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Isospin-violating two-nucleon interactions

in collaboration with Patrick Reinert and Hermann Krebs

Detailed understanding of isospin-breaking
nuclear interactions is needed for precision
nuclear physics:

— BEs of mirror nuclei, low-energy 3N
scattering, nd scattering length,
beta-decay, ...
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Experimental data:

e The coherent np scattering length bnp = 3.7405(9) fm, deuteron BE Bq = 2.224575(9) MeV
and some deuteron properties

e About 8000 published np and pp scattering data below Ejap = 350 MeV. Granada 2013
database of mutually compatible data: 2996 pp + 3717 np data.

[Navarro-Perez, Amaro, Ruiz Arriola ’13]
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pp rejection rate ~ 11% np rejection rate ~ 31%



Dominant long-range electromagnetic interactions are taken into account in all
PWAs of NN scattering

o

— The Coulomb potential

— Magnetic moment interaction (Schwinger-Mott) [stoks, de Swart 90]
— Two-photon exchange (the modified Coulomb potential) [Austin, de Swart 83]

— Vacuum polarization [purand 1l 57]

Notice:
e Short-range parts of the e.m. potentials (FFs) are shifted to the strong NN force

e E.m. scattering amplitudes are either known in a closed form or have to be eva-
luated numerically by summing of > 1000 partial waves...
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— good description of the data
—. but what.is the actual accuracy-of the theory?



In most cases, the uncertainty is dominated by truncation errors. Consider an observable X(p):
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In most cases, the uncertainty is dominated by truncation errors. Consider an observable X(p):

X(p) =|X© + AX® + AX® ... 4 AXP|H[aAX D 4| where AX™ = 0(Q"X©)
known from explicit calculations truncation error 3X® max(Aﬂ’ J‘fi‘*)

® INn [EE, Krebs, MeiBner, EPJA 51 (15) 53], @ Simple algorithm was proposed (1-st term dominance):
sX ) — max(Qk+1|X(0)|, Qk+1—j|AX(j)|> A XD > maxj,k<|X(j2i) _ X(kzz')|>

Disadvantage: no obvious statistical interpretation of the truncation errors...
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e Bayesian approach by the BUQEYE Collaboration Furnstani et al. 15, 17

— rescale X to make the coefficients dim-less: X =: X,¢ (co + c2Q* + c3Q° + .. .)
— assume that ¢;’s are distributed according to some common pdf pr(c;|¢) (= prior)

— calculate pdf for the dimension-less residual to take the value > ™" 1@ =A
k+h 0o k+h '
pr,(A|¢) = [ H / dc; pr(cﬂé)] 5<A — Z chJ)
i=k+1Y —° Jj=k+1
— assuming some pdf pr(¢), typically chosen uniform, marginalize over ¢ :

Jo_ de pr,(Ale) pr(e) [[;ca Pr(cile)

pry(Al{cick}) = Jo de pr(€) [licapr(cile)
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Are we done in the 2N sector?
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Are we done in the 2N sector?

Almost... In the fitted range of Eiap = 0-280 MeV, we obtain x2 = 5003 for 4895 np + pp
scattering data, which leads to X2/ Ngat = 1.022 or %2/ (Ndat - NLec) = 1.028
Can this be traced back to the incomplete treatment of IB corrections?
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Have been employed in Reinert, Krebs, EE, EPJA 54 (2018) 88
N LO —e—- (and in the Nijmegen & Granada PWA)
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Have been employed in Reinert, Krebs, EE, EPJA 54 (2018) 88
(and in the Nijmegen & Granada PWA)

Parameter-free: depend on &M, dm = 1.29 MeV and
(6m)QCD = 2.05(30) MeV [Gasser, Leutwyler *75]
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Parameter-free: depend on &M, dm = 1.29 MeV and
(6m)QCD = 2.05(30) MeV [Gasser, Leutwyler *75]

y) o Depend on 3 N coupling constants + 3 IB contact
N LO terms in p-waves
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of the pion-nucleon coupling constant

Patrick Reinert, EE, Hermann Krebs, PRELIMINARY

Assuming exact isospin symmetry:

/ — ’ ’ p, — D ® / T
(NG)ALOIND) = a(0) [vGatw’ = p) + L Gop! )] s 2ulp)
— axial charge of the nucleon: ga = G4(0) = 1.2724(23) R 2v/4rmy .
M
I ; . 4mNF7'rg7'rNN
— induced pseudoscalar FF at the pion pole: Gp(q) = Ve ,— + mnon-pole terms
- 4a

— Goldberger-Treiman relation: Frg.nn = gamn(1 + Agr)



