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Nuclei at low resolution

Fate of high-momentum physics

Probing low-resolution nuclei at high momentum
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Outline

Nuclei at low resolution
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Low k RG LP Universal Structure

Uses of the renormalization group (RG) [cf. S. Weinberg]
@ Improving perturbation theory; e.g., in QCD calculations
e Mismatch of energy scales can generate large logarithms
@ Shift between couplings and loop integrals to reduce logs
@ Identifying universality in critical phenomena
o Filter out short-distance degrees of freedom
@ Simplifying calculations of nuclear structure/reactions

e Make nuclear physics Iook more like quantum chemistry!
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Low k RG LP Universal Structure

Uses of the renormalization group (RG) [cf. S. Weinberg]
@ Improving perturbation theory; e.g., in QCD calculations
e Mismatch of energy scales can generate large logarithms
@ Shift between couplings and loop integrals to reduce logs
@ Identifying universality in critical phenomena
o Filter out short-distance degrees of freedom
@ Simplifying calculations of nuclear structure/reactions
e Make nuclear prk1,ysics look more like quantum chemistry!

»
i @ Viowk: lower cutoff A; in k, k'
k = via dT(k,k’;k?)/d\A =0
i @ SRG: drive H toward diagonal
il N . :
. with flow equation
1\ S st/dS = [[Gs, Hs], Hsl
a Continuous unitary transforms
“Mowk” Similarity RG (cf. running couplings)
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RG LP Universal Structure

Low k

Uses of the renormalization group (RG) [cf. S. Weinberg]

@ Improving perturbation theory; e.g., in QCD calculations
e Mismatch of energy scales can generate large logarithms
@ Shift between couplings and loop integrals to reduce logs

@ Identifying universality in critical phenomena
o Filter out short-distance degrees of freedom

@ Simplifying calculations of nuclear structure/reactions
o Make nuclear phyS|cs Iook more I|ke quantum chemlstry'

0481204812048120481204812 05

0 {fm)
=3 A =2.01fm A=15im’

@ Decoupling naturally visualized in momentum space for Gs =
e Phase-shift equivalent! Width of diagonal given by \2 = 1/\/5
e What does this look like in coordinate space?

0

AV1g8: £

Dick Furnstahl Hi Res/Lo Res




Low k RG LP Universal Structure

Uses of the renormalization group (RG) [cf. S. Weinberg]
@ Improving perturbation theory; e.g., in QCD calculations
e Mismatch of energy scales can generate large logarithms
@ Shift between couplings and loop integrals to reduce logs
@ Identifying universality in critical phenomena
o Filter out short-distance degrees of freedom
@ Simplifying calculations of nuclear structure/reactions

e Make nuclear physics look more like quantum chemistry!
k2 (fm™®) k2 (fm®) k2 (fm™®) K2 (fm®) k2 (fm™?)
8 12 0 4 8 12 0 4 8 12 0 4 8 12 0 4 8 12

0.5

S N\

i A =20fm" A=151fm"

N3LO: E
(500 MeV) ~

@ Decoupling naturally visualized in momentum space for Gs = T

e Phase-shift equivalent! Width of diagonal given by A\ = 1/,/s
e What does this look like in coordinate space?
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Low k RG LP Universal Structure

Local Projections [k. wendt et al., PRC 86, 014003 (2012)]
@ Project non-local NN potential: V(r) = [d®r' Vi(r,r")
e Roughly gives action of potential on long-wavelength nucleons

@ Central part (S-wave) [Note: The V,’s are all phase equivalent!]
200

150 —_ Argonneng 15, | :: | Ii ---|Initial

100 — N‘LO 500 o L S — Evolved
3 A=400fm~t ] A=300fmt] A=200fm~t ] A=1.60fm~!
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-100 . L
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@ Tensor part (S-D mixing) [graphs from K. Wendt]
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Low k RG LP Universal Structure

Local Projections [k. wendt et al., PRC 86, 014003 (2012)]

@ Project non-local NN potential: V(r) = [d®r' Vi(r,r")

30
20

o

— Argonne vys .'_ 33, --- Initial
— N’LO-500 B — Evolved
A=o00 A =4.00 fm~! A=3.00fm"! A=2.00fm-! A=1.60fm~!
Vo N
0 1 2 3 1 2 3 2 3 2 3
r [fm] r [fm] r [fm] r [fm]
@ Tensor part (S-D mixing) [graphs from K. Wendt]
— Argonne vs 35,-9D, ---Initial
—  N3LO-500 — Evolved
A=4.00 fm~! A=3.00fm~! A=2.00 fm:l_ A=1.60 fm:l_

72V [fm2 MeV]
>

e Roughly gives action of potential on long-wavelength nucleons
@ Central part (S-wave) [Note: The V,’s are all phase equivalent!]
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Low k RG LP Universal Structure

Run to lower )\ via SRG — ~Universal low-k Vjy

Diagonal V)\(k, k) o Off-DlagonaI VA(k, 0)
L0 prerr e SR AR A7 ARARR R W AN
r -1 ] [ A= Y N
[ A=5.0fm K ] r A=5.0fm \‘\ 1
r / - b 0.5 |
0sF 1 LTI b 5 N
L S ,"’ ,/,-’ RS B L O~ A
L 0 - . 's\ ] r 3|
00} . . 00; /:7
B i & ¢ 1
= E 1 = -0sF —
— -05F S : 1
~ [ 1 X r b
< L 1 = L. - ]
= £ E b > -1.0 2 b
> -1.0p 17 ] [ e R E ]
7S —sewen 1T [ 7 s |
r 7 A 7 7 4
Lo --- 600/700 [E/G/M] ] sk 4 500 EM) b
I o S00[EM] B LA -~ 600 [EM] ]
L --= 600 [EM] . Lv 1
F 1 -2.01 -
_2‘05 | | | | | | ] ol b b b b bl
00 05 10 15 20 25 30 35 00 05 LO 15 20025 30 35
-1
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@ Similar pattern with phenomenological potentials (e.g., AV18)

@ As resolution changes, shift high-k details to contact Co><
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Low k RG LP Universal Structure

Run to lower )\ via SRG — ~Universal low-k Vjy

Diagonal V)\(k, k) o Off-Diagonal VA(k, 0)
1.0 [ e e SRR R AR ALY ARRRR RN WA AR
FA=4.0fm " Y ] F A=4.0fm ]
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@ Similar pattern with phenomenological potentials (e.g., AV18)

@ As resolution changes, shift high-k details to contact Co><
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Low k RG LP Universal Structure

Run to lower )\ via SRG — ~Universal low-k Vjy

Diagonal V)\(k, k) o Off-DlagonaI VA(k, 0)
LOprerr ey D ey
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@ Similar pattern with phenomenological potentials (e.g., AV18)

@ As resolution changes, shift high-k details to contact Co><
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Low k RG LP Universal Structure

Run to lower )\ via SRG — ~Universal low-k Vjy

Diagonal Vi(k, k) " Off-Diagonal Vi (k,0)
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@ Similar pattern with phenomenological potentials (e.g., AV18)

@ As resolution changes, shift high-k details to contact Co><
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Low k RG LP Universal Structure

Run to lower )\ via SRG — ~Universal low-k Vjy

— 550/600 [E/G/M]
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@ Similar pattern with phenomenological potentials (e.g., AV18)

@ As resolution changes, shift high-k details to contact Co><
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Low k RG LP Universal Structure

Run to lower )\ via SRG — ~Universal low-k Vjy

Diagonal Vi (k, k) o Off-Diagonal V\(k, 0)
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@ Similar pattern with phenomenological potentials (e.g., AV18)

@ As resolution changes, shift high-k details to contact Co><
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Low k RG LP Universal Structure

Nuclear structure natural with Jow momentum scale
Softened potentials (SRG, Vi x, UCOM, ...) enhance convergence

@ Softening allows importance

@ Convergence for no-core shell truncation (IT) and converged

model (NCSM):

A AT coupled cluster (CCSD)
16& -
12F Lithium-6 E -90 [TNCSM CCesb
S8 ground-state energy NN+3N-ind. } NN+3N-ind.
ﬁ 4 Jurgenson et al. (2009) E _100,1\
L . E s N
2 Vi =N'LO (500 MeV) { 2 0 1 50 = 20Mev
=] £ 2 3 &
@ -8F Original Vi =NLO E w
°:; —12F (already soft!) E _120F
P -16F E
B 20f E
E 24w Softened with SRG E 130
5 :2& 200 V expt E NN+3N-full T NN+3N-full
15m™ :
-3E X _
_ . . R 3 >-13
36 14 16 18 2
Mamx Slze [N =
ax] Q-
@ (Already) soft chiral EFT potential ol
and evolved (softened) SRG

2468}\(])12141618 1614 12108 6 4 2

potentials, including NNN
[Roth et al., arXiv:1112.0287]
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Low k RG LP Universal Structure

Nuclear structure natural with Jow momentum scale

R. Roth et al. SRG-evolved N3LO with NNN  [arXiv:1112.0287]
@ Coupled cluster with interactions H(\): A is a decoupling scale
@ Only when NNN-induced added to NN-only = X independent
@ With initial NNN: predictions from fit only to A = 3 properties
@ Open questions: red (400 MeV) works, blue (500 MeV) doesn't!

oo NN-only NN-+3N-ind. NN+3N-full NN-only NN+3N-ind, NN-+3N-full
100 T . 2250
-110 2300
exp. AN £
-120 .\ -350] S - |
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1130 P 400
%
2140 ) 160 =-450 40C, EN 3
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.\"\ 550 :\\’—~—0—¢
-160p NI 1 ~
o : 00l et
-170 s = = a B S
-120) A\ -300)
-140 N\ 400 exp. P~———s
=-160) exp. =
2 190 . \ %50
=h 20 =) 480,
R1-200 ‘\\ 79 = 20 MeV BN =2-600 '\\\’_‘_‘ Q= 20MeV. N 3
220 \\ 700} :\\:\oﬂ_._‘
Y N e e et
246 81012142 4 6 81012142 4 6 § 1012 14 A S 02142 4 6 § 1012142 4 6 § 101213
€max €max €max ©€max €max €max
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Low k RG LP Universal Structure

Nuclear structure natural with /ow momentum scale
In-medium Similarity Renormalization Group made possible
@ E.g, IM-SRG for open-shell nuclei [H. Hergert et al., in preparation]
@ Start with SRG-evolved NN+NNN Hamiltonian
@ Evolve normal-ordered wrt reference state = decouple ph excitations
@ Direct application to isotope chains, shell-model He,. . .

