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Precision B physics?

Expect precision measurements from current + future B physics experiments

Some goals: » 6Br(B — Xs7v) ~ 5% @ | FastMC,LHCb 261 ]
<
> 6Vub ~ 5% vz;+_+m
NE=s
» dy~5° of 4+
o LHCD -+
» Am(B— K*€+€7) 1080 ~ 10% L s n " ,

Theory is challenged to match the experimental precision
» construct observables that are almost free of hadronic uncertainties
» need progress from non-perturbative methods

» work out subleading corrections: NNLO and 1/my,
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B physics at the NNLO frontier

NNLO programme complete for weak effective Hamiltonian

Het = »_ Ci Q;
» 2-loop / 3-loop matching corrections [Bobeth, Misiak, Urban 99; Misiak, Steinhauser 04]
» 3-loop / 4-loop anomalous dimensions [Gorbahn, Haisch 04; Gorbahn, Haisch, Misiak 05;

Czakon, Haisch, Misiak 06]

— need hadronic matrix elements to same level of precision

Some decay modes that are currently investigated at NNLO:

B — Xsvy

B — Vv
B — Xse+£7

B — MM
B — X,tv
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B physics at the NNLO frontier

NNLO programme complete for weak effective Hamiltonian

Het = »_ Ci Q;
» 2-loop / 3-loop matching corrections [Bobeth, Misiak, Urban 99; Misiak, Steinhauser 04]
» 3-loop / 4-loop anomalous dimensions [Gorbahn, Haisch 04; Gorbahn, Haisch, Misiak 05;

Czakon, Haisch, Misiak 06]

— need hadronic matrix elements to same level of precision

Some decay modes that are currently investigated at NNLO:

B — Xsv In this talk:
B — Vv

B — Xstte— Part1: B — X v, B — Mtv
B — MM

B — Xytv Part2: B — MM
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Factorization in semileptonic decays

Inclusive decays: B — Xyfv
» experiments impose cuts to suppress background from B — X¢flv
» measurements restricted to shape-function region: Ex ~ mp, mf( ~ mMpAacp

[Korchemsky, Sterman 94]
Wi~ 37 Hynep) [ dod(e2) S()
i, \ / \
mp v MpAacp Aacp

NNLO CORRECTIONS TO SEMILEPTONIC AND HADRONIC B DECAYS GUIDO BELL
WORKSHOP ON NEW PHYSICS, FLAVORS AND JETS - RINGBERG APRIL 2009



Factorization in semileptonic decays

Inclusive decays: B — Xyfv
» experiments impose cuts to suppress background from B — X¢flv

» measurements restricted to shape-function region: Ex ~ mp, mf( ~ mMpAacp

[Korchemsky, Sterman 94]
Wi~ 37 Hynep) [ dod(e2) S()
i, \ / \
mp v MpAacp Aacp

Exclusive decays: B — (v at large recoil

» symmetry relations emerge in large energy limit Ex ~ my, [Charles et al. 98]

» soft Feynman mechanism vs. hard scattering
[Beneke, Feldmann 00]

FIE) ~ GUE)E(E) + [ dw [ duTi(E.o.t) d5(w) om(w)

/ \ | \
my, vV mMpbAacos Aaco mp, \/MpAacp Aaco
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Heavy-to-light currents in SCET

2-body operators

gro = /dsC s) 0W(s) + Z/ds1dsg
——S.
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[Bauer, Fleming, Pirjol, Stewart; Beneke,
Feldmann; Chay, Kim; Hill, Neubert; ... 00+]

3-body operators

<5088

EB)(s1,sg) OfB)(shsz) + ...
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Heavy-to-light currents in SCET

2-body operators

[Bauer, Fleming, Pirjol, Stewart; Beneke,
Feldmann; Chay, Kim; Hill, Neubert; ... 00+]

3-body operators

grb = /ds C fA)(s) + Z/ds1 ds, é,-(B)(S1,Sg) OfB)(s1,32) + ...
i

-

Inclusive decays: leading contribution
oW - ues
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power-correction
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Heavy-to-light currents in SCET

2-body operators

[Bauer, Fleming, Pirjol, Stewart; Beneke,

Feldmann; Chay, Kim; Hill, Neubert; ...

