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1 Introduction

Elastic pion-nucleon (7N) scattering has been studied extensively since the middle of the
last century (see e.g. refs. [1, 2]), not only due to the wealth of experimental data, but also
because of its importance for our understanding of chiral dynamics of quantum chromo-
dynamics (QCD). From the theory side, in order to describe such a fundamental process,
dispersion relations for 7N scattering have been investigated several decades ago [3-5] and
many phenomenological models and different approaches have been proposed (see, e.g.,
refs. [6-13]). Roy-Steiner equations for the pion-nucleon scattering have been also anal-
ysed recently [14-17]. In the low-energy region a systematic and powerful tool to study 7N
scattering is provided by chiral perturbation theory (ChPT) [18-21]. An extension of the
range of applicability of chiral effective field theory (EFT) beyond the low-energy region
has been also suggested in the recent work of ref. [22].

ChPT is the EFT of QCD in the low-energy region, which is widely used in modern
hadronic physics. It has the same symmetries as its underlying theory and is based on an
expansion in powers of small quark masses and external momenta, collectively denoted by
p. According to the power counting rules of ChPT, powers of p are assigned to Feynman
diagrams and used to estimate the relative importance of their contributions in physical
quantities. Hence, low-energy physical quantities, which can not be obtained within per-
turbative QCD, are calculated in a perturbative expansion in powers of p. Purely mesonic
ChPT, the theory of Goldstone bosons only, has been very successful [19, 20]. However,
in baryon chiral perturbation theory (BChPT), which additionally takes baryons into ac-
count, the power counting becomes subtle due to the non-zero baryon masses in the chiral
limit. A first attempt to study elastic 7N scattering using BChPT was made in ref. [23].
Therein, the power counting rule was shown to be broken when the baryon propagators are
involved in loop integrals, namely loop diagrams give contributions of orders lower than
assigned by the power counting.

To remedy this power counting breaking (PCB) issue, several approaches were pro-
posed during the last decades. The most well-known approach is to calculate physical
quantities within heavy baryon chiral perturbation theory (HBChPT) [24, 25]. In order
to restore the power counting, a simultaneous expansion in p and in inverse powers of the
baryon mass is performed. Within this framework 7N scattering was analysed in detail
up to order O(p®) [26, 27] and later up to order O(p?) [28]. A good description of partial
wave phase shifts has been achieved near threshold. However, the non-relativistic heavy
baryon expansion distorts the analytic structure of the amplitudes, e.g. the location of the



poles of baryon propagators are shifted, and also convergence problems are encountered in
certain low-energy regions, e.g. for the scalar form factor of the nucleon at t = 4M?2 [29].
It should be noted, however, that the proper analytic structure can be regained if one
includes subleading terms in the heavy baryon propagator, see e.g. ref. [30]. In any case,
it is of interest to treat the PCB problem within covariant BChPT. A pioneering work in
ref. [31] restored the power counting by keeping only the so-called soft parts of the Feynman
diagrams. Successively, a much more elegant approach, known as infrared regularization
(IR), was proposed in ref. [29] and later extended/reformulated in refs. [32-35]. All the
Feynman integrals in the IR regularization scheme are divided into infrared singular parts,
respecting the power counting rules, and infrared regular parts, possibly violating them,
and therefore the latter are discarded by means of absorbing them in (an infinite number
of) the low-energy constants (LECs) of the effective Lagrangian. By making use of the IR
scheme, TN scattering has been studied up to O(p*) order [36] (see also ref. [37] for O(p?)
order calculation). Besides, the analyses of the isospin violation and the SU(3) sector of
BChPT have also been considered in refs. [38] and [39], respectively. However, the IR
regularization has its own drawbacks: the presence of an unphysical u-channel cut [29, 31]
and the prediction of a large discrepancy of the Goldberger-Treiman (GT) relation [37].
All these problems are due to dropping the entire infrared regular parts.

The extended-on-mass-shell (EOMS) scheme, developed in refs. [40-42], is an alterna-
tive approach to solve the PCB problem. It removes the power counting breaking terms
(PCBT) at the level of amplitudes (or observables) by absorbing them into the renormal-
ization of LECs of the effective Lagrangian. This is due to the fact that the PCBTs are
polynomials of momenta and/or quark masses. The EOMS scheme preserves the analytic
structure of the physical quantities, e.g. scattering amplitudes. w/N scattering has been
calculated using EOMS scheme in ref. [43] up to order O(p®) and in ref. [44] up to order
O(p*). Contributions to the scattering amplitudes obtained in those works possess the
correct power counting and correct analytic properties. Moreover, the existing results of
partial wave analysis are described well, and remarkably, reasonable predictions for discrep-
ancy of GT relation and the pion-nucleon sigma term o,y are obtained. Nevertheless, as
pointed out in ref. [43], the convergence of the chiral expansion of the O(p®) order 7N scat-
tering amplitude within EOMS scheme is questionable when the A(1232) is not taken as an
explicit degree of freedom. This implies the necessity of including the A(1232) resonances
as explicit degrees of freedom in the effective Lagrangian, together with nucleons and pions.

In this work, we present the full third order (leading one loop) calculation of the pion-
nucleon scattering amplitude in a manifestly Lorentz invariant formulation of BChPT with
explicit deltas. We perform renormalization using the EOMS scheme such that the power
counting violating terms are dealt with properly. The S- and P-wave phase shifts are
extracted from the manifestly Lorentz invariant amplitudes and then fitted to the phase
shifts obtained from the recent Roy-Steiner (RS) equation analysis of 7N scattering [17]
such that all involved LECs are determined. Based on the obtained LECs, we predict the
D- and F-wave phase shifts and compare them with the results of the George Washington
University (GWU) group analysis [45]. The threshold parameters are determined for both
the delta-less and delta-full cases. In addition, we discuss the pion-nucleon sigma term and
the strangeness content of the nucleon in SU(3) BChPT.



This paper is organized as follows. In section 2 we introduce the notations and the
kinematics for the pion-nucleon scattering amplitudes. Terms of the chiral effective La-
grangian that are needed for our third order calculation of the pion-nucleon scattering
amplitude are specified in section 3. Contributions of tree and one loop diagrams in the
scattering amplitude are discussed in section 4. Renormalization of the one loop diagrams
and the definitions of the pion-nucleon, gy, and pion-nucleon-delta, gy, couplings are
given in section 5. Section 6 contains the extraction of the phase shifts. The baryon sigma
terms and the strangeness content of the nucleon are discussed in section 7. We summarize
our results in section 8 and the appendices contain explicit expressions of various quantities
as well as other technicalities.

2 Formal aspects of elastic pion-nuleon scattering

2.1 Kinematics and the structure of the amplitude

The on-shell Lorentz- and time-reversal invariant T-matrix for the elastic scattering process
7(q) + N(p) = 7 (¢) + N(p'), with Cartesian isospin indices a’ and a, depends on three
Mandelstam variables

s=(p+q?, t=@-p), u=@p-4q), (2.1)

subject to the constraint
s+t +u=2m3 +2M?, (2.2)

with my and M, the physical masses of the nucleon and the pion, respectively. In the
isospin limit, the amplitude Tﬁ;\‘}(s, t,u) can be parameterized as

/ 1 _
7?]\6/}(87 t’ ’LL) = X}L\V {5&’QT+(S7 t7 'U,) + §[Ta/7Ta]T (87 ta U)} XN 9 (23)

where 7; are the Pauli matrices and xpy, xn’ denote nucleon iso-spinors. Unless stated
otherwise, the argument v is always to be understood as a function of s and ¢, u(s,t) =
2m?\, +2M?2 — s — t. The Lorentz decomposition of the invariant amplitudes 7% reads

TH(s,t,u) = a*) (p)) {Di(s,t,u) 4, g]Bi(s,t,u)} ul® (p), (2.4)

B 4mN

with the superscript (s'), (s) denoting the spins of the Dirac spinors @, u, respectively. The
Lorentz decomposition is not unique, a popular alternative form is

T (s, t,u) = a*)(p) {Ai(s,t,u) + % (4 +4) Bi(s,t,u)} u® (p) . (2.5)

Furthermore, AT can be related to B* and D* via AT = D*—vB* withv = (s—u)/(4my).
Nevertheless, it is well known that the decomposition in terms of D and B, i.e. eq. (2.4),
is better suited to perform the chiral expansion of the invariant amplitudes, while there
exists cancellations between power counting violating contributions from A and B.



The whole T-matrix Tfr”;\‘; is symmetric under the so-called crossing operation between
the s- and u-channels, i.e. interchanging the incoming pion (nucleon) and the outgoing pion
(nucleon). As a result, due to the crossing symmetry the invariant amplitudes A, B and
D have the following properties:

D*(s,t,u) = £D*(u,t,s),
Bi(s,t,u) = ZFBi(u,t,s),
A*(s,t,u) = £AE(u,t,s) . (2.6)

2.2 Partial wave projection and unitarity

The amplitudes with definite isospin quantum number I can be deduced via
AIZE = AT 4247, AT = AT AT, (2.7)

where A € {A, B, D}. All possible elastic 7N scattering processes are associated with the
above specified two isospin amplitudes: A’ =2 and A’=2. The partial wave projection of
the isospin amplitudes is given by

+1
Al(s) = Al(s,t(s, 25)) Pozs)dzs 25 = cos b, (2.8)
—1

where 6 is the scatting angle in the center-of-mass (CMS) frame and P(zs) are Legendre
polynomials. Further, ¢ is regarded as a function of s and z;, i. e.
Als, miy, Mz)

2s ’
where \(a,b,c) = a® + b? + ¢® — 2ab — 2bc — 2ca is the Killén function. The physically
relevant partial wave amplitudes f/, (s) can be constructed from A(s) through

t(s,z5) = (25 — 1) (2.9)

1

féI:l:(S) = m

{ (By + my) [AL(s) + (3 — m) BL(s)]

By~ ) [~ (9 + (Vi mx) BLay(9)] b (210
. s+m% —M?2
with E, = #\/g
tum J = ¢ &+ % One popular notation for all the partial waves is the spectroscopic one,
Lorog, with L = S, P, D, F,... (corresponding to £ = 0,1,2,3,...). In general, below the
inelastic threshold, fé] . (s) obeys the partial wave unitarity:

and the subscript £+ is an abbreviation for the total angular momen-

2

mfl(s) = a(s) |[fh(s)|?,  or  Sh(s) (Sh(s) =1, (2.11)

where
Sia(s) = 14 2iq(s) f1i.(s) (2.12)
with ¢(s) = A(s,m3;, M2)/(2/s), the modulus of the three-momentum in the CMS frame.

