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Àíîìàëüíûé ìàãíèòíûé ìîìåíò ìþîíà

~µ = g e
2m

~s, a = (g − 2)/2.Äëÿ òî÷å÷íûõ äèðàêîâñêèõ ÷àñòèö g = 2,ý��åêòû âûñøåãî ïîðÿäêà èëè íîâîé �èçèêè ⇒ g 6= 2Ëþáîå çíà÷èìîå îòëè÷èå aexp
µ îò ath

µ óêàçûâàåò íàÍîâóþ �èçèêó âíå Ñòàíäàðòíîé Ìîäåëè

aµ áîëåå ÷óâñòâèòåëüíî ê Íîâîé Ôèçèêå, ÷åì ae:âûèãðûø ∼ (mµ/me)
2 ≈ 4.3 · 104.

ath
µ = aSM

µ + aNP
µ , aSM

µ = aQED
µ + aEW

µ + ahad
µ .
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Ýêñïåðèìåíòàëüíûé ñòàòóñ al

ae = 1159652180.73(28) × 10−12 0.24 × 10−9D. Hanneke et al., PRL 100, 120801 (2008)Òåñò ÊÝÄ èëè îïðåäåëåíèå α
aµ = 116592080(63) × 10−11 0.54 × 10−6G.W. Bennett et al. (E821), PRD 73, 072003 (2006)×óâñòâèòåëüíûé òåñò Ñòàíäàðòíîé Ìîäåëè

aτ = −0.018(17) or − 0.052 < aτ < 0.013 95%CLJ. Abdallah et al. (DELPHI), EPJ C 35, 159 (2004)Òåîðèÿ: 117721(5) × 10−8, SE, M. Passera, MPL A 22, 159 (2007)
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Âêëàä ÊÝÄ aQED
µ

aQED
µ · 1010 = ΣCi(

α
π
)i = 11614097.3 (1-ïåòë.) 1 äèàãðàììà+ 41321.8 (2-ïåòë.) 9+ 3014.2 (3-ïåòë.) > 100+ 38.1 (4-ïåòë.) > 1000+ 0.4 (5-ïåòë.) > 20000

α3 ÷ëåíû èçâåñòíû àíàëèòè÷åñêè (S. Laporta, E. Remiddi, 1993),

α4 ÷ëåíû � ÷èñëåííî (T. Kinoshita et al., 2003-2008),
α5 ÷àñòè÷íî (S. Karshenboim, 1993; TK et al., 2005,2007; A.L. Kataev, 2006,K. Chetyrkin et al., 2008):

α−1 = 137.035999084(51), aQED
µ = (116584718.09 ± 0.14 ± 0.04) · 10−11.Íåîïðåäåëåííîñòè: a/ O(α5), b/ α

Ñ.Ýéäåëüìàí, ÁÈßÔ p.4/27
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Ýëåêòðîñëàáûé âêëàä aEW
µ

Îäíîïåòëåâûå ýëåêòðîñëàáûå âêëàäûÀâòîðû �îä aEW
µ , 10−105 ãðóïï 1972 19.5A. Czarne
ki et al. 1996 15.2 ± 0.4A. Czarne
ki et al. 2002 15.4 ± 0.1 ± 0.2Îøèáêè: a/ àäð. ïåòëè, b/ MH ,Mt, 3-ïåòë. ý��åêòûÑ.Ýéäåëüìàí, ÁÈßÔ p.5/27
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Àäðîííûé âêëàä ahad
µ

ahad
µ = ahad,LO

µ + ahad,HO
µ + ahad,LBL

µ

ahad,LO
µ =

(

αmµ

3π

)2 ∫

∞

4m2
π

ds R(s) K̂(s)
s2

,C. Bou
hiat, L. Mi
hel, Bou
hiat, 1961;M. Gourdin, E. de Rafael, 1969

R(s) = σ(e+e−→hadrons)
σ(e+e−→µ+µ−)

,
K̂(s) ðàñòåò îò 0.63 at s = 4m2

π äî 1 ïðè s→ ∞,

1/s2 ïîä÷åðêèâàåò ðîëü íèçêèõ ýíåðãèé, e+e− → π+π−.

ahad,LO
µ ∼ 700 · 10−10 ⇒ Íóæíà òî÷íîñòü ëó÷øå 1%!

Ñ.Ýéäåëüìàí, ÁÈßÔ p.6/27



Äóáíà, ÔÔÊ09 1 äåêàáðÿ, 2009

Âêëàäû ðàçëè÷íûõ ýíåðãèé â ahad,LO
µ
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Ñâûøå 72% of ahad,LO
µ îò e+e− → π+π− èñâûøå 90% îò ýíåðãèé íèæå 2 �ýÂ
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Êàê èçìåðÿþò R(s)?

