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10 TeV or 10 EeV ? Properties of new particles
................................................................... beyond the Standard Model
can be related to parameters
of the effective Lagrangian
describing low-energy interactions
between nucleons, electrons, and neutrinos

Standard
Model

100 GeV

Effective weak interactions for nucleons

< D —pykn (C;,LéyﬂvL+ C;é}/ﬂyR> — pytysn (CjéyﬂyL— CgéyﬂvR)
i

Nuclei .
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All these parameters can be precisely measured
In nuclear beta transitions

1 MeV
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Language

* Nuclear beta decays probe different aspects of how first
generation quarks and leptons interact with each other

* Possible to perform model-dependent studies using
popular benchmark models with heavy particles (SUSY,
composite Higgs, extra dimensions) or light particles
(axions, dark photons)

e Efficient and model-independent description can be
developed under assumption that no non-SM degrees of
freedom are produced on-shell in a given experiment.
This leads to the universal language of effective field

theories




EFT Ladder “Fundamental”
BSM model

Connecting high-energy physics to nuclear physics
via a series of effectivetheories @ = et s e s b s e senesens

EFT for
SM particles

100 GeV

EFT for
Light Quarks

2 GeV

EFT for
Nucleons

Effective description
of nuclear observables

1 MeV



“Fundamental” models «Fundamental”

BSM model
In the SM beta decay is mediated by the W boson
10 TeV?

L

d e
w

u EFT for fia™

¢ SM particles ‘ :

100 GeV

Several high-energy effects may contribute to beta decay

d, ‘
w W!

EFT for
Light Quarks

2 GeV

EFT for
Nucleons

Leptoquark

Effective description
of nuclear observables

W_-WRr mixing

1 MeV



EFT at electroweak scale “Fundamental”
BSM model

At the electroweak scale, these effects can be
approximated by gauge invariant operators
describing contact 4-fermion interactions or 10 TeV?
modified W boson couplings to quarks and leptons

EFT for
SM particles

EFT for
Light Quarks

+Croou@rL)(RQ) + cLedQ@eR)(dRQ) Nucloons

21 o Lup)(R0) + ... 2 R

Effective description
of nuclear observables




EFT at electroweak scale “Fundamental”
BSM model

ZLepr O cypH'6“D,H(Q0%,0) + ¢y H'6“D, H(Lo",L)
+CpugH" D H(igy,dg) + Ey,qH' D, H(Dgy,ep)
+c10(Q0%, QLo L) + cf ,0,(€x0,, L) iigo,, Q)
+100u€RL)RQD) + cppu0(Leg)(dRQ)
+&1,0uLvR) (R0) + ...

EFT for
SM particles

100 GeV

EFT for
Light Quarks

EFT for
Nucleons

Effective description
of nuclear observables

For any “fundamental” model, the Wilson coefficients ci
can be calculated in terms of masses and couplings
of new particles at the high-scale

1 MeV



EFT below electroweak scale «Fundamental”
BSM model

Below the electroweak scale, there is no W,
thus all leading effects relevant for beta decays 10 TeV?

are described contact 4_fermion interactions, ......................................................................

whether in SM or beyond the SM

V, _ _ o _
gEFT o — V2d { (]‘+€L> e}/'uI/L . uy'“(l — }/S)d + €L ey,uUR . u}//’t(l — ys)d EFT for
+epeyp - uyt(l +ys)d + cpeywg - uy'(1+ys)d SM particles
1 . —
+€TZEUWUL o’ (1 —ys5)d + GTZeG,m/VR o’ (1 + ys5)d
ey -7 b (b youp ad [ ———
—epevy - ilysd — Eplup - L_t}/Sd} + hc EFT for
Light Quarks

Much simplified description,
only 10 (in principle complex) parameters
at leading order

EFT for
Nucleons

Effective description
of nuclear observables

1 MeV



Translation from low-to-high energy EFT

Assuming lack of right-handed neutrinos, the EFT below the weak scale (WEFT)
can be matched to the EFT above the weak scale (SMEFT)

Vud - — — -
Lwerr 2~ 3 { (1+er) er - iy'(1 = r9)d Lsmerr D ot 0D, H(Q6%,0) + ¢y Hi oD, H(Lo",L)
1 o _ _ _ _
ter 20,0 ac'(1 — ys)d +C£3Q)(Q6a]/ﬂQ)(L6a)/”L) + cﬁ)Qu(eRaﬂyL)(uRaﬂyQ)
+egeyy - ud +Creou(€rL)(URQ) + cLedQ(ieR)(czRQ)
—€p éVL . I/_lysd }

