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Introduction

Why Semi-Leptonic B Decays?

@ Important Ingredient for the Unitarity Traingle
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@ QCD Based theory: 1/m, Expansion
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@ Effective Theory / Operator Product Expansion

@ Heavy Quark Effective Theory: HQET
and Heavy Quark Expansion HQE
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Exclusive Semi-leptonic Decays

@ Hadronic Matrix Elements = Form Factors: 0 — 0~
(M(p")[87,.(1—75)bIB(p)) = f(a®)(P+P")u+f-(a?)(P—P),.
@ g = c: Heavy to Heavy transition B — D/p,

and B — D"/,

@ g = u: Heavy to Light transition B — 7/,
(and B — pli,

@ Symmetries of HQET reduce the number of
independent form factors in the infinite mass limit.

@ Heavy Quark Symmetries are more efficient in the
heavy to heavy case.
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@ Kinematic variable for a heavy quark: Four Velovity v
@ Differential Rates

dr o G2
a(B — D) = K;g]vcbﬁm%*(wz — 1)Y2P(w)(F(w))?
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@ P(w): Calculable Phase space factor
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Heavy to Heavy Decays

Exclusive Semi-leptonic D
xclusive Semi-leptonic Decays Heavy to Light Decays

Heavy to Heavy: B — D/, and B — D"/,

@ Kinematic variable for a heavy quark: Four Velovity v
@ Differential Rates

dr o G2
a(B — D) = K;g]vcbﬁm%*(wz — 1)Y2P(w)(F(w))?

dr = G,% 2 203 2 3/2 2
@(B — Dliy) = 283 [Veb| (Mg + mp ) mp (w* — 1)¥4(G(w))

@ with w =wvv’ and
@ P(w): Calculable Phase space factor
@ F and G: Form Factors
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Heavy Quark Symmetries

@ Normalization of the Form Factors is known at
vv’ = 1. (both initial and final meson at rest)

@ Corrections can be calculated / estimated

F(w) = nqeota [1+ 012 + - ] (w = 1)p* + O((w — 1)%)

. Mg — Mp
G(1) = noeonv {1 +0 (—mB n mD)}

1 1 1
@ Parameter of HQS breaking: — = — — —
Lo Mg My

@ 7s = 0.960 + 0.007, v = 1.022 £ 0.004,
61/;1,2 = —(8 + 4)%, TIQED = 1.007
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Heavy to Heavy Decays

Exclusive Semi-leptonic D
xclusive Semi-leptonic Decays Heavy to Light Decays

Form Factors from the Lattice

@ Unguenched Calculations become available!
@ Heavy Mass Limit is not used
@ Lattice Calculations of the deviation from unity

F(1)=0.9150
G(1) =1.074 +0.018 + 0.016

A. Kronfeld et al.
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B — D*/p,

IALEPH

326+ 20+ 13
OPAL (partial reco)
378+ 12+ 23
OPAL (excl)

379+ 16+ 16
DELPHI (partial reco)
360+ 14+ 23
BELLE

349+ 18+ 17
CLEO

425+ 1.3+ 16
BABAR

344+ 03+ 12
DELPHI (exclu)
376+ 17+ 19
Average

36.2+ 0.8

HFAG
WE

ybidof =387/14 | |

25 30

40 45
F(1) x V| [107

F) =V |[107]
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B — D/y,

Exclusive Semi-leptonic Decays

ALEPH

39.76 + 10.00 + 6.43

CLEO
45.12 + 5.80 = 3.51

BELLE
40.99 = 4.40 = 5.10

Average
42.60 + 4.50

HFEAG

¥?ldof =0.3/ 4
I

20 30

Thomas Mannel, University of Siegen

40 50
G(1) V.| [109
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G(1) x V| [107]
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Exclusive Semi-leptonic Decays (RIS 1D (12 PEEEYS

Heavy to Light Decays

Vepexel = (39.4 +0.87733%) x 1073

Bob Kowalewski @ ICHEP06
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Exclusive Semi-leptonic Decays (RIS 1D (12 PEEEYS

Heavy to Light Decays

Vepexel = (39.4 +0.87733%) x 1073

Bob Kowalewski @ ICHEP06

@ Central Value went slightly down due to the new
BaBar Measurement
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Heavy to Light: B — 7/li,

@ Main ingredient: Form Factors
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Heavy to Heavy Decays

Exclusive Semi-leptonic Decays Heavy to Light Decays

Heavy to Light: B — 7/li,

@ Main ingredient: Form Factors

@ Heavy Quark Symmetries “less effiecient”:
No absolute Normalization

@ Only relative Normalization between
B — 7 and D — 7 form factors

@ Rate (for vanishing lepton mass)

ar G,
dg2  24x3

15| (a%)[?

