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 QCD at Low Energies and the Lattice
1 Nuclear Effective Field Theories
d EFT for Lattice Nuclei

1 Outlook and Conclusion




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

o correct symmetries
o systematic

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

= QCD af large distances an unsolved part of the SM
= tools for non-perturbative quantum (field) theories,

WhY? 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



How? Effective Field Theory

A
=T@Q~m<M)~N(M) ZZCVI(A) Q.
—  V=Vnin [ \ ) m m
\ - normalization Mo -energy ) non—analy’ric,
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\ counting index depending
arbitrary regulator “power counting” on properties of interactions
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Lattice QCD

lattice "model space”
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hucleus

| <1/Mop

I\/IQCD ~ 0.3 fm

R~p(m_/f )A®/m
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Two-step strategy

I) fit LECs for
m, > M, ~ 300,400 MeV N s
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wo-step strategy

IT) solve EFT for
any A
any m_

p(m. /1,
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Extrapolation in pion mass

Pionful (Chiral) EFT  Q~m_< Mg,
degrees of freedom: nucleons, pions, Deltas (+ Roper + ?)

m, —m, ~2m_(my —my ~3m_,...)

symmetries: Lorentz }’//'IZ ch/{ﬂal D, = 1+n2/4f ) 0, Dﬂ:aﬁ#(nx[)ﬂn),tm

T

1 m? T : D? g < -
= —D n-D*n——= +N|iD,+—— IN+=2A-N"StN --D=
Feer = 5 O 2 1+n®/4f] [ °2m, j
+CON+N N—I—N +C£N+N(Z§N+)ﬁN+@ OTher‘Spln/lSOSpln,
more derivatives,
powers of pion mass,

expansion in: ) Deltas (Ropers, ...),
P ' Q/m non-relativistic few-body forces,

=5 Q/mp , ... multipole _ E efc.
P |Q/Axf,  pionloop 0

T




Weinberg '90, '92
Ordonez + v.K. '92

—— A-nucleon irreducible

Vs, A-nucleon reducible:

} 1 my infrared
AE Q? enhancement

__+ + ... :(’)Llj L
"f T, 1_@((2] bound-state

10 . ) poleat
~——f m
2(Q/ 72') Q~fﬂ_f(mﬂ_/fﬂ_)
2
(mOdUIO "~ 47[ fﬂ fﬂ' ~ f;z - fﬁ f2 (m /f ) ‘
renormalization...) my, |\/|QCD R\ |

Nuclear scale arises in QCD
Mo =, = T, <M due to spontaneous
chiral symmetry breaking
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Nogga, Timmermans + v.K. ‘05

LO O 4r Pavén + Ruiz-Arriola '06
My 4, heeded to
@ renormalize OPE
/‘@:*@ +.@ & =1 X X
s=1
’ | <2
NLO o 2F- 9
My 4, MQCD

N v N .- s 4
= | + __I-F \\14_ @ +% Long + v.K.'07
\ Pavon ‘1l

enough to renormalize

=1
eftc. <2 singular perturbations ;¢ 7"

few-body forces?



Beane, Bedaque, Savage + v.K. ‘02

varying only explicit pion mass, BUT

| . 3 Beane + Savage ‘03
(tm) : unitarity Sl Epelbaum + Meissner '03
10| | limit a
' lattice
I Beane et a/ '13
0 : ' let

: A = 450 MeV '”C?\]T%e <

-10
] ‘ | square-well reqularization
200 400 600 range 1/ A
: M, (MeV)

A =800 MeV :
l
|
|
|
I

0O {0 a
mn:(MeV)

M, =140 Mev M (Moco )

2 4 _

m — m |, =4.4+£0.2

f =11+ 2 | +O z ‘
{ [471 f”j 4 LMQCDJ w Colangelo et a/. '01

2 2 3 T' ‘};,
m =m.|l1=-4 m, (47[ fﬁ) C +O m, C, = -1 Gev_l
§ ° A m, ocD Meissner '00

m Y| (4rf,) - ) m m )
O,n =0,71-2 = a d18+(2gA+1)In—” +0 z
H Mco

A f. /R

d_ls ~-1GeV? Fetter + Meissner '00 Ka
-~ ¥




Beane, Bedaque, Savage + v.K. ‘02

v : 3 Beane + Savage ‘03
] - Epelbaum + Meissner ‘03
. A
(tm) lattice
O : “'--...___________ A =800 MeV :{ Beane et a/ '13
|
I incomplete
V] A =450 MeV NLO
-101\ i, -
\ K I square-well reqularization
- 1200 400 600 range 1/ A
unitaritly
im: m (MeV)
|
|
§ [ . . .
. | A=800MeV cf. atoms as magnetic field varies
6!
e} | QCD with m_ =140 MeV
: hear a Feshbach resonance
! | in pion mass
N1 :15[] 20
My (VeV)
| m —-m’
M (Mgep) M, =140 MeV Scale ™~ ~ e < [, emerges
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Pionless EFT Q~M <M,

