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Low-Energy Precision Physics

* The transiion matrix element for Neutron Beta Decay can be expressed as:

M — pev,) ~ V. (p(P)|W,|n(p)) L,

—

W — V _A In the zero-momentum

U U U limit
— i7 ~ iy d
Vﬂ = ug/ﬂd . gy~ (pluayd|n)
A, = uyysd . 84~ Py, ysd|n)

* g, and gy can be experimentally measured through Neutron beta decay

* (an be theoretically determined nonperturbatively with Lattice Quantum
Chromodynamics.

Image credit: Universe 2023, 9(10), 449



Low-Energy Precision Physics

* Neutron Decay Rate - V_;:

5099.3(2.7)s
7,(1 + 342)(1 + Oge)

| Vgl = A= gilgy

* Neutron beta decay gives ,.

* UGN beta-asymmetry gives A, which has QED radiative

corrections from Jy.

viPDG = 0.97441(3),(13),44(82),(28), [88 o

VL?;_)OJF — 097367(1 l)exp(l3)A§(27)NS[32]total
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Low-Energy Precision Physics

* Neutron Decay Rate - V_;: 1100
—PDG 900
‘ V d ‘2 B 50993(27)8 B Beam :zz —PDG 2024 value 878.4(0.5)s
u o 1050 | ® Material bottle i
T,(1 +342)(1 + 6 m N I
nl N RC) \_‘ A Magnetic bottle 885 * T \g
, . x Space-based 880 L _____+ ___# ’.__ﬂ__
* Neutron beta decay gives ,. 1000 | | — -BottleAverage &5 | * R e R
. . % ----- Beam T 870 1
* UCN beta—a.symmetry.glves /1, which has 50 | ' 1995 2000 2005 2010 2015 2020 2025
QLED radiative corrections from Jg. + &
PDG o0 | 1 AP
Vit = 0.97441(3),(13) 05(82) [28), [88] 01 5 el etsmame
850
* Neutron lifetime puzzle could be resolved 1955 1965 1975 1985 1995 2005 2015 2025
with updated Beam-type measurements. Year

Phys. Rev. Lett. 120, 202002 [1802.01804] 4
Phys. Rev. C 111, 045501 (2025) [2409.05560]



Low-Energy Precision Physics

WEIGHTED AVERAGE

* Neutron Decay Rate - V_;: -1.2753+0.0013 (Error scaled by 2.7)
)’ 5099.3(2.7)s PR ﬁ
| Vial™ = 5 = 8!8y
7,(1 + 34%)(1 + Ogc)

* Neutron beta decay gives ,. X2

. _ : : . H— . ... WIETFELDT 24 SPEC
UGN beta-asymmetry gives A, which has QED radiative WL BECK 50 SPEC 7.4
corrections from Jgc. Ho oo MAERKISCH 19 SPEC 3.7
— BROWN 18 UCNA 0.9
i MUND 13 SPEC 0.2

< -~ - SCHUMANN 08 CNTR

ynPDG 0.97441(3)f(13)ARiT (8], SR MOSTOVOI 01 CNTR
“ Y " — LIAUD 97 TPC 54
+— - YEROZUM.. 97 CNTR 17.6
* Neutron lifetime puzzle could be resolved soon o s —~

with updated Beam-type measurements. (Confidence Level < 0.0001)
|

* A distinguishable ~0.2% level with LQGD 128 128 127 128 128 1.4

Phys. Rev. Lett. 120, 202002 [1802.01804] O



Low-Energy Precision Physics

* Neutron Decay Rate - V_;:

5099.3(2.7)s
7,(1 + 342)(1 + Oge)

| Vgl = A= gilgy

* Neutron beta decay gives ,.

* UGN beta-asymmetry gives 4, which has QED radiative

corrections from Jy.

viPDG = 0.97441(3),(13) 5y(82),(28), [88],

* Neutron hifetime puzzle could be resolved soon
with updated Beam-type measurements.

