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Importance ofi Charm Semileptonic Decays

J Golden P—P transitions;

dr(D - K(mev) _ ) K<, where ¢F =M

QCD Physics

dor 247

u,d ors
v" Assuming theoretical calculations of form factors, we can extract |V | and
|Vcd|

v' Since |V and V4| are tightly constrained by unitarity, we can check
theoretical calculations of the form factors

v' Tested theory can then be applied to B semileptonic decays to extract [V .
O New modes: to gain a complete understanding of charm semileptonic decays

U P-V transitions: 3 hadronic form factors are needed.
No unquenched LQCD calculation exists.
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Theory + Experiment = Precision Elavoer Physics

The discovery potential
of B physics is limited
by systematic errors
from QCD (PDG-08):

V,| = (3.62+ 0.22t73% % 10

‘Illllllly.ylllll
excluded area has >0.95_7

+ expt LQCD
B o N One of
-0.4 -0.2 0.0 0.2 . 0.4 0.6 0.8 1.0 the most
0 Suffer from important
Measured large theory goals of B

experimentally unce\r‘t’ainty / physics

~
) -:§<v rate0[F2-"(qD)]% |V,
TT
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Theory + Experiment = Precision Elavoer Physics

The discovery potential
of B physics is limited
by systematic errors
from QCD (PDG-08):

V,| = (3.62+ 0.22t73% % 10

‘Illllllly.ylllll
excluded area has >0.95_7

+ expt LQCD
B o N One of
-0.4 -0.2 0.0 0.2 . 0.4 0.6 0.8 1.0 the most
0 Suffer from important
Measured large theory goals of B

experimentally uncertainty physics
v
— \

|

B -:§\V rateCJ[ f°-7(q)]° | IV, [
T[ b
-

,,< D - 77(K) { 42112 2
D -:& v ratel [ f @] Veas | Tightly constrained
T[(K) \ by CKM unitarity
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URevolutionary progress
(2003) in algorithms
allows inclusion of QCD
vacuum polarization.

LLQCD demonstrated it
can reproduce a wide
range of mass differences
and decay constants.

These were postdictions

BEFORE
(Quenched)

—-—

0.9 1

1.1

fa

fr

M

SM= — My
2Mp, — M,
2Mp, — M~y
Mp: — Mp,
My — M,
J(1P —15)
T(1D —15)
T(2FP — 15)
T(35 —18)
T(1F — 15)

LQCD/Exp’t (n; = 0)

«Charm decay constants fy, & fyq
*Charm semileptonic Form factors

*This dramatic improvement needs validation

TTheory: A Breakthroughiin Lattice QCD

-

——

Now
- (Unquenched)

|
Phys.Rev.Lett.
92:022001
(2004):
High-Precision
Lattice QCD
Confronts
Experiment

09 1 1.1

LQCD/Exp’t (ny = 3)
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O ? Tagged Analysis; rechnique at 3770 VieV

 Candidate events are selected by reconstructing D
a D, called a tag, in several hadronic modes

L Then we reconstruct the semileptonic
decay in the system recoiling from the tag

ete- >(3770)>DD

L Two key variables in the reconstruction e
ID° . K*7",D° . K ev]|

ofatag: AE=Eo~E

beam

M, =\/E2 Jc* -

beam

2 2
/c

Po

Tagging creates a single D beam of known 4-momentum

O For semileptonicD: U = Eix = |Pris |

U peaks at zero for real semileptonic decays

An absolute measurement, independent of the
integrated luminosity and number of D mesons in the data sample
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D Tagging at 3770 MeV.

World’s largest data M. = \/ Ebeam/C —‘ Pp
setat 3.770 GeV

/c?

