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Few-body nuclear physics emerges from the underlying
Standard Model

How exactly does this happen?
What does It take to make a quantitative
connection?

Recent progress: focus on BB interactions
and light nuclei

New direction: nuclear matrix elements
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LQCD is an mature field: 30+ years since first calculations
~2000: QCD (no “quenched” mutilation)
~2008: QCD with physical quark masses

For simple observables —
precision science
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Combine with experiment _
to determine SM parameters

Verity CKM paradigm 1

. 3
S M p red i C-ti O n S With re | i ab | e 0.5 :— ¢ experiment [Belle, hep-ex/0510003]

. . . | — lattice QCD [Fermilab/MILC, hep-ph/0408306]
uncertainty quantification




QCD: meson/baryon spectrum
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Extraction of neutrino mixing parameters at LBNE requires

understanding fluxes to high accuracy
Nuclear axial form factors
Transition form factors

Nuclear structure in neutrino DIS
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Particle physics Is at an interesting juncture: in the US, next
decade of experiments address the intensity frontier

Extraction of neutrino mixing parameters at LBNE requires

understanding fluxes to high accuracy
Nuclear axial form factors
Transition form factors

Nuclear structure in neutrino DIS

OVBP experiments need double
weak decay matrix elements
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Searches for new physics

Dark matter detection: nuclear recoils as signal
Nuclear matrix elements of exchange current

Proposed muZe conversion expt: similar requirements

[f(when) we detect new physics we will need precision nuclear
matrix elements to learn what 1t is

Nuclear physics will be the new flavour physics

Need to develop the tools for precision predictions
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Nuclear spectroscopy!?
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Nuclear spectroscopy!?
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Dynamical range of scales: requires care
with numerical precision

Small energy splittings

Importance sampling Monte Carlo: statistical
noise exponentially increases with A

O/ D+

1/2-,3/2-

A1/2+ —

3/2+,5/2+

0/ 24 ——fa

af2-,7(2-

6,"2:13,"2)_*_ ssshhdbdbbdachdbes

724+ —

st 32— =

1;2_..m

bal

66.7 0.499 S

4
SRR Yo JH-ﬂ—‘n STABLE -~



- The trouble with baryons -

[Lepage '89]



The trouble with baryons

Importance sampling of QCD functional integrals
» correlators determined stochastically

[Lepage '89]



Importance sampling of QCD functional integrals
» correlators determined stochastically

Proton q
signal ~ (C') ~ exp|—Mpnt] N >
>

[Lepage '89]



Importance sampling of QCD functional integrals
» correlators determined stochastically

Proton q
signal ~ (C') ~ exp|—Mpnt] N >
>

Variance determined by

0*(C) = (CCT) = (CO)|?

[Lepage '89]



Importance sampling of QCD functional integrals
» correlators determined stochastically

Proton

v

signal ~ (C') ~ exp|—Mnt] N

v

Variance determined by

0*(C) = (CCT) = (CO)|?

v

v

\ 4

v

[Lepage '89]



Importance sampling of QCD functional integrals
» correlators determined stochastically

Proton >
signal ~ (C') ~ exp|—Mnt] N >
Variance determined by g
0?(C) = (CCT) = (O R
JT

<
>

T
>

T

[Lepage '89]



Importance sampling of QCD functional integrals
» correlators determined stochastically

Proton >
signal ~ (C') ~ exp|—Mnt] N >
>
Variance determined by

0?(C) = (CCT) = (O i R

noise ~ \/<CCT> ~ exp|—3/2M 1] <
>

T
>

T

[Lepage '89]



Importance sampling of QCD functional integrals
» correlators determined stochastically

Proton >

signal ~ (C') ~ exp|—Mnt] N >

Variance determined by g

0?(C) = (CCT) = (O i ,

noise ~ \/<CCT> ~ exp|—3/2Mt] < )
signal  oxp [—(My — 3/2m )t "

noise - S
<

[Lepage '89]