. — R
N3LO+3N ind. ge N3LO+N2LO@400) O

E3max=12 Esmax=14

Enmax=8 | -75 evax=14

7 S no refit of
[} [0} - -
= = 3N interaction
w —125] w -125 -
-1500 o 15
n !
+ 19
_i7sl 4 1.9 (IT-NCSM) 178k
T2 14 16 18 20 22 24— 26 T2 14 16 18 20 22 24— 26
A A

Dick Furnstahl Hi Res/Lo Res



Low k RG LP Universal Structure

Nuclear structure natural with /ow momentum scale
Lowered scale enables many-body perturbation theory (MBPT)

@ Quantitative prediction for Ca
isotope Sz, trends (verified!)

@ Neutron/nuclear matter

e A s
[ BN E,\.,\.;tC;3+C;) uncertainties 7
18T T T T g 20 - - ]
1 ; [ E250 Exnsan efrtCs uncertainty p
16 Gallant et al. . %’ [ — — EQ+ER
s arXiv: 1204.1987 ] S g
v 4 - g L i
e 1 S ]
s 12F - Q r 4
o L =—= AME2003 1 3 10 C ]
[ m-® TITAN ] = r ]
10 = NN+3N (MBPT) . E& L ]
[ —— NN+3N (emp) ] o r i
8F | | | = 55K 7]
3F 28 29 30 31 32 L ]
N 1 L Hebeler, Schwenk (2010) A
-~ TITAN+ i T BT B B
S ) I 0
2 2y AMEZ00SL 0 0.05 0.10 0.15
. [ J p [fm™3)
S :
i @ Constrain neutron stars:
ol R = 10-14km for 1.4 My,

®»o» 30 3R [Hebeler et al. (2010)]

Neutron Number N

Dick Furnstahl Hi Res/Lo Res



Low k RG LP Universal Structure

Nuclear structure natural with /low momentum scale
But soft potentials don’t lead to short-range correlations (SRC)!

0.25

02

WP [fm ]
<)

o
=

0.05

3 . .
. S, deuteron probability density

.\
‘-“R softened

1.2

T T
r— softened

T T
Nuclear matter

e —— Argonne v i 0.8 L pair-distribution g(r)
I cooa=dom!| ]2 ped ko=135fm
S A=30fm’ | 4 P06 . .
- e 1 L origina ]

A=2.0fm ] /K
1 04/ -== A=10.0fm" (NN only)| ]
B - |/ © A=30fm 1
1 021 —=- A=19fm" B
A original 7 L —— Fermi gas |
— 0
0 2 4 6 0 1 2 3 4
r [fm] r [fm]

@ Continuously transformed potential = variable SRC'’s in wfs!

@ Therefore, it seems that SRC’s are very resolution dependent
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Outline

Fate of high-momentum physics
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Changing resolution shifts physics: Not unique!
@ From D. Higinbotham, arXiv:1010.4433

a) b)
e e
e e
q q
N
N

N

Aee—])mm7e77 7 A1 " . VW]

“The simple goal of short-range nucleon-nucleon correlation studies is
to cleanly isolate diagram b) from a). Unfortunately, there are many
other diagrams, including those with final-state interactions, that can
produce the same final state as the diagram scientists would like to
isolate. If one could find kinematics that were dominated by diagram b)
it would finally allow electron scattering to provide new insights into the
short-range part of the nucleon-nucleon potential.”

@ What is in the blob in b)? A one-body vertex and an SRC, or a
two-body vertex? Depends on the resolution! (Also FSI+ will mix.)
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Contributions to the ground-state energy

@ Look at ground-state matrix elements of KE, NN, 3N, 4N

g.s. Expectation Value (MeV)

40

30

20

10

T T

T

NN+NNN
EM N’LO (500 MeV)

T

T

T T T T

T

o—o <Trel>
o <VNN>

g.s. Expectation Value (MeV)

80

60

40

20

NN+NNN
EMN’LO (500 MeV)  |~— <V, >

—_

3 4 5 10

@ Clear hierarchy, but also strong cancellations at NN level

@ Kinetic energy is resolution dependent!

Dick Furnstahl Hi Res/Lo Res



High-k Physics Scale Factor

Deuteron scale (m)dependent observables

TT 1T T 7 T T TT T T 7 T T T T T T T
0% e & & e, AVIig %% 005 NLO (500 MeV) 109
L - ] F ]
00570 6 o 06006 cthoed 000 66000 & $0.025 005100 ¢ & 600000000000000 60 & & © B (5
I Asymptotic D-S ratio ] Ny temm® ‘4\5 Asymptotic D-S ratio 1 N,
0.04~ B ] 0.04 | ]
P L " —0.02 p L . —0.02
D D-state probability % 1 D ° 1
S p Y m ... B
0.03 a E 0.03[~  D-state probability = 1
b o —-2.22 b 8 —-222
a8 a
0.02 o 1 0.02 a 1
© © © 0000 HAWND COEEE00 O © 9_) ))5 ©0 0 O GIEIIKINO0000000R0C0 0 0 © 0 & ) ))5
[ Binding energy (MeV) a i E [ Binding energy (MeV) a - | E
0,011 "a D 001} . D
o 223 a 223
E = 4 r a 4
a a
0 I - | | | | ) - 0 | | | | - | |
10 54 3 2 1 0.5 5 4 3 2 1 0.5
-1 ~1
A(fm™) A (fm )

@ Vi« RG transformations labeled by A (different Vj’s)
= soften interactions by lowering resolution (scale)
— reduced short-range and tensor correlations

@ Energy and asymptotic D-S ratio are unchanged (cf. ANC’s)
@ But D-state probability changes (cf. spectroscopic factors)
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High-k Physics Scale Factor

Running QCD o(Q?) vs. running nuclear V,

0.5 Ty 2000 @ Vary scale (“resolution”) with RG
o, . .
S(Q) & a Deep Inelastic Scattering ° Scale dependence SRG (or ‘/IOWIK) runnlng
04 oe ¢’ Annihilation | of initial potential with A (decoupling or
08 Heavy Quarkonia .
separation scale)
K (fm?) K2 (fm9) K2 (fm?) K2 (fm?) K2 (fm?)

0 4 8 12 0 4 8 12 0 4 8 12 0 4 8 12 0 4 8 12

03+

0
4
8

0.2+

K (fm?) K2 (fm?) k2 (fm?) K? (fm?) K2 (fm?)
Q4 812 0 4. 812 0 4 8 12 0.4 812 0.4 812

0.1

= QCD (XS(N‘IZ):O‘11841-0.000‘7
10 Q[GeV] 100

@ The QCD coupling is scale
dependent (cf. low-E QED):
as(@?) ~ [BoIn(Q?/Noen)] ™

@ The QCD coupling strength as is
scheme dependent (e.g., “V” @ Shift contributions between interaction and
scheme used on lattice, or MS) sums over intermediate states

1

@ Scheme dependence: AV18 vs. N°LO
(plus associated 3NFs)

@ But all are (NN) phase equivalent!
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High-k Physics Scale Factor

Parton vs. nuclear momentum distributions

24
zq(z, Q%) 20
X

1,6 31
1,24

R

W
AR
R

@ The quark distribution g(x, Q?) is
scheme and scale dependent @ Deuteron momentum distribution

@ x g(x, Q%) measures the share of is scheme and scale dependent

momentum carried by the quarks @ Initial AV18 potential evolved with
in a particular x-interval SRG from A =ocoto A = 1.5fm™"
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High-k Physics Scale Factor

Factorization: high-E QCD vs. low-E nuclear
hard scale
factorization nl

Fa(x, Q®) ~ Y2, falx. 1) @ F£(x, Q/p1r)

long-distance ﬁ short-distance
parton densiTy Wilson coefficient

@ Separation between long- and
short-distance physics is not
unique = introduce uy

@ Choice of ur defines border
between long/short distance

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

@ Scheme: parton distributions
<= Wilson coefficients
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High-k Physics Scale Factor

Factorization: high-E QCD vs. low-E nuclear
hard scale @ Also has factorization assumptions
o ) © | | (e.g., from D. Bazin ECT* talk, 5/2011)
Observable: Structure model: Reaction model:
Fa(x, Q? ) ~ Z fa(X, ) ® (X,, Q/ ) cross section spectroscopic factor single—par?icle

\ \ cross section
<" =Y sle
long-distance short-distance [Jg=Ji| << Tp+Ji
parton densify Wilson coefficient ° i

Is the factorization general/robust?

