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Introduction: Physical point simulations

® Advantage: No chiral extrapolation needed, i.e. one systematic error eliminated

® Problems:
O Numerically demanding

O Signal-to-noise problem

O Significant impact in correlation functions of multi-particle-states
involving light pions ! Excited state contamination in physical observables

® ChPT can be used to estimate this multi-particle-state contamination:
B.Tiburzi 2009; OB and M. Golterman 2013

O Nucleon mass
O Nucleon axial, scalar, tensor charge

OB, Lattice 2017
O Moments of pdfs

O Nucleon axial form factors



Example: Induced pseudoscalar form factor Gp(Q?2)
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® Plateau estimate data below exp. results and pion pole dominance model



Example: Induced pseudoscalar form factor Gp(Q?2)
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® Plateau estimate data below exp. results and pion pole dominance model

® LO ChPT predicts underestimation due to Nzt contamination

Can be removed analytically = better agreement with exp./ ppd model



Outline

® In the following: Impact of the Nz contamination in the
O 3-point function involving the temporal component Ao
O pseudoscalar form factor Gp(Q?)

O generalized Goldberger-Treiman relation (PCACkr)

Details: OB,PRD 99 (2019) 054506
OB, arXiv:1906.03652 [hep-lat]



The nucleon form factors

Matrix elements of local isovector axial vector current and pseudoscalar density
isospin symmetry assumed

IN (', S)IAR(0)IN(p,s)" = A(p',s') !!5Ga(Q?)# ils O 5,07 ;u(p,S)

axial ff induced
pseudo scalar ff

O.CL

(N (p',s)[P“(0)IN (p,s)) = GTP(QQ)U(ID’, s')75 5 u(p, 8)

pseudo scalar ff

Momentum transfer Q, = (iEp' ! iEp,b) b=p'' p p'=0

euclidean space time chosen here



Lattice determination

® Compute 3-pt function,e.g.  Cs 43(Y4,t,1) = " 1 vy (Ny (b, t) A5 (Y, t')N- (0,0))

Current / Density at ¢’ .Y
Nucleon interpolating fields at ¢, 0
Projector I'

Caaz(B.41)  Co(ly,t! t) Ca(b,t) Co(D, 1)
C2(O1t) C2(O1t ! tl) CZ(q’t) CZ(q’t!)

® Ratio with 2-pt function R, (f,t,t') =

® Consider limit ¢, ¢, t-t’" ©00: Ru(g, t,t) " ! ,(b)
_ i 2\ Gp(Q?)
()= ¢ En c(Mu + En ) (Mn +:N,q)GA(Q) 3K | Mn Clscko/,k:1,2,3
_ % . Mu ! Enge ooy
o(l) = ! En c(Mn F En ) Ga(Q7) + Mn Gp(Q°)
| b () = | s Gp(Q?)

2EN g(MN + Eng)

® Extract the form factors from the asymptotic values ! ,(f), p=0,1,23,P



Lattice determination

® In practice: finite time separations ¢ and ¢’

Ru(b,t,t) ! G (Q%t,t), X = AP, P

® The effective form factors contain excited-state contributions and depend on ¢, t’
G% (Q%1,1) = Gx(Q%) 1+1x(Q%Lt)
! 0O for t’! 00

® Dominant excited state for physical pion mass and large time separations:

2-particle N states

1% (Q%,1,t') can be computed in ChPT



ChPT including nucleons

® SU(2) ChPT at LO Gasser, Sainio, Svarc 1988
isospin symmetry, euclidean space time

> ©

contains the three pions and the nucleon doublet !

i _
L® = BATY 15" #,87 | nucleon-pion
21: . vertex

Ua axial charge f pion decay constant

® Low energy constants at this order: ga, f, MN, Mx
experimentally well-known

® Also known: chiral expressions for

O axial vector current and pseudoscalar density
Gasser, Sainio, Svarc 1988, Fettes et al2000

O nucleon interpolating fields (local and smeared)
Nagata et al 2008; Wein, Bruns, Hemmert, Schafer 201 |; OB 2015



Nt contribution to the form factors

® To do: Compute 2-pt and 3-pt functions and the ratio R, in ChPT

® Example: Feynman diagrams for the 3-pt function

--------
- ~

Loop diagrams: . —— = = + - - . “u
= —s = = ¢ * = = * ¢ -
— . = e - N * —=n
Pt s ~\\
—e ® o—=n —e ¢ *—= —e ¢ * u
-------- .  —
Tree diagrams: = ¢ = " a = .

