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

(RG) Resolution Scale H = H(A) =  max. momenta in low-energy wf’s ~ A
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Examples of Low resolution pictures
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Examples of Low resolution pictures
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Examples of Low resolution pictures
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Low and High Resolution Scale Pictures

Examples of Low resolution pictures
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Short History: High Resolution Scale Picture

All nuclear structure models <==> Low resolution pictures

How did the high resolution picture arise?

exhibit A: NN scattering (1950s-60s)
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All nuclear structure models <==> Low resolution pictures

How did the high resolution picture arise?

exhibit A: NN scattering (1950s-60s)

phase shift (degrees)

[ s wave: short range repulsive

long range attractive
p wave: repulsive

IF you insist on a local V(r):

strong short-range repulsive core

50— Phys. Rev. 182 (1969)1714 needed to get s-wave sign change

Neutron-proton scattering in the
S-waves changes sign




Short History: High Resolution Scale Picture

All nuclear structure models <==> Low resolution pictures

How did the high resolution picture arise?

exhibit A: NN scattering (1950s-60s)

phase shift (degrees)
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Phys. Rev. 182 (1969)1714

Neutron-proton scattering in the \
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Short History: High Resolution Scale Picture

All nuclear structure models <==> Low resolution pictures

How did the high resolution picture arise?

exhibit A: NN scattering (1950s-60s) P
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phase shift (degrees)
[ s wave: short range repulsive
long range attractive
p wave: repulsive
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Short History: High Resolution Scale Picture

exhibit B: Brueckner 1955 paper PrvSICAL REVIEW VOLTME 38, NUMBER : funE 1, 1983

High-Energy Reactions and the Evidence for Correlations
in the Nuclear Ground-State Wave Function®

K. A. BRUECKNER, R. J. EpEN,} AND N. C. Francis
Indiana University, Bloomington, Indiana

(Received January 13, 1955)

High-energy nuclear reactions which depend strongly on nucleon position correlations in the nuclear
ground state are analyzed and shown to give evidence for the existence of marked correlation effects. The
following high-energy experiments are considered : nuclear photoeffect, meson absorption in nuclei, deuteron

ickup, proton-proton scattering in a nucleus, and meson production in proton-nucleus collisions. The cor-
Ws sections depend onh a nucleon momentum distribution which can be represented at high
energies by a single function giving reasonable agreement with all the experiments considered. This mo-
momentum distribution differs substantially from that for the shell model of the nucleus and thus provides
strong evidence for correlation in the nuclear ground-state wave function.

The transformation methods developed in previous papers are used to provide a unified theory of the
above five processes. The momentum distribution predicted by this theory is estimated by two methods
each of which gives close agreement with the experimentally determined function in the relevant energy
ranges.
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exhibit B: Brueckner 1955 paper PrvSICAL REVIEW VOLTME 38, NUMBER : funE 1, 1983

High-Energy Reactions and the Evidence for Correlations
in the Nuclear Ground-State Wave Function®
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Momentum distributions (Received January 13, 1955)

High-energy nuclear reactions which depend strongly on nucleon position correlations in the nuclear
ground state are analyzed and shown to give evidence for the existence of marked correlation effects. The
following high-energy experiments are considered : nuclear photoeffect, meson absorption in nuclei, deuteron

ickup, proton-proton scattering in a nucleus, and meson production in proton-nucleus collisions. The cor-
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0.05h strong evidence for correlation in the nuclear ground-state wave function.
| The transformation methods developed in previous papers are used to provide a unified theory of the
/ above five processes. The momentum distribution predicted by this theory is estimated by two methods
each of which gives close agreement with the experimentally determined function in the relevant energy
ranges.
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F1c. 1. Momentum distribution G(%) of 8 neutrons and 8 protons
in the independent-particle states of a square well with infinite
walls and of a harmonic oscillator well. For comparison the
Gaussian distribution of Eq. (3) is also given.
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AD Initio with high-resolution NN + NNN
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AD Initio with high-resolution NN + NNN
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AD Initio with low-resolution NN + NNN
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AD Initio with low-resolution NN + NNN
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AD Initio with low-resolution NN + NNN
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Modern SRC Phenomenology (2000’s - present)

