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Experiments measure configurations in which two  bound nucleons have high relative 
momenta 

extract information on the SRC-pair isospin structure and pc.m.
distribution, as well as their A and momentum dependence.
This additional information, however, comes at the price of

increased sensitivity to FSI. FSI can be generally split into two
main contributions: rescattering between the nucleons of the
pair, and rescattering between the nucleons of the pair and the
residual A − 2 system. Rescattering between the nucleons of
the pair will alter the measured relative momentum but leave
pc.m. unchanged. Rescattering between the nucleons of the
pair and the residual A − 2 system will change the momentum
of the outgoing nucleons and “attenuate” them. The attenu-
ation of the nucleons as they traverse the nucleus is usually
referred to as the “nuclear transparency” and limits the spatial
region probed in the experiment to the outer part of the
nucleus. It can be calculated in the Glauber approximation (for
large enough nucleon momentum). The momentum changes
also affect the measured kinematical distributions. Here the
use of high-momentum transfer, as required for hard reactions,
also allows using the Glauber approximation to calculate the
effects of FSI and to select kinematics to minimize their
effects, in either the measured cross sections or the kinemati-
cal distributions.
Specifically, at Q2 ≥ 1.5–2 ðGeV=cÞ2 and xB ≥ 1 (or pro-

ton scattering experiments at jtj; juj; jsj ≥ 2 GeV=c2) Glauber
calculations show that the outgoing nucleons predominantly
rescatter from each other and not from the residual A − 2
system (Frankfurt and Strikman, 1981, 1988; Frankfurt et al.,
1993; Ciofi degli Atti and Simula, 1996; Arrington,
Higinbotham et al., 2012). This implies that certain quantities
such as the total pair momentum pc.m. and pair isospin
structure are insensitive to rescattering while other quantities
like the pair relative momentum prel are very sensitive to
rescattering and thus cannot be reliably extracted from the
experimental data; see Frankfurt, Sargsian, and Strikman
(1997) and Shneor et al. (2007) for details. The contributions
of MEC and IC are also minimized at high Q2 and xB ≥ 1.
The first exclusive hard two-nucleon knockout experi-

ments, measuring the 12Cðp; 2pnÞ and 12Cðe; e0pNÞ reactions,
were done at BNL and JLab, respectively (Tang et al., 2003;
Piasetzky et al., 2006; Shneor et al., 2007; Subedi et al.,
2008). These experiments scattered 5–9 GeV=c protons
(BNL) and electrons (JLab) off high initial momentum
(300 ≤ pi ≤ 600 MeV=c) protons in 12C and looked for a
correlated recoil nucleon emitted in the direction of the
missing momentum. The JLab experiment measured both
proton and neutron recoils, whereas the BNL experiment
measured only recoiling neutrons. Both experiments mea-
sured at large-momentum transfer [Q2 ≈ 2 ðGeV=cÞ2], which
suppressed competing reaction mechanisms and largely con-
fined FSI to be between the nucleons of the pair.
The main results of the 12C measurements are shown in

Figs. 6, 7, and 8. Figures 6 and 7 show the angular correlation
between the momentum vector of the recoil nucleons and the
reconstructed initial momentum of the knocked-out proton.
For the BNL data, the angle is shown as a function of the
recoil neutron momentum. Two distinct regions are visible:
below the Fermi momentum where no angular correlation is
observed, and above the Fermi momentum where a clear back-
to-back correlation is seen. The width of the recoil nucleon

opening angle distribution allowed extracting the pair c.m.
motion; this motion can be described by a Gaussian distri-
bution in each direction, with σ ¼ 143$ 17 (BNL) and σ ¼
136$ 20 (JLab). These values are also in overall agreement

FIG. 6. Distributions of the relative angle (γ) between the
reconstructed initial momentum of the knockout proton and the
recoil neutron. Results for 12Cðp; 2pnÞ events fromBNL, shown as
a function of themomentum of the recoil neutron (a) and for events
with recoiling neutron momentum greater than (b) and less than
(c) kF ¼ 225MeV=c. Note the transition from an isotropic dis-
tribution to a correlated one at about kF ¼ 225 MeV=c. Adapted
from Tang et al., 2003 and Piasetzky et al., 2006.

