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What is essential in nuclear physics?

@

Traditional
approach

C

Here l

“simplicity emerging
from complexity”

1) Describe NN precisely to some high energy
2) Append 3N forces as needed

Lost in details:
e.g., NLO, N2LO, N3LO, N4LO, ...

1) Describe NN and 3N approximately

2) Treat everything else in perturbation theory
cf. atomic systems in QED

i Konig, GrieBhammer,
Expansion Hammer + v.K. ‘15 '16

around unitarity

Konig ‘16
vK ‘17
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<M, S, unitarity

Konig, GrieBhammer,

Hammer + v.K. '16

v.K.'17
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Konig '16

'S, unitarity
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momentum Eff@CTiV@ Fleld Theor'y ©

scales

A , non-analytic functions,
arbitrary

A from solution of dynamical eq.
M i UV regulator (e.g. Lippmann-Schwinger)
|

s n)

-|_(V)(Q~I\/IIO < I\/Ihi)oci{lv?:| (Q Q’7/| (A ;MIOJJ

Q v=0 My, A M, M,
M, | | . )
’ / Q™ Q™ “low-energy
N"LO +Q An ¥ I ] constants"”
(unfortunately not the usage \ M hi \ hiA

by potential modelers)
controlled

RG invariance
(absent in “chiral potentials”)

A oT® i to minimize cutoff errors, A > M,
T ( Q j for realistic error estimate, A €[M,;, )

(OTHERWISE, NOT ERROR ESTIMATE)

M7 A

- model independent  (OTHERWISE,j SENSITIVE TO HIGH-MOM DETAILLS)
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Pionless EFT

d.o.f.: nucleons

~M,., <M, . ~m
Q lo hi 7+ symmetries: Loyén’rz,/lf,][,/g, SU(3)., U(1),,

(trivial)
S =|— | d°r L] 2im +§2\
EFT — "4 4
2m y.
projector on isospin |
+_ +
_4”2 Co Vv WW
[mosfgener'al] 1=0,1
action
(472-)2 D +  +. .+
3 DoVvYywy
more derivatives,
+ ...¢ more bodies,
Isospin violation
Universality: 1 Bedaque,KHqgwg\gg
o + V.K.
first orders m” —)1/|de where V(r) = —ﬂ-l-... Bedaque, Braaten

apply also to 2mr?® + Hammer '01
neutral atoms
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Now,
fwo expansions:

/M, =0,/Q, around two-body unitarity
M,/M,; ~Q,/m_= standard Pionless EFT
similar:
~M, 2 / M, starts at NLO
amy ~ %, ~MZ/M,.  startsat NLO

For simplicity, also:

~ M, > / |\/| starts at N2LO




v.K.'97'98
A=2 Kaplan, Savage + Wise '98
Chen, Rupak + Savage '99

Mehen, Stewart + Wise '00
Konig, GrieBhammer,
Hammer + v.K. '16

Konig '16

v.K.'17

(0) (0)
- SEFT — SEFT

Mehen, Stewart + Wise ‘00




NLO

1

(only for pp) + M + X + ...

Coulomb ACY
a,, ,=542fm = CP | .
I, =1.75fm =) CH, A 1-11,=1 = &2 111,0 —18.7 fm (? exp)
Ay 11,0 = —23.71fm ‘ Cél|)=1 B ‘ 7 r2(1I)—1|3——1 Vo 1-1,1,0 vs. ? (exp)
P2 i=11,-0 = =273fm =) CS,):l ] r2(1l) L1=+1 = P2,120,1,=0 2.79fm (exp)
Gl —— ~7.81fm =) ACél),
scale invariance @ 1
efc. broken explicitly eg. MB,” = 22
' 2

-



LO

- H

Konig, GrieBhammer, Hammer + v.K.'15 '16

A=3

T )
+ D +

Bedaque, Hammer + v.K. 99 ‘00

3-body interaction
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eipadiiiAn
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e sin(
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NLO
= + ... + Dél)I)< N

Konig, GrieBhammer, Hammer + v.K. '16

B, =8.48 MeV = D

7.50¢

775 g LI
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(Fadeev-Yakubovski) Kénig, GrieRhammer,
e Hammer + v.K. ‘16
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Unitary bosons
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Schematically
E, unitary bosons E, nucleons

—_— w x1.002 — A » x1.05

x 4.6 Deltuva'10

X 37 expt




B4/B3

Bg/B;

Bosons

N >4 No more-body forces LO
Bazak, Eliyahu + v.K. '16
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Unitary bosons

