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Deuteron as a bound state of quarks and gluons

quark antiquark i

antiquark '
s i

Is there a way to simplify the picture (without losing connection to QCD)?



Weinberg’s 3rd law of progress in theoretical physics:

You may use any degrees of freedom you like to describe a physical
system, but if you use the wrong ones, you will be sorry...

in Asymptotic Realms of Physics, MIT Press, Cambridge, 1983

Fundamental degrees of freedom Effective degrees of freedom

low resolution

Virtual

Proton Neutron
(from physics.aps.org)

= non-relativistic description in the framework of the A-body Schrodinger equation:
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derived in ChPT


http://physics.aps.org

The Standard Model (QCD, ...)

\approximate chiral SU(2); X SU(2)r symmetry
effective chiral Lagrangian & (r, N)
\EFT (chiral perturbation theory)
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— — nuclear forces and currents
Quantum mechanical few- N
and many-body methods
) l Hadron/nuclear structure and dynamics
- EFfT —m——
E finite-volume methods
FV

> nuclei neutron stars




QCD and the chiral symmetry gluon mass

ar/ E /qr ar/
]- . \\ [\ \ /
EQCD — _ZGZUGCL,MV + Q(Z’YHDM o M)q b R ~ /

1 . .
= —7Ga Gapw + quiDar + qriDqr — e Mar — ¢rMar

4
~— ~—

SU(N;);, X SU(N¢)R invariant small for N; = 2, (3)

v

SSBto SU(N;)y < SUNp); X SUNp)g = N;?—1GBs

Low-energy QCD dynamics can be described in terms of Z;|GBs + matter fields (N, A...)]

Chiral perturbation theory Weinberg, Physica A96 (79) 327; Gasser, Leutwyler, NPB 250 (85) 465; Leutwyler, Annals Phys. 235 (94) 165

QCD in the presence of external sources: £ = Lcp + §(V'v, + 57" a, — s — ip)g

<07 OU.t|O, in>v,a,s,p — Z[U7 a, S;p] = /[DGM] [Dq] [D(ﬂ 6ifd4xﬁ(q;Q,G“u;v,a,s,p)

low energy

loop expansion

N /[DU] et J d'aLen(Usvias.p) > S-matrix

. , low energy

pion fields

(perturbation theory)



Effective chiral Lagrangian:

Lro=LP 4@ 4 low-energy constants
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Pion-nucleon scattering amplitude for 7%(q1) + N(p1) — 7°(g2) + N(p2):

E
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calculated by means of the chiral expansion

Pion-nucleon scattering up to Q4 in heavy-baryon ChPT
Fettes, MeiBner '00; Krebs, Gasparyan, EE ’12
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For few-N, ladder diagrams are enhanced and must be re-summed weinberg '90, '91

00 N\
Tio = Vo + VoGVy + VoGVoGVy + ... = ) Vo(GVpY' j@) o] e (VC{
n=0 ~

Lorder in the ChEFT expansion

Tao = Tio + D, (ViG)"Va(VeG)' + 6((Vy)?)
a_l
automatically included when solving

Tnio=Vo+ Vo) + (Vo + Vo)GTy o

m,n=0
(divergent integrals in the Lippmann-Schwinger equation are usually regularized with a cutoff A)

Finite-cutoff EFT (A ~ Ab ~ 600 MeV) Lepage, EE, Gegelia, MeiBner, Reinert, Entem, Machleidt, ...
— implicit renormalization (achieved by tuning bare LECs to data)

— approximate A-independence of calculated observables has to be verified a posteriori

— explicit proof of renormalizability (in the EFT sense) g e I

has been given to NLO using the BPHZ formalism § <V> § /V> <V> y <V\ <V> <V>

Ashot Gasparyan, EE, PRC 105 (22); PRC 107 (23)
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LO (Q9)

NLO (Q2)

N2LO (Q3)

N3LO (Q%)

NLO (Q¥)

(NDA, chiral EFT with pions and nucleons as the only DoF)

Two-nucleon force

o

Weinberg "90

Three-nucleon force

. van Kolck et al. '94
ERN -7 Friar, Coon '94
~e-’ Sso Kaiser et al. '97
Epelbaum et al. '98

] 1A X

van Kolck '94; Epelbaum et al. '02

Four-nucleon force

T - T

Kaiser '00-'02

Bernard, Epelbaum, Krebs, MeiBner '08, '11

1

Chanaa etan T, esetar TS

Epelbaum 06, ‘07

Chiral dynamics: Long-range interactions are predicted in terms of on-shell amplitudes + +- D'




« exchanged pions can become on-shell for ¢* < — (2M,)?

