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1. Introduction: Why a precision calculation Of
BY — B parameters?

| CKM 2008 LATTICE QCD |
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# In conjunction with experimental measurements ...

* CDF and D® tagged angular analysis of B§ — J/WV¢



# In conjunction with experimental measurements ...

* Leptonic decays branching fractions CLEO-c, 0806.2112

Observable % error in corresponding decay constant
Br(Ds — uv)/ Br(Ds — Tv) 3/6.5
Br(D — uv) 2.

* Semileptonic decays branching ratios BaBar, Belle, CLEO-c

Observable % error in corresponding CKM element
Br(D — K(m)ev) 1.5/4.5
Br(B — wlv) 6
Br(B — D*lv) 1.5

* BY — BY mixing observables

Observable | source | % error
A M, CDF <1
AM, PDGO7 <1




Non-perturbative theory inputs still main source of error

— Need to reduce lattice errors to < 5%

# Forget quenched approximation: Ny =2+ 1 calculations
# All the sources of systematic errors analyzed:

* Discretization (continuum limit): simulations at several
lattice spacings.

* Finite volume: simulations at several volumes and/or xPT.

* Results relevant for phenomenology rely on xPT to go to physical
masses — validity of xPT techniques to have accurate results.



New Physics effects on BY — BY mixing

e By mixing parameters determined by the off diagonal elements of the
mMixing matrix

Zi | Bs/a(t)) _ (Ms/d, B st/d> |Bs/a(t))
dt \ |Bg/q(t)) 2 1B, /4(t))

d d
A]\45/07, X ‘MfQ/ | AFs/cl X ’Fié ’

New physics can significantly affect Mf2/do<AMS/d

* T'1o dominated by CKM-favoured b — ccs tree-level decays.



# Hints of discrepancies between SM expectations and some
flavour observables (see, for example, )

* sin(20)

SM prediction for sin(28) using AF =2 inputs (¢ and By) disagrees by
~ 20 with direct experimental measurements via tree-level B; — ¥ K
and penguin dominated modes in b — s decays

** Independent of (controversial) |[V,;]

** Tt would imply the existence of a BSM CP-odd phase

* BY mixing phase

** Combined fit to the time dependent tagger analyses of
Bs — ¢ from and

** New phases have effects in AB = 2 processes and b — s decays



* CP violating effects B) — BY,

** Compare theoretical prediction (based on AF = 2 data with
B; — YK experimenal data.

** Need: new CP phase in Bg system and/or in K system.

** Especially interesting: new CP phase in Bg system equal to new
CP phase in BY

# T hese analyses depend on several theoretical inputs:

Vib, Vs, Bx and the SU(3) breaking mixing parameter £:

¢ AMgMg,
-\ AMsMg,

‘ Vid
Vis

* Comparison of AM and AT with experiment also provides bounds
for NP effects

Improvement in BY — BY mixing parameters which
enter on those analyses is crucial.




2. Mixing parameters in the Standard Model

w
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* Non-perturbative input

%f%qBBq (/L)M%q = <B_8|OL|Bg>(,UJ) with Op = [ﬁqi]V_A[gqj]V_A

2 ~
(%) - (W) [0.170 (féqBBq) + 0.059 R (féquR2) — 0.044 f;q]

* Non-perturbative input (NLO), Lenz & Nierste

1 /5. Bs() 32 _ 15010 BO ith O3 = [b s bi s
37 R? 5. = (BglOs3|Bg) (1) wi 5 = [bisT|g_p[bl st]g_p




¢ is an important input for SM tests

In terms of decay constants and bag parameters

¢ — fB.\/BB,
B,/ BB,

* Many uncertainties in the theoretical (lattice) determination cancel
totally or partially in the ratio
—> very accurate calculation



3. Some details of the lattice formulations
and simulations

Unquenched: Fully incorporate vacuum polarization effects

MILC NJ%GC‘ =2+1

HPQCD Fermilab/MILC
Light fermions Asqtad Asqtad
Heavy fermions NRQCD Fermilab
Matching Perturbative: one-loop Perturbative: one-loop
—

e NRQCD: Non-relativistic QCD improved through O(1/M?), O(a?)
and leading relativistic O(1/M?3)

