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PEP-IT e+e- collider, Babar detector
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ISR study at BaBar

* ISR at BaBar gives competitive (even dominates!) statistics
« BaBar has excellent capability for ISR study
« Many major hadronic processes have been studied
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ete” s PR D 86 (2012) 032013, PR L 103 (2000) 231801
e'e” - KK~ PR D 88, (2013) 032013
e e — ¢fp(980) PR D 74 (2006) 091103, PR D 76 (2007) 012008
ete” -t w° PR D 70 (2004) 072004
ete” 5 K'K n KK n°, KIKErT PR D 77 (2008) 002002, PR D 71 (2005) 052001
ee = 2nmtn) PR D 85 (2012) 112009, PR D 76 (2007) 012008
efe” 5 KTK 77 KT K ntn—, 2(K+K‘) PR D 86 (2012) 012008, PR D 76 (2007) 012008
ete” = KK, KK mn  KeK2m T me™ Ks KS K"K~ PR D 80 (2014) 092002
ete” = 2(nta ), 2(x )y, K*K e 7, KTK ntn g PR D 76 (2007) 092005
ete” =5 3(ntr ), 2(x %), 2(r AT )KTK ™ PR D 73 (2006) 052003
e e — pp (small \/s) PR D 87 (2013) 092005, PR D 73 (2006) 012005
e"e” — pp (large \/_) PR D 88 (2013) 072000
efe” — AA, AX0 3050 PR D 76 (2007) 092006

ee” = cC— ...

Some reactions are being updated to the full BaBar data with ~500 fb-"



BaBar measurements summary
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To calculate R in the energy range 1-2 GeV the processes
ot 3nf, wrdnd, KoK, KK i, KK nnl are under study:
mt 21’ will come soon. Work is in progress for KoK a%°, KK x 4



Contribution of missing channels to a

SM-to-experiment comparison [in units 107Y | (M. Davier et al., EPIC71(2011)1515)

QED 116 584 71.81 =+ 0.02
Leading hadronic vacuum polarization (VP) 690.30 =+ 5.26
Sub-leading hadronic vacuum polarization -10.03 £ 0.11
Hadronic light-by-light 11.60 =+ 3.90
Weak (incl. 2-loops) 1532 +0.18
Theory 11659179.00 = 6.46
Experiment 11659208.00 4+ 6.30
Exp — theory 29.00 4 9.03
a, (Vs <1.8GeV) KK 2(t ) 3(mt ) 2(T* T T0)

without BABAR  21.63+0.70 13.35+0.90 0.10+0.10 1.42 + 0.30
with BABAR 2295+ 0.26 13.64 £ 0.36 0.11 £ 0.02 0.89 £ 0.09

Missing channels contribute 5.98 + 0.42 or 12.46 + 0.76 if Vs <2.0 GeV

Contribution from KK, KK2r, (2n3nY, 2rtdn®, 7. ..) added using iso-spin relations
(in particular, using measured K*K-*n~ (n’°) channels)
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The cross section comparison — BaBar data
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Naively expect: N(K*K-tte~ ) = 2 N(K*Ktn? )
Many intermediate states break the relation.

Study of intermediate states is important!



Decomposition of KtK-n*x~ mass spectrum
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ete” — KoK, KK, KeKsr (K¥K)

We present (with more details) results on
the study of the processes:

e'e” = KgK;

e'e” = KK mtm
ete” = KcKgm'm
e'e” = KKgK*K™

Published Phys. Rev. D 89, 092002 (2014)

And new (preliminary) results on the process
e'e” — K K*mal, KsK*m™n
ready for publication

Based on 469 fb! integrated luminosity.



Ks selection (in - decay)

Loop over all K candidates with ISR photon with Ey >3 GeV,
and select events with:

m  Good quality K coming from IP

m  No electron ID for either charged track
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Dominated by ¢y -> KsK|y process if require NO additional tracks from IP
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ete’— ¢y — KgK| v (without K,_detection)

Assuming e*e- — ¢y reaction

—F++ FE- Use ¢ mass to get E ;o5
—
=_E +p + (I) - 2 2 2
=|"]EY © © Ec _Eo_po_m(b
)/ W —_— —
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Using energy-momentum conservation and detected Kq
we determine K, mass and direction:

2

mZ(KL) =(E++E_ _ECV _EKS)z _(p++p_ _pyc _pKS)

Using these events we can study K, detection.

