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1 Introduction

The antinucleon-nucleon (N̄N) interaction has been studied quite extensively in the past [1–

9], not least because of the wealth of data collected at the LEAR facility at CERN, cf. the

reviews [10–12]. The majority of those investigations has been performed in the traditional

meson-exchange framework where the G-parity transformation is exploited to connect the

elastic part of the N̄N interaction with the dynamics in the nucleon-nucleon (NN) system.

Annihilation processes are described either by a simple optical potential (which is often

assumed to be spin- as well as energy-independent) [1, 2, 5, 7] or in terms of a coupling to

a small number of effective two-body annihilation channels [3, 4, 9].

In the last two decades chiral effective field theory (EFT) has become a standard tool in

the studies of the NN interaction at low energies. This developement was initiated by two

seminal papers by Weinberg [13, 14] in which he proposed that EFT and the power-counting

rules associated with it should be applied to the NN potential rather than to the reaction

amplitude. The reaction amplitude is then obtained from solving a regularized Lippmann-

Schwinger equation for the derived interaction potential. His suggestion is based on the

observation that diagrams with purely nucleonic intermediate states are strongly enhanced

and, therefore, not amenable to a perturbative treatment. However, they can be taken into

account and they are actually summed up to infinite order when solving the Lippmann-

Schwinger equation. The chiral NN potential contains pion exchanges and a series of

contact interactions with an increasing number of derivatives. The latter represent the

short-range part of the NN force and are parametrized by low-energy constants (LECs),

that need to be fixed by a fit to data. For reviews we refer the reader to the recent

refs. [15, 16]. Presently the most refined calculations extend up to next-to-next-to-next-

to-leading order (N3LO) [17, 18] and they yield a rather accurate description of the NN

phase shifts up to laboratory energies of 250-300MeV.
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Naturally, the success of chiral EFT in the NN sector provides a strong motivation

to apply the same approach also to the N̄N interaction. First and most important for the

practical implementation, recently an update of the Nijmegen partial-wave analysis (PWA)

of antiproton-proton (p̄p) scattering data [19] has been published. For the new PWA [20]

the resulting phase shifts and inelasticities are explicitly given and can be readily used for

applying the chiral EFT approach to the N̄N interaction in the very same way as it has

been done for the NN system.

A further incentive for exploring the feasibility of investigating the N̄N system within

chiral EFT comes from the expected increase in interest in the N̄N interaction in the

future due to the Facility for Antiproton and Ion Research (FAIR) in Darmstadt whose

construction is finally on its way. Among the various project planned at this site is the

PANDA experiment [21] which aims to study the interactions between antiprotons and

fixed target protons and nuclei in the momentum range of 1.5-15GeV/c using the high

energy storage ring HESR.

Finally, chiral EFT could be a very powerful tool to analyze data from recent measure-

ments of the p̄p invariant mass in the decays of J/ψ, B mesons, etc., and of the reaction

e+e− → p̄p. In several of those reactions a near-threshold enhancement in the mass spec-

trum was found [22–25] and this enhancement could allow one to extract information on

the p̄p interaction at very low energies [26–34].

In the present paper we report on results of an exploratory study of the antinucleon-

nucleon interaction within chiral EFT. In our application of chiral EFT to the N̄N inter-

action we follow exactly the approach used by Epelbaum et al. [18, 35, 36] in the NN case.

It is consistent with the scheme originally proposed by Weinberg except that one aims

for an energy-independent representation of the chiral potential [37]. For the time being

we restrict ourselves to an evaluation of the potential up to next-to-next-to-leading order

(NNLO). At leading order (LO) the potential is given by one-pion exchange (OPE) and two

contact terms without derivatives. At next-to-leading order (NLO) contributions from the

leading two-pion exchange (TPE) diagrams as well as seven more contact operators arise.

Finally, at NNLO one gets contributions from the subleading TPE with one insertion of

dimension two pion-nucleon vertices. Once the potential is established it has to be inserted

into a regularized scattering equation in order to obtain the reaction amplitude. For the

regularization we follow again closely the procedure adopted by Epelbaum et al. [18, 36]

and others [17], in their study of the NN interaction and introduce a momentum-dependent

exponential regulator function.

For investigations of the N̄N interaction within EFT based on other schemes see

refs. [38, 39], where the Kaplan-Savage-Wise resummation scheme [40] is employed. These

authors considered the N̄N interaction up to NLO. There have been also attempts to

compute specific p̄p annihilation channels in chiral EFT [41].

The present paper is structured as follows: The effective N̄N potential up to NNLO

is described in section 2. We start with a brief review of the underlying power counting

and then provide explicit expressions for the contributions from pion exchange and for

the contact terms. We also discuss how we treat the annihilation processes. Finally, we

introduce the Lippmann-Schwinger equation that we solve and the parameterization of the
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S-matrix that we use. In section 3 we indicate our fitting procedure and then we present

the results achieved at NLO and at NNLO. Phase shifts and inelasticites for S-, P -, and

D- waves, obtained from our EFT interaction, are displayed and compared with those of

the N̄N phase-shift analysis. Furthermore, predictions for S-wave scattering lengths are

given. A summary of our work and an outlook on future investigations is given in section 4.

2 Chiral potential at next-to-next-to-leading order

The contributions to the NN interaction up to NNLO are described in detail in refs. [18,

35, 36]. The underlying power counting is given by (considering only connected diagrams)

ν = 2L+
∑

i

∆i, ∆i = di +
ni
2

− 2 (2.1)

where L is the number of loops in the diagram, di is the number of derivatives or pion mass

insertions, and ni the number of internal nucleon fields at the vertex i under consideration.

The LO potential corresponds to ν = 0 and consists of two four-nucleon contact terms

without derivatives and of one-pion exchange. There are no contributions at order ν = 1

due to requirements from parity conservation and time-reversal invariance. At NLO (ν = 2)

seven new contact terms (with two derivatives) arise, together with loop contributions

from (irreducible) two-pion exchange. Finally, at NNLO (ν = 3) there are additional

contributions from two-pion exchange resulting from one insertion of dimension two pion-

nucleon vertices, see e.g. ref. [42]. The corresponding diagrams are summarized in figure 1.

