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1. Introduction

Chiral symmetry and the chiral anomaly are the fundamental properties of QCD. These prop-
erties can be exploited to build an effective field theory, which can be used to obtain quantitative
predictions for low energy hadronic interactions, where the strong interaction constant a; becomes
large and one cannot use the standard approach of building perturbative series in .

The QCD Lagrangian density reads:

< = Z W(le -mg)y — %GZVGZV

_u,d,s,
f_c,b,t

In the chiral limit, where m,, 4 ; — 0, the QCD Lagrangian exhibits the chiral SU(3);, x SU(3)g
symmetry, in which the left- and right-handed fields of the light quarks decouple. On the one hand,
chiral symmetry is spontaneously broken, which gives rise to massless Goldstone bosons (7, K, 17).
On the other hand, it is also explicitly broken due to non-zero quark masses, which causes the
Goldstone bosons to obtain mass.

The QCD Lagrangian in the chiral limit is also invariant under global axial U(1) transformation:

Ur(x) > ey s (x)

The chiral anomaly is the violation of the axial U(1) symmetry of the QCD Lagrangian at the
quantum level. Its discovery allowed to establish the prediction of the ° lifetime. Before the chiral
anomaly was understood, the partially conserved axial-vector current (PCAC) condition was used to
obtain predictions for the lifetime Tpcac (no) ~ 10713 5. This estimate was three orders of magnitude
higher than the value measured experimentally at CERN: 7y, (7%) = (1.05+0.18)x 10716 5 [3]. The
chiral anomaly yielded the value Tanom(ﬂ'o) =0.838 x 107 1% 5 [1], [2], resolving the disagreement
between theory and experiment.

In addition to the 7 lifetime, chiral anomaly also governs processes with an odd number of
Goldstone bosons, for example, y7~ — 7~ 7%, ya~ — n7n, yK — Kn°.

While the chiral anomaly gives predictions at the chiral limit, in an unphysical region with
values of Mandelstam variables s = t = u = 0, it was necessary to build phenomenological models,
which allow to expand the predictions of the chiral anomaly to physical region, and check them
against precise experimental measurements. One such model is the chiral perturbation theory
(xPT), which provides a framework for building an effective perturbative Lagrangian constructed
from Goldstone boson fields arising from chiral symmetry breaking. The chiral couplings in this
expansion are called low-energy constants. A realistic estimate of their values is required for yPT
to make reliable quantitative predictions.

For reactions of interest, the chiral anomaly gives the following predictions [4], [5], [6]:

Fix anom = Fk rky = =9.78 +0.05 GeV > 1)

e
Ar2f3

=5.65+0.03 GeV™> 2)

e

F)]n'ﬂy, anom — T = . 4

AN3Br2f3

In turn, yPT can be utilized to obtain the dependence of the couplings on kinematic variables
S,t,U.
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Figure 1: Diagram of the 7y — 77 process.

2. The Primakoff effect

The Primakoff effect was originally proposed by Henri Primakoff in 1951 [25] to access the
process of electromagnetic decay of 7° into two photons via photoproduction of 7° on a nuclear
target, where the nuclear Coulomb field is seen as a source of quasi-real photons.

\')I-’- =
Y .(A.Z)

Figure 2: Diagram of the 7° — y7y decay and the corresponding Primakoff process.

The long-range photon exchange process corresponds to a low momentum transfer to the nu-
cleus. This observation is crucial for the experimental separation of electromagnetic and strong
processes and imposes requirements on the precision of reconstruction of the transferred mo-
mentum. Similarly to the 7° — yy decay, the Primakoff technique can be applied to study
other processes governed by the chiral anomaly and involving photons, such as 7y — nm,
ny — nn, Ky — Kn. Neglecting radiative effects, the dependence on the momentum trans-
fer Q = \/Q— = \/—( Pbeam — Pts.)?, Where ppeam, prs. are the beam and the final state 4-vectors,
respectively, can be written as:

dO’Prim o« Zz . (Q2 - szin(pbeam))

dQ? o*

here Z is the charge of the target nucleus, and Fgy is the electromagnetic nuclear form factor.

| Fem(Q%) %,

3. Strategy of F3, measurement

In order to verify the prediction of the chiral anomaly on F3,, which is defined at s = ¢ =
u = 0, one needs to obtain a dependency of F3, on kinematic variables so that it can be verified
experimentally.

