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EFT approach: from electroweak to nuclear scale
Observables in beta decay

Experimental results in beta decay

Constraints on low-energy EFTs, SM, and SMEFT
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Discovery of radioactivity of uranium
In 1896 by Henri Becquerel

TONE TE Iy pr w2
RS T FN N ST
ARNEL BECOLERT
SRETILE T L Aun s Y
KB Man3 e s




History

In 1914 James Chadwick found
spectrum of B-decay to be continuous

Many years of confusion follow,
until the 1927 publication of
B-decay spectrum in 210Bj
by Ellis and Wooster

In 1899 Ernest Rutherford shows
that uranium emits at least
two different types of radiation:

a and  decay

In 1900 Becquerel demonstrated
that the / particle is the electron
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S e S "Liebe radioactive Damen und Herren"
B A e e, . 0. 99 1930 letter by Wolfgang Pauli proposing that

it e Sl i, dm b i a neutral and weakly interacting spin 1/2 particle
i e e e is emitted along with electron in beta decay

|

In 1933 Enrico Fermi proposes
a theory of B-decay

This Is generalized in
1936 by George Gamow
to include axial couplings




In 1932 James Chadwick studied the reaction

‘Be + “He — 2C +n

He demonstrated the new particle
has roughly the same mass as the proton.
The neutron turns out to be the simplest system

experiencing [/ decay

In 1934 Fréderic and Irene Joliot-Curie

discover " decay of 3P
where emitted particle is the positron
rather than the electron




In 1956 Chen-Ning Yang and Tsung-Dao Lee publish
"Question of Parity Conservation in Weak Interactions
where they point out that there is
no proof of parity conservation in beta decay
and propose experimental tests

Bombshell drops in 1957, when the experiment of
Chien-Shiung Wu discovers parity violation

in beta decay of ®°Co




History

In the 1956 paper, Lee and Yang write down
the general effective Lagrangian governing beta decay

Hin= Wplvaln) (Cs ety b+ CsYeyavsls)
N (‘l’pT’ﬂ'Yu'Spn) (CV\[/J’Y47#¢P+ C f’"/’ef'}’4')’n75¢v)
'"'% (prT’Yle' M‘)&n) (CT‘I/ 61740' M‘nbv
+Cr'Yevaoniysh)+ Wolvayiysda)
X (=Caetyeyiysbo—Ca'Vevay i)

+ Wolyeysn) (Codetyeysd 1 CP'%T%;%), (

In 1957, Robert Marshak and George Sudarshan
and then Richard Feynman and Murray Gell-Mann
identify the V-A structure of weak interactions,
corresponding to C, = Cj,and C, = Cj
in the Lee-Yang Lagrangian,
with other Wilson coefficients set to zero




In 1967 Weinberg writes
"A model of leptons"”
where the fundamental carrier of
(charged-current) weak interactions
Is introduced.
Subsequently, the V-A structure
governing beta decay iIs explained
via exchange of the W boson
between left-handed quarks and leptons

The rest is the Standard Model...
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Summary of history

e Formalism of beta decay has been developed since the
30s of the previous century, and basic physics was
understood by the end of the 50s. Sub-leading SM effects
relevant for present-day experiments were worked out by
mid-70s.

e |n this talk | will use a somewhat different language, which
connects better to the one used by the high-energy
community, and allows one to treat possible beyond-the-
SM interactions on the same footing as the SM ones. This
langue is the effective field theory.




Scales in beta decay

147N
: antineutrino electron
Nuclear level
E ~ 10 MeV + © <4 ¢
| dr, Ye
Nucleon level Quark level
E ~ 1 GeV Pﬂ:-ton E Z 2 GGV u
Elocon @ @th’w“ L eL
dL W Ve v dL
SM level BSM level

E>10VYT
E > 100 GeV R 107 TeV y,



Properties of new particles
beyond the Standard Model
can be related to parameters
of the effective Lagrangian
describing low-energy interactions
between SM particles

10 TeV or maybe 10 EeV ?

Standard
Model

EFT for beta decay

¥ * -—J
D

Nuclei . J

EFT parameters can be precisely measured
In nuclear beta transitions

1 MeV
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EFT Ladder “Fundamental”
BSM model

Connecting high- and low-energy physics
via a series of effective theories @ = st a st estans

EFT for
SM particles
(SMEFT)

100 GeV

EFT for
light SM

particles
(WEFT)

2 GeV

EFT for
Hadrons
(ChPT etc)

NR EFT for
nucleons

g

1 MeV



“Fundamental” models “Fundamental”
BSM model

In the SM beta decay is mediated by the W boson

10 TeV?
d e ‘
W Ps
” EFT for f XA ¢
0 SM particles ‘ Rz
100 GeV «By

Several high-energy effects may contribute to beta decay

dy ‘
w W!

