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Motvation

] Various observables — with little or no experimental data — and we’d like to know how well we can
predict them (Uncertainty Quantification — UQ)
] neutrinoless double beta-decay (Ovfp)
] nucleon and nuclear EDMs

] hyperon-nucleon, NNN, YNN interactions
L)

[Double beta decay]

EDMTTI\JDM EDM I lM DM

] Ovpp — what 1s the importance of the short-distance contribution to the nn—=pp(ee) amplitude

Cirighano et al. PRC 97 (2018) [1710.01729 . —
Cirighano et al. PRL 120 (2018) [1802.10097 z E j ks

Cirigliano et al. PRC 100 (2019) [1907.11254
known (predictive) unknown coupling (LEC)
] Can we predict everything we need using just lattice QCD (LQCD)?

OR - do we need to rely upon extrapolating the LOQGCD calculations to the physical pion mass?

] How eftective are our Eftective (Field) Theories (EF15)?



Motvation

] Historically — LOQCD and EF1" (yP1') have a very symbiotic relationship

] EF1 was necessary to extrapolate LOQCD results to the physical pion mass
(and assisted with infinite volume extrapolation and continuum extrapolation)

] In turn — unknown low-energy-constants (LLE.Cs) would be determined through the extrapolation
LLECs are universal — determine them in one quantity, predict another

[ <2013 : EFT was necessary to extrapolate LQCD results to mP™
O > 2013 : LQCD calculations carried out @ mP™* for mesons

0 > 2018 : LQCD calculations carried out for simple nucleon quantities @ mP"™*
(but precision of final result still aided by results at heavier m_)

1 > 202X : LOCD calculations of two-nucleon systems carried out at m}?hys

for the foreseeable future — it will be necessary to extrapolate NN results to mP™*
how rehiable are those extrapolations?
does the power-counting change as a function of m_?



Motvation

O Can we map out the convergence pattern of our EFTs versus m_?

O m_myg, F_, Fp: MILC Collaboration has demonstrated that SU(3) XP'1' prowvides a
qualitative, but not a precise quantitative description at m, & mfhys

C. Bernard, GD2015 [1510.02180]
O Fp./F_.=1.1934(19) |[FLAG 2021] — 0.15%b uncertainty
O roughly speaking: NLO ~20% — N?LO ~ 4% ,N°LO ~ 0.8%, N*LO ~ 0.16 % §&

O Relying upon SU(3) XP'1" to achieve this precision 1s not realistic...

O Msg: SU(3) heavy baryon XPT (HBXPT) is not a convergent expansion @ mP"™*
LLHP Collaboration [0806.4549| — baryon spectrum
PAGS-CGS Collaboration [0905.0962] — baryon spectrum

NPLQGCD Collaboration [0912.4243] — meson-baryon scattering lengths



Motvation

O I believe SU(2) baryon XPT (w/o A) is most likely not convergent at m"*
O Based on LOQCD results we have generated since ~20183
O What can we do with LOQCD to conclusively show this 1s true or not?

O If this is true — what does it mean about NN EFT (with pions) @ mP™*?

O [t seems to me, this would essentially invalidate the convergence pattern ot NN as well

O It 1s possible that adding explicit A degrees of freedom (dot) will restore convergence
O lesting this requires more LOQCD calculations including
O zN scattering in the A resonance region

O N — A transition matrix elements



Motivation
O Betfore discussing LOQCD results

discuss 1n high-level detail various extrapolations needed for LLOQCD
this will highlight the symbiotic relationship between LOQCD and EF1 1in general

and hopetully give you a teeling for the complexities of the systematics we aim to control



Chiral, Continuum, Infinite Volume Extrapolations

] LOCD calculations must be extrapolated to the continuum and infinite volume limits and extrapolated/
interpolated to the physical quark-mass limit (in order to compare with experiment)

] To carry out these extrapolations — very usetul to define small, dimensionless parameters that
parameterize the various eftects
] usetul if the parameters are defined 1n terms of quantities that can be “measured” in the calculation

m da e _mﬂL 1

= € om0 N —_ —
* A4nF “ 2wy 1 (m, L) : 2’1’

chiral continuum infinite volume



m

Chiral Extrapolations: ¢, = —
Al

T

] yP1 (and its extensions)
] systematic description of low-energy hadronic/nuclear physics about m_ = 0 limit
[ theoretical truncation errors scale (in principle) as € if one has worked to O(e”)
[] there may be additional small/large scales that invalidate this power-counting, eg. A = M, — My,

