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Using NRQCDDb quarks and HISQ light, strange and charm quarks we havelatddiB meson
masses anB*-B splittings. We quote results for a range of lattice spacargssea quark masses,
enabling controlled extrapolation to the physical poinincg theb quark masses and lattice
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Set B ry/a aupmg ! aupmps’ L/a T/a Neont x N
1 6.572 2.152(5) 0.0097 0.0484 16 48 622
6.586 2.138(4) 0.0194 0.0484 16 48 628
6.760 2.647(3) 0.005 0.05 24 64 502
6.760 2.618(3) 0.01 0.05 20 64 582
7.090 3.699(3) 0.0062 0.031 28 96 53a

gl WN

Table 1: Ensembles (sets) of MILC configurations used with gauge loog, sizeL® x T and sea masses
(x tadpole parametety) moalsq andmoazq. Column 3 is the lattice spacing values in unitg péfter ‘smooth-
ing’ [. Column 8 gives the number of configurations and tiseeirces per configuration that we used for
calculating correlators. On set 5 only half the number weedfor light quarks.

1. Introduction

TheB meson sector is a compelling target for lattice calculations for a variety aimea$here
are a variety of so-called “gold-plated” states — those states which amwnand hadronically
stable, as well as being experimentally accessible. In calculating theserijeef states on the
lattice there are no free parametars;, mk, m,, andmy calibrate the masses of the light, strange,
charm and bottom quarks respectively, &fgblittings and other meson masses calibrate the lattice
spacing[L[R[]3].

PrecisiorB meson spectroscopy is a key ingredient in precision calculation of decayants
and form factors, ingredients in CKM matrix element determination and testitigeo$tandard

model.

2. Simulation Methods

We use five different ensembles of gauge configurations withl #avors of dynamical ASQ-
TAD sea quarks, generated by the MILC collaboration. The ensemblesi irsTabl L, represent
three lattice spacings, labeled very-coarse, coarse, and fine.

On each configuration we generate and store random-wall HISQ atupador several source
time slices for light, strange and charm quarks:

g"'5(x,to) = Mz (o), (2.1)

wheren (to)yx is a three-component complex unit vector of random numbers at each ghe of
source timeslicep and zero elsewhere.

The HISQ action uses an additional application of the fattening step of theTABQormu-
lation, reducing discretization errors to the extent that it is possible to simel@tivistic charm
guarks on configurations of modest lattice spacing.

Bottom quarks are too massive to simulate relativistically on these lattices. ldowdhin
bound states, thie quark is generally slow enoughi(/c ~ 0.01 in Bg) to treat non-relativistically.
The use of the NRQCD action for b quarks is a well-developed proceff)é, [T]
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We evolve the NRQCD propagator recursively:

Gi(xt+1)= (1— 5;) (1— ';::)nui(x) (1— ;';’) ) (1— 5;) Gi(xt), (2.2)

with
(A2)? ig o~ = = ig X a o
H=— A-E—E-A-c3———0-(AxE—ExA
o) C18(M0)3+028(M0)3( ) C38(M0)30( X x )
g ~ a?A) a(A?))2
C42M00 B+c524MO C616n(M0)2' (2.3)

The tilde expression& and B are improved versions of the naive lattice chromo-electric and
chromo-magnetic field& andB. We use the tree-level values@f= 1 for the constants.

To double statistics, we evolve the NRQCD propagator both forward aslduaad across the
lattice from the source timeslice.

As we have used a random-wall source for the HISQ propagatorsriticatthat we initialize
the NRQCDDb propagators with theame random-wall functiom (tp)x as we used for the HISQ
propagators. This is slightly non-trivial in that the HISQ staggered fersjiand the random
wall vector n(to)x, have one Dirac component per site, while the NRQICQuarks have two
upper and/or two lower Dirac components. The trick is to undo the staggeaingformation by
multiplying the noise sourcg(to)x at each site with the four-component staggering operator:

Q(X) = ROV Y2V (2.4)

Furthermore, to isolate the meson ground-state, we smedr giepagator source with a
Gaussian smearing function of varying ragliiTherefore, on timesliciy we initialize the NRQCD
propagator as:

GO to) = § SI[x = i1i)1Me(t0) 2X)T (2.5)
X

wherel is an element of the Dirac algebra chosen to project out a desired mesaon sta
At the sink end we must also multipfp(x) back into the HISQ propagator so that we can get
a multi-Dirac-component object to trace with the NRQGPropagator:

G5O, t)ap = 059X, t0)xQ(X, )b (2.6)
Then ourB meson correlator matrix is:

Cr(t—to)ij = ZGH'SQT(x,t)FS(]x—X’} 1) GIRCP(X ). (2.7)

X

3. Analysis

We extractB meson energies from the matrix of correlatdrs|(2.7) using a Bayesiamifziatp
fit to the form

Nexp Nexp—1 ,
Crit—to)ij= 5 aiaj,e =+ Z bi b} o (— 1) e Bt (3.1)
=] K=1
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where the second term fits the oscillating component inherent in staggesed c@relators.

We look for high-confidence fits stable with respect to varyiag,, andtmi, of the fit range.
Where possible we simultaneously fit all the correlators coming from the saseenble, to better
account for correlated errors.

In practice we fiB (light) andBs together in all cases except the fine ensemble (set 5). We fita
3 x 3 matrix of smeared correlators in all cases except foBthiits on the very-coarse ensembles
(sets 1 and 2). We always fit the pseudoscalar and vector states siroukbne

We are interested in the ground-state energigand the ground-state of the oscillating parity-
partner channdk). A factor of yo)s relates the spin structufeof the direct channel with that of
the parity partner channd,. In this way a measured pseudoscalar correlator also contains a scalar
meson correlator, and a vector correlator also contains an axial vectetator at no extra cost.

Because the relativistic relation between energy and mass does nothNR@CDb quarks,
there is an unknown energy shift between the physical masses we aestetein and the the fitted
energies. Instead we measure the splitting between the state of interesianildiastate with the
same NRQCD quark content.

We convert this splitting to physical units using= 0.313323)fm [fl]], giving a 0.7% uncer-
tainty in any measured splitting in our lattice calculation. Hence we can minimize thessttiey
error by choosing comparison states as close as possible to the stateastintge are perfectly
free to construct a fictitious comparison state which is a composite of rea$,sptevided all
components have well-known experimental and lattice measurement foatialibr

We consider three methods to determineBgandB. masses:

1 1
MBs/c = <EBS/C - 2Ebb> Iatt+ éMbB (I)
1 1
a
MBC = (EBC - (EBS + EDS - Ens))latt+ (MBS + MDS - Mns) (”I)

HereE,, for example, refers to the spin-averaged lattice enerdppstates. In each equation
we must apply the lattice scade® (and its uncertainty) to the expression in the, only.

Where the subtraction compares states with different electromagneticecstangtures we
must estimate the adjustment necessary to account for electromagnetis. effec

4. Results and discussion

4.1 Pseudoscalar states

In practice Method] 1 is the only one applicable Bg spectroscopy. We extract the lattice
energies of thd; states from each of the ensembles, convert to physical masses viasagje

After the recent, more precise determinatior pfff], it has become apparent that both the
quark mass and thequark mass were tuned too high. Method | kb, is particularly sensitive
to the mistuned quarks. We have estimated the effect of the mistuned quadsrbgssibstituting
into Method|]| mesons with different valence masses. We estimate that formheoarse, coarse
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Figure 1: Lattice calculations foMg, (left) Mg, (right) and with energy shift subtracted and resulting
masses extrapolated &t to the physical point. FoMg, we correct the finite® points forb ands mass
mistuning before extrapolation. Fédg, the continuum points are corrected upwards for electromtign
effects by 4.5MeV and 1MeV for Methods | and Il respectivelirror bars on extrapolated points reflect
total errors.

and fine ensembles, the too-large strange mass pushdg_ iy 7.5, 10 and 9MeV, respectively.
The b mistunings biaMg, up by 10.5, 13, and 15MeV on the same ensembles. We correct for
these biases in the finike calculations, and then extrapolate, estimating an additional systematic
uncertainty of 10MeV on the extrapolated value, giving:

Mg, = 5.341(4)(10)GeV, (4.1)

with the first error being statistical and the second, dominant, error begrgurk-tuning system-
atic error. Figuré]1 (left) illustrates the extrapolation.