* A distinguishable ~0.2% level with LQCD
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Low-Energy Precision Physics

* We can calculate the purely strong contribution of neutron

decay through g,:

e

W _
Ve

p

— 3.,

gl ~ (pluyy d|n)y = (p|uy’y’u -

* Began as a benchmark quantity... However, challenged by

systematic effects:

* Excited State Contamination

*  Drfhiculty controlling the chiral-continuum-1V extrapolations

dy’y>d|n)

Ne=2+14+1

Ne=2+1

=2
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Image credit: Universe 2023, 9(10), 449




Low-Energy Precision Physics

* We can calculate the purely strong contribution of neutron

decay through g,:

g ~ (pluy’r’d|n) = (p|

iyy U —

dy’y>d|n)

* Began as a benchmark quantity -> precision observable.

* As the statistical precision mncreases, we as a community must
continue to scrutinize our methods for characterizing systematic

eflects.
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CalLat and friends
Updateto g,

This work: arXiv: 2503.09891 [hep-lat]




Correlation Functions

\
yeak axi curre

proton

t = tsep

sinh|A,,, (7 + 1)/2)]

N
—0,C,(D),_ = Z(t— DAL gan = du] €75 +2 3L A,A] g, et Fit o — =08

n<m

C3pt(t T) Z ‘A ‘ gnn 2 Z AnA;jq gI};m e(_E”_I_A”m/z)t cosh [Amn(T — é)]
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Image credit: Nature 558, 91-94 (2018)



Correlation Functions

* Sum over 7 vs multiple insertion times

N sinh[A,,, (14 1)/2]
—0,C,(0)|,_, = Z (1= D[IA, " gn, — d,] €5 +2 Z ApApy G €75 B2 sinh (A,,,/2)

neutron
t=0

n=0 n<m
_ 2 ' ,—Et I (-E+A,,/2 !
C3pt(t9 T) — Z ‘An | 8m€ " T 2 Z AnAzjfz Enm e TEnt Bunl2)t cosh [Amn(T — —)]
2
n n<m
* Build FH correlator vs Ratio ) * FH shows improved control over excited state
] meﬂ:\ |ac  0,cu+1) Rto Cs(1,7) contamination and cheaper to generate
/1 /1 = T F o T —
#=0 C(t) C(t+1) Copi(1)
- 14=0
* Isolate ground state matrix element
lim o,mE™| =gl limRu(t,7~1/2) =g}, ;
) 500 e 00 >
t— o0 A=0 =0 ;
* See Bouchard et.al PRD 96, 014504 -> FH'T' and LQCD neutron |—>
* See He et.al PRC 105, 065203 -> 3pt vs FH Excited-State Systematics =0y ¢

Image credit: Nature 558, 91-94 (2018)



Correlation Functions

—6 4 _9 0 2 4 6
1 3} (T — tsep/2)(ano)
0 g g pud
™
21.2f . )
\é & & .
m = : 5]
1.1' e e © ®
04 —02 0.0 0.2 0.4

(7 = tsep/2)(fm)

* Example of the Ratio method for many values ot 7.

* Each color represents a ditferent 7., and separate Cy(fe > 7)

computation.

See Bouchard et.al PRD 96, 014504 -> FH'I' and LOQCD

See He et.al PRC 105, 065203 -> 3pt vs FH Excited-State Systematics

FHA3 (tsepa Tc)
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Te =1
e % RA;;(tsepa T = tsep/ 2)
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* Feynman-Hellmann accesses more data at the same

* Asymptotes to the ground state matrix element, g,

computational cost.

(gray band) at faster than Ratio method.
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Ensembles and Data
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€xr = My /(4T F})
a D
m_ a
€_= —
N y

This work: arXiv: 2503.09891 [hep-lat]

*Mixed-Action: Mdbius Domain-wall fermions solved
on 2+1+1 gradient flowed HISQ ensembles. A subset
of HISQ configurations are provided by the MILC
collaboration. *New alom310L, XL

Need a simultaneous chiral, infinite

volume, continuum extrapolation
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Ensembles and Data
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This work: arXiv: 2503.09891 [hep-lat]

*Mixed-Action: Mdbius Domain-wall fermions solved
on 2+1+1 gradient flowed HISQ ensembles. A subset
of HISQ configurations are provided by the MILC

collaboration. *New alom310L, XL

0.10

Need a simultaneous chiral, infinite

volume, continuum extrapolation
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Extrapolation Analysis

* We use a Bayesian framework to perform a nonlinear
fitting strategy which extensively utilizes gvar and Isqfit
python libraries.