A commonly used parametric form of the partial wave amplitudes is

ngi(s) _ 62i55i(s)’



— 7 I s . 1 7 I s
fii(s) = q(s)te %0+() gin ol (s) = %iq(5) {62 S (s) _ 1} . (2.13)

Here, the so-called partial wave phase shifts 55 1 (s) are real-valued functions and they can
be expressed as

.(5) = Ara{fL(9)) = S Ara(SL(5)) (214)

2.3 Extracting phase shifts from perturbative amplitudes

In chiral EFT, the scattering amplitude f(s) can be calculated perturbatively up to certain
order O(p”) (for simplicity, all indices of the amplitudes are suppressed in this section),

fp(s) = fO>s) 4+ fA(s) + ...+ fP)(s) . (2.15)

The full amplitude f(s) = fp—oo(s) satisfies the partial wave unitarity condition exactly,
however, fp.s(s) does not. The phase shifts can be calculated using

= Arctan 7(1(8)
5(s) = Arct {Re[fp(s)l]} . (2.16)

This is equivalent to constructing a unitarized amplitude fY(s) corresponding to fp(s) by
setting

Re [fY(s)] = N'-Re[fp(s)],
m [fU(s)] = N - q(s) [fp(s) = N - q(s) [(Refp<s>>2 + (Imfp(s))? (2.17)

and then extracting the phase shifts by substituting the partial wave amplitudes corre-
sponding to fU(s) in eq. (2.14). Here, N is given by the expression

9 -1
Bepl |q<s>fp<s>|2] - (2.18)

N = TP

For all partial waves except P33 we use the following expression
d(s) = Arctan {q(s)Re [fp(s)]} - (2.19)

For the non-resonant partial waves the phase shifts given by egs. (2.19) and (2.16) differ
by higher order contributions only.

3 Effective Lagrangian

The chiral effective Lagrangian relevant for our calculation of the pion-nucleon scattering
amplitude up to order O(p*) can be written as

2 3 2 3
Lo =3 L 30 +35 8 + 3 £, (3.1)
=1 k=1 =1

J=1



where the superscripts in brackets correspond to the chiral orders. The first two terms in
eq. (3.1) are sufficient to perform an analysis of the 7V scattering without explicit deltas.
For the case including deltas as explicit degrees of freedom, one also needs the last two
terms, which introduce interactions of deltas with pions and nucleons.
We start with the purely mesonic sector for which the required terms are given by [19
46)!
2

F
£2 = TT]r(auUaﬂUT) +

1
£ = Lt () +

Mo,
+ 2l ) (32

where ( ) denotes the trace in flavor space, F' is the pion decay constant in the chiral limit,
and [3,l4 are mesonic LECs. The chiral operators, u* and x4, are defined as

w, =i |ul (8, — iry)u —u(d, —il)u' |, U=u?=exp (ZTFW > )
M? 0
Xi = uTXuT + uXTu, X = [ 0 M2] , (3.3)

with M the leading order contribution to the charged pion mass. Further, the Goldstone
bosons 7% are incorporated in a 2 x 2 matrix-valued field U. In our present calculation the
external sources [, and r,, can be set to zero, [, =7, = 0.

Terms of the effective Lagrangian of the one-nucleon sector of BChPT [27] relevant for
the 7N scattering are given as

= 1
‘Cgrl]z[ =Uy {ilﬁ—m+9%75}‘1’1\h

c c v
£(2) { — —(u“u Y(DuDy + h.c.) + §3<u“u#> — f*y“fy [y, u,,]} Uy,
+d
¥ = N{ DAL 1 Dy + [P, )|DY + hec)
d BTV DHA ds o
+12 3([“#7 [Dy, ux]](D* D" D™ + sym.) + h. C) + ZT([X U,u]D + h.c.)
iy —dis, dig
i = (0D gy — w[ Dy ) DX ) + =299 O
id
s ap, _]} Wy (3.4

Here, m and g denote the nucleon bare mass and the bare axial coupling constant, respec-
tively. The notion ‘bare’ will be explained below. The LECs ¢; and d; have dimension
GeV~! and GeV~2, respectively. The covariant derivative acting on the nucleon field is
defined as D, ¥y = (0, + ') ¥y with

r, — % {ul @ — ir,u+ u(@, — it} (3.5)

!The fourth order Lagrangain of eq. (3.2) differs from that of ref. [19] by equation of motion terms. In
general this affects the values of low energy constants of the nucleon sector, however this is not relevant for
the current calculation.




Fields with spin-3/2 corresponding to the delta resonances can be described via the
Rarita-Schwinger formalism, where the field is represented by a vector spinor W# [47]. For
the purposes of our calculation the following Lagrangians are needed [48],

L0 = —wie {( D" = mad™) g+ iA (1D 7 D)

+§(3A2 24 4+ DYDY + mad®(3A2 4 3A + 1)y

Dy 4 L (gt g hapyng 4 Bophar giul | (3.6)
8 = aﬂ"’f O (2) (x40  9ap©"" (') ;?l‘l’fn (3.7)

where ma and g1, go, g3, a1 are the bare mass of the delta and bare coupling constants,
respectively. Further, O#% = gl® + zyH~¥ where z is a so-called off-shell parameter.

The isospin—% projection operator is defined as 5% = &;j — 7T /3. ‘IIL is a short-
hand notation for ¥, ,;», which is a vector-spinor isovector-isospinor field, with p being a
Lorentz vector index, a Dirac spinor index, ¢ an isovector index, and r an isospinor index.
From now on, the Dirac spinor and the isospinor indices will be suppressed for simplicity.
The fields \I/L are related to the physical A(1232) states ATT, AT, A® and A~ by

0 ++
51%.\113‘ _ 1 (fAH 1A >
— + )
VI \f A fAu
. 0 4 ++
7ok f A +fA;

3 +
W, = \/;<20> : (3-8)

&3
The covariant derivative acting on the Rarita-Schwinger fields is defined as
Dy ¥} = (0udij — 2icije Ty + 63 00) @

1 7 . .
*(Tkl—‘u> = *meijk(auﬂ'l)ﬂ-j +

Fu,k = 9

%k (0T )T + O(7h),  (3.9)

i
48 F4
with I', given by eq. (3.5).

Finally, the pion-nucleon-delta interaction part has the form

£ = h 52@%“1(21) Wl U + hec.
_. 3 o . b .
E%A = \I’Lffj@”a(,@) [z bgwiﬁvﬁ +1 iwiﬁz DB] Uy + h.c.,

_. 3
£ s = ULEE0M (2) [f Dyl i DF — 21D, 1 (D0, D7)

+f4w£<x+) + f5[Dy, ’LXJ_]] Uy + h.c., (3.10)

where the bare pion-nucleon-delta coupling constant at lowest order is denoted by A and
b3, bs, f1, f2, fa and f5 are bare LECs of higher orders. New off-shell parameters z;, 29 and



z3 appear in the interaction terms. As discussed later, they do not contribute in physical
quantities. For convenience, the three chiral structures, w’,, wi 3 and x* , are introduced as
building blocks of the Lagrangian. Their explicit expressions are given by

W = ~{T"Ug) = — =0T 4+ = (Bam' T — T 00mm®) + O(n°),

* 2 F 6F3
Wiy = 5700, ugl) =~ 0udsm +O(?),
1 24
Xli = 5< kX_> = —FM27Tk + 0(7'('3), (311)

where we expanded them in powers of pion fields to the order needed for our calculations.

4 Calculation of the pion-nucleon amplitude up to NNLO

4.1 Power counting

For diagrams involving only pion and nucleon lines, we use the standard power counting of
refs. [49, 50]. For diagrams with delta lines we apply the power counting of refs. [48, 51],
that is we count the mass difference A = ma — my as of order O(p), although we do not
expand the interaction terms of the effective Lagrangian and the physical quantities in A.
The above power counting leads to the dressing of the delta propagator in the resonant
region (for a different point of view, see refs. [52, 53]).

In particular, it is self-consistent to count A — B ~ p" if A ~ p™ and B ~ p"™, however,
more care has to be taken when dealing with inverse powers of similar differences. From
A~ p" B ~ p" it does not necessarily follow that 1/(A — B) ~ p~™. For example, if we
have A = M, +aM3 (a # 0) and B = M, +bM2 (b # a), by counting A — B as of order p
we overestimate this difference (which causes no problems), however, if we count 1/(A— B)
as of order 1/p, we underestimate this quantity, which is apparently of order 1/p3 and that
leads to inconsistency. Considering the delta propagator appearing in the intermediate
states in the s-channel diagrams D{” ~ 1/(s —m%) = 1/(s — m3, — 2myA + O(A?)), we
count s —m3; ~ p, A ~ p, however, it would be wrong to conclude that ~ 1/(s —m3) =
1/(s — m% — A(my + ma)) ~ 1/p. For s — m3 this propagator diverges, so do all
diagrams with multiple self-energy insertions, therefore we need to sum up these diagrams,
i.e. consider the dressed propagator D*” (k) ~ 1/(F —ma — X(k)). For f — ma we obtain
D* (k) ~ 1/(=%(k)) ~ 1/p? as the leading contribution in the self-energy is of order
O(p3). We follow an alternative way of dealing with the problem by using the complex-
mass scheme, specified later, where the undressed propagator contains the width of the
unstable particle and therefore the re-summation is not needed.

