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Motivation: Neutrino oscillation experiments

Monte-Carlo simulation needs input on the differential cross section to reconstruct C Je
the energy of the neutrino from the momentum of the detected charged lepton.
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The weak axial-vector matrix element

The transition matrix element of the neutron 3-decay is Ollaorai™

M(n = pepe) = £ Vaa 32, (p(p)[Wiiln(p)) L,

N\ J

with WM = VN _ A,u Vector contributions are well \ €

V. =a~v,.d ———> determined experimentally from w _
7 Y ‘
lepton-nucleon scattering n

Axial-vector

(p(p")|Auln(p))

matrix element

Neutrino-nucleon scattering processes are related to matrix elements at finite momentum transfer.
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The axial and induced pseudoscalar FF

(p(p')| Ay |n(p)) (N(p')| 4 IN(p)
Au = Uy, Ysd u=d A,itfov = UYpY5U — J'Y//)%d

Matrix elements are decomposed into Lorentz-invariant form factors (FF)

<N(p,7 8/)|A,U|N(p’ 3)) — ﬂN(p/7 S,) [7MGA(Q2) - 2?,:;] GP(Qz)] 75UN(p7 8),

Axial FF / \ Induced pseudoscalar FF
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How to? Lattice QCD Simulations

(O)z—JD[U]O(Df_‘[U],U) [[ Det(Deu]) | eSacrt Daporas

f=u,d,s,c

Simulation
e Markov chain Monte Carlo to generate ensembles of

gluon-field configurations {U}
1
PlUl = > ( 11 Det(Df[uJ)) e Sacn iUl

f=u,d,s,c

Analysis

e Construction of hadron correlation functions on background
field configurations:

(N(p’,s")IOIN(p,s))

\ (Xs, ts)
Data analysis - post-processing

e Statistical analysis, resampling, derived quantities
e Excited state contamination and stochastic errors
e Continuum and infinite volume extrapolation

Or (zins; tins)

(X0, to)
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Ensembles

Landscape of ensembles used for nucleon structure:
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Ensembles by ETMC

Landscape of ensembles used for nucleon structure: o%b%
or
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ETMC: three N~=2+1+1 ensembles at physical pion mass

Ens. ID (abbrv.) Vol. a [fm] e Three lattice spacings at physical point
cB211.072.64 (cB64) 64x128  0.080 _ ,
cC211.060.80 (cC80) 80x160  0.068 e Ongoing generation of finer ensembles and larger volumes

cD211.054.96 (cD96) 96x192  0.057 e This talk: 3 ensembles with: a = 0.057 - 0.08 fm
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Nucleon two-point functions S,
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G(ts) = 2.z Poaﬂ <X?v (Zs, 25 )X ( (0,0)) = Dk Ck€ ~ts B laporats”

with X5 (x) = €*u (z)[u’ (x)Cysd°(z)]

—

e Two-point functions (Xs, ts)
o Ground state dominance at large-time limit G(t;) = ¢, ‘e
o  Error increases exponentially with ¢ (X0, to)

o Density of excited states increases with volume

L = 64a, m,L = 3.6
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Nucleon three-point functions

GI" (P’ (._i; ts, tins) - Z_’ - e_iq.xms Paﬂ <>_C]BV (zsa ts )IOI‘ (Einsa Lins ) ’X?\r (6, 0)> “Olaborat®®

Zs 4y Lins
cuitable

e Three-point functions ~ ~7=t e Oa(@) = ¥(z)157"9(2) #
(7_(’5) t ) Or‘ (Xins ) tins]

S
o Ground state at t; — 0o, (t5 — tins) — ©
o  Error increases exponentially with ¢ (%o to)
X0y Lo

o  Statistics increased to keep errors constant
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~30M invercions!

