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Introduction

Why new expression?

Pion form factor F, is important characteristics of the low
energy phenomena in particle physics. There are a number of
expressions for this quantity used in the analysis of
experimental data. The simplest approximate vector meson
dominance (VDM) expression based on the effective v — p
coupling o p,A,,

MG pmr/Gp
m2 —s —iv/sl prr(S)

Fr(s) =

@ does not possess the correct analytical properties to
continue to the region 0 < s < 4m72r and furthertos <0

@ it does not take into account the mixing among isovector
p-like resonances.
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Introduction

@ Normalization F,(0) = 1 is satisfied only within 20%
because

1/2
_ gp7r7r _ gmp I_pﬂ’ﬂ' rpee ~
F-(0) = o, _.< 20200 ~ 1.20.

@ The expression based on the gauge invariant v — p
coupling o< puF .

SYprr/9p
m2 —s —iv/sl rr(S)

respects the correct normalization, but does not
possesses correct analytical properties and breaks
unitarity.

Fr(s)=1+
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Introduction

@ Formula of Gounaris and Sakurai respects normalization
but does not include p(770) — p(1450) — p(1700) — - - -
mixings and vector-pseudoscalar, axial pseudoscalar etc
intermediate states.

@ Our earlier expression for F,; takes into account isovector
mixing but normalization condition is satisfied within 20%.
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Introduction

Treatment of the reactionete™ — 777~ at /s < 1 GeV where
only pseudoscalar-pseudoscalar PP loops are essential is
published in part: N. N. Achasov and A. A. Kozhevnikov. Phys.
Rev. D83, 113005 (2011). The present talk:

@ Treatmentofete™ — n7r—, 27 27 at /s < 3 GeV
(BaBaR) and ete™ — wr? at /s < 2 GeV (SND2013)
taking into account pseudoscalar-pseudoscalar PP,
vector-pseudoscalar VP, and axial vector-pseudoscalar AP
loops.

N. N. Achasov and A. A. Kozhevnikov Pion form factor and reactions ete = — wx’ andete™ — =



The resonance mixing

Narrow width— finite width

@ Narrow width: D(O) m3 — s.
@ finite width effects

! _ 1 + ! M (s)—1 +
Dr(s)  pQ " p® RR p©

1 1 1

— 1 MRR(S) —57MMRR(S) —gy T+ =

0 0 (0)

D& D& D§
1

DY — Mgg(s)’

Dr(s) = m& —s — Relgr(s —IZ\eraf
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The resonance mixing

Resonance mixing

Two-resonance case as an example:

T N I T S
Dr Dr Dr R Dr- R Dr -
L = (G_l> )
DrDgr — M&g, RR
1 1 01 1 1
7|—| /7” f— e —
Dr: - Dgr/ + Dr: RR Dr b Dr- '
L = (G_:L) ]
DrDrs — Mag, RIR
HRR’ N I_IRR/ (I_IRR/)3 R & = (Gil)RR/
DrDr: DrDr/  (DrDr’)? DrDrr — Mg,
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The resonance mixing

Two-resonance case

@ The matrix of inverse propagators:
Dr  —Tlgrrr >
G =
< —I_IRR/ DR
@ The matrix of propagators:

DrDgr/ — I_IZRR’ MRR Dr

@ The amplitude:

Al RHR 0= (9o gm )6 S0
OR/—f
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The resonance mixing

Generalization to arbitrary number of mixed
resonances

Generalization to three (and any number of) resonance mixing:
Dy —Mliz —M3
g | M2 Dz T -
—Myz =Mz D3 - |7

011 912 013
G1—21| 912 G2 0Oz

, A = detG.
013 023 033
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The resonance mixing

Dispersion representation for polarization operators

@ Dispersion relation for polarization operators are used
under assumption of quasi-two body intermediate hadronic

states:

PiPi — 7

S T J(matmy)2 S'(S" — S — i)

N (s) 1 /Oo VST, San(s') ds’
(m ’

IMNEO)(s) = /ST, an(s).

