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The neutron decays
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Neutron
(artist impression)



| Beyond pure QCDin |
| isospin symmetric limit |
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Neutron decay




‘Neutron lifetime and the axial charge|

|
L

A== T |V Pe (14 34%) = const.
| L/ V[0 > 0

T, [seconds]



ge|

~ —-1.27

~1.28

~1.29

870

875

880 839

T, [seconds]

890

895

|V, |*7,(1 4+ 31%) = const.

Vud [O+ — O+]



‘Neutron lifetime and the axial char
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Lattice QCD




Numerical first-principles approach
to non-perturbative QCD

Lattice QCD

Discretise QCD onto 4D space-time \

Approximate path integral by A
Monte-Carlo methods .
[

Computationally intensive, large- |

scale supercomputing i .
gluon quark

Controlled systematics

Lattice spacing, lattice volume, e | |
. ) ﬁ ‘ 5
quark masses L me Rl |
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QCD: Theory of strong-
interaction dynamics with

Experimental observations anchor the input
zero free parameters

parameters of QCD

QCD parameters | Observed masses
% Mg + My, T
% My — My, ® Predictions test the standard model
5 M K B
L
S M D,
o
my B,
Aqcp 0

QCD scale



QCD: Theory of strong-
interaction dynamics with

Experimental observations anchor the input
zero free parameters

parameters of QCD

QCD parameters | Observed masses
% My + My, T
% My — My, ® Predictions test the standard model
E M K
L.
g M D,
my B,
Aqcp 0
QCD scale

Hadrons in the Standard Model:
QCD + other non-QCD bits



Controlling systematics

= T

 Finer spacing

- Improved actions

- Extrapolation

- Bigger volume

- Exponentially suppressed

- Extrapolation

- Lighter quark masses

- Extrapolation
(or directly at physical point /
interpolation)




Hadron spectrum in

Low-lying (mostly) stable states
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Collage of benchmark spectrum results by different collaborations
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Nucleon axial charge
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FLAG: Flavour Lattice Averaging Group
Nucleon matrix elements included for first time in 2019
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Our new results

arXiv: 2304.02866
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M,(MeV)

| attice calculation

3 volumes
sooL ® 323 x 64

® 483x96 *

® 643x96 R
400- - o A :

, o . | | pion masses
300 A : f : |
200 -
220 < 500 MeV
100
02000 0.002 0.004 0.006

e

5 lattice spacings  0.052 « 0.082 fm
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2 pt Correlatlon funchon = energy elgenstates

Stochastic sampling of vacuum gluon configurations

For each arrangement of the gluons, we compute propagation amplitude

Sink | | |
Fourier project onto 3-volume at sink

€.g. 2-pt correlator: C'(¢) = definite 3-momentum; e.g. p' =0

“Effective mass plot”

' 1.5}

d
4, P =0

Source
“origin”

quark propagator

t=20 t =1t

“”*Hﬁ%ﬂﬂ H HT”H |

Euclidean time evolution: exp(—Ht)

E:’mw hm: nt

lowest energy state dominates at large t
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3-pt functions

Sink
\\ t, > energy gap to
\i AE lowest excitation
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z_eXpOnential fit If you were a lattice audience,

8s |

R<tsepa T, ]; 1—Wunpol)

you would want to talk forever

about excited-state
contamination

FH: just walt for
ground-state
saturation
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GGround-state saturation?

—_—

gT ¢ A=0.0005
®  A=0.001
—0.1"
S ] e Ty
qul: —0.3-.. / Jn
—-0.4
-0.5 |
5 20
Early times: Late times:
great precision, ground-state dominance,
but excited-state but loss of statistical

contamination. signal.



Weights

0.00100;

0.00075

AE ofr

0.00025;

0.000507 ,

Combined result

(Non-normalised) weights:

0.20
fit p-value
015 = ~ pf
s T 2
3 O .
0.10 2 result uncertainty

0.05  gee also:

Beane et al. NPLQCD/QCDSF, PRD(2021)

O.OOOOOO

g.00 Rinaldietal. PRD2019)

Minimum time used In fit
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M.(MeV)

s00L ® 323 x 64
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[ |
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500+

® 323x64
® 483x%096
® 643x96

L 4
¢ L + * |
Ce . | | pion masses
[ | z .
¢ o ¥ A

~ be here!

