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Table 8. Data from superallowed decays used in the fits [59].

Parent Ft [s] hme/Eei

10C 3075.7± 4.4 0.619
14O 3070.2± 1.9 0.438

22Mg 3076.2± 7.0 0.308
26mAl 3072.4± 1.1 0.300

26Si 3075.4± 5.7 0.264
34Cl 3071.6± 1.8 0.234
34Ar 3075.1± 3.1 0.212
38mK 3072.9± 2.0 0.213
38Ca 3077.8± 6.2 0.195
42Sc 3071.7± 2.0 0.201
46V 3074.3± 2.0 0.183

50Mn 3071.1± 1.6 0.169
54Co 3070.4± 2.5 0.157
62Ga 3072.4± 6.7 0.142
74Rb 3077± 11 0.125

values are copied from Table XVI of Ref. [59]. The central values take into account both
the �0

R
correction and the effects pointed out in Refs. [23, 58], however the errors do not

include the associated theoretical uncertainties as they are strongly correlated between the
decays. The fits carried out in the present work do take into account those correlated errors
following Eq. (3.4). The hme/Eei values are calculated using Eq. (2.6).

Table 9. Inputs from neutron decay used in the fits.

Observable Value S factor hme/Eei References
⌧n (s) 879.75(76) 1.9 0.655 [77–86]
Ãn �0.11958(21) 1.2 0.569 [5, 54, 87–91]
B̃n 0.9805(30) 0.591 [92–95]
�AB �1.2686(47) 0.581 [96]
an �0.10426(82) [15, 55, 56]
ãn �0.1090(41) 0.695 [97]

The input from neutron decay used in the fits is shown in Table 9. When multiple
references are given, the value is a Gaussian average of several experimental results. For
the neutron lifetime, due to mutually inconsistent measurements, the error is inflated by the
scale factor S = 1.9 following the standard PDG procedure [5]. Contrary to the latest PDG
edition [5], we do not discard the beam measurements [78, 82] following the arguments of
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Data for beta decays

Observable Value hme/Eei References
⌧n (s) 879.75(76) 0.655 [52–61]
Ãn �0.11958(18) 0.569 [45, 62–66]
B̃n 0.9805(30) 0.591 [67–70]
�AB �1.2686(47) 0.581 [71]
an �0.10426(82) [46, 72, 73]
ãn �0.1090(41) 0.695 [74]

In the cases where multiple references are given, the value is a Gaussian average of several
experimental results. For the neutron lifetime, due to mutually inconsistent measurements,
the error is inflated by the scale factor S = 1.9 following the standard PDG procedure.
Unlike the prior analyses in the literature, in the combination of the �-asymmetry mea-
surements Ãn we do not inflate the error, again following the PDG procedure to the letter.
For the ⌧n measurement, hme/Eei is calculated using Eq. (2.6); for the remaining measure-
ments we use the effective hme/Eei values calculated in Ref. [4], which take into account
the experimental conditions.

Finally, we include in our analysis the following correlations measured in pure Fermi
and pure Gamow-Teller decays:

Parent Ji Jf Type Observable Value hme/Eei Ref.
6He 0 1 GT/�� a �0.3308(30) [75]
32Ar 0 0 F/�+ ã 0.9989(65) 0.210 [76]
38mK 0 0 F/�+ ã 0.9981(48) 0.161 [77]
60Co 5 4 GT/�� Ã �1.014(20) 0.704 [78]
67Cu 3/2 5/2 GT/�� Ã 0.587(14) 0.395 [79]
114In 1 0 GT/�� Ã �0.994(14) 0.209 [80]
14O/10C F-GT/�+ PF /PGT 0.9996(37) 0.292 [81]
26Al/30P F-GT/�+ PF /PGT 1.0030 (40) 0.216 [82]

See [4] for more details about the input values displayed above.
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Neutron decay

Parent Spin � [MeV] hme/Eei fA/fV Ft [s] Correlation

17F 5/2 2.24947(25) 0.447 1.0007(1) 2292.4(2.7) [47] Ã = 0.960(82) [12, 48]
19Ne 1/2 2.72849(16) 0.386 1.0012(2) 1721.44(92) [44] Ã0 = �0.0391(14) [49]

