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Subtleties and Systematics in achieving sub-percent uncertainty for g,

[0 Why should we care about sub-percent uncertainty for g,?
d QLD corrections to g,: estimates from yP'l

[J Non-monotonic FV corrections to g,
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(] In the absence of new physics, unitarity constrains the elements of CKM
€.g. Z |Vij|2 = lfori=u,c,t
j=d,s,b

] Intense effort to test /eavy lavor violation with charm/bottom quarks

(] The first row is showing robust tension

Ackm = | Vaal® + 1V P+ W =1, V™% = 0.97367(11)ey(13) 52 s [32] o
= — 0.00176(56) S V’% = 0.22330(35)cxp(39)s. (8)18[53)ital
Cabibbo Angle Anomaly

(] At this level of precision, caretul treatment of radiative QED corrections has
become the frontier

[ Original Sirlin & Marciano et al approach

[J modern pheno and EF1 treatments
(] lattice QCD + QED
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Cirighano, Crivellin, Hoterichter, Moulson
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First-row CKM Unitarity & Precision f decays

(1 The first row 1s showmg robust tension — [some of the values 1n this estimate]
.............. Ackm = | Vial" + 1V P+ 1B 1" = 1, V™% = 0.97367(11)ey(13) ag(2Dns[32 ot
| e 0.00176(56) S V’% = 0.22330(35) x(39);. (8)18[53 ] ot
e ' Cabibbo Angle Anomaly
e | O Exciting prospects for neutron f-decay to match precision from superallowed
' alleviating the need for modeling the nuclear structure (NS) corrections
< 0.224/ -
= K aty | | V020" = 0.97367(1 1)y (13) sg(2Dxs[32)ota
| s
(eec: % | VY = 0.97441(3)4(13) ax(82);(28), [88]01a N
55 e VPt = 0.97413(3)(13)54(35),(20), [43] o1
0.960 0.965 0.970 0.9752
v z
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1 Reaching target precision requires improving the uncertainty from radiative
QED corrections, in particular, A
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Af’mhe” ~ O2%) Aﬁ"’the” = QED correction to g,

d il R,other
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QED corrections to g,

d We compare our LQCD calculations of

g IL(SCD—iso to gXDG

O g.°¢ is determined from an experimental

measurement ot A = g,/gy atter some
analytic long-distance QLED eftects are

subtracted — see Hayen & Young,
2009.11364 for discussion

PDG

CD-1
gA =g 14(8 1SO

R.other
+ A A

(] But 1t turns out - potentially significant
low-energy nucleon structure corrections
may spoil this comparison

Ai,ather ~ 0(2%)
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QED corrections to g,

d We compare our LQCD calculations of

g SCD_iSO to gXDG

O g.°¢ is determined from an experimental
measurement ot A = g,/gy atter some
analytic long-distance QLED eftects are

subtracted — see Hayen & Young,
2009.11364 for discussion

PDG _ QCD-iso R,other
Sy = + A A

(] But 1t turns out - potentially significant
low-energy nucleon structure corrections
may spoil this comparison

Ai,Other ~ 0(2%)
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Pion-induced radiative corrections to neutron beta-decay
Cirighano, de Vries, Hayen, Mereghetti & Walker-Loud, PRI, 129 (2022) [2202.10439]

Systematic, EF1 treatment of neutron [3-deca 2
0 Sy p-decay ab A EVea)l e
dE.dQ.dQ, — (21)5

T'he parameters can be measured

. 1+a(A)]]’;§” :A(A)“”E'pe o

It we want to connect them to Standard Model (SM) parameters
we need to start from a L.agrangian with parameters related to SM parameters

= NG s ealls pe (N (gvv, —2945,) TN

pion-less low-energy EF I (o — g — 2940487 (T - 3)V7+N>
2mN
)\ == g—A | iCTme X T, Vo e -
gy s INEEOL v e St i NE (B ey D)
| wweakN[S“, SY17" N 8, (ey,Prv) | + ... (2)
myn i

Pertorm the calculation with SU(2) heavy-baryon Pl and match the results to this pion-less EF 1

whose parameters can be matched to experimentally measured quantities




Pion-induced radiative corrections to neutron beta-decay
Cirighano, de Vries, Hayen, Mereghetti & Walker-Loud, PRI, 129 (2022) [2202.10439]

] Sub-set of O(50) diagrams
LO

al) bl)

1) g1) hi) i1) i1)