4.2 Tree level contributions

The Feynman tree diagrams contributing to the pion-nucleon scattering amplitude up to
order O(p?®) are displayed in figure 1 with chiral orders specified in front of them. The
crossed diagrams are not shown since their contributions can be obtained by using the
crossing relations given in eq. (2.6). The diagrams with mass insertions in propagators,
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Figure 1. Tree level diagrams contributing to 7N scattering up to order O(p?). Dashed, solid and
double lines represent pions, nucleons and deltas, respectively. Circled numbers mark the chiral
orders of the vertices. Crossed diagrams are not shown. The diagrams in the first, second, third
and fourth rows are of O(p'), O(p?), O(p?®) and O(p?), respectively.

which are generated by the ¢; term in Efﬁ, for the nucleon and a; term in Ef& for the
delta, are not shown either. Their contributions are automatically taken into account if
one replaces the masses in the nucleon and delta propagators by

m—>m2:m—4clM2,

ma — ma2 = ma — da M? . (4.1)

As can be seen from figure 1, there are three different types of contributions: nucleon-
exchange, contact-interaction and delta-exchange diagrams. The s-channel Born-term con-
tributions of the nucleon-exchange diagrams, namely the sum of contributions of diagrams
(a), (g) and (h), can be written as

2
g5 2my { 9 s—u 9
Dt s, t) = ——==- s —my)(me +my) — s+ 2mymo +m },
2 2
g5 S+ 2mpymsa +my
Br(s,t) = — , (4.2)
4F? s—m3

where go = g + 2(2d16 — dlg)MQ. Here the appearance of mo is due to the inclusion of
the mass-insertion diagrams to the order we are working. The contact-term contributions,
which are represented by Diagrams (c), (f) and (i), read

dey M2 co(16m3v? — %) c3(2M2 —t)
T T 8F2m? * F? ’

2
Dg(s,t) = % + F—’; {2(dy + d + 2d5) M2 — (dy + dy)t + 2d51*}

D{(s,t) =



4(dyg — dis)vmpy _ 1 2campy
F2 y BC(S,t) = ﬁ + T . (43)

Bé?(s,t) =

The calculation of the delta-exchange diagrams is performed using the Lagrangian
of eq. (3.10), where the off-shell parameters z;, zo and z3 are involved. As argued in
refs. [54-56], those parameters are redundant in the sense that their contributions in physi-
cal quantities can be absorbed into LECs of other interaction terms. The same applies also
to the g2 and g3 terms in the Lagrangian of eq. (3.6), therefore for the convenience we take

go=93=21=290=23=0. (4.4)

With the above specifications, the LO Born-term contribution of the A-exchange is

h? s—u
Df(s,t) = Fa(s,t) — ——Fg(s,t) ¢,
Als:?) 9F2mi(mi—8){ Al t) = Gy 7Bl )}
h2
Bf(s,t) = — Fr(s,t),
A 9F2m3 (m4 — s)
_ 1 _ 1
Di(s,t) = —ipg(s,t), Bi(s,t) = —iBg(s,t). (4.5)

The definition of the functions F4 p(s,t) is given in appendix A. Similarly to the nucleon
case, ma should be understood as ma 2 but we keep using ma for short. Tree order ampli-
tudes corresponding to diagrams (d), (e), (j), (k) and (1) are given in appendix A. However,
they are redundant in the sense that their contributions can be taken into account by the
redefinition of h in eq. (4.5) and the LECs in the contact terms, eq. (4.3). By redefining
the 7 NA coupling h as

h — h+ (b3Aaz 4 by A1a3) + (f1la3 + fo Araz) Ajaz — 2(2f4 — f5) M2, (4.6)
with

M? +m? —m3
2m

A123 = s A23 =m—mAa, (47)

the pole structures in the O(p?) and O(p?) order delta-exchange diagrams are absorbed.
Further, the remaining non-pole parts can be absorbed by making use of

Ci—>Ci—|—5Ci, (i:1,2,3,4),
dj = d;+0d;,  (j=1,2,3,5,14,15). (4.8)

The explicit expressions for dc; and dd; are given in appendix A.
Finally, if the redefinitions of egs. (4.6) and (4.8) are imposed, the tree contribution
can be summarized as

(s,t) = Dx(s,t) £ Dy (u,t) + DX (s,t) £ DX (u,t) + DE(s,1),
(s,t) = By(s.t) F By (u.t) + BX(s.t) F BX(u,t) + B (s,1) (4.9)

where eq. (2.6) has been used.
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Figure 2. One-loop Feynman diagrams without explicit deltas to order O(p3). Dashed and solid
lines represent pions and nucleons, respectively. Circled numbers mark the chiral orders of the
vertices. Crossed diagrams are not shown.

4.3 Leading one-loop contributions

The one-loop Feynman diagrams up to order O(p?®), without and with explicit deltas, are
shown in figure 2 and figure 3, respectively. For easier comparison, the labeling scheme for
the delta-less loop diagrams of refs. [43, 44] is followed. For the explicit expressions of the
contributions of the delta-less one-loop diagrams in the amplitudes we refer the reader to
refs. [43, 44]. We have reproduced their results.

Due to the complexity of the spin-3/2 delta propagator, the calculation of the delta-full
loop diagrams in figure 3 is much more complicated. All diagrams have been calculated
using two independent computer codes? giving identical results. The final expressions are
much too huge to be displayed in the paper.?

5 Renormalization

To calculate the loop diagrams we apply dimensional regularization with d the number of
space-time dimensions. All UV divergences of physical quantities are removed by counter
terms generated by the effective Lagrangian and absorbed in the corresponding LECs. The

2The codes written by the authors are based on Mathematica and FORM [57].
3The large expressions of amplitudes are obtainable from the first author.
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(ul) (vl)

Figure 3. One-loop Feynman diagrams with explicit deltas to order O(p?). Dashed, solid and
double lines represent pions, nucleons and deltas, respectively. Circled numbers mark the chiral
orders of the vertices. Crossed diagrams, diagrams with the reversed time ordering and diagrams
giving vanishing contributions are not shown.

finite pieces of the subtraction terms are fixed such that the subtracted contributions of
the loop diagrams in physical quantities satisfy the power counting. The required counter
terms are generated by splitting the bare parameters as follows:

5X 0X
X=X X ), 1
Rt 167T2F2R+ 167T2F2’ E{g,h,m,mA,al,c 1,4} (5 )
oY
Y=Y+ -—— Y € {l3,04,d1 + do,ds,ds, d14 — di5,d1g — 2d 5.2
R+167r2F2R’ € {ls, Ly, d1 + da,d3, d5,d1a — di5, d13 16}, (5.2)

where X and Yg are renormalized parameters R = 2/(d —4) + yg — 1 — In(4n), and g
is the Euler number.*

Below we first introduce the renormalized and physical masses and wave function
renormalization constants followed by the definitions of the pion decay constant F., the

4Notice that to simplify notations below in tables with numerical values of renormalized LECs we
suppress “R” subscripts.
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Figure 4. Tree and one-loop diagrams contributing to the self-energies of the nucleon and the
delta resonance up to the order O(p?).

LO 7NN coupling g,n and LO 7 NA coupling g,.nya. In the calculations of g,n and g:na
we follow a procedure analogous that of ref. [58]. The mN scattering amplitudes obtained
by using the EOMS scheme are discussed in the end.

5.1 Masses and wave function renormalization constants

5.1.1 Pion

The pions, nucleons and deltas are explicit degrees of freedom in our calculation. Expres-
sions for the pion wave function renormalization constant Z, and the pion pole mass M2
at one-loop order have the form (see e.g. ref. [59])

1 2
Ze=1— —5 [20,M* + “H, |, :
FQ[ 4 +3H] (5.3)
M? 1
M2 = M? |1+ 23— — —H, 4
20 1oy - ] (5.4)

where H, is a one-loop integral defined in the appendix together with all loop integrals
which contribute in our calculations. Since in dimensional regularization there are no

power counting violating terms from the loops, the renormalization of the pion mass can
3_R

41672"

The case of the nucleon is more complicated and can be done in the EOMS scheme

be treated in the standard way of mesonic ChPT by taking ¢3 = f3r —

so that the PCBTs from loops are dealt properly. We also give the renormalization of the
delta mass and the corresponding wave function renormalization constant.

5.1.2 Nucleon

Defining —iYy as the sum of one-particle irreducible diagrams contributing to the nucleon
two-point function, the dressed propagator of the nucleon is given as

B i _i2y
Cp-m—3n(p) p—mn

where m is the nucleon pole mass and Z is the wave function renormalization constant.

i Sn(p) + NP, (5.5)

NP stands for the non-pole part (also for the delta propagator below).
The nucleon self-energy up to order O(p?) consists of tree and loop diagrams shown in
figure 4 (a), (b) and (c) and the corresponding expressions are given by

SN (p) = —der M? + S0P (s) + p P (s) (5.6)
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where s = p? and the first term is the tree-order contribution. The explicit expressions
for Eg’hmp(s) and Zg’bOp(s) are shown in appendix D. The pole mass of the nucleon, my,
corresponding to eq. (5.6) is given as the solution to the equation

my =m — 4c; M? + ZZ’IOOP(m%\[) +mpy Eg’loc’p(m?\,) . (5.7)

The nucleon wave function renormalization constant Zy is given by

00 a 00 8 00
Zy = |=¥ p(s)+23£2g*‘ p(s)+2p%2§’l P(s) : (5.8)
p=mn

Within the on mass-shell renormalization the renormalized mass of a particle is chosen equal
to the pole position of the corresponding dressed propagator. In case of BChPT, where we
want to keep track of the quark mass dependence of physical quantities explicitly, we use the
EOMS scheme [42], that is we choose the renormalized mass of the nucleon as the pole mass
in the chiral limit. In order to cancel the UV divergence and PCBTs from the loop diagrams,
one needs to split the bare parameters m and ¢ in eq. (5.7) as specified by eq. (5.1). The
explicit expressions of the counter terms dm, gm, 5cy and gcl are given in the appendix E.

5.1.3 Delta

In case of unstable particles the pole of the dressed propagator is located in the complex
plane. We choose the renormalized mass of the delta resonance as the pole position of its
dressed propagator in the chiral limit, that is we apply a generalization of the complex-mass
scheme introduced originally for the Standard Model [60, 61]. Note that the non-trivial
issue of unitarity within the complex-mass scheme has been discussed in ref. [62] and
studied in more details in ref. [63].

