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Flavour Physics in the SM

e Yukawa terms in the Standard Model
Ly =N L ®E; — AP, Q, 9D, — AV, Q; ®U; + h.c.

e Unitary rotations in family space and SSB
— diagonalise the Yukawa matrices
— vyields Dirac mass terms for quarks and charged leptons
— coupling of fermions to the Higgs

e However, terms in the Lagrangian density of charged current weak interaction
cannot be diagonalised simultaneously

Loo = Jy W+ g Wk
cC — 2\/— ( )
Ji = (ud)y_a+ (s )y_a+ ({t)y_a+ Z (7, D)y—a
l=e,u,T




Flavour Physics in the SM

e After phase redefinitions, mass eigenstates (d, s,b) and weak eigenstates (d’, s’,b)

are connected via the C K M matrix [Cabibbo’63; Kobayashi,Maskawa'73]
d/ Vud Vus Vub d
s’ — ‘/cd Vcs ‘/cb | S
v Via Vis Vi b
) Vo;M ”

o Vo Unitary in the SM = no FCNC processes at tree level in the SM
(G IM mechan |Sm) [Glashow, lliopoulos, Maiani’70]

e With N generations of quarks, physical content of Vi as consists of

1

5 N (N —1) Euler angles
1

5 (N —=1)(N —2) phases.




Flavour Physics in the SM

e CKM phases are the only known source of CP violation in the SM
= IN > 3 necessary for CP violation, but not sufficient. Need also

(mif —me) (my —my,) (mg —mg,) (my —mg) (my — mg) (mg —mg) x Jop #0

U c
with the Jarlskog invariant

Jop =2AA = |Im(Via Vi Vig Vip,)l (i # 7, a# B)

e Wolfenstein parameterization: Expansion in A ~ 0.226 [Wolfenstein'83]
1—\2/2 A N A(p—in)
Verm = —A 1— /2 A2 A +0(\Y) .
MNA(1—p—in) —X\2A 1

e From unitarity conditions: Construct " The" Unitarity Triangle




Flavour Physics in the SM
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Flavour Physics in the SM

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
= Baryon asymmetry of the Universe

— Indirect search for new physics (NP). Smoking guns:

* [s
*x AAcp(mK)

— Many observables: branching ratios,
CP asymmetries, polarisations, ...

e Need precision in theory predictions and

experimental measurements to disentangle
NP from SM background




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

- y




Effective theory for B decays

e To be supplemented by evanescent operators, e. g.
Ey = (doy*y" v uL)(Gryu v pebe) — 16 Q5

— Vanishes in 4 dim. due to v#y¥yP = gh’~yP — ghtP~Y + gVPyH + 1eMV PP~ s
— Non-vanishing in D dimensions

— Required to make the system closed under renormalisation

e Convenient resummation of large logarithms L = ln(‘L—VbV) via RG techniques
LO: O(agL") NLO: O(ayL™ 1) NNLO: O(amL"—2)

e Can use naively anticommuting 5 in CMM basis




QCD factorisation

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

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

1
(M1 M3|Q;|B) ~ mg FY~Y(0) fu, /O du T} (u) s, (u)

1
+fa fa Sy | dwdedu T (w,0,0) 65(0) 61, (0) basa(w)
0
o T111: Hard scattering kernels, perturbatively calculable. 7! = O(a)

e ' : B — M form factor
f; - decay constants
@; : light-cone distribution amplitudes




QCD factorisation

TI o I
/ verfex \ s?eaéu‘rf \
e e o pegin
Lo o _\/
NLO 0(x) E \/ ——b‘“]— ..LJ-— ,Aéz
C83vs, 33+] e

MNLO O(e) /\,\/ ED l J;;\J é}[ [: |

[ 8ell 03,03, =

Bowche , L, TH, ..] [M;]iad as ; C Bemehe, Toger 06,

Kt 06; Pikgp 03] Jain, Coklstoin, Stondt-0%]

moreoVvey : ﬂ?‘f wm'nJ mse/hm
- y,




Motivation for NNLO

e Phenomenologically relevant

— Strong phases start at O(ay)

x Direct CP asymmetries known to lowest order only
* Large (scale) uncertainties
x NNLO is therefore only the first correction

— C/T seems to be too small

x Large cancellation in LO + NLO
x Particularly sensitive to NNLO

e Conceptual and systematic aspects

— Verification of factorisation at NNLO

x Does factorisation hold at all?

— QCDF: systematic framework for computing perturbative corrections
= Let's do!




