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The chiral symmetry of QCD

- Description of low energy hadronic interactions: phenomenological
models based on fundamental properties of QCD

- QCD Lagrangian density:
. 1
L = Z Qf(llp — mf)qf — ZGﬁngv
f:u,d,s,
c,b,t
- Chiral limit (my — 0):
— left- and right-handed fields decouple
— flavour symmetry SU(3), x SU(3)r
— spontaneously broken — massless Goldstone bosons (7, K, n)
— explicitly broken — Goldstone bosons obtain mass
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The chiral anomaly of QCD

- QCD Lagrangian density:

. 1
Z= ) le(lm—mf)CIf—ZGﬁngv
C7 9

. Chiral limit (m; — 0): axial U(1) symmetry
- Chiral anomaly: symmetry of classical Lagrangian violated at quantum

level
. ¥ lifetime explained by the chiral anomaly:
— pre-chiral anomaly, PCAC: t(n%) ~ 10~ '35
— chiral anomaly, LO: 7(n°%) = 0.838 x 10~ '°s

[J.Bell, R.Jackiw, Nuovo Cim. A60, 47 (1969)]
[S.L.Adler, Phys.Rev. 177, 2426 (1969)]

— first measurement (CERN, 1963): (V)
[C.von Dardel et al., Phys. Lett. 4, 51 (1963).]

(1.05+0.18) x 10 '6s
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Predictions of the chiral anomaly

- Chiral anomaly governs — > m
processes with odd number of

Goldstone bosons: Y m

- =y

— YT — TR
-y = Chiral anomaly at LO:
— yK — Knt

- Chiral anomaly — predictions at
the chiral limit, y PT —
expansion to physical region « Foany= Weﬂf:” —

. x PT: effective perturbative 5 65 0.03 GaV-—2
Lagrangian constructed from
Goldstone boson fields + low
energy constants

O >

+ Far = Fraky = g2 =
9.784+0.05 GeV 3

[Wess J., Zumino B. Phys. Lett. 1971, 378,
p.95.]

[Witten E. Nucl. Phys. 1983, B223, p.422.]
[B.Kubis, J.Pletner (EPJC 75:283,2015)]
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Ways to access n° lifetime

Ideas for 70 lifetime measurement:

- Direct: measure lifetime (ycT)
- Inverse kinematics with quasi-real photons:
— Primakoff: y*y — 79, with 7* from Coulomb field of the nucleus

T[u ‘ :.fi;:;-'::f-::_,.li,-; R \I"*:.:

o

Y (A,Z)

Photo-Production of Neutral Mesons in Nuclear
Electric Fields and the Mean Life of
the Neutral Meson*

H. PRIMAKOFF{

Laboratory for Nuclear Science and Engineering, Massachusetls
Institute of Technology, Cambridge, Massachusells

January 2, 1951

Nucleus Coulomb field is seen as a source of quasi-real photons

- This talk: Primakoff — processes with photons
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The Primakoff technique

OO ¥
N Y AL '
\;\ - = v =

n’ ) :’:l":;'f:':;"::«i,: ; Y. |

v ®-

- Large distance interaction = low momentum transfer to the nucleus

- Access to the processes governed by chiral anomaly via
electromagnetic reaction with the nucleus

doprim o 72. (QZ - Q/%vin(pbeam)) .
dQ? Q*

- Q: momentum transfer to the nucleus
- charge Z, electromagnetic form factor F¢n: properties of the nucleus
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The yn — nw vertex

()
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The yr — mx vertex: production of the 7~ z° final
state

- dispersive approach to utilize the & :
P-wave phase shift: (v.Hoferichter, B.Kubis, 25 - chral anomatytrm
D.Sakkas (PRD 86:116009,2012)] E conerent sum

- description of both:

— effective 4-point yr — 7w coupling

o/ub

— YT — p — T Process F
. two free parameters CS), ng) have to t
be constrained from experimental data D e m e e

- information gained from interference of

two contributions
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Bridging theory and experiment: yn — nx

- the dispersive description matched with NLO y PT:
[T.Hannah (Nuclear Physics B 593(3):577-595)]
(1) ~(2)

— dispersive description: parameters C; ’, C,
— NLO y PT: low energy constants

- F3z and I,y can be calculated from the two parameters
[M.Hoferichter, B.Kubis, M.Zanke (PRD 96, 114016, 2017)]
- low energy constant in NLO y PT — 20% uncertainty — 1% uncertainty
N F3n-
[J. Bijnens, A. Bramon, F. Cornet (Phys.Lett. B 237, issues 3-4 1990)]
[M. Niehus, M. Hoferichter, B. Kubis (JHEP 12, 038, 2021)]

. see also talk of Bai-Long Hoid (Monday 14:00 WGH1)
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Kinematic distributions for yr — 1

dcos0 sin? 0|F(s,t, U)\2>

s—4M2)3/2(s— M2) [m/2
oyHm(s)z( 7)” (s — M) /

10247/s —7/2
s=(p, +Pg)2t= (0, —Pr)? U= (Pgo—Pg)?

