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The Brexiton (Enqvist 2017, Rajantie 2017)

Goes out of thermal  
equilibrium then actsas  
a decoupled spectator  
field while it decays



….. however I am sure that the Brexit talks are going well….



• Xenon 1T original theoretical interpretations
• Axion interpretations
• Our work on explaining the Xenon 1T results
• Astrophysical problems/challenges
• Very incomplete Survey of other attempts to 

model the excess
• General comments about some aspect of 

future uses of dark matter detectors

Outline



What are 
we talking 
about this 

for?

• Xenon 1T experiment did a search looking for 
electron recoils

• They tried to model their background carefully but 
still got an excess around 3 keV

• People are trying hard to understand what this 
means

• Can be explained by lots of different theories but 
explanations often face astrophysical problems



Xenon 1T results and fits



Dark Matter detectors for detecting neutrinos 



Neutrino flux at Earth

SOLAR

DIFFUSE SUPERNOVA
ATMOSPHERIC



Solar neutrinos give rise to

keV-MeV electron recoils (above 
pp) 
&

keV nuclear recoils (below 8B)

Both can be detected with dark 
matter detectors



Coherent Neutrino-Nucleon Interactions….

ONLY OBSERVED A COUPLE OF 
YEARS AGO IN STANDARD MODEL
BY COHERENT EXPERIMENT



… mean you might not see the dark matter for all the neutrinos…



SNOWMASS Cosmic Frontiers 2013

ν PROBLEM

….which leads to this now famous plot.

Key reference :- Billard, Strigari & 
Figueroa-Feliciano arXiv:1307.5458



Tests of BSM Physics

Momentum exchanged for pp-neutrino 
electron events is around 10 keV

Momentum exchanged for neutrino-
nucleon events is about MeV scale

Both Q2 unstudied in those settings, can 
probe new interactions.

Exotic mediator



electron recoils                                                  nuclear recoils

Tests of BSM Physics



U(1)B-L gauge boson 
couples to B-L 
charge of SM 
particles

Tests of BSM Physics

Dashed electron, solid nucleon.

Green future xenon
Blue G2 xenon
Red G2 germanium

arXiv : 1604.01025



Fast forward to June 2020, a new result from electron recoils 
from XENON1T collaboration arXiv: 2006.09721

The signal has an excess over the background.  
This could be due to new physics, but it also could 
be due to Tritium or Argon.



We showed that the fit to the excess could be improved by various mediators 
between neutrinos and electrons, but that this faces difficult astrophysical 
constraints. arXiv:2006.11250

Important point is that dark matter detectors are able to probe some aspects of the 
neutrino sector with precision comparable or better to some neutrino detectors.







Constraints from SN1987A

Heurtier & Zhang
1609.05882

Trapping regime

Can also affect propagation of neutrinos from 1987a



Hardy and Lasenby, 1611.05852

On the other side, the coupling between electrons and vectors is 
also tightly constrained…  Will talk more about this later.



The neutrino magnetic moment Fit tightly constrained

Where do these constraints come 
from?





Messier 5 from 
Central London



Tip of the Red Giant Branch is affected by cooling



Messier 57 seen from Central London - Star at the centre is becoming a 
white dwarf.



without axions                                               with axions
arXiv:0812.3043

Hints for cooling from White Dwarf Luminosity functions



Combined HR diagram for 32 open clusters made with Gaia data. 
Stars from younger clusters are blue, stars belonging to older clusters are red.

A10, A&A Volume 616, August 2018



This interpretation is difficult to
square with stellar observations

The neutrino magnetic moment Fit tightly constrained



Axion production in the Sun

Redondo 1310.0823 ABC processes



Solar axion interpretation



Favoured Axion Parameters to fit the excess 





Ratio between number of HB to RGB stars sensitive to Helium and Cooling 
Raffelt & Dearborn (1987)

is sensitive to 
new physics



Mildy favours non-zero axion emission Ayala et al 1406.6053

Different values 
of 



Di Luzio et al 2006.12487

Constraints on Axion parameters from RGB and HB stars

The cooling also depends upon the axion electron coupling.



