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1. Introduction

The subject of this conference “from the pion to the upsilonters a wide range of hadron
physics. Thet® meson has a prominent position among all these particlesiag the lightest state
of them. Its primary decay mode is tho€ — yy which is connected with the famous Adler-Bell-
Jackiw triangle anomaly [1]. There are new ongoing expemtadeefforts which can potentially,
among other things, tell us some new or more accurate infismaboutr®. This potential can be
found for example in the following experiments: Dirac, KT&fimEx and NA48/2.

This is the main motivation for us to study the present diganey between the experiment
and theoretical predictions. We will focus on four most impot allowed decay modes af: yy,
ete"y, eteete, ee (with branching ratios [2]: ®879832), 0.0119832), 3.14(30) x 10>,
6.46(33) x 108, respectively). For this purpose one can use two-flavouatpéerturbation theory
(ChPT, for a review see [3]) which can simply incorporaterections to the current algebra result
attributed either tan, g masses or electromagnetic corrections with other effédtieh in the low
energy constants (LECs), denoted &4y at next-to-leading order (NLO). However, phenomeno-
logically richerSU(3) ChPT must be also employed in order to obtain numerical ptiedi This
is especially true for the studied anomalous processes tassicase the initial symmetry for the
two flavour case must be extended and the number of monomi8ld(R) increases [4].

Let us stress that we limit our focus in this article on “stamton-shell” decays. It is clear
that both on-shell and off-shell or semi-of-shell verticespeciallyr®y*y\*), play a crucial role
in many other experiments, from the famagis- 2 (cf. [5]) via virtual photons stemming from
e"e” (see e.g. the recent paper [6]) to astrophysics. Our firstigithe common formulation
of these interrelated processes in the given formalismeagitien order (either NLO or NNLO)
motivated by the precision of the present or near-futur@erpents. This can be also viewed in the
more ambitious perspective of the fundamental physicshearin the low-energy physics and it
thus represents a complement to existing efforts in thisction (as is for example the low energy
physics study at the high-intensity proton facility at RSI)

2. 1 —yy

As stated in the introduction the® — yy is a crucial decay mode af. It saturates its decay
width with almost 99% and plays an important role in the fartdecay modes (see the following
sections). The history afi® — yy is going back to Steinberger’s calculation [7] (this year @0th
anniversary!). This calculation and its connection wite famous Adler-Bell-Jackiw anomaly is
now part of almost every modern textbook on quantum field fhewot necessary focusing on
QCD (see e.g. [8], cf. also [9]). The prediction estimatemhfrthe chiral anomaly using current
algebra agrees surprisingly very well with experiment. Atfattempt to explain the small existing
deviation from the measurement was made by Y. Kitazawa [IB§ experimental situation then
was the same as it is now according to the accepted numbehg Ipatticle data group (PDG) [2].
At that time a new experimental prediction from CERN-NAO03Q][suggested a smaller value for
the partial width 725+ 0.23 eV (statistical and systematic errors combined in quackn Older
experiments (Tomsk, Desy and Cornell [12]), seemed not sph@recise (23+0.55, 117+1.2,
7.92+0.42 eV, respectively); they relied on the so-called Primakdfect [13] that is based on
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measuring the cross section for the photoproduction of tegomin the Coulomb field. The more
precise number from the direct measurement at CERN mativati€itazawa to explain the 8 9%
discrepancy by including QED correction and theén’ contribution. These corrections were not,
however, large enough to explain the discrepancy which webwed by the author to a possible
(1300 contribution. Furthermore, it was found out in this worktttiee contribution from multi-
pion states must be small. This was verified explicitly aldthiw ChPT with the remarkable
observation [14] that at one-loop order there are no chogadithms (either from pions or kaons).
The -n-n’ mixing and electromagnetic correction were reconsideeéatively recently in [15].

