Removing the N7 contamination

from axial matrix elements
at non-vanishing momentum




Nucleon form factors G4, Gp, Gp parameterize the nucleon matrix elements (NME)
and can be computed non-perturbatively through LQCD simulations.

On(x) = €ape [ d2.(x) Crs () | S (x) T?(2) = D(2) 5 T(2) = ()
Copt(p', 1) = P { On(p’,t) On(p’,0) ) P*, P} spin-parity projectors

_ Ground state
C.Pip' tia,m) = PH{ On(p',t) T2(a,7) On(p,0) ) dominance (GSD)

(P ,t:4,7) Copt (p",t) Copt (P, 7) Copt (p,t—7)  O>T>t
J . 3 ¢ 2pt (P 2pt
RPf(p,’ ta,7) = psz(p /,t) \/ CZ’:Jt(ny)CZ:I(P,T)C2[J:](P,J—T) o< (N(p") T (@) IN(p))

(NME of current J)
Smearing techniques enhance overlap with physical states

(N(p")] A2 (@) IN(P)) = T (P') [7:75 Ga(Q?) = 13575 G g2y | T un(P)

(N(P")|P2(@) IN(p)) = T (p')15.Gp (@) 5 un (p) sam @0,

Ga, Gp, Gp usually extracted from Rf;‘_’(qji;), Rg(q,‘), Rﬁ"/A“(q,') with p’ =0
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Forward limit (Q? = 0): the axial charge ga

my ~ 420 MeV, a~ 0.1 fm

Ru(p'=p=0) o
| R o - A0 )
2 h B smeared Ai C2pt(P,7t)
=
+ { { H+{ # + {( O t=14fm
e ‘ JHM““J”&@@ H gt:j;z «— Average with p’ = 0 gives:
H Nh*i IR Hﬂ > tiiom ga =1.166 +0.013
o P e ey : 1o
! X t=07m Smearing enables GSD at small t
T [fm] RuP=p=&) ,Ri(p=p=&)
1.20

Using smeared operators with q = 0:

! }* +II‘X Llii t}ix’{'hx"tii’ ]ji’ U" {it f 1t ‘

p'=p=2&-=2Ch |p|~525 MeV s i { l ] T < Ry
1.10 o~
R4(p'=8) —ga+.. 1.05 l+ l{ ]l I | ] { [ \ <’ { J < Ry,
, . ! |

= A E ZAcﬁf’P’(éiyt;q:U,T) - t { ot t 1 f f i i { 1 4 t=12fm

Ra,(p'=8)=-= Come (B10) 095 E — { A t=11fm

p 2pt (&, t | f 4 1 > t=1.0fm

—ga+ o 13 s vV t=09fm

o 0.85 X t=0.8fm

RAV(éi) gives conSiStent reSUItS With 0.8 -0.5 -0.4 -03 -0.2 -0.1 0.0 0.1 0.2 03 0.4 05 00,5 S
F\’A’.(O), but larger errors. kA4(éi) provides -5 [fm]

10% — 25% smaller results in 0.6 fm < t < 1.1 fm, observed also in [arXiv:1612.04388 (xQCD)]

3/21



An unwanted signal in the forward limit

Rpp'=p=§)
We investigate J=P,q=0,p =8 2
= F Pi (o tia=0,7)
RP:?W —0 + ... (ESC) N
The signal is purely ESC! [RQCD:1911.13150] o
In particular, N7 correction on 3pts at LO-xPT:
I
5Lb bt < £oe ETme Dt sinh(my (7 - /2)) 7
[1906.03652, 1812.09191 (O. Bar), ...] -2
-06 -05 =04 -03 =02 -01 0.0 0.1 0.2 03 0.4 0.5 0.6
- 5§ [fm]
L2 * At Q2 £0, Ga, Gp, Gp can be extracted
and they must satisfy PCAC/GT relation
L0 +*+}b+ ‘+—‘? 4o b ,'1'» &3 f Y Y /
¥
= &% R TR LI myGa(Q?) = myGp(Q?) + ;& G 5(Q%)
o 08 )llH: }
& ¥ §  N202m. = 111 MeV that we check with
¥ N203 m, = 35 MeV'
06 . ¢ N200m. = 281 MeV _ amymyGp(Q*)+Q*Gp(@%) 12
¢ D200 m, = 201 Mey rpcac = 4mZ GA(Q?) =4
o 4 E250 m, = 130 Me
o Py - Py Py o if N7 contamination is not taken into
O .¢ .
) B Q> + m2 [G("\;z] account [1911.13150 (RQCD), 1905.06470 (Los Alamos)]
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Multiparticle operator approach

