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Neutrinos: What We Know

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

Ve V1 .

v _ U v <= mass eigenstates
" M 2 mi <1eV

vVt V3

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



Neutrinos: What We Know

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

Ve V1 .

v _ U v <= mass eigenstates
: N 2 mi <1eV

vVt V3

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

From oscillation experiments:
» Solar-vs: Am? ~ 8 x 107% V2 B0l & 34°
» Atmospheric-vs: Am2, ~2 x 1073 eV? Oatm ~ 45°
» Reactor v’s: Oreac ~ 9°
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» “Hierarchy”: normal or inverted?

» Overall mass scale = ?
» Neutrinos their own antiparticles (Majorana fermions)?




Neutrinoless (33 Decay

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

and neutrinos are their own
antiparticles...

can observe two neutrons turning
into protons, emitting two electrons
and nothing else, e.g. via




Significance
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Significance
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But rate also depends on a nuclear matrix element.
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CUORE

1309Te in Tellurium Oxide Crystal Bolometers

Also...SNO+



EXO and KamLAND-Zen

136Xe in a Time Projection Chamber or Large Scintillator

Corrugated tube
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KamLAND LS
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R=6.5m balloon
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Xe loaded LS in
1.54m inner balloon

1325 of 17 inch PMTs+ 554 of 20 inch PMTs
Avalanthe mounted on stainless—-steel tank

Photodlodes

KamLAND-Zen

Also...NEXT



GERDA and MAJORANA

75Ge in Germainium Diodes

clean room with lock
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How Effective Mass Gets into Rate
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How Effective Mass Gets into Rate

&1 p2

T3 = 3 [ 2ovRs(Ea + Ea - 055 55

spins
Zo+ contains lepton part
Z e(x)yu(1—vs)Uervi(x) Ti(y)Yv (14 vs5)Uere (y)
k | |

where V's are Majorana mass eigenstates.
Contraction gives neutrino propagator:

_ q°vp + my
Z e(X)vu(1—V5)297mzvv(1+Vs)ec(y) vz,
k -k

The gy, part vanishes in trace, leaving a factor

— 2
k




What About Hadronic Part?

Integral over times produces a factor
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with g° the virtual-neutrino energy and the J the weak current.
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What About Hadronic Part?

Integral over times produces a factor

—
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2 q°(En +q° + E2 — E})

n

with g° the virtual-neutrino energy and the J the weak current.

In impulse approximation:
May not be adequate.

(U (x)Ip’) = €¥a(p) (gv(qz)v“ — galq?)ysy”

o 2 ot 2 i I
igm(q )Zm qv +8pr(q°)ysq* |u(p’) .
P

q° typically of order inverse inter-nucleon distance, 100 MeV, so
denominator can be taken constant and sum done in closure.



Final Form of Nuclear Part

Moy = MST — gV ME,
gA

with

MGT = F| |ZH l’,'/' gj - 0j ’[.'-Jr’tl-Jr |I>+

FIZHr,, T )+

0 ,
H(P ~ 2R singr

U Jo qq+E— (Ei+Ef)/2

roughly oc 1/r

Contribution to integral peaks at g ~ 100 MeV inside nucleus.

Corrections are from “forbidden” terms, weak nucleon form
factors, many-body currents ...



Totally New Physics Could Contribute

If neutrinoless decay occurs then v's

are Majorana, no matter what: W Vi

Exchange of heavy right-handed neutrino
in left-right symmetric model.
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but light neutrinos may not drive the decay: W[R; .
vx

n WE §f p e



Totally New Physics Could Contribute

If neutrinoless decay occurs then v's )
are Majorana, no matter what: Vg

Exchange of heavy right-handed neutrino
in left-right symmetric model.

n P

but light neutrinos may not drive the decay: w[.;z .
vx

n W§ g:‘ p e

Amplitude of “exotic” mechanism:

h 4
B (M) () e
Zg%wt MWR Mgt My (g%)~10* MeV

~1 if my~1TeV and mgy~ \/Am2,,

VL



Totally New Physics Could Contribute

If neutrinoless decay occurs then v's )
are Majorana, no matter what: Vg

VL

Exchange of heavy right-handed neutrino
in left-right symmetric model.

n p

but light neutrinos may not drive the decay: W[R:l .
vx

n Wi g:‘ p e

Amplitude of “exotic” mechanism:

h 4
B (M) () e
Z(l;g\l:t MWR Mgt My (g%)~10* MeV

~1 if my~1TeV and mgy~ \/Am2,,

So exotic stuff can occur with roughly the same rate as light-
v exchange. Untangling may require several experiments and
accurate nuclear matrix elements for all processes.




