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» CLEO-c/CESR-c
» The Whys and Hows of Branching Fractions
» The Analyses

» D°/D* at E., = 3.77 GeV
» D at E, = 4.17 GeV
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Peter Onyisi

768 m symmetric eT e storage
ring

Provides collisions for CLEO
and x-ray beams for the
Cornell High Energy
Synchrotron Source

Designed to operate at E.,, =
9-16 GeV, ran at Y resonances
with (at the time) world-record
luminosities

CESR-c: upgrade to provide
collisions down to E.,, = 3.7
GeV
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CESR-c Upgrade & Run Plan

1630807-007

1200 CLEO-c Luminosity (August 2003 - August 2007)
=100 Ecm: 3770 MeV
Q9 000 - .
E‘gg o/ » Insufficient beam cooling at
g T low energy with old CES4R
£ w (synchrotron power o< E*)
Es 2170mev /
S w00 3970-4260 MeV —/ 2170 Mev » CLEO can no longer run
g zzn W ey simultaneously with CHESS
£ 100,7377M . .
- Ecn: 3770, 3686, 3670 MeV » Solution: 12 wiggler magnets
08/01/03 07/31/04 07/31/05 07/31/06 07/31/07 .
Date installed to cool beam
Seam 0140902.005 » CESR-c an interesting testbed

Trajectory - ca3s
; for wiggler-dominated rings
(e.g. ILC damping rings)

» Charm physics running ends
March 30, 2008; last run
period begins early December
for Ds physics

Beam
Trajectory
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CLEO-c Detector

P> General-purpose symmetric detector

» Particle ID (dE/dx, Ring Imaging
Cherenkov) excellent in our

» Tracking: &p/p = 0.6% at 1 GeV

» Csl calorimeter: 8E/E ~ 5% at

. 100 MeV
momentum region

221004002
olenoid Coil

Combined PID performance
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Open Charm Decays at CLEO-c

Leptonic decays:

c . I P Probe wavefunction at origin (decay constants fp,
b fo,)

> Test lattice QCD and meson structure
models

W
<

e Semileptonic decays:

W P> Probe overlap of initial and final hadron states
¢ c (form factors £y (g?) ...)
Y g— " > Test LQCD and decay models
Hadronic decays:
‘ - B P Reference modes normalize decays
DY ' :l » QCD dynamics
P P Search for new phenomena: CP violation, po-D°

mixing
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Why Branching Fractions are Needed

How do we study processes with unstable particles in the final
state?

» “Exclusive” analyses that reconstruct entire decay chain are
often the experimentally cleanest way

» To get absolute rates this way, you need probabilities —
branching fractions — of intermediate steps

» Charm quarks hadronize, so need to measure branching
fractions for easily-reconstructed final states

In this talk:

» A branching fraction will always be an absolute probability
B(X — YZ),

» A branching ratio will always be a relative ratio
B(X —YZ))B(X —=Y'Z).
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The Role of Charm

Sampler of measurements that need charm branching fractions:
» Exclusive |V | from B — D*{v or B — D{v

» |V,4| from charm production in neutrino interactions
» R.=B(Z° — c¢)/B(Z° — hadrons) at LEP experiments
» AT in B? system from B(B? — Ds(*HDS(*)_)

Four independent scales characterize open charm branching
fractions:

DY D' D AL
(co) (cd) (c3) (udc)
Reference decay K nt K ntn™ ¢nt pK =wt
PDG Uncertainty  2.4% 6.5% 9% 26%
(excl CLEO-c)

CLEO-c has the data to contribute for the mesons.
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Measuring Branching Fractions

» If luminosity and X — YZ yield/efficiency known, can
measure

N(X - YZ) 1

o(X)B(X — YZ) = - 3

and combine with external o(X) (e.g. |Vyp| from single top).

» If it's possible to reconstruct all major decays of a particle,
branching ratios + constraint ) B =1 — branching fractions
(e.g. M, KP).