EFT for
Light Quarks

2 GeV

EFT for
Leptoquark . eV Hadrons
NR EFT for
dp Ve nucleons
L W_-Wr mixing
p 1 MeV



SMEFT at electroweak scale “Fundamental”
BSM model

L SMEFT O c;;;HTaaDﬂH(QaayMQ) + CyH'0°D, H(Lo",L)
+Cyy,qH' D H(iigy,dy)
+C (00, Q) Loy, L) + C (g0, L)iiga,,0)
+cl<elq>u(éRL)(aRQ) + Cloq(Lep)(dr0Q)
+...

EFT for
SM particles

EFT for
Light Quarks

EFT for
Hadrons

NR EFT for
nucleons

For any “fundamental” model, the Wilson coefficients c;

can be calculated in terms of masses and couplings
of new particles at the high-scale



WEFT below electroweak scale

Below the electroweak scale, there is no W,
thus all leading effects relevant for beta decays
are described contact 4-fermion interactions,
whether in SM or beyond the SM

V-A

Vud — —
Zwerr 2 — (1+¢,) ey - ay'(1 - ys)d
v

+epey,yy - ay"(1+ ys)d V+A

1
+ep oo,y - 40" (1 = y9)d Tensor
+€S éI/L . I/_ld Scalar

—epey; - L_‘?’sd} Pseudoscalar

+hc
Much simplified description,

only 5 (in principle complex) parameters
at leading order

Physics beyond the SM characterised by 5
parameters €y describing effects of heavier

non-standard particles (W', Wg, leptoquarks )
coupled to light quarks and leptons

“Fundamental”
BSM model

EFT for
SM particles

100 GeV

EFT for
Light Quarks

EFT for
hadrons

NR EFT for
nucleons

1 MeV



Translation from SMEFT to WEFT

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

Poprr D — ‘3‘2‘1{ (14¢,) ey - ar"(1 - y5d L sMEFT 2 CI%)H '6“D,H(Q0%,0) + CyH'6“D,H(Lo"y,L)
+egeypy - iy'(l+ ys)d +Cpy, H TDﬂH 7 R;/MdR)
+6T%é%yL  i6"(1 - y5)d +C Qo 0) Loy, L) + C) (240, L)iig0,,0)
+egev - id +Cl(elq)u(éRL)(ﬁRQ) + Cloq(Leg)(drQ)

At the scale m, WEFT parameters ¢, map to dimension-6 operators in SMEFT:

1
V—5gLWq1 +5g)¢ — 26my,

ud

Known RG running equations can

€5 = — (C) o+ Vudclidq) translate it to Wilson coefficients ¢,
at a low scale p ~ 2 GeV

2
— (3)*
er = ——~C
Vud LeQu
1
— _ ) x _ %
€p = ( lequ “dCledq)



NR EFT for nucleons «Fundamental”
BSM model

In beta decay, the momentum transfer
Is much smaller than the nucleon mass,
due to approximate isospin symmetry = L s s s s s s s st e nenerans

leading to small mass splittings

Appropriate EFT is non-relativistic!
EFT for

SM particles

Lagrangian can be organised into expansion
in V/m,, , that is expansion in 3-momenta of the
particles taking part in beta decay

100 GeV

EFT for
] Light Quarks
Expansmn parameter:

p 1—10MeV
€ ~ ~ ~ 0.01 — 0.001
my 1 GeV

EFT for
Nucleons

NR EFT for
beta decay

1 MeV



EFT for nucleons

Prieprr = 20+ ZW + 6(Vimd) +h.c.

