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Outline

O Halo nuclei and nucleosynthesis
O Introduction to halo effective field theory
O EFT description of structure and reaction in halo nuclei

O Basic Concepts
o EFT construction
o Universal correlations in halo nuclei
o Connect EFT with cluster models, ab initio theories, and experiments



=6]

Log(Abundance) [Si:

Nuclear abundance and nucleosythesis

T T T T T T T

T T T
solar abundance -

" Primordial Nucleosynthesis

E \he H: 70.6% 3
E | He- -burning He: 27.5% E
E ¢ 9C-Ne burning 0: 1.0% E|
= e O-burning Nuclear . o k|
E Fe Statistical C: 0.3% K
E N: 0.1% E
E Ne: 0.1% 3

04% 3

other:
Neutron captures(s- and r- pmcesses

Pb E

E Galactic Cosmic Rays

0 10 20 30 40 50 60 70 80 90
Z (Element)
o primordial/big-bang nucleosynthesis (&

Alpher, Bethe, Gamow aﬁ'y)

Phys. Rev. 73 (1948) 803

Rev. Mod. Phys. 29 (1957) 547

238
u

o

\4

>

&

©

average binding energy per nucieon (MeV)

%

S S I | | [ | N |

0
0 20 40 60 80 100 120 140 160 180 200 220 240

mass number
© 2012 Encyclopeedia Britannica, Inc.

stellar nucleosynthesis
Burbidge, Burbidge, Fowler, Hoyle (B2FH)
¢ 3 20



Nucleosynthesis & astrophysical processes
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Z < 5 — big bang / cosmic ray
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p & rp process — sun-neutron-star binary

k_{ Cosmic Rays [

protons o ey 'S
H(1 |
neutrons —

118 known elements
~3000 known isotopes
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Halo nuclei
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H
o far from stability (close to drip line)

O exhibit unique quantum features
o light, p-rich or n-rich
o bound/resonant states close to breakup threshold
O cluster structures
o tight core surrounded loosely by valence nucleon(s)
o large spatial extent
O enhanced cross section in astrophysical reaction at finite temperature
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o Hoyle state in '2C: 3a resonance
O ftriple-a reaction is enhanced by Hoyle state
O it bridges the gap between A = 5 and A = 8 in primordial nucleosynthesis
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Exotic cluster/halo structures challenge experiments

Rare-lsotope Beam Facilities

o

MSU-FRIB (USA)

O GANIL-SPIRAL2 (France)
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Production of rare isotopes

Random removal of protons and neutrons from heavy projectile in
peripheral collisions

To produce dripline nuclei: @ hot partcipant zone @_,
projectile fragment
@ In-flight fragmentation projoctlo @ % Projectile fragmentation

target

o heavy projectile

o projectile fragmentation Cooling by evaporation, > e.g., NSCLIMSU (US),
o 2" peam > 25MeV @ @ @REF/RM(EN (Japan)
o medium/high-Q reaction e gl Y@
@ Isotopic separation on-line (ISOL)
o light projectile e.g., ISOLDE/CERN (Switzerland)
o target fragmentation Target fragmentation Lﬁgﬁg’?'uw LAl FeRIRALL
nd
°2 beam ~ MeV Random removal of protons and neutrons from heavy target
Q IOW'Q reaction nuclei by energetic light projectiles (pre-equilibrium and
.. equilibrium emissions).
@ precision measurements

[
ISOTRAP, spectroscopy, “o 2aa® g:
- *— @ — O@ o—

o
o @ e =
P \ X pic credit: A. Gade, MSU/FRIB



Production of rare isotopes

| Radioactive Decay

M Mass Spectroscopy

I Light Particles
Fission

B Heavy lons

B Spallation

M Projectile Fragmentation

M. Thoennessen, MSWHSCL



Experimental probes to halo nuclei

o static methods o reaction methods
o ISOTRAP: atomic mass o spectroscopy by breakup
o laser spectroscopy: charge radius o nuclear breakup p(*'Li, pn)'°Li
o B-NMR: upy & Qg o Coulomb breakup ''Be(y*,7n)°Be

o spatial configuration

o elastic scattering (p, p)
o interaction cross section

11Li density
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review: Tanihata, Savajols, Kanungo, Prog. Part.
Pb target Nucl. Phys. 68 (2013) 215