In the work [8], a dispersive approach to obtain the dependence of the amplitude of the process
ny — nrisdescribed using the 77w P-wave phase shift to effectively model both the effective 4-point
yn — mx coupling, governed by the chiral anomaly, and ym — p — 77 process, undergoing via
the p resonant production.

This dispersive description has two parameters, Cz(l) and C2(2)’ which have to be constrained
from experimental data. Encoded in this treatment is the interference between the two contributions,
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which can be seen in Fig. 4. There is also a shift in p meson peak position, which provides additional
handle for experimental measurement of the two parameters.

Figure 3: Diagrams of the effective 4-point yn — nmr coupling, governed by the chiral anomaly, and
ym — p — 7w process, undergoing via the p resonance.
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Figure 4: The two contributions to the 7y — s process. Figure courtesy of J.M. Friedrich, reproduced
from [7].

Finally, the dispersive description of [8] is matched with NLO yPT [9], with the latter providing
access to the F3, constant. In the end, both F3, and the radiative width of the p meson, I',_, ~,,
can be simultaneously calculated from the parameters of the dispersive model [10]. The NLO yPT
calculation, which uses the present knowledge on the low-energy constants, has 1% uncertainty due
to the uncertainty in the low-energy constants [11], [12].

The cross section of the 7y — 7w process:

(s —4M3) P (s = M3) [

d cos @sin® |F S, t,u 2, 3
ToTene L |F (s, 1, )] 3)

G'yﬂ—wrn(s) =

without taking into account the radiative corrections, features a sin> dependence on both the
polar angle 6y, .- and the azimuthal angle ¢y, .- of the 7~ meson in the Gottfried-Jackson frame.
Here

§ = (p;r‘+p7r0)2’ = (p;r‘ _pﬂ’)z’ u= (pno _pﬂ’)2’
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where p -, p’-, p o0 are the 4-momenta of the beam pion, the charged and the neutral pion in the
final state, respectively.

The dominant radiative contribution, the t-pole correction (Fig. 5), modifies the polar angle
distribution and is most dominant for small polar angles of 7~ in the 7~ 7" rest frame (Fig. 6):

262 12

F(s,t,u) = F(s,t,u) —

F37r

cos6=0.5...0.501
0.2 cos6=0.0... 0.001
cosf=-0.5 ... -0.499

0.1

Figure 6: Impact of the t-pole correction on the 7y — mxr cross section. Taken from [13].
Radiative corrections involving real and virtual photons (Fig. 7) to the 7y — a7 cross section

were calculated in [14]. They were later checked, expanded and corrected by Norbert Kaiser, see
Fig. 8.

e R

Figure 7: Diagrams for virtual photon contributions, sourced from [14].
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Figure 8: Impact of the real and virtual photon contributions to the 7y — mm cross section. Taken from
[13].

4. Previous tests of the chiral anomaly

The SIGMA-Ayaks collaboration at IHEP (Protvino) has performed an F3,, measurement using
Primakoff reaction 7~ + (Z,A) — 7~ + 7% + (Z, A) in 1986 [26]. The experiment used a 40 GeV
pion beam. Three targets were used: carbon, aluminum and iron. To minimize the systematic
impact of the F3, extrapolation to a physical region and limit the contribution from the resonant
p meson production, the 77 + (Z,A) — 7~ + 7% + (Z, A) cross section was measured only for
M .- -0 below 0.427 GeV/c?. The number of electromagnetic events was obtained from a fit of the
real data Q7 distribution with the sum of electromagnetic and strong contributions, as well as flat
background from 7~ + (Z, A) — n~ + 1’ + 7% + (Z, A), see Fig. 9.

The resulting value F3, = 12.9 £ 0.94, + 0.55y GeV~3 was originally in tension with the
prediction of the chiral anomaly F3,, anom = 9.78 + 0.05 GeV~3, however, was reanalysed in the
paper [14] with proper calculation of radiative corrections and yPT model up to O(p?). The
updated result F3, = 10.7 + 1.2 GeV~2 is in agreement with the chiral anomaly prediction, but
featured a 10% uncertainty.