- = -

--

= Vzﬂ(qz) are analytic functions except for the branch cut ¢*> € (-0, — 4M§]

o0

where p(u) = Im|V5 (g = 0" —iu)|

- 7

in practice, subtractions are needed to make the integral convergent

The spectral functions p(u) determine the long-range behavior of V, (r) and can be calcula-
ted from the on-shell aIN amplitude (ChPT) using Cutkosky cutting rules (kaiser, 1999)

Kinematic regions for 7N scattering

e N amplitude from the numerical solution

of the dispersive Roy-Steiner equations
Ditsche et al., 2012

kikmatics probed by V, (r) e Extract LECs from matching ChPT at the
///s/ = (m+ M)? sub-threshold point Hoferichter et al., 2015

--- t=am? e Closer to the kinematics probed by V, ()
than the physical region

® Beyond HBChPT: A, 1/m siemens etal., 2017
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— Long-distance behavior of the NN force is a parameter-free prediction of chiral EFT
— Agrees with phenomenology (strong intermediate-range attraction from TPEP)
— Reasonable convergence of the chiral expansion (at large r)

— Short-range interactions parametrized by contacts

Regularization EE, Krebs, MeiBner EPJA 51 (15); Phys. Rev. Lett. 115 (15); Reinert, Krebs, EE, EPJA 54 (18)

I = S v 2 du ) B
D= € A + subtraction, 2.q) = —J HUU—=—— e 202 + subtractions
" g>+ M? " 7 Jom, q* + u?




How far in the EFT expansion does one need to go to precisely describe low-energy NN data?

from: P. Reinert, H. Krebs, EE, EPJA 54 (2018) 88

Results for A = 450 MeV
LO(QY) NLO(Q?) [N2LO(Q¥)] N3LO(Q% NILO(Q5 NiLOT
x?/datum (np, 0 — 300 MeV) 75 14 nonew | 4.1 2.01 nonew 1.16 1.06
x2/datum (pp, 0 — 300 MeV) 1380 o1 LSS5 1 41 3.43 LECSy 167 1.00
2 LECs +7+1IBLECs + 12 LECs + 1 LEC (np) +4 LECs
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How large is truncation uncertainty stemming from neglected higher-order terms?

Consider an arbitrary observable X(p):

' ' Meff
X(p) = co+ 2Q* + Q> + ..+ Q' + Q' ... where Q = max (A£ ~ )
- NS b b

gl ~
known from explicit calculations truncation error to be estimated

g

Bayesian approach to estimate the truncation error Furmnstahl et al. (BUQEYE) '15...23, EE et al. 20

— assume some common pdf for the coefficients c¢; (prior)
— learn the convergence pattern from the known ¢, ..., ¢; to obtain the posterior pdf

— marginalize over the unknown ¢;, 1, C;;o - -
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FE "N DHh\ ATThe 2N 'Sector \N‘counhnc

Reinert, Krebs, EE, Phys. Rev. Lett. 126 (2021) 9, 092501

Standard notation (f,,y = %g”w):
Ty

- 2 :
Our g N Value corresponding to f reads: 2 = — fronn Fropp
gan = 13.23 £0.04 fo = Fropp fropp

(V)
o
I

.fﬂ'ipn fﬂipn

[Hirtl et al., Eur. Phys. J. A57 (2021) 2, 70]

2017 Granada PWA: claimed to find
significant charge dependence of the
coupling constants:

e + e g =13.10

£2 — f2 = 0.0029(10)

Navarro Perez et al., PRC 95 (2017) 6, 064001

Our result (YEFT at N4LO):
Bayesian determination; statistical
and systematic uncertainties.

No evidence for charge dependence
of the N coupling constants

.
2011

: 2017 Navarro Pérez etal.

——
This work
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f2

Reinert, Krebs, EE, Phys. Rev. Lett. 126 (2021) 092501
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Filin, Moller, Baru, EE, Krebs, Reinert, PRL 124 (2020) 082501; PRC 103 (2021) 024313

Charge and quadrupole form factors of the deuteron at N4LO
100

1= :

. ' ' ' ' Extracted quadrupole moment:
. |Ge(Q) qUadrup
0.100} 10} Q4 = 0.28541_8:88‘;’? fm?
0

EFT truncation, choice of fitting range,
0.010} 1t NN, 7N and yNN LECs
o0l ol to be compared with experiment

0o 0 Q§XP = 0.285699(15)(18) fm?