* Simpler and faster algorithms to calculate b propagator



Unquenched: Fully incorporate vacuum polarization effects

MILC N;ea =2+1

HPQCD Fermilab/MILC
Light fermions Asqtad Asqtad
Heavy fermions NRQCD Fermilab
Matching Perturbative: one-loop Perturbative: one-loop

e Fermilab action: clover action with Fermilab interpretation
( EI-Khadra, Kronfeld, Mackenzie )

* Errors: O(asAQCD/M),O((AQCD/M)Q)
* It can be efficiently used for both b and ¢ quarks.
e Improved gluon action

* For further reduction of discretization errors



4. Correlation functions and fitting

Or = biglv_albiglv_a )
_ [ =

Os = -b_q']S—P[liq.]S—P » lowest order in 1/M

O3 = [bV¢ls—p[b7q']s—p

0} = {1 - ']y albd ¢'Jv_a + [0 a'lv—al D6 - 7'}y _a |
2amy

of = (1B - 74’15 p[b ¢'s—p + [V a']s—p (Db - Ta']sp |
2amy

o} = 5 {[5ﬁ°7qj]s—P[gqi]s—P+[ﬁqj]s—P[ﬁgﬁqi]s—P}
amy

with i, j colour indices and am; the bare b mass in lattice units.
* Dimension 7 operators O&l required at O(Agcp /M)

* FNAL/MILC includes dimension 7 operators by rotating b-fields
b(x) — (1 +adi7- 5) b(x)

where d; is a function of amy, O(1/amy) when amy, is large, and known
at tree level (universal value)



# Need 3-point (for any Q = Qx, Q%) and 2-point correlators

Q
BO BO
Ta, t 7y, t
T2, 12 r—=0 Ty, 11

D (t,t2) = Y (015, (#1,12) |Q] ()] (&2, —t2)0)

L1,T2

CB () = (0@, (& 1)@} (0,0)]0)

z

* In order to also extract the value of fg, fp. (same function with
NRQCD b-quarks)

CAD (1) = (0@ 5, (Z,1)3(0)7075b(0)|0)

—

X

e O (Z,t) = b(Z,t)y5q(Z, t) is an interpolating operator for the Bg meson.



Q
BO BO
Ty, t 71, t
X2, 12 F=0 1,01

# Open meson propagator: Basic objects to build all 3-point and
2-point functions

EF(t) = v8°bic(t,0)qis (¢, 0)

where a, b, c,d are Dirac indices and 7, 7, k are colour indices.

* Most simulation time is employed in generating the open meson
propagator

X IS storing the open meson propagators —
other four-fermion Dirac structure can be calculated from them
without machine work



C(4f) (tla t)

CE(t)

* The hadronic matrix element of any 4-fermion operator Q = OX,O;?

defined before is given by | (Q) = (Bs|Q|B,) = Aoo

Fitting
We carried out simultaneous fits of the 3-point and 2-point correlators
using bayesian statistics to the forms

ea:p

Z Agk Cz Cj

7,k=0
Negp—1

O O A

Z Cj( 1)]t —E(j)(t 1)

* Decay constants are extracted from 2-point function fits

CA4(t)

CE(t)

ea:p

ea:p

Z <i7< )7t e

—EY) (t-1)

B_EJ(Bk) (t2—

- (4)
Z A4 1)‘7't6_EBj (t=1)  and As/C x fB,

1)



Byproduct of the calculation: fp and fp.

# Extraction of CKM matrix elements: B(B™ — 7 o,) < |Vipl?  f3
N — o ——

experiment lattice

# Decay constants needed in the SM prediction for processes potentially
very sensitive to BSM effects: for example, fp, for Bs — ptpu~

# B~ — v U, IS a sensitive probe of effects from charged Higgs bosons.



Byproduct of the calculation: fp and fp.

# FNAL /MILC Separate project (more complete analysis): check
Preliminary results 2008

fB =195+ 11)MeV fg = (243 £ 11)MeV fg_/fp = 1.2540.04
# HPQCD Update of 2005 results
fB = (216 £22)MeV  fp. = (260 £26)MeV  fg./fp = 1.20 £ 0.03

* Improvements: Reduction of statistical errors, main result from

smaller lattice spacing ...

