Initial State Radiation Physics at BaBar

David Muller
SLAC

Representing the BaBar Collaboration
e ISR and BaBar

» Energy Dependence, Structure of

ce'e” - pp proton form factors
cefe” M w spectroscopy
eete” M contribution to g,—2
e e'e” - KK, K"Kl structure in @f,(980)
eete” L IO, TOTC 1T 1T TP resonance in wn
e ete” o K'KK'K™, KK it 15! measurements
e efe” - J/yrtt, J/Yyy, DD structure at 4260 MeV
e ee” L Yes)Tr structure at 4320 MeV

e Summary
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Initial State Radiation in e e~ Annihilations
e. *e’e” - yre'® - VirYO - ViseX

yU * X is any allowed hadronic system,
e.g. a resonance with JF¢=1-"-

. Y °* cross do(s,s,6,) _ ' Q) o(s’
e ISR section: ds'dcose), =W(s,s',8))-0(s)

* The radiator function W is

known to <1% X' |
* Measure ag(e’e” - X) as a g é/ {

fcn. of myFmy=Ecy=Vs'

'

* Features:
— access to wide s’ range

A *_45* Yisr
- very small point-to-point \
systematic errors

- Vsg detected ~ hadron

system contained * Disadvantages:
. measure all the way - Mmass resolution >beam-E spread
down to threshold - requires very high luminosity

David Muller Initial State Radiation Physics at BaBar DPF06+JPS06, Honolulu, 31 Oct., 2006 2




e'e” _. hadrons Cross Section:
* Has been measured over a rather broad range

10_2 IIIIII| | IH“IIIIII| | | | N I N I

all I/

Yes)

KLOE ISR |
|

10° e —~ygppr ™ < gEs ™

BaBar ISR
10'8 IIIIII| | | IIIIII| | | IIIII’#i>

1 10 E.y, (GeV) 100
* Recent, precise measurements from KLOE, VEPP-II, BES, LEP
* Perturbative QCD works at high E.; lots of structure at lower E,,
* Regions around 2, 4 GeV especially interesting
* Theoretical g,-2, a(M_) need integral, better data for E¢,<10 GeV
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What do we measure?

* First, pick a specific final state X and isolate it
* Then measure the cross section, a(m)
— ...and Ry = ax(m)/og,,(m) - gy=2, a(mg)
- spectroscopy, BFs of 17~ states
- discover new 1™~ states
_, extract form factors if X=hh
- tests of QCD in m-dependence see K.YI’s talk to follow
* Then study the resonant substructure
— some quantum #s through correlations, angular distributions
- extract cross sections, form factors for “exclusive” submodes
- discover new resonances
* Then more general substructure
- general features might expose interesting dynamics
- at what E,, do the events become “jetty”

d EmEnE
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The ISR program at BaBar:

* Measure exclusive final states up to ~4.5 GeV, inclusive to ~7 GeV
R—"I'"'I""I""I""I""I

simulation plus smoothed data

KK

10

101

0.5 1 1.5 2 Ecw 2.5 (GeV) 3

e Published: p'p~, pp, e, i, KKKnmn, KIKK'K,
T e e, 10 o e, KK o, Pt

e Today: these plus KK, ¢f,(980), J/Pyy, DD, Ws)rt' T

° In progress: T, K'K™, K'K™0, K'Kort, KOK™rt", mt'mt mord,
e, YK'K, AA, inclusive, ...
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The BaBar Experiment
e e*e” collisions, ~10.6 GeV

* Different beam energies:
— Eg-=9.0 GeV
— Ee+ = 3.1 GeV
— c.m.-lab boost, y3=0.55

* Asymmetric detector
— c¢.m. frame acceptance
—-0.9 ~ cosB* ~ 0.85 |
wrt e beam

- detects ~15% of ISR y
— contains ~50% of evts

with fwd/bwd y,sx
* with excellent performance *© High luminosity:
., Good tracking, mass -, ~390 fbl accumulated
resolution ~, 89-298 fb! used here
. Good y, T recon. ~ 0.3-1.1 billion e"e” -~ qq evts.

- 3-10 millione” e - y,SRJ/Lp

- Fulle,u,tK,p ID o~ 2= 7 millione'e” — yxp°
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The equivalent ISR Luminosity:

* Can be calculated from the measured Iuminosity

>
(¢b]
4000 1 @ T
83000_ 89 fb > . PRD 69, 011103-
= = (2004)
= <
= -
= yUtu— Data 0
1000 .
E §§§: - used in fit L
o 700k o not used 500
) 600r ;
S00r — fit result
400
300
L b ey 0 L L L I L . ! l . . A
e 2.8 3 3.2 3.4
0 1 2 3 4
Ecm (GeV) w (GeVid)

* |n each 100 MeV window near

1 GeV, we expect to accumulate ~ 8 pb™t
3 GeV ~26

* This mode also gives a nice constraint on the J/{ width:
89 fo™, PDG Bgg, By, — 3y = 93.7+3.5 keV;
with CLEO 96.1+3.2 keV, dominate world avg.

