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Abstract: In this paper, we report on two recent studies of relativistic nucleon-nucleon and hyperon-

nucleon interactions in covariant chiral perturbation theory, where they are constructed up to leading order.
The relevant unknown low energy constants are fixed by fitting to the nucleon-nucleon and hyperon-nucleon
scattering data. It is shown that these interactions can describe the scattering data with a quality similar to
their next-to-leading order non-relativistic counterparts. These studies show that it is technically feasible to
construct relativist baryon-baryon interactions, and in addition, after further refinements, these interactions

may provide important inputs to ab initio relativistic nuclear structure and reaction studies and help improve

our understanding of low energy strong interactions.
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1 Introduction

The nuclear force is one of the most important
inputs to microscopic nuclear structure and reaction
studies. It is responsible for holding nucleons together
to form nuclei.  As a residual force of the strong inter-
action, it can in principle be derived from the underly-
ing theory of the strong interaction, Quantum Chromo
Dynamics (QCD). However, because of the two pecu-
liar properties of QCD, confinement and asymptotic
freedom, QCD becomes non-perturbative at the low
energy region of nuclear physics interest and, as a re-
sult, a direct derivation of realistic nuclear forces from
first principles has only become possible in recent years
via lattice QCD simulations!™ ?. In Lattice 2016, the
HAL QCD collaboration has reported on their prelimi-
nary results of baryon-baryon (BB) interactions at the
(almost) physical point[375}.

The original microscopic understanding of the
nucleon-nucleon (NN) interaction was first proposed
by Yukawa, namely, it is mediated by meson ex-
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changes[G]. Ever since, the idea has been rather popular
and successful phenomenologically. Nowadays, there
are a variety of formulations of the nuclear force based
on such a picture, such as the high-precision nuclear
potentials, Reid93m, Argonne V1s[8], (CD—)Bonn[g’ 10},
In a similar way, one can derive hyperon-nucleon (YN)
and hyperon-hyperon (YY) interactions as well, such
as NSC97a-fl' land Jiilich 04!?.
serve as important inputs to (hyper)nuclear structure
and reaction studies. Nonetheless, the connection of
these phenomenological potentials to QCD is not very
transparent.

The next advancement is the derivation of the nu-
clear force using chiral perturbation theory (ChPT),
which is an effective field theory of low-energy QCD
and provides a model independent way to study strong-
interaction physics[lg]. In 1990s, Weinberg proposed
that one can derive the nuclear force from ChPT!* 121,
The so-obtained chiral nuclear forces, based on a con-
sistent power counting scheme, can be systematically

These interactions

improved by going to higher orders in terms of exter-
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nal momenta (of the nucleons) and light quark masses.
Three- and four-body interactions can be constructed
on the same footing. In recent years, chiral nuclear
forces have been constructed up to next-to-next-to-
next-to-next-to-leading order (N*LO) and can describe
the NN scattering data with a x?/datum < 106721 1y
the past decade, the Weinberg approach has been gen-
eralized to study antinucleon-nucleon?* 23], YN and
YY interactions'**2°). Unlike the NN case, the chiral
YN and YY interactions have only been formulated up
to next-to-leading order (NLO).

The current studies of chiral forces are all based
on non-relativistic (NR) chiral perturbation theory
and relativistic effects are either discarded or treated
perturbatively. On the other hand, relativistic effects
are known to play an important role in understand-

(30]

ing the fine structures of atoms/molecules and

[31}, both of which are conventionally considered

nuclei
as typical low-energy and non-relativistic systems. Al-
though because of their simplicity, NR approaches are
still routinely used in modern studies, the dynami-
cal relativistic effects, such as the appearance of anti-
fermions, their spin and the resulting spin-orbit in-
teractions, play a key role in understanding certain
properties of finite nuclei, such as the origin of pseu-

(321, Furthermore, relativistic effects

dospin symmetry
at the hadronic level have been shown to play an im-
portant role as well, by the successful applications of
covariant chiral perturbation theory in the one-baryon
sector3338] [39-42]

