Theoretical Tools
(0]
Heavy Quark Physics

Thomas Mannel

Theoretische Physik | Universitat Siegen

3rd Vienna Central European Seminar
on Particle Physics and Quantum Field Theory
December 01 - 03, 2006

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Contents

e Introduction / Motivation
@ Why Heavy Quark Physics?
@ Effective Field Theories

e Ancient Wisdom
@ Heavy Quark Limit
@ Heavy Quark Symmetries
@ Heavy Quark Effective Theory

e Inclusive Decays
@ Operator Product Expansion
@ Twist Expansion

e Recent Developments
@ Soft Collinear Effective Theory
@ Towards Understanding Nonleptonic Decays

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Introduction / Motivation
Why Heavy Quark Physics?
Effective Field Theories

Why Heavy Quark Physics?

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Qi Physics



Introduction / Motivation
Why Heavy Quark Physics?
Effective Field Theories

Why Heavy Quark Physics?

@ Flavour Mixing and CP-Violations are two of the most
important topics of contemporary Particle Physics

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Introduction / Motivation
Why Heavy Quark Physics?
Effective Field Theories

Why Heavy Quark Physics?

@ Flavour Mixing and CP-Violations are two of the most
important topics of contemporary Particle Physics
@ Itis all encoded in the UNITARY CKM MATRIX
appearing in the charged current interaction:
d
(@ ¢ Dr(—ww, Vckm :

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Introduction / Motivation
Why Heavy Quark Physics?
Effective Field Theories

Why Heavy Quark Physics?

@ Flavour Mixing and CP-Violations are two of the most
important topics of contemporary Particle Physics

@ Itis all encoded in the UNITARY CKM MATRIX
appearing in the charged current interaction:

d
N Vv
L=—"-(U C t)v*(1— )W S
50 & Dra—sw, Vekm| s
@ Entries in the CKM matrix:

Vud Vus Vub
VCKM = Vcd Vcs Vcb
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@ Tree dimensional (real) Rotation: Three angles 0;

Ci2 s;2 O C13 0  s13 1 0 0
Upp = —212 ¢ O , Uiz = 0 10 , U = g C3  Sp3

0o 1 —si3 0 c3 —Sp3  Cz3

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Introduction / Motivation
Why Heavy Quark Physics?
Effective Field Theories

CKM Matrix: Basics

@ Tree dimensional (real) Rotation: Three angles 0;

Ci2 s;2 O C13 0  s13 1 0 0
Upp = —212 ¢ O , Uiz = 0 10 , U = g C3  Sp3

0o 1 —si3 0 c3 —Sp3  Cz3
. 1 0 0
@ Single phase ¢: Us = [ o1 o } ,
0 0 e ")13

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Introduction / Motivation
Why Heavy Quark Physics?
Effective Field Theories

CKM Matrix: Basics

@ Tree dimensional (real) Rotation: Three angles 0;

Ci2 s;2 O C13 0  s13 1 0 0
Up=| —S12 ¢2 0 |, Ug= 0 10 » U =] 0 c3 sg3
0 0 1 —s13 0 c13 0 —sy3  Cp3

@ Single phase U = [ o 1 o } ,
0
@ PDG CKM Parametrization:

Vekm = U23U§U13U5U12
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CKM Matrix: Basics

@ Tree dimensional (real) Rotation: Three angles 0;

Ci2 s;2 O C13 0  s13 1 0 0
Upp = —212 ¢ O , Uiz = 0 10 , U = g C3  Sp3

0o 1 —si3 0 c3 —Sp3  Cz3
. 1 0 0
@ Single phase ¢: Us = [ o1 o } ,
0 0 e ")13

@ PDG CKM Parametrization:

Vekm = U23U§U13U5U12

@ Large Phases in V, = [Vple ™7 = s13e 7% and
Vig = [Vle"”
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CKM Unitarity: Unitarity Triangle

@ Out of six Unitarity Triangles only two have sides of
comparable lengths:
@ Depict the relation |V Vug + V{,Ved + ViyVig =0

Im as a triangle in the complex plane
I 3
p+in

Vl*h‘/ud
VeyVed ViiVia

Vi Ved

B

J » Re

1
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Why Heavy Quark Physics?

Effective Field Theories

@ Heavy Quarks: mg > Agcp

e Top Quark: my ~ 175 GeV (too heavy)
e Bottom Quark: my ~ 4.5 GeV (just 0.k.)
e Charm Quark: m¢ ~ 1.5 GeV (boarderline case)

e Strange Quarks: mg ~ 0.1 GeV (too light, but ...)

@ Almost all CKM matrix elements describe transitions
involving one or even two heavy quarks.

@ Determination of these matrix elements involve to
deal with the strong interaction of heavy quarks.
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@ Weak decays:
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@ Agcp ~ 200 MeV: Scale of strong interactions
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@ Weak decays:
Very different mass scales are involved:
@ Agcp ~ 200 MeV: Scale of strong interactions
@ m; ~ 1.5 GeV: Charm Quark Mass
e my ~ 4.5 GeV: Bottom Quark Mass
e m; ~ 175 GeV and My, ~ 81 GeV:
Top Quark Mass and Weak Boson Mass
@ Anp Scale of “new physics”
@ At low scales the high mass particles / high energy
degrees of freedom are irrelevant.
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Effective Field Theories

