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What is essential in nuclear physics?

1935-50s: the pion era 1960s-80s: the everything era
0 “"too many divergences"” fairwell field theory
0 "too many interactions” data fitting trumps consistency

Weinberg '90'91'92
Rho '90
1990s on: the low-energy QCD era Ordodfiez + v.K."92

v" renormalization = welcome effective field theory
v' power counting consistency before fitting

but

naive dimensional analysis too naive Kaplan, Savage + Wise 96
for non-perturbative renormalization
A renormalization issues
A lack of clear systematics

Cohen '96
Cohen + Phillips '97




Pionless EFT

Most general dynamics among nucleons with QCD symmetries

Expansion in momentum/(pion mass)

=

emphasis today

> A theory of (real) light nuclei

e e e e e e e e e e e e e e e -

Bedaque + v.K. '97}!

v.K.'97'98;

A < 6 nuclei described up to 30% in LO, Kaplan, Savage + Wise '98,
Bedaque, Hammer + v.K. 98u

A < 3 much better to N2LO Chen, Rupak + Savage 99\|

bound states and low-energy reactions, including symmetry violation

> A theory of nuclei at larger quark masses (“lattice nuclei”)

. Barnea et al. '13
only EFT for pion masses Beare of af ‘15

in most current LQCD calculations Kirscher et al ‘15

extrapolation of LQCD to heavier nuclei and to reactions



Pionless EFT

— —_—

Most general dynamics among nucleons with QCD symmetries

Expansion in momentum/(pion mass)

Konig, GrieBhammer,

around two-nucleon unitarity Hamme“vk'g;n'il;jig

i1 One essential (three-body) interaction/parameter

i1 Everything else in perturbation theory

(no, not a cow jokel)




MIT webpage

Ecattge;ing length a : UnITC(r'ITY UHITGI"ITY Ilm'TI
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- | k 00—
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or “accidentally”, e.g. *He atoms




Wikipedia*

No scale at unitarity?
No!

Scale invariance anomalously broken

3-body interaction

g 3

from countinous to discrete
in few-body systems:
in general, clusters with
non-zero binding energy exist

L)

One-parameter
three-body force:

scale emerges
A

*

.. and everything else in
perturbation theory

+ g R

Efimov. '71

Bedaque, Hammer + v.K. '99'00

Koénig, GrieBhammer,
Hammer + v.K. '15'16
Kanig '16

=




Effective Field Theory ©

< o[ A A
T(Q I\/Ilo <<Mhl) N Io Z |: i| ch(‘/)( ! j i E Q Q]
light hard  popm V7o i Mo Mo JRN M A J
) scales scales “low-energy non-analytic
ol constants” functions,
‘@ =0 counting index from loops
“ arbitrary UV regulator “power counting"”
Truncate .. .. consistently with RG invariance
A oTV Q
T=TY|1+0 Q Q =0| = |x1
[ A = T A
controlled model independent

If so { to minimize cutoff errors, A > M
- for realistic error estimate, A € [M, )

(OTHERWISE, NOT ERROR ESTIMATE)
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~100 MeV

The light-quark EFT Landscape
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Pionless EFT

d.o.f.: nucleons

mﬂ . SymmeTr‘ieSI LOVénTZ,/P/,ﬂL,/gI U(l)em

] + 3 Cy N'NTR NN

1=0,1
projector on isospin |

Q< M, ~

‘CEFT — N+£iDo+

+D, N*N*N* N NN
+ACy y N"N*P_ NN+ C, (N'N'RD*NN+...)

