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Measuring CKM with B decays
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Goalsfor the decade:

Precision measur ements of magnitudes and phasesof V, V., V
Rates deter mine magnitudes; CP violation measur es phases.

Test SM description of CP violation and search for new physics.
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Determination of V , & V
from semileptonic B decay

® Semileptonic decays are used to determinethe : :
quark couplings asthey are simple: strong Semll_ep_tonlc decay of meson
interaction is confined to the lower vertex containing heavy quark:

® W Y72 for final stateswith charm
(D /D* etc.)
® CGu¥w Y7 for final stateswithout charm

(r/p/h...)

® \Weobserve hadronsrather than quarks.
theory isneeded to relate the underlying
guark decay to hadronic decay properties

(quar k-hadron duality) Ve, OF Vi or r/p/h

Lo

®Two approaches: inclusive B> X_./n, X, /n
or exclusive B>D*/n, (r/p/h)/n
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Topics discussed here

* E,spectrumof B® X9 N LE
« Hadronic momentsin B ® X_| n t i.d

» Inclusive semileptonic rate and [V ,| g "
* Lepton endpoint and |V | —F =

u,d u.d
eV lfromB® DI n
e Future work
1 ~ s . ﬁ/ﬂm
?9 ?Iud VusVubg @9 B h . ﬁ@;\
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e No tree level FCNC in SM
e Sensitive to new physics in loop H-...
e Calculated to NLO in SM

BR(B® X9 =(3.3-37) " 104 "

e Measure: inclusive gspectrum £
o
L=

e Past: Branching ratio & Acp.
e Now: (+ shape of gspectrum)

hadron level

guark level
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Phaoton Energy (Ge\)

Mean : <Eg>~m,/2

Width: non-perturbative interactions
between b quark and light degrees of
freedom in hadron (Fermi motion)
Both gquantities needed for extraction
of V, & V, fromB ® XIn




Signdl: isolated g 2.0<Eg<2.7 GeV

In principle: Measure g spectrum for ON and
OFF resonance and subtract

But: b® sg isn't only source of g
Background from p %® gg h® gg

Veto photons making p ©, h with other g's

Model remainder from data and subtract,

significantly reducing model dependence

Huge continuum background: reduce by:

— Event shape cuts
— leptons (tags BB event)

— ldentify (Knp) hadronic system recoiling

aganst g
Signal

.‘-" -
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1850801-006

e Full Cleoll +11.V dataset T T T T

", + On Resonance (a)’
(9.6 M BB) 500‘_ « * Scaled Off Resonance |
e BF for ~90% of spectrum T e, Tee, )
(2.0 GeV cutoff) S Tesen :
« Weight eventsaccd to how g S ST ]
_ th b® EU_III::::I::::['"'F*W
consistent they are with O £ - On - Scaled Off Data (b) -
e Noexcess>2.7GeVor <20GeV @ - BB Prediction .
= 200 *
_ +0.18 - -4
BB® X,9)=3.21+043+0.27 ,;, 10 [
Theory: (3.3-3.7)" 10 0=
(Chetyrkin, Misiak,& Minz/ Kagan & Neubert,Gambino& Misiak) EJ’ (GEV)
*Expt. & theory agree
*Expt. error closeto theoretical uncertainty CLEOPRL 87:251807, 2001

enot much room for new physics
*Belle (BcP4) measures (2.25 GeV cutoff): (3-37 +0.53+ 0-42_+8'_§,3)' 10°*
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» At quark level, spectrum isasharp line
 broadened by b quark Fermi motion
 broadened by varying recoil mass (glue)
» smeared by B boost (known)

» smeared by resolution (small)

e Fit to theory spectra propogated through MC:
 Ali-Greub model
« Kagan-Neubert theory

e Moments of the distribution

<E,>=2.346+ 0.032£ 0.011 GeV

<E2,> - <E>2 = 0.0226 + 0.0066 * 0.0020 GeV?