3-body operators

00+]

arb = / ds E(9) 0(s) + Y [ asrdse 6 (s1,52) OV (s1.52) + ...
i

-

Inclusive decays: leading contribution
oW - ues

Exclusive decays:  leading contribution
A
(0 — ¢
soft-overlap contribution
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leading contribution
(0P — U ® b5 @ dm
hard spectator scattering
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HeaVY'tO'I Ig ht CU rre ntS In SC ET [Bauer, Fleming, Pirjol, Stewart; Beneke,

Feldmann; Chay, Kim; Hill, Neubert; ... 00+]

2-body operators 3-body operators
Ggrb = /dsC O(A (s) + Z/d31d32 C ) (51, 5) O )(s1,80) + .
e e
=
3
Hard coefficients O(as) : 1-loop
[Beneke,Feldmann 00;
QCD — SCET/ Bauer, Fleming, Pirjol, Stewart 00]
O(a2) : 2-loop O(a2) : 1-loop

[Beneke, Kiyo, Yang 04; Becher, Hill 04]

— 2-loop matching required for NNLO analysis of inclusive and exclusive B decays!

NNLO CORRECTIONS TO SEMILEPTONIC AND HADRONIC B DECAYS GUIDO BELL

WORKSHOP ON NEW PHYSICS,

FLAVORS AND JETS - RINGBERG APRIL 2009



Heavy-to-light currents in SCET

[Bauer, Fleming, Pirjol, Stewart; Beneke,
Feldmann; Chay, Kim; Hill, Neubert; ... 00+]

2-body operators 3-body operators

grb = /dsC O(A (s) + Z/d31d32 C (31,52)0 (s1,sz) + .

s s

<5088

Status of 2-loop matching calculation

> [ =~H B — Xylv, B — mwlv [Bonciani, Ferroglia 08; Asatrian, Greub,

Pecjak 08; Beneke, Huber, Li 08; GB 08]

» =10 B— Xtte—, B— K*¢te— [GB, Beneke, Huber, Li in preparation]

NDR-scheme relates currents with and without ~5
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Outline of matching calculation

Heavy-to-light currents at leading power

ard = Y- [ ds 6(s) leWhel(sns) 7

Strategy: compute (q|...|b) in QCD and SCET
matching simplifies in Dimensional Regularization with on-shell quarks

— SCET diagrams are scaleless and vanish

Main task: 2-loop QCD calculation

& !

o q2:(1—u)m§
b R Yo
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Multi-loop techniques

Automatized reduction algorithm

» integration-by-parts identities [Chetyrkin, Tkachov 81]

» solve large system of equations efficiently [Laporta 00]

— reduce O(1.000) scalar 2-loop integrals to 14 Master Integrals
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Multi-loop techniques

Automatized reduction algorithm

>
|

—

integration-by-parts identities
solve large system of equations efficiently

reduce O(1.000) scalar 2-loop integrals to 14 Master Integrals

Calculation of Master Integrals

>

R 2 2 /

method of differential equations
harmonic polylogarithms
Mellin-Barnes techniques
method of sector decomposition

analytical results known from 2-loop analysis in B — 7

[Chetyrkin, Tkachov 81]

[Laporta 00]

[Kotikov 91; Remiddi 97]
[Remiddi, Vermaseren 00]
[Smirnov 99; Tausk 99]
[Binoth, Heinrich 04]

[GB 07]

confirmed by several independent calculations [Bonciani, Ferroglia 08; Asatrian, Greub,
Pecjak 08; Beneke, Huber, Li 08; Huber 09]
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Wilson coefficients in NNLO

r=+* — Cv,1 s vaz, Cv’3 momentum transfer q2 =(1- u)mlz7
np _ 2E

r=1  — Csa U=y = g

r=ioct” — Cr4,Crs (Cr2=Crs=0) o= mp

Cya ;
Lo oorr V3
w I u
1o
08 001
NLO NNLO oo
o7 NNLO (m.) 9%F NNLO
- “oosf  NNLO ()
005
u
I 0z ot o6 o5 T 006
Cs1
Lo Crgs
o9 | u
To
NLO NNLO
) NNLO (m.) o
o7 0%t NNLO
NNLO (m.)
05| -0.06|
u -008|
a0 oz oe o6 T8 T o6
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Application I: B — X,fv in the SF region

Partial rate with cut on Py = Ex — |Px| < 0.66 GeV

1 1
2| (0 1 2
oy = Vuol '_E:)+m*br£z)+?rﬁ)+-~<
b
ui=1.5 GeV ph=mp/ V2
70 70
LO ___,,—-*"" o
o - NLO sof T
S 50 - R =
s NNLO / -
4 40
Wbgyg s e 1 8 9 308 15 20 25 30 35 40 45
b (GeV) ni (GeV)

