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Introduction

ete”— Xy (X: QED or hadronic final states )
» ISR method used to measure hadronic cross sections (e.g. T+ n")
) F.(s')
=>calculations of vacuum polarization through dispersion relations

»The radiation can be from initial state (ISR) or final state (FSR)

e poooet 0
(S") () <+, interference=0 for
AVAVA% AN/ charge-symmetric
, | K detector
e i e I

> |FSR|? contri/b/ution from theoretical predictions

® LO QED for ppyecq

® model-dependent estimation for nmy.; : negligible
»FSR for ty small:

® hard to do direct measurement, but interference more sensitive



Interference and charge asymmetry

@ Cross section forefe™— x*x"y (x=p or m)
o o [M|? = |[Migr|* + |[Mpsr|* + 2Re(Misp Misr)
/]\
C=-1 C=+1

X* X~ pair: sign change if x* <> x~

|-/\/l|2 — |M93+<—>33— |2
|M|2 + |Mw+<—>a€_ |2
2Re(MispMfsr)
(Misr|? + [Mrsr|?

€ kinematic variables (leaving aside ¢,): m,,(or E,), Oy, ¢* and 6*

a T

€ charge asymmetry A =

vt~ plane
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Predicted charge asymmetry for ptu-y

»LO massless limit (R. Gastmans and T. T. Wu, ‘The Ubiquitous Photon’, Oxford (1990))
2\/sm,, sin 0., sin 6*|cos ¢*

Ae+e_ —>‘LL+‘UJ_"}/(TrLILL,£L7 9’7” 9*3 ¢*) —

s sin® 6* +m2 , sin” 6,

»MC by AfkQED which uses LO ee=> ppy QED prediction 65<MII)<7.0. ~L<cos(®) <0
(A.B. Arbuzov et al., J. High Energy Phys. 9710, 001 (1997))
additional ISR by structure function, o ! Tl
additional FSR by PHOTOS Eo : i
(20<6,<160 degree) R

B g 9*, *\ g 9*, * 0.5 —
A(COSQ*,gb*) _ o (COS gb ) O-—|—(COS Qb ) |
o (cos0", &) + o1 (cos 07, ¢7) :
o+(cost”, ") = o(cos 0L = cos0", ¢} = ¢7) “lng T e

» For a given mass interval, after an integration over 6* symmetrically and 0, the
charge asymmetry shows a simple pattern:

A(6*) = Agcos o ¢ € [0,7)




FSR models for ete" —> win~y

FSR model 1 (point-like pion)

F_(10.582GeV?)
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FSR model 2 (FSR from quarks)
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Differential cross sections:

Z. Lu and I. Schmidt, PRD 73, 094021 (2006);

Erratum, PRD 75, 099902(E) (2007)

C-even part 2-pion state described by amplitudes @~ :
M. Diehl, T. Gousset and B. Pire, PRD 62, 073014 (2000)

0,02 [ S-wave f,(600) + D-wave f,(1270)
- *
o.0a L A—AOCOSd;) L M, =0.775GeV/c’
A 0.5 0 0.5 < ‘N"l <CO.2H‘|H“H\'HH‘
0.01 umerica . I
S S R I : - | Ao flat~-1% on p f
Phokhara4 calculation 1 7
002 | Ay 0.066255(m°-0.75058%) 1 i
- O —
+)"+/ or 7
R R I S A = - 0.1
1, TA, ~10* expected with A=A, cos{
0.02 realtstic{n(IQ.SS GeV?) | _.[ 0
I Cross-over at p mass L P
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DI N9™S(cos ) 232fb data @ 10.58GeV at BABAR

Trigger, radiative Bhabha veto, ISR photon (>3GeV),
2 good charged tracks (>1GeV/c), mu-ID or pi-ID,
active area of detectors, kinematic fit y2<15

CRTiclei il ———/V, (cos ¢ ) = NibS(COS O") — NEG(COS ¢*) (MC)

Full simulation (physical A dependent)
€+ (cosQ”
i( d) ) + data/MC difference correction
(trigger, tracking, PID prp 86, 032013 (2012))

(cos 7) = (0086 e (c03 ¢) — Ny (c0s 6") /e (cos 6°)
N=(cos %) fe—(cos %) + N=(cos &) /e (con 07)

Efficiency
correction

Charge asymmetry
calculation

N

Fit to A=A cos)*

iterative MC reweighting
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NEP(cos ¢)
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Slope of the charge asymmetry A

< — d’lt’l with correction |
i o MC truth generated |
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> for pupy : general agreement with
the large LO QED asymmetry
» a significant deviation (2-3%) in 2-4

GeV region

» exp syst uncertainty <1%
» test on J/y (pure ISR): A,=(1.3£1.6)%

» NLO effect ?