1=0,1
. 1+1
+ ... D =0, +ie——=A
H H H
2

Universality: | 4 Bedaque,KHa‘g\g'woeg

) +v.K.
IFET et m_— 1/IvdW where (r) = VW Bedaque, Braaten
apply also to 2mr?® + Hammer '01

neu’rr'al a‘roms



v.K.'97'98

A= 2 Kaplan, Savage + Wise ‘98
@ m . n+n' k2 I=(n+n’) k2 k2
. ~—0C,.C,. k=M LA b | — +IK+— R0 | —
472' i—0 A A
analytic, absorbed in hon- analytic absg?'abzglfr;
same and/or lower order in E=k*/m
next order
mQ
Want: single, shallow - T V, x

(real or virtual)
bound state

@ series in
+ = mQ )
CO
4

-1 1
| Ar . Q Ar Ar
0 (1) —
T,7 (k) = [mCR(O) +|kj 1+O(XD CO(A) = - {1+ m@OACOR‘O)}

ar
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)-(x

(1) C (1)

coM) _C m
SRITVCE
CO(A) _CfY m

—— 6,ACP(A)
T

CV%(A) CRO?2 T arA

efc.

equivalent to -

- . e = _h-.r:i--.H.ﬂ"_J—‘I — =

expansion in

R(0) o
M,

effective range expansion  Bethe'49

pseudopotential Fermi ‘37

_boundary condition at origin Bethe + Peierls '35

o q!__._ .--»_T- r L &
E!- == eameean



N.B. Perturbative treatment of subLOs not (in general) optional

1) Except for regular interactions, iteration can destroy RG invariance

e.g. iterating C2 =) I, < 0 Wigner bound Cohen et al.'96'97

RG invariance

2) Even at fixed cutoff, iteration can give worse results

e.qg. Rotureau, Stetcu, Barrett + v.K. '10
two spin-1/2 fermions o[ | P R
at unitarity, in a L | N2LO Hamiltonian
harmonic oscillator == | _| fully diagonalized:
of length b and < L d  worse than NLO!
N, Shells S al _
—~L 2 B a
- _ b/as = 0
048 T o7 | |
0 10 20 30 40 50 60 70 e 13

f,tzb %hé: -_.'-__ ———






{ Bedaque, Hammer + v.K. '99'00

bosons
™Y
no RG invariance )
pvy/

fermions with more than two states

I
E =
a2}
§ = | . A° Thomas  Thomas '35
S Sk 37 T collapse
-??, <, m P
-
<o
2
0 requires
TY(A> p>Q;D,=0)~ A cos(s0 InA+5j )
/\/\/\/\/\/\/
. DRO _ 0 (47) Lo
approximate s —1.00624.. 0 mM 4
scale invariance 0 lo
A o1 not just the
=> 7O 8j\+1 (p Q;D,=0)~1 effective-range expansion!
: 2+1 ] Fe
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bosons
fermions with more than two states
\-

{ Bedaque, Hammer + v.K. '99'00

2

= Thomas Thomas '35
S| collapse

X

I
N

|
N

half-of f-shell amplitude

RG :
. . i '71
invariance Ei'TOV S
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_ A’DV(A) limit cyclel
- mC{*(A)

sin(s, In(A/A,) +arctan's,")
sin(s, In(A/[A,) —arctan s,

dimensionful parameter
(dimensional transmutation)

H(A)

periodicity
A — Ae"/®

discrete
scale
invariance

10

2

A [1/a,]
4 F T | LI
3k AUl 112 SU (4),, symmetric
vs. potential models 3
2 f
d:
F E (2)A2 2 Bedaque, Hammer
0 ¢ : D;"Q” Q +V.K.'99
g = (0) 2 Ji + Phillips '13
‘l.l.l\i Do I\/Ihi Vanasse 13
5 6 / 8 9 10 Analogous for

By [MeV] Em higher derivatives?



BUD_[ | L L] ] T 0 T 7T 7T 0 770 [ T 170 L L I_
At what order a -+ |bosons :
— 500 . g0 ki
more-body force? o [ ° 4 :
@ s00F - s o o
-"2 B & oo . ]
Not at LO > S s :
o _O 300 L1 11 l L1 11 t L1 11 [ L1 11 I L1 11
Hammer, MeiBner + Platter '04'05 £ s 0 50 100 150 200 250
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Kirscher '11 — 120 ! 31 o
Bazak, Eliyahu + v.K. '16 o § ‘,\ B." i
R 17|
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- . . varvyin ~
- Tjon line L Al(B,) "]
30 - T h a‘2,I=1,I3=0’ a2,|=0 Hammer + Platter '07
I 7= Ay 1,1,-0 B,
25 -
- LO (no Coulomb) _ A=4
I VS. poten}ial models -
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Standard Power Counting

