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Nuclear force
[0 Acts between two or more nucleons

O Binds protons and neutrons into atomic nuclel
O Plays an important role in whole nuclear physics

e Ab-initio calculation & machieiat, arxiv:2307.06416

ONLYinput: Realistic —

Nuclear force

e.g. NN: AV18, CD-Bonn, Reid93, N3LO..
3N: Tucson-Melbourne, NNLO... S

Exactly Solve: Many-Body
Hamiltonian

e.g. no-core shell model,
Green's function MC method,
(R) Breuckner-Hartree-Fock
Nuclear Lattice EFT...

Nuclear reaction

Detailed understanding of the strong nuclear force is essential!
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Nuclear force from QCD

O Residual quark-gluon strong interaction g e
TPC/
0 Understood from Quantum Chromo-Dynamics S T

* Fundamental theory for strong interactions

* In the low-energy region
5 S.Bethke, PPNP(2013)
i i Q) §
v Runnmg Coupllng constant > ‘ T aa Deep Inelastic Scattering
_ 04§ oe e'e Annihilation i
v Non-perturbative QCD a, > 1 o Hadron Collisions

= ® Heavy Quarkonia

0.3}

Low-energy phenomena

* Phenomenological models 02 |

e | attice QCD simulations

e Chiral effective field theory 0.1}

1
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Nuclear force studies
O NF from phenomenological models (since 1935, Yukawa OPE ) 9

300""T'lll|llv|vl:lllnu
180channel-

* Meson “theory”. CD-Bonn g wmachieict prc2001

200:—
|
n 3 |
T 1 p---- P, ®, G = 100 T
---------- = I |
- N |
0 IEMAREE S e
N N N N N N CD Bonn
- Reid93
-100 - AV18 -
. . ] i - r(fm]
o Operators parameterization: Reid93, v stoks, PRC(1994) T R e
AV 18, R. Wiringa,PRC(1994) N. Ishii et al. PRL(2007)

V=V 1 + V(o -0, + Vig(NL-S +VHr)e, - qo, - q ++

O NF from lattice QCD simulations (since 2006)

e HAL QCD coll. T Hatsuda, s. Aoki, T. Doi et al. I
NE
 NPLQCD coll. s. Beane, M. Savage et al. |
v Callat coll. / sLapHnn coll. ‘.,ff.'

v T. Yamazaki et al.

e Mainz coll. H. wittig, H. Meyer et al.
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Nuclear force — Weinberg’s seminal work

Nuclear forces from chiral lagrangians

Steven Weinberg !
Theory Group, Department of Physics, University of Texas, Austin, TX 78712, USA

Received 14 August 1990 PLB251(1990)288-292

EFFECTIVE CHIRAL LAGRANGIANS FOR NUCLEON-PION
INTERACTIONS AND NUCLEAR FORCES

Steven WEINBERG*
Theory Group, Department of Physics, University of Texas, Austin, TX 78712, USA

Received 2 April 1991  NPB363(1991)3-18

* Self-consistently include many-body forces

V= V2N+ V3N+ V4N+ cec

* Systematically improve order by order (heavy baryon ChEFT)

v

l

N = V ‘/IIZ\IVL V NLO

» Scattering amplitude: Schrodinger / Lippmann-Schwinger Eq.

2m
i=1 N

— A Vz

[0 Provide a systematic and solid theoretical approach to study

the few-nucleon scattering
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Renormalization issue of chiral force
O Renormalizability: important feature of an EFT

rflteration of the chiral NN potential within LSE )
d?’k TN
T (p,p) =V (p, +/ V(p. Kk T(k.
(p',p) (P, p) 2m)? (p )p2 — 2 1o Lk, p)
. = UV divergencies cannot be absorbed by contact terms! /)

* Leading order NN potential

2
. 0‘ .
Vio=Cs +Croy - o 2—%7'1 T ;zq :qu

* |terated one-pion exchange potential (ladder diagrams)

. Logarithmic Divergence

| k — oo ( Q )n

| > ~ m
, , : Spin-triplet N

.M. Sr;lvage, arXiv:nucI—:ch/9804034. CannOt be absorbed by CSa CT
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Renormalization issue of chiral force
O Renormalizability: important feature of an EFT

rflteration of the chiral NN potential within LSE A
d?’k’ TN
T (p,p)=V(p, +/ V(p k T (k,
(P, p) (P, p) 27)° (P, k) 7R e (k,p)
. = UV divergencies cannot be absorbed by contact terms! /)
* Leading order NN potential
y 01°:4q02-(q

dga
Vio=Cs +Croy - o 2—?7'1 T2 @ + m?

* |terated one-pion exchange potential (ladder diagrams)

. Logarithmic Divergence

| k — oo ( Q )n

| > ~ m
, , : Spin-triplet N

.M. Sévage, arXiv:nucI—:[h/9804034. CannOt be absorbed by CSa CT

Weinberg’s proposal is inconsistent with renormalization, even at LO!
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Deal with the renormalization issue
0 Possible solutions

* Weinberg power counting

v Chiral potential V =V, 5+ V1o + . .. iterated in LSE

v Keep finite cutoff lower than hard scale: A <A ,; ~1GeV
APk my

T(p,p)=V(pp)+ /

v WPC is consistent  G.p Lepage, nuc-th/9706029; E.Epelbaum, J.Gegelia, UI-G. Meiner. NPB9I25(2017)161

> Renormalization achieved only at infinite chiral order

> Towards a formal proof A.M. Gasparyan, E. Epelbaum PRC105(2022)024001; 107 (2023) 044002

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)



Deal with the renormalization issue
0 Possible solutions

* Weinberg power counting

2NF 3NF 4NF

LO (Q%) >< H . - 1990 | LO

S. Weinberg, PLB 1990, NPB1990

woe X I — -

U. van Kolck et al, PLB1992, PRL1994
N. Kaiser et al., NPA1997

wo  HE RN -

U. van Kolck et al., PRC1994 U. van Kolck et al., PRC1994
E. Epelbaum et al., NPA1998, 2000

e L4 - 2003 | N3LO: 2N

3 4 :-:, :‘:‘:' eoe ,'II hY - ) — /
wo@) X X - 2007 | N3LO: 3N
R. Machleidt et al., PRC2003 S. Ishikwas et al., PRC2007 E. Epelbaum, PLB2006, EPJA2007 |
E. Epelbaum et al., NPA2005 V. Bernard et al., PRC2007
- HER - ] - 28 | noea
N“LO (Q?) [ o 3 £8 | )
R. Machleidt et al., PRC2015 H. Krebs et al, PRC2012,2013 Not yet... In future N4LO: 3N
E.Epelbaum et al, PRL2010 Short-range loop contrib. still missing I & 4N
P. F. Bedaque, U. van Kolck, Ann. Rev. Nucl. Part. Sci. 52 (2002) 339 j
E. Epelbaum, H.-W. Hammer, UIf-G. MeiBner, Rev. Mod. Phys. 81 (2009) 1773 N°LO: 2N