<E, > ~ m,/2 effectively measures HQET parameter

Weights / 100 MeV

.
L]

1.5

o
I

Subtract BB bkgd:

+ Data
— Spectator Model

b® sg

A

T . _
IR JL Rt ++$**-..f

3.5 4.5
E, (Gev) E g ®

L ~ (mg —m,) ~ energy of light degrees of freedom in meson

(E,) =%2[1- 3852 — 6205( %) — ;1-(1 — 9542 — 1.1755,(2)?)

L3 —83p _ 71487547543 &
T TiaMp T thj—_’,ﬁ - Eﬁ%{ﬁ + O(1/Mg)],

[ =(0.35+0.08+0.10) GeV
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Rare penguin FCNC
(V& Vy, likeb® s9)

SM BR ~10° - 107 ¥

Probes mor e operatorsin OPE expansion

(C7’ C9’ C10) — =
More sensitiveto SUSY, other beyond-sSM ¢ 4
contributions T E
Must suppressK®)y (¢, continuum, BB 0'2‘030 ST & » ]

semileptonic N PR A 0|
BR(K ¢+¢)<1.7 10°° (3events) . |J.- . -
S ol o com ¢ 5 o -
7 I o ® of lo o @
BR(K* (*/)<33" 10°(4events) 2| .32 S
] g e . o I Y s T
(both at 90% CL) e S T I
Within 50% of SM predictions b "Pentor o
0.2, IS -~ = N
CLEO PRL 87:181803, 2001 L 0‘522"“ ._;,"?2;40 o |
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Extracting V ,, from inclusive
semileptonic decay rate

Semileptonic decay of a meson containing a heavy quark can berigorously (in QCD)
related to free quark decay (the spectator model ) by HQET+OPE, a controlled expansion

ina., and 1/Mg (Falk, Ligeti, Luke, Wise, Savage, Manohar, Bauer, Bigi). Schematically:

GB® X./n)u Mb\

) G Mg‘? aELLa g?ll,lz,fz)é 21 o
3 A f f 2 Lt 3+
192p g Mz = Maﬂd

>
>
>

L ~(Mgz—M,)~energy of Ilght degrees of freedom in meson
| | ~averagekinetic energy of b quark in B meson

| ,» 0.12 ~ hyperfineinteraction M(B*)-M(B)
Measureinclusiverate GB® X, /n)=BR/tg

— BR(B® X, /n)=(10.39 £0.46)% (CLEO 1996)
— Lifetimet(B*) = (1.653 £0.028) ps; t (B° = (1.548 £0.032) ps (PDG2000)
— Ratioon Y(49): f, / f,,=1.04 £ 0.08 - (CLEO 2001)

Measure<E> inb® sg, usetheory toextract L

M easure momentsof M (X,) distribution, usetheory to extract | ;
From the above formula, extract |V |

Estimate errors dueto neglected 1/M ;3 terms, scale of a ¢, etc.
All of thisrelies on assumption of quark-hadron duality
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B® X./n Hadronic Mass Moments

Want B® X In hadronic mass distribution ngsa ved recoil mass: ON-OFF

— Identify lepton (1.5 GeV < P< 2.5 GeV) L SO, CLEG
— Hermiticity: p, o = 3 ; 2001
— Calculate hadronic recoil mass from /n -

M>2< = Mé +M€2n - 2(EBEm - PBan COSqB-én)

>
"3 | P,>1.5GeV/c
— Drop ¢0s9s.,, because Py is small o
N2 — S
M>2<_M§+M€2n-2EBEZn =
— Fit spectrum with 500
« B® DIn
* B® Din O = 2 4 6 8 10
« B® X In (X,=D**, D*np... Mx (GeV")

ISGW2, Goity-Roberts, for X)) | /pp2 3 > 0.251+ 0.023+0.062 GeV?
— Find moments of true M,? spectrum ( 2
MZ- M

)2> =0.639 +0.056 +0.178 GeV*
CLEO PRL 87:251808, 2001

Alan Weinstein, Caltech, at La Thuile, March 2002 |Ssp|n aver@ed D D mass 13



b®% 1st moment f( L )

