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What? Cracking the Triangle
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" B* and B° are the most accessible 3rd-generation particles

Their decays allow detailed studies of the CKIM meatrix

-
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= Unitary matrix V. translates mass and weak basis

= 3real parameters + 1 complex phase <= Th?n"t”h'g mﬁiﬁp\/

|s this the complete description of the CP violation?
" |s everything consistent with a single unitary matrix?
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Representation: the Unitarity Triangle

Unitarity of Vi, = VeuVom =1 w9 ViV +V Vi +ViVy, =0

" This is neatly represented by the familiar Unitarity Triangle
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" Angles a, [, ycan be measured with CPV of B decays
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" |If the SMis the whole story,
they must all overlap

The C__\tellsusthisis true
as of today

= Sitll large enough for New
Physics to hide
Precision of sin2(3 outstripped
the other measurements
" Must improve the others to
make more stringent test
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Zoomin to see the overlap of “the other contours
" ['sobvious: we must meke o7 ——

the green ring thinner 0-635\3 Am A”‘&A”l____\\\@
Left side of the Triangle is Zf’:: SN A 7:
ViaVi | _ V| 1 = s fag/,,&,'““zif%;;;

Ve |V |ane, [ Leftside: [V, AV ANy~
Measurerent of [V, /V,| is °;F&_ [ nz
complementary to sin23 * % [Anges oPvoaion]

i

Goal: Accurate determination of both [V, /.| and sin2B

sinf3 (all charmonium) = 0.687%0.032 ~ percentage errar: 4.6% (HFAG)
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Integrated Luminosity [fb™]

Peak luminosity 1.00x10%* cnPs
Integrated luminosity 343 o~ (May 17, 06)
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How? The Semileptonic Decays
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» Natural propefor |V, | and |V, |: Decayratel =1 (b - xt'Vv) LJ |V, |?

Parton level

W
b -—
vub,vcb\\
u,cC
» [_largerthanT by afactor ~50

=& BExtracting b — uf’v signal challenging
» Sengitive to hadronic effects

~si«Must understand themto extract |V, |, [V, | (Use data to bolster theory)
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Inclusive B - X_.fv

Inclusive B - X,f'v




Inclusive Decays
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tree level, short distance: _ :
Decay properties depends directly on [V |, |V |,

m,, perturbative regime (a_")
— short distance Is calculable
But quarks are bound by soft gluons: non-

u,d u,d  perturbative long distance (A, ) interactions of
+long distance: . bauarkwith light quark
W - I- Long distance leading order and short distance

to hadronize Is 1.

b—@ga % “ /1 contribution are cleanly separated and probability
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Inclusive semileptonic decays

_ IV, | versus |V |
|Vcb| .

most accurate determnation fromthe inclusive decays
2% precision limited by theory error
precise Heavy Quarks parameters, tests of OPE
|Vub|:
7.5% precision shared between experimental and theoretical errors

small rate and large b - ctf’'v background

space cuts to remove b - ct'v background which introduce dependence
on non-perturbative b-quark distribution function
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|V, | frominclusive semileptonic decays

[ (b ct'v) described by Heavy Quark Expansion in (1/m,)" and o

/<

['(B- XNV)=G2mY192reV Fl[1+A, A, AL
non-perturbative parameters need to be measured

The expansion depends on the m, definition: non-perturbative
terms are expansion dependent

Theory error was dominated by 1/m ® terms and above
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Moments are related to non-perturbative parameters

Moments evaluated on the full lepton/mass spectrumor part of it:
P, > P..Inthe Brest frame

1 2 dr, —
<E€>:r_c |E,~(E/)] dEdef (mx>—r—c mxdmx

Higher moments are sensitive to 1/m? terms — reduce theory error
on |V, | and HQ parameters
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Events/0.1 GeV/c

E, : lepton energy spectrumin B X.€' v (BaBar Belle CLEO Delphi)
M, 2: hadronic mass spectrumin B X.{' v (BaBar CDF CLEO Delphi)
Recent exanle for lepton and hadron mass moments from Belle:

18 May 2006

Belle, hep-ex/0508056
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OPE predicts total rate I . and moments [E,"[,) [, "[_&s functions of
V.|, m, m,, and several non-perturbative params

"= Each observable has different dependence
=>» Can determine all parameters froma global fit

