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o~ 7fm

\
\, [Nértershauser et al., PRL 102 (2009)]

\
\
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0Be (Core)

1Be (Halo Nucleus)

» Deeply-bound core vs. Weak valence binding — Scale Separation!
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Motivation: Halo Nuclei

Q Neutron o o

1p-Halo — :
\~ 7fm 2p-Halo |
\, [Nértershauser et al., PRL 102 (2009)] [ w
\\ Z
\ 1)
Li 1n-Halo
0Be (Core) 11gg ' 2n-Halo
N

1Be (Halo Nucleus)

» Deeply-bound core vs. Weak valence binding — Scale Separation!
» Many more near dripline
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» Explore halo structure w/ transfer reactions
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» Explore halo structure w/ transfer reactions

Proton A
» Case study: BElER e e Q Q@
~
0Bg 1Be

» Cross section data (ORNL) [Schmitt et al., PRL 108 (2012)]

Eg=12MeV | Eg=15MeV
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» Cross section data (ORNL) [Schmitt et al., PRL 108 (2012)]
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Motivation: Transfer Reactions

» Explore halo structure w/ transfer reactions

Proton A
» Case study: BElER e e Q Q@
~
0Bg 1Be

» Cross section data (ORNL) [Schmitt et al., PRL 108 (2012)]

Eq = 12MeV Eq =15MeV | Traditional Reaction Models

a 60 . e

£ 40 — No uncertainty quantification

3G Halo EFT [Bertulani et al., NPA 712 (2002)]
20 — Power counting

9 10 20 30 10 20 30 — Unify structure & reaction

Ocm/deg A\ sra1tas
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|. Develop EFT for halo reactions. Focus on...

> ... Tn-halos — Beryllium-11
> ... strong interaction

October 5, 2017 | Institute of Nuclear Physics, TU Darmstadt | Marcel Schmidt | 3



TECHNISCHE
UNIVERSITAT
DARMSTADT

Project Goals & Contents

|. Develop EFT for halo reactions. Focus on...

> ... Tn-halos — Beryllium-11
> ... strong interaction

[I. Construct amplitude...

» ... from neutron transfers
» ... for cross section

Hoiile

October 5, 2017 | Institute of Nuclear Physics, TU Darmstadt | Marcel Schmidt | 3



TECHNISCHE
UNIVERSITAT
DARMSTADT

Project Goals & Contents

|. Develop EFT for halo reactions. Focus on...

> ... Tn-halos — Beryllium-11
> ... strong interaction

[I. Construct amplitude...

» ... from neutron transfers
» ... for cross section

[ll. Introduce 3-body forces for...

» ... renormalization
> ... loss effects
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» ""Be 2 ("°Be+n) (") weakly bound ® 337 — 10Be" 4n+p
— Halo EFT: Ryre/Rhaio ~ 0.4
[Hammer & Phillips, NPA 865 (2011)]

Q Ecore

0— °Be+n
e+ l Ehalo

-050 T ~ 'Be
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> ""Be2("%Be+n) (3) weakly bound @ 337 |

/

— Halo EFT: Reore/ Rnaio ~ 0.4 /

[Hammer & Phillips, NPA 865 (2011)] Q
» Deuteron = (n+p) (1*) weakly bound

— REFT: ryvg ~ 0.4 o
[Chen et al., NPA 653 (1999)]

E/MeV

0 —
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——
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1OB
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> ""Be2("%Be+n) (3) weakly bound @ 337 |

—+ Halo EFT: Regre/ Rnaio ~ 0.4 J

/

[Hammer & Phillips, NPA 865 (2011)] Q

» Deuteron = (n+p) (1*) weakly bound

— REFT: ryvg ~ 0.4 0\0
[Chen et al., NPA 653 (1999)]

> Intermediate states (2B, ...)