Ã0 = �0.03871(91) [42]
21Na 3/2 3.035920(18) 0.355 1.0019(4) 4071(4) [45] ã = 0.5502(60) [39]
29P 1/2 4.4312(4) 0.258 0.9992(1) 4764.6(7.9) [50] Ã = 0.681(86) [51]
35Ar 3/2 5.4552(7) 0.215 0.9930(14) 5688.6(7.2) [13] Ã = 0.430(22) [14, 52, 53]
37K 3/2 5.63647(23) 0.209 0.9957(9) 4605.4(8.2) [43] Ã = �0.5707(19) [38]

B̃ = �0.755(24) [41]

Table 1. Mirror beta decays used in this analysis. The quantity hme/Eei is calculated via
Eq. (2.6), using the endpoint energy listed in the table. The latter are taken from AME2016 [46],
except that of 21Na [45]. The values of fA/fV come from Ref. [32, 40]. We also used the notation
Ã0 ⌘ Ã(me).

The measurement of the total �-asymmetry (i.e. the asymmetry integrated over the
energy of the beta particle) only gives us access to Ã. However, it is clear that measuring
the energy dependence of the �-asymmetry makes possible to extract separately A and the
Fierz term b, cf. Eq. (2.13). We encourage experimental groups to carry out such analyses
in order to extract all the information contained in the data. Such measurements of the �-
asymmetry as a function of the energy have already been performed, see e.g. Refs. [38, 42],
but not analyzed with a two-parameter fit.

3.2 Fermi, Gamow-Teller and neutron decays

For pure Fermi, pure GT, and neutron decay, we use the same data set included in the
global fit of Ref. [4] (total rates and asymmetries) with some updates that we explain in
this section. The complete list of observables and references is collected in Appendix B.

The measurement of the �-asymmetry in neutron decay by the PERKEO-III collabora-
tion [54] represents a major change, not only because it is the most precise to date, but also
because after its inclusion in the global data set and using the PDG criteria for averaging
various measurements [5], the scale factor S inflating the error has decreased considerably.
The numerical change is very significant:

Ãn = �0.11869(99) (S = 2.6, pre PERKEO-III) , (3.1)
Ãn = �0.11958(21) (S = 1.2, post PERKEO-III) . (3.2)

We also include the aSPECT’19 measurement, an = �0.10430(84) [15]. The new average
of an is

an = �0.10426(82) , (3.3)
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Various asymmetries
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EFT for beta decay

EFT parameters can be precisely measured 
in nuclear beta transitions

Properties of new particles  
beyond the Standard Model 

can be related to parameters  
of the effective Lagrangian  

describing low-energy interactions 
between SM particles



Then the most general leading (0-derivative) term in the EFT expansion is 

ℒNR−EFT = ℒ(0) + ℒ(1) + 𝒪(∇2/m2
N) + h . c .

Non-relativistic EFT for nucleons

Greatly simplified description: 
- only 4 Lagrangian parameters relevant for beta decay at the leading order 
- only two different bilinears of the nucleon fields, thus there is only two different 
nuclear matrix elements entering into the decay amplitude 

ℒ(0) = −(ψ†
pψn)[C+

V ēLγ0νL+C+
S ēRνL] +

3

∑
k=1

(ψ†
pσkψn)[C+

A ēLγkνL+C+
T ēRγ0γkνL]

Mediates Fermi transitions Mediates Gamow-Teller transitions

Generated by 
weak interactions  

in SM

Highly suppressed 
in SM

Generated by 
weak interactions  

in SM

Not generated 
in SM

Assumption: the only light degrees of freedom at the scales  are those of the SM≲ 1 GeV

The goal  of beta decay studies is to measure these 4 parameters of the EFT 

Lagrangian as precisely as possible, in a model-independent way, and without 

theoretical biases 



Observables in beta decay

Eν = pν = mN − mN′ − Ee

N

N’

eν
peθeθν

N → N′ e∓ν

( j, m ± 1)