• √
s < 2 �ýÂ � ýêñêëþçèâ(π+π−, π+π−π0, . . . , KK̄, . . .)

• Íåâèäèìûå (ìàëûå σ,íåçàðåã.) êîíå÷íûå ñîñò.
• Âûøå 2 �ýÂ � R(âñå àäðîííûå ñîáûòèÿ)
• �àä. ïîïð. íà÷.(ISR),ïîëÿð. âàêóóìà (VP),êîí. �îòîíû (FSR):M. Drees, K. Hikasa, 1990

• Ñêàíèðîâàíèå èëè ISR
σdr = N

R

Ldt ε (1+δISR)

σbare = σdr|1 − Π(s)|2(1 + δFSR)
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e+e− → π+π− (CMD-2, SND è KLOE)
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Ñðàâíåíèå KLOE ñ Íîâîñèáèðñêîì
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ISR èçìåðåíèå e+e− → π+π− íà BaBar � I
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− 1 = (40 ± 20 ± 55 ± 94) · 10−4Íà ρ ïèêå ñèñò. îøèáêà 0.5%!
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ISR èçìåðåíèå e+e− → π+π− íà BaBar � II
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Àäðîííûå ñå÷åíèÿ íà CMD-2
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e+e− → π+π−π0Íîâûå ISR ðåç-òû íà BaBar íå âñåãäà ñîãë. ñî ñòàðûìè äàííûìè
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δaµ, 10−10 2.45 ± 0.26 ± 0.03 2.79 ± 0.19 ± 0.01 3.25 ± 0.09 ± 0.01

Ñ.Ýéäåëüìàí, ÁÈßÔ p.14/27
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e+e− → 6π
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δaµ èçìåíèëñÿ îò 0.10 ± 0.10 äî 0.108 ± 0.016 è îò 1.42 ± 0.30 äî 0.890 ± 0.093Çàìåòíîå óëó÷øåíèå!
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Èçìåðåíèå R ïðè √
s < 10 �ýÂ

Õîðîøåå ñîãëàñèå ñ ïÊÕÄ!

Ñ.Ýéäåëüìàí, ÁÈßÔ p.16/27
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�àñ÷åò ahad,LO
µ ñ íîâûìè e+e− äàííûìè (DEHZ-2006)

√
s, �ýÂ ahad,LO

µ , 10−10 δahad,LO
µ , %

2π 504.6 ± 3.1 ± 1.0 73.0

ω 38.0 ± 1.0 ± 0.3 5.5

φ 35.7 ± 0.8 ± 0.2 5.2

0.6 − 1.8 54.2 ± 1.9 ± 0.4 7.8

1.8 − 5.0 41.1 ± 0.6 ± 0.0 6.0

J/ψ, ψ′ 7.4 ± 0.4 ± 0.0 1.1

> 5.0 9.9 ± 0.2 ± 0.0 1.4Âñåãî 690.9 ± 3.9exp ± 1.9rad ± 0.7QCD 100.0Âûñîêàÿ òî÷íîñòü e+e−: îøèáêà ahad,LO
µ 4.4 (0.63%)ïî ñðàâíåíèþ ñ 15.3 ó EJ, 1995 è 7.2 ó DEHZ, 2003!

Ñ.Ýéäåëüìàí, ÁÈßÔ p.17/27
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Àäðîííûå âêëàäû âûñøåãî ïîðÿäêà ahad,HO
µ

a b 
Âñå âêëàäû ÷åðåç ∫

R(s)G(s)ds/s2(3), ãäå G(s) - ãëàäêàÿ �-öèÿ s,äîìèíèðóþò ìàëûå ýíåðãèè. Ïðèíÿòîå çíà÷åíèå(B. Krause, 1997; K. Hagiwara et al., 2003):
ahad,HO
µ = (−9.8 ± 0.1) · 10−10.

Ñ.Ýéäåëüìàí, ÁÈßÔ p.18/27
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Ñâåò-íà-ñâåòå � I
�àçëè÷íûå ïîäõîäû:

• ÂÄ è êèðàëüíûå ìîäåëè

• Äàííûå ïî γγ∗ → π0, η, η′ (1 ðàñ. e)

• Îãðàíè÷åíèÿ ÊÕÄ íà ìàëûõ ðàññòîÿíèÿõ

• Ý��åêòèâíûå òåîðèè

Çíàê ãëàâíîãî PS âêëàäà áûë íåâåðåí äî 2002!