David Muller Initial State Radiation Physics at BaBar DPF06+JPS06, Honolulu, 31 Oct., 2006 7




ee - pp 240 fbL PRD 73, 012005 (06)
* Selection:

. events with exactly two tracks, ID’'d as p and p, and a hard y

- kinematic fits, imposing 4- momentum conservation
- select events with good x ppy

M
+ I I T I I @ I I T T T I T T @ _' I I I I_
% %200_— ] 13 08
o 6000 _ 12 1 21 — w'my bkg.
= | — ppy sim. S RawData ] & | i
a . 3150 13 |} — K"Ky bkg.
GC) 4000'_ — K Ky sim. ) § I + -
> 4000 1@ | JIY @ — 'y bkg.
LLI 100 . gl
2000 o 1 o
_ [ Pes) ;
204 60 80 100 © tnfsoal JL‘“”L‘""*“ Y 24 26
Xop M (GeVvic) M (GeV/d)

* Evaluate and subtract backgrounds from
-y, K'KTy, using: measured cross sections,
events with ID'd TtK, and x? KKy: X2 rmy -

_ e"e” - pprtP from MC normalized to 1 peak in data (~ 6%)
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* calculate the cross section g ———
— threshold to 4.5 GeV in one 5 O FENICE
experiment = 0 DM2
. & A DM1 __
- 3 -10% systematic, not @ % ADONE73 j
o o BES
shown 5
- consistent with previous :
results
- easler to see structure 5
- ...e.g. sharp drops at 2.25, :
3 GeV

* described in terms of electric,
magnetic form factors o]

o(s) O [Gu(s)*+2m2|Ge(s) /st |

60

- full coverage allows sepa- |

ration via production angle
distribution

~ G>Gyy at low Eg, of 1
- but consistentat highE,, | . 7 o
_ inconsistent with PS170 > ° Pass, T TG’
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e define the effective form factor, F

o(s) O (1 + 2m ?/s) |F|?

. compare with pp - e*e”

- consistent with pQCD at high s

- steep rise near threshold

- ...Similar to features seen in B,

J/Y decays; all need to be

I | I
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+ _— o~
e'e L TP 89 fb1 PRD 70, 072004 (04)
* Selection:

- events with exactly two tracks, a hard y, at least 2 more y
— kinematic fits, including ™® mass constraint

®* Cross section

@ T | T T T T T T T T | _gg : : —
> | _\/ - 4
23000 6 | * + * BaBar j
I 15 . . ]
< 18T ik M SND -
o | 1o | Q * + DM2 _
- 5 Ay |
oL 07 } +H .
i i ! :
1000- 14 T+ Y _
I ER R |
O: S I L e Of - == m oo _*_*_‘_A_f??."%‘p_?.:._’tof&q's%&!mgm‘.%

1 ) 3 — 15 2 3
M., (GeV/d) M (GeVId)

— dominated by resonances: w, @, J/y, ...plus excited w?
- consistent with previous, precise data in w/@ region
- Inconsistent with DM2 data at 1.35-2 GeV
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* fit to Cross sectlon W|th P, W, oo W’ resonances

(@150 : : : ——— 300III
S I 1 o
S h BaBar >
’ 20
LO ~~
- N
(Q\]
N . Data !
=’1000+ » 20
2 W Fit Oc%
Q <
E | S
500} ' - 100

1.0
M, (GeV/d)
- “best” measurements of W', W'
- ...though relative phases must be assumed

Mass (MeV/c?)| T (MeV) | BeexBar (x107°) | ¢-q,
0 782 8.7 67.0 £2.8 — fixed to world
average values
) 1019 4.3 43.0 +2.2 163° _
fitted
/ + + + °
0w 1350+28 450498 0.82+0.08 180 fed to
W' 1660+10 230+36 1.30+0.14 0° | assumed values
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e+e' — T[+T[_T[+T[ 89 fb1 PRD 71, 052001 (05)
* Selection: - four good tracks, a hard y, kinematic fits
* Cross section

— threshold-4.5 GeV in one S ] .
experiment E
. interesting structure E o 4 |
- this represents ~half the E ** BaBar
total hadronic g at 1.5 GeV i;, !