Chargeraepenaence
of the pion-nucleon coupling constant

Patrick Reinert, EE, Hermann Krebs, PRELIMINARY

Assuming exact isospin symmetry:
(p' — p)* T

(N(p")[A47 (0)IN(p)) = a(p) (v*Galp’ —p) +— Gp(p' —p)| s u(p)
mN 2
— axial charge of the nucleon: ga = G4(0) = 1.2724(23) R 2\/477me
M
_ : _ AmNFrg-NN
— induced pseudoscalar FF at the pion pole: Gp(q) = Ve ,— + mnon-pole terms
|

— Goldberger-Treiman relation: Frg.nn = gamn(1 + Agr)

N N T
A f he i in limi o - >
way from the isospin limit: —y R —_—
P 7 v R

Notation: f; = fvropp.fwoppa f() = _fwonnfwoppa 2fc2 = .fﬂ—pn.fﬂ"i‘np
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Granada 2017 [perez et al,, PRCY5 (17)]: Clear evidence of charge dependence of N constants!




Consider a fixed database in the energy range from 0...Emax.

1.2

L 1
For normally distributed errors: p(D|f?CA) = Ne—ix
3 2N couplings + 1 251C + 5 IB short-range LECs

p(D|f?*CA) p(f?CA)
p(D)

Using Bayes’ theorem: p(f2|D) — / dA dC p(f2CA|D) = / dA dC

Employ independent priors:  p(f2CA) = p(f?) p(A) p(C)
LA TPV ,

uniform  Gaussian with C =5

However, for any set of f? need to evaluate a 30 (C) + 1 (A) dimensional integral... @
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1.2

L 1
For normally distributed errors: p(D|f*>CA) = Ne—ix
3 zN couplings 1 25 IC + 5 IB short-range LECs

p(D|f*CA) p(f*CA)
p(D)

Using Bayes’ theorem: p(f?*|D) = /dA dC p(f?CA|D) = /dA dC

Employ independent priors:  p(f2CA) = p(f?) p(A) p(C)
AL ,

uniform  Gaussian with C =5

However, for any set of f2 need to evaluate a 30 (C) + 1 (A) dimensional integral... &

Solution: Approximate the likelihood p(D|f?CA) via:

1 —1ry2 lic— . T — .
p(lech) =~ Ne Z[Xmin+2(c len) H(C len)]

where X2, = X2n (% A) @t Coin = Coin(F%,A) and  Hij (2, A) = 555 |o_c. -

Then, the integral over C' can be done analytically. The remaining integral over A is done
numerically. For the considered grid of f% A need to perform ~ 104 fits of C....
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Results for the N4LO+ of Reinert, Krebs, EE, EPJA 54 (18)

—» Naturalness prior (C = 5) plays a very minor role

Then, the integral over C' can be done analytically. The remaining integral over A is done
numerically. For the considered grid of f% A need to perform ~ 104 fits of C....



e Performed own (recursive) data selection for the optimal choice of A = 463 MeV. Results
for Emax = {220, 240, 260, 280, 300} MeV are found to be consistent with each other.

Resulting database below 280 MeV: 2096 pp data + 2836 np data
Granada-2017: 2083 pp data + 2859 np data
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e Performed own (recursive) data selection for the optimal choice of A = 463 MeV. Results
for Emax = {220, 240, 260, 280, 300} MeV are found to be consistent with each other.

Resulting database below 280 MeV: 2096 pp data + 2836 np data
Granada-2017: 2083 pp data + 2859 np data

e Performed weighted averaging of the marginal PDFs over Emax = 220...300 MeV

e To estimate the uncertainty from the truncation of the EFT expansion performed weighted
averaging of 3 models which differ by N5LO terms:

Subleading my-exchange IB =N coupling constant
(1/m-corrections) in the subleading TPE

[Kaiser 2006]






s Al vallditv check

e Published RKE potential: incomplete IB effects, Granada 2013 database, Emax = 280 MeV:
X2 = 5003 for 4895 pp+nn data —>» X2/ Ngat= 1.022; %2/ (Ndat - Npar) = 1.028
27 +1

e Complete treatment of IB effects, own data selection, Emax = 280 MeV:

e Granada 2017 PWA, Emnax = 350 MeV:

X2 = 6856 for 6741 pp+nn data o X2/ Ndat= 1017, X2/ (Ndat - Npar) =1.025
H—l
55
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Do the outcoming residuals follow a normal distribution?

Tail-sensitive rotated quantile-quantile plot (A = 463 MeV, Emax = 280 MeV)
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e Chiral EFT was used to determine nN coupling constants from a combined
analysis of np and pp scattering data at a per-cent level with fully controlled
uncertainties

—> new reference values for N coupling constants

e Differently to Granada 2017, no evidence is found for charge dependence
of N coupling constants

To be done/work in progress:

— finalize error analysis of N couplings
— IB effects in NN phase shifts and observables

— systematic investigation of IB effects in few-nucleon systems