] all quark mass (pion mass) dependence 1s explicit

] Nearly all quantities of interest are known to 1-loop order
(loop order and €-order are often not synonymous)

] Precision matrix elements: need 2-loop order
known for most simple quantities
unknown for some quantities of 1nterest (particularly involving nucleons)

10



e =T

(m, L)

Infinite Volume Extrapolations: s, ~

] Finite Volume (FV) ettects are easily incorporated in yP1" (and its extensions)

[] inherently IR effects — to large extent, separable from short-distance eftects (LECs)
1e. the leading FV corrections to observables does not depend upon (unknown) LECs

] FV eftects are not universal — they depend upon the quantity

] Determined by considering T — oo limit at finite L

2By, [ d*%k i 2B, ( dky 1 Z i
TR et k2-m2 0 F? | 2z L3 =~ (ko — ) (ko + @)
2By

=l Emﬂ) + 8, 1(m,, L)| _
2 = - i d
m Ki(|n|m_L 2 ~lilm, L 1

= 2By e} [In| —= | +4 ) I(Ll o K(l7ilm,L) = 5= 1+O<|fi|mL
e o |n|m,L \/|r_i|mﬂL _ )

] Theleading F'V corrections from such pion-loop eftects provides a good qualitative estimate for m_L > 3.5
For the precision of LOQCD results for many quantities, 2-loop corrections are needed for accurate

determination of FV corrections — CGolangelo, Durr, Haeteli, NPB721 (2005) [hep-lat/0503014|




Continuum Extrapolations: ¢, = —

2WO

] The continuum extrapolation can be carried out 1n at least two ways
I. For fixed quark mass, take the continuum himit of a given quantity
2. Perform a simultaneous extrapolation in €, and €,

] In practice, 1. 1s challenging to carry out

[] as one varies the lattice spacing, choosing input parameters that hold eg. the pion mass fixed 1n
physical units requires fine-tuning

] holding the physical volume fixed 1s nearly impossible — small volume corrections will get mixed in
with continuum extrapolation (which will also have small changes in the quark mass mixed 1n)

] For both options, the first step 1s what 1s known as the Symanzik Expansion (an EF1):

] Expand the discretized lattice action for small lattice spacing, a, about the continuum limit

] organize the operators in a series expansion in powers of a

(0 Q)
LOCD _ 4 cpQCD 4 4 - -
FLeED = g2 pLPCD Z,d s SR G Operators of mass-dimension 4+n

n=1
. . 12
Wilson coethicients



Continuum Extrapolations: ¢, = —

2WO

] Symanzik Expansion: example of Wilson fermions

SLOD = a4 3" ()| 1,D, + my| win) + a* Y FmD,D,y(n) + D) = == [ Ut + )~ Ut —

a

: Wilson Operator
] Things to note:

] Wilson Operator breaks chiral symmetry
] UV momentum modes, p ~ n/a, lead to an additive mass term that scales like 1/a

] Symanzik Expansion (after EOM to remove redundant operators)

| I
SLOD = | @b o) |1,D, + mo + m| W) + a ey W), G p) + 756G+ 0@

] One fine-tunes m, such that m, + m. gives a small quark mass
] One can (usually does) add an operator like cgy, to remove the O(a) eftects
] Lorentz violation begins at O(a?): eg. azl/_/(X)}/ﬂDﬂDﬂDﬂW(X)

(Lorentz symmetry 1s an “accidental” symmetry of LOQCD) E



Continuum Extrapolations: ¢, = —

2W0

[] Including discretization errors in yP'I' — Sharpe and Singleton, PRD 48 (1998) [hep-lat/9804028]

] Perform Symanzik expansion for a given lattice action

] Map the operators, including higher dimensional ones into a chiral Lagrangian using spurions

” |
SEOCD — | d%x w(x) [yﬂDﬂ + my + mC] w(x) + acgy p(x)o,, G, p(x) i G,G, + O(a?)

2 2
ff%PT—F—Tr D YD >1 +F—Tr 2ByM X" + (2ByM,)'S ) + aTr (2Wycsy =" + QWycew)'2) + OM?, aM,, a*)
e i A 0"q 0"q 0“SW 0“SW gess g

] NOTE:

] The mixed discretization - quark mass eftects can be significant

] unlike quark mass effects — the LECs parameterizing discretization etfects have implicit dependence

upon the lattice spacing (In(a) eftects from radiative gluon corrections)
14



dcale Setting versus dimensionless ratios

] The optimal way to perform an extrapolation 1s in terms of a dimensionless quantity, formed from a ratio
of two dimensionful ones, 1t necessary — why?

