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Introduction

Flavour and CP violation in the Standard Mo-
del, Status of the unitarity triangle, Theoretical
challenges
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Flavour and CP violation in the SM

Fundamentally related to the scalar sector
L=-220:6D; — \V.Q;0U; + h.c
= ij «iPL; ij@iPY;j -C.
At low energies (use mass basis): flavour-changing W -interactions

Observables: 6 diagonal elements (quark masses)
VekMm = UULUzT)L (unitary, three angles, one CP-violating phase)

VuaVyy, + VeaVy, + ViaViy, = 0
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Fundamental goals of flavour physics

e determine constants of Nature
B physics: [V, [Vus|, dcxnm, mp

e confirm (or falsify) CKM mechanism of CP violation:
Kaons (e, €' /¢, future: K — mui)
B mesons (sin(2/3), many other observables)

e probe new interactions at the TeV scale

high sensitivity, because flavour-changing interactions in the SM are suppressed by small CKM
couplings

92

1 TeV?

AckMGr K
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Status of the unitarity triangle

o Very consistent picture. KM mecha- S TESRRRRRT R NME T
nism has passed a decisive test with LPRELIMINARY. \\\
the measurement of sin(273). 1 m gAmd -
e Knowledge about CKM phase comes 0.5 ?
from BB and KK meson mixing _8 gy
(AF = 2 processes) — the top sector - o _K ____________ 200 [ MmaN\V—
(Via, B) Y
-0.5 -
o Establish further consistency through i
B decays (AB = 1 processes) — the _
bottom sector (Vys, v) — and search s : )
for anomalous effects in specific fla- ! m Y \
vour transitions. -1-5_;' — 0'5 — c') — '015' - i — '1f5 -
p
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Heavy Flavour Physics in the B factory era

[after the sin(23) measurement from B — J /4 Kg]

High statistics accesses branching fractions in the 107° range, “rare decays”.
Many exclusive decays to light hadrons:
B — mm, 7K, mp,... — about 40 different final states from the lightest pseudoscalar or

vector meson nonet observed to date,
B — K*v, B —» K", B — p~y
Time-resolved studies of mixing and decay

First precise explorations of b — d FCNCs as well as b — s hadronic and electroweak FCNCs.
Measurements of v («)

Opportunities to detect new flavour-changing or CP-violating interactions (probably very weak)
through a larger variety of observables than provided by meson mixing.

New challenges for theory.
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Heavy Flavour Physics in the 1990's

Spectroscopy

B — DWWy — |V

Inclusive heavy quark decays — |Vp|, |Vup|, lifetimes
B — Xy — electromagnetic b — s FCNC

Theory is based on expansion in A /my (heavy quark expansion):

- HQET for B — D matrix elements
- Operator product expansion for inclusive decays

New challenge is exclusive B — light decays, i.e. detected light particles with large energy (like
jets or light hadrons in high-energy collisions)

HQET and the OPE cannot be applied, because they assume that the light degrees of

freedom are soft, i.e. energy, momentum of order A
Methods from jet physics cannot be applied because soft physics IS important (the

light degrees of freedom in the B meson)
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Theoretical tools

Weak effective Hamiltonian, QCD factorization,
Soft-collinear effective theory (SCET)

References:
— QCDF (MB, Buchalla, Neubert, Sachrajda)

— SCET (Bauer, Pirjol, Stewart, Fleming and others; MB, Feldmann, Chapovsky, Diehl; Hill,
Neubert, Becher, Lange and others; Chay and Kim)
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Theory problem: computation of decay amplitudes

e Focus on hadronic 2-body decays

(such as B — 7, applies also to radiative decays such as B — p-y)
e Basic theoretical strategies:

