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Precision Measurement of the Neutral Pion Lifetime
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The explicit breaking of the axial symmetry by quantum fluctuations gives rise to the so-called
axial anomaly. This phenomenon is solely responsible for the decay of the neutral pion #° into
two photons, leading to its unusually short lifetime. We measured the decay width I' of the 7%—
~v process with unprecedented precision. The differential cross sections for 7° photoproduction
at forward angles were measured on two targets: '2C and 28Si, yielding I'(n°—=~vy) = 7.798 +
0.056 (stat.) £0.109 (syst.) eV. Combining the results of this and an earlier experiment led to a
weighted average of T'(7%— ) = 7.802 #+ 0.052 (stat.) £0.105 (syst.) eV. Our final result has a
total uncertainty of 1.50% and confirms the prediction based on the chiral anomaly in quantum

chromodynamics.

PACS numbers: 11.80.La, 13.60.Le, 25.20.Lj

The basic symmetries of the classical world are at the 4
origin of the most fundamental conservation laws. Clas- s
sical symmetries are generally respected in the quan- s:
tum realm, but it was realized several decades ago that s
there are exceptions to this rule in the form of so-called ss
“anomalies”. The most famous one is arguably the s
axial anomaly, which enables a process of decay of ass
light hadron called the neutral 7 meson into two pho- s
tons, denoted as m’— 7. 7 mesons were first proposed s
by Yukawa [1] as the intermediaries of nuclear inter- ss
actions; they result from a profound phenomenon cen- so
tral to strong interaction physics described by Quantum e

*spokesperson, corresponding author, gasparan@jlab.org
fspokesperson

Chromodynamics (QCD), the theory of quarks and glu-
ons. These three pions (7, 7~ and 7") consist of light
quark-antiquark pairs coupled together by exchange of
gluons. The axial anomaly is represented by truly unique
graphs in perturbative quantum field theory that do not
require renormalization, thereby enabling a purely ana-
lytical prediction from QCD — the 70 lifetime. Generally,
QCD can analytically predict only relative features and
needs either experimental data, models or numerical in-
puts on the lattice, to anchor these relative predictions.
Thus, experimental verification of this phenomenon with
highest accuracy is a unique test of quantum field theory
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and of symmetry breaking by pure quantum effects [2]. 1

The fact that the three light quarks, u, d and s, havei
much smaller masses than the energy scale of QCD givesios
rise to an approximate chiral flavor symmetry consistingio
of chiral left-right and axial symmetries. The chiral sym-ios
metry is spontaneously broken by the non-perturbativeios
dynamics of QCD which leads to the condensation ofior
quark pairs, the (gg) condensate. This phenomenon isuos
responsible for the observed octet of light pseudoscalario
mesons in nature, with 7% being one of them. The ax-io
ial symmetry is explicitly broken by the quantum phe-i
nomenon known as the axial (or chiral) anomaly [3], orig-i:2
inating from the quantum fluctuations of the quark andus
gluon fields. The chiral anomaly drives the decay of theis
70 into two photons with the predicted decay width [4]: us
116

=7.750 £0.016 €V, 17

118

3 2a72
mo NS

INC =T c
(™" =) = Fer 2,

where « is the fine-structure constant, m,o is the 79"
mass, N, = 3 is the number of colors in QCD, and Fo is™
the pion decay constant; Fro = 92.277 & 0.095 MeV ex-"
tracted from the charged pion weak decay [5]; note thatiz
there are no free parameters. 123

