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Abstract: Exploring deviations from unitarity of the CKM matrix provides several probes of BSM physics.
Many of these require calculating the matrix elements of the electroweak current between ground state
mesons or nucleons, for which large scale simulations of lattice QCD provide the best systematically im-
provable method. This LOI focues on improvments in the precision with which the CKM element |Vud| can
be extracted from neutron decay experiments coupled with lattice QCD calculations of the radiative correc-
tions. The same lattice calculations will also provide results for semi-leptonic form factors and radiative
corrections to kaon and D decays.
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Motivation and Physics Goals The Standard Model (SM) synthesizes our knowledge of the workings of na-
ture at its most fundamental level. Despite its many successes, the SM fails to account for dark energy, dark
matter, and the observed matter-antimatter asymmetry in the Universe. This motivates the search for physics
beyond the SM (BSM), both at high-energy colliders and through high-precision low-energy measurements
that, through quantum corrections, probe new physics effects originating at energy scales far beyond the
reach of present colliders. This LOI focuses on testing the unitarity of the Cabibbo-Kobayashi-Maskawa
(CKM) quark-mixing matrix by improving the precision of (i) the up-down quark mixing parameter |Vud|
from neutron decay to δVud ∼ 2 × 10−4 or better, and (ii) providing results for semi-leptonic form factors
and radiative corrections for kaon and D decays.

SM predicts ∆CKM ≡ |Vud|2+|Vus|2+|Vub|2−1 to be zero. |Vud|2 can be extracted from β decays of the
pion, neutron, or nuclei. Currently, the most precise value of |Vud|2 = 0.94907(43) comes from 0+→ 0+

nuclear β decays1, while |Vus|2 = 0.05031(22) is obtained from kaon decays (K → πeν̄e, K → µν̄µ) and
|Vub|2 ≈ (2 ± 0.4) × 10−5 has no impact on the unitarity test. The 2019 Particle Data Group (PDG) lists
∆CKM = −(6 ± 5) × 10−4 1, an impressive check of the SM. A recent reanalysis of the nuclear-structure-
independent radiative corrections (RC)2;3, however, gives ∆CKM = −(16± 4)× 10−4, a 4σ deviation from
unitarity. Another work, using RC from Ref.4 gives only a 2.8σ discrepancy, highlighting the strong model
dependence of the theoretical uncertainties.

|Vud| from neutron decay is given by the master formula4;5

|Vud|2 =

(
G2
µm

5
e

2π3
f

)−1
1

τn(1 + 3g2A)(1 + RC)
=

5099.3(4)s
τn(1 + 3g2A)(1 + RC)

(1)

where τn is free neutron lifetime, gA is the axial coupling which can be obtained from the neutron β decay
asymmetry parameter A, Gµ is the Fermi constant extracted from muon decays, and f = 1.6887(1) is a
phase space factor. To extract |Vud| from neutron decays at the precision level of δVud ∼ 2× 10−4 requires
δτn ∼ 0.05–0.1 sec and δA/A ∼ 0.1 %, and the theoretical uncertainty in the nonperturbative component of
radiative correction (RC) to≤ 10%. This improved Vud from neutron decay will have precision equal to that
from nuclear β decays and be more reliable—free from uncontrolled nuclear theory systematic uncertainties.

To reach these milestones and go beyond, improvements are needed in each of the three components:
(i) neutron lifetime experiment (UCNτ 6–8) with uncertainty below the 0.1 s level9. (ii) UCN measurement
of the β asymmetry A with a goal of δA/A < 0.1%. Current experiments include polarized neutron decay
(UCNA)10 with the ultimate goal of δA/A < 0.2%11, Nab experiment12, and the PERC experiment13. (iii)
Calculation of RC to the neutron decay using lattice QCD to reduce the theoretical uncertainty.

Beta-decay experiments: A large component of the neutron fundamental symmetries research program
worldwide involves beta decay measurements which can provide the value of |Vud| at the same precision
level as the superallowed 0+→ 0+ nuclear β decays, with the current status recently reviewed in Ref.14.
This sensitivity level requires a precision of about 0.1% for angular correlation measurements and 0.25 s for
the lifetime. There has been dramatic experimental progress over the past three years, with four new high
precision measurements of the neutron lifetime8;15–17 and three of the axial coupling constant18–20. The most
precise neutron lifetime measurements (Serebrov21 and UCNτ 22) and gA (PERKEO III19) are now within a
factor of three of these goals. The value of Vud extracted from neutron decay is |Vud| = 0.97374(68) using
the PDG average for the lifetime, and including the measurement of Beck20 in an average for gA using PDG
methodology. In the next five years, at least two angular correlations measurements, Nab23 and PERC13;24,
and a number of lifetime experiments also target the desired level, with UCNτ poised to hit this precision
with the current experimental data set. There are at least another four lifetime measurements using UCN
storage experiments and one cold neutron beam experiment also targeting this precsion.
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Radiative Corrections: The theoretical error in Eq. (1) is dominated by the uncertainty in the RC,
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Figure 1: The γW box diagram
of neutron decay mediated by JW

and radiative correction due to
Jem. The “QCD” blob represents
all possible corrections due to glu-
ons and virtual quarks.

