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Lowest Energies

Neutrinoless double-beta decay
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Lowest Energies

Absolute neutrino mass via

Neutrinoless double-beta decay beta-decay energy spectrum
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Lowest Energies

Absolute neutrino mass via
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* Neutrino physics energy is at the eV scale, but the signal is
the indirect effect of the neutrino on the measured electrons
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Experimental Landscape

» Neutrino mass and Dirac vs. Majorana are the major
features of the lowest energy region neutrinos studies
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KeV-MeV Energy - Solar/Reactor Neutrinos

arXiv:1101.2663

arXiv:1004.0831
arXiv:0511337
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KeV-MeV Energy - Solar/Reactor Neutrinos

Solar Neutrino Flux
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KeV-MeV Energy - Solar/Reactor Neutrinos

Solar Neutrino Flux Reactor Neutrino Flux
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Experimental Landscape

» Reactor neutrino experiments dominate(d) the non-
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Accelerator Experiments in GeV Range

NuMI| Beamline at Fermilab
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Accelerator Experiments in GeV Range

* Accelerators produce a neutrino beam over an energy

region
NuMI| Beamline at Fermilab |
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Accelerator Experiments in GeV Range

* Accelerators produce a neutrino beam over an energy
region

e Place Far Detector meters to kilometers away from source

NuMI| Beamline at Fermilab
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Accelerators/Atmospheric
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Experimental Landscape

* Accelerator experiments are prime contributors to
oscillation physics
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TeV Region

e Needs some motivation (which will covered more by G.
Ratftelt)
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wv Multimessenger Astronomy

cosmic rays +
neutrinos

cosmic rays
+ photons

11



TeV Motivation

* Experiments have made
extensive measurements of
the cosmic ray flux

e The cosmic accelerators are
unknown

e Neutrino detection can
orovide location and

information on the
acceleration process...

hopetully
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TeV Region

* Needs some motivation: mostly astrophysical
e Low flux and cross-section requires very large detectors
e Atmospheric neutrino information as well
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Experimental Landscape

* TeV non-accelerator experiments are optimized for
astrophysical neutrinos
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Highest Energies

* Greisen-Zatsepin-Kuzmin (GZK) limit
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Highest Energies

e Greisen-Zatsepin-Kuzmin (GZK) limit
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ANITA Payload & Balloon
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Experimental Landscape Overview

* Lowest energy experiments focus on neutrino mass and Dirac vs. Majorana

* Reactor/Solar experiments dominate the < 1 GeV non-accelerator region

e Accelerator coupled experiments are mainly probing oscillation physics

e Highest energy experiments are involved with astro-physics and cosmic

neutrinos
NOv
OPERA
T INOS
MINERVA
M nilISoc NE
I I I | I I I I
eV | Ke
10 MeV 100 MeV | GeV 10 GeV 100 GeV | TeV 10 TeV 10 PeV
\ Super-K
GERDA \
EXO Borexino |lceCube/DeepCore ANITA
KamLAND-Zen KamLAND ANTARES HiRes
NEMO Double Chooz Baikal Auger
Cuoricino Daya Bay
Reno

SNO

D. Jason Koskinen - NBIA PhD School: Neutrinos Underground and in the Heavens - June 2014



Neutrino Interaction
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Interaction lypes

* The neutrino event is always an indirect signature
e Common is Charged Current (CC) and Neutral Current (NC)

* Look for something happening in a detector

Charged Current Neutral Current
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Neutrino Iinteractions

d, qq materialize to give large
number of f/s.
At low masses though can ~ W u
look like RES

remnant digquark {xF-.:D)

Note: Free Nucleon interactions

QEL, RES, DIS dominant
in different kinematical regimes
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Neutrino Charged Current Cross-
Section

G.P. Zeller
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QEL, RES, DIS dominant

N e u t ri n O i n te ra Cti O n S in different kinematical regimes
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Note: Free Nucleon interactions




Neutrino Charged Current Cross-
Section
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QEL, RES, DIS dominant
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D. Jason