» for mmy : qualitative agreement
with FSR model 2 in the p region



Revised FSR model 2 for e*e >ty

®F(z,m2_,cos6*) = O} (2,m2_, cos0*) Diehl et al. PRD 62, 073014 (2000)

3 — 32
9
-wave (‘f," phase shift) D-wave (f, helicity 0)

» Fit with our 3—3% 52 f
102(1 — 2)(22 — 1 ‘7 100 () B Py(cos 6*
revised model: Al =2)2e—1) [ 2 +@B pleos )]

— 102(1 — 2)(22 — 1)Hﬂ— [— E_’éé':'(?n?r‘rr) + __;"3261?;52('”??r?r)PQ(COS 9#)]

» Pr(cos0*) = (3cos? 0% —1)/2 => on f,: charge asymmetry changes sign at
<

- - |cos 6% = 1/v/3 (~ 0.58)
04 o ot 1 »Analyses are done below and above
[ o ot cos0*=1/sqrt(3) separately (standard selection for
0s L %} >1/sqrt(3), modified selection for <1/sqrt(3), BG sub,
St 1+ efficiency correction)
I /* | » charge asymmetry has opposite sign around f,
> Fit A, between 0.3 and 1.4GeV with the revised

FSR model

027 - | cosO* | <1/sqrt(3) | cosO6* | >1/sqrt(3)
04 1 e -1.13+£0.24 -1.59 £ 0.36
=V I PRELIMINARY |

A B S C, -5.4+1.8 -5.4+3.1
L.L. W3ng IsR-FsRinterf BABAR 1.5 Tau Workshop, Aachen 17'09/2014 11
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Monte Carlo reweighting and iterations

» Measured A, could be different from value in MC:
extreme case for ee> Tty where AfkQed has null A,
=> jterations to recompute efficiencies
BG subtraction » Reweight MC event by event with
w=(ISR2+FSR?*+interference)/ISR?
» Fit results stable after 2 iterations

Efficiency
sarace teration | ¢ | o

Event selection

0 -1.27 -5.4
Charge asymmetry 1 -0.866 -4.31
calculation 2 -0.959 -4.54
3 -0.93+0.20 -4.48 + 1.56
Fit to A=AOCOS(|)* o4 “h o BABAR 7 < 04 o
i ® after weighting PRELIMINARY 1 i . T we
0.2 B n 0.2 i
0 ;7”’ ’;%’EQ*H—;F’ — ﬁfii””” ”””; O i
L | * + + ] I
0.2 ; +% -0.2 :
'0-4} | | | * '0-4; | P‘RELIM‘INARY{
L.L. Wang ISR-FSR interf BABAR 0 0-5Tau Workshop, Aghen 17'99/2014 0 0.5 1 1.5 212
m__ GeV/e m__ GeV/e



Systematic uncertainties

® Background subtraction (20% precision for the BG estimation)
~10“* around f, mass, ~103 around f, mass
® Data/MC difference
»trigger, tracking and m-ID
»all the corrections are studied with data with 10% precision
=><10* negligible !
® Physical charge asymmetry
» null charge asymmetry in MC
» result obtained with iteration method
» difference between the last two iterations is taken as
systematic uncertainty (2.7% for c,, 1.3% for c,)

Sum of all systematic uncertainties small << statistical errors

L.L. Wang ISR-FSR interf BABAR Tau Workshop, Aachen 17'09/2014



Direct search for ee=>f,(n7m)y,cs

» Relaxed event selection (also for A(|cos6*|>1/sqrt(3)))
® for high-momentum track: harder =-1D, Ecal/p<0.6,
® for low-momentum track: no 1GeV cut, no PID except dE/dx cut against e
® | cos0*|>0.85 as P,(cosB*) peaks at |cosO*|~1 vs ISR? ~sin%H*

acceptance Events/50 MeV After BG subtraction
Low P selection ) ﬂ - BABAR 0 L ngﬁ%y
*** %ﬁﬁ L ety ameny
: H++++ ﬁ%ﬁ% fﬁ L leosobogs v N 742
standard ‘.++++‘+ I o ¢i 1*& | | M
b Ty bt
: T ""m“ﬂﬂ kv Wj---ﬂ- Lj 9 LS ST S — \
Lo oo,
cosO* M.__(GeV) M__ (Gev)

After efficiency correction => |f,|?/(|ISR|?+]|f,|?) =0.22 £ 0.15 for 0.8<|cos6*|<1
=> |c,|=4.6+2.2




Results for ee>f ,(T)yesr

e interfrence ow » 3 independent consistent ¢, measurements

e interference high

» average |c,|=4.5+1.3

—— direct search:cflgui:i)vne
- .
—— average » 3.6G significance for e*fe™ > f, Veer
BABAR
............ PRELIMI[NARY
-10 -5 0 5 10

f, amplitude c,

This work -0.931£0.20 -4.511.3
Diehl et al. 2000 -0.5£ 0.5 +0.5x 0.5
Chernyak (private com .) — |c2|=2.2+1.1

— S wave consistent with Diehl et al., but not the D wave (sign and magnitude)

= f, consistent with Chernyak in magnitude
L.L. Wang ISR-FSR interf BABAR Tau Workshop, Aachen 17'09/2014 15



FSR2 / (ISR2+FSR?)

