (3)

where " ⌘ cW �check NC coupling. The Z 0 coupling to
NC as well as the Zµ coupling to the dark current (pro-
portional to gXsW �) can be safely neglected. Note that
the photon does not couple to the dark fermions.

Low Energy Anomalies – Our aim is to provide an
explanation of several low energy anomalies, and keep-
ing light neutrino masses compatible with experimental
constraints. For concreteness, we allow mixing with only
muon neutrinos, ⌫µ, and use n = 3 sterile flavors, and
d = 1 vector-like dark fermions. We provide three bench-
mark points (BPs) that realize our proposal in Table I.
As we will see, all points provide an explanation of the
MiniBooNE and �aµ anomalies, with BP-B also explain-
ing PS-191 and E816, and BP-C explaining all the above
as well as KOTO.invert, 78 always heavier, define Uij

Let us comment on generic features of our solution?
bit strong. Firstly, N4 is long-lived as its decays are sup-
pressed by small U4i neutrino mixing parameters, while
Ni, with i = 5, 6, are much shorter-lived with dominant
B(N6,5 ! N5(4)e

+e�). As we will see, N5 will typically
decay with c⌧0

5 . 5 cm, leading to displaced e+e� ver-
tices, while N6 will decay more promptly, c⌧0

6 . 1 mm.
Secondly, N4 states are mostly in a sterile direction
and are, therefore, more weakly coupled to the Z 0 than
N5,6. In this way, B(Z 0 ! N4N{4,5,6}) ⌧ B(Z 0 !
N{5,6}N{5,6}). Finally, the scalar is always heavier than
N6, kinematically forbidding fast Ni ! ⌫'0 decays.

�aµ and BaBar – A discrepancy between the most pre-
cise �aµ measurement performed by the Muon (g � 2)

collaboration [5] and existing theoretical calculations [11–
15] (for the latest consensus in this field, see Ref. [16])
stands at more than 3.7� 1. In view of the current efforts
to measure this quantity four times more precisely at
Fermilab [20], it is timely to reconsider the dark photon
contribution to �aµ. The minimal dark photon explana-
tion is excluded by collider and beam dump searches for

1 Recent lattice calculations [17] predict values closer to the ex-
periment. However, this has been pointed out to lead to incon-
sistency with e+e� ! hadrons data [18, 19].

The Lagrangian is given by

The model is anomaly free thanks to the inclusion of two 
dark neutrinos with opposite charges. Other possibilities 
can also be considered (DM).

Neutrino masses emerge as discussed earlier.

A. Abdullahi, M. Hostert, SP, 2007.11813
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Figure 4: Limits on |Vµ4|2 versus m4 in the mass range 100 MeV–100 GeV come from peak
searches and from N4 decays. The area with solid (black) contour labeled K → µν [92] is excluded
by peak searches. The bounds indicated by contours labeled by PS191 [86], NA3 [87], BEBC [93],
FMMF [94], NuTeV [95] and CHARMII [96] are at 90% C.L., while DELPHI [89] and L3 [90] are
at 95% C.L. and are deduced from searches of visible products in N4 decays. For the beam dump
experiments, NA3, PS191, BEBC, FMMF and NuTeV we give an estimate of the upper limit for
the excluded values of the mixing angle.

The µ− e universality test, done by comparing the decay rate of pions into eν̄ and µν̄, can
be used to constrain the ratio

1 − |Ve4|2

1 − |Vµ4|2
, (2.11)

for m4 > mπ [70, 71]. The analysis of experimental data leads to 1−|Vµ4|2

1−|Ve4|2
= 1.0012±0.0016

[71], which implies |Ve4|2 < 0.004 at 2σ for the least conservative case of |Vµ4|2 = 0. For
m4 > mτ , the µ − τ universality sets limits on:

1 − |Vτ4|2

1 − |Vµ4|2
, (2.12)

and can be tested by looking at the τ leptonic and hadronic decays which give |Vτ4|2 −
|Vµ4|2 = 0.0057 ± 0.0065 [71] and |Vτ4|2 − |Ve4|2 = 0.0054 ± 0.0064 [71]. The most con-
straining bound on |Vτ4|2 is obtained for |Ve4|2, |Vµ4|2 = 0 and reads |Vτ4|2 < 0.018 at 2σ.
The unitarity constraint on the first row of the CKM matrix [99] reads

∑

i=1,2,3

|V CKM
ui |2 =

1

1 − |Vµ4|2
= 0.9992 ± 0.0011, (2.13)

– 11 –

In RDS models, HNL production is controlled by 
mixing or other portal (e.g. B-L gauge coupling) and 
decay can be fast due to the internal DS dynamics.

HNL decay bounds need 
to be reevaluated 
and they may not apply 
(e.g. beam dump experiments).
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<latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit>

Z’

N4 N4

e�
<latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit><latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit><latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit><latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit>

e+
<latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit>

Z’

decay chains

Fast visible and 
invisible decays

Ni

Z’