Charged Current Types

* There are different types of Charged Current interactions

e At high(er) energies Deep-Inelastic Scattering (DIS): Nucleon is
destroyed created a shower of secondary hadrons

e At ~1 GeV neutrino energy Resonance (RES): Nucleon ‘emits’ a low
number of secondary mesons or resonant states

e At lowest energies Quasi-Elastic (QE or QEL): Nucleon stays intact

e Above interactions are accompanied by an outgoing
charged lepton

e Higher energies have higher cross-sections

e Others: Inverse beta-decay, coherent scattering

Koskinen - NBIA PhD School: Neutrinos Underg



G.P. Zelier
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Cross-sections do extend
to lower energies than shown
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G.P. Zelier

o(wN = wX)/E(GeV) (107 em'GeV)

RS = . 02
E. (GeV)
Cross-sections do extend NOv
to lower energies than shown OPERA
T INOS
MINERVA
MiniBooNE
I I I I | I I I I
eV | Ke
10 MgV 100 MeV | GeV 10 GeV 100 GeV | TeV 10 TeV 10 PeV
\ Super-K
GERDA \
EXO Borexino |lceCube/DeepCore ANITA
KamLAND-Zen KamLAND ANTARES HiRes
NEMO Double Chooz Baikal Auger
Cuoricino Daya Bay
Reno
SNO

D. Jason Koskinen - NBIA PhD School: Neutrinos Underground and in the Heavens - June 2014



Cross-Section Comments

* Deep Inelastic is generally experimentally advantageous

e Total event energy is high

e [ ow contribution to event rate from QE/RES
e Resonance is difficult

e Overlap region with QE and DIS

* |dentity pion and separate from out-going nucleon
e Quasi-Elastic

* | ow enough energies where the interaction can be influenced by
atomic/nuclear physics of the struck atom
e Low final state multiplicity: charged lepton and out-going nucleon

 Dominant signal from many neutrino oscillation experiments
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Notable Issue with QF and RES

- 2.5
o ANL, PRD 16, 3103 (1977), D, GGM, NC A38, 260 (1977), C,HgCF,Br
% BEBC, NP B343, 285 (1990), D, MiniBooNE, PRD 81, 092005 (2010), C
- 2 BNL, PRD 23, 2499 (1981), D, NOMAD, EPJ C63, 355 (2009)
= FNAL, PRD 28, 436 (1983),D Serpukhov, ZP A320, 625 (1985), Al
: s NUANCE (M, =1.0 GeeV) SKAT, ZP C45, 551 (1990), CF.Br
o 1.5
(¢ o)
oy
o
A 1
—
Q.
=,
! 0.5
e
>1
S 0
® -1 2
10 1 10 10

Ev (Gev) arXiv:1305.7513

D. Jason Koskinen - NBIA PhD School: Neutrinos Underground and in the Heavens - June 2014



Notable Issue with QF and RES

- 2.5
o) ANL, PRD 16, 3103 (1977), D _ GGM, NC A38, 260 (1977), C_HyCF,Br
% BEBC, NP B343, 285 (1990), D, MiniBooNE, PRD 81, 092005 (2010), C
= 2 BNL, PRD 23, 2499 (1981), D, NOMAD, EPJ C63, 355 (2009)
c FNAL, PRD 28, 436 (1983), D, Serpukhov, ZP A320, 625 (1985), Al
. e NUANCE (M, =1.0 GeV) SKAT, ZP C45, 551 (1990), CF.Br
S 1.5
(o0 -
= A =
= y . ! A T
' O o é
- 7
! 0.5
| o
_=
Yot 0
S -1 2
10 1 10 10

Ev (Gev) arXiv:1305.7513

D. Jason Koskinen - NBIA PhD School: Neutrinos Underground and in the Heavens - June 2014



Notable Issue with QF and RES
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Nuclear Effects

e Struck nucleon has some momentum

e Qutgoing particles must traverse the target atom

* Leptons don't generally have an issue

* Mesons are likely to have intra-target interactions and possibly
absorption

D. Jason Kos



Wrap-Up

* Neutrino experiments extend from eV-KeV up to PeV-EeV

 Neutrino interactions are varied and at low-energies are
complicated by nuclear physics

D. Jason Koskinen - NBIA PhD School: Neutrinos Underground and in the Heavens - June 2014



Backup ana
Additional Info
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More Info

® [For cross-sections

e “From eV to EeV: Neutrino cross-sections across energy scales” - J.
Formaggio and G. P. Zeller

® Lecture handouts from Mark Thomson - http://

www.hep.phy.cam.ac.uk/~thomson/partlliparticles/handouts/
Handout_10_2011.pdf
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