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Motivation: Transfer Reactions
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FIG. 2. Differential cross sections for transfer to the ground
state of 11Be for equivalent deuteron energies of 12.0 (a), 15.0
(b), 18.0 (c), and 21.4 (d) MeV. Cross sections were calculated
using the ADWA-FR of Johnson and Tandy [21, 24], using the
CH89 [26] and K-D [27] optical potentials. Calculated cross
sections are scaled using the indicated spectroscopic factors.

at a 10Be beam energy of 107 MeV (Ed = 21.4 MeV),
with the subsequent runs at 60, 75, and 90 MeV (Ed =
12, 15, and 18 MeV), with approximately 5×106 particles
per second. The 10Be ions were accelerated from a cesium
sputter ion source using the 25 MV tandem accelerator.
Contamination from 10B was reduced to less than 1%
by fully stripping the beam ions and tuning the energy-
analyzing magnet for Z = 4. Deuterated polyethylene
targets with areal densities of 94, 162, and 185 µg/cm2

were used.
The angles and energies of light-ion ejectiles were

measured using the Silicon Detector Array (SIDAR
[28])(covering 138◦ < θlab < 165◦), and the first full im-
plementation of the Oak Ridge Rutgers University Barrel
Array (ORRUBA [29])(45◦ < θlab < 135◦). The OR-
RUBA position-sensitive silicon strip detectors (1000 µm
thick) were mounted at a radius of 76 mm at labora-
tory angles forward of 95◦ and 87 mm at more backward
angles.

Light ions emitted at forward laboratory angles were
identified on the basis of their differential stopping power.
An angular resolution of better than 2◦ in polar angle was
achieved. For the purpose of normalization, the prod-
uct of target areal density and integrated beam exposure
was determined for the transfer data using the elastically
scattered deuterons measured in the forward angle OR-
RUBA detectors, with reference to a low-intensity run
where the beam particles were counted directly. Protons
from the (d,p) reaction were detected in the SIDAR ar-

ray with an energy resolution of ≈ 70 keV at all beam
energies. The energies of protons emitted from the (d,p)
reaction at the lowest three beam energies were too small
to be measured in ORRUBA. However, proton angular
distributions for both bound states were measured in OR-
RUBA at Ed = 21.4 MeV with an energy resolution of
≈ 200 keV. In the first run, beam particles were counted
using the new Dual Micro-Channel Plate (DMCP) de-
tector for heavy recoil detection. A new fast ionization
chamber, similar to that described in reference [30], was
used in the later runs for beam particle counting and
identification.

Ground-state angular distributions of protons emitted
from the 10Be(d,p)11Be reaction are compared to ADWA-
FR predictions normalized to the data in Fig. 2. Opti-
cal potentials from Varner (CH89) [26] and Koning and
Delaroche (K-D) [27] were used for both the entrance
and exit channels. No significant differences are found in
the shapes of the calculated angular distributions. Good
agreement with experimental data is seen for both of
the bound states, for all four energies. Additionally, the
data were compared with DWBA calculations (not shown
here), which described the shape of the angular distribu-
tions well. All transfer calculations in this work were
performed with FRESCO [31], and adiabatic potentials
were obtained with a modified version of TWOFNR [32].
A fixed standard radius and diffuseness r = 1.25 fm and
a = 0.65 fm were used for the bound state. The Reid
interaction [33] was used to obtain the deuteron wave
function and in the transfer operator.
Spectroscopic factors were extracted for each state at

each beam energy using both the DWBA and ADWA-
FR formalisms. The results are shown in Fig.3: Panel
a shows the sensitivity to the deuteron optical potential
(Satchler (Sa) [34] versus Perey and Perey (P-P) [35],
keeping the proton potential fixed (K-D) [27]); panel (b)
shows the sensitivity to the proton potential in the exit
channel (CH89 [26] versus K-D with the deuteron poten-
tial P-P). Spectroscopic factors for the ground (excited)
state are shown on the left (right).
The DWBA analysis is sensitive to the choice of op-

tical potential and there is variation in the value of S
extracted at each of the four energies using the same
optical potential. This is most apparent at the highest
beam energy for the first excited state. These problems
indicate shortcomings in the DWBA prescription (as dis-
cussed below). In the case of the ADWA-FR analysis,
only nucleon potentials are necessary; panel (c) of Fig.
3 shows the results obtained with CH89 versus K-D. In
this case, the sensitivity to the chosen optical potential
is reduced, and the S extracted for the first excited state
at the highest beam energy is brought into agreement
with the results at lower energies. The average S ex-
tracted from our data are 0.71(5) for the ground state
and 0.62(4) for the first excited state.