( j, m)

pν
Neutrino energy

Electron energy/momentum

Ee = p2
e + m2

e

Information about  the Wilson coefficients can be accessed by measuring (differential) decay width:

dΓ
dEedΩedΩν

= F(Ee){1+b
me

Ee
+a

pe ⋅ pν

EeEν
+A

⟨J⟩ ⋅ pe

JEe
+B

⟨J⟩ ⋅ pν

JEν

+c
pe ⋅ pν − 3(pe ⋅ j)(pν ⋅ j)

3EeEν [ J(J + 1) − 3(⟨J⟩ ⋅ j)2

J(2J − 1) ] + D
⟨J⟩ ⋅ (pe × pν)

JEeEν }

No-one talks about it Violates CP 
I won't discuss it today



a × X = (C+
V )2 − (C+

S )2 −
ρ2

3
(C+

V )2

(C+
A )2 [(C+

A )2 − (C+
T )2]

b × X ≡ ±2{C+
V C+

S + ρ2 (C+
V )2

(C+
A )2 [C+

A C+
T ]}

"Little a" parameter controls correlation between electron and neutrino directions:

A × X = −2ρ
C+

V

C+
A

J
J + 1 {C+

V C+
A − C+

S C+
T } ∓

ρ2

J + 1
(C+

V )2

(C+
A )2 {(C+

A )2 − (C+
T )2}

"Big A" parameter controls correlation between nucleus polarization and electron directions:

From effective Lagrangian to observables
Jackson Treiman Wyld (1957)

In addition, one needs to include nuclear structure, isospin breaking weak magnetism, and radiative corrections, which are small but may be significant for most precisely measured observables

Fierz term controls the shape of the beta spectrum:

Mixing parameter   
is related to the ratio  

of Fermi and GT matrix elements

ρ

Total decay width :   Γ Γ = (1 + δ) M2
Fm5

e

4π3
X[1+b⟨ me

Ee ⟩] f f ≡ ∫
mN−mN′ 

me

dEe
E2

ν peEe

m5
e

ϕ(Ee)

Higher-order  
corrections

Fermi matrix 
element Fierz term Phase space 

factor

⟨me /Ee⟩ ≡ ∫
mN−mN ′ 

me

dEe
E2

ν pe

m4
e

ϕ(Ee)

Fermi function
X ≡ (C+

V )2 + (C+
S )2 + ρ2 (C+

V )2

(C+
A )2 [(C+

A )2 + (C+
T )2]



Fit

v2

C+
V

C+
A

C+
S

C+
T

=

0.98572(43)
−1.25736(56)

0.0001(11)
−0.0007(12)

Uncertainty on SM parameters 
is sub-per-mille level

 constraints on BSM parameters,  
no slightest hint of new physics

𝒪(10−3)

ℒ(0) = −(ψ†
pψn)[C+

V ēLγ0νL+C+
S ēRνL] +

3

∑
k=1

(ψ†
pσkψn)[C+

A ēLγkνL+C+
T ēRγ0γkνL]

AA, Martin Gonzalez-Alonso, Oscar Naviliat-Cuncic, 2010.13797

v = 246 GeV
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Connecting high- and low-energy physics  
 via a series of effective theories
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Matching to quark level EFT

C+
V =

Vud

v2
gV 1 + ΔV

R(1 + ϵL + ϵR)

C+
A = −

Vud

v2
gA 1 + ΔA

R(1 + ϵL − ϵR)

C+
T =

Vud

v2
gTϵT

C+
S =

Vud

v2
gSϵS

Matching to quark-level EFT: 
ℒWEFT ⊃ −

Vud

v2 { (1+ϵL) ēγμνL ⋅ ūγμ(1 − γ5)d

+ϵR ēγμνL ⋅ ūγμ(1 + γ5)d

+ϵT
1
4

ēσμννL ⋅ ūσμν(1 − γ5)d

+ϵS ēνL ⋅ ūd

−ϵP ēνL ⋅ ūγ5d}
+hc

Lattice + theory fix non-perturbative parameters with good precision

gV ≈ 1, gA = 1.251 ± 0.033, gS = 1.02 ± 0.10, gT = 0.989 ± 0.034

Flag’19 Nf=2+1+1 value Gupta et al

1806.09006 

Ademolo, Gatto

(1964) 

