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Standard Model contribution

3 contributions: a$M = aQFP + aEW + qﬂ“d
Jﬁ' ; Lol ;‘

» (QED contribution ‘Hf'x:“"’;"! i W

A_s..r\. ————

— Dominant but known accurately enough

ay)"" = 11 658 470.56 (0.29) X 10'10

v RI0.935(0.1%3) --- KimditNio
11!6

» Electroweak contribution
— Small but non-negligible rﬂqﬁ—r '—tl” oo

et =154 (0.2) x 10-1“ g,,,if;.
» Hadronic contribution
gl Less accurately known (pQCD not useful)
L P
. o a,"" = 690.4(7.4) x 107,
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Our Reevaluation of al"‘d LO

Use the dispersion relation

2 o0
m ~ R
u.]‘”‘]““] b ds lK(s)Jhad(S) NJ“ -
: 1273 8 ¥
Sth S
ﬁ‘-l) '” \
. . Sy . (4mg) = 5. &3
e The weight functlop K(s)/sl— O(1)/s Sr-J . i J {
— Lower energy region more important
— pQCD not useful ; S = Gem)® te > TN”

Sgh S5 < Sgqte, - hET--- e > WY
& Selnta {S’fj'mg-ﬂﬁlﬂ" (3 Py Y e S tp-p e
—> We have to rely on exp. data for Thad($)

— Good data crucial
— Correct treatment of statistics important

L

How to combine different data sets?
e [ .. leads to an overestimate of the errors.
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Figure 9: The hadronic R ratio as a function of /s.
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Channel Experiments with References

e | OLYA [16, 17, 18], OLYA-TOF [19], NA7 [20], OLYA and CMD [21,
22|, DM1 [23], DM2 |24], BCF [25, 26], MEA [27, 28], ORSAY-
ACO [29], CMD-2 [10, 11, 30]

w0y SND [31, 32]

i SND (32, 33}, CMD-2 [34, 35, 36]

ata—x" ND [22], DM1 [37], DM2 [38], CMD-2 [10, 13, 34, 39], SND [40, 41],
CMD [42]

K*K- MEA [27], OLYA [43], BCF [26], DM1 [44], DM2 [45, 46], CMD [22],
CMD-2 [34], SND [47]

K3K? DM1 [48], CMD-2 [10, 14, 49}, SND [47]

P e M3N [50], DM2 [51], OLYA [52], CMD-2 [53], SND [54], ORSAY-
ACO {55], vv2 [56], MEA [57]

w{— 7Oy)0 ND and ARGUS [22], DM2 [51], CMD-2 [53, 58], SND [59, 60,
ND [61]

rtr-ata~ ND [22], M3N [50], CMD [62], DM1 [63, 64], DM2 [51], OLYA [65],

++2 [66], CMD-2 {53, 67, 68], SND [54], ORSAY-ACO [55]

MEA [57], M3N [50], CMD [22, 62], v+2 [56]

M3N [50]

DM2 [38], CMD-2 [69], DM1 [70]

M3N [50], CMD [62], DM1 [71], DM2 [72]
M3N [50], CMD [62], DM2 [72}, /2 [56], MEA [57]

rta- 7% %x%? | isoepin-related

gt DM2 [73}, CMD-2 [69]

KK DM2 (73, 75)

Kok DM [76], DM2 [74, T3]

KOX DM (77

rta KYK~ DM2 [74]

e FENICE [78, 79], DM2 |80, 81), DML [82]

nii FENICE |78, 83]

incl, (< 2 GeV) | 772 [84), MEA [5], M3N [86), BARYON-ANTIBARYON [87]
incl. (> 2 GeV) | BES [88, 89], Crystal Ball (90, 91, 92], LENA [93], MD-1 [04),

DASP [95), CLEO [96], CUSB [97], DHHM [98]

Table 1: Experiments and references for the e*e™ data sets for the different exclusive and the
inclusive channels as used in this analysis. The recent re-analysis from CMD-2 [10] supersedes
their previously published data for #*=~ [11], #*n =" [13] and K2K7 [14].

76



How to combine data sets (Clustering)

1. We model the true value of R by a piecewise-constant
R,,, within a Cluster of a given (min.) size.

2. Construct the y* function as

k=1 dfi
O us. N S 7N — 2
#ofCl {k,m} R{k, } i
v Z Z dR{kim}
=1 1

from the raw data R®™ + dR*™ and the
normalization uncertainty of the k-th exp dfy.

