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Introduction

The Need for Precision Flavour Physics
What can Flavour tell us?

@ The Standard Model passed all tests
up to the 100 GeV Scale:
@ LEP: test of the gauge Structure
@ Flavour factories: test of the Flavour Sector
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Introduction The Need for Precision Flavour Physics

What can Flavour tell us?

No significant deviation has been found (yet)!

... only a few “tensions”
(= Observables off by 20
or even less)
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LHC will perform a direct test of the TeV Scale
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Introduction The Need for Precision Flavour Physics

What can Flavour tell us?

What can Flavour tell us?

@ Flavour Physics <+ No new physics at the TeV scale
with a generic flavour structure

@ Parametrization of new physics:
Higher Dimensional Operators:

1 1
]

@ A: New Physics scale
o O Local Operators of dimension n
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What can Flavour tell us?

@ Some of the Oj(”) may mediate flavour transitions: e.g.

0® = (5,7,d)(5.7"d)  (Kaon Mixing)
O = (buy,d)(biy"d) (B Mixing)
O = (bv,2)(biy"'s)  (Bs Mixing)
O = (cuy,u)(@y"u) (D Mixing)

@ A ~ 1000 TeV from Kaon mixing (C; = 1)
@ A~ 1000 TeV from D mixing

@ A ~ 400 TeV from By mixing

@ A~ 70 TeV from Bs mixing
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Introduction

The Need for Precision Flavour Physics
What can Flavour tell us?

Another Peculiarity of SM Flavour Parametrization: CP

@ Strong CP remains mysterious

@ Flavour diagonal CP Violation is well hidden:
e.g electric dipole moments:
For quarks at least three 100ps (shavain)

as G: m?
T (167272 Mg,
~ 107%%ecm with u ~ 0.3GeV

ghevron < 3.0 x 107%6ecm

exp

dquark ~ ImA ,U

Composite objects can have larger edm’s (“loopless”) :
ghevron  103'ecm TM, Uraltsev 2012
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem
Example 2: Calculation of B — K'*) ¢/

The Toolbox

@ QCD based effective field theories
e Chiral Perturbation Theory,
including heavy hadron yPT
e Heavy Quark Effective Theory
e Heavy Quark OPE for inclusive processes
e Soft Collinear Effective Theory
@ QCD Sum Rules
e Fixed point sum rules
e Light-Cone Sum rules
@ (Approximate) Flavour Symmetries
@ ... including SU(3) breaking
e ... supplemented by “diagrammatic considerations”
@ Lattice

Models have become (almost) obsolete!
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Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem
Example 2: Calculation of B — K'*) ¢/

Example 1: The V,, Problem

... this requires almost the whole toolset:

@ Exclusive V,, from B — nlv:
Lattice and Light-Cone QCD Sum Rules

@ Inclusive V,,: HQE and SCET
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem
Example 2: Calculation of B — K'*) ¢/

Exclusive determination of: V

@ Recent improvement of the calculations for B — 7(v
@ LCQCDSR Calculation of

QZrax
1 dB(B — mlvy)
AC(anrznax):m / dq aq? )
0

@ ... including
e Full O(as) QCD corrections
e Subleading twists
@ a» and a4 corrections to the pion DA,
fitted from the electromagnetic pion form factor

Khodjamirian, Klein, T.M., Wang
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem

Example 2: Calculation of B — K'*) ¢/

LCQCDSR Result for the from factor, 0 < g? < 12 GeV?

7 GeV?) & (GeV?)

(@): a5, aj, (b): pir, (C): 1, (d): M2, sB
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Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem
Example 2: Calculation of B — K'*) ¢/

Linking high g? with low g2

@ LCQCDSR are limited to “small” values of g2
@ Complementary to lattice calculations

@ We have QCD based calculations / estimates of the
from factors f. and f, in the full kinematic region

@ Uncertainties become controllable and
are already quite small !

