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Neutron lifetime and the axial coupling ... ./~ ...

&

3

Czarnecki, Marciano, Sirlin =
Phys.Rev.Lett. 120 (2018) = St e TEena) | ——
[arXiv:1802.01804] (14 39%) -~ i
0 There 1s currently a 4-sigma discrepancy between the and bottle

measurements of the neutron hifetime

TPeam — 888 0(2.0)s 12O = 879.4(0.6)s

Dl - ——— . 'This has generated a lot of interest that the discrepancy could be caused
A by new physics (hidden decay mode)

[0 'T'he numerator, 5172.0(1.1), depends upon several quantities which must
be measured experimentally - almost all of which are receiving new
: : . : 1 G2 Vu 2
scrutiny given this discrepancy L MQ\WSd\ mS(1 4 362)(1 + RO\
[0 In particular, the radiative corrections (RCG) have been updated with a

multi-sigma shift Seng, Gorchtein, Patel, Ramsey-Musolf: PRL 121 (2018) [1807.10197]
Seng, Gorchtein, Ramsey-Musolf: 1812.03352

[0 It s also important to have a Standard Model prediction for ga - LOQCD
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Czarnecki, Marciano, Sirlin e
Phys.Rev.Lett. 120 (2018) i — ST | t~6l00 >
[arXiv:1802.01804] Fr G °
O There is currently a 4-sigma discrepancy between the and bottle

measurements of the neutron hfetime | |

, , rbeam _ 888 0(2.0)s TP = 879.4(0.6)s

5o [ generated a lot of interest that t j; diserepaney could be caused
by new physics (hidden decay mode) i

(0 The numerator, 5172.0(1.1), depends up .5 several quantities which must
be measured experimentally - almost all of which are receiving new
scrutiny given this discrepancy 1 G2 |Vudl? mS(1 4 362)(1 + RO\

Tn 2

O In particul

We need a () 13% uneertalnty to be eomparable to |
mu1t1-51g

{10197]
experlmental uneertalnty

0 Itis also 1mportant to have a Standard Model predletlon for g gA LQCD



Ne=24+1+41

Ne =241

N¢ =2

Expt

FLAG2019

nucleon axial coupling from LQCD ...

@

FLAG average for N, =2+1+1

PNDME 18
CalLat 18
CallLat 17
PNDME 16

[ ]

[ ]

FLAG average for Ny =2+1

Mainz 18

PACS 18

yQCD 18

JLQCD 18

LHPC 12A

LHPC 10
RBC/UKQCD 09B
RBC/UKQCD 08B
LHPC 05

FLAG average for Ns =2

Mainz 17

ETM 17B

ETM 15D

RQCD 14

QCDSF 13
Mainz 12

RBC 08

— QCDSF 06

PDG

09 1.0 1.1 12 13 14

t=0

O 'lo gain confidence 1n the application of Lattice
QCD to nuclear physics, we must benchmark
(calibrate) our calculations against well known

quantities of interest

O oa was supposed to be

a good benchmark

calculation for single nucleon structure - but 1t

preventing results with

O FLAG 2019 has incluc

proved to have significant systematic challenges,

the precision anticipated

ed single nucleon quantities

in their averaging for t

ne first tme
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nucleon axial coupling from LQCD % L
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| L.

t=0 t~600 s
u—d
FIAG 2019 EA
T FLAG average for \.=2+1+1 | [ 'lo gain confidence 1n the application of Lattice
— PNDME 18 .
+ CalLat 18 QCD to nuclear physics, we must benchmark
) PRDME 16 : . -
bt \ N (calibrate) our calculations against well known
"% FLAG average for Nf=2+1 . .
"\ Mainz 18 quantities of 1nterest
WPACS 18
— ;
_|_
X . % O g was supposed to be a good benchmark
Z QE%E o2 calculation for single nucleon structure - but 1t
LHPE 0> N :\ proved to have significant systematic challenges,
FLAG average ClNr = =2 . : — e
Mainz 17 preventing results with the precision anticipated
N ETM 17B
| ETM 15D
z = RO 14 O FLAG 2019 has included single nucleon quantities
—_ Mainz 12
— | ReCO8 n thelr averagmg for tle first tlme
< A PDG "
- . . . % N otice one result is si mﬁcantl more precise than
“ 09 1.0 1.1 12 1.3 14 «‘ 5 Y p

. the others ~‘i
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- Bk g |E]1ER Lattice QCD Team

Nature 558 (2018) no.7708, 91-94 [arXiv:1805.12130]

A per-cent-level determination of the nucleon axial
couplmg from quantum chromodynamics

https://github.com/ callat-qcd/project_gA

(postdoc, grad student)

Chia Cheng (Jason) Chang
Amy Nicholson

Enrico Rinaldi
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LOQGCD challenges tor NP

Most dlffcult challenge: an exponentlally bad S|gnal -to-noise problem
Parisi, Phys. Rep. 103 (1984) 203
1

4 ~ 6_%7”7”5 -+ e_gmNt + ... Lepage, TASI 1989

Each quark propagator carries
information about pions and nucleons A (t) > AN (t)

(conversations with David Kaplan)

‘< : >‘ JW5U : C(t) — Awe_mﬁt I

Large pion eigenvalues must cancel to expose small nucleon eigenvalues

K 1 >‘ (uTC’%d)u . C(t) = Ane MNE Lo

1 B 3 ] = =
Signal VN exp | -4 (mN B mw) , > exponential noise

Noise power-law statistics




LOQGCD challenges for NP

2 |OO|nt COrre‘athn funCJﬂOﬂ " For pions, need to consider leading finite
temperature effects

C(t) = Zzn fe=fnt C(t) = Zznz;ﬁb (e_E”t -+ e_E”(T_t)>

; 1" C(t Ot —
m (t) — 1 In C(t) mg??h(t,T) — —cosh™! < ( il TQ)CJ’Ft ( T)>

el ] T C(t+ 1) 4 (t)

&\ 0.16 @

|

t~ _

P

R S rEaEeeeel]
m /13264f211b600m00507m0507m628a /wflp0_-m51p2_1512_a52p0_smrw6p0-n90/spectrum /ml0p00600_ms0p0693 /pion /corr

t

Effective mass of Pion 2-point correlation function
red and black “data” are from different choices of interpolating operators

Noise is constant in time - can determine very clean ground state (blue band)



LQCD challenges tor NP

~ 2-point correlation function

0.70

0.54

0.68 -

T 0.52

0.66 -

0.50

0.48 I I | I I
8 10 12 14 16 18

Two examples of nucleon effective mass Correlated late-time fluctuations... what is the ground state?