@ Weak decays:
Very different mass scales are involved:
@ Agcp ~ 200 MeV: Scale of strong interactions
@ m; ~ 1.5 GeV: Charm Quark Mass
e my ~ 4.5 GeV: Bottom Quark Mass
e m; ~ 175 GeV and My, ~ 81 GeV:
Top Quark Mass and Weak Boson Mass
@ Anp Scale of “new physics”
@ At low scales the high mass particles / high energy
degrees of freedom are irrelevant.
@ Construct an “effective field theory” where the
massive / energetic degrees of freedom are removed
(“integrated out”)
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Integrating out heavy degrees of freedom

@ ¢: light fields, : heavy fields with mass A

@ Generating functional as a functional integral
Integration over the heavy degrees of freedom

Z[il

J weliasien ( [ axieo. o) +j¢1)
— /[d¢] exp (/d“x [ﬁeﬁ(¢)+j¢]) with

exp </d4x L‘eff(gﬁ)) = /[dCD] exp (/d“x L(, d>))
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@ Technically: (Operator Product) Expansion in inverse
powers of A

Lon(6) = LD(0) + =

1
ALer (0) + 5 Led (9) +

@ L IS in general non-renormalizable, but ...
o £ is the renormalizable piece

@ For a fixed order in 1/A: Only a finite number of
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Why Heavy Quark Physics?

Effective Field Theories

@ For length scales x > 1/A: local effective Lagrangian

Technically: (Operator Product) Expansion in inverse
powers of A

Lan(6) = £8(0) + T£8(0) + LE(0) +

Les 1S IN general non-renormalizable, but ...

£%) is the renormalizable piece
@ For a fixed order in 1/A: Only a finite number of
insertions of Ef;f) is needed!

— can be renormalized
Renormalizability is not an issue here

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Introduction / Motivation

Why Heavy Quark Physics?

Effective Field Theories

_f = My,, m; Weak Gauge Bosons.Top Quark

- M= Mp Mass of the b Quark

& L= M Mass of the charm quark

T M= AQ(?D Hadronic Scale @
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Isgur, Wise, Voloshin, Shifman, Georgi, Grinstein, ...

@ 1/mq Expansion: Substantial Theoretical Progress!
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Isgur, Wise, Voloshin, Shifman, Georgi, Grinstein, ...

@ 1/mq Expansion: Substantial Theoretical Progress!
@ Static Limit: my, m. — oo with fixed (four)velocity

Vo = — =Db.C
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Isgur, Wise, Voloshin, Shifman, Georgi, Grinstein, ...

@ 1/mq Expansion: Substantial Theoretical Progress!
@ Static Limit: my, m. — oo with fixed (four)velocity

Vo = — =Db.C
Q va Q )
@ In this limit we have

Myadron = mQ
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@ For mg — oo the heavy quark does not feel any recoil
from the light quarks and gluons (Cannon Ball)
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Heavy Quark Limit

Isgur, Wise, Voloshin, Shifman, Georgi, Grinstein, ...

@ 1/mq Expansion: Substantial Theoretical Progress!
@ Static Limit: my, m. — oo with fixed (four)velocity
Vo = — =Db,c
Q mQ ) Q )
@ In this limit we have

Myadron = mQ

VHadron = V!
PHadron = PqQ } adon °

@ For mg — oo the heavy quark does not feel any recoil
from the light quarks and gluons (Cannon Ball)

@ This is like the H-atom in Quantum Mechanics I!
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Heavy Quark Symmetries

@ The interaction of gluons is identical for all quarks
@ Flavour enters QCD only through the mass terms
e m — 0: (Chiral) Flavour Symmetry (Isospin)

@ m — oo Heavy Flavour Symmetry
e Consider b and c heavy: Heavy Flavour SU(2)

@ Coupling of the heavy quark spin to gluons:

9
2mQ

Hine = Q@@-B)Q ™= 0
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Heavy Quark Symmetries

@ The interaction of gluons is identical for all quarks
@ Flavour enters QCD only through the mass terms

e m — 0: (Chiral) Flavour Symmetry (Isospin)
@ m — oo Heavy Flavour Symmetry
e Consider b and c heavy: Heavy Flavour SU(2)

@ Coupling of the heavy quark spin to gluons:

o _ 9
int 2mQ

@ Spin Rotations become a symmetry

Mg —0o0
N

H 0

Q(-B)Q
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Heavy Quark Symmetries

@ The interaction of gluons is identical for all quarks
@ Flavour enters QCD only through the mass terms

e m — 0: (Chiral) Flavour Symmetry (Isospin)
@ m — oo Heavy Flavour Symmetry
e Consider b and c heavy: Heavy Flavour SU(2)

@ Coupling of the heavy quark spin to gluons:

o _ 9
int 2mQ

@ Spin Rotations become a symmetry
e Heavy Quark Spin Symmetry: SU(2) Rotations

Mg —0o0
N

H 0

Q(-B)Q
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Heavy Quark Symmetries

@ The interaction of gluons is identical for all quarks
@ Flavour enters QCD only through the mass terms

e m — 0: (Chiral) Flavour Symmetry (Isospin)
@ m — oo Heavy Flavour Symmetry
e Consider b and c heavy: Heavy Flavour SU(2)

