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1. Introduction

Lattice studies of hadrons containibgyuarks are important for several reasons. One major
motivation is flavor physics, where non-perturbative calculations of hadronic matrix elements for
electroweak transitions are required. Secondly, lattice QCD can predict masses of hadrons that
have not yet been observed experimentally. A few singly-bottom baryons have been found so far,
and more results are expected from the LHC. Most recentlyQhédaryon was discovered at
Fermilab. There are now two incompatible results for its mass, obtained by/tfig &@d CDF P]
collaborations. Lattice QCD can contribute to resolve this discrepancy.

A number of unquenched calculations of bottom baryon masses have been done r&céntly [

5, 6, 7]. Itis important to perform independent determinations of the same quantities with different
lattice formulations in order to test universality. In this work, the domain wall fermion action (with
Ls =16, Ms = 1.8) is used for both the valence and sead- ands quarks, while theéb quark

is treated with non-relativistic QCD (NRQCD). Compared to the static heavy-quark action, which
was used in4, 6, 7], NRQCD has the advantage that it is not limited to systems containing only a
singleb quark. Also, spin splittings which would vanish in the static limit can be calculated.

This work makes use of thé = 243 x 64 gauge configurations generated by the RBC and
UKQCD collaborations§]. There are four different ensembles with pion masses ranging from
about 672 to 331 MeV; the lattice spacing is approximately 0.11fm.

The form of the lattice NRQCD action used here is the same as in Refwhere the bot-
tomonium spectrum was calculated on MILC gauge configurations with AsqTad sea quarks and
Lischer-Weisz gluons. The RBC/UKQCD ensembles use different actions for both the sea quarks
(domain wall) an the gluons (lwasaki), and it is therefore a useful test of universality to compute
the bottomonium spectrum again on these lattices before moving on to do heavy-light calculations.
This was done in Ref1[0]. In addition to tests of the lattice actions, this work provided an accurate
tuning of the baré quark mass and an independent determination of the lattice spacing. The main
results are summarized in S&ddelow; the reader is referred tbd] for the details.

Then, Sec3 goes on to describe the calculation of the bottom hadron spectrum, inclBding
mesons, singly- and doubly-bottom baryons, and the triply-botpgs. The heavy-light calcu-
lations are still in progress, and here only resultsagygn; = 0.005, amsyrange= 0.04 and limited
statistics are shown. The full, chirally extrapolated results will be presented in a forthcoming pub-
lication.

2. Bottomonium

The first step was the tuning of the basequark mass. When using NRQCD, all energies
obtained from fits to hadronic two-point functions are shifted by some common constant, as the
rest mass is not included in the theory. Thus, to tunébtheark mass it is convenient to consider
thekinetic mass , )

o= E=EE)-EO) 2.1)
[E(p) —E(0)]
of the hadron. This is based on the relativistic continuum dispersion relation, which is in fact very
close to the lattice dispersion relation in the case considered here: as demonstratéddtire|
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Y(2S) - Y(1S) am e (GeV)
am,  aMin(np) splitting 0.005 ??41&25)(19)
230 498812 0.325847) 0.01 1722(38)(19)
245  5281(13) 0.324246) 0.02 1708(92)(19)
260 557513 0.3231(54) 0.03 172(12)(2)

Table 1: n(1S) kinetic mass and(2S) — Y(1S)  Table 2: Results for the inverse lattice spacings of
splitting for three values of the batequark mass the different ensembles, obtained from ¥i@S) —

(lattice units). Errors are statistical/fitting only. Y(1S) splitting.
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Figure 1: np(1S) kinetic mass vam,. Errors are Figure 2: Radial and orbital energy splittings in
statistical/fitting only. The line shows a linear fit. ~ bottomonium. Errors are statistical/fitting only.

speed of lights compatible with 1 within statistical errors of less than 0.25% for lattice momenta
ap=n-2x/L up ton? = 12; equivalentlyMyi, shows no dependence @rwithin errors.