The study of corrections to the chiral anomaly pre-i
diction has been mainly done with Chiral Perturbationiss
Theory (ChPT), with the three light flavors. The dom-izs
inant corrections are the result of meson state mixingir
caused by the differences between the quark masses. Theis
79 mixes with the 1 and 7 meson owing to the isospinizs
symmetry breaking, which is in turn a consequence ofiz
m, < mg; the correction is calculable in a global anal-is
ysis of the three neutral mesons [6]. In ref. [6] thei
I'(7%— v7) width was calculated in a combined frame-iss
work of ChPT and 1/N¢ expansion up to O(p%) andiss
O(p* x 1/N¢) in the decay amplitude (GBH, NLO).is
Their result, T'(7°—y7) =8.1040.08 eV with ~1% esti-1s
mated uncertainty is about 4.5% higher than the predic-is
tion of chiral anomaly. Another Next-to-Leading-Orderis
(NLO) calculation in ChPT was performed in [7], re-s
sulting in 8.06 £0.06eV (AM, NLO). The only Next-to-10
Next-to-Leading-Order (NNLO) calculation for the de-in
cay width was performed in [8] yielding a similar result,ie
8.09+£0.11eV. The calculations of the corrections to theis
chiral anomaly in the framework of QCD using dispersionis
relations and sum rules in ref. [9] resulted in the value ofus
7.93+0.12€V, which is about 2% lower than the ChPTuus
predictions. The fact that these calculations performedis
by different methods differ from the chiral anomaly pre-is
diction by a few percent, with an accuracy of approxi-is
mately one percent, makes the precision measurement ofiso
the 79— v width a definitive low-energy test of QCD. 15

In past decades, there have been extensive ef-1s
forts to measure the 7% radiative decay width usingiss
three experimental methods: the Primakoff, the di-is
rect, and the collider methods. The current Par-is
ticle Data Group (PDG) value of 79—~y decayuss
width is 7.63+0.16eV [5]. It is the average of fiveis

0

measurements: two Primakoff type, Cornell Univer-
sity (Cornell, (Prim.)) [10] with 7.924+0.42eV, and
Jefferson Laboratory (JLab, PrimEx-I (Prim.)) [11]
with 7.8240.14 (stat.) £0.17 (syst.) eV; a direct mea-
surement, European Center for Nuclear Research (CERN
(Dir.)) [12] with 7.25 +0.18 (stat.) £ 0.14 (syst.) eV; a col-
lider measurement by Crystal Ball (CBAL (Col.)) at
Deutsches Electronen-SYnchrotron (DESY) [13] with
7.7+0.72eV; a measurement from radiative Plon BETA
decay (PIBETA) [14] with 7.744+1.02eV. The result
from the PrimEx-I experiment [11] improved the un-
certainty on the decay width quoted in the previous
PDG [15] value by a factor of two-and-a-half and con-
firmed the validity of the chiral anomaly at the few
percent level. However, there is a 6% discrepancy be-
tween the two most precise experiments included in the
PDG average, the CERN direct [12] and PrimEx-I Pri-
makoff [11]. Furthermore, the accuracy of the PDG av-
erage is still not adequate to test the theory corrections
to the prediction of the anomaly. The PrimEx-II experi-
ment was conducted at JLab to address these issues.

