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NN scattering from LQCD

® Build quantitative connection between
QCD & nuclear physics

® requires interplay between LQCD
& many-body approaches

® NN scattering should be a
benchmark

® Phase shifts required for infinite
volume matching of NN MEs

® Must have full control over 2-body
systems

® How do we project onto
desired states!?

® How do we disentangle signals
from closely spaced energy
levels?
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Two methods for
Luscher Method Potential Method Computing phase shifts




Luscher Method

Potential Method
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Two methods for
computing phase shifts




Luscher Method
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Potential Method

Schrodinger Eq:{—Ho .

R(r,?) =

Two methods for
computing phase shifts

% }R(r,t) — /d3r’ U(r,r')R(r',t)

Cyn(r, 1)

(Cr(r, D)’

(same input as Luscher)

In practice: Ul(r,r’) = Vo (r)d(r — ') + O(VZ/A?)

Hadrons to

Atomic nuclei
Q=¥ =

H A

" from Lattice QCD



History: are there bound
Luscher Method Potential Method states al m, ~ 300 MeV?




History: are there bound
‘ Luscher Method ‘Potential Method states atl m, ~ 300 MeV?
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History: are there bound
‘ Luscher Method ‘Potential Method states atl m, ~ 300 MeV?

v
ZNCIAN

Ur,r') = Va(r)d(r — ') + O(VZ/A?)

Uncontrolled systematics




History: are there bound

Luscher Method Potential Method states al m, ~ 300 MeV?
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History: are there bound
Luscher Method ‘Potential Method states atl m, ~ 300 MeV?

v X
o;er\calculations used off-diagonal

correlators having local, hexaquark
Ops ™ momentum space ops
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More recent L.uscher calculations % . H-dibaryon
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More recent L.uscher calculations |
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More recent L.uscher calculations \

H-dibaryon
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More recent L.uscher calculations - H-dibaryon
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Ground state does not

Do we need the hexaquark operator in |
change when hexaquark 1s

our variational basis?

removed, or more/less
momentum states used
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NPLQCD variational: arXiv:2108.10835




Do we need the hexaquark operator in

our variational basis?

hexaquark has very
poor overlap with
lowest-lying states
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Off-diagonal correlators: NPLQCD Toy Model

Three closely spaced energy levels. Two operators
used to create off-diagonal correlator with overlaps:

Z, =€, V1—-€%40)  Zy,=(c 0,11 —¢?)

arXiv:2108.10835, arXiv:2202.01 105
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Three closely spaced energy levels. Two operators
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Off-diagonal correlators: NPLQCD Toy Model

Three closely spaced energy levels. Two operators
used to create off-diagonal correlator with overlaps:

Zy = (€, \/1 — e,

C(t) = e’e o

Zero overlap: (essentially) impossible

arXiv:2108.10835, arXiv:2202.01 105



Off-diagonal correlators: NPLQCD Toy Model

Three closely spaced energy levels. Two operators
used to create off-diagonal correlator with overlaps:

More realistic:

ZA=(€1,\/1—€12—€22, €,) Zg= (€, 62,\/1—612—622



Off-diagonal correlators: NPLQCD Toy Model

Three closely spaced energy levels. Two operators
used to create off-diagonal correlator with overlaps:

More realistic:

ZA=(€1,\/1—€12—€22, €,) Zg= (€, 62,\/1—612—622
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Off-diagonal correlators: NPLQCD Toy Model

Three closely spaced energy levels. Two operators
used to create off-diagonal correlator with overlaps:

More realistic:

ZA=(€1,\/1—€12—€22, €,) Zg= (€, 62,\/1—612—622)

C(1)

Off-diagonal correlators dominated by higher
states at intermediate times



Do we need the hexaquark operator in
our variational basis?