E, spectrumin B — Xy decays connected directly to the Shape

Function ( =what the b-quark is doing inside the B meson) so it is
used in the global fit
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OPE Ht Results

® Buchmilller & Hacher (hep-ph/0507253)
fit data from 10 measurements with an OPE calculation by Gambino &
Uraltsev (Eur. Phys. J. C34 (2004) 181)

= Ht parameters: [V |, m, M, K% Be’ Py Pis™ BRB ~ XITV)

Needed for [V/,|
29 Vs = (41,96 40.23,,, +0.35,,,+059, ) 1/ T i
41969 M, = 4.590 £0.025,,; +0.030 5 GeV ol 5 i
m, =1.142 +0.037, +0.045,. GeV Sl b sy i
42 = 0,400 0,019, +0.035,, GeV? i -; 9?}” i
BR=10.71 .10, +0.08,,.% WA D

18 May 2006 F. Di Lodovico, QWL ”'24_; s as a7




V. | from Inclusive Decays
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rate [ as:

Orerator Product Expansion predicts total

=LA o[—ggl

Perturbative terms known Non-perturb. terms
to 002 suppressed by 1/m?
Inclusive B — X,fv Y Dominant error fromm.>
m, measured to +1%» +2.5%0n | o
Total rate can't be N .
measured due to =
B - X.f'vbackground ) /.A.\(o*e

Electron Momentum (GeV/c)



_Semileptonic B decay
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Kinematical Cuts

“Three independent kinematic variables inB — Xf'v

% ( Not to scale!
> No detector
g b ¢ b ¢ resolution!
b c
b u R b u b

E, =lepton energy ¢ = £'v mass squared m, = hadron system mass

s\Measure partial rates in favorable regions of the phase space mnimizing
the effect of the Shape Function

sCaveat: Spectra more sensitive to non-perturbative effects than the total
rate = O(1/m) instead of O(1/m ?)
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Shape Function

Limited phase space to reduce the B - X t'v background:

OPE doesn't work everywhere in the phase space — non-perturbative
Shape Function HK) to extrapolate to the full phase space

HK)

Detailed shape not constrained,
In particular the low tall

K+

0 — >
Mean and r.ms. are known A =M, -m,

Shape Function need to be determined from experimental data

18 May 2006 F. Di Lodovico, QMUL 26



Inclusive B - X 'V

Measure partial BF AB(B — X f'V) in aregionwhere ...

= the signal/background is good, and < EIEAT, GETEEY
: : : good, but not always
= the partial rate Al is reliably calculable

Many possibilities — Review a few recent results

E endpoint>

< J |
8. 8
%15 b Uf %
V >
10 Oﬁ_ QB
5 e -
b cfv b _ cfv

0.5 1 1.5
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Lepton Endpoint ™ aierpezs

CLEO PRL 88:231803

= Hnd leptons with large E,

= Pysh below the charm threshold P consain Non B0
. 5ooo;ooo[ooooloool RPAR "o data
=> Larger signal acceptance od & e data 3
=> Smaller theoretical error BaBar]
1)ff -resonance da E
" SB~ > --

S/B~ 1/15 (E, >2 GeV) > Accurate (mnBBbackgrou —

subtraction of background is crucial! TIE S\ N phckgr.
E (GeV) V.| (103) 10% " subtraction

BABAREOM | 2026 | 441+029, +03l.,. i

Belle27iot | 1926 | 482+045, +030., | 0~

BB and BB |
. Subtraction]

CLEOOb® | 22-26 | 409+048, +036... |0 \ \\\\\\

Shape Function: determined from the OPE fit /
0 l .‘ A | 1
18 MI Theory errors: Lange et al. PRD72:073006 : 1.1 1.5 1.9 27 31 35




Events/40 MeV

P ————

¢f E, analysis with v reconstruction

@ High energy electron E> 2.1 GeV

@ Missing momentum used for neutrino parameters estimation

® Cuts on missing momentum magnitude and direction and event shape
@ Suppress background using: s =mZ +qg° -2m,(E, "

4E
1500 ® Data (BE)
1250 O Signal MC
" Background MC
1000f ° AB (2.0,35) =(3.54+0.33 + 0.34) x 10*
750 -
'#
o Signal region Vol = (410027, + 036 4,,) X 10°
> <
O e e e PEt h ra
15! 16 18 2 22 24 26 28 3 3.2
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Events/Bin

