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1. PROBLEM:

Our project is devoted to the investigation of 
[image: image1.wmf]B

-meson rare decays and oscillations. The 
[image: image2.wmf]B

-meson rare decays are known to be a unique source of indirect information about physics at scales of several hundreds GeV. In the Standard Model all these processes proceed through loop diagrams and thus are relatively suppressed. In the extensions of the Standard Model the contributions stemming from the diagrams with “new” particles in the loops can be comparable or even larger than the contribution from the SM. Thus getting experimental information about rare decays puts strong constraints on the extensions of the SM or, if we are lucky, can lead to a strong disagreement with the SM predictions providing an evidence of some “new physics”. To make a rigorous comparison between experiment and theory, one has to get refined theoretical predictions for the rare decay at hand.
During the last 15 years an enormous progress in both theoretical and experimental studies of inclusive rare B-decays has been made. Intensive experimental studies led to observation of the rare decay [image: image3.wmf]s
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 [1-6]. From the theoretical side, the decay rate for [image: image5.wmf]s
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 has been calculated with next-to-leading-order (NLO) precision [7-16] in QCD. The results are in a good agreement with the existing measurements; however the uncertainties in both the experiments and theoretical calculations were still sizeable. In view of expected increase in the precision of the experimental measurements, full next-to-next-to-leading order (NNLO) calculation is necessary to reduce the theoretical uncertainties and to enable us to perform a rigorous comparison with the future experimental data. Great efforts have been made by several groups within the last few years to achieve this goal, and some parts of the program of the full NNLO calculation for the [image: image6.wmf]s

BX

g

®

branching ratio have already been accomplished [17-32].
The inclusive decay 
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 is of much interest because of its potential to constrain the CKM element |Vub|. Due to experimental cuts required to suppress charm background, measurements of this decay are available only in the shape-function region, where the hadronic ﬁnal state is collimated into a single jet carrying a large energy on the order of mb, and a moderate invariant mass squared on the order of mbΛQCD. Much theoretical effort has been put into establishing a factorization formalism which enables the calculation of diﬀerential decay rates in this kinematic region.
So far, the decay rate for another rare process 
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 has been calculated only at the leading logarithmic (LL) precision [33]. As this process, which is rather sensitive to new physics contributions, is expected to be measured at Super B factories.

Another interesting process is 
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 mixing. In the SM the mixing of neutral B-meson is described by the box diagrams [34]. Currently the SM predictions for decay widths difference 
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 and the CP asymmetry in semileptonic B-decays 
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 are known at NLO precision in 
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for LO terms in HQE and LO in 
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for NLO and NNLO terms in HQE [35-40].
The recent experimental measurement the CP-violating dimuon asymmetry shows 3.2 sigma [41] deviations from the SM predictions. This large deviation might hint to sizeable New Physics contributions. Currently, the errors of the SM prediction for 
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 are about 
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[40], correspondingly. So the reduction of the corresponding errors now is a primary task.

OBJECTIVES:
For the inclusive rare B-decays, where the decay rates are dominated by the short distance contributions up to small corrections calculable within the framework of Heavy Quark Effective Theory (HQET), the perturbative strong interaction effects result in sizable (and sometimes even dominant) contributions. Though the strong coupling constant is small at scales relevant for b-quark decays (
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), the involvement of two different scales (the weak interaction scale 
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 and the scale 
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) causes appearance of terms containing dangerously large log-s 
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, which spoil the proper behaviour of the perturbation series. The solution of this problem is achieved by means of the effective Hamiltonian technique [46] that allows resuming the large log-s to all orders in perturbation theory using the powerful methods of renormalization group. This technique will be used as the basic working tool during the evaluation of the proposed tasks.


The multiloop Feynman diagrams will be reduced to the master integrals by means of package AIR [43] and FIRE [47]. The main problem will be connected with calculations of these master integrals. Some of them can be calculated directly. For the calculation of most complicated ones we will use the sector decomposition method, the differential equations method [44] and the Mellin-Barnes representation.

Task 1: Charm quark mass effects in
[image: image22.wmf]u

BXl

n

®

 decay at NNLO
	Task description and main milestones
	Participating Institutions

	
In the inclusive decay 
[image: image23.wmf]u

BXl

n

®

 experimental cuts required to suppress charm background restrict measurements of this decay to the shape-function region, where the hadronic final state carries a large energy but only a moderate invariant mass. In this kinematic region, the differential decay distributions satisfy a factorization formula of the form 
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, where S is the non-perturbative shape function, and the object 
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 is a perturbatively calculable hard-scattering kernel.
Task 1.1
We plan to calculate the hard function H at next-to-next-to-leading order (NNLO) in the perturbation theory, for charm-quark loop with nonzero charm-quark mass.