Noise is growing in time - can not simply go to Need sophisticated analysis to ensure you are not susceptible to
the long-time limit without exponentially correlated fluctuations
increasing the amount of statistics needed
This problem is exacerbated with form-factor calculations (ga) and
Signal JN o (my—3m)t 2+ nucleons
Noise stat - quark contraction cost becomes dominant
- density of excited states grows significantly and gap becomes
small (nuclear interaction energies instead of pion mass gap)




1.30

1.25

1.20

1.15

1.10

Nucleon axial charge calculation
fixed source-sink separation time, tsep

L9

R3 — g>\ —|— Zle_tsepAlO _|_ 2106_(T_tsep/2)A10 _|_ « 0.

N long-time (tsep) liMit - should be flat

tsep
14

12
10

fm
1.22
1.05
0.875

Repeat for multiple values of tsep
—xtrapolate 10 tsep—

typical calculation

Bhattacharya, Cirigliano,

Cohen, Gupta, Lin, Yoon

Phys,

Rev.

D 94 (2016)



1.30

1.25

1.20

1.15

1.10

Nucleon axial charge calculation
fixed source-sink separation time, tsep

L9

R3 — g>\ —|— Zle_tsepAlO _|_ 2106_(T_t3629/2)A10 _|_ « 0.

N long-time (tsep) liMit - should be flat

Repeat for multiple values of tsep
—xtrapolate 10 tsep—

tsep  fm typical calculation

14 1.22 Bhattacharya, Cirigliano,
12 1.05 Cohen, Gupta, Lin, Yoon
10 0.875  Phys.Rev.D 94 (2016)




1.30

1.25

1.20

1.15

1.10

Nucleon axial charge calculation
fixed source-sink separation time, tsep

| O(to)

R3 — g>\ —|— Zle_tsepAlO _|_ 2106_(T_t3629/2)A10 _|_ « 0.

N long-time (tsep) liMit - should be flat

Repeat for multiple values of tsep
—xtrapolate 10 tsep—

tsep fm typical calculation
14 1.22 Bhattacharya, Cirigliano,
12 1.05 Cohen, Gupta, Lin, Yoon

10 0.875  Phys.Rev.D 94 (2016)




Nucleon axial charge calculation
fixed source-sink separation time, tsep

Olio)

R3 — g>\ —|— Zle_tsepAlO _|_ 2106_(7_tsep/2)A10 _|_ « 0.

N long-time (tsep) liMit - should be flat

130 L 209m310 | ' | 1 Repeat for multiple values of tsep

| Extrapolate tO tsep—oo

| . sep  fm typical calculation
e bicnacsmcmas et 14 1.22 Bhattacharya, Cirigliano,
Extrap tsep=12 —o— \| 12 1.05 Cohen, Gupta, Lin, Yoon

epT!D A Lep=1* —E ] 10 0.875  Phys.Rev.D 94 (2016)




arXiv.org > hep-lat > arXiv:1612.06963

High Energy Physics - Lattice

On the Feynman-Hellmann Theorem in Quantum Field Theory and the
Calculation of Matrix Elements

Chris Bouchard, Chia Cheng Chang, Thorsten Kurth, Kostas Orginos, Andre Walker-Loud
(Submitted on 21 Dec 2016 (v1), last revised 5 Jul 2017 (this version, v2))

Feynman-Hellmann theorem . A\ En ‘ P — <n‘ H A\ ‘n>
“Follow your nose” in QFT

“Feynman-Hellmann” correlation function

omSH (t,T)
O\ N

'—8,\0,\(75 -+ 7') —8)\C>\(t)_
Cx(t—FT) C)\(t)

= gx T 2 (e_(t+1)A10 _ e—tﬁlo) 4.

1
-

4 A=0

A19 = F1 — Ey more than exponentially suppressed

13



arXiv.org > hep-lat > arXiv:1612.06963

High Energy Physics - Lattice

On the Feynman-Hellmann Theorem in Quantum Field Theory and the
Calculation of Matrix Elements

Chris Bouchard, Chia Cheng Chang, Thorsten Kurth, Kostas Orginos, Andre Walker-Loud
(Submitted on 21 Dec 2016 (v1), last revised 5 Jul 2017 (this version, v2))

Feynman-Hellmann theorem aA E n ‘ A=0 — <n ‘ H)\ ‘77/> derivative correlation function

“Follow your nose” in QFT

“Feynman-Hellmann” correlation function

amiff(t,T) 1 '—8,\0,\(75 + 7) \jQ)\CA(t,)_
O\ o TL Cat+T7) O (t) La=0
=g\ T2 (e_(tH)AlO o Yo
“Feynman-Hellmann” O (tO )
propagator S dt O standard 2-point function

13



On the Feynman-Hellmann Theorem in QFT Phys. Rev. D96 (2017)

and the calculation of matrix elements  wXwloos
our unconventional method “raw” correlation functions
1.40 -
excited-state-subtracted
t+1 result T
1.35 -
—~ 1.30 -
t+1 = q
ff e Sy ] - _ ?05 T
om(t,7)| 1 [-0\Ca(t+7) —0\Ca(D) 1257
O\ o TL Clt+71) c(t)
1.20 - . _
| & SS @ SS: excited-state subtracted
1 0 PS o PS: excited-state subtracted
1.15 | | |
0 5 10 15
Key features of this method t/a
O The correlation function is given by (9>\miff (t) — goo + Z(e—(t+1)A10 - e—tAlo) N
O excited state contamination is demonstrably controlled A=0

O we can access very early Euclidean time, allowing the use of exponentially more precise numerical points

O No background field is used - the FH-theorem is used to “derive” our “Feynman-Hellmann Correlation function” analytically