0.004 0.006
az(fm)2
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“Typical” calculation:

fix strange quark mass to
physical point and lower
light quark mass

physical point

My
light quarks

Bietenholz et al. [QCDSF-UKQCD], PRD(2011) 21



physical point , “Typical” calculation:
o’ fix strange quark mass to
*" " 4—',‘ physical point and lower
\‘ "

light quark mass

L This calculation:
¢ Tune to physical average quark mass.
Pt Approach physical point by breaking
¢ SU(3) symmetry.

¢ Hold “m-bar” constant:

=4 (2my 4 m) = 4 (2P 4 mPPV)

My
light quarks

Bietenholz et al. [QCDSF-UKQCD], PRD(2011) 21



Saryon matrix elem

ents

e = — e _

Consider general flavour matrix elements of octet baryons: Y
7 n(udd) p(uud)
/ —_
(B'|J"|B) = App
C . -1 Ao(udg) T
In exact SU(3) [imit, just 2 independent constants - - 3
¥ (dds) ®y%uds) /THuus)
F- and D-type couplings
- : : _ = (dss) = Yuss)
At linear order in SU(3) breaking: 5 slope parameters
(3D’s & 2 F’s)
# of parameters (polynomials/operators) reduced
by restricting to m-bar constant line
Index| Baryon (B) Meson (F) Current (J)
1 n K’ dvys
2 P K™t uys
3 > T dyu
4 >0 7° % (fc‘wu_— czfyd)
5 A° n % (ﬂ'yu + dvyd — 2§’ys)
6 »t T uyd
7 = K~ SYu
8 =0 K" 5vd
0 n % (ayu + dyd + 5vs)

Bickerton, Horsley et al. [CSSM/QCDSF/UKQCD], PRD(2019) 22



0.98;

— F1/XF
— Fo/XF
— F3/Xk
F4/XF
Fs/XF
F1/XF
F2/ Xk
F3/XF
Extrap N

== HIH = e

= 0.96-
~0.010
+4 %
1
k= E(ANnN AEnE)

—0.005

1

F E—A_ ':_A_

4 \@( SKE NKX
1

Fs = —B(A/_\KE — Axga

= 2f + (—281 + \/382)(577?,[,

0.000 0.005
6m,

2
2f — —s90my,

V3
2f + 481577?,[,

2f — 2s10my,

2 l
= 2f + —3(\/581 — S9)0my.

7

| Can form a “singlet” combination

Xp = 5(3F, + Fy + 2F3) = 2f + O(6my)

" Normalisation from singlet

General result: Singlet quantities only
vary at 2nd-order in SU(3) breaking.

All matrix elements identical
INn the SU(3) symmetric limit
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We want the result in the continuum and

* GIObaI flt 500

24

INfinite-volume limit

400+

- Include O(a) or O(a?) terms in X

(singlet) and slope parameters g 300]

[
=

200

- Free parameter to encode leading
finite-volume correction on singlet:

2
—mL
fi(m) = ( - ) .
Xﬂ vV mL

[functional form from chiral EFT,
see Beane & Savage PRD(2004)]

O(.)O 00
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® 483x96 R N
® 643x96 .
[ 2 u + A
° ¢ n * A
$ A
| |
¢ - + A
| |
100 97
A
0.002 0.004 0.006
a2(fm)?
* we want to
be here!




Quark mass only

With O(a) and FV

Singlet Xk

F/XF

0.621
0.611
$
0.601 [ ]
0.59 1
* Extrap
0.58; A a=0.082
¢ a=0.074%
0.57 | | | ¢ a=0.074
—-0.75 —-0.50 -0.25 0. M a2=0.068
m’?[ _ XI?[ a=0.059
—— a=0.052
Xn
0.64 1 T
0631 | ‘ *
b A
| | - -
0.621 1 r
LL I
061‘ i a=0
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-0.75 —0.50 ] —9'.25 0.00 0.25
2 _ 2
nqn AXn
2
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F slope parameters
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1.0251
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0.9751

0.950+

0.9251

0.900+

1.051

1.00

F/XF

0.95;

0.90
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2 _ 2
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-+ > ¢ o i ¢ > | | |
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F1/XF
Fa/Xe
F3/Xp
a=0.082
a=0.074
a=0.068
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Extrap
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My = Xx

X2
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da

Final result: ga (isovector)

