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Charm Leptonic and Semileptonic Decays

Careful studies of charm leptonic and semileptonic decays
calibrates theory, so more reliable values of V¢4, Vyp, Can be
obtained from B factories.
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s ]]
o
3
- — ===
<
+
@ = = = =

d Vvtd t b .
experiment LQCD
fo/fp. checks fg/fB.
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CLEO-c Open Charm Program

m Precision measurements of benchmark branching fractions of
DY, D*, and Ds. , i.e. , those decay modes used by B factories
and hadron colliders : D° - K—nt, Dt - K-n*tn™,

D —- mtK*TK~, and others.

m Measurements to test, calibrate, validate Lattice QCD
calculations, other calculations of strong interaction effects.
D*, D& — [*v,, D exclusive semileptonic decays.
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e Particle ID SC Quadrupole
(dE/dx, Ring Imaging Cherenkov)  Ppyion
excellent in our momentum region
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Data Samples
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m DD @ 3770 : 800 pb~1 (56 & 281 pb~1 in this talk);
281 pb~1 ~ 1.8 x10°DD

m DXD.@ 4170 : 314 pb~1 (will double the sample)
314 pb~1 ~ 0.3 x10°D2 D
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D’ K 1t L DL Ko

Charm at ¢(3770)

D'- Kmm | D'-Kmme |

m ¢l(3770)—>DD ' ‘__ __ D°. K 0 10 | D’ K e T
just above threshold,
no additional particles |

AE - ED - Ebeam ‘-_ D'~ Kng"' _ D' Kng"TlO

Mpc = \/Et2>eam _ |l3/23| _ D'~ Kemrr | D°o KImrr

m D tagging efficiency: i ! |
~10% DT
~15% DV | : 1

m Clean experimental [ °7'™r™ | ook Pk 1 okk

environment
(< low multiplicity
& D-tagging)

184 1.86 188 184 1.86 188 184 18 188 = 184 18 188
M, (Gevic?) M,. (GeV/c?)

m Absolute branching fraction measurement (< D tagging)
m CLEO-c has largest data set at 3770
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Absolute Branching Fractions

l/f(3770) — DOD° D° _ K e* vl

Ng. ~ 7000
S/N ~ 300/1

DY T[e+\)A NSL ~ 70(
S/N ~ 40/1

DO — K~ etlve

m  Semileptonic event can be - | |
fully reconstructed (except
neutrino)
+ . NSL/ESL 25 -0.2 -015 -01 -0.05 -0 0.0i 01 015 0.2 0.2
. B(D— XeTve) = Ntag U = Emiss — |[Pmiss| (GeV)
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Introduction : Leptonic Decays

Q gt
V
D+, Dg', B+ 99__
W+
q Vi

G2|Vog|%fp? m2 \?
M(Pog = *vi) = — - mogmy | 1- mze
Qq

m  Measure rates to extract decay constant fp (Voq).
m Check lattice calculations of decay constants.

0 fp at CLEO-c and (fs/fp)Lqcp = fs for precise |Viql.
O fo/fp, checks (fs/fs.)Lqcp for |Vial/|Vis].

m  Sensitive to new physics, e.g. Ht can mediate.
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1630905-009
120

+ + T ] T T T T
D™ — M VU C15f - ]
100 ¢ —
| 10F —'Jl ]
m Use 158k D~ tags ool o D* — KOm+ _
(281 pb~! @3770) o 8 Lﬂ :
= Require only one addi- Seo- 005 0 005
tional track, u™ g 1
= Reject event if substan- @™ 50 signal events
t|a| energy |n Calonme_ 20_2.8estimatedbackgro nd
ter i
s  Compute missing mass Ol= ”ﬁﬂi 5
MM? (GeV?)

m Result: Phys. Rev. Lett. 95, 251801 (2005)
0 B(D* — utvy) = (4. 40:I:O 661995) x 10~4
0 fp=(222.6+16.71%%) MeV (using |Vcq| = 0.2238)

s Unquenched LQCD fp+ =(201£3+£17) MeV,
Exp/Theory agree ~ to 10%.
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+ +
DI — utvy
DY - 1ttv, (7T - ttvy)

B 314pb ! @ 4170 -ete” - DD&

B Find a Ds (8 tag modes used), 31k tag
candidates

B Now include a v, looking for D& — yDs
decay ¥y

B Calculate mass recoiling against Ds-
tag + v, to find events with detected
decay ¥y

B Select events with only one additional
track, oppositely charged, consistent
with y or

B Reject events with energetic neutral
energy clusters

B Calculate missing mass.