R. Machleidt, D. R. Entem, Phys. Rept. 503 (2011) 1
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Deal with the renormalization issue
0 Possible solutions

* Weinberg power counting

v Chiral potential V =V, 5+ V1o + . .. iterated in LSE

v Keep finite cutoff lower than hard scale: A <A ,; ~1GeV
APk
(2m)?

G.P. Lepage, nucl-th/9706029; E.Epelbaum, J.Gegelia, Ulf-G. MeilBner, NPB925(2017)161

my
p? — k? + 1€

T(p',p)=V(pp) +/ V(p' k) T(k,p)

v WPC is consistent
> Renormalization achieved only at infinite chiral order

» Towards a formal proof A.M. Gasparyan, E. Epelbaum PRC105(2022)024001; 107 (2023) 044002

v High precision chiral nuclear force

Phenomenological forces Non-Rel. Chiral nuclear force
. CD- 3 4y ~+
Reid93 AV1S8 Bonn LO NLO NNLO | N’LO N'LO
0 include 4 ct. |
in F-waves
24+2 24+3+4
No. of para. 50 40 38 2+2 9+2 92 (3 redundant) | (3 redundant)
94 36.7 5.28 1.27 1.10
2
)( /datum D. Entem, et al., PRC96(2017)024004 I d a h o
1.03 1.04 1.02
np | mw0-300Mev 75 14 4.2 2.01 1.06 i}
P. Reinert, et al., EPJA54(2018)86 Bochum/Juelich

Xiulei.ren@sdu.edu.cn
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Deal with the renormalization issue

0 Possible solutions

* Weinberg power counting
» Kaplan, Savage, and Wise (KSW) power counting
D.B. Kaplan, M.dJ. Savage, M.B. Wise, PLB424(1998)390

v Treat the exchange of pions perturbatively
—>—/\—>—
LO: only contacts L T >< + ><>< t oees
=2 1
! + : T eee

NLO: perturbative OPE
v Fail to converge in certain spin-triplet channels s. Fleming, et al., Nucl.Phys. A677 (2000) 313
D.B. Kaplan, PRC102(2020)034004

100 ,
NNLO,”

150 - I
L 5 - /
7 P, /
] o0
f | S
100 - © o
a L 01 , 4 NLO
@ 7 I ,’/ e -
S | I ’, -
4 -
50 25 |- R
I | o
S | // /
~ NLO i K A A
i 1 0 pa—-s A
0 L L S e A
100 200 300 0 100 200 300
p(MeV)
Bingwei Long et al. CD2024, in progress

0
p(MeV)

v Perturbative pion scheme with re-organized contacts
Xiu-Lei Ren (SDU)
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Deal with the renormalization issue
0 Possible solutions

* Weinberg power counting
» Kaplan, Savage, and Wise (KSW) power counting

* Modified Weinberg power counting

v Promote the higher order contact terms to the lower chiral order

A. Nogga, et al., PRC72(2005)054006 M. C. Birse, PRC74(2006)014003 M. Pavon Valderrama,PRC72(2005) 054002.
B. Long and C.-J. Yang, PRC84(2011)057001 ...

H. W. Hammer, S. Kénig, U. van Kolck, Rev. Mod. Phys. 92(2), 025004 (2020)

v Renormalization achieved at every chiral order with A > A p;

—>—T>—
[LO] . Higher order
Vitwpc = T I T T contacts
>
» Seemingly cannot be fulfilled due to exceptional cutoffs A. Gasparyan, E.Epelbaum, PRC107, 034001 (2023)

20 T 1 40—

10} 1 2}

] J """ | C.-J. Yang, PRC 112, 014004 (2025)
1 %l ]

0r 0r

Phase Shift [deg]
o

—10} 1-20} 1-20f

_2-...|. ....... _4 ..... P P
0 2 4 6 0 2.6990 2.6991 0 6.4149 6.4150

A[GeV] A [GeV] A[GeV] Elab=130 MeV
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Deal with the renormalization issue
0 Possible solutions

* Weinberg power counting
» Kaplan, Savage, and Wise (KSW) power counting

* Modified Weinberg power counting

Still under debate !!!

Nuclear Forces for Precision Nuclear Physics: A Collection
of Perspectives Few-Body Syst (2022) 63:67

The collection represents the reflections of a vibrant and engaged community of researchers
on the status of theoretical research in low-energy nuclear physics, ...
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Deal with the renormalization issue
0 Possible solutions

* Weinberg power counting
» Kaplan, Savage, and Wise (KSW) power counting

* Modified Weinberg power counting

Still under debate !!!

Nuclear Forces for Precision Nuclear Physics: A Collection
of Perspectives Few-Body Syst (2022) 63:67

The collection represents the reflections of a vibrant and engaged community of researchers
on the status of theoretical research in low-energy nuclear physics, ...

10 Nuclear Forces in a Manifestly Lorentz-Invariant Formulation of Chiral Effective Field Theory
by Xiu-Lei Ren, Evgeny Epelbaum, Jambul Gegelia

We outline the advantages and disadvantages of manifestly Lorentz-invariant formulation of chiral effective
field theory (x EFT) for the nuclear forces compared to the non-relativistic formalism.

