d‘PN S”p”KEr“eTsE

INSTITUT DE PHYSIQUE NUCLEAIRE
ORSAY

NUCLEI
IN A
LATTICE WORLD

U. van Kolck

Institut de Physigue Nucléaire d'Orsay
and University of Arizona




Outline

J QCD at Low Energies and the Lattice
- Nuclear Effective Field Theories

d EFT for Lattice Nuclei

) Outlook and Conclusion




Derivation of nuclear physics consistent with
Goal Standard Model (SM) of particle physics

o correct symmetries
o systematic

Why? > Nucleus as the simplest complex system:
quarks and gluons interacting strongly,
yet exhibiting many regularities
= QCD aft large distances an unsolved part of the SM

= tools for non-perturbative quantum (field) theories,
e.g. cold atoms

> Nucleus as a laboratory:
properties of the SM and beyond

= nuclear matrix elements for symmetry tests
= reaction rates for nucleosynthesis

= equation of state for stellar structure

= variation of parameters for cosmology
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How? Lattice QCD + Effective Field Theory ©

(T=TY0Q~m<«M)x Y Q > €,.(m ,A)F, 9;9
. S~ 1M = lm A
llghT hard min u J U )
scales  scales “low-energy non-analytic,
aT _ O “power' Coun-‘-ing" CO”STG”TS" fr'om |OopS
\ '@ arbitrary regulator counting index
For Q ~ m, truncate .. .. consistently with RG invariance
(V)
| = 1+(9(Q Qj = A _o[Q)«1
A TY 6A A
controlled model independent

If so {To minimize cutoff errors, want A > M
realistic full error estimate comes from variation A € [M ,oo)

match > lattice QCD
amplitudes > most general hadronic Hamiltonian

};;;Mh__i ~ with QCD symmetries e



Lattice QCD
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Two-step strategy
IT) fotveEEsTFdor
A fy-£8, 4
m_ > M any300,400 MeV
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Macp = 0.3 fm /




+ Beane et al -talk

Experimental and LQCD data

+ Inoue et al '12

- 140 300 510 =05
Nucleus [nature] 110] 7] 8]
n 030.6 1053 1320 1634
D 038.3 1053 1320 1634
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‘H 2,224 145 £ 0722 | 115+ 1.3 19.5 + 4.8
a
I‘l —
*H 8.482 | 21.7 £ 1.2 130 | 203+ 45 | 53.9 £10.7
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He 27.50 [10] Yamazaki et al.'15
51 2%6.61 [7] Yamazaki et al. '12
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Beane et al '13 \l'
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Scales (MeV)

m,, 940 1050 1320 1630
J2m, (m, —my) 750 800 900 800
m, 140 300 500 800

J2my B,/A(A=2+>4) 455110 100150 130+>170 185+ 300




MQCD
~my,m_ 4z f ...

~1GeV

f_ ~100 MeV

The Landscape
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Extrapolation in pion mass

Pionful (Chiral) EFT Q~m « MQCD

degrees of freedom: nucleons, pions (+ Deltas + Roper + ?)
(m,-my ~2m_,my, —-m, ~3m_,...)

symmetries: Lorentz, }?//TZ chﬁal

Dﬂ: (1+n2/4fﬂ2)—1aﬂ Dﬂ - ay_l_#(ﬂfx Dﬂn)-t(')
1 m?> T _ D? g . .
=D mabin==8 +N*|iD, + N +=AN*StN-.Dn
LEFT 2 u 2 1+TC2/4 .I:ﬂ-Z ( 0 2mN j

+CON+N N+N +C£N+N(ﬁN+)ﬁN+@ OTher‘Splh/ISOSpm,
more derivatives,

T

SN ) powers of pion mass,
expanSlonclgn. Q/mN non-relativistic Deltas (Ropers, ...),
: few-body forces,
- ~<Q/mp,... multipole ote Y
P |Q/Axf,  pion loop