Table 1 shows the kinetic mass of the, meson for three different values afm,, on the
am = 0.005 ensemble. As can be seen in Figthe data are compatible with a linear depen-
dence in the range considered. Fitting the funciédi, = A+ B-am, gives A = 0.48925),
B =1.956(11). Also shown in Tablel is the Y(2S) — Y(1S) energy splitting, which is found to
be nearly independent aim,. The Y(2S) — Y(1S) splitting is furthermore expected to have very
small systematic errors, and is therefore an ideal quantity to set the lattice scale by comparing to
the experimental value of. 5629640) GeV [11]. Then, using the experimental value of thg
mass, B8I5) GeV [12], one can solve for the value afy, that gives the correct kinetic mass in
physical units. This gives

am, = 2.514(36). (2.2)

Results for the lattice spacings of the four different ensembles, computed after tuning the
quark mass, are listed in Tali?e There, the first error given is statistical/fitting and the second is
an estimate of the systematic errors (relativistic, radiative and discretization) due to the NRQCD
action.

Next, Fig.2 shows results for the radial and orbital energy splittings. All masses have been
determined by computing the energy difference to Yi&S) and using the experimental(1S)
mass as an input. The lattice scales were taken from Tabléus, the Sand 1S masses are not
predictions here and hence no error bars are shown for them. The remaining energy splittings are
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Figure 3: BottomoniumS-wave hyperfine splittings Figure 4: BottomoniumP-wave spin splittings (en-
(energies relative to th¥(1S) andY(2S) states, re- ergies relative to the spin-average of tjgg(1P)
spectively). Errors are statistical/fitting only. states). Errors are statistical/fitting only.

in good agreement with the experimental results (lines). The sea quark mass dependence is found
to be weak, as expected for sufficiently light quarks.

Spin-dependent energy splittings were also computed and are shown i3 Big$4. Here,
larger systematic errors are expected due to missing relativistic and radiative corrections as well as
discretization errors. The latter are most severe for$hedve) hyperfine splitting, which is known
to be sensitive to very short distances. Hagave spin splittings shown in Fig.are seen to be in
relatively good agreement with experiment within the statistical errors. Etgygderfine splitting
was found to be 58 + 1.5(stah MeV on the most chiral ensemble, which has to be compared
to the experimental value of 7@§;§(stal) +2.7(sysh MeV [12]. In Ref. [13], the bottomonium
spectrum was computed using a relativistic heavy-quark action on the same RBC/UKQCD gauge
configurations. There, the hyperfine splitting was found to be only 23.7(sta MeV, a much
larger deviation from experiment.

3. Bottom mesons and baryons

For the calculation of heavy-light meson and baryon masses, thews&t ahdsvalence quark
domain wall propagators in use is an extension of the propagators that were computed and saved
during the static-light calculation ir6]. So far, only propagators on tlan = 0.005,am; = 0.04
ensemble, with valence quark masses equal to the sea quark masses have been included in the
ongoing NRQCD spectrum calculation. These quark masses correspond to pion and kaon masses
of about 331 and 576 MeV, respectively. Note that also the strange quark mass is too large; the
physical point corresponds & ~ 0.034 [8].

The domain wall propagators have APE smeared sources. For the heavy-quark, NRQCD prop-
agators are computed with both point and Gaussian smeared sources. Hadron correlation functions
are then calculated for both point and smeared sinks and projected to zero momentum. They are
fitted simultaneously in a fully correlated multi-exponential matrix fit, and errors are estimated us-
ing bootstrap. The results shown below are from about 800 domain wall propagators. To increase
statistics, correlators directed both forward and backward in time are computed.
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Hadron JP Operator
- AM (MeV) AM (MeV)
+
Ao 2 €abe (C15)py 0 a7 Q Splitting lattice experiment
. + 3+
0, % 5 .3 €anc(Cri)py o 0y Q B —B 48(9) 45.78(35)
= %* €abe (C%)B qﬁ sl; Qc B; —Bs 4954)) 46.121.5;
- — + 3+ 2 —2p 25(25 21.2(2.0
. + 3+ b -
0, Q5 3.3 Eabc(C?’J)By 5 Sy Q° Q;-Qp  19(10) -
Zbbs =pp %+7 %Jr €abc (Cj)py Qﬁ Qb 0} Zpb— =bb 24(14) -
be, ng %+7 %+ Eabc (C'}/J)ﬁy Qﬁ Qb be_ be 38(9) _
Qbbb %* €abe (CVJ)ﬁ Qﬁ Qb Q5 Table 4: Heavy-light spin splittings in bottom
mesons and baryonsatn = 0.005 am;=0.04
Table 3: Operators for bottom baryon€ = 17, (preliminary; errors are statistical/fitting only)

nonrelativistic gamma matrix basisy, = my).

