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From Quarks to the Cosmos

Complexity of nuclear physics emerges from the
Standard Model

Same underlying physics at vastly different scales

EM, weak and strong (QCD) interactions

Only relevant parameters: Agcp, Muyds, O

protons

nuclel

neutron stars & supernovae



Lattice QCD: tool to deal with quarks
and gluons

Formulate problem as functional integral
over quark and gluon d.o.f. on R4

<O> — /dAqudq_O[q7 q) A]G_SQCD[Q7Q7 A]4
Discretise and compactify system

Finite but large number of d.of (~10'9)

Integrate via importance sampling
(average over important configurations)

Undo the harm done In previous steps




How do we calculate the proton mass!?

Create three quarks at a source: and annihilate the three quarks
at sink far from source

QCD adds all the quark anti-quark pairs and gluons
automatically: only eigenstates with correct g#'s propagate

time >




Spectroscopy

Correlation decays
exponentially with distance

Z Znexp(—Ept)
™ all eigenstates with q#'s of proton
at late times

— Zoexp(—FEpt)
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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
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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 Spectrum

After 30 years of developments

2 Ground state hadron spectrum

reproduced
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QCD Spectrum

After 30 years of developments s} O
— Experiment g Qo
® Lattice QCD (Brown et al., 2014) s ¢
2 Ground state hadron spectrum ] .
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reproduced and predicted e
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¥ Precise isospin mass splittings in QCD+QED

10

AN
_e

[S. Borsanyi et al. [BMW(c] 1406.4088]

— expefiment
e QCD+QED| -

() prediction




Standard Model Spectrum

2 Precise isospin mass splittings in QCD+QED
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= | periodic table
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[S. Borsanyi et al. [BMWc] 1406.4088]




Nuclear physics is Standard Model
physics

QCD (+ electroweak)

Can compute the mass of
lead nucleus ... In principle

In practice: a hard problem

QCD In non-perturbative domain

Physics at multiple scales
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QCD for Nuclear Physics

Nuclear physics is Standard Model
physics

QCD (+ electroweak)

Can compute the mass of
lead nucleus ... In principle

In practice: a hard problem
QCD in non-perturbative domain

Physics at multiple scales
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keV
1/2-,3/2- 9204
A1/ D+ — 868
820
3/2+,5/2+ 777.6
9/ 2+ —id—ttd—658.9
5/2-,7/2- T 597.8
6!2:13!2)_'_ esshh e bdoehdbee 551
712+ —y 499.1 2.2 PS
S 3f2- —E -364.1

R REEE 1/2- —mg 66.7 0.499 S
’
R ¥ i T —0STABLE -



Nuclear physics is Standard Model
physics

QCD (+ electroweak)

Can compute the mass of
lead nucleus ... In principle

In practice: a hard problem

At least two exponentially
difficult challenges

Noise: statistical uncertainty grows
exponentially wrth A

Contraction complexity grows factorially
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Importance sampling of QCD functional integrals
» correlators determined stochastically
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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
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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

<
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T
>

T

[Lepage '89]



Importance sampling of QCD functional integrals
» correlators determined stochastically

Proton >
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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
<

For nucleus A:

signal exp [—A(MN — 3/2mw)t]

noise

[Lepage '89]
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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



Matrix of correlation functions

Cij(r) = (QOle 701 |0)

_ / * —HF,T
— E Zijne
n

Solve generalised eigenvalue problem to optimise overlap onto
eigenstates: variational method of Michael/LUscher&Wolft

Solve optimisation problem to maximize signal-noise ratio
WD & M Endres, PRD 2014]

Very large enhancements theoretically possible

Combination of both
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5x5 correlation matrix

1.0}
0.85-

0.2}

...................................................-| broton |-

signal/noise opt. (source)

signal/noise opt. (sink) ¢ ¢ o
e* o "7 . | source opt (source) |* °
e o signal/noise opt. (sink)
°° oo’ source opt. (source) | °
“eeces’ source opt (sink)

0.0l

[WD & ™ Endres, PRD 2014]




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 (LUscher method)

L—o0
K —— 7

cot 6(ik) =i —i Y

77 £0
Need multiple volumes

More complicated for n>2 body bound states

Two particle scattering amplitude In infinite volume 0




Ex: H dibaryon (AA)

2.50 ————— 2.50 2.50
243%x48 323x48 483x64
245 | 245 | 245
T i . ZMA | T i * ] T i =
240+ ° . o240 ¢ . 240+ °
< L - _ av] L - ] < L -
I ‘ - (] ¥ ] I - . ) I * - E
235 ¢ T $ - 235 ¢ . 2.35¢ i {
230 l - 230 _ 230
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
t/a t/a t/a

Effective mass plots of energies

Multiple volumes needed to disentangle bound
state from attractive scattering state

Bayes factor: test bound state vs scattering state model
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i,

H

mps [MeV]

800 1000

NN

200 400 600

my [MeV]

800

H dibaryon, di-neutron and deuteron

Clearly more work needed at lighter masses

200 400 600 800

my [MeV]

More exotic channels also considered (EE, n€2 and Q2€2)




QCD for Nuclear Physics

Quarks need to be tied together in all possible ways

N contractions — N u! N d! N s-,

Managed USing algorithmic trickery [WD & Savage; Doi & Endres; WD & Orginos;
GUnther et al.]

