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% Consider NR scattering theory in d=4
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Assume finite range interactions: Effective Range Theory
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Assume: finite range interaction in four space-time dimensions
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INTERACTING FERMIONS NucLeoNs OR ATOMS)

Assume: finite range interaction in four space-time dimensions

2 >
Lppr = NI (iat + QV]\_[> N 4+ Co(NTN)? + % [(NN)T(NVQN) + h.c] + ...

Isospin and Parity invariant

Note: can choose alternate basis:
Co (NTP,N)" (NTP,N)

Projection operator onto given channel: Pm




Can solve exactly (formally)
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Renormalization group interpretation
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Why is nuclear physics near this UV fixed point??
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W Interesting physics that is difficult to measure! I

new strangeness dimension

Hypernuclear physics
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Neutron stars: the size of Vancouver
but heavier than the sun!

Neutron Star
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Neutron Star Core




Neutron Star Core




W Dependence on fundamental parameters of nature: I
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Nuclear fine-tunings!
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*  Calculation of nuclear forces requires these knobs!

M, Four-body force




W Dependence on fundamental parameters of nature: I
8 Lz

Nuclear flne—tumngs!

*  Calculation of nuclear forces requires these knobs!

M, Four-body force

X Interactions of nuclei with dark matter




Why 1s lattice QCD for
nuclear physics hard ?

o Signal/noise (sign problem) and statistics

O Number of contractions



SIGNAL/NOISE PROBLEM I
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SIGNAL/NOISE PROBLEM I
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b, M(t)
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b, M(t)

°* N: 323 X 256
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v/ Signal/noise problem and sign problem are the same! I

Nuclear Landscape
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SCATTERING IN A FINITE VOLUME I

[Luescher(1990)]
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SCATTERING IN A FINITE VOLUME I

[Luescher(1990)]

?
—

R < L/2

The
Martin-
Luescher
Dictionary

NEW EDITION
LN " TLOOO Oelvulinvi

OO rvem W




. . 2
Anisotropic Clover ESEGEIETE

b, ~ 0.123 fm

L ~ 4 fm

L ~ 3 fm

323 x 256
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Nuclear Effective Field Theory I

Two-baryon force Three-baryon force Four-baryon force

2 baryon force > 3 baryon force > 4 baryon force ...



Match to Effective Field Theory! I
LO potential: >< +

A

Fit coupling to binding energy: B, -

Now we have LO potential at ALL pion masses! I
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First predictions for nuclear physics from lattice QCD
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% First predictions for nuclear physics from lattice QCD
% Very nearly competitive with experiment

% Relevant for equation of state of dense matter



S U (3) Isotropic Clover

m. ~ 800 MeV b~ 0.145 fm

L ~ 4.5 fm L ~ 6.7 fm




Nucleon-nucleon scattering I

- 1 1 2 4 6
keotd = —— + orlkl* + Plk[* + O (|k|°)

/ \ effective range:

range of interaction
scattering length: unbounded

a5 = _93.71 fm o) = 543 fm
— 273 fm r1) — 175 fm

EXPERIMENT:

Trivial IR fixed point:
“natural case”

Nontrivial UV fixed point:
“unnatural case”



L ~ 4.5 fm
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a(lso)/r(lso)

NN singlet

fine tuned!

. / O NPLQCD nf=3

Experiment
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NN singlet
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a(381)/r(381)
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NN triplet

more natural? —
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NN triplet

more natural? —

—
No fixed point expected.
s the deuteron generic?

O NPLQCD nf=3
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— Recoil energy
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Need nuclear
matrix elements




Need nuclear
matrix elements

How good is
the impulse
approximation?




Can there be enhanced
"""" 1 meson exchange currents??




Can there be enhanced
"""" 1 meson exchange currents??

Q* Q2
If yes, then big systematic in comparing
experiments with different target nuclei.



WIMP-QCD EFT

X X
Spin-independent

WIMP-quark L — Gy (4) ~
= a
interactions F XX ; S /qq
q q

dim-3 operator
transforms like
quark masses



WIMP-QCD EFT

X X
Spin-independent

WIMP-quark L — Gy (4) ~
= a
interactions F XX ; S /qq
q q

dim-3 operator

transforms like
l low-scale quark masses
X

~ Gp xx (N|qq|N)

N sigma term




WIMP-QCD EFT I
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Nuclear Sigma Terms

[JZ,N — m(Z, N(gs)| wu+dd |Z,N(gs)) = m

— [1+ 0o(m2) ] ™S B

LQCD: small even for large pion masses
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Nuclear Sigma Terms

[JZ,N — m(Z, N(gs)| wu+dd |Z,N(gs)) = m

— [1+ 0o(m2) ] ™S B

LQCD: small even for large pion masses

(

E(Zg?\)/' = AMy — BZ,N

T

MN = a0+a1 m

m. d
{ JZ,N — AO’N—I—O'BZ’N — AO’N— 9 dm BZ,N
\ e

impulse approximation



1 m, d

N —AO'N 2 d'I’T’L,,r

BZ,N

_ {Z,N(gs)| uu+dd|Z,N(gs)) 1}
A (N| wu + dd|N)

Deviation of scalar-isoscalar
WIMP-nucleus scattering at zero
momentum transfer!

Measure of nuclear effects:
meson exchange currents
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@ Yamazaki et al
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No enhanced MECs!



CAVEAT: LARGE CURVATURE
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CAVEAT: LARGE CURVATURE
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Even unlikely curvature will not help!






nucleon structure I

e.q. excited baryons
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nucleon structure I

e.q. excited baryons
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nucleon structure I

e.q. excited baryons
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nuclear structure I nucleon structure I

e.qg. MNN e.g. excited baryons
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4  Remarkable progress is being
made in understanding the visible matter
in the Universe from first principles.

We have only just begun!




