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Partial list of ‘non-observables’ references

Equivalent Hamiltonians in scattering theory, H. Ekstein, (1960)

@ Measurability of the deuteron D state probability, J.L. Friar, (1979)

@ Problems in determining nuclear bound state wave functions,

R.D. Amado, (1979)

Nucleon nucleon bremsstrahlung: An example of the impossibility of
measuring off-shell amplitudes, H.W. Fearing, (1998)

Are occupation numbers observable?, rif and H.-W. Hammer, (2002)
Unitary correlation in nuclear reaction theory: Separation of nuclear

reactions and spectroscopic factors, A.M. Mukhamedzhanov and
A.S. Kadyrov, (2010)

Non-observability of spectroscopic factors, B.K. Jennings, (2011)

How should one formulate, extract, and interpret ‘non-observables’
for nuclei?, rif and A. Schwenk, (2010) [in J. Phys. G focus issue on
Open Problems in Nuclear Structure Theory, edited by J. Dobaczewski]



‘Non-observables’ vs. Scheme-dependent observables

@ Some quantities are in principle not observable

o T.D. Lee: “The root of all symmetry principles lies in the
assumption that it is impossible to observe certain basic

quantities; these will be called ‘non-observables’.
e E.g., you can’'t measure absolute position or time or a gauge
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‘Non-observables’ vs. Scheme-dependent observables

@ Some quantities are in principle not observable

o T.D. Lee: “The root of all symmetry principles lies in the
assumption that it is impossible to observe certain basic
quantities; these will be called ‘non-observables’”

e E.g., you can’'t measure absolute position or time or a gauge
@ Directly measurable quantities are “clean” observables

e E.g., cross sections and energies

o Note: Association with a Hermitian operator is not enough!

@ Scale- and scheme-dependent derived quantities

e Critical questions to address for each quantity:

@ What is the ambiguity or convention dependence?

@ Can one convert between different prescriptions?

@ Is there a consistent extraction from experiment such that
they can be compared with other processes and theory?

e Physical quantities can be in-practice clean observables if
scheme dependence is negligible (e.g., (e, 2e) from atoms)

e How do we deal with dependence on the Hamiltonian?



Measuring the QCD Hamiltonian: Running as(Q?)
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@ The QCD coupling is scale
dependent (“running”):
as(QP) ~ [Bo IN(Q?/Nacp)] ™

@ The QCD coupling strength ag is
scheme dependent (e.g., “V”
scheme used on lattice, or MS)

@ Extractions from experiment can
be compared (here at Mz ):
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Y decays (NLO) '—IO—i
DIS F, (N3LO) =0 E
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@ cf. QED, where aen(Q@?) is
effectively constant for soft Q?:
em(@® = 0) ~ 1/137
.. fixed H for quantum chemistry




Running QCD «(Q?) vs. running nuclear V),
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@ The QCD coupling is scale
dependent (cf. low-E QED):

as(@%) = [6o “"(02//\(2)@)]_1

@ The QCD coupling strength ag
is scheme dependent (e.g., “V”
scheme used on lattice, or MS)
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@ Vary scale (“resolution”) with RG

@ Scale dependence: SRG (or Viow«)
running of initial potential with A
(decoupling or separation scale)
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@ Scheme dependence: AV18 vs. N3LO
(plus associated 3NFs)

@ But all are (NN) phase equivalent!

@ Shift contributions between interaction
and sums over intermediate states



Running QCD «(Q?) vs. running nuclear V),
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Determining the nuclear potential from lattice QCD
[S. Aoki, Hadron interactions in lattice QCD, arXiv:1107.1284]
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“...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.”

Claim: useful to choose a scheme that yields good convergence
of the velocity expansion (which means close to local)



Scale for structure: Nuclei with soft interactions
Softened potentials (SRG, Vi x, UCOM, ...) enhance convergence

@ Convergence for no-core shell
model (NCSM):
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@ Softening allows importance
truncation (IT) and converged
coupled cluster (CCSD)
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[Roth et al., arXiv:1112.0287]

@ Also enables ab initio nuclear reactions with NCSM/RGM [Navratil et al.]



Scale for structure: Nuclei with soft interactions

R. Roth et al. SRG-evolved N3LO with NNN  [arXiv:1112.0287]

@ Coupled cluster with interactions H(\): A is a decoupling scale
@ NN-only: doesn’t include induced NNN = X dependent

@ NN+3N-induced: )\ independent energies but different NNN for each \

@ NN+3N-full: includes (two) initial NNN fit to A = 3, 4 properties
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@ Same predictions for A's! (but still issues about NNN to resolve)



Scale for structure: Nuclei with soft interactions
Lowered scale enables many-body perturbation theory (MBPT)
@ Evolve NN to low momentum, fit NNN to A = 3,4 at each scale

@ Quantitative prediction for Ca

S,, (MeV)

n

A% (MeV)

isotope S, trends (verified!)
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Gallant et al.
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@ Constrain neutron stars:
R =10-14km for 1.4 M,
[Hebeler et al. (2010)]



Scale for structure: Nuclei with soft interactions
But soft potentials don’t lead to short-range correlations (SRC)!
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@ Continuously transformed potential —- variable SRC’s in wf!
@ Therefore, it seems that SRC’s are very scale/scheme dependent

@ Is there an analog in high energy QCD?



