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~ Plan of Talk

e Inclusive Radiative Decay B — X v

e Exclusive Radiative Decays B — (K™, p, w)~y

e Inclusive Semileptonic Decay B — X 14~

e Exclusive Semileptonic Decays B — (K, K*)£1T£~

e A Model-independent Analysis of B — X,y and B — X €14~

e The Decay B, — pu™ ™ in the SM and SUSY

e Summary
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Interest in Rare B Decays
(- V.

e Rare B Decays (b — sv,b — dvy,b — stt{~,...) are
Flavour-Changing-Neutral-Current (FCNC) processes
(|AB[ =1,]AQ| =0)

e In the SM, all electrically neutral bosons (v, Z%, H’, Gluons) have only
Flavour-diagonal couplings. Hence, in the SM, FCNC processes are not
allowed at the Tree level

e Instead, FCNC processes are governed by the GIM mechanism, which
imparts them sensitivity to higher scales (m;, my)

e GIM amplitudes (renormalized by QCD corrections) involve, in
particular, CKM matrix elements V;;;7 = d, s, b; hence rare B-decays
play an important role in the determination of these matrix elements

e FCNC processes are sensitive to physics beyond the SM, such as
supersymmetry, and the BSM amplitudes can be comparable to the
(tW)-part of the GIM amplitudes

e Last, but not least, Rare B-decays enjoy great attention in the ongoing

and planned experimental programme in heavy quark physics (CLEO,
\ BABAR, BELLE, CDF, DO, LHC, Super-B factory) )
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~ Rare B decays

Two inclusive rare B-decays of current experimental interest
B — Xsv and B — X Tl

X = any hadronic state with § = —1, containing no charmed particles

Theoretical Interest:

e Accurate measurements anticipated in near future
e Non-perturbative effects under control

e Sensitivity to new physics

Status of the NNLO perturbative calculations:

e B — X, tl™: completed

e B — Xy ~ % way through [Misiak, Steinhauser, Greub, Haisch, Gorbahn,
Schroder, Czakon,.. ]
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~ Examples of the leading electroweak diagrams for B — X ~: ™

Y Y Y
U U ciic tiit
b S b S b S

Vs o [Vilus) 0 9%~ 4200%  ~ —100%
f -~
In the amplitude, after
including LO QCD effects.
: M?2 = :
QCD logarithms a, In —5- enhance BR(B — Xv) more than twice.
b

Effective field theory method is the most convenient for resummation of such large
logarithms.

- J
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The effective Lagrangian:
10
4G R
L = Locpxorp(q,l) + W Vi Z Ci(p)O;
(q:U,d,S,C,b, lzealu) =1
¢ _ :
(SFiC)(CF;b)? L= 17 27 |Cz(mb)| ~ 1
(EFib)Eq(QF;q), i =3,4,5,6, |C;(my)] <0.07
0; =14 M5 0MbpF,,, i=T, Cyr(my) ~ —0.3
fg?rggLO'MVTabRsz 1 =8, Cg(mb) ~ —0.15
2 - .
| 162 (5yubL) (I sl), i =9, |Ci(my)| ~ 4
Three steps of the calculation:
Matching: Evaluating C; (o) at po ~ My by requiring equality of the SM and the
effective theory Green functions
Mixing: Deriving the effective theory RGE and evolving C; () from pg to pp ~ my
kMatrix elements: Evaluating the on-shell amplitudes at py, ~ My
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~ Structure of the SM calculations for B — X, ~
10

Her ~ » Ci(p)O;
i=1

® H. independent of the scale u, while C;(p) and O; () depend on u
—=> Renormalization Group Equation (RGE) for C;(u):

d
u——Ci(n) = ¥:Ci (1)
7
® -y;;: anomalous dimension matrix
e Matching usually done at high scale (pg ~ My, my)

e Full theory and the matrix elements of the effective operators have the same large
logarithms

po ~ O(Mw)

| RGE

py ~ O(myp):  matrix elements of the operators at this scale don’t have large logs;
they are contained in the C; ()

e Evaluation of the on-shell amplitudes at g ~ M,

\_
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(-Status of the SM calculations for B — X, ~ (Courtesy: M. Misiak)

Matching (o ~ My, my):
2
Cilp) = CO) +2 D i) 4 (2)” P
. _ ) i [ Bobeth, Misiak, Urban,
1=1,...,6: tree 1-loop 2-loop NPB 574 (2000) 291]
, [ Steinhauser, Misiak,
1=17,8: 1-loop 2-loop 3-loop hep-ph /0401041]
The 3-loop matching has less than 2% effect on BR(B — X ,v) Haisch
Mixing: Gorbahn,
. as (1L 2L +<%)2 2L 3L +(%>3 3L 4L Gambino,
TTE\ o0 1 i) 0 or ) Lo s Schréder,
Czakon
Matrix elements (pp ~ myp):
2
(O)m) = (O)O(u) +2=E20)D () + (=22) (0)D ()
1=1,...,6: 1-loop 2-loop 3-loop [Bieri, Greub, Steinhauser,
hep-ph /0302051 |
O(a2ny), Steinhauser, Misiak
1 =17,8: tree 1-loop 2-loop
[Greub, Hurth, Asatrian]
g J
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~ Examples of SM diagrams for the matching of C;(po):

LO:
[Inami, Lim, 1981]

NLO:
[Adel, Yao, 1993]

NNLO: u, ¢, t
[Steinhauser, Misiak, 2004] b
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“flavour-split” matching condition:
VisVinCr (o) = ViV Cr(po) + (Vi Viw + Vi Vi) C7 (o)

The coefficients C*™ (o) as functions of y =

%b 0.55
0.525
0.5
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12.2
T 1215
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exp. around y=1
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C (=,

-2.9
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y
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/ — — - exp.around y=1 +
exp. around y=0

1.5
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0 010203 040506070809 1

y

Mw
my (o)
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' top

exp. around y=1
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y
T
- \‘:':’i, — — - exp.around y=1
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.
~
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N
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N
N
N
\\
3-loop N ]
AN
charm N
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/~ Resummation of large logarithms (as In MZV) in b — s~ amplitude
my,

RGE for the Wilson coefficients M%Cj(u,) = Ci(p)vi; (1)

e Renormalization constants =—> ~y;;

o g e

[Gaillard, Lee, 1974] [Grinstein et al., 1990] [Shifman et al., 1978]
Altarelh Maiani, 1974 Gr1gjanls et al 1988
[Altarelli et al., 1981] [Chetyrkin et al., 1997] [Misiak, Miinz, 1995]

[Buras, Weisz, 1990

NNLOK o <

[Gambino et al., 2004]  in progress: Czakon, in progress: Gambino,
(unpublished yet Haisch, Misiak, Schroder. Gorbahn, Haisch.

