LOW-ENERGY REACTION
IN EFT
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OUTLINE

» Background and motivation

* Weakly bound systems at low energy

» Adiabatic projection method - proof of concept
° neutron capture

* proton-proton fusion

* Pinhole algorithm

» Efimov physics



MOTIVATIONS
Astrophysics
» LLow energy reactions dominate

e Need accurate Cross sections but hard to
measure experimentally

* Model-independent theoretical
calculations important

Theoretical

» Weakly bound systems — opportunities

» First principle calculation

Use Eftective Field Theory



EFT: THE LONG AND SHORT

OF IT
e Identify degrees of freedom
L=1co0" 1+¢;, 0 46,02 4... expansion in%

e

Hide UV ignorance IR explicit
- short distance - long distance

® Determine ¢» from data (elastic, inelastic)

®EFT : ERE + currents + relativity

S

Not just Ward-Takahashi identity

Key ingredient: power counting



WEAKLY BOUND SYSTEMS
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—-- Natural case 1/a,1/r ~ A > p, expand in small p

--- Large scattering length a >> 1/A

A(p) 2T 1 | [
iA(p) ~ L= R
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EFT non-perturbative
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Al = — : % Weinberg ‘90
/ Bedaque, van Kolck 97
large COUPI Kaplan, Savage, Wise ‘98
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P-WAVE BOUND STATE

27T 1P
1 A(p) = g -
) alv | 21p2_|_,,,_2p3

Shallow states
2 fine tuning Bertulani, Hammer, van Kolck (2002)

1/(av)/2 ~pr~r ~Q < A

1 fine tuning Bedaque, Hammer, van Kolck (2003)
l/ay ~ Q*A, p~Q <11 ~ A

Either way requires two operators at LO



A LOW ENERGY EXAMPLE

"Li(n, v)®Li
* Isospin mirror systems ‘Li(n,~)°Li < “Be(p,v)°B

* Inhomogeneous BBN
Whats the theoretical error?

1
Z ﬁ\/1+37/7“1
>; >® @j Need effective range rl

and binding energy at
Iwo EF'T operators leading order

Asymptotlc normalization
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Rupak, Higa; PRL 106, 222501 (2011)  Black: EFT
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ANOTHER EXAMPLE: o(He,v)Be
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Initial state: s-wave ag ~ A/Q?, g~ 1/A <=

Final state: shallow p-wave (ground and excited) two operators

Need for low-energy phase shift, especially p-wave

_ Elastic scattering of *He + o with SONIK
S TRIUMF
Energy range about 500 keV to 3 MeV

Spokespersons: Connolly, Davids, Greife

612.08959

— LO contribution



REACTIONS IN LATTICE EFT

e Consider: a(b,v)c ; a(b,c)d

e Need eftective “cluster’ Hamiltonian -- acts in
cluster coordinates, spins,etc.

 (alculate reaction with cluster Hamiltonian. Many
possibilities --- traditional methods, continuum
halo/cluster EFT, lattice method




NUCLEAR LATTICE EFT
COLLABORATION

Evgeny Epelbaum (Bochum)
Hermann Krebs (Bochum)
Timo Lihde (Jilich)
Dean Lee NCSU)
Thomas Luu (Jilich)
Ulf-G. Meifiner (Bonn)




LATTICE EFT
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Effective Field Theory
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AUXILIARY FIELD METHOD

Replace contact-interaction by interaction of each
nucleon with a background auxiliary field using a
Hubbard-Stratonovich transtormation



AUXILIARY FIELD METHOD

Courtesy D. Lee



Schematic of lattice Monte Carlo calculation
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ADIABATIC PROJECTION METHOD

Initial state |R)
Evolved state |R), = e "7|R)

(RHI|R),
\

Energy measurements 1n cluster basis.
Divide by the norm matrix as these are
not orthogonal basis [N-] 5 5 =+ (B|R)~

Microscopic Hamiltonian 7,3(4—1)
Cluster Hamiltonian L° < smaller matrices 1n practice!!
-- acts on the cluster GM and spins




PROOF OF CONCEPT

* n-d scattering 1n the quartet channel
» Low energy EF'1 is known, only two body

» Shallow deuteron (large couphng)

only two-body interaction
L1 = —g(lon) @jwy) «

3-body Faddeev
T~ T (p) = h(p) + / dqK (p,q)T(q)
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NEUTRON-DEUTERON SYSTEM

Convergence: L=7, b=1/100 MeV™!

