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What is a direct detection experiment?

Aim to detect the scattering of DM (WIMPs) with atoms (nuclei)

production
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e Everything else is background . X d
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* Multiple signals are measured to ?
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* The coherent neutrino scattering background cannot be reduced by
normal means
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What is a direct detection experiment?

* As sensitivity increases, we become sensitive to an “irreducible”

neutrino background

* Further WIMP discovery is
limited by CEVNS

e The neutrino floor is a useful
tool for visualising this limit

* It represents some
interesting physics
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Coherent elastic neutrino-nucleus scattering (CEvVNS)
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 Solar neutrinos dominate at

low energies

* For CNS, Boron-8 neutrinos

are important

* Atmospheric neutrinos reach
higher energies, but with

much lower flux
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Coherent elastic neutrino-nucleus scattering (CEvVNS)
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Computing the neutrino floor

* Choose a threshold energy for the experiment and integrate the count
rate above it

e Set the exposure to give 1 neutrino count

* Now calculate the WIMP cross section that would give 1 DM count

* Along this contour, we expect .. || ||||\| ||| /| ][||
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Computing the neutrino floor

* This isovalue contour can be scaled to any ratio of neutrino to DM
events

* Uncertainties on the neutrino flux eventually limit our reach
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e But there are subtleties
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https://arxiv.org/abs/1307.5458

A neutrino floor for new physics?

« The WIMP discovery limit is really a SM object

* Inthe presence of new mediators, the CEVNS rate could increase

*  What would this mean for DD experiments?

* |sthere a way to visualise it, similar to the neutrino floor?
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Vector Mediator: The gauged UV, -1, model

L=—g,QuZ' Vv, — 9,Q,qZ'v"q — g,Qu 7'y

We consider a model which introduces a gauged U(l)Lﬂ_LT symmetry

This leads to a new Z' boson

Only second generation leptons are charged: Q;WM = +1; Q},VT =—1

Couplings to other SM fermions via loop-induced kinetic mixing
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Vector Mediator: The gauged UV, -1, model
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Vector Mediator: The gauged UV, -1, model
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* The sign of the interference term depends on the neutrino flavour
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* vy has destructive interference with the SM .|
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Scalar Mediator

e A scalar couples left-handed fields to right-handed fields

* What is the nature of the right-handed neutrino field?

Lepton number conserving (LNC) Lepton number violating (LNV)
_ (Yw)ap
Line D (Uw)apPPa,rVs L Liny D ~2wob PV LV5.L
* Requires a right-handed neutrino * Requires Majorana neutrinos

* This vp appears in our final state, so * Converts neutrinos to antineutrinos
its mass is important

Constraints from Ovf [ searches
* We assume a very light vp

14/05/2021 Simplified models of new physics




Lepton number violating scalar

* Unlike the vector model, SM particles don’t have fixed couplings to ¢

* We only consider limits on the combined coupling Y = /v, Yy
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New physics at DD experiments

* The neutrino floor is a limit beyond which DM searches become very
challenging

 However, we will argue that signals of new neutrino physics can present
a challenge to DD experiments much sooner
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The neutrino ceiling...?

* The neutrino “ceiling” is the maximum value of the 1:1 DM/CEvVNS
isovalue contour

* An apparent signal of DM below the neutrino ceiling could be caused by
coherent neutrino scattering

-- SuperCDMS HV
-- SuperCDMS iZip
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* But a DD experiment that is sensitive to
DM below the neutrino ceiling, is likely
to be sensitive to new neutrino physics
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The neutrino ceiling: L, — L

* The L, — L; model can lead to a > factor 2 increase in the CEVNS rate

 The neutrino ceiling (and floor) is specific to each target nucleus

e Of our future DD experiments, only LZ has sensitivity below the ceiling
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The neutrino ceiling: LNV scalar

 When supernova constraints are relaxed we can get a large increase

* Future DD experiments could put competitive constraints on new physics

* SN constraints are important!
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Supernova constraints on an LNV scalar

Neutrinos play a crucial role in supernova dynamics

We only have one observation of SN neutrinos, from SN1987A
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https://arxiv.org/abs/1109.5368

Supernova constraints on an LNV scalar

The earlier constraints we found were computed imprecisely

e The “SN diffusion” line is defined where gNP = M
1072
e The EoS line is wherev & v 103 meson + n scatt.
transitions become significant
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https://arxiv.org/abs/1802.05171

Supernova constraints on an LNV scalar

* The inclusion of matter effects in the cross section significantly lowers the
neutrino-scattering cross section

