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Low and High RG Resolution Scale Pictures

Drischler & Bogner, Few Body Syst. 62, 109 - :
54} . "
150 I I I I I I I I I I I I I I I I I I I I I I I 50: 2022 Z=50 -- ------i-lllll-llll“-GOGOQ-Q-I-I'I-l~:--?-l~I~l-l-I-I—-I-—
Algorithmic scaling - e 16}
. ) 42}
<t ©  exponential 9 - | 3T S —— R = e nsss
s - - | : oBESERNRRE:=x NN
£ 100 (@ polynomial - . JHIBIHIR - " .
= " @8, i 30¢ | eSERERIRIRERES N=82
= i o | . N b 2B e e e e e eR s se conatnaanE inenunnan “-e-as
z | o8 - 2l g -
0 i o | _ 22 :EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE"" """ »
»2 S & | IR - - PR H 02010
< 90 y-1 - 18y JIISSISISRSRSSESSESSSINSESSRSSSSSEES |
2 _ S - ol mEE R R EENmRsmasmEmEE =40 N=50 02013
i ©F _ R e e m 2016
i _ 10p | WEEEiREEEIEiazisEiEEiEENEs 52019
O e® g % o| gemamiBmasmmamazms " N-28 m 2022
B ) 7 | NEEE (EEENEEEEEEE L
O @ | (l) ' R L1 1 | I T T ¥ 2.=E.=E== === N=20 Cl‘edlt H Hergert
1995 2000 2005 2010 2020 510141835 26 30 B4 33 42 46 50 5/ 58 62 66 70 74 78 8586 90 94"
N

Year

Explosive progress in ab-initio structure largely due to low resolution Hamiltonians
(See talks of Dean Lee, Jason Holt, Petr Navratil, Heiko Hergert, etc.)

What about operators that couple to external probes (EVV currents,
optical potentials, etc.) ?



Low and High RG Resolution Scale Pictures

(RG) Resolution Scale H = H(A) =  max. momenta in low-energy wf’s ~ A



Low and High RG Resolution Scale Pictures o

(RG) Resolution Scale H = H(A) =  max. momenta in low-energy wf’s ~ A

High resolution picture:
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Low and High RG Resolution Scale Pictures

(RG) Resolution Scale H = H(A) =  max. momenta in low-energy wf’s ~ A

Low resolution picture:

é

4
4
e
o
LOG MOMENTUM DISTRIBuTIoN
&

£
’,

ol
L kF .
NUCLEON MomMENTULIM

resembles “mean field” picture

|

chiral EFT/soft interactions
shell model no high-k tails (k >> k)

DFT



Low and High RG Resolution Scale Pictures

Theories at different resolutions connected by RG evolution

Unitary RG (“Similarity Renormalization Group”

H) = ULVDHU'(Y)  0W) = UX)OUT(A)

preserves all physics (unitary) if no approximations

low E states => k > A highly suppressed/decoupled




Low and High RG Resolution Scale Pictures

Theories at different resolutions connected by RG evolution

Unitary RG (“Similarity Renormalization Group”

H) = ULVDHU'(Y)  0W) = UX)OUT(A)

preserves all physics (unitary) if no approximations

low E states => k > A highly suppressed/decoupled

Decoupling pattern of high- and low-k physics not unique (different “schemes”)

7 Bogner, Furnstahl, Schwenk Prog. Part. Nucl. Phys. 2010
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Scale and scheme dependence of structure/reactions

Can we use low-RG scale pictures to directly compute cross sections, etc?

reaction reaction(\)
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structure structure structure(\) structure(\)



Scale and scheme dependence of structure/reactions

Can we use low-RG scale pictures to directly compute cross sections, etc?

reaction reaction(\)
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structure structure structure(\) structure(\)

General questions:

scale/scheme dependence of extracted properties!? (e.g., SFs)

extract at one scale, evolve to another? (a-la Parton distribution functions)

how do FSls, physical interpretations, etc. depend on RG scale!?



Scale and scheme dependence of structure/reactions

Disclaimer

The examples I'll show concern SRC physics from high energy electron
scattering and photoabsorption where one is probing the short-distance
or high-momentum structure of nuclear wfs.

Extensions to nucleonic probes are in their infancy (e.g., behavior of optical
potentials under RG evolution)

Still, matching structure and reactions to the same scale and scheme should
be a desiderata for any consistent treatment of structure and reactions



Example 1: 2H(e,e'p)n

e Simplest knockout process (no induced 3N forces/currents)

® Focus on longitudinal structure function f_ in SRC kinematics
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Example 1: 2H(e,e'p)n

e Simplest knockout process (no induced 3N forces/currents)

® Focus on longitudinal structure function f_ in SRC kinematics
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e Components (deuteron wf, transition operator, FS|) scale-dependent, total is not.

® How do the components evolve! How do physical interpretations change? Are some
resolution scales “easier” to calculate with?



Deuteron wave function evolution

. Av |8 potential
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k < A components invariant <==> RG preserves long-distance physics

k > A components suppressed <==> short-range correlations blurred out



Final-state wave function evolution
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Final-state wave function evolution

® High-k tail suppressed with evolution

® For p' 2 X\, Ay3(p'; k) localized around outgoing p’
Scheme-dependent "local decoupling” Dainton et al. PRC 89 (2014) 9



Current operator evolution

J3=> ¢* =36 fm ™2
L1 =0 Jl =1 myj, =0 T1 =0 L2 =0
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Current operator evolution

J3=> ¢* =36 fm ™2
L1 =0 Jl =1 myj, =0 T1 =0 L2 =0
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Scale Dependence of Final State Interactions

L ook at kinematics relevant to SRC studies

E' =100 MeV ¢* =49 fm—2
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Scale Dependence of Final State Interactions

L ook at kinematics relevant to SRC studies

E' =100 M 2 =49 fm—* :
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Scale Dependence of Final State Interactions

L ook at kinematics relevant to SRC studies

E' =100 M 2 =49 fm—? :
O MelV ¢ =49 tm = FSI sizable at large A

2.0 K | -
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Xg=1.64, Q2= 1.78 GeV?
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Scale Dependence of Final State Interactions