Experiments at BNL and areakuo tHO R
JLab to detect knocked-out P DFe)teCt ; .

nucleons from an SRC pair . .
onstruct ‘initial’ state
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Modern SRC Phenomenology (2000’s - present)

Experiments at BNL and Breaku D the pair : .
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Modern SRC Phenomenology (2000’s - present)

1) Universal high-momentum tails
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Modern SRC Phenomenology (2000’s - present)

1) Universal high-momentum tails

W o O

-

inclusive ratios

| Fom}n et ral., F;hys. hev. ett. '108 (]2012)' | |

L3

. o

® -

b . . . -

:.000....0’ **° 0.”.....

! s ¥

 He : Bou LT

. . ‘

} s . i

! o* * K j

:....0?0‘. ’oql.o.. . . | n

; . b

: 9B . 1974, .-,—.—l— :

Z o T4 . I
' ...P.. | ] ] ] 7 ..”... | | | |

08 1 1.2 14 16 1.8 1 12 14 16 1.8 2
X X

_ 2 O-A('CEBvQQ)
A O-d(vaQQ)

SRC interpretation:

NN interaction scatters pair p1,p2 < kr
to intermediate-state momenta >> kr
which are then knocked out by photon

10



Modern SRC Phenomenology (2000’s - present)

1) Universal high-momentum tails
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Modern SRC Phenomenology (2000’s - present)

1) Universal high-momentum tails
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Modern SRC Phenomenology (2000’s - present)

2) Kinematics of knocked-out nucleons

—

This is a short-range
correlation or SRC
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Modern SRC Phenomenology (2000’s - present)

2) Kinematics of knocked-out nucleons

—

This is a short-range
correlation or SRC

Missing Momentum

knocked out SRC nucleons fly out
almost back-to-back
(relative s-wave pairs)
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Modern SRC Phenomenology (2000’s - present)

2) Kinematics of knocked-out nucleons measured (corrected)
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Modern SRC Phenomenology (2000’s - present)

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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Modern SRC Phenomenology (2000’s - present)

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

np pairs predominate
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~ 4%
Proton-proton

Single nucleons

- n-p . n-n p-p

pp/np ratios [%]

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 | o
Duer, PRL (2019); Duer, Nature (2018); Hen, Science (2014); Korover, PRL (2014); Subedi, Science
but mostly neutron-proton (2008): Shneor, PRL (2007); Piasetzky, PRL (2006); Tang, PRL (2003);  Review: Hen RMP (2017);
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Modern SRC Phenomenology (2000’s - present)

4) transition to scalar counting at higher relative momentum
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np dominance goes away at hish momenta => probe repulsive core

fraction of SRC pairs (nn,np,pp) agrees with naive pair counting
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Modern SRC Phenomenology (2000’s - present)

4) transition to scalar counting at higher relative momentum
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np dominance goes away at hish momenta => probe repulsive core

fraction of SRC pairs (nn,np,pp) agrees with naive pair counting
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Modern SRC Phenomenology (2000’s - present)

5) Protons “speed up” in neutron rich nuclei

Experiments with increasingly neutron-rich nuclei:
—> excess heutrons correlate with core protons
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Modern SRC Phenomenology (2000’s - present)

5) Protons “speed up” in neutron rich nuclei

Experiments with increasingly neutron-rich nuclei:
—> excess heutrons correlate with core protons

Correlation Probability: Protons ‘Speed-Up’ In Neutron-Rich Nuclei
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Modern SRC Phenomenology (2000’s - present)

6) Generalized Contact Formalism (GCF) Cruz-Torres ef al. arXivi1907.03658

and earlier papers of Weiss/Barnea/et al.