S. Bacchio - 05/08/24 - ECT*, Trento °)




Nucleon three-point functions
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G(t) ~ cpe ™ 4 cre Fils Decired matrix element: M = 5
Co (X0, to)

x 750 configurations
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[C. Alexandrou, S. B., et al. “Nucleon axial, tensor, and scalar charges and o-terms in lattice QCD”. Phys. Rev., D102(5):054517, 2020]
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The three ensembles and model averaging

$6 %8 ¢10 112 I14I16 518 izo 22 $24 §26 '/
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... and at finite momentum transfer

. :;8§1_o_112 Y1 ¥16 _.18.52.0.,.,. - ’ /
eERILO/Zio4 I } ] . Three-point ground ctate Colfaporat™
© T f T & 2-statefit | p\terd) = co(0)co(q)
* 1 3 3-statefit | 0\eld) Two-point ground state
= B =
J- ;w—.-——:_

Combined fit of all three-point functions at the same Q?

L (T, §) = 7o | 22 Gp(Q?) — Sie(may + Bx)Ga(Q%)]

3:: 41TLN 2mN
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08 S — K (my—En)
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Comparing two- and three-state fit FFs
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Dipole vs z-expansion
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Comparison with other studies
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e Overall good agreement between recent
lattice results and better agreement with the
very recent results from Minerva
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Pseudoscalar FF and operator relations

Axial FFs are commonly studied together with the pseudoscalar FF Ollaporat®”

(N, ) AN (,5)) = v (D, 8) |14 (QF) — o= Gp@z)] Tsun (p,5),

<N(pla 5,) ‘P|N(P, 3)> = un (p', S’) Gs (Q2) Y5 UN (p, 3),\\ Induced pseudosccalar FF

Ppisov — UysU — d 75d \ Peeudoscalor FF
Two important operator relations are
2m
) 0"A, =2myP i) A, = Femip, T i) Yr= 5P

i) The axial Ward-Takahashi identity leads to the partial conservation of the axial-vector current (PCAC)

i) The spontaneous breaking of chiral symmetry relates the axial-vector current to the pion field ¥
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L 95 =899(39)
I gnNN=1325(67)

1 1 1
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Q2 [GeV?]
e We observe significant cut-off effects on both form factors 13r
e Combined fit of both form factor with common pole /" 2y

2 4my meGs(Q*) 1

e Data highly correlated and ratio grows linearly in Q >
mxz GP(Q2) 1.0
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The PCAC and PPD relations

N I

l B 2%;, G 2)] Ysun (P, 3)43 o e
(N, )0 AN (p, )) = an (', &) [szGA<Q2> @ <Q2>]w5uN< )

(N(p',s')|PIN(p,s)) = an(p',s') G5(Q) ysun(p, s)</ ) oA, =2myP

PCAC
19 ¢ cB211.072.64 ¥ cC211.060.80 X cD211.054.96
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The PCAC and PPD relations

' —25,2{;@ z)lvsuN(p,S)w o
(N(p',s")|0" A,IN(p, s)) = an(p',s") l2mNGA(Q2)—— p(Q2)]75uN( 5)

2my ’

(N, &) |PIN(p,5)) = an (P, ') G5(@) rmun (b s></A VO = At pCAC

Gp(Q*) = 5-G5(Q%)

i) Yr = s P (Q2)

7r 4mN

(NP, 8)[¢x|N(p,5)) = an(p,8") (mz + Q%)™ Ganw (Q7) Ysun (p, 5)
%(_/

Pole at Q* = —m2 Fom )
PPD = Pion-pole dominance meGs(Q*) = mnger GWNN(Q )

PPD
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The Goldberger-Treiman relation

