e*e results from BABAR and implications for

the muon g-2

Michel Davier (LAL — Orsay)

« the BABAR ISR program and the muon g-2
e the dominant n*n(y) channel
e results on K*K*(y)

e results on n' T, KK, K¢ K, channels

e BABAR data impact on the g-2 prediction

e preliminary result: K form factor at large Q?
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Hadronic Vacuum Polarization and Muon (g—2)

Dominant uncertainty in g-2 Standard Model prediction 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)
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The ISR method at BABAR

— pAY . S
e (0 GeV) $_2E’}’/\/§ ‘
- L
Vs = 10.6 GeV hadrons = h ;‘“j}, T
s’ =s(1 —x) BABAF
et (3GeV) , !
(M hadrons)

* High energy (E*y >3 GeV) detected at large angle
—> defines Vs’ = E,, and provides strong background rejection
* Event topology: ISR photon back-to-back to hadrons
* - high acceptance, strong boost to hadrons (measurements from threshold
and easier PID)
* Final state can be hadronic or leptonic (QED)
= wuy(y) events used to get ISR luminosity
* Kinematic fit including ISR photon
—> removes multihadronic background; improves mass resolution (a few MeV)
e Continuous measurement from threshold to 3-5 GeV
—>reduces systematic uncertainties compared to multiple data sets with
different colliders and detectors
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The BaBar ISR program

* almost complete set of exclusive hadronic e*e annihilation channels up to 2 GeV

* published:
T PRL 2009; PRD 2012
K+ K~ PRD 2013
ol PRD 2004
2(nt ), KN K-t -, Kf K= 2n0, 2(K+ K-) PRD 2007; PRD 2012; PRD 2012
KO K*+n—, K*K-n%, K* K1 PRD 2005; PRD 2008
2(nt ) w0, 2(nt ), KF K-t -, K K- w1 PRD 2007
3(nt ), 2(nt - w0), 2(wt ) KHK- PRD 2006
® °(980) PRD 2006; PRD 2007
pp PRD 2006, PRD 2012
AN, A0 300 PRD 2007
KO K9, , K% K 7 n-, KO KO 7+ 7 PRD 2014

e preliminary: K*K- large Q2

* in progress: wtn 200, nt - 3n0, KO K7+ nf, KO K—n+n

* not covered: - 4n, KO KO n0nl
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The BaBar ISR method for puy(y), mry(y), KKy(y)

ete > utu vy (y) and ntwy (y) , K*K y(y) measured simultaneously
Kinematic fits with additional ISR or FSR photon

r=2E}/\/s

s’ =s(1—x)

measure ratios

n/pp KK/pp
ISR lumi drops out
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QED Test with puy sample

= absolute comparison of pp mass spectra in data and in simulation (AfkQed based on EVA)
= simulation corrected for data/MC efficiencies
= AfkQed corrected for incomplete NLO using Phokhara

= strong test (ISR probability drops out for ntm)

BaBar
A I
%0.9 CI - - T o
3 0.5 1 1.5 2 25 3
m,, [GeV/C’]
f;%%l;ﬂ = 14+(40+194+55+9.4) 1072 (0.2 -3 GeV)

P papay()
ISR y efficiency 3.4 syst.

trigger/tracking/PID 4.0
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Results on ete™ — ™ (y)

BaBar (PRL 2009)
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Results on the e*e> K*K- (y) bare cross section

 effective ISR luminosity obtained with uu sample as for mtt cross section
* FSR measured and included
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Comparlson to prewous experlments
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The ¢ parameters

m,, 'y, and ¢ cross section obtained from a VDM fit of the form factor (Kuehn et al.)

S T o L e

m, = (1019.51 + 0.02 + 0.05) MeV | = ; E
T, =(4.29+0.04 +0.07) MeV ol
10° & =

Good agreement with PDG: 0 ' _

m, = 1019.455 + 0.020 MeV - -

[, =4.26 £ 0.04 MeV 1E E
e N g L g

From integrated ¢ peak: L R | T
\s*(GeV)

[, x B(0—>KK") = (0.6344 £ 0.0059,,, + 0.0033, + 0.0015,) keV (L.1%)

[ CMD2: (0.605 +0.021 + 0.013) keV  (4.1%) ]
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published in 2012, based on 454 fb (earlier publication on 89 fb!)
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ete- > K* K wtn~, KK nn!

published in 2012 based on the full BABAR statistics (454 fb1)
— huge improvement compared to existing data

