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Basic Problem

@ Goal: Extract nuclear properties from

experiments and predict them with
theory

do 2
dQ <whnal ‘ 0( ) | ¢initia]>
reaction
o <‘+ inal | O(Q) | L itial>
~——
structure structure

Nucleon knockout reaction
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Basic Problem

Nucleon knockout reaction
@ Goal: Extract nuclear properties from

experiments and predict them with e
theory e
do 2 q
o dQ <whnal ‘ 0( ) |¢initia]> N
reaction
o/ - o/ A A-1
o < Wfinal | 0(‘/) | Q"’initial>
~—~~ N~
structure structure
@ Use factorization to isolate individual
components and extract hard scale
process-independent nuclear properties factorization

structure reaction

d(e,e’ )p with low-resolution potentials



Factorization: Examples

High-E QCD Low-E Nuclear
hard scale Observable: Structure model: Reaction model:
actorlzatlon cross section  spectroscopic factor single-particle
\ cross section
A | S
Fa(e,Q?) ~ 4 fula ) @ F Q//'/ D S

|Ji—=Jp|<j<Ji+Jy
long-distance short-distance
parton density Wilson coefficient

@ Separation between long- and
short-distance physics is not unique,
but defined by the scale py

@ Form factor F, is independent of ji,
but pieces are not

® fu(x, uf = Q%) runs with Q* but is
process independent
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Factorization: Examples

High-E QCD

hard scale
actorlzatlon

Z faI/l/ ®]” (2//1/

Fg(x Q2

long-distance short-distance
parton density Wilson coefficient

@ Separation between long- and
short-distance physics is not unique,
but defined by the scale py

@ Form factor F, is independent of ji,
but pieces are not

® fu(x, uf = Q%) runs with Q* but is
process independent

Low-E Nuclear

Reaction model:
single-particle
cross section

s
S;fo'sp

Structure model:
spectroscopic factor

Observable:
cross section

s

|Ji—=Jp|<j<Ji+Jy

Open questions

@ When does factorization hold?

@ Which process-independent nuclear
properties can we extract?

@ What is the scale/scheme dependence
of the extracted properties?
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SRG makes scale dependence obvious

p<A p>A

@ Unitary transformations widely used to
soften nuclear Hamiltonians leading to
accelerated convergence

@ SRG scale A sets the scale for decoupling
high- and low-momentum and separating
structure and reaction
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SRG makes scale dependence obvious

p<A p>A

@ Unitary transformations widely used to
soften nuclear Hamiltonians leading to
accelerated convergence

@ SRG scale A sets the scale for decoupling

high- and low-momentum and separating 03 : :
structure and reaction — A=
| A= e
@ Transformed wave function — T o '\\ - ;:; ?(5) i:"
no high momentum components g \»\\
= "\
R P =
@ o~ ’<wf|0|wi>’ =- O must change to 2 ‘.\‘\‘ AVIS
keep observables invariant 570l AW 7
L=2 .\‘\
@ UV physics absorbed in operator \ \\
(Cf. Chiral EFTS) 0.0 | \r A I
Ty T3 s
K [fm ']
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/

Test ground: H (e, e

p)n

@ Use deuteron electrodisintegration to investigate scale/scheme
dependence of factorization between nuclear structure and nuclear

reaction
do

° 0 X (vefe +vefr + ver frr cos 2¢, + vir fir cos ¢p)

@ vi, vr,...- electron kinematic factors. f;, fr,...- deuteron structure
functions
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p)n

Test ground: H (e, e

@ Use deuteron electrodisintegration to investigate scale/scheme
dependence of factorization between nuclear structure and nuclear
reaction

d
0 — X VL.+ vr fr + vrr frr €08 2¢, + vir fir cos ¢p)

@ vi, vr,...- electron kinematic factors. f;, fr,...- deuteron structure
functions
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/

Test ground: H (e, e

p)n

@ Use deuteron electrodisintegration to investigate scale/scheme
dependence of factorization between nuclear structure and nuclear
reaction

d
0 — X VL.+ vr fr + vrr frr €08 2¢, + vir fir cos ¢p)

@ vi, vr,...- electron kinematic factors. f;, fr,...- deuteron structure
functions
2
o fre > [(Wrldoles)|
mg ,my

2
. Ulusn=1 £ =f

® [ ~ |(yy|UL UxJo UL Uy |9)
N N N~

PP V7S P
Components depend on the scale A. Cross section does not!
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Evolutionary effects