B Experimental
N Total

CLEO

P
m
gt

*b® sgmeasuresL,
Independently of | ;

e <M?2(X,)> measures alinear
combinationof L, | ;

e Higher moments are less
reliable in the theory

e ActionisinL-1| , plane

N 2001
-02
03]
o4 |
0.5 \

L =0.35+0.07+0.10 GeV

=-0.238+0.071+0.078 GeV°?
£

Moments 1/M g

I 1

A
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(n recon, non-res models)

B® XIn 1st moment f(l ;L)
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Measured G,

P (B® Xn) = (10.39+0.46)% [cLeo)
t . =(1.653+0.028)" 10 ¥sec [PDG]

t , =(1.548+0.032)" 10 2 sec [PDG]

Combine

Extraction of |V |

withL and | ,.

A
G

V,|=(40.4+0.9+05+0.8) 10

b4
L., 1/M; ,aq

f, [f,, =1.04£0.08 [cLeq)

V| =(40.4+1.3)" 10°°| (3.2% error !)

G, =(0.427+0.020)" 10° MeV

e A 3.2% measurement!

* Inclusive assumes quark - hadron duality.

* Moments can validate inclusive method.

* Inclusive & exclusive methods both needed.

» Agreement: confidence in V, determination,

and good test of quark - hadron duality.
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CLEO, PRL 87:251808, 2001

D*lv LEPWG

D*lv CLEO

Xlv LEPWG

Xlv CLEO

—

— 40.7+0.5x2.4

39.0+1.9+1.8

—H—A—1 | 46.2+2.4+2.1

40.4+1.0+0.8
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Why not another expansioninL,| ;1,7
— Verylargeb ® c backgrounds!

— Only isolate b® u /nin corner of phase space
(here, endpoint of lepton momentum)

Expansion isno longer in 1/Mg:

— Thisisaheavy ® light transition

— Expansionin: 1/(1-x)Mg, x=2p,/Mg
Very senditive to smearing of spectrum at
endpoint!
Canrelate to another heavy ® light transition:
b® sg (Neubert; Liebovich, Low, and Rothstein)

— Both are smeared by a common non-perturbative
light-cone shape function

Extract shape functionfromb ® sg

Useto predict fractionof b® u /n rate above
experimental lepton momentum cut

(and try to make this cut as low as possible!)

dI/dE,

Alan Weinstein, Caltech, at La Thuile, March 2002
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dl'(b—c)/dE,

10d (b—u)/dE, rate

1%
Of total

= Parton level
— + shape fon

1
E, (GeV)

b —sy

b —ulv

= Parton level
— 4 shape fcn
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Theb® u/n endpoint

—0970102.001

Use9.13 fbt (ON), 4.35 fb (OFF) 5000 ——

22<p,<26GeV/c (VARY)
Neural -net continuum subtraction

(a) ]
* <= On-resonance spectrum |

b® c/n -
and other B bknds -

Excessisb® u/n i

©2500[-
Subtract remaining continuum using
off-res data E
Shapeof b® c ¢n and other B bknds = 0
estimated using detailed MC £ 3000}
simulation (including PHOTOS for ‘g_ !
radiation), and subtracted —11500

Syst error dominated by model

of

(b);

Bknd-sub and eff-corr spectrum, |

uncertainty in B backgrounds ¥

R N T SN TR TR NN SN TR SN SR T S
2.25 2.50 2.75 3.00

Momentum (GeV/c)

N(B® X, /n)events=1901 + 122 + 256
Partial branching ratio:

DBR(B® X, /n)(2.2—2.6GeV)=(2.30+0.15+ 0.35)" 104

Alan Weinstein, Caltech, at La Thuile, March 2002 CLEO hep—ex/0202019, Submitted to PRL
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Extracting |V | from inclusive spectrum

 From Hoang, Ligeti and Manohar (1999) (“Upsilon Expansion”):
|V, |=[(3.06+0.08+0.08)" 103" [(B,/0.001) - (1.6 ps)/tg)]Y?