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)



Chiral forces in Lorentz invariant framework

O Initial idea: modified Weinberg approach e epeibaum and . Gegelia, PLB716(2012)338-344

 Employ the covariant chiral Lagrangian

* Apply Weinberg power counting to organize the NN potential

v Relativistic corrections are perturbatively included
V(p',p) = U1 U2 -AU1U2, with uw = Uog + Uy + Uy + - -

* Use Kadyshevsky equation to calculate the scattering T-matrix
V. Kadyshevsky, NPB (1968)

d°k V(o k) ma, 1
erp PN Sk md) P d i — R ik + e

* LO study: a renormalizable framework

T (p,p) =V (p,p) +/

- No need a finite cutoff to numerically
solve the scattering equation

phase shift [deg]

- A good starting point to investigate
the renormalization issue in rel. scheme

1000
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Chiral forces in Lorentz invariant framework

O But, why Kadyshevsky equation for the relativistic NN scattering

e Bethe-Salpeter equation

v 4D form and hard to solve it exactly (open question)

e Reduction BSE to its 3D forms & m. woloshyn and A. b. Jackson, NPB 64, 269 (1973)
v In principal, there are infinity numbers of 3D forms
v Blankenbecler-Sugar eq.; Thompson |, Il egs.; Gross eq.; ...

v Kadyshevsky eq.; Erkelenz-Holinde eq., ...

[ A systematic framework of chiral force should have a unique
choice of scattering equation

* Non-rel. scheme with the Lippmann-Schwinger equation

* Important for the discussion of the renormalization issue

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)



Chiral forces in Lorentz invariant framework
O But, why Kadyshevsky equation for the relativistic NN scattering

e Bethe-Salpeter equation

v 4D form and hard to solve it exactly (open question)

e Reduction BSE to its 3D forms & m. woloshyn and A. b. Jackson, NPB 64, 269 (1973)
v In principal, there are infinity numbers of 3D forms
v Blankenbecler-Sugar eq.; Thompson |, Il egs.; Gross eq.; ...

v Kadyshevsky eq.; Erkelenz-Holinde eq., ...

[ A systematic framework of chiral force should have a unique
choice of scattering equation

* Non-rel. scheme with the Lippmann-Schwinger equation

* Important for the discussion of the renormalization issue

0 We proposed a systematic framework within the time-ordered ‘

perturbation theory (TOPT) using covariant chiral Lagrangians

* Formulate the NN interaction up to next-to-next-to-leading order 1

—— E———— e ———— e e —— e E———— e —— i —— — e —— e — E— e J:J

R

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)
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Major procedures of chiral NF

(D Effective Lagrangians from chiral perturbation theory

(2) Drive the NF from Lagrangian (power counting, unknown coupling constants)

(3 Obtain the scattering amplitude by solving the Schrodinger /
Lippmann-Schwinger equation (other scattering equations)

4 Describe partial wave phase shifts, scattering data

Xiu-Lei Ren (SDU)



Chiral Perturbation Theory

O Effective field theory of low-energy QCD
e Chiral symmetry SU(2); X SU(2)p

e Spontaneous and explicit symmetry breaking

=> Pseudo-Goldstone bosons (GBs): pion...

* Mapu,dg

uark d.o.f.s to GBs

S. Weinberg, Phys.A 96(1979)327
A

Heavy Fields

= AChPT

Light Fields

.

Lqcple, §; G] = Lener[U,0U, B, M, - - -].

e Expand scattering amplitude in powers of Q

Q=

* (Chiral) Effective Lagrangian

Xiulei.ren@sdu.edu.cn

Leg =Ly + Lin+ LN
K

= Dt )+

4

Callan, Coleman, Wess, Zumino, Phys.Rev. 177(1969)177

momentum of pions and nucleons or /M _~140 MeV

hard scales [Aqppr = 47F, ~ 1GeV]

Matthias R. Schindler

A Primer for
Chiral
Perturbation
Theory




Chiral Perturbation Theory

O Effective field theory of low-energy QCD
metry SU(2); X SU(2),
e Spontaneous and explicit symmetry breaking

=> Pseudo-Goldstone bosons (GBs): pion..

e Chiral sym

* Mapu,dg

uark d.o.f.s to GBs

S. Weinberg, Phys.A 96(1979)327
A

Heavy Fields

= AChPT

Light Fields

:

Lqcple, §; G] = Lener[U,0U, B, M, - - -].

e Expand scattering amplitude in powers of Q

Callan, Coleman, Wess, Zumino, Phys.Rev. 177(1969)177

momentum of pions and nucleons or /M _~140 MeV

Q=

Xiulei.ren@sdu.edu.cn

hard scales [Aqppr = 47F, ~ 1GeV]

Matthias R. Schindler

A Primer for
Chiral
Perturbation
Theory




How to obtain chiral forces?

O Nuclear force from Chiral Lagrangians

* |rreducible time-ordered diagrams Weinberg 90; van Kolck et al. '93, ...
v Box diagram, two pion exchange contribution:
- I,/i + t‘:~1 L e S S AU S B
V(4) reducible part

e Matching to the amplitude (perturbatively) «kaiser o7, machieiat, 03...

Py @) = @) - (/\D (/\D,

Acher ASNENAS

 Decouple pion states via a suitable unitary transition in the Fock
S pa ce Epelbaum, Glockle, Meissner, 98

—

Lead to the same results

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)



How to obtain chiral forces?

O Nuclear force from Chiral Lagrangians

®‘ Irredumble tlme ordered diagrams  weinberg 90; van koick et al. 93, .

= — L e — N

— I,f:/j + r\:~1 + '.'.’.’_.’._:’ + .\\\' + .I:/ + \:I
\ ~ 4
V(4) reducible part

* Matching to the amplitude (perturbatively) «aiser 97, Machieict, 10s...