|N7) are often® the dominant ESC in the nucleon 3pts with J = A, P

e~ En(t-7) g—Ent

G (P, 8,0, 7) % —— P/ (2 On(p', ) IN) (N|.T~(a,7) IN) (V] Op(p,0) 120
NEN
efE,’V,N(th)efENt . , B _
g P (Q10x(0", t) INx) (Nx| T~ (a,7) [N) (N| Op(p,0) Q)
4E;, Ep
e~ En(t-7) g=Enxt . , _ B
2B E— PQ10s(0 ) IN) (N7 (a,7)|N7) (Nx|Op(p,0)|Q)
NENT

For this project, we compute C3‘7pt’\’77(p’7 t;q,7) = P ( On(p',t) T (q,7) O,(p,0) )

Opnx must be projected2 to have same quantum numbers as neutron, i.e.
e Op, must be projected on I=1/2, I, =-1/2 - O(") L O \/—OM ;

o Opy(p’) must be projected on the lattice irreps G; (S = 1/2,7/2.“) ;
Cg)tm 0, t;q,7) = P ( Opr—(p',t) T (q,7) (_)p(p,O) ) o< 12 Wick contractions

Cfpt"” ', t9,7) =P (O,0(p',t) T (a,7) O,(p,0) ) o 16 Wick contractions

L For some ensembles N7 S-wave have smaller non-interacting energies than N7 P-wave, see arXiv:1812.10574 (J. Green)]
2N scattering and more: [arXiv:1610.01422 (C. Lang et al.), 1212.5055 (M. Gockeler et al.), 1607.06738 (S.Prelovsek et al.)]
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Topologies for p i p+m

d(z) u(z)
u(x) \ / u(0) d(x) u(0)
u(x) | P P | @(0) u(x) (0)
d(x) d(0) u(x) d(0)

u(y)

d(y)

) u(x) \ / a(0)
u(0) u(x) | P P | u(0)
a(0) ) / \ a(0)

u(y) u(@)  D-fike
C-like d(y) )
o e Entg—Ex(t-7)

like our LO-xPT prediction! [arXiv:1911.13150 (RQCD)]

u(y)

d(y)

d(x)
u(x)
u(x)

d(z) u(z)

u(y)

d(y)
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Topologies for p i n+m

d(x)
u(x)

d(x)

u(y)

u(y)

d(x)
u(x)

d(x)

d(z) u(z)

d(y) C-like

d(y)

d(0)
u(0)

a(0)

d(0)
@(0)

a(0)

d(z) u(z)
d(x) a(0)
ufd(x) @/d(0)
d/u(x) d/u(0)

a/d(y)

u/d(y)

d(x)

u(x)

d(x)

a/d(y)
ufd(y)

u() D
d(z)

N4
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-
Solving the GEVP: eigenvalues in the rest frame

We diagonalise them by constructing a matrix of Ci§.2)(p, t) = (0;(p, t) O;(p,0))
with O; € {Op, POp, Opyr, POp } and we solve the GEVP with By, By, Bs, By:

CA()V(t, o) = CP () V(t, to)A(t, to)

(B1 ={Opn,®Opn}, B2 ={Op,Opnx}
B3 = {®Op,Opnr}, Ba={®Op,®Op,})

®= Smearing Operator

A(t, to) = diag(M(t, to), Aa(t, 10)), An(t, to) ~ dn(to)eEnt, V(t,t0) = (V1 (t, t0), v2(t, t0))

2800
2600
2400
— 2200
g 2000
%‘_‘ 1800
w 1600
1400
1200
1000

--- N(0) ¢ A?
=== N(1)n(-1) A2
---N(0)r(0)r(0)
S e ErT T T TrTTIrrTT T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
t—to—a[fm]

