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http://fy.chalmers.se/subatom/halo/halo.html http://www.ornl.gov/info/ornlreview /v34_2_01/search.htm
e N/Z > 1: challenge for few nucleon systems:

shell model formation of halo systems

HBe 19C, ML YHe K 14Be, 8He, 3B, 1"Ne, ...
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. Massive star near the end
. of its lifetime has an
« "onion-like' structure
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' asa supemova
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EFT with short-range interactions
k ~ 1/0, ~ Mlo; 1/R ~ M}m’

e 2-body: shallow bound state (E3 = h?/ma® + - --), scaling limit @ LO
RG flow towards a non-trivial fixed point (Birse et al., ...)
la| — oo: unitary limit = no scales (NR-conformal invariance)

e 3-body: correct renormalization requires a 3-body interaction at LO
its functional dependence exhibits a limit cycle

e new paradigm in understanding the Thomas collapse and the

Thomas: Vs range — 0, E5 fixed la] — o0, large n
£ B B0 et
so ~ 1.00624

* Efimov, Amado and Nobel, Adhikari et al., Minlos and Fadeev, Frederico et al.,

Fedorov et a/.,
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EFT and limit cycles: universality

(H.-W. Hammer and R.H., Eur. J. Phys. A 37, 193)
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o Recombination length in 133Cs atoms

(T. Kramer et al., Nature 440, 315)
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- evidence for Efimov states
- universal functions provided by EFT
(E. Braaten and H.-W. Hammer, Phys. Rept. 428, 259)
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EFT and limit cycles in nuclear systems

e Phillips line: B; vs. aiﬁf
V. Efimov and E.G. Tkachenko (1985),

P.F. Bedaque et al. (2000), L. Platter (2006)

a,[fm]

(Phys. Lett. B 607, 254)

8
B,[MeV]
(L. Platter, Phys. Rev. C 74, 037001)

e Tjon line: B; vs. B,
L. Platter, H.-W. Hammer,
U.-G. MeiBner (2005)
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B, [MeV]
e Friar et al.: B; vs. 4/ <T‘g>t (L. Platter and H.-W. Hammer, 2007)

Chen and Savage, Rupak, Sadeghi et al., Kong and Ravndal, Ando et al
Phillips et al., ...
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Efimov states in nuclei?
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e Canham and Hammer, Eur. Phys. J. A 37, 367 (2008)
e Amorim et al., Phys. Rev. C 56, R2378 (1997)
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halo/cluster EFT: separation of scales

e excitation of each cluster \/WE; ~ Mp; (Z my)

e binding of the valence nucleons (clusters) ~ M;, < Mjy;

e extension of the core—treated in perturbation theory

e power-counting: modified to account for other effects (resonance/Coulomb)

e expansion around the resonance: rearrangement of the perturbative series,
improved convergence

e Coulomb interactions
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halo/cluster EFT: & < mg, /m:E} ~ Mp,

Physical quantities: k,1/ag ~ M, ro ~ Mh_il,P ~ Mh_f, .

or k(20 + 1
T = — T (20+1) — P;(cos 9)
p k2t (cot & — i)

P

K2 cot §; ~ —1/al+%k2+zk4+-~

il vV il vV i i
£= ¢ i+ | ¢tod |i0p+——A|d+g [d b6+ (66) d}+---,
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e non-perturbative Coulomb (Kong and Ravndal, NPA 665, 137)
Coulomb wave functions: |k) — |Xl(c:|:)>

Py =\ E () = e T D1+ i0) M(Fin, 1; 2ikr — ik - ) e
Fy ~sin(kr —In/2 — nIn2kr + 0;), G; ~ cos(kr —In/2 —1In2kr + o;)
op=argl'(1+141in), = Z0emt/k

+ +
G (E) = 1 :2u/ Pq Ixi x|
“ E — Hy— Vg +ie (2m)3 2pE — g* £ i

R
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Tes = (Xl Vs X)) + (X Vs GEVs Ixih) +

