
Seeing nuclear pions at the EIC?
 G. A. Miller, UW Seattle 

•  One Pion Exchange Potential (OPEP) in the deuteron-   binds 
deuteron

• Relation to deuteron dominance of short ranged correlations

• One Pion Exchange Potential (OPEP) in infinite nuclear matter- binds 
nuclei

•  Diffractive knock out of pion component of the deuteron 

• Explicit presence of pion content of Deuteron could be verified 

σ(eD → e′�ppπ−)

1 /9

Measure all final particles -tag  pp move slowly wrt D 



Deuteron and OPEP

DEUTERON DENSITY CONTOURS 
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FIG. 3.3. The characteristic behaviour of s- and d-wave functions u(r) and w(r) 
in the deuteron obtained with a modern NN potential (Lacombe et al. 1980). 
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where  w(r)/r is the radial d-wave function normalized such that 

dr[u 2  + w 21 = 1. Characteristic shapes of deuteron radial wave func- 
tions are shown in Fig. 3.3. The density distribution corresponding to 
these wave functions is given in Fig. 3.4. The deuteron has a form 
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FIG. 3.4. Density contours for a deuteron with spin aligned along the z-axis using 
the wave functions of Fig. 3.3. (T. E. O. Ericson and M. Rosa-Clot, private 

communication.) 
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DEUTERON PROPERTIES AND OPE  53 

FIG. 3.6. The deuteron wave functions  u(r) and q/(r) from a modern NN 
potential (the Paris potential) compared to the wave functions generated by OPE 
as described in the text. The wave functions are normalized so that Ci(r) —* e' 

for r —> 00. (From Ericson and Rosa-Clot 1985.) 

with far more sophisticated approaches (see Fig. 3.6). The d-wave 
function is also described in qualitative agreement with such approaches 
although it is too large inside of 1.5 fm. This reflects the fact the OPE 
tensor force is too strong at short distances. The same conclusion is 
drawn from a comparison with the empirical deuteron wave function in 
Fig. 3.6. In the short-range region r :5-0.5 fm, both the s- and d-wave 
functions are model-dependent but small. Note that the procedure just 
described is valid even in the presence of the singular 7.-3  interaction. 

Let us now assume that the OPE wave functions obtained in the 
procedure above describe the real deuteron. It is then straightforward to 
determine the deuteron effective range parameter p defined as 

p = 2f dr[e -2ar - it-2(r) _ IT,2(r)],  (3.38) 
o 

where û(r)  and li)(r) are defined in eqns (3.31) and (3.32). From the 
normalization of the wave function it follows that the asymptotic s-state 
normalization constant is 

ar 
feq = 

1 — œp
.  (3.39) 

With the coupling constant f 2/4.7 = 0.078 one finds the OPE effective 

CC 

OPEP explains deuteron wave function for distances down to about 0.5 
fm
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OPEP and High Momentum Tail
−(B + H0) |ΨS > = VT |ΨD >
−(B + H0) |ΨD > = VT |ΨS >

VT |ΨD > = VT
1

−B − H0
VT |ΨS >

Effective S-State potential VSS

Integral diverges linearly without cutoff so VSS
Approximately constant in momentum space 

 momentum-space wave function ~1/k2

Density falls ~1/k4, gives reasonable D-state probability
Details in App. A of Hen, Miller et al RMP 89, 045002 (2017)

Iterated OPEP gets 9 from isospin

• Chiral dynamics of Kaiser Fritsch Weise nucl-th/0105057,   
uses iterated OPEP to bind nuclear matter
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Chiral dynamics Kaiser et al

medium insertion at each nucleon propagator. In that case the two loop-integrations convert into
integrals over Fermi spheres of radius kf . After taking the Dirac-trace of the product of (p/+M)-
factors and pseudovector πN -interaction vertices one performs a (non-relativistic) 1/M-expansion
of the complete integrand. In this form all integrals can be solved analytically and the result for
the 1π-exchange Fock-diagram reads,

Ē1(kf) =
3g2Am

3
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, (6)

Here, we have introduced the abbreviation u = kf/mπ. The terms proportional to u3 and
u5m2

π/M
2 in eq.(6) correspond to the (repulsive) zero-range contact interaction produced by

any pseudoscalar meson exchange. The 1/M-expansion is again converging rapidly. For example,
at kf = 270MeV the 1/M2-correction (second line in eq.(6)) is only −5.2% of the leading order
term (first line in eq.(6)). Note also, the Taylor-series expansion of Ē1(kf) in eq.(6) converges
only for kf ≤ mπ/2. This would correspond to tiny densities of ρ ≤ 0.0027 fm−3.

2.3 Iterated one-pion exchange

Fig.3: Iterated one-pion exchange Hartree and Fock-diagrams. The combinatoric factor of these
diagrams is 1/4.

