Collider, Dark Matter, and Neutrino

Physics 2023 19 May, 2023
Mitchell Institute, Texas A&M University

Effective field theory approach for
radiative corrections in neutron beta

decay

LOS AI amaos Oleksandr (Sasha) Tomalak

NATIONAL LABORATORY LA-UR-23-25227

o


https://indico.cern.ch/event/1252762/contributions/5395601/
https://indico.cern.ch/event/1252762/contributions/5395601/
https://indico.cern.ch/event/1252762/contributions/5395601/

Outline

1) neutron lifetime: experiment and theory updates

2) effective field theory approach to beta decay and pions
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Neutron decay

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

- neutron lifetime is around 15 mins .
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Neutron lifetime

® Results using beam method @ Bottle method
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UCNT7: E Gonzales et al,, Phys. Rev. Lett. 127, 162501 (2021)
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" - 8-9 seconds discrepancy beam vs bottle method : 3-560
- 0.3 seconds uncertainty of UCNT@LANL : (3 — 4) X 1074 |

5




Neutron lifetime
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- complementary way to determine Vuqg

- test of CKM unitarity and search for BSM at low energies )
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2022 Fundamental Symmetries, Neutrons, and Neutrinos (FSNN) white paper

( - neutron decay becomes competitive with o*->0* J
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Low-energy description

- four-fermion interaction between leptons and heavy nucleons
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A. Sirlin, Phys. Rev. 164, 50 (1967)
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- radiative corrections formulated in modern EFT language
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S. Ando et al,, Phys. Lett. B 595, 250 (2004)

( - 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*->0* 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 resummed by renormalization group analysis

- assuming same relative change of gvand g, theory error:

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

( - perturbative logarithms separated; subpermille uncertaintyj
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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 o7, 107 (2019) oo (ssonmis | (mowe | (G
electron muon tau Z boson
\

m. integrate out GeV particles
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% v as becomes too strong gomg to lower energles

this talk> hadron physics ————» g v

iz, 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
e S. Ando et al,, Phys. Lett. B 595, 250 (2004)

( - coupling constants from SM + small QED corrections )
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Low-energy description

- four-fermion interaction between leptons and heavy nucleons
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A. Sirlin, Phys. Rev. 164, 50 (1967)
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- radiative corrections formulated in modern EFT language
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S. Ando et al,, Phys. Lett. B 595, 250 (2004)

( - two coupling constants predict all observables )
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LO

#EFT and role of pions

(f1) (91) (h1) (i1) (j1)

I TR S / 0y _ 2 172 —
LL l{ # oo = 2e°Fr Zymt
pi b / 2 J |
*—

: o— e 2 2 2 12
@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)
)

r

.

- 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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Semileptonic operators and muon deca

Lrert ~ Grepyopr Vur Y ver + GrVuaChla, p)erypver ury’dr

Mz - Fermi coupling is scale independent

> > > > >
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17

scheme
% dependent
for quarks

- NDR scheme for y; with a=-1 for evanescent operators E
VYV PL @ 187 PL = 4 (1 + a (4 — d)) v*PL @ 7, PL + E (a)

Buras and Weisz (1990)
- Wilson coefficient C; depends on scheme and scale

( - one-loop matching with explicit scheme dependenceJ
15




LEFT running

- one renormalization group equation + a, @, running

dCT af M) 87 2 84 aS T
(70 TT (_) T Vse ) Cs (a, 1)
T T 47

myp - 2 anomalous dimensions verified by 3+ groups

Y0 = —Vse — —1

} - V. and y, are combined at the diagram level

| Buras and Weisz (1990)
o NDR n

- 71 (a) = 18 (2a +1)

- effective fermion number 7 corrections ~ UCNT precision

( - updated value for NLO anomalous dimension J
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Effective field theory for f decay
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ChPT notations

- SU(2) strong interaction low-energy effective theory

U = ei 2 q= ana
Uy, =1 (uT (0, —r, +iarA,)u —u (0, —il, +iqrA,) uT)
5 1 7 ?
D, =0, + 5 [uT,ﬁuu} — §u‘t7°uu — §uluuT
Ci — 5 (u (10uar + Iy, ar)) ul + o (10par + [rp, Ar)) u)
Qr &
Qr, =uqpu', Or = u'qru, Q) = — 2 -

qQv =qr +4dr v =1[+47r

d4a = dqr — qr a=1[—r
[ - notations for next slides )
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Electromagnetic coupling constants

- SU(2) strong interaction Lagrangian with < Oy — Or >= 0

14
ﬁfl\l? — 62 Z gZNO,,JN

1=1 extension of S. Steininger’s Ph.D. thesis

- spurion-dependent operators relevant to f decay
O13=<0Q5+Q> >u-8S
01 =<Q7 —-Q° >u-8 gv
Oy =< Q. >*u-S

ot + F
QQM[Q—F?C-I D]

O11 =Dy, ¢ -5

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

- relevant Lagrangian in LEFT

£Spurions

4—Fermi — _614#ng’qu T

: 2 2
- 1€ 4be € 3, / 1 ir ‘W (qv,qa)
NT N = v, —— d%zxe < N N >
99 F2 Mor, ( |5qvb () dqya (0) q0|

7, =0

_ 26 yhe€? d9k grpk v ﬁ b A
goNTeN = — / /dxe”“’<N§T ¢ (2)qT%q(0)|N >
’ CIRNCUNCE e N 7T () 7T 4(0)

+ LEFT counterterms

+ yPT loops

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

- 2-point functions: product of quark currents in LEFT

( - coupling constants in terms of non-perturbative physics )
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Electroweak coupling constants

