Muon g-2: a Mini Review
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DE L'ACCELERATEUR X . . ..
L1 NEAIRE Based mainly on Davier-Eidelman-Hécker-Zhang

(DEHZ) 03, 06 but also others ...

> Why g,-2 ?
> The current status of g,-2 measurement & predictions

» Summary and Prospects
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Why Anomalous Magnetic Moment g-2 ?

=g —S g=2+:-- = Anomalous Magnetic Moment: a=(g-2)/2

Clu: precisely measured and predicted (within the SM)
(a, is better measured but a, is more sensitive to new physics effects by (m /m,)?~4.3-10%)
a,m vs. a,™: test the SM & signal new physics effects

non- SM SM __ .QED had Weak
aﬂ—a +a aﬂ —aﬂ +aﬂ +aﬂ
QED Hadronic ¢ Weak SUSY... ... or other new
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50 Years of a, Measurement

Miller-de Rafael-Lee Roberts, hep-ex/0602035

Experiment Beam Measurement da,/a, Required th. terms
Columbia-Nevis (57) ut g=2.00+0.10 g=2
Columbia-Nevis (59) ut 0.001 13(+16)(-12) 12.4% oUm
CERN 1 (61) ut 0.001 145(22) 1.9% oUT
CERN 1 (62) ut  0.001162(5) 0.43% (oUm)?
CERN 2 (68) ut  0.001 166 16(31) 265 ppm (oUm)?
CERN 3 (75) ut  0.001 165 895(27) 23 ppm (o/m)® + had
CERN 3 (79) ut  0.001165911(11) 7.3 ppm (oUm)® + had
BNL E821 (00) ut  0.001 165 919 1(59) 5 ppm (oUm)® + had
BNL E821 (01) wt  0.0011659202(16) 1.3 ppm (oUm)* + had + weak
BNL E821 (02) ut  0.001 165 920 3(8) 0.7 ppm (om)* + had + weak + ?
BNL E821 (04) W 0.0011659214(8)(3) 0.7 ppm (o/m)* + had + weak + ?

= Current world average:|g,®P=11659 208.0 + 6.3 x 101

Dominated by by BNL-E821: [PRD73(06)072003, hep-ex/0602035]
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 1st order known since 1948 : 4th order only known numerically
: [J Schwinger, PR73(48)416] : : T. Kinoshita et al calculated in 80's

............................................................................................................................

5th order estimated
Up to 3rd order : recently, T. Kinoshita :

: known analytically : 8(5/‘30'81;0 PRD73(06)

* 2
-----------------------------------------------------------
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. 2 v 4 v °
a2 -'g-ko 76585741(3)[ j +24.0505096(4) (gj +131-01(1)(QJ +663(20)(gj *
t. ﬂ- 7Z- ﬂ.

+0.04,, x10™° [PDG '06]
[Using & extracted from latest a,]
(Gabrielse et a PRL97(06)030801)

=11 658 471.90 +0.01,,_

th rder

11 658 471.809+0.014,, _ +0.008,, x10™"

5 order
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SM Predictions: &' =a™ +a™ +a'™

> 15t loop computed in 1972 M A /A\
/i N\ A f Lo

5G m? 1 5 m? e
aV®*[1—loop] = —4-~| 1+ =(1-4sin® +0O| —£ |+0O| —£ | ]=19.48x107"

W H

» 2nd |oop contribution non negligible
[due to large In(My, z/m )] A

a, ““[2—100p] = —4.07£0.10,, i 1oops £ 0-18, X107

= a, ** =15.4+0. Luarkcti. toops £ 025w, x10710
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SM Predictions: a,' =a’= +a;" +a, ™

a, = a0 +ay O +a ot Leading-Order Higher-Order  Light-By-Light

» Hadronic (q & g) loop contributions cannot be calculated from 1st principles
» Use low energy e*e- data to calculate the dominant LO contributions:

Py T
o '.

ahadLo o (O) ,[ d K(s) R(s) R(S):a(e+e‘—>hadrons)

olee >u'u)
=> Data driven calculation, its precision
depends thus on the input datal
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—— ~K(s)/s for (g-2), => The kernel has such an s dependence

o3[ § | ) .
BT T ~ 1(s(s-M)) for 0tp (M) that low energy data contribute most

é ~1/5°

2. 002 = In comparison, for oqe,(M?) the low energy data
g have relatively less weight

£

< 001 | a(0)

als) =
(5) 1 — Aoep(s) — Aapaals)

Acag(s) = _aO)s Re/de & R(s)

