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Neutrino Mass

Maki-Nakagawa-Sakata matrix
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P(v,— v,) = sin?(26)sin%(1.27Am>L/E)

The probability of flavor change depends on the mass differences between states,
not on absolute masses

Oscillations only provide a lower limit on the v-mass scale!

2|) ~ (0.04 - 0.07 eV)

m; = sqrt(|Am

atm

Am,>=Am 2 =8.0x 10> eV? (KamLAND) Am; 2 = Am,,> = Am,, 2 =2.4x 103 eV? (Super-K)
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Neutrino Mass

Cosmology Evolution of large scale structures

O

» Neutrinos = hot dark matter in the
early universe

* Energy density parameter Q2 of the universe:
Experimental limits: €, =0.003 - 0.25

» Fits for m, depend sensitively on other
cosmological parameters

WMAP data has been fit with
cosmological models that
estimate Y m, < 0.6 eV




options

ss Double Beta Decay Experiments

 Neutrino emitted at one beta decay vertex has to

be absorbed by the second decay vertex as an
antineutrino
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le if neutrinos are massive and Majorana, MOON II

e their own antiparticles COBRA
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itium f decay:

Experimental observable

N(E) = = KxF(E,Z) xpe xEq xpy *E,

= KxF(E,Z) xp xWx{ (Ey - EY -m?2)x (Eq - E)

energy

18.6 keV




N(E) =3g = KxF(E,2) xp xE x{ (Eq - ER - mZ x(Eg - E)

The measured neutrino mass from trittum beta decay would fix the absolute

neutrino mass scale in a degenerate model
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guiding by magnetic fields
(magnetic adiabatic collimation)

AQ~2Tm

.

electric (retarding-) field :
analysis of electron energies

(electrostatic filter)
integral transmission : E > U,

J

— — —

F=(u-V)B+qE
u=E, /B=const

adiabatic motion

To-source electrodes solenoid detector

EIB

adiabatic transformation E; = E|
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Previous Experiments
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Troitsk Mainz

m2=-1.0+3.0=%25eV? m2=-1.6+25%=21eV?

m, < 2.5 eV (95% CL) m, < 2.2 eV (95% CL)

Source = Windowless gaseous T? Source = Quench condensed T? film
on graphite



© Mainz 94 dgta

® Mainz 98/99 dota
— fit for m,?=0
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roitsk experiment

trino mass sensitivity of 0.2 eV after 5-6 y




Current Experiments

KATRIN

 Factor of 4 improvement in energy resolution over &
Troitsk and Mainz

* Increased T, source strength (factor 80)

» Low background of 10-? counts/s or less is
required

Sensitivity (90% CL)
m, <0.2eV

» Reduced inelastic scattering events to 2% of
signal rate by looking only at the last 25 eV below
the endpoint

* Pre-spectrometer rejects all electrons except those Discov ery (9 A CL)
close to the endpoint, reducing the count rate to

~ 1000/s m, <0.35 eV
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Current Experiments

KATRIN: \Y DN 24 DF
Karlsruhe Tritium Neutrino Experiment Microcalorimeter Arrays for a Rhenium Experiment
 External B-source (*H) * B-source = detector ('37Re)
* ’H endpoint = 18.6 keV « 187Re endpoint = 2.6 keV
* 3H half-life = 12.3 years « 187Re half-life = 5x10'? years
* Energy: electrostatic spectrometer * Energy: single crystal bolometer
* Measures kinetic energy of 3 * Measure entire decay energy
* Narrow interval close to E * Measure entire spectrum
* Integrated B-energy spectrum * Differential B-energy spectrum
* Integral design, size limits * Modular size, expandable
* AE, pectea = 0.93 €V * AE pected ~ 5 €V (FWHM)

Is there another approach to directly measuring m,?



kind of source for tritiu

zle — beam of atoms moving at ~40(
of beam is very cold (~50mK in co-movi
be entrained into the beam and then slowed

The Raizen Grou

Center for Nonlinear Dynamics and Department of Physics
The University of Texas at Austin
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» Low-field seekers are repellec
regions and lose kinetic energy
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» Zeeman effect: AE =- u'B

» Low-field seekers are repellec
regions and lose kinetic energy
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» Zeeman effect: AE =- u'B

» Low-field seekers are repellec
regions and lose kinetic energy
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urther cool tritium once we’ve trap

