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8y - 2 in the standard model

_ e _

* Gyromagneticratiog: | U=g——=:
2mc < _
— The relationship between angular u L

momentum L (or s) and magnetic moment u

e Dirac (tree-level) result for a charged lepton I:
g, = 2 (exactly)

* Radiative corrections alter the prediction: g;=2 (1 + a)),
introducing sensitivity to new physics through loops

g —2

* The “anomalous” moment a, =

The muon anomaly a, is much more sensitive to virtual heavy
particle production in loops than the electron anomaly a.:
the relative virtual terms scale like (m /m,)*= 43,000



8y - 2 in the standard model

QED EW hadronic

In the standard model, a,=a; " +a,” +a,

QED N 11 Aoyama, Hayakawa, Kinoshita, Nio;
=116584718.951+0.080x%x10" PRL 109 (2012) 111808

AN LR A

: th :
Calculations up to 5" order in QlqeD

" =153.6+1.0x107"

Calculations up to 37 order in
the weak coupling strength

Gnendiger et al., PRD88 (2013) 053005



8y - 2 in the standard model

hadronic had ,LO-VP had ,NLO-VP had ,LbLS
=d +d +d
u u u u
Y
Leading-order hadronic vacuum polarization
a, """ =6923+42x107" “\
Davier et al., EPJC71 (2011) 1515 a .

[6949 + 43 x 107" Hagiwara et al., J. Phys. G38 (2011) 085003 ]

Higher-order hadronic vacuum polarization

a"ioVP __98 4+0.7x107"

u
Hagiwara et al., J. Phys. G38 (2011) 085003

Light-by-light scattering
al“tt =105£26

u

Prades et al., arXiv:0901.0306 (2009)

Diagrams from Jegerlehner and Nyffeler,
Phys. Rept. 477 (2009) 1
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8y - 2 in the standard model

Summary: individual SM contributions:

a QD 116584718.951 + 0.080
7 B 153.6 + 1.0
7 G 6923 + 42
7 I -98.4+0.7
3 il 105 + 26

Total SM prediction compared to measurement

5, B 116591802 + 49
7 B2 116592089 * 63
Data - SM 287 + 80

Davier et al., EPJC71 (2011) 1515

all in units of 1011

~ 3.5 o difference
between data and SM
prediction

Uncertainty in the SM
prediction dominated
by LO-VP term



LO hadronic vacuum polarization term auhad'LO'VP

Energy scale too low for perturbative calculations
v

Lattice calculations not yet sufficiently precise

[M Della Morte et al., JHEP 1203 (2012) 055] A\
The most precise result for auhad'Lo'VP obtained from low-energy Cad)
e*e” - hadrons data and an integral over a dispersion relation

2 . R o(e'e” — hadrons)|

alro-vE - (amu ) f KSR, ua ds "™ o(ete = utu) | Fep. 277
u 2

, : 2009) 1

37 m2 S K (s) = kinematic factor (2009)

T

¥ * 1/s?term - low-energy contributions dominate

* Need precise measurements of R, _, at low Vs

* Use sum of exclusive channels for E < 2 GeV:

background to inclusive channel from

‘ : (@ e*e" - e*e’and e*e” - u*u events very large &
inclusive detection efficiency not precise
below 2 GeV [generic MC (Jetset) doesn’t work]

e*e” - hadrons production

through a photon coupling Perturbative calculation or inclusive

o(e*e” = hadrons) data used for E > 2 GeV



LO hadronic vacuum polarization term auhad'LO'VP
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e Contribution of the w*n state to the dispersion integral: 75%
* The 3m, 4, and KK channels the next most important

* Final states with kaons, e.g., KK, KKmtrr, important above the ¢ mass
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Relative contributions of different
channels to the uncertainty in a hedt0-VP

: *' From Andreas
Ag had,LO-vP KOKO 'SOSPIN
w

Hafner (Moriond
2015), using results
from Davier et al.,
EPJC71 (2011) 1515

KTK~

e \\

nmta—
75% of the
dispersion integral
but only ~30% of the
uncertainty

 mto— 7r07r0
PRELIMINARY
(Babar2007, 232 fb?)

