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ANGLE DEFINITIONS AT
Reaction eTe™ — o' — v'xcq — Y vJ /Y0 — /v~ (L =e or p)

ZA7, Y’ frame 2‘7’ Xc frame ZA7 Vg4 J /1 frame
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Primed angles: initial lepton pair orientation relative to 7" in 9" — v'x.s
Unprimed angles: final lepton pair orientation relative to v in x.; — vJ/v

Angle 0.,/ between v and " in . rest frame

Angular dist. W (cos ', ¢, cos b, cos b, ¢) depends on helicity amps. B;, or A,:
V'(N) = (W) + x (@) (helicity amps. B;))
X(v) = v(u) + J/9(A) (helicity amps. A,)



HELICITY AMPLITUDES AND MULTIPOLES3/17

Parity relates amplitudes for v, " < 0 to ones with v,/ > 0
y P ;

Transform between normalized helicity amps. A (or B) and multipole amps. ai’;:

() = (U V)G
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M2 amplitudes related to anomalous moment k. of charm quark (potl. indep.!):

J=1 M2 )
a — = —
2 VELZ - M22 Am,
_ M2 3 E
2B,

VE12 + M22 + E3? VB4m,
similarly for b amplitudes with sign change, £, — E./. These follow from

H; = 7. H* + (spin — orbit term)

B 2m.
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lel; 1= (e./2m.)(1 + ke); A* and H* = V x A* refer to emitted photon



RATIOS OF MULTIPOLE AMPLITUDES

Ratios of predicted multipole amplitudes independent of m. and k. to C’)(Ev(,)/mc)

Uncertainties O(E. /m.)* assigned to each amplitude [m. = 1.5 GeV/c?]
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E’=1 /5
ELZ\/?_ — 0.676 £ 0.071 [Expt. : 0.021%17] |
y
EJ:l
0.30
——my = —2.27 % 0.16 [Expt. : — 0.02755]
,.y/
EJ:Q
Y __® _ 1.000 + 0.015 [Expt. : 1.5727]
Eyj/:l\/g —1.11 »
EJ/:2
0.60
— 5 = —0.297 £ 0.025 [Expt. : — 1.0170,] -
;
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“Expt.” refers to previous experiments (next slide). Only by=2/bs=! is consistent

with prediction.



PREVIOUS RESULTS s
Jy, = 1.
Experiment ay =1 by =1 Signal Evts.
SPEAR Crystal Ball —0.002" 5090 0.077 5 oas 921
Fermilab E-835 0.002 £ 0.032 = 0.004 2090
Theory (m. = 1.5 GeV) —0.065(1 + k) 0.029(1 + k)
Jy = 2:
Experiment ay=? by =2 Signal Evts.
SPEAR Crystal Ball —0.3337 0 509 0.13270-098 441
Fermilab E-760 —0.14 £ 0.06 1904
Fermilab E-835 —0.09317 03] & 0.006 5908
—0.05110554 731

BES-II
Theory (m. = 1.5 GeV)

—0.096(1 + k)  0.029(1 + k)

CLEO has ~ (40,20)K

events of J, = (1,2) after cuts



DATA AND MONTE CARLO o~

Data sample used: [ Ldt = 48.07/pb, 24.45 + 0.49) x 10° ¢/’ events, implying
production of (91900 % 6600, 48200 £ 3600) X.1,2, respectively

CLEO-c detector configuration, showers in | cosf| < 0.79 or 0.85 < |cosf| < 0.93,
require > 2 tracks and 2 showers; choose showers and tracks with greatest energies

Kinematic fits: (1) 1C fit to M (J/%) (including any bremsstrahlung photons within
100 mr of lepton tracks); (2) 4C fit to 1)’ 4-vector; require both to have y% < 16

Maximum Reduced x* (J, =1) Maximum Reduced x* (J, =2)
7000 I ‘ I I I 4000 I ‘ I I I
e Data ® Data
x  GenMC X  GenMC
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x Cum. # of BG Events (Scaled by 10) x Cum. # of BG Events (Scaled by 10)
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3000 m ! (XXX - s g ! XX
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s se : XXX - ‘ X
2000F m % | xxxxx 100012 .5 xxxx i
“ 1 xxx)(xx i§ | xxxx
| | ! X _ | 3o X
1000 xxxxx)‘(xx m xxxqu‘(x
OExxxxxx 1 ‘ o OExXxxxx qm‘ o
0 10 20 30 40 50 0 10 20 30 40 50
Maximum Reduced x? from Kinematic Fitting Maximum Reduced x? from Kinematic Fitting

Generic MC: 120M events, scaled to number of events in data histogram



SUMMARY OF CRITERIA

All reduced x? from kinematic fits < 16 (including vertex fits)

J/b — pTpum
J/p — eTe™

771()(0]

: (E/p)larger < 0.5, (E/p)smalter < 0.25;
: (E/p)larger > (.85 and (E/p)smaller > 0.9