Thomas Mannel, University of Siegen Theory of Semi-Leptonic B Decays



Heavy to Heavy Decays

Exclusive Semi-leptonic Decays Heavy to Light Decays

f+ (q 2) from QC D S U m R U |eS (Ball, Zwicky, Khodjamirian, ...)

@ Dispersion Relation and Light Cone Expansion
@ Study a Correlation Function

Fa(p.) =i [ d e (" (@) T {E1b(x) myBinsd (0)) 0

O ™ :—. () 7
-\\.._._ i *\-_\;\-_ e .
\ % Ay by ’7 N TR,
e >u\/vvv ,
el — e AN \,e. )""N‘"

Thomas Mannel, University of Siegen Theory of Semi-Leptonic B Decays



Heavy to Heavy Decays

Exclusive Semi-leptonic Decays Heavy to Light Decays

f+ (q 2) from QC D S U m R U |eS (Ball, Zwicky, Khodjamirian, ...)

@ Dispersion Relation and Light Cone Expansion
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@ Yields an estimate for f3f, (q?)
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Heavy to Heavy Decays

Exclusive Semi-leptonic Decays Heavy to Light Decays

f+ (q 2) from QC D S U m R U |eS (Ball, Zwicky, Khodjamirian, ...)

@ Dispersion Relation and Light Cone Expansion
@ Study a Correlation Function

Fa(p.) =i [ d e (" (@) T {E1b(x) myBinsd (0)) 0

.’f—__— L (g) P
v \q) ':\ \‘\;\" -
\ N Ay \ ’7 ~, /‘\“-..\
. .
- +__>dvvvv - . \’L );\MN-

I,

@ Yields an estimate for fzf, (q?)
@ Limited to small g2
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Results from LCSR

@ Uncertainties from

Higher Twists (> 4)

b quark mass and renormalization scale
Values of the condensates

Threshold and Borel parameters

Pion Distribution amplitude

f.(0) = 0.27 x
1 (5%)uw>a £ (3%)my,u & (3%) @a) & (3%)se m + (8%)ag,
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Heavy to Heavy Decays

Exclusive Semi-leptonic Decays Heavy to Light Decays

Results from LCSR

@ Uncertainties from

Higher Twists (> 4)

b quark mass and renormalization scale
Values of the condensates

Threshold and Borel parameters

Pion Distribution amplitude

f.(0) = 0.27 x
1 (5%)uw>a £ (3%)my,u & (3%) @a) & (3%)se m + (8%)ag,

@ Extrapolation to g2 # 0 by a pole model
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Heavy to Heavy Decays

Exclusive Semi-leptonic Decays Heavy to Light Decays

Lattice QCD for Heavy to Light Form Factors

@ Results reliable for large g2
@ Unquenched results are available
@ Extrapolation to small g2 by a pole model secirevic, kaigaiov

I e

il Rate for g2 > 16 Ge\?

15| @ fy(q) HPQCD |Vub|2 X (131 :l: 033) pSfl

[ |o g remimmie IVup|? % (1.80 4 0.48) ps*
A £ () FermilabMILC

(HPQCD / Fermilab MILC)

P B P
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

qZ inGev®

) S I I A N B |
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. . . Heavy to Heavy Decays
Exclusive Semi-leptonic Decays Heavy to Light Decays

Form Factors from AnalytiCity eece: o

@ Input of a single data point and input of analyticity
and unitarity fixes the form factor almost completely

0.1 A CLEO [1] % Belle [2] -
T 4 BaBar [3 m BaBar [4]
= 008 :
5006
;:.
= 004
[y
=002

0 —
0 5 10 15 20 25
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Heavy to Heavy Decays

. . ) Heavy to Light Decays
Inclusive Semi-leptonic Decays y 9 cay

Inclusive Semi-leptonic Decays

Operator Product Expansion = Heavy Quark Expansion

o 37 (2n)5*(Pa — Pyl (X [Hen B(v))

— [ 4 (B)Her (X) MLy (O)B(V)

—2im [ d* B)IT {Her ()4 (0)}[B(v)
—2im [ de M BW) T (Fan (X))} BIV))

@ Last step: p, = mpv + K,
Expansion in the residual momentum k
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Heavy to Heavy Decays
Heavy to Light Decays

Inclusive Semi-leptonic Decays

@ Perform an OPE: my is much larger than any scale
appearing in the matrix element

[ @ )7 )

=3 (3mg) CortiaOns

— The rate for B — X /7, can be written as

1 1 1
F=To+ —T1+ —5To+ —5Tg+-
Mq m3 mg,

@ The I are power series in as(Mg):
— Perturbaton theory!

