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Outline of these lectures

1. Heavy quark physics
e Heavy-quark spin and flavor symmetry
* Spectroscopic implications
 Heavy Quark Effective Theory
* Vo from exclusive semileptonic decay
2. Inclusive B-decays
e QOperator Product Expansion
* Determination of Vi, Vo from semileptonic decays
* Radiative decays: test of FCNC interactions

 Heavy hadron lifetimes

3. Exclusive hadronic B-decays

e Factorization, Soft Collinear Effective Theory



Exclusive b-decays

* An extremely rich field:
e mp>» Agcp: MANY decay channels!
e (lassification (B stands for B, Bs, Av)
e Leptonic: B— ["]7, B— v
* Semi-leptonic: B—H Iv
e Radiative: B—> Hy, B— H [T~
e Hadronic: M=m, K, p, 1, ...
e charmless: B —-Mi My, ...
¢ D-modes: B—D M, ...

e charmonium modes: B —J/y M, ...

* baryonicmodes:B—pp, B—Acp, ..



ErPDG

particle data group

Lo -

particle data group

(from Z. Ligeti)

B+ DECAY MODES

B~ modes are charge conjugates of the modes below. Modes which do not
identify the charge state of the B are listed in the B /B9 ADMIXTURE
section.

The branching fractions listed below assume 50% B9BO and 50% BT B~
production at the T°(4S). We have attempted to bring older measurements
up to date by rescaling their assumed 7°(4S) production ratio to 50:50
and their assumed D, Dy, D*, and ) branching ratios to current values
whenever this would affect our averages and best limits significantly.

Indentation is used to indicate a subchannel of a previous reaction. All
resonant subchannels have been corrected for resonance branching frac-
tions to the final state so the sum of the subchannel branching fractions
can exceed that of the final state.
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D, D*, or Dg modes
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F72  D*(2010)* °
7,3 D*(2010)* KO
M4 D*(2010)" 7t 7t 70
M75 D*(2010) 7" xtat o™
F76 D3%(2420)07 "
F77  D1(2420)° 7T xB(D? —
B DOrtr )
M7g  D3(2462)°7+
x B(D3(2462)° — D~ )
M79  D§(2308)°n+
x B(D3(2308)° — D7)
rgo 51 (2421_)0 7T+
_ x B(Dy(2421)° — D*~x7)
I'81 D§(2462_)O 7T+
x B(D5(2462)° — D*~ )
I'82 5& (2427_)0 7T+
x B(D)(2427)° — D*~x™)
g3 D1(2420)° 7T xB(DY —
B DOrt )
Mgq  D7(2420)°p"
Mgs D5(2460)°7™
g6 193(3460)07r+ xB(D30 —
B D0t 7)
Mgz D3(2460)° p*
fgg DD
rgg Dso(2317)+50 X
B(Dso(2317)" — DF 70
rgo Dso(2317)+ DO X
B(Ds(2317)" — D ")
Fo1  Ds(2317)F D*(2010)° x
B(Dso(2317)" — Df x0)
Moo D, ;(2457)1 DO x
B(Ds;(2457)" — Dt x0)
rg3 DSJ(2457)+50 X
B(D,(2457)" — DJ )
Fosa D, ;(2457)1 DO x
B(D,;(2457)" —
Dj?T+7T_)
Fo5 Dy y(2457)1 DO x
B(Ds;(2457)" — DF x9)
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D, (2457)* DO x

B(D,;(2457)" — Dj+ )

D, 7(2457) D*(2010)° x
B(Ds;(2457)" — DI

D, 7(2457)" D*(2010)° x

B(Ds(2457)" — D)

DO D, ;(2536)T x
B(D,7(2536)"
D*(2007)° KT)

D*(2007)° D, ;(2536) 1 x
B(D,7(2536)"
D*(2007)°K ™)

DO D, ;(2573)* x

70)

B(D,(2573)T — DOKT)

D*(2007)° D, ;(2573)F x

B(D,s(2573)T — DOKT)