00 GCF has factorized small-r / large-k approximation to many-body wave function:

O
0 ©® OO W1, s Ty) ~ h(r) ) (Ryo, 15,1y cf. Brueckner 1955,Tan 2005
O O
O O

r, — 0

15
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Modern SRC Phenomenology (2000’s - present)
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Modern SRC Phenomenology (2000’s - present)
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Modern SRC Phenomenology (2000’s - present)

6) Generalized Contact Formalism (GCF) Cruz-Torres ef al. arXivi1907.03658
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Modern SRC Phenomenology (2000’s - present)

Cruz-Torres et al. arXiv:1907.03658
and earlier papers of Weiss/Barnea/et al.

6) Generalized Contact Formalism (GCF)
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RG in low energy nuclear physics

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

i Integrate out momenta kK > A

bl g N preserve physics up to A

Unitary RG (“Similarity Renormalization Group”

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

preserves all physics (unitary) if no approximations

low E states => k > A highly suppressed

17



Bridging structure and reactions

e
® Goal: Extract nuclear properties / :
, , c e.g., nucleon knockout reaction
from experiments and predict q
them from theory N
Py dJ

—e o |(Wr|O(@)wi)]

e Factorization to isolate . o ete X j\r\’
components and extract /.i;:a p—— //‘ ® L
process-independent structure  reaction
properties

18



Bridging structure and reactions G

e,
e / e.g., nucleon knockout reaction

® (Goal: Extract nuclear properties
from experiments and predict q

them from theory N

® dU

— < |09 )

® Factorization to isolate . hard scale X
components and extract r——— //‘ S o
structure

‘ 2

process-independent reaction
properties
reaction reaction(\)
2 TN i N2y A
(el O(q) |i) = (Wr|UNUXO(@)UrUy|¢i) = (5| O (q) [¥7)
S~~~ ~~ —~— ~—~
structure structure structure(\) structure(\)

Factorization is scale-dependent (not unique)!! .



Analogy with DIS in QCD

Observable: Structure model: Reaction model:

High-E QCD Low-E Nuclear
cross section  spectroscopic factor single-particle

\ hard scale
actor|zat|o \ \ cross section

f
F2( Z fa QCLQZQ/ILLf) o = j Osp

|J¢—Jf|<]<J +Jr
long-distance AN short-distance
parton density Wilson coefficient

19



Analogy with DIS in QCD
High-E QCD Low-E Nuclear

~ . Observable: Structure model: Reaction model:
hard scale e cross section  spectroscopic factor  single-particle
factorization U\ \ \ Ccross section
i f 2; i f /

Fo(z,Q%) ~ X, fulz,pp) @ F S oy,

O p—
R F5(z,Q/uy) J
long-distance \ \’\[\rhort-distance
parton density < ’/ V\/\/\Wilson coefficient

® Separation not unique, depends on
the scale L

|Ji—J | <g<J;i+J¢

® Form factor F; independent of s but
pieces not

® fi(x, Mf) runs with U2 = Q2 but is
process independent

19



Analogy with DIS in QCD

High-E QCD Low-E Nuclear

~ . Observable: Structure model: Reaction model:
hard scale Q cross section  spectroscopic factor  single-particle
factorization U\ \ \ Ccross section
i f 2; i f /

Fa(w,Q%) ~ X, falw, pig) ® F5 (2, Q/ piy) ot = Sl o

|Ji—J | <g<J;i+J¢

=Y
ong-distance \ \’\[\r ort-distance .
:aar?:o(:m ;ensity/‘<<—>/ V\/\/\V\rl]ilscgr?cgefﬁcient Open QueStlonS

® What is the scale/scheme dependence
® Separation not unique, depends on of extracted props!

the scale [ ® Extract at one scale (e.g., to minimize

FSI) and lve t ther?
® Form factor F; independent of s but ) and evolve to another

pieces not ® Scale/scheme dependence of
interpretations! Are some better?
® fi(x, Mf) runs with U2 = Q2 but is

i d dent ® Structure of evolved
process independen

operators?

19



High-q operators evolved to low-resolution scales

Consider low-k components of low-E wf’s for A=2.