At the scale mz, WEFT parameters ¢y map to dimension-6 operators in the SMEFT

1
€ /v? = —cfQ) — 26my, + 5le"‘11 +5g,"
ud
1
2
€RIV" = ———Cpuq
ud Known RG running equations can
eV = — TN translate it to Wilson coefficients €x
S Vv ud™~[eQu LedQ
ud at a low scale p ~ 2 GeV
2 _ _n,.(3)*
er/ve = 2CLeQu
2 _ _ % _ %
€p /v = (V”dCLeQu CLedQ)

ud

More generally, the low-energy theory can be matched to RSMEFT



Quark level effective Lagrangian

Effective Lagrangian defined at a low scale p ~ 2 GeV

Left-handed Right-handed
CKM _element neutrino neutrino
Vud — _ - = —
£ D - ) (1+€L) ey vy - uy"(1 —ys)d + €, eywg-uyt(l —ys)d V-A
/ % . gy c B . gyH
Normalization scale, teRer L Uy (1 +7s5)d T CREY VR UY (I +ys5)d V+A
set by Fermi constant 1_ L B _ .
Vo~ 246 GeV +€TZeO-ﬂVyL - o™ (1 —y5)d + GTZeG,uyVR - uc™(1 +ys)d Tensor
vaer +€g él/L - ud + 55 é(l + }’5)1/R - ud Scalar
Pseudo- _ o
scalar —epevy - Uysd — Epelp - u}/Sd} +h.c.

The Wilson coefficients of this EFT can be connected,
to the Wilson coefficients above the electroweak scale,
and consequently to masses and couplings of new heavy particles at the scale M :

V2

2
i~ 8

GX, éX ~ V2



EFT for nucleons «Fundamental”
BSM model

Below the QCD scale there is no quarks.
The relevant degrees of freedom are instead nucleons 10 TeV?

Leading order EFT described by the Lee-Yang Lagrangian

_I_ — —
Lerr D —PY n(C ey, vy + Cve;/ﬂyR) N
—p}’”}/5n ( C+67MVL _ CgéyﬂVR) SM particles
—pn(Cey, +Cyevg) R

EFT for

1 = MU +5
— 5 po ( Creo, vy +(C éeo R) |
Light Quarks

+py5n(C;§évL —C;évR)+hc

T.D. Lee and C.N. Yang (1956)

EFT for

Again, 10 (in principle complex) parameters Nucleons

at leading order to describe physics of beta decays

Effective description

Nuclear physics experiments of nuclear observables

measure the Wilson coefficients Cx+/-

1 MeV



Translation from nuclear to particle physics

C
vV
Non-zero /

in the SM
inthe S \‘C"'
A

Zepr D —pr'n(Cleyy,
—py" 7’5”(@}F ey, v,
—pn(Cey,

1

——potn(Cre
> po n(CTeGWUL

+13y5n(C;§é1/L

v
ud 1% — _ ud V(= ~
2 8A R L~ €R AT EA R\€L ~ €R
Vud Cm = Vud ~
-8rer T = 5 81T
\V \"
Vud Co = Vud ~
> gSES S = 7 gSGS
\V \"
Vud Cs = Vud =
~-8p€p P = T 5 8pfp
V \%
+C\7§}/MUR) ZLgpr D — ‘\//L;d{ (14¢) ey - ay*(1 —ys)d + cpeypg - uyt(l —ys)d
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—Cpéug)+he mereu s ) gPéVR'WSd} e



Translation from nuclear to particle physics

Non-zero Cv = ‘\/fuzdgv\/l + A1+ e+ ) Cv= ‘\/ruzdg"\/l + Ag (&L + &)
I Ci=- ‘:ngA\/l + AR (1 +€, — €g) Ca = ‘ib;dgA\/l + A% (€, — &g)
Cr = ‘ib;dgTeT Cr = ‘iuzdng‘T
C5 = ‘ib;dgses Cs = ‘\/:;dgsés
Cp = ‘iuzdgpep Cp = — ‘:;;d 8pEp

Lattice + theory fix these non-perturbative parameters with good precision
gy~ 1, gy =1251%£0.033, g=1.02+0.10, gp=349+9, g,=0.989=x0.034

Ademolo, Gatto Flag’™19 Nee2+1+1 value Gupta et al Gonzalez-Alonso et al Gupta et al

(1964) gIu = 1806.09006  1803.08732 1806.09006
Matching includes short-distance v Seng et al
(inner) radiative corrections AR = 0.02467(22) 1807.10197

A V _ -3 Hayen
Ag = Ag = 4.07(8) x 10 2010.07262



Down the rabbit hole

_|_ _— _—
L Fermi D - Cv P 7”” eLy,uV L

—Cyprtysnerryy . L .
o This is a relativistic Lagrangian,
—Cgpnegyy :

and may not be most convenient to use
_EC; Po™n 40,1 for non-relativistic processes
+C, pysn égyy +h.c.

