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e Introduction

o Experimental result, theory at NLO
e Status of NNLO calculation

e Matching, running, matrix elements

e Photon energy cut
e Factorization and resummation

e Two-loop calculation of the soft- and jet-
function

e A wonderful formula



e The mother of all FCNC processes

e Suppressed in the SM, but large enough to
be well measured.

e Sensitive probe of New Physics. E.g. MSSM
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Experiment
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model uncertainty

o All experiments have Ey>E¢>1.8 GeV

* HFAG uses model shape function to
extrapolate results to Eg>1.6 GeV.

e Use single functional form with two
parameters (mp & ) and

* model falls off exponentially instead of
power-like

e Until recently, experiments used to
extrapolate to the total rate.



Extrapolation to lower cut energy Eo

e Standard OPE calculation is unreliable at
high Eo. (Note Emax=mg/2)

e [sitreliable at Ep=1.6GeV?

e For current measurements Eo<1.9GeV, model
independent calculation is possible!

* Multi-Scale OPE — third part of the talk

Neubert ‘04

e Compare event fractions: F(Eo)=I'(E,>Eo) /I 'tot

MSOPE @ NLO HFAG ‘06
Neubert ‘04 Buchmiiller, Flacher ‘06
F(Ey>1.8 GeV) 0.88+0.07 0.933+0.006

PT error dominates



* Experimental uncertainty already
somewhat smaller than theoretical
uncertainty. Need

e total rate to NNLO and

e calculation of event fraction to NNLO.
BT(ELY > EO) — Br(tot) X F(E())

e With present agreement between theory
and experiment large deviation unlikely.

* Reliable uncertainties crucial to get
meaningful bounds on New Physics.






Calculation of the total rate

e Three steps

e Atlowest order in 1/mp OPE calculation

boils down to evaluating the partonic b—sy
matrix elements

o L eading power corrections are known to LO
e NLO EW corrections known



Effective weak Hamiltonian
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Effective Hamiltonian at NNLO: matching

Figure 1: One of the O(10°) three-loop diagrams that Vw\have calculated.

Misiak and Steinhauser ‘04

e Matching at the weak scale complete.

e NNLO = three loops because of weak-
interaction loop (“penguin”)



Effective Hamiltonian at NNLO: running
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Czakon, Haisch & Misiak,
to appear

* Done: Four quark operators, selt-mixing of dipole
operators.

* New: four-loop anomalous dimensions for mixing Q1.6
into Q7. (>100"000 diagrams)

o Effect on Bris -2.4%, larger than expected.

* Soon: Q16 into Qs. Completes NNLO eff. Hamiltonian!



Matrix elements
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e Done: Matrix element of Qy.

* Most complicated part of entire calculation
are the 3-loop matrix elements of Q1.

* ngpart known.

e expansion around m./ mp>>1 (!) calculated,
extrapolation to mc/ mp. Misiak et al, to appear

e At NLO this works numerically fairly well,
but...



Photon energy cut

1. The total rate cannot be measured.
2. Even if it could be measured, it could not be

calculated.
3. Even if it could be calculated, the result would

be incorrect.

after Gorgias, 483-375 BC



Photon energy cut

e Total rate is not measurable, need to
impose cut on photon energy E,>Ey

e Experimentally very energetic photon is
necessary to suppress background.

* All experiments have Ep> 1.8GeV.

* Note: Ey<mp/2=2.6GeV

e Need to cut out charm resonances: decay

B—y X followed by w —Xy. Achieved by
setting Eg>1.5GeV.
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 Belle has Ey=1.8GeV, BaBar Eyp=1.9 GeV

e Cut complicates theoretical analysis...



e With a cut Ey>Eo, problem contains three
relevant scales

e Hard scale: myp
o Jetscale:  Mx~(mpA)l/2
o Softscale: A=mp-2Ey

* OPE becomes expansion in A/A instead of A/mp!

Eo[GeV] | A[GeV] | Mx[GeV]
0 OPE
1.6 1.4 MSOPE
1.8 MSOPE
Shape-function



QCD
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Factorization theorem
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hard jet soft

shape function

Korchemsky, Sterman ‘94

Soft-Collinear Effective Theory

Heavy-Quark Effective Theory
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Event fraction

A P
F(Ey) :h(mb,,u)/o dP/O dw J(my(P — w), ) S(w, )

e Any choice of scale  leads to large
perturbative log’s, either in h, J, or S.

o Evaluate each part at its characteristic scale and
use RG evolution to evolve to a common scale.

e This resums all (Sudakov) logarithms.

* Same jet-function | as in DIS for x—1.



Calculation of the soft function

1 _ 1
- 5 . bv hv : : hv bv
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|w|=82

s(ln%,,u) = ‘fogdw

e Write 0-distribution operator in shape
function as discontinuity of propagator

= (Calculation can be done with standard
techniques for loop integrals



Calculation of the soft function

® X-vertex denotes possible insertion of light-
cone propagator

e All diagrams are expressed in terms of integrals
(—1)~1—a2=a3 —b1=by—b3—c1—c2

f dk d’I
)T () (k=D - - D2 v-k+ D" (n -k + w)" (n- 1+ w)*

* Use integration-by-part relations to reduce to

four master integrals (“AIR” by Anastasiou and
Lazopoulos hep-ph/0404258)



Result for the soft function
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o All L=In(€/n) terms known from solving RG

equation for the shape function — check on the
calculation. Neubert ‘05

o Calculation gives constant co® and checks two loop
anomalous dim. Y1 of Shape function Kechemsky, Marchesini ‘95
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Calculation of the jet-function
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Result for the jet function

* One difficult master integral

1
d d
fd k fd lkzlz(k+p)2(l+p)2(k+l+p)2ft-kﬁ-l
e Use Mellin-Barnes representation, but caretul

with light-cone propagators

e Check numerically using sector
decomposition

* Result for two-loop constant in |
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RG evolution of the jet-function

dJ(p?, )
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* Associated jet-functionis Laplace
transform of J(p?1i).

* RG evolution of shape function S(w, ;)
has exactly the same form.



“Wonderful formula”

A P
F(Ep) :h(mb,u)/o dP/O dw J(my(P — w), p) S(w, )

* Plug in solution of RG equations
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“Wonderful formula”
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* All scales separated, no large perturbative
logarithms.

e Simple analytic expressions for resummed result

* no need to go to moment space

* no Landau pole ambiguities

* Very similar expressions for DIS and Drell-Yan in
threshold region. — Matthias’ talk



Reduced scale dependence
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* Result is very stable under variation of
the lowest scale o ~ A= 1GeV!



Summary and Conclusion

e B— Xy IS an important constraint on New
Physics.

* NNLO calculation is progressing tast

e (alculation of eftf. weak Hamiltonian is
almost complete.

e Matrix elements of Q7 known;
approximations for matrix elements of Q1.

e Effect of the photon energy cut has been
calculated.

e NNLO numbers should follow soon...






The need for resummation: fixed order result
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Experimental results

L

Mode

Reported B Ein B at Eqim Modified B (Ep, = 1.6)

CLEO Inc. [264] 321 £43+ 2775 2.0 306 & 41 + 26 329 +44+28+6+6
Belle Semi. [265] 336 4= 53 £4272 2.24 — 369 & 58 + 46775
Belle Inc. [266] 355 + 325500 1.8 351 4 32 429 350 4+ 32750 £2 4+ 2
BABAR Semi. [267] 335+ 1976t 19 327 + 18150+ 349 + 20759+1
BABAR Inc. [268] - 1.9 367+£29434+29 392+314+36+£30+4+6
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