DO D*

— s
D*(2007)° D
D*(2007)° D*+
D(*)+ D**O

D*(2007)0 D*(2010)*

DO D*(2010)* +
D*(2007)° D+

DO D*(2010)*

DOp+

DODt KO

D*(2007)° D+ KO

D®D*(2010)* K©

D*(2007)° D*(2010)* K©

DODOK+

D*(2010)° DO K+

DO D*(2007)° K+

D*(2007)° D*(2007)° K+

D~ DT KT

D~ D*(2010)t K+

D*(2010)~ Dt K+

D*(2010)~ D*(2010)* K+

(D+D*)(D+D*)K

D: 70

D:-l— 7'(‘0

D:n

D:+77
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D;L po
D:-l— ,00
D:w
+

DI w
DY a1(1260)°
D** a;(1260)°
Df¢
Dt ¢
DT KO
D RO

S —_—
D K*(892)°

+ ¢ 0

Dt K*(892)
DS_ rt Kt
D xt KTt

)
Dt K*(892)"
Di~ 7t K*(892)"

NN NN AN AN NN AN AN AN AN ANA

N

3.1 x 10~4 CL=90%
4 x 10~4 CL=90%
4 x 10~4 CL=90%
6 x 10~4 CL=90%
1.8 x 103 CL=90%
1.3 x 103 CL=90%
1.9 x 100 CL=90%
1.2 x 1072 CL=90%
9 x 10~% CL=90%
9 x 10~4 CL=90%
4 x 10~% CL=90%
4 x 10~4 CL=90%
7 x 10~% CL=90%
9.8 x 10~4 CL=90%
5 x 103 CL=90%
7 x 103 CL=90%

Charmonium modes

J/p(1S)KT
J/Y(AS)KT 7t ™
ho(1P)K™ x B(he(1P) —
J/prt ™)
X(3872) K+
X(3872) K+ x B(X —
J/prt )
X(3872) K+
x B(X(3872) — DYDY
X(3872) K+
x B(X(3872) — DT D7)
X(3872) K+
x B(X(3872) — DODOx0)
X(3872) K+
x B(X(3872) — J/v(1S5)n)
X(3872)T KO x B(X(3872)" —
J/(1S) 7t 70)
Y (4260)° K+ x B(Y? —
J/pmtaT)
J/9(1S) K*(892)™
J/(1S) K(1270)*
J/(1S8) K(1400)*
J/(1S)n K
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J/(15)D
J/p(1S)DOxt
Y(S)KT
P(2S) K*(892) "

(2S)Ktnt 7~

(3770) K+

(3770) K+
x B((3770) — DODO)
Y(3770) KT

x B(¢(3770) — Dt D~ K™)
Xcom® " xB(xco = 7t77)
XcO(l'D) K+
Xco K*(892)*
Xc2 K+
Xc2 K*(892)F
Xcl(l'D) KT
Xc1(1P) K*(892)*

(4
(4
(4

A~ N N~ ~

K or K* modes

KOt
K+ 70
Kt
n' K*(892)Jr

wK*(892)*
aar KO
38 K+
K*(892)0 7+
K*(892)* 70
Ktn—nt
K+ 7~ 7t nonresonant
Kt 1(980)x B(fy — nt77)
£,(1270)° K+
F5(1370)° KT x
B(f5(1370)° — 7t 77)
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p°(1450) K+ x B(p°
+77)

f(1500) K+ x B(fy(1500) —
+77)

f5(1525) K x B(f5(1525) —

(1450) —

0
3

+
©x

_|_
=}
o)
>
-~
D
[72]
o
=}
5]
=)
—+

X
N % H
—
S
w
o
v

KT K~ 7t nonresonant
KTKtn
KT KT 7~ nonresonant
K+ K*(892)°
K™ £;(2220)
KTK- KT
Kt ¢
f(980) KT x B(f5(980) —
KTK™)
a>(1320) K™ x B(a»(1320) —
KTK™)
f,(1525) K™ x B(f5(1525) —
KTK™)
$(1680) KT x B(¢(1680) —
KTK™)
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K+ K~ K1 nonresonant
K*(892)T KT K~
K*(892)+q§
K1(1400)jL [0}
K§(1430)Jr 10)