@ This form automatically provides the correct normalization
of the form factor F,(0) = 1.
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The resonance mixing

Loops contributing to polarization operators

We take into account analytically calculated
@ pseudoscalar (PP) 77~ and KtK~ + K°K© loops:

1
n(PliDPIT) = gpimrgpjmT |:H(PP)(S7 mﬂi7m7r) + EH(PP)(Sv mﬂi7mK)

@ vector-pseudoscalar (VP) wr® and K*K TK*K loops:

MY = GpunGpun [H(VP)(&mpi,mw,mW)Jr

nvP)(s, mpi,mK*,mK)} ,
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The resonance mixing

@ the axial vector-pseudoscalar (AP) ay 7T, K1(1270)K+ c.c.
loops:

nE??\PFJJ) - zgpialﬂ'gpjalﬂ' H(AP)(Svmpi’mapmﬂ)+
1

EH(AP)(S’ My, M, (1270), MK )]
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The resonance mixing

Relations among coupling constants

@ @ quark model relations among the coupling constants
are assumed for simplicity:

1
gpiKK = Egpiﬂﬂy
1
gpiK*K = Egpiwm
1
OpiK (1270)K = Egpial(].ZGO)ﬂ"
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The resonance mixing

Polarization operators

@ Diagonal polarization operators:

_ nPP VP AP
nﬂipi - ngif’i) + ngipi) + ng’i/’i)

@ Pseudoscalar-Pseudoscalar

n®P) _  Garm qep) qeP) _ Yamm T o (pp)
P1PI g pP1PL’ " Pip; gz P1PL?
p1TTT p1ITTT

VP and AP analogously to PP
@ Total non-diagonal (i,j # 1)

PP VP AP
nplpi - nE’lPi) + n(PlPi) + nglﬁi)’
PP VP AP
Moy = I_I(Pipj) + n(Pin) T n;iﬂj) + Sajj
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The resonance mixing

Dispersion representations

@ Dispersion representations (remaining logarithmic
divergencies cancel after subtracting the real parts at the
p(770) mass):

néePRP)(S) _ Ghep /OO CENED) ds’
(

S 672 Jiomp)2 S°/2(S' — s — i)
VP -
M _ Gévp / Gp(S) So+m3
S 1272 Jimy+mp)2 V/S/(S' —s —ig) So+8"
AP -
M (S) _ Ghap [ (' + m} — m3)? + 25'm3]
S 4872 ) (mptmp)? (s’ —s —ig)s3/2
So + M3 e
_— s’)ds’.
SO + S/ qAP( )
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The resonance mixing

Figure : Energy dependence of Rel'l,,lpl)( s).
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The resonance mixing
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The expressions

The pion form factor

@ The expression for the pion form factor:

gp17r7r
Fr(s) = (g’Ypl’ Gvp2 Grpss )Gfl Yparm +
gp37r7r
Ovellpw
ﬁ (gllgplm + 9129p,7n + 9139,)3”) +..

p1 — w(782) mixing is essential because of the mass
proximity, po 3 ...w, mixings are negligible.

@ Automatically respects the current conservation condition
F~(0) = 1 and possesses correct analytical properties over
entire s axis
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The expressions

The cross section of ete~ — wn®

2
Oete——wrd = 3g3/2 ete——wndl Gur
9prwm
_ -1 gpzwﬂ
Agte- 0 = (g'YP17 902> Gvpss - )G

9pswr
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The expressions

Model forete™ — ntnntn™

The model: a; ¥ dominance of the 7*7 77~ final state.
® Alpiq = 81k7p) = Gpayr(€as €0 )(kA) — (€a,q)(€pK)]
i rpi~>27r+27r (S) =

9% an -
2y f((sﬁ );ﬂ Y pay (M2 )[mnﬁzimw) + m?] ga,-dm?

mal ral /71'
2 )2 2 12
_mal) +ma1 ral

° pal(mz) = (m2
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The expressions

The cross sectionofete™ - 7 ntn—

2
( )2 gP1317T
Ara _ g
mtnmtn = 3s3/2 (g'YP1> 9025 Gvpsy - )G ! pet X

9psay
W7r+7r*7r+7r7 (S)

I (s
Wi in(S) = LZW()

2
gpialw
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Results

The quantities to fit

The quantities to fit are

@ The bare cross section ete~ — 77~ undressed from
vacuum polarization of the photon but the final state
radiation of charged pion included via function a(s):

2
Obare = %lﬁr(sﬂzqg(s) [l + %a(s)}
a(s) in the point-like pion approximation.

@ The cross section of the reaction ete™ — wr®
@ The cross section of the reactionete™ — n#tn—nta—
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Results

What's fitted

Two fitting schemes:

@ (Scheme |) The low-energy (/s < 1 GeV) SND, CMD2,
and KLOE2010 dataonete™ — w7 fitted upon
neglecting VP, AP intermediate states inessential in this
region. Taken into account are p(770) + p(1450) + p(1700).