= = =
w ~J (=] [+ w
(=] w (=] w (=]

[+
wm

Hadronic B Tag

= Hully reconstruct one B in hadronic decays
B Use the recailing B with known charge and momentum

B Access to all kinematic variables

g 120
-

Events/B
2 2 5
= RAgasanas
+
L

L) L
o =1 o

BABAR hep-ex/0507017
Belle PRL 95:241801

s
L |1 SB~2EF01%
M_ (Gev/c?) a (cevi/c?) P, (GeV/c)
Region V) (109
m<17GeV,¢>8Ge\2 | 470+037,,+03L,,,.,
Belle 253M BB m <17 GeV 400+ 028, + 024,
P, >0.66 GeV 4194036, £ 028, |
BABAR2IOMBB | m <L17GeV,(P>8Ge\? | 475+035, 032,




IV, | frominclusive B - X {'v

BLNP framework IADUES:

CLEO (endpoint) =

SF’ = +
4.09 + 048 + 0.36 G ——— mO( 4.60+0.04 GeV
BELLE (endpoint) § W.2(SF) =0.20+ 0.04 Ge\~2
4.82 + 045+ 0.30 H"_.—H
BABAR (endpoint) I

441+ 029 +0.31 H-.-H
BABAR (E . %) i 6|Vub| =+ 7.3%
410027+ 036 |-|-.-H

BELLE m,

105 2027024 B=C=H Statistical £2.2%

BELLE sim. ann. (mX, q?)

4.37+046+0.29 H—.—H EXpt SySt +2.7%

BABAR (m_. q°)

475+ 035+ 0.32 H'-.-H B - ch v model +1.9%

World Average 445+ 033 H-@=H B . X, £ v mode £2.1%

¥ /dof = 5.5/ 6 (CL = 48.7)

OPE-HQET-SCET (BLNP) X2/d0f =556

Phys Rev.D72:073006,2005 Subleadi Nng SF +3.8%
m, input from bT clvand b— sy moments | i Winter 2008
2 4 6, other theory error +4.5%

IV I [X 107



Quark-hadron duality is not considered (cut dependent)
b -clvandb - sy datafit well HQ predictions

Weak annihilation =» + 1.9%error
Expected to be <2% of the total rate
[,/ - u)<7.4%fromCLEO

HQ parameters =» + 4.1% mainly m,; kinematics cuts depend on m,!

Sub-leading shape function = £ 3.8% dominated by the lepton endpoint
measurements
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Inclusive |V, | (DGE framework)

Dressed Guon Exponentiation (DGE)
onshell b-quark calculation converted into hadronic variables
used as approximetion to the meson decay spectrum

IV, [P =(4.41+ 0.20+ Q.20 103

DGE theory = +2.9% matching scheme method and scale
mMS) =+ 1.3%on event fraction m(MS)=4.20+0.04 GeV

o =+ 1.0%o0nevart fraction

S

ol Ty,  D+30%

18 May 2006 F. Di Lodovico, QVIUL 3




Solution - use dlrectly theb- syspectrum

0.2(

0.05

Branching Fraction / 100 MeV

><10 = —_
ata
Kinetic scheme B A B AR
— — Shape Function scheme
__ —e +
l
005_1||||||||||||||||||||||||||||||||
1.9 2 2.1 22 24 2.5
E, (GeV)

0.15—

0.1:

0_

2.6

® Possible to combine b - ufv and b - syso that the SF cancels

B - x1v)—|V“b| W(E)

18 May 2006

Sl E D

dr(B .

