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QCD FaCtorlzatlon [Beneke, Buchalla, Neubert, Sachrajda 99,01]

systematic expansion in  as(my) and  Agcp/mp

(M1M2]Qi|B) =
> Q effective weak Hamiltonian (current-current, QCD/ew penguins, ...)
> M recoil meson (picks up spectator antiquark)
> M, emission meson
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QCD FaCtorlzatlon [Beneke, Buchalla, Neubert, Sachrajda 99,01]

systematic expansion in  as(my) and  Agcp/mp

(MMoIQB) = FBMi(0) [du T/(w) o, (u)

> Q effective weak Hamiltonian (current-current, QCD/ew penguins, ...)
> M recoil meson (picks up spectator antiquark)
> M, emission meson

> FB—Mi  heavy-to-light form factor (maximum recoil g% = 0)

> TiI perturbatively calculable hard-scattering kernel
> om, light-cone distribution amplitude
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QCD Factori

zation [Beneke, Buchalla, Neubert, Sachrajda 99,01]

systematic expansion in  as(my) and  Agcp/mp

(MMoIQB) = FBMi(0) [du T/(w) o, (u)

> Q
> M,
> M,

» FB—»MI
> T/

> om,

» Ti”
> o8, dm,
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+/dwdudv T/ w,u,v) G (w) by (V) dwy(1) + O (222)

effective weak Hamiltonian (current-current, QCD/ew penguins
recoil meson (picks up spectator antiquark)
emission meson

heavy-to-light form factor (maximum recoil g% = 0)
perturbatively calculable hard-scattering kernel
light-cone distribution amplitude

perturbatively calculable hard-scattering kernel
light-cone distribution amplitudes
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QCD Factorization

[Beneke, Buchalla, Neubert, Sachrajda 99,01]

systematic expansion in  as(my) and  Agcp/mp

(MMoIQB) = FBMi(0) [du T/(w) o, (u)

+ fawduy T w.u.v) da) duy (1) () + O (N2

My

strong phases (from final state interactions)

M2

— perturbatively calculable in QCD Factorization
— predicted to be small ~ O(as), O(1/mp)
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Topological amplitudes

VZAB™ -7 1% = ViV [a1+a2+...]Am
AB° =7 n7) = {VaVig[or+af] + VeV a§ + .} Acn
—AB® - 7070 = {VubV:d [az - aﬁ] — VeV ag + .. } Arr
«ay color-allowed tree ay color-suppressed tree a:’c QCD penguins
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Topological amplitudes

V2ZAB™ — 1 %) = vubvjd[al+a2+...]A”

AB° =7 n7) = {VaVig[or+af] + VeV a§ + .} Acn
= {VwVis[az - af] ~ VeoVig a§ + ..} Ann

ap color-allowed tree ay color-suppressed tree a:’c QCD penguins

— A(B® — 7%70)

Tree amplitudes in QCDF  (C; ~ 1.1, C, ~ —0.2)

Cy

- Cc+ 2

oy 1+NC
Cy

= C —

o 2+NC

N

Naive factorization

NNLO VERTEX CORRECTIONS IN OCD FACTORIZATION GUIDO BELL
FLAVOUR IN THE ERA OF LHC - CERN OCTOBER 2006



Topological amplitudes

V2AB™ —» 7 a0 = Vb Vg [al +as+... ]Amr
AB° =7 n7) = {VaVig[or+af] + VeV a§ + .} Acn
—AB® - 7070 = {VubV:d [az - aﬁ] — VeV ag + .. } Arr
ap color-allowed tree ay color-suppressed tree a:’c QCD penguins

Tree amplitudes in QCDF  (C; ~ 1.1, C, ~ —0.2)

G as 1
= C+ 2 = |cyv
o Re T 4 [ 2
Cl Qs [
= C It sl c,v®
ap 2+ N + o 1
Naive factorization Vertex corrections
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Topological amplitudes