10



K, mass using ¢ mass constraint
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After background subtraction (5.6%) we have
810124285 events (4474341669 MC) .
We estimate ~0.5% systematic error for
background subtraction uncertainty.
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How K, cluster in Calorimeter looks like?

1. Search for EMC cluster closest to K, direction:
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Events/0.001 GeV/c>

Use events with x2<15 and reconstructed parameters of K5 and K| to calculate m(KgK|)

signal in ete — KgK, reaction
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Events/0.001 GeV/c>

Fit to ¢ parameters
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ete'— KK, cross section for m(KgK, )>1.06 GeV
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Is |t q)(1680) ? Fit with single BW
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m = 1674 + 12 + 6 MeV/c?
I, =165 + 38 + 70 MeV

@ = 3.01£0.38 —fixed to 7t

[,o By = 143+24+15+6.0eV

Simultaneous KgK, and K*K- (and nurr) fit is needed to separate
1=0,1 states and w(1420, 1650), p(1450,1700) contribution
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KsKrmr® + ¢m

KsK ™y event selection

Select (best) Kg

Select ISR photon with E > 3 GeV

Two additional tracks from IP (no kaon ID)

Cycle over remaining clusters with E > 0.2 GeV — K, candidates

Best %2 for 3C fit (K, momentum float)
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Some mass dlstrlbutlons in KgK, mtto |
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How large is K*(892)*K*(892) ?
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Very clear signal with 913 + 37 events (70%)
of K*(892)*K*(892) correlated production!
And 90 £ 16 for K*(892)*K,*(1430)* .

We have negligible contribution from K*(892)°K*(892)°

from our K*K-it* 7t~ analysis!
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$(1020)m*m~ contribution in KKty

5 230£200v. | & | v@irs) | g | T
§ 60 | % { 1 / § il ’
s ] Il
il H ) I o Ui
0 b a7 I { W H J M * TH * H : J } | | H |
0.08 .;) . .1 0715 2 B ‘ 25“H 3 ﬂ |t++5 N ﬁ g | JSL ll*ﬂ}l + J.de;
m(K K, ) (GeV/c) ' | m(KsKLafn") | m(KSKLatJ'Jt'.)
Tl dmm (¢ £5(980))
552_ % | seen as expected in
Z | agreement with our
g1 ﬂ i KK - study
- fj_L i
0(; ‘ 0.25 0.5 0.75 ‘ r;(n+n_) 19



KsKgtin (K*K)y event selection

Select 2 (best) Kg

Select ISR photon with E > 3 GeV

Two additional tracks from IP with pion or kaon ID
Best x? for 4C fit assuming KsKgmtn (K*K")y hypotheses

About 3000 ISR events with 2 good Kg
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Six tracks with ISR photon — very low background! 20
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Ev.0.04 GeV/c>

Very clear K*(892)* signals with
829 £ 49 for K** (Kgrtt) and 856 * 50 for K* (Kgmt™)

Some mass distributions in KgKgrttm™
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Plus 116 + 40 (70+34) events for K,(1430)*

No K*(892)*K,*(1430)* seen.

How large is K*(892)*K*(892) ?
Fit slice in m(Kgm™) for number of Kgm*
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Some mass distributions in KsKgm*st™

If we exclude K*(892)"K*(892) by |[m(Kgm) — m(K*)|<0.15 GeV/c? in both combinations:
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Plus some number of K*(892)Ksm events
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Some mass distributions in KgKgK+K-
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Events/0.05 GeV/c?
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The cross section comparison — BaBar data
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|so-spin relations for
KKttt vs. K*K nnt vs. KoKt~ vs. KgKgmto™

Only K*(892)*K*(892) contribution can be compared using iso-spin relations, and
we expect:

N(K*K-7%0 ) = ¥4 N(KK° mttr)

N(KsK ™ ) = 2 N(KCK? rtmt-)

N(KsKgmn™ ) = N(K Kt~ ) = Va N(KOKO mtt-)
We detect number of correlated pairs:
N(K*K-n%? ) = 1750 £ 60 eff= 8%
N(KgK ) = 2098 £ 209 eff= 5%

