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g2 = 1.2711(103)*(39)X(15)*(19)V (04)! (55)M
0 The success of this result was enabled through a few features of the calculation:

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

] an action with improved stochastic behavior, a very mild continuum extrapolation,
highly suppressed chiral symmetry breaking

[J access to a set of ensembles (MILC) that allowed for control over all standard lattice
systematics (physical pion mass, continuum and infinite volume limits)

0 ludicrously fast GPU code (Quda)

-1.2723:0.0023 (Errar scaled by 2.2) PESENES S



An Improved Computational Strategy

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))

O Take the Feynman-Hellmann (FH) Theorem as a starting point: ~ OxE,, = (n|H|n)

[0 conceptually very simple and straightforward

0 applying the FH Theorem to the effective mass directly leads to the method we use

relates matrix elements to functional derivatives of the partition function

reduces the dependence on two time variables (operator insertion time, 7, and
source/sink separation time, t) to a single variable, t

allows for demonstrable control of excited state systematics, reduced sensitivity
to correlated fluctuations & the extraction of the signal early in Euclidean time
(exponentially smaller relative noise)




An Improved Computational Strategy — arXiv:1612.06963

Consider a two point correlation function in the presence of some source

Ca () = AIOMO! (O A) = A-vacuum
— - [ eSS 0o Q) = lim |3)

/ D®e P e P2

= action for sourceless theory

Sy = )\/d4afj(:zi)
j(x) = some bi-linear current density

e.g. \j(x) = q(x)myq(x)



An Improved Computau()nal Strategy arXiv:1612.06963

We can dlfferentlate the correlation functlon with respect to )\ (thls can
be built from a sum of functional derivatives over all spacetime)

OCx _ Or2 . —S—SA/ R, t
A C'x\(t) 4 Z/\/Dq)e d*x'j(z") O(t)O'(0)

The first term is proportional to a vacuum matrix element and the
second contains the matrix element we are interested in. We are
really interested in the linear-response

80 (t) . 4 1 YW/
A= O [ daliE)io)

+/dt’(Q\T{O(t)J(t’)O‘L(O)}\Q)
J(t) = /d?’:zz 7(t, x)



An Improved Computatlonal Strategy arXiv:1612.06963

The FHT relates matnx eIements to the spectrum Can we flnd
something similar in QFT?

Let us try the first obvious thing, take a derivative of the effective
mass:

m I (t,7) = L (Cc(t) ) — lm(eEOT)

T (t—|—7') t—oo T

oms! (t, 7)

1 [—8,\0,\(t+7) —8AC,\(t)]
N

O\ C(t+r) C(t)
NOTE: even for currents with non- _a%\A(t) _ o) / 22 (Qj()|Q)
A=0

vanishing vacuum matrix elements,
this contribution exactly cancels in + [aririomsw)ot o)
this quantity



An Improved Computatlonal Strategy arXiv:1612.06963

standard method

fixed source-sink separation time
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An Improved Computatlonal Strategy arXiv:1612.06963

standard method PNDME arXIV 1606 07049

O(t(’)) 12: - a09m310 |

1.20

1.15
fixed source-sink separation time 110

our new method

omEr)| 1 !—aAcA(HT) - —8ACA(75)}
. . . o\ NP Ct+71) C(t)
numerical cost = single fixed b =

src/snk separation t



An Improved Computannal Strategy arXiv:1612.06963

N umerical Implementation:

the “Feynman-HeIIman” propagator is given by

‘ _SFH y7 Zsyv )S(Z,.CB)

S(z,x) standard quark propagator off some source at x, to all z

['(z)  some bi-linear operator (can be constant)
e.g., 7y4 for the vector current

['(2)S(z,x) treat like a source to invert off of

NOTE: this is the same equation as appears in de Divitiis, Petronzio, Tantalo, PLB718 (2012)
can be traced back to Maiani, Martinelli, Paciello and Taglienti Nucl. Phys. B293 (1987)

Similar ideas in literature: Already used for new processes!
Chambers et. al. Phys.Rev. D90 [arXiv:1405.3019] (related to the topic of this workshop)
Chambers et. al. Phys.Rev. D92 [arXiv:1508.06856] Orginos, Radyushkin, Karpie, Zafeiropoulos

Savage et. al. Phys.Rev.Lett. 119 [arXiv:1610.04545] Phys.Rev. D96 [arXiv:1706.05373]
10