Motivated by the successes of relativistic formula-
tions in atomic/molecular, nuclear and hadronic sys-
tems and in response to the demand in ab initio rel-
ativistic nuclear structure studies*® 44], we proposed
to study the chiral BB interactions in the framework
of covariant chiral perturbation theory. As a first step,
we constructed the NN and YN interactions at lead-
ing order (LO) and made comparisons with their NR
counterparts. The main results will be given in Sec.
3 and Sec. 4, respectively, while more details can be

found in Refs. [45, 46].

and heavy-light systems

2 Definition of relativistic baryon-
baryon potentials

A potential is often understood as a quantity
used in the non-relativistic Schrodinger/Lippmann-
Schwinger equations. Since our purpose is to con-
struct relativistic baryon-baryon potentials, it is wor-
thy clarifying the definition of potentials from a field-

theoretical point of view! " 48], especially in the frame-
work of covariant chiral perturbation theory.

Because of the non-perturbative nature of baryon-

baryon interactions, in relativistic elastic scattering,
one has to resort to the Bethe-Salpeter (BS) equation,
which reads, e.g. for nucleon-nucleon scattering,

T pIW)=Ap',p|W)+

4
oAt smIGEWITEAW)., )
where p (p’) is the initial (final) relative four-
momentum in the center-of-mass system, and W =
(v/s/2,0) is half of the total four-momentum with the
total energy /s = 2E, = 2E, and E, = \/p?+m%.
T denotes the invariant amplitude, A is the interac-
tion kernel consisting of all irreducible diagrams ap-
pearing in covariant ChPT. G represents the free two-
nucleon Green function. However, because of both
formal and practical considerations, one often uses a
three-dimensional reduction of the BS equation in prac-
tice, such as the Blankenbecler-Sugar equation[49}, the
Thompson equation[50], the Kadyshevsky equation[m],
or the Gross equation[m]. In the present work, follow-
ing Refs. [53, 54], we chose to use the Kadyshevsky
equation,

3
(2m)3
m2N 1
2E7 Ep— Ex +ie

T(p',p)=V(p',p) +J

V(p',k) T(k,p). (2

After integrating out the time component ko of the
BS equation and sandwiching it between the nucleon
Dirac spinors, we obtain the relativistic potential, V,
appearing in the above equation,

V(P p)=u(p',s1)u(—p’,s2) x
Vo= Epy —1/2/5,p"sp0 = Ep—1/2V/s,
PIW] x u(p,s1)u(p’, s2), 3)
with the effective interaction kernel V perturbatively
calculated via
YO — A(O)7
p(2) :A(2)+A(O)(G—9)A(O), (4)

and so on, in covariant ChPT.

3 Relativistic chiral nucleon-nucleon
interactions

In Ref. [45], we proposed a covariant power count-
ing scheme to derive the relativistic chiral nuclear force
defined above. Under this power counting, we retain
the full form of the Dirac spinors, i.e.,

1 €
U(p,S)INp<a.p>xs, No=y[5= )

€p
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with €, = Ep+Mn. The chiral dimension of a Feynman

diagram is determined by

iy =4L— 2Nz~ Nu+ > kV, (6)

where L is the number of loops, N the number of in-
ternal pion lines, N, the number of internal nucleon
lines, and Vi the vertices of chiral dimension k. In the
covariant power counting, the expansion parameters
in constructing V), are the external nucleon three mo-
menta and light quark masses, which are the same as
those in the one-baryon sector. It should be mentioned
that such power counting schemes are well defined in
the 7t and 7N sectors, but not in the NN sector. Here,
we follow the strategies outlined in Refs. [55, 56]. In
addition, the Dirac spinors are treated as one entity
and the small components are retained, different from
the NR approach.