My ~ et —om| M~ L

o
‘aZ,I:O‘ ‘az,|:1,|3

~Q,=,/2mB, /A G

(particle binding momentum)

Chen, Rupak + Savage '99
" d,d*t, ... treated equally Bedaque, Hammer + v.K. '99

Kong + Ravndal ‘00

" Coulomb LO and thus non-perturbative ,
Kirscher et a/. '09
Ando + Birse '10

= quark mass splitting effects? Kirscher + Phillips '11
Konig + Hammer '14




How well does it work?

Gaussian regulator Bazak,
Example: *He atoms at LO with - correlated Gaussian basis Eliyahu
stochastic variational method ~ * VK16
potentials
Aziz + Slaman '91 Przybytek et al. '10
(in mK)|LM2M2  PCKLJS experiment
; ) - 0.2 —r 1 Grisenti et al. '00
C{ Bo 1.3094 1.6154 1.340:30, L.76(15) 7 Concok et al '12),
Dy” B 2.2779 2.6502 Zeller et al.'16
B3 — Ba| 0.9685 1.0348 0.98(2) Kunitski et al. ‘15
Bs 126.50 131.84
B 127.42 132.70
By 559.22 573.90
Hiyama + Izgmimura '12
predictions exper'imen’ral data > make pr'edic’riom




Bazak, Eliyahu

2 3 +v.K. '16
By, (A)=8,(x) 1+aNQ—N+,BN Qu + 7y 01 +...
A A A
ON E\/2mBN (0)/N
40— 7 77T 7 T T 7T T 7 T T T T ] T
_ | 1
: LM2M2 /%5:
A=14 /dﬁsgﬂﬁsz;ﬂﬂ;CKlJS
V
B4(oco)/Bs « 6] ¥
~ 1128 —1.34 - — > 10 15 20 25
2 1.940 _206 493 A
2 4.937 9202 4.06 4.23
cf 4.090 —1.36 o T similar for other values of A4
X 4.165 100 402 @ —
(al

4.157




By /N (mK)

Works surprisingly well!

Bazak, Eliyahu
+v.K.'16

this work

[32] 31] [19]

input B3(c0)/ B3
By =1.3094 mK  57.15(4)
az = 100.23 A 65.30(3)
: . Ref.
direct [37] 55.53
Bs =1.6154 mK  51.50(3) Ba/Bs
az = 90.42 A 59.81(2) Bs/ Bs
direct [37] 149.75 Bg/ B3

1.44(1)  449(2) 4500  4.20(6)
10.33(1) 10.519(8) 10.495  9.5(2)
18.41(2) 18.50(2) 18.504  16.3(5)

[37]1Hiyama + Kamimura'12 [

] Blume + Greene '00

[31] Lewerenz '97 [19] Gattobigio et al.'11

N c, (0) 2
N
— = ( )—=c¢, (0)—~+... one scale = z(N—2)
. . . cf. Nicholson '12
Generalized Tjon lines | Gattobigio + Kievski 14
. — o N QN vdw
> e N=6 2 0.05 L
2501 JUv aeT . very near unitarity
200F—— e e N=5 3 | 0.06
PN S am== 3 0.4 -
e S ML S : overestimate o
f edmm=mm N=4 : ..
100 == | 4 (08 characteristic
] S IR R N =3 S5 | 1.3 | expansion parameter?
0.80 0.85 0.90 0.95

B5*/3 (mK)

||0:o : 1.7 o=
‘ . = g _
_Ab . - “ 1 ety



Nuclei

VS.

