Testing Predictions of the Chiral Anomaly in Primakoff
Reactions at COMPASS

Dominik Ecker, Andrii Maltsev on behalf of the COMPASS collaboration
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The chiral anomaly

* Lagrange density of QCD: .
Locp = 2 qr(ip — mp)qy — ZGﬁlngv

_u’dls)
f_c,b,t

Dominik Ecker | HADRON | 08/06/2023



The chiral anomaly

* Lagrange density of QCD: .
Locp = 2 qr(ip —mg)qy — ZGﬁlngv

_u’dls)
f_c,b,t

mu
Symmetry breaking term: m; = ( mg >
mS

Chiral limit: my,, mgz, mg =0
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The chiral anomaly

* Lagrange density of QCD:
— . 1 a nv
Locp = 2 qr(iP —me)qy — ZGqua

_u’dls)
f_c,b,t

* Features axial U(1)-symmetry in chiral limit:

q(x) —» e"sq(x)
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The chiral anomaly

* Lagrange density of QCD:
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* Features axial U(1)-symmetry in chiral limit:
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q(x) = e775q(x) Noether
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The chiral anomaly

* Lagrange density of QCD:
— . 1 a nv
Locp = 2 qr(iP —me)qy — ZGqua

_u’dls)
f_c,b,t

* Features axial U(1)-symmetry in chiral limit:

16
q(x) = e"”Vsq(x) violates color symmetry

Noether
0,4y = qrvsq’
f=d,s
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The chiral anomaly

* Lagrange density of QCD:
— . 1 a nv
Locp = 2 qr(iP —me)qy — ZGqua

u,d,s,
f_cbt

* Features axial U(1)-symmetry in chiral limit:

q(x) —» e"sq(x) oo

0,4y = Z lmequSqf+
f=ud,s

uv
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The chiral anomaly

* Lagrange density of QCD:
— . 1 a nv
Locp = 2 qr(iP —me)qy — ZGqua

u,d,s,
f_cbt

* Features axial U(1)-symmetry in chiral limit:

q(x) —» e"sq(x)

G*VG

0,4y = Z i2meqrysq’ +— v

f=ud,s

AT Euvpa

* Anomaly: Symmetry of classical Lagrangian violated
at quantum level (by renormalization choice)
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The chiral anomaly

* Lagrange density of QCD:
— . 1 a nv
Locp = 2 qr(iP —me)qy — ZGqua

_uldlsl
f_c,b,t

* Features axial U(1)-symmetry in chiral limit:

q(x) —» e"sq(x)

TT Fnyy
* Anomaly: Symmetry of classical Lagrangian violated
at quantum level (by renormalization choice)

» Adler, Bell, Jackiw 1969: Tanom (%) = (9.5 £ 1.5) - 10775 # Typeory(m°) =~ 107135
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The chiral anomaly

* Lagrange density of QCD: ) n° lifetime measurements
_ _ . U |
LQCD _ 2 qf(lﬁ o mf)qf o ZG,LCleGa L ' PDG average
f_u,d,s, i °
“¢bt |
— vl LARIN 2020
* Features axial U(1)-symmetry in chiral limit: — BYCHKOV 2009
q(x) = ei97’5q(x) — _,._ WILLIAMS 1988
— i —— ATHERTON 1985
— -—-—e—- BROWMAN 1974
* Anomaly: Symmetry of classical Lagrangian violated |
at quantum level (by renormalization choice) e S o

1 | 1 1 1 1 |
7 8 9 10 11 12
) n° lifetime (107""s)

e Adler, Bell, Jackiw 1969: Tanom (7°) = (9.5 £ 1.5) - 107s ----7~

well tested in ©° decay
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Anomalous processes

. . 144
* Chiral anomaly governs couplings of odd
number of Goldstone bosons: AT
T Fnyy

SU(2) flavor SU(3) flavor
0 —ry KtK- - ntnnl AVAVAR
Yo~ — nontny e2N,
Tt — et vy K*—mtnety, * Fryy = e = 2.52-1072GeV ™
etc. etc. ™t