/\O o) I I | [ |
10 E _
RG preserves long 5 —— AVIS |
: 1 ---- V. atA=2fm _
distance structure _ 10 e
me -\ T/ Vsatk=1.5fm -
= 10 N\ 0 V,  atA=20fm " =
o - --—- CD-Bonn -
A ~ A o -1
N\ @baO(P) ~ ZA% (p) 2 10 -
C\1+ 20
o 107F
ER
p § 10°F
107
_5: |
10

Anderson et al., PRC 82 (2010)

SKB and Roscher, PRC 86 (2012)
20



High-q operators evolved to low-resolution scales

Consider high-k components of low-E wf’s for A=2.

No
Scale separation (Eq << A2<< q?)
q
20 (q) ~ y(q; A) /O Ad?’pZAwQ(p)+n(q;A) /O AdSpp2Zw§(p)
A
P

Anderson et al., PRC 82 (2010)

SKB and Roscher, PRC 86 (2012)
21



High-q operators evolved to low-resolution scales

Consider high-k components of low-E wf’s for A=2.

A%

Scale separation (Eq << A2<< @g2)
q

A A

A CIERICTY /O d’p Zpy () +n(a; A) /O d*pp*Za) (p) -+
N\

Operator Product Expansion

of wave function a-la Lepage
p Ao / 1 / A /

Y A)=— [ dq (q] q)V™(q’,0)

/A QH™Q State-independent
Ao I - Wilson Coefficients
B(a; A) Z—/A dq <q|QHAOQ\q>5,—sz “(d’, p) »

Anderson et al., PRC 82 (2010)

SKB and Roscher, PRC 86 (2012)
21



- - B
High-q operators evolved to low-resolution scales Q"

NSCL

A A A Ao
A() 5 A() — d d / AQ* / A() / A0>l< AO
(80| O . [1020) / p / D 18" (0)O(p, p ) (0) + / dp /A dg v (p)O(p, )™ (g)

o [N [ p+ [ [ @0t @)
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High-q operators evolved to low-resolution scales

A A A Ao
A() 5 A() — d d / AQ* / AQ / d A0>l< AO
(80| O . [1020) / p / D 18" (0)O(p, p ) (0) + / » /A dg v (p)O(p, )™ (g)

1 / Aodq / dp 5°*(q) / Aodq / Aodq 2% (9)O(q, )i (d)

Now use:
A
g (q) ~ (q; A) /O p Zyd(p) + -+ OPE for w.fs
Yoo (p) ~ Zph (p) IR structure unaltered

O(g,p) = O(q,0) + - - Scale separation

22



High-q operators evolved to low-resolution scales

(V5 0nol2°) = ZX (W10 |95) + ¢ (M) (0516 (X)) + -+

yd AN

state-independent state dependent
high-q physics soft m.e. (low-k)
depends on operator same for all high-q operators

23



High-q operators evolved to low-resolution scales

(WR0|0p, [20) ~ ZF (W2 1On, [92) + g @ (A) (0263 (x)[02) +

yd AN

state-independent state dependent
high-q physics soft m.e. (low-k)
depends on operator same for all high-q operators
(0) e
0 _
E,g,, gV = 273 / dqg O(0,q)v(q; A)
Ao Ao
+ Zj / dQ/ dq' v*(q 4,9 )v(q'; A)

Generically: Opr = Z3 On, + g9 (M) 6(x) + ¢gP(A) V36(r) +

23



- - B
High-q operators evolved to low-resolution scales Q"

NSCL

How does an operator that probes high-momentum w.f.
components look in a low-momentum effective theory?

(W50 10nol¥2°) = ZE(WphOno|¥h) + 9 (M) (0316 (x)[wd) + -+

= 0 since PAOAOPA — ()

SKB and Roscher, PRC 86 (2012)
Tropiano, SKB, Furnstahl (in progress) 24



- - B
High-q operators evolved to low-resolution scales Q"

NSCL

How does an operator that probes high-momentum w.f.
components look in a low-momentum effective theory?