- J
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(-The b — s+ matrix elements

Perturbative on-shell amplitudes

LO

g

[Ali, Greub, 1991] [Greub, Hurth, Wyler, 1996]
NNLO —
Or
02
in progress: Asatrian, Greub, Hurth [Bieri et al, 2003] (O(a2ny))

in progress: Stemhauser Misiak
(extrapolation in mc)

\_
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~ E,-Spectrum in B — X, v in O(a?) ~N

Melnikov and Mitov; hep-ph /0505097
e Assuming that the decay is dominated by Oy; calculate normalized E.-spectrum in

O(a?) [z = 2E,/my)

1dI’ 1 2
S = 0(1 = 2) + ()CrF D (2) + (Z)*CrF ) (2)

e Normalization fo 1 drdz = 1 allows to fix the §(1 — 2) term

e O(ay) contribution [Greub, AA; Z. Phys. C49 ('91) 431]

PO = R0 [P0D) T T a2

In(1—
n(1—z)+-

1—2z 1—2z

L 4

e BLM [Brodsky-Lepage-Mackenzie] corrections to O(as)?3g obtained by calculating
the O(as)?*ny piece and making the identification —2n /3 — B¢ [Ligeti, Luke,
Manohar, Wise; hep-ph/9903305]

e BLM corrections summed to all orders in as[Benson, Bigi, Uraltsev; hep-ph/0410080]

- J
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0.6

0.4

0.2

0.0 —

~ E,-Spectrum in B — X, v in O(a?) (Contd.) ~N

Melnikov and Mitov; hep-ph /0505097

o E -spectrum in O(a?) (solid), BLM (dots) and O(as) (dashed)

e Effect of the non-BLM terms is about 1% for u = m,,
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. Non-perturbative effects in B — X, ~N

We need to sum the matrix elements of the effective Hamiltonian:
2iX, ’C7<X87’O7’B> + 02<X87’02|B> T

The “77" term in the above sum can be related via optical theorem to the imaginary part
of the elastic forward scattering amplitude

‘ 2

HQET gives us a double expansion:

_ 2 2
Sx,BR(B = XoV)u -, cuov = [aoo + ags (mAB) + ] | astm) [am + ag (m%) + ]

2
+ O [(M> ] + [Contributions other than the “77" term|

T

Contributions from Operators containing the charm quark at the leading order in a; can
be expressed as a power series:

_ c c _ A2 o0 m/\n
(B d) E B) = —5 % bn(w[;g) ;

me. n=0 a

which can be truncated to the leading n = 0 term, because the coefficients b,, decrease
fast with n. The calculable n = 0 term makes BR|B — Xv] increase by around 3%.

J
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. Measurement of B — X~ ~N

1850801-007

——— S 25000 ——— —————
+ Data 1 § i ]
— Spectator Model | § 20000 |- {}{ -
240_— _ :>j 15000_— T 7 } -
= | _[ - 10000 [ | IR } 1
W be ] E Y L
O = |
= O HT 1 | 1
R e ft.
I + T 0 * ‘__ T
A S E sl Ll
15 55 3.5 45 1.5 2 2.5 3 3.5 4
E, (GeV) E*, [GeV]
CLEO BELLE
hep-ex/0108032 hep-ex/0403004
PRL 87 (2001) 251807
S y,
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~ Photon Energy Spectrum from Sum of Exclusive Final States

BABAR Collaboration hep-ex/0508004
e Theory: Shape function [Kagan, Neubert; Neubert et al.]

Kinetic quark mass scheme: [Benson, Bigi, Uraltsev]

x10—3
T T T T T T T T T T Ty T T T T T T
0.05
a
0.04 @ -l—
0.03

rﬁ‘—— —L""'“I-F.---.-.

%’ 0.02
= |

—0.01
[
o o
A —
—
s —0.01 PR TN AT AN T AN TN A TN TN NN TN NN MY M
'_.8 0.6 08 1.0 1.2 14 1.6 1.8 2.0 22 24 26 2.8
L= x10—3
= 0.20 T T T T T T T T T T T T
= - _]
=
S o.1s |— (B —
P
E — —
oo o.10 |— | _ T

0.05 [— —
- | ’
o 1 )
—0.05 ] ] ] ] ] ] ] ] ] 1 ] 1
1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6

E, (GeV)

¢ B(B — Xs7)E,>1.6 Gev = (3.35 £ 0. 1910561004y 144

e Isospin-asymmetry:

B "B — X_7v) —T(B™ — Xsav)
'(BY — X, 7v) + T(B~ — Xsav)

= —0.006 & 0.058 £+ 0.009

e consistent with SM, where Ag_ power (A/my) suppressed; typically a few %

\_
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Evolution in time
(‘

BR[B — X,v| (units: 107%)
Measurements & the SM calculations

2o0s. Exp. average [HFAG]: (3.54733]) ; SM [NLO; MS]:  (3.70 + 0.30)

Belle
2004 %
2003 . BaBar

2002 i_ Gambino, Misiak; Buras, Czarnecki, Misiak, Urban
—_—— Cleo

2001 . Belle

2000

1999

—— Kagan, Neubert
1998 e Aleph
1997

Chetyrkin, Misiak, Miinz; Greub, Hurth, Wyler

1996 —— ,
Cl Adel, Yao; Ali, Greub

1995 €o

1994

1993 - Ciuchini, Franco, Martinelli, Reina, Silverstrini;
Buras, Misiak, Miinz, Pokorski