] Example of recent scale setting I was involved 1n: Miller et al (Gall.at) PRD 103 (2021) [2011.12166]

] Used Q-baryon mass, combined with what are known as a Gradient-Flow scales w, #,

orig orig
HH - Gog Qo9

imp imp
HH Qg Qg

1.50

:)

Py
o~
ot

phys _phys
0 T i SR

T
o
oy

[ xpt_n3lo_FV_F |

orig orig
G19 HH Qg5

imp imp
G19 HH a5

wO,orjng

w, Z %
iy, 7720 )

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
D 9
€. =a /(QwO,OHg)

1.550
Fé-( aOGUF? S%hys) a’l?(lFa SI})?hys)

1.525
aos(Ip, s5) T4 a1s(lr, i)

T

[ xpt_n3lo_FV_F |

0.00 0.02 0.04

0.06 0.08

e it o B

ap9 /fm aoe /fm
0.08196(64) 0.05564(44
0.08632(65) 0.05693(44
0.08789(71) 0.05717(51
0.08730(70) 0.05691(51

alg/fm
0.10788(83
0.11735(87
0.12126(87
0.12066(88

scheme  aj5/fm
to.orig/a” 0.1284(10
to.imp/a® 0.1428(10
wo,orig/a  0.1492(10
wo,imp/a 0.1505(10

N— e e
S N AN A N
N N AN 2 N A

womg = 1.4483(82)° (15)X(45)%(00)" (26)P™5(18)M  /tgmgq = 1.2051(82)%(15)X(46)%(00)" (21)P™*(61)M
— 1.4483(97) —1.205(12),
% = 0.1709(10)*(02)*(05)(00) " (03)***(02)™ % — 0.1422(09)* (02)X(05)(00)" (02)Pw¥s(07)M
— 0.1709(11), — 0.1422(14) ,

wy ¢ 0.64%0 uncertainty
a : 0.66 — 0.90% uncert.

aMpy

a
the most significant uncertainty often comes from «

Vo : 0.98% uncertainty
S V=S S /sl e Tl

= Mgz|MeV]

and 1t introduces a correlation between all ensembles

Oup,/aMp = 0.2 %

>—i—< aoe ang ai2 "i“ a15
&S
W 1.35 \fmﬂ
2 0,018
. {xpt_n3|o_FV_F} o
B
W
o =30
E
oin
< 1.25 -
= G
\ﬁ \/t m
i Q
1.20 H& L ijﬂ
0.000 0.025 0.050 0375 3.1'00 0.125 20.1'50 0.175 0.200
€, = a /<2w0,orig>
,_é_( a()(j(lF, S%hys) CL12(ZF, S%hys) ;F
015 (i, sB) B anslle, )
1.35 - . e

¥
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dcale Setting versus dimensionless ratios

[] It Scale Setting introduces dominant uncertainty, what about forming a dimensionless ratio?
My — My

47TF , MQ ’

T

woM

] The problem with such options is that each other quantity also depends upon the pion mass

] LECs are pion-mass independent
we can not ignore this pion mass dependence as it would pollute our determination of LECs

[ ] A choice that 1s possibly the easiest to control the systematics for 1s a quantity for which we have a
P. y . . y | . Y
ocood understanding of the chiral corrections — F_ (plus €, and FV corrections)

B 5 2
F =F {1 + eg(zg — 1ne,%> + €7 (Zln%,% + (&, + 2lne + &), — 21;;) }

16



dcale Setting versus dimensionless ratios

] Side-bar — for this expression — Ananthanarayan, Bynens, Ghosh, EPJC 77 (2017) [1703.00141]
2( jr 2 4 S ) 237 e 7T
Fea=21F { S €ﬂ<l4 = ln€ﬂ> R 5 (Zln S (G 2 e e e 214) }

we have set the dim-reg scale 4 = 4zF_, which 1s not a static quantity

Beane, Bedaque, Orginos, Savage, PRD 75 (2007) [hep-lat/0606023]
However, corrections from this choice arise at a higher order — the NLO log induces an NNLO term

We can correct for this, such that the error made does not appear until N3L.O

Miller et al., PRD102 (2020) [2005.047935]

First, start with y = 4xF " et : . _
Mt a2 e o 1+2e,§<zg—1neg> +0(eh
(4rF)? (4rnF,)?* F? ! ;