Study up to N=7/2 pion systems, A=5 nuclel



Many baryon correlator construction is messy

Interpolating fields — express weighted sums

color/spin/flavour/spatial indices

Nu
Y T e A bt
Nh _ wha1 az-:Qn, Z 12, ,anQ(a’il)Q(ai2) . q(ainq)
k=1 i
Generation of weights can be automated

(symbolic c++ code) for given gquantum numbers

Specify final guantum numbers (spin, ISospin,
strangeness etc)

Build up from states of smaller quantum numbers
using rules of eg angular momentum addition

Contraction just reads in weights and can be implemented
independent of the particular process being considered

[WD, K Orginos, 1207.1452]



Given a complex many baryon system to perform contractions for,
always possible to group colour singlets at one end (sink)

Contractions can be written in terms of baryon blocks (objects that
are contracted at sink)

A particular set of quantum numbers b for the block is select by a
welighted sum of components of quark propagators

Np )
851,61,2,&3 D, t: 370 E : ip-X E : c1 c2,c3) E :E’il,i2,’i3
Y
i

X S(ciy, 5 a1,20)S(Ciy, T3 a2, 0)S(Ciy, T3 a3, T0)

Can be generalised to multi-baryon blocks if desired although
storage requirements rapidly increase



Contractions

(a7, k' _(a1,a3-an.),
NP (O (0)], = [ Dapg e SeonlV 30§ K o)
k'=1 k=1
Z Z €j1>j2,-.-,jnq 6711,?/27 ,’an q(a;nq) N q(a;Z)q(a’;l) X Q(a’il)Q(a[iQ) .« o g(ainq)
J i
/

B N N N/(all,a,'Q---a,/n ),k ai.,as-—an ).k

e SerrlU] Z W, q w}(l ; q)7 <
k'=1 k=1

226317]27 7.]’n,q€7/177/27 Z’I’LqS( 3170’11)8( 32,61,22)- .S(a};n ;a/znq)
q

Make a par’ucular choice of correlation function (momentum projection
at sink) and express in terms of blocks (quark-hadron level contraction)

| Stage | | Stage 2
s quarks \ [ ] :
- A

d quarks . »
L

\.

[WD, K Orginos, 1207.1452; ]

u quarks

| hadron blocks |



NN

Contractions

/Dqu G_SQCD Z Zw/(a17a2 7k w}(lalacLQ"'anq)akx
k’ 1k 1
DR nag(al, ) gl ala) < A(0n)i0s) - Gla,)
_Seff Z Zw/(a’l’a’Q ’k, ?I](a'lacLQ"'a'nq)?kx
h
k'=1k=1
226317]27 7,]’n,q€’l/1,’l,2, . Z'n,qS( ]170’7'1)8( .7270122). .S(a;nq;aznq)
Or write as determinant (quark—quark level contraction)
-S /(a17a2 >k ~(a1,a2°"anq)ak /
NN DU e eI ZZw W, x det G(a’; a)
k'=1k=1
where Gla'sa);, S(a%;a;) a; €a’and a; € a
5a/ a; otherwise

Determinant can be evaluated in polynomial number of
operations (LU decomposition)

[WD, K Orginos, 1207.1452; ]



Nuclei (A=4, 8, 12,..)

Quark-quark determinant based contraction method

Many baryon correlators using determinant-based method

(low statistics, single volume) WD, Kostas Orginos, Phys.Rev. D87 (2013) 114512



Nuclei (A=4, 8, 12,..)

Quark-quark determinant based contraction method

“He (SP)
| T T T T
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5 O 111
_q B é
. I
~20 - $ |
—40 - |
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(low statistics, single volume)

t/a

WD, Kostas Orginos, Phys.Rev. D87 (2013) 114512



Nuclei (A=4, 8, 12,..)

Quark-quark determinant based contraction method
“Be (SP)

:

40 e §

log,,C(t)

t/a

(low statistics, single volume) WD, Kostas Orginos, Phys.Rev. D87 (2013) 114512



Nuclei (A=4, 8, 12,..)