— Treat effectively w/ 3-body forces

E/MeV

—— "°Be*+n+p

Ecore

0 ———— ""Be+n+p =
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—050 T~ "Be+p
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» 11Be 2 ("°Be+n) (1) weakly bound
— Halo EFT: Royre/ Rhalo ~ 0.4 y
[Hammer & Phillips, NPA 865 (2011)] Q

» Deuteron = (n+p) (1*) weakly bound

— REFT: ryvg ~ 0.4 0\0
[Chen et al., NPA 653 (1999)]

> Intermediate states (2B, ...)

— Treat effectively w/ 3-body forces
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Long-range physics
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» Deuteron = (n+p) (1*) weakly bound
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10Be neutron proton

» Kineticpart: | —-=-=--- F — e non-

relativistic
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Lio =
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relativistic
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I. EFT for '"°Be(d, p)''Be: Lagrangian (LO) @ﬁ%ﬁgf
Lo =
0Be neutron proton i
» Kineticpart: | —-—-—---- b o— 4 . }non. o
relativistic
10 S 11Be
> "“Be-n part: + ( pere +h.C.> H 2oooog
auxiliary
fields
deuteron s-wave
> n-p part: + < ¥ + h.C.) + ( )
(fully
» Full propagators: ———— = T +

— effective range expansion
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» lterate neutron exchanges:
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(inelastic scattering)
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Il. Scattering Amplitude: Construction

» lterate neutron exchanges:

(inelastic scattering)

1OBe - -

(elastic scattering)

» J= L+ S and parity conserved — Project onto J™ channels
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Il. Scattering Amplitude: Construction

» lterate neutron exchanges:

(inelastic scattering)

1OBe - -

(elastic scattering)

— -

» J=L+Sand parity conserved — Project onto J™ channels

potential vector potential matrix
- , - , A dg q2 - ,
To=(p,P) = =Vyr(p,p) + @7 Vur(p,q) G(q) Tu=(q,p)
0 =
amplitude vector Propagator matrix
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» L > 0integrals converge as A — oo, L = 0 integrals don’t
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Il. Scattering Amplitude: Cutoff-Dependence

» L > 0integrals converge as A — oo, L = 0 integrals don’t
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» L > 0integrals converge as A — oo, L = 0 integrals don’t
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» Even more: Unphysical Efimov states
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» L > 0integrals converge as A — oo, L = 0 integrals don’t

200 : : :
N — A =1GeV
L 100 —A=2GeV |
& —— N\ =3GeV
~~
. O
T
o —100
o

72 | | |
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» Even more: Unphysical Efimov states

» Renormalize w/ 3-body force!
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N\ rd

» Adjust 3-body force D(A) = (L=0)
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N\ rd

> Adjust 3-body force D(A) = (L = 0) such that

__ __ |2
> cross section g—g X ‘ ‘ reproduces data!

Hoiile

October 5, 2017 | Institute of Nuclear Physics, TU Darmstadt | Marcel Schmidt | 8



lll. 3-Body Force: Reproducing Data

A\ TECHNISCHE
UNIVERSITAT
DARMSTADT

1°Be -~

N\

e
4

> Adjust 3-body force D(A) = (L = 0) such that

» cross section g—g X ‘
T T T

2
‘ reproduces data!
T

T
150 | = DER *
o 1 Es = 12MeV
E£100 | VW A = 3GeV a
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R T S Ny i
O | | 1 ! |
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lll. 3-Body Force: Reproducing Data

1°Be -~ P
N\ rd

> Adjust 3-body force D(A) = (L = 0) such that

__ __ |2
> cross section g—g X ‘ ‘ reproduces data!
T T T T

T
150 | DER 1
" Es = 12MeV

o)
E£100 | A =3GeV
D(A) = (—1.65 + i 4.95) GeV 2

38 & F . ’
0 | \ | — |

|
0 10 20 30 40 50 60
Oom/deg

» Complex D needed! Cross section A-independent! o
it
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» Im(D) introduces loss channels outside the EFT’s scope
e.g. "'Be+d— 2B (1*): B3 = 12.37 MeV (deeply inelastic)
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» Im(D) introduces loss channels outside the EFT’s scope
e.g. "'Be+d— 2B (1*): B3 = 12.37 MeV (deeply inelastic)

