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Magnetic Moments of Light Nuclei
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Pinpointing the magnetic moments of nuclear matter
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Artist's impression of a triton, the atomic nucleus of a tritium atom. The image show

a red neutron with quarks inside; the arrows indicate the alignments of the spins. Credit: William
Detmold, MIT

A team of nuclear physicists has made a key discovery in its quest to shed light on Beane’ et al' (N PLQCD)’
the structure and behavior of subatomic particles. Phys Rev. Lett.113, 2014.

First Computation:  m, =mq = (ms)phys M ~ 800 MeV



Grand Overview

Electroweak Interactions: Nucleons and Nuclei

Lattice QCD continues to sharpen our knowledge of
The Standard Model (e.g. CKM extraction, K —> 1117 )

Nucleons and light nuclei present chzterge opportunity
QCD relevant for high-precision low-energy experiments

Nuclear Physics | |
from QCD » EW Reactions » BSM Physics
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Quark Interactions to Nuclear Physics

« Textbook: gauge theories defined in perturbation theory

» QCD: short distance perturbative, long distance non-perturbative Ken Wilson
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Non-perturbative definition of Strong interaction observables
asymptotically free gauge theories

1
One step: /[DAM] e Svm(Au) E e~ Svm(4u)  giat. evaluation
8 (4.}

Another step:
sys. approx. U,(z)= t90AL(T) SU(3)

Quark electroweak interactions
Quarks: WU, + m, fortunately perturbative ... Ju =qvuq




Particle Physics (B=0) vs. Nuclear Physics (B>0)

Pion Correlation Function
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Particle Physics (B=0) vs. Nuclear Physics (B>0)

Pion Correlation Function

Signal Z <q§(t)q§(0)> ~ e ! m

{Au} Signal/Noise
Noiser2 Y {(qq(t)qq(t)qg(0)qg(0)) ~ e~ ~ const
{Au} Baryons are statistically noisy
Nucleon Correlation Function Scales exponentially with B
L . in asymptotic time limit
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Nuclear Physics @ mr =800 and 450 MeV

Beane, Chang, Cohen, Detmold, Lin, Luu, Orginos, Parreno, Savage, Walker-Loud PRD87 (2013)
Orginos, Parreno, Savage, Beane, Chang, Detmold PRD92 (2015)
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Nuclear Physics @ mr =800 and 450 MeV

Beane, Chang, Cohen, Detmold, Lin, Luu, Orginos, Parreno, Savage, Walker-Loud PRD87 (2013)
Orginos, Parreno, Savage, Beane, Chang, Detmold PRD92 (2015)
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Nature and properties of these states? T I 1
_ t—r>>1, 7>>1 £a
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Current technology
t > 20

Ground state requires
t—71, 7210

Better sources
Nuclear Matrix Elements from QCD? ... not yet attempted  Greater statistics



Nuclear Properties @ mrz =8007?

Spectrum responds to external fields: e.g. uniform magnetic fields
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Compute spectrum as a function of applied field

I). In weak enough fields, can utilize same sources
IT). Need roughly same statistics for each field strength
IIT). Requires fitting the field-strength dependence

IV). Limited number of properties for a given type of field

Practical Solution: Beane, et al. PRL:113 (2014)

Beane, et al. PRL:115 (2015)
Chang, et al. PRD:92 (2015)

Lattice QCD + Classical Fields Detmold, et al. PRL:116 (2016)



Gauge links:
. . L , U,(2) = 99 ) ¢ SU(3)
Magnetic Field on a Periodic Lattice — en ) - conor c o)

Seek uniform B-field U, (z) = e 1472 B0,

0
N —1
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Ui (2)Us(z + ) UL (x +i + J)UL (z + ) = e4F2 = ¢14B



Gauge links:
. . L , U,(2) = 99 ) ¢ SU(3)
Magnetic Field on a Periodic Lattice ;e o) - cono o