18 = =0 = CEN 0 0) = cB) o2,

T() = @z@z@ C(E) O o0 O (B) Jo(E)
Tos = QreQ #4000 - 0

_ C(O) 2 O(E) 2170
1 T C(E) Jo(B)’

Jo(E) = 2p / g xi O 0) _ 2u/ s :
(2m)3 k2 — @2 tie (2m)3 e2™a — 1 k2 — g2 + ie

(nq — 1/&Bq — Z2O‘emﬂ/‘])
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a scattering

e 0+ resonance (°Be g.s.):

ELAB = 184.1540.07 keV , TEAB = 11.14 4 0.50 eV

Mo = uEEAE ~ 20 MeV,  Mp; ~ m, ~ 140 MeV

e power-counting:

e scattering: Afzal et.al. (1969)

. data from Heydenburg and Temmer (1956)
ERE parameters from Russell et.al. (1956), Rasche (1967):
ag = (—1.6540.17) x 10% fm, 79 = 1.084 &= 0.011 fm,
Py = —1.76 £0.22 fm?
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Coulomb: conformal invariance in 8Be , Efimov state in '?C at LO
(RH, H.-W. Hammer, van Kolck, Nucl. Phys. A 809, 171)

Coulomb: 8Be and '?C 0+ states remain close to threshold
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fine-tuning puzzle

~ factor of 1000!!!

A(k) — Alloors) (natural)
M2, M%i
m
A(k) — Alloors) (fine-tuned like NN)
2
Mhz H
m
A(k) — Aloors) (fine-tuned to get ER)
M2 M%.
hi L
m
A(/{, (loops) (fine-tuned to get I'g)
m i “

(Oberhummer et al., Science 289, 88; RH, H.-W. Hammer, van Kolck, 2008)
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d, [degrees]

(RH, Hammer, van Kolck, 2008)

180

150

120

90

Afzal et.al. —e— _

0.2

0.15 |

Afzal et.al.

—e—

0 0.1
- ] 0.05
] ] 0 I
2 3
Eiap [MeV]
3 3
ag (107 fm) ro (fm) Po (fm?)
LO —1.80 1.083 —
NLO —1.92 £ 0.09 1.098 £+ 0.005 —1.46 4+ 0.08
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po scattering: Sy o, Ps)o,
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(Bertulani, Hammer, van Kolck, NPA 712, 37;
Bedaque, Hammer, van Kolck, PLB 569, 159)
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pa scattering

 Ito =1r0,s,), +1LO,Py,

* Invo = INLo,s,,, T INLO,P;y ),

Fo(k,0) = —% csc” 0/2 exp [inln(csc® 0/2) + 2ioy)]
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(RH, Bertulani, van Kolck, in progress)

do/dQ [barn/sr]
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c/r*+Coulomb: warm-up for 3«

3-body problem with large a ~ 1D Schrodinger Eq. with V(R) = 1/R?

limit cycle for ¢ < —1/4 < Efimov spectrum
(Beane et al., Bawin and Coon, Braaten and Phillips, ...)

counterterm: log-periodic function of the cutoff

Counterterm parameter A,: iteration of quantum corrections
(dimensional transmutation)
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1/r*+4Coulomb: warm-up for 3a

(H.-W. Hammer, RH, Eur. J. Phys. A 37, 193)
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Summary

e Halo nuclei, cluster systems: promising area for halo/cluster EFT
e universality < limit cycles
e (« scattering

Coulomb turned off = conformal invariance @LO, Efimov spectrum in *2C
incredible amount of fine-tuning

LO (parameter-free) works only at very low energies, NLO improves description
up to Erpap =~ 3 MeV

extraction of the ERE parameters with improved errorbars

e p-« scattering: good description of the P55 resonance

e future: 3, p-"Be, Borromean halos, heavier nuclei, ...
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