Parton vs. nuclear momentum distributions

24 P
@5 1IN

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

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

@ g(x,@Q?) and q(x, Q?) are related
by RG evolution equations



Parton vs. nuclear momentum distributions
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@ 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 = oo to A = 1.5fm™"

@ g(x, @) and g(x, Q3) are related @ High momentum tail shrinks as
by RG evolution equations A decreases (lower resolution)



Factorization: high-E QCD vs. low-E nuclear
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Fa(x, Q?) ~ 2o falX. 1) @ F£(x, Q/p1r)

long-distance short-distance
parton density Wilson coefficient

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

@ Choice of us defines border
between long/short distance

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

@ Choice of scheme: re-shuffles
between parton distributions
and Wilson coefficients



Factorization: high-E QCD vs. low-E nuclear

~ 5

o~ SS =

" hard scale i @ Also has factorization assumptions
) factorization n b (e.g., from D. Bazin ECT* talk, 5/2011)
* 7 Observable: Structure model: Reaction model:

(X @? ) ~ Z fa x /1, ® ,‘—_2 (X Q/ /If) cross section spectroscopic factor single-particle

\ \ ﬁ section
if _ ~if
long-distance short-distance 7= Z Si osp
parton density Wilson coefficient s =Jil<i<Ip+Ji
@ 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 y; defines border models? C?an they be treated
between long/short distance separately?

@ How does scale/scheme

@ Form factor F; is independent .
dependence come in?

of ¢, but pieces are not

@ What are the trade-offs? (Does
simpler structure part always mean
more complicated reaction part?)

@ Choice of scheme: re-shuffles
between parton distributions
and Wilson coefficients



Scale/scheme dependence: spectroscopic factors

1.0k 4
Mean Field Theory ] @ Spectroscopic factors for valence
48 protons have been extracted from
0.8 180 Ca 907, , .
T ¥p (e, €p) experimental cross
sections (e.g., NIKHEF 1990’s at left)
= 06F A
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short-range correlations (SRC’s)
02 . @ But if SFs are scale/scheme
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Standard story for (e, €p) [from c. Ciofi degli Atti]

q
P\
Pa Pa-
s ) L -
€% T WISH | REALITY © e
v* r¢a
P(ky,E) p=k,+q
T p=k,+q
A1 A-1
Impulse Approximation Final State Interaction

@ In IA: “missing” momentum p,, = ky and energy E, = E
@ Choose E, to select a discrete final state for range of pp,
@ FSl treated as managable add-on theoretical correction to IA



(Assumed) factorization of (e, €p) cross section
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Missing energy spectrum for dpedpy

®0O(e, €p)'®N [Leuschner (1994)] = P12 Spectroscopic factor ~ 0.63



(Assumed) factorization of (e, € p) cross section
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@ Knock out p;» proton from *O
to SN ground state in IPM

@ Adjust s.p. well depth and
radius to identify ¢, (Pm)

@ Final state interactions (FSI)
added using optical potential(s)

p(pm) ([GeV/c] ™)

dp.dpjy

= 1,2 Spectroscopic factor ~ 0.63

. .
-100 o] 100 200
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= Kaep X p(pm) X ‘¢a(pm)|2



Source of scale-dependence for low-E structure
@ Measured cross section as convolution: reaction ® structure
o but separate parts are not unique, only the combination
@ Short-range unitary transformation U leaves m.e.s invariant:
Omn = (Wm|O[Wn) = ((Wn|U") UOUT (U[Wp)) = (Wn| O V¥5) = Oz
But the matrix elements of operator O itself between the
transformed states are in general modified:

Osin = (Wp|O|V,) # Omn = e.9., (WA 1]a,|W)) changes

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

So Opp # Omn = 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.]

@ Plan: Use (RG) unitary transformations to characterize
and explore scale and scheme and process dependence!



Generic knockout reaction [a la Dickhoff/Van Neck text]
@ Consider a scalar external probe that just transfers momentum q
p(@)=po» e " = 5(q) =po Y _(ple "|p)a}a,

=1 p.p’
e Typical assumption: one-body operator (scale dependent!)

@ Then the cross section from Fermi’s golden rule is
do~ > 6w+ E — E)[(W]5(q)| V)2

@ Complication: ejected final particle A interacts on way out (FSI)
2

HA—Zﬁ+ZV’/ HA1+ +ZV/A

i<j=1
e If we neglect this interaction = PW (no FSI)
Wy =1wg), ) =ablviT) = (W= (Vg
— factorized knockout cross section « hole spectral fcn:

d0~poZ5E — B + B}V ap, | VE)IZ = p§ Sh(Pm, Em

@ Does it still factorlze when corrected for (scale dependent!) FSI?