Next, we consider the three-loop diagrams shown in Fig. 3. With two medium insertions on
neighboring nucleon propagators they contribute, via mass and coupling constant renormalization,
to the one-pion exchange Fock-diagram. These effects are automatically taken care of in eq.(6)
by using the physical input parameters. Considering two medium insertions on non-neighboring
nucleon propagators we encounter the planar box graph [7]. In a non-relativistic 1/M-expansion
the first contribution from the planar box graph is the iterated 1π-exchange which is enhanced
by the large scale factor M . In case of the left diagram in Fig. 3 (Hartree-diagram) the inner loop
integral becomes equal to the iterated 1π-exchange amplitude in forward direction. Using the
analytical results given in section 4.3 of ref.[7], we can even perform the remaining integral over
the two Fermi spheres of radius kf . Altogether, we find for the Hartree-diagram in Fig. 3 with
two medium insertions,

Ē2(kf) =
3g4AMm4

π

5(8π)3f 4
π
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. (7)

Note that this expression does not include the contribution of a linear divergence
∫

∞

0 dl 1 of
the momentum space loop integral occurring in the Hartree-diagram. In dimensional regu-
larization such a linear divergence is set to zero, whereas in cut-off regularization it equals

6

Its decomposition into contributions from the kinetic energy and the three classes of diagrams is
Ē0 = (23.40 + 18.24 − 68.35 + 11.45)MeV. On the other hand, when ordering in chiral powers
O(kν

f ), (ν = 2, 3, 4, 5) one finds Ē0 = (23.75−154.54+124.61−9.08)MeV. The individual entries
follow closely the pattern prescribed by the parametrization eq.(1) with a balance between large
third and fourth order terms. If the behavior of the last two entries is representative the chiral
expansion of Ē0 appears to converge.
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Fig. 5: Energy per particle of isospin symmetric nuclear matter derived from chiral one-and two-
pion exchange (solid line). The value of the cut-off scale is Λ = 646MeV. The dashed line
corresponds to the result of ref.[15].

In Fig. 5 we show the resulting nuclear equation of state for densities up to ρ = 0.5 fm−3 (i.e.
about 3ρ0). The nuclear compressibility K related to the curvature of the saturation curve at
its minimum comes out as K = 255MeV, in very good agreement with the nowadays accepted
empirical value K = (250± 25)MeV [13, 14] (for the definition of K, see eq.(2)).

Fig. 6 shows by the solid line the dependence of the saturation point (ρ0, Ē0) on the cut-off Λ
which has been varied in the range 0.6GeV < Λ < 0.7GeV. The inserted rectangle corresponds
to the empirical saturation “point” Ē0 = (−16 ± 1)MeV and kf0 = (1.35 ± 0.05) fm−1 quoted
in ref.[4]. The variation of the saturation point (ρ0, Ē0) in Fig. 6 is somewhat reminiscent of
the familiar Coester-line; of course, the physics behind it is quite different here. It is gratifying
that our line meets the empirical saturation “point”. The dashed line in Fig. 6, which gives the
calculated saturation point in the chiral limit, mπ = 0 (keeping gA,M, fπ fixed), is also interesting.
It suggests that in QCD explicit chiral symmetry breaking is not a crucial condition for nuclear
binding. Note however that for fixed Λ, taking the chiral limit mπ = 0, increases the binding
energy Ē0 as well as the equilibrium density ρ0 considerably.
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Chiral expansion in powers of Fermi momentum:

E/A =

3
10

k2
F
M � ↵ k3

F
M2 + � k4

F
M3

E↵ects: kinetic energy, Iterated One Pion Exchange,
Irreducible two pion exchange, uses cuto↵ regularization ⇤ = 650 MeV

Chiral limit used to analytically demonstrate feasibility

N=Z infinite nuclear matter:

binding energy, density, compressibility ⇡ agrees with measurements
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Also get symmetry energy

Attraction



Iterated OPEP
• Binds deuteron

• Binds nuclear matter

• Gives high momentum tail

• Pions are flying around the nucleus

• There must be some probability to catch the one pion +A 
nucleon component of the nuclear Fock-space wave 
function

• How to observe?
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Diffractive break up of one-pion 
component of the deuteron wave function

ΨD

?

1

e

e'

π, p1, p2

π, p1, p2 Light-front Fock Space
Wave function

each  on the mass shell

Competing processes ?
6 /9



Diffractive knockout of pion vs pion 
production by photon

?

1

?

1

π π

vs

p
ν + k2

π + m2
π) = Eπ(final) ν + M = Eπ(final) + Ep(final)

Take difference, left minus right

M − k2
π + m2

π ? = ? Ep(final)
Equality is not possible-pion energies of mechanisms differ  

Lab frame



Invariant Cross section E′�
dσπ,p,p

d3l′ � ∝ α2s
Q6 F2

π(Q2)fπ(y)

E′�, l′�are lepton coordinates Fπ(Q2) pion elastic charge form factor
fπ(y) fraction of deuteron momentum carried by π−

E′�
dσπ,p,p

d3l′ �
(GeV−4)
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fπ(y) ∫ dy fπ(y) = 0.09



Summary
• Pions (Iterated OPEP)  bind the deuteron

• Iterated OPEP gives high momentum tail of nuclear wave function

• Pions  (Iterated OPEP) bind the nucleus

• Pions give give high momentum tail

• Diffractive production of pions through

• kinematically distinct from production from nucleon? 

• production cross section of order 10-3 GeV-4

⇡�pp component
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