Halo nuclei challenge nuclear theories

o Three phases of halo theories
o Back-of-the-envelope period (1985-1992)
o “quick and dirty” estimates of halo properties by reproducing o r
o gaussian spatial distribution — reproduce o1 — R, too small!
o Few-body models period (1992-2000)
o cluster structure models (core + valence nucleons)
o few-body reaction models (Glauber, DWBA, CDCC,...)
o unresolved model dependence
o limited applicable regimes
o Microscopic models period (2000—present)
o ab initio structure theory
o difficulties in computational power & extension to threshold physics
o need to develop ab initio reaction theory (e.g. optical potential)

Halo Nuclei, Al-Khalili, Morgan & Claypool Publishers, 2017

o Effective field theory (new era)

o systematically embed microscopic information in cluster model
o provide guidance to build reaction theory



Introduction to effective field theory

Degrees of Freedom Energy (MeV)
o 0.0 @
2 O%%Y0
_g quarks, gluons . . .
g scale hierarchy in nuclear physics
T @ 940
o neutron mass
[%]
2
@ constituent quarks
g
pion mass
baryons, mesons
2 8
=1 proton separation
= energy in lead
S
S
g protons, neutrons
2
Q 1.12
vibrational
state in tin

nucleonic densities
and currents.

0.043
rotational
state in uranium

collective coordinates



Introduction to effective field theory

Physics of Hadrons

Physics of Nuclei
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Introduction to effective field theory

Physics of Hadrons
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O EFT emerges from underlying theory
o EFT “inherits” asymptotics from phenomenology



Key elements of an EFT

O Separation of scales () < A:

o low-energy observables — @
o short-range interactions — A



Key elements of an EFT

O Separation of scales ) < A:

o low-energy observables — @
o short-range interactions — A

@ Systematic expansion of Lagrangian in Q/A:
o order-by-order construction of effective interactions:

Ver =3 VO VO (@)

o prediction uncertainty is controlled by (Q/A)("H)



Key elements of an EFT

O Separation of scales ) < A:

o low-energy observables — @
o short-range interactions — A

@ Systematic expansion of Lagrangian in Q/A:
o order-by-order construction of effective interactions:

Var =00 000 (@A)

n

o prediction uncertainty is controlled by (Q/A)("H)

@ Predict low-energy physics:

o low-energy observables (()) insensitive details of short-range interactions (A)
[ Y
o EFT unveils universal correlations



N N interaction in atomic nuclei

"%WE@"
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A ~ 1GeV
Q ~ 100 MeV
TR ag
N
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A: EFT breakdown scale Q ~ \/2My B/A: typical scale in EFT



N N interaction in atomic nuclei

A ~ 1GeV
Q ~ 100 MeV ,-°
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N N interaction in atomic nuclei

A ~ 1GeV
Q ~ 100 MeV -~
phenomenology
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EFT with contact interactions

o Effective field theory with contact interactions originate from pionless EFT

chiral EFT NN force
o shortrange: V; = Cy
O intermediate/long range:

1

Vie v ————
1w q2+mgr



EFT with contact interactions

o Effective field theory with contact interactions originate from pionless EFT

chiral EFT NN force #EFT NN force
o shortrange: V, = Cy © NN momentum ¢* < m?

