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Recently, we have derived the leading and subleading isospin-breaking three-nucleon forces using the method of
unitary transformation. In the present work we extend this analysis and consider the corresponding two-nucleon
forces using the same approach. Certain contributions to the isospin-violating one- and two-pion-exchange
potential have already been discussed by various groups within the effective field theory framework. Our
findings agree with the previously obtained results. In addition, we present the expressions for the subleading
charge-symmetry-breaking two-pion exchange potential which were not considered before. These corrections
turn out to be numerically important. Together with the three-nucleon force results presented in our previous
work, the results of the present study specify completely isospin-violating nuclear forces up to the order ¢° /A%,

where ¢ (A) denotes the soft (hard) scale.
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I. INTRODUCTION

The interactions between two nucleons are one of the
best studied strong interaction processes, which is due to the
large database of proton-proton and neutron-proton scattering
experiments. As such, many fine features of the strong
interactions and their interplay with the electromagnetic and
weak interactions can be unraveled from such studies, provided
a sufficiently accurate theoretical tool is available to match
the sometimes astonishing precision of the data. In this
paper, we are interested in the effects of isospin violation in
the two-nucleon sector. Although isospin is an approximate
symmetry of the QCD Lagrangian, the difference in the
up and down quark masses combined with the long-range
electromagnetic force leads to appreciable deviations from
the isospin limit. To quantify these effects, it is mandatory to
have a framework that consistently incorporates these various
sources. Such a scheme has been developed in the last decade,
namely chiral nuclear effective field theory. It extends the so
successful chiral perturbation theory for mesons and meson-
baryon systems to processes involving 2, 3,4, ... nucleons.
Chiral nuclear effective field theory, (EFT) has already been
applied to study isospin-violating two-nucleon forces (2NFs),
see, e.g., Refs. [1-8]. So why come back to this topic?
Recently, we have derived the leading and subleading isospin-
breaking three-nucleon forces (3NFs) using the method of
unitary transformation [9]. In the present work, we will apply
this framework to study the corresponding isospin-breaking
two-nucleon forces at the same order in the low-momentum
expansion. Thereby, we will rederive the many interesting
results already obtained in the earlier studies, but also work out
the contributions, which have were never been studied before.
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To the order we are working, we have thus constructed the
complete set of isospin-violating few-nucleon forces.

The material in this paper is organized as follows. In Sec. II
we discuss the effective Lagrangian underlying our calculation
and also the corresponding power counting. Section III is
devoted to the derivation of the isospin-violating 2NFs,
consisting of the one- and two-pion-exchange potentials and
the corresponding contact interactions. The main novelty is
the next-to-leading order two-pion-exchange potential, which
is derived here in its complete form for the first time and also
turns out to be numerically large, very similar to the isospin-
conserving case. In Sec. IV we demonstrate explicitly the con-
sistency between the two-nucleon forces derived here and the
corresponding isospin-violating three-nucleon forces obtained
in Ref. [9]. Section V contains the summary and outlook.

II. POWER COUNTING AND EFFECTIVE LAGRANGIAN

Within the Standard Model, isospin violation has its origin
in the different masses of the up and down quarks and
the electromagnetic interactions. At low energy, isospin-
breaking effects in few-nucleon systems can be studied in
the systematic and model-independent framework of chiral
effective field theory. This method is based on the most general
(approximatively) chiral invariant Lagrangian for pions and
nucleons which includes all possible interactions consistent
with the isospin violation in the underlying theory. Consider
firstisospin breaking in the strong interactions. The QCD quark
mass term can be expressed in the two-flavor case as

LD = —L1gm, +my)(1 + €13) g,

where
m, —my 1

€= —— ~ ——.

2.1
m, +my 3 @0

The above numerical estimation is based on the light quark

mass values utilizing a modified MS subtraction scheme at
a renormalization scale of 1 GeV [10]. The isoscalar term in
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Eq. (2.1) breaks chiral but preserves isospin symmetry. It leads
to the nonvanishing pion mass, M 2 = (m, + my)B # 0, where
B is a low-energy constant (LEC) that describes the strength
of the bilinear light quark condensate. Further, this term
generates a string of chiral-symmetry-breaking interactions
in the effective Lagrangian which are proportional to positive
powers of M 2. The isovector term (o 73) in Eq. (2.1) breaks
isospin symmetry and generates a series of isospin-breaking
effective interactions o (e M?)" with n>1. It is, therefore,
natural to count strong isospin violation in terms of e M?.!

Electromagnetic terms in the effective Lagrangian can be
generated using the method of external sources, see, e.g.,
Refs. [1,11-13] for more details. All such terms are propor-
tional to the nucleon charge matrix Q = e(1 + t3)/2, where e
denotes the electric charge.> More precisely, the vertices which
contain (do not contain) the photon fields are proportional to
Q" (0*"),wheren = 1,2, .. .. Since we are interested here in
nucleon-nucleon scattering in the absence of external fields, so
that no photon can leave a Feynman diagram, it is convenient to
introduce the small parameter ¢> ~ 1,10 for isospin-violating
effects caused by the electromagnetic interactions.

In the present study we adopt the same power counting rules
for isospin-breaking contributions as specified in Ref. [9]. In
particular, we count

&2 ¢
€e~e~ —+: ~ 2.2)

A 4m)? A?
where ¢ (A) refers to a generic low-momentum scale (the
pertinent hard scale). Counting rules very similar to the above
ones (but not exactly the same) were also used in Refs. [1—
3,6-8,14]. The N-nucleon force receives contributions of the

order ~(g/A)”, where
v=—4+2ny+2N+2L+ZV}Ai.

2.3)

Here, L and V; refer to the number of loops and vertices of
type i and n,, is the number of virtual photons. Further, the
vertex dimension A; is given by

A =d; + %ni -2, (2.4)

where n; is the number of nucleon field operators and d; is
the g power of the vertex, which accounts for the number
of derivatives and insertions of pion mass, € and e/(4m)
according to Eq. (2.2). Finally, we adopt the counting rule
q/m ~ (q/A)* for the nucleon mass m, which ensures that all
iterations of the leading-order NN potential contribute to the
scattering amplitude at leading order (¢/A)° and thus have to
be resumed, see Refs. [15,16] for more details.

Let us now specify the terms in the effective Lagrangian
we will need in the present work. It is given in terms of the
nucleon isodoublet N and the isovector pion field &. Utilizing
the heavy baryon framework, the relevant isospin-symmetric

"Notice that isospin-breaking effects are in general much smaller
than indicated by the numerical value of €, because the relevant scale
for isospin-conserving contributions is the chiral-symmetry-breaking
scale A, rather than m, + m,.

20r equivalently, one can use the quark charge matrix e(1/3 + 13)/2.
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terms in the effective Lagrangian in the nucleon rest-frame
are [17,18]

1 1
L0 = zaﬂn -t — EMZJIZ

L = 1
+Nf[i30+§—;ra~V7r—mr~(nxz'r)]N+...,

2cy 2, 3
LD = NT|E3m+4C'1M2—ﬁMzﬂz"i‘ﬁﬂ'z‘i‘ﬁ(alﬂt -0t
. 2.5)
4
- mEijkeabcaifa(vjnb)(vkﬂc)]N +...,
V2 iga 2d16 — di3
@) — N 2= > v L v 1 1
£ |:2m + 4mFTU (Vi —2V)+ F

X M218-6n+8id~23M280:|N+ Ceey

where M denotes the pion mass to leading order in quark
masses, M = B(m, +my), and F can be identified with
the pion decay constant in the chiral limit and with the
electromagnetic interactions being switched off. Further, m
denotes the physical value of the average nucleon mass,
m = (m, + m,)/2, which is related to the bare mass m via
m= m + 8m. Notice that we are using the physical and not
the bare nucleon mass in the heavy baryon expansion, see
Ref. [19] for more details. This leads to the unusual §m-term
in Eq. (2.5). In addition, g4 denotes the axial-vector coupling
constant and ¢; and d; (d;) are further low-energy constants
(LECs). The relevant isospin-violating part of the Lagrangian
reads [1,20-22]

2
ro — _%c(,ﬁ —7})+ N [2C5GM2T3
S M -3 |N +
FZ 3 ceey

£® = Nt |:flez(rr32 — nz) + %62}72‘[3 + %ez((n - T)73

2dy7 — dig — 2d
R 17 I;s 19

6M28'6ﬂ3:|N+...,
2 L - o o
LB = N{#ezFU -V + %ezFU -Vt
. 2.2 4eas 275 2 .
+igize" F (1 + 13)9) + TeM o V[t x1l3

+ 8e396M4r3] N+..., (2.6)
where C, f;, gi, and ¢; are further LECs. Here, sev-
eral comments are in order. First, we do not include in
Egs. (2.6) the e3g40- and g4, 15-terms which do not lead to
isospin-breaking vertices with no pion fields. Secondly, for
the sake of simplicity, we refrain from showing terms with
four pion fields in the Lagrangians in Egs. (2.5), (2.6). The
explicit form of such terms is of no relevance for our work.
We will, however, briefly discuss these terms in Sec. III A. In
addition, we do not show in Egs. (2.5), (2.6) isospin-violating
NN contact interactions, which will be discussed in detail
in Sec. III D. Notice further that the complete form of the
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Lagrangian £ has not yet been worked out. We will discuss
the relevant structures from £ in Sec. IIl A. Finally, we
do not consider terms with photon fields. Those terms give
rise to long-range electromagnetic interactions between two
nucleons, which are extensively discussed in Refs. [23-26]
and will not be considered in the present work. Notice that
the effects of these interactions are enhanced at low energy
due to their long range, see, e.g. [27] for more details. In
addition to these purely electromagnetic forces, 7y -exchange
contributions have to be taken into account at the order v = 4.
The explicit expressions for the corresponding NN potential
can be found in Ref. [3].