Puchalski et al., PRL 125 (2020)

The charge and structure radius:
Haecock et al., Science 373 (21)

2
7'5 _ (—6) aGC(Q)

002

=712 +r2+ 2+ i
str p n Am l% Atac et al., Na

2
Commun. 12 (21)

0>=0
our result

Combining our result ry, = 1.9729100015 fm with very precise

isotope-shift spectroscopy data for 7 — rj, we determine the | Koreeky o7

- - KOESTER 95

neutron m.s. charge radius: | T T )4 | ke %
rr% - = 01051_8882 fm2 015 -014 -013 -012 -0.11 -o|.1 -o.log

In progress: magnetic (paniel Msller, PhD thesis) and gravitational (Julia Panteleeva, PhD thesis) FFs of 2H



rontier'in"nuclearphysics

e Three-nucleon forces (3NF) are small but important corrections to the dominant NN forces

e 3NF mechanisms:

--- . ’ ‘ .\ '.
A L4 \‘ 'l
o---Q‘---T-[--o ! R 5
. '. K4 LN
--- ... [ 4
intermediate A-excitation multi-pion interactions off-shell behavior of the Vi short-range
Fujita, Miyazawa ’57 Ving = @32 = VaGoV2 GV,

= 3NF are not directly measurable and depend
on the scheme (DoF, off-shell Vnn, ...)

¢ 3NF have extremely rich and complex structure

Y s cmnms L ... |
— most general local 3NF: Vs = Z O; fil(r12, 23, 131) + permutations T . =

i=1 EE, Gasparyan, Krebs, Schat '15 731 . T

— most general nonlocal 3NF: 320 (!) operators topoinicki 17

= Guidance from theory indispensable — an opportunity for yEFT!
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mixing DimReg with Cutoff regularization in the Schrédinger equation violates y-symmetry
= need to be re-derived using symmetry-preserving Cutoff regularization




Gradient flow for chiral EFT

Hermann Krebs, EE, e-Print: 2311.10893, 2312.13932

A rigorous approach to regularize nuclear interactions and currents
in harmony with the chiral and gauge symmetries



Gradient flows: methods for smoothing manifolds
(e.g., Ricci flow used in the proof of the Poincaré conjecture)

low time

A\ 4

Gradient flow as a regulator in field theory

.0 _ 45[9]
P Flow equation:; ach(x,T) 59) |40y s
—_—
flow time* 7 subject to the boundary condition ¢(z,0) = ¢(x)
X0
Free scalar field: Glo,7) = o) o
S ~ 2 2y ~
0, — (850 — M?)]p(z,7) =0 = ¢(z,7) = /d4y Glz—y,m)o(y) = olg.7)=e " Mg(q)

heat kernel

YM gradien’[ flOW Narayanan, Neuberger 06, Lischer, Weisz 11 87Au($a T) = D,,G,,u(x, 7') <« eXtenSively used in LQCD

Chiral gradient flow krebs, €€, 2312.13932

Gradient flow for chiral interactions

unpublished work by DBK

Start with U(w(z)) € SU2) — RU(x)L'

v v But sometimes momentum cutoff regulators are preferred:
[Dpy wp] + ox— (1) = —Tr x—(7) ; " ore -
2 4 ® Better behavior for nonperturbative, computational applications
— A (eg, chiral nuclear forces)
i . _ ] ...but violate chiral | |
Generalize U(z) to W(z,7): 8,W = —iwEOM(r)w, W (z,0) = U(x) * but ot chl ynney and oo o proiens
<
\/W This talk: a way to avoid the latter’s problems.

D.B. Kaplan ~ INT ~ 4/19/16 At

We have proven V. W(z,7) e SU©2), W(z,7) - RW(z,7)L}  m— —




AX AX AY
A | ¢V, 7) N ¢, 7)
¢(x, 1) = 2 + = +
0 ?r 0 : g :r
-xo X0 Yo [integrated over }, Yo 51
Local field theory in 5d Smeared (non-local) theory in 4d
A A A A
e F L
Eeff(¢7N) A A A A
1T Tg/ 1 -~
X wa b0 L EEEEE O
T - :
0 A T; /0 A T; E;'E(W,N) A A A AN
i i

We now have the regularized Lagrangian, but cannot use the canonical-quantization-based UT me-
thod to derive nuclear forces (dyzx with arbitrary n...). Path Integral approach [krevs, ee, e-print: 2311.10893:

Z[r/T’ 77] - AJA@]VWL DN Dr eXp<iSe/}Cf + in4x[77TN+NT7]]> instantaneous

nonlocal redefinitions of N, N '

> AJ'S,JZNT S,JZNexp(iSe[}f’N + i[d4x[;7TN+NT;7]>



R
The horizon is always three miles away

...but is becoming increasingly brighter

Precision nuclear theory
from yEFT

Thank you fgrjyour attention