@ ZH(e, ¢’ p)n calculations done using
AV18 potential with A = oo and

A=15fm™!
© fi~ > [(Wyldolui)|’
mg ,my

@ Effects due to evolution of one or more
components of ()r|Jo|t:) as a function
of kinematics — scale dependence of
factorization

@ Proof of principle calculation using
simplified Jo. Comparison to
experiment not warranted
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Evolutionary effects

@ ZH(e, ¢’ p)n calculations done using
AV18 potential with A = oo and

A=15fm™!
© fi~ > [(Wyldolui)|’
mg ,my

@ Effects due to evolution of one or more
components of ()r|Jo|t:) as a function
of kinematics — scale dependence of
factorization

@ Proof of principle calculation using
simplified Jo. Comparison to
experiment not warranted

@ Quasi-free ridge (QFR): wphoton = 0
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Evolutionary effects

@ ZH(e, ¢’ p)n calculations done using
AV 18 potential with A = oo and
A=15fm™"

© fi~ > [(Wrldolepi)

mg ,mj

‘ 2

@ Effects due to evolution of one or more
components of ()r|Jo|t:) as a function
of kinematics — scale dependence of
factorization

@ Proof of principle calculation using
simplified Jo. Comparison to
experiment not warranted

@ Quasi-free ridge (QFR): wphoton = 0

@ Weak scale dependence at QFR which
gets progressively stronger away from it

100

60

E' [MeV]

40

20

A= i.5 fmfl‘i
L 1
&

\;z} ]
i &

&
3 &o*‘éo 3
o o
quasi-free ridge 1
0 s 20 2

q’ [fm?)

SNM et al., PRC 92, 064002 (2015)
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Results at QFR

wop Ty A=15 fm ]
@ At the quasi-free ridge 10 & & b
E'(in MeV) ~ 10 ¢ (in fm~2) sl 2 & ]
3 =
2 2 [ 2 <&
) fL ~ § |<wf|-’0‘wl>| = “F S&c ]
mg ,my 40 ﬂo\xéo =
. o <>
@ Long-range part of the wave function probed at R e ? ]
K i . 2 asi-free ridge
QFR — invariant under SRG evolution 0 s 0 s ET
q* [fm™?
. E'=100MeV q? =10fm2
W1l R
6
£
=
9
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Results at QFR

120p 2 . A= ILE') fm_i ]
@ At the quasi-free ridge 1000 & & 1
E'(in MeV) ~ 10 ¢ (in fm~2) ol £ & ]
[ <}
- ~
2 (=3 271 x®
© fir D |(Wrldolui)] % &
mg ,my rys 0\30 !
o °
@ Long-range part of the wave function probed at uf /o . ]
. . . - quasi-iree ridage
QFR — invariant under SRG evolution PR 0 s ET
q* [fm™?
. E'=100MeV q? =10fm2
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Results at QFR

120 2 I A= I15 fm_i 1
. . 49 &
@ At the quasi-free ridge 1000 & & 1
E'(in MeV) ~ 10 ¢ (in fm~2) ol £ & ]
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o fin 3 (sl Sl &
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Results at QFR

120 2 I I A= I15 fm_i 1
. . 49 &
@ At the quasi-free ridge 1000 & & 1
E'(in MeV) ~ 10 ¢ (in fm~2) sl 2 & ]
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o fin 3 (sl Sl &
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Results at QFR

@ At the quasi-free ridge

E'(in MeV)

~ 10q*(in fm™?)

o fir > [(wrloluin)|’

mg ,mj

@ Long-range part of the wave function probed at
QFR — invariant under SRG evolution

E'=10MeV > =4fm2
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Results below QFR

© (YrlJolvh) = (@lJolr) + (|t' Gl Joltp)
TIA FSI

@ Below QFR two terms add constructively

@ Wave function in [A probed between 1.7 and
3.4 fm~" = (s Mol)| < [(¢rlJolebr)

) A=15fm™!
49 &%
1003 &5 é}’
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- >
= 80| s
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Results below QFR

E'=30MeV q?=25fm2

© (YyrlJolv) = (@lJolehi) + (T Gio|i) 0.0005 —
—_— —— (sl Jolwr) 37

1A FSI 0.0004 - (gl ol

@ Below QFR two terms add constructively e (O ol)

= 0.0003
&

@ Wave function in IA probed between 1.7 and =
3.4 fm~" = (o)) | < [(y|Jolei) <2 0.0002

0.0001
® (Y7 |Jol) = (plJolehi) + <¢\fI\GgJo|1/)i> R
P - 0.0000 LTt e e e e T S
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Results below QFR