3. Minimize it w. r. t. the fit parameter R,, at the m-th
cluster and the unknown normalization factor of the

k-th ex e ~ |
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Figure 3: Dependence of the fit on the cluster size parameter 4 in the case of the 77~ channel:
the band in the upper plot shows the contribution to g, and its errors for different choices of
the cluster size. The three lines show &, (solid), @, + Aa, and @, — Aa,, (dotted), respectively.
The lower plot displays the x2,, /d.o.f. {(continuous line) together with the error size Aa, in %
(dashed line).
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Figure 5: e*e~ — wtx~ data up to 1.2 GeV, where the shaded band shows the result, o,
(obtained from R, of (21}}, of our fit after clustering. The width of the band indicates the
error on the o, values, obtained from the diagonal elements of the full covariance matrix. The
second plot is an enlargement of the p-w Interference region.
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C.-‘-"'""': L-‘li'..u 4::-

am,z. 0
,._L Y
energy range (GeV) | comments | a0 x 100 | Aqy ., (M%) x 108
m,—0.32 ChPT 2.36 % 0.05 00iz000 |,
0.32-1.43 excl only | 606.55+£522 | 47.34+035 | ™ Q.
ﬁﬁ. incl. only | 31914242 | 10.78+0.81 a2
(excl. only 35.68 &+ 1.71 12.17 + 0.59)
2-11.09 incl. only 42.05+ 1.14 81.97 + 1.53
J/4 and ¢/ narrow width | 7.30 % 0.43 8.90 + 0.51
T(1S - 65) narrow width |  0.10 + 0.00 1.16 + 0.04
11.09-00 pQCD 2.11 + 0.00 125.32 4 0.15
{Sum of all } incl. 1.43-2 | 692381588 | 27552+ 185 5 ¢
(excl. 1.43-2 | 696.15+5.68 | 276.90 + 1.77)

Table 7: A breakdown of the contributions to different intervals of the dispersion integrals for
had,LO

a ]
13

and Acpeg(M3). The alternative numbers for the interval 1.43 < Vs < 2 GeV corre-

spond to using data for either the sum of the exclusive channels or the inclusive measurements
see Fig. 4.
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HINTe3

DEHZ 03

channel this work (/5 < 1.8GeV) | DEHZ 03 (/s < 1.8GeV) difference
2.36 £0.05 (< 0.32GeV) | 58.04 (+ 2.06 (<0.5GeV)
503.24 £5.02(> 0.32GeV) | 450.16 (£ 5.14) (>0.5GeV)
505.60 + 5.02 508.20 + 5.53 —2.60
0.13 £ 0.01 (ChPT) | 0.93
4.50 % 0.15 {data) { +37.96 x 0.0889 (wr ~ =)
+35.71 x 0.00124 (¢ — 7%)
0 0.01 £ 0.00 (ChPT) | +37.96 x 0.0007 {w — my)
0.73 + 0.03 {data) | +35.71 x 0.01299 (¢ — my)
0y + v 5.36 + 0.15 = 4.84 £ 0.18 +0.52
Tra 7o 0.01 (£ 0.00) (ChPT) | 37.96 x 0.9104 (w—xta 5
+4.20 (0.81 < /5 < 1.00)
+46.97 (£ 0.90) (data) | +35.71 x 0.155 (¢ — xtx—a?)
+2.45 (1.055 < /5 < 1.800)
= 46.98 + 0.90 = 46.74 + 1.09
K¥YK- 22.29 + 0.76 463+357T1x0402(F = KK )
= 22.20 £ 0.59
KIK} 13.29 £ 0.32 0.94 +35.71 x 0.337(¢ — F
= 12.97 + 0.31
@(# 3x, 2K, 20,7y} || 0.06 £ 0.06 35.71 x 0,002(¢ 5 37, 2K, 707, n7)
= 0.07 = 0.00
[w;w_arzﬂ': a 18.34 £ 1.08 16.76 £ 1.33
w(— oy 0.82 + 0.03 0.63 + 0.10
atn wTm 13.63 £ 0.70 14.21 £ 0.90 :
sta ATy e 205 4+ 0.18 2.09 4 0.43 —0.04
PR B e 0.85 £ 0.30 1.29 x 0.22 (isoepin, n) —0.44
w{— Py Tx 0.06 + 0.01 0.08 £ 0.01 —0.02
AL A I el b 0.07 £ 0.01 0.10 £ 0.10 -0.03
rta~ata~n0x? 1.96 £ 0.18 1.41 % 0.30 +0.55
xt o~ aln0nlx0 0.07 + 0.07 (isospin, 7) 0.06 + 0.06 (isospin, 7) +0.01
sum from 6x 2,11 + 0.19 1.57 + 0.34 +0.54
T 0.43 + 0.07 0.54 + 0.07 —0.11
K‘%wf(’ 0.85 £+ 0.09
I{%m‘{ ‘ 0.85 + 0.09 (isospin) ‘
KinK + K{=zK | 1.71 + 0.19 184 +£024 ~0.13
KK 7Y 0.18 £ 0.05
K2K}n® 0.18 % 0.05 (isospin) |
KYK-7"+ KiK)n° || 0.36 + 0.11 0.60 + 0.20 ~0.24
KKar | 2.38 £ 0.98 (isospin) 222 £ 1.02 +0.16
total (/5 < 1.8GeV) || 636.29 + 5.43 636.85 + 6.08 ”{—ﬂ.ﬁﬁ \

Table 9: The contributions of the individual e*e~ channels, up to /5 = 1.8 GeV, to dispersion
elation (44) for aj**° (x10%) that were obtained in this analysis and in the DEHZ03 study [3].
I'he last column shows the difference. “Isospin” denotes channels for which no data exist, and
or which isospin relations or bounds are used. We have divided the DEHZ w contribution into
he respective channels according to their branching fractions [104], with their sum normalized

0 unity.
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NLO calealstion

Krause W77 HMﬂT(zﬂog)

e (&)
Jra - " —
! p 2i.1€0.5) 20.74 (0.18)

e (k)
lo'*ﬁ,- = 10.70(032) = |o05] (9.09)
10" f;’ e 0.27(0,0}) = 0.34(2.01)
w0 ekt L 10, 1 (0.4) = —9;81(0.09)
[e: - O ioim o =

f‘

Evrers Frow (A} & CL)‘,“
100% eorvalated £
The sam< n’h:-u batfiwnce

(a)
Y
1
H R i had.