The structure of the N̄N interaction is practically identical and, therefore, the potential

given in refs. [18, 36] can be adapted straightforwardly for the N̄N case. For the ease of the

reader and also for defining our potential uniquely we provide the explicit expressions below.

2.1 Pion exchange

In line with [18] we adopt the following expression for the one-pion exchange potential

V1π(q) =

(

gA
2Fπ

)2 (

1− p2 + p′2

2m2

)

τ 1 · τ 2
σ1 · qσ2 · q
q2 +M2

π

, (2.2)

where q = p′ − p is the transferred momentum defined in terms of the final (p′) and

initial (p) center-of-mass momenta of the baryons (nucleon or antinucleon). Obviously here

relativistic 1/m2 corrections to the static one-pion exchange potential have been taken into

account. As in the work [18] we take the larger value gA = 1.29 instead of gA = 1.26 in

order to account for the Goldberger-Treiman discrepancy. This value, together with the

used Fπ = 92.4MeV, implies the pion-nucleon coupling constant gNNπ = 13.1 which is

consistent with the empirical value obtained from πN and NN data [43, 44] and also with

modern determinations utilizing the GMO sum rule [45]. For the nucleon (antinucleon) and

pion mass we use the isospin-averaged values m = 938.918MeV and Mπ = 138.039MeV,

respectively. Note that the contribution of one-pion exchange to the N̄N interaction is of

opposite sign as that in the NN case. This sign difference arises from transforming the
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Figure 1. Relevant diagrams up-to-and-including NNLO. Solid and dashed lines denote the antin-

ucleon/nucleon and the pion, respectively. The square symbolizes a contact vertex with two deriva-

tives or a subleading πN vertex. The contributions at LO, NLO, and NNLO are displayed from

top to bottom.

NNπ vertex to the N̄N̄π vertex via charge conjugation and a rotation in the isospin space

and is commonly referred to as G-parity transformation.

The two-pion exchange potential calculated using spectral function regularization [18]

is given at NLO by

V
(2)
2π (q) = τ 1 · τ 2 V

(2)
C (q) + σ1 · qσ2 · qV (2)

T (q) + σ1 · σ2 V
(2)
S (q) , (2.3)

where

V
(2)
C (q) = − 1

384π2F 4
π

LΛ̃(q)

{

4M2
π(5g

4
A − 4g2A − 1) + q2(23g4A − 10g2A − 1) +

48g4AM
4
π

4M2
π + q2

}

,

V
(2)
T (q) = − 1

q2
V

(2)
S (q) = − 3g4A

64π2F 4
π

LΛ̃(q) ,

and at NNLO by

V
(3)
2π (q) = V

(3)
C (q) + τ 1 · τ 2 σ1 · qσ2 · qV (3)

T (q) + τ 1 · τ 2 σ1 · σ2 V
(3)
S (q) , (2.4)

with

V
(3)
C (q) = − 3g2A

16πF 4
π

{

2M2
π(2c1 − c3)− c3q

2

}

(2M2
π + q2)AΛ̃(q) ,

V
(3)
T (q) = − 1

q2
V

(3)
S (q) = − g2A

32πF 4
π

c4(4M
2
π + q2)AΛ̃(q) .
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The NLO and NNLO loop functions LΛ̃(q) and AΛ̃(q) are given by

LΛ̃(q) = θ(Λ̃− 2Mπ)
ω

2q
ln

Λ̃2ω2 + q2s2 + 2Λ̃qωs

4M2
π(Λ̃

2 + q2)
,

ω =
√

q2 + 4M2
π , s =

√

Λ̃2 − 4M2
π , (2.5)

and

AΛ̃(q) = θ(Λ̃− 2Mπ)
1

2q
arctan

q(Λ̃− 2Mπ)

q2 + 2Λ̃Mπ

. (2.6)

For the LECs c1 and c4 we adopt the central values from the Q3-analysis of the

πN system [46]: c1 = −0.81GeV−1, c4 = 3.40GeV−1. For the constant c3 the value

c3 = −3.40GeV−1 is used, which is on the lower side but still consistent with the results

from ref. [46]. Note that slightly different values are employed in the N̄N partial-wave

analysis [20], namely c1 = −0.76GeV−1, c3 = −5.8GeV−1 and c4 = 4.0GeV−1. These

values are also consistent with the recent determination in [47].

2.2 Contact terms

The spin-dependence of the potentials due to the leading order contact terms is given

by [48]

V
(0)

N̄N
= CS + CT σ1 · σ2 , (2.7)

where the parameters CS and CT are low-energy constants (LECs) which need to be de-

termined in a fit to data. At NLO, the spin- and momentum-dependence of the contact

terms reads

V
(2)

N̄N
= C1q

2 + C2k
2 + (C3q

2 + C4k
2)σ1 · σ2 +

i

2
C5(σ1 + σ2) · (q× k)

+C6(q · σ1)(q · σ2) + C7(k · σ1)(k · σ2) , (2.8)

where Ci (i = 1, . . . , 7) are additional LECs. The average momentum k is defined by

k = (p′ +p)/2. When performing a partial-wave projection, these terms contribute to the

two S-wave (1S0,
3S1) potentials, the four P -wave (1P1,

3P0,
3P1,

3P2) potentials, and the
3S1-

3D1 transition potential in the following way [18]:

V (1S0) = 4π (CS − 3CT ) + π (4C1 + C2 − 12C3 − 3C4 − 4C6 − C7)(p
2 + p′2)

= C̃1S0
+ C1S0

(p2 + p′2) , (2.9)

V (3S1) = 4π (CS + CT ) +
π

3
(12C1 + 3C2 + 12C3 + 3C4 + 4C6 + C7)(p

2 + p′2)

= C̃3S1
+ C3S1

(p2 + p′2) , (2.10)

V (1P1) =
2π

3
(−4C1 + C2 + 12C3 − 3C4 + 4C6 − C7) p p

′ = C1P1
p p′ , (2.11)

V (3P1) =
2π

3
(−4C1+C2−4C3 + C4 + 2C5 − 8C6 + 2C7) p p

′ = C3P1
p p′ , (2.12)
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V (3P0) =
2π

3
(−4C1+C2−4C3+C4+4C5+12C6 − 3C7) p p

′ = C3P0
p p′ , (2.13)

V (3P2) =
2π

3
(−4C1 + C2 − 4C3 + C4 − 2C5) p p

′ = C3P2
p p′ , (2.14)

V (3D1 − 3S1) =
2
√
2π

3
(4C6 + C7) p

′2 = C3S1−
3D1

p′
2 ≡ Cǫ1 p

′2 , (2.15)

V (3S1 − 3D1) =
2
√
2π

3
(4C6 + C7) p

2 = C3S1−
3D1

p2 ≡ Cǫ1 p
2 , (2.16)

with p = |p | and p′ = |p ′|. There are no additional contact terms at NNLO.