> Use some characteristic of X production as a “tag” — can
then determine total number of produced X and number of
X — YZ in same sample (analyses I'll discuss).
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Tagging for Charm Decays

B-factory/LEP measurements of charm branching fractions:
» DO: tag low-momentum pions from D*+ — DOt

» D*: use D° measurement, with an estimation of
B(D** — D*nO) (isospin broken due to phase space!)

» D : Partially reconstruct B — Ds(*)D(*)

The CLEO-c procedure follows early branching fraction
measurements by Mark Il

Near threshold, not enough phase space to produce extra particles:
» At 3.77 GeV, can make DT D~ and Doﬁ), but not D~ DO%tt;
» At 4.17 GeV, can make D} Ds, but not DsDK.
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Method in Detail

Common CLEO-c technique:

» reconstruct common, clean D
“tag" decays i

» search for signal D — X in these
events

ey _ N(D—X) 1
> B(D - X) - € N (tags)

However —
» The tag modes are our signal — must be more sophisticated
» Find yields for one D (“single tag") or two Ds (“double tag")
» 3D% 6 DT, and 8 D decays used as tags
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Method Numerics

Single tag yields (charge separated): N; = Ny5Bje€;

Double tag yields: Njj = Ny5BiBjej

. . Ny
= | Branching fractions: B; = N ey

» In practice, we fit all the yields simultaneously
» Maximizes power: limiting statistical uncertainty is

/total double tags in every mode

» Adding more decay channels helps every measurement
» Bad x?> — something wrong. ..
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D°/D* Analysis

(arXiv:0709.3783, accepted by PRD)
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> L =(281+3) pb!at E., =~ 3.773 GeV, on the (3770) resonance

» Also exploit 1\’ data for systematics studies

operating point
75‘ T T !

P B e L
I 4160 3

w29
* MARKI

1

1

1

* MARKI+ LGW 1
1

1

I

© MARKII

® CRYSTAL BALL
4 Dasp

O PLUTO

o (hadrons)
olputu)

1
| | | ' | 1 | | P\DG
32 34 ! 36 : 38 4 4.2‘ ! 44 ! 4.6‘ — 48
DD threshold
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D Hadronic Decay Overview

» 3 D% 6 DT decay channels:
» DO — Kt
» DO — K~ n®
» DO Kttt

DT — K mtot

Dt - K—ntmtnd

Dt — Kg el

Dt — Kentnd

Dt — Kintntn

Dt - K-Ktnt

» We get 18 single tag, 45 (32 + 62) double tag modes

» Fit D° and D" simultaneously to include correlations

vV vV v vy VY Y

» In addition to two reference modes, get the other seven

branching fractions and NDOBO' Np+p- as output
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The CLEO-c D-Hunter's Guide

» K, m ID: dE/dx (all momenta) and Cerenkov (for high

momentum)

» 7i°: pairs of isolated showers in the Csl calorimeter within 3¢
of m°® mass (0 ~ 6 MeV)

» Ks: pairs of tracks that lie within a mass window (no
displaced vertex required)

» Two crucial kinematic variables:

» “Beam-constrained mass” Mgc = \/EZ.,,, — Py is total
momentum of candidate right?

» AE = Ep — Epeam: is particle ID right? are we missing
particles?

“D Tagging will solve the world's problems and make it sunny in Ithaca” - Anon.
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Yield extraction

DATA: Single tags

3970407-010

30000

25000 f D°— K- D*- K n* D*— K¢ n* n° . . .. .
e » Fit signal with a priori function
- 52k H 81k i 26k of physical parameters
_ (detector momentum
% gogog R ERPANAEE INEY K,n;m;;‘ o Kien resolution,_ beam energy spread,
= =101k 26k 17k W(3770) lineshape,
g H i ISR spectrum)
12}
S B I Y . B » Smooth backgrounds fit as
- Lo D> KK at combinatoric phase space
o 79k 12k 7k (“ARGUS function™)
...... A » Peaking backgrounds estimated
‘ 184 186 1.88 1.84 1.86““‘1.88 184 186 1.88 from known BFs and
Mo (GeVIc?) subtracted (< 2%)

Note square root scale
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Yield Extraction - Double Tags

1.89

0140207-006

188

[=]

MBC (

1.84 |-

) (GeVic?)
g
e

1.83L
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1.87 1.88 1.89

. (D% (GeVic?)