1992

1991

1990

1989 ® Grinstein, Springer, Wise

1 2 3 4 5 : BR[B — X7
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— Determination of V;, from BR (B — X,v)

e Unitarity of the CKM Matrix

Z)\ =0, with X\ =VV*

o A\, = ViVl >~ AN (p — i7) ~ O(107?)
o\ = A= —AN+..=—(41.0%2.1) x 1073

o Without invoking the CKM unitarity, NLO SM-calculations in the MS scheme and
current data B(B — X,v) = (3.397057) x 10~* imply the constraint [Misiak, AA]

|1.69\, + 1.60\. 4+ 0.60\;| = (0.92 £ 0.07)| V|

— Ay = Vi V,* = —(46.0 & 8.0) x 1073

e In future, NNLO calculations will lead to a determination of BR(B — X ,v) to an
accuracy of 5%

e With improved data, this will determine V;, to an accuracy of about 10%

\_
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~ Fraction R(E)) of BR (B — X,v) above the cut E, > E, —

e |n experiments, a lower cut-off on E, is required to reduce the background; theory
and experiment can be compared for E, > Ej; to quote the full BR, need to
evaluate the fraction R(Ey) of the events surviving this cut

e R(Ey) usually calculated using (model-dependent) shape functions [Kagan, Neubert;
Benson, Bigi, Uraltsev,...]

e Recently, it has been pointed out [Neubert, hep-ph/0408179] that R(E,) can be
calculated without reference to shape functions using a multi-scale OPE

e Theoretical framework for this calculation is the so-called Soft Collinear Effective
Theory (SCET) involving several scales: my, mpA, and A, with A = my, — 2FE,

e Large logarithms associated with these scales are summed at NLL order; sensitivity to
the scale A ~ 1.1 GeV (for Eq = 1.8 GeV) introduces additional uncertainties.
Thus,

R(Ep) = (9211, + )% =— B(B — Xsy) = (3.38103.10-3%) x 10~*

e First error is an estimate of the perturbative uncertainties in the multiple scale theory,
which in principle can be reduced by improved calculations; second error is due to the
input parameters

e The corresponding experimental BR from BELLE is:

B(B — X.,v) = (3.38 £ 0.30 £ 0.29) x 10~
\_ y
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(-B — (K™, p) v decay rates in NLO

e For Large Ey ~ mp/2, symmetries in effective theory => relations among FFs:
fr(q?) = C1x€1(a®) + Cxé)(a?)
e Symmetries in effective theory broken by perturbative QCD

Factorization Ansatz:
[Beneke, Buchalla, Neubert, Sachrajda; Beneke & Feldmann]

fe(@d?) = C1x€1(q?) + Cir€)(q°) + 25 R T, @ ®v

Perturbative Corrections:

s
c;,=c” +=2c™ + ...
73
e T}.: Hard Spectator Corrections

1 o)
AMIESA) o / du / dl, MB MWV T,
0

0

o M®B) and M(V) B-Meson & V-Meson Projection Operators

\_
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~ Hard spectator contributions in B — (K™, p) ~

Spectator corrections due to O~ 7! |
|

b

7
d b ' d
B % 07 _ _ Oy § _
d(ﬂj ) d(u) d(u) ) dja)

Spectator corrections due to Oy

| |
Os ! ! Os
% % | |
| |
< < < < ' '

Spectator corrections due to Oy

02 02

A
A
A

| | »- % » »- % »

\_
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~ NLO Calculation of B(B — K*v)
[Parkhomenko, A.A.; Beneke, Feldmann, Seidel; Bosch, Buchalla]

Vi Vi |2 e e 2
Bin(B — K™y) = 7B FO;JQ;I) i My pole M [ﬁ(K )} (1—?7;4—1{2> ’C§O)H+A(1)(N)‘

o AM (1) has the decomposition [Parkhomenko, A.A.; hep-ph/0105302]

AD () = AZ (1) + AL (1) + ADE" ()

(1) as(p) (e
s 32 e e
AD ) = = (“){ 13057 () + 2707 () — 9. GV ()| 1n =2
47 81 7]
20 o
— OO () o (33 — 207 + 6mi) OO () + ma(2) CF° )(u)}
(1)K* _ aS(l‘sp) 2AFJ(_ )(Nsp) (o)ef—f
(HSP) - (K*) { ( sp)
47 9¢Y

h(K*)(z, ,usp)

)
e 6a s
i C§0) H(Nsp) [1 -1 (N p)

+ C§O) (Nsp) [1

_ G
(@1 " (uep

e z =m2/m3; psp = VpAH, A= O(AQCD)

- J
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) C§0)eff

Bth(BO N K*O,w

12

(6.9+1.1) x 1077 (

Bu(BY — K*) ~ (74+1.2)x 107 (
o TK'(0) = (1+ O(as))€ 7 (0)

~ Comparison with dr;lta - -
« G oz|VbV’;| K* 2 s
Bu(B — K*y) = rmp o titlmt  M® 0] (1- 55
2
O A ()
KNLO == 5 with 1.5 S K S 1.7

(K™)

My pole

L
4.65 Ge\/) <O.35

(K™)

My pole

) 1
4.65 GeV 0.35

0.30 ‘ ‘
[Beneke, Feldmann]

Current Experimental Average o2

0.207

B(B® — K*0~) = (4.14 + 0.26) x 10~°

0.157

B(B* — K**y) = (3.98+£0.35) x 107

\_

0.10+
e Using the ratio 0,051 ,":";%th(K*v/st)
Rep(K*y/Xyy) = 0.117 4+ 0.012 Ny
= TlK (O> = 0.27 £ 0.02 00 o1 oz 03 04 05
(0

3
) Knio | C§0)eff

2 )
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~ B — K"y in PQCD

[Keum, Matsumori, Sanda]

5 A 2

\/
p ?A
[=
[=
=,
[=.
[=
S Vi Y,

0000000

Br(B° — K*4) = (4.94+2.5)x107°
Br(B* — K**vy) = (5.0+2.5) x 107°

— Form factor: TX7(0) = 0.23 &+ 0.06
in agreement with QCDF-based estimates of the same and data

® Isospin Symmetry Breaking :
5t Br(B° — K%v) — Br(B~ — K*7v)

