Status of the Muon g-2

Michel Davier (LAL — Orsay)

 the muon magnetic anomaly

o revisited t spectral functions: Belle + updated
corrections

» ee spectral functions after KLOE and BaBar

« combination of all ee data

e discussion and perspectives
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Lepton Magnetic Anomaly: from Dirac to QED

= g‘;"—S' (1

—

(9—2)/2

Dirac (1928) g¢.=2 a,=0

anomaly discovered:
Kusch-Foley (1948) a,=(1.19 £ 0.05) 103

and explained by O(a) QED contribution:

Schwinger (1948) a, = a/2nr=1.16 103
first triumph of QED
= a, sensitive to quantum fluctuations of fields 7
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More Quantum Fluctuations

q = aQED ahad awea,k + 7 g new physics 9

QED up to O(a?), o inprogress (Kinoshita et al.)

Hadrons vacuum polarization Hght-bv-tight (models)
; |
w0,
a1 q3 q2
ny ~
Electroweak new physics at high mass scale
W 144
ny Vi % 5 mg
ay X ——=
SV

— a, much more sensitive to high scales
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Hadronic Vacuum Polarization and Muon (g—-2)

Dominant uncertainty from lowest-order HVP piece
Cannot be calculated from QCD (low mass scale), but one can use experimental

data on e+e——hadrons cross section (Bouchiat-Michel 1961)
Born: o'”(s)=o(s)(a/a(s))’

127 1ML (5) = o [e'e —shadrong(7)] _ R(S)

Opt

Im[ N@N ] « |N\,\,\C hadrons |2

| S
/": j. 1
o az 0 0.03 _ 3 — ~K(s)/s fo: (3_2);1 -
aﬂa = 5 j ds R(s) “ N ~ 1/(s(s—M")) for ol (M)
37 a2 z SR—T
g >, 0.02 [ % -
Dispersion relation < o1 | !
0_ |
0
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The E-821 a, Measurement at BNL Updated

a, measured from a ratio of frequencies

_ _ eB
W, = (Dprecession — (Dcyclotron (Dprecession — O t Ot Wq = CLM E—
My
W, W /Wy R
(l p— ) — — —
S wr/wp, — we/Wp A—TR
A= o lo,=p,/u,  from muonium hyperfine splitting
value used by E-821 3.18334539(10)
new value 3.183345137(85) Mohr et al., RMP 80 (2008) 633

— change ina, (+0.92 1019
(review in RPP2009 (Hbcker-Marciano)

a, ™ =(11659208.9+5.4+33)101° updated
(x6.3) (0.54 ppm)
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The Role of r Data through CVC — SU(2)

W:1=1&V,A CVC: I=1&V 7. 1=0,1&V
V. o+
T i
<~> /‘VVVVV‘C hadrons
hadrons e

Hadronic physics factorizes (spectral Functions)

o' [e*e‘ - 7Z'+7Z_:| = 47;052 u[r‘ - 72'_7Z'OVT:|
BR|:T_ —)72'_7Z'OVT:| 1 dN , m?
2

T

BR[T_—”?_‘ZVJ N . ds (1—s/mf) (1+s/mf)

u[r‘ —> ﬂ_iz'ol/r] oc

branching fractions mass spectrum kinematic factor (PS)

R. Alemany, MD, A. Hocker, EPJC 1998
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SU(2) Breaking

Corrections for SU(2) breaking applied to rdata for dominant 7~z * contrib.:
® Electroweak radiative corrections:

» dominant contribution from short distance correction Sg,,

Marciano-Sirlin’ 88

» subleading corrections (small)

Braaten-Li’ 90

» long distance radiative correction Gg,,(s) Cirigliano-EckerNeufeld’ 02
Lopez Castro et al.’ 06

E Charged/neutral mass splitting:

Alemany-Davier-Hocker’ 97, Czyz-Kuhn' 01
» m__#m _, leads to phase space (cross sec.) and width (FF) corrections

» p-omixing (EM o — 7~z * decay) corrected using FF model

> *kk *k*k Flores-Baez-Lopez Castro’ 08
mP— a mPO and FP— # FPO Davier et al.’09

B Electromagnetic decays: p—> 7z y***, p> 7y, p—>ny p— 111~

B Quark mass difference m, = m, (negligible)
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Situation at ICHEP’06 / 08

