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Two goals of nuclear physics

» Nucleus as a laboratory:
properties of the Standard Model and beyond

= nuclear matrix elements for symmetry tests
reaction rates for nucleosynthesis

equation of state for stellar structure
variation of parameters for cosmology

» Nucleus as the simplest complex system:
quarks and gluons interacting strongly,
yet exhibiting many regularities

= QCD at large distances an unsolved part of the SM
= tools for non-perturbative quantum (field) theories,
e.g. cold atoms
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QCD
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d
symmetries  SO(3,1) global, SU_(3) gauge (+U_, (1) gauge)

Loco =T (10+ gSG)q—%TrG“‘”GW + mg(l-er,)q +...

d.o.fs quarks: q:( J gluons: GZ (photon:A,)
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Lattice QCD
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nuclear
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How? Lattice QCD + Effective Field Theor'y@

Most general S matrix with given symmetries
mass scales

A v non-analytic functions,

M A regulator order expansion from solution of
- parameter dynamical equation
i )

nhormalization

SYQ~m<«M)=1+N(M) > [%} (Q i g,%(m sz

m | . Q .............. v+l 1 7~ ulow_energly

o " X 1+(9[ Q_ : Q_ : ZQ l constants”
gulator \Mv+l M7 A MV+1]

‘7_Vmin
N LO CONTROLLED UNCERTAINTY
(unfortunately not the usage by

nuclear potential modelers)

B A aS () - O Q17+l
renormalization- S™ /A - M7 A
group — _ _
invariance A os% Q"1
) =0 7]
_S __ oA M"™

[ e k&-—;& -

min

MODEL A>M
INDEPENDENCE
(insensitivity to
high-mom details) <Q

-

j Want large “model space”




two-step strategy ab initio primo

IT) $otveEEsTdor
A ay-A3, 4
m_ > M any300,400 MeV

| <YMqep

I\/IQCD ~0.3fm

Also for reactions

PN e /M —
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Experimental and LQCD data

+ Inoue et al '12 ..

. 140 300 510 805
(MeV)  Nucleus || [nature] 110] 7] 8]
n 030.6 1053 1320 1634
p 038.3 1053 1320 1634
“n — 8.5 £ 0.7 T53 74+ 14 15.9 + 3.8
“H 2.224 | 145+ 0.7 521 | 115+ 1.3 19.5 + 4.8
3
I‘l —
*H 8.482 | 21.7 £ 1.2 130 | 203+ 45 | 53.9 £10.7
‘He 7718 | 21T £ 12170 | 203 +£45 | 53.9 £10.7
‘He 28.30 AT+ 7 T3t 43.0 + 14.4 | 107.0 £+ 24.2
*He" 8.09
"He 27.50 [10] Yamazaki et al.'15
SLi 26.61 [7] Yamazaki et al. '12
613 29 00 [8] Beane et al '12
Beane et al '13 \l'
+ Berkowitz et al. 16 %) = 2, 331017 020 fm r(50) = 1.1307 5077 0063 fm
+ Beane et al. - o) = 1.8240M+01T iy (50D = .90670:965+0.068 gy

in progress
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Scales (MeV)

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

J2m B, /A(A=2+>4) 45110 100150 130+170 185> 300




The Nuclear EFT Landscape

Q 4
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Extrapolation in pion mass

Pionful (Chiral) EFT

Q~m < I\/IQCD

Another talk... J




Pionless EFT

Q~N~ /mB, <«m ~M

degrees of freedom: nucleons

symmetries: Lorentz, }’/'V

2
: D
Lo =N"|10,+ v N —&N+N N'N-——N"NN*'NN*N
2m,, 2 6
4 omitting
+N+8Yn3 N—%N+NV2N+N+... [spin,isospi
N
m i .
expansion in: g: Q/m, non r'el.cn‘lvus’rlc
M Q/m_,--- multipole
Universality: y Bedaquel,(H'agn;rr'\gg
first orders _ Naw VR
GPP|Y also to m_ _>]7/IvdW where V(r) = —Zm G +... Bediql:i,mBn:gcrx‘tgrl\
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neutral atoms
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1 :
Vij = Z{CO(S) 5(F| B FJJ) + (\:2(8) [Vzé‘(T o : )"‘ . } T .. } Kaplan, \gaK\./aZZ