V2AB™ —» 7 a0 = Vb Vg [al +as+... ]Amr
AB° =7 n7) = {VaVig[or+af] + VeV a§ + .} Acn
—AB® - 7070 = {VubV:d [az - aﬁ] — VeV ag + .. } Arr
ap color-allowed tree ay color-suppressed tree a:’c QCD penguins

Tree amplitudes in QCDF  (C; ~ 1.1, C, ~ —0.2)

C
[e%} Ci + =2 + s [Cz v + Ny Cy H® :|
Nc 47
C
ay = Cz-i-fl —+ &s [Clv(l) + Ny ClH(l):|
N(; 47
Naive factorization Vertex corrections Hard spectator

interactions
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Topological amplitudes

V2AB™ —» 7 a0 = Vb Vg [al +as+... ]Amr
AB° =7 n7) = {VaVig[or+af] + VeV a§ + .} Acn
—AB® - 7070 = {VubV:d [az - aﬁ] — VeV ag + .. } Arr
ap color-allowed tree ay color-suppressed tree a:’c QCD penguins

Tree amplitudes in QCDF  (C; ~ 1.1, C, ~ —0.2)

ag Ci+ = + - [CZ vih 4+ Ny G H(l)} +  O()
Nc 47
_ G as @ @ 2
ap, = Cr+—= + C VvV + Ny CyH + O(as)
Nc 47

AL \/ i% 545 current effort !

(beyond BBNS 01)

Naive factorization Vertex corrections Hard spectator
interactions
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Status of NNLO calculation

2
i = -5 v BRVIO) L@ L~ L®
R |NNLO = W CiVy™ + Ciz1V," + Ny (C| H;” + Cit1 H, )}
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Status of NNLO calculation

2
Qs

o np {ci VP + CeaV? + Nu (CiHP + Ciy ng))}

H®: NLO hard spectator interactions  (— talk by S. Jager, 2nd meeting)

|
§\/ 1-loop calculation

E 2 perturbative scales  (My, v/AgcpMb)
Status: tree amplitudes calculated [Beneke, Jager 05; Kivel 06; Pilipp 06 (prel)]
(first results for penguin amplitudes) [Beneke, Jager 06 (prel)]
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Status of NNLO calculation

a2 2 2 2 2
o 7(47:)2 {ci VI + CeaVf? + Nu (CHP + Cia Hf ))}

H®: NLO hard spectator interactions  (— talk by S. Jager, 2nd meeting)

§é\/ 1-loop calculation
3 2 perturbative scales  (My, v/AgcpMb)

Status: tree amplitudes calculated [Beneke, Jager 05; Kivel 06; Pilipp 06 (prel)]
(first results for penguin amplitudes) [Beneke, Jager 06 (prel)]
Vi(z): NNLO vertex corrections (— this talk)
\@ﬁ% ; ; 2-loop calculation
1 perturbative scale  (my)
Status: imaginary part of tree amplitudes calculated [GB 06 (prel)]
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Status of NNLO calculation

a2 2 2 2 2
o 7(47:)2 {ci VI + CeaVf? + Nu (CHP + Cia Hf ))}

H®: NLO hard spectator interactions  (— talk by S. Jager, 2nd meeting)

§é\/ 1-loop calculation
3 2 perturbative scales  (My, v/AgcpMb)

Status: tree amplitudes calculated [Beneke, Jager 05; Kivel 06; Pilipp 06 (prel)]
(first results for penguin amplitudes) [Beneke, Jager 06 (prel)]
Vi(z): NNLO vertex corrections (— this talk)
\@ﬁ% ; ; 2-loop calculation
1 perturbative scale  (my)
Status: imaginary part of tree amplitudes calculated [GB 06 (prel)]
faf
Normalization: Ny = 472 — M 05-15
NemgAgF,  1(0)
GUIDO BELL

NNLO VERTEX CORRECTIONS IN OCD FACTORIZATION

FLAVOUR IN THE ERA OF LHC - CERN OCTOBER 2006



Input parameters and power-corrections

Non-perturbative input
> heavy-to-light form factor FB—M1(0)

