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Goal Derivation of nuclear physics consistent with
od 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

= Yools 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




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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mass scales Mocp ~My,m 471 ,...~1GeV  m_~ /MM, =140 MeV
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hucleon

MQCD ~ 0.3 fm

1/mﬂ;1.4fm ¢ ’



hucleus

MQCD ~ 0.3 fm

1/mﬂ;1.4 fm
R~p(m,/f,)A%/m ~12 A%fm




How? Lattice QCD + Effective Field Theory
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fT:T(‘”)(Q~m<<I\/I)oc Z|: :| ZCN(A)F (Q Qj
llgh"' h(]r‘d V=Vmin m A
1 scales  scales “low-energy hon- analy’rlc,
aT _ O “power' Counfing" constants" from |00p5
\ @ arbitrary regulator counting index
For @ ~ m, truncate .. .. consistently with RG invariance
(V)
T=T® 1+O(Q QJ = 297 _o[Q«
A TV oA A
controlled model independent

If so {’ro minimize cutoff errors, want A >M
realistic full error estimate comes from variation A € [I\/I ,oo)

match > lattice QCD

__amplitudes > most general hadronic Hamiltonian with QCD symmetries

D = e S o



Lattice QCD
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i v Pq lattice "model space
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path integral solved with 4 nl<L 1 L
Monte Carlo methods cotS(E) = 4 Z T
, JmEL (2zn) —mEL” |

typically for unrealistically
large quark masses

LUscher '91
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two-step strategy
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Experimental and LQCD data

My 140 510 805
Nucleus [Nature] [5] 6]

n 939.6 1320.0 1634.0

p 938.3 1320.0 1634.0

nn - 74+ 14 159 x 3.8

D 2224 1154+ 1.3 19.5 £ 48

3

n -
SH 8482 20.3 4+ 4.5 53.9 4+ 10.7
3He 7718 203 4+ 4.5 53.9 4+ 10.7
1He 28.30 43.0 + 14.4 107.0 &+ 24.2

"He 27.50
°Ti 26.61 [5] Yamazaki et al, ‘12
61 i 29 00 [6] Beane et al. '12

\l, Beane et al '13
o) = 233G RE O = L1307 R0 fo
o = L ) = 0906 8RR




Scales (MeV)

m, 940 1320
J2m, (m, —m,) 750 890
m, 140 500

J2myB/A(A=24) 455115 1305170 185> 300

1630
765
800

g

N=ymB<M=m <Mq,




- e - Sl R e me o WAL L e

Pionless EFT QO~N<«<M

degrees of freedom: nucleons

symmeftries: Lorentz, )5 ﬂz

. ’ D
Loer =N 10, + v —&N+N N'N——N"NN*NN'N
2m,, 2 6
v C omitting
+ N7 N—-=2N"NV°N*N +... [5 in isospi
8m., 4 pin, isosp
expansionin:.  Q  [Q/m, non-relativistic
M Q/m_,-- multipole
Universality: y Bedaquel,(H‘agn;rr'\(c)acr)'
first orders 0 Law *v.K.
GPPIY also to m_— ]7/IvdW where \ (r) = Zmatr +... Bediqtli}nBr:\gi‘r'(e)rll

neutral atoms




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

cutoff dependence Kapl'an, Savage + Wise '98
of LO interactions *- 78




v.K.'97

A=2 in each S-wave channel with shallow b.s. Kaplan, Savage +Wise ‘98
m, A ar )
m —
Re (A=t —2 | 4. 3z -
Ar m,AC, . m, N
+ .
regularization-dependent numbers 'g % renormalized
= (R) < % 4 LECs
AzA C,(A) AzA C, D& R 4
> == # + (R)2 +... (4t 2 2
my Co(A) my G myMN
 efc
LO NLO N2LO
-1 -1
4 4 . 4 .| 162C5R k* N?
Tl = : [_ ﬂ(R) _Ik] 1_[_ ﬂ(R) _Ik] . w7 +t0| —
m, . myC, m, C, m,C,”" 2 M
\_'_l \_'_l
scattering 1 " ~ 1 e
|eng1'h - a2 = I’2 ~ M range
A A~ A effective-range
bs.at Q-~N expansion




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
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A [1/a,]