]
) (nb)

o(K'K'n'n’) (nb)
o(K'Kn'r"
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@ syst. uncertainty: 4 - 11% @ syst. uncertainty: 7 - 16%
@ resolution: 4.2 - 5.5 MeV @ resolution: 8.8 - 11.2 MeV
e J/ clearly visible @ J/ip clearly visible

below 2 GeV K*(890) Km dominant, also smaller ¢ tn and p KK
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New results on e*e” - KK, : ¢

published in 2014 based on the full BABAR statistics (454 fb1)

K reconstructed n*n-

K, direction measured in EM calorimeter

K, efficiencies measured using kinematically constrained ¢—K: (K|)

[, x B(0—>KsK,) = (0.4200 + 0.0033,, + 0.0122, . + 0.0019;,) keV (3.0%)
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2 | 8 _
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New results on e*e” > KK, :large Q?

M. Davier ISR BABAR g-2
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Impact of BABAR data for g-2:

i T ALEPH
Integral from threshold to 1.8 GeV: BABAR most eLeo
precise (with CMD-2), reduces tension between — e <OPAL
e+e- and T e 1 Belle
. . . . BABAR
Weights of different experiments in i
combining their results (DHMZ 2010) ee SND
BABAR dominates everywhere, except between ee KLOE
0.8 and 0.93 GeV where KLOE is the most precise
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Impact of BABAR data for g-2: K*K- and 2(n* )

a, KK L0 [0.98;1.800] GeV = (22.95 + 0.14 (stat) = 0.2 (syst) ) 1020 (1.1%)

DHMZ 2011: update of all results before BABAR:
a, K" 19[0.98;1.8]GeV = (21.63 + 0.27 (stat) £ 0.68 (syst) )101° (3.4%)

BABAR more precise than previous world average by a factor of 3

a4 L0 [0.98;1.800] GeV = (13.64 + 0.03 (stat) + 0.36 (syst) ) 1010 (2.6%)

DEHZ 2003: all results but BABAR 2007
a,*m10[0.98;1.8]GeV = (13.95+ 0.90 (exp) * 0.23(rad) )10-1? (6.7%)

BABAR more precise than previous world average by a factor of 2.6
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Impact of BABAR data for g-2: other exemples

E C T | T T | T T T | LI | LI | LI | LI LI | T T ] E : T T | T T T | T T T | T T T | T T T | T T T | T T T T | I:
S L0 *ND = CMD ] £ o ee—mm2n? = ND  » OLYA =
- 10 E l 4+ DM1 « CMD2 3 c C = M3N + SND 3
o C g ¢+ SND - BABAR J o 50:_ * DM2 = BABAR preliminary -
'g 102 Average _| E - Average .
it = ) E 0 u N
@ - ete sl 3 @ 40 e
° I ] ° r :
o 10 E G 30 =
- % . - ]
1 ﬁ% 20— -
- %% - .
Z % %ﬁ 10— -
107 | | | 'Hi S,
L1 1 L1 1 L1 1 111 1 0 mL-w-Ji\'!q
18 2 22 24
Ns [GeV] Ns [GeV]
'5'16—_ L L B R L N = r | | L B L EL
£ Pt MmN ee srr A £ 145 = MaN e'e” s atalxa 27
c 14F = CMD ] c N DM2 ]
C A 1 12— ]
=} C DM1 . ] - BABAR :
S 12~  ° BABAR . 2 10 Average : f -
o 5 Average 3 @ C } } } 1 ]
o 10— - ] C ]
(/2] C 7 (/2] 8 % T
o - = o - .
o 8 ] o C m % + ]
: ] 6 —
4t ’ - 4t % % ﬂ %if
2F gag® T [ 4"4‘?“"{”@?‘%@@% du = 2 } { ‘} % ¥ =
p 'éwl{‘ 4 IRy ;@%%9]@‘"%1 - {Lln ) | I | s
1.2 14 1.6 1.8 2 2.2 2.4 1.4 1.6 1.8 2 2.2 24
\s [GeV] \s [GeV]
M. Davier ISR BABAR g-2 Tau Workshop, Aachen 17/09/2014 18



Impact of BABAR data for g-2: final-state dynamics

* R measurement by summing exclusive cross sections implies completeness
of data

« Below 1.8 GeV hadron multiplicities up to 6 (all pions) and 4 (KK + pions) are
adequate

* But some channels are very hard to measure: Tt 4n°, KK 1%, KK 27"

* Isospin symmetry can be used for estimating unmeasured modes:

Alemany-MD-Hoecker 1997, MD-Eidelman-Hoecker-Zhang 2003

but often only upper bounds are obtained

* Knowledge of final-state dynamics as available in BABAR analyses is essential
to provide reliable estimates:

. MD-Hoecker-Malaescu-Zhang 2010
e example: KKnrn

2003: estimate contribution to a, (x10°) 2.2+1.0
2010: only K*K't*n~ and K*Kntt® available with final states 1.35+0.38
2014: KKt~ and KK ™ available with final states in progress
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Preliminary results on e*e- - K*K™ at large Q?