» reduced scale dependence at NNLO
» large negative shift between NLO and NNLO

— | Viblinclusive 90€S up by ~ 10% compared to NLO
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[Ben Pecjak @ SCET 09]

[Greub, Neubert, Pecjak preliminary]
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Application Il: Heavy-to-light form factors

[GB, Beneke, Huber, Li preliminary]

FEME) = B en(E) + [ do [ du Tu(E,,0) da() om(v)

0.9

0.8

0.7

0.6

0.0

— “universal” corrections to heavy-to-light form factors
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Symmetry-breaking corrections to form factor ratios

1125
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——  symmetry limit

—— with 1-loop C&A)

—  with 2-loop ¢{{Y

—— with spectator scattering

--- QCD sumrules [Ball, Zwicky 04]

2-loop corrections "largest” for

mgt+my Ty

Rz = mg  V

which enters

» | Vig/ Vypl-determination from
r(B—pv)
dr(B— ptv)/dq2d cos 6
dApg(B—VeteT)

zero of
> a2
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Factorization in hadronic decays

Hadronic matrix elements factorize in heavy quark limit m, — oo
[Beneke, Buchalla, Neubert, Sachrajda 99,01]

(M My|Qi|B) ~ FBM: (0) /du T/(1) du, (1)

+ [ dwdudy T/(w,uv) 68(w) om (v) o, (0)

My N
vertex corrections T/ = o) spectator-scattering T/ = O(as)

» valid to all orders in as(mp) and to leading power in 1/mj,

» may include resummation of Inmy/Aqcp via RGEs in SCET
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Structure of perturbative expansion

LO:  ’naive” factorization  (M;Mo|Qj|B) = FBM1(0) fy,

N

NLO: 1-loop vertex corrections tree-level spectator scattering

A 4

[Beneke, Buchalla, Neubert, Sachrajda 01]

NNLO:  2-loop vertex corrections 1-loop spectator scattering
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Status of NNLO calculation

Topological amplitudes

colour-allowed tree a4 colour-suppressed tree ap QCD penguins a4
2-loop vertex corrections 1-loop spectator scattering
[Beneke, Jager 05]
Trees [GB 07,09] [Kivel 06]
[Pilipp 07]
Penguins in progress [Beneke, Jager 08]

[Jain, Rothstein, Stewart 07]
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1-loop spectator scattering

I W
YAV
DL b 2 It
~d ML KTl
MMz M
B ML
RS
b A

NNLO CORRECTIONS TO SEMILEPTONIC AND HADRONIC B DECAYS
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Characterization

scales pp ~ Mp, fihe ~ /Mphaco
hard-scattering kernels factorize
T/ = H/ (1) @ J)| (1he)

jet function Jj| known to NLO
[Becher, Hill 04, Kirilin 05, Beneke, Yang 05]

Tree amplitudes
H!" from QCD — SCET, matching
[Beneke, Jager 05; Kivel 06]
T/ confirmed by QCD calculation
[Pilipp 07]

Penguin amplitudes
[Beneke, Jager 06; Jain, Rothstein, Stewart 07]
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2-loop vertex corrections

ARV e o w Characterization
Vs . XA A DA NIVE 2-loop calculation with 4 legs
Y vl Va2 R~ essentially QCD calculation
issue: evanescent operators
T A (complicated for ap)
A g Mg AN m wmwm
“%/;i’ % \%r %ﬁr Y w o % Tree amplitudes
imaginary part [GB 07]
L e Nomoon real part (GB 0g]
VAR ARV VA RN N

A M s

VAR - ARV

Penguin amplitudes

not yet ...

N A
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NNLO result for tree amplitudes

Input parameters for default scenario

Lh Khe Ff"(o) Ag(1 GeV) ag (1 GeV) 103|Vub\

48438 15705 | 0.26+0.04 | 0.40£0.15 | 0.25+0.15 | 3.95+0.35

70 + 20

Tree amplitudes

aj(mm) = [1.008]y, + [0.022+0.0097]y, + [0.024+0.0261]y,
~ [0.014]5, — [0.016+0.012i]5, — [0.008 ]/,