— “data-driven”: use SU(3) to relate different decays
— "“theory-driven”: compute amplitudes in heavy quark expansion (QCD factorization [BBNS])

ob

el
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Multiple scales

Construct heavy quark expansion by integrating out the various large scales — in practice we
keep the leading term in A /my, only, plus some corrections

weak scale: p? ~ M‘%V
heavy quark (hard) scale: p* ~ m;

intermediate (hard-collinear) scale: p* ~ myA

energy ~ my, p1 ~ vV mp\
QCD scale: p? ~ A?

collinear: energy ~ my, p; ~ A

soft: p ~ A

The hard-collinear scale is a consequence of the relevance of soft AND collinear IR physics:
(ps + pc)2 ~ mbA

Use a sequence of effective theories:
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Step |: Integrating out the weak scale

Standard procedure: Remove W, Z, top and highly virtual light fields to obtain the “effective
weak Lagrangian”

G
Her = 7]; S OAPS Ci(pw) Qi(pw) + hee,

p=u,c 7

[A;D) = VuV)p, D =d,s]

Ci’s known to NNLL since 2004 (Bobeth, Misiak, Urban; Gambino, Gorbahn, Haisch)
New flavour violating interactions enter only here: modify the C;, add more operators

What remains is QCD (x QED):

<7T_7T+|Qi|B>QCD><QED =

B e ‘ N mt
9 N
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Weak effective Hamiltonian (colour indices dropped]

Tree operators

]1),2 = (pb)v-a(Dp)v-a W‘\<

QCD penguin operators
Qs—6 = (Db)v-s ) ¢(qq)vFa

gs = v
Qgg = — my DO'MV<1 —|— "}/5)G'u b
872
EW penguin operators
Qr—10 = (Db)v_a > q3eq(qq)vza
e _ L
Q?’y = ——my DO‘MV(l —|—’}/5)F b
872
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Step |l: Integrating out the heavy quark scale:
QCD — SCET;

o Integrate out fluctuations (modes) with virtuality m; > A*
Can be done perturbatively

e lIdentify long-distance degrees of freedom
hard-collinear (p ~ (1, v/A, A)), collinear (p ~ (1, A, A%)) and soft (p ~ (A, A, A))

e Find the operators that parameterize the long-distance part of the decay process.

e Can be done with diagrammatic methods (as in jet physics) or — more elegeantly — with soft
collinear effective theory (SCET)
— Fields have defined power counting in A.

— Write down the possible interactions.

— Match to QCD. 0
[p ~ (n+p7pJ_7 n—p)a n:|: — 07 n-ny = 2]
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SC ETI Lagra ng|a N [pure Yang-Mills terms not shown]

L=L0 404 . [expansion in /A /my]
o = . . I P+ _. .
L — gc 'Ln—D_"ZEJ_c. ZDJ_C —Sc —I_qZEsq—'_hU'l/'UDshv
ini D, 2
,C(l) = gc(mlj_niwcgstuwj)% Ehe + quilchgc o gc iEJ—CWCC]

0
W. = Pexp (z’gS/ dsniyA.(x + sn+)> “collinear Wilson line"

— 0

n_&. = 0 “collinear quark field”

SCET is a non-local EFT, because np). ~ my is large — factorization in convolutions (rather
than products) just as in DIS (4 many further technicalities such as light-front multipole
expansion of fields ...)
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Hard factorization [omit Dirac and colour structures]
Basic result of the second step:

(m~ 7 |(@b)(du)|Byqecp = FP" x T' x @, + 2"« T" « &,

o T"" involve virtualities m; (perturbati-
ve)

o Below the scale my the second pion has
factorized (see figure).
TII

Strong (rescattering phases) appear only

. LI )
in T’ perturbative! B &é S
N

o @ is a light-cone distribution amplitu-
de: (m|€c(s1+4)&c(0)[0)scET

o FP™(g* = 0) is a standard heavy-to-light form factor (from QCD sum rules or lattice
extrapolations). In SCET] this is related to (7 |£.(0)Th,(0)|B)sceT

o EB”(q2 = 0,7) is a complicated non-local form factor. In SCET; this is related to
<W|£C(O)FAc(rn+)hv(O)|B>SCET
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Step llI: Integrating out the hard-collinear scale:
SCETI — SCETH

To remove the unknown non-local form factor, integrate out hard-collinear modes (virtualities
myp/\ — perturbative, though at comparatively lower scale).

