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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:
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chiral EFT/soft interactions/shell model/DFT no high-k tails (k >> k)
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one-body current operators
complicated wf’s
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Low and High RG Resolution Scale Pictures

SRC stud’ 'ution

Same cross section (if done right), but different
interpretations, split between structure/reaction,
FSI's, etc..




Low and High RG Resolution Scale Pictures

SRC stud’ lution
Same cross section (if done right), but different
interpretations, split between structure/reaction,

FSI's, etc..

Here:

How can SRC calculations at low RG scale
be carried out in practice!

Under what approximations?

Connections to existing phenomenology (GCF/LCA)?



Similarity Renormalization Group

Evolve SRC physics from high to low RG resolution (1 < g)

Focus on phenomenology e.g., n(q), p(q, Q) as first step

But see earlier deuteron electrodisintegration studies More, SKB, Furnstahl PRC96 (2017)



Similarity Renormalization Group

Evolve SRC physics from high to low RG resolution (1 < g)

Focus on phenomenology e.g., n(q), p(q, Q) as first step

But see earlier deuteron electrodisintegration studies More, SKB, Furnstahl PRC96 (2017)

Unitary RG (“Similarity Renormalization Group”

HA) = UVMHU' (1)  0Q) = UXOU'(A)

preserves all physics (unitary) if no approximations

low E states => k > A highly suppressed

Bogner, Furnstahl, Schwenk Prog. Part. Nucl. Phys. 2010




Computing SRC operators at low-RG resolutions

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

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



Computing SRC operators at low-RG resolutions

Ohl = operator that probes high-q components at high-RG resolution
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(A O A) ~ 0



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
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‘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.)



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 < ¢
: o _ 77 fFyhi 77
<Ahl‘0hl‘Ahl> _ <Ahl‘ /IOIQHUE A‘Am) _ <A10‘OIO‘AIO>F wf’s of soft H° = 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‘



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
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@21 = operator
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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)> 03%() > --

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

Wiclkds



Computing SRC operators at low-RG resolutions

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

24 1
10 AV8' $=0,T=0

101 i bare

100} ::20:04 1}
1071} -
SRG evol

1073¢

102
102

Agr(K) [fm3]

. VaN . 1,- 9 1 F
<A hl ‘ Ohl ‘A | 10 @=0.01
“- 100} @=0.04 {F
q a=0.20

1077}

Agr(K) [fm®]

1074)
1073

1074

i=1 Some A-dependence for relative momentum dist.

infegral over sizable CM ==> non-SRC physics; sensitive
to induced 3-body

Wiclkds



Computing SRC operators at low-RG resolutions

P—

OM = operator Neff, Feldmeier, Horiuchi PRC 92 (2015)
q 103’rAV8" | S:lO,T=O 1L | | s:lo,T:1 1 r_\ | | S='1,T:0 S=1,T=1

102!, =0. - = a=0.01 - = a=0.01 - — a=0.01

10"}

10 i \\ i h : 1 r/'\\ | +q

107} 3 [ \ 1

SRG evol " 07}

10+

10°

10°}

s1(K,K=0) [fm°]

() | {®

<Ahi ‘ élqll ‘A 0

10°

fgt(k,K=0) [fm®]

10™
107<}
1073}

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 «



Computing SRC operators at low-RG resolutions

momentum distribution shic N 1
n(q) = aqaq

i°(q) = (1 +6U?) ala, (1+6U")

v




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
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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\

n

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

+ () d*ela*aaa + (--)a'a‘atelaaaa -



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



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>




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.




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)




Computing SRC operators at low-RG resolutions

Consider q > 4

n°(q) ~ ) sUk.q—K/2)sU(q-K/2k)a) al a, a

K K K /
o Kik Kk X k" Kixk

momenta > A
absent in |A'°)



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



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)



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



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 9



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

10



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°)

10



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) 10



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) 10



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>

11



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 N 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)| ™
-/ t A=3.0fm 7
. ¢ 02} —— A -1 =
no explicit SRCs at low _ A= Lo fm _
1 . | . | . | .
resolution 05 1 L L )
r [fm]