Nuclear-Structure Methods in One Slide

» Density Functional Theory & Related Techniques: Mean-field-like
theory plus relatively simple (e.g. RPA or GCM) corrections in very
large single-particle space with phenomenological interaction.

» Shell Model: Partly phenomenological interaction in a small
valence single-particle space — a few orbitals near nuclear Fermi

surface — but with arbitrarily complex correlations.

I
» Ab Initio Calculations: Start from a well justified two-nucleon Nk

three-nucleon Hamiltonian, then solve full many-body Schrodinge
equation to good accuracy in space large enough to include all
important correlations. At present, works pretty well in with A up to
about 50.



Nuclear-Structure Methods in One Slide

» Density Functional Theory & Related Techniques: Mean-field-like
theory plus relatively simple (e.g. RPA or GCM) corrections in very
large single-particle space with phenomenological interaction.

» Shell Model: Partly phenomenological interaction in a small
valence single-particle space — a few orbitals near nuclear Fermi

surface — but with arbitrarily complex correlations.

I
» Ab Initio Calculations: Start from a well justified two-nucleon Nk

three-nucleon Hamiltonian, then solve full many-body Schrodinge
equation to good accuracy in space large enough to include all
important correlations. At present, works pretty well in with A up to
about 50.

Has potential to combine and ground virtues of
shell model and density functional theory.
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Contrasting the Approaches

QRPA

| pn|
N T

QRPA/DFT: Large single-particle spaces in
arbitrary single mean field; relatively simple
~ correlations and excitations within the space.

protons neutrons




Contrasting the Approaches

| —=A—y Shell Model: Small single-particle space

protons

' — ~ % in simple spherical mean field; arbitrarily

oo complex correlations within the space.

neutrons




Contrasting the Approaches

Can we combine the virtues of these methods?

Can we avoid fitting parameters to data directly in
heavy nuclei? That’s not a bad thing, but makes it hard
to estimate accuracy when calculating something differ-
ent from anything ever measured!

protons neutrons
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Level of Agreement So Far

Significant spread.
And all the models
could be missing
important physics.

Uncertainty hard
to quantify.
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More computing power, new many-body methods responsible for

major progress in DFT and ab initio theory.

Should take advantage of it.




DOE Topical Collaboration

Bigstick

(Johnson, Haxton)

Short-range ops

Quantum Monte Carlo
(Carlson, Gandoffi)

(Ramsey-Musol)

AY

~

Two-body
currents

- -

Diamagnetic
Atoms

Connection with
new physics

Operator Renorm:

(Ramsey-Musolf, Ci




Ab Initio Nuclear Structure
Typically starts with chiral effective field theory.

Nucleons, pions sufficient below chiral-symmetry breaking scale.
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Ab Initio Nuclear Structure
Typically starts with chiral effective field theory.

Nucleons, pions sufficient below chiral-symmetry breaking scale.

2N Force 3N Force 4N Force
LO
(=
C3,C4
Comes with consistent weak current.
a1 /N
(Q/A? Rl k \+/
+... VAN

wo X Ly
i kg, G T




Ab Initio Shell Model

Partition of Full Hilbert Space

p Q

P | PHP PHQ
4

Q| QHP QHQ

\

Shell model done here.

P = valence space
Q = the rest

Task: Find unitary transformation to
make H block-diagonal in Pand Q,
with H.g in P reproducing d most
important eigenvalues.
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P Q P = valence space
Q = the rest
p Heff
} Task: Find unitary transformation to

make H block-diagonal in Pand Q,
with H.g in P reproducing d most
important eigenvalues.

Q He-q For transition operator M, must apply
same transformation to get M.g.

\

Shell model done here.