O intermediate/long range: o2 <m? 5
Vig—— Co + Caq” + -

1
¢ +mz

Vir




Universality in fEFT

Phillips Line: a,q vs B(*H)

a3 [fm]
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o #EFT indicates universal correlations among few-body observables

0 long-range (low-energy) physics is insensitive to details of short-range

interactions
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EFT with contact interactions

O Lattice simulated nuclei

o M > 140 MeV; Q = \/QMNB/A<<m,T

T T
||
1600 - me o |
my
1400 - ‘/ZmN(mA—mN) . -
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Kirscher, Int. J. Mod. Phys. E 25 (2016) 1641001



Nuclear halo and cluster

few-body molecular structure
o %H
o simplest neutron halo
o neutron halos
o 6He, HBe,
o proton halos
° 17F*, SB

o «a-clustering

°) 9Be:a+a+n
o ®Be, 12C*

*Be Hoyle state

8
s as



Halo physics near clustering threshold

ab initio theory |
A ~ V mNE:ZkOI‘e
Q ~/mynSy




Halo physics near clustering threshold

abinmotheory|
A ~ V mNE:ZkOI‘e
Q ~/mynSy

halo physics is difficult for ab initio theories

o continuum problem in many-body calculations 6 @
NCSMC, GSM-Bergren, Lattice-EFT, LIT, - - - He ’
o uncertainty control in chiral potentials @
threshold observable converges slower in xEF'T . @
halo scale : Qpalo K QxEFT ~ (2]\4‘]\7B/A)1/2 . @
1/ 1/0

QxEFT (QXEFT ) (n+1)
Qhalo

uncertainty : Apalo% ~
AyEFT



ab initio description of nuclear spectrum
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microscopic description of nuclear spectrum is in general accurate
Pieper, Wiringa, Annu. Rev. Nucl. Part. Sci. 51 (2001) 520



ab initio description of halo features

Exp. NN+ 3N(c=0)  3N(500)  3N(450)  3N(400)  3N(350) N2LOsar Exp.
T T T T T T \ T . (R

FIG. 2. NCSMC spectrum of ''Be with respect to the n + '“Be threshold. Dashed black lines indicate the energies of the '*Be states.
Light boxes indicate resonance widths. Experimental energies are taken from Refs. [1.51].

o ab initio calculation of !'Be has been done by NCSMC
o predictions of threshold properties rely significantly on the nuclear interactions

Calci et al. Phys. Rev. Lett. 117 (2016) 242501

21



Halo physics near clustering threshold

ab initio theory |

A ~ V mNE:ore
Q ~\mnySn

cluster model I

difficulties in cluster models:
O assess model dependence?
O assign theory uncertainty

22



Halo physics near clustering threshold
ab initio theory |
A ~ V mNE:OYe
Q ~\mnySn

cluster model l halo EFT I

O cluster configuration in halo EFT: 6He

core + valence nucleons d.o.f.

O separation of scales:
@ < A — systematic expansion in observables . @
O short-range physics from underlying theory: ® @

anti-symmetrization of core nucleons is embedded
in contact interactions

22



Halo Effective Field Theory

O We adopt EFT with contact interactions to describe clustering in halo nuclei
Q@ introduce auxiliary two-body fields for bound/resonance states

L = L+ L+
2 V2
LA = nt (i@o + Vv ) n+cf (i@o + ) c
2may, 2me
V2 v2
L = st % A t i0g+——— )+ A
2 s {Tio(l 0+4mn)+ o}erU {m(l D+2(mn+mc))+ 1}0

+90 [ST (nn) + h.c.] + g1 [o'dr (nc) + h.c.] ,

&3 h(on)' (on)

@ 2-body contact (LO) @ 3-body contact (LO)

—< = —iv2g :: =ih

g < 2-body observable h < 3-body observable

23



One-neutron s-wave halos

or (1 !

O scattering amplitude: to(k) = — (— — D02 4k
o\ ao 2

o in low-energy bound/virtual state: ag ~ 1/Q; ro ~ 1/A
o expand t-matrix in ro/ag

24



One-neutron s-wave halos

or (1 !