Basic result of the third step:
=°"(¢* = 0,7) ~ FT [(7|€.(0)T A (114 )y (0)| B)scrr] = ®px J' * P,

where J is a perturbative hard-collinear function and ® 5 the B meson light-cone distribution
amplitude related to (0|gs(tn_)h,(0)|B)scer — essentially only one new non-perturbative
parameter

Note:

Contrary to 257 (¢* = 0, 7) the standard form factor F®™(¢* = 0) does not factorize into
O+ J' % O, because the matrix element is dominated by a non-factorizable soft overlap
contribution [MB, Feldmann; Lange, Neubert].

Hence keep the standard QCD form factor as an input parameter.
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Final QCD factorization formula

A(B — MyMs,) = factor X Z C(pn) X {FBMl X T (wn, ps) * far,®@ar, (1)

terms

+ fPB(1s) * [Tﬂ(uh, pr) x J (pr, us)] * fory Pory (s) * fM2<I>M2(us)}
-+ first term with M < M5 if allowed

+ A /my, corrections
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Phenomenological implementation

e Currently NLO, i.e.
T"'~1dta, TH~1  JUN~ a

e This means LO for strong phases of the amplitudes. [NLO calculation of phases is in progress,
important for direct CP asymmetries.|

e (Unfortunately) power corrections cannot be entirely ignored:

— Add calculable A /my correction to the form factor term (from “scalar penguins”)

— Phenomenological model for power correction from weak annihilation used to estimate errors
from power corrections.

No systematic treatment of all power corrections is known.

> > >
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Applications: Results and Puzzles

Selective:
B — WK(*), B — mm,mp, ...
Determinations of ~

References:
— (MB, Buchalla, Neubert, Sachrajda)
— (MB, Neubert, hep-ph/0308039)

— From hadronic B decays to the angles of the unitarity triangle —

19



20

Observables

Decay amplitude can always be decomposed into a CP-even and CP-odd term. In the SM,

Af = A(B — f) = A1 —|— Agei(5+7) (A1,2 > O)
AJF = A(B — f) = Al —|— Agei((s_fﬂ

CP-averaged branching fractions

1 — _
E(Br(f) + Br(f) = A% + Ag + 2A1A5cosd cosy

Sensitive to magnitudes of amplitudes. For v ~ 70° and small strong phases ¢ large sensitivity
to v if Ay and A, are comparable.

(Direct) CP-asymmetries

Br(f) — Br(/f)
Br(f) + Br(f)

Proportional to CP phases. For v ~ 70° and small strong phases é smaller sensitivity to ~.

Acp(f) =

x 2A1A5sin d sin 7y
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Mixing-induced CP asymmetries, if f is a common final state of B and B.
Interference of GZ(I)BdAf and flf. Theoretically clean, if one of Ao is negligible (cf.

B — J/YK).

Decay angle distributions in B — V'V
Three independent helicity amplitudes with

Ag > A_ > A, (large energy, left-handed weak interactions)

Sensitive to handedness of new flavour-violating interactions.
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Flavour amplitudes
Ap—_.-g0 = Ak :5pu Be + off — 5o g + B + B EW] ,
VZAp- g = Aug [Spu 00+ ) + o + of py + 85 + B
+ Ag, :5pu as + 3 ¢ 3EW} ’
Ago_+x- = Arg :5pu ar + o + O‘Z,EW + B — %ﬁg,EW] ;

_ [ p 1 p | 1ap
\/§ABO—>WOK0 = Ax _a4+§a4,EW_BS+§B3,EW]

+ Ag, _5pu o + 30‘3 EW] :

Anymy = iEm mEFy 1 (0) far, Vi Vi

Sum over p = u, c. For AS = 1 decays p = u is CKM-suppressed. Generically, these decays are
therefore penguin-dominated.

o1 2 tree, az 4 QCD penguin, a3 4 gw electroweak penguin, Bf weak annihilation.

