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Neutron decay

- neutron is heavier than proton by 1.3 MeV and can decay

udu p De
- neutron lifetime is around 15 mins .
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n > p W
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Neutron lifetime measurements
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Neutron lifetime

® Results using beam method @ Bottle method

Neutron lifetime (s)
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UCNT7: E Gonzales et al,, Phys. Rev. Lett. 127, 162501 (2021)
D. Castelvecchi, Nature 598, 549 (2021)

[ - 8-9 seconds discrepancy beam vs bottle method : 3-560

| -03 seconds uncertainty of UCNT@LANL : (3 —4) X 10~ precision
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Neutron lifetime

® Results using beam method @ Bottle method( vs 0*->0*: Vy4 almost competitive

Latest
UCNT
result

Neutron lifetime (s)
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- complementary way to determine Vyq
- test of CKM unitarity and search for BSM at low energies
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Low-energy description

- four-fermion interaction between leptons and heavy nucleons

B _ — N Me My  Me
Leg = —V2GrVygey,Prve - N (gyv* —294S*) 77N 4+ 0 <Mp,a,aﬁp,amw>
for uncertainty m. ~ M, — M, A. Sirlin, Phys. Rev. 164, 50 (1967)

- radiative corrections formulated in modern EFT language
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( - two coupling constants predict all observables )
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Radiative corrections to neutron decay

- current—algebra formulation of radiative corrections

A. Sirlin, Rev. Mod. Phys. 50, 573 (1978)
- p decay (o*->o0* Fermi transition, gv) corrects by overall factor

short-distance short-distance long-distance

Sirlin’s function EW pQCD YW
RCpw = O‘V\(E )+ 31 /Mvz\lMZ >1 2C
BW = o IV Ty T, T

W. J. Marciano and A. Sirlin, Phys. Rev. Lett. 56, 22 (1986)
A. Sirlin, Phys. Rev. 50, 164 (1967)

- EW logarithms are resumed by renormalization group analysis

- assuming the same relative change of gvand g4, theory uncertainty:

8 x 10~*
A. Czarnecki, W. J. Marciano and A. Sirlin, Phys. Rev. D 70, 093006 (2004) and before

( - perturbative logarithms separated; ~permille uncertainty)
!




Radiative corrections to neutron decay

- updated calculations of yW contributions

2T

LoV =38311) x 1073 vs  —CY =3.26(19) x 1073

2
Ch.-Y. Seng, M. Gorchtein et al., Phys. Rev. Lett. 121, 24 (2018)

- yW box with Born, N7, resonance and Regge physu:s

~2GeV?

Parton + pQCD 0

M? (M +m,) ~5GeV?

d 2 M2 2
=[G M%Vw?/dxf () B @)
0

A. Czarnecki, W. J. Marciano and A. Sirlin,
Phys. Rev. D 100, 073008 (2019)

K. Shiells, P. G. Blunden and W. Melnitchouk,
Phys. Rev. D 104, 033003 (2021)

/s L. Hayen, Phys. Rev. D 103, 113001 (2021)

- dispersive validation of the same relative change of gvand ga:

2T

2 (CA = CY) = 0.13(11)y (6)4 x 1073 = (CA =) =0.6(5) x 1073

2T

M. Gorchtein and Ch.-Y. Seng, JHEP 10, 053 (2021) L. Hayen, Phys. Rev. D 103, 113001 (2021)

( - hadron physics -> precise evaluations of long-distance yW )
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Effective field theory for f decay

Standard Model of Elementary Particles

three generati_ons of matter interactions / force carriers
Mz full content of Standard Model (SM) T ey (o
@ | @ | € . @ " H
integrate out top, Z, W, h wp__J{_charm J{_op  J|_gluer I higgs
O.T, R.] Hill, Phys. Lett. B 8 66 ‘'@ @ [0 | @
Y J 11, yS' ett. 05, 3, 1354 (2020) down strange bottom photon
W Dekens’ P StOffer, JHEP 07, 107 (2019) B eV/c? _=1105.66Mevlc2 _=11.7768c;ev1c2 ; .19 GeVic
electron muon tau Z boson
—

m. integrate out GeV particles

<1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80. eVi/c

0 0 0 +1

. O II® I/® || ®

W boson
ﬁ

electron muon tau
neutrino neutrino neutrino

% v as becomes too strong gomg to lower energles

current fo@ hadron physms _— @ v

7 dyl'lamical pions Vincenzo Cirigliano, Jordy de Vries, Leendert Hayen,
Emanuele Mereghetti, and Andre Walker-Loud, Phys. Rev. Lett. 129, 12801 (2022)

photons, neutrinos, electrons, external nucleons
S. Ando et al,, Phys. Lett. B 595, 250 (2004)