- amptitude F(s,t,u):
numerically calculated for fixed
CS), Céz), using input from
[M.Hoferichter, B.Kubis]

- before including radiative
corrections (see next slide):
angles of 7~ in
Gottfried-Jackson frame

o< SiN°0,-, < SiNfP1y

[Picture by Dominik Ecker]
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Radiative corrections for yr — nx

t-pole diagram

- .- the dominant
correction, modifies
~ angular distributions

22
F(S,t,U)%F(S,t,U)—ZetFﬁF&r

[J.Friedrich, Radliative Corrections from medium to

high energy experiments (conference talk)]

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

NS R N R B s
2 25 3 35 4 45 5 55 6 65 7
(s/m,

Andrii Maltsev

Real + virtual photon
correction

S N Sl

[Ametller et al. PRD 64 (2001) 094009]

. Calculations:
[Ametiler et al. ]
[PRD 64 (2001) 094009]

. checked, extended and

corrected by [vorvert kaiser) (real

photon contribution)
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Radiative corrections for ym —

8

T

T ‘\
\.

S . ]
a N |
-2 4 N pointlike |
E \Q-_ ly — — chiral i
VDM

o
o 2
)
=
g
S0

-2
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=1 GeV

172

[J.Friedrich, Radiative Corrections from medium to high energy experiments (conference talk)]
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Measurement of F3; at SIGMA (Serpukhov)

- 40 GeV pion beam; C, Al, Fe targets
. Cut on threshold events: M, o < 0.427 GeV/c?

. Antipov et al.: F3; = 12.940.9g45r & 0.5¢,5; GeV >

- Radiative corrections not calculated in the original paper; poor control
of systematics

- [Ametller et al. PRD 64 (2001) 094009] — re-analyzed experimental result with
chiral corrections up to (p®): Far =10.74+1.2 GeV >

()
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Comparison of results on F3

F,, measurements . AntipOV et al.: F37'c —
12.94+ 09512t + 0.5yt GeV ™

. [Ametller et al. PRD 64 (2001) 094009] —

Antipov et al.— } —_—

ametleretal- e reanalyzed experimental result
| with chiral corrections up to
Giller et al., with t-pole|— ~ —— e (pS): an —10.7+1.2 Gev—3

Giller et al., no t-pole|— ———e——
|

) ) L L v b b by
8 9 10 11 12 13 14
F, (GeV?)

Fs, also measured in scattering of pions on electrons in an atomic orbit:
Tt+e —-n +e + 70 [Amendolia et al., Phys.Lett.155B, 5-6 (1985)]

Fsz = 9.9+ 1.1 GeV 2 without t-pole correction

Fsz = 9.6+ 1.1 GeV 3 with t-pole correction
[1.Giller, A.Ocherashvili, T.Ebertshauser, M.A.Moinester, S.Scherer, EPJA 25 (2005) 229-240]

Chiral anomaly LO prediction: Faz = 9.78 £0.05 GeV°
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The COMPASS experiment
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COMPASS setup for Primakoff runs

- Two-stage spectrometer —
small-angle calorimeter for
Primakoff (low-Q) processes

- Beam composition
(Epeam = 190 GeV): 2.4%
kaons, 97% pions + PID

- Three Primakoff data runs:

2004 (test run), 2009, 2012 (3x

statistics of 2009)

. this talk — 2009 data

- Triggering on energy deposition in the center part of the calorimeter
(E > 60 GeV)

- Nickel target with X /Xy = 0.3, Z = 28 — trade-off between Primakoff
cross section (< Z?) and radiative corrections

Andrii Maltsev Measurements of the Chiral Anomaly at COMPASS
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The outline of the F3; measurement at COMPASS
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Schematic of the measurement

CEDARs

silicon stations

- H— —" s

[Picture by Dominik Ecker]

|

C/Ni/W targets

. Selection: exclusive
(—7.5GeV < AE < 7.5 GeV)