FRIB
final state wf (FSI piece) initial state (deuteron) wf
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Scale Dependence of Final State Interactions

final state wf (FSI piece) initial state (deuteron) wf
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Scale Dependence of Interpretations

e Analysis/interpretation of a reaction involves understanding
which part of wave functions probed (highly scale dependent!)

e E.g., claimed sensitivity to D-state w.f. in large g< processes

13



Scale Dependence of Interpretations

e Analysis/interpretation of a reaction involves understanding
which part of wave functions probed (highly scale dependent!)

e E.g., claimed sensitivity to D-state w.f. in large g< processes
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Scale Dependence of Interpretations

® Consider large g2 near threshold (small p*) for 8=0 in high-
resolution picture (COM frame of outgoing np)

Before Aftar
q > kp
NN\NPp—————
<« k:__)kp
k

photon only couples to proton

14



Scale Dependence of Interpretations

® Consider large g2 near threshold (small p*) for 8=0 in high-
resolution picture (COM frame of outgoing np)

Before Aftar
q > kp
NN\NPp—————
<« k:__)kp
k

photon only couples to proton

.« proton has large momentum => initial large relative momentum
(i.e., SRC pair)

14



Scale Dependence of Interpretations

® Consider large g2 near threshold (small p*) for 6=0 in low-
resolution picture (COM frame of outgoing np)

Before Aftar

15



Scale Dependence of Interpretations

® Consider large g2 near threshold (small p*) for 6=0 in low-
resolution picture (COM frame of outgoing np)

Before Aftar

no large relative momentum in evolved deuteron wf

l1-body current makes no contribution

.« 2-body current mostly stops the low-relative momentum np pair )



Example 2: Quasi-deuteron model at low resolution

e Introduced by Levinger to explain knock-out of high-
energy protons in photo-absorption on nuclel at energies

of order 100 MeV

e High RG resolution: emitted protons from pn SRCs with
deuteron quantum numbers (“quasi-deuterons”)

16



Example 2: Quasi-deuteron model at low resolution

e Introduced by Levinger to explain knock-out of high-
energy protons in photo-absorption on nuclel at energies

of order 100 MeV

e High RG resolution: emitted protons from pn SRCs with
deuteron quantum numbers (“quasi-deuterons”)

e SO cross section should be proportional to photo-
disintegration of deuteron:

OA (E’Y) ~ Lﬂ
O'd(E,y) A

e Defines Levinger constant L

e Given by ratio of high-k tails of mom. distributions

e | ow RG resolution: take ratio of evolved operators in
simple states .



Example 2: Quasi-deuteron model at low resolution

 Introduced by Levinger to explain knock-out of high- 150Tr°pia”°f et al. PRC 106 (2022)
| / Mo — g, Ratios of evolved

energy protons in photo-absorption on nuclei at energies T |
of order 100 MeV | /mom. dists. tod

FRIB

12.5 ||

e High RG resolution: emitted protons from pn SRCs with
deuteron quantum numbers (“quasi-deuterons”)

Plateau despite
>100 variation in

this range of g

e SO cross section should be proportional to photo-
disintegration of deuteron:

OA (E’Y) ~ Lﬂ
O'd(E,y) A

e Defines Levinger constant L

e Given by ratio of high-k tails of mom. distributions

e | ow RG resolution: take ratio of evolved operators in
simple states .



Example 2: Quasi-deuteron model at low resolution

FRIB

Tropiano, et al. PRC 106 (2022)

e Introduced by Levinger to explain knock-out of high- 150

energy protons in photo-absorption on nuclel at energies
of order 100 MeV 12

Ratios of evolved
mom. dists. to d

 High RG resolution: emitted protons from pn SRCs with =
deuteron quantum numbers (“quasi-deuterons™) -

Plateau despite
>100 variation in

e SO cross section should be proportional to photo-
disintegration of deuteron:

0.0 this range of g
oa(Ey) _ LNZ
~ I 10 ———m . —— 11 .
Ud(Ev) A Black points: L
5T | ‘ from evolved
e Defines Levinger constant L 6_+ T 1 + {+ "'H mom. dists.
® ¢ o
— ¢
* Given by ratio of high-k tails of mom. distributions g ; ¢ + ! Colored points: L
. . . ! | extracted from data
* |Low RG resolution: take ratio of evolved operators in ’ i Ahrens 1' Lepretre
simple states e [ . .

Mass number A



Technical note: High-q tails at low RG resolution
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Technical note: High-q tails at low RG resolution

e Counter-intuitively, calculating high-q tails (momentum distributions, etc.) is easy when g > 4

A
i)(q) = Uaja,U! ~ (F(g))’ Z FPkFOk)al af a, a

Bik 2k B2k Bk
K k k' 2 2 2 2
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Technical note: High-q tails at low RG resolution

e Counter-intuitively, calculating high-q tails (momentum distributions, etc.) is easy when g > 4

. /7 ~hi N lo 10/1. 1 ™~ smeared contact operator
n,(q)=U ,ﬂ;aqU ;EL (F(q)) Fo(k)F(K) a; +ka£_ka K _k/a£+kf \  low-k physics
S KKK ’ ’ . ’ /  A-dependence in ME’s
Universal (A-indep) <
Wilson Coeff, fixed by A=2
depends on operator

17



Technical note: High-q tails at low RG resolution

e Counter-intuitively, calculating high-q tails (momentum distributions, etc.) is easy when g > 4

" X , ™. Smeared contact operator
i (q) = Uaja,UT (Fhl(q))2 Flo(k)Flo(k)a al A, A N\ lawk ohve g
9 —+k K_k K_g Kyg ) low-kphysics
kK / A-dependence in ME’s

Universal (A mdep)
Wilson Coeff, fixed by A=2
depends on operator

Explains why tails in A-body scale off the deuteron (same g-dependence)

Easy to calculate since only have to evaluate a smeared contact operator in
“simple” low resolution wf’s (amenable to approximations)

A

n(q) = (Aylaja, | Ay) =~ (F(g))* (A}

Tropiano, et al. PRC 104 (2021) 17



Technical note: High-q tails at low RG resolution

10?