An Improved Computational Strategy — arXiv:1612.06963

Feynman-Hellmann correlation function Fixed src-sink separation

C(to)

0O Our Feynman-Hellmann method is similar to the Summation
Method, in which several calculations with fixed src-sink separation
times are performed, and the current is summed between the src

and sink

0O We sacrifice the flexibility to do any current insertion to perform the
sum over all current insertion times at the cost of a single fixed src-
sink calculation, providing access to short and long time separations

O The short time separation has exponentially better signal-to-noise,
allowing for a more precise determination (order of magnitude)

11



An Improved Computational Strategy — arXiv:1612.06963

Proton QN () Ny ()| O)

Ny = g Pyr @y (@, TT55C Y,
creation/annihilation K VIR P. Up ( ) 5 dpr)
operators ny — EijkP”yp u,; (uj an dﬁ)

Uy, 37)23;/ ug(y)ﬁg, (),
guark propagators a 1/

(QIN, (y) N (2)|82) =
srce SN snk i1’
nyfyl — eijkei’j’k’P’y’p’ 04/5/ [P F —I—P,yar }U UJJ Dﬁﬁ’
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An Improved Computational Strategy — arXiv:1612.06963

Proton - with FH propagator  (Q|N, (y) N, (2)|Q) @

down-quark -
O, = €ijpeinjin Py D50, [Py, D5 + P D32k U, U797 Dy
up-quark
C,Su — Ezﬂfezfjfklf)7 p/FS,ﬁ, [Pwl“fxnk + PWFS”’“] [Ur o Ué‘zy DBB/

i1 prl JJ
+UL UL DES|
up <down R
C};,;_/d — €i5k€i 5k [P FS -+ PWFS”’“} [Pfy/p/ 87;%/ -+ P,Y/B/FSCC,}

UL, DY

55,(U — D)"“‘c

NOTE: this method does NOT require any actual background field.
Instead, we have analytically determined the linear-response correlation

function
13



An Improved Gomputational Strategy — arXiv:1612.06963

Feynman-Hellmann correlation function Regular two-point function

0.70

0.68

What is spectral decomposition 0.6 f
of Feynman-Hellmann ?; 0.6l
correlation function?

0.62

0.60

0.58
0

t 14



An Improved Computational Strategy — arXiv:1612.06963

JO0 <t <t Jt <t <T) Tt =0) Tt =1t
—Ent Anm/2 =Bt Ao /2
Bt e e e e
n n+Em
Z J ZnZ3 . JT + h.c
y oF, J VAL, E,, T TG A Lndp o0+ z]: 2E.(eFi — 1)
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An Improved Computational Strategy — arXiv:1612.06963

JO0 <t <t Jt <t <T) Tt =0) Tt =1t
—Ent Apnm /2 —Ent Apmn/2
Bt e e e e
n . n*Em
7 T Z. 77 J' + h.c.
=" = hm dy = Z, 7% +he + 2,25 n
y oF, J VAL, E,, T TG A Lndp o0+ z]: 2E.(eFi — 1)

matrix elements of interest
goo — gA J = Q_L’}/g’}/5d

16



An Improved Computational Strategy — arXiv:1612.06963

JO0 <t <t Jt <t <T) Tt =0) Tt =1t
—Ent Apnm /2 —Ent Apmn/2
Bt e e e e
n n*Em o
7 T Z. 77 J' + h.c.
=" = hm dy = Z, 7% +he + 2,25 n
y oF, J VAL, E,, T TG A Lndp o0+ z]: 2E.(eFi — 1)

transition matrix elements

17



An Improved Computatlonal Strategy arXiv:1612.06963

@ NIIQ NIO NI V
O

JO0 <t <t) Jt<t <T)
~Ent A /2 _ ~Ept JApyn /2
e e € €
N(t) = Z [(t — 1)zngnnz;2 + dn] + Z ananT Apn /2 Apm /2
n srvememsm n+m cmniT memmm
7 . Zn 27 J +hec.

d, = Z, 2 +h.ec. +ZZTJQQ+Z ”(“ D

gnm

ok, ~ VAE,E,,

Zn

undesired systematic contamination, Il, I, 1V

contact terms

undesired time orderings

18



An Improved Computatlonal Strategy arXiv:1612.06963

@ NIIQ NIH@ NI V
O

JO <t <t) Jt<t <T)

e ~Ent  Apm/2 _ o= Emt oAmn /2

N(t)=> [(t — 1) 2ngnnzl + dn] "N 2ngnmal,

Amnl2 _ oD nm /2
n+m € /2 —e /

J.. Z. 7V JT L he.

