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@ Determined by on-shell pion transition form factor F .. . (g7, g5)

@ Pion pole does not, on its own, fulfill OPE constraints for the triangle amplitude
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Pion transition form factor: isospin decomposition and unitarity relations

@ Isospin decomposition

Fropeqe (G5, G3) = Fus(F, 3) + Fus(G2. GF)

@ Unitarity relations

@ Isoscalar photon dominated by narrow w, ¢

< w, ¢ — 70" transition form factors
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Pion transition form factor: physical regions
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Pion transition form factor: physical regions
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Pion transition form factor: physical regions
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@ For on-shell isoscalar photon, Fs(g7, 0), unitarity relation involves

@ Pion vector form factor: £

9 P-wave for ymr — 7m: fi
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@ For on-shell isoscalar photon, Fs(g7, 0), unitarity relation involves

@ Pion vector form factor: £

9 P-wave for ymr — 7m: fi

@ Subtracted dispersion relation

[
o0 . RANEREN
s ax () (Fy () fi(s')
Frs(s.0) = Frs(0,0)4 3575 /dsl s/3/2(s' — s) MM@ I P
ame AL N
[ N
. Fr 2
@ Subtraction constant: Fus(0,0) = 5+ = S:TFW

@ Next: how to determine Fj and f;
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Step 1: g2 = 0, pion vector form factor

@ Unitarity for pion vector form factor

s

ImFy(s) = 0(s — 4M2) F (s)e™ "1 sin & (s) MN\@

|
|

N | 4
|

— final-state theorem: phase of |} equals 77 P-wave phase §1 watson 1954
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Step 1: g2 = 0, pion vector form factor

@ Unitarity for pion vector form factor

-
s

|
-5
ImFy(s) = 0(s — 4M2) F (s)e™ "1 sin & (s) MN\@ I
|
|

N
~
~

— final-state theorem: phase of |} equals 77 P-wave phase §1 watson 1954

@ Solution in terms of Omneés function omnes 1958

-t oo [ o'5iD)
4M72r

@ Asymptotics + normalization = P(s) = 1
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Step1: g2 =0, yr — 7w

@ Unitarity
!

, \

Imf (s) = 6(s — 4M2) £, (s)e~ "1 (Isin 64 (s) |

|

1

< again Watson’s theorem, but now left-hand cut in fi(s)
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Step1: g2 =0, yr — 7w

@ Unitarity

< again Watson’s theorem, but now left-hand cut in fi(s)
@ Including the left-hand cut

Im f(s) = Im F(s) = (F(s) 4+ F(s) )0 (s — 4M?)sin 51 (s)e—01(5)
RHC  LHC

fi(s) = F(s)+ F(s)  F(s)=3{(1 - 22)F) (2"F) =} [, dz2"F (1)

Omnes solution for F(s)

F(s")sin 61(s") }

. 2 7
F(s) = 91(3){2(1 ~ 09 + Fo+ = [ av PR
M2
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Step1: g2 =0, yr — 7w

@ Solve for F(s) by iteration

@ (s) corresponds to crossed-channel 7w rescattering

f(s)=w~< +@ ; @ e

@ Representation of the cross section in terms of
two parameters — fit C; to data

@ Test of chiral anomaly F3,. = e/(47°F3)
9 Precise description of f;
@ Looking forward to COMPASS result

— currently: use chiral prediction I R

V3 | GeV
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Step 2: g5 = MZ, M2

@ Input required:

@ Pion vector form factor
¢ P-wave for w, ¢ — 37

@ Additional complications due to decay kinematics

@ Dalitz plot fit for ¢ — 37 kLoE (w — 37 recently measured by wasa@cosy)

I T 4
8000| TT | 1 ; 1 T b T ;
T
6000+ (I Ik Iy I L I 4
A
i
4000 4
2000 1
0 7%)0 800 850 960 §§0 1000 1050 1£OO 1150 1200 1250
bin number
F=0 once-subtracted twice-subtracted
Xz/dof 1.71...2.06 1.17...1.50 1.02...1.08
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Step 2: g5 = MZ, M2

T 100 T T

100F 1 NAGO 109 - yM
- NAGO '11 - yl(B:aQ(s)
i Lepton-G = once subtracted f;(s)
-- VMD = twice subtracted fi(s) /
= Terschliisen et al. i
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= full dispersive
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@ Puzzle of steeprise in F_, o

@ Testin F, 0 not yet conclusive kLoe-2 2016 ,
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Step 3: arbitrary time-like g2

@ General virtualities: how to fix the normalization?

— F3, for ym — 77, widths for w, ¢ — 37

@ Fittoete™ — 3«
a(q —a+,8q2+—/ o Im A(s')

s/2 s — q2)

A(P) = %

l\/ 2Tw(9?) Mg - Q% —iV/qTy(q?)