Nj

Nj Nk

�
<latexit sha1_base64="FZ9b+b/2kKQWtzr4FAMtfpU40DY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF2wptKJPppBk6mQwzEyGEgl/gVr/Anbj1V/wA/8NJm4VtPXDhcM693HtPIDnTxnW/ncra+sbmVnW7trO7t39QPzzq6iRVhHZIwhP1GGBNORO0Y5jh9FEqiuOA014wuS383hNVmiXiwWSS+jEeCxYygk0hDWTEhvWG23RnQKvEK0kDSrSH9Z/BKCFpTIUhHGvd91xp/Bwrwwin09og1VRiMsFj2rdU4JhqP5/dOkVnVhmhMFG2hEEz9e9EjmOtsziwnTE2kV72CvE/r5+a8NrPmZCpoYLMF4UpRyZBxeNoxBQlhmeWYKKYvRWRCCtMjI1nYUtIMxHLqc3FW05hlXQvmp7b9O4vG62bMqEqnMApnIMHV9CCO2hDBwhE8AKv8OY8O+/Oh/M5b6045cwxLMD5+gXAhpat</latexit><latexit sha1_base64="FZ9b+b/2kKQWtzr4FAMtfpU40DY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF2wptKJPppBk6mQwzEyGEgl/gVr/Anbj1V/wA/8NJm4VtPXDhcM693HtPIDnTxnW/ncra+sbmVnW7trO7t39QPzzq6iRVhHZIwhP1GGBNORO0Y5jh9FEqiuOA014wuS383hNVmiXiwWSS+jEeCxYygk0hDWTEhvWG23RnQKvEK0kDSrSH9Z/BKCFpTIUhHGvd91xp/Bwrwwin09og1VRiMsFj2rdU4JhqP5/dOkVnVhmhMFG2hEEz9e9EjmOtsziwnTE2kV72CvE/r5+a8NrPmZCpoYLMF4UpRyZBxeNoxBQlhmeWYKKYvRWRCCtMjI1nYUtIMxHLqc3FW05hlXQvmp7b9O4vG62bMqEqnMApnIMHV9CCO2hDBwhE8AKv8OY8O+/Oh/M5b6045cwxLMD5+gXAhpat</latexit><latexit sha1_base64="FZ9b+b/2kKQWtzr4FAMtfpU40DY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF2wptKJPppBk6mQwzEyGEgl/gVr/Anbj1V/wA/8NJm4VtPXDhcM693HtPIDnTxnW/ncra+sbmVnW7trO7t39QPzzq6iRVhHZIwhP1GGBNORO0Y5jh9FEqiuOA014wuS383hNVmiXiwWSS+jEeCxYygk0hDWTEhvWG23RnQKvEK0kDSrSH9Z/BKCFpTIUhHGvd91xp/Bwrwwin09og1VRiMsFj2rdU4JhqP5/dOkVnVhmhMFG2hEEz9e9EjmOtsziwnTE2kV72CvE/r5+a8NrPmZCpoYLMF4UpRyZBxeNoxBQlhmeWYKKYvRWRCCtMjI1nYUtIMxHLqc3FW05hlXQvmp7b9O4vG62bMqEqnMApnIMHV9CCO2hDBwhE8AKv8OY8O+/Oh/M5b6045cwxLMD5+gXAhpat</latexit><latexit sha1_base64="2v7jXHRjZrKvEUidxvt/q/l5KWQ=">AAAB7HicbZDNSgMxFIXv1L9aq9a1m2ARXJUZN7oU3LisYH+gHUomc6cNTTJDkhGGYV7ArU/gTnwjH8D3MP1Z2NYDgcM5CffmizLBjfX9b6+2t39weFQ/bpw0G6dn561m36S5ZthjqUj1MKIGBVfYs9wKHGYaqYwEDqL546IfvKI2PFUvtsgwlHSqeMIZtS7qTlptv+MvRXZNsDZtWGvS+hnHKcslKssENWYU+JkNS6otZwKrxjg3mFE2p1McOauoRBOWyzUrcu2SmCSpdkdZskz/viipNKaQkbspqZ2Z7W4R/teNcpvchyVXWW5RsdWgJBfEpmTxZxJzjcyKwhnKNHe7EjajmjLryGxMSbBQMqsclmAbwq7p33YCvxM8+1CHS7iCGwjgDh7gCbrQAwYxvMG7V3of3ucKX81bc7yADXlfv1RAkpM=</latexit><latexit sha1_base64="v+RDS6GtgCm9jl6y5Q7+XfPBxms=">AAAB83icbZDNSgMxFIXv+Ftr1erWTbAIrsqMG10KblxWsD/QlpJJ73RCk8yQZIRhKPgEbvUJ3InP4wP4HmbaLmzrgcDhnIR784Wp4Mb6/re3tb2zu7dfOage1o6OT+qntY5JMs2wzRKR6F5IDQqusG25FdhLNVIZCuyG0/uy7z6jNjxRTzZPcSjpRPGIM2rLaJDGfFRv+E1/LrJpgqVpwFKtUf1nME5YJlFZJqgx/cBP7bCg2nImcFYdZAZTyqZ0gn1nFZVohsV81xm5dMmYRIl2R1kyT/++KKg0Jpehuympjc16V4b/df3MRrfDgqs0s6jYYlCUCWITUn6cjLlGZkXuDGWau10Ji6mmzDo8K1MizJVMZ45LsE5h03Sum4HfDB59qMA5XMAVBHADd/AALWgDgxhe4Q3evRfvw/tcENzylijPYEXe1y9CjZVE</latexit><latexit sha1_base64="v+RDS6GtgCm9jl6y5Q7+XfPBxms=">AAAB83icbZDNSgMxFIXv+Ftr1erWTbAIrsqMG10KblxWsD/QlpJJ73RCk8yQZIRhKPgEbvUJ3InP4wP4HmbaLmzrgcDhnIR784Wp4Mb6/re3tb2zu7dfOage1o6OT+qntY5JMs2wzRKR6F5IDQqusG25FdhLNVIZCuyG0/uy7z6jNjxRTzZPcSjpRPGIM2rLaJDGfFRv+E1/LrJpgqVpwFKtUf1nME5YJlFZJqgx/cBP7bCg2nImcFYdZAZTyqZ0gn1nFZVohsV81xm5dMmYRIl2R1kyT/++KKg0Jpehuympjc16V4b/df3MRrfDgqs0s6jYYlCUCWITUn6cjLlGZkXuDGWau10Ji6mmzDo8K1MizJVMZ45LsE5h03Sum4HfDB59qMA5XMAVBHADd/AALWgDgxhe4Q3evRfvw/tcENzylijPYEXe1y9CjZVE</latexit><latexit sha1_base64="//7TKwoEikpBjYpRVS3iulsleEo=">AAAB/nicbVDLSsNAFJ3UV62vqks3wSK4KokbXRbduKxgH9CGMpneNENnJsPMRAih4Be41S9wJ279FT/A/3DSZmFbD1w4nHMv994TSka18bxvp7KxubW9U92t7e0fHB7Vj0+6OkkVgQ5JWKL6IdbAqICOoYZBXyrAPGTQC6d3hd97AqVpIh5NJiHgeCJoRAk2hTSUMR3VG17Tm8NdJ35JGqhEe1T/GY4TknIQhjCs9cD3pAlyrAwlDGa1YapBYjLFExhYKjAHHeTzW2fuhVXGbpQoW8K4c/XvRI651hkPbSfHJtarXiH+5w1SE90EORUyNSDIYlGUMtckbvG4O6YKiGGZJZgoam91SYwVJsbGs7QlgkxwObO5+KsprJPuVdP3mv6D12jdlglV0Rk6R5fIR9eohe5RG3UQQTF6Qa/ozXl23p0P53PRWnHKmVO0BOfrF79Glqk=</latexit><latexit sha1_base64="FZ9b+b/2kKQWtzr4FAMtfpU40DY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF2wptKJPppBk6mQwzEyGEgl/gVr/Anbj1V/wA/8NJm4VtPXDhcM693HtPIDnTxnW/ncra+sbmVnW7trO7t39QPzzq6iRVhHZIwhP1GGBNORO0Y5jh9FEqiuOA014wuS383hNVmiXiwWSS+jEeCxYygk0hDWTEhvWG23RnQKvEK0kDSrSH9Z/BKCFpTIUhHGvd91xp/Bwrwwin09og1VRiMsFj2rdU4JhqP5/dOkVnVhmhMFG2hEEz9e9EjmOtsziwnTE2kV72CvE/r5+a8NrPmZCpoYLMF4UpRyZBxeNoxBQlhmeWYKKYvRWRCCtMjI1nYUtIMxHLqc3FW05hlXQvmp7b9O4vG62bMqEqnMApnIMHV9CCO2hDBwhE8AKv8OY8O+/Oh/M5b6045cwxLMD5+gXAhpat</latexit><latexit sha1_base64="FZ9b+b/2kKQWtzr4FAMtfpU40DY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF2wptKJPppBk6mQwzEyGEgl/gVr/Anbj1V/wA/8NJm4VtPXDhcM693HtPIDnTxnW/ncra+sbmVnW7trO7t39QPzzq6iRVhHZIwhP1GGBNORO0Y5jh9FEqiuOA014wuS383hNVmiXiwWSS+jEeCxYygk0hDWTEhvWG23RnQKvEK0kDSrSH9Z/BKCFpTIUhHGvd91xp/Bwrwwin09og1VRiMsFj2rdU4JhqP5/dOkVnVhmhMFG2hEEz9e9EjmOtsziwnTE2kV72CvE/r5+a8NrPmZCpoYLMF4UpRyZBxeNoxBQlhmeWYKKYvRWRCCtMjI1nYUtIMxHLqc3FW05hlXQvmp7b9O4vG62bMqEqnMApnIMHV9CCO2hDBwhE8AKv8OY8O+/Oh/M5b6045cwxLMD5+gXAhpat</latexit><latexit sha1_base64="FZ9b+b/2kKQWtzr4FAMtfpU40DY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF2wptKJPppBk6mQwzEyGEgl/gVr/Anbj1V/wA/8NJm4VtPXDhcM693HtPIDnTxnW/ncra+sbmVnW7trO7t39QPzzq6iRVhHZIwhP1GGBNORO0Y5jh9FEqiuOA014wuS383hNVmiXiwWSS+jEeCxYygk0hDWTEhvWG23RnQKvEK0kDSrSH9Z/BKCFpTIUhHGvd91xp/Bwrwwin09og1VRiMsFj2rdU4JhqP5/dOkVnVhmhMFG2hEEz9e9EjmOtsziwnTE2kV72CvE/r5+a8NrPmZCpoYLMF4UpRyZBxeNoxBQlhmeWYKKYvRWRCCtMjI1nYUtIMxHLqc3FW05hlXQvmp7b9O4vG62bMqEqnMApnIMHV9CCO2hDBwhE8AKv8OY8O+/Oh/M5b6045cwxLMD5+gXAhpat</latexit><latexit sha1_base64="FZ9b+b/2kKQWtzr4FAMtfpU40DY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF2wptKJPppBk6mQwzEyGEgl/gVr/Anbj1V/wA/8NJm4VtPXDhcM693HtPIDnTxnW/ncra+sbmVnW7trO7t39QPzzq6iRVhHZIwhP1GGBNORO0Y5jh9FEqiuOA014wuS383hNVmiXiwWSS+jEeCxYygk0hDWTEhvWG23RnQKvEK0kDSrSH9Z/BKCFpTIUhHGvd91xp/Bwrwwin09og1VRiMsFj2rdU4JhqP5/dOkVnVhmhMFG2hEEz9e9EjmOtsziwnTE2kV72CvE/r5+a8NrPmZCpoYLMF4UpRyZBxeNoxBQlhmeWYKKYvRWRCCtMjI1nYUtIMxHLqc3FW05hlXQvmp7b9O4vG62bMqEqnMApnIMHV9CCO2hDBwhE8AKv8OY8O+/Oh/M5b6045cwxLMD5+gXAhpat</latexit><latexit