» Relative contribution of FSR estimated
with the FSR model 2 using our measured
BABAR f, and f, parameters

1l PRELIMINARY

L

10

771; orr ot BABAR > FSR contribution negligible in p mass
I region

L orr syst BABAR » comparable with the total error of the
10 cross section measurement above 1.2GeV

»Measured F_between 1.5 and 1.6 GeV
very small ~0

1 1 L | . " N " 1
0.5 1 1.5

m_ (GeV/c?)
| ©n(2m,~1.8GeV) | nmFSR(2m, ~1.8GeV)
a4 (1010 514,09 +2.22 +3.11 0.26 +0.12

I

negligible effect
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Summary and Conclusions

» ISR-FSR interference in ete—>u Uy and ete— n™n~y has been studied at
10.6 GeV through measurements of the charge asymmetry = FSR contribution

» Simple pattern A=A cos¢* (¢p* angle between decay plane and eey plane)
» With LO radiation assumption, A, measured as a function of pup/nm mass

» For e*fe"—utuy, the results are consistent generally with LO QED (large A,)
2~3% deviation in the 2-4 GeV region beyond experimental syst. errors

» For ete"—>ntny, the measurement with dominant statistical error shows a
charge asymmetry A,~—1% around p mass and interesting pattern around f,
mass, which are fitted to a model of FSR from quarks

» From this measurement the |FSR|? contribution is negligible in the cross
section measurement (except in f, region) and in the a, " calculation

/A
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< PEP-II is an asymmetric e*e collider
operating at CM energy of Y(45S).

= 6580 CsI(TI? crystals,
resolution ~1-2 % high E.

1
1

% Integrated luminosity = 531 fb-

PEP-I1
Rings "

High Enorgy Ring

E)C {rad)

BABAR -

BaBar DIRC
* particle ID up to 4-5 GeV/c

075 | [

0.7

0.65 "“——

1 2 3 4
Momentum (GeV/c)
L.L. Wang ISR-FSR interf BABAR

BaBar EMC:

BaBar IFR:
= resistive plate chambers

BaBar SVT and DCH
* precision tracking
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QED prediction

»LO massless limit:
(R. Gastmans and T. T. Wu, ‘The Ubiquitous Photon’, Oxford (1990))

B 2y/sm,,, sin 6., sin 8* cos ¢

A€+€_ —)M‘FM_'}/(TTL;L[L? 9’}’? 9*? Cb*) —

I 2 * e 2 . 2
$ sin® 0* +mg, , sin” 0,
s ——
»LO massive case: e .« GosmansWu |
02+ - B - -B-Eafenc’cﬁa-Klei::;s----E ------------ —
. . . A i x Afi‘buzov etal. |
Numerical integration => N N - ]
F.A. Berends and R. Kleiss, Nucl. Phys. B 177, [ : +iii%&%
237 (1981). 08 [P 8
R. B. Arbuzov et al., J. High Energy Phys. 9710, : 200<OY<1600
001 (1997). -1 . L 2' . _|1 . é

M, (GeV)
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FSR model 1 for ee—>tmy //

{ Misg™F(s")"BW (s’) o
Mez~F.(s=10.58°GeV?)~-0.00336+0.00042i (Phokhara4) *100 to study the feature

B A(s')=2Re(M\gM"1ss)/( | Migg |2+ | My |2)VBW (5')/ | BW, (') |2~(s"-m 2)=(m?,_-m?,)
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E
©
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‘“_:) | 0. 5Ge V=M% m )=<0.52GeV B : é 0.76GeV=NMir m )<0.785§GeWV HE 0.p4GeV<M(r © )<0.96GeV _
Eoo t | | Euo ;0 o2 [
SRR | - DR
51 0 l ] 5 0 ' t $t T:: 0 | l l |
* | * | + L | t L T | |
-0.02 I + +_ -0.02 I -0.02 + +
- - cosq)* - - cosd ) CO'-SLI)*
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— k
002 | A,~0.066255(m7-0.75058% t L& | > Pattern A_AOCOS¢
L ~ 2 2
» Ay~ (m? -m?)
o S oA > F_(10.582GeV?) in simulation is 30 times larger
e | | ] than the estimation from CLEO and BaBar data
-0.02 T e —
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Z. Lu and I. Schmidt, Phys. Rev. D 73, 094021 (2006); Erratum, Phy. Rev. D 75, 099902(E) (2007)

dgﬁ% — Ty le3/63 2 2
dm?2_d(cos 0. )d(cos 07 )do* 16ﬂ32mﬁw(s—mﬁw)‘Fﬁ(mW”)| — From BaBar measurement