=Ine? + 26%(1_2 — In 67%> + O(e)
then LECs still defined at y = 4=nF

1%



dcale Setting versus dimensionless ratios

] Side-bar — for this expression — Ananthanarayan, Bynens, Ghosh, EPJC 77 (2017) [1703.00141]
2 77 ) 4 5 9 ro g < o
r,=r { I+ €n<l4 —In €n> T €, (Z In"e7 + (1 A+ 2)ne, # (- 20

we have set the dim-reg scale y = 4zF,, which is not a static quantity

Beane, Bedaque, Orginos, Savage, PRD 75 (2007) [hep-lat/0606023]

1€ log induces an NNLO term

However, corrections from this choice arise at a higher order — tl

We can correct for this, such that the error made does not appear ugtil N3LO

Miller et al., PRD102 (2020) [2005.047935]

First, start with y = 4xF 2 S == . b5 -
n—= =Inf —=% =V _ine2+In|1 ok (zg _In e,%> + O®eh
(4rnF)? (4rnF,)?* F? F= ]

=1lne’ + 26;%(1_ ~In 6%) + O(e;)
then LEGs still defined at y = 4zF o

1%



dcale Setting versus dimensionless ratios

[] It Scale Setting introduces dominant uncertainty, what about forming a dimensionless ratio?
My — My

47Z'F : MQ :

T

wo My,

] The problem with such options is that each other quantity also depends upon the pion mass

] LECs are pion-mass independent
we can not ignore this pion mass dependence as it would pollute our determination of LECs

] A choice that 1s possibly the easiest to control the systematics for 1s a quantity for which we have a
ocood understanding of the chiral corrections — F_ (plus €, and FV corrections)

B 5 2
F =F {1 + eg(zg — 1ne,%) + €7 (Zln%,% + (&, + 2lne + &), — 21;;) }

[] Then perform simultaneous extrapolation of

to determine LECGs describing M),

18



T'he extrapolation of a few quantities and tests of convergence

O M,
l:]Mn—Mp
Jg,

[] zN scattering lengths

19



My vs m,

[ The nucleon mass is known through O(m?) in SU(2) HByPT

McGovern, Birse PRD74 (2006) [hep-lat/0608002] el
] Generically g
2 2 3 4 i — 47Z'Fﬂ
My = My+A, —€24¢,—€> ];gA el (a4 + f,1n E]%) +é€ ( ng (1 + 4 1n €§)+a5> i O(eg)] _Z_ Cy
o 13
Al
LO NLO N-LO N°LO N*LO (2-loop)
[J Note:

[J N?LO term is LEC-free (if we take g, from other results) and negative and has a large coefficient
[J N*LO term has an even larger coefficient as well In e? enhancement (that is negative)
[ If we study My/A,, the known chiral corrections to F, contribute at N3LO, then N°LO

(even powers of €_only)

[ How does this compare with LOQCD results?

20



My vs m,

37gs 37gs
My = My+A, —€24¢,—€> 2 -ed (a4 + f,In 67%) + € -

1 +4Ine?)+a:s |+ O(e?
T N T T N ( 71') 5 (71')

N3LO — m?, with g4=1.2(1), gan=0 Walker-Loud et al. (LHP) PRD79 [0806.4549] My =aY + o m,
T g4=12(1), gan=0 16
(%) BT
P 004} 14+ A
% 03é % | & .
= S 1l G
<z 2 = | 7
= = o<
I I I
0.0 —=—==". J e
i 1 0.0 0.2 04 0.6 0.8 i
00 02 04 06 os my | (V2 7 f) Y00 02 o4 06 08
my [ N2 7 fo) my | N2 7 fo)
] m_2= 300 MeV, both extrapolations have good y*/dof

] Ruler Fit (physical point not included): My ~ 800 + m_ [806(14) + 0.984(49)m_]

] m_1s clearly too heavy to draw conclusions — how does 1t compare to more modern results?

21



M N (GGV)

My vs m,

My = cyév + c/lv My
1.6 . |
/
i "4
1.4 B (’,/ Z _|
u ”:ﬁ/(' ' . |
//,’.4'- 1.300 -
10+ -
. 0.850 -
0.8 | | | |
0.0 02 0.6 0.8

my | QN2 7 fo)

my [MeV]

1300

1250 ~

1200 ~

1100

1050 ~

1000 ~

950 1

900

850

Callat (under analysis)

= 806(14) + 0.984(49) m,,

= 800 + m, MeV

= N’LO SU(2)
HBXPT

T T T T
0 100 200 300 400

m, [MeV]

[ Ruler line 1s the same (x-axis 1s not quite the same)