I)/

)



Now repeat with a unitary transformation U

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

do ~ S 8w+ E — Enl(Wila(a)|wi) 2
= > 6w+ E — En)(W(UTD)a(a)(UTU)|w))
= > 6w+ Ei — E) (WA U (Up@) Ut (U))) 2

but the pieces are different now.

@ Schematically, the SRG has U =1+ }(U — 1)a'alaa+ ---
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 afa) 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)



New pieces after the unitary transformation

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

Up(q)Ut = +a + e

@ New correlations have appeared (or disappeared):

y R € €F €
U‘w0> o U 00 P12 — P12 Ta —0-0— 1Py, +
HO-00— 1py, 00— 1py, 00— 1py,
—0-0—1s —0-0—1s —_—0-0—1s

o Similarly with [W) = ah|wp™")
@ So the spectroscopic factors are modified
@ Final state interactions are also modified by ]

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



Can we treat corrections independently? [Boegiin ECT*|
D(e,e’ p) Reaction Mechanisms
PWIA ESI .
reduced at certain

q, kinematics ?
Py

o

m

P

d
— k6, S(E,.p,) do

dodQ,dQ,, dadQ,dQ,,

= ko D(E,, Pys Pu)

Py

expected to be supressed for
small at large Q2 - - x>1
2z = =
D # =D

11/14/11 SRC IN NUCLEI AND HARD QCD 6
PHENOMENA , Trento 2011

Answer: Mixtures are scale/scheme dependent (cf. 3NF)
But how much are the pieces changed as A varies? (in progress!)



Deuteron scale (m)dependent observables

L T T T L T T T T T T T
0% o o ma, Avig %% 000 NPLO (500 MeV) 700
L - 1 3 ]
0050 6 o 0600 oot 0000 60600 & —0.025 0,051 0 & ¢ %000000600000000 & & .f ® 20025
L Asymptotic D-S ratio Y ] nsd tem e = N Asymptotic D-S ratio ] ngd
0.04 B ] 00 0.041- u To0s
L D-state probability @ 1 Py s 1
-state probability g o
0.03- o b 0.03~  D-state probability & 1
b o —-222 8 —-222
a a
0.02- o 1 0.02 a 1
© © © 0000 AWM CEOEEEOOO O ® 9_) ))5 ©0 0 O CIENENOCCO00E0RO0 0 0 © © B ) )5
[ Binding energy (MeV) '. i E [ Binding energy (MeV) 8 a | E
0.01- D 0011
|, —-223 - —-2.23
L ] i L -]
-]
I - | | | | I - | | | | I |
0 10 54 3 2 1 0.5 0 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)
@ Plan: Make analogous calculations for A > 2 quantities (like SFs)



Correlation of Pp with spectroscopic factors?
Calculations from Gad and Muether, Phys. Rev. C 66, 044361 (2002)
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@ Increased occupation probability with increased non-locality
and correlated reduction in short-range tensor strength

@ Are these calculations sufficiently complete/consistent?
@ If so, is the correlation quantitatively predictable?



Scale dependence in coupled cluster calculations

0.98F [0=0r-1om 4 80 spectroscopic factors (SFs)
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. resolution )\ decreases from
2.2t01.6fm™!

@ But significant hw
_ dependence and no NNN

28 32 @ Need to check that direct
measurables are invariant

FIG. 4: (Color online) Spectroscopic factor SF(1/27) for neu-
tron and proton removal as a function of the oscillator spacing
hw for nucleon-nucleon interactions with different cutoffs in a
model space with N = 6.

Wave functions become less correlated as A/ decreases;
how does the nature of reaction operators change?



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

Resolution scale dependence

2F -
4 4
- N a3 24
6k i One-neutron removal in “*O
s
0 | i — cent
% -8 B~ F, and e, versus Arg
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Non-observability of ESPEs

Q@ Scale dependence of F;, from omitted induced forces and clusters

Q Intrinsic scale dependence of ef,ent ~ 6 MeV for Agg € [2.0,3.0] fm !

Q Extracting the shell structure from (E,?Z,U]j:) is an illusory objective
B ~~ One shell structure per (preferably low) resolution scale Agrg

B ~ Using consistent structure and reaction models is mandatory
B ~ Requires consistent many-body techniques and same H(Agrg)




Why are ANC’s different? Coordinate space
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@ 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)



Why are ANC’s different? Momentum space
[based on R.D. Amado, PRC 19 (1979)]

k2 72 AD>:k
Q 5 (Kl +(KIVIvn) = =0 (Kltbn) ~ 1
2/‘L<k| V|¢n> X deuteron pole 3
= (k =5 ~i
< W"> k2 +7r27 - other ]
- singularities 12
rwn f( "6 Ky E ¥ 1
= g :
© integral dominated by pole from 1. 9 axl
Q extrapolate (K| V|¢p) to k2 = —~2 ! 03 g o, 0 !
[fm ]

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

@ Next vertex singularity at —(y + m,)?> = same for FSI

@ How far can we get solely with quantities that are invariant
under (short-range) unitary transformations?