11
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a0 T C 3 1w00fg-o O ™ HPies. F'1  Simple methods “work
Q = &
:l tll\.\ i i '\B.\S:'\O\\O\ 1 -120 [ .Exg\.'@\Q _:
= 60 — ’\'.8\ 4 -120 ;’_ B'\ﬂ.i:c}‘*@.\&.@f@f E.-_\._ U\'.'\O\.@ 2 G_O/OI
> - NQ oph e = .:_l_\ B..g 7 .04 -140fF "\ B. 1 0-0-09-0 g
E [ LR oo ey ceo) bty PSIIiiied e MBPT
E 30 \ _ 3 _B,.—D» - 8- £ -140 r "'\_‘_\\.\ t idi - *. -
= 1 It 1 P Ty : ® shell model
2100 | g e .o o 4 UL ;- e-9-%1 _i50F 20 0. 0.00%% . .
: EE Rt S B Sy 0L B S i ® polynomially scaling
- ——_ 1 180} 4 200 F -
-120 El 1 | L | 1 | L | LT | L | 1 | L | L | L | L | L | L | L | L | 1 | l | L
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 N™ = 0 and 2,

respectively, for the ground states of 11 72C, 16=26Q and 73! 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 o = 0.08 fm?. Importance-truncated NCSM calculations (4) are shown for
comparison. Experimental values are indicated by black bars. Figure taken from Ref. [36].

11



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.

11



Options for treating wf’s at low-RG resolutions

E() [MeV]

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 72C, 16=260 and 73! 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!...

11



E() [MeV]

-100 : . 1

«1.20) -—I ] | ] |

Figure 7. Referer

respectively, for the
All calculations ar

The SRG paramete
comparison. Exper

Strategy for SRC calcs. at low-RG scales

no(q) ~ Z 6U,(k,q — K/2)6U/(k',q — K/2)a]

Kk K’

2

a,
+k Kk

A< q

a

K /
K_k

A

K /
K ik

dii
lution?

J“t!...
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Figure 7. Referer

respectively, for the
All calculations ar

The SRG paramete
comparison. Exper

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

g~ Y (UK, q - K/2) U/ (K, q - K/2)a

fixed from A=2

T
K

(\®)

dii
lution?

J“t!...

11



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 : . 1

«1.20) -—I ] | ] |

fixed from A=2

Figure 7. Referer

respectively, for the
All calculations ar

The SRG paramete
comparison. Exper

evaluate matrix
elements in A-body vdii
states using LDA

lution?
(free fermi gas) lution!?

J“t!...

11



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 : . 1

«1.20) -—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!...

11



AV18 A =1.35fm™!

1.15

O 11041 PPTPN

-

© nn + np

: 1.05

-

| Lot |
> 0.95 N

S . \\\.\.\ ...........
< <C ] T
&~ 0.90

0.85 , ; : :
300 400 500 600 700 800

q [MeV]

12



AV18 A =1.35fm™!

=° 0.90

0.85

pp + pn
nn + np

of

L]

300 400 500 600 700 800

q [MeV]

— 12C

—.— 180
--- %Ca
...... 48Ca
— . 208pp

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

12



=S @
Preliminary SRC low-resolution LDA calculations o

NSCL FRIB

AV18 A =1.35fm™!

1.10{ PP T PN

nn + np

300 400 500 600 700 800

q [MeV]

Tropiano, SKB, Furnstahl (in progress)

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

transition towards scalar counting
at higher relative g

12
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Preliminary SRC low-resolution LDA calculations o

NSCL FRIB

Tropiano, SKB, Furnstahl (in progress)

K

UNDER
CONSTRUCTION

AV18 A =1.35fm™!

12 —_—
QO 110{ PPTPN . 160
- ® —_ .
© nn + np 20 np dominance => ratio should
—~ 05 Tk be ~ | irrespecti f N/Z
...... 48 PeC IVvE O
o Ca
I 1.00 ——- 208 Ratio of evolved high distributi
o atio of evolved high-mom. distributions
~ 0.95 in a low-mom. state (insensitive to details!)
S 10° - ”
<< '
" 0.90 _
« (5
0.85 T T T e R 102‘§
300 400 500 600 700 800 X
q [MeV] o
4—(6(7 101
x
l§ — AV18
Gezerlis N°LO
100 | A

0 200 400 600 800
q [MeV] 12



AV18 A =1.35fm™!