a/* [ee] = (690.9 +4.4) x107*°

a,fee] = (11659 180.5 £ 4.4, 4 + 3.5 5 * 0.20¢p,y) X 10710
Hadronic HO -(9.8+£0.1) x10-10
Hadronic LBL +(12.0£3.5) x10-10
+A—
—_— ee||T| BNIL Electroweak (15.4 £0.2) x10-10
DEHZ 03 (e*¢™based)
1B0.948.0 ——a— QED (11658 471.9+£0.1) x10-10
DEHZ 03 (t-based)
1956+6.8 . . . .
.- Knecht-Nyffeler (2002), Melnikov-Vainhstein (2003)
HMNT 03 (e"e -based)
176.3+7.4 Y
103 (ee-based) Davier-Marciano (2004)
170.4+9.3  (preliminary) L i1 ;
TY 04 (e*e -based) Kinoshita-Nio (2006)
180659 (preliminary) 0 |
DEHZ ICHEP 2006 (e*e -based)
180.5+5 6 (preliminary) —e—
Observed Difference with BNL using e*e~:
BNL-E821 04 .
T a,[exp]—a,[SM] = (27.5+8.4)x 1070

140 150 160 170 180 190 200 210

a,—11659000 (1077

®» 3.3 ,standard deviations®

But estimate using t data consistent with E-821 !
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Most recent data and analyses

« 1 > Vv _datafrom Belle  PRD 78 (2008) 072006

m ot e~ > vt v~ data

- KLOE PLB 670 (2009) 285
- BaBar arXiv:0908.3589v1 (PRL)
» updated t-based analysis arXiv:0906.5443v3 (EPJC)

MD, A. Hoecker, G. Lopez Castro, B. Malaescu, X.H.Mo, G. Toledo Sanchez,
P. Wang, C.Z. Yuan, Z. Zhang

= updated ee-based analysis arXiv:0908.4300v2 (EPJC)
MD, A. Hoecker, B. Malaescu, C.Z. Yuan, Z. Zhang
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Exp/Combined-1

Exp/Combined-1

Revisited Analysis using t Data: including Belle
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+ 0 Combined J _E ) [0 Combined (A-C-O-B) ]
(A-C-0-B) 1 E o =

] % 0 ]

++ = - 7

] 0.1 =
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Test of the spectral function shapes from different experiments: WA BR used
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Revisited Analysis 1 Data: new IB corrections

Aap P Crr, 7] (10719)

7

Source GS model KS model

SEW —12.21 £0.15

GEM —1.92 4+ 0.90

FSR +4.67 + 0.47

p-w interference +2.80 £ 0.19 +2.80 = 0.15

my+ — mj o effect on o —7.88

m,+ — mjo effect on I', +4.09 +4.02

Myt — M0 0.20+92% 0.11+9-1%

mry, electrom. decays —5.91 £0.59 —6.39 4+ 0.64
—16.07 £ 1.22 —16.70 £ 1.23

Toral —16.07 + 1.85
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disagreement with
Maltman-Wolfe
arXiv:0908.2391

<= large change
since DEHZ (2003)
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Consistency of t Data: Dispersion Integrals

e T ALEPH
— t CLEO
> T OPAL
., T Belle

independent B_ )
world-averageﬁm)

—a— T spectral functions
combined

500 520 540 560
a,2rLo (1071

« using BR from each experiment makes
results independent from each other

o consistent results (disagreement with
Benayoun et al. arXiv:09075603v1)

» using WA BR checks consistency
for the spectral function shapes

WA BR + combined spectral
function =

+0.9g,+2.15_+1.6,5) 10710

exp— Be— Brn—

a,2%L0=(515.242.0

* 0.7% precision
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Comparison of ee and t Data Revisited (1)

Relative comparison of IB-corrected t and ee spectral functions (t green band)

CMD-2, SND KLOE
- 0-3 | I I T | I I I | I I I | T I I I T T ] - {}3 I I I I | T I I | I T I I I T I I ]
F » CMD203-06 = SND 06 1 = o KLOE 08 =
‘% 02 I Combined t (A-C-0-B E “Eg 02 17 Combined t (A-G-0-B) E
b i _ { N E
il ]

] } ] ] — -0.1 -

— 0.2 —

M +5(IB corrections) E M +5(1B corrections) E

_03 | | | | | | | | | | | | | | | | | | | | 1] _D3 | | | | | | | | | | | | | | | | | | | | L]
0.2 0.4 06 0.8 1 1.2 0.2 0.4 0.6 0.8 1 1.2

s (GeV?) s (GeV?)

= better agreement than before with CMD2-SND
= strong disagreement with KLOE : slope...
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Data on efe— — hadrons
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The BaBar Analysis

ete—— utu vy (y) and n* vy (y) measured simultaneously

FSR

ISR
Y _ + o
et 2 € .
(S/) (SI)
Y
Tr = 2E:;/\/§ v ) 7 .
o= M+ e H
/ - ! -
s =s(l—z)| ° , "
(5) LO FSR negligible for nr
_ ¥ at s~(10.6 GeV)?