Ay = 2 _ = (3.0 £ 0.9)%
°= 7 It Br(BY — K%~) + Br(B— — K*—) ( )%

[Cf: Ag— = (8 & 4)% [Kagan, Neubert (QCDF)]]
o Ay (K*v)¢*P = (3.9 + 4.8)%

\_
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B — p~ decay in LO

e Effective Weak Hamiltonian

G eff
Her = E (Vo V2 (C101 + C203) — Vi V5C1 O7 + ...

e Penguin amplitude dominated by O;: Mp(B — p~v)

——5 VoV Or —— €€ (euuapp®ad” — i[9"(a-p) — p*¢"]) T 7,”)(0)

V2

e Annihilation amplitude dominated by O; and O;: M (B* — p*~)

e In the factorization approximation:

(p7|02|B) = (p|dT',u|0)(y|al'*b|B) + (pv|dT',u|0)(0|al*b| B)

e This allows to calculate M (B — p*~) in terms of the vector and axial vector
form factors and hadronic quantities fg, fp:

G C
e —= VoV aym e MHeP)¥ ( €D P FL™ _ i [g" (q.p) — p"q”] F™ )

V2

e The B — p~ amplitude requires 3 FFs: Tl(p), FX’”pV and F(p)’pc

J

14-19 Nov. 2005

Heavy Flavour Physics- Rare B-Decays (page 26)



e Light-cone QCD sum rules [Braun,A.A.; Khodjamirian, Stoll, Wyler] )

2
%FQ’” exp~ (BTt = | = exp =M/ G (sg—mi fu) [ew(tip) Xy (w) ] -
bJp 0
2 14 B
fBﬂTl(P) exp~(ME—mp)/t — au exp~ @/ WML/t 9 (s0—m2 Ju) (mpd® (u) + ...]
mb.fp 0o u

® u =1 — u, tis the Borel parameter, s is the continuum threshold, x is the
magnetic susceptibity (1o osY)Fr = €y (Y1) Fug, and only dominant terms shown

e As the photon and transverse-rho meson wave functions are rather close, one has
FPP(0) ~ FP®°0) = F{(0)  [See, also Byer, Melikhov, Stech]

e In LO, the ratio A/P in B* — pT~ estimated as [See, also Grinstein, Pirjol]

am2m,a, FL(0)

= 0.30 £ 0.07
mbC'?ff T1(p)

ea(pty) =

Annihilation amplitude M 4 (B° — p°)

® Suppressed due to the electric charges (Q4/Q. = —1/2) and colour factors

(BSW Parameters: as/a; ~ 0.25)
—> ea(p®y) >~ 0.05

o eA(p°y) < ea(pT7) is the dominant source of isospin violation in B — p~y

J
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(-B — p~y decay in NLO

e Including the O(a,) vertex and hard spectator correction for the penguin amplitude
in the QCD-Factorization approach, and the lowest order result for the annihilation

amplitude, one has:

Lo (B — ptvy)

« 2\ 3
_ G%ragI;:ib:/}dlz mg,p()le L3 <1 B %) [ (p)(O)}
< (OO 4 ADY? 4 (P2 4 FD) (A% + L3)?
+ 2R [0V (A% 4 Lv) + AD LY 4+ 2F [T AY Agl)tL;;]}
where . .
Vu Vo _ —|VUbV1:<d|eia = F, +iFy; LY — EAC;O)eﬂ.

Vib t;kl Vi td
AW ) = AZ () + AD) (k) + AD? (pp)

o AU )(,u) and AW () already encountered in B — K *~; A(l)p(usp) and A%(w)
specific to B — p~y decays [See, Parkhomenko, A.A., hep- ph/0105302]

e Very recently, O(a) contribution to the annihilation amplitudes in B — p~y
calculated, leading to small changes in the branching ratios [Pilipp; Chamonix Talk]
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(-B — (p, w)~ decay rates

[Parkhomenko, A.A.; Bosch, Buchalla; Lunghi, Parkhomenko, AA; Beneke, Feldmann,
Seidel]

B(B — pv) Via|? (1 —m?2/M?)?
R = — = p 2 1 AR K*
() B(B — K*v) ? 1V, (1 — m%./M?2)3 ¢t 1+ (p/K™)]
B(B Vi 12 (1 —m2/M?2)3
R(w'y) = ( — W’)’) _ 1/2 td ( mw/ ) Cz [1 4 AR(QJ/K*)]
B(B — K*) V| (1= m2. /a2y
e 5, =1 for B:I:—>P:|:"Y; = 1/2 for B° — p%
(p)
* (= T?«*% ~ 0.85 £ 0.10 ;T(0) = T,”(0) [QCD — SRs, Lattice]

e AR(p*/K**) =0.12 +0.10
e AR(p°/K*°) ~ AR(w/K*°) = 0.1 £ 0.07

Theoretical Branching Ratios  [Lunghi, Parkhomenko, AA]
o R(pt/K**+) = (3.3 £1.0) x 102
e R(p°/K*°) ~ R(w/K*) = (1.6 & 0.5) x 102
e BR(B* — p*v) = (1.35 £ 0.4) x 10~¢

_ BR(B?° — p°y) ~ BR(B? — w~) = (0.65 £+ 0.2) x 10~
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Experiment vs. SM (b — d~)

SM Estimates [Lunghi, Parkhomenko, AA]

BB — ()] = 5 (BB — o) + 20 [BBL — o) + B(BS — w)

TRBo
= (1.38 +0.42) x 107°

Rl(p,) /K] = g 0

= 0.033 £ 0.010

Bexp[B — (pyw) ] = (1.3472:3% (stat) T30 (syst)) x 107°

R[(p,w)/K*] = 0.032 & 0.008 (stat) o o0s (Syst)

|Via/Vis| = 0.20012:928(exp) 12038 (theo)

—0.025 —0.029
BABAR
Bexp|B — (p,w)~] < 1.2 x 107°% (90% CL)
R[(p,w)/K"] <0.029 = [Via/Vis| < 0.19
\_
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Form factor ratio £=0.85+0.10
SU(3)-breaking effect A R=0.1+0.1

B(B—(p,w)y)
B(B—K'y)

=0.032 +0.008 0%

th
0.143 <| -1 < 0.260

ts
( 95 % C.L. interval )