which can be expressed as the sum of three terms25

RC =
αem

2π

{
ḡ(Em) + 4 ln

mZ

mp
+ ∆np

}
. (2)

The first two terms dominate the RC but have very small uncertainties:
ḡ(Em), whereEm is the electron endpoint energy, arises from the emis-
sion of soft photons, integrated over the allowed phase space, while
ln(mZ/mp) encodes perturbative short-distance γ−Zboson loop effects.
Together they give 0.036, or about 95% of RC. ∆np, the nonperturbative
long distance effect, is comparatively small, αem∆np/(2π) ∼ 0.002,
but its estimated uncertainty, ∼ 20%, dominates the theory error bud-
get. Lattice QCD is the only known controlled method to determine
∆np at the 10% level and to reach δVud ≤ 2× 10−4. It is given by the
product of the leptonic, Lµν , and the hadronic, Tµν , terms2;26

∆np =

∫ +∞

0
dQ2

∫ Q

−Q
dQ0

1

Q4
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Q2 +m2
W

Lµν(Q,Q0)T
V A
µν (Q,Q0) ,

(3)
integrated over the Euclidean four momentumQ in the γW -box shown in Fig. 1, withQ0 the photon energy
in the proton rest frame. The leptonic tensor Lµν is a known function of the kinematic variables and weak
couplings. The hadronic tensor Tµν is the matrix element of the product of the axial current JW,Aν (0),
responsible for the decay of the neutron, and the electromagnetic current Jemµ (x) evaluated between the
initial neutron and final proton states Ni/f

T V Aµν =
1

2

∫
d4x eiQ·x〈Nf (p)|T

[
Jemµ (0, 0)JW,Aν (~x, t)

]
|Ni(p)〉 . (4)

The uncertainty in the integral over Q2 in Eq. (3) is dominated by Tµν , especially at low Q2, the regime
in which QCD gives large corrections. The best estimates in the literature2;4;27 combine robust theoretical
information on the behavior of the integrand at Q2 ∼ 0, where it is determined by the nucleon elastic
form factors, and at large Q2 & (2 GeV)2, where operator product expansion and perturbation theory are
reliable. Proposed lattice QCD calculations will reduce the uncertainty in the problematic intermediate
region, 0.1 < Q2 < 2 GeV2, which is currently being approximated.

Lattice QCD calculations: To calculate the γW -box diagram in Fig. 1 requires evaluating the matrix ele-
ment of the product of the weak axial and electromagnetic currents, JW,Aν and Jemµ , separated in space and
time by (~x, t), between nucleon states (see Eq. (4)). This is given by the sum of the four diagrams shown
in Fig. 2. Current calculations of RC to kaon decays are promising28 and extensions to neutron decays are
underway. The calculation of semi-leptonic form factors for |Vcs| and |Vus| will be done synergistically.
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Figure 2: Four classes of connected (left three) and disconnected (rightmost) diagrams contribute to the
γW -box diagram defined in Eq. (4). The figures illustrate only the weak process—quark lines (W , S and
L type of quark propagators) connecting the neutron (N) and proton (P) states, separated by time τ , to the
currents, Jem at locations (0, 0) and JW at (~x, t). All possible gluons and virtual quark loops are implicit.
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K.P. Rykaczewski, W.S. Wilburn, A.R. Young, and G.R. Young. Nab: Measurement principles, ap-
paratus and uncertainties. Nuclear Instruments and Methods in Physics Research Section A: Accel-
erators, Spectrometers, Detectors and Associated Equipment, 611(2):211 – 215, 2009. ISSN 0168-
9002. doi: 10.1016/j.nima.2009.07.065. URL http://www.sciencedirect.com/science/
article/pii/S0168900209015289. Particle Physics with Slow Neutrons.