The propagator of the Rarita-Schwinger field corresponding to the Lagrangian of

eq. (3.6) for A = —1 in d space-time dimensions has the form
i () = — M) L
0,37 \P p? —mi +i0F g a—1""7
1 d—2 3
(Pl — ) — S Y| €2 5.9
+(d_1)mA(p7 7'pY) @— 1w | (5.9)

Using notations of ref. [64] and defining i3#" as the sum of one-particle irreducible diagrams
contributing to the delta two-point function, we parameterize the self-energy of the A as

S = 5y g 4 Sty + S pMy” + BaytpY + S5 pFpY + S pgt”
+37 vy + S Pty + So " + Sio pptp, (5.10)

where the 3; are functions of p?. The dressed delta propagator has the form
3 3
N V¢2 o V¢ 2
i SM (p) = —i9"E +NP = M
K p—ma — 32 (p?) - p§(?) RN

+ NP, (5.11)

— 14 —



Figure 5. Tree and one-loop diagrams contributing to the g, coupling constant up to order O(p?).

where the pole position za of the A-propagator is obtained by solving the equation
Za —ma — DR (22) — 22 B8 (22) = 0. (5.12)

The leading tree-order contribution to the delta self-energy is shown in diagram (d) in fig-
ure 4 and the leading loop contributions are given by diagrams in figures 4 (e) and (f). Sim-
ilarly to the nucleon case, the delta wave function renormalization constant is obtained via

00 8 00 a 00
Zp = D p(s)+2$%2$’1 p(s)+2p%2f»l P(s) . (5.13)
p=2a

A,loop
1

The explicit expressions of 3 and EGA’IOOP are given in the appendix D. Renormaliza-

tion of the one-loop delta mass is carried out using eq. (5.1) with the counter terms shown
in appendix E.

5.2 Coupling constants of the leading order interactions

5.2.1 Pion decay constant Fj

For practical convenience, one often needs to replace the quantities in the chiral limit, F',
gr and hp by the physical ones, Fy, g,y and g:na, respectively. At one-loop order the
pion decay constant F is given via [19]

M2 1

which is renormalized in the standard way, i.e. £4 = {4z — R/(1672).

5.2.2 Pion-nucleon coupling constant g,

In the isospin limit m,, = my = m, where m,, and my are the masses of the u and d quarks,
respectively, the matrix element of the pseudoscalar density evaluated between one-nucleon
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Figure 6. Tree and one-loop diagrams contributing to the g.nya coupling constant up to order
O(p?).

states can be parameterized as

5 M2F, .
m(N(p)|[P*(0)|N(p)) = W_}GWN(QQ) iu(p' )y T u(p) , (5.15)
where ¢ = p' — p. Grn(q?) is called the pion-nucleon form factor and its value at ¢* = M2
defines the pion-nucleon coupling constant g,y = G N(M,%) Tree and one-loop diagrams
up to order O(p?) contributing to the TN N vertex function are shown in figure 5. The
result up to leading one-loop order can be written as
gmpy (2) 2) _ 2(dis — 2d16) M2 (2)100p

gaN = ?(1 +9.8) ger +9. 8 (5.16)
T gA

where g7(r2N)’100p represents the very lengthy loop contribution which is not given explicitly in

this paper (also the loop contributions to grnya coupling, discussed below). The coupling
gxn is renormalized in the EOMS scheme and we have checked that the divergences and
PCBTs from the loop contributions can indeed be canceled by counter terms generated by
g and dlg — 2d16.

5.2.3 Pion-nucleon-delta coupling constant g.na

Following ref. [65] we define the “physical” coupling constant grya by considering the
pion-nucleon-delta vertex function I' on the complex mass-shell of the delta. Tree and
one-loop diagrams up to order O(p®) contributing in the 1 NA vertex function are shown
in figure 6. With t = ¢®> = (p/ — p)?, the form factor g,na(t) is defined by [31]

a(p )L (p, o, ) (p) = grna()E (D) uu(p) (5.17)

where u,(p) and u(p') are the Dirac spinors of the delta and the nucleon, respectively.
We define the TNA coupling by taking the external pion on the mass-shell, i.e. g:yaA =
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gxNA(M2). One can redefine h using eq. (4.6) and by that the tree contributions from
Diagrams (b) and (c) in figure 6 can be absorbed. Hence, the final expression of grnya can
be written as

h
grva = (1 + gloory. (5.18)

with h the redefined parameter (as specified in eq. (4.6)) and g7(r2N)’lA°Op the loop contribution.

Like the renormalization of g, UV-divergences and PCBTs are canceled by counter terms
generated by h. As pointed out e.g. in ref. [31], the coupling g-nya is a complex-valued
quantity.

5.3 The wN scattering amplitude

According to the LSZ reduction formula, the 7N scattering amplitude Ty is related to
the amputated Greens function T, ~, which has been calculated in the above section, via

Ten = ZeZnu(p)) Tenu(p) (5.19)

where Z,; and Zy are the wave function renormalization constants of the pion and the
nucleon, respectively.

UV divergences and power counting violating contributions of loop diagrams contribut-
ing to the amplitudes which have to be subtracted are calculated by applying the procedure
outlined in details in refs. [34, 42]. We do not give the expressions of these subtraction terms
due to their large size. As mentioned above these subtraction terms are canceled by counter
terms generated by parameters of the effective Lagrangian, see eq. (5.1) and (5.2). After
taking into account the contributions of the counter terms, we obtain a finite amplitude
respecting the power counting and possessing the correct analytic behavior.

Note that while we give the explicit form of the counter terms for ¢; in the appendix,
the ones for ¢y 34 are too lengthy to be shown here. However, one can display them as

o o o

¢ = cp + {c{%N + CYHA + CoHon(m?) + CiHan(mA) + CiHonn(m?,0,mA)

1
1672 F2

+CiHrna(mA,0,m?) + CiHran(m?, O,mQA)} , (5.20)

with ¢ = 2,3,4 and C§:1,---,7 being the corresponding coefficients. Since the integrals like

”ﬁlﬁN(mQA) are complex, the ¢34 are renormalized to complex quantities. Note that c;
remains real after renormalization in view of eq. (E.8).

Finally, for the sake of practical use, the quantities in the chiral limit contributing to the
7N amplitude at one-loop order, such as M, mgr, mag, F, gr and hg, can be substituted
by their corresponding physical quantities specified by egs. (5.4), (5.7), (5.12), (5.14), (5.16)
and (5.18) as this leads to differences beyond the accuracy of the current calculation.

6 Phase shifts and threshold parameters

Based on the m/N scattering amplitudes specified in the above section, we calculate the
phase shifts and threshold parameters. In what follows, we first determine the unknown
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LECs involved in the mN scattering amplitudes by fitting to the phase shifts of the S- and
P-waves. Then we predict the D- and F-wave phase shifts and the threshold parameters
using the determined LECs.

6.1 Fitting procedure

For the partial wave analysis of the pion-nucleon scattering amplitudes results of several
groups are available: Karlsruhe [66, 67], Matsinos [68] and GWU [45]. Unfortunately, none
of these groups provide uncertainties of their results. Therefore, we prefer to perform fits
to the phase shifts generated by the recent Roy-Steiner-equation analysis (RS) of the 7N
scattering [17], where both the central values and the errors of results are given by Schenk-
like or conformal parameterizations. Note that this analysis also includes the most up-to-
date experimental information on the pion-nucleon scattering lengths. For fitting we extract
the RS phase shifts equidistantly from the threshold Wi, = 1078 MeV to W = 1318 MeV
with a step-size of 0.8 MeV. Furthermore, at each fixed energy point, the central value of the
phase shift is generated randomly with a normal distribution N (u, o), where the mean value
1 and the standard deviation ¢ are specified by the results of the RS equation analysis, and
the corresponding error to the central value is assigned to be o. This procedure generates
a set of simulated data for the chosen energy configuration which is suitable for fitting.
In order to obtain stable values for the LECs one should repeat such a procedure as well
as fitting for a large number of times, which will generate a large number of (central)
values for the LECs and from which the mean values and the statistical errors of the LECs
can be determined. In order to achieve this it is enough in our case to repeat the fitting
procedure 100 times. Note that our results are Gaussian and thus in fact any procedure
using different fitting approaches would lead to the same central values and error bars.
Our interest here is to obtain a value of the y? which has the usual interpretation, namely
a good x? corresponds to a value close to 1. For fits done directly using the RS equations
a good x? would be close to zero.

In the fitting procedure, two S-waves, S31 and Sy1 and four P-waves, P31, Pi1, Pss,
Py3, are taken into account. We use eq. (2.16) to extract the phase shifts for Ps3 partial
wave, where the Delta resonance is located. For the other partial waves, as discussed in
section 2.3, the difference due to various unitarization procedures appears at higher orders,
and we use eq. (2.19). This is especially advantageous for the Pj; partial wave, since there
is a numerical problem when using eq. (2.16) because the real part of the partial wave
amplitude vanishes for some energy close to the threshold.

There are eleven LECs (or independent combinations of them) involved in the mN
amplitudes in total: ci, co, c3, ¢4, d1 + do, ds, ds, dia — di5, grN, grNA and g;. We fix
grn coupling at the central value of g2 ,/(47) = 13.69 & 0.20, which was recently obtained
through the Goldberger-Miyazawa-Oehme sum rule [69, 70]. The renormalized couplings
ci=1,2,34 and grya are complex due to absorption of complex subtraction terms of loop
diagrams. Nevertheless, for convenience, we use real-valued renormalized ¢;’s in our fitting
procedure and the corresponding imaginary parts of the subtraction terms are retained in
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the loop contributions rather than absorbed in the ¢;. As for g:nya, we define
ha = gznakr, (6.1)
which is more often used in BChPT and the large- N, relation yields
ha=(3g4)/2V2~135,  with  g4=127. (6.2)

Note that our notation differs from the one used in ref. [71] by a factor of 2. Obviously, ha
is also a complex coupling in the calculation up to NNLO. However, one can just choose
the real part Re[h4] as a fitting parameter, and the corresponding imaginary part can be
obtained using eq. (5.18). In practice, the involved loop integrals can be calculated with
all the masses being specified in the next paragraph and hence the imaginary part of h4 is
given by (up to higher order corrections)

(1.51F2g2 — 1.84Re[ha]?) Re[ha]
160 F 272 '

Im[ha] = (6.3)
Thus we are left with ten unknown real fitting parameters. It is worth noting that ha
appearing in the loop contributions can be substituted by Re[h 4] since the difference caused
is of higher order.