7
N JiE E.. a0 Z E;(eBr —1)

NOTE: unigue time-dependence (t-1) of matrix elements of
interest. This allows us to cleanly isolate them in numerical
analysis

19



An Improved Computatlonal Strategy arXiv:1612.06963

@ NIIQ NIO NI V
O

JO <t <t) Jt<t <T)
~Ent AN /2 _ o~ Bt JApnn /2
e e € €
N(t) = Z [(t — 1)annn2;2 + dn] + Z ananT Apn /2 Apm /2
n n+Em € e —emnm
7 P Zn 20 JT + hee.

d, = Z, 2 +h.ec. +ZZTJQQ+Z “(“ D

Zn = nm —
N JiE E..

not immediately obvious, but at t=1, all terms cancel except contact +
wrong time-ordering terms

Ny(1)=") dje r

n

which allows us to estimate these contributions in a controlled way .



An Improved Computatlonal Strategy arXiv:1612.06963

S|multaneous flt to two pomt and Numerator correlatlon functlons

lO_‘Ié

0 e -6 o o o o <

0 1 2I 1IO
)

O Fit to numerator data yields
NS N consistent results
£S5 tagumel, e S —e e B 0 Numerator suffers from more

e 2 —e 2 excited state contamination
than Feynman-Hellmann
correlator

21



Comparison with a Standard Method

1.45

Subtract first excited state
contribution

19

Slides adapted from A. Nicholson
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Comparison with a Standard Method
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Comparison with a Standard Method
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Comparison with a Standard Method
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Our Recent Lattice QCD Galculation

arXiv.org > hep-lat > arXiv:1704.01114 Search or A

(Help | Advance

High Energy Physics - Lattice

An accurate calculation of the nucleon axial charge with
lattice QCD

Evan Berkowitz, David Brantley, Chris Bouchard, Chia Cheng Chang, M. A. Clark, Nicholas Garron,
Balint Joo, Thorsten Kurth, Chris Monahan, Henry Monge-Camacho, Amy Nicholson, Kostas
Orginos, Enrico Rinaldi, Pavios Vranas, Andre Walker-Loud

(Submitted on 4 Apr 2017)
HISQ ensembles

alfm] : m,[MeV] 310 220 135
0.15 16> X 48, m.L ~ 3.78 24 X 48, m,L ~3.99 32° x 48,m.L ~ 3.25
0.12 24" x 64, m, L ~ 3.22

0.12 243 x 64, m, L ~ 4.54 32° x 64, m,L ~ 4.29
0.12 40° x 64, m,L ~ 5.36

0.09 323 % 96, m,L ~ 4.50

25



Our Recent Lattice QCD Calculation

arXiv.org > hep-lat > arXiv:1704.01114 Search or A

High Energy Physics - Lattice

An accurate calculation of the nucleon axial charge with
lattice QCD

HISQ gauge configuration parameters valence parameters
abbr. Negg  volume “ mifms Mrs . Mz, L| Nee Lsfa aMs  bs Cs am}™  Osme  Nome
[fm)] MeV]
* aldm400 1000 16°x48 0.15 0.334 400 4.8 8 12 1.3 1.5 0.5 0.0278 3.0 30
* aldm350 1000 16°x48 0.15 0.255 350 4.2 16 12 1.3 1.5 0.5 0.0206 3.0 30
al5m310 1960 16°x48 0.15 0.2 310 3.8 24 12 1.3 1.5 0.5 0.01580 4.2 60
ald5m220 1000 24°x48 0.15 0.1 220 4.0 12 16 1.3 175 0.75 0.00712 4.5 60
aldm130 1000 32°x48 0.15 0.036 130 3.2 ) 24 1.3 225 1.25 0.00216 4.5 60
* al2m400 1000 24°x64 0.12 0.334 400 0.8 8 1.2 1.25 0.25 0.02190 3.0 30
*  al2m350 1000 24°x64 0.12 0.255 350 5.1 8 8 1.2 1.25 0.25 0.01660 3.0 30
al2m310 1053 24°x64 0.12 0.2 310 4.5 8 8 1.2 1.25 0.25 0.01260 3.0 30
al2m220S 1000 24°x64 0.12 0.1 220 3.2 4 12 1.2 1.5 0.5 0.00600 6.0 90
al2m220 1000 32°x64 0.12 0.1 220 4.3 4 12 1.2 1.5 0.5 0.00600 6.0 90
al2m220L 1000 40°x64 0.12 0.1 220 5.4 4 12 1.2 1.5 0.5 0.00600 6.0 90
al2m130 1000 48°x64 0.12 0.036 130 3.9 3 20 1.2 2.0 1.0  0.00195 7.0 150
a09m400 1201 32°x64 0.09 0.335 400 5.8 8 6 1.1 1.25 0.25 0.0160 3.5 45
a09m350 1201 32°x64 0.09 0.255 350 5.1 8 6 1.1 1.25 0.25 0.0121 3.5 45
a09m310 784 323 x96 0.09 0.2 310 4.5 8 6 1.1 1.25 0.25 0.00951 7.5 167
* a09m220 1001 48°x96 0.09 0.1 220 4.7 6 8 1.1 1.25 0.25 0.00449 8.0 150