* Agnostic, data-driven approach to determine the model
that best represents the data.

* Pion (Quark) mass dependence l}arameterized through
Chiral Perturbation Theory (yPT) up to O(€?):

— 2 3
gr = o+ 0+ 50

NLO: 5;?) — 67%[ — (8 + 283)1116}% + &16 — gg]

NNLO: 0W) =¢? e 3(1 + g2 nidall 4(2¢, — ¢
- Y 780 gO) T (C4 C3)
3 M,

* g 1s the nucleon axial coupling 1n the chiral limat.

https://github.com/gplepage/lIsgfit
JHEP 04, 031 (1999), arXiv:hep-ph/9901235 [hep-ph]

N
€= b — ¢
* A F - mﬂ'L €a = 2W()
* Polynomial models:
. ngxgol =y + C(€, + CrE2
° gﬁzol = Cy T+ 6'267% + C3€£
o gﬁ))ol = Cy T+ 6267% + c4€ftl
* We add the and lattice spacing effects to
each of these models.
15




Extrapolation Analysis

* We use a Bayesian framework to perform a nonlinear
fitting strategy which extensively utilizes gvar and Isqfit
python libraries.

* Agnostic, data-driven approach to determine the model
that best represents the data.

* Pion (Quark) mass dependence llzlarameterized through
Chiral Perturbation Theory (yPT) up to O(€?):

— 2 3
gr = o+ 0+ 50

NLO: 5;?) — 67%[ — (8 + 283)1116}% + &16 — gg]

NNLO: 0W) =¢? e 3(1 + g2 nidall 4(2¢, — ¢
- Y 780 gO) T (C4 C3)
3 M,

* g 1s the nucleon axial coupling 1n the chiral limat.

https://github.com/gplepage/lIsgfit
JHEP 04, 031 (1999), arXiv:hep-ph/9901235 [hep-ph]

-
e =M L e @
* ArF - M ¢ 2WO
* Polynomial models:
o nglgol = cy+ ci€, + ce>  Linear
. gﬁzol = o+ e+ e “log-less” HByPT
c gﬁ))()l = ¢y + 62 + cuer Quadratic
* We add the and eflects to
each of these models.
16




Extrapolation Analysis

* We use a Bayesian framework to perform a nonlinear
fitting strategy which extensively utilizes gvar and Isqfit
python libraries.

* Agnostic, data-driven approach to determine the model
that best represents the data.

* Pion (Quark) mass de Tpendence l}arameterized through
Chiral Perturbation Theory (yPT) up to O(€?):

2 3
gA%(S)§>+5)§)
NLO: 5}2) — e%[ — (go + 2g§)ln€£ gg]

NNLO: 89 = €;8, 2—[3(1 +8§)4 . 4]
3 My

* g 1s the nucleon axial coupling 1n the chiral limat.

https://github.com/gplepage/lIsgfit
JHEP 04, 031 (1999), arXiv:hep-ph/9901235 [hep-ph]

-
€= b — ¢
Y 4nF 7 m?Z'L Ca = 2_%
* Polynomial models:
o gf(lllel : +@ Linear
o gfgol 7% +@3 “log-less” HByPT
* 8 231),01 ,% Quadratic
* We add the and lattice spacing effects to
each of these models.
17




Extrapolation Results

i
1.300 model average

|

1.275 - | *

4
_ |
< 1.250 chiral fit :
S) . !
1995 777 & = physical :
¥ a15: gu(er,a =0,V — o0) |
1.200 - al2: gA(Ewa a — 07 V — OO) :
a09: ga(er,a =0,V — 00) :
1.175 - !