Ab Initio Shell Model

Partition of Full Hilbert Space

P Q P = valence space
Q = the rest
p Heﬁ
} Task: Find unitary transformation to

make H block-diagonal in Pand Q,
with H.g in P reproducing d most
important eigenvalues.

Q He-q For transition operator M, must apply
same transformation to get M.g.

| As difficult as solving full problem. But idea is that N-body ef-
fective operators may not be important for N >2 or 3.

S TC T T T T ooTTe TTeTres




Method 1: Coupled-Cluster Theory

Ground state in closed-shell nucleus:

Wo) =e"lpo)  T= Z thaha; + Z "ahataia;+ ...
ij,mn

Slater determinant mn>F  ij<F

States in closed-shell + a few constructed in similar way.



Method 1: Coupled-Cluster Theory

Ground state in closed-shell nucleus:

Wo) =e"lpo)  T= Z thaha; + Z "ahataia;+ ...
ij,mn

Slater determinant mn>F  ij<F

States in closed-shell + a few constructed in similar way.

Construction of Unitary Transformation to Shell Model for 76Ge:

1. Calculate low-lying spectra of *®Ni + 1 and 2 nucleons (and 3
nucleons in some approximation), where full calculation feasible.

2. Do Lee-Suzuki mapping of lowest eigenstates onto f5,pg9,, shell,
determine effective Hamiltonian and decay operator.
Lee-Suzuki maps d lowest eigenvectors to orthogonal vectors in shell model

space in way that minimizes difference between mapped and original vectors.

3. Use these operators in shell-model calculation of matrix element for

76Ge (with analogous plans for other elements).




Option 2: In-Medium Similarity Renormalization Group

Flow equation for effective Hamiltonian. Asymptotically
decouples shell-model space.

d

g = Mm(s),H(s)I,  m(s) = [Ha(s),Hod(s)], H(oo) = Hefs

Hergert et al.

Trick is to keep all 1- and 2-body terms in H at each step after
normal ordering. Like truncation of coupled-clusters expansion.

If shell-model space contains just a single state, approach yields
ground-state energy. If it is a typical valence space, result is
effective interaction and operators.



Ab Inltlo Calculatlons of Spectra

E, [MeV]

6

7F

22 23 J— 24
O } (0] v (O
=L —3 6F P — ]
bl 3+ —_2 1
—: y —
o na __#_GH]1%F — 2
B 0 : N S N S i
! 3t =5 ) ar 1 .
—3 13 . Neutron-rich
e p—2—2] X .
2 of A4 oxygen isotopes
1k ]
] s 1
00— 0 ——0" § Of 3 i iy —— 0 ——0 _(' —— 00 1
S O F P < ®
&P go o& & Cc@ c§~ &
\V\
LE ‘ ‘ _,‘ ; o
13 20Ne E ¢ Mg i
f o8 _ s % " 3
11 +— E
10 + E
9 J—T — ¢ F " E
— 6 — 6" =l —— 6 g ]
= 7 E3 E
. = 6 + E
Deformed nuclei S i E
| S — —d ¥ s e —— 4" e ]
? — 2 ——2 g} o 2 ——2 9 3
Of =00 =07 0 —— 0" 0" 0 0 —— 0
> L& R & > L R &
& & & F & S & <



Coupled Cluster Test in Shell-Model Space: 48Ca —*8Ti

No Shell-Model Mapping
From G. Hagen
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Coupled Cluster Test in Shell-Model Space: 48Ca —*8Ti

No Shell-Model Mapping
From G. Hagen

3+ _3

o* 4+ o+ zr

+ +
1 2 2+ m 4
3+ 4+ 1 2+

3+ 4+
4+ 2 & -
2+ 2+
0" 0"
EOM CCSDT-1 Exact

“8Ti Spectrum

BB Ov Matrix Element
GT F T

Exact 85 15 -.06
CCSDT-1 .86 17 -08




Full Chiral NN + NNN Calculation (Preliminary)

From G. Hagen

Method E3max MOV
CC-EOM (2p2h) 0 1.23
CC-EOM (3p3h) 10 0.33
CC-EOM (3p3h) 12 0.45
CC-EOM (3p3h) 14 0.37
CC-EOM (3p3h) 16 0.36
SDPFMU-DB - 1.12
SDPFMU - 1.00

Last two are two-shell shell-model
calculations with effective interactions.