The most general leading (0-derivative) term in this expansion is

3

+ Z (l//; aky/n) [CX@L;/"UL+ C; éR}/OykvL]
k=1

where i/, , are non-relativistic fields describing proton and neutron

This can be obtained from the WEFT Lagrangian in two steps:

1. Match relativistic WEFT Lagrangian to relativistic nucleon (Lee-Yang) Lagrangian:

V _ _
Lwerr D — uzd{ <1+€L) ey vy - uy"(1 —ys)d PLlee—yag 2 —Cyeyvp - py'n
\% _ _
—Ceyuy, - prlysn

| _
—ECT(?G v; - pot*n

+egeyyy - uy' (1 +ys)d

1 Uv

+ec.—eo, vy - o’ (1 — yo)d
T4 uv”L ( yS) CCYay B
s y ¢ ey - pn
€cel; - U
S L +CI—)|_ éVL * p]/5n
—€p ey - ﬁySd} +hc
+hc

C; = Cx + Cx in the original LY Lagrangian



EFT for nucleons

Vud - —
Lwerr D — > (1+€L) ey - uy"(1 —ys)d
v

+— —_
gLee—Yang D CveyﬂVL - py¥n

+egeypy - iyl +ys)d —Cyey,v - prysn

1

+ep—eéo, vy - ot (1 —ys)d
4 —ECJF V- potn

+€S eVL ° ud

—cpeyy - L_t}/sd}

+hc Vud
Ct = > g/ 1+ Ap(1+ e + eg) +he

— Cl= L g/ 1+ A%(1+ ¢ — eg)
V2

+C;_ él/L . ﬁ}/5n

_Non-zero

in the SM . C;f _ %&GT
Cy = ‘::;dgses
Cp = ‘\/,L;dgpep

Non-perturbative parameters in matching fixed by lattice+theory with good precision
gy~ 1, gy =1246+0.028, g,=1.02£0.10, g;=0.989*x0.034 g,=349%9

Ademolo, Gatto . o N 5. 4.1 val Gupta et al Gonzalez-Alonso
(1964) agiel Mmer vt valte 1806.09006 Martin-Camalich,
1309.4434
Matching also includes Seng et al

0.036(8) Cirigliano et al

short-distance radiative corrections A = 0.02467(22) 1807.10197 A - AV 2902.10439



NR EFT for nucleons

‘gLee—Yang D C\—l/_éy,uVL - pytn
—Ciey - prtysn
1

——(Te . hoMv
ZCTeGWVL potn

3
= .k S 0.k
+ Z (wic*y,) [CX ey v +Cregry VL]
—CJ ey, - pn k=1
+C; ey - pysn +hc
+hc

This is obtained by a change of variables:

In the NR EFT the expansion parameteris V/my ~ 107> — 1072



NR EFT for nucleons

3
+ Z (l//; ) [CXéLykvL+ Ct éRyOykvL]
k=1

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

Amplitude for the beta decay process /' — A e" U where J=J"

M = — Mg |Cra(p)y vi(p,) + Cla(p,)vi(p,)

3
+ ) M, [Cja(pe)y"vL(py) +Cf u(pe)yoy"vL(py)]
k=1

'ﬂF = <‘/V,| l/_jpl/jn | ‘/V> %I(C}T = <‘/V,| l/_jpakl//n | '/V>

Fermi matrix element Gamow-Teller matrix element

r
M = 2m M5 M = 2m y Mp—~ [T

e IT+ 1)/' 5
Calculable from group theory

_ ) IR Difficult to calculate Spin-J generators
in the isospin limit from first principles P g



Summary of EFT language

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

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

L = —(iw) | Crey v+ Clegy,

T

Highly suppressed

3
+ Z (l//]jO'kl//n) CXéLykvL+ C’ éR}/OykvL]
k=1

Generated by Generated by T

. . . . Not generated
weak interactions ) weak interactions K

in SM in SM

in SM in SM

%ﬁ%//éfd/@ lules iy fﬂb/ftéﬂlé/”&%&ff/ 44/4/%%&%/5 oS the ELT

%W%W@/W%@/ﬂm% é/@@WW % M‘Uﬁf//ﬂ‘f
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Observables in beta decay

Electron energy/momentum

2 2
E, = \/ p, +m;
Neutrino energy

Ey:py:mN_mN’_Ee

N — N'ev

(j,m=x1)

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

m, e Pu J) P, J)-p,
= F(E,) 14pey PPy ) J)-p +B ) p
dE,d€,dC, k, L JE, JE,
+Cpe°p1/_3(pe J)(pz/ J) ](J+ 1)_3(<J> 1)2 +D<J> (pexpz/)
3E,E, J2J—-1) \JEeEy
/ : . Violates T
No-one talks about it Here, width already summed | won't discuss it today

over polarizations of N' and e



From effective Lagrangian to observables

Jackson Treiman Wyld (1957) 2 5

4MF me me NI Evz peEe
Total decay widthI: I = (1 + 5) 13 X|1+b 7 f fE[ dE,——¢(E)
T e m, e
Higher-order Fermi matrix / \ (m,/E,) = J N dE, ”fecb(Ee)