sha1_base64="FZ9b+b/2kKQWtzr4FAMtfpU40DY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF2wptKJPppBk6mQwzEyGEgl/gVr/Anbj1V/wA/8NJm4VtPXDhcM693HtPIDnTxnW/ncra+sbmVnW7trO7t39QPzzq6iRVhHZIwhP1GGBNORO0Y5jh9FEqiuOA014wuS383hNVmiXiwWSS+jEeCxYygk0hDWTEhvWG23RnQKvEK0kDSrSH9Z/BKCFpTIUhHGvd91xp/Bwrwwin09og1VRiMsFj2rdU4JhqP5/dOkVnVhmhMFG2hEEz9e9EjmOtsziwnTE2kV72CvE/r5+a8NrPmZCpoYLMF4UpRyZBxeNoxBQlhmeWYKKYvRWRCCtMjI1nYUtIMxHLqc3FW05hlXQvmp7b9O4vG62bMqEqnMApnIMHV9CCO2hDBwhE8AKv8OY8O+/Oh/M5b6045cwxLMD5+gXAhpat</latexit><latexit sha1_base64="2v7jXHRjZrKvEUidxvt/q/l5KWQ=">AAAB7HicbZDNSgMxFIXv1L9aq9a1m2ARXJUZN7oU3LisYH+gHUomc6cNTTJDkhGGYV7ArU/gTnwjH8D3MP1Z2NYDgcM5CffmizLBjfX9b6+2t39weFQ/bpw0G6dn561m36S5ZthjqUj1MKIGBVfYs9wKHGYaqYwEDqL546IfvKI2PFUvtsgwlHSqeMIZtS7qTlptv+MvRXZNsDZtWGvS+hnHKcslKssENWYU+JkNS6otZwKrxjg3mFE2p1McOauoRBOWyzUrcu2SmCSpdkdZskz/viipNKaQkbspqZ2Z7W4R/teNcpvchyVXWW5RsdWgJBfEpmTxZxJzjcyKwhnKNHe7EjajmjLryGxMSbBQMqsclmAbwq7p33YCvxM8+1CHS7iCGwjgDh7gCbrQAwYxvMG7V3of3ucKX81bc7yADXlfv1RAkpM=</latexit><latexit sha1_base64="v+RDS6GtgCm9jl6y5Q7+XfPBxms=">AAAB83icbZDNSgMxFIXv+Ftr1erWTbAIrsqMG10KblxWsD/QlpJJ73RCk8yQZIRhKPgEbvUJ3InP4wP4HmbaLmzrgcDhnIR784Wp4Mb6/re3tb2zu7dfOage1o6OT+qntY5JMs2wzRKR6F5IDQqusG25FdhLNVIZCuyG0/uy7z6jNjxRTzZPcSjpRPGIM2rLaJDGfFRv+E1/LrJpgqVpwFKtUf1nME5YJlFZJqgx/cBP7bCg2nImcFYdZAZTyqZ0gn1nFZVohsV81xm5dMmYRIl2R1kyT/++KKg0Jpehuympjc16V4b/df3MRrfDgqs0s6jYYlCUCWITUn6cjLlGZkXuDGWau10Ji6mmzDo8K1MizJVMZ45LsE5h03Sum4HfDB59qMA5XMAVBHADd/AALWgDgxhe4Q3evRfvw/tcENzylijPYEXe1y9CjZVE</latexit><latexit sha1_base64="v+RDS6GtgCm9jl6y5Q7+XfPBxms=">AAAB83icbZDNSgMxFIXv+Ftr1erWTbAIrsqMG10KblxWsD/QlpJJ73RCk8yQZIRhKPgEbvUJ3InP4wP4HmbaLmzrgcDhnIR784Wp4Mb6/re3tb2zu7dfOage1o6OT+qntY5JMs2wzRKR6F5IDQqusG25FdhLNVIZCuyG0/uy7z6jNjxRTzZPcSjpRPGIM2rLaJDGfFRv+E1/LrJpgqVpwFKtUf1nME5YJlFZJqgx/cBP7bCg2nImcFYdZAZTyqZ0gn1nFZVohsV81xm5dMmYRIl2R1kyT/++KKg0Jpehuympjc16V4b/df3MRrfDgqs0s6jYYlCUCWITUn6cjLlGZkXuDGWau10Ji6mmzDo8K1MizJVMZ45LsE5h03Sum4HfDB59qMA5XMAVBHADd/AALWgDgxhe4Q3evRfvw/tcENzylijPYEXe1y9CjZVE</latexit><latexit sha1_base64="//7TKwoEikpBjYpRVS3iulsleEo=">AAAB/nicbVDLSsNAFJ3UV62vqks3wSK4KokbXRbduKxgH9CGMpneNENnJsPMRAih4Be41S9wJ279FT/A/3DSZmFbD1w4nHMv994TSka18bxvp7KxubW9U92t7e0fHB7Vj0+6OkkVgQ5JWKL6IdbAqICOoYZBXyrAPGTQC6d3hd97AqVpIh5NJiHgeCJoRAk2hTSUMR3VG17Tm8NdJ35JGqhEe1T/GY4TknIQhjCs9cD3pAlyrAwlDGa1YapBYjLFExhYKjAHHeTzW2fuhVXGbpQoW8K4c/XvRI651hkPbSfHJtarXiH+5w1SE90EORUyNSDIYlGUMtckbvG4O6YKiGGZJZgoam91SYwVJsbGs7QlgkxwObO5+KsprJPuVdP3mv6D12jdlglV0Rk6R5fIR9eohe5RG3UQQTF6Qa/ozXl23p0P53PRWnHKmVO0BOfrF79Glqk=</latexit><latexit sha1_base64="FZ9b+b/2kKQWtzr4FAMtfpU40DY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF2wptKJPppBk6mQwzEyGEgl/gVr/Anbj1V/wA/8NJm4VtPXDhcM693HtPIDnTxnW/ncra+sbmVnW7trO7t39QPzzq6iRVhHZIwhP1GGBNORO0Y5jh9FEqiuOA014wuS383hNVmiXiwWSS+jEeCxYygk0hDWTEhvWG23RnQKvEK0kDSrSH9Z/BKCFpTIUhHGvd91xp/Bwrwwin09og1VRiMsFj2rdU4JhqP5/dOkVnVhmhMFG2hEEz9e9EjmOtsziwnTE2kV72CvE/r5+a8NrPmZCpoYLMF4UpRyZBxeNoxBQlhmeWYKKYvRWRCCtMjI1nYUtIMxHLqc3FW05hlXQvmp7b9O4vG62bMqEqnMApnIMHV9CCO2hDBwhE8AKv8OY8O+/Oh/M5b6045cwxLMD5+gXAhpat</latexit><latexit sha1_base64="FZ9b+b/2kKQWtzr4FAMtfpU40DY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF2wptKJPppBk6mQwzEyGEgl/gVr/Anbj1V/wA/8NJm4VtPXDhcM693HtPIDnTxnW/ncra+sbmVnW7trO7t39QPzzq6iRVhHZIwhP1GGBNORO0Y5jh9FEqiuOA014wuS383hNVmiXiwWSS+jEeCxYygk0hDWTEhvWG23RnQKvEK0kDSrSH9Z/BKCFpTIUhHGvd91xp/Bwrwwin09og1VRiMsFj2rdU4JhqP5/dOkVnVhmhMFG2hEEz9e9EjmOtsziwnTE2kV72CvE/r5+a8NrPmZCpoYLMF4UpRyZBxeNoxBQlhmeWYKKYvRWRCCtMjI1nYUtIMxHLqc3FW05hlXQvmp7b9O4vG62bMqEqnMApnIMHV9CCO2hDBwhE8AKv8OY8O+/Oh/M5b6045cwxLMD5+gXAhpat</latexit><latexit sha1_base64="FZ9b+b/2kKQWtzr4FAMtfpU40DY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF2wptKJPppBk6mQwzEyGEgl/gVr/Anbj1V/wA/8NJm4VtPXDhcM693HtPIDnTxnW/ncra+sbmVnW7trO7t39QPzzq6iRVhHZIwhP1GGBNORO0Y5jh9FEqiuOA014wuS383hNVmiXiwWSS+jEeCxYygk0hDWTEhvWG23RnQKvEK0kDSrSH9Z/BKCFpTIUhHGvd91xp/Bwrwwin09og1VRiMsFj2rdU4JhqP5/dOkVnVhmhMFG2hEEz9e9EjmOtsziwnTE2kV72CvE/r5+a8NrPmZCpoYLMF4UpRyZBxeNoxBQlhmeWYKKYvRWRCCtMjI1nYUtIMxHLqc3FW05hlXQvmp7b9O4vG62bMqEqnMApnIMHV9CCO2hDBwhE8AKv8OY8O+/Oh/M5b6045cwxLMD5+gXAhpat</latexit><latexit sha1_base64="FZ9b+b/2kKQWtzr4FAMtfpU40DY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF2wptKJPppBk6mQwzEyGEgl/gVr/Anbj1V/wA/8NJm4VtPXDhcM693HtPIDnTxnW/ncra+sbmVnW7trO7t39QPzzq6iRVhHZIwhP1GGBNORO0Y5jh9FEqiuOA014wuS383hNVmiXiwWSS+jEeCxYygk0hDWTEhvWG23RnQKvEK0kDSrSH9Z/BKCFpTIUhHGvd91xp/Bwrwwin09og1VRiMsFj2rdU4JhqP5/dOkVnVhmhMFG2hEEz9e9EjmOtsziwnTE2kV72CvE/r5+a8NrPmZCpoYLMF4UpRyZBxeNoxBQlhmeWYKKYvRWRCCtMjI1nYUtIMxHLqc3FW05hlXQvmp7b9O4vG62bMqEqnMApnIMHV9CCO2hDBwhE8AKv8OY8O+/Oh/M5b6045cwxLMD5+gXAhpat</latexit><latexit sha1_base64="FZ9b+b/2kKQWtzr4FAMtfpU40DY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF2wptKJPppBk6mQwzEyGEgl/gVr/Anbj1V/wA/8NJm4VtPXDhcM693HtPIDnTxnW/ncra+sbmVnW7trO7t39QPzzq6iRVhHZIwhP1GGBNORO0Y5jh9FEqiuOA014wuS383hNVmiXiwWSS+jEeCxYygk0hDWTEhvWG23RnQKvEK0kDSrSH9Z/BKCFpTIUhHGvd91xp/Bwrwwin09og1VRiMsFj2rdU4JhqP5/dOkVnVhmhMFG2hEEz9e9EjmOtsziwnTE2kV72CvE/r5+a8NrPmZCpoYLMF4UpRyZBxeNoxBQlhmeWYKKYvRWRCCtMjI1nYUtIMxHLqc3FW05hlXQvmp7b9O4vG62bMqEqnMApnIMHV9CCO2hDBwhE8AKv8OY8O+/Oh/M5b6045cwxLMD5+gXAhpat</latexit><latexit sha1_base64="FZ9b+b/2kKQWtzr4FAMtfpU40DY=">AAAB/nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF2wptKJPppBk6mQwzEyGEgl/gVr/Anbj1V/wA/8NJm4VtPXDhcM693HtPIDnTxnW/ncra+sbmVnW7trO7t39QPzzq6iRVhHZIwhP1GGBNORO0Y5jh9FEqiuOA014wuS383hNVmiXiwWSS+jEeCxYygk0hDWTEhvWG23RnQKvEK0kDSrSH9Z/BKCFpTIUhHGvd91xp/Bwrwwin09og1VRiMsFj2rdU4JhqP5/dOkVnVhmhMFG2hEEz9e9EjmOtsziwnTE2kV72CvE/r5+a8NrPmZCpoYLMF4UpRyZBxeNoxBQlhmeWYKKYvRWRCCtMjI1nYUtIMxHLqc3FW05hlXQvmp7b9O4vG62bMqEqnMApnIMHV9CCO2hDBwhE8AKv8OY8O+/Oh/M5b6045cwxLMD5+gXAhpat</latexit>