I
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Pion-induced radiative corrections to neutron beta-decay
Cirighano, de Vries, Hayen, Mereghetti & Walker-Loud, PRI, 129 (2022) [2202.10439]

] Sub-set of O(50) diagrams
LO

photons

5 P
plons al) b1)
pion electromagnetic /
mass splitting T \l* \ 5 ~
2 2 2 172 \ A ' %
Wi —Ip =2 A= 7 : . . S
T s Tl f1) g1) h1) i1) 1)
NLO
w\: ® \Q/ ;‘@ ‘\‘0’;
a2) b2) c2)



Pion-induced radiative corrections to neutron beta-decay
Cirighano, de Vries, Hayen, Mereghetti & Walker-Loud, PRI, 129 (2022) [2202.10439]

] Sub-set of O(50) diagrams

LO
photons M
. i -
plons al) p1)
pion electromagnetic /
mass splitting T \\[* 5 *
2 2 2 172 \ / \ / % ,
m == e m — 26 F Z ® =‘.= P ~ o . S A e
IS 7TO G AT 1) ” 1) 5 n 2 i)
NLO

NOTE: at this order, we %
also include QED, mg-m, \{ \\[ \ T

corrections to M,-M,,

&
¢

a2) b2) c2)

[J1so-vector contributions to M,,-M,, vanish from symmetry constraints for 7+ current
[J1so-scalar contributions do not vanish - but the sum of all ot them does vanish through NLLO



Pion-induced radiative corrections to neutron beta-decay
Cirighano, de Vries, Hayen, Mereghetti & Walker-Loud, PRI, 129 (2022) [2202.10439]

U Matching e <1+5I(£ —~ 2Re(€R)> S = % (A(O)

1 0
A A,em i Afél,)em = A§/gm)

B 00 00 ny/a OO 3
stz () G (n) R (n)
via = o5 [14 80+ 2 3 AT + () 2 A

n—2 n=0

Ne—s2 na =1

vemam ~ O(&) CVC  explicit calculation: AQM = g
Ay =
i (0)2 2 Z
1+3 2
Afﬁ)em ==y 29A (log 'u2 1) = gff)z +Ca ()
: m2 | = Low-Energy-Constants (LECs)
3 9 2 Ca(p) - completely unknown
A,em T e e e TR cs & c4 are estimated from literature

Using Naive Dimensional Analysis (NDA) to estimate Ga(p) and ¢34 from the literature
51({’2 € {1426} -1072 an order of magnitude larger than previous estimates



Pion-induced radiative corrections to neutron beta-decay

Cirighano, de Vries, Hayen, Mereghett1 & Walker-Loud, PRI, 129 (2022) [2202.10439]

] Sub-set of O(50) diagrams = /( 7/
photons y[al) L

plons
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pion electromagnetic mass splitting

m2 - — m2 — 2€2F ,73 Z7T i‘ ﬂ’

7T_: 7-(-0 =

e P A R A ), =)

500 € {1.4, 2.6} - 102

QCD

[J seems to move g~ towards g™

. . (A)
[J need LOGD+QED calculation to determine 6

/
/
/ \

A 1 II
\ \\‘,

b2) c2)

vd

Cy(p)

Low-Energy-Constants (LEGs)

P QCD 0

FLAG21
CalLatl9
PNDME18

A EXp "

PDG20
PERKEO3
UCNA

AQCD(1 + 6r() ¢

L T |

1.271(30)
1.289(12)
1.242(40)
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1.35
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QED corrections to g,

Cirigliano, de Vries, Hayen, Mereghetti & Walker-Loud, PRI 129 (2022) [2202.10439]

J An O(2%) QED correction to g, was estimated with yP'l

0 Assume yP'I 15 at least qualitatively correct (it not accurate)
(no significant cancellation between analytic terms and LEGs)

(] In order to compare LOQGCD results of g, to experiment, this QED correction MUS'T be
determined — LOQCD + QED 1s the only way

[ It 1s a scheme (and possibly QED-gauge) dependent quantity
(J 'T'his correction does NO'I' impact extraction of V ,—1t1s a “right handed” correction

(0 The 41n I 1s the same as 1n beta-assymetry (A) I (GrVo)?

dE.dQ.dQ, (2n) E A )

[ It does prevent us from using LLOQCD to constrain < |14 a0 1;; | gu A anE- Pe ,
BSM right-handed currents better than a few percent ‘ N ;