III. ISOSPIN-BREAKING NN FORCE

There are many ways to derive nuclear forces from the
effective Lagrangian in Egs. (2.5), (2.6). In this work, we will
use the method of unitary transformation [28] which leads
to energy-independent and hermitean potentials. Let us first
briefly remind the reader of the main idea of this approach.
A system of an arbitrary number of interacting pions and
nucleons can be completely described by the Schrédinger
equation

H|W) = E|W), 3.1)

where H denotes the Hamilton operator, which specifies the
interaction of pions and nucleons and can be obtained from
the Lagrangian using the canonical formalism. Notice that
due to the creation of pion field quanta via terms in H, the
state W might contain components with an arbitrary number
of pions. Instead of solving the above infinite-dimensional
equation for few-nucleon system, it is advantageous to project
it onto a subspace of the Fock space, that contains only
nucleonic states. The resulting equation can be solved using
the standard methods of few-body physics. Let n and A be
projection operators on the states |¢) and |) which satisfy
n* =n,A%2 =A,nk =An =0, and A + n = 1. Equation (3.1)
can then be written in the form

(an nH)\>(I¢>>:E<I¢)>
AHn AHA) \|V¥) )/

We are now looking for the unitary operator U which has to be
chosen in such a way that the transformed Hamilton operator
is block-diagonal:

- H 0
A=vigu= (""" 7 ).
0 AHX

(3.2)

(3.3)

In Ref. [28] we have adopted the following ansatz for the
operator U:

B (n(l +ATA)1

—AT(l + AAT)_‘/Z A
A+ ATA) 12 » G4

A1+ AAT71/2

which goes back to the work by Okubo [29]. The operator
A in the above equation has only mixed nonvanishing matrix
elements: A = AAn. We stress that the parametrization of the
unitary operator U in Eq. (3.4) is not the most general one.
The effective Hamilton operator acting on the purely nucleonic
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subspace of the Fock space can then be obtained via
Her =nHn=n(+ATA)"V?> (H+A'H+ HA

+ATHA) (1 + ATA)" 2y, (3.5)

The requirement in Eq. (3.3) leads to a set of coupled equations
for the operator A, which can be solved perturbatively within
the low-momentum expansion along the lines of Ref. [28]. One
then ends up with a set of operators that contribute to Heg at a
given order in the low-momentum expansion. These operators
are constructed out of vertices in the effective Lagrangian
and corresponding energy denominators, see Refs. [19,28] for
more details. The expressions for the nuclear potential are
obtained by evaluating two-nucleon (2N), three-nucleon (3N),
etc., matrix elements of these operators. Let us now be more
specific and consider various isospin-violating contributions
to the nuclear force up to order v = 5.

A. One-pion-exchange potential

The isospin-conserving one-pion-exchange (1PE) potential
has been studied to one loop in Ref. [19] using both the S-
matrix approach, which relies on the standard technique used
in quantum field theoretical calculations, and the method of
unitary transformation. In that work, we restricted ourselves
to isospin-invariant contributions. We now extend this analysis
and include isospin-violating corrections to the 1PE potential
up to v = 5. While the main focus of Ref. [19] was to study the
quark mass dependence of the nuclear force, here we are only
interested in the physically relevant case and do not need to
consider the chiral expansion of the various LECs. Thus, there
is no need to evaluate explicitly all loop diagrams which lead
to pion and nucleon mass and wave-function renormalization
as well as to renormalization of the pion-nucleon vertices. In
the following, we will explain how to perform the complete
calculation of the 1PE potential including renormalization of
various LECs within the method of unitary transformation and
work out the general structure of the isospin-breaking 1PE
potential up to the considered order.

First, we introduce, similar to Ref. [19], renormalized pion
fields and masses in the following way:

N

T e T
jTrO _ Z;OI/ZT[O,
Lot =1468Z;,

Zpow=1+82Z,+8Z,, (3.6)

M2 = M* +8M2,
M2, = M* +8M?% — SM2.
The quantities §Z, and M2 denote isospin-invariant con-
tributions to the pion wave function and M; while §Z,
and § M,% represent the corresponding isospin-breaking terms.
These quantities can be expanded in powers of the generic
low-momentum parameters as follows:
82y =8ZP +8ZW + ...,
82, =8ZW + ...,
sm? = (sM2)? + (sM2)

8012 = (62) " + (51722)°

3.7
© 4o
+...,
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FIG. 1. (Color online) Various contributions to the pion mass and
wave function renormalization. Graphs (a) and (b) are the leading
isospin-invariant contributions, while the diagrams (c), (d), and (f)
show the leading and subleading contributions involving insertions of
isospin-violating vertices. Dashed lines refer to pions; solid dots and
filled diamonds represent isospin-invariant vertices with A; =0and 2
while crossed circles and crossed diamonds denote isospin-breaking
vertices of dimension A; = 2 and 4, respectively.

where superscripts correspond to the power of the small
parameters according to Eq. (2.2). The leading isospin-
invariant corrections §Z% and (§M2)® result from graphs
(a) and (b) in Fig. 1 and have already been considered within
the method of unitary transformation in Ref. [19]. Leading
and subleading isospin-violating contributions are given by
diagrams (c) and (d)—(f) in Fig. 1, respectively. The leading
contribution to the charged-to-neutral pion mass difference is
entirely of electromagnetic origin and given by the C-term in
Eq. (2.6):

(sm2) = %ezc. (3.8)
Here and in what follows, F, = 92.4 MeV refers to the
measured value of the (charged) pion decay constant.? Notice
that graph (c) only contributes to the charged-to-neutral
pion mass shift and that there are further pion self-energy
corrections due to virtual photons, which are not shown
explicitly in Fig. 1. The experimentally known pion mass
difference M= — M0 = 4.6 MeV allows us to fix the value of
the LEC C, C = 5.9 - 1073 GeV*. Notice that the natural scale
for this LEC is F2A%/(4m)*> ~3-107° GeV* if one adopts
A ~ M,. We do not need to explicitly evaluate higher-order
corrections to the pion mass and wave function renormalization
given by diagrams (d)—(f) in Fig. 1. The relevant contributions
are incorporated by using physical values for the charged and
neutral pion masses, and the single-pion Hamilton operator
expressed in terms of pion creation and destruction operators

aj and g; has the usual form:

3 T =
HY =Y / (;1711;3 al (K)a; (k) m (3.9

where M|, = M+, M3 = M 0. Notice that at the order con-
sidered the effects of the isospin-violating pion wave-function

3The difference between the charged and neutral pion decay
constants is (Fp+ — F0)/F ~ (q/A)*, see, e.g., Ref. [20]. Isospin-
breaking effects due to F,+ # F,o in the 1PE potential can be
accounted for by small shifts in the pion-nucleon coupling constants
as explained below. The corresponding corrections to the 2PE
potential enters at order v = 6 and will not be considered in the
present work.
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renormalization only shows up via an additional interaction

0Zy . . =
H(4) = —ngNIT_%U 'V7T3N,

b4

(3.10)

which arises from the g,-vertex being expressed in terms of
renormalized pion fields and has the same structure as the
ga-term in Eq. (2.6). Here and in what follows, we will always
work with renormalized pion fields and therefore omit the
superscript r.

Similar to the pion fields, one can define renormalized
proton and neutron fields via N[’, = Z;I/ZN,,, N, = Z;l/an.
In the isospin symmetric case, the leading contribution to
Zy results from pion loop and the dog-term in Eq. (2.9)
(for a detailed discussion of wave function renormaliza-
tion in the heavy baryon approach, see Refs. [30], [31]).
Clearly, the NN potential derived using the method of unitary
transformation includes contributions from renormalization of
external nucleon lines, which, therefore, do not need to be
considered separately. Further, we remind the reader that the
isospin-invariant nucleon mass shift §m receives contributions
at various orders in the low-momentum expansion:

_ i+1
sm=omV+sm®+.... smD~0 ("A—> . G0

The leading contribution, §m") = —4¢; M2, is clearly due to
the second term in the second line of Eq. (2.5) while the
subleading one, §m®, receives contributions from pion loops
as well as from the counterterms proportional to LECs f 5 3.
In addition to isospin-invariant shifts, there are also isospin-
breaking shifts 87 to the nucleon mass m y:

m, 0 1. _
my = =m—|—§8mt3.

