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Brief introduction of chiral EFT



“the circle of history is closing”

Yukawa:
Machleidt & Entem, PR 503, 1 (2011) Meson theory

1935

EFT
Chiral Symmetry

1990’s and ond

950’s

1980°s 1960°s

Diverse 2-pion
exchange

1970’s



Concept of chiral EFT

Chiral effective field theory (EFT) Weinberg, PA 96, 327 (1979)

Epelbaum +, RMP 81, 1773 (2009)
Machleidt & Entem, PR 503, 1 (2011)

Degrees of freedom and symmetry

Nucleons and pions Soft scale: ) ~ m,

Chiral symmetry Hard scale: A)( ~m,

Perturbative expansion of Lagrangian

( Q >” Power counting

A, Theoretical uncertainty Lot = Lo+ Loy + Ly + o

F2
— ITr(V“UVMU‘L + X))+

Lo
L.n = N(iv -

Many-body forces on an equal footing
Leading 3NF at N2LO (n = 3)

1 _ _
LN = —§CS(NN)2 +2C7(NSN)? + - -




Lagrangian

Leﬂ: — £7‘(‘ £7TN L:NN

F2
£ = I{V“UVMU* XL,

LO=N(iv-D+g,u-SN,
L0 == 2Cg(NN)(NN) + 2C(NSN) - (NSN),

[ [
L2 %mz + %[ZWMUV”UT)(XQ

+2{x"Ux"U + xU'xU") - 4(x"x) - (x_)*]

+ooo,

Y | 1
L2 = N(—ow D= —D D +dyeS - ulx,)
2m 2m

+ idlSS'u[DM,X_] + o )N,

LA =~ C{(NDN)- (NDN) +[(DN)N]-[(DN)NT}
—2(C;+ Cy)(NDN) -[(DN)N]
— Co(NN) -[(D*N)N + ND*N] + -+

Weinberg, PA 96, 327 (1979)
Epelbaum +, RMP 81, 1773 (2009)

Machleidt & Entem, PR 503, 1 (2011)

Nucleon field N
Pion field T

Nucleon four-velocity V.

Covariant spin vector S,=(1/2)iyso,,v"

Pion decay constant F

Axial vecor coupling const. &

Low-energy constant Cs and Cr

Unitary 2 x2 matrix ~ U(a@)=u*(m)
Ulm) =1+ %7- . %nﬂw)(ﬂﬁ)

Covariant derivative (nucleon) D,=d,+[u’,d,ul/2

Covariant derivative (pion)
Chiral symmetry breaking
Finite light quark masses
Scalar quark condensate

Pion-quark-mass relation

u,=i(u'd,u—ud,u)
Yo=u" xyu"+uyxu

M =diag(m,,m,)
(0|au|0y=-F’B

M =2Bm +0O(m;)

x=2BM



= Examples: V=—4+2N+2L+ZA¢, A; =d;

19

?2

N=2L=0,A=Ay=0

v =10

T ;

2

2

1
e 3 v =3
16 @2
v =4
2
*o--@--9

42 N=2L=1A1=1A,=A3=0

N=2L=1A;=Ay=1

3 NZS,L:O,AlegzO,A2:1

v =3

dot : A =0
circle: A =1
square : A = 2



LO
(Q/A)°

NLO
(Q/Ay)°

NNLO
(Q/AY)

N3LO
(@A)

N‘LO
(Q/A)

N°LO
(Q/A)°

2N Force

3N Force 4N Force

¢ --

5N Force

Entem +, PRC 96, 024004 (2017)



Machleidt & Entem, PR 503, 1 (2011)

Additional in A-full Additional in A-full




Machleidt & Entem, PR 503, 1 (2011)

VQ(]I\JTO) — Vlw + ‘A/c(tO)

LO
(Q/A)"

2
gA (01-q) (02 q)
Vi (D', P) = —(E) 72+ m2 T1 T2

Central + Tensor

Momentum transfer

q=p —p

71((;1?)(1?/71?) =Cs+Croy- o3

Central



Machleidt & Entem, PR 503, 1 (2011)

Vz(Jl\\;LO) = ‘A/Q(j) + ‘7(:(1;2)

”
RN -,
/7 \ ’¢
« ,o « .
‘\‘ I \\__/ \\\
9

2
UST)(P,J?) = W((Jz)(qa Q)11 T2+ VS(Z)(% Q)o - o (Q/AX) "\\’ | .‘\/"
+V2(q,Q) (1 - q) (02 - q) IR I SR O SO

Central + Tensor

0D (', p) = C1@® + C2Q® + (C3¢® + C4Q?) 00 - 7 + C5 [~iS - (g X Q)]
+Cs(01-q) (02-q) +Cr(01-Q) (02 - Q)

