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FROM QCD TO NUCLEI

EMERGENCE OF NUCLEI

» QCD+EW encodes nuclear physics

» Computational challenge to see QCD
produce nuclear physics

» Study emergence of layered
complexity of nucleons and nuclei

» Input for intensity frontier
experiments seeking BSM physics

» Lattice QCD calculations can will make
this connection




CASE STUDY: NUCLEI IN LQCD

Case study LQCD with unphysical quark
masses (m,~800 MeV, 450 MeV)
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FROM QCD TO NUCLEI

HIGH FIDELITY LATTICE QCD

» LQCD: strong coupling definition of
QCD
and method to handle quarks & gluons

» Numerical LQCD entering exciting era

» Modern calculations of simple quantities
control all systematics

» Physical quark masses,
infinite volume and continuum limits

» Multiple independent groups

» Include QED in numerical calculations




FROM QCD TO NUCLEI

SPECTROSCOPY

» Correlation decays
exponentially with distance

C(t) = ZZ exp(—En,t)

all eigenstates with g#'s of proton

at late tlmes

— Zp exp(—Eot)

0.54 5 1 T
-I * local — local
0.53F 3 * local — smeared
» Ground state mass revealed ¥ + smeared — local
0.52- ii - s smeared — smeared

through “effective mass plot”

M(t) =In [ O(C;(-it-)l)] =% E,

InfC(t)/C(¢ + 1)
s 5 § |
in

o o
§ =
:3)
i,
-
.

o
&




LQCD FOR NUCLEI

Nuclear physics is Standard Model physics
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LQCD FOR NUCLEI

ACD FOR NUCLEAR PRYSICS

» Nuclear physics is Standard Model physics

» Can compute the mass of lead
nucleus ... in principle

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

» Physics at multiple scales



LQCD FOR NUCLEI

Nuclear physics is Standard Model physics

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

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

Physics at multiple scales

GeV
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LQCD FOR NUCLEI

ACD FOR NUCLEAR PHYSICS

» Nuclear physics is Standard Model physics

» Can compute the mass of lead
nucleus ... in principle

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

» Physics at multiple scales

GeV

200 Mpy,

™A

094 M,

0.25 Aocp
0.005 Mgq

O+

1/2-,3/2-

994 keV

904

A1/ D+ =

868
820

3/2+,5/2+

9/ 24 —iiia

777.6

+—658.9

of2-,7f2-

6213/ 2+ -4

7{2+ —

297.8
=551
499.1 2.2 PS

....... 1/2- g 66.7 0.499 S
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LQCD FOR NUCLEI

ACD FOR NUCLEAR PHYSICS

GeV
» Nuclear physics is Standard Model physics
O/D+ 994 keV
» Can compute the mass of lead 200 Mpb  40-3/2- 904
. . . A1/ 2D+ —x 868
nucleus ... in principle 820
3/2+,5/2+ 777.6
» In practice: a hard problem
9/2+ —l-gtte—G658.9
. . . 5/2-,7f2- 597.8
» QCD in non-perturbative domain M /213/2+ 4. 551
72+ — 499.1 2.2 PS
» Physics at multiple scales
. L st 3f2- =364.1- . ."-
» At least two exponentially difficult
computational challenges
: _ : 094 M,
» Noise: statistical uncertainty grows
) ) 025 Agecp - 1/2- 66.7 0.499 S
exponentially with A 0.005 Mgq :_.____._:;9,21\....ln!.omm.,__.

» Contraction complexity grows factorially



NUCLEAR SPECTROSCOPY
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Effective mass plots of energies

Multiple volumes needed to disentangle bound

state from attractive scattering state
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NUCLEAR SPECTROSCOPY
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AXIAL MATRIX ELEMENTS

[NPLQCD PRL 119, 062002 (2017), PRL 119, 062003 (2017)]

Electroweak processes in light nuclei:
first LQCD calculations

Tritium decay (®He|gmysmq|>H)

Proton-proton fusion (ere 119, 062002 (2017

. . . . excluded by GERDA, EXO-200,
Instigating process in solar fusion KamLAND-Zen, CUORE-0

but hard to measure

inverted

Calculations reaching level of
precision of phenomenology.