@ Coupling of the heavy quark spin to gluons:
o _ 9
int 2mQ

@ Spin Rotations become a symmetry
e Heavy Quark Spin Symmetry: SU(2) Rotations

@ Spin Flavour Symmetry Multiplets

Mo —00
H 2=

Q(-B)Q 0
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Bottom:
|(bT)s—0) = [B") |(bT);—1) = [B*")
(bd)s0) = [B") (b)) = B
|(bS)3-0) = [Bs) |(03);-1) = [Bg)
Charm:
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(bd)s0) = [B") (b)) = B
|(bS)3-0) = [Bs) |(03);-1) = [Bg)
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[(ud)oQl 2 ) = A)
[(W)iQl 2 - |[(Ud):Qy ) | [(Ad)1Ql, ) = o)
[(U)1Qlyyz ) | [(U)1Qls ), [[(d)1Ql 2 ) = [T)
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Baryonic Ground States

1QLi/2) » |[(u)iQly 2 |[(@):Ql
[():Qlyyz ) [ [(ue)1Qly 2 ) | [(dd)1Qls 2
oQl/2) - [[(@8)6Qly 2 ) = 1Zo)

= |Xq)

= [xq)

)
)
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Wigner Eckart Theorem for HQS

@ HQS imply a “Wigner Eckart Theorem”
(HO(W)| QI Qv
with H®)(v) = D®)(v) or B®(v)

H(*)(V’)> = Cr(v,Vv")E(v - V')
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Wigner Eckart Theorem for HQS

@ HQS imply a “Wigner Eckart Theorem”
(HO(v)] QI Qv

with H®)(v) = D®)(v) or B®(v)
@ Cr(v,Vv’): Computable Clebsh Gordan Coefficient

H(*)(V’)> = Cr(v,Vv")E(v - V')
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Wigner Eckart Theorem for HQS

@ HQS imply a “Wigner Eckart Theorem”
(HO(v)] QI Qv

with H®)(v) = D®)(v) or B®(v)

@ Cr(v,Vv’): Computable Clebsh Gordan Coefficient
e &(v -Vv’): Reduced Matrix Element

H(*)(V’)> = Cr(v,Vv")E(v - V')
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Heavy Quark Limit
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Ancient Wisdom

Wigner Eckart Theorem for HQS

@ HQS imply a “Wigner Eckart Theorem”
(HO(v)] QI Qv

with H®)(v) = D®)(v) or B®(v)

@ Cr(v,Vv’): Computable Clebsh Gordan Coefficient

e &(v -Vv’): Reduced Matrix Element

e &(v - v’): universal non-perturbative Form Faktor:
Isgur Wise Funktion

H(*)(V’)> = Cr(v,Vv")E(v - V')
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Heavy Quark Effective Theory

Ancient Wisdom

Wigner Eckart Theorem for HQS

@ HQS imply a “Wigner Eckart Theorem”
(HO(v)] QI Qv

with H®)(v) = D®)(v) or B®(v)

@ Cr(v,Vv’): Computable Clebsh Gordan Coefficient

e &(v -Vv’): Reduced Matrix Element

e &(v - Vv’): universal non-perturbative Form Faktor:
Isgur Wise Funktion

e Normalization of ¢ atv = v’:

H(*)(V’)> = Cr(v,Vv")E(v - V')

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Heavy Quark Limit
Heavy Quark Symmetries
Heavy Quark Effective Theory

Ancient Wisdom

Heavy Quark Effective Theory
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Heavy Quark Effective Theory

@ The heavy mass limit can be formulated as an
effective field theory
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Ancient Wisdom

Heavy Quark Effective Theory

@ The heavy mass limit can be formulated as an
effective field theory

@ Expansion in inverse powers of mg
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Heavy Quark Limit
Heavy Quark Symmetries
Heavy Quark Effective Theory

Ancient Wisdom

Heavy Quark Effective Theory

@ The heavy mass limit can be formulated as an
effective field theory

@ Expansion in inverse powers of mg
@ Define the static field h, for the velocity v

- 1
hy(X) = e'mo"‘xi(l +¥)b(x) Po = MgV + K
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Heavy Quark Limit
Heavy Quark Symmetries
Heavy Quark Effective Theory

Ancient Wisdom

Heavy Quark Effective Theory

@ The heavy mass limit can be formulated as an
effective field theory

@ Expansion in inverse powers of mg
@ Define the static field h, for the velocity v

- 1
hy(X) = e'mo"‘xi(l +¥)b(x) Po = MgV + K

@ HQET Lagrangian
. . . 1 _ - 2
L =hy(iv-D)h, + mhv(@) hy + -
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Heavy Quark Limit
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Heavy Quark Effective Theory

Ancient Wisdom

Heavy Quark Effective Theory

@ The heavy mass limit can be formulated as an
effective field theory

@ Expansion in inverse powers of mg
@ Define the static field h, for the velocity v

- 1
hy(X) = e'mo"‘xi(l +¥)b(x) Po = MgV + K

@ HQET Lagrangian

. . . 1 . - 2
L=y D)y + Ry h, o+

@ Dim-4 Term: Feynman rules, loops, renormalization...

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Heavy Quark Limit
Heavy Quark Symmetries
Heavy Quark Effective Theory

Ancient Wisdom

Heavy to Heavy: B — D/, and B — D*(,

@ Kinematic variable for a heavy quark: Four Velovity v
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Heavy Quark Limit
Heavy Quark Symmetries
Heavy Quark Effective Theory

Ancient Wisdom

Heavy to Heavy: B — D/, and B — D*(,

@ Kinematic variable for a heavy quark: Four Velovity v
@ Differential Rates

dr .
90 —(B — D*(iy)= 15 3yvcb12mg*(w2 — 1)Y2P (w)(F(w))?

dar G2 3, 2
dw(B — Dlpy)= pr 3]Vcb| (mg 4+ mp)?m3 (w

- 1)¥%(G(w))?