Fierz term Phase space

corrections element
factor

Fermi function

X=(CH*+(CH*+r

(CHE + <c;>2]

Nuclear-dependent ratio of
Fermi and GT matrix elements

(equivalent to mixing parameter p = rC;/C})

Fierz term controls the shape of the beta spectrum:

b xX= i2{ CHCH+ rzc;c;}

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

2
r
a XX =(C)) = (CH? - 3 [(C,:{)2 - (C;)Z]
"Big A" parameter controls correlation between nucleus polarization and electron directions.
J r?
AXX==2r m{C;CX—C;C;}ij_l_—l{(cz_)z—(c;)z}

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



Data for
allowed beta Eransitions



Global BSM fits to beta transitions

Neutron

Superallowed Fermi & GT
polarizations

Gonzalez-Alonso, Naviliat-Cuncic, Severijns, 1803.08732
AA, Martin Gonzalez-Alonso, Oscar Naviliat-Cuncic, 2010.13797



Superallowed beta decay data

0+ & 0+ beta transitions

Parent Ft |s (me/Ee)
10¢C 3075.7 + 4.4 0.619
110 3070.2 + 1.9 0.438

2Mg 3076.2 + 7.0 0.308
26m A ] 30724+ 1.1 0.300
26Gj 3075.4 + 5.7 0.264
341 3071.6 + 1.8 0.234
Ay 3075.1 + 3.1 0.212
38mK 3072.9 + 2.0 0.213
38Ca 3077.8 £ 6.2 0.195
42G¢ 3071.7 + 2.0 0.201
46y 3074.3 + 2.0 0.183
50Mn 3071.1 + 1.6 0.169
%4Co 3070.4 + 2.5 0.157
02Ga 3072.4 + 6.7 0.142
"Rb 3077 £ 11 0.125
Latest Hardy, Towner
compilation (2020)

0+ — 0+ beta transitions are pure Fermi

f4 2[(C+)2+(C+)2]

v

)
ol

Flerz term Phase space
factor

o,(m,/E,), f are transition dependent, but

X=(ChH>+(CH* +

bX = iz{ CrCS+ 72

2.5

[ = (1+5) %Fnze
T

Higher-order Fermi matrix
corrections element

Mp, X and b are the same for all 0+ = 0+ transitions!

(1 + 5)f log 2 473 log 2
Ft =
I
MEm2X |1 + b
4, é / Transition
dependent

Ft is defined such that it is the same

for all 0™ — O transitions
if the SM gives the complete
description of beta decays



Neutron decay data

New average of neutron lifetime including recent measurement by UCNT experiment [arXiv:2106.10375]

Updated value of g, from the aCORN experiment [arXiv:2012.14379]

Order per-mille precision !

Observable Value (me/E.) | References
T, (3)878.64(59)879 7 5( 76) 0.655 52-61]
A, —0.11958(18) 0.569 | [45, 62-66]
B, 0.9805(30) 0.591 (6770
AAB —1.2686(47) 0.581 71)
an —0.10426(82) 46, 72, 73]
i 20109641 0.695 74]
-0.1078(20)




Neutron lifetime

Story of his lifetime

805
_ " Beam —
| Bottle —
~890; .
O L
? I ®
Iz
5885_‘
s [ ]
880 | {
| } b
Q76 |

1995 2000 2005 2010 2015 2020
year

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



Neutron lifetime

Story of his lifetime

Beam —

888 I\ Bottle —

Combined S=2.2

{ | Combined unscaled

1995 2000 2005 2010 2015 2020
year

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



Neutron beta asymmetry

Story of beta asymmetry

0.1 10_’ 1812.00626 |

<

o ||

© -0.115F | [

= . {

=

>

7))

% _o.120] i

@ -0.120¢ { {!

No.: 1 23 45 67

_0.125! PERKEO and UCNA |

1980 1990 2000 2010 2020
Year of publication
According to PDG algorithm, one should no longer blow up the error of A,

A =—0.11869(99) » A =—0.11958(18)

Fivefold error reduction



Various and Sundry

Parent Ji  Jy Type Observable Value (me/Ee) | Ref.
‘He 0 1 GT/B~ a —0.3308(30) 75)
32Ar 0 0 F/B+ a 0.9989(65) 0.210 76)
38mK 0 0 F/B+ a 0.9981(48) 0.161 77]
0Co 5 4 GT/B~ A —1.014(20) 0.704 78]
67Cu 3/2 5/2 | GT/B~ A 0.587(14) 0.395 79
41y 1 0 GT/B~ A —0.994(14) 0.209 0]
140/10C F-GT/B* | Pp/Par 0.9996(37) 0.292 81]
26 A1/30P F-GT/B8% | Pr/Pgr 1.0030 (40) 0.216 2]