7/17

/195 PAI2 within 0.015 GeV of my ,) = (3.511,3.556) GeV

J /1) momentum between 0.24 GeV /c and 0.51 GeV /¢;
Maximum energy of the third most energetic shower < 30 MeV
(suppresses backgrounds from ¢ — XJ/vy, X

= (n%7%,n,7"))

Standard requirements for “good” tracks and showers
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FITTING THE DATA

8/17

Probability density function (PDF) W (€2; A) gives probability for event with angles

(2 to occur given a set of multipole amplitudes A = (a;, b,)

Find parameters (a;, b;) maximizing likelihood Ly (A) = iZV:dl W(Qg; A)

Detector efficiency €(£2) from phase space MC uniform in (cos @', ¢', cos

cosf, @)

v’

J,, = 1: Best fit to 39363 events is og; = +/2Alog L = 11.10 from pure EI:

Fit 61,2‘]:1 Tay bgzl Tby OE1
1072 1072 107% 1072
2-parameter -6.11 0.63 2.81 0.73 11.1
1-param. (Z—; fixed) -6.15 0.55 2.71 024 11.1
Theory (m.=1.5 GeV) —6.5(1 4+ k.) 2.9(1 4+ K.)
Jy = 2: Best fits to 19755 events are at least 6o from pure E1:
Fit a2‘]:2 Tasq b2‘]22 T by a3‘]:2 Tag bg:2 Tbg OE1
1072 107* 107 107% 107% 107° 107* 10°°
2-parameter -9.3 1.6 1.0 1.3 0 - 0 - 6.2
3-parameter -9.3 1.6 0.7 1.3 0 - -0.8 1.2 6.3
2-param. (Z—; fixed) -9.2 1.6 2.7 0.5 0 : -0.1 1.1 6.1
4-parameter -7.9 1.9 0.2 1.4 1.7 1.4 -0.8 1.2 0.4

Th. (me=1.5 GeV) —9.6(1 + ko)  2.9(1 + k) 0

Model dep.




J, =1, 2 LIKELIHOODS o~

| | . | |
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| Two-parameter fit, J, = 1:

| Prediction for k. =0, m. = 1.5
| GeV is (az,bg) — (—0065,0029)

/ (ag,bg) (O O) (0) s 11.10

from maximum-likelihood solution (O)

| Two-parameter fit, J, = 2:

1 Prediction for k. =0, m. = 1.5
GeV is (as,bs) = (—0.096, 0.029)

| (ag,bg) (O O) (0) IS 6.20
from maximum-likelihood solution (O)
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Two-parameter fit, J, = 1:

| X%/Ng.ot. = 16.2/22 = 0.74

for fitted projection;

+1 80.29/24 = 3.35 for pure E1

Two-parameter fit, J, = 2:

| X?/Na.ot = 20.3/22 = 0.92
| for fitted projection;

35.5/24 = 1.48 for pure E1



SYSTEMATIC ERRORS T

Toy Monte Carlo check of fitting procedure: Ensembles of 200 toy MC trials,
each with 40K (20K) signal events for .J, = 1 (2). No systematic bias or uncertainty

Amount of phase space MC needed for efficiency integrals: Ensembles of 31
(37) J, =1 (2) simulations; no evidence of a systematic uncertainty when using
> 10° events. Actual number used: 4.5M for each J, = 1,2

Impurity systematic uncertainties: Ensembles of 31 (37) J, =1 (2) simulations
with and without impurity background. For J, = 1, find significant impurity bias
relatively constant over trials; correct for bias and assign systematic uncertainty of
the full bias. For J, = 2, impurity bias fluctuates; assign systematic uncertainty of
size of fluctuations

Final state radiation: No statistically significant evidence for systematic uncertainty

Choice of kinematic fits (e.g., with/without bremsstrahlung recovery): No
statistically significant evidence for systematic uncertainty

Variation of selection criteria: Max. shower energy — (18,50) MeV, max. x% —
(16, 30), x. mass window — 4(10,20) MeV, max. barrel |cosf| — (0.77,0.80):
effects included in summary tables



SYSTEMATICS: J, =1 @~

Qg by

Source of systematic error Uncertainty  Bias Uncertainty Bias
x1072 x1072 x1072 x1072

Generic MC impurities 0.15 0.15 0.05 0.05
Selection criteria 0.19 - 0.22 -
Total systematic uncert. 0.24 0.15 0.23 0.05
Statistical uncertainty 0.63 - 0.73 -

Results for bias-corrected multipole amplitudes:

ay—t = (—6.2640.63+£0.24) x 1072,
by=! = (2.76+0.734+0.23) x 1072,

Recall theoretical predictions (for m. = 1.5 GeV):

ag=' = —6.5(1+k.) x 1072,
b=t = 291+ k) x 1072 .



