PROCEEDINGS

OF SCIENCE

Isospin breaking in pion—deuteron scattering and
the pion—nucleon scattering lengths

Martin Hoferichter * 2° Vadim Baru, ¢ Christoph Hanhart, € Bastian Kubis, 2
Andreas Nogga, ©and Daniel R. Phillips f

a8 Helmholtz-Institut fur Strahlen- und Kernphysik (Theprigethe Center for Theoretical
Physics, Universitat Bonn, D-53115 Bonn, Germany

b Albert Einstein Center for Fundamental Physics, InstifateTheoretical Physics, Universitat
Bern, CH-3012 Bern, Switzerland

¢ Institut fur Theoretische Physik I, Ruhr-Universitat Boon, D-44780 Bochum, Germany

d|TEP, 117218, B. Cheremushkinskaya 25, Moscow, Russia

€ Forschungszentrum Jilich, Institut fir Kernphysik, Jaligenter for Hadron Physics and
Institute for Advanced Simulation, D-52425 Jilich, German

f Institute of Nuclear and Particle Physics and Departmerflysics and Astronomy, Ohio
University, Athens, OH 45701, USA
E-mail: hof eri chter @t p. uni be. ch

In recent years, high-accuracy data for pionic hydrogen @ewaterium have become the pri-
mary source of information on the pion—nucleon scatteramgths. Matching the experimen-
tal precision requires, in particular, the study of isospiaaking corrections both in pion—
nucleon and pion—deuteron scattering. We review the mésimanthat lead to the cancella-
tion of potentially enhanced virtual-photon correctionsthe pion—deuteron system, and dis-
cuss the subtleties regarding the definition of the pionlemrcscattering lengths in the pres-
ence of electromagnetic interactions by comparing to rmrelaucleon scattering. Based on the
T p channels we find for the virtual-photon-subtracted sdatielengths in the isospin basis
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1. Introduction

Leading-order chiral perturbation theory (ChPT) predibtslow-energy theorem [1]

- Mn 331
— ~ 80-10°M 1.1
& T BA(Lt Mn/my)F2 m (1.1)

for the isovector pion—nucleor) scattering lengtta~. While this prediction fora™ is very
stable against higher-order corrections, which only eater(M3) [2], the chiral expansion for its
isoscalar counterpaat” vanishes at leading order and involves large cancellatiomsngst the sub-
leading terms. Moreover, given precise input &or, the Goldberger—Miyazawa—Oehme (GMO)
sum rule [3] relates thaN coupling constant to an integral oveN cross sections. Therefore, new,
independent information on both the isovector and isossaktering lengths becomes particularly
interesting.

Such an approach is offered by hadronic atoms, more prgdiggh-precision measurements
of the spectra of pionic hydrogemifl) and deuterium D) [4, 5]. These systems, composed
of a m~ and a proton/deuteron, are bound by electromagnetism, ttmrtgsinteractions induce
distortions of the pure QED spectrum. Accordingly, the leskeft of the ground state is related to
elasticrt p andrr d scattering, e.g. for the level shifts in TH (with reduced masgy)

€15 = —20° U ey p(1+20(1—loga)nan p+--+), (1.2)

while the width of theriH ground state gives access to the charge-exchange reactipn—
m°n [6]. This leads to the following system far

arp :é++a_+A5-rrp7 A pymon = _\/éa_ ""Aarrpﬁn‘)na
1+Mp/mp ~ (3)
Rea, y=2— L (d"+NAd")+a 1.3
m-d 1+Mn/md( + )"' md? ( )
where
1 A4M2 —M2,)

at=at+ T ¢, — 26Pf 1.4
4m(1+ Mn/mp){ Fz ! (1.4)

includes isospin violation at leading order in ChPT K-, Aay -, 70n, andAa" denote fur-

ther isospin-breaking corrections [8, 9], aaﬁ)d incorporates three-body contributions .
The theoretical tool to evaluate these corrections is khkifactive field theory [10—-17]. From
the uncertainty estimate for the isospin-conserving tagy contributions of 110-3M* [16],
compared to Ra,; 4 ~ —25-10-3M1, it follows that only effects significantly below that thres
old may be ignored. In particular, at the level of accuraayuneed for the interpretation of the
hadronic-atom data it becomes mandatory to investigateotheof isospin violation ira(r‘?d [16].