» distribution amplitude of light mesons

om(u;p) = 6ui [1+agﬂ(u) Cc¥?(2u — 1) +al (u) C¥'?(2u

» B meson distribution amplitude

o - L St e = el |
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Input parameters and power-corrections

Non-perturbative input
> heavy-to-light form factor FB—M1(0)

» distribution amplitude of light mesons
om(u;p) = 6ui [1 +afl(u) P (2u — 1) + &l (u) CY¥/P(2u — 1) + ...
» B meson distribution amplitude

o - L St e = el |

Power-corrections

dw " £ #B(wi 1)
w w

; Agcp
» parametrically small ~ O (%b)

» in general non-factorizable —  not accessible with same systematics

» BBNSinclude — fact. corrections calculable in QCDF
— non-fact. corrections model-dependent estimate (Xy, Xa)
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NNLO vertex corrections

Kinematics : 4-point function, only 2 linearly independent momenta
ug -(L-u)g ) )
p® =my

a>=(p-9g)?>=0

P —>—a—s— pPq
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NNLO vertex corrections

Kinematics : 4-point function, only 2 linearly independent momenta
ug -(L-u)g ) )
p® =my

a>=(p-9g)?>=0

P —>—a—s— pPq

Examples: % M ﬁ\/ %;A/

~ 75 2-loop diagrams, 6 propagators (0-3 massive)
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NNLO vertex corrections

Kinematics : 4-point function, only 2 linearly independent momenta
ug -(L-u)g
p?=mp
®=(p-a)?’=0

P —>—a—s— pPq

Examples: % M ﬁ\/ @/

~ 75 2-loop diagrams, 6 propagators (0-3 massive)

Strategy: » general tensor decomposition —  scalar integrals
» automatized reduction algorithm
~ 6.000 scalar integrals —  ~ 30 Master Integrals
P calculation of Master Integrals
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NNLO vertex corrections (c’td)

Characterization:

+ only two physical scales \
— complicated topologies M &
— combinatorics — large number of Mls

— IR-structure ~ 1l/ek (and1/e3,) —
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NNLO vertex corrections (c’td)

Characterization:
+
— complicated topologies

only two physical scales \

N/
large number of MIs
1/ef,  (and 1/€2,)

— combinatorics —

— IR-structure

~ —

Simplification:  focus on imaginary part

» extraction at level of Master Integrals
» less diagrams (~ 40), less Master Integrals (12)
> el =1+4ine+... i7r/5|3R

— —
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NNLO vertex corrections (c’td)

Characterization:
+ only two physical scales M
— complicated topologies o

— combinatorics — large number of Mls

IR-structure ~ 1/efy (and1/e2,) — calculate 5 coeffs of Mis

Simplification:  focus on imaginary part (— strong phases)

» extraction at level of Master Integrals
» less diagrams (~ 40), less Master Integrals (12)

> el =1+4ine+... - in/e, —  calculate 4 coeffs of Mis
Reminder:  im[ay] = ;i; Im{CZV(l) + j—; [clvf) + oV + Ny (R +02H§2))]}
im[ag] = Zi; |m{c1v(1) + %Sr [CZV{Z) + €1V + Ny (oM + clH;Z))] }

—  NLO complexity, inverted role of C; ~ 1.1,Cy ~ —0.2
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Reduction to Master Integrals

scalar integral in Dim Reg

SM ... 8D
|(pi):/ddk ddp L= m >0, n>1
PPy

defines unique topology (= interconnection of propagators and external momenta)
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Reduction to Master Integrals

scalar integral in Dim Reg

S ... 8
I(pi) = [ d9%d9l L= m >0, n>1

PPy

1 7p

defines unique topology (= interconnection of propagators and external momenta)
P Integration by parts — identities [Chetyrkin, Tkachov 81]
o SM...S8M
/ddkddl Sur 4 =0 v e {k,l}
Pt Py
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Reduction to Master Integrals

scalar integral in Dim Reg

S ... 8
I(pi) = [ d9%d9l L= m >0, n>1
PPy
1 7p
defines unique topology (= interconnection of propagators and external momenta)
P Integration by parts — identities [Chetyrkin, Tkachov 81]
o SM...S8M
/ddkddl Sur 4 =0 v e {k,l}
Pt Py
» Lorentz invariance — identities [Gehrmann, Remiddi  00]