* New calculation 26



Our Recent Lattice QCD Galculation

arXiv.org > hep-lat > arXiv:1704.01114 Search or A

High Energy Physics - Lattice

An accurate calculation of the nucleon axial charge with
lattice QCD

HISQ gauge configuration parameters valence parameters
abbr. Negg  volume “ mifms Mrs . Mz, L| Nsre Lsfa aMs;  bs Cs am}™  Oeme  Name
[fm)] MeV|
* ald5m400 1000 16°x48 0.15 0.334 400 4.8 8 12 1.3 1.5 05 00278 3.0 30
al5m350 1000 16°x48 0.15 0.255 350 4.2 16 12 1.3 1.5 05 00206 3.0 30
ald5m310 1960 16°x48 0.15 0.2 310 3.8 24 12 1.3 1.5 0.5 0.01580 4.2 60
ald5m220 1000 24°x48 0.15 0.1 220 4.0 12 16 1.3 175 0.75 0.00712 4.5 60
ald5m130 1000 32°x48 0.15 0.036 130 3.2 ) 24 1.3 225 1.25 0.00216 4.5 60
* al2m400 1000 24°x64 0.12 0.334 400 0.8 8 8 1.2 1.25 0.25 0.02190 3.0 30
*  al2m350 1000 24°x64 0.12 0.255 350 5.1 8 8 1.2 1.25 0.25 0.01660 3.0 30
al2m310 1053 24°x64 0.12 0.2 310 4.5 8 8 1.2 1.25 0.25 0.01260 3.0 30
al2m220S 1000 24°x64 0.12 0.1 220 3.2 4 12 1.2 1.5 0.5 0.00600 6.0 90
al2m220 1000 32°x64 0.12 0.1 220 4.3 4 12 1.2 1.5 0.5 0.00600 6.0 90
al2m220L 1000 40°x64 0.12 0.1 220 5.4 4 12 1.2 1.5 0.5 0.00600 6.0 90
* al2ml30 1000 48°x64 0.12 0.036 130 3.9 3 20 1.2 2.0 1.0  0.00195 7.0 150
a09m400 1201 32°x64 0.09 0.335 400 5.8 8 6 1.1 125 0.25 0.0160 3.5 45
a09m350 1201 32°x64 0.09 0.255 350 5.1 8 6 1.1 1.25 0.25 0.0121 3.5 45
a09m310 784 323 x96 0.09 0.2 310 4.5 8 6 1.1 1.25 0.25 0.00951 7.5 167
% a09m220 1001 48°x96 0.09 0.1 220 4.7 6 8 1.1 1.25 0.25 0.00449 8.0 150

* New calculation additional HISQ ensembles generated @ LLNL 26



220 310 350400

HH g~ 0.15 fm HH g~ 0.09 fm
i a~0.12 fm — 1.2723(23)

010 0.15 020 025  0.30
€r = My /(4T F})

Slide adapted from A. Nicholson




Extrapolations \

Dimensionless parameters:
lattice spacing, volume, pion mass

€, — mﬂ-L Cr —
“ A7t w% 47TF7T

e ChiPT: EFT expanding around m, =0

* best hope for model-independent extrapolation

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

* Taylor expansion works well for extrapolation/interpolation

Slide adapted from A. Nicholson




Extrapolations \

Dimensionless parameters:
lattice spacing, volume, pion mass
2

A F-

5 1 a?
E p—
“© A fwg

NNLO xP1':
NNLO-+ct ¥PT:
NLO Taylor € :