Py @) = @) - (/\D (/\D,

Acher AN ENAS

 Decouple pion states via a suitable unitary transition in the Fock
S pa ce Epelbaum, Glockle, MeiBner, 98

—

Lead to the same results
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TOPT with covariant Lagrangian
O Time-ordered perturbation theory (TOPT) THEORY

QUANTUM
FIELD

S. Weinberg, Phys.Rev.150(1966)1313

. . ey
Defl n |t|0n G.F. Sterman, “An introduction to quantum field theory”, Cambridge (1993)

v Re-express the Feynman integral in a form that makes the connection with on-mass-
shell (off-energy shell) state explicit. This form is called TOPT or old-fashioned PT

v (In short) Instead the propagators for internal lines as the energy denominators for
Intermediate states

» Advantages = = = ><j>< N i

v Explicitly show the unitarity
v One-to-one relation between internal lines and intermediate states

v Easily to tell the contributions of a particular diagram
e Derive the rules for time-ordered diagrams
v Perform Feynman integrations over the zeroth components of the loop momenta

v' Decompose Feynman diagram into sums of time-ordered diagrams

v' Match to the rules of time-ordered diagrams

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)



Diagrammatic rules in TOPT

» External lines

XLR, PoS(CD2021)007

Spin 0 boson (in, out « P 1

Spin 1/2 fermion (in, out)

u(p), u(p’)

» Internal lines

1
Spin 0 (anti-)boson — > >
2e, €=1/q4"+M
Spin 1/2 fermion e 7]
p w—pZ u@E®D) |, o
m
anti-fermion — Z u(p)u(p) — 7
Dp
» Intermediate state
1
A set of lines between two vertices :
E—Y w,— Y€, +ic
i J
> Interaction vertices: the standard Feynman rules v particle p’ = w(p, m)
 Zeroth components of integration momenta v antiparticle pO — — w(p, m)

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)




Chiral potential in TOPT

O Chiral potential V
* Define: sum up the two-nucleon irreducible time-ordered diagrams

* Power counting: systematic ordering of all graphs

v Employ the Weinberg power counting to perturbatively calculate potential

Vet = Z(Q/AX)VVV

1%

1 1

e |Leading Order: O 7
>< LECs \ ,

e Next-to-Leading Order:
>< LECs

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)



Scattering equation in TOPT

O Scattering amplitude T (non-perturbative)

™ = V] + Ve

=P =P’ =K

* Non.-Rel.: Lippmann-Schwinger equation

dgk TN

Tr(p,p) =V, p) +/ (QW)?)V(p’,k)p

* Rel.: Kadyshevsky equation (SELF-CONSISTENTLY obtained in TOPT)

v Two-body Green functions G:

m; m;

" E(k,m) E(k,m) E — E(k, m;)) — E(k, m)) + i€

G/(E)

v Kady. equation for NN scattering v Kadyshevsky, NPB (1968)

A3k m3 1
T (p,p) =V (p V(P k)5
(p,p) (pap)_l_/(zﬂ.)?; (p’ )QElep—Ek—FiE

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)
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Scattering equation in TOPT

O Scattering amplitude T (non-perturbative)

™ = V] + Ve

=P =P’ =K

* Non.-Rel.: Lippmann-Schwinger equation

dgk TN

(2m)3 Vip.k p

T p) =V, p) +/

v Two body Green functlons G

GA(E) = : -
P E(k, m) E(k,m) E — E(k,m;) — E(k, mj) + i

v Kady. equation for NN scattering v Kadyshevsky, NPB (1968)

T('»ﬂ%'>+/f%v<k>2 1
2B = VAP (27m)3 P 2F? B, — Ej, + ie

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)
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Partial wave phase shifts
O Perform the p.w. decomposition of potential

(P'|Violp)

rotation invariant

> (L'SJ|Vio|LSJT)

conservation of total spin

* e.g. p.w. channels for NN scattering

28+1 LJ

S=0 S=1

J=0 1S0

3P0

J=1

Ip,

3P I 3D1, 3S1, 3D 1'3S1

J=2

IDZ

3D 2 3F 2 3P 2 3F 2'3P 2

e p.w. phase shifts
http://nn-online.org

v Solve Kadyshevsky equation in LSJ-basis

N-Oniine

This is the main men

v Obtain the p.w. scattering T-, S-matrix

u to the several programs that NN-OnLine has to offer on the nucleon-nucleon interaction.

About NN-OnLine @ Info and instructions

@ Phase shifts

. . a ent, an For a given energy
future Versus energy (table)
v e.g. Single channel phase shifts
. @ Scattering amplitudes Table; versus angle; e
eraction Figu );
); versus angle and energy
sus angle; energy fixed (short,long)
); versus angle; energy fixed
)

YN interaction
O ’ ° O ’ col nts Figure (3d); versus energy and angle
— P NP total cross-sections versus energy (table)
Publicati
J— e x 2:1 uplications @ Experimental NN scattering data Browse the NN database
’ ’ ’ Code Bi al ots
Ci a

@ The deuteron Deuteron properties

b

gure (

gure (
@ Scattering observables Table; ver:

igure (

gure (

P

H. P Stapp, et al., Phys. Rev., 105: 302 (1957) S — S e
Xiu-Lei Ren (SDU)
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http://nn-online.org

Partial wave phase shifts
O Perform the p.w. decomposition of potential

(P'|Violp)

rotation invariant

> (L'SJ|Vio|LSJT)

conservation of total spin

* e.g. p.w. channels for NN scattering

28+1 LJ

J=0

S=0 S=1

(&) p.w. phase shits
v Solve Kadyshevsky equation in LSJ-basis

v Obtain the p.w. scattering T-, S-matrix

1S0

3P0

J=1

Ip,

3P I 3D1, 3S1, 3D 1'3S1

IDZ

v e.g. Single channel phase shifts

Sy y=exp(2id;”)

H. P Stapp, et al., Phys. Rev., 105: 302 (1957)

Xiulei.ren@sdu.edu.cn

3D 2 3F 2 3P 2 3F 2'3P 2

http://nn-online.org

N-Oniine

This is the main men

About NN-OnLine @ Info and instructions

Past, pre: d @ Phase shifts
future

. @ Scattering amplitudes
NN i
YN interaction

@ Scattering observables
TINN coupling
constal
Publi
uolie @ Experimental NN scattering data

Code
Phy: in Nijmeg @ The deuteron

Xiu-Lei Ren (SDU)

u to the several programs that NN-OnLine has to offer on the nucleon-nucleon interaction

S a n ner
; versus angle; energy fixed (short,long)
rsus

e

otal cross-section sus energy (table)

rowse the NN database

rowse the NN database and make abundance plots

alculate x2 for your own data

Deuteron properties
n wave



http://nn-online.org

Major procedures of chiral NF

(D Effective Lagrangians from chiral perturbation theory

e | orentz invariant chiral Lagrangian

(2 Drive the NF from Lagrangian
e |rreducible time-ordered diagrams

e \Weinberg power counting

(3 Obtain the scattering amplitude by solving the Kadyshevsky
eguation

e Self-consistently obtained in TOPT

4 Describe partial wave phase shifts, scattering data

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)



Related tutorials & lecture notes

— general: EE, Nuclear forces from chiral EFT: A primer, arXiv:1001.3229

— renormalization:
Lepage, How to renormalize the Schrodinger equation, nucl/th:9706029
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Short summary for theoretical framework

O Follow the standard procedure of formulating chiral forces in time-
ordered perturbation theory S. Weinberg, PLB1990, NPB1991;

C. Orddriez, U. van Kolck PLB(1992)

Non-relativistic

Lorentz invariant
(Heavy-baryon)

...........................................................................................................................................................................................................................

