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a, of The Muon (1)

= 92—5’ Dirac equation predicts g=2 for point like fermions
m

g,u_2

a, = Higher orders contributions lead to non zero a,

SM _ QFED weak hadronic
Q= 4y + Ay + Ay

fy

%% 7%
f ¢ 4 Yy ~ )

SM NP
no Tay
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a,is sensitive to New Physics  a, = a



a, of the Muon (2)

Experiments have achieved an
amazing precision and are still

Improving

E821@BNL (1997-2001):
G.W. Bennett et al.,
Phys. Rev. D 77, 072003 (2006)
a, = (11 659 209.1x6.3)x10-'? (0.54 ppm)

E989 @ FNAL (2017-...):
F. Gray et al., arXiv: 1510.003

a,=...(0.14 ppm)

E34 @ J-PARC:
T. Mibe et al,,
Chin. Phys. C 34 (2010) 745

a,=...(0.1 ppm)
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DHMZ , TAU 2016, arXiv:1612.02743

a, of the Muon (3)

Comparison with measurement (x 10-19)

aMtOta"S'V' 11659181.7 £ 4.2
aMB'\'L‘E821 11659209.1 + 6.3
Data - SM 27.4+£7.6 (3.60)

—

Individual SM contributions (x 10-10)

a QD 11658471.895 + 0.008
5,2 15.4 +0.1
5 BECLD 692.6 + 3.3
3, D -8.63 +0.09
3 e Bl 10.5 + 2.6
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1. Need more precise
measurements of a,

2. Need to improve
accuracy of SM
prediction

Uncertainties from hadronic
contributions dominate




a, of the Muon (4)

The hadronic leading order vacuum polarization contribution is
calculated using dispersion relations from experimental data on the
total cross section of the e*e- annihilation into hadrons

m2 oo 1A

had,LO __ H — ! ° :
U 1273 Sth ds SK(S)Uhad(S) ,\/C?J)/\/ < e+>fv‘;EE

Lower energies (E < 2 GeV) give dominant contribution

« To get 0% 4 sum cross sections of measured exclusive channels and
use isospin relations for missing channels

« Experimental options are:
« perform a direct scan (require tunable beam energy)
 take advantage of radiative return (ISR events)
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The BaBar Detector

Eoss - e BABAR -
I L : Y

1.5 T Solenoid Electromagnetic
Calorimeter (EMC)

Detector of
075 - Internally
- Recflected
07 - Cherenkov
Light (DIRC)

Momentum  (GeV/c)

- \9 Ge\n

e/’ 7 2 i Drift Chamber (DCH)

Instrumented Flux Silicon Vertex Tracker
Return (IFR) (SVT)

BaBar collected data at the PEP-II asymmeftric collider at SLAC between 1999 and
2008.

For ISR analysis, a data sample of 469 fb! collected at (or near) a c. m. energy of
10.58 GeV (at or near the Y(4S) resonance).
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ISR Method at BaBar

hadrons
The mass spectrum of the hadronic
system in the reactionee- — fyis
related to the cross section of the e" (3 GeV) e (9 GeV)
reaction e'e” — f.
do(s,x) _ W (s,x,0)-0,(s(1-x)), x= 2L, Tisr
dxd(cos &) Js

gOb All detected hadrons
The ISR photon is emitted 2 |+ photon 6, < 10° or 8, > 170°
predominantly along the beam axis. £ [+ photon 21°2<8, < 138°
The produced hadronic system is EES
boosted against the ISR photon. =
Due to limited detector acceptance .
the mass region below 2 GeV can be '
studied only with detected photon.

o Ly 1 1

Hadronic mass (GeV/cz)
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Tagged ISR Analysis at BaBar

« Fully exclusive measurement

— Photon with E.,, > 3 GeV, which is assumed to Generic BABAR ISR
be the ISR photon ‘ - eyent

— All final hadrons are detected and identified

» Large-angle ISR forces the hadronic

system into the detector fiducial [ S e
r'egion S e ot = .
— A weak dependence of the detection
efficiency on dynamics of the hadronic 22X
system (angular and momentum distributions VAN 2N AR

in the hadron rest frame) = small model | NN
uncertainty

+ A weak dependence of the detection
efficiency on hadron invariant mass =
measurement near and above threshold with
the same selection criteria.

b |
11 N o
- .
.
iy

« Kinematic fit with requirement of Can access a.wide '"0”96.01:
energy and momentum balance energy in a single experiment:
- excellent mass resolution from threshold to ~5 GeV

s/obackground suppression PANIC 2017 9



20 published papers
BaBar Tagged ISR Analysis
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Before the BaBar Measurements
(Presented in This Talk)

BaBar measurements
presented in this talk:
o gt rtOm?
° WM
© KK, KK,m, KK om®
o KKrmrm?, KKrmm
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Channel aprdto (10719
w0 4.42 +0.08 +0.13 + 0.12
ny 0.64 +0.02 + 0.01 + 0.01
ata™ 507.80 + 1.22 + 2.50 + 0.56
ata n° 46.00 4 0.42 + 1.03 + 0.98
2nton— 13.35 +0.10 4 0.43 + 0.29
ata— 270 18.01 +0.14 + 1.17 + 0.40

2 2n o (n excl.)