O scattering amplitude: to(k) = — (— — D02 4k
©w \ ao 2

o in low-energy bound/virtual state: ag ~ 1/Q; ro ~ 1/A
o expand t-matrix in ro/ag

Q Ilterative summation at LO

o B S
< N - N
= * /\/ * v v
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One-neutron s-wave halos

or (1 !

O scattering amplitude: to(k) = — (— — D02 4k
©w \ ao 2
o in low-energy bound/virtual state: ag ~ 1/Q; ro ~ 1/A
o expand t-matrix in ro/ag

Q Ilterative summation at LO

o PRanS
—_ = + ( + ) )
N4 N e
@ tune coupling

2rA !
o LO: ag = <7r2 +A> NLO: 7rg = —n
122

2w
112g2

24



One-neutron s-wave halos

or (1 -t
O scattering amplitude: to(k) = il (— — D02 4k
©w \ ao 2

o in low-energy bound/virtual state: ag ~ 1/Q; o ~ 1/A
o expand t-matrix in ro/ag

Q Ilterative summation at LO

o B S
< N - N
= * /\/ * v \/

@ tune coupling

2A -t 27
o LO: apg = (2 +A> NLO: ro = _T}ﬁ
Hg H=g
. 2r  Zg
@ pole expansion: tg(k) =~
p p o(k) 0t ik
o ANC: ¢o(r) = Co exp(—70,67)
- Yo \/H’/’ ’YO,U
0 LO: Chro = /27 NLO: Conro = 1/ —200
1 — 070
C? nro 1

o renormalization constant Zp = —3 =
Clro 1 =070

24



One-neutron s-wave halos

2 H 11 Be 150 190
Experiment
S1n [MeV] 2.224573(2)  0.50164(25) 1.2181(8)  0.58(9)
E} [MeV] 140 3.36803(3)  6.0938(2) 1.62(2)
(r2 )2 [fm] 3.936(12) 6.05(23) 4.15(50)  6.6(5)
3.95014(156) 5.7(4) 72440  6.8(7)
5.77(16) 4.5(5) 5.8(3)
Halo EFT
Q/A 0.33 0.39 0.45 0.6
ro/ag 0.32 0.32 0.43 0.33
VZr 1.295 1.3 1.63 1.3
(r2 )V/2 [fm] 3.954 6.85 4.93 5.72

Electric form factor — radius (12 _)'/?

Fnc(q)—ZR—arctan<2 )Jrl ZRr
q

Y0

N Fre(@®) =1 - ~(r2)¢% + O(g"),

6



Coulomb dissociation in 1n halos

@ Coulomb dissociation

o breakup by colliding a halo nucleus with a high-Z nucleus
o the halo dynamics dominates when E ~ Sy,

® r, e

26



EFT on Coulomb dissociation

@ E1 transition

T
BN AN

B(E1 1 - _ 8 ZR0Q%: 3w (E-/Sin)32
dB(E1) (IM%1‘1/2)|2+|M§5Jf3/2)|2) d’p _ ZrQcq 30tem (Ey/S1n)

dE, ~ (@n)? dEy ~ jmeS%, 72 (Ey/Stn + 1)1
‘Lﬂ 0.00015¢

‘E]’ 0.0001

8> I deuteron E1 strength

% 0.00005} Hammer, CJ, Phillips, JPG 44 (2017) 103002

0.0 0.5 1.0 1.5 2.0 25 3.0
E/Sin

27



EFT on Coulomb dissociation

@ E1 transition

T
BN AN

do  167° dB(E1)
= Ngi(E4, R
dE, g Ner(Ey R) dE,
P L B B B
C o ]
0'6:_ * F e '°C NakamuraQOOQE 11Bg and 19C
w L + + # W ''Be Fukuda2004
S 0.4 j —
com # ]
L * '] M 4
0.2:* ‘} }lll an 7
L + * *j L i i :
00y v v v 1w v v v by v v by sy |j|j|j|j|‘
0.0 0.5 1.0 1.5 2.0 25