@ withw = v’ and
@ P(w): Calculable Phase space factor
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Heavy Quark Limit
Heavy Quark Symmetries
Heavy Quark Effective Theory

Ancient Wisdom

Heavy to Heavy: B — D/, and B — D*(,

@ Kinematic variable for a heavy quark: Four Velovity v
@ Differential Rates

dr .
90 —(B — D*(iy)= 15 3yvcb12mg*(w2 — 1)Y2P (w)(F(w))?

dar G2 3, 2
dw(B — Dlpy)= pr 3]Vcb| (mg 4+ mp)?m3 (w

- 1)¥%(G(w))?

@ with w =wvv’ and
@ P(w): Calculable Phase space factor
@ 7 and G: Form Factors

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics
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Ancient Wisdom

Heavy Quark Symmetries

@ Normalization of the Form Factors is known at
vv’ = 1 from Heavy Quark Symmetries:
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Ancient Wisdom

Heavy Quark Symmetries

@ Normalization of the Form Factors is known at
vv’ = 1 from Heavy Quark Symmetries:

@ Corrections can be calculated / estimated in HQET
F(w) = noeona [1 + 612 + - } + (w—1)p? + O((w — 1)3

. Mg — Mp
G(1) = noeoiv {1 +0 (—mB n mD>}
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Heavy Quark Limit
Heavy Quark Symmetries
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Ancient Wisdom

Heavy Quark Symmetries

@ Normalization of the Form Factors is known at
vv’ = 1 from Heavy Quark Symmetries:

@ Corrections can be calculated / estimated in HQET
F(w) = noeona [1 + 612 + - } + (w—1)p? + O((w — 1)3
mg — M
G(1) = noeoiv {1 +0 (M)}

Mg + Mp
1 1 1
@ Parameter of HQS breaking: — = — — —
Lo Mg My
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Heavy Quark Limit
Heavy Quark Symmetries
Heavy Quark Effective Theory

Ancient Wisdom

Heavy Quark Symmetries

@ Normalization of the Form Factors is known at
vv’ = 1 from Heavy Quark Symmetries:

@ Corrections can be calculated / estimated in HQET
F(w) = noeona [1 + 612 + - } + (w—1)p? + O((w — 1)3
mg — M
G(1) = noeoiv {1 +0 (M)}

Mg + Mp
1 1 1
@ Parameter of HQS breaking: — = — — —
Lo Mg My

@ 1, = 0.960 + 0.007, 15y = 1.022 + 0.004,
(Sl/uz = —(8 + 4)%, TIQED = 1.007

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics
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Ancient Wisdom

Form Factors from the Lattice

@ Unquenched Calculations become available!

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Heavy Quark Limit
Heavy Quark Symmetries
Heavy Quark Effective Theory

Ancient Wisdom

Form Factors from the Lattice

@ Unquenched Calculations become available!
@ Heavy Mass Limit is not used
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Heavy Quark Limit
Heavy Quark Symmetries
Heavy Quark Effective Theory

Ancient Wisdom

Form Factors from the Lattice

@ Unguenched Calculations become available!
@ Heavy Mass Limit is not used
@ Lattice Calculations of the deviation from unity

F(1)=0.9150
G(1) = 1.074 +0.018 + 0.016

A. Kronfeld et al.

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics
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Heavy Quark Limit
Heavy Quark Symmetries
Heavy Quark Effective Theory

IALEPH

326+ 20= 13
OPAL (partial reco)
378+ 12+ 23
OPAL (excl)

379+ 16+ 16
DELPHI (partial reco)
36.0+ 14+ 23
BELLE

349+ 18+ 17
CLEO

425+ 1.3+ 16
BABAR

344+ 03+ 12
DELPHI (exclu)
376+ 17+ 19
Average

36.2+ 0.8

HFAG

fidof =387/14 |

—_———
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40 45
F(1) x V| [107

&
o Ay’=1
=
= |
o
>
X
3 40
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35~

DELPHI
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HFAG

?ldof = 38.7/14
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Heavy Quark Limit
Heavy Quark Symmetries
Heavy Quark Effective Theory

Ancient Wisdom

&
S Ax'=1 CLEO
ALEPH =
39.76 + 10.00 = 6.43 —
o
=
CLEO X
4512+ 5.80 = 351 S ey
N
O
BELLE
40.99 + 4.40 £ 5.10 )
Average
4260+ 450 1
HFAG
»ildof = 0.3/ 4 | | | |
L
20 30 40 50
G(1) ><|Vcb| [109 p?
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Heavy Quark Limit

Ancient Wisdom :
Heavy Quark Symmetries

Heavy Quark Effective Theory

Vepexcl = (39.4 +£0.871755) x 1073

Bob Kowalewski @ ICHEP06
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Heavy Quark Limit

Ancient Wisdom :
Heavy Quark Symmetries

Heavy Quark Effective Theory

Vepexcl = (39.4 +£0.871755) x 1073

Bob Kowalewski @ ICHEP06

@ Possible Improvements:
More precise Lattice calculations

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics
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Inclusive Decays: Using OPE
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Operator Product Expansion
Inclusive Decays Twist Expansion

Inclusive Decays: Using OPE

Operator Product Expansion = Heavy Quark Expansion

(Chay, Georgi, Bigi, Shifman, Uraltsev, Vainstain, Manohar. Wise, Neubert, M,...)
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Operator Product Expansion
Inclusive Decays Twist Expansion

Inclusive Decays: Using OPE

Operator Product Expansion = Heavy Quark Expansion

(Chay, Georgi, Bigi, Shifman, Uraltsev, Vainstain, Manohar. Wise, Neubert, M,...)