E'=30MeV q?=25fm2

© (YrlJolvh) = (@lJolr) + (|t' Gl Joltp)

1A FSI

@ Below QFR two terms add constructively

@ Wave function in [A probed between 1.7 and
3.4 fm~" = (s Mol)| < [(¢rlJolebr)

© (WP |Jolw) = (¢lolehi) + (el GiJoli)
o [(¢lrhGlaolwi)| < (ol Giuolui)]|

@ Effect of evolution of current opposite to the
evolution of initial and final states
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Results below QFR

E'=30MeV q?=25fm2

° <¢f|JOWi> = <¢|JO|¢1> + <¢|tTG$J0|7/)i> 0.0005 s
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@ Below QFR two terms add constructively (@}l

~—= 0.0003
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Results above QFR

@ Scale dependence qualitatively different
above the quasi-free ridge
© (Urlolws) = (Blolwh) + (o' Giolvh)
—— N——
A FSI
@ Above QFR two terms add destructively

P g A= 15 fm="
43 )
100} &5 §
o
ol 2 i
= s 5
R ¥
= &
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= &
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o °
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Results above QFR

1§ >
100} &5 é‘
@ §
38
= 13 &
E;] 60 g@)d&‘
@ Scale dependence qualitatively different 0 3 &3
. . o )
above the quasi-free ridge of /o Al
ey oofreeridee
® (¢rldoli) = (9lol) + (l¢' GiJolv) A
N—— N——
1A FSI E'=100MeV ¢ =0.5fm™2
@ Above QFR two terms add destructively 0.010 ' ' ' ' T
(Wl Joli)
@ Can be explained by looking at the effect of 0.008 p-. oo (Wl ol
evolution on the overlap matrix elements (W Joles)
[SNM et al., PRC 92, 064002 (2015)] ElRal|
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0.002 | ’/'/

0.000
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Results above QFR

. 8 %
100} &5 é‘
o §
z" 8
= 13 &
E;] 60 g@)d&‘
@ Scale dependence qualitatively different 0 3, & 3
above the quasi-free ridge of /o Al °
ey sifeeridge
© (Yrloli) = (SlJolyi) + (Dl Giolyh) A
—— N——
1A FSI E'=100MeV ¢ =0.5fm™2
@ Above QFR two terms add destructively 0.010 ' ' ' ' T
(WylJols)
@ Can be explained by looking at the effect of 0.008 p-. oo (Wl ol
evolution on the overlap matrix elements (W Joles)
[SNM et al., PRC 92, 064002 (2015)] ElRal|
@ Scale dependence depends on the <= 0.004 LLemTT
kinematics, but in a systematic way e
0.002 'o.\/,f’

0.000
0
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Evolution effects on individual components

° fr x Z (YrJolwi) = Z <¢f\\16\’¢i)\>

mg,nmy mg,m;j
@ Looked at effects of evolution on the observable f7

o Look at changes due to evolution for individual components and
their implications

@ Evolution of 9geys: suppression of high-momentum components
— accelerated convergence of nuclear structure calculations
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Evolving the final state

10° - - - - - 10°
35, — A= 35, — A=
L ==+ A=15fm! ' ==+ A=15fm!
10 ; e 10
p =085 fm p=17fm"!
o E' ~ 30 MeV s E' ~ 120 MeV
—~107t —107
= =
= =
<] w0} <] 10®
h
107 E 104 v
) LAY
' \
\ \
\
10-5 . L . . . 10~ >
0 1 2 3 4 5 6 1 2 3 4 5 6
k[fm™}] Kk [fm™Y]

o p';k) :@+A¢A(Pl§k)

1A FSI

@ Forp’' 2 A, ¢;\ (p’; k) localized around the outgoing momentum p’
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Evolution minimizes FSI contribution

E =100 MeV ¢ =36 fm™? E =120 MeV ¢* =49 fm?
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— 1A+ FSl — A+ FSI
0-00024 0.000030 f* i
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&,0.00008 F. =,
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@ Local decoupling = increased validity of TA
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Evolution minimizes FSI contribution

E =100 MeV ¢ =36 fm™? E =120 MeV ¢* =49 fm?

0.00016 0.000035
— IA+FSI — IA+FSI
0-00024 A 0.000030 |
0.00012
=== |A evolved 0.000025 |
—-~ 0.00010 .
& 0.000020 |
=.0.00008 F. &
- 3 0.000015 |
“~ 0.00006 ey
0.00004 0.000010 | “,
0.00002 0.000005 |
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@ Local decoupling = increased validity of TA

o fi((vylJolibi)) = fL((d1 T3 147))
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Current evolution story

@ Varying ) shuffles the physics between
short- and long-distance parts

@ ) decreases — blob size increases.