atae—ntn— ¥
R

* “Isospin” refers to processes with unmeasured cross sections estimated from
isospin relations: largest contributions are KKt and KKt

» % New results (preliminary) shown here on t*tn®t® and for KK, KKmrt states
* Recently published Babar results on K*K", KK, not yet accounted for in ath"O"LO‘VP
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Partial list of experiments: R, _, at Vs < 2 GeV |

_Experiment | _Collider

KLOE
DM1. DM2
CMD2, SND
CMD3, SND

BESIII

CLEO-c

Babar

Single fixed energy
_  Orenergy scan

e
‘Y*

CMD3, SND

DAJNE Frascati 1.02 GeV
DCI Orsay 1.35-2.4 GeV
VEPP-2M  Novosibirsk  0.4-1.4 GeV
VEPP-2000 Novosibirsk 0.3-2 GeV
BEPC-II IHEP, Beijing 2-4.6 GeV
CESR Cornell 3.67-4.17 GeV
PEP-II SLAC 10.6 GeV
_ ISR method
e
or v Measure o (ete” - X)
Versus m,, = my = Vs’
e’ VisR

KLOE, BESIII, Babar
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The Babar experiment

® PEP-Il rings: asymmetric e*e” collider @ SLAT 9GeVe and3.1GeVet
* Collected data 1999-2008; data analysis still active (~10 new papers in 2016)

25—
Y(4S): 10.58 GeV 424 fb! ~ |
C- N ]
Y(3S) 28 fb! 220 4
=
Y(ZS) 14 fb? _g 150 ':I ]
Other (mostly ~60 fb! ,mr ol t :
off-resonant at o |4 ,-'.'*; ] _
10.54 GeV) I ARV BB :
(o] [ + b4 Y ‘Q“Mq S ...4.00""&4\1_ “-_d
BABAR Detactor __ L YA | Y@S) Yes) o ] Y4S)
/ 044 046 10.00 10.02 1034 10.37 10.54 I 10.5%8 10.62
Mass (GeV/c)

465 x 106 Y(4S) > BB events ;
650 x 10° e*e” > cC events ;
430 x 10° e*e- > t*1~ events
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The Babar ISR e*e = hadrons program

A long-term project nearing completion

Published results on low-energy
exclusive cross sections:

* vt (232 o)

* el (89 fbl)
2(mth)
KK, KKmOn0, KHKK*K-
2(rttor)m?, 2(mt)n, KKt KYKmhm)
3(mt), 2(wte ), KHK2(mwt)
K*_K‘n, K*K'm®, KK*mr
pp
AA, A0, 3030
K*K-, tagged ISR
K*K-, untagged ISR

KsKy, KsKs/t*r, KsKsKK-

PRL 103 (2009) 231801
PRD 70 (2004) 072004
PRD 85 (2012) 112009
PRD 86 (2012) 012008
PRD 76 (2007) 092005
PRD 73 (2006) 052003
PRD 77 (2008) 092002

PRD 87 (2013) 092005
PRD 88 (2013) 072009

PRD 76 (2007) 092006
PRD 88 (2013) 032013
PRD 92 (2015) 072008

PRD 89 (2014) 092002
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cross sections, nb

10

1072

Eeyt = 1.8 GeV

Four new studies
(preliminary) discussed here:

1) wrnOnP

2) KK 70, KK m, KK mtoro; revious|
S . reviously

S IS e, (g unmeasured

4) ttirm).

Essentially the complete set of significant exclusive channels

* The wtrv and trrn® studies being updated to include the full ~490 fb-! Babar data sample
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Current status of published results: ete" - '

Most precise published e*te” - "t measurements: Babar (2009),

KLOE (2009 2011, 2013), and BESIII (2016)

015

T

— BESIIfit
—+ BESIII = 01
3 " 0.05
. = i
— = '
i ol
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BESIII

T

BESIII fit
—4— BaBar
—— BESINI

T pl
I| HI "‘iin'J!“ il' miiﬁﬂii ’nl '!“ilil ilu \‘l. ||| l'\!