(V530 10no[08°) = ZR (YphOnolto) + 9V (A) (W16 (x)[]) + ---
= 0 since PAOAOPA — ()

E.g., momentum distribution for g >> A

(Wholalaq|whe) = v%(a; A) Z3 | (W2 ]6(r) i) |

low-E states have the same large-q tails if leading
OPE term dominates

. . SKB and Roscher, PRC 86 (2012)
Generalize to arbltrary A-bOdy states Tropiano, SKB, Furnstahl (in progress) 24



High-q operators evolved to low-resolution scales

Ex1l: momentum distribution (A << g < Ao):

A
A A ~ : A A
<¢Q?A‘agaq‘wa?A> ™~ ’72(q7A) X Z Z/2\ <¢a,A|a%+ka%_ka%—k’a%—l—k"wa,A>
k.k/ K

25



High-q operators evolved to low-resolution scales

Ex1l: momentum distribution (A << g < Ao):

A
A A ~ : A A
<¢Q?A‘agaq‘wa?A> ™~ ’72(q7A) X Z Z/2\ <¢a,A|a%+ka%_ka%—k’a%—l—k"wa,A>
k.k/ K

Ex2: static structure factor (A << q < Ao):

X

Wi S(@ele,) ~ {2v(@A)+ D AP +a A (PiA) b

A

2 /A t t A
N 2 ekl s waalod )
K.k Kk’

25



High-q operators evolved to low-resolution scales

Ex1l: momentum distribution (A << q < Ao)°

(a0, lalaqlwle,) =~ Z Z3 (Wi ok 0k ax eax el )
k.k/ K

Ex2: static structure factor (A << q < Ao):

X

Wi S(@ele,) ~ {2v(@A)+ D AP +a A (PiA) b

A
X Z Z ’aK+kanI<_kaK_kaK+k ‘wa A>
K.k Kk’
- hard (high q) physics - soft (low-k) m.e.
- Universal (state-indep) X - same for all high-q probes
- depends on probe - A-dependent scale factor

- fixed from few-body

25



- - B
High-q operators evolved to low-resolution scales G

NSCL

links few- and A-body systems ( “derives” the GCF)
Correlations/scaling for 2 observables w/same leading OPE

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

= XU ITOITI ICvwW=D0Ody

25



SRC phenomenology revisited (low-res picture)

Tropiano, SKB, Furnstahl (in progress)

1) Universal high-momentum tails

inclusive ratios

| "Fomin et al, Phys. Rev. fett. 108 (2012)

5 ¢

: 36 12 ] . 8 :

3 | : a :
! .... o & =B .. ]
?000...‘. ‘q...’.

0 ¢ % : ;
; Wiringa et al., PRC (2014)

6 -

12C

26



SRC phenomenology revisited (low-res picture)

Tropiano, SKB, Furnstahl (in progress)

1) Universal high-momentum tails

inclusive ratios A
Ao [t Ao \ 0 2/ 2 /A T i A
' Fomin et al., F;hYs. Rev. fett. 108 (2012) 1 <¢O"O‘4’aqaqwa?f‘> ~ TG A) X Z ZA <wa"“’a%+ka%—ka%_k’a%+k’WO"A>

6 f 3 S
3 | . : i

i o oo o " * )

?000...‘. ‘q...’.
0 ¢ % l ;

; Wiringa et al., PRC (2014)
6 -

12C

26



SRC phenomenology revisited (low-res picture)

Tropiano, SKB, Furnstahl (in progress)

1) Universal high-momentum tails

inclusive ratios A
T T T T T T 1 T T T 3 Ao I Ao ~ 2 A X Z2 A T T / / A
- Fomin et al., Phys. Rev. fett. 108 (2012) : Walslaatalbaly) ~ (M) kZK R s R LY
6 ¥ o
: 3He 12C .1—9—'—’- :
3 | . * i
i o ® * & o—o—t_0-% o* ]
,"."oo‘. .Q..A..
0 ¢ | t -
~ | Wiringa et al., PRC (2014)
\D 6 -
© : *He 12
= C
S<( n (q) ka,K<wé},A‘a’T%_|_ka’T%_ka’K ka’%—l—k"wé},A>
L O(A,Q):nA(q) ~ -
D k7§K<wo¢,D‘a%+ka’%_ka%—k’a%—l—k"¢a D>

