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o Important to quantify SM uncertainty:

e A lot of renewed interest

. Formalism based on current-algebra pioneered in ’60-70s ~ Sirlin, Czarnecki, Marciano...

« Does not take full advantage of modern Effective Field Theory methods

Seng, Gorchtein, Patel, Ramsey-Musolf 18, '19; Czarnecki, Marciano, Sirlin "19; Hayen, "20; Shiells, Blunden, Melnitchouk, '21; Ma et al, '23



BSM physics

Integrate ou
7 OSSOSO A ¢ Bthﬁeld:
SMEFT
SU(3)xSU(2)xU(1) invariant
10 R NV T i he;r\‘/tyeisltseﬁgz
LEFT

SU(3)xU(1)em invariant

Hadronic/Lattice QCD

100 MRV T oo e

elements



BSM physics

SMtFT
SU(3)xSU(2)xU(1) invariant

Integrate out

1 OO Gev .................................................................................................................................. heavySI\/IﬁeIds

LEFT
SU(3)xU(1)em invariant

Hadronic/Lattice QCD

elements




SMtFT
SU(3)xSU(2)xU(1) invariant

BSM physics

Integrate out

LEFT
SU(3)xU(1)em invariant

heavy SM fields

Hadronic/Lattice QCD

elements

Match at O(«)

l Run at O(aa,, a?)



SMtFT
SU(3)xSU(2)xU(1) invariant

BSM physics

Integrate out

LEFT
SU(3)xU(1)em invariant

heavy SM fields

Hadronic/Lattice QCD

elements

Match at O(«)
l Run at O(aa,, a?)
Match at O(a)

l Run at O(a?)



BSM physics

SMtFT
SU(3)xSU(2)xU(1) invariant

Integrate out

100 Gev .................................................................................................................................. heavySI\/IﬁeIds Match at @(a)

LEFT
SU(3)xU(1)em invariant

l Run at O(aa,, a?)

Hadronic/Latti CDh
........................................................................................................................... adronic/Lattice AD Match at O(a)

l Run at O(a?)
pions
i Run at O(a?)

elements




BSM physics

SMtFT
SU(3)xSU(2)xU(1) invariant

Integrate out

100 Gev .................................................................................................................................. heavySI\/IﬁeIds Match at @(a)

LEFT
SU(3)xU(1)em invariant

l Run at O(aa,, a?)

Hadronic/Latti CDh
........................................................................................................................... adronic/Lattice AD Match at O(a)

l Run at O(a?)

...................................................................................................................................................... Match at @(a)

i Run at O(a?)

Neutron
 [f decay

elements




BSM physics

SMEFT
SU(3)xSU(2)xU(1) invariant

100 GeV Match at O(a)

LEFT
SU(3)xU(1)em invariant

l Run at O(aa,, a?)

Hadronic/Lattice QCD

................................................................................................................................................... T Match at O(a)
l Run at O(a?)
Integrateout Match at O(a)
pions
i Run at O(a?)
Nuclear Matrix Neutron

Nuclear matrix
elements

i Nuclear f decays




SMtFT
SU(3)xSU(2)xU(1) invariant

BSM physics

Integrate out

........................................................................................................................................................... Match at @(a)

LEFT
SU(3)xU(1)em invariant

heavy SM fields
l Run at O(aa,, a?)

Hadronic/Lattice QCD

................................................................................................................................................... TPTYP Match at @(a)

l Run at O(a?)

Integrate out

...................................................................................................................................................... Match at @(a)

Run at O(a?)

This talk

Nuclear matrix
elements

{ Nuclear f decays




BSM physics

LEFT
SU(3)XU(1)em invariant
1 GeV |
100 MeV
Pionless Effective Theory
1MV |

Integrate out

BSM fields

Integrate out

.......................................... Match at O(a)

heavy SM fields
l Run at O(aa,, 062)

Hadronic/Lattice QCD

.................................. .= Match at @(0{)

i Run at O(a?)

