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Testing the Standard Model

with precision quark flavor
physics:

Decay constants
Form Factors

CKM matrix elements
y (CKM) & Charm mixing

Direct Searches for Physics
Beyond the Standard Model

[an Shipsey, Purdue University
CLEO-c Collaboration

Aspen Feb 122009 CLEO-c Results lan Shipsey

w(3770) > D°D°

D' > K*z~.D" = K e'v



Big Questions 1n Flavor Physics

Dynamlcs o - % CLu)rm 5

Origin of Baryogenesis? L e o

%%@

Connection between flavor physics & electroweak symmetry breaking?
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Precnsmn Quark Flavor Physics

- ——— T The discovery potential of B physics
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Precnsuon Quark Flavor Physics

— . ——— The discovery potential of B physics
is limited by systematic errors from

mmmmm

D system- CKM elements known to <1% by unitarity

~ 8

- { 2 2
D &g =[]l D >—< [Tl

=>» measurements of absolute rates for D semileptonic & leptonic decays yleld decay
constants & form factors to fest and hone QCD techniques into precision theory
which can be applied to the B system enabling improved determination of the apex (p,n)

+ Br(B> D)~100% absolute D hadronic rates normalize B physics
important for V (scale of triangle) - also normalize D physics
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Precision theory + charm = large impact

Theoretical
errors
dominate
width of
bands
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Precision theory? Lattice QCD
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This dramatic
improvement needs
validation

m(Bc) prediction succesful
Charm decay constants

fD+ & st

Charm semileptonic
Form factors
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theory-expt

expt

Understanding strongly coupled
systems 1s important beyond flavor
physics. LHC might discover new
strongly interacting physics
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Precision theory? In 2003 a breakthrough in Lattice QCD
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() e} Precision Experiment for charm?

Circa 2004 (pre-CLEO-c) Key leptonic, semileptonic & hadronic modes:

1: D" - v
- 100 |
Experiment : Theory 2:D+ — v
3: D% > we'y
80 o 5D Ko
POOI’ly known /Br - 5:D" - Kn'n"
T Br % , 6:D_+ - ¢r*
T CIror
/ u‘i
40
Mea}sured very 5_B(D s et v)=45%
precisely B 20
0.4-0.8% 98 (D" -5 1'0)=100%
B 0 _
0 1 2 3 4 5 6
Decay mode

Before CLEO-c precise measurements of charm decay constants and
form factors did not exist, because at Tevatron/FT/ B factories:

#X Observed <~ Backgrounds are large.
BriD—X)= ‘ “" #D’s produced i
efficiency x #D's produced s produced is
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CLEO-c: Oct. 2003 — March 2008, CESR (10GeV) - CESR-c at 4GeV

CLEO Il detector >CLEO-c

7 - T I T T o DD - D: DS | -
s b T L w(25) ,\l, e PDG-2008 | -
i - MakI Guw e 1
°F WParmo H* 'r -
R - . Eiggo N I+ | ]
‘- s Crystal Ball \ | T M I
- . | de’.‘" ikt T b
A ||||’ | R ,|||Hr' Hﬁ%' _ﬂfﬂ——-—f*_ N
I NI :
2 === - - - e L & Emnm —]
il? | | 3!5 | | | | 4( | ) 4|5 | | | _5
E (GeV)
Js Mev) Ldt(pb™)
3686 54 Ny (25))=27TM 86 MARK 111

3773 818 w(3770) >DD~5x10°DD <== x25BES1I

4170 600 D((;? D((g ~6x10° DS* D <Z——3 First sample at this energy
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y(3770) Analysis Strategy

‘ o Sw(3770)~>DD \|l(3770) is to charm
D;A e W ) what Y (4S) is to beauty

[ Pure DD, no additional particles (Ep =E,.....)-
U o (DD)=6.4nb (Y(4S)->BB ~ 1 nb)
U Low multiplicity ~ 5-6 charged particles/event

=>» high tag efficiency: ~25% of events
Compared to ~0.1% of B’s at the Y (4S)

A little luminosity goes a long way: .
Tagging ability: CLEO-c DATA
# D tags in 800 pb-! @ charm factory w(3770) — D' D
~# B tags in 1300 fb"! @ Y (4S)

D'"—>Krn', D >Knrn
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281/pb

Absolute Charm Branching Ratios at Threshold

E,=E,,: AE=E, —E, M, =\E., —|pyl

ID" & 1D- reconstructed in

1 D reconstructed (a tag) = same event
8 | S D+ sK-mtnt "'
'L I
5 ~80,000 ﬂ 00/ e
= * S I .
':;;' : D—Knn \ ;:“400:— D-—K+1t-1
= - S B
i | i 2002
= events

BDDU; 200:_ '
eooo- Very little :
4000k hackground 100/~
2000 :

° B3 A s Tee i87 188 180

1.83 1.84 1.85 1.86 1.87 _ 1 B o189 2
My . M c (GeV)

BC
Independent of

L and cross

= - - # (K 7"~ )Observed in tagged events
" B(D =K'z ) =— ) gg

detection efficiency for (K7 7z") e #D tags
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ok — -
B(D° ->K-n*) B(D"™—>K-nt'rtt)
Sets scale of bd tliiangle BABAR 1;§§0E’+ KT Previous best:
6010 <0 w00l B —D (@) < a0 measure:
F D'— Kt & 70 =
5ol lggyg-si‘;ovz- Lze(;t)-s s CLEO-c B(D" 5 D'z") BWD">Kx')
wo CLEO-c g GA98) S50 B(D" »D'x") B(D'>K x'7)
gaoi D 1000 5405 B(D+ —> K_7Z'+7Z'+)
a S 500 1|
2 20, # b — fﬁ’ dependent on
10 800 W E 0 - _+
£ | 400 Wrong sign Qnreniie M1('égw : i B(D"—> K™ 7n7)
E M (GeVic?) : M2 . (GeV2/c4) ’6’ (%) Error((%)) Source
(0] (o)

