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Introduction

* B physics has entered the era of precision
measurement.

* Both theoretical and experimental
precisions are improved.

* Discrepancies are observed. Critical
examination Is necessary for revealing new
physics signals.



Apology

no inclusive B decays (Wu’s talk at the
previous meeting).

No semileptonic B decays (Huang, LlI,
Qiao...)

no B decays into charmonia (Chao...).
No B decays into baryons (He, Li,...)
no B, decays (Du, Lu, Zhang, LI, Ma, LlI...)

no new physics in B decays (Xiao, Yang,
Wu...)



Theories



QCD-improved Factorization

(Beneke, Buchalla, Neubert, Sachrajda)

Perturbative QCD

(Keum, Li, Sanda)
Soft-collinear Effective Theory

(Bauer, Pirjol, Rothstein, Stewart)

All assume large m,



QCDF

 Based on collinear factorization (Brodsky
and Lepage 80).

e Compute correction to naive factorization
(NF), ie., the heavy-quark limit.

I

x\\\';‘ 5, \
/ L, nonperturbative M,
 Divergent like [, dx/x (end-point
singularity) in collinear factorization



Factorization formula
o A(B_> M1M2):(TI*FBM1+TII*(I)B*(I)Ml)*(l)Mz
« T' comes from vertex corrections, O(ao.,)
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Magnetic penguin Og,
T comes from spectator diagrams, O(o.)
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End-point singularity
» Singularity appears at O(1/m,), twist-3
spectator and annihilation amplitudes,
parameterized as X=(1+p e'®)In(m,/A)

b

* For QCDF to be predictive, O(1/m,)
corrections are better to be small ~ FA.

» Data show important O(1/m,). Different free
(p,$) must be chosen for B— PP, PV, VP.



O(a¢?) corrections
 b— d(s)g*g* (LI, Yang 05, 06)

e Enhance penguin and rates of penguin-
dominated modes, such as B—nK, but....

e Minor effects on tree-dominated modes,
such as B—nr.

e Incomplete O(a..?) for T'.
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QCDF/SCET---complete O(a.?) T"

TI=H'"*J (see SCET) AL /R VAN & vAA v 4
Motivated by B—nr data: Mﬁ

O(a?) for J, major effect P j M sl M
(Beneke, Yang 05) of MM K7 M
O(a,?) for H' N M N 7 MK
(Beneke, Jager 05) VAV Y] };LL;{ };L&;{
O(a?) for H' of penguin VX NN
amplitudes (BJ 06). \4 \‘f; \,\{ \(7(

Enhance color-suppressed
tree, not QCD penguin



PQCD
End-point singularity means breakdown of

collinear factorization

Use more “conservative” k; factorization
(L1 and Sterman 92)

Parton k; smear the j‘ldx 1
' ' 0 2 [ 2
singularity X+k?/m;

Same singularity in @

form factor Is -
also smeared — Oé O

No free parameters




Factorization picture

Sudakov factors S,
summation of o In2(mb/k )
to all orders, describe
parton distribution in k;

o 1m B J'L
FQCD picture for twc:-—b-::udy nonleptonic decays.

Always collinear gluons Large ki
Small b

kK accumulates after |nf|n|tely many gluon
exchanges, similar to DGLAP evolution up to k+~Q




O(a.?) corrections (ui, mishima, sanda 05)

e LO: all pieces at LO
* LOy owc: NLO Wilson coefficients
* VC: vertex correction

* QL: quark loops

 MP: Magnetic penguin

K K K
b 4 ) b i
B E T B U, c m B T

e Corrections to form factors are nontrivial
(Ma, Wang 04, 06).

} decrease P by 10%




SCET

» Two scales in B decays: m A and m,?

* Full theory— SCET,: integrate out the lines
off-shell by m,2

W Wilson coeff of SCET,

b | N c:(I IO C()E(w)
— —

10 = | % H H H)GLH

|
.\ | \'/ — T(MO)J(l)(Ho)
Hard-collinear m,? ‘ ' l

gluon, mass O(m,A)

1/m,, suppressed T
current



SCET,

« SCET,— SCET,: integrate out the lines
off-shell by m A

Jet=Wilson coeff of SCET,

T + T/ — J(uo,u)Ol(u)
— T(1o)I (1o, ) O (L) (1) ><

» Compared to QCDF, T"— T(ug)J (1o, 1)
* Framework for O(a?) QCDF/SCET.