Double-f decay: nn—pp

[PRL119, 062003 (2017)]

Improve nuclear matrix element 000001 00001  0.001 0.01 0.1 1

uncertainties Mpin (V)



AXIAL MATRIX ELEMENTS

Fixed axial background field

Construct correlation functions from quark propagators modified in
axial field

compound propagator constant

S0(@,9)= 59@,1) + Ny [ dz 59(@,2) 7107 59 (2,1)

CAu;/\d (t) —

time >

Linear response gives axial matrix element



AXIAL MATRIX ELEMENTS

CAu;)\d (t)

C)\u§)\d (t)

(u)
e =g SA
(d)
S\
time >
A o+

\

Linear response
gives axial matrix
element

|

1T 1]

L1111

111

-®-

Integrate over
insertion time

/



AXIAL MATRIX ELEMENTS

Example: correlator formed with background field coupling to u quark

2.x 1011
time chosen —_ (
for example —T | 1.x10-'

oo 0
9] -
- :
e

< —-1.x101!

—2.%x10"11E

linear term
cubic fit

linear term
gives ME



AXIAL MATRIX ELEMENTS

1
4

@

— Implicit sum over current
O(A) Insertion times

Example: determination of the proton axial charge

t

Croma®| = S0 (0)7(r)x(0)]0) ~xcited states
O 7=0 Uninteresting
= ... /constant
= Zoe™Mt |C + £ (p| 45" (0)lp) + O]

Matrix element

Time difference isolates matrix element part

(Cauinag(t+1) = Cx 2, (1)) = Zoe™ Mot (p| A (0)Ip) + O(e™*)

O(N)




AXIAL MATRIX ELEMENTS

Extract matrix element through linear response of correlators to the

background field

Form ratios to cancel leading
time-dependence

(C21.m0(®) — CPg0, ®)]

O(N)

() = CP_ 1 _ot)

At late times:
Rp(t+1) — Rp(t) =%

Matrix element revealed

gA
ZA

through “effective matrix elt. plot”

ga/Za

L.5

141

1.1

constant fit to
plateau region

1.2

smeared-smeared

® |
smeared-point )
Q -
® {} $
o I
2 4 6 8 10 12 14
t/a




AXIAL MATRIX ELEMENTS

Tritium decay half life

half-life

(]. = 5R)fV 4 vector ME 1 axial ME
K/Gy, P2 (B2l fa/fv g4(GT)?

known from theory or expt.

constant fits to

B|ggeSt uncertamty In plateau region smeared-smeared
3 N _ .3 \ smeared-point
ga(GT) = (°He|qys™ q|°H) TN I —
Form ratios of correlators to ;\; 1300 ¢ e 4 ¢ %)
cancel leading time- S e ©
dependence: i e _
1.02 l
—~
Rout) 10 9a(°H) z
,‘!H —300
= ? = (GT) gﬁ; 0.94
R,(t) 9gA =
0.90




AXIAL MATRIX ELEMENTS

Quark mass dependence (m;~800,450 MeV)
0. 0.2 0.4 0.6 0.8 1.

| l | | | |
1.02 -

1.00 -

A
7
R

<GT>

0.96 -

0.94 -

0. 0.2 0.4 0.6 0.8 1.






DARK MATTER MATRIX ELEMENTS

One possible DM interaction is through scalar exchange

Z o (X x) (@)

III '“!ll

dll W )
:m'l #’Pn L m“‘ ‘
] '.". . ||| ‘ll

~ c . j
Direct detection depends on nuclear matrix element

d

E(gs)
i

ozn = m{Z,N(gs)| wu+dd |Z,N(gs)) = m—

Accessible via Feynman-Hellman theorem

At hadronic/nuclear level
1 1
£ — Gr ¥x ( ;(0lgg|0) Tx asz +a}z] + ;(Nlggl \)N'NTy lasZt + ol 3]
1 .
— J(NlgrqlN) (N'NTr [as=! +afs] — 4N'aseN) + ..)

Contributions:




DARK MATTER MATRIX ELEMENTS

[summary by P Shanahan 201 6]

- -| Leinweber et al. (04)
b - - Procura et al. (06)
. . . L — - JLQCD (08)
Single nucleon contribution — - Young & Thomas (10)
L ® i - BMW Collaboration (12)
—e—i - QCDSF Collaboration (12)
| - -~ QCDSF Collaboration (12)
—> 54 3» o - Semke et al. (12)
N N L & - Alvarez-Ruso et al. (13)
—— - Shanahan et al. (13)
o - Lutz et al. (14)
. —e—i Ren et al. (15)
calculated by many lattice groups = S 1 XQCD Collaboration (15)
—e— - XQCD Collaboration (15)
—e—i - BMW Collaboration (16)
ol° . —— - RQCD Collaboration (16)
Results stabilising o | ETM Collaboration (16)
0 20 40 60 80
NB: ~30 tension with recent =N I (MeV)

dispersive analysis

[Hoferichter et al, PRL. 115 (2015) 092301]