3.12
0 m, (3.12)

The leading and subleading contributions to the proton-to-

neutron mass difference are of the strong and electromagnetic

origin, respectively:
sm'? = —dcseM?, 8m® = — e’ F2. (3.13)

At the order we are working, the LECs ¢s and f, can be fixed
from the strong and electromagnetic shifts to the nucleon mass:

(m, —m,)*"" = (8m)" = —2.05 + 0.3 MeV,
(m, — m,)™ = (8)"™ = 0.76 + 0.3 MeV,
which leads to [12]
cs = —0.09 +0.01 GeV~!,

(3.14)

fo=—0.45+0.19 GeV~.
(3.15)

The values for the strong and electromagnetic nucleon mass
shifts are taken from Ref. [32]. The electromagnetic shift is
based on an evaluation of the Cottingham sum rule which
makes use of certain assumptions about the high-energy
physics. For a discussion of calculating the neutron-proton
mass difference in chiral perturbation theory, see, e.g.,
Ref. [13] and references therein. We stress that there are
further corrections to §m at higher orders due to pion loop
diagrams and counter term insertions. We, however, do not
need to consider such higher-order corrections in the present
work since we are interested in isospin-violating corrections
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to the NN potential up to order v = 5. Indeed, since the
isospin-invariant 2PE potential starts to contribute at v = 2,
the corrections resulting from insertions of the 8m®- and
8m®-vertices start to contribute at orders v =4 and v = 5,
respectively. This can easily be verified using Eq. (2.3). As will
be shown below, the corrections to the 1PE potential due to the
proton-to-neutron mass difference are either proportional to
8m/m or to (8m)*. Consequently, §m® first contributes to the
1PE potential at order v = 6 which is beyond the scope of the
present work. To the order we are working, the single-nucleon
Hamilton operator takes the form

N d3p oo - p> _
Hy = Z /QTPns't(p)n'Y’t(p)[ +t8m], (3.16)

r-
s, t=%1/2 2Zm

where nz (D) (ny:(p)) refers to the creation (destruction)
of a nucleon with the spin and isospin quantum numbers s
and ¢ and momentum p, respectively. We stress that further
isospin-breaking corrections o é7/m of kinematical origin
have to be taken into account in the single-nucleon Hamilton
operator entering the Schrédinger equation. For our purposes,
however, the expression for Hy' in Eq. (3.16) is perfectly
sufficient. Notice further that here and in what follows, we will
not separate the leading and subleading contributions 8772 and
8m™ to the nucleon mass shift: §m ~ §m® + sm'®.

Before going into discussion of various isospin-violating
contributions to the 1PE potential, it is instructive to recall its
general (i.e., without assuming the isospin limit) form based
on the phenomenological pseudovector (PV) Lagrangian Lpy
which, for instance, in the case of the neutral pion coupled to
protons has the form

Lpy = M(ﬁpiyuyszvp)a“no. 3.17)

M+
Here f,,z0 is the corresponding pseudovector coupling
constant. Similarly, one can define the coupling constants
Junnos fonz+ and f,,-- which correspond to the neutral pion
coupled to neutrons and charged pions coupled to nucleons.
In the case of exact isospin symmetry these are related to each
other via

1 1
_Efpnrﬁ = ﬁfnpn*-

Notice that the charged pion mass enters Eq. (3.17) just as
a scaling factor in order to make f dimensionless. The 1PE
potential can then be expressed in a general form as

Vir(pp) = [,V (Mzo),
Vig(nn) = f2V(Myo),
Viz(np) = — fg V(Myo) + (=)' T2 £2V (M=),

_fnmr” = (318)

fpprr“ =

(3.19)

where we have introduced the constants ];2 = Jopr0 fopns fy 2—

Janz fanzo, fo2 = _]anoﬁmn“» and 2fcz = _fnpn*fpnn*- Fur-
ther, I = 0, 1 denotes the total isospin of the two-nucleon
system and V (M,) is defined as

4 (619 )02-q)
M. @+ M

V(M;) = — ) (3.20)
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(a) (b) (©)

FIG. 2. (Color online) Leading (v = 2) and subleading (v = 3)
isospin-violating contributions to the 1PE potential. Solid lines refer
to nucleons and the crossed rectangle denotes an isospin-violating
vertex of dimension A; = 3. A light-shaded circle inserted at a pion
or a nucleon line refers to a single insertion of M2 or §m® + §m®,
correspondingly. Diagrams which result from the interchange of the
nucleon lines and from the application of the time reversal operation
are not shown. For remaining notation see Fig. 1.

where we use the static approximation for nucleons and neglect
all relativistic corrections. Charge symmetry implies the same
interaction in the pp and nn case, i.e., fppz0 = — fyuz0 OF fp2 =
fr= foz. In case of charge independence, one has f’ 13 = f=

f¢ = f? = f* The coupling constant f? is related to the
nucleon axial vector coupling g4 via

D) 1 8A Mﬂi 2

=% [ 2F, (1+5)} ’
where § denotes an isospin-conserving Goldberger-Treiman
discrepancy.* In the general case when isospin symmetry is
not conserved, we can introduce in a close analogy to Ref. [2]
the quantities 8, 8,, and 8. corresponding to fZ, f2, and f2,
respectively. It is sufficient to know the values of these three
constants §,, §,, and §. in order to determine completely the
expressions for the 1PE potential in Egs. (3.19), since the

coupling constant fO2 can be expressed as

_L gAMHi
T 4n | 2F,

Notice that the dominant contribution to the Goldberger-
Treiman discrepancy is generated by the d3-term in Eq. (2.5)
and does not beak isospin symmetry:

89 =52 =59 = M dis.

P ! ¢ 84

In what follows, we will use the convenient form of the 1PE
potential given in Eqgs. (3.19) which already incorporates the
dominant isospin-breaking effects due to the pion-mass dif-
ference and charge dependence of the pion-nucleon coupling
constant.

We are now in the position to discuss the isospin-violating
1PE potential. The leading and subleading contributions at
orders v =2 and v = 3 are shown in Fig. 2. Since we use
8m and are not separating 8/m® and §m®, graph (b) in Fig. 2
contains both the order v = 2 and v = 3 contributions to the

(3.21)

fo

2
] A+68,)1+8,). (322

(3.23)

“The Goldberger-Treiman discrepancy is defined in terms of pseu-
doscalar coupling constant g. Pseudoscalar and pseudovector coup-
lings lead to the same expression for the 1 PE potential on-energy-shell
provided the coupling constants are related via f = gM,=/(2m).
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FIG. 3. (Color online) Order v = 4 contributions to the 1PE potential which contain isospin-violating vertices. For diagrams with insertions
of the nucleon mass shift only one representative topology is depicted. Further graphs with nucleon mass insertions at different internal or
external nucleon lines are not shown. For remaining notation, see Figs. 1 and 2.

IPE potential. Using the method of unitary transformation
introduced above and utilizing the notation of Refs. [9,33],
one finds the following result for diagrams (a) and (b) in
Fig. 2:

04 0

n/[ © H(O)]n,
2 (HO - Er]) (HO - Er]/)

(3.24)

where 1 and " denote the projectors on the purely nucleonic
subspace of the Fock space, while A’ refers to the projector on
the states with i pions. Further, H® is the leading isospin-
invariant w NN vertex proportional to g4, Hy denotes the
single-particle Hamilton operator, Hy = H + H}', and E,
(E,) refers to the energy of the nucleons in the state 7 (1'). The
contribution of graph (a) to the 1PE potential can be obtained
by evaluating the corresponding matrix element of the operator
Viz in Eq. (3.24) in the limits m — oo and ém — 0. Clearly,
this contribution is already included in Egs. (3.19). Similarly,
the contribution of the diagram (b) is obtained by evaluating
the matrix element in the limits m — oo and §M2 — 0 and
expanding energy denominators in powers of §m. The term
linear in 67 leads to vanishing matrix elements, so that there
is no contribution from graph (b) to the 1PE potential. Finally,
the contribution of the last diagram (c) can be obtained by
evaluating the matrix elements of the operator

1 o Al 3
Vig = __n/ H( ) H(-)
2 (Ho — Ey)

)\'l

+ HO
(Ho — Ey)

H<3>]n +he., (3.25)

in the limits m — oo, 8m — 0 and §M2 — 0. Here, H®
denotes an isospin-violating vertex from the Lagrangian £ in
Eq. (2.6) which is proportional to the combination of the LECs
2d7 — dig — 2dy9. It provides a contribution to the quantities
8, and §, [2]:

@ _ 22d17 —dig — 2dy9

89 = -3
P 8a

eM?, (3.26)

which leads to the charge-symmetry breaking 1PE potential.
Isospin-violating contributions to the 1PE potential at
order v = 4 are depicted in Fig. 3. Notice that pion tadpole
graphs with the Weinberg-Tomozawa vertex lead to vanishing
contributions and are not shown in Fig. 3. In addition,
pion loop diagrams (but not of the tadpole type) with one
insertion of the Weinberg-Tomozawa or cs-vertex do not
contribute since only odd functions of the loop momentum
enter the corresponding integrals. We do not show those
diagrams in Fig. 3 either. Finally, we also ignore one-loop
nucleon self-energy contributions with insertions of the pion
mass difference, since they do not lead to isospin-violating
contributions. Let us begin with the first graph (a) in Fig. 3.
The contribution proportional to d;¢ leads to renormalization
of the nucleon axial vector coupling constant g4 while the
one proportional to djg provides a dominant contribution to
the isospin-conserving Goldberger-Treiman discrepancy, see
Eq. (3.26). Further, the leading relativistic 1 /m-correction van-
ishes as does the corresponding isospin-invariant contribution.
This can easily be understood in terms of Feynman diagrams.
Indeed, the 1/m-vertex in the last line of Eq. (2.5) contains a
time derivative of the pion field. Since the four-momentum is
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conserved, it gives a contribution proportional to the nucleon
kinetic energy which is of the order v = 6. For graph (b) we
find that the contributions proportional to di¢ and d;g vanish.
The leading relativistic correction o 87 /m corresponding to
this diagram can be obtained by evaluating matrix elements
of the operators in Eq. (3.25), where H® corresponds now to
the second term in the last line of Eq. (2.5). Taking the limit
m — oo in Eq. (3.16), expanding the energy denominators in
powers of §m and keeping only terms linear in §m, we find

dm 8A 2 1
yab — ;om (84 _+r
i =l (2Fﬂ) [T1x72]3 (12 + M2)

+ py) + (61 - (Pr + P02 - 1],

where p; (p!) denotes the incoming (outgoing) momentum
of the nucleon i and ¢, = p; — p1 = —(p) — p»). The order
A; = 2 isospin-invariant interaction in the next two graphs (c)
and (d) is due to the dag-vertex, sm®@ and the nucleon kinetic
energy. The dog-term in the Lagrangian is proportional to the
nucleon equation of motion and is only needed for renormal-
ization purpose.’ In the method of unitary transformation, this
term is eliminated from the Lagrangian by an appropriate field
redefinition, see Ref. [19] for more details. The contributions
from graphs (c) and (d) proportional to the nucleon kinetic
energy can be obtained evaluating matrix elements of the
operators in Eq. (3.24), expanding in §M2,1/m and S
and keeping only terms proportional to M2 /m and 8ri/m,
respectively. We find that graph (c) leads to a vanishing result
while graph (d) provides the following contribution to the 1PE
potential:

[(G1 - 41)(02 - (P2

(3.27)

S (ga ) (01-41)(02 - q1)
vid = i <F) [t X Tals —————5—
mn w (1" + M2)
x (Pt = P3 = P+ Y)- (3.28)
Introducing the total momentum P of the two-nucleon Sys-
tem, P = p; + p> = p| + P, the above expression can be
rewritten as
Sm 2 61-q)02 - q1). =
yad = o ( 84 ) [, 12]3( 142611)( 2 Zl) B
25y (‘Il + M72r)

(3.29)

Thus, this potential vanishes in the two-nucleon center of mass
(c.m.). The contributions from graphs (c) and (d) proportional
to 8m?® are found to vanish. As pointed out before, the
contribution from diagram (e) in Fig. 3 proportional to (§ M2 )?
is already taken into account in Egs. (3.19). For graph (f) we
obtain the following contribution to the 1PE potential, see also
Refs. [1,8,34]:

2 N

3f _of 8a 3 3 (01-9)0o2 - q)

V :—(Bm)( ) T Ty —TT) ) ——————————.

. o) =) (G2 + M2’
(3.30)

It absorbs the ultraviolet divergence in the nucleon Z-factor
calculated to one loop.
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Notice that the isospin-violating piece has the same structure
as the correction due to the pion mass difference at order
v = 2butis M2 /(8m)* ~ 660 times weaker. Next, graph (g)
is expected to provide a correction proportional to §mdM?.
We find that the corresponding contribution vanishes. Further,
the contribution of diagram (h) is included in the 1PE potential
in Egs. (3.19), where one has to account for shifts in the pion-
nucleon coupling constants:

+ 84 87, 83 87

s @ _ 8 22 LS = — 2p2 ‘

S =SS e R T = = RO R
(3.31)

Consider now diagram (i) in Fig. 3. The isospin-violating
counterterms of dimension A; =4 include both the strong
term o e39 which leads to the nucleon mass shift, and the
electromagnetic one o g3 which is proportional to the nucleon
equation of motion and absorbs the ultraviolet divergence in
the nucleon Z-factor. We find that this diagram as well as all
remaining diagrams (j)—(s) in Fig. 3 either lead to vanishing
contributions or renormalize various LECs. In particular,
contributions of graphs (k) and (i), (j), (1) can be expressed
in terms of isospin-conserving and isospin-violating nucleon
self-energy corrections, while diagrams (m), (p), (r) and (n),
(0), (s) give rise to isospin-invariant and isospin-breaking
renormalization of the pion-nucleon coupling constants. None
of the pion loop diagrams lead to any form-factor-like behavior,
i.e., have a nontrivial dependence on the momentum transfer
between two nucleons. Thus the contribution of all these
diagrams is taken into account by using the general expressions
for the one-pion exchange potential in Egs. (3.19) expressed
in terms of renormalized quantities. Stated differently, the
contributions of these diagrams only lead to charge-dependent
shifts in the strength of the IPE potential. We stress that
since the corresponding LECs g3 and g, are not known
experimentally and have to be determined from the data, and
because we are not interested in the quark-mass dependence of
the strength of the 1PE potential, we do not need to evaluate the
loop diagrams in Fig. 3 explicitly. Finally, we have also verified
the finding of Ref. [2], that the contributions of diagrams (1)
and (n) cancel.

Let us now discuss the corrections to the 1PE potential at
order v = 5 represented by the diagrams depicted in Fig. 4.
Notice that we again refrain from showing various kinds of
diagrams which lead to vanishing contributions as explained
above. For the same reason, we also do not show graphs with
an insertion of the 7w N N vertices proportional to fi, f> (but
not of the tadpole type) as well as pion tadpole diagrams
proportional to ¢; with an insertion of the § M2 -vertex at the
pion line, which do not lead to isospin-violating contributions
to the potential. First, we note that the contribution of graph
(a) proportional to the LECs d¢ and d,3 is already included
in Egs. (3.19). Further, similar to the case of diagram (a)
in Fig. 3, the corresponding 1/m-correction vanishes at this
order. Diagrams (b) and (c) also do not lead to new structures
in the 1PE potential: the term o< dog provides a shift of
the strength of the charge-symmetry-breaking (CSB) 1PE
potential via the nucleon wave-function renormalization while
the contributions proportional to the nucleon kinetic energy
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FIG. 4. (Color online) Order v = 5 contributions to the 1PE potential which contain isospin-violating vertices. Filled rectangles refer
to isospin-invariant vertices of dimension A; = 1 while triangles denote isospin-breaking interactions of dimension A; = 5. For remaining

notation, see Figs. 1, 2, 3.

and to §m® vanish. Similarly, diagrams of the type (c) and
(d) in Fig. 3 but proportional to §m™ instead of §m®, which
are not shown explicitly in Fig. 4, lead to a vanishing result.
The contribution of diagram (d) is already included in the
expression for the 1PE potential in Egs. (3.19). Graph (e)
leads to a vanishing result. Consider now the contribution of
diagram (f). Order A; =5 isospin-violating counter terms
have not yet been worked out. Here we simply list all possible
structures consistent with the usual symmetry constraints:

LY = N'(ae®5 - V[T x 13 + bieM25 - VV2rs

+byeM2G - Vity + b3e M5 - V)N, (3.32)

where a and b; are LECs. The first term in the above expression
does not contribute at order v = 5 due to the presence of the
time derivative. The 1PE potential proportional to b; can be cast
into the form of Egs. (3.19) plus additional CSB short-range
interactions. Further, one has to take into account relativistic
1/m-terms

L(S) — i2dl7 - dlS - 2d19
2mF,;

eM? N'G - (Vi3 — 13 V)N,
(3.33)

which, however, contribute at higher orders due to the presence
of the time derivative. Graph (g) in Fig. 4 represents the
correction to the 1PE potential due to an insertion of the order
A; = 5 isospin-violating counter terms. To the best of our
knowledge, the latter have not yet been worked out. They
may include EM;‘; -terms proportional to the nucleon equation
of motion which contribute to the nucleon Z-factor as well
as terms Mﬁ e? /(4m)? which give further corrections to the
nucleon mass difference. Again, we do not need to evaluate
explicitly the contributions of this diagram as well as all
remaining graphs (h)—(v) in Fig. 4 since they do not lead to
any new structures in the 1PE potential. We have verified that
diagrams of type (k) only lead to shifts in the pion-nucleon
coupling constants §;. We further note that the loop integral in
graph (j) has no logarithmic ultraviolet divergence, which is
consistent with the fact that diagram (f) has no contribution
due to counter terms of electromagnetic origin.

To summarize, isospin-violating corrections to the 1PE
potential up to v = 5 are accounted for by using the expression
in Egs. (3.19) and further corrections in Eqgs. (3.27), (3.28),
and (3.30). The CSB corrections in Egs. (3.27) and (3.28)
obtained within the method of unitary transformation agree
with the ones found in Ref. [8] using a completely different
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framework. The correction o (8712)? in Eq. (3.30) can be found,
e.g., in Ref. [34], see also discussion in Ref. [8].