=0 + Wicp '
=N ~ DA Wise '98
d, LO a,,l, NLO NNLO and higher

o

+ ‘_, . +... Konig, GrieBhammer, Hammer + v.K. '15

it
J
H_J

NLO NNLO and higher

Vijk =D, 5(7 — j )5(_] —T ) +... Bedaque, Hammer + v.K. '99 '00
u ) Hammer + Mehen ‘00
~ s
d, LO NNLO and higher
Vi = E, 5(ri - T, )5(r_ -, )5(rk —F)+... Plafter, Hammer + MeiBner ‘04 05
\ J . Hammer + Platter ‘07




» Regularization 5(Fi —Fj)—> O, (ﬁ —FJ)

(arbitrary) 3

e.g. local Gaussian regulator O, (F) = 7 exp(—A2F2/4)

0. upjv)-E0]vs)
NLO EQ =(¥Q[HY WD)

> Solution

etc.

I C0(0,1) (A) fitted to two two-body data, e.g. Ay, (0.0)

> Renormalization D, (A)  fitted to one three-body datum, e.g. @

: nd (1/2)
(essential) otc
. ‘effective-range expansion  Bethe '49
A=2 equivalent to - pseudopotential Fermi '37
v.K.'99 _boundary condition at origin Bethe + Peierls '35

A>3 not justthe effective-range expansion:
. includes many-body forces!
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Three-Body Force at LO

]

AN
ooN NLO
.
LN,
‘.. \‘\.E
LO v
R expt |
\ SRR potential
. A ‘_‘\Q'<... .
varying /\. 2 . models
Tl
G
THAE
‘\‘-‘_l\-
\\'
6 7 8 9 10 11
Bs [MeV]

Phillips line

Tjon line

single

Bedaque, Hammer + v.K. '99, '00
Bedaque, GrieBhammer,
Hammer + Rupak ‘02

Hammer, Meifiner + Platter 05

SU(4),-symmetric parameter
A.

35 T T T
30 [ s
25 -
I vs. potential models ]
20 . 1 1 | 1 1 | 1 ]
7.5 8 8.5 9
B, [MeV]



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 Wigner 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

My 140 300 010 805
Nucleus || [nature] 110] [7] [8]
B n . 030.6 1053 1320 1634
. P p 038.3 1053 1320 1634
SO SR ik e — [ S5%07722 [ 74+14 | 150 £38
2 5 99, 3. .
My, Coo) » H | #2224 | 145207750 | 115413 | 105+ 48
H —
Comyr Do i x8.482 | 217+ 12+57 | 203+ 45 | 53.9 £ 107
1.6
3 L +5.7 . L
Stetcu, Barrett + v.K. '06 4HE 7.T18 21.7T £ 1. ‘3'1_11_& 20,3 &+ 4.5 53.9 + 10.7
- He * 28.30 AT+ 7 43.0 £ 14.4 | 107.0 4+ 24.2
‘He* 8.09
"He 27 50) [10] Yamazaki et al. '15
514 26.61 [7] Yamazaki et al '12
61 29 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 A~1/| A~«/Nmax/b | |
Harmonic Oscillator
~1/ ~ “No-Core Shell Model”

T 3
> ) Nmax \ /
le \ o—o /
1 -
2
7 {
—.._.—o—o—o.— } 7, mN b2
m, L
# 'L N '
nuclear matter Mueller et al. '99 finite nuclei Steteu ef al ‘06
few nucleons Lee et al. '05
o[ 3_myED’
In|<L/I 2 4 5
C0t5 \/7|_ Z = Z_TL COt&(E):— >
27zn —m,EL mNEbr 1 myEb
4 2

Luscher '91 Busch et al '99




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
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20
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I | 1 I I I I | I I
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R ~ -
2F g.s.J” .
< 3R -
N ey <8 W -4 O 112 %sl -
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Niax €30 F o
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Barnea, Contessi, Gazit, Pederiva + v.K. '13
Kirscher, Barnea, Gazit, Pederiva + v.K. '15
Contessi, Lovato, Pederiva,

