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QA TRIUMF Outline

* New high precision chiral interactions

e Chiral currents

 SRG evolution of operators

« NCSM calculations of 3H, ®He, C beta decay

 Initial double-beta decay applications



@,TRIUMF From QCD to nuclei

Nuclear structure and reactions




QTRIUMF Chiral Effective Field Theory

Inter-nucleon forces from chiral
effeCtlve f|e|d theory 2N Force 3N Force 4N Force

— Based on the symmetries of QCD (;X’\)(,

* Chiral symmetry of QCD [ ,
(m~m=0), spontaneously broken NLO | \
with pion as the Goldstone boson e |

» Degrees of freedom: nucleons +
pions NNLO

— Systematic low-momentum e

expansion to a given order (Q/A,)
N°LO

— Hierarchy (O/A ;
— Consistency
— Low energy constants (LEC) N‘LO e

« Fitted to data (Q/A H ><

» Can be calculated by lattice QCD

= N4LO500 NN N3LO NN+N2LO 3N
Chiral symrr)l(etry breaking scale (NN+3N400, NN+3N500)



QTRIUMF Currents in chiral EFT

* Meson-exchange current

PHYSICAL REVIEW C 67, 055206 (2003)

Parameter-free effective field theory calculation for the solar proton-fusion and hep processes

T.-S. Park,'?? L. E. Marcucci,* R. Schiavilla,>” M. Viviani>* A. Kievsky,>* S. Rosati,>* K. Kubodera,'?
D.-P. Min,? and M. Rho'?

 weak axial current
— one-body: LO - Gamow-Teller
N 2(pioy-p— 0'11_712)+in171

2
4dmy

_ - _—iq-r
A=—gur e ' oy

— two-body: MEC

a,=8a ! Lo )k
= ——7.plo,—0,)-
12 szf%Tmi_sz 7 <P\ O 2
A _— — A 1 p—
+4cskk- (1) o+ 7, 0,) + C4+Z Ty kX[ oy X k]
8A A _ _ A g
+ s[2d(7) o+ 1y o) tdp T 0] (19)
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@TRIUMF From QCD to nuclei

Low-energy QCD |

NN+3N interactions
from chiral EFT

H|‘P>= E|1P> M, SCGF,

, Nuclear
e EFT...

Many-Body methods

U

Nuclear structure and reactions |




2 TRIUMF No-Core Shell Model

o \
* Ab initio no-core shell model N =N +}
— Short- and medium range correlations '
— Bound-states, narrow resonances

— Equivalent description in relative-
coordinate and Slater determinant basis Harmonic oscilator basis

N,

max

gy W =SS e DO, il )

N=0 i




2 TRIUMF No-Core Shell Model

* Ab initio no-core shell model N =N +
— Short- and medium range correlations
— Bound-states, narrow resonances

— Equivalent description in relative-
coordinate and Slater determinant basis Harmonic oscilator basis

[ & V- EEC LG B 1)}

N=0 i

N=0 j

A Nypax . N -
[ ( ) EE SD(D}SLIDON](T’p Foy eens rA)=lIJA qDooo(RCM)}




@TRWMF Axial vector currents & 3N forces in chiral EFT

 Nuclear currents are
obtained consistently

— LO: standard single-
nucleon terms

— NZ2LO: first appearance of
two-body currents

— Two-body axial vector
currents predicted by NN
and 3N couplings

« 3H binding energy and
p-decay half-life uncorrelated

— Used to fully constrain N2LO
3N force (cg, cp) in A=3

e

Park et al., Gardestig & Phillips, ...

e e W-----
T /s m
C3,C4 Cp C1,C3,C4 Cp
_ Y T T T 7]
1.12 N \\
R R g
1.1 F N \-} Full Calculation =
S \ \\ = NoMEC
g 1.08 + Seo \~\' . No NNN Force |
8 "\..\\ \ .- — - No MEC, No NNN Force
M= 1.06 NI R .
< i AV18 } ~-._ |- =— NoNNN Force, c,=3.4
g = -A=500MeV  \ |
/f 1.04 + A\ =~ " 7
<LT-1 | NLO Epelbaum etal. '\\ S
N '~
>~ 1.02 F - —-A=450/700MeV 1\ - . .
- A=600700Mev  \ \, Sl
0.98 . A S P IT A T
4 -2 0 2 4
CD
PRL 103, 102502 (2009) PHYSICAL REVIEW LETTERS 4 SEPTEVBERS009