Kt oo
K*(892)F
K1(1270)™
nK*y
oKty
Ktr=nty
K*(892)0 7t~
K+ p0y
Ktn— =
K’1(1400)+
K’(1430)*"
*(1680) T
K%(1780)™
(2045)

7y nonresonant

220 2=+

*
3
*
4

e T e e N N T

240 T

1.6
96 =+
11
3.4

2.6

4.03
4.3
8.4
3.4
2.50

2.0

I+ B H HH K+

2.0
9.2
1.5
14 +
1.9
3.9
9.9

Light unflavored meson modes

7t £(980) x B(f(980) —
Tt )
7t £(1270)
p(1450)0 7+
fo(1370) 7"
ataT)
,(600) 7t
ataT)
T 7~ 7" nonresonant

x B(f(600) —
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9.0
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038 )10
x 103 CL=90%
30 )x1076 s=19

%103 CL=90%
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1.1
0.9

0.26 ) x 1072
1.3 )x107°
1.8 )x 1070
1.0 )x107°
0.28 ) x 10~°

8% ) x 10~5

) x 1076

x 1072 CL=90%
x 10~6 CL=90%
x 1072

0.4 )x107°
x 10~3 CL=90%
x 1072 CL=90%
x 10~3 CL=90%

x 1070 CL=00%
06 )x10~°
0.15 ) x 107
11 )x10°0

x 1070 CL=00%

25 )x10°6
x 1070 CL=90%
x 1070 CL=90%

% 106 CL=90%
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x 104 CL=90%
0.19 ) x 107>

x 1073 CL=90%
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Fo71 nat ( 49 + 05 )x1070
Fo70 0wt ( 40 + 09 )x10°
M7z 0/ pT < 22 x 1075 CL=90%
Co7a mpT ( 84 + 22 )x107°
Fo75 O™ < 41 x 107 CL=90%
Mo OpT < 16 x 1075
o7z aQmt < 58 % 106 CL=90%
Fo7g mimtoto— o™ < 86 x 10~% CL=90%
Mo79  pQaq(1260)F < 6.2 x 10~4 CL=90%
g0 po 32(1320)+ < 7.2 x 10~% CL=90%
Mogy ntatatan— 70 < 63 x 1073 CL=90%
Mogp  a1(1260)% a;(1260)° < 13 % CL=90%
Charged particle (h*) modes
ht = KT or ot
Mog3 hT a0 (16 T 9L yx10°
Moga wht (138 T Q37 )x1075
Mg hT XC(Familon) < 49 x 1075 CL=90%
Baryon modes
Fogs pP7T (31 98 yx106
g7 pp 7T nonresonant < 53 x 1072 CL=90%
Mgs pﬁﬂ—'_ ntn~ < 5.2 x 10~4 CL=90%
Mogg PPK™T ( 56 + 10 )x1070 s=24
Mg  ©(1710)T T px [f] < o1 x 1078 CL=00%
B(O(1710)t* — pKT)
Mogr  £5(2220) KT x B(f;(2220) — [f] < 4.1 x 10~7 CL=90%
_pP)
Moo pA(1520) < 15 x 1070 CL=90%
F93  pPK™T nonresonant < 89 x 1073 CL=90%
Fooa PPK*(892)T (103 F 938105
Fo95 pA < 49 x 10~ 7 CL=90%
Fog PAY (22 +06 )x1070
Fog7 PX7 < 46 x 1070 CL=90%
Moo pATTT™ < 20 x 10~% CL=90%
Fog99 AATT < 2.8 x 1076 CL=90%
F300 /\ZK_’_ ( 29 i— %)(8) ) X 10_6
M301 A%p < 38 x 104 CL=90%
F300 ATTPH < 15 x 104 CL=90%
M303 DT pp < 15 x 1072 CL=90%
M304 D*(2010)" pp < 15 x 1075 CL=90%
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300
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314

Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.Ibl.gov)
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) X 1073
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Lepton Family number (LF) or Lepton number (L) violating modes, or
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317

318
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320
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320
323
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329
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331
332
333
['334
335
336
337
338
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340
341
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AB = 1 weak neutral current (B1) modes