NNLO Taylor € :
NLO Taylor e, :
NNLO Taylor ¢ :

mﬂL Cr =

Eq. (88) + 60, + 5L
Fq. (S8) + cact + 68, + 61
Cy + (,‘.136.?T . 60, . 6L

Co +c-2€';2, +c4_e;1r + 8, +01,
Co+ C1e- +0q + 0L

2 - -
Co+C1C; +CaC +0q 0L

Slide adapted from A. Nicholson




Extrapolations \

Dimensionless parameters:

lattice spacing, volume, pion mass

€, = m,.L €r =
¢ 4 ’wg 47TF7T

2 2_2 4 2
0g = Qo€5 + byeies + aqe, + a1 Varme, + Soaga]

NNLO xPT: Eq. (S8) +6, + 6y,
NNLO-+ct xPT: Tq. (S8) +cac® + 6, + 61

NLO Taylor e?r Doy + (,'-263. +0, + 05,

NNLO Taylor €2 : ¢y + czei + c;_;_efr + 8, + 01,
NLO Taylor e, : ¢y +c1e- + 0, + 0p,

NNLO Taylor ¢, : c¢o+cre,; + cchr +04 + 01

Slide adapted from A. Nicholson




Extrapolations |

Dimensionless parameters:
lattice spacing, volume, pion mass

€ — mﬂ' v~
“ 47’(’ ’wg 47TF7T
g = G282 + bye2es + ases + [a1Vame, + spaga’] P =Y [Ko(x‘n‘) - K1<x||n|)
= xr|n
5. 8 51 3 3 F(a;)——§ZK1(x‘nD
L= 3&x 90 F1(mrL) + goFs(maL)| + faezFi(mgL) Fslz) = 2~ an|

Beane and Savage

Phys.Rev.D70 [hep-ph/0404131]

NNLO yPT: Eq. (S8)+d, + 4L
NNLO-+ct yPT: Eq. (S8) + cac® + 6, + 01,

NLO Taylor e?r Doy + (.‘-26.‘?‘. +0, + 05,

NNLO Tavlor €2 : ¢y + czei + c;_;_efr + 8, + 01,
NLO Taylor e, : ¢y +c1e- + 0, + 0p,

NNLO Taylor ¢, : c¢o+cre,; + cchr +dq, + 01,

Slide adapted from A. Nicholson




Extrapolations |

Dimensionless parameters:
lattice spacing, volume, pion mass

6 — mﬂ' v~
“ 47’(’ ’wg 47TF7T
0, = a283 + b453572T + a45§ + a1 Virme, + 32045043] A=Y [Ko(x‘n‘) B K1<:clrll)}
"0 rn
5. 8 51 3 3 F(a;)——§ZK1(x‘nD
L= 3&x 90 F1(mrL) + goFs(maL)| + faezFi(mgL) Fslz) = 2~ an|

3

Beane and Savage ga = go + (3267% — 672T (gO -+ 298’) In (6727) + goC3€x

Phys.Rev.D70 [hep-ph/0404131]

NNLO yPT: Eq. (S8)+d, + 4L
NNLO-+ct yPT: Eq. (S8) + cac® + 6, + 01,

NLO Taylor e?r Doy + (.‘-26.‘?‘. +0, + 05,

NNLO Tavlor €2 : ¢y + czei + c;_;_efr + 8, + 01,
NLO Taylor e, : ¢y +c1e- + 0, + 0p,

NNLO Taylor ¢, : c¢o+cre,; + cchr +dq, + 01,

Slide adapted from A. Nicholson
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NNLO xPT
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Continuum and FV Extrapolation

1 T gleCD (Eghys. 9 Ea) 1 - gf\QCD (e;?rhys.’ Ea)
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Model Average
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Model Average
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Model Average

d l 9;[\0(‘ nfﬁma —=0) ' model average
' ' NNLC Teylor

N3LO yPT

= NNLC xPT
- NLO Taylor ¢,

NNLC Teylor e

}_.____.__._..____.