QED corrections to g,

Cirigliano, de Vries, Hayen, Mereghetti & Walker-Loud, PRI 129 (2022) [2202.10439]

J An O(2%) QED correction to g, was estimated with yP'l

0 Assume yPl 1s at least qualitatively correct (it not acc

(no significant cancellation between analytic terms ar

(] In order to compare LQCD results of g, to experiment,
determined — LOQCD + QED 1s the only way

0.02

[ It 1s a scheme (and possibly QED-gauge) dependent ¢

©
35

O This correction does NOT impact extraction of V ,— 1= 4

[J The A 1n I'1s the same as 1n beta-assymetry (A)

—0.02;

[ It does prevent us from using LOQCD to constrain
BSM right-handed currents better than a few percent

—0.04

—0.04

P - -

— 0" =0 m— uv
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n— pe v
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QED corrections to g,

Cirigliano, de Vries, Hayen, Mereghetti & Walker-Loud, PRI 129 (2022) [2202.10439]

J An O(2%) QED correction to g, was estimated with yP'l

0 Assume yPl 1s at least qualitatively correct (it not acc

(no significant cancellation between analytic terms ar

(] In order to compare LQCD results of g, to experiment,
determined — LOQCD + QED 1s the only way

0.02

[ It 1s a scheme (and possibly QED-gauge) dependent ¢
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O This correction does NOT impact extraction of V ,— 1= 4

[J The A 1n I'1s the same as 1n beta-assymetry (A)

—0.02;

[ It does prevent us from using LOQCD to constrain
BSM right-handed currents better than a few percent
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Non-monotonic FV corrections to g,

/.. Hall, D. Petkou, A.S. Meyer, R. Bricenno, M.A. Clark, M. Hoferichter, k. Mereghett,
H. Monge-Camacho, C. Morningstar, A. Nicholson, P. Vranas, A. Walker-l.oud — In preparation

12



Non-monotonic FV corrections to g,

/.. Hall, D. Petkou, A.S. Meyer, R. Bricenno, M.A. Clark, M. Hoferichter, k. Mereghett,
H. Monge-Camacho, C. Morningstar, A. Nicholson, P. Vranas, A. Walker-l.oud — In preparation

[J What 1s the 1ssue?

0 We (the LOCGD community) think of F'V corrections 1n the asymptotic scaling regime

[0 We have numerical evidence that the sign of the F'V correction depends upon m_ §ez

[J We have qualitative evidence that the sign ot F'V corrections at m_~ 300 MeV 1s not the
same as at mP™*

[0 We have qualitative evidence that the sign of the F'V corrections can change
[ at fixed m_L as one varies m,

(] at fixed m_ as one varies m_L

[0 We should not find this surprising, after all, for nucleon quantities

12



Non-monotonic FV corrections to g,

/.. Hall, D. Petkou, A.S. Meyer, R. Bricenno, M.A. Clark, M. Hoferichter, k. Mereghett,
H. Monge-Camacho, C. Morningstar, A. Nicholson, P. Vranas, A. Walker-l.oud — In preparation

[ Numencal Evidence:

ga

1.20
1.28 -
1.29 4 m_=~ 220 MeV My e ¢ = 0.076 fm
1,944 1.24 - “ I a=0.086fm
1.27 -
T 1.92- Sige 0
1.25 -
1.16 -
1.20
1.23 - ~ —_
; NLO xPT prediction 1.12{ "M~ 280=-290 MeV
56 s T - o S 0.000  0.001  0.002 0003  0.004 0005  0.006 0000 0.005 0010 0015 0.020 0025
et /(me L)'/ e~ /(e L)'/ e L[ (m,L) 2
Callat [1805.12130] Callat - unpublished ROCD - 2305.04717

0 At m, =~ 220 MeV, results are consistent with leading prediction from yP'I’
(and also consistent with no correction or opposite sign)

0 At m_ =~ 300 MeV, results constrain the sign of the volume correction opposite of yP'1
prediction

1S



Non-monotonic FV corrections to g,

/.. Hall, D. Petkou, A.S. Meyer, R. Bricenno, M.A. Clark, M. Hoferichter, k. Mereghett,
H. Monge-Camacho, C. Morningstar, A. Nicholson, P. Vranas, A. Walker-l.oud — In preparation

[0 Expectations from yP'I

~— while for pions, it is in €2
4nF,° ’ :