FIG. 7. Distributions of the relative angle (γ) between the
reconstructed initial momentum of the knockout proton and
the recoil nucleon. Results for 12Cðe; e0ppÞ events from JLab at
kinematics corresponding to scattering off ∼500 MeV=c initial
momentum protons. From Shneor et al., 2007.

Hen et al.: Nucleon-nucleon correlations, short-lived …
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Low relative momenta

High relative momenta

(e,e’p,n) Associate high relative momenta with  short relative distances

Triple coincidence

(p,ppn)

15-20 % of nucleon in a short-ranged correlated pair



Small relative distances- short ranged correlations
• Why ask? Wave functions can’t be measured,  src are part of wave function

 


• Furnstahl & Schwenk J. Phys. G37,064004(2010) -“systematic framework needed to 
address questions such as whether short-range correlations are important for nuclear 
structure”

• Examples:   momentum-space wave functions are closely connected to cross sections: 
photoabsoprtion cross section on hydrogen proportional to square of wave function 
-Sakurai QM text. Modern version: Angle resolved photoemission spectroscopy, gives 
electron wave functions in solids RMP75,473.

 Wave functions can be determined.

Perhaps the only difference between atomic physics and nuclear physics is 


that the interaction is known in the former case.


 

My opinion- SRC can be measured


+ they are important in certain processes


Why?-remainder of this talk
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SRC- can be measured? Why & when important?

G A Miller, PRC 102,055206 (2020) 

2008.06524 [nucl-th]


•

https://arxiv.org/abs/2008.06524


Modern EFT vs nuclear physics
• If there are parameters that are very large or very small, get simpler approximate 

description by setting large parameters to  and small parameter to 0

• Finite effects of large parameters included in pert. Theory. Example: low-energy weak 
interaction: W&Z exchange is contact interaction 

•  EFT uses scale separation- must be large for EFT to work

• Nuclear physics scales: nuclear radius , average separation distance 
between nucleons ,  

• Nuclear scales are about the same-no scale separation

• We must treat all scales
Next step - quick review of nucleon-nucleon scattering 


Basic features hit you in the face

∞

RA ∼ 5 fm
d ≈ 1.7 fm ∼ 1/mπ ≈ 1.4 fm rN nucleon radius = 0.84fm
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np scattering
Symmetry about 90   
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Forward scattering looks 

like backward scattering

One pion exchange (OPE)

OPE  has short-distance effects 
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pp scattering at high energy- strong repulsive core
Symmetric about 90 deg-(identity of particles) & 

flat except for forward peak due to Coulomb

Isotropy due to only s-wave scattering ruled out, high energy

Interference between S&D +D^2 gives flatness IF  


Potential is hard repulsive core  at short distance & 

long range attraction. As energy increases  


sign of s-wave changes from + to -. 


Jastrow PR 81, 165(1951)

Scattering Theory 2 (last revised: September 28, 2014) 5–4

phase shifts from a local potential, we can use the Variable Phase Approach (VPA) to analyze what
happens. As we integrate from 0 to 1, every part of the potential contributes, but the weighting of
each region depends on the asymptotic momentum/energy. The consequence (see exercises) is that
a local potential that is attractive in the medium- and long-range must have a strong short-range
repulsion for the phase shift to change sign at higher energy. On the other hand, this potential is
not unique. We can make a unitary transformation to a potential that predicts the same phase
shifts but which does not have a short-range repulsion. In this case, the potential is non-local and
therefore velocity dependent, which means it can be attractive at low momentum and repulsive at
high momentum. We’ll come back to this later when we examine renormalization group methods.