2 (%) Error(%) | Source 9.3:0.6+0.8 10.8 | CLEO
3.80£0.09 24 | PDGO4 9.141.340.4 149 | MKl
3.891+0.035 +0.069 2.0 CLEO-c 9.140.7 77 PDG04
4.007 £0.037 £0.072 2.0 BABAR 0.14 40 1040.17 19 CLEO-c

PDGO4  ssanoram S 1 . d z(y : — — :
Mark | : - yst. limited: 270 now: B(D" > K 7n'n") = MLCICLi Shllnis
Mark Il ] .
CLEO-c & independently measured

Mark Il i CLEO I ——
HRS — . BABAR
ALEPHO91 +—+— & 51 agree Vastly CLEO-c X.3-5 Mark Il s
Anaue o) H . superior S/N More precise Markll :
ALEPR S7 M at CLEO-c than PDG Markl | s |
CLEQ Il average s
e wne H charm hadronic scale sES =
N is finally on a SECURE oueos som= | e
CLFO-.C' 2.81 ?b e “H| L FOUNDA UON CLEQ-c, 281 pb = HbH

‘:H{D:'—)K_“.T'] (nr.iu) 1 1 | L . . | . . . | . . . |
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Absolute D hadronic ®B’s

D. hadronic BFs serve to nomalize many processes in D, & B, physics

This is the Ist high statistics study @ threshold Phys. Rev. Lett. 100, 161804 (2008)

E.,.=4170 MeV. 298/pb. Optimal energy for D.D_ *production.
Analysis technique similar to DDbar at 3770.

8 D, single tag modes ~1000 double tags (all modes) (~3 5% stat.)

4121207-021 2.06 4121207-022
oo D KK'r fDiomrr | B
4000 ~139K ~3.1K ] 204
} _ 2.02
: 2500 2.00

] D;—:»IK' K* TC"ITED D —>K° K n* Tt* oisk n o

= ~2.0K ~17K el R e
= "} i “M\M o) S )

o = 1000 ] H }\ I3 1 e ™ot .
= soof 1 .. 3 1 i

QD [ ) - P o
= ' . N A en t

w :

DI Ke K* forsan foion

.c-. Bt e o .
St T L et e
. . " " = _'l'.l-l.Fl|'||'|'||'|;'|~|'||'.T-T'|"||||.||.'J|-|-|'|'|"|||_
1.95 2 1.95 2 1.95 2 1.88
' ) ' 188 190 192 194 196 1.98 2.00 2.02 2.04 2086
M(D?) (GeV/c?)

M(D;) (GeV/c?)
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Absolute D, hadronic ®B’s

Phys. Rev. Lett. 100, 161804(2008)

CLEO-c, 4170MeV, 298pb'1 Errors already << PDG

Mode This result B (%) PDG 2007 fit B (%)
Kk .49 + 0.07 = 0.05 22+0.4 KK ——ago
KK 5.50 = 0.23 +0.16 5.3+0.8 KK o
KK 7" 5.65 +0.29 + 0.40 e KK et ———
KK a"m* .64 +0.10 +0.07 2707  wKew
kA 111 +0.07 +0.04 1.24 +0.20 "
) .58 = 0.11 +0.18 2,16+ 0.30 “n
7 377 +0.25+0.30 48 +0.6 wn e
K'rm™ 0.69 = 0.05 + 0.03 0.67 *0.13 Kewr

The important normalizing mode K*K*tr*

3 4 5 6 7
EBranching Fraction (%:)

is in good agreement with PDG

By tagging and counting D and Dbar separately a search for CP Violation
was made — new physics if found in a Cabibbo allowed D decay -
results were null.

Update to full data set in progress
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Importance of absolute charm leptonic branching ratios

fpl> _~1Vexml? X L ) m|2 5
/ [ TD; ~>10)=£GIM,m (1= )|ch|
D+

V
1 Check lattice calculations of decay constants
y B, Bx—=Z B,

) 2 2 2
rate = (const.) [de] ‘th‘ ‘th‘
0‘\ s t
0-8/‘; ~10% (HPQCD) ~ =12%
(expt) PRL9S 212001 (2005)
HFAG

if f, 103% — |V |[Ve|to~5%

B > tv o« f, V, , butrate low & V , notwell known

fo cico-c and (Fa/fodatrice > fa  Pecise [Vl
(And fp/fps CLEO-c checks fg/fg)lattice  important for |V, |/[V,

C — +
Sensitive to new physics pt W', H ¢ H+ W prime , leptoquarks
Py Dg In 2HDM effect is largest

5 » for Ds
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c

K" |fD+|2 |\/vcd|2
Tag D L y v / /
fully S
. reconstructed o V
- ‘ 1 additional track
Vs (consistent with a muon)
\ Zero additional photons
. Compute missing mass:
W peaks at 0 for signal
- = 1.2
MM’ =(E,~E,) ~(F,~E) '
Where E Ebeam > E) = B)mg I 1
p 0°
B(D" — uv)x10™  f, MeV T4 ¢
MKIII <72 <290 0.7
BESII 12.2'5,+0.11 37175, £25  ©*
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EvENTs/[(o.oz [ W

fD _from Absolute Br(D"— u*v) at y(3770)

| Mark III PRL 60, 1375 (1988)

. ~9pb12390 tags

2.0 I—

Q.5

vissing | MM? {Gewt'l']'

| BESII Phys Lett.B610:183(2005)

| ~33pb!
. 5321 tags

s e a

L AV

c I' . N
S -~

*

S=3B=033 .- 4

-0.2

0 0.2 04 06

MM? 17



fy, from Absolute Br(D™— ptv)

MM® =(E,,,, —E,)' (=P, —P,)’
MC L o]
' < DK

|

Df—pu'y

1 50

0
[ — ptv signal

— ntm°

— Ty, ety

200

0 0.25 0.50
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fy, from Absolute Br(D™— ptv)