0.020 0.015, -
1.015% 058 + (0.023T §°012) i

ap(rmw) = [0.224 ]VO — [0.174+0.075]y, — [0.029+0.046/ ]y,
+ [0.084131 + [0,037+0.022i]s2 + [0'052]1/%
+0.130 + 0.057, ;
0.1947 )'0g5 — (0.0997 y°05g) i
Vp : naive factorization S; @ tree level spectator scattering
V4 : 1-loop vertex corrections S, 1-loop spectator scattering
Vo : 2-loop vertex corrections 1/my . power corrections (estimate)
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B — 7 branching ratios

Decay amplitudes with NNLO trees + NLO penguins
V2ZABT - x w0 o~ Jd[m + uz] Grmtx F2™(0)
RO +, - * u * C 2 B
AB® = mtr )~ {VupVig[ar + af] + Ve Veg of} Gemata FET(0)

—AB - 07~ {VipVig|az — af] = VerVeg af} Gemiix FET(0)

CP-averaged branching ratios with default input parameters

10® Br(B~ — n~x°)

1.1 2.34 A 4
6.23" 1 13(CkM)* 224 (had) ™ 315 (scale)t §-43 (power)

10°Br(B® — 7tx7) = 8.90" I-85ckm)t 3-W(had)™ 3 1 (scale) ™ {23 (power)
10° Br(B” — #%2%) = 0.40%3-13(ckM)T 37 (had) T 533 (scale) T 325 (power)

Consider scenario where some parameters lie at edges of error range ("S4/G”)

Br B 5 B o
=0 10° Br(B

WVap| 2 (0)‘m 0-81 X [Vupl F (0)‘defaull 6 r(-0 )

5 =207 A | — 10° Br(B® — 7t )
—— = 2. X —— -

FB™(0)xg It FBT (0)Ag |defaut 109 Br(B® _ 020
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[HFAG 08]
[5.59 341
[5.16 + 0.22]
[1.55 &+ 0.19]

= 559
= b5.16
0.71
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Testing factorization with B~ — 7~ 7°

B~ — rmnYisapuretreedecay — completely determined at NNLO
no weak annihilation, no dependence on

Test QCD dynamics with ratio [Beneke, Neubert 03]

rB= — =~ =%
dr(B® — w*Z*D)/dqz\qzzo

2 2.2 2
= 3n°| Vgl frlo + az|

1‘2114:8.822 (default) [GB, Pilipp preliminary]
NNLO in QCDF/SCET: lag + ap| = { '

14150 0-132 (i)

AB(a?) 12 GeV?

HFAG: 10%Br(B~ — n~#%) =559 F 540

Babar:  |V,,|FB7(0) = (9.6+0.3+0.2) x 107*

—  Jag +ap| = 1.22670:3%  (exp)

% g o 1 ) %
Unfolded q” (GeV’
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Summary

Many theory analysis on the way beyond NLO:

» NNLO prediction of | Vyplinclusive 10 @ppear soon

» more complicated for exclusive decays since spectator scattering ~ W
+ B

Status of B — MM:
» 1-loop spectator scattering: complete

» 2-loop vertex corrections:  trees finished, penguins missing

First NNLO result in QCDF/SCET for B~ — 7«

» don’t have to tune any parameters to describe clean observable

+0.098
rB— —>7r_7r0) las + ag] 1.2117 g'gge  (default)
0 — > — ay + as| =
dr(B0—n+e—1o)/dqg \qzzo 142264:3:322 (exp)
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Backup slides
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Charm mass effects

charm quark enters at 2-loop through fermion bubble 3

2
TeinT ~ 0.20 > O‘S(mb)
mg m?

sh

— not tremendously important, but naively

Choose power-counting

> Mc~ ppe ~ (/\QcDmb)1/2 » Mg — 0o, Mp — 00, mc/mb fixed
IR-scale in hard matching (mc = 0) mec-dependence in hard matching
me-dependence in jet-function jet function with 3 massless quarks

Adopt second scenario
— 4 new Master Integrals, modified UV- and IR-subtractions, numerical results
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Motivation for NNLO

Phenomenological need
» strong phases ~ O(as) — direct CP asymmetries known to LO only

suffer from large (scale) uncertainties
» C/T seems to be too small — large cancellation in LO+NLO

particularly sensitive to NNLO

Conceptual aspects
» spectator scattering with as(upc) —  scale uncertainties even more important

PT well-behaved at ppe ~ 1.5 GeV ?
» factorization proof ? —  does factorization hold at all ?

Last but not least

» systematic framework — compute systematic corrections !
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Scale dependence

Re(ay)y
&) Im(ay)y

123
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