Experimental and LQCD data Roggero, Kirscher + v.K."17
l . |
Mn 140 140 300 510 805
Nucleus || [nature] 23] [10] 7] 8]
n 0396 939.0 « 1053 1320 1634 - "
5 0333 930.0 1053 1320 1634 * L LO pionless fit:
n — — 85 +07 29 | 7T4+14 | 159 +£38+% m. C
2 1. Ln=- 424 N - N ~0(0) ?
H 2224 2224 | 145+07 120 | 115+1.3 | 105 +48+«
*n — ] Cowyr Do
*H 8.482 8482+ | 21.7T £ 1.2 t;;; 203 £ 4.5 | 53.9£10.7,
‘He 7718 8482 | 217 +£1.27100 | 203 +£45 | 539+ 107 _
‘He 28.30 2830« | 477l | 4304144 | 1070 £ 24.2
il # 1
He 809 10+3 [23] Stetcu et al.'06
‘He 27.50 [10] Yamazaki et al. ‘15
“La 26.61 [7] Yamazaki et al. ‘12
°Li 3200 23+7 [8] Beane et al. ‘12
\l, Beane et al '13
o) = 23 GRGT OV = 1130
o) = 1P L ) = 09060

-
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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 symmetries pro :'!ec’red onto as r —>

= = -
— - ﬁ' ﬁﬁ" L

. — - ==,
- T . =
- L, R, L -




(0) 1 5 Barnea, Contessi, Gazit, Pederiva + v.K. '13
HY = _—Zvi Kirscher, Barnea, Gazit, Pederiva + v.K. '15

+= Z[3C10(A)+C01(A)+(C10(A) Cul)5,-5,]e 4 ¥ YD, (W7, 16 A2 et ) o

B —n » =
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G e
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b} 600 BN} I 1200 14000 1RO 0
) 0
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ny . : cutoff variation 2 to 14 fm!
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Mie = 510 ALY — =
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510,805 MeV) |

Up—d (Mr

511—(.?. (,1 S:lf?.) ‘ D{‘fﬁ“

Neutron-deuteron scattering: quartet

2.8 . ' ’ 6.3
my = 140 MeV —l—
2.6 (@ = oMY @ f6
~ my = 805 MeV ---@-- .
2.4 F .9 i
<
2.2 5.7 o
2 55
s
1.8 5.3 S
‘ ‘ ) =
1.6 ) 5.1
. ...........
J_i L L L L L L q i”
400 600 800 1000 1200 1400 1600
A [MeV]
0 : T
h mqy = 140 MeV
my = 510 MeV
20 A\ my = 805 MeV
W\ ) LO #EFT STM
A X e NNLO #EFT STM —-—-
60k
80 b
-
100 F Te—
120 L 1 L 1
0 2 4 6 8 10

E{'_m_ |i\[{‘\=r|

7EFT ABEFT

mx [MeV] 140 510 805

Yapp [fm]  554+13  23+13 1.6+1.3

experiment [79] LQCD

Yanp [fm] 6.4 4 0.020 ? 7

for all masses ‘a, = O(]/kpn)

Ko, =+/4m By, /3
deuteron break-up threshold

Kirscher, Barnea, Gazit, Pederiva + v.K. '15




Barnea, Contessi, Gazit, Pederiva + v.K. '13
Kirscher, Barnea, Gazit, Pederiva + v.K. '15

1
HO =——%Vv;
2my 5

+ % Z [3C10 (A) + C01 (A) + (Clo (A) o C01 (A)) 6i ' 51 ] e

i<j i<j<k cyc
m
N
—ND, (A)=F(A/A,)
A2
1000 (\: L] L] L] L] L] L]
my; = 510 MeV. triton  excited state
7Tk my = 510 MeV. triton — ground state @ |-
‘ my = 805 MeV ---#---
O F my = 140 MeV —m— 7
- 5 F 4
— N
O S 1
- 100 } - Dy =0, ground state «--@--- ] z S
. Dy =0, 1" ex. state ---@--- = 3
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deuteron-neutron threshold ———- |
> . . 14
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o loom g A e | .
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
A [MeV|

A [MeV)

A /4 + Z Z Dl(A)Ti 'Tj e_AZ(rijZJrrjzk)/4



(0) 1 5 Barnea, Contessi, Gazit, Pederiva + v.K. '13
HY =——— Z Vi Kirscher, Barnea, Gazit, Pederiva + v.K. '15
2my 5

+32[30,(A) + Cu() +(Co () ~Cu(M) 615, Je /54 T T DAy 7w 19

J
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1 T .I T .I T
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Kirscher, Barnea, Gazit, Pederiva + v.K. '15

