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We start from the chiral effective field theory of
quantum chromodynamics
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We start from the chiral effective field theory of
quantum chromodynamics

Axial-vector currents

Chiral effective field theory also
provides nuclear currents >

= LO: standard 1-body currents

LO, o1
= Sub-leading orders introduce I | | R
2-body currents (2BC or MEC)
= Application of 2BC so far Operator for
J=1 electric
Gamow-Tell ;
largely unexplored amow-Tellr ‘ e
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To constrain the chiral EFT parameters we need
efficient few- and many-body methods

= Ab initio no-core shell model (NCSM)

— Superposition of harmonic oscillator N=Nmax+1\ 5 /
(HO) wave functions nIhQ /
: : : : : b N JAE|= NpwhiQ
— ‘Diagonalize’ Hamiltonian matrix N =1\ Of - -
: : N=0
— Short- and medium-range correlations v

— Bound states, narrow resonances

— Relative coordinates and/or slater-determinant (SD) basis

Nmax
= E E ¢y PG}, 1 ,,..01,,)  relative coordinates

N=0 i

EECSD(I)?DOM(I’I, Fyy s 7 ) =W @ (R,,)  SD basis

N=0
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To constrain the chiral EFT parameters we need
efficient few- and many-body methods

= Ab initio NCSM with continuum (NCSMC)

— Generalized cluster expansion
— Discrete NCSM eigenstates: short- and medium-range correlations
— Continuous microscopic-cluster states: cluster dynamics, long range

— Bound states, narrow and broad resonances, scattering states

NCSM NCSM/RGM
eigenstates continuous states

P _ 2@(M‘,A>+Z Il d?flv ( ﬁ) ,v>
N

Unknowns
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The two-body axial-vector share their
parameters with the NN and 3N forces

= ¢p: shared with one-pion
exchange plus two-nucleon
contact 3N force

= ¢3,C,: shared with two-pion-
exchange NN and 3N forces

= 3H B-decay half-life can be
used to constrain ¢

= Note: results all but
insensitive to 3N force!

D. Gazit, SQ, P. Navratil, PRL103, 102502

e

C3, C4

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

First applied to N3LO NN + N2LO 3N

1.12 - )
N T
1.1+ A ‘.} Full Calculation .

S N W\ » No MEC
108 b ~._ X\ ~ — No NNN Force i

oy ‘\\ \ - — - No MEC, No NNN Force
c— . dy=0
R -
1.06 AVIS

. — No NNN Force, c,= 34
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To decouple low- and high-momentum components,
promote convergence, use unitary transformations

= Similarity Renormalization Group (SRG) method 5 Jugensonetal,

Phys. Rev. Lett. 103,
082501 (2009)

JH 4 o W L B I A B B B WL WL W
= N A = — - \ o -e bare (36) .
H/l U1H7L=°°U/1 = di FE [n(k)’Hk] I 4 \ v—v SRG (2.0/28) |
\/ 251 He: ]
\ 4
Unitary \ I \‘ ]
transformations — 26 ' ]
Flow parameter % 0 \ 1
2 | SRG Bare ]
“-270 | NN+3N N +3N
Decouples low and [ ]
high momenta 28 ]
Induces 3-body (& g ]
higher-body) forces D<) NP A NP IR RPN U RPN I B B
2 4 6 8 10 12 14 16 18 20 22

N

max

For the lightest nuclei SRG-evolved NN+3N forces allow to obtain
unitarily equivalent results in much smaller model spaces
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SRG evolution of transition operators
Schuster, S.Q., Johnson, Jurgenson, Navratil, PRC 90, 011301(R); PRC 92, 014320

0;L=0;Lé;t=m :; =2|1/J ()L)><1/j (A= oo)| l.76:, , —————
\/ ’ O -O Bare operator
Final/initial unitary \/

1 74-Q O~ 0 2-body evolved operator N
. LN A—4A 3-body evolved operator i
transformations Eigenstates after = [ °
& before evolution E [\ 3 Bare
Sk B.. operator-
L O. Re) .
(] ~ NS
S P/
v [ T g . M-l
Induces 2-body 1.70 —
(& higher-body) 3-body evolved
operators
i operator ]
1.68 l 1 1 l ' 1 l ' 1 l I 1 l 1 1 l
1.5 1.8 2.1 24 2.7 3.0
A [fm]