14



On the Feynman-Hellmann Theorem in QFT Phys. Rev. D96 (2017)
and the calculatlon of matnx elements aniV‘”°

our unconventlonal method Feynman Hellmann propagator

k/ 0\/ [ao —m
8m‘f\ff t, T 8,\0,\ t—|—7' —(%\C)\ <
veo T { C(t+ 1) B ]

Our unconventional method is similar too
Otraced back to Maiani, Martinelli, Paciello and Taglienti Nucl. Phys. B293 (1987): Gusken, Low, Mutter,

sommer, Patel, Schilling PLB227 (1989) first computed —0,Ci\ (1) k/,o
OBulava, Donnellan, Sommer, JHEP 1201 (2012): combined above with GEVP T
Ode Divitiis, Petronzio, Tantalo, PLB718 (2012): computed derivatives of form factors

OChambers et al. PRD90 (2014), PRD92 (2015) Savage et al. PRL199 (2017); used unconventional method
with background field (A) varying strength of field to extract derivative

OOur method:
Ouses analytic representation of derivative correlator instead of background field (cheaper)

Ouses complete spectral decomposition of correlator, including contact operators
Oanalysis was pushed to greater detail, showing stability of analysis (PRD96 [1612.06963], [1704.01114],

Nature 558 [1805.12130])

15



On the Feynman-Hellmann Theorem in QFT Phys Rev. D96 (2017)

standard method PNDI\/IE arXIV 1606 07049

O(to) 1.30 [ a09m310 -

fixed source-sink separation time, tsep 1.15 - 4 ‘ § 1
repeat for a few different tsep 2 ®

1.10 tean=10 1 —A— tsep_14-—E|—-

R3 = gy + z1e tserB10 4 5 e (T tsen/2)A00 4

our unconventional method

1.1 I i

- _ tse ‘I']- A _tse A : ‘;
aAmA N =g\ T % (6 (tsept1)Ar0 _ € P 10) + 0 00 25 5.0 7.5 10.0 12.5
— t/a



~Some Lattice QUD Details oo o

CI Moblus Domam Wall Ferm10ns on gradlent ﬂowed 2+1+1 HISQ ensembles Berkow1tz et al.

PRD96 (2017) [1701.07559]
0 Approximate chiral symmetry, many finite lattice spacing operators not allowed
[ Leading discretization errors begin at O(a?)

[ To control the three standard systematics for LQCD calculations, need
(I multiple lattice spacings

O multiple volumes
[Jpion masses at/near the physical pion mass

[1The only set of publicly available ensembles which satisfy these criteria are the Nf=2+1+1
Highly Improved Staggered Quark (HISQ: Follana et al. PRD75 (2007) [hep-1at/0610092])
ensembles generated by the MILC Collaboration Bazavov et al. PRD82 (2010) [1004.0342],
PRD&7 (2013) [1212.4768]

0 The DWF on asqtad action (Renner et al. [LHPC] NPPS 140 (2005) [hep-1at/0409130]) was
used very successfully: LHPC; NPLQCD; Aubin, Laiho, Van de Water; ...
O Fully developed Mixed-Action EFT: Bar, Bernard, Rupak, Shoresh; Tiburzi;
Chen, O’Connell, Van de Water, Walker-Loud; ...
(1 This motivated us to use an improved version of this action

Berkowitz et al.
7) [1701.07559]

17



~Some Lattice QUD Details oo o

DMoblus Domam Wall Fermlons on gradlent ﬂowed 2+1+1 HISQ ensembles Berk0w1tz et al

PRDY6 (2017) [1701.07559]

[ Gradient Flow smearing of HISQ cfgs more effective at reducing residual chiral symmetry

breaking than the HYP smearing used in DWF on asqtad

mres < 0.1 my on all ensembles for small-to-moderate Ls and Ms<1.3
m, ~ 310 MeV
| | a1 5m310 | | . m, ~ 310 MeV
5t =02 Ity = 06 Ity =10
g 0.30 | tgf — 04 % t of = 0.8 i 098
= o®
o
» 2 e = I @ ?
&g ° . :g; 0.26 | Jfﬁ %% E % % JE %% | S 0. i i
S %5 0.
) = | %ﬁ%ﬁ % $ﬁﬁ%§%$%ﬁq%%& %% 1 @
| © a =l
D « 0.20 % i % a
I ® i
0.0 0.6 0.18 1 G : N ' N
tys ¢ Los
m, ~ 310 MeV
125 + t,;=10 %t =08 $ ty=06 tor = 0.4 [ 0.2 - @ FLAG 2+1+1 * tgr = 0.8 tgr = 0.4
:I-IE tgf =1.0 Q tgf = 0.6 I:;I tgf — 0.2
12.0 -
1.22
11.5 1 —Hk
k _
i . ) T~ 1.20
~ 110 {*}. E 3 { % %
S ML =
10.5 - _>\>:] ————————— | + L] + 1.18
| ~
1004 LLf .
T S LAG 10 o2 08 04 02
(a/wg)? tyr/a

Berkowitz et al.
7) [1701.07559]
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. * Berkowitz et al.

Renormalization
O 'The currents used 1n the calculation must be

renormalized to match physical currents
O By definition

Zyvgv =1
O The renormalized value of the axial coupling
ZAga
Zv gv
O Our action uses (Mobius) Domain-Wall fermions,
which have very good chiral symmetry properties

O Using the RI/SMOM non-perturbative

renormalization scheme, we find

Z A
A%

— ] tol partin 104

a confirmation that our action respects chiral
symmetry to a good degree.

1.2 - w al5m310: SMOM,, ,
0 - al2m310 : SMOM,, ,
| a09m310 : SMOM.,,

$ a15m310 : SMOM,,

a12m310 : SMOMg
a09m310 : SMOMg

.
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SOm€ LattiC€ QCD D €taﬂS PRD96 (2017%6?7()(;?57?523].

