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Universal features at low energies R TRIUMF

o Separation of scales:

a>/ u(r) xa—r
o 2-body universality:
By = 1/Ma?
a>0
0 4 1\> '
-+ a>/{ ——P:

-V
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Universal features at low energies R TRIUMF

o Separation of scales:

a>/ u(r) xa—r
o 2-body universality:
By = 1/Ma?
@ Physics at large distance is insensitive a>0 r
to physics at short distance ¢ 1'\7
o Large-distance physics is studied in a>t ——»

¢/a expansion

o Effects from SR-dynamics can be

included in perturbation theory A
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Large-scattering-length physics

Universal Physics exists in systems with £ < a

o Atomic Physics
o Cold atomic gases (**3Cs, "Li, 3°K):
ro and a varies near Feshbach
resonance
o ‘He atoms (dimer, trimer, tetramer):
Coaw ~ TA, a ~ 100A

o Nuclear Physics

o Few-nucleon systems (*H, *He, *He):

B t t 4
ie, by, ~17fm, a,, ~54fm

"Li atoms [Gross et al. ’

09]
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Large-scattering-length physics @,TRIUMF

Universal Physics exists in systems with £ < a

o Atomic Physics
o Cold atomic gases (**3Cs, "Li, 3°K):
ro and a varies near Feshbach
resonance

o “He atoms (dimer, trimer, tetramer):
E’wa ~ 7A, a ~ 100A

o Nuclear Physics

o Few-nucleon systems (*H, *He, *He):
ie, U, ~1.7fm, a,, ~ 54 fm
o Halo nuclei
a tightly bound core with one/few
loosely bound valence nucleons
SHe: €}, ~ 20MeV, €fy;, ~ 1MeV
re ~ 1.45 fm, ro_ppn ~ 3.7 fm

[www.anl.gov]
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Effective field theory

o An approach to systems with a separation of scales
o Systems with ¢/ < a — an EFT with contact interactions

o Atomic systems — zero-range EFT
o Few-nucleon systems — pionless EFT
o Halo nuclei — halo EFT

o Physical quantities are expanded in powers of //a

o Contact interactions at LO
o 2-body contact interaction (LO)

Co determined by a 2-body observable
o 3-body contact interaction (LO)

Dy determined by a 3-body observable
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Effective field theory QR TRIUMF

o An approach to systems with a separation of scales
o Systems with ¢/ < a — an EFT with contact interactions

o Atomic systems — zero-range EFT
o Few-nucleon systems — pionless EFT
o Halo nuclei — halo EFT

o Physical quantities are expanded in powers of //a

o Contact interactions at LO
o 2-body contact interaction (LO) introduce a dimer field

>-< = —1C) Co=g*/A . —< = —iv2g

Co determined by a 2-body observable
o 3-body contact interaction (LO)

% = —iD Dy=—3hg%/ A2 : : = ih

Dg determined by a 3-body observable Bedaque, Hammer, van Kolck '99
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A general EFT for 3-body systems @,TRIUMF

o EFT Lagrangian for 3 identical bosons at LO

L=yl (zao + 4 ) p—d' (wo + V—z - A) d—7 (d*ww + h.c)+hd*dww+- .

o terms with more derivatives are at higher orders
o nuclear physics: add spin and isospin d.o.f.

o Non-perturbative features at LO
o particle-particle scattering (tune 9)

o particle-dimer scattering (tune h)

0N (AN 0h'
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LO renormalization

QR TRIUMF

T e SRR T] RS =

ol il g

10’ 10° 10°
1/2
AB,"

10
_10°
o Without 3BF: o)
[a0)
o 3-body spectrum: 10'
cutoff dependent (A ~ 1/¢)
Platter '09
o LO 3BF h: i

o tune H(A) = A%h/2mg?*:
fix one 3-body observable

o limit cycle:
H(A) periodic for A — A(22.7)"
Wilson '71, Bedaque et al. '00

N
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Universal correlation in nuclear systems @.TRIUMF

o 3-body correlation:
Phillips line (Phillips '68)
correlation btw nd scattering length and triton binding energy
o 3- and 4-body correlation:
Tjon line (Tjon '75)
correlation btw binding energies of triton and a-particle (no 4BF)