e�
<latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit><latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit><latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit><latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit>

e+
<latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit>

Z’

Adapted from Atre et al. 2009
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Up-scattering of an HNL N in the detector and its decay 
into ee nu can provide a possible explanation.

New exp signatures
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis before
using the constraint from the CC ⌫µ events. Also shown are
the constrained background, as well as the expected number of
events corresponding to the LSND best fit oscillation probabil-
ity of 0.26%, assuming oscillations at large �m2. The table
shows the diagonal-element systematic plus statistical uncer-
tainties, which become substantially reduced in the oscillation
fits when correlations between energy bins and between the
electron and muon neutrino events are included. The antineu-
trino numbers are from a previous analysis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ± 24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.6± 176.9 398.2± 49.7
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

ties from nuclear e↵ects, and uncertainties in detector
modeling and reconstruction. A covariance matrix in
bins of EQE

⌫ is constructed by considering the variation
from each source of systematic uncertainty on the ⌫e and
⌫̄e CCQE signal and background, and the ⌫µ and ⌫̄µ

CCQE prediction as a function of EQE
⌫ . This matrix in-

cludes correlations between any of the ⌫e and ⌫̄e CCQE
signal and background and ⌫µ and ⌫̄µ CCQE samples,
and is used in the �

2 calculation of the oscillation fits.

Table I also shows the expected number of events cor-
responding to the LSND best fit oscillation probability
of 0.26%, assuming oscillations at large �m

2. LSND
and MiniBooNE have the same average value of L/E,
but MiniBooNE has a larger range of L/E. Therefore,
the appearance probabilities for LSND and MiniBooNE
should not be exactly the same at lower L/E values.

Fig. 1 shows the E

QE
⌫ distribution for ⌫e CCQE

data and background in neutrino mode for the total
12.84⇥ 1020 POT data. Each bin of reconstructed E

QE
⌫

corresponds to a distribution of “true” generated neu-
trino energies, which can overlap adjacent bins. In neu-
trino mode, a total of 1959 data events pass the ⌫e

CCQE event selection requirements with 200 < E

QE
⌫ <

1250 MeV, compared to a background expectation of
1577.8 ± 39.7(stat.) ± 75.4(syst.) events. The excess is
then 381.2 ± 85.2 events or a 4.5� e↵ect. Note that the
162.0 event excess in the first 6.46 ⇥ 1020 POT data is
approximately 1� lower than the average excess, while
the 219.2 event excess in the second 6.38 ⇥ 1020 POT
data is approximately 1� higher than the average ex-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming two-neutrino
oscillations. The last bin is for the energy interval from 1500-
3000 MeV.

cess. Fig. 2 shows the excess events in neutrino mode
from the first 6.46 ⇥ 1020 POT data and the second
6.38 ⇥ 1020 POT data (top plot). Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < E

QE
⌫ < 1250 MeV en-

ergy region, compared to a background expectation of
1976.5±44.5(stat.)±88.5(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 99.0 events
with respect to expectation or a 4.7� excess. Fig. 2
(bottom plot) shows the total event excesses as a func-
tion of E

QE
⌫ in both neutrino mode and antineutrino

mode. The dashed curves show the two-neutrino oscilla-
tion predictions at the best-fit point (�m

2 = 0.041 eV2,
sin2 2✓ = 0.92), as well as at a point within 1� of the
best-fit point (�m

2 = 0.4 eV2, sin2 2✓ = 0.01).

A two-neutrino model is assumed for the MiniBooNE
oscillation fits in order to compare with the LSND data.
However, the appearance neutrino experiments appear
to be incompatible with the disappearance neutrino ex-
periments in a 3+1 model [10, 12], and other models
[15–19] may provide better fits to the data. The oscil-
lation parameters are extracted from a combined fit of
the observed E

QE
⌫ event distributions for muonlike and

electronlike events using the full covariance matrix de-
scribed previously in the full energy range 200 < E

QE
⌫ <

3000 MeV. The fit assumes the same oscillation proba-
bility for both the right-sign ⌫e and wrong-sign ⌫̄e, and
no ⌫µ, ⌫̄µ, ⌫e, or ⌫̄e disappearance. Using a likelihood-
ratio technique [3], the confidence level values for the
fitting statistic, ��

2 = �

2(point) � �

2(best), as a func-
tion of oscillation parameters, �m

2 and sin2 2✓, is de-
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FIG. 8: The total event excess in neutrino mode, corresponding to 18.75⇥1020 POT. The dashed

histogram is the best fit to the neutrino-mode and antineutrino-mode data assuming two-neutrino

oscillations. The last bin is for the energy interval from 1500-3000 MeV. Error bars include only

statistical uncertainties.
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MiniBooNE low-E excess: due to the WC nature of MB, 
single electrons can be mimicked by photons and by 
electron-positron pairs (if overlapping or asymmetric).
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FIG. 8. Same as Fig. 7 but for mZ0 = 30 MeV (upper) and
mZ0 = 200 MeV (lower). The mass splitting has been fixed
to � = 1. The orange lines indicate where the MicroBooNE
(dashed), Icarus (dotted), and SBND (solid) detectors can
expect 103 e+e� pairs from N

5

decays to be produced inside
their respective fiducial volumes (before any reconstruction
e�ciencies).

is then compared with the predictions for the event rates
at the three SBN detectors: MicroBooNE, Icarus, and
SBND. The orange curves in di↵erent dash styles cor-
respond to the parameters where 103 e+e� pairs would
be produced inside the fiducial volume of each detector,
considering upscattering in the upstream dirt and inside
the detector. This number is presented without any re-
construction or selection e�ciencies. The real sensitivity
of each experiment will depend on the backgrounds and
selection strategy adopted. We leave a detailed study to
future work and experimental collaborations.

The best fit of the 3+1 model for |U
⌧4

| = 0 is given by
|V

µ4

|2 = 4.8 ⇥ 10�7, m
4

= 20 MeV, and m
Z

0 = 30 MeV.
We show the prediction for the reconstructed neutrino
energy spectrum for this best fit in Fig. 4 for neutrino
and antineutrino modes. Most events come from coher-
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FIG. 9. The reconstructed neutrino energy ECCQE�reco

⌫ at
MiniBooNE for ⌫ mode (upper panel) and ⌫ mode (lower
panel). The prediction of the best-fit point in the 3+2-model
(mZ0 = 100 MeV, m

5

= 615 MeV, � = 0.3, |Vµ4|2 = |Vµ5|2 =
1.1 ⇥ 10�6, " = 8 ⇥ 10�4) is shown as solid blue histograms,
separated into events from coherent neutrino-nucleus scatter-
ing and proton-elastic neutrino scattering.

ent scattering on nuclei, although proton-elastic interac-
tions are responsible for about 10% of the total signal.
It can also be seen that the rate in neutrino mode is
lower than the data, while in antineutrino mode, it is
larger than the data. This is due to the vector nature
of the dark photon couplings to quarks. It predicts that
the neutrino and antineutrino cross sections on nuclei are
the same. This is in mild tension with the MiniBooNE
observation that the antineutrino excess is comparatively
smaller than the neutrino mode one. The tension is also
visible in Table III. The goodness-of-fit is significantly
better for neutrino than antineutrino data, so combining
the two provides an overall smaller �2 probability. Since
the excess in neutrino mode is more significant, this mode
drives the fit and leads to an overprediction for the num-
ber of events in antineutrino mode. In the 3+1 model,
the agreement with the data is typically better for long-
lived HNL regimes, but it is still at a & 2� tension with
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New dark photon 
phenomenology
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In RDS models, typically dark photons decay fast in the 
dark particles that subsequently decay semivisibly.
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Cuts on visible and 
invisible energy hide 

the signal.

The bounds on A’ are from collider (BaBar, Belle), electron 
and proton beam dump experiments and fixed-target ones, 

for visible or invisible decays.

e-

A’ e+

Low Energ
y Anomalies

with
Dark

Sect
or HNLs

A. Abdullahi, M. Hoste
rt, S. Pasco

li

Inst
itut

e for
Parti

cle
Phys

ics
Phen

omeno
logy

(IPPP), Durh
am

Unive
rsity

Abstra
ct

We pro
pos

e an ano
maly-

free
mode

l of
neu

trin
o masse

s

tha
t sim

ulta
neo

usly
exp

lain
s the

MiniB
ooN

e low
-

ene
rgy

exc
ess,

the
ano

malou
s magn

etic
moment

of

the
muon

, �aµ
, and

the
exc

ess
of K

0
L

æ
fi
0 ‹‹̄

de-

cay
s obs

erve
d at KOTO. We also

sho
w tha

t the
mode

l

is com
pat

ible
with

the
elec

tron
-like

exc
esse

s rep
orte

d

by
exp

erim
ent

s PS-19
1 and

E816
. Fur

the
rmore,

we

find
tha

t the
mode

l is in agr
eem

ent
with

the
num

ber

of eve
nts

seen
in the

mono
-ph

oto
n sear

che
s at BaBar.

Model

We intr
odu

ce
a hidd

en
gau

ge
sym

metry
, U(1)X

,

bro
ken

by
the

VEV of a scal
ar � and

media
ted

by

the
dark

pho
ton

Xµ
. In add

itio
n to the

SM, the
re are

thre
e gen

erat
ions

of ster
ile neu

trin
os,

Ni=(1,2
,3)
, and

a

pair
of vec

tor-
like

ferm
ions

, ‹DL

and
‹DR

, which
are

cha
rged

und
er the

new
forc

e.

SU(2)
U(1)Y

U(1)X

Ni
1

0

0

‹DL

1

0

QX

‹DR

1

0

QX

�
1

0

QX

Our hidd
en

sect
or cou

ples
to the

SM thro
ugh

por
tal

cou
plin

gs.