The inconsistencies arising in the DWBA analysis
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FIG. 2. Differential cross sections for transfer to the ground
state of 11Be for equivalent deuteron energies of 12.0 (a), 15.0
(b), 18.0 (c), and 21.4 (d) MeV. Cross sections were calculated
using the ADWA-FR of Johnson and Tandy [21, 24], using the
CH89 [26] and K-D [27] optical potentials. Calculated cross
sections are scaled using the indicated spectroscopic factors.
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12, 15, and 18 MeV), with approximately 5×106 particles
per second. The 10Be ions were accelerated from a cesium
sputter ion source using the 25 MV tandem accelerator.
Contamination from 10B was reduced to less than 1%
by fully stripping the beam ions and tuning the energy-
analyzing magnet for Z = 4. Deuterated polyethylene
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thick) were mounted at a radius of 76 mm at labora-
tory angles forward of 95◦ and 87 mm at more backward
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Light ions emitted at forward laboratory angles were
identified on the basis of their differential stopping power.
An angular resolution of better than 2◦ in polar angle was
achieved. For the purpose of normalization, the prod-
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was determined for the transfer data using the elastically
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RUBA detectors, with reference to a low-intensity run
where the beam particles were counted directly. Protons
from the (d,p) reaction were detected in the SIDAR ar-

ray with an energy resolution of ≈ 70 keV at all beam
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optical potential. This is most apparent at the highest
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3 shows the results obtained with CH89 versus K-D. In
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FIG. 2. Differential cross sections for transfer to the ground
state of 11Be for equivalent deuteron energies of 12.0 (a), 15.0
(b), 18.0 (c), and 21.4 (d) MeV. Cross sections were calculated
using the ADWA-FR of Johnson and Tandy [21, 24], using the
CH89 [26] and K-D [27] optical potentials. Calculated cross
sections are scaled using the indicated spectroscopic factors.
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12, 15, and 18 MeV), with approximately 5×106 particles
per second. The 10Be ions were accelerated from a cesium
sputter ion source using the 25 MV tandem accelerator.
Contamination from 10B was reduced to less than 1%
by fully stripping the beam ions and tuning the energy-
analyzing magnet for Z = 4. Deuterated polyethylene
targets with areal densities of 94, 162, and 185 µg/cm2
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Light ions emitted at forward laboratory angles were
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achieved. For the purpose of normalization, the prod-
uct of target areal density and integrated beam exposure
was determined for the transfer data using the elastically
scattered deuterons measured in the forward angle OR-
RUBA detectors, with reference to a low-intensity run
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to be measured in ORRUBA. However, proton angular
distributions for both bound states were measured in OR-
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chamber, similar to that described in reference [30], was
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agreement with experimental data is seen for both of
the bound states, for all four energies. Additionally, the
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tions well. All transfer calculations in this work were
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interaction [33] was used to obtain the deuteron wave
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(Satchler (Sa) [34] versus Perey and Perey (P-P) [35],
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channel (CH89 [26] versus K-D with the deuteron poten-
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optical potential. This is most apparent at the highest
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cussed below). In the case of the ADWA-FR analysis,
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3 shows the results obtained with CH89 versus K-D. In
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FIG. 2. Differential cross sections for transfer to the ground
state of 11Be for equivalent deuteron energies of 12.0 (a), 15.0
(b), 18.0 (c), and 21.4 (d) MeV. Cross sections were calculated
using the ADWA-FR of Johnson and Tandy [21, 24], using the
CH89 [26] and K-D [27] optical potentials. Calculated cross
sections are scaled using the indicated spectroscopic factors.
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with the subsequent runs at 60, 75, and 90 MeV (Ed =
12, 15, and 18 MeV), with approximately 5×106 particles
per second. The 10Be ions were accelerated from a cesium
sputter ion source using the 25 MV tandem accelerator.
Contamination from 10B was reduced to less than 1%
by fully stripping the beam ions and tuning the energy-
analyzing magnet for Z = 4. Deuterated polyethylene
targets with areal densities of 94, 162, and 185 µg/cm2