Complementary Ideas: Density Functionals and GCM

Construct set of mean fields by constraining coordinate(s), e.g.
quadrupole moment (Qp). Then diagonalize H in space of
symmetry-restored quasiparticle vacua with different (Qo).

v : Collective wave functions
04 -02 0 02 04 06

| (b)

— 7Ge (0})

=6 (07)

all B2

[, = deformation Rodriguez and Martinez-Pinedo:

Robledo et al: Minima at B, ~ +.15 Wave functions peaked at f; ~ +.2



Complementary Ideas: Density Functionals and GCM

Construct set of mean fields by constraining coordinate(s), e.g.
quadrupole moment (Qp). Then diagonalize H in space of
symmetry-restored quasiparticle vacua with different (Qo).

v : Collective wave functions
04 -02 0 02 04 06

| (b)

— 7Ge (0})

=6 (07)

l B2

[, = deformation Rodriguez and Martinez-Pinedo:

Robledo et al: Minima at B, ~ +.15 Wave functions peaked at 3, ~ +.2

We're now including crucial isoscalar pairing amplitude as collective
coordinate....



Capturing Collectivity with Generator Coordinates
How Important are Collective Degrees of Freedom?

Can extract collective separable interaction —— monopole + pairing
+ isoscalar pairing + spin-isospin + quadrupole —— from shell model
interaction, see how well it mimics full interaction for 33 matrix
elements in light pf-shell nuclei.

4 KB3G —e—
e, HcoII. -0
3.5 3 Heoll. (no 7' = 0 pairing) -+« -W--
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Capturing Collectivity with Generator Coordinates
How Important are Collective Degrees of Freedom?

Can extract collective separable interaction —— monopole + pairing
+ isoscalar pairing + spin-isospin + quadrupole —— from shell model
interaction, see how well it mimics full interaction for 33 matrix
elements in light pf-shell nuclei.

| — T T T T T T T T |

Good news for collective models!

22 24 26 28 30 32 34 36 38 40

Nmother



GCM Example: Proton-Neutron (pn) Pairing

Can build possibility of pn correlations into mean field. They are
frozen out in mean-field minimum, but included in GCM.

Ovf B matrix element Collective pn-pairing wave functions
. . . . . 0.2 . . . .
15
pn-GCM s

10 Ordinary GCM s A
2 Q
5 s
= 5

0
0.1
75- \ 5o
0 0.5 1 1.5 2 2.5 3 0 2 4 6 8 10
Sop ¢ = pn pairing amplitude

Proton-neutron pairing significantly reduces matrix element.




GCM in Shell-Model Spaces
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Combining DFT-like and Ab Initio Methods

GCM incorporates some correlations that are hard to capture
automatically (e.g. shape coexistence). So use it to construct initial
“reference” state, let IMSRG, do the rest.

Test in single shell for “simple” nucleus.

—65 [ "u,thlDlll T L) IIIII T TT IIIII-
— 70 F
S N
> C
=3 :
w -7.5 - ..
[ SM (KB3G) 1
_8.0 B 1 L IIIIII| 1 L IIIIIII 1 L IIIIII-
In progress:

» Improving GCM-based flow.
» Coding IMSRG-evolved 33 transition operator.
» To do: applying with DFT-based GCM.



Improving RPA/QRPA

160

0.04

S A N
NN

0.02 g
RPA produces states in g 0 i,
intermediate nucleus, but Eoo4
form is restricted to 1p-1h =
excitations of ground oo
state. Second RPA adds S
2p-2h states. I?i 0

R

0.02
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Issue Facing All Models: “ga”

40-Year-Old Problem: Effective g4 needed for single-beta and two-neutrino
double-beta decay in shell model and QRPA.

14
O from expenmental Tip (ISM)
12} O giefr=1.2694"" ]
M/a from experimental 7, IBM-2 CA/SSD)
1.0f ® g'PM2=1.26947018 ]
w= 0.8
S
& 0.6}
0.4t
0.2+
0.0 : ’ . . .
40 60 80 100 120 140 160

Mass number

from F. lachello

If Ov matrix elements quenched by same amount as 2v matrix elements, ex-
periments will be much less sensitive; rates go like fourth power of g,.