Side note: the large scattering length in both spin channels leads to an approximate low-energy
symmetry:

SU(2)isospin ⌦ SU(2)spin = SU(4) , (7)

which is called the Wigner symmetry. The spin-orbit force breaks the symmetry between spin-up
and spin-down, which breaks the Wigner symmetry in nuclei. We’ll see later how this symmetry is
manifested in the pionless e↵ective field theory for nuclei.

Figure 2: Selected phase shifts. From arXiv:1110.5116.

In Fig. 2, a selection of phase shifts are plotted as a function of laboratory energy until well above
the pion production threshold. Above this threshold, there is no longer only elastic scattering, so the
real phase shift does not tell the entire story. However, below this threshold we can deduce various
properties of the NN potential (or see how given properties manifest themselves in the phase shifts).
If we compare the 1S0, 1D2, and 1G4 phase shifts, we see the impact of the centrifugal barrier. In
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Very different than np

Isospin invariance  of potential is maintained



Nucleus has high momentum neutrons
1

Relating high momentum and short-distance features.

Bethe (PhysRev.103.1353) “Indeed, it is well established that the forces between two nucleons are of short

range, and of very great strength” and “there are strong arguments to show that the two-body forces continue

to exist inside a complex nucleus ”.

Brueckner, Eden, & Francis, (PhysRev.98.1445) argued that nuclear wave function contains nucleons with

a significant probability to have high momentum: The (p, d) pick up reaction with 95 MeV protons. The

neutron in the nucleus must have high momentum comparable to that of the proton, about 420 MeV/c, so

that combination with the incident proton allows the deuteron to emerge from the nucleus. The only way a

bound neutron could acquire such momentum is via interactions with another nearby nucleon.

Bethe continued “All these processes show that the ’potential’ is fluctuating violently from point to point in

the nucleus, which is compatible with the assumption that two-body forces continue to act inside the nucleus

without much modificcation.” The idea of two strongly interacting nucleons, acting independently of the other

nucleons (the independent pair approximation (IPA)) is the basis of Bruckner theory (PhysRev.97.1353) which

provided a fundamental explanation of how the shell model of nuclei arises from fundamental interactions of

nucleons.

Modern implementation IPA: generalized contact formalism (GCF) (Cruz-Torres:2019fum.) Strong interaction

of closely separated nucleons, weaker interaction with the remaining A�2 system ! factorized approximation

for (small-r), (large-k) components of the nuclear wave function. (Weiss:2016obx)

⇢NN,↵
A (r) = CNN,↵

A ⇥ |'↵
NN (r)|2,

nNN,↵
A (k) = CNN,↵

A ⇥ |'↵
NN (k)|2

Equivalence between short distance and high momentum: same contact terms
CNN,↵

A for both densities, established by extracting the contacts separately
from the coordinate- and momentum-space nuclear wave functions.

If p has high momentum, n in nucleus must have high momentum to

make high-momentum deuteron

6 /14



Summary of NN scattering
• OPE Tensor force  very important for deuteron and 

np scattering

• pp scattering can be described by semi-hard core 
plus longer-ranged attractive  force

• Implication- pair-wise forces bind nuclei - must be 
nucleon-nucleon correlations- nucleons do not 
move independently in the nucleus

7



This means that studying the high relative momentum between two nucleons in nuclei is to 
study their short distance wave function

Scale 2 range of  NN force 

Short range forces yield power-law falloff  (slow fall) in momentum space

Must have significant high momentum  content

8 /14

ψ̃(k) = −
M
k3 ∫ dr sin(kr)V(r)u(r)

Lippmann-Schwinger eq. S-wave scattering at 0 energy

Asymptotic series :   Integrate by parts again and again  sin(kr) = −
1
k

d
dr

cos(kr) .