Pure DB, 108

zero additional 1[}4;

particles, g

~5-6 charged 10°

particles per event 102

N

> 10°

~6.6x 10° D9 and = ol

~4.8 x 10° D* tags =

reconstructed from 2 10

~5.4 x 10° DD events % 107

10 |

We tag 100}

~20% of the events, msi

compared to
~0.1% of B’s at the A N T t T
Y(4S) 184 1.86 1.88 1.84 1.86 1.88 1.84 1.86 1.88

M e (GeV/c?)
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Fits to the U Distributions for D — K-ev

600

E-c Kt S0 - __ B | Yleld
400[ 0.4«.—::;%:1;; Gt;?fw i ?.ng;igéfﬁwca K - T ) 500
' wkl 0 - 1200 i ! (all tags/g- ):

300F D - K'e Vo y B 400
> | : 1150 14121+121
5 200 ' {100 _
© 4 of 27 U fits _ - {300
& 100 . I | , 150 ! -
E 0 —r- | . I ] D B ‘) | -4 200
w 400F D" 5K n-n-nrtag DY 5K n-n-m tag | . ; sy
c . 0.4<g?<0.6 GeVie* | 1,0<q%<1,2 GeV?/c* 4200 B 100
S ol o | - -
T | bt 1150 0

I i 0 0.1 0.2
200} 1 4100 U (GeV)
100} 1 lso @We perform binned likelihood
oI L, [ o L 1 fits to U distributions in each g2
0 01 0.2 0 01 02 bin and tag mode
— _~lD_. I(GeV) .

U =Ec~C|Pms | LSignal shapes are taken from
Comparisons | SN ~300/1 signal MC, smeared with double
with B Signal events | ~14000 Gaussians
]':aﬁtor'es U resolution ~10 MeV QBackground shapes are taken
oliow . — —

o resolution —0.008 GeV2/ct from MC with all DD and non-DD
decays
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& 3 Fits to the Ul Distributions for D 1/m2 /KO ev

| _ _ A 0 — 4+
25 F D° —K* mtag D* —»K* ntag i
- 0.6=g°<0.9 GeV?/c* j: 1.5=g%<2.0 GeV?/c* 20 D - ﬂ e Ve
20 | ]
| 15
15F 0 =t S/N ~40/1
2 10l D" - mev, 10
< sl T 5 Signal events | ~1400
o [
S 0 0 .
E 30 | D' =K n-n-n'tag 1 D* K n-n-mtag - 25 U reSO|UtI0n 10 Mev
= o5 [ 0.6=g<0.9 GeV3c" T 1.5=0%<2.0 GeV¥c' .
2 20 120 g2 resolution ~0.008 GeV?/c*
m 20} 15
15 ) - - -
10] 10 Comparisons with B factories
[ 5 )
5t ] on the next two slides
0 0
0 01 0.2 0 01 0.2
o5L D- —K* n-n—tag D- —K* n-n-tag 1 140 _ D~ —K*n-n-n’tag D-—K*n~n~n’tag
0.3<g?<0.6 GeV?/c* 1.2<g%<1.5 GeV3/c* 20 120 [ 0.229°<0.4 GeV3ic* 0.8=g%<1.2 GeV3c' 7] 80
20r {is  1OF | {60
+ + 2 + 170+ ]
15| D" - e’y sof D" o K%'v :
> 10 € | 10 3 6o e 140
~ il s o YF I 120
S ° | S 20F . :
_‘3 0] + . 0 Ef OF 7 0
R2) 10F D- —Kin-n’tag B D- —»KIn-n’tag w 70 D- »KIn n-nrtag —___ D- —»KIn-mn-n*tag __50
S sk 0.3<q?<0.6 GeVic' | 1.2<q7<1.5 GeVect 8 E 60 I | 0.2<q7<0.4 GeV?/c' | 0.8<g°<1.0 GeV?/c* |
= ’ > 50 B = 140
L i . 6 i ) ]
6 4 of 42 U fits T 4 of 54 U fits 130
ab | 4 30 1 120
2 2 20 T ]
10} 110
0 . . . . 0 0 4 . 0
0 0.1 0.2 0 0.1 0.2 0 0.1 0.2 0.2
U (GeV) _ U (GeV)
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Eorm Eactor Parameterzations

accounts for @ pol = P( )%\)