1.4- Different model parameterisations
0.3 1. om;
1.3 [ 2 a, om;
C 3 a’®, odmj
0.2 © 5!
T 4 a, omj, myxlL
1.2- = 5. a’®, dm7, mxL
0.1 6. Smi, mxL
1.1 weighted average among models (as
0.0 above)

Fit
Our result, ~5.5%
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Ne=24+1+1

=2+1

N¢

=2

0.8

Fit
FLAG 2+1: ~6%
FLAG 2+1+1: ~3%
Our result: ~2%

FIAG2021 gu—d

FLAG average for N,=2+1+

ETM 19

PNDME 18
PNDME 16
PNDME 15
PNDME 13

FLAG average for N;=2+1

NME 21
RBC/UKQCD 19
Mainz 19

LHPC 19

JLQCD 18

LHPC 12
RBC/UKQCD 10D

ETM 17
ETM 15D
RQCD 14
RBC 08

i Radici 15
Kang 15
i Goldstein 14

Pheno. N

Pitschmann 14

Isovector charges

Ne=24+1+1
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FLAG 2+1: ~2.2%
Our result: ~5.5%
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FLAG 2+1: ~12%
Our result: ~19%
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Beyond the vanilla

calculation of gA
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Beyond pure QCD in isospin symmetric limit

S s ___ — — ___———

Data-driven phenomenological analyses seek to measure the connection
between the neutron lifetime and the axial coupling

T, < A

To state the obvious: the axial charge includes all standard model (and beyond)
effects

(PIA | n) ~ gus,

Theory: need electromagnetic and strong isospin breaking in fundamental
matrix element

29



Strong |sosp|n breakmg

015 7 7 7
: up quark
o 0.10 -
Q) :
Q'} 005+
g i
=000
Q@ L
NT@ —0.05"
% :
= 2010, or-e
| - down quark
ofst——=1 T 1
-1.0 : : : :
(mg?—m)) (X2 0Au ~ — 0.0061(13)

0Ad ~ — 0.0018(6)

5A(u —d) ~ —0. 0043(14‘7)

—

| ~0.5%-ish Bl
N Heavy quark masses (~1/3 * ms)
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Compton on the

lattice

31



gamma-\VWV box

Dispersive evaluation of gamma-\W boxes M. Gorshteyn (yesterday)
Chien-Yeah Seng

Integration over Nachtmann moments:

3o [ dQ?* Mz
By (Be) = — T M5 (1,Q°

SE.M
9()?

M; . (2,Q%)| + O(E?)

Towards moments (and their Q2 dependence) from lattice QCD?
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4-pt functions

J

!. NN / 1
:\:: AN
> U
=~ (Cy(t, 7,t")) ,
Rk N'|J(tg)JIN
\\\
| NEA 00
sSourc t \\ T | N\ t’ \\ /0 drg — (N|JJ|N)
< >4 S .

—
e

-

Compton on the

£
S
=

Feynman-Hellmann

t S
> NG

0’5
ON?

x (N|JJ|N)
A—0
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Lowest moment of F2 (proton)

0.30

a Ezp. 323 x 64 483 x 96
0.28 i

| ¥ MP (@) & M@ kM QY
0.26}

: Armstrong et al.,
0.24} PRD63,094008(2001)

MZ,p(Q2)

0.18}

0.16}

0.14| Batelaan, Can et al., PRD(2023)

| Compatlble W|th phenomenologlcal tren ?;

0.075¢

0.050¢

0.025¢

0.000}—

—0.025¢

—0.050¢

—0.075}

483x96, 2+1 flavour
a = 0.068 fm
m, ~ 420 MeV

u d

______________________ -!————— o ——— ] —————————"—'\

- : |

§ 7 I Frlw B OFM }

0.0 0.2 0.4 0.6 0.8 1.0]
flavour-interference

structure functions
* small in magnitude

* non-trivial signal for /

longitudinal structure
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There’s a lot of excitement at the moment
over the neutron lifetime

Comprehensive study of isovector matrix
elements

Precise determination of tensor matrix element

-1.22¢
-1.24F

~ —-1.26¢

tant s
1

—1.28/
— Vud

—-1.30+ Bottle Beam

7, [seconds]

Looking forward to improved

calculations beyond the vanilla gA

... and improved constraints for
radiative corrections
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