Importance sampling of QCD functional integrals
» correlators determined stochastically

Proton >

signal ~ (C') ~ exp|—Mnt] N >

Variance determined by g
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The trouble with baryons

High statistics study using anisotropic lattices (fine temporal resolution)
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NG trouble with baryons

High statistics study using anisotropic lattices (fine temporal resolution)
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Interpolator choice can be used to suppress noise



Focus on bound states

ST 1

Alp) = M pcotd(p) — ip

bound state at p* = —y* when cot §(iy) =i

Scattering amplitude in finite volume (Lischer methody N

6—|'n_i|/<;L

cot 6(ik) =i —i Y

e~ |\m|kL
m 70

Need multiple volumes

More complicated for n>2 body bound states

Two particle scattering amplitude In infinite volume 0




Ex: H dibaryon
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Effective mass plots of energy shifts
First dibaryon bound state calculated in QCD [NPLQCD 2010]

Multiple volumes needed to disentangle bound state from
attractive scattering state
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Many baryon correlator construction is messy
and expensive

Techniques learnt in many-pion studies
[WD & M. Savage; WD, K Orginos, Z. Shi]

New tricks
[T. Doi & M. Endres.; WD, K Orginos; Gunther et al]

Enables study of few (and many) baryon systems
NPLOQCD collaboration study
Unphysical SU(3) symmetric world @ mgPe

Multiple big volumes, single lattice spacing




Nucler (A=2)
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Nucler (A=2)
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Nuclel (A=3,4)
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Nuclei (A=34)

Empirically investigate volume dependence

Need to ask if thisis a 2+ 1| or 3+ 1| or 2+2 etc scattering state
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- Lighter mass

Pion mass of ~400 MeV
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QCD Nuclel (s=0,-1)
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Nuclear matrix elements

Calculations of matrix elements of currents in light nucler just
beginning for A<5

For deeply bound nuclel, use the same techniques as for single
hadron matrix elements

permutations

3 pt function 2 pt function

At large time separations gives matrix element of current

For near threshold states, need to be careful with volume effects



Nuclear matrix elements

Axial coupling to NN system

pp fusion:“Calibrate the sun”
Muon capture: MuSun @ PSI

dv—nne':SNO pp—de™v
Twist-2 operators: eg EMC effect
<N7 Z‘CTY{,LMD,MQ I D,un}Q|N7 Z>

Proof of principle (moments of pion
PDF in pion gas) pwo, Hw Lin 11125682



Dark matter direct detection experiments
look for DM interactions with nucler (51, Xe, ...)

One possible interaction is through scalar exchange

G o
=7F o (x x)(@q)

q
Accessible via Feynman-Hellman theorem

L

At hadronic/nuclear level

1 1

L = GrYx (1(0|§q|0> Tr |asSl + af%] + 1 (Nlgg| N)NTNTr asSt + alX]
1

_ 1(
Contributions:

Nlgr®glN) (NTNTr [asf + alS] — 4NTageN) + )




Previous work suggested scalar dark matter couplings to nuclel
have O(50%) uncertainty arising from MECS [Prezeau et al 2003)

Quark mass dependence of nuclear binding energies bounds
such contributions

(Z,N(gs)| uu + dd|Z, N(gs)) 1 m, d
00zZN = — = -1 == Bz N
’ A (N| uu + dd|N) Aoy 2 dm, =

Lattice calculations + physical point suggest such
contributions are O(10%) or less for light nuclel (A<4)
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[NPLOQCD PRD to appear]




L arger nuclel

A path to ab initio nuclear physics:

QCD forms a foundation -
determines few body
iInteractions & matrix elements

Match existing many body
technigues onto QCD

Hierarchy of methods Shell model,

coupled cluster,
configuration-interaction

QCD: focus on small A

.. for now ...