» Method applied in NR-QCD, EFT for atomic Bose gases, ...
[Bodwin et al., PRD 51 (1995)], [Braaten & Hammer, PRL 87 (2001)]
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» Im(D) introduces loss channels outside the EFT’s scope
e.g. "°Be+d— 2B (1*): B; = 12.37 MeV (deeply inelastic)

» Method applied in NR-QCD, EFT for atomic Bose gases, ..
[Bodwin et al., PRD 51 (1995)], [Braaten & Hammer, PRL 87 (2001)]

» Predictions at LO:

T T

T T T T
_0100 Eqy =12MeV Eq = 15MeV Eq =18 MeV
£
8Ig 50 5
O’ k
0 \ | \ 1 % ]
0 20 40 60 20 40 60 20 40 60
Ocm /deg Ocm /deg Oem /deg
Agreement within NLO bands! P
il
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» EFT for halo reactions
> LO: Auxiliary fields for ''Be and deuteron v
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IV. Summary & Outlook

» EFT for halo reactions
> LO: Auxiliary fields for ''Be and deuteron v
» Introduce electro-magnetic interactions
» NLO: Intermediate states ''Be*, np('Sp)

» Amplitude & cross section

» Constructed amplitude in J™ channels v

> Include Coulomb (& NLO corrections) perturbatively
» 3-body forces

» Renormalization in L = 0 channel \/
» Consideration of loss effects in L =0 \/

» Losses in other L channels?
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[Hammer, Phillips, NPA 865 (2011)]

. v? VP
Liige = N, </80 + 2mN) ne + ct (/80 + 2mc> c

Non-relativistic fields
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I. EFT for "°Be(d, p)''Be: Halo EFT Part

[Hammer, Phillips, NPA 865 (2011)] R
Non-relativistic fields

P v VP
Liige = N, </80 + 2mN) ne, + cf (/80 + 2mc) c

v2
+GIY[— <i80+ 2MNC> +Ao+...}aa — ga[(naC)TO'a+h.C_:|

Auxiliary
fields
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I. EFT for "°Be(d, p)''Be: Halo EFT Part

[Hammer, Phillips, NPA 865 (2011)] R
Non-relativistic fields

.V L VP
Liige = N, </80 + 2mN) n, + cf (/80 + 2mc) c

_—__/
______ -~
v2
+oriY — [ i0y + + Ao+ .. |00 — Go (nac)Tcra+h.c.
- 2I\/’Nc
Auxiliary
fields
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I. EFT for "°Be(d, p)''Be: Halo EFT Part

[Hammer, Phillips, NPA 865 (2011)] R
Non-relativistic fields

\%a \%
11 = t —_— T
Liige = N, </80 + 2mN) n, + ¢ (/80 + 2mc) c

_ v?
+GIY_—<i80+2MNC>+A0+...}Ja - ga[( )Taa+hc}

Auxiliary
fields

[ v? i
t1( o ;
+ ) _ (180+ 2MN0> +A7r+...}7ra - gﬂcza“[(nalvﬂ C) 7Ta+h.C.:|
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[Hammer, Phillips, NPA 865 (2011)] R
_____ Non-relativistic fields
.V VP
Liige = N, </80 + 2mN) Ne + cf (/80 + 2mc) c
_—__/
______ -~
_ 2
+oriY — <i80+ oM ) + A, + }aa — gg[(nuc) Oa +h.0}
. Ne
Aux!llary
fields) =  e———— T
[ 2 1,/ i
+ WL _ (i@o + 2AV/INC> +A;+ ...}wa - Or 0221’. [ (na/?,v C) Mo + h.c}