Neutrin
o

Porta
l Mixin

g
bet

ween
the

hidd
en

sect
or neu

trin
os and

the
acti

ve stat
es occ

urs
thro

ugh

the
term

s L ∏ (L
Á

H
)Y N

c + N
YN

‹
c
D
� ,

(1)

allo
wing

for
osc

illat
ion

bet
ween

ligh
t and

hea
vy mass

eige
nsta

tes.

Vect
or Porta

l Mixin
g bet

ween
SM hyp

erch
arge

and

dark
pho

ton
lead

s to the
new

gau
ge bos

on
Z

Õ ,

L ∏ ≠
sin

‰

2
Xµ‹

B
µ‹ .

(2)

Higgs Porta
l Mixin

g bet
ween

the
SM Higgs

and
our

dark
scal

ar is also
per

missib
le thro

ugh
the

term
,

L ∏ ≠⁄�H
|H|2 |�|2 .

(3)

MiniBooNe Low-Energ
y Exce

ss

Figur
e 1:In

coh
eren

t ups
catt

erin
g thro

ugh
Z

Õ , pos
sibl

e sign
al at

MiniB
ooN

e.

We exp
lain

the
exc

ess
of

low
-ene

rgy
elec

tron
-like

eve
nts

at MiniB
ooN

e [1]
with

acti
ve neu

trin
os ups

cat-

teri
ng

inco
here

ntly
(co

here
ntly

) o�
nuc

leon
s (nu

clei
)

to new
hea

vier
stat

es,
‹h

, which
dec

ay withi
n cm

to

ligh
ter,

long
-live

d stat
es ‹h

Õ thro
ugh

emissio
n of a Z

Õ ,

which
furt

her
dec

ays
to

e
+ e

≠ pair
s.

If the
se

pair
s

hav
e small ang

ular
sep

arat
ion,

or are
high

ly asy
mmet-

ric
in ene

rgy,
the

y may con
stit

ute
a sign

al.
We take

mZ
Õ = 1.25

GeV
in the

plot
s belo

w.

Figur
e 2:M

ode
l pred

ictio
n for

‹µ
ups

catt
erin

g to ‹ 6
æ

‹ 4e
+ e

≠

(pin
k) and

‹ 5 æ
‹ 4e

+ e
≠ (blu

e).

Anomalous Muon (g ≠ 2)µ

Figur
e 3:Z

Õ con
trib

utio
n to muon

magn
etic

moment
.

It is widel
y acc

ept
ed tha

t the
dark

pho
ton

exp
lana

tion

to �aµ
is rule

d out
by

sear
che

s for
visib

ly dec
ayin

g

dark
pho

ton
s in Z

Õ æ
l+ l≠ , and

by sear
che

s for
invi

s-

ibly
dec

ayin
g dark

pho
ton

s in e
+ e

≠ æ
“Z

Õ . The con
-

stra
ints

pos
ed

by the
abo

ve sear
che

s are
sign

ifica
ntly

weak
ene

d in the
scen

ario
of a sem

i-vis
ibly

dec
ayin

g Z
Õ ,

as in our
mode

l. By kee
ping

the
bran

chin
g rati

o to in-

visib
les

(i.e
. to long

-live
d stat

es,
‹h

Õ) small,
we can

esca
pe

the
se bou

nds
.

KOTO Anomaly

The KOTO exp
erim

ent
which

sear
che

s for
the

rare
SM

dec
ay K

0
L
æ

fi
0 ‹‹̄

has
rep

orte
d 3 (+

1 bac
kgr

oun
d)

eve
nts

givi
ng

a bran
chin

g rati
o rou

ghly
70

tim
es the

SM rate
[2].

We exp
lain

this
exc

ess
with

K
0
L
æ

fi
0 „,

where
„

dec
ays

invi
sibl

y - „ æ
‹h

Õ‹h
Õ.

Figur
e 4:„

pro
duc

tion
and

sub
seq

uen
t dec

ay at KOTO.

PS-191/E816 Exce
ss

An exp
lana

tion
of the

exc
ess

of e-lik
e eve

nts
at PS-19

1

[3]
and

E816
[4]

requ
ires

a hea
vy

neu
trin

o pro
duc

ed

in ups
catt

erin
g from

‹µ
and

dec
ayin

g withi
n mm to a

ligh
ter

stat
e and

an
e
+ e

≠ pair
. In our

spe
ctru

m, this

is ach
ieve

d by a thir
d hea

vier
neu

trin
o ‹H

æ
‹h

e
+ e

≠ ,

with
a mass

tha
t cou

ld ran
ge from

160
MeV

and
400

MeV.

Mono-photon Sear
ches

@ BaBar

Figur
e 5:M

ode
l sign

atu
re mimicki

ng
mono

-ph
oto

n eve
nt

Our
mode

l pred
icts

sign
atu

res
tha

t cou
ld

imitat
e

mono
-ph

oto
n pro

duc
tion

at BaBar [5].
We hav

e hea
vy

neu
trin

os pro
duc

ed in e
+ e

≠ coll
isio

ns via
a Z

Õ , where

one
of the

hea
vy

neu
trin

os is long
-live

d and
esca

pes

the
det

ecto
r, and

the
oth

er dec
ays

in the
ECAL to a

ligh
ter

stat
e and

e
+ e

≠ pair
which

are
mis-id

ent
ified

as

a sing
le pho

ton
.

Figur
e 6:B

aBar mono
pho

ton
dat

a at high
missin

g mass
M

2
miss

=

s ≠ 2E
ú
“

Ô s.
Refe

ren
ces

[1] A
. A. Aguil

ar-A
reva

lo et al.

Signi
fica

nt Exce
ss of Elect

ron
Like

Even
ts in the

MiniB
ooN

E Shor
t-B

asel
ine

Neut
rino

Expe
rim

ent
.

P

h

y

s

.

R

e

v

.

L

e

t

t

.

, 121
(22

):22
180

1, 201
8.

[2] J
.K. Ahn

et al.

Searc
h for

the
KL

æfi
0 ‹‹ and

KL
æfi

0 X
0 dec

ays
at the

J-P
ARC KOTO

exp
erim

ent
.

P

h

y

s

.

R

e

v

.

L

e

t

t

.

, 122
(2):

021
802

, 201
9.

[3] G
. Berna

rdi
et al.

Anom
alou

s Elect
ron

Prod
uct

ion
Obse

rved
in the

CERN Ps Neut
rino

Beam
.

P

h

y

s

.

L

e

t

t

.

B

, 181
:173

–17
7, 198

6.

[4] P
ierr

e Astie
r and

Anto
ine

Let
essi

er.

SEARCH FOR NEUTRINO OSCILL
ATIONS AT BNL: PRELIM

INARY

RESULTS FROM E816
EXPERIMENT.

In 2

2

n

d

R

e

n

c

o

n

t

r

e

s

d

e

M

o

r

i

o

n

d

:

E

l

e

c

t

r

o

w

e

a

k

I

n

t

e

r

a

c

t

i

o

n

s

a

n

d

U

n

i

fi

e

d

T

h

e

o

r

i

e

s

, pag
es 409

–42
0, 198

7.

[5] J
. P. Lee

s et al.

Searc
h for

Invi
sibl

e Deca
ys of a Dark

Phot
on

Prod
uce

d in e
+ e

≠ Collis
ions

at

BaBar.

P

h

y

s

.

R

e

v

.

L

e

t

t

.

, 119
(13

):13
180

4, 201
7.

LowEnergyAnomalieswithDarkSectorHNLs

A.Abdullahi,M.Hostert,S.Pascoli
InstituteforParticlePhysicsPhenomenology(IPPP),DurhamUniversity

Abstract Weproposeananomaly-freemodelofneutrinomasses

thatsimultaneouslyexplainstheMiniBooNelow-

energyexcess,theanomalousmagneticmomentof

themuon,�aµ,andtheexcessofK0
Læfi0‹‹̄de-

caysobservedatKOTO.Wealsoshowthatthemodel

iscompatiblewiththeelectron-likeexcessesreported

byexperimentsPS-191andE816.Furthermore,we

findthatthemodelisinagreementwiththenumber

ofeventsseeninthemono-photonsearchesatBaBar.
Model Weintroduceahiddengaugesymmetry,U(1)X,

brokenbytheVEVofascalar�andmediatedby

thedarkphotonXµ.InadditiontotheSM,thereare

threegenerationsofsterileneutrinos,Ni=(1,2,3),anda

pairofvector-likefermions,‹DLand‹DR,whichare

chargedunderthenewforce.
SU(2)U(1)YU(1)X

Ni100 ‹DL10
QX

‹DR10
QX

�10
QX

OurhiddensectorcouplestotheSMthroughportal

couplings.

NeutrinoPortalMixingbetweenthehidden

sectorneutrinosandtheactivestatesoccursthrough

theterms
L∏(LÁ

H)YNc+NYN‹c
D�,(1)

allowingforoscillationbetweenlightandheavymass

eigenstates.
VectorPortalMixingbetweenSMhyperchargeand

darkphotonleadstothenewgaugebosonZÕ, L∏≠sin‰
2Xµ‹Bµ‹

.
(2)

HiggsPortalMixingbetweentheSMHiggsandour

darkscalarisalsopermissiblethroughtheterm, L∏≠⁄�H|H|2|�|2
.

(3)

MiniBooNeLow-EnergyExcess

Figure1:IncoherentupscatteringthroughZÕ,possiblesignalat

MiniBooNe.

Weexplaintheexcessoflow-energyelectron-like

eventsatMiniBooNe[1]withactiveneutrinosupscat-

teringincoherently(coherently)o�nucleons(nuclei)

tonewheavierstates,‹h,whichdecaywithincmto

lighter,long-livedstates‹hÕthroughemissionofaZÕ,

whichfurtherdecaystoe+e≠pairs.Ifthesepairs

havesmallangularseparation,orarehighlyasymmet-

ricinenergy,theymayconstituteasignal.Wetake

mZÕ=1.25GeVintheplotsbelow.