Di Luzio et al 2006.12487

Constraints 
independent of mass 
provided ma<100 eV



Ballly et al 2006.11919

Neutrino “self interactions” – hidden neutrino



• It seems difficult to have solar axions as an explanation of 
the excess, not because of earth based constraints but 
mostly because of astrophysical constraints.

• This is probably also true for neutrinos with non standard 
interactions.



We know there is 6 times as much dark matter as normal 
matter.  Can it be the Xenon 1T excess?



Nakayama et al. 1403.7390

Axionic Dark matter be responsible for the signal

ma~keV and gae~10-13 works OK!
might also fit cooling hint for HB stars???
However, tight constraints from decays into photons.  
Can we evade?

We are free to cancel this anomaly but 
then there are still supressed photon-
axion couplings



Can be used to explain excess

Takahashi 2006.10035



Hidden Photon Dark Matter Alonso-Alvarez et al 2006.11243

Can explain excess with 
ε=10-15 and m~2-3 keV

Relic abundance cannot be 
thermal – wrong abundance 
and too warm.

Alignment mechanism possible 
origin of abundance.



Photon gets 
effective mass

Resonant 
conversion then 
occurs when

For 2.5 keV this
takes place in HB
stars but not inside 
hotter cores of RGB 
stars



Luminous Dark Matter, Bell et al 2006.12461
Dark Matter scatters in or around the detector



• Improvements in detector resolution 
will sharpen the peak

• Dark Matter nuclear recoil could also
be detected

• Daily modulation – when cygnus is 
below rather than above, more targets 
in rock for when the decay length is 
longer

• Beam Dump experiments – the particle 
can be produced at the LHC and then 
decay in FASER or SHiP

Bell et al 2006.12461

Luminous Dark Matter, Bell et al 2006.12461



Dark Matter 
Detector

Non-relativistic light 
dark matter particles

Idea - Bringmann and Pospelov 1810.07705



Milky Way Escape Velocity                 LZ expected Sensitivity



Dark Matter 
Detector

Non-relativistic light 
dark matter particles

Idea - Bringmann and Pospelov 1810.07705



Idea - Bringmann and Pospelov 1810.07705



Idea - Bringmann and Pospelov 1810.07705



Idea - Bringmann and Pospelov 1810.07705

light dark matter particle now relativistic, 
makes dark matter detector go “BONG”



Bringmann and Pospelov 1810.07705



Hannicke et al 2006.10764

Can in principle fit the Xenon 1T excess with boosted dark matter

Could be due to a clump of dark matter, a local overdensity passing 
through (although velocity would be a mystery)



Boosted Dark Matter, more detailed anaylsis

X is standard model particle, 
DM has Z3 symmetry.

mA is dominant component of 
dark matter with mA>mB

So we need roughly 10-28 or 
10-29 cm2 cross section  



Inside the core of the sun, the mean free 
path

While inside the Earth, 



Gran Sasso mountain ~ 1600 metres deep 



Inside the core of the sun, the mean free path

While inside the Earth,

If the dark matter loses ~10 keV energies each 
interaction, it must have high mass to make it to 
the detector, and there will be a daily effect as the 
source of boosted moves relative to “up” at Gran 
Sasso.



Daily
Modulation 
from GC

Daily Mod
From the

Sun

Fornal et al 2006.11264



Jinping Laboratory





Co-SIMP mechanism

This works OK and can give good relic abundance for MeV scale DM, but 
typically the free-streaming length is too large.

This process keeps the dark matter in equilibrium with the SM particles, 
prevents velocity growing too high.

Is avoided by setting MDM< 2MSM



Beacom and Smirnov 2002.04038

Is actually non negligible in detectors, thanks to 
large number of particles and high cross sections.