N(KsKsmn~ ) = 742 £ 104 eff= 4.5%

Should be equal numbers after efficiency normalized to 5% and iso-spin correction:

2188 £ 76 ~ 2098 £+ 209 ~ 1648 £ 232 Some tension (~2 sigma)

30% 63% 50% of all events — how the rest are added
to the g-2 calculation?
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KsK*mtnly, KK+t ny event selection

Select 1 (best) Kg
Select ISR photon with E > 3 GeV
Two additional tracks from IP with pion or kaon ID

Loop over remaining photons in i or 1) mass windows

Best x? for 5C fit assuming KsK*xt~n%(n)y hypotheses
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No other measurements exist 28



Many intermediate states
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Intermediate state Number of events
K (892)"Kin" 351 + 47 + 39
K*(892)°K*x¥ 1373 + 58 + 159
ESS RS R A R T L K3 (1430)° K 2xn° 21 3+ 26 + 2
m(Ksr") (GeVic) K3 (1430)°K*n¥ 91  + 25 + 9
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We observe a J/ip signal
In all studied channels
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J/ decay results

Measured Quantity

Measured value (eV)

This work Br (10-%)
I,.=5.55+0.14 keV

PDG 2014
Br (103)

T, *BrJ/p ->KgK,)

1.13+0.34+0.11

0.20 £ 0.06+ 0.02

0.146 £ 0.026 S=2.7

Lee*Br(J/p -> KK\ wttn) 20.9+2.7+2.1 3.7+0.6+04 no entry

Toe® BrJ/y > KeKgm'n) 9.3+0.9+0.5 1.68 +0.16 + 0.08 no entry

Lee® Br(J/p > KgKgK*K") 2.3+0.4+0.1 0.42 +0.08 £0.02 no entry

Lee® Br(J/W->KgKgp)*Br(¢ ->K*K) 1.6+0.4+0.1 0.58 +0.14 £ 0.03 no entry

Lee® Br(J/g->f,'9)*Br(¢p->K*K") 0.88+0.34+0.04 0.45+0.17 £0.02 0.8+0.4 S=2.7
*B(f,’->KsKs)

[ee® Br(J/Y > KgK*mtn) 31.7£1.9+1.8 |57 4% +0.4 no entry

T,.* BrJ/p > KgK-+rtn) 7.3+1 .B.ﬁem 3 1.30 +0.25 + 0.07 2.2 +0.4

B(J/y ->¢1,)
B(J/y ->¢1))

We measure:

B fih—f * FJ"/w — B) ' '
J‘. 8 f ee 67‘__ . dL/dE . ef (.ml‘]""ilry).) . Cv 31

(0.48 + 0.18)+10-% (Markll)
(1.23 + 0.026 + 0.20)*103 (DM2)

T 2
Njpypg - m 7/




Summary

* BaBar continues analysis of collected data and ISR studies in particular

* Most published results for e*e” — hadrons reactions have the best to date

accuracy.

 Recently obtained e*e” -> KK ntmr, KoK, KsKK* K™, KsKt*n®(n) cross

sections were never studied before. Intermediate states study is performed.

» Using these cross sections we can reduce uncertainty in the muon g-2

calculation.
» JAp decays to above modes have been measured for the first time.

* Results for KsK| 7°(x°) final state should come out soon — it will completely

close iso-spin relations problem in the g-2 calculation for the KKzt modes.
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BaBar measured: ete”

Published Phys. Rev. D 86, 032013 (2012)
Our result is more precise than previous experiments