ψ̃(k) =
M
k4

V(0)u(0) +
M
k6

(Vu)′ ′ (0) +
M
k8

(Vu)′ ′ ′ ′ (0) + ⋯

Next- three examples of short distance physics 



EMC  effect -deep inelastic 
scattering from nuclei
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Larry Weinstien 

Quark structure of nucleon is modified in nucleus

Original expectation

x

2
A

σA

σD

Effect is small,  for x between 0.3 and 0.7 linear decrease with x
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Quarks have a presence in nuclei

Quarks in protons influenced by


Interactions with surrounding nucleons

The EMC effect is  10 % on a small probability part of the wave function, but it IS there
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Recent experiments and many-body calculations indicate that approximately 20% of the nucleons in 
medium and heavy nuclei (A ≥ 12) are part of short-range correlated (SRC) primarily neutron-proton 
(np) pairs. We find that using chiral dynamics to account for the formation of np pairs due to the effects 
of iterated and irreducible two-pion exchange leads to values consistent with the 20% level. We further 
apply chiral dynamics to study how these correlations influence the calculations of nuclear charge radii, 
that traditionally truncate their effect, to find that they are capable of introducing non-negligible effects.
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1. Introduction

Electric charge distributions are a fundamental measure of the 
arrangement of protons in nuclei [1]. The variation of charge dis-
tributions of elements along isotopic chains is of particular interest 
due to its sensitivity to both single particle shell closure and bind-
ing effects, as well as properties of the nucleon-nucleon (N N) in-
teraction. In addition, differences between the neutron and proton 
matter radii in neutron rich nuclei are extensively used to con-
strain the nuclear symmetry energy and its slope around satura-
tion density, and thus have significant implications for calculations 
of various neutron star properties, including their equation of state 
[2–4].

Modern charge radius calculations go far beyond the single par-
ticle approximation. Ab initio many-body calculations can be done 
using various techniques [5–7], but are generally very calculation-
ally demanding, especially for medium and heavy nuclei. The re-
cent development of chiral effective field theory (EFT) inspired soft 
interactions that offer systematic evaluation of the accuracy of the 
calculation, and methods using similarity renormalization group 
(SRG) evolution techniques to reduce the size of the model space 
are especially useful as they significantly simplify calculations of 
energy levels. While generally successful, these calculations obtain 

* Corresponding author.
E-mail address: miller@uw.edu (G.A. Miller).

1 On sabbatical leave from Nuclear Research Centre Negev, Beer-Sheva, Israel.

a systematic underestimate of nuclear charge radii and their vari-
ation along isotopic chains [8–10]. This is a known, but not yet 
explained feature these calculations.

However, both procedures mentioned above are often imple-
mented in a manner that truncates high momentum can reduce 
the high-momentum components of the nuclear wave function 
that could be important in computing matrix elements of ob-
servable quantities. Here we discuss the impact of neutron-proton 
Short-Range Correlations (np-SRC) [11–13] on nuclear charge radii.

Over the last decade considerable evidence has accumulated re-
garding the attractive nature of the short-ranged neutron-proton 
interaction in the spin triplet channel. Measurements of relatively 
high-momentum transfer inclusive electron-scattering eactions in-
dicate that about 20% of the nucleons in medium and heavy nuclei 
(A ≥ 12) have momentum greater than the nuclear Fermi mo-
mentum (kF ≈ 275 MeV/c) [14–18]. In the momentum range of 
300–600 MeV/c, these high-momentum nucleons were observed 
to be predominantly members of np-SRC pairs, defined by hav-
ing large relative and smaller center-of-mass momenta relative to 
kF [11,12,19–24]. This is an operational momentum-space defini-
tion of the term ‘short-range’.

Calculations indicate that the origin of these correlated np-SRC 
pairs lies in the action of a strong short-ranged tensor interac-
tion [25–27]. These experiments and interpretive calculations are 
based on the idea that at high-momentum transfers the reaction 
factorizes, allowing cancellation of reaction mechanism effects in 
cross-section ratios of different nuclei and the use of the im-

https://doi.org/10.1016/j.physletb.2019.05.010
0370-2693/ 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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Data show that about 20% of nucleons are part of short-range correlated pair

These correlations influence calculations of nuclear charge radii

Chiral dynamics  -one pion exchange potential  via work of Weise et al

P projects in  Fermi sea, Q projects above Fermi Sea- caused by OPEP & iterations
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pulse approximation (with suitable modest corrections) in other 
cases [11,28]. In effective field theory language, this corresponds 
to using a high-resolution scale in the similarity renormalization 
group SRG transformations [29].

