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1. Introduction

Although the majority of precision studies of weak decays of heavy quarks have focused on
the mesonic sector, semileptonic decays of heavy baryons, e.g. Ap — AL*¢™ [1], Ap — pl~ Ve,
Ap — AtV [2], and Ao — p€*¢~ [3], have provided new and fruitful perspectives from which
to examine flavor physics.

Recently, the BESIII Collaboration performed precise measurements of the A7 — Ae*v, and
Af — Ap'v, branching fractions and angular observables [4, 5], enabling a detailed comparison
with the lattice-QCD predictions from Refs. [6, 7]. While the qz—differential decay rates are in
reasonable agreement with the predictions, some tensions were seen in the slopes of individual
form factors. It is natural to extend such studies to the SU(3) partner process E. — Ef*v,. In
2021, both Belle and ALICE performed measurements of the relative branching ratio [8, 9]

B(EY — E7e*v,)

B(E? - E-x%)

Combining these results with a 2018 Belle measurement of the B(E — E~z*) normalization
mode [10] gives the following experimental results for the absolute branching fractions:

Bpee(E0 > E7e*v,) =(1.31 + 0.04 + 0.07 + 0.38) %, (1)
BaLice(EY — E™e"v,) =(2.48 + 0.25 + 0.40 + 0.72)%. )

Here the first and second uncertainties are statistical and systematic, respectively, while the third
is propagated from the uncertainty in the £ — E~z* normalization mode. The 2023 Review of
Particle Physics (using only the Belle measurement as input) [11] gives a somewhat different value,
obtained from a fit including other modes, of

BppG(EX — E7e*v,) =(1.04 + 0.24)%. (3)

In the decade preceding these experimental results, a variety of different model-dependent
theoretical predictions of the branching ratio were published, with the results summarized in Table
1. These model-dependent estimations trend noticeably higher than the experimental measurements
discussed above. Note that these predictions do not all use the same value of the E.. lifetime. Because
of a precise LHCb measurement in 2019 [12], the E? lifetime was updated from Tz = (112+£13) fs
to T = (154.5 £ 2.5) fs. Another LHCb measurement published in 2021 then lead to the average
T = (152.0 +2.0) fs [13]. In Table 1, the calculations marked with a () used the pre-2019 value
of T =0-

Since the publication of the experimental results, a significant amount of theoretical interest in
this decay mode has centered around the expectations of flavor SU(3) symmetry. In Refs. [23-25],
the authors argue that the experimental measurements of B(Z2
than would be suggested by SU(3) considerations based on B(AZ — Ae*v,). Reference [25]
suggested this could be resolved by a large E. — =, mixing angle, but subsequent lattice calculations

— E~e*v,) are considerably smaller

[26, 27] found a negligible mixing angle, in accordance with expectations from heavy quark theory.
The first lattice calculation of the E. — E{*v, form factors was performed by Zhang et al.
[23], which gave the Standard-Model prediction

Blatice(BY —E7e"v,) = (2.38 + 0.30 + 0.32)% 4)
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Method B(E2 — E~et*v,)
Geng, Liu, and Tsai, 2021 [14] light-front quark model (3.49 + 0.95)%
Zhao, 2021 [15] QCD sum rules 3.4+1.7)%
Faustov and Galkin, 2019 [16] rel. quark model 2.38 %*
Geng et al., 2019 [17] SU@3) (3.0 £0.3)%"
Zhao, 2018 [18] light-front quark model 1.35 %*
Geng et al., 2018 [19] SU@3) (4.87 = 1.74)%*
Geng et al., 2017 [20] SU@3) (11.9 £ 1.6) %"
Azizi, Sarac, and Sundu, 2012 [21] light-cone QCD sum rules  (7.26 + 2.54)%"*
Liu and Huang, 2010 [22] QCD sum rules 2.4 %*

Table 1: Recent model-dependent theoretical predictions of B(E) — E~e*v,). The calculations denoted
with a (*) used an outdated value of Tz0, @s explained in the main text.

for the branching ratio. The form factors obtained in that work were in fact already used in the
Monte-Carlo event generation for the Belle measurement in Ref. [8], and contributed approximately
3% to the overall systematic uncertainty. The calculation in Ref. [23] used two ensembles of lattice
gauge configurations with pion masses of 290 and 300 MeV, and a clover action for all of the
fermions.