Events/(0.0012 GeV/c?)
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0140707-010
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DD~
8.6k
1.84 1.86 1.88
M(GeV/c?)

Double tags: fit 2D plane of Mpgc(1) vs. Mpc(2), with appropriate

correlations
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Efficiency Systematics Studies

» Clean decays used to compare
tracking, K2, n° efficiencies in
MC and data

> Example (ntt efficiency from
Dt — K—mtmt):
» Tag D~ candidate
» Find K=, "
» Find recoil mass of
D~ K7t system; has a
peak at T mass
» Find fraction of such events
with other pion
reconstructed
» Compare data and MC

Dt — K-ttt p+v > 0.2 GeV/c

3970407-011

I 1600
2 (a) p
S 1400
s DATA
2=k 2nd 70
S 1ol found
IS
< soof-
2
§ 6of
3
W a00f-

200

"
01 ~0.05 Q 0.05 0.1
Moo (GoVEICY)
3970407-013

100
F @
g« DATA
8 2nd 7T
S & [not found
S b
g 40
S
w

20

A, -
0
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Final State Radiation

» We report branching fractions which include soft photons
radiated off the daughter particles, e.g. B(D® — K—nt)
includes D° — K—ntt + ny

» We use PHOTOS to model radiation from the hadrons

» PHOTOS modifies the already-generated physics process and is
necessarily inexact

» Predict that 2.8% of D® — K—m* decays radiate more than
30 MeV; these fail the AE cut and are lost

» This depends on PHOTOS implementation of interference
between radiation from the two daughters

> We take 30% of the total FSR effect as a systematic
uncertainty: 0.9% uncertainty for D% — K—mr+

» Correlated between experiments!
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Systematic uncertainties

Source Fractional uncertainty (%)
nt /KT /K2 /m° 0.3/0.7/1.8/2.0 per particle
Particle ID 0.25 per 7, 0.3 per K
Trigger efficiency 0.0-0.2
AE cut 0.5-1.0 per D
FSR modeling 0.1-0.9 per D
ST signal shape 0.3-1.3 per ST yield
ST background shape 0.4-1.5 per ST yield
DT signal shape 0.2 per DT yield
Resonant substructure 0.0-1.3
Event environment 0.0-0.8
Lepton veto 0.1in K—mtt ST
Double DCSD interference 0.8in D° DT
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D% — K—mt
I PDGO4  3951107-001
T

Dt - K—mtm™
PDGO04 mmm

3951107-002

Mark |

Mark 11
Mark I
HRS

ALEPH 91

ARGUS (B) e+

ARGUS (D*)
ALEPH 97
CLEO Il average
BES Il

CLEO-c, 56 pb '

CLEO I

Mark 11l

Mark 11 k

Mark |
BES II

CLEO-c, 56 pb

BABAR

CLEO-c, 281 pb -
. |

CLEO-c, 281 pb '

2 3 4
B(DO—KT') (%)

(3.891 + 0.035 =+ 0.059 4= 0.035) %
(stat, syst, FSR)

B(D*—>K-m*n*) (%)

(9.14 +0.10 - 0.16 +0.07)%
(stat, syst, FSR)
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0.4

PDG 2004 Ml CLEO-c 281 pb™'  o1a0007017
K-+ o

K-m*n®
K-+
K-m*m* ha
Km*m*n® HeH
K+ HoH
Ken*m® HeH
Ken*n-m* HeH
K-K*m+ HeHl

L L L L
06 08 1.0 12 1.4 16

B(CLEO-c)/B(PDG)

Peter Onyisi

CP asymmetry search:

ACP =

N(D) + N(D)

N(D) — N(D)

Account for charge-dependent detector effects

Mode Previous (%)

D% — K—nf —0.4+05+09

D° - K—mtm® 02+04+08 —3.1+386

D —» K—mtmtn—  0.7+£05+0.9

DY — K-ntmt —05+04+09

Dt — K-mtntn® 10409409

Dt — K27T+ —06+1.0+03 —-16+15+09

Dt — Kgﬂ+ﬂ0 0.3+09+0.3

Dt — Kgrf*n*n’ 01+£11+06

DY — KtK—mt —0.1+15+08 0.7+0.8
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D°/D* Summary and Outlook

