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Why is textbook nuclear physics so hard?

VL=0(k , k 0) =

Z
d3r j0(kr)V (r) j0(k 0r) = hk |VL=0|k 0i =) Vkk 0 matrix

Momentum units (~ = c = 1): typical relative momentum
in large nucleus ⇡ 1 fm�1 ⇡ 200 MeV but . . .

Repulsive core =) large high-k (> 2 fm�1) components

Resolu,on	for	nuclei	,ed	to	momentum	cutoff	in	interac,on	

In	natural	units	for	a	large	nucleus,	typical	relaLve	momentum	is	about	1	fm-1	but	
repulsive	core	(cf.	tensor)	couples	to	high-k	components	è	nonperturbaLve.	
Use	renormalizaLon	group	(RG)	to	evolve	to	lower	resoluLon	è	more	perturbaLve.	



Resolu,on	for	nuclei	,ed	to	momentum	cutoff	in	interac,on	

Preview: Decoupling with the similarity RG

Flow	equaLon	(similarity)	RG	decouples	in	momentum	space;	melts	core	in	r-space!		
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•  Similarity	RG	is	just	one	way	to	lower	resoluLon	in	free	space;	technically	nice.	
•  Different	iniLal	interacLons	look	different	(scheme)	but	flow	to	universal!			
•  Note:	all	operators	change	with	RG	evoluLon	(not	just	Hamiltonian).	
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Visualizing the softening of NN interactions
Project non-local NN potential: V �(r) =

R
d3r 0 V�(r , r 0)

Roughly gives action of potential on long-wavelength nucleons

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

Tensor part (S-D mixing) [graphs from K. Wendt et al., PRC (2012)]

=) Note the flow to universal potentials!
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Local	projecLon:	

acLon	of	potenLal	
on	low-k	nucleons		
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Fig. 10.8 Schematic view of single-reference IMSRG decoupling in a many-body Hilbert space spanned by a
Slater determinant reference |Fi and its particle-hole excitations |F p...

h... i.

Moreover, we can further reduce the computational cost by distinguishing particle and
hole states, because the number of hole states Nh is typically much smaller than the number
of particle states Np ⇠ N. The best scaling we can achieve in the IMSRG(2) depends on the
choice of generator (see Sec. 10.3.4). If the one- and two-body parts of the generator only
consist of ph and pphh type matrix elements and their Hermitian conjugates, the scaling is
reduced to O(N2

h N4
p), which matches the cost of solving the CCSD amplitude equations.

10.3.3 Decoupling

10.3.3.1 The Off-Diagonal Hamiltonian

Having set up the IMSRG flow equations, we now need to specify our decoupling strategy,
i.e., how we split the Hamiltonian into diagonal parts we want to keep, and off-diagonal parts
we want to suppress (cf. Sec. 10.2). To this end, we refer to the matrix representation of the
Hamiltonian in a basis of A-body Slater determinants, but let us stress that we never actually
construct the Hamiltonian matrix in this representation.

Our Slater determinant basis consists of a reference determinant and all its possible
particle-hole excitations (cf. Sec. 10.3.1):
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pi
ahi . . .ah1 (10.112)

because contractions of particle and hole indices vanish by construction. Using Wick’s theo-
rem, one can show that the particle-hole excited Slater determinants are orthogonal to the
reference state as well as each other (see problem 10.3). In the Hilbert space spanned by
this basis, the matrix representation of our initial Hamiltonian in the NO2B approximation
(cf. Sec. 10.3.1.1) has the structure shown in the left panel of Fig. 10.8, i.e., it is band-
diagonal, and can at most couple npnh and (n±2)p(n±2)h excitations.

We now have to split the Hamiltonian into appropriate diagonal and off-diagonal parts on
the operator level [123–125]. Using a broad definition of diagonality is ill-advised because
we must avoid inducing strong in-medium 3N, . . . interactions to maintain the validity of the
IMSRG(2) truncation. For this reason, we choose a so-called minimal decoupling scheme that

•  In-medium	SRG	(IM-SRG)	decouples	excitaLons	in-medium	wrt	reference	state.	
•  Keeps	leading	induced	many-body	forces	[see	Hergert	et	al.,	arXiv:1612.08315].		
•  Note:	all	operators	change	with	RG	evoluLon	(not	just	Hamiltonian).	
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•  Progress	for	“ab	iniLo”	methods	that	use	
basis	expansions	at	low	resoluLon	(cf.	QMC)	
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•  In	shell	model,	“P	space”	sets	low	resoluLon	

Huth	et	al,	arXiv:1804.04990	

For	s-d	shell	m.e.s,		
ΛHO≈	375	MeV	
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•  In	shell	model,	“P	space”	sets	low	resoluLon	
•  Nuclear	DFT	based	on	Kohn-Sham	ref.	state	
and	low	resoluLon	energy	funcLonal.	
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Figure 2.3 Nuclear landscape from Erler et al. paper. Figure of nuclear landscape with
nucleosynthesis paths.

Figure 2.4 Systematics of experimental 2+ excitation energies of even-even isotopes [?].
Traditional magic numbers are indicated by dashed lines and doubly magic nuclei are
labelled (need to update figure for 68,78Ni).

• magic numbers

• nuclear landscape results from nucleons being fermions (leads to magic
numbers and implies that there has to be a dripline) plus strong and elec-
troweak interactions

• only about half of all isotopes has been discovered

• synthesis of heavy elements takes place in neutron-rich environments
along the r-process, which runs through many undiscovered nuclei

2.3 Nuclear phenomena at different resolutions

• tower of degrees of freedom, with examples at each level
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Approach to universality (fate of high-q physics!)
Run NN to lower � via SRG =) ⇡Universal low-k VNN

q � �

V�

V�

k < �

k0 < �

=) C0 + · · ·

q � � (or ⇤) intermediate states
=) replace with contact terms:
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Scale	dependence	of	momentum	distribu,ons	from	RG		
Parton vs. nuclear momentum distributions

From%Povh%et%al.,%
Par$cles)and)Nuclei)

The quark distribution q(x , Q2) is
scale and scheme dependent

x q(x , Q2) measures the share of
momentum carried by the quarks
in a particular x-interval

q(x , Q2) and q(x , Q2
0) are related

by RG evolution equations

Deuteron momentum distribution
is scale and scheme dependent

Initial AV18 potential evolved with
SRG from � = 1 to � = 1.5 fm�1

High momentum tail shrinks as
� decreases (lower resolution)
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Parton distributions as paradigm [Marco Stratman]
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Also has factorization assumptions
(e.g., from D. Bazin ECT* talk, 5/2011)

D. Bazin, Workshop on Recent Developments in Transfer and Knockout Reactions, May 9-13, 2011, Trento, Italy

Conundrum

• Using reactions to study nuclear structure

• One observable, two models

• To extract structure information, need accurate 
reaction model

Observable: 
cross section

Structure model: 
spectroscopic factor

Reaction model: 
single-particle
cross section

Is the factorization general/robust?
(Process dependence?)