P 1
; ‘PN{iYuD”‘mN+58AII/}’5}‘I’N
NT[i(v - D) + go(S - w)| N :
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TOPT diagrams

...........................................................................................................................................................................................................................

Scattering equations
(T=V+ VGT)

...........................................................................................................................................................................................................................

Power counting Weinberg p.c. Weinberg p.c.

XLR, PoS(CD2021)007
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Extend to BB and MB scatterings

Baryon-baryon scattering Meson-baryon scattering
I E ; LY * * LN *
Potential >< o N RECHR B N \\ Ty

TOPT diagrams — — = “ —— =
Green function :
| BB M 1M 1 1
v w, 0, E—w, —o, +ic ) :
m; “my; m; m; E wy o, E—wy— o, +ie

O Unify the description of SU(3) baryon-baryon and meson-baryon

scatterings within our TOPT framework

« S = — 1 baryon-baryon interaction at LO
XLR, E. Epelbaum, J. Gegelia, Phys. Rev. C 101, 034001 (2020)

e § = — 1 meson-baryon interaction at LO and NLO / A(1405)

XLR, E. Epelbaum, J. Gegelia and U.-G. Mei3ner, EPJC 80 (2020) 406; 81 (2021) 582;
XLR, Phys. Lett. B 855,138802 (2024)
XLR et al., work in progress

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)
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Chiral Lagrangian up to NNLO

O Lorentz-invariant effective Lagrangians

Lo =L+ LY+ LA+ Ly + Loy

¢ Purely pioniC sector J.Gasser, H. Leutwyler, Ann.Phys.(1984)

f2
. One'nUC|eon SeCtOr J. Gasser, M. E. Sainio, and A. Svarc, NPB(1988)

1
§9A¢’Y5} N

Co

LY — gy {m —-—

5 (u'u”) (D, D, + hec.) +

€3 Cy4 v
o 2w = S )

9 _
€8 = B {arti) - 5
v f,=924 MeV, g, = 1.267, ¢ ;34 determined by 7N scattering data

e Two-nucleon sector (with unknown LECS) N.Fettes, U.-G. MeiBner, S. Steininger, NPA(1998)
1 _ _ _ _ _ _
[1533\/ =3 Cs(TNTUN)(TNTN) + Ca (Un8n) (UnsPn) + Cv (Uny,Pn) (U )
+Cav (Uny,7598) (I 150 N) + Cr (Uno V) (Uyo Uy )]
5%\] _ Z U U O, UyT,y  LGirlanda, S. Pastore, R. Schiavilla, M. Viviani, PRC(2010)

Yang Xiao, Li-Sheng Geng, XLR, PRC(2019)
E. Filandri, L. Girlanda, PLB (2023)

1=1
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Leading order potential
0 Contact nucleon-nucleon interaction ><
+— LY\

e According to our TOPT rules
Vo,c = Cslitz )ity uy) + Cy(itz s uy)(gysiy) + Cylitz v, )iy y* uy)
+Cyy (U3 7,5 u) iy y"ys uy) + Crlits 0y, uy)(ity 6 u3)

e Contain higher order contributions according to Weinberg P.C.

* Perform the expansion for the nucleon energies
Vo(p, my) + my =4/2my + O(p*)

Vioc = (Cs+Cy) — (Cay —2Cr) o1 - 09

v Two independent parameters to be fixed

v Consistent with the non-relativistic contact terms

S. Weinberg, PLB251(1990)288-292

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)




Leading order potential
O One-pion-exchange (OPE) potential

/
/ \

* According to our TOPT rules .
v B 95 1 [ (Usy"v5quur) (WaY” V5q,u2)
0,0PE = — 571" T2 ; ;
4f2 2w(q, M) |w(p,my) +wp,my) +w(q, My) — E — ie

(3" y5quu1) (Uay" V54, u2)
W(p, mN) _I_w(p,’mN) +W<Q7 Mw) — F — 1€

_|_

* Contains higher order contributions according to Weinberg P.C.

e Perform the expansion for the nucleon energies in numerator
Vo(p, my) + my = +/2my + 6(p*)

94 4m3y

472" (g, My) (my +w(p, my)) (my +w(p/, my))
O1:qO02-(q
w(p,my) + w(p',my) +w(q, My) — E — ic

X

e Milder UV behaviour than that of the non-relativisitc OPEP

k— 0

Vope(Pp', k) —— Our p vs. Non-Rel. o

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)




UV Behavior of the long-range potential
L One-loop integral VG V-

A3k
Ivay = Vore G(F) Vopg

(27)°
k — o R

- 1 11 1

Our: [‘(/)GV — / dk> = 73 7 / dk’ 75 Ultraviolet convergent!
k k> k K
1 1
NR: ]xljgv — / dk? 1 — 1= / dk’ 12 Ultraviolet divergent!
O lteration of our OPEP
k — oo

|
b »  Finite diagram!
\

—— e e o
il

e Scattering amplitude from OPEP is cutoff independent

Tope = Vore + Vope G 1opE Renormalizable!

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)




Phase shifts: cutoff-independent

NN single channel: e.g. 1S0 * NN couple channels: e.g. 351
2 R A _ 180 ————————————————— ————
. --= A=5GeV | iy e A =5 GV
\\\‘ """" A =10 GeV | :‘;’i“\ ....... A =10 GeV
Of \\ —— A=20GeV ] 160 |\, e A=20GeV ]
SN A=50GeV | RN A =50 GeV
el \\ A =100 GeV | Lol \‘\:'\;¢§:.\ A =100 GeV |
@ *\‘ @ \\\'.:'~\.;.'\.
= : N " = : R
<~ —10] e < 120 .
_15 — 1 SO Q‘\.Q‘.\';\\_L\u _ 100 _ 381 \\\\\\N\\\\\\\-
—20 I S S S \:::" &0 R
0 50 100 150 200 250 300 0 50 100 150 200 250 300
ELxl [Me\/] EL} [Me\/]

“* Our LO potential is perturbatively renormalizable!