Further lattice studies of the 2. — E{*v, transition can help to pin down these (mildly)
discrepant values of the branching ratio and help to test the model-dependent calculations in Table
1. Furthermore, the E. — E£*v, decay mode, while not as topical for flavor physics, can provide a
cross-check on the control of systematics for other lattice calculations that are more relevant in the
flavor sector.

The 2. — Ef*v, decay amplitude depends on six form factors that parameterize the hadronic
matrix elements of the weak effective Hamiltonian. In this work, we use a helicity-based definition
of the form factors [28], which has the advantage that each form factor can be individually extracted
from a single ratio of two-point and three-point correlation functions.

The matrix elements of the vector current, (E(p’, s”)[s y* c|E.(p, s)), are parameterized by
the form factors { fi, f1, fo}, and the corresponding matrix elements of the axial-vector current are
parameterized by {g., g.,g0}. These six form factors are each functions of g2, the square of the
four-momentum transferred to the lepton pair, ¢ = p — p’. The explicit form of the decomposition
into these form factors is given in Ref. [28].

2. Lattice Setup

The 2+1 flavor domain-wall fermion ensembles used in this work were generated by the RBC
and UKQCD collaborations [29-31]. The light quarks are implemented with identical parameters
for both the sea and valance quarks, but the valance strange quark masses are tuned to the physical
value and differ slightly from the sea quark masses [30, 31]. The relevant parameters are listed in
Table 2. All of the ensembles utilized an Iwasaki action for the gauge fields. The “F1M” ensemble
implements the fermion fields with a Mdbius domain-wall action instead of the Shamir domain-
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Label N3 xN;xNs a[fm] amy. g am®®  am™™ . [MeV] N Ny

C01 243x64x16 =~0.111 0.01 0.04 0.0323 ~ 420 283 2264
C005 24°x64x16 =~0.111 0.005 0.04 0.0323 ~ 340 311 2488
F004 323x64x16 =~0.083 0.004 0.03 0.0248 ~ 300 251 2008
FIM 48 x96x12 =~0.073 0.002144 0.02144 0.02217 ~ 230 113 1808

Table 2: Parameters of the lattice actions and propagators used in this calculation. Here N and Ny
are the numbers of “exact” and “sloppy” samples used in the all-mode-averaging procedure described in
Refs. [32, 33].

wall action used for the other three ensembles [31]. The charm quark was implemented with an
anisotropic clover action [34-37], tuned to remove heavy-quark discretization errors proportional
to all powers of am . The explicit form of the action, the tuning process, and the parameter values
are discussed in Ref. [38]. We use O(a)-improved vector and axial-vector currents of the same
form as in Ref. [2]. The renormalization is done using a mostly nonperturbative method, with Z{°
and Z77 given in Ref. [38] and residual matching factors pr given in Ref. [6].

3. Lattice Calculation and Preliminary Results

We extract the form factors from ratios of three-point and two-point correlation functions.
Since the Z,. and the Z both have J¥ = %+, we use the interpolating field operators

Hea = Eabc(CYS)ﬁyugsl;Cfp Ho = fabc(CYS)ﬁyugs};sfy- )

With these, we construct both the “forward” and “backward” three-point correlation functions

3,f ’ ’ —ipn’ - (x— — ’ =
Cg(IW)(r,p 1,1 = Ze ip’-(x y)<:5(x0,x) Jlt(xo —t+1,y) Ecalxo - t,z)>,
Y.z

oM =1 =) e—ip"@—")(acé(xo +1,2) Jr(xo+1.y) Ea(xo,x)>,
Y.z

(6)

which are illustrated diagrammatically in Fig. 1. Here, p’ is the momentum of the final-state
E baryon, and ¢, ¢’ are the source-sink separation and current-insertion time, respectively. The
corresponding two-point correlation functions are

2,8,f ’ —in - (v— — =
C((m Y (p'.1) = Ze iy X)<:5(x0 +1,¥) Eo(x0.X)),
y

CgZ(;E,bw) (p'.1) = Z e—ip/.(x—Y)<56(xO’X) B (x0 - t’y)>’
y
e = (7N
C((Sz(;uc,fw) ([) = Z <EC(§(X() +1, Y) Eca(XOa X)>a
y

2,5.,b —_ =
CEew) () Z (Ees(x0,%) Ecalxo —1,Y)).
y
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Figure 1: Diagrammatic representation of the forward and backward three-point correlation functions. The
light- and strange-quark propagators have Gaussian-smeared sources at the point (xo, X), and the heavy-quark
propagators are computed via the sequential-source method.