T
= In practice Uj is block-diagonal. For a general transition

operator one has to compute and store all relevant blocks
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SRG evolution of transition operators
Schuster, S.Q., Johnson, Jurgenson, Navratil, PRC 90, 011301(R); PRC 92, 014320
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In “He, the inclusion of up to three-body induced terms all but
completely restores the invariance of transitions under SRG
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SRG 2-body evolution of transition operators
Schuster, S.Q., Johnson, Jurgenson, Navratil, PRC 90, 011301(R); PRC 92, 014320

0,=U,0,..U;; U, = Y|y, M)y, (A=)

Final/initial unitary Eigenstates after

transformations i
& before evolution

T T T T T T T T T T T T T T T

O--0)=2.5 fm" 2B evolved
O —02=2.0 fm" 2B evolved | —
O—03=1.5 fm" 2B evolved
A--A)->5fm" 3B evolved
A —A)j=20fm” 3B evolved |
A—A -1 5 fm” 3B evolved

0
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T T T
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Renormalization (%)
S
I

PR ;
Ao = (rl _ r2) - .
O(r1,r2) = ACXp( — 5 ) 8- h
aO 6+ &§ -
) R ;
A " )ar =1 T wlles ‘
ex - T A r — i . - == :,= —F= - — 7

P ag =07 5 0% 10 12 14 1%

ao [fm]

1) The shorter the range, the more renormalization

2) The 3B contribution relatively more important for the longer range
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SRG 2-body evolution of general operators
Gysbers, Calci, Navratil, S.Q., Gazit, Wendt

= Evolution up to 2-body level determined in A=2 space

— Carried out in the relative-coordinate 2-nucleon basis using
the code NCSMv2B

— Implemented for general operators of any rank

— Matrix elements of evolved operator are also converted to
the single-particle SD basis

P. Gysbers

— Application to chiral ‘Gamow-Teller’ operator, Ovp[3 operators

A (1) A(2) bare
Ogr = U5’ + Ozpc operator
~(2) . evolved

A _ (1) 7(2)
Ogr;a = Ogr + OJTA_I' OZBC/l operator
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Gamow-Teller 3H—3He transition matrix element
Gysbers, Calci, Navratil, S.Q., Gazit, Wendt

0=00-0,=0L+ 0

Operator:
Standard o7 (1-body)
A(2) _ (A _(p®
< 001';)L>A=2 - <(00'T )A>A=2 <Oar >A=2
Interaction: N*LO NN

= Chiral NN @ N4LO from Entem,
Machleidt & Nosyk, A, = 500 MeV

1.62 -

oT; A +
ﬁ j
1.74 \
B A=00,i2=28 —e— (O
_ ~(1), A2
724 % ol ) =18 —— Expt =1.656
v A=20
o 170
Ll ]
ey 168
+
el |
~
g 1.66 -
1.64

N4LO500 NN, AQ2 = 20MeV
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Gamow-Teller 3H—3He transition matrix element
Gysbers, Calci, Navratil, S.Q., Gazit, Wendt

0=0L+02.50,=00+02,+ 02, +-

2BC oT; A
X X
1.74 = A
Sy \ A, 5
— \x\=oo,i}sz=28 —— 0,7+ 0,7,
Operator: . mm Mo N - 0P+ 0%
. 2 A1), AQ A(2)
- i.:;\g\ \\ —— OO"L' + 00"[;/1+ OZBC;A

o1 (1-body) + chiral 2BC (2-body)
Interaction: N*LO NN

= Chiral NN @ N“LO from Entem,
Machleidt & Nosyk, A, = 500 MeV

= Determined: ¢, = 0.45

I o f N4LO500 NN (cp = 0.45 in MEC), hQ = 20MeV
3N force repulsive! 0 2 i 6 ; 10 2 14
anaz
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Gamow-Teller °®He—°Li transition matrix element
Gysbers, Calci, Navratil, S.Q., Gazit, Wendt

P

_ A, A@)
0 = Oar + OZBC
Operator:

o1 (1-body) + chiral 2BC (2-body)
Interaction: NN+3N(500)