® Obtain N contamination to

the ratio Ry, the effective form factors, and the plateau / mid-point estimates
N

practically the same



3-pt function with Ao

Often quoted:
3pt-function and ratio involving the temporal component Ag are

@® statistically too noisy

® affected by large excited state contamination

= Ao data usually excluded from the determination of the form factors

2nd statement is confirmed by the ChPT results for the Nt contamination !



Numerical data for 3-pt function with Ao

Numerical examples:
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Ra, (8,1, t") shows a nearly linear dependence on ¢! (for fixed b, 1 )

note: no plateau estimate



N7t contamination

Cau=o (0. t,t) = C3 -0 (b, 1, ) + C3lio (B, L 1)

ChPT results/observations:
qZ
® Perform the non-relativistic expansion Eyn y = My + N + ...
and find \

1
C?’?‘,p:o = O( W) C?’?!;i:o =0(1)

# Nzt contamination is “O(MNn)-enhanced” compared to single N contribution

® Dominant contribution from the tree diagrams .. . PO

with a low-energetic pion

@ Relative sign between the two contributions
# Nt contribution reproduces the observed linear behaviour !



N7t contamination

Ra, &0 { e+ from Baliet al
i . arXiv:1810.05569
04}
' M, | 150 MeV
0.2l I MLt 347
B i 2||
N ol = T
gl t1 1.06fm
0.2+ —— ChPT (nofit!)

(t! t'/2)[fm]

» ChPT reproduces the almost linear time dependence

» Very good agreement for all times !
Expected: Reproduce the slope in the middle of the plot (if at all...)

ChPT works much better than expected. Why 2!



N contamination in Gp(Q?)

fort =2 fm, ¢’ = 1 fm (midpoint estimate)
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104 ¢ Qﬁ/ GGVZ for ML =6 (e.g. PACS coll.)
o Gﬁ'at overestimates by = 5% (no visible O? dependence)
OB 2018

~plat . .
® GE¥ underestimates by =~ 10% - 40% depending on momentum transfer

® Ggat underestimates for 02 < 0.06 GeV?2 (up to = -20% )
overestimates for Q2 > 0.06 GeV2 (upto = +50%)



N contamination in Gp(Q?)

PACS plateau estimate data

for normalized form factor
independent of Zp

GR™ (Q%, Qi ) ! GE™ (@%.1)

fortr=1.3 fm

Gglat (Qrzef ! t)

® PACS data

- pion pole dominance model

Q°[(GeV)?]

® Data underestimate ppd model result for small Q2
overestimate ppd model result for larger Q2




N contamination in Gp(Q?)

fort= 1.3 fm
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® Data underestimate ppd model result for small Q2
overestimate ppd model result for larger Q2

® Remove the LO ChPT Nx contamination from data ! much better agreement
surprising since t = 1.3 fm



Generalized Goldberger-Treiman relation

PCAC implies a relation between the three form factors (also called PCACsr relation):

Q2

oGP (Q0) = 2mgGe(Q?)

2My Ga (Q?) !

In general it is violated badly by lattice estimates,
e.g. the ratio

Q? GF(QAY) , 2mg GEH(QY)

rest 2,'( =
pcac (Q7,1) IMZ GSH(Q2,t)  2My GE'(Q2,1)

is typically < 1 and Q?-dependent

Bali et.al.2018
Gupta et.al. 2017

Plot from
4 Gupta et.al.,, PRD 96 114503 (2017)
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Generalized Goldberger-Treiman relation

PCAC implies a relation between the three form factors (also called PCACsr relation):

Q°
2Mp Ga (Q?) ! Gp(Q%) =2mqGp(Q?)
2M N
Plot from
Gupta et.al.,, PRD 96 114503 (2017)
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Impact Ni-state contamination on Fecac

ChPT result PACS data and ChPT, r=1.3 fm
1.0; ‘I.O}
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® ChPT result for Nzt contamination predicts rhay. (Q2,t) < 1

® Good agreement with PACS data even for small source-sink separation ¢t = 1.3fm

® Dominant source for Pas. (Q%,1) < 1: : Large Nt contamination in Gp(Q?2, 1)



Summary

® LO ChT predicts significant Not contamination in
O 3-point function involving the temporal component Ao
O pseudoscalar form factor Gp(Q?)