3m — § — 1€)
dm2

s (GeV?)
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Relative Contribution of Input Data vs Energy

PR AT > Ar (+KK) | 1837 | 3.7-5(+/y, v) sy D

= 27 channel contributes
more than 70% |

=> The e+e- data precision
(was) limited

= Use (complement with)

tau data

[Alemany-Davier-Haocker,
EPJ €2(98)123]
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An Overview of e*e- - n*n-(y) Data

Experiment Ndata Energy range (GeV) d(stat)

[ 4 DM1 (78) 16 0.483-1.096 6.6-40% 2.2%
§ TOF (81) 4 0.400-0.460 14-20% 5%
ug" §< OLYA (79, 85) 2+77 0.400-1.397 2.3-35% 4%
':') I CMD (85) 24 0.360-0.820 4.1-10.8% 2%
’g o DM2 (89) 17 1.350-2.215 17.6-100% 12%
§< \ CMD2 (03) 43 0.6105-0.96152 1.8-14.1% 0.6%
é KLOE (04) 60 0.600-0.970 0.5-2.1% 1.2-3.8%
% SND (06) 45 0.390-0.970 0.7-18.7% 1.3-3.2%
E— CMD2,,, (06) 10 0.370-0.520 4.5-7% 0.7%
= CMD2,,, (06) 29 0.600-0.970 0.5-4.1% 0.8%
- \ CMD2,,, (06) 36 0.980-1.380 4.5-18.4% 1.2-4.2%

Novosibirsk & Orsay expts: KLOE at DA®NE:

Energy scan method Radiative return method Hadrons
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Radiative Corrections Applied to e*e- Data

Desired measured e*e- cross sections: with FSR included but ISR & VP corrected

Situation often unclear: whether or not and if - which corrections were applied

B Vacuum polarization (VP) in the photon propagator:
» leptonic VP (Aay,,) in general corrected for
» hadronic VP correction (A, ) not applied except for recent measurements (CMD2, SND)

[l O SN B AL BN B
® Initial state radiation (ISR) L . weses LeptonicVP
» corrected by experiments i FeR(ee )
= I i 1 f o : :
o — combined :
: — B 1.05 ; i :
B Final state radiation (FSR) %
usually, experiments obtain bare cross e
section so that FSR has to be added "by g
hand"; done for recent experiments =
(supposedly) not done for others 3 :
0.9 b
0.85 il ; il J L I |. il ; il | |. ] ]

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
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Cross Section (nb)
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Comparison of e*e- < n'n-(y) Data
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» e+e- data having varying
precision from different
experiments are in general
good agreement

=> Need to see ratio plots to
appreciate differences

Green band corresponds to
combined data used in the
numerical integration
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Comparison of Precise/Recent e*e- Data

» CMD2 & KLOE compared to fit of SND data

> Yellow band indicates relative systematic error of SND

CMD2 / SND KLOE / SND

1.1
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Whereas CMD2 and SND are in good agreement, KLOE shows a different
energy dependence.
=> Need clarification before using KLOE data
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An Example of Other Decay Modes: 2r2n-

45_\I\I\\I\Il\III‘IIIII\I\I\I\\II\\I\I

= CMD-2 (low)
= CMD-2 (high)
» ND

v CMD

» OLYA

« DM1 (low)

« DM (high)

% DM2

« BABAR

Cross section (nb)

e
i
L e
-

(J-I II\I|II\I|I\\I|I\\I‘I\\I‘\\\I‘\III‘\III‘\III

| 1.5 2 2.5 3 3.5 4 4.5

s (GeV?)

= A big improvement from BaBar (radiative return method)

BaBar ISR data are also available for ntmn0, 3nt3n-, 22w 21" etc
Long awaited channel nrn- still in progress
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Panoramic View of Inputs to Dispersion Integral

6 FI l T ? T E LI B | I T 1T 11 I T 1T 171 I L | I R | I T 'l T | | T 11 Ij
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] S i
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Contributions to g0 from Different Energies

Energy [GeV] ete-[1019]

: B 3\
L ow s expansion 2m,—0.5 556+ 0.8+ 0.1 Channels & energy

* 7~ (+SND+CMD2) 0.5-1.8 449.0+ 3.0+ 0.9, range also covered
> by tau data.

nt = 2n° 2m_—1.8 16.8+ 1.3+ 0.2,

27+ 27~ (+BaBar) 2m,— 1.8 13.1+ 0.4+ 0.0, ) D Useit!
w (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 —
Iy, y(29) 3.08-3.11 74+0.4+0.0 4 -
R[QCD] 1837 33.9 % 0.5y -

