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Introduction

Motivation

Many experiments sensitive to axial and (induced) pseudoscalar form factors (FF):

® 3 decay ga
® p scattering GA(QQ)
® 7 electroproduction GA(QQ)
® radiative muon capture (RMC) gp
® ordinary muon capture (OMC) gp
® (low energy) N scattering grNN
® (low energy) NN scattering grNN
® 7 p and 7 d pionic atoms grNN
2 2
g5 = %ép(O.SSmi) grNN = Q21—i>r?m?, %GP(QQ)
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Introduction

Correlation functions

On the lattice, we calculate correlation functions...

CByi(t) = a® PPOR (x,t) O3%(0,0))
PPt 1) = % (0% (x,t) Oy, 7) O%(0,0))
° to fix three-momenta

(Wuppertal-)smeared three-quark interpolating currents at source and sink
® Current insertion O is A, = @¢y.7¥5q or P = ¢7ysq with flavor structure uu — dd
® Projection matrices Py = (1 + v0)/2 and T' (in our case T' = Pyv'ys, i = 1,2,3)
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Introduction

Correlation functions

On the lattice, we calculate correlation functions...

CEh(t) =d’ PYP(OR(x, )1 O%(0,0))
CEPO(t ) = af r*4(0%(x,)| 0y, 7)!0
° to fix three-momenta

~(0,0))

® (Wuppertal-)smeared three-quark interpolating currents at source and sink

® Current insertion O is A, = qy.7¥5q or P = ¢7ysq with flavor structure uu — dd

® Projection matrices Py = (1 + v0)/2 and T' (in our case T' = Pyv'ys, i = 1,2,3)

= insert complete sets of states to perform spectral decomposition
® use translational properties to shift currents to the origin

® evaluate FT (trivial)

to arrive at ...
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Introduction

Spectral decomposition

—Ept
oY B Ao € P
Chlt) = > PR (010X INZYNPIOR10) g+ .
—E_/(t—7) ,—EpT
4 & / O € P €
ChE (tm) = ) TP (0[O [N)) (NZIOR|0) e+
’ P

® up to excited states hidden in the ...

° <0|OJ’BV|N§) = \/Zpuly , determines the ground-state overlap
® FFs appear in the decomposition of the
(N3 |OINZ) = tptor J[Oup,o

AW = %35G(Q%) + 35Gr(Q7) a=v -»p
J[P] = 15Gr(Q%) Q*=-¢
But not all FFs are independent in the continuum (due to PCAC):
. my > oy @ A
Op A" = 2im,P = T GP(Q7) = Ga(Q) = 1 5Gr(Q)
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Introduction

Spectral decomposition

—Ept
_ apB B Ao € P
Chut) = > P OIOKINE NP IORI0) 55—+
—E_/(t—7) ,—EpT
p'p,0 _ af B nrP’ Pl A e P e
Rl (1) = 3 T 00K ING) (NEIOR 10— &
® up to excited states hidden in the ...
° <0|OJ’BV|N§) = \/Zpuly , determines the ground-state overlap
® FFs appear in the decomposition of the
(N3 |OINZ) = tptor J[Oup,o
AW = %35G(Q%) + 35Gr(Q7) a=v -»p
J[P] = 1:Gp(Q?) Q' =-¢
Next use the identity ) up olip,s = p+m
to arrive at ...
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Introduction

Extracting the ground state contribution

—Ept
e " Ep+m _
Czppt() ZpTr{P+(p+m)} 5F —I—...:prTe Ept_|-,,,
p o]

CEPE(t,7) = \/Zo\/ Zp Te{T(p +m)J[O)(p + m) } ©

7EP,<t7T)€7EpT

4E, Ep

® to determine the FFs we perform a simultaneous fit to the 2-pt and 3-pt functions

® the FFs (hidden in J[O)]) are directly used as fit parameters
— no overdetermined system of Egs., etc.