Seek uniform B-field U, (z) = e 1472 B0,
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Gauge links:

. . L , U,(2) = 99 ) ¢ SU(3)
Magnetic Field on a Periodic Lattice ;e o) - cono o

Seek uniform B-field U, (z) = e 472501 o +iaz1 BN 6,200, N1

Flux quantization
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Magnetic Moments of Octet Baryons " &50 =
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Compute Zeeman Effect using Lattice QCD + Uniform Magnetic fields E(B, J,)

Proton my ~ 800 MeV > 10" ¢
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Magnetic Moments of Octet Baryons

Compute Zeeman Effect using Lattice QCD + Uniform Magnetic fields E(B, J,)
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Magnetic Moments of Octet Baryons

Compute Zeeman Effect using Lattice QCD + Uniform Magnetic fields E(B, J,)
Proton my ~ 800 MeV > 10" ¢
e e 1y = 1.770(06)(36)(19) [NM]

) [NM] = M
S L LI Natural nucleon magnetons
.. . NM] =
- ne= 12 o i I [n ] 2MN (mﬂ')
N — 1, = 3.087(10)(62) [nNM]
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Dirac part is short-distance & guaranteed to
O(CLQA%QCD)
S, = 2.087(10)(62) [nNM]

SuS® = 1.7929... [NM]
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b Claae R
Compute Zeeman Effect using Lattice QCD + Uniform Magnetic fields
2_05_ ) ) _ _ = 800 MeV Natural baryon magnetons
' e
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Magnetic Moments of Octet Baryons &5 7ess cE
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Compute Zeeman Effect using Lattice QCD + Uniform Magnetic fields

[ B m,~300 MeV
20 f Is - . m m ~450 MeV Natural baryon magnetons
: €
3 [nBM] =
E 1.9 2MB (mﬂ_)
m
LEJ 1.0
(g 0_55_ Anomalous magnetic moments
3 x
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Q [Actually more complicated,
U(Q)I : U(l)s 7 U(l)B ~ U(l)IZS X U(l)s My ~ 450MeV  oyr sea quarks are neutral]



Magnetic Moments of Octet Baryons " o5ess Gk
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Compute Zeeman Effect using Lattice QCD + Uniform Magnetic fields

' i = 800 MeV Natural baryon magnetons
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[Actually more complicated,

U(Q)I X U(l)S — U(l)B X U(1)13 X U(l)s My ~ 400MeV  oyr sea qguarks are neutral]



Magnetic Moments of Light Nuclel

Compute Zeeman Effect using Lattice QCD + Uniform Magnetic fields
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Beane, et al. (NPLQCD),
Phys.Rev. Lett.113, 2014.
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First “Nuclear Reaction” from QCD

Dominant M1 transition @ Low Energy n+p—d+7~ Y +d—>n+p
Magnetically Coupled Channels

Al =|AJ| =1 Is = j, =
C3SI SSl(t, B) C3SI,ISO (t, B)
C(t;B) =
C'S03S1(t’B) CISO’IS (I,B)
04F
0.3
S
shutterste.ck: e H1 Z 0.2
)
. . . 0.1
Two-body contribution isolated | ;
& compares favorably with 00b
0.0 0.2 0.4 0.6 0.8 1.0
EFT(;) phenomenology T m? [GeV?]

Beane, et al. (NPLQCD),
Phys.Rev. Lett.115, 2015.



-xtreme Magnetic Environments
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Future Directions

- Magnetic Structure of Nuclei

Move beyond exploratory studies: remove systematics, || Llleeeeedbpeste |
. | | 1\'::?:9.9.1.,..‘....‘; f
lower pion mass, better treat Landau levels, sea quarks, ... TR v 1oty
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« Electric Structure of Nuclei

Electric polarizabilities?
EDMs of light nuclei from 6-term?, BSM sources?

* Nuclel in other classical fields...
Gravitational?, Weak?

Nuclear Physics

from QCD EW Reactions

BSM Physics