Matching also includes  
short-distance  radiative corrections  ΔV

R = 0.02467(22)

ℒ(0) = −(ψ†
pψn)[C+

V ēLγ0νL+C+
S ēRνL] +

3

∑
k=1

(ψ†
pσkψn)[C+

A ēLγkνL+C+
T ēRγ0γkνL]

Gorchtein Seng  
2106.09185 

ΔA
R − ΔV

R = 0.13(12) × 10−3
Seng et al 
1807.10197



Translation to particle physics variables

WEFT fit

C+
V =

Vud

v2
gV 1 + ΔV

R(1 + ϵL + ϵR) =
̂Vud

v2
gV 1 + ΔV

R

C+
A = −

Vud

v2
gA 1 + ΔA

R(1 + ϵL − ϵR) = −
̂Vud

v2
̂gA 1 + ΔA

R

C+
T =

Vud

v2
gTϵT =

̂Vud

v2
gT ̂ϵT

C+
S =

Vud

v2
gSϵS =

̂Vud

v2
gS ̂ϵS

̂Vud = Vud(1 + ϵL + ϵR)
̂gA = gA

1 + ϵL − ϵR

1 + ϵL + ϵR

̂ϵS =
ϵS

1 + ϵL + ϵR

̂ϵT =
ϵT

1 + ϵL + ϵR

Polluted CKM element

Rescaled BSM 
Wilson coefficients

gA = 1.251(33)

̂Vud
ϵR
ϵS
ϵT

=

0.97382(42)
−0.012(12)
0.0002(10)

−0.0006(12)
per-mille constraints 
for scalar and tenors 

non-standard interactions!

only percent-level constraints 
for right-handed 

non-standard interactions,  
because of reliance on lattice input

polluted CKM matrix element 
(in principle, can lead to  

apparent breakdown of CKM unitarity) 



ϵX ∼
g2

*v2

Λ2

Probe of new particles well above the direct LHC reach,  
and comparable to indirect LHC reach via high-energy Drell-Yan processes 

Pion decays

Nuclear decays

New physics reach of beta decays



 from beta decay and CKM unitarity problemVud

Plot from Twitter feed 
of Martin Gonzalez-Alonso
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Bigger picture: Cabibbo anomaly
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Coutinho et al 1912.08823


 ...
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• Historically, essential for understanding non-conservation  
of parity in nature, and the structure of weak interactions 
in the SM 


• Currently, the most precise measurement of the CKM 
element  , which is one of the fundamental parameters 
in the SM


• Competitive and complementary to the LHC for 
constraining new physics coupled to 1st generation 
quarks and leptons, such as e.g. leptoquarks or right-
handed W bosons

Vud

Beta decay

What have beta decays ever done for us

In the near future: important piece in the puzzle to track down new physics 
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At the scale   WEFT parameters  map to dimension-6 operators in SMEFT:mZ ϵX

ϵL /v2 = −c(3)
LQ +

1
v2 [ 1

Vud
δgWq1

L + δgWe
L − 2δmW]

ϵR /v2 =
1

2Vud
cHud

ϵS /v2 = −
1

2Vud
(c*LeQu + Vudc*LedQ)

ϵT /v2 = −
2

Vud
c(3)*

LeQu

ϵP /v2 = −
1

2Vud
(c*LeQu − Vudc*LedQ)

Translation from SMEFT to WEFT
The EFT below the weak scale (WEFT)  

can be matched to the EFT above the weak scale (SMEFT)