1.10 7 i a =~ 0.09 ff'l — .QA(‘-"! a~ f_l Ug fm:

Poa~012fm  —— ga(ex.a~0.12 fm)
1.70 1 ¥oa~015fm —— gl a~015fm)

i1l

000 005 010 015 020 025  0.30 : 1.98

€r = My /(47 F;)

Fit 2 /dof L(D|M) P(Mg|D) Plga|Mp) NNLO xPT': Eq. (S8)+d, + 9y
_ NNLO xPT 0.727 22.734 0.033 1.273(19) NNTLO-ct XPT: Fq. (58) L C4€:Lr + 68, +0;
NNLOAct xP1T' 0.726 22,729 0.033 1.273(19) 5 0
NLO Taylor ¢ 0.792 24.887  0.287  1.266(09) NLO Taylor € : cp+ca6; +0a+ 0L
. 2 ‘ . R . 4 . .
NLO 'laylor e, 0.700  24.855 0.191 1.276(10)
NNLO Taylor e,y 0.674  24.848 0.172 1.280(14) .
average 1.271(11)(06) NNLO Taylor Cprt Cot+C1C; +CaCL +0q +0L

NLO Taylor e, : ¢y +cre- + 0, +0p
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Model Average
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Fit 2 /dof L(D|M) P(Mg|D)| Plga|Mp) NNLO xPT': Eq. (S8)+d, + 9y
_ NNLO xPT 0.727 22.734 0.033 1.273(19) NNTLO-ct XPT: Fq. (58) L C4€:Lr + 68, +0;
NNLOAct xP1T' 0.726 22,729 0.033 1.273(19) 5 0
NLO Taylor ¢ 0.792 24.887  0.287 | 1.266(09) NLO Taylor € : cp+ca6; +0a+ 0L
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Final result:\ g3 P = 1.2711(103)*(39)X(15)*(19)" (04)" (55)™

L1 model average
— =« NLO Taylor €2

NNLC Teylor

N3LO yPT

—~ == NNLC xPT
=« NLO Taylor ¢,

NNLC Teylor e

statistical

chiral extrapolation
a— 0

L — o0

1SOSpIn

model selection

total

Fit 2 /dof £(D|M) P(Me|D)| PgalMy)
NNLO xPT 0.727 22.734 0.033 1.273(19)
NNLO+ct xP1T 0.726  22.729 0.033 1.273(19)
NLO Taylor ¢2 0.792  24.887 0.287 1.266(09)
NNLO Taylor €2 0.787 24.897  0.284 1.267(10)
NLO 'laylor e, 0.700  24.855 0.191 1.276(10)
NNLO Taylor €; 0.674  24.848 0.172 1.280(14)
average 1.271(11)(06)

NNLO xPT: Eq. (S8)+d, + 0L
NNLO-+ct xPT: Eq. (S8) +cact + 8, + 0

NLO Taylor €2 : ¢ + 26> + 04 + 0L,
NNLO Taylor e?r e cze,z, + (,'46741. + 8, + 01,

NLO Taylor ey : ¢y +crex + 0, + 0

NNLOQO Taylor ¢, :  ¢p+ €16 + Cac> + 6 + 01




9ga

ga
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CONVErgence
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of the chiral expansion...
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convergence of the chiral expansion...

1.35 4 NNLO xPT

gﬁ\QCD(eﬂ_’ a= 0)

ghPe = 1.2723(23)

m, ¥4nF)

my ~ 130 MeV 220

310

1.35

1.30

1.25

1.20

€x = My /(4TFy)

N3LO xPT : 959 (ex, a=0)
| T 95PC = 1.2723(29)
_________________ ;
I --------------
I
I
I
— galex,a~ 0.15fm) B a~0.15fm
— galex,a~0.12 fm) HH a~0.12fm
—— galer,a~ 0.09 fm) H a~0.09fm
T T - T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

NNLO xPT

I
LO NNLO
NLO

400
can we trust extrapolation of quantities

with chiraly-enhanced behavior?
1f the single nucleon 1s not converging, would you
trust chiral extrapolations ot two or more nucleons?
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Our Recent Lattice QGD Calculation arXiv:1704.01114

ga

1.35 { model average g/L\QCD( €x,a=0)
T T ga¢ =12723(23)
1.30 - 4
i ; -
1.25 - = - e
= ="
1.20 i
1.15 —— 9galer,a~ 0.15 fm) ®  a~0.15fm
galer,a~ 0.12 fm) a~ 0.12 fm
1.10 - ga(er,a ~ 0.09 fm) a~ 0.09 fm
| | | | | |
0.00 0.05 0.10 0.15 0.20 0.25 0.30

€x =My /(4TF)