What is the scale/scheme
dependence of extracted properties
(and the reaction model)?

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

Use RG as tool to address questions

SeparaLon	between	long-	and	
short-distance	physics	is	not	
unique!	

Observable	(e.g.	form	factor)	is	
independent	of	factorizaLon	
scale,	but	pieces	are	not.	
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What is the scale/scheme
dependence of extracted properties
(and the reaction model)?

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

Use RG as tool to address questions

SeparaLon	between	long-	and	
short-distance	physics	is	not	
unique!	

Observable	(e.g.	form	factor)	is	
independent	of	factorizaLon	
scale,	but	pieces	are	not.	
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FIG. 10 The Tjon line correlation as predicted by the pionless
theory. The grey circles and triangles show various calcula-
tions using phenomenological potentials (121). The squares
show the results of chiral EFT at NLO for different cutoffs
while the diamond gives the N2LO result (122; 123). The
cross shows the experimental point.

four-body sector (119; 120). In order to be able to ap-
ply the Yakubovsky equations, an equivalent effective
quantum mechanics formulation was used. The study
of the cutoff dependence of the four-body binding en-
ergies revealed that no four-body parameter is required
for renormalization at leading order. As a consequence,
there are universal correlations in the four-body sector
which are also driven by the large scattering length. The
best known example is the Tjon line: a correlation be-
tween the triton and alpha particle binding energies, Bt

and Bα, respectively. Of course, higher order correc-
tions break the exact correlation and generate a band.
In Fig. 10, we show this band together with some some
calculations using phenomenological potentials (121) and
a chiral EFT potential with explicit pions (122; 123). All
calculations with interactions that give a large scatter-
ing length must lie within the band. Different short-
distance physics and/or cutoff dependence should only
move the results along the band. This can for example
be observed in the NLO results with the chiral potential
indicated by the squares in Fig. 10 or in the few-body
calculations with the low-momentum NN potential Vlow k

carried out in Ref. (124). The Vlow k potential is obtained
from phenomenological NN interactions by intergrating
out high-momentum modes above a cutoff Λ but leav-
ing two-body observables (such as the large scattering
lengths) unchanged. The results of few-body calculations
with Vlow k are not independent of Λ but lie all close to
the Tjon line (cf. Fig. 2 in Ref. (124)). The studies of
the four-body system in the pionless theory were exten-
dend further in Ref. (125). Here the dependence of the
four-body bound state spectrum on the two-body scat-
tering length was investigated in detail and summarized
in a generalized Efimov plot for the four-body spectrum.

The question of whether a four-body parameter has
to enter at leading order was reanalyzed by Yamashita
et al. (126). Within the renormalized zero-range model,

they found a strong sensitivity of the deepest four-body
energy to a four-body subtraction constant in their equa-
tions. They motivated this observation from a general
model-space reduction of a realistic two-body interaction
close to a Feshbach resonance. The results of Ref. (119)
for the 4He tetramer that include a four-body parame-
ter were also reproduced. Yamashita et al. concluded
that a four-body parameter should generally enter at
leading order. They argued that four-body systems of
4He atoms and nucleons (where this sensitivity is ab-
sent (119; 120; 124)) are special because repulsive in-
teractions strongly reduce the probability to have four
particles close together. However, the renormalization of
the four-body problem was not explicitly verified in their
calculation. Another drawback of their analysis is the fo-
cus on the deepest four-body state only. Therefore, their
findings could be an artefact of their particular regular-
ization scheme. Another recent study by von Stecher and
collaborators (127) confirmed the absence of a four-body
parameter for shallow states while some sensitivity was
found for the deepest four-body state.

The pionless theory has also been extended to more
than four particles using it within the no-core shell model
approach. Here the expansion in a truncated harmonic
oscillator basis is used as the ultraviolet regulator of the
EFT. The effective interaction is determined directly in
the model space, where an exact diagonalization in a
complete many-body basis is performed. In Ref. (128),
the 0+ excited state of 4He and the 6Li ground state
were calculated using the deuteron, triton, alpha particle
ground states as input. The first (0+; 0) excited state in
4He is calculated within 10% of the experimental value,
while the 6Li ground state comes out at about 70% of
the experimental value in agreement with the 30 % error
expected for the leading order approximation. These re-
sults are promising and should be improved if range cor-
rections are included. Finally, the spectrum of trapped
three- and four-fermion systems was calculated using the
same method (129). In this case the harmonic potential
is physical and not simply used as an ultraviolet regula-
tor.

B. Chiral EFT for few nucleons: foundations

The extension of the previously discussed EFT with
contact interactions to higher energies requires the in-
clusion of pions as explicit degrees of freedom. The in-
teraction between pions and nucleons can be described
in a systematic way using chiral perturbation theory. In
contrast, the interaction between the nucleons is strong
and leads to nonperturbative phenomena at low energy
such as e.g. shallow-lying bound states. This break-
down of perturbation theory can be linked to the fact
that the interaction between the nucleons is not sup-
pressed in the chiral limit contrary to the pion and pion-
nucleon interactions. Moreover, an additional enhance-
ment occurs for Feynman diagrams involving two and

Epelbaum	et	al.,	RMP	81,	1773	(2009)		

pionless	EFT	at	NLO	
pionless	EFT	at	N2LO	
phenomenological	potenDals	

Tjon	line	
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symmetries [14–17]. The leading one- and two-body
hadronic operators in the matching are

(4)
Oµ0···µn

q =
〈
xn

〉
q
vµ0 · · ·vµnN†N

[
1+ αnN

†N
]
+ · · · ,

where vµ = ṽµ + O(1/M) is the velocity of the
nucleus. Operators involving additional derivatives
are suppressed by powers of M in the EFT power-
counting. In Eq. (4) we have only kept the SU(4) (spin
and isospin) singlet two-body operator αnv

µ0 · · ·×
vµn(N†N)2. The other independent two-body oper-
ator βnv

µ0 · · ·vµn(N†τN)2, which is non-singlet in
SU(4) (τ is an isospin matrix), is neglected because
βn/αn = O(1/N2

c ) ≃ 0.1 [21], where Nc is the num-
ber of colors. Furthermore, the matrix element of
(N†τN)2 for an isoscalar state with atomic num-
ber A is smaller than that of (N†N)2 by a factor A

[10]. Three- and higher-body operators also appear in
Eq. (4); numerical evidence from other EFT calcula-
tions indicates that these contributions are generally
much smaller than two-body ones [22].
Nuclear matrix elements of Oµ0···µn

q give the mo-
ments of the isoscalar nuclear parton distributions,
qA(x). The leading order (LO) and the next-to-leading
order (NLO) contributions to these matrix elements
are shown in Fig. 1(a) and (b), respectively. For an un-
polarised, isoscalar nucleus,

〈
xn

〉
q|A ≡ vµ0 · · ·vµn⟨A|Oµ0···µn

q |A⟩

(5)=
〈
xn

〉
q

[
A + ⟨A|αn

(
N†N

)2|A⟩
]
,

where we have used ⟨A|N†N |A⟩ = A. Notice that if
there were no EMC effect, the αn would vanish for
all n. Also α0 = 0 because of charge conservation. As-
ymptotic relations [23] and analysis of experimental
data [2,24] suggests that α1 ≃ 0, implying that quarks
carry very similar fractions of a nucleon’ and a nucle-
us’ momentum though no symmetry guarantees this.
From Eq. (5) we see that the ratio

(6)
⟨xn⟩q|A
A⟨xn⟩q − 1
⟨xm⟩q|A
A⟨xm⟩q − 1

= αn

αm

is independent ofAwhich has powerful consequences.
In all generality, the isoscalar nuclear quark distribu-
tion can be written as

(7)qA(x) = A
[
q(x) + g̃(x,A)

]
.