Central + SO + Tensor Average momentum

Q= (p +p)/2



Machleidt & Entem, PR 503, 1 (2011)

~(N?LO ~ (3
‘@év 3>::'v§;>

NNLO

3 ~.
o5 (0. p) = V& (0.Q) + WE (0.Q) 71 - (@/A)
+ Ve (0,Q) + W (0,Q) 71 - 2| 01 - 0
Vid(0,Q) + Wil(g,Q) i | [-iS - (g x Q)

_I_
+ :Vfl(fg) (Q7 Q) T W’_Z(?) (CL Q) T1 - 7-2: (0'1 ) q) (0'2 ) CI) .

Central + SO + Tensor



Machleidt & Entem, PR 503, 1 (2011)

A 3 A A
Vz(Jl\\; HO) VQ(;L) + Vc(t4)

N°LO
(Q/A))

o) (p',p) = Dig* + D2Q* + D3¢°Q* + Dy (g x Q)

_D5CI4 + DeQ* + D7¢°Q° + Dg (q x Q)z} o102
Dyq” + D1oQ%| [-iS - (g X Q)]

D11¢” + D12Q?| (o1 - q) (02 - q)

- [D13¢” + D14Q%] (01 - Q) (02 - Q)

+ Di5lo1- (g x Q)| o2 (g X Q)]

+ + 4

Central + SO + Tensor



Machleidt & Entem, PR 503, 1 (2011)

V(N""LO) S y{CORTIR v

2N - 7 27 ct l |
3 LA
N°LO 1t
v (0'.2) = VED (0.Q) + WS (0.Q) (- 02) (71 72) + Wi (0.Q) (01 - ) (02 - ) (71 72) 1
+ VI (g, Q) + WE™ (g, Q) 1 o + W (q,Q) (011 - 02) (71 - 7o) (Q / AX) JPrte O
+ VIS (0,Q) + W™, Q) - 7o [-iS - (a x Q) U IR R N
+ Wi " (q,Q) (o1 - q) (02 - @) (11 T2) 1 ?

+ [V (4,Q) + W™ (g, Q)r1 o] 01 - o
+ VI 0Q) + WiE (0,Q) 1| S - (g% Q)]
+ [V (g, Q) + W (g, Q) - 7‘2} (o1-q) (02 q)

V) (q,Q) [or - (@ % Q) [0 (g % Q)
—|_ VCg2L) (Q7 Q) —|_ WC()2L) (Q7 Q) T1 -T2
+ :Vé2L) (CL Q) + WéZL) (Q7 Q)Tl ) T2: (0-1 ’ 0'2)

+ V(0. Q) + Wi (0. Q)m1 7| (01 @) (02 - q) Central + SO + Tensor




NN-phase shift by chiral EFT at N°LO

Peripheral interaction (17 + 27)

Phase Shift (deg)

Phase Shift (deg)

2 B I I I I |
1
i F3 i
0oe —
®
i \‘ i
2 - \. m
- . -
Sxey, 15
4 - _
O‘*‘. N3LO
I c)NLO i
_6 1 | 1 | 1 | 1
0 100 200 300
Lab. Energy (MeV)
I I I I I I
I 3 i
Fs
0@ —
Qv.\ N3LO
a \8‘ NNLO-
Ne o~
- - v . _
25 0’.\ . .
0’\
i ’~,. NLO
' Lo
_5 1 | 1 | 1 | 1
0 100 200 300

Lab. Energy (MeV)

Phase Shift (deg)

Phase Shift (deg)

| T T
= 3 -
F>
4 _
2 L
0 .))" 1 | 1 | 1 | 1
0 100 200 300
Lab. Energy (MeV)
I ' I '
4 L
2
/°
i NLO .
P a0
o K‘ﬂ' "
0 .,)’k.ﬁ ] | ] | ]
0 100 200 300

Lab. Energy (MeV)

I I I I
1 ]
2 G, -
Fs N3LO
S 15 ,/2 NNLO_
= A _
i
g 1 ’Q‘//’ NLO-
% f\// gu® LO
& . “"“ _
0.5 /3&‘ -
0 .‘)"I | 1 | 1 | 1
100 200 300
Lab. Energy (MeV)
10 I I I I I I |
3
Gy -
S 75 NSLO
O . (] ]
Q
O NLO
= o."'/ LO -
Y= o) g
o 5 O -
Q
: ~af -
o !
o o5 r~/ _
/
0 .)"? | 1 | 1 | 1

