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THE RADIATIVE RETURN METHOD

do(eTe~ — hadrons + v(ISR)) = I

H(Q?,0~) do(eTe™ — hadrons)(s = Q%) |

» measurement of R(s) over the full range
of energies, from threshold up to 4/s

» large luminosities of factories compensate

= hadrons | @/ from photon radiation

» radiative corrections essential (NLO,...)

High precision measurement of the hadronic cross-section

at meson-factories
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MC generators needed

EVA: ete™ — minr

e tagged photon (6, > O.yt)

e ISR at LO + Structure Function U
e FSR: point-like pions
[Binner et al.]
e+e_-—>4w—kv
e ISR at LO + Structure Function []

[Czyz, Kiihn,2000]

H.C., A. Grzelinska,
J. H. Kiithn, E. Nowak-Kubat,
G. Rodrigo, A. Wapienik

PHOKHARA 7.0:
putu=, 4w, NN, 3n, KK,

A(—= -+ )A(— --+), T/, 9(25)
e ISR at NLO: virtual corrections

to one photon events and two

photon emission at tree level

e e 2 a2
Y R WA

e FSRat NLO:w™nw—, utu= KTK~

e tagged or untagged photons

e Modular structure

http://ific.uv.es/ rodrigo/phokhara/
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Isospin relations: 4

<7T+7T_7T?7T3|J2|0> — Ju(plap% p+9 pP)

— —1 73
<7Ti|_7'l';_71'1 Ty |J,10) =

Ju(pg_a pz_a pii_a pl_) +Ju(pil_9 pz_apél_a pl_)

‘I'Ju,(p;_a pl_a pii_a p2_) _I'Ju(pi'_a Pl_aP;, pz_)
<7T_7T(1)7T(2)7T?(3|J;|0> =

Ju(p2,p3, P ,P1) + Ju(P1,P3, 0, p2) + Ju(P1, P2, 0, P3)

— 0 +—
(1, T |JM |0) =

Ju(p—i_,pz,pl,po) —|—J“(p+,p1,p2,p0)
J. H. Kiihn (1999)
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Isospin relations: 4

[ T dbn(@sas,- - an)

— Giﬂ' (QMQV — gw/Qz) R(Qz)

oleTe” — ha,drons)(Qz)/apomt

R(Q%)
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Isospin relations: 4

dFT—>V+hadrons

dQ?

[ 7 da(Qiars.. - an) =

% (QHQV — g,uqu) RT(QZ)
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Isospin relations: 4

w000 = e o)

R™(— — +0) = R(+ + —-) + R(+ - 00)
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Isospin relations: 47; exp. situation

ete”™ — 20727 BaBar, CMD2, SND

ete™ — 2xV7T7w—: BaBar(preliminary), CMD2, SND

7 — v3n-“w : ALEPH

r— — 2w tx%  ALEPH. CLEO
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Isospin relations: 47; exp. situation

7~ — 1 310y,

-2 ! ! | | - - -
v . ! ! ' ' ' '
021 ALEPH 4 SR - -
1 1 1 A 1
] ] 4t
BaBar (+Isospin) ----v---- A
0.15 | ; ; o s A R SRR E X RIS -
0.1

0.05
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Isospin relations: 47; exp. situation

+.-0

T- =2 1Ty,

0.8 I | | i i
v : :
0.7 ALEPH — »~— ********************* *********** A

0.6 - BaBar (+ Isospin ) ----y---- S R

N %MQ'

Odp ﬁ*’ ARACS TSN
s s Ay B
g Tttt W ; Myl TS
s s v s v
a AN a
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47: exp. situation

» tw(— mwrw w") : CLEO, BaBar(prel.)

> p — p(— mmw)p(— wm): BaBar(prel.)
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The model

T T Il
d P 0 0 0 0 It
> > > > > > >
A \\
Il T Il T T T
Il T

H.C., J.H. Kiihn (2000)
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The model

T T
f : p
oo ' p T p
LT T m
L T
T

H.C., J.H. Kiihn, A. Wapienik (2008)
H.C., A. Grzelinska, J.H. Kiihn, G. Rodrigo(2006)
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Comparing with 7 data

Br(t— — v2n T x0)

PDGO06 (4.46+ 0.06)%
model (4.12 £ 0.21)%
BaBar (CVC) (3.98 & 0.30)%

Br(t— — vy w(n T wY))

PDGO06 (1.774+ 0.1)%
model (1.60 £ 0.13)%
BaBar (CVCQC) (1.57 &+ 0.31)%
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Comparing with 7 data

Br(t— — vrm—370)

PDGO06 (1.04+ 0.08)%
model (1.06 £ 0.09)%
BaBar (CVCQC) (1.024 0.05)%
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Experimental data: PDG09 + ...