Taking moments of Eq. (7), Eq. (6) then demands that
the x dependence and A dependence of g̃ factorise,

(8)g̃(x,A) = g(x)G(A),

with

(9)G(A) = ⟨A|
(
N†N

)2|A⟩/AΛ3
0,

and g(x) satisfying

(10)αn = 1
Λ3
0⟨xn⟩q

A∫

−A

dx xng(x).

Λ0 is an arbitrary dimensionful parameter and will be
chosen as Λ0 = 1 fm−1. Crossing symmetry dictates

Fig. 1. Contributions to nuclear matrix elements. The dark square represents the various operators in Eq. (4) and the light shaded ellipse
corresponds to the nucleus, A. The dots in the lower part of the diagram indicate the spectator nucleons.

nucleon	m.e.:	

nuclear	m.e.:	 hxniA = hxniN hA|���*
A

N

†
N + ↵n(N

†
N)2 + . . . |Ai⇤

vµ1 . . . vµnhN |Oµ1···µn |Ni = hxniN
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〈
xn

〉
q
vµ0 · · ·vµnN†N

[
1+ αnN

†N
]
+ · · · ,

where vµ = ṽµ + O(1/M) is the velocity of the
nucleus. Operators involving additional derivatives
are suppressed by powers of M in the EFT power-
counting. In Eq. (4) we have only kept the SU(4) (spin
and isospin) singlet two-body operator αnv

µ0 · · ·×
vµn(N†N)2. The other independent two-body oper-
ator βnv

µ0 · · ·vµn(N†τN)2, which is non-singlet in
SU(4) (τ is an isospin matrix), is neglected because
βn/αn = O(1/N2

c ) ≃ 0.1 [21], where Nc is the num-
ber of colors. Furthermore, the matrix element of
(N†τN)2 for an isoscalar state with atomic num-
ber A is smaller than that of (N†N)2 by a factor A

[10]. Three- and higher-body operators also appear in
Eq. (4); numerical evidence from other EFT calcula-
tions indicates that these contributions are generally
much smaller than two-body ones [22].
Nuclear matrix elements of Oµ0···µn

q give the mo-
ments of the isoscalar nuclear parton distributions,
qA(x). The leading order (LO) and the next-to-leading
order (NLO) contributions to these matrix elements
are shown in Fig. 1(a) and (b), respectively. For an un-
polarised, isoscalar nucleus,

〈
xn

〉
q|A ≡ vµ0 · · ·vµn⟨A|Oµ0···µn

q |A⟩

(5)=
〈
xn

〉
q

[
A + ⟨A|αn

(
N†N

)2|A⟩
]
,

where we have used ⟨A|N†N |A⟩ = A. Notice that if
there were no EMC effect, the αn would vanish for
all n. Also α0 = 0 because of charge conservation. As-
ymptotic relations [23] and analysis of experimental
data [2,24] suggests that α1 ≃ 0, implying that quarks
carry very similar fractions of a nucleon’ and a nucle-
us’ momentum though no symmetry guarantees this.
From Eq. (5) we see that the ratio

(6)
⟨xn⟩q|A
A⟨xn⟩q − 1
⟨xm⟩q|A
A⟨xm⟩q − 1

= αn

αm

is independent ofAwhich has powerful consequences.
In all generality, the isoscalar nuclear quark distribu-
tion can be written as

(7)qA(x) = A
[
q(x) + g̃(x,A)

]
.

Taking moments of Eq. (7), Eq. (6) then demands that
the x dependence and A dependence of g̃ factorise,

(8)g̃(x,A) = g(x)G(A),

with

(9)G(A) = ⟨A|
(
N†N

)2|A⟩/AΛ3
0,

and g(x) satisfying

(10)αn = 1
Λ3
0⟨xn⟩q

A∫

−A

dx xng(x).

Λ0 is an arbitrary dimensionful parameter and will be
chosen as Λ0 = 1 fm−1. Crossing symmetry dictates

Fig. 1. Contributions to nuclear matrix elements. The dark square represents the various operators in Eq. (4) and the light shaded ellipse
corresponds to the nucleus, A. The dots in the lower part of the diagram indicate the spectator nucleons.
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symmetries [14–17]. The leading one- and two-body
hadronic operators in the matching are

(4)
Oµ0···µn

q =
〈
xn

〉
q
vµ0 · · ·vµnN†N

[
1+ αnN

†N
]
+ · · · ,

where vµ = ṽµ + O(1/M) is the velocity of the
nucleus. Operators involving additional derivatives
are suppressed by powers of M in the EFT power-
counting. In Eq. (4) we have only kept the SU(4) (spin
and isospin) singlet two-body operator αnv

µ0 · · ·×
vµn(N†N)2. The other independent two-body oper-
ator βnv

µ0 · · ·vµn(N†τN)2, which is non-singlet in
SU(4) (τ is an isospin matrix), is neglected because
βn/αn = O(1/N2

c ) ≃ 0.1 [21], where Nc is the num-
ber of colors. Furthermore, the matrix element of
(N†τN)2 for an isoscalar state with atomic num-
ber A is smaller than that of (N†N)2 by a factor A

[10]. Three- and higher-body operators also appear in
Eq. (4); numerical evidence from other EFT calcula-
tions indicates that these contributions are generally
much smaller than two-body ones [22].
Nuclear matrix elements of Oµ0···µn

q give the mo-
ments of the isoscalar nuclear parton distributions,
qA(x). The leading order (LO) and the next-to-leading
order (NLO) contributions to these matrix elements
are shown in Fig. 1(a) and (b), respectively. For an un-
polarised, isoscalar nucleus,

〈
xn

〉
q|A ≡ vµ0 · · ·vµn⟨A|Oµ0···µn

q |A⟩

(5)=
〈
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〉
q

[
A + ⟨A|αn

(
N†N

)2|A⟩
]
,

where we have used ⟨A|N†N |A⟩ = A. Notice that if
there were no EMC effect, the αn would vanish for
all n. Also α0 = 0 because of charge conservation. As-
ymptotic relations [23] and analysis of experimental
data [2,24] suggests that α1 ≃ 0, implying that quarks
carry very similar fractions of a nucleon’ and a nucle-
us’ momentum though no symmetry guarantees this.
From Eq. (5) we see that the ratio

(6)
⟨xn⟩q|A
A⟨xn⟩q − 1
⟨xm⟩q|A
A⟨xm⟩q − 1

= αn

αm

is independent ofAwhich has powerful consequences.
In all generality, the isoscalar nuclear quark distribu-
tion can be written as

(7)qA(x) = A
[
q(x) + g̃(x,A)

]
.