N WP

-

a2 [fm]

0
_1 1 1 1 1 20 P L
5 7 8 9 10 7.5 8 8.5 9
B, [Mev] B, MeV]
Phillips line (Bedaque et al. '00) Tjon line (Platter et al. '04)
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EFT in halo nuclei QR TRIUMF

o Halo EFT is suitable for nuclei with E* > F

core SEP
o Core + valence nucleons

o Mo ~ (MNEsep)t/?; My; ~ (MyEZ,,.)"?
o study properties of halo nculei in M;,/Mj; expansion

o 1l-neutron halo and resonant state

o Be (n-'°Be): E1 transition [Hammer, Phillips '11]

o SHe (n-a): p-wave resonance [Bertulani et al. '02, Bedaque et al. '02]
o 2-neutron halo:

o 111, 12Be, 29C: n-core in s-wave resonance [Canham, Hammer '08]
o SHe: n-a in p-wave resonance

o EFT + Gamow shell model [Rotureau, van Kolck '12]
o EFT 4 Faddeev Equations Ji, Elster, Phillips
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Studies of ‘He

o experiment in ‘He

o matter radius Tanihata et al. '92, Alkhazov et al. '97, Kislev et al. '05
o charge radius Wang et al. '04, Mueller et al. '07
o SHe mass Brodeur et al. '12

o cluster model

o separable potential Ghovanlou, Lehman '74

o density-dependent nn contact interaction Esbensen et al. '97
o ab intio calculation

o no-core shell model Navratil et al. '01

o hyperspherical harmonics Bacca et al. '12

o Green's function Monte Carlo Pieper et al. '01
o halo EFT

o explore universal physics in halo nuclei

o understand the role of 3BF (nna)

o compare predictions with experiments and other theories
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n — n interaction S TRIUMF

o nn interaction is dominated by the 1S state

" 1 1
B >:< T dn 2y —1/ag + rok2/2 — ik

ag = —18.7 fm, ro = 2.75 fm Gonzalez Trotter et al. '99

o nn EFT power counting:

Im(k
o EFT: ag ~ Ml;1 ro ~ ]\4};1 n—n (18y) m(k)
o Mo/Mp; ~ 0.15
o 1Sy — shallow virtual-bound
state
o Yo~ Mo - Re(h]
o LO nn t-matrix in halo EFT 0"
1 1
ton )

- A2, ' Yo + ik
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n — « interaction

o no interaction is dominated by the 2P state
2

n ~ - 1

— p-q
o - ~. 472 lpa —1/a; + 7’1k2/2 — k3

ay = —62.95 fm®, 1, = —0.8819 fm~! Ardnt et al. '73

o na EFT power counting: Bedaque, Hammer, van Kolck '02

231
o ai ~ M *M," 11~ Mp;

2P, ) Im(k)
n—a(“Pg/
o M;,/Mp; ~0.15 2
! / h Bertulani et al. "02 X T 1
shallow resonance : Bedaque et al. 02
o QP% kr ~ My, T ~ M2 /My,
deep bound state :y1 ~ My,
o LO na t-matrix in halo EFT
3 S o g @ Re(k)
tha = 5 : ]32 a 3 7]6377’2&7% kR*l?hw%
4 Hna Y1 (k' - kR) K ~ 3
g \airy

Note: n — « lﬁ'l and 2P interactions are at higher orders above LO
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°He in Jacobi coordinates R TRIUMF

o Jacobi-momentum

o spectator n spectator
‘~:&)\ N
a &NE S
. e

spin-orbit coupling for ®He ground state (J = 07)

pair, spec pair spectator total L, S total J

nn, o £=0,81=0|AX=0,8=0|L=05=0
L=0,5=0
L=15=1

A-Halo-EFTdescriptionof He=6 2/ 25
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no, n Ezl,slzé )\:1,32:%