Traditional ansatz:

® use multi-exponential fits (taking into account some excited states)

® assume that the excited states in two- and three-point function are the same

In some situations this does not work very well. Why? )

Philipp Wein



Correlation functions in EFT

Correlation functions from EFT point of view

-1 [

0 0

® second line: e.g., for the vector current such contributions are not possible
® right and left: contribute to excited state contaminations
® center: contributes to everything
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Correlation functions in EFT

Correlation functions from EFT point of view

0 0 0
O 0 o
o 0Q ‘ oQ AL
g = =y
O~ 00— O Op To-g

® second line: e.g., for the vector current such contributions are not possible

® right and left: contribute to excited state contaminations

® center: contributes to everything

® lower center: this is a ground state contribution (PPD contribution to Gp and Gp)

® |ower left and lower right are the “bad guys”

see also PRD 99 (2019) 054506, PRD 100 (2019) 054507 (O. Bar)
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Correlation functions in EFT

EFT calculation: ingredients

Propagators:

SN(x):i/(d4q iaa__ 4+ ™

2m)4 G2 —m? +ie’

d4 . 6ab
ab __ gab s q iqx
Sx(x) =0 S’W(m)—z/(27r)4€ ¢ —m2 +ie’

Insertion operator vertices (at lowest order):

2
[ = Horve 3 - By = n
14" gay Y50 0 0= o,

———— = —2{F.Byd*

EIRE1

————— 2F, 81"

Interaction vertex:

(derivative acts on pion propagator)

Philipp Wein



Correlation functions in EFT

EFT calculation: smearing dependence

Source/sink operator vertices:

= V7o —-Van

\
\ .
P \/7—\111\;750 H:l:\/%#%UGWN

® nucleon isospinor Un: ¥, = (1,0)T and ¥,, = (0,1)7 (here: ¥,c°¥, = 1)
® in general Z, Z', Z, Z' are momentum-dependent

also dependent on masses, smearing method, smearing radii

for local currents (at lowest order)

S

» Vi
7 VZ

heuristic arguments: also holds for smeared currents with r¢y, < Ar = 1.41fm

S
Il

=1

ﬂ
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Correlation functions in EFT

EFT calculation: smearing dependence

Source/sink operator vertices:

= V7o —-Van

\
\ .
P \/7—\111\;750 H:l:\/%#%UGWN

® nucleon isospinor Un: ¥, = (1,0)T and ¥,, = (0,1)7 (here: ¥,c°¥, = 1)
® in general Z, Z', Z, Z' are momentum-dependent

also dependent on masses, smearing method, smearing radii

® for local currents (at lowest order)
a’=\/2/—1 a=VZ—1
A - VZ

heuristic arguments: also holds for smeared currents with r¢y, < Ar = 1.41fm

We will not make this assumption! Instead we will test it.
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Correlation functions in EFT

EFT calculation: warm up

insertion: A"

N / Paeiv / By e ) Y5 (2~ y)garPysSw () =

— _vaivz |2 —im-m) (4B ig (0B2 = - P Hm)gaytys(voF —y - P+ m)
27 27 (E2 —p2 —m? +ie)(E? — p2 — m? + ic)

_YV Z/\/ZefiEl(tf'r)efiET

S E2E (P +m)gavyys(p +m)

FT fixes three-momenta in propagators = only two integrations over energies remain
similar result as before (after t — —it, 7 — —i7, and taking the the trace with I')
ga instead of G 4(Q?) makes sense (we work at leading order in low-energy EFT)
where is Gp(Q?)?

p

/
= (5)  E-verm #-(5)  m-veew
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Correlation functions in EFT

EFT calculation: additional pion at the sink

insertion: A"

o . ) o i 0
N ZNZ [dBre P X [ g83yetP—P) y( ’ ) (—QFW—
\F/ Te / ye 2 5 3

Yu

Eo \ M
_ /Z/\/» dE2 e—iBa2(t—7) dEl o—iE1t (q2) v5(voE1 —7v - p+m)
E2—q?>—m2 +ic E? —p?—m2+ic