0.00 0.05 0.10 0.15 0.20 0.25 0.30
€x = My /(47 Fy)
statistical 0.62%

* Chiral-continuum-IV fits for 64 models over all 18 chiral 0.227%
ensembles. finite volume 0.06%
g4 = 1.2674(79)%(28)%(05)"V(38)*(26)M continuum  0.30%

= 1.2674(96) model 0.20%

total 0.76%

grPY = 1.2754(13)
This work: arXiv: 2503.09891 [hep-lat]



Extrapolation Results

1391 model average ga"" " (e, €a)
1.30 1 %
i I T T8
1.20- !
N | (5
I | p— SJA(EWQQO),%) T gA(€7(r400),€a)
1.104 | ——- ga(eP19 e,) ¢ ghPY =1.2723(13)
0.00 0.05 0.10 0.15 0.20
eg — q° / (4w8) statistical 0.62%
* Chiral-continuum-1V fits for 64 models over all 18 chira] 0.227
finite volume 0.06%
ensembles. .
g, = 1.2674(79)%(28)*(05)"V(38)*(26)M continnum  0.30%
= 1.2674(96) model 0.20%
total 0.76%

grPY = 1.2754(13)
This work: arXiv: 2503.09891 [hep-lat]
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Extrapolation Results

1.20
1994 model average model average
1.24-
1.27-
S T 1.22-
1.25-
1.20-
b BMA m, ~ 220 MeV a = 0.12 fm BMA m, ~ 310 MeV a = 0.12 fm
0.000 0.005 0.010 0.015 0.020 0.025 0.000 0.0l  0.002 0003  0.004  0.005  0.006
e~/ (mg L)' e~ "L/ (mg L)'
statistical 0.62%
* Chiral-continuum-1V fits for 64 models over all 18 chira] 0.227
ensembles. ﬁmt? volume 0.06%
g, = 1.2674(79)%(28)*(05)"V(38)*(26)M continnum  0.30%
— 1.2674(96) model 0.20%
total 0.76%

grPY = 1.2754(13)
This work: arXiv: 2503.09891 [hep-lat]



Extrapolation Results

g, = 1.2674(79)%(28)%(05)"V(38)4(26)M
= 1.2674(96)

First LOQGD determination of g, at the sub-percent
level 1n the 1sospin limit, tully accounting for
systemadtics.

Performed detailed FV study.
gionTmon — 1 96792(96) gmon = 1.2674(96)

In the BMA, Polynomial models are highly preferred
over all yP'1.

See paper for discussion on the impact of A-baryon
on 1interpretation of FV and on the convergence of

A

This work: arXiv: 2503.09891 [hep-lat]
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Outlook and
Summary for g,




RE: Low-Energy Precision Physics

* We can precisely calculate g, with LQCD:

2 ©
CSI
0q
A
3

gy~ (p] L_‘YBVSd‘m FTAG 2024

FLAG average for Ne=2+1+1

* We have g, at sub-percent level with pure QCD -> EF T
estimates QED eftects at O(2%)

ETMC 23
PNDME 23
CalLat 19
ETMC 19
PNDME 18
CalLat 18

* LOCD+QED -> 1solate these two SM contributions

b
Riaa e

CalLat 17
(St ng = ) PNDME 16
FLAG average for N;=2+1
* Uncertainty in V,; 1s inhibited by 4, on the theory side, e 24
currently g4 lacks QLD corrections. RQCD 23
— QCDSF/UKQCD/CSSM 23
+ PACS 22B
N H ainz
* This research is part of a larger program for buildin g the i d il
z =
theoretical and computational framework for g@2=P+< ot HPC 19
oACS 1A
. : {1 4 PACS 18
* LOCD+QED underway for ssmple observables. /QCD 18
I = I JLQCD 18
L%" A PDG

09 1.0 1.1 1.2 1.3 1.4
This work: arXiv: 2503.09891 [hep-lat] Image credit: Vincenzo CiriglianoZJ

EFT: PRL 129, 121801 [2202.10439]
LOCD + QED: arXiv:2201.03251v1



Outlook - BSM Physics

* Already, g, at 1% sets constraints on BSM right-handed charge

currents (RHCGQO).