2o 3 160
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100 k

proton n{(q)/Z [fm?]

q [fm™] q [fm™]
Approximate low-resolution wf as HF treated in LDA

Decent reproduction of full VMC calculations with av18 (note: LDA breaks
down at small q)
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Technical note: High-q tails at low RG resolution &t
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Approximate low-resolution wf as HF treated in LDA

Decent reproduction of full VMC calculations with av18 (note: LDA breaks
down at small q)
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Technical note: High-q tails at low RG resolution

iHe, A\ =15 fm™! 6O, A =15 fm™!

i —— SRG —  SRC
10 ' IPM 3 IPM

] 2 L _

100 n

ny(q) [fm3]

10—2 n

Approximate low-resolution wf as a single Slater determinant of
Woods-Saxon s.p. orbitals

Good reproduction of full VMC calculations with av18
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Levinger constant: Scale and Scheme dependence

Tropiano, et al. PRC 106 (2022)

8 -
s o0 * Varying the input NN interaction changes the values
~
S w® of L
oT ’ U
S w 3 ¢¥ ¥ "  Hard interactions give high L values and soft
see , L, , M AdA interactions give low L values
_ A -
— 4 A A A * But a ratio of cross sections should be RG invariant!
: So why is there sensitivity to the interaction?
A * We’ve assumed only an initial one-body operator for all
2T ] Hamiltonians!
B Nijmegen II A SMS N*LO 450 MeV
® AVIS Vv  SMS N*LO 550 MeV
¢ CD-Bomn ® GT+ N?LO 1 fm
T [

Mass number A

Average Levinger constant for several nuclei
comparing different NN interactions.
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Levinger constant: Scale and Scheme dependence

Tropiano, et al. PRC 106 (2022)

8 -
* Varying the input NN interaction changes the values
m of L
6 _ -
S w 3 « Hard interactions give high L values and soft
S interactions give low L values
— AT A A A ) * But a ratio of cross sections should be RG invariant!
; So why is there sensitivity to the interaction?
A * We’ve assumed only an initial one-body operator for all
2T ] Hamiltonians!
B Nijmegen II A SMS N*LO 450 MeV
® AVIS v  SMS N*LO 550 MeV
. ¢ CD-Bomn & GT+NLOLfm  Strategy: Match results using a reference momentum
10* 102 distribution (AV18)
Mass number A * One-body initial operator for AV18
Average Levinger constant for several nuclei * Two-body initial operator for soft potentials

comparing different NN interactions.
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RG matching structure and reactions

» Two interactions H, .4 and H . (e.g., avl8 and
SMS N4LO 550)

e Find approx. matching scale Ay by

H ;. ~ U d(Ap)Hy g U - 1(4yy) from comparing

deuteron wf’s

 The initial operator to be used with H__ now has 1-
and 2-body components and is given by

Va\

OSOft Uhard(/lM ) Ohard hard(/IM )

e In this example, find 4;, = 4.5 fm~! is optimal

21



RG matching structure and reactions

FRIB

Average Levinger constant for several nuclei
comparing the SMS N4LO 550 MeV and AV18
potentials. Results are also shown for the SMS N4LO
550 MeV potential with an additional two-body operator
due to inverse-SRG transformations from AV18.

Tropiano, et al. PRC 106 (2022)

» Two interactions H, .4 and H . (e.g., avl8 and
SMS N4LO 550)

e Find approx. matching scale Ay by S R
~ Uhard(Am)Oinitiathard()‘m)
H ;. ~ U d(Ap)Hy g U - 1(4yy) from comparing
deuteron wf’s 6 ! 8 _
O -
 The initial operator to be used with H__ now has 1-
and 2-body Components and Is given by 4k _
OSOft Uhard(/lM) Ohard hard(/lM) g
e In this example, find 1,, ~ 4.5 fm~! is optimal 2 -
B AVIg ® )\p=5fm "
. SMS N*LO 550 MeV ®@ )\,=45fm "
Now av18 and N4LO 550 give the same L © A =6 fm! ® 1\ —dfm
after RG matching EETIY 102

Mass number A 21



Summary &

e Ab-initio structure theory advances driven by working at low resolutions. Workhorses of
structure theory (shell model and DFT) are low-resolution pictures

e Consistent structure and reaction calculations should be matched to the same RG scale and
scheme (cf. quenching)

e Ex 1: high-q SRC reactions amenable to low-resolution picture. Observable cross sections
stay the same, but components (FSIs, current operators, claims about what components of
the wf are being “probed”, physical interpretations) change

e Ex 2: Levinger constant example as a simple prototype to match initial reaction operators to
appropriate RG scale (e.g., eliminated scale dependence of L, which is a ratio of cross
sections)

e Extensions underway to (e, e’p) knockout cross section to test scale/scheme dependence of
components

e Extensions to nucleon probes: 1st steps: Hisham et al. RG Evolution of Optical Potentials, PRC
106 (2022).

22



Summary &

e Ab-initio structure theory advances driven by working at low resolutions. Workhorses of
structure theory (shell model and DFT) are low-resolution pictures

e Consistent structure and reaction calculations should be matched to the same RG scale and
scheme (cf. quenching)

e Ex 1: high-q SRC reactions amenable to low-resolution picture. Observable cross sections
stay the same, but components (FSIs, current operators, claims about what components of
the wf are being “probed”, physical interpretations) change

e Ex 2: Levinger constant example as a simple prototype to match initial reaction operators to
appropriate RG scale (e.g., eliminated scale dependence of L, which is a ratio of cross
sections)

e Extensions underway to (e, e’p) knockout cross section to test scale/scheme dependence of
components

e Extensions to nucleon probes: 1st steps: Hisham et al. RG Evolution of Optical Potentials, PRC
106 (2022).
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Non-locality and problems with Eikonal??

Considering non-locality in the optical potentials within eikonal models

C. Hebborn®:2:* and F. M. Nunes>%: T

Results: Our results show that transfer observables are significantly impacted by non-locality in the high-energy regime.
Because knockout reactions are dominated by stripping (transfer to inelastic channels), non-locality is expected to have
a large effect on knockout observables too. Three approaches are explored for extending the eikonal method to non-local
interactions, including an iterative method and a perturbation theory.