Taking moments of Eq. (7), Eq. (6) then demands that
the x dependence and A dependence of g̃ factorise,

(8)g̃(x,A) = g(x)G(A),

with

(9)G(A) = ⟨A|
(
N†N

)2|A⟩/AΛ3
0,

and g(x) satisfying

(10)αn = 1
Λ3
0⟨xn⟩q

A∫

−A

dx xng(x).

Λ0 is an arbitrary dimensionful parameter and will be
chosen as Λ0 = 1 fm−1. Crossing symmetry dictates

Fig. 1. Contributions to nuclear matrix elements. The dark square represents the various operators in Eq. (4) and the light shaded ellipse
corresponds to the nucleus, A. The dots in the lower part of the diagram indicate the spectator nucleons.
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symmetries [14–17]. The leading one- and two-body
hadronic operators in the matching are

(4)
Oµ0···µn

q =
〈
xn

〉
q
vµ0 · · ·vµnN†N

[
1+ αnN

†N
]
+ · · · ,

where vµ = ṽµ + O(1/M) is the velocity of the
nucleus. Operators involving additional derivatives
are suppressed by powers of M in the EFT power-
counting. In Eq. (4) we have only kept the SU(4) (spin
and isospin) singlet two-body operator αnv

µ0 · · ·×
vµn(N†N)2. The other independent two-body oper-
ator βnv

µ0 · · ·vµn(N†τN)2, which is non-singlet in
SU(4) (τ is an isospin matrix), is neglected because
βn/αn = O(1/N2

c ) ≃ 0.1 [21], where Nc is the num-
ber of colors. Furthermore, the matrix element of
(N†τN)2 for an isoscalar state with atomic num-
ber A is smaller than that of (N†N)2 by a factor A

[10]. Three- and higher-body operators also appear in
Eq. (4); numerical evidence from other EFT calcula-
tions indicates that these contributions are generally
much smaller than two-body ones [22].
Nuclear matrix elements of Oµ0···µn

q give the mo-
ments of the isoscalar nuclear parton distributions,
qA(x). The leading order (LO) and the next-to-leading
order (NLO) contributions to these matrix elements
are shown in Fig. 1(a) and (b), respectively. For an un-
polarised, isoscalar nucleus,

〈
xn

〉
q|A ≡ vµ0 · · ·vµn⟨A|Oµ0···µn

q |A⟩

(5)=
〈
xn

〉
q

[
A + ⟨A|αn

(
N†N

)2|A⟩
]
,

where we have used ⟨A|N†N |A⟩ = A. Notice that if
there were no EMC effect, the αn would vanish for
all n. Also α0 = 0 because of charge conservation. As-
ymptotic relations [23] and analysis of experimental
data [2,24] suggests that α1 ≃ 0, implying that quarks
carry very similar fractions of a nucleon’ and a nucle-
us’ momentum though no symmetry guarantees this.
From Eq. (5) we see that the ratio

(6)
⟨xn⟩q|A
A⟨xn⟩q − 1
⟨xm⟩q|A
A⟨xm⟩q − 1

= αn

αm

is independent ofAwhich has powerful consequences.
In all generality, the isoscalar nuclear quark distribu-
tion can be written as

(7)qA(x) = A
[
q(x) + g̃(x,A)

]
.

Taking moments of Eq. (7), Eq. (6) then demands that
the x dependence and A dependence of g̃ factorise,

(8)g̃(x,A) = g(x)G(A),

with

(9)G(A) = ⟨A|
(
N†N

)2|A⟩/AΛ3
0,

and g(x) satisfying

(10)αn = 1
Λ3
0⟨xn⟩q

A∫

−A

dx xng(x).

Λ0 is an arbitrary dimensionful parameter and will be
chosen as Λ0 = 1 fm−1. Crossing symmetry dictates

Fig. 1. Contributions to nuclear matrix elements. The dark square represents the various operators in Eq. (4) and the light shaded ellipse
corresponds to the nucleus, A. The dots in the lower part of the diagram indicate the spectator nucleons.
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EMC	slope	also	≈	factorizes	into	a2	and	x-dependence	è	explains	correlaLon	at	≈	20%!	
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symmetries [14–17]. The leading one- and two-body
hadronic operators in the matching are
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Oµ0···µn

q =
〈
xn

〉
q
vµ0 · · ·vµnN†N

[
1+ αnN

†N
]
+ · · · ,

where vµ = ṽµ + O(1/M) is the velocity of the
nucleus. Operators involving additional derivatives
are suppressed by powers of M in the EFT power-
counting. In Eq. (4) we have only kept the SU(4) (spin
and isospin) singlet two-body operator αnv

µ0 · · ·×
vµn(N†N)2. The other independent two-body oper-
ator βnv

µ0 · · ·vµn(N†τN)2, which is non-singlet in
SU(4) (τ is an isospin matrix), is neglected because
βn/αn = O(1/N2

c ) ≃ 0.1 [21], where Nc is the num-
ber of colors. Furthermore, the matrix element of
(N†τN)2 for an isoscalar state with atomic num-
ber A is smaller than that of (N†N)2 by a factor A

[10]. Three- and higher-body operators also appear in
Eq. (4); numerical evidence from other EFT calcula-
tions indicates that these contributions are generally
much smaller than two-body ones [22].
Nuclear matrix elements of Oµ0···µn

q give the mo-
ments of the isoscalar nuclear parton distributions,
qA(x). The leading order (LO) and the next-to-leading
order (NLO) contributions to these matrix elements
are shown in Fig. 1(a) and (b), respectively. For an un-
polarised, isoscalar nucleus,
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q |A⟩
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A + ⟨A|αn

(
N†N
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,

where we have used ⟨A|N†N |A⟩ = A. Notice that if
there were no EMC effect, the αn would vanish for
all n. Also α0 = 0 because of charge conservation. As-
ymptotic relations [23] and analysis of experimental
data [2,24] suggests that α1 ≃ 0, implying that quarks
carry very similar fractions of a nucleon’ and a nucle-
us’ momentum though no symmetry guarantees this.
From Eq. (5) we see that the ratio

(6)
⟨xn⟩q|A
A⟨xn⟩q − 1
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is independent ofAwhich has powerful consequences.
In all generality, the isoscalar nuclear quark distribu-
tion can be written as

(7)qA(x) = A
[
q(x) + g̃(x,A)

]
.

Taking moments of Eq. (7), Eq. (6) then demands that
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with
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Fig. 1. Contributions to nuclear matrix elements. The dark square represents the various operators in Eq. (4) and the light shaded ellipse
corresponds to the nucleus, A. The dots in the lower part of the diagram indicate the spectator nucleons.
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We	see	a2	is	from	physics	below	scale	Λ;	can	we	calculate	it	in	low-resoluLon	nuclei?	