Weinberg '90, '92
Ordénez + v.K. '92

—— A-nucleon irreducible

A-nucleon reducible:

} 1 my infrared
AE Q? enhancement

m“” {fl(Q/mﬂ)+Zf2(Q/mﬂ)+...
_ 12 Ar T faf
:O( Ar ] 1 On My
My 4, 1_0((?} bound-state pole at Q ~2' uf (mﬁ/ﬂﬁ)
r'enor'(rrr?c(x)l?;cll?rion...) & == = M/Z’;D fz(mﬂ/ﬂﬂ)

. Nuclear scale arises in QCD
[ Mo = 4, # T, < MQCDT due to spontaneous

_ chiral symmetry breaking
& Sy L

e e o RS, - o

For much more see Epelbaum’s talk

k.




Nogga, Timmermans + v.K. ‘05 needed to
Pavon-Valderrama + Ruiz-Arriola '06 renormalize OPE

v.K.'93

- , Glockle et al '02
+ v.K. 93
- Friar '99
shorter-range

cutoff dependence few-body forces?
of LO interactions o= 17

- - B = e
: sl . &' g e— T ==
g e S k&cm - - i o é o e ] = B s

ong + Yang ‘12




Long + v.K.'07

Pavon-Valderrama '11
-7 + @ + % Long + Yang ‘11

enough to renormalize
singular perturbations

v.K.'93

shorter-range Glockle et al. '02

v.K."93 few-body forces?

Etc. Friar '99




Beane, Bedaque, Savage + v.K. ‘02
Beane + Savage ‘03

i i 3 S Epelbaum + Meissner ‘03
10} E| a 1]
Al
(fm) A | lattice
---------------- st A =800 MeV 9 Beane efal 13
+1/u, 0 '
T I [T — :
N | incomplete
_10\ R A =450 MeV NLO
U, - . square-well regularization
o 1200 400 600 range 1/A
unitarity
jimit |1 " (MeV)
|
8 I
y ' | A=800MeV cf. atoms as magnetic field varies
(MeV) : .
¥ | QCD with m_ =140 MeV
: ' near a Feshbach resonance
: In pion mass
01 5 A
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Pionless EFT QO~N<«<M

degrees of freedom: nucleons

symmetries: Lorentz, }7)*

: 2 D
Lo =N*|i0, + v = Co NN NN - 2o NN NN NN
2m,, 2 6
Ve C omittin
N ~ Z2ZN*NVN'N +... [ omitting.
8m§| 4 spin, isospi
expansion in: () Q/mN non-relativistic
M Q/m_,--- multipole
Universality: y Bedaquel,(H'agn;rr'\gg
first orders 0 Law v v.K.
apply also to m_ —)]7/|de where V (I) = —2m i +... Bediqlljli}an:gcrx.‘rlgrln

neutral atoms

- - T T e
- L = s N _




Bedaque + v.K.'97 needed to renormalize
three-body system

cutoff dependence Kaplan, Savage + Wise '98
of LO interactions ‘-8




v.K.'97
A =72 ineach S-wave channel with shallow b.s. Kaplan, Savage +Wise 9_?_

renormalized LECs

bare LECs LO NLO
c® m
C,(A) = : (1—# C, (A)A° +j c® _ AT
27T 0
my N

1— M c®p
272 0

regularization-dependent numbers

-2 (R)2 -2 A
C. (A)Z(l—#m—NZCéR’A) ciP sy Tue () (1 o C(R)A] Fo. CR -
o 27 m M

27
NLO
etc.
LO NLO
A7 A7 ) A7 Y 162CP K2 N
T, (k) = — = —ik | [1-| - ® —ik (é)z +0| —
m, { myC, m, C, m,C,"" 2 M
— —
scattering _ 1 Y L1 effective
length a, ) h M range

effective-range
expansion




907

NNLO
EFT
= NNLO EFT,
resum
~\w‘ \\\
NLO EFT ™, S
. Nijmeygen
‘ 5 PSA
100 200 300
k (MeV)
. SO
fitted 180
)
C(SO) m ay =— 20.0tm (exp) 135 |