[13] Xiangzun Wang, Carmen Ziener, Hartmut Abele, Stefan Bodmaier, Dirk Dubbers, Jaqueline Erhart,
Alexander Hollering, Erwin Jericha, Jens Klenke, Harald Fillunger, Werner Heil, Christine Klauser,
Gertrud Konrad, Max Lamparth, Thorsten Lauer, Michael Klopf, Reinhard Maix, Bastian Märkisch,
Wilfried Mach, Holger Mest, Daniel Moser, Alexander Pethoukov, Lukas Raffelt, Nataliya Rebrova,
Christoph Roick, Heiko Saul, Ulrich Schmidt, Torsten Soldner, Romain Virot, Oliver Zimmer, and
(PERC collaboration). Design of the magnet system of the neutron decay facility perc. EPJ Web
Conf., 219:04007, 2019. doi: 10.1051/epjconf/201921904007.

[14] Vincenzo Cirigliano, Alejandro Garcia, Doron Gazit, Oscar Naviliat-Cuncic, Guy Savard, and Albert
Young. Precision Beta Decay as a Probe of New Physics. 7 2019.

[15] A. P. Serebrov, E. A. Kolomensky, A. K. Fomin, I. A. Krasnoshchekova, A. V. Vassiljev, D. M. Prud-
nikov, I. V. Shoka, A. V. Chechkin, M. E. Chaikovskiy, V. E. Varlamov, S. N. Ivanov, A. N. Pirozhkov,
P. Geltenbort, O. Zimmer, T. Jenke, M. Van der Grinten, and M. Tucker. Neutron lifetime measure-
ments with a large gravitational trap for ultracold neutrons. Phys. Rev. C, 97:055503, May 2018. doi:
10.1103/PhysRevC.97.055503. URL https://link.aps.org/doi/10.1103/PhysRevC.
97.055503.

[16] Naoki Nagakura et al. New project for precise neutron lifetime measurement at J-PARC. EPJ Web
Conf., 219:03003, 2019. doi: 10.1051/epjconf/201921903003.

[17] V.F. Ezhov, A.Z. Andreev, G. Ban, B.A. Bazarov, P. Geltenbort, A.G. Glushkov, V.A. Knyazkov, N.A.
Kovrizhnykh, G.B. Krygin, O. Naviliat-Cuncic, and Ryabov V.L. Measurement of the neutron lifetime
with ultra-cold neutrons stored in a magneto-gravitational trap. JETP Lett., 107(11):671–675, 2018.
doi: 10.1134/S0021364018110024.

[18] M. A.-P. Brown, E. B. Dees, E. Adamek, B. Allgeier, M. Blatnik, T. J. Bowles, L. J. Broussard, R. Carr,
S. Clayton, C. Cude-Woods, S. Currie, X. Ding, B. W. Filippone, A. Garcia, P. Geltenbort, S. Hasan,
K. P. Hickerson, J. Hoagland, R. Hong, G. E. Hogan, A. T. Holley, T. M. Ito, A. Knecht, C.-Y. Liu,

5

https://link.aps.org/doi/10.1103/PhysRevC.97.035505
https://link.aps.org/doi/10.1103/PhysRevC.97.035505
http://www.physics.umass.edu/acfi/seminars-and-workshops/beta-decay-as-a-probe-of-new-physics/992
http://www.physics.umass.edu/acfi/seminars-and-workshops/beta-decay-as-a-probe-of-new-physics/992
http://www.sciencedirect.com/science/article/pii/S0168900209015289
http://www.sciencedirect.com/science/article/pii/S0168900209015289
https://link.aps.org/doi/10.1103/PhysRevC.97.055503
https://link.aps.org/doi/10.1103/PhysRevC.97.055503


J. Liu, M. Makela, J. W. Martin, D. Melconian, M. P. Mendenhall, S. D. Moore, C. L. Morris, S. Nepal,
N. N. Nouri, R.W. Pattie Jr. R. W., A. Perez-Galvan, R. Phillips II, Picker, M. L. Pitt, B. Plaster, J. C.
Ramsey, R. Rios, D. J. Salvat, A. Saunders, W. Sondheim, S. J. Seestrom, S. Sjue, S. Slutsky, X. Sun,
C. Swank, G. Swift, E. Tatar, R. B. Vogelaar, B. VornDick, Z. Wang, J. Wexler, T. Womack, C. Wrede,
A. R. Young, and B. A. Zeck. New result for the neutron β-asymmetry parameter a0 from ucna. Phys.
Rev. C, 97:035505, 2018.

[19] B. Märkisch, H. Mest, H. Saul, X. Wang, H. Abele, D. Dubbers, M. Klopf, A. Petoukhov, C. Roick,
T. Soldner, and D. Werder. Measurement of the weak axial-vector coupling constant in the decay of
free neutrons using a pulsed cold neutron beam. Phys. Rev. Lett., 122:242501, Jun 2019. doi: 10.1103/
PhysRevLett.122.242501. URL https://link.aps.org/doi/10.1103/PhysRevLett.
122.242501.