OMNLL

dE

y

X.Y)
dE,

Weight function




= BABAR applied Letbovich, Low, Rothstein
(PLB 486:86) to 80 fb! data i

m, cut Vil (10°)
167GeV | 443+ 045, + 029

theo

25CeV | 384+0.76,,+0.10

theo

® Trade SF error =» Stat. error
mm, <2.5GeVisamost (96%) fully
Inclusive =» Theory error reduces to £2.6%
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HQ parameters fromb-cfv andb- Sy HQ parameters fromb- sy 0n|y

m, input from b— sy moments

HFAG Ave. (BLNP)

4450202026 ¢ BLNP (Phys. Rev. D72:073006 (2005))
475+022+039 ¢

HFAG Ave. (DGE)

441£020£020 ¢
DGE (JHEP 0601:097 (2006))

*

4490221020

BABAR (LLR) hep-ph/0601046

4430452029 "

| 1 | I l | 1 | erwlm ‘ | | I I | I erart?mﬁ
3 4 3 4 5

5
VI [x 107]

VRNE 1079



Exclusive Decays
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» BExclusive rates determined by |V,
and Form Factors (FF)

* Theoretically calculable at

kinematical limits
* Lattice QCDworks if D or Ttis
~ at rest relative to B

* Empirical extrapolation is
necessary to extract |V, | from
measurements

* Measure differential rates to constrain
the H- shape, then use FF
normalization fromthe theory for |V |

18 May 2006 F. Di Lodovic
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|V, | from Exclusive Decays

18 May 2006
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Decayrateis  dr (B~ D'lv) _ GZ N[’

D" boost in the B rest frame

" A1) =1 inthe heavy-quark limit; lattice QCD :
= Hw) shape expressed by p? (slope at w=1) and

80

R,, R, (formfactor ratios)
Curvature constrained by analyticity =~ Caprini, Lellouch, Neubert

18 May 2006

481
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form factor

NPB530 (1998) 153

phase space

F () =0.91970 o
Hashimoto et al,
PRD 66 (2002) 014503



hep-ex/0602023

‘BaBar Exclusive IV.,| Measurement

Measure decay angles 6,, 8,, X

= Ft 3-D distribution in bins of w
toextract p%, R, R,

W=V Vi,

Multi-Dimensional fit to helicity amplitudes for p? (slope pararneter) and R, R,

(FF ratios), all functions T _ GilVal ooty
dq? deosfy deosfy dy  8(dn )My
of H+O(W) [Hq (1 — cosfy)’ sinqﬁp—k

H {1+ cosﬂg) sin” fy +
ilHD sin” fy cos” fy
—2H H_sin® f;8in” fy cos 2y
—4H, Hysinfy(1 — cosfy)sin fycos by cosy
18 May 2006 = +4H_Hisin fy(1 4 cos fglsin f-cos fy cos x|



hep-ex/0602023

B - D*t'v Form Factors

Signal MC vs. bkgd.-subtracted

data, 1D projections
1200 1000 800 [
Ly . - uy
5 800 g 500 < 600 et = B
P 400 E 2 400 - % or X
£ o0 g 40 £l  00SO, £ ool
l:l L L L 1 0 [ [ S I IS S N N (N TR D B 1 1 1 1 1 1
by NESE L S, (A " 20, bt ot Ty L 4 h '+I+"
s .+++ | '|"|' | H 2 2g T T TR oL T.-H_ ‘|‘_|_ | .-H_ | TT
1 11 12 13 1.4 15 -1 .06 02 02 06 1 -l B 02 02 06 1 D 05 1 15 2 25 3
w CosH, s, i

R =1.396+0.060,,+0.044,, ° R,andR,improved by afactor 5 ove
R, = 0.885+0.040, , +0.026 previous CLEO measurement PRL 76 (1996)
Stat — syst 3808
2
p° =1.145%0.059,, £0.046,, o yy Improve all measurements of B — D'tV
Using BABAR measurements only
Vep| = 37.6 £ 0.3(stat) £ 1.3(syst) T13(theory) x 1072

Syst error from 1.7%t0 1.3%

18 May 2006 V7]



ALEPH

337+ 21+ 1.6
OPAL (partial reco)
386+ 1.2+ 24
OPAL (excl)

39.3+ 1.6+ 1.8
DELPHI (partial reco)
37.0+ 14+ 25
BELLE

36.0+ 1.9+ 1.8
CLEO

438+ 1.3+ 1.8
BABAR

355+ 0.3+ 1.6
DELPHI (exclu)
38.9:E£ 1.R:E 2.1

Average 37.6+ 0.8 |-Q| X?/dof =30.2/14

HFAG

fdof = 302/14 | L | L | | |

BEQEE

25 30 35 40
F(l)xIV | [10]

V| =(40.9+ 09+ 15 ;) x 10
F (1) =0.91979%2

351

30

Ayi=1

OPAL

(part. reco.)