To reach a percent level precision in the extracted
79— vy decay width we have implemented several basic
improvements in the experimental technique (schemat-
ically shown in Fig. 1) used in the previous Primakoff
type of experiments. The existing tagged photon beam
facility (Tagger [16]) in Hall B at JLab was used al-
lowing critical improvements in the background separa-
tion and the determination of the photon flux. Instead
of the traditionally used Pb-glass based electromagnetic
calorimeter, used in the previous experiments, we de-
veloped and constructed a novel PbWQOy crystal based
multi-channel, high resolution and large acceptance elec-
tromagnetic calorimeter (HyCal) [17]. The combination
of these two techniques greatly improved the angular res-
olution of the photoproduced n¥s, which is critical for
Primakoff type measurements, and significantly reduced
the systematic uncertainties that were present in previ-
ous experiments. In addition, the cross sections of two
well-known electromagnetic processes, Compton scatter-
ing and e*e™ pair production from the same experimen-
tal target, were periodically measured during the ex-
periment to validate the extracted 7° photoproduction
cross sections and their estimated systematic uncertain-
ties. Tagged photons with known energy and timing
were incident on the production targets located in the
entrance of the large acceptance dipole magnet (8% radi-
ation length (r.1.) 12C and 10% r.1. 28Si solid targets were
used). This magnet played two important roles in the
experiment: deflect all charge particles produced in the
target from the HyCal acceptance; and detection of ete™
pairs produced in the target (Pair Spectrometer, PS) al-
lowing continuous measurement of the relative photon
tagging efficiencies during the experiment. The decay
photons from the photoproduced 7’s traveled through
the Vacuum Chamber (VCh) and the Helium Bag (HB)
and were detected in the HyCal calorimeter located 7 m
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downstream from the targets. Two-planes of scintilla~o
tor counters (Veto Counters, VC), located in front ofxe
HyCal, provided rejection of charged particles and ef-20
fectively reduced the background in the experiment. Ase
more detailed description of the experimental setup isuos
presented in the Supplementary Materials (section S2).x6
In this experiment we measured the differential cross sec-2o7
tions for the photoproduced 7° mesons at forward an-zs
gles on two targets. At these small angles the 7% aress
produced by two different elementary mechanisms: by2uo
one photon exchange (the so-called Primakoff process);m
and by a hadron exchange (the so-called strong process).a.
The amplitudes of these processes contribute both coher-»s
entely and incoherently in the 7% photoproduction crossis
sections at forward angles (see Eq. S1). The cross sec-as
tion of the Primakoff process is directly proportional tos
the 71— vy decay width, allowing its extraction from the,,,
measured differential cross sections with high accuracy.,,,
More detail description of these processes and our fit-,,
ting procedure to extract the decay width is presented in,,,

SeCtIOH S3 221
Veto 222
counter 3
[] HyCal
Har Pair s | R 24
Beam halo Spectrometer N 225
blocker —

226

1] Helium bag

227
detectors

228
vacuum []
chamber 229
230

231

Tagger

FIG. 1: Schematic view of the PrimEx-II experimental setup
(not to scale, see the text for description of individual detec-**
tors and components). 233

234

235

PrimEx-I achieved a total uncertainty of 2.8% in thes
extracted width I'(°— ~vv) [11]. The PrimEx-II exper->"
iment aimed to significantly increase the statistics and2s®
improve the systematic uncertainties to reach the per-2»
cent level accuracy. The following was implemented to2°
increase the statistics by a factor of six: (i) the accepted:
energy interval of the tagged photons was increased by22
50%; (ii) thicker solid targets were used: 8% radiation2+
length (r.1.) 2C and 10% r.1. 28Si; (iii) the performance
of the data acquisition (both at electronics and softwares
levels) was upgraded to increase the data taking rate by?s
a factor of five. The systematic uncertainties were also?
reduced thanks to several improvements: (i) the central
part of the HyCal (about 400 modules) was equipped*
with individual Time-to-Digital Converters (TDC) for2o
better rejection of time accidental events; (ii) the triggers:
for the experiment was simplified by using only events?
with a total deposited energy above 2.5 GeV in HyCal;3
(i) a new set of 12 horizontal scintillator veto coun-2+
ters was added for better rejection of charged particless
in HyCal (see Fig. 1); (iv) the distance between thezs
calorimeter and target was reduced to 7m, which al-»s7

lowed for better geometrical acceptance between 1.0° to
2.0° in the 7° production angles, and improved separa-
tion of the nuclear coherent and incoherent production
terms from the Primakoff process in the measured cross
sections (see Eq. S1). In addition, the improved running
conditions (beam intensity and position stability, etc.) of
the JLab accelerator allowed for a significant reduction
of the beam-related systematic uncertainties. Using an
intermediate-atomic-number target, 28Si, in combination
with a low-atomic-number target, '2C, allowed more ef-
fective control of systematic uncertainties related to the
extraction of the Primakoff contribution. Similar to the
PrimEx-I experiment [11], the combination of the pho-
ton tagger with its well-defined photon energy and timing
together with the HyCal calorimeter defined the event se-
lection criteria.