. but still final error dominated by renormalization uncertainty



5. Going to the continuum: Renormalization

The input for the SM prediction for AM; is
- 8 -
(OLYMZ () = gfésBﬁS(u)M%S

that is related to the lattice operators in a general way through

3 -
OL)M*() = [L+as-pLrl(OL)(a) +as - prs(Os)(a)

a
2Mp,

+ (07" ) (a)

A - 4

HPQCD
* (Ox): operator's matrix elements in the lattice theory

* One-loop renormalization coefficients pxy = pM3 (1, my) — ptatt- (amy,),
pl¢tl-(amy,) depends on the exact lattice action used

*as = ay(q*) — ¢ = 2/a, very close to ¢*s for heavy-light currents



FAHRGA
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To what extent is four-fermion
operator renormalization
dominated by current-like
diagrams?



Non-perturbative or partially non-perturbative
matching for currents

# FNAL /MILC: Rewrite the renormalization factor for any
current J as Zjae = \/Z%Z@ijac

* For Fermilab currents and Fermilab-Asqtad currents
R ZYS and Zyy, calculated nonperturbatively

** pjac calculated perturbatively — very close to 1 at one-loop

Important reduction of matching uncertainties




Non-perturbative or partially nonperturbative
matching for currents

# HPQCD Determination of current renormalization Z; from
current-current correlators.

HPQCD determination of m. from current-current correlators
0805.2999

Method analogous to the extraction of m_. from dispersion relations using
perturbative determination of zero-momentum moments of current-current

correlators and experimental data from ete~™ — hadrons.



Non-perturbative or partially nonperturbative
matching for currents

## m,. extracted from
*

* 4-loop continuum perturbation theory to determine gy, (ag;g(p), n/me)

G, =) (t/a)"G(t) with G(t) = a” Z(am00)2<0|j5(f, t)735(0, 0)|0)

Qn(am(ﬂ)7 :u’/mc)

G, = n—4
(am 5 (u))

* If current in correlation function is not conserved (NRQCD-Asqtad
currents) — GOt o« Z2Glatt:

** Extraction of m.: Taking ratios of moments to cancel
renormalization or ...

** extract value of Z; with m. from elsewhere.



6. Preliminary results

FNAL/MILC HPQCD

# Calculation of all the matrix elements needed to determine
AMd,S, AFd,S and f

# MILC configurations: Asqtad for 1light sea (and valence)
quarks (m™" ~ 230MeV — | chiral regime |)

b quarks Fermilab NRQCD
a(fm) 0.15, 0.12, 0.09 0.12, 0.09
light sea masses 3+4+4+2 4 4+ 2

light valence masses 6 for each sea mass full QCD
# Simultaneous fits of the 2-pt and 3-pt correlators for any

four-fermion operator

# Perturbative renormalization: one loop.

—> Valence my; fixed to its physical value. Sea and valence mg
close to its physical value.



BY — B mixing: Ny =2+ 1| Preliminary results for fz_./Mp_Bp,

_ 3/2, .
beta=f sqrt(mB)r,”": Valence mass, NLO+NNLO(analytic)

BT ‘chi“/d.0f.=0.28
® o 155 1
12 § T @ fpoon 7]
b — B 010
B 020
1.1 JI T ; @® f,BO062 |
o I I I T hd f,B 0124
Lo e + =
2 ot LI% {1 B8=rB,\/MB,BB
o d q d
. B o
0.9} i
0.8} i
I I s

. . ] . . ] . .
O 02 04 06 08 1 12 14 16 18 2
rlzmXX valence pion mass

Renormalization not applied yet.

# Statistics+fitting errors: 2 — 5% (BY-BY)
# Very mild dependence on light sea quark masses.

# Small difference between fine and coarse points
— discretization errors under control.



BY — BY mixing: N; =2+ 1| Preliminary results for fz_./Bp,

1 —4% (BZ-BY)

HPQCD
0.4_ T T T T | T | T | T |
0.38 o ® a=0.12fm, HPQCD —
- Preliminary B a=0.09fm, HPQCD .

0.36 _|
— - - All systematic sources included
> 034 |
8 - T in error bars.
~ 032} _|
AN
o~ o3l ) i
o ] Full QCD points
. 0.28_— } 5
L 08 = ] # Statistics+fitting errors:

0.2 '

0.01

0.02 0.03 0.04 0.05 0.06 0.07

Ay e

# Very mild dependence on light sea quark masses.

# Fine lattice points fall on the coarse line — small discretization errors.

* Relativistic corrections are ~ 5 — 6% for coarse and ~ 3 — 4% for fine.