— Tt

Motivation: dominance of the E<1GeV region,
accessed through mttmt

Features of the cross section distribution

Includes possible FSR

Dominated by p(770) resonance

p- interference

LO Hadr. 0.28-1.8 GeV
Babar
a,=(514.1=3.8) 10-1°
all ee-

Dip at 1.6GeV: interference between p’ and p”
Dip at 2.2GeV: higher mass p state

a,=(505.8+3.0) 10-1°
1

- A ctor ekoeo 12 F T ot - keoeno | Systematic uncertainties
—10% OLYA  * SND —1400 nlgle cMD ¢ SND :
L E CMD DM1 . R+ CMD2  sDM1 ] at the p region
.;10,: CmD2 - DM2 1200 '3 KLOEOS * BABAR — BaBARr: 0.5%
., + KLOEO8 * BABAR * Average
v \ Avarage 1000} = CMD2: 0.8%
iy ¥ ‘ . 1.0%
10 - SND: 1.5%
i . R
‘ M bkl . KLOE: 0.8%
e ey, 00 - ]
F oL, .. - ,ﬁ' + t
ot ge-nn tlf {ff 4, 100 ]
[ I NFEFE EPEPES EPEPET EPETEEN EPEET BT EPRTE |
05 1 1.5 2 25 07 072 074 07 078 08 082 084
V& [GeV) V& (GeVl

33



BaBar measured: efe- — K*K

Published Phys. Rev. D 88, 032013 (2013)
Our result is more precise than the current world average

[§ased on 232 fb1 datase't

e ettt g
o 22200
g F: 22000
E : ”“1 [y e i
§of JU, 1(25) subtracted ] Fmf
g % 1600 F-
o @ -_
& 10 £ 1400F
! 1200
! 1000 -
10! 800
600:—
102 400 -
10° ok
1 1005 101 1015 102 1025 103 1035 1.04
Vs (Gevy
= T T T T T T 3 & 4T T T T T T
e 4 o ova(1981,2) 4 £ E DM1
§ 0 o cmp(2008) 4 § 3.5% A DM2
§ E +om1(1981) 4 B E = BABAR
4 35K 4 DM2(1988) u:} 3 ‘
= o SND(2001,7) = 2 - |
5 30 « BABAR(2013) 4 & 23 T‘
25 -
E : 2.% +
15;_’. = ' E ‘H- |
10;_ lo+¢’oooo° _'; lE | |
S ¢ Io!mx-f-wm 2 0.5F T{v— - L o S
N T RN Y 3A. TR TR et A W SR L A
1.1 1.2 1.3 1.4 1.5 1.6 q.6 1.65 1.7 175 18 185 19 195 2 205 21
Vs~ (GeV) Vs~ (GeV)



BaBar updated: ee™ — a'w

Published PRD 85 112009 (2012)
Based on 454 fb-! dataset (statistical uncertainties are shown)
Our result is more precise than the current world average (<3% systematic error)
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auexperimen'ral - (g_z)u /2
nes92089 + 6.3 x 10° world average

o a theory — a QED a EW L a hadron
S .£ H H H H
&L
qﬁ $ QED contribution 11 658 471.808 +0.015 Kinoshita & Nio, Aoyama et al
é\ 00 EW contribution 15.4 +0.2  Czarnecki et al
(:\\ 8‘} NLO hadronic -98+01 HLMNTI1
& & Hadronic contributions
N . 7
Q($§° 5a LO hadronic 6941 _:43)( lQ 9 HLMNT 11
3 ¥ main channels contribution to precision at /s<1.8 GeV

T+TT- sos65 = 3.09
+11-210 ez + 1,15
+m-10 a738 + 0.99 (mostly from omega region)
2T+2T- 1360+ 0.36 G
K+K- 2205 + 0.26 @i

Rqgcdiz-1109cev; 4119 + 0.82

L] Light-by-light 26
B oy TOTAL + 4.9
0 1 2 354 5 6

ArXiv:1010.4180,arXiv:1105.3149

A Exp - Theory~ 3.3-3.60

HMNT 07 (e*e -based)

—-285+51 —e—

JIN 09 (e'e)

-299+65 —e—

Davier et al. 09/1 (t-based)

—157+52 —aA—
Davier et al. 09/1 (e*e")

-312+51 —e—

Davier et al. 09/2 (e'e” w/ BABAR)
255+ 49

HLMNT 10 (e'e” w/ BABAR)

from LSOSPIN relations 5.98 + 0.42 for not measured KKpi,KK2m,2m4m0,2n310
(or 12.46 + 0.76 for Vs<2 GeV) (1.5-30 of total error - crucial in case of isospin violation)

prades, de Rafoel 4 vanshien N€€d more theory, probably with help of
experimental Transition FormFactors