were used.
The angles and energies of light-ion ejectiles were
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[28])(covering 138◦ < θlab < 165◦), and the first full im-
plementation of the Oak Ridge Rutgers University Barrel
Array (ORRUBA [29])(45◦ < θlab < 135◦). The OR-
RUBA position-sensitive silicon strip detectors (1000 µm
thick) were mounted at a radius of 76 mm at labora-
tory angles forward of 95◦ and 87 mm at more backward
angles.

Light ions emitted at forward laboratory angles were
identified on the basis of their differential stopping power.
An angular resolution of better than 2◦ in polar angle was
achieved. For the purpose of normalization, the prod-
uct of target areal density and integrated beam exposure
was determined for the transfer data using the elastically
scattered deuterons measured in the forward angle OR-
RUBA detectors, with reference to a low-intensity run
where the beam particles were counted directly. Protons
from the (d,p) reaction were detected in the SIDAR ar-

ray with an energy resolution of ≈ 70 keV at all beam
energies. The energies of protons emitted from the (d,p)
reaction at the lowest three beam energies were too small
to be measured in ORRUBA. However, proton angular
distributions for both bound states were measured in OR-
RUBA at Ed = 21.4 MeV with an energy resolution of
≈ 200 keV. In the first run, beam particles were counted
using the new Dual Micro-Channel Plate (DMCP) de-
tector for heavy recoil detection. A new fast ionization
chamber, similar to that described in reference [30], was
used in the later runs for beam particle counting and
identification.

Ground-state angular distributions of protons emitted
from the 10Be(d,p)11Be reaction are compared to ADWA-
FR predictions normalized to the data in Fig. 2. Opti-
cal potentials from Varner (CH89) [26] and Koning and
Delaroche (K-D) [27] were used for both the entrance
and exit channels. No significant differences are found in
the shapes of the calculated angular distributions. Good
agreement with experimental data is seen for both of
the bound states, for all four energies. Additionally, the
data were compared with DWBA calculations (not shown
here), which described the shape of the angular distribu-
tions well. All transfer calculations in this work were
performed with FRESCO [31], and adiabatic potentials
were obtained with a modified version of TWOFNR [32].
A fixed standard radius and diffuseness r = 1.25 fm and
a = 0.65 fm were used for the bound state. The Reid
interaction [33] was used to obtain the deuteron wave
function and in the transfer operator.
Spectroscopic factors were extracted for each state at

each beam energy using both the DWBA and ADWA-
FR formalisms. The results are shown in Fig.3: Panel
a shows the sensitivity to the deuteron optical potential
(Satchler (Sa) [34] versus Perey and Perey (P-P) [35],
keeping the proton potential fixed (K-D) [27]); panel (b)
shows the sensitivity to the proton potential in the exit
channel (CH89 [26] versus K-D with the deuteron poten-
tial P-P). Spectroscopic factors for the ground (excited)
state are shown on the left (right).
The DWBA analysis is sensitive to the choice of op-

tical potential and there is variation in the value of S
extracted at each of the four energies using the same
optical potential. This is most apparent at the highest
beam energy for the first excited state. These problems
indicate shortcomings in the DWBA prescription (as dis-
cussed below). In the case of the ADWA-FR analysis,
only nucleon potentials are necessary; panel (c) of Fig.
3 shows the results obtained with CH89 versus K-D. In
this case, the sensitivity to the chosen optical potential
is reduced, and the S extracted for the first excited state
at the highest beam energy is brought into agreement
with the results at lower energies. The average S ex-
tracted from our data are 0.71(5) for the ground state
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FIG. 2. Differential cross sections for transfer to the ground
state of 11Be for equivalent deuteron energies of 12.0 (a), 15.0
(b), 18.0 (c), and 21.4 (d) MeV. Cross sections were calculated
using the ADWA-FR of Johnson and Tandy [21, 24], using the
CH89 [26] and K-D [27] optical potentials. Calculated cross
sections are scaled using the indicated spectroscopic factors.