\% Zlf e~ (t— ‘r) —iBt,
=t oEE. s (p +m)

)8+e - w8 (@) =

calculation similar as on last slide

exponentials: nucleon from source to sink 4+ pion from insertion to sink
the pion has momentum q, the nucleon has momentum p

simple Dirac structure

E'-E Ex
q:(p’—p) Ti:(i( / ) Br= v —p)+m
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Correlation functions in EFT

EFT calculation: the non-trivial part

H

insertion: A"

[ [

vZ’ﬁ/d% e x/d3y67i<p7p/> ’ y‘/d4z

X Sn(z —2) [(—229?%’75 8(9”) (—2Fﬁ%)5ﬁ(z - y)} Sn(z) =

= gA\/?\/Z/—dE2 e_iE2(t_T)/—dEl e tET
2m

2

Eo—E1 \M( Ea—E1\"
(72a")"("5")" (oBa—~  p' +m)wrs(r0EL —v - p+m)
(B2 — E1)2 — g2 —m2 +iec (E2 —p? —m?2 +ie)(E? — p2 — m2 + ic)

calculation a bit more intricate (E1 and E» integrations are entangled)

at first: two poles in each integration

BUT: one pole in E> occurs when the poles in E; collapse to a double pole
analysis of the double pole case in E1 — no pole in E2 anymore

= 3 poles in total
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Correlation functions in EFT

EFT calculation: the non-trivial part

CF=O~ 00 00 —0—~{J
. 9aVZ'VZ by (P +m)yys(p +m)
2E'2F a @ —m2
_ gAVZ/\/Z() iExq(t T)(, iEt rH Y (p+¢++m)7y'y5(¢+m)
2E2FE, : + + (p+ ,,1+) —m?2
3 gA\/Z’\F Bt B b # +m)rvs(p +7_ +m)
2B 2B, - (' +7-)2—m2
® the three poles correspond to and 2 excited state contributions

® in the ground state contribution we can simplify

a L+ n;)v:z;(? +m) quq (' +m)ys(p +m)

this yields the leading ground state contribution to G‘p(QQ)
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Correlation functions in EFT

EFT calculation: the ground state result

After matching to the form factor decomposition one finds:

Ga=ga+ higher order
m2

Gp=ga——— oz + higher order

QQ
m

Q2

® important: we do not impose any of this

2

Gp=ga— S - —|— higher order

® we use the standard form factor decomposition for the ground state!

e it is obvious that higher orders in Q? are missing in the tree-level ChPT calculation
® — it is consistent to replace g4 — G'4(Q?) everywhere (also in the N7 part)

® this replacement yields the pion pole dominance (PPD) ansatz for Gp

® we will show later on that this is the superior choice (by far)
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Correlation functions in EFT

EFT calculation: the ground state result

After matching to the form factor decomposition one finds:

Ga = GA(Q’) + higher order
= m2
Gp=Ga(Q® )Q2 =3 + higher order
m 2
Gp = Ga(Q? )m o — ror—y -+ higher order

® important: we do not impose any of this

® we use the standard form factor decomposition for the ground state!

e it is obvious that higher orders in Q? are missing in the tree-level ChPT calculation
® — it is consistent to replace g4 — G'4(Q?) everywhere (also in the N7 part)

® this replacement yields the pion pole dominance (PPD) ansatz for Gp

® we will show later on that this is the superior choice (by far)
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Correlation functions in EFT

EFT calculation: the full three-point function

= take trace with T' = Pi = (H"’O)'y ~s and rotate to t — —it, T — —iT:

(p, Al vZ'vZ o~ F=7) =B | po'p CAE (t—7) —AET AB (b=7) —ABT
;’pﬁP}F =+ 2F" 2E U;zl An 1+ Bioe + Boie + Biie e