In general: f. (0 1 1 e Im(f, (t
g f+ (qz) = 1_(/]) (1_ 2 2 T .[(m +mp )2 1 — ( _( )) dt
_ o?/m2,) it —ig
Cz) Single pole f (q%) = .(0)
+ 2 2
%< (1—q /mpole) Measure f,(0) & m .
o Modified Pole f, (qz) — —— f, (0) —— Measure f,(0) & a
> (1_q /mpole)(l_aq /mpole) mpole = m(DES))
5 g (Allows for additional poles)
'cg: o Series Expansion
% __ form factors can be written &s: g°( =) Zak(t ) Z§] (to,

ensure g 's good behavic

t+_q - t+_t0 t E(

2,'[ —
Z(q o) ’—t+—q2+ ,—t+ —to

2
_mKJT) .ty arbitrary d value

that maps to z=0

z is small and converges quickly, linear or quadratic is sufficient to describe the data

Measure a,, r; = a;/ay, and r,=a,/a,

Becher & Hill, Phys. Lett. B 633, 61 (2006)
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& y - K/me*v : Eits to the dif/dg# Distributions

dI'/dg? (ns'GeV-*c?)

3070109-009

D> n-e'v,

0 L ]

| 3 par(ag a, az)i

D°ﬁ-K‘e‘vc

':U

im Fit to Becher-Hill Series

PRD 80, 032005 (2009)

= ){z a,z"(q? O)}

P(a®)e(a®.0

J4a0

120

D+—>T[{>B+VE

—:20

Experimentally measure
decay rates ™"

92 (GeVz/ct)

:BG
]60

140

Jdo

Other form factor
parameterizations
exist, but are only
used as functional
forms as their
physical pictures are
not supported by the
data

Simultaneous fits to
iIsospin conjugate modes
are also performed

Theoretically predicted decay rates

redic |
¥ rpreest = [dr == L 1 j|f(q)|ppdq
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Form factor measures probability hadron will be formed

1/2
Al (D - K(nev)
2 3
\EENRAC )~[ ' A I By
|

23 - FNAL-MILC-HPQCD

- ] PRL 94, 011601 (2005), and

2 - D> Eue+ Va  PRD 80, 034026 (2009)

i * D"—= K ety,

1.5 7
ﬁ; i
oy ]

1 —
05| Assuming |V, |= 0.973340.00023 —
(CKM unitarity) ;

K fast K at rest

0 0.5 1.5 2

qﬂ{G1ev’1
Modified pole model used to compare with LQCD
() = f,(0)
’ (1_qz/mime)(l_aqz/msme)
a . CLEO-c prefers smaller value for shape parameter
than other experiments
f, (0): experiments (1.2%) consistent with LQCD (10%)
CLEO-c is most precise. Theoretical precision lags.

Shape:a Kev

Normalization: {* (0O’ ”

LOCD (Abada) ——

FOCUS (Param)
CLEO Il o
Belle (2006) e
BABAR (2007) o
LacoD e
CLEO-c (281 pb ' tag) —e—i
a, =0.39(2)
CLEO-c (281 pb' no tag) H+—e—
cLEO-c (818 pu) taQ e my average
(Fit to CLEO,
1 I 1 L L I L L 1 | L 1 L | L
0.2 0 0.2 0.2 Belle & BaBar)

Kewv

OCD SR (Ball} |

LCSR (KRWWY)

LCSR (WWZ)
CQuark Modal
LQCD (FMNAL-MILC-HPQCD)
Belle (282 fb™

BaBar (75 fb'")

-
s

e
(BABAR medgsures
HeH
relativetoD® L K 71")
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CLEC-c (tag + no tag., 281 pb™ [
cLEO-c (s18 pb ) fag b=t
| L 1 1 | |
0.4 0.6 0.8
15(0)
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Form factor measures probability hadron will be formed