Ñ.Ýéäåëüìàí, ÁÈßÔ p.19/27
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Ñâåò-íà-ñâåòå � IIÀâòîðû �îä ahad,LBL
µ , 10−10J. Bijnens, E. Pallante, J. Prades 1996 (2002) 83 ± 32M. Hayakawa, T. Kinoshita 1998 (2002) 89.6 ± 15.4M. Kne
ht, A. Ny�eler 2002 80 ± 40K. Melnikov, A. Vainshtein 2003 136 ± 25M. Davier, W. Mar
iano 2004 120 ± 35J. Bijnens, J. Prades 2006 110 ± 40J. Prades, E. de Rafael, A. Vainshtein 2008 105 ± 26F. Jegerlehner, A. Ny�eler 2009 116 ± 39Îøèáêà áîëüøàÿ è ñðàâíèìà ñ LO âêëàäîì

Ñ.Ýéäåëüìàí, ÁÈßÔ p.20/27
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Òåîðèÿ vs Ýêñïåðèìåíò � I

Âêëàä aµ, 10
−10Ýêñïåðèìåíò 11659208.0 ± 6.3ÊÝÄ 11658471.8 ± 0.016Ýëåêòðîñëàáûé 15.4 ± 0.1 ± 0.2Àäðîííûé 693.1 ± 5.6Òåîðèÿ 11659180.3 ± 5.6Ýêñï.�òåîðèÿ 27.7 ± 8.4 (3.3σ)�àçíèöà ìåæäó ýêñïåðèìåíòîì è òåîðèåé 3.3σ!Âî âñåõ îöåíêàõ > 3σ

Ñ.Ýéäåëüìàí, ÁÈßÔ p.21/27
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Òåîðèÿ vs Ýêñïåðèìåíò � II
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Ñ.Ýéäåëüìàí, ÁÈßÔ p.22/27
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Íîâîå ñðàâíåíèå aexp
µ è ath

µ ïîñëå BaBar
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Íîâûé ðàñ÷åò ahad
µ ïîñëå ππ íà BaBar è èçìåíåíèå aexp

µ íà +0.9 · 10−10(CODATA èçìåíèëà µµ/µp) ⇒ 3.2σM. Davier et al., arXiv:0908.4300

Ñ.Ýéäåëüìàí, ÁÈßÔ p.23/27
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Ïåðñïåêòèâû ahad
µ � I×òî â e+e− ñåêòîðå?

Äàëüíåéøèé ISR àíàëèç íà KLOE, BaBar, Belle;óëó÷øåíèå òî÷íîñòè R íèæå 4.3 �ýÂ íà CLEO-
 è BES-III

Ýêñïåðèìåíòû íà VEPP-2000 ñ 2 äåòåêòîðàìè äî √
s=2 �ýÂ ñ

Lmax = 1032 
m−2s−1, 1031 
m−2s−1 óæå åñòü íà φ

Ïîäîáíàÿ ìàøèíà (DAΦNE-II) âî Ôðàñêàòè½
τ − c-�àáðèêà â Ïåêèíå (BES-III) � íàáîð äàííûõ

×åðåç 3-4 ãîäà òî÷íîñòü LBLáóäåò ñåðüåçíî îãðàíè÷èâàòü òî÷íîñòü
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VEPP-2000

Ïðîåêòíàÿ ñâåòèìîñòü L = 1032 cm−2s−1, ñ ∫

Ldt ≈ 1 − 2 fb−1 3�5 ëåò äàñòóòî÷íåíèå ∆ahad
µ /ahad

µ â 2 ðàçà!

Ñ.Ýéäåëüìàí, ÁÈßÔ p.25/27
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Ïåðñïåêòèâû (gµ − 2)/2 � II1. Íîâûå ýêñïåðèìåíòû óëó÷øàò òî÷íîñòü â 2-3 ðàçà2. Òàêàÿ òî÷íîñòü ñîîòâ. 0.2% äëÿ σ(e+e− → hadrons),ïðàêòè÷åñêè íåäîñòèæèìî äëÿ àáñîëþòíîãî èçìåðåíèÿ ñå÷åíèÿ3. ahad
µ ðàñ÷åò èç 1-ûõ ïðèíöèïîâ (ÊÕÄ, ðåøåòêè).Ìîäåëü ÊÕÄ èíñòàíòîíîâ (A. Dorokhov, 2003),Íåäàâíî íà ðåøåòêå: ahad

µ = (545 ± 65) · 10−10 ⇒ (667 ± 20) · 10−10(C. Aubin è T. Blum, 2005),ïîïûòêè îöåíèòü albl
µ (M. Hayakawa et al., 2005).
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Âûâîäû