In the case of neutron-rich nuclei, recent measurements [30] in-
dicate that, from Al to Pb, the fraction of correlated neutrons (i.e., 
the probability for a neutron to belong to an np-SRC pair) is ap-
proximately constant while that of the protons grows with nuclear 
asymmetry approximately as N/Z (where N and Z are the num-
bers of neutrons and protons respectively). This is a first indication 
of a possible significant impact of np-SRC on the proton distribu-
tions in neutron rich nuclei.

The effects of tensor-induced np-SRC pairs in nuclei were 
shown to have significant impact on issues such as the internal 
structure of bound nucleons (the EMC effect) [11,31–33], neutron-
star structure and the nuclear symmetry energy at supra-nuclear 
densities [28,34–36], the isospin dependence of nuclear correlation 
functions [37]. However, it is natural to expect that due to the ten-
sor interaction’s short-ranged nature, its impact on long range (i.e., 
low-energy) observables can be neglected.

This expectation is examined here by focusing on the partic-
ular problem highlighted in Ref. [8]: the computed difference in 
charge radii between 52Ca and 48 Ca is smaller than the measured 
value. The ab initio calculations in that work are based on sev-
eral interactions that include NNLOsat, which is fit to scattering 
data up to 35 MeV and to certain nuclear data from nuclei up 
to A = 24 [38], and the interactions SRG1 and SRG2. The latter is 
derived from the nucleon-nucleon interaction of Ref. [39] by per-
forming an evolution to lower resolution scales via the similarity 
renormalization group (SRG) [29]. Ref. [8] speculates that the rea-
son for the discrepancy between theory and experiment is a lack in 
the description of deformed intruder states associated with com-
plex configurations. The NNLOsat interaction does give the correct 
40Ca radius and includes short-range correlations for like nucleon 
pairs implicitly through its optimization procedure.

Here we study another possible reason for the discrepancy that 
stems from the use of soft interactions. We view all of the in-
teractions employed in Ref. [8] as soft interactions that reduce 
the influence of short-range correlations. We argue that including 
omitted effects of np-SRC pairs between protons and neutrons in 
the outer shells of neutron-rich nuclei may change the computed 
value of the proton MS charge radius for some neutron-rich nuclei. 
Note that the use of soft interactions, caused by using form factors 
that reduce the probability for high-momentum transfer should 
be accompanied by including modified electromagnetic currents as 
demanded by current conservation. If instead the SRG is used, it 
should be accompanied by corresponding unitary transformations 
on the operators. If these modifications to current operators are 
done completely accurate calculations may be possible.

We begin by using the simplest possible illustration of the pos-
sible impact of SRCs on computed charge radii. This is based on 
a two-state system and is intended only to explain the basic idea. 
We then use chiral dynamics to estimate the probability of short-
range correlations, and further study how these correlations may 
influence calculations of nuclear charge radii.

2. Schematic model

Consider the evaluation of an operator O in a framework in 
which SRC effects can be truncated. We examine the effect of this 
truncation on the computation of relevant matrix elements.

The consistent application [40,41] of SRG evolution in a many-
body calculation requires that the Hamiltonian, H , as well as all 
other operators, be transformed according to O → UOU †. Here 
U is a unitary operator, chosen to simplify the evaluation of en-

ergies by reducing the matrix elements of H between low- and 
high- momentum subspaces. The aim is to obtain a block-diagonal 
Hamiltonian. Such transformations have no impact on observables 
and include the effects of short-range physics. However, in the case 
of proton MS charge radius calculations, several works [8] further 
simplify the calculation by evaluating the expectation value of the 
un-transformed mean square charge radius operator on the trans-
formed wave functions.

To understand the general effect of using such un-transformed 
operators we consider a simple two-state model with two com-
ponents, |P 〉 and |Q 〉, respectively representing low-lying shell 
model states and high-lying states within the model space. The 
Q -space is intended to represent the states that enter into the 
many-body wave function due to the short-range correlations. Thus 
the Q -space dominates the high-momentum part of the ground 
state one-body density [42].