Turns out they predicted the correct mass-coupling relation for the 
electron recoil excess (so they’re happy, good luck to them…)



There are a variety of ways to explain the excess, all of which 
will be probed in the coming years by the next generation of 
experiments





Equations of stellar structure have solutions which are stars



PP-chain CNO-cycle

DEPENDS ON 
METALLICITY 

Z



Solar Spectral Abundance
This is taken from Asplund, Grevesse, Sauval and Scott 2009



Equations of  Stellar Structure have Solutions which are Stars

This kink partially result of
change between CNO 
and PP cycle



Helioseismology – vibrational modes of the Sun

By its very nature it samples the speed of sound in the Sun at different depths



Observed abundances are not consistent with Solar Models which match 
Helioseismology constraints on speed of sound.

Z

As we make conclusions about DM and DE using stars should worry about this.



Equations of  stellar structure have solutions which are stars

Scattering of dark matter can reduce opacity



One way to get 
a better hold on 
this is by 
measuring 
CNO neutrinos



Harnik, 
Kopp 
& Machado 
2009

Electron Recoils from CNO neutrinos



Liquid scintillator with 71 
tons fiducial mass located in 
Gran Sasso Laboratory.

The liquid is a doped 
aromatic hydrocarbon.



Borexino CNO recoil spectrum and relevant backgrounds

CNO flux is rather 
similar to 210Bi flux

This is a problem, 
however Borexino
hope to be able to 
measure 210Bi flux
through observation 
of daughter nuclei.

They may be able to 
do this at 10% level.



Borexino update 23rd June 2020





Borexino results, released 23rd June 2020

Has detected CNO neutrinos at 5σ
but cannot distinguish between high and low metallicity…



SNO+
Also has backgrounds but more importantly it is 
Starting it’s run with 130Te for 0νββ



As it stands, SNO+ MAY detect CNO at low 
significance IF it decides to run without 130Te for 

several years and they understand their 
backgrounds as well as they hope to.

However, they probably won’t be able to 
discriminate between low and high metallicities.



What about Dark Matter detectors?

CNO neutrinos give rise to

MeV electron recoils (above pp) 
&

keV nuclear recoils (below 8B)

Lets start with electron recoils.



start with electron recoils



CNO neutrinos would be very difficult for a Xenon like experiment…

Electron recoils are in a region with a lot of background…

FUTURE XENON EXPERIMENTS (e.g. Darwin)



FUTURE ARGON EXPERIMENTS 
e.g. Deap 3600, already exists 

Darkside 20 tons  
will probably happen. 
Located at Gran Sasso

Argo 100 tons  ????



Summary of  Electron Recoil Results



What about Nuclear recoils?



CNO Nuclear Recoil Energy Spectrum



CNO Nuclear Recoil Sensitivity requirements

Required combination of high target mass and VERY low threshold is challenging!



There are low threshold, low mass target experiments

For example, the NEWS-G Experiment….

But they don’t yet have low enough thresholds or high 
enough exposures (cheap to scale up to multiple units in 
the future?)



I have been Argon heavy here but 
the Xenon Darwin Experiment can 
also search for neutrinoless double 
beta decay, and as we have seen 
neutrino-interactions

2003.13407



• Study of Solar neutrinos can place constraints on new 
physics in the neutrino sector

• Current experiment looking for CNO probably can’t see it 
(Borexino)

• Experiment which might be able to see it isn’t looking 
(SNO+)

• Future large argon experiments will be able to see it if they 
can understand their backgrounds

• If current low threshold nuclear recoil experiments could be 
improved and scaled up they might also see it.

PEOPLE SHOULD TRY HARDER TO LOOK FOR CNO NEUTRINOS

THE DARK MATTER COMMUNITY MIGHT ONE DAY GET INVOLVED



Conlusions

• For the time being we don’t know what the Xenon1T excess is
• We can explain it in a variety of different ways
• Most encouraging aspect of this entire discussion is that dark

matter detectors are starting to shed light on a whole load of 
physics they were not built for (think about kamiokande)

• I believe that we are at the beginning of a new phase of 
constraints on Physics from dark matter detectors, both 
standard model and beyond, and I’m quite excited…
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