( - goal: determine coupling constants starting from SM )
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Low-energy description

- four-fermion interaction between leptons and heavy nucleons
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LO

#EFT and role of pions

(f1) (91) (h1) (i1) (j1)
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@2) (b2) €2) M+ — Mo = 2e“F 72,

Vincenzo Cirigliano, Jordy de Vries, Leendert Hayen,
Emanuele Mereghetti, and Andre Walker-Loud, Phys. Rev. Lett. 129, 12801 (2022)
)
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- pion-mediated correction to ga: for data vs SM comparison

- first steps in matching to yPT with baryons
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Effective field theory for f decay

Standard Model of Elementary Particles
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( - goal: determine coupling constants starting from SM )
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Semileptonic operators and muon deca

Mz Lex = —2v2Gr ) vpy"Pryg by, Prl — 17 Z (' PrLve 7, Pry’
O£

O.T, R. ] Hill, Phys Lett B 805, 3, 135466 (2020)
- Fermi coupling is scale independent
> > > > > > > >
Ve € Ve € Ve c scheme
1% Y W =
my, independent
> > > > > > > >
mr g ’ ¢ ¢ WY g

17

scheme
% dependent
for quarks

T NDR scheme for y; with a=-1 for evanescent operators E
T Y PL® 1usYePL =4 (1+ a (4 — d)7"PL ® 7,PL + E (a)

Buras and Weisz (1990)
v - Wilson coefficient of semileptonic operator depends on scale

( - in progress: compare matching to work on BSM operators J
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Effective field theory for f decay

Standard Model of Elementary Particles
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( - goal: determine coupling constants starting from SM )
14




Electromagnetic coupling constants

- SU(2) strong interaction Lagrangian with < QO — Orp >=10

14
ﬁfj\? — 62 Z gZNO,,JN

1=1 extension of S. Steininger’s Ph.D. thesis
. ¢
U = 6’L 5 q — qCLTCL
w, =i (u' (8, —ir, +iqrAu) u—u (9, —il, +iqrA,)u')
~ 1 1 1
D, =0,+ 5 ', 9,u] — iuTmu — §ulour

Ci: — 5 (u (10uar + Iy, qr)) ul £ uf (10uar + |Tus 9R]) u)

Qr £ 9

QL — quuTv QR — UTqRU, Q:l: — L 9 d
v = dr + 4R v=I[+r
qA:qL_qR a:l—T

[ - notations for next slide )
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Electromagnetic coupling constants

- SU(2) strong interaction Lagrangian with < QO — Orp >=10

14
ﬁfjl\l? — 62 Z gZNO,,JN

i=1 extension of S. Steininger’s Ph.D. thesis
- spurion-dependent operators
013:< Qa_—FQz_ >u-S

O3 =< QL >< Qiu-85 >,
01=<Q7-09> >u-S " "

O4ZQ_|_<Q_|_U'S>,

02 =< Q; >"u-S$ Os5=Q <Q u-S>
o6zﬁ<g+ ><Q u-D>+he. ng_ﬁ;g+,c+.bj+h.c.
O, = ﬁg_ < Q+u.D > + h.c. O1o = _%:Q,c jj + h.c.
Os = 5294 < Q-u-D >+ hec. O1 =i[Q4,c” - 5]

O14 = ﬁ <Q.Q9_>u-D+ hec Or2 = i[Q-c - 5]

( - 5 LECs enter decay in 2 combinations )
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Electromagnetic coupling constants

- functional derivatives of generating functional wr.t.