Conclusions: None of the derived extensions of the eikonal model provide a good description of elastic scattering. This work
suggests that non-locality removes the formal simplicity associated with the eikonal model.

do /dS) [mb/sr]

do /dS) [mb/sr]

Optical potentials inherently non-local from their microscopic definition

Moreover:

Hisham et al. find the optical potential “inherits” the

non-locality of the SRG-evolved NN interaction, which is rather different

than Perey-Buck parameterizations

FRIB

]Iixact IVNL
Eik. V;

Eik. VNanl —u
Eik. VNLn:2 - -
Eik. VNp n =3 ====

(b) 150 MeV

EX&Ct IVNL
Eik. V[ =——

Eik. VNLTL:1—-—
Eik. VNL N=22 =-um
Eik. VNLTLZS----

0

20 40
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Computing SRC operators at low-RG resolutions

égi = operator that probes high-q components at high-RG resolution

(AM] 0| AM) # 0 e.g, Q) =aja,, P'QQ =a) a a, a,
2 2 2 2

26



Computing SRC operators at low-RG resolutions

Ohl = operator that probes high-q components at high-RG resolution

<Ahi ‘ élqll ‘Ahi) 7 0 €.8 Ahl(q) o aq q° hl(q Q) = a;+qa;—qa2—qa2+6]
SRG evolve to 1 < ¢
e . : Yo _ 77 fyhi FyT
<Ahl‘Ogl‘Ahl> — <Ah1‘UTU OhlUT ‘Ah1> _ <A10‘OIO‘AIO>F wf’s of soft H" = U/IH U/1

(A O A) ~ 0

26



Computing SRC operators at low-RG resolutions

Ohl = operator that probes high-q components at high-RG resolution

<Ahi ‘ élqll ‘Ahi) 7 0 €.8 ﬁhi(q) = a:;aq ’ ﬁhi(q’ Q) = a;+qa;—qa2—qa2+6]
SRG evolve to 1 < ¢
e : Yo _ 77 fyhi FyT
<Ahl‘Ogl‘Ahl> — <Ah1‘ UTUAOIQHU; /I‘Ah1> _ <A10‘OIO‘AIO>“ wt’s of soft '™ = U/IH U/1
/ (A O A) ~ 0
A 1
U, = 5U(2)(k k)a a, a, A oUSa’a"a’aaa + -
‘o szk z‘k 27k otk 36 Z ’ oU,(K, K’) inherits

symmetries of Vy
fixed from SRG evolution fixed from SRG evolution (Galilean, partial wave

on A=2 on A=3 structure, etc.)
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Computing SRC operators at low-RG resolutions

Ohl = operator that probes high-q components at high-RG resolution

<Ahi ‘ élqll ‘Ahi) 7 0 €.8 ﬁhi(q) = a:;aq ’ ﬁhi(q’ Q) = a;+qa;—qa2—qa2+6]
SRG evolve to 1 < ¢
e : Yo _ 77 fyhi FyT
<Ahl‘Ogl‘Ahl> — <Ah1‘ UTUAOIQHU; /I‘Ah1> _ <A10‘OIO‘AIO>“ wt’s of soft '™ = U/IH U/1
/ (A O A) ~ 0

7 =] @) LN 55Ot 4t
Ui=l+7 szk Uk, k)a2+k 7—ka§—k’a§+k’ 36 aaad oU,(K, K’) inherits
symmetries of Vy
fixed from SRG evolution fixed from SRG evolution (Galilean, partial wave
on A=2 on A=3 structure, etc.)

Wick’s theorem to evaluate élo =U /IOhlU I = 010 + O + 6‘

26



Computing SRC operators at low-RG resolutions

@21 = operator
SRG H/{O a “cluster” hierarchy VfN > VfN > VjN...

+qa%—qa%—qa%+q
SRG evol cancellations of KE/PE “amplify” the importance of 3N for
bulk energies N i
(AW O] A 0 A O
~ ()
= ]

Wiclkds

26



Computing SRC operators at low-RG resolutions

@21 = operator
SRG H/{O a “cluster” hierarchy VfN > VfN > VjN...

+qa%—qa%—qa%+q
SRG evol cancellations of KE/PE "amplify” the importance of 3N for
bulk energies .
(A" | Ohi| A UH" U,
For high-q operators (1 < g), evidence that ~ 0

020 < 02(2) BUT 02%(i)> 0%() > --

Wiclkds
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Computing SRC operators at low-RG resolutions

@21 = operator
SRG H/{O a “cluster” hierarchy VfN > VfN > VjN...

+qa%—qa%—qa%+q
SRG evol cancellations of KE/PE "amplify” the importance of 3N for
bulk energies .
(A" | Ohi| A UH" U,
For high-q operators (1 < g), evidence that ~ 0

020 < 02(2) BUT 02%(i)> 0%() > --

Can assess SRG truncations by varying A (observables don’t
change if no approximation made)

Wiclkds

26



Computing SRC operators at low-RG resolutions

O = operator Neff, Feldmeier, Horiuchi PRC 92 (2015) :

SRG evol Ml

1074
102

Agr(K) [fm3]

10"}
10°F

(AN OM|A

1077}

Agr(K) [fm®]

1072F
1073f

1074

7, =1 Some A-dependence for relative momentum dist.
infegral over sizable CM ==> non-SRC physics; sensitive
to induced 3-body

Wick’s «

26



Computing SRC operators at low-RG resolutions

021 = operator Neff, Feldmeier, Horiuchi PRC 92 (2015) |
108} AVS' $=0T=0 :.\ s=07=1 | E."\ |
— 10%} i |
£ 10'} | 1 T
S . ) ) )
: AR
: < 102 1
SRG evol .
108 s | )
. A e & 10°F - 1 Ahl AT
(AM] 0% A 1 B
J 10% |
< 10 1
b , ~ ()
10 T

