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Introduction and motivation

e CKM mechanism of quark flavour transitions well established
[Cabibbo’63; Kobayashi,Maskawa'73; Nobel Prize 2008]

e Quark flavour sector still an active field of research, era of precision physics
— Quantify its amount of CP violation (= BAU)
— Indirect search for new physics (NP). Smoking guns: 35, AAcp(nK)

— Many observables: branching ratios,
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Effective theory for B decays

GO R ORI

o My, Mz, my > my: integrate out heavy gauge bosons and t-quark

I

o Effective Hamiltonian: [Buras, Buchalla, Lautenbacher'96; Chetyrkin, Misiak, Miinz'98]
Gr P p :
Hepp = 7 > X [C1QF + Co@E + > CrQr + CsQs | +hec.
p=u,c k=3
QY = (dey*Tpr) Py, Tr)  Qa= (dey*T%br) Y. (7v.T%q) Qs = — 1222 mp dr, 0, G*" bR
Q5 = (dey*pr)(Pryubr) Qs = (dLy* 7" v?bL) 32 (V1Y)
Q3 = (dy*br) X, (GV.9) Qs = (dLy*y"v*T*bL) 3 (@17 T*q) Ap = Viu Vi
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Effective theory for B decays

e Convenient resummation of large logarithms L = ln(i—vbv) via RG techniques
LO: O(aZL™) NLO: O(alL™ 1) NNLO: O(a?L™?)
e To be supplemented by evanescent operators

e Can use naively anticommuting 5 in CMM basis




QCD factorisation k

e Theoretical description of non-leptonic B decays difficult due to complicated QCD
effects in the purely hadronic final state

® Slmpllflcat|0n in the limit my > AQCD [Beneke, Buchalla,Neubert,Sachrajda’99-'04]

1
(M Ma|Q|B) = m3, FE=M1(0) fu, / du T (u) $agy ()

1
T f5 fan Ft / dwdvdy TH (w,0,1) $5(w) éa (v) dary (1)

o T4 Hard scattering kernels, perturbatively calculable. 7! = O(a)

e F,: B — M form factor. f;: decay constants. ¢; : light-cone distr. amplitudes

PN
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QCD factorisation )

e Alternative representation of matrix elements [Beneke, Neubert 03]
V2 (m 1 Hepp |B™) = Ay o (77) + o (7m)] Arr
(Tt | Hepy |BY) = {Au]aa(mm) + o (mm)] + Acaf(mm) } Arr

— (7070 Heps |BY) = {Au]aa(nm) — aff(nm)] — Aca§(nm)} Arr

e « : colour-allowed tree amplitude, “right insertion” \/
® (5 : colour-suppressed tree amplitude, “wrong insertion” N e

o '/: Penguin amplitudes

oy (mm) = 1.015 + [0.025 4 0.012i]y + [?? 4 0.027i]yv — [523z] {[0.020]Lo + [0.034 + 0.029¢] v + [0.012] w3 }

= 09757507, + (001075 57 )

ap(mm) = 0.184 — [0.153 4 0.077i]y + [?? — 0.049i)yv + |53z ] {[0.122]o + [0.050 + 0.053¢] v + [0.071] 43 }

0.485
[Beneke, Buchalla, Neubert,Sachrajda’99,'01]
. +0.228 | +0.115 /e, i e e i Bl
— 0275_0 135 ( 0.073 o 082) [Beneke, Neubert’'03; Beneke,Jager'05,’06; Kivel'06; Pilipp'07; Bell’07]
. [Hill, Becher,Lee, Neubert'04; Becher,Hill'04; Kirilin’05; Beneke, Yang'05]

o Goal: O(ag) vertex corrections to a; and as < 2-loop matrix elements of ()1, ng

N




SCET operator basis

Right insertion

O = |x 7/iT(l—%) ) €7, (1 —5)ho]
02 — X %(1 — 75)’7J_7J_X] [£ d+(1 o ’75)’-)% Yo h ]
O = | %7(1 — 1)V VIVE ] (6, (1 — v )V v v v B

0/1 — —>_( %7(1 — 75) ] [§ﬂ+(1 + '75)hv]
05 = [x5% -7 [E, (L +)7Evih]
0, = I[x 7%(1 — VYT X] 67, (L + )72 737 78 o

Wrong insertion (only massless final state)

O1 = [E7%(1 —s)x] [X(1 4 75) 72 ho]
Oy = _g’MVLVL(l - 75)9(} [9_((1 +75)7a 77 7B 5 h ]
Os = [Ev$v]v17ve @ = )X [XQ + )7 vd v v vs hol

All operators with indices 2 and 3 are evanescent. Moreover: Fierz(O;)

N

:Ol in D=4
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Two-loop diagrams

e Non-factorizable two-loop M ﬁk/i

diagrams for non-leptonic s % 102

B—decays [Beneke, Buchalla, Neubert,Sachrajda’00] Aé ﬁi‘i jg%& Mz Abé‘ JiM %

T p
e Kinematics: pg = m%, q2 — () 18a 19a :‘g

]022()orp2=m2 | %%%& fgf%}y}i
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Reduction methods

e Work in dimensional regularisation with D = 4 — 2¢, to regulate UV and IR
divergences. Poles up to 1/¢*.