I(pi) invariant under Lorentz transformation of p;
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Reduction to Master Integrals

scalar integral in Dim Reg

S ... 8
I(pi) = [ d9%d9l L= m >0, n>1
PPy
1 7p
defines unique topology (= interconnection of propagators and external momenta)
P Integration by parts — identities [Chetyrkin, Tkachov 81]
o SM...S8M
/ddkddl Sur 4 =0 v e {k,l}
Pt Py
» Lorentz invariance — identities [Gehrmann, Remiddi  00]

I(pi) invariant under Lorentz transformation of p;

— identities relate 1(p;) to simpler and more complicated integrals

increasing m; and n; — identities > integrals [Laporta 00]

here: (0(10.000) identites —  systematic solution (e.g. Laporta-algorithm)
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List of Master Integrals (Im part)

t=2 — t=3

GUIDO BELL
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List of Master Integrals (Re part)

O e

& o O

R
S

OOOOOOOOOOO



Calculation of Master Integrals

» Method of differential equations [Kotikov 91; Remiddi 97]
9 St...85
—Mlu)f/dkdl 5 Ta—
U Po
" a(u;d) Mi(u) + 3 by(u; d) Mij(u)
A
inhomogeneity:  Mls of simpler topologies
ansatz: Mli(u) = 37 cij(u) el — solve order by order in ¢
main task: inhomogeneous equation —  Harmonic Polylogarithms

[Remiddi, Vermaseren 00]
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Calculation of Master Integrals

» Method of differential equations [Kotikov 91; Remiddi 97]
9 St...85
—Mlu)f/dkdl 5 CTa——
U Po
" a(u;d) Mi(u) + 3 by(u; d) Mij(u)
A
inhomogeneity:  Mls of simpler topologies
ansatz: Mli(u) = 37 cij(u) el — solve order by order in ¢
main task: inhomogeneous equation —  Harmonic Polylogarithms

[Remiddi, Vermaseren 00]
» Calculation of boundary condition
corresponds to "simpler” single-scale integral  MI;(0), MI;(1)
—  Mellin-Barnes techniques [Smirnov 99; Tausk 99]
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Calculation of Master Integrals

» Method of differential equations [Kotikov 91; Remiddi 97]
9 St...85
—Mlu)f/dkdl 5 CTa——
U Po
" a(u;d) Mi(u) + 3 by(u; d) Mij(u)
A
inhomogeneity:  Mls of simpler topologies
ansatz: Mli(u) = 37 cij(u) el — solve order by order in ¢
main task: inhomogeneous equation —  Harmonic Polylogarithms

[Remiddi, Vermaseren 00]
» Calculation of boundary condition
corresponds to "simpler” single-scale integral  MI;(0), MI;(1)
—  Mellin-Barnes techniques [Smirnov 99; Tausk 99]

» Check with numerical method
—  Method of sector decomposition [Binoth, Heinrich 04]
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Example: 4-topology Ml

with

@

@

.

@ = emmai),

2
20

Tz”luu)]
56+ “L [(n = 20)(Lig() ~ Iuin() ~ ; W = )

S+ (0O ] el

JT”(!..JM +Inulng + 20— (’)]}

In*(u) +2lnu —

o
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Renormalization and IR-subtractions

» Renormalization

counterterms:  QCD and Heg
subtleties: evanescent operators (NLO: standard, NNLO: complicated)
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Renormalization and IR-subtractions

» Renormalization

counterterms:  QCD and Heg
subtleties: evanescent operators (NLO: standard, NNLO: complicated)