E

Coulomb dissociation energy spectrum in
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EFT on Coulomb dissociation

@ E1 transition

. T
>

—( K

,u,wan do 1673

pineSt, dB(E1)

= ——Ngi1(Ey, R)
ZRszf dE, 9 K ZRngf dE,
307117 LA AN R L N S ) BB B B ]
25 + =
Eol + ® Bpt°C Nakamura2003 3 5610mb dissociation energy spectrum in
y 2 m Ewpt''Be Fukuda2004 "5 11gg 5nq 19G — Universality!
T ]
S . 3 !!Be: fit ANC in NCSMC [Calci et al. '16]
$ 1o m
sl NG EFT "B E Hammer, Phillips, NPA '11
v E Acharya, Phillips, NPA 13
05 - Hammer, CJ, Phillips, JPG *17
0.0— 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | I‘ I_
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Halo EFT with Coulomb

O In halo/clustering systems with Coulomb interactions, a new scale k. = Qcem 1t €nters
o k. 2 Q: Coulomb interaction is nonperturbative

@ Coulomb Green’s function (non-perturbative)

no_ d®p Pp(r)ibp(r)
(rlGo(B)lr') _/(2w)3 Efpz’/(?:nc)”ﬁ

oo

. . Fi(n, L
() = S+ it exp (i) 2 )
1=0

p-p scattering [Kong, Ravndal, PLB '99; NPA "10]

p-a and a-a scattering [Higa, Hammer, van Kolck, NPA *08; Higa, FBS "11]
17~ [Ryberg, Forssén, Hammer, Platter, PRC ’14; AnnPhys '16]

o k. < Q: Coulomb interaction is perturbative
3H and *He [Kbnig, GrieBhammer, Hammer, van Kolck, JPG ’16]
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Radiative Nucleon Captures

neutron captures }J_ﬁ N

proton captures

da

8m2p

\/2’( B)

Li+n—%Li+~y

Rupak, Higga, PRL '11; Fernando, Higa, Rupak, EPJA *12;

Zhang, Nollett, Phillips, PRC '14
“Cgn—"C+y

Rupak, Fernando, Vaghani, PRC '12
"Be+p— "B+~

Zhang, Nollett, Phillips, PRC '14; Ryberg, et al. EPJA '14
00+ p o TEN(1/27) 44

Ryberg, Forssén, Hammer, Platter, PRC ’14; AnnPhy ’16
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Radiative Nucleon Captures

astrophysical S-factor for "Be(p, 7)°B
EFT(NLO): VMC ANC +- Bayesian error analysis

Zhang, Nollett, Phillips, Phys. Lett. B 751 (2015) 535
06 03 0. 01 02 03 04 05
- - %24

222
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14l S (eVb) vs. EMeV) |

06 03 0. 01 02 03 04 05

S(E) = Ee*™F)g(E)
S(0)=21.3+£0.7¢eV-b
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2n halos in Faddeev formalism

o solving transition amplitudes 4. and A,,

\b-

31



2n halos in Faddeev formalism

o solving transition amplitudes 4. and A,,

,

O three-body wave functions

Un(p,q) = q"’ — + q — 4+ q RN —
o\
p p )

Ve(p.q) = a =+ 2X —
Lo Lol

31



Three-body renormalization

@ running of three-body coupling

o tune H(A) = A*h/2mg*:
reproduce one observable in a 2n-halo

T I A IR
| 1 I . 4
1 1 ] L] —
1 - 1 . 1 1
1 . 1 ! 4
i ! - .3
1 . I - 1 ==
I o0 I - 1 ]
1 1 1 L 4
/’ -~ /' «l: / e B
= s w S w A
=4 - = we T
f ::—// ;:h// ]
I‘ :E.‘/ .::./I E
y o &~ e
Hammer, CJ, Phillips, s 1 L -
o| " 1 .
JPG 44 (2017) 103002 . M S ]
Cowl v vvwvmd 4 vl :. sl .'.. nl.....l L ......II PR
0 100 10t 10 10 10 10°
A [MeV]
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Three-body renormalization