1/2
Ari (D — K (IT)G/) CLEO Il -
IVCS(Od) f+ (qz) ~|: A 2 /Plf(ﬂ)l
[ Belle (2006) — e
3 ' ' T ' ' T
LacD S5 S
25 [ - CLEO-c (281 pb'tag) — e
= - D' wety, . e
__ ) + ¥ __ CLEO-c (281 pb™ no tag —a—

2 D" — nle*v, . ot v poy [ L. @,=0.22(4)
Tk - my average
—1.8] FNAL-MILC-HPQCD | .

— N — -(Fit to CLEO
PRL 94, 011601 (2005), and
1 L Onen & Belle)
PRD 80, 034026 (2009) Normalization: {* (O
|]_5L— Assuming |V |= 0.22560.0010 LOCD (Abada) —e—
CKM unitarit
ﬂfaSt I ( I y) ]T at resw QcD SR (Ball) —a—

“D I — — . — 3 LCSR (KRWWY) ————i

qE{GE?E} LCSR (WWZ) -

Modified pole model used to compare with LQCD | cuarkmoder .

f+ (O) LQCD (FMNAL-MILC-HPQCD) —t.——
f+ (qz) - 1_ 2 2 1_ 2 2 Belle (282 fb™") o
( q /mp°|e)( a q /mp°|e) CLEC-c (tag + no tag, 281 pb™) -
a . CLEO-c measurements are compatible with LQCD cLEO< (318 pb™) [{A0 -
f, (0): experiments (2.9%) consistent with LQCD (10%). L I B
CLEO-c is most precise. Theoretical precision lags. ° o f&n, o e
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Ve | @anai V.4 | Results

_ PRD 80, 032005 (2009)
The data determine |V 4|, (0). *
cs(d) _ PDG I (Kev) ————

To extract |V yq|, We combine the measured [V yqf. (0)
values using the Becher-Hill parameterization with LEPW=cs ' ' )
(FNAL-MILC-HPQCD) for f, (0) BESIIT (Kev) —_—
CLEO-c: the most precise direct determination CLEO< (tag + no tag, 281 pb')
of Vs | a(|Vo) 1|V o~ 1.1%(expt)] 10%(theory CLEO-< (tag, 818 pb') —

CLEO -c IVes | m L N

(818 pb*) 0.98% 0.009 0.0060.103 vy 1
stat syst theor

* PDG2002

CLEO-c: 0(|V|)/ |V~ 3.1%(expt)] 10%(theory |poemF VN ——

vN remains most precise determination
|CLEO-c (tag + no tag, 281 pb') —————

CLEO-c Vea | CLEO-c (tag, 818 pb)
(818 pb*) 0.234 0.00% 002+ 0.@5
stat syst heory

1 I 1 1 I 1 1 1 I 1 1 I 1
a1 .15 0.2 0.25

V.|
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Unitarity Trest: Compatinility ol charm; &

pDeauty. sectors: off CKIMIEmatrix?

PRD 80, US26Q5 (2009)
I CLEO-c full dat: ' CLEO-c
. CLEO-c full data
‘Vcd‘& N CSFndlreCt : set + 3-4% theor;% Now
1)K & nucleon I uncertainties I
‘Vud‘:‘vcs‘&T\/CJ :V Ul 1_| LI I I L ||B|pl|y|5i|cs|| T 1 I_
2) Bphysics - TS —
Indirect= global CKM fit = 1+: 0.95 — N
Vo|& IV Jdirect B ]
. . 0.9 —
(D semileptonic decays CLE! — |
o — —
CLEO_C fU” data set 2 i Plot by Sebastien Descortes-Genon & lan Shipsey |
0.85 — See also talk by Descotres-Genon at joint BABAR-Belle- _
J(‘Vcd ‘)/ ‘Vcd‘ ~ 3.1%0] theory Sl BESIII-CLEO-c Workshop 11/07, Beijing i
(V) 1|V d~1.1%0 theory i |
0.8 — Kand N —