@ May become the most accurate way to determine V,,
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem
Example 2: Calculation of B — K'*) ¢/

Linking high g® with low g?: z parametrization

101
fBan @)

The vector form factor fg,r(qz) calculated from LCSR and fitted to the BCL pa-
rameterization (solid) with uncertainties (dashed), compared with the HPQCD
[4] (triangles) and FNAL/MILC [5] (squares) results.
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Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem
Example 2: Calculation of B — K'*) ¢/

Theory vs. Experiment

dBR (B - n*1 %)/dq’
M (GeV‘z)
BR(B - n*1)

0.00 -, 1 L I LS
0 5 10 15 20 25

¢ (GeV?)

(colour online) The normalized g*-distribution in B — wlv obtained from
LCSR and extrapolated with the z-series parameterization (central input- solid,
uncertainties -dashed). The experimental data points are from BABAR: (red)
squares [1], (blue) triangles [2] and Belle [3]: (magenta) full circles.
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem

Example 2: Calculation of B — K'*) ¢/

Value of V,, from Khodjamirian et al.:

V| = (3507938 +0.11]__)x 1073

’ th. exp. )

Lattice ® LCQCDSR has reached 10% th. uncertainty in Vyp excr !

This is to be compared to the inclusive value:

|Vip| = (441 £0.15 T 515) x 108

We have to find out what is going on here!
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Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem
Example 2: Calculation of B — K'*) ¢/

The Role of B — 71

@ B — 7 depends crucially on fg

B - G¢ 2,2 m\* .,
B( — TVT) = g’ Vub’ meB 1 — m—% fBTB*

@ The extracted V;, value is quite large ...

@ However, if the data are right, QCD (or the SM) must
have a problem: Define Khodjamirian, Klein, T.M., Wang

ABB—anug(q127 q%) TB;
B(B — Tv;)

_ A4, g5)
(GE/Br)mems(1 — m2/ m)er2
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem

Example 2: Calculation of B — K'*) ¢/

Exp. AB(107%) [Ref] B(B — 7v;)(107%) [Ref)] R,
BABAR 0.32 £ 0.03 [1] 1.76 + 0.49 [36, 37] 0.2079:%8
0.33 +0.03 £ 0.03 [2]
Belle 0.398 £ 0.03 [3] 1.5470:38+0-29 [3g] 0.287033
QCD Al(ps™h) [Ref] f3(MeV) [Ref.] Ry,
HPQCD 2.02 £ 0.55 [4] 190 + 13 [34] 0.52 +0.16
FNAL/MILC 2.21%347 [5] 212 +9 [35] 0.46 +£0.10

Rs,, for the region 16 GeV? < g2 < 26.4 GeV?
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem

Example 2: Calculation of B — K'*) ¢/

Exp. AB(107%) [Ref) B(B — 1v;)(107%) [Ref)] Ry
BABAR 0.88 £ 0.06 [1] 1.76 & 0.49 [36, 37] 0.521329
0.84 = 0.03 £ 0.04 [2]
QCD A [Ref] fB(MeV) [Ref] Ry
LCSR/QCDSR | 4.59159% [this work] 210 + 19 [41] 0.9770.%

R, for the region 0 GeV? < g° < 12.0 GeV?

| Some clarification is needed here ... |
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem
Example 2: Calculation of B — K(*)¢¢

Example 2: Calculation of B — K¢/

@ Theory of B — K(*)¢+¢~ is substantially different from
the one for B — D/(v:

@ Effective Interaction:
4G
Heff = ——— th ZC

@ Dominant b — s effective operators: O; g 1o
C7(mb) ~ —0.3, Cg(mb) ~ 44, C1o(mb) ~=—-47

@ ... can be expressed in terms of form factors
Or9,10 < (K®(p)[3Tb|B(p + q))
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Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem
Example 2: Calculation of B — K(*)¢¢

Charm Loops

Buchalla, Isidori, Feldmann, Khodjamirin, TM, Pivovarov, Wang

@ Charm-loop effect: a combination of the (sc)(cb)
weak interaction (O ) and e.m.interaction (cc)(¢/¢)
[