What

high momenta

£

continuum

Mean-field nucleus

Location of high-momentum
components due to SRC

at high missing energy

'
'

I {::{)

' '
'

Y

i duetoSRC

| and tensor force

15%

100 MeV

10%

Coupling to surface
i| phonons and

1) Giant Resonances

—_—
65% quasihole strength

10%

Coupling to surface
phonons and
:| Giant Resonances

Spectral strength for

a correlated nucleus

is the scale dependence of s.p. strength?

:| High-energy strength

Schematic illustration of the
distribution of single-particle strength
in stable closed shell nuclei

[figure from W. Dickhoff essay,

J. Phys. G (2010)]

@ What about the strength near the
Fermi surface from long-range
correlations?

@ How does the interpretation of
experiments to find high-energy
strength vary with resolution
(choice of separation scale)?



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 L. 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 Exp. [29] 1p0f space

FRPA Full FRPA

(SRC) FRPA +AZ, FRPA SM AZ,
YINi:
vipys @ 061 079 077 —0.02
Wfs, 095—659 055 079 075 —0.04
vipy, 095 065 062 05811) 082 079 —0.03
SNi:
W0fya 0.69 089 086 —0.03
Cu:
mwlpy, 096 066 062 080 0.76 —0.04
70fs;, 096 060 058 080 0.78 —0.02
mips, 096 067 065 081 079 —0.02
Co:
70f7,, 095 073 071 089 0.87 —0.02




Looking for missing strength at large Q?

P ® What is this vertex?
=k—K
NY e ¢
<
AN v=FE,—Ep
€ & ' & N
" N _ @
rp =
-
A = : A-2
Subedi et al., Science 320, 1476 (2008) Higinbotham, arXiv:1010.4433
3
o) RES + i SRC interpretation:
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x L] . / - H . .
TeE e NN interaction can scatter
1lee L L L L L L H
R .. states with py,ps < kp
E°F JPSUPPIL L to intermediate states with
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o 1 4 knocked out by the photon
£ af [ S
8& i geete®e °
= £eo :* ,
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L L L L L L
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Egiyan et al. PRL 96, 1082501 (2006)

@ SRC explanation relies on high-momentum nucleons in structure!



Looking for missing strength at large Q?

®
£
A
O

Subedi et al., Science 320, 1476 (2008)
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What is this vertex?

qg=k—k
I/:Ekakr
N Q*=-¢
N @
rp =
2mpyv

A-2
Higinbotham, arXiv:1010.4433

SRC interpretation:

NN interaction can scatter
states with p1,ps < kp

to intermediate states with
Py, ph > kr which are
knocked out by the photon

How to explain cross sections in terms of
low-momentum interactions?

Vertex depends on the resolution!

@ SRC explanation relies on high-momentum nucleons in structure!



Questions about short-range correlations (SRCs)
For this afternoon and all week!

@ 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?

@ Under what conditions are asymptotic (high Q?) assumptions for potentials
valid?

Here: some brief comments about the low-resolution perspective



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

Momentum Distributions n(k) Ratio to the Deuteron
102 LA B | |_g 6: '?'[i"l"'_l_"_-_‘.\
= ‘He,'He,'°O, ] 5 /i\ ' /'{/\.‘-_-__'_: 1
£ SeR dN.M. 1 = Iyt A, 7 T T
0 oy ¢an 85 4 F /,l-( \\, ] /1/// .............. 11!
© =} ; . . 11
g < I!fﬂl / /_/.l' J 1
z [ s’ ]{-'." Ex\{//: 1
c 10.2__ EC o [ f;,‘l\ b /,\, ,__\‘7:-”
N
- 1r ’l-;.'i/l ]
L7
107 o b= . 1 L
0 0 1 2 3 4
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.)
How do we understand this scaling with low-resolution interactions?

— Lower resolution means lower separation scale



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

n(k) (fm*)

[From C. Ciofi degli Atti and S. Simula]

=0) (fm®)

Pan(@Q

. p+p Q—O R E
N\ P -Pp=2q

q(im™)
Schiavilla et al. PRL 98, 132501 (2007)



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

n(k) (fm®)

e
10°E E
E —— AVIS
101; -— Vbl.gatk=2fmfl
S\ Vypath=15fm"
100; --== CD-Bonn E
o E N NLO (500 MeV)
£ w0y
g —2
z 10°F
10’35
F \ \ ~
o L 10’47 \ \ S g
0 1 2 3 4 E \ \
F \ L]
kf"‘ o) I BT STk VERUN IR S
) 10 1 2 3 4
[From C. Ciofi degli Atti and S. Simula] K [fm]

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

is unchanged! |7\> is easier to calculate, but is operator harder?



Nuclear scaling from factorization (schematic!)