= Chiral NN @ N3LO from Entem &
Machleidt, A, = 500 MeV

= Local chiral 3N @ N2LO from
Navratil, A,= 500 MeV

Still missing: clustering, continuum
effects

Py
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2.351
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o

IM(GT; 01 — 1+0)|
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o
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. =17 X )
. ) =20 A1), A(2)
— Expt= 2.1645 O%I)-i_ O‘Té‘)l )
—»— Ogr+ 055+ Oypc.;

Preliminary

NN-+3N500 (cp = —0.2), hQ2 = 20MeV
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New set of chiral forces
Gysbers, Navratil, S.Q.

NNnsLo+3NinL

= Chiral NN @ N4LO from Entem &
Machleidt & Nosyk, A, = 500 MeV

= Chiral 3N @ N?LO from Navratil with
local (650 MeV cutoff) and non-local
(500 MeV cutoff) regulators

— Constrained on 3H B-decay half-life
and binding energy

NNnsLo+3NLNLsE?

= NNpso+3N N plus E7 spin-orbit term
of the 3N force at N“LO by Girlanda,
Kyevsky & Viviani

— Constrained on n-“He phase shifts (SQ)

Phase Shifts (deg)

n+*He scattering

150%

120

......

D3/2

YOI A VA T SRRV 4

NN +3N(400)

N3iLO
N'LO_
sal
NN.\'J[.O+3NIE7-L.\'L

Expt.
| 1 l N | 1 l

tal

2 4 6 s 10
Center-of-Mass Energy (MeV)
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Large Gamow-Teller transition in light nuclei
Gysbers, Navratil, S.Q.

O o0 + 0@

oT; A

® or+2BC- ﬁé? + 052/1 + 52%)&/1

Interaction: N*LO NN + 3N y,.e7 [ e T T AAARARAAR RARAARAN T
. N4LO NN + 3N . > b
= Chiral NN @ N“LO from Entem &
Machleidt & Nosyk A,= 500 MeV ® O

- Chiral 3N @ N2LO from Navratil, “0 > "Niex) 4o

>
with local (650 MeV) & non-local O “c> "B
(500 MeV) regulators O Be > 7Li(ex)

N7 Ty .
~ "Be -> Li(gs) \ %
6 6, .
V' "He-> Li
0 3 3 O
H -> "He
......... Lossssnaaadesssaaaaaboisssaaasslasssnsaaadasassaasalsssanaaay
0.5 0.6 0.7 0.8 0.9 1 1.1

IM,;,| Ratio to Experiment
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Large Gamow-Teller transition in light nuclei
Gysbers, Navratil, S.Q.

O ot- Og? + 0@

oT; A

® 51+2BC-0 + 02, + 02

Interaction: N*LO NN + 3N y,.e7 [ rrrrTT prrrrr prrrrr AARARAAANY RAMAARRRY prrrrr

N4LO NN + 3N
= Chiral NN @ N4LO from Entem & LNL+ET <L

, _ J® = 1% state of '°B mixed
Machleidt & Nosyk A,= 500 MeV © with higher 1* state!

= Chiral 3N @ N2LO from Navratil, > 0 > "Neex) oo
with local (650 MeV) & non-local O "¢ B
(500 MeV) regulators O "Be > 7Li(ex)

14

A "Be -> 'Li(gs) v
= Chiral E7 term of 3N @ N“LO P ’
from Girlanda, Viviani & Kievsky ! 3He >3 Li Om
U "H->"He
lllllllll llllllllllllllllllllllllllllllllllllllll lllllllllllllllllll
05 0.6 0.7 0.8 09 1 1.1

IM,;,| Ratio to Experiment R
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SRG 2-body evolution of the Ovp[3 operator

In collaboration with Schuster, Horoi, Engel, Holt, Navratil

Light-Neutrino Ov[33

10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40

Heavy- Neutrlno OvBB

40 60 10020406080100204060 100 20 40 60 80 100 100

LU0

8 8 & 8

o

100
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Application to ’°Ge OV matrix elements