ISR + add. ISR ISR + add. FSR

gl T/ e gl ™/ p
(5") (S")
v
,)/* ’Y*
e Y /1 e~ /1
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QED Test with puy sample

= absolute comparison of uu mass spectra in data and in simulation
= simulation corrected for data/MC efficiencies
= AfkQed corrected for incomplete NLO using Phokhara

= strong test (ISR probability drops out for ©tr)

l BaBar
@ l—ﬂmﬁ#&—myﬁqﬁh-ﬂ‘-
P A
I ' 0.5 | 1.5 2 2.5 3
m,, [GeV/C’]
gd{:m
) = 14 (40+1.9455+9.4) 107 (0.2 3 GeV)
o

ey () /

ISR vy efficiency 3.4 syst.
trig/track/PID 4.0
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Data on e*e~ — hadrons (2)

o T '_E
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IF_f

VDM Fit of the BaBar Pion Form Factor

BWYS(s,m,, T,) HeBWsma L) 4 BWGS (5 m,,, Tp) +vBWSGS (5, mpr, T )
1+ 8+

F?T(S) =

|F1'T| ( jl) = ?T(IQS( ’),83 J?T?T(SF) 35

On(s) = = iﬂw ??((SS)) (Z((z)))z |

add. FSR o Running (VP) :

IF.F
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BaBar vs.other ee data (0.5-1.0 GeV)

direct relative comparison of cross sections with BaBar fit (stat + syst errors included)

(green band)
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|F_P(Exp) / GSFitBABAR - 1

IF_P{(Exp) / GSFitBABAR - 1

BaBar vs. IB-corrected t data (0.5-1.0 GeV)
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IF_(Exp) | GSfitBABAR - 1

relative comparison w.r.t. BaBar of
Isospin-breaking corrected t spectral
functions

IB corrections: radiative corr., T masses,
p-o Interference, p masses/widths

each t data normalized to its own BR
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Combination of all ete~ Data

E :I T T T T T T | T T T | T T T |+I -I—IO|I: | T ; ISNlDI T I: -
s wE s ova oMt = arXiv: 0908.4300 (EPJC)
§ F rowz - wea 3 MD-Hécker-Malaescu-Yuan-Zhang
E 107 = Average 3
5 ¢ E
2 . 1 Improved procedure and software
3 n g (HVPTools) for combining cross
- } f ! 4 section data with arbitrary point
'E ﬂ f 4+ 3 spacing/binning
HT -
:I | | | 1 | | | | | 1 1 | | | 1 1 | 1 | 1 | 1 1 rlj 1 1 I:
_ ll.lailHIIII.IESHH{]I.I?HH‘IIIHH1.2HHI‘I.I4I 1.6 "‘F" - T A —
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Obtaining the average cross section

relative weights

« local weighted average performed & f S .
S _ i
« full covariance matrices E* 081 e
@ B ----KLOE ]
£ ol -—-SND _
e local y2 used for error rescaling € [ - oMD2 2000
0.4 - ---Otherexp ]
« average dominated by BaBar and b B
KLOE, BaBar covering full range B -3
0 I';I!.rdl 1IB I 1.8
% 4: L I ] E e 2_1-0_| | | T T T I— '_é:;m_s E
§ *E error scale factor E é oMb integrand (dispersion mtegralﬁz“—, =
. e 3 u.12:— = g
25— ||' rl—_ 0.08 5'\"-‘, = P §
: | l\J\ | II|E 3 = S
- h ,'I ' ] ] 0.06 4
- J{ | ‘ '\ E 0.04 -
15— ’ n \FI ‘\—: u_oz: —En.s
\L HMHNWLM n ”I \‘ '1'5'%' ” = R
C w e \E [GeV]
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Computing a ™ [2m

TC

Energy range (GeV) Experiment al2dLO (] (10710)
2miy+ — 0.3 Combined ete™ (fit) 0.55+0.01
0.30 — 0.63 Combined ete™ 1326 £ 0.8 £ 1.0 (1.3¢01)
0.63 — 0.958 CMD2 03 361824+ 2.1 (3.20t)
CMD2 06 3602+ 1.8+ 2.8 (3.3t0t)
SND 06 360.7Tx 1.4+ 4.7 (4.9)
KLOE 08 356.8 4+ 0.4+ 3.1 (3.1tar)
BABAR 09 3652+ 1.9+ 1.9 (2.Ttat)
Clombined ete™ 360.8 0.9+ 1.8 (2.0t0t )
0.958 — 1.8 Combined e+e~ 14.44 0.1+ 0.1 (0.200)
Total Combined ete™ 5084+ 1.3+ 2.6 (2.901)
Total Combined 7 [1] 5152 4+ 2.00xp £ 2.25 £ 1.618 (3.4t0r)