<— Best results presented here are for

B4 = {CDON, ¢ON7\.}, to = 2a, p= 0

e An
ESH = In )\n(fi)a))

o Eigf is very close to

N7 P-wave (blue dashed line) or
Nz S-wave (orange dashed line)
non-interacting energies

“~ e Eﬁ? very close to nucleon mass
(green dashed line)
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Solving the GEVP: eigenvectors in the rest frame

CO()V(t,t9) = CO (1) V(t, to)A(t, to)

V(t7 tO) = (Vl(tv t0)7 V2(t7 tO))

10°
A(t, to) = diag(A1(t, t0), A2(t, t0)),
An(t, to) ~ dn(to)e Ent
— 104
Best results presented here — g
By ={®Opn,®Opnr} to=22,p=0 -
Eigenvectors normalised s.t. 103

v (t:t0) Cj(to) v/ (tit0) = Gap

Eigenvectors pretty constant with t

(B1={On,®On}, B2={On,Onr}.
B3 ={®Op,Onz}, Bs={®Op,®Opn})

®= Smearing Operator

—+ v I S S
00 01 02 03 04 05 06 07 08
t—to—alfm]

We solve GEVP also for moving frames p = +é, = 2T"(O,O7 +1) with

® Opr2(pP) = On(p)O~(0)
° ONﬂ,l(p) = On(0)Ox(p)

Relevant in the forward limit

Relevant for Q% =0
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GEVP-projected correlation functions

What are GEVP results useful for? [arXiv:1108.3774, 0902.1265 (ALPHA collaboration), ...]

Similarly to (| On|N) 3 (Q| Oy |[N7), we also find that (Q| Op, |[N7) 35 (Q| Opnyr |N).
We thus diagonalise the system by solving

CO(p,t)v*(p, t;tg) = C(p, to)v(p, t; to) A*(p, t; to)

Improve construction of correlation functions projected on «, 8 = N, Nx:

Y@ . -
Coe(pst) = VA (P, £ 10) G2 (P, )vP (P, £ 10) P ETMOy a0

Copt (P 1,0, 7 Pii ) = v (0, £ 80) G (P, .0, 73 Pl ) v (b £ 10)

thus, GEVP-improved extraction of matrix elements: (C,§3)(Pk7\7) =P (O; J 6j))
<N@EHIT(@IN(p) > < Nm(p")| J(@)IN(p) > (!) ((ON7r J Opgx) not considered )

like for instance

Copt (P',£:0,7iPT) [ G (') Gy (P,1) o (P1E-7)

CQI\Ilgt(p,:t) C2/\‘/)t(p’7.) CQI\Ilgt(pzt) CQI\‘I;t(plath)

[< NPT (@)IN(p) >] =
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Results in the forward limit

There was a problem in the forward limit:

Rpp'=p=§)

NRIDRE +,*j,f}g,p,ﬁ,p,@,f}
11 *

‘ { t gt
0.9 ! ¥ i i T T

> t=10fm X
VvV t=09fm o

081 g t=12fm
A t=11fm

02 -01 00 01 02 03 04 05

-05 -04 -03 -02 -01 00 01 02 03

-5 [fm]

Results in the forward limit (@% =0 Ge\ﬂ)

06 06

05 -04 -03

-5 [fm]

Does the GEVP approach provide

o [< N(2,)|A4(0)|N(&;) >]

o [< N(@)IPO)IN() > |

—ga?
GEVP E

=07
GEVP
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GEVP-improved ratios: J = A4, p'=p=28, (q=0)

5 _ C(e,,1,0,7iP2AL)) _Ey

Ra, = a
As ety

light green band is g4
from A, with p’ = &,

dark green band is gp
from A with p’ =0

The GEVP-projection
removes the ~ 10% — 25%
contamination from Nr!