Azer	inverse	Mellin	transform	and	some	manipulaLons,	the	structure	funcLon	factorizes:	
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EMC	slope	also	≈	factorizes	into	a2	and	x-dependence	è	explains	correlaLon	at	≈	20%!	



IM-SRG(2)	calcula,ons	of	a2		[in	progress	by	Parzuchowski,	Bogner,	rjf]	
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	Opportuni,es	
access	heavier	nuclei	(here	up	to	A	=	40)	
access	wider	range	of	interacLons**		
(not	limited	to	local	interacLons)		

Challenges	
QMC	cleanly	extrapolates	to	r	=	0			

(vs.	implicit	smearing	due	to	truncated	HO	basis)	
impact	of	IM-SRG(2)	truncaLon	errors?	

**	here	we	use	the	semi-local	n4lo	NN	interacLon	of	Reinert,	Krebs,	and	Epelbaum	arXiv:1711.08821	
	



IR	and	UV	extrapola,ons	of	ρ2,1	

Truncated	HO	basis	==>	IR	cutoff	(box	size	LIR)	and	UV	cutoff:		

⇢2,1(LIR) = ⇢2,1(1) + a0e
�k1LIR

LIR ⇠
p

2(2n+ l)
max

+ 3 b

⇤UV ⇠
p

2(2n+ l)
max

+ 3 b�1

MoLvated	by	energy/radii	formulas	in	More	et	al.	PRC87	(2013),	but	needs	further	work	



Preliminary	results	for	a2	

Status:	Need	to	beqer	control	UV/IR	convergence	and	IM-SRG(2)	truncaLon	errors	
(and	esLmate	EFT	truncaLon	error)	before	concluding	if	a2	is	scale-independent.	

SystemaLc	Λ	dependence,	but	in	part	due	to	treatment	of	deuteron;	raLo	to	He	beqer			



Large Q2 scattering at different RG decoupling scales
Correlations in nuclear systems
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FIGURE 1. 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.

For A(e,e’p) reactions, one can determine not only the energy and moment transferred, but also the energy and

momentum of the knocked-out nucleon. The difference between the transferred and detected energy and momentum

is referred to as the missing energy, Emiss and missing momentum, pmiss, respectively. From the theoretical works on

how short-range nucleon-nucleon correlations effects the momentum distribution of nucleons in the nucleus [6], it

is clear one must probe beyond the simple particle in an average potential motion of the nucleon in the nucleus of

approximately 250 MeV/c in order to observe the effects of correlations.

With the construction of the Jefferson Lab Continuous Electron Beam Facility (CEBAF) [7], it was possible to

do high-luminosity knock-out reactions in ideal quasi-elastic kinematics into the pmiss > 250 MeV/c region. In the

early Jefferson Lab knock-out reaction proposals, such as E89-044 3He(e,e’p)pn and 3He(e,e’p)d, these kinematics

were argued as the key to cleanly observe the effects of short-range correlations. And while final results of the

experiments were clearly effected by the presence of correlations, the magnitude of the cross sections in the high

missing momentum region was dominated by final-state interaction effects [8, 9]. Equally striking was the D(e,e’p)n

data from CLAS taken at Q2 > 5 [GeV/c]2 in xB < 1 kinematics [10]. Here it was shown that meson-exchange currents,
final-state interaction, and delta-isobar configurations mask cleanly probing nucleon-nucleons even at extremely high

Q2 in xB < 1 kinematics.

NUCLEAR SCALING

With both the xB < 1 and xB = 1 kinematics practically ruled out for ever being able to cleanly probe short-range

correlations; there is only one region left to explore: xB > 1. This is a special region, since it is kinematically

forbidden for a free nucleon, and thus seems to be a natural place to observe effects of multi-nucleon interactions.

These kinematics were probed with limited statistics at SLAC [11] and the plateaus in the per nucleon ratios, r(A/d),

were claimed at to be evidence for short-range correlations [12].

In 2003, CLAS published high statics data in the same kinematic region. The results clearly showed that the plateaus

could only be seen for Q2 > 1 [GeV/c]2 and xB > 1 kinematics [13] as predicted by Frankfurt and Strikman [14]. But

plateaus alone are not evidence for correlations, just evidence that the functional form of the cross section is the same

for the two nuclei; so data was taken the xB > 2 region. By logic, if 1< xB < 2 is a region of two-nucleon correlations,

then the xB > 2 region should be dominated by three-nucleon correlations. The CLAS Q2 > 1 and xB > 2 experiment

reported observing a second scaling plateau as shown in Fig. 2 [15]. Preliminary results of Hall C high precision data

have shown roughly the same magnitude for these plateaus as CLAS and shown that there is no Q2 dependence in the

2< Q2 < 4 [GeV/c]2 range [16, 17].

Subedi et al., Science 320, 1476 (2008)

would demonstrate the presence of 3-nucleon (3N) SRC
and confirm the previous observation of NN SRC.

Note that: (i) Refs. [5,6] argue that the c.m. motion of the
NN SRC may change the value of a2 (by up to 20% for
56Fe) but not the scaling at xB < 2. For 3N SRC there are
no estimates of the effects of c.m. motion. (ii) Final state
interactions (FSI) are dominated by the interaction of the
struck nucleon with the other nucleons in the SRC [7,8].
Hence the FSI can modify !j, while such modification of
aj!A" are small since the pp, pn, and nn cross sections at
Q2 > 1 GeV2 are similar in magnitudes.

In our previous work [6] we showed that the ratios
R!A; 3He" # 3!A!Q2;xB"

A!3He!Q2;xB" scale for 1:5< xB < 2 and 1:4<

Q2 < 2:6 GeV2, confirming findings in Ref. [7]. Here we
repeat our previous measurement with higher statistics
which allows us to estimate the absolute per-nucleon prob-
abilities of NN SRC.

We also search for the even more elusive 3N SRC,
correlations which originate from both short-range NN
interactions and three-nucleon forces, using the ratio
R!A; 3He" at 2< xB $ 3.

Two sets of measurements were performed at the
Thomas Jefferson National Accelerator Facility in 1999
and 2002. The 1999 measurements used 4.461 GeV elec-
trons incident on liquid 3He, 4He and solid 12C targets. The
2002 measurements used 4.471 GeVelectrons incident on a
solid 56Fe target and 4.703 GeV electrons incident on a
liquid 3He target.

Scattered electrons were detected in the CLAS spec-
trometer [9]. The lead-scintillator electromagnetic calo-
rimeter provided the electron trigger and was used to
identify electrons in the analysis. Vertex cuts were used
to eliminate the target walls. The estimated remaining
contribution from the two Al 15 "m target cell windows
is less than 0.1%. Software fiducial cuts were used to
exclude regions of nonuniform detector response. Kine-
matic corrections were applied to compensate for drift
chamber misalignments and magnetic field uncertainties.