Same coefficients for SU(2) isospin related decays, but different for w K vs 7w or m K™,
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Overall comparison
B(B — Kr, nrn, KK)

i HFAG
—— BABAR APRIL 2005

CDF
—— PDG2004
— New Avg.
KYKY

KtK-
KK

F—F"-_| P ]
=

- Ktm-
EEE— e A
1 1 1 1 | | ] | ] |
0.0 12.5 25.0

Branching Ratio x 106

Branching fractions are correctly predicted for modes whose branching fractions vary over three
orders of magnitude.
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B(B — (n, ') (K®), =, p)) B(B — (K*, p,w, $)(m, K,n,7))

o gLI'IEO HFAG |
—— BABAR MARCH 2005 " - -
= o Avo it APRIL 2005

3 —— CLEO
nk® i el —— Belle
o ——— oK+ —— BABAR
ule = —— CDF

—— PDG2004

700 F‘ wn® —— Neaw Avg.

0 -
== . wk?®
. e
= IRAN =
pw
4 rrald
40
= == i
+ F
:. nmw F o
L nit - K*0g0
&= o= K'r
¥ Ot
g | i 5pt _?
K*tqgb
e+ ==
1 nj\ 1(+p0
= - = b o
n)Kv{) F Ktp KO
1
—— n'[{* #
T T T T T T T T T T T T T T T T T T
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Branching Ratio x 106 Branching Ratio x 108
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Penguin-dominated decays B — K )

0.15 0.15
0.1 T PV

005, f

- 0,05\ . e

o1l

0.05 /o

- 0.05

(@]
} ’/
&/U
3
o
N
\ \*)J /
N L

- 041 -01]

0 TE 01 0% 0 o005 01 o015 O 01 005 0 005 01 015

e Good agreement of the calculated PP QCD penguin amplitude
— account for magnitude of wK BR's contrary to LO prediction

o Predicted phase is small in agreement with data (from Acp(m" K ™)) but preferentially the
wrong sign.

e Suppression of PV penguin amplitude is predicted but magnitude falls short of data by about
(20-50)% (but data maybe controversial).
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(p,n) fit from B — 7K, 7w

Global fit to six CP-averaged branching fractions (using the same fit procedure as in the standard
fit by )

0.6
05¢

0.4

0.3} ~ Iy o

02| o ST Vegrt

o1} ! —VUdvqib \ \ ' 3
0 Il | ,’ chvcb Y | \l | \= B

-06 -04 -02 O 02 04 06

Consistent with “standard” fit. Favours slightly larger . (See also CKMfitter next slide.)

Establishes CP-violation in the bottom sector (phase of V,;) — but maybe it is more difficult to
quantify the theoretical uncertainty than in the standard fit ...
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1 T ‘ T T T ‘ T T T T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
i @ shaded areas have CL >0.05, 0.32, 0.90 |
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A B — K puzzle?

Construct ratios with little dependence on ~, but sensitive to electroweak penguins.

= — = —7r COS er c
00 F(B— N 7T_KO) EW Y C

oI'(B° — n°K%) + 21 (B~ — 7K ")

R;, = = 1—|—|T‘Ew|2—COS’7Re(T‘TTEW)—|—...