In collaboration with Schuster, Horoi, Engel, Holt, Navratil

= Matrix elements for light-neutrino exchange mechanism

w— |BM-2 4 I
| — QRPA-En N3LO NN
« QRPAJy 1 |35 —
. — QRPATU _
| Il . *+ ISM-Men- 3

»
b I I
[ * * 1] 2 -
i | | .
L *
! 15 -
§ ¢ * * 4
: I .l - 1 -
1 o 1 I
| . ol s
F Io ]
r 4 0 - T T T T

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

48Ca 76Ge 82Ge 130Te 136Xe
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Application to ’°Ge OV matrix elements

In collaboration with Schuster, Horoi, Engel, Holt, Navratil

= Matrix elements for light-neutrino exchange mechanism

LLNL-PRES-XXXXXX

= |BM-2 4 L
— QRPA-En CD-Bonn NN
' « QRPAJy| |35
I-n —— QRPATU 5 1 —
I 1 * + |ISM-Men-
® ° l | I |==SM 25 -
® [ ] 2 -
! ' .
_ . . . * 1 |15
t [ o' 17
L o ]
E | 0.5 -
: I. 0 - 7 T T T
[ No-SRC  MS-SRC CDB-SRC AV18-SRC A=1.8 A=2.0 =22
Ca 5Ge 828e 130Te 136Xe
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Application to ’°Ge OV matrix elements

In collaboration with Schuster, Horoi, Engel, Holt, Navratil

= Matrix elements for heavy-neutrino exchange mechanism

500 b — | BM-2
[ o ® QRPAJy
FD — Bonn SRC QRPATU

400 + s} ¢ |ISM-SMa
I | SM-CMU
- o

3001 418 sre °

200 | ‘ o

S I I, I* ¢ I

100 - I l ' I * I

:' 4| l

0= ®Ge  ®Se gy

X0Te ®Xe

300

250

200 -

150 -

Ll

100

50

N3LO NN

No-SRC  MS-SRC CDB-SRC AV18-SRC A=1.8 A=2.0 =22
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Application to ’°Ge OV matrix elements

In collaboration with Schuster, Horoi, Engel, Holt, Navratil

= Matrix elements for heavy-neutrino exchange mechanism

500 [

w— | BM-2 300 |
bD Bonn SRC ° ® QRPAJy CD'Bonn NN
- - o s QRPA-TU 1
400 - ° * IMSMa 250
: ® 200 +—
3001 418 srC — a

| 150 - —
200 + o 100 -

: |0 IIQ |'0 II’ I'QI 5oEI I I I I I:
:I’ll 0 - l : :

100

No-SRC  MS-SRC CDB-SRC AVI8-SRC A=1.8 A=2.0 A=2.2

This work needs to be completed by carrying out calculations in

many-body perturbation theory (MBPT)

Lawrence Livermore National Laboratory N gﬁ 24

LLNL-PRES-XXXXXX Matanal Mt Socu iy




SRG 3-body evolution of general operators
Gysbers (10 weeks internship at LLNL, funded by DBD TC), S.Q., Navratil

= Evolution at the 3-body level determined in A=3 space

— Carried out in the relative-coordinate 3-nucleon basis using
the code MIANYEFF

— Implemented for general operators of any rank

— Conversion of matrix elements of evolved operator to the
single-particle SD basis non trivial, only partially implemented

P. Gysbers

— Applied to Ovp[3 operators

A2) — AR A2 A2) A(2) A(3)
001/3[3‘ ¢r- O » Op " — 00vﬁﬁ;/‘1+00vﬁﬁ;)t+'"

<0(3) > _ <(A(2) ) > B <A(2) > available
0vVBE;A A3 - ovBB ), s OVBBAf ,_, oD NERSC
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Conclusions

= SRG 2-body evolution of general operators
— Applied to: ot operator and chiral 2BC, OvS 5 operators

— 2-body evolved matrix elements available in relative coordinates and translated
to single-particle coordinates

= SRG 3-body evolution of general operators
— Conversion from relative to single-particle coordinates challenging

— Applied to OvB [ operators; 3-body evolved matrix elements available in relative
coordinates and translated to single-particle coordinates

= Important to describe weak transitions

— Gamow-Teller transitions of light nuclei

— 78Ge Ovfp transitions, especially with heavy neutrino (to be completed with
calculations in many-body perturbation theory)
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