@ Separation between long- and (Process dependence?)

short-distance physics is not @ What does it mean to be consistent
unique = introduce between structure and reaction

@ Choice of s defines border models? Treat separately? No!
between long/short distance @ How does scale/scheme

@ Form factor F is independent dependence come in?
of pur, but pieces are not @ What are the trade-offs? (Does

@ Scheme: parton distributions simpler structure part always mean

«—— Wilson coefficients more complicated reaction part?)
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High-k Physics Scale Factor

Scale/scheme dependence: spectroscopic factors

1.0+ 4 .
Mean Field Theory @ Spectroscopic factors for valence
" ] protons have been exiracted from
08 160 Cag, - , .
T 31p Zr (e, €p) experimental cross
I ] sections (e.g., Nikhef 1990’s at left)
= 06 a
& | ©Ca  208py . @ Used as canonical evidence for
R i “correlations”, particularly
short-range correlations (SRC’s)
021 ] @ But if SFs are scale/scheme
VALENCE PROTONS H
dependent, how do we explain
T the cross section?
target mass —»
—0-0—
...................... € RS 2 e
— 1p2 —OO— 1P1/2 50-100 MeV < —— OO
O-C-0-0— 1p,, ~10 MeV 5 ——-O0—— 1p;, — 00—
— 00— 1s — 00— 1s —O0-0— 1s
IPM LRC SRC (2p2h)
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High-k Physics Scale Factor

Standard story for (e, €'p) [from C. Ciofi degli Atti]

Pa Pa-

,,,,, S
REALITY & ™€
759 prk +q
A-1
Impulse Approximation Final State Interaction

@ In IA: “missing” momentum p, = ki and energy E,, = E
@ Choose Ej, to select a discrete final state for range of pn,
@ Can FSI be treated as add-on theoretical correction to 1A?
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High-k Physics Scale Factor

(Assumed) factorization of (e, € p) cross section

— e

|
150(e,e'p) N { t ]
r 80 < pn < 160 MeV/c | — wsaa |
200 ~ |
r 100 :ZISOn EZ’= 6.3 MeV 3
' 3/2
= 150 ; |
% [ e 1 ,: 10 [
S, | ) i
= ; g
2 ! =
— 100 T | %
£ 7| ‘ | \
$ 1 | | | ‘
n | | | i | Ex = 0.0 MeV
7 \ 1 1 0.1
50 - | | <|
‘ J “ ?52: ]1 v . “ *;OO - 1‘00 (‘) 100 200 -
L VLW Y. ] KIS
12 14 16 18 20 22 24 26 d
En [MeV] o 2
L. d rd = Kaepxp(pm) X |¢Oé(pm)|
Missing energy spectrum for Pe=dPy
16 15 .
O(e, €p)°N [Leuschner (1994)] = P12 spectroscopic factor ~ 0.63
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High-k

Physics Scale Factor

(Assumed) factorization of (e, € p) cross section

@ 1py,

17 eeeo .

—O0—0— 1sy

16
O

o«

1py),
—0—0—0@— 1py;

¢p1/2(pm)

gs
— 00— 15y
@ Knock out p;» proton from '°O to
'® N ground state in IPM

@ Adjust s.p. well depth and radius to
identify ¢a(pm)

@ Final state interactions (FSI) added

Dick Furnstahl

]
t —— WSdd ]
100 b - Kel90n baje ]
- s E, = 6.3 MeV
10
T
=
E o
<
\&\
Pz !
E, = 0.0 MeV
0.1
L ‘ . L
—200 ~100 0 100 200
Pm [MeV/c]
do
d /d / = Kaep X p(pm) S8 |¢Oé(pm)
PLdp)y

= p1,2 Spectroscopic factor ~ 0.63
Hi Res/Lo Res

2




Source of scale-dependence for low-E structure
@ Measured cross section as convolution: reaction ® structure
e but separate parts are not unique, only the combination
@ Short-range unitary transformation U leaves m.e.s invariant:

Omn = (Wm|O[Wy) = (W UT) UOUT (UW,)) = (W O V) = O

But the matrix elements of operator O itself between the
transformed states are in general modified:

O = (Vp|OWW,) # Omn = €.9., (WA~ "|a,|¥§) changes

@ In a low-energy effective theory, transformations that modify
short-range unresolved physics = equally valid states.

S0 Omn # Opmp = scale/scheme dependent observables.

@ [Field theory version: the equivalence principle says that only on-shell
quantities can be measured. Field redefinitions change off-shell
dependence only.]

Dick Furnstahl Hi Res/Lo Res



High-k Physics Scale Factor

Generic knockout reaction [e.g., Dickhoff/Van Neck text]
@ Consider a scalar external probe that just transfers momentum q

p(@) =po» e = 5(q) =po ) _(ple ""|p)a}a,
j=1 p.p’
o First assumption: one-body operator (scale dependent!)

/

p

@ Then the cross section from Fermi’s golden rule is
do~> 6w+ E — E)[(Wlp(q)|w;) 2

@ Complication: ejected final particle A interacts on way out (FSI)
2
:Zﬁ+ S° V(i) = Ha 1+ +ZV(/A
i<j=1
o Ifwe neglect this interaction = PW (no FSI)

Vi) = Vg), W =allvaT!) = (U = (Vi
= factorized knockout cross section « hole spectral fcn:
do ~ p§ > 8(Em — Eg + EF WA 8, W) I = p§ Sh(Pm. Em)

n
Dick Furnstahl Hi Res/Lo Res



High-k Physics Scale Factor

A~

Now repeat with a unitary transformation U

@ The cross section is guaranteed to be the same from UtU =1

do ~ > a(w+ E— E)|(Wl(a)w)
= Y 8w+ E - EDlWAWU D@ )i
= 38w+ E = EDI((W| UN(Up(@) UM (UIwi)) P

but the pieces are different now.

@ Schematically, the SRG has U = 1 + (U -1)atataa+ -
e U is found by solving for the unitary transformation in the A =2
system (this is the easy part!)
e The ---’s represent higher-body operators

e One-body operators (x aa) gain many-body pieces
(EFT: there are always many-body pieces at some level!)

e Both initial and final states are modified (and therefore FSI)

Dick Furnstahl Hi Res/Lo Res



High-k Physics Scale Factor

New pieces after the unitary transformation

@ The current is no longer just one-body (cf. EFT current):

Upq)Ur = +a + -

@ New correlations have appeared (or disappeared):

Y N 3 €F €
U|‘-U0> =U 1P — 1pe Ta —-0— 1P
HOOO— 1py, HOOO— 1py, —00—1py,

—_—-0— 1s —_—0-0—1s —_—o-0—1s

o Similarly with [W/) = gh|wa™")
@ So the spectroscopic factors are modified
@ Final state interactions are also modified by U

@ Bottom line: the cross section is unchanged only if all pieces are
included, with the same U: H()\), current operator, FSI, ...

Dick Furnstahl Hi Res/Lo Res



Probing Scaling A=2 Pairp Factor EMC Future

Outline

Probing low-resolution nuclei at high momentum

Dick Furnstahl Hi Res/Lo Res



Probing Scaling A =2 Pairp Factor EMC Future

Looking for missing strength at large Q?

What is this vertex?

=k—kK
e q
V= Ek —Ekr
N Q2=_q2
N Q*
rp =
2myv

A—L___________ Ao

Science 320, 1476 (2008) Higinbotham, arXiv:1010.4433

N

£ emeaett + ¢/ SRC interpretation:
s oo ' . ' NN interaction can scatter
ARy e . ‘+ ‘ states with p1,pe < kp
5oF .,,.,..,-,..“ """""" ' to intermediate states with
F ot Py, ph > kr which are
- 0 ' knocked out by the photon
] ot
E oot e®o
%2 le .

(X 2 |

L L L L L L
1 125 15 175 2 225 25 275

14<Q®<26GeV?] ™

Egiyan et al. PRL 96, 1082501 (2006)
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Probing Scaling A =2 Pairp Factor EMC Future

Looking for missing strength at large Q?

@ . What is this vertex?
o g=k—FK
v = Ek — Ekr
N
Q= ¢
N Q°
rp =
2myv
- = ' A-2
Subedi et al., Science 320, 1476 (2008) Higinbotham, arXiv:1010.4433

3Fa p
fos| R + i SRC interpretation:
I NN interaction can scatter

10 L I I I I .

s . states with p1,pe < kp
Tt [ . . .
S0 eseenest f to intermediate states with
L Py, ps > kr which are
I ‘ knocked out by the photon
Es LR
gE . Jeetese °
TRt How to explain cross sections in terms of

L L L L L L L
1 125 15 175 2 225 25 275

14<Q®<26GeV?] ™

Egiyan et al. PRL 96, 1082501 (2006)

low-momentum interactions?
Vertex depends on the resolution!

Dick Furnstahl Hi Re: Res



Probing Scaling A =2 Pairp Factor EMC Future

Deuteron-like scaling at high momenta from factorization
C. Ciofi and S. Simula, Phys.Rev C53, 1689(1996)

Momentum Distributions n(k) Ratio to the Deuteron

2 T T 6 ’ A LA B T
0 E E o “TTTTN
3, SFeand N.M. = Int /:/Z ------------ 11
~ Sy I T R e— 1,
£ N S i
- - it -
< = ]." b} 5 1 1
= < 2 f! 7o
< HEN Y - - - L
/.-5 l. Nooo /
VE - ]
0 '-ZI‘Z.V Ll 1 1
0 1 2 3 4
. . -1
n(k) at high Momentum regions are k (fm °)
similar to it of the Deuteron Almost Flat!