U

0 ['he chiral expansion for nucleons 1s a series 1in €, =

[ theretore, higher order corrections are relatively more important
(] T'he nucleon has a much richer spectrum of virtual excited states (Nx, Ar, .. .)
(] In the large N, limit, there 1s an exact cancellation of most NLLO corrections to g,

(] T'he finite volume corrections also respect this cancellation and lead to a sign change
at fixed m_vs m_L

0 SU(2) HByPT(X) at NNLO also predicts change 1n sign of F'V corrections

14



Non-monotonic FV corrections to g,

/.. Hall, D. Petkou, A.S. Meyer, R. Bricenno, M.A. Clark, M. Hoferichter, k. Mereghett,
H. Monge-Camacho, C. Morningstar, A. Nicholson, P. Vranas, A. Walker-l.oud — In preparation

[0 Expectations from yP'I
0 SU2) HByP1(X) at NNLO also predicts change 1n sign of FV corrections

ga =go+ A% + 51212\)/ +AB) 51(73\), A® = ¢ [—90(1 + 2g)Ine; + 4djg — g;
2 | A F S el ]
AN eig()? _3(1 + 95 Mo - 4(2¢4 — 63)_
8 P A7 F
iy = 362 |93 FL (maL) + g0 Py (ma L) IR e;igog{g%me“ (ML)
2 g _47TF 2 g '3 ; (3) )
N o ST = W(?’ +2g5) +4(2¢4 — ¢3) | F37' (moL) ¢
Fl (ZC) — ﬁZ#O _KO(.CE‘TLD Qj‘ﬁ‘ L (;( ( ‘_)D i J
, 3 P _x|7
F3(2>(:13) 3 Z K1(xjn\) | Fl( )(:13) = Z VT x |1 = Ze 32
720 z|71] n£0 YV 2 70
(3) K% (|7i]) ol
R S e ~ L g
740 2 740




Non-monotonic FV corrections to g,

/.. Hall, D. Petkou, A.S. Meyer, R. Bricenno, M.A. Clark, M. Hoferichter, k. Mereghett,
H. Monge-Camacho, C. Morningstar, A. Nicholson, P. Vranas, A. Walker-l.oud — In preparation

[0 Expectations from yP'I
0 SU2) HByP1(X) at NNLO also predicts change 1n sign of FV corrections

g LA ) L A) ) A® = 2 |—go(1 + 23)Ine? + 4df — g
Vel A F o el

gkt [gSF@)( 2 gOFg(Q)(mWL)] A = €290~ 34 +90) 3 T 4(2% e
NOTE: the leading FV correction 1s a prediction FP@) =% : Ko(z|]) Kl(lxjﬁ)_

go 1s determined 1n the chiral extrapolation 70 - : s

AP @)= -3 LA,

f ~12.869 >0 2 il
O £ oL B




Non-monotonic FV corrections to g,

/.. Hall, D. Petkou, A.S. Meyer, R. Bricenno, M.A. Clark, M. Hoferichter, k. Mereghett,
H. Monge-Camacho, C. Morningstar, A. Nicholson, P. Vranas, A. Walker-l.oud — In preparation

[0 Expectations from yP'I
0 SU2) HByP1(X) at NNLO also predicts change 1n sign of FV corrections

g =0 L AP 5(2) Eonlolo 5(3) Ak [—go(l + 293 )Inex + 4dj — 93}
el A F :
2 AT F ALY it A s - 4(264 — ¢
Sy = €xdo ?ﬁ{go S meL) SRR R
0
- \ K 1 (x|1i]) :
AT F (3) £ 2 - et —x|7
- |~ —— (3 +2¢8) + 4(2¢4 — &3) | Fy” (mxL) ¢ S Z NETI fias ZG 5
- My ) T 70
= (47F) C; ool K (x|f]) el
in SU(2) HByPT(4, with N3LO Nx phase shift analysis - % V3l % aln
Siemens et al, 1610.08978

c; = — 5.60(6) GeV-!
c, = 4.26(4) GeV-!