Chiral extrapolation

# Extrapolation to m, = mg and mg physical masses (Mmsea = Myglence)
-+ continuum extrapolation

* Using NLO Staggered xPT ( J. Laiho and R. Van de Water)

HMChPT: Detmold and Lin, Becirevic et al.

** Accounts for NLO quark mass dependence.
k% Accounts for dominant O(a?) taste violations
— remove the dominant light discretization errors (remain O(aa?))

(Bq|lQ%|By) = mp,B |1+ NLOlogs+ Lymg + Ls(2my, + mg) + Laa”
+ NN LO analytic

* Logs terms depend on M2

ne

= u(m; +m;) + a?Az with
** m;, m; valence or sea quark masses
** p and Az (as well as §7) come from simulations of light quantities

** Experimental values of fr and gpp+, (fits quite insensitive to
exact value)



Chiral extrapolation

(Bq|Q1|Bg) = mp,B |1+ NLOlogs + Lymg + Ls(2mp +mg) + Loa?
+ NN LO analytic

* To extrapolate: a — 0, my, — 24F™d mg — mg, and mq — ms, my

* FNAL /MILC Central values including NNLO analytic terms.

** Light quark + (systematic) fit errors estimated by
excluding/including NNLO terms.

** Errors associated with uncertainty in the inputs used: light quark
masses, scale (r1), A=, u, ...

** gpp+x, 07: Introduce uncertainty in the priors

** Finite volume effects



Preliminary results for qu«/BBq: Extrapolation

(fB.\/BB,)

0.4 1 1 1
_. 312 el .
beta=r, " f;sqrt(MgB,): Chiral fit to beta and beta,, NLO+NNLO(analytic)

1'3, | | chi?id.of =028 0.35 | fgssart(hat(B)gy) i
1.2} =
S S S : 0.3 f— .
g | 1 > i .
@ 1 - 8 0.25
Y beta(mL,mL,mS) coarse
0.9 x beta(mg,m, ;my) coarse 7] 02 F -
beta(m ,m ,mg) fine
0.8+ beta(mg ,m, ,m) fine i
’ 0.15 | |
| | | | | |
0.70 0.5 1 15
2 2 .
r,”m"  sea pion mass 01 . . . .
0 0.02 0.04 0.06 0.08
Renormalization not applied yet. rim,

# Examples shown for one lattice spacing fits.

# For fp./Mp,Bg,, results are very flat with myd,"

— small error associated to the extrapolation

0.1



BO_BO

mixing: Ny =2+1

15 |

Preliminary results for ¢

(FNAL/MILC & HPQCD)

14l Preliminary

ST

1/2
M, M) &
T

[l &0.12fm, HPQCD
a=0.09 fm, HPQCD
a=0.12 fm, FNAL/MILC
a=0.09 fm, FNAL/MILC

40

4 * Only full QCD for FNAL /MILC

shown.

's

Statistical errors: 1 — 3%

1* Very small discretization errors
and very mild light quark mass
dependence.

0 0.02

0.04 0.06

F1Mighe

0.08

# Very good agreement between both coll. — small systematic
associated with heavy quark discretization.

# EXtrapolation: some terms cancel in the ratio — less parameters



Preliminary results for ¢: Extrapolation

(fBs\/ BB,)
xi": Valence plane, NLO+NNLO(analytic) 15 : : : :
1.3 u T T T T T T T T
T T T T T T T T T xi SQRT(MgJMp)
14 .
® f,B00S
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— fit 0062
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—— Extrapolation —
<* Extrapolation
R | T T S SO [ S [ S R | 09 F 7
0 02 04 06 08 1 12 14 16 18 2
r12m2qq valence pion mass 08 . . . .
0 0.02 0.04 0.06 0.08 0.1
Renormalization not applied yet. rim,

Preliminary: only fine data and NLO terms

# . Simultaneous chiral and continuum extrapolation with
SxPT at NLO 4+ NNLO analytic terms: (all data included)

£ =1.211 £ 0.038 £ 0.024¢cstimate




Error budget (in % for FNAL/MILC)

§ Ba Bs
Statistical 2.5 4 2.7
Matching ~05 ~3 ~ 3
Heavy quark discretization 0.2 2 2
Light quark discretization 5E a5 13
-+ chiral fits
scale error (r1) 0.2 3.1 3.0
IBB* 0.8 1.4 2.3
input parameters: m, myg, ms 0.7 0.5 0.3
Estimated from FNAL/MILC calculation of fg and fp,
Kb <0.1 1.1 1.1
Finite Volume 0.6 0.6 0.2
Total 3.8 7.8 6.1

with ﬁq = qu \/MBQBBq-

# Similar errors for HPQCD calculation.



(. By mixing beyond the SM

New physics can significantly affect M7, oc AM;

# A general parametrization of NP effects in the mass difference
and the mixing phase is

AM, = AMSM (1 + mqei“q)
¢q = ¢§M +arg (1 + quwq)
+28 (¢g=4d)

with ¢SM = 2arg (v;;vtb) -
—20v (¢ =)

* This phase will also governs mixing-induced CP violation in exclusive
channels like Bs — J/v¢.