H ] il

10% PLB 753 (2016) 629 BESIII data below Babar

0.6 0.65 0A7 \50[;59\/] OAB 0.85 0.9 015, R
Each of the three experiments claims o . kofoe ]
~1% precision in the measurementof ~ __°© Cwoerr
the t*t™ cross section. (u% 0;;;%%%??;;;*;; %ﬁ%# éiill %1 : ]
However, the Babar and Kloe results §0_053ﬁfﬁ mwm I ?? ?ﬁfﬁ%;#m iii
differ by 3-6%, with BESIII in between O i .
May need additional studies from b Klo‘e datq belpw BES'“ e
BESIIl, CMD3, and Babar N ee oy B
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The Babar ISR e*e = hadrons program

Babar tagged ISR analyses

ete” collisions at ~¥10.6 GeV

> 1 photon identified in the
detector with E* > 3 GeV
(* = CM frame)

ISR photon vy, = photon with
highest E*

Boost of the recoil system
provides good efficiency for
soft particles, allowing
measurements of cross
sections down to the
production threshold

Generic Babar ISR event

' Yisr

-

<
- P
>

Hadrons

v:‘.: %

Event acceptance larger for the ISR method than for the energy scan method since
event is pointed into the detector and not down the beam pipe

Can access a wide range of energy in a single experiment: from threshold to ~5 GeV



(1) ete- = wttmw w7z cross section

One of the least known cross sections important for g-2 of the muon

* Exactly 2 tracks, p > 100 MeV, opposite charge, d,< 1.5 cm, z,< 2.5 cm

* ISR photon candidate: highest energy photon, with E >3 GeV in CM frame

* >4 other photons, E >50 MeV

e Perform kinematic fit to the e*e” >
im0y hypothesis, constraining
two 2y combinations to the ©t°® mass

* Select the overall combination of
four photons yielding the smallest

X43W2; requiring sz <30

Events

* Difference between the .2
distributions of data and signal MC
due to background in the former

5000

4000

3000 |

2000

1000

O_I\\\

-+ % Signal Babar preliminary

. k region

Sl ¢

B . _

£ ;% 'I' = Data

LY X =Signal MC

- %'?a,.“

g %MF-'W\”MM-H,M
Lo b b by by Py g PO TP

0 10 20 30 40 S50 60 70 80 90 100

2

X4.7T



(1) ete- = wttmw w7z cross section

ISR background from m*m %, wrwa®ny, wrn2ny suppressed by rejecting events
with kinematic fits consistent with those hypotheses; e.g., require sz > 25

Largest remaining background is from non-ISR gq continuum events, arising
from the misidentification of a photon from mt® decay as an ISR photon

Subtract qq background using simulation normalized to the xt° peak from y,;Y

combinations:
Yisg = the selected ISR photon

* vy =any other photon not W
. . 0 . > ..
assigned to a signal m° candidate ‘B Babar preliminary
< 10°}
+Aa- o ; Q &
) Example from e*e” - swt*nmy analysis P 4q continuum
© 500F Qg <i ] o -
é qq simulation o4 Data 2 02l Y U 30y
o sodk g residual ‘IﬁSR
-‘OC: 1-‘””,' / ++
X .
i 500F LdEla ™, ¢
. 10 éﬁ Pt i
400F - . ' '} i
|’ + + ! |
300; Babar |* ;
200F preliminary 1 E il t| i I
0905 01 015 02 02 005 01 0.15 02 025 0.5 25 3 35 4 24.5
m,, . (GeV/c) m,, (GeVic?) M, (GeV/c?)
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(1) ete- = wttmw w7z cross section

* Background from residual ISR processes (KK*my, K*Knt%n0y, ttmwndy): use the
existing measurements to correct simulation (rate and shape) & subtract

* Largest ISR background is from m*m3n% events P ' .
. .Cosme et al.,
o : . £ | Nucl. Phys. B
Cross section not well mea§ureq, perform ko 152 215) 1979
new measurement to obtain reliable Kl g (D)
background estimate £ o ’l’ ’ { ] l
* Perform kinematic fit under the " 3n%y | [ lL Il ‘
. . . 2 1350 1560 175[1 1950 250
hypothesis; require s,.,* < 25 ENERSY (Mek)
e Subtract qq background using simulation Yol
: : . = g —
normalized using mt® peak in Yy 2 [ Babar preliminary !
* Subtract residual ISR background using data z | e*e - ' 3m’
sideband in 5.2 5 swp +
400;—
* Determine relative contributions of wm®m% 0ol
(wo—mtmaP), nutn (n—3n°), and non- 200}
resonant channels; reweight simulation 100[- it o .
accordingly to evaluate efficiency T Ty e T

M, (GeV/c?)



