Evgeny Epelbaum, RUB Hirschegg 2023, Januar 15 - 21, 2023

New insights into
Renormalization & regularization of nuclear forces

in collaboration with Ashot Gasparyan and Hermann Krebs

Is the ,RG invariant® yEFT really RG invariant?
Is the finite-A EFT approach renormalizable?

Is mixing DimReg & CutoffReg consistent?
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B dynamics tN dynamics
Weinberg, Gasser, Leutwyler, ... O Chiral Perturbation Theory _) Bernard-Kaiser-MeiBner et al.

Q= momenta of particles or M,
~  breakdown scale Ap
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Effective Lagrangian:
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Nuclear forces N

uclear currents
Resummed non-perturbatively Park et al, Bochum-Bonn, JLab-Pisa

by solving the many-body Schrédinger equation g

Weinberg, van Kolck, Kaiser, EGM, ..

N e’



. e vl 05 SRR D) :
— in any EFT results of the calculatlons must be regulator-lndependent
— p|on exchange contrlbutlons need to be resummed to all orders

Renormalization: Exact A-indepen-
dence at every order, A > A,

— dictates power counting
van Kolck, Long, Yang, Valderrama ...

— consistent in the EFT sense?
EE, Gegelia, MeiB3ner, Gasparyan

— achievable at all?
Gasparyan, EE, 2210.16225

Renormalization: Exact A-indepen-
dence only at oo order, A ~ A,
Lepage, EE, Gegelia, MeiBner, ...

— cutoff independence proven?

Towards a formal proof:
Gasparyan, EE, PRC 105 (22) 024001




Is the ,,RG-invariant EFT* cutoff-independent?

Ashot Gasparyan, EE, e-Print: 2210.16225 [nucl-th]




OPEP is non-renormalizable in the usual sense, i.e. 00 many c.t.’s at finite orders
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E.Q. (in spin-triplet channels)

The ,RG invariant“ approach with A > A,: T~ 1+ A+ A>+ ... = (1 — A)™" vankolck, Long, Yang, ..

— UV finite, but no loop expansion of the ,renormalized® amplitude
— really an EFT? ek, Gegelia, EPJA 41 (09) 341; EE, Gasparyan, Gegelia, MeiBner, EPJA 54 (18) 186

— believed to yield RG-invariant results (if treating corrections perturbatively)

How is the RG invariance understood?

“RGI requires not only independence of observables on the numerical value of the cutoff A but
also independence on the form of the regulator function itself* song, Lazauskas, van Kolck, PRC 96 (2017) 024002

— the amplitude should have a well-defined limit {A, A,, ...} = oo at V order
— this limit should be unique




Ashot Gasparyan, EE, e-Print: 2210.16225 [nucl-th]

Consider 3Pgas an example of attractive spin-triplet channel with non-perturbative OPEP

LO: Self-adjoint extension of the singular OPEP ( ~ 1/r) by promoting C,p’p to LO

Nogga, Timmermans, van Kolck, PRC 72 (2005) 054006
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Ashot Gasparyan, EE, e-Print: 2210.16225 [nucl-th]
What can possibly go wrong?

Suppose, for simplicity, that V,_ is less singular so that no C,-term is needed at NLO
(€.9., Vay = Vi GM)? (BM,)? + %))

ATYMOk) = [1 + Tkoo GO](VZ,,,AI + CYO vct,Al)[l + G, Tkoo]

/
pp

Using the N/D representation of the amplitude + dispersion theory:

2

ATW) = P [ Nareol®) + ColA) + Byp®) + YO (Cuh) + Aga0)]

on-shell mom. r depends only on o (k) T— vanish for A — oo 41

N2Jr,oo(k1) + C27z(A)
Ce(N)

Renormalization condition: ATYC%) = 0 = YN ~ -

large A
k2

[Deo(K)]?

—  ATVOR) ~ Nk = Npgeolk)| <— RG invariant

2

[Deo(K)1?

Problem: if CN-O(A) — oo, then ATYO®)) ~ [Nz,,,oo(k) — Napoolky) + CYO A AR
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Ashot Gasparyan, EE, e-Print: 2210.16225 [nucl-th]

,Exceptional“ cutoffs A:
CoA) + Ay x(k) =0 and Cu(A) + A, (k) # 0 (i.e., zero is not factorizable)

The oscillating nature of W,{;go(r) that enters C_(A) suggests that ,exceptional”
cutoff values extend to infinity and cannot be avoided in general...

