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The outline of the talk

The radiative return: a primer
» motivation
» theoretical basis
» radiative return: a tool in hadronic physics

» FSR: problems and how to deal with them
> T/ pp
PHOKHARA and its tests

The implemented hadronic currents

Plans
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The reason we need R(s)

had,LO : d
a, T = %fquﬁr == K(s) R(s)

__ o(eTe~—hadrons)
R(S) o O point

One has to measure :

o(eTe~ — hadrons)
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a,, T. Teubner, Liverpool

a-iM compared to BNL world av.
TH:
|||||||||||||||||||I!IIII!IIII!IIII!IIIIIIII!||
DEHZ (03) (e*e) i
HMNT (03b) e
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TY (05) |
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HMNT (06)
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BNL
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a % 10" - 11659000

DEHZ 06: 180.5+ 5.6 [3.3 0]
Jegerlehner 06: 179.3 + 6.8 [3.20]

Recent changes

Update of QED, up to 5-loop, new a:

was: (116 584 719.35 & 1.43) - 1011

— is now: (116 584 718.09 £ 0.16) - 101
Improved LO hadr. (from ete™):

Now, with new CMD-2, SND, KLOE:
(6024 4 64) - 1071 — (6894 + 46) - 10~ 1

: BNL's '01 g~ data [PRL92(2004)161802]:

a,- = 11 659 214(8)(3) x 10~1% (0.7ppm)
— a, = 116 592 030(63) x 10~ (0.5ppm)

» With this input HMNT get:

(IEKP o (IIH _ (HTG + 81) . 1[:]_1“' ~ 3.40

Discrepancy increased ..

H. Czyz, IF, US, Katowice,

still not fully conclusive ..

constrain SUSY ..
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a,, T. Teubner, Liverpool

value (error)®

meﬂ 11

1.4 06

2 had,LO 09

1.4 09
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a,, D. Hertzog, Univ. Of lllinois

:
-

Aa, improvement requires both
g,&p,,mnm,aj and theoretical progress
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a,, J. Prades, Granada

At present, large NV, results agree within 1 o v/

ay' = (11.0 £4.0) x 107"

More work needed to have the hadronic light-by-light

contribution to muon g — 2 with reduced uncertainty e

Goal: To have under control model dependences e
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a,, BaBar preliminary

* BaBar analysis of nx and pu ISR processes completed

" Precision goal has been achieved: 0.6% in p region (0.6-0.9 GeV)
" Absolute pp cross section agrees with NLO QED within 1.2%

" Preliminary results available for nr in the range 0.5-3 GeV

= Structures observed in pion form factor at large masses

" Comparison with results from earlier experiments
discrepancy with CMD-2 and SND mostly below p
large disagreement with KLOE
better agreement with t results, especially Belle
= Contribution to a, from BaBar agrees better with t results

" Deviation between BNL measurement and theory prediction
significantly reduced using BaBar nr data
a,lexp]-a,[SM]=(27.5 +8.4) x 101 = (14.0+£8.4) x 1010

" Wait for final results and contributions of multi-hadronic modes

M.Davier BaBar pi pi Tau08 22-25/9/2008 31
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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 o /7 from photon radiation

» radiative corrections essential (NLO,...)

High precision measurement of the hadronic cross-section

at meson-factories
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BASIC IDEA - more details

e, p.
Q hadrons
\/\/\/\/\/:}:

H. Czyz, IF, US, Katowice,

¢(k) + £1(k)

e,p.
Y, K
VAVAVAVAV:

Q  hadrons

NNAAN e
e+,p/
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BASIC IDEA - more details

M~ 5 (04 |77 1) + 4 0) (o)
1
5i T

[ Iy dda@ars- e san) =

Giﬂ_(QuQV — gm/Qz) R(Qz)

do(eTe™ — hadrons + v) = H(Q?,0-) do(eTe™ — hadrons)
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Radiative return: a tool in hadronic physics

80_—1

o

Entries/20 MeV/c?

ro
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H. Czyz, IF, US, Katowice,
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No enhancement in -
D"ID": PRL 98,
na?nm

theor. review:
PR 429, 243
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From EVA to PHOKHARA

EVA: eTe™ — ntm—~

e tagged photon (6, > O.y:)
e ISR at LO + Structure Function

e FSR: point-like pions

[Binner et al.]