7t~ 3n°% (n excl., from isospin)
3rt3m~

21217270 (n excl.)

7t~ 47° (n excl., from isospin)
777r+7r_

nw

n2n 2w~

nr T 270 (estimated)

wr?® (w — 7°7)

wrt

7, w20 (w — 70)
w (non-37, 7y, n7y)

KTK~

KIK?

¢ (non-K K, 3w, 7y, 7y
KK (partly from isospin)

K K27 (partly from isospin)

K K3w (partly from isospin
én

wKEK (w— 7°y)
PANIC 2017/

0.72 £0.04 = 0.07 = 0.03
0.36 £0.02 & 0.03 £ 0.01
0.12 £0.01 = 0.01 = 0.00
0.70 £0.05 = 0.04 = 0.09
0.11 £0.01 = 0.11 = 0.00
1.15 4+ 0.06 £ 0.08 £ 0.03
0.47 £0.04 = 0.00 = 0.05
0.02 £0.01 = 0.00 &= 0.00
0.02 £0.01 = 0.01 = 0.00
0.89 £0.02 £ 0.06 &= 0.02
0.08 =0.00 £ 0.01 = 0.00
0.36 =0.00 £ 0.01 &= 0.00
21.63 £0.27 = 0.58 = 0.36
12.96 £0.18 £0.25 £ 0.24
0.05 £ 0.00 £ 0.00 % 0.00
2.39 £0.07 = 0.12 = 0.08
1.35 £ 0.09 £ 0.38 £ 0.03
—0.03 £0.01 = 0.02 = 0.00
0.36 £0.02 & 0.02 £ 0.01

0.00 £ 0.00 #= 0.00 &= 0.00
11




o(e'e” = ' 2n") (nb)

et e — tn nOn®

OSND
= ADONE 772
AADONE MEA .

=ND
OOLYA
eBaBar

25 3 3.5 4 4.5
Eqy\ (GeV)
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BABAR results are most precise and
covers wider energy range

Systematic uncertainty is 3.1% in
the 1.2-2.7 GeV energy range.
Dominated by background
subtraction.

Contribution to a, for the range
1.02<E<1.8 GeV'is measured Yo be

— 175+ 0.6 (stat+syst)] x 10-10
— 3.4% precision

Previous result including the
preliminary BaBar data from 2007 is
— 18.0 + 1.2 (stat+syst)] x 1010
— 6.7% precision

12



Cross section (nb)
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The BaBar results in the n—yy mode agrees well with the previous
measurements, but is more precise and covers wider energy range

Systematic uncertainty near the cross section maximum, 1.35-1.80 GeV, is
4.5%. Dominated by background subtraction.

a," (/s < 1.8 GeV) =(1.18 + 0.06)-10-° (this analysis)
1.15 + 0.10 - (before this measurement)
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There are six co

e”e” — KKnm (1)

mbinations in the e*e- — KKt processes .

Four were measured previously

Phys. Rev. D 86, 012008 (2012)

o(ete" — K*K 7t°%), nb o(e*e"— K'K mt*m’), nb
W T A ] | T l o ‘ ]
I 1 ¢ -BaBar ISR
0.75|- * + .
| |H }H al ++% & -DMI i
i }
0.5 * P '
BRI z
By I
025} 1 . ] # . |
i H +++++ ++++ ++ + i i § "‘0
I t 1 [ v, 1
OlJ-l | . P 1+THI . +1++ ++1++*++,+#++§+¢+&¢ | : “%M
2 25 3 35 4 I |
E_, (GeV) PANIC 2017 »



e e — KK

(2)

Phys. Rev. D 89, 092002 (2014)

o(e*e” = KK ')

o(e*e" — KK '), nb

A A
by ! os| + ﬂ |

02| # l* } . | N h{ ++ |
: ¢++ +++++++++++++++ KX o +H +H +++l | +++‘ 4 ++

o = e gt
19/03/17 2 3 Ecm(GeV)4 PANIC 2017 E ., (GeV)



Phys. Rev. D 95, 052001 (2017)

et e — KK ntn?