Quark-quark determinant based contraction method

'2C (SP)
100 | T T T T
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®
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WD, Kostas Orginos, Phys.Rev. D87 (2013) 114512



Nuclei (A=4, 8, 12,..)

Quark-quark determinant based contraction method

1°0 (SP)
150_| e

50 - . 1

log,,C(t)

50 - ; .
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(low statistics, single volume) WD, Kostas Orginos, Phys.Rev. D87 (2013) 114512



Nuclei (A=4, 8, 12,..)

Quark-quark determinant based contraction method

283 (SP)
| I I I I
200 o _
¢ ®
L ! PY ® I
100 ® o =
B ® R _
~ B ¢ ’
US 0 i * S s ’
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2
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®
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(low statistics, single volume) WD, Kostas Orginos, Phys.Rev. D87 (2013) 114512



[NPLQCD Phys.Rev. D87 (2013), 034506 ]

NPLQCD study at SU(3) point (physical ms)

Isotropic clover lattices

Single lattice spacing

Multiple volumes: 3.4, 4.5, 6./ Tm

High statistics

Label|[L/b T/b 8 bmg b|fm| L [fm] T [fm] my [MeV] Mmyr L My T Negg Nore

A |24 48 6.1 -0.2450 0.145 34 6.7  806. 5(0 3)(0)(8.9) 14.3 28.5 3822 48
B |32 48 6.1 -0.2450 0.145 4.5 6.7 806.9(0.3)(0.5)(8.9) 19.0 28.5 3050 24
C |48 64 6.1 -0.2450 0.145 6.7 9.0  806.7(0.3)(0)(8.9) 28.5 38.0 1212 32

25



Nuclei (A=34)
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[NPLQCD Phys.Rev. D87 (2013), 034506 ]



Light nuclel and hypernuclel

Light hypernuclear binding energies @ mz=800 MeV

NPLOQCD Phys.Rev. D87 (201 3), 034506
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QCD Nuclel (s=0,-1)
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Heavy quark universe

[Barnea et al. PRL 2014; see also Kirscher et al. 1506.09048]

Combine LQCD and nuclear EFT (pionless EFT)

EFT matching to LOQCD determines NN, NNN interactions:
allows predictions for larger nuclei

0

—— | | B 1Qcp
- e mEmam
sl 3 | | | |
i | | - In a world
. Tun,n\ @ m,. = 800 MeV
= =100 - g
2 : | |
I | | |/a /i
- | | / |
-150r | | | dat’on \
: | | : /‘e
_20()k ! ! ! Ollctln..
nn d 3He/*H 4He 5He/5L1 oLi

Other many-body methods significantly extend reach



Quarkonium interactions with light
quark systems via colour van der VWaals

Colour stark effect: quarkonium induces
dipoles in nucleons that attract

Brodsky et al. [pris4, 1011 (1990)] suggested
large binding: “Be—nc ~ 400 MeV

Nuclel not point-like: gluons screened

Typical model estimates now:
J/'W-A ~ 10 MeV

Eta-mesic nuclel possibly seen at COSY

ATHENNA experiment at JLab|2GeV
will look for charmonium nuclel
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will look for charmonium nuclel




[NPLQCD PhysRev. D91 (2015), | 14503]

Straightforward LQCD
calculation

Study at mz~800 MeV using
strangonium and charmonium

Energy shift from My +Ma

Multiple volumes to extract
infinrte volume binding energy

Binding energy vs A
Very strong binding

Quantum numbers of
pentaquark!

0.02F

0.00

AE (1.u.)

—0.04¢

® “He .

—0.02¢




[NPLQCD PhysRev. D91 (2015), | 14503]

Straightforward LQCD
calculation

Study at mz~800 MeV using
strangonium and charmonium

Energy shift from My +Ma

Multiple volumes to extract
infinrte volume binding energy

Binding energy vs A
Very strong binding

Quantum numbers of
pentaquark!

0.02F

0.00

AE (1.u.)

—0.04¢

® “He .

—0.02¢
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t (l.u.)
0
Pentaquark
_ =20t ¢
>
QO
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[NPLQCD PhysRev. D91 (2015), | 14503]

0.02F
Straightforward LQCD
' ® “He .
calculation 0.00 ,
Study at mz~800 MeV using = ool
strangonium and charmonium B { ] >
Energy shift from My+Ma o { { } | |
| 0 2 4 6 8 10 12 14 16
Multiple volumes to extract . t(lu.)
infinite volume binding energy Pentaquark
Binding energy vs A = —2 \
o = _ 40 Hendecaquark
Very strong binding < H
2 —60l Octoquark ] ¢
Quantum numbers of <
|
pentaquark — 80y Tetradecaquark
0 1 2 3 4