2 2 D D2
= — —(— — -1
MM"=(E,, Eﬂ) ( B)mg f;) Data 818 pb-* at y(3770)
—_
MC L e TR I e |
- 1100 B -
- 1 300 - | D+—)Tr+K0
< D+_>1T+K0 Al
4 50 .
1 3 -
= 200 |- |
400 0 D+—)ll+\’ e
— ptv signal % 1
200-_ — Ty, ety 100 L
— sum |
cl e P - 0 _—;'II{I.LI"'-:— . . . . .
0 5 _ %25 0.50 0 0.25 0.50
MM?(GeV?) MM?(GeV?)
PRD 78,052003 (2008)

Next: count the number of events in the peak
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fy, from Absolute Br(D™— ptv)

PRD 78,052003 (2008)

® In practice we fit: 2 _ 2 D D2
® v, v (signal) : from MC MM™ = (Eyeqy Eﬂ ) =( B)mg B‘)
* KO%*": from data using double tag L
DD events where both D decays to - -
charged Kn 10% =
* 7w'n’ and Other bkg: from MC = Elspeliellite -
% B cocktail F komr ]
When t" v/ u* v is fixed to SM ratio E - .
149.7 £ 12.0 p*v;25.8 1" v 2 10" N
BF(D—puv) =(3.82+0.32+0.09)x10* & = it S
for = (205.848.5+2.5) MeV o £ Sl -
L - I ? i
When t* v/ pu* v is allowed to float TET E
153.9£13.5 p'v; 13.5+ 153 t'v 2 l\ :
BF(D—puv) =(3.9340.35+0.10)x 10 i . 5
fior = (207.6£9.32.5) MeV Y RN R
o -0.10 0 0.10 0.20
Measurements are statistics limited MMZ2(GeV 2)
/. =(208+4) MeV (LQCD) LQCD (2%) more precise than experiment (5%)
Expt/Theory agree — Experimental validation of LQCD is at 5% level
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D" >rt'v,i > x'v

Two samples mu-like and pi-like

A test of lepton universality based on signal track energy in
calorimeter (Ecc)
* Simultaneous fit to both samples [l Sy R
Ecc <300 MeV
constrain the relative tv yield to the 102 D—pv ‘e
pion acceptance ratio 55:45. o T , y ]
/
* No significant signal seen: 1 ~
B(D*> t* v )<1.2x 103 @ 90% C.L 107 | |
197 e e
In SM: - EECC > 300 MeV

+ + 2 2 ’ E

m L

R= D —>7v) =m’ (l— J /mi [I_M; ] =2.6510"¢
D' i

2
mT
)

M-,
D

_F®+ —)ILI+V)_ | 0 T* +T T |
bi ith CLEO-c B(D" — uv): - < 1\ '

combine wi ¢ B( 1V b LI \j

RCLEO /RSM <1.2 at90% CL -0.1]:0)—>TC+7I%OO MMg.(goevz) 0.20 0.30

=>» lepton universality in purely leptonic D+ decays is satisfied at the
level of current experimental precision.

PRD 78,052003 (2008)

Aspen Feb 122009 CLEO-c Results lan Shipsey 21



Method 1: D, - u'v,D, > t'v,t" > 7x'v & f),

D, (tag) 8 modes: Cabibbo favored decay compensates for smaller
# D, tags 70514+963 cross section @ 4170 MeV
o000 | KK | K ool @4170 D, D,*, Dy*—D,y

100

Events/2 MeV

1000

| 1600}

4 1200}

4 800f

| 400}

190 194 198 202 190 194 198 202 190 194 198 202
Invariant Mass (GeV)

We search simultaneously for D, - uv & D_— v
* For the signal: require one additional track and

no unassociated extra energy NEW

* Calculate missing mass (next slide)

Events / ( 0.01 GeV?)

arXiv:0901:1216
Aspen Feb 122009 CLEO-c Results lan Shipsey

Calculate MM? for Dy tag plus photon.

T if A | Peaks at D. mass. N(tag+y)=43859+936
%SOOOM‘A‘«.‘_ S

2000} | MM =(Eyy, _EDS—tag _E7)2 —(=p Dy-tag — P 7)2 z%SZ

I I 1631108-032
16000_—‘"‘ AL Y S \...!..le..‘._._

14000 |

12000 f

10000 f

8000 f

6000 f

4000 , , .

2000 |- All 9 modes combined ]
G:\..\\.\..I\...i\.\\.I\...i..\\IH..\..:
3.5 3.6 3.7 3.8 3.9 4 4.1 4.2

MM*2 (GeV?)

(Submitted to PRD Jan 12 2009) 99



D.—u"vand t(n'v)v

arxXiv:0901:1216

NEW
Three cases depending on particle type: 5 — 0311087
mostly Track consistent with 4™ -
Fit mu & pi like distributions simultaneously 1 | D,—#v (E <300 MeV) 1
Using SM " v/ 1" v ratio o5 accepts 99% of u* and 55% of 7+ ]
BU(D —u*v) = (0.591 % 0.037 * 0.018)% I ]
R B -
fo, =(263.3 8.2 £ 3.9) MeV - Al -
s = ) iy . I,

o | & It 'tlh +\'acc'epts'1°/o'ofy+
Fit muon-like distribution JEIES COIT U &5 and 45% of '+

>
o) §
2 o (E > 300 MoV :
S §
Not constraining t* v/ ' v ratio 5 0 _( : eV) m03t|)+’ ) g
B(D,~p'y) = (0.565£0.045£0.017)% S |~ Pe D -t (@) ]
202 o pET
L ]
Fit mu & pi-like distributions simultaneously:?‘f N - =4 T Rl :
Constraining w1 _ _ | |
ratio of 4" v events to be 98.8:1.2 | [rack consistent with|e* |
ratio of 7" v events to be 55:45 4l _
B(D,—1"v) = (6.42 £ 0.81 + 0.18)% 3 0 ]

oo I "

0 0.25 0.50
—ety) <1. -4
B(Ds e 1.2x10 MME {GEVE)
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Ds_) M+V and ’C+(TC+V)V arXiv:0901:1216 NEW

2-D fit to sum of muon-like and pion -like distributions

120:|—III|III T T T IIIIIII T T T II-I: BU:Illllllll IIII|IIII|IIII IIII:
—~ I 1~ 70 (b) :
% 100 - S % o A l’l’w -
S ] o 9% ! E
< B 1 o - -
o 80r 1 S 50f
=2 D= TV Background
= 60 4 & 40F Dg sidebands
2] . 1l € -
c - . g 30 :
g 40 1 W F + +
Yoo : 201 .
20 . :
- i 10:_ ’f-!d':-%———- -
........... T - L4 .,
PRI Tl RN IR I NI 1 n i ajpg =24
1.90 1.92 1.94 1.96 1.98 2.00 2.02 -01 005 0 005 01 0.15/0.2
M, (GeV) MM2 (GeV?)