Data from an experiment in [15], that involved scattering of pions on electrons in an atomic
0

orbit: 7t +e~ — 1~ + e~ +n°, was used in [16] to extract F3, value:

F3,=9.6+1.1GeV> 4)

The comparison of the F3, measurements without the COMPASS result is shown in Fig. 10.
Since all the previous measurements have an uncertainty of at least 10%, there is a strong interest
in verifying the predictions of the chiral anomaly in a precision experiment.
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Figure 9: Fits of the Q? distribution with contributions from 7~ + (Z, A) — 7~ + 7° + (Z, A) process
undergoing via electromagnetic process, 7~ + (Z,A) — n~ + 7% + (Z, A) process undergoing via strong

interaction, and flat background from channels with missing particles in the final state (e.g. 7~ + (Z, A) —
7=+ 7%+ 7%+ (Z, A)). Sourced from [26].
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Figure 10: Comparison of results on F3, before COMPASS experiment. Red dashed line shows the chiral
anomaly prediction.

5. F5; measurement at COMPASS

5.1 The COMPASS setup

COMPASS (see Fig. 11) is a multi-purpose experiment, aimed at studying hadron structure
and spectroscopy. The COMPASS setup is designed as a two-stage spectrometer, with each of
the stages including an electromagnetic and a hadronic calorimeter, a dipole magnet and tracking
detectors. Three Primakoff datasets have been collected: in 2004, 2009 and 2012. This study is
done on the 2009 Primakoff dataset.

The setup adapted for Primakoff measurements included a pion beam with a momentum of 190
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Figure 11: Schematic drawing of the COMPASS setup.

GeV/c with a small (2.4%) mixture of kaons and a dedicated trigger on the low-angle electromagnetic
calorimeter, which was fired for events with high (60 GeV) energy deposition in the central (=10
mrad) region of the calorimeter. A nickel target was chosen as a trade-off between Primakoff cross
section (o Z2) and radiative corrections, which increase for large Z.

Since COMPASS setup didn’t have a way to measure beam flux or luminosity during Primakoff
runs, the normalization was performed using the decays of the beam kaons into 777", see chapter
5.4.

The measurement can be conceptually split into following parts:

selection of 7~ + (Z,A) — n~ + 1%+ (Z, A) events;

subtraction of background events, predominantly from 7~ + (Z, A) — 7~ + 7% + 710+ (Z, A);
acceptance correction using Monte-Carlo simulation of the setup;

normalization using free kaon decays;

M e

extraction of the F3, and I',_, z,, by fit of the differential cross section of the 7~ + (Z, A) —
n~ + 7%+ (Z, A) process.

52 77+ (Z,A) — 1~ +7°+ (Z, A) event selection

n~n° events with energy balance AE in range of —7.5 GeV < AE < 7.5 GeV were selected,
where energy balance is defined as the difference between sum of energies of the final state particles
and the beam energy. A condition of Q < 36 MeV was applied to select electromagnetic events.
The COMPASS Q resolution of ~ 12 MeV allows to see a sharp Primakoff peak at low Q, which
is crucial for the separation of electromagnetic events from the background. Because of the trigger
on energy deposition in the electromagnetic calorimeter, only events with high-energetic 7° were
observed in the final selection, which means high energetic, forward 7~ with cos fgj, - > 0.2 were
not selected.



Measurements of the chiral anomaly at COMPASS Andrii Maltsev

ECAL2
silicon stations SM1 SM2
i L
CEDARs 2009 RPD \ / \ [
= Hs —2—am] ; 777777777777777777777 e T— 3-
L]

C/Ni/W targets v UH \/

Figure 12: Schematic of selection of 7~ + (Z,A) — n~ + 7° + (Z, A) events at COMPASS. Picture by
Dominik Ecker.

5.3 Background subtraction

Unlike the 7~ + (Z, A) — n~ + 7% + (Z, A) process, the 7~ + (Z,A) = 7~ + 7%+ 70+ (Z, A)
process can undergo via Pomeron exchange, and has a much higher cross section. If a 70 from
7 +(Z,A) - 1+ 7%+ 7%+ (Z,A) is low-energetic such that the other 7° can still activate
the ECAL trigger, a 1~ + (Z,A) — n~ + 1’ + 7% + (Z, A) event can be falsely identified as a
signal 7~ + (Z,A) — n~ + 7% + (Z, A) event. A separate partial wave analysis of 7~ 7%7° was
performed to create an event sample of this background process, which was then used for the fit of
0? distributions.