(1) ete- = wttmw w7z cross section

* Cross section corrected for detector acceptance and resolution
[AfkQed & Phokhara MC]

do—27T27TO’}/(M) _ dNQ’/TQﬂ'O’)/(M) . 1
dM dM e(M) Lot (14 0)

0 = radiative correction, including FSR

* Interpret in terms of nonradiative cross section O+ —2,0

d0—7r+7r_27r0’y(M) . 2M
7 == Wi(s,z,C) Optr—ar0(M)

W (s, x,C) = radiator function, the probability for the initial e* or e-
to radiate a photon within the CM polar angle range
|cos(6y) | < C, thus lowering the effective annihilation
energy from Vs to M

T =2 EY/\/s; E, measured in CM



o(e'e’ = n'n2n") (nb)

(1) ete- = wttmw w7z cross section

* Babar results far more precise &
covers wider energy range

OSND

m ADONE vy2 . .

‘_iﬁ(;:_\{ MEA * Contribution to a, for 1.02<E,<1.8
GeV measured to be

+ND [175 £ 6 (stat+syst)] x 1011

OOLYA . .

eBaBar (3.4% precision)

* Previous result, including the

$ preliminary Babar data from 2007, is
_ l [180 + 12 (stat+syst)] x 1011

1t (6.7% precision)

o | i had,VPl N
1' an KE,?KE |SOSp|n

\ KTK~

2 25 3 35 4 4.5 + _—._0.0
mw'T T
Eqy (GeV) » PRELIMINARY

T S S ’
a0

Babar preliminary
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(1) First measurements of the ete” > KK*mwm®
and K.K*stm cross sections

ISR photon = highest energy y with CM E, > 3 GeV

At least one K¢ - mt*m candidate consistent with interaction point

At least two additional photons, with m,,
consistent with m,o or m,

Babar
H preliminary | |

w
=]
=]
T
I
'_
—
|

Two oppositely charged tracks, one
identified as a pion & one as a kaon

Events/0.02 GeV/c*
=
(=)
|

Background from non-ISR qq events (primarily
ete 2 KK'wnn® and KK*tmn®) evaluated
from simulation normalized to data using the
YisrY 700 peak

100 -

TN

0 e BN L I IR i,
Background from ISR e+e—$ KSK+J.E— and 0O 01 02 03 04 05 06 0.7 08 09

m,., (GeV/cY)
hts
K K*mtmon or KK*mmm® [one more or one ¢ Data

: — e*er > KK*undy (signal) MC
less 1t°] events evaluated from data sidebands e'e” > KsK'n®y (signal)
— e*e” > KK*wnon® (background) MC



G (nb)

(1) First measurements of the ete” > KK*mwm®
and K.K*stm cross sections

G (nb)

K K*mra© ’
Babar

” preliminary

i

i J“ |

S ﬂl«|

} | “|||*
h {‘JW hlﬂ*ﬂw " ﬁ

EC.IIl. (GeV)
JAp branching fractions (preliminary)

, =(57+03+04)x107

JIg—KK* 7w

-3
B, iy =(01302025:007)x10 ~|:

0.6

04

LI L I L I B

First observation

BES result: (2.2 + 0.4) x103
[PRD 77 (2008) 032005]
(Babar result around 20 lower)

Wl ’
i ‘;"f‘d";\!’!’w !Nnhm”! u!“ i dhm

EC qmn. (GeV)



(I1) First measurements of the e*e” & KK mt?, KK m,
and K K mn° cross section

ISR photon = highest energy y with CM E, > 3 GeV
At least one K; - " candidate consistent with interaction point