_ Background
Using SM t* v/ u* v ratio
B (D, —u*v) = (0.591 £ 0.037 £ 0.018)%

fo, = (263.3 + 8.2 + 3.9) MeV

Statistics limited
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Method 2: D, > 7t'v,7" > e'vv & f,, NEW

arXiv:0901.1147

600/pb @4170 MeV 400 MeV (Sub. to PRD Jan 12 2009)

Require D, tag 0 Fe— . | Da'ta - o

. [ MC Total i

Require 1 electron and no other tracks ool ] MC Signal E

ail 1 MC Background (BG) .

Primary bkgd D, (tag) + D> X e v. 100 MC D - K e* v, E
= [ i IMCBGw/o Dl - K etv,

Suppress X by requiring low amount of extra S 80| | .

energy in calorimeter. Shown on right. £ 60 - - 7 : E

] B
Signal region E_(extra)< 0.4 GeV. T g o ! E
20 —

MC describes data well

I N

Results: 1
B(D,—7"v) =(5.30 £ 0.47 £ 0.22)%
[PDGO6: B(D—7"v) = (6.4 £ 1.5)%)]
fos =(252.5 £ 11.1 £ 5.2) MeV

This is the most precise determination of
B(D.—7"v)

Aspen Feb 122009 CLEO-c Results lan Shipsey
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Iow &l Iy

Combining method 1 D, - uv& D, = v, 7 > v
& method2 D, = v, > ev
weighted average: f, =(259.5£6.6+3.1) MeV

(syst. uncertainties are mostly uncorrelated between methods)

combine with f . =(205.8£8.5£2.5) MeV (CLEO)

Io ! [ =1.26+0.06£0.02

compared to:
(D! > 77v)
SM T n n
'O, > uv)

=9.76 (Standard Model)

=>» lepton universality in purely leptonic D, decays is satisfied at the

level of current experimental precision.
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e 2595(7.3)

Belle

BaBar

PRL 98, 141801(2008)
CLEO-¢

arXiv: 0901. 1147
arXiv: 0901.1216
(both submited to PRD)

Lattice(HPQCD+UKQCD)
PRL100, 062002 (2008)

Lattice(FNAL+MILC+HPQCD)
PRGOS, 122002 (2005)

QL(QCDSF)
PLB 652, 150 (2007)

Ak /~2.3(exptl)0 apart
208(4
¥ e - 241(3)
—_—
L L | L L | L L | L
200 250 300
MeV
fo/fp e
-
AR T TN N [T T TN T (T N S T N S S S T
1 1.1 1.2 1.3 1.4
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CLEO-c

Lattice(HPQCD+UKQCD)

Lattice(FNAL+MILC+HPQCD)

QL(QCDSF)

Comparison to LQCD

CLEO {,, consistent with calculations

CLEO f,; (and Belle & BABAR) higher
than most theoretical expectations

CLEO f,,; is ~2.36 above the most recent
& precise LQCD calculation
(HPQCD+UKQCD).

Ds leptonic decay width could be
modified by new physics ex:
Dobrescu and Kronfeld arXiv:0803.0512

The difference between expt &
HPQCD+UKQCD could be due to new
physics, unlikely statistical fluctuations

in experiment of lattice calculations or
systematic uncertainties which are not
understood in the lattice calculation or
experiment. BES III measurements are

eagerly awaited.
gerly 7



Importance of Charm Semileptonic Decays
Vexml? dl’ K)x
— = Ve 16”77 (@)
dq

——==_ ()

1 Assuming th ff=V _ and V 4

2  Assuming V_ and V_, known, we can check theoretical calculations of the form factors

3  Potentially useful input to Vub from exclusive B semileptonic decays

v
Br(B — zlv)~ 6% precision ‘I/ub‘ = (3.62+0.2 i:rgfﬁ %1073 m

BABAR/Belle/CLEO(HFAG)
+ exp= LQCD
(summer 2008) ~11-17% e.g.
Expt. 5% HPQCD &FNAL
g’ >16GeV”* ASK update this moming |/, | = (3.3840.36)x 10~
-
e 2 2 11%
= \Y% B—orx
B === * |/ ()]
Related at
i . ot
HQS < same invarian
= v Do 2 2 4 velocity
b &= | <[/ @],
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Absolute Semileptonic Branching Fractions
The neutrino direction is determined to 1°

no kinematics ambiguity

U = Emiss o |]_9)miss — 0
2500
S 2000 - f] D> Ke*v,
) }
=
S =0 S/N ~300/1
L 1000 |-
5 (~7000 events)
- > B
L 500 -
W(3770) — D'D’ 0.2 -0.1 0 0.1 0.2

U= Emiss_ |Pmiss| (GeV)

0 + = 0 - _+
D "> K'n,D > K ev arXiv:0810.3878 (accepted PRD)
Feb 3 2009

Tagging creates a single D beam

of known 4-momentum B(D — Kev) = N(D — Kev)

Efficiencyx N, . 4
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0 - _+
O a D D> mrev
CLEOIII 10 GeV CLEO-c

3070404-003
LB L |

250

: D’ > 770"y
- -4

]
(=]
o

Candidat(ra\)s [ 4 MeV
@]
(@]

100

>

L

@
Events/(10MeV)

> 0.12 0.22 0.32
Am
50
ﬂ Tag with D" — D’r

0 -+ 0
Compare to: Di=m v
State Of the Observable : U= Emiss_ |Pmiss| (GCV)
art measurement 27 =77 7Lv) = m(zlv) Note:
at 10 GeV (CLEO III) kinematic
PRL 94, 11802 (2004) separation.