The spread in the data basis of the PDG, summarized in thopseparagraph, shows, how-
ever, that the quoted errors seem to be underestimatedi[ié]present situation fortunately looks
more optimistic as the world average accuracy of 8 % is pldinode improved to the level of one
or two percents in ongoing experiment PrimEx at JLab [16]isTas the main motivation for a
new study ofr® — yyin [17]. The correction to the chiral anomaly due to the fimitass of light
quarks was reconsidered using strict two-flavour ChPT at @NWe will summarize here this re-
markably simple result (note that it involves a two-loopccddition and that it represents formally
a full O(p®) result). Defining a reduced amplitude

A=, qpE e KK T, (2.1)
we have for the partial decay width
m
Fyy= Zazmio|T|2- (2.2)

Up to and including next-to-next-to-leading order conets

FrTnnLo = 4—; + %smﬁ(—%‘é‘” — 4+ c‘ﬁ') + 6_948(% —my) (53T W 4 2§
* 16|\72:F4 b [253(;714 * 323F2 (262" +4c" + 25"+ 4ct'" — )
FACBUMN )| et — 1168+ 6 — 12—l — 20"
- %24':4 <Wlnz|-n> i gA+ + MZB("FE_ M), Bz(mdF: " @23)

where the chiral logarithm is denoted by = log % andA., A_, A__ can be expressed as follows

in terms of renormalized chiral coupling constard¥’{ refer to combinations of couplings from
the NNLO Lagrangian, i.e. of ordg?® in the anomalous sector),

2wy g Ly L (9834
Ay = 7.[2[ 30 (1) =8¢ — 2(19)°+ oo ( — 5~ 3¢(3)+3V3Ch(11/3)
16
+ 5 F2[813(c" + 07" + la(—4g" — e+ )]
A = 10" () + F (604 420
A =d""(u) — 12827 () + W . (2.4)
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All effects that were carefully studied e.g. in [10] and [E8¢ now hidden in the LECs and
chiral logarithmd_; (with the exception of QED corrections that must be addedamgHo the latter
formula, see [17]). This inevitably leads us to the phenaortagical study of every piece in the
last formula. Intuitively, one expects that a three flavayout can give us some new information.
We know that there exist at least data prand )/, but on top of that, as discussed also in the
introduction, in the two-flavour case the number of releydhO LECs (c}"”) is bigger than the
number of three-flavougV's. The advantages 8U(3) can be included consistently via a modified
three-flavour counting, wherg, 4 count asO(p?) andms ~ O(p) (for details see [17]).

It is interesting to realize that the absence of chiral Idg€lz0 and their smallness at NNLO
signals a fast convergence of the ChPT series. Taking thal ¢bgs as an estimate of the size of
chiral corrections one can see the importancg,dh m° — yy decay. Thé=, on the other hand, is
determined from the weak decaymf based on the standavt- A interaction. The new proposed
variant of this interaction assumes contributions of righhded current which would lead to a
change ofF;[18]. Determination of this constant directly fron? lifetime can provide constraints
on such contributions. Our best estimate leads to ;b= 9222 MeV)

My =(8.09+0.11) eV. (2.5)

3. M —etey

The internal conversion of one of photonsriflyy into et e~, a so-called “Dalitz pair’ [19]
leads us to the second decay mode with a branching «alid 98+ 0.032%. Knowing relatively
precisely this branching ratio (with the same absoluterexsofor ther® — yy mode) means that
one could in principle use also the Dalitz decay to extrapdlae total decay width. This can serve
as an independent possibifithow to measure the life-time af°. What is however interesting in
connection withr® — et e~y is the differential decay width. Even the integrafede- is small and
thus the study of QED and chiral corrections seems not to bdatk Indeed, the QED correction
is a tiny number [20]

reil? a\2/8 M 19 M 137 2m m
4 2 Vino o _ A

if compared with LO [19]:

e, a/4 Mo 7 M2

y 0

~ (202 _ L1 oY) = 0.01185 3.2
Iy n(3 m 3" (M,ZT)) (32)

However, it turns out that the corrections to the differaindiecay are indeed important. The reason
is that there is a part of the phase space where, roughlkisgedhe correction to the differential
decay width is positive and a part where it is negative; arig sisitmming these parts together gives
us the small number in (3.1). Itis clear now, that in phy$jcadlevant applications, when we have
to cut some parts of the phase space, these corrections camé&émportant.

IHowever, having the same experimental precision asifor yy, this decay mode has the disadvantage that the
error of the life-time is larger approximately by a factorteb.
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A detailed study of the Dalitz decay can be found in [21]. teexled Mikaelian and Smith’s
calculation of the QED corrections [22] and by this it claifidoubts about the applicability of
Low’s theorem [23]. The work [21] thus provides a detailedlgsis of NLO radiative corrections
to the Dalitz decay amplitude. We have included there thestodll pion-photon transition form
factor which requires a treatment of non perturbative gtrimeraction effects. The one-photon
irreducible contributions, which had been neglected if,[2&re also calculated. The relevance
of these corrections was demonstrated for the slope pagamenf the pion-photon transition
form factor. Our prediction foa;; = 0.0294+ 0.005 is in good agreement with the determinations
obtained from the (model dependent) extrapolation of thel@Eand CLEO data.