N -1 N
doubling —
Hammer + Platter '06 \
von Stecher '10'11
Gattobigio, Kievsky + Viviani '11'12 Efimov Efimov
state descendants

Ground states

(0)
‘ BN (A*) — KN B3 (A*)

single scale

LO N 3

universal numbers




Gandolfi, Carlson,

(Variational and Diffusion Monte Carlo) Vitiello + vK '17
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Gandolfi, Carlson,
Vitiello + vK '17

LO 0.6 8 . E -
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N = 20.40.60 Gandolfi, Carlson,
: P Vitiello + vK '17
Equation of State periodic boundary conditions

40

T T T
LO I =
® X, =050
® X =075

=50

(E/N)/ ([E/3)

2 3
A7R; _ PP P = P
= 275+ k. (p)=x,(p)|1 7( j +0O (
A 275+ 20 0 o o

K, (p,)=8715 y =0.42+0.05




unitary

4
bosons, He
LO atoms
/Q; 0 0.12
Q:/ My, 0.05 0.4
Q,/Q; 1.9 1.8 sensitivity to
short-range
Qs/Qs 30 +0 physics!?
Q. /Q; 6.6 8.0
Q,/Qs 9.5 13.4
Ko/ Q.. 2.0 0.66
n -1.7 2.7
Y 0.42 1.9
k, = (672'2,00/g )1/3 Gandolfi, Kalos et al. '81

s (g:degeneracy)

+v.K. 17

Carlson, Vitiello Pandharipande &_=
O " 1



A>4

Nucleons

LO No more-body forces

+ saturation

B(O)

160

(MeV)

m, = 140 MeV ~ m, = 510 MeV

-97.19+0.06 —-116.59 £ 0.08
-92.23+0.14 —=137.15+0.15
-9751+0.14 —-143.84 +£0.17

—100.97 +£0.20 —-146.37 +£0.27

B +1(sys) _ +2(sys)
I 1518{5[51[} 1511]0(5&“}

—127.62 —

" (Auxiliary-Field Diffusion Monte Carlo)

f

k

Contessi, Lovato, Pederiva,
Roggero, Kirscher + v.K. '17

m, = 805 MeV
—350.69 + 0.05
-362.92 +0.07
—382.17 £ 0.25
-402.24 + 0.39
_504120 (sys)

+12 (stat)



single scale

LO

Nucleons around unitarity

doubling?

Ground states

A 3

K, = 3.5 same as for bosons

Kpss =7 should grow slower
- than bosons

nuclear matter
B ithin Pionless EFT?



unitary

unitary

bosons "He nucleons
o atoms o nucleons

/Q, 0 0.12 0 0.4
Q,/M,,  0.05 0.4 0.5 0.5
Q,/Q; 1.9 1.8 1.9 1.6
Q6 /Q3 3.0 4.0 ? 1.4
Q. /Q; 6.6 8.0 ? 1.7
Q./Q; 9.5 13.4 ? 2.4
Ko/ Q.. 2.9 0.66 ? 1.5
n ~1.7 —2.7 ? -1.1
4 0.42 1.9 ? 1.7

= 2 v Gandolfi, Kalos et al. '81 Kénig, experiment,

- s _(67[ P 0/ g) Carls?)rrl\,?/i’riello Pc?n%iarﬁp?ande Grieﬁf\gr?\mer', seri?—ermn;irrzzal

~+ (g: degeneracy) +v.K. '17 et al.'83

Hammer + v.K.'16 mass formula oo .



Equation of State k,=(67°p/q9)"  (s: degeneracy) Bertsch ‘99
Carlson et al ‘03

. E, 3K,
scale #“m N — P[g——é/ +77r2kp+...J

invariance N>o N 10m a,k
=04 (=1 n=01

unitary

discrete E k¥ - VK17
bosons scale == mo NN =L@ soln(kp/k*)}r...
invariance u i
&[x+nz|=6[x|
3 : < :
&[x] ==, —7siN@x+¢)+ > 7 sin2x+4¢)
E k® 10 1=2
= | lim—- oc | £
AN M i simple model: 7, =050 5 =043 ¢ =0 7,=0
: 2

SEpp aiies qualitative fit: K = (kﬁ d_2 lim EA] ~170 MeV

Coester line dkj, A= A equil VS.
~ 240 MeV (emp)

&=

. & g -.-=~ e,



Conclusion

¢ Systems near unitarity can be described
model-independently by Pionless EFT

— properties given by essentially one parameter A

details obtained in perturbation theory

=

¢ How far can we go for nuclei?

more nucleons Gezerlis et al, in progress

higher' orders Bazak et al, in progress
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