Ef%e_'—%»4ﬂ'+-ﬁ’

e ISR at LO + Structure Function
[Czyz, Kiihn,2000]

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

PHOKHARA 6.0: =#T#n~,
putu—, 4w, NN, 3w, KK,
e ISR at NLO: virtual corrections

to one photon events and two

photor\ll emissior| at tree level
—— W +‘§W\/\, —— NV ‘
LA T

e FSRat NLO:w ™o, utu~ KTK™

+

e tagged or untagged photons

e Modular structure

http://ific.uv.es/ rodrigo/phokhara/
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Differential luminosity:

4%, (ete™ — v + had(Q?)) = o (ete™ — had(Q?))

dQ?
HQ - (log(s/m2) — 1)
XZ S 5 o 8(8 Q%) ,
s +Q (1+COS Hmin) _ s—=Q cos 0.
s(s QZ) 1—cos0,,in s min

Q(Qz,s) = 2 (... L(at s)
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Differential luminosity
0,in = 20° L(s) =20 fb~! AQ? =0.1GeV?

07 (@%5) AQ? [pb™]

Vs [GeV]
V@2 [GeV] 0.7 | 1 | 2
2 3.7 4.9 -
3 1.4 | 1.6 3.6
3.77 0.88/0.94 1.5
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DA®PNE versus B and c -factories:

configurations in the cms - frame

Y Y
) +
€ T
-
no natural kinematic separa-
very hard photon:  clear tion

kinematic separation between

[] cuts to control FSR versus
ISR

photon and hadrons
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Solution I: kill FSR

ete” — T y(7)
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KLOE: small angle analysis
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17



Solution 1l: test of a FSR model

interference:
[] interference odd

under 71T «— 7w~

[1 asymmetric differential
distribution: [ interf. =0

N7™"(6) — N™ (6)
N7 () + N™(0)

A(6) =

H. Czyz, IF, Ué, Katowice, PHOKHARA 2008 ... Beijing 2008, 18



FSR at KLOE, additional contributions:

ete™ — ¢* — (fo(980) 5, + fo(600)5)y —

H. Czyz, IF, Ué, Katowice, PHOKHARA 2008 ... Beijing 2008, 19



Charge asymmetries

— forward-backward asymmetry defined for 7v ™

N(6_4+>90°)—N(6_1 <90°)
ArB(@®) = N a0 (@

—> charge asymmetry

_ N(@")—N(nx")
Ac(0r) = N(w"‘)—I—N(w—)(eﬂ')

H. Czyz, IF, Ué, Katowice, PHOKHARA 2008 ... Beijing 2008, 20



N(6_+ >90°)—N(6, + <90°)

Test of a FSR model

H. Czyz, A. Grzelinska and J. H. Kiihn, Phys.Lett.B611:116,2005
KLOE Collaboration: Phys.Lett.B634:148,2006
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H. Czyz, IF, US, Katowice,

FSR at NLO

ee” = 1 y(v)
M T
i
S 1 S0 2 S A e
2k ¢, -
R e -
- 3 o
\ > o
Q [ S e e T . A SR R
\ 3 .¢¢++(+++**H>
N A
UL EERGy
! 1<, < 160°
/ 0° < <150
P I T T T R A
0 02 04 06 08 1 12 14 16
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[/ pu ratio

H. C., A. Grzelinska, J. H. Kuhn and G. Rodrigo
Eur.Phys.J.C39:411-420,2005.

2
2fmlu

dorx
4(1 + W)B“d%Qz

B3| Fr(Q?)|2 ;%g ’

R(Q?) =
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[/ pp ratio: FSRNLO
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[/ pp ratio: FSRNLO
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From EVA to ...

ete™ — 4x ~

e ISR at LO + Structure Function
[Czyz, Kiihn]

EVA: eTe™ — ntm—~

e tagged photon (6, > O.y:)
e ISR at LO + Structure Function

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

H. Czyz, IF, US, Katowice,

ete~ — hadrons + v

e upgraded by BaBar - AfkQED not
public (?)

e PHOTOS [Barberio et al.] for FSR

e FASTERD: FSR studies

[Pancheri,Shekhovtsova,Venanzoni]

PHOKHARA 2008 ... Beijing 2008, 26



PHOKHARA tests

—> matrix elements tests

—> generation tests

— KKMC comparison + ...

