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We calculate the width of the Roper resonance at next-to-leading order in a systematic expansion of
baryon chiral perturbation theory with pions, nucleons, and the delta and Roper resonances as dynamical
degrees of freedom. Three unknown low-energy constants contribute up to the given order. One of them
can be fixed by reproducing the empirical value for the width of the Roper decay into a pion and a
nucleon. Assuming that the remaining two couplings of the Roper interaction take values equal to those

of the nucleon, the result for the width of the Roper decaying into a nucleon and two pions is consistent

with the experimental value.
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1. Introduction

At low energies, chiral perturbation theory [1,2] provides a suc-
cessful description of the Goldstone boson sector of QCD. It turns
out that a systematic expansion of loop diagrams in terms of small
parameters in effective field theories (EFTs) with heavy degrees
of freedom is a rather complicated issue. The problem of power
counting in baryon chiral perturbation theory [3] may be solved
by using the heavy-baryon approach [4-6] or by choosing a suit-
able renormalization scheme [7-10]. The A resonance and (axial)
vector mesons can also be included in EFT (see e.g. Refs. [11-20]).
On the other hand, the inclusion of heavier baryons such as the
Roper resonance is more complicated.

Despite the fact that the Roper resonance was found a long
time ago in a partial wave analysis of pion-nucleon scattering data
[21], a satisfactory theory of this state is still missing. The Roper
is particularly interesting as it is the first nucleon resonance that
exhibits a decay mode into a nucleon and two pions, besides the
decay into a nucleon and a pion. Also, the Roper appears unexpect-
edly low in the spectrum, below the first negative parity nucleon
resonance, the S11(1535). It is therefore timely to address this
state in a chiral EFT. First steps in this direction have been made
in Refs. [22-26]. In particular, the pion mass dependence of the
pole mass and the width of the Roper resonance has been stud-
ied in Refs. [22,23] and the magnetic moment was investigated in
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Ref. [24]. The authors of Ref. [25] studied the impact of the ex-
plicit inclusion of the Roper resonance in chiral EFT on the Py
pion-nucleon scattering phase shift, and Ref. [26] presented new
ideas on the extension of the range of applicability of chiral EFT
beyond the low-energy region.

In this work we calculate the width of the Roper resonance in a
systematic expansion in the framework of baryon chiral perturba-
tion theory with pions, nucleons, the delta and Roper resonances
as explicit degrees of freedom.

The paper is organized as follows: in Section 2 we specify the
effective Lagrangian, in Section 3 the pole mass and the width
of the Roper resonance are defined and the perturbative calcula-
tion of the width is outlined in Section 4. In Section 5 we discuss
the renormalization and the power counting applied to the decay
amplitude of the Roper resonance, while Section 6 contains the
numerical results. We briefly summarize in Section 7.

2. Effective Lagrangian

We start by specifying the elements of the chiral effective La-
grangian which are relevant for the calculation of the width of the
Roper at next-to-leading order in the power counting specified be-
low. We consider pions, nucleons, the delta and Roper resonances
as dynamical degrees of freedom. The corresponding most general
effective Lagrangian can be written as

»Ceff: ['nn + CnN + EnA + ['JTR + [anA + [anR + L]TARv (1)

where the subscripts indicate the dynamical fields contributing to
a given term. From the purely mesonic sector we need the follow-
ing structures [2,27]
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where ( ) denotes the trace in flavor space, F is the pion decay
constant in the chiral limit and M is the leading term in the quark
mass expansion of the pion mass [2]. The pion fields are contained
in the unimodular unitary 2 x 2 matrix U, with u = +/U and

uy =i [uTaﬂu - uauuT] :

+

X (3)
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The terms of the Lagrangian with pions and baryons contribut-
ing to our calculation read:
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where Wy and Wy are isospin doublet fields with bare masses
myo and mgg, corresponding to the nucleon and the Roper reso-
nance, respectively. The vector-spinor isovector-isospinor Rarita-

Schwinger field W, represents the A resonance [28] with bare

3. . . . i i
mass map, £2 is the isospin-3/2 projector, w}, = %(T’u,ﬁ and

OrY(z) = gl 4+ zyHy®, where z is a so-called off-shell param-
eter. We fix the off-shell structure of the interactions involving the
delta by adopting g, = g3 =0 and z; =z =0. Note that these off-
shell parameters can be absorbed in LECs and are thus redundant
[29-31]. Leaving out the external sources, the covariant derivatives
are defined as follows:

DyuWn/r = (9 +Tp) Wnyr
(Dﬂw)u,i = aﬂlllvqi —2i ijkrﬂ’k\lle + TV,

1
Iy = 3 [uTaﬂu + uaﬂuT] =Tk (5)

Note that a mixing kinetic term of the form ii;Wgy,DH ¥y —
AWRWy + h.c. can be dropped, since, using field transformations
and diagonalizing the nucleon-Roper mass matrix, it can be re-
duced to the form of operators of the Lagrangian presented above
[22].

3. The pole mass and the width of the Roper resonance

The dressed propagator of the Roper resonance can be written
as

iSg(p) = (6)

i
p—mro— Zr(®)’
where —i Xg(p) is the self-energy, i.e. the sum of all one-particle-
irreducible diagrams contributing to the two-point function of the
Roper resonance. The pole of the dressed propagator Sy is ob-
tained by solving the equation

Sg' (@) =z —mpo — Zg(z) =0. (7)

We define the physical mass and the width of the Roper resonance
by relating them to the real and imaginary parts of the pole
IR

zZ=mpg —1i 5 (8)

The pertinent topologies of the one- and two-loop diagrams
contributing to the self-energy of the Roper resonance are shown
in Fig. 1. We use BPHZ renormalization by subtracting real parts
of loop diagrams in their chiral limit and replacing the parameters
of the Lagrangian by their renormalized values. Imaginary parts
of loop diagrams remain untouched. All counter terms responsible
for these subtractions are generated by the effective Lagrangian at
given order, however we do not show them explicitly.

We solve Eq. (7) perturbatively order by order in the loop ex-
pansion. We parameterize the pole as

Z=my+ h(SZ1 + hZ(SZz + O(h3), (9)

where my =m + 4cRM?, with m% the physical Roper mass in the
chiral limit, and substitute in Eq. (7) in which we write the self-
energy as an expansion in the number of loops

Tr=h%1 +h%S, + OHR3). (10)

By expanding in powers of i, we get

hézy 4 h28z; — hE1(my) — 2821 5} (my)
—h23(my) + O3 =0. (11)
Solving Eq. (11) we obtain

8z1 = Z1(my),
823 = £1(my) 1 (my) + p(my). (12)

Equations (8), (9) and (12) lead to the following expression for the
width

I'gr = h 2ilm[21(m2)]

+h?2i {Im[21(m2)]Re [Z1(m2)]

+Re[Z1(m2)]Im [} (mz)]}

+ 1% 2ilm[Z2(my)] + OR>). (13)

Using the power counting specified in section 5, it turns out that
the contribution of the second term in Eq. (13) is of an order
higher than the accuracy of our calculation, which is §° (where
§ is a small expansion parameter). In particular, Im[31(mz2)] is of
order §3, Re[X}(my)] is of order 8%, Re[%;(my)] is of order 8°
and Im [ (my)] is of order §2. Also, modulo higher order correc-
tions, we can replace my by the physical mass mg. To calculate
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