The structure of the baryon operators in use is shown in Tableheb quark is denoted by
Q, which is a 4-component spinor with vanishing lower components (in the nonrelativistic gamma
matrix basis), since in NRQCD quarks and antiquarks are decoupled. The operators with Dirac
matrix I = Cy; have an overlap with botll = 3 andJ = 3 states. At zero momentum, these
contributions can be disentangled by multiplying the correlator with the projetdgrs %ylyj)
and3yy;, respectively.

As mentioned before, energies obtained from fits to correlators are shifted due to the use of
NRQCD. Energy splittings are not affected. To compute the full hadron masses in a way that leads
to only weak dependence on the barguark mass, the experimental value for the e.g.Yi{ikS)
or theB meson mass is used as an input parameter in the following way:

M = Egim 4o 5 (MeYXp Edm) (3.1)
or M = Esim +np (Mg — ES ) - (3.2)

wheren, denotes the number bfquarks in the hadrorkgi, is the simulation energy and is the

full hadron mass to be calculated. Results forBlmeeson masses, computed usi8dy), are shown

in Fig. 5, and the masses of singly- and doubly bottom baryons, for both metBdjiad 3.2),

are shown in Figs6 and7. Where available, the experimental values are indicatéfj for the

Qp, both the DQblack) and CDF (red) results are showln?]. Numerical results for various spin
splittings are listed in Tablé; these are found to agree with experiment (where available) within

the statistical errors. The hadron masses at the present values for the light quark masses tend to
be slightly above the experimental results. Definitive conclusions can only be made after chiral
extrapolation (and, eventually, after the inclusion of different lattice spacings and volumes). Note
that theY mass shows little dependence on the sea quark masses, whidehttgea light valence

quark. Thus, .1) and @.2) lead to very different chiral behavior &fl, which likely explains

the discrepancies between the two methods seen at the present quark masses (for doubly bottom
baryons, Fig7, the differences are enhanced singe-= 2).
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Figure 5: B meson masses atn = 0.005,amy;=  Figure 6: Singly bottom baryon masses atn =
0.04. Errors are statistical/fitting only. 0.005, am;=0.04. Errors are statistical/fitting only.
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Figure 7: Doubly bottom baryon massesatn =  Figure 8: Qupp matrix correlator, effective energy

0.005 amy=0.04. Errors are statistical/fitting only. plot (lattice units).

The Qupp baryon does not contain light valence quarks, and similarly to bottomonium, the
dependence on the light sea quarks masses is expected to be weak once these are light enough.
Thus, Eqg. 8.1) is the better method for computing its absolute mass, and no chiral extrapolation is
required. Also, since NRQCD is computationally cheap, one can go to very high statistics with little
cost. An effective-energy plot for &y, matrix correlator from about PONRQCD propagators
on theam = 0.005,am; = 0.04 ensemble is shown in Fi§. As can be seen, the signal is very
good. The (unphysical) energy obtained from the faks,,,, = 0.552712). Fitting anY correlator
from the same propagators givedy ;g = 0.2978620). Using the bootstrap method to properly
take into account correlations, E§. 1) then leads to

May,, = 14.374833) GeV (3.3)

where the error is statistical only and includes the uncertainty in the lattice spacing (the latter was
taken from Table2). The Qppy Mass has been estimated using various continuum methods, see
[14, 15, 16, 17, 18], and the production of th@y, at hadron colliders has been studiedif,[20].
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4. Outlook

The heavy-light calculations will be extended to include the other light quark masses, and
chiral extrapolations will be performed. All calculations presented here are only for one lattice
spacing, but the finey = 32% x 64 RBC/UKQCD gauge configurations will be included once they
become available. This should allow more reliable estimates of discretization errors.