/ E' . . E . .
pearhan E (p . M) pesner B (p . W)]

oo _  NZVZ o~ E'(t=1) ,—ET p'p —AF (t—7) —ABT —AE(t=7) —AET
CSpt,Pi 7+2E/2E X Bpjr‘P 1+ Bioe + Boie + Bjie e

, E' m2 ) ; E m2 ; )
+6—AENW(t—7)E727:L’:e <c/pl+d1qt> 787AENWTE7;Z’; cp"’+dq”

® this is incredibly cool!

standard GS contribution:
Bp pAN = TI{P+ % + TH) [,‘// /)GA + Zm DGP] (p+ T’L)}
usual excited states: the B;; depend on channel, polarization and momenta

obtained from two-point functions
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Correlation functions in EFT

EFT calculation: the full three-point function

= take trace with T' = Pi = (H"’O)'y ~s and rotate to t — —it, T — —iT:

oipar VINZ o~ B/ (t=7) ~F plp _AE(t—7) _AE _AE(t—7) —AE
I toE2E " " BP}PAH 1+ Bioe ™+ Boie” "7 + Biie e Ak

£ E y ;
+e” - 7)E ‘(cp +dq> TE—'F‘,' (Cp”’+dq’>:|

ppP _  NZ'VZ B (t-7) ~ET o | gP'p —AE(t—7) —AET _AE(t—7) —~AET
apt, P =+—ms 95 2E © BPLP 1+ Bioe + Boie + Biie e
_ _n E m? _ E m? ;
(t—7) s S da' ) — T s ol dg'
+e —EW 72771[ cp +dg e —EW e cp +dg
® the Nw are fixed

® jts contribution to different channels and polarizations is related |[ry = (ia>
® we allow ¢, d, ¢/, d’ to be momentum-dependent fit parameters
= we can compare to the EFT prediction

o 2 ;. 2
¢ =2d —2Ga Qm?ﬂ: 2p)2 T+ J;m,, c=2a—2Ga Qmi(?”, i?p E - 4;m,, < sensitive to a, a’
p+7r4)2—m p+r_)2—m
'/
& =gy tmm + E) d= G, Amm + E) « parameterfree
Gt 2 RN
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Correlation functions in EFT

1.50 | —
¢ N202
1.25 N203
. | H ‘ 3 $  N200
= ) ¢ D200
£ “]OT‘W' -
& ¢ * [
ijm; # >|r¥+ l # |‘ $2 * ++ i
MR ARIEAE B 1 IS L
¢ N200
0.25
¢ D200 I
02 04 0.6 08 10 %0 01 0.2 03 0.4 0.5
Q? [GeV?) Q? [GeV?]
left:

® ratio of fitted result for d obtained from the fit and its EFT prediction
circles: using G4 (Q?); crosses: using ga

® it is absolutely clear that g4 — G'4(Q?) is the correct generalization to Q2 # 0
right:

® no clear signal for a’ (only small contribution to the correlator)

® remember: @’ = 1 is the leading order ChPT prediction ignoring smearing

® if anything, the smearing seems to increase the overlap with the N7 state slightly

® fun fact: for our kinematics this slightly decreased the overall N7 contribution
(because the smearing-independent part has opposite sign)
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Next: perform simultaneous fits to two-point functions and the ratios
’
p,p,O
C3pt T (t T)

2pt Py (t)

superior to the usual choice

p,0
Cgpflif (t7 7_) Cgpt Py (T)CQPpt Py (t)cgpt Py (t - 7-)

Cgp;t,P+ (t) Cgpt,l:’_', (T)Cgpt,P+ (t)c2ppt P+( - 7')

for various reasons:

maximal cancellation of correlations
(source and sink currents have same spacetime positions and phase factors)

no additional excited states from two-point functions at small distances 7 or t — 7

avoids negative values under the square root due to statistical fluctuations

price to pay: ground state contribution not flat anymore for p’ # p
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Correlation functions in EFT

r=p

0= -AZL

3
+

Oo=P, T

0.0 0.2 0.4 0.6 08 10 1.2
7 [fm]

