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Motivation

[ 3-decay is one of the most promising methods of testing the Standard Model
[]3-decay experiments are how we know the weak-interactions are V-A (left handed)
] Precise measurements are used to search for small corrections to V-A structure

[][3-decay is used to determine elements of the quark mixing matrix (CKM)

JWith current limits, our understanding of B-decay must be controlled with a precision of O(10-4)

[ The main challenge is understanding e
electromagnetic (QED) corrections often e
denoted radiative or radiative QED
corrections

[ The challenge is that neutrons and protons Y
are composite states of quarks and gluons,
the degrees of freedom of QCD, which is a
strongly coupled theory
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Motivation

] The importance of neutron decays for obtaining a more (the most?) precise determination of Vg4 places
increased scrutiny on our ability to control the radiative QED corrections, Ar

Vaual*7o (1430%) (14 Ag) = 5099.3(3)s

neutron lifetime  nucleon axial charge

[JWe believe we know how to compute Ag, but it is required with a precision of 10-4

(] The dispersion theory methods that are used to determine Ag are well established
(Cauchy contour integral of experimental data)
[Jhowever, recently, it was uncovered that they missed an O(2%) correction to ga
(AR can be thought of as a correction to gv)
Cirigliano, de Vries, Hayen, Mereghetti, Walker-Loud, Phys.Rev.Lett. 129 (2022) 2202.10439
[JCould there be corrections to Ag that are missed by the dispersive methods relevant at the 10-4 level?
[ The only viable method to cross check the determination of Aris with lattice QCD + QED calculations
] Lattice QCD offers a fully non-perturbative method to compute such corrections
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Lattice QCD

* Introduce a finite lattice by discretizing 4D
spacetime

* Choose lattice action ~ S| U, v, y]

e Provides a momentum cutoff ~1/a

 Wick rotate to imaginary time for Monte

1 &
— 7 —S[Uipy] o -
Carlo importance sampling of the gauge (O,(1) 0,(0)) 7 DU, y,y] eVl O,U, w,y] O|[U, p, yl

fields ~ e—5
. - i C(1) = (0,(0) 0,(0)) = ), Zye™h
 e—d can be interpreted as a probability 2 1 n
distribution and the quark determinant is n
real in Euclidean spacetime InC(t+ 1)

M, = —
it In C(7)
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Lattice QED

 How do charged states behave in a periodic TIA |
finite volume? T

Gluon

Quark
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Lattice QED o

/r!.
* How do charged states behave in a periodic AT A
finite volume? AHF hluon
* Consider Gauss’ Law LY
Quark
| |
3 A V_“_; | "-_]l_tf‘
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Lattice QED P

/r!.
* How do charged states behave in a periodic A A
finite volume? AHF >\G|Iuon
* Consider Gauss’ Law LY
Quark
OO T
Outgoing flux = Incoming flux! S T
X
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Lattice QED

* How do charged states behave In a periodic

finite volume?

e Consider Gauss’ Law

Outgoing flux = Incoming flux!

i{
!
.}/
Y'\/

554
\\A

. /'\

No charged propagating

states allowed

In the Hilbert space
I ——
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Lattice QED

* How do charged states behavql This is the first sign
finite volume? :
that we need to think

more carefully about

e Consider Gauss’ Law

%"T _Q i how to represent
\ ~-‘-i2/9' charge states in a FV!

No charged propagating

! .
/ x \ states allowed

In the Hilbert space

B e —-—W
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* How do charged states behave In a periodic
finite volume?

 Consider the photon field decomposed
InNto two modes, such that
A,x)=B,/L+ q,x), where B is a
constant, and g, (x) is a small fluctuation.
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Lattice QED J—

* How do charged states behave In a periodic
finite volume?

 Consider the photon field decomposed
InNto two modes, such that
A,x)=B,/L+ q,x), where B is a
constant, and g, (x) is a small fluctuation.

L7- N
LA = A,0) + ) oA (k)
k,#0
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Lattice QED

* How do charged states behave In a periodic
finite volume?

 Consider the photon field decomposed
InNto two modes, such that
A,x)=B,/L+ q,x), where B is a
constant, and g, (x) is a small fluctuation.

L7- N
LA = A,0) + ) oA (k)
k,#0

* How does this modify the photon
propagator?
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Lattice QED

* How do charged states behave In a periodic
finite volume?

 Consider the photon field decomposed 1 1
into two modes, such that < =y(iy, D, + m)yg+—F*F, +—(0 A )
A,x)=B,/L+ q,x), where B is a , e 4 W ’

constant, and g, (x) is a small fluctuation.

17 ' D (x) 1Zikx{ I 5 kk((f_l)_\
~ 0o X) =— elx: |
LA =400+ ) eird, W Ty 4 R+m2 T Tk Em2 1)
' k,#0 ' |
 How does this modify the photon In perturbation theory we
propagator? often add an IR regulator so

lets Include 1t here as a photon

Mass
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Lattice QED

* How do charged states behave In a periodic
finite volume?

