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1. Introduction

Magnetic dipole (M1) properties of few-nucleon system has been extensively investigated dur-
ing the last two decades. The interest in low energy M1 transitions is additionally stimulated by
the fact that in some cases, due to the internal symmetry of the nuclear system, single-nucleon
(1B) currents can be strongly suppressed. Then meson exchange currents, closely related with
nucleon-nucleon interaction, become visible enabling to test our understanding of the mechanism
underlaying the nuclear interactions with electro-weak probes.

Description of such systems using standard nuclear physicsapproach (SNPA) based on meson-
exchange currents and high-precision phenomenological potentials is unambiguous, due to the
failure to establish an unique meson-exchange current associated with phenomenological part of
the nuclear potential at short distances. However such systems presents an ideal laboratory to
test effective field theories (EFTs), and in this regard, M1 properties have been extensively stud-
ied [1, 2, 3, 4, 5, 6, 7]. One of the examples of huge success of EFT is the ability to describe
σnp, the capture cross section of thenp→ dγ process, at threshold with 1 % accuracy by applying
heavy-baryon chiral perturbation theory (HBChPT) up to next-next-next-to the leading order or
N3LO [1]. In this work, we have extend our up-to N3LO HBChPT description of the M1 properties
to A = 3−4 domain. By taking the magnetic moments of3H and3He as an input to fix the coeffi-
cients of the contact-term operators, a completely parameter-free theory predictions will be made
for the total cross sectionσnd and the photon circular polarization parameterRc of the so called
denprocess (the thermal neutron capture on deuteronsnd → 3Hγ) as well as for the total cross
sectionσn3He of the henprocess (the thermal neutron capture on3He nuclein3He→ 4Heγ). In
this framework we will also revisit the theory predictions for the two-body observables: deuteron
magnetic momentµd andσnp.

2. Current operator

We are interested in magnetic dipole operator

µ1(q) = (iq/
√

6π)−1T̂Mag
10 (q) (2.1)

where T̂Mag
10 (q) is defined in [8],qµ = (ω ,q) is the momentum carried out by the photon, and

q ≡ |q|. This operator give rise to magnetic moments (qµ = 0 in this case) of the nuclei but also
is largely dominant contributor for the thermal neutron capture on1H, 2H and3He nuclei, since at
these energies both initial and final state have positive parities, while angular momenta of available
initial and final states satisfy|Ji −Jf | ≤1.

We derive the M1 operator in HBChPT by considering only the nucleons and pions as per-
tinent degrees of freedom, while integrating all the other massive fields out. In HBChPT the
electromagnetic currents and M1 operator are expanded systematically with increasing powers of
Q/Λχ , whereQ stands for the typical momentum scale of the process and/or the pion mass, and
Λχ ∼ 4π fπ ∼ m∼1 GeV is the chiral scale,fπ ≈92.4 MeV is the pion decay constant, andm is
the nucleon mass. We remark that, while the nucleon momentumpi is of the order ofQ, its kinetic
energy (T = p2

i /m) is of order ofQ2/m, and consequently the four-momentum of the emitted pho-
ton qµ = (ω ,q) should also be counted asO(Q2/m). In this work we include all the contributions
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up to N3LO, where NνLO denotes terms of order of(Q/Λχ)ν compared to the leading one-body
contribution. It is worth mentioning that there exist a different power counting scheme where the
nucleon mass is regarded as heavier than the chiral scale, see refs. [9] for the details. However,
the use of this alternative counting scheme would not affectthe results to be reported in this article
since the difference between the two counting schemes wouldappear only at orders higher than
explicitly considered here (N3LO). Full expressions for the current operators we use have been
provided explicitly in our previous study [7, 10], thus we refer an interested reader to these works.

3. Wave functions

In order to calculate transition matrix elements it is imperative to dispose of accurate wave
functions both for the elastic scattering states (which correspond the initial state in radiative capture
calculations) as well as for the bound states (which are compulsory both for capture and magnetic
moment calculations). Wave functions we use are the mathematically rigorous solutions of under-
laying non-relativistic Quantum mechanics problem for realistic nuclear Hamiltonians. They are
obtained by solving corresponding few-body problem using Faddeev (for 3-body case) [11] and
Faddeev-Yakubovski (4-body case) [12] equations in configuration space. Here we shortly present
4-nucleon Faddeev-Yakubovski (FY) equations, which are formulated in isospin formalism, i.e.
considering proton and neutron as two isospin degenerate states of the same particle, nucleon with
the mass, which was fixed tōh2/m= 41.47 MeV·fm2. FY equations have been rewritten in form
suitable to incorporate long-ranged Coulomb force as well as three-nucleon forces. With the three-
body forceV123 = V3

12 +V1
23 +V2

31, the FY equations for Faddeev-Yakubovski amplitudes (FYA)
K ≡ K4

12,3 andH ≡ H34
12 read [13]

