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Ordinary vs. halo nuclei
In nuclei, each nucleon moves in the 
potential generated by the others


The nuclear size grows as A1/3; cross sections 
like A2/3

Nuclear binding energies are on the order of 
8 MeV/nucleon

Halo nuclei: the last few nucleons “orbit” far from the nuclear “core”


Characterized by small nucleon binding energies, large radii, large 
interaction cross sections, large E1 transition strengths.

http://www.uni-mainz.de

11Be

http://www.uni-mainz.de


Halo nuclei: examples

http://nupecc.org

20C 22C

6Be

15C

http://nupecc.org


Question 1
“Orbit far from the nuclear core” sounds like it’s based on a 

classical picture. Can you come up with a definition of a 
neutron halo that’s not tied to classical concepts?

1. Halo wave function extends beyond core, and therefore 
beyond range of potential: systems in the tunneling regime


2. <rn2> is large compared to that of protons

3. Separation energy of 1n is much smaller than separation 

energy of core

4. Sort of a two-body problem 

5. The neutron wave function has significant strength at low 

momentum, which could be observed in,  e.g., QE n knockout

6. Total cross section should be additive: σT=σcore + σhalo

7. Radius exceeds standard nuclear expectation of r0A1/3


8. Weak form factor falls faster than EM form factor
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Halo EFT

Define Rhalo=<r2>1/2. Seek EFT expansion in Rcore/Rhalo. Valid for λ≲Rhalo

Typically R≡Rcore∼2 fm

By this definition the deuteron is the lightest halo nucleus, and the pionless 
EFT for few-nucleon systems is a specific case of halo EFT

11Be, 19C, and 2H: all s-wave 1n halos

22C, 11Li, 12Be, 62Ca (hypothesized), and 3H:  all s-wave 2n halos
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One-neutron halo properties



Is 22C (for example) a few-body 
system?

At first sight, absolutely not!


But S2n≤300 keV; S1n(20C)=3 MeV


Neutrons do not probe details at Rcore

Core can be treated as an effective degree of freedom provided 
we only care about low-momentum/long-distance structure of 
the halo


Solve for dynamics of a few active degrees of freedom 
interacting via effective potentials



A comparison

𝜒EFT Halo EFT

DEGREES OF 
FREEDOM

Nucleons and pions 
(sort-of in the case of π)

Core nucleus & halo 
nucleons

POTENTIALS
Pion exchanges and 
contact interactions

Vcn and Vnn: contact 
interaction

BREAK DOWN I k/mρ of order 1 kRcore of order 1

BREAK DOWN II
k/MN<1


E/(MΔ-MN)<1 E/Ec*<1



Lagrangian: shallow S-states

c, n: “core”, “neutron” fields. c: spin-0 boson, n: spin-1/2 fermion. 


d: S-wave “dimer” field


Minimal substitution generates leading EM couplings

ℒ = c† (iDt +
D2

2Mc ) c + n† (iDt +
D2

2Mn ) n

+d† [η (iDt +
D2

2Mnc ) + Δ] d − g(d†nc + n†c†d)



dnc coupling g of order Rhalo, nc loop of order 1/Rhalo. Justifies summing 
all bubbles:

Dressing the s-wave state

= +

t =
2�

mR

1
1
a0
� 1

2r0k2 + ik

Kaplan, Savage, Wise; van Kolck; 
Gegelia; Birse, Richardson, McGovern

(Cutoff Λ)Σd(p) = −
g2mR

2π
2Λ
π

+ i mR (p0 −
p2

2Mnc ) + O ( mRp0

Λ )

Construct t, renormalize, 
take Λ→∞ 

D(p) =
i

η (p0 − p2

2Mnc ) + Δ − Σd(p)



Do the matching!

ℳ(E, 0) = − g2 1

Δ + mRg2

2π ( 2Λ
π + ik)

1. Do  and t have the same sign?


2. What do you conclude about  ?

ℳ
Δ
g2

tLO =
2π
mR

1
1
a0

+ ik



Two-body t beyond LO

tERE
0 (E) = −

2π
mR

1
k cot δ(E) − ik

; k cot δ(E) = −
1
a

+
1
2

rk2 + O(k4R3)

tLO
0 =

2πa0

mR

1
1 + ia0k

Valid provided k∼1/a
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Two-body t beyond LO

Effective-range expansion, valid for kR<1

Typical situation |r|∼R. Here we assume |r|≪|a|

Expand t in r/a

LO NLO
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mR

1
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Two-body t beyond LO

Effective-range expansion, valid for kR<1

Typical situation |r|∼R. Here we assume |r|≪|a|

Expand t in r/a

LO NLO

tNLO
0 (E) =

2πa
mR

1
1 + iak

1 +
1
2

rk2

1/a + ik
+ O ( r2

a2 )

tERE
0 (E) = −

2π
mR

1
k cot δ(E) − ik

; k cot δ(E) = −
1
a

+
1
2

rk2 + O(k4R3)

First corrections are of relative order kR, R/a: “higher order”

tLO
0 =

2πa0

mR

1
1 + ia0k

Valid provided k∼1/a



Details of force not important, so use something very simple: V(r)=C0 δ(3)(r)


Coefficient C0 set by the scattering length a


Quantum corrections essential


A quantum-mechanical implementation

� ~2
2mR

r2 + V (r) (r) = E (r)

t2B
0 =

2πa
mR

1
1 + iak

To implement this numerically we use V(r) = C0(R)
1

(2πR2)3/2
exp (−

r2

2R2 )
Lepage, “How to renormalize the Schrödinger equation”, arXiv:nucl-th/9706029
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Bonus material: DR with MS/PDS for Σ
Dimensional regularization: 

Σd(E, 0) = g2 ( μ
2 )

4−d

∫
dd−1p

(2π)d−1

1
E − p2/(2mR) + iϵ

⇒ Σd(E, 0) = −
mRg2

2π ( −k2 − iϵ
4π )

d − 3
2

( μ
2 )

4−d

Γ ( 3 − d
2 )

Minimal subtraction: no pole at d=4, so 

Power-law divergence subtraction: subtract pole at d=3, then take limit 

d→4, so 

Subtraction scheme that simulates physics of a cutoff, at least at LO

ΣMS
d (p) = −

g2mR

2π
ik

ΣPDS
d (p) = −

g2mR

2π
(ik + μ)