B Results : phys. Rev. Lett. 99, 071802 (2007)

o A:
B(D& — utvy,)=(0.594+£0.066 +£0.031)%

e B and C:
B(D& — 1tv¢)=(8.0+£1.3+0.4)%

e A, B, and C: by summing all cases, w/ SM t/u ratio
Beff(D& — utvy,) =(0.638+£0.059 £0.033)%
fos =(274 £ 13 £7) MeV (|Vcs| =0.9738)

Case Region (GeV?) Signal Background
A -0.05<MM?<0.05 92 3.5+1.4
B 0.05<MM?<0.20 31 2.5+1.1
C -0.05<MM?<0.20 25 3.0+1.3
Sum -0.05<MM? < 0.20 148 9.0+2.3
20 B | | | | | | | | | 1 77I0-I O7I-0-I ?
e Track consistent with u™
- (i) (Ecc < 300 MeV) -
15 |- -
- mostly D — utv,, 5
- (accepts 99% of u and 60% of m)
10 |-
B ﬁ
s B E
R ]
q) | -
R I et :
5_ 10 L (ii) Track consistent with * |
s [ (Ecc > 300 MeV)[] ]
(2) | |mostly D - (T V) Ve _
GC) o (accepts 1% of ujand 40% of m)
> |
w 5| C :[
0 i |-. ”I ] \I ] | " | ] ] ] ] l
1= (III) Track consistent with e*
0 ) | ) ) ) ) |HH —‘ ) H

0 0.25 0.50
MM? (GeV?)
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Df - ttv: (TT — etVveV;)

B 298 pb !l @4170-ete™ — DsD&
B Find a Ds (3 cleanest tag modes used), 4—-' Eecxtra < 400 MeV eronmans
13k tag candidates — T T T

KQetve)=(0.14£0.06£0.01)% | 1
B Background is ~ 21% of yield in signal SV N Y R
region
B Result: arXiv:0712.1175 extra

.\ . Npt=123+11.3
e B(Df = Ttv;) =(6.17+0.71+0.34)%
e This is the most precise determination Ns=101.6+11.5
of B(DE — 1tv7) Ng=21.44+1.0
o fp. =(273+£16+8) MeV (|Ves| = 0.9738)

> F ]
B Find an electron on the other side = e + ® Data -
B Require no other charged tracks on S L[ [ MC Total E
the other side T f T [_1 MC Signal ]
B Plot the energy in the calorimeter, not 2 mg ngkgkr(oourld (BG) -
due to tag side or the electron s S O B u 0 ey
B FEoira <400 MeV is the signal region cvol il I R | WIOHs = R € Ve
B Extrapolate background from - ‘o -
Ds semileptonic decays (mainly 20 L ]
D& — netve) from region above 400 ;; :
MeV ol | .
m DI — Kfleve background from - -
D — K2e*ve measurement, B(D} — 10 [ .

@
D i
<

~ N
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fo. & fo./fp

s Combining DY — utv,, D — tH(nt*v{)ve, and
D — tt(etvev:)Ve:

fo.=(274+£10+5) MeV
m Using fp=(222.6 + 16.7f§:2) MeV

fp,

fo

=1.23+0.104+0.03

m CLEO-cis the most precise result to date for both fp and
fo. ([294 £27] MeV, PDG 2006).

_ (DE—-1tvy) _
» R=[Biovd=11.0£1.4%0.6

(consistent with lepton universality, SM 9.72).
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- HPQCD : ] f

Comparison FomaAILC

= CLEO-c : —a—
with Theory
: : : - f,

m CLEO fp is consistent with e MILC - T >
LQCD calculations. CLEO-c —o—

m CLEO fp. is ~ 30 above . >
the most recent & preCise E:r?nﬁllzlt:/?\/';l)l(_icv[:ggfsl1R7e2\?] Lett. 95, 122002 (2005)]
LQCD calculation (HPQCD) BaBar [Phys. Rev. Lett. 98, 141801 (2007)]

[] this discrepancy needs to be studied, 100 1'5.;. g;m 3'5{;. 3:;.{;.
LQCD or Exp error? MeV
[] conflicts with the suppression expected ' ' '
from a 2HDM (Phys. Rev. D 75, 075004 (2007) ) |
[1 there is new physics that HPQED: - 5/t
Fermmlab/MILC - il

interferes constructively with the SM?

m Comparing measured fp_/fp
with HPQCD CLEO-c:
My+/tanB > 2.2 GeV at 90% C.L.