ALEPH

HFAG

| x¥dof=30.14
i

DELP.

DELPHI

(part. reco.)

BELLE

0

0.5

c.f. (42.0 £ 0.7)x1023 frominclusive OPE fit



V. | from Exclusive Decays
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Exclusive B — 11V

"B mifvratels givenby
dr (B — mrlv) _ Y |
dg? 24713 “b

Formfactor f,(0?) has been calculated using
® | attice QCD
® Unqguenched calculations by
Fermilab (hep-lat/0409116) and
HPQCD (PRD73:074502)
® +12%for o > 16 Ge\?
B | ight Cone SumRules
= Ball & Zwicky (PRD71:014015)

® +13%for o <16 Ge\?
18 May 2006 F.D  Quark model, PRD52 (1995) 2783

2\[° One FFfor B— TtV
B )l <’\: with massless lepton

=
=]

ﬂ][rl TTTT 1r|rl TYTT r||| TTTT T T

=
o

&
=

=
1l

o
)

=

dB(B" - n1+v)qu2flvl F (ps YGev?)




Untagged
* initial 4-momentum known
* missing 4-momentum=
“ ReconstructB - 7w € v

. ngh efficiency
Cons
" v resolution problematic

using m, (beam-constrained) = Rel. high backgrounds
and AE=E;E__. (rel. low purity)

Semileptonic (SL) Tag Pros

= One B reconstructed in " Lower backgrounds
aselectionof DY ¢'v (higher purity)
modes Cons

“ Twomissing v inevent " Rel. low efficiency
Use kinematic constraints

Full Recon Tag Pros

“ One B reconstructed
completely in known
b -~ ¢ mode.

Many modes used.

“ Verygood  resolution
* Very low backgrounds
Cons

“ Very low efficiency




" Range of Applicability of Methods

Full recon tag

® Boundaries indicative only
* Full recon tag will ultimately become method of choice

18 May 2006 F. Di Lodovico, QMUL 47



BABAR PRD 72:051102 -

Untagged B — 110V

® Mssing 4-momentum = neutrino

® Reconstruct B — 1tif'v and calculate m, and AE = E, -/s/2
ik IR T | @ data

N DI TR S Y T R
FU[0<T <50V T5<d’<10GV  T10<q <15GeV' T15<d’<20GeV f] T20<a’ <2506V ) | 1 e g
S sl 1 { - signal with
P | I ] & rong
2% | B utv
S 10 - . d » 153 : \ﬂ D b ctv
0" en P 5.1 5.2 5.1 52 = 5.2 . - other bkg
0.3 (a) m,, (GeV)
| T‘—I— B(B°= ml'v) (1.38%0.10,+018. ) 10
o2f | - ] ® Measured ¢f spectrum starts to constrain the
L ISGW I
-———LCSR 1 e FF Sham
01F - - -LQCD 1 - -
...... LQCD |
ootacb2 LQCD/LCSR favored over ISGW2
0 0 é 1|0 1|5 2|0 25 F. Di Lodovico, QVUL 48

q? (GeV?)



B Reconstruct one B in DAY¢v and look for B — 1tV In the recall

® B - Dtv BFlarge; two neutrinos in the event

= Event kinematics determined assuming
known m, and m, =
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Te Tag : Fully reconstructed B — D decays (Breco tag)

Select using A

E

, M (beam constrained B candidate mass)
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BE° - 1'v)=a14+0274017)x 10* Yield 36t v, 4Ty

syst
BB - 1°kv)= 086+022+011)x 10*

stat

BB - nhFv)=@a28+023+
stat
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016)x 10*
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AB(f < 16) (109) AB(cp > 16) (109)
094+ 006+ 006, | 039+004,+004, | 134+008,+008

<16 |3.36+0.15,,70%,, |F—®— LcR ‘

>16 | 4.20:£029, 7083 8= {ngenched

FomFactor 2 (GeV®) Vil (10°)
Ball-2nmcky
HPOCD
FNAL >16 3-75"'—0'26expi8:?lgth90

" Consistent within (large) FF errors
= Experimental errors already competitive 2
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Most proballe value of |V, | from

measurements of other CKM
parameters Standard Model

- | | S _0
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Other B — X, £ v Exclusive Modes