AZ




BPRS's SCET

Do not attempt to calculate matrix
elements in SCET, but treat them as free
parameters determined by data (Bauer,
Pirjol, Rothstein, Stewart 04).

Even introduce arbitrary charming
penguins in order to input strong phases.

BPRS’s SCET Iis not very different from
amplitude parameterization using SU(3).

Intensive application by Williamson, Zupan
06.



Zero-bin subtraction (vanohar, stewart 06)

»

Effective theory with

I
I
- I
more than two 0q, | wdy
momenta, IR modes  “2q------ B
I
are doubly counted. ~ 2% 1 0D
I
— . I »
P,=0 bin should be o -
removed IR modes UV modes

Form factor is D b@
factorizable & —
Merge with PQCD e Oé \O

Soft quark absorbed into ¢ energetic



Higher-power corrections are
not yet explored!

A much more difficult job



Phenomenology



B—nm, Kt



Nailve power counting

e Estimate order of magnitude of B decay
amplitudes in power of the Wolfenstein
parameter A~ 0.22

|t IS not a power counting from any rigorous
theory

 Amplitude~ (CKM) (Wilson coefficient)




e CKM matrix elements .
|p-in|~ 0.4

Vg V. Vi 1 — % A AN3(p — in)
Via Ve Vi | = =\ 5% An
Via Vie Vi ANY(1— p—in) —AN2 1

( O(1)  O(A)

O(\)  0(1) O7fRF)
O(X) O(A\?)  0O1)
1) :ay .
* Wilson coefficients o(\) :ay ,1/N,
2

a,=C,+C,IN, Lo

(
(

a,=C,+C,/N, QE (5,05 ,Cy ,as a5 , ag
(

): Cy.Cg a4 ,0q
*)

o

1

{J}njl:{jflg:,

5 1
'[:]' ,l“'] : {77 ,'l':a L7, g, (110



Quark amplitudes

most recent work by Wu, Zhou, Zhuang

Color-allowed tree T Color-suppressed tree C

QCD penguin P Electroweak penguin P,



T parameterization

C B, .
;‘E o & N T_+,F_ID~- _ | | EW _idg ‘
v 2A(B ) 1 !1 7 7 e ]
—hﬂg —ata) = -T (1 + ;Fﬁwj .
— P Py C
S ARO TG,F_D*- _ = ae Lo
V3A(RO ) = T KT B ) : T]
P C P - Tree-
~ 0. — ~ A, =~ A, ~ N _
M 0.2 7 : T T dominant

(CC(VigVip/V eV ) L~ (ALY (A3IAH~



B— nw puzzle

e P, C, and P, in t°x° are all subleading.

« We should have Br(n°n%)~ O(A?)Br(n*n)

e Data show Br(n°n®)~ O(L)Br(r*r)
B(BO— 7+7—-)=(52%0.2)x 10°

BB+~ m+70)=(5.7%0.4)x 10 reduced from
B(BO— 707 0)=(1.3%0.2)x 106 «—— 1.5x 10°

 Large P and/or C---motivates O(a..?)
QCDF/SCET. It remains as a puzzle,
because B(p°p?)=(1.16 + 0.46)x 10° (Li,
Mishima 06).



Kn parameterization

A(BT — K% ™) = P,
ABY = Ktn™) = —P (1+%e¢) |
_ , ; P (T
V2A(BT —= Ktn%) = —P {14— F‘ -+ (F_I_ ) w ,
V2A(BY — K% = P (1 )
T P! "
—~ ). WA, — ~ )\
_PJ' ﬁ P.I' P.f

(CZ/ C4) (Vusvu b/ Vtsvtb) ~ (1/ kz) (7“5/ kZ) ~ A




Direct CP in B— K

K*n- and K*rn® differ by subleading
amplitudes, P, /P ~ C/T~ A.

TheirS}P are expected to be similar.

© _ Br(BY -+ K~ nt) — Br(BY = K*tx™)
Ser Br(BY -+ K-n+) + Br(B} = K+7-) '
Br{B~ — K~ 7") — Br(BY — K*ta")
Br(B~ — K~7%) + Br(Bt — K+x0)’
Their data differ by more than 3c!
Acp(K')=-(9.3 £ 1.5)%

Acp(K*®)=(4.7 £ 2.6)%, large P, or C?
b— sg*g*, FSI can not resolve the puzzle.

Acp =




Large strong phase

o Acp(K'n-)~ -0.115 implies sizable 6, ~ 15°
between T and P (Keum, Li, Sanda 00)

T exp(ioy) 10170 Texp(igy)  IF5:70
P \
/ ) P
T exp(-193) Br #Br

Direct



Explanation 1

« How to understand the small A-p(K*n®)?