EM isoscalar and isovector, axial and vector spurions

= ' abc ) 52W ’
ggN/TCN _ LEab 0 (/ dda:e”'x < N/l (qV QA) |N >>
q=0

Fg Mo, Says (z) 5qva (0)
N > + yPT loops

r,=0

G c Eabce d / 52W (qV7 qA)
N'T®ysN = dlz < N
A 3V Sqys () 0qae (0)

q=0

+ 4-Fermi counterterms
N >
q=0

) 5 0*W (v,qv, qa)
N'TN = —“z’/dd /dda: < N'|§9b —
g11 2 4 | 0}, (y) 6qae (z) 6qye (0)

= 52W(QV QA)
4920y + SN'T’N +...=——— [ d% < N’ ’ N7°¢(p) >
61+ 292 + g1s)p F, sy () dayo (0)] VT
(gl + g2 — g% + 913)N/TCN =
Sy [ .4 / d )i (5“d5bc b d) §2W (a,qyv,qa) i 0°W(a,qv,qu)
— [ d% [ d%z < N'|= — 09%6° — — N >
R 50 3a (4) bays (x) day= (0) 2 daj, () davo () dava 0)|

- 2-, 3-point functions: product of quark currents in 4-Fermi theory

[ - a few ways to determine LECs for / decay ]
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Electromagnetic coupling constants

- relevant Lagrangian in 4-Fermi theory example
L = —eAddvy g + .

: 2 2
NTN = v, —— d%zxe < N N >
99 F2 Mor, ( |5qvb () dqya (0) q0|

7, =0

NTN = — d%xe™" < N|qT°~"q (x) Ty q(0)|N >
99 Ey (2m)* (k? — A2 +z‘e)2\ R

forward Compton tensor T?‘/’; - (v, k)

- 2-, 3-point functions: product of quark currents in 4-Fermi theory

( - a few ways to determine LECs for / decay )
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Electroweak coupling constants

- SU(2) weak interaction Lagrangian with < Q%V >=0(

frl\II)E — 62 > > (Xi?)'u — YLSM> gL”Y,uVLNUOZ'Nv + h.c.
=1 7

- spurion-dependent operators

O, =91, 9] O3 ={9;,07} O5 =< Q0% >
O, = [Qr, QY] Oy = {Qgr, OV} Og =< QrQY >

- scattering amplitude determined by spurion’s physical values

= ¢’ ((X'l +Xo + X5 + X'4)v“ — (171 + Y5 + Y3+ Y4) S“) by N'TN

[ - 8 LEGs enter physical observables in 2 combinations )
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Electroweak coupling constants

- functional derivatives of generating functional

w.r.t. isoscalar and isovector spurious

62 ((Xl + X2 + X3 -+ X4)?}'u — (371 + ?2 + }73 -+ }74)5“) ZL"}/MVLN/TGJN —

2 2
/dd$<€VN,|<€ab65 W(qV7qA7qW) | 7/6 W(q\/ququ)) ‘N>
2 oqye (x) oqwe (0)  dqyo (x) dqwa (0)

q=0

- vector-vector and vector-axial products of quark currents

( - 2 correlation functions determine all electroweak LECs )
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Matching #EFT to yPT

- gvand ga in theory with pions renormalized as

Cy =Cy

i (0)2 2
1+ 3g L .
Ca = Zyn | —2 (an—Q—gES” +Ca (1)

- purely leptonic counterterm

[,Egt = e*Xge (i0, + eA,) yHe

- #EFT counterterms from yPT coupling constants in baryon sector

) D' 1 .

Ca = 87? —76+W(Y1+Y2+Y3+Y4+91+92+%+913)
i 9ga

N X - - - -

Cy = 87° —76+2(X1+X2-|—X3-|-X4)+99]

- vector and axial products of quark currents

[ - LEGCs in terms of 2- or 3-point correlation functions )
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Conclusions

radiative corrections evaluated in effective field theory approach

missing and uncertain contributions are identified

contribution of correlation functions to EFT couplings clarified

Outlook

matching to four-Fermi theory and relations to experimental data

relations to lattice QCD n

22



Thanks for your attention !!!
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Charged current in SM. Vertexes

( - contribution to effective couplings ]
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Charged current in SM. Boxes
E
iE E

( - contribution to effective couplings ]
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Self energy and yZ mixing. Boson loops

Vy 14
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Self energy and yZ mixing. Fermion loops

- Vanishing contribution to matching
besides loops with t quark

- finite contribution to self energy
pole vs MS masses

- do not consider Higgs tadpoles (hVV):
matching vs self energy cancellation

- gauge-independent contribution
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