In neutron decay the momentum transfer is much smaller then the nucleon mass,
due to the tiny mass splitting between neutron and proton.

It is thus convenient to change variables in the Lagrangian,
and use non-relativistic version of the neutron and proton quantum fields

e—imNt _G*V )
N — 141 wy + O(V?), N=p,n

\/5 sz

In these variables, and expanding in powers of V, the Lagrangian simplifies

Fermi

Lroemi 2 — W) [C‘J; ev+Co éRuL] - (7,0"w,) [CX@ Lo v +Clepsty | + O6(Vim,)

It is clear that pseudoscalar couplings do not affect beta decay at leading order



Non-relativistic Fermi EFT
3
2 I (VAT [C‘J; e v+Cle RI/L] — Z (7,0 w;,) [CX@ L v+ Clegs y | + O(V/im,)
k=1

This Lagrangian can also describe beta decays of nuclei: N —_ N’e _[7

3
M= — M C‘J/F(J_C3)’4) + CS+ (V34) | — Z /%If}T
i k=1

CX (X30k)’4) + C;: ()’35k)’4)

where the Fermi and Gamow-Teller matrix elements are

Me = AN Gy, | Ny M =N W6, | N)

Fermi transitions Gamow-Teller transitions
Calculable from group theory Difficult to calculate
in the isospin limit from first principles

The use of non-relativistic EFT allows one to reduce the problem of calculating
amplitudes for allowed beta transitions of nuclei to calculating
two nuclear matrix elements

Forbidden transitions correspond to higher order terms in the non-relativistic expansion



Summary of the language

Lepr D —py”n(C €Y, Vr +CveyMuR)
—py" 75”(C+€7,4VL —C e ey.V R)
—pn(Cley, + (5 evg)
1
— potn n(Cleo, vy +Créo,vg)+... +he

We will use the Lee-Yang effective Lagrangian to describe nuclear beta transitions

We will be agnostic about its Wilson coefficients, allowing all of them to be
simultaneously present in an arbitrary pattern.

This way our results are relevant for a broad class of theories, including SM and its
extensions, with or without the right-handed neutrino

The goal is produce the likelihood function for the 8 Wilson coefficients, based on
the up-to date precision data for allowed nuclear beta transitions

For the moment we assume, however, that the Wilson coefficients are real (most of
our observables are sensitive only to absolute values anyway)



“Fundamental”
BSM model

# Masses and coupling |
of your favorite BSM theory }
. How many TeVs?

' Likelihood for |

| EFT parameters cxat M| EFT for i [

SM particles ‘ ¢ I
\

i‘ke'lhovo‘fnovr |

| EFT parameters cxat mz | 100 GeV €]

(A
@ EFT for
Light Quarks

2 GeV

| Likelihood for |
| EFT parameters ¢, at mz '

, Likelihood for :
| EFT parameters €y at 2 GeV §i

EFT for
Nucleons

| Lee-Yang parameters Cx

Effective description
of nuclear observables

1 MeV



Shortcuts

It is not entirely excluded that new physics,
Is lighter than the electroweak scale
and weakly coupled so as to avoid detection

EFT for

SM particles ‘ g ! ‘:

100 GeV

“Fundamental”

BSM model EFT for

Light Quarks

Then new physics may connect directly

to the EFT below the electroweak scale EFT for

Nucleons

Effective description
of nuclear observables

1 MeV
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Observable in beta decays

Electron energy/momentum

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

Ey:py:mN_mN’_Ee

N — Netv

(j,m=x1)



From effective Lagrangian to observables

Fermi matrix

: - Phase space
element given Fierz term P

factor

by nucleus
isospin numbers / /
Mim] [ '

m .
Decay width: I = (1 + 5) ¢ X|1+b € fV Jackson Treiman Wyld (1957)

/'47f3_ E, /.

Higher-order Mixing parameter
corrections

CH)2
Non-zero in SM = (G + (CH* + (Cy)* + (Cy)* + f“ ’ (CZ§2 [( CH2+(CH*+ (CH* + (c;)zl
—— (C)
VanishesinSM > py = iz\/ I — (aZ)*{ CiCH + CyC5 + p? o |CiCE GG
A
+
Mixing parameter for mixed _ l’i where r is ratio of
Fermi-GT transitions P = C+ Fermi and Gamow-Teller matrix elements

For allowed beta decays, no dependence on pseudoscalar Wilson coefficients C;f,
so these will not be probed by our observables

In 6 one needs to include nuclear structure, weak magnetism, isospin breaking and radiative corrections,
which are small but may be significant for most precisely measured observables



Observable in beta decays

M2 5
L= (1+6)—5 =X

1. Total decay width I or lifetime T or half-life ti,2

!