U, =1 reduced A-dependence for K=0 pair momentum dist.
induced 3-body negligible <==> SRC pairs 2-body physics

cf. LCA, GCEF leading-order Brueckner, ...
Wick’s «
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Computing SRC operators at low-RG resolutions

momentum distribution A"(q) = ala,

A°(q) = (i + 5U/§2)) a;aq (i + 5Uj(2))

v

27



Computing SRC operators at low-RG resolutions

momentum distribution A"(q) = ala,

A°(q) = (i + 5U/§2)) a;aq (i 1+ 5Uj(2))

v

1

Al — | / T i

() = ajag + 5 D UK al L al a o ag + e,
k.Kk’

s Y 8Uyk,q-K/2)8U(q—K/2K)a], al a, a
4 KEK o ’ C Stk Sk G-kl B4k

+(--)a'a’a’aaa + (--)a'a'a'a’aaaa ---

27



Computing SRC operators at low-RG resolutions

momentum distribution A"(q) = ala,

| °(q) = (1+6U?) ala, (1+6U"
Consider q > 1 ) = ( i) gl | ;)

momenta > A
absent in | A'°)

A\

) a. + h.c.

— T , T
N sz“k sU,(k,q — K/2)6U](q - K/2k)a2+k ko

+ (- a'ela*aaa + (-)a'a'a‘slaaaa -

27



Computing SRC operators at low-RG resolutions

. . A A A (2)
Deuteron illustration A°(q) = (1 + 5Uﬂ(2)) aéaq (I+ 5Uj )
AV18 A=1.35 fm™1
103
—— High res. - -
<Dh1 ‘ a(;aq ‘ Dh1>

— 101
m

-

(T

— 1071

S
<O

: 10—3

107> .
0 1 2 3 4
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Computing SRC operators at low-RG resolutions

. ) Al (] y) 1 2)
Deuteron illustration A°(q) = (1 + 5Uﬂ( /) aéaq (1+ 5Uj )

AV18 A =1.35fm™}

—— High res.

<D10 ‘ a:l(aq ‘ D10>
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Computing SRC operators at low-RG resolutions

. ) Al (] y) 1 2)
Deuteron illustration A°(q) = (1 + 5Uﬂ( /) aéaq (1+ 5Uj )

AV18 A=1.35fm™?

—— High res.
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Computing SRC operators at low-RG resolutions

. ) Al (] y) 1 2)
Deuteron illustration A°(q) = (1 + 5Ul( /) a;raq (1+ 5U; )

AV18 A=1.35fm™!

—— High res.

(Dlo | 5Ua:;aq5UT | Dlo)

28



Computing SRC operators at low-RG resolutions

Consider q > A . , P
n°(q) ~ ) sUk,q—K/2)5Uj(q - K/2k') ISR

K.k kK’
momenta > A

absent in |A'°)

29



Computing SRC operators at low-RG resolutions

Consider q > 4

nlo(q) ~ Z 5U,(k,q - K/2)sU'(q - K/2k)al al a, a,

>+k %—k -k’ S+4K
K.kk’

momenta > A

absent in |A1°) \ | o |
Expectation value in |A™) ==> only “soft” K,k’,k < A contribute

oo K qf
~ sz:k 5U,(k,q) 8U(q. k)a_+k T K< g

29



Computing SRC operators at low-RG resolutions

Consider q > 4

n°(q)~ ) sUik,q—-K/2)sUl(q-K/2k)a) a} a, a,

>+k %—k -k’ S+4K
K.kk’

momenta > A

absent in |A1°) \ | o |
Expectation value in |A™) ==> only “soft” K,k’,k < A contribute

oo K qf
~ sz:k 5U,(k,q) 8U(q. k)a_+k T K< g

Scale separation

k k' < g SU,(k, q) = F°()F}'(g)

29



Computing SRC operators at low-RG resolutions

Consider q > 4

nlo(q) ~ Z 5U,(k,q - K/2)sU'(q - K/2k)al al a, a,

>+k %—k -k’ S+4K
K.kk’

momenta > A

absent in |A'°) \ | o |
Expectation value in |A™) ==> only “soft” K,k’,k < A contribute

oo K qf
~ sz:k 5U,(k,q) 8U(q. k)a_+k T K< g

A

 (phig 12 lo(K)Flo(k’ a’
~ (Fhi(q)) KZk‘,kF QPR ay Gy ax

29



Computing SRC operators at low-RG resolutions

Consider q > 4

n°(q)~ ) sUik,q—-K/2)sUl(q-K/2k)a) a} a, a,

>+k %—k -k’ S+4K
K.kk’

momenta > A
absent in |A'°) \ |
Expectation value in |A™) ==> only “soft” K,k’,k < A contribute

oo K qf
~ sz:k 5U,(k,q) 8U(q. k)a_+k T K< g

smeared local operator
low-k physics
A dependence in ME’s

Leading-order
Operator Product Expansion

(Fhl(q)) FPRF(K)ay ay a, A

& L STl SR

Universal (A mdep)
Wilson Coeff, fixed by A=2 oo
depends on operator 29



Computing SRC operators at low-RG resolutions

Similar factorized forms for other SRC operators

q> A

ﬁhi(q, Q) — az ~ (Fhi( ))2 i FlO(k)FlO(k/) T T
: > =
k. k'’

T
Cl% A d

+q F-q 3-q F+q

30



Computing SRC operators at low-RG resolutions

Similar factorized forms for other SRC operators

q> A

ﬁhi(q, Q) — az ~ (Fhi( ))2 i FlO(k)FlO(k/) T T
: > =
k. k'’

T
Cl% A d

+q F-q 3-q F+q

Scaling of high-q tails

4 oy .7 i lo
2 ZK,k,k' (A ‘a%+ka%—ka%—k'a%+k"‘4 )

<Ahi‘a:1raq‘Ahi> N y

<Dhi | ag;aq | Dhi>

2

/ o| gt 4t l
ZK,k,k’ (D] g SR S S SN | D°)

30



Computing SRC operators at low-RG resolutions

Similar factorized forms for other SRC operators

q> A

ﬁhi(q, Q) — az ~ (Fhi( ))2 ﬁ FlO(k)FlO(k/) T T
: > =
k. k'’