B. Two-pion-exchange potential

Let us now discuss the leading and subleading isospin-
violating two-pion-exchange potential which can be expressed
in momentum space as

Var = (1753)[Ve + Vs(G1 - 62) + V(@1 - )02 - §)]
+ (T13 + T23)[Wc + Ws(G1 - 02) + Wr(o1 - §)(02 - @)1,
(3.34)

with the six functions V¢(q), ..., Wr(q) depending on the
momentum transfer ¢ = |g|. The subscripts refer to the central
(C), spin-spin (S), and tensor (T) components in the potential.
Further, V; and W; correspond to charge-symmetry conserv-
ing and charge-symmetry breaking pieces, respectively. The
dominant contributions arise at order v =4 from diagrams
shown in Fig. 5. In this figure, graphs (a)—(d) represent the
effects due to the pion mass difference, graphs (e)—(h) provide
contributions proportional to the nucleon mass difference, and
the last two graphs (i) and (j) are due to a single insertion
of the isospin-breaking 7w N N-vertex proportional to the
LEC Cs.

The isospin-violating two-pion-exchange (2PE) potential
due to the pion mass difference has been considered in
Ref. [6]. As shown in this reference, it can be expressed
in terms of the corresponding isospin-invariant contributions
without performing any additional calculations. To that aim,
one can first decompose the isospin-invariant 2PE potential
into the isoscalar and isovector pieces

Vo = Vo + V) 1112 (3.35)
The leading isospin-breaking effects die to M,= # Mo are
incorporated properly if one uses M, defined as

My = 3Mq+ + 1My, (3.36)
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(e) FIG. 5. (Color online) Leading isospin-
breaking correction to the 2PE potential at order
v = 4. For notation, see Figs. 1, 2, and 3.

in the scalar part VZOJr and expresses the vector part as following:
Vzln (My+) for pp and nn,

V) (M) for np, T =1,
V) (My) for np, T =0.

V) = (3.37)

These results are Vali_d modulo (81\717% / Mﬁ)z—corrections. No-
tice that terms o (§M2/M?2)? start to contribute to the 2PE
potential at order v = 6 and thus need not be considered in the
present work. Equivalently, we can write the 2PE potential in
the form
0 (1} 1 (7 E
VZN = Vzn(Mn) + Vzn(Mn) T -T2+
4M,,

SM2\’
B 40 (( M;) ) . 63®)

where M, is the average pion mass

M, = %(M,,i + M0).

3V (M)
X —_—
oM,

(3.39)

Substituting the expressions for the isospin-invariant 2PE
potential at v =2 given, e.g., in Ref. [35] into Eq. (3.38)
we obtain for the nonpolynomial parts of the contribution of
diagrams (a)—(d) in Fig. 5:

SM? 1
= = 4212 2(0.4 2
© 12872 F4 4M2 +q? {48AM7T - <4Mn(9gA_4gA_1)
16g% M?
2 4 2 AT A
+q*(11g} —6g5 — 1) — s )@,
(3.40)
where the loop function L (g) reads
A2 2 2.2 A
LAg) = 22 In ‘*’4 ;fmsz I 2)qws’
. ’ ! (3.41)

o =,/q*+4M2, s =A% —4M2.

The above expression for L”(g) is given in the spectral-
function regularization (SFR) framework with A being the
corresponding cutoff. The limit A — oo corresponds to
dimensional regularization (DR).
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Consider now diagrams (e)-(h) in Fig. 5 which include
one insertion of the nucleon mass shift. The contributions
of graphs (e) and (f) can be obtained within the method of
unitary transformation by evaluating the corresponding matrix
elements of the operator

Se,5f
V271
1 1
= F HO__* o550 A HO
2 (Hy—Ey) (Hy — E3)(Ho — Ey)
1 1
lyo_* poigo A HO
8 (Ho—Ey) (Ho — E7)(Ho — Ey)
1 1
Ll ho A HOGHO 4 o
8  (Ho— Ey)(Ho— Ej) (Ho — Ej)
1 2
e 2 o__* ©
27 (Hy—E) (Hy—E,
l ©
X —__HO|p4+he. (3.42)
(HO - En) i|

in the limits m — 0o, $M? — 0 by expanding the denomina-
tors in powers of 8m and keeping only terms linear in 81.°
Similarly, contributions of diagrams (g) and (h) can be obtained
by evaluating the matrix elements of the operators

se_ | [ o_ M o ©
V8= —y/|H H H
T2 (Ho— E,) (Ho— Ey,)
)\42
H
(HO - En) (HO - Er])

+H©

1
+ HO A HO
(H() - Er])

(HO - En)

(3.44)

%Notice that the contribution o §M,, discussed above can also be
obtained from Eq. (3.42) if one takes the limits m — oo, §m — 0in
H,.
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(e) FIG. 6. (Color online) Subleading isospin-
breaking correction to the 2PE potential at order
v = 5. For notation see Figs. 1-4.

respectively. Finally, the operators corresponding to the last

two graphs in Fig. 5 read
1 2

VI — n/[H(O)A_H(O))L—

a ® (w1 + w2)

2 1 1 1

A—H(O)A_H(O) + H(O))L_H(2))L_H(0) n

(w1 + @) ® 1) ® ’

H®

+ H®

(3.45)

and
V5j — n’|:H(2) HO L gO
(01 + w2)

2

2
————H (2’} .
(w1 + w2)

(3.46)

where the w’s refer to the pionic free energy in the isospin limit
and H® denotes the isospin-violating w7 NN vertex from
the Lagrangian £® proportional to the LEC cs. Performing
a straightforward evaluation of the matrix elements of these
operators, we obtain the following result for the leading CSB
2PE potential:

W@ 81 [2830mM;
¢ 64 F4 | 4M2 + g2
— (4g38m — (8m)™) (2M: + q2)AA(q)} :
| v (3.47)
W(4) — __W(4) — gA m AA ,
T 612 N 307 F;rl (LI)
where the loop function A”(gq) is given by
1 A —-2M,
AMg) = - arctan L8 = 2Mx). (3.48)
2q q*+2AM,

Here, several comments are in order. First, one should keep
in mind that we again only show explicitly the nonpolynomial
terms. Secondly, we found that the planar box graph (e) and the
“football” diagrams (h) and (j) lead to vanishing contributions.
Notice further that we have also included the order v =5
contribution from graph (f) in Fig. 6. The latter is proportional
to the LEC f; or, equivalently, to (§#m)°" and has the same
structure as the contribution of diagram (i) in Fig. 5 which is
o cs or, equivalently, o< (872)%". Tt is therefore convenient to
combine these contributions and to express them in terms of,
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e.g., 8m and (8m)™". Finally, we would like to emphasize that
the result given in Eq. (3.47) agrees with previous calculations,
see Refs. [7,36] and [37] for related older work.

Consider now the subleading isospin-breaking two-pion-
exchange potential generated by diagrams shown in Fig. 6.
First, charge-symmetry conserving contributions from graphs
(a) and (b) due to the pion mass difference can be obtained
using Eq. (3.38) from the corresponding isospin-invariant 2PE
potential. We find

1 SM?
v -y

2 4A
2 T67 £ g4csA”(q).

(3.49)

The contributions of graphs (c) and (d) result in the method
of unitary transformation from the operators

1 2
yee = l,,/[ go__* O__* g
o2 (Ho—Ey)  (Ho— Ey)
2 1
LV po__* ©
(HO - En) (HO - En)
1 1
Y HO P g * H(O)}n +he.,
(HO - En) (HO - Er])
(3.50)
and

2
V6d — ln/ H(l) A H(O)
) (Ho — Ey)

)\'2
0= Enq

where HD refers to mw NN vertices from £V proportional
to ¢;. Further, contributions from graphs (e) and (g) in
Fig. 6 can be obtained from V257JT in Eq. (3.46) by replacing
HO by HY and H® by H®, respectively. The contribution
of diagram (f) results from V5! in Eq. (3.45) with H® being
replaced by H® and has already been included in Eqs. (3.47).
Finally, contributions of graphs (h), (i) and diagram (j) can be
obtained by evaluating matrix elements of the operators VZS; St
in Eq. (3.42) and stng in Eq. (3.43), respectively, where one
of the vertices H® is replaced by the isospin-breaking 7 N N
vertex H® from Eq. (2.6) and all possible permutations of the
operators H® and H?) are taken into account. Notice that in
this case one only needs to keep the pionic free energy in the
corresponding denominators. We found that diagrams (d), (g),
and (j) lead to vanishing contributions while the subleading
CSB potential generated by diagrams (c), (e), (h), and (i) in
Fig. 6 reads

_ 48M;(2C1 + c3)

W(S) — _ LA _ 28
¢ = Togmprl @) g s
+4M2[g58m(18¢t + 2¢5 — 3c3) + (28m — (81)™)
x (6c1 — 2 — 3¢3)] + q*[858m(5c2 — 18¢3)
— (28 — (m)*™)(c2 + 6C3)]},
(3.52)
®) L 6 g i}
W' =—-—=W¢ = L%(q) (dmicy + gaB),

@ 5 16x2F?
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where § = eM§(2d17 — dig — 2d9). Notice that we have also
included the contribution of diagram (e) in Fig. 6 with the
cs-vertex being replaced by the f>-vertex from Egs. (2.6),
which appears formally at order v = 6.7 This contribution has
precisely the same structure as the one proportional to the
LEC c5 with the overall strength 2(8/m)™ instead of (8m)%". In
Egs. (3.52) we have expressed 2(8m)*™ + (8m)™" as 286m —
( Sl’fl)Str.