Exact many body:
GEMC,NCSM,

\ S attice EFT
/\L/attice QCD



Heavy quark universe

[Barnea, et al. 1311.4966]

Already seeing LOQCD and nuclear EFT coming together

For heavy quarks, even spectroscopy requires QCD matching

O T T T T

[ I
B LQCD
0 EFT

-50

I

In a world
@ m; = 800 MeV

AE [MeV]

~100 -

—-150

I

-1
oh e(ﬁction ]

| | | y
nn d SHe’H “He  SHefSLi  °Li

200 -

Equally important for matrix elements at the physical quark mass



Power counting of nuclear effective field theory:
|-body currents are dominant

2-body currents are sub-leading but non-negligible
Higher-body currents are even less important

Determine one body contributions from single nucleon
Determine few-body contributions from A=2,34...

Match EFT and many body methods to LQCD to extend to
larger nuclel




The road ahead..

What does the future hold?

® Physical quark masses, isospin breaking, E&M

® Spectroscopy

Precision YN, Y'Y phase shifts

p-shell and larger nuclel
Three body information: nnn, YNN, ...
Nuclear reactions(?): eg d+d in 4He channel

® Properties of light nuclelr (moments/structure) and
electroweak interactions
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Maiani- Testa: extracting multi-hadron S-matrix elements
from Euclidean lattice calculations of Green functions In
infinite volume Is iImpossible

LUscher: volume dependence of two-particle energy
levels

= scattering phase-shift, 0(p), up to inelastic threshold
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Maiani- Testa: extracting multi-hadron S-matrix elements
from Euclidean lattice calculations of Green functions In
infinite volume Is iImpossible
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Maiani- Testa: extracting multi-hadron S-matrix elements
from Euclidean lattice calculations of Green functions In
infinite volume Is Impossible

L Uscher: volume dependence of two-particle energy

levels

= scattering phase-shift, 0(p), up to inelastic threshold

Exact relation

Used for TTTT,

brovided r«lL

KK ..

A precision science for stretched states

Known for many years in QM, NP




[INPLQCD 1301.5790]

L=24,|P|=0

[ J
L=32,|P|=0
[ L=24 ,|P|=1
: : I ® L=32,|P|=1
Recent calculation of NN phase shifts ™ ¢ Hma
at mr=800 MeV S o
<, —
Scattering length and effective range £ i
extracted with O(10%) precision ° \
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Fine-tuning of NN at physical mass!
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Hyperon-nucleon phase shifts iImportant

EoS of neutron stars

Determine at one quark mass

Match to effective field theory to
extract phase shift at physical mass
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Influence on EoS Is complex

Crude approx: Fumi's theoren

1 [k 3 1
AB = —— | " dkk [ s, () + 55150(@]
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For p, ~ 0.4 fm™>,
Ly, + the— ~ 1290 MeV

hc Us— = Mg —|-AE ,S 1290 MeV

then 2°s probably relevant to
n-star structure
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Example: [=2 TTTT

Study multiple energy levels of two pions In a box for multiple
volumes and with multiple Pcm
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Example: [=2 TTTT

Study multiple energy levels of two pions In a box for multiple
volumes and with multiple Pcm
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Example: [=2 TTTT

Allows phase shift to be extracted at multiple energies
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Combine with chiral perturbation theory to interpolate to

physical pion mass

D wave phase shift also extracted [JLab]
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HALQCD collaboration determine a Bethe-Salpeter (BS)
wavefunction from QCD correlation functions

G(r,t —to; JF) = < ‘h(l) X t)h(2)(x+r,t)7(to;{Q})‘ 0> ,
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Satisfies Schrodinger equation
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Potential 1s energy dependent: only guaranteed to reproduce
bhase shift at the energy of the NN system In the calculation

Potential Is dependent on choice of sink operators
Complicated analysis in the presence of statistical uncertainty

Serious issues with excited states and finite volume effects

Caveat emptor!