s  Using HPQCD fp./fp
IVedl/IVes) = 0.217 £ 0.19¢xp = 0.002theory

o

. ) . 0.8 09 1 1.1 1.2 13 1.4
CLEO-c Charm Leptonlc & Semlleptonlc De\_aya viaiuil o, cuvo 1z 24



Introduction : Semileptonic Decays

m Cleanest (and simplest, both experimentally &

theoretically) way to determine magnitudes of CKM
elements

D /,. .&cmmlgg Eﬂ)e(‘\

= N2 ar D—-K
TRy L o |Ves(op 21 (0212

0 Assuming theoretical form factor
= determine |Vqs| and [V4]
O Assuming |Ves| and |V4|

= we can check theoretical calculations of the form
factors

m Test theory calculations (e.g. LQCD) of f+(g?) in the D
system and apply them to the B system, e.qg. for |Vupl.

L ! .

D-:\\L Y = HQS= B-::l v

n T
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Inclusive D Semileptonic Decays

[ Phys. Rev. Lett. 97, 251801 (2006) ]

Historically :

: room for new modes?

interesting due
to the large difference in D° vs
D7 lifetimes (spectator model
iInadequate)

Inclusive vs Sum of Exclusive

1630406-012

Mode

Branching Fraction

DY — Xetv,

(6.46+0.17£0.13)%

Sum of Bs (DY)

(6.1£0.2+0.2)%

DT — Xetv,

(16.13£0.20+£0.33)%

Sum of Bs (D)

(15.1£0.5+0.5)%

: A D+
= [ O D°
o i
[0 0.3
,(_D i
8
=
>
P 0.2+
X
T
a
L“ ij 01F
O|o |/ ~ 8% extrapolation
|/ below momentum cutoff
O_...|...|...|...|.l'
0 0.2 04 0.6 0.8 1
p, (GeV)

Consistent with isospin symmetry : the lepton cannot interact
strongly with the final-state hadrons and the two mesons differ only
in the isospin of the light quark

SL
Mo+

SL —
I"DO

SL

SL
BDO/TO

=0.985+0.028+0.015
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First Observations

1| D* — n(yy)e*ve I

10

|

0121007-001

[Preliminary]

32.7£6.7

l

-0.2

-0.1

0

0.1 0.2

D% — p~etv,
25
20
15

10

[Phys. Rev. Lett. 99, 191801 (2007)]

[Preliminary]

131+13

| Dt — n(m*n-n%)et ve I [Preliminary]

5

4

3

13.3+4.0

-0.2

-0.1

0

U = Emiss — |Pmiss| (GeV)

e bl | bk
01 015 02 025

()]

I

N

N \H\‘HH‘HH‘HH‘HH‘H

Events/0.01 (GeV/c?)

'OO

DO - K-mtmetve I

1630407-003

10 signal

candidates on
~ 2 background

40 significance

-------

-0.08 -0.06 -0.04 -0.02

0

_O\H\‘\\\\‘\H\‘\\\\‘\\\\‘\\H‘\

0.02 0.04 0.06 0.08

MM2 (GeV/c2)2

0 005
Dt - wetv,
] [Preliminary]
37.3+6.7

8
o

- ELTLTE L
B T 60 0 0050 0% o5 02

U = Emiss — |Pmiss| (GeV)
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Events/0.02 (GeV/c2)

©c o o ©° -2
oM P ®» © = M » O

1630707-006

DO —>K1‘(1270)e+ve I T

1.8 |

r

8 signal
consistent with
Kl‘(1270)
— K—mtm™

o
S5
4
=
(on
Q
0O
~
«Q
=
o
c
>
\\\‘H\‘\H‘\H‘\H‘H\P\-H‘\H‘

J-l i—I_J K ] I -| | F-;-"ii"ln- ==
0.8 1.0 1.2 1.4 1.6 1.8
My (GeV/c?)
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D — K(m)ev

(1) Tagged Analysis :

[Preliminary]

L D° = ety

D° . K e'v,

6796 £ 84

[ 295420

+ +
D" -~ Kge'y,

2910 55

L 1 L 1
0.2 0.1 0 01 02
U=E

miss | I:’miss

-OI.2 -6.1
| (GeV)

(2) Untagged Analysis :
neutrino reconstruction

[arXiv:0712.0998]

3600307-017

- 1325+48 * T

447 £ 29

ol ¢

5846 £+ 88

I

—

1.80 182 184 186 188180 182 184 186 1.88

M,. (GeV/c?)

m The untagged analysis has larger signal yields but
larger backgrounds and systematic uncertainties.
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Branching Fraction Summary

o

S Tev

o

S Ke'v

o o

o

S pev

o

L Xe'v
—»TPe+V

+

+

+

0 O OO0 0 000 00 O O

+

L plefv
D" -~ we'v
D' - ne‘v

D" - Xe'v

0
- Kge'v
SKO(K ) ety

KK ) ey
- K*'(K'S ) e’

