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Central goal of nuclear physics:
Why EFT? How does nuclear structure emerge
from the Standard Model?

Table 1. Seven Decades of Struggle: The Theory of Nuclear Forces
] - --¢ R~#n/mc
1935 Yukawa: Meson Theory ong-range physics
=) cf. photon exchange
LD
S The “Pion Theories™ N i S .
3 1950°s One-Pion Exchange: o0.k. O renormalization’ + —> 00
§ Multi-Pion Exchange: disaster cf. QED -
- Many pions = multi-pion resonances:
g 1960°s o, p,w, .. _
c The One-Boson-Exchange Model Phenomenological mpdels
§ Refine meson theory: for short-range physics;
= 1970°s Sophisticated 27t exchange models three-body forces?
- (Stony Brook, Paris, Bonn)
'S Nuclear physicists discover :
s Quark Cluster Models for pion physics
2 Nuclear physicists discover EFT
a4 1990°s Weinberg, van Kolck Next: 30 y in 30 min...
and beyond Back to Meson Theory!

But, with Chiral Symmetry And, much more! %
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Euler + Heisenberg ’36

What |S EFT? Weinberg ’67 ... 79
” Modern S-Matrix Theory!
regulator
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QC(+E)D (LITE) d.ofs quarks: q=(:j gluons: G, (+ photon)

symmetries  SO(3,1) global, SU(3), (+U(1),,) gauge
Q<xm,,

. 1 _
Loco =q(10+9,6)q—=TrG*G,, + Mq(l-¢7,)q +...
2
\ ) \ )
. Y Y
mass scales :
!
Voeo 1
) s (L o Gross + Wilczek *73
()'.S(Q') v1 d?a_a}s (N3LO) -

A DISJG[Sﬁ(NLO} . _ PDG Polltzer ’73
0 Heavy Quarkonia (NLO)

03¢ o e’¢ jets & shapes (res. NNLO)
® e.w. precision fits (N*LO)
v pp—> jets (NLO)
v pp —> tt (NNLO)

M Nambu ’64 aqg

50
0.1 ST .
— QCD 0(M,) = 0.1181 £ 0.0011 qiystq
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Q [GeV] f. ~Mqgp /47 +0O(M) =100 MeV
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The Nuclear EFT Landscape

M

Q .,

oo~ 4t mg,...

quarks

gluons
ever‘:itually ‘ nowadays

~1GeV
nucleons
pions .
Delta Pionless \ . ucieons
Roper? EET
partly per pion -
t
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f p §
e ~ .k S Halo/Cluster
- 100 Mev __-p_e_r:t """"" E‘ - = g EFT
< 3
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Chiral EFT nonrelativistic expansion

slow-moving Q Q
nucleon -
Q"’m” < MQCD mN MQCD
long-ranged | /| s :
butsparse | | | St A~1/m
; \ 4
chiral symmetry: —
pion interactions oc Q, M’
— dense but , :
weak! " 03 short-ranged multipole expansion
1/Mqep = 0.3 fm Q Q
lon loop expansion oo
P P exp m, M 3
Q Q . '
Az f,  Moeo Im_ = 1.4fm
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Weinberg
Gasser + Leutwyler

Chiral Perturbation Theory

Gasser, Sainio + Svarc
Bernard, Kaiser + Meillner
Jenkins + Manohar

Weinberg
Rho
Weinberg
Ordoiez + vk

Non-perturbative
at leading order!

Weinberg
vK

79
"84

87
‘90
91

90
91
‘91
92
‘92
94



Hammer, K6nig, vK, Rev. Mod. Phys. 92 (2020) 025004

Long-range, isospin-symmetric nuclear potential

2N 3N 4N
O(1) $---9
Weinberg ‘90
O(Q/My;)
Friar ‘97
+
® ==
2 2 \.\ Jf . . . .
O(Q*/My) |3 ] Isospin violation
L L ] --
Ordéiiez, Ray vK "94 vK 95
+ VK ’92-6 Epelbaum vK, Friar + Goldman 96
Kaiser et al. ’96 et al. ‘02
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m, f. 1_2 + VK ‘02
f

bound state
Q~f « MQCD

.|:2

~10 MeV

QCD

Nuclear scale arises naturally
In QCD due to spontaneous
chiral symmetry breaking

Weinberg ‘90

iInfrared
enhancement! Example
(contact interactions suggested
by naive dimensional analysis)
—20 -
] I e - _2+ -
1---0+ ___O+:::2+ _ _0+
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—90 _ m— AVI18+IL7
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M. Piarulli et al., Phys.