0.4
- _ 12C
L 16
o 03{ —— 70
|t T
= . 48
| 0.2 Ca
208
O Pb
S o1 pp
b alal
= pPn
0.0" T

q [MeV]

300 400 500 600 /00 800




AV18 A =1.35fm™!

0.4
- . 12C
L 16
o 03{ —— 70
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| 0.2 Ca
208
O Pb
S o1 pp
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np pair (tensor force) dominance



AV18 A =1.35fm™!

0.4
- . 12C
L 16
o 03{ —— 70
|t T
= . 48
| 0.2 Ca
208
O Pb
S o1 pp
h- alal
= pn
0.07 T

q [MeV]

300 400 500 600 /00 800

np pair (tensor force) dominance

weak nucleus dependence follows from
factorization



_ 12C
0O , 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
T o1  E@r (A T ab by g [A)
~<T on Ratio ~ ;
C (Fhi(q))? <A10 Zk’k, an%JrkaT%_ka%_k,a%Jrk, A10>
0.0 T T

300 400 500 600 700 800
q [MeV]

13



AV18 A =1.35fm™!

0.4
- . 12C
L 16
o 03{ —— 70
|t T
= . 48
| 0.2 Ca
208
O Pb
S o1 pp
h- alal
= pn
0.07 T

q [MeV]

300 400 500 600 /00 800

np pair (tensor force) dominance

weak nucleus dependence follows from

factorization

Ratio ~

(F(q))”

(Fip(@)?



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
ax(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!? 15



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?

16



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)

17



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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Summary

RG smoothly connects high- and low-resolution pictures. There is no “correct” picture in an

absolute sense (e.g., can reproduce SRC phenom. in a low resolution picture, or can do many-
body calculations in high-resolution picture)

Unexpected simplifications for calculating SRC quantities at low-RG resolution (q > A)

e factorization of g-dependence into A-indep Wilson coeffs (few-body physics)
e simple many-body calculations due to low-k wf's

e LDA (free fermi gas) seems to be sufficient (a-la LCA ) at reproducing some of the usual
SRC phenomenology

Natural connections to GCF/LCA approaches; RG/OPE machinery ==> corrections to scaling, 3N
SRCs, etc. possible

Interpretations, FSIs, etc. depend on RG scale for deuteron electrodisintegration. Can we exploit

this in more complicated knock-out reactions by treating structure/reaction consistently at the
same resolution scale?

18



Extras




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

20



(& A
SRC phenomenology revisited (low-res picture) Ont

NSCL

Tropiano, SKB, Furnstahl (in progress)

2) Kip~ = 7
evolved pair momentum distribution (1 ~ k; < < g)

el @D ~ 1@ ) D 1w M [a), a) a, a, | [w'(A)
P STk Tk Sk S+ d

+k

ke
aln

(re
ution

20



(& A
SRC phenomenology revisited (low-res picture) Ont

NSCL

Tropiano, SKB, Furnstahl (in progress)

2) Kip~ = 7
evolved pair momentum distribution (1 ~ k; < < g)

el @D ~ 1@ ) D 1w M [a), a) a, a, | [w'(A)
Y PR e e e

+k

m.e. of smeared contact operator ==>
high q pairs dominated relative s-waves

knc
Al evolved y(A\) “soft”, dominated by MFT configs ==>
(re CM Q distribution smooth/gaussian with width ~ kr

ution

20
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SRC phenomenology revisited (low-res picture) Ont

NSCL

Tropiano, SKB, Furnstahl (in progress)

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

21



SRC phenomenology revisited (low-res picture) G-

NSCL FRIB

Tropiano, SKB, Furnstahl (in progress)

3) np dominance at intermediate (300-500 MeV) relative momenta

z“% 4) transition to scalar counting at higher relative momentum

4

100%
1% 20% | AV1S |
......... L
Single nucleons _é 60% | np/p scalar limit B
O
. n-p - n-n pP-p L‘I_E
Fig. 3. The average fraction of nucleons in the 5_% 40% pp/p scalar limit B
various initial-state configurations of *C. T N2LO =
: : o, | _
R. Subedi et al., Science (2008) 20% AV18
0 : : 0% | | |
20% of nucleons in SRC pairs 400 500 600 700 800

bUt mOStly neutron-prgton Relative Momentum [MeV/c]
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SRC phenomenology revisited (low-res picture) G-

NSCL FRIB

Tropiano, SKB, Furnstahl (in progress)