- 5% systematic over most of 20
range improves the error on [

gp_z
* Substructure Lok _
— main peak mostly a;(1260)1t .
- f4(1370)p° seen, could “”»“ 3
structure at ~2 GeV \_p
O with more data, can study 0t B S

substructure in Eq,, bins
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* Comparison with previous results:

near threshold main peak

§4_' L A A "'%\40_| - | - |

= = CMD2 ol = FoeCMD %H% A GG2

N e N+ mCMD2 0 DM2

o 3l e BaBar # + B Jr .
CE; _ ﬁBO_ * SND 4 1 e BaBar _
1 * 1 1+ L

* £

@ l T o T

Q 2+ IS I

5 4 5 201

| _
I o % " I
I ¢y !
0 |I +I I+ I‘ |+I .I I-Iilvl‘l | | | | | | | | | | | 1 I 1 I 1 I
600 700 800 900 1000 0 1000 1500 2000
Ecw (MeV) Ecv (MeV)
— consistent with prev. results - the best/first measurement for

_, the best measurement for Ecw>1.4/2GeV
Ecy < 0.75 GeV, 12% relative [ a study of the 1010 PP
systematic error final state Is in progress
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e'e” o KIKTIT'1T,

®* Cross sections

g
=y .
+E e BaBar Preliminary -
- o DM1
<
b %
41 _
+++
#+ ¢
_ 4
Al + JIw |
LA ‘
Q #*m\
p ‘ %...' P(2s)
01 R — '2 R SR S 3 %PMM
ECM (GeV)

+1s =0
KTKTTP® 232 bt hep-ex/0610018, sub. to PRD-RC

BaBar Preliminary -

H’( W

o(K'K1°r0) (nb)

ECM (GeV)

~ huge improvement for K'K™rt'rt,  first for K"K O

- rich substructure domlnated b¥ K*(892)KTr, with substantial
K,{(1270)"K™, K{(1400)*K™, @rti't, p°K'K™, and more

— several hints of structure, e.g. at ~2 GeV « @fy(980) threshold
- since @, f,(980) are both narrow, this submode can be studied...
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* The ¢f,(980) submode: S g A
- visible iIn mgx vs. My & £ o |leE T
scatter plots : S e ]
— extract yield by fitting R 5 DI
the my distribution in | S ngf
each Ecy bininamyy;  °3 0% § s
slice around the f, bl oo LR [T
m aSS 0.98 1 1.02 1r-r(1J(£I1<'K+) (ééo\?/& 0.98 1 1.02 1rT?(AlK K ) (éé)\?/(?)

% [ T T T ] <f>i HLILE AL I ILELELEL I B I AL IR BRI

560‘ e e_—>(pfo—>T[+1T_— §_15_ e+e —>(pfo—>T[0TlO

D 4ol ||| il LulO— T3 .

B0 T I N
| H*WH#H Ao J} J t 5

| ity
RN 275 3.25 3.5 3.75 4 VRN R NN 325 EEREA R
m(K KTT'Tt) (GeV/d) m(K'K 1°10) (GeV/®)

- background from @t <10%
- threshold behavior inconsistent with a typical, smooth function
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®* Convertto cross sections
= behavior near thresh-

—

—

—

old unchanged

't and mr® modes
give consistent results

can be described by
adding a resonance,
a fit yields:
m = 2175+18 MeV/c?
[ = 58+26 MeV
@= -36+56°

wrt non-res

5.60 significance

a(@fy) (nb)

0.6-
0.4-

0.2-

Data:

e K'KITTt
= KKt
Fits:
—— threshold fcn’

__ ...+resonance

A - h
2.8

NoF
N
N-

Ecm (GeV)

very interesting mass region, just below AA threshold

Is this a new state?

IS It analogous to the Y(4260)?

need more data, other modes to understand structure in detail

David Muller
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+ - e T, T T T T TR

e e - IMUIMITTITItTt, TUTT TU 1T | ° 232 fol PRD 73, 052003 (06)
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£ 2 @ - =
=~ L ° — DM2 &
= | + B ]
+E B ‘ A — Mark=Il 1 j;\lS
@ L ‘ JIP ] E ! o — DM2
©1.5- | + ® — BaBar l&:/ v — MUPI
i i B A 2 — Gammo-Gomma |
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[’

| Hﬁ \ : I
0.5;— it ‘ A%% y ) _ 5‘ h

1 1.5 2 2.5 3 3.5 4 4.5 1 1) : : 4.5
Ecm (GeV) Ecm (GeV)

- large improvements in both measurements
- dips at ~1950 MeV confirmed; also seen by FOCUS
— the 6-charged mode has very little substructure, ~1p° per event

- ...but the 4-charged mode has a rich substructure, including
wn, Wit Tt T, Nt 1t € submodes, signals for p*, p°, f,(980), ...
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° The 2(rt" 0 )mr®:3(rt' 1) ratio
- Is flat and ...