S. Jadach, B. F. L. Ward and Z. Was, CPC 130:260,2000.
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PHOKHARA generation tests

G. Rodrigo, H.C., J.H. Kithn and M. Szopa,EPJ C24:71,2002

-3 -3
B x10 " [ | x10 [ |
© ‘ - 3 3 3 i
S 0.4 04 — ——
= B : : : 1
g - 5 %
8§ o3 | 0.3 e
o § B ! ! ! :
Q'
o 02 0.2 -
0.1 01 |-
0 0
01 |- 01
7 - : : f 7 : : : :
02 L 02
o3 || es
o4l s
| | il L] | | L] |
0 025 05 0.75 1 1 0.5 0 0.5 1
2 2
Q~ (GeV9) cos 0,
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PHOKHARA generation tests

G. Rodrigo, H.C., J.H. Kiihn and M. Szopa, EPJ.C24:71,2002.
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PHOKHARA generation tests

H.C., A. Grzelinska, J.H. Kihn and G. Rodrigo, EPJ.C27:563,2003
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KKMC

S. Jadach, B. F. L. Ward and Z. Was

» YFS exponentation
» high accuracy only for muon pairs

» can we hope for: upgrades 777

H. Czyz, IF, Ué, Katowice, PHOKHARA 2008 ... Beijing 2008, 31



S.Jadach: KKMC- Pisa 2003

2 We found very good agreement of KKMC and

PHOKHARA to within 0.2% for p-pair final states for
pure ISR

@ Discrepancy of order 1-2% between KKMC and
PHOKHARA or even larger at low mass, was found
for w-pair final state.

= This 1s due to use of the inferior EEX matrix
element in KKMC 1nstead of CEEX.

= NB. We know how to upgrade ISR in KKMC to
CEEX level for any hadronic final state...

H. Czyz, IF, Ué, Katowice, PHOKHARA 2008 ... Beijing 2008,




Dubna - Novosibirsk papers 2003

A. B. Arbuzov, E. Bartos (Bratislava),
V. V. Bytev, E. A. Kuraev, Z. K. Silagadze

» muon and pion pairs
» analytic formulae based on RG - SF

» Comparisons with PHOKHARA planned
first results in January 2009 77

H. Czyz, IF, Ué, Katowice, PHOKHARA 2008 ... Beijing 2008, 33



MCGPJ

A. B. Arbuzov, G. V. Fedotovich,
E. A. Kuraev, F. V. Ignatov,
and A. L. Sibidanov,

EPJ.C46:689,2006.

» Comparisons with PHOKHARA planned
first results in January 2009 77

H. Czyz, IF, Ué, Katowice, PHOKHARA 2008 ... Beijing 2008,
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S.Jadach: KKMC

@) RATIOS
A PHOKARA O/KKMC . CEEX2

B KHsem.O3exp/KKMC.CEEX2

ib) RATIOS
A PHOKARA C2/IKKsem.O3exp
KK =sam. D2 Ksem. GEE!FI

01 0.2 0.3 0.4 05 06 0¥ D& 0B A 01 02 0.3 04 05 06 O.F 0.8 0% A

QF [GeV] o [GeV]
PHOKHARA agrees to within 0.3% with KEKMC and KKsem.

C.III
=)

Discrepancy at high 2 reflects lack of exponentiation in PHOKHARA
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PHOKHARA vs. KKMC cnd.

0.012 I I I I
1 1 KKMC/Ber-1 =«
3 3 KKMC(al)/Ber-1
001 - ””””””””” KKMC(alZ /Ber—l *
0.008
0.006
0.004
0.002
0
—0.002
—0.004 I I I I
0 0.2 0.4 0.6 0.8 1
Q* (GeV)?
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KKMC vs. PHOKHARA - ISR virt. corr.