R [data] 3.7-50 7.2+0.3%0.0, 4 -

R [QCD] 5.0 — o0 9.9+ 0.2 -
Sum (w/o KLOE) 2m, — oo 690.8£3.9+ 1.9 4+ 0.75cp ?

e+e-: DEHZ Preliminary update for ICHEPO6 & tau06
(part of CMD2 data were still preliminary)
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Connect 7 and e*e- Data through CVC - SU(2)

W:1=1&V,A CVC:I=1&V 7.1=0,1 &V
V, e+\
T 4
<_> /M’VVV‘C hadrons
hadrons €~
Hadronic physics factorizes in Spectral Functions : fundamental

ingredient relating

Isospin symmetry connects I=1 e'e cross section to vector7 spectral functions: long distance

(resonances) to
(1) s . Ador? B % short distance
o [e e - nT 7w }= S 1)[2’ — T T VT] description (QCD)
BR[T_ -z 7% ] :
_ -0 T 1 dNim'O mT
v[r > VT] oc 5

BR[T_%G_VeVT] NM0 ds (1_S/mf) (1+S/mf)

branching fractions mass spectrum kinematic factor (PS)
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SU(2) Breaking

Multiplicative SU(2) corrections applied to 7= — z~z0v, spectral function:

B Radiative corrections: 1.05
Sew ~ 2% (short distance), sl
Ggy(S) (long distance) -
1.03 |
TP c - E
B Charged/neutral mass splitting: S 102[¢
. O 1
m,_# M, p-@mixing, m/T,_#m/T g 1.01 - e
g B
E Electromagnetic decays: N
© B
PoOTXY, po>TY, pony p— - % 0.99 |
B Quark mass difference: S ¥
m, # m, negligible 0.97 |-isf ( ) | -
. : e U | L™ .
2R P P . T not shown: short ]
0.96 g combined-- distance correction |
Marciano-Sirlin’ 88 0_95h.:. A PP AR R AR R B o
e L O 0 0.5 1 15 2 25 3 35
Cirigliano-Ecker-Neufeld’ 02 S (Gevz)
Alemany-Davier-Hocker 97, Czyz-Kuhn’ 01

Moriond EW, 10-17/03/2007 Zhiging Zhang (zhangzq®@Ial.in2p3.fr, LAL, Orsay)



- — x -7 %v; Comparing ALEPH, CLEO, OPAL

03 T T T T 0.3 I T B
OPAL ] i OPAL ]
02 B ALEPH ] 021 BN ALEPH |—> T Average
W CLEO l WS CLEO ]
01 01 - —

(IF J°[x] = IF [*[t-average]) / |F,|[<]
(F /[ - [F, f[t-average]) / |F °[1]

g
01 01 F -
02 0.23— 5
03 .....|....|....|....|....|....|....|....|....|....|...._I __3:...|...|...|...|...|...|...|...|...|...|..._I
c1 02 03 04 05 06 07 08 049 1 11 12 048 05 052 054 05 (058 06 (062 OB4 (0BG 068 07

s (GeV)

s (GelV)

Shape comparison only. SFs normalized fo WA branching fraction (dominated by ALEPH)

¥ Good agreement observed between ALEPH and CLEO
» ALEPH more precise at low s

» CLEO beftter at high s
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Comparing e*e” - ©n*w and T — wnly,

T r T 'I T ] T 1. 7.1 [ T 1171 'I T 1 17 r T 1571 'I T 5 1.1 'I T 1 71
& 1 Average ® TOF
0? L = CMD-2 (02)
) - o CMD
E . " o OLYA (low)
s Ly if O QLYA (high)
5 10 é « DM1 E
w y/(:i ol = 3
7] g;rf i & DM2
g U T, :
S [ ﬁ@%
10 5 E
J/%"ﬂ 4m? threshold **
1 AI i I 1 1§ 1 I 1 11 1 1 L 1 il I 1 i_i 1 I L 1 i1 I 1 18 L I I Ii*ll |l¥
0 025 05 075 1 125 15 175 2
s (GeV)
5'][]_r1[1r1r'| T |r[_. 1500 :111[:111|r:|||11'|rr11'|rr|:1
400 |- ) y— %I' :
2 #} g | [
i - 1000 $
§ M0t i 1105 I
o { o
3 S g
g 20F 1 18 | @
= 4m?mre-=-h f) z | r? ' s
O 1 G
500 - i’l ] .
100 Z _ I ;fi!? %g
0 /‘.-’J*| N ﬁlLDerxpanﬁmnl L1 |-| :-ﬂl TR T T T O O B O |g-r*|1‘:
0.1 0.2 0.3 04 03 04 05 06 07 08
s (GeV?) s (GeV?)
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> e+e- data corrected
for vacuum polarization
and final state radiation
effects

> tau data corrected
for missing p -® mixing
and other SU(2)
breaking effects

> Remarkable agreement
But: not good enough...