@ Factorization: when k < X and g > A, Ux(k, q) — K\(k)Q\(Q)

na(q) _ (Al0232a0"1A) _ (Al JUL(K.q')dqqUL(. k) A)
na(q)  (d|Uala,Utld)  (d| [ Ur(K',q)dqqUL(q, k)|d)

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

—A 2, 2- body only

--+A=3, 2-body only

- -=-A=4, 2-body only |
* A=2, PHQ 2-body only, A.=2

©  A=3, PHQ 2-body only, 2=2

-2 x A=4, PHQ 2-body only, A=2
- 1072k J
£ .
= N
g 103k O~
c Universal x
p>>h g%’:%%
" dependence > >y
10 given by D\G‘x\
Qoa w5 o
10* I I L o
0 1 2 3 4 0 2 4 6 8 10 12
-1 P
k (fm™)

[From C. Ciofi degli Atti and S. Simula] [Anderson et al., arXiv:1008.1569]



Nuclear scaling from factorization (schematic!)

@ Factorization: when k < X and g > A, Ux(k, q) — K\(k)Q\(Q)

na(a) _ (AlUahaqUMIA) _ (A] [Ka(K)L[ Qx(q)3qa@u(@)]Kx (K)IA)
na(q)  (d|UahaqUild)  (d] [Ka(K)[[ Qx(q)dqqQur()]KA(K)|d)

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

——A=2, 2-body only
--+A=3, 2-body only
- -=-A=4, 2-body only |
* A=2, PHQ 2-body only, A.=2

_ ©  A=3, PHQ 2-body only, 2=2
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[From C. Ciofi degli Atti and S. Simula] [Anderson et al., arXiv:1008.1569]



n(k) (fm®)

Nuclear scaling from factorization (schematic!)

@ Factorization: when k < X and g > A, Ux(k, q) — K\(k)Q\(Q)
na(q) _ (AlUajaqUtlA) _ (Al [K(K)K(K)IA)
ni(q)  (d|UalaaUt|d)  (d| [Ki(K')Ky(K)|d)

= na(q) ~ CAnD( ) at Iarge q

Ca

Test case: A bosons in toy 1D model

—A 2, 2- body only

--+A=3, 2-body only

- -=-A=4, 2-body only |
* A=2, PHQ 2-body only, A.=2
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[From C. Ciofi degli Atti and S. Simula] [Anderson et al., arXiv:1008.1569]



Factorization with SRG [Anderson et al., arXiv:1008.1569]
@ Factorization: Uy(k,q) — K\(k)Qx\(q) when k < XA and g > A\
@ Operator product expansion for nonrelativistic wf’s (see Lepage)

V() ~ +(q) / o Z(NWA(p) + 1 () / pPapp? Z(\) WA (p) + -

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

Us(h,@) = 3 (k1) 6l0) = [Do (K1) [ P ZvA(e)] (@ +

10 ey

@ Test of factorization of U:

Ui(ha) . Ka(k)O:(@) .
Uh(ko a) ~ Ka(k)0r()" 2
D

so for g \ = 200 224 s |
=]

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

@ Leading order = contact term! 0.yt




Factorization with SRG [Anderson et al., arXiv:1008.1569]

@ Factorization: Uy(k,q) — K\(k)Qx\(q) when k < XA and g > A\

@ Operator product expansion for nonrelativistic wf’s (see Lepage)
A A
VI@ = (@) [ B ZOWe) +(@) [ Pdppt Z()W(p) + -

@ Construct unitary transformation to get Uy (k, q) = K\(k)Qx(q)

Us(h,@) = 3 (k1) 6l0) = [Do (K1) [ P ZvA(e)] (@ +

10 gy T T e

@ Test of factorization of U:

Un(ki,9) | Ka(k)Qx(q)
Ur(ko,q)  Kia(ko)Qi(a)’
ki

o sroiE

soforq>>)\:>K(())B>1

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

[U(k;a) 7 Ulky.a)l

@ Leading order = contact term! 015




Universality of the EMC effect

@ EFT treatment by Chen and Detmold [Phys. Lett. B 625, 165 (2005)]
=Y @&xqf(x) = Ra(x) = FA(x)/AR(x)

“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

» /
= (x2)gvro .- v NTN[1 4+ anNTN] + - -

Ra(x) = AFZN(X) 1405, ()G(A) where  G(A) = (AI(N'N)?|A) /Ao

= the slope %4 scales with G(A) [Why is this not cited?]



Final comments and questions
@ Summary (and follow-up) points
@ While scale and scheme-dependent observables can be
(to good approximation) unambiguous for some systems,
they are often (generally?) not for nuclei!

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

e Parton distribution functions as a paradigm
= Can we have controlled factorization at low energies?

@ Questions for which RG/EFT perspective + tools can help
How should one choose a scale/scheme?

Can we (should we) use a reference Hamiltonian?

What is the scheme-dependence of SF’s and other quantities?
What is the role of short-range/long-range correlations?