T
Cl% A d

+q F-q 3-q F+q

Scaling of high-q tails

4 oy .7 i lo
2 ZK,k,k' (A ‘a%+ka%—ka%—k'a%+k"‘4 )

<Ahi‘d§dq‘Ahi> N y

<Dhi | a(?;aq | Dhi>

2

/ o| gt 4t l
ZK,k,k’ (D] g SR S S SN | D°)

ratio of (smeared) contacts
Fhi(q) o ‘P,‘;Lz(q) only sen.smve to Iow-k/mean-ﬁgld physics
approx. independent of resolution scale

(see GCF talks of Diego/Ronan) 30



Computing SRC operators at low-RG resolutions

S:
RG-evolved SRC operators

links few- and A-body systems (Operator Product Expansion)
RG “derivation” of the GCF
Correlations/scaling for 2 observables w/same leading OPE

Subleading OPE ==> deviations from scaling calculable in principle?

wrrr'- -— s we ---—-rv------v - n I wres e I ol Wi W i1 w weotl

(see GCF talks of Diego/Ronan) 30



Options for treating wf’s at low-RG resolutions

All the hard g physcis factorized in A-indep Wilson Coeffs

SRC calculations amount to computing
matrix elements of

A
Z FlO(k)FIO(k/) <A10

K kK’

T T

d d d d
K K K r K /
7+k T_k T_k 7+k

A10>

31



Options for treating wf’s at low-RG resolutions

All the hard g physcis factorized in A-indep Wilson Coeffs

SRC calculations amount to computing
matrix elements of

A
Y FP@F°&) (A°|a, al a, a,  |A"°)
Kik X g K g Ky
K kK’
0.5 | | | | | |
0.44 — AV18 . | Un|versa| 12 — SOftened -~ Nuclear matter
— — RKEN'LO \ low-k wfs : 2
N | . 4 . / Mo
ﬂ? 0.3 =N NTLO (w/ scheme) 1 / el
c 02] | no SRC
£ i :
= 0.1 g ’a/ e J 0.8 pair-distribution g(r)
S 0.0=-" d-state - TTTEEs o L _ -1
s B R k=135 fm
~0.1- A=o fm-1 7 A=1.5fm 0.6 . -
_ | | | | | | | | i origina
0.20 ; : : A 5 : : 2 A . II’/
r [fm] r [fm] 0.4 ; --= A=10.0fm ' (NN only)|™
-/ o A=3.0fm 7
. ¢ 02} —— A -1 =
no explicit SRCs at low _ A= Lo fm _
1 . | . | . | .
resolution 05 1 L L )
r [fm]
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Options for treating wf’s at low-RG resolutions

_é | | | | l_ | | | | | | B | | | | | | L | |
N . i 1 -100 = - .
0 fR fC ] ofge .y 01 TTFRe, ‘F 1  Simple methods “work"
TERN - i TBg e 1 -120F  gel ]
— -60 —la . ] 120 :’_ Bge o 0 ;’_:._ ! B d 0. O
[ o Ty i g 65 ¥ po] awfly Tefoceoc a
= - 1 D= -0 -0 i N i+ _ R @ B._ L - m.g i .
— a0k \.\. ,g._g—ﬁ-—g— o--g] -140 | "‘.ﬁ.\\ | . - -‘-*. OB 8- : MBPT
b A, 1T e I S : ® shell model
-100 - _\:l—:-.’*\'fr-ﬁ\.,_..\ 4 -160 N j‘."l.\t~__:__‘:__ -180 = — ...,_._.«:_:—: . .
: —X%aall =N il ® polynomially scaling
120k o0y ] 80, T 200 -'. TN ST RN N R N .'-
10 12 14 16 18 20 16 18 20 22 24 26 18 20 22 24 26 28 30 methods (IMSRG’ CC,
A A A
Tichai et al., Frontiers in Physics (2021) SCGF, etc.)
Figure 7. Reference (0/0) and second-order NCSM-PT (e/ ®m) energies with Nr‘;fgx = (0 and 2,

respectively, for the ground states of 11 729C, 16=26Q and '"—3!F using the Hamiltonian described in Sec. 3.
All calculations are performed using 13 oscillator shells and an oscillator frequency of hw = 20 MeV.

The SRG parameter 1s set to a = 0.08 fm?. Importance-truncated NCSM calculations (4) are shown for
comparison. Experimental values are indicated by black bars. Figure taken from Ref. [36].

31



Options for treating wf’s at low-RG resolutions

365) © MO | Ongoing developments:

O 1.8/2.0(EM)
A ANNLOgo(450)
0 ANNLOGo(394)

N A
= .5 - % 0

~§ Ramial SN TEY N .-
ITaS 3. .!
o 3.45 0

“soft” interactions w/good
saturation properties in
medium mass

20 42 44 46 48 50 52 54

ol o m——] e.g, ANNLOgo chiral EFT
| | (with A’s)

-~ Expt.

—440F © 1.8/2.0(EM)

B ANNLOgo(450)
ANNLOgo(394)

40 42 44 46 48 50 52 54 56 58 60
A
Charge radii (top) and ground-state energies

(bottom) of calcium isotopes with A nucleons
computed with new potentials ANNLOg.
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Options for treating wf’s at low-RG resolutions

E() [MGV]

Figure 7. Reference (©/0)) and second-order NCSM-PT (e/ m) energies with N = 0 and 2,

max
respectively, for the ground states of 11 =2C, 16=260 and ' "—3'F using the Hamiltonian described in Sec. 3.

All calculations are performed using 13 oscillator shells and an oscillator frequency of Aw = 20 MeV.

The SRG parameter 1s set to a = 0.08 fm?. Importance-truncated NCSM calculations (4) are shown for
comparison. Experimental values are indicated by black bars. Figure taken from Ref. [36].

Need beyond HF for precision energetics/radii
Can we use HF for SRC studies at low resolution?
Or HF treated in LDA? Let’s find out!...