HISQ gauge configurations and mixed action

0.15%+

0.00 -

Mobius domain-wall valence quarks
- chiral symmetry at finite lattice spacing
- Ludicrously fast GPU solver (QUDA)

® o o o o
volume study
subset of MILC ensembles additional
physical point
130 220) 310 350 400
m, [MeV]

g

o

- =

P g

unofficial MILC cow
MILC = MIMD Lattice Computation
(the acronym has an acronym in the acronym)

MILC configurations are the only
publicly available dataset capable of

- chiral extrapolation to physical pion mass

» continuum extrapolation
- Infinite volume extrapolation

HISQ action
Errors starting at O(QSQQ, a4)
Luscher-Weisz action
Errors starting at

Slide adapted from CC. Chang 20




Correlation function analysis

O

O

Simultaneous fit to 6 correlation functions, 2-point, ga,

ov (5SS and PS)
Complete 2-state fit (g.s. and 1 excited state, including

transitions)

O Bayesian constrained fit as a pre-conditioner for
unconstrained non-linear regression
O Stability analysis 1s performed varying min and max
time 1n the correlator analysis
a09m220 a09m220
. 1.26 E E E 2 1.26 E E E
1.22 - 122
10° | | | | | | | | | | | | 10° | | | | | | | | | | | |
S R R L R . L1074 o, e o u e e . |
102 T T 1 T T 1 T T 1 102 T T 1 T T 1 T T 1
8 9 10 11 2 3 4 5 5 6 7 8 13 14 15 16 12 13 14 15 10 11 12 13
m°" tmin g,?\ff tmin g(\-)/ff tmin mef fnax g,(te\ff fmax g\e}ff fmax

~ Analysis

1.35

1.30

o off
9da

1.40 ——=

‘ a09m220

\

<«

sepebhiifis

qﬁ
TR
I p =4 -
1.20 - _ _
| & SS ¢ SS: excited-state subtracted
1 & PS o PS: excited-state subtracted
0 ) 10 15

t/a

O early ime has excited state contamination
O late ime susceptible to correlated

fluctuations
O excited state subtracted results are constant

in fit region
O resulting bootstrap distributions (Np=5000)
are Gaussian and show no outliers

a09m220

T
1.21

o |

I I I I I
122 123 124 125 126 1.27

ga/9v

T I
1.28 1.29
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Correlation function analysis

O

O

1.26

ga/dv

1.22

10°
a 10!

102

Simultaneous fit to 6 correlation functions, 2-point, ga,

ov (5SS and PS)
Complete 2-state fit (g.s. and 1 excited state, including

transitions)
Bayesian constrained fit as a pre-conditioner for

unconstrained non-linear regression
Stability analysis 1s performed varying min and max

time 1n the correlator analysis

% E } E } . 1.26
§ t S t t
Vi
% eg)
1.22
T T T T 10° T
O
L R T o @ o |07 o e o S RS PRSI
I e m— — — I e m— 1072 I e m— I e m— I e m—
8 9 10 11 2 3 4 5 5 6 7 8 13 14 15 16 12 13 14 15 10 11 12 13
m°" tmin g,(?\ff tmin g(\e/ff tmin meft Imax gf\” Imax g(\e/ff fmax

Nature 558 (2018) no.7708, 91-94

Download the arXiv version or supplemental

material - 36 pages of detail

o eff
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| & SS ¢ SS: excited-state subtracted
. PS o PS: excited-state subtracted

1.15 i
0 5

| § |
" 10 1 fm 15

early time has excited state contamination
late time susceptible to correlated

fluctuations

excited state subtracted results are constant

in fit region

resulting bootstrap distributions (N,;=5000)
are (Gaussian and show no outliers
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Analysis Details

‘Renormalized LQCD results

<
)

1354 ~ 130 220
MeV :

1.30 -

1.25- 1

1.20 -

1.15-

310 350 400

HH g~ 0.15 fm
1.10 - a~0.12 fm

a~ 0.09 fm

® giP¢ = 1.2723(23)

0.00 005 010 015  0.20
€x = My /(4T F};)

0.25

0.30
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Analysis

Renormalized LQCD results a12m130

" 2.3% uncertainty

310 350 400

1354 ~ 130
MeV --

1.30 -

1.25- 7

1.20 - __ }

1.15-

HH g~ 0.15 fm a ~ 0.09 fm
1.10 1 a ~ 0.12 fm G 9hPY =1.2723(23)

0.00 005 010 015 020  0.25  0.30
€x = My /(4T Fy)



“Analysis Details

Extrapolatlons Dimensionless parameters

lattice spacing, volume, pion mass

a 5 mﬂ-L Cr =

€

* ChiPT: EFT expanding around m;=0

* best hope for model-independent extrapolation

* not guaranteed to converge around m, |35 MeV
* Mild ma dependence

* Taylor expansion works well for extrapolation/interpolation

Slide adapted from A. Nicholson
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‘Analysis Details

Dimensionless parameters

lattice spacing, volume, pion mass

Extrapolations
5 1 a”
2 —
“ A wg

NNLO yPT:
NNLO+ct xPT :
NLO Tay

NNLO Tay
NLO Tay

NNLO Tay!

or €. -

or € -

or €, :

or €, :

M

ez L Cr =

q. (S8) + 6, +9

q. (S8) + ca€t + 4 + 01

co + 6262 +0, + 07,

Co + 626727 + 0463; +9d, +0r

Co+ C1€- +0,+ 07,

Co + Cl€x +Cg€72r +5a + 5L

A F

Slide adapted from A. Nicholson

24



‘Analysis Details

Extrapolatlons Dimensionless. parameters
lattice spacing, volume, pion mass

NNLO yPT:
NNLO+ct xPT :
NLO Tay

NNLO Tay
NLO Tay

NNLO Tay!

or €. -

or € -

or €, :

or €, :

M

ez L Cr =

A F

ga = go T 0262 — 6 (go -+ 290) In ( ) -+ g()CgE?T

q. (S8) + 6, +9

q. (S8) + ca€t + 4 + 01

co + 6262 +0, + 07,

Co + 626727 + c4efr +9d, +0r

Co+ C1€- +0,+ 07,

Co + Cl€x +Cg€72r +5a + 5L

NNLO XPT

Slide adapted from A. Nicholson
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‘Analysis Details