High resolution: Dominance of Vyy and SRCs (Frankfurt et al.)
Lower resolution = lower separation scale — fall-off depends on V),
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Probing Scaling A =2 Pairp Factor EMC Future

Changing the separation scale with RG evolution
@ Conventional analysis has (implied) high momentum scale
e Based on potentials like AV18 and one-body current operator

2 3 Z: 3
2 3 10 —— AVI8
oh —-= Vgath=2fm”
E\N .. VSrg atA=1.5fm"
100? —--== CD-Bonn E
_ — S N N’LO (500 MeV)
£ E 'k
= B :
: T 10°F
10°g
10 N S
E \ \\ ° 7
k) , L A R
[From C. Ciofi degli Atti and S. Simula] K[fm™]

@ With RG evolution, probability of high momentum decreases, but
n(k) = (Alaja,|A) = ((A|U") Uala Ut (U|v,) = (AlUaja,U'|A)

is unchanged! |7\> is easier to calculate, but is operator too hard?
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Probing Scaling A =2 Pairp Factor EMC Future

Operator flow in practice [see arxiv:1008.1569]

@ Evolution with s of any

operator O is given by: 10% AV ) E
0. = U.OU! WGk ---- V atA=2fm B
o N VsatA=15fm E
so Os evolves via = 1d'F - Cb-Bomn 3
T ot ’
dOs S w0'r
= H = =
dS [[GSa S]aOS] N+ _2:
T 10°F
® Us = 37, [vi(s)) (i(0)| >
) =4 ) “E
@ Matrix elements of evolved ¥ ° F
operators are unchanged 107E
@ Consider momentum Sl

distribution < wd|agaq|¢d >
atg=0.34and 3.0fm™"
in deuteron
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Probing Scaling A =2 Pairp Factor EMC Future

Operator flow in practice [see arxiv:1008.1569]

@ Evolution with s of any

operator O is given by: 10N E
E 1 . E
Os = USOU;r 101; (aqaq)deuteron ,;
mE F E
so Os evolves via = 10 — N%LO unevolved
o < == =20 fm_i
s _ s 10¢ - A=15fm” E
dS - [[GS& HS]aoS] Nf _25 N
= 107 E
@ Us =3 [wi(s))(i(0)] ER:
@ Matrix elements of evolved < "0 F :
operators are unchanged 104;- : -
@ Consider momentum | P R W N P W
distribution < vg|ahaq|vy > 0 ! z 3 4
at g = 0.34 and 3.0fm™’ q[fm ]

in deuteron

Dick Furnstahl Hi Res/Lo Res



Low k High-k Probing Exiras

High and low momentum operators in deuteron
@ Integrand of (Ua},aqU") for g = 0.34fm ™"

K (fm'") K (fm'") K (fm™) K (")
Q. 1 2 3 0 1 2 3 01 2 3 01 2 3 ; @ Momentum
1 05 distribution
e g 0 107 !
(= t
< 05 wb N\ @e@dseuteron
A =6.0 fm"! 2=3.0 fm’’! 2 =2.0 fm’! A=1.5fm" E X ]
K =10 — N°LO unevolved
S - a=201fm"
- E - a=15fm
@ Integrand for g = 3.02 fm .
e
K (fm) K (fm™) K (fm™) k (i) 2 0
&
@ 1 2.3 01 23 01 230123 0.01 o \
1 0005 g% L !
£2 0 qffm ]
= 3 [ ] [ ] a -0.005
2 =6.0fm’ 2.=3.0 fm’’! 2 =2.0fm! A=15fm"’
-0.01

@ Decoupling = High momentum components suppressed

@ Integrated value does not change, but nature of operator does
@ Similar for other operators: (r?), (Qq), (1/r) (1), (Gc), (Gq), (Gum)




Low k High-k Probing Exiras

High and low momentum operators in deuteron
@ Integrand of (v,4| (UalaqU') |14) for g = 0.34fm™"

K (fm'") K (fm'") K (fm™) K (")
Q. 1 2 3 01 2 3 01 23 01 23 ; @ Momentum
1 : 05 distribution
‘TE 2 | 0 102N T T
(= Lot
X 05 wb \ @e@deuteron
2 =6.0 fm’" 2=3.0 fm’"! 2 =2.0 fm"! A =1.5fm" E o, X 1
-1 — 10 — N’LO unevolved
s o' - a=201fm"
- ES - a=15fm
@ Integrand for g = 3.02fm .
e
K () K (™) K (m™) K (dm) < 0
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 x10° ¥ .
0 1 10" \
. .
- ! ‘ 05 10° 0 2 3
E2 0 afm™)
<3 L} —_— . 0.5
2 =6.0fm’ 2.=3.0 fm’’! 2 =2.0fm! A=15fm"’

-1
@ Decoupling = High momentum components suppressed

@ Integrated value does not change, but nature of operator does

@ Similar for other operators: (r?), (Qq), (1/r) (1), (Gc), (Gq), (Gum)
~ DickFurnstahl |



Probing Scaling A=2 Pairp Factor EMC Future

Perturbative calculations of pair densities [Anderson, Hebeler]
@ Preliminary calculations of nucleon pair densities

-0) (fm")

Pan(9:Q:

q (™)
Schiavilla et al. PRL 98, 132501 (2007)
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Probing Scaling A =2 Pairp Factor EMC Future

Perturbative calculations of pair densities [Anderson, Hebeler]

@ Preliminary calculations of nucleon pair densities
e leading induced operators only (two-body)

RG transformation of U
pair density operator AR
(induced many-body

terms neglected):

simple calculation of pair density at low resolution in nuclear matter:

(p(P.a)) = (D + @ + (7

Dick Furnstahl Hi Res/Lo Res



Probing Scaling A=2 Pairp Factor EMC Future

Perturbative calculations of pair densities [Anderson, Hebeler]

@ Preliminary calculations of nucleon pair densities
e leading induced operators only (two-body)
o left: operator evolution restores initial (p(P = 0, q))np
e right: ratio of np to nn = role of tensor

10
r with operator i
0.0001 evolution — - 8- with operator _|
N evolution
] T
= E oy N
A § R TS & 6 Alamma B
T le-06 Cem T b v
S Y
a nooperator___a—f-— . A? S, no operator
§ E evolution . . T 4 evolution —
Fromey_ S . 19 —i o 8
le-081- A=18 fm_1 . . B ) A=18 frn_I
""A=20fm " ¢ oL ""A=20fm |
ea=25fmt 4, : J A=25fm’
E o A=30fm" S [ A=30fm’
_ . I . I Lt W, | . P | | |
s 25 T 3 a5 4 Y52 25 3 35 a4
B .
q[fm ] q[fm ]
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Probing Scaling A=2 Pairp Factor EMC Future

Perturbative calculations of pair densities [Anderson, Hebeler]

@ Preliminary calculations of nucleon pair densities
e leading induced operators only (two-body)
o left: operator evolution restores initial (p(P = 0, q))np
e right: ratio of np to nn = role of tensor

: : : : — 10— : ‘ : :
E . 3 9 —
r with operator q L i 4
0.0001 - evolution n = 8k with tensor |
AL interaction |
L i T 7+ B
- . oy ] T F 1
A £ e e R B = 6F i
T 1e-06- on " B S b ]
S -, N N _
a nooperator___s =— g Y no tensor ]
=1 L evolution R . 4 A 4 interaction b

E . 3 < PR e O DR
v E . " 3 s b 1 T q
le-08]- ~ =18fm . 1 & speFrecast? —A=18fm"
= A=20fm’ . . ¢ Ll —n=20fm" ]
L =25 v : ] f h=25fm
P A=30fm’ ] 1 A=30fm" |

_ . I . I Le e, I . | | | . [
le-193 2 25 3 35 4 95 2 25 3 35 4
1 !
q[fm ] q [fm ]
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Probing Scaling A =2 Pairp Factor EMC Future

Factorization with SRG [Anderson et al., arXiv:1008.1569]
@ Factorization: Uy(k,q) — K\(k)Q\(q) when k < Aand g > A

@ Operator product expansion for nonrelativistic wf’s (see Lepage)
A A
VI@= 7 (0) [ Fob ZOWe)+1'(@) | Peprf Z0) W)+ -

@ Construct unitary transformation to get Un(k,q) = K\(K)Q\(Q)

Xjow
Un(k, q) = D (KIw2)wela) — [ (ki) ﬁ’od"’ Z(W)W2(p)| @+
a a | AR A ARRRR an. =
@ Test of factorization of U: }I E': o I
UA(ko,Ol) (ko)Qx( )’ & he
) i k
sofor g > \ = 208 20, 4 3 T
s HEE
@ Look for plateaus: k < 2fm~'< g -
— it works!
oo,

@ Leading order = contact term!