* All divergences appearing from its iterations can be absorbed in the
coupling constant of the contact interaction

* Scattering equation has unique solutions for all partial waves

e Avoid finite-cutoff artefacts inherent to the conventional non-relativistic
framework

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)



Phase shifts at LO

0 Two LECs: fixed by scattering lengths of 1Sg and 3S1 (A = 20 GeV)

150 F——————

0

1S 150
— 100 . ]
: K | 100 {1 —10f
S, _
o0F @ 1 i ]
) _ ° | 50 _oo |t
0
30t
80 i
& - 20 f
=, _
o 10
"o0
()
=,
o
i ] I ° ]
30 ....... 0 M . ] . 0
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Elab [Me\/] Elab [MeV] Elab [MGV] Elab [Me\/]

* Provides a reasonable description of the empirical phase shifts

v 1Sy and 3Py : Large deviation

v Part of the subleading corrections must be treated non-perturbatively —

V. Baru, E. Epelbaum, J. Gegelia, XLR, Phys. Lett. B 798, 134987 (2019)
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Beyond Leading order studies
O Two strategies to include higher orders

* Restricting the non-perturbative treatment to the (non-singular) LO potential
and higher-order interactions are treated perturbatively

v Systematically remove all divergences from the amplitude

* Full effective potential (LO + higher orders) are treated non-perturbatively
v Milder UV behavior offers a larger flexibility regarding admissible cutoff

v Direct input for few-/many-body problems

0 Here, we focus on the second strategy (as a first step)

 Formulate the chiral nuclear potential up to NLO and NNLO

v Higher order contributions is computationally more demanding

e Calculate the two-pion exchange contribution at one-loop level

XLR, E. Epelbaum, J. Gegelia, Phys. Rev. C 106, 034001 (2022);
XLR, E. Epelbaum, J. Gegelia, 2510.22648 [nucl-th]
XLR, et al., in preparation

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)


https://arxiv.org/abs/2510.22648

Study of NLO potential in TOPT

O Time ordered diagrams up to NLO

_ 1
LO >< / * ES) = Uy {le — My + 594 ¢V5} Wy

\\ \ \ / / // o 1 .7
~ DN \ / /7 Ny Yl
NLO \\\ \ / / 7 \\\ //l
\ \ 7/ Vd \ /
\\ V I/ A\ \\ I/ L
4 RS Y -7
N N 7 ’ N / N\ s
\ \ ’ ’ S~ \ s \ ’ x
N N ’ / v \ N ’ PARN
\ \ / /7 A // \ \ 7 // \\
N N / Vs A
\ \ / ’ / o P \ RS ’ \

1 _ _ _ _ _ _
L3N =5 Cs(UNTN)(TNTN) 4+ Ca (Un1sPN) (UnT8) + Cv (Uny,Py) (I Ty)

+Cav (Ynv 39N ) (YN 150 n) + Cr (Unow Un) (Uno™ Ty )]

Lo = UnINOTyTy

=1
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Contact terms up to NLO

00 LO contact term (5 LECs)

0 >< Vio = Csits up)(g uy) + Cu(iy ys up)(yysuy) + Cylis y, up)(ig y" uy)
+Cay (U3 7,75 u)ity y'ys uy) + Cpliis 0, uy)(ity 6 u3)

- Expand the nucleon energy up to O(p?) / NLO

+ O(p*)

V O(p, my) + my = 4/2my +

v For simplicity, we include higher orders O(p*) for LO contact terms
= Keep the full form of Dirac spinors

0 NLO contact term
e Expand the nucleon energy /o(p,my) + my = +/2my + O(p?)

e Same form as the non-relativistic case with 7 LECs

VNLO = C’1q2 —|—02P2 + (03q2 + C4P2) (0‘1 ¥ 0‘2) + 3Cf5 (0'1 ‘|'0'2) "n
£ > 2
‘|‘Cﬁ (q y 0'1) (q . 0'2) —|—C7 (P 0'1) (P 0‘2)

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)



Partial wave decomposition for contact terms
0 J=0: 1S0 and 3P0 partial waves

V(1So) = Ev [CH 5, +Cis,RoR% +Cig, (R +R§,)} VER) =Csp pp'

O J=1:351-3D1, 1P1, 3P1, partial waves

~ é C 1 _ /
VES1) =&y [C3Sl + 3951 R2RZ, + 3951 (R2+R%) VOP)=Cppp
V(CP) =Cp pp
8SN
3 . 2 p2 @, + , +
V( D )— TC351RPRP/ é :( 1% m]:ifllzvp mN)
i v &
V(S —3D1) = & | Ce, R2+ 5 Cis, RoR, Ry = o
242 - R, -V
V(3Dl _3 Sl) — éN Ce, R?)/ 9 C3S1R12)R?)/ P oy +my
0 J=2: 3P2 partial wave VCP) =Csp,pp'

9 LECs to be fixed: CISO, C351, 6150, C3p0, Clpl, C3p1, 6351, C3D1—3Sl’ C3p2

Same number of contact terms as the non-relativistic NLO case

XLR, E. Epelbaum, J. Gegelia, 2510.22648 [nucl-th]
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https://arxiv.org/abs/2510.22648
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In comparison with covariant power counting

O Covariant power counting

 Keep the small component of Dirac spinor

R En 4+ My 1
ui(p, s) = TR G1p | Xs,i

€p

> Up to NLO with 17 LECs

TABLE II. LECs (in units of 10* GeV~?) for the relativistic LO, NLO, and NNLO results shown in Fig. 2.