Note that the Pauli principle is absent in case of the N̄N interaction. Accordingly,

each partial wave that is allowed by angular momentum conservation occurs in the isospin

I = 0 and in the I = 1 channel. Therefore, there are now twice as many contact terms as

in NN .

The main new feature in the N̄N interaction is the presence of annihilation processes.

The N̄N system annihilates into a multitude of nπ channels, where the decay to 4 to 6

pions is dominant in the low-energy region of N̄N scattering [10]. The threshold energy

of those channels is in the order of 700MeV while the N̄N threshold is at 1878MeV.

Therefore, one does not expect that annihilation introduces a new scale into the problem.

Accordingly, there should be no need to modify the power counting when going from NN to

N̄N because the momenta associated with the annihilation channels should be, in average,

much larger than those in the N̄N system itself. This conjecture is supported by the fact

that phenomenological models of the N̄N interaction can describe the bulk properties of

annihilation very well by simple energy-independent optical potentials of Woods-Saxon or

Gaussian type [1, 2, 5, 7]. The ranges associated with those interactions are of the order

of 1 fm or less. The above considerations suggest that annihilation processes are primarily

tied to short-distance physics and, therefore, can be and should be simply incorporated

into the contact terms which anyway are meant to parameterize effectively the short-range

part of (elastic) NN and/or N̄N scattering.

Nonetheless we want to emphasize that the above arguments are of pragmatical nature

and not fundamental ones. There are definitely annihilation channels that open near the

N̄N threshold. Specifically, there are indications that a sizeable part of the annihilation

into multipion channels proceeds via two-meson doorway modes like N̄N → ρρ → 4π or

N̄N → f2(1270)ω → 5π, and some of those have nominal thresholds close to that of N̄N

scattering. On the other hand, according to empirical information the actual branching

ratios into individual two-body channels are typically of the order of 1% [7] only and,

therefore, they do not have any noticeable impact on the description of the bulk properties

of N̄N annihilation. In fact, all the two-body annihilation channels together — as far as

they have been measured — yield only about 30% of the total annihilation cross section

at the N̄N threshold which is a strong evidence for the dominance of annihilation into 3

or more (uncorrelated) pions.

The study of N̄N scattering in EFT in refs. [38, 39] followed the above arguments and

took into account annihilation by simply using complex LECs in eqs. (2.9)–(2.16). However,

this prescription has an unpleasant drawback — it does not allow one to impose sensible
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unitarity requirements on the resulting scattering amplitude. With unitarity requirements

we mean a condition that guarantees that for each partial wave its contribution to the

total cross section is larger than its contribution to the integrated elastic cross section. In

case of strict two-body unitary like for NN scattering below the pion production threshold

these two quantities are, of course, identical.

Since we want an approach that manifestly fulfils unitarity constraints we treat anni-

hilation in a different way. We start out from the observation that unitarity requires the

N̄N annihilation potential to be of the form

Vann =
∑

X=2π,3π,...

VN̄N→XGXVX→N̄N (2.17)

where X is the sum over all open annihilation channels, and GX is the propagator of the

intermediate state X. Note that eq. (2.17) is exact under the assumption that there is

no interaction in and no transition between the various annihilation channels. Performing

an expansion of VN̄N→X up to NNLO analoguous to the N̄N interaction and evaluating

formally the sum and integral in eq. (2.17) yields a contribution from the unitarity cut that

can be written as

V L=0
ann = −i (C̃a

1S0
+ Ca

1S0
p2)(C̃a

1S0
+ Ca

1S0
p′2), V L=1

ann = −i (Ca
α)

2pp′, (2.18)

where α stands for the 3P0,
1P1,

3P1, and
3P2 partial waves. For the coupled 3S1 −3 D1

partial wave we get

V S→S
ann = −i (C̃a

3S1
+ Ca

3S1
p2)(C̃a

3S1
+ Ca

3S1
p′2), V S→D

ann = −i (C̃a
3S1

+ Ca
3S1
p2)Ca

ǫ1
p′2,

V D→S
ann = −i Ca

ǫ1
p2 (C̃a

3S1
+ Ca

3S1
p′2), V D→D

ann = −i (Ca
ǫ1
)2p2p′2 . (2.19)

In those expressions the parameters C̃a and Ca are real. Thus, for each partial wave

we essentially recover the structure of the potential that follows from the contact terms

considered above, with the same number of free parameters. However, in eqs. (2.18)–(2.19)

the sign of Vann as required by unitarity is already explicitly fixed and does not depend on

the sign of the parameters C̃a and Ca anymore. Moreover, and most importantly, we see

that a term proportional to p2p′2 arises in the S waves at NLO and NNLO from unitarity

constraints and it has to be included in order to make sure that unitarity is fulfilled at

any energy.

Note that, in principle, there is also a contribution from the principal-value part of the

integral in eq. (2.17). However, it is real and, therefore, its structure is already accounted

for by the standard LECs in eqs. (2.9)–(2.16).