—259+48 —e—
DHMZ 10 (t newest)
-195+54 —A—
DHMZ 10 (e*e” newest)
—287 £ 49 —e—
BNL-E821 (world average) '
0+63 -
cle e b b b b by ) BT
-700 -600 -500 -400 -300 -200 -100 0
x107"

— a®Xp
a, —a

New g-é experiments
at FNAL and J-PARC
have plans to reduce
precision to 1.5x107*°
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charmonium branching ratios PRELIMINARY
-§ (a)
o, g _ NUR = 2(x" 7)) 2
By amta=) " oV = I I (48.9 + 2.1, + 1.0g5) MeV/c? nb
ﬁr
. By a(mtn—) = (3.67% 0.16star & 0.08gyse £ 0.09x) - 107°
1+
l PDG B 1a-3
“W;"'m" \de?‘_,ww B aimtn—y = (3-55£0.23)-10
" h M'::((;ewér — agrees with PDG, higher in precision
e 5 - ues)  _ N@ES) o mtmut)
P(2S) =Syt Wy —ptp— int - dL/dE - epye

|

r“*‘-r’m-’wj L*\,&’.&

N A6 a7 Ax 2
M, (GeV/c)

= (84.7 % 2.25ar + 1.85y5t) MeV/c? nl

B sy ypnta— = 0.354 5 0.009s¢a: £ 0.0075yst £ 0.007cx
PDG N

B 2$) sy mtn— = 0-3360.005

B iligg)—)J/w A e— = 0.3504 £ 0.009star £ 0.0007syst + 0.0077ext

— agrees with recent CLEO result (PRD 78, 011102 (2008))
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JAp region for K*K n*a~, K*K n’n?, K*K K*K~

000

Events/0.0067 GeV/c’

500

Events/0.01 GeV/c?

TABLE XIII: Summary of the J/ and (2S) branching fraction values obtained in this analysis.

Measured
Quantity

Measured

Value (€V)

J /4 or 1(2S) Branching Fraction (107%)
PDG2010

This work

34 3.6 38
mKK ') (GeV/ic?)

73
=]

Events/0.0067 GeV/c”
(=]
(=]

50

| I{II[ Ill*ll*
L ALY S|

3.6 3.8

34 3.6 38
m(K'*K'K'K) (GeV/c?)

J

|y 'BJ/L“—'K*K’W+;\"
I/

D2l By k- momd
T
ee 'BJ/L"—']\’+I\'_I\'+I\'_

I/
Ceé 'BJ/L“—'K"'IT:," . BI".II__,I"*‘?‘.— . BI?;"—»K*A-*

I/
Lee 'Bj/w_.}\""}?"' “Breo gt Bigeo -t

J/
FT—‘;} ‘BJ‘/L“*‘éﬁ-*-n'_ ) B¢~»K+ K~

W
Fes 'BJ/U'—-d)x"n" 'B¢—~I\'+K_

Jjw
Pee " -Byppox+rx— " Bsx+x-

o

F;éu'BJ/w—oéf“ By k+x- " Bf,—sntn-
w

el By sogy  Bomrcr k= By enore

Lol -Byjy—os, - Booxrx- By oontn-

¥(25)

Lee 'Bz,b{’.ZSJ—»KﬁLK*rr*:r*
F;;.(QS) B

Ee(os“ #(28)— K+ K= 7070
w(25)
FQIS(ZS]-3¢,<zs)g1\'+1\'—1\'+1\’—

"

Fee 'B¢,¢Qs)_.¢r+7r— 'B¢>—-1\'+K—

5(25)
Pee™ - Byas)—afa - Bs—xtx— ~Bomtn-

37.944+0.81+£1.10
11.754+0.81+£0.90
4.0040.33+0.29

8.59+0.36+£0.27
0.5740.15+0.03
2.19+40.2340.07
1.36+0.27+0.07
2.26+0.2640.16
0.6940.11+0.05
0.4840.124+0.05
0.7440.12+0.05

1.92+0.30+£0.06
0.6040.31+0.03
0.224+0.1040.02
0.2740.09+0.02
0.1740.06+0.02

6.84+0.1540.27
2.12+0.1540.18
0.7240.06+0.05

6.98+0.2940.21
0.2340.06+0.01
0.8140.08+0.03
0.5040.10+0.03
1.6640.19+0.12
0.2540.0440.02
0.1840.0440.02
0.274+0.0440.02