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

% - 4.6

3 Deltuva '10
By =1.002

BB

—

bosons at unitarity

+ successes of SU(4),, for larger nuclei?




ground

states
-1
A QA/mﬂ' ‘a2,|=1,|3=0m7z' 0-06
2 0.3 am, /m, 0.05
-1 -1
3 0.5 ‘a2,|=1,|3=+1m7r _‘a2,|=1,|3=0m7r 0.12
-1 -1
4 0.8 ‘a2,|=l,|3=—1m7r _‘az,|=1,|3:om;z 0.02
5 0.7
-1
6 0.7 ‘az,lzl,lgzo‘ =N, <M,
-1 -1
0 0.9 ‘az,|=1,|3=+1 — a2,|=1,|3=0‘ ~amy <M,
-1 -1
Qus ~ My, ‘a2,|=1,|3=— = az,|:1,|3=o‘ <
_ 3 R -
=5, <M, 75, unitarity 'S, unitarity
Konig, GrieBhammer, Hammer + v.K. '16 Konig, GrieBhammer, Hammer + v.K. '15
Konig '16

Konig '16

e W



,omg, N, N, <<Q~M, <M,

five expansions

for simplicity
(can be improved later)

—

—

QM, (standard)
M.
My, N, N,
Q’Mlo
MZ
am, ~ N ~§N ~_—1
N 0 1 M,
M3




Consequences

1) Treat A>3 ground states as usual

but two-nucleon S waves are expanded around unitarity

C R(0) — O _
0,1=1 TZ(?)(k):4—7T(ik) 1(1+(9(/(3D
R(0 |

Cii =0 mN

LO
D, = O(

m,M ,‘;] oxact OU (D symmetry
discrete scale invariance

) ;SO at NLO My




Consequences

1) Treat A>3 ground states as usual but two-nucleon S waves are

CXPGnded around uni’rari’ry cf. Hammer, MeiBner + Platter ‘05
Stetcu, Barrett + v.K. '0O7

2) Coulomb is perturbative for bound states, also Kirscher + Gazit ‘15

and needs to be resummed only near scattering thresholds

In(aem, /A

@ @ AC,, 4 (A) ~ Amar ( AzN/ )
N ' l47z am
@ RG invariance /\ AC,, , ~ N

i mNMIo I\/Ilo

oC 472'0(('” /n\] +O(1)j Pa & ACO|3=1(A"‘Q)2 P|3:1 ‘ *
04 N
at NLO

+ no three-body LEC needed at NLO




Consequences

1) Treat A > 3 ground states as usual but two-nucleon S waves are
expanded around unitarity

2) Coulomb is perturbative for bound states, and needs to be
resummed only near scattering thresholds

3) quark mass splitting effects =) #

at N2LO

can predict 3He up to NLO
in contrast to standard power counting where
{Coulomb and the associated two-body LEC are LO

a new three-body LEC appears at NLO Vanasse et al. '14







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

-0 B, =-8.48 fm (exp) = D,

<
3
A [Mev]
( - 3
H(A) = A’D’(A) I (So In(A/A,)+arctan s, )

my CéO)z (A) ~sin (so In(A/A,)—arctan 351)




A=2 'S, unitarity

onig, Griefhammer,
NLO ‘ H%mmer+vr.nKr.n'15
A 1 1 N,
T a(K)=— _— {1+I{— + 2! ;'3 ° kz}t...}
. =-23714fm = C,,_,
r Otzﬂil higi,0=273Tm = C,
T () =T () +———— <t (K)
[ 1-i N _
\ ' 2k =—-7.8063 fm =) AC0|3
te (K) —4_”1{“1{0”71 (CE +In &M j— PRLIENS. k2}+..}
m,, 1K Ik K 2
I (NLO) = i = —18 7 fm (? exp)
predict- 1, .y, (NLO) =1, o vs. - Ty, -3 =7 (EXP)
- 2 1=1,1;= +1(NLO) 2 1=1,1;=0 - r2,|:1,|3:+1 o 2 79 fm (exp)
two-photon exchange
N2LO Kénig '16
{r2,|1,|3+1 —ha,00 = 0-06_ fm = AC2|3=1 .

