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Chiral anomaly and resonance couplings

5y

@ Anomalous pion—-photon processes related by low-energy theorem

e*N;

_ 2 _
Foon = eFxFon = 502F;

@ Experimental error on F., down to 1.5% Primex 2011

@ Low-energy theorem for F3, only tested at the 10% level

— extract from v — 7w cross section Pt -

@ Radiative resonance couplings: p, p3 — 7 Tr Tl 0

@ Primakoff program at COMPASS
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Anomalous magnetic moment of the muon: pion pole

@ Pion transition form factor £ o .. .
— pion pole in light-by-light scattering

@ In 7° — v**, one photon each isovector/isoscalar

@ Discontinuities in isovector channel dominated by =, e.g. for ete™ — #%:

@ Key input: v*m — 7w and pion form factor
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Outline

o Dispersion relations for ym — nm

e Resonance couplings

@ Quark mass dependence

e From ym — nrtoy*nm — 7w
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Kinematics and partial-wave expansion

0
@ Amplitude decomposition V(Q)m@ e (po)
M(s, t,u) = iepvape pi pgpo}‘(s t,u) . N

- ~
-

]:(0 0 0) —F 7 (p1)” S (p2)
@ Partial-wave expansion
F(s, t,u) =Y fi(s)Py(2)
odd ¢
@ Unitarity
Im () = ox(8)fe(8) (8 (5)) "0 (s — 4M?) @
on(s) = /1 - M2 th(s) = %ffér‘ d

@ Partial waves ¢ > 3 and higher intermediate states (47, KK, ...)
negligible below 1 GeV
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Dispersive representation

@ Analyticity: dispersion relation for 7 (s, t, u)

1 [ ds' [ &2 g u?
F(s, t,u) = Co + — — Im f (s’
(s.t,0) 2+WAM% s P )
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Dispersive representation

@ Analyticity: dispersion relation for 7 (s, t, u)

>~ dg’ { S2 t2 u2

1
F(s, t,u) = Co + — Im f (s’
(s,t,0) 2+7r/ s’—s+s’—t+s’—u} 1(8)

@ Decomposition into single-variable functions
F(s, t,u) = f(S) + F(t) + F(u)

1 ds’ &2
F(s) = =(cS" + ¢ —/
(s)= ( '+ 5 S) + 7 Jae

g s mF) i+ cPme = c,
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Dispersive representation

@ Analyticity: dispersion relation for 7 (s, t, u)

> ds s? g u?
F(s, t, C Im f (s’
( W=C+ o /ﬂs’2{s’—s+s’—t+s’—u} 1(s)

@ Decomposition into single-variable functions

F(s, t,u) = F(s) + F(t) + F(u)

ds’ &2

() 4 o@)py
W mF(s) G+ M=

F(s) = —(c +CPs) + - /
@ Partial-wave projection

WO =FO+FE  FO=30-AF) @R=1[ gz (1)
@ Unitarity

Im f;(s) = Im F(s) = (F(s) + F(s))0(s — 4M2) sin 6] (s)e=1 (5)
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Iterative solution: Omneés functions

Omnes solution for F(s)

ct c? 2 /oo 45’ f"(s/)siné}(s’) }
4

F(s) = Q(s){ % (1 —Q(0)s) + %s + =

m Jamz  S2(s — 8)|Q(s)]

@ Solution in terms of Omneés function

s [ S1(s") _¢
Q(S)‘exp{;[wzds'm :,

[ 012 0‘.4 0‘,6 U‘.B
Vs | GeV

@ Solve for F(s) by iteration

@ (s) corresponds to crossed-channel 7w rescattering
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lterative solution: basis functions

Omnes solution for F(s)

(1 (2) oo 7~ ol ai /
ror =0 G (109 + G o+ £ [ g ZOE).

a2 S2(s' = 5)|Q(s)]

@ Important observation: 7 (s) linear in C.’
F(s) = CSVFV(s) + CP FP(s)

< basis functions 7" (s) can be calculated independently of the C!"
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Fitting the subtraction constants

@ Representation of the cross section in terms of two parameters

— fit Céf) to data (compass)