at a 10Be beam energy of 107 MeV (Ed = 21.4 MeV),
with the subsequent runs at 60, 75, and 90 MeV (Ed =
12, 15, and 18 MeV), with approximately 5×106 particles
per second. The 10Be ions were accelerated from a cesium
sputter ion source using the 25 MV tandem accelerator.
Contamination from 10B was reduced to less than 1%
by fully stripping the beam ions and tuning the energy-
analyzing magnet for Z = 4. Deuterated polyethylene
targets with areal densities of 94, 162, and 185 µg/cm2

were used.
The angles and energies of light-ion ejectiles were

measured using the Silicon Detector Array (SIDAR
[28])(covering 138◦ < θlab < 165◦), and the first full im-
plementation of the Oak Ridge Rutgers University Barrel
Array (ORRUBA [29])(45◦ < θlab < 135◦). The OR-
RUBA position-sensitive silicon strip detectors (1000 µm
thick) were mounted at a radius of 76 mm at labora-
tory angles forward of 95◦ and 87 mm at more backward
angles.

Light ions emitted at forward laboratory angles were
identified on the basis of their differential stopping power.
An angular resolution of better than 2◦ in polar angle was
achieved. For the purpose of normalization, the prod-
uct of target areal density and integrated beam exposure
was determined for the transfer data using the elastically
scattered deuterons measured in the forward angle OR-
RUBA detectors, with reference to a low-intensity run
where the beam particles were counted directly. Protons
from the (d,p) reaction were detected in the SIDAR ar-

ray with an energy resolution of ≈ 70 keV at all beam
energies. The energies of protons emitted from the (d,p)
reaction at the lowest three beam energies were too small
to be measured in ORRUBA. However, proton angular
distributions for both bound states were measured in OR-
RUBA at Ed = 21.4 MeV with an energy resolution of
≈ 200 keV. In the first run, beam particles were counted
using the new Dual Micro-Channel Plate (DMCP) de-
tector for heavy recoil detection. A new fast ionization
chamber, similar to that described in reference [30], was
used in the later runs for beam particle counting and
identification.

Ground-state angular distributions of protons emitted
from the 10Be(d,p)11Be reaction are compared to ADWA-
FR predictions normalized to the data in Fig. 2. Opti-
cal potentials from Varner (CH89) [26] and Koning and
Delaroche (K-D) [27] were used for both the entrance
and exit channels. No significant differences are found in
the shapes of the calculated angular distributions. Good
agreement with experimental data is seen for both of
the bound states, for all four energies. Additionally, the
data were compared with DWBA calculations (not shown
here), which described the shape of the angular distribu-
tions well. All transfer calculations in this work were
performed with FRESCO [31], and adiabatic potentials
were obtained with a modified version of TWOFNR [32].
A fixed standard radius and diffuseness r = 1.25 fm and
a = 0.65 fm were used for the bound state. The Reid
interaction [33] was used to obtain the deuteron wave
function and in the transfer operator.
Spectroscopic factors were extracted for each state at

each beam energy using both the DWBA and ADWA-
FR formalisms. The results are shown in Fig.3: Panel
a shows the sensitivity to the deuteron optical potential
(Satchler (Sa) [34] versus Perey and Perey (P-P) [35],
keeping the proton potential fixed (K-D) [27]); panel (b)
shows the sensitivity to the proton potential in the exit
channel (CH89 [26] versus K-D with the deuteron poten-
tial P-P). Spectroscopic factors for the ground (excited)
state are shown on the left (right).
The DWBA analysis is sensitive to the choice of op-

tical potential and there is variation in the value of S
extracted at each of the four energies using the same
optical potential. This is most apparent at the highest
beam energy for the first excited state. These problems
indicate shortcomings in the DWBA prescription (as dis-
cussed below). In the case of the ADWA-FR analysis,
only nucleon potentials are necessary; panel (c) of Fig.
3 shows the results obtained with CH89 versus K-D. In
this case, the sensitivity to the chosen optical potential
is reduced, and the S extracted for the first excited state
at the highest beam energy is brought into agreement
with the results at lower energies. The average S ex-
tracted from our data are 0.71(5) for the ground state
and 0.62(4) for the first excited state.