» Large P, to rotate P (Buras et al.;
Yoshikawa; Gronau and Rosner; Ciuchini
et al., Kundu and Nandi, Wu and Zhou)

« Also motivated by old large B(K°) data
= new physics?

'\T exp(i(l)s)

/ .‘“““““““““ I
Texplies

r~ Br Pew




Explanation 2

e Large C to rotate T (Charng and Li; He
and McKellar)

= mechanism missed In naive power
counting?
e CIs subleading by itself. Try NLO PQCD.

(T+C) exp(ids) &Texp(iqﬁ)
. P

(T+C) exp(-ids) B~ Br




Vertex correction

» Vertex correction enhances Ccx a,, and
makes it almost imaginary.

LAV 4

. | T  Without vertex correction
o i
: ﬁ Re, with vertex correction
o | eemmemeee M, WIth Vertex correction
T Is negative. It rotates T!
o2 La” ] ] ] ]
1 . 3 4 9




Hadronic

PQCD results

Mode Data [1] LO LOwLowe +VC 4+QL +MP +NLO
B — rtK® 241413 173 329 316 349 245 249737100
B* — r°K* 121408 104  18.7 7.7 197 142 14277070 T

B - nFK* 189407 143 280 269 207 207 2117} ‘.jlt_i E

B - r°K" 115410 57 122 119 130 88

B - nr¥r* 50+04 7.1 6.8 6.6 69 67 66751770

Bt - rfx" 55406 35 @ 4.2 41 42 42 41t2H+D

B — %" 1454020 012 028 037 020 02103070401
Mode Data [1] LO LOgpowe +VC +0QL +MP +NLO

B* — r*K" —0.024+004 -0.01 -0.01 -0.01 0.00 -0.01  0.00 £ 0.00 (£0.00)

B — r'K* 004+004 008 006 (20.01)-0.05 -0.08 001 g0 T

B” — ﬁf{i@5 L0018 0.12 D008 -0.00 -0.06 -0.10 —0.007T e to0d)

—0.08 [—0.06)
B” — n°K° — 0.02 000 -0.07 0.00 0.00 —0.071) 53‘,” o
BY — n¥rf 0374010 014 019 021 016 020 018770
B* —xfr®  0014+£006 000 000 000 0.00 0.00 0.00+0.00(+0.00)
B" — x"x° 0287045 -0.04 -0.34 065 -0.41 -043 0.63F) ijf” r




QCDF

o+ has a wrong sign in QCDF. C makes the
situation worse.

T exp(i$p3)
_ P
(T+C) exp(idy)
| Br £ Br
(T+C) exp(-ipy)
20 . : : . . : 20 . : :
Acp(n~ K1) (%) Acp(n"KT) (%)
10¢ 10 ¢

0 0
~10} ~10} -

0 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175
v (deg) v (deg)



SCET

 C/T is real in leading SCET, and large
from the nr data.

e C can not reduce A p(K*r°)
(hep-ph/0510241).

(T+C) exp(i¢s) Br £ Br

T exp(i$p3)

(T+C) exp(-i¢s)



Large P,,?

* Ac-p(K*m) Is Insensitive to NLO. NLO could
modify C, and thus A-p(K*r®%). C remains

subleading, and branching ratios do not change
much.

o ' 0 KOY j
Predicted B(n® K°) is smaller PQCD (05)
than old data. 2.0

. 1BI:BD—:*}T:FH:|::| i —_ 1.5 | .
R, = 5 B(BY = K0 — ﬂ.;!}:I:ﬂ.l]SR )

. New data soften the /D; e ——————
need for large P, 0




Mixing-induced €P in b— s



Calculation of the time-dependent CP asymmetry

g a

feo|H|B°0))| —((fer|H|B"(D))

(
(fer|H ED(ﬂ) +( fep | H B“(r)}

(B"() > fo) - T (B'(1) > fop)
[(B°(1) > fe )+ T(B° (1) > fip)

Afcp(r) —

A, (1)=S-sm(Am-1) - C-cos(Am -1)
, 1-|Af
g 2-Im(A) C

1+|Af C1+)A
1 decay amplitude:

Al=1 = S=Im(4), C=0

2

A o (1) =Im(A)-si(Am-t)