» IR-subtractions

Q)" = FTixg

-, FO Ti(z) + 0 +FQ@ Ti(l) + 0@ L FO TD L 451 R divergent

F(®)  form factor subtraction

#1)  wave function subtraction g <> &ﬁ <> %a% <>

—  cancelation of all UV- and IR-divergencies provides important cross-check!
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Comparison with NLO and fFy-limit (preliminary)

> Bo-limit: .
4 ng — —%,80 [Neubert, Pecjak 02; Burrell, Williamson 05]
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Comparison with NLO and [p-limit (preliminary)

| 4 Bo-limit: .
4 ng — —%,80 [Neubert, Pecjak 02; Burrell, Williamson 05]

» qualitative result  (without NLO spectator scattering)
shownas ¢(u) =Gy Tji(u) ¢(u), — « = fdu ¢(u),

Im[¢y (u)] Im[¢z(u)]

0.1 0.1

0.08 0.05

0.06

0.04

0.02
NNLO

— V(3 adds construcively to NLO results, substantial contribution
—  fBo-limit:  fine for Im[a,], fails for Im[ay]

remind:  Im[a;] ~ C,  in NLO!
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Full NNLO result (preliminary)

input parameters:

AVSG) | my(my) | me(my) | mPoe fg FB=7(0) AB aZ (2 Gev)
0.225 4.2 13402 | 48 | 024003 | 0.2840.05 | 0.35+0.15 | 0.140.2
NNLO result:
v v(@ H?) NNLO
[BBNS 01] [GB 06] [BJ 05]
Im[ea(77)] =  0.012
Im[az(nm)] = —0.077
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Full NNLO result

input parameters:

(preliminary)

AVSE) | my(my) | me(my) | mbe* fo EEC) Xe az (2 GeV)
0.225 4.2 1.3+£0.2 4.8 0.24+0.03 | 0.2840.05 | 0.354+0.15 | 0.140.2
NNLO result:
v(®) v (@ H(?) NNLO
[BBNS 01] [GB 06] [BJ 05]
Im[aa(77)] = 0.012 + 0.026
Im[az(nm)] = —0.077 — 0.042

NNLO VERTEX CORRECTIONS IN OCD FACTORIZATION

FLAVOUR IN THE ERA OF LHC

CERN
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Full NNLO result

(preliminary)

input parameters:

AMSG) | my (my) me(mp) mPee fg FE=m(0) Ag aj (2 Gev)
0.225 4.2 1.3+0.2 4.8 0.2+0.03 | 0.2840.05 | 0.35+0.15 | 0.140.2
NNLO result:
v(®) v (@ H(?) NNLO
[BBNS 01] [GB 06] [BJ 05]
Im[aa(7)] = 0.012 + 0.026 — 0.028 = 0.010 + 0.030
Im[az(nm)] = —0.077 — 0.042 + 0.043 = -0.076 £0.046
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Full NNLO result (preliminary)

input parameters:

AMSG) | my (my) me(mp) mPee fg FE=m(0) Ag aj (2 Gev)
0.225 4.2 1.3+02 | 48 | 02+0.03 | 0.28+0.05 | 0.354+0.15 | 0.1+0.2
NNLO result:
v v(@ H?) NNLO
[BBNS 01] [GB 06] [BJ 05]
Im[ea(77)] = 0.012 + 0.026 — 0.028 = 0.010+ 0.030
Im[az(nm)] = —0.077 — 0.042 + 0.043 = -0.076 £0.046

» NNLO important, but accidental cancelation between V(2 and H(®
> dominant errors: a7 and \g [no estimate of power-corrections]
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Conclusion

» on-going effort to calculate NNLO corrections in exclusive charmless B decays

» imaginary part of tree amplitudes completed:  (preliminary)

Im[ay(77)] =  0.010 + 0.030
Im[az(nm)] = —0.076 + 0.046

essentially no correction to BBNS result due to a cancelation of V(? and H®
» no evidence for large strong phases

» individual NNLO contributions sizeable
—  motivates NNLO analysis of penguin amplitudes which
are particularly important for CP violating observables
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