Following the same procedure as Ref. [2], we can obtain the form factors through the construction
of ratios like

Tr[c(3,fw) (p/, ,yﬂ’ t, t/) C(3,bw) (p/, ')’V, It — t,)]

R, 1,1) = ru[(1,0)] 1, [(1,0)] )

Tr [C(2,E,av) (p’ , t)] Tr [C(z,ac ,av) (t)]

which cancel the overlap factors and exponential time-dependence of the ground-state contribution.
The ratio is contracted with the virtual polarization vector

rin] =n- L0, ©)
q

to project to definite helicity. Here, ¢g is the momentum transfer to the lepton pair. From the ratio
in Eq. (8), we construct the quantity

Ry (Ip'l,1) = 24 \/ = RY(Ip'],1,1/2) (10)
S (Ez—mz)(mz, +mz) VEz+mz " Y

=f, + (excited-state contributions),

which is equal to the form factor at sufficiently large Euclidean times. A more complete discussion
of this derivation and the ratios that give the other vector and axial-vector form factors can be found
in Ref. [2]. The ¢’ dependence of 9?}: is mild, as demonstrated in Fig. 2. In Eq. (10), we evaluate
RY att’ = t/2, where the excited-state contamination at each ¢ is minimal.

To extract the values of the form factors at infinite source-sink separation, we use the fit
functions

Rpin(t) = fin+Afine o0t §pi = min+elfin GeV, (11)

The constant term f; ,, is the value of the form factor at infinite source-sink separation, and the
exponential term captures the dominant excited-state contamination. The index f labels the different
form factors, i labels the different ensembles, and n labels the value of the final state momentum
|p’|?> = n(27/L)>. Here, the minimum energy gap dy;n is set to 100 MeV (smaller than any expected
gap in spectrum), which helps stabilize the fits. The ensembles CO1, CO05 and FO04 have equal
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Figure 2: Example numerical values of %Y at [p’|? = 1(27/L)?, plotted as a function of the current-insertion
time ¢’ for three different source-sink separations.

spatial extent L (within uncertainties) and therefore share the same values of |p’|. We use that fact
to perform a coupled fit across these three ensembles for all the vector (f = fi, f1, fo) or all the
axial-vector (f = g4, g1, go) form factors at a given momentum » (the FIM data are fit separately
from the others). The fit is coupled through the inclusion of several Gaussian priors to the y?
function. Since the momenta are equal (within uncertainties) across the different ensembles, we
anticipate that the energy gap parameters [ 7 ; ,, should also be similar across the different ensembles,
allowing for slight variations due to the differing lattice spacings and quark masses. As described
in Ref. [2], the priors constrain the variations of the /¢ ; ,, parameters across the different ensembles
to be not unnaturally large. A good y?/d.o.f. was achieved by first including all values of ¢ in the
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Figure 3: Example fits of R(|p’|,#) as a function of the source-sink separation ¢. These approach the
ground-state form factors at large r. Here we show results for both the vector (left) and axial-vector (right)
form factors from the FO04, CO1, and C005 ensembles at [p’|> = 1(27/L)>.
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fit, and then steadily increasing the minimum value of ¢ included. Examples of the fits are shown
in Fig. 3.

We have not yet performed a chiral-continuum extrapolation, so in Figs. 4 and 5 we show
our data points for the ground-state form factors from the different ensembles in comparison to
the continuum-extrapolated form factors from Ref. [23]. Our results include preliminary estimates
of the systematic uncertainties from the choice of #y;, in the fits to Ry ; ,(¢), equal to the shifts
in the central values of the form factors when increasing i, by one step. These estimates are
presently computed individually for each point, and we find that the sizes of these estimates can
vary substantially from point to point.