Finally we would like to add that in practice the treatment of annihilation via

eqs. (2.18)–(2.19) corresponds to the introduction of an effective two-body annihilation

channel with a threshold significantly below the one of N̄N so that the center-of-mass mo-

mentum in the annihilation channel is already fairly large and its variation in the low-energy

region of N̄N scattering considered by us is negligible.
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2.3 Scattering equation

In the actual calculation a partial-wave projection of the interaction potentials is performed,

as described in detail in ref. [18]. The reaction amplitudes are obtained from the solution

of a relativistic Lippmann-Schwinger (LS) equation:

TL′′L′(p′′, p′;Eq)

= VL′′L′(p′′, p′) +
∑

L

∫

∞

0

dpp2

(2π)3
VL′′L(p

′′, p)
1

2Eq − 2Ep + i0+
TLL′(p, p′;Eq). (2.20)

Here, Eq =
√

m2 + q2, where q is the on-shell momentum. We adopt here a relativistic

scattering equation so that our amplitudes fulfil the relativistic unitarity condition at any

order, as done also in the NN sector [16, 18]. On the other hand, relativistic corrections

to the potential are calculated order by order, but appear first at next-to-next-to-next-to-

leading order (N3LO) in the Weinberg scheme, see ref. [18].

Like in the NN case we have either uncoupled spin-singlet and triplet waves (where

L′′ = L′ = L = J) or coupled partial waves (where L′′, L′, L = J − 1, J + 1). We solve the

LS equation in the isospin basis, i.e. for I = 0 and I = 1 separately, and we compare the

resulting phase shifts with those in ref. [20] that are likewise given in the isospin basis. It

should be said, however, that for a comparison directly with data a more refined treatment

is required. Then one should solve the LS equation in particle basis and consider the

coupling between the p̄p and n̄n channels explicitly. In this case one can take into account

the mass difference between p (p̄) and n (n̄) and, thereby, implement the fact that the

physical thresholds of the p̄p and n̄n channels are separated by about 2.5MeV, and also

one can add the Coulomb interaction in the p̄p channel. The potential in the LS equation

is cut off with a regulator function,

fΛ(p′, p) = exp
[

−
(

p′6 + p6
)

/Λ6
]

, (2.21)

in order to remove high-energy components [18]. The cutoff values are chosen in the range

Λ = 450 — 600MeV at NLO and Λ = 450 — 650MeV at NNLO, similar to what was used

for chiral NN potentials [18, 36].

The relation between the S– and on-the-energy shell T -matrix is given by

SLL′(q) = δLL′ − i

8π2
q Eq TLL′(q) . (2.22)

The phase shifts in the uncoupled cases can be obtained from the S-matrix via

SLL ≡ SL = e2iδL . (2.23)

For the S-matrix in the coupled channels (J > 0) we use the so-called Stapp parametriza-

tion [49]

(

SJ−1 J−1 SJ−1 J+1

SJ+1 J−1 SJ+1 J+1

)

=

(

cos 2ǫJ e
2iδJ−1 −i sin 2ǫJ ei(δJ−1+δJ+1)

−i sin 2ǫJ ei(δJ−1+δJ+1) cos 2ǫJ e
2iδJ+1

)

. (2.24)
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In case of elastic scattering the phase parameters in eqs. (2.23) and (2.24) are real

quantities while in the presence of inelasticites they become complex. Because of that,

in the past several generalizations of these formulae have been proposed that still allow

one to write the S-matrix in terms of real parameters [20, 50]. We follow here ref. [51]

and calculate and present simply the real and imaginary parts of the phase shifts and the

mixing parameters obtained via the above parameterization. Note that with this choice

the real part of the phase shifts is identical to the phase shifts one obtains from another

popular parameterization where the imaginary part is written in terms of an inelasticity

parameter η, e.g. for uncoupled partial waves

SL = ηe2iδL . (2.25)

Indeed, for this case Im δL = −(log η)/2 which implies that Im δL ≥ 0 since η ≤ 1 because

of unitarity. Since our calculation implements unitarity, the optical theorem

Im aLL(q) ≥ q
∑

L′

|aLL′(q)|2 , (2.26)

is fulfilled for each partial wave, where aLL′(q) = (SLL′ − δLL′)/(2iq) = −1/(4π)2 ·
Eq TLL′(q).

For the fitting procedure and for the comparison of our results with those by Zhou

and Timmermans we reconstructed the S-matrix based on the phase shifts listed in tables

VIII-X in ref. [20] and on the formulae presented in section VII of that paper and then

converted them to our convention specified in eqs. (2.23) and (2.24).

3 Results

In the fitting procedure we follow very closely the strategy of Epelbaum et al. in their

study of the NN interaction [18, 36]. In particular, we consider the same ranges for the

cutoffs, namely for the cutoff in the LS equation values of Λ = 450–600MeV at NLO and

Λ = 450–650MeV at NNLO while for the spectral function regularization variations we

consider values in the range Λ̃ = 500–700MeV. For any combination of the cutoffs Λ and

Λ̃, the LECs CS,T and C1...7 are fixed from a fit to the N̄N S- and P -waves and the mixing

parameter ǫ1 of ref. [20] for laboratory energies below 125MeV (plab ≤ 500MeV/c). The

numerical values of the LECs are compiled in tables 1 (NLO) and 2 (NNLO) for a selected

combination of the cutoffs. The values for C̃1S0
in the isospin I = 1 case found in the

fitting procedure turned out to be very small and, therefore, we set them to zero.

Our results are displayed and compared with the N̄N PWA [20] in figures 2–6. The

bands represent the variation of the obtained phase shifts and mixing parameters with the

cutoff. Those variations can be viewed as an estimate for the theoretical uncertainty. Thus,

in principle for the same variation of the cutoff those bands should become narrower and

narrower when one goes to higher order. However, as argued in ref. [36], in practice one has

to be careful in the interpretation of the bands, specifically for the transition from NLO

to NNLO. Since the same number of contact terms are present in the interactions at NLO

and NNLO one rather should expect variations of similar magnitude. In particular, for
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reasons discussed in [36] the cutoff variation underestimates the uncertainty for the NLO

results. In any case one has to keep in mind that, following ref. [36], we use a larger cutoff

region at NNLO than for the NLO case.