e Elimination of tensor structure via a Passarino-Veltman ansatz [Passarino, Veltman'79)]

e Yields scalar integrals with irreducible scalar products in the numerator

e Integration-by-parts (IBP) identities, 8 per diagram [Tkachov'81; Chetyrkin, Tkachov'81]
dPk a°l 0
v (k1 p)]=0: Ho—= kP b= kP pt
e Lorentz-Invarianz (LI) identities, 1 per diagram et e O

e Solve system of equations by means of Laporta algorithm

[Laporta’01; Anastasiou,Lazopoulos’04; Smirnov'08]

e Obtain scalar integrals as a linear combination of master integrals

(8= 3D)(TuD — 8D — 24u + 28) 2[u%(D — 4) + (16D — 56)(1 — u)]
- 3(D — 4)2mi uB a 3(D — 4)2m3 u3




Master Integrals

e Reduction yields 42 master integrals for m. = 0. For finite m.., this roughly doubles.

e Poles up to 1/e*. Analytic calculation of coefficient functions for m. = 0.

Harmonic polylogarithms up to weight 4 of argument w or 1 — w.  [Remiddi, vermaseren'99]

e Several calculations in agreement jseio7; Bonciani,Ferroglia’08; Asatrian, Greub, Pecjak'08; Beneke,Li, TH'08; TH'09]

e Sample integrals @W

e Applied techniques

— Hypergeometric functions

B (mg)l_26 F2(1—6)F(6)F(26—1) c 9 1:92 ¢ 1-u
- = BT e e = 15 7 — e 1l — )

* e-expansion: XSummer (Form), HypExp (Mathematica) jwoch uweros; maitre, TH05, 07]
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Master Integrals (cont'd.)
e Applied techniques (cont’d.)

— Mellin-Barnes representation [smirmov'99; Tausk'99]

_AZA a—z
A1+A2 27'("1, F(Oé)

x partially automated
*x Numerical cross checks possible

[Czakon'05; Gluza,Kajda,Riemann’07]

— Differential equations

0

)
b o

x Requires result of Laporta reduction.

[Kotikov'91; Remiddi'97]

TMI (w) = f(u, €) ME(w) + 3 g5 (u, €) MI ()

* Boundary condition in u = 0 or u = 1 from Mellin-Barnes representation




Master formula

e Master formula for the hard scattering kernel (right insertion)

T — gD Z(l) A<0>
T® = AP 4 70 4D 4 7@ 4O
+Z0 AR + (i) 5D A
1 1 1 1 1 1
Ve = Cor = 257 = Zup + Zea]

(1) v (1)
—-Y Hy'Y,
b>1

e Important check: Ti(l) and T,L-(Q) free of poles v
e Higher order € terms in Tz-(l) required for Ti(2)

o A( ) and A( ) include ME of evanescent operators

o Terms like Ti( )Zgz contain a convolution

o Yb(ll): renormalization constants of the SCET operator basis




Results

e Topological tree amplitude to NNLO (right insertion)

_ as Cr (1) , %s (2) (2) 2
Oél(MlMg) = (9 + A7 2N, {Clv + i |:Cl Vl +CQ‘/2 } —|—O(OAS)}—|—
Grvo = [ anr®) g
2Nc (4 0 7 2
dr,(w) = 6u(l—u) |1+ Z a2 CB3/2) (94 — 1)]
n=1

e We obtain at p = my (all numbers preliminary!)

V) = (=22.500 — 9.4254) + (5.500 — 9.4254) a}’? + (~1.050) a)

v = (—178.39 — 349.444) + (641.65 — 119.364) a2 + (—85.39 — 62.63 1) a2

V) = (322.19 + 320.944) + (—212.97 + 154.414) a2 + (3.8146 — 34.0626 i) a2
ar(rm) = [1.008]y, + [0.022 + 0.009i],, 1y + [0.026 + 0.0284] 1,2 + - .-




Outlook \
To do

e Two-loop color suppressed amplitude (wrong insertion) of vertex correction
e Comparison with results of G. Bell [Bell'09)]
e Massive final state (B — D)

e Penguin amplitudes

a(mm) = —0.029 — [0.002 + 0.001]y + [0.003 — 0.013i]p + [?? + ?? dJo(a2)

+ [522-] {[0.001] 0 + [0.001 + 0.0007] g+ g p + [0.001] 43 } = —0.02470 005 + (—0.01219:003 )i

a§(mm) = —0.029 — [0.002 + 0.0013]y — [0.001 + 0.0074]p + [?? + ?? ]o(a2)

+ [52E-] {[0.001] 0 + [0.001 + 0.001%] g+ p + [0.001]4ws } = —0.02870 003 + (—0.00610:003 )i

[Beneke,Buchalla,Neubert,Sachrajda’99,'01; Beneke, Neubert'03; Beneke,Jiger'05,'06; Kivel'06; Pilipp’'07; Bell'07]
[Hill, Becher,Lee, Neubert'04; Becher,Hill'04; Kirilin’05; Beneke, Yang'05]

e Phenomenological analysis

y
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Definitions and exptl. numbers

.GF

Ae = i — mEFE7™(0)f,
\/i B+ + ( )f
- _ 9f7rfB
°P mb)\BFf_)”(O)

_ > dw
>‘Bl — / U ¢B(w7 M)
0

B(B- - ) = (5.74£05)x107°
BB - rtn7) = (5.134+0.24) x 107°
B(B° — 2% = (1.62+0.31) x 107° [PDG08]
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