• Óñïåõ ÁÍË => çàìåòíûé ïðîãðåññ ýêñïåðèìåíòà è òåîðèè

• ÊÝÄ è Ý/Ñ âêëàäû èçâåñòíû õîðîøî
• Óòî÷íåíèå e+e− äàííûõ ⇒ ìåíüøå δahad,LO

µ

• Äàëüíåéøåå óòî÷íåíèå ahad,LO
µ áóäåò âîçìîæíî ïîñëå VEPP-2000, DAΦNE-II è

(c − τ)-�àáðèêè + ISR íà DAΦNE è B-�àáðèêàõ
• Òî÷íîñòü áóäåò âñêîðå îãðàíè÷åíà âêëàäîì ñâåò-íà-ñâåòå

• Áîëüøîé îáúåì ðàáîòû äëÿ òåîðåòèêîâ
• aexp

µ − aSM
µ îòëè÷àåòñÿ îò 0 íà áîëåå ÷åì 3 σ ⇒ Óêàçàíèå íà Íîâóþ Ôèçèêó?

Ñ.Ýéäåëüìàí, ÁÈßÔ p.27/27
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Ba
k-up Slides

Ñ.Ýéäåëüìàí, ÁÈßÔ p.28/27
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CVC. e+e− → X0 and τ− → ντX
−

Allowed IGJP = 1+1−:
X− = π−π0, (4π)−, ωπ−,

ηπ−π0, K−K0, (6π)−, . . . -0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

KLOE
CMD-2
CMD
OLYA
DM1

correcting for ∆m(ρ+/0) and ∆Γ(ρ+/0)

τ Average
preliminary

s   (GeV2)

(|F
π|2 [e

e]
 –

 |F
π|2 [τ

])
 / |F

π|2 [τ
]

Large SU(2) breaking 
orre
tions from theory, V.Cirigliano et al., 2002

M(Γ)ρ0 6= M(Γ)
ρ± helps,M.Davier, 2003; S.Ghozzi, F.Jegerlehner, 2004
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Corre
tions to the τ Spe
tral Fun
tions

• SEW = 1.0233 ± 0.0006

• Real photons, loops
• FSR

• mπ± 6= mπ0(phase spa
e, Γρ)
• mρ± 6= mρ0

• ρ− ω interferen
e

• Radiative de
ays(ππγ, π(η)γ, l+l−)

• mu 6= mdand 2 
lass 
urrents
V. Cirigliano, G. E
ker,H. Neufeld, 2002M. Davier, S. Eidelman,A. H�o
ker, Z. Zhang, 2002
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New data on τ− → π−π0ντ from Belle
BBelle = (25.24 ± 0.01 ± 0.39)% BALEPH = (25.49 ± 0.10 ± 0.09)%The 
ontributions to ahad

µ are also 
ompatible due to 
ompensation at tails
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New developments in τ vs. e+e− � IM. Davier et al., arXiv:0906.5443, re
onsidered IB 
orre
tions to the averaged 2π spe
tralfun
tions from ALEPH/OPAL/CLEO/Belle (large-distan
e rad. 
orr., Mρ, Γρ splitting
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The dis
repan
y between the τ and e+e− is smaller but still there.
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New developments in τ vs. e+e− � II

23.5 24 24.5 25 25.5 26 26.5 27

B(τ– → ντπ
–π0)     (%)

Belle

CLEO

ALEPH

DELPHI

L3

OPAL

τ average

e+e− average

CMD2 03

CMD2 06

SND 06

KLOE 08

τ decays

e+e– CVC

25.24 ± 0.01 ± 0.39

25.44 ± 0.12 ± 0.42

25.49 ± 0.10 ± 0.09

25.31 ± 0.20 ± 0.14

24.62 ± 0.35 ± 0.50

25.46 ± 0.17 ± 0.29

25.42 ± 0.10

24.81 ± 0.25

25.07 ± 0.27

24.98 ± 0.29

24.94 ± 0.35

24.67 ± 0.26

Bτ − Bee = (0.61 ± 0.27)% or 2.3σ 
ompared to 4.5σ before.
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New developments in τ vs. e+e− � IIIAfter taking into a

ount BaBar:
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New Physi
s and aµ

• Supersymmetry (m̃ ≃ 200 GeV�1 TeV)

• Cold dark matter and neutralino
• Ta
hyons (m2 < 0)
• Te
hni
olor
• Leptoquarks