We observe only mild dependence on the pion mass and lattice spacing, indicating that our
chiral-continuum extrapolated form factors will, most likely, lie close to our data points. This
implies that our final results for the form factors, especially in the high-¢? region, will likely be
larger than those of Ref. [23]. Because each of these form factors contributes additively to the decay
rate, we expect our Standard-Model prediction for the branching ratio B(E) — Z~e*v,) to be
higher than the previous lattice prediction in Ref. [23], and also higher than the experimental values
in Refs. [8, 9]. Our prediction will likely be closer to some of the model-dependent calculations
discussed in Section 1. If this higher value of the branching ratio is confirmed, it will substantially
mitigate the apparent larger-than-expected deviations from SU(3) symmetry discussed in Refs. [23—

25].
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Figure 4: Comparison of our preliminary lattice results for the E. — = vector form factors from the four
different ensembles to the continuum-extrapolated results for these form factors (cyan curves with 1o error
bands) from the lattice calculation of Zhang et al. [23].
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Figure 5: Like Fig. 4, but for the axial-vector form factors.
Acknowledgments

We thank the RBC and UKQCD collaborations for providing the gauge-field ensembles used
for our computations. We thank Qi-An Zhang for sending us bootstrap samples for the form-factor

parameters from Ref. [23], which we used to produce the error bands shown in Figs. 4 and 5. CF

and SM are supported by the U.S. Department of Energy, Office of Science, Office of High Energy
Physics under Award Number DE-SC0009913. We carried out the computations for this work on
facilities at the National Energy Research Scientific Computing Center, a DOE Office of Science

User

Facility supported by the Office of Science of the U.S. Department of Energy under Contract

No. DE-AC02-05CH1123, and on facilities of the Extreme Science and Engineering Discovery
Environment (XSEDE), which was supported by National Science Foundation grant number ACI-
1548562. We used Chroma [39, 40], QLUA [41], MDWF [42], and related USQCD software

[43].

References

[1]

(2]

W. Detmold and S. Meinel, “A, — A¢€*¢~ form factors, differential branching fraction, and
angular observables from lattice QCD with relativistic b quarks,” Phys. Rev. D 93 no. 7,
(2016) 074501, arXiv:1602.01399 [hep-lat].

W. Detmold, C. Lehner, and S. Meinel, “Aj, — pf~ v, and Ap, — AL~ V¢ form factors from
lattice QCD with relativistic heavy quarks,” Phys. Rev. D 92 no. 3, (2015) 034503,
arXiv:1503.01421 [hep-lat].


http://dx.doi.org/10.1103/PhysRevD.93.074501
http://dx.doi.org/10.1103/PhysRevD.93.074501
http://arxiv.org/abs/1602.01399
http://dx.doi.org/10.1103/PhysRevD.92.034503
http://arxiv.org/abs/1503.01421

Form factors for the charm-baryon semileptonic decay 2. — Elv Callum Farrell

(3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

S. Meinel, “A. — N form factors from lattice QCD and phenomenology of A. — nf*v, and
Ac — putu~ decays,” Phys. Rev. D 97 no. 3, (2018) 034511, arXiv:1712.05783
[hep-1lat].

BESIII Collaboration, M. Ablikim et al., “Study of the Semileptonic Decay A} — Ae*v,,”
Phys. Rev. Lett. 129 no. 23, (2022) 231803, arXiv:2207.14149 [hep-ex].

BESIII Collaboration, M. Ablikim et al., “Study of A7 — Au*v, and Test of Lepton Flavor
Universality with A7 — A¢*v, Decays,” arXiv:2306.02624 [hep-ex].

S. Meinel, “A. — Al*v; form factors and decay rates from lattice QCD with physical quark
masses,” Phys. Rev. Lett. 118 no. 8, (2017) 082001, arXiv:1611.09696 [hep-lat].

S. Meinel and G. Rendon, “Charm-baryon semileptonic decays and the strange A*
resonances: New insights from lattice QCD,” Phys. Rev. D 105 no. 5, (2022) L051505,
arXiv:2107.13084 [hep-ph].

Belle Collaboration, Y. B. Li et al., “Measurements of the branching fractions of the
semileptonic decays 20 — E~¢*v, and the asymmetry parameter of E2 — Z~x*,” Phys.
Rev. Lett. 127 no. 12, (2021) 121803, arXiv:2103.06496 [hep-ex].

ALICE Collaboration, S. Acharya et al., “Measurement of the Cross Sections of Z0 and E;.
Baryons and of the Branching-Fraction Ratio BR(E(C) — E7e ve)/BR(Eg — E" ) in pp
collisions at 13 TeV,” Phys. Rev. Lett. 127 no. 27, (2021) 272001, arXiv:2105.05187
[nucl-ex].