(B~ — 7 K% +T'(B% — ntK~)

3 o gy (TK)
2 as(rK)
re ~ 0.03 — 0.02i,  rp A 0.18 — 0.02

~ 0.12 — 0.012

TEw — K

- To explain data need rpw ~ 0.3e*% — 3 (2-
theory data 3) fold enhancement of the EW b — s penguin

R; |1.01 £0.02|1.12 4+ 0.07 - Hints of new physics or a persistent problem with
the B — 7' K" measurement?
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Another K problem:

5Ace = Acp(n°KF) — Acp(nTK™T) = —zsim(lm(m) —m(rr TEW)) ..

where the second term is negligible in the SM.

theory

data

dAcp

0.03 £0.03]0.15 £ 0.04
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B — 7w, wp (tree-dominated)

Mode Theory Br (top) and ACP (bottom) S1 S2 S3 S4 Experiment
B™ — 7 a° 6.0 30 +2L 10402 5.8 5.5 6.0 5.1 5.5+ 0.6
BY - ntr™ 8.9 30430100412 6.0 4.6 9.5 52 | 4.5+04
BY — n0x" 0.3 o3 tos+40-2 0.7 0.9 0.4 0.7 1.540.3
B -7 x| —0.021001 00200000 | —0.02  —0.02 —0.02 —0.02 | -24£7
BY — ntr~ —6.5 2 oot e 9.6  —9.1 5.6 10.3 37 4 28
BY — 7070 45.1 T8-S0+ 40400 23.0 21.7 56 ~ —19.0 | 28440

Results for w7t counter to naive expectations.

—-12.8 -13.8 -14.1 —61.6

In particular Br(7w "7 ~) /Br(w~ n") too small, Br(7’7") and Acp(n77) too large.

For p reasonable agreement, but still large experimental errors.

Discrepancies can be blamed on hadronic physics: Large colour-suppressed tree (a), smaller

B — 7 form factor or large strong phase of penguin amplitude?

Not completely understood, I'( B — wlv) at g = 0 should help.

Focus on quantities insensitive to 277, ay and depending only on cos dp.
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Time-dependent CP asymmetries

A = [(FIBEI = == (14 + | A44]) {14 Cy cos(Ampt) — Sy sin(Ampt) | |

_ Ay A oyl _ _yIm (e py)
Af’ 1+ |pg|?’ 1+ |psl?

pf Sp=—

Focus on Srr and S = 1 (Sy—,+ + Sy+,-), because it is very sensitive to v and less sensitive to
hadronic uncertainties. To see this, expand in the penguin-to-tree ratio

2R 2R 2 sin 2« .
S = sin 2ac — {a Ccos 0, (ﬁ cosy + sin(28 + 'y)>

1+ R? 1+ R? + R
2R%sin 2
_bcos5b< 1j1;2acos’y+51n(2lg+7)) }—|— (a=7—p0F—7)

AprTpr [ (ArpTrp) = Re®T R = 0'91j8:§?7 or ~ 0

Prpy/Try =ae®, Py /Ty =—be amrbr0.1, cosdep 1

For S;rput R=1,0r =0, a=—-b= 0.3, §, = 9.
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from S = —0.13 £ 0.13:

v = (70"5)° or v =(15370)°

from S, = —0.50 & 0.12:

7 =(6671)7 or = (174%5)°
The first ranges are mutually consistent
and consistent as well with the global

fit to the BR’s and the standard mixing-
based fit.
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sin(23) from b — s transitions

Mixing-induced (time-dependent) CP
asymmetry Sy in B — J/¢Y Kg and
B — ®Kg should both be nearly the
same, sin(28) ~ 0.7, as b — ccs
and b — sSs have (nearly) the same
weak phase.

fKs | nKs | oK’

K3

ong

KIKIKS KKK

BABAR 04 !
0.722+0.040+0.023
Belle 04 :
0.728 +0.056 + 0.023
Average (charmonium - all exps.) !
0.726+0.037

T
BABAR 04 . !
0.50£0.25 !
Belle 04 .
0.06+0.33+0.09
BABAR 04 '
0.30+0.14+0.02
Belle 04 i
0.65+0.18+0.04 '
BABAR,04
0.95 i% +0.10
Belle 04
—0.47+0.41+0.08
BAB. 04
0.35 ?2%2 +0.04
Belle 04 L

0.30+£0.59+0.11 F T
BABAR,05 :
0.50 ﬁ%‘; +0.02 :
Belle 04 !
0.75+0.64 " oo :
BABAR 04
0.55+0.22+0.12 !
Belle 04

+0.17
0.49+0.18 " o, :
BABAR, 05 -
071 45 £0.04 '

Belle 04
. +0.