Lawrence Livermore

Three-Nucleon Low-Energy Constants from the Consistency of Interactions and Currents

Institute for Nuclear Theory, University of Washington, Box 351550, Seattle, Washington 98195, USA

National Laboratory, P.O. Box 808, L-414, Livermore, California 94551, USA

in Chiral Effective Field Theory

Doron Gazit

Sofia Quaglioni and Petr Navratil




@TRIUMF From QCD to nuclei

@ Low-energy QCD |
o T

UCOM ...
, induces 3N

SM/RGM,
H|‘P>= E|‘P> GFMC, HH,

attice EFT...

Nuclear structure and reactions |
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QTRIUMF  Similarity Renormalization Group (SRG) evolution

« Continuous transformation driving Hamiltonian to band-diagonal form
with respect to a chosen basis

» Unitary transformation H =U_HU U U’ =U U, =1

dH,, = v, HU  +U_H av, = av, U'UHU +UHU'U, av,
da da do do d
_ dUa U;Ha +HaUa dUa =[77a9Ha]
da do
. Setting n, =[G,.H,] with Hermitian G, generator
dH

e (Gt )11,

« Customary choice in nuclear physics G, =T ...kinetic energy operator

— band-diagonal in momentum space plane-wave basis

- Initial conditon H_,=H, .=H A*=1/Ja
11



@TRIUMF SRG evolution of general operators

The SRG transformation maintains the same eigenvalues for the Hamiltonian

H [¢n) = By |r) = Hy [Yr.o) = Ex [Uk.o)

But to extract additional observables from the wavefunction while taking advantage of the SRG
tranformation, the corresponding operators must be transformed

(5] O [107) = (W5.0] Og 15,0 )uhere O = Uy OUL

The transformation matrix can be extracted from the eigenfunctions of the Hamiltonian

Ua = 2k [¥k,0) (V2]

H,, O,:
2-body part determined in A=2 system,
3-body part determined in A=3 system,

12



@TRIUMF SRG evolution of general operators

Implementation up to two-body terms:  Peter Gysbers (McMaster/TRIUMF)
The matrix U is calculated blockwise, for relative coordinate two-nucleon eigenstates:
_ i — T
(A=2RJTTT) =Y, ek, InbsI™TT.)
The corresponding submatrix of[:[ is evolved then diagonalized to produce a matrix Uoé‘]7T

/ A
Compute the matrix elements of the bare operator: <k‘/ JMT T/TZ/ ‘ ‘ O(K) ‘ ‘kJWTTZ>

Matrix elements of the evolved operator are:

<k,J,7T/T/T, Oé||UJ,7T,T T/O(K UTJ TT, ||]‘CJ7TTTZ,OK>

TT,

13



@TRIUMF SRG evolution of general operators

Implementation up to two-body terms:  Peter Gysbers (McMaster/TRIUMF)
The matrix U is calculated blockwise, for relative coordinate two-nucleon eigenstates:
_ i — T
(A=2kJTT,) =X, by, IntsJ™TT.)
The corresponding submatrix of[:[ is evolved then diagonalized to produce a matrix Uoé‘]7T

/ A
Compute the matrix elements of the bare operator: <k‘/ JMT T/TZ/ ‘ ‘ O(K) ‘ ‘kJWTTZ>

Matrix elements of the evolved operator are:

<k/J/7T’T/T/ Oé|| UJM”T T’O(K)UTJ 1T, ||]CJ7TTTZ,O£>

Converting from the two-nucleon Jacobi basis to the single particle basis:
/ A - .
(@b T T'T|| O ||abJ™TT,) a = {na,Lla; Ja}
/ N
— E C*’ﬁ’ / abs <n/€/5,<]/ﬂ- T,Té || OéK) ||n€SJ7TTTZ>

TT,

Code NCSMV2B

14



@TRIUMF Chiral EFT interactions up to N4LO

« Systematic from LO to N4LO
« High precision — x?/datum = 1.15

— D. R. Entem, N. Kaiser, R. Machleidt, and Y. Nosyk, Phys. Rev.
C 91, 014002 (2015).