Belle Collaboration, Y. B. Li et al., “First Measurements of Absolute Branching Fractions of
the Eg Baryon at Belle,” Phys. Rev. Lett. 122 no. 8, (2019) 082001, arXiv:1811.09738
[hep-ex].

Particle Data Group Collaboration, R. L. Workman et al., “Review of Particle Physics,”
PTEP 2022 (2022) 083CO01.

LHCb Collaboration, R. Aaij et al., “Precision measurement of the A¥, Ef and Z2 baryon
lifetimes,” Phys. Rev. D 100 no. 3, (2019) 032001, arXiv:1906.08350 [hep-ex].

LHCDb Collaboration, R. Aaij e al., “Measurement of the lifetimes of promptly produced Q2
and Eg baryons,” Sci. Bull. 67 no. 5, (2022) 479487, arXiv:2109.01334 [hep-ex].

C. Q. Geng, C.-W. Liu, and T.-H. Tsai, “Semileptonic weak decays of antitriplet charmed
baryons in the light-front formalism,” Phys. Rev. D 103 no. 5, (2021) 054018,
arXiv:2012.04147 [hep-ph].

Z.-X. Zhao, “Semi-leptonic form factors of E, — E in QCD sum rules,”
arXiv:2103.09436 [hep-ph].

R. N. Faustov and V. O. Galkin, “Semileptonic E. baryon decays in the relativistic quark
model,” Eur. Phys. J. C 79 no. 8, (2019) 695, arXiv:1905.08652 [hep-ph].


http://dx.doi.org/10.1103/PhysRevD.97.034511
http://arxiv.org/abs/1712.05783
http://arxiv.org/abs/1712.05783
http://dx.doi.org/10.1103/PhysRevLett.129.231803
http://arxiv.org/abs/2207.14149
http://arxiv.org/abs/2306.02624
http://dx.doi.org/10.1103/PhysRevLett.118.082001
http://arxiv.org/abs/1611.09696
http://dx.doi.org/10.1103/PhysRevD.105.L051505
http://arxiv.org/abs/2107.13084
http://dx.doi.org/10.1103/PhysRevLett.127.121803
http://dx.doi.org/10.1103/PhysRevLett.127.121803
http://arxiv.org/abs/2103.06496
http://dx.doi.org/10.1103/PhysRevLett.127.272001
http://arxiv.org/abs/2105.05187
http://arxiv.org/abs/2105.05187
http://dx.doi.org/10.1103/PhysRevLett.122.082001
http://arxiv.org/abs/1811.09738
http://arxiv.org/abs/1811.09738
http://dx.doi.org/10.1093/ptep/ptac097
http://dx.doi.org/10.1103/PhysRevD.100.032001
http://arxiv.org/abs/1906.08350
http://dx.doi.org/10.1016/j.scib.2021.11.022
http://arxiv.org/abs/2109.01334
http://dx.doi.org/10.1103/PhysRevD.103.054018
http://arxiv.org/abs/2012.04147
http://arxiv.org/abs/2103.09436
http://dx.doi.org/10.1140/epjc/s10052-019-7214-5
http://arxiv.org/abs/1905.08652

Form factors for the charm-baryon semileptonic decay 2. — Elv Callum Farrell

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

C.-Q. Geng, C.-W. Liu, T.-H. Tsai, and S.-W. Yeh, “Semileptonic decays of anti-triplet
charmed baryons,” Phys. Lett. B 792 (2019) 214-218, arXiv:1901.05610 [hep-ph].

Z.-X. Zhao, “Weak decays of heavy baryons in the light-front approach,” Chin. Phys. C 42
no. 9, (2018) 093101, arXiv:1803.02292 [hep-ph].

C. Q. Geng, Y. K. Hsiao, C.-W. Liu, and T.-H. Tsai, “Antitriplet charmed baryon decays with
SU(3) flavor symmetry,” Phys. Rev. D 97 no. 7, (2018) 073006, arXiv:1801.03276
[hep-ph].

C. Q. Geng, Y. K. Hsiao, C.-W. Liu, and T.-H. Tsai, “Charmed Baryon Weak Decays with
SU(3) Flavor Symmetry,” JHEP 11 (2017) 147, arXiv:1709.00808 [hep-ph].