Dimensionless parameters

lattice spacing, volume, pion mass

Extrapolations
5 1 a”
2 —
“ A wg

2 2
0, = as€c, + b4€a

NNLO yPT:
NNLO+ct xPT :
NLO Tay

NNLO Tay
NLO Tay

NNLO Tay!

or €. -

or € -

or €, :

or €, :

M

ez L Cr =

67% + a45§ + la1Vdme, + 82&5&2]

A F

ga = go T 0262 — 6 (go -+ 290) In ( ) -+ g()CgE?T

q. (S8) + 6, +9

q. (S8) + ca€t + 4 + 01

co + 0262 +0, + 07,

Co + 626727 + C4€;4r +9d, +0r

Co+ C1€- +0,+ 07,

Co + Cl€x +Cg€72T +5a + 5L

NNLO XPT

Slide adapted from A. Nicholson
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‘Analysis Details

Extrapolations Dimensionless. parameters
lattice spacing, volume, pion mass

€ = TN T
N 47 UJ(Q) 47TF7T
0q = Qo> + bye2e? + ayes + [a1Viame, + soagal] A=Y [Ko(:z;\nn - Kl(’x!r)]
= r|n
5. S o1 3 3 F(m)__§ZK1(x|n|)
L= §€7r [90F1 (mxL) + 90F3(m7TL)} + faex Fi(maL) T2 n#£0 z|n|

Beane and Savage —

— 2 _ 3
gA + + 2¢g5) 1 +
Phys.Rev.D70 [hep-ph/0404131] Yo T C2€5 6 (90 0) n( ) goC3€.

NNLO XPT
NNLO xPT: Eq. (S8)+d, +dr
parameterization of NNLO+ct yPT: q. (S8) + 646;41. +0, +0r
higher order volume NLO Taylor € : ¢y + 6262 +0, + 07,

corrections

NNLO Taylor €2 : ¢g + 626727 + 0463; +9d, +071,
NLO Taylor €, : cg+cier +04 +07,

NNLO Taylor €, : c¢g+cie, + c2672r +0,+071

Slide adapted from A. Nicholson
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Extrapolations

Ga

da

e e <

Analy

Details

gi%Plen, a=0)
T iUl -1.2723i23)

%\{ﬁﬂa

S gq(e,,, az=015fm) 3
- galex, @ = 0.12fm) |
Jal€xr, @ > 0.09 ) r

ga~015'm
a~0.12'm
2~ 0.09'm

0.05

0.10 0.15 0.20 0.25 0.30
c. = m./(AxF,)

175 4 NNLO Taylor ¢

X
:‘%-._
S ———
R

g"d()ﬁn(e", a= o)
T 050 = 1272323

Galen,a~ 015fm) (&
——— @galey, a = 0.12fm) L
— galey, a = 0.09fm) S

g=0.15'm
ga~012m
2~0.09m

135 4 NNLO ¥PT { ga?%Feq,a=0) 135 4 NLO Taylor € } gi00(e,., a = 0)
N ; any — l
1.3C b === — '
P —— | = B | ———
1.5 1 %’%@% 1.25 - ﬁT = £
e I 1 e . I - -A.‘-:'-:#‘—ii‘»—-_ —
1 %"’ e o T 1 t =1
1.20 [ = 1.20 - 1 —
] ]
116 - —— galer,@=0.15fm) & a~0.5m 116 - —— galen,@a=0.15fm) & a~0.150m 148 =
- Galer, @ = 0.12fm) o a~o0.12°'m - galen, a= 0.12 fm] # a~0.12'm
1.1C - Gai€x,d = 0.09 m) # a~0.09'm 1.10 - Qal€x, @ =~ 0.03 fmj # a~0.09m 1.10 -
T | — T T T T T — T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.c0 0.05 0.10 0.15 0.20 0.25 0.30 0.C0
Co = My /‘:4",:1\') Cq =My ‘/MWF,,.)
C d
135 4 NNLO+ct ¥PT } gh? (e, a = 0) 155 4 NNLO Taylor €2 } g2 e, a=0)
- F 9,7%=12723(23) Il T 0:0° =1.2723123)
1.30 I T 150 | 1 1.20
 ——— l--*i-_
S ¢ -'{((r"”.fr,% D --?‘.ﬁlti}:_ — S
1958 4 1 - " 1.25 1 S 1.25 -
T ] 1 #ofo,%& _ - ] ] ---\-g}jl_:ii-::?::»?'; <
1 i e - I 1 = =
1.20 - 1 = 1.20 - | L : 1.20 -
-1 I
118 galcr, @~ 0.15 fm) % a-=0.15m 1.15 - galen, @ 0.15 fm] # a-==0.15fm 1.15
—— galex,a= 0.12fm) # a~0.12'm —— galex, a=0.12 fmj # a~0.12/m
1.10 ——— galer,a=0.09fm) # a~0.09m 1.10 1 ——— galexr, a= 0.09 fm] # a~0.09m 1.10 -
I | I J | I | | 1 I | I | |
0.00 0.05 0.10 D.15 n.20 0.25 0.30 0.00 0.05 0.10 n.15 020 0.25 0.30 0.00

€, = mu /‘47"Fn)

f

NNLO xPT:
NNLO-+ct xPT
NLO Taylor € :

NNLO Taylor € :
NLO Taylor €, :

NNLO Taylor €, :

€, = m, /|4=xF,)

Eq. (S8) + 4, + 4,
Eq. (S8) + ca€r + d, + 61

Co + Co€2 + 0g + 01,

co + czei +c46;1r +0, + 07,

Co+ Cl€x + 04 + 07,

Co+ C1Ex + Co€o +8q + 61

0.10 015 0.20 0.25 0.30
£, =m., [(4xF,)

h
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convergence ot the chiral expansion...
i ga = go — €2(go + 295) In(€2)

T gx°¢ =1.2723(23)