Hadron-hadron interactions




Hadron-hadron interactions

Two particles in a box: eigen-energies depend on Interactions
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Two particles in a box: eigen-energies depend on Interactions
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One dimensional non-relativistic analogue




Hadron-hadron interactions

Two particles in a box: eigen-energies depend on Interactions

Calculate two particle energies to determine scattering phase
shift

One dimensional non-relativistic analogue




Hadron-hadron interactions

Two particles in a box: eigen-energies depend on Interactions

Calculate two particle energies to determine scattering phase
shift

Requires multiple different volumes

One dimensional non-relativistic analogue



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

AE(n) = \/|Q(n)\2 + m?4 + \/\Q(n)!2 + sz —Mma — Mg

1 qn)L
q(n) COLO(q(n)) = W—LS< (271 )

|| <A

1
S(n) = Ii — 47A




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 provided r«lL

Used for mtm, KK, ...

A precision science for stretched states

Known for many years in QM, NP




Example: [=2 TTTT

Study multiple energy levels of two pions in a box for multiple
volumes and with multiple Pcm

: ®e n=5 |

0.30- ° L2 T el LT et .
7 n=4 ..” | ) J7 °
° oo 0 o .

L “",o 07 ".“

025 Wﬁﬁ‘“ m"““ 0

0.15 % n=0 tl
0 .w..unmmml-lqﬁnmum

L/by=32,Puy=0

0 20 40 60 80
t/b;

@ mq = 390 MeV . pPLgTeE
| 107.5023 [prd]



Example: [=2 TTTT

Study multiple energy levels of two pions in a box for multiple
volumes and with multiple Pcm

L P.,=0,n=1
0.24+- 1
T e———— P.,=0,n=2 .
022! P20 net ] : |
S — eeee———— ] Dashed lines are
__________ Pem=1,n=1 ] non-interacting
0.20 [ | 7 ener. | |
O —— ] gy levels
P.n=1,n=0
LTJ __________ Pcm:ﬁ ,n=0/ Peyn=0,n=1 |
s o8 I -
: P.n=1,n=0
0.16- i
P.n=0,n=0
em=Y, Pen=0 ,n=0 Pen=0 ,n=0 P =0 .1n=0
0.14- . — em="1 > 11 i
0.12- L/b=16 20 24 32 ]
@ M = 390 MeV .

1107.5023 [prd]



Example: [=2 TTTT

Allows phase shift to be extracted at multiple energies

kcoto/m,
"

¢ » H o

L/b;=16
L/b,=20
L/b;=24
L/b;=32

05 10

k2 /mﬂ2

@ mp = 390 MeV

15

20




Combine with chiral perturbation theory to interpolate to

physical pion mass

D wave phase shift also extracted [JLab]
0,\ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ]
oy m  Hoogland et al '77
. v Cohenetal 73
_10. Hif I | ® Durosoy et al '73 |
- 3 % Losty et al '74
~ : _?}f NPLQCD '11
Q
L
=0 ? 1
: ) *
o : I—‘!l!’—| + § ]
-30 - —— ‘ij‘ +
—40 !
0.0 0.1 0.2 0.3 0.4
k* (GeV?)

1107.5023 [prd]



[INPLQCD 1301.5790]

Calculation of NN phase shifts at
Mm=800 MeV

Scattering length and effective range
extracted with O(10%) precision

(351) __ +0.14+0.17 361) +0.068+0.068
a = 1.8275 137012 Im ) = 0.906 5,675 Z0.0s4 fm

(1S0) _ +0.19+4-0.27 (1So) __ +0.071+4-0.059
a = 2.337017 030 Im r = 1.130%4 977 0063 M

Fine-tuning of NN at physical mass!

a0 /1050 = 2,06+022+0%

a0 /2050) = 20273345

Wigner SU(4) symmetry

@ m = 800 MeV

L=24, [P|=0
L=32 . [P|=0
L=24 .|P|=1
L=32 .|P|=1

Levinson's Theorem

Experimental

—
)
(=}

5CS1) (degrees)

=)

|
9]
=)

ST

0.6




[NPLQCD 1508.07583]

@ m; = 450 MeV

oo W
' ' '\\\ =04, |P|=
Recent calculation of NN phase shifts 140} ® L=45.1pl=0
at mn=450 MeV o N ® Eenmena
S .
< 80f
Phase shifts closer to physical case ol \ \ \\\\\\
20| \ ~~~~~~
- - e N e \
Analyse in chiral EFT: ol | | | |
. ) 0 100 200 300 400 500
al() = 2.99(07)(15) fm  r(), = 1.611(42)(83)) fm k (MeV)
6
oY, = 272022)27) fm Y. = 1.43(12)(13)) fm
5.
Fnables extraction of °Dj phase and g
Mixing ¢
Fine-tuning of NN at physical mass! 2 .
Yoe 04 02 0 0.2