• New gauge bosons (Z′ et
.)
• Large extra dimensions (M > 600 GeV)
• Lepton �avor violation (µ→ eγ, µ edm, τ → µγ, . . .)
• b→ sγ

• Composite quarks and leptons

Ñ.Ýéäåëüìàí, ÁÈßÔ p.35/27
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e+e− → 2π+2π−
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Good agreement with CMD-2/SND.Error of 
ontinuum below 2 GeV improved.
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Light-by-Light S
attering � II

• A. Pivovarov, 2001: ∼ 14.3 · 10−10

u, d, s with mq, heavy quarks with standard masses

• J.F. de Tro
�oniz, F.J. Yndur�ain, 2001: (9.2 ± 2.0) · 10−10Constituent quarks + π0

• A. Dorokhov, 2005: (10.6 ± 1.0) · 10−10Instanton liquid model
• J. Erler, G. Toledo S�an
hez,2006: < 15.9 · 10−10Parton modelIs there a way to 
onsistently relate experimental data on

γγ∗ → X0 with JPC = 0−+, 0++, 1++, 2−+, 2++ to the 
orresponding
ontributions to ahad,LBL
µ ?
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Theory vs Experiment � II

Cal
ulation aexp
µ , 10−10 ath

µ , 10
−10 aexp

µ − ath
µ , 10

−10 (σ)EJ, 1995 11659230 ± 84 11659210 ± 16 20 ± 86 (−−)DEHZ, 2003 11659203 ± 8 11659180.9 ± 8.0 22.1 ± 11.3 (1.9)DEHZ, 2006 11659208.0 ± 6.3 11659180.3 ± 5.6 27.7 ± 8.4 (3.3)HMNT, 2008 11659208.0 ± 6.3 11659180.4 ± 5.1 27.6 ± 8.1 (3.4)J, 2008 11659208.0 ± 6.3 11659181.3 ± 7.2 26.7 ± 9.6 (2.8)
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Bran
hings of τ− → X−ντ De
ay,%Hadroni
 Experiment, CVCState X 2002 Predi
tion Bexp − BCVC

π−π0 25.31 ± 0.18 24.76 ± 0.25 0.55 ± 0.31

π−3π0 1.08 ± 0.10 1.07 ± 0.05 0.01 ± 0.11

2π−π+π0 4.19 ± 0.23 3.84 ± 0.17 0.35 ± 0.29

ωπ− 1.94 ± 0.07 1.82 ± 0.07 0.12 ± 0.10Total 31.59 ± 0.31 30.28 ± 0.34 1.31 ± 0.46With more a

urate data some deviations have been observed.
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Corre
tions to the τ Spe
tral Fun
tions

• SEW = 1.0233 ± 0.0006

• Real photons, loops
• FSR

• mπ± 6= mπ0(phase spa
e, Γρ)
• mρ± 6= mρ0

• ρ− ω interferen
e

• Radiative de
ays(ππγ, π(η)γ, l+l−)

• mu 6= mdand 2 
lass 
urrents
V. Cirigliano, G. E
ker,H. Neufeld, 2002M. Davier, S. Eidelman,A. H�o
ker, Z. Zhang, 2002
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CVC in the 2π Channel. e+e− vs. τ

CMD-2
Aug. 2003
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τ Average
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25.42 ± 0.12 ± 0.42

25.44 ± 0.17 ± 0.29

25.44 ± 0.16 ± 0.10

25.47 ± 0.10 ± 0.09

25.46 ± 0.1024.52 ± 0.32

The bran
hing from all groups is systemati
ally higher than the CVC predi
tion:

Bτ − Bee = (0.94 ± 0.32)%!
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CVC in the 4π Channel. e+e− vs. τ

2π+2π− π+π−2π0
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B(τ),% 1.01 ± 0.08 4.54 ± 0.13

B(CVC),% 1.09 ± 0.08 3.63 ± 0.21

∆B,% −0.08 ± 0.11 +0.91 ± 0.25
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Why are e+e− and τ Spe
tral Fun
tions Di�erent?

• Problems with data: underestimated systemati
s, normalization, rad. 
orr.

• Problems with SU(2) breaking 
orre
tions; Is ChPT reliable? The un
ertaintyof 
orre
tions may be large (K.Maltman, 2005)

• Non (V-A) 
ontribution to e/w intera
tions (M.Chizhov, 2003) inspired byproblems in π+ → e+νeγ (E.Frlez et al., 2003)
• E�e
t of 
harged Higgs propagator in τ de
ay
• mρ± > mρ0 by a few MeV (S.Ghozzi and F.Jegerlehner, 2003, M.Davier,2003). Current experiments indi
ate equality within a few MeV.
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