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1. Introduction

With the advent of chiral perturbation theory (ChPT), theHenergy effective field theory
(EFT) of QCD, high accuracy calculations for hadronic reans with a controlled error estimation
have become possible [1,2]. The framework has been suoallgsgbplied to study, in particular,
it [3] and 1N [4] scattering observables as well as nuclear forces [5]this contribution we
discuss an application of ChPT to the reactions involvirngiroduction on two-nucleon systems.
This type of reactions allows one to test predictions of CirPthe process with the large momen-
tum transfer typical for the production process. As was ficstocated in Refs. [6, 7], the initial
nucleon momentum in the threshold kinematics sets the nenall'sscale in the problem, namely,
p~ /mMyM; >~ 360MeV (x ~ p/mN =~ /My/mMy), whereM (my) is the pion (nucleon) mass.
The proper way to include this scale in the power counting prasented in Ref. [8] and imple-
mented in Ref. [9], see Ref. [10] for a review article. As assouence, the hierarchy of diagrams
changes in the modified power counting scheme of Ref. [8],smnge loops start to contribute al-
ready at NLO fors-wave pion production. On the other haqewave pion production is governed
by the tree-level diagrams up to NNLO. In what follows we dissthe status of the theory for pion
production in the isospin conserving and isospin violatinge. It was first argued in Ref. [11] that
charge symmetry breaking (CSB) effects recently obserxpdranentally inpn — dm® [12] pro-
vide an access to the neutron-proton mass difference whitlieifundamental quantity of QCD.
To take this challenge, however, one needs to have the isospiserving case fully under control.
In sec.2 we briefly discuss the theoretical status for s-vpgwme production. Sec. 3 is devoted to
a more detailed discussion of the recent results for p-wawme production. In sec. 4 we briefly
highlight the recent developments in the study of chargensgtry breaking effects ipn — drP.
We finalize with the summary of the latest results.

2. sswave pion production and the concept of reducibility
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Figure 1. Complete set of nucleonic diagrams up to NLO. Note that suadlédops at NLO vanishes.

A method how to calculate processes on few nucleon systethsewiernal probes was pro-
posed by Weinberg [13]:

1. the perturbative transition (production) operatorseh@vbe calculated systematically using
ChPT. They should consist of irreducible graphs only.

2. the transition operators have to be convoluted with the perturbativeN N wave functions.



Pion reactions with few-nucleon systems Vadim Baru

Figure 2: Comparison of our results to experimen-
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Therefore it is necessary to disentangle those diagramaripart of the wave function from those
that are part of the transition operator. In complete anatodN N scattering, the former are called
reducible and the latter irreducible. The distinction stsdrm whether the diagram shows a two-
nucleon cut or not. Thus, in accordance to this rule, theloap-diagrams shown in Fig. 1(b)—(d)
are irreducible, whereas diagrams (a) seem to be reduciiiies logic was used in Ref. [9] to
single out the irreducible loops contributing at NLO. Thedfirgs of Ref. [9] were:

e For the channepp — ppr® the sum of diagrams (b)—(d) of Fig. 1 vanished due to a cancel-
lation between individual diagrams

e For the channepp — drmrt the same sum gave a finite answer

galdl
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where f; denotes the pion decay constant gids the axial-vector coupling of the nucleon.

The latter amplitude grows linearly with increasing fihel—relative momentunig|, which leads