- SU(2) weak interaction Lagrangian with < Q,YJV >=(

6
ij\% — ¢? Z (Viot — A;S*) eLy,ve NyO; N, + h.c.
i=1
- 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

T = ¢? ((Vl + Vo + V3 + V4)fl}'u — (Al + Aoy + Az + A4)SM) éL’)/IuVeN/TaN

[ - 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

T =
e? (Vi + Vo + V3 + Vy)vH — (Ay + As + Az + Ay)SH) Ly, ve N'TON =

2 2
/ddlE<6V6N/’<€ab65 W(qV7qA7qW) | 25 W(qV7qA7qW)) ‘N>
2 oqye (x) oqwe (0)  dqyo (z) dqwa (0)

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

( - 2 correlation functions determine all electroweak LECs )
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HByPT to ZEFT matching

- purely leptonic counterterm

Lot = e*Xge (10, +eA,) vFe

lept —

- #EFT counterterms from yP1 couplings in baryon sector

X
;Iﬂ%+%+%+w%w9

gy =1+¢°

- vector and axial products of quark currents

[ - LECs in terms of correlation functions )
23




One-loop result

- clear 1llustration of leading logarithms

a |5 3. u r
=1 In =% +1In
9v () o |8 4 3 MG

_62/ idq v2 +Q° [T3(r,Q°) 2 1
IO % 2v 3Q2 4 u2

- same Regge and resonance inputs as in traditional approach

- updates in elastic; DIS is part of running in LEFT

[ - agreement with current algebra evaluation]
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Low-energy running of gv

- one renormalization group equation + a running

Mdgv W) _ (% % + " (%)2> gv (1)

dp

me - well-known heavy-light anomalous dimension
m- . 3

T Yo = ——
m 4

c 9 ~ . : :

- 71 1s combined at the diagram level
matching s@ N " Gimenez (1991)
. on | 3 T

My e 24 ' 32 6

- inclusion of y; ~ UCNT7 precision

( - first time evolution with NLO anomalous dimension )
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Effect of running

- renormalization group equations

B (5005 (2)) v

dC% (a, ) o Q) 2 QO
mb:u Bd — (’VO — T M <_) T Vse ) CE (CL,,M)
1L T T T 4

- resummed result with leading aa, corrections

matching s@ gy (iy = me) — 1 = (2.499 + 0.012) %

- one-loop result without aa, contributions

g‘l/—loop (MX — me) — 1 = (2430 T 0012) %

( - cancellation of various contributions -> 0.07 % effect )
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Low-energy description

- four-fermion interaction between leptons and heavy nucleons
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A. Sirlin, Phys. Rev. 164, 50 (1967)
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- radiative corrections formulated in modern EFT language
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S. Ando et al,, Phys. Lett. B 595, 250 (2004)

( - two coupling constants predict all observables )
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Decay rate and neutron lifetime

- new expression for differential decay rate resumming <@>

B

© DG e s

Ti Fnr(B) (1 + Oorc (Ee, MX)) (1 + 5recoﬂ(Ee)> A
- remove dependence on UV regulator (nucleon radius)

F(B) = 4GB pRp0-Den LOEWL o

(F(1+27))* B
F(B8) = Fxr (B) [1 — o (v — 3+ In(2E.RB)) + O(a™)]

- include a“/f consistently with matching to pNRQED
idea from Hoang (1997), Czarnecki and Melnikov (1997) and others

- non-relativistic Fermi function and o/ ~ UCN7 precision

( - separation of UV-finite Coulomb-enhanced corrections )
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Vud from neutron decay

- A from electron spin correlation measurements
Vaal? T (14 3X%) (1 + ATQT> = 5283.321(5) s
AFOR =T7.756(27)%  vs  Aror = 7.735(27)%

- extraction with PDG lifetime and A

VPG = 0.97432(4) £(11) 4, (82)1(28) ., [87]total

preliminary

- extraction with UCNT7 lifetime and PERKEO-III A
Vbt = 0.97404(4) £4(11) 4, (35)2(20) 1, [42]sotal

- in agreement with superallowed / decays, similar error

VOT=0T = 0.97373(31)

Hardy and Towner (2020)

( - clean neutron lifetime extraction vs superallowed f decays )
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Conclusions

radiative corrections

Pp ——E’

in EFT framework

radiative corrections in effective field theory approach

@ard Model -> LEFT-> HByPT - #EFT

electroweak large logs and Coulomb enhancement

next-to-leading logarithm resummation

updated extraction of Vg
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Thanks for your attention !!!
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Beta Decay Parameters

Jackson, Treiman and Wyld (Phys. Rev. 106 and Nucl. Phys. 4, 1957)

basic decay rate B—v correlation  Fierz term

d°W G5 | Vyal? ) Do, I'm

— = — FE.(A, — E. 1 =" + b—=

dE.d0.d,  (20) ( JE\L+ e g E.
(1) p Pe X Dy

| : A +B,—+D .

I 5 E. Ey TPEE )T

. e’ e N
£ asym v asym 1'—violating

Note: to specify both C,
and C,, 2 meas. needed
(1) Decay rates and B-spectra (G:V,4, ¢, b)

On-going or planned efforts to measure:

(2) Unpolarized angular correlations (ag,, b)
(3) Polarized angular correlations (4;,B,,b,b,)

slide of Albert Young@INT Workshop “New physics searches at the precision frontier”
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CKM unitarity tests
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pion decays
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Vus and vub
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e theory input on f.(0) and fx/f, from Lattice QCD

—

Bl Experiment WM Radiative corr.

* |V,|° ~107%, beyond present accuracy

K = rfv
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B Nuclear corr.

Lattice
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>
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slide of Emanuele Mereghetti@INT Workshop “New physics searches at the precision frontier”
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