The inconsistencies arising in the DWBA analysis
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Halo EFT [Bertulani et al., NPA 712 (2002)]

→ Power counting
→ Unify structure & reaction

I Explore halo structure w/ transfer reactions

I Case study:

I Cross section data (ORNL) [Schmitt et al., PRL 108 (2012)]
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Project Goals & Contents

D

I. Develop EFT for halo reactions. Focus on...
I ... 1n-halos→ Beryllium-11
I ... strong interaction

II. Construct amplitude...
I ... from neutron transfers
I ... for cross section

III. Introduce 3-body forces for...
I ... renormalization
I ... loss effects
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I. EFT for 10Be(d, p)11Be: Phenomenology

E/MeV

3.37 10Be∗+n+p

0 10Be+n

+p

−0.50 11Be

+p

−2.23 10Be+ d

−14.60 12B

Ecore

Ehalo

. . .

. . .

. . .

. . .

Long-range physics
explicit

vs. Short-range physics
implicit

I 11Be =̂ (10Be+n) ( 1
2

+
) weakly bound

→ Halo EFT: Rcore/Rhalo ∼ 0.4
[Hammer & Phillips, NPA 865 (2011)]

I Deuteron =̂ (n+p) (1+) weakly bound

→��π EFT: rdγd ∼ 0.4
[Chen et al., NPA 653 (1999)]

I Intermediate states (12B, . . . )

→ Treat effectively w/ 3-body forces
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I. EFT for 10Be(d, p)11Be: Lagrangian (LO)

LLO =

non-
relativistic

auxiliary
fields
(s-wave)

I Kinetic part:
10Be

+
neutron

+
proton

I 10Be-n part: +
(

+ h.c.
)

+
11Be

I n-p part: +
(

+ h.c.
)

+
deuteron

I Full propagators:
(full)

= +
(full)

→ effective range expansion
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II. Scattering Amplitude: Construction

Tσd

11Be

p

=

(inelastic scattering)

+

Tdd

(full)

Λ

Tdd

10Be

d

=

(elastic scattering)

TσdΛ

(full)

amplitude vector

potential vector potential matrix

Propagator matrix

I Iterate neutron exchanges:

I ~J ≡ ~L + ~S and parity conserved→ Project onto Jπ channels

~TJπ (p, p′) = −~VJπ (p, p′) +
∫ Λ

0

dq q2

(2π)3 VJπ (p, q) G (q) ~TJπ (q, p′)
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II. Scattering Amplitude: Cutoff-Dependence
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−200

−100

0

100

200

Ed/MeV

R
e

T
(L

=0
)

σ
d
/G

eV
−

2 Λ = 1 GeV
Λ = 2 GeV
Λ = 3 GeV

5 10 15 20
−400

−300

−200

−100

0

Ed/MeV

Im
T

(L
=0

)
σ

d
/G

eV
−

2

I L > 0 integrals converge as Λ→∞, L = 0 integrals don’t

I Even more: Unphysical Efimov states

I Renormalize w/ 3-body force!
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III. 3-Body Force: Reproducing Data
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b Ed = 12 MeV
Λ = 3 GeV

D ∈ R

I Adjust 3-body force D(Λ) = D

10Be

d
(L = 0)

such that

I cross section dσ
dΩ ∝

∣∣∣ Tdσ

∣∣∣2 reproduces data!

I Complex D needed! Cross section Λ-independent!
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III. 3-Body Force: Loss Channels
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I Im(D) introduces loss channels outside the EFT’s scope
e.g. 10Be+d→ 12B (1+): B3 = 12.37 MeV (deeply inelastic)

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

I Predictions at LO:

Agreement within NLO bands!
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IV. Summary & Outlook

I EFT for halo reactions

I LO: Auxiliary fields for 11Be and deuteronX

I Introduce electro-magnetic interactions

I NLO: Intermediate states 11Be∗, np(1S0)

I Amplitude & cross section

I Constructed amplitude in Jπ channelsX
I Include Coulomb (& NLO corrections) perturbatively

I 3-body forces

I Renormalization in L = 0 channelX
I Consideration of loss effects in L = 0X
I Losses in other L channels?
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I. EFT for 10Be(d, p)11Be: Halo EFT Part

Non-relativistic fields

Auxiliary
fields

[Hammer, Phillips, NPA 865 (2011)]

L11Be = n†α

(
i∂0 +

∇2

2mN

)
nα + c†

(
i∂0 +

∇2

2mc

)
c

+ σ†α

[
−
(

i∂0 +
∇2

2MNc

)
+ ∆σ + ...