— D. R. Entem, R. Machleidt, and Y. Nosyk, arXiv:1703.05454.

Original EM 2003 N3LO NN E=-7.85 MeV

O | T T T T T T T T 12 T T T T T T T T T y
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ok - 3 i - @0 SRG16(20)| ]
v\‘\\\ H AA Eigigg 8 i H ©—¢ SRG 1.8 (20)
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4k L 4 pt.
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3 CH) N
Z -6 !
& L 2, 0 |
LTJ Lu I ]
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A 4 |
i E =-8.08 MeV
-10- -6 gs -
A 3 .
1 U 1 1 I L L L L L L L ol 1 1 1 1 1 1 1 1 1 1
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QTRIUMF

« Systematic from LO to N4LO

Chiral EFT interactions up to N*LO

« High precision — x?/datum = 1.15
— D. R. Entem, N. Kaiser, R. Machleidt, and Y. Nosyk, Phys. Rev.

C 91, 014002 (2015).

— D. R. Entem, R. Machleidt, and Y. Nosyk, arXiv:1703.05454.
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@TRIUMF Chiral EFT interactions up to N4LO

« Systematic from LO to N4LO
« High precision — x?/datum = 1.15

— D. R. Entem, N. Kaiser, R. Machleidt, and Y. Nosyk, Phys. Rev.
C 91, 014002 (2015).

— D. R. Entem, R. Machleidt, and Y. Nosyk, arXiv:1703.05454.

Original EM 2003 N3LO NN E=-28.0(5) MeV

32 T T T T T T
T T T T T T ] C ]
ot 1 -341- -
2 %X bare  (28)| ] 36 [+ 3" SRG 1.8 (20) |
-4 6 OO SRG16(20)| 38k 9 1" SRG 1.8 (20) |
6 . ©—0 SRG 1.8 (20)| ] C . ]
8 :—_ Ll v SRG 2.0 (20) _—: —40 "_— X 3+ extrapolated —_:
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Chiral NN with SRG 2- and 3-body induced max



QTRIUMF 3H>3He B decay

O0=6TH 5 0,=6T0 46T 1.

Operator:

Gamow-Teller (1-body)
(GT) 4y = ((GTM)a) 4y — (GTE) 1,

v

Potential: “N*LO NN”

@ chiral NN @ N*LO, Machleidt
PRCI91 (2015), 500MeV cutoff

v

1.74

12\ %

— 1.70-

—

—

e 1.68

—

1.64

A=o00,h0=28 —e— GTW

- 16 e GTW +GTY

Il -3 Expt= 1.656

. ) -20

3 3
H—"He
@
g ...
[ S S
e L : T @ ‘
...... ... B S
_______ P G

N4L0500 NN, 12 = 20MeV
é 4‘1 é é 1‘0 1‘2 14

N max

Hamiltonian:
chiral NN+3N with SRG 2- and 3-body induced
(except orange line: bare chiral NN+3N)

18



QTRIUMF 3H>3He B decay

O0=6TW 4+ MEC® - O, = 6TW + 6GT?) + MEC?) + ..