Zhiqing Zhang (zhangzq®lal.in2p3.fr, LAL, Orsay)
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(IF |[ee] — IF_I°[<]) /IF 7]

Moriond EW, 10-17/03/2007

e‘e - T Data Comparison

Aol

S

olee »n'n )= v(e'e »z'77)  with v(e'e 7' :@F “lee] and
12 ' "

L9 prg

V(> a'%,)= N

D_s _I T T T T LI I LI I L | L ﬂ_s B | T T T I T T T | T T T T T T | T T T

T Average T Average

0.2 |

_ﬂ.s : | 1 1 | | | 1 1 | 1 | 1 | | 1 1 | | 1 |

s (GeV?)

s (GeV)

=> Clear difference on s dependence in particular for s at 0.7-1 GeV?
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Partial Solution to the Lineshape Problem

Isospin br'eaking in the p* p® masses:
observed p* -p° mass difference: 2.4+0.8 MeV; width 0.2+1.0 MeV

Davier, hep-ex/0312064

Jegerlehner, hep-ph/0312372

zoom

o
w

o
w

v KLOE T v KLOE

T Average i
CMD-2 iy e CMD-2
CMD

OLYA
TDM1

T Average
preliminary

e
(V]
e
(V]

b
—
E OO e
o
—
n
o
=
—_—

(IF IP[ee] — IF [°[<) / IF J°[7]
(IF IP[ee] — IF /(<) / IF J°[7]

o
—
—0—
—a—
—O—i}
—.—
——-
= ]
| —
T =
1
.

02|

+/0

o correctlng for Am(p *’fo) and Al"(p*’fo) B - — correctlng for Am( )and Al“(p*’n)

_0‘3'... ...... |, 1L ] _03' | L | | |
0.1 02 03 04 05 06 07 08 0.9 1 1.1 1.2 0.48 05 052 0.54 056 058 0.6 062 064 066 068 0.7

s (GeV? s (GeV?)

= The difference for s at 0.7-1 GeV?2 remains
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e*e- based a,,““do'—o versus tau based aﬂhﬂdo'—o

Energy [GeV]

ete-[1019]

L ow s expansion 2m_—0.5 55.6+ 0.8+ 0.1, 4 56.0 £ 1.6 £ 0.3g(y)
z*z~ (+SND+CMD?2) 05-18 449.0+ 3.0+ 0.9, 4 464.0 + 3.0 + 2.3,
ntn=27° 2m,_—1.8 16.8+ 1.3+ 0.2, 4 214+ 1.3+ 0.6,
2" 27~ (+BaBar) 2m,—1.8 13.1+ 0.4+ 0.0, 4 12.3+ 1.0+ 0.4g,,
@ (782) 0.3-0.81 38.0+1.0+0.3 4 —

¢ (1020) 1.0—1.055 35.7+ 0.8+ 0.2, .

Other excl. (+BaBar) 2m_—1.8 243+ 1.3+0.2 4 —

Jly, w(29) 3.08-3.11 74+04+0.0 4 —

R [QCD] 1.8-3.7 33.9+ 0.5/ —

R [data] 3.7-50 7.2+0.3%0.0,4 —

R[QCD] 5.0 — oo 9.9+ 0.2, -

Sum (w/o KLOE) 2m,_ — oo 690.8+39+19 4+ 0.75c, 710.1+5.0+0.7, 4+ 2844

tau: DEHZ 03

Moriond EW, 10-17/03/2007
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SM Contributions: 2 =™ +a/@H° gt

» Had,HO contribution: E f i
B. Krause, PLB390(97)392

ahad,Ho:@ [ o, (S{K%(SHK%(S” 1
dro

4
M 471. ete >had

2 I dS,O-eJre' —had (S,) < ) (S,):l
4m;

=-9.79+£0.09__+0.03 , X 107 Alemany-Davier-Hécker, EPJ C2(98)123 | HMNT 03

exp —

> Had,LBL contribution: _rr,.é\_
had.