T/ $(25)
M [MeV] 3096.916+0.011 3686.09-£0.04
[ |keV]| 5.5540.14+0.02 2.3840.04
Blete V%) 5.9420.06 0.75240.017
BKTK 107 237131 6.310.7
B(KOKD)|10 7] 14.6+£2.6 54105
B(rta)[1077] 14.742.3 0.940.5|w.a. by CLEO)|
o (KK )[pb] : 5.740.8 [CLEO)
o (KOKD)[pb] : < 0.74 (90% C.L.) [CLEO]
o(m 77 )|pb] : 9.04+2.2 [CLEO
Aa 0.02117 [F.J. 1. 0.02219 [F.J.1..|
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Contributions to eTe— — PP

- 2
o (ete” — PP) = TX|Fp|? B°

(L)
((1 Aa)2+ZR{ a?(s—M3)%+T% M7

M
X{|1+01@|2 | 3\/%?1 IZa)rRIm(CP)}

| 6\/§I‘§ (1—|—Re(c11§))(s—M12%)
" a(l—Aa) (s—M3%)24+T%LM% }
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Decay width

One should not use

I'(R — PP) =T@FD x |1 4 L2

but
(R — PP) =TFD x |1 4 o}

ZaMR FR R
+3\/§(1—Aa>F§Im(CP)}
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Pion form factor

_ 4AB(R—mrw)

| Fre|?

o H%B (R—>e+e_)

J /¢

p(25)

|F.[*[107°] above Eq.

10.04

-1.6

4.8+2.73

|F|*]107?] off peak

.92

-1.46

CLEO:Phys. Rev. Lett. 95,(2005) 261803
|Fr|?(v/s = 3.671GeV) = (5.63 -

H. Czyz, IF, US, Katowice,

PHOKHARA

7.0 ...

-1.42) - 1073
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P(28) - KTK—

_ AB(KTK™) 2 2
R, = B Blete) | Fre+|? |11 + e4]* + rImey |
r 2a — 0.663 &+ 0.015

~ 3(1—Aa)B(eTe )

R, = (3.75 £ 0.43) - 102
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P(28) - KTK—

2
St — Ry = |[Fge+|?[1 + (1 + Recy)]
S, =a(ete — KTK)(1 — Aa)?/ (W3—<f5§{+)

o r. 3(1—-Aa)
’7 o E—MR (87

CLEO: v = —0.063 + 0.001
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P(28) - KTK—

14-2|cy | cos(p4)+|eq |*4r|cy|sin(o4)

Ry
2

5 R, TF7(1+Her] cos(@+)
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P(28) - KTK—

sl Lo N
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P(28) - KTK—
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P(28) - KTK—
0.052 < [F+| < 0.073

to be compared with CLEO

0.059 < |Fg+| < 0.067
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Contributing amplitudes

+ 2
€+ 1 - #_'_
Phd KT
-+
N J—
e RN

7T
K

2
|M,, rorsr + My, rorsr

2
- ~
1 - 1 -7 ~ 1
- - ~
>
\\ > //
~ RN -

2 T
| Moy 151 2 Re(My, nrorsr < MY, 1 6r5r)

2 NLOFSR T
|Moy, 15R 5 ~ Fsr 2 Re(M'yl,LOISR > M'yl,LOISR)

2 NLOISR T
| Mo 1sr 5 o, sk 2 Re(Mfyl,LOFSR < M rorsr)
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The cross section

do =

| M, . LOISR * C‘éﬁa(Qz) + M., LOFSR C‘éﬁa(S)lzd%
+| My 18R - CR p(Q%)|?d®;

+2 Re(M,, NLOISR X MT .LOISR) * ICr P (Q%)|%d®y
+|M,, 1SR ; ,FSR* CE; P((Q + k) )|2d<1’2

+2 Re(M3 55155 X MT Lorsgr) " ICRp(Q%)|*d®;
+|M, 1SR ; v, FSR* Chp((Q + kv,) )|2d<1>2

LOI 2
+2 Re( 71,LOOF$LSBR X MT LOFSR) |C (8)| d®; ,
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The cross section ...