0

T T° events

. Q resolution =~ 12 MeV —
Primakoff peak at low Qreco,
selection: Q < 36 MeV

- ECAL trigger:

only events with

forward 7°: cosf,- < 0.2

Andrii Maltsev
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Background for the 7~ z° final state

. Dominant background: 7~ + (Z,A) — n~ + 7% + 7%+ (Z, A)

- not forbidden by G-parity conservation — large cross section

. partial wave analysis of 7~ 7%z final state — soft/undetected 7° —
reconstructed as = 0 (PhD thesis of Markus Krzmer]

Andrii Maltsev Measurements of the Chiral Anomaly at COMPASS
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Extraction of the number of Primakoff events

- Current approach: utilize the low-Q Primakoff peak

COMPASS preliminary

0.30 GeV/c? <M, < 0.35 GeV/c? 0.70 GeV/c* <M, , < 0.75 GeVi/c?

counts
counts

00001 0002 0003 '0:004 0.:005 0.006 0.007 0008 0009 0.01 00001 0:002 0003 0:004 0:005 0:006 0.007 0.008 0.009 0,01
Q? (GeV?c?) Q? (GeVZc?)

0.90 GeV/c?> < M., < 0.95 GeV/c?
eV/C 0 eV/C - Data

counts

—— Primakoff MC

— 3nMC

—— Sum of MC contributions

0 0001 0.002 0,003 0.004 0.005 0.006 0.007 0.008 0.009 0.0:
Q? (GeV?/c?)

- Outlook: utilize ¢1y, cosOgy, energy balance
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Normalization via kaon decays

COMPASS Primakoff run: no direct measurement of beam particle flux

beam contains 2.4% kaons — use K~ — m—n° selection to calculate
kaon flux

knowledge of kaon/pion beam composition ratio — pion flux

. same final state as 7~ x°: similar systematics + rigorous test of MC
simulation
Probability of kaon

Number of detected Kaon/pion decaying in region
kaon decays flux ratio with length L

\r Tl;g . 0 —\ o

Ng =®,—BR(K™ - m'n )(1 —e 7 )eg

/Mg T | 7
Pion flux Branching ratio Acceptance for kaon decays

for particular final state
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Normalization via kaon decays

N x10° COMPASS preliminary N COMPASS preliminary
§ 5:— K- mrn N‘;" 104 K-
g 4; — Real Data I% — Real Data
@ B — Monte Carlo o — Monte Carlo
5 3 a
8 C 5 100
2k S
L 10?
1 -
T
4 0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58 0.6 0 7 8 9 10
M, . (GeVic?) Q? (GeV?/c?)
- well-understood kinematics: . free kaon decay: Q =0 — good
Mo, = M- control of setup resolution

Excellent agreement of MC and data
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Extraction of the Fsz and [ p_zy

- Acceptance corrected number of Primakoff events in each bin fitted
with theoretical 7~ +(Z,A) — n~ + n° +(Z, A) cross section
[M.Hoferichter, B.Kubis, D.Sakkas (PRD 86:116009,2012)]

Fan = 10.340.15t5t £ 0.65y5t GeV >

COMPASS preliminary

o 10°F - -
S - —— Theory prediction T (AZ) - (AZ) Tt 0
Q - —— Data
E - — p(770)
Lo B -3
= Fan= (10.3 % 0.9, * 0.6, GeV
Z 10
S -
EOr
< C
= B
S i
©
1=
10_1 1 1 1 l 1 | ‘ | | | ‘ | | | ‘ | | | I |
0 0.2 0.4 0.6 0.8 1

M_ . (GeVic?)
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Systematics of the preliminary measurement

Faz =10.3 401545t £0.655t GeV >
rp_>77;'}/ — 76 _’_—180 keV
Contributions to the systematics:

- Normalization: 4.7% (PID efficiency, K~ — n~ %K~ — n~n%z°)
- Radiative corrections: 3% (were not yet applied)

- Extraction of Primakoff events, unaccounted background from w/x
exchange, nuclear excitations, o, wnw final states: 3%

- Contributions from my final state (ECAL reconstruction): 2%
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Potential of improvements of the COMPASS
measurement (work in progress)

Focusing on 2009 dataset since dominated by systematics

- Normalization: 4.7% — use kinematics for kaon/pion PID
- Radiative corrections: 3% — control at generator level

- Extraction of Primakoff events, unaccounted background from w/x
exchange, nuclear excitations, own, oxx final states: 3% — use smaller
Q range, cosBgy, OTY

- Control of discrepancies in material description in MC and data: impact
on 1~ n%°7° — 7~ 70 leakage
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The event generator: kinematic distributions