According to the above power counting, at lead-
ing order one needs to compute the Feynman diagrams
shown in Fig. 1. The relevant Lagrangians are

Lo, =L+ 42O (7)

where the superscript denotes the chiral dimension.
The lowest order mrt, mN and NN Lagrangians read,

2

L= ffTr 0.0 UT + U+ U mA] (8)
Lip=" {ilﬁ—MNJrg?AW“%uﬂ} v, 9)

1 _ L _ _
L3%= 5 [Cs(P0) (BX) 4 Ca(950) (T3 ¥) +

Oy (W) (Uy"0) +

Cav (Uy75 ) (Uy s W) +

Cr (Yo, V) (¥e" )], (10)

where the pion decay constant fr=92.4 MeV, the ax-
ial vector coupling ga = 1.267, and Cg,a,v,av,T are
low-energy constants (LECs). We note that the rel-
ativistic chiral Lagrangians for nucleon-nucleon inter-
actions have been constructed up to leading order by
(24,561 There are also attempts
(55, 571, Nonetheless, fur-

a number of groups
at the next-to-leading order
ther efforts are still needed to have a systematic power
counting in the relativistic case at NLO and beyond.

As shown in Fig. 1, the LO relativistic chiral nu-
clear interaction includes four-nucleon contact (CTP)
and one-pion-exchange potentials (OPEP),

V2O = VETE + VopEp, (11)

with

Fig. 1 Feynman diagrams contributing to the LO rela-

tivistic chiral force. Solid lines represent nucleons
and the dashed line denotes the pion.

p)=
(a(®’,s1)u(p,s1)) (@(—p',s2)u(—p,s2)) +

Ca (u(p',s1)v5u(p,s1)) (a(—p',s3) 75U( p,s2)) +
(u(p’, s1)yuu(p, s1)) (@(—p, s2)v"u(—p,s2)) +
v(ﬂ(Pl,Sll)szu 51))

(a(=p’, s2)7" v5u(—p,s2))+

Cr (ﬁ(p ,81)0 U (P, 51)) X

(a(—p',52)0" u(—p,s2)) , (12)

X

9a 1 «
4f2 (Epy — Ep)? —(p' —p)? —m3

[a(p’, 1) Ty Y5 quu(p, 51)] -
[a(—p', s2) T2y ysqu(—p,s2)] , (13)

Vorep (p',p) =—

where ¢ represents the four momentum transfer g =
(Ep — Ep,p’ —p) and 7 are the isospin Pauli matri-
ces. It should be noted that the retardation effect of
OPEP is self-consistently included, consistent with the
assumption of the Kadyshevsky equation.

Rewriting the LO potential in terms of the Pauli
operators and three momenta, it is easy to see that
VPO contains all the six allowed spin operators, in
contrast with the non-relativistic LO chiral potential,
which only consists of the central, spin-spin and tensor
operators.

Next, we perform partial wave decomposition of
the chiral potential in the |LSJ) basis and connect
them to experimental observables. First, one calcu-
lates the matrix elements of Vio' in the helicity ba-
sis, then rotates them to the total angular momentum
space |JM), and finally, transforms them to the |LSJ)
representation. We note that the relativistic contact
terms contribute to all the J < 1 partial waves and the
relativistic corrections to the OPEP are largely sup-
pressed.

As mentioned before, in the present work, we
chose to use the Kadyshevsky equation™, which reads
in the LSJ basis,

Ti?",]L( p)= VL’ (P .p)+

*We checked that using the Blankenbecler-Sugar equation to obtain the scattering amplitude does not change our results in any

significant way.
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< k2dk VS (k) ME y as that used in the NR approach allows us to make
)y (2m)3 LLLips 2E3 a direct comparison between the relativistic and NR
1 o approaches.™™
E,—FEntic +16TL“,L(k7p)- (14) In order to determine the five unknown LECs, we
P

Furthermore, to avoid ultraviolet divergence, we

regularize the potential in Eq. (14) with a form factor.

Here, we choose the commonly used separable cutoff
function!®”! ,

R _p2n _p/2n
Vio = VLo =Vio exp <A2n> ) (15)

with n = 2. One should note that such a form factor
is not covariant, but using the same cutoff function

need to fit to the NN scattering phase shifts. We
choose the neutron-proton phase shifts from the Ni-
jmegen93 partial wave analysis[E’S] with laboratory ki-
netic energy Fj,p. < 100 MeV. The momentum cutoff
A is varied from 500 MeV to 1000 MeV. We found
that the best fitted result is located at A = 750 MeV
with )22/d.o.f. ~ 2.0, and the corresponding descrip-
tion of phase shifts is presented in Fig. 2. For the sake
of comparison, the results of the LO and NLO non-
relativistic chiral force from Ref. [59] are also shown.
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Fig. 2