‘T 'T [

o

s s
N /‘\fuu /‘\
cl e cl )¢ c|
e e LJ >
b S b S b

%0000 ="
V)

@ new hadronic matrix elements, not a form factor
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Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem

Example 2: Calculation of B — K(*)¢¢

@ Light cone expansion of the charm loop

N2
@ Expansion parameter ——22>
pansionp (4m2 — )
@ Leads to a non-local operator (“shape-function-like”
operator)
~ _ in.D
0,a) = [ o hymsa mes)r” (3l — C520G,0 ) b

@ Matrix element can be calculated in a LCSR for
g <0
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Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem
Example 2: Calculation of B — K(*)¢¢

Accessing the region g°> > 0

@ Hadronic Dispersion Relation:
b) b
Hige (@M (0)

f,A
+q2[ Z ; Y AByK

2 _ g2 _ jm,, ot
V=J/1,$(25),.. my(mg, — g% — imy[gY)
> s
+ ds#}
sz, S(S— Q% —e)

@ Residues from BR(B — ¢K) and BR(y — (/)
@ FSI Phase attributed to Agyx
@ Fitto theresultat g?> <0
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem
Example 2: Calculation of B — K(*)¢¢

Results on B — K*¢(* ¢~
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem

Example 2: Calculation of B — K(*)¢¢

04

—0

dAp/dq*By~K  pt 7 )(GeV™?)

(8]
'S
=)
-l

F(GeV?)

Problem to compute above the charm threshold?
Problem also below charm theshold: B — K¢ — K{t(~
... currently under consideration «hodgamirian, wang, ™™
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem
Example 2: Calculation of B — K(*)¢¢

Detailed Analysis of B — K//¢

@ Form factors and Light-cone distribution amplitudes
are better known for K

@ Current work: A detailed analysis ... (Khodjamirian, TM., Wang)

Figure 1: Dominant contributions to B — K{T~ amplitude due to the effective opera-
tors Og.10 (a) and O7 (b) denoted as black squares.
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem

Example 2: Calculation of B — K(*)ee

B~ g —
b %) &£ )
’ = g@—{i@i.z@
(a) (b) (c)

Figure 2: Factorizable quark-loop contributions to B — K{10~ amplitudes due to four-
quark effective operators Of 5 and Oz—g. Crossed circles denote the possible

emission points of the virtual photon.

P

(a)

Figure 3: Nonfactorizable quark-loop contributions to B — K{T0™: (a) with soft gluon
(denoted by crossed line) and (b) with hard-gluon.
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem

Example 2: Calculation of B — K(*)ee

7B & &
::j
(i\) (]))

Figure 4: Contributions of the Og, operator to B — K{T{~ amplitude: (a) factorizable
and nonfactorizable with (b) soft-gluon and (¢) hard -gluon.

Figure 5: Weak annihilation contribution to B — K¢~ amplitude: (a) in LO and (b)
one of the NLO hard-gluon exchange diagrams.
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem
Example 2: Calculation of B — K(*)ee

Preliminary Results for B — K¢/

0.0, L 1

7 (GeV?)

Data: BaBar (magenta), Belle (blue), CDF (red), LHCb (cyan)
Solid and dotted: Two different ansaetze for the dispersion relation
Dashed: Without the nonlocal contributions
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The Toolbox
Theory Tools for Precision Flavour Physics Example 1: The V,;, Problem

Example 2: Calculation of B — K(*) ¢

dA)(q?)  dr(By — Kolt07)/dg? — dI (B~ — K—(+(~)/dq?

dg? dr(By — Kol+(-)/dq? + dr(B- — K—(+(-)/dg?

0.6

04r d AL(B > Kyr* )

dq?
0.2 q

0.0-== 2

ol o ]
0 2 4 6 ]

¢ (GeVY) - . .

VERY Preliminary, Uncertainties to be discussed
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Outlook

Outlook

@ Theory tools for many processes are ready for higher
precision

@ Leptonic and Semileptonic is quite mature
@ Nonleptonic still remains problematic
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