] Note the large am_ correction (

50C

2=
a“m;

) In new results

g2



My vs m,

1300

(OWhat are the lessons? Sk = 806(14) + 0.984(49) m_
: : : = 800 + m,, MeV
[J Nucleon mass goes up while leading non-analytic e s
correction goes down — My, results want small g4 1150- " HBXPT =
[J Need simultaneous fit of My, g, to stabilize Sl
; ; - Z 1050 +
O OQCD seems to conspire to produce linear in m,, S

1000 -
behavior (, /1, ,) o

900 -

(] T'his requires strong cancellations between different

orders — not a sign ot a healthy expansion o 100 20 i 30 100 00
m, (Me

Callat (under analysis)

O At mP™s, the series is converging

[J Adding explicit A makes the convergence worse
non-convergent? need more LQCD results

4

3
2 ZgA (1+4Ine;)+as |+ O
S

3mo2
Al I€4(a4+ﬁ4ln€]%)+€5

My = M+A, | —€24c,—¢
N 0 Y T | D T



M, — M, vsm,

(] In order to compute strong-1sospin breaking quantity, like M, — M,

md#mu

one can use 1sospin-symmetric sea-quarks and split the quark mass in the valence sector
T1burzi, Walker-Loud, NPA 764 (2006) |hep-lat/0501018]

Beane, Orginos, Savage, NPB 7638 (2007) |hep-lat/0605014]

Walker-Loud, [0904.24-04|

“Symmetric breaking of isospin symmetry”

[ [
mif’zg = my, mza e = my — (S, mga, enee s my -+ b

Zu,d, = /DU;L Det(D —+- my — 57'3) G_S[U,u]

0° —S[U
— /DUM Det(D + m;) det (1 (D—I—ml)2> e SUu]




M, — M, vsm,

(] In order to compute strong-1sospin breaking quantity, like M, — M,

mg #m,,

one can use 1sospin-symmetric sea-quarks and split the quark mass in the valence sector
T1burzi, Walker-Loud, NPA 764 (2006) |hep-lat/0501018]

Beane, Orginos, Savage, NPB 7638 (2007) |hep-lat/0605014]

Walker-Loud, [0904.24-04|

“Symmetric breaking of isospin symmetry”

[ [
mif’zg, = my, mza e = my — (S, mga, enee s my -+ b

Zu,d = /DU;L Det(D —+- my — 57'3) G_S[U,u]

> /DUM Det(D + m;) det (1 > e—SWUul  Isospin symmetric quantities: error (O(§)

Isospin violating quantities:  error ((§°)

(

de Divitiis etal JHEP 1204 (2012)

see also
de Divitiis etal Phys.Rev. D87 (2013)



M, — M, vsm,

[ The iso-vector nucleon mass is known through O(m;) in SU(2) HByPT
Walker-Loud [0904.2404|

g 6g1 + 1
5Mi =M, —-M,=064 ay |1 > ezlne’| + Bye?

] Compare with LLOQGD results, Brantley et al [1612.07733]

[]single lattice spacing

5M(672T40, 5ens) 5‘/\4(631_207 é‘ens) 5M(€;lr907 5ens) 5M(€727407 5ens) 5M(€;1T207 5ens) 5M(€;Lr907 5ens)
+ 5M(672r40, 5phys) 5‘/\4(&&207 é‘phys) 5M(€;lr907 5phys) + 5‘/\4(67%407 5phys) (5‘]\4(&1;207 5phys) 5M(6;lr90, 5phys)

[] 3 pion masses

3.0F
% m;—m,
: S —— ] 3 values of 6 = :
x 20l []scale setting with mg,

. . . | | | . | . hys ...z
0.00 0.05 0.0 015 0.20 0.00 0.05 010 015 0.20 D determine 6P™° with kaon mass
e T A - T A ) o o
R e splitting (after removing

HByP'T prediction Taylor expansion (polynomial) estimated QED corrections)
[ shift data to 5P™* for plot "




3.0F

S M?, /MeV

2.0

0.00

M, — M, vsm,

posterior |

g, =1.1552) [1.3

HByP'l prediction
5M( 240 5 ) 5M( 420 5 ) 5M( 490 5 )
"*" 240 5phy 5 M 420 6phy 490 5phy
0.10 0.20
ea— (5 LA

[Jprior g, from PDG

[Jprior g, from LOCD result

prior

[Jprior g, “agnostically”