= e Lepbe
m m

log;o(2) log,o(2)4r° e

[ m
o ()| 1

This is very transition-dependent because the phase space integral
can be vastly different because of different mass splittings

Half-life: 1, =

(1+ 8)Mzm3X

flogp(2) 473 1log,o(2)

F ()

Once one reaches per-mille level measurements, it is convenient to introduce Ft,
where transition-dependent radiative and nuclear corrections are also divided away

o (1+6)floge2)  4r’log,o(2)

TFt: o I ]
t M2m3X |1 + b<ﬁ>
F''%e E,

ft: ft

(1+8)Mpm3X




Observable in beta decays

Electron energy/momentum

2 2

E, = \/ p, +m;

Neutrino energy
Ey:mN_mN’_Ee

N — Netv

2. B-v correlation

(j,m=x1)

For unpolarized decays, one can also measure the angular correlation,
between the directions of the final-state positron(electron) and (anti)neutrino:

= F(E)|14aLte . L2
dE.dD.dQ E E



Observable in beta decays

Electron energy/momentum

E,=1\/p2+m

Neutrino energy
Eysz_mN/—Ee

N — Netv

3. B-correlation and v-correlation

(j,m=x1)

For polarized decays, one can also measure the angular correlation,
between the polarization direction
and the direction of the final-state positron(electron) or (anti)neutrino:

. () P, ()

= F(E,) 1+ape p”+A

+B
dE,dQ.dQ, E, EE E J E J

€ 1%



From effective Lagrangian to observables

Jackson Treiman Wyld (1957)

[( CH)? +(CH? +(Ci)* + (CT)2]

)

Correlation observable probe other combination of Wilson coefficients:

= (Cy)* + (CH? +(Cy)* + (Cg)* +

G +)2

bX = iz\/l — (aZ)Z{C;C; + Cy, Cq +

Xa = (CH? — (CH? + (Cp)? — (C5)? = £ "Gy (CH? = (C? + (Cp)? - (c—)2]

1% S 1% S 3 (CH T A T

.
XA=—2pCV\/ / {C;CX—C;C;—c;CMCS‘Cf} i=—"2
CrVJ+1 1+b<@>
,02 ( ‘-/I-)2 A _ A E,
2 _ (2 _ (2 —\2 =
]_|_ 1 (CH)? {(CA) (C7)" = (C)"+(C7) } 1+ b<%>

One can also explore the energy E: dependence of these observables,
but this is rarely done in experiment

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



Observables in beta decays

Effective Lagrangian describing allowed nuclear beta decays:

N — Ne* v

Electron energy/momentum

E,=1\/p2+m

Neutrino energy

Ey:py:mN_mN’_Ee

Information about the Wilson coefficients can be accessed by measuring lifetimes and correlations

a =F(Ee){1+b&+apecp”+A<J>'pe+B<J>'p”
dE,d€,d<, E, § JE, JE,
2 3(p. -, D) [JU+1)=3(T) - j)2] D J)-(p,Xp,) }
SEE, J2J-1) JE,E,

/ \

No-one talks about it Violates CP



Data for
allowed beta Eransitions



Global BSM fits so far

Neutron

Fermi & GT

Superallowed polarizations

Gonzalez-Alonso,
Naviliat-Cuncic,
Severijns,
1803.08732

For a review see



Superallowed beta decay data

0+ & 0+ beta transitions

Parent Ft |s] (me/Fe)
10¢ 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)

(1+6)flogy>)
= =

473 1log,(2)

)

0+ — 0+ beta transitions are pure Fermi

X = (CiP + (€7 + (2 + (C+ g (G

T T R (G
, ()
(CP)?

Ft=

~

[(CX )+ (CH* + (C)* + (Cr )2]

}

Mr and X are the same for all 0+ & 0O+ transitions!

bX = iz\/ | — (aZ)? { CHCH + CyCs +p lcgc; +CiCq

Ft is defined such that it should be the same
for all superallowed transitions
if the SM gives the complete description
of beta decays



Neutron decay data

Observable Value (me/FEe) | References
T (8) 879.75(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]
o —0.10426(82) (46, 72, 73]
i —0.1090(41) 0.695 [74]

Order per-mille precision !