3) np dominance at intermediate (300-500 MeV) relative momenta

zw% 4) transition to scalar counting at higher relative momentum

Ratio of evolved high-mom. distributions

8 in a low-mom. state (insensitive to details!) 100%
| 103
1% - ” 20% | AV1S |
— N2LO
Single nucleons o S enor L ‘np/p scalar limit
L] n-p M .- p-p A? ] £
Fi . . ~ .(:U 40% L _
g. 3. The average fraction of nucleons in the o o pp/p scalar limit
various initial-state configurations of *C. -|—mc /0 NN o NOLO P
: : o 10 o, L _
R. Subedi et al., Science (2008) = 20% AVIS
| — AV18
: : Gezerlis N2LO 0% | | |
20% of nucleons in SRC pairs oo b ik ° 400 500 600 700 800
Relative Momentum [MeV/c
but mostly neutron-proton 0 200 | [éll\(/)l(;V] 600 800 Mev/d
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SRC phenomenology revisited (low-res picture)

Tropiano, SKB, Furnstahl (in progress)

6) Generalized Contact Formalism (GCF)
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SRC phenomenology revisited (low-res picture)

Tropiano, SKB, Furnstahl (in progress)

6) Generalized Contact Formalism (GCF)

NN ,« NNa o

Pa (r)=C}4 X | (T) ’
NN ,« NNa o

n, o (q) =Cy X | n(9) ’

A-dep scale factors (“nuclear contacts”) C4, ~ < y |y >

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

22
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SRC phenomenology revisited (low-res picture) Ont

NSCL

Tropiano, SKB, Furnstahl (in progress)

6) Generalized Contact Formalism (GCF)

c[A/d = ¢AV18+UX(r- k-space) = - NiLO( 0fm) (r-, k-space)
B = o AV4'+UIX, (r-, k-space) = ¢ N°LO(1.2fm) (r-, k-space)
NN,o NN,o o S 4 i f f : f i
pa(r)=0Cy <PNAKT)2 T g g 5 %ﬂ g t g ;
NN,«a NN,o | @ s o | | 2 | B4
ny (@) =Cu % < onn (@) O s " i
— 5 | ' ' | ' pnﬁs—1
RO %
A-dep scale factors (“nuclear contacts”) C4, ~ < y |y > :% 1__ ' i % %‘ ## ++
Closl- M 5 ?
Universal (same all A, not Vnn) shape from 0.5o— % ; . . .
two-body zero energy wf ¢ i ~__pn,s=1
N 3—_A/ 4H¢ | | | | %
. S, | | | | | |
But @, is scale and A
scheme dependent. Ratios CH A A e 0
e e e e e  ppys=
are independent but only W He ‘He ‘Li C "0 “Ca

probe “mean field” part

22



(& A
SRC phenomenology revisited (low-res picture) Ont

NSCL

Tropiano, SKB, Furnstahl (in progress)

6) Genel
. . Ofm) (r-, k-space)
Contacts not RG invariant 2 bgpoce
N N, | |
nNN,Oé ‘ A() "“- ~ . A ﬁ +
. Ca = Z <l/jfléo | a£+ka2—ka£—k/a£+k' Wﬁo) = | JA) ) <W£ | a£+ka£—ka5—k/a5+k/ wﬁ) s=1
K.k 2 2 2 2 Kk 2 2 2 2 PN, ;S—
.
A-dep scale A-independent ##. ++
Universal (s .
two-body z pn,§s=1
Buf ...But ratios in different A approx. RG invariant o
#o0
schem T
~ pp, =0
a re I n‘ 160 4OCa
probe
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Test ground: 2H(e,e’p)n

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

® Focus on longitudinal structure function fL

2

fure ) | (erlol i)

mg ,mjy

. v 12 .
° fL)‘ ~ |<L*f‘UI\ Uiy Jo UI\ U, |L’,>| . U;U)\ = I fL)\ = I
v J5 U

e Components (deuteron wf, transition operator, FS|) scale-dependent,
total is not.