1/aCS) (fm™)
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o NPLQCD nf=3
Experiment
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Hyperon-nucleon phase shifts important
EoS of neutron stars

Determine at one quark mass

Match to effective field theory to
extract phase shift at physical mass

Future calculations will inform EoS

—[10"" gem

«| Fe

—[10® gom 2

~|10* gp‘t:rr\:s

30
| 20
5o 0 :
10
401 P |
2 | O NN——
301 %'10 __________________
S -20
Z )]
20 — NSC97f T = QcD
-- Juelich '04 -40F- — NSCO7f
10 — EFT 7 -~ Juelich '04
= QCD 50— EFT
% 100 500 300 200 500 -60 100 500 300 400 500
P ag (MeV) P ag (MeV)

[NPLQCD PRLI09 (2012) 172001 ]







Spectroscopy reveals nuclel at unphysical quark masses are
quite different

Many improvements still needed

Much to learn at lighter quark masses (even lighter than
physical)

What is the structure of these nucler?
Probe as in experiment

Magnetic moments, form factors, guadrupole moment,...



Background field methods

Hadron/nuclear energies are modified by presence of
fixed external fields

Fo: fixed B field

Epj.(B) = /M2 + 20+ 1)|QneB| — puy, - B
—2m B |BJ? — 208 PN T BiB)) + ..

QCD calculations with multiple fields enable
extraction of coefficients of response

Magnetic moment

Magnetic polarisabilities (scalar and tensor for |= 1)



Partially-quenched external fields easy to apply

Uu(z) = Uy,(x) - UﬁXt(x) U, = ot A, Uﬁxt _ AT

PQ Is enough for non-singlet linear shifts

Full background field needs to be present during ensemble
generation (or requires reweighting)

E.g.: constant Euclidean magnetic field
AZXt — BZC15’UJ,2 — Ule,}gc,él — 1, UzeXt — quBxl

Look for shift in energy quadratic in B (spin 0)

Cy(t; B) = Z(O\X(X, £)x0,0)]0) 5 o Z (B)exp (—[M + QWﬁBz + 0(84)]75)



On a torus, L3xT not all values
of external field are allowed

Example: constant B field s
Periodicity of links requires N gl 8 i
21 n R
gB = 7 n ez SR SALL TS
S AT Ave o Wi
X AALL

Periodicity up to a gauge
transform is less restrictive [t Hooft 791

Add in transverse links on the periodic boundary
AZXt — AZXt’J_ — 85615”’2 — B$2L5u,15x1,L—1

2T N

Quantisatiation condition for electric field: gB = T2

n € 7



X |

L-|

Plaquettes

L-|

P = Uy(2)Us(z + DU (z + 1 + 2)U ( + 2)




X |
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Plaquettes

L-|

P = Uy(2)Us(z + DU (z + 1 + 2)U ( + 2)

ext
AM
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Xl A

L-|

B(1—L)|B(1— L) B(1—L)B(1-L)|B(1-1L)
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B B B B B
B B B B B
B B B B B
"

ext
AM




B(1—L)|B(1— L) B(1—L)B(1-L)|B(1-1L)

X |
L-|
B B B B B AZXt
b B B B b
ext, |
Au t
B B B B b
B B B B b
"
0 | - \
XZ’ P = b



Xl A

L-|
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B B B B
ext, |
A t
B B B B
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Ny
| - \
><2’ P = b
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Non-guantised case

Use non quantised field value n=e=2.71828 (Electric field)

o3x—————

7To :+src =52
0.30f n=¢
= o0
=
L

=]
(]
o)

a
+
4
=
- "
-

024

022 AAAAAAAAAAAAAAAAAAAAA

Kinks In correlators
Also problematic to use Dirichelet BCs

Can go beyond constant field and preserve periodic nature
[Z Davoudi, WD 2015]



Magnetic field in z-direction (quantised n)

QCD QCD Q
UReP — u2P . U@

6mQ g 67 Qg 7
m

Magnetic moments from spin splittings
B B
SEB) = ) — B = 4B+ 4B + ...