Various percent-level precision beta-decay asymmetry measurements




* Mirror decays are (3 transitions between isospin half,
same spin, and positive parity nuclei’)

* These are mixed Fermi-Gamow/Teller beta transitions,
thus they depend on the nuclear-dependent parameter r

* The mixing parameter is distinct for different nuclei, and currently cannot
be calculated from first principles with any decent precision

e Otherwise good theoretical control of nuclear structure and isospin
breaking corrections, as is necessary for precision measurements

1) Formally, neutron decay can also be considered a mirror decay, but it’s rarely put in the same basket



Mirror decays

Many per-mille level measurements!

Parent fvt falfv Ok 5% — X Fgmirror
nucleus (s) (%) (%) s)
SH 1113.0 £ 1.0 1.00027 1.767(1) 0.16(2) 1130.9 + 1.0
e 3893.4 + 1.4 0.99923 1.660(4) 1.04(3) 39169 £ 1.9
13N 4621.3 £ 4.7 0.99802 1.635(6) 0.33(3) 4681.3  + 4.9
150 4344.3 + 5.7 0.99637 1.555(8) 0.22(3) 4402.3 &+ 5.9
R 2269.5 + 1.7 1.00196 1.587(10) 0.62(3) 2291.2 &+ 1.9
Ne 1704.31 £ 0.63 1.00110 1.533(12) 0.52(4) 17215+ 1.0
2INa  4028.8 + 3.5 1.00198 1.513(14) 0.41(3) 4073.0 =+ 3.8
BMg 46519 + 7.3 0.99940 1.476(17) 0.40(3) 4701.6  + 7.6
Al 3678.2 &+ 2.4 1.00193 1.475(20) 0.52(5) 3713.0 + 3.2
278i 4095.1 4+ 1.9 1.00024 1.443(23) 0.42(4) 4136.7 =+ 2.7
2p 4TA7.0 £ 7.2 1.00077 1.453(26) 1.07(6) 4764.5  + 7.9
313 4770.3 + 4.7 0.99919 1.430(29) 0.79(4) 4800.3 =+ 5.3
301 5570.4 + 8.6 0.98952 1.435(32) 0.93(6) 5597.8 =+ 9.5
35Ar  5645.0 + 4.9 0.99293 1.421(35) 0.53(5) 5694.8  + 6.0
3TK 4582.5 + 4.4 0.99550 1.431(39) 0.79(6) 46114 =+ 5.5
9Ca  4264.0 £ 4.5 0.99551 1.422(43) 0.95(8) 42835 &+ 6.0
418 2833 £ 10 1.00193 1.454(47) 0.86(7) 2849  + 11
4374 3688 + 63 0.99547 1.444(50) 0.63(11) 3718+ 64
By 4354 4+ 79 1.00418 1.438(53) 0.93(12) 4375+ 80
47Cr 4568 + 65 1.00325 1.439(58) 0.8(2) 4596 £ 66
49Mn 4739 + 132 0.99908 1.438(61) 0.8(2) 4769  + 133
1Fe 4568 + 77 0.99700 1.442(66) 0.8(2) 4597 £ 78
(o 4197 4 90 1.00385 1.443(70) 0.8(2) 4224 &£ 91
5Ni 4199 + 99 0.99650 1.433(73) 0.8(2) 4225 £ 100
5TCu 4675 + 45 0.99118 1.455(79) 1.5(3) 4672 £ 47
%7n 4982 + 84 0.98563 1.440(81) 1.5(3) 4978  + 86
61Ga 4759 4+ 137 0.99331 1.461(87) 1.5(3) 4756 £ 138
67Se? 5344 + 245 1.01842 1.461(99) 1.7(3) 5330 + 245
67SeP 5908 + 289 5893 &+ 288
TKr? 5108 + 366 0.99758 1.474(109) 1.7(3) 5095  + 365
Kb 5991 + 432 5976  + 432
5Sr® 4879 + 590 0.95210 1.484(118) 1.7(3) 4867 £ 588
58rP 5458 + 662 5445  + 661

Bodek et al

2109.08895

473 log 2

(1+6)flog2
Ft = —

Mz X |1 + b( —

For mirror beta transitions

X=(CH*+(CH* + F [(c;{)2 + (C;)zl
Vv

cici |

Ratio r of Fermi and Gamow-Teller matrix elements
is different for different nuclei, therefore even in the SM limit

Ftis different for different mirror transitions!