Pre-BaBar combined ee  503.5+ 3.5

BaBar 514.1+£3.8 (x10-10)
Combined ee 508.4 + 2.9

Combined t© 515.2+ 3.0+ 1.6 (3.4)
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Other hadronic contributions

from MD-Eidelman-Hdcker-Zhang NP Proc. Suppl. 169 (2007) 288

Modes Energy [GeV] ete- T

xtr 2720 2m,_— 1.8 16.8 +1.3 £ 0.2, 4 21.4+£1.3+0.6gy(
27+ 27~ (+BaBar) 2m,— 1.8 13.1+ 0.4 + 0.0, 4 12.3 +.1.0.4 0idg o)
 (782) 0.3-0.81 38.0+1.0£0.3,,4 =

# (1020) 1.0 — 1.055 35.7 + 0.8 + 0.2, 4 —

Other excl. (+BaBar) 2m_—1.8 24.3+1.3+0.2,4 -

J/y, w(2S) 3.08 -3.11 7.4+0.4£0.0,,4 =

R [QCD] 1.8-3.7 33.9 + 0.5, =

R [data] 3.7-5.0 7.2+0.3+0.0,,4 -

R [QCD] 5.0 — 00 9.9 + 0.2400 =

—> another large long-standing discrepancy in the n* == 2n° channel !
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The Problematic 2r 21° Contribution

Cross section [nb]

ee data used now (CMD?2 discarded)

preliminary BaBar data:
A. Petzold, EPS-HEP (2007)

4 OLYA T as ik

“E oo H 1 32w A %gd .}
s [ M H %LF, ]H H} ﬁ e — %#{{* J+ .**“J.H
1ll}ww v W] T ++f ”"* kil
10— ﬁ%’l ] | ~ o M# *’>+"' -
iﬂ”? I B IR
0 1 11 12 13 14 15 16 E [GE:'].a *  ees 120 16w  1eee li;o‘::|i?|:]:)w|
old contribution 16.8 +1.3

update
T

M.Davier HVP/g-2

17.6 £ 1.7 probably still underestimated (BaBar prelim.)
21.4+1.4

Physics LHC Era 21/3/2010 25



BaBar Multi-hadronic Results
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Still more channels under analysis: K*K-, KKnr with K°
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Where are we?

e including BaBar 2r results in the e+e— combination + estimate of hadronic
LBL contribution (Prades-de Rafael-Vainhstein, 2009) yields
a Me+e-]=(11659183.4+4.1+26+0.2) 1010
HVP LBL EW (+4.9)

» E-821 updated result 11 659 208.9 £ 6.3
o deviation (ee) 25.5+8.0 HMINT 07 (676) :
(3 2 G) —285+51 —e—
. JN 09 (e'e")
—299+65 ——
Davier et al. 09 (1)
. —157£52 F—aA——
* updated T anaIySIS . Davier et al. 09 (e'e)
+Belle +revisited IB corrections 31251 —e—i
This work (e"e” w/ BABAR)
—255+49 —e—
* deviation (1) 15.7 + 8.2 :
(1.9 5) BNL-E821 (WA) i
. 0+63 :
| | | | 1 | | 1 | | | | 1 1 | | | | 1 1 | | | | 1 1 | 1 | 1 1 i 1 Il Il |
-600 -500 -400 -300 -200 -100 0 100
exp x107"
a4, — 4
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Discussion

» BaBar 2w data complete and the most accurate, but expected gain in precision
not fully realized because of discrepancy with KLOE
* however, previous t/ee disagreement strongly reduced (resolved?)
2.96 (2006) > 2.4c (tupdate) —» 1.5¢ (including BaBar)
« a range of values for the deviation from the SM can be obtained, depending
on the 2r data used:

BaBar 240
all ee 3.2c <=
all ee —BaBar 3.7c
all ee - KLOE 2.9c
T 1.9(5

« all approaches yield a deviation, but SM test limited by systematic effects not
accounted for in the experimental analyses (ee) and/or the corrections to t data

e at the moment some evidence for a deviation (~3c), but not sufficient to establish
a contribution from new physics (NP)

« however If NP is found at LHC, this deviation will constraint the NP phenomenology
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Impact on new physics : ex. SUSY

LHC: direct search for SUSY partners
difficult to measure couplings and disentangle between models (ILC)
g-2 measurement + theory prediction: sensitivity to couplings