To summarize, the charge-symmetry conserving 2PE po-
tential is due to the pion mass difference and includes a
central component at order v = 4 and tensor and spin-spin
components at order v = 5 given in Eqs. (3.40) and (3.49),
respectively. The CSB 2PE potential has all central, tensor
and spin-spin components at orders v =4 and v = 5, and the
corresponding expressions are given in Egs. (3.47) and (3.52).
Further, we stress that our results for the isospin-violating 2PE
potential are consistent with taking

2F, \
2 T 2
=4 :
8a ”(M,,) %

(3.53)

in the isospin-conserving 2PE potential. This expression
already accounts for the Goldberger-Treiman discrepancy.
Finally, to the order we are working, the constant 8 can be
expressed in terms of the pion-nucleon coupling constants as
follows:

fr= 1

p="1 g

57 (3.54)

C. Two-pion-exchange potential in coordinate space

Let us now take a look at the isospin-violating potential in
coordinate space. Similar to Eq. (3.34) we define

Vor = (1'131'23)[‘7@ + V(o1 - 62) + VrSia]

+ (7 + 1) [We + Ws(51 - 32) + WrSil,  (3.55)

where S, =30,-70,-7—0,-0, and the functions
Ve(r), ..., Wr(r) depend on the distance 7. Consider now the
charge-symmetry-conserving 2PE potentials V;(r) which are
due to the pion mass difference and correspond to V(4), VT(S),

and VS(S) defined in Egs. (3.40) and (3.49). In order to obtain
the r-space expressions (at r # 0), one usually switches to the
spectral-function representation for the nonpolynomial part of
the potential which has the form

2 o0
Vilg) = —/ dup
T Jom,

Here, Im[V;(—iw)] is the mass spectrum (or the spectral
function) entering this representation, which results from the
analytical continuation of the momentum-space functions to
g = 0% —iu. Using this representation one obtains for the

Im[V;(=ip)]

pEpre: (3.56)

"The corresponding contribution oc f; does not lead to isospin
breaking and is not considered.
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functions V;(r) for r > 0:

Ve(r) =

/ dupe " Im[Ve(=iw)],  (3.57)
277.'2}" 2M,

o0

5 1
Vr(r) = s / dp e ™ (3 4 3ur + u’r?)
2M,

x Im[Vr(—iw)], (3.58)

- 1 o0 )
Vs(r) = ~en? / dp pe M (W m[ Ve (—i )]
T-r 2M,
—3Im[Vg(—iw)]). (3.59)

For the CSC 2PE potential oc M2 the spectral-function
representation takes a slightly more complicated form as
compared to Eq. (3.56), namely,

Vi(g) = lim [3 / )
2

—0 [ 7 Jom, e n* +q*
8M,, Im[Vi(—2i M, — i
— m{ V(2] O 560
T 4M?2 + g

The second term in this expression accounts for the corre-
sponding shifts of the threshold when pions of different masses
are exchanged between the nucleons. Notice that both terms
in Eq. (3.60) go to infinity for € — 0, but their sum is, of
course, finite in this limit. Although one can, in principle,
use this representation on order to obtain Vi(r), we choose
different strategy by using Eq. (3.38) in coordinate space.
Substituting the expressions for the leading and subleading
isospin-invariant 2PE potential in r-space [35,38] in Eq. (3.38),
we find

_ SMEM,
2563 Fir2
+ (=1 =683 + gi(11 +4x%)) K1 (2x)] ,
SM2gicy e
19272 F% r4
SM2gicye™
38472 F4 r

V)

A—o0

[4g3(—1+ g3)xKo(2x)

V) =

4+ x(5 + 2x))
(3.61)

B+ yGS+y),

SM2gicy e

 9672F* ré
SM2gicye™

mrTQ +y2+y)),
T

Vo) = (1 +2x(1 + x))

where x = M,r,y = Ar, and K; are the modified Bessel
functions. In the case of Vé‘”, we could only perform
the integral in Eq. (3.57) analytically for A — oo which
corresponds to the DR result. This expression can also be
found in Ref. [6].

To obtain the CSB 2PE at orders v =4 and v =15 in
r-space, it is convenient to use Eqgs. (3.57)—(3.59) (with V;
being replaced by W;). In that case, the spectral-function
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representation in Eq. (3.56) is valid. Using Egs. (3.47) and
(3.52) we find
2 —2x
8a € = \Str 2
———((5 1
2enid o (OMTAHD)

—28mg5 (2 + x(4 + x(2 + x))))

W (r) =

gfl e — \Str = 2
 51272F4 ((8m) —48mgA)
s

X (2=2x7 + y(2+y)), 162
< @) smgh e 362
Wro(r) = —m7(4+x(5 + 2x))

smgh eV
———(8 5 ,
gt GG+
- Smgt e

@ 8A 2
Wi (r) = —192]_[217# — (1+2x 4+ 2x7)
smgh eV 9
——r—— (242 ,
3Ram2pt 4 G YD
and

_ T
3273 Far

+4Qc; + c3)xH) + (28m — (8m)*)

x x(c2 + 6¢3)) Ko(2x) + (g58m(=5¢ + 18¢5
+2(6¢1 — 2 4 5¢3)x%) + (287 — (87)™)

X (€2 + 6¢3 +2(2¢1 + e3)x%)) K1(2x) ],

W)

A—o0

[(g38mx(—5¢s + 18c;

&M
9673 Fir4

+ (15 + 4x>) K1 (2x)),

M,
Asoo  24m3F3rt

+ (3 + 2xH K (2x)).

WP =

A—o0

(cadrm + fga)(12x Ko(2x)

W) (cadiit + Bga)(3x Ko(2x)

(3.63)

Expressions in Eq. (3.62) agree in the limit A — oo with
the ones given in Ref. [7]. Again, at order v =5 we could
only perform integrals in Egs. (3.57)—(3.59) analytically for
A — oo.

It is now interesting to compare the strength of the
corresponding r-space potentials. Here and in what follows, we
adopt the same values for the LECs ¢; as in our work [27]: ¢; =
—0.81 GeV~!, ¢y =328 GeV™!,¢3 = —3.40 GeV~!, and
cs = —3.40 GeV~!. Further, ga =127, M, = 138.03 MeV,
and F, = 92.4 MeV. For the strong nucleon mass shift (§12)*",
we use the value given in Eq. (3.14). Finally, in our numerical
estimations we set 8 = 0 since the value of this LEC is
not known at present. Notice, however, that a 1% relative
deviation between f, and f, leads to g4B ~ dricy, so that
the strength of the resulting CSB potential is comparable to
the one of the CSB potential o c¢4. The CSC and CSB 2PE
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FIG. 7. (Color online) Central (upper row), tensor (middle row), and spin-spin (bottom row) components of the charge-symmetry-conserving
(CSC) 2PE potential in coordinate space, utilizing DR (dashed) and SFR (solid lines). The SFR result corresponds to A = 700 MeV. Left/right

panels: Distances from 1...2/2...4 fm.

potentials are plotted in Figs. 7 and 8, respectively, for two
choices of the cut-off A in the SFR: A = 700 MeY and
A = oo which is equivalent to DR. The results for Vé4)(r)

and Wi(s)(r) for A = 700 MeV are obtained numerically. First
of all, we notice that all CSC 2PE contributions have similar
strength ~100 keV at 7 = 1 fm and ~4 — 6 keV at r = 2 fm.
Although the central potential Vg)(r) is formally dominant,

the subleading contributions V}?)S(r) are numerically large due
to the large value of the LEC c4. To get further insights into
the importance of the CSC 2PE potential, it is instructive to
compare its strength with the strength of the corresponding
1PE potential resulting due to the pion mass difference, which
provides the dominant isospin-violating contribution to the NN
force at order v = 2. It has the following form in momentum
space:

2 5 sy o
VP(g) = — (g_A) o209 5y

2Fx (42 + m2)°

The corresponding r-space expressions read (for r > 0)

29872 ,—x
52, _ 8a0My e
VT (r) = 967TFJ$ ; 1+ x), Tos
73y = gf\SMf,e"‘(z ) (5.65)
ST T96nF2

In Fig. 9 we have plotted the ratio \7}5)/ \7}2) as a function of
r. The 2PE contribution is significant for » < 2 fm. At larger
distances it becomes negligible (less than 1% for r > 3.5 fm)
compared to the 1PE contribution due to its shorter range.
Let us now switch to the CSB contributions displayed in
Fig. 8. Similar to the CSC potential, the subleading terms
 ¢; are numerically enhanced due to large values of these
LECs. The strongest contribution is given by the subleading
central potential which reaches ~150 — 300keV at r = 1fm
and ~6 keV at r = 2 fm and is dominated by terms  c3.
This is similar to the isospin-symmetric case, where the
subleading central 2PE potential is known to be very strong.
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FIG. 8. (Color online) Central (upper row), tensor (middle row), and spin-spin (bottom row) components of the charge-symmetry-breaking
2PE potential in coordinate space. Long-/short-dashed lines: DR at v =4 and v = 5; Solid/dot-dashed lines: SFR at v =4 and v = 5. The

SFR results correspond to A = 700 MeV.