Only other high statistics measurement is from Belle
282/tb (x1,000 CLEOc) 222+ 17 events S/N 4/1
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It Observations:
+ &
D" —ne'v,

0 = 4
D" —>pev,
23rBall_yield = 131:13 n
embn_yleld = 130 = 13 )

Events | { 0.008

+ +
D" > we'v,
1.8 Ny
= <@
= g1 A
z 3 14 (\’f\
S| & L ,
2 b £
B &
2os M
U>JOA6
0.4 -
T o2
2 0 \_.-.rlJr B
| 0.8 1 1.2 1.4 1.6 1.8
My (GeVic2)
* 4+
+ 0 + D—>Kev
+ D'/D° - Xe'v, e

form factors

PRL. 97, 251801 (2006);
arXiv:0810.3878 (accepted PRD);
PRL, 100, 251802(2008);

PRD, 77, 112005(2008);

Note: use PDG2004, as
PDG2006 & PDG2008
are dominated by

CLEO-c measurements

PRD. 74, 052001(2006);
arXiv:0802.4222 (accepted PRL);
PRL. 99, 191801 (2007);
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CLEO-c semileptonic tagging analysis technique: big impact

Precision Measurements:

D' s et v - PDG 2004
D = Kev "' * CLEO-c (281 ;m";l
D' = K(K n%) e*v ——
D" — H":H's rr; e -
D' = pev +
D" — K(1270) e* v
D" =Xe'v "'E
D"—=n"ev : ——
D" =K e i -
D= K® (K 1) e v o=
D*—=plew -"i'
D' —we v '_'i'_'
D" —=nev '—1'—'
D"=Xe v . "'E
.., Normalized to PDG | ,
1 0 1 2

‘D — K e'vbranching fractions are for 56/pb

CLEO’s measurements most precise for ALL
modes; 4 modes observed for the first time
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Phys.Rev.Lett.100:251802,2008.
Phys.Rev.D77:112005,2008

Uses neutrino reconstruction:
|dentify semileptonic decay.

Reconstruct neutrino 4-momentum from
all measured energy in the event.

Use K(=), e, and missing 4-momentum
and require consistency in energy and
beam-energy constrained mass.

Higher efficiency than tagging but larger
backgrounds
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D — K/ ze'v without tagging

[analogous to neutrino reconstruction @ Y(4S)]

'D° > mwety, 1D’ > Ket*v, .
8001 T 8000
600 1325+48 +14356+132 46000
"0 400} | Jaooo
% i ]
200 12000
= ]
o o= e
..2 300 D™ — TEO et Vo T+ D' — KS e v, 44000
5| | |
- 13000
B o0l [ 584688 || |
I t 12000
100 -1 1
- 11000
180 182 184 1.86 1.881.80 1.82 184 186 1.88 °

0

M, . (GeV/c?)
M, distributions fitted simultaneously in 5 g2 bins to

obtain d(BF)/dg?. Integrate to get branching fractions
and fit to get form factors
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D —K, mwev Branching Fractions

DK< v

PDG (2004) i PDG (2004) e il——i
BES II H— BESII
LQCD (FNAL-MILC-HPQCD)  + ———i . LQCD (FNAL-MILC-HPQCD) —t———
LQCD (Adaba) —— LQCD (Adaba) ——
LCSR (KRWWY) LCSR (KRWWY) : *
LCSR (WWZ) - LCSR (WWZ) [ -
CLEO-c (tag, 56 pb™) il 4
CLEOQ-c (tag, 36 pb") —a—
Belle (tag, 282 fb) e Belle )
tag, 282 fb —8—
BABAR (no tag, 75 fb) elle (tag
(BABAR measures 4
4 CLEO-c (tag, 281 pb™) HH
CLEO-c (tag, 281 pb™) . o
relativeto Df — K™ 77|) :
CLEOQ-c (average, 281 pb™) CLEO-c (average, 2681 pb™) HH
1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 | 1 1 | 1
0 2 4 o 2 4

B(D’ - K e'v) x107*
3.60(3)(6) %
(CLEO-c average)

B(D’ - 7 e'v) x107°
(CLEO-c average)
Precision measurements from BABAR/Belle/CLEO-c.

CLEO-c most precise. Theoretical precision lags experiment.
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D’ — Ke'v Form Factor: test of LQCD

dl' G, 214, 12 — Shape: a(Kev
2 = 5 3 PI? er(qZ)‘ ‘Vcs p ( )
dq 2472. FOC U (Param)
Form factor measures probability hadron will be formed cteom
Belle (2006) H——n
23 Do Ke'v, BABAR (2007) e
—— LQCD mean FNAL-MILC- LocD e
LQCD Statistical HPQCD
2 LQCD Systematic CLEO< (lag) +—
« GCLEOC-c (tag) )
o GLEQO-c (no tag) 1P CLEO-c (no tag) w—e—
&_15 s+ BELLE A yellow band
;5_’5 o 1 -ol.z a a.z2 a.4 oy = 0,40(2)
1 } Cgeyv
— my avg.
Normalization: £ (0) |
05 Assuming V_=0.97334(23) FachEhad :
CKM Unitarity QCDSH (Ball) | *
A R E R R B LCSR (KRWWY) ! .
% 0.1 02 03 04 - *
K fast q*(GeV?)/ MD- K at rest LCSR (WWZ) -
. : Quark Model L]
Modified pole model used as example LQCD (FNALMILCHPQCD)

/.(0)
]‘_qz/mlzmle)(l - aqz/mlz)ole)
Normalization: experiments (1.2%) consistent with