The event yield (the number of elastically produced
70 events for each angular bin) was extracted using the
kinematic constraints and by fitting the experimental
two-photon invariant mass spectra (M,,) to subtract
the background contributions. Two independent analy-
sis methods, the “constrained” and “hybrid” mass meth-
ods were used to extract the event yield in this exper-
iment. The two methods (integrated over the angu-
lar range of 6, = 0°-2.5° and for the incident energies
E,=4.45-5.30GeV) agree with each other. The total
integrated statistics was about 83,000 7% events on 12C
and 166,000 on 28Si targets, a factor of six increase com-
pared to PrimEx-I. This reduced the statistically limited
part of the systematic uncertainties in the yield extrac-
tion process. Combining the two analysis methods with
the partially independent systematics further reduced the
systematic uncertainty to 0.80%. This includes the un-
certainty in the physics background subtraction, 0.10%,
mostly from w mesons photoproduction. High precision
monitoring of the photon beam flux during the entire
data taking process is one of the challenging tasks for
this type of experiment [18]. The photon tagger was
used for measurements of the photon beam flux, a Total
Absorption Counter (TAC) for periodic measurements
of the absolute tagging ratios, and a pair-spectrometer
(PS) for continuous monitoring of the relative tagging ra-
tios and tagger stability [18]. The stability of the beam
parameters (position, width, and frequency of interrup-
tions) was far better than during PrimEx-I. That, and
more frequent TAC measurements, led to a better mea-
surement of the photon flux (0.80% relative uncertainty
was reached in this experiment). Different measurement
methods allowed to achieve a sub-percent accuracy for
the uncertainty in the number of target nuclei per cm?:
less than 0.10% for 12C and 0.35% for 28Si targets [19, 20].
The geometrical acceptances and resolutions of the ex-
perimental setup have been calculated by a standard nu-
clear physics Monte Carlo simulation package. The con-
tributed uncertainty in the extracted cross sections from
this part is estimated to be 0.55%.

The extracted differential cross sections of 70 photo-
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production on both '2C and 2®Si are shown in Fig. 2.
They are integrated over the incident photon beam en-
ergies of 4.45 to 5.30 GeV (with the weighted average
value of 4.90 GeV). The fit results for the four processes
contributing to forward production: Primakoff, nuclear
coherent, interference between them, and nuclear inco-
herent are also shown.

The 7%= v decay width was extracted by fitting the
experimental differential cross sections to the theoretical
terms of four contributing processes (see Eq. S1), con-
voluted with the angular resolution, experimental accep-
tances and folded with the measured incident photon en-
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FIG. 2: Experimental differential cross section as a function2%®
of the 7° production angle for '2C (top) and ?*Si (bottom )z
together with the fit results for the different physics processeszq.
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FIG. 3: Theoretical predictions and experimental results of
the °— vy decay width. Theory: chiral anomaly [3] (dark
red band); I0, QCD sum rule [9] (gray band); KM, ChPT
NNLO [8] (magenta band); AM, ChPT NLO [7] (blue band);
GBH, ChPT NLO [6] (green band). Experiments included
in the current PDG [5]: CERN direct [12]; Crystal Ball col-
lider [13]; Cornell Primakoff [10]; PIBETA [14]; PrimEx-I [11].
Our new results: PrimEx-1I and the PrimEx combined.

ergy spectrum. The effect of final state interactions be-
tween the outgoing pion and the nuclear target, and the
photon shadowing effect in nuclear matter must be ac-
curately included in the theoretical cross sections for the
precise extraction of the Primakoff term, and therefore,
(7% ~vy) [21, 22]. Within our collaboration, two sep-
arate groups analyzed the data using different methods.
They extracted T'(7%— v7) from their cross sections us-
ing similar fitting procedures (shown in Table S1). Thus,
for the same target, the statistical and part of the system-
atic uncertainties from the two analysis groups are corre-
lated. This was accounted for when the two results were
combined [23]. Results for the individual targets were
obtained by using the weighted average method, yield-
ing: T'(7%— ) = 7.763 4 0.127 (stat.) = 0.117 (syst.) eV
for12C, and 7.806 4 0.062 (stat.) =0.109 (syst.) eV for
28Gi. The results from the two different targets were
then combined to give the final result: T'(7°—~y) =
7.798 4+ 0.056 (stat.) £ 0.109 (syst.) eV, with a total un-
certainty of 1.57% (see Fig. 3).