0.8140.13+0.03
0.2540.134+0.02
0.09+40.0440.01
0.2340.0840.01
0.1540.0540.01

6.6
2.45
0.76

6.0

0.23
0.94
0.56
1.83
0.18
0.17
0.72

0.75

+0.5
+0.31
+0.09

+0.6
+0.07
+0.09
+0.16
+0.24 °
+0.04 °
+0.07 ©
+0.13 ¢

+0.09

no entry
0.060+0.014
0.11740.029

0.068+0.024 ©

dBJ/u—»daITK obtained as 2 - BJ/,Y,,_,M(+K7 .
bNot corrected for the fo — 7% mode.
“Not corrected for the fo — 7t7r~ mode.

dwe compare our ¢fz, fr — 7~ mode with @ f2(1270).

“By(25)—bfor Jo = TTTT

Small systematic errors allow BaBar to improve BF for

major decay modes.
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$»(1020) mass

400

40—

194

L L [ Il L L
19.45

19.5

ENNS
1955 19.6
m,-1000, MeV

In MC we know all inputs and can create a “test” m(K,) distribution and compare with data.
And the only free parameter is ¢(1020) mass. By varying f mass we calculate x2 value by

fitting data-MC difference with “ARGUS” function. We obtain:

m, = 1019.483 + 0.040 + 0.036 MeV/c?: 24 keV - K® mass

uncertainty, 20 keV — K¢ momentum, 18 keV — DCH-EMC mis-alignment.
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How other distributions look like

prob(x’)
g
<
=
)
S
S
2
54000 7
>
m
[+
2000 s
0
ofBEsY D 150 20 P25 B3

ISR photon polar angle, radians

g N§ 23'4000— i |
2000 | 24000 . o
S S S
g %3000 §3000
Q15004 y § 2
m |
1000 | 20001 B |
500 1000|- , 1000
0 T b | O L (" L L L 0 P
0 10 15 20 25 30 35 40 45 50 YW RIE 2l B ED EDE O g Nil GE 2 25 b2
TLen(K) cm P(Ky) GeV/c? O(K,) radians
F2000] + | Additional
[\ [a\} .
S " S IWW it 1 4 ! +1.5+0.6% correction
515007 " | § }“ P PR H due to not fully
r 1 i compensated overlap
1000 i effect
05|
500[- .
KS side ban
o 05 s B 005 025 0 0 05
d¢ radians d¢ radians

Clean events with small systematic errors - 1% from KS, 0.5% ISR photon, 0.5% background,

0.6% from overlap effect.
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What we know about q>(1 680)

A
BaBarQQI2)(KeK, . T(s)
BaBar(2011)(¢pn'n’, T'(s)) |
PDG(2010)(Our estimate)
Belle(2009)(¢m ' , no I“(s))i
BaBar(2008)(KK +¢n, r(s)i
DM2+DM1(1988)(I'(s)) !
DM2(1988)(K (K
DM2(1988)(K'K")

DM 1(1982)(hadrons)
DM1(1982)(K K)

II\\\

I'TT!I

\f‘TT[I‘TY_Yll\TT

‘lll\‘\\[l‘\\\lll\\

10 —— PﬁBar(g%z)(K ,I(s)) o NN
——  BaBar(2011)(¢rt'n, I(s)) | ——
B PDG(2010)(Our estimate) B
751 - 751
—— Belle(2009)(¢m ', no I'(s)) | ——
e BaBar(2008)(KK +¢n, I'(s)) e
51 — DM2+DM1(1988)(I'(s)) 51 ——
—— DM2(1988)(K (Kr) ——
—— DM2(1988)(K'K)) N
251 - 251
—= DM1(1982)(hadrons) .
—— DM 1(1982)(K (Km) ——
07””\ o b b b b Oi\\\‘ el LBl (1S A
16 165 17 175 18 185 19 195 22
m(¢p(1680)), (GeV/c")

Energy dependence significantly increase width.

0 01 02 03 04 05 06 0.7 08 09

I'(¢(1680)), (GeV)

BaBar has measured ¢(1680) parameters in major decay modes:

$(1680) > KK, KKn? (K*K), o, ¢mt, KK, - still no info in PDG
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