* On tree-level: low-energy theorems with few
parameters, e.g. pion decay constant F; T

measured from leptonic decays of the charged ’
pion (¥ — u*+ v) gl T
> 7

* Higher order corrections via Chiral Perturbation . By, = —2Nc
Theory (ChPT) 1272 F3
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Testing the chiral anomaly - F3;

m
* F5,: Direct coupling of y to 371 - process proceeds Y m
primarily via the chiral anomaly -
* Accessible in Primakoff reactions via: ty* - n~n° T (o
ultra-relativistic pion scatters in e.m. field of nucleus 70
(characterized by very low momentum transfer) »

Q dependence of EPA

o
(5]
U

for \s =770 MeV = Q,,, = 1.5 MeV
and Pyoan = 191 GeV

do /ds dQ d®,_ (a.u.)
o o o
N w S

LI | T 1T 17T | | L W

°
&

e Q (MeV)
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Testing the chiral anomaly - F3;

m
* F5,: Direct coupling of y to 371 - process proceeds Y m
primarily via the chiral anomaly -
* Accessible in Primakoff reactions via: ty* - n~n° T (o
ultra-relativistic pion scatters in e.m. field of nucleus 70
(characterized by very low momentum transfer) »
* Problem of explicit chiral symmetry breaking: - 5 doparsima B EEK
:; 0.5
__eN¢c -3 . . < -
Fs, = P (9.78 £ 0.05)GeV> =F(s=t=u=0) g i
2 for \s =770 MeV = Q,,, = 1.5 MeV
- B and p =191 GeV
L 031 o

We measure at s > (2m,;)?: use ChPT to bridge ,,gap“

0.2}

FB?T(S! L, u):F3?T(f(0)(Sr t, u)+f(l}(3,t, u)+f[2)(3, L, u]+)

0.1

000=ﬁ_°m 50.....;. 00
Q (MeV)
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Radiative width of p-meson

e Cross section of m~ 1 final state result of two coherent
processes:

G (ub)

* At kinematic threshold: dominated by chiral anomaly

* Interference between Chiral Anomaly and p gives
additional information

= possibility of extraction of radiative width of p-
meson: [(pomy)/Trot = 4.5+ 107%
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Low-mass tail:
mainly driven by F5;




Radiative width of p-meson

e Cross section of m~ 19 final state result of two coherent

processes: Kaiser and Friedrich (2008)
2
B 25_ 0
- . & [ Oy wnd)
0 ool —— tree-level ChPT
y* - + p-meson model
15
* At kinematic threshold: dominated by chiral anomaly 10
* Interference between Chiral Anomaly and p gives -
additional information 5
= possibility of extraction of radiative width of p- N
. ~ . _4 _IJIIII"'I.|LIIIII|IJIl|IIII|I]IlIIIII
meson: Lp-my)/Tror = 4.5 - 10 O~"%55 3 35 4 45 5 55 6

Vs (m)
Kaiser, N. and Friedrich, J. M., EPJA 36 no. 2, (2008) 181-188
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Radiative width of p-meson

e Cross section of m~ 19 final state result of two coherent

processes: Kaiser and Friedrich (2008)
2 0
B 25_ 0
- . & [ opmyonmd
w0 ool —— tree-level ChPT
y* - + p-meson model
15
* At kinematic threshold: dominated by chiral anomaly 10~
* Interference between Chiral Anomaly and p gives - _ |
additional information 5— Previous
- : . : - measurements
= possibility of extraction of radiative width of p- -
. ~ . _4 _|J||I|"'I4|I._i_-|-.—.|.|||lj||.l||||||]||.l||||
meson: Lo-my)/Tror = 4.5 - 10 O ~"25 3 35 4 45 5 55 6

Vs (m)
Kaiser, N. and Friedrich, J. M., EPJA 36 no. 2, (2008) 181-188
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Previous measurements — F3;