]
σα − gσ

[
(nαc)† σα + h.c.

]

+ π†α

[(
i∂0 +

∇2

2MNc

)
+ ∆π + ...

]
πα − gπ c

1
2α

′

1
2α,1i

[(
nα′
←→
∇i′ c

)†
πα + h.c.

]
I Parameters: gσ, ∆π, gπ (LO) and ∆σ (NLO)

I Fix with γσ, γπ and effective ranges rπ, rσ from experiment
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I. EFT for 10Be(d, p)11Be: Full Two-Body Propagator

(full)
= +

(full)
Σσ

(full)
= +

(full)
Σπ

T l=0 =
(full)

∼
(
−a−1

σ +rσ k2

2 + ...−i k
)
−1

T l=1 =
(full)

∼k2
(
−a−1

π +rπ k2

2 + ...−i k3
)
−1

I Full propagator: Resum two-body loops!

→ 11Be (s-wave):

→ 11Be∗ (p-wave):

I Amplitudes:
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II. Scattering Amplitude: Equations

I Partial wave projected amplitudes for J ∈ N0, L ∈ {J − 1, J, J + 1}:(
T

3LJ
σd

T
3LJ
dd

)(
p, p′

)
=

2
√
γdγσ

µNc

(
IL(p, p′; E)

0

)

+
∫

dq q2

(2π)3

(1 + y )
√

γσ

γd

IL(q,p;E)

−γd+
√

1+2y
4 q2−mN(E+iε)

T
3LJ
dd

(
q, p′

)
2
√

γd
γσ

IL(p,q;E)

−γσ+
√

1+2y
(1+y )2

q2−2µNc(E+iε)
T

3LJ
σd

(
q, p′

)


with γd = 46 MeV, γσ = 29 MeV, y ≡ mN
mc

= 0.1, µNc ≡ mNmc/(mN + mc) and

IL(p, q; E) ≡ −2
pq

QL

(
mNE
pq
− p

q
−
√

1 + y
2

q
p

+ iε

)
,

where QL is Legendre function of 2nd kind.
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II. Scattering Amplitude: Efimov Effect

102 103 104 105 106 107 108 10910−2

10−1

100

101

102

Λ/MeV

B
3
/M

eV

λ0 ≈ 136

I L > 0 integrals converge as Λ→∞, L = 0 integrals don’t

I 3-body bound states (below d-10Be):

I (Unphysical) Efimov states: Discrete scale invariance Λ→ λ0 Λ

[Efimov, PLB 33 (1970)]

I Renormalize w/ 3-body force!
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II. Scattering Amplitude: Intermediate States

β

i ′α
Tσd =

+ Tdd

+

Tvd

i i ′
Tdd = Tσd

+

Tπd

β

i ′α
Tπd = + Tdd

+

Tvd

i ′
Tvd = Tσd + Tπd

(reaction channel)

(elastic channel)

I Insert |π〉 ≡
∣∣11Be∗ + p

〉
and |v〉 ≡

∣∣10Be + np(1S0)
〉

at NLO:

with α,β ∈ {−1/2, +1/2} and i , i ′ ∈ {−1, 0, +1}
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III. 3-Body Force: Renormalization w/o Losses

0 5 10 15 20 25 30
−20

−10

0

10

20

Λ/GeV

D
(Λ

)/
G

eV
−

2

B3 = 0.05 MeV
B3 = 0.5 MeV
B3 = 5 MeV

New state below threshold

I Demand pole in Tdd below d-10Be threshold at binding energy B3
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III. 3-Body Force: Elastic Channel

0 20 40 60 80 100 120 140 160 180
0

100

200

θcm/deg

dσ
el

.
dΩ

/
m

b

Ed = 12 MeV
Λ = 3 GeV
D(Λ) = (−1.65 + i 4.95) GeV−2

Rutherford

I Elastic scattering 10Be(d, d)10Be

I cross section
dσel.
dΩ ∝

∣∣∣ Tdd

∣∣∣2

I Need Coulomb force!
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