* NeedB,° BR(B® X,/n) fromDBR(B® X, /n)

« Determine fraction of B, in lepton momentum endpoint using b ® sSg
— Fit light-cone shape function (Kagan-Neubert; 2 parameterizations)
— Convolute with parton-level b ® U /n rate
— determine fractionf (p) for different windows

— f,(p) = 0.130+0.024 £ 0.015for 2.2<p, < 2.6 GeV/c
— Vary the momentum window: consistent results.

« P BR(B® X, /n)=(177+0.29+0.38) 103
e b |V, |=(408+034+044+016+024) 103

e FErrors DBR f,(p) Bw® [Vl shapefcn
* Result assumes quark-hadron duality.

Alan Weinstein, Caltech, at La Thuile, March 2002
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Determination of V
from Exclusive B ® D* /7

o Thedifferential decay ratein g? = n?(¢ *n), or better,

the HQET variablew = vg * V. = (mPg+ NPy, - 0F)/(2 mgmg,), is
dGdw (B® D* ¢*n) = (G2 /48p2) |V, |2 | Fp. (W) |2 PS(w)
o PS(w) contains kinematic factors and is known
e F.(w) isthe form-factor describingthe B® D* trangition

 There sactually 3 form-factors, but their ratios are measured by CLEO
and others, and they boil down to one in w (Isgur-Wise function).

* HQS normalizes at zero recoil (%, , W=1):
asm,® ¥ ,F,.(w)® 1 q°
* PLAN: measure dG/dw , extrapolate to w=1 Y
c
to extract Fp.(w) [V [* - @ = w=1

» QCD dispersion relations contsrain the shape of
Fo.(W) , interms of one parameter:

r2,thedopeat w=1. f_ -@ w
e Use HQET to estimate F.(w=1) = 0.913 + 0.042

>1
Alan Weinstein, Caltech, at La Thuile, March 2002 19



B® D*-/*n Osaka(2000) , now aso

B® D*°/ *n Rome (2001)

Use 3.1 fb* (ON), 1.6 fb* (OFF)
systematics limited;
use best-studied ~1/3 of CLEO data

Electrons: 0.8 <p,<24 GeV/c

Muons:;

Discriminate signal from backgrounds:

14<p,<24GeV/c

— Angle between B and D" /
— |f more than one n missing,
can have |cosg; - ,| > 1

Analysisrequiresrate vs g2 or w

— Fit cosgg. - , distribution to
signal+backgrounds in bins of w

Alan Weinstein, Caltech, at La Thuile, March 2002

Signal and Bkgnd for 1.10 < w < 1.15
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Extract signal in binsof w
Rate for B® D /¢ *n near w=1 is zero; for
B® D* /*nitisfinite.
Better D* signal and efficiency for D™
better acceptance at w=1 for D*°
|ntegrating over w.
BR(D*- 7 *n) = (6.09 £ 0.19 = 0.40)%
BR(D*°/ *n) = (6.50 £ 0.20 = 0.44)%
GD" /™) =(394+12+26) fst
Systematics:

— Efficiency (low pions)

— D7, D branching fractions

— Backgrounds

— Form factors

Alan Weinstein, Caltech, at La Thuile, March 2002
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Fit for V,fromB® D* / n

dG G2
. 485 V| Fo. (W)? PS(w)

|« Convert from dGidw to Fw)|[V |

1 » Extrapolate to w=1 viafit for F(w) to
{1 polynomial; curvature related to slope r
1 by theory (Caprini-Lellouch-Neubert)

L7105 TLi 1I5 12 125 13 i85 14 145 '1_5 ’ Slope r= (161 T 009 + 021)
T 2‘_ 2 - qé _ O “’T oIntercept F(1)|V | =
(4.31+£0.13+£0.18) " 102

e Use F(1) =0.91 £ 0.04 (Lattice QCD)
theory

V| = (474 +14+20+2.7)" 10°

* Dominant syserrors: e slow, form factors, B(D ->Kp)

* Single most precise excl. V
Alan Weinstein, Caltech, at La Thuile, March 2002 22




e Comparison with other recent exclusive measurements:
G- Consistency

at the 5% CL )

ALEPH H 33.062.121.6
DELPHI }_1_,_1_{ 34.661.4:2.5

; : OPAL . | 38.161.0:1.8
30 | - |

i
-
o

Flugv, o

-
ot
T

425 —
ol
375 [
3 |

325 |

15 g E BELLE [ - S 35%1.5+1.8

25-||||||||||I||II|||||||||||||III|||||||I-
0 02 D4 06 0B 1 12 14 16 1.8 j!