Dick Furnstahl Hi Res/Lo Res
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Probing Scaling A =2 Pairp Factor EMC Future

Factorization with SRG [Anderson et al., arXiv:1008.1569]
@ Factorization: Uy(k,q) — K\(k)Q\(q) when k < Aand g > A

@ Operator product expansion for nonrelativistic wf’s (see Lepage)
A A
VI@= 7 (0) [ Fob ZOWe)+1'(@) | Peprf Z0) W)+ -

@ Construct unitary transformation to get U, (k, q) = K\(k)Q.(q)

Un(k, q) = D (KIw2)wela) — [ (ki) / pap ZOw Mp )M (@)
@ Test of fact%rization of U: : ; i :

Ux(kHQ) N ( )Ok( )

U(ko,q) — Ka(ko)Ox(q)’ 0

£ |

soforq>>/\:>KA(("))E>1 5
=1

@ Look for plateaus: k < 2fm~'< g
— it works!

@ Leading order = contact term! R R
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Probing Scaling A—2 Pairp Factor EMC Future
Nuclear scaling from factorization (schematic!)
@ Factorization: when k < XA and g > A, Ux(k, q) — Ki(k)Qx(9)
na(q) _ (AlUabaqUtA) _ (Al [UA(K', 9)0qqUL(9. K)IA)

— = = —< + =
ng(q)  (d|Uala,Ut|d)  (d| [ Us(K',q")dqqUi(q, k)|d)
= na(q) = Canp(q) at large q Test case: A bosons in toy 1D model
F ; : r = . ) ‘ ‘ ‘ ‘ ‘
¥ ‘H 0 —— A=2, 2-body only
A *He - = A=3, 2-body only
10" e & E 107 - - -A=4, 2-body only |
— He * A=2, PHQ 2-body only, \=2
P ... S o ] o A=3, PHQ 2-body only, A=2
Nt = | x A=4, PHQ 2-body only, A=2 ||
& S }») , Fe P 10
E 10" E: =
g z 107 0 e
S o2 L Universal (e}
>>),
» deppendence @%X
10° b 10 given by SN
laoa "o, “\X
Ds ‘\
‘0" 1 1 1 . . o)
0 1 2 3 4 0 2 4 6 8 10 12
Kk (fm™) P
[From C. Ciofi degli Atti and S. Simula] [Anderson et al., arXiv:1008.1569]
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Probing Scaling A=2 Pairp Factor EMC Future

Nuclear scaling from factorization (schematic!)
@ Factorization: when k < XA and g > A, Ux(k, q) — Ki(k)Qx(9)
na(q) _ (AlUahaqUtA)  (A] [K\(K)I[ Qr(G)3q'9 O\ (@)K (K)IA)
na(q)

(d|UalaqUt|d) — (d] [Kn(K")[f Qx(q')3q:aOr(q)]Kx(K)|d)

= na(q) =~ Canp(q) at large q Test case: A bosons in toy 1D model

10°

——A=2, 2-body only

== A=3, 2-body only
- - -A=4, 2-body only |
* A=2, PHQ 2-body only, 2=2
O A=3, PHQ 2-body only, 1=2

— u 2| x A=4, PHQ 2-body only, A=2 | |
E 10"
g 3| O
S 40t Universal B
p>>h
" dependence @%X
107 3 given by IENIRER
I 5 vk
felete} o S
Ds ‘\
10* I I I . . 0
0 1 2 3 4 0 2 4 6 8 10 12
k (fm™) P
[From C. Ciofi degli Atti and S. Simula] [Anderson et al., arXiv:1008.1569]

Dick Furnstahl Hi Res/Lo Res



Probing Scaling A=2 Pairp Factor EMC Future

Nuclear scaling from factorization (schematic!)
@ Factorization: when k < XA and g > A, Ux(k, q) — Ki(k)Qx(9)
na(q) _ (AlUaiaqUtA) _ (Al [Kn(K)Kx(K)IA)

na(q)  (d|UajaqUtld)  (d| [Kn(K')Kx(K)|d)
= na(q) =~ Canp(q) at large q Test case: A bosons in toy 1D model
B ; : r = . o ‘ ‘ ‘ ‘ ‘
H —— A=2, 2-body only
A *He - = A=3, 2-body only
10" e & E 107 - - -A=4, 2-body only |
— He * A=2, PHQ 2-body only, \=2
P ... S o ] o A=3, PHQ 2-body only, A=2
Nt 56 =i « A=4, PHQ 2-body only, =2 ||
o B Fe <10
E < N
€ 1w0'f " 2
3 E’10’3— O
c ol Universal B
>>),
» deppendence @%X
10° b 10 given by NN
| RS
felete} o N
0\ ‘\
10* | | | . . o)
0 1 2 3 4 0 2 4 6 8 10 12
k (fim™) P
[From C. Ciofi degli Atti and S. Simula] [Anderson et al., arXiv:1008.1569]

Dick Furnstahl Hi Res/Lo Res



Probing Scaling A =2 Pairp Factor EMC Future

EMC effect from the EFT perspective

@ Exploit scale separation between short- and long-distance physics
e Match complete set of operator matrix elements (power count!)
e Cf. needing a model of short-distance nucleon dynamics
e Distinguish long-distance nuclear from nucleon physics

@ EMC and effective field theory (examples)

o “DVCS-dissociation of the deuteron and the EMC effect”
[S.R. Beane and M.J. Savage, Nucl. Phys. A 761, 259 (2005)]

“By constructing all the operators required to reproduce the matrix
elements of the twist-2 operators in multi-nucleon systems, one sees
that operators involving more than one nucleon are not forbidden by
the symmetries of the strong interaction, and therefore must be
present. While observation of the EMC effect twenty years ago may
have been surprising to some, in fact, its absence would have been far
more surprising.”

e “Universality of the EMC Effect”
[J.-W. Chen and W. Detmold, Phys. Lett. B 625, 165 (2005)]
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Probing Scaling A =2 Pairp Factor EMC Future

Dependence of EMC effect on A is long-distance physics!
@ EFT treatment by Chen and Detmold [Phys. Lett. B 625, 165 (2005)]

=Y &xgf(x) = Ral)=Fx)/AR(x)

I
“The x dependence of Ra(x) is governed by short-distance
physics, while the overall magnitude (the A dependence) of the
EMC effect is governed by long distance matrix elements
calculable using traditional nuclear physics.”

@ Match matrix elements: leading-order nucleon operators to
isoscalar twist-two quark operators = parton dist. moments

» ey
—— <X”> yHo . VHnNTN[‘] +OénNTN]+

Ra(x) = F2’V() =1+0r(X)G(A) where G(A) = (A[(N'N)?|A)/ANo

= the slope %% scales with G(A) [Why is this not cited more?]
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Probing Scaling A =2 Pairp Factor EMC Future

Scaling and EMC correlation via low resolution

@ SRG factorization, e.g.,
Ux(k,q) — Ki(k)Qx(q)
when k < Aand g > A

b | %3/ ndf 0.7688 /3

%Fe

0.4~ a .0.07879 + 0.006376

e Dependence on high-q
independent of A
= universal [cf. T. Neff]

@ A dependence from
low-momentum matrix
elements =— calculate!

@ EMC from EFT using OPE:

e Isolate A dependence, which I e S—
factorizes from x a,(A/d)
° EMC A dependence from L.B. Weinstein, et al., Phys. Rev. Lett. 106, 052301 (2011)

long-distance matrix elements

If same leading operators dominate, then linear A dependence of ratios?
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Final comments and questions
@ Summary (and follow-up) points
@ Lower resolution = more natural nuclear structure

e While scale and scheme-dependent observables can be
(to good approximation) unambiguous for some systems,
they are often (generally?) not for nuclei. Physics changes!

e Scale/scheme includes consistent Hamiltonian and operators.
How dangerous is it to treat experimental analysis in pieces?

e Unitary transformations reveal natural scheme dependence
@ Questions for which RG/EFT perspective + tools can help
Can we have controlled factorization at low energies?
How should one choose a scale/scheme?
What is the scheme-dependence of SF’s and other quantities?
What are the roles of short-range/long-range correlations?
How do we match Hamiltonians and operators?
When is the assumption of one-body operators viable?
...and many more!
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Some on-going calculations to address basic issues

More general treatment of factorization [S. Bogner et al.]
Deuteron electrodisintegration [S. More et al.]

@ No issues with three-body operators

@ Do full calculation with final state interactions (FSI)

e Evolve with SRG, observe FSl/operator/wf contributions

MBPT for operators: relative momentum distributions
Quantitative scaling factors [E. Anderson, K. Hebeler]
e Few-body directly; LDA from infinite mattter MBPT
Many-body operators [E. Anderson, E. Jurgenson, K. Wendt]
e Technology for evolution and embedding
e Power counting investigations
Variation of spectroscopic factors, single-particle quantities
o T. Duguet, rjf, and G. Hagen
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Correlation of Pp with spectroscopic factors?
Calculations from Gad and Muether, Phys. Rev. C 66, 044361 (2002)

0.9 T T T T 1.7 T T ‘ ‘
L @ e .
L o0 Ny, 1 1.651 e E
0.88 L Idaho-A (N°LO) aa Mg | o -

o 07 CboBomn vov B | 155
wo ............ . 7 OU r oo Ny
= 0861 s omal o cen ]
- g E o . voow Do
8 g i woom Nysp
E o84 avis 4 & v o o
: N e g o082 ]
z N E [ ldaho-A(NLO 7
% 082 ¥ B ] g T ( | :
: . .

g . g osf CD-Bomn s ]
0.8 Vo B i . . ]
[ v F h AV18 ]
0.78 | | ! 0.78[ ! ‘ ]
n 45 5 55 6 4 45 5 55 6
P E

@ Decrease in resolution (more non-local, reduced short-range
tensor strength) = Increased occupation probability

@ Are these calculations sufficiently complete/consistent?
@ If so, is the correlation quantitatively predictable?
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Scale dependence in coupled cluster calculations

160 spectroscopic factors (SFs)
_—— [From @. Jensen et al.,
0.98_ G- —Oh=16fm" (v) .
& =01 i PRC 82, 014310 (2010)]

[ [o-—9on=20fm" (v

A=A =22fm” (v)
0.96 @)= 16fm' (1)
L[ m—a =1 8fm” ()
¢—5=20m" (v
094F |a—a n=22fm” (1)

@ SF increases as SRG
- resolution )\ decreases from
22t01.6fm™!