* The EoS line should not be considered a constraint, but represents a
significant physical transition
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Constraining new physics with CDMSlite

SuperCDMS uses germanium semiconductor crystals as a target

 |ts CDMSIlite mode cannot 30
distinguish NR from ER 25 1

* This leads to higher backgrounds,
but a lower energy threshold

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Energy [keVee]

e (Can neutrino-electron scattering improve our sensitivity to new
physics?
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Neutrino-electron scattering

de/e N€ / | dE d¢l/ dOVB
dE..  my Jem
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dE, dE,.
* The inclusion of electron scattering introduces new challenges

* Nuclear and electron recoils of the same energy lead to different signals

* Whatis N,, the number of electrons available to scatter per atom?
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The Lindhard Model
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Ziging Hong, 2019

* We must then convert our predicted NR spectra to E,,

* The Lindhard model requires further testing at low energy
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https://indico.cern.ch/event/844613/contributions/3615346/attachments/1942133/3220751/11102019_ZHv3.pdf

Scattering with electrons in a semiconductor

de/e N€ / | dE d¢l/ dgue
dE..  my Jem

— 174
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* \Verynaive: N, = Z
Z
* Slightly less naive: N.(E,.) = z O(Eze — B;) (The Zy¢ model)

1=1

* But electrons in a semiconductor are not free particles...

14/05/2021 Simplified models of new physics




Scattering with electrons in a semiconductor

de/e — Ne / dE d¢1/ dO-I/e
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* Electrons have a complex band
structure

 Wavefunctions can be decomposed
into plane waves, but computationally
challenging
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New physics constraints from CDMSlite

* The ER channel doesn’t improve sensitivity our preferred mass range
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The L, — L can explain two physics anomalies

e With the result from Muon g-2 A
there is a 4.20 tension with the SM
e A U(l)Lu_LT gauge boson can resolve
the tension, without spoiling other fits
ft p
B * Meanwhile, there is a tension in H
§ ol * Early- and late-time measurements
disagree at >30
ggg; | | \ | \h*huldu; ++ * The decay of a Z' can change N.¢ and
8 sk Kl | |{"* mtmrurrw AR o Y g eff
o :-l S0 300 B0 7000 1800 2000 '25'(—50-60 reSOIve the d|Screpancy
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L, — L; explanations for anomalies

* L, — L; explanations are allowed by current constraints, including a
simultaneous explanation of both anomalies
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Constraints from Borexino

Borexino: 272 ton years of proprietary scintillating liquid™

 The lowest energy measurements of neutrino-electron scattering to-

date (?)
N
100 200 300 400 500 3 600 700 800 900
. ""I""|""I'"‘I""I"'£1$F;$"L'1;C"I"
=z ) 21OBI ----pile-up
* Measured the rate of many = G extbkg
. . 2 il —
solar neutrino populations S — Total fit: p-value=0.7
S K
x 107" 8B
s Ll
3102; ' "‘l‘r 4‘\1'%!
« 7Beflux measured with 2.7% 2 Fft W o ! il
.« . = i) "' |
precision Sl ki ‘ll T W‘l
T T 1500 2000 2500

Enerav (keV)
arXiv:1707.09279

14/05/2021 Solar neutrino probes of the muon g-2



https://arxiv.org/abs/1707.09279

Recomputed constraints from Borexino

* Previous constraints from Borexino used several approximations

e Results from Borexino Phase-| actually give us stronger constraints
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Sensitivity of future DD experiments

/SuperCDMS SNOLAB
* G2 germanium crystals
* Low threshold

* ~0.1ton year exposure
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* @G3liquid argon

* High threshold, or no
NR/ER discrimination

* 100 ton year exposure
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* G2 liquid xenon
* Higher threshold

» 15 ton year exposure

14/05/2021

\_

/DARWIN

* G3liquid xenon

e Similar to LZ

* 200 ton year exposure

\_

AN

J

Solar neutrino probes of the muon g-2




Sensitivity of future DD experiments

* Bad news: SuperCDMS isn’t going to be competitive

* Good news: the neutrino ceiling seems to do its job
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Conclusions

e Signals of coherent elastic neutrino-nucleus scattering may appear in
direct detection experiments sooner than expected

* A “neutrino ceiling” can be constructed to show when new neutrino
physics could appear, with positive and negative consequences

e Supernova constraints can be important for models introducing new
light scalars, but are weaker than previously thought

* Neutrinos will also scatter with electrons, but CEVNS is more important
for mediators with MeV-scale masses

e The U(l)Lu—LT model offers an explanation to two ongoing mysteries in
physics. Future DD experiments may be able to test these explanations
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