degrees of freedom: nucleons

symmeftries: Lorentz, )5 ﬂz

: : D
Loer =N 10, + i —&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/mN non-relativistic
M, B Q/m .- multipole
Universality: 7 Bedaquel,(Hlagn;rr'\gg
first orders N V(F) = ——vaw VR
apply also to My ~ 3/l where V(1) 2m_ r® Bediqll—jli'ran:g?jg?

neutral atoms



Bedaque + v.K. '97

needed to renormalize
three-body system

Kaplan, Savage + Wise '98

v.K.'98

singular perturbations -

0,1 enough to renormalize
0



A=2 in each S-wave channel with shallow b.s.

v.K.'97

Kaplan, Savage +Wise '98

renormalized

LO NLO LECs
I _ CéR) [y M 3
C,(A) = ~ 1 #27Z2 C,(A)A°+... o _ A7
R
1_#272-2Cé )A 0 mMIO
_ i A
2 (R)2 2 (R)
(1M ~m ® MG (A) ([, M g 2~
CZ(A)—(l #o G Aj {Cz HH— LS COA | mM, M2
NLO
LO NLO
ax( 4z ) ar . ) 162CR K2 (M2
T,(k)= — T —ik | [1-| - T —1k T +0| —;
m\{ mC; mC, mC;™* 2 M,
\_'_l \ﬁ_l
scattering _ 1 _ 1 effective
length a, lo 2 M, range

A~ effective-range

b.s. at Q I~ M|o BXPGHSIOH



Bedaque, Hammer + v.K. 99 ‘00
A=13 bosons
o fermions with more than two states
2
(0) A
Taa(A>p>M )~ A COS(SO In£+5j => /(\0) Oz (p~M,)~1 unless D{? ~ ( )4
WV V. V.V & Ton OA mM lo

approximate _ .
scale invariance S, =1.0064... not just the LO

effective-range expansion

_ A’Dy(A) sin(In(A/A,)+arctan(l/s,))

H(A)= = S
2uCS(A) ™~ sin (In(A/@) _ arctan(]/so)) dimensionful parameter

_,  (dimensional transmutation)

10 ——rrrr ——rrrr

8 T L
periodicity T
Phillips line
A —> Aenﬂ/so 3) 5 " sa p 3
ol — . varying A, 7
> N ] E
Q @)
""""""""""" -lé §4 - E
discrete = - N
scale O 3
invariance (44 "-. = = 0=
i I2 0 N 1 ' " L 3 L 1 1 PR 1 '
10 -40 -20 0 20 40
A [1/a,] | a, [a,]




Extrapolation in nucleon number

=

Pionful EFT
m, <My -

=

Pionless EFT } m, ~Mqgeo

+ any “exact” ab initio method

That is,

1) truncate EFT expansion at desired order

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

3) fit LECs to selected /aftice input

4) solve Schradinger equation for larger A

5) repeat steps 2-4 at other cutoffs

6) obtain observables at large cutoffs



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 £ 38

D 2224 1154+ 1.3 19.5 + 4.8

*n -

SH 8482 20.3 4+ 4.5 53.9 4+ 10.7
3He 7718 203 4+ 4.5 53.9 4+ 10.7
‘He 28.30 43.0 & 14.4 107.0 £+ 24.2

"He  27.50 , ,

5 ... [B]Yamazaki et a/.'12 %

Li 26.61 [6] Beane et al. '12 m

SLi 32.00 At
\l/ Beane et al '13 '::’;'%

a®™) = 2339000 fm P = 11305000 fm

a®) = 18231 0 fm P = 0.906* 58500 fm



Scales (MeV)

m, 940 1320 1630
Jmy (m, —m,) 530 630 540
m, 140 500 800

JmyB/A(A=254) 3080 90120 130+ 210




Experimental and LQCD data

M 140 510 805
Nucleus [Nature] [5] 6]
—n 939.6 1320.0 1634.0
LO pionless fit: | p 9383 1320.0 1634.0
nn - 74+ 1.4 159 %+ 3.8
My s Cors Cao, Dy D %2224 11.5+13 195 =£48
Stetcu, Barrett + v.K. '06 *n -