@ o fixed by Fs., rw/d)(q ) include 3, KK, =° ~ channels

@ Good analytic properties, free parameters: 3, c., C¢

@ Valid up to 1.1 GeV, also fit including ', w” to estimate uncertainties
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Step 3: predicting o(et e~ — 7%y) from o(ete~ — 3n)

— fit SND+BaBar
==+ fitHLMNT

- SND
- BaBar

Gere-sgn [nb]

@ Fit dispersive representation to

ete” = 3w

0.6 0.7 0.8 0.9 1.0 11

‘ ‘ ‘ @ Determines singly-virtual form factor in

time-like region

) © Predict e"e~ — 7% as check on the
) TR i formalism

[

05 0‘6 0‘7 ‘B 0‘9 1‘0 1.1
v 1GeV]
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Step 3: extraction of slope and space-like continuation

@ For HLbL need the form factor in the
space-like region
— another dispersion relation

2 oo ImF .. (s,0)
F . 2,0 — Fﬂm i / Y
#0,+~(G7,0) nt+ © Js, s(s' — @)
0.20
@ Sumrules for Fr,, and slope parameters _. | | |
M2, 1 foo  ImFo . (5,0)  Sossl |
a, = —=> 1 ds’ oty % P o {.,-- -
Frny m Sy §2 S :‘_'__»}%«;F— “““ % %
3 %’owo— ]
=(30.7+£0.6) x 10~ it
& = CLEO
br = (1.10 £0.02) x 1073 -
= 0.05F
<
@ BESIII data Talk by C. Redmer
O'U%O 0‘5 1‘0 2‘0 2‘5 3.0

@Q? 1[(5}(:\"3]
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Step 4: doubly-virtual form factor

@ What stops us from tackling the doubly-virtual case? In principle nothing:
Froyeye (G5 G5) = Fro e (G5,0) + Flo (05 0) = Frosy

L eqE [ o wdq?,(y)[lm{(F’v*(y))*n(y,x)}
1202 Jo X Jawz T y2 L (x— @)y - @)

@ o d)]
where all ingredients are known
@ In practice workin progress:

@ description only valid until non-77 cuts become important
— need to study the sensitivity to high-energy tails
9 subtracted dispersion relation has bad high-energy behavior
— need to study the matching to pQCD constraints to obtain useful input for g — 2
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Summary

[+

Pion transition form factor strongly constrained by =7 cuts, resum w7 rescattering

©

Valuable input from y7 — 77, w, ¢ — 37, w, p — wo*

©

For general virtualities: normalization fixed by e e~ — 3, prediction for

ete” — 7r°’y

©

Singly-virtual form factor analyzed, to be confronted with data

©

Doubly-virtual form factor and g — 2 application to follow soon

©

Stay tuned for what's new in the case of 17, 1! Taik by B. Kubis
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Pion transition form factor: unitarity relations

process unitarity relations SC1 SC2
Fro,
! ) : YT — T

F3. o(ym — wm)

r‘!\'o"{
‘ w — 37, ¢ — 37
d2r
M3 dsdt (> @ — 3m)

o(ete™ — n0v) ’Y* — 37

o(ym — 7m)

olete” —3m) resummation of
m(w, ¢ — 3m)
7 rescattering
Far o(ete™ — 37)
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~v*v* — 7w partial waves: unitarity relations

process

building blocks and SC

aq B, ap = B

a1 (q?) + B1(q?), ChPT
ete™ — mry
ete” — ete mnm
ChPT
(e"e™ — 7w7)

ete” = ete nnm
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s theorem to dispersion relations

@ Cauchy’s theorem

_ 1_ ds’ f(s')
f(s) = 27l Joq S —S @
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s theorem to dispersion relations

@ Cauchy’s theorem

(s = ds’ f(s') X

T 270 Joq S —S
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From Cauchy’s theorem to dispersion relations

@ Dispersion relation

1 ds’ Imf(s’) . ~
T s-M2 7wy S-S ’ \

< analyticity
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From Cauchy’s theorem to dispersion relations

@ Dispersion relation

g 1 ds’ Imf(s’) . ~
T s-M2 7wy S-S ’ \

< analyticity

@ Subtractions

g s ds’ Imf(s’)

f(s) = —— d & M)

(s) s— M2 + vc +7r s S'(8'—9)
(0)+%
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s theorem to dispersion relations

@ Dispersion relation

g 1 ds’ Imf(s’) . S
f(s)_s—M2+7r s S —S . \

< analyticity

@ Subtractions

g s ds’ Imf(s’)

f(s) = —=— hd > e

(s) s—M? + \C/ +7r s S'(8—8)
(0)+%

@ Imaginary part from Cutkosky rules |

— forward direction: optical theorem
see HVP and o(e* e~ — hadrons)

@ Unitarity for partial waves: Im f(s) = p(s)|f(s)[?

@ Residue g reaction-independent
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