: Highly effective but limited to a small gra

e: Chu, Cohen-




Single Photon Cooling

Thought-experiment by Maxwell (1867)

Entropy reduced without expenditure of work

2"d law is saved by information carrying entropy

Szilard (1929)

e Demon makes a measurement

e [nformation entropy
Demon’s jobs:
e Measurer, p

e Operate gate

Single-photon cooling realizes Maxwell’s demon:
“Demon” discriminates coldest atoms and releases this info in a single scattered photon



agnetic to an optical trap v

vay barrier so that you catch atoms at thei
aman emission could be such a 1-way barrier

hnique has been demonstrated on 8’Rb
. N. Price, K. Viering, and M. G. Raizen, arXiv:08102239

Correlation between position and momentum for  V gemon << <V atom>

10! cm s’! 102 cm s™!




780nm
384 THz

of a tritium source with

F=3

F'=2
F=1
F'=0

spontane
decay

F=2

6.8 GHz

* “Demon” = gravito-opt
pump beam

» Approach classical turning
the left

* [f final state has weaker or ¢
coupling, atom 1s trapped 1in ¢

U=uzg,m,|Bl+mgz
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atoms allows the ion
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Ion detector SHe"

e B detector

ion™ E[S)z 3 (pxion+ pxﬁ)2 y (pyi0n+ pyB)2 N

* Thin source allows 10on detection!

* Don’t have to rely only on beta spectrum

 Coincidence measurement = low backgrounds

» Atomic trittum = well-known final state corrections




Tritium p-Decay: 3-Body

Direct reconstruction of the neutrino mass!

Ion detector SHe™

mvz b (W B Eion- E[S)Z 3 (pxion

Ion detector = Microchannel Plate

<
<

(E.

ion

Ion detector

* 0 and ¢ of ion
* TOF for ion

Pr,. Py P

ion ion

reconstructed from energy conservation)

e B detector

2 + 2 + 2
Pxy)” = (Py, T Py)” = (P, Pz)

B detector: hemispherical analyzer +
momentum measurement obtained using
Rydberg atoms

c B spectrometer + Rydberg atoms

(pZI3 reconstructed from
energy conservation)



Ion detector [ detector

Create a transverse beam of slow-moving Rydberg Rubidium atoms

ve valence electrons with high principle qu

High n implies large orbi
casily perturbed or 1
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Ion detector ‘He"  detector

Create a transverse beam of slow-moving Rydberg Rubidium atoms

sing near a Rydberg atom excites/ionizes it above
applied E field accelerates only atoms above n=
cts atom, giving x position of the 3 that p

to MCP gives y position of the  t

eter, we




Tritium pB-Decay: 3-Body

What about the opening angle uncertainty?

f)v ) f)v y Inv2 p + plOIl + pB p3H l ‘ .
m, 2 = pv pv o (p3H plOIl pl}) (p3H plOIl pB

lnv2 Y — 2‘VEion n ZWEB + Inion2 + m[iz + 2|pi0n||p|3 |COS9

2
592—;“" = - 2|PjonlIPg [$iN0 ~ 005sin(0)10'° (eV/c)?

How do we avert disaster?

* Opening angle is almost 7, which makes sinf small

* The uncertainty of the mean goes like 1/N1/2

* 30sin(0)101° (eV/c)? = 10->(sin(n-10-4))10'Y (eV/c)?>= 10 (eV/c)?



d on kinematics (no particle tra

What’s in the simulation?

e atomic tritium source 1s 100um
diameter sphere

* Tritium source atoms at 1uK with a

Gaussian momentum smear of width
mkT

* Electron TOF Gaussian smear of 20ps
* Electron energy resolution of 5 meV

* Final state effects: ground state 70%,
15t excited state 30%

* 1 year assumed runtime

» Electron momentum resolution of
15meV/cto 2.7 eV/c

» Geometrical acceptance for the 3
limited by 10 beams of Rydberg
atoms (width 1cm) placed 5m from
source

* MCP: 2 micron binning, 44%
geometrical acceptance, 100cm
wide and 20cm tall, placed Sm from
source