At least two additional photons, with m,,
consistent with m_o or m,

2

3

o T ]

K, candidates identified as isolated >8000- Babar g

. . )] i ]
calorimeter clusters with E > 0.2 GeV; o | PRosyleoM 0500

detection efficiency as a function of the K| Seo00f- Recoil mass -

[| against the Ky
L[ ine*e" > ¢y >
4000 KKy events

energy and direction measured in data from
e*e > ¢y 2 KK,y events

Perform fit to all the signal processes ; retain o Dots

KK 7%, KK M, and KK mt%nt® candiate 2000k — Simulation
combinations with the lowest respective 2 I

Events/(

Background suppression and subtraction NEEE== = = et H T S
L. . . 042 044 046 048 05 (3.32 0.347
similar to that described for studies m,$, GeV/c”

described previously



o(KK, ) (nb)

(I1) First measurements of the e*e” & KK mt?, KK m,
and K K mn° cross section

0 =
3 m KsKLn E L
\ Babar 7 Eé/
i * preliminary | |
{ + 05
fo ]
| ' |
4 H+++++ ++ ]
0 fovesee®—————— + +“+"+.++'+.' Sat04atetn bonge. 0
1 3 4 1
E, _ (GeV)

First observations
(all preliminary) of

=(2.06£0.24+0.10)x107

JIg—K K, 7°

=(1.45+0.32+0.08)x10™
=(1.86+0.43+0.10)x107

JIp—KsKn

JIg—K K, n°n°

ksKLn Z% ool % KoK om0
|| H prji?‘:)?”rary | %fm - H preBIiE;rt\J?nrary |
}\ H¢mm&“+ | O,++ *l%** %ﬂﬁg



a, for KKz

Use the results presented above for ‘
(1) ete = KSK+J'IZ'TEO and 6aﬂad‘ vp KOKD Iisospin
(1) e*e” - KK, mOn? P
combined with our already published results for — \

o e*e > KK, K'K'mtPrt® [PRD 86 (2012) 012008]; 00!

atn—w

o e*e” > KK, KK st [PRD 89 (2014) 092002] PRE“M'NARY' -
e

(including study of the intermediate states for all LA
channels)

to calculate the contribution of KKyt states to a, with a much reduced reliance
on isospin relations to cover unmeasured channels

* Contribution to a, for E¢,< 1.8 GeV is
[8.5 + 0.5 (stat+syst)] x 1011 (6% precision)

* Previous result was
[13.5 + 3.9 (stat+syst)] x 1011 (30% precision)
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(IV) Measurement of the e*e” & m*mn cross section

i —e— BaBar
Babar L o CMD-2
ﬁ+ —5— BaBar (2007)

4f=| preliminary
# ‘f? SND VEPP-2000

Cross section, nb

12 13 1.4 15 16 17 1.8 1.9 2 2.1
Ecm. (GeV)

* Provides a sizable contribution to the total hadronic cross section in the
region relevant for a,
* Based on the final Babar data set (469 fb!) and the n = yy decay mode

* Complements and improves the precision of the Babar result from 2007
[PRD 76 (2007) 092005], based on 232 fb! and the ) - w*nn® decay mode



Summary

Precise low-energy e*e” hadronic cross section data needed to obtain an
accurate SM prediction for aMhaerO-VP

New results on from Babar reduce the respective uncertainty in a "2t0-Ve
due to

e ete— '’ from around 7% to around 3% [175 * 6 (stat+syst)] x 101
e ete— KKt from around 30% to around 6% [8.5 + 0.5 (stat+syst)] x 101

With the new data, including recently published results on e*fe—K*K and
KK, from Babar, can perhaps reduce the uncertainty in the SM prediction for
a, MedtOVP by up to 50% in the next few years [Blum et al., arXiv:1311.2198 (2013)]

Besides the implications for auhad'Lo'VP, the Babar ISR program has provided
new tests of QCD, a wealth of information about low-mass resonances, and
first observations of cross sections, and J/1y and {(2S) branching fractions