(color online) Comparison of theoretical and experimental neutron-proton phase shifts for J < 1. The red solid

lines represent the results of the LO relativistic potential, while the dashed and dotted lines denote the LO and
NLO non-relativistic results!®”. The red bands are the relativistic results with the cutoff ranging from 500 MeV to
1000 MeV. Solid dots and open triangles are the np phase shifts of Nijmegen[sg] and VPI/GWUlﬁO]. The gray back-
grounds denote the energy regions where the theoretical results are predictions. The figure is taken from Ref. [45].

** We realized that there exists a covariant but separable cutoff function of the following form,

Vio = V6% =exp {_ < A2

2 2
pT—my

p'?—m}
VLo exp |— —= )| (16)

Preliminary studies show that using such a cutoff function yields slightly better fits compared to what shown in Ref. [45], but the results

remain qualitatively similar. More details will be reported in a forthcoming publication.
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Furthermore, the variations from the best fit with the
cutoff ranging from 500 MeV to 1000 MeV are shown
as the red bands in Fig. 2. The covariant LO results
can better describe the 'Sy and 3 Py phase shifts than
the corresponding NR ones. They are quantitatively
similar to the NLO NR ones. It can be seen that the
variation of the cutoff does not change qualitatively
the overall picture. On the other hand, for the five
J =1 phase shifts, the relativistic results are almost
the same as the non-relativistic ones.

In Fig. 3, we show the description of the J = 2
phase shifts, where only one-pion-exchange diagrams
contribute. Following the same strategies, we give the
relativistic results with A =750 MeV as central values
and the variation bands are obtained by varying the
cutoff from 500 MeV to 1000 MeV. For the sake of
comparison, the LO non-relativistic results of Ref. [59]
are also shown. One can see that they are almost the
same, because the relativistic corrections of the OPEP
are largely suppressed.

L o O o e e
1 3 S i
- D2 ® % D2 ///
8 ‘ —
PY - [
L PY 4 20 L
4 o — B
10 -
- . — = | -~
OM|||I||||I|||| 0 T T T I T N A B M M A B B
O o LIS I o I B
3 X 3
L) L\ F -
]
@10_ — ®
= 1
5
0 P T O A I A R A A I A R A 0 T T T I O A A
50 100 150 200 250 300
0 LA I O Elab./MeV
2
- = Rel.-LO
b — — — NonRel.-LO (00"
—@— Nijmegen (93")
—&—  VPI/GWU (94")
-6 [~ & ~ -
TN T I O A A I B A A B A AN A A
0 50 100 150 200 250 300
E]ab_/MeV
Fig. 3 (color online) Neutron-proton phase shifts for J=2. The notations are the same as Fig. 2. The figure is taken
from Ref.[45].
4 Relativistic chiral hyperon-nucleon  Ref. [46]. The Lagrangians for the contact terms

interaction

We have extended the covariant power count-
ing scheme to the YN sector and constructed the
strangeness S = —1 YN interaction up to LO in

(CT) and the one-pseudoscalar-meson-exchange poten-
tial (OPME) read

Ch

LoT = 71 tr (BaBb(FiB)b(FiB)a) +
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@ tr (Ba(I3B)a By (T B)s) + where the SU(3) coefﬁcien.t Ngp/¢ and isospin factor
2 IB,B,—BsB, can be found in, e.g., Refs. [24, 61]. Note
c3 = = that SU(3) symmetry is broken due to the mass dif-
— B.(I';B By(I';B 1
2 tr( a(ly )a) tr( oL )b)’ (17) ference of the exchanged mesons. The corresponding

_ D -
£ =t Bl - 20) - D510,

ZBW’M%[quB]) : (18)

The potential can be symbolically expressed as
Vo =V + Vi (19)
The contact terms are derived assuming SU(3)

symmetry[ﬁl}. The OPME potential reads

BB’
VoPME = *NB1B3¢NB2B4¢IB1B2—>B;3B4 X
(U3 v5quur) (Uay” y5quu2)