0.0 02 0.4 0.6 08 1.0 1.2

7 [fm]

yellow, solid: ground state from our fit; gray, dashed: traditional ex. state fit

® top left: responsible for G4; does not give a damn about the N7 state

® |ower left: obvious strange behaviour perfectly fitted

® right: huge effect; traditional fits look reasonable but are completely off

Philipp Wein




Correlation functions in EFT

PCAC and PPD (approximately) recovered at data level

1.2 + 1.2 +
10 +}+*4.¢L'-b.b-‘uo b o & © 1.0 +}+b4 ‘l. PO Y | Y $ o
. L I - : % ** . T e % '.q'o"';
L/j ***,***, &5 A **%,***»***»**»*>
508 oy & 08 }F* 4
& J,( % f ¢ N202m, =411 MeV | & ¥+ & N202 m, =411 MeV
% $  N203 m, = 345 MeV ¢ N203 m;, = 345 MeV
0.6 & N200 m, = 284 MeV 06 & N200 m, = 284 MeV
* ¢ D200 m, =201 MeV * $ D200 m; = 201 MeV
04 ¢ E250 m; = 130 MeV 04 ¢ E250 m; = 130 MeV
0.0 0.2 . 0.4 ) 0.6 5 0.8 1.0 0.0 0.2 . 0.4 . 0.6 5 0.8 1.0
Q%+ m? [GeV?] Q%+ m? [GeV?]
2 2 ~ 2 ~
rrone = B OP@) + 5z Gr(@) o M Q)GR(@) 2
P = = PPD = =
Ga(Q?) 4m2Ga(Q?)
e standard fit (crosses = gray bands on last slide) = huge deviations at small m2
® new ansatz (circles = yellow bands on last slide) = both approximately satisfied
® remaining deviations from PCAC due to a effects
[ ]

note: PPD does not have to be satisfied... but experiment says otherwise

® previous subtraction method: only PCAC was recovered, while PPD was still violated
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Correlation functions in EFT

subtraction method revisited

previous method: [PLB 789 (2019) 666]
® choose subtraction such that p,(N|A*|N) = 0 is fulfilled
® choose corresponding subtraction for P

® can we combine this with our new method?

Philipp Wein



Correlation functions in EFT

subtraction method revisited

previous method: [PLB 789 (2019) 666]
® choose subtraction such that p,(N|A*|N) = 0 is fulfilled
® choose corresponding subtraction for P
® can we combine this with our new method? — yes, but it is not advantageous

0514 e
3 oz %‘»—, ,L—’—@“

LR 20

s e e LI - ;—;‘*&@m

33 T oio-e * +
02 \ 4JI:::.:_.:*Q'E ' o008 L. 150
B e - s S e & ] E

[hn] ’ ' o 7‘[%‘111] - ' ’ o T‘t%‘lll] -

>3
+

A,

(@]

® subtraction method removes the strange linear behaviour in Ay
® traditional fit + subtraction method: excited state effect overestimated in P
® EFT ansatz + subtraction method (red band): leads to consistent results

® But: removal of clear N7 excited state signal in Ao — larger errors
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Correlation functions in EFT

special case: zero momentum transfer, but p’ = p # 0 (on D201)

our formula predicts that
e A, Az, As are not affected at all by the N state
® Ay gets an excited state contribution o exp(—(EN + m,,/2)t) cosh(m,, (r— t/2))
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Correlation functions in EFT

special case: zero momentum transfer, but p’ = p # 0 (on D201)

our formula predicts that
e A, Az, As are not affected at all by the N state
® Ay gets an excited state contribution o exp(—(EN + m,,/2)t) cosh(m7r (r— t/2))