Neutron lifetime

Story of his lifetime

8OB
' | Beam — |
: Bottle —
890 .
= |
GJ _ o
R
5885_‘
3t |
™ 880/ tl] ;
| f v
Q75 o

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=1.9



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



Fermi & GT polarizations

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




This talk

Neutron

Superallowed Fermi & GT
polarizations

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



e Mirror decays are [3 transitions between isospin half,
same spin, and positive parity nucleil)

e These are Fermi-Gamow/Teller beta transitions, thus they depend on the
mixing parameter p

 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

—mi 3

Many per-mille level measurements! o (1+6)f logy2) 47°log,o(2)
Parent Ft 0Ft p dp B I m,
nucleus (s) (%) (%) M}%mgX 1+ b<?
SH 1135.3 + 1.5 0.13 —2.0951 + 0.0020 0.10 ] .
e 3933 + 16 0.41 0.7456 + 0.0043 0.58 For mirror beta transitions
N 4682.0 + 4.9 0.10 0.5573 4+ 0.0013 0.23 £ (CHP
150 4402 + 11 0.25  —0.6281 + 0.0028 0.45 = (CH)? + (CI)? + (G + (C5 )P + 2 p>—= Ciy [( ;)2+(C+)2+(CA)2+(CT)2]
17p 2300.4 + 6.2 0.27 —1.2815 + 0.0035 0.27 fV 1
19

Ne 17184432  0.19 1.5933 + 0.0030 0.19 bx = 42 /1 (aZ)2{c;CS+ +CiCi 4 Z)Z [C;(c; +CiC }
2INa 4085 + 12 029  —0.7034 + 0.0032 0.45 (C)
23
stg 374271? i ;70 g'i’g g'igig i 8'88;1;1 8‘2}1 Ratio r of Fermi and Gamow-Teller matrix elements
27 160 -+ 20 0.43 0.6812 + 0.0053 0.78 Is dlfferecvnt _for _dlfferent nuc_lel, theref_ore even |r_1_the SM limit
29p 4809 L 19 040  —05209 + 0.0048 0.92 1t is different for different mirror transitions!
319 4828 + 33 0.68 0.5167 + 0.0084 1.63
33C1 5618 + 13 0.23 0.3076 + 0.0042 1.37
35 - - = -

Ar  5688.6 £ 72  0.13  —0.2841 £+ 0.0025 0.88 Since we don't know the mixing parameter p aprior,
K 4062 = 28 0.61 00874 & 0.0071 1.21 measuring F  alone does not constrain fundamental parameters
39Ca 4315 + 16 0.37 —0.6504 + 0.0041 0.63 ) 9 ) . P )
a1g, 9849 + 11 0.39 10561 + 0.0053 0.50 Given the input from superallowed and neutron data,
433 3701 + 56 1.51 0.800 = 0.016 2.00 Ft can be considered merely a measurement
PV 4382 £ 99 2.26 —0.621 + 0.025 4.03 of the mixing parameter p in the SM context

Phalet et al
Not the latest numbers
0807.2201

For illustration only!

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.)

falfv

Ft 8]

Correlation

I"F 5/2  2.24947(25) 0.447
Ne 1/2 2.72849(16) 0.386

“INa 3/2 3.035920(18) 0.355

(
PAr  3/2 5.4552(7) 0.215

)

29 1/2 4.4312(4)  0.258
)
) 0.209

STK 3/2  5.63647(23

1.0007(1) 2292.4(2.7) [47]
1.0012(2) 1721.44(92) [44]

1.0019(4

)

4071 (4

0.9992(1) 4764.6(7.9

0.9930(14
0.9957(9

)
)

5688.6(7.2
4605.4(8.2

) 145
) |

) [13
)

43|

50]

~

A =0.960(82) [12, 48

/Nlo = 49 ~

|

|
-
-
o
N
—t
—~
p—t
1NN

)
Ay = —0.03871(91) [42]
) 39

A = 0.681(86) [51]
A =0.430(22) [14, 52, 53
A =—0.5707(19) [38]

B = —0.755(24) [41]

23] Melconian et al (2007);

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

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),



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 Lee-Yang Lagrangian simplifies a lot:

Zz Lee—Yang =

—py" ”(C;é?’MVL
—prtysn(Cleyvy
L p
——po
219
—pn(Cie
+]57’5”<
(2e+) [ 0.98564(23) )
vV
2| [1:2570042)
) A —1.2958(13)
F
o || 1:60183(76)
s —0.7129(11)
Pp —0.5383(21)
PAr —0.2838(25)
Pk )| 0.5789(20) |

©(10~*) accuracy for measurements
of SM-induced Wilson coefficients!