Rev. Lett. 120 (2018) 052503 [




fall to the
center

+ breakdown of naive pion-mass expansion
Kaplan, Savage + Wise ’96

m, T

Nogga, Timmermans + vK 05
Pavon Valderrama + Ruiz Arriola ’06

works well for light nuclei
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enhanced contact interactions
pions not iterated in high partial waves
perturbative treatments of corrections

+ combinatorial enhancement of

few-body forces for larger nuclei?




External probes

— Electroweak form factors Rrho ‘o1 Example
Park, Min + Rho 93 : .
Nucleon polarizabilities

exp(stat+sys)+theory/model 1o-error in quadrature

— Pion elastic scattering Weinberg "92 T _
Beane et al. ’98 i -
51 i
— Pion photoproduction Beane, Lee + VK "95 :
Beane et al. 97 Tl neutron ]
v [ n PDG 2015
— Pion production Kubodera et al. "96 z3 _
Cohen, Friar, Miller + vK 96 nPDG
2012
2t o PDG 2013 1
— Compton scattering Beane, Malheiro, Phillips + vK’99 | p PDG 2012 _
Beane, Malheiro, McGovern, JLGeshemmer W20 N L -
Phillips + vK 03 8 9 10 11 12 13 14
agq [107* fm?]
g etC- GrieBhammer, McGovern, Phillips,

arxiV: 1509.09177
[



4 Bedaque + vK ’97
Possible quark-mass dependence Pionless EFT VK 97

- Kaplan, Savage + Wise ’98
unitarity limit

- — pion exchange > contact
cE 10 ! : !, scattering a Sl |
§ (fm) : '.* length
E\i N _ A
s ol _ DR G
~ Seee | N
» \! Chiral EFT,
% ~10 | \ (incomplete) NLO | |
g ) Ar 1
;b ' -
> . 1200 400 600 m Q
7 \ R . 4
X : My (MeV)
g M (Mgep) |m. =140 MeV T
S | new scale ound state
S ; . Q ~ N ~30 MeV
- I TE ~—— = f =
O
© m, —E~— ~1MeV
'%_ ) | QCD
g : Feshbach resonance
§ o 159M \:Jauu in quark masses Light scale emerges and
i ] ~ pion mass! accounts for large size of light nuclei
{ 1 @




slow-moving o . Q
- nonrelativistic expansion ——
Pionless EFT "ucleon m

N

Q~.2mB,/A<m,

~
_______

"~
------

A~1J2m B, /A

e.g. . R short-ranged

1/,[2m, B, /3 ~ 2.8fm 1/\2m,B, /A

multipole expansion m—,

T

no role for chiral symmetry



Hammer, Kénig, vK, Rev. Mod. Phys. 92 (2020) 025004

Isospin-symmetric potential

2N 3N 4N
discrete
O(1) scale
invariance!
O(Q/My;)
O (QE..-'“'rT"‘ [ﬁj} ?

Bazak, Kirscher, K6nig,
Pavon Valderrama,
Barnea + vK ’19

vK ’97°99 Bedaque, Hammer
Kaplan, Savage + vK 799 "00
R + Wise "98

periodicity -
A — Ae"/%

RG limit cycle!
cf. Wilson 71,

3-body force parameter

1

10

A [1/a,]
position of the cycle: one parameter A

-> correlations, e.g.

10°

5 L
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External probes

— Electroweak form factors Chen, Rupak + Savage 99
Phillips, Rupak + Savage 00
Example

— Radiative capture/fusion Chen, Rupak + Savage *99 Deuteron electrodisintegration
Kong + Ravndal ‘99

. . . 1F
— Photo/electrodisintegration christimeier + GrieRhammer '08 |
Ryezawa et al. ‘08 T
15
o, Compton scattering GrieRhammer +Rupak ‘02 ©
— Neutrino scattering Butler + Chen "00 “ha T 23 24 25

E, (MeV)
Ryezayeva et al., Phys. Rev. Lett. 100 (2008) 172501

— etcC.



Barnea, Contessi, Gazit,

Unphysical quark masses S oy

Kirscher, Barnea, Gaazit,

three parameters at LO: A _, Ngs ,le Poderiva + vk e
! 0 Contessi, Lovato, Pederiva,
Roggero, Kirscher + vK ’17
Lattice nuclei and periodic table Bansal et al. 18
0 I
My ~ 800 MeV i
:-r . LQCD
_|_.
— I EFT | O |
Proof of -50
prlnC|pIe_ for =
extending = 100 i |
: I
lattice QCD < —
to larger nuclei ~150 |
- [NPLQCD collaboration, PRD 2013|
[Barnea, et al., PRL 2015]
~200 - - - | | -
7 Davoudi nn d 3He/’H  “He SHe/SLi  SLi

Qualitatively similar to physical pion mass,
just more bound by a factor ~5



Physical guark masses (near unitarity)

one parameter at LO: A,

discrete scale invariance

Konig, Grielhammer, Hammer + vK 17

Konig 20

geometric towers of states (Efimov ’71, Hammer + Platter "07, ...)