Culprit:
Onx(&z) = On(&)Ox(0)

1.4

1.3

1.2

1.1

1.0

0.9

0.8

0.7

0.6

= [« N(&.)| A (0)|N (&) >] = ga + ESC

Pz
RA4 = gA?
V t=11fm X t=0.8fm .
> t=10fm % t=07fm, Y GEVPratio
A t=0.9fm o t=0.6fm V standard ratio
“-05 -0.4 -03 -02 -01 00 01 02 03 04 05
T—% [fm]

D-like contribution: (N(éz)Tr(O)|A4(0)‘N(éz)), (N(éz)\A4(0)|N(éz)7r(0))
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-
GEVP-improved ratios: 7 =P, p'=p=2&, (q=0)

Rp = .
P N (&0

green band is NGS
(Nucleon Ground State)
expectation value (zero)

The GEVP-projection
removes at each t
the N7 contamination!

Cipt (&2,£,0,miP2iP)) Ey

Pz

7[< N(&,)|P(0)|N(&,) >] =0 + ESC

Rp=o?
3
vV t=11lfm X t=0.8fm
2 > t=1.0fm % t=0.7fm]| * ]
A t=0.9fm o t=0.6fm

}%bﬂéﬁ}éﬁ ol

f } -
-2 { ¥ GEVP ratio
Vv standard ratio
-3
-0.5 -0.4 -03 -02 -0.1 00 01 02 03 04 0.5
T—< [fm]

D-like contribution: (N(éz)W(O)|P(0)|N(éZ)), (N(éz)|P(0)‘N(éz)7T(0))
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Results with Q2% 0

Results with Q*(min(p) # 0 = 2%) = 0.297 GeV?

Does the GEVP approach for the extraction of
N(O N @), Gp(@?) ;
o [< NOs(@IN(@) >]__ o Ga(@?), Gp(@?) ;

o [< NO)A(@)IN(@) >] o Ga(@?), Gp(@) ;

N(O N Q%) .
o [<NOP@IN@) > | o Gp(@?)
provide Ga, Gp and Gp that satisfy PCAC/GT?
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-
GEVP-improved ratios: 7 =P, p'=0(q=-p=28&,)

Ry = i (p'=0,t,8,, 7P P)) | CL(0,)CH (0,7)CLL (&,t-7) o Gp(652)
- CZ'\,’,t(Oyf) Czl\,’,,(éz,f)Cz'\;’,t(ézyT)Cé\l,t(U,f—T)
band is NGS determined a posteriori 60 Rp(p/ = 0, q= ez) « GP
@ simultaneous fit to standard
ratio with Los Alamos approach
gives Gp = 25.96 + 0.96 5.5
@ simultaneous fit to standard
ratio with xPT-based ansatz 5.0
gives Gp =27.11+0.96
@ fit to GEVP-projected ratio 4.5
with fit formula
N(E)Gp + Ze E(¢t=T) o
gives Gp = 26.53 + 0.57 '
(N(E) is a known kinematic factor) 35 —>¢ t=0.6fm — t=0.9fm -l standard ratio
—— t=0.7fm -O—- t=1.0fm -~ GEVP ratio
The GEVP approach removes most of 3.0 O~ t=0.8 fm L+ t=1.1fm

the contamination at 7 = 0.0 fm (p = &;) 00 01 02 03 02 05 06 07 08 o9

Culprits: T [fm]
Onx(-8;) = ON(AO)O’N(:éZ) (7 =0 fm) Consistent with other studies and xPT prediction
Onx(0) = On(-8)0x (&) (r=1) [arXiv:1911.13150 (RQCD), 1905.06470 (Los Alamos)]

D-like contribution: (N(—éz)ﬂ(éz)"P(éz)|N(—éz)>, (N(0)|P(éz)|N(0)7T(—éz)>
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GEVP-improved ratios: J = A,, A4, p'=0 (q

-P= éz)

Ra.a = GURCI)

R4 (p'=0,9=6;) xGp, Gp

Cht (0'=0,t,8,,7:P;; Az (A4))) N (0,)CH (0,7)CY (8,t-7)
(&) (&, 7)Y (0,6-7)

o< GA7 Gf’

Ra(p'=0,a=&,) x Gy, Gp

0.4
070 = t=0.6fm —I t=0.9 fm
0.65 —e— t=0.7fm -O- t=1.0fm
0.3 = =
<>~ t=0.8fm -} t=1.1fm
0.60
0.55 0.2 —- standard ratio
-l GEVP ratio
0.50
0.1 m—
0.45
0.40 ) 0.0
—>— t=0.6fm —}+ t=0.9 fm —l- standard ratio .
0.35{ =%+ t=0.7fm -O- t=1.0fm B GEVP ratio
- t=0.8fm -} t=1.1fm -
0.301 . . - B . 0.1
0.0 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9 0.0 0.1 0.2 03 04 05 06 07 08 09
T [fm] T [fm]

The theoretical NGS contribution to the double ratio R4,/R4, =

En+my ~ 4.7
B .