DARK MATTER MATRIX ELEMENTS

[NPLOQCD, PRL 120, 152002 (2018) ]

AR ARY AR AR
0.1;-'. DI
i 0.0Fo— I r—1
Background fields for scalar (and also N t gt ® 5 <i> +
axial and tensor) quark bilinear o i
f o d
Calculate forward limit MEs for A=2,3 % &
-0.4f
Scalar MEs has large (~10%) deviation 0-02;- A
from sum of nucleon MEs for A=3 001f
o.oo; o—=< < .%. S
Consequences for larger nuclei —oo1f ; {) i
used in dark matter detectors? -002p
—0.03;-
Repeating calculations at lighter oorf g
quark masses 0.01f
o.ooi—e—e—q] < <O
Future: second order response gives uof i + 5
scalar polarisability ! b
_o0sf




FROM QCD TO NUCLEI

Nuclei are under study directly from QCD

.4 N ND === ,.r'l.@.‘
NSRRI S
IBNSSIENULS//ANA/NY,

INSRNSNCVINN AN AV,
SN AN/

Spectroscopy of light nuclei and exotic nuclei

Structure: magnetic moments, axial couplings...

Interactions: np—dy, pp— de*v, nn—=pp, DM

Prospect of a quantitative connection to QCD
makes this an exciting time for nuclear physics

Important role in current and upcoming intensity

frontier experimental program

Learn many interesting things about the nature

of hadrons and nuclei along the way






NUCLEAR SPECTROSCOPY

Potential for fake plateaus? ritanietal)

Scattering states combine with relative

signs to give negative-shifted flat
behaviour

Very unlikely

Study at 3 volumes with same source
structure

Negative shifted states

Correlators fully consistent at L=24, 32, 48

Excited state

Scales as 1/L3 consistent with scattering

state

246L | -24
i244; o | =32
T4 o =48
Q) :

240} i a q

2.38¢

4 6 8 10 12 14
T

2.52
— 250}
= 248} =
= 246f = ° . I
™ 244 = _ T 2 = 1 1
o . I
O 242} I |

240F




LQCD FOR NUCLEI

[Parisi 84, Lepage "89]



LQCD FOR NUCLEI

Importance sampling of QCD functional integrals
» correlators determined stochastically

\ 4

Proton
signal ~ (C) ~ exp|—M,t]

Z
\/

v

[Parisi 84, Lepage "89]



LQCD FOR NUCLEI

Importance sampling of QCD functional integrals
» correlators determined stochastically

\ 4

Proton

signal ~ (C') ~ exp|—M,t N
p

v

v

Variance determined by

0*(C) = (CCT) - [{C)]7

[Parisi 84, Lepage "89]



LQCD FOR NUCLEI

Importance sampling of QCD functional integrals
» correlators determined stochastically

Proton <
signal ~ (C) ~ exp|—M,t| N >
>
Variance determined by
0*(C) =(CCT) - |{C)
=
N >
>
=
NT<
=

[Parisi 84, Lepage "89]



LQCD FOR NUCLEI

Importance sampling of QCD functional integrals
» correlators determined stochastically

Proton <
signal ~ (C) ~ exp|—M,t| N >
>
Variance determined by
0*(C) =(CCT) - |{C)
=
T <
=
T =
=
T <

[Parisi 84, Lepage "89]



LQCD FOR NUCLEI

Importance sampling of QCD functional integrals
» correlators determined stochastically

Proton >
signal ~ (C) ~ exp|—M,t| N >
>
Variance determined by
o*(C) = (CCT) — (C)|?
T, g
noise ~ \/<C’C’T> ~ exp|—3/2mt] R
S1gna,
~ — (M, — 3/2m)t
By exp|— (M, /2mz )¢ uiy >

[Parisi 84, Lepage "89]



LQCD FOR NUCLEI

Importance sampling of QCD functional integrals
» correlators determined stochastically

Proton >
signal ~ (C) ~ exp|—M,t| N >
>
Variance determined by
o*(C) = (CCT) — (C)|?
T, g
noise ~ \/<C’C’T> ~ exp|—3/2mt] R
S1gna,
~ — (M, — 3/2m)t
By exp|— (M, /2mz )¢ uiy >

For nucleus A:
signal

~ — (M, —3/2m)t
o156 exp| { p /2m )t]

[Parisi 84, Lepage "89]