100 200 300
Lab. Energy (MeV)

Phase Shift (deg)

Machleidt & Entem, PR 503, 1 (2011)

Phase Shift (deg)

0 100 200 300

0 100 200 300
Lab. Energy (MeV)



NN-phase shift by chiral EFT at N°LO

Machleidt & Entem, PR 503, 1 (2011)

Full interaction (peripheral + contact)
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NN-phase shift by chiral EFT at N‘LO

Order-by-order convergence Entem +, PRC 96, 024004 (2017)
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FIG. 2. Chiral expansion of neutron-proton scattering as represented by the phase shifts in S, P, and D waves and mixing parameters
e; and €. Five orders ranging from LO to N*LO are shown as denoted. A cutoff A = 500 MeV is applied in all cases. The filled and open
circles represent the results from the Nijmegen multienergy np phase-shift analysis [80] and the GWU single-energy np analysis SPO7 [102],
respectively.



NN-phase shift by chiral EFT at N4LO

Cutoff dependence
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NN-phase shift by chiral EFT at N4LO

Cutoff dependence

Phase Shift (deg) Mixing Parameter (deg)

Mixing Parameter (deg)

W0 H
o O

10

N
o

' 58 1.
— 81 o) 0o~“*:»:;’550 7 E,a 10 - D2 5 o |
‘i;{}f\o ) o.—— 950
o @o““” Y E .Mzz’ﬁm == 500
HeX A 1 £ . R -
r}.\*‘% D 5 . 450
o )
o § _ © | .//“
L .ﬁ
(o ¥ 0.\\ _|
L | L | L | L | L I L I L I L I
0 100 200 300 400 0 100 200 300 400
Lab. Energy (MeV) Lab. Energy (MeV)
- I l I B I | |
- 3 4~ 20+ 3 .
D g P2 ..
- - 550 - 15 ———— .
! [Ww ®500 £ ATEEEY 530
- . a < 10+ O ~, 9500 |
3. Ve 450 » //d * 450
o I
R | @ 5L ¢ _
) © 5 J
L/ = L @
o o -
® - 0 -
| L l L l L l L l | L l L l L l L l
0 100 200 300 400 0 100 200 300 400
Lab. Energy (MeV) Lab. Energy (MeV)
| 7.5 —
-3
) _ _—
.y 82 g 5 D3 . A _
- .’\h 2 - ®
. & B O i
- % o 2150 | O * °
i e & 5. O e ® |
M - _ 500 % @) WWW\WW”JMW.MM” WM;TTW%%
e 550 c I~ _~ 550
- 1 o ~=w2 500
2.5 450
L l L l L l L l L l L l L l L l
0 100 200 300 400 0 100 200 300 400
Lab. Energy (MeV) Lab. Energy (MeV)

Phase Shift (deg) Mixing Parameter (deg)

Mixing Parameter (deg)

40

0 100

200 300 400
Lab. Energy (MeV)

30

0 100

200 300 400

Lab. Energy (MeV)

0 100

200 300 400

Lab. Energy (MeV)

Entem +, PRC 96, 024004 (2017)

16 —T
-~ 1
g 121 D2 550 |
= _~@500
s 8 o " 450 1
n : ,ﬁsr‘*‘”
Q
o 4+ ® -
g |
o 0.\\. ]
| L l L l L l L l
0 100 200 300 400
Lab. Energy (MeV)
S
5 200 SP 550
o
& 2 ey
= O
£ 10 e
)
© f
s |
E 0.\%) _|
L l L l L l L l
0 100 200 300 400
Lab. Energy (MeV)
8 A . .
- [ 3 |
8’ 6 [):; _
s | /@228 -
e ()
£ 4r .}ﬁ,»‘ 500 _
» o
§ 2r o/ -
T o
O|.>)D’ —
L l L l L l L l
0 100 200 300 400

Lab. Energy (MeV)



NN-phase shift by chiral EFT at N4LO

)(2 and summary Machleidt & Entem, PR 503, 1 (2011)

Entem +, PRC 96, 024004 (2017)

Columns three to five display the x?/datum for the reproduction of the 1999 np database [173] (subdivided into energy intervals) by various np potentials.
For the chiral potentials, the x?/datum is stated in terms of ranges which result from a variation of the cutoff parameters used in the regulator functions.
The values of these cutoff parameters in units of MeV are given in parentheses. Tj,, denotes the kinetic energy of the incident nucleon in the laboratory

system.
Tiap bin (MeV) # of np data Idaho Juelich Argonne Vig [174]
N>LO [68] (500-600) N*LO [171] (600/700-450/500)
0-100 1058 1.0-1.1 1.0-1.1 0.95
100-190 501 1.1-1.2 1.3-1.8 1.10
190-290 843 1.2-1.4 2.8-20.0 1.11
0-290 2402 1.1-1.3 1.7-7.9 1.04

TABLE VIII. x?/datum for the fit of the pp plus np data up to 190 MeV and two- and three-nucleon bound-state properties as produced
by NN potentials at NNLO and N*LO applying different values for the cutoff parameter A of the regulator function Eq. (2.43). For some of the
notation, see Table VII, where also empirical information on the deuteron and triton can be found.