Extract splittings from ratios of correlation
functions

Py )
A3 0
o @) i (t)

R(B) 2 oSBTt

Careful to be in single exponential region
of each correlator

R®B) R(B) R®B)
O N DPDODOODODNO =~ NN W PO ~ N OO DO ~ N W DODMDMDMDMMO

R(B)

R(B)

— —

Magnetic moments of nuclel

-
coOoON

el

L [ J
" o08s8882S

0

5

10
t/la

15

20

[NPLQCD 1409.3556]



Magnetic moments of nuclel

_ Energy shift vs B

L n ----------
o1y et =
---------
0.0 —===
O
S
S i
_0.17 ..!.'~. 7
. p |
e i
-0.2 - Tt
| | | T |
‘He .- I
o1r et |
0.0 ~+—r
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S e S d
2 — T ;
S s e S
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I 3
-0.2 =g
| | | | |
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[NPLQCD PRL 2014]



Magnetic moments of nuclel

Energy shift vs 8

3
| n _..-- L n
o1 e = 4 A
e p
T X e — e S S
I 2
S - i
T T ] d
—_ — ..I.~ n
0.1 e P -~
T i
-0.2 - T
: : : —— :
3
, He | ...- (. n 3
01 e B A He
e I___- 1 [ e e e e — — — — — T
0.0+t
s [ T T d ]
2 , - R -
S ol —el TR ~ QCD @ m; = 800 MeV
-0.1r . 7 .
: e 3y T m e = Experiment
02f R
[ ‘ ‘ ) ) | | | ! ! L ! ! ! ! ‘ ! ! : : ‘ L] .nnn_-
0 1 2 3 4

-1.98(1)(2) 3.21(3)(6) 1.22(4)(9) -2.29(3)(12) 3.56(5)(18)

In units of appropriate nuclear magnetons (heavy Mn)
[NPLQCD PRL 2014]



Magnetic moments of nuclel

Numerical values are surprisingly

: - I SH ]
Interesting 4 D A
Shell model expectations g |

_ [ d |

H3H = Hp s -

0
H3He = HUn |
P — M
QCD @ mz = 800 MeV
—————————— Experiment

e, I

neavy quark nucler are shell-model
||<e| -1.98(1 3.21(3 1.22(4)(9) -2.29(3)(12) 3.56(5)(18)

In units of appropriate nuclear magnetons (heavy Mn)
[NPLQCD PRL 2014]



Magnetic moments of nuclel

Numerical values are surprisingly 47
Interesting *
04
Shell model expectations 02k e ]
o E | 3H i
pd = fp + Hn 2 o0 e
— = I
H3H = HUp © o2 a ]
U3He — Un I [
-0.4 - ]
i 3
06 e -

QCD @ mz = 800 MeV

—————————— Experiment

-attice results appear fo suggest -n_—

neavy quark nucler are shell-model
kel

0.01(3)(7) -0.34(2)(9) 0.45(4)(16)

Difference from NSM expectation
[NPLQCD PRL 2014]



Magnetic Polarisabilities -

[NPLQCD 1506.05518]

Second order shifts determine polarisabilities

By (B) = \/Mg + (2n 4 1)|QneB| — py - B — 208 B2 — 22811 BiB)) + ...

Characterise deformation of state by constant magnetic field

4@

©




Ry j.(t; B}

Ry ;(t; B}

-0.2+
1.2¢+

05+

-0.2¢

[NPLQCD 1506.05518]

Second order shifts determine polarisabilities

Vary field strength to extract energy shifts

Care required with Landau levels

Sources couple to strongly to n>0

Ej.(B) = /M2 + 20+ 1)|QueB| — py, - B — 2080 |BJ? — 208"*/(T3;B,B;) + ...

1.2+

05+

pp: n=1 i pp: h==2 pp: =3

..... 1
...‘W-: .°oooo
i .....W..."i

pp: =4 pp: h=—=6 !
."OOOQQQHQWM_L—{E: .°'00000.oofm+!—|—§—}i:
o 5 10 15 20 5 10 15 2

t/a t/a




Neutron and proton

Study how different spin states respond

Estimate fit systematics based on multiple order polynomials
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[INPLOQCD 1506.05518]
p n nnd(j,=+1)pp 3He 3H *He
121 Mz=800 MeV ]

10F ]

Q@ 6r :

O—_ ] ] ] ] ] ] ] ]
p n nnd(j,=£1)pp 3He 3H *He

Significant Isovector nucleon polarisability
Unambiguous two-body physics

Nuclear polarisablilities similar to nucleon polarisabilities
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INPLQCD 1508.05884]

Strong magnetic fields shift energies significantly compared to binding

40+

m7=806 MeV
3 ¢
i
my=450 MeV
i
2 4 6 8 10 12

|7l

14

Ag,j=+1(11) MeV]

Ad,j,=+1(71) MeV]

| m,=806 MeV

:!}II

|

| m,=450 MeV

40F
- m7=806 MeV

20:

App(it) [MeV ]

40F
- my=450 MeV

20:

p(11) [MeV]

QU

~20¢
-4071
-6071
-80r

IH{ l

-20}
-4071
< -60|
-80r

||

Appearance of Feshbach resonances where system binds/unbinds at
large B (B~10'"" Gauss)

Potentially persists at physical quark masses

Possible consequences in n-stars, ultra-peripheral HIC



Th erh%g[_ﬂp

eutron capture cross-section: np — dy
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- Thermal Neutron Capture Cross-Section -

[NPLQCD PRL ['15, 132001 (2015)]
Thermal neutron capture cross-section: np—=dy

Crrtical process in Big Bang Nucleosynthesis

Historically important: 2-body contributions ~ 0%

First QCD nuclear reaction!