@ running of three-body coupling
o tune H(A) = A*h/2mg*:

reproduce one observable in a 2n-halo
o H(A) periodic for A — AA [A = 1 Bedaque et al. '00]

Hammer, CJ, Phillips,
JPG 44 (2017) 103002
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Three-body renormalization

@ running of three-body coupling
o tune H(A) = A*h/2mg*:
reproduce one observable in a 2n-halo
o H(A) periodic for A — AA [A = 1 Bedaque et al. '00]

o H(A) appears as RG limit cycle  [Mohr et al., AnnPhys "06]
— Efimov physics

o discrete scale invariance
T T L T LR !
15F || I I 1 g
N i 1 - 1 . 1 1
; 1 i o - 1
10 1 . | 1 1 e 1
: : S
5 F - /I ::' /‘ - /I e ]
2 ()E !?’// :E' ’/ :-. // :: /é
£ F P > adis -7
A Iy & o]
-5F //.'. 'l ﬁ:.ll fll —:
1 0 ! 1 .‘
1 AU S B R B
Hammer, CJ, Phillips, it SN s i o~ o]
= " o = 1 ]
= A=20T1 * .1 o o
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Efimov physics

@ a universal spectrum of three-body bound states

1 _ 1/s0 K2
Be— —— 2mn T
3 mag + [e f(&)] m

Braaten, Hammer, Phys. Rept. '06

o atomic physics: vary ag through Feshbach resonance
o nuclear physics: fixed ag
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A L S
g
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Efimov physics

O a universal spectrum of three-body bound states

1 _ 1/s K2
Ba— —— 2mn 0 TVx
3 ma3 + e 1©)] m

Braaten, Hammer, Phys. Rept. ‘06

o atomic physics: vary ag through Feshbach resonance
o nuclear physics: fixed ag

O unitary limit (a — o0):
_ K
Bs=c¢ 2mn/sg Mvx
m
O discrete scale invariance:

Ks — Kx, Qo — ™% g,

S
Q
S

O exploring Efimov physics in halo nuclei is an
important subject
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Efimov universality in 22 s-wave halo

O contour constraints on ground-state energy Ss, if the excited-state energy
B; = ma'X{07 En'ru Sln}
0.6

0.4

0.2

PRI R A

12
(S,7S,)

-12 -1 -08 -06 -04 -02 0 02 04

12
(Enn / SZn)

Canham, Hammer, EPJA ’08; Frederico et al. PPNP "12;
Hammer, CJ, Phillips, JPG 44 (2017) 103002
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22¢: 21 Halo

QOC 21C 220
bound/unbound bound unbound bound
ground state 0" S1/2 ot

S1n: —0.01(47) Son: 0.11(6)
binding/virtual S1n: 2.93(26) AME2012 AME2012
energy [MeV] AME2012 < -29 Son: —0.14(46)

Mosby et al. ’13 Gaudefroy et al. '12
matter radius 2971003 3.44(8)
Tm [fmM] Togano et al. '16 Togano et al. '16
O Halo EFT

we fit to 22C matter radius to constrain:
o Si,in2C(a < 0)

o So,in2C



Correlations in 22C

<r72n>2n—halo -

new experimental input:

2 2 0.82 ;2
<Tm>2n—halo - 7<Tm>Core = 3-81j0.71 fm
Togano et al. PLB 16

5

al
>
D L[
s 3
o
I

s

0

0.1 0.2 0.3 0.4
S, [MeV]

bands: uncertainty from NLO EFT
{ \/mEnn \/msln \/mSQn }
~ max

AT AT A

A+2

(T$n>core = -F(S2n7 Sln)

