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Neutrinos

What We Know About Neutrinos

Come in three “flavors”, none of which have definite mass.

(o) (o) ()

Ve V1 < mass eigenstates
Uy = U, Vo < 1 oVl
b Vs m; S 1 eVl

U contains three mixing angles (and a few phases).

From recent “oscillation” experiments:

o Solar-v's: Am2, ~7x107% eV? O ~ 33°
e Atmospheric-v's:  Am?2,, ~ 2 x 1073 eV?  faem & 45°
@ Reactor v's: Third mixing angle is small.

Atmospheric ,.'s don't oscillate.




Neutrinos

What We Still Don't Know

Mass (eV)

+ mu tau
', m ] 0 . 0
e 0.058 Solar @ “Hierarchy":

0.050 e .

0.049 /== normal or inverted?

Atmospheric @ Overall mass scale
Atmospheric @ Are neutrinos their
own antiparticles?
v, 0.009
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V4 =0 =0 O v,

b 0 b

Oscillation experiments cannot answer these questions.

‘ Neutrinoless double-beta decay can help




B3 Decay How it Helps Experimental stuff

Neutrinoless Double-Beta Decay

If energetics are right (ordinary beta
decay forbidden). ..

and neutrinos are their own Z+2, N-2
antiparticles. . .

p p
then two neutrons inside a nucleus \ €
A .

can turn into two protons, emitting B
two electrons and nothing else A %
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Neutrinoless Double-Beta Decay

If energetics are right (ordinary beta
decay forbidden). ..

and neutrinos are their own Z+2, N-2
antiparticles. . .

then two neutrons inside a nucleus ?:4_ VR\E)%
can turn into two protons, emitting e\ |’ ® A

two electrons and nothing else A

(unlike the already observed n n

two-neutrino process).




BB Decay

How It Helps

How it Helps Experimental stuff

Mass (eV)
mu tau
g Ce—
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Rate proportional to square of “effective

neutrino mass”

Meff = ZmZUezz
i
If lightest neutrino is light:

® Meff ~ 1/Am§o| sin? 0, (normal)

® Meft = \/ Am2,,, cos20s, (inverted)
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How It Helps

Mass (eV) e “ A
p p
Vg O 0.058 Solar e_
0.050 C——— 2
0.049 ——————mm —-‘_
Atmospheric e ___.X’ W A
Atmospheric ‘ ‘ VR
V2 SOl 0.009 n n
Vi 0 =0 CEE— vy
$° o K
1000
Rate proportional to square of “effective Degenerate
neutrino mass” < 10
g
_ 2
Meff = § m;Ug g
17 & new expt S.
If lightest neutrino is light: g
® Meff ~ 1/Am§o| sin? O, (normal) o
~ A2 .
O Meff ~ Amatm cos 2050' (Inverted) Minimum Neutrino Mass (meV)




BB Decay How it Helps Experimental stuff

Conclusion

o Double-beta decay experiments can
eventually determine whether neutrinos are
their own antiparticles

o If they are, the next generation of
double-beta-decay experiments should
confirm or rule out the “inverted” (or
“degenerate”) hierarchy and, if confirming,
determine the effective neutrino mass
provided some crucial nuclear-structure
physics is better understood.




BB Decay

Seeing Neutrinoless Decay

How it Helps Experimental stuff

Need about a ton of material, very good energy resolution.
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This is for meg = .1 eV!
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ow it Helps Experimental stuff

Ovpp decay of G e potentially
measured at 2039 keV
Sensitive to effective Majorana v
mass as lowas 0.02-0.07 eV
Based on well known 7¢G e
detector technology plus:

- Pulse-shape analysis

- Detector segmentation

- Ready o begin now
Requires:

- Deep underground location

- 500 kg enriched 85% 76G e

- many crystals, each segmented

- Advanced signal processing

+ Pulse shape discrimination
- Special lowbkg maternals



ow it Helps

130Te: CUORICINO and CUORE

CUORICINO: exposure to date = 10.85 kg yr
(~20% of Heidelberg-Moscow) Live time
~ 75%, so exposure should surpass H-M soon.

Current result: an» <0.2-1.1eV

—p

CUORICINO
will become
CUORE

Aspen Winter 2005

Counts/(1 keV)
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Experimental stuff

CUORICINO energy spectrum

.y

resolution ~ 8 keV

flat backgrounds
likely surface alphas
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CUORE will consist of multiple
CUORICINO-type towers.

Total mass = 741 kg (34% 130Te)

Neutrino mass sensitivity ~ 30 meV

Status of double beta decay 12




Experimental stuff

copper cryostat 136Xe: EXO 200 kg prototype
TPC vessel

LXe TPC to be contained in low background vessel,
surrounded by 50 cm of ultra-pure cryofluid inside
a copper cryostat and shielded by 25 cm of lead.