# To compare these expressions with experiment and get information
about NP one needs

* A precise determination of SM contributions

* A prediction of the NP effects for a particular theory



# Comparison of experimental measurements and theoretical
predictions can constraint some BSM parameters and help to
understand BSM physics. Examples:

F. Gabbiani et al, Nucl.Phys.B477 (1996), D. BecireviC et al, Nucl.Phys.B634
(2002); general SUSY models

P. Ball and R. Fleischer, Eur.Phys.J. C48(2006); extra Z’ boson; SUSY

Help to constrain the soft SUSY breaking terms and the mechanism of SUSY
breaking.

M. Ciuchini and L. Silvestrini, PRL 97 (2006) 021803; SUSY
Constraints on the mass insertions (|Re(8%,)rr| < 0.4, |(65)rr| < 0.1,...)
M. Blanke et al, JHEP 12(2006) 003; Little Higgs model with T-parity

A M, can be used to test viability of the model. To constrain and test the
model in detail AM,/AM, and ATL,.

Lunghi and Soni, 0707.0212; Top Two Higgs Doublet Model
Constraints on By (ratio of vev's of the two Higgs) and m g+
M. Blanke et al, 0809.1073; Warped Extra Dimensional Models

Constraints on the KK mass scale (it can be as low as Mg ~ 3TeV)



Description of BY — BY effects in beyond the
Standard Model theories

# Effects of heavy new particles seen in the form of effective operators
built with SM degrees of freedom

# The most general Effective Hamiltonian describing AB = 2 processes is
HoE=2 ZCQﬁZé@ with
QY = (D" (= vs)wh) (Dh" (1 — vs)w) SM
Q1 = (Bi1—vo)wi) (A - 7)) QF = (B0 —9)wd) ($1A - 75)vi)
Qi = (@2(1 — 75)15') <QZ I+ ’Y5)wj) Qs = (%(I - 75)¢j> (?,Eg (1+ 75)1%)
Q‘il’,2,3 = Q{ , 3 with the replacement (I & v5)—(I F 7s5)

where 1, is a heavy b-fermion field and i, a light (¢ = u,d) fermion field.

o Ci,@- Wilson coeff. calculated for a particular BSM theory

e (BYQ,|B%) calculated on the lattice



Description of BY — BY effects in beyond the
Standard Model theories

# Strong interactions conserve parity — <éi:172,3> = (Qi=1,2,3)-

5 different matrix elements, (B_Od(s)|QZ-:1_5\Bg(S)>.

# Only Dirac structure of four-fermion operators change
— Same programme can be applied

* Open meson propagators stored (FNAL/MILC): No significant
extra computer time needed



Description of BY — BY effects in beyond the
Standard Model theories

# One-loop renormalization coefficients
* Calculation completed by the HPQCD col., PRD 77 (2008) 114505
** For NRQCD heavy and (staggered) Asqtad light

** Needed to calculate some continuum renormalization
coefficients for BSM. Quote results for two different schemes.

** Well behaved matching coefficients

** Matching coef. dominated by current-like contributions and
wave function renormalization

# Chiral perturbation theory

* Continuum HMCHPT expressions exist. Extra parameters appear
for BSM operators

(Bq|lQ1_|Bg) = mp,3[1 + NLO logs + B2 NLO logss

+Lymg + Ls(2mr, +mg) + Laaﬂ + O(NNLO)



Description of BY — BY effects in beyond the
Standard Model theories

* Same kind of chiral expressions for Q2 3 needed for AD'
* Staggered HMCHPT expressions also exist.

** Do not expect complications due to the extra parameter



8. Conclusions and outlook

# Short-distance contributions to DY — DY can also be calculated
in the same way by . will need to use
something like HISQ for the c-fermions