Y

- K(1270) e*v

PDG 2004
e CLEO-c (281 pb™y

BES

-1

0

*D_ K e'v branching fractions are for 56/pb

L (pb~1) B(D%)sL (%) B(D*)sL (%)
K-etve KPetv,
281 tagged 3.58+0.05+0.05 8.86+0.17+0.20
281 v-recon 3.56+0.03+0.09 8.53+0.13+0.23
K*(892) etve K*(892)%etv,
56 2.16 £0.15+0.08 5.56+£0.27£0.23
n-etve mletve
281 tagged 0.309+£0.012£0.006 0.397£0.027 £0.029
281 v-recon 0.299+0.011+0.009 0.373+£0.022+0.013
p-etve p%etve
281 tagged 0.156 £0.016 £0.009 0.232+£0.020+£0.012
wetve
281 tagged 0.149+0.027 £0.005
ne*ve
281 tagged 0.133+0.020 £+ 0.006
K7(1270)e*ve
281 tagged 0.07670937+0.006+0.007
> erclusive 6.28 % 0.16¢tat 15.33 £ 0.42¢at
Xetve Xetv,
281 tagged 6.46+0.17+0.13 16.13+0.20+0.33
281 tagged netve <3.5x107%
281 tagged petve <1.6 x 1074

e 281 pb~1 numbers are preliminary, except Xev, K7 (1270)ev, and K/mev (v-recon).
¢ 40% overlap, do not average tagged/v-recon K/mev.
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Semileptonic Decay Form Factor

_ 2
g :,(75)2[)+ ,fé)_ >m E* V Amplitude factorizes
P /\/l(D —»X£+w)

X
e’ = —iSEV* I, HH

C __ s(d) ~H2 Y es(a)H
D e X
a(d) a(ad)

m Hadronic currents : in the limit my; — 0

0 P — PI*v, : single form factor, H* = f,.(q%)(pp + pp: )
(gold-plated for both theory and experiment)
[0 e.g. D semileptonic decays to a pseudoscalar can be

2 213
: dr(D—Keve) __ GglVeslp 212
written as 35 = === f+(q%)]*.

m  The messy hadronic physics is contained in the form factor.
The full test of LQCD is its ability to calculate f(g?), both the
shape vs g4, and the absolute value.
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Form Factor : parametrizations

0 1
In general : f(g? )—ff(a)l 2/ m? +Z,< 17 1pk_2

pole

f+(0)
1-g2/m?

Single pole : f+(g?) =
pole
e . 2\ — f+(0)
Modified pole : f1(g?) = A—q2/m ) (1-oq2/m%)
(allows for additional poles).
Series expansion . [T. Becher and R. J. Hill, Phys. Lett. B 633, 61 (2006)]
f+(0%) = pemyaamin Zreo A (t0)[2(a% to)1¥,

with z(g2, tg) = \/7":*';72;”?' , t+ = (Mp £ mp)?2, and P(g2) =1 (D — m) or z(q?, Mz*)(D—>K)
+ V=

With current CLEO -c data we only resolve the ﬁrst 2-3 terms
In the series expansion.

Experiment probes both the form factor magnitude &
parametrization.
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D — Kev : high statistics test of shape & absolute

normalization of f.(g?)

2.5 T

— LQCD mean

1 LQCD Statistical
2 LQCD Systematic

CLEO-c (tag)
CLEO-c (no tag)
BELLE

BaBar

FNAL/MILC/HPQCD
(Curve courtesy Andreas Kronfeld)

15

" » O o

f. (@)

0.5
Assuming Vs =0.9745

| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 4 1 4

FOCUS (Param) +H—@—H

CLEO Il H—————H
Belle (2006) H——+
BABAR (2007) HoH
LQCD —o—

CLEO-c (tag) #—e—

CLEO-c (no tag) H—e—H

1 1 1 l 1

0.2 0.3 04 7
q2(GeV?)IM?,

S

B Modified pole model used for comparison :

2y — f+(0)
f+(q )_ (1_q2/m2 )(1_aq2/m2 )

pole pole
B Shape parameter: CLEO-c prefers smaller value

B Normalization:
experiment (2%) consistent with LQCD (10%)

e CLEO-c (tag) - Preliminary
e CLEO-c (no tag) —arXiv:0712.0998

CLEO-c Charm Leptonic & Semileptonic Decays

0.2 0.2 0.4 0.6
Ok ev
LQCD (Abada) —eo—
QCD SR (Ball) o
LCSR (KRWWY) —
LCSR (WWZ) o
Quark Model °

LQCD (FNAL-MILC-HPQCD) —t—o———

Belle (282 fb™) HeH
BaBar (75 fb™ el
CLEO-c (tag, 281 pb™) red
CLEO-c (no tag, 281 pb™) o
I S S AN S N N N
0.4 0.6 0.8
f£(0)
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D — mev : high statistics test of shape & absolute

normalization of f.(g?)