ℒWEFT ⊃ −
Vud

v2 { (1+ϵL) ēγμνL ⋅ ūγμ(1 − γ5)d

+ϵR ēγμνL ⋅ ūγμ(1 + γ5)d

+ϵT
1
4

ēσμννL ⋅ ūσμν(1 − γ5)d

+ϵS ēνL ⋅ ūd

−ϵP ēνL ⋅ ūγ5d }

ℒSMEFT ⊃ cHQH†σaDμH(Q̄σaγμQ) + cHLH†σaDμH(L̄σaγμL)

+cHudHT DμH(ūRγμdR)

+c(3)
LQ(Q̄σaγμQ)(L̄σaγμL) + c(3)

LeQu(ēRσμνL)(ūRσμνQ)

+cLeQu(ēRL)(ūRQ) + cLedQ(L̄eR)(d̄RQ)

Known RG running equations can 
translate it to Wilson coefficients  

at a low scale μ ~ 2 GeV
ϵX



Neutron lifetime

Story of his lifetime
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There is a large discrepancy between bottle and beam measurements of the lifetime,  
but also some inconsistency between different bottle measurements 



Neutron lifetime

Because of incompatible measurements from different experiment,  
uncertainty of the combined lifetime is inflated by the factor S=2.2  
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Neutron beta asymmetry

6 
 

- The three new bottle lifetimes [38], [39], [40] confirm earlier bottle measurements; the 

corresponding preprints are already cited in Ref. [34]. The new data only slightly change 

the bottle lifetime average, from bottle 879.6(0.7) sW   in PDG-2018, where the error is 

increased by a scale factor S = 1.2, to bottle 879.4(0.6) sW   in our update of PDG-2018 

(identical to favoredW ), with the scale factor increased to S = 1.5, due to the scatter in the 

new data.  

- The new electron-antineutrino value from aSPECT [41] has a four times lower error 

than previous a-values, but is preliminary and therefore not used here, but its inclusion 

would not significantly change the conclusion of our analysis.  

- The new β asymmetry measurements are crucial for our discussion. Fig. 1 shows the 

asymmetry values No. 1 to 5 that entered the PDG-2018 average, and the new data No. 6 

and No. 7.  

 

Fig. 1. To the β asymmetry data that entered the PDG-2018 average 

(No. 1 to 5), we add recent results from UCNA (No. 6) and from PERKEO III 

(No. 7). The gray-shaded horizontal line indicates the weighted mean of the 

data and its one sigma error. 

The data points No. 4 and No. 7 are from the cold-beam instruments PERKEO II [35] and 

III [42], respectively. PERKEO III at ILL uses a cold beam of polarized neutrons, pulsed 

with a duty cycle of 1:7, such that a free "cloud" of neutrons of high density is moving 

along the beam axis through the instrument. The decay electrons emitted from this cloud 

Story of beta asymmetry

According to PDG algorithm, one should no longer blow up the error of An

 

1812.00626

PERKEO and UCNA

An = − 0.11958(18)An = − 0.11869(99)

Fivefold error reduction



ℒ = −(ψ†
pψn)[C+

V ēLγ0νL+C+
S ēRνL]

+
3

∑
k=1

(ψ†
pσkψn)[C+

A ēLγkνL+C+
T ēRγ0γkνL]

SM fit

In the SM limit the effective Lagrangian simplifies a lot: 
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Vud

v2
gA 1 + ΔA

R

SM fit

Translation to particle physics parameters



SM fit

Our value  
Vud=0.97382(24) 

Comparison of determination of  from superallowed beta decays,  
with different values of inner radiative corrections in the literature  
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Our error bars are larger, because we take into account additional uncertainties in superallowed decays
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TABLE I. List of nuclear �-decay correlation experiments in search for non-SM physics a

Measurement Transition Type Nucleus Institution/Collaboration Goal

� � ⌫ F 32Ar Isolde-CERN 0.1 %
� � ⌫ F 38K TRINAT-TRIUMF 0.1 %
� � ⌫ GT, Mixed 6He, 23Ne SARAF 0.1 %
� � ⌫ GT 8B, 8Li ANL 0.1 %
� � ⌫ F 20Mg, 24Si, 28S, 32Ar, ... TAMUTRAP-Texas A&M 0.1 %
� � ⌫ Mixed 11C, 13N, 15O, 17F Notre Dame 0.5 %
� & recoil Mixed 37K TRINAT-TRIUMF 0.1 %
asymmetry

a Experiments specifically searching for time-reversal symmetry violation not listed here