CO == 278 fm (exp)
predicted

45

3. = 0.09 MeV (NLO)

90 |

Chen, Rupak + Savage '99
fitted

C" = a =5.42fm (exp)
CP = r,=1.75fm (exp)
predicted

B, = 1.91 MeV (NLO)
B, = 2.22 MeV (exp)

Sy

100



Bedaque, Hammer + v.K. 99 ‘00
A =13 bosons
fermions with more than two states

o ; P —> A aTZ(fl) :
T, (A>p>N;D,=0)~ A cos SOInX+§ (p~N;D,=0)~1

AANAANANS T2(+01) O\
approximate _ 2
scale invariance S =1.0064... unless DéR) ~ (47T) LO
m, N*

dimensionful parameter
(dimensional transmutation) not just the

. effective-range expansion
A’Dy(A) sm(ln(A/@)+arctan(]/so)) ge exp
myCs (A)  sin(In(A/A,)—arctan(l/s,))
10 ———rr e
periodicity
A —> Ae"®

H(A) =

Phillips line

" varying A, :

discrete
scale
invariance

Ll
10

A [1/a,]

2 —20 0 20 40




three-body sector: nd scattering

Bedaque + v.K. '97

S3/2

Bedaque, Hammer + v.K. '98

no 3-body force up o NNNNLO

0 LN B B B N B B B B NN RO NS B B L B B B B B N

o
—

k cotd [fm™]

02 F - ---mto-mmmmmTmTTTTo

0 0.02 0.04

fitted nothing K® [fm]
predicted

a, =6.33+£0.10 fm (NNLO)
a,, =6.35+0.02 fm (exp)

- QED-like precusnon'

R e

Bedaque, Hammer + v.K. '99 ‘00
51/2 Hammer + Mehen '01
Bedaque et a/. '03

3-body force already at LO

fitted D, = a, =0.65fm (exp)
predicted
B, = 8.3 MeV (NLO)
B, = 8.48 MeV (exp)

O R Oeks Behgraveer

EKievsky et al. '96 ° NLO EFT |

k cotd [fm™]

0 0.02 0.04 0.06
K’ [fm™]



Hammer, Meissner + Platter '04
Kirscher, Shukla, Griesshammer + Hoffman ‘07
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No 4-body force at LO!?




Hammer, Meissner + Platter ‘04
Kirscher, Shukla, Griesshammer + Hoffman '07

[ T T |. . T T \;_x_x_x_x_x_lx_x_x_x_x_x_
34 EFTnotNE o Tjon line Dﬁ NLO EFT
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Pionless EFT

v reproduces effective range expansion

v explains Thomas collapse from improper renormalization

v explains correlations (Phillips, Tjon lines) from proper renormalization

v generates Efimov states and its descendants as consequence of
(approximate) discrete scale invariance

v’ gives approximate Wigher SU(4) invariance

but

0 applies only at momenta below pion mass

0 has unknown reach in terms of nucleon number




Extrapolation in nucleon number

=

Pionful EFT
M, < Mg -

Pionless EFT } m, ~Mqgeo

=

+ any “exact"” “ab initio” method

That is,

1) truncate EFT expansion at desired order

2) solve Schrodinger equation for low A at fixed cutoff
(exactly for LO, subLOs in perturbation theory)