Figure2:Modelpredictionfor‹µupscatteringto‹6æ‹4e+e≠

(pink)and‹5æ‹4e+e≠(blue).

AnomalousMuon(g≠2)µ

Figure3:ZÕcontributiontomuonmagneticmoment.

Itiswidelyacceptedthatthedarkphotonexplanation

to�aµisruledoutbysearchesforvisiblydecaying

darkphotonsinZÕæl+l≠,andbysearchesforinvis-

iblydecayingdarkphotonsine+e≠æ“ZÕ.Thecon-

straintsposedbytheabovesearchesaresignificantly

weakenedinthescenarioofasemi-visiblydecayingZÕ,

asinourmodel.Bykeepingthebranchingratiotoin-

visibles(i.e.tolong-livedstates,‹hÕ)small,wecan

escapethesebounds.

KOTOAnomaly TheKOTOexperimentwhichsearchesfortherareSM

decayK0
Læfi0‹‹̄hasreported3(+1background)

eventsgivingabranchingratioroughly70timesthe

SMrate[2].WeexplainthisexcesswithK0
Læfi0„,

where„decaysinvisibly-„æ‹hÕ‹hÕ.

Figure4:„productionandsubsequentdecayatKOTO. PS-191/E816Excess Anexplanationoftheexcessofe-likeeventsatPS-191

[3]andE816[4]requiresaheavyneutrinoproduced

inupscatteringfrom‹µanddecayingwithinmmtoa

lighterstateandane+e≠pair.Inourspectrum,this

isachievedbyathirdheavierneutrino‹Hæ‹he+e≠,

withamassthatcouldrangefrom160MeVand400

MeV.

Mono-photonSearches@BaBar

Figure5:Modelsignaturemimickingmono-photonevent

Ourmodelpredictssignaturesthatcouldimitate

mono-photonproductionatBaBar[5].Wehaveheavy

neutrinosproducedine+e≠collisionsviaaZÕ,where

oneoftheheavyneutrinosislong-livedandescapes

thedetector,andtheotherdecaysintheECALtoa

lighterstateande+e≠pairwhicharemis-identifiedas

asinglephoton.

Figure6:BaBarmonophotondataathighmissingmassM2
miss=

s≠2Eú
“

Ô
s.
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Abstract

We propose an anomaly-free model of neutrino masses
that simultaneously explains the MiniBooNe low-
energy excess, the anomalous magnetic moment of
the muon, �aµ, and the excess of K0

L æ fi0‹‹̄ de-
cays observed at KOTO. We also show that the model
is compatible with the electron-like excesses reported
by experiments PS-191 and E816. Furthermore, we
find that the model is in agreement with the number
of events seen in the mono-photon searches at BaBar.

Model
We introduce a hidden gauge symmetry, U(1)X,
broken by the VEV of a scalar � and mediated by
the dark photon Xµ. In addition to the SM, there are
three generations of sterile neutrinos, Ni=(1,2,3), and a
pair of vector-like fermions, ‹DL and ‹DR, which are
charged under the new force.

SU(2) U(1)Y U(1)X

Ni 1 0 0
‹DL 1 0 QX

‹DR 1 0 QX

� 1 0 QX

Our hidden sector couples to the SM through portal
couplings.

Neutrino Portal Mixing between the hidden
sector neutrinos and the active states occurs through
the terms

L ∏ (L
Á

H)Y N
c
+ NYN‹

c
D� , (1)

allowing for oscillation between light and heavy mass
eigenstates.

Vector Portal Mixing between SM hypercharge and
dark photon leads to the new gauge boson Z Õ,

L ∏ ≠sin ‰

2
Xµ‹B

µ‹
. (2)

Higgs Portal Mixing between the SM Higgs and our
dark scalar is also permissible through the term,

L ∏ ≠⁄�H |H|2 |�|2 . (3)

MiniBooNe Low-Energy Excess

Figure 1:Incoherent upscattering through Z Õ, possible signal at
MiniBooNe.

We explain the excess of low-energy electron-like
events at MiniBooNe [1] with active neutrinos upscat-
tering incoherently (coherently) o� nucleons (nuclei)
to new heavier states, ‹h, which decay within cm to
lighter, long-lived states ‹hÕ through emission of a Z Õ,
which further decays to e+e≠ pairs. If these pairs
have small angular separation, or are highly asymmet-
ric in energy, they may constitute a signal. We take
mZ Õ = 1.25 GeV in the plots below.

Figure 2:Model prediction for ‹µ upscattering to ‹6 æ ‹4e+e≠

(pink) and ‹5 æ ‹4e+e≠ (blue).

Anomalous Muon (g ≠ 2)µ

Figure 3:Z Õ contribution to muon magnetic moment.

It is widely accepted that the dark photon explanation
to �aµ is ruled out by searches for visibly decaying
dark photons in Z Õ æ l+l≠, and by searches for invis-
ibly decaying dark photons in e+e≠ æ “Z Õ. The con-
straints posed by the above searches are significantly
weakened in the scenario of a semi-visibly decaying Z Õ,
as in our model. By keeping the branching ratio to in-
visibles (i.e. to long-lived states, ‹hÕ) small, we can
escape these bounds.

KOTO Anomaly
The KOTO experiment which searches for the rare SM
decay K0

L æ fi0‹‹̄ has reported 3 (+ 1 background)
events giving a branching ratio roughly 70 times the
SM rate [2]. We explain this excess with K0

L æ fi0„,
where „ decays invisibly - „ æ ‹hÕ‹hÕ.

Figure 4:„ production and subsequent decay at KOTO.

PS-191/E816 Excess

An explanation of the excess of e-like events at PS-191
[3] and E816 [4] requires a heavy neutrino produced
in upscattering from ‹µ and decaying within mm to a
lighter state and an e+e≠ pair. In our spectrum, this
is achieved by a third heavier neutrino ‹H æ ‹he+e≠,
with a mass that could range from 160 MeV and 400
MeV.

Mono-photon Searches @ BaBar

Figure 5:Model signature mimicking mono-photon event

Our model predicts signatures that could imitate
mono-photon production at BaBar [5]. We have heavy
neutrinos produced in e+e≠ collisions via a Z Õ, where
one of the heavy neutrinos is long-lived and escapes
the detector, and the other decays in the ECAL to a
lighter state and e+e≠ pair which are mis-identified as
a single photon.

Figure 6:BaBar monophoton data at high missing mass M 2
miss =

s ≠ 2Eú
“

Ô
s.
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Abstract

We propose an anomaly-free model of neutrino masses
that simultaneously explains the MiniBooNe low-
energy excess, the anomalous magnetic moment of
the muon, �aµ, and the excess of K0

L æ fi0‹‹̄ de-
cays observed at KOTO. We also show that the model
is compatible with the electron-like excesses reported
by experiments PS-191 and E816. Furthermore, we
find that the model is in agreement with the number
of events seen in the mono-photon searches at BaBar.

Model
We introduce a hidden gauge symmetry, U(1)X,
broken by the VEV of a scalar � and mediated by
the dark photon Xµ. In addition to the SM, there are
three generations of sterile neutrinos, Ni=(1,2,3), and a
pair of vector-like fermions, ‹DL and ‹DR, which are
charged under the new force.

SU(2) U(1)Y U(1)X

Ni 1 0 0
‹DL 1 0 QX

‹DR 1 0 QX

� 1 0 QX

Our hidden sector couples to the SM through portal
couplings.

Neutrino Portal Mixing between the hidden
sector neutrinos and the active states occurs through
the terms

L ∏ (L
Á

H)Y N
c
+ NYN‹

c
D� , (1)

allowing for oscillation between light and heavy mass
eigenstates.

Vector Portal Mixing between SM hypercharge and
dark photon leads to the new gauge boson Z Õ,

L ∏ ≠sin ‰

2
Xµ‹B

µ‹
. (2)

Higgs Portal Mixing between the SM Higgs and our
dark scalar is also permissible through the term,

L ∏ ≠⁄�H |H|2 |�|2 . (3)

MiniBooNe Low-Energy Excess

Figure 1:Incoherent upscattering through Z Õ, possible signal at
MiniBooNe.

We explain the excess of low-energy electron-like
events at MiniBooNe [1] with active neutrinos upscat-
tering incoherently (coherently) o� nucleons (nuclei)
to new heavier states, ‹h, which decay within cm to
lighter, long-lived states ‹hÕ through emission of a Z Õ,
which further decays to e+e≠ pairs. If these pairs
have small angular separation, or are highly asymmet-
ric in energy, they may constitute a signal. We take
mZ Õ = 1.25 GeV in the plots below.

Figure 2:Model prediction for ‹µ upscattering to ‹6 æ ‹4e+e≠

(pink) and ‹5 æ ‹4e+e≠ (blue).

Anomalous Muon (g ≠ 2)µ

Figure 3:Z Õ contribution to muon magnetic moment.

It is widely accepted that the dark photon explanation
to �aµ is ruled out by searches for visibly decaying
dark photons in Z Õ æ l+l≠, and by searches for invis-
ibly decaying dark photons in e+e≠ æ “Z Õ. The con-
straints posed by the above searches are significantly
weakened in the scenario of a semi-visibly decaying Z Õ,
as in our model. By keeping the branching ratio to in-
visibles (i.e. to long-lived states, ‹hÕ) small, we can
escape these bounds.