2 —20 0 20 40




Platter, Hammer + Meissner '04
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LO pionless fit: _

my ’C01 1C10’ D1

Stetcu, Barrett + v.K. '06

Experimental and LQCD data

M 140 510 805
Nucleus [Nature] [5] 6]
~ n 939.6 1320.0 1634.0
p * 038.3 1320.0 1634.0
nn - 7.4+ 14 15.9 + 3.8
D *2224 115413 195+ 4.8
311 -
SH % 8482 20.3 4+ 4.5 53.9 + 10.7
SHe  7.718 203+ 4.5 539 £ 10.7
‘He * 2830 43.0 4+ 14.4 107.0 £ 24.2
~ SHe  27.50
5Li 26.61 [5] Yamazaki et al. '12
61 ; 29 00 [6] Beane et al.'12
|
o) = 2.33%0127030 fm
o) = 182U O =

13-0.12

Beane et al. '13

p(S0) — 1 130+0.071+0.059

0,077 0,063 1M

D.QDG+G'D68+U'GSS

0,075 0,084 1M

B Bss T -



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, a ground-state binding energies)

~A[MeV]
50 |
Ninex <16 45| 100
— o 150
% 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 .
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Experimental and LQCD data

LO pionless fit:
my ’C01 1C10’ D,

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

Beane et al. '13

— 1. 130+G.D?1 +0.059

0,077 0,063 1M

M 140 510 805
Nucleus [Nature] [5] 6]
n 939.6 1320.0 1634.0
p 938.3 1320.0 1634.0
nn - 7.4+ 14 159 + 3.8 *
D 2224 115+ 1.3 195+ 4.8 %
311 -
H 8.482 203 + 4.5 53.9 + 10.7
e 7718 203 £ 45 53.9 £ 107 -
‘He  28.30 43.0 £+ 14.4 107.0 + 24.2
"He  27.50
5Li 26.61 [5] Yamazaki et al. '12
61 ; 29 00 [6] Beane et al.'12
|
o) = 233 YN fm O
a1 — 1_82jg'“+'3"” fm (351)

13-0.12

0,075 0,084 1M

D.QDG+G'D68+U'GSS

-

B Bss T -



Ab initio methods employed

A Effective-Interaction Hyperspherical Harmonics (EIHH) 5 . .. /100 o1

v" hyperspherical coordinates: hyperradius + 3 4-4 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

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

v’ integral equation for evolution of wavefunction in imaginary time r
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 of trial wavefunction
projected ontoas r —> o«




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

1
HO =——»"V;
2mN -

+ = Z[ 3C10(A)+C01(A))+(Cm(/\)_(301(1\))5i .51_] A% /4

I<j

+ > > D(A)71; -7, g k)4

i<j<k cyc

TABLE III. The LO LECs [GeV] for lattice nuclei at m, =

805 MeV, as a function of the momentum cutoff A [fm™!].
A C'1,0 Co,1 Dy

—0.1480  —0.1382  —0.07515

—0.4046  —0.3885 —0.3902

—0.7892  —0.7668 —1.147

—1.302 —1.273 —2.648




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

3 140.0
al™ = (1.2i0.5) fm .
g —-»_X—rr . . . L.l Il

cutoff variation 2 to 14 fm-!

100.0

1He - Binding energy

510 JCJ S S S S SR S S S S
. . 000 J S N N N N S NSO N S S
TJO” line 1 AFDMC —gmte
300 FITHH =il
40.0
/ 1 2 3 4 5] 6 7 8
250 A [fm~1]
= 900
: -
= /
?0 150 //
Z 100 1 . 5
= A - varying D,
50 po""
0 . A= 2. fln_l - . 01- fixed COl y Clo
30 40 50 60 70 80 90 100 25

3He Binding Energy [MeV]

e g e © Tw i I e me e, e



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

e no excited states for A=2,3,4
* no 3ndroplet

M 140 510 805 805

Nucleus [Nature] [5] [6] [This work]
n 939.6 1320.0 1634.0 1634.0 *
p 938.3 1320.0 1634.0 1634.0
nn - 7T4+14 159+ 38 159+ 38F%
D 2224 115413 1951+ 48 195+ 48F
3, i i

H 8.482 203 £4.5 53.9 &£ 10.7 53.9 £ 10.7 *
He  7.718 203 £45 53.9 £ 10.7 53.9 + 10.7
‘He  28.30 43.0 + 14.4 107.0 +24.2 80 + 36 |
"He  27.50 51y i ot o/ 12 98 4 39
B o amazaki et al.

Li 26.61 [¢] Beane et al. ‘12 98 x 39

514 32.00 [This work] Barnea eta/'13 122 + 50

- predictions




Barnea, Contessi, Gazit, Pederiva + v.K.'13
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_E.[g['l}
Nature

[ MNature =4




What next?

» NLO, larger cutoff at m, = 805 MeV
> LO at m_ = 510 MeV
> larger A with AFDMC

> hypernuclei

> chiral EFT at lower pion masses 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 calculation carried out
at m, = 800 MeV with pionless EFT

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