31



Options for treating wf’s at low-RG resolutions

Strategy for SRC calcs. at low-RG scales 4 < g

E() [MeV]

no(q) ~ Z 65Uk, q —K/2)6U/(K',q - K/2)al al a, a

Kik £k K g Kk
K kK 2 2 2 2

-100 N . :t:

-120 -—I ] | ] |

Figure 7. Referer

respectively, for the
All calculations ar

The SRG paramete
comparison. Exper

dii
lution?

J“t!...
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Options for treating wf’s at low-RG resolutions

Strategy for SRC calcs. at low-RG scales 4 < g

E() [MeV]

@) ~ Y (U, k,q - K/2)5U (K, q - K/2)al al a, a

(\©)
+
W

0| %

|
w
|
|
W
0|
+
w

-100 N . j—:

-120 -—I ] | ] |

fixed from A=2

Figure 7. Referer
respectively, for the

All caleulations ar - W\ hat SRC phenomenology
The SRG paramete ) . .
comparison. Exper - can this (ridiculously) simple

evaluate matrix
approach reproduce!

elements in A-body vdii
states using LDA

lution?
(free fermi gas) lution?

J“t!...
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Preliminary SRC low-resolution LDA calculations

AV18 A =1.35fm™!

=° 0.90

pp + pn
nn + np

of

0.85

L]

300 400 500 600 700 800

q [MeV]

K

UNDER
CONSTRUCTION

S

FRIB

Tropiano, SKB, Furnstahl (in progress)
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AV18 A =1.35fm™!

1.101 PP

+ pn

nr

=° 0.90

+ np

of

0.85 T
300 40

0 500 600 700 800
q [MeV]

np dominance => ratio should
be ~ | irrespective of N/Z
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0.85

300 40

AV18 A =1.35fm™!

pp + pn

nn + np

L]

q [MeV]

0 500 600 700 800

Tropiano, SKB, Furnstahl (in progress)

K

UNDER
CONSTRUCTION

S

np dominance => ratio should
be ~ | irrespective of N/Z

transition towards scalar counting
at higher relative g

32



0.85

300 40

AV18 A =1.35fm™!

pp + pn

nn + np

L]

q [MeV]

0 500 600 700 800

— 12C

160
40Ca

48(:?‘
208F

K

UNDER
CONSTRUCTION

S

Tropiano, SKB, Furnstahl (in progress)

np dominance => ratio should
be ~ | irrespective of N/Z

Ratio of evolved high-mom. distributions
in a low-mom. state (insensitive to details!)

103 ] ”
t? 102 -
(@) ]
-
o
_|_ch
o 10%
a'd ]
g — AV1S8
Gezerlis N2LO
100 | A
0 200

400 600 800

q [MeV] 32



AV18 A =1.35fm™!

0.4
- _ 12C
L 16
o 03{ —— 70
|t T
o 48
| 0.2 Ca

208

O Pb
S o1 pp
b alal
= pPn

0.0" T

q [MeV]

300 400 500 600 /00 800




Preliminary SRC low-resolution LDA calculations

Tropiano, SKB, Furnstahl (in progress)

AV18 A =1.35fm™!

0.4
— 12C . .
O , np pair (tensor force) dominance
4 —_—— 120
w 0.3-
- 40
— T a
R R 48
| 0.2 Ca
208
O Pb
Z 0.1 PP
o i
= prn
0.0 Ll T

300 400 500 600 700 800
q [MeV]
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AV18 A =1.35fm™!

0.4
- _ 12C
L 16
T 031 =~ 70
ot T
= 48
| 0.2 Ca
208
O Pb
S o1 pp
- alal
= pn
0.0 + |

300 400 500 600 /00 800

q [MeV]

np pair (tensor force) dominance

weak nucleus dependence follows from
factorization



Preliminary SRC low-resolution LDA calculations

Tropiano, SKB, Furnstahl (in progress)

AV18 A =1.35fm™!

0.4
— 12C . .
[ , np pair (tensor force) dominance
5 03{ —— 70
- --- %Ca
= weak nucleus dependence follows from
1 02] *Ca factorization
o 208pp
~ hi W2 [ Alo| §'4 o1 4T lo
S 0.1 B e T T
~<T on Ratio ~ ;
hi 2 1 T T 1
- (Fni)(q)) <A0 Zk’k, a%Jrka%_ka%_k,a%Jrk, A0>
0.0 T T

300 400 500 600 700 800
q [MeV]
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Preliminary SRC low-resolution LDA calculations

Tropiano, SKB, Furnstahl (in progress)

AV18 A =1.35fm™!

0.4
— 12C : :
O , np pair (tensor force) dominance
o 03{ —— 70
- ~—- 4Ca
—_ weak nucleus dependence follows from
— G [ *Ca factorization
| 0.2-
208

O Pb
~ (F(Q)*
~<T m alli0 =~ .
= (Fhp(Q))?

0.0 T T

300 400 500 600 700 800
q [MeV]

33



AV18 A =1.35fm™!

@)
D - ® =e
4 4
~ 12C
3 @
m A 160
2 m ca
1 - & “cCa
v “8pp
0+
104 104

Mass number A

Followed Ryckebusch et al. prescription

A igh d PA
ar(A) = lim P*(p) - pr" P d(p)_
high p Pd(p) prhighdpP (p)

Aphieh = [3.8...4.5] fm"

Decent agreement w/LCA calcs
(flatter A-dependence)

But systematics need to be explored more!