Zd = 1/\/1—")/0?“3

Cross-section at threshold calculated in

pionless EFT
2(~2 1 |p|2)3
o(np — dy) = = (XEHSHII))H ) X+ ... K1 K1
EFT expansion at LO given by mag. moments ’1:1 §
NLO contributions from short-distance >©©
two nucleon operators
. Z,
Xy =

— -+ 571Ipl? —ilp|

2 2
K170 1 1 2 Yo
x T4 1oy
[ 78 +IpP (70 o + 27“1\13\ > + 5 1]

%

Phenomenological description with >©
| %6 accuracy for E< [MeV .
Short distance (MEC) contributes ~10% Riska, Phys Lett. B38 (1972) 193

MECs: Hokert et al, Nucl.Phys. A217 (1973) 14
Chen et al,Nucl.Phys. A653 (1999) 386

EFT. Chen et al, Phys.Lett. B464 (1999) |
Rupak Nucl.Phys. A678 (2000) 405



'NPLQCD PRL |15, 132001 (2015)]
Presence of magnetic field mixes 1,=),=0 3S| and 'So np systems

Wigner SU(4) super-multiplet (spin-flavour) symmetry relates 3S;
and 'So states (diagonal elements approximately equal)

Shift of eigenvalues determined by transition amplitude
—, eBb

AESSl,lSo ZZF(H:l—I—Ll) M + ...

More generally eigenvalues depend on transition amplitude
(WD, & M Savage 2004, H Meyer 201 2]




[NPLQCD PRL |15, 132001 (2015)]

| attice correlator
with 3S| source and 'Sp sink

Iz=)z=0 correlation matrix

C(t B) _ 0351,35'1 (t; B) 0351’150 (t; B)
7 01507351 (t, B) 01507150 (t, B)

Generalised eigenvalue problem

[C(to; B)]~/*C(t; B)[C(to; B)] /%0 = A(t; B)v

Ratio of correlator ratios to extract 2-body

A t; B t—00 A
R351,1SO (t, B) — )\+Et B; — ? Zexp [2 AESSLlSOt}
R t:B _
5R351’150 (t;B) _ 351,150( ) c A e 5E331,130 (B)t

- AR,(t;B)/AR,(t; B)

5E381,1SO = AEBSLlSO — [Ep,T — Ep,i] + [En,T — En,i]
— 2L|eB|/M + O(B?)



a 6E351,150(ﬁ)

[NPLOQCD PRL I'15, 132001 (2015)]
Correlator ratios for different field strengths

np—>ady
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[NPLQCD PRL |15, 132001 (2015)]

Extracted short-distance contribution at physical mass

T = 0.285( 752 ) nNM 0 = —4.48( +1¢) fm

Combine with phenomenological nucleon magnetic moment,
scattering parameters at incident neutron velocity v=2,200 m/s

—Ilqcd

o' (np — dy) = 307.8(1+0.273 L, ) mb
o' (np = dy) = 332.4( 32 ) mb

c.f. phenomenological value
oP*(np — dy) = 334.2(0.5) mb

NB: at mz=800 MeV, use LOCD for all inputs (ab initio)

oS MeVinp — dy) ~ 10 mb




Nuclear physics at the intensity frontier




Seek new physics through quantum effects
Precise experiments
Sensitivity to probe the rarest interactions of the SM
Look for effects where there i1s no SM contribution
Important focus of HEP(NP) experimental program
Dark matter direct detection
Neutrino physics

Charged lepton flavour violation, EDMs, proton decay,
neutron-antineutron oscillations...

Major component is nuclear targets




0\
\"]
\__4

A i\'
4

Dark matter direct detection: nuclear recolls in large
bucket of nucler as signal

Detection rate/bounds depends on dark matter
properties/dynamics and x-sec on nucleus

Positive signals would be unambiguous

Post-detection: precise nuclear x-sec (with quantified
uncertainties) to discern underlying dynamics

Potentially understand seemingly conflicting positive
and negative signals

)

2

Inform experimental design and backgrounds

WIMP-nucleon cross section (cm

10’ »
m e (GEV/C?)