p' =p="20,0,1)" P’ =p=2(0,0,1)
@14 14
\ﬂ\ -
=12 (ana 5 A 12
;\A 1.0 1 1.0
[ %
— 08 = 08
< v '
{ 0.6 g 0.6
Il 04 0.4
)
0.2 0.2
U — 27 T
p'=p=7(0,0,1) p=p=0
14 14
B | et | L 12 et
I I
10 10
= 08 = 08
< <
|| 0.6 I 06
© 04 © 04
0.2 0.2
-0.6 -0.4 -0.2 0.0 0.2 04 0.6 —0.6 -0.4 -0.2 0.0 0.2 04 0.6
T —t/2 [fm] T —t/2 [fm]

Ratio normalized such that the ground state contribution directly corresponds to ga
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Correlation functions in EFT

N energies from the fit

"~ |crosses: our ansatz with AEpn, as free parameter

1.0
circles: standard ansatz with one excited state

eV]

o ! ¥ } "1‘ Ty + different energies in 3pt function
! L
B AEy AE: t AE lines: Enr = Ex(q) + En(0)
B N SN B BNy = Ex(a) + En(—q)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Q? [GeVY)

® N energies from the fit agree with EFT prediction
® we fix the N energies to the EFT prediction (fits are more stable)

alternative method: [proposed in PRL 124 (2020) 072002 by Jang, et. al]
® determine excited state energy from fit to Ay — apply it in other channels

® really cool idea! also recovers approximate PPD and PCAC
® difference: does not make use of the excited state structure

— larger statistical errors
— determination of G4 is affected
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Correlation functions in EFT

Form factor parametrization

~ am ~ m m2
=A =——-P =——7"_P
Ga (Q) Gp Q2 +m2 (Q) Gp me Q% + m2 (Q)
® now you can parametrize X(Q) (X = A, P, P) according to your wishes

® you have to use the same parametrization for all of them!
otherwise your parametrization itself will violate PCAC and PPD

® many possible parametrizations; dipole and z-expansion most common

X S D ST ole, 2P X = aXz2(Q)"  (z-ex
Q= gy e (@) ; (@ (=-exp)

5 = \/tcut + Q2 - \/tcut - tO
\/tcut + Q2 + \/tcut - tO

tewt = 92, to tuneable param.

® to get correct asymptotic behaviour in z-exp = 4 params. fixed — call it ZATIN=3)

Philipp Wein



Correlation functions in EFT

We can do better than that!

PCAC exact in continuum — obtain P from A and P

2

P(Q) = <1 + %)a(@) -2 r@

* P(Q) = A(Q) and P2(Q) = P(Q) corresponds to exact PCAC

e additional asymptotic constraint: ga M5 = gpr‘;,

® idea: assume P1(Q) and P(Q) as independent FF at a # 0
enforce P1(Q) = A(Q) and P2(Q) = P(Q) ata=0

® also possible when using z-exp

4+3

® we call fits using this technique 2P, !z etc.
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Correlation functions in EFT

Continuum, volume, and chiral extrapolation

for x € gx, Mx, aff we make the generic ansatz
& _a
r=x"x
& x x — 2 T 2
x(mx,mr,L) =ci + cagm” + c3dm
2 2 2
m — L myg m
+ci—L—e " o —— —_— ,
mxL miL \/myL

*(a,me,mi) =1+ a’ (d”f +dsm® + d§6m2)

* m; = (4m3k —m2)/3 from GMOR; om® = mj —m2; m*> = (2m%k +m?2)/3
® constraints from last slide can be implemented easily

e particular definition of A, P, and P
— we can use the same parametrization for all FF
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Results

Coordinated Lattice Simulations gauge ensembles

® over 40 ensembles (37 are used here)
® Ny =2+ 1 dynamical Wilson (clover) fermions

® open boundary conditions in time direction
— avoid topological freezing

2
oo~ M

—m

2
K

2m?