Model dependent results: 1 ™~
ahad,LBL _ ~8.6 + 3.5 x10°10 (repr tative) Knecht-Nyffeler, Phys.Rev.Lett. 88 (2002) 071802
U 13.6 + 2.5 x10°10 Melnikov-Vainshtein, hep-ph/0312226
Davier-Marciano, Ann. Rev. Nucl. Part. Sc. (2004)
Whereas HMNT 06 uses the latter: 13.6 + 2.5 x1010

DEHZ ICHEP 06 uses a value with conservative error{12 + 3.5x1010
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a, Measurement versus SM Predictions

Measurement (BNL-E821)

PRD73(06)072003, 116592080 + 54,  +33
hep-ex/0602035

- [10-19]

SM predictions:

11 558 471.809 + 0.014,, . 4 + 0.008;, [10-1]

QED
HAD
-LO DEHZOB e'e: 690.8+3.9 #19,, +0.70cp [107]
HMNTOGe'e: 689.4+42 +18 [10-19]
DEHZO03 1: 7101+50 0.7 4+ 2'88U(2) [10-10]
_HO 98 + 0.1 [1019]
LBl 120 + 35 [1070]
Weak 154 + 0.2 [10'10]
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Status of g,-2

DEHZ 03 (e*e™-based) |
180.9+8.0 | A |

DEHZ 03 (t-based)
195.6+6.8 R S e

HMNT 03 (e*e™-based)
176.3+7.4 | /

J 03 (e*e™-based)
179.4+£9.3 (preliminary) L 3

TY 04 (e*e -based)
180.6+5.9 (preliminary) —{1—

HMNT 06 (e*e -based)
180.4+5.1 —v—

DEHZ ICHEP 2006 (e*e -based)
180.5+56 (preliminary) —e— !

BNL-E821 04 5
208+6.3 =
2

140 150 160 170 180 190 200
a,— 11659000 (107"°)

L
10

Whereas t based prediction agrees with the measurement within 1o
all recent e+e- based predictions have a deviation with data at over 3o
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Alternative Way of Comparing e*e- & tau Data

tau: measured BR(t>mnn'v.) [free from uncertainty in unfolding detector effects in SF]
e*e”: integrate data over s and convert it to an equivalent 7 branching fraction:

_ _ or S
BRCVC (T N ﬂ'OVT) | ud | EW Ids kln(S) 'l) U(2)- corrected(S)
mT
T e B L B
- Difference: BR[7] - BR[e'e™ (cvo)]:
t decays Belle (preliminary)
T 25.15+0.04+0.31
CLEO .
: e ! 2542+0.12+042 Mode AT - e'e -) Sigma
ALEPH
e 25.47+0.10+0.09 T- > n 7o v, +0.92 +0.21 45
DELPHI
—— 2529+0.20+0.14 r-—> 7-370° v, -0.08 +0.11 0.7
. e, OPAL
25.44+0.17+£0.29 T- > 2”- T+ 7[0 Vr +091 +0.25 3.6
T average
r* 25.40+0.10
ee dataon z-z* % ° not satisfactory
e CVC Average (w/o KLOE
—e— 24.43i%.1(8 )
| 1 L 1 L | 1 | L L 1 |

235 24 245 25 255 26 265 27
B(’E_—>Vtﬂ_n0) (%)
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Summary

» Hadronic vacuum polarization is still the dominant systematics for SM
prediction of the muon g- 2

» Precision of SM prediction (£5.6) now exceeds experimental precision (£6.3)
> SM prediction for a, differs by ~3.3 ¢ [e*e”] from experiment (BNL 2004)

> Discrepancy with 7 data (ALEPH & CLEO & OPAL) is still an open issue

» What is behind the 4.5 ¢ discrepancy between BR(t—v ) and the
isospin-breaking corrected spectral function from ete- - ntn-?

» The current ete- data are mostly obtained using energy scan method

» Important to cross check these data with other data/method
(e.g. radiative return method from KLOE & BaBar)
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Prospects

> New project BNL-E969 proposed and waiting for funding

= goal: reaching down to 0.24ppm (more than a factor 2 improvement)

> Future experimental inputs expected in the short term from:
KLOE:
- Expect improved measurement with more data and better quality

- New analysis with tagged photon + of f-peak data to access threshold region
- Use puy to normalize the cross sections instead of Bhabha?

BABAR ISR: in progress

- t*n~ SF from threshold to ~4.5 GeV obtained from mrwy/uuy
- K*K-
-n*n-2n0, KKr : important channels

-n*n-3n0, 2n*2n n0 , KKnr
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