Operator:

Gamow-Teller (1-body) + chiral

meson exchange current (2-body)
Park (2003)

A = 00, Q) = 28
) - 16
) - S
) -20

Potential: “N*LO NN"
@ chiral NN @ N4LO, Machleidt

PRC91 (2015), 500MeV cutoff

@ LEC ¢cp = 0.45 determined

e GTY a1
—— GTW + MEC®

& GTY a1 + MECY

SH—3He

N4LO500 NN (cp = 0.45 in MEC), hQ = 20MeV

T T
y 0 2 4 6

Original EM 2003 N3LO NN c¢,=-0.2
(3N attractive)

max

8

10 12

Determination

of the c parameter
| <:> relevant to chiral 3N force

cp=0.45 (3N repulsive)

14



QTRIUMF 3H>3He B decay

0=G6TN + MEC® - 0, =G6TW + 6T? + MEC?) + ..

i ) -158 e GTW
.;:’:{:2:.. =17 s GTW GT)(\Q)
P BT " . )\ =188 M ®
Potential: “NN-+3N500 0N\ . mmmoa—20 oL TMEC
el e GTUHGTY 4 MEGY

@ chiral NN @ N3LO, Entem & ESpr
Machleidt PRC68 (2003), H{“ |
500MeV cutoff po ]

o chiral 3N @ N2LO, Navratil g
Few—Body SyS 41 (2007), E 1.600
500MeV cutoff e e Ao

1.575 o »“"‘

@ LEC ¢p = —0.2 determined by fo o
Gazit PRL103 (2009) 1.550 ‘ | NI>I+3N500 (‘CD:_OQ‘B])' " :‘28Mev

y 0 2 4 6 8 10 12 14

Nmaz

Hamiltonian:
chiral NN+3N with SRG 2- and 3-body induced

20



QTRIUMF 5He>6Li B decay

Precision measurement of ®He beta decay

PHYSICAL REVIEW C 86, 035506 (2012)

B4

Precision measurement of the °He half-life and the weak axial current in nuclei

A. Knecht,"* R. Hong,! D. W. Zumwalt,! B. G. Delbridge,' A. Garcia,' P. Miiller,> H. E. Swanson,! I. S. Towner, S. Utsuno,!

W. Williams, > and C. Wrede!+

2.8
. challenge and test o e -~ ' '
. . N . O—<N'LONN +NLO NNN(500)
of ab initio calculations, B He-> L1 |vvvion
nuclear forces =2.6f — bt g
and currents +7 SRG A=17 fm’"
N hQ=16 MeV
+ 24F N
?\ & ___________
/ Improvement with \ o E B R S
the NNN interaction =22F .
| | | | |
2 2 4 3 g 10
C - N
max




QTRIUMF 5He>6Li B decay

Precision measurement of ®He beta decay

PHYSICAL REVIEW C 86, 035506 (2012)

B4

Precision measurement of the °He half-life and the weak axial current in nuclei

A. I(IleCht,l’>k R. Hon ,1 D. W. Zumwalt,l B. G. Delbrid e,l A. C}.':II'CL':I,1 P. Muller,2 H. E. SWEll’lSOIl,1 LS. TOWHCT,3 S. UtSl,lIlO,1
g g
W. Willia]llS,Z’T and C. Wredel’i

. challenge and test
of ab initio calculations,
nuclear forces
and currents

/ Improvement with
the NNN interaction

Improvement with MEEC
& operator renormalization

- 4

2.40

N
w
S

M(GT;0+1 — 170)|

o
—_
ot

N
[\]
ot
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QTRIUMF 5He>6Li B decay

Precision measurement of ®He beta decay

PHYSICAL REVIEW C 86, 035506 (2012)

B4

Precision measurement of the °He half-life and the weak axial current in nuclei

A. Knecht,"* R. Hong,! D. W. Zumwalt,! B. G. Delbridge,' A. Garcia,' P. Miiller,> H. E. Swanson,! I. S. Towner, S. Utsuno,!