Let us now discuss the individual partial waves. Results for the 1S0 channel can be

found in the upper part of figure 2. Obviously, the phase shift for isospin I = 0 (we use here

the spectral notation (2I+1)(2S+1)LJ) is very well described up to fairly high energies —

even at NLO — and likewise the inelasticity, presented in terms of the imaginary part of the

phase shift. Moreover, the dependence on the cutoff is very small. In the I = 1 channel the

situation is rather different. Here we observe a sizeable cutoff dependence of the results for

energy above 150MeV. This has to do with the fact that the PWA suggests a resonance-like

behavior of the phase in this region. Since this resonance lies in an energy region where we

expect our results to show increasing uncertainties, based on the experience from the NN

case [36], it is not surprising that it is difficult to reproduce this structure quantitatively.

Nevertheless, there is a visible improvement when going from NLO to NNLO and at the

latter order the empirical phase shifts already lie within the error bands of theory.

We want to emphasize that this improvement is entirely due to inclusion of the sub-

leading two-pion exchange potential, since as already stressed above no new contact terms

arise at NNLO and thus the number of adjustable parameters is the same at NLO and

NNLO. Also, it should be said that the NLO result, shown here up to Tlab = 200MeV,

exhibits a similar trend like the one for NNLO at higher energies, i.e. the phases reach a

maximum and then become more negative again.

The situation for the 3P0 partial wave is similar, see figure 2 (lower part). Also here

the I = 0 phase shifts are well reproduced while in the I = 1 case there is an even larger

cutoff dependence than in the 31S0. Obviously also the 33P0 amplitude of the PWA [20]

exhibits a resonance-like behavior. Its reproduction requires a potential that is repulsive at

large separations of the antinucleon and nucleon but becomes attractive for short distances.

Since there is only a single LEC up to NNLO for P waves, the magnitude and range of

such an attraction cannot be adequately accounted for. For improvements one has to wait

for a N3LO calculation.

Results for the 1P1 and 3P1 partial waves are shown in figure 3. In general, the

description improves when going from NLO to NNLO. Specifically for the two 1P1 channels

and the 33P1 the results at NNLO agree with those of the PWA within the uncertainty

bands for energies up to 150MeV and often even up to 250MeV. An exception is the 13P1

partial wave where the phase shift can only be described up to 50MeV or so. Similar to

the 33P0, the PWA yields a negative phase at low energies which tends towards positive

values at larger energies [20] and one encouters the same difficulty as discussed above.

In figure 4 one can find our results for the coupled 3S1–
3D1 partial wave. Here the

S-wave phase shifts (and also the inelasticity) are satisfactorily described over the whole

energy range considered with uncertainties comparable to those observed for the NN inter-

action [36]. There is a larger cutoff dependence in theD waves and the mixing parameter ǫ1,

specifically for I = 0. However, one has to keep in mind that there is no LEC up to NNLO

for the D waves. The 33D1 exhibits the trend of turning from negative to positive values

at higher energies which cannot be described in an NNLO calculation, as discussed above.
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J
H
E
P
0
2
(
2
0
1
4
)
1
1
3

LEC {450, 500} {600, 500} {450, 700} {600, 700}

I = 0

C̃1S0
−0.151 −0.267 −0.151 −0.273

C1S0
0.455 0.436 0.454 0.426

C̃a
1S0

0.270 0.232 0.232 0.177

Ca
1S0

−0.915 −0.277 −0.905 −0.206

C3P0
1.150 1.453 1.398 1.724

Ca
3P0

0.769 0.478 0.754 0.455

I = 1

C̃1S0
0 0 0 0

C1S0
0.446 0.692 0.449 0.675

C̃a
1S0

1.329 2.108 1.460 2.202

Ca
1S0

−1.118 −0.369 −1.214 −0.498

C3P0
−0.357 −0.074 −0.321 0.041

Ca
3P0

0.501 0.232 0.498 0.222

I = 0

C1P1
0.384 −0.015 0.394 0.020

Ca
1P1

0.711 0.714 0.709 0.705

C3P1
−0.374 −0.235 −0.296 −0.146

Ca
3P1

0.381 0.190 0.378 0.194

C̃3S1
−0.132 −0.083 −0.122 −0.075

C3S1
−0.497 −0.623 −0.731 −0.853

C̃a
3S1

0.334 0.325 0.319 0.301

Ca
3S1

0.221 −0.573 0.325 −0.438

Cǫ1 0.496 0.520 0.557 0.585

Ca
ǫ1

−0.599 −0.218 −0.653 −0.290

I = 1

C1P1
−0.623 −0.735 −0.659 −0.858

Ca
1P1

0.682 0.544 0.688 0.573

C3P1
−0.180 −0.373 −0.201 −0.443

Ca
3P1

0.716 0.628 0.719 0.645

C̃3S1
−0.089 −0.120 −0.087 −0.122

C3S1
0.698 0.148 0.707 0.188

C̃a
3S1

0.399 0.210 0.398 0.224

Ca
3S1

0.164 0.665 0.124 0.602

Cǫ1 0.245 0.182 0.279 0.237

Ca
ǫ1

0.015 0.111 −0.019 −0.046

I = 0
C3P2

0.225 0.466 0.363 0.630

Ca
3P2

0.674 0.428 0.661 0.410

I = 1
C3P2

−0.362 −0.268 −0.361 −0.266

Ca
3P2

0.528 0.350 0.529 0.351

Table 1. The LECs at NLO for the different cutoff combinations
{

Λ [MeV], Λ̃ [MeV]
}

. The values

of the C̃i are in unit of 104 GeV−2 and the Ci in 104 GeV−4. The parameters related to annihilation,

C̃a
i
and Ca

i
(see eqs. (2.18)–(2.19)), are in units of 102 GeV−1 and 102 GeV−3, respectively.
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H
E
P
0
2
(
2
0
1
4
)
1
1
3