@ G =C" + CP? M2 ~ Fs, strongly sensitive to the p peak

35 T

\ — Cy =9.78GeV™?
30 "o -3 ]
[ = (3 =129GeV™"

n L L n
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 1.2 1.3

Vs | GeV
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Radiative coupling of the p(770)

@ Unitarity relates Riemann sheets:

T 1 T 4M72r
f1.1(8) = fru(s) = =207 (s)f1 ()t () o™ (s) = 1
’ s
@ Near the pole
gp7r7r( - 4M72r) 2egf77m’gp‘rr7r e0pr~ SpO' (Sp)
T T f = Z=emydenn Z2emy - j20%m %) g (s,
Has) = 487 (s, — s) 11(s) s, —s 7 G agx (s0)

@ g,~~ and s, known from =7 Roy equations

@ Once C!” known, calculate f i(s,) from dispersion relation, numerically
i 1(s,) = G (0.588(5) + 0.193(7)i) — C) (0.071(7) + 0.570(5)i) GeV?

— determine g,~ aka T p— ="

@ Can extract the residue g,~~ in a model-independent way from the cross section!
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Prediction for the cross section

0.5 : )

I=

@ Current knowledge of Fs, + w — 7% + SU(3) fixes C.’

cl) =9.9(1.0)Gev=®  C{) =24.1(2.5)GeV~°

— prediction for compass (including VMD for p3(1690))

@ Inthe future: extract C!” from data = improve Fz., gy
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7w phase shift from unitarized ChPT

@ Want 6] (s) as function of M,

< unitarized ChPT, inverse amplitude method (IAM)

@ For SU(2) dispersive justification based on dispersion relation for 1/t (s) and
ChPT for the left-hand cut Gsmez Nicola, Pelaez, Rios 2008
@ Amounts to

1 _ (t(s))?

Re - —iox(s) 1(s) — u(s)

H(s)=t(s) +ta(s) +O(®) =  H{(s)=——
t(s)

@ Free parameters up to O(p*): k. — I, Fo (pion decay constant in the chiral limit)
— with F/Fy = 1.064(7) FLac there is only one free parameter!

@ Note: using F, instead only differs at O(p®)
— weak sensitivity to /; (but lots of other p® terms too!)
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7w phase shift from unitarized ChPT: fits

sourceffit b—h T x2 /dof
Roy equations + 2-loop ChPT Colangelo, Gasser, Leutwyler 2001 4.7(6)

fit of IAM to 6} (s) from Roy equations (without ;) 5.8

fit of IAM to 6} (s) from Roy equations (including 7, our variant) 6.1 11.3

FLAG 2+1 4.10(45)

fit of IAM to HadSpec 2015 (including 7, Bolton, Bricefio, Wilson 2016)  7.02)  —1.0(*5}) 1.3
fit of IAM to HadSpec 2015 (including Ty, our variant) 7.0 10.3 1.3
fit of IAM to HadSpec 2015 (without 74) 5.9 3.2
fit of IAM to HadSpec 2015 (generic Mfr term at O(ps)) 7.0 1.3

- 2
@ Pion mass dependence: I = 167°/;(11) — log “5
@ Fully consistent fit to lattice data appears to require 2-loop amplitudes

@ With 61(s; M) fixed, 7. (s; M) follows as before
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From ynr — nw to v*r — 7w

@ For ¢° < 9M? generalization of dispersion relations Vs
easy, but: how to fix the normalization a(q*)?
— a(0) = Fs, for yw — 7, related to widths for w, ¢ — 3«

@ Fitto ete™ — 3 MH, Kubis, Leupold, Niecknig, Schneider 2014

o0 Im A(s")
a 2:a+52+f ds’' =27
(CI ) q S 3/2(3’ _ q2)
Cu n S
M2 — @2 —iv/GPTu(q?)  ME — G2 — i/ qPTy(q?)