® NONO diag
® HXdiag
A NONO-HX cross

We see no difference
in g.s. energy using off-
diagonal correlator




Pionless EFT: elastic excited states |
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Pionless EFT: elastic excited states

* Two point-like nucleons interact via contact

interactions 9
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Pionless EFT: elastic excited states

* Two point-like nucleons interact via contact

interactions 9

\Y
| | L.s= ¢T (z‘& + m) Y+ go (¢T¢)2
« Valid for energies << m, (same

requirement as Luscher) g
5pp’5qq’ + 705p+q,p’+q’

» Inelastic excited states appear to essentially (pa|Tlp'qd) = NAORORCR
cancel in ratio: difference between operator
. . . A
methods dominated by elastic excited state Ep)=1+ % Endres, Kaplan, Lee,
Nicholson (2011)

overlaps

p'(zo)n'(zo + A) [Callat] SS
pt(zo)nf(zo + A) [CalLat] PS




Pionless EFT: elastic excited states

* Two point-like nucleons interact via contact

Interactions 5

\Y
| | L.s= 'ng (z‘& + m) Y+ go (¢T¢)2
« Valid for energies << m, (same

requirement as Luscher) g
5pp’5qq’ + 705p+q,p’+q’

» Inelastic excited states appear to essentially (pq|Tlp'd') = NAORORCE D
cancel in ratio: difference between operator
. . . A
methods dominated by elastic excited state Ep) =1+ % Endres, Kaplan, Lee,
Nicholson (2011)

overlaps

p'(zo)n'(zo + A) [Callat] SS
pt(zo)nf(zo + A) [CalLat] PS

e Can tune interaction to test what
we should expect to see for a system
with and without a deeply bound
state




Pionless EFT: elastic excited states

* Two point-like nucleons interact via contact

interactions 9

\Y
| | L.s= 'ng (z‘& + m) Y+ go (¢T¢)2
« Valid for energies << m, (same

requirement as Luscher)
5pp’5qq’ + 9705p+q,p’+q’

» Inelastic excited states appear to essentially (pq|Tlp'd') = NAORORCE D
cancel in ratio: difference between operator
. . . A
methods dominated by elastic excited state Ep) =1+ % Endres, Kaplan, Lee,
overlaps Nicholson (2011)
e Can tune interaction to test what p'(zo)nt(zo + A) [CalLat] SS

pl(xo)n'(zo + A) [Callat] PS

we should expect to see for a system
with and without a deeply bound
state

» Consider smoothly varying phase
shifts which obey an ERE within the
relevant energy regime




Local (hexaquark) source
= momentum space sink

Dashed lines give
exact spectrum

Exact
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Local (hexaquark) source
= momentum space sink

Dashed lines give
exact spectrum

Exact
phaseshift

No
Bound %
State §
=
Bound |2+
State e

Even if the system has a deeply
bound state the hexaquark

correlator approaches the ground
state very slowly and can be

deceptive when noise is added




Momentum space source = Dashed lines give

momentum space sink exact spectrum

Bound State

Variational: 10 ops, no Variational: 30 ops, no
hexaquark hexaquark



Momentum space source = Dashed lines give

momentum space sink exact spectrum

Bound State

Variational: 10 ops, no Variational: 30 ops, no
hexaquark hexaquark

Even if the system has a deeply bound state the variational method
with momentum ops only works well




: (d\(\ HALQCD Potential Method

CLS ensemble: my; ~ 714 MeV, a = 0.086 fm, 1. = 48

NN(3S;), d=(0,0,0),t=6
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Llscher
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Scattering Theory Refresher
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Llscher

. m- ~ 715 — 800 MeV '
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H dibaryon: a — 0 universality (PRELIMINARY)

BaSc: Baryon Scattering collaboration — combined effort of “Mainz” and sLapHnn
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Second action at SU(3) point: exponentiated clover (OpenLat).
Smaller lattice artifacts than standard clover (CLS).

Lattice 2022 Jeremy R. Green — Nucleon-nucleon scattering from distillation

Jeremy Green, Thurs. 12:10



my; = mg = my ~ 420 MeV.

—0.2 0.0 0.2 ) 0.4 0.6
(P/mn)

Jeremy R. Green,
Andrew D. Hanlon, Parikshit M. Junnarkar, Hartmut Wittig



NN scattering with sl.apH

Controversy between methods: working to
benchmark at m, ~ 800 MeV

Preponderance of evidence now shows that there
is no bound state at heavy pion mass

Hexaquark and off-diagonal correlators are not
necessary, and can be misleading

Preliminary results show that the HALQCD
potential method agrees well with Luscher at low
momenta

® Possible systematics at higher g2
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