10 g L B L L B
e 1o " sk (LAISR) ISR with small-angle photon: much larger ISR
1 \\Q e roptotc QCD precaction luminosity, but efficiency only for large masses
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Conclusions

* Through the ISR method BABAR could plan a complete and consistent
program to measure precise cross sections for the dominant channels of
e*e™= hadrons from threshold to ~2 GeV.

* This program has been carried out, just a few more channels in progress.

* New results presented: K*K-, mrn-nrn-, K'K'ntn—, K*Kon0, KK, KK rm-
and KK.tm.

 BABAR results have a large impact on the hadronic vacuum polarization
(HVP) contribution to the muon g-2; also, but lesser impact on a(M,?).

* Inaddition to HVP there are other applications of these data in progress
for QCD tests with finite energy sum rules, complementing similar
studies done with hadronic T decays.

* Also (not covered in this talk) BABAR ISR results provide input into
hadron spectroscopy, resonance dynamics and measurement of baryon
form factors.
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Backup slides
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PEP-Il and the BABAR detector at SLAC

@ asymmetric e e~ -collider:
9GeV (e7) and 3.1GeV (e™)

@ /s =10.58GeV = T (4S)
— above BB-threshold

@ main purpose: B-physics

@ multi purpose detector
@ data taken from 1999 — 2008

o integrated luminosity: 531 fb™?
on T(4S): 454fb~"
~ 600 - ]_06 BB-pairs " Vertex Tracker (SVT)

Ht Detector (IFR) Central Tracker (DCH)
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Analysis of efe~ - K*K~(y)

 procedures similar to ww analysis
* luminosity 231 fb

« efficiencies obtained from full simulation (AfkQed) and data/MC corrections
trigger, tracking , K-I1D and mis-ID efficiencies
« Dbackground studies, normalization using data, subtraction
« efficiency of the kinematical fit ¢ cut
—> additional radiation ISR/FSR
—> studies with muons
—> differences between kaons and muons: secondary interactions,FSR
unfolding background-subtracted and data/MC corrected mass spectra
geometrical acceptance and second-order corrections using Phokhara
ISR effective luminosity from puy(y): KK/ppu ratio
mass-dependent systematic uncertainties, best in ¢ region (0.7%)

e Cross section
e contribution to a,
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ete” —> K"K~ (y) spectra

2 kinematic fits: ISR (add. photon collinear/beams), ‘FSR’ (add. detected photon at large angle)
no add. rad. + add.ISR
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A phenomenological fit to the form factor
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Charged kaon form factor at large Q2

Predictions based on QCD in asymptotic regime (Chernyak, Brodsky-Lepage, Farrar-Jackson)

- power law F, ~ a(Q?) Q" with n=2 in good agreement with data (2.5-5 GeV n=2.10 0.23)

—> but data on |F, |2 a factor ~20 above prediction !
— no trend in data up to 25 GeV? for approaching the asymptotic QCD prediction
—> similar trend observed with F_
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Background (MC, other than ymr and yuu)
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Geometrical Acceptance

—>Used AfkQed to determine geometrical acceptance

Main problems for AfkQed:

« assumption of collinear add. ISR

» lack of hard add. ISR because of the cut my.isrqaddrsr) > 8 GeV

—>common to KK and pu (first order, cancel in ratio)
—>second order effects studied with Phokhara (exact NLO QED for add. ISR)

 also studied: effects of secondary interactions on the pre-selection cut (data/MC differences)
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Effect of the unfolding
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Systematic uncertainties (x10-3) for the e*e-> K*K- (y) cross