Since we are concerned with nuclear charge radii, the sim-
ple model must be further defined by the matrix elements of 
the charge radius squared operator, R2. This operator is of long 
range and is not expected to allow much connection between the 
P and Q spaces. Therefore, this model is defined by the simple 
statement: 〈P |R2|Q 〉 = 0. The motivation for this statement comes 
from the single-particle harmonic oscillator model: the action of 
the square of the radius changes the principal quantum number 
by at most one unit. One may arrange model spaces satisfying 
this condition by using superpositions of harmonic oscillator wave 
functions. A consequence of this is that 〈Q |R2|Q 〉 − 〈P |R2|P 〉 > 0.

The Hamiltonian for a two-state system is given by

H =
[−ε V

V ε

]
(1)

where 2ε is the energy splitting between |P 〉 and |Q 〉 and V is 
the short-distance coupling between them. The exact ground state 
|G S〉 can be computed and the occupation probability of the Q
space is given by PQ ≡ V 2/[(ε + ")2 + V 2], with " ≡

√
ε2 + V 2. 

PQ in this model corresponds to the probability that a proton be-
longs to a short range correlated pair. The mean-square charge 
radius is then given by:

〈G S|R2|G S〉 = 〈P |R2|P 〉 + (〈Q |R2|Q 〉 − 〈P |R2|P 〉)PQ (2)

with the second term representing the influence of the high-lying 
states.

We interpret the result Eq. (2) in terms of the SRG. For a two-
state system the complete SRG transformation simply amounts 
to diagonalizing the Hamiltonian. The resulting renormalization-
group improved Hamiltonian H̃ is a diagonal matrix with elements 
given by ±". The unitary transformation sets the matrix elements 
of H̃ between the low and high momentum sub-spaces to zero. 
Applying the same unitary transformation to the operator R2, one 
would obtain the same result as Eq. (2). However, the procedure 
of Ref. [8], and others, for example, [9,10], corresponds to simply 
using

〈G S|U R2U †|G S〉 ≈ 〈G S|R2|G S〉 = 〈P |R2|P 〉, (3)

which contrasts with the complete calculation of Eq. (2). For the 
given model, (〈Q |R2|Q 〉 − 〈P |R2|P 〉) > 0, so that the omission of 
the unitary transformation on the R2 operator leads to a reduction 
in the matrix element. In realistic situations the correction term 
(〈Q |R2|Q 〉 − 〈P |R2|P 〉)PQ would be the difference between two 
large numbers, so it could be positive or negative.

The two-component model presented above shows the possible 
qualitative effect on the computed mean-square radius of trun-
cating SRCs. However, it cannot be used to make a quantitative 
prediction.

Estimates  change mean square radii of   orbitals by  about 1 fm  f − p shell 2

Important for precision measurements
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The dominant contribution to the unitarity test of the
standard model (SM) Cabibbo-Kobayashi-Maskawa (CKM)
matrix comes from the up-down quark matrix element Vud .
The value of Vud has been extracted by Hardy and Towner
(HT) [1–10] with the highest precision from 0+ → 0+ decays
from nuclei ranging from 10C to 74Rb. The remarkably consis-
tent nature of the values of Vud obtained from many different
decays has led to a very small uncertainty. Their latest paper
[10] states

Vud = 0.97373 ± 0.00031. (1)

Despite the considerable success of the HT approach, the
crucial importance of the process in testing the standard model
has long mandated that the theory behind the analysis be
continually reexamined, an especially urgent process now
because a more recent evaluation [11] of an electroweak ra-
diative correction claims a 4 standard deviation violation of
unitarity. Our focus is on the isospin-breaking correction δC .
A variation of this quantity, #δC , would cause a change in Vud
given by

#
(
V 2

ud

)

V 2
ud

≈ #δC . (2)

Consider the result δC = 0.960(63)% for the 0 f7/2 orbital of
42Ti [10]. A 20% change, for example, in that number is about
0.2% and Vud would be changed by half that, 10−3, a number
that is 3.5 times the uncertainty quoted in Eq. (1). The Particle
Data Group [12] find a similar central value of Vud , but a
smaller uncertainty of ±0.00014. In that case, the 20% change
in δC would be almost 8 times the uncertainty.