WEIGHTED AVERAGE

-1.2723:0.0023 (Error scalec by 2.2)

v

gp\ PDG
| ga=1.2723(23)

| \ ,

X
ﬁ MENDENHALL 13 UCNA 1.1
MUND 13 SPEC 38
< SCHUMANN 08 CNTH
/ MOSTOVOI 0! CNTR 08
LIAUD 97 TPC 25
P _T+— YEROZLIM.. 97 CNTR 116
) "—\T BOFP 85 SPEC 43

/ 238
d § (Confidenca Lavel = 0.0002)

~
e | | ~ — |

-1.29 -1.28 -1.27 -1.28 -1.25 -1.24

A= g‘A ‘/. gv

J All of our results (raw correlators, analysis results, LQCD code, etc.)
will be made available with the publication

[J Our result 1s statistics limited - paving the way for a determination of
ga, approaching the experimental precision

g 2P = 1.2711(103)*(39)X(15)*(19)V (04)! (55)M
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Neutron Lifetime...
[ there is a 4-sigma discrepancy: beam 7,°*™ = 888.0(2.0)s and
bottle 7,,°""'® = 879.4(0.6)s measurements of the neutron
lifetime, new physics (dark matter) or unknown systematic?

; | ', Czarnecki, Marciano, Sirlin~ _ _ 5172.0(1.0) s
arXiv:1802.01804 " 1+ 39124

arXiv.org > hep-ph > arXiv:1802.01804 Sezrch o1

' High Energy Physics - Phenomenology

The Neutron Lifetime and Axial Coupling Connection

| Andrzej Czarnecki. William ). Marciano, Alberto Sirlin

(Submitred on 6 Feb 2018 (s1), Jast revised 22 Feb 2018 (this sersion, v2)

Experimental studies of neutron decay, n — pelr, exhibit two anomalies. The first is a2 8.612.1)s. roughly 4 difference betwean the avarage beam measured

neutron lifetime, ti<" = §8¥.0(2.01s, and the more precise average trapped ultra cold nautron determination, 7, © = 879.4(6)s. The second is a S
differance between the pre2002 averzge axial coupling, g4, as measured in neutrcn dacay asymmetries g_':"’m' = |.2637(21), and the more recent,

post200Z, average g:o:tZ()()Z = 1.2755(11), where, following the UCNA collaboration division, experiments are classified by the cate of their most recent

; result. In this study, we correlate those 7, and g, values using a (slightly) updated relation r,(1 +323) = 5172.0(1.1)s. Consistency with that relaticn anc
better precision suggest 7} = §79.4(6)s and gi°c = 1.2755(11) as preferred values for those parameters. Comparisons of g{™¢ with recent lattice
OCD ard mucnic hydrogen capture results are made. A generzl constraint on exotic neutren decay branching ratios is discussed and applied to a recently
proposed solution to the neutron lifetime puzzle.



Our Recent Lattice QGD Calculation arXiv:1704.01114

LQCD

WEIGHTED AVERAGE

-1.2723:0.0023 (Error scalec by 2.2)

1.35 4 model average 95" " (ex,a=0) !
T gtPCé = 1.2723(23) f
& 9 | PDG
1.30 —\}_ \
= ' = (23)
] — ga = 1.2723(23
S > "i\ji_\ / N
1.20 - ﬁ S MENDENHALL 13  UCNA 1.1
1 271(13) —+=1=: - - - - MUND 13 SPEC 38
gaA — < , : SCHUMANN 08 CNTR
_ ~ | I MOSTOVOI 0! CNTR 086
115 9aler, a = 0.15fm) ® a~015fm | —— LIAUD 97 TPC 25
galer,a~ 0.12 fm) a~ 0.12 fm f \ _-—=—t— YEROZLM.. 97 CNTR 118
[ \_——— BOPP 86 SPEC 43
1.10 galer,a ~ 0.09 fm) a~ 0.09 fm / sag
| : | | | : ’/,;' | L (uolnﬂdence Lavel = 0.0002)
0.00 0.05 0.10 0.15 0.20 0.25 0.30 -1.29 1.28 1.27 -1.26 -1.25 -1.24
€x =My /(47F;) A=ga /gy

[d The success of this result was enabled through a few features of the calculation:

[dJ an improved strategy that can exploit exponentially more precise data at early

time and has demonstrable control of excited state contributions

[J an action with improved stochastic behavior, a very mild continuum

extrapolation, highly suppressed chiral symmetry breaking

access to a set of ensembles (MILC) that allowed for control over all standard
lattice systematics (physical pion mass, continuum and infinite volume limits)

ludicrously fast GPU code (NVIDIA)
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Our Recent Lattice QGD Calculation arXiv:1704.01114