7

HFE-7000 cryofluid

Cryostat fabrication begins next month (France).
Design of lead shielding, electronics, and TPC
electrostatics is in advanced stages.

Aspen Winter 2005 Status of double beta decay 18



Counts/keV

BB Decay

Already Observed?

How it Helps
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Experimental stuff

Heidelberg-Moscow "®Ge
collaboration has 71.7 kg y
data.

Claims to see peak right at
endpoint. Corresponds to
mesf = 0.4eV £ 0.3eV or so.
Takes advantage of
(exaggerates?) nuclear
uncertainty (to be discussed).

Community is skeptical , but
result contributes to plan for
“phased approach” to larger
detectors.



Calculations What to Calculate Calculations

Fly in the Ointment: The Nuclear Factor

Rate is also proportional to square of a nuclear matrix element:

g 90 Ok .
Mj; ~ f\Z[V A% }Tmm

— 1y
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Fly in the Ointment: The Nuclear Factor

Rate is also proportional to square of a nuclear matrix element:

gV gAU] Ok | 4+ 4. Turns two neutrons
My; =~ (f Z [ — 1| 75 T ) into two protons
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Fly in the Ointment: The Nuclear Factor

Rate is also proportional to square of a nuclear matrix element:

QV gAU] Ok | 4+ 4. Weak vector coupling
M A
s~ ] Z [ —rg| } 73 Tk 1) constant




Calculations What to Calculate Calculations

Fly in the Ointment: The Nuclear Factor

Rate is also proportional to square of a nuclear matrix element:

QV gAU] Ok | + 4. Weak axial vector
My; =~ (f] Z [ — 1y } Tj Tk 18) coupling constant




Calculations What to Calculate Calculations

Fly in the Ointment: The Nuclear Factor

Rate is also proportional to square of a nuclear matrix element:

Spin correlation
oj-o
My; = (f| Z [QV 94 ry | k} Tl i) between neutron
k (proton) pair




Calculations What to Calculate Calculations

Fly in the Ointment: The Nuclear Factor

Rate is also proportional to square of a nuclear matrix element:

Falloff with distance
oj-0
My; = (f| Z [QV 94 r] | k} Tl i) between neutron
k (proton) pair




Calculations What to Calculate Assessing Calculations

Fly in the Ointment: The Nuclear Factor

Rate is also proportional to square of a nuclear matrix element:

g 90 Ok .
Mji ~ f\Z[V e }Tmm

This is hard to calculate because

@ Relevant nuclei are heavy (e.g. 13°Xe —135Te) and/or
complicated (e.g. "®Ge —76Se).
No controlled approximation schemes for nuclei with A > 12
@ No measured neutrinoless decays with which to calibrate.
@ Mjy; sensitive to delicate two-body space/spin correlations.

@ Most of the operator’s strength is to excited states in the final
nucleus.




B Calculations What to Calculate Assessing Calculations

Existing Calculations

Lots done since 1987

@ Most in neutron-proton QRPA (quasiparticle random-phase
approximation).

@ A few in the shell model
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Existing Calculations

Lots done since 1987

@ Most in neutron-proton QRPA (quasiparticle random-phase
approximation).

@ A few in the shell model

QRPA vs. Shell Model:

/ \ ——— OQRPA

1 1 Large single-particle space;
simple correlations within
it.

protons neutrons
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Existing Calculations

Lots done since 1987

@ Most in neutron-proton QRPA (quasiparticle random-phase
approximation).

@ A few in the shell model

QRPA vs. Shell Model:

———— QRPA

i 1 Large single-particle space;
simple correlations within
it.

protons neutrons
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Existing Calculations

Lots done since 1987

@ Most in neutron-proton QRPA (quasiparticle random-phase
approximation).

@ A few in the shell model

QRPA vs. Shell Model:

Lpn]
| —— OQRPA

Large single-particle space;
simple correlations within
it.

protons neutrons



Calculations What to Calculate Assessing Calculations

Existing Calculations

Lots done since 1987

@ Most in neutron-proton QRPA (quasiparticle random-phase
approximation).

@ A few in the shell model

QRPA vs. Shell Model:

Small single-particle space;

. | . . )
75— 1 Shell a_rb'trar_'W_C(?mpIex correla
~ 1 Model tions within it.

protons neutrons



Calculations What to Calculate Ass g Calculations

More on Existing Calculations

@ QRPA uses “G-matrix” interaction,
fiddles with strengths to reproduce
single-beta decay and strength
functions.

B
R,, (MeV™)

@ Shell model tweaks microscopically
derived interaction to fit binding
energies, spectra.

@ Both require empirical renormalization
of single-beta decay two-neutrino
double-beta operators.