Bonus: O(107°)-level measurements
of mixing ratios p



SM fit

Currently, superallowed data dominate the constraints on C‘J,r
while mirror constraints are a factor of 4 weaker

0.988;
0.987

G 0.986
L 0986

Combined

0.985/

0.9841

Superallowed Neutron Mirror



SM fit

Translation to particle physics variables

+ Vi 1% 4
CV = 1+ AR @©(10™") accuracy for measuring
\ one SM parameter Vg,

and one QCD parameter ga

v.,\  (0.97370(25) ) (1 _0,27)
g, )~ \1.27276(45) P=\. 1



SM fit

Comparison of determination of Vyq 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=097370(25)
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



Vud

SM fit

0.980
0.978
0.976

_ Unitarity (VFP°)
0.974

0.972

0.970

Ar35 -

K37 i
Na21

Mirror Ne19 |

| All Combined

[} I Vud = 0.97370(25)

0*=0" Neutron

Global update of previous results on Naviliat-Cuncic, Severijns
Vud determination from mirror decays arXiv: 0809.0994



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 Lee-Yang Lagrangian simplifies:

Zz Lee—Yang — = =P }/,un ( C+67MV L

—prtysn ( Creyy;
—Eﬁd’mj (C+€6MUI/L
—pn(Cley,
Our observables [
independent of Cp ‘\(ﬁ#ﬂ»( Q%
at leading order
C+
v 0.98571 (4 1) Uncertainty on SM parameters
V2 CA" |- 1 25707(5 5 ) increases compared to SM fit
C ;_ 0.001 O( 1 9) ©(1073) constraints on BSM parameters,
C + O OOO 4 ( 1 2) no slightest hint of new physics

Fit also constrains mixing ratios p, but not displayed here to reduce clutter



WEFT fit

Translation to particle physics variables

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

Vud Vu ~

Cf = —8rér - VzdgTeT

Vud Vud A

Cy = S 8s€s =2 8s€s
v 1 (097377(41)

8, 1.27272(44)

2 0.0001(10)
e 0.0005(13)

Via = Vaa(1 + € + eg) Polluted CKM element

A~ 1 + €L - €R
54 = 84 I + ¢+ €p Polluted axial charge
N €s
ST 116 +

€ + €

; K Rescaled BSM
Er = ! Wilson coefficients

1 + €L + €R

Central values + errors + correlation matrix —
full information about the likelihood retained in the Gaussian approximation

Per-mille level constraints on Wilson coefficients,
describing scalar and tensor interactions between quarks and leptons.

Better than per-mille constraint on the polluted CKM element



Bonus from the lattice

From experiment (fit): From lattice (FLAG’19):

8, = 1.27272(44) g, = 1.251(33)

This is the same parameter in the absence of BSM physics,
in which case lattice and experiment are in agreement within errors

But this is not the same parameter in the presence of BSM physics!

1+€L_€R

8A58A1+€L+€R “8A<1—2€R>

One can treat lattice determination of ga as another “experimental” input constraining €r
e, = —0.009(13)

For right-handed BSM currents, only a percent level constraint, due to larger lattice error



Bonus from the lattice

1805.12130
From experiment (fit): Smaller error using CalLat’18 result

8, = 1.27272(44) g, = 1.271(13)

This is the same parameter in the absence of BSM physics,
in which case lattice and experiment are in agreement within errors

But this is not the same parameter in the presence of BSM physics!

1+€L_€R

8A58A1+€L+€R “8A<1—2€R>

One can treat lattice determination of ga as another “experimental” input constraining €r

ex = — 0.0007(51)

Sub-percent accuracy!
Progress in lattice directly translates to better constraints on right-handed currents!



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

Pion decays
P

1000+

100}

10}

(4rt/g.) \[TeV]

2,2
\\ / GXNgjxvz

Nuclear decays




Neutron lifetime: bottle vs beam

895¢

Theutron [SeC]

890

oo
00
T m T

880

875t

Beam —
Bottle —

BSM 10

1995 2000 2005 2010 2015 2020
year

Beyond SM both beam and bottle
are consistent with other experiments

Within SM, other experiments
point to bottle result being correct

Czarnecki et al
1802.01804



Lee-Yang fit

Never done previously in this form and generality



Global fit of Lee-Yang Wilson coefficients

Global fit to 8 Wilson coefficients and 6 mixing ratios:

gLee—Yang — _py,un ( C\_}_é}/MUL + C;é}/MUR)
—13}/'“}/5” ( CX@}’MVL o CA_é}/MUR)
—5 pot‘n ( C;f €0, V1 +C éaﬂva)
_pI/l(C;_éVL __CSTéUR)

Our observables (
independent of C;, ‘Kﬁ{ﬁ( CE&; (ﬁ{g_ +hc
\

at leading order

ct 0.98501*(%), v2| Cy | < 0.053
(14)

P Ci _ —1.25441_(11) v? Cy < 0.063
+ . (29)

CS 0-00071_(14) V2 | CST < 0050

C+
i ~0.0001+533 v2| Cy | € [0.072,0.099]



Global fit of Lee-Yang Wilson coefficients

Example: Cv+ fit

Zgrr O —Cy(prin)ey,y) +h.c.

likelihood w/o
mirror data

likelihood w/
mirror data

§o7s

0.980

0.982
Vv CY,

0984  0.986

20+

The effect of mirror data is very significant!