0.039 y,,
0.050
n

0.064
7 fin

0.076

0.086 fiy,

® multiple trajectories in quark mass plane
® wide range of lattice spacings 0.039fm < a < 0.086 fm

® large volumes (almost all ensembles have mL > 4)
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® simultaneous 1243 fit to all ensembles (x2 /d.o.f. = 0.83)
® dipole (12P) fit looks similarly convincing (even better x2 /dof. = 0.71)
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Results
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® simultaneous |24 3 fit to all ensembles (x2 /d.o.f. = 0.83)
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® dipole (12P) fit looks similarly convincing (even better x2 /dof. = 0.71)
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Continuum

Results

results: form factors
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® only statistical errors
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® note that A, P, and P have the same scale (perfect choice of prefactors...)
e fits with PCAC in continuum — error much smaller
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Results

Continuum results: PCAC and PPD

sl 2P 0 ) B 19P
243 1443
1.02
_____ | p4+4
1.01

TPPD

0.96
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fits without enforced PCAC in continuum:

® PCAC (left) and PPD (center) are satisfied within the (large) statistical errors

fits with exact PCAC in continuum:
® PCAC fulfilled automatically
® much smaller errors on rppp (right)
® possible deviation at small Q% up to some percent (depending on parametrization)
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Ma[GeV] W vt deseription
e Al A [24]  reanalysis of experimental data (year < 1999)
A1 1990
A2 # electroproduction; world avg. year <
A3 * electroproduction; world avs. year < 1999; HBChPT corrected
B [110] BNL, FNAL, CERN, and IHEP data:

various targets; RFG model; dipole an:

C [12]  reanalysis of v scattering data (from BNL [111], ANL [112], F'

AL [113])

c1 BNL data; dipole ansatz
c2 ANL data; dipole ar

c3 FNAL data; dipole ans:

ca combined analysis of BNL, ANL, and FNAL data; z-exp
D [114] v scattering; K2K (SciFi); oxygen target; dipole ansatz

E  [115] v scattering; MINOS; iron target; dipole ansatz

F [116] v scattering; MiniBooNE; carbon target; assuming RFG model; dipole ansatz
G [117] reanalysis of [116]; model and spectral function model; dipole ansatz
H (105 rcanalysis of MiniBooNE [116] and 7 electroproduction data
H1 MiniBooNE [116] data; dipole ansatz
H2 = clectroproduction data (from refs. (118-122)): dipole ansatz
H3 MiniBooNE [116] data; z-exp
Ha = electroproduction data (from refs. [118-122)); z-exp
I [(123] analysis of MiniBooNE [124] 7 scattering d
n dipole ansatz
12 p
] [125] reanalysis of MiniBooNE data [116]
n LFG model; dipole ansatz
L 32 LFG model + multi-nucleon reactions + RPA, etc., see [126]
K (32 24 1 DWF; RBC/UKQCD; a = 0.114 fim
L L 52 241 Wilson (clover) f 0.114 fm
M (53 2 Wilson (clover) fermions: ETMC: a = 0.0938 fm
:{" M1 dipole ansatz
H M2 M2 exp
(L N N [54] Ny =2 Wilson (clover) fermions; CE
1 o [ N +1+4 1 Wilson (clover-on-HISQ) fermions; PNDME; CE
e o1 o1 dipole ansatz
—a—i 02 02 exp
. : N P (60 2 Wilson (clover) fermions; RQCD; subtraction method; CE; z-exp
H Q (3 241+ 1 Wilson (clover-on-HISQ) fermions; PNDME; a = 0.0871 fm;
. i Q N state; z-exp
R work; Ny =2+ 1 Wilson (clover) fes : RQCD;
e R1 full resolution of Nx state: CE
=2 o] ! R2 R1 dipole ansatz
R2 z-exp