A,

bX = iz{ CyCH+17

Since we don't know the parameter r apriori,
measuring #t alone cannot constrain fundamental parameters
Given the input from superallowed and neutron data,

Ft can be considered merely a measurement
of the mixing parameter r in the SM context

More input is needed to constrain the EFT parameters!



There is a smaller set of mirror decays for which not only Ft
but also some asymmetry is measured with reasonable precision

Parent Spin A [MeV| (m./E.)  fa/fv Ft s Correlation

TR 5/2  2.24947(25) 0.447  1.0007(1) 2292.4(2.7) [47] A = 0.960(82) [12, 48

Ne 1/2 2.72849(16) 0.386  1.0012(2) 1721.44(92) [44]  Ap = —0.0391(14) [49

Ay = —0.03871(91) [42]
2INa 3/2 3.035920(18) 0.355  1.0019(4) 4071(4) [45] a = 0.5502(60) [39]
29p 1/2 4.4312(4) 0.258  0.9992(1) 4764.6(7.9) [50] = (0.681(86) [51
PAr  3/2 5.4552(7)  0.215  0.9930(14) 5688.6(7.2) [13] A = 0.430(22) [14, 52, 53]
STK 3/2  5.63647(23)  0.209  0.9957(9) 4605.4(8.2) [43] A = —0.5707(19) [38

B = —0.755(24) [41]

30] Brodeur et al (2016), [31] Severijns et al (1989), [27] Rebeiro et al (2019),
/] Calaprice et al (1975), [33] Combs et al (2020), [28] Karthein et al. (2019),
11] Vetter et al (2008), [34] Long et al (2020), [9] Mason et al (1990),

10] Converse et al (1993), [26] Shidling et al (2014), [12] Fenker et al. (2017),
23] Melconian et al (2007);

fa/fv values from Hayen and Severijns, arXiv:1906.09870




Global it resulks



SM £ik

Done in the previous literature by many groups, we only provide an (important) update



SM fit

In the SM limit the effective Lagrangian simplifies a lot:

g — —(l/]]jl//n) C‘_/I_éL}/OI/L‘l‘%éRVL

+ Z (l//; oy | Crepry + CXERVOVkVL

VZC‘_/F _ 0985 76(22) @(10_4)_ accuracy _for measure_ments
V2 CX —1. 257 5 4 (3 9) of SM-induced Wilson coefficients!



SM fit

Translation to particle physics parameters

©(10~*) precision for this CKM element!

Vv

u

p 0.97382(24) 1 —0.03

g )~ \ 1.2536(47) pP= 1

/

cf. g, = 1.246(28) from the lattice

Per-mille precision for the nucleon axial charge!
Experiment factor of six better than lattice (assuming that SM is true)

nb. experimental precision dropped since [arXiv:2010.13797]

because of new calculation of Ax — A‘}\,

©(10~*) accuracy for measuring
one SM parameter V
and one QCD parameter g,

Cirigliano et al
2202.10439



SM fit

Comparison of determination of V , from superallowed beta decays,
with different values of inner radiative corrections in the literature

0.97 45; Unitarity (VF2¢) ]
N - MS'06 :
o T .
S Seng et al."18

8 . +Seng et al."19

+ I CMS'9 T |
R 09740 T - .

P : - | — Our value
E — ! SF(%_J'ZO — i Vud=097382(24)
O | |
~’ 0.9735- 1 .

Seng et al."18 Hayen'20 Seng et al.'18 -

+3eng et al."19 -

i +Gorchtein'19
0.9730+- ]

Our error bars are larger, because we take into account additional uncertainties in superallowed decays

Seng et al Gorchtein
1812.03352 1812.04229



Bigger picture: Cabibbo anomaly

Seng et al 1807.10197
Grossman et al 1911.07821
Coutinho et al 1912.08823

7-S inclusive

-KVv/t->71v

Kordv

Kouvim-uv

K->uv

8 Neutron

3 Superallowed

Clrlgllano et aI [arX|v 21 12 02087]

0.218 0.220 0.222 0.224 0. 226 0. 228
Vis



http://arxiv.org/abs/1911.07821

BSM ik

Done previously by Gonzalez-Alonso et al in 1803.08732, but many important experimental updates since