Looking ahead

Can we use low-RG scale pictures to directly compute cross sections, etc?

reaction reaction(\)
) T f Al A A
Wyl O(q) i) = (WplUNUO(Q)UAU [¥i) = (7| O7(q) [47)

structure structure structure(\) structure(\)
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Looking ahead

Can we use low-RG scale pictures to directly compute cross sections, etc?

reaction reaction(\)

S 1d) f A /:;R A
Wrl Oa) i) = Wr|UNUNO(QUAUN i) = W5l O%a) |97
~~—~ ~~— —~— ~~
structure structure structure(\) structure(\)

&nf deuteron electrodisintegration studies More, SKB, Furnstahl PRC96 (2017)

=0  Factorization is scale-dependent (not unique)!!
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Looking ahead

Can we use low-RG scale pictures to directly compute cross sections, etc?

reaction reaction(\)

) TN T A AN A
Wrl O(q) |[¥i) = W |UNUO(Q)UAU i) = (@F] O%(q) [¥7)
structure structure structure(\) structure(\)

&nf deuteron electrodisintegration studies More, SKB, Furnstahl PRC96 (2017)

=0  Factorization is scale-dependent (not unique)!!

dpr |

HE
scale/scheme dependence of extracted properties?! (e.g., SFs)

extract at one scale, evolve to another!? (like PDFs)

how do FSls, physical interpretations, etc. depend on RG scale!? 35



Scale Dependence of Final State Interactions

Deuteron Electrodisintegration

E' =100 MeV ¢* =49 fm—2

2.5k ! ! :
""" (D|Jo|)i)

2.0 F — (Y] Joli) —
= ‘ SO e (e
F 15t | 2 -
= \
10}
2 L.

0.5

0.0k

0

Xg=1.64, Q2= 1.78 GeV?
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Scale Dependence of Final State Interactions

Deuteron Electrodisintegration

E' =100 MeV ¢* =49 fm—2

2.0 K -
...... Jo|1;
iZZ' ffﬁ% FSI sizable at large A

- 20T <¢fjxi1.5l 15 _ but negligible at low-resolution!
Eosl 2 2 - .
L Takeaway point:
— 1.0}
= Size of FSI depends on RG scale/scheme

0.

Ditto physical interpretations
0.0 &
0

Xg=1.64, Q2= 1.78 GeV?
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Other exclusive knock-out reactions [pictures from A. Gade]

Projectile Knockout residue

\!\‘\’\N\z:mma ray | | | Al. Gade elt al.. Phyls. Rev. CI 77, 044?06 (200|8)
) ) 1 15[ I 1 1 I 1 1 1 I 1 1 I 17 1 1 | L | I 1 1 1 | I.I | I 1 1 1 |
1.0 i-C ) Spectroscopic strength -
____________________________ d =

Py ! csth: Theory (Eikonal + Shell M) _'
%8‘46Ar
g

_/ 28g
\p\ -

0.8 243#
b | 16O _

__ 51y 208Pb 12§ 57NI —_
i 24 -

l L . Si

: I ] RS (e,e'p): AS:Sp-Sn Ar _

- ® R_p-knockout: AS=S -S| S % —

B ® R, n-knockout: AS=S -S| Ryl |
o o . — 'R I T A T N NN N N T T T A T N T T N T T T A T A A A O A O A
Origin and systematlgs of R = aexe/ O < 1 r S0 5 iR 20

are not understood (includes e,e’p results) AS (MeV)
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Other exclusive knock-out reactions [pictures from A. Gade]

Projectile Knockout residue
:9.“ \N\N\N;aymma ray A. Gade et al., Phys. Rev. C 77, 044306 (2008)
.‘."‘ ][IIII[IIII]1IIF]I[[T|Ir1]|Tl1l[1III|1III]I
‘ %%

Qscopic strength —
""""""""""" Scale-dependent (RG) view of how these reactions are treated nal + Shell M)

e | 0 — D G |- o ;

HE _
* Analysis mixes a high-resolution reaction mechanism (single- -
Exclusive reactions particle) with a low-resolution structure description. O )
* Theory is greater than experiment because missing induced i
current (e.g., 2-body for e7) does not exclude flux. sy @ #gj _
.7? — ° ° ° ° .
o(j") = * Plan: use SRG on reaction operator here and exploit factorization . 288% ]
32Ar
' v =
1631 1 —_ (AN N T TN T N TN N T T N T T T T TN M TN T N A Y T N A N N T N NN N Y A A
Origin and systematics of R = 0¢y,/ On < 1 - 7. : - "

are not understood (includes e,e’p results) AS (MeV)
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SRC phenomenology revisited (low-res picture)

Tropiano, SKB, Furnstahl (in progress)

2) Kinematics of knocked-out nucleons measured (corrected)

Pb iy g, ~ 195 + 21 (173 2 22) MeVic
7 R = . . .
10 p’ T '\ 0, =163 +17 (148 + 18) MeVic

s U N
7 II o~ 176 13 (157 + 14
/4’4 4 | - |

.-'....—f ) | =!.J

Missing Momentum Js:
40 _Fe N H:* o, 178 L7 (156 & 9) MeVic
,_rf..jf:-— g, =185 +9 (163 + 9) MeVic
20 _ =1 o~ 181 £ 6 (159 1 6)
5 0 [ T
O Al N g, = 180 £ 14 (162 £ 15) MeVic
20 _ s g, = 166 + 13 (150 + 13) MeVic
A 3 o~ 172 49 (155 2 10)
10 _ —FP _ﬁ'
} SOy
S T
C }ﬁ dy — 157 + 7 (141 + 7) MeVii
0 7,"‘— \:t\?-r a, =160+ 7 (146 + ) MeVic
/) .
25 P4 -: =19 +45 (143 + 5)
knocked out SRC nucleons fly out B W
+ I - b R

250 0 250 900

a.l mOSt baCI('tO'baCI( . pl . [MeVic]

(relative s-wave pairs) | o
pair CM momentum distribution

gaussian of width ~ kr
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SRC phenomenology revisited (low-res picture)

Tropiano, SKB, Furnstahl (in progress)

2) Kip~ = 7
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3) np dominance at intermediate (300-500 MeV) relative momenta

Single nucleons

. n-p - n-n p-p

Fig. 3. The average fraction of nucleons in the
various initial-state configurations of *°C.

R. Subedi et al., Science (2008)

20% of nucleons in SRC pairs
but mostly neutron-proton
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3) np dominance at intermediate (300-500 MeV) relative momenta

zw% 4) transition to scalar counting at higher relative momentum
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3) np dominance at intermediate (300-500 MeV) relative momenta

zw% 4) transition to scalar counting at higher relative momentum
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A-dep scale factors (“nuclear contacts”) C4, ~ < y |y >

Universal (same all A, not VnN) shape from
two-body zero energy wf ¢
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