26



SRC phenomenology revisited (low-res picture)

Tropiano, SKB, Furnstahl (in progress)

1) Universal high-momentum tails

inclusive ratios A
Ao | T Ao ~ 2(a: A 72 A T T A
T T T T T T T T T T : a,.a ~ ; X Qa Qa K 1,/K /
6 | Fomin et al., Phys. Rev. fett. 108 (2012) : <¢O"A’ 4 qwo"A> V(@A) kZK A Yol ik K-k kT tk V)
5 ¢ o
3 _ . . N
i O * ~o—o—t-u-" * )
?000...‘. ‘q...’.
0 ¢ i u ;
~ | Wiringa et al., PRC (2014)
\O 6 -
o : *He 12
= C
) ISP S G SLE ST S
L O(A,Q):nA(q) ~ -
D k7§K<wa,D‘a%+ka’%_ka%—k’a%—l—k"wa,p>

low-momentum/mean field physics => scale/scheme indeed
to leading order

supports/explains GCF conclusions about inclusive ratios

26



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

27



(& 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

27



(& 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

27
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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

28



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]

28



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

28



SRC phenomenology revisited (low-res picture)

Tropiano, SKB, Furnstahl (in progress)

6) Generalized Contact Formalism (GCF)

29



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 ¢

29
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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

29
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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

29



Scale dependence of
deuteron electrodisintegration

S. More, SKB, R.J. Furnstahl, Phys. Rev. C 96 054004, (2017)




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!?
31



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?
32



Final-state wave function evolution

101 I I I | | | I | | | |

33



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) 33



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?

35



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?

35



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’

36



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’

36



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 36



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

38



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)
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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
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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 .
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Summary/Questions

RG methods smoothly connect high- and low-resolution pictures. There
is no “correct” picture (e.g., can reproduce SRC phenom. in a low
resolution picture)

Interpretations vary with resolution scale (FSI, etc.), as do ease of
calculations (simple wfs + complicated currents vs. complicated wfs +
simple currents). Can we exploit this?

Can we use RG methods to connect SFs in low-resolution shell model
picture and SRCs in high-resolution picture?

Can we use OPE + SRC/high-q measurements to extend reach of low-
resolution theories ?

Can we use simpler low-resolution wf's + OPE for to do high-g
electron scattering in medium mass nuclei?




Extras
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| , . EO @
Final-state wave function evolution O

NSCL FRIB

® Correlation “wound’” at small r smoothed out under evolution

® |ong-distance tail invariant (phase shifts preserved)
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Other exclusive knock-out reactions [pictures from A. Gade]

Projectile Knockout residue

M:mma ray | | | A. Gade etal, Phys. Rev. C 77, 044306 (2008)
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Other exclusive knock-out reactions [pictures from A. Gade]

Projectile Knockout residue
.':« M:mma ray A. Gade et al, Phys. Rev. C 77, 044306 (2008)
‘ | | I.I | | |
» / , , Qscopic strength
---------------------- Scale-dependent (RG) view of how these reactions are treated  \5 4 shell M )

7 o — D o G |- :

MF
* Analysis mixes a high-resolution reaction mechanism (single- -
Exclusive reaction particle) with a low-resolution structure description. 50 j
* Theory is greater than experiment because missing induced i} ~
current (e.g., 2-body for e7) does not exclude flux. @ 2gi |
i ° ° ° ° Ar

o(j") = * Plan: use SRG on reaction operator here and exploit factorization . 288% ]
0.2 S p At
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are not understood (includes e,e’p results) AS (MeV)
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E,, [MeV]

Deuteron electrodisintegration kinematics
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