A(MeV) NNLO N*LO

450 500 550 450 500 550
x?/datum pp and np
0—190 MeV (2903 data) 4.12 3.27 3.32 1.17 1.08 1.25
Deuteron
B; (MeV) 2.224575 2.224575 2.224575 2.224575 2.224575 2.224575
Ags (fm~1/?) 0.8847 0.8844 0.8843 0.8852 0.8852 0.8851
n 0.0255 0.0257 0.0258 0.0254 0.0258 0.0257
Foe (fM) 1.967 1.968 1.968 1.966 1.973 1.971
O (fm?) 0.269 0.273 0.275 0.269 0.273 0.271
Pp (%) 3.95 4.49 4.87 4.38 4.10 4.13
Triton

B, (MeV) 8.35 8.21 8.10 8.04 8.08 8.12
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Machleidt, PRC 63, 024001 (2001) _________ Chiral EFT

scholarpedia.org/article/Nuclear Forces

1PE

Short

Vi) a) Inter-

mediate| Long range 2PE

y i

O | -

‘ Tk Short
range

T p

Spin-orbit force a) G’ I. S .|



http://scholarpedia.org/article/Nuclear_Forces

Problems of chiral EFT

22

Renormalization, power counting, and regularization

3NF LECs

Chiral N2LO 3NF

21

(¢15 €35 C4)

Weinberg power counting
with naive dimension analysis
— |ssues even at LO:

Alternative power
counting and/or

soft cutoff?
Amplitudes and observables

are not obtained
Renormalization of 17z (nonperturbative)

Lacks of contacts

Intensive works ongoing!

The LECs, ¢, and ¢y, cannot be
fixed from 2N observables.

17 + contact Contact Thelr fitting procedures
(cp) (cp) are not well settled.




Approach 1:
Fixed from purely 3-body systems

| personally believe this approach is appropriate.

Phillips, NPA 107, 209 (1968)

SH/’He g.s. energy

EMN N2LO (2017) A =450 MeV - —

- EMN N°LO (2017) _09% 75013

2.50/0.10
-~ 2.25/0.07

)“(;.50/-1.25 A =450 MeV E

0.25/-1.28
0.00/-1.32

A =500 MeV

Hebeler, PR 890, 1 (2021)

SH-Gamow-Teller trans.

Full Calculation

= No MEC -—-— A =500 MeV

— — No NNN Force
- — - No MEC, No NNN Force N’LO Epelbaum et al.

c— - dg=0 — - — - A = 450/700 MeV
 — No NNN Force’ C4 = 3.4 '''' A = 600/700 MeV

Gazit +, PRL 122, 029901(E) (2019)

-----------  OR

N-d scattering

R=0.9fm

pd minimum of do/dB at 135 MeV

Nnd ot at 135 MeV

pd minimum of do/d6 at 108 MeV
nd orwt at 108 MeV
pd minimum of do/dB at 70 MeV

nd ot at 70 MeV

nd scattering length 2a

Epelbaum +, PRC 99, 024313 (2019)




Approach 2:
Fixed from 4He and/or heavier systems o risseom00s)

*He g.s. energy n-a scattering
N2LO (D2, ET)
N2LO (D2, EP)

R—matrix

N2LO (D1, E7)

(
N2LO (D2, E7)
N2LO (D2, E1) |
N2LO (D2, EP) |]

P
3.0

Lynn, PRL 116, 062501 (2016)




Approach 3:

Totally phenomenological (NNLOsai)

Is it a realistic force?

Energy (MeV)
O = N W H U1 g9 @
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Ekstrém, 91, 051301(R) (2015)

From few-body systems to carbon and oxygen isotopes
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Chiral three-nucleon force



Entem +, PRC 96, 024004 (2017)

2N Force 3N Force

LO
A0 >< Many-nucleon forces are derived
(Q/Ay) . e
consistently in chiral EFT

NNLO .]
(Q/Ax)g SR




Entem +, PRC 96, 024004 (2017)

2N Force 3N Force

LO
(Q/A,)° Many-nupleon fo.rces are derived
- consistently in chiral EFT
NLO
(Q/A)°
Same coupling const.
NNLO
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Few-body
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Fundamentals of 3NF

d + p scattering

E=250 MeV

0.4

3% 0.0

-0.4

] .
......