NQ |(\lo
= l ; 150 . ; 1501 -
= & &
= | KK mt0rt® & e

S S =

506 ] S S
& > | =
) - <

[ 100 83

N
w2
|
i -0-+ 50
- ]
02} 1 { _

| AN \:1 N v oL 1 NN “
* | | 4 m(K ") (GeV/c?) m(K, 1) (GeV/c?)
R LT Y Y« First measurement
1 2 3 4 « Systematic uncertainty is 25% at the
Eem (GeV) peak, grows to 60% at 2 GeV.
Dominated by background subtraction.
« Dominant K*(892)Kx intermediate
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O (nb)

Phys. Rev. D 95, 092005 (2017)

et e — KKl

Intermediate state
’ | K*OKgWO
” : K*K*xT
| K2 (1430)° Kgn°
K3(1430)° K*nT
K*(892)*K9rT
| j K*(892)* KT 70
Ih | K3 (1430)E Ko F
: K3 (1430) KT 7°
h 7 K*OK*O
[ “F'] s K*(892)+ K*(892)"
Y e e KJK*p(770)F

2
I
———

* First measurement

« Systematic uncertainty is 6-7% below 3 GeV. Dominated by
background subtraction.
11 intermediate states - dominant are K*(892)Kn, KsK*p (770)

9/03/17 I 2 1 17



Phys. Rev. D 95, 092005 (2017)

o (nb)

08
0.6 B KS K+W""I ’
04l ’ |

20 ’ H ’ .
i ’I’WWN’H’}}'W‘|||"|{|‘i|“"||.|H,+.|w||+"|*|||4|||i.n.ﬁ'+ut

175 2 225 25 275 3 325 35 375 4
" E,, (GeV)

* First measurement

« Systematic uncertainty is 12-19% below 3 GeV.
Dominated by background subtraction

« Dominant K*(892)Kn intermediate state.
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o(KK, ) (nb)

et e — KK 70, KK

[}S]
T T 1 | T T T 1
—_——
_._
|

« First measurement
Systematic uncertainty is 10%
near the peak, grows to 30% at
3.0 GeV. Dominated by
backgrond subtraction.

* 5 0Daminant K*(892)Kn PANIC 2017

intermediate state

n(K\K[_l]) (nb)

0.5

Phys. Rev. D 95, 052001 (2017)

T T T

KsKin

E_. (GeV)

First measurement
Systematic uncertainty is
25% at the peak, grows to
60% at 2 GeV. Dominated
by background sub’rr'ac‘ri%n



e" e~ — KK, Kch all modes

~ T \ N
@ @ K K, TtOTEO + H
= H KK’ + = [\ Kao'n + +++ + K'Kn'nt +
e gh e o) i, e
S0 - |+ KK, 7' + _ = :KKnn+ + ++++ X T
2 ! 2 x KK 2 f t
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All modes have now been measured by BABAR
KKt is about 12% of the total cross section for Ecm = 1.65 GeV
KKnire is about 25% of the total cross section for Ecm = 2.0 GeV
Precision on (g-2)/2 improved (no reliance on isospin)

a,(KKm) = (2.45 + 0.15) 107*°

2.39+0.16

9/03/17
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a, (KKnm) = (0.85 + 0.05) 10710

1.35+0.39

20



Summary (g pio

. . KKn(m) other
Precise low-energy e*e- hadronic cross

section data are needed to obtain an o
accurate SM prediction for q hadLO-VP 4n/\
Recent results on the e*e"— w1, .

KKz, KK cross sections from BaBar
reduce the uncertainty on g hodtO-V¥

However the exclusive data are
incomplete in the region 1.6<E<2.0
GeV.

— There is still no experimental

information on final states like m*x”
o, wrann, ot ad0n’n?, it fnln, 7.

3 had,LO-VP
KXKn(m) u

New results are expected from
BaBar, as well as from BES III, SND,
CMD-3
— Onalonger term, Belle IT can have a
significant impact
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BaBar ISR References

efe- —= '
ete- — K*K-

efe” = KK, KK '™, KK, KK KTK™
e*e"— panti-p

ete" — A anti-A, 2% anti-29, A anti-2°
ete” — mtrrd

ete” = K'Km), KK*n~ K*K'ot

e'e" = i

ete” — K'Kntn~, K Kn%rn?, KIK'K*K-™
ete” — 2(rwtn )Y, 2(wtn ), KK ata !, KK

ete — 3(n*n), 2(wrnl), KK 2(mwm)