[oc Y (2m)*0%(Pe — Px)[(X [Hert |B(V))]?
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Operator Product Expansion
Inclusive Decays Twist Expansion

Inclusive Decays: Using OPE

Operator Product Expansion = Heavy Quark Expansion

(Chay, Georgi, Bigi, Shifman, Uraltsev, Vainstain, Manohar. Wise, Neubert, M,...)

I o Z (27) 454 Pg — Px)|<X|Heﬁ|B(V)>‘2

/ d*X (B(V)[Hert (X)Hy (0)[B(V))

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Operator Product Expansion
Inclusive Decays Twist Expansion

Inclusive Decays: Using OPE

Operator Product Expansion = Heavy Quark Expansion

(Chay, Georgi, Bigi, Shifman, Uraltsev, Vainstain, Manohar. Wise, Neubert, M,...)

I o Z (27) 454 Pg — Px)|<X|Heﬁ|B(V)>‘2

— [ % (BV)IHer ()L (0) B(V))
—2im / 4 (B(V)|T {Hen (x)Hly (0)} B(v))
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Operator Product Expansion
Inclusive Decays Twist Expansion

Inclusive Decays: Using OPE

Operator Product Expansion = Heavy Quark Expansion

(Chay, Georgi, Bigi, Shifman, Uraltsev, Vainstain, Manohar. Wise, Neubert, M,...)

I o Z (27) 454 Pg — Px)|<X|Heﬁ|B(V)>‘2

— [ % (BV)IHer ()L (0) B(V))
—2im / 4 (B(V)|T {Hen (x)Hly (0)} B(v))
—2im [ d'e M BW)T (Fan (X)L (0)} BIV))
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Operator Product Expansion
Inclusive Decays Twist Expansion

Inclusive Decays: Using OPE

Operator Product Expansion = Heavy Quark Expansion

(Chay, Georgi, Bigi, Shifman, Uraltsev, Vainstain, Manohar. Wise, Neubert, M,...)

I o Z (27) 454 Pg — Px)|<X|Heﬁ|B(V)>‘2

— [ % (BV)IHer ()L (0) B(V))
—2im / 4 (B(V)|T {Hen (x)Hly (0)} B(v))
—2im [ d'e M BW)T (Fan (X)L (0)} BIV))

@ Last step: pp = mpv + Kk,
Expansion in the residual momentum k

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Operator Product Expansion

Inclusive Decays Twist Expansion

@ Perform an OPE: my is much larger than any scale
appearing in the matrix element

/ d*xe"™*T {Hen (x)HLy (0)}

o0 1 n
= <m) Chs3(1t)Onys
0 Q

n=

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Operator Product Expansion

Inclusive Decays Twist Expansion

@ Perform an OPE: my is much larger than any scale
appearing in the matrix element

/d4xeimeXT{ﬁef‘f(X)ﬁlﬁ(o)}
S (o )”cn+3<u>on+3

o 2mQ

— The rate for B — X.¢7, can be written as

1 1 1
F=To+ —T14+ —5To+ —5Tg+-
Mq m3 mg,

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Operator Product Expansion

Inclusive Decays Twist Expansion

@ Perform an OPE: my is much larger than any scale
appearing in the matrix element

/d4xeimeXT{ﬁef‘f(X)ﬁlﬁ(o)}
S (o )”cn+3<u>on+3

o 2mQ

— The rate for B — X.¢7, can be written as

1 1 1
F=To+ —T14+ —5To+ —5Tg+-
Mq m3 mg,

@ The I are power series in as(Mg):
— Perturbaton theory!

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Operator Product Expansion

Inclusive Decays Twist Expansion

@ [, is the decay of a free quark (“Parton Model”)
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Operator Product Expansion

Inclusive Decays Twist Expansion

@ [, is the decay of a free quark (“Parton Model”)
@ [; vanishes due to Heavy Quark Symmetries
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Operator Product Expansion

Inclusive Decays Twist Expansion

@ [, is the decay of a free quark (“Parton Model”)
@ [; vanishes due to Heavy Quark Symmetries
@ [, is expressed in terms of two parameters

My = —(H(v)|Qu(iD)*Qu[H(v))
2Mpg = (H(v)|Quoy, (iD*)(iD")QuIH(V))

i: Kinetic energy and ug: Chromomagnetic moment
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Operator Product Expansion

Inclusive Decays Twist Expansion

@ [, is the decay of a free quark (“Parton Model”)
@ [; vanishes due to Heavy Quark Symmetries
@ [, is expressed in terms of two parameters

My = —(H(v)|Qu(iD)*Qu[H(v))
2Mpg = (H(v)|Quoy, (iD*)(iD")QuIH(V))

i: Kinetic energy and ug: Chromomagnetic moment
@ [; two more parameters

2Mupd = —(H(v)IQu(iD,)(IvD)(iD*)Qu|H(v))
2Mups = (H(v)|Quo, (iD¥)(ivD)(iD)Qu[H(v))
pp. Darwin Term and p.s: Chromomagnetic moment

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Operator Product Expansion
Inclusive Decays Twist Expansion

NeW 1/m Contrlbutlon r4 (Dassinger, Turczyk, M.)

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Qi Physics



Operator Product Expansion
Inclusive Decays Twist Expansion

NeW: 1/mg Cont”bution r4 (Dassinger, Turczyk, M.)