D semileptonic decays with comparable
theory and experimental uncertainty KM N wammr
may Iead to Interestlng Competltlon 0.75 A R N A M A A A A A M AN A A A B A B A

: .. : 018 019 02 021 022 023 0.24 0.25
between direct and indirect constraints
We eagerly await new precise lattice calculations cd
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Branching fractions

PRD 80, 032005 (2009)

BES I i BES I i g ‘
LQCD (FNAL-MILC-HPQCD) et LaCD (FNAL-MILC-HPACD)
LQCD (Adaba) f——a—i LQCD (Adaba)
QCD SR (Ball) ———e— —
QCD SR (Ball) +—e—
LCSR (KRWWY)
LCSR (KRWWY) N .
LCSR (WWZ)
LCSR ' -
CLEO-c (tag, 56 pb™) o (Wwz)
Belle (tag, 282 fb™}) ieale CLEO-c (tag, 56 pb’) e
BABAR (no tag, 75 b o Belle (tag, 282 fb™) -t
CLEO-c (1ag + no tag, 281 pb ™) e CLEO-c {tag + no tag, 281 pb™) Mo
CLEO-c (tag, 818 pb™) 1= CLEO-c (tag, 818 pb™) -
1 1 1 I 1 1 1 I 1 1

0 2 4

B(D° - K e'v) x1072

L ! | L ! ! | L ! |
a 2 4
B(D° - me'v) x107°
3.50(3)(4) %

0.288(8)(3)%
(CLEO-c 818 pb' ) (CLEO-c 818 pb'

Precision measurements from BABAR/Belle/CLEO-c.
CLEO-c most precise. Theoretical precision lags experiment.
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O 9 Analysis llechnigue at 4170 MeV. (taggead)

 Candidate events are selected by reconstructing

+ _ *
a D4 in several hadronic modes ﬂ&.
D
O The tag is then combined with a well reconstructed v, \ 4170Mev
The missing mass squared against the y-tag pair _’e+ ‘_e—
MM b = (ECM - EDs(tag) - Ey)2 _(ﬁCM - ﬁDs(tag) - rjy)z30 D;+§>
Kh’ e DUU”-: /
KK | 00 | 400f N7 # : +
. 000, 3300 T AR D
100 [ preliminary
KR 9 D, tag modes:
N T N(tag)=70514+963
| 1500 N(tag+y)=43859+936

1000 Lot

: : reconstructed from
1 500¢

~5.5 x 10° D" D, events
35 3.7 39 41 35 37 39 4.1 3.5

MM*2 (GeV?)

Events / (0.01 GeV?)

et e 1000 | by sty
Tt Y 800 - .
1 600
1 4004
1 200
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decays

O First absolute branching fraction
measurements for Ds semileptonic

d Total width of these exclusive modes

is 16% lower than the D%/D*
semileptonic widths.

O Shed light on n-n’-glueball mixing

Signal Mode

B(%)

D — ¢etu,
DI —netu,

S

DI — ety

2294+ 0.37+0.11
248 £0.29 £ 0.13
0.91+0.33 £0.05

Df — KY%*y, 0.37+0.10 +0.02

S

DY — K%ty 0.18 4 0.07 £ 0.01

S

Df — foeT v,

0.134+£0.04 £0.01

MM 2 = (E,

Events/ 0.010 GeV?

arXiv:0903:0601

- EDs(tag) - Ey - Ee - Ehad)2

- eﬁDS(tag) - py - Fje - phad 5 !
in the CM system

4251108007

20 T T T 20 ! O sardt
D — ¢ e*v D; — nev [ sicebans
[ scaled sacagroun d
15F
10}
sk
ol and LD
D* — n'e'v D — K e'v
6 E 3
B | | ’-Egﬂ H
oL, . Ll
Ds' — K0ary 10 L D;’ —>fUE"\" ]
6| ]
81 ]
't i i ] I ]
41 ]
2r "I-Ij 7] i 1
0 Ll LA :