[20] M. Beck, F. Ayala Guardia, M. Borg, J. Kahlenberg, R. Munoz Horta, C. Schmidt, A. Wunderle,
W. Heil, R. Maisonobe, M. Simson, T. Soldner, R. Virot, O. Zimmer, M. Klopf, G. Konrad, S. Baessler,
F. Glueck, and U. Schmidt. Improved determination of the beta-(nu)over-bar(e) angular correlation
coefficient a in free neutron decay with the aSPECT spectrometer. PHYSICAL REVIEW C, 101(5),
MAY 26 2020. ISSN 0556-2813. doi: {10.1103/PhysRevC.101.055506}.

[21] A. Serebrov, V. Varlamov, A. Kharitonov, A. Fomin, Yu. Pokotilovski, P. Geltenbort, J. Butterworth,
I. Krasnoschekova, M. Lasakov, R. Tal’daev, A. Vassiljev, and O. Zherebtsov. Measurement of the
neutron lifetime using a gravitational trap and a low-temperature fomblin coating. Physics Letters B,
605(1):72 – 78, 2005. ISSN 0370-2693. doi: 10.1016/j.physletb.2004.11.013. URL http://www.
sciencedirect.com/science/article/pii/S0370269304015552.

[22] R. W. Pattie Jr., N. B. Callahan, C. Cude-Woods, E. R. Adamek, L. J. Broussard, S. M. Clayton,
S. A. Currie, E. B. Dees, X. Ding, W. Fox, K. P. Hickerson, M. A. M. A. Hoffbauer, A. T. Hol-
ley, A. Komives, C.-Y. Liu, S. W. T. MacDonald, M. Makela, C. L. Morris, J. Ramsey, D. J. Salvat,
A. Saunders, S. J. Seestrom, E. I. Sharapov, S. K. Sjue, Z. Tang, J. Vanderwerp, R. B. Vogelaar, P. L.
Walstrom, Z. Wang, W. Wei, H. L. Weaver, J. W. Wexler, T. L. Womack, A. R. Young, , and B. A.
Zeck. Measurement of the neutron lifetime using an asymmetric magneto-gravitational trap and in situ
detection. Science, 360:627–632, 2018.
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Rykaczewski, W.S. Wilburn, a.R. Young, and G.R. Young. Nab: Measurement Principles, Appara-
tus and Uncertainties. Nucl. Instrum. Meth. Phys. Res. A, 611(2-3):211–215, December 2009. doi:
10.1016/j.nima.2009.07.065.

[24] G Konrad, H Abele, M. Beck, C Drescher, J. Erhart, D. Dubbers, J Erhart, H Fillunger, C Gossels-
berger, W Heil, M Horvath, E Jericha, C Klauser, J Klenke, B Markisch, RK Maix, H Mest, S Nowak,
N Rebrova, C Roick, C Sauerzopf, U Schmidt, T Soldner, X Wang, and O Zimmer. Neutron decay
with perc: a progress report. Journal of Physics Conference Series, 340:012048, 2011.

[25] Andrzej Czarnecki, William J. Marciano, and Alberto Sirlin. Precision measurements and CKM uni-
tarity. Phys. Rev. D, 70:093006, 2004. doi: 10.1103/PhysRevD.70.093006.

[26] A. Sirlin. General Properties of the Electromagnetic Corrections to the Beta Decay of a Physical
Nucleon. Phys. Rev., 164:1767–1775, 1967. doi: 10.1103/PhysRev.164.1767.

6

https://link.aps.org/doi/10.1103/PhysRevLett.122.242501
https://link.aps.org/doi/10.1103/PhysRevLett.122.242501
http://www.sciencedirect.com/science/article/pii/S0370269304015552
http://www.sciencedirect.com/science/article/pii/S0370269304015552


[27] William J. Marciano and Alberto Sirlin. Improved calculation of electroweak radiative corrections and
the value of V(ud). Phys. Rev. Lett., 96:032002, 2006. doi: 10.1103/PhysRevLett.96.032002.

[28] Xu Feng, Mikhail Gorchtein, Lu-Chang Jin, Peng-Xiang Ma, and Chien-Yeah Seng. First-principles
calculation of electroweak box diagrams from lattice QCD. Phys. Rev. Lett., 124(19):192002, 2020.
doi: 10.1103/PhysRevLett.124.192002.

7