» Branching fractions from 281 pb~! have precision exceeding
world averages

» Analysis is systematics-limited

» Final state radiation modeling is a large component of
uncertainty

» All CLEO-c D°/D™ data have been taken
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D, Analysis

(Preliminary)
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Ds Hadronic Decay Overview

Our 8 modes:

» D, decays have large ss components: >
large &, n, n’ fraction, unique detector >
challenges

. . >

» Classic reference decay is
Df — ¢t — K- K*Tnt >

» With CLEO-c's precision, “¢" signal is >

ambiguous due to underlying scalar

>

» We instead measure >
B(Df - K-K*nt)

>

> K2 K™ might also be a useful
reference mode

D} — K2K™*

Df — K-K*m*
Df — K-Ktntmd
D} — KQK mrnt
Df — mtmtm~
Df — mtn

D — mtn’

Df — Ktntm—

Reconstruct n — vy, 0’ — wfm 1.
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The ¢d7t" problem

orsorororz
2. T

D: > KK'r* |

m2(K') (GeV/c?)
¥

» Observe a broad scalar F
contribution in the ¢ mass

3 05
region
L L L L L
> Contribution is Z 5% — but ! " ‘ m2(|i?K*)(Gaev2/c‘sj5
depends on mass window,
resolution, angular cuts U
21800 * =
> We report partial branching " E
: R S1400 -
fractions for various mass cuts 1200
Ed
around the ¢ b "
600) =
400 - b 7;
200 - e —
o S e
1 1.02 1.04 1.06 1.08 1.1

K'K mass (GeV/c?)

Peter Onyisi The Charm Decay Scale at CLEO-c 20 Nov 2007 27 / 43



Dataset and Landscape

> Use 298 pb~! of data at E.,, = 4170 MeV

» Chose optimal Ds production energy with a scan
» D, dominantly produced via D} Ds, ~ 1 nb
» Major background of D% D7 events produced at ~ 7 nb

|_ Operatlng po|nt 1., oo s
' ‘ D DS

LEO-c Scan + + D “D.*
' Preliminary l

* |

: 4

L L L (e ST
E;m D*D threshold 38 3% 4 405 41 415 42 425 43

E,. (GeV)
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Production Channel

» Use events with the topology
ete™ — D*DF — DI D (v, 7°). They or n° is not
reconstructed.

» Use the momentum of the Ds candidates to select events
consistent with D} D, production.

& 0.25¢ .

E r 1

Actually use recoil mass z 028 % .

|

= L It ]

2 /=2 2\’ § ot \H‘ -

Meee = (EC'T’ —\/Pp, T mDS) = F Data, MC #‘0‘ ]

[} I | 4

5 = = F [ E

—(Pem — Pps ]2 > ol “i # .

L || ]

C | 4

as a momentum proxy. Expect 0.05¢ 4 A ]

Myec ~ m(D:) =2.112 GeV. 0: W
PRI R

L P Al PRI n
1.95 2 2.05 2.1 2.15 2.2
KK Tt Moy (GEVIC))
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Kinematic Separation

MC: reconstructed K~ KTt candidates, before cuts

4120507-001
2.1

2.05

m,,, (GeV/c?)

lIIIIIIII||||||||||||||l||~l|||||
'Ill‘llIlI‘II'IIIIIIIIiIIIIIIIIIIIII

1.9

1.85 DD

1.8
RO S ik AN LAl e Wit R i St A iar o A U0 RS Vil AR GBI A Lo
1.85 1.9 1.95 2 2.05

Mg (GeV/c?)