3) fit LECs to selected /aftice input

4) solve Schraodinger equation for larger A

5) repeat steps 2-4 at other cutoffs

6) obtain observables at large cutoffs



Experimental and LQCD data

. B 300 510 =05
Nucleus || [nature] 110] [7] [8]
~ n 030 1053 1320 1634
. " D 038.3 1053 1320 1634
SO R e — [ S5%07722 [ 74+14 | 150 £38
2 ¢ ; ; 2. ;
my,Cy, . C, Dy H x2.224 | 145+ 07752 | 115+ 13 | 19.5 + 48
H —
Stetcu, Barrett + v.K. ‘06 *H x8.482 | 21,7 £ 1.2*37 | 203 + 45 | 53.0 £ 10.7
“He 718 | 217 £ 1.27F57 | 203 £45 | 53.0 +£10.7
_ fHe || *28.30 47+ 7+ 43.0 4 14.4 | 107.0 + 24.2
‘He* 8.00
"He 27 50) [10] Yamazaki et al '15
51 26.61 [7] Yamazaki et al '12
614 292 00 [8] Beane et al '12




A > 4 As A grows, given computational power limits  \mmh TR cutoff
number of accessible one-nucleon states

Lattice Box Harmonic Oscillator
*No-Core Shell Model"

C— — 1
2 {
o—©@ @ } 7T j
— " m/°
' v L b + :
| Mueller et al. '99 Stetcu et al '06
B AR Lee et al ‘05 finite nuclei
ew nucleons '
d [ 3_myEb’
In<L/1 1 L 2 4 2
cot s (E = Cotd(E) =~
\/7L P> (22n) —m EL | myEb 1 _myEp’

LUscher '91 Busch et al '99 4 2



Stetcu, Barrett + v.K. '06
Pionless EFT: LO (parameters fitted to d, t, o ground-state binding energies)

~A[MeV]
50 |
Ninex <16 - |0 100
— o 150
Z 40| 200
=770 o 300
= 35| b 400
< 30
E['325
20
Stetcu, Barrett, Var'y+vK ‘08
I | 1 I I I I | I I
Bonus ;]H__ 8 g ‘G~ 3 spin- 1/2
oL &par"rlcles .
R ~ -
2F g.s.J” .
< 3R -
N ey <8 W -4 O 112 %sl -
-0 [~ O 12 &—_
Niax €30 F o
50 100 150 200 250 300 | R P P L A
: : 3 2 -1 0 1 2 3 4 5

A |[MeV] |

e b/az



Barnea, Contessi, Gazit Pederiva + v.K. '13
Kirscher et al. in preparation

Experimental and LQCD data

M 140 140 300 510 805
Nucleus || [nature] 23] 110] 7] 8]
I 030.6  030.0 + 1053 1320 1634 b : 0
b 038.3  030.0 1053 1320 1634 * L LO pionless fif:
n — — [ 8520777 | T4+£14 | 150+38«
—0, m,,C.,.C,,, D
’H 2224 2224 % [ 145+£07721 | 115413 | 105+£48 & [ N 0T TOT T
3
n —
‘H 8482 8482 | 217+ 12777 | 203 +£45 | 530+ 107,
“He 7.718 217 +1.2750 | 203 +45 | 539+ 107 -
‘He 2830 2830« | 4TH 7.1 | 43.0 4144 | 107.0 + 24.2
“Her 800 10+£3 [23] Stetcu et al.'06
“LHE 27.50 [10] Yamazaki et al. '15
14 26.61 [7] Yamazaki et al. '12
613 992 00 29 L 7 [8] Beane et al.'12
\l, Beane et al '13
o) = 23 GRGT OV = 1130
oV = 1827010 fm PO = 0.906* G075 5567 fm
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Ab initio methods employed

O Effective-Interaction Hyperspherical Harmonics (EIHH) Barneaefal’00'01

v" hyperspherical coordinates: hyperradius + 3 A4-4 hyperangles

v model space: hyperangular momentum K< K, .,

v" wavefunction: expanded in antisymmetrized spin/isospin states

v effective interaction: Lee-Suzuki projection to subspace “in medium”
v' extrapolation: K, -> o

[ Refined Resonating Group Method (RRGM) Hoffmann '86

v" wavefunction: expanded in overcomplete basis of Gaussians in all cluster channels
v" Kohn-Hulthen variational approach minimizing reactance matrix
v" convergence (heavier channels, higher partial waves, Gaussian set) tested