How do we match Hamiltonians and operators?

When is the assumption of one-body operators viable?

What can EFT or RG say about N-nucleus optical potentials?
...and many more!



Extra Slides



Questions and some possible answers
How should one choose a scale/scheme?

@ To make calculations easier or more convergent

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

@ (Near-) local potential: quantum Monte Carlo methods work

e 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?



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]

<l

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

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

@ Use RG as tool to evolve consistent operators

Can EFT or RG help to construct optical potentials?



Unitary cold atoms: Is n(k) observable?
@ Tail of momentum distribution + contact [Tan; Braaten/Platter]

k—oo C
n(k) — Pz
Theory (lattice) Experiment
J. E. Drut, T. A. Lahde, T. Ten J. T. Stewart et al
12 Phys. Rev. Lett. 106, 205302 (2011) PRL 104, 235301 (2010)
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@ When R/as < 1 and kR < 1 = tiny scheme dependence



Is the tail of n(k) for nuclei measurable? (ct. SrRC's)

4 .. .
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E.g., extract from
electron scattering?

No region where
1/as< k< 1/R
Scheme dependent
high-momentum tail!

n(k) from Vsrg has
no high-momentum
components!

But n(k) from Ua] a, U
is unchanged —-
two-body operator!



When are wave functions measurable? [w. Dickhofi]
Atoms studied with the (e,2e) reaction

Hydrogen
Ls

Momentum profile
=3
BN

0 0.2 0.4 0.6 0.8 1 12 1.4
p(au)

And so on for other atoms ...

Helium
in Phys. Rev. A8, 2494 (1973)

1
3/2
(pls(p) = 2 T 232
(+p7)
Hydrogen 1s wave function
"seen" experimentally

Phys. Lett. 86A, 139 (1981)

Helium

Is

p(au)

@ But compare approximations for (e, 2e) on atoms to those
for (e, €p) on nuclei! (Impulse approx., FSI, vertex, ...)



Spectroscopic factors in atoms

For a bound final N-1 state the spectroscopic factor is given by § = fdﬁKlI{iv'l a; ‘P§/>‘2
For H and He the 1s electron spectroscopic factor is 1
For Ne the valence 2p electron has §=0.92 with two additional fragments,
each carrying 0.04, at higher energy.
0.6 — : : :
| .
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5 ! strength

o 04t | 1
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| 3p*ds H ” Arie atoms
0 1 . . N s n(a)=0or 1
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One-body scattering, small scheme dependence — robust SF



Scale for structure: Nuclei with soft interactions
Changing the scale/scheme: (short-range) NN potential
@ Project non-local NN potential: V\(r) = [d®r' V\(r, )
e Roughly gives action of potential on long-wavelength nucleons

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

200 T

12— AVIS A

% 100 — N'LO
2 |

=

= O
-100
0

@ Tensor part (S-D mixing) [graphs from K. Wendt]
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But isn’t there a correct Hamiltonian? (no!)

N-N Potential

30—+ pr T T T T T T T T T
180 channel A
200 - B
01111 IR | SR S
2 | repulsive \ o I ]
E 100 |- core | P, W, T | B
T I | [
]
= r | |
L , 1
0 ; ; ; ,
[ Bonn
F Reid93 4
-100 - AV18 A
t r[fm] A
I T T T S T TN S [N TN ST SN SN SN TSN T N TN ST
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Bonn: Machleidt, Phys.Rev. C63('01)024001
Reid93: Stoks et al., Phys. Rev. C48('94)2950.
AV18: Wiringa et al., Phys.Rev. C51('95) 38.

@ For low-energy effective theories,

short-range part can be modified
dramatically (cf. interparticle
spacing in nuclei > 1fm)

What about inverse scattering
theorems? Unique potential only
if fixed form (e.g., local) and
phase shifts known to infinite
energy (but still arbitrarily
bound-state properties)

Cf. running couplings in QED or
QCD (or field redefinitions)



But isn’t there a correct Hamiltonian? (no!)

N-N Potential

300~
'Sy channel | W. Dickhoff, J. Phys. G (2010):
200 - ] “Recent even softer chiral
1T | I | I | interactions generate correspondingly
2 | repulsive | 27 b less depletion. The latter result
% 100 - o boopwa ] appears to be inconsistent with the
‘;G i : : experimental confirmation of a global
, | | depletion of the nuclear Fermi sea for
or protons in 2%8Pb of about 15%. In
Bonn ] addition, recent lattice calculations of
100 - Ri{ﬂfg ] the nucleon-nucleon interaction
[ ‘ ‘ ‘ ! L suggest that a strongly repulsive core
o o5 1 15 2 a2 will arise once the pion mass is taken

Bonn: Machleidt, Phys.Rev. C83(01)024001 to realistic values.

Reid93: Stoks et al., Phys. Rev. C48('94)2950.
AV18: Wiringa et al., Phys.Rev. C51('95) 38.