Y
L had
(b) (c)
L 1
f had. had. had.

igure 13: The three classes of diagrams (a,b.c) which contribute to @hNEO. . Class (a) contains
1e first five diagrams. In the class {b) diagram, f = e or 7, but not . Mirror counterparts
ad diagrams with an interchange between the massless photon and the “massive plioton”

ropagators should be understood.
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:Brml’o\awn o Hh Tﬂ‘fﬂjroﬂ\

channel " inclusive (1.43,2 GeV) exclusive (1.43,2 GeV)
ﬂ.ﬂad'LD &ah&d(Mg) &Eﬂd'l‘_ﬂ ﬂ.ﬂhad{Mzzr)
#% (ChPT) 0.13+£0.01 | 0.00£0.00 | 0.13£0.01 | 0.00+0.00
w0 (data) 450+0.15 | 036+001 | 450+0.15 | 0.36+0.01
7t7— (ChPT) u 236 +005 | 0.04£000 | 236+005 | 0.04+0.00
at7 (data 502.78 £5.02 | 34.39+0.29 [/ 503.38 4 5.02 | 34.59 +0.29
x+r—7° (ChPT) 0.01+0.00 | 0.00£0.00 | 0.01+0.00 | 0.00<0.00
Gr 70 (data)) | 4643000 | 4.33£0.08 | 47.04+0.90 | 4.52+ 0.08
7y (ChPT) 0.00+0.00 | 0.00£0.00 | 0.00£000 | 0.00=+0.00
7y (data) 0.73+0.03 | 0.09+000 | 0.73+0.03 | 0.09+0.00
@ 2162+076 | 3.01+011 | 2235+0.77 | 3.23+0.11
KIK? 13.16+0.31 | 1.76+0.04 [| 13.30+£0.32 | 1.80+0.04
o+ 2™ 6.16+0.32 | 1.27+0.07 || 1477 +0.76 | 4.04+021
071+ 186 +0.12 || 20.55%1.22 | 5.1 0.3
27+ 2n—n® 026+0.04 | 006001 | 285025 | 0.99+0.00
7 3’ 0.09+0.09 | 002+002 || 1.19+033 | 0.41+0.10
3w+ 3~ 0.00+0.00 | 0.00+000 || 0224002 | 0.09%0.01
27+ 2~ 270 0.12+0.03 | 0.03+0.01 || 332x029 | 1.22+0.11
a*r~4x° (isospin) | 0.00+0.00 | 0.00+0.00 | 0.12£012 | 0.05+0.05
K*K-7Y 0.00£0.00 | 000+0.00 | 0.2940.07 | 0.10+0.03
K2K7n" (isospin) || 0.00+£0.00 | 0.00£0.00 | 020+007 | 0.10+0.03
KoK= 0.05+002 | 0.01+000 | L00£0.11 | 0.33+0.04
K}w¥K* (isospin) | 0.05+£0.02 | 0.01+000 | 1.00£0.11 | 0.33+0.04
KKrr (isospin) 0.00+0.00 | 0.00+0.00 | 3.63+134 | 1.33+0.48
w(— w0y} 064+002 | 012+0.00 | 0.83+£0.03 | 0.17+0.01
w(— w0y tn~ 0.01£0.00 | 0.00+000 | 0074001 | 0.02+0.00
n(— 7oy )w+n- 007001 | 002+0.00 || 0.49+007 | 0.15+0.02
¢(— unaccounted) | 0.06£0.06 | 0.01+0.01 | 0.06+0.06 | 0.01%0.01
PP 0.00+0.00 | 0.00+0.00 ﬂ 0.04+£0.01 | 0.02+0.00
nii “ 0.00+0.00 | 0.00+0.00 | 007+002 | 0.03+0.01
J]b, 9 7.30£043 | 8904051 | 7.30+043 | 8.90+0.51
T(1S - 63) 0.10£000 [ 1.16+0.04 | 010£000 | 1.16+0.04
inclusive R 73.96 + 92.75 + 1.74 N 42.05+1.14 | 81.97+1.53
pQCD 2114000 |126.32+0.15 || 2.11+0.00 |125.32+0.15
[ sum | 692.38 +5.88 [ 275.52 + 1.85 [ 696.15 £ 5.68 [ 276.90 + 1.77

chevm £ b fodories
[able 5: Contributions to the dispersion relations (4} and (5) from the individual channels.
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