TTeT e B1
T /ﬁ' wo B1
Tty BI
KTeTe™ BI
Kt utpu~ B1
KTete— BI
Ktov B1
K*(892)T et e~ B1
K*(892) " put ™ B1
K*(892)* ¢+ ¢~ B1
et~ LF
e ut LF
Ktetp™ LF
Kte put LF
K*(892)T et 1T LF
T et em L
T /ﬁ' ,u+ L
et ut L
petet L
p T L
p-etut L
K~ eTem L
K=t put L
K- et pt L
K*(892) et et L
K*(892) pt u™ L
K*(892)~ et ut L
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3.9
9.1
1.0
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3.4

5.3
5.2
4.6
2.2
2.2
6.4
6.4
8

6.4
7.9
1.6
1.4
1.3
2.6
5.0
3.3
1.0
1.8
2.0
2.8
8.3
4.4

I+ |+

H_

x 1073 CL=90%
x 1073 CL=90%
x 10~4 CL=90%

)yx10~7 S=14
yx10~7 s=17
) x 10—

x 1072 CL=90%
x 1076 CL=90%
x 1076 CL=90%
x 1076 CL=90%
x 1073 CL=90%
x 1073 CL=90%
x 107 CL=90%
x 1073 CL=90%
x 1076 CL=90%
x 1076 CL=90%
x 1076 CL=90%
x 1076 CL=90%
x 1076 CL=90%
x 1076 CL=90%
x 1076 CL=90%
x 1070 CL=90%
x 1076 CL=90%
x 1076 CL=90%
x 1076 CL=90%
x 1076 CL=90%
x 1076 CL=90%
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Hadronic B-decays at hadron machines

see M. Herndon’s lecture,
also G. Punzi’s wine & cheese, Oct ‘06

* Lots of Bs-decays and Ay -decays remain to be discovered

* Bsdecay listing is 16 pages in PDG, Ay listing is 7 pages long.

e Blisting is 146 pages!

e Hadron mac

but produce more b-hadrons

hines are much noisier enviroment than ete,

e Fewer channels can be reconstructed, but competitive in those.

BaBar (HFAGO6)
Belle (HFAGO06)
CDF 1 fb™

e*e” Average

e*e” + CDFIl Average

BR(B"->r*1) x 10°

— e
——
——
——

——

735 4 45 5 55 6 65 17

4.50+ 1.30+ 0.50

580+ 0.40+ 0.30

510+ 0.20% 0.20

5.10+ 0.33+ 0.36

525+ 0.24

522+ 0.22

BaBar (HFAGO06)
Belle (HFAGO06)
CDF 1 fb"

e’e” Average

e*e” + CDFIl Average

Aol B K]

——

——

——

1

-

-0.2

-0.1

0

0.1

-0.040+£0.160 £ 0.020

-0.108 £ 0.024 £ 0.008

-0.093+0.018 £ 0.008

-0.086 + 0.023 + 0.009

-0.098 £ 0.015

-0.095+0.013



Challenging for theory!

e Exclusive final states

 Hadronization etfects are important, even in
the heavy quark limit. Cannot use OPE.

¢ >1 hadron in final state
e Difficult for lattice

e Energetic light hadrons Exi=mg /2

e HQET not applicable (expansion in Ep/
mg)

e Difficult for lattice Epm> 1/ a



Theoretical methods

o Weak effective Hamiltonian

e 10 different operators for B -Mi M. (Tree, QCD
penguins and EW penguin operators.)

 Symmetries of QCD
e C,PT

* Approximate flavor symmetries:

My.,d

* Isospin: —
e SU(3): mX’d < 1, mT ~ 03«1

e Factorization theorems in the limit mp— .
Soft-collinear effective theory (SCET).

. . A 2A
e Expansionin —~=~02<«1

Ey o my

~0.03 K1




Kinematics

e Decay produces energetic light mesons

TT B TT
M
Br === > M,
D B TT
 Mj—-Mp—-M:
Eﬂ'_ 2MB —23G€V

¢ Expand INn Aocp/Mp ~ Aqcp/Ex



Focus of lecture

e D-modes: Br(B —D M) ~104-103

* Not very sensitive to new physics

e Tree-level in weak interaction

e Good testing ground for theoretical methods
e Charmless decays: Br(B —Mi M>) ~ 10 - 10

e Sensitive to new physics
e CKM suppression

 Penguin and tree contributions

¢ Omit charmonium or baryonic modes and higher
multiplicity in final states.

e Above two categories are complicated enough...