-0.25 -0.125 0.00 0.125 0.25 -0.25 -0,125 0.00 0,125 0.25
MM? (GeV?)
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Inclusive Semileptonic Decays ofi DO, D+, and Ds

Events / 50 MeV
S
=

600
00 |

200 [

PRELIMINARY

=y
[=]
=

Events / 50 MeV
2

[=x]
=

40

20

1.5

p (GeV)
DO—X etv D*—X etv D.—X e*v
Inclusive B (%) 6.55+0.10+0.09 16.36+0.11+0.29 6.49+0.40+0.18
Sum of exclusive B (%) 6.1+0.2+0.2 15.1+0.5+0.5 6.47+0.60

LUse knowledge of D semileptonic

decay to extrapolate below the
momentum cutoff (200MeV/c)

Any additional exclusive modes will
have small branching ratios

Ff; /Ff; =0.99+ 0.0 0.0: | isospin symmetry
Ff; /Ff)LO =0.81+ 0.05 0.0: SU(R) is broken
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D" - f,(980)e*v

arXiv: 0907.3201

D, semileptonic decays provide a very (submitted to PRD)

clean environment to study the
properties of the f,(980) meson

O Implications for quark content of f,

O Itis suggested that B.— J/Wf, can be

an alternative to B.— J/WYO® to ;14""""""""""'iﬂ40§"(b)"""' ]
measure CP Violation in the B, § 12 - 13 0F - E
0 10 T mass 3930 K'K™ mass 3
system Stone & Zhang [PRD79, 074024] 2, EEESS 3
g 15 20 3
o B T E
- - : : 13 BF E
Q0 Many interesting results: £ .. l 120 :
2 72 5E 3
v Br(D; - f,(980)¢"v, f, - 7" )=(020+ 003+ 001)% ,;;ﬁ!!!ﬂ | L 19 E
Br(D* e*v)=(236+ 023+ 013)% 06 07 08 09 1 11 12 13 14 15 16 098 1 102 104 106 1.08
s 7 ¢ B o oL 50 L T T T
dBr 3 @) " .1 1e0]
v e (D - f,(980ev)Br(f, - 7T+7T_)‘ S f,e'v form factor fit| "°°f
qur — — = (42+11% 2 -i
" (Dr - @'v)Brlp - K*K") 5
dq - W oo5 :
q°=0 B 80 i
Predictedoequa!Br(Bs = Iy f°)Br(f° - 77{ ) 3 40
Br(B, — Jy¢)Brlp - K'K") 5
B:ﬁ O I S TR N SO TR ST S N S S SN SR A R + L 0 I
M fo(080) = (9773,111)Mev,rf0(980) = (9]:322 i3)|\/|eV 0 0.25 0.50 0.75 100 0

ANERN

Simplepolemodel M, = (1.7i‘§§ + 0.2)Gev o2 (GeV?)
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0 Charm semileptonic decays are an excellent test ground of LQCD.
O D-> Ke*v, D> ze*vform factors in general agreement with LQCD.
0 Measured to better precision than LQCD.

U CLEO-c measures form factor normalizations for D> Ke*vy, D> ze*vto 3% and 1%,
respectively, while LQCD predicts them at 10% level.

d Direct measurements of CKM elements.

O Best direct measurement of |V |, measured to +1.1%(experimental) + 10%(theory).
O [Vl is measured to £3.1%(experimental) + 10%(theory).
0 Recent measurements of D, semileptonic measurements with tagged data sets.
U0 Measurement of 6 exclusive semileptonic branching fractions.
O First direct evidence of a semileptonic decay with scalar meson in the final state.
O Form factor measurement for D> f,(980)e* v

O Thanks again to Bo Xin and lan Shipsey

09 Sep 2009 Semileptonic Decays with CLEO-c Patrick Spradlin 21