(2.0)]

|

g, =1271(13)  [1.271(13)]

logGBF
65.088

065.817

g4 = 1.2754(13) [1.2754(13)] 65.064

relative weight w, = e

logGBEF,
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HByP'l prediction

5M(€72r407 5ens) 5M(6;1T20, 56118) 5M(€jlr907 5ens)
|-}-| 6M<€72T40, 5phys) |_§_| 5M(€;lr207 5phyS> |_§_| 5M(€j1r907 5phys)

3.0F
-
D)
=
o= 95}
=
o
2.0
0.00 0.05 0.10 0.15 0.20
0.5
o |
04}
O
E 0.3:—
.-
|S 0.2
s T
S o
=
S ®)

0.0

convergence 1s tolerable

SMS /MeV

M, — M, vs m,

Taylor expansion (polynomial

5M<672.‘.407 5ens) 5M(6§1T207 56118) 5M(€jlr907 5ens)
+ 5M<€72T4075phy8) |-§-| 5M(€;lr2075phys) + 5M(6;1T907 5phys)

Bayes Model Average

B\ PT
T Taylor

Bayes Model Avg PDF
() (@) — — —_
N 2

s
N
SF

e s e e

SM?. /MeV

Sy = 2.43(13)°(26)(18)°(04) ™"

Model  y*/dof logGBF weight

3.0F
220
2.0F
0.00 0.05 0.10 0.15 0.20
1.0 |
T =
|
L 05 |
a |
'@g . :
o 00 : : :
.. I i I I
3 = oM /o) : : :
. % —0.5}F n ) ! | |
Eﬁ | oMy oMy | | |
S [|mmm oMye/sMY| l l
00 o1 o2 I )

convergence 1 not very good

HByPl  0.347 65.088
Taylor 0.786 63.993

0.749
0.251
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5M( 240 5ens) 5M( 420 5ens) 5M(€§T907 5ens)
5 M( 240 5phys 5 M( 420 5phys) 5 M(engO, 5phys)

@\\

=

n p T
[JWhat are the lessons?
6g; + 1
55;_’"“ =M,—M,=04 ay [1 8A2 e 1n 67%] + py €2 9
e
(J Leaving g, unconstrained returns large value of g, =
The LQCD results prefer a large coefficient |
(0’ The LOGD results also favor HByP'l' over the Taylor
(polynomial) approximation o
[J Definitive ruling of one model over the other requires 0.00

results at m_ < 240 MeV

(] Interesting to note that this 1so-vector mass 1s related to
the CGP-odd pion-nucleon couphng arising from a QUD

O-term

0.05 0.10 0.15
€7 = (mﬂ/AX>2

0.20

28



gA

ga

ga

Use various “models” to extrapolate

135 4 NLO Taylor € 94%P(er,a=0)
= T ghPG =1.2723(23)
.
1.25 - t \I\
1.20 i
1.15 —— 9a(exr,a~0.15fm) M a~0.15fm
9aler,a~ 0.12 fm) a~0.12fm
110 galer,a~ 0.09 fm) a~ 0.09 fm
I I I I I I
0.00 0.05 0.10 0.15 0.20 0.25 0.30
€x = My /(47 Fy)
135 4 NNLO xPT g% (e, a=0)
T 94°% =1.2723(29)
1.30
l:c:
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Final result
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Use various “models” to extrapolate
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Final result
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The numerical results “do not like yPT” -
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convergence ot the chiral expansion...
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O The a12m130 (483 x 64 x 20) with 3 sources cost as much as all other ensembles combined
2.5 weekends on Sierra — 16 srcs Walker-Loud L (Call
O Now, 32 srcs (un-constrained, 3-state fit) e e (GalLat)
PoS CD2018 [1912.08321]

0 We generated a new a15m135XL (483 x 64) ensemble (old a1 5m1 30 IS 323x 48) :

OMzL = 4.93 (old MzL = 3.2)
DLS —_ 24, Nsrc — 16
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Chang et al. [arXiv:1805.12130] on GPU machines at LILNL
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blefold a15m130 is 323 x 48) )
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model average
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ghDG = 1.2723(23)
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O e e e s
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Il other’'ensembles combined
Walker-Loud et al (Call.at)
PoS CD2018 [1912.08321]

O We have 2 additional pion masses (180, 260) and a 4th finer lattice spacing, a=0.06fm @ Mz = 220, 310 MeV

0 We anticipate improving ga to ~0.5% — we need to address the radiative QED correction to make this useful %



convergence ot the chiral expansion...
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0O Chiral corrections to ga from SU(2) HBXPT(4) at the

physical pion mass

N"LO LO NLO N2LO N3LO
NZLO | 1.237(34) -0.026(30) 0.062(14) N
N3LO | 1.296(76) -0.19(12)  0.045(63) 0.117(66)

