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We discuss the effects of SU(3) symmetry breaking measured in hyperon beta decays from fully-
dynamical lattice QCD. Our calculations are carried out with gauge configurations generated by
the RBC and UKQCD collaborations with (2+1)-flavors of dynamical domain-wall fermions and
the Iwasaki gauge action at two couplings, f = 2.13 and 2.25. We have estimated the value of
the hyperon vector couplings f1(0) for X — N and & — X decays with an accuracy of less than
one percent. We then find that lattice results of f(0) combined with the best estimate of |V,
with imposing CKM unitarity are slightly deviated from the experimental result of |V, f(0)]| for
the ¥ — N decay. This discrepancy can be attributed to an assumption made in the experimental
analysis on |V, f1(0)], where the induced second-class form factor g; is set to be zero. We report
on this matter and show the preliminary results of g,(0) evaluated in both indirect and direct ways
using lattice QCD.
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1. Introduction

The experimental rate of the hyperon beta decays, B — blV, is given by
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where G is the Fermi constant measured from the muon lifetime, which already includes some
electroweak radiative corrections [[M]. The remaining radiative corrections to the decay rate are
approximately represented by Arc. Here Mp (M) denotes the rest mass of the initial (final) octet
baryon state. The ellipsis can be expressed in terms of a power series in the small parameter
6 = (Mp — Mp)/(Mp + Mp), which is regarded as a size of flavor SU(3) breaking. The first linear
term in &, which should be given by —48[g2(0)g1(0)/f1(0)%]_, ! is safely ignored as small
as O(8?) since the nonzero value of the second-class form factor g, [H] should be induced at
first order of the 0 expansion [[@]. The absolute value of [g(0)/f1(0)]p—p can be determined
by measured asymmetries such as electron-neutrino correlation. A theoretical attempt to evaluate
SU(3)-breaking corrections on the vector coupling f1(0) 2 is primarily required for the precise
determination of | V.

According to the Ademollo-Gatto theorem (AGT) [B], the value of f1(0) can start to deviate
from the SU(3) Clebsch-Gordan coefficients (hereafter denoted as flS u®)
SU(3) breaking. As the mass splittings among octet baryons are typically of the order of 10-15%,
an expected size of the second-order corrections is a few percent level. Although either the size or

(0)) at the second-order in

the sign of their corrections was somewhat controversial among various theoretical studies [d], it is
found that the second-order corrections of SU(3) breaking on the hyperon vector couplings f(0)
are negative and its sizes are estimated as about 3% for both £ — N and Z — X decays > in our
previous work using fully-dynamical lattice QCD simulations [B].

2. Numerical Results

We use 2+1 flavor domain-wall fermions (DWF) lattice QCD ensembles generated by the
RBC and UKQCD collaborations at two lattice spacings, a = 0.114 fm (coarse) [B] and a = 0.086
fm (fine) [M]. Their lattice sizes, L? x T = 243 x 64 and 323 x 64, correspond to almost the
same physical volumes (La =~ 2.7 fm). The dynamical light and strange quarks are described by
DWEF actions with fifth dimensional extent Ls = 16 and the domain-wall height of M5 = 1.8 for
all ensembles. A brief summary of our simulation parameters with 2+1 flavor DWF ensembles
appears in Table. .

In this study, all three-point correlation functions are calculated with a source-sink separation
of 12(15) in lattice units for 243(323) ensembles, which is large enough to suppress the excited state

1Conventionally, (Mp — M;,)/Mp is adopted in Eq. () to be the small parameter [0, @] However, our definition of
the SU(3)-breaking parameter, 8 = (Mp —M,,)/(Mp + Mj,) is theoretically preferable for considering the time-reversal
symmetry on the matrix elements of hyperon beta-decays in lattice QCD calculations [B, H]. Accordingly, a factor of
(M +M,,) /Mg is different in definitions of g», g3, f> and f3 form factors in comparison to those adopted in experiments.

2The vector coupling fi (0) is given by SU(3) Clebsch-Gordan coefficients in the exact SU(3) limit.