=0.200" ) e (expt.) o o

17

(theo.)
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~ Isospin violation in B — pvy decays

I'(B* — ptv)

1
A== [AT0 4 A AT0 = _ —1
g (AT AT 2T (BY(BY) — pov)
€
Apo = 2¢ep |F1 + ?A (F? + F22)] = 2eaF cos a + O(€%)
2¢€
ANLO =~ Aro — TAﬂ“F CoSs o [Ag)t + A%LF cos 204} + 0(6124)
C,’®
. Ry
Fy = Fcosa; Fy = Fsin ;g = — ~0.5
R,

A=(11%+3.9% for a = (92+£11)°

Al/o) = 1 { INCRENR

Alprw) _ (M —mE)*B(B® — py) — (ME — m)°B(B® — w)

with AL/ = AY/“) (B0 — BO)

AlP/?) = (0.3 +£3.9) x 1073 for a = (92 + 11)°

\_
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~ Isospin-violating ratio A in B — py decays

[AA, Lunghi, Parkhomenko; hep-ph/0405075]

30
20
10 -
NN
-10 - : :
-30 - ‘ ‘ ‘ ‘ ‘ ‘
0 /4 /2 3 /4
(8%

J
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~ CP Asymmetry in B — (p,w)~ decays

A

Direct CP Asymmetry in B — (p,w)~y

B(B~ — p~v) — B(B" — ptv)

dir / + —
Ace(P™) = BB= = ) + BBT = pt)’
i B(Bg — pv) — B(Bg — p”v)
AZp(p%y) = ‘g 0 g 0
B(Bg — p%v) + B(Bg — p°7)
ir B(Bg — wy) — B(Bg — w7)
AT (wy) = _g g
B(B; — wvy) + B(B; — wv)
2F sina(AY — eAA(l)t)
Acp(p/wy) = ! !

iV (1 4+ Aro)

Mixing-induced CP Asymmetery in B® — (p, w)~)

alb(t) = —Cpycos(AMgt) + Spy sin(AMgt)

_q AB] — p%y) _ G 4 AW [CVER) 4 AY Feti

VT p A(BY— p%) o0 L At _ [0 | gu] Fe—ia

where p/q ~ exp(2i8) and F = R/ Ry

1— A2 _ 2Im(Ap,)
14 [Apy[? S PYE

Cpy = —AGp(p™) =
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~ CP-violating Asymmetries in B — (p,w)y decays

[AA, Lunghi, Parkhomenko; hep-ph/0405075]

15 H HE
: : 4
10 0 : : P Y B
== P - TLTN
: i H "~.§
=0 1 7/ SN F
<|'; /Wy : O\
5 ’ P A f
Vit : :
v : :
i pa L
4 ISML
[ =
O T : T T T T
(0) /4 T /2 37w /4 7T
«
6
t —~Se
_ : E LO L
= 3 - "‘S&W -
5= _ -~ : : ~ L
— - : ~
=5 - = > I
< I 7 . N =
= NTL f
) 17 Sy © : N\ [
0 T T
1 N : : et
i N~ gLO SM: - L
1 NPy — e L
~ : : -
| - : : _ =
i ~ i - L
_3 T T T T
(0] /4 /2 37w /4 s
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e The NNLO calculation of B — XTI~ corresponds to the NLO calculation of
B — X7, as far as the number of loops in the diagrams is concerned.

e Coefficients of the two additional operators

e? _

0; = @(EL%[?L)(W ), i =9,
have the following perturbative expansion:
T () (0) as(i) 1)
Co(p) = ——C C —=c
o(1t) () ! (1) + Cg7(p) + 1 9 (1) +
o (M
Cho = cl 4 %cﬁ} T

e After an expansion in oy, the term ng_l)(,u) reproduces (the dominant part of) the
electro-weak logarithm that originates from photonic penguins with charm quark loops:

O
AT 4 M b L2 s
C, =~ In—% + Oa,
o) & (my) 5 2 + O(a) — O >
S (my) ~ 0.033 < 1 57 (my) ~ 2 -
On the other hand: CY (my) ~ 2.2 //\\

\_ J
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~—NNLO Calculations of BR(B — X £7¢7) ~N

e Two-loop matching, three-loop mixing and two-loop matrix elements have been
completed

e Matching: [Bobeth, Misiak, Urban]
e Mixing: [Gambino, Gorbahn, Haisch]

e Matrix elements:
[Asatryan, Asatrian, Greub, Walker;
Asatrian, Bieri, Greub, Hovhannissyan;
Ghinculov, Hurth, Isidori, Yao;
Bobeth, Gambino, Gorbahn, Haisch]

e Power corrections in B — X £T£~ decays

e 1/my corrections [A. Falk et al.; AA, Handoko, Morozumi,Hiller;
Buchalla, Isidori]

e 1/m, corrections [Buchalla, Isidori, Rey]

e NNLO Phenomenological analysis of B — X £7£€~ decays
[AA, Greub, Hiller, Lunghi]

e BR(B — X,uTp™); ¢*>4m? = (4.2+1.0) x 107°
e BR(B — X.,ete™) = (6.9+0.7) x 1076
g J
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~ Electroweak Penguins b — sfT£~

B — X 07T~ decay rate

B(B — X £707) = (4.46109%) x 107% [HFAG’'05]

SM : (4.240.7) x 107° [AGHL'01]; (4.6 +0.8) x 107° [GHIY'04]

Differential distributions in B — X #7174~

e M (X,)-distribution: tests s — X4 fragmentation model; current FMs provide
reasonable fit to data

° g’ = M£2+£_—distribution away from the J /1), 1)’, ... resonances is sensitive to

short-distance physics; current data in agreement with the SM estimates but the
precision is not better than 25%

e Forward-Backward Asymmetry (FBA) is likewise sensitive to the SM and BSM
effects, in particular encoded in the Wilson coefficients Cr, Cg and Cig

Argp(8) not yet measured; possible only in experiments at B factories
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~ Dilepton invariant mass distribution in B — X ¢/ :

\_

\
[Ghinculov, Hurth, Isidori, Yao 2004]
d84 —— T T
10" X —
X i
(Gev_2) 3
5|
1t
% s 10 15 20 ¢ (GeV?)
e BR(B — X £T£7); q*?¢€ [1,6] GeV? = (1.63 - 0.20) x 1076
e BR(B — X £T£7); q® > 14 GeV? = (4.04 £ 0.78) x 107
e BR(B — X,uTp™); ¢*>4m? = (4.6 £0.8) x 107°,
in agreement with the earlier NNLO analysis
[AA, Greub, Hiller, Lunghi 2001; Bobeth, Gambino, Gorbahn, Haisch, 2003] )
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— Decay distributions in B — X 10~
Myp and M x_ Spectra

my ( GeV/c? )

e In agreement with the NNLO SM calculations

\_

m,, ( GeV/c?)