2. Isospin breaking in threshold 71~ d scattering

Isospin breaking is generated both by the difference betvike light quark masses and
virtual-photon effects, see Fig. 1 for representativesasheclass. Mass-difference insertions are
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Figure 1: Mass-difference and virtual-photon effectszind scattering. Solid, dashed, and wiggly lines
denote nucleons, pions, and photons, while the cross aruldhe refer to a mass-difference insertion and
the deuteron wave function, respectively.

numerically relevant only for the leading, double-scatigrdiagram (first diagram in Fig. 1), to
which they contribute in the combination

p=2Maby—Lr,  Dy=mMh—my,  Ag=Mi—MZ, (2.1)

Since the leading-order pion mass difference is causetydnjeslectromagnetic effects, this im-
plies that the quark mass difference only enters at subligaatiders, and indeeli; is responsible
for the bulk of the total 2% correction. In addition, isospiolation at the vertices, which may
again be related to isospin breaking in e scattering lengths, generates another 1% effect.

The calculation of virtual-photon contributionsel%ji)d proves particularly challenging due to
the presence of various momentum scales: a M (“hadronic-atom regime”)p ~ M, (“chiral
regime”), p ~ /My (deuteron wave function), anpl~ /Mg (three-body dynamics), with the
deuteron binding energy. While the hadronic-atom regime is already included in thlewation
that leads to (1.2), the remaining scales might lead to aare#ment- \/M/¢ of virtual-photon
effects. For isovectonN interactions the pertinent integral takes the form

(Wi(p—q)—W(p))W(p)
q2(q2 + 2Mn(e + p2/mp))

with the deuteron wave functiof(p). Indeed, the individual terms correspondingtt(p —q) and
WT(p) scale withy/My/&, but such contributions cancel in their difference [16].eTdtcurrence
of this cancellation can be traced back directly to the Raiuriiciple, which forces the intermediate
NN pair to be in @P-wave and thus leads to the relative sign in (2.2).

In the isoscalar case intermediate-st&t@ave NN interactions are now permitted, in partic-
ular the deuteron pole that is already included in (1.2) ad¢ede separated. Expressed in terms
of overlap integrals between the deuteron and continuumeiianctionsW(q) and W3(q), the
contribution to therr d scattering length then becomes

d3k 1{ IF(k dp Gi(k (k)+GS(—k))}

ar Da /d3pd3q 2.2)

+ =
arolla /(27‘[)3 k2 k2/2Mn—|r7 2 2n6£+p2/mp+k2/2Mn in
)= [Fawl@wa-—k/2. Gk = [ da¥ @Wi(a—k/2). 23)

which, by virtue of the normalization ¢P(q) and the orthogonality of bound-state and continuum
wave functions for vanishing momentum transfer

IF(k)?P—1=0(k?), Gy(k) = O(k), (2.4)
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isospin limit channel scattering length channel scattelemgth

at+a Tp—1Tp 86.1+1.8 mn— mn 852+1.8

at—a- mrp—mtp -881+18 T NnN—7mn —-89.0+1.8

—2a" mp—mn —1214+16 mwn—mp —1195+16
at mp — m°p 21+31 mn — m°n 55+3.1

Table 1: riN scattering lengths for the physical channels in units of°M); %, Table taken from [16].

proves the cancellation of the leading infrared enhancedribations also for isoscalauN inter-
actions. Explicit calculation shows that the infrared exdeanent of momenta ,/My€ is too weak
to become numerically relevant, so that in the end the ontymegligible correction due to virtual
photons is generated by residual isovector terms domirmtedomenta~ M;; [16]

afM = (0.95+0.01)- 10 3M L. (2.5)

These findings vindicate a posteriori the application ofisatipower counting and imply that the
main impact of isospin violation for the extraction of th#\ scattering lengths is due to next-
to-leading order isospin-breaking corrections, in patéc the large shifdd™ = (—3.3+0.3) -
10-3M;%, in the TN amplitude [18].