3In the iso-spin limit (m,, = my), all hyperon beta-decays can be classified in four types of decays as A — N, 2 — N,
E—-Aand E — L
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ﬁ a! [GeV] amyuq | Neont MD range Nsep Nieas(f1)  Nmeas(g2)  Mz[GeV]
2.13 1.73(3) 0.005 | 240  940-5720 20 8 4 0.3292(7)
0.01 120 5060-7440 20 8 4 0.4214(14)
0.02 80  1890-3470 20 8 4 0.5569(15)
2.25 2.28(3) 0.004 | 120 1000-3380 20 8 N/A 0.2902(11)
8
8

0.006 | 120 1000-3380 20 N/A 0.3445(9)
0.008 | 120  580-2960 20 N/A 0.3926(11)

Table 1: Summary of simulation parameters: the number of gauge configurations, the range, where mea-
surements were made, in molecular-dynamics (MD) time, the number of trajectory separation between each
measured configuration, the number of measurements for f;(0) and g»(¢?). The table also lists the pion
masses [, I].

contributions [, I2A]. Our previous results of f1(0) from the 243 ensembles with less number of
measurements were published in Ref [B], while preliminary results of f;(0) from the 32° ensembles
were first reported in Ref [[3]. Details of how to calculate the vector coupling f;(0) and the induced
second-class form factor g (g?) are described in Ref. [@].

2.1 Vector coupling f;(0)

We first show the results of f1(0) = £(0)/ fls ue) (0) # obtained from both the 243 (open circles)
and 323 (open diamonds) ensembles as a function of the pion mass squared for ¥ — N (left panel)
and & — ¥ (right panel) in Fig [I. In order to estimate fi(0) at the physical point, we perform
a combined global-fit of both coarse and fine lattice data on fi(0) = f1(0)/ flS U(3)(0) as multiple
functions of M% — M2 and Mz + M?2:

fi(0) =Co+ (Ci+Co- (Mg +Mz)) - (Mg — M3)?, Q2.1

which form is motivated by AGT [H#]. Here, we remark that our simulations are performed with a
strange quark mass slightly heavier than the physical mass [B, []. To take into account this slight
deviation in this global analysis of the chiral extrapolation, we simply evaluate a correction using
the Gell-Mann-Oakes-Renner relation for the pion and kaon masses, which corresponds to the
quark mass dependence of pseudo-scalar meson masses at the leading order of ChPT [H]. In Fig. O,
the dashed curve shows the fit result at the physical kaon mass, while the difference f; (0, M%) —
fi (O,Mghys) has been subtracted from raw data points of both the 24° and 323 lattice simulations.
We then get the final results at the physical point as

FEN(0) = —0.9646(31), fE*(0) = +0.9739(26), (2.2)

where the quoted errors are only statistical. Those values are consistent with our previous works,
which are performed with only the 24° ensembles, while the errors are significantly reduced.
Using the best estimate of |V,s| = 0.2254(8) with imposing CKM unitarity [[d], we then
predict the values |V, f1(0)|z—ny = 0.2174(6)y,,(7) s, and |V,sf1(0)|z—x = 0.2195(8)y,,(6) 7. Al-
though the latter is barely consistent with a single experimental result of |V f1(0)|z—x = 0.209(27),

“Here, fISU<3) (0) = —1 for X — N, while fISU(3) (0)=+1for& — X.
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Figure 1: Chiral extrapolation of f;(0) for £ — N (left) and £ — X (right).

the former is slightly deviated from the currently available experimental result of |V, f1(0)|z—n =
0.2282(49) and then reveals a 20 tension.

This discrepancy might be explained by the following reason. Through a polarized-X~ beta-
decay experiment, g;(0)/f1(0) can be determined as a function of g»(0)/f1(0) [M]. This yields
the constraint g1(0)/f1(0) —0.133g2(0)/f1(0) = —0.327(20) for X — N [I3]. Then, the conven-
tional assumption g,(0) = 0 gives the final value of g;(0)/f1(0) = —0.327(20), that is used in the
experimental analysis on |V, f1(0)|z—n determined from the decay rate (1) [, I§]. The assump-
tion g(0) = 0 is no longer valid without the exact SU(3) flavor symmetry [H]. Therefore, the 20
discrepancy may be associated with this assumption.