Thomas Mannel, University of Siegen Theory of Semi-Leptonic B Decays



Heavy to Heavy Decays
Heavy to Light Decays

Inclusive Semi-leptonic Decays

@ [, is the decay of a free quark (“Parton Model”)
@ [; vanishing due to Luke’s theorem
@ [, is expressed in terms of two parameters

2My iz = —(H(v)|Qu(iD)*Qu[H(v))
2Mupig = (H(v)|Qyo,.,(iD")(iD")Qy[H(V))

1. Kinetic energy and ug: Chromomagnetic moment
@ [; two more parameters

2My g = —(H(v)|Qu(iD,) (VD)(ID*)Qy [H(v))
2Mypls = (H(V)|Quo,, (ID*)(IvD)(iD")Qu[H(v))

pp- Darwin Term and p.s: Chromomagnetic moment

Thomas Mannel, University of Siegen Theory of Semi-Leptonic B Decays



Heavy to Heavy Decays

. . ) Heavy to Light Decays
Inclusive Semi-leptonic Decays y 9 cay

NeW: 1/mg Cont”bution |—4 (Dassinger, Turczyk, M.)

@ Five new parameters:

2) Chromoelectric Field squared

Chromomagnetic Field squared
2)%) . Fourth power of the residual b quark momentum

Qy
vl

( )) : Mixed Chromomag. Mom. and res. Momentum
.B)(¢-p)) : Mixed Chromomayg. field and res. helicity

@ Some of these can be estimated in naive factorization
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Heavy to Heavy Decays
Heavy to Light Decays

Inclusive Semi-leptonic Decays

@ Complete triple differential rate has been calculated
@ Contribution to the total rate:

2(E2 2/R2
r® =1, |132%E7 5 0g% 8
m

b mb
453 (0 4 55 (05 B)(F?))
mb m,

Gémg|vcb|2

with o= 1923
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Heavy to Heavy Decays

. . ) Heavy to Light Decays
Inclusive Semi-leptonic Decays ytotg cay

Heavy to Heavy: B — X {7y

M= ’VCb,ZﬁOmg(M)(l + Aew)Apert(r, ,U)
2 2 3 3
Mz Mg Pb Pls
w0+ 20 (5 2) 2 (5. )+
@ State of the art:

e 1/my Expansion at tree level up to 1/m3
(New 1/mg still “too new”)

e Complete O(as) corrections
for the partonic rate (l/mg)

e and partial O(a?)

o O(as) for 1/m2 terms under consideration

@ Radiative Corrections: Scheme Dependence

Thomas Mannel, University of Siegen Theory of Semi-Leptonic B Decays



Heavy to Heavy Decays

. . ) Heavy to Light Decays
Inclusive Semi-leptonic Decays ytotg cay

Scheme Dependence

@ Pole mass introduces large radiative corrections
@ — use a suitably defined short distance mass

@ Two Schemes are commonly used:
e Kinetic Scheme Bigi, Uraltsev, Shifman ...
Miin(1) defined from a sum rule
for the kinetic energy of the heavy quark
@ 1S Scheme: Manohar, Hoang, Bauer, Ligeti ...
m1s defiend from a (perturbative) calculation
of the T(1S) mass

@ Both Schemes yield comparable
and small uncertainties.

Thomas Mannel, University of Siegen Theory of Semi-Leptonic B Decays



Heavy to Heavy Decays

. . ) Heavy to Light Decays
Inclusive Semi-leptonic Decays ytotg cay

Heavy to Heavy: B — X {7y

@ Determine the HQE parameters from
e Charged lepton energy spectrum
e Hadronic invariant mass spectrum
@ From the theoretical side:
Calculation of moments of the spectra

1 d2r
n\, _ — n
d2

Thomas Mannel, University of Siegen Theory of Semi-Leptonic B Decays



Heavy to Heavy Decays
Heavy to Light Decays

Inclusive Semi-leptonic Decays

Hadronic Invariant Mass Moments eunmier richen

<
2.15 n 3
(a) ‘%
> 210 - ax
=
g Y
&
s 205
\' —
3
200 L. | | U 2
[T I I I A
— 10.0 © o
3 T
G 9.5 — %
|
A X
%x 9.0 1 =
\
85 Y 0 0.5 1.0 15
| | | l Ecut (GeV)
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Inclusive Semi-leptonic Decays