Determining the nuclear potential from lattice QCD
[S. Aoki, Hadron interactions in lattice QCD, arXiv:1107.1284]

NN (effective) central potentials ™= ~0-53 GeV Bethe-Salpeter amplitude e
t—t,=6 e
T —,— o5 (F) = (ON(,0)N (7. 0)[2N. E)
600 L 100 : T ] A
s 350 g
500§ o ° 0P]§P Nucleon fields i
= 200k » S0t il 2N state with energy E
Q F 20 7
= .
T 300F % %2 bl ] @ define non-local U(x,y)
o A
o200 o e i [Yakawa potential] £ ~ 14,0
‘ukawa potential rraled 3
T loof o ' umm—— [E — Holpe(x) = /d yUXx,y)ee(y)
0.0 0.5 1.0 1.5 2.0
0.0 0.5 1.0 1.5 2.0 ° Expand U(x’ y) = V(x7 V)5(X - y)
r [fm]  my =053 GeV, my ~ 1.34 CeV 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)
@ choice of “wave function” smearing (changes overlap)



Determining the nuclear potential from lattice QCD
[S. Aoki, Hadron interactions in lattice QCD, arXiv:1107.1284]

Ve(r) [MeV]

NN (effective) central potentials
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@ 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)



Determining the nuclear potential from lattice QCD
[S. Aoki, Hadron interactions in lattice QCD, arXiv:1107.1284]
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“...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.”

Claim: useful to choose a scheme that yields good convergence
of the velocity expansion (close to local)



When can you measure a potential?
@ Think about quantum mechanical convolution for energy

E— / dx W (x)(T + V)¥(x)

@ (Schematic: e.g., here x = {X4,X2})
e When can we isolate H = T + V from |W(x)[?>?

@ Need very heavy particles or long-distances so that wave
functions can be approximated as delta functions
@ Examples
e classical limit (e.g., gravitational potential)
e heavy quark potential on a lattice
@ Coulomb potential in atoms/molecules

@ In nuclear case, can change both W(x) and V(x) at short
distance and leave E unchanged = not measurable

@ In field theory formulation, freedom to shift between
interaction vertex and propagator for exchanged particle



Impulse approximation

@ The discussion always starts with: “If we assume ...”

e Usually that the impulse approximation is good (one-body
current and one active nucleon), and increasingly good with
larger momentum transfer

e Final state interactions neglected (and then assumed to be
accounted for in a model-independent way)

@ This brings to mind some quotes:
o “If my grandmother had wheels, she’'d be a bicycle.”
@ “Hope is not a plan!” (or a reliable guide to experiment)

@ How well the impulse approximation works depends on the
system and probe (process dependent)

o Works well: electron scattering from atoms, neutron scattering
from liquid helium (??? maybe not in detail)

e Large corrections: nuclear reactions!

@ Should we choose a scheme in which the impulse
approximation is best satisfied?



Parton distributions as paradigm: Factorization
@ PDF analysis: part of convolution for cross section can be
calculated reliably for given experimental conditions so that
the remaining part can be extracted as a universal quantity,
to be related to other processes and kinematic conditions
@ For hard-scattering processes with large momentum
transfer scale Q, factorization allows separation of
momentum and distance scales in reaction
e The time scale for binding interactions in the rest frame is time
dilated in the center-of-mass frame, so the interaction of an
electron with a hadron in deep-inelastic scattering is with
single non-interacting partons
e Short-distance part calculated systematically in low-order
perturbative QCD; long-distance part identified in PDF’s
(momentum distribution for partons in hadrons)
@ PDF’s relate deep inelastic scattering of leptons, Drell-Yan,
jet production, and more
o Measure in limited set of reactions and then perturbative
calculations of hard scattering and PDF evolution enable first
principles predictions of cross sections for other processes



Parton distributions as paradigm [c. Keppel]

F2 - x=0.021

Higher the resolution
(i.e. higher the Q?)
more low x partons we

® ZEUS96/97

O H19497

& Fixed Target
—— NLO QCD Fit
---------- MRST99
————— CTEQSD

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



Parton distributions as paradigm [c. Keppel]

Fa(x)

Three quarks
with 1/3 of
total

proton

Fa(x)

/3 X » momentum each.

Three quarks
with some
momentum

Fa(x)

1 smearing.

The three quarks
radiate partons
at low x.

- ]
13 1

...The answer depends on the Q32!