* A recent study considers high-energy collider observables, low-
energy charged current processes, and electroweak precision

observables within a S

EA = 8§CD

EF1 framework.

(1468 — 2Re(ep) )

g, = 1.2754(13)
g, 2P = 1.2674(96) } —>  Re(ep)

58, € {0.014, 0.026)

* 'This global analysis shows that BSM models including RHCC are

strongly tavored and could alleviate the tension in GKM unitarity.

Can be estimated

Ak = | Vg P+ 1V, I+ P> — 1
= —0.00176(56)

51‘32‘; from PRL 129, 121801 [2202.10439]

JHEP 03 (2024) [2311.00021]

C'rrua € Model

*
CHud ¢ Model 2 {CST7 Cll}
a
' AAD O Rest of the models
10 - ' »
_ *_ A
SPS6 5 -V
O
8 Oﬁoo o~ KA1 A
o 0r° REE 065 OSRXKBRLR .
z Ogo o BVRU*A SRRONA 22
< OO Oo @\/ ﬂt“av"y.'\.,,.,_o
g O BUBKYS SRERRAZ
- 08800U 8U9\8ﬂ'_-r\f,,‘*”nu
SRREZ2BG A
I O ga gﬁ,\bROU ::i_'.,p:,uru{,
(@) o) 8UQO "U",:""c)””()
TRERCERY LT
o) BoYKR I R !
— 80 v Rao 6~ Y § Y
-20 ¢ (o) J A o0
I O O e V.Q'
5 B
-30 ' : : : ; ‘ : : : ' !
0 10 20 30

Number of Parameters

* The Gabibbo Angle Anomaly could be explained by these
RHCC but need both gECD and o3¢, at the sub-percent

level -> motivating the need for g2“"*?" from the lattice.
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E = m 0228+——— —————————
Low-Energy Precision Physics |
* 'T'he top-row Cabbibo-Kabayashi-Maskawa (CKM) matrix unitarity 0'226f
test1s one of the most sensitive probes oft BSM physics n the low-
energy regime. |
< 0.224. -
) . - K-> ntv ':3
d Via Vs V) (d ACKM [ Vial? + [Vl ” + ] o -1 . =.
\) — S — _ S \3:
Vg Vi Vi 0.00176(56) |, 12 505 0222 =
b Vie Vis Vi )\ | 2
Weak OCD . . =
. . ) * 30 deficit away from unitarity ]
CKM 0.220. A=
| (9.960 0.965 0.970 0.975
Vud
* K/zmpy ~V, IV 4 can be calculated from exp and theory Viis! Vig = 0.23108(23) e, (42) /7 (16)15[5 1 1
* K,; ~V,, determined from exp, full theory underway Vis = 0.22330(35)¢p(39)1, (8)18[53]ga
* 0" - 0" ~ V_,, most precise but inhibited by NS corrections V0,70 = 0.97367(11),(13) g2 ns[32] 00a
* n— pev ~ Vud? becoming a Competitive approach VZZC,ZPDG — O97441(3)f(13)A§(82)/1(28)rn[88]t0tal

Phys. Lett. B 838 (2023) 137748, arXiv:2208.11707 21



Correlation Functions

* Matrix Elements yeak axid ourrer?
d
Cy(t,7) = Z (O(t,y) J' (z,x) 07(0,0)) ] > , :
XYy neutron u
* Inserting a complete set of states t=0 ]
| = Z | n)(n| | = Z | m){(m| proton
n m t= tsep
[
Cop(t.7) = Y 1A, I ghye ™5 +2 ) A AT gl eEFAmDl cosh|A,,,, (7 - 5)]
n n<m