The usually omitted contribution of the two-photon exchemngpresents approximately more
than 15 % in thea,; prediction. This indicates that a detailed analysis of Hthative corrections is
also inevitable in the following decay modes.

4. ¥ — eteete

Due to the Young-Landau theorem [24] we know that the piomoabe aJ = 1 state. To

verify experimentally whether it is a (pseudo)scalar itésyvdifficult to use directlyr® — yy as
it is not possible to measure the photon polarization (dubemarrow angle betweest ande™
emitted from the real photon). It was thus suggested in [@%ise the double-internal conversion,
the so-called double-Dalitz decay. The experiment wasopaed at Nevis Lab [26] in a bubble
chamber with the following result for the branching ratiodd@y’s PDG number):

rPos

—eeele _(318+0.30)x10°° (4.1)

Mtot

and it confirmed the negative parity of known from the previous indirect measurements via the
cross-section oft~ capture on deuterons. However, the significance of thisdireasurement
was only 3.60. Last year the long standing experimental gap was filled witlew measurement
in the KTeV-E799 experiment at Fermilab [27] giving a brainghratio (including the radiative
final states above a certain cut as tacitly assumed for ailZDabdes)

KTeV
—eeele _ (3464+0.19) x10°°, (4.2)
[ tot
which is in good agreement with the previous experimentdttitaon to the precisely verified parity
of m° (which represents its best direct determination) this Brpent sets the first limits on the
parity and CPT violation for this decay. More precisely, ingva n°y*y* vertexCy, oo FH’FP i°
we can study, using the following decomposition (for detaie [28])

Cuvpo = COS( Ejvpo + Sinzeié(gupgvo —Ouovp) s

the parameterg and é which represent parity mixing and CPT violation parameté&sr details
see [27]; for example their limit on the mixing assuming CRhgervation i < 1.9°.

A detailed analysis of the radiative corrections in [28]whd that they seem to be very im-
portant in extracting physically relevant quantities. sTtriotivates us to reopen this subject [29] in
the same manner as was done in [21]. The simply looking tasktathing another Dalitz pair on
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the virtual photon line is complicated (in the defined poweunting) by the necessity to include a
pentagonal diagram [28]. This strengthens the need of actadescription of the off-shefi®y* y*
vertex, which can be, on the other hand, directly studietiétext mode.

5 m° —ete

Last but not least let us briefly mention a decay mode whichrextly connected with the
fully off-shell Py*y* vertex and represents the best candidate for studying hateleunderstood
effects of QCD or (if one prefers) effects of eventual newgiby. This is supported by an existing
experiment at Fermilab (KTeV E799-11) [30]. Comparing wihevious measurements their result
has increased significantly the precision and made thus tst important contribution to present

PDG's average
[PDG

—€¢ — (6.4640.33) x 10°8.
tot

Apart from the imaginary part which can be calculated in a eh@addependent way (and set the
so-called unitary bound) the real part depends on the choselel (for a review see [31]). Itis
important that the precision of the KTeV experiment canaiedistinguish among given models
and can be also naturally used as a test for new physics (adomnase.g. in [32]).

Discussions of the appropriate descriptiom8§*y* would go beyond the scope of this paper.
However, setting the limits on this vertex by calculatingiadive corrections is of great importance.
A new calculation in this direction [33] shows that the raigi@corrections used in the extrapolation
are indeed under control. This calculation together withdbrrect description of the Dalitz decay
(which was used in normalization in order to improve syst#rexror) is under investigation [34].

6. Summary

The new experimental activities in the low energy physica ttoncern directly® decay
modes call for a more detailed theoretical study in this.ak&a have discussed the main points
that concern four most important allowed decay modes ofitjedst meson, namelyy, ete v,
ete ete” andete . These processes are connected partly already in expésinierorder to
minimize systematic uncertainties and also by the theosllas them rely on the®yy vertex. A
common treatment is thus useful and important in order terstdnd all phenomena. In our works
we have focused on chiral and QED corrections in order togseethe ground for the discussion
of the non-perturbative effects or eventual new physics.
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