For the masses of the particles and the pion decay constant the following values are
employed throughout our fitting procedure: M, = 139 MeV, my = 939 MeV, zao =
(1210 —i50) MeV, F; = 92.2 MeV. We take the dimensional regularization scale p = my.
Here, za has been identified as the pole position of the dressed delta propagator with its
value given by PDG [72]. Note that one can use Re[za] in the loop contributions instead of
2 since the difference caused by this approximation is of higher-order, at least order O(p®).
This substitution guarantees that all arguments of the required loop integrals are real (no
arguments with complex momenta) and, therefore, this enables us to calculate all one-loop
integrals using the programs for numerical evaluation OneLoop [73] and LoopTools [74].
The fits below were performed using the Fortran package Minuit [75].

6.2 Results

The fitted LECs for three different cases are given in table 1, where the statistical and sys-
tematic uncertainties are shown in the first and second brackets behind the central values,
respectively. The systematic uncertainties represent the effects of varying the fitting ranges,
which will be discussed later on in this section. The covariance and correlation matrices
between the LECs are given in table 2. They are calculated using the standard formulae
Cov(i, j
Cor(zj, z;) = GF) )

\/Cov(z;, z;)Cov(z;, z;)

(xi —%)T - (x5 — %)
Cov(z;, xj) = N1 ,

where x; is the vector of N central values of the LECs obtained from the fitting of our

pseudo-data as explained before, for our case N = 100. There are strong correlations be-
tween some LECs. Results of our fits are displayed and compared with the phase shifts
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Figure 7. Phase shifts obtained from delta-less BChPT by fitting RS phase shifts in the c.m.
energy range [1082,1110] MeV (pion laboratory momentum ¢, € [36.1,108.4] MeV). Dots with
error bars correspond to the RS phase shifts, while circles without error bars stand for the GWU
phase shifts. The solid (red) lines represent the results of the current work. The red narrow error
bands correspond to the uncertainties propagated from the errors of LECs using eq. (6.4). The
wide dashed error bands correspond to the theoretical uncertainties due to the truncation of the
chiral series estimated by using eq. (6.5) proposed in ref. [76].
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Figure 9. Phase shifts obtained from BChPT with explicit delta degrees of freedom corresponding
to Fit-III. Dots with error bars stand for the RS phase shifts and circles without error bars represent
the GWU phase shifts. The solid (red) line represents the result of Fit III of the current work.
The red narrow error bands correspond to the uncertainties propagated from the errors of LECs
using eq. (6.4). The wide dashed error bands correspond to the theoretical uncertainties due to the
truncation of the chiral series estimated by using eq. (6.5) proposed in ref. [76].

of the RS analysis as well as GWU analysis in figures 7, 8 and 9. The red narrow bands
stand for the uncertainties propagated from the errors of the LECs using

aO(gzi)} [aO(xj)

3
oz, oz, } 6@638]} ,1# 7, (6.4)

where O is any observable under consideration and the summation over the repeated in-

6 OLpc = { [808(;)] 2 (62:)* + Cor(z;, ) [

dices is meant. Note that the contributions from statistical and systematic errors of the
LECs to the error of the observable O are added in quadrature. The dashed wide bands
represent uncertainties estimated by truncation of the chiral series for the central values of
LECs, using the method which was proposed in ref. [76]. To be specific, the uncertainty
5 O™ of a prediction for an observable @ up to O(p™) is assigned to be

som  _ max(’@(nLo”anLoH, {jo®) — @(J')’anj}) ’ no<j<k<n, (6.5)

theo.

with @ = wy/Ap where w, and Ay are the pion energy in the center-of-mass frame and the
breakdown scale of the chiral expansion, respectively. For the delta-full case, we choose to
employ Ay ~ 0.6 GeV following ref. [76], which is lower than the scale of the chiral symme-
try breaking A, ~ 4w F; ~ 1GeV. The lightest particle we do not include explicitly is the
Roper resonance N*(1440) and its mass differs from the nucleon mass by about 0.5 GeV.
Our choice of Ay is close to that number. Similarly, for the delta-less case, Ay is taken
0.4 GeV due to the nucleon-delta mass difference. For more discussions on the choice of Ay
see ref. [77]. Now let us proceed with the details of the three different fits.
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Fit-I Fit-IT Fit-ITT

LEC N (ie. A) N+LO A N+A
e ~1.22(2)(2) ~0.99(2)(1) ~1.31(2)(1)
o 3.58(3)(6) 1.38(3)(1) 0.78(4)(2)

e —6.04(2)(9) ~2.33(3)(1) ~2.55(10)(7)
e 3.48(1)(3) 1.71(2)(1) 1.20(4)(2)
dito 3.25(4)(9) 0.14(4)(3) 4.85(68)(64)
ds —2.88(8)(14) ~0.97(8)(15) ~0.62(10)(15)
ds ~0.15(6)(14) 0.39(6)(11) —0.93(11)(15)
dy-15 —6.19(7)(12) ~1.08(8)(3) 5.54(2.79)(2.01)

grn 13.12* 13.12* 13.12*
ha - 1.28(1)(1) 1.42(1)(1) —
$0.16(1)(1)
7 - - —1.21(46)(39)
X2/dof | 20T _q31(11)  BIBETH _ g g7(9)  TBEEI) _q g9

Table 1. Values of the LECs for various fits to the RS phase shifts. The ¢; and d; are in units of
GeV~! and GeV~2, respectively. The statistical and systematic uncertainties are shown in the first
and the second brackets, respectively.

Fit-1 corresponds to the delta-less case and is performed up to Wiax=1.11 GeV. This
maximal energy is chosen according to the following criterions: I) the average x2 per degree
of freedom (x2/d.o.f) for the 100-times fits is around 1.0, II) the average x2 increases rapidly
if one takes larger Wi For Fit-I, we get results similar to those obtained by fitting to
the phase shifts of partial wave analysis by GWU group up to 1.13GeV [43, 44]. There
exist slight differences between our current results and the previous ones [43, 44] due to
the fact that different data (RS data versus GWU data) were fitted and the fitting ranges
are not the same. Besides, they have one more fitting parameter d;g, which is related to
g=N by making use of the Goldberger-Treiman relation at NNLO. Our plots for Fit-I are
shown in figure 7. The error bands in P33 and S3; partial waves do not cover the RS and
GWU data beyond the fitting range, which suggests that A, = 0.4 GeV underestimates the
theoretical errors for these partial waves.

Adding the delta degree of freedom should mostly improve the description of the Ps3
wave in the A-resonance region. We thus performed two fits (Fit-II and Fit-III) using
1.2GeV as Wy for the P33 partial wave and 1.11 GeV for the other five partial waves -
the same value as for Fit I. Fit II is done by adding the LO Born-term contribution of the
delta-exchange diagrams to the delta-less case and serves only the purpose of estimating
the effect of the loop diagrams. Our plots for Fit-II are shown in figure 8. Since only the
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Fit-1 c1 Cc2 c3 c4 dyiy2 ds ds d14-15
c1 6 83 35 —10 —14 —18 24 16
Co 7 12 —22 28 28 —29 16 —20
c3 2 —2 —62 —73 19 13 65
cq 1 1 —2 2 26 -8 —4 —19
dyio 1 4 6 1 14 4 31 -7
ds -3 -8 -1 -1 65 —-91 27
ds 3 3 1 -8 —42 32 6
dis_15 3 -5 10 —2 —21 15 3 51
Fit-11 c1 &) c3 cy4 di+2 ds ds dia—15 Relha]
c1 6 80 36 —16 —17 —17 25 19 17
Co 6 12 —26 31 31 —28 14 —25 —27
c3 2 —2 7 -T2 —78 18 17 74 80
cq -1 2 -3 2 42 —10 —10 —38 —56
dit2 —2 4 -9 3 16 -3 -39 —80 —64
ds -3 -8 4 —1 -1 64 —90 25 18
ds 3 3 3 -1 -9 —41 33 10 11
dis_15 3 -7 16 -5 —25 16 4 60 63
Re[h] 1 1 1 1 1 1 1 2 1
Fit-111 c1 2 3 (o dy42 ds ds  dis—15 Re[ha] o1
c1 6 67 =7 7 18 -8 —4 —16 5 —18
co 7 19 —44 56 27 —20 =7 18 —61 —25
c3 —2 —19 91 —93 —86 —37 68 —88 51 91
cq 1 9 —33 14 73 26 —55 72 —64 =77
dito 30 80 —562 186 4650 44 —85 87 —11 —97
ds —2 —8 —-34 9 284 90 —79 959 15 —50
ds -1 -3 68 —-22 —-609 —79 110 —73 -3 81
dis_15 105 213 —2339 752 16597 1456 —2142 77827 —11 —97
Re|h] 1 -1 2 -1 -4 1 1 16 1 15
g1 —19 —50 403 —133 —3053 —219 393 —12474 4 2142

Table 2. Correlation and covariance coefficients for the fits. The upper and lower triangles corre-
spond to the correlations (in unit of 1072) and covariances (in unit of 10~%), respectively.

tree order contributions of the delta are included, h 4 is a real parameter and meanwhile g1
does not show up in Fit-II. Compared to the strategies in refs. [43, 44], in the current work
the complex pole position of the delta propagator rather than the real mass is incorporated

in a systematic way and hence the effect of the delta width is included explicitly. We obtain

better results with smaller uncertainties than the previous studies, for instance, the large

errors in di4 — dy5 are substantially reduced.
Fit-IIT is done (up to 1.2 GeV for P33 and up to 1.11 GeV for the other waves) with the
full contributions of pions, nucleons and deltas up to NNLO. The obtained LECs of Fit-III
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are different from those of Fit-II due to the inclusion of contributions of loop diagrams
involving delta lines. Note that all the ¢; and most of the higher order LECs are of natural
size. Our plots for Fit-III are shown in figure 9. Compared to the plots in figure 8, although
both fits describe well the phase shifts in the fitting range, Fit-III improves the predictions
beyond fitting ranges in most of the partial waves, especially for the S1; wave. The larger
theoretical error in figure 9 compared to figure 8 is due to the large contributions of delta-
loop diagrams, which are not taken into account in estimation of the theoretical error of
Fit-IT using eq. (6.5).