A N N A z N
n K T
A N A N A N
Fig. 5

Following the same procedure as in the NN case,
one can perform partial wave decompositions of the
LO YN potential and obtain Vi'o' in the |LS.J) ba-
sis. After iteration of the partial wave potential in the
coupled-channel Kadyshevsky equation,

(o psVs) =Vl (e + Y X
p

//711// 0

dp//p//Q
(2m)3
MBl,u”MBz,u” prpl;/ 7J(I)I71)H) T:”:’ 7J(I)”vl); \/g)
Ev,vEo i (/s —Eq,yn — Ea i +1i€) ’
(21)

one can obtain the scattering T-matrix. In Eq. (21),
the potential needs also to be regularized to avoid ul-
traviolet divergence. We chose the Gaussian cutoff
function Eq. (15) as in the NN case. Furthermore, in
order to properly take into account the physical thresh-
olds and the Coulomb force in charged channels, we
solve the Kadyshevsky equation in particle basis. The
Coulomb effects are treated with the Vincent-Phatak
approach.

Feynman diagrams for the strangeness S = —1 AN—=XN
system are shown in Figs. 4~5.

| X | | X | | X |
A N A N z N
Fig. 4 Nonderivative four baryon contact terms in the
AN — XN system.

N DTGP N N z
K T, n K
A N Xz N z N

One-pseudoscalar-meson exchange diagrams in the AN — XN system.

Among the 15 LECs in the Lagrangian of Eq. (16),
it can be easily shown that there are only 12 inde-
pendent LECs or equivalently 12 independent partial
waves in the strangeness S = —1 sector.! To do this,
one can write down the following 12 partial wave po-
tentials which are linear functions of the 12 LECs we
introduced in Ref. [46].

Vit =y [14+ (RN (RYM?] +
CFR (BN + ()M,
Vi% = OFo |14+ (B ™) (7)) +
O (R + (REPY]
Vil = - O Y R
VszPEl = _§C:3EI§1R§ER§’E7
Vipo = —2(~C1dy — Ofo +2D34 — 2D38) R R,

Vibo = —2(—Ci5y — Ciao+2D35 —2DFR) REC Ry

1 The other three LECs contribute exclusively to the strangeness S = —2 system.
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351 = 351 [1 RQA)Q} + One can easily check that this set of equations has a
unique solution, which means that they are linearly
351 { Rp/ )2} independent. The remaining potentials, namely the
%2 381 —3D; mixing and 3Dy, can be expressed in terms
Vst =Cssi [ R ) ]+ of VSBS?I and VB;Bl,. The only other choice is to take

o2 [ REE REE } those LECs in the 1Sg, 251 and 3Py partial waves.
To determine the 12 unknown LECs, we per-
3%21 = 351 [14— RAE RAE) } formed a fit to the scarce low energy YN scattering
RAE RAE data, which consist of 35 cross sections and a X~ p in-
351 [ ) } elastic capture ratio at rest. We also took into account
VAL _ (C ol )RAARA/A the S-wave scattering lengths of Ap and ¥ p to further
ir 3517351/ 5p e o constrain the values of LECs. The cutoff scale A was
$)IS3) > varied from 500 to 850 MeV. The details of the fit can

Vibi=- (03S1 CSSl)Rp R be found in Ref. [46].

Vibi=— (0351 —C43)RY RS (22) The best fitted results are obtained at A = 600
MeV, with a x? = 16.1. The corresponding descrip-
where tion of the experimental cross sections are presented in
Fig. 6. For references, the results of two phenomeno-
D38 = 18 (170351 +15C5%1 +C331> logical potentials, NSC97f and Jiilich04, and those of

D4 = 8 (170351 +15C58 + 0351>

D33 = C38 +C331,

the LO NR chiral force are also shown. One can see
that the relativistic results can reproduce the YN scat-
tering data quite well.