@ But significant fiw
dependence and no NNN

@ Need to check that direct
measurables are invariant

28 32

20 24
fim (MeV)

Wave functions become less correlated as A/ decreases;
how does the nature of reaction operators change?
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Probing Scaling A =2 Pairp Factor EMC Future

See T. Duguet and G. Hagen, arXiv:1110.2468 for first steps

Resolution scale dependence

. N 24
E One-neutron removal in 240

1 B « F, and ezc,e“t versus ARg

] B - Apg € [2.0;3.0] fm !

E (MeV)
%
T

1 ! ! 1
22 24 2.6 28 3

Non-observability of ESPEs

Q Scale dependence of F;, from omitted induced forces and clusters
© Intrinsic scale dependence of ef™" a6 MeV for Apg € [2.0,3.0] fm~!

Q Extracting the shell structure from (E,?:,J,f) is an illusory objective

B ~> One shell structure per (preferably low) resolution scale Agg
B -~ Using consistent structure and reaction models is mandatory
B ~ Requires consistent many-body techniques and same H(Agrg)

V.
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Probing Scaling A =2 Pairp Factor EMC Future

Thanks: collaborators and others at low resolution
@ Darmstadt: R. Roth, A. Schwenk

ANL: L. Platter

lowa State: P. Maris, J. Vary @
Julich: A. Nogga

Michigan State: S. Bogner, A. Ekstrom
LLNL: E. Jurgenson, N. Schunck

Ohio State: E. Anderson, K. Hebeler,
H. Hergert, S. More R. Perry, K. Wendt

ORNL / UofT: G. Hagen, M. Kortelainen,
W. Nazarewicz, T. Papenbrock

U.S. DEPARTMENT OF

@ TRIUMF: S. Bacca, P. Navratil

® Warsaw: S. Glazek NU@LEI

@ many others in UNEDF and NUCLEI

Nuclear Computational Low-Energy Initiative
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Using EFT and field redefinitions as tools
® EFT: Lat = o1 [i + Jg]v - (i) - Bwhv)® + ...
e general short-range interactions, but not unique!
@ Try simple field redefinition to check scheme dependence:

W — 1+ ai—g(z/ﬂd})w a~ 0(1) = “natural” = estimate!

e “new” vertices: 2-body off-shell A, 3-body o o &% Co(vTy))3

e asymptotic “on-shell” quantities (S-matrix elements) must be
unchanged by redefinition

@ Energy density is model («) independent if all terms kept
e sum of new terms is zero, so energy is unchanged

@+o@o+©@ o

@ What about momentum occupation number?
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Occupation No. —> Momentum Distribution
@ Insert alak =

n(k) 4

1 ,,,,,,,,,,,,,,,,,,

F
@ But nonzero contribution An(k) from induced vertices:

+++

@ There is no preferred definition for transformed operator
— only defined for specific convention
—> momentum distributions for different scales differ
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Analysis of (e,e’p) Experiments? [cf. (e,2e) on atoms]
@ Suppose external source J(x) coupled to fermions
e EFT: need most general current coupled to J(x) for all «
@ Consider lowest order with simplest (o« = 0) current
e if « = 0, just impulse approximation Jv )

R o«

o if a#0Jrecall y — ¢ + a T (¢ T4)], then same cross section
only if vertex contribution from modified operator and modified
final (and initial) state interactions are included

@ There are always contributions from all three at each order

@ sub-leading pieces are mixed by field redefinitions

— isolating Jv+ is model dependent
e How large is ambiguity? Set by natural size o ~ O(1)
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What about long-range correlations?

SF calculations with FRPA
Chiral N3LO Hamiltonian
e Soft = small SRC
@ SRC contribution to SF changes
dramatically with lower resolution

Compare short-range correlations
(SRC) to long-range correlations
from particle-vibration coupling

LRC > SRC!!

How scale/scheme dependent
are long-range correlations?

Additional microscopic
calculations are needed!

C. Barbieri, PRL 103 (2009)

TABLE I.  Spectroscopic factors (given as a fraction of the
IPM) for valence orbits around °Ni. For the SC FRPA calcu-
lation in the large harmonic oscillator space, the values shown
are obtained by including only SRC, SRC and LRC from
particle-vibration couplings (full FRPA), and by SRC, particle-
vibration couplings and extra correlations due to configuration
mixing (FRPA + AZ,). The last three columns give the results
of SC FRPA and SM in the restricted 1p0f model space. The
AZ,s are the differences between the last two results and are
taken as corrections for the SM correlations that are not already
included in the FRPA formalism.

10 osc. shells
FRPA Full FRPA
(SRC) FRPA +AZ,

Exp. [29] 1p0f space

FRPA SM AZ,

STNi:
vip;, (096 063 ) 0.61 0.79 0.77 —0.02
Wfsp 095059 0.55 079 075 —0.04
vips, 095 065 062  0.58(11) 082 079 —0.03
SNi:
W0fya 0,69 089 0.86 —0.03
Cu:
7lpy, 096 066 0.62 080 0.76 —0.04
70fsp, 096 060 058 0.80 0.78 —0.02
7lpy, 096 067 0.65 0.81 0.79 —0.02
%Co:
70f7, 095 073 071 0.89 0.87 —0.02
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Determining the nuclear potential from lattice QCD
[S. Aoki, Hadron interactions in lattice QCD, arXiv:1107.1284]

NN (effective) central potentials ™= =053 GeV Bethe-Salpeter amplitude !
t—t,=6 Sl
e [pu(?) = OIN@ON(, >12N £))
SO ........
500 Nucleon fields &
E 400 2N state with energy E
~ 300 @ define non-local U(x,y)
% 200 fxm a0 3
> Rt
(€~ Holie(x) = [y Uk y)ee(y)

0.0 0I5 1.0 1:5 2:0 ¢ Expand U(x’y): V(X,V)(S(X—y)
T OLEM] e~ 053 GV, my = 131 Gev to get AV18 form of local V
@ Why not just calculate energy as function of separation = V/(r)?
@ Only works in heavy mass limit (e.g., works for B-mesons)
@ But is this unique? No!
e choice of nucleon interpolating field = different V(x)
e choice of “wave function” smearing (changes overlap)
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Determining the nuclear potential from lattice QCD
[S. Aoki, Hadron interactions in lattice QCD, arXiv:1107.1284]

: : my = 0.53 GeV . .
NN (effective) central potentials "~ "7 _ Smearing and potentials N
—t, =
strong repulsive core ! ¢ 0 c,) Wave function is smeared. * “smeared” potential
T T T T
600 E 100 T T 1 | gaan|
’s S 0 —e— LT Block Spin (without rescale)

500 F 3S1 ] L N Murano, S. Aoki, T. Hatsuda, iy
— @ o © OPEP ] o8| N.Ishii, H. Nemura Block Spin{BlpfEpin) (22")
>
o 400 F % £ E o8 Quenched/APBC
~ 300 F % 0 283 E Repulsive core: o4, s
™ A becomes - i
2 2 §ioallx
ke 200 i@ 222140 weaker. g:‘k

100 F %750 T e =

0.0 0.5 1.0 1.5 2.0 o .
0 g&‘ 4
-l L L 04
0.0 0.5 1.0 1.5 2.0 -

r [fm] m.~053 GeV, my ~ 1.34 GeV
@ Why not just calculate energy as function of separation = V/(r)?
@ Only works in heavy mass limit (e.g., works for B-mesons)
@ But is this unique? No!

e choice of nucleon interpolating field = different V(x)
@ choice of “wave function” smearing (changes overlap)
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Determining the nuclear potential from lattice QCD
[S. Aoki, Hadron interactions in lattice QCD, arXiv:1107.1284]

my >~ 0.53 GeV. . .
’: : 760 Smearing and potentials e
ity =

NN (effective) central potentials

T - . " .
strong repulsive cor‘e! . ; ; r T Wave function is smeared. * 'smeared” potential
600 F 100 T T ™7 i 35 |
Sy —e&— el } Block Spin (without rescale)
500 ’s) —a— o "I & Moranp. 5. Aok 7. tsuc 3 e
E urano, S. Aoki, T. Hatsuda, i g
— P e s0F ° OPEP ] o8 | N.Ishii, H. Nemura ok soin{eleffEo) (23
g 400 : E o8 Quenched/APBC
2 § b= uenche
300 F “% 0 84 3-8 Repulsive core: oz},
M A % becomes = o)
~ o E 02 !
>U 200 i@ ﬂ—‘__\:n,o weaker. 5&‘
100 b ©-50 o g == e
0.0 0.5 1.0 1.5 2.0 . ¢
0 %., .
Io- =l 1 . 0a
0.0 0.5 1.0 1.5 2.0

r [fm] m.~0.53 GeV, my ~ 1.34 GeV

@ “...the potential depends on the choice of nucleon operator...”
which “...is considered to be a ‘scheme’ to define the potential.”