0 % Pine, Lee, Rupak, EPJA 2013 -

- grouping R found ethicient, more later
~ 30 x 30



NEUTRON-DEUTERON PHASE
SHIFT

Faddeev Eqgn
LUscher’s method
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LATTICE p(n,7v)d

Write (¥B|Orm|¥;:) using retarded Green’s function

p 1 4
./\/lE e _ :ce”’"’
M ZwB E—H3+i€‘ )

/ cluster Hamiltonian goes here

L.SZ reduction in QM



CAPTURE AMPLITUDE
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continuum results

6 = eM/p°

Rupak & Lee, PRL 2013



PROTON FUSION IN
CONTINUUM EFT

l>l==>=== + M:>=>===+---
\Alg, Ravndal 1999

Coulomb ladder

Peripheral scattering but how to calculate on
the lattice?

Consider elastic proton-proton scattering as a warmup



SPHERICAL-WALL METHOD

T T
Yshort (T) X Jo(kr) cot o5 — ng(kr),

/ Ry \ Ycoulomb (1) X Fo(kr) cot 5. + Go(kr)
{ \
\ / Adjust from free theory:

S~ |

IR scale setting
L) L/2

Hard spherical wall boundary conditions, Borasoy et al. 2007
Carlson et al. 1984

Even older ?




PROTON-PROTON FUSION

3% fitting error -

propagates w
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--- Analytic
* b=1/100 MeV~"
= b=1/200 MeV""
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AW) = || < T
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Agrr(0) ~2.51 Kong, Ravndal 1999

Lattice fit : A(0) ~2.49 -

- (0.02

Rupak, Ravi PL.B 2014



TWO-CLUSTER SIMULATION

do (degrees)

0 20 40 60 80 100 120 140
p (MeV)

7 9 11

I | Matching: 15 to 82

.I I \ Better lattice results than before

Fermion-dimer
Elhatisari, L.ee, MeiBBner, Rupak, EPJA 25 (2016)




ALPHA-ALHPA SCATTERING
We have calculated alpha-alpha scattering up to NNLO

using the adiabatic projection method.

s- and d-wave phase shift were calculated using the spherical
wall method 1n the presence of long-range Coulomb force.

Elhatisari, Lee, Rupak, Epelbaum, Krebs, Lahde, Luu,
MeiBner, Nature 528, 111 (2015)
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E12 (LO) [MeV]

BEYOND-ALPHA CLUSTERS

Symmetry Sign Extrapolation
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RESULTS FOR A=6
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Sign problem ameliorated

7

- transfer amplitude phase

Tools to explore

Explore N # Z




PIN-HOLE ALGORITHM

Calculates charge distribution in CM coordinates

Importance sampling according to magnitude for

Pirgry-vianga (D1, A) =1 i 5 (1) - Piy 5, (N4) 2
i i
<\ij|M* tMLt/QIOilajla"'iAajA (n17 ook nA)MLt/2M* ’ ’\Ij’&>

t = LtCLt
CM location minimizes the rms radius

Rey — 75
;| R | t:LtCl,t/Q

Elhatisari et al. , arXav 1702.05177
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EFIMOV PHYSICS



N-D DOUBLET CHANNEL

o
2_3- pcotd = e kel .
= 1+ p?/1p3
_5} a ~0.65 fm,
6l r ~ — 150 fm,
po ~13 MeV

0.0 0.5 1.0 1.5 2.0 25 3.0
p/y
ERE form van Oers & Seagrave (1967)
-what EF1 for modified ERE

Virtual state at 0.0 MeV Girard & Fuda (1979)
- Efimov physics
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EFIMOV PLOT
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VIRTUAL STATE

1501

Shallow virtual to bound state

lattice QUD with B field, even with heavy pions?



VIRTUAL-REAL CORSSOVER

20 Virtual-Real crossover
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ADHIKARI-TORREAO
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PHILLIPS-GIRARD-FUDA

3-body correlation
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REDUNDANT POLE
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CONCLUSIONS AND
OUTLOOK

e Halo/cluster EF1

» Adiabatic Projection Method to derive ettective
two-body Hamiltonian 1n lattice EFT

« Reaction calculations with or without Coulomb
 Pinhole algorithm

» Efimov physics



T'hank you



