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R TRIUMF Outline

@ Background
@ Two-body operators

e recap: [-decay, OvSp
e progress: NCSM vs CC benchmarks in light nuclei

@ Three-body operators
e progress: implementing transition densities
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R TRIUMF Background

@ SRG evolution is a unitary transformation which improves convergence

U, OU, = 0N + 0 + 08 + ...
@ Introduces higher-body terms, Oc(f), determined in the appropriate a-body system (a < A)
e Eg if 0=0:

o) = uP o Ui UP =3 [tha,am2) (a2l
0P = U <o(2>>(3) U;(3)—<o§f)>(3) UP) = 1Ya,a=3) (Vas|
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@ TRIUMF Two-body Implementation

For |1k) = |kj™tt,) = > ck,. |nlsj™tt,), U, is constructed in blocks:

U(J;rttz _ Z ‘kjwt, Ot) <kj7rt.|
k -

&
Non-scalar operators may connect states with j™tt,, e.g. ./.
(F,je| Oaliv i) = (f,J¢| U OULT 1ji)
Converting to single-particle basis:
<a,bl a’b/| Oa |ab-jab> a= naagmja
_Z Corab (FoJel Oali, i)
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@ TRIUMF Results: 3-decay ®He—°L i

0=6TW + MEC® — 0y = 6TW + 6T + MEC?) + ...

Operator:
Gamow-Teller (1-body) + chiral xx g1 r=18m?]_
h t (2-body) K 6 ' 6 T Je-oot®er® A=18fm*| |
meson exchange curren y 24 He-> Li o-0 6TY+6T,?+MEC,® A=18fm™ | |
Park (2003) _ 1 4 +—+GT® A=2.0fm?| ]
‘ S | NNNLOHN,, |a-acter,® A=20fm*| |
) = . hQ=20 MeV z-0 6T%+6T, ?+MEC,® A=20fm™ | {
Potential: “N*LO NN + 3N,," P % LN — Bt
o chiral NN @ N*LO, Machleidt =
PRCO96 (2017), 500MeV cutoff Q..
E .
@ 3N local/non-local, Navritil =
@ Cp = —-1.8
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@ TRIUMF Application to Heavier Nuclei

@ SRG evolved matrix elements used in coupled-cluster and IM-SRG methods (up to Sn'%)

@ Does inclusion of the MEC explain ga quenching?
NCSM: NN-N*LO+3Ny,

BHL *)3 HC;
2 2
” GHGO —6 Liy
MEC 3N
o 7BC§ —)7 Lis
2 2
L = bt Woeeee ® 7Beg —7 Lis
™ m ™ ™ ? :
o ’ SHeo —8 Liy
c3, C cp c1,C3,C cp
! ' ! O GT only ‘ o IOCO —10 By
¢ GT +2BC ¢ 010y =M N
Gysbers et al, Nature Physics 0.8 0.9 1.0 1.1
(accepted) ratio to experiment
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QTRIUMF Application to 033

éo,,gg = éGT + (5;: + OT from J. Engel

0.6 L5

6 010
GT GT,-GT 04 10 Fi-F
0.05
02 05
L 0.0 L 00 10 0.00
£ £
02 —05"
—0.05
20
10 o 2 —04 10 N L0 g
0t1(1)) 0t 1{1))
-6 ~0.10
08 ~15

Two-body SRG: A =2 fm~!, chiral NN @ N3LO
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R TRIUMF Application to 0v33

0.04
0.06
15 10
0.03
[N
GT. 6T EF
0.02
05
0.02
05
5 5 5 0.01
0.0 g 0.00 0.0 19 0.00
_0.515 o 5 15 —0.01
—05
~0.02
-10 5 5 5 5
—0.04 o

~0.03
—15 o 0.03 -
—0.04
T.T 0.02
05
0.1
0.0 0.00
. —n.01
-05
o 5 10 15 o
0 1(1);
- —0.03

Two-body SRG: A =2 fm~!, chiral NN @ N3LO
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QTRIUMF Preliminary Results: 0v303) 2

Shell-model (J. Engel, M. Horoi) 25 ]
76Ge 2.0
JUN45 interaction, ERER
hw = 9.23 MeV .
~ 7% effect, A=2 fmfl 0.5

ar

EEE Bare
BN SRG induced (2B)
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. Total
T

F T Total
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@ TRIUMF Results in Light Nuclei
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@ TRIUMF Benchmarks with Coupled Cluster

. o . H
12 ST | heotoe (Figures from Sam Novario)
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@ TRIUMF Effects of SRG (two-body)

6 6
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@ TRIUMF Three-body Implementation

For |1k) = |kJPT) =" ck. |NiJPT)
INUPT) = S Chitl v [(n€sit, NLT)IT) (N =20+ £+ 2N + L)

ul'T = Z|kJPTa kJPT| .

Non-scalar operators may connect states with JPT(T,), e.g.
(F, J¢| Oa i, i) = (Je| Uar OUZT[i, Jy)
Converting to single-particle basis:
(&' Jypy ' Japrer| O |abdapClape) a=na "l ja
Z Corprerabe (s JF| Oali, Ji)
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@ TRIUMF Three-body Implementation (cont.)