[BELLE] [BABAR]
SRR LRSS L LS CLELELE BRI BB
300 |- @ I (b) ]
200 | T+ ]
N —~ 8 — 4
© 100 0 -
3 N @ | — (b)
o L © Ll =
s Of 2 S _ >
~ - g 0 _ -
§ 1o = 4 o 44—t
- 2 E 1T LT
°F s 7 SN e | =3
- =2 = 0 .
0:|||||||||||||| % 0 1 1 1 T - 1 | |
0 1 2 0 0.5 1 1.5 0 1 2 3
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(
Normalized FB- Asymmetry in B — X 10 :
[Ghlnculov Hurth, Isidori, Yao 2004]

0.5
AFB( ) ’ |

0.3 [ A AP

01|

0.1

~0.3 N

ST T T s 10 15 2 qz (GeVQ)

_ 1 ! d*B(B — X T07)
%) = dcos 6 :
(@) =SB B S X ) g /_ PO T deos 6,
e Zero of the FB-Asymmetry is a precision test of the SM

sgn(cos ;)

¢ = (3.90%0.25) GeV? [Ghinculov, Hurth, Isidori, Yao 2004]

@ = (3.76 4 0.22c0ry & 0.24,,,) GeV?  [Bobeth, Gambino, Gorbahn, Haisch 2003]
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~ Electroweak Penguins b — sfT£~
e B — (K,K*){t£ decay rates

e Decay rates and distributions depend on the form factors; estimates given below
based on Light-cone QCD Sum Rules [ Ball, Hiller, Handoko,AA]|; Several competing

B(B — K£1¢7) = (0.4540.05) x 10~ % [HFAG'05]; (0.35 £+ 0.12) x 107° [S

J

B(B — K*ete™) = (1.2640.28) x 10~ % [HFAG’05]; (1.6 4+ 0.5) x 107° [S
B(B — K*utp™) = (1.4540.23) x 10~ % [HFAG’05]; (1.2 4+ 0.5) x 107°[S
Differential distributions in B — (K, K*)£t£~

g = M£2+£_ ~distribution away from the J /4, 1)’, ... resonances is sensitive to
short-distance physics; current data in agreement with the SM estimates but

theoretical precision is not better than 35% due to FF dependence

The ratio B(B — K*u*tu~)/B(B — K*ete™) sensitive to SUSY effects in the
large-tan 3 region due to Higgs effects

e Arp(8)[B — K£T£7] ~ 0 in the SM and most BSM extensions; in agreement
with data which is used as a control sample to measure App(8)[B — K*£1£7]

e Arp(8) in B — K*£T£~ qualitatively similar to Apg(8) in B — X £T£~,
except for FF complication; First measurements from BELLE at hand, appear
SM-like; Super-B and LHC-B will measure Agg(8§) precisely

~N
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~Sakai (FPCP 2004)

B — KO Il

[Belle-conf-0415]
LP03: B — X//l, K"l : Belle/BaBar
Br, Aep ~SM
- vl
E 275M BB update >10c signals (e) KI'f ) K1
30
- 79110
B(Kih=(5.50 + §75+0.27 £ 0.02) sl
B(K*)=(16.5+ 23 +09+04) &
% 107
N, Ty o, 12 e 10
2 of @KT {1 BKIT lﬂ
Lo 1 9¢ ] :
E"}”fl‘ I 1 ¢l ‘ | [ | Y2 52555527 52 5228 5285275 53
- - 1 2 4 ; M \
D e B +t i
- ﬂfm T ..Lt....lﬁ.-: - o} T TR
0 5 10 15 20 0 5 10 15 20
q? (GeV2/c?)
ICHEP 2004, Beijing 26

J
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B—- K{*¢and B — K*{*(~

— Comparison of B(B — (K, K*)£t£~ with SM-1

Belle branching fractions (253 fo™)

K (550075 +0.27 £0.02) x 1072
~K 0 (165735 £09+04)x 107 g
New BaBar results (208 fo™)

-KO (34407 +03)x 107 i

SKH (78719 £12)x 107

nts / 0.025 GeV/ ¢ Events/0.03125 GeV

0201 0 01 02
AE (GeV)

Branching Fraction

\_

-1.7 —
+ + +p—\ _ _ 0 | | L | € ) ) )
Acp(B™ = K*(7(7) = -0.08 £0.22 £ 0.1 52 522 524 526 528 07 08 09 1 1

o Acp(B— K'*(7) = +0.03+0.23 £0.12 s (GeVI ) " (G6E°]
a,
\ o BaBar '05
0 o Belle ‘04 KT
= Al 02
% [DJzZhong'02 H—o—H
A
b
[ .
: KI'l
g e
Dy
-
= A E N B SR s ||
& 0 0.05 0.1 0.15 0.2 0.25
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— Comparison of B(B — (K, K*)£t£~ with SM-2

Radiative Pengiuns — Mikihiko Nakao — p.26

B— K¥ete vs B— KWty

(b) K'e'e |

o
= |
=
@
@

\)

Events / 2.0 MeV/c
o o 8
T S
Lo o
HI
*
*
%
*
*
*
ﬂov
<h|/\
— —
| -+

o OK L OK0g L
ol i ‘Rafio of Ku*pu~ fo K¥e*e™ is sensifive
ol - to neutral SUSY Higgs if tan § is large
5 , (O(1) enhancement if tan f ~ 30)
%2 ‘5.2‘25‘ 5.‘25 ‘5.275 52 ‘5.2‘25‘ 5.‘25 ‘5.2‘75 57.3
M, (GeV/c)
Belle rafios:
B(B — Ku*)/B(B — Ke*e™) = 1.38 )7 0% oo in 5w