01 02 03 04 05 06 07 08 09 010 011 012 013 014 015 016 017 . Dl D2

LO -1.32 -0.21 -093 0.31

NLO -2.62 945 -542 -6.05 30.09 9.02 -9.19 874 474 7.02 352 1142 -6.03 -20.55 -499 -12.80 6.30 ; 042 0.28
NNLO -14.83 -2.25 —-485 624 -082 196 -6.89 7.19 144 350 -8.10 -9.38 —-433 -12.89 -12.26 -11.69 3.86 .—1.88 —0.63

J.-X. Lu, C.-X. Wang, Y. Xiao, L.-S. Geng, J. Meng, P. Ring, PRL 128, 142002 (2022)




One-Pion exchange potential up to NLO
00 OPE potential

2 1 (g2 — AV y
VopE = —g—Arl T (U v5quur) (Way Y5, u2)

42 qu Wy + wy +w, — E — i€

e Expand the nucleon energy expansion for OPEP at NLO

2

O, )+ 1y = /2y + ———— + O(p*)
W

v For simplicity, we include higher orders O(p*) for OPE potential

= Keep the full form of Dirac spinors

e Eliminate the energy dependence of OPEP (avoid the pole contribution)

v Expand E at w, + a)l;, then, we obtain contribution of OPEP at NLO

2
CgaT1 T 1

Ve = 17 o7 (W50 i) (847,750 u2)  —> LO correction Vorn.g
™ q
/ + 1 (g,247'1 ’7'2>2/ d’k my wy kW
NLO correction 2 41z (2m)3 k2 + miy ng—kwg—k
V(2)
om, B X loy-(p'— K)o (k—p)] oz (p' —k)oy- (kK —p)].

\

xiulei.ren@sdu.edu.cn Xiu-Lei Ren (SDU)



Two-pion exchange potential at NLO
O Follow our TOPT rules:

 Football diagram
Ve 1+ / *k (Wi + Wiig) (Wp + wpr) + 4wy g — E(wk + Wiig) A R
et ) (2r)3 2WEWk4q (W + Wtq + wp +wp — E) ' R 1)

Energy denominator of football diagram

 Triangle diagrams

AmNgATL - T2 / A3k [ i 1
VNN — = k? "— D) k)+ (o1 +09) -n(a+b
T+T 128 f2 (27)3 (k°+ (@ —p) k) + 2( 1+ 02) - n ) WkWk+qWp—k
1 1 1 1 1 1
X (wk+q o wk) > _I_ 4 PRd o _,,'_ o N\ \ —I— (wk _|_ wk+q) ,“\ —I— ‘\ I'
NN radl v \‘:‘\\_ LN N

Energy denominator

e Planar and crossed box diagrams

2gh(B3 =21 d>k : -
VB:mNgA(3 n T2>/ {Xl +X20'1'02+X37<01+02) n+X4(0'1‘n)(0'2'n)‘|‘X5(0'1'Q)(U2'q)]

64f1 (27)3 2
1 1 1 | k=ap+bp +c(p' xp)
% wkwk—l—qWZ ; N T 77 \: X, =[kK+q- k]Z, Xy =—-c*¢*[P?q* — (q- P)*], X3=-2(a+b)(kK>+(p —p) k),
pP— N\ /,"',I "1 X, = _(a + b)?:f— c%gz, )?502 [P2q2 _ (q . P)2]

204 (3427 - A3k
VB:mNgA( + T 7-2)/( 5 [X1+ Xp01 - 00+ Xy(o1-n) (02-n) + X5 (01 - q) (02 - q)]

1 1 1 1 1 1 1

>< ~ + 7 _|_ ~ —I_ P2 —|_ N Pl _|_ \N 7
WeWh+qWp—kWp/+k “\ e e X N P
VS 220 ’ s , "A’ ’ N

UV Divergent terms and power counting breaking terms are removed by using the subtractive renormalization
Xiu-Lei Ren (SDU)
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Study of NNLO potential in TOPT

O Time ordered diagrams up to NNLO

7 \
// \\
LO >< y «
V4 \
ya AN
R R N " S\
,/ / \\ \ AN R / A\
/ / \ \\ \ N ’ / / \
| ,/ \\ | \\ \\ // // / \
N \ / 7/ < A 7 7
N \ \ / / s Sa e
\\\\\ \\ // ///// \\\ ///
NLO ~a \ 7/ e N A7
KN \/ ya A N Z. L
\\ \\ /I /I ‘\\ II \\ //' \\ /I \\ ,I
\ \ ’ ’ N _ \ ’ x
\ \ ’ ’ v \ N v
N\ \ /7 7/ A s\ \ 7 e N\
RN . / N ,’/ ) AN 2l -
| B—— — = — = __ _ _ — — — — T e———— i —— A_"
‘ —=9 *~— 0 c .
| o AN No contact term, contribution fixed! |
‘ / / \ \
{’ I' // . ‘l
7 N \
| NNLO | |
‘\ /; R AN \ / s [
\ 7 / / \ AN \ \ / Y, P ‘M
NN s/ /A DEGERN \ / / “ ‘
AN Y / \ O \ vl ]
| NN o) / \ \\\_ \u/ e’/ {
|
e — e = — e ——— ———— —
o _g. ) 1 5
ETFN_\DN zlﬁ—mN—|—§gA¢7 N
Loy =Vnqalxt) - A2 (u"u”) (DD, + hee. ) + 9 (ufuy) — R [, w] ¢ Uy
N

c;=-—0.74, c, =181, ¢ =—-3.61, ¢, =2.17 GeV~! D. Siemens, et al., PLB770 (2017) 27-34
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Two-pion exchange potential at NNLO
O Follow our TOPT rules:

* Football diagrams - S

S NN No contribution!

 Triangle diagrams

v 3mNgA d3k
T+ = gpa | @n)

[(k2+(1"—p)-k)—(a+b)i("1+02)-n] 1

2 WEWE+qWp—Ek

X { [401M7%—%(p-kp-(k+q)+p'-kp’-(k+q))+203k-(k+q)]

N

( 1 1 1 1 1 1 )

“NTw— T/ 7" el e e
%Vwkwk+q(wp + wpr ) + 203wkwk+qJ
( 1 + 1 + 1 B 1 B 1 ) - UV Divergent terms

- Power-counting breaking terms

2 A okt a) - - are removed by using the
my subtractive renormalization
( 1 B 1 B 1 B 1 B 1 )
%wk+q (wpp - k + wp/p k)J
( 1 1 1 1 1 1 ) }

N T T T T T

N L A Yy AN \
2
n C4mN89}4#7‘1 - To (g:;g [Xzaj R );'3 i (o1 +20'2) n o X4 (01 - 1) (02 - 1) + X (o1 - q) (0 - q)]
5 1 ( 1 N 1 N 1 N 1 N 1 N 1 )