LQCD FOR NUCLEI

STATISTICAL SAMPLING

» Valid asymptotically but interpolator choice can
suppress overlap onto noise

» Golden window of time slices from which to
extract physics

» Use variational operator construction to optimise
overlap onto low eigenstates at earlier times
[Michael,Lischer&Wolff]

» Optimisation problem involving variance
correlation function <CC*> to maximise signal-

noise ratio (wo & Mike Endres, PRD 2014]

» New method of phase reweighing/unwrapping
[Wagman, Savage 2016,7]




LQCD FOR NUCLEI

Quarks need to be tied together in all possible ways

Ncontractions = NulNlesI (99"'1 01500 for 208Pb)

Managed USing a|g0rithmic triCkery [WD & Savage, WD & Orginos; Doi & Endres, Glinther et al]

Study up to N=72 pion systems, A=5 (and 28) nuclei



NUCLEAR SPECTROSCOPY

Combine LQCD and pionless EFT

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

O | | ! {

B 1QCcD
=50 - i
> [
E -100 L A In a world
SR @ mx = 800 MeV
_150 -_ _
: [Barnea et al. PRL,2014] .
_Zm | | | {

nn d 3He’H  “He

Other many-body methods significantly extend reach [Barnea et al. PRL 2014; see also Kirscher et al.
1506.09048, Contessi etal. 1701.06516]






NUCLEAR STRUCTURE

[NPLOQCD PRL 1'13, 252001 (2014)]

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

Eg: fixed B field

Bij,(B) = /M2 + (2n+1)|QneB| — p1 - B
—2rMO B2 + ...

QCD calculations with multiple fields
enable extraction of coefficients of
response

Magnetic moments, polarisabilities, ...



NUCLEAR STRUCTURE

[NPLQCD PRL 113, 252001 (2014)]

12 -

R(B)
-

Magnetic field in z-direction (quantised n)*

QCD CD | link
UM — UB . U[.(LQ) (gluon links)

B Qgn BT Qon
m

R(B)

Magnetic moments from spin splittings

0E®) = B — EP) = —ou|B| ++|B]* +...

R(B)

Extract splittings from ratios of two-point
correlation functions

R(B)
ONAODPONO =~ N W HO =~ N W AO =~ N W RhONBAO

B
_ G0 COM) e
- (B) (0) i
CZ; (t) C;(t)
Careful to be in single exponential region of
each correlator

R(B) e—3B Pt

-— -

R(B)

. . 17T
0 5 10 15 20
t/a

* post applied U(1) field exact since tr[Q]=0




NUCLEAR STRUCTURE

[NPLQCD PRL 113, 252001 (2014)]

L T U T T T T T T =T

[ 3
_ 4l H )
i | p I
00 M

Y e T
_ ) _
:
0
n

- 3He ~
I

B OCD @ m, = 800 MeV

——————————— Experiment

| n | p | d |He | H

In units of appropriate nuclear magnetons (heavy Mn)



NUCLEAR STRUCTURE

[NPLOQCD PRL 1'13, 252001 (2014)]

Numerical values are surprisingly Al 3 j
interesting : P I
Shell model expectations 2l g _'
= - e |
pd = pp +fn g =
U3H = HUp S o W e % 0
H3He = Hn
n 3He
=2 [ T g

B OCD @ m, = 800 MeV

----------- Experiment

Lattice results appear to suggest

heavy quark nuclei are shell-model
like!

In units of appropriate nuclear magnetons (heavy Mn)



NUCLEAR STRUCTURE

0.00 —

Care required with Landau levels

Polarisabilities (dimensionless units)

a OE p+1/2(11)
| | | |
= = = o
N = f— (@)
(@) (&) (@) Ul

p_n mdioshpp e W the T
12 mx=800 MeV 7 |
10} |
8}

; l
4_ 2 x Bn
=

)] S . | .

p n nn d(j,=+1) pp

[NPLQCD Phys.Rev. D92 (2015), | 14502 ]



NUCLEAR INTERACTIONS

[NPLQCD PRL 115, 1320031(2015)]

Thermal neutron capture cross-section: np—dy
Critical process in Big Bang Nucleosynthesis

Historically important: 2-body contributions ~10%

First QCD nuclear reaction!

e®




NUCLEAR INTERACTIONS

[NPLQCD PRL 115, 1320031(2015)]

Cross-section at threshold calculated in
pionless EFT '
e?(v¢ + |pl?)’