B—-DM

Factorization & Soft-Collinear Effective Theory




o Effective Hamiltonian

Gp .., d
Hesr NG Vi, aVer (CoOp 4 C30s3) y
Oo “(1 = 5)bdy(1 —s)u, i

Os 11— 75)TAb dy(1 — ~s)Tu| " \\

|
)

|
&

e No penguins.
¢ CO = CO(!J“) y C8 = CS(M)
¢ Co(Mw)Zl-I-O(O(s) , Cg (Mw)=O(O(s).



Flavor topologies

d U c U €
AVAROTAN G
i § HI.EE B q
(M) (C) )

tree color suppressed tree weak annihilation

e Additional gluons not suppressed, cannot
evaluate decay in perturbation theory!

e Topologies
e By—D"n:(T)+ (E)
e B;—DV7nl: (C)-(E)
* B~ —DVn: (T) + (C)

o Will find that (T) is factorizable and (C), (E) are non-
factorizable and Aqcp/mb suppressed.



Isospin analysis

D mcan be isospin 1/2 or 3/2.

_ 1 2
A_|__ :A(BO — D+7T_) — ﬁAg/Q—F \/;Al/g :T+E,

Ao =AB~ = D7) = V3A3p =T+ C,

_ 2 1 1
Ao = A(B" — D" = \/;As/z \/gAl/z = ﬁ(c — F)

e Three observables:

|A3/2\ : \A1/2\ , 0= arg(A1/2A§/2)



Naive factorization for B4 2 D' 11~

— ..

q q

e Replace
(DT~ | (eb)v—a (du)v—a|B)

— (7| (du)v—40) (DT|(cb)v—a|B)
fﬂ' FB—>D(M7%)

e This is a model! Not even consistent (result for
decay rate becomes scale dependent), but works
numerically well.



(QCD) factorization for B4 =#D* 1™

AN L e\

e Cannot leave out interactions with outgoing .
* In the limit mp—c, m./ myp fixed
* pion becomes energetic
* LEn=(mp?-mp?)/2mp—*oco
* the interactions are suppressed by ots(11p)
e evaluate in perturbation theory
* Jowest order: naive factorization

* Bjorken: “color transparency”



Factorization theorem

iMpE fr
2

1
(DY77|Opg|B) = Fp_.p(0) / Tos (2, 1) (2, 1) + O(2CD)

mp

Proposed by Politzer and Wise ‘91, checked to 2 loops by Beneke et al. ‘00,
all order analysis using SCET Bauer et al. ‘01

e To(x,u) and Ts(x,u) are hard scattering
kernels

e calculable in perturbation theory

g Nc2_1 ,U2 2
I AN {—GIHm—g—I—f(az,mc/mb) + O(a3)

To(z,p) =1+ 0(a;) Ts(z, 1) =

* Or (x,1n)is the “leading twist light-cone
distribution amplitude” of the pion.

e non-perturbative



Hard scattering kernel T(x,u)

e [.owest order in o:

T Dr (1 —2x)px Db

\/ De
MU, Dd

Du

mpv,

myv + O(Agep)
mev' + O(Agep)
z pr + O(Aqep)
(1 —z)px + O(Aqcep)

* Have expanded momenta. Can neglect pion
mass and perpendicular momentum of quarks.

e First order in o:

PAVARNED S . SV




Light-cone distribution amplitude

arbitrary Dirac matrix

/

(=~ o)) Tu([0) | o0 = “ETe T30 [ o™ on (o)

L

e Amplitude for an up anti-quark with
momentum fraction x and a down quark with
fraction (1-x) to hadronize into a pion.

1
e Normalized to 1: / dx ¢p(z, 1) =1
0

e Asymptotic DA: ¢x(x,p) = 6x(1 — x) for p — o0

e Often used for simplicity, but might not be
adequate at p ~ mp.