Antipov, Y. et al. PRD 36 (1987) 101103 Giller, I. et al. EPJ. A25 (2005) 229-240

and reanalyzed by from cross-section data of

Ametller, L. et al. PRD 64 (2001) 094009 Amendolia, S.R. et al., PLB 155, 457 (1985)
F3, = (10.7 + 1.2) GeV~3 F3, = (9.6 £ 1.1) GeV~3

* Neglecting s-channel production of p meson * Neglecting s-channel production of p meson

* No proper consideration of systematics * No proper consideration of systematics

* Dominant background of elastically scattered pions
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Previous measurements — I'

poTYy
Radiative width of p-meson: I'(p—my) measurements
Capraro, L. et al. Nucl.Phys. B288 (1987) 659-680 L ] PDG average
at CERN (SPS): .
— : :-—0—' CAPRARO 1987
* From fit to cross section (BW shape):
I['(p->my) =(81+4+4)keV — — | HUSTON 1986
T a lys — : '—-0—:' JENSEN 1983
nf I GOBBI 1974
[ R R R I: Ll : [ 4 \

08}

| ‘ | | | | | | I
20 40 60 80 100 120 140
1% I'(p—mny) (keV)

do/dM (mb/0.01 GeV/c?)

0.4

0

L 1 1 L
0.4 0.6 08 1.0 12
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ity — mrt from dispersion relations

* Cross section:

_(s— 4m%)%(s -
o(s) = 102475

+1
2
M) J dz (1 — z2)|F3,(s, t,u)|?
1
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ity — mrt from dispersion relations

* Cross section: T
(s = am2(s —md) | S L
s —4m2)2(s — ma j 5 ,
o(s) = dz (1 —z4)|F;,(s,t,u
(s) 1024745 ( NF3r(s, t,u)l AN
-1 X
, , _ ' {:l» Re(s)
* Dispersive framework to deduce F3,; from a fit to the full data ]
set up to 1.0 GeV including the p(770)-resonance: " ‘
~ 2
1 1 ds” s
_ (1) (2) (1) (L)¢ o7 (21 () o7
FSI:[R(S]_g(CE + G, s)+ﬁf 2 5 s X[Cz Im#%, 7 (s7) + GV ImF, ™ (s }) ______ |
4m2
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ity — mrt from dispersion relations

* Cross section: T
s —4mz)2(s —m; j
a(s) = dz (1 — z%)|Fa..(s, t,u)|?
(s) 1024745 ( NF3n(s, t,u)l AN
-1 X
, , _ ' {:l» Re(s)
* Dispersive framework to deduce F3,; from a fit to the full data a3
set up to 1.0 GeV including the p(770)-resonance: " |
oo
DRy L (- @y, L[ s’ s Wi (0 Ay @ o (2) Iy
FP (s.)_g(c2 e s)+E o (G PimA ) e
4m2
Fit parameters Basis functions provided in:

M. Hoferichter, B. Kubis, and D. Sakkas, PRD 86 (2012) 116009
M. Hoferichter, B. Kubis, and M. Zanke, PRD 96 (2017) 114016
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ity — mrt from dispersion relations

1y 5 nl

* Cross section: 40

( A 2)§( 2y 1 g — C;'=11.1GeV* G}’ = 20.5 GeV*

s —4amg)2(s —my j w 3 —— =111 Gev C‘E’_25.TGeV'5
a(s) = dz (1 — z%)|Fa..(s, t,u)|? 5 r
(s) 1024775 ( NF3n(s, t,u)l s0f
-1 252—
20f—
* Dispersive framework to deduce F3,; from a fit to the full data -
set up to 1.0 GeV including the p(770)-resonance: 3
10
oo C
DR 1) ds’ s° 1) @1 (2) o
FPR(s)= (C Yl )— x (M (s")+ CPim 72 (s) ;

T | s2s/—s 2 2 0" '
0.4 0.6 0.8 1 1.2
4m2 fs (GeV)
Fit parameters Basis functions provided in:

M. Hoferichter, B. Kubis, and D. Sakkas, PRD 86 (2012) 116009
M. Hoferichter, B. Kubis, and M. Zanke, PRD 96 (2017) 114016
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mmon uon and
pectroscopy
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COMPASS spectrometer

ECAL ) * 190 GeV negative hadron
~ beam:

i magnet 96.8% 7,2.4% K~,0.8% p
detectors * Beam PID by Cherenkov
detectors
CEDARs * Two stage magnetic

spectrometer

* 4mm Ni target disk
(= 25% X/X,)

 Calorimetric trigger on
\/( photons

Abbon, P. et al. NIM A 779 (2014) 69-115

Dominik Ecker | HADRON | 08/06/2023 23




Principle of measurement

y _ ECAL1 ECAL2
silicon stations SM1 SM2
i i
CEDARs 2009 RPD \ / \ /
; H i R H—H === FE=——==== e -
C/Ni/W targets V DD v
n (AZ) > (AZ) :n:_ 1_t° COMPASS preliminary «10°
 Measure scattered 7~ and photons of 7° decay § ST wfim gt =-.'_:_:- ‘
» Select exclusive events at very low Q2 w0l e L
§ 0.2

_15 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Q (GeV/c)
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Principle of measurement

ECALT ECAL2
silicon stations SM1 SM2
T
CEDARSs 2009 RPD \ / UD\ / -
F H B == H=="-----7- :
C/Ni/W targets DD

 Measure scattered 7~ and photons of 7° decay
* Select exclusive events at very low Q2
* For absolute cross-section measurements: Luminosity

Indirect determination of luminosity via free Kaon decays

(K- > nnorK™ — n nrn?)

j Ldt = (5.21 £ 0.04g,¢ + 0.485y5 ) nb™?
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Potential background processes to my —

T T T T
\/ 0
7TO m
w P (ﬂ'o)
_7_[0 o o .

.~ n? via strong interaction % via Pomeron exchange

* Pomeron exchange: forbidden by G-parity * Large cross section

conservation * Main background: loss of one (soft) °

e w and w exchange:

: e Approach:
low cross section at COMPASS beam oA _ g
energies * Using the model from COMPASS T~ -1~ data
 Apply m~° event selection -> realistic distributions of leakage in T~ °
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Subtraction of 3 background

Model from COMPASS 7~ %r? data:

* Realistic shapes for signal and background
contributions

* Fit yields (signal vs background) to match

- ’ ) observed momentum transfer distribution
@ 0.75 GeV/c® < M__, < 0.80 GeV/c
5
3
10°
e —— Data
ey + THE A
2 H+H+ ++++++++++++¥H¢§ﬂf+++++"|+: H T e H b ki — PrimakOff MC
10 - LS
- A ++++++++++++++++ + — 31 MC | |
- Pt et Sum of MC contributions
B | | P f .Hﬂﬂrjf#’r 1/x1073
0 5 10

Q? (GeVZ/c?)
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Subtraction of 3 background