@ “Is such a scheme-dependent quantity useful? The answer to this
question is probably ‘yes’, since the potential is useful to
understand or describe the phenomena.” = choose close to local

Dick Furnstahl Hi Res/Lo Res



Extras EFT LRC QCD Partons ANC ?’s Wound WF’s

Parton distributions as paradigm [c. Keppel]

FZ L x=0.021

Higher the resolution
(i.e. higher the Q?)
more low x parftons we
“see”. N 10 10° 100 107
8 ® ZEUS96/97 Q
O H19497
& Fixed Target
—— NLO QCD Fit

---------- MRST99
----- CTEQSD

So what do we expect F, as a function of x at
a fixed Q2 to look like?

Dick Furnstahl Hi Res/Lo Res



Extras

EFT LRC QCD Partons ANC ?’s Wound WF’'s

Parton distributions as paradigm [c. Keppel]

Fa(x)

Fo(x)

Fo(x)

1/3 X
\/\
/3 X

Three quarks
with 1/3 of
total

proton
momentum each.

Three quarks
with some
momentum
smearing.

The three quarks
radiate partons
at low x.

...The answer depends on the Q2!

Dick Furnstahl
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Parton distributions as paradigm [Marco Stratman]

Factorization schemes

pictorial representation of factorization:

hard scale
facTor‘lzahon ®

e9. Fo(@ Q2 ~ Y. fala, uy) ® PE(z, f—f)

the separation between long- and short-distance physics is not unique

long-distance < > ™ ﬁ short-distance
parton density Wilson coefficient

1. choice of p;: defines borderline between long-/short-distance

2. choice of scheme: re-shuffling finite pieces
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Parton distributions as paradigm [Marco Stratman]
Deep-inelastic scattering (DIS)
according o pQCD

the physical structure fct. is independent of
(this will lead to the concept of renormalization group egs.)

(choice of pg: shifting terms between long- and short-distance parts)

‘ both, pdf's and the short-dist. coefficient depend on

v
R@@) = o ¥ & [ Thd)

yet another scale: p,
due to the renormalization
of ultraviolet divergencies

Dick Furnstahl

short-distance "Wilson

oefficient"

choice of the factorization scheme
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Parton distributions as paradigm: Evolution

@ The quark distribution g(x, Q?)
is both scheme and scale
dependent

@ x g(x, Q%) measures the share
of momentum carried by the
quarks in a particular x-interval

@ g(x,@?) and g(x, Q%) can be
related by well-controlled
evolution equations

2
0@ ol
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Why are ANC’s different? Coordinate space

N F
[ N ] R ]
3 3
H S, deuteron — 102 N D, q§uter0n 4
probability density . Pprobability density 3
0.1 N 4 ]
— . . 1= el \\\ I+ 3+ 3
D N \\\/ ¢ q ! El
“E 5' 1 g - q
= [ N b = i 7
g i E 107 AN E
> _ = EF) N 3
g 0‘013 —— Argonne v,¢ \\ ] g iy —— Argonne v, ~ S 3
i N I3 . NN
}I T A=40fm” NS S T A=40fm AN
H © A=30fm" ™~ 105 © A=30 fm’: U3
i “== A=20fm i ] --= A=20fm ~3
i d 4
J
1 | 1 1 1 610 1 | 1 1 1 L0 1
0.001 2 4 6 8 0 12 0972 4 6 8§ 10 12 14
r [fm] r [fm]

@ ANC'’s, like phase shifts, are asymptotic properties
— short-range unitary transformations do not alter them
[e.g., see Mukhamedzhanov/Kadyrov, PRC 82 (2010)]

@ In contrast, SF’s rely on interior wave function overlap
@ (Note difference in S-wave and D-wave ambiguities)
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Why are ANC’s different? Momentum space
[based on R.D. Amado, PRC 19 (1979)]

@ LK)+ Vi) = o ki)
_ 2,[L<k| 74 ’(/}n> o 5 deuteron pole
- <k|¢n> - k2 +7§ ' . \

singularities

Q (rfyn) = f( €™ (K|thn)

r|—>oo

Ane= " [r
© integral dominated by pole from 1. : v
_1 B |
2 2 -1 205 0 . 1
© extrapolate (k| Vi) to k2 = —42 @ ™)

@ Or, residue from extrapolating on-shell T-matrix to deuteron pole
= invariant under unitary transformations

@ Next vertex singularity at —(y + m,)?> = same for FSI
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Questions about short-range correlations (SRCs)

@ How should we interpret the universal features of SRCs for different nuclei?

@ Can SRCs inform us about high density matter (e.g., the EOS or physics of
neutron stars)?

@ Are SRCs important for understanding low-energy nuclear structure?

@ How can we understand the observed correlation between the
A-dependence of the EMC slope and scaling factors from x > 1?

@ How does one explain cross sections from (e, €'), (e, €p) and (e, € pN)
experiments with soft interactions that have minimal SRCs?

@ How should one interpret the high-momentum tails of momentum
distributions in nuclei, which vary significantly with different Hamiltonians?

@ How should one choose the factorization scale for these experiments?
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Can we treat corrections independently? [oegiin EcT*|
D(e,e’ p) Reaction Mechanisms

PWIA FS] ey
q, P, q, kinematics ?
Py
P, * P

P,="
d
S = k0, S(E,.p,) do

dodQ,dQ, dodndq, (P E by P

Pr
expected to be
small at large Q2

supressed for
x>1

D # D,
11114/11 SRC IN NUCLEI AND HARD QCD 6

PHENOMENA , Trento 2011

Answer: Mixtures are scale/scheme dependent (cf. 3NF)
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Questions and some possible answers
How should one choose a scale/scheme?
@ To make calculations easier or more convergent

e QCD running coupling and scale: improved perturbation theory;
choosing a gauge: e.g., Coulomb or Lorentz

o (Near-) local potential: quantum Monte Carlo methods work
o Low-k potential: many-body perturbation theory works,
or to make microscopic connection to shell model
@ Better interpretation or intuition = predictability
@ Use range of scales to test calculations and physics

e Use renormalization group to consistently relate scales and
quantitatively probe ambiguity

Can we (should we) use a reference Hamiltonian?

@ That is, to allow us to make comparisons
@ If so, which one? (Cleanest extraction from experiment?)
o Can one “optimize” validity of impulse approximation?
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More questions and some possible answers
How do we consistently match Hamiltonians and operators?

@ Use EFT perspective
e E.g., electromagnetic currents [D.R. Phillips, nucl-th/0503044]

<> o> el

O(e) O(eP?) O(eP?)

e Model independent because complete (up to some order)
e Can identify consistent operator and interaction
o Tells you when new info is required

@ Use RG as tool to evolve consistent operators

Can EFT or RG help to construct optical potentials?

Dick Furnstahl Hi Res/Lo Res



Extras EFT LRC QCD Partons ANC ?'s Wound WF's

Two-Body Correlations at Nuclear Matter Density

02— 711
@ Defect wf x(r) for particular Of
kinematics (k = 0, P, = 0) ol 's, defect y(r) = () - (1) |

@ AV18: “Wound integral” .t (k,=135fm", k=0)
provides expansion parameter -04 -

—— Argonne v ¢ 1
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Two-Body Correlations at Nuclear Matter Density

02— 17—

0%

@ Defect wf x(r) for particular
kinematics (k =0, P, = 0)

@ AV18: “Wound integral” P (k,=135fm", k=0)
provides expansion parameter x-04[. :

F 1
—oal SO defect x(r) = ¥(r) - D(r) |

— Argonne v, 1
-0.6 s A=45fm
-0.81 .
1 | [ |
0 1 2 3 4 5
r [fm]
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Two-Body Correlations at Nuclear Matter Density

02— 711
@ Defect wf x(r) for particular °r =
kinematics (k = 0, P, = 0) ol 's, defect y(r) = () - (1) |

@ AV18: “Wound integral” P (k,=135fm", k=0)
provides expansion parameter x-04[. :

— Argonne v, 1
-0.6 s A=45fm
--- A=35fm"
-0.81 .
1 | [ |
0 1 2 3 4 5
r [fm]
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Two-Body Correlations at Nuclear Matter Density

o—
@ Defect wf x(r) for particular o S
kinematics (k = 0, Pem = 0) ol 's, defect %(r) =¥(1) - D) |

@ AV18: “Wound integral” P (ky=1.35fm ", k=0)
provides expansion parameter x-04[. :

o E — Argonne v, 1
xtremg case here, but same o6k e A4 g
pattern in general I e A—35f

@ Tensor (3S;) = larger defect -0.817 - A=25fm

B R R B R—
r [fm]
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Two-Body Correlations at Nuclear Matter Density

02— 711 T
@ Defect wf x(r) for particular Of
kinematics (k = 0, P, = 0) a7 's, defect x(r) = () - (1) |

@ AV18: “Wound integral” P (k,=135fm", k=0)
provides expansion parameter x-04[. :

— Argonne v, 1

° Extremg case here, but same o6k e A4 g

pattern in general I e A—35

@ Tensor (3S;) = larger defect -0.817 —- A3:2.5 fm™
@ Still a sizable wound for N3LO I R e

0 1 2 3 4 5

r [fm]
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What parts of wif’s can be extracted from experiment?