* Jon TOF Gaussian smear of 20ps

* Gravity correction for the ion ~0.5
microns




al analyzer 225 HV

B For electron energies up to 15 keV
M Different modes of operation
(UPS, XPS and HXPS)
B Ultra high energy resolution
in UPS (<1 meV),
XPS (<7 meV) and HXPS (< 15 meV)
B Angular Mapping (A6 < 0.1°)
B CCD, DLD and DLD/SPIN

detection available




Tritium pB-Decay: 3-Body

Burle 2-micron MCP detector

* Detects position and time-of-flight (TOF)

» 2 micron holes spaced 3 microns center-to-center

* 350 ps pulse width resolution

We need:
* 2-10 pm spacing
* ~20ps timing

* Large area: ~ Im
wide x 20cm tall



Tritium p-Decay: 3-Body

80 —
Background test: -
. . 70—
« Randomize MCP hits -
» Randomize ion TOF . 5
 Leave beta unchanged 50
40 t
10 background rejection, -
. . . . SU
not including B-coincidence
20 H‘
30 10
E . :::H | |
C -P()()() -900 -80O  -700 -600 -500 -400 -300 -200 -100
. - v mass squared (eV °)
o Magnitude of p, 1s increased 2-3 times,
o~ while E,, changes only slightly — m,
. always reconstructs extremely negative for
o+ background events
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away from the
it using 2D probability densi
ating between pdfs of different ne

Probability distribution function with m, = 0eV
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Assumed m, Fit m, (+) error
(eV)

Probability distribution function with m, = 0eV

184 185 AN
“Beta Energy (ke

0.166 0.139
0.211 0.160
0.268 0.240

Statistics gained by n
endpoint improve

broader.




Tritium B-Decay: 3-Body

fit results for neutrino mass (eV)

» Extremely thin source — low scattering

* B coincidence — low backgrounds

What are the strengths of this technique?

* Atomic tritium — simpler final state effects ¢ Utilizing data 500eV from endpoint

* Direct m, reconstruction & -spectrum

» Valid for Dirac and Majorana neutrinos

Results of fit to simulated data in which m =0.2 eV
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m, = 02967 eV

m, = 0.246"2 eV

-0.585

+0.166
m, =0.1907% ev

o

1010 1011

12
number of beta decays

Experimental challenges:

* Trapping 2x10'3 tritium atoms

 Large MCP with binning
2-10um

* 5-50meV energy resolution

* Non-invasive momentum
measurement for f3






* 0.69% o
boundstate

M3He)2 A (mv C2)2 ]1/2

M3HeC

2cm

Lens
-_—

Photomultiplier Photomultiplier
Tube Tube




Simulation m,=20eV, Fit m =19.6eV

90%CL on m, vs. # of tritium 3 decays
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y absorbed by another nuc

Emitter Nucleus Absorber Nucleus

detector




3He absorber




c of a crystal's
c*)*(3/2kg0p) } where 0 1s

y high Debye temperature by going tc

Debye Temperature vs. Pressure for solid He3
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¢ Debye temperature

to exceed 0.004cm3

2 Diamond Anvil Cells placed ~1-4cm apart

3He detector @10GPa T, source @10GPa
V = 0.004cm? Source ~29Cu




allows us to align emissio

Energy shifts can destroy resonance
— *10)41l%g 2 * res ~ -32 2
c 4.18*10* *g = *p(E Ve)/ﬁl/2 ~10~*cm

(assuming linewidth ~10-12¢V )

resonant

ated by inhomogeneous broadening
defects, ect.)

implies we must be able to tune
Serve resonance

res reduce Doppler shifts

1ges 1n atomic radius) can be
oy shift:




DV

results: ~31755 events p

Eventrate vs. Pressure (assuming a DAC volume of 0.004cm?)
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ect the trittum in the

» Magnetic slowing enables trace element detection so we can actually detect the 3H in
the 3He absorber! (~1/1000 detection efficiency)

Physics motivation:
* 0,; measurement from rates taken at distances 1cm-10m

Trapping
Coils

Non-Permendur A large L iS unr
Slowing Coils

Slowing Coils

Mode-Matching _ <SS\ )Lk

Skimmer Coils




Slowing and trapping cold *H atoms — exciting potential v experiments:

* First atomic source ever utilized in tritium B-decay
* Three-body p-decay: Fundamentally new way of measuring v mass
* Boundstate B-decay: Unique (if uncompetitive) constraint on the neutrino mass

* Neutrino Mossbauer effect: Trace element detection through magnetic slowing may
enable v research at tabletop scales

J. R. Klein, J. H. Majors, and M. G. Raizen, arXi
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