Task 1.2
The major technical steps of the calculation are the following: master-integral decomposition of the relevant matrix elements, sector-decomposition and differential equation techniques [4, 44].
Duration: 18 months.
	Artem Alikhanyan National Laboratory (AANL)
University of Bern, Switzerland


Task 2: NLL calculation for 
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(the contribution, coming from 
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 operator)
	Task description and main milestones
	Participating Institutions

	Task 2.1
We plan to calculate NLL order QCD corrections to the double differential decay rate of 
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 are momenta of b-quark and photons) associated with the four-Fermi operator 
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. The complication of this calculation comes from the massive charm quark, which inserts into integrals a new parameter.
Task 2.1
We need to evaluate one loop Feynman diagrams contributing to the process 
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Task 2.2
Tree level Feynman diagrams contributing to the process 
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. We will carry out the reduction to the master integrals by means of package AIR [43].

Task 2.3
The calculation of the master integrals. Some of them can be calculated directly. For the calculation of most complicated master integrals we will use the differential equations method [44] as we did in [29, 49].
Duration: 30 months.
	Artem Alikhanyan National Laboratory (AANL)

University of Bern, Switzerland


Task 3: The analysis of three- and four particle phase spaces with massive particles in the final states
	Task description and main milestones
	Participating Institutions

	Task 3.1
The phase space analyses for three- and four particle phase spaces for arbitrary dimension for massive particles in the final states, which will be the generalizations of the formulae presented in [1,2]. In the case of three particles in the final state, the phase space will be an analytical function of two integration parameters and of three non-zero different masses, and in the case of four particles in the final state it will be an analytical function of five integration parameters and of three non-zero different masses (one mass we put equal to zero, to get an analytical result).
Duration: 9 months.
	Artem Alikhanyan National Laboratory (AANL)




Task 4: Fermionic 
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 corrections to the lifetime differences and CP violation parameters of neutral 
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 mesons.
	Task description and main milestones
	Participating Institutions

	
The calculation of the NNLO QCD corrections in the strong coupling constant 
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 of the LO terms in the HQE to the off-diagonal elements of the decay-width matrix 
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 entering the neutral B-meson oscillations. We consider the corrections of the order of 
[image: image39.wmf]2

s

f

n

a

, which are expected to be numerically important. From this calculation the width differences 
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 and the CP violation parameters (q/p) of 
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 mesons will be estimated.
The major technical steps of the calculation are the following:
Task 4.1
The calculation and the renormalization of the absorptive part of three loop FT diagrams with O1,2 and O8 operator insertions.

Task 4.2
The calculation and  
[image: image43.wmf]MS

 renormalization of two loop ET diagrams with effective theory dimension six [45] operators insertions.

Task 4.3
The last step is matching between FT and ET, in order to get the NNLO corrections to the Wilson coefficient of dimension six effective theory operators, in the 
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approximation. These results will next be used to carry out a phenomenological analysis for the widths difference
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 and for the semileptonic asymmetry
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Duration: 18 months.
	Artem Alikhanyan National Laboratory (AANL)




	Description of deliverables

	All the results of tasks from 1 to 4 will be published in the international referred journals.


IMPACT:

a) The inclusive decay 
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 constrains the CKM element 
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. The NNLO corrections will allow reducing its error, which is currently of order of 10%.
b) The NLL result for the double differential decay rate of 
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 will be calculated (the contribution of 
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 operator). This will decrease the error of theoretical prediction for this decay.

c) The formulae for three- and four particle phase spaces with massive particles in the final states will have a wide application, as in the most of the decays in the final there are massive particles, and putting the values of their masses equal to zero usually is not a good approximation.

d) We anticipate getting updated predictions for the width differences 
[image: image52.wmf]DG

 and the CP violation parameters (q/p) of 
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 and 
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 mesons, with a significantly decreased theoretical error. This, one will help in the understanding of the observed 3.1 sigma [41] deviation between the SM and the experiment for the semileptonic asymmetry
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sl

a

. These results can be also used to put tighter constraints from the global fit of NP and 
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 is one of the angles of the CKM “unitarity” triangle.
Brief survey of the worldwide researches made on the project topic, the competitiveness of the project, and achievements of the group (not more than 2 pages):

The members of the research team have been working on the B-decays and have made significant contributions to this field of research.  The most important and well-known results obtained by our research group are the following (the total number of citations of these papers in SLAC SPIRES database is more than one thousand):

1. We calculate the set of 
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 corrections to the branching ratio and to the photon energy spectrum of the decay process 
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 originating from interference (O7,O8). We conclude that this set of corrections does not change the central value of the Standard Model prediction for 
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 by more than 1% [29].
2. We have calculated the hard function H at next-to-next-to-leading order (NNLO) in perturbation theory for the inclusive decay 
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. Combined with the known NNLO result for the jet function J, this completes the perturbative part of the NNLO calculation for this process [49].