Using the N/D representation of the amplitude + dispersion theory:

2

ATX‘“’(’P ERGE [ Nareol®) + ColA) + Byp®) + YO (Cuh) + Aga0)]

on-shell mom. r depends only on o (k) T— vanish for A — oo 41

N2Jr,oo(k1) + C27z(A)
Ce(N)

Renormalization condition: ATYC%) = 0 = YN ~ -
0

large A
k2

NLO ~
= AW D or

Ny (k) — Nz,z,oo(kl)] —— RG invariant

2

Problem: if CNO(A h ATNSO(k) ~
roblem: if C;%(A) = oo, then O(k) DT

Noneold) = Npreolh) + OO A 1B
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Ashot Gasparyan, EE, e-Print: 2210.16225 [nucl-th]

Back to the NLO analysis of 3Pg by Long and Yang.
NLO potential: VN0 = Vv, + CNOA) p'p + Ci(A) p'p (p*+p'?)
DWA for the NLO amplitude:  TN-Ok) = [1 + T-OG,| VNM© |1 + G, 0|
= To,(k) + C3M0 Ty o(k) + C4 Ty 4(B)

— same sharp cutoff A used at LO and NLO

— NLO renormalization conditions: Sy o(k) = 0 and |[8.o+dxro|, = Sexpka)

ky

Exceptional cutoffs A:

Tct, 2 (kl) Tct, 4(k1)

f— O — CNLO/_\ ’ C /—\
Tet 2(k2) Tet a(k2) h (A, Cy(A) — o0

A ~ 06Gev, 2.7GeV, 6.5GeV, 12 GeV,



Ashot Gasparyan, EE, e-Print: 2210.16225 [nucl-th]
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Renormalizability proof ofa finite-cutoff
approach to NLO

Ashot Gasparyan, EE, PRC 105 (22) 2, 024001

Renormalizability in the EFT sense: all power-counting breaking terms are absorbable
into redefinition of the available counterterms
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Ashot Gasparyan, EE, PRC 105 (22) 2, 024001

Use A ~ A, and assume that the series in V,, is convergent

Leading order

" = Vy(GVy)" ~ 0(Q°)

-1 n n
"d A A

Expect: [p f ~ <—> ~ <—b> ~ 0(Q% «— Vverified explicitly + obtained
(Ay) Ay Ay upper bounds

Next-to-leading order
T = (ViG)" Vy (GVp)' ~ 0(Q%) # 0(Q7)
Power-counting breaking terms emerge from momenta p ~ A, p’~ A in Vy(p',p)

Applied the BPHZ subtraction scheme (the forest formula) to prove recursively

Vm, nthat R|TI""(k)] ~ 6(Q*) and .

_____________________________________________

obtained explicit upper bounds. : T ; ; -
PR I
Generalization to non-perturbative cases ; } |

IS unde rway Ashot Gasparyan, EE, to appear : S beelellylrisieteloltlluinipiutplvlolsieie N I

L e e e e e e e = = == ——————



Regularization of nuclear interactions and
the chiral symmetry

SMS NN chiral potentialS reinert, krebs, EE, EPJA (18) 85

— local regularization of long-range terms in momentum space

(6 0] —2 2

p(H) e~ q2/-\i-2/4 + subtractions
+ p?

_g*+mz 2
A2 + subtraction, Vo (@) = — J —)
T 2M, q

Vi@ =

Mz
No long-range finite-cutoff artifacts, keeps pion physics intact

— non-local angle-independent Gaussian regulator for contacts:
Simplifies the determination of LECs



1e SMS NN potentiz

e Nijmegen
A Granada 2017
O Gross & Stadler |

Performance in the 2N sector: 5

— Statistically perfect description of
mutually consistent np + pp data
below the inelastic channel
(N4LO+, ~ 30 LECs)

— Most accurate & precise interactions
to date ee, krebs, Reinert, 20,22

o = N W A~ 0O
N

— E.g., electromagnetic structure of 5}
the deuteron Fiinetal. 20,21 .
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Tensor analyzing powers in Nd elastic scattering at 70 MeV

Ground state energy (MeV)
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from: P. Maris et al. (LENPIC), Phys. Rev. C 103 (2021) 5, 054001

Predictions for ground-state energies of light nuclei
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Is using DimReg to derive nuclear potentials + Cutoff in the Schrédinger equation consistent?