Preliminary result: only elastic, non-radiative events:

Q®-Q2 (s
90 1 [ q@eT Tl (o)

as  s—m2
do Qz_Qrznln
dQ? Q4
do 2
dcosO sin“Bg,
do 2
dory & SN o1y

Analysis update (work in progress): include radiative corrections:

- t-pole, virtual photon corrections taken into account as weights
- real photon corrections (calculated by Norbert Kaiser): Ey : 1/Egamma,
6, modified according to calculations

26
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Updated event generator with radiative corrections

. implemented balancing of 7~ % and radiative 7~ 7%y events according

to calculations
. radiative 7~ 7%y modify reconstructed momentum transfer Q for 7~

final state (Y ~ 1500)

0

< 0
Q —
8 1400
&
=
Ll —
5 -1 1200
(@]
S
—1000

800
-3f 600

400
4

200

| | | | |
0.18 0. 0
Q, (GeV/c)

11} 11} |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
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The possibility of 7711 measurement
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The possibility of 7711 measurement

n+(Z,A) = a +x%+(Z,A)

- access to yw —

m T

(%)

- final state production via
p(770)

__e _
F37t_47r2f,§

9.78+0.05 GeV°
- dominant background from

0,0

G-parity-conserving #~ - x

n+(Z,A)—>n +n+(Z,A)

- accesstoyr —- nmw

m T

()

- final state production via

ap(1320)

° F = —e =
NATY = 4 /328

5.65-+0.03 GeV 3

- background from diffractive

T +(Z,A)—=n +n+(Z,A)
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The possibility of 7711 measurement

Low-mass tail dominated by chiral anomaly events in both cases

= +(Z,A)—=n +1°+(Z,A) m +(Z,A)—> 1 +n+(Z,A)

- access to yw — - accesstoyr —- nnw
- dominated by p(770) - dominated by a»(1320)
N x10° COMPASS preliminary N 2000¢
S 1 T (AZ) - (AZ)m 1 g F
& > 1600F o
g 10} §1200§: 12 ?
% 8} :greri)lalglil;ilound i 8002:/'_‘-—————--"""_—“12 g
S o ¢k
- £ 400f <
4 g of
- 1 1.5 2 25 3 3.5 4 4.5
2 m(nm =) [GeV/c?)
0)

0\\110.51111111111-5 2 25

M__ (GeV/c?) [Phys.Lett.B 740 (2015) 303-311]
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VES measurement of Fyrry

4000

3000

N / 40 MeV

2000 |

1000 |-

the Q2 distribution

5 80

N /0.003 GeV?
3
T 1T T T | 1(\-1-‘\ T

- Preliminary result shown on
conference proceedings, not
published

. Measured value:

[Amelin et al.]

| ID_‘OQI — Io.lozl — ‘0.134 FT]TCTL"}’:69:|:O7 (aev_3
- Chiral anomaly LO prediction:

‘q2 - qgu’nL GE\’FQ

Fnzry=5.654+0.03 GeV~°

[International Europhysics Conference on HEP

1997 / IHEP-98-62]

Andrii Maltsev
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The possibility of 7711 measurement

0.20 ‘ ‘ . | . | ‘ 0.4 . . : |

Vs = 1.0GeV

V5 = 1.1GeV

Vs=09GeV

do/dzg [ub]

1.0 By . 0.0
zs = cos Oy Zg = cos Oy zg = cos O

i I |
1.0 -0.5 0.0 0.0

[B.Kubis, J.Pletner (EPJC 75:283,2015)]

.- Strategy: disentangle Primakoff production (Nickel target) + diffractive
production

- Two COMPASS publication on nx final state (Hydrogen target): [crua
(2014) 50: 79] , [PRB 779 (2018) 464—472]

- [B.Kubis, J.Pletner (EPJC 75:283,2015)] — dispersive approach similar to 7~ x°
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Chiral anomaly with kaons
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Chiral anomaly with kaons

[PRD 93, 094029 (2016)]

(a) (b)

U 0 U gt

D MS--—-n* p -1

(c) (d)

U . U oot
K*--—-<{U K*————QD

§ S KT § K

. Fundamental difference from 7~ 79

Ky—=>Kr Ky—=nanK°
. Chiral anomaly contributes to K~y — K~ 7%, but not K~y — 7~ K°

, T~ 1 two possible final states

Andrii Maltsev Measurements of the Chiral Anomaly at COMPASS
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Chiral anomaly with kaons