Heavy to Heavy Decays
Heavy to Light Decays
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Heavy to Heavy Decays
Heavy to Light Decays

Inclusive Semi-leptonic Decays
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. . ) Heavy to Light Decays
Inclusive Semi-leptonic Decays ytotg cay

Perspectives

@ Currently: ~ (2%)theo
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. . ) Heavy to Light Decays
Inclusive Semi-leptonic Decays y 9 cay

Perspectives

5Vcb
Vcb

@ Currently: ~ (2%)theo

@ Main sources of uncertainties:

e Mass of the b quark: émp ~ 50 MeV
e Higher order QED and QCD radiative corrections
e Higher Order of the 1/my, expansion
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@ Main sources of uncertainties:
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. . ) Heavy to Light Decays
Inclusive Semi-leptonic Decays y 9 cay

Perspectives

5Vcb

@ Currently: v
cb

~ (2%)theo

@ Main sources of uncertainties:

Mass of the b quark: émy ~ 50 MeV

Higher order QED and QCD radiative corrections
Higher Order of the 1/my, expansion

Mass ratio r = m2/m2

Extraction of the HQE Parameters

Parton Hadron Duality (?)
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Heavy to Heavy Decays

Inclusive Semi-leptonic Decays IRz i g Peeaye

Heavy to Light

@ In principle, the OPE is the same as Heavy to Heavy,
but

@ Suppression of the large b — ¢ background
eliminates a lot of phase space

@ Theory Problem: OPE is not valid in some of the
relevant corners of phase space (suchasy — 1)

4T 1 GEVE S
dy 9673

2 2 2
Hx — Hg M o
O(l—y)+= LC51—y)+ o §(L—y)+---
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Heavy to Heavy Decays

Inclusive Semi-leptonic Decays IRz i g Peeaye

Shape- or Light-Cone Distribution Functions

@ Resummation into a shape function
or ||ght cone dlStrlbuUOﬂ funCtIOI’] (Bigi, Shifman, Uraltsev, Neubert, M., ...)

2Mgf(w) = (B(V)|byd(w +i(n - D))[B(V))
such that

dr _ GE|VImp
dy W/dw@(mb(l—y) —w)f(w)

@ Moment Expansion of f in terms of HQE parameters:

12 oy
f -5 m_§" _ 5"
(6) = 0(0) + grod(e) = 74" () +
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Inclusive Semi-leptonic Decays IRz i g Peeaye

Radiative and 1/my Corrections: SCET

(Sterman, Korchemski, Bauer, Stewart, Pirjol, Beneke, Feldmann, ...)

@ Inclusive Rates in the Endpoint become

di =HxJ xS

Thomas Mannel, University of Siegen Theory of Semi-Leptonic B Decays



Heavy to Heavy Decays

Inclusive Semi-leptonic Decays IRz i g Peeaye

Radiative and 1/my Corrections: SCET

(Sterman, Korchemski, Bauer, Stewart, Pirjol, Beneke, Feldmann, ...)

@ Inclusive Rates in the Endpoint become

di =HxJ xS

@ H: Hard Coefficient Function, Scales O(my)
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Radiative and 1/my Corrections: SCET
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@ Inclusive Rates in the Endpoint become

df =H *xJ xS
@ H: Hard Coefficient Function, Scales O(my)
@ J: Jet Function, Scales O(1/MpAqcp)
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Radiative and 1/my Corrections: SCET
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@ Inclusive Rates in the Endpoint become
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@ S: Shape function, Scales O(Aqcp)
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Radiative and 1/my Corrections: SCET

(Sterman, Korchemski, Bauer, Stewart, Pirjol, Beneke, Feldmann, ...)

@ Inclusive Rates in the Endpoint become

df =H *xJ xS
@ H: Hard Coefficient Function, Scales O(my)

@ J: Jet Function, Scales O(1/MpAqcp)
@ S: Shape function, Scales O(Aqcp)
@ State of the art:
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Radiative and 1/my Corrections: SCET

(Sterman, Korchemski, Bauer, Stewart, Pirjol, Beneke, Feldmann, ...)

@ Inclusive Rates in the Endpoint become

df =H *xJ xS
@ H: Hard Coefficient Function, Scales O(my)
@ J: Jet Function, Scales O(+/MpAqcop)

@ S: Shape function, Scales O(Aqcp)

@ State of the art:
e 1/my terms have been investigated

(Bauer, Luke, Beneke, Pecjak, Campanario, M.)
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Radiative and 1/my Corrections: SCET

(Sterman, Korchemski, Bauer, Stewart, Pirjol, Beneke, Feldmann, ...)