E=250 MeV

K
\.‘

120 180 0
0

Witala +, PRC 105, 054004 (2022)

60 120 1¢
0, [deg]

Many-body (my interest)

v
e -
1 & IS

SH/3He structure

Interaction A ECH) E(CCHe) AEj
CD-Bonn+TM 4784 —8478 —7.735 0.743
AV18+TM 5156 —8478 —7.733 0.744
AV18+TM’ 4756 —8448 —7.706 0.742
AV18+Urb-IX —8.484 —7.739 0.745
AV18+Urb-IX (Pisa) [69] —8.485 —7.742 0.743
AV18+Urb-IX (Argonne) [28] —8.47(1)

Expt. —8.482 —7.718 0.764

Nogga +, PRC, 65, 054003 (2002)



Sagara discrepancy
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3N Force




Ay puzzle
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Cf. also Girlanda +, arXi1v:2302.03468



Space-star anomaly

Witata +, Few-Body Syst 60, 19 (2019)
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Yabe +, Few-Body Syst 50, 291 (2011)
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Nuclear matter saturation
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s-shell nuclel
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sd-shell nucleli
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pf-shell nuclei
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Perturbative calc.

Coraggio +, PRC 87, 014322 (2013)
Coraggio +, PRC 89, 044321 (2014)

~ 10—20 MeV/A repulsion



Implementation of chiral forces
to shell model




Shell model | Concepts

38

Valence-space diagonalization

ab initio

Shell model

Diagonalization of Hamiltonian
within valence model space
using harmonic-oscillator bases

Hartree-Fock Configurations

Realistic shell model (RSM)

= Shell model (valence space) with a realistic force

Applicable to heavier systems

Active nucleons



Realistic Hamiltonian

H = Hip + Hap —I--

Single-particle  Chiral 2NF  Chiral 3NF
energy at N3LO at N2LO
+ Coulomb

Shell-model framework

ab initio NCSM Diagonalization
I Eigenvalues
Effective Hamiltonian Eigenvectors
Heff
RSM: Many-body Diagonalization

Our framework  perturbation theory
N No empirical inputs
Coraggio +, AP 327, 2125 (2012) for shell-model calc.



Many-body perturbation theory (1)

Beyond
valence

P space
(model space)

Core
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O
>

<@

Q

O
e
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©
Q-

Q
o)

p=

0p)

H = Hy+ H;

Q space

Ho. = PHP = PHyP + H"

H=XTHX

W
X =e (Similarity transformation)

Coraggio +, AP 327, 2125 (2012)

Feshbach projection operator

P = Z |D;) (Pif

P*=P Q*=Q,

Q=1-P

PQ = QP =0

P @
Heff 0
0 QHE




Many-body perturbation theory (2) Coraggio +, AP 327, 2125 (2012)

Suzuki & Lee, PTP 64, 2091 (1980) w = QwP

PwP = Qw(@) = Pw@ =0
- (PwP Pw@ 0 0
Y QuwP Quw@ - QwP 0

PHP = PHP + PHQu

PHQ = PHQ

QHP =QHP + QHQw — wPHP — wPHQw =0

QHQY =QHQ) — wPHQ Decoupling equation



Many-body perturbation theory (3) Coraggio +, AP 327, 2125 (2012)

1 1

_ eft
MR T R oY To
obox  Qeo) = PHiP + PH\Q — 1@1{@ QH, P
HY () = Qleo) = PHIQ— ;HQwaff(w)
i ) 1-1
- _1—|—PH1Q€O_QHQW- Q(Eo)




Many-body perturbation theory (4) Coraggio +, AP 327, 2125 (2012)
2 1

0 box Q(Go):PHlp—l-PHlQGO_QHQQHlP
1 S (QH1Q)
— Perturbative expansion  —OHO Z

HHHM

HH. L H

1-body diagrams 2-body diagrams




Normal-ordering approx. of 3NF

44

Normal-ordering approximation
— 3NF as a modification of SPE and 2BMEs

E_xcluoEI

3 contractions  } ! § 1contraction | 0 contractions
(Core S-ta-te) . N T ]

Normal-ordered 2-body term
| 1 J19




Normal-ordering approx. of 3NF
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Normal-ordering approximation T
— 3NF as a modification of SPE and 2BMEs abefed = ajayalasacaa
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Results



Results
will be given in Seminar tomorrow