Section
sources 0.98-0.99(0.99-1{1-1.01 | 1.01-1.03 {1.03-1.04|1.04-1.05{ 1.05-1.1
trigger/ filter 1.0 0.7 0.7 0.7 0.7 0.8 0.8
tracking 1.8 1.8 1.9 2.8 2.8 2.8 5.3
K-1D 10.6 8.8 5.4 4.1 6.5 12.7 12.8
background 157.2 209 | 1.6 0.1 0.3 0.6 1.1
acceptance 1.6 1.6 1.6 1.6 1.6 1.6 1.6
kinematic fit (y?) 2.0 2.0 2.0 2.0 2.0 3.3 3.2
ISR luminosity 3.7 3.7 3.7 3.7 3.7 3.7 3.7
unfolding 3.2 3.2 3.2 - 1.2 1.2 1.2
VP correction - - 0.4 2.5 0.5 - -
sum (cross section)| 157.7 | 23.4 | 8.2 7.2 8.5 14.1 14.9
sources 1.1-1.211.2-1.3{1.3-1.5(1.5-1.7|1.7-2.3|2.3-3| 3-4 | 4-5
trigger/ filter 0.6 0.5 0.4 0.4 04 | 04 05| 0.5
tracking 7.2 8.2 8.8 9.2 9.7 110.010.2| 10.2
K-1D 13.0 | 16.3 | 26.3 | 33.1 | 41.1 |51.4 |52.1| 544
background 4.9 11.8 | 185 | 13.6 | 56.0 |24.3 |67.6]243.5
acceptance 1.6 1.6 1.6 1.6 1.6 1.6 |16 1.6

kinematic fit [xg) 2.3 2.5 2.6 3.5 4.5 5.6 |14.6| 234

ISR Iuminosity 3.7 3.7 3.7 3.7 3.7 3.7 |12.7( 22.3
unfolding 0.7 0.7 0.7 - - - - -
VP correction - - - - - - - -

|sum (cross section)| 16.4 | 223 | 33.7 | 37.3 | 70.4 |58.1[88.1]251.8]
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The integrated ¢ contribution

Ly x B(o — KYK™) =

a, obtained from the fit of the form factor

I x B(¢ — KTK™) = (0.6344 + 0.0059., = 0.00285; £ 0.0015.4) keV (1.1%)
CMD2:0.605 0.020 0.013 keV (3.9%)

N events
> o =
[ [ [

[ = =) o0
T T [ T T T[T T T [ T T T [ T T T [ T T T [T T T ]TTT

By > K*K) = (416  0.86,, 0.10 ,)*10-

World average: (2.37 0.31)*10~* (~Mark 1I1)

L=
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Internal structure in various Ecy energy slices e+e->2n+2n—

(EPJ C18, 497 (2001))

. - First column (4 entries/event):
= B L= L4 GaWi
L A R
[ [y 418GV Second column (4 entries/event):
FIELLI
i strong p° contribution
I I ST A A
.-m::h] : 3 e.g. for Mar > 1.4GeV/c*:
L s 1/4th of entries in p° peak
e p°pY is forbidden
L R S e —s p” in each event!

23- 30 GeVict

Third column (1 entry/event):

27 lie within p® mass
— other 77~ 's mass plotted

|MSther M, | < 25 MeV/c?

M,_(GeVich Mﬁ,u::ewﬁ o M, (GeVic) fg(l??ﬂ), 31(1260), fb(gﬂﬂ] 7
— Partial Wave Analysis needed J
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Intermediate Resonances of ete™ — K™K 771~

KTK #%#°

e 1 FrT i B ToronoE T LRRRAR NG
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= 1& [ | ] v E 151500F e
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S T 2000F T IPI{I*I T cross section dominated by

3 I 1 S1s00- (892) ] K*(892)K™ 7T final state

C 151 | f ] )

< F f%mm— H _ K1(1270,1400) — K™ (892)m and

f e E sool E \ 55{143(]}' K1(1270) — Kp(770) are seen
R R K i

m(K*n") (GeVic)

m(K*n". K1) (GeVich)
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@ Requirement: ¢ -+ K"K~

@ Fit assumes two resonances

@ Y(2175) confirmed: J7¢ =17~

M=2176 + 14 4+ 4 MeV/c?;

[ =00 £22 4+ 10 MeV

@ Might not be a radial excitation: width too small
& should also decay into ¢f;(600) as for ¢(1680)

@ Strangeness partner of Y(4260)? Hybrid-candidate?
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Impact of BABAR data for g-2: KK~

BABAR results:
aMKK’ L0 10.98;1.800] GeV = (22.95 0.14 (stat) + 0.22 (syst) ) 1010 (1.1%)

a, (L9 T1.000;1.055] GeV = (18.49  0.13 (stat) = 0.13 (syst) ) 101
a K9 1.055;1.800] GeV = (4.44 0.04 (stat) + 0.10 (syst) ) 101
a, (L9 11.800;3.000] GeV = (0.121 0.003 (stat) + 0.008 (syst) ) 10-1°

DHMZ 2011: update of all results before BABAR:
a K19[0.98;1.8]GeV = (21.63 + 0.27 (stat) £ 0.68 (syst) )101° (3.4%)

BABAR more precise than previous world average by a factor of 3
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