G extracted from R:f(q#,-) and Gp, Gp extracted from GEVP-improved ratio satisfy

PCAC and PPD relation up to O(a?) effects, similarly as yPT-based ansatz and
multiparticle state fit. Some trace of contamination left at the sink where p’ = 0
suggests the fit formula Gy +|Z|e %E(t-7),
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Summary & Conclusions

@ Data-driven and xPT-based studies agree that N7 contamination
must be taken into account to extract reliable nucleon form factors;

@ Multiparticle operator approach confirms these statements and GEVP improvement
provides consistent results at Q2 =0 GeV? and Q2 =0.297 GeV?2;

@ Our approach provides insights for new finite-volume matrix elements (“F,al;‘:‘gr;"'fayli"s
(N7 (p")|T (q)|N(p)), which are relevant for neutrino oscillation experiments; Wed 9:20)

@ With this approach we learned that the disconnected D-like diagram is the major source of
N7 contamination. This term follows the exponential behaviour predicted by xPT and it
inherits the signal from N-2pts and 7 7-2pts. Thus it is sensitive to (0|7 (q)|r);

o We will study (Nw(p")|7(q)|N(p)) and results for GEVP-improved matrix elements will
appear (hopefully) soon in two separate publications;

@ What is the remaining contamination?
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GEVP in moving frame (p=¢&, = 2{?72) for By = {®Op, POp,}, to =2a

10°

10*

[ v |

10°

10°

104

[ v |

103

102

Ofk. 1 (82) = ON(0)Ox (27)

, +—1
[ % —4 +
+vd v v 4
00 01 02 03 04 05 06 07 08
t—tyo—a[fm] c
Opt (22)
_——
i T S T S R S
00 01 02 03 04 05 06 07 08
t—to—a[fm]

2800 === N LN
2600 1= o ||
—.2400 it |
D 2200{ m=m=mmmmm=mmmmmmmmee ===
=20001% ps '
5 IV VPR YRR SRR SRR DR
&L 1800 1
1600
14001 o
A SO S S I N S
1200 ? » =
0.0 0.1 0.2 0.3 0.4 0.5 0.6
t—to—alfm]
= Opn(&)0x(0)
2600 -—- N(1) AL
2400 --- N(1)m(0) [
290 -—- N(1)m(0)n1(0)
N e e e
E2000
18001 *
EI _____:____-‘----—4—----+-----i _____
1600
14001 & {
RS, SR Bo___&____ 3
1200 *
0.0 0.1 0.2 0.3 0.4 0.5 0.6
t—to—alfm]
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Projectlon a nd chk Contract|ons see also [arXiv: 1610.01422 (C. Lang et al.), 1212.5055 (M. Géckeler et al.),
1607.06738 (S. Prelovsek et al.)]

Irrep Projection

Irrep projection
_—

O (P) OSL™ (p) = Ss.e6 Trakms T(S1)On(pi)Ox (p)) T(S1)

Rest frame p =0 (G =20})

0S4 (0) = + OX"(ex) O (~ex) - O} (—ex) O (ex) + 04 (e,) O (~ey)
- i0¥"(~ey)Ox(e,) + O* (:)Or (-e;) - Oll* (—e2)Ox (e2)

Moving frame p = & (G =2Cs,)

Ot (&) = 031 (0)0x (&) | Ol (&) = O} (20 (0)

Isospin Projection

O = 10,00 /20,

C3‘7ptp7r (', t:9,7) = P { Ope-(p',t) T (a,7) Op(p,0) ) o 12 Wick contractions

Isospin projection
=/

ONTI'

Cézt"“ (P, t;q,7) =P { O,0(p'st) T (q,7) Op(p,0) ) o 16 Wick contractions
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