The purpose of this Letter is to argue that the influence
of short-ranged correlations between nucleons, unaccounted
for by Towner and Hardy [6] (TH), may cause changes in
the values of δC , which are large on the scale of the desired
accuracy. This means that depending on future theoretical and
experimental work, either the uncertainty in the value of Vud
is significantly larger than that of Eq. (1) or that the value is
itself changed significantly.

Superallowed β decays are generated by the isospin opera-
tor τ obeying the usual commutation relations. The theoretical
formalism of TH is based on using a weak interaction operator
different than τ, which does not obey these commutation rules
[13,14]. The operator of TH was designed to reduce the size of
the necessary small shell-model space. Corrections to the TH
formalism based on the collective isovector monopole state
were presented in [15,16]. Work on the effects of short-ranged
correlations appears in [17] that concludes, “we present a
new set of isospin-mixing corrections . . . , different from the
values of Towner and Hardy. A more advanced study of these
corrections should be performed.”

The TH restriction is motivated by a shell-model picture in
which radial excitations of energy 2h̄ω and higher above the
relevant orbitals can be neglected. This approach specifically
eliminates the influence of short-ranged nucleon-nucleon cor-
relations that involve nucleons in orbitals high above the
given shell-model space. This strong interaction effect re-
duces the probability that a decaying nucleon is in a valence
single-particle orbital and suggests that the magnitude of δC is
smaller than that of previous calculations.

An exact formalism for evaluating δC was presented in
[13,14]. The present effort presents an extension of that
formalism, focusing on the influence of short-ranged correla-
tions, now known to be important because of recent significant
experimental and theoretical work.

In the time since TH started their epic sequence of calcu-
lations, many new experimental and theoretical results have
obtained unambiguous evidence that nucleon-nucleon short-
ranged correlations do exist in an observable fashion [18–45].
The effects of short-ranged correlations between nucleons,
predicted long ago, have finally been measured and are sig-
nificant. Such correlations involve the excitations of nucleons
to intermediate states of high energy. Consequently, radial
excitations are now known to be important in nuclear physics.

Spectroscopic factors, essentially the occupation probabil-
ity of a single-particle, shell-model orbital, play an important
role in what follows. As reviewed in Ref. [21], electron scat-
tering experiments typically observe only about 60–70% of
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Δ(V2
ud)

V2
ud

≈ ΔδC

Example  in  , 20 \% change = 0.2 %,  

3.5 times  or  8 times 0.00014! 

δC = 0.960(63) % 42Ti, orbital 0f7/2 ΔVud = 0.001
±0.00031

δC matters11



What is ?δC

If nuclei are pure isospin states, matrix element is known, but they are not so correction needed

0+ → 0+ nuclear β decays generated by isospin operator

simplest example in nucleus p → n + e+ + ν

Proton feels nuclear Coulomb potential, neutron does not , wave function overlap <1

What’s the problem, why reassess?
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Overlap is 1 − Ω, δC = 2Ω
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• Greater accuracy needed now 

• Towner & Hardy did not use the isospin operator 

• They used an operator designed to fit in a small shell-model space. Their 
operator DOES NOT obey isospin commutation relation.  MS (2008,2009) 
pointed out the problem, suggested  new formalism 

• New experimental findings since 2008, find short-ranged correlations are very 
important. Backed by theory.  Refs in paper. Relevance to  decay- nucleon in 
lowest orbital only about 80-85 % probability 