We used the GEANT-based CLAS simulation, GSIM, to
determine the electron acceptance correction factors, tak-
ing into account ‘‘bad’’ or ‘‘dead’’ hardware channels in
various components of CLAS. The measured acceptance-
corrected, normalized inclusive electron yields on 3He,
4He, 12C, and 56Fe at 1< xB < 2 agree with Sargsian’s
radiated cross sections [10] that were tuned on SLAC data
[11] and describe reasonably well the Jefferson Lab Hall C
[12] data.

We constructed the ratios of inclusive cross sections as a
function of Q2 and xB, with corrections for the CLAS
acceptance and for the elementary electron-nucleon cross
sections:

r!A; 3He" # A!2!ep % !en"
3!Z!ep % N!en"

3Y!A"
AY!3He"R

A
rad; (2)

where Z and N are the number of protons and neutrons in
nucleus A, !eN is the electron-nucleon cross section, Y is
the normalized yield in a given (Q2; xB) bin, and RA

rad is the
ratio of the radiative correction factors for 3He and nucleus
A [see Ref. [8] ]. In our Q2 range, the elementary cross
section correction factor A!2!ep%!en"

3!Z!ep%N!en" is 1:14& 0:02 for C

and 4He and 1:18& 0:02 for 56Fe. Note that the 3He yield
in Eq. (2) is also corrected for the beam energy difference
by the difference in the Mott cross sections. The corrected
3He cross sections at the two energies agree within $ 3:5%
[8].

We calculated the radiative correction factors for the
reaction A!e; e0" at xB < 2 using Sargsian’s upgraded
code of Ref. [13] and the formalism of Mo and Tsai [14].
These factors change 10%–15% with xB for 1< xB < 2.
However, their ratios, RA

rad, for 3He to the other nuclei are
almost constant (within 2%–3%) for xB > 1:4. We applied
RA
rad in Eq. (2) event by event for 0:8< xB < 2. Since there

are no theoretical cross section calculations at xB > 2, we
applied the value of RA

rad averaged over 1:4< xB < 2 to the
entire 2< xB < 3 range. Since the xB dependence of RA

rad
for 4He and 12C are very small, this should not affect the
ratio r of Eq. (2). For 56Fe, due to the observed small slope
of RA

rad with xB, r!A; 3He" can increase up to 4% at xB #
2:55. This was included in the systematic errors.

Figure 1 shows the resulting ratios integrated over 1:4<
Q2 < 2:6 GeV2. These cross section ratios (a) scale ini-
tially for 1:5< xB < 2, which indicates that NN SRCs
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FIG. 1. Weighted cross section ratios [see Eq. (2)] of (a) 4He,
(b) 12C, and (c) 56Fe to 3He as a function of xB for Q2 >
1:4 GeV2. The horizontal dashed lines indicate the NN (1:5<
xB < 2) and 3N (xB > 2:25) scaling regions.
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SRC explanation relies on high-momentum nucleons in structure



Large Q2 scattering at different RG decoupling scalesCorrelations in nuclear systems
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FIGURE 1. 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.

For A(e,e’p) reactions, one can determine not only the energy and moment transferred, but also the energy and

momentum of the knocked-out nucleon. The difference between the transferred and detected energy and momentum

is referred to as the missing energy, Emiss and missing momentum, pmiss, respectively. From the theoretical works on

how short-range nucleon-nucleon correlations effects the momentum distribution of nucleons in the nucleus [6], it

is clear one must probe beyond the simple particle in an average potential motion of the nucleon in the nucleus of

approximately 250 MeV/c in order to observe the effects of correlations.

With the construction of the Jefferson Lab Continuous Electron Beam Facility (CEBAF) [7], it was possible to

do high-luminosity knock-out reactions in ideal quasi-elastic kinematics into the pmiss > 250 MeV/c region. In the

early Jefferson Lab knock-out reaction proposals, such as E89-044 3He(e,e’p)pn and 3He(e,e’p)d, these kinematics

were argued as the key to cleanly observe the effects of short-range correlations. And while final results of the

experiments were clearly effected by the presence of correlations, the magnitude of the cross sections in the high

missing momentum region was dominated by final-state interaction effects [8, 9]. Equally striking was the D(e,e’p)n

data from CLAS taken at Q2 > 5 [GeV/c]2 in xB < 1 kinematics [10]. Here it was shown that meson-exchange currents,
final-state interaction, and delta-isobar configurations mask cleanly probing nucleon-nucleons even at extremely high

Q2 in xB < 1 kinematics.

NUCLEAR SCALING

With both the xB < 1 and xB = 1 kinematics practically ruled out for ever being able to cleanly probe short-range

correlations; there is only one region left to explore: xB > 1. This is a special region, since it is kinematically

forbidden for a free nucleon, and thus seems to be a natural place to observe effects of multi-nucleon interactions.

These kinematics were probed with limited statistics at SLAC [11] and the plateaus in the per nucleon ratios, r(A/d),

were claimed at to be evidence for short-range correlations [12].

In 2003, CLAS published high statics data in the same kinematic region. The results clearly showed that the plateaus

could only be seen for Q2 > 1 [GeV/c]2 and xB > 1 kinematics [13] as predicted by Frankfurt and Strikman [14]. But

plateaus alone are not evidence for correlations, just evidence that the functional form of the cross section is the same

for the two nuclei; so data was taken the xB > 2 region. By logic, if 1< xB < 2 is a region of two-nucleon correlations,

then the xB > 2 region should be dominated by three-nucleon correlations. The CLAS Q2 > 1 and xB > 2 experiment

reported observing a second scaling plateau as shown in Fig. 2 [15]. Preliminary results of Hall C high precision data

have shown roughly the same magnitude for these plateaus as CLAS and shown that there is no Q2 dependence in the

2< Q2 < 4 [GeV/c]2 range [16, 17].

Subedi et al., Science 320, 1476 (2008)

would demonstrate the presence of 3-nucleon (3N) SRC
and confirm the previous observation of NN SRC.

Note that: (i) Refs. [5,6] argue that the c.m. motion of the
NN SRC may change the value of a2 (by up to 20% for
56Fe) but not the scaling at xB < 2. For 3N SRC there are
no estimates of the effects of c.m. motion. (ii) Final state
interactions (FSI) are dominated by the interaction of the
struck nucleon with the other nucleons in the SRC [7,8].
Hence the FSI can modify !j, while such modification of
aj!A" are small since the pp, pn, and nn cross sections at
Q2 > 1 GeV2 are similar in magnitudes.

In our previous work [6] we showed that the ratios
R!A; 3He" # 3!A!Q2;xB"

A!3He!Q2;xB" scale for 1:5< xB < 2 and 1:4<

Q2 < 2:6 GeV2, confirming findings in Ref. [7]. Here we
repeat our previous measurement with higher statistics
which allows us to estimate the absolute per-nucleon prob-
abilities of NN SRC.

We also search for the even more elusive 3N SRC,
correlations which originate from both short-range NN
interactions and three-nucleon forces, using the ratio
R!A; 3He" at 2< xB $ 3.

