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e Here | define a halo nucleus as one in which the last nucleon (or nucleons)
nave a <r>>12 that is markedly larger than the range, R, of the interaction it
nas with the rest of the nucleus—the core.

e Typically R=Rcore~2-3 fm.

e And since <r?> is related to the neutron separation energy we are looking for
systems with neutron separation energies appreciably less than 1 MeV.

e Define Rhaio=<r?>12, Seek EFT expansion in Rcore/Rhalo.

e 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.
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e Typically produced in unstable beams.

e Neutron pickup reactions, e.g. (p,d), in inverse kinematics are one way to
iInvestigate

e Here my concern will be with electromagnetic probes.

Bertulani, arXiv:0908.4307

e Coulomb dissociation: collide halo
nucleus (we hope peripherally) with a (a)
high-Z nucleus

e Do with different Z, different nuclear

sizes, different energies to test
systematics VIB.
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e nyr(Ey,b) virtual photon numbers, dependent only on kinematic
factors. Number of equivalent (virtual) photons that strike the halo nucleus.

¢ Virtual photon numbers computable in terms of relative velocity, equivalent
photon frequency, impact parameter
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From disintegration to E1 strength

e Coulomb excitation dissociation cross section (p.v. b>>Rtarget)

o o7k (Ev) can then be extracted: it’s the (total) cross section for dissociation

Y
of the nucleus due to the impact of photons of multipolarity L.
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e 19C neutron separation energy=576 keV. Ground state=1/2*

e First excitation in 8C is 1.62 MeV above ground state

e Treat 1/2* as s-wave halo state: 18C + n 1.5 [

(b)
a C+Pb>"C+n+X
- ¢ Total ~
¢ Bio/Bhi=1/3=Rcore/Rhaio=0.5 —_ [ db > 30 fm
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a
e Data, including cut on impact parameter
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Nakamura et al. (2003)
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Our approach

e S-wave (and P-wave) states generated by cn contact interactions

e No discussion of nodes, details of n-core interaction, spectroscopic factors
ug(r) = Ag exp(—vor)

e “Halo EFT”, expansion in Rcore/Rhalo.

e 19C: input at LO: neutron separation energy of s-wave state. Output at LO:
Coulomb dissociation of s-wave state, radius of state.

e Ao (“wf renormalization”) can be fit at NLO.

e Situation is different for P-wave state in''Be, but that comes later....
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+oT | ng (2&5 | Vi ) + Ag| o — go[gnTcT -+ aTnc]

e c, n: “core”, “neutron” fields. c: boson, n: fermion.

e 0: s-wave field

* Minimal substitution—=dominant EM interactions; other terms suppressed by
additional powers of Rcore/Rhalo

e ..if coefficients natural. But that’s a testable assumption.
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e ognc coupling go of order Rhaio, NC loop of order 1/Rnaio. Therefore need to sum
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c.f. Chen, Savage (1999)

e Counting in S waves: ao~Rhalo~1/Y0; ro~Rcore. 10=0 at LO.

e

e | eading order: no FSI, yois only free parameter=0.16 fm™ )

_ Qp’ _\
Mg = AoeZessV'3

7+ )

e Final-state interactions suppressed by (Rcore/Rhalo)*

Zeff:6/1 9

e First gauge-invariant contact operator: LElgTE : (n V c) + h.c.

¢ Need modified NDA to account for shallow S-wave state. Lg1 enters in

corrections suppressed by (Rcore/Rhaio)*
Beane, Savage (2001)

e Consistent with short-distance piece of FSI loop due to P-wave interactions
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Results

Data: Nakamura et al., PRL, 1999

e Observable is dB(E1)/dE: E1 strength for transition to a core + neutron state,
per unit energy, as function of energy (momentum) of the outgoing nc pair

e Multiply by Ne1(E,):

® 1o fixed from fitting
height of peak at NLO

270
1 — 7ro70

~ A? —

¢ vo determines peak
position

e Determine S-wave '8C-n scattering parameters from dissociation data.
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S-wave form factor
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Next correction: Ao > +/2Yo, i.e. correction to strength of tail of 1/2*
wave function. Obtained from dissociation cross section

First purely short-distance effect Lco2 ' V2Ag G: suppressed by (Rcore/Rhalo)®

(<re?>c19-<re?>c18)72=0.23 + 0.08 fm
LO  NLO
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e First excitation in '°Be: 3.4 MeV, °Be ground state is 0*

e 11Be neutron separation energy=504 keV. Ground state=1/2*

e Excited state 320+100 keV above ground state, 1/2-

e TWO halo states, one s-wave and one p-wave

* n'0Be scattering, I=1, j=1/2 channel, resonant scattering apparent

uo(r) = Ag exp(—or); ur (r) = As exp(—m7) (1 : VD

® BIo/BhiZ‘I /6=>Rcore/Rhalon.4

Typel & Baur, Phys. Rev. Lett. 93, 142502 (2004); Nucl. Phys. A759, 247 (2005); Kur. Phys. J. A 38, 355 (2008)
*could also be thought of as a 3n halo
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Lagrangian ll: shallow S- and P-states

w2 w2
p— 1_ ) | T )
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e C, n: “core”, “neutron” fields. c: boson, n: fermion.