LQCD (10%). Theoretical precision lags.
CLEO-c prefers smaller value for shape parameter, o

fi(q") =
(
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Belle (282f1h
K (BABAR measures

BaBar (75fb™) W relativeto D°|— K z*)

CLEO-c (tag, 281 pb™) b
CLEO-c {(no tag, 281 pb™ -l
CLEO-c (average, 281 pb™ -
T I T N T [
0.9 0.6 0.8
f'(0) 34



D’ — 7 e'v Form Factor: test of LQCD

dr G; 3 2 2 2
2 = i f.(q )‘ ‘Vcd shape: a(rev) FNAL-MILC-HPQCD
33 D—me*v, dq 247 CLEOI —_—
3 Fit to Quenched LQCD (Abada et al.)
Quenched LQCD (Abada et al) Belle (2006) ~———&—
25 L] CLEO-c (tag)
o CLEO-c (no tag) LGQCD -
~— 2 A BELLE 4
h . .51?] CLEO-c {lag) —
w15 .} T
= CLEO-c (notag) ——
1 ; 03 :
oagebe & BT Asuming e
051 (CKM Unitarity) -1 0.5 a 95g_=0.17(6)
o5 . Normalization: f (0) my avg.
qz(Gevz) LAQCD (Abada) —8—i
Modified pole model used as example acosA (san — -
f (qz) _ f+ (O) LCSR (KRWWY) ——
+ 2 2 2 2
(l_q /mpole)(l_aq /mpole) LCSR W) ¢
Normalization experiments (2%) consistent with LQCD LaCD (FHALMILC-HPQCD) .
(10%). CLEO-c 1s most precise. Theoretical precision lags. Belle (28211 "
) X CLEO-c (tag. 281 pb™) o
The data determines |V 4|f.(g?). To extract |V 4| we fit to { _
) . ) . CLEO-c ({no tag, 281 pb™
|V 4lf+(g?) using Becher-Hill z -expansion to determine CLEO (average, 281 pb) -
|V lf.(0) & use f,(0) from theory (FNAL-MILC-HPQCD.) |,

0 0.2 04 0.6 0.8
Same for |V t0) 35
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V.| & |V 4| Results

CLEO-c: the most precise direct determination of V PDG T (Kev) "
o(|Vi) /| V| ~ 1.3%(expt) ©10%(theory) LEP Wes =
BESI T (Kev) et
CLEO - ¢ Vcs CLEO-c (tagged) e
CLEO-c (untagged) ———]
(average) 1.018+0.010+0.008+0.106
CLEO-c (average) s
stat syst  theory
T
V..l
CLEO-c: o(|V4|)/[V 4|~ 3.8%(expt) ©10%(theory)
vN remains most precise determination (for now)
PDGHF N i
CLEO —c V.,
(average)  0.222+0.008+0.003 +0.023 CLEO<(iagged)  ———
Sstat syst theory CLEO-c {untaggad)
CLEO-c (average) |
Averaged values represent final
results from CLEO-c¢ 281/pb data .

1 1 L | L L L |
015 0.2 025

set. Analysis of the full data set ( x3 v_|

this study) 1s almost complete. * PDG2002 Fits use Becher-Hill z-expansion

Aspen Feb 122009 CLEO-c Results lan Shipsey



V.| & |V 4| Results

THEORY UNCERTAINITY REMOVED

CLEO-c: the most precise direct determination of V PDGI (Kev) * e
a([V. ) /|V..| ~ 1.3%(expt) ®10%(theory) LEPWoes )
BESII " (Kev) ——
CLEO — ¢ Vcs CLEO-c (tagged) [
CLEO n d "
(average) 1.018+0.010+0.008+0.106 ¢ (untagged)
CLEO-c (average) 7]
stat syst  theory
T
IVl
CLEO-c: o(|V4|)/[V 4|~ 3.8%(expt) ©10%(theory)
vN remains most precise determination (for now)
PDGHF 1, ——
CLEO —c Vea CLEO-c (tagged) ——
(average) 0.222+0.008£0.003+0.023 — "
-c (untagge —a—H
stat  syst  theory ”
CLEO-c (average) —e—
Averaged values represent final
results from CLEO-c 281/pb data S VS N
set. Analysis of the full data set ( x3 V4l

this study) is almost complete.
* PDG2002
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Unitarity Test: Compatibility of charm &

beauty sectors of CKM matrix?

| e [ CLEO-c
CLEO-c full data Now

L. set + 3-4% theory
indirect uncertainties

‘Vcd
1)K & nucleon

&|V,

1IIIIIIII|IIII| I|IIIIIIII

B physidg

‘Vud :‘Vcs & ‘Vcd
2) Bphysics
Indirect= global CKM fit = 1+2

= ‘Vus

Indirect
i

0.95

‘Vcd & ‘Vcs
(D semileptonic decays CLEQO)

Projections to full data set
o( ‘Vcd ‘) / ‘Vcd ‘ ~ 2.7% @ theory
o (|V,|) /| V.| ~1.1% @ theory 0.8

direct 0.9

o IVCSI

.85

Kand N

D semileptonic decays with comparable % Tl G
theory and experimental uncertainty 078 " o1e '0'2' - 6'21' - 6'22" | 6'2:'; - (']'24' 025
may lead to interesting competition o

between direct and indirect constraints

Plots by Sebastien Descortes-Genon & Ian Shipsey
See also talk by Descotres-Genon at joint BABAR-Belle-BESIII-CLEO-c Workshop 11/07, Beijing 38
Aspen Feb 122009 CLEO-c Results lan Shipsey



]

CLEO-c¢ & Direct Determination of vy

By e

area has CL > 0.95

o
4]
] IllllllyWI/lllll
exclude

= Ell lIllIIll'IIIIIIlIIIIlIIII|IIII

L 1 1 L 1 1 L L L L L
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

v is the least well determined angle of the unitarity triangle
with an uncertainty of ~30° from direct measurements

- GB=1O

Comparison of measurements of y in tree and loop processes
sensitive to new physics
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B — DDK_ B —

=0

D K™

W s b Vup ~ € -
b o c _ 1, o
- 2 l | \_, . - “'--\,___\.\.. .
B \ / I) U - - 'A..\_‘?
\ - v . .
u T .
U ~U K

« Extraction through interference
between b—c and b—u transitions

» Require decay of D’ and DY
to a common final state, (D)

* A theoretically clean determination

of y SM ‘standard candle’

. o —0_
“ | .DU <B  — DK >

’Y from B* - DK*

\

i(0p—")

<B- — DVK- >

= TIRBe

A DK~

fh -
B f(D) K

I

ADS Method f(D) = non-CP Eigenstate (e.g. K'n")

PRL 78, 3257 (1997)
<D’ — K'r > .