@ Inclusive Rates in the Endpoint become

df =H *xJ xS
@ H: Hard Coefficient Function, Scales O(my)

@ J: Jet Function, Scales O(+/MpAqcop)
@ S: Shape function, Scales O(Aqcp)
@ State of the art:

e 1/my terms have been investigated

(Bauer, Luke, Beneke, Pecjak, Campanario, M.)

e NNLO QCD Radiative corrections available

(Becher, Lange, Neubert, Paz)

Thomas Mannel, University of Siegen Theory of Semi-Leptonic B Decays



Heavy to Heavy Decays

Inclusive Semi-leptonic Decays IRz i g Peeaye

Radiative and 1/my Corrections: SCET

(Sterman, Korchemski, Bauer, Stewart, Pirjol, Beneke, Feldmann, ...)

@ Inclusive Rates in the Endpoint become

df =H *xJ xS
@ H: Hard Coefficient Function, Scales O(my)

@ J: Jet Function, Scales O(+/MpAqcop)
@ S: Shape function, Scales O(Aqcp)
@ State of the art:

e 1/my terms have been investigated

(Bauer, Luke, Beneke, Pecjak, Campanario, M.)

e NNLO QCD Radiative corrections available

(Becher, Lange, Neubert, Paz)

e Models for the shape function: BLNP and DGE  (cad

Thomas Mannel, University of Siegen Theory of Semi-Leptonic B Decays



Results

Inclusive Semi-leptonic Decays

(o] AVAYTS

Heavy to Heavy Decays
Heavy to Light Decays

CLEO (endpoint) CLEO (endpoint)
—— ——
4.09 +0.48 +0.36 T 3.85£045+022
BELLE (endpoint) BELLE (endpoint)
4.82+0.45 030 I 4.80 +0.45 +0.20 T
BABAR (endpoint) BABAR (endpoint)
439 £0.25+0.39 — 4294029 021 -_—
BABAR (E,. ¢) BABAR (E,. ¢°)
457031 £0.41 - 4.42+030£0.24 B
BELLE m, BELLE m,
4,06 +0.27 +0.24 o 4294028 +0.22 ——
BELLE sim. ann. (my, q°) BELLE sim. ann. (my, q°)
437 £0.46 £0.29 a—— B 4424047 £0.19 T
BABAR (my, q°) BABAR (my. q°)
4.75£0.35 £0.32 e 4.80£0.35 £0.21 T
Average +/- exp +/- (mb,theory) Average +/- exp +/- (mb,theory)
449 £0.19 £0.27 " 446 £0.20 +0.20 =
6.1/6 (CL = 40.7%) %/dof = 10.0/ 6 (CL = 12.4%)
CET (BLNP) Dressed Gluon Exponentiation (DGE)
Phys.Rev.D72:073006.2005 THEP 0601:097.2006
m, mpl;l from hT clv '.\nc‘i b symoments | icHePos m, inpu‘[ from hT clv L\m“i b sy moments. | ioHePos
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Heavy to Heavy Decays

Inclusive Semi-leptonic Decays IRz i g Peeaye

Shape Function insensitive methods e e s

@ Cut on the dilepton
invariant mass and on BELLE brsco (.. ")

hadronic invariant .
mass: This reduces BELLE sim. am. (m,. )
the SenSItIVIty 472£050 035
to the shape function B
~ - b—c allowed Average +/- exp +/-~ (mb.theory)

20 502 £0.26x037
= me<
® 05 m<ny

#/dof =05/ 2(CL=177.3)

OPEHQET (BLL)
(Gev2)l MM o?>(mg-mp)?
0 Bhys. Rev. D64:113004 (2001) :
m, input from b= ¢ 1 v and b-s s y moments m
5 L | L ! 1 ! [ lorpos
2 4 6
5 20 25 V1 [x107]

102 15 )
m; (GeV’)

Thomas Mannel, University of Siegen Theory of Semi-Leptonic B Decays
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Inclusive Semi-leptonic Decays IRz i g Peeaye

Summary and Perspectives

@ Theory of heavy semi-leptonics is in a mature state
@ Determination of V:
e Currently relative theoretical uncertainties
at the 2% level
e Small improvements through as/mg
e and 1/mj
e Exclusive decays with lattice form factors
@ Determination of V:
e Currently relative theoretical uncertainties
at the 8% level
e Improvements through more data: Shape functions
e Lattice data for exclusive decays

@ Exclusive Decays are catching up ...

Thomas Mannel, University of Siegen Theory of Semi-Leptonic B Decays
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