Faddeev equations @,TRIUMF

o decompose ®He ground-state wave function into Faddeev components
o |Wstge) = [Va) + (1 — Pun) |¥n)

o introduce 2-body dressed propagators — redefine Faddeev components
o |ta) = GotulFu) Un) = Gotn|Fy)
o F, (F,) depends only on ¢, (g.) after partial-wave projection

o parameters in 2-body t-matrices from experiments (underlying theory)
o SHe is studied in a coupled-channel integral equations
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Faddeev equations @,TRIUMF

o decompose SHe ground-state wave function into Faddeev components
o [Wope) = [Ya) + (1 — Pnn) |¢n)

o introduce 2-body dressed propagators — redefine Faddeev components
o |Ya) = Gotal|Fa) [Yn) = Gotn|Fy)
o F,, (F,) depends only on ¢, (¢,) after partial-wave projection

o parameters in 2-body t-matrices from experiments (underlying theory)

o OHe is studied in a coupled-channel integral equations

no

+ 2%

reduce to a single-channel equation
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Cutoff dependence @,TRIUMF

o Before inserting nna 3-body force:
o Use a hard cutoff A
o calculate 2n separtion energy Ss,
o Sy, is strongly cutoff dependent: S5, ~ A%7 < need 3BF!

4_""|'"'|'"'|""|""|""|""
27
3_%10°?B3~A E
=
> g
> [ =
= e
L 10'F — ]
87 "}
-
M

A [100 MeV]

6 7
A [100 MeV]
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nna 3-body force @,TRIUMF

o candiates for nno counterterms

[a(nn)]T[a(nn)] [ng(agn,)mng(agn)} [n(g(agn)ﬁ[a(n n)]
i

g Ad Ad g
o only the [nd(adn)]![nd(adn)] counterterm is needed
o Pauli principle

o A similar three-body counterterm is discovered by Rotureau, van Kolck
arXiv:1201.3351v1 (2012)
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3-body renormalization S TRIUMF

o Add nna 3BF to Faddeev equation
o renormalize F), by reproducing one 3-body observable

o I, is simultaneously renormalized without additional 3BFs

A Halo EFT description of He-6 16 / 25



Running of nna 3BF S TRIUMF
-7 —p
o 3BF parameter: _ qu(A)
. : : P

o reproduce
Son = 0.973MeV

o log oscillation

H(A)

o No limit cycle
(c.f. 3-body in S-wave)

_40'....| L PP | L ]
10° 10° 10*
A [MeV]
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Renormalized Faddeev Components

Q2 TRIUMF

F,(a,nn) and F,(n,an): cutoff independent

aF (q)/ [xF (x)]

gF (q) /NxF (x)

— R

o
S
<
(0]

<

8
\

o
n

—_
—_— N

0.5E

(=}

— = A =300 MeV
E —— A =800 MeV

f —— A =3000 MeV
f — — A =8000 MeV

q [MeV]
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‘He ground-state wave function (oo — nn) GQTRIUMF

o |U) in o — (nn) Jacobi representation

W (q,p,.)
100
o N
o
1
0.1
0.1 1 10 100
g,

momenta in MeV
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°He ground-state wave function (n — an) R TRIUMF
o |¥) in n — (an) Jacobi representation

LIJn(qn’ pna)

100

10

P

0.1
0.1 1 10 100

momenta in MeV
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°He matter density form factors R TRIUMF

o one-body matter form factors

Fi(k?) _J g [ dpP V(5. a) Wi, q — F)
' [dg® [ dp?|Vi(p, q)I?