Acharya, C.J., Phillips, PLB '13

Hammer, CJ, Phillips JPG 44 (2017) 103002
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Correlations in 22C

<r72n>2n—halo -

new experimental input:

2 2 0.82 o 2
<Tm>2n—halo - 7<Tm>Core = 3~81t0.71 fm
Togano et al. PLB 16

|<—AME2012—|

5

EN

w

\ «Mosby2013

_Sln [Mev]

i

S\zn < 400 keV

0.1 0.2 03 04
S, [MeV]
bands: uncertainty from NLO EFT
{ \/mEnn \/msln \/mSQn }
~ max

AT AT A

A+2

(7‘3n>core = -F(S2n7 Sln)

Acharya, C.J., Phillips, PLB '13

Other experimental bound:

o AME2012
San = 110(60) keV

o Mosby2013
—Sln > 2.9 MeV

Hammer, CJ, Phillips JPG 44 (2017) 103002
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He: 2n Halo with p-wave nc interactions

Q@ ab intio calculation

no-core shell model Navratil et al. '01; Saaf, Forssén '14
NCSM-RGM/Continuum Romero et al. '14 16

Green’s function Monte Carlo Pieper et al. '01;'08
hyperspherical harmonics (EIHH) Bacca et al. '12

© © 0 o

@ Halo EFT in He ground state

o EFT+Gamow shell model (GSM)Rotureau, van Kolck Few Body Syst. 13
o EFT+Faddeev equation C.J., Elster, Phillips, PRC '14;
Gobel, Hammer, CJ, Phillips, Few Body Syst. 60 (2019) 61

o 6-10Hg effective interaction + GSM Fossez, Rotureau, Nazarewicz, PRC '18
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P-wave neutron halos

9@ nc interaction in a p-wave bound/resonance state

n - o
S =2 P-q ‘
. Ho—1/ay + rk?/2 — ik3

0 a1 < 0: shallow resonance: °He (3/27)

0 a1 > 0: shallow bound state: *Be (1/27), 8Li (27T), 8Li* (1T)

@ p-wave power counting

o resum ik>: 1/a1 ~ Q3, r1 ~ @ [Bertulani, Hammer, van Kolck NPA '02]

o perturbative ik>: 1/a1 ~ Q?A, 71 ~ A [Bedaque, Hammer, van Kolck PLB '03]
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Running of 3BF Coupling

9 p-wave 3BF:

reproduce Ss,, = 0.973 MeV

O discrete scaling
symmetry is broken due
to p-wave interactions

~
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N
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s
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H(A)
= Mpgp
. . A2
q p
T T T
[ T T T
40 §3_ //—; .
S 2F // E
= ’
- mml_ // -
20 F ' -
L ) 2 PP S E B |
L 4 6 8 ]
[ A [100 MeV] ]
ok N
20k -
il
3
10 10 10

A [MeV]
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Momentum-space probability density

O The probability density:

pi(p,q) = (Y|p, q)i i(p, q|¥)

p [Mev]

@ /th moment (partial-wave decomposition)

50 75 100 125 150

1
PEZ)(p,q):/ dxPy(x)pi(p, q) qMev]
-1

= P-q 140
pq 1204
(0) (1) 100

9 pn’(p,q) and py,” (p, q)
804
60 4
Gdbel, Hammer, CJ, Phillips, 201
Few Body Syst. 60 (2019) 61 20
0

50 75 100 125 150
q [MeV]
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Ntr
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o
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—06

p [MeV]
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Universal Correlations Among Radii & 55, in ‘He