e O, 1. S-wave and P-wave fields

e Compute power of non-minimal EM couplings by NDA with rescaled fields.
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* Proceed similarly for p-wave state:

1
D —
(p) A1 + A [pO _ p2/(2Mnc)] — Zﬁ(p)
21.2 T 7
mrygik* |3 .
Sr(p) = ——— [gr+ik

e Here both parameters (A1 and g1) are mandatory for renormalization at LO
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FixXing P-wave parameters

e Input at LO: neutron separation energy of s-wave and p-wave state, Bo=504
keV, B1=184 keV

e =V0=0.15 fm; v1=0.09 fm' both ~1/Rhaio

e Also need to fix r1 at LO, we anticipate ri~1/Rcore

e k3 cot 81=-1/2 r1 (k2 + Y19) at LO; (k~y1=r1k2 >> y19)

e Note: a1~Rhaio® Reore, C.f. Original scenario of Bertulani et al. a1~Rnaio®
e \\e are going to use the B(E1:1/2+—1/2°) strength to fix r.

e No propagation of experimental errors here, but it’s easy to do
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Irreducible S-to-P vertex: bound-to-bound transition

~iTju(k) / o ko=co

Divergences cancel, as they should

ij,; — (SJZFE + ]{qu@'FM for Kk - CIZO, k-&e=0
Exploit current conservation kul'j,=0
=>(x)rjo=|(jr|5
U1 i ruQ T
i~ [y el
E1 matrix
— k; /drul(fr)fruo(r) as k| — 0 clement
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* No cutoff parameter needed: integral finite without regularization

e Numbers: BLo(E1)=0.106 e*fm?, yields r1=-0.66 fm’
* NLO corrections from Ao and y1/r1 corrections to A1

e Also first contribution of physics at scale Rcore 0OCcurs at NLO
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e Note that final state can be spin-1/2 or spin-3/2: final-state interactions are
“nautral” in the spin-3/2 channel, i.e. suppressed by three orders.

e Sl in spin-1/2 channel: stronger, but “kinematic” nature of p-wave state
implies interaction still perturbative away from resonance:
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Computing dissociation: ye1 + '"Be—1Be + n

e Note that final state can be spin-1/2 or spin-3/2: final-state interactions are
“nautral” in the spin-3/2 channel, i.e. suppressed by three orders.

e Sl in spin-1/2 channel: stronger, but “kinematic” nature of p-wave state
implies interaction still perturbative away from resonance:

k3 cot 01=-1/2 r1 (k? + Y1%) = 01 ~ Rcore/Rhaio if k ~ 1/Rhaio ~ Y1.
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¢ Also get corrections to Ao (a.k.a. wf renormalization) at NLO
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Coulomb dissociation: formulae

c.f. Rupak & Higa arXiv:1101.0207

e Straightforward computation of diagrams yields:

dB(El) _ 2,2 MR 43 p3[2p"3 cot(61/2) (p')) + 78 + 3yop™?)? N 8p'3
dE effor2°°0 [p/6 + p6 C0t2(5(1/2) (p'))](p’? + 78)4 (p'? + 73)4

! |

Spin-1/2 channel Spin-3/2 channel
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e Higher-order corrections to phase shift at NNLO. Appearance of S-
to-°P1/2 E1 counterterm also at that order.
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E [MeV] r=v/v%; ¥=p/7
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OQutput

e Value obtained for roimplies (<re®>+<re, Be10°>)2=2.40 fm at LO, 2.43 fm
at NLO

e Experimental result <rge112>12=2.463(16) fm Noerterhaueser et al., PRL (2009)
¢ r1=-0.66+0.29 fm! implies a1=374+150 fm?

e Information on P-wave interactions from dissociation, but only at NLO

e P-wave state’s radius also calculable

e Universal correlation:

2¢°Q;
157

1422 1°
(1 | CC)Q ; £ :71/70

B(E1) =

3z |
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Conclusions

e Halo EFT provides a systematic way to organize observables in halo nuclei in
an expansion in Rcore/Rhaio

e Carbon-19: one-neutron halo, shallow S-wave state
e Beryllium-11: one-neutron halo, shallow S- and P-wave state

e 11Be has big B(E1) strength, can be hard to calculate in ab initio methods
because of extended nature of p-wave state. Here controlled by ri.
c.f. Rupak & Higa arXiv:1101.0207

e NLO in '"Be: fix Ao from dissociation to continuum, predict radii, extract a1

e Correlations between low-energy observables

e Other one- (and two-?) neutron (?and proton) halos await: “universality”.