T id ref.  description
exp A

A [13)  RMC on calcium; g}, = 6.5(1.6)g4

point in plot obtaind by multiplying with g4 = 1.27
B (14, 15) RMC on hydrogen; TRIUMF; updated value from [16]
C [16]  OMC world avg. (year < 1981)
D [17]  OMC in hydrogen: Saclay: updated value from [16]
E (18, 19) OMC in hydrogen gas: MuC,

ap

[22]  HBCHPT: M from v scattering: assun
G (23]  HBCHPT: M4 from 7 electroproduction

24

25

suming gy = 13.0

HBChPT; M, from v scattering; assuming g, 13.10

covariant BChPT (EOMS); M, from v scattering: assuming g nx = 13.21 [131]

J [30] Ny =2 DWF: a=0.116 fm; dipole ansatz
K (32] +1 DWF; RBC/UKQCD; a = 0.114 fm; dipole ansatz
L [40] Ny =2 Wilson (clover) fermions: RQCD: CE; EFT ansatz

corrected by missing factor of 2

M Ny =2+ 1 Wilson (clover) fermions; a = 0.114 fm; z-exp
N Ny =2 Wilson (clover) fermions; ETMC; a = 0.0938 fm; dipole ansatz
O [54] Ny =2 Wilson (clover) fermions; CE; EFT ansatz
P [55) Ny +1+ 1 Wilson (clover-on-HISQ) fefjpions; PNDME; CE ansatz
Q [60] Ny =2 Wilson (clover) fermions; RQCD; subtraction method; CE; z-exp
(=) i P R (73 Ny=2+1+1 Wilson (clover-on-HISQ) fermions; PNDME: a = 0.0871 fm
(es) i Q takes into account N state; z-exp
i s This work; Ny 1 Wilson (clover) fermions; RQCD:
i R full resolution of N7 state; CE
o s1 dipole ansatz
rY s2 z-exp
2 4 6 s 10 12 14

my A 2
ﬁGp(O.BSmH)
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gnNN

T i ref. description
exp ;. A
i s| A 034 =N scattering; PWA
i .| B [135-137) np. pp scattering; PWA
? C C (138, 139] =N scattering; PWA
. D| D [140] N scattering; PWA; GMO
i E E [141) np backward cross section
i F o [142) N scattering; PWA; DR
- F .
h G [143] p and =™ d pionic atoms; G
* G H [144] p and =~ d pionic atoms; G
n H 1 [131] ~p and =~ d pionic atoms; GMO
¢ 3 [145] N scattering; DR
h 1 .
{ n CERN data
; Y TRIUMF data
| N K [146] N scattering; PWA; DR
o K L [147-149) p and =~ d pionic atoms; GMO; including third-order ChPT corrections
» L M [150) np, pp scattering; PWA
77777777 T8 M N [32] + 1 DWF; RBC/UKQCD:; a = 0.114 fm; dipole ansatz
latt { N| o 2 Ny =241 Wilson (clover) fermions; a = 0.114 fm; z-exp
! ol P B3l Ny =2+1+1 Wilson (clover-on-HISQ) fermions; PNDME; CE; EFT ansatz
' Q This work; N =2+ 1 Wilson (clayer) fermions; RQCD:
i . f
(re) : ! il resctution of Nn states on

e Q a dipole ansatz
—— Q2] g
i Q2 zexp

6 s 10 12 14 16 18

- = lim
g=NN Q2—>—m2 4mF7r

™
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Summary

Summary

. 0
0.0 0.2 0.4 0.6 0.8 1.0 0.00 0.04 0.08 0.12 0.16 0.20

Q? [GeV?] Q? [Gev?]
® understanding of pion pole enhanced excited states using EFT
® —; reliable extraction of axial and pseudoscalar form factors
® improved continuum limit by implementation of PCAC at a = 0
® we find the PPD ansatz to be fulfilled (possible deviations up to ~ 1% at small Q?)
® g% consistent with MuCap experiment (OMC) and ChPT determination

® we can add to the smaller vs larger M4 controversy (but not resolve it)
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