As one can see from table 1, the imaginary part of h4 from Fit-1II is small compared
to the corresponding real part Re[h] and our determination for Re[h4] is close to the
large- N, prediction (6.2). The obtained g; for Fit-III is nearly consistent (within the error
bars) with the corresponding large- N result, |g1] = 9g4/5 ~ 2.28. As noted in ref. [7§],
g1 appears only in the loop contribution, hence a precise determination of its value is not
to be expected.

All the above three fits are done with their own preferred Wi,.x. However, following
ref. [79], one can change those maximal energies around the preferred Wi,,x and redo the
fits to see the influence on the obtained LECs. For Fit-I, we made fits with Wy, =
1.11 + 0.004 GeV, 1.11 4+ 0.008 GeV, 1.11 4+ 0.012GeV and 1.11 4+ 0.016 GeV in order to
produce such kind of systematic errors to the LECs. For Fit-II and Fit-1II, we keep the
maximal energy at 1.2 GeV for the P33 partial wave but vary it for the other waves as is the
case for Fit-I. A demonstration of how to obtain the systematic errors is given in figure 10
for the case of Fit-I and analogous figures are obtained for other three fits. The obtained
systematic errors to the LECs are shown in the second bracket in table 1.

Note that all the presented fits have been done with the energy steps of 0.8 MeV. We
have checked that the influence of varying the energy step on the central values of the
LECs is essentially negligible. Also the statistical errors decrease when the fitting range is
extended keeping the energy step the same, see figure 10, or more fitting points are added
in the same fitting range. However, we do not estimate such systematic uncertainties here.

Using the LECs obtained by fitting to the phase shifts of S- and P-waves, one can
predict the phase shifts of higher partial waves. In figure 11 we show the phase shifts of
D and F partial waves obtained using the parameters of Fit-I and Fit-III compared to the
results obtained by the GWU group [45]. As expected, the predicted phase shifts of higher
partial waves are indeed small. Except for D33 channel, our predictions agree qualitatively
with the GWU results and the predictions of the delta-full theory are somewhat better
than those of the delta-less theory.

Finally, in order to demonstrate how well eq. (2.16) extracts phase shifts from pertur-
bative amplitudes, we draw the so-called Argand plot for the P33 partial wave in figure 12
by using the LECs of Fit-III. In figure 12 the red solid and the magenta dashed lines cor-
respond, respectively, to the full contribution (7+N+A) and the contribution of the pion
and nucleon (7w + N) alone. As we can see, the inclusion of the A contribution has a huge
influence on improving the unitarity constraints. The unitarized amplitude based on the
full contribution is represented by the blue dotted line, which is located on the unitary
circle (broad cyan solid circle), as expected. The energy corresponding to the 15th point is
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Figure 10. Demonstration of the effect of varying the fitting range on the fitted LECs. The solid
(blue) line and inner (cyan) band indicate the central value and the statistical error which come
from the preferred fit with Wi,.x = 1.11 GeV. The outer (blue) band is yielded by adding the
systematic uncertainty which is generated by the scatter of all results with different fitting ranges.
The error bars correspond to statistical errors of the fitting procedure.
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Figure 11. Phase shifts of the D and F' partial waves obtained from the delta-less and delta-full
BChPT using the parameters of Fit-I (red line extending up to 1.16 GeV) and Fit-IIT (blue line
with band extending up to 1.2 GeV), respectively. The circles correspond to phase shifts by the
GWU group [45].
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Figure 12. Argand diagram for the Ps3 partial wave for the LECs of Fit-III. For a detailed
description see the text.

Wis = 1314 MeV and the interval between two adjacent points on the same line is 16 MeV.
The effect of eq. (2.16) is to move the points of the full NNLO perturbative amplitudes to

the closest positions on the unitary circle.

6.3 Scattering lengths and volumes

At low energies, one can predict the threshold parameters based on the above determined
LECs. For the partial wave with angular momentum ¢ the general form of the effective
range expansion is given by

11 ad
¢ I I I
Ip[**eot[0f,] = a T §Tei|P|2 + E () T (6.6)
=+ n=2

where p is the three-momentum of the nucleon in CMS frame, a is the threshold parameter
(e.g. scattering length for the S-wave and scattering volume for the P-wave), r is the
effective range parameter, and v,, are the shape parameters. Using eq. (6.6) one can obtain
the threshold parameters as

tan dl, Refl (s)

= lim —27 (6.7)

I .
a = lim —————=
b0 [PPAL T plso [pl

Pl
The second equality holds true due to the fact that the imaginary parts of the partial wave
amplitudes vanish faster at threshold. As RefZ (s)/|p|* can not be computed numerically
exactly at the threshold we calculated its values for energies very close to the threshold
and then obtained the threshold parameters by extrapolating to the threshold. Results of
the threshold parameters corresponding to the three different fits are presented in table 3,
together with the determinations from the Roy-Steiner equation analysis [17] (and the
input from the analysis of pionic hydrogen and deuterium atom data). The errors in the
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Threshold Para. Fit-I Fit-11 Fit-II1 RS [17]
ag, [1073M7Y | —0.6(7)(3.4) —1.1(7)(3.0) —0.5(7)(7.1)  —0.9(1.4)

(
ag, [1073M7Y | 85.7(5)(3.3)  85.8(4)(1.1)  85.8(3)(1.0) 85.4(9)
al [1073M3] | —49.8(1.0)(15.9%52.5(4)(4.7) —51.0(5)(6.7)  —50.9(1.9)
a; [1073M3] | —9.7(3)(9.5) —11.3(3)(3.2) —9.5(2)(1.7)  —9.9(1.2)
af, [1073M3] | 139.9(1.8)(11.6)131.0(4)(4.0) 131.5(5)(8.8)  131.2(1.7)

ap, [1073M3] | —84.0(6)(4.0) —80.3(1)(1.4) —80.4(2)(2.3) —80.3(1.1)

Table 3. Scattering lengths and volumes. The numbers in brackets correspond to the errors
propagated from the uncertainties of LECs and the theoretical errors, respectively.

first brackets are propagated from the uncertainties of the LECs, while the ones in the
second brackets are obtained via eq. (6.5). After taking the errors into consideration, all
the obtained results agree well with those of the Roy-Steiner equation analysis, especially
for Fit-I11.

7 Baryon sigma terms and the strangeness content of the nucleon

Sigma terms are interesting observables and important for understanding the sea-quark
structures of baryons. In particular, for the nucleon there are many studies of the 7N o-
term, e.g., see refs. [15, 80, 81], and of the strangeness content, see refs. [83—-86] for instance.
A high-precision determination of the o,5 was done from RS-equation analysis based on
the improved Cheng-Dashen low-energy theorem and o,n = (59.1£3.5) MeV was reported
in ref. [15]. In this section we discuss the o, based on our fitted results obtained above.
In order to estimate the strangeness content of the nucleon, we perform the corresponding
calculation in SU(3) BChPT. As byproducts, the baryon sigma terms are also given.

7.1 «N sigma term

The wN sigma term o, can be obtained from the nucleon mass by applying the Hellmann-

Feynman theorem,
Omy o (my + ma)

Onn = = S (7.1)

For practical convenience, using the expression of the nucleon mass my given in sec-

tion 5.1.2, one can express o,nN as

OxN = —T7.28 ¢; + (—11.72) g% + (—6.55) Re[ha]?, (7.2)
LO NLO

where the involved loop integrals have been computed numerically. Notice that the last
term in this expression does not contribute in the calculation of the sigma terms of Fit-I
and Fit-1I.
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Fit-I Fit-11 Fit-111 RS [15]
LO 94.3 76.5 101.2 -
NLO ~195 ~195 —32.7 -
Sum | 74.8(2.2)(11.4)  57.1(1.9)(7.0)  68.5(1.9)(7.6) 59.1(3.5)

Table 4. The pion-nucleon sigma term in units of MeV. The numbers in brackets correspond to
the errors propagated from the uncertainties of LECs and the theoretical errors, respectively.

The results for the pion-nucleon sigma term o,y based on the different fitting results
in the above section are shown in table 4, where contributions from different orders are
also shown. The error in the first bracket is propagated from the uncertainties of the fitted
LECs using eq. (6.4). The error in the second bracket is theoretical uncertainty estimated
using eq. (6.5) and we employ @@ = M;/A, with Ay = 400 MeV for the delta-less case
and with Ay = 600 MeV for the delta-full case. Note that here for Fit-II the theoretical
error originating from the delta-loop contribution is also taken into account. For easy
comparison, the recent determination of the pion-nucleon sigma term from the Roy-Steiner
equations [15] is also given.

Our prediction for Fit-I, o.ny = 74.8(2.2)(11.4) MeV, is marginally consistent with
the RS determination when the large uncertainties are taken into account. For the delta-
full case with LO delta contribution, applying the same unitarization as in ref. [81], we
obtain o,y = 60.1(1.6)(6.2) MeV based on Fit-II. On the other hand, by including the
explicit delta width rather than generating it by unitarization as in ref. [81], we obtained
oxN = 57.1(1.9)(7.0) MeV based on Fit-II, which appears to agree with the RS determi-
nation very well. As for Fit-III, our prediction o,y = 68.5(1.9)(7.6) MeV improves the
delta-less result and within the error it overlaps the value of the RS analysis, however
the central value still remains larger than that of refs. [15, 81] (see also ref. [82] for re-
lated discussion). The large estimated theoretical error comes from the delta-loop diagram
contributions by using eq. (6.5).