. | Xa]? + ...
M3 |p|

o(np — dy) =

EFT expansion at LO given by mag. moments
NLO contributions from short-distance
two nucleon operators

Zg
— -+ 371|p|? — i|p|

2 2
K170 1 1 2 Yo
R Yo,
X [ 78'*' |p|2 (70 a; + QTllpl ) + 1]

Xy =

Phenomenological description with
1% accuracy for E< 1MeV

Short distance (MEC) contributes ~10%

Zq = 1/+/1 —~or3

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



NUCLEAR INTERACTIONS

Consider QCD In the presence of a constant background magnetic field
Implement by adding term to the action (careful with boundaries)

Shifts spin-1/2 particle masses

L

B=0 B+0
1S

MT1=M0:|:M|B|+47T,3|B|2+... E

Changing strength of background

field allows , pto be extracted

Two nucleon states

35 ﬁ/
Levels split and mix \

Similar for electro-weak

fields and twist-two fields



NUCLEAR INTERACTIONS

Background field modifies eigenvalue equation for m==1 states

L? e/B|

A2 5 (L2 —r3kp) =0

pcoté(p) — —5( [p* jE"3|B|”*30])

Asymptotic expansion of lowest scattering level
E6n=i1 6|B|K,0 + 47I'A3 [ A3 (A3) 4.

— 1—' .
T M T M3 AR
1 ¢|B|L;
where 1 - =~
ere A agi 5

Mixes 1Sg and 351 m=0 states (coupled channels - but perturbative)

S++S_] B [e|B|L1 . s+—s_]2

Sy +5_
pcot d1(p) — 7 ][pcotdg(p)— — 5 5T

L2

where S8y =S8 (m

[p° £ e|B|x1] + .. )

[WD & MJ Savage Nucl Phys A 743, 170]



NUCLEAR INTERACTIONS

[NPLQCD PRL 115, 1320031(2015)]

Presence of magnetic field mixes I,=J,=0 3S; and 1Sy np systems

Wigner SU(4) super-multiplet (spin-flavour) symmetry relates 3S; and 1S states (diagonal
elements approximately equal)

Shift of eigenvalues determined by transition amplitude

—, eB
AE3.S'1,1SO =:F(K,1+L1) M + ...

More generally eigenvalues depend on transition amplitude
[WD, & M Savage 2004, H Meyer 2012]



NUCLEAR INTERACTIONS

[NPLQCD PRL 115, 1320031(2015)]

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

1z=Jz=0 correlation matrix

c;B) = | Fss(EB) Cus, 5, (6 B)
| Cig, 35, (t;B) Cig, 1, (t; B)

Generalised eigenvalue problem
[C(to; B)]"1/2C(t; B)[C(to; B)]~/%v = A(t; B)v
Ratio of correlator ratios to extract 2-body

R381,180(t;B) = A-*_-Et’ B; —3

Rag, 15, (t; B)
ARp(t;B)/AR,(t; B)

Z €xXp [2 AE351,1SUt]

5R351,150 (t; B) =

0Esg, 15, = AEsg 15, — [Ept — Ep,| + [Eng — En,y]
— 2L1|eB|/M + O(B?),



NUCLEAR INTERACTIONS

[NPLQCD PRL 115, 1320031(2015)]

Correlator ratios for different field strengths
o8l =450 MeV | 1 ' 12 1, =800 MeV
: PN e o | i 1.0:-
0.6-...0".. [ e s 8 0 @
S =~ 0855 $
xQ E : e o o ® o
304 ,...0"""‘”! _ ‘' %05}.-00'
é : | g 0442- co O !
02 . F"m i :$ ! P
s 0o 0o 0o ** o 02} ¢ |
oo'-l AAAAAAAAAA » 11 00} X 111
0 5 10 15 20 0 2 i 20
tfa -

0.00[' T Y v v g v T v v v J v v v T wvr—wr—v—y
}
}.
-0.02:
— : Mz=800 MeV
=
= —0.04}
o
8 _006f
o r
tmn:450 MeV
~0.08} ] ta
; Slopes give L; |
-0_101 1 o e’ 1 P, N W) WP ) W, ) r
0 2 4 8 10 12 (1 X1}

A A




NUCLEAR INTERACTIONS

[NPLQCD PRL 115, 1320031(2015)]

Extracted short-distance contribution at physical mass

LI — 0.285( *%2) nNM [0 = —4.48( *1¢) fm

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

o194 (np — dy) = 307.8(1 +0.273 Z;*) mb

o' (np — dy) = 332.4( 5% ) mb
c.f. phenomenological value
o (np — dvy) = 334.2(0.5) mb

NB: at mn=800 MeV, use LQCD for all inputs (ab initio)
o300 MeVipn 5 dy) ~ 10 mb