6
1000 . T T T T T T T 1000 M T T T T T T T
] []
Yy, 5 09995F % ) ]
0.999sF iy F (k9 ] E . F (k9
o n
o8y 0.9990F 8= ]
° 5 . ‘ [ ]
° ; - "
0.9990F & A=1GeV MR- . 1 09985 o A=1GeV ' H ; . b
= A=2GeV * ¥g s = A=2GeV 2.
ey i oo ey M
0.9985] o A=8Ge o 85 o A=8Ge .
A=20GeV o %% og7sh ° A=20GeV PN
1 1 1 1 1 1 .I 1 1 1 1 1 1 .I
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°He matter density form factors R TRIUMF

o two-body matter form factors

 [dg® [ dpP L5, V(5 k. )

Fin(k?*) =
J —
[ dg? [ dp3|¥;(p, q)|? °
1
2 2, 2
(k) =1 = SRy + -
1.000 T T T T T T T 1-000 T T T T T
L R R
] . T te, ©0090o
’z' (k2) o. I.-- 00,““
0.9995| ‘e, nn . ® e L ¢
o8 0.9998F . L e
P ] . "o
o 8 . . - .
o A=1GeV ‘e, o A=1GeV ..
ownt IEEY e, 4 LTEER el
=4Ge =2e
s Adsosv *efe, ] 0096f SATSGV  F(K) ..
@ A=20GeV .. 2 A=20GeV an .,
0.9985_ 1 1 1 1 1 1 .I-‘ 1 1 1 1 1 1 .I
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
K [MeV’] K’ [MeV?]
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°He matter density form factors R TRIUMF

o two-body matter form factors
o I, vanishes at A — o0?

_qu3 fdp3\113(ﬁ, (f)q’z(ﬁ_ E,Cf) o further study F,

Ek(kg) - 3 3 = 2
qu fdp |\I/Z(p,(j)| @ use only F,, and F,, for
1 predictions
2\ 2/..2
Fiplk?) =1 = k2% + -
1.000 . T T T T T T T 1-000 . ss g glg g'glg g d o o |u M u|n o n|
l. 0.--:000‘000000000
s H k2 ¢ (] te . tee * e
[ ] -
0.9995} °s, mK) ] *. "., tee
] 0.9998F . " a 1
° 8 . " .
° 8 . . -,
o A=1GeV °.t . e A=1GeV ® e
et TR BN = A
=4Ge =2e
s Addecy *e%s,] 09996f SASGev  F (k) e
o A=20GeV ® . o A=20GeV on ®
0.9985_ 1 1 1 1 1 1 .I-‘ 1 1 1 1 1 1 .I
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
K [MeV’] K [MeV’]
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Matter radius and point-proton radius R TRIUMF

EFT [fm] Exp [fm]
Hed Tpp[0] — 1.455(1)
rm[o] — 1.455(1)

He-6
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Matter radius and point-proton radius

Q2 TRIUMF

EFT [fm] Exp [fm]
"y TpplQ] — 1.455(1)
Tm|[0] = 1.455(1)
Ta(nn) 3.235 -
Tn(om) 4.096 —
He-6
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Matter radius and point-proton radius R TRIUMF

EFT [fm] Exp [fm]
Hed Tpp[0] — 1.455(1)
T'm[0] — 1.455(1)

Ta(nn) 3.235 —

Tn(an) 4.096 =

Ta = 3Ta(nn) 1.078 —

He-6 Tn = grn(an) 3.413 -
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Matter radius and point-proton radius R TRIUMF

EFT [fm] Exp [fm]
Hed Tpp[0] — 1.455(1)
T'm[0] — 1.455(1)
Ta(nn) 3.235 —
Tn(an) 4.096 =
Ta = 3Ta(nn) 1.078 —
He-6 Tn = grn(an) 3.413 -
rop(°He)= /72 + 72,[0] 1.811(1) 1.938(23), 1.953(22)
rm (P He)= Y 2 (4r2 +2r2 +4r2,]a])  2.464(1)  2.33(4), 2.30(7), 2.37(5)
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Matter radius and point-proton radius R TRIUMF

EFT [fm] Exp [fm]
"y TpplQ] — 1.455(1)
Tm|[0] = 1.455(1)
Ta(nn) 3.235 -
Tn(om) 4.096 —
Ta = %Tu(nn) 1.078 -
He-6 Tn = grn(an) 3.413 -
rpp(CHe)= V2 +r2,lof 1.811(1) 1.938(23), 1.953(22)
rm(CHe)= 1/ % (472 + 2r2 + 472, [a])  2.464(1 2.33(4), 2.30(7), 2.37(5
\/ 6