- BY(A) B, (A,)
ground states: A :@ 3

universal numbers

Bosons at unitarity

O

increasing A 1

saturation!
Ky =K, [1+77N_]/3 +(9(N_2/3)]__

I I I | I I I I | I I I |
10 : : |
- —8-  qunitarity LO TJOI’] I ne S50
60 —— LO with physical a, .
— - @  unitarity LO + NLO a,, .8 LO 40
°© S0- % experiment =7 LO
2 o K, =35 - 2 30l
= 40 I i = . - — & = -
o - varying A, 4 #ff__,E | s &ig
30+ incomplete a0l EEA”
20! NLO s
C | | | | | | | | | | | | | | il 1{] B .‘_
4 6 8 10 12 ; L
Br [MeV] 0 10

Konig, GrieBhammer, Hammer, vK, Phys. Rev.

Lett. 118 (2017) 202501

40 50 60

Gandolfi, Carlson, Vitiello, vK, Phys. Rev. Lett. 119 (2017) 223002



Could this provide the saturation
mechanism for nucleons?

A first step: A =8 at unitarity

2.02—

consistent
with 8Be

10 12 14 16 18 20 22
(2mB,) ™ A

Dawkins, Carlson, vK, Gezerlis,
Phys. Rev. Lett. 124 (2020) 143402

Clustering a universal property of
multi-component unitary fermions?

Bertulani, Hammer + vK ’02
Bedaque, Hammer + vK *03

Halo/Cluster EFT

tight cluster - “elementary” field

e.g. o e .LO' R
[ NLO —— ]
180 ERE fit — - -
Afzal et.al. —e+—
)
()]
Q2 150 F
[®)]
1]
S,
S . ~& -
120 F R - ~
aq scattering )
90 M N M | N M M N | M . M M | M
0 1 2 3

E ag [MeV]
Hammer, Higa, vK, Nucl. Phys. A 809 (2008) 171

useful for very low-energy reactions



Halo/Cluster EFT

il ~1/3 -1
Q~R'<«A¥m ~R

e.g.
R, ~15fm

RGHe ~ 2.4 fm

slow-moving nonrelativistic expansion

AN
. Aa==x
151
;:—21(}24’)
1 N
R
W]
N 39 ﬁ’)
'\,’ﬁ’/\’ ’
WX TN
I\\\
@
52
\,\’\/1
C

no role for chiral symmetry

A~R

short-ranged

multipole expansion

AMy

QR



External probes

Example

— Electromagnetic form factors Canham +Hammer '0810 *'Be Coulomb dissociation

Hammer + Phillips 11
0.6 —
----- effective range model (R=2.78 fm)
. . Rupak + Higa 11 S - —- LO Halgcl)EFT -
— Radiative Capture Fernando, Higa + Rupak ‘12 éj oreE
Nfé 0.4 —
NG_) -
. . : Hammer + Phillips "11 T -
— Electro/photodisintegration  scharya + Ph””gs 13 s | f
0.2 -
S [t A
— elcC.
O—| TS T T T TV N T s Y Y T o - T O O —
0 1t 2 3 4 5 6 7
E [MeV]

Hammer, Phillips, Nucl. Phys. A 865 (2011) 17
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The nuclear physics landscape has been redesigned as a sequence of effective field theories
(EFTs) connected to the Standard Model through symmetries and lattice simulations
of Quantum Chromodynamics (QCD). EFTs in this sequence are expansions around
different low-energy limits of QCD), each with its own characteristics, scales, and ranges
of applicability regarding energy and number of nucleons. We review each of the three
main nuclear EFTs—Chiral, Pionless, Halo/Cluster—highlighting their similarities, dif-
ferences, and connections. In doing so, we survey the structural properties and reactions
of nuclei that have been derived from the ab initio solution of the fow- and many-body
problem built upon EFT input.




Conclusion

EFT
v' same method across scales
a general framework (but not all scales at once!)
for theory construction v model independent
v controlled expansion
a paradigm v encodes QCD (more generally, [B]SM)

v incorporates hadronic physics

INn nuclear physics
v generates nuclear structure

the frontier: 3 interplay with ab initio methods

many bodies & lattice QCD 3 new EFTs
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