Amj] Mass
diffirence
of tyvo B

eigenstates




Calculating A

q W b q i, e, b

> RTATATATATANANLY - > - -

TONA | A, ot B'_B_bar W W
mixing

( W { b W, .l )
\

ViVy ViV ViV

ViVia ViV ViV

cs ch

(b—)-{?c‘_.S)E(KG—}Ky \

decay K-Kbar mixing

B’ > J/wK] A=(-1)-

= Im(A)=sm(25)



sin 2¢,/sin 23
1 decay amplitude, 2;__=exp(-2i¢,)
Measure S;_ o Im?»fCP = measure sin(2¢,)

Either pure-tree or pure-penguin modes
serve the purpose

Tree-dominant B— J/y K¢, penguin pollution:
P/T~ (CJ/C)(V, V /V.V )~ A~ 0.2%

us © ub

Penguin-dominant b— s, tree pollution:

i_:lnr . i_:l.r 5 3—2.:1')3
—2idn e (e
By By P '
Pro_ j}ew — (Tpies

}Lﬁnﬁ'—q — _'!:_'I

CIP ~ A% ~ 5%



Sill{ZBEff}fSi n(2 t:])'irf)

LP 2005
FRELIMINARY

Average

B el e e L === =ty

Belle

Il

= Average |

§ . BaBar :

i 2 Belle 5

. P i
| i T Average |
e BaBar -

"

5 Average i
5 «n BaBar .
i = Belle

i = Average

b BaBar

Belle

Average !

—

0.69 + 0.03

0.50 + 0.25 *0 o

0.44 + 0.27 + 0.05
0.47 £0.19

0.30 + 0.14 + 0.02
£0.12 + 0.04
0.48 + 0.09
— 0.95 1132+ 0.10 |
0.47 + 0.36 + 0.08

0.75+ 024

0.35 *333 + 0.04

0.22 £ 0.47 £ 0.08
0.31 £ 026

M oy
(LB

1 656 BH 0
= il : 1 0.95 + 0.53 "0 1%
—-ﬁ-{- ! 0.63 + 0.30
M S S () 041 Y018 £ 007+ 0.11 |
= o 0.60 +0.18 + 0.04 *219
| e i 0.51 +0.14 21
- [— - I 0.63 228 0.04 |
1 i 0.58 + 0.36 + 0.08
i 5 0.61 + 0.23
1 2

Penguin-dominated

l

AS = "sin2¢, —sin2¢y

e

Tree-dominated

AS#0 by

about 1o
A puzzle?



in(2 effy, . (2 eff
Sln( B ) = S1{ (I)l ICHEP 2006

PRELIMINARY

b—sces’' World Avefage 0.68 +0.03
- _ BaBar ¢ e [l 012+031+010

X Belle : 0.50+0.21+0.06

~  Average ‘! — | 0.39+0.18
- BaBar i B | 055+0.11+0.02

x Belle i 0.64 +0.10 + 0.04

= Average i ki 0.59 +0.08
Y BaBar 7 =i 0.66+026+0.08

” Belle : 0.30+032+0.08
| Average : i Few i 0.51£0.21

» BaBar —— 0.33+0.26 £0.04

X Belle : R . 0.33+0.35+0.08

B Average | ==l T 0.33 +0.21
S BaBar Y p— : T 01740524026

o, Average ! 0.17 +£0.58
., BaBar i P 062035 +0.02

X Belle ; 0.11+0.46 £ 0.07

- Average i : 0.48 +0.24
. BaBar T = 062+023

X Belle § el 018+023+0.11

" Average i ; r 042 +0.17
X Baja—— i 084+071+008

& — i § 0.84 £0.71
R B T DAT£018+007 £0.11

¢ Belle i : 0.68+0.15+0.03 371

Y, Average 0.58 +0.13 *342

-2

I
—
o

1 2

AS puzzle is
still there



Recent theoretical calculation of AS

QCDF+FSI QCDF QCDF SCET
Cheng-Chua- | Beneke Buchalla- Williamson-Zupan
Soni Hiller-Nir-Raz
AS(HpKS) 0.03799110.02+001 | 0.02
AS(M'KS) 10.001929 [ 0.01+0.01 | 0017303 |~0-01940.008
—0.010 £ 0.010
AS(nKS) 0.0419:921 0.071507 | 0.067555 | 0.077 £0.030

PQCD
Li, Mishima

0_03+O.01_0.01

0.05+O'02_0_03

AScx €C0Sd, large C but 5.~ 90° in NLO PQCD

All approaches gave consistent results,

and small uncertainty. Tree pollution remains
small even with NLO. Promising new physics

signal, If data persist.