- = J » = .-
— St - i
.- . M e o }'ﬂ!—;.;_ -



e T e 8'2_| e = Kénig, GrieBhammer,
s : SR - Hammer + v.K. '15
_10¢ 14
R : A=3
= u < ]
: 9: exp. Ep(°H) : 0.7 1S _ _
o 8 Lo - 237 NLO - 0 y
[33:] IR LO a; =0
TJE - LOa =oc0+ NLO ™ I ) e
[ — LO ™™ 4+ NLO#, : varying A. R
I a; = 00 afhﬁ', s E LO .
6_.|...L.O...|..JF.T\I.L.O.|....:..|.......l.......|.......|_ 81/2
-04 0 0.4 0.8 1.2 1.6 2 ﬂdSCGTTer'ing
Qan_d(fm) N —
. . OF — LO &®™ = _937 fm -
Phillips line o~ oo
5 _iou e
- = LO a, = 00 + NLO ™, r,
10 .
even better at 0 F
Konig '16 < _15L° FC
N2LO ~ [ sl
20
- 201
=) range effects more important '25;__22 S
than unitarity corrections 3oL, 20 42 4446 48 30 N
0 10 20 30 40 50

e k (MeV)
P .. .- =




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

A=2 full unitarity
N0 Az 1 K2 + 72
T2|=o(k):_7z.— —)./—d 1—pd 7 +...
’ m, 1K Ik 2 7y

v, =45.7MeV = C
p, =1.765 fm = C

01=0

21=0

2
kP =iy, = BP=LL N2LO




Koénig, GrieBhammer,
Hammer + v.K. '15

A

I
w

'S, unitarity

e mionpert. calc.
6.8 A Ando+ Birse Standar‘d LO
pert. (incomplete) . . .
6.4 % pert. (unit. leading order) SIHQIZT-UHITGI‘ITY NLO

1000 ~~10000
A (MeV)




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

A

I
L

-B [MeV]
o
=
S

-+- 'S unitarity LO + NLO a¢/ag, Coulomb ]
—e— full unitarity LO + NLO aq, at/ap, Coulomb 3

8.7 Y E
8 ?00 1000 10000
A [MeV]

(B, — B,) (NLO) = (0.92+0.18) MeV

VS.

B, — B, =0.764 MeV (exp)




a50F T T ] A—=3 Konig'16
-7.551-
: N2LO
T 1600
2 : €= without ranges
m .
Y7650
/R — full unitarity LO + NLO
' -—— Sy unitarity LO + NLO
: —e— full unitarity LO + NLO + N’LO -
1701 exp. *He ~-&-- 'So unitarity LO + NLO + N’LO -]
i 1 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1
1000 10000 S
A (MeV) 1/2

pdscattering

®  Kievsky et al. |

'S, unitarity =

% 10|

with ranges - cutoff dependence % Ll
- isospin-breaking 3-nucleon force < |
fitted to -20

B, — B, =0.764 MeV (exp) 25/

k (MeV)



-25.0F

Konig, GrieBhammer,

Hammer + v.K. '16
27.5F ! A=4
> -30.0;-—-- LO with physical a4, lusx = 0 ;
= - — LO with ph %ﬁm gﬁ:, jmax = 3/2 3
= - @ unitarity O agy, 1m = 3/2 i
o -32.5:— ¢ unitarity LO + NLO Aty lmax = g exTr'apola‘red values
: ....... 2
-35.0 T -
E - "-"r'.-_-.-":--_f-__..'.l_:_‘.__:: B4(A) = 1+ ﬁ4(QN j + .
’ o -—- Uﬂltaﬂty LO:Jmax = 3/2 1
_-'u. ! | | | AR T [ T T T T N N M R ID
500 750 1000 1250 1500 1750 2000 2250
A [MeV] Tjon line
- N B A
[ —a=- unitarity LO, jmax = 3 2
60 + LOtm’Ech %gmcaﬁl]%dt’ {m = 3/ 3/2 7
- = : unictary a*d 7 Jax —
full unitarity sok ’ o) S
T
(no Coulomb, 2 400 ]
no ranges) I
30 -
20 ]
C | | | L 1 | ]
4 6 8 10 12




Conclusion

¢ Few-body systems near unitarity can be described
model-independently by Pionless EFT

¢ For“*He atoms and light nuclei,

{energies given by essentially one parameter
details obtained in perturbation theory

¢ How far can we go this way?
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