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The radiative return

4π revisited

◮ experimental situation: τ vs. e+e− data

◮ improved model

◮ model predictions

Theoretical accuracy

Plans
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THE RADIATIVE RETURN METHOD
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dσ(e+e− → hadrons + γ(ISR)) =

H(Q2, θγ) dσ(e+e− → hadrons)(s = Q2)

◮ measurement of R(s) over the full range

of energies, from threshold up to
√
s

◮ large luminosities of factories compensate

α/π from photon radiation

◮ radiative corrections essential (NLO,...)

High precision measurement of the hadronic cross-section

at meson-factories



From EVA to PHOKHARA
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EVA: e+e− → π+π−γ
• tagged photon (θγ > θcut)

• ISR at LO + Structure Function

• FSR: point-like pions
[Binner et al.]

➘

e+e− → 4π + γ

• ISR at LO + Structure Function

[Czyż, Kühn,2000]

➙

H.C., A. Grzelińska,

J. H. Kühn, E. Nowak-Kubat,

G. Rodrigo, A. Wapienik

➙

PHOKHARA 6.0: π+π−,

µ+µ−, 4π, N̄N , 3π, KK,

Λ(→ · · · )Λ̄(→ · · · )
• ISR at NLO: virtual corrections

to one photon events and two

photon emission at tree level
2 2γ γ γ

γ
++

• FSR at NLO:π+π−, µ+µ−,K+K−

• tagged or untagged photons

• Modular structure

http://ific.uv.es/~rodrigo/phokhara/



Isospin relations: 4π
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Isospin relations: 4π
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∫

Jemµ (Jemν )∗ dΦ̄n(Q; q1, . . . , qn)

=
1

6π

(

QµQν − gµνQ
2
)

R(Q2)

R(Q2) = σ(e+e− → hadrons)(Q2)/σpoint



Isospin relations: 4π
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Isospin relations: 4π
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Rτ (− 0 0 0) =
1

2
R (+ + − −)

Rτ (− − + 0) =
1

2
R (+ + − −) + R (+ − 0 0)



Isospin relations: 4π; exp. situation

H. Czyż, IF, UŚ, Katowice Status of PHOKHARA PHIPSI08 8

e+e− → 2π+2π−: BaBar, CMD2, SND

e+e− → 2π0π+π−: BaBar(preliminary), CMD2, SND

τ− → ν3π0π−: ALEPH

τ− → ν2π−π+π0: ALEPH, CLEO



Isospin relations: 4π; exp. situation

H. Czyż, IF, UŚ, Katowice Status of PHOKHARA PHIPSI08 9

BaBar ( + Isospin )

ALEPH

τ−

→ π−3π0ντ

√

Q2 (GeV)

v

1.81.71.61.51.41.31.21.11

0.25

0.2

0.15

0.1

0.05

0



Isospin relations: 4π; exp. situation
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CLEO

BaBar ( + Isospin )

ALEPH

τ−

→ 2π−π+π0ντ

√

Q2 (GeV)

v

1.81.61.41.210.8
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4π: exp. situation
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◮ πω(→ π+π−π0) : CLEO, BaBar(prel.)

◮ ρ → ρ(→ ππ)ρ(→ ππ): BaBar(prel.)



The model
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H.C., J.H. Kühn (2000)



The model
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The model

H. Czyż, IF, UŚ, Katowice Status of PHOKHARA PHIPSI08 14

Lρ =
1

4

→
F µν ·

→
F
µν

+
1

2

−→
(Dµφ) ·

−→
(

Dµφ
)

+
1

2
m2
π

→
φ ·

→
φ +

1

2
m2
ρ
→
ρ µ · →

ρ
µ

−→
Dµφ = ∂µ

→
φ + g

(

→
ρµ ×

→
φ

)

→
F µν = ∂µ

→
ρ ν − ∂ν

→
ρµ − g

→
ρ µ × →

ρ ν



The fit
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mρ′,mρ′′,mρ′′′,Γρ′,Γρ′′,Γρ′′′

4 couplings in a1- part

4 couplings in f0- part

4 couplings in ω- part

1 coupling in ρ- part

χ2 = 275 , nd.o.f = 287



The model at low Q2
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SND
CMD2
model
BaBar

e+e− → 2π+2π−

√

Q2(GeV)

σ
(Q
2 )
[n
b]

1.0510.950.90.850.80.750.70.65

10

1

0.1

0.01

0.001

compared with: G. Ecker and R. Unterdorfer (2002)



The model at low Q2
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SND
CMD2
model
BaBar

e+e− → 2π0π+π−

√
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2 )
[n
b]

1.0510.950.90.850.80.750.70.65

10

1

0.1

0.01

0.001

compared with: G. Ecker and R. Unterdorfer (2002)



Comparing with τ data

H. Czyż, IF, UŚ, Katowice Status of PHOKHARA PHIPSI08 18

model

BaBar ( + Isospin )

ALEPH

τ−

→ π−3π0ντ

√

Q2 (GeV)

v

1.81.71.61.51.41.31.21.11

0.25

0.2

0.15

0.1

0.05

0



Comparing with τ data

H. Czyż, IF, UŚ, Katowice Status of PHOKHARA PHIPSI08 19
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Comparing with τ data
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Br(τ− → ντ2π
−π+π0)

PDG06 (4.46± 0.06)%

model (4.12 ± 0.21)%

BaBar (CVC) (3.98 ± 0.30)%

Br(τ− → ντπ
−ω(π−π+π0))

PDG06 (1.77± 0.1)%

model (1.60 ± 0.13)%

BaBar (CVC) (1.57 ± 0.31)%



Comparing with τ data
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Br(τ− → ντπ
−3π0)

PDG06 (1.04± 0.08)%

model (1.06 ± 0.09)%

BaBar (CVC) (1.02± 0.05)%



S.Jadach: KKMC
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FSR
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◮ carefull study of FSR necessary

◮ tools for these studies were proposed
◮ and are used



Summary and plans

H. Czyż, IF, UŚ, Katowice Status of PHOKHARA PHIPSI08 24

◮ 4π channels reanalysis was performed

◮ isospin symmetry violation not seen

◮ new model proposed
and implemented in PHOKHARA



Summary and plans
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◮ PHOKHARA: ISR accuracy 0.5%

◮ need for ISR accuracy ∼0.2%

◮ soon J/ψ and ψ(2S) in PHOKHARA

◮ with FSR corrections included