Moreover, differential cross sections are also sh-

29
D35 =Ci51 + G451 (23)
Ap-Ap Tp-Lt Zp-An 2 p-Xn 2-p-X
300 T T T 250 T pl pl 300 | T P T T 500 T p T T 300 T p P
= Sechi-Zorn et al. + Ei I ~> Engelmann et al. « Eisele et al.
250 { - Alexandereral { 200F ESTeLEE N N5 b 400 1 1 250t
yr * Hauptman et al. : 200
- 200 H > Kadyk et al. 150 200 - 300 F - !
£ 150 150 pek
- 100 150 200 Fis
100 | 100
50 501 1 100 100 & | )
0 1 i 0 I L 1 50 1 1 1 0 1 I 1 0 I I
100 300 500 700 900 140 150 160 170 180 100 120 140 160 100 120 140 160 140 150 160 170

P.,/(MeV/c)

Fig. 6

(color online) Cross sections in the leading order relativistic YEFT approach (green solid lines) and NR approach

(blue dotted lines)as functions of the laboratory momentum at Ar =600 MeV. For reference, the Nsco7ft! (red
dash lines) and Jiilich 0412 (orange dashed-dotted lines) results are also shown. The figure is taken from Ref. [46].

own in Fig. 7. One can see that the theoretical pre-
dictions agree well with the experimental data within
uncertainties, although they are not considered in the
fits. S- and P-wave phase shifts of Ap and X 1p reac-
tions are shown in Figs. 8~9. One can see that the
1S and 3 Py phase shifts are quite different from those
of the LO NR approach, but the 3P, phase shifts are
similar, where only OPME terms contribute.

Cutoff dependence of the fitted x? is shown in
Fig. 10, in comparison with the LOPY and NLOPY
NR approach, and the approach in Refs. [53, 54] (de-
noted as the EG approach). The relativistic results are
less sensitive to the cutoff variation, compared with the

LO NR approach and the EG approach, and are com-
parable with the NLO NR approach. Similar to the
NN case, the improvement mainly originates from the
contact terms.

We have tried to describe the NN and YN data
simultaneously and found that a simultaneous fit of
NN and YN systems is impossible, similar to the NLO
NR case®®). This can be demonstrated in the follow-
ing way. One can easily see that the LECs in the NN
sector fixed by fitting to the Nijmegen partial wave
< 100 MeV as described in Sec. 3
are quite different from the ones fixed by fitting to the
More specifically,

analysis with Ejap.

scattering data described above.
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Fig. 7 (color online) Differential cross sections as a function of cosf at various laboratory momenta Plap, where 0 is

the center-of-mass scattering angle. The notations are the same as Fig. 6. The figure is taken from Ref. [46].

YN the 'Sy partial waves of NN (I =1) and ¥N(I =
3/2) share the same SU(3) representation 27. As a
result the contact terms should be the same for these
two channels in the SU(3) symmetric limit. However,
we find that the ©+p — S Tp cross sections are largely
overestimated with the LECs determined from the NN
analysis, and even a near-threshold bound state ap-
pears. We conclude that SU(3) symmetry breaking
must be properly taken into account in order to de-
scribe the NN and YN scattering simultaneously.

5 Summary and perspectives

We proposed a new covariant power counting
scheme to construct relativistic baryon-baryon (NN,
YN, and YY) interactions based on covariant chiral
perturbation theory. The NN and YN interactions
were formulated up to leading order and it was shown

that they can describe the NN and YN scattering data
reasonably well, similar to the next-to-leading order
non-relativistic ones. From an effective field theory of
point of view, such a feature, namely, being able to
describe experiments as relatively low order and with
fewer low energy constants, is very welcome. Of course,
more studies are needed to verify whether it will con-
tinue into higher orders.

In the near future, we would like to construct the
relativistic chiral nuclear force up to next-to-next-to-
leading order and determine the relevant low-energy
constants by fitting to either NN phase shifts or scat-
tering data directly. We expect to obtain a high pre-
cision chiral nuclear force for relativistic nuclear struc-
ture and reaction studies. In the mean time, we will
extend the same framework to study YN and YY in-
teractions. With the latest results from lattice QCD
simulations, we can achieve a better determination of
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(color online) ©Fp S- and P-wave phase shifts in various approaches. The notations are the same as in Fig. 8.
The figure is taken from Ref. [46].
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the corresponding low energy constants and therefore

study the impact of these interactions on various top-

ics of current interests, such as the existence of exotic

hadrons and the mass-radius relation of neutron stars.
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