Nuclear Matri

This talk

element

Nuclear matrix
elements

'ﬂ Nuclear f decays




Matching

SM-LEFT: tree level

« Gy obtained from u decay

Cylmy) = 1




Matching
SM-LEFT: loop level

SM
N _d g M _d o o X
: SR
v ® e e O U v
H = My

d u d u

LEFT A4 AN
PN i
GFVudCﬁ(ﬂ)
iHiII & Tomalak, "20; |
Gy obtained from u decay . Stoffer, WD, '19;

a
Cimy)=14+—|In—=—-=+—| +O®(a? aa
prm) T my 4 6 ( )




Matching
SM-LEFT: loop level

SM

LEFT A4 A

« Gy obtained from y decay
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W

« Depends on the (evanescent) scheme, allows for checks later on
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Form of operators determined by chiral symmetry

The operators come with unknown low energy constants (LECs)

Manohar, Georgi, 84; Weinberg, 90, 91
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e ChPT contains interactions with O(e?) LECs
eDetermine the effective vector coupling

o= 1+ D D
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Needed non-perturbative input:

=V 9 id*q v* + Q? T3(v, Q%)
IjHad(,u'O) = —€ /(27‘_)4 Q4 ZmNV +...

Structure function 75 arises through the correlator:
5*Zy prr
oqyoqy

T5(q,v) ~ "7 qﬂVaJ e""(N|T[gyr"q(x) gr*'yst°q] IN) ~

X

"~ Seng, Gorchtein, Ramsey-Musolf, ‘19
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% 0.04f
S
= 0.02f
10° 104 105 102 107 10 10" 10 10 10" 10

Q2 (GeV?)




Matching
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Needed non-perturbative input:

_y id*q v? + Q* (v, Q2
Oiraa (o) = —62/ 3, &)

+...
% 2myv

Structure function 75 arises through the correlator:
5*Zy prr

oqwoqy

T5(q,v) ~ "7 qﬂVaJ e""(N|T[gyr"q(x) gr*'yst°q] IN) ~

X

— Seng, Gorchtein, Ramsey-Musolf, ‘19
“0.08F

- v . |
Haq €Quires knowledge of 775 " — This work
S
0% < 2 GeV: elastic & inelastic regions S 0.06)
+
0? > 2 GeV: operator product expansion T
% 0.04f
Use determination of Seng et. al. '18 = 002
¢ In agreement with first Lattice determination

10° 10* 10% 102 107 10° 10' 102 10% 10° 10°

LM,a et al. ‘23 Q2 (GeV?)
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L AT

Cirigliano, de Vries, Mereghetti, Walker-Loud "22

« No matching contributions to gy, at

e Anomalous dimensions known from HQET

My
gy(m,) = [1+HO| a"In" — | +
me

Giménez '92; Broadhurst et al. '91;
'Hoang 97

gy(my)

~

Y0 71

. Discrepancy with O(a? In(my/m,)) terms in literature

Jaus, Rasche '97; Sirlin, Zucchini ‘86
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Matrix element

1 MeV | —eeeeeeeeeees L = — \/EGFVW: gv(me) éL},,MyL NVﬂT+N

Use pion-less interactions at u ~ m, to compute I,

« Need amplitude n — pev at O(a): loops, real radiation

n
. a
Complication, Coulomb terms scale as ~ <ﬂ_> : f=I|p.|/E,

. . a\”
« Enhanced compared to naive expectation —
T

« Need some higher-order terms

Known from NRQCD literature = non-relativistic Fermi function

LT L A

Hoang '97; Czarnecki, Melnikov '98; Beneke etial. '99;

L AL et
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dl', GZ%|Vu4l?
dE = €2|7T)5d| (1 +3)\2) peEe(EO_E6)2 . Fnr(B) (1‘|‘5RC(E67.U)<)) <1+5recoil(Ee)>-