Two sets of measurements were performed at the
Thomas Jefferson National Accelerator Facility in 1999
and 2002. The 1999 measurements used 4.461 GeV elec-
trons incident on liquid 3He, 4He and solid 12C targets. The
2002 measurements used 4.471 GeVelectrons incident on a
solid 56Fe target and 4.703 GeV electrons incident on a
liquid 3He target.

Scattered electrons were detected in the CLAS spec-
trometer [9]. The lead-scintillator electromagnetic calo-
rimeter provided the electron trigger and was used to
identify electrons in the analysis. Vertex cuts were used
to eliminate the target walls. The estimated remaining
contribution from the two Al 15 "m target cell windows
is less than 0.1%. Software fiducial cuts were used to
exclude regions of nonuniform detector response. Kine-
matic corrections were applied to compensate for drift
chamber misalignments and magnetic field uncertainties.

We used the GEANT-based CLAS simulation, GSIM, to
determine the electron acceptance correction factors, tak-
ing into account ‘‘bad’’ or ‘‘dead’’ hardware channels in
various components of CLAS. The measured acceptance-
corrected, normalized inclusive electron yields on 3He,
4He, 12C, and 56Fe at 1< xB < 2 agree with Sargsian’s
radiated cross sections [10] that were tuned on SLAC data
[11] and describe reasonably well the Jefferson Lab Hall C
[12] data.

We constructed the ratios of inclusive cross sections as a
function of Q2 and xB, with corrections for the CLAS
acceptance and for the elementary electron-nucleon cross
sections:
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where Z and N are the number of protons and neutrons in
nucleus A, !eN is the electron-nucleon cross section, Y is
the normalized yield in a given (Q2; xB) bin, and RA

rad is the
ratio of the radiative correction factors for 3He and nucleus
A [see Ref. [8] ]. In our Q2 range, the elementary cross
section correction factor A!2!ep%!en"

3!Z!ep%N!en" is 1:14& 0:02 for C

and 4He and 1:18& 0:02 for 56Fe. Note that the 3He yield
in Eq. (2) is also corrected for the beam energy difference
by the difference in the Mott cross sections. The corrected
3He cross sections at the two energies agree within $ 3:5%
[8].

We calculated the radiative correction factors for the
reaction A!e; e0" at xB < 2 using Sargsian’s upgraded
code of Ref. [13] and the formalism of Mo and Tsai [14].
These factors change 10%–15% with xB for 1< xB < 2.
However, their ratios, RA

rad, for 3He to the other nuclei are
almost constant (within 2%–3%) for xB > 1:4. We applied
RA
rad in Eq. (2) event by event for 0:8< xB < 2. Since there

are no theoretical cross section calculations at xB > 2, we
applied the value of RA

rad averaged over 1:4< xB < 2 to the
entire 2< xB < 3 range. Since the xB dependence of RA

rad
for 4He and 12C are very small, this should not affect the
ratio r of Eq. (2). For 56Fe, due to the observed small slope
of RA

rad with xB, r!A; 3He" can increase up to 4% at xB #
2:55. This was included in the systematic errors.

Figure 1 shows the resulting ratios integrated over 1:4<
Q2 < 2:6 GeV2. These cross section ratios (a) scale ini-
tially for 1:5< xB < 2, which indicates that NN SRCs
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FIG. 1. Weighted cross section ratios [see Eq. (2)] of (a) 4He,
(b) 12C, and (c) 56Fe to 3He as a function of xB for Q2 >
1:4 GeV2. The horizontal dashed lines indicate the NN (1:5<
xB < 2) and 3N (xB > 2:25) scaling regions.
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RG evolution changes physics interpretation but not cross section!



Low k High-k Probing Extras Physics Scale Factor

Now repeat with a unitary transformation bU
The cross section is guaranteed to be the same from bU† bU = 1

d� ⇠
X

�(! + Ei � Ef )|h f |b⇢(q)| ii|2

=
X

�(! + Ei � Ef )|h f |(bU† bU)b⇢(q)(bU† bU)| ii|2

=
X

�(! + Ei � Ef )|(h f |bU†)(bUb⇢(q)bU†)(bU| ii)|2

but the pieces are different now.

Schematically, the SRG has bU = 1 + 1
2 (U � 1)a†a†aa + · · ·

U is found by solving for the unitary transformation in the A = 2
system (this is the easy part!)
The · · · ’s represent higher-body operators
One-body operators (/ a†a) gain many-body pieces
(EFT: there are always many-body pieces at some level!)
Both initial and final states are modified (and therefore FSI)

Dick Furnstahl Hi Res/Lo Res

SRG	changes	resolu,on	with	unitary	transforma,ons	
[Note:	the	following	discussion	is	more	general	than	the	SRG.]	



U-factorization with SRG [Anderson et al., arXiv:1008.1569]
Factorization: U�(k , q) ! K�(k)Q�(q) when k < � and q � �

Operator product expansion for nonrelativistic wf’s (see Lepage)
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Test of factorization of U:
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Nuclear scaling from RG factorization (schematic!)
RG unitary transformation with scale separation: bU ! U�(k , q)

Factorization: when k < � and q � �, U�(k , q) ! K�(k)Q�(q)

nA(q)
nd (q)

=
hA|a†

qaq|Ai
hd |a†

qaq|di
RG
=)

bU†bU=1

bU|di ! |edi , bU|Ai ! |eAi , bUa†
qaq

bU†

=) nA(q) ⇡ CAnD(q) at large q

nA(k) � CA nD(k)
[From C. Ciofi degli Atti and S. Simula]

Test case: A bosons in toy 1D model

0 2 4 6 8 10 12

10−4

10−3

10−2

10−1

100

p

N
(p

) /
 A

A=2, 2−body only
A=3, 2−body only
A=4, 2−body only
A=2, PHQ 2−body only, λ=2
A=3, PHQ 2−body only, λ=2
A=4, PHQ 2−body only, λ=2

  Universal 
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dependence
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[Anderson et al., arXiv:1008.1569]
[also Bogner, Roscher, arXiv:1208.1734]
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Test	ground	for	scale	dependence:	2H(e,eʹp)n	

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

Focus	on	longitudinal	structure	funcLon	fL	

More,	Bogner,	rjf,	PRC96,	2017		

•  Use	AV18	as	“hard”	interacLon,	evolve	with	SRG	
•  Treat	non-relaLvisLcally	for	all	kinemaLcs	
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Test	ground	for	scale	dependence:	2H(e,eʹp)n	

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

Focus	on	longitudinal	structure	funcLon	fL	

Components	(deuteron	wf,	transiLon	operator,	FSI)	are	scale-dependent;	total	is	not!		

Are	some	resoluLons	“beqer”	than	others?	E.g.,	in	a	given	kinemaLcs,	can	FSI	be	
minimized	with	different	choices	of	λ??	