CYE(s) = —— 3 By (s)0
R,P\%) = 1 Aa(s) amy PLEIOP
+Cj/y,P(8) + Cy(25),pP(S) 5
34/s I‘R(l + CR)
CRr,p(s) = - =

8} S—MIZ{—F’IZFRMR .
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100 |
[Fr(s)? |

10 ¢

The pion form factor

e+e_ — 7T+7T_

. SMDZ 2004 | 10
= CMD2 2007 i
N SND % | Fr(s) ’2

x  KLOB # &

6+

S

0.1 |

0.01 |

- CMD2 2007
 DM2 1989 - -u -

N

04 05 06 07 08 0.9
Vs (GeV)

x?/d.o.f.

0.001
1 1

271/270

C. Bruch, A. Khodjamirian and J.H. Kithn, Eur. Phys. J. C39(2005)41

H. C., A. Grzelinska and J.H. Kihn, Phys.Rev.D81:094014,2010
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The pion form factor

N
Fr(s) = c, BWp,(s)

| =0 1 rit

©. @)
-+ Z cp BWp,(s)
n=(N+1) ldgep

m? + H(O
BW,,,(s) = Lo )

m%n — s+ H(s) —iv/s Tp,(s)
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The pion form factor

w contribution

\ cpoBWpo(s)

T T
o BWpo(s) 1T er (14 ¢ ,BW,,)
expansion parameters
T (_1)nr(13 — 1/2)
C —

P a’mgnﬁf(n +1DI(B—-1—n)’

o = 1/(2m%0), mlzon = m,zoo (14 2n)

5] 5]
fn=Fa|)> 5 |/|D_ Fi| n=1,2,3,4,5
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L—|FRet(s)[*/| Fr(s)I

The pion form factor

ete” — whm—

0.2
0.1
0
—0.1
—0.2
—0.3
—0.4
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—0.6

0.7 i i i i | | |
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The pion form factor

Parameter model( fit) P& value |[model
[34]
T oy, TT3.37T 019 |7T75.49 £ 0.34 | input
' 147.1 =1.0 149.4 4+ 1.0 | input
T TR2.4 0.5 TE2.41 F=0.12 -
| 5.33 = 0.27 85.49 4+ 0.08 —~
T, 1490 =11 1465 = 25 1340
I's, 429 = 27 400 == 60 256
T oy 1870 £ 25 1720 4= 20 1730
| . 357 + 46 250 4+ 100 330
T o 2120 [22] - 2047
| . 300 [22] - 301
T oy model —~ 2321
| I model —~ .
T o model - 2567
| I model - 491
) 2.14840.003 - input

T
ELIJ

Argl(el )

(18.7=4=0.5)-10 "
0.106 4= 0.020
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The kaon form factors

ete — KTK~™

10000 el — KK 100 ' '
5 | R SND2007 - o - , | b %88{ B
IFe(s)2 | | i CI\/S[[I\)IB %88% O L SOl | | DM2 1]9/85 ¥
I | & unconstr. 10 | ‘ Clet-c e -
CONSHL. «« - Ao e — — Unconstr.

constr. - - -

000 %

g | % | 0.1 ¢

0.01 |

10 i i i i 0.001 j | i i i
1 1.01 1.02 1.03 1.04 1.05 1.5 2 2.5 3 3.5 4
V5 (GeV) Vs (GeV)

x?/d.o.f. =

C. Bruch, A. Khodjamirian and J.H. Kithn, Eur. Phys. J. C39(2005)41
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The kaon form factors

10000 ete” — KK 100 ete” — KK
: | | 'SND 2006 - - ] ' ' ' "~ SND2006 - - |
, I | CMD-22004 & | , | | |  CMD-22003 o ]
|Fo(s)| | SND 2001 o | |Fgo(s)| | | | DM1 1981 =~
i 3 g unconstr. 1 ‘ ‘ ‘ unconstr.

10 I R constr. e ]

Constr. e

1000 Lo N ]

rodK | | | ; ; ]
R : : : : :
0.1 bR
\

oot f TS

0.0001 ‘ ‘ ‘ ‘ ‘ -

10 1 1 1 1 15 2 25 3 35 4
1.01 1.02 1.03 1.04 1.05 /5 (GeV)

V5 (Ge)
x?/d.o.f. = 277/256(con)221/260(uncon)

C. Bruch, A. Khodjamirian and J.H. Kithn, Eur. Phys. J. C39(2005)41
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n=0

The kaon form factors

Z c, Ban(s)

Z cK BW_ (s)

1 fit

A%
Z cngW(gi(s)

1 fit

H. Czyz, IF, US, Katowice,

O

2

1fit  Ln=Nptl

O

2

O

2

n::PV¢4—1

PHOKHARA 7.0 ...