Some A/my, power
suppressed effects:

v/

higher fock state

>

annihilation

spectator interaction

Beneke et al. ‘00. (112pp!)

[s the hard scattering kernel insensitive to low
energy QCD effects?

Is

Individual diagrams need IR cut-off (e.g.
gluon mass), but sum is well defined to 2-
loop accuracy.

the integral over x convergent?
OK at 1-loop order.

Contribution from higher fock states?

Tree-level contributions suppressed as A/ mp

Contribution from other two flavor
topologies, such as weak annihilation?

—

[ree-level contributions suppressed as A/ my,




Soft-collinear effective theory

Bauer, Pirjol, Stewart, ...

e Provides a systematic framework to perform
expansion in Agcp/Ex ~ Agep/my for processes
with light energetic hadrons in final state.

e All order (in as) answers to the questions on
the previous page.
o Splits QCD quark and gluon fields into

o “Soft fields”: HQET Lagrangian for the partons
inside the B- and D-meson.

e “Collinear fields”: partons inside energetic
light mesons.

* “Messenger fields”: low-energy interaction
between light mesons and B- and D-mesons.



Factorization in SCET

\
\
Collinear fields — ¥

Pion LCDA Soft fields

B—D form factor

e Atleading power messenger fields decouple —
factorization

e Hard scattering kernel T ' becomes Wilson coefficient
of SCET operator.

e Matrix element of soft fields: B —D form factor.

e Matrix element of collinear fields: & light-cone dist. amp.



Confrontation with data

Decay Br(1079) |A| (1077 GeV) Decay Br(1079) Al (1077 GeV)
BY - Dt7x= | 2.76 +0.25 5.99 4+ 0.27 BY - D*tn= | 2.76 +£ 0.21 6.00 = 0.23
B~ — D% | 4.98 +0.29 7.72 £0.22 B~ — D¢~ 4.6 £0.4 7.50 £0.33
B% — D79 | 0.25+ 0.02 1.81 £ 0.08 BY — D*07z0 | 0.28 +0.05 1.95 £ 0.18
BY — DT p~ 7.7+1.3 10.2 £0.9 BY — D*tp~ 0.8 £0.9 9.10 = 0.61
B~ — Dop_ 134+ 1.8 12.9 £0.9 B~ — D*Op_ 98t 1.7 10.5 £0.92
BY — D%% | 0.29+0.11 1.97 +0.37 B% — D*%p0 | 0.37+0.10 2.2+1.0

from a talk by I. Stewart, May ‘05. See http://hfag.phys.ntu.edu.iw/b2charm/ for up to date results.

* Size of Br(B: —D* M~) agrees with factorization prediction. \f

e Power suppressed Br(B;s —D? M’) indeed small. (Additional
color suppression.)

 Br(B —D ) = Br(Bs »D* n) holds. Even for power
suppressed B; —DY M? (Mantry, Pirjol and Stewart ‘03).

A(B~ —D%"))
A(B~ — DOn-)|

]VudHA(B— s DOK—)| fK
—1.204+0.10 ~ —
Vius||A(B— — DO7—)| Fr v

—167T+0.12~ 22 Vs



Confrontation with Data

Decay Br(1079) |A| (1077 GeV) Decay Br(1079) Al (1077 GeV)
BY - Dtn~ | 276 +£0.25 5.99 +0.27 BY — D*tn— | 2.76 £0.21 6.06 = 0.23
B~ — D%~ | 4.98+0.29 7.72 £ 0.22 B~ - D0z~ | 4.6+0.4 7.50 £ 0.33
BY — D70 | 0.25 4 0.02 1.81 4+ 0.08 BY — D*97% 1 0.28 £0.05 1.95 4 0.18
BY - D) 7.7+1.3 10.2 +0.9 BY — D*tp= | 6.84+0.9 9.10 £ 0.61
B~ — D% 13.44+1.8 12.94+0.9 B~ — D*%~ | 9841.7 10.5 4+ 0.92
BY — D%% | 0.29+0.11 1.97 +0.37 BY — D*0p0 | 0.37+0.10 2.2+1.0

from a talk by I. Stewart, May ‘05. See http://hfag.phys.ntu.edu.tiw/b2charm/ for up to date numerical results.

e Significant difference between Br(B; —»D* M~) and
Br(B~ —D% M~) which are equal in heavy quark limit.