NNLO xPT NNLO xPT

1.35 — 1.35 -

ga

ga

ga

1.30 -

|
]
]
]
1.15 —— galer,a~ 0.15 fm) # a~0.15fm
—— galer,a~0.12 fm) W a~0.12fm
1.10 ——— galer,a~ 0.09 fm) 44 a~ 0.09fm
| | - | | | |
0.00 0.05 0.10 0.15 0.20 0.25 0.30
€x = My /(47Fy)
135 4 NNLO+ct xPT : gtP(e,., a=0)
i $ ga°¢ =1.2723(23)
1.30 - I
__N
1.25 - _ ]
: 1
1.20 - :
]
1.15 ——— galexr,a~0.15fm) HH  a~0.15fm
—— galer,a~ 0.12 fm) W a~0.12fm
1.10 - ——— galex,a~0.09 fm) W a~ 0.09 fm
| | - | | | |
0.00 0.05 0.10 0.15 0.20 0.25 0.30
€xr = My /(47Fy)
135 4 N3LO xPT : g+ a=0)
]
1.30 - IR,
1.25 -
1.20 -

1.15 -

1.10 -

0.00

——— galer,a~ 0.15fm) HH  a~0.15fm
——— galer,a~0.12 fm) # a~0.12fm
—— galer,a~ 0.09 fm) W a~0.09fm
T — I l ' !
0.05 0.10 0.15 0.20 0.25 0.30

€xr = My /(4Fy)

ga

ga

ga

1.30

1.20

1.15

1.25 m

1.10

LO NNLO
NLO

0.00

]
| | | | | |
0.05 0.10 0.15 0.20 0.25 0.30

€x = My /(47 Fy)

1.35

1.30

1.25

1.20

1.15

NNLO+ct xPT

1.10

LO NNLO
NLO NNLO+ct

0.00

1.35

1.30

1.25

1.20

1.156

0.05 0.10 0.15 0.20 0.25 0.30
€x = My /(4Fy)

1.10

LO NNLO
NLO N3LO

0.00

0.05 0.10 0.15 0.20 0.25 0.30
€x = My /(4Fy)

2
+ Co€ + goC3€

3

s

ga = go — €:(go + 2g;) In(e2 )

2 3 4
+ Co€. + GoC3€,. + C4€E_

ga = go — €= (go + 2g5) In(€2)

2 3
T C2€ T goC3€n

C4 -+ ’5/4 111(672T)

2 37 .,

4
+€_

+{ g0+ “=go +4g5 | In®(e

3 12

Bernard and Meissner (GDO6)
Phys.Lett.B639 [hep-lat/0605010]

F—> I,

2
(s

)
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ga

1.35
1.30 -
1.20
1.15 -

1.10 —

convergence ot the chiral expansion...

NNLO xPT :
| [

gﬁ\QCD(eﬂ'! a= 0)

ghP¢ = 1.2723(23)

1.35

1.30

|
1 1.25
e
T SR <
s==___J9 (@)}
===y
Py S
+
B . .
-~ ) - D
b fm) = 5
\

1.20

400
can we trust extrapolation ot quantities

NNLO xPT '

LO NNLO
NLO

| | | | | |
0.05 0.10 0.15 0.20 0.25 0.30

€x = My /(47 Fy)

with chiraly-enhanced behavior?
1t the single nucleon 1s not converging, would you
trust chiral extrapolations of two or more nucleons?

S

1.35

1.30 -

1.25

1.20 -

1.15 -

1.10 -

N3LO xPT

(]

gﬁ\QCD(eﬂ'! a= 0)

ghP¢ = 1.2723(23)

— -
- S~a
~
~
~
~
~
~
~
~
~o
~

S~
~
~
~
~~
~~
-~
~—

—— galer,a~ 0.15fm) W  a~0.15fm
—— gal€ér,a~ 0.12 fm) W a~0.12fm
—— galex,a >~ 0.09 fm) HH  a~ 0.09fm
| | - | | | |
0.00 0.05 0.10 0.15 0.20 0.25 0.30

€xr = My /(4Fy)

1.35

1.30

1.25
S

1.20

1.156

1.10

0.00

LO NNLO
NLO N3LO

| — | | | |
0.05 0.10 0.15 0.20 0.25 0.30

€x = My /(4Fy)

ga = go — €2(go + 2g3) In(e€;)

2 3
+ Co€ . T goC3€ .

ga = go — €= (go + 2g5) In(€2)

2 3
T C2€ T goC3€n

4
+€_

C4 -+ ’5/4 111(672T)

- 37 3 5\ 1.2/ 2\
+ (390 + 7590 + 4g0> In (ew)_
Bernard and Meissner (GDO6)
Phys.Lett.B639 [hep-lat/0605010]

F—> I,

26



'Continuum and infinite volume extrapolatlon

<
>

gAa

Analysis Details

1.35 gl (et e,
' model average 5 ghPC — 1.2723(29)
1.30 1
e 7 ¢+ 1
1,25 e L -
20
LIS [ —— ga(™ ) (e ¢,)
_____ (67(320),€a> _ gA(EgrélOO)’ a)
1.101|-—-- gA(egrgm),ea)
0.00 001 002 003 004 005 006
63 — a2 / (47710(2))
1994 model average
1.27-
1.25 -
1.23-
NLO xPT prediction
0.000 0.005 0.010 0.015 0.020 0.025

e—mﬂL/(mﬂL>1/2

gA

1.35 gszCkahys' ea)
1.30 -
] 9F, | e
100
LIS —— ga(e™.e) o A3 ¢,)
_____ gA(Eﬂ_QQO)’Ea) _ gA(€(4OO), a)
1.101| -.—-- gA(@?lO),Ea)
0.00 0.0l  0.02 2 o.gs 0.2'04 0.05  0.06
e; = a”/(4mwy)
1.29 - NNLO XPT
1.27-
1.25-
1.23 -
NLO xPT prediction
0.000 0.005 0.010 0.015 0.020 0.025
e—mﬁL/(mﬂL)l/Z
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| Analysis Details