3.5

D- me'v,
3 Fit to Quenched LQCD (Abada et al.)
Quenched LQCD (Abada et al.)
o5 u CLEO-c (tag)
o CLEO-c (no tag)
—~ 2 A BELLE i
R F‘)l
: | SRS
Y—15— }
1:_ T o gé *}
[ o 18ote 3
0.5
- Assuming V¢ =0.2238 £ 0.0029
B | | | | | | | | | | | | | | |
% 1 2 3
q3(GeV?)

B Modified pole model used for comparison :

2\ — f+(0)
J+(a) (1-q2/mJ, )(1-aq2/m2 )

B Shape parameter: experiments compatible with LQCD
B Normalization: experiment (4%) consistent with LQCD (10%)

e CLEO-c (tag) - Preliminary
e CLEO-c (no tag) —arXiv:0712.0998

CLEO-c Charm Leptonic & Semileptonic Decays

FNAL/MILC/

CLEO Il

HPQCD

Belle (2006) H——@—i
LQCD

CLEO-c (tag)

CLEO-c (no tag)

-0.5

LQCD (Abada)

QCD SR (Ball)

LCSR (KRWWY)

LCSR (WWZ)
Quark Model

LQCD (FNAL-MILC-HPQCD)
Belle (282 fbh7

o

CLEO-c (tag, 281 pb™)

CLEO-c (no tag, 281 pb™) o

‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ |

0 0.2 0.4 0.6 0.8
f1(0)
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Form Factor : D — Pev which parametrization?

[arXiv:0712.1020] 3600307-016

® Datg - Simple Pole — — Modified Pole Series(2) —— Series(3)
D0 et v, D2 K ety 112
1.2 7
S
Q0 I
o |
N
[ 15
]
—
<

‘OI.5‘ 1 ‘1I.5‘ 2 ‘2I.5‘ | OI.5 | 1 | 1I.5
g2 (GeV2/c4)

m  We use the model independent Becher-Hill series parametrization
for Vex (determine f+(0)|Vx| then use theory value of f(0)).
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Combined measured |Vx|f+(0) values
PDG I (Kev) e using Becher-Hill parameterization
with FNAL/MILC/HPQCD for f4(0).
LEPW- cs H ®
BESIIT (Kev) e O CLEO-c : the most precise direct determination of |Vs|
O o(|Ves|)/|Ves| ~ 1.5% (exp) & 10% (theory)
CLEO-c (tagged) ——io——
CLEO-c |V s|
CLEO- t d ——io—
¢ (untagged) (tagged) | 1.014+0.013 £0.009 £0.106
o (untagged) || 1.015+0.010+0.011+0.106
05 v ! stat syst theory
O CLEO-c : o(|Vcal)/|Vecd|l ~4.5% (exp) & 10% (theory)
O vN remains most precise determination (for now).
PDG/HF ———
CLEO-c (tagged) . (tagged) 0.234+0.010£0.004 £0.024
(untagged) || 0.217 £0.009+0.004 +£0.023
CLEO-c (untagged) . stat syst theory
e Tagged and untagged are consistent.
¢ 40% overlap, DO NOT AVERAGE.
e —————F=—— ¢ CLEO-c (tag) - Preliminary

V| e CLEO-c (no tag) —arXiv:0712.0998

cd
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Summary

m D Leptonic:

[0 fp measured to £7.6%, statistical error dominates.

0 fp. measured to £4.1%, statistical error dominates.

0 B(DE — t*tv¢{)/B(DY — utv,) consistent with theory.

0 For fp., a suggestion of a disagreement with LQCD ~ 30.

m D Semileptonic :

0 Inclusive DY, Dt semileptonic widths ~ equal.

[0 Sum of measured exclusives almost saturates inclusives.

0 D — Kev, mev form factors in general agreement with
LQCD.

m  With CLEO-c full data : 800 pb~! @3770 & 600 pb~! @4170

[0 Expect errors in fp & fp, decreased to a few % level.
[0 More stringent tests of theory for D — K(m)et v, form
factor f+(0) & shape.
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