Per-mille level constraints, thanks to the mirror data!

+(75)
0.98501*(>)



Constraints on Vuqg matrix element

Constraints on Cy+ translate into constraints on the (polluted) CKM matrix element Vud

~

V — -
C‘_/i_ — Vu2dgv 1 ~+ AX, Vud = Vud<1 + €L + GR)

Mirror data bring a factor of 3 improvement on the determination Vu4 in the general scenario

0.9745- . { }
0.973; t
'00.972;
~ |
0.971¢ |
| e W/ mirror
0-9705 e \W/O Mirror
0.969;
SM WEFT  Lee-Yang
¥ SM): V= 0.97370(25
(LY): V,q=097317"  compare with (SM) = Vi (25)

(WEFT): V,, =0.97377(41)



Global fit of Lee-Yang Wilson coefficients

Example: Cvy- fit

likelihood w/

mirror data

-0.10

V2| Cy| < 0.053

likelihaod w/o
mirror data

_0.05 0.00 005

VCy,
Few percent level constraints, thanks to the mirror data!

Constraints are much weaker than for Cy,. because effects of right-handed neutrinos
do not interfere with the SM amplitudes, and thus enter quadratically in Cy-.

0.10



Global fit of Lee-Yang Wilson coefficients

Parameter C‘}L CX C’;f C;f Cy, Cy

Improvement factor & 2.3 1.8 1.7

1.0

2.0

Mirror data leads to shrinking of the confidence intervals
by an O(2-3) factor for almost all Wilson coefficients,
except for Cs-



Global fit of Lee-Yang Wilson coefficients

Tensor anomaly ?

likelihood w/o
mirror data

likelihood w/

mirror data |

N 6_- |
> 9
U

4_— ____________________________ .

2 +

0 695 —010 —0.05 0.00 005 0.0 0.45

VC7

Data show 3.2 sigma preference for new physics,
manifesting as 0(0.1) tensor interactions with the right-handed neutrino



Tensor anomaly

Current data show a preference for tensor contact interactions
between the nucleons, electron, and right-handed neutrino

Inclusion of mirror data slightly increases the significance of the
anomaly, from 3.0 to 3.2 sigma

The anomaly is driven by the neutron data: mostly by the
measurement of the f-v asymmetry by aSPECT, with a smaller

contribution from the r-polarization asymmetry measurements

This could hint at new physics (leptoquarks?) close to the
electroweak scale and coupled to right-handed neutrinos, but it
IS not clear if a model consistent with all collider constraints can
be constructed



Historical anecdote

Back in the 50s, the central question was whether weak interactions
are vector-axial, or scalar tensor. After some initial confusion, the
former option was favored, paving the way to the creation of the SM

But the preference for V-A interactions has never been
demonstrated in a completely model-independent fashion. Our
analysis does this for the first time (some 60 years too late ;)

More interestingly, we quantify the magnitude of non-V-A
admixtures. Scalar and tensor interactions with left-handed
neutrinos are constrained at the per-mille level, while vector, axial,
scalar, and tensor interactions with the right-handed neutrino are
possible at the 10% level

Mirror data are essential to lift some of the degeneracies in the large
parameter space of the Lee-Yang Lagrangian



Summary

Nuclear physics is a treasure trove of data that can be used to constrain new physics
beyond the Standard Model

Thanks to continuing experimental and theoretical progress, accuracy of beta transitions
measurements is reaching 0.1% - 0.01% for some observables

We are completing the first comprehensive analysis of allowed beta decay transitions in
the general framework of the nucleon-level EFT (Lee-Yang Lagrangian)

Using the latest available data on superallowed, neutron, Fermi, Gamow-Teller, and mirror
decays, we build a global 14-parameter likelihood for the 8 Wilson coefficients of the Lee-
Yang Lagrangian affecting allowed beta transitions, together with 6 mixing parameter of
mirror nuclei included in the analysis

Data from mirror beta transitions are included (almost) for the first time in the BSM context

We obtain stringent constraints on the 8 Lee-Yang Wilson coefficients, without any
simplifying assumptions that only a subset of these parameters is present in the
Lagrangian

For this analysis, inclusion of the mirror data is essential to lift approximate degeneracies in
the multi-parameter space, so as to improve the constraints by an O(2-3) factor



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 1% N/A
b —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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low mass double muon + track
double muon inclusive
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WL invariant mass [GeV]
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Bosonic CP-even Bosonic CP-odd ‘D i mens i on- 6 O P e ra'l'o S