• Schematic estimates: isospin correction sensitive to effects of short range correlations. 
Isospin correction may be decreased by 20% . This matters because of high 
accuracy needed for   
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The dominant contribution to the unitarity test of the
standard model (SM) Cabibbo-Kobayashi-Maskawa (CKM)
matrix comes from the up-down quark matrix element Vud .
The value of Vud has been extracted by Hardy and Towner
(HT) [1–10] with the highest precision from 0+ → 0+ decays
from nuclei ranging from 10C to 74Rb. The remarkably consis-
tent nature of the values of Vud obtained from many different
decays has led to a very small uncertainty. Their latest paper
[10] states

Vud = 0.97373 ± 0.00031. (1)

Despite the considerable success of the HT approach, the
crucial importance of the process in testing the standard model
has long mandated that the theory behind the analysis be
continually reexamined, an especially urgent process now
because a more recent evaluation [11] of an electroweak ra-
diative correction claims a 4 standard deviation violation of
unitarity. Our focus is on the isospin-breaking correction δC .
A variation of this quantity, #δC , would cause a change in Vud
given by
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Consider the result δC = 0.960(63)% for the 0 f7/2 orbital of
42Ti [10]. A 20% change, for example, in that number is about
0.2% and Vud would be changed by half that, 10−3, a number
that is 3.5 times the uncertainty quoted in Eq. (1). The Particle
Data Group [12] find a similar central value of Vud , but a
smaller uncertainty of ±0.00014. In that case, the 20% change
in δC would be almost 8 times the uncertainty.

The purpose of this Letter is to argue that the influence
of short-ranged correlations between nucleons, unaccounted
for by Towner and Hardy [6] (TH), may cause changes in
the values of δC , which are large on the scale of the desired
accuracy. This means that depending on future theoretical and
experimental work, either the uncertainty in the value of Vud
is significantly larger than that of Eq. (1) or that the value is
itself changed significantly.

Superallowed β decays are generated by the isospin opera-
tor τ obeying the usual commutation relations. The theoretical
formalism of TH is based on using a weak interaction operator
different than τ, which does not obey these commutation rules
[13,14]. The operator of TH was designed to reduce the size of
the necessary small shell-model space. Corrections to the TH
formalism based on the collective isovector monopole state
were presented in [15,16]. Work on the effects of short-ranged
correlations appears in [17] that concludes, “we present a
new set of isospin-mixing corrections . . . , different from the
values of Towner and Hardy. A more advanced study of these
corrections should be performed.”

The TH restriction is motivated by a shell-model picture in
which radial excitations of energy 2h̄ω and higher above the
relevant orbitals can be neglected. This approach specifically
eliminates the influence of short-ranged nucleon-nucleon cor-
relations that involve nucleons in orbitals high above the
given shell-model space. This strong interaction effect re-
duces the probability that a decaying nucleon is in a valence
single-particle orbital and suggests that the magnitude of δC is
smaller than that of previous calculations.

An exact formalism for evaluating δC was presented in
[13,14]. The present effort presents an extension of that
formalism, focusing on the influence of short-ranged correla-
tions, now known to be important because of recent significant
experimental and theoretical work.

In the time since TH started their epic sequence of calcu-
lations, many new experimental and theoretical results have
obtained unambiguous evidence that nucleon-nucleon short-
ranged correlations do exist in an observable fashion [18–45].
The effects of short-ranged correlations between nucleons,
predicted long ago, have finally been measured and are sig-
nificant. Such correlations involve the excitations of nucleons
to intermediate states of high energy. Consequently, radial
excitations are now known to be important in nuclear physics.

Spectroscopic factors, essentially the occupation probabil-
ity of a single-particle, shell-model orbital, play an important
role in what follows. As reviewed in Ref. [21], electron scat-
tering experiments typically observe only about 60–70% of
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What is ?δC

If nuclei are pure isospin states, matrix element is known, but they are not, so correction needed

0+ → 0+ nuclear β decays generated by isospin operator
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• High momentum transfer related to short relative distances 

• Three examples: 

• EMC effect 

• Nuclear charge radii 

• Super-allowed beta decay

Summary
High momentum transfer matters in low-energy nuclear physics
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