@ Five new parameters:
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Operator Product Expansion
Inclusive Decays Twist Expansion

NeW 1/m Contrlbutlon r4 (Dassinger, Turczyk, M.)

@ Five new parameters:

(E?):  Chromoelectric Field squared

(§2 Chromomagnetic Field squared

((p?)?) : Fourth power of the residual b quark momentum
((p?)( - B)) : Mixed Chromomag. Mom. and res. Momentu
((p-B)(¢-p)) : Mixed Chromomayg. field and res. helicity

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Operator Product Expansion
Inclusive Decays Twist Expansion

NeW: 1/mg Cont”bution r4 (Dassinger, Turczyk, M.)

@ Five new parameters:

2) Chromoelectric Field squared

Chromomagnetic Field squared
: Fourth power of the residual b quark momentum

)) : Mixed Chromomag. Mom. and res. Momentu

—~~ ~~
T, T Oy
N
N—

—~
ql ~—

o]

.B)(¢-p)) : Mixed Chromomayg. field and res. helicity

@ Some of these can be estimated in naive factorization

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Operator Product Expansion
Inclusive Decays Twist Expansion

Heavy to Heavy: B — X /7,
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Operator Product Expansion
Inclusive Decays Twist Expansion

Heavy to Heavy: B — X /7,

@ Determine the HQE parameters from

e Charged lepton energy spectrum
e Hadronic invariant mass spectrum
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Operator Product Expansion
Inclusive Decays Twist Expansion

Heavy to Heavy: B — X /7,

@ Determine the HQE parameters from

e Charged lepton energy spectrum
e Hadronic invariant mass spectrum

@ From the theoretical side:
Calculation of moments of the spectra

1 d2r
n o - n
(MDy = /de M2 ECUtdEg—d —iE

n —

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Hadronic Invariant Mass Moments eumier rihen

<My> (GeV)

<M2> (GeV?)

2.15

2.10

2.05

2.00

10.0

9.5

9.0

8.5

Inclusive Decays

s
<MZ> (GeV?)

<(M2-<M2>)%> (GeV*)

Thomas Mannel, University of Siegen

Operator Product Expansion
Twist Expansion
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Ecut (GeV)
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Inclusive Decays

Operator Product Expansion
Twist Expansion

Le pto n E n e rgy M O m e ntS I (Buchmiiller, Flacher)

0.10

0.08
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0.04

® BABAR

B BELLE

\
(a)

<E > (GeV)

* DELPHI X HFAG

1.85 I I
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Operator Product Expansion
Inclusive Decays Twist Expansion

Le pto n E n e rgy M O m e ntS I I (Buchmiiller, Flacher)
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Operator Product Expansion

Inclusive Decays Twist Expansion

Vepinl = (41.96 + 0.23¢xp + 0.3540g + 0.59r,) x 103

O. Buchmdiller, HQL2006

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Operator Product Expansion
Inclusive Decays Twist Expansion

Twist Expansion

@ Calculation of spectra within the OPE

I O(L—y —p) {Z—Wﬂ—%yw(ﬁy{?’_“(ﬁ)}}

2
1.5
1 dl'
_ 1
I dy P oy = 2,
\\\ my
\
2
\ m
0.5 \ ) — e
\ P=r
\
\
0.2 0.4 0.6 0.8 1
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Operator Product Expansion

Inclusive Decays Twist Expansion

@ In the massless case this becomes for B — X /7,

dr yo1 GEIVAImS

dy 9673
1 — pg 12
1— TG 5(1— T 81—
O(1l-y)+ 6m2 ( y)+6mg( y)+

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Operator Product Expansion

Inclusive Decays Twist Expansion

@ In the massless case this becomes for B — X /7,

dr y—1 GZ|V&|m3

dy 9673

2 2 2
_ Hr = He 509 _ Hr_ 5101 —
{@(1 y)+ om? 5(1 y)+6m55(1 y)+ }

@ Likewise for B — Xgv (X = 2E”)

dr  Géamp

= BV Vi PCHf?
2
/“L7r ILLG/ lu7r 1
o(1 — —Y—=9 0" (1 —
(82— = E5der0 -0 + L =)+ )

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Operator Product Expansion
Inclusive Decays Twist Expansion

Shape- or Light-Cone Distribution Functions
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Operator Product Expansion
Inclusive Decays Twist Expansion

Shape- or Light-Cone Distribution Functions

@ Resummation into a shape function
or ||ght cone diStI’ibution funCtiOI’l (Bigi, Shifman, Uraltsev, Neubert, M., ...)

2Mgf(w) = (B(V)[byd(w +i(n - D))[B(v))

such that

dr _ GZ[ViIms

&~ e [ dweim(i—y) - w)i()
and

dr _ Giamg
dx 3274

[VisVip [*|C7[*F (M [1 — ])

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Operator Product Expansion

Inclusive Decays Twist Expansion

@ General Structure:

= 2.8 (mi> 50(L — x) + O((1/my) 15 (1 — x)

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Operator Product Expansion

Inclusive Decays Twist Expansion

@ General Structure:

ax = o2 (i) 9000 + 0(@a/me) 201 - x)

b

@ Coefficients a; are the moments of the spectrum:
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Operator Product Expansion

Inclusive Decays Twist Expansion

@ General Structure:

% =T [Z a; (mi) (1 —x) 4+ O((1/mp) Ts0(1 - x)]

b

@ Coefficients a; are the moments of the spectrum:
@ Moment Expansion of f in terms of HQE parameters:

12 I
f -5 5" . 5"
(@) = 00) + g (w) — i) +
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Operator Product Expansion