O generalized Goldberger-Treiman relation (PCACkr)

® Preliminary conclusions:

O Deviations lattice results " exp./ phen. data

probably due to Nm excited states
needs to be corroborated with more data

O (Much) larger source-sink separations needed to extract form factors reliably

® Outlook: Analogous calculation for vector current form factors



Backup slides



N contamination in Gp(Q?)

fort=2fm, ' =1 fm (midpoint estimate)

el 2 !
IN'(Q2 1t = GPG(P(%Q’;[,)'[ ) |1
M, L
A 3
A 4 open: NR Limit
A 5 filled: NR limit + 1/MN
A 6

Qz/ GeV?



Impact Ni-state contamination on r;

ChPT result PACS data and ChPT, r=1.3 fm
ot=1 i ¢ NmChPT
e t=2fm e— PACS data
0?/[GeV]? 0?/[GeV]?

Q2 + M !2 G:IeDSt(QZ! t)
AM3Z  GSSY(Q3?,t)

r5¥(Q% 1) =

® ChPT result for N7t contamination predicts r$3'(Q%,t) < 1

® Good agreement with PACS data even for small source-sink separation ¢t = 1.3fm

® Dominant source for r$3(Q?,t) < 1:Large N7t contamination in Gp(Q?2 1)



Impact Nr-state contamination on 7.

ChPT result
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PACS data and ChPT, r=1.3 fm
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® Poor agreement with PACS data

stt(QZ’ t)



Impact Nrt-state contamination on PCACkr
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N7t contamination in the correlation functions

3-pt function: Cau(h, t,t) = Cg'j\',u (q,t,t!)|+ Cls\l;l (b,t,t)

= Cayu(b,t,t) 1+ Z,(b,tt)

!

: computable in ChPT
2-pt function: analogously

Ratios: Ru(b,t,t)="1 () 1+Z,(b,t,t)+ %Y(q,t,t!)

!

from 2-pt functions



N7t contamination in the correlation functions

Zu(q,t,t!) E au(q)e" FEQ.E)(T ) 4 —au(q)e" PE O — tree diagrams

+ ! h.(f,p)e !t EOPE ) 4 (g, pye ! E@Dt N

P loop diagrams
+ Cu(q,p)e" PEQO.p)(tT )" P E(,P)T /

p

Energy gaps: ' EO,) = E/ y+ Eng ! Mn
' EO,p)= E/ p+ Enp ! My
PEM!=E y+M! Eng

Non-trivial results of the ChPT calcultion: The coefficients in Z,



N7t contamination in the correlation functions

Example: Coefficients a; from the tree-level diagrams

! E, q ,corr 1
a = q + ——a +0O0 —
()= gl )+ a1 +0
NR Limit: = »(b) = ! LR (&) = 1
L b2 'T2 k=3 2Ef 4! &
Relevant result for approximate ! g!
Correction: _ |
aCO_rT — | - : | aC(ZI’r - = : |



ChPT: Single nucleon contribution

M
[ = [ * | B .
2-pt function 3-pt function
2\ — 2\ — 2 YA
$ Ga(Q%) = 0a Gp(Q°) = 4 MY

Q2.|_ M!Z



Nt contamination in Ag correlator

e+ from Baliet. al.
arXiv:1810.05569

M, I' 150 MeV

M,L! 347

— 2"
ol = -

t! 1.06fm

— t! 1.06fm

Much larger t values needed to get the true plateau ( N contribution ) !



Results

fort=2fm
- plat 2 4+
I o ¢ 09 o° goo o eo0 o 0 g oo ° %0 § GA (Q ’t_me) | 1
’ Ga(Q?)
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| = e * o0e ¢ GP (Q ’tz_me) 1
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DS 2
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- Qn/ GeV? eoM,L =6 (egPACS coll)

o Gﬁlat overestimates by = 5% (no visible O? dependence)
# agrees with result for ga in previous calculation

® GP* underestimates by =10% - 40% depending on momentum transfer

® Small FV effect for ML =z 3



Results

fort=2fm
; o ¢ 0o o° goeo © o0 o g oo ° ®e0e § G'Iz‘lat (QZ’tZme) I 1
I e ¢ 00 o0 e0e ©¢ 00 o © © o0 ) o0 © GA(QZ) .
- 1=3fm Gp™ (Q°t=2fm)
N\ Gp(Q?)
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I eo M, L =4
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Gﬁlat overestimates by = 5% (no visible O? dependence)
# agrees with result for ga in previous calculation

oo M, L =6 (egPACScoll)

GP? underestimates by ~10% - 40% depending on momentum transfer

Small FV effect for M L = 3

Increasing ¢ to 3 fm reduces N contribution roughly by a factor 1/2