3. We extend existing calculations of O7 operator contribution to the total decay rate and the photon energy spectrum of the decay 
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 by working out the exact dependence on the charm quark mass [28].

4. Combining our results for various 
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 corrections to the weak radiative B-meson decay, we are able to present the first estimate of the branching ratio of 
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 decay at the next-to-next-to-leading order in QCD. We find 
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 for 
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>1.6 GeV in the 
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-meson rest frame [27].
5. We compute the 
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 contributions to the decay width and photon energy spectrum of the inclusive decay 
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 associated with the magnetic penguin operator O7 [23,24]. 

6. The next-to-next-to-leading logarithmic (NNLL) corrections to the dilepton spectrum of the decay [image: image71.wmf]bs
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 were calculated.  New contributions drastically reduce the renormalization scale dependence of the dilepton spectrum [50].
7. The NNLL corrections to the double differential decay width for 
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 and the forward-backward asymmetries were calculated. For 
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8. The CP-asymmetry for the 
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 decay rate was calculated in the Standard Model, Minimal Supersymmetric Standard Model and left-right symmetric model [30], [52].

9. We have studied R-parity violating contributions to the mixing parameter y for 
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systems [53].

10. The forward-backward asymmetry 
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 in exclusive 
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 decay is a sensitive probe of New Physics. Allowing the effective couplings to be complex, but keeping the 
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 rate constraints, we illustrated some New Physics scenarios for 
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, which can be explored by future high statistics experiments [54].
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Personnel Commitments (chart, total number of project participants, responsibilities of each).

The number of team members:                                             4
The number of team members with age under 35:              3

The number of team members above retirement age:        0

Average age of team members:                                            34.5
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Tasks and responsible persons
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Materials

	Materials description     
	Cost (US $)

	The realization of our project is associated with the calculation of thousands of the Feynman diagrams, which is much time consuming. To accelerate the calculation of them we need a “Wolfram gridMathematica 7 Server” program, for parallel computations. Institute has cluster with 8 computers and each of them has 8 cores. The installation of the above mentioned software on that cluster will allow us simultaneously distribute tasks seamlessly across all available computation kernels at once, reducing the computational time by two orders.
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Other Direct Costs

	Direct costs description Cost (US $)
	Cost (US $)

	
	


Travel costs (US $)

	CIS travel
	International travel
	Total Cost (US $)

	0
	2500

Description:

Second year.

Duration: two weeks.

Travel of A. Hovhannisyan to the Karlsruhe Institute of Technology (Germany) to discuss the calculations related to the B-meson oscillations (Prof. Ulrich Nierste and Dr. Alexey Pak) 
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Technical Approach and Methodology

Task 1: Charm quark mass effects in
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 decay at NNLO.

The inclusive decay 
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 is of much interest because of its potential to constrain the CKM element 
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. Experimental cuts required to suppress charm background restrict measurements of this decay to the shape-function region, where the hadronic final state carries a large energy but only a moderate invariant mass. In this kinematic region, the differential decay distributions satisfy a factorization formula of the form 
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, where S is the non-perturbative shape function, and the object 
[image: image89.wmf]HJ
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 is a perturbatively calculable hard-scattering kernel. The hard and jet functions to next-to-leading order (NLO) in perturbation theory have been known for some time [1,2]  and the jet function at next-to-next-to-leading order (NNLO) was obtained in [3].

In [4] we have calculated the hard function H at next-to-next-to-leading order (NNLO) in perturbation theory. However, the contribution of c- quarks with nonzero quark mass is not included there.

Now we plan to calculate c-quark loop contribution using the same methods as in [49]: master-integral decomposition of the relevant matrix elements, sector-decomposition and differential equation techniques.