A = OT @) I — Jr . .
n = (n]OT]£) 8nn = Am [T m) * (hallenges: computationally expensive to reduce

excited state contamination and difficult to

. characterize
* Isolate ground state matrix element
C3 (ta T) .
C2pt(t) (=00

Image credit: Nature 558, 91-94 (20120



Correlation Functions

* Feynman-Hellmann Inspired Approach

2)3)
aﬂ”:(n‘Hﬂn) H:HO+/1H/1

* 2ptin the presence of external source

Cy(1) = (4| O(2) 07(0) | 1) = Zi JD[CD] e™57% O(t) 0'(0)
A

neutron
t=0

—0,C,(0)|,_o = de (Q|T{O®) J(r) 0T (0)} |Q) = Y Cy (1. 7)

N
* Apply FH'T to etlective mass —0,C,(1) = Z (f — 1)[\A 2 ol —d ] o~ Eil
et — i C(7) g meﬁ\ _ 0,C,(r) 0,Ci(r+ 1) n=0
Ca+l) ) b= T TeG T T+ D +2 )" AAl g, eCEt A2
A=0
* Isolate ground state matrix element n<ﬁnh [ Amn<t 4 1) /2]
: eff r X -
lim 9;m, | = &0 smh(Amn/2)
=00 1=0

Image credit: Nature 558, 91-94 (20189



Lattice QCD Ensembles

Parameter Space™®*

0.10L & ag & a a15
N ® m400 ° O
<
= 0.06f o MmO ___o .
0.04¢
Nl')k . m220 o .
021
0.0 m135 ° °
0.00 0.05 0.10 0.15 0.20

62, — (CL/Q”LU())Z

(1

This work: arXiv: 2503.09891 [hep-lat]

*Mixed-Action: Mdbius Domain-wall fermions solved
on 2+1+1 gradient flowed HISQ ensembles. A subset
of HISQ configurations are provided by the MILC
collaboration. *New alom310L, XL
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Numerical Observations from LQCD

1307 CalLat m, ~ 220 MeV
1.29- * For nucleon matrix element calculations N1L.LO FV
1.98- contributions used to describe the entire range of pion
masses:
1.27 -
= _ _
1.26 298 2¢6 \ K\(m,L|7i|)
52 = de? 2 Ky(mL|ii]) = 1+— | ——=
1.25- EvV ﬂgoz 3 otmeLinl) 3 m_L|n|
n#0 L _
1.24 A
1.23- * In the asymptotically large m_L hmat:
0.005 0.010 0.015 0.020 e
e—me/(me)lﬂ 6(2) ~ e T

T

Beane and Savage PRD 70, 074029 (2004) 31



Numerical Observations from LQCD

H307 CalLat m, ~ 220 MeV
1-29- * For nucleon matrix element calculations NLLO IV
1.98- contributions used to describe the entire range of pion
Masses:
1.27 -
T 23 263\ Kim, L 7i])
(2) — A2 =50 d R 0 I\
1.25 5FV_4€ﬂg0§) 3 Ko(mg L \m1) (1+ 3 ) m,L|n|
1.24 ) )
1.23- * Most groups only use the asymptotically large m L hmat:

0.005 0.010 0.015 0.020

e—me/(me)lﬂ e_mﬂL

59 ~ ¢,

Beane and Savage PRD 70, 074029 (2004) 32



1.29 +

1.28 1

1.27 1

=
D

1.26

1.25 A

1.24 ~

1.23 1

1.24 ~

1.23 1

ga

1.22 -

1.21 +

1.20 ~

CalLat m, ~ 220 MeV
0.005 0.010 0.015 0.020
e—me/(me)l/Z
CalLat m, ~ 310 MeV
0.000 0.001 0.002 0.003 0.004 0.005

e—mﬁL/(mﬁL)lm

Numerical Observations from LQCD

1.30 1

For nucleon matrix element calculations NLLO 'V
contributions used to describe the entire range of pion
Masses:

282 q 263 \ K\(m,Llii|)
5&:4635702 TOKO(mﬂLlnl)—(l+ 0) I

3 m_L|n|

Most groups only use the asymptotically large m_L limat:
e—m,L

532) ~ c,
FV L

Call.at results are consistent SU(2) HByPT(X) at m_ =~ 220
MeV but the opposite sign at m_~ 310 MeV.

Do other groups see this behavior?