7.(.0
(%)
Dispersive analysis of the Primakoff reaction y K — Kn PHYSICAL REVIEW D 93, 094029 (2016)
Maximilian Dax'), Dominik St 10, Bastian Kubis'< : 3 3 3
el it i S e T e Bt Ceer o T i, Uit B, 51 o, G Looking for chiral anomaly in Ky — Kz reactions
1,2.3.% 1,3.F
[EPJC (202 1) 8722] M. 1. Vysotsky and E. V. Zhemchugov

[PRD 93, 094029 (2016)]

. Identical contributions to K~y — K~ " and ©~=°

- Higher K= threshold — higher order corrections potentially higher

Andrii Maltsev Measurements of the Chiral Anomaly at COMPASS
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Chiral anomaly with kaons

0
m
)
Dispersive analysis of the Primakoff reaction y K — K PHYSICAL REVIEW D 93, 094029 (2016)
Maximilian Dax 49, Doninik Samen' 10, asdian Kubis 0. N Looking for chiral anomaly in Ky — Kn reactions
elmholtz-Institut fiir Strahlen- und Kernphysik (Theorie) and Bethe Center for Theoretical Physics, Universitit Bonn, 53115 Bonn, Germany

M. 1. Vysotsky'**" and E. V. Zhemchugov'*"’

[PRDI3, 094029 (2016)]

[EPJC (2021) 81:22]

- Dispersive approach similar to
n~n° case

- Higher order corrections
estimated to be 25%

- Extraction of the chiral anomaly
from combined K~y — K~ n°
and K~y — n— KY analyses
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Chiral anomaly with kaons

0
s
(%)
Dispersive analysis of the Primakoff reaction yK — K PHYSICAL REVIEW D 93, 094029 (2016)
l‘\.laximilianDaxL:“ , Dominik Stamen'" ,B?slian Kubis'< ) ) o ’ ) N LOOkil’lg for chiral anomaly il’l K]l — Kfr reactions
Helmholtz-Institut fiir Strahlen- und Kernphysik (Theorie) and Bethe Center for Theoretical Physics, Universitit Bonn, 53115 Bonn, Germany

[EPJC (202 1) 8122] M. L Vysotskyl'z"”‘=: and E. V. Zhemchugovl'-';‘*
[PRD 93, 094029 (2016)]

- COMPASS: 2009, 2012 samples with beam kaons (2.4%)
- AMBER: plans for a dedicated Primakoff run
- plans for OKA detector at IHEP Protvino

Andrii Maltsev Measurements of the Chiral Anomaly at COMPASS
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Conclusions and outlook

- Preliminary results from COMPASS
experiment:

Fsrz=10.3+£0.6 GeV >
[o—ny=76 +_18° keV

first combined measurement of F3;
and ['p_,zy

most precise F3; measurement to
date

potential improvement on
systematic uncertainty: more news
soon!

- other ¥ PT tests at COMPASS:
polarizabilities, chiral dynamics in
Ym — 37

. Qutlook for future measurements:

Fnzzy from 771 final state

— FnKK}/ from K~ n°

Andrii Maltsev
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COMPASS preliminary |— 4:—.—
Antipov et al.(— ! e
Ametller et al.|—

Giller et al., with t-pole|— —:ro—

Giller et al., no t-pole— —0-%—

COMPASS | =t

ChPT |- —_—
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Extraction of the Fsz and [ p_zy

- Acceptance corrected number of Primakoff events in each bin fitted
with theoretical 7~ +(Z,A) — n~ + n° +(Z, A) cross section

[M.Hoferichter, B.Kubis, D.Sakkas (PRD 86:116009,2012)]
1 _
. CV =10.5 4 0.1 515 £ 0.6y5t GEV 3

2 . -5
. O = 245101515, , GeV

Andrii Maltsev

COMPASS preliminary

ST : :
§ [ Theory prediction Tt (AZ) » (ATt s
() —_—
= L Data
3
~ 10F,,= (10301, +06,,) GeV”®
ER

?: -

Eor
=
U -

o
© 1=

_1 1 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
1075 0.2 0.4 0.6 0.8 1

M_ , (GeV/c?)
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Implementation of the radiative corrections

- Real photon radiative events: how to deal with infrared divergencies?
- Select A’ such that soft photons events below handover point A’ are
indistinguishable from elastic 7~ 7" events in the experiment.

- Implementation procedure: £
— generate a real photon | I wexe
radiative event with soft | 4
photon energy E, Jﬁ"d ~ heod o (vt

— if E, > A’ — store the event 1| R

as is )
— if E, <A’ — generate N
elastic events with Noj [Drawing of Jan Friedrich]

calculated separately
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