PRELIMINARY 2019

| =806(14) + 0.984(49) mx
1200 - — 800 —I_ mﬂ- Mev

1150 - —_ NNLO SU(Z)
% - HBXPT

0 100 200 300 400 50(

my [MeV]

O Worth noting - 1f you use SU(2) HBxPT(A)
and force the delta-axial couplings, the value
of the pion-nucleon sigma term 1s also large

O large Nc gives de-coherent nucleon and delta
loop corrections to ga, but coherent to M

O SU(2) HBxPT(A)has a chance of being a
converging expansion - but it won’t be pretty
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O We need LOQCD results with A to study convergence of
SU(2) HByPT (A) — zN scattering
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O Worth noting - 1f you use SU(2) HBxPT(A)
and force the delta-axial couplings, the value
of the pion-nucleon sigma term 1s also large

O large Nc gives de-coherent nucleon and delta

loop corrections to ga, but coherent to Mx
O SU(2) HBxPT(A)has a chance of being a

converging expansion - but it won’t be pretty
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7N scattering atm, ~ 200 MeV

N
= I'/}(lv > hep-lat > arXiv:2208.03867

High Energy Physics - Lattice

[Submitted on 8 Aug 2022 (v1), last revised 7 Feb 2023 (this version, v3)]
Elastic nucleon-pion scattering at m,; = 200 MeV from lattice QCD

John Bulava, Andrew Hanlon, Ben Horz, Colin Morningstar, Amy Nicholson,
Fernando Romero-Lopez, Sarah Skinner, Pavlos Vranas, André Walker-l.oud

Nucl. Phys. B 987 (2023) 116105
O Exciting 1n 1ts own right
OStepping stone towards NN (at this light pion mass)
Om_ 1s ight enough that
Othe A 15 unstable
Ooptimistic that EF 1" could be convergent-1sh
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Elastic nucleon-pion scattering at Mz = 200 MeV trom lattice QCD

O Various 1rreps used to determine the spectrum

d A | dim. | contributing (2J, £)"cc for lyax = 2 .
""""""""""""""""""""""""""""""""""""""""""""""" Nrm
(07070) Glu 2 (170) 5
6.5 . - :
Glg 2 (17 1)
Hg 4 (37 1)7 (57 2) §6.0 .
Hi=roia (3,2), 5,2) < P I =R ol e
G ) (5,2) M55
(0,0,n) | G 2 () e ) e e (B = (5 ) B
Gy | 2 (3,1), (3,2), (5,2)° so) 1=1/2
O,n,n) | G | 2 | (1,0),(1,1), (3,1)% (3,2)? (5,2)3 . : : :
( ) 1,0), 1,1), 3, 1), 3,2)7, ( 3 G1al0) Gi(1) G(2) G(3) G1(4)
(n,n,n) | G 2 (LD S ) 3 e B e (S S P (5 22
= s (3,1), (3,2), (5,2) .
F2 1 (37 1)7 (372)7 (59 2) 75 : 5
[=35/2 E i3
Note: the gray bands and E | imm- - W §I --------- o -
. i
oreen energy levels are =0 } I : . ; ST
: ; ¥ 3
correlated, which 1s not o ! ;
. . ' 3 $
reflected visually 1n the plots A
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Elastic nucleon-pion scattering at Mz = 200 MeV trom lattice QCD

OFV Spectrum to Scattering Amplitudes [Luscher, ... many others]
det[K "N Eym) — BY (Eem)] + O(e ™) =0

O K proportional to the K-matrix

O B° (Fem) is the “Box Matrix” that encodes information about the finite-volume and BCs

O Solving this expression 1s equivalent to looking for poles in a coupled-channel scattering
amplitude

Ofor a single channel

.  Epis 1
pcotd—ip =0 — pcotd o /&1_1)1:0 Z o 4azA | =0
il<a [1]" ===




Elastic nucleon-pion scattering at Mzr = 200 MeV from lattice QCD [2208.033867]

OFV Spectrum to Scattering Amplitudes - spectrum method comparison - resulting amplitude

/2 7

03/2+

0.0 0.5 1.0 1.5

(qu/mW>2

[=3/2 fit using s- and p-wave

approximation

2.0

2.9

251 | s
P I N
N S v
™ 00 =S b ST
(,O \
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O O  Gy(1)
Jen e —2.9
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’ 1 1 I-.- 1 1
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open symbol: contributes to single partial wave
closed symbol: contributes to both partial waves
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Elastic nucleon-pion scattering at Mz = 200 MeV trom lattice QCD