More,	Bogner,	rjf,	PRC96,	2017		

•  Use	AV18	as	“hard”	interacLon,	evolve	with	SRG	
•  Treat	non-relaLvisLcally	for	all	kinemaLcs	



Deuteron	wave	func,on	evolu,on	
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k	<	λ	components	invariant	<==>	RG	preserves	long-distance	physics	
	
k	>	λ	components	suppressed	<==>	short-range	correlaLons	blurred	out	
	
Folklore:	Simple	wave	funcLons	at	low	λ		<==>	more	complicated	operators?								
																																																																																				especially	for	high	q	processes?	



Final-state	wave	func,on	evolu,on	
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•  High-k	tails	suppressed	with	evoluLon	
•  For																																localized	around	outgoing	pʹ	

“local	decoupling”	Dainton	et	al.	PRC	89	(2014)		
p0 & �, � �

f (p
0; k)



Final-state	wave	func,on	evolu,on	

•  CorrelaLon	“wound”	at	small	r	smoothed	out	under	evoluLon	
•  Long-distance	tail	invariant	(phase	shizs	preserved)	
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Current	operator	evolu,on	
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λ	dependence	of	Final	State	Interac,ons	

xB=1.64,	Q2=	1.78	GeV2	

FSI	sizable	at	large	λ	
but	negligible	at	low-resoluLon!	
	
Folklore:	
		
shouldn’t	hard	processes	be	
complicated	in	low	resoluLon	
(λ	<<	q)	pictures?

Why	are	FSI	so	small	at	low	λ	?	

Look	at	kinemaLcs	relevant	to	SRC	studies	
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λ	dependence	of	Final	State	Interac,ons	
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Simple pictures at high and low resolution

Can we account for the cross section at both high and low
resolution with simple pictures?

Work in final neutron-proton rest frame at ✓ = 0�

Assume photon momentum absorbed entirely by proton

Scattering on the quasi-free ridge:

q	 d	
Before

Deuteron wave function probed at low momentum
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Simple pictures at high and low resolution

Can we account for the cross section at both high and low
resolution with simple pictures?

Work in final neutron-proton rest frame at ✓ = 0�

Assume photon momentum absorbed entirely by proton

Scattering near threshold with SRC kinematics:

q	 d	
Before

Deuteron wave function probed at low momentum



Simple pictures at high and low resolution

Can we account for the cross section at both high and low
resolution with simple pictures?

Work in final neutron-proton rest frame at ✓ = 0�

Assume photon momentum absorbed entirely by proton

Scattering near threshold with SRC kinematics:
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Deuteron wave function probed at low momentum



Simple pictures at high and low resolution

Can we account for the cross section at both high and low
resolution with simple pictures?

Work in final neutron-proton rest frame at ✓ = 0�

Assume photon momentum absorbed entirely by proton

Scattering near threshold with SRC kinematics:

q	

kn	

kp	
Before p0

i ⇡ large

kp	kn	
After p0

f ⇡ small

Deuteron wave function probed at low momentum

Cross section from short-range correlation



Simple pictures at high and low resolution

Can we account for the cross section at both high and low
resolution with simple pictures?

Work in final neutron-proton rest frame at ✓ = 0�

Assume photon momentum absorbed entirely by proton

Scattering near threshold with SRC kinematics:

q	 kp	

kn	
two-
body	

Before p0
i ⇡ low

kp	kn	
After p0

f ⇡ small

Deuteron wave function probed at low momentum

Cross section from low momentum!



Scale	(λ)	dependence	of	interpreta,ons	
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•  Analysis/interpretaLon	of	a	reacLon	involves	understanding	which	
part(s)	of	the	wave	funcLons	are	probed	(highly	scale	dependent!)	

•  E.g.,	sensiLvity	to	D-state	w.f.	in	large	q2	processes	



Summary:	The	OPE-RG-EFT	perspec,ve		
	

•  Is	consistent	with	the	full	range	of	controlled	many-body	calculaLons	
•  Can	connect	with	QCD	analysis	of	hard	processes	
•  Helps	idenLfy	correlaLons	(find	common	leading	operator)	
•  Allows	separaLon	of	A	dependence	and	reacLon	dependence	
•  Makes	it	possible	to	esLmate	relaLve	contribuLons	of	operators	
•  Allows	for	systemaLc	correcLons	and	uncertainty	quanLficaLon	
•  Highlights	scale	and	scheme	dependence	of	quanLLes	like	the	tail	of	
the	momentum	distribuLon	and	of	physics	interpreta1ons	
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SRG evolution of AV18 potential dHs/ds = [[Gs, Hs], Hs], Gs = T
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Kinema,c	variables	transforma,on	
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In the rest frame of outgoing nucleons, E0
is their energy

and qc.m. is the three-momentum transfer by the virtual photon.



Preview:	SRCs	and	the	EMC	effect	in	EFT	Scaling and EMC correlation via low resolution

SRG factorization, e.g.,
U�(k , q) ! K�(k)Q�(q)
when k < � and q � �

Dependence on high-q
independent of A
=) universal [cf. Neff et al.]

A dependence from
low-momentum matrix
elements =) calculate!

EMC from EFT using OPE:

Isolate A dependence, which
factorizes from x
EMC A dependence from
long-distance matrix elements

Short Range Correlations and the EMC e�ect

Deep inelastic scattering ratio at
Q2 � 2GeV2 and 0.35  xB  0.7
and inelastic scattering at
Q2 � 1.4GeV2 and 1.5  xB  2.0

Strong linear correlation between
slope of ratio of DIS cross sections
(nucleus A vs. deuterium) and
nuclear scaling ratio

SRG Factorization at leading order:
! Dependence on high-q

is independent of A
! A-dependence from low

momentum matrix element
independent of operator

L.B. Weinstein, et al., Phys. Rev. Lett. 106, 052301 (2011)

Why should A-dependence of nuclear scaling a2 and the EMC e�ect be
the same?

Overview Operators Factorization Conclusions Principles Applications

If the same leading operators dominate, then does linear A
dependence of ratios follow immediately?
Need to do quantitative calculations to explore!

Chen	et	al.,	Phys.	Rev.	Leq.	119	(2017)		
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Recent	explosion	of	chiral	EFT	interac,ons	

InteracLons	from	2003-4:	EM(500,	600	MeV)	or	family	of	EGM	potenLals;	
used	similar	non-local	regulators	and	similar	fits	to	NN,	3N	

New	genera,on	NN+3N	interac,ons	[references	at	end]	
•  Non-local:	updated	EMN	and	new	soz;	Ekstrom	et	al.	sim,	sat,	and	with	Δs	
•  Local	(for	QMC):	Gezerlis	et	al.	nucleons	only;	Piarulli	et	al.	with	Δs	
•  Semi-local:	Bochum-Julich	group,	SCS	(x-space)	and	SMS	(p-space)	

Issues:	power	counLng,	regulator	arLfacts,	EFT	convergence,	fi�ng	protocols,	
fine-tuning,	over/under-fi�ng,	parameter	redundancies,	how	to	do	UQ?	

Parameter	es,ma,on	issues	repeat		with	LECs	for	currents	and	for	other	EFTs	