— =4 except where the wn
submode contributes

- a challenge to understand

— will keep studying, do a
coupled-channel analysis

®* The wn submode

— IS easy to isolate, use
sidebands to subtract
background

- the cross section is domi-
nated by two resonances,
J/Y and something with
m = 1645+8 MeV/c?

= 114414 MeV

[ is it the w(1650)? (M'=315)
...or the ¢(1680)?

...or something new...?

o(4rerO)/o(6m)
r N =
ol ol ol o

N

0

Ecm (GeV)

158 16 195 5 225 38 255 3 305
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* What is causing the dip at 1950 MeV?
- we don’t know, so let’s fit a resonance

g 2_' T T T T | T T T T | T T T T | T T T T | T T T T | T T T |_—: g 8_| T T T T I IIIIIIIIIIIIIIIIIIII |
= | ] &
et ] E
s | E
e} N _
1.5) | g
L ] _
0.5 i -
] Yoo .
- ®
[ *ﬁ»ﬁwﬁg | # ‘T"b,‘;g‘ g
v 7V /V /e 11 | |||||||||||||||
0% . . 7] 4.5 ) . . 4 4.5
ECM (GeV) ECM (GeV)

- fitted parameter values for our two modes are consistent
— combined:
m = 1870+20 MeV/c?, T =150+20 MeV, d@= 9+15°

- the width Is significantly larger than seen by FOCUS,
m = 1910410 MeV/c?, T = 37+13 MeV
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ete™ , KK~ K+K
e'e” L KKK
o Cross sectlons

o
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I
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0.1

0.05+~ +

o
=
(0]
[ [
_._.
-
— e
_._‘
[ —
= e
._‘_
_._.
—
I I

oE' A +++++++j+ﬂ++u
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- first measurements

o(K'K2('m)) (nb)

89 b1
232 fbL

PRD 71, 052001 (05)
PRD 73, 052003 (06)

| BaBar

_.L_‘!L.+

+

+H+

|
iy

" i mw 4

I

ECM (GeV)

. the K'K"K*K™ mode has a strong ¢, but no other substructure
- the K'K™rt't 't mode has a complex substructure with a

strong K*(890), but a weak ¢
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e'e” 5 J L|JT[+T[_ 233 foy'l PRL 95, 142001 (05)
* Selection: see talk by S.Ye, Hadron Spectroscopy
- ID'd e*e” or p*u” pair, ID’d TU'TC pair, no more tracks
- NO, hard yrequired as J/y signal is fairly clean

— use prominent Y(2s) signal to choose cuts, evaluate efficiency
— also use missing mass, p; to suppress bkg

0.1 0 4 6 0 1 2 3 4 5

ool [—ISRUQS)dalay & 0 ] T Y — SRSy | 1 —_ISRY(2S) data}
- |.... ISR U(2S)MC 1 e .- ISRY(25) MC .. ISR UY2S) MC

i 021 _
O e ;0 (o 1N Y A IR S B - N ISR Y MC 1T e ISR Y MC i

L 0.02
.02~

=
o

T I T T
|
o

T T T T

(sal

T T T T
o1

T T T

Entries / (2 MeV/c <)

Entries / (0.05 GeV 2/c4)_,
o

o

0.1

4, 5
pt e GeVic

4 6
m2_, (GeVic)?

Rec?

i) - my)
* Evaluate backgrounds from

- all non-J/y sources using events with Meg ,,, IN J/P sidebands
— J/IPX sources from missing mass, p; (very small)
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* Eq\ distribution of selected events

- Is there non-resonant production? - Inconclusive
- do heavy | states decay this way? — Inconclusive
- are there new (charmonlum) State(s) - yes! (maybe)
L 40 — T ] | L L
> - 100 FT ’
= |« BaBar wef - P(2S) ]
o .
A 1 .
%) - . P M bt T ¢ _
% ' 1 background 1: it +++*t*+1+ 1 **ﬁ’rﬂﬁ fﬁ*t #{Tﬂfft { !
Lﬁ 20— 36 38 4 42 4.4 46 4.8 i
10L —
I 1
. | | th Ll T
8.8 4 4.2 4.4 4.6 4.8 5