W. Williams, > and C. Wrede!+

2.40
- =17 ~o- GTW
. challepg_g and test. N I L GTW s er®
of ab initio calculations, T — Bet=2165 | Gro g er® 4 MECY
nuclear forces N
N N
and currents O N I o
T 2.25 \X\::::\x ----------- S )
e ST
R o Tmmmese ey
. E“ 2.20 GHG%GLI
/ Improvement with <} P — >
the NNN interaction =k ” >
Improvement with MEEC .
Preliminary
& operator renormalization i
still to be done: o | NN+3N500 (cl? = —0.2), hQ = 20MeV
. 2 4 N6 8 10 12
continuum maz




QTRIUMF 14C14N B decay

1+O(exc) |
%

* X0

[E—
n

» © NN+3N400 GT,,
x x NN+3N400 GT,, + GT
+  NN+3N400 GT,, +GT

IM(GT; 0" 1 -> 17 0)l

o
n

SRG A=20 fm
hQ=20 MeV

170(gs)

-

\\MEC appears to enhance it/

Carbon dating:
Super-allowed transition

to the ground state very weak

NNN interaction
suppresses it

max




SRG 2-body evolution of the Ovpp operator
In collaboration with Quaglioni, Schuster, Horoi, Engel, Holt

TRIUMF

Light-Neutrino Ovf3f3

10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
1 0.5
\C 2 ‘
3 1.5
40 -2

o
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o
|
—

o

Heavy-Neutrino OvpRp
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QTRIUMF

Application to "Ge Ovpp matrix elements
In collaboration with Quaglioni, Schuster, Horoi, Engel, Holt

« Matrix elements for light-neutrino exchange mechanism

e |BM-2

= QRPA-En
* QRPA-Jy |

=== QRPA-TU
¢ |ISM-Men

e SM

.l

48Ca

78Ge

82 Se

130Te

136Xe

35

25 -

HiHTH

15

0.5

N3LO NN

No-SRC  MS-SRC CDB-SRC AV18-SRC A=1.8 A=2.0 Ar=2.2




QTRIUMF

Application to "Ge Ovpp matrix elements
In collaboration with Quaglioni, Schuster, Horoi, Engel, Holt

« Matrix elements for light-neutrino exchange mechanism

e |BM-2

= QRPA-En
* QRPA-Jy |

=== QRPA-TU
¢ |ISM-Men

e SM

.l

48Ca

78Ge

82 Se

130Te

136Xe

35

25 -

11

15

0.5

CD-Bonn NN |

£

No-SRC ~ MS-SRC  CDB-SRC AV18-SRC

A=1.8 A=2.0 A=2.2




Application to "Ge Ovpp matrix elements
In collaboration with Quaglioni, Schuster, Horoi, Engel, Holt

TRIUMF

« Matrix elements for heavy-neutrino exchange mechanism

500
L — | BM-2 300 —
I 3
CD - Bonn SRC o ;8:';?13{] N>LO NN
400 I ° ® ISMStMa 250 T
i s | SM-CMU
i ° 200 +—
3001 4y18 sre — L 150 |
200 - I ‘ o 100 - B
I 2 I I P I * ¢ I I i
1517 ey i
:l ’ I I 0 - T . T T T
ol No-SRC  MS-SRC CDB-SRC AV18-SRC A=1.8 A=2.0 A=2.2
T %Ge 2% 124G 0Te 6Xe




Application to "Ge Ovpp matrix elements
In collaboration with Quaglioni, Schuster, Horoi, Engel, Holt

TRIUMF

« Matrix elements for heavy-neutrino exchange mechanism

500
[ — | BM-2 300 B
:CD-BonnSRC ® ® 8:';?1!{] CD-Bonn NN
4001 ¢ ¢ ISM-StMa 250
I w— | SM-CMU
: ¢ 200
3001 Avig sRC — ° 5o ] u
200 - I ‘ ° 100 - —
[ . I I, |0 * I I
100 - I l I * I 50 I
:l’l I 0 A T . T T T
ol No-SRC MS-SRC CDB-SRC AV18SRC A=1.8 2=2.0 A=2.2
T %Ge 825 245 0Te BYe




@TRIUMF Conclusions and Outlook

 SRG evolution important for 3 decay operators
— both GT and MEC

— as well as neutrinoless double-beta decay (especially with heavy neutrino)

* Implemented on two-body level

* Generalization to three-body terms straightforward
— although technically challenging
— Codes: NCSMV2b -> MANYEFF

» Beware of the transformation from relative to single-particle basis