LEC {450, 500} {650, 500} {450, 700} {650, 700}

I = 0

C̃1S0
−0.140 −0.278 −0.141 −0.299

C1S0
0.456 0.459 0.456 0.463

C̃a
1S0

0.208 0.247 0.155 0.219

Ca
1S0

−1.063 −0.337 −1.045 −0.233

C3P0
0.031 0.310 −0.444 −0.217

Ca
3P0

0.796 0.492 0.828 0.556

I = 1

C̃1S0
0.025 0.095 0.052 −0.011

C1S0
0.453 0.213 0.450 0.189

C̃a
1S0

1.884 2.483 2.129 3.847

Ca
1S0

−1.733 −2.778 −2.566 −4.474

C3P0
−0.535 −0.117 −0.531 −0.116

Ca
3P0

0.514 0.182 0.517 0.182

I = 0

C1P1
0.400 −0.113 0.438 −0.069

Ca
1P1

0.722 0.637 0.721 0.634

C3P1
−0.521 −0.339 −0.596 −0.432

Ca
3P1

0.417 0.168 0.421 0.175

C̃3S1
−0.162 −0.100 −0.183 −0.103

C3S1
0.353 0.204 0.728 0.526

C̃a
3S1

0.364 0.371 0.397 0.415

Ca
3S1

0.087 −0.841 −0.117 −1.125

Cǫ1 0.205 0.236 0.062 0.106

Ca
ǫ1

−0.485 −0.002 −0.362 0.167

I = 1

C1P1
−1.013 −1.294 −1.349 −1.869

Ca
1P1

0.711 0.535 0.775 0.668

C3P1
−0.530 −0.902 −0.794 −1.356

Ca
3P1

0.742 0.630 0.788 0.735

C̃3S1
−0.067 −0.143 −0.044 −0.125

C3S1
1.150 0.764 1.325 1.235

C̃a
3S1

0.413 0.282 0.411 0.402

Ca
3S1

−0.336 0.211 −0.896 −0.441

Cǫ1 0.320 0.287 0.376 0.383

Ca
ǫ1

−0.065 0.021 −0.182 −0.162

I = 0
C3P2

−0.300 −0.120 −0.518 −0.399

Ca
3P2

0.707 0.402 0.731 0.443

I = 1
C3P2

−0.648 −0.558 −0.821 −0.782

Ca
3P2

0.544 0.329 0.565 0.377

Table 2. The LECs at NNLO for the different cutoff combinations
{

Λ [MeV], Λ̃ [MeV]
}

. The values

of the C̃i are in unit of 104 GeV−2 and the Ci in 104 GeV−4. The parameters related to annihilation,

C̃a
i
and Ca

i
(see eqs. (2.18)–(2.19)), are in units of 102 GeV−1 and 102 GeV−3, respectively.
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Figure 2. Real and imaginary parts of the phase shift in the 1S0 and 3P0 partial waves. The

red/dark band shows the chiral EFT results up to NNLO for variations of the cutoff in the range

Λ = 450–650MeV in the Lippmann-Schwinger equation, while the green/light band are results to

NLO for Λ = 450–600MeV. The cutoff in the pion loops is varied independently in the range Λ̃ =

500–700MeV. The solid circles represent the solution of the PWA of ref. [20].

The situation in the 3P2–
3F2 channel is displayed in figure 5. In general our results

agree with those of the PWA up to about 200MeV within the uncertainty. Stronger

deviations are visible again for those phases which show a resonance-like behavior like,

e.g., the 13P2.
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Figure 3. Real and imaginary parts of the phase shift in the 1P1 and 3P1 partial waves. The

red/dark band shows the chiral EFT results up to NNLO for variations of the cutoff in the range

Λ = 450–650MeV in the Lippmann-Schwinger equation, while the green/light band are results to

NLO for Λ = 450–600MeV. The cutoff in the pion loops is varied independently in the range Λ̃ =

500–700MeV. The solid circles represent the solution of the PWA of ref. [20].

At last, in figure 6 the 1D2 and 3D2 phase shifts are presented. There are no LECs in

those partial waves up to NNLO and, thus, our results are genuine predictions. The poten-

tial consists only of one- and two-pion exchange and, consequently, there is no contribution

to annihilation. Thus, δI ≡ 0 and we do not show this quantity.
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Figure 4. Real and imaginary parts of the phase shift in the 3S1–
3D1 partial wave. The red/dark

band shows the chiral EFT results up to NNLO for variations of the cutoff in the range Λ =

450–650MeV in the Lippmann-Schwinger equation, while the green/light band are results to NLO

for Λ = 450–600MeV. The cutoff in the pion loops is varied independently in the range Λ̃ =

500–700MeV. The solid circles represent the solution of the PWA of ref. [20].

Results for the scattering lengths (for 1S0 and 3S1) and for scattering volumes (for the

P waves) are summarized in table 3. These are complex numbers because of the presence

of annihilation. The effective range parameters implied directly by the PWA of [20] are

not provided in that reference. Thus, the lowest energy that enters our fitting procedure
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Figure 5. Real and imaginary parts of the phase shift in the 3P2–
3F2 partial wave. The red/dark

band shows the chiral EFT results up to NNLO for variations of the cutoff in the range Λ =

450–650MeV in the Lippmann-Schwinger equation, while the green/light band are results to NLO

for Λ = 450–600MeV. The cutoff in the pion loops is varied independently in the range Λ̃ =

500–700MeV. The solid circles represent the solution of the PWA of ref. [20].

concerns the phase shifts at plab = 100MeV/c which corresponds to Tlab = 5.3MeV. In

view of that one can consider our values as predictions of chiral EFT. As one can see in

table 3 we get practically the same results at NLO and at NNLO and, moreover, there is

very little cutoff dependence. Actually, in case of Re a1S0
in the I = 0 channel there is no

variation in the first two digits and, therefore, only a single number is given.
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Figure 6. Real part of the phase shift in the 1D2 and 3D2 partial waves. The red/dark band shows

the chiral EFT results up to NNLO for variations of the cutoff in the range Λ = 450–650MeV in

the Lippmann-Schwinger equation, while the green/light band are results to NLO for Λ = 450–

600MeV. The cutoff in the pion loops is varied independently in the range Λ̃ = 500–700MeV. The

solid circles represent the solution of the PWA of ref. [20].

Table 3 contains also scattering lengths and volumes predicted by the most refined

meson-exchange potential developed by the Jülich group, namely model D published in [7].