SH & 8482 203 4+ 45 53.9 + 10.7
3He 7718 203 4+ 4.5 53.9 4+ 10.7
‘He * 28.30 43.0 + 14.4 107.0 & 24.2

~ SHe 27.50 , , 3
. .. [b]Yamazaki et al.'12 ]
Li 26.61 " 16] Beane et al.'12 11
SLi 32,00 A
\l, Beane et al.'13 :gg
a(S0) = 93340194020 gy 0% — 7 130+00T1H0059 gy 0T
o) = 18271 0 fm PO = 0,906 G FE00 fm



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)

o [MeV]— ~A[MeV] within ~10% -
| | 50 = °
35 o1 Np=16 - |0 100| 220 ——
o2 — o 150| 210 7
3 T 40l |< 200 200 ]
A 41T = 7L |0 300 190
Vool - = 35| P 400| 180
6 A 500 ’
= 30
<) 25
200 20 = -ﬂ-ak—r*ﬂ—*—r*—r
o 1 2 3 4 5 6
Fio [MeV]
ithin ~30%
-10_—ﬁ Mio_rl‘!(s |W| Thn 3|O ° _r Stetcu, Barrett , Vary + v.K. '08
A2 6. Z s =y Bonus: B @ 5 3 s;am 1/2-
L1 = ¢ 2 -1
. N &par'hcle_
, 2 gs.J” \% -
N <8 SEE O 12 ]
e 6~ o 12 Q -
-8
- 210 -
- T~ T N, . <30 %.|2.|1.(|).|1.£.|%.L.¥3
50 100 150 200 250 300 - -

A [MeV] b/as



Experimental and LQCD data

Mo 140 510 805
Nucleus [Nature] [5] 6]
n 939.6 1320.0 1634.0
D 938.3 1320.0 1634.0
nn - 7.4+ 14 15.9 + 3.8 *
D 2224 1154+ 1.3 195+ 4.8
3_'[1 -
H 8.482 203 + 4.5 53.9 + 10.7
3SHe  7.718 203 £ 4.5 53.9 4 10.7
‘He  28.30 43.0 £+ 14.4 107.0 + 24.2
"He  27.50 ,
. ... [B]Yamazaki et a/.'12
Li 26.61 [6] Beane et al. '12
Li 32.00
|
al™) = 23370050 fm ) =
a(®1) = 18910144017 ) p(B1) —

—0.13-0.12

D_QDG+U.D58+D.GSS

LO pionless fit:
my ’C01 1C10’ D1

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

—

Beane et al. '13

1.13[}—1].0?1—1].1}59 fII] f

_0.077—0.063
0,075 0,084 1M

Pt



Ab initio methods employed

O Effective-Interaction Hyperspherical Harmonics (EIHH) o . . 00 01

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, -> «

d 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 —> «



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

+= Z[ (3C(A) +Cy(A)) +(Cip (A) ~Cy (A)) 55 -6, e 2 /4

I<j

+ > > D(A)7; -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™!].

\ C1,0 Co, Dy

2 —=0.1480  —-0.1382  —0.07515
4  —0.4046  —0.3885 —0.3902
6 —0.7892  —0.7668 —1.147

8 —1.302 —1.273 —2.648

29: i -



‘He Binding Energy [MeV]

a(3sl)

cutoff variation 2 to 14 fm-!

=(1.2+0.5) fm

\_Y_/

Tjon line

/|
/ (o~
/
pd
//)/
r.-—//
S A=2 fm~! —
30 40 50 60 70 80 90

3He Binding Energy [MeV]

100

1He - Binding energy

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

140.0

120.0 : ‘ i | i e . L . . i

100.0

500 J S S S S S S S S
(GTOJOJ S S S S S S —
______________________________ AFDMC. ————
EIHH -
40.0
1 2 3 4 5 6 7 8
A [fm—!]
varying D,
at fixed C,,,C,,
30



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

no excited states for A=2,3,4
no 3n droplet

=4

805 80

M 140 510 i
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 - 74+14 159+38 159+ 38F%
D 2224 115+13 1954+ 48 195+ 48F*
30 i i
*H 8.482 203 £ 4.5 539 £+ 10.7 539 £ 10.7 *
“He 7.718 203 =45 53.9 £ 10.7 539 x 10.7
“He 28.30 43.0 = 14.4 107.0 £ 24.2 89 x 36
"He  27.50 , ‘ 98 4 39
U e AT g
°Li 32.00 [This work] Barnea et a/'13 122 + 50

.

4]
%

- ..a
A%
<

- predictions




What next?

» NLO at m, = 805 MeV

» LO at m,= 3510 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 both pion mass and nucleon humber

¢ 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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