KOTO Anomaly
The KOTO experiment which searches for the rare SM
decay K0

L æ fi0‹‹̄ has reported 3 (+ 1 background)
events giving a branching ratio roughly 70 times the
SM rate [2]. We explain this excess with K0

L æ fi0„,
where „ decays invisibly - „ æ ‹hÕ‹hÕ.

Figure 4:„ production and subsequent decay at KOTO.

PS-191/E816 Excess

An explanation of the excess of e-like events at PS-191
[3] and E816 [4] requires a heavy neutrino produced
in upscattering from ‹µ and decaying within mm to a
lighter state and an e+e≠ pair. In our spectrum, this
is achieved by a third heavier neutrino ‹H æ ‹he+e≠,
with a mass that could range from 160 MeV and 400
MeV.

Mono-photon Searches @ BaBar

Figure 5:Model signature mimicking mono-photon event

Our model predicts signatures that could imitate
mono-photon production at BaBar [5]. We have heavy
neutrinos produced in e+e≠ collisions via a Z Õ, where
one of the heavy neutrinos is long-lived and escapes
the detector, and the other decays in the ECAL to a
lighter state and e+e≠ pair which are mis-identified as
a single photon.

Figure 6:BaBar monophoton data at high missing mass M 2
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Our current FIPs/DS programme may not be well 
suited for this type of searches and might miss a dark 
sector which is non-minimal.

Crucial: Add to standard case also these additional 
type of searches, exploiting the rich exp facilities.
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FIG. 16. Same as Fig. 6 but for BP4a (top left), BP4b (top right), BP4c (bottom left), BP5 (bottom right), corresponding to
the models with 3 heavy neutral fermions. The dark photon branching ratios are dominated by A0 ! N2N3 decays.

is

�e =
16⇡ sin4 �↵D↵QED"

2µ2
e

m4
A0

(50)

' 4 ⇥ 10�7 pb ⇥
✓

sin�

0.14

◆4⇣↵D

0.3

⌘✓ "2

10�2

◆✓
1 GeV

mA0

◆4

.

The leading limits in this parameter space are from
XENON1T [161, 162], PandaX-II [163], and SENSEI [158].
At m� ⇠ 100 MeV, XENON1T constrains �e . 10�4 pb,
still orders of magnitude above our estimates for � = 8�.
The prospects are more interesting for scattering on pro-
tons, where the bounds discussed just above apply as
well. In this case, DarkSide-50 already probes the largest
values of kinetic mixing and � for mA0 & 1.5 GeV. How-
ever, these are already excluded by BaBar and CMB
constraints.

Another possibility for direct detection is to search
for a boosted DM population [164–167]. Cosmic rays
can interact with the DM background, upscatter � !
 2,3,..., which subsequently decay to fast DM particles.
This cosmic-ray-boosted DM population can then be
searched for in direct detection and neutrino experiments.

Refs. [168, 169] derive limits on similar models using
XENON1T data, from where we can conclude that cur-
rent limits are still too weak to constrain our parameter
space, in all models of interest. Large neutrino detectors
can further enhance the sensitivity thanks to their large
mass and excellent detector performance [165]. A more
detailed study is needed to assess the flux of boosted
DM particles in our models and their testability via this
strategy.

Cosmic Microwave Background — Precision mea-
surements of the Cosmic Microwave Background (CMB)
also provide significant limits on the models we consider
when the HNFs are dark matter. If the dark matter
fermions significantly annihilate or decay to charged par-
ticles at the time of recombination, they can inject addi-
tional energy into the SM plasma, re-ionize Hydrogen, and
delay the formation of the CMB [170–174]. The latest con-
straints from Planck [175] rule-out light and thermal dark
matter candidates with s-wave annihilations for m� '.
This constraint is much weaker and, therefore, not signifi-
cantly constraining for models with co-annihilating dark
matter candidates, like iDM and mixed-iDM, and in mod-

Abdullahi, Hostert, 
Massaro, SP, 2302.05410

Bounds need to be 
reconsidered.

See also, G. Mohlabeng, 
PRD99 (2019)
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New dark scalar 
phenomenology
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G. Agazie et al. (NANOGrav), 2306.16213;  J. 
Antoniadis et al. (EPTA, InPTA:), 2306.16214; D. J. 
Reardon et al., 2306.16215; H. Xu et al., 
2306.16216.

In 2023, evidence was reported of nanoHertz stochastic 
GW background by PTA experiments. A FOPT provides  
a possible explanation.

Dark scalars and photons:
FOPT and PTA GWs

See also, S. Balan et al., 2502.19478; J. 
Goncalves et al., 2501.11619

A FOPT proceeds via nucleation of bubble of true 
vacuum. They grow ultimately filling all the Universe. 

CERN Courier
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The evolution of the PT needs to be very slow 
(supercooled PT) and this sets important requirements 
on the parameters of the model.
We consider a U(1) extension with scalar for SBB:

5

v� �� gD Tp H⇤R⇤ ↵ m' mZ0

[GeV] [MeV] [GeV] [GeV]

BP1 0.5 0.006 0.75 12.54 0.4771 342.34 0.055 0.375

BP2 1 0.006 0.75 22.54 0.7729 522.85 0.110 0.750

BP3 10 0.006 0.75 193.87 1.399 463.12 1.10 7.50

BP4 1 0.010 0.86 38.03 0.8804 102.16 0.144 0.862

TABLE I. Benchmark points reproducing the PTA results
from NANOGrav with FOPTs with gD ' grollD . The first
three columns correspond to the physics parameter of the
dark sector scenario we consider, while the next three columns
correspond to the percolation temperature, the mean bubble
separation at percolation and the transition strength. Finally
we present the masses of the dark scalar and the dark photon.

FIG. 1. Gravitational wave spectrum for the reference
points in Table I. The gray shaded regions correspond to
NANOGrav’s violin plot.

As stressed in previous sections, particular care needs
to be taken in order to reproduce the NANOGrav results
making sure that the PT completes. Indeed, if the com-
pletion condition we impose following Ref. [44] was lifted,
a much larger degree of supercooling would be found.
However, such thermal histories with a long period of ex-
ponential expansion make the FOPT unsuccessful as the
Universe would remain in the false vacuum. Given that
the completion of the FOPT limits the amount of super-
cooling we can have, we find that the main contribution
to the GW spectrum comes from sound waves. This is
due to the NLO pressure contribution from gauge-boson
emission driving the wall to a terminal velocity, suppress-
ing the contribution from bubble collisions. Bubble col-
lisions are only the dominant GW source for very large
values of ↵ � 104 [71], solutions for which we find that
the FOPT does not complete, in line with Ref. [44].

In general, we find that successfully accounting for the
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FIG. 2. Upper panel: Maximum (minimum) value of the
gauge coupling for which a FOPT completes as a function
of the scalar quartic coupling ��, shown in dark red (blue).
The dashed line corresponds to the values for which a po-
tential barrier is present at zero temperature (see Eq. (4)).
Lower panel: Values of the di↵erent relevant temperatures as
a function of �� for gD = gmax

D . In both panels the vev is
fixed to that of BP2 and BP4 in Table I.

SGWB observation corresponds to the gauge coupling
values g

D

⇠ groll
D

, which is expected given that for this
value of g

D

a barrier separating the minima at zero tem-
perature allows for a higher degree of supercooling. This
is shown in Fig. 2 as well. In the upper panel, we show in
dark red (blue) the largest (smallest) value of the gauge
coupling, computed numerically, for which the FOPT
completes in the runaway regime as a function of �

�

and
by fixing the vev to that of BP2. The black dashed line
corresponds to the values of the gauge couplings given by
Eq. (4). As can be seen in combination with the lower
panel, in which we show di↵erent relevant temperatures
in the FOPT as a function of �

�

and for g
D

= gmax
D

, the
highest degree of supercooling appears when g

D

⇠ groll
D

.
For this value, we no longer find a minimum temper-
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PT can lead to predicting FOPTs in cases where there is
actually no transition at all.

In our study, we ask if, in theoretically-consistent par-
ticle physics models, in particular DS ones, it is possible
to obtain the SGWB observed in PTA experiments via
a PT. We take the minimal approach, considering a DS
model with the fewest ingredients needed for the PT,
namely a U(1) gauge extension and a related scalar. In
order to answer the question on its feasibility, we address
the challenges posed by supercooling and go beyond pre-
vious analysis [45, 46] by studying the percolation and
completion temperature, using the next-to-leading order
correction to the bubble wall pressure determining the
correct e�ciency factors. We ensure that the reheating
temperature is not larger than the critical temperature.
We also compute explicitly the sound speed and do not
rely on the bag model approximation. Finally, we do
not employ the � parameter for the evaluation of the
GW spectrum but we use the mean bubble separation
R⇤ which is the physically relevant quantity used in sim-
ulations.

This letter is organized as follows: firstly we introduce
the model and provide an analytical understanding for
the interesting region where numerically supercooling is
reached. Then we discuss the various FOPT milestones
the PT needs to reach until completion and the resulting
GW spectrum. Finally, we present the main results and
then we conclude our work.

Dark Scalar minimal model : We extend the Stan-
dard Model with a light DS comprised of a complex
scalar, �, charged under a new U(1)D gauge symmetry,
and the associated dark gauge boson Z 0

µ

. The DS La-
grangian is given by

L =(D
µ

�)⇤ (Dµ�)� V (�⇤�)� 1

4
Z 0
µ⌫

Z 0µ⌫ , (1)

whereD
µ

⌘ @
µ

�i
p
2g

D

Z 0
µ

is the covariant derivative and
g
D

represents the DS gauge coupling. The most general
gauge-invariant scalar potential is

V =� µ2
�

�⇤�+ �
�

(�⇤�)2 . (2)

When the dark scalar gets a vev v
�

= µ
�

/
p

�
�

, the
masses of the Z 0 and the scalar become m2

Z

0 = g2
D

v2
�

and m2
�

= 2�
�

v2
�

, respectively.
The dark sector is connected to the SM via portal inter-

actions, in particular the scalar, �H�

H†H�†�, and vec-
tor, ✏/cW Z 0

µ⌫

Bµ⌫ , with Bµ the SM gauge boson acting
as portal and cW the cosine of the Weinberg angle.