Neutron-deuteron scattering: doublet

Phillips correlations at various pion masses

' TEFL RGM A=2.. 8 fm~1 : FEFT RGM A =2...8 fi~! - ' " TEFTRGM A=4...8fw~! &
TEE L SIM === . A=2fmt ----
5 experiment e e T L &
1.5 L EsSeT
= L i
] . .. P N
1k
| me =510 Moy - my = 805 MeV
ar . 2 ) m i 12 14 16 18 20 29 24 26 ‘30 3 40 45 0 55 60 65 70
B, MoV B, [MeV| B, [MeV]
FEFT ABEFT
%: = My [MeV] 140 510 805
B : 2 2 Yapp [fm]  0.61+£0.50 22421 0.624 1.0
= . \ i )
= 055 | \ my = 140 MeV —— 1 220 1l ) . 9 . y
) U T E oMY - @ : experiment [79] LQCD
E Tomg = 805 MeV ---@pee | =
Tonas fos “e {210 & )
I P ‘o o 20D [fm]  0.65 £ 0.040 7 ?
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035 L - : : : L@ 2 \ J
400 600 800 1000 1200 1400 1600 Zero Of T 4 '
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Kirscher, Barnea, Gazit, Pederiva + v.K. '15

Alpha Particle

Tjon correlations at various pion masses

B

B, (m; = 140,510 MeV) |MeV|

— - o e mee . L

A [MeV]

experiunent . -
| 7EFT RGM A =2...8 fm™! -
FY (I) ---- .
FY (11 coeeeenae™ )
L)
2 1]
L L ! i
6 7 & 9 10 11 12
B [M
38 . . 102
-9
36 4 4 100
//
®_ -
N g = EE
4
32 b ,."' 4 96
30 b . 4 94
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90 L . [}
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o1 e 8
22 = L L . . . 86
400 600 800 1000 1200 1400 1600

[ . . - P

___________ m, = 510 Me\ ! e m, = 805 MV |
= mx [MeV] 140 510 805
- AEFT AEFT
= B, [MeV] 24.9+43 35+22  94+45
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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

predictions
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EFT and LQCD, B. ~B,
including plateau id A=5 gap persus‘rs!? nuclear saturation survives!?

_.Maybe pions play less of a role than we are used to think?
L =




A Scene from Program INT-16-1

--- Effective field theorist: (nonchalant)
Pionless EFT works pretty well for light nuclei.

--- Esteemed nuclear theorist: (doubtful)
But has it been applied to a rea/nucleus?

--- EFTst: (stunned)
What the hell is a rea/nucleus? When we did deuteron we were told triton was
more like a real nucleus. When we did triton we were told it's the alpha particle
that's a real nucleus. Now you tell me the alpha particle is not a real nucleus?

--- ENTst: (didactic)
No, you need to show saturation for a real nucleus like 0.

--- EFTst: (outraged)
But we have shown saturation for triton and alpha particle! It's due to the
three-body force, so °O will saturate.

--- ENTst: (jaded)
I believe it when I see it.
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S [C(N) +C, ()5, -5, e+ 3 3 Dy(aye T

i<j i<j<k cyc
A my; = 140 MeV ~ m, = 510 MeV m,; = 805 MeV 4 He
2 fm™! -23.17+0.02 -31.15+£0.02 —88.09 + 0.01
4 fm™ -23.63 +£0.03 -34.88 £0.03 -91.40 £ 0.03
6 fm™! —25.06 = 0.02 —36.89 + 0.02 -96.97 + 0.01
8 fm™! —26,(« 05 —37.63 2 +0.03
- 0 ~305)7 % -3940 8 124 within previous
Exp. w ' ——  error bar
LQCD — -43.0+ 144 —-107.0 £ 24.2
in good agreement with 10 O
previous calculations
experiment A | m,=140MeV  m, =510MeV  m, = 805 MeV
2fm™ | —97.19+0.06 -116.59+0.08 —350.69 +0.05
4fm™' | =9223+0.14 —137.15+0.15 —=362.92 +0.07
indistinguishable from 6 fm™' | -97.51+0.14 —143.84+0.17 -382.17 +0.25
four-alpha ;hrei?\?ld; S fm"! ~146.37 027 —402.24 +0.39
IT anyTning, +2 (sys) 420 (sys)
_ too much saturation... ; = 1510 sa 0% 12 a
| - Xp. - -
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16 O
m_ =140 MeV

imaginary-time diffusion of a single walker
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What next?

> NLO Bazak et al., in progress
» Other A

> 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 number (and pion mass), including reactions!

¢ First, proof-of-principle calculations carried out
at m_ =2 500, 800 MeV with Pionless EFT

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