C. Glosser, S. Jadach, B. F. L. Ward and S. A. Yost
Phys. Lett. B 605 (2005) 123;
Phys. Rev. D 73 (2006) 073001

» a precison 1.5+ 107°

» not direct tests

H. Czyz, IF, Ué, Katowice, PHOKHARA 2008 ... Beijing 2008, 37



PHOKHARA: ISR tests summary

= technical precision: few x 104

= 'physical’ precision: 0.5%

= plans: accuracy ~ 0.2%

H. Czyz, IF, Ué, Katowice, PHOKHARA 2008 ... Beijing 2008,
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FF separation at B-factories

H.C., J. H. Kiihn, E. Nowak and G. Rodrigo, Eur.Phys.J.C35(2004)527

Electromagnetic current describing production of baryon-antibaryon pair

FN(Q?
4m

Jy = —te - u(q2) <F1N(Q2)’Yu — Y @ ]) v(q1) ,

G =FN + FyY GN =FN +rF),

T =Q%/4mA;, Q = q1 + @2

H. Czyz, IF, Ué, Katowice, PHOKHARA 2008 ... Beijing 2008, 39



FF separation at B-factories

H.C., J. H. Kiihn, E. Nowak and G. Rodrigo, Eur.Phys.J.C35(2004)527
ATLOISR: et +e= — N 4+ N + .

1 o
do = EL‘“’H dLips(p1 + p2; q1, q2, k)

H,uu — 2|G]\N/_[|2(QMQV — g,uuQZ)

8T
_ (|G 2 —|GN|2) Gt

T —1

H. Czyz, IF, Ué, Katowice, PHOKHARA 2008 ... Beijing 2008, 40



(nb)

do /d(cos 6,)

L3

1.2

L1

FF separation at B-factories

H.C., J. H. Kiihn, E. Nowak and G. Rodrigo, Eur.Phys.J.C35(2004)527
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about 2000 events per 100 fb—1
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nucleon FF

_:E :5 B I T T T T I T T T T I T T I ]
= i ® BABAR
= _ o PS1TO -
L i

15 H e -
— | )

LT -
milk i
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M, (GeVic?)
BaBar: Phys.Rev.D73:012005,2006.
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nucleon FF at /s = 3 GeV

ete” — ppvy

9000 = ! ! ! i ! ! !

8000 | T e

7000 = e g :3G€V """" -

6000 e L=20fbt 7
5O00 [ e AR SR S e e S
I I ® I I I I I
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| | | e | | |
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| | | | % . |
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A formfactors

ete” — A(qg2, S2)A(q1,S1)

eTe  — A(Q27 SZ)A(QL S1)7ISR

Ju = —te - u(qz, S2)

(Ff‘(Q2)w Ffﬁ)m,@]) v(q1, 51)

H. Czyz, IF, Ué, Katowice, PHOKHARA 2008 ... Beijing 2008, 44



The polarized cross section

do(ete™ — AA) = o5 LY, H*d®3(p1 + p2; 41, 42)
Lgy HMY —

471'2a2{|GM|2 (1+ cos? 05) + %|GE|2 sin? 01

+ Im(GpG%)/ /T sin(203) (sx n s%)

— Re(GuGY)/VT sin(205) (5352 + 535%)

+ (HGBI? + |Gu[?) sin? 05 $2S%

+ (HGBI? - |Gul?) sin? 05 SYSY

— (%|C¥E|zsim2 Ox — |G]\/_[|2 (1 1 cos? 9_/_&)) SiSi}
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Im(GpGE)/ /T sin(203) (sg n sj_()

and

Re(GpG%)/+/T sin(203) (stw +stw)

Gy = |G| etPM

Grp = |Gg| €'9E

Re(GpnGE) = |Gyl |GE| cos(dpr — dF)
Im(GpGE) = |Gyl |GE|sin(¢p — OF)

_ — A
M - relative phase between electric

and magnetic form factors

H. Czyz, IF, Ué, Katowice, PHOKHARA 2008 ... Beijing 2008, 46



The subsequent two body decays of As

The measurement of the subsequent two body decays:

A—np| o Aontp

allow for a spin analysis of the decaying As.