It is interesting to see that at least for the S waves the results are very similar not only

on a qualitative level but in most cases even on a quantitative level. One has to keep

in mind that there are no data that would allow one to fix the relative magnitude of the

singlet- and triplet- contributions near threshold. Moreover, the Jülich N̄N potential was

only fitted to integrated cross sections. Differential cross sections or polarization data were

not considered.

There is some experimental information that puts constraints on these scattering

lengths. Measurements of the level shifts and widths of antiproton-proton allow one to

deduce values for the spin-averaged p̄p scattering lengths via the Deser-Trueman formula.

Corresponding results taken from ref. [52] are listed in table 4. In that reference one can

also find values for the imaginary part of the scattering lengths that are inferred from

measurements of the (n̄p and p̄p) annihilation cross section. A comparison directly with

the measured level shifts and widths [53–56] is provided in table 5 where now the Deser-

Trueman formula was applied to the theory results.

As far as we know, this experimental evidence was not taken into account in the

PWA [20]. Nonetheless, for completeness we provide the predictions based on our EFT

interaction. One should be cautious, however, in comparing our results with the experi-

mental numbers. As said above, our calculations are performed in the isospin basis so that

ap̄p is simply given by (aI=0+aI=1)/2. It is known that the presence of the Coulomb force
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J
H
E
P
0
2
(
2
0
1
4
)
1
1
3

I=0 I=1

1
S0

NLO −0.21− i (1.20 · · · 1.21) (1.03 · · · 1.04)− i (0.56 · · · 0.58)

NNLO −0.21− i (1.21 · · · 1.22) (1.02 · · · 1.04)− i (0.57 · · · 0.61)

model D −0.23− i 1.01 0.99− i 0.58

3
S1

NLO (1.34 · · · 1.37)− i (0.88 · · · 0.90) (0.43 · · · 0.44)− i (0.87 · · · 0.90)

NNLO (1.37 · · · 1.38)− i (0.86 · · · 0.88) (0.43 · · · 0.44)− i (0.91 · · · 0.92)

model D 1.55− i 1.45 0.33− i 0.96

3
P0

NLO −(3.55 · · · 4.32)− i (7.35 · · · 8.45) (2.42 · · · 2.47)− i (0.03 · · · 0.10)

NNLO −(3.08 · · · 3.78)− i (6.93 · · · 7.55) (2.35 · · · 2.42)− i (0.03 · · · 0.12)

model D −7.40− i 3.21 2.50− i 1.23

1
P1

NLO −(2.84 · · · 2.86)− i (0.24 · · · 0.29) (0.89 · · · 0.92)− i (0.19 · · · 0.20)

NNLO −(2.87 · · · 2.89)− i (0.25 · · · 0.31) (0.78 · · · 0.86)− i (0.20 · · · 0.29)

model D −3.26− i 0.50 0.45− i 0.55

3
P1

NLO (4.80 · · · 4.82)− i (0.00 · · · 0.02) −(1.95 · · · 1.97)− i (0.37 · · · 0.40)

NNLO (4.76 · · · 4.77)− i (0.00 · · · 0.02) −(2.02 · · · 2.09)− i (0.39 · · · 0.52)

model D 4.87− i 0.06 −2.05− i 1.37

3
P2

NLO −(0.31 · · · 0.42)− i (0.27 · · · 0.51) −(0.20 · · · 0.21)− i (0.16 · · · 0.21)

NNLO −(0.45 · · · 0.78)− i (0.47 · · · 0.65) −(0.28 · · · 0.37)− i (0.18 · · · 0.25)

model D −0.14− i 1.27 −0.37− i 0.50

Table 3. Scattering lengths (in fm) for the S−waves and scattering volumes (in fm3) for the

P−waves in the isospin I = 0 and I = 1 channels. Results based on the NLO and NNLO po-

tentials are given and compared with the predictions of the Jülich N̄N model D [7].

chiral EFT model D Experiment

āS, p̄p

NLO (0.77 · · · 0.79)

0.80− i 1.10
− i (0.88 · · · 0.90) (0.95 ± 0.02)

NNLO (0.78 · · · 0.79) − i (0.73 ± 0.03)

− i (0.89 · · · 0.91)

Im āS, I=1

NLO (−0.82 · · · −0.79)
−0.86 (−0.83 ± 0.07)

NNLO (−0.84 · · · −0.83)

Im āS, I=0

NLO (−0.98 · · · −0.96)
−1.34 (−0.63 ± 0.08)

NNLO (−0.97· · · −0.95)

āP, p̄p

NLO −(0.06 · · · 0.07)

−0.31− i 0.87
− i (0.55 · · · 0.56) −0.61 ± 0.81

NNLO −(0.12 · · · 0.20) − i (0.77 ± 0.06)

− i (0.57 · · · 0.61)

Table 4. Spin-averged scattering lengths for S−wave (āS ; in fm) and scattering volumes for

P−wave (āP ; in fm
3). Results based on the NLO and NNLO potentials are given and compared

with the predictions of the Jülich N̄N model D [7]. The experimental information is taken from

ref. [52].

in p̄p and the p-n mass difference lead to changes of the S-wave scattering lengths in the

order of 0.1 fm [57] and, therefore, one should not take quantitative differences too serious.

Note also that additional assumptions have to be made in order to deduce the splitting of

the 1S0 and 3S1 level shifts from the experiment [52, 58].
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∆E (eV) Γ (eV)

1
S0

NLO −(306 · · · 361) (1528 · · · 1553)

NNLO −(302 · · · 361) (1545 · · · 1589)

model D −330 1380

Experiment [53] −740 ± 150 1600 ± 400

[54] −440 ± 75 1200 ± 250

3
S1

NLO −(768 · · · 786) (1519 · · · 1562)

NNLO −(781 · · · 790) (1537 · · · 1563)

model D −816 2092

Experiment [54] −785 ± 35 940 ± 80

[55] −850 ± 42 770 ± 150

∆E (meV) Γ (meV)

3
P0

NLO +(13 · · · 23) (159 · · · 232)

NNLO +(8 · · · 17) (173 · · · 186)

model D +60 109

Experiment [56] +139 ± 28 120 ± 25

Table 5. Hadronic shifts and broadenings in hyperfine states of p̄H. Results based on the NLO

and NNLO potentials are given and compared with the predictions of the Jülich N̄N model D [7].