to a large sensitivity to the fin&l N wave function, once the convolution of those with the traoisi
operators is evaluated. However, the problem is that suehsitwity is not allowed in a consistent
field theory as was stated in Ref. [15]. The solution of thishhgm was presented in Ref. [14]
(see also Ref. [16]). It was pointed out in Ref. [14] that tieegdams that look formally reducible
can acquire irreducible contributions in the presence efdhergy-dependent vertices (or time-
dependent Lagrangian densities). Specifically, the endeggndent part of the leading Weinberg-
Tomozawa (WT)rN — 7N vertex cancels one of the intermediate nucleon propagé&essthe
one with the red square in Fig. 1), resulting in an additiarr@ducible contribution at NLO. It
turned out that this additional irreducible contributicongpensates the linear growth of diagrams
(b)—(d) thus solving the problem. Thus, up to NLO, only thagidams appearing at LO (see Fig.
1), contribute topp — drr™, with the rule that thetN — 1N vertex is put on—shell. The latter
stems from the observation that in addition to the leadingtéfin (~ 3M;/2) the nucleon recoil
correction to the WTniN vertex (~ M;/2) also contributes at LO. As a result the dominaiu-
rescattering amplitude is enhanced by a factor & ds compared to the traditionally used value
(~ 3My/2), which leads to a good description of the experimenta é@tpp — drr* (see Fig. 2).

IThe connection of the amplitudto the observables is given, e.g., in Ref [14]
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Figure 3: Diagrams that contribute to tippwave amplitudes N — NNrrup to NNLO.

0 : i r I T I T = T T 1 =
N n=0.14 i// ] OR R
ol S . ///;/ 1 0.1 ]
% | NS i 9?/ -0.2 . Korkmaz ]
E > o A Mathie ]
0.2 = 4 < -0.3+ . Heimberg ;

|-~ d=3 - I ]
T4 -0.4 4
-0.3 | L . L -

0 45 90 135 18C 05 0.1 0.4
0 | |

N n

Figure 4: Results for the analyzing power gt=0.14 (left panel) and the analyzing power at 90 degrees
(right panel) for the reactiopp — drr* for different values of the LE@ (in units 1/( f2My)) of the(l\_lN)Zn
contact operator. Shown agle= 3 (red solid line)d = 0 (black dashed line), ardi= —3 (blue dot-dashed
line). The data are from Refs. [33-37].

Note, however, that the relatively large theoretical utaiety of about ®,;/my ~ 30% for the
cross section requires a carefull study of higher ordercesfe

3. p-wave pion production

Diagrams that contribute to p-wave pion production up to KINa the modified power count-
ing are shown in Fig.3. In particular, at NNLO there are sabieg rescattering and direct pion
production operators as well as téN)27T contact term. Notice that it is the same contact term
that also contributes to the three-nucleon force [8, 23theoprocessegd — 1NN [24, 25] and
md — YNN[26, 27] as well as to weak reactions such as, e.g., tritiuta thecay and proton-proton
(pp) fusion [28, 29]. Therefore it provides an important coniwtbetween different low-energy
reactions. Itis getting even more intriguing once one realihat this operator appears in the above
reactions in very different kinematics, ranging from veswlenergies for both incoming and out-
goingNN pairs inpd scattering and the weak reactions up to relatively higleaingnergies for the
NN induced pion production. As a part of this connection in R&d] it was shown that both the
3H and®He binding energies and the tritghdecay can be described with the same contact term.
However, an apparent discrepancy between the strengtle abtiitact term needed pp — pnrr™
and inpp— detve was reported in Ref. [31]. If the latter observation were tiitiwould question
the applicability of chiral EFT to the reactiodsN — NNr7t. To better understand the discrepancy
reported in Ref. [31], in the recent paper [32] we simultarshp analyzed different pion produc-
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Figure5: Results for?0/dQ-dM3, (left panel) andA, (right panel) forpn — pp(*Sy) 7. Shown are the
results ford = 3 (red solid line)d = 0 (black dashed line) armil= —3 (blue dot-dashed line). The data are

from TRIUMF [38, 39] (black squares) and from PSI [40] (bluekes) .