BB - K'u*u)/BB = K'e'e?) = 098173 + 0.08 ~075insm
Babar ratios:

BB — Kyt )/ B(B — Ke*e™) = 106+ 0.48 + 0.05 L00in M)
BB - K'u'p)/B(B — Ke'e™) =0.93 £0.46 + 0.06 (~0.75in Sm)
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~ Forward-Backward Asymmetry in B — K*¢14~

dArp “9 o dr ©dr
S d
d LL; udﬁdé_kjfﬁ@) Y dads

~ Cho[Re(CNV A, + %c;ff (VTo(1 — 1hy) + A Ti(1 + 1))
o T7,T5,V, A, form factors

e Probes different combinations of WC's than dilepton mass spectrum;
has a characteristic zero in the SM (3y) below m%w

Position of the A;3(S) zero (5y) in B — K*(T(~
1y gt T2(50) T4 (50)
So A (S) V(30)

e Model-dependent studies = small FF-related uncertainties in §y [Burdman '98]

Re(C5" (80)) = —

(1 —my) +

(1+1y))

e HQET provides a symmetry argument why the uncertainty in §y is small. In leading
m2 +m2. . —a?
order in 1/mp, 1/E (E = B+2mI;* ) and O(a):

T2 1 + m\/ S T1 1

(1 );

A T+m2 -3 11—
e No hadronic uncertainty in §, [AA, Ball, Handoko, Hiller "99]:
Cgff<§0) _ _ 2mpMp Csff
S0

Vo 1+my

\_
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(-O(as) corrections to FB-Asymmetry in B — K*¢T4~ ~

e O(ay) corrections to the LEET-symmetry relations lead to substantial perturbative
shift in o [Beneke, Feldmann, Seidel '01]

asCp .. m3 a;Cr AF|

2mbMB eff
— 1 1 — L
C? ( + [Il /iQ ]+ A fJ_(SO)

CSff(éO) - S0 A7

)

[AA, A.S. Safir (hep-ph/02054)]

Forward-backward asymmetry dAgg(B — K*I*17)/ds at next-to-leading order (solid
center line) and leading order (dashed)

J
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(-A Model-independent Analysis of B — X, v & B — X £7¢ N

Assume Heff a sufficient operator basis also for Beyond-the-SM physics

Shifts due to Beyond-the-SM [BSM] physics only in C7(uw),Cs(pw ),
Co(pw), and Cio(pw)

BSM Coefficients: R; — 1, Rg — 1, CF'F, & CONF

. Ctot
Define: Rrs(ju) = toios

with C3% (uw) = C35 (pw) + CF8 (1w)

Set the scale uyw = My, and use RGE to evolve

At
Ryg(pw) — Rrg(m) = AS%((ZZ))

Impose constraints from R; () and Rg(u) from B — X,y Data
Use Data on B — (X, K*, K){T¢~ BRs to constrain C)'* and C})

Two-fold ambiguity due to the sign of C?ff can be resolved by data on
B — (X, K, K*)¢£t£~

J
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(-Simulation of B — X,v in SUSY-MFV Models
e 90% C.L. bounds in the [R7(u), Rs(p)] plane from the B(B — X,7v)

\_

p = myy (left-hand plot); p = 2.5 GeV (right-hand plot)

(2.5 GeV)

R

APY — negative : —0.37 < At7°t’<0(2.5 GeV) < —0.17
Al — positive : 0.21 < AP%7Y(2.5 GeV) < 0.43
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Dilepton mass-Spectrum in B — (K, K*)¢T¢~ in SM and SUSY

e NP contributions coded in R;(p); i =7, 9, 10
CNP 4 M

e SM (solid); SUGRA [R; = —1.2] (dots);
e MIA [R; = —0.83, Ry =0.92, Ry = 1.6] (dashed)

1.5
5 T
[
f
[
— |
7 T, ,
3 il ‘
o g L )
S
N
° 5

dB(B —> K u* u)/ds *

\_
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(-Combined analysis of B — X,v & B — (X,, K, K*)£T¢~ —
[ A.A., Lunghi, Greub, Hiller; DESY 01-217; hep-ph/0112300]
e Constraints from radiative and semileptonic rare decays (Points: SUSY-MFV Model)

15

15

10

|
-15 -10 -5 0 5
P

1
T
_____ D iimeomzmmmomees
T SM
PR P
< \\/ R
T L
""""" 3"'"---~»it:»‘-..‘.'.f.'.".‘.‘f::7.'.‘.'.‘.:?:.-.-.—.-.7:_—.-_—.-_1.»--_.
0.5} o
-1
0 0.2 0.4 0.6 e )

- J
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~ First hints on the sign of the B — X~ amplitude

[Gambino, Haisch, Misiak; hep-ph/0410155]

90% C.L. constraints from B — X,y and B — X ¢1¢~

C'7 SM-like (left frame) C'; opposite sign (right frame)

12 12

-12 -9 -6 -3 0 3 -12 -9 -6 -3 0 3

_eff _eff
Co,Nnp Co,np

Surroundings of the origin in the right frame above; dashed lines: MFV-MSSM
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~ Belle FB Asymmetry Distributions (EPS 2005)

A
<O; __."__"__ <O; ,/.__.\;
O5E () KT I E 1 F mK o ]
1 E A R ___- +E negatzveA P E
T PR DRI RS SRR - T PR R T :..|...|...|...|.-..i...|.:..E...|...|...'
0 25 5 75 10 125 15 175 20 225 25 0 2 4 6 8 10 12 14 16 18 20
q2 GeV?/c? q2 GeV?/c?
:‘Eo.sf—
< F :
OF : ]
O5E (o) KT E
4 E posmveA P E
:...|...|...|...|.-..i...|.:..E...|...|...'
0 2 4 6 8 10 12 14 16 18 20
q2 GeV?/c?
Best Fits
o A; =033 Ayg/A; = —15.3T3%; Aj/A; =10.3757
o Ay =+0.33: Ag/A; = —16.3721 Ajg/A; = 111759
e SM: A7:—033, AQ/A7:—123, Alo/A7:128
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~ Prospects of precise determination of Cy, C;, at Super-B Factory