Average (s-penguin)
0.43+0.07 ‘

' i
S T S T N Y ST A

|Moriond 2005
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Theoretical results (sin(28) = 0.726 + 0.037)

Mode | Theory 6sin(23)s [Range]* Experiment
mKg 0.07185%  [+0.02,0.13] ~0.3910-27
pKg | —0.08759% [—0.24,0.02] —

nKg | 0.01705] [—0.01, 0.03] ~0.32 £ 0.11
nKg 0.10795F  [-1.45,0.27] -

K g 0.02755] [+0.01, 0.04] —0.39 £ 0.20
wKg 0.13755%  [+0.03,0.19] 0.02 £ 0.641) 12

* Range from a random scan of 10% input parameter sets and requiring that experimental branching fractions are
reproduced within +=30.

0 sin(203)y is positive except for pKg and nKs.
The large range for 1K g disappears once a lower limit on Br(nK) is imposed.

Smallest deviations and uncertainties for n' Kg and ¢ K.

= Many speculations on anomalous CP violation in b — sss.
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Used-to-be puzzles

B — nWK®)

Interesting pattern Br(n'K) ~ 20 Br(nK) but Br(n'K*) < Br(nK™)
QCD factorization explains this as an interference of QCD b — s penguin amplitudes which are
different for PP and PV final states and can have different signs for n and 7’

QCD factorization accounts for the large B — n'K branching fraction because penguin
amplitudes are enhanced by short-distance radiative corrections.

No need to invoke anomalous b — sg interactions

Polarization in B — V'V

For m; — oo both vector mesons are longitudinally polarized. Expect
Ag > A_[1/my) > AL [1/m]], hence

fo =140/ > |Ai> =14 O(1/my) but ...
0,£
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fr data theory
ptp™ | 0.99700]
p P’ | 0.9775;
dK*|0.50 + 0.07
dK*°|0.48 £ 0.04

Agreement with expectations for tree-dominated decays (pp).

For b — s penguin dominated modes (¢ K ™), however

Ag~ A_ (no 1/my, suppression!)

On the other hand, as predicted

A_

~ A,

(no evidence for anomalous right-handed interactions)

= "Polarization puzzle” (2003)
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fr data theory
pTpT | 0997551 095700
pp’ | 0.97T55 |0.96%0;
®K*|0.50+£0.07|0.811)%
®K*|0.48 +0.04 | 0.817972

Agreement with expectations for tree-dominated decays (pp).
For b — s penguin dominated modes (¢ K ™), however

Ag~ A_ (no 1/my suppression!)
On the other hand, as predicted
A_~ Ay (no evidence for anomalous right-handed interactions)
Theoretical calculation: The VV penguin amplitude may receive a large contribution from

weak annihilation, which precludes a reliable prediction of f;. No contradiction (but also no
prediction).
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Conclusion

e Over the past five years the theoretical description of hadronic exclusive B decays has advanced

from models to theory based on the heavy quark expansion, QCD factorization and soft-collinear
effective theory.

e Overall the comparison with data is successful and seems to imply
v ~ (60 — 70)°

based on B decays in very good agreement with the standard unitarity triangle fit based mainly

on meson mixing. After sin(2/3) this is the second major accomplishment of the B factory
experiments (and theory).

e There are persistent intriguing anomalies mostly related to hadronic b — s FCNSs. Individually
neither significant nor conclusive.

Nevertheless the source of many theoretical speculations.
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