SYSTEMATICS: J, =2
"X
Two-, three-parameter fits:
Two-param. Three-param.
Systematic uncertainty ay =2 by~ | a3~ 2 by by?
x1072 %1072 | x107% x107% x1072
Generic MC impurities 0.04 0.07 0.04 0.07 0.03
Selection criteria 0.33 0.33 0.33 0.34 0.20
Total systematic uncert. 0.3 0.3 0.3 0.3 0.2
Statistical uncertainty 1.6 1.3 1.6 1.4 1.2

Two-parameter fit (as, by) with a3 = b3 = 0:

CLJ:2

J=2
b

(—=9.34+1.64+0.3) x 1072,
(1.0£1.3£0.3) x 1072 .

Three-parameter fit (as, bo, b3) with az = 0:

agZQ

J=2
b2

J=2
b3

Theory (m. = 1.5 GeV): (az,bs,a3) = (—9.6,2.9,0)(1 + k) x 1072

(—=9.34+1.64+0.3) x 1072,
(0.7£1.4+0.3) x 1077,
(—0.8+£1.240.2) x 1072 .



J, =2, CONTINUED 4717
Fits with fixed by/as and ag = 0; four free parameters:
Fixed by /as Four free parameters
Systematic uncertainty ay by > ay by~ ° a; "’ by >
x107% x107% | x107* x107% x107% x10°?
Generic MC impurities 0.04 0.04 0.06 0.08 0.08 0.03
Selection criteria 0.34 0.23 0.24 0.39 0.28 0.20
Total systematic uncert. 0.3 0.2 0.3 0.4 0.3 0.2
Statistical uncertainty 1.6 1.1 1.9 1.5 1.4 1.2

Fit with fixed bg/ag and asz = 0O:

a{zQ
65722 =
by =2 =
Fit with four free parameters:
qJ=2
by~
qJ=2

J=2
b3

/N /N /N /N

~79+1.9+0.3) x 1077,

(—9.2+1.6£0.3) x 1072,
—aj=2/3.367 = (2.7+£0.5+£0.1) x 102,
(—0.1+£1.1+0.2) x 1077 .

02+1.54+0.4) x 102,
1.741.440.3) x 1072,

—0.8+1.240.2) x 1077 .



COMPARISON WITH PREVIOUS RESULTS 15/17

a2J:1 b2J:1 ai}:z b2J:2
004 T T 015 T T 02 T T 025 T T
0.02- i 0.20F .
0.10F . 0.0 ]
0.15F .
0.00f A . %}-ﬁ Py
o
-0.2F 1 o.10F -
-0.02- 4 0.05- .
_____ _;_______§__ ® 0.05r -
-0.04F . —-0.4F . *
0.00f .
0.00f .
-ooer . %_: —0.05} .
-0.6F | .
-0.08 ' L -0.05 ' ' L ' -0.10 L '
10° 10° 10* 10’ 10° 10° 10* 10’ 10° 10° 10* 10’ 10° 10° 10* 10’
Signal Events Signal Events Signal Events Signal Events

CLEO-c: triangles (two-parameter fit for .J,, = 2); Crystal Ball: circles; E760: +;
E835: x; BES-II: square; theory (m. = 1.5 GeV. k. = 0): dashed line

5=1:in accord with prediction

First statistically significant evidence for non-zero a
Multipoles by =1 and a3 =2 also significantly non-zero and in accord with prediction
Multipole by =2 not significant but error reduced w.r.t. previous measurements

No statistically significant evidence for E3 transitions



RATIOS INDEPENDENT OF m,. AND x. 16/17

Charmed quark mass could easily vary by +0.3 GeV (20%); anomalous moment was
proposed when I'(J/v — ~n.) was thought to be lower than at present

J=1
a’2 _ O 67+0.19
aJ:Q Y —0.13
2 CLEO
J=1
ag _ +0.57
2 CLEO
J=2
b2 __()37+053
1 CLEO

by =2 40.14
( J:Q) = —0.1157775
as CLEO

anl
( 2 _ ) — 0.676 £ 0.071 ,
th

aJ:l
2_ ) = —2.274+0.16 ,
th

bJ:2
(2 ) = 1.000 & 0.015 ,
th

) = —0.297 = 0.025 .
th

Ratios now appear to be compatible with predictions



CONCLUSIONS o

CLEO measures significant non-zero magnetic quadrupole amplitudes
for the transitions x.1 — YJ/%, Xe2 — vJ /¥, and Y’ — ~'x.1.

Outstanding disagreement on ratios between theory and experiment is
now resolved

Strengths of these amplitudes agree with predictions to O(EW(/)/mC)
with m. = 1.5 GeV and k. =0

No significant M2 contribution observed for v — "2 but this has
fewer signal events and a low photon energy

cos ¢ distributions in (1 2y — vJ/% display M2 contribution
Five-angle fits exclude pure E1 by more than (11,6)0 for J, = (1,2)
Paper (arXiv:0910.0046) submitted to Phys. Rev. D