'Continuum and infinite volume extrapolatlon

1.35 - gﬁQCD<€phys. €a> 1.35 - gleCD(Ephys' Ea)
) mOdel average @ giDG — 1. 2723( 3) . N N LO—|_Ct XPT @ giDG = 1. 2723( 3)
1.30 1 1.30 1
- - I o
B e T e — 8 I ) T e S S
< e I - I D T |
S e SRS SEERPE Rl - e S SRR A T
1.20 1 1.20 1
1.151| — g (67(33 ),ea) ---------- gA(ESr%O), o) 1.159| — A(EWBO),EG) .......... A(EST%O), o)
----- (€77, ¢,) - ga(er™ ;) - a6, ) — G
1.109] -=-- gA(EST?’lO), €q) L1101 |--- gA(€W31O>a €a)
0.00 001 002 003 004 005  0.06 0.00 00l 002 003 004 005 006
e; = a”/(4mwg) e; = a”/(4mwg)
LQCD —
199 model average 135 4 model average oy (ex,a=0)
T $ ga 0 =12723(23)
1.30 —\\g
Tr
1.27 -
! 1.25 - : e 5.
S S - 'i\i\
1.25- 1.20 7 | — :raw data
1.15 7 —— galer,a >~ 0.15 fm) B a~0.15fm
1.93 - galer,a~ 0.12 fm) a~ 0.12fm
| NLO xPT prediction 1.10 - galer,a~ 0.09 fm) a~ 0.09 fm
0000 0005 0010 0015 002 0025 000 005 040 045 020 025 030
el [ (m,L)Y? €x = My /(47 Fr)
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Model average
1.351
1.30 1

1.25-

=T
)

1.20 -

1.15-

1.10-

0.00

Analysis Details

extrapolatlon

model average

92 (er, 0= 0)
G 9i7C = 1.2723(23)

¥ a~0.09 fm —— ga(€x,a = 0.09 fm)
¥ oa~012fm —— ga(e:,a~0.12 fm)
¥ a~0.15fm —— galer, 2~ 0.15 fm)

0.05  0.10

015 020  0.25  0.30
€r = My /(4T F})

Fit x?/dof £L(D

My) P(Mg|D) P(ga|Mg)

NNLO xPT 0.727

NNLO+ct yPT 0.726
NLO Taylor ¢2 0.792
NNLQO Taylor €2 0.787
NLO Taylor €, 0.700
NNLO Taylor e 0.674

22.734  0.033 1.273(19)
22729  0.033 1.273(19)
24.887  0.287  1.266(09)
24.897  0.284 1.267(10)
24.855  0.191 1.276(10)
24.848  0.172 1.280(14)

average

1.271(11)(06)

194 1.9

NNLO yPT:
NNLO+ct xPT :

NLO Taylor ¢
NNLO Taylor €

NLO Taylor €, :
NNLO Taylor €, :

S ISR

model average

. NLO Taylor €2

NNLO Taylor ¢2
N3LO xPT

- NNLO xPT
- NLO Taylor ¢,

NNLO Taylor e

198 1.30

132

q. (S8) +d, + 4y,

( 8) + (3463.

+5a+(5L

co + 6262 +0,+ 07,

2

Co + Co€ + C4€;1T

+5a+5L

Co+ C1€x + 04 + 07,

Co+ C1€E, + C2€72r

+5a+5L
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Stablhty of Extrapolatlon Analy51s

model avg

NNLO xPT

NNLO+ct xPT
NLO Taylor €2

NNLO Taylor €2
NLO Taylor e
NNLO Taylor e

+0(asa?) disc.
+0O(a) disc.

omit FV
NLO FV

2xLO width
2% all widths

my < 350 MeV
my < 310 MeV
my > 220 MeV

a<0.12 fm
a>0.12 fm

N3LO xPT
NLO xPT(A)

Analysis Details

®

—_— —_—

®

e ] e ]

)

()

()

)

()

1.24

1.28
A

1.32

0.0

0.5
xgug /dof

1.0 0.0 0.5 1.0

Bayes factor

Final result

6 fits included in the model
average and their relative
weights

discretization corrections

finite volume corrections
sensitivity to prior width

sensitivity to pion mass
cuts

sensitivity to lattice
spacing cuts

additional XPT analysis
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Analysis Detaﬂ

Stablht of Extra ¢ olatlon Anal 51s

y “’.." e S il - 3 2 2y -, O
T : |
o m,. < 400 MeV m. < 350 MeV
g
‘- LQCD LQCD
¢ 135 4 model average 94" " (ex,a=0) 1.35 1 94~ “(ena=0)
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,. 3 gPP6 _ 1.2723(23) ge § ghP¢ =1.2723(23)
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_________________ B
X o o
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Bayes factor

.0

e K S -
LSO = € (= L Somls o I T RGP
,.
m. < 310 MeV
P
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] g (ér,a=10)
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1.30
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1.201 3
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sensi 1v1ty o lattice
spacing cuts

additional XPT analysis
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model avg

NNLO xPT_

Analysis Details

Stablhty of Extrapolatlon Analy51s

model average g:9P(er,a=0)

T [ g5P¢ = 1.2723(23)

]
"

N
=

1.25

ga

~=

1.20 -

—— galexr,a~0.15fm) ® a~0.15fm
——— galer,a~0.12 fm) B a~0.12fm
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https://github.com/ callat-qcd/project_gA

raw correlation functions, correlation function analysis results, e
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B data
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= README.md

=) callat_ga_lib.py

=] ga_workbook.ipynb
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updated README: moved correlation function data to correlation_functi...
added logo's to README

moved plotting scripts to plots folder

updated README; moved correlation function data to correlation_functi...
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final image width tweak?
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moved plot scripts to plot folder
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What are the implications now?

hl‘re s

0.04

0.02

O0Vud

—-0.02

—-0.04

0.00

135 4 model average g:9°P (e, a=0)

T $ ga ¢ =1.2723(23)
statistical 0.81%
chiral extrapolation 0.31% .25 - \{\
a— 0 0.12% > LS
L — o0 0.15%
. : 1.15 - — galen,a~ 0.15 fm) % a~015fm
1505pl1i) 0.03% Inlen, 2~ 012 fm oo
model selection 0.43% 1.10 - Ga(ex, a = 0.09 fm) 2~ 0.09 fm
total 0.99Y% 000 005 010 015 020 025  0.30

€x = My /(47F;)
CD I M
g 2P = 1.2711(103)*(39)X(15)%(19)" (04) (55)

— Semileptonic decays | |
— WH,VS =14 TeV

n—-pe-v

—-0.02

0.00

0.02 0.04

Re(é‘ ud)