 Consider the photon field decomposed 1 1
into two modes, such that < =y(iy, D, + m)yg+—F*F, +—(0 A )
A,x)=B,/L+ q,x), where B is a , e 4 W ’

constant, and g, (x) is a small fluctuation.

o | D=Ly wf L p, , k&E-Dy
~ . ~ X) = — elk-x :
LA =T A0+ ) oA, v 4 R+m2 LT ey em? 1
) k/ﬁé() l S — -t
* How does this modify the photon 0,, 1 L
propagator? kb gV | v Z etkxD, (k)
AN T
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Lattice QED

* How do charged states behave In a periodic
finite volume?

 Consider the photon field decomposed
InNto two modes, such that
A,x)=B,/L+ q,x), where B is a
constant, and g, (x) is a small fluctuation.

. The zero mode necessarily modifies

| the IR physics, and must be treated |

Iy L
LA = A0+ D etk A, (k)
k,#0

* How does this modify the photon
propagator?

"; carefully (non-perturbatively) .‘

1 L
2 alk-x Dﬂy(k}

k #0
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I l l . Q E D - 7;7 - ?‘v :v“ - l:: - =
- l T )

e Removing the zero modes:
+ QED,;, ~A, (k,=0)=0
. QED, ~A (ky k= 0) =0
« QED .~ V_leAM(O) = (— JZ'Lﬂ_l,ﬂ'Lﬂ_l)
« QED ~A,(x+L)=—-A,x);px+L)=C"y (x)

1
2 A2
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Lattice QED

e Removing the zero modes:

. QED,, ~A,(k,=0)=0 | No transfer matrix

i?
i

+ QED, ~A (ky,k =0) =0

' No transfer

« QED .~ V7'eA (0) € (-

S === — e

| %
242 ———
o QEDM N gQED + EmyA,u m, systematics g
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Lattice QED

e Removing the zero modes:

© QED;, ~A,(k,=0)=0 | Notransfer matrix |

ii
i

+ QED, ~A (ky,k =0) =0

' No transfer m

« QED .~ V7'eA (0) € (-

L — - . — e

+ QEDc~A(x+ L) = —A,);yx+L) = CT'F' (™) | Fravor-mixing ||

; . 242 —]
3 QEDM gQED"' myA,u . mysystematics |
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Lattice QCD+QED,,

* Our program:

FV ~ e "

Correlation modified C(¢) = ZAne

n

~E,(14-5)1=C1 _ €

Two IR scales: m,, L

Determine range of validity for extrapolations D (x) = l Z eik-x{ 1
U

Lattice setup: Ny =2 + 1 + 1 MDWF/HISQ g V I k* + m}? -

k k(&= 1)-

pv

* Preliminary results~
* a=0.12 fm, m_~310 MeV

k?+Em2 -

0 1
\; s ikxp) (k)
« L =29,38fm m%V vV Z © l“/( /

k #0

« m, = {1/8,1/4,1/3,5/12,1/2,2/3} X m, R
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Analysis - Correlator

0.0007 I I I I I I I

0.0010

i | ‘ Iod 0.0006 -
$  effective mass
¢ QED-corrected eff. mass ¢ 1 = T 4; i I é fL +
0.0008 A ~ |
| ¢ 0.0004 ? EF T
: = = I | ;
43 <] 0.0003F @ 6 o & ¢
S 0.0006 - M~ — 0.0472 P ¢ il il S 0.0002 f ¢
<
= m 0.0001F @ n. — 1 9 3 4 5
-~ s ¢ The presence of 4> ’ ¥ ¢ ¢
l 0.0000 | | | |
<] 00004 . $ + - ¢ the zero mode is IF 0 A B 5 Q 6 D
z 0 n $ & seen with the linear = h 0 O 0
()]
0.0002 - rise of the effective ! 3 4 5 6 7 8 9
) mass tmin
m
i ¢ | Energy Splitting Stability Plot for m, = 0.0472
0 2 4 6 8 10 12 14 16
t
Extract energy splitting
: from the best fit:
2
R(t) = Z A o Enlltpi=ti Subtract zero SE = 0.000395 (65)
o n mode analytically Bayesian fit to Using the lattice spacing,
n » to isolate » correlators using this is roughly
| QCD+QED, Peter Lepage’s Isqfit ~0.65(11)MeV
Ratio of proton-neutron correlators energy splitting

BUT, has not been

extrapolated to phys. pt.
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Analysis -Finite Volume

L — o

The extrapolation

5LML0 5 my
—— =270 M[ll(myL) _

expressions are derived from
NR EFT.

Note that these limits do not
commute!