1 20
X {(32 + miﬂ)f#sgﬁ’ sin® @* + 4sm?2_ cos? #*
Y

S111

+2v/ 51 r (5 4+ m2 ) (tan6,) "' sin 260% cos ¢* — 2sm?2 _sin® 6* cos qu*}

do PR o3 —

dm?2_ d(cos 6 )d(cos 6% )do*

Y
do!, + a3
eTeT =TT Y — 6 RB{F; (mzw @

dm?2_d(cos 6-)d(cos 8*)do* 16782 \/$Mry
in 6* *
— /$1pr cOs 0 cos 0% + [(1 4 cos® 0,)s + m?> _sin® 6., ] kil ¢
2sind.,

z—l y
V = > €aVa —Z /dz - OF(z,mi  cos8") (g =u.d)

C-even part of 2-pion generalized distribution amplitudes (GDA):

O (z,m2_ cosf*) = T (z,m2_, cosb*)

— 2 . 2 . 2
= 102(1 — 2)(22 — 1)R, —ueﬁdmn) + P02 (mas) Py (cos 67)

L.L. Wang ISR-FSR interf BABAR Tau Wor,ktljc? Aachersl 90(\%%14(_[; )
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Numerical calculation with experimental
phase shift and R _=0.5

same pattern A=A cos¢* found

A, remain negative

|A,| ~ 1-2 % around p (measureable)
This analysis => independent information
about C even S-wave and D-wave states
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Detector effects and data/simulation

» Charge asymmetry effects matter in this analysis
»Charged tracks overlap in DCH (trlgger trackmg) => data/simulation correction
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»Track photon overlap in EMC (photon reconstruction and mu-ID)
=> remove overlap events
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»Track overlap in IFR (mu-ID) => remove overlap events (runl,2)
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entries/5SMeV

Test of the charge asymmetry with J/yw—=>uu

> pure ISR process ee2>v)/y2>yun => A,"V=0
» looser event selection: no mu-ID, no active IFR requirement
=> statistics gain by 4
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»> up limit for systematic for null AO measurement: 47/% — (1.3 +1.6)%
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Discussion on possible bias (u

» Detector charge asymmetry effects
® u+/u- bend in different directions in

magnetic field => detector charge asymmetry

(overlap vs no overlap)

® Change measured A(cos$*) => no linear

® in fact detector asymmetries depending on
A¢ are rather symmetric in cos¢*

® measuring A, (anti-symmetric part of Aiin
cos¢p*) we are much less dependent on
detector asymmetries

=) A, a good estimator of the interference

robust with respect to detector asymmetries

» The A deviation between data/MC (1.5-4GeV) has
a linear cos¢* dependence

> )]y test

Indication: deviation from physical charge asymmetry
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« data without correction
o data with correction

* MC truth generated
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» Fit with the

revised model:
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Ps(cos0%) = (3cos? 0* —1)/2 => Around f,: Charge asymmetry changes sign at
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| » Analyses are done below and above

o feostHp1A 1 cosB*=1/sqrt(3) separately (standard
selection for >1/sqrt(3), modified selection
for <1/sqrt(3), BG sub, efficiency correction)

O T T T T | T T T T T T T T ‘ T T T T
04 o |c059*|<1/\"3

02 .

» charge asymmetry has opposite sign
around f2

» Fit A, between 0.3 and 1.4GeV with the
revised FSR model

04 - ]
i A R R B PR - cos0*<1/sqrt(3) cos0*>1/sqrt(3)
0 0.5 1 1.5 2
m GeV/c:  ©o -1.13+-0.24 -1.59+-0.36
T
C, -5.4+-1.8 -5.4+-3.1
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< 0.4 |- lcosBH<1/V5 - < 0.4 [ lcostI>1/V5 ] < o 0cleost’l<l after weighting
© before weighting F © before weighting - ™ model expectation (av. c0.¢2)
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m__ GeV/c? m__ GeV/c?
parameter | 0. < |cos0*| < 1/4/3 | |cos 0| > 1//3 average 0. < |cosf"| < 1.
co —0.84 £0.24 —1.13£0.35 —0.93 £ 0.20 —0.87 £0.20
C2 —3.82 £ 1.81 —6.33 £ 3.03 —4.48 £ 1.56 —3.41 £4.25

» results from different | cos0* | consistent with each other
» combined result from the two complementary ranges
opposite sign => clear confirmation of f, contribution
more sensitive to ee> 1,y
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