B.—B.bar mixing



Amy and Amg: constraints in the (p-n) plane

G 2 Very weak
Am = - > Mp mWnB o X )fB 1Y WE
61 dependence on p
- and n
The point is:
2 f%;SBS > 5 5 . SU(3)-breaki '
stBs=f2 o f3 B,=% fy B, & SU@)-breaking corrections
B,

Measurement of Amg reduces the uncertainties on f5 By since £ is
better known from Lattice QCD

Grel (.I:Bzd,S Bd/s) =36% — Grel (éz = 1:BZS Bs /fBZd Bd ) =10%

=>Leads to improvement of the constraint from Am,;measurement on |V V", |?

;2
F
Amd:_mB mWnB ( fB

.= 2% (1-p) +77°

td



Am, : 17.7710.10(stat.) + 0.07 (syst.) ps? ©

Amplitude

O
o

N

. ;

(TS BN
C)+|H||H|‘H|||H

2 CDF Run Il Preliminary L=1.0fb"
[ - datatfc & 95%CLImit  17.2ps’
1.5 - 16450 O sensitivity 31.3 ps”
1F [ data+ 1645 lﬂ- ‘
- data+ 1645 (stat. only) T '{ '
05F { {
[| 1

Jhay

A } it

|

Am, [ps'1]

The signal has a significance of 5.4c

I
—

1.2

| itter

BEAUTY 06

A T T
1 CKM fit w/o Am,
—e— CDF measurement

lJ]JJllJll]IJllJIJJJJJlIlJ]lIlllll

|

1

14

16

18 20 22 24 26 28
-1
Am,  (ps ')

30

32



Constraint on |V,4/V,|

L L L L L
2 i KM 1 CKM fit w/o Am, .
Am, _ Mgy 2 Ntd| 12— 4 CDF measurement ,
AM. m.. AT N ‘2 [ WA Fa4 BR(B® — p%)/BR(B® - K*%y)
S Bs ts 1
0.8 -
- = i
O
|
. 0.4 Rs WA - &y, 5yg = 1.17 + 0.09 (hep-ph/0603232 ]
> First strong- e )
|nd|Cat|On that 0o - et su@ = 1-21 o ous (hep-latios10113) -
B.-B, mixing Is
prObably SM— 0 SN I N T N N R SO N B T N I R
0.16 018 02 022 024 026 028 03

like.
IV, /V

sl



Putting it all together the global CKM fit
1-5 T 17 1T 7T 1T 17T 1T T 7 T T TAjI 1T T 1 T T 1T 1T T 1
[lexcluded area has CL > 0.95 %\ -
- ! < . Inputs
L ’Y %_ —

1 € Vio
\ 7] Vcb
\ ] Am,

0.5 o Am,
ESK [ B—rv
|: 0 T DT e o |8K |
- ViVl sin2/3
B o
0.5 —
i il /4
- a 1

1C B
- S
= itter . [ex:\ L>0.95
- BEAUTY 2006

.1.5 I Y | | I N | | I I | | [ I | | I Y I B |

-1 0.5 0 . 2

0.5
P




LHCb physics

It Is time to calculate B, decays

Yu, Li, Lu 05, 06

Xiao, Chen, Guo 06; Xiao, Liu, Wang 06
Wu, Zhong, Zuo 06



Polarization in B— VV

 Many works from Lu’s group using PQCD

Branching ratio

polarization fraction Ry ('

iEl]

Decay theory exp. theory exp. Ry (%) | R1(%)
BY — p~K*F 10-13 < 24 71— 78 12 10
Bt = pTK*® 13-17 105+1.8 | 76 — 82 66+ 7 13 10
Bt — pYK*t 6-9 10. ﬁ“ c | T8 —85 067 +4 11 11
Bt - wK*t 5-8 <74 |73-81 19 9
BY — ptp~ 35+5+4 30+6 94 9613 3 3
BT — ptpl 17+2+1 26,475, 94 99+ 5 4 2
Bt — ptw 194+24+1 12. ﬁ“ 1 97 88T 1% 1.5 1.5
BY — p%" |094+01+01 < 1.1 60 - 22 18
BY - % [19+02+02] <33 87 - 6.5 6.5
B' - ww [12402402 < 19 82 - 9 9




Conclusion

o Great progress in theoretical and
experimental studies of B physics has
been made.

* Discrepancies have appeared, but are not
significant enough for new physics
discovery.

e Continuous effort is required.
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