E (MeV)




BB Calculations

“Statistical Analysis”

What to Calculate Assessing Calculations

0254« - 3.90
12 ; ; ; _ \\\\ __9levels
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P

Spread among reasonable calculations is about a factor of 3.
Uncertainty in extracted value of megr will be at least as large.

Calculations must be improved

Mov
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Improving the Calculations

Going on now: combining virtues of shell model and QRPA

@ Shell model in larger spaces: Factorization Method
(Papenbrock et al.)

10) = 22 5 Viilpidlng) — 32, silpi) i)
@ Renormalization of effective two-body transition operator (in
perturbation theory for now)

FLH H E
of B N
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lculations What to Calculate Assessing Calculations

So Far: Test of Renormallzatlon in Sovable Model

Two-level SO(5) model for "°Ge

=———— } 2 (sdg,,,)

} 1 (fgg,)
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So Far: Test of Renormalization in Sovable Model

—— } 2 (sdg,,,)

€

—— } 1 (frg,,)

Two-level SO(5) model for "°Ge

@ 36 active nuceons outside *°Ca core
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So Far: Test of Renormalization in Sovable Model

Two-level SO(5) model for "°Ge

@ 36 active nuceons outside “°Ca core
:} 2 (sdgy,) e Hamiltonian from SO(5): coherent
€ J = 0 pair-creation and
annihilation operators, number,
— } 1 (fpg9/2) and isospin operators.
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So Far: Test of Renormalization in Sovable Model

Two-level SO(5) model for "°Ge
@ 36 active nuceons outside “°Ca core
:} 2 (sdgy,) e Hamiltonian from SO(5): coherent
€ J = 0 pair-creation and
annihilation operators, number,
— } 1 (fpg9/2) and isospin operators.
2
H=ef,-G Y (s;;:s;;p + 81288 + gpS12 St — gpnTa - Tb)
a,b=1
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So Far: Test of Renormalization in Sovable Model

Two-level SO(5) model for "°Ge
@ 36 active nuceons outside “°Ca core
:} 2 (sdgy,) e Hamiltonian from SO(5): coherent
€ J = 0 pair-creation and
annihilation operators, number,
— } 1 (fpg9/2) and isospin operators.
2

H = ENz -G Z <S;ZS;;[) + SJL(TZLSZH + gppsggsgn - gphTa ’ Tb)
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So Far: Test of Renormalization in Sovable Model

Two-level SO(5) model for "°Ge
@ 36 active nuceons outside *°Ca core
:} 2 (sdgy,) e Hamiltonian from SO(5): coherent
€ J = 0 pair-creation and
annihilation operators, number,
e } 1 (fpg9/2) and isospin operators.
2
H=efo -G Y (Slast, + StaSt, + gomSash, — 9pnTa - Ts)
a,b=1
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So Far: Test of Renormalization in Sovable Model

Two-level SO(5) model for "°Ge
@ 36 active nuceons outside “°Ca core
:} 2 (sdgy,) e Hamiltonian from SO(5): coherent
€ J = 0 pair-creation and
annihilation operators, number,
e } 1 (fpg9/2) and isospin operators.
2
H=eflo—G Y (Slast, + StaSt, + gmSash, — 9pnTa - Ts)
a,b=1
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So Far: Test of Renormalization in Sovable Model

Two-level SO(5) model for "°Ge
— } 2 (sdgy,)
€
————— } 1 (frgg,)
@ Independent strength for np pairing
force.
2
H=eflo—G Y (Slast, + Stast, + gmSash, — 9pnTa - Ts)
a,b=1
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So Far: Test of Renormalization in Sovable Model

Two-level SO(5) model for "°Ge

— } 2 (sdg,,)
&
e } 1 (fpgg,z)
o
2
H=ef,-G Y (S;;sgp + 128t + gppSi2SE, — g Ta - Tb)
a,b=1

Decay operator:

++

M=% " ik
o7 Iri — ]




B3 Calculations What to Calculate Assessing Calculations

Effective Operator in the Model
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Effects of truncation on 2v and Ov Various prescriptions for

decay renormalizing Ov operator



Effective Operator

Calculations

What to Calculate Assessing Calculations

4
: _ - — B |
~ 2 N |
i 1? N=8 ‘\}:\i
= —
O :
: \
20 0.5 '
Yo

An iterative nonperturbative renormalization procedure. ..



Calculations What to Calculate Assessing Calculations

Further Down the Road. ..

As you know, wave functions for nuclei up to A = 12 — 16 can now
be determined more or less exactly starting from nucleon-nucleon
scattering data, via

@ No core shell model

@ Green's function Monte Carlo: Variational ansatz evolved in
imaginary time.

@ Variational Monte Carlo.

@ Coupled cluster theory: breaks up wave function into 2-body,
3-body ...clusters

@ Other stuff

Perhaps the last three of these might one day reach A = 76. If
not, we keep on refining the tools we havel!
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CP Violation and Nuclear
Strucure
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