O Results tor scattering lengths and eftective Delta-resonance parameters
mAa

ma = 1268(17) MeV  —= =6.257(35),  gann = 14.41(53)
70
Sy i 1925
mra, ~ = —0.2735(81), mray ~ = 0.142(22), S %
- HH  Andersen et al. 2018
4 } 13501 HH  Silvi et al. 2021 L
H\Ndo 1 + % -4 This work
X =)
4 13001
O - { E ) 4
1250-
Physical point
4 This work
05 HH Fukugita et al. 1995
N @O HH  Lang and Verduci 2012 40
& | Y HH  Silvi et al 2021 ]
S 00 . |
* =
—0.97 f 1 £ %
l — l l () +— . . .
139 206255 500 Toll 139 2006 200 2380

my (MeV) m, (MeV)



Compare with yP'l

O '|'he formula for the scattering length are known at 4th order in the chiral expansion (w/o A)

O'|'hey are expressed 1n terms of what 1s called scalar and vector scattering lengths

3/2 _ = o6 =
At NLO. these are giVGIl by O Hoferichter et al, 1510.06039, Hoferichter et al, 1507.07552
’ O Fettes, Meissner [Steininger]| [hep-ph/9803266] hep-ph/0002162
myra 2[NLO] = —¢2 g des S (g3 +8(J)} COMPARISON of C = mN * (2cl - c2 - ¢3)
. "1+ 2 my " order pheno D200 Fit
I e. A nlo 0.300(24) 0.048(62)
mwa(l)/z[NLO] = {1 =or— 80)} , n2lo  -0.019(24) NA
L+ p + my n3lo  0.244(29) NA
C — MN(ZCI = C2 s C3)
m m D200 __ D200 __
e e D200 _ () 1759(12), P20 — (0.2102(19),
drkF My

ePhys — (0.12064(74), 1PYs = (0.14875(05)
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Compare with yP'l

O '|'he formula for the scattering length are known at 4th order in the chiral expansion (w/o A)

O'|'hey are expressed 1n terms of what 1s called scalar and vector scattering lengths

3/2 = 1/2 =
At NLO. these are giVGIl by O Hoferichter et al, 1510.06039, Hoferichter et al, 1507.07552
’ O Fettes, Meissner [Steininger]| [hep-ph/9803266] hep-ph/0002162
3/2 y 2T exr Ny [ 2 COMPARISON of C = mN * (2cl - c2 - c3)
MGy [NLO] = 1 (gA == 80) , _ .
=) 2 my order pheno D200 Fit
I e. A nlo 0.300(24) 0.048(62)
mwa(l)/z[NLO] gty {1 o= 80)} , n2lo  -0.019(24) NA
L+ p + my n3lo  0.244(29) NA
m, (MeV) mﬁacl)/ ) mﬁag/ :
This work 200 0.142(22) ~0.2735(81)
LO yPT 200 0.321(04)(57)  —0.161(02)(28)
LO yPT 140 0.159(02)(19)  —0.080(01)(10)
Pheno. (isospin limit)|27] 140 0.1788(38) —0.0775(35) 39




Outlook

[0 There is a growing body of LQCD evidence that SU(2) baryon yPT is not converging @ mP™*
] nucleon mass: convergent — adding A may make it marginally convergent
[ g.: not convergent — adding A may make it convergent
[ 7NV scattering lengths: seemingly very different @ m_~ 200 MeV than @ mPhYs

[ We are gearing up to perform LOQCD calculations with A-dot to be able to determine all relevant LECs with
LOQCD results and not have to rely upon phenol-extractions
] This will likely take 2-3 years
[ This will enable a QCD determination of the convergence pattern ot SU(2) baryon yP'1" (A)

[ What additional observables/tests would you like to see to settle this convergence/non-convergence of SU(2)
baryon yP17?

] It SU2) baryon yP'1" is non-convergent — what does this mean about NN EF1" with dynamical pions?
] It seems to me that this would invalidate a critical foundation of *“chiral EF 1™

[J We (the community) often present EF'1" as better than models
] This is true — provided the EFT 1s converging fast enough (it at all)
1 LOCD 1s maturing to the point where we can really map out the convergence pattern/radius of nuclear EF1s
] This scrutiny 1s essential for us to truly quantity our EF'1" uncertainties 40
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