— =rpe

<D — Ktr > TN~0.06

CKM suppression

1(d-Y)
N

0, unknown.

Measurement of o, useful

for y (also for Dmixing in Kr)



Quantum Coherence @ y(3770)

team » 00
LAt the y”(3770) } e >y —>DD
JPC =1
A D is observed to decay to a CP eigenstate f, which is CP even:

1.e. CP+

Then in the limit of CP conservation, the state recoiling against the tag

has a definite CP as well and it must be of opposite sign :

CP(f, ;) = CP(f,) CP(f,) (-1)) = CP+
——
Example: — (since [ = 1)

Two CP eigenstates (-+ = ]-<07Z'0 —1
of opposite sign ( KD = CP+

+ -

*CP eigenstate tag X flavor mode

K+K_ <— Dcp(— \|f(3770) —> DCP —> K_TC+ (-1) !

_|_ -
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Principle of Measurement of Strong Phase o

» Lf CP violation in charm is neglected: mass eigenstates = CP eigenstates

‘DCP J_r>= -\}E_UDD>:‘DO>J

V24D, > K77 )= A(D° > K7 )+ AD° K77
i CF DCSD

Flavor mode

DCP(+} — flfz

( KS _h"“—--_______ f2 -
CP
Eigenstate (-) 1

TEO ' . A ' .
L 5ESD . In the limit of CP-invariance

V2 A(Dep. > K77 — A(D° 5 K77 = A(E K7
" But method is limited by CP
— tag statistics at CLEO-c.

A(D">K°7") CF ” Fortunately, the method can

Br(Dep, K 7)—-Br(Dgp — K 77)|  be extended to a global fit

CP+
27, 'gr(DD _>K_ﬂ-+) to a combination of CP and
flavor tags

as r,, 1s well measured
FNAL Seminar May 18 2007 lan Shipsey
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« Measure yields for single tags (ST) & double tags (DT)
— Analysis similar to previous D hadronic BF analysis

Coherent vs. Incoherent Decay

D. Asner and W. Sun,
Phys. Rev. D73, 034024 (2006)

ST X—(0)@—'!
0T | —(0)@—

DT K-+ ot CP CP
n _

K7t Ru/ Rws QC rate

Ktz | 1+2Rys —4rcosd (rcosd +y) incoherent rate

e 1 —r (ycosd + Xsing) 1

CP+ 1+ (2rcosd+y) /(1 +Rys) 1+y O

CP- 1—(2rcosd +y)/ (1 +Rys) 1-y 2 0

ST 1 1 1 1

Ry =(X?+y?)/2and Rys=r?+ry’ + Ry
where x and y are D mixing parameters

andy =y cosd-xsind

» Compare coherent/incoherent BFs
« Sources of incoherent BFs:

— Externally measured BFs
— Single tags at y(3770)

No QC B With QC B Data

T CP+/CP+

1 L 1 1 I 1 1 L L

—— CP-/CP-

' i L i i I i 1 L L

CP+/CP— —
I 1 L I L 1 ‘

I = | K-ﬂ4/K-ﬂ+

; 1 L 1 i I 1 1 L L

- Kn'/Kn™

I ‘ I 1 1 1 1
0 1 2
Yield / No-Quantum coherence

prediction

Quantum correlations are seen

43



Yield measurements in 281 Db_ PRL 100, 221801 (2008)
PRD 78, 012001 (2008)
) 800 | i
1. Fully-reconstructed single tags: _ | Ko a nEK Y, S ‘
— Fit beam-constrained mass 500 3 | 80 -
distribution i 50 |
500 |- : I
M 2 a00 | ' 10 3
s¢ = Epean—1 Pp | o b 0f { |
2. Fully-reconstructed double tags: s E J \ 20
— Two fully-reconstructed STs : 10F " Hi
0 :Jllltm
] ) ) 1.83 1.84 185 186 187 188 189 183 184 185 186 1.87 1.88 1.89
3. Inclusive semileptonic DTs: My (GeV/c2) My (GeV/c2)
— One fully-reconstructed ST 300 [ . i I
— Plus one electron candidate _ r""_u K Xe 100f ' K, K1 m°

— Fit e* momentum spectrum

A4
of ]

200

4. KO n® double tags:

— One fully-reconstructed ST ool sof Jr
— Plus one =° candidate of |
— issi 2 n tt
Compute missing mass _ : 7 mt“ﬂ’fwl-"’r
 Signal peaks at M?(K9). 0 . 0 :
0.00 0.25 0.50 0.75 1,001 0402 0 0204 0608 1 1214

e*p (GeV/e) M2, (Gev?/ct)
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Results

First

o Parameter Standard Fit Extended Fit
Determination
(281 pb) y (1079) —45 + 59 + 15 6.5+024+2.1
r2 (10— R0+684+19 344 + 0.01 4+ 0.09
PRL 100, 221801 (2008) cos J 1.03 £+ 0,19 40,06 1.10 40,35 4 0.07
PRD 78, 012001 (2008) x? (1072) —1.5+ 3.6 +4.2 0.06 + 0.01 + 0.05
rsind (1077) 0 (fixed) 4.4+2442.9
i /ndof 30.1/46 55.3/57

« Standard fit result important component in
average of charm mixing

 Extended fit leads to measurement of:

y (%)