QCDF vs. experiment

e Branching ratios and CP asymmetries

_ _ 1 _ _
BB~ = 5[B(B—F+BB- /)
e _ BB~ ) - BB~
T BB~ )+ BB~ f)
QCDF Experiment
B(B— N 7T_7T0) — (55 + 10) % 10~ B(B_ — 7T_7T0) — (57 + 05) x 106
B(B® - ntr~) = (5.0+1.2)x 10 B(B* —atr~) = (5.13£0.24) x 107°
B(BO . 7.‘_0,7.‘.0) — (073 + 054) % 10—6 B(BO — 7T07T0) = (162 + 031) X 10_6
[Beneke, Jager'05] s 0 0 e
B(BY = %) = (0.9 1.4)x 10 BB =pp) = (1L1£04)x10
[Beneke,Rohrer, Yang'06]
Acp(B® — rtn—) =  —0.065+0.135 Acp(B® = ntn—) =  0.38+0.07
Acp(B? — n%%) = 0.451 4+ 0.592 Acp(B® — 7%7%) = 0.48+0.30
[Beneke, Neubert'03] [PDG’08]

e QQ: Does NNLO QCDF tend toward the

right direction?




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

_




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

C




Reduction methods

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

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. g.

dPk [ dPI -
= /(QW)D /(27T)D [(k + po)? = m] [(L+ po)? — m] (K +ug)® (I +ug)® k? (I - k)

e Integration-by-parts (IBP) identities, 8 per diagram [Tkachov'81; Chetyrkin, Tkachov'81]

dPk dPl 0
7 N — (- TR NV /T TR NV VR
[ [Gmm 5 P FLpil =03 =k b=k




Reduction methods h

e Lorentz-Invarianz (LI) identities, 1 per diagram et e O

dPk dPi 9
/(27T)D /(27T)D deh) lzplz/a—pu] f(k,l,p;) =0

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

N _ (8—=3D)(TuD — 8D — 24u + 28)
B 3(D — 4)?>mj u?
2[u(D — 4) + (16D — 56)(1 — w)]
; 3(D —4)2m? u? %

e Reduction is carried out for m. =0 (B — nw) and m. # 0 (B — D)

y




Master integrals | (m,. = 0)

VAR
m

@

o
=
N

®
()

e Double lines are massive, single lines are massless

e Dots on lines denote squared propagators




Master integrals Il (m,. = 0)

~
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Master Integrals )

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

e Poles up to 1/¢*. Analytic calculation of coefficient functions for m, = 0.
Harmonic polylogarithms up to weight 4 of argument w or 1 — w.  [Remiddi,Vermaseren'99]

® Several CaICU|ati0nS In agreement [Bell'07; Bonciani,Ferroglia’08; Asatrian,Greub,Pecjak’'08; Beneke,Li, TH'08]

e Most difficult master integral: \

— Possesses a three-fold Mellin-Barnes integral at u =1

[TH'09]

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]

- v




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, right insertion

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 T,L-(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




Master formula, wrong insertion

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

=) ~(1),n 1) (0 ~(1), ~(0 ~(1 1)7 7(0
Tz'( = A’El) Ty Zi(j) A§'1) + i4§1) T AW Agli_P/l(l) - Y1(1 )] Agli
O(e) O(e)
~(2 ~(2),n 1) (1 2) 7(0 ~(1),n
Tz( ) _ Agl) f—l—Zz(j)A§1) _|_Z,L(3)A§1) —I_Zc(xl) A§1) f
+ (i) o) AR 4+ (25) + € [AY + 28 A

(1 1 (1 (1) (1
_Tq;( ) [01(?1; + Y1(1)} _ ZHz‘(b) Yb(l)
b>1
HAD — AGT AD] + (i) 60 (AT — AW A
(2P + Zigy + €65 )AL — AT AY)

ext

1) 5(0) o (1 1 (2 2)1 F(0
_Cl(m)w A§1)[Y1(1) - Y1(1)] - [Y1(1) - Y1(1)] A§1)

R -




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 (numbers still 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 + - .-




Results

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

vh = (222500 — 9.4254) + (5.500 — 9.4254) a? + (—1.050) a2
v® = (—178.39 — 349.444) + (641.65 — 119.36i) a’> + (—85.39 — 62.63 ) al?
Va2 = (322.19 +320.944) + (—212.97 + 154.414) a}™ + (3.8146 — 34.0626 %) 5™
or(rm) = [1.008] 1) + [0.022 + 0.0093] 11y + [0.026 + 0.0284] 2y + - ..

e Have expressions for Vi(j) completely analytically,
including charm mass dependence




Factorisation test

Recall
V2 (r 7% Heps |B™) = Mar(nm) + ao(rn)] Anr
A = ’LG—\/% m% P~ (0)
I'(B~ — 70
R = @& —w ) = 37212 |Via|? loa (770) + aa (7))

d0(BY — m+-7)/dg?] ,_,

e Dependence on form factor and V,,;, drops out of the ratio

e Depending on the input, can extract
information on s, |V FZ7™(0), or A\p




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)

+ [522-] {[0.001] L0 + [0.001 + 0.0014] v+ g + [0.001]4ws } = —0.0287F7 003 + (—0.00614003 )

[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 Complete phenomenological analysis

y




Backup slides




Some definitions

A = i— mLFP=™(0)f,
\/§ B+ + ( )f
. _ 9f7‘(‘fB
°P mb)\BFf_}” (0)

_ > dw
Ag = / W o (wr 1)
0 W