counts

counts

counts

COMPASS preliminary

0.30 GeV/c? < M, < 0.35 GeV/c®

counts

0.35 GeV/c® < M_, < 0.40 GeV/c®

counts

10
Q* (GeViic?)

10
Q* (GeV3ic?)

1
Q* (GeV?ic?)

0.50 GeV/c® < M, < 0.55 GeV/c®

0.55 GeV/c® < M, < 0.60 GeV/c®

0.80 GeV/c® < M, < 0.65 GeV/c®

counts

03_

0.45 GeV/c® < M__, < 0.50 GeV/c®

10
QF (GeViic?)

||uu.|.|~ T

0.85 GeV/c® <M, < 0.70 GeV/c®

10217 +H"W#+ i
iy fit Tt
T g H H # f+ i ’mﬂﬂﬂ .
f ﬂ_ t 10 h\ B 1 ﬂ.fﬂﬂ HHﬁrﬂ bt
I }H +hurl” Hly uiboto 8 . hfﬂ f + {LLL} 11 llll whdo i 10E fi ﬂ IF AT A 10 L f HHHL ity it 1 X
Q* (GeViic?) Q* (GeV3ic?) Q? (GeV?ic?) QF (GeViic?)
0.70 GeV/ic® < M, < 0.75 GeV/c® 2 0.75 GeV/c® < M, , < 0.80 GeV/c? 2 0.80 GeV/c* < M, < 0.85 GeV/c @iy 0.85 GeV/c® < M, < 0.90 GeVic®
3 E g
102 2,
Wy '*+++ . o } st L
fild L
+++ o i h*+ +*+| ¢ 10 it gt
I i L ; P W s x E 5 W
Q* (GeVZic?) Q% (GeVZc?) Q7 (GeVZc?) Q7 (GeV2ic?)

0.90 GeV/ic® < M,_, < 0.95 GeV/c®

M HL'HH[hﬂLu Lotk

0.95 GeV/c® < M, , < 1.00 GeV/c?

Mty by 4 1

10
Q% (GeV?ic?)
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Q? (GeVZic?)

Data
Primakoff MC
3t MC
Sum of MC contributions




Results of dispersive fits

e Determine subtraction constants from fit COMPASS preliminary

« Use data up to 1 GeV/c? ST ) 4
o T (AZ) > ATt
« Exclude data around 500 MeV/c? due to % - g;‘:a“w prediction A2) = (A2)
background of free kaon decay =
o
2 10EF, =(103£01,, +06,,)GeV’
CSY = (10.5 + 0.154¢ £ 0.6y, )GeV 3 2
(2) _ +1.6 -5 & -
P =245+ 0'1stat—1.4syst) GeV - | |
= i |
* Use ChPT expansion (NLO) to determine F5,(0,0,0): 3 =
Fap = (10.3 % 0.15q¢ & 0.6y5.)GeV ™S i L
oy = (76 £ Lae T80 JkeV
Fp wy (76 — +stat_—g syst € 10—10 L1 D|2 L ID_|4 L1 Dlﬁ L ID_la I I B

1
M_ . (GeVic?)
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Comparison to previous measurements

e COMPASS: First combined measurement of
F3rand T,

radiative width
Faw = (10.3 + 0.150q¢ + 0.65,5.)GeV > P

chiral anomaly

+10
FP_’TW = (76 t 15tat—8 Syst) keV COMPASS - -—o— COMPASS
i o _ _
- . - —t— PDG average
* Intensive test of systematics (dominant . L ———  CAPRARO 1987
contributions): Giller et al. *
* Luminosity Ametller et al. - e — - —“— HUSTON 1986
* Radiative corrections T T — ——-—— JENSEN 1983
e Background of w, m exchange 8 9 10 M 12_3 || ‘||‘|
* Background from my final state F,. (GeV™) 50 80 70 80 90 o _1)013” (keu)o

* Accompanied with intensive analysis of
™ Ni » 7~ 7% Ni for background estimation
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Conclusion and outlook

* Measurement of F3, - fundamental test of low-energy QCD

* COMPASS did first combined measurement of Fz and T,

* Result for F3,; is in agreement with prediction from ChPT

» Results dominated by systematic uncertainties -> improvement expected
* Background prediction
* Luminosity determination

* On the future program of successor experiment AMBER: similar program on kaon sector
(see talk by Oleg Denisov, “From COMPASS to AMBER”, Fri 14:00)

Thank you for your attention
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Backup
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Cross sections for Primakoff effect

o)
=
o
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Chiral tree, chiral loop