(

E−H0−V12−∑
i< j

VC
i j

)

K = V12(P
+ +P−) [(1+Q)K +H]+

1
2

(

V1
23+V2

31

)

Ψ,

(

E−H0−V12−∑
i< j

VC
i j

)

H = V12P̃[(1+Q)K +H] , (3.1)

whereVi j andVC
i j are, respectively, the short-ranged part and the Coulomb-dominated long-range

part of the interaction between thei-th and j-th nucleons.P+ = (P−)−1 ≡ P23P12, Q≡ −P34 and
P̃≡ P13P24 = P24P13, wherePi j is the particle permutation operator. In terms of the FYAs, the total
wave function of anA = 4 system is given by

Ψ =
[

1+(1+P+ +P−)Q
]

(1+P+ +P−)K +(1+P+ +P−)(1+ P̃)H. (3.2)

We expandK and H in terms of the tripolar harmonicsYα
i (x̂i , ŷi , ẑi), which comprise spins and

isospins of the nucleons as well as angular momentum variables,

Φi(~xi ,~yi ,~zi) = ∑
α

Fα
i (xi ,yi ,zi)

xiyizi
Yα

i (x̂i , ŷi , ẑi), (3.3)

whereΦ stands for eitherK or H, and the subscripti denotes the particle-grouping class (among
the four nucleons).

The partial componentsK LST
i and H LST

i are expanded in the basis of three-dimensional
splines. One thus converts integro-differential equations into a system of linear equations. More
detailed discussion on the numerical method and equations used can be found in [13].
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4. Results

Our EM current operator up to the order N3LO involves two irreducible contact terms, which
should mimic effects due to the massive fields (or short range), and thus contains two low-energy
constants (LECs), denoted byg4s and g4v. The values of these LECs can be fixed rigorously
only by solving QCD at low-energy, which is not feasible at the moment. Therefore we choose
more phenomenological option to determine LECs by requiring to reproduce3H and3He magnetic
dipole moments1. In this paper we present results based on nuclear wave functions obtained for five
different Hamiltonians. These Hamiltonians are: Argonne potential AV18 [14], the chiral N3LO
potential of Idaho group I-N3LO [15], the semi-realistic non-local configuration space potential
INOY derived by Doleschall [16]. Urbana type [17] three nucleon force have been also included
in calculations with AV18 and I-N3LO potentials. For AV18 potential standard parameters of UIX
parametrization have been used, while for the case of I-N3LO+UIX* we have slightly changed the
parameterA2π=-0.03827 MeV of the original UIX parametrization. The lastadjustment have been
done in order to to reproduce the triton binding energy.

Table 1: Predictions for the deuteron (2H) magnetic moment (in nuclear magnetons), the capture cross
sections for the thermal neutron capture on protons, deuterons and3He as well as photon circular polarization
parameter for the neutron capture on deuteron (Rc). These calculations have been realized by fixing contact
terms of the meson exchange current (MEC) in order to reproduce magnetic moments of the triton (3H) and
3He. For two and three nucleon systems these values turns to beinsensitive to the cut-off parameter in the
intervalΛ = (500,900) MeV; if however variation was larger than one affecting the last significant digit its
value is provided in parentheses. Forσn3He capture variation is large and is given as± value.

Model µ(2H) σnp (mb) σn2H (mb) Rc σn3He (µb)

AV18 0.8575 331.9(1) 0.680(3) -0.435 80.0±12.2
AV18+UIX 0.8604 330.6(2) 0.478(3) -0.458 57.3±7.9

INOY 0.8585 330.6(2) 0.498(3) -0.465 34.3±4.5
I-N3LO 0.8574 330.4(3) 0.626(2) -0.441 49.4±8.5

I-N3LO+UIX* 0.8590(1) 329.7(3) 0.477(3) -0.468(1) 44.4±6.7

Exp.: 0.8574 332.6±0.7 [19] 0.508±0.015 [20] -0.420±0.030 [21] 55±3 [22]
54±6 [23]

The first feature to stress is the independence of the obtained results to the cut-off parameterΛ,
which have been varied in the interval (500, 900) MeV. Variation due to the cut-off is of the order
of numerical accuracy for two and three nucleon M1 observables. This gives a sound support for
the HBChPT currents and the power counting scheme in use. Situation is worse for the hen cross
section. Here cut-off dependence is quite important. This drawback, as discussed [18], is due to the
complexity of this system. The major components of the initial n+ 3He scattering state and final
4He bound state wave functions belong to the[31] and the[4] spatial permutation symmetry groups

1One should notice that other experimental data can be used tofix LECs. One practical option is to choose2H mag-
netic moment andnp thermal capture cross section as reference, enabling to fix the two LECs independently. However
very accuratenp cross section measurement is unfeasible. Therefore selection of the3H and3He magnetic moments,
which are known with 9-digit accuracy, to determine LECs hasadvantage enabling to test our results without performing
error propagation procedure.
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respectively, they cannot be connected through ther-independent operators. Therefore leading 1-
body current operator is strongly suppressed, partial suppression also appears in the leading 2-body
one-pion exchange contributions. Moreover there is a strong cancelation between single nucleon
and meson-exchange currents, which permits to blow up importance of the higher order terms in
the power counting scheme.