K
c, BWp,(s)

¢S BWS (s)

c(anqui(s)
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4.5 .

3.9

2.9 |

1.5

—0.5 !

CLEO Phys. Rev. D 53, 6037 (1996)
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1.4

\Y Q2 (GeV)
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PHOKHARA 7.0

efe” — KTK~ fy( ete” —>KOK° ()
0.1 ¢ T T ! T T ‘ T T ] 0.1 T T T T T T
[ i i i i ] | i i i nb
1 1 s 1 s s s s Gev
d\/Q? (GW) ] - d\/
| | | | ; ; | 0.01 F | .
0.01 | e P B A | R A
\/5 = 10. 52 GeV ] \/_ = 10. 52 GeV
20O < 0 < 160O | ] oool b\ 20° < 9 < 160° ]
30 < 0K+K < 1500 " - 30 < eKo &0 < 150°
0.001 } | - I
1 0.0001 } ]
0.0001 F |
le — 05 | .
le — 05 i i i 3 3 i 3 3 le — 06 i i i i i i . .
0.8 1 1.2 14 1.8 2 22 24 26 0.8 1 1.2 14 16 1.8 2 22 24 26
\/ (GeV) v/ Q? (GeV)
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0.07

0.06

0.05

0.04

0.03

0.02

0.01

PHOKHARA 7.0 - FSR

ctem — KK 5()

da(IFSNLO) do(ISRNLO) _1 1
i / Q2 5
L + ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ]

\/— — 10 52 GeV
200 < 0, < 160°

N e """""""""""""""""" """""""""""""""" ]
-+
-+
[ =, """"""""""""""""""" """""""""""""""""" —
+ +
T, S
R E S e - S S S SAR i
| ++ D=
| T |
R,
1 1.2 1.4 1.6 1.8 2
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Energy resolution

Aq = 14.5 MeV

ete” — J/vYvy — whm Ty (y)
Ol r—r—7———7 T T T

V5 = 10.52GeV

oor | T :
A
oot} |

0.0001 |

le — 05 |

le — 06

3 3.02 3.04 3.06 3.08 3.1 3.12 3.14 3.16 3.18 3.2

H. Czyz, IF, US, Katowice, PHOKHARA 7.0 ... 41



PHOKHARA 7.0 - FSR

ete” — J/Wy — KTK™(v) ete” — J/Wy — KTK 7(7)
0.05 :

4o “i/E 4)/ da(ai/l—o —1 Qou | dot@=10" 4) /da(w 10- n 4
' PUSH DA D S ~ Ve T e

; "“".p-%*
My

" ‘ 0.001 | o ‘ -

—0.05 | ] ; ; ;
. P

L —0.00T | b

Vs =10.52GeV ~ | | | Vs =10.52 GeV

‘ ‘ ‘ . —0.002 | 3 9 9 .

25 | | | | | | | | |
3.092 3.093 3.094 3.095 3.096 3.097 3.098 3.099 3 3.05 3.1 3.15 3.2

V Q2 (GeV) V Q2 (GeV)
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PHOKHARA 7.0 - FSR

efe” — J/Wy — KTK™y(7)

0.00028 S — . efe” — J/Wy — KTK™v(y)
P IFSNLO —— 0.02
do. P ISRNLO -« - : ] ] ] ] ] T T T T
0.00026 } _\/_2 ————— ; ; ; H:I_ ; i : : ; ;
0.00024 | 1 o ; f \/5=10.52GeV
0.00022 | | Wb w10t
V5 = 10.52 GeV T 0.005 g
0.0002 | 5 o *| | zsmeéredi |
w=10"* =& 0r R S S S A
0.00018 | = é% o pemm—
0.00016 ar -
S|, —0.01 — 1
0.00014 + E R i +:
. 5| T-0.015 | { 1
0.00012 |
| —0.02 } 1
0.0001 -
~0.025 | 1
8¢ — 05 L o
3 3.023.04 3.06 3.08 3.1 3.12 3.14 3.16 3.18 3.2 _0.03 T S N N S NN N S
/2 (GeV) 3 3.023.043.06 3.08 3.1 3.12 3.14 3.16 3.18 3.2
Vv Q2 (GeV)
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Summary and outlook

PHOKHARA 7.0 - fully tested
»new 4 7w hadronic current
»new pion and kaon form factors

»J /1 and ¥ (2S5) contributions included
NLO FSR corrections important
at a few percent level

Left over 1-loop corrections toeTe™ — puT =~
to be included soon
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