TABLE II. Summary of planned neutron correlation and beta spectroscopy experiments

Measurable Experiment Lab Method Status Sensitivity Target Date
(projected)

� � ⌫ aCORN[22] NIST electron-proton coinc. running complete 1% N/A
� � ⌫ aSPECT[23] ILL proton spectra running complete 0.88% N/A
� � ⌫ Nab[20] SNS proton TOF construction 0.12% 2022
� asymmetry PERC[21] FRMII beta detection construction 0.05% commissioning 2020
11 correlations BRAND[29] ILL/ESS various R&D 0.1% commissioning 2025
b Nab[20] SNS Si detectors construction 0.3% 2022
b NOMOS[30] FRM II � magnetic spectr. construction 0.1% 2020

For neutron decay, there are no expected theoretical
uncertainties above the 10�4 level, strongly motivating
neutron decay measurements, but these advantages are
balanced by the neutron being rather insensitive to scalar
interactions and the di�culties of matching the availabil-
ity decay rates of some equally sensitive nuclear decays
such as 6He. A recent overview of capabilities of standard
approaches to predict beta spectra[34] indicates relative
uncertainties at the level of a few ⇥10�4. Searches for
chirality-flipping interactions aiming at sensitivities be-
yond 10�3 will need improvements in calculations. This
should be feasible, particularly for lighter nuclei, where
ab-initio calculations can reach the needed precision.

C. Neutron decay lifetime

As described in Sec. III, a central issue for a precise
extraction of Vud from neutron beta decay is the ex-
perimental status of the neutron lifetime[35, 36]. This
quantity also plays a role in high precision predictions
of Big Bang nucleosynthesis, solar fusion rates and neu-
trino cross-sections. The global lifetime data-set is dom-
inated by measurements of ultracold neutrons (UCN)
stored in material and magnetic traps, with the most
precise of material trap experiment (gravitrap) reporting
values of 878.5± 0.7(stat)± 0.3(sys) s[37] at ILL and the
most precise magnetic trap experiment (UCN⌧) report-
ing 877.7 ± 0.7(stat) + 0.4/0.2(sys) s[38] at LANL. The
average of recent UCN measurements is 879.5(7) s, with
the uncertainty expanded to account for scatter, in sharp

contrast with a well-established program of cold neu-
tron beam measurements performed at NIST[39]. These
cold neutron beam measurements determine the absolute
neutron beta decay rate by counting decay protons in a
variable volume Penning trap and measurements of the
neutron density, with a neutron lifetime (averaged over
two similar experiments) of 887.8(2.0) s. This discrep-
ancy has already spurred significant investments over the
next decade, involving an ongoing program at NIST with
planned sensitivity below 2 s using the existing experi-
mental apparatus (BL2) and a major upgrade planned
to begin commissioning in 2023 (BL3). In parallel, the
UCN⌧ experiment is also developing a concrete plan for
staged upgrades of the existing apparatus, with current
runs targeting uncertainties around 0.25 s evolving ulti-
mately to an experiment optimally matched to the LAN-
SCE UCN source production and a factor of 4 improve-
ment in the statistical uncertainty. The gravitrap exper-
iment has a goal of below 0.3 s for its current e↵orts as
well.

In addition to these leading experiments, there is a very
large community of physicists developing new measure-
ments. These experiments include a cold neutron beam
experiment, targeting 1 s precision, which measures the
neutron density and beta decay rate in a time-projection
chamber (JPARC-TPC), with an upgrade planned for the
future to implement an “entraining” axial magnetic field
for the charged particles produced in the TPC (LINA)
which is targeting 1 s precision at present. They also
include four magnetic trap experiments which explore
di↵erent loading, population measurement and spectral
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