Beane and Savage PRD 70, 074029 (2004) 33



1.29 +

1.28 1

1.27 1

=
D

1.26

1.25 A

1.24 ~

1.23 1

1.28 1

1.24 1

ga

1.16 1

1.12 1

CallLat m, ~ 220 MeV

0.005

0.010 0.015 0.020
e—me/(me)l/Z

1.20 ~

| H

} RQCD m, ~ 280 — 290 MeV
CalLat m, ~ 310 MeV

0.000

0.005

0.010 0.015 0.020  0.025
e—me/(me)l/Q

Numerical Observations from LQCD

1.30 1

For nucleon matrix element calculations NLLO 'V
contributions used to describe the entire range of pion
Masses:

2g2 282 \ K,(m L|7i|)
5 = 4¢2 20 ke om Ll = 1 +22° 7

Most groups only use the asymptotically large m_L limat:
e—m,L

52 ~ ¢,
FV L

At m_= 285 MeV the ROCD group shows a statistically

significant downward trend.

Are the NLLO 'V corrections suthicient to characterize these
eftects over all m_? Should one include a model that can
change signs at different m_or m_L?

RQCD data: Bali et.al PRD 108, 034512 (202384
Beane and Savage PRD 70, 074029 (2004)



Extrapolation Analysis

* 'laking an agnostic, data-driven approach to determine the

model that best represents the data. =
m
* Non-monotonic Pion ( % uark) mass and volume dependence | o — 7t _ a

parameterized through Chiral Perturbation T'heory (yP1) up T ArF mﬂL €, —

to O(e2): T 2WO
U

2 3 ) 3 * Monotonic F'V models:
=0t Oy 8k, = O

2 —2 2172
ho= 50+ f,60 @) 4 £.53) PG =haRT ST = hal
=0 HAON & =how + o

g
Ay g;xnl(;%o -3 _f2€2F(3) g;xnlg%o -3 _f2€2F(3)

8
NLO: 63 = <2 | giFm L) + goF m,L)|

NNLO: 69 =¢ g ﬁ gO Sl (3)(m L) — pidall (3 + 2g )+ 4(2¢, — ;) F(3)(mﬂL)
FV T 3 MN MN 3

* gy 1s the nucleon axial coupling in the chiral limat.

This work: arXiv: 2503.09891 [hep-lat]



Extrapolation Analysis

* 'laking an agnostic, data-driven approach to determine the

model that best represents the data. - =
m
* Non-monotonic Pion ( % uark) mass and volume dependence — 4 _ a

parameterized through Chiral Perturbation T'heory (yP1) up T ArF mﬂL €, —

to O(e2): nr . 2WO
U J

2 3 * Monotonic FV models:
8A, = 52) 4 506) gzj;z)( _f5(2) n 5(3)

1 217(2 -2 2172
C ST =hEFD g = el

s = (2) 4 (3) J3 — (2) (3)
ge =0+ f30, gl = £,61) + 36
Ay FV Ay FV g;xnl(;%o -3 _f2€2F(3) g;xnlg%o -3 _f2€2F(3)
8 . ° ° ° .
NLO: 60) = —¢2 [ QIFO(m,L) + g F O (m, L)] Discretization models:
] ] (2) — 2
3) 2r | ,4xF, (3) 4k, 3) A.a — dr€,

NNLO: ogy = €22, 03 g o, (m,L) — o, “(342g0) +4(28, — &) F(m,L) )

4) — 2 2.2
. . L Lo o = a,e; + beses + au€
* gy 1s the nucleon axial coupling in the chiral limat. Aa 2%a 4%a“n 4€q

This work: arXiv: 2503.09891 [hep-lat] 30



Extrapolation Analysis

* 'laking an agnostic, data-driven approach to determine the

model that best represents the data. - N
m
* Non-monotonic Pion ( % uark) mass and volume dependence | o — 4 _ a
parameterized through Chiral Perturbation T'heory (yP1) up T ArF mﬂL €, — =T
to O(e2): nr . 2WO
U J
g, = 52 4 50) 81{;2% / f0(2) n 5(3) * Monotonic 'V models:
1 217 (2) mono—2 _ 21 (2)
* Sarv  =hHeFT g = o6 F;
ofi = 5(2) - 5(3) ohfs = fé(z) L0 (3) ALV AFV
A FV A
Y4 4 g;xnl(;%o -3 fzé 2F(3) g;xnlg%o -3 _ fzé 2F(3)
g R o .
NLO: 02 = - 61(2)(m7r L) + goFP(m, L)] Discretization models:

(2) — 6126

271' »4nk 4 nkF, _ A,a
683) = 30 £ (3)mL— 3+2 ‘@ FO(m_L

4) _ 2 1 02,2 30
® A.a — azéa -+ b46a€71' -+ a46a

* gy 1s the nucleon axial coupling in the chiral limat.

This work: arXiv: 2503.09891 [hep-lat] 3/




LECs and Convergence

scattering data -> large combination.

smaller. -> Insensitive to large prior widths.

pin down from zN scattering.

¢; and ¢, have been determined from pheno N°LO analysis of zN

Yet our determination from this g4 analysis gives a result 20 times

While this 1s extreme, the literature shows these values are hard to

0.8
5\
%
0.49 ——=- ePhys

0.61

5;/90
|
_________________/_________________

3 ' ' ' ' '
0.00 0.05 0.10 0.15 0.20 0.25

€r = My /(4T F})

— 2 3
gr = 4 37+ 60

o 0= 67%[ — (go+ 2g)Ine2 + d ;g — gg]

NNLO: 60 = gz—[3(1+g3)4 dall +4]
i T3 My

cg = —5.61(6) GeV ™1

cs = 4.26(4) GeV ™!
204 — C3 — :_4.1(1) Gev_l 264 — C3 = (().66_0.70) GeV_l

Phenomenology L.OCD
O@  m P R
1.226(15) ~0.007(11) 0.0507(53)
source g go(1+2g2) 4dis—gs &0/
Phenomenology 1.2(1) 4.7(1.0) — 187(18)
LQCD analysis 1.22(2)  4.9(0.2) —21(2) 32(3)

» Fore, > P, 5;2) and 5)53) have opposite signs and seem
relatively comparable 1n size.

* Near cancellation between terms at 5}2)

* Very large refactor for 5}3), but improved with LQCD. 3g



Expectations from yPT and Large-/V.

* 'The chiral expansion for nucleons 1s a series in

e, = ——, while for pions, it is in €2,

" AnF

T

* Higher-order contributions are relatively more
important.

* 'T'he nucleon has a richer spectrum ot excited states (N,
Arm,...)

* For both IV and FV, there 1s already a discrepancy that
arises at NLO when comparing constraints from large-N..
on g4 and nglm

Ea

Ex

(&) _

(&) _

9

5 _
m 32
T 2

32

+2gug2ae2 |1+ In—2 4 ==

277
2

31

76
27

€A

gAgéA

80

8o T 63[ —(go + 283)11167% + &16 — g?)]

20 [1 — eglneg] + 6%(4&’1"’? — gg)
| 1 25 -

26 |g) + g + o

100

_|_
31

£ g2 2 (9904258, ) [1 + In(ded)

A =my—my

)

A
B 4rF,

€A
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Expectations from yPT and Large-V .

T'he chiral expansion for nucleons 1s a series 1n

€, = , while for pions, 1t 15 1n €.

A F

T

* Higher-order contributions are relatively more
important.

T'he nucleon has a richer spectrum ot excited states (N,
Arm,...)

For both IV and FV, there 1s already a discrepancy that
ar1ses at VL.O when comparing constraints from large-N.
on g, and g AK)

Ultimately, there 1s an ambiguity of the sign of NLO I/
corrections depending on the parameters and
constraints.

0.015 1

0.010 1

0.005 A

0.000 1

—0.005 1

5§\L/O (mﬂL — 4)/90

—0.010 A

—0.015 A

0.00 0.05 0.10 0.15 0.20 0.25 0.30

It one wishes to include the p0331b111 of non-
monotonic FV corrections, g5 up to VL0 is need or
(K) up to
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