Ao ]| _{ 0.77 4+ 0.05 for D
A

0.81 & 0.05 for D*m

e 20-30% in amplitude — 40-60% in BR!

e Sizable phase § = arg(Al/QAg/z) ~ 30°
* Suppressed by Aqcp/my




Leibovich, Ligeti, Stewart & Wise ‘03

e CDF ‘05 has measured B(Ay, — Af77)

e Same factorization theorem holds for b-
baryons. Identical hard-scattering
kernel, but need Fa,—a, (M7 = 0)

2 2 2 12 — _
(A, — Aur) = 3m(Ch + 022/3) V| f5 <dF(Ab — AJV)) u d
my, T'a dw o
A = mAc/mAb, w=uv-v = (mib + m?\c — q2)/(2mAbmAc), b > > C
Ab\d > d /AC
Ju i u\
Br(A, — X*7) Br(Ay, — X*p) Br(Ay — =2 K) Br(Ay — ZLK )

— : — =
Br(Apy — Sop) Br(A, — ZLK) Br(A, — ELKT)

= 2
Br(Ay — X.m) ’






e Rare: BR ~ 10°-10%, about 100 times
smaller thanin By —»D* M. | Vw/ V!~ 0.1.

e Sensitive to new physics: penguin as well
as tree-level contributions.

e e.g. for B—nn
u (v (v

g/d g/u {u
%4 /
T

QCD penguin EW penguin
FCNC FCNC

W-exchange



Weak Hamiltonian

)\p — bV*
Har = £ S M(CLOI+ Q5+ 3 CiQi+ Cry Qo + Gy Quy ) +
\/_ p=u,c 1=3,...,10
_ _ _ _ T
11) — (Pb)V—A(Sp)V—m Qg — ( zb])V—A(Sjpz)V—Aa o;iators
Qs = (5b)y_a Zq (q9)v—a Q1= (5:bj)v_a Zq (45Gi)v—-a, e
Qs = (3b)v_a Y (@) v+a, Qs = (5ib))v-u > ¢ (T@)vra operators
Q? — (gb)V—A Zq %eq(CjQ)V—I-A 3 QS — (gle)V—A Zq 3€q(€73%)V+A 3 EW penguin
t
Q9 — (gb)V—A Zq %6q(QQ)V—A ) QlO — (g’LbJ)V—A Zq Qeq(gj%)V—A ’ PRETEON

. Hierarchy of Wilson coefﬁcients
C1 2 02> C3-6 > Cono 2 Cr 8

often neglected
Cl_lo(mb) — {1.107, —.249 , 011 , —.026 , .008 ; —.031 ,
4.9x107%,4.6x107*,-9.8x107%,1.9x 107>} .




Flavor topologies
00 100 1
0 8 0 o

Tree (T) Color-suppressed (C) Penguin (P)  + EWPs

0: g 09 0~ g

W-exchange (E) WWeak annihilation (A) Penguin annihilation
(PA)

e (Can use isospin and SU(3) to relate different
amplitudes.

e In practice, such analyses often neglect some
contributions.



Factorization theorem for B— A M>

e When factorization theorems for exclusive
processes were first discussed around 1980,
people were hoping for a factorization
theorem of the form:




Factorization theorem for B— A M>

e Does not work!
i
\/ N o
B
. g

70

1

e Kernel T behaves as 1 > for x — O

e Pion LCDA goes like ¢, (z) « z for z — 0

e Convolution integral does not exist

/01 dz T(z) dr () = o



Factorization theorem by BBNS

Beneke, Buchalla, Neubert, Sachrajda ‘99
e Give up on complete factorization and allow for a

nonfactorizable form factor piece!

e This works, but the hope for complete factorization
is still alive...

e “pQCD framework”: resummation of perturbative corrections

to kernel will cure divergence in convolution integral
Keum, L1, Sanda

e “Zero-bin subtraction”: divergence in convolution is UV.
Renormalize it away. Manohar and Stewart, hep-ph/0605001