7.2 The strangeness content of the nucleon and the sigma terms of baryons
from SU(3) BChPT

Similarly to o,x one can obtain the nucleon expectation value of the operator msss using
the Hellmann-Feynman theorem,

ompy

(7.3)

OsN = Mg Am, )
where my is the mass of the strange quark. However, the nucleon mass my in the above
equation should be calculated in SU(3) BChPT. We calculated the masses of the baryon
octet in SU(3) BChPT also including the baryon decuplet as explicit degrees of freedom
up to third order. Details of this calculation are specified in the appendix F. The other
baryon sigma terms are also obtainable by using formulas similar to egs. (7.1) and (7.3)
but with the nucleon mass being replaced by my, ma or mx=.
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The strangeness content of the nucleon y is defined through

2m ogN
Yy=—

; 7.4
Ms OrN ( )
and the nucleon expectation value of the operator @u + dd — 23s (see e.g. [84]) is given by
the following equation

O'():UWN(l—y). (7.5)

In order to determine the strangeness content of the nucleon and the sigma terms spec-
ified above, we first need to pin down the unknown LECs involved in the SU(3) calculation.
Therefore, we fit to the experimental values for my, ms, ma and mg (taken from PDG [72])
as well as the RS determination of oy, as given in the last column of table 4.° There are
the following five unknown LECs: the octet mass in the chiral limit My, the LECs corre-
sponding to the NLO mass splitting operators by, bp and br, and the LO Goldstone-boson-
octet-decuplet coupling constant €. For the other parameters we use the following values

D = 0.80, F = 0.46, M, =0.139 GeV, Mg = 0.494 GeV,
Mp = 1.151 GeV,  Mp = 1.382 GeV, (7.6)

with Mp and Mp being the averages of the physical masses of the octet and decuplet,
respectively. The mass of the 1 meson is obtained from the Gell-Mann-Okubo relation:
3M} =AM}, — MZ. Furthermore, Fy = 1.17F; with F; = 92.2MeV is used.

We performed two fits:

e Fit A: the octet baryon mass in the loops is fixed at Mp, and the mass of the decuplet
baryons to mp.

e Fit B: the octet baryon mass in the loops is set as the chiral limit mass My, and the
mass of the decuplet baryons to mp.

If the chiral series of the baryon masses and the sigma terms converges well, these two fits
should differ slightly since the differences are of high order. However, we obtain results
with sizable differences (see y and o( together with the fitted parameters in table 5) which
implies that the higher-order contributions are large. Only when the theoretical errors,
which is due to the truncation of the chiral series using eq. (6.5) with @ = M /A,, are
taken into account, these fit results overlap. The previous determinations are as follows:
y = 0.15(10) and oo = 33(5) of the NLO calculation [83], y = 0.21(20) and o¢ = 36(7) of
the NNLO calculation within HBChPT [84], y = 0.02(23) and o¢p = 58(8) of the NNLO
calculation within Covariant BChPT [85]. We therefore conclude that to this order in the
chiral expansion, one is not able to make a precise statement about the strangeness content
of the nucleon. Likewise, various values of y calculated either directly in Lattice QCD, or
indirectly using the octet baryon masses and sigma terms obtained in Lattice QCD, are
very different. Therefore we do not compare to those results.

®Note that the experimental error, as specified in PDG, for m, is extremely small and we assign an error
of 0.1 MeV to my in our fitting program in order to balance the x? contribution with those originating from
the other masses.
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Mo (GeV) bo bD bF ' Yy [%] g0 [MGV]
Fit-A | 0.654(1) —1.155(1) 0.122(1) —0.359(1) 1.495(5) | 1.2(6)(12.1) 58.4(4)(9.0)
Fit-B | 0.622(2)  —0.956(1) 0.082(1) —0.368(1) 2.289(20) | 20.2(6)(6.5) 47.2(4)(5.2)

Table 5. LECs and strangeness content of the nucleon. Results are obtained with z = —1 and
1 = 1GeV. The numbers in brackets for y and og correspond to the errors propagated from the
uncertainties of LECs and the theoretical errors, respectively.

mn ma my mg

4.3)(97.6)

5.4)(71.7)
expt. 938.925(645) 1115.683(6) 1193.15(4.30) 1318.28(3.43)

Fit-A | 939.2(5.0)(61.8)  1115.7(4.5)(77.1)  1186.0(4.5)(87.7)  1327.4
33.7

(
(

—~
w

) 1115.7(5.6)(51.7)  1186.0(5.5)(55.6)  1327.4

)
Fit-B | 939.2(6.1)
(

Table 6. Masses of octet baryons obtained with the LECs given in table 5. The numbers in
brackets correspond to the errors propagated from the uncertainties of LECs and the theoretical
errors, respectively.

Fit-A Fit-B
oxn | 59.1(2)(5.5) 59.1(2)(3.6)
oen | 46.9(2)(5.5) 45.8(2)(3.6)
orx | 38.6(2)(5.7) 40.7(2)(3.7)
orz | 30.5(2)(5.6) 30.0(2)(3.7)
oon | 8.5(4.4)(86.6)  144.7(4.6)(45.9)
osp | 166.0(3.7)(106.3) 297.2(3.8)(69.1)
oex | 203.6(3.9)(122.3)  355.4(4.0)(75.2)
oez | 342.5(3.4)(133.9) 479.0(3.4)(95.3)

Table 7. Sigma terms obtained with the LECs given in table 5. The numbers in brackets correspond
to the errors propagated from the uncertainties of LECs and the theoretical errors, respectively.

We also predict the octet baryon masses and sigma terms in table 6 and table 7,
respectively. The errors for the masses and the ones in the first brackets for the sigma
terms are propagated from the uncertainties of the LECs. For the sigma terms we also
estimated the theoretical errors, which are shown in the second brackets in table 7. As
we can see, the theoretical errors for o4y are very large due to the bad convergence of the
chiral series in SU(3) BChPT. Note also that determinations of osx by different Lattice
QCD collaborations vary in a large range, see e.g. refs. [87-96].

— 30 —



8 Summary and conclusion

In this paper we presented the O(p3) order calculation of the pion-nucleon scattering ampli-
tudes in the framework of BChPT including pions, nucleons and deltas as explicit degrees
of freedom. There are tree and one-loop diagrams contributing at this order. We applied
the EOMS renormalization scheme to loop diagrams involving pion and nucleon lines only.
For diagrams with the delta lines in loops we used the complex-mass scheme which is a
generalization of the on-mass-shell scheme for unstable particles. That is we subtracted the
divergent pieces and the power counting violating contributions of the loop diagrams by
canceling them by counter terms generated by splitting the bare parameters of the effective
Lagrangian in renormalized couplings and counter terms.

We fitted the renormalized coupling constants to the S- and P-wave phase shifts, which
are randomly generated by using the results of the Roy-Steiner equation analysis of ref. [17]
and hence are normally distributed simulations. Both the phase shifts extracted from the
RS equation analysis and the GWU group analysis [45] are well described up to 1.11 GeV
for the delta-less case. For the delta-full case, the Ps3 partial wave is fitted up to 1.20 GeV
while the other partial waves up to 1.11 GeV.

Based on the obtained LECs, we predicted the D- and F-wave phase shifts and com-
pared them with the results given by the GWU group. We found that our prediction
for D33 wave differs from the determination of the GWU group while the predictions for
other D and F waves agree well. Considering the Argand plot for the Ps3 partial wave we
checked that the unitarized amplitude, from which we extracted the phase shifts, is a good
approximation to the amplitude obtained by our perturbative calculation. At low energies,
we extracted the threshold parameters and compared to the corresponding results of the
Roy-Steiner equation analysis obtaining satisfactory agreement.

In addition, we calculated the pion-nucleon sigma term. Our extractions of o,y based
on the fitted LECs of Fit-I and Fit-III are consistent with the result of RS analysis o,y =
(59.1 +3.5) MeV taking into account the large errors of our determination.

In the end, we also studied the strangeness content of the nucleon y in SU(3) BChPT.
We first fixed all the involved SU(3) LECs by fitting to the experimental octet baryon
masses as well as the RS result o,n = (59.1 £3.5) MeV [15]. Two different strategies were
used. In principle, they should only slightly differ from each other since the differences are
due to higher-order contributions. However, because of the bad convergence properties of
the SU(3) BChPT for these quantities, we obtained two sets of predictions with rather large
discrepancies from each other. Nevertheless, when the large uncertainties are taken into
account, they are consistent with each other. Hence at the order one is working here, we
unfortunately cannot disentangle a small from a large value of y. Similar picture appears
when one takes an overall view on the previous determinations from BChPT [83-85] and
Lattice QCD [87-97]. Within these two strategies, we predict all the octet baryon sigma
terms as well.
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A Tree amplitudes of delta-exchange

In what follows, the amplitudes corresponding to tree-order delta-exchange diagrams are
given explicitly here.

e Born-terms of O(p!) diagram (g):

h? 1
+ _ - _ +
Ay (s,t) = ngmi(mi — S)fA(s,t), A, (s,t) = —§Ag (s,t),
Bl (s,t) = — h” Fp(s,t) B (s,t) = —1B+(s t) (A1)
g S, - 9F2mi(m2A —8) B\5,0), g 5 - 279 s U). .

e Born-terms of O(p?) diagrams (h+i):

2h (s —m3 — M2)

Af(s,t) = b t)+b S t
hz(87 ) 91{72,'771{2(7)12A _ 8) { 3gA(87 )+ 8 omy fA(S? ) )

2h (s —m3 — M2)

B (s,t) = — b t)+b S t
hz(s7 ) 9}727”?5(Tn2A _ S) { 393(87 )+ 8 omy ~FB($7 ) 5
_ 1 _ 1

A(s,t) = —§A;i(s,t), B, (s, t) = —§B;,;(s,t). (A.2)

e Born-terms of O(p?) diagrams (j-+k):
2h s —m32, — M?
A (s,t) = — ST t
j(5:t) 9F2m3 (m3 — s) { h 2mpy Gals,?)
s —m2, — M,)?
|- g - 2| Fatsnn)}.
My
2h s —m3 — M?
Bl (s,t) = — —f— - t
i(s:) 9F2m3 (mA — s) { h 2mpy G (s:1)
s —m2 — M;)?
# [ M g — 2] a0
My
_ 1 _ 1
A(s,t) = —iAjk(s,t), B (s,t) = _iB;;“(S’t)' (A.3)

e Born-terms of O(p?) diagram (1):

2 2
—my — M.

u gA(57 t)