The value of g>(0) should be subject to the first order corrections of SU(3) breaking, which
are an order of 10-15%. Indeed, non-zero values of g»(0) are reported as the size of the first order
corrections from quenched lattice QCD for both £ — N [B] and £ — X [A] channels. On the other
hand, a test of the CKM unitary through the first row relation |wa1]2 + ]VMIZ + |Vub\2 = 1 reaches
less than a sub-percent level accuracy using the value of Vi given by the average of the K;3 and
K> determinations [I8]. Therefore, let us now use the CKM unitarity with our theoretical estimate
of f1(0) so as to read off g»(0) from the ¥ — N decay rate and the constraint |g;(0)/f;(0) —
0.133g2(0)/£1(0)|z—n = 0.327(20) in experiments. We then evaluate the value of g,(0) ~ 0.46,
which is roughly consistent with the size of the first order corrections and also the results from
quenched lattice QCD [B, 3].

2.2 Induced second-class form factor g;(q?)

The general form of the baryon matrix element for hyperon beta decay, B — b, is composed
of the vector and axial-vector transitions, (b(p’)|Vy(x) + Ay (x)|B(p)), which are described by six
form factors: fi, f> and f3 for the vector part and g;, g» and g3 for the axial-vector part. All
six form factors in the hyperon beta decay can be measured in lattice QCD simulations [B, B].
Hereafter, we focus on the axial-vector part of the baryon matrix element. We adopt the local axial
current Ay (x) = 7(x)7y, ¥5s(x) for the current operator and then define the finite-momentum three-
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point function with the baryon interpolating operators & and O}, for the initial (B) and final (b)
states that carry fixed momentum p and p’, respectively. The current operator, hence, has a three-
dimensional momentum transfer ¢ = p — p’. In this study, the z direction is chosen as the polarized
direction. We thus have three-types of the projected correlation functions with a projection operator
P2 = (14 1) ¥sY, for decay process B(p) — b(p'):

- 1 —

N (qe) o< S Tr{ P2 (Ot 0)A<(1,0) O (1ee. ~D)) } (2.3)
~ 1 —

AT q:) = JTr{ P2 (Ot DAy (1,0) O (1, —P)) } 24)
- 1 —

A" (¢ ) o< G Te{ 2200 (time D' )A(1,0) O (1re, D)) } (2.5)

where ¢ = p — p’ and ¢, denotes the z-component of q corresponding to longitudinal momentum.
The explicit g,-dependence, appeared in three-point correlation functions, stems from our choice
of the polarized direction. Details of definitions of A‘?’Bﬁb(qz,qz) (i=L,T,0) are described in
Ref. [H].

All three form factors g, g> and g3 in the axial-vector matrix element are obtained from
appropriate linear combinations of quantities A‘?’Béb(qz, ). In this study, we calculate the three
nonzero three-momentum transfer q = (277/L)n (n> = 1,2,3) for the hyperon decay process at the
rest flame of the final states (p’ = 0). When |q| # 0 for |p’| = 0, the induced second-class form

factor g, can be given by the following combination,

_ Mp+M,
- 2M,

Ep—M,

B—bs 2
(q) A

& AP (P q) |, (2.6

A,B—b A,B—b
[AL’ (¢*,9: =0)—Ay” " (q*,qz)

where Eg = \/Mé +p? [@]. In addition, we calculate the time-reversal process (b — B) as well

as B — b decay process. Note that the induced second form factor g,(g?) are supposed to have a
relation g8%(¢%) = —g5~2(¢?) in our convention.

In Fig. @, we show our preliminary results of unrenormalized g (g?) for the £ — N decay as a
function of four momentum squared ¢ for the mass of two light degenerate quarks at am,,q = 0.005
(left panel), 0.01 (central panel) and 0.02 (right panel) with a fixed strange quark mass, am; = 0.04,
on the 243 ensembles. The size of SU(3) breaking becomes increase from the right panel to the
left panel. Accordingly, the non-zero g, form factor becomes visible in the left panel and it shows
an upward trend toward from finite ¢> to ¢> = 0 though it is difficult to determine the precise ¢*-
dependence of g>(g*) within the current statistics. It is observed that the bare value of g>(g?) is
roughly equal to 0.3 at the smallest ¢>-value for am,y = 0.005. A factor of Z4 ~ Zy ~ 0.72 must be
multiplied to the bare values 3 so as to get the renormalized values of g»(¢?). Taking into account
the fact that the parameter dyy at am,y = 0.005 is approximately 0.08, which is about 30% smaller
than the physical value of dxy = 0.12, the observed non-zero value of g>(¢?) at ¢*> ~ 0.13 GeV? in
the direct calculation are consistent with an indirect estimation of g,(0) at the physical point with
the CKM unitarity constraint.