3 Auxiliary-Field Diffusion Monte Carlo (AFDMC) Schmidt + Fantoni '99

v integral equation for evolution of wavefunction in imaginary time 7 in terms of
Green's function (diffusion)

v" two- and more-body operators linearized by auxiliary fields (Hubbard-
Stratonovich transformation)

v trial wavefunction probed stochastically with weight given by the Green's
function

v lowest-energy state with symmetry pr'ojef’red onto as 1 —>

' o= :
- = = == T . = -
A e — - Ry = - -




Barnea, Contessi, Gazit, Pederiva + v.K.'13
Kirscher et al. in preparation
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Neutron-deuteron scattering: quartet

L T T T T T T 085 | | |
10N —m | Kirscher et al. in preparation

— o My =510 MeV — @~ ] 28V
i T My = 205 MeV ." 4 575 e
| S m- [MeV] 140 510 805
- o = EFT AEFT
Z o2y 2
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E =
= 18} b
-.—:: (ST R

1. 585

400 600 800 1000 1200 1400 1600 ; ;
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1
HO =——_»V;
2m,, Z,:

#2373, (M) + Coa(A) +(Co(A)~Coy(A)) -

i<j
1000
N
= 100 k 6 Dy =0, ground state ---@---
Y Dy =0, 1" ex. state ---@---
9 o Dy = D7, ground state —e—
Dy = D7, 1" ex. statec —e—
deuteron-neutron threshold ———-
| & & &
—————————————————— -.—-— el Bl nll” e "
10 1 1 1 M ' 1

400 600 800 1000 1200 1400 1600
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e

. i

vy
£

I

Dy dx gy

Barnea, Contessi, Gazit, Pederiva + v.K.'13
Kirscher et al. in preparation
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H 0 _ _ 1 ZV_Z Barnea, Contessi, Gazit, Pederiva + v.K.'13
2my 5 ! Kirscher et al. in preparation
|

+32[30,(A) + Cu() +(Co () ~Cu(M) 615, Je /54 T T DAy 7w 19
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Neutron-deuteron scattering: doublet
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e no excited states for A=2,3,4
* no 3n droplet

Mx 140 140 300 510 805 805
Nucleus || [nature] 23] 110] 7] 8] [4]
I 030.6  030.0 « 1053 1320 1634 631 =
P 0383  930.0 1053 1320 1634 1634
n — — 8507757 | 7414 | 159+£38 159+ 38+
“H 2224 2224 | 45£07750 | 1154£13 | 195448 195+ 48+
3
11 — < 12.1
H 8482 8482 | 217 +£12737 | 203+£45 | 539 £107  53.9 £ 10.7 «
‘He 7.718 21.7 + 1.2 t el 203+45 | 53.9+£107 5394107
‘He 28.30 2830 | 477NN | 43.0 4144 | 107.0 + 24.2 80 + 36
4 W q
He 800 10+ 3 [23] Stetcu ef al. ‘06 < 43.2
iHE 27.50 [10] Yamazaki et al. '15 08 £ 39
"1 26.61 [7] Yamazaki et al. ‘12 08 4+ 30
5Li 32.00 2347 [8] Beane et al. 12 122 + 50

[4] Barnea et al. '13
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A=5 gap persists!? huclear saturation survives!?

Maybe pions play less of a role than we are used to think?
: v _ 43




What next?

» LO at m_ = 300 MeV
» NLO, larger cutoff at m_= 805 MeV
> larger Awith AFDMC

> hypernuclei

» chiral EFT at lower m_when available



Conclusion

¢ EFT is constrained only by symmetries and thus
can be matched onto lattice QCD

¢ EFT allows controlled extrapolations of lattice results
in nucleon humber (and pion mass)

¢ First, proof-of-principle calculations carried out
at m, = 500, 800 MeV with pionless EFT

¢ World at large pion mass might be just a denser
version of ours
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