With NRQCD, high statistical accuracy can be achieved for@®yg, baryon, similarly to
bottomonium. It should therefore be possible to study excited states also fQgghe

Acknowledgments: Computations were performed at NCSA, NERSC, and Cambridge HPCS.

References
[1] V. M. Abazovet al.[D@ Collaboration], Phys. Rev. Lett01, 232002 (2008)
[arXiv:0808.4142 [hep-€eX] ].
[2] T. Aaltonenet al.[CDF Collaboration]arXiv:0905.3123 [hep-eX]

[3] R. Lewis and R. M. Woloshyn, Phys. Rev.T9, 014502 (2009)
[arXiv:0806.4783 [hep-lat] ]-

[4] T.Burch, C. Hagen, C. B. Lang, M. Limmer and A. Schafer, Phys. Rex9014504 (2009)
[arXiv:0809.1103 [hep-lat] 1.

[5] H.Naand S. Gottlieb, POBATTICE2008, 119 (2008) firXiv:0812.1235 [hep-lat] ].

[6] W. Detmold, C. J. Lin and M. Wingate, Nucl. Phys.888 17 (2009)
[arXiv:0812.2583 [hep-lat] 1

[7] H. W. Lin, S. D. Cohen, N. Mathur and K. Orginas;Xiv:0905.4120 [hep-lat]

[8] C. Allton et al.(RBC and UKQCD Collaborations), Phys. Rev.7B, 114509 (2008)
[arXiv:0804.0473 [hep-lat] ]

[9] A. Gray, I. Allison, C. T. H. Davies, E. Dalgic, G. P. Lepage, J. Shigemitsu and M. Wingate, Phys.
Rev. D72, 094507 (2005)4drXiv:hep-lat/0507013 I

[10] S. Meinel, Phys. Rev. 9, 094501 (2009)drXiv:0903.3224 [hep-lat] ]
[11] C. Amsleret al.[Particle Data Group], Phys. Lett. &7, 1 (2008).
[12] B. Aubertet al.(BABAR Collaboration), Phys. Rev. Lett01, 071801 (2008) [Erratum-ibid.02,

029901 (2009)]4rXiv:0807.1086 [hep-ex] ]-
[13] M. Li (RBC and UKQCD Collaborations), POSATTICE2008, 120 (2008)
[arXiv:0810.0040 [hep-lat] ]-

[14] P. Hasenfratz, R. R. Horgan, J. Kuti and J. M. Richard, Phys. Le34,B201 (1980).

[15] Y. Jia, JHERO61Q 073 (2006) firXiv:0607290 [hep-ph] 1.

[16] A. Bernotas and V. SimonisrXiv:0808.1220 [hep-ph]

[17] A.P. Martynenko, Phys. Lett. B63 317 (2008) &rXiv:0708.2033 [hep-ph] 1.

[18] J.R. Zhang and M. Q. Huang, Phys. Lett6B4, 28 (2009) frXiv:0902.3297 [hep-ph] 1.

[19] M. A. Gomshi Nobary and R. Sepahvand, Phys. Rev¥1p034024 (2005)
[arXiv:hep-ph/0406148 ].

[20] M. A. Gomshi Nobary and R. Sepahvand, Nucl. Phy§48, 34 (2006)
[arXiv:hep-ph/0508115 ].


http://arxiv.org/abs/0808.4142
http://arxiv.org/abs/0905.3123
http://arxiv.org/abs/0806.4783
http://arxiv.org/abs/0809.1103
http://arxiv.org/abs/0812.1235
http://arxiv.org/abs/0812.2583
http://arxiv.org/abs/0905.4120
http://arxiv.org/abs/0804.0473
http://arxiv.org/abs/hep-lat/0507013
http://arxiv.org/abs/0903.3224
http://arxiv.org/abs/0807.1086
http://arxiv.org/abs/0810.0040
http://arxiv.org/abs/hep-ph/0607290
http://arxiv.org/abs/0808.1220
http://arxiv.org/abs/0708.2033
http://arxiv.org/abs/0902.3297
http://arxiv.org/abs/hep-ph/0406148
http://arxiv.org/abs/hep-ph/0508115