5| [CHER2008 | s ‘ C'i-:)va”ouied I
1149 ¥ From likelihood scan of - S ERShiS 0}
o =12 _12-11 physically allowed region 150 . o

» Next: full data set + C-even 4170 MeV = \

- | ifc
B i 3o
_1_ .......... : 4G
T T B I IR S B -1

-1 05 0 0.5 1 1.5 2
X (%)
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Charm Factory INPUTS TO CKM ANGLE ¢5 /y

Dalitz plot Method BABAR (KsKK Ks7zz)y = (761, £5¢
- B DK, D> Ka'm  Belle (Kszr) y= (76724 4
currently most accessible method D Decay Model
experlmenta”y Kgn*mvs.CP-evenTags Kgn:*n'vs.CP-e SYSTemGTiC
(D >Ks/L rris Cabibbo favored) =] % Uncertainty
Model uncertainty can be reduced ] u
to ~2° by analyzing CP & flavor i U]
tagged Dalitz plots at CLEO-c T e ]
- 25 07 ; I E
§25)\: Impacton LHCb’s: )
E";g 13 —>D(Ksmt)K- & result g
125 ! £ o
2-5 I ROANE S ' 1 :
T Ty e T Ty Y T e ]
Integrated luminosity [b"] _ TRLE ]
Total Error (10 fb"): 8.5°(amplitude oty ]
model); 6°(binned, with CLEO-c ) e
_ . Analysis about to be submitted to arXiV 46
FNAL Seminar May 18 2007 lan Shipsey



Search for a non-SM-like pseudoscalar Higgs

Dermisek, Gunion, and McElrath propose adding to the MSSM a non-SM-like
pseudoscalar Higgs @, with m, <2m, : "NMSSM" “PRD 76 051105(R) (2007)
"natural", avoids fine tuning
evades the LEP limit M, > 100 GeV since &7 — a,a,, but g, 74 bb and LEP sought b jets
a, = 7't should predominate if m, >2m,
should be visible in ¥ — ya,

HyperCP observed 3 £*— pupevents, with m (u'pn )=214.3+0.5 MeV.

He, Tandean and Valencia [PRL 98, 081802 (2007)] interpret this as evidence for
a, at 214.3 MeV

CLEO search for the a, in radiative Upsilon decays, Y(1S)— y a,

Signature monochromatic peak in the y energy distribution:

O For the a, —»171 search : events with missing energy & one identified p or e
O For the a;, »p™pu search: events with NO missing energy & two identified p*

PRL 101, 151802(2008)
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Search for a non-SM-like pseudoscalar Higgs

6000 — . 200 e 20308 07 Qlimits on
(@) e I * B(Y(1S)— ya,)*B(a,— t7t") and

o Y da | B(Y(18)— ya,)*B(a,— ')
QUsing yt*t-we eliminate a large portion
of previously unconstrained parameter
space in the NMSSM model

4000 L 7 O Y(1S) data

- 00 5
— === continuL |

=+ Y(1S)MC
O Y(1S) data

n | L L n

50 100 500 1000 300 500700 1000 3000 tanB :10, M1.2.3=10072001300 Gev ]
£, (MeV) My (MeV) 10° e
90% U.L. on B(Y(1S)— ya,)*B(a,— t7°) i ’ il O ]
o . 10 | £ e i
: i = — 2 et meecpagec. =
I \/\f\/\/\\[\/\/j\ \ v . S?- E.. ..E.. é S __;
107 . ‘ . l —l . l . I ; G_* SR § 2 — ----%-%---- —
4500 5500 6500 7500 8500 9500 — = + é}i 4 .
a, mass (MeV), = - + & ]
I T . ]
- - : 10° | E3 ' E
There 1s no evidence for a CP-odd Higgs : ¥ 4 ¢ E
decaying to upuwith a mass of 214.3 MeV: . vt + *, ]
B(Y(1S)— va,) <2.3x 10° @ 90% C.L. g7 bt et
-0.5 0.0 0.5 -0.5 0.0 0.5

FRL 101, 151802(2005) a, non-singlet fraction (cos6,)
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O beam current has
reached >1/2 of design.
O World record luminosity
1x10%?cm=?s1@1.84GeV
1 O Detector performs
@ design
P (2S), w(3770) scan and
extensive beam tuning
planned for 2009
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Summary Slide

CLEO-c hadronic D, D"and D,branching fractions more precise than
PDG averages: (for D’, D" 2% precision is syst.limited) CLEO establishes charm hadronic scale

most precise: f,, =(205.8+8.512.5) MeV consistent with LQCD —1% (2 MeV) full data
Most precise: f, =(259.51£6.6%3.1) MeV ~2.3c higher than LQCD.

To mterpret as "prosaic” or "exciting": requires more data (BES III)
lepton universality in D, D, decays is satisfied

most precise|V, |=1.018+0.010+0.008+£0.106
V..|= 0.222+£0.008+0.003+0.023

most precise determination from semileptonic decay

theory

Projections to full data set
V. )/ [V, |~ 2.7% @ theory

V. D/|V,|~1.1% @ theory

theory

o (

o(
CLEO-c data vital for y extraction strategies with B* —DK*
First determination of strong phase difference for D—Kn

Best limits for a non-SM-like pseudoscalar Higgs

CLEO-c has a few more analyses in the pipeline
Notably: D> K/mev f+(0),shape,Vcs & Vcd and further input toy
Longer term the charm factory mantle passes to BES IIT.
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,0 Plot uses all CKM inputs

0_7 — 7 T L | T T T T 1 T T T T T T T T | T T T T T T L

- ! A excluded area has CL > 0.95 | —

- ! mg =

0.5 [ ' —

77 04 [ —

0.3 | —

- ; o =

0.2 : -

; -

0.1 fitter : =

Nature i L I B -

0.0 | | | M I | | | | ) ) | P PR -

0.4 -0.2 : 0.0 O.i 0.4 0.6 0.8 1.0

p Plot uses Vub Vcb from exclusive decays
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