The presence of these portal couplings is important to
keep thermal equilibrium between the DS and the SM,
but they are required to be small at the scales of interest
by laboratory constraints [27]1. While the mixed scalar

1 Considering the relevant masses in our work, the Higgs portal

coupling �H�

could change both EW and DS symme-
try breaking dynamics, its small value and the hierar-
chy between the EW and DS scales allows us to study
the FOPT in the DS alone. Thus, in the following
we study the scalar potential in Eq. (2), adding to it
the relevant one-loop corrections, namely the Coleman-
Weinberg potential (VCW) [49] in the on-shell renormal-
ization scheme [50, 51] and the one-loop thermal poten-
tial (VT) [52] including the Daisy corrections (VD) [53], so
that the total temperature-dependent e↵ective potential
is

Ve↵ (T ) = V + VCW + V
T

+ Vdaisy . (3)

The Lagrangian could also contain new fermions, both
charged and neutral with respect to the new gauge sym-
metry, hence dark fermions and heavy neutral leptons,
with Yukawa couplings among themselves and with the
SM leptonic doublet and the Higgs. While these terms
would lead to mixing of the neutral fermions, after EW
and U(1)

D

symmetry breaking, and could explain neu-
trino masses via a see-saw mechanism [54–61], we ne-
glect them in our present study focused on a minimal
approach.

Supercooling : In order to account for NANOGrav mea-
surements, we need to look for a supercooled FOPT. We
find that regions with the highest degree of supercooling
correspond to values of g

D

for which a barrier is present
at zero temperature, given by

groll
D

=

⇢
16⇡2�

�

3


1� �

�

8⇡2
(5 + 2 log 2)

��1/4

. (4)

Our numerical analysis shows that a strong and super-
cooled phase transition happens in the region g

D

⇠ groll
D

.

Milestones in the FOPT : Given the e↵ective potential
from Eq. (3), at very high-temperatures we have sym-
metry restoration with only one minimum at ' = 0.
As the temperature decreases a second minimum ap-
pears. At the critical temperature Tcrit, estimated as
T 2
crit ⇠ µ2

�

/(�
�

+ g2
D

/2), the two minima become degen-
erate, allowing for a transition from the false to the true
vacuum for T < Tcrit. At the so-called nucleation tem-
perature T

N

, there is on average one nucleated bubble per
Hubble volume, with the Hubble expansion rate given by

H(T ) =


g⇤(T )T 4

90⇡2M2
Pl

+
�Ve↵(T )

3M2
Pl

�1/2
, (5)

where we include the radiation contribution and the vac-
uum energy released in the transition. The latter is given

interaction thermalization occurs for �H� & 10�7 [47], while for
the dark photon ✏ & 10�9 [48].
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tial (VT) [52] including the Daisy corrections (VD) [53], so
that the total temperature-dependent e↵ective potential
is

Ve↵ (T ) = V + VCW + V
T

+ Vdaisy . (3)

The Lagrangian could also contain new fermions, both
charged and neutral with respect to the new gauge sym-
metry, hence dark fermions and heavy neutral leptons,
with Yukawa couplings among themselves and with the
SM leptonic doublet and the Higgs. While these terms
would lead to mixing of the neutral fermions, after EW
and U(1)

D

symmetry breaking, and could explain neu-
trino masses via a see-saw mechanism [54–61], we ne-
glect them in our present study focused on a minimal
approach.

Supercooling : In order to account for NANOGrav mea-
surements, we need to look for a supercooled FOPT. We
find that regions with the highest degree of supercooling
correspond to values of g
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for which a barrier is present
at zero temperature, given by
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Our numerical analysis shows that a strong and super-
cooled phase transition happens in the region g

D

⇠ groll
D

.

Milestones in the FOPT : Given the e↵ective potential
from Eq. (3), at very high-temperatures we have sym-
metry restoration with only one minimum at ' = 0.
As the temperature decreases a second minimum ap-
pears. At the critical temperature Tcrit, estimated as
T 2
crit ⇠ µ2
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/2), the two minima become degen-
erate, allowing for a transition from the false to the true
vacuum for T < Tcrit. At the so-called nucleation tem-
perature T

N

, there is on average one nucleated bubble per
Hubble volume, with the Hubble expansion rate given by
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where we include the radiation contribution and the vac-
uum energy released in the transition. The latter is given

interaction thermalization occurs for �H� & 10�7 [47], while for
the dark photon ✏ & 10�9 [48].
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PT can lead to predicting FOPTs in cases where there is
actually no transition at all.

In our study, we ask if, in theoretically-consistent par-
ticle physics models, in particular DS ones, it is possible
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vious analysis [45, 46] by studying the percolation and
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correction to the bubble wall pressure determining the
correct e�ciency factors. We ensure that the reheating
temperature is not larger than the critical temperature.
We also compute explicitly the sound speed and do not
rely on the bag model approximation. Finally, we do
not employ the � parameter for the evaluation of the
GW spectrum but we use the mean bubble separation
R⇤ which is the physically relevant quantity used in sim-
ulations.

This letter is organized as follows: firstly we introduce
the model and provide an analytical understanding for
the interesting region where numerically supercooling is
reached. Then we discuss the various FOPT milestones
the PT needs to reach until completion and the resulting
GW spectrum. Finally, we present the main results and
then we conclude our work.

Dark Scalar minimal model : We extend the Stan-
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interaction thermalization occurs for �H� & 10�7 [47], while for
the dark photon ✏ & 10�9 [48].

Between gmax and gmin the FOPT completes.
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For groll there is a 
barrier between the 
two vacua at zero T. 
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We have identified BP for which the FOPT can 
reproduce the PTA data as well as lead to completion of 
the PT.

5

v� �� gD Tp H⇤R⇤ ↵ m' mZ0

[GeV] [MeV] [GeV] [GeV]

BP1 0.5 0.006 0.75 12.54 0.4771 342.34 0.055 0.375

BP2 1 0.006 0.75 22.54 0.7729 522.85 0.110 0.750

BP3 10 0.006 0.75 193.87 1.399 463.12 1.10 7.50

BP4 1 0.010 0.86 38.03 0.8804 102.16 0.144 0.862

TABLE I. Benchmark points reproducing the PTA results
from NANOGrav with FOPTs with gD ' grollD . The first
three columns correspond to the physics parameter of the
dark sector scenario we consider, while the next three columns
correspond to the percolation temperature, the mean bubble
separation at percolation and the transition strength. Finally
we present the masses of the dark scalar and the dark photon.

FIG. 1. Gravitational wave spectrum for the reference
points in Table I. The gray shaded regions correspond to
NANOGrav’s violin plot.

As stressed in previous sections, particular care needs
to be taken in order to reproduce the NANOGrav results
making sure that the PT completes. Indeed, if the com-
pletion condition we impose following Ref. [44] was lifted,
a much larger degree of supercooling would be found.
However, such thermal histories with a long period of ex-
ponential expansion make the FOPT unsuccessful as the
Universe would remain in the false vacuum. Given that
the completion of the FOPT limits the amount of super-
cooling we can have, we find that the main contribution
to the GW spectrum comes from sound waves. This is
due to the NLO pressure contribution from gauge-boson
emission driving the wall to a terminal velocity, suppress-
ing the contribution from bubble collisions. Bubble col-
lisions are only the dominant GW source for very large
values of ↵ � 104 [71], solutions for which we find that
the FOPT does not complete, in line with Ref. [44].

In general, we find that successfully accounting for the
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FIG. 2. Upper panel: Maximum (minimum) value of the
gauge coupling for which a FOPT completes as a function
of the scalar quartic coupling ��, shown in dark red (blue).
The dashed line corresponds to the values for which a po-
tential barrier is present at zero temperature (see Eq. (4)).
Lower panel: Values of the di↵erent relevant temperatures as
a function of �� for gD = gmax

D . In both panels the vev is
fixed to that of BP2 and BP4 in Table I.

SGWB observation corresponds to the gauge coupling
values g

D

⇠ groll
D

, which is expected given that for this
value of g

D

a barrier separating the minima at zero tem-
perature allows for a higher degree of supercooling. This
is shown in Fig. 2 as well. In the upper panel, we show in
dark red (blue) the largest (smallest) value of the gauge
coupling, computed numerically, for which the FOPT
completes in the runaway regime as a function of �

�

and
by fixing the vev to that of BP2. The black dashed line
corresponds to the values of the gauge couplings given by
Eq. (4). As can be seen in combination with the lower
panel, in which we show di↵erent relevant temperatures
in the FOPT as a function of �

�

and for g
D

= gmax
D

, the
highest degree of supercooling appears when g

D

⇠ groll
D

.
For this value, we no longer find a minimum temper-
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There is a distinct 
p h e n o m e n o l o g y 
associated: the dark 
scalar is much lighter 
than the dark photon 
with important exp 
implications.
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Neutrinos are the most elusive and mysterious of the 
known particles. Neutrino masses are so far the only 
particle physics evidence BSM. 

Current status: precise knowledge of most of neutrino 
properties. Key questions open (nature, CPV) due to be 
answered in the next decade. Thriving experimental 
programme. 

The key question is: What is the origin of neutrino 
masses?

What is the new physics scale? This BSM can be as high as 
GUT or as low as the eV. Are neutrinos pointing towards 
a new understanding of particles:  rich dark sectors?
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Conclusions