tion channels. In particular, we calculated threvave amplitudes for the reactioqs — ppr—,
pp— pnrtt, andpp — drr". Note that even in these channels the contact term occurginelg
different dynamical regimes. For the first chanpelave pion is produced along with the slowly
moving protons in théS, final state whereas for the other two channels’epp state is to be
evaluated at the relatively large initial momentum. In fpice; we varied the value of the low-
energy constant (LEQ), which represents the strength of the contact operatouan a way to get
the best simultaneous qualitative description of all cledgsinfNN — NNr7t. It should be stressed,
however, that the value af depends on th&lN interaction employed and on the method used to
regularize the overlap integrals. It therefore does notenmalich sense to compare valuesdas
found in different calculations. Instead one should corapasults on the level of observables and
this is what we do below (see also Ref. [32]). In Fig.4 we comapaur results for various values
of d with the experimental data for the analyzing power for thecten pp — drr™. We find that
the data prefer a positive value dfof about 3. A similar pattern can be observed in the reaction
pn— pprr as illustrated in Fig. 5. Again the data show a clear prefaef the positive value
for LEC d — our fit resulted ird = 3 for the best value. This channel, however, has been mehsure
at TRIUMF at relatively large excess energy £ 0.66) where the conclusion may be spoiled due
to the onset of pion d-waves. Fortunately, a new measurefoettie same observables at lower
energies is currently ongoing at COSY [41] which will soolpwal a quantitative extraction of the
value of the LECd. We now turn to the reactiopp — pnrr™ — this channel was used in the anal-
ysis of Ref. [31]. The reactiopp — pnrt™ should have, in principle, the same information on
the LECd as contained in the deuteron channel. However, it is mucle mifficult to extract the
pertinent information unambiguously from this reaction.phrticular, the final NN-system might
be not only inS but also inP-wave both for isospin-zero and for isospin-one NN statesthA
energies considered in the experimental investigatips0.22, 0.42, and 0.5, thep amplitudes
may contribute significantly [43—45]. In the current stutgge states are disregarded. The results
of our calculation for the magnitud®, are giver in the left panel of Fig. 6 . One finds again

2The coefficientsA; are related to the unpolarized differential cross sectiangg = Ao+ AP (X) , with Px(X)
being the second Legendre polynomial
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that the positive LEQ ~ 3 seems to be preferred. Thus we conclude that all reactiannels of
NN — NNt can be described simultaneously with the same value of tli@ d.EComing back to
the problem raised in Ref. [31] it should be pointed out thatresults of this work were not com-
pared directly to the observablespp — pnrr™. Instead, they were compared to the results of the
partial wave analysis (PWA) performed in Ref. [42], as destiated in the right panel of Fig. 6.
It is based on this discrepancy between data and theory itterasluded in Ref. [31] about the
failure of simultaneous description of the weak processelNIN — NN7t. However, the partial
wave analysis of Ref. [42] seems to be not correct. Here vex thé interested reader to Ref. [32]
where the drawbacks of this PWA are discussed in detail. lstibte the problems of the PWA
in the right panel of Fig. 6 we also show the results of ourdalion for the relevant partial wave
ap Which corresponds to the transitidf — 3S; p where the contact term acts. Clearly, although
all data presented in Ref. [42] are in a good agreement witlcalgulation (see left panel in Fig. 6
and also Ref. [32] for more details), the partial wave amgktag is not at all described. Thus, we
think that the problem with the simultaneous descriptioppf— de"ve and pp — pnrir', raised

in Ref. [31], is due to the drawbacks of the partial wave asialgf Ref. [42].

4. CSB effectsin pn— dr®

Recently, experimental evidence for CSB was found in reastinvolving the production of
neutral pions. At IUCF non-zero values for tbe — a7 cross section were established [46].
At TRIUMF a forward-backward asymmetry of the different@bss section fopn — dr® was
reported which amounts th¢, = [17.2+ 8(stat) £5.5(sys)] x 1074 [12]. In a charge symmetric
world the initial pn pair would consist of identical nucleons in a pure isospie state. Thus the
apparent forward—backward asymmetry is due to charge symimeaking.