M(TTTtIN) (GeV/)
[1 single resonance: M~4260 MeV/c?, T~90 MeV

0 such a wide state above DD threshold shouldn’t decay to J/yrut
[] thereis a dip in R at this energy...
[1 is there is more than one state? What are they?
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* Further studies of the Y(4260)

- searches in B decays — Inconclusive PRD 73, 011101 (06)
- ISR studies of J/Yyy — no signal hep-ex/0608004
S4 BBR . Jun  Bem 5 BBl oy .y BBm
§75§- PRELIMINARYE %1'5;' ‘]/LIJr] PREUMWARy'; s | PRELIMINARY | %1'5;' XCly PREUMWARy';
) 5:_ ] % I ] " 1 5—) : :
.%2.5; Sos N . '% ] Sosf II
Lu0||||||| |"||||Lu0||||| LUO_ :Lu(): .|....|....|...|.:
36 3.65 37 3.75 4§ 45 5 55 6 36 366 37 375 38 £ 45 5 55 6
massn)  [GeV/d] mass(¥n)  [GeV/d] masyy)  [GeV/d] masyy)  [GeV/d]
T T T T T B BN LRI BRI B N L S B B 2 T
L3f {2t ' e | K '
1 [P N {Eiq YooV
: | e | £} S
m ;N H 16 | ; oy o :
%2 34 36 38 T S S O3 365 37 e as 0T ATTTIE TS Es 6
masspr®)  [GeV/d] mass(i [GeV/d] massey)  [GeVid] massey)  [GeVid]
- ISR studies of DD — no signal hep-ex/0607083

_, all above ISR modes (e.g. grut pp) - no signal
- several more studies in progress
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ete” . weS)Irn

* Selection:

208 fp!

hep-ex/0610057 submitted to PRL

- Recd Ps) - JPrt't candidate, ID’'d 10T pair, no more tracks,
no T° or n candidates

- NO, hard yrequired as the (2S) signal is very clean
— cuts on missing mass and py, lepton helicity angle

* Yield and cross section

== r -~ rr- 1.~ +~+ 1L T T 1 T T

g [ 13 [ H

@80_— ~ % I X - === Y(4260)

E - 1 2% — Freeres. ]

I J 78 [ 1
0:. w ku& mlhlﬂ L4, +L._LLLL_L_L._._: 4 L : 455 _
! ° ° " \E e | m(2(TT)I) (GeVid)
— Interesting structure near threshold...
_ ...but it's NOT the Y(4260) M~4325 MeV/c?, [~170 MeV
[1 this is fun! And there’s more fun to come...
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J/Y and Y(2s) Branching Fractions

* Observed in all/many of the above studies:
— measure BF(Y - )X, use PDG I, to obtain

Mode BaBar BF (%) PDG 2004 Other since 2004
JIY - pp 0.222+0.016 |0.217+0.008
JY -1 T 2.18 +0.19 1.50 +0.20 2.09 +0.12 BES
JY-TTIwmwm 0.361+0.037 |0.40 +0.10 0.353+0.031 BES
I - KK 0.609+0.073 | 0.720£0.230
QT T 0.098+0.013 |0.080+0.012 0.109+0.013 BES
e 0.585+0.162 =
JY-TTI I 0.440+0.041 |0.40 +0.20
JIP =TT T T TP 1.65 +0.21 -
WTT TC T 0.40 +0.07 —
wn 0.147+0.044 |0.158+0.016 0.235+£0.027 BES
I - K'KK'K™ 0.67 +0.14 -
JIWY KK 0.509+0.055 |0.31 +0.13
@ITTCTC T 0.177+0.037 |0.160+0.032 useful
competitive
P(2s) - pp 0.033+£0.009 |0.0236+0.0024 best
P(2S) - @ T 0.027+0.011 |0.0150+0.0028 dominant
P(2S) - TC 1T T TC TOTC 0.53 +0.17 -
Pes) - KK | 0.21 +0.10 -
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Summary

* The very high luminosity of the B factories has (re)opened several
Interesting areas of elementary particle physics

* At BaBar we have exploited initial state radiation to
_, study e*e” annihilations at E,, from threshold to ~5 GeV

~ Improve our knowlege of R, g;,=2, a(M)

— Improve spectroscopy of w states

- study proton form factors, find Gz>G,, at low E,

- discover new states/structures at m~2175, 4260, 4400 MeV
— Improve measurement of an w/@ state at 1645 MeV

* In the future, many new, improved studies planned
— update current results with full data set

— additional exclusive modes under study or consideration
_. in particular, hope to reach 1% uncertainty on e*e™ - T
- Inclusive measurements
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