25— 1117
I LHC plus
: : am Future g-2
=S o
o or Present g-2
F
107
. 5[
taking one MSSM : |
parameter point QU - I LHC (sfitter)
(D. Stéckinger) ol v M e

2 4 6 8 10 12 14 16 18 20
tan f
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o first priority is a clarification of the BaBar-t / KLOE discrepancy:
- origin of the “slope’ (was very pronounced with the 2004 KLOE results,
reduced now with the 2008 results)
- normalization difference on p peak (most direct effect on a )
- Novosibirsk results in-between and not precise enough

« further checks of the KLOE results are possible: as method is based on MC
simulation for ISR and additional ISR/ISR probabilities = long-awaited test
with puy analysis

e contribution from multi-hadronic channels will continue to be updated with
more results forthcoming from BaBar, particularly 27t 27°

* new precise data expected from VEPP-2000 in Novosibirsk

« experimental error of E-821 direct a, measurement is a limitation, already now
= New projects necessary
proposal accepted in Fermilab (financed?): improve accuracy by a factor 4
project at JPARC
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Backup Slides
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Comparison of ee and t Data Revisited (2)

2 2
3B.V,al? [ s 25
CcvVC el’u I
Bx :§W/ desoxo (L ) (M2

Global test of spectral functions:
prediction of t BR using ee data

= apply to nn® channel

IB corrections applied to ee data
this time

e data from CMD2-SND
overconsistent ?

» fair agreement CMD2-SND with t

o larger disagreement with KLOE

min T

T decays " o " Belle
25.24+0.01+£0.39
° . CLEO
' 254410121042
o ALEPH
2549+0.10+£0.08
——i DELPHI
2531+£0.20+£0.14
° L3
24.62+0.35+0.50

i ° ;  OPAL
25.46+£0.17+0.29

o T average

25.42+0.10
—e— I
- 2482505
e 5460 20,36
—e—i Bi6az020
—e— A

235 24 245 25 255 26 26.5 27

B(t =vrn’) (%)

M.Davier HVP/g-2 Physics LHC Era 21/3/2010 32



Obtaining the nrt(y) cross section

Wy _ a3l .
/d\/_ d/S (V')

Unfolded spectrum Acceptance from MC + data/MC corrections

Exmy () (\/_)

7r7r('}f)

Effective ISR luminosity from puy(y) analysis (similar equation + QED)

nrt mass spectrum unfolded (Malaescu arXiv:0907-3791) for detector response

Additional ISR almost cancels in the procedure (wmy(y) / nuy(y) ratio)
Correction (2.5 +1.0) 10° = nr cross section does not rely on accurate
description of NLO in the MC generator

ISR luminosity from ppuyy in 50-MeV energy intervals
(small compared to variation of efficiency corrections)
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BaBar results (arXiv:0908.3589)

ete >t (Y) bare (no VVP) cross section  diagonal errors stat+syst

Cross section [nb]
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BaBar results in p region

2-MeV energy intervals

1400 *  BABAR
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Additional ISR

add. rad. + add.ISR
. adraradIR 2000

HED ' 103
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no add. rad. + add.ISR

- L
0 25 5 75 10
INOC*+Dagarsw

Large-angle add.ISR
in data = AfkQed

Evidence for FSR
data ~ AfkQed

data/MC
up  0.9620.06
nn  1.21+0.05
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Cross section(exp) / Average - 1

ross section(exp)/ Average - 1
=

Consistency of Experiments with Average
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mﬂJle 3

\s [GeV]
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Computing a,™

oC
- 1
aﬁr(’?)aLO = m/ds K(S) U’?r*rr("}') (3) ,

4m?2
where K(s) is the QED kernel,

2

K(s) = 2? (1—%) + (1 +12)? (1+%)

with z = (1 - ,)/(1 + B,) and B, = (1 — 4m?/s)'/2.

0.630-0.958 GeV range

2

ln(1+$)—1‘+%

My range (GeV) | o757 BABAR — CMD-2 85
0.28—0.30 0.55 £ 001 £0.01 | (x10-10) I
0.30—0.50 57.62 + 0.63 + 0.55
0.50—1.00 445.94 + 210+ 2.51 | —— SND
1.00—1.80 0.97 + 0.10 £ 0.09 o o
0.28—1.80 SIL.00 £ 222 £3.11 | 0.7% precision

- — BABAR
028_18 (GeV) —— 'caw:age

BABAR 5141+38 |

previous e *e~ combined 503.5+35* 350 360 370 380

t combined 5152+ 35 * 3,2+ (10°7)

* arXiv:0906-5443 MD et al.
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