Inclusive Decays Twist Expansion

@ General Structure:

ol [Za (i) 9000 + 0(@a/me) 201 - x)

b

@ Coefficients a; are the moments of the spectrum:
@ Moment Expansion of f in terms of HQE parameters:

12 I
f -5 5" . 5"
(@) = 00) + g (w) — i) +

@ Twist Expansion in complete analogy to deep
inelastic scattering

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Soft Collinear Effective Theory
Towards Understanding Nonleptonic Decays
Recent Developments

R ece nt Deve I O p m e ntS : Soft Collinear Effective Theory

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Qi Physics



Soft Collinear Effective Theory
Towards Understanding Nonleptonic Decays
Recent Developments

R ece nt Deve I O p m e ntS : Soft Collinear Effective Theory

@ Problem: How to calculate corrections to the shape
functions?
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Soft Collinear Effective Theory
Towards Understanding Nonleptonic Decays
Recent Developments

R ece nt Deve I O p m e ntS : Soft Collinear Effective Theory

@ Problem: How to calculate corrections to the shape
functions?

@ More than two scales involved!
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Soft Collinear Effective Theory
Towards Understanding Nonleptonic Decays
Recent Developments

R ece nt Deve I O p m e ntS : Soft Collinear Effective Theory

@ Problem: How to calculate corrections to the shape
functions?

@ More than two scales involved!
@ Inclusive Rates in the Endpoint become (orchemski, sterman)

dlif =H xJ xS with * = Convolution
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Soft Collinear Effective Theory
Towards Understanding Nonleptonic Decays
Recent Developments

R ece nt Deve I O p m e ntS : Soft Collinear Effective Theory

@ Problem: How to calculate corrections to the shape
functions?

@ More than two scales involved!
@ Inclusive Rates in the Endpoint become (orchemski, sterman)

dlif =H xJ xS with * = Convolution

@ H: Hard Coefficient Function, Scales O(my)
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Soft Collinear Effective Theory
Towards Understanding Nonleptonic Decays
Recent Developments

R ece nt Deve I O p m e ntS : Soft Collinear Effective Theory

@ Problem: How to calculate corrections to the shape
functions?

@ More than two scales involved!
@ Inclusive Rates in the Endpoint become (orchemski, sterman)

dlif =H xJ xS with * = Convolution

@ H: Hard Coefficient Function, Scales O(my)
@ J: Jet Function, Scales O(,/MyAqcp)
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R ece nt Deve I O p m e ntS : Soft Collinear Effective Theory

@ Problem: How to calculate corrections to the shape
functions?

@ More than two scales involved!

@ Inclusive Rates in the Endpoint become orchemsi, sterman)
dif =H xJ xS with * = Convolution

@ H: Hard Coefficient Function, Scales O(my)

@ J: Jet Function, Scales O(,/MyAqcp)

@ S: Shape function, Scales O(Aqcp)
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Basics of Soft Collinear Effective Theory

@ Heavy-to-light decays:
Kinematic Situations with energetic light quarks
hadronizing into jets or energetic light mesons
Psin: Momentum of a light final state meson

pPi, ~ O(AgcoMs) V- Prin ~ O(My)

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics



Soft Collinear Effective Theory
Towards Understanding Nonleptonic Decays
Recent Developments

Basics of Soft Collinear Effective Theory

@ Heavy-to-light decays:
Kinematic Situations with energetic light quarks
hadronizing into jets or energetic light mesons
Psin: Momentum of a light final state meson

Pfin ~ O(AgcoMb) V- Prin ~ O(Mp)
@ Use light-cone vectorsn? =n2=0,n-n = 2:

1 _ 1 _
Piin = E(n : pfin)n and VvV = E(n + n)
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Basics of Soft Collinear Effective Theory

@ Heavy-to-light decays:
Kinematic Situations with energetic light quarks
hadronizing into jets or energetic light mesons
Psin: Momentum of a light final state meson

Pfin ~ O(AgcoMb) V- Prin ~ O(Mp)
@ Use light-cone vectorsn? =n2=0,n-n = 2:
1 _ 1 _
Piin = E(n . pfin)n and V = E(n + n)
@ Momentum of a light quark in such a meson:

1 _ _
Piight = E[(” - Piight)A + (1 - Piight)N] + Pight

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics
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@ Define the parameter A\ = \/Aqcp/Mp

@ The light quark invariant mass (or virtuality) is
assumed to be

Pight = (N - Piignt) (A - Piight) + (Pign)” ~ A°mg
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SCET Power Counting

@ Define the parameter A\ = \/Aqcp/Mp

@ The light quark invariant mass (or virtuality) is
assumed to be

Pight = (N - Piignt) (A - Piight) + (Pign)” ~ A°mg

@ The components of the quark momentum have to
scale as

(N Pight) ~ My (A Piight) ~ A°Mp Pight ~ AMp

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics
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A b”ef IOO k at SC ET (Bauer, Stewart, Pirjol, Beneke, Feldmann ...)

@ QCD quark field Q is split into a collinear component
¢ and a soft one with ¢ = 27l q

@ The Lagrangian Locp = q(i[D)q is rewritten in terms
of the collinear field

e

in.D +ie P

:—57‘+(|n D)¢ — &P ————
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A b”ef IOO k at SC ET (Bauer, Stewart, Pirjol, Beneke, Feldmann ...)