RAzl—aAS’A-ﬁﬂ_

The decay distribution:

The spin vector is replaced by:
S'A — —Q AT _— and S’j\ — —O RN+

H. Czyz, IF, Ué, Katowice, PHOKHARA 2008 ... Beijing 2008, 47



ete” — A(— m"p)A(— 77 p)

using the narrow width approximation

do (eTe”™ — A(— 7 Tp)A(— 77 p)) =

do (e"’e_ —> _/_XA) (SA,./_\ —>

FOAT )

X d®2(q1; P+, Pp)dP2(g2; P..—» Pp)
X BI‘(./_X — 7T+13)BI'(A — 7T_p)

n_+(n_—)=(0,7_+) ((0,72,—)) in the A (A) rest frame
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The cross section with ISR photon emision

4
L”Hw ~ 4(Q72T;)y2 (1+ cos? 6-) |G prl? (1+ cos? 0% )
_ nﬁ’ﬁ)

. Im(GpGE
—I—llG 2sin? 05 — ap m(\/]\_f )sm(ZHA)(

Yy
T
+a?2 Re(G\/_J\;{G )Sln(ZHA) (n n? o -+ ni_+’nﬁ_)
—aA (%|GE|2 + |G ] ) sin? 03 ny n;_

1
~a} (21GEl? - |Gpl?) sin? 05 nY n¥_

—|—ai (%|G}3|zsin2 Ox — |G]\/_[|2 (1 + cos? 0]&)) nfrJrnfT_}

07 - Q rest frame with the z-axis opposite to the photon direction
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The cross section

FF from Korner et al. Phys. Rev. D 16 (1977) 2165

100

<
S
= 10
>
&
=
=
1
0.1

et = N T pAC TPy

= 0! ! ! ! ! !
° | | | | |
o /5=1052GeV
S
3 3 °o 3
. LI
- | g o NO cuts
| | ° .
. * .
' (o}
: »
A C E
| | | = |
30° < Or— prrp < 150° *
| | | | ox
i i i i i | *
23 24 2 28 29 3

At B-factories we expect about 130 events per 100 fb—1.

5 26 27
Vv Q*(GeV)

At /s = 3.77GeV we expect about 220 events per 10 fh—1.
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Asymmetry

AL — do(a*=>0)—do(a™<0)
Y  do(aT>0)+do(a*<0)

at(=) = sin(207 ) ’nﬂJr(W )
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—0.075 | | l l l —
B P T o
- 30° < GW—,,;,ﬂ,p < 150° Co
—0.085 - S Sk AL SR S -
s s s . s
. 3 . . , , ,
A;,L —0.09 [ X *oo *,e ffffffffff -
—0.095 - ————————————— ————————————— ffffffffffff L -
V5=1052GeV AP =73
—0.1 = o S A 7
—0.105 - A S O s SO -
© | | . no:.cuts |
HO) . . . . .
011 b o ®§ ——————— T ¢———§—~ ¢
0415 | | | | | |
2.3 2.4 2.5 2.6 2.7 2.8 2.9 3

. Czyz, IF,

Asymmetry

ete” — N— 7= p)N(— 7" p)y
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Spin correlations

A.. — do(a>0)—do(a<0)
Tz ™ do(a>0)+do(a<0)

a = sin(203) x (n?_nZ, +nZ n?_)
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Spin correlations

ete” — N(— 7'('_]9)/_\(—> 7T+;5)’}/

—0.04 | | | | | |
—0.042 b s s
30° < ew Mw < 1500 | |
—0.044 e i REEREE R PO S
—0.046 f- K "‘** *********** ********* —
—0.048 | e e S s
sz 005 \/_ = 10 52 GeV

—0.052 |- — — ———————————— oo
—0.054 [ g S SR O SO S
| o ; ; ; ¢
—0.056 |- e R S
—0.058 |- n?CUtS| ————————————— ' o ¢i ———————————— S
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The cross section

BABAR Collaboration, Phys.Rev.D76:092006,2007.
0.99
Gg/Gpar| = 1.731_0.57 for /Q%4: 2.23 - 2.40 GeV

IGE/Gar| = 0.717998 for \/Q2: 2.40 - 2.80 GeV

0.76 < sin(A¢) < 0.98
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Summary

» PHOKHARA: ISR accuracy 0.5%
» aim: ISR accuracy ~0.2%

soon PHOKHARATY.0 with:

» new 47, J /1 and ¥ (25S)

We look forward for fruitfull collaboration

between BESIII and PHOKHARA team
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