1. C. W. Bauer and A. V. Manohar, Phys. Rev. 70 (2004) 034024.

2. S. W. Bosch, B. O. Lange, M. Neubert and G. Paz, Nucl. Phys. B 699 (2004) 335

3. T. Becher and M. Neubert, Phys. Lett. B 637, 251 (2006)

Task 2: NLL calculation for 
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(the contribution, coming from 
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 operator)

So far, the decay rate for the rare process 
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 has been calculated only at the leading logarithmic (LL) precision [1,33]. This process, which is rather sensitive to a new physics contributions, is expected to be measured at Super B factories, and we plan to calculate NLL order QCD corrections to the double differential decay rate of 
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 decay 
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 are momenta of b-quark and photons) associated with the four-Fermi operator 
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. We will work in 
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 space-time dimensions to regularize singularities. We need to evaluate one loop Feynman diagrams contributing to the process 
[image: image99.wmf]bs
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 and tree level Feynman diagrams contributing to the process 
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. We will carry out the reduction to the master integrals by means of package AIR [43]. The main problem will be connected with the calculations of the master integrals. Some of them can be calculated directly. For the calculation of the most complicated master integrals we will use the differential equations method [44] as we did in [29, 49]. For this case we will get two differential equations: on 
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 and on 
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. First we will solve the differential equation on one variable, then the differential equation on the second variable. We can fix integration constants of differential equations by directly evaluating master integrals after setting 
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 from the start. We hope that using this method we can calculate all master integrals.

1.H. Simma, D. Wyler, Nucl.Phys.B344:283-316, 1990.

Task 3: The analysis of three- and four particle phase spaces with massive particles in the final states.


The phase space analyses for three- and four particle phase spaces have been carried out in a series of works [51,2,3]. In these works, in the case of analytical results in the final states the masses of all particles either are put zero or only one is massive, and the rest are put to zeros, so as a result these formulae have a limited application. In [51] by our group it has already been introduced a new method of calculation of a phase space for massless particles in the final state.

Now, using that method, we are planning to derive new formulae for phase spaces for massive particles in the final states, which will be the generalizations of the formulae presented in [51,2]. In the case of three particles in the final state, the phase space will be an analytical function of two integration parameters and of three non-zero different masses, and in the case of four particles in the final state it will be an analytical function of five integration parameters and of three non-zero different masses (one mass we put equal to zero, to get an analytical result).


These formulae will have a wide application, as in the most of the decays in the final there are massive particles, and putting the values of their masses equal to zero usually is a not good approximation.

2. C. Anastasiou , K. Melnikov , F. Petriello, Phys.Rev. D69:076010, 2004.

3. R. Scharf, J.B. Tausk, Nucl. Phys. B 412 (1994) 523-552.
Task 4: Fermionic 
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 corrections to the lifetime differences and CP violation parameters of neutral 
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We are planning to calculate the NNLO QCD corrections in the strong coupling constant 
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 of the LO terms in the HQE to the to the Wilson coefficients of dimension six effective theory operators [45]. We consider the corrections of the order of 
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, which are expected to be numerically important.


The absorptive part of three loop Full Theory diagrams with O1,2 and O8 operator insertions, from 
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 Effective weak Hamiltonian [2], has to be matched with the two loop Effective Theory diagrams, in order to get these NNLO corrections to the Wilson coefficients. The corresponding Feynman diagrams are ultraviolet (UV) and infrared (IR) singular. We regularize the UV divergences dimensionally in 
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. To regularize the infrared singularities, we will use a fictitious mass for gluons (we put it equal to zero in the places, where it doesn’t create an IR singularity). The usage of a gluon mass makes more complicated the calculation of the Full Theory side but simplifies the calculation and the 
[image: image110.wmf]MS

-renormalization of the Effective Theory diagrams and also the LO and NLO in 
[image: image111.wmf]s

a

Wilson coefficient will be needed only at 
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. The advantage of using a mass for a gluon is also, that one must not take into account a special class of operators 
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in order to eliminate IR finite terms, coming from the interference of IR 
[image: image115.wmf])

/

1

(

e

 with UV structures of
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. That is the major difference between using dimensional regularization and gluon mass for IR divergences.

The major technical steps of the calculation are the following:

1. The calculation and the renormalization of the absorptive part of three loop full theory diagrams with O1,2 and O8 operator insertions. To do it we reduce these diagrams to the master integrals using program FIRE [47] and calculate the absorptive parts of the later by means of the Cutkosky rules.

2. The calculation and the 
[image: image117.wmf]MS

 renormalization of two loop effective theory diagrams with effective theory dimension six [45] and Evanescent (which appear from the reduction of gamma-algebra to the minimal basis [48]) operators insertions.

3. The last step is matching between FT and ET, where our IR singularities have to get canceled and we will get the NNLO corrections to the Wilson coefficient of dimension six effective theory operators in the BLM approximation [55].


It is expected, that these corrections, after replacing 
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 (the hypothesis of naïve non-Abelianization [56]), may give an important contribution to the full order 
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 corrections for 
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 and the CP violation parameters (q/p) of 
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