Second observation is strong model dependence of the calculated capture observables. There
is more than factor 2 difference between calculatedn3He→ 4Heγ cross section for AV18 and
INOY models. These discrepancies are due to the mismatches from the long-range contributions.
Long-range parts of the initial and final state wave functions are governed by the relevant effective
range parameters (ERPs) as binding energies (for the bound states) and scattering lengths (for the
scattering states). Not all the Hamiltonians employed are able to reproduce correctly experimental
values of ERPs for A=3-4 systems. Nevertheless the low energy ERPs can be related, it is well
observed correlation of the singlet n-d scattering length with trinucleon binding energy (Philips
line), as well as correlation between binding energies of the alpha-particle and3H nucleus (Tjon
line). Correlation have been also observed between thermalneutron-deuteron capture cross section
and3H binding energy by Friar et al. [24], this correlation for our results is demonstrated in left
pane of the Fig. 1. Then3He→ 4Heγ reaction is a complicated four-body process that may involve
a large number of ERPs. Still we found thatσn3He is almost proportional to the quantity

ζ ≡
[

q(anHe3/rHe4)
2]−2.75

. (4.1)

whereq = BE(4He)−BE(3He) is theQ value,anHe3 is the real part of the spin-tripletn-3He scat-
tering length andrHe4 is the point-proton rms radius of4He. This proportionality is demonstrated
in the right pane of Fig. 1. Considering these correlations one can establish model-independent
predictions, which correspond to the experimental ERPs. Wededuceσnd = 0.490±0.008mband
Rc = −0.462±0.03 for thermaln2H → 3Hγ andσn3He = 54.9±9.1 µb, which are in reasonable
agreement with experimentally measured values.

As seen in the table determined values for two nucleon M1-properties are also in reasonable
agreement with experimental data, however fornp capture cross section they are up to 3σ below
experimental point. Moreover visibly agreement worsens asone includes three nucleon interac-
tion, when calculating trinucleon wave functions. This feature suggest that probably three-nucleon
currents, which enter in our power counting at N4LO, turn to be the most important omitted contri-
bution. This issue should be solved in our future works.

Summarizing one should stress that our hybrid approach provides results, which turns to be in
a rather good agreement with experimental data. The small discrepancies found for M1 properties
of two and three nucleon systems are of the similar magnitudeas provided by the best standard
approach calculation [25]. Our results turns to be less cut-off dependent and closer to the exper-
imental values than ones presented in the recent study by Pastore et al. [26], which is based on a
similar approach we use, however which in addition explicitly includes∆−isobar degrees of free-
dom. One should stress however that calculations performedby Sadeghi [5] using pionless theory
turns to be in perfect agreement with experiment for den process. This feature is very surprising,
as the last approach turns to be the simplest and roughest Effective Field theory application. This
issue should be carefully studied by testing M1 properties beyond low energy radiative capture pro-
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cess. For example pionless approach used in [5] should provide deuteron with magnetic moment
µd = µp + µn = 0.87981µN , i.e. value overestimated by 2.6%.
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Figure 1: Correlation of the calculated den cross section with the3H binding energy (left pane). Correlation
between the calculated hen cross section withζ ≡

[

q(anHe3/rHe4)
2
]−2.75

parameter (right pane).

Our hen results are the first ones obtained combining fully realistic nuclear wave functions
and HBChPT currents. By correcting effects due to the effective range parameters controlling
long range behavior of the systems wave function model independent prediction can be obtained,
giving reasonable agreement with experimental data. Before the present work, the only ab initio
calculation of the hen reaction has been performed by Schiavilla et al. in [27]. In last work the
nuclear wave functions were obtained within a different approach (the variational Monte Carlo
method), using the older Av14+UVIII Hamiltonian model and meson exchange current operators
constructed in a Chemtob-Rho type of phenomenological way.Hen cross section calculated in [27]
were 85.9µb and 112µb, sizeably different from our results. This difference is not only due to the
difference in MEC operators employed, since our calculatedvalues already for one-body impulse
approximation term are as much as 2.6 times larger than Schiavilla’s. Part of this discrepancy can
be attributed to the difference in calculatedn− 3He scattering length and the fact that coupling
of n− 3He channel withp− 3H one has been ignored in work by Schiavilla et al. However the
main reason can be due to the fact that the last variational calculations involved very few two-
body correlation operators, which could be not enough to estimate impulse approximation operator
coupling only the minor components of the initial and final nuclear states.
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