® Are some resolutions “better” than others? E.g., in a given kinematics,

can FSI be minimized with different choices of A?? How do

interpretations change with scale!?
23



Deuteron wave function evolution

ki [fm ] r |fm|
k < A components invariant <==> RG preserves long-distance physics

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

Folklore: Simple wave functions at low A <==> more complicated operators?

especially for high-q processes?
24



Final-state wave function evolution

101 l I I I | I |

25



Final-state wave function evolution

® High-k tail suppressed with evolution

® For p' 2 X\, AyY3(p'; k) localized around outgoing p’
"local decoupling” Dainton et al. PRC 89 (2014) 25



Current operator evolution

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

1 2 3 4 5 6'0'020
. -~ | 3S; channel B

- 0.010

TQ y L 0.005 2 = 36 fm-2 A
|E 3 ,‘. q l

- 0.000

Yy

—4 Y - - —0.005
- ooi high resolution
I one-body current
—0.015
0 T —1
k [fm "]
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Current operator evolution

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

1 2 3 4 5 6'0‘020
. -~ | 3S; channel T

L 0.010
L 0.005 q2 — 36 fm-2 Al >
0000
A =00 o
. L o0 high resolution

one-body current
—0.015

J A =2.0fm! ¢*> =36 fm 2

Ll =( :1 de :O T1 :O L2 :O 0.020

Yy

low resolution

_ induced
~0.012 2-body current
6 ! —0.016
ke [fm ] oo %



Scale Dependence of Final State Interactions

L ook at kinematics relevant to SRC studies

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

L ook at kinematics relevant to SRC studies

E' =100 MeV ¢* =49 fm—2

2.5 § | | : FSI sizable at large A
------ (61 Tol41) ] e -
ut negligible at low-resolution!
2.0 — Wyl Jo|hi) -
— A=1.5,/,A=1.5
E G L Folklore:
Yoo 15 B N
=
= ol shouldn’t hard processes
= be complicated in low resolution
0.5 (A << q) pictures!
0.0t ' SRR by ' Why are FSI so small at low A
0 30 60 90 120 150 180

in these kinematics?

Xg=1.64, Q2= 1.78 GeV?

27



Scale Dependence of Final State Interactions

final state wf (FSI piece)

10(); 3 '
i e
10! 1 -==- A=3.0fm? -
e e
\%10 .-
-
<1 10-3
—4
10 ,‘ \\ p/ = 15 fm_l
_ o \ B~ 100 MeV |
10—5 l l . |\ 11 l l
0 1 2 3 4 D § 7

k [fm 1]
For p’ = A, interacting part of final state wf
localized at k = p’
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Scale Dependence of Final State Interactions

final state wf (FSI piece)

— A= _
—--- A=3.0fm" -

\
!
M

o 1 2 3 4 5 6 7T
k [fm ] . k [fm ]
For p’ = A, interacting part of final state wf Dominant support of deuteron wf

. at k = A
localized at k = p’
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Scale Dependence of Final State Interactions o

NSCL FRIB

final state wf (FSI piece) initial state (deuteron) wf

N

(351; k| S =225 ko) ¢* =49 fm 2
1 2 3 4 5 6
| | 0.008

0.006

1 0.004

1 0.002

1 0.000

1 —0.002

Jg}(k’,k) A=1.5fm- | 0004 oo FSI ~T(p’,p’)

probed by ' 1 BH —0.006 (small!)
transition

—0.008

(smoc?th and ko [fm—l]
non-singular) —0.010 28



Scale Dependence of Interpretations

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

e E.g., sensitivity to D-state w.f. in large g2 processes

E = 20MeV q2 —36fm 2 A=15fm™!
25 | I I | I
(W Jol)
2.0 cenn (Ul dolthizs,) -
E ~ \ -— - <¢}\ J(i\w;\?»sﬁ
— 1.5r ~
i S—
= -
T 1.OF
—
05 ---------------------------
0.0

0’ |deg] *°



Scale Dependence of Interpretations

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

e E.g., sensitivity to D-state w.f. in large g2 processes

E'=20MeV > =36fm2 ' = (°

—
A (7 Tolabi)
N A CTALA /A
\ =@ == <¢f JO i331>
\ o - (VP31
\
N e
Newr 2.7
v o _— - —p
a « o@° !
2 4 8
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Scale Dependence of SRC Interpretation

® 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

30



Scale Dependence of SRC Interpretation

® 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)

30



Scale Dependence of SRC Interpretation

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

Before Aftar

31



Scale Dependence of SRC Interpretation

® 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 .