K. Azizi, Y. Sarac, and H. Sundu, “Light cone QCD sum rules study of the semileptonic
heavy Ep and E’Q transitions to E and X baryons,” Eur. Phys. J. A 48 (2012) 2,
arXiv:1107.5925 [hep-ph].

Y.-L. Liu and M.-Q. Huang, “A light-cone QCD sum rule approach for the = baryon
electromagnetic form factors and the semileptonic decay E. — Ee*v,,” J. Phys. G 37 (2010)
115010, arXiv:1102.4245 [hep-ph].

Q.-A. Zhang et al., “First lattice QCD calculation of semileptonic decays of charmed-strange
baryons E},” Chin. Phys. C 46 no. 1, (2022) 011002, arXiv:2103.07064 [hep-lat].

X.-G. He, F. Huang, W. Wang, and Z.-P. Xing, “SU(3) symmetry and its breaking effects in
semileptonic heavy baryon decays,” Phys. Lett. B 823 (2021) 136765, arXiv:2110.04179
[hep-ph].

C.-Q. Geng, X.-N. Jin, and C.-W. Liu, “Resolving puzzle in E(C) — E7e*v, with B, — E..

mixing spectrum within the quark model,” Phys. Lett. B 838 (2023) 137736,
arXiv:2210.07211 [hep-ph].

H. Liu, L. Liu, P. Sun, W. Sun, J.-X. Tan, W. Wang, Y.-B. Yang, and Q.-A. Zhang, “E. — E,.
mixing from lattice QCD,” Phys. Lett. B 841 (2023) 137941, arXiv:2303.17865
[hep-1lat].

H. Liu, W. Wang, and Q.-A. Zhang, “An improved method to determine the E. — E..
mixing,” arXiv:2309.05432 [hep-ph].

T. Feldmann and M. W. Y. Yip, “Form factors for A, — A transitions in the soft-collinear
effective theory,” Phys. Rev. D 85 (2012) 014035, arXiv:1111.1844 [hep-ph]. [Erratum:
Phys.Rev.D 86, 079901 (2012)].

RBC, UKQCD Collaboration, Y. Aoki et al., “Continuum Limit Physics from 2+1 Flavor
Domain Wall QCD,” Phys. Rev. D 83 (2011) 074508, arXiv:1011.0892 [hep-lat].

RBC, UKQCD Collaboration, T. Blum et al., “Domain wall QCD with physical quark
masses,” Phys. Rev. D 93 no. 7, (2016) 074505, arXiv:1411.7017 [hep-lat].

10


http://dx.doi.org/10.1016/j.physletb.2019.03.056
http://arxiv.org/abs/1901.05610
http://dx.doi.org/10.1088/1674-1137/42/9/093101
http://dx.doi.org/10.1088/1674-1137/42/9/093101
http://arxiv.org/abs/1803.02292
http://dx.doi.org/10.1103/PhysRevD.97.073006
http://arxiv.org/abs/1801.03276
http://arxiv.org/abs/1801.03276
http://dx.doi.org/10.1007/JHEP11(2017)147
http://arxiv.org/abs/1709.00808
http://dx.doi.org/10.1140/epja/i2012-12002-1
http://arxiv.org/abs/1107.5925
http://dx.doi.org/10.1088/0954-3899/37/11/115010
http://dx.doi.org/10.1088/0954-3899/37/11/115010
http://arxiv.org/abs/1102.4245
http://dx.doi.org/10.1088/1674-1137/ac2b12
http://arxiv.org/abs/2103.07064
http://dx.doi.org/10.1016/j.physletb.2021.136765
http://arxiv.org/abs/2110.04179
http://arxiv.org/abs/2110.04179
http://dx.doi.org/10.1016/j.physletb.2023.137736
http://arxiv.org/abs/2210.07211
http://dx.doi.org/10.1016/j.physletb.2023.137941
http://arxiv.org/abs/2303.17865
http://arxiv.org/abs/2303.17865
http://arxiv.org/abs/2309.05432
http://dx.doi.org/10.1103/PhysRevD.85.014035
http://arxiv.org/abs/1111.1844
http://dx.doi.org/10.1103/PhysRevD.83.074508
http://arxiv.org/abs/1011.0892
http://dx.doi.org/10.1103/PhysRevD.93.074505
http://arxiv.org/abs/1411.7017

Form factors for the charm-baryon semileptonic decay 2. — Elv Callum Farrell

[31] RBC/UKQCD Collaboration, P. A. Boyle, L. Del Debbio, N. Garron, A. Juttner, A. Soni,
J. T. Tsang, and O. Witzel, “SU(3)-breaking ratios for D () and B(y) mesons,”
arXiv:1812.08791 [hep-1lat].