Expt | Mak BF [10°] Refrene
TEO  |B - otV 21703470 0.41
aEo  |B- otV 2690417 +0.50
BBar |B— o-C Vv |ay] |257+0524059 hep-ex/0408068
BBar |B - oLV 3.2040.42+0.47+0.60
BBar |B— oV 2.14+021+051+0.28
Bk |B - ol V 217+0,54+0.31+0.08 hep-ex0604024
aEo |B -y v 0.84+0.31+0.16+0.09
Bl  |B' - oLV 1.33+0,23+0.17+0.05
Bk (B w OV i) | 13604402403

HFAG Com piltbn,exceptw #h updated Belk SL resukirchided
18 May 2006 F. Di Lodovico, QVIUL




Weak Annihilation

18 May 2006
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" WAtuns B *into t'v + soft hadrons
" Size and shape of WA poorly known
= Mnimize the impact
= Measure X,f'v with v. loose cuts
= Cut away large cf region
B Measure WA contribution
B[ (D)vs. (D)
" CLEO-C
B Distortion in ¢?
B CLEO hep-ex/0601027
B[ (B - X{v)vs.T(B° - X,V)

= WWork in progress in BaBar/BELLE
18 May 2006 F. Di Lodovico, QMUL
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Conclusions

18 May 2006
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B Semileptonic B decays offer exciting physics opportunities
= |\, NV, | complements sin2f3 to test (in)completeness of the SM

® Challenge of hadronic physics met by close collaboration between
theory and experiment
® Inclusive B — X.C'v & X yfit precisely determines [V, |, m,, €tc.

B Dramatic progress in both measurement and interpretation of
Inclusive B — X,f'v inthe last 2 years

® |nclusive |V, | achieved +7.4% accuracy

® Room for improvements with additional data statistics
® B, Df'v formfactors have improved by a factor 5
® Measurements of B — T110'v becoming precise (better H- needed!)

18 May 2006 F. Di Lodovico, QMUL S7



Backup Slides
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Inclusive b —clv
b—sy
E ) [m
HOE Fit
Indusive HFAG man resuls:
ety HQ param eters Hom
b - Xd.v andb - Xsy




‘

Earlier predictions made with quark models, e.g. ISGW2

Lattice QCD
" makes predictions at high ¢ (¢ >~16 GeV?)
" unguenched calculations have become available in recent times
* eg. HPQCD
AL
Light Cone Sum Rules
" makes predictions at low ¢ (of <~14 Ge\?)
" eg. Ball & Znicky
Parametrization has traditionally been used to extend LQCD or LCSR to full ¢f range

F- normalization main issue when extracting |V, |
How much theory input needed for |V, | measurement?

FPCPO6 11-Ar-2006 K. Varvell 60
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BABAR SL tag: B* 570 I v X251, |
3.31+0.68+0.42 I
BABAR Breco tag: B* > %" vx21/1, |

1.60+0.41+0.21 "‘"_"
BELLE SL tag: B* > I" v X 21/, |

1.37£0.24£0.17 i

BABAR SLtag: B® >l |

1.024£0.25+£0.13 g
BELLESL tag: B 51y
1.46+£0.20£0.16 [
BABAR Breco tag: B° > [T v i
1.14+0.27+0.17 B | | , l
CLEO untagged: B —xwl*v i
1.32+0.18+0.13 "
BABAR untagged: B —»>xl*v
=

1.38+0.10£0.18
Average: B’ 5wy
1.34+0.08+0.08 M

%¥dof =8.4/7(CL =30.1)

| | mmerlzoos |

-2 0 2
BB’ 5w 1Tv)[x 104
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Ball-Zwicky q2 < 16
336%0.15+055-0.37
HPQCD g2 > 16
4201029+ 0.63-0.43
FNAL g2> 16
3751026+ 0.65-0.43

APE 2> 16

3781026+ 145-0.67
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Ball-Zwicky full q2
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HPQCD full g2
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FNAL full q2
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|V,| inclusive |V,,| exclusive
ub .
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Hl'la'ﬂll.{] ."".‘»"C. {HLNP) ———
. 336+ 0.15+055-037
445+020+026
HPQCD g2 > 16
HFAG Ave. (DGE) 420+ 029 +0.63-043 "
&
4412020020
FNAL q2 > 16
.
375+ 026+ 0.65-043
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