The experimental information is taken from refs. [53–56].

Finally, let us discuss N̄N bound states. Several of the phase shifts tabulated in

ref. [20] start at 180◦ at Tlab = 0MeV, namely 11S0,
13P0,

13S1, and
33S1, which according

to the standard convention based on the Levinson theorem signals the presence of a bound

state. Therefore, we performed a search for possible bound states generated by our EFT

interaction where we restricted ourselves to energies not too far from the N̄N threshold.

We did not find any near-threshold poles in the 11S0 and 33S1–
33D1 partial waves. In case

of the 13S1–
13D1 interaction there is a pole which corresponds to a “binding” energy of

EB = +(5.6 · · · 7.7)− i (49.2 · · · 60.5)MeV, depending on the cutoffs {Λ, Λ̃}, at NLO and

EB = +(4.8 · · · 21.3) − i (60.6 · · · 74.9)MeV at NNLO. The positive sign of the real part

of EB indicates that the poles we found are actually located above the N̄N threshold.

But they move below the threshold when we switch off the imaginary part of the potential

and that is the reason why we refer to them as bound states. To be precise these are

unstable bound states in the terminology of ref. [59]. Note that those poles lie on the

physical sheet and, therefore, do not correspond to resonances. Evidently, the width of

the state, Γ = −2 ImEB, is rather large. There is also a pole in the 13P0 partial wave. It

corresponds to a binding energy of EB = (−1.1 · · ·+1.9)− i (17.8 · · ·22.4)MeV at NLO and

EB = −(3.7 · · · 0.2)− i (22.0 · · · 26.4)MeV at NNLO. In this context we want to mention

that bound states and also resonances have been likewise found in other studies of the N̄N

interaction, see refs. [8, 9] for recent examples.

4 Summary and outlook

In this paper we presented an exploratory study of the N̄N interaction in a chiral effective

field theory approach based on a modified Weinberg power counting, analoguous to the NN
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case in [18, 36]. The N̄N potential has been evaluated up to NNLO in the perturbative

expansion and the arising low-energy constants have been fixed by a fit to the phase shifts

and inelasticities provided by a recently published phase-shift analysis of p̄p scattering

data [20]. It turned out that the overall quality of the description of the N̄N amplitudes

that can be achieved at NNLO is comparable to the one found in case of the NN interaction

at the same order [36]. Specifically, for the S-waves (11S0,
13S1,

33S1) nice agreement with

the phase shifts and inelasticities of [20] has been obtained up to laboratory energies of

about 200MeV, i.e. over almost the whole energy region considered. The same is also the

case for many of the P -waves. Thus, we conclude that the chiral EFT approach, applied

successfully in refs. [17, 18] to the NN interaction and in refs. [60, 61] to the hyperon-

nucleon interaction, is very well suited for studies of the N̄N interaction too.

Of course, there are also some visible deficiencies in our results. They occur primarily

in those partial waves where the partial-wave analysis of [20] suggests the presence of

(presumably strongly inelastic) resonances at energies around Tlab ≈ 200− 250MeV. It is

not surprising that structures in this energy region cannot be reproduced reliably within our

NNLO calculation. Clearly, here an extension of our investigation to N3LO is necessary for

improving the description of the N̄N interaction. Therefore, we plan to extend our study

to N3LO in the future. At this stage it will become sensible to perform the calculation in

particle basis so that the Coulomb interaction in the p̄p system can be taken into account

rigorously, and to compute observables and compare them directly with scattering data for

p̄p elastic scattering and for the charge-exchange reaction p̄p→ n̄n. Annihilation processes

that occur predominantly at short distances reduce the magnitude of the S-wave amplitudes

so that higher partial waves start to become import at much lower energies as compared

to what one knows from the NN interaction. Thus, without a realistic description of

higher partial waves, and particularly of the D-waves, it is not meaningful to confront the

amplitudes resulting from our NNLO interaction directly with N̄N data and, therefore, we

have refrained from doing so in the present work.
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[37] E. Epelbaum, W. Glöckle and U.-G. Meißner, Nuclear forces from chiral Lagrangians using

the method of unitary transformation. 1. Formalism, Nucl. Phys. A 637 (1998) 107

[nucl-th/9801064] [INSPIRE].

[38] G.Y. Chen, H.R. Dong and J.P. Ma, Near threshold enhancement of pp̄ system and pp̄ elastic

scattering, Phys. Lett. B 692 (2010) 136 [arXiv:1004.5174] [INSPIRE].

[39] G.Y. Chen and J.P. Ma, NN̄ scattering at NLO order in an effective theory,

Phys. Rev. D 83 (2011) 094029 [arXiv:1101.4071] [INSPIRE].

[40] D.B. Kaplan, M.J. Savage and M.B. Wise, Two nucleon systems from effective field theory,

Nucl. Phys. B 534 (1998) 329 [nucl-th/9802075] [INSPIRE].

[41] V.E. Tarasov, A.E. Kudryavtsev, A.I. Romanov and V.M. Weinberg, p̄p-annihilation

processes in the tree approximation of SU(3) chiral effective theory,

Phys. Atom. Nucl. 75 (2012) 1536 [arXiv:1202.4086] [INSPIRE].

[42] V. Bernard, N. Kaiser and U.-G. Meißner, Chiral dynamics in nucleons and nuclei,

Int. J. Mod. Phys. E 4 (1995) 193 [hep-ph/9501384] [INSPIRE].

[43] J.J. de Swart, M.C.M. Rentmeester and R.G.E. Timmermans, The status of the pion-nucleon

coupling constant, PiN Newslett. 13 (1997) 96 [nucl-th/9802084] [INSPIRE].

[44] D.V. Bugg, The pion nucleon coupling constant, Eur. Phys. J. C 33 (2004) 505 [INSPIRE].

[45] V. Baru et al., Precision calculation of threshold π−d scattering, πN scattering lengths and

the GMO sum rule, Nucl. Phys. A 872 (2011) 69 [arXiv:1107.5509] [INSPIRE].
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