Important goal of LBNF/DUNE: extraction of

neutrino mass hierarchy and precise mixing
parameters

Neutrino scattering on argon target

Requires knowing energies/fluxes to high
accuracy

Nuclear axial & transition form factors
Resonances

Neutrino-nucleus DIS

v, CC evts/GeV/10kT/MW.yr

~ 0% uncertainty on oscillation
parameters [C Mariani, INT workshop 201 3]
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EDMs: potential light nuclear EDM experiments offer
complementary handles on CPV

OvPp decay: fundamental nature of neutrinos

Rates depend on nuclear matrix elements

ule: search for charged lepton flavour violation

uncertainties) to discern underlying dynamics



[Martinez-Pinedo et al,, Phys. Rev. C53,2602 (1996)]
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Deep Inelastic electron scattering on Fe target [EMC [983]
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Proton structure modified in a nuclear environment

Only “understood” in phenomenological models



Definitive need for precision determinations of nuclear matrix
elements

Must be based on the Standard Model (no hand-waving)
Must have fully gquantified uncertainties
Timeframe and precision goals set by experiment
Current state is far from this
Nuclear physics is the new flavour physics!

Develop appropriate tools




Precision nuclear physics




Precision nuclear physics

Goal: develop the tools for precision predictions



Precision nuclear physics

Goal: develop the tools for precision predictions

Explort effective degrees of freedom



Goal: develop the tools for precision predictions

.
N

Exploit effective degrees of freedom

Establish quantitative control through
inkages between different methods
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QCD forms a foundation
determines few body
interactions & matrix = Shell model,
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IJ«T

elements >3 333:33 coupled cluster,

Cl'q N

Match existing EFT and

many body techniques

onto QCD Exact many body:

GEMCTNCSM,

Now: focus on QCD lattice EFT

configuration-interaction



Nuclear effective field theory:
|-body currents are dominant

2-body currents are sub-leading
but non-negligible

Determine one body contributions from
single nucleon LT

Determine few-body contributions from
A=234..

Match EFT and many body methods to
LQCD to make predictions for larger nuclel



Nucleon form factors

LQCD FFs studied from ratios of 2- and 3-point correlators
[Martinelli & Sachrajdal 988]

3 pt function 2 pt function

(0[x(0)O(y, T)x'(t)|0)

R(t,T;q) ~ Z €'ty (0]x(0)xT()|0)

> (N(p)|OIN(p +q))

Determines ground state FF at large source/operator/sink
separation



Nuclear matrix elements

For deeply bound nuclel, use the 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: care with volume effects

Alternatively use background fields - works well for magnetic
case



Further matrix elements

Axial coupling to NN system
pp fusion:“Calibrate the sun”
Muon capture: MusSun @ PSI
dv—=nne’ :SNO

Quadrupole moments: requires
non-constant fields [Z Davoud, WD [507.01908]

Axial form factors

Scalar; ... matrix elements for dark matter

Twist-2 operators: EMC eftect (N, Z|qviu, Dy, - - Dy ya| N, Z)



One possible DM interaction is through scalar exchange

Accessible via Feynman-Hellman theorem

At hadronic/nuclear level

L — GpXx (i(()|§q|0> Tr a2l + afn] + i(N|Qq|N>NTNTr s + alY]
1

1
Contributions:

(N|grq|N) (N'NTr [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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Nuclel are under serious study directly from QCD

Spectroscopy of light nucler and exotic nuclel (strange,
charmed, ...)

Structure: magnetic moments and polarisablilities
Electroweak interactions: thermal capture cross-section

Prospect of a quantrtative connection to QCD
makes this a very exciting time for nuclear physics

Crrtical role in current and upcoming particle
bhysics experimental program N
|

_earn many Interesting things about nuclear
pbhysics along the way







Hyperon-nucleon interactions
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Hyperon-nucleon interactions

Observation of 1.9/ M. n-star [Demorest et al., Nature, 2010]
“effectively rules out the presence of hyperons, bosons, or free
quarks”
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Hyperon-nucleon interactions

Observation of 1.9/ M. n-star [Demorest et al., Nature, 2010]
“effectively rules out the presence of hyperons, bosons, or free
quarks”

Relies significantly on poorly known hadronic interactions at

high density
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Observation of 1.9/ M. n-star [Demorest et al., Nature, 2010]
“effectively rules out the presence of hyperons, bosons, or free

quarks”

Relies significantly on poorly known hadronic interactions at

high density
Hyperon-nucleon
nnn, ...

Calculable in QCD

30% determinations
would have impact

Happening for YN

[NPLQCD PRL 109 (2012) 172001]
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Influence on EoS Is complex

Crude approx: Fumi's theoren

1 [k 3 1
AB = —— | " dkk [ s, () + 55150(@]

AE (MeV) X

For p, ~ 0.4 fm™>,
Ly, + pe— ~ 1290 MeV

hc Us— = Mg —|-AE ,S 1290 MeV
then s probably relevant to
n-star structure
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Phys. Rev. Lett. 109 (2012) 172001