For B. pseudoscalars we can use Methplis Il prid Ill.[As Il is superifr tallthaey are not
linearly independent we do not also consifler | here. We again exttapola® to the continuum
for each.

We correct for the electromagnetic structure mismatch. Mefhod Il compaugsatbb andct
states with the chargeg} state. We calculate that this mismatch causes an underestinage loy
~ 4.5+ 2MeV. In Method[Il], comparing similarly charge@ andDs introduces an underestimate
of ~ 1+ 1MeV.

After correcting the electromagnetic contribution we get:

Mg, (1) = 6.2792)(1)(5)(2)GeV (4.2)
Mg, (I11) = 6.268(4)(6)(1)(1)GeV, (4.3)

where the errors are (statistical(NRQCD)(EM). The agreement between the two independent
subtraction methods is a strong test of our control of systematics. Bettai9g: term is very
small, both are quite insensitive boands tuning, and no further subtraction is necessary. Results
from both methods are in excellent agreement with the PDG averag®o?(6) GeV[g]. See
Figure[l, right.

The HISQc quark seems to be the source of the strong discretization effects in Mdthod |
which go asas(v/c)?(am)2. Thec quark is more relativistic inside thg. than in acc, so these
errors do not cancel exactly, but should vanish in the continuum.
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Figure 2: The extrapolation of the ratiB to the continuum for botB; andB*.

4.2 Vector states

For theB* states there is an obvious method of correcting for the NRQCD energy-shift
compare to the nearld pseudoscalar states to get the hyperfine splitting. The remaining compli-
cation is that since the - B term in the NRQCD action generates tBe— B splittings, radiative
corrections to this term could generate a multiplicative correction to the splititerall we have
used the tree-level,.) We therefore use the hyperfine splitting of Bgsystem as calibration for

that of theB. system and calculate:
_ Eg; —Eg,

Eg: — Eg,’
which will cancel all of the NRQCD energy shifts, multiplicative correcticars] scale-setting er-
ror. We extrapolate ta” = 0, multiply by the PDG average valuef; — Mg, = 46.1(1.5)MeV [f],
and add the experimentBl mass, giving us grediction of the B; mass ofMg; = 6.330(7)(2)(6)
GeV. As a check we also calcula® with light quarkB andB* states. A complete discussion of
the B; hyperfine splitting calculation can be found [h [9].

Re (4.4)

4.3 Scalar states

As mentioned in Section 3, the oscillating component of the pseudoscalatators gives us
the scalar states.

We extract theEg+ — Eq- splittings directly in the simultaneous fits. Converting to physical
units we again extrapolate af to the continuum and find:

AMg (0" —07) = 0.41(2)GeV (4.5)
AMg_ (0" —07) = 0.44(7)GeV, (4.6)

guoting statistical errors only. As this splitting is generated by the kinetic terrhpitld acquire
no multiplicative renormalization, and most systematics should cancelOTHg state lies about
400MeV below theB+ D threshold so it should be a narrow state. It is less clear whethertBe 0
state is below th& + K state, but in any case it should be close enough t®th& that it should
also be a narrow state. See Figlire 3, right and left, respectively.
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Figure 3: The splitting between the scalar and pseudoscalar stat&; {teft) andB. (right). Values are
extrapolated to the continuum. Shown on each are the rdlaeainonic thresholds.

5. Conclusions

We have shown preliminary results of precise lattice calculations of psealdosnasses in the
Bs and B system, and of vector-pseudoscalar and scalar-pseudoscalar splitbng calculation
of Mg, andMg,_ agree within errors with experimental measurements of these states. Sokne wor
remains to fully understand the systematic errors and biases related to migifigirayk masses.
Our calculations of th8s andB scalars and thB; vector constitutgredictions of the masses
of these states before experimental measurement.
The precision and accuracy of these results reaffirms that the combin&kHBQ light quarks
and NRQCDb quarks is a powerful lattice technique. Further work will complete the eaptr
of the lowestB,Bs andB; states, and then apply these techniques to the calculation of form-factors
and decay constants relevant to weak-matrix elements.
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