@ o fixed by Fsr, I.,/4(G?) include 37, KK, 7% channels

A(gP) =

@ Good analytic properties, free parameters: 3, c., Cy

@ Quark mass dependence of vector meson masses Bijnens, Gosdzinsky 1996, polynomial

for (small) space-like virtualities?
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Conclusions

@ Parameterization of amplitudes for v*)7r — 77 below 1 GeV consistent with

analyticity, unitarity, and crossing symmetry
@ Consistent analytic continuation to p pole
@ cowpass: chiral anomaly and radiative decay of p(770) [and p3(1690)]

@ Quark mass dependence with SU(2) inverse amplitude method

@ Outlook:
@ basis functions for unphysical pion masses
@ generalization to non-zero virtuality
@ extrapolate lattice results Bricerio et al. 2015, 2016 for v(*)7r — 77 to physical point
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Chiral anomaly: experimental tests

Low-energy theorem for vw — 7

eNc -3
F3r = ———— = 9.76(3) GeV
T 12n2F2 )
0 7T7
@ Primakoff measurementof y»= - 77~
Ametller et al. 2001 m Tl 0
‘~\\\7T
f\/* S e
Fs3, =10.7(1.2) GeV~®
A4
@ 7 e — 7~ e 7° Gileretal. 2005 pei <Z : _ ™
;TTJ
Fs. =9.6(1.1)GeV~?
e e

= F3, tested at the 10% level
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Chiral anomaly: Primakoff measurement

COMPASS 2012
RS E +Nie1r+ 70+ Ni
2 4500 "
E E p meson
g 4000F—
g E
° 3500;
@ Previous extractions rely on 30001
2500
ChPT analysis of serpukhov 1987 s000E-
= restricted to threshold region soof ek s oszvoves
. 1000
@ cowpass: Primakoff measurement  F
500 —
of full spectrum ob L ey !
0.2 0.4 0.6 0.8 1 1.2 1.4
mass of 1t 1 final-state [GeV/c?]
@ Use dispersion relations to exploit J. Seyfried, MSc thesis 2017

all data up to 1 GeV for the anomaly extraction

@ Basic idea: include the p(770) model-independently

in terms of the P-wave = phase shift
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Crossing symmetry of F(s, t, u)

@ Amplitude decomposition 7(q) (o)
M(s, t,U) = i€uvape” iP5 Py F(S. 1, U) %%<>\

- ~
-

m(pr) T (p2)
s=(q+p)2=(o+p)? t=(1-p)2=(q-p)? u=(q9-p)?=(p1—po)?

@ Crossing symmetry in s <» u and t +» u = fully crossing symmetric
@ Isospin symmetry

1 1 1 1
(" My = — M+ E(M1 + M) (v M Ty = M 5(/\/12 - MY

V2 V2
N—_—— ————— N—— N————
/7 =0 /w:1 I’Y =0 Iy =1

= photon isospin I, = 0, total isospin / = 1

= only odd partial waves
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Extracting the chiral anomaly: towards the chiral limit

@ Quark mass renormalization
Co = Fa. (14+3M20C)

< not calculable in dispersion theory = need ChPT here

@ At 1-loop

. 64r? 1 Mz
C=-73g Gl - mo +log ?)

@ Resonance saturation

3e

v o 0 0
128202 = 3M;C=4.9%+1.8%

Co(pn) =

@ Theoretical uncertainty due to the low-energy constant C5(x) around 1%
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Sum rule for fo,

@ Unsubtracted dispersion relation implies

h—# oods/q;;( )(FV

fr0.,(0) = 2 1272 S 5/3/2 = (s) (s

@ Indeed fulfilled by HLS amplitude + NWA + KSFR relation 2F2g2,.. = M3
M;
M2 —s

F(s, t,u) = F3Tr{ + = (D (8) + Dy(t) + Dp(u —3)} Dy(s) =

@ More realistic input (C. = 1.066 3, cutoff A = 1.2 GeV, phenomenological pion
form factor) = Saturation of 87% . ..90%

@ Remainder due to higher energies and higher intermediate states
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Off-shell terms and dispersion relations

@ Dispersion relations only valid on-shell, otherwise extra term
(s+t+u—3M2)G(s,t,u)
@ Matching with ChPT
Cot (s+t+u—3M2)G(s, t,u) = Far (14 C(s +t 4 u))

= G(s, t, u) constant up to higher orders
= C>—3M2G = F3, and G = F3,C = Co = F3.(1+3M2C)

@ Quark mass renormalization not accessible in dispersion theory
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