WEFT fit

In the absence of right-handed neutrinos, the effective Lagrangian simplifies:

L0 = —(yiy,)

V —

CJr ey vL+ C+eRyL

0.98576(41)
—1.25739(54)
0.0002(10)
—0.0005(12)

+ Z Widw | Cletuc+ Ciewr

Uncertainty on SM parameters
slightly increases compared to SM fit
but remains impressively sub-permille

©(10~3) constraints on BSM parameters,
no slightest hint of new physics




WEFT fit

Translation to particle physics variables

A

Vud Vud G
&= e AR Ap(1+ e+ ) =2 syt Ap Ve = V”d(l te T €R> Polluted CKM element
% l4+¢ —¢
vV A L R
+ ud 1 AA 1 _ — _ ud 1 AA =
Ca > 8a\) L+ A (14— cg) 2 84\ 1T Bk 5A = Ba e; + € Polluted axial charge
Vu VM A A €S
Cr = 2dgT€T = 2dgT€T €s =
v v 1 +¢€; +ep
V., V. ¢ Rescaled BSM
Cy = —-&sés =2 8s€s ép = ! Wilson coefficients
1 + €1 + €ER
In SM, measuring CX translates to measuring axial charge g,
However, beyond SM it translates into "polluted" axial charge
1 + €L - €R
i 0, = ~ 1 -2
Approximately, A = 84 ~ A — 4€p
1 + €1 + €p

In order to disentangle ¢, from g, we need lattice information about the latter:

From FLAG’21:



WEFT fit

Translation to particle physics variables

A

Vud Vud
Ch= Vzng/1+AX<1+€L+€R) = Vzgm/1+AI‘§

A

Vud Vud,\
CX=—V2gA\/1+A‘2(1+€L—€R) =—Vzgm/1+A‘?e

|% V
+ ud _ l/ld A
CT — > gT€T - V2 gTGT
1% 1%
+ ud _ l/ld A
Cs = —8s€s =2 8s€s

0 0.97365(42)
s 0.0001(10)

er |~ |—0.0009(12)
€ ~0.003(12)

(1. 0.78 0.69 0.01)
1078 1. 064 0.01
P=1o69 064 1. o
0.0l 001 0. 1.

Vid = Vud(l +e+ €R> Polluted CKM element

A~ 1 + €L - €R
8A = gAl Te + e g4 = 1.246(28)
n €s
€S -

1 + €L + €R

¢ Rescaled BSM

Er = ! Wilson coefficients

1 + €L + €R

polluted CKM matrix element
(in principle, can lead to
apparent breakdown of CKM unitarity)

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



New physics reach of beta decays

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

Nuclear decays

/]

1007

S
@
.
<
—~ 10
S
= 2
NS gi
£ C~-
- JAN
2.2
3) (1) (1 ~3) €x = 2
CHud Clequ Clequ’ Cledq Clequ’ Clequ’ Cledq A



New physics reach of beta decays

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

Nuclear decays Pion decays
/ e _~ Nuclear + kaon decays
1000 ,
g+
> C ~
O v IA\;Z
C. 100
= 2,2
g g+V
IS €x >
€R €T €s €Ep €L Cl(elq)u’ Cl(e3q)u Cledg CIS)

(3) (1) 3 B ~0)
CH ud Clequ Cleq C C C CHl >t



Neutron lifetime: bottle vs beam

so5———7i-292922 - 0 0270000 —0/—mm00mm0————
I T Beam —
[ Bottle —
890/ |
(5} i
% ; : Beyond SM both beam and bottle
= 885! BSM 10 | are consistent with other experiments
9 i |
5 |
~ 830 Within SM, other experiments
_ point to bottle result being correct
875 — - Czarnecki et al
1995 2000 2005 2010 2015 2020 1802.01804

year



Resolved Cabibbo anomaly in the presence of new physics

T-S inclusive
->KV/IT->Tv |
Korlvr
K>uvim-uvr
Ko>uvr

B Neutronr

B Superallowed -

Cirigliano et al [arXiv:2112.02087]

'0.218 0.220 0.222 0.224 0.226 0.228

Vus




Going further

The most general leading (0-derivative) term in this expansion is

3
+ Z (l//;(fkl//n) [CXéLykvL+ Ct éRyO}/kvL]
k=1
EFTs are systematically improvable, and nothing prevents us to going to the next order
in the EFT expansions