The neutron—proton mass difference is due to strong andreheagnetic interactions [47],
i.e. dmy = m,—m, = oy’ + dn™ It was stressed and exploited in Ref. [11] that the strength
of the rescattering CSB operator at LOpn — d7° (see Fig. 4(a)) is proportional to a different
combination ofény" and SmE™ ( see also [48, 49] for related works). Thus the analysis d CS
effects in pn — dr® should allow to determine these important quantities idially. It was,
however, quite surprising to find that, using the valuesdg" and dnf™ from Ref. [47], the
leading order calculation of the forward-backward asynmydtl] over-predicted the experimental
value by about a factor of 3— a consistent description woaltfor an agreement with data within
the theoretical uncertainty of 15% for this kind of calcidat The evaluation of certain higher
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order corrections performed in Ref. [11] and in a recentys{@@] did not change the situation
sufficiently — the significant overestimation of the datagimed. In the recent work [51] we have
shown that there is one more rescattering operator thatilootgs at LO (see diagram (b) in Fig. 4).
In full analogy to isospin conserving s-wave pion produttite idea was based on the fact that the
energy-dependent WHN vertex acquires an additional contribution proportiomadiny as soon
as we distinguish between the proton and the neutron. Weateal this new LO operator and
recalculated the forward-backward assymetry at LO. It khba pointed out at this stage thagy
at LO is proportional to the interference of the s-wave pi@BGmplitude at LO and the p-wave
pion isospin conserving amplitude. The latter is calcdatpe to NNLO, as discussed in Sec.3, and
exhibits very good description of data, which is a necesperyrequisite for studying CSB effects.
The complete LO calculation gives [51]

s oY

LO —
=(1154+35) x 10
Ap = ( ) X MoV

(4.1)

which agrees nicely with the experimental data if one usesétiue ofdny" from Ref. [47]. We
may also use (Eg. 4.1) to extraBtR" from the above expression using the data, which yields

oMy = (1.5+0.8 (exp) £0.5 (th.)) MeV. (4.2)

This result reveals a very good agreement with the one basedeoCottingham sum rule [47],
dmy"=2.0+0.3 MeV, and with a recent determination of the same quantitygattice QCD [52],
oM’ = 2.26+0.57+0.42+0.10 MeV.

5. Summary

We surveyed the recent developments Nid — NN7t. We showed, in particular, (see Ref.
[14,16]) that the s-wave pion production amplitudes caitad up to NLO fopp— drr™ provide a
good qualitative understanding of the pion dynamics. H@arethe relatively large theoretical un-
certainty of about Rl,;/my ~ 30% for the cross section requires a computation of loop\at@I
The latter are also absolutely necessarygpr— ppr°, see Ref. [53] for the first results in this
direction. Recently, we have studigewave pion production up to NNLO [32]. In particular, we
showed that it is possible to describe simultaneouslyptgave amplitudes in then — pprr,
pp — pnrtt, pp — dmrt channels by adjusting a single low-energy constant accoyipg the
short—range(I\TN)znoperator available at NNLO. We also demonstrated that tblel@m with the
simultaneous description of the weak proton-proton fugiostess angp — pnrt, reported in
Ref. [31], is most probably due to the drawbacks of the pantaave analysis of Ref. [42] used in
Ref. [31]. Based on good understanding of the pion prodnati@chanisms in the isospin con-
serving case we studied charge symmetry breaking effeqts in dr°. We performed a complete
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calculation of CSB effects at LO and extracted the strongdrimirtion to the neutron-proton mass
difference from this analysis. The value obtainéd®!" = (1.5+0.8 (exp) £ 0.5 (th.)) MeV, is
consistent with the result based on the Cottingham sum naength the recent lattice calculations.
At present the uncertainty in this results is dominated leyetkperimental error bars — an improve-
ment on this side would be very important. On the other hawdjulation of higher order effects
is also called for to confirm the theoretical uncertaintyneate.
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