The final results for the combined analysigtt andnD for the iiN scattering lengths are [16]

a"=(76+31)-103M.1, & =(1.9+08)-103M;!, a =(861+0.9)-10 M1,

(2.6)
which, in combination with the isospin-breaking correntidrom [8], lead to the results for the
physical channels given in Table 1.

3. Modified effective range expansion and subtraction of viual-photon effects

To illustrate the issues regarding the definition of a sdatjdength for charged particles in the
presence of electromagnetic interactions we first conglisieexample of proton—proton scattering.
First, the pure Coulomb phase shift is removed from the total phase shift, so that the remainder

35, related to the strong amplitudgp(k) by
k(cotdg, —i) :—%’T%, k= k|, (3.1)
obeys the modified effective range expansion [19]
k[c,z,(cotfsgp—i) +2r;H(n)] = —a%m)+%rok2+ﬁ(k4), (3.2)
Gl = R = wlin)+ 5 —loglin). w00~ 2

The removal of the residual Coulomb interactions to defineralp strong scattering lengti, is
a scale-dependent procedure [20, 21]

1 1

Qp  dpp

py/m 3
logmY— +1- 2 3.3
09— T1-5¥k| (3.3)
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since the Coulomb-nuclear interference depends on the-gistance part of the nuclear force.
Stated differently, for a consistent subtraction of vittpaotons the electromagnetic coupling
should be switched off also in the running of operators, Whaguires the knowledge of the un-
derlying theory [22, 23]. Fopp scattering such residual Coulomb effects induce a hugerdiite
betweergy, anda, [24, 25]

a5, = (—7.8063+0.0026)fm,  app=(—17.3:0.4)fm. (3.4)
The standard ChPT convention for titsl scattering lengths [6]
. TIa [y &, k
e 20T, = # — 20 (3 )’ log o taret ok, a?), (3.5
H

with the Coulomb polé] 1/k and the termi] logk/puy first generated at one- and two-loop level,
can be matched to the modified effective range expansiohl§8.8xpanding first irr, then ink

. 110t iy 8 k
e_z'UCTrrp I TP — 20y (a(r:rp)2<VE +log m) +a,Crp+ﬁ(k,0!2), (3.6)
and thus
_ & 4 2ap (£ (loga — ) + O(a? 3.7
an p=an o+ 20pn (a7 ,)%(loga — ye) + O (a%). (3.7)

The correction term, involving the same logalready present in (1.2), numerically evaluates to
—0.5-10-3M1, which is still appreciably smaller than the uncertaintgjn, itself (see Table 1).

The niN scattering lengths are of particular interest to help deitee subtraction constants
that appear in the GMO sum rule or, more generally, a disgei@nalysis ofiN scattering, see
e.g.[16, 26]. In these applications, the derivation of tispelrsion relations relies on the analyticity
properties of the strong amplitude, so that the scatteengths should be purified from any virtual-
photons effects. Strictly speaking, the discussion ofithease shows that this cannot be achieved
completely model-independently unless the underlyingpés known. In ChPT these subtleties
appear in the regularization of UV divergent virtual-phothagrams, where the separation between
mass-difference and virtual-photon contributions to the-energy constants requires the choice
of a scale. However, taking as an example the combinatiop — a,+, needed for the GMO sum
rule, we find for the virtual-photon corrections

a’,’rp — aﬁﬁp —(21+£1.8)-103M,2, (3.8)
so that the scale dependence of the virtual-photon-subttacattering lengths
al —al. = (1713+24).10°M;} (3.9)

should be entirely negligible. These effects are so mucHlenthan in pp scattering sincemN
scattering is perturbative, whereas the fine tuning in th@emm—nucleon potential enhances any
residual virtual-photon contributions.

Using (3.9) as input for the GMO sum rule we find for thil coupling constang? /41 =
137+ 0.2 [16]. Finally, we give the virtual-photon-subtracted tsedng lengths in the isospin
basis as derived from elastic" p scattering

1/2- 1y Yoy _ —3p1—1 3/2- Y _ —3p1—1
ay _§(3arrp—an+p) =(1705+2.0)-10°M, ", a, _awp_(—86.5i1.8)'10 M,
(3.10)
which are needed as input for a dispersive analysigNboEcattering [26].
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