This leads to LARGE, negative FV correction

Fitting 2¢, — ¢; to our LOQCD results yields a value ~ 10 X smaller — leads to change 1n sign of gy as function of m, 17



Non-monotonic FV corrections to g,

/.. Hall, D. Petkou, A.S. Meyer, R. Bricenno, M.A. Clark, M. Hoferichter, k. Mereghett,
H. Monge-Camacho, C. Morningstar, A. Nicholson, P. Vranas, A. Walker-l.oud — In preparation

(] Current strategy (of most groups)

[ take asymptotic form of Bessel tunctions and leading “wrap around the world” mode

. . 1.28
and only leading volume correction ] | a=0064mm

a=0.076fm
124 1 ” I a=0.086fm

1.20 -
S

1.16 -

[ Fit ¢, essentially to heavy m_ results

0 Use this m_~independent value of ¢, to extrapolate 0000 0005 0010 0015 0620 0.25

e —m,,L/(an) 1/2

to infinite volume at all m_

. . .I.-"""-"
[ If the volume corrections do change sign -
(to agree with yPT prediction close to mP™*) ]
the current strategy will lead to an error
0.80 k=1 i i | i 1 i i =
] At what precision will this occur? e e = f“ﬂl | e R R



Non-monotonic FV corrections to g,

/.. Hall, D. Petkou, A.S. Meyer, R. Bricenno, M.A. Clark, M. Hoferichter, k. Mereghett,
H. Monge-Camacho, C. Morningstar, A. Nicholson, P. Vranas, A. Walker-l.oud — In preparation

J What should we do?

[J One needs to perform a volume study at multiple pion masses with suthcient precision to

constrain the sign ot the volume correction as a function ot m_

D —m_L 3 —m_L
m, e ' m_ Gia s

+c +
ArF ) \fm L (4nF)3 m,L

O Or - we need to rely only upon m_ ~ mP™® with sufficient precision to control the final
uncertainty of g, as well as the volume correction

[J Or - determine quantitatively that some variant ot HByP'l' provides an accurate
description of both the m_dependence as well as m_L dependence

19



Non-monotonic FV corrections to g,

/.. Hall, D. Petkou, A.S. Meyer, R. Briceno, M.A. Clark, M. Hoferichter, .. Mereghett,

H. Monge-Camacho, C. Morningstar, A. Nicholson, P. Vranas, A. Walker-LLoud — In preparation

d “But you just told me there 1s an unknown O(2%) QFED correction to g4, so why should I care?”

[ Presumably, we will figure out how to determine this QED correction, which will allow us to utilize our high-precision
1so-symmetric LOQCD determination of g4 by applying the QED correction 1n a correlated way

Cirigliano, Crivellin, Hoferichter, Moulson

PLB 838 (2023) [2208.11707]
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O Global analysis of first-row GKM constraints, including collider constraints,
favors BSM Right-handed currents
Cirighano, Dekens, de Vries, Mereghetti, 'lTong, JHEP 03 (2024) [2311.00021]

2o (BH2

A Chua € Model
Crug &€ Model 2 {Csr, Cy}

O Rest of the models

XERREOOR D
€D O OGSIDIEAAA>

D

D O GIABIDEXID> [
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GOD GO OTIRAIXTASXS IO P>
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N dur
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| More favored (by AIC)

' Standard Model

| Less favored (by AIC)
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Non-monotonic FV corrections to g,

/.. Hall, D. Petkou, A.S. Meyer, R. Bricenno, M.A. Clark, M. Hoferichter, k. Mereghett,
H. Monge-Camacho, C. Morningstar, A. Nicholson, P. Vranas, A. Walker-l.oud — In preparation

d “But you just told me there is an unknown O(2%) QED correction to g4, so why should I care?”

d Presumably, we will figure out how to determine this QED correction, which will allow us to utilize our high-precision
1so-symmetric LOQCD determination of g4 by applying the QED correction 1n a correlated way

PDG

0 Comparing ngD to g, 1ncluding control of AR other - allows us to constrain BSM right-handed currents

[ Global analysis of first-row CKM constraints, including collider constraints,

0.04 g | favors BSM Right-handed currents
Cirigliano, Dekens de Vrles Mereghettl long, JHEP 03 (2 024) [2311.00021]
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Subtleties and Systematics in achieving sub-percent uncertainty for g,

(] T'here 1s tension 1n the first-row GKM unitarity,
0 BSM right-handed currents ofter a tavored solution to the tension

0 LOCD calculation of g4, plus radiative QED corrections, provides such a constraint

O estimates from yPT suggests Aﬁ’””’e’” =002%);8: 2= g}CD—iSO 2 Aﬁ»fﬂher

] g, seems to exhibit non-monotonic FV corrections

[J As the precision of results improves, the current strategy of most groups

2 —m_L
n_ e

gu(L) =g, +

will lead to an error

[0 At what precision of results will this become 1important?
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