Error budget gy

g0m) = 1+ (2430 £ 0.003, % 0,012, _per, + 0.004 ) - 1072

non—per

Difference with literature:

a’ In(my /m,) & a’® In(my, /my):
|

l +0.061%




Matrix element

n P
1 Mev ...................... g e \/zGFVud gv(me) éL}/IMI/L NV”T_I_N \\ /

PN

dl’, G% |Vud|2 2 2 .
— 1 elie(Eo— Ee Eea 1 5recoi Ee) |.
dEe (27_‘_)5 ( +3)‘ ) p ( 0 ) +6RC( :LLX) + 1( )

Error budget gy

g0m) = 1+ (2430 £ 0.003, % 0,012, _per, + 0.004 ) - 1072

non—per

Difference with literature: ’

a? In(my /m,) & a? In(my, /my): NR vs relativistic Fermi function

| |
' +0.061% ‘ -0.035%




Matrix element

RV VA P = — \/zGFVud gv(me) éLVﬂI/L Nvﬂ*ﬁN

N
N

dl',  G% |Vial|? ) )
dFE, B (271')5 (1 +3A ) peEe(EO_Ee) +6RC(E67UX) 1+5recoil(Ee) :

Error budget gy

au(m) =1+ (2.430 +0.003, £ 0.012,0_ore 0.004LEFT) 102

‘In total:

v best __ 0.97402(2) A, (13) A (35)2(20) 1, [42]total,

e About 1o below recent literature determination

Cirigliano, Crivellin,
Moulson, Hoferichter ‘23




Summary

« Neutron ff decay, 07 — 0 sensitive probes of (B)SM physics
e V,,determination
e CKM unitarity test
e Reach of scales A ~ O(10TeV)

e Requires control of SM uncertainties
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Summary

« V ,determination

e CKM unitarity test
e Reach of scales A ~ O(10TeV)

e Requires control of SM uncertainties

« Neutron ff decay, 07 — 0 sensitive probes of (B)SM physics

|

0.975

960  0.965  0.970

e Effective Field Theory framework

e EXplicit separation of scales
e Resum logs
e Systematically improvable

o Several differences with the literature

-------------------------------

Pionless

Outlook

- Axial current, 8A | See M. Gorchtein’s

H talk tomorrow

. Superallowed nuclear decays (A > 1)

 Nuclear-structure dependence
- Z dependence/Fermi function

| Hill, Plestid, 23




Back up slides



Matching
O(e?) Operators

LEFT )
< o
[ )
Ae/ \k g [ ) :q
2 EFT = éL}/nyéLquﬂ qr, — eC_IAﬂY” (QRP r+4q.P L) q
1 Gev ...................................................................................................................................... Electromagnetlc @’S ‘

qL.Rr

lWeak operators: I lEM operators: \

e e - -~ -—'| | 7 '
LNy = e? Z €LYpVeL Ny (VIZ’UP) O;N, + h.c.,, | Efj@ = e?gg N, (3 Q4,0+ c+] + h.c.) Ny.

=1 2

01 =[9,97 ], 02 = [Qr, Q1 |, ¢y = % (u (Dpar)u' +u (Dyqp) U) :
03 — {QL) Q?}) 04 — {QR) Q?})

Dfqr = 0°qr —i[l’,qr], D’ar =90°qr —i[r*,qg],
N = — ———_




SMEFT
SU(3)xSU(2)xU(1) invariant
100 GeV
LEFT
SU(3)xU(1)em invariant

1 GeV
100 MeV

1 IVIeV ............................................................................................................

Nuclear Matrix

elements

Nuclear matrix
elements

i Nuclear f decays




Application to 07 — 07

Nuclear decay rate: Fermi constant ‘Short-distance Transition dependent

'From p decay lcorrections O(a) LCorrections

[ ~GR| Vg™ (1 HARDE(L + 6, + 0y 1 00)

;”Phase space
|factor

Usual approach: Sa(my)

Az‘Tl‘a,ditiona,l - [gV (mN)]2 (1 + ) —-1= 2471(25)%7

7

In the EFT

Ablger = lav (o)l (142257 ) —1

Needs to be combined with matrix element computed in the same scheme
Requires EFT versions of

e Fermi function
. 51’e

o Nuclear-structure dependence Oy