* Direct (point-like) coupling of photon 4 \»\// 7

to 4 pions >

* Prediction from ChPT at tree- and 7" m
loop-level available

7 [ T T T T 'l T T T T -| T T T T | T T T T L T T T T '| T T T T I T T T T '|
[ ) : . ] o - 0.0
6 total cross section: Ty --> 1T T T ] { total cross section: TY-->T N T
/ r _
5 Ke i
i P _
—_ . F S = i
34F S =2 7
& I — — — = [fee approximation ," -] — —— - lree approximation Fa
°B 3 with chiral loops+cts £ - =] with chiral loops+cts e
[ // ] S T tree approx. m_s < m_ ".,.-‘?
&
7= /’. — 1 — ,,;"’-y —
o o o
| = _
[ L L L i i i J L L L i I. I L L L ] - . i L L i L L L 1 ] L 1 1 I
ﬂ'_11 4 5 6 7 US 4 5 6 7
12 112
s [m ] 5 [mn]
Grabmiuller S. (2012). Cryogenic Silicon Detectors and Analysis Kramer M. (2016) Evaluation and Optimization of a digital
of Primakoff Contributions to the Reaction t”Pbh — calorimetric trigger and analysis of " Ni —
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Pion-photon reactions through the Primakoff technique

* Photon is provided by the strong Coulomb
field of a nucleus (typical field strength at
d = 5Ry;: E =~ 300 kV/fm)

* Coulomb field of nucleus is a source of quasi-
real (B? < m3) photons

* Large impact parameters (ultra-peripheral
scattering)

Q dependence of EPA

o_f_ Flux of quasi-real photons  my scattering cross section

3 osf
I
o o4l : 2 2 2 ..
E L } for /s =770 MeV = Q,,, = 1.5 MeV (.10' . Z o FZ( 2) Q - Qmjn (1071"‘}/—>X
- C nd =191 GeV ; — ; ’
8 o3| = N dsd@?d®,, w(s—m2) Q4 dd,
| N\ AN )
0-2_—} N T
|
|
C |l

0 0g=\3.a 50 100
- Q (MeV)

Dominik Ecker | HADRON | 08/06/2023 35




Integrated luminosity

* Needed for absolute cross section measurement:
effective integrated luminosity

Less =L - (1 — €paq)

* Can be determined via free kaon decays:
* Use CEDAR detectors for beam PID
* Free decays where no material
* Exclusive events with no momentum transfer

Number of detected
kaon decays

N\

NK=

Pion flux

Kaon/pion
flux ratio

Ny
¢7T -
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"

[

Decay probability of
kaonto decayinL

Branching ratio

L

BR(K = X)(1 —e YT)eg_x

Acceptance for kaon
decays for final state X

©® (mrad)

COMPASS Prlmakoff 2012 prellmmary

counts -

1 _1 00I 1 I_80 1 1 I_60 1 1 I_40 1 1 I_20 1 1 1 0

—1 20
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Previous measurements — F3;

Antipov, Y. et al. PRD 36 (1987) 101103

Fs, = (12.9 + 0.9) GeV 3

 Assuming F5, = F3,(s,t,u)
* Neglecting s-channel production of p meson

* No proper consideration of systematics
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st

eN¢

F. =
3T 12m2E3

= (9.78 + 0.05)GeV 3



https://inspirehep.net/author/profile/Ametller,%20L.?recid=559845&ln=de

Previous measurements — F3;

Antipov, Y. et al. PRD 36 (1987) 101103
and reanalyzed by
Ametller, L. et al. PRD 64 (2001) 094009

F eN¢
’ \/\, =
coneV? 3T 12m2E3

= (9.78 + 0.05)GeV 3

Fi, = (11.4 + 1.3) GeV 3

* Neglecting s-channel production of p meson
* No proper consideration of systematics

* Using ChPT to extrapolate to chiral limit (NNLO)
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Previous measurements — F3;

Antipov, Y. et al. PRD 36 (1987) 101103 eN,
and reanalyzed by %A— F3, = T = (9.78 + 0.0S)GeV—3
Ametller, L. et al. PRD 64 (2001) 094009 ”

Fy. = (10.7 + 1.2) GeV 3

* Neglecting s-channel production of p meson
* No proper consideration of systematics

* Using ChPT to extrapolate to chiral limit (NNLO)

* Considering dominant correction
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