_ 2 =2
- Ebeam p Ds
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D7 Ds Branching Fraction Fit

» We do a binned maximum likelihood fit for all the observed
yields (utilizing Poisson statistics for double tags)

» Maximizing statistical power important given relatively low Ds
cross-section

» The KKt mode is 46% of total ST vyield, but KK7t/KKt is
only 17% of total DT yield
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Backgrounds and Reflections

» Crossfeed between Ds modes from Kg —atn s
Cabibbo-suppressed
» Use vetoes and sidebands
» Peaking structure from reflections,
eg. DY — DOt — K—Ktmt
» We veto certain mass regions; e.g. for KKt we reject events
consistent with D% — KK
» Require || > 100 MeV to remove slow pions from D*
» Doesn't affect signal but makes background easier to model

K'K* mass, K'K* 1t candidates 1© momentum, DD’ generic

T
Entries 20004
Mean 1403

s 56933
02185
01428

! ' ' ' RMS 0.2443 2500:
Data KKt g

20001

MC D* events

9 @
g8
s &

250 1500

N
5]
S

-
I
&

0.1 D.‘Z D.‘S D.‘A "0‘5 06 0.7 D‘.ﬁ 0‘9 T
|Prol
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Yield extraction

ool pf LK K e EDI Tt e
wook 13.9ki 3.1k Cut on candidate recoil
] i mass, fit invariant mass

2000 F E 3

Fit single tag signals with

SR K T D;aK}SK'Tr*;r* Di-K'r T . .
g oo empirical functions
izzz ,_,Av_ 2.0k -""J\..__ (parameters fixed from
2% 35k f\ 1.7k Monte Carlo) plus a linear
i o - background
1°°°’D;JS K* } D;ﬂn}*n } D;Jﬁn' T
3 ok ¥ 1 : Each charge done separately;
o ¥ i : charges combined in this plot
P :
.. ‘ | | AL - Total single tag yield ~ 30k
1.95 2 1.95 2 1.95 2 events

m(Dz) (GeVic?)

Preliminary
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Yield Fits

In double tags, count events in signal and sideband boxes

» Combinatoric background is flat in m(D;) — m(D_"), has structure
in m(DJ) + m(D;)

Preliminary All double tags

[
=
G

o
o
=

m(D;) (GeV/c?

N
o
N
Events / (8 MeV/c?)

01 005 0 005 01
m(D’;) -m(D) (GeV/c?)

Total double tag yield 976 &+ 33 events
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Systematic uncertainties

Preliminary
Source Fractional uncertainty (%)
nt/KE/KQ /n0/n 0.3/0.7/1.8/2.0/3.5 per particle
n/n’ branching fractions 0.7/3.1 per particle
Particle ID 0.3-1.4
Resonant substructure 0-6.0
Event environment 0.1-1.4 per ST
Initial state radiation model 0-1.2 per ST
ST lineshapes 0.3-11.3 per ST
DT lineshapes 0-8 per DT
Final state radiation model 0.8
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Preliminary Results for Dq

T v
KgK o —e— CLEO Preliminary, 298 pb"
KK o= Partial branching fractions for
Ds —» K- K*Tmtt
K’ K‘mnn ————
-K+) —
KK o1 Im(K=K") —mg| < AM
ot - AM Partial B (%)
5 MeV  1.75+0.08 £+ 0.06
TN HOH
10 MeV ~ 2.07 +0.10 + 0.05
™ H—o—i 15 MeV  2.2240.11 +0.06
. 20 MeV  2.32+0.11£0.06
Kimw ol ! ! ! ! !

0 1 2 3 4 5 6 7

Branching Fraction (%)

B(DS - K~K*nt) = (5.67+0.24 +0.18)%

Largely consistent with PDG average —
comparison now limited by PDG branching ratios
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Overall Summary

DO D+ Dy D Ac
Reference decay K- nt K ntnt ént K Ktat pK—wt
PDG Uncertainty  2.4% 6.5% 9% 15% 26%
(excl CLEO-c)
CLEO-c  2.0% 2.2% 5.3%ft —

tPreliminary

» CLEO-c has measurements of charmed meson branching
fractions with precision exceeding world averages.

» D%/D* analysis is systematics-limited.
» DJ analysis is statistics-limited and we expect to take ~ 2x
more data in our last run period.

Peter Onyisi The Charm Decay Scale at CLEO-c 20 Nov 2007 37 /43