1 Most stringent constraint on

BSM right handed coupling

Alioli, Cirigliano, Dekens,

de Vries, Mereghett1i
JHEP 1705 (2017)
[arXiv:1703.04751]

0.04}

0.02}

N\
pwrn=1.0+01 7 X

—0.02}
— 0" =0 7m— uv
----- WH, VS =14TeV

n— pe v
—0.04 | | ‘ P ‘
—0.04 —0.02 0.00 0.02 0.04
fud

33



What are the implications now?
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| year on Titan (ORNL) + 2 years on GPU machines at LLNL P

ga
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The Neutron Lifetime on Sierra Early Science CL

"

LQCD . 1 P (e, a=0
1.35 4 model average 9z " " (ex,a=0) 1.35 i average ngG:12723(23)
$ g4 0 =1.2723(23) 5 9k |
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& (@)
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Nature 558 (2018) no. 7708, 91-94 Sierra Early Science
- The vertical gray band denotes the physical value of pion mass - these points are significantly more expensive than the rest
to compute - but the most valuable for the final predictions

J The green point in our publication cost as much computing time as all the other points combined
J The green point from Sierra has 10x more statistics than our publication
J The red point from our publication was not useful
J The red point from Sierra came from an entirely new calculation and is now very useful
- The blue point from Sierra was entirely unattainable from previous computers (it still heeds more statistics to be useful)
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The Neutron Lifetime on Sierra Early Science
| year on Titan (ORNL) + 2 years on GPU machines at LLLNL
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The Neutron Lifetime on Sierra Early Science L
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The Neutron Lifetime on Sierra Early Science
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- The vertical gray band denotes the physical value of pion mass - these points are significantly more expensive than the rest
to compute - but the most valuable for the final predictions

J The green point in our publication cost as much computing time as all the other points combined
J The green point from Sierra has 10x more statistics than our publication
J The red point from our publication was not useful
J The red point from Sierra came from an entirely new calculation and is now very useful
- The blue point from Sierra was entirely unattainable from previous computers (it still heeds more statistics to be useful)
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What are the implications now?

135 - model average g/L\QCD(eTr a=0)
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gQCD _ 1 2711(103) (39) (15) (19) (04) (55) e

T 53 2 o - e /
o o SN Map—— Ty

’ﬁ How emse can we get gAp
| 0 Without Changmg strategy (just 3 lattice spacings), we should be able to get 0.5% by improving the three
{ physical pion mass points - likely this year with our INCITE allocation on Summit at OLCF

i To achieve 0.2% precision, at least a 4th lattice spacing will be required, 1deally at two or more pion

masses. 1'his can still be achieved with Summut (6 Volta GPUs/IBM Power9 node)

g_ 0 To convince the broad community of a 0.2% or better uncertainty, we will have to incorporate isospin
{ violating corrections to ensure they behave as expected theoretically - particularly if the neutron lifetime §
puzzle 1S st1ll a puzzle ( 1t 1s bemg used to search for new physms) !
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Nucleon Axial FormFactor

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

O DUNE 1s a future neutrino oscillation experiment that will fire a beam of neutrinos from FNAL into an

Argonne target in South Dakota.

O A determination of the CP-violating phase in the neutrino-mixing (PMNS) matrix 1s one of the goals

O enough CP violation could explain the matter/anti-matter asymmetry of the universe through

Leptogenesis

O 'The 12K and NOVA experiments are also conducting oscillation experiments

O “A determination ot the nucleon axial form :
allowing for the 1solation of nuclear ettects”

and K. Mcfarland]

actor at the 5% level would be very helptul, possibly

private communications with 12K members, Y. Hayato

O Ultimately, we need to understand neutrino-NUCGLEUS cross sections which begins with neutrino-

nucleon cross sections

O 'T'he experimental data on ga(Q?) 1s suthiciently limited that a simple dipole-formfactor 1s assumed

O '|'he dipole model 1s too stmplistic and overly constraining (the quoted uncertainties do not reflect the

true uncertainty of our understanding)

36



Nucleon Axial FormFactor

Gupta et al. PRD96 (2017) [1705.06834]

Ga/9ga

Q> [GeVQ]
O All lattice QCD results determine an axial form factor with a significantly different slope (30%) than
that determined from the phenomenological determination - two recent examples here

O Examining the LOCGD results, 1t 1s dithicult to understand/guess where this discrepancy 1s coming from

O A few years ago - this was the same situation with ga (no one understood why gA results were
consistently low compared to the experimental value)

O For ga, we made progress by pushing to the extreme the LQOCD calculations - a similar strategy here

seems warranted

[shikawa ct al. PRD98 (2018) [1807.03974]
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Nucleon Axial FormFactor

O Inherent to our gA calculation was the “Feynman-Hellmann™ Propagator

O For each choice of current and momentum, a new FH propagator 1s required

O We have tried several variants of stochastic methods to relax this constraint, but the noise 1s too large

O We have resorted to the standard fixed source-sink separation method (with our tail between our legs a
little) @go)
teen B repeat for multiple values of tsep

O However, 1f there was a lesson to be learned from our ga calculation when applying the fixed source-sink
separation method - 1t 1s imperative to use many values of tsep and also small values

O See also S. Meinel, Ghiral Dynamics 2012 and Hasan et al. (LHPC) 1903.06487
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Nucleon Axial FormFactor PRELIMINARY

a09m310 tsep = [3,4,5,6,7,8,9,10,11,12,13,14]
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Nucleon

Axial FormFactor

PRELIMINARY
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A per-cent-level determination of the nucleon axial
coupling from quantum chromodynamics

[J T'he success of this result was enabled through several key teatures:

[J an unconventional strategy that can exploit exponentially more precise data at
early time and has demonstrable control of excited state contributions

[J access to a set of ensembles (HISQ 2

all standard lattice systematics,

O ludicrously fast GPU code - QUDA

1

| from MILC) that allowed for control over

[J an action with improved stochastic behavior and a mild continuum
extrapolation m, — mP"* a — 0, L — oo

[J access to Leadership CGomputing

[J Making progress in understanding ga(Q)?) - it seems essential to have enough tsep
values to control the infinite separation extrapolation - more than 1s common
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