@ Measurable: asymptotic (IR) properties like phase shifts, ANC’s

@ Not observables, but well-defined theoretically given a Hamiltonian:
interior quantities like spectroscopic factors

e These depend on the scale and the scheme

e Extraction from experiment requires robust factorization of
structure and reaction; only the combination is scale/scheme
independent (e.g., cross sections) [What if weakly dependent?]
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What parts of wif’s can be extracted from experiment?

@ Measurable: asymptotic (IR) properties like phase shifts, ANC’s

@ Not observables, but well-defined theoretically given a Hamiltonian:
interior quantities like spectroscopic factors

e These depend on the scale and the scheme

e Extraction from experiment requires robust factorization of
structure and reaction; only the combination is scale/scheme
independent (e.g., cross sections) [What if weakly dependent?]

@ What about the high-momentum tails of momentum distributions?

e Consider cold atoms in the unitary regime
e Compare to nuclear case
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Unitary cold atoms: Is n(k) observable?
@ Tail of momentum distribution + contact [Tan; Braaten/Platter]

k— o C
n(k) — )
Theory (lattice) Experiment
J. E. Drut, T. A. Lahde, T. Ten J. T. Stewart et al
1, Phys. Rev. Lett. 106, 205302 (2011) PRL 104, 235301 (2010)
Jer=0.186" o~ 8 '
o PN o — a
10 . E o®
01 . 3 6_ e ©
-_ [ ] °
_ 8l 001 4] X L4
= y N—
< I 0001 F E 4 ° °
ger 4 | 1 = ‘e
o AR ICERE =< ) S S .9 %,%¢ %
o, i 'v,\ F ] ° [ ® e i
] M- 13 N
0 (]
2+ /¢ 4 T T T T
i N, =10, T/EF=g.;§? —. 0 05 10 15 20 25
0321 ——
%0 05 1 15 2z 25 & a5 4 45 k
K/ke
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Is the tail of n(k) for nuclei measurable? (cf. SRC’s)

10 3
: — AVIS8 ]
F V. athe2 fm ! 1 @ E.g., extract from
10'E —==- Vg atA=21fm . o
: L electron scattering?
S PR Vgath=15fm
10°E —.—— CD-Bomn 4 @ Scale- and scheme-
— BN\ N'LO(00Mev) | dependent
E 10k - high-momentum tail!
2 of 1 @ n(k) from Vsgg has
= 10°E no high-momentum
- ‘ ; |
10k N ? components!
: Vo > ;
e Y >~.] @ No region where
N L 1/as< k< 1/R
= - \ . E .
-5l \ SIS VI 1 cf. large k limit for
» unitary gas)
k [fm ]
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Is the tail of n(k) for nuclei measurable? (cf. SRC’s)

4 L. .
k™ * Deuteron Momentum Distribution

\_ T \_\ ‘ T _\ T T ‘ T T T T ‘ T T T T ‘ T T T T
0'3___ : : - @ E.g., extract from
IS : \n W electron scattering?
N : d
A U 1 @ Scale- and scheme-
SO Y — AVI8 I dependent
E oafif % ——- V_ [2fm ] . : :
= 7] : srg | high-momentum tail!
=z -—-- CD-Bonn
? SR o NLO 1 @ n(k) from Vsgg has
e 1\ ] no high-momentum
< - : \ .
S [
2 o1l N\ | components!
- NS - .
i : AR | @ No region where
N e R | 1/as< k< 1/R
oo < N [Salpeter] - s (cf. large k limit for
I N R R R T B T AT T A MR A o | lT.\\J'- H
0, 1 5 3 4 5 unitary gas)
-1
k[fm ]
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What parts of wif’s can be extracted from experiment?

@ Measurable: asymptotic (IR) properties like phase shifts, ANC’s

@ Not observables, but well-defined theoretically given a Hamiltonian:
interior quantities like spectroscopic factors

e These depend on the scale and the scheme

e Extraction from experiment requires robust factorization of
structure and reaction; only the combination is scale/scheme
independent (e.g., cross sections) [What if weakly dependent?]

@ What about the high-momentum tails of momentum distributions?

o Consider cold atoms in the unitary regime
e Compare to nuclear case

@ Short-range correlations (SRCs) depend on the Hamiltonian and
the resolution scale (cf. parton distribution functions)
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What parts of wif’s can be extracted from experiment?
@ Measurable: asymptotic (IR) properties like phase shifts, ANC’s

@ Not observables, but well-defined theoretically given a Hamiltonian:
interior quantities like spectroscopic factors

e These depend on the scale and the scheme

e Extraction from experiment requires robust factorization of
structure and reaction; only the combination is scale/scheme
independent (e.g., cross sections) [What if weakly dependent?]

@ What about the high-momentum tails of momentum distributions?

o Consider cold atoms in the unitary regime
e Compare to nuclear case

@ Short-range correlations (SRCs) depend on the Hamiltonian and
the resolution scale (cf. parton distribution functions)

@ So might expect Hamiltonian- and resolution-dependent but
A-independent high-momentum tails of wave functions [T. Neff]

o Universal extrapolation for different A, but Asgg dependent
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High-momentum tails from low-momentum ET’s

S.K. Bogner & D. Roscher [arXiv:1208.1734]

Generalization of factorization to arbitrary A-body systems at low-momentum:

n(q) ~ Z3P(@ih) 3 (aalak, ok 2k wak oltaa)
k,k/ K

— Can be shown for other operators

Example: Unitary Fermi gas
@ Reproduction of contact Tan relation a la Braaten & Platter [2008]:

Zi g’ (N) A A C(No)
n(q) = AT Z <¢a,A|a%+k3%,ka§+k'a%—k/W’a,A )= 7

k,k/ K

@ Static structure factor
2 1 A ) 1 1
~—|—+—4+——=)ZAC\N) — | — - —— ] C(A
Sula) <q2g(/\) +8q+7r2q2) A <8q 27raq2) (Ro)
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Long-distance physics largely unchanged

0.3 — 1 T T T T T T T T T
_ _ _ 028 Pt Deuteron quadrupole |
@ Matrix elements dominated by ¢
St
long range run slowly for 530'26

A>2fm™! o 024 .
g 4 -+ NLO (550/600 MeV) | A
@ Here: examples from deuteron 0.221- Vi ]
| P B | P B |
(compressed scales) 02—

20— T A fm ™
1 3 B U o o e e e e B B
_ ==+ N°LO (550/600 MeV)| | g 1
£ 205 a2 Vi 4 o44f Deuteron <1/r> 3
e 1A F ]
= . 1= 042 F -
= Deuteron rms radius  { v 7°F ]
g 200 T 3 e .
© A TN 1 §040 E
x 12 -~ N’LO (550/600 MeV)| ]
Y O AN Y AR RRR B 0.384 \% =
Y5 25 3 35 4 L XHX“E —
-1 C L L L L L L |
Alfm ] 03655 2 25 3 35 4
Afm ]

Dick Furnstahl Hi Res/Lo Res



Extras EFT LRC QCD Partons ANC ?'s Wound WF's

Variational calculations in the deuteron

@ Test whether operators are fine-tuned

@ Try a simple variational ansatz (from k-space S-eqn)

1 _()? _ ak® ()
(k) = G T © 2wk = T R (%)

@ error in energy for different
starting potentials

@ small A\ works great!
@ no fine-tuning ;

E ) [MeV]
3

var —d
N

(E
S

——N°3LO 500 MeV
—e—NNLO 550/600 MeV

1 2 3 4 5 6 7
A (fm™")
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Variational calculations in the deuteron

@ Test whether operators are fine-tuned
@ Try a simple variational ansatz (from k-space S-eqn)

1 _ % 2 _ ak"’ (K22
(k) = G T © 2wk = T R (%)

— Direct Calculation

—#—Variational 1=6.0 fm "
o —e—Variational 1=4.0 fm™"
[ * Variational A=1.5 fm™" |

@ momentum distribution for
AV18 at several \’s

@ small A works great! =

qaq)deuteron

@ no fine-tuning 1070 Avis

0 1 2 3 4 5
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Variational calculations in the deuteron

@ Test whether operators are fine-tuned
@ Try a simple variational ansatz (from k-space S-eqn)

2\2 2 2\2
u(k) = 1 e (%) w(k) = aK o (52)
(K2 +72) (K2 + 12) (K2 +72)(K2 + 272
10°
o NNLO 550/600 MeV
@ form factor Gy, for NNLO at 107t
two \’s vs. direct =3
(V)
@ small \ works great! z 0
—— Direct Calculation
@ no fine-tuning & Variational 4=5.0 fm "
* Variational A=1.2 fm™"'
10° : : : :
0 1 2 3 4 5
q(fm™)
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Decoupling and phase shifts

Unevolved AV18 phase shifts
(black solid line)

Cutoff AV18 potential at
k =2.2fm~" (dotted blue)
— fails for all but F wave

Uncut evolved potential agrees
perfectly for all energies

Cutoff evolved potential agrees
up to cutoff energy

F-wave is already soft (7's)
— already decoupled

A
S

phase shift [deg]
]
B 8

T
1 cut-off —
0 v B
A=2 fm
Vs

AV18 1

cut-off |

100

50

of-,

L _507 —
B ‘._-TAV187 I L
0 500 1000 0 500 1000
5
3 4
F
0 3 - ]
-5 |
-10 —
Coovv v by vy e b Ny
0 500 1000 0 500 1000
E,_ [MeV]

lab
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