Ox (HTH)?
- Grzadkowski et al.
Onn | (H'E)O(H'H) Warsaw basis A oo aan
) :
Oup |H'D,H| ; Yukawa
Ope | H'HGY,GY, Oys | H'HGY,GY, el = Ol | BT
. . —~. : S R of Iz HYHu¢H'q;
0 HEW! Wi O,~ | HtHW! Wi T O i
HW pv VY pv HW Sy l‘- 0% 11y | HUHE H,
Opp | HVH B, By, Oys | HVH BBy, R
O HT ZH WZ B O HT ZH /sz B Vertex Dipole
HWEB g HWB g [Og;]jj Z'E[&MKJHTE)H [OIW][J G?O'MVHTO'Z[‘]WZV
OW Z‘]sz W] kau O’W l‘]sz WJ kajﬂ [ngh] Z'E[Uia'MKJHTO'inH [OZB][J eﬁduyHTﬁ]Bwj
OG facha GngZLL Oé facha GSPGEM [Ofie]u ieﬁUué?]HTﬁuH [Olg]IJ Uﬁﬂuu{aﬁf[q;]@zy
Oy | iGrougsH {D.H Olwlis | wSo Hiolqy Wi,
Table 2.2: Bosonic D=6 operators in the Warsaw basis. 081y | igr0io,qsHY o' DLl Ol plis | w§ouHYqs By,
(RR)(RR) (LL)(RR) Omlis | o Dutt Okl | diouwTHlg; Gy,
O | 1(c0,8)(c0,E) O | (T5,0)(e0,&) [Onalrs id?%%ﬁff D H (Ol | dsouH ol W,
Ow | nuo,i)uo,d)  Ow |  (I5,0)(u0,a) Onudl1y | ufodsHID,H Olplis | d5ouHiqs B,
Ot | 1(do,d°)(deo,d?) Ow | (l5,0)(d0,d°)
Oecu (e“oye®)(uo,u) Ocq (€°0,,€°)(q0,q) = =
e T Full set has 2499 distinct operators,
Oed (6 O_IL )(d UN ) Oqu (qJMQ) (u Ot ) i - -
Ou | (wo,a)do,d) Ol | (@, T w0, Tou) including flavor structure and CP conjugates
Ova (u’ ‘o, T"u °)(d° o, de ) Oyd (q_5#Q) (dCUuJC)
Ol | (q5,T%q)(d0, T"d")
(LL)(LL) (LR)(LR)
Ouw n(la,0)(La,0) Oguqd (u’q?)eju(dq®)
Ou | na2,0)(a0,9) Opuga | (0T e3s(d°Te") Wilson coefficient of these operators
O4q | M(30,0°9)(q5,0'q) Otequ (e“l7)ejn(uq") . .
on | (0. 0 | €onrentuone can be connected (how semi-automatically)
Ofy | (o, 0)(a,00) O | (I°)(d) to fundamental parameters of BSM models

Alonso et al 1312.2014, like SUSY, composite Higgs, etc.

Henning et al 1512.03433


http://arxiv.org/abs/1303.3876

CP-violating observables in beta decays

a =F(Ee){1+b&+apeop”+A<J>°pe+B<J>°p”
dE,d€,dS, E, ; JE, JE,
2 P 3p. -, [JJT+1)=3(T) - j)zl D J)-(p,xp,)
3E.E, J2J - 1) JE,E,

The triple correlation D is CP-violating

Im|CHCF — CECH

D——Zr\/ / - - rEpC“;/CX
J+ 1 |CHIP+|CEI1+ 21 CEHIP + | G ]

Back to the quark level Lagrangian:

Vv
V—”z" 1+ AY(1+ €+ eg)

_ _ vV,
+egepy, vy - dgytdy Ch= —V—”zgm [1+ A%(1+€, —eg)

1 - Vud
+€T—€R6ﬂ

2 Jp igeottd,  Cf = 3 8rer 4p 7
+€S%éRyL-ﬁd} +h.c. S _V_zdgses ' 1 + p? \/ J+1 LRl ( X)

2V, _ o
ZweFr 2 — 2 (1+€L> ery vy - upytdy Cy




Constraints from D parameter

J 2V
D = 1 + pz \/J 1 Im[eR]+ @(6)2() LWEFT D — TweRéLyﬂyL - dpytdy +h.c.

D-parameter probes the CP violating part of the V+A currents in the WEFT Lagrangian

For neutron, the current PDG combination Dn — (— 1.2 + 20) X 10_4

J =1/2 P —\3gm —22 D, ~ 0.86 Im[ep]

This translates into the constraint

— - — — —_—
o |

=(-14

Up the ladder to the SMEFT:

1 V2

TS A 210 TeVy/ [ eyl

€R