The number of electromagnetic 7~ + (Z, A) — 7~ + 7’ + (Z, A) events was obtained by fits of
the Q? distributions in different mass bins. The compilation of fit results for different mass bins is
shown in Fig. 13. For the updated analysis, it is planned to use other variables (¢Ty, z-, c0S 0Gy, -
energy balance) for better control of the systematic uncertainty from the background treatment.

COMPASS preliminary

@ 0.30 GeV/c® < M, < 0.35 GeVi/c? 2 0.70 GeV/c? < M, < 0.75 GeV/c®
c c
3 3
o o 103 -
- :u". -..--W*-&:::::-., N,
E e
) n,',,n' ™
0 00‘01 0.0‘02 0603 0.0‘04 0{;05 0.0‘05 0.0‘07 O.DIOB 0.0‘09 0.01 100 0.(;01 0.0‘02 0.0‘03 0{;04 D.OIOS ODIDG 0.0‘07 0.008 0.009 0.01
Q° (GeVrc?) ? Al

£ 0.90 GeV/c? < M_, < 0.95 GeV/c?
% ot —— Data
8

—— Primakoff MC
o’"m
g """H'l — 3nMC
o iyl e
L Hi —— Sum of MC contributions
0

L L L L
0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.0
Q? (GeV?/c?)

Figure 13: Fits of Q7 distributions in different mass bins.

5.4 Normalization using free kaon decays and Monte-Carlo simulation

To get a quantitative value on the beam flux and luminosity, the 2.4% fraction of kaons in

0

the beam was used. After selection of K~ — n~ 7’ events and their Monte-Carlo simulation, the

number of kaon decays in a decay volume outside the target volume was measured. Additionally,
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since the kinematics of this channel are simple and very well understood, it serves as a rigorous test
of the Monte-Carlo simulation (see Fig. 14, 15). Since the kaon decay channel under study and
the main analysis channel have the same final state, most of the potential systematic effects are the
same for the two processes and thus cancel out.

x10° COMPASS preliminary COMPASS preliminary
o~ C - ~ -
S sb K - 1 ~§104~ K o110
8 [ )
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S 4 9 10’k
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1 r
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Figure 14: M, o distributions for K~ — 7~ x° Figure 15: Q? distributions for K~ — 7~ n° for
for Monte-Carlo and real data. Monte-Carlo and real data.

5.5 Fit of the dispersive model

Finally, the acceptance-corrected number of Primakoft events in each mass bin was fitted with
theoretical 7~ + (Z,A) — 7~ + 7% + (Z, A) cross section [8]. The fit is shown in Fig. 16. The
obtained fit parameters are:

CLV =10.47 £ 0104y GeV™>, €L =24.48 + 0.124y GeV ™

Using the procedure described in [10], preliminary values of F3, and I';,_, r, were extracted from
1) ~2 .
the G, 7, G, values:

F3r = 10.3 £ 0.1 + 0.65y5 GeV ™
[posny =76t keV
The main contributions to the systematic uncertainty were:
* Normalization: 4.7%

» Radiative corrections: 3% (were not yet applied)

 Extraction of Primakoff events, unaccounted background from w/m exchange, nuclear excita-
tions, wn, wrn final states: 3%

* Contributions from 7y final state events, falsely identified as the signal process events: 2%
The updated analysis is currently underway at COMPASS. It is planned to refine and improve the
analysis of the Primakoft 2009 dataset:

 precise implementation of the t-pole correction, virtual and real photon corrections will be

taken into account as weights;

* use of improved study on the PID efficiency to reduce systematics from beam flux;
* more accurate Monte-Carlo simulation of ECAL reconstruction.

10
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Figure 16: The dispersive fit of the differential Primakoff cross section.

6. Possibility of study of the 7y — 7y channel

Figure 17: Diagram of the 7~ + (Z, A) — n~ +n + (Z, A) process.

Another process of interest for testing the predictions of the chiral anomaly is the electromag-
netic production of the  meson: 7~ + (Z,A) — n~ +n+ (Z,A). It provides access to the direct
effective yn — nx coupling, described by the F;; z ., coupling constant, see Eq. 2.

The main difference to the 7~ + (Z,A) — 7~ + n° + (Z, A) channel is the possibility to
produce the final state of interest, 57, via Pomeron exchange. For 1~ + (Z, A) — n~ + 7%+ (Z, A)
channel, the dominant background comes from the 77+ (Z, A) — n~+7°+7%+(Z, A) process. The
n~+(Z,A) - n~+n+(Z, A) process, however, has a combination of Pomeron- and photon-induced
a»(1320) production, as well as the anomalous production of the rx final state.