SIn this study, we use the vector and axial-vector local currents, which receive finite renormalization relative to
their continuum counterparts. However, the well-preserved chiral and flavor symmetries of DWFs yield a common
renormalization: Zy = Zy4, up to higher-order discretization errors, & (az) in the chiral limit [[].
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Figure 2: Induced second-class form factor ggm(qz) at am,y = 0.005 (left), 0.01 (center) and 0.02 (right)
for the 243 ensembles.

3. Summary

We have studied the SU(3) breaking effects on the hyperon beta decays using 2+1 flavor dy-
namical lattice QCD. The theoretical estimate of the hyperon vector coupling f;(0) reaches a sub
percent level accuracy. Then, we found that the current ¥ — N data with lattice input of f1(0)
moves slightly off the CKM unitarity condition. Conversely, we think that this observation would
expose a size of the induced second-class form factor g, which was less-known and ignored in
experiments [[]. We then estimate it as roughly g,(0) =~ 0.46 under the CKM unitarity condition.
Its size is indeed consistent with the size of the first-order SU(3) symmetry-breaking corrections. It
is also found that in lattice direct measurement, non-zero g, form factor is likely evident and its size
is roughly consistent with the indirect estimation. Thus, it is most likely that the CKM unitarity
could be satisfied in the ¥ — N decay within the current experimental accuracy.

Acknowledgments

It is a pleasure to acknowledge the technical help of P. Boyle and C. Jung for numerical cal-
culations on the IBM BlueGene/Q supercomputer. Numerical calculations reported here were car-
ried out on KEK supercomputer system, the COMA (PACS-IX) system at the CCS, University of
Tsukuba, and also RIKEN Integrated Cluster of Clusters (RICC) facility.

References

[1] For a review of hyperon beta decays, see N. Cabibbo, E. C. Swallow and R. Winston, Ann. Rev. Nucl.
Part. Sci. 53, 39 (2003) and references therein.

[2] J. M. Gaillard and G. Sauvage, Ann. Rev. Nucl. Part. Sci. 34, 351 (1984).

[3] D. Guadagnoli, V. Lubicz, M. Papinutto and S. Simula, Nucl. Phys. B 761, 63 (2007).

[4] S. Sasaki and T. Yamazaki, PoS LATTICE 2006, 092 (2006); Phys. Rev. D 79, 074508 (2009).
[5] S. Weinberg, Phys. Rev. 112, 1375 (1958).

[6] M. Ademollo and R. Gatto, Phys. Rev. Lett. 13, 264 (1964).

[7] V. Mateu and A. Pich, JHEP 0510, 041 (2005).

[8] S. Sasaki, Phys. Rev. D 86, 114502 (2012).



SU(3)-breaking effects and induced second-class form factors in hyperon beta decays Shoichi Sasaki

[9] C. Allton et al. [RBC-UKQCD Collaboration], Phys. Rev. D 78, 114509 (2008).
[10] Y. Aoki et al. [RBC and UKQCD Collaborations], Phys. Rev. D 83, 074508 (2011).

[11] T. Yamazaki, Y. Aoki, T. Blum, H. W. Lin, S. Ohta, S. Sasaki, R. Tweedie and J. Zanotti, Phys. Rev. D
79, 114505 (2009).

[12] S. N. Syritsyn et al. [LHPC Collaboration], Phys. Rev. D 81, 034507 (2010).
[13] S. Sasaki, PoS LATTICE 2013, 388 (2014).

[14] M. Antonelli ef al. [FlaviaNet Working Group on Kaon Decays Collaboration], Eur. Phys. J. C 69,
399 (2010).

[15] S.Y. Hsueh et al., Phys. Rev. D 38, 2056 (1988).

[16] E. Blucher and W. J. Marciano, “V,4, Vs, Cabibbo Angle, and CKM Unitarity,” in J. Beringer et al.
(Particle Data Group), Phys. Rev. D 86, 010001 (2012).