A NCCI: JISP16
I NCSM: CD-Bonn h
= 2.1F u NesM: INOY
£ | e EHHV,,NLO + +
D 2[4 GFMC: AVI8+IL2/6 B
OE [ ¥ NCSMC: SRG-NN(N'LO) + + +
;_& ].9:_ ® Experiment ]
[ —
1.8 _ == - N ]
PERETE B U B 1 1 n 1 1
T T T T T T]
3 ;
— 28F ]
) ]
3 26F ]
cm 1
Fouk —r— _
——=  + |}
22F E
1 1 1 1 1 I:
0 0.2 0.4 0.6 0.8 1 1.2

22F

S,,(°He) [MeV]

compare with ab initio calculations
NCCI: Caprio, Maris, Vary, PRC "14

PRC '06
EIHH: Bacca, Barnea, Schwenk, PRC 12
GFMC: Pieper, RNC '08
NCSMC: Romero et al., PRL '16
Halo EFT: preliminary ( [ | uncertainty)
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Universal Correlations Among Radii & 55, in ‘He

2.1

r (°He) [fm]
[\ )

pp

r,(He) [fm]
S I S
e [=) o0

I
&)

22f
[ &= Halo EFT

e 4 > o m U p

NCCI: JISP16

NCSM: CD-Box
NCSM: INOY

EIHH: V, (N’

GFMC: AV18

NCSMC: SRG-!

Experiment

n

0.2

0.4

1 1
06 08
S,,(°He) [MeV]

@ He-6 charge radius
@ He-6 matter radius

compare with ab initio calculations
NCCI: Caprio, Maris, Vary, PRC "14
NCSM: Caurier, Navratil, PRC 06

EIHH: Bacca, Barnea, Schwenk, PRC '12
GFMC: Pieper, RNC "08

NCSMC: Romero et al., PRL '16

Halo EFT: preliminary ( [ uncertainty)
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Nuclear polarization effects in muonic deuterium
O Halo EFT formalism is suitable for study deuteron system (#EFT)

0 Nuclear polarization d,,; plays crucial role in muonic deuterium Lamb shift
o Itis important for the experimental determination of deuteron charge radius

uncertainty dominated by &,,,;

wH+iso
180
—e+—CODATA-2014
5.40
ro 2H —— 1 €2H spectroscopy
—; e-?H scattering
2.12 2.13 2.14 2.15

deuteron charge radius [fm]

deuteron charge radius from Lamb shift in muonic deuterium:
Pohl, et al., Science (2016)

42



dpol from virtual Compton tensor

O Jpo is originated in two-photon exchange

IRV

Q@ dp01 is dominated by longitudinal response function

ol // dgdw g(w, ¢)SL(w, q)

1 1 1

g(w,Q)ZE {(qum“)(E‘ququw) (Eq +mu)(Eq + my + w)

@ response function Sy, is related to virtual-compton transition matrix elements

d3 2 2
St ) = (Qﬂf)’g,a(w—Bd— e L

J
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deuteron virtual compton amplitude at NNLO

@ compton amplitude is summed to all EM O order-by-order convergence
multipolarity O 3% accuracy at NNLO
LO q=20MeV
p+d ptd pd 0.0020
g 0.0010
‘ : &
NLO 0.0005

0.010:

BN

0.008

P
P4
—
(@)

1

0.006:
{K W e’“(e =
0.002

S, [MeV

0.000: i
e“(o 50 75 mnw][ZNSIeV]]SO 175 200 225
., A Emmons, CJ, Platter, arXiv:2009.08347
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Summary

O Halo nuclei play crucial role in nucleosynthesis, and is important for
understanding nuclear astrophysical processes

o Effective field theory comes with limited powers determined by Q and A,
different EFTs may be efficient at different energy regimes

O Halo EFT describes near-threshold physics in halo nuclei in a controlled
expansion in Q/A

O Halo EFT rejuvenate cluster models with a systematic uncertainty estimates

@ Halo EFT can be connected with ab initio calculations

o adopt inputs from ab initio results
o benchmark with ab initio calculations
o explain correlations among observables in ab initio work
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