Feynman diagram Faddeev equation
A A
'd Y -~ TN
3N IN 3N
V2n GO Vl;r V27T
— ——
Cutoff regularization DimReg

—

—_— — —
4301 43" 03

q3 + Mz

e The Feynman diagram is linearly divergent — cp term: )(| X )Ty

e The iterative diagram on the r.h.s.:

4 — —

ViNGy VN =-A 7 -13(q3-0)) — g(fz 73— 71 - 13)(q o 03)

8A
1z
96V 2mFo L - .

hd Y

absorbable into cp violates chiral symmetry




ReguiariZzation c

Two-nucleon force Three-nucleon force Four-nucleon force

o X _ _
oo XHFIHEL = -
o L HOK -

P .1 ML 4 N o il Y s
NSLO (Q4) X *~-‘* (}:\\ ’.:x-\j - '/l \\\ [,,,h--‘ [ X - [ "II “~\4 "’},-*--J -
N4LO (Q9) +j +xt + J + >‘< —
< ,_-. ,----a; <

e The issue affects all loop contributions (i.e., from N3LO) to 3NF and currents.
In contrast, NN forces are not affected (at a fixed pion mass).



Hermann Krebs, EE, in preparation

= Re-derive nuclear forces & currents using SYMMETRY PRESERVING cutoff regularization

An attractive option is the gradient flow method:
— successfully applied to Yang-Mills theories (QCD) Martin Luscher *14

— proposed as a regulator for chiral EFT in several talks by David Kaplan

Idea: let pion fields evolve in the flow ,time“ t by replacing the pion field U by the smoothened
one W(r), W(0) = U, which fulfills the (covariant) gradient flow equation:

0,W = iw EOM(z) w, where w =+/W and EOM = [D,,w,] + é Xi— iTr(;(_)
-

W/l|7=0 = uﬂ

The flow ,time* 7 acts as a regulator (smearing), the choice 7 = (2A)~! matches the
employed regularization of the OPEP:

a
V -

T

Complication: the regularized Lagrangian involves arbitrary powers of time derivatives
= cannot use Hamiltonian-based methods (like MUT) to derive nuclear forces/currents

= new path-integral method to derive nuclear interactions Hermann Krebs, EE, in preparation



Consider e.g. the contribution to the 4NF at N3LO involving a 4n-vertex: I\

Unregularized expression:
EE, PLB 639 (2006) 456; EPJA 34 (2007) 197
4 — — = — = — = —
9ga 01°q102°Q2 03 Q3 04" Q4 N 9
Sk (@2 + 32) (@ + M2) (@ + M) (g7 + 3y L@+ B

+ 3-pole terms + all permutations

Applying the gradient flow regularization method consistent with the 2NF yields:
Hermann Krebs, EE, preliminary

4 — - = - = — = —
Ve — 94 0141 02°G203 (304" q4 [(§+§>2+M2}
AN — 1 2
6 (72 2 -2 2 -2 2 —32 2 ™
2(2F7T> (ql + Mﬂ') (QQ + Mﬂ') (QS + Mﬂ') (q4 + Mw)
CaME G@+ME GR4M2 CateM2 gRemE g24M2 g2
X (46 A% e A2 e A2 — 3e " 2A2 e " 2AZ e 2AZ e 2AZ )

+ 3-pole terms + all permutations



e |s the ,RG invariant yEFT* really RG invariant? NO (except at LO)

— discrete ,exceptional“ cutoffs start at A ~ 0.6 GeV and extend to infinity
— can be easily overlooked in numerical calculations
— same issues expected to affect n-less EFT applications to few-body systems

e |s the finite-cutoff yEFT renormalizable? YES (at least to NLO)

— explicit renormalizability proof (in the EFT sense) was given to NLO
for not genuine non-perturbative channels

— generalization to non-perturbative channels underway

e Is mixing DimReg & CutoffReg consistent with x-symmetry? Generally NO
= 3NF, 4NF and currents must be re-derived using CutoffReg

— Gradient flow: A rigorous, symmetry-preserving regularization method