N : 7 N VAN N 2022.04018
48
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Pion-exchange contribution
0 On-shell T-matrix under the Born approximation

T(p',p) = Vore(P,p) + Vapsur (') + Vawinr (', 1) + Vore G Vore
O Prediction: phase shifts of D, F, G waves

30 60 —————————— [ ———————— 2 — —
| 3 |
40 [° D4 0 | —_— O
— 2} 40 - === NLO
¥ 2 | -
o, -2} S NNLO
< qof 20 | o boaa—s—" ¢ S NR-NNLO
D Saao *  Nijmegen93
.§T~
0 0 —20 —6 —
0 T T T T T 6 1 1 T T T T T T T 1 4 T T T T T 10
1F3 0 3F3- 3F4 8 I
-9t i 3 <
B 5
S, -2
o —4 \‘.-#. | 4r
' —4 2t
0
0.0 0.0
1 d
— ! 24 04y 1 —os5f
) -2}
GJ -
<, 4l | —o0s8f
< -3t —10}
a4t 91 4 —12F
_5 L L L L Il . O 1 6 L L 1 L " L " _]‘5 L
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300

Elab [MGV] Elab [Me\/] Elab [MGV] Elab [MGV] Elab [MGV]

v Improve the description of D waves; globally similar results for F, G waves

« 3Gg: non-rel. result is accidental, c,/m,, effect (N*LO) is large D. Entem, et al, PRC 91, 014002 (2015)

XLR, E. Epelbaum, J. Gegelia, Phys. Rev. C 106, 034001 (2022)
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Pion-exchange contribution
0 On-shell T-matrix under the Born approximation

T(p',p) = Vore(P,p) + Vapsur (') + Vawinr (', 1) + Vore G Vore
O Prediction: phase shifts of D, F, G waves

30 60 ————————— 2 — —
| 3 |
40 13D, . | ——— L0
20}t 40 - === NLO
0 2 | -
<, o} o NNLO
< qof 20 | o boaa—s—" ¢ S NR-NNLO
e T R Saen e  Nijmegen93
.{T~
0 0 —20 —6 —
0 T T T T T 6 1 1 T T T T T T T 1 4 T T T T T 10
1F3 0 3F3- 3F4 8 I
-9t i 3 <
B 5
S, -2
o _4 \‘.-#. | 4 -
' —4 2t
0
0.0 0.0
1 d
— ! 24 04y 1 —os5f
%o -2 I
<, 4l | —o0s8f
< -3t —10}
a4t 91 4 —12F
_5 L L L 1 1 N O 1 6 L L 1 L " L " _]‘5 B
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300

Eiab [MeV] B [MeV] Eiap [MeV] Eiab [MeV] Eiap [MeV]

v Improve the description of D waves; globally similar results for F, G waves

« 3Gg: non-rel. result is accidental, c,/m,, effect (N*LO) is large D. Entem, et al, PRC 91, 014002 (2015)

XLR, E. Epelbaum, J. Gegelia, Phys. Rev. C 106, 034001 (2022)
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NNLO: contact + pion exchanges

O Partial wave T-matrix
o VNNLO hon-perturbatively iterated in the Kadyshevsky equation

S7 S17 d3k Y
Ty (p',p) = Vi (p’,p)ﬂLZ — Vi (P, k)
(27) 2

l/l

my

1 i
Tl”Jl’(ka p)

(2 +m%) /P2 + m2 — /k? + m2, +ic

e Pion-loop potential: cutoff regularization with k., = 500 MeV
« Exponential regulator: F(p) = exp(—p?*/A*"), with n =2, A = 400 ~ 550 MeV

O Phase shifts: Fit NPWA (E,, < 100 MeV)

__ 150

| 100

0 50 100 150 200
Elab [MGV]

o0

Nijmegen93

— 0

-30

| -10}

1—20F
] _1P1

0

| =10}

| —20t

| _10t
1 =20}

[ =30

50 100 150
Elab [MGV]

200

0

0 o0 100 150 200

Elab [M eV]

| 20}

1 10}

0 50 100 150 200
Elab [MGV]

O Deuteron blndlng €Nergy NLO —2.16 MeV; NNLO —2.18 GeV; no deeply bound states

Xiu-Lei Ren (SDU)
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O Proposed a systematic framework to formulate chiral forces

Time-ordered Non-relativistic Manifestly Lorentz
perturbation theory Iegmyreion invariant
N[ D)+ g5 W]V B T
Chiral Lagrangians | 7 (Gt + o (Burst) (Hst)

1 — — \
_ECS (NTN) (NTN) - ECT (NT G N) (NT v N) + +Cy ‘i‘N}'p‘I‘N) (Pnr*¥y) + Cay (‘PNJ’,Js‘I‘N) (Pnr*rsPy)
‘ (e (@NUWN)] ..

...........................................................................................................................................................................................................................

' '

' '
' '
' 0 0 '
' . . '
' Y SN '
' . . '

H ' . s '

. .
' B . '
' 2 k3 '
' '
' '
' '
' '
- g -
' . . AN R % 2 ' . .
' ~° . LY S . . ' ot g
B , A s oL o B

TOPT diagrams
""""""" Soatieriig equAtons 1 S hingerea. Kadyshevskyeq,
_______________________ T-vseven ~ CPPTEIVSEIWEREIER. o TEARESYER
Power counting Weinberg p.c. Weinberg p.c.

* Uniquely determined the scattering equation
v Chiral potential and scattering equation are obtained within the same framework

* Obtained non-singular LO potential

v Avoid finite-cutoff artefacts and take cutoff A — oo

* Formulated the chiral potential up to NNLO

v Calculated the two-pion-exchange potential at one-loop level
v Achieved a rather reasonable description of NN phase shifts
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Future perspectives
O Perturbatively include NLO/NNLO contributions

« Based on our non-singular LO potential, all divergences of the amplitude
can be systematically removed (/A ~ ©0)

O In the long run, apply symmetry preserving regularization to
iInvestigate the chiral potential

» Maintain the chiral symmetry and gauge symmetry

* e.g. higher-derivative approach 4 a savnoy, pnBs1, 301-315 (1977)
D. Djukanovic, et al., PRD72,045002(2005)

* e.g. gradient flow method  ; x.pin Hriaco 2015
H. Krebs, E. Epelbaum, PRC110, 044004(2024)
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Thank you for your akttention!
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