Extracting Cy and Cy from B — K" ("

® Precise determination of Cg and Cyg is possible

® ACy/Cy ~ 11%, ACyo/Cyo ~ 13% at 5ab™", C; fixed from b — sy
® Current branching fraction / background extrapolated
@ Fit o 2-dim 4% vs angular distribution, not simple A
® Systematic error is neglected

$ 1f_|||| TTTTTTTTT]TTTTT |||||||||||||| {5 I |||_f
LoomE B 3 P
| o5 BeleMC,50ab : .
D oamr 4
g Uﬁ s g E & 6 i
< _025:_ 3 10,NP |
4 E I
> st = == : ’ \
| c 3
; 9% T
g’o -1 :_ll|||||||||||||||||||||||||||||||||||||||||_: §§¥ /
g 0 25 5 75 10 125 15 175 2 31 This finy area
E ¢ GeVic /
% -2 -9 -6 -3 0 3
@ ~ eff
“ Conp
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(-LHC-B MC Studies

Asymmetry
=)
)

S
~

-0.1
-0.2
-0.3

-0.4

Figure 4:

; _l_ True MC

= I e Reconstructed
L] |

=o=

TN

: _%_ — =

E —0—_1-_1__._

- - L | | |

i | T

:\ [ ‘ L1 ‘ [ ‘ I | ‘ I | ‘ | ‘ [ ‘ | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

FB Asymmetry versus § for B 5 pfpu K* (from

Koppenburg)
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('Bs — l,l,+/,l,_ in SM

e Effective Hamiltonian

GFQ
Herr = — Vis™V, Ci;(n)O; Ci(n)O:;
O10 = (8" Prb,) (l_'m'y5l) , 01y = (547" Prbo) (l_'yM75l)
Os = mi (50 Prbe) (II) O’ = m, (5aPyba) (1)
Op = My (gaPRba) (l_’)/5l) ) (’)}, = Mg (gaPLba) (l_’)/5l)
— 4+ - G%‘OézszsfésTBs * 2 ~ 2
BR(BS—>u I ): Y Vis™ Vil w/1—4mﬂ

X [(1 _ 4mi) |Fs|? + |Fp + 2miFm|2}

where m,, = m,/mp, and

/
Cspmy — CS,PmS I c
’ 10 — “~10 — Y40

Fs,p = mBS [
my + Mg

BR (B, — pp7 ), = (3.46 £ 1.5) X 107 [Buchalla, Buras]

9 fB. = (230 + 30) MeV

14-19 Nov. 2005 Heavy Flavour Physics- Rare B-Decays (page 56)



_|_ __ = .
(-BS — T~ in Supersymmetric Models ~N

e The decay B, — u* ™ probes essentially the Higgs sector of Supersymmetry, a
type-ll two-Higgs doublet model; One Higgs field (H,) couples to the up-type quarks,
the other (Hy) couples to the down-type quarks

L=QYyUrH, + Q;YpDrH,

e Supersymmetry does not have discrete symmetries to protect the alignment of the
Higgs boson interaction eigenbasis with the fermion mass eigenbasis; Higgs-induced
FCNC interactions are generated through loops

XK K X

H ~ H ~ H
_ v 52 bE‘L\u _ 523 bp v
® . ot B ot bL
SL by sy L b
e -, — UEEEEEEEEE N - — LEEEEREEEEN -
H, Hy g g g g
(a) (b)

e As H, gets a VEV (v,), it contributes an off-diagonal piece to the down-type fermion
mass matrix, mixing sy, and by by an angle 6
sin 0 = ypev, /my;  as my = Ypvg, sinf = etan

9 o A(bs — ptp~) ~sinAbb — ptp~) o tan 3/ cos? 3 = tan? 3 for large-tan 3 y
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(-BS — puTp~ in Minimal Flavor Violation SUSY Models
e Higgsino contribution to B(B; — puu~) [Babu, Kolda;.. ]

G2 tan® 3 K%
B(B. — ) = G e £t (222 (22,

my
e 7qcp = 1.5 is the QCD correction due to the RG between the SUSY and Bj scales

Ky = — A ,M> ,M>
H 4v/272 sin? 3 e f b tR)

tan f3
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(Constraint% from B(Bs; — putu~) on SUSY Models A
e CDF BY/BY — pu*u~ Limits Thep-ex/0508036]:

B(By — pu™) < 1.5 x 1077(2.0 x 1077) at 90%(95%) CL
B(By— pp) <3.9x1078(5.1 x 1078) at 90%(95%) CL
e DO B? — putp~ Limits [DOnote 4733-Conf (2005)]:
B(By — p ™) <3.2x1077(4.0 x 1077) at 90%(95%) CL
—> complementary limits on models of BSM physics, such as
MSUGRA [Dedes et al., hep-ph/0108037], SO(10) [Dermisek
et al., hep-ph/0304101; Foster et al., hep-ph/0506146] and
MFV models [Bobeth et al., hep-ph/0505110]
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Summary

e All current measurements involving FCNC processes (decay rates and distributions)
are in agreement with the SM expectations

e Rare B-decays and B° - B9 mixings have made a great impact on the determination
of the CKM matrix elements in the third row of Vo In particular
B— Xy = Vi,=-—(46.0£8.0) x 1073
B — (p,w, K*)y = |y¢] = 02001505 1505

e A number of benchmark measurements remain to be done. These include, among
others, B(Bs — p*p~) and AMpg_, which will be carried out at Fermilab and LHC;
Correlations between these and other Rare B/K-decays crucial to disentangle BSM
physics in the flavour sector

e Discovery of SUSY at LHC but continued absence of observable effects in FCNC and
CPV beyond SM would point to a flavour-blind SUSY (such as mSUGRA,MFV)

e However, data on CPV in b — sSs penguins puzzling; need to clarify this effect
experimentally - a motivation to build a Super-B factory

e Hope that the synergy of high energy frontier and low energy precision physics, which
worked so well in piecing together the SM, will continue to hold sway in the LHC-era,
providing valuable information about the flavour aspects of the BSM physics

- J
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