(m, L)} |

5 AgNLO my2

() = 1 2 Ksp_(z|v])

2(n+1/2)ﬂ3/21'*(n) o (z||v ] )3/2—n

The mass shift from
continuum QED,;, has the LO
term for both scalars and

fermions

MO 477:

o)) T
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Analysis - Results

Proton -Neutron mass
difference

* We removed the FV effects
analytically and extrapolated

to the m, — O limit.

M. — M,y ~ 0.947(62) MeV

PRELIMINARY

obs ens AQ | AaM C x? /dof m‘%nin m
O~ —Qqcp  al2m310  -1[+40.001199(49) [—0.0059(50) 0.43  0.0472 0.1258
Q7 — Qqcp  al2m310XL  -1[+0.000968(44) |+0.0154(47) 0.62  0.0472 0.1258
Q™ — Qqcp comb -1[40.001070(32) |40.0057(34) 1.95
pT —nqco al2m310 1[40.00097(14) |+0.0158(89) 2.08  0.0472 0.1258
pT —ngep al2m310XL 1 [40.000786(96) |+0.0088(67) 1.03  0.0472 0.1258
pT — nqco comb 1|40.000825(78) |+40.0115(52) 1.86
n’ — nqcep al2m310 0|+40.000356(99) [40.0038(57) 1.86  0.0472 0.1258
n’ —nqgecp  al2m310XL  0[40.000230(63) |+0.0011(44) 0.64  0.0472 0.1258
n’ — nqcep comb 0|+40.000254(52) |+0.0022(33) 1.41
pt —n? al2m310 1|40.000634(77) |+0.0119(48) 1.53  0.0472 0.1258
pT —n° al2m310XL  1|40.000556(42) [40.0079(30) 1.41  0.0472 0.1258
pT —n® comb 1|+0.000568(37) |[40.0095(25) 1.87
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¥ Endres, Schindler, Tiburzi, Walker-Loud Phys.Rev.Lett 117 (2016) 072002 3

A André Walker-Loud, Carl E. Carlson, and Gerald A. Miller
i Phys. Rev. Lett. 108, 232301 (2012)

J. Gasser, M. Hoferichter, H. Leutwyler, A. Rusetsky, [1506.06747]

0]

. Phys. J. C 80, 1121 (202

£ J. Gasser, H. Leutwyler, A. Rusetsky, Eur



Towards the Physical Point

 Our systematics:
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Towards the Physical Point

 Our systematics:

Lattice observables are eed a tool that facilitates
necessarily calculated at an extrapolation to the

unphysical m in, FV, with infinite volume continuum
finite a physics
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Towards the Physical Point

 Our systematics:

\ /
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Towards the Physical Point

 Our systematics:

. Ml
SU(3) yPT

INT PROGRAM 23-1B: NEW PHYSICS SEARCHES AT THE PRECISION FRONTIER




Towards the Physical Point

PHYSICAL REVIEW D 102, 034507 (2020)

Fx/F, from Mobius domain-wall fermions solved
on gradient-flowed HISQ ensembles
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Chiral perturbation theory for staggered sea quarks and Ginsparg-Wilson valence quarks

Oliver Bir,'* Claude Bernard,”" Gautam Rupak,3 ** and Noam Shoresh*®




Towards the Physical Point
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One point at .06, the new
data will be at help to

Towards the Physical Point

improve the precision of
the continuum at mpi -

220
, 120 -
ol This fit
° PRELIMINARY , PRELIMINARY
99 - I —o— Ref Value 115 -
(8]
90 - | | 110 1
o -

88 - I; 105 4

= = 100 -

LL' 86 - 1 LL.
84 - é‘ 95 1 L
! o~ 1 ‘@
29 () é N
1 ol C
) B o
80 - g More data for
-3 ! 801 ® this region
T T T T T T T T T . . . . — .
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200 150 200 925() 300 350 400
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r ~
Fo= F{146(5) oo +9(F)ar +6(12) , +5(F) s F_=92.8 (1.0) MeV
\_ y,
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Towards the Physical Point

| PRELIMINARY i
110 = o —®— Ref Value
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F K

One point at .06, the new
data will be at help to

improve the precision of
the continuum at mpi -
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FPPG = 110.08 (19)(23)(19) MeV




Next Steps and Summary

* Once we have demonstrated control of the systematics, i.e. able to remove FV effects

analytically, and m, range for smooth extrapolations, we can generate ensembles for a range of

pion masses and lattice spacings.
* |t is necessary to compare our results to other formulations of LOED

» Lattice QCD calculations are challenging but previous the determination of g, has shown a level
of control at the sub-percent level.

* Yet we need to understand how QED corrections impact g, in a non-perturbative way in order
to begin work on the n — perv amplitude.
 The goal is not to control the full calculation at 10-4 precision
but to control the correlated correction at 10-4 / as ~ 102 level
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