@ Generalized code to calculate:
. 1 A .
(F, 96l O [li, ) = 2 3™ (@] O 6ew) (. I ahalal aacas |l Jy)

@ Decouple (abJpcapc]| o) |dedgeJger) — (abc] o) |def) on the fly

@ Benchmarked general operator method with three-body interaction
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QTRIUMF Preliminary Results: 0v30) 3p

Three-body SRG:

A=2fm™! 2.0 =,
NN@N3LO
GTi2) L5 GTE\_'—GT':Q: 15
X 1.0
0.5 0.5
0.0 0.0
—0. —0.5
_y ~1.0
13 810 12 _p25; 8 10 12 15
2.0 ~1.00 ~2.0
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QTRIUMF Preliminary Results: 0v30) 3p

Three-body SRG: _ _
>\ — 2 fm_l %107t p w1072 20 2 107% 5

NN@N3LO -
Fi-F2)
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QTRIUMF Preliminary Results: 0v30) 3p

Three-body SRG:

A=2fm™!
NN@N3LO
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@ TRIUMF Summary and Outlook

Operators must be SRG evolved to converge to the correct result
Method implemented in 2B and 3B for arbitrary operators

So far: o7, axial MEC, Ovgf, radius, E2

Available in single-particle coordinates

Results for 3-decay strengths: 3H—3He, ®°He—°Li and other nuclei

Results for 0v 33y 2p: 8H—8Be, 1C—10, etc
In progress:

o Application of Ov33 3, matrix elements in many-body methods
o Quantification of 2- and 3-body evolution effects
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@ TRIUMF Extra Slide: Ov35 Operators

(501/55 = O6r + O + O1

— +. +
Oy = Hyyym' 1

2R [ q-f,(q-rn2)hy(q?
H,(r2) = /0 dg V(q +12)c| A7)
0

1 v=F
Yy=4091"92 v=GT

2Yo(ri2) (3(o1 - m2)(o2 - r2) —o1-02) =T
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@ TRIUMF Introduction: Ab Initio Nuclear Theory

Goal: solve the nuclear eigenvalue problem

A
HIWi) = Ex[Wy), where H=Y"T;+ Y Vj+ Y Vjr+-
i i<j i<j<f

with nucleons as the degrees of freedom

The No-core Shell Model

Expand in anti-symmetrized products of
harmonic oscillator single-particle states

Nmax
Vi) =D ey [on)
N=0 j

Calculations should converge to the exact value as Np,.x — 00
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S TRIUMF Motivation

@ Problem: Huge model-space size required to accommodate short-range physics
@ Solution: use renormalized potentials in smaller model-space

o Caveat: need renormalized operators
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@ TRIUMF Similarity Renormalization Group (SRG)

Unitary transformation that decouples high and low momentum physics

Hy = UyHUL where U, Ul = 1

Ho=o = H, Us=0 =1

dH,
- — ay Ha
do — [MaHol
du, :
T _ k| B
Mo =3~ —— U}, n

Choose a generator, e.g. 7o = [T, Ha]

A=q 1/4

H)\:oo = H7 U)\:oo =1

Rep.Prog.Phys.76
126301 (2013)
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R TRIUMF General Operators

H |wk> = Ek |wk> — Ha |\|Jk,a> = Ek "Uk,a>

General operators must also be transformed:

(We| O W) = (Wr 4| On |V; o) where O, = U, OU
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@ TRIUMF Induced many-body terms

SRG transformations introduce higher-body terms in operators:
UnOUL = 6 + 60 + 00 4.,

Each term, éc(f), must be determined in the appropriate a-body system (a < A).
Eg. if 0 =0®:

0P = uPoPyi® UP = [tha,a=2) (a2
o) — <o(2)>(3) U;<s>_<og>>(3) U =" [Yaa=3) (a3l
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R TRIUMF [-decay Operators

o leading order o7 (1-body): K
“Gamow-Teller” (GT)

. LO, o7
@ higher order (2-body):
Axial Meson Exchange 7 & |z
Current” (MEC) v S ST
@ shared parameters with chiral Heavy meson Pion exchange  relativistic
i exchange c3, C4 corrections to
pOtentlaIS cp pion exchange

Peter Gysbers (UBC/TRIUMF) Feb 15, 2019 25 /



S TRIUMF

O0=6T 5 0, =6TO 4+ TP+ .

A=a Y% [fm™}

Operator:

Gamow-Teller (1-body)
(GT) s = ((GTW)a) sy = (GTW) 0y

Potential: “N*LO NN”

@ chiral NN @ N4LO, Machleidt
PRC96 (2017), 500MeV cutoff

4

4

A =00,h2 =28 —e— GTW

=16
) =13
)\ =20

e QT 1 GT
Expt= 1.656

SH—3He

N4LO500 NN, 72 = 20MeV

10 12

14

Results: 3-decay 3H—3He
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S TRIUMF

Results: 3-decay 3H—3He

0=6TM 4+ MEC® — O, =

Operator:

Gamow-Teller (1-body) + chiral

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

6T 4+ 6TP + MECP +

e GTV a1
—4— GTW + MEC?
> GTY +aT? + MECY

Potential: “N*LO NN”

@ chiral NN @ N*LO, Machleidt
PRC96 (2017), 500MeV cutoff

@ LEC ¢p = —1.8 determined

C3,C4 C1,C3,C4 ¢p

Peter Gysbers (UBC/TRIUMF)
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S TRIUMF

@ cp: one-pion exchange + 2N
contact 3N force

@ c3,C4: two-pion exchange 2N
and 3N forces

o 3He B-decay constrains cp,
insensitive to 3N force

e PRL 103 102502 (2009)
D. Gazit, S. Quaglioni,
P. Navratil

@ Errata: missing factor of —% in
MEC ¢p term

e

YEFT potentials and MECs share parameters

ik

C3,C4 92 C1,C3,C4 ¢p
T T ™ T T ™ T ™ T ' 1T
Letter: full
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= — — New: no NNN g
51011 28
Af 7
% L
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g
<
Ay
oy 0.99
\%
0.98 > B
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