To enable a more detailed comparison between the leading and
subleading contributions to the CSB 2PE potential, we plot in
Fig. 10 the corresponding ratios. While the subleading central
component is significantly stronger than the leading one in a
wide range of distances r, the tensor and spin-spin components
are of the same size as the leading ones only for r < 2 fm.

One should, however, keep in mind that our results obtained
within the heavy baryon formalism using the leading-order
approximation for the nucleon propagator become formally
invalid at very large distances. This problem with the heavy
baryon formalism has been first observed in the single-nucleon
sector and can be dealt with using, e.g., the Lorentz invariant

J FIG. 9. Ratio of the CSC tensor 2m-
exchange (using SFR with A = 700 MeV) and
J 1-exchange potentials as a function of r.

e 0.1
0.8 1
- 0.08 -
= J
8 .06
> 0.06 -
Z
JOR 0.04 .
C =
O||||I||||I||||I||||I|||| 0||||I||||I||||I||||
1 1.2 1.4 1.6 1.8 2 2 2.5 3 35 4
r [fm] r [fm]
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FIG. 10. (Color online) Ratio of the subleading (v = 5) and lead-
ing (v = 4) CSB 2PE potential as a function of r. Solid/dashed/dot-
dashed line: central/tensor/spin-spin component. All results corre-
spond to SFR with A = 700 MeV.

scheme proposed by Becher and Leutwyler [39], see also
Ref. [40]. It is clear, however, that the NN interaction due
to two-pion exchange becomes very weak at large distances,
so that the problem with the formal inconsistency of the
heavy baryon approach is expected to have little relevance
for practical applications, see Ref. [41] for more details.

Finally, we would like to emphasize that the SFR results
for CSC and the leading CSB contributions are rather close
to the ones obtained in DR even for 1 fm < r < 1.5 fm, see
Fig. 7. Stated differently, the corresponding potentials seem
to be strongly dominated by long-range components in 2 -
exchange. Deviations between the SFR and DR results at short
distances are significantly larger for CSB contributions at order
v = 5. This is consistent with the fact that new CSB short-
range terms with two derivatives start to contribute at this
order. One expects that such new counterterms will largely
remove the dependence of observables on the cutoff in the
spectral-function representation.

D. Contact terms

We now discuss short-range isospin-breaking interactions.
The leading contact terms in the NN potential at v = 3 are
proportional to the quark mass difference and violate charge
symmetry [1,2,5,7]:

Ve =B31 (5} +73) + B32 61 - 62(7) +13), (3.66)

where f3; ~ eMg/(FgAz) are constants. We remind the
reader that the subscripts of the spin and isospin matrices
refer to nucleon labels while the superscripts denote the
corresponding vector indices. Both terms in Eq. (3.66) lead
to the same structure in the potential when antisymmetrization
with respect to the nucleons is performed. Consequently, it
is sufficient to keep only one term.® At order v = 4 one has

8Equivalently, one can apply a Fierz transformation in the corre-
sponding Lagrangian in order to eliminate redundant terms.
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to take into account isospin-violating short-range interactions
without derivatives of electromagnetic origin. In addition to the
terms which have the same structure as the ones in Eq. (3.66)
and thus only provide order ~e? /(A F, )? shifts of B3 ;, new
CSC interactions appear:

4 .S
VC(OI)lt = ,34,11'131’23 + /34’2 o1 - O’2‘L'137:23. (3.67)

Again, one of these two terms can be eliminated performing
antisymmetrization of the potential. Finally, at order v = 5 one
needs to include CSB terms with two derivatives which are

proportional to the quark mass difference. In the two-nucleon
c.m. these terms read

Vi
=6+ 1) [ﬁs,ﬁ 2 4 Bsok® + (534 + Bs.4k>)(G1 - 52)
I N o - W el o
+ 5/35,5(01 +02)-(k xq)+ Bse(01-q)o2-q)
+ 57 (G1 - k)G - lz)] +iBss (] — 723)12 x g - (61 —62)
+iBsolt1 x T2k x § - [61 X Ga] + iBs.10lT1 X T2
X (31 - §)G2 - k) — (51 - k)@ - 7)), (3.68)

where fBs; ~ eMﬁ/(FfA“) are further constants and k =
(p + p’)/2. Performing antisymmetrization of this potential,
it is easy to see that half of the terms proportional to
,35!1, /35,2, ,35,3, ,35y4, ,35,6’ and ,35y7 are redundant. Similarly,
terms proportional to Bss, Bsg, and Bs 9, which lead to
mixing between the 7 =1 and T = O states, generate the
same structure when the potential is antisymmetrized. We
are, therefore, left with five independent short-range terms
at order v = 5 (for example, one can take terms proportional
to Bs.1, B5.3, Bs.5. Bs.6» and Bs g).

The isospin-breaking short-range terms up to order v =5
feed into the matrix-elements of the S- and P-waves in the
following way:

('S0, pPIVeomt'So, PP) = BI%y + Biso(p* + p™),
(1So, nn| Veont|'So, nn) = By — Biso(p*> + p'),
Py, pp|Veon’Po, pp) = —CPo, nn|Veon!’Po, nn)

= Bspo pp’,

CP1, pp|Veo!’P1. pp) = —CP1, nn|Veou|’P1, nn) (3.69)
= Bspr1 PP,

(P2, pp|Veon P2, pp) = — (P2, nn|Veon|’P2, nn)
= Bsp2 pp’,

('P1, np|VeouI’P1, np) = Bip1_3p1 pp’,

where the new LECs ,511?0, "lng()’ Bisos Bipo, Pipi, and
Bipi—3p1 can be expressed in terms of linear combinations
of the LECs B3, Ba.i, and Bs ;. Notice that we have adopted
here the convention according to which the np matrix elements
[with exception of the last term in Eq. (3.69)] do not change
by switching off isospin-violating contact terms.

As pointed out in Ref. [5], one should, in principle, also take
into account isospin-violating CSC contact terms associated
with the contributions to the 2PE potential oc M2. These terms
arise since the derivative in Eq. (3.38) has to be applied
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FIG. 11. (Color online) Isospin violating 3NF diagrams which
include reducible topologies. For notation, see Figs. 1 and 2.

not only to the nonpolynomial part of VZIJT(M,,), but also
to the corresponding counterterms which depend on M.
The resulting CSC contact terms have fixed coefficients (in
terms of g4 and F,) and are of the order ~8 M2 /M2 instead of
expected ~8M? / A* compared to the corresponding isospin-
invariant terms. We have found that these contact interactions
cancel against the ones which result from taking the derivative
of the nonpolynomial part of V,. (M). Thus, Egs. (3.40)
and (3.49) give the complete result for the corresponding
CSC 2PE potential, and no additional contact terms need
to be taken into account. Finally, we stress that no contact
interactions depending on the total two-nucleon momentum
P [similar to Egs. (3.27) and (3.28)] appear up to the
order v = 5.

IV. CONSISTENCY OF THE 2N AND 3N FORCES

It is well known that two- and three-nucleon forces have
to be consistent with each other. In Refs. [9] and [42]
we have derived isospin-violating 3NF at orders v = 4 and
v = 5.2 It has 1PE, 2PE and contact pieces and results from
insertions of pion and nucleon mass differences as well as
the cs- and f),-vertices in Eq. (2.6). Two 3NF diagrams
out of seven shown in Fig. 1 of Ref. [42] appear to be of
a special interest due to the fact that they include reducible
topologies, i.e., time-ordered graphs with purely nucleonic
intermediate states. These two diagrams are depicted in
Fig. 11 and lead to the following contributions to the 3NF at
order v = 4:

4
_ 8A
ylla — Z 28im (ZF) (

i)k

(i -4:)0 - q;)
G2+ M2)’ (G + M2)

X {[éi x q;l-olti x ;7

+qi - q4;[(xi - Tk)‘L'j3 —(7; - T‘,-)T,f’]},

) .1
_ gA
ylb — 28mC
2 2mCr (o
i#j 4k
0+ gi T,
x ——— [t x 1;)’ [6] x 6] - G,
(g +M2)

9Some of the charge-symmetry breaking 3NF contributions at order
v = 4 were also considered in Ref. [43].
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FIG. 12. (Color online) Feynman diagrams contributing to the
CSB 3N scattering amplitude. Graphs resulting from the interchange
of the nucleon lines and/or application of the time reversal operation
are not shown. Empty circles denote insertions of the §m-vertices
from Eq. (4.2).

where i, j, and k are nucleon labels and g; = p! — p;. Further,
Cr is one of the two leading order four-nucleon LECs [16].
Notice that these nonvanishing contributions are in strong
contrast to the corresponding isospin-invariant 3NF forces
o g4 and o g3 C; as well as isospin-breaking ones o< M2 g%
and 51\717% gf\ C; which are known to vanish, see, e.g.,
Refs. [44—46]. We also emphasize that these 3NF contributions
were not explicitly evaluated in Ref. [43]. It is, therefore,
important to look at the origin of these particular 3NFs in
more detail. To that aim we evaluate the 3N scattering ampli-
tude o g} and o 8 g} Cr and compare the result with the
iterated 2N potential. We will demonstrate that the iterated
2NF + 3NF given in Eq. (4.1) reproduces correctly the 3N
scattering amplitude. This is an excellent and rather nontrivial
check of our results.