CLEO includes D*©

CLEO fitsfor D' X ¢ *n component;
|_ EP uses m()del S Wﬂr!d average H 37.8:1.1
CLEO usesF(1) = 0.913; e e M Wik sr
LEP WG uses 0.88 F(1)Ve (107)
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V , from Exclusive Reconstruction of
B® (p/r/w) ¢ *n

CLEO, PRL 77:5000, 1996

» CLEO 1996 measured BRs for Tt A
B® p/*n and (r/w) ¢ +*n, ‘?.- |

reconstructing n from missing E-p ,.. P.mrB@J)p .

« BR(p/™)=(1.8+04+04)" 104 e
BR(r/w/*n)=(25+0.4+08) 104

o V|=(325+ 030+ 055 103 B v dat: 8 <P < 15 GV

*New (2002) analysisuses> 3" Ngg, Dam

permitting measurement in bins of g2 o b o controtons J’E |

*Analysis nearing completion 0 o @

*To reduce model dependence of |V | result, 12 & 2B

HQET relatesB® p/*n toD® p 7/ *n,

which will be well measured in CLEO-c 5
515 520 525 ©9-30
I'\""lbeam (GeV)

Alan Weinstein, Caltech, at La Thuile, March 2002 24



More CKM measurements to come

¢ — cbv,b = wlryand b — ¢ — sy

« B® X./n inclusive lepton spectrum .

02t —r—r—r—T—T—TT"T T T T T T

moments ( <E, > ) | L
— Another bandinL —I , plane

— low-background tagged (di-leptons) ¢
and high-stat untagged ool

« B® X/n inclusve/n distribution |
(neutrino reconstruction) n VR

— Simultaneously measure components of &
b® c/n and b® u/n

in full 3-D kinematic space (E, , E, , ¢?)
— Extract L /1 ; from moments of b® c/n
and V  from b® u/n

=
o

¢dp,)! (2n Q)

W 00
Tl

id

Ry Baads=

25
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Summary of Recent CLEO Results

» New measurement of B(b® sg) and<E>® L (m,)
Blb® sg)=(3.21+£0.43+0.32) " 104
New limitson B® K&) ¢+ /-
B(K /*¢)<1.7" 10°, B(K*/*/)<33  10°
* New V4 from moments analysis of b® & B® Xln

V| =(404+13)" 103

 New V , from endpoint of lepton spectrum, where fraction of
rate in endpoint constrained by analysis of b® sg spectrum.

V| = (4.08+0.63) " 1073
 New V from B® D*In
V| =(464+14+£24+21)" 103
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More results

New measurement of V , from exclusveB ® p ¢ *n and
(r/w) ¢ *n coming soon. Also moreinclusive Vg, V .

Color-suppressed decays, first observation (hep-ex/0110055® PRL):

B(B =D = (2.74+03810.55)x 10~

B(B —D*7% = (2.20+259.4+0.79)x 10~
First observation of B ® D(®*) K* (hep-ex/0112033® PRL):
B(B- = D'K*)=(6.1 + 1.6 + 1.7) x 107%,
B(B" - DTK*} = (3.7 £ 1.5 £ 1.0) x 1074,
B(B'— DK™y =(38 + 1.3 + 0.8) x 1077,
BB~ = DK ) =(7.7 + 22 + 2.6) x 107™

useful for measuring CKM angle g

Many rare B decays observed by CLEO-III. Branching ratiosin
good agreement with theory. No CPV observed in rates.

Alan Weinstein, Caltech, at La Thuile, March 2002
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