A
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[Hammer, Phillips, NPA 865 (2011)] R
_____ Non-relativistic fields
I v VP
Liige = N, </80 + 2mN> ne, + cf (/80 + 2mc) c
_—__/
______ -~
Vz
+oriY — <i80+ oM ) + A, + }aa — ga[(nac) Oa +h.c}
. Ne
Aux!llary
fields) =  e———— T
[ 2 14/ T
+ WL _ (i@o + 2I\V/INC> + A+ ...}wa - Or 0231” [ (na/?,v C) Mo + h.c}

» Parameters: g,, A, g (LO) and A, (NLO)
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I. EFT for "°Be(d, p)''Be: Halo EFT Part s
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[Hammer, Phillips, NPA 865 (2011)] R
_____ Non-relativistic fields
.V VP
Liige = N, </80 + 2mN) ne, + cf (/80 + 2mc) c
_—__/
------ \\
_ 2
+ol| — <i80+ oM ) + Ay + :|Ua - ga[(nuc) Oa +h-0}
. Ne
Aux!llary
fields) =  e———— AT
[ 2 1,/ i
+ WL _ (i@o + 2AV/INC> + A+ ...}wa - Or 0221’. [ (na/?,v C) Mo + h.c}

» Parameters: g,, A, g (LO) and A, (NLO)

» Fix with v, 7. and effective ranges r,, r, from experiment

1245

A
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I. EFT for '°Be(d, p)''Be: Full Two-Body Propagator

» Full propagator: Resum two-body loops!
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» Full propagator: Resum two-body loops!

— ""Be (s-wave): —m——= = ————— + === T, ====
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I. EFT for '°Be(d, p)''Be: Full Two-Body Propagator
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Il. Scattering Amplitude: Equations

» Partial wave projected amplitudes for J e No, Le {J—1, J, J+1}:

K}

(TngJ> (p.p) = 2V Vs (’L(P, P’;E)>
TchiJ ’ HNe 0

Yo 1.(.p;E) Ly /

+/dqq2 a +y)\/:7%+\/%q2—mN(E+ie) Ted (4.0

(271')3 2 /X IL(p.q;E) ;%J (q’ p/)

Vo *’Y5+\/ ::jy Q2 —2pnc(E+i€)

with 74 = 46 MeV, 7, = 29MeV, y = "% = 0.1, une = mMnme/(my + mc) and

myE  p 1+yq .
I ,;E:—Q — = =4/ —+ie |,
L(p, q; E) g L( g q 2 p

where Q, is Legendre function of 2™ kind.
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Il. Scattering Amplitude: Efimov Effect

» L > 0integrals converge as A — oo, L = 0 integrals don’t
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Il. Scattering Amplitude: Efimov Effect

» L > 0integrals converge as A — oo, L = 0 integrals don’t
» 3-body bound states (below d-'°Be):
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» (Unphysical) Efimov states: Discrete scale invariance A — Mg A
[Efimov, PLB 33 (1970)]
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» (Unphysical) Efimov states: Discrete scale invariance A — Mg A
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» Renormalize w/ 3-body force!
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Il. Scattering Amplitude: Intermediate States

> Insert [r) = |"'Be* +p) and |v) = |'°Be + np('S,)) at NLO:

(reaction channel)

with o, 8 € {-1/2, +1/2} and i,i" € {—1, 0, +1}
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lll. 3-Body Force: Renormalization w/o Losses

» Demand pole in Tyy below d-°Be threshold at binding energy B;

20 T I
—— B3 =0.05MeV
a 10 —B;=0.5MeV |
> — B; =5MeV
g 0
=
Q_10 N
New state below threshold
—20 | | |
0 5 10 15 20 25 30
N/GeV

ool
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lll. 3-Body Force:

» Elastic scattering '°Be(d, d)‘OBe

» cross section

T
Rutherford Ed - 12MeV
AN =3GeV
D(A) =

(,

1.65 + i 4.95) GeV 2

180

200 |-

Qo

S

o

5%100
0 | | | |
0 20 40 60 80 100 120 140 160

Ocm/deg

» Need Coulomb force!
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