Af(s,1) = B3H (s, 1) + 2b3bs >

1
9F2m3 (m% — s) { 2mpy
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(s —my — M2)?
—|—b2 4 3 fA(S t)
My
+ N M2
Bl (S,t) = —9F2mA {b3HB S, t —|—2bgbng3(S t)
2( — M2)?
1 1
A (s,t) = —§Al+(s,t), By (s,t) = —§Bl+(s,t). (A.4)
Here the F, G and H functions are defined as
Falovt) = Gy + ma)oy [ 2(s = ) + 3¢ — 202)
+(s —m% + M?)|(s —m3 + M?)my + QmAMz] )
Fp(s,t) = mi [4mN(mN +ma) + (4M2 — 3t)]
+(s —mi + M2)|(m% — s — M?) —2mNmA], (A.5)

Gals,t) = myma [<s —md) - Mz] T (s — m)(s — mdy + M2)?
il [(5 2+ 3(s — m)(t — 2M2) + M;g] ,
Gp(s,t) = —ma [(s + ]\47%)2 — 4m?\,(s + M,%) + BMﬁ} + (4MT% — 3t)m3

+mpy(s —m% + M2)* + mymi [Q(S—m?\,) —|—3(t—2M7?)], (A.6)
Ha(s,t) = 2ma(s —mA)2(s — mi + M2) —mn(s — mi) (s — mi + M2)?
#m(ma ) [3(s — m (e - 2022) 4 202
Hp(s,t) = 2mamal2(s — m3%) + M2)(m% — s — M2) 4+ 6mymi (2M?2 — t)

m? [St(s—kmfv) —4M§(s+2m?\;)] +(s4+m%) (s—mA +M?>)2. (A.7)

B Redefinition of the LECs

For simplicity, the following abbreviations are used:

Yoz = m + ma, Aoz = m — ma, Y(a,b) = 2am + bXas,
Abs s, f1.f2) = 2mY (b3, bs) + AasXa3YV(f1, f). (B.1)
In order to absorb the non-pole parts of the contributions of the O(p?) and O(p?®) order
delta-exchange diagrams, the following redefinition of the LECs in the contact terms are

needed
c; — ¢ + 561', dj — dj + (de, (B.Q)
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where the shifts of the ¢; have the form

1 Az o
ocp =0, ocy = 9m2A {QhA(bs,bsyfth) + 4m2 A(b3,b8»f1»f2) ’
2 2
_ Ma _ A
503 = Wécg y (5C4 = W(SCQ, (B3)

and the shifts for the d; read

1
ddy = TT— {2h [2bsm + X93)(f1, f2)] — [V (b3, bs) — 2bgAa3] V(bs, bs)},

dd3 = 3671712{2h [—2bsm + X3V (f1, f2)] + [V (b3, bg) — 4(bs + bg)m| Y (b3, b8)}>
A

h
Sdp = _M{zm[zmy(bg, bg) — bsma(Baz + 2ma)]
+(2m® — m®ma + 3mA)V(f1, f2)}7
1
—5—5 1 V(b3,b8) | (2823 — ma)¥23) (b3, bg) — 2bgma(Xa3 + 2ma)las| ¢,
m2ma
h
(Sd5 = W {—8b3m3 — Ezg(m + 223) [ngm - A23y(f17 f2)]}
1
—Taa g 823Y (b3, b) {(m + Da3)Y(bs, bs) + 2bsmaXas} (B4)
m2m3

where dj, = d14 — di5 and dp = dqi + ds.

C Definitions of the one-loop integrals

Using notations similar to ref. [98], the one-loop n-point integrals are defined by
(2mp)*~
Harlal = = 5— (C.1)
X/ ddkk#l"'kup
(k% —m2, +ie| [(k+ p1)2 —m2, +ie] -+ [(k + pp-1)> — m2, +ie]’

with a; € {m,N,A}, j =1,---,n. The results of integrals can be written in terms of the
external momenta p; as (we need up to 4-point functions)

HEL R () HELEP (], (p2 — p1)?, D) S
HELEE (p, (D2 — p1)% (ps — p2)?, D5, 3, (D3 — P1)?) . (C.2)

Scalar integrals correspond to P = 0 and for the tensor integrals P # 0.

The Passarino-Veltman decomposition expresses the tensor integrals in terms of
Lorentz structures depending on the metric tensors and external momenta, for example
for the one-point functions we have

My =0, HE =g HED -, (C.3)
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and for 2-point functions

nglz =P H((ll)az ) ngaz MVHEL??L)Q + p/ilpl H((Llib)z )
HEVE = (g"p) + g"PpY + g P YHOD + phppHEED (C.4)

The above decompositions are needed for the self-energies in the following section, and we
refer the reader to ref. [98] for the higher rank tensors and more-point functions.

We denote loop integrals with removed UV-divergent parts (multiples of R) by H and
loop integrals in chiral limit (i.e. for M? — 0) without divergent pieces are labelled by .
For example,

o] (o]

He=0,  Han(m?) = {Han(m*)}, 2 - (C.5)

D Self-energies of the nucleon and the delta

The self-energy of the nucleon at leading one-loop order reads

N,loop o 3.9 2 (1) (d - 2)h2
) = e {Hn+ MM (5) + (s = m )HWN(S)}+2(d_1)FEm2A
x {(s = mA = 3M)He — 201 — HY”) + Aeas) [Heals) + HIR ()] |
39°m (d — 2)h?
N,loop _ g 2 2
+(5—M2+mA)’HA — Ara($)Hra(s)}, (D.1)
where A:a(s) = A(s,m%, M?) and the self-energy of the delta is
h®m 593
Ary (00) 91 (g 2 2 _
+(d—2) [HEY + MM ()] + 2[R + (s + mA)HR ()] |
h? 597
A _ (00) (001) 91 (00)
=0 =~ (MR )+ N O} + 55 (AR

—(d = mA [Ma + M*Haa(s) + (s = mAH L (s)]
+(a-2) [HR” + 22H R (s) + (s = mA)HR ()] } (D.2)
E Counter terms in the EOMS scheme

In general, all LECs generate counter terms in the EOMS scheme as follows:

X 6X

X = XR+ 167 2F2R+ 1672F2"° X € {gaha m)mAualuci:L-“A}v
oY
Y =Yp+ 167 2F2R Y € {fg,f4,d1 + ds, d3, ds, d14 — dis, d1g — 2d16} (El)

We have derived all counter terms explicitly and most of them turn out to be too lengthy
to be shown here. Hence, we only show the counter terms for the parameters involved in

the nucleon and delta mass renormalization.
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The infinite parts of counter terms for m, ma, ¢; and a; are

_ m% (h%{ (m% + 2m2RmAR — QmRmiR — Gm?’AR) — Qg%mRmiR)

om = — , (E.2)
6m2AR
_ 110g2,m3 » + 942 (6m3, + 2mZmar — 2mpem2 » — m3
Sma = 91R™MAR R ( R 2163 AR RMAR AR) : (E.3)
- mpg (9g%m2AR + Qh%mR(ZmR + 3mAR))
561 = — D) 9 (E4)
24mAR

- 50g2 9h%(3 2
Say = —2D9iRMAR T+ 4?1)%2( MR+ 2MmaR). (E.5)

The finite parts of counter terms for m, ma, ¢1 and aq are

S — (2 — d)hEHA (dmf, + 2dmEmag — 2(d — 2)m%imA p + 2dmem3  + dmi R)
4(d — 1)dmprmi 5

_3g%mR7{N n (d— 2)h%(m3 —magr)?(mg + mAR)4H7rA(m%—€)
2 4(d — 1)ymrm3 5

: (E.6)

Son — MRME = mar)*(mr +mar) Han (mAg)  5((d = 2)(d = 1)d = 2)gipmarta
A 8(d— 1)m3 6(d—1)2d

haHN (dm, + 2dmmar — 2(d — 2)mEmA i + 2dmpmi p + dmAp)
B 8(d — 1)dm3 4 ’

(E.7)

(d —2)h%(mpr + mar)? (d (m3 + miR) — 2grmr) Hea(m?)
16(d — 1)mpm3 »

gcl =

3(d—2)g3Hn  (d—2)h}Ha (d(mg + mar)® — 2memag)

* 16(d — 3)mg 16(d — 1)mpm3 » ’

(E.8)

5((d —2)d + 2)g%R’HA B h%{HN (d(mR + mAR)Z — 2mRmAR)
48(d — 1)2F2mapg 32(d — 1)F?m3 5

gal =

N hi(mpr +mag)? (d (m% + mag) — 2mrmagr) Han (mAg)
32(d — 1) F2m3

. (E.9)

F  One loop contributions in the baryon octet self energy

We use the definitions and notations of ref. [99] and the LO meson-octet-decuplet inter-
action term is taken from ref. [84] with the coupling constant ¢’. Contact interaction and
one loop diagrams contributing to the octet masses are shown in the first line of figure 4,
where the solid, dashed and double lines correspond to the octet brayons, mesons and the
decuplet baryons, respectively.

The contributions of NLO contact interactions to the octet baryon masses can be found
e.g. in ref. [99] and the one loop order contributions to the octet self energy are specified

below. ¥, corresponds to the diagram with octet baryon propagators in the loop and Zggc
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to the one with decuplet baryon propagators. Summation over repeated indices is implied.

Rote = sopps (M3Bo (mb.m, M3) + Ao (m3)) (DA™ 4iF f4) (F f* — iDd™),
5
nab [Tr {X‘/\b} Tr {)\d/\d} Ty {)\“)\d)\dAb}]

. {_%2 ((mp — mp)? — M2) ((mp +mp)® — M3)? By (m%, m3, M3)

153672 F3mpm},

+‘52A0 (m%) (—Mf + mQB —mppmp + m2D) (—Mg + mQB +3mpmp + mZD)
15367T2F£m3m2D

+‘€2A0 (MC%) (Mf (3m23 4+ 2mpmp + Qm%) — M;} + (mp —mp)(mp + 'mD)B)

15362 Fmpm7,
mp€* 2 4 4 3
oD
—4mEim3 — 12mpm3, + 3m4D] } (F.1)

We renormalize these loop contributions by applying the EOMS scheme without expanding
in powers of mp — mp, i.e. we expand in powers of the meson masses and absorb terms of
order zero in the renormalization of the mass in the chiral limit and the order two terms in
the renormalization of contact interactions. We checked that this renormalization indeed
can be carried out self-consistently.
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