EFT discrepancy from experiment: (consistent with EFT expansion)
0 rpp ~ T% — 1o ~ 20%

0 7y~ 6% = r, ~25%
A Halo EFT description of He-6 23 /25



compare with theory and experiment R TRIUMF

2.1_ T T T T T T
| e Experiment
[ o NCSM:CD-Bomn -
L NCSM: INOY
2F o EHH:V, ,(NLO) 4
[ A GRMC: AVISAL2 '
) X Do | cf. Bacca, Barnea, Schwenk '12
o 1.9F 1 E .
& I o He-6 point-proton
T — .
= radius
1.8f - X -
©
1 1 1 1 1 1
26T T T T
: e Experiment
[ o NCSM:CD-Bonn —
L NCSM: INOY
25F o EmH:V,  (N'LO) ]
_ | a crvcAvismL2 l %
E X Halo EFT
5 24l I i o He-6 matter radius
jast [
£l
23f ]
L 1 1 " 1

... AP B R B B B
0 0.2 0.4 0.6 0.8 1 1.2

S, (‘He) [MeV]
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Conclusion and Outlook

o OHe is a 2n halo with na interacting in 2Ps resonance
2

o LO halo EFT analysis:

o A p-wave n(na) 3BF is needed for proper renormalization
o Tune 3BF to reproduce Ss,,(°He) = 0.973 MeV
o Halo EFT predictions of 7, and rp, is consistent with EFT expansion

o two-body form factors need to be checked

o application to ''Li
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charge radius of ‘He

I

[5] Inilerac ti Dl'i

] [B]Slé:aﬂeringg
jod This work |

. (20] Cluster

L e [17] Cluster

[ (18] Cluster

' [21] Clusiter
e (19] Cluster

. (22] No-core shel

M (23 (Avig + 1L2)
M (23] (AV18 + UIX)

H |
M (23] (Av18)

i i [ i i /
17 18 19 20 21 22

Point-Proton Radius of He-6 (fm)

Wang et al. '04
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Cluster-model calculations R TRIUMF

2-body Yamaguchi potential [Ghovanlou, Lehman *74]
Van (B, @) = 3290(p)g0(q) go(p) =1/ (* + 53)

. Lo 2
Voa(B, @) = 22 g1(p) 7+ 7 91(q) g1(p) = 1/ (p* + B?)

Bo [fm™'] | Ao [fm™?] | ao [fm] | 7o [fm]
" 1.13 -0.3484 -16.4 2.84

B [fm™] | A1 [fm™*] | a1 [fm®] | r1 [fm™!]
" 1.45 -7.969 -71.5 -0.851
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Cluster-model calculations R TRIUMF

2-body Yamaguchi potential [Ghovanlou, Lehman *74]
Van (B, @) = 3290(p)g0(q) go(p) =1/ (* + 53)
ViaB,0) = $201(0) - on(a)  q1(p) =1/ (0 + B2)°

o SHe ground-state binding energy:
o Prediction: B(°He) = 0.78 MeV

o Experiment: B(°He) = 0.97 MeV
underbind? — nna counterterm

Bo [fm™'] | Ao [fm™?] | ao [fm] | 7o [fm]
" 1.13 -0.3484 -16.4 2.84

B [fm™] | A1 [fm™*] | a1 [fm®] | r1 [fm™!]
" 1.45 -7.969 -71.5 -0.851
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loop integral S TRIUMF

-0.3645
I — g=1, p=1, E=1 [MeV]
© y=-0.366 +346/A
= 0.3650f .
o L
=)
)
a L
< 03655} .
N M I N B DR
0-36605 1000 2000 3000 4000 5000

A [MeV]
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eigen-value S TRIUMF

L BN IR L BN BN IR
10F E
Q
=
S
>
>
& e === _—
[}
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"0 5 10 15 20 25 30
E, [MeV]
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