@ QCD quark field Q is split into a collinear component
¢ and a soft one with ¢ = 27l q

@ The Lagrangian Locp = q(i[D)q is rewritten in terms
of the collinear field

e

in.D +ie P

:—57‘+(|n D)¢ — &P ————

@ Expansion according to the above power couning:

in.D =in.0 +gnAc + gniAus = iy De + gy Aus
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A b”ef IOO k at SC ET (Bauer, Stewart, Pirjol, Beneke, Feldmann ...)

@ QCD quark field Q is split into a collinear component
¢ and a soft one with ¢ = 27l q

@ The Lagrangian Locp = q(i[D)q is rewritten in terms
of the collinear field

— S (in D)~ Gip. i ¢

@ Expansion according to the above power couning:
in.D =in.0 +gnAc + gniAus = iy De + gy Aus
@ Leading £ becomes non-local: Wilson lines
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@ Allows us to calculate radiative corrections
systematically

@ Extremely important for the determination of V,
@ Shape functions are modelled or taken from B — Xqv

Vubinel = (4.48 £ 0.20ep % 0.27pm, theo) x 1072|
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CLEO (endpoint) CLEO (endpoint)
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BELLE (endpoint) BELLE (endpoint)
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4.57£0.31 £0.41 N 442£030+024
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Average +/- exp +/- (mb,theory) Average +/- exp +/- (mb,theory)
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OPE-HQET-SCET (BLNP) Dressed Gluon Exponentiation (DGE)
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Towards Understanding Non-leptonic Decays

@ Non-leptonic decays require the calculation of
hadronic matrix elements of four-quark operators,
e.g. for a decay like B — 7w

M = (B|(b7,(1 = 75)a)(G"7.(L — 75)a")|7)
@ In the large my, limit a factorization theorem has been
proven (QCD-Factorization, similar to SCET)

(Beneke, Buchalla, Neubert, Sachrajda)
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@ Leading term is (contains) naive factorization

@ Non-perturbative qunatities are the soft form factor
and the light cone distributions of the light hadrons
and of the B meson

@ The strong phases of the matrix elements are either
perturbative (O(as(mp)))
or power suppressed (O(Agcp/Mpy))

@ — The strong phases are predicted to be small(ish)
@ — Important for the calculation of CP Asymmetries
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General Properties of QCD-Factorization

@ Leading term is (contains) naive factorization

@ Non-perturbative qunatities are the soft form factor
and the light cone distributions of the light hadrons
and of the B meson

@ The strong phases of the matrix elements are either
perturbative (O(as(mp)))
or power suppressed (O(Agcp/Mpy))

@ — The strong phases are predicted to be small(ish)
@ — Important for the calculation of CP Asymmetries
@ Does it work?
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Update on the CP Asymmetries by Neubert (CKM 2005)
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@ Starting about 1989 HQET and HQE put heavy quark
physics on a model independent basis

@ — Model dependence often appears only at
subleading orders

@ SCET is an ansatz to undestand also exclusive
non-leptonic decays systematically

@ | did not talk about Lattice QCD calculations:
Enormous progress due to better algorithms and to
stronger computers
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Summary I: The achievements

@ Effective field theory methods made precise
calculations in heavy quark physics possible

@ Starting about 1989 HQET and HQE put heavy quark
physics on a model independent basis

@ — Model dependence often appears only at
subleading orders

@ SCET is an ansatz to undestand also exclusive
non-leptonic decays systematically

@ | did not talk about Lattice QCD calculations:
Enormous progress due to better algorithms and to
stronger computers

@ Heavy Flavour Physics has become (in some
corners) a precision field.
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Is a small “deviation” due to physics beyond the
standard model or due to our lack of understanding of
QCD dynamics?

@ Subleading terms are under reasonable control only
for inclusive semileptonic decays

@ Exclusive non-leptonic decays still have uncertainties
of typically O(10%)

@ Up to now no (large) effects have been observed that
contradict the CKM description of flavour mixing and
CP violation
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Summary Il: The problems

@ The key question is:

Is a small “deviation” due to physics beyond the
standard model or due to our lack of understanding of
QCD dynamics?

@ Subleading terms are under reasonable control only
for inclusive semileptonic decays

@ Exclusive non-leptonic decays still have uncertainties
of typically O(10%)

@ Up to now no (large) effects have been observed that
contradict the CKM description of flavour mixing and
CP violation

@ Still the progress has been dramatic over the last 15
years ...

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Quark Physics
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1988: Pre-historic Unitarity Triangle
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2006: Todays Unitarity Triangle
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There are interesting tensions ...

Charmonium : :
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There are interesting tensions

T
Charmonium : :
0.726 +0.037 : 1 E
. J/’(]J 7‘(0 g g ICHEP 2004

0.40+0.33 " b !
D*" D* ; ;

(dc-bar) c
v}
*
S

0.34+0.20 L =l
0 '

n'Ks .
0.41+0.11 ]

s-penguin
o

KKK
0.53+0.17

Average (s-penguin) :
0.43x0.08 =+

-1 -075 -05 -025 0 025 05 075 1 125 15

o ... We shall see ...

- xS

Thomas Mannel, University of Siegen Theoretical Tools for Heavy Qi Physics



	Introduction / Motivation
	Why Heavy Quark Physics?
	Effective Field Theories

	Ancient Wisdom
	Heavy Quark Limit
	Heavy Quark Symmetries
	Heavy Quark Effective Theory

	Inclusive Decays
	Operator Product Expansion
	Twist Expansion

	Recent Developments
	Soft Collinear Effective Theory
	Towards Understanding Nonleptonic Decays