To check the sensitivity of the extracted decay width
to the theory parameters (nuclear matter density, nuclear
radii, photon shadowing parameter, 7N total cross sec-
tion, etc.), the values of these parameters were changed
by several sigmas and the cross sections were refitted to
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obtain new decay widths. Using this procedure, the twoss
main contributors to the systematic uncertainties weresss
found to be the nuclear radii and the photon shadow-
ing parameter ([24], [25]). The nuclear coherent pro-
cess, which dominates at larger angles for both targets,
was determined with a high precision (see Fig. 2), and
this information was used to extract the nuclear radii
for the targets. To do so, the radii were varied aroundzzz
the experimental values obtained from electron scatter-,,
ing data [26, 27], known to better than 0.6%. Then, the,,
best values for the nuclear radii were defined by min-ss
imizing the resulting x? distributions. Our extractedss
results for the nuclear radii are: 2.457+0.047fm for®
12C and 3.073 £0.018 fm for 28Si. They agree with the®™
radii extracted from electron scattering [26, 27]. TheZ:j
shadowing parameter was extracted by a similar proce-,
dure. The extracted value is: £=0.30+0.17, agreeings
with two previous measurements: 0.25-0.50 from [24] andssr
0.31£0.12 from [25]. Varying this parameter within a 3 o'3s
interval gave only a 0.30% uncertainty in the extracted®
(79— ~7) (correlated between the two targets). Our®™
systematic uncertainties are described in greater detailzz
in Section S3 and are summarized in Tables S2 and S3.

354

For both PrimEx-I and PrimEx-II, the experimentals.
uncertainties have been validated by periodically measur-37
ing the Compton cross sections for the same nuclear tar-3
gets. Our measured Compton cross sections agree with®”
the theoretical simulations of this well-known Quantumzz
Electrodynamics (QED) process to better than 1.7% [28]..,

If the results from the two PrimEx experimentsss
are combined, correlations between different sys-2
tematic uncertainties can be accounted for [23].%
The weighted average final result for the =0—
vy decay width from the two PrimEx experi-zzz
ments is 7.80240.052 (stat.) +0.105 (syst.) eV (shown,,
in Fig. 3), defining the new lifetime: 7 = 8.337 Ly
0.056 (stat.) £0.112 (syst.) x107'7 s. With 1.50% to-ss
tal uncertainty, this is the most precise measurement ofsw
the T'(7 — ~v), and firmly confirms the prediction of*!
the chiral anomaly in QCD at the percent level. As seen’”
from Fig. 3, our result deviates from the theoretical cor-:j

rections to the anomaly by two standard deviations. 205

The axial anomaly, which has historically providedsss
strong evidence in favor of the color-charge concept inss
QCD, continues to teach us about the most fundamental3®
aspects of nature, for example, by strictly constraining®”
physics beyond the Standard Model (SM) and present—::z
ing a unique opportunity for measuring the light quark,,
mass ratio. The T'(7%— ~7) decay width is a critical in-,;
put for the normalization of the 7° transition form factoraos
to constrain the hadronic light-by-light scattering contri-«os
butions to the well-known muon (g-2) anomaly in search*®
of new physics [29]. The light quark masses are as yet un-*"
measured, and whether the masses are in fact observable'"
is still under debate. Future directions include measur-sop
ing the anomaly driven 17 — 7 decay, which provides aso
unique normalization to the isospin-violating n — 37 de-au

cay that leads to a model independent extraction of the
light quark mass ratio [30].
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