The most general subleading (1-derivative) term in this expansion is

1 y .
D _ : k 5 ijk S ok
FWU = z—mN{lCIj’(l//;a W) Vk(eRvL) — C, €Y (l//;O'Jl//n) Vi(eL}/ I/L)

—iCE (o y,) Vi (217 v) — iCE(w 0" y)0, (87 v )
<> <>
—iCEL iy Vi (2rr’r L) + iCHWw)(@R0,vy) + 2iCH(w o ) (@R V 1)
_ict (Wi Sk Ct (wickV .0 C+ kol V ~ 0.k
(Cry(w, Viw ey v) +iCe, (w0 Viy ey v) + Core (y,0' V iy )(egy v )

[arXiv:2112.07688] AA, Martin Gonzalez-Alonso, Ajdin Palavri¢, Antonio Rodriguez-Sanchez

The coefficients of the sub-leading EFT Lagrangian can also be determined from the data!


http://arxiv.org/abs/2112.07688

Example: constraining pseudoscalar interactions

1. ] e _
7= 2my { iCEuya v Vi (epr) = Ce™ o y,) Vi(2r'yy)
N
— iCE(l,U;le//n) Vv, (éL}/OvL) - iCE(l//;Ukllfn)az(éL}’kVL)
. -— by > H " D H
—iCHwiw,) Vi (grr*uy) + iCHLWw,)(@r0,vy) + 2iCH(Wio w, )@ V1)

_ < _ ) o _ . R _
—zC;V(y/; V)@ vy + ZC;’A(I//;U" V)@ 7)) + C;’Te’fk(t/fgal \% jy/n)(eR}/oykvL)}

(CF) ([ 0.98540(48) " 0.97351(48)
cil |-1.25822681) .. —0.0005(12)
| cr | = | -0.0006(12) e | = | 0.000917)
Cf 0.0007(16) Er —0.010(11)
(CF) | ToME €p ~0.018(13)

The sensitivity of beta decay to pseudoscalar interactions is the same as the sensitivity
to the V+A interactions, even though the former enters at the subleading level



Example: constraining universal nucleon's weak magnetism

1 (. _ . : _
20 = L iCsuau) Va(ewn) =Gl ol V(e
N
— ng(w;crky/n) Vi(ery) - iCE/(l//;UkWn)az(éLykyL)
< . _ e
—iCH, (i) Vi (8ry 7 vp) + iCHLWiw)(@R0,1;) + 2iCH (o ) (@R V vy

. < _ . <« _ . > _
—zC;V(t//; V)@ vy + ZC;A(w;Gk Vo )@ %) + C;’Te’fk(wgal \Y, jl//n)(eRyoykvL)}

In the SM, isospin symmetry predicts C,,

C\-I/_ 0.98562(26) in terms of magnetic moments of
V2 CX — | _ 1.25787(52) the p/;otcfi ;nd neutrozll ;
SM_ 2P "o+ T
C]\_Z 35(10) CM — ILtN CV ~/ V2

4 sigma detection of weak magnetism of nucleons just from the data,
without relying on isospin symmetry (CVC hypothesis).
Result perfectly agrees with the prediction from isospin symmetry



What have beta decays ever done for us

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

e Currently, the most precise measurement of the CKM

element V., which is one of the fundamental parameters
in the SM

e 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



Future

Cirigliano et al
1907.02164 TABLE 1. List of nuclear S-decay correlation experiments in search for non-SM physics ?

Measurement Transition Type Nucleus Institution/Collaboration Goal
B—v F S2Ar Isolde-CERN 0.1 %
B—v F 38K TRINAT-TRIUMF 0.1 %
B—v GT, Mixed °He, #*Ne SARAF 0.1 %
B—v GT 5B, ®Li ANL 0.1 %
B—v F 20Mg, 2481, %8S, ?Ar, ... TAMUTRAP-Texas A&M 0.1 %
B—v Mixed g, 18N, %0, '"F Notre Dame 0.5 %
B & recoil Mixed 3TK TRINAT-TRIUMF 0.1 %
asymmetry

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

Measurable Experiment  Lab Method Status Sensitivity Target Date
(projected)
B —v aCORN/[22] NIST electron-proton coinc. running complete - T
g —v aSPECT[23] ILL proton spectra running complete Already present tense!
B—v Nab[20] SNS proton TOF construction 0.12% 2022
£ asymmetry PERC[21] FRMII beta detection construction 0.05% commissioning 2020
11 correlations BRANDI[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 8 magnetic spectr. construction 0.1% 2020




Events / GeV

Fantastic Beasts and Where To Find Them
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