Parton distributions as paradigm [Marco Stratman]

Factorization schemes

pictorial representation of factorization:

hard scale
facfor'lzaﬂon

e9. Fa(2,Q%) ~ Y fala, us) ® PE(z, ,%)

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 to pQCD

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

both, pdf's and the short-dist. coefficient depend on pi;
(choice of pg: shifting terms between long- and short-distance parts)

v
R@Qe) = o ¥ & [ EruEid)

a=q,q
z og T 2 z

[‘“1 o % 6 '"@@s)ﬂ

— _/

yet another scale: p,. short-distance "Wilson ¢oefficient"

due to the renormalization
of ultraviolet divergencies

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

2

#e(z, Q% 2.0 3

@ 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




Parton distributions as paradigm: Lessons

@ The momentum distribution for a given hadron is not unique

e With parton distributions one would not talk about the results
at a particular @Q? as being “the” quark or gluon momentum
distribution as opposed to distributions for lower or higher Q2.

e Dependence on Q?, which serves as the resolution scale and
can be changed by renormalization group (RG) evolution, and
the PDF analysis at NLO must be performed in a specific
renormalization and factorization scheme (e.g., MS or DIS)

e Controlled factorization allows PDF’s from one process to be
used in other processes (and at other scales)!

e For consistency, hard-scattering cross section calculations
used for the input processes or that use the extracted PDFs
have to be implemented with the same scheme

@ Can we formulate our stucture/reaction theory to have the
same control as with PDFs using factorization?



Simpler calculations of pair densities

n(k) (fm°)
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[Anderson, Hebeler]
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Many-body perturbation theory may be sufficient at low resolution!



Simpler calculations of pair densities

[Anderson, Hebeler]

10°F : |
10°
< 10°
~ E
g %r 107
% <0 %
o 4 #
10! T‘ W pp pairs
] 3 3 0 5
10° L L L q(m’)
e : a o 4 Schiavilla et al. PRL 98, 132501 (2007)
K (fm™)
taken from Ciofi degli Atti, Simula PRC 53, 1689 (1996)
T T 10 . . . .
: ‘ o ]
& with operator 1
0.0001 evolution 7 = 8 with tensor _|
- A interaction
L =7 e,
N ii', 6 T ]
= le-06 - 53
b . . Y. sF no tensor 7
a no operator__"» =—> N K . .
= L evolution W, h¢ 4 A interaction P
S E o . El T 4r., g ¥ e T
. B 1 T = §oo Y 1
leosf T A=1814m . B e —n=18fm" |
B & N
" A=20fm . - ¥ .l o =20 fm’
L <a=25mm" % > e h=25fm’
F o A=30fm’ . - A=30fm"
g P P T S N SR B P R B
le lq.S 2 25 3 35 4 q.S 2 25 3 35 4
-1 -1
q[fm] qlfm ]

Many-body perturbation theory may be sufficient at low resolution!



Quantities that vary with convention or scheme

@ deuteron D-state probability [e.g., Friar, PRC 20 (1979)]

o off-shell effects (e.g., from NN bremsstrahlung)
[Fearing/Scherer, PRC 62 (2000)]

@ occupation numbers [Hammer/rjf, PLB 531 (2002)]

@ spectroscopic factors [Mukhamedzhanov/Kadyrov, PRC 82
(2010)]

proton radius (cf. charge radius) [Polyzou, PRC 58 (1998)]
short-range part of wave functions (SRC’s)
wound integrals

short-range potentials; e.g., contribution of short-range
3-body forces

@ andsoon...



[L. Cardman, FRIB Superusers 2011]
The Impact of Correlations on Nuclear Spectral Functions

Electron-induced proton knock-out has been

studied systematically since high duty-factor T T T T
electron beams became available, first at 10k i
Saclay (70’s), then at NIKHEF (80’s) with ’ Mean Field Theory

~100 keV energy resolution. L ]

48
For complex (A>4) nuclei, the spectroscopic 08 180 3 Ca %07, b
strength S for valence protons was found to be | P |
60-65% of the IPSM value
= o0&}
2 & Li 40 208
S, = 4| S(E,.p, i, 0E,~E)| & | Ca  2opp;
D sl '%C -

Long-range correlations account for about 10%,
but the rest was ascribed to short-range N-N
correlations, by which strength was pushed to 02 ]

energies well above the Fermi edge.
L VALENCE PROTONS ]

These kinematics were not accessible at the

accelerators of that era, but they are at CEBAF. 00L—— ”1:’;‘ L1 "1'0'2 !

Hall C E97-006: direct search for this “missing” target mass -
strength at large E, and p,,




[H.P. Blok, “Probing nuclei with (e,e'p) ...”
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Ab initio electron scattering with LIT [from G. Orlandini]

Large effect of
FSI

120 150 180
T T

q=400 MeV/c]|

R\ [10°MeVY

T

CrNwEtha ONhOA®XDR

L L L
80 120 160 200 240
T T T T

q=500 MeV/

IRARRRE was]

AS + FSl effects

approx)

50 100 150 200 2
o [MeV]

S.Bacca et al., PRL 102 (2009) 162501 S. Quaglioni et al. Phys.Rev. C72 (2005) 064002

@ Ab initio calculations of longitudinal (e, €’) response
functions show importance of FSI for quasi-elastic regime

o PWIA fails for quasi-elastic peak and at low w
e FSI effects decrease with g in peak but not at low w

@ Direct proton knockout and neglect of FSI tested for (e, €'p)
@ Both antisymmetrization effects and FSI play important roles
e Approximate estimates of FSI effects can be poor