2
(Hy

? S
(FB—WT(QZ — OD + a

e Same factorization theorem as BBNS.

e Ti=H; Kernel T factorizes into hard- and jet-
function: Hrr = Hrp(as(ms))

J = J(as(/muAqep))




e Need hadronic input to make
predictions:

e LCDA’s for all the mesons

e Very little is known about light meson
LCDAs.

e Essentially no information on B-meson
LCDA

e Form factors Fp—u (g>=0)

e New exp. results on B—x 1 v give fairly
accurate value for |Vub| Fp—xz (0)

e other form factors are poorly known.



Phenomenological analysis: BBNS

g Hard kernels

to O(Xs)

(FB—WT(QQ = 0)> +

LLCDAs and F<q2=0) (ER— Jet-function o s (1)

hight-cone sum rules

— model dependence

Estimate dominant power corrections.



Phenomenological analysis:“SCET approach”

Bauer, Pirjol, Stewart, Rothstein ‘04

tree level

Forli =0)| +(o) =@ (%)
_ \ . \ / _J

from fit to 5 — 7. BPRS find two parts

are comparable 1n size! Xs(u;) suppression?

Leave (charming) penguins unfactorized.
Neglect all power corrections.



Comparison

e “SCET approach”:

@ Model independent; no dependence
on light-cone sum rules.

0 might not be very precise: no power
and no perturbative corrections.
(BBNS find large power corrections.)

O More modest/less predictive.

Penguins from fit, strong phases from
fit, ...



Numerical results: BPRS

The CP asymmetries

The CP asymmetries

S(nono) i ' & | S(J-EOJ-EO) i —a Y:590
A(TE(_)J'EO) | — - : A(Tl?gﬂ?o) N " T N
A(KO V) t e B Y:830 A(KO ) | A oy
A(KO TC_) - oA A(K TE_) - o
AK 7) i AK’n%) | st
SK'a)}F | | SK'n")} |
AK ) | & AK™x%) £ A
Crn )} — + Theory Cerrn) 4 s Theory
S(mta”) b —a— ~  Data S ) bt *  Data
-05-025 0 025 05 075 1.0 -0.75 -0.5 -0.25 0 025 05 0.75
The Branching ratios (x1 0'6) The Branching ratios (x1 0'6)
K K' # y=83" KK} y=59°
K n 4t K mOf a=
K a’t ok K n't A
O - Ko —
K — K | s
K K} 4 K Kt a4
't & oA A Y
w0 b A, s Theory o0 L e A s Theory
nta b s *  Data A " *  Data
0 5 10 15 20 25 0 5 10 15 20 25

* Red quantities are input.

o Their fit gives two solutions y=59°, §3°



Numerical results BBNS

BB — Krn, mr, KK)

B CLEO HFAG

—— Bell
e Bole AUGUST 25th 2004

PDG2002
—— New Avg.

—y KOKO

— iy
—”E ntal
i. J00
—._.)E’— K+nl
0= Ktn~
: Kot —
l l l l l l i T T i
0.0 12.5 25.0

Branching Ratio x 106




CP asymmetries: BBNS

CP Asymmetry in Charmless B Decays

HFAG

AUGUST 25th 2004

BABAR
PDG2002
New Avg.

[T ]




Semileptonic data

 Important difference is relative size of factorizable
part and form factor part.

e BPRS fit gives the two parts are of similar size, but
factorizable part is proportional a(+/mpA)

e Slope of B—n form factor at g?=0 gives information
on relative size.

e FHactorization test
- "B~ — 7~ m°)
 dT(BY — m+0-1) /dq?| 22—

— 0.76 7022 £ 0.05 Ge V=,

e Naive factorization: R = 0.62+0.07
e BBNS: R = 0.6670-13_5 5
e BPRS: R =1.27%022 59



e Hadronic B-decays are a challenge for theory!

e [ots of progress in our understanding, but
many basic questions are still open:

e Relative size of the two parts in factorization
formula.

* Does the B—M form factor factorize?
 Hadronic input.
e Size of power corrections.

e Charming penguins.

e Keep posted!