[32] T. Blum, T. Izubuchi, and E. Shintani, “New class of variance-reduction techniques using
lattice symmetries,” Phys. Rev. D 88 no. 9, (2013) 094503, arXiv:1208.4349 [hep-lat].

[33] E. Shintani, R. Arthur, T. Blum, T. Izubuchi, C. Jung, and C. Lehner, “Covariant
approximation averaging,” Phys. Rev. D 91 no. 11, (2015) 114511, arXiv:1402.0244
[hep-1at].

[34] A. X. El-Khadra, A. S. Kronfeld, and P. B. Mackenzie, “Massive fermions in lattice gauge
theory,” Phys. Rev. D 55 (1997) 3933-3957, arXiv:hep-1at/9604004.

[35] S. Aoki, Y. Kuramashi, and S.-i. Tominaga, “Relativistic heavy quarks on the lattice,” Prog.
Theor. Phys. 109 (2003) 383413, arXiv:hep-1at/0107009.

[36] S. Aoki, Y. Kayaba, and Y. Kuramashi, “A Perturbative determination of mass dependent
O(a) improvement coefficients in a relativistic heavy quark action,” Nucl. Phys. B 697 (2004)
271-301, arXiv:hep-1at/0309161.

[37] H.-W. Lin and N. Christ, “Non-perturbatively Determined Relativistic Heavy Quark Action,”
Phys. Rev. D 76 (2007) 074506, arXiv:hep-1at/0608005.

[38] S. Meinel, “Status of next-generation A, — p, A, A, form-factor calculations,”
arXiv:2309.01821 [hep-lat].

[39] SciDAC, LHPC, UKQCD Collaboration, R. G. Edwards and B. Joo, “The Chroma software
system for lattice QCD,” Nucl. Phys. B Proc. Suppl. 140 (2005) 832,
arXiv:hep-1at/0409003.

[40] R. G. Edwards, B. Joé, et al., “Chroma.” https://github.com/JeffersonlLab/chroma.

[41] A. Pochinsky, S. Syritsyn, et al., “QLUA.”
https://usqcd.Ilns.mit.edu/w/index.php/QLUA.

[42] A. Pochinsky, S. Syritsyn, et al., “Mobius Domain Wall inverter.”
https://github.com/usqcd-software/mdwf.

[43] USQCD Collaboration, “USQCD Software.” http://usqcd-software.github.io.

11


http://arxiv.org/abs/1812.08791
http://dx.doi.org/10.1103/PhysRevD.88.094503
http://arxiv.org/abs/1208.4349
http://dx.doi.org/10.1103/PhysRevD.91.114511
http://arxiv.org/abs/1402.0244
http://arxiv.org/abs/1402.0244
http://dx.doi.org/10.1103/PhysRevD.55.3933
http://arxiv.org/abs/hep-lat/9604004
http://dx.doi.org/10.1143/PTP.109.383
http://dx.doi.org/10.1143/PTP.109.383
http://arxiv.org/abs/hep-lat/0107009
http://dx.doi.org/10.1016/j.nuclphysb.2004.07.017
http://dx.doi.org/10.1016/j.nuclphysb.2004.07.017
http://arxiv.org/abs/hep-lat/0309161
http://dx.doi.org/10.1103/PhysRevD.76.074506
http://arxiv.org/abs/hep-lat/0608005
http://arxiv.org/abs/2309.01821
http://dx.doi.org/10.1016/j.nuclphysbps.2004.11.254
http://arxiv.org/abs/hep-lat/0409003
https://github.com/JeffersonLab/chroma
https://usqcd.lns.mit.edu/w/index.php/QLUA
https://github.com/usqcd-software/mdwf
http://usqcd-software.github.io

	Introduction
	Lattice Setup
	Lattice Calculation and Preliminary Results