Similarly to 7y — nwr, where the chiral anomaly contribution is seen mostly in the low-mass
tail of the p meson, for 7y — nnp the chiral anomaly contribution is expected to be seen in the
low-mass tail of the a,(1320) meson.

At COMPASS, the i final state has already been studied with a 190 GeV beam impinging on a
hydrogen target [18] and the methodology for analyzing this final state has already been developed,

11
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but the production of the n final state via photon exchange on a heavier target hasn’t been studied
yet.

The 7~ +(Z,A) — 7~ +n+(Z, A) Primakoff process was studied at the VES experiment using
a 37 GeV/c pion beam and a beryllium target [19], [20]. Events with M,,, < 1.18 GeV/c were
selected for further analysis. After subtracting the background, N.,,; = 109 + 23 photon exchange
events were selected. The measured value of the F, 5, was

Frpany =6.9+0.7GeV ™, )

4000 r
E 100
\%\ 3000 g 80 -
z i 3
2000 - s %
r ; 40
1000 |- 20
0 OD — ‘OJ}W‘ - ‘O“OZ‘ - ‘O.‘OS‘ - ‘O.‘O4
lg* — g2, GeV?
Figure 18: Mass of the nr final state of selected Figure 19: Squared momentum transfer to nucleus
=+ (Z,A) - 7~ +n+ (Z,A) events at VES Q?of selected 7~ +(Z, A) — n~+n+(Z, A) events
experiment. at VES experiment.

In the work [6], a dispersive approach for the simultaneous description of Primakoff and
diffractive production was developed. Since the i phases are not theoretically determined in the
same way the 7t phases are, experimental verification of this model is of interest.

7. Possibility of study of the Ky — Kx channel

K~ K~

NG

Figure 20: Diagram of the 7~ + (Z,A) — 7 + (Z, A) process.

A fundamental difference from the previously discussed 7~ 7%, 775 channels is that, for the
Ky — K process, two final states: K~y — K~ 7° and K~y — 77K are possible.

The chiral anomaly contributes to K~y — K~ z°, but not to the K~y — 7~ K process [23],
[24]. Furthermore, the contribution to K~y — K~ 7% and 7y — n7 are identical.

Two theoretical approaches for extracting the chiral anomaly from the processes involving
kaons have been described. In one approach featured in [23], a proposal for the simultaneous
analysis of K~y — K7 and K~y — 77K was described. The chiral anomaly contribution was

12
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then extracted from the difference in cross section of the two processes near the threshold. This
analysis was set to be conducted on data from the planned OKA detector at IHEP Protvino.

In another approach, a dispersive treatment of the Ky — K was described [24]. The higher
order chiral corrections are expected to be more significant than in the case of 7y — 7w and were
estimated to be 25%.

Apart from the planned OKA detector at IHEP Protvino, this process can be studied using
COMPASS Primakoft data, where the beam contains 2.4% mixture of kaons, or at the planned
Primakoff run at the AMBER experiment.

8. Conclusions and outlook

The COMPASS experiment has revealed a preliminary result for the measurement of both F3
and I',_, z,, in a combined analysis:

F3. =103 +0.6 GeV™>
T)ry =76 *10 keV

This is the first combined measurement of F3, and I',_,, and the most precise F3, mea-
surement to date. The updated result, which will include a more careful consideration of radiative
corrections and uncertainty on PID efficiency, is planned to be released soon.

The COMPASS experiment is one of the leading experiments at testing predictions of the
chiral anomaly and y PT and has already published results on charged pion polarizabilities and
chiral dynamics in the ym — 37 process.

The plans for the future measurements include F,, ; ., from the analysis of the 777 final state
at COMPASS experiment, as well as F g g, from the K ~7% final state.

F,, measurements

COMPASS preliminary|— P
Antipov et al.{— i e e
Ametller et al.|— —_——————

Giller et al., with t-pole|— 4:&7

Giller et al., no t-pole(— 4w%7

[ B B I I I
8 9 10 11 12 13 14

Fa (GeV?d)

Figure 21: Comparison of results on F3,. Red dashed line shows the chiral anomaly prediction.
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