9/03/17 PANIC 2017

Phys. Rev. Lett. 103 231801 (2009)
Phys. Rev. D 86, 032013 (2012)
Phys. Rev. D 88, 032013 (2013)
Phys. Rev. D 92, 072008 (2015)
Phys. Rev. D 89, 092002 (2014)
Phys. Rev. D 73, 012005 (2006)
Phys. Rev. D 87, 092005 (2013)
Phys. Rev. D 88, 072009 (2013)
Phys. Rev. D 76, 092006 (2007)
Phys. Rev. D 70, 072004 (2004)
Phys. Rev. D 77, 092002 (2008)
Phys. Rev. D 71, 052001 (2005)
Phys. Rev. D 85, 112009 (2012)
Phys. Rev. D 74, 091103 (2006)
Phys. Rev. D 76, 012008 (2007)
Phys. Rev. D 86, 012008 (2012)
Phys. Rev. D 76, 092005 (2007)
Phys. Rev. D 73, 052003 (2006)

23



a, of the Muon (2)

T. Teubner, TAU 2016

QED contribution 11 658 471.808 (0.015) x10~'® Kinoshita & Nio, Aoyama et al

EW contribution 15.4 (0.2) x10-1¢ Czarnecki et al
Hadronic contribution
LO hadronic 694.9 (4.3) x10°10 HLMNT11
NLO hadronic —9.8 (0.1) x10720 HLMNT11
light-by-light 10.5 (2.6) x1071° Prades, de Rafael & Vainshtein
Theory TOTAL 11 659 182.8 (4.9) x10-1
Experiment 11 659 208.9 (6.3) x1019 world avg
Exp — Theory 26.1 (8.0) x10~1° 3.3 o discrepancy

(Numbers taken from HLMNT11, arXiv:1105.3149)

9/03/17 PANIC 2017 24



e” e — i n®

Main Selection Requirements
@ exactly 2 charged tracks

& + data
ik x signall simulation e > 5 photons

o EP > 0.05GeV

|MF5 — MEPC| < 0.03 GeV
Eyorn > 3GeV

6C kinematic fit: ngh% < 30
reject other hypotheses

@ Muon and Kaon PID

g § § gvenls
ad )J - -
- T

:_- e
" 3 ( //14
5 N,

9/03/17 PANIC 2017 25



+ A= + e

e e — m i’

Simulated background channels: Main issue: background from
ete = w370

"§ E PRELIMINARY 4 | o
. i 9 = .
®
i kg l |
TR »
| h[l ||
10 3 . l I '
" 1550 1550 1750 150 150
ENERGY (MeV)
- Only little data [3] and no full
qq, 3w, 4m2n°, K. K, TT, simulation available

wta— 370
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e” e — i n®

M(xt7n 27Y)(GeV/c*)  <121.2-2727-32 > 3.2

Tracking eff. 08% 083% 08% 0.3%
~ eff. 04%  04%  04% 04%
27" eff. 20%  20% 20% 2.0%
X3, eff. 04%  04%  04% 04%
Resonances in AfkQED 04% 04%  04% 0.4%
Mass res. 03% 03% 03% 0.3%
FSR 1.0% 1.0% 1.0% 1.0%
NLO ISR 05% 05%  05% 0.5%
ISR luminosity 1.0% 1.0% 1.0% 1.0%
continuum Bkg 1.0% 1.0% 1.0% 2.0%
ISR Background 1—-100% 1.0%  6.0% 6.0%
Kaon PID 05% 05% 05% 05%
Muon PID 0% 0% 0% 2.0%
total 3—100% 31% 6.7% 7.2%

9/03/17 PANIC 2017
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e e —

Source Correction, % Systematic
uncertainty, %
Selection criteria 2.5
Background subtraction

Mytn—n < 1.35 9
135 <m 4 .-, < 180 2
180 < m 4 -, < 2.50 5

250 <m 4 .-, <3.10 10.5
310 <m_4 .-, < 3.50 11
Trigger and filters -1.5 1.6

7] reconstruction -2 1.0
ISR photon efficiency -1.1 1.0
Track reconstruction -1.1 1.0
Radiative correction 1.0
Luminosity 1.0

Total

M, 4,—p < 135 -5.7 10
135 <m 4., <180 -5.7 4.5
180 <m 4., <2.50 -5.7 6.5
250 <m 4 <3.10 -5.7 11

9/03/17 310 <m_ 4 -, < 3.50 -5.7 12
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e" e — KK

Source Correction Systematic
(%) uncertainty (%)
7" reconstruction +2.0 1.0
K*, #* reconstruction +1.6 2.0
K2 reconstruction +1.1 1.0
PID efficiency 0.0 2.0
x? selection +3.7 4.6
Background subtraction — 2.5, < 2.0 GeV
4.2, 2.0-3.0 GeV
10.0, > 3.0 GeV
Model acceptance — 0.5
Luminosity and Rad.Corr. — 1.4
Total +8.6 6.3, < 2.0 GeV
7.1, 2.0-3.0 GeV

11.5, > 3.0 GeV

PANIC 2017
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