One-body current operator develops two
and higher body components P

at high resolution

® (kiTi|Jo(q) kT = 0) =
2(Gh+ (-DIGE) 80kt — ke — a/2) + 5 (-1 Gy + GE) (ks — ke + 0/2)

@ Naive expectation: RG changes to Jo(q) complicates reaction calculations
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EFT for the current

%y kl\J&’”I"‘Su ko) ¢* =36fm~2 002

o <¢f|fo(‘])|¢:> = <¢]£\‘J(§\(q)|wt>\> ! P A 86 0.016

P
@ Low-momentum component of Jé‘ (q) 1 -j 0.012
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|
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6 1(2 [fnlil] 0.016
—0.020

(81 k| Sy k) ¢* =36 fin? 0.020
1 s 3 4 5 6
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2
1 0.012
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2
- 0.004
‘/—1 .
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EFT for the current

(3S1; k| I3 ko) ¢* =36 fm 2
o (WUylo(a)|vi) = (7 g (@)7) ! Zﬁ LA

@ Low-momentum component of J3 (¢) !
most relevant 2

.
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EFT for the current

(3S1; k| I3 ko) ¢* =36 fm 2
o (WUylo(a)|vi) = (7 g (@)7) ! Zﬁ LA
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EFT for the current

(3S1; k| I3 ko) ¢* =36 fm 2
o (WUylo(a)|vi) = (7 g (@)7) ! Zﬁ LA

@ Low-momentum component of J3 (¢) !
most relevant 2

.
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EFT for the current

o (WUylo(a)|vi) = (7 g (@)7)
@ Low-momentum component of J3 (¢)
most relevant

o (3Si;ki|Jg(q)*S1;ka)
=g+ +k)+---

(381 k| 371000 0) ¢ =361m2

deut 0.008
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EFT for the current

(Py; k| J=101%S0; k) ¢ =36 fm 2

0.0010
12 3 4 5 6

0.0008

0.0006

° <3P1,k1|J5\<q)‘351,k2> :gl]]kl‘i‘ , 0.0004

= 0.0002

© (DykilJ3(q)Siska) = g5 phi+--- £ ose00

.—;1 —0.0002

o (WHR@IE) ~ PR @) _,

~0.0006

6 —0.0008

—0.0010

o (Y lplwiag,) =
W) CSIIPS)CSi1[g,) + @R PP CPIR PS1) CSilpdsg, ) + -
—— —

use EFT exp. use EFT exp.
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Results from low-momentum potential

E'=20MeV ¢ = 36 fm 2

0.000024
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Results from low-momentum potential

E'=20MeV ¢ = 36 fm 2
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Results from low-momentum potential
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@ Agreement made better by going to
higher order terms in EFT expansion
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Convergence in partial wave channels
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Convergence in partial wave channels
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Convergence in partial wave channels
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g-factorization of f;

° fi=1i(p'.0;q)
p’ and 0: outgoing nucleon
¢: momentum transfer

@ Forp’ < g, fi scales with ¢
fup',059) — 8(p', 0)B(q)

@ Note that f; is a strong function of ¢
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g-factorization of f;

° fi=1i(p'.0;q)
p’ and 0: outgoing nucleon
¢: momentum transfer

@ Forp’ < g, fi scales with ¢
fup',059) — 8(p', 0)B(q)

@ Note that f; is a strong function of ¢

@ Follows from the LO term in EFT
expansion:
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Summary and Moving Forward

@ Scale dependence abounds... in a systematic way which can be
accounted for

@ Conventional wisdom: low-resolution potentials ill-suited for (high-q)

reactions calculations X
— RG changes to O, tractable

@ Local decoupling of 1/))?\ — increased validity of impulse approximation

@ Explanation of factorization straightforward in low-momentum picture
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@ Conventional wisdom: low-resolution potentials ill-suited for (high-q)

reactions calculations X
— RG changes to O, tractable

@ Local decoupling of 1/))?\ — increased validity of impulse approximation

@ Explanation of factorization straightforward in low-momentum picture

To do:
@ Make the EFT picture more quantitative
@ Extend to A > 2. Basis for consistent construction of operators

@ Consistently extract process-independent quantities from experiments
— What is the best scale to use?
— What are the controlled approximations that we can make?
— Model dependence of SRC, spectroscopic factors, . . .
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