Arguments Suggesting Strong Quenching of Ov

» Both 3 and 2v{3f3 rates are strongly quenched, by consistent
factors.

» Forbidden (27) decay among low-lying states appears to
exhibit similar quenching.

» Quenching due to correlations shows weak momentum
dependence in low-order perturbation theory.



Arguments Suggesting Weak Quenching of Ov

v

Many-body currents seem to suppress 2v more than Ov.

Enlarging shell model space to include some effects of high-j
spin-orbit partners reduces 2v more than Ov.

Neutron-proton pairing, related to spin-orbit partners and investigated
pretty carefully, suppresses 2v more than Ov.

v

v

MGT
o

22 24 2 28 30 32 34 36 r(fm)
Nimother Large r contributes more to 2v.



Effects of Closure on Quenching

Two-level model:

—_— )
1) —_—lp)
L
: |Ow) '
Eot, O1) Or)
Initial Intermediate Final

Assume
Lower levels: (OmI B 101) = (OF| B [OM) = Mg

Upper levels: (Wl B 1) = (gl B [yg) = —acMp

Operator doesn't connect lower and upper levels.

“Shell-model” calculation gets
2

_ Mg L g2
M = o Mpp = Mg

Shell-model
space



Effects of Closure on Quenching (Cont.)

In full calculation, low and high-energy states mix:

|0’) = cos0]0) +sinO]1)
1) = —sin0]0) + cos O 1)

in all three nuclei. Then we get
My = Mg (cos? @ — asin?0)?

M2 ( L (oc+1)zsin26cosze)
B

M, —
2v EO E1

Mt = Mp? (1 + (o4 1)%sin? 0 cos? 6)
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In full calculation, low and high-energy states mix:
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Effects of Closure on Quenching (Cont.)

In full calculation, low and high-energy states mix:

|0’) = cos0]0) +sinO]1)
1) = —sin0]0) + cos O 1)

in all three nuclei. Then we get

Mp = Mg (cos®  — asin® 0)? < Mg

My, — M2 (1+ (o +1)2 sin2 8052 0 % <<: Miéz

M Ec _— E Eo

My = M2 (1 + (ot +1)2sin2 0 cos? e) > M2
= M, a=1

So if « = 1, the closure matrix element is not suppressed at all.
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= M, a=1

So if « = 1, the closure matrix element is not suppressed at all.

If « = O, it's suppressed as much as the single-f3 matrix element,
but still less than the non-closure 33 matrix element.



We Hope to Resolve the Issue Soon

Problem must be due to some combination of:

1. Truncation of model space.
Should be fixable in ab-initio shell model, which compensates
effects of truncation via effective operators.

2. Many-body weak currents.
Size still not clear, particularly for Ov3 3 decay, where current
is needed at finite momentum transfer q.

Leading terms in chiral EFT for finite q only recently worked
out. Careful fits and use in decay computations will happen in
next year or two.




Benchmarking and Error Estimation

Systematic Error:
1. Calculate and benchmark spectra and transition rates (including
decay) with all good methods.

2. Calculate B, 2vpp and Ovp B matrix elements in light nuclei — ®He,
8He, 220, 240 - with methods discussed here plus no-core shell
model and quantum Monte Carlo.

3. Do the same in *8Ca.

4. Test effects of “next order” in EFT Hamilton, coupled-cluster
truncation, restrictions to N-body operators, etc.

5. Benchmark methods against spectra and electromagnetic transitions
inA=76,82,100,130,136,150.
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Statistical Error:

Chiral-EFT Hamiltonians contain many parameters, fit to data. Posterior
distributions (for Bayesian analysis) or covariance matrices (for linear re-
gression) developed to quantify statistical errors for 33 matrix elements.




Finally...

Existence of topical collaboration will speed progress in next few
years.
Or else I'm in big trouble.

Goal is accurate matrix elements with quantified uncertainty by
end of collaboration (5 years from now).
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That's all; thanks
for listenine.