@ (Scheme Il) BaBaR dataonete™ — nn—, 27 27~ at
\/S < 3 GeV and SND2013 data on ete~ — wn0. Taken
into account are the PP, VP, AP intermediate states and
p(770) 4+ p(1450) + p(1700) + p(2100) whose masses,
coupling constants are free but subjected to the constrain
egrm  Geprr | Opgrm | Oeamr _ 1 pecessary for correct

gpl . gpz gﬁ3 gﬂ4
normalization F,(0) =1
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Results

Fitting BaBaR on ete~ — 777~ in Scheme Il

10000 T T T T T T
5 qasopat
1000 £ =h .
“ 1000
i
100 £ 2 s .
0.74 0.76 0.78 0.80 0.82
12
iy s'? [GeV]
= 10k ]
e
o
LI 4
2 BABAR
© o1l ——ptoteste, ]
001k ]
1E-3 L L
0.0 0.5 1.0 1.5 2.0 25 3.0

N. N. Achasov and



Results

Resonance parameters from fitting BABAR 77~ data

parameter Scheme | Scheme I

m,, [MeV] 773.924+0.10 766.9+0.2
Opyrr 5.785+0.004 6.345+0.003
9y, 5.167 +0.002 4.666 + 0.002
m,, [MeV] 782.04 +0.10 782.01 +0.09
Ow 17.05+0.29 =17.06 (PDG)

10°M, , [GeV?] 4.00+0.06  4.41+0.10
x2/Ng.of. 216/260 320/313
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Results

Renormalization

Renormalization in the single-resonance approximation
@ Inverse propagator

dRell,,, (s)
ds

2 2
Dy, =m; —s+(mg —s)

s:mg1 —1i \/grpimr(s)

@ Physical coupling constants determined from visible peak

are expressed via bare ones as gET}’ST =27, ~1/2
s=m?2

ghve — Zl/zgpl, where Z, = 1 + 7dRenp1”1( ) 2

@ The contributions of the VP loop to dReI'Iplpl/ds near
s = mﬁlis positive and exceed the negative contribution
from the PP loop. The same is true for the AP loop. As a
result, Z, > 1.

gplﬂ'ﬂ'v
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Results

Continuation to space-like region in the scheme |

Continuation to the space-like domain using the resonance
parameters obtained from fitting Scheme I:
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Results

Continuation to space-like region in the scheme Il

Continuation to the space-like domain using the resonance
parameters obtained from fitting Scheme I
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Results

The Landau pole

. . . 2 s
@ Deeply in the space-like domain: I'IE],T,”) ~ gzgijrlz‘ %
P

7r7r)

= 0 has zero at some
2471'

@ Inverse propagator m +s| —
|s.| — the Landau pole SL| ~m, exp -

@ Numerically, for the 77~ loop, with the parameters from
different fits, 1/|s.| = 80 — 90 GeV.

@ VP and AP loops bring the pole to the observable region.

@ Stronger suppression factors for VP and AP partial widths
are required?
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Results

Fitting SND2013 on e*e~ — wx® in Scheme |l
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Results

Fitting BaBaR onete™ — in Scheme Il
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Results

@ Masses of heavier resonances:

mass ete” 5 aftr~ ete” - 27t2r~ ete™ — wr®
mpz[MeV] 1307 +4 1323+ 3 1747 £ 4
m,,[MeV] 1491 + 2 1506 + 1 1880 + 160
m,,[MeV] 2008 +8 1875+ 5 2060 + 40

@ Coupling constants determined from fitting three channels,
are not consistent with each other. Perhaps, this is the
consequence of the oversimplified model for four-pion
production amplitude.

@ Possible way out: a different subtraction scheme with three
subtractions for the non- diagonal polarization operators,

Rel,,, (0) = Refl, , (m?) = Refl,,, (m? ) = 0 is now under
study
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Conclusion

Conclusion

New expression for F.(s):
@ gives a good description of the data of SND, CMD-2,
KLOE, BaBaR on 77~ productioninete™ at /s < 1 GeV
@ describes the BaBaR dataon ete™ — 77~ in a wider
energy range /s < 3 GeV upon introducing necessary

coupling constants characterizing other two channels
VP,AP observed inete™ — wrlandete™ — ntr ntn~

@ does not contradict the measured 41

@ does not require the commonly accepted Blatt — Weisskopf
centrifugal factor (1 + R2k3)/(1 + R2k?)
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Conclusion

Conclusion

@ Loops of PP, VP, AP intermediate states and the
contributions of higher energy resonances p(1450),
p(1700), p(2100) affect the values of m,770), Qpyrrs Gps
extracted from the data

@ Resonance contributions restricted to the PP loops
reproduce the spacelike pion form factor up to —10 GeV?.
Adding VP, AP intermediate states spoils form factor due
to the Landau zeros. Some work is required to push the
Landau zeros to higher spacelike momenta.

Thank You!
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