1.25

1.20

1.15 -

1.10

model average g2%P(er,a=0)
T ) ghP% = 1.2723(23)
s

—— galer,a~ 0.15fm) ®  a~0.15fm
galer,a~ 0.12 fm) a~ 0.12 fm
galer,a~ 0.09 fm) a~ 0.09 fm

WEIGHTED AVERAGE

-1.2723.0.0023 (Error scaled by 2.2)

v

f\ PDG
| ga=1.2723(23)

| ,

X
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238

0.00 0.05 0.10 0.15 0.20 0.25 0.30

€x =My /(4TF)

[dJ The method 1s readily extended to

[J flavor changing currents

[J non-zero momentum transfer
[J multiple current insertions

[J multi-nucleon systems

(Confidenca Lavel = 0.0002)

-~
e I I Y — |

-1.29 -1.28 -1.27 -1.28 -1.25 -1.24
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T'he axial coupling of the nucleon from QCD
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~Some Lattice QGD Details

arXiv.org > hep-lat > arXiv:1701.07559 Search or Artic

(Help | Advanced s

High Energy Physics - Lattice

Mobius domain-wall fermions on gradient-flowed dynamical HISQ ensembles

Evan Berkowitz, Chris Bouchard, Chia Cheng Chang, M. A. Clark, Balint Joo, Thorsten Kurth, Christopher Monahan, Amy
Nicholson, Kostas Orginos, Enrico Rinaldi, Pavlos Vranas, Andre Walker-Loud

(Submitted on 26 Jan 2017 (v1), last revised 21 Sep 2017 (this version, v3))

HISQ ensembles

alfm) : m,[MeV] 310 220 135
.15 16° X 48, m L ~ 3.78 24° x48,m,L ~3.99 32° x 48,m.L ~ 3.25
0.12 24" x 64, m, L ~ 3.22
0.12 243 x 64, m L ~ 4.54 32° x64,m,L ~429 48> x 64, m,L ~ 3.91
0.12 40° x 64, m,L ~ 5.36

For the experts: 0.09 323 X 96, m,L ~ 4.50 48° X 96, m,L ~ 4.73

« Mobius DWF on HISQ: chiral symmetry in valence sector
e Gradient flow method for smearing configs
* Mres < 0.1 my for moderate Ls

» Leading discretization errors:
° HISQ O((Xsaz), MDWF O(a mres), O(az) 43




Some Lattice QCD Details

MObIUS Domaln WaII Fermlons on the dynamlcal Nf 2+1+1 HISQ
Configurations from MILC (freely available, multiple lattice spacings,
pion masses, etc., control of continuum, infinite volume, physical pion
mass extrapolations)

032 | | a15m310 | | 10 | | a15m310‘ | .
@ tyr = 0.2 § gf 0. 6 EE tyr = 1.0 @ tgr = 0.2 § tyr = 0.6 EE tyr = 1.0

0308 tyr = 0.4 I oty =08 1 Loor tyr = 0.4 I oty =08 I
0.28} _ 1.00 F
0.26 | % = o095}

3 .

S i

g

mef (1)

0.20 |-

NCRLUTTTL A BN fl

0‘18 1 1 1 1 1 1 1 1 0'75

4 6 8 10 12 14 16 18 0 2 4 6 8 10
t t
my ~ 310 MeV my ~ 310 MeV
100 T T T T T 125 T T T
L tgf =1.0 tgf =04
0.98 |- 120k % tgf =0.8 i tgf =0.2
® tor = 0.6
0.96 | : 1 Lo | ¢ty
O 1.5} a
: ¢ ;
- 0.94} & 1 K -
\ 1
N . g 1.0} },H - %} |
i 10.5 | ‘L’j i
0.90 | i
¢ a~0.09fm
0.88 | - ¢ a~012fm|] 10.0 |
B o~0.15fm
0.86 ‘ ‘ L . . 9.5 ! ! ! ! !
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
2
tyf (a/wo)
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Some Lattice QCD Details

MObIUS Domaln WaII Fermlons on the dynamlcal Nf 2+1+1 HISQ
Configurations from MILC (freely available, multiple lattice spacings,
pion masses, etc., control of continuum, infinite volume, physical pion
mass extrapolations)
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Some Lattice QGD Details
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