The most convenient way to evaluate the scattering ampli-
tude is using the Feynman graph technique. In the following,
we will use the method suggested in Ref. [8], in which
the proton-to-neutron mass difference is removed from the
Lagrangian by an appropriate field redefinition in favor of new
isospin-violating terms o §m which are easier to handle in
practical applications. Only two of such new isospin-breaking
terms may lead to contributions o 8/mg? and o §mg3Cr in
the amplitude:
ga om t= =
A, m N'{o - p, (t x T)3}N.
Notice that in contrast to nuclear forces, the on-shell scattering
amplitude we are interested in is unique and does not depend
on field redefinitions. The relevant Feynman diagrams are
shown in Fig. 12. Notice that Feynman graphs resulting from
diagrams (a) and (b) with one of the g 4-vertices being replaced
by the vertex corresponding to the second term in Eq. (2.5) lead
to contributions o< 1/m which are irrelevant for our discussion.
The contribution from graph (a) is given by

L =ém(r x 1t);3 —

4.2)

712 _ < 84 )4 i? i2mA
2F; [qiz_M]%+i€]2 (P2 — m2 +ie€]

i

X—(}i-_'~ —6'._’1»5—._’A
[‘IjZ—MJ%—i—ie]( q)(—0k * 4i)(0k - 4;)
x (=G - @;)(—28m)(q)o€ars T T (i - 7)), (4.3)

where we use the relativistic nucleon propagator. Here,
Ay is the projection matrix onto positive-energy states and
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Pr = P+ di = P+ pj = pi = (WPZ +m? + NP7 +m® —
Vv pi* +m?, p,+ ¢q;) is the four-momentum of the nucleon
k in the intermediate state. Notice further that the amplitude
is multiplied by i in order to match with the standard
normalization of the nonrelativistic 7-matrix. The consistency
of this procedure can be verified, e.g., by calculating the static
isospin-invariant 1PE potential. Using the relation

i2mA i
= o(=), 44
[p2 —m?> +ie] 8T +ie + (m> 44

where 8T = (p;* + pi/> — pi2 — pi?)/2m, we can express
T'2¢ a5 (modulo 1/m?-corrections):

-»l,2 ->'2 1
T12“=—i28rfzvi2k[rixrk]3 (p,__p_,) v,lj(rk - Tj),

2m  2m | 8T +ie
4.5)
where
2 5 oo o
o = = (g_A> (0:2611)(01( qn,) 46)
2F; (‘Ii +M72r)

We now use the equality

pe B\ _ L (B7 B BB
)= [ - - 8T,
2m 2m 2\ 2m 2m 2m 2m

4.7

to rewrite Eq. (4.5) in the form

om - = -2 -2
T = lﬁv,-zk[fi x 0l (pi2 = e — b+ i)

X ST + i€ Ullj('[k . Tj) — l'(SI’I_’lUizk[T[ er]’jvllj(.tk . Tj)
4.8)

The first term in the above equation can be identified with the
iteration of the isospin-violating 1PE potential in Eq. (3.28)
between the nucleons i and k and the isospin-invariant
static 1PE potential between the nucleons k and j, Vi, =
vlij(rk - 7;). The second term in Eq. (4.8) thus corresponds
to the genuine contribution of the 3NF. Performing the
algebra for spin and isospin matrices, we obtain the following
result:

—iéﬁwfk[ti X tk]3v,1j(tk “T;)
— o (g_> @i 3@, 3)
262 ) (@2 + M3)* (@2 + M3)

x{[gi x G;]- GxlTi x TP+ gi[(xi - Tk)fj3

— (i TG ] —iGi - gilei x T, + il x §j]
xo(xi - Tt} — (1 - TR} 4.9)

To get the complete expression for the 3NF we need to take
into account the contribution of the diagram resulting from
graph (a) in Fig. 12 by interchanging the ordering of the pion
propagators and summing over the nucleon labels. This leads
to cancellation of the terms in the third line of Eq. (4.9). The
final result agrees with V!¢ in Eq. (4.1).
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Similarly, the scattering amplitude corresponding to the
graph (b) in Fig. 12 is

= 2 =2
T26 — _iosmvi It s Pi _ PiC
i26mvi[T; X T¢] o o

X

[Cs + C1(G; - 0p)]. (4.10)

8T +ie
Notice that we use the following Feynman rule for contact
terms: (—i)[Cs + C7(G; - o], which leads to the 2N potential
V = Cs + Cr(G; - 6x). We rewrite the amplitude 7'% in the
form

81’}_1 - peg = =/
T2 =i =kt x ulP (52 = b — b + )
2m
C Cr(G: -0
X(ST—i—ie[ s+ Cr(oj-op)]
—ismvi[t; x TP [Cs + Cr(5; - a1)].  (4.11)

Again, the term in the first line of the above equation gives the
iterative contribution to the amplitude, while the term in the
second line is the genuine 3NF contribution:

—ismv;[t; x T, [Cs + Cr (5 - 61)]

2 - -
_ gA a; g . - >
= s ( ) I < PliCs@ - )
2F; (G:* + M2)

+iCr(G; - gi) — Cr[6;%xG¢] - gi}. (4.12)
The first two terms in the curly brackets cancel against the
contribution of the time-reversed diagram, so that the final
result agrees with V% in Eq. (4.1).

Finally, it is easy to see that the amplitude corresponding
to graphs (c) and (d) in Fig. 12 is reproduced by the iteration
of the isospin-breaking 1PE potential in Eq. (3.27) and the
leading isospin-symmetric 2N potential with no need for an
additional 3NF. We thus have verified the consistency of our
results for isospin-violating 1PE 2N force and 3NFs.

V. SUMMARY AND OUTLOOK

The pertinent findings of this study can be summarized as
follows:

(1) We have applied the method of unitary transformation to
study the isospin-breaking NN forces. We have derived all
forces (in the absence of virtual photons) up to v =5 in
the chiral expansion. Together with the 3NFs worked out
in Ref. [9], this completely specifies the isospin-breaking
few-nucleon forces up to this order.

(ii)) The isospin-violating one-pion exchange potential is a
combination of terms of order v = 2, 3,4, and 5. It is
specified in Egs. (3.19), (3.27), (3.28), and (3.30). In
particular, we have reproduced the expressions for the
1PE potential, class IV, found recently in Ref. [8].

(iii)) The results for the isospin-violating 2PE potential in
momentum space are given in Egs. (3.40), (3.47), (3.49),
and (3.52). The corresponding expressions in coordinate
space are discussed in detail in Sec. III C. In particular,
we have reproduced the expressions for the 2PE potential
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at order v = 4 worked out in Refs. [7,36]. The main new
result is the 2PE potential at order v = 5 which has not
been considered in EFT before. We find that the derived
subleading CSB 2PE at order v = 5 gives numerically
the dominant contribution to the CSB TPE potential,
cf. Figs. 8, and 10. As in the isospin-conserving case, this
effect can be traced back to the large magnitude of the
dimension two pion-nucleon LECs c;, ¢3, and ¢4 (Which
is well understood, see Ref. [47]).

(iv) The contact interactions appear at orders v = 3,4, 5 and
are listed in Eq. (3.69). These are parametrized in terms
of the LECs f; and B;.

(v) We have also demonstrated explicitely that our results for
the isospin-violating 2NV and 3N forces are consistent with
each other.

These results pave the way for new precision studies. To
make this point more transparent, we reiterate that the finite-
range part of the potential, i.e., the 1PE and 2PE pieces, depend
on the mass shifts § /2 and 8m which are well known, and the
strong nucleon mass shift (§772)*" which is less well known.
For the latter quantity, one can use the value based on the
Cottingham sum rule, see Eq. (3.14). In addition, the pion-
nucleon coupling constants f z nz and fc2 are not well known
at present. In principle, these constants can be extracted from
an independent partial wave analysis of the pp and np data, such
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as the new Nijmegen PWA [48]. Provided such an extraction is
possible, the finite-range part of the isospin-violating nucleon
force is completely determined. One can then try to fix the
values of the LECs f; and B; from the low partial waves in
the np and pp systems in order to make predictions for the
corresponding nn partial waves. It remains to be seen whether
this ambitious program can be carried out. Also, one should
keep in mind that the isospin-conserving NN forces have so
far only been worked out up to order v =4 in the power
counting.
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