2\ Fﬂm% 2 2 . Q2 2\ Fﬂ-m% ) Olaborat®
<qu5(Q ) = 210 Gryn (QF) G4(Q7) poey Gp(Q7) = —mN(mgr+Q2)G7rNN(Q))
lim 2(Q2 + m2)m,Gs (Q*) = Frm2ganN 0 lim 2(Q2 +m2)Gp(Q?) = 4my Frgann
Q*——m? fo—m3
T T T T T T Wlth ng'NN - Gﬂ'NN(_m721')
sl ¥ f(=mR)=1.014(12) |
rppp,2(Q°) = dmy maGs(@)
Zé. 1.2 } . ’ m2 GP(Qz)
11 1
ol Y e 1 The slope is connected to the GT discrepancy
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g7rNNF7r
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And our results on ElectroMagnetic FFs o8 Twiste

”.'%?bw

my 2\, 0uwq” 2 i oo

(N®', 8)julN(p,s)) = un(p',s') | Yut1(a”) + F5(q%) | un(p, s)
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Isoscalar u+d combinations
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Proton and Neutron EM FFs
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Comparison with other studies

Mainz'23 z-exp [
Mainz'23 Bypt
ETMC'20
PACS'19
ETMC'19

PDG

This work

Vi 1im

636 Twis feq

’@(‘,@%

e Good agreement for radii with PDG

e Tension of our results in magnetic moments
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Thank you for you attention!

Results on nucleon isovector axial, induced Ollaorai™
pseudoscalar, and pseudoscalar form factors (FF) httos://arxiv.ora/abs/2309.05774

e Three physical point ensemble
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T

We compute the nucleon axial and pseudoscalar form factors using three Ny =2 + 1+ 1 twisted
mass fermion ensembles with all quark masses tuned to approximately their physical values. The
values of the lattice spacings of these three physical point ensembles are 0.080 fm, 0.068 fm and
0.057 fm, and spatial sizes 5.1 fm, 5.44 fm, and 5.47 fm, respectively, yielding m~L > 3.6. Conver-
gence to the ground state matrix elements is assessed using multi-state fits. We study the momentum
dependence of the three form factors and check the partially conserved axial-vector current (PCAC)
hypothesis and the pion pole dominance (PPD). We show that in the continuum limit, the PCAC and
L PPD relations are satisfied. We also show that the Goldberger-Treimann relation is approximately

fulfilled and determine the Goldberger-Treiman discrepancy. We find for the nucleon axial charge
1.75 200 ga = 1.245(28)(14), for the axial radius (%) = 0.339(48)(06) fm?, for the pion-nucleon coupling
constant grNN = limgz_, 2 G (Q%) = 13.25(67)(69) and for Gp(0.88m2) = gp = 8.99(39)(49).
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Backup slide - OS pion pole

<N(p,’ 3,)|P|N(p, 8)> PiSOV = ’L_l,")’5’u, — CZ’Y5d Oo”abora’ﬁ\o
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Charged pion. weutral pion

Ensemble [m2°¢ [MeV]|m;" [MeV]|ms® [MeV]
CB211.72.64| 299, 3(4.5) | 140.2(2) | 297.5(7)
cC211.60.80| 266.7(3.2) | 136.6(2) | 248.9(5)
cD211.54.96| 235.8(4.8)

Matrix elements couples to the
Osterwalder-Seiler (OS) pion

¢ cB211.072.64 { cC211.060.80 £ cD211.054.96

soF 140.8(3) 210.0(4)
200 o cB211.072.64 § cC211.060.80 £ ¢D211.054.96
40 T T
> 10 g -ﬁ | X = T ——
: ﬁx K
0 ol BT §‘§.§§.§.§_ _
20 3 V o]
= 08} Egﬂ"inu Oppo¥op §§§§_
10F T i 5
0.1 0.2 0.3 0.1 0.2 0.3 07 = Szn O .
Q? [GeV?] Q2 [GeV?] 06 ]
2 2 o] 4
+m7 og Q:8 - . . . .
) 2
Gimproved(sza ) 2 Wpole (Q2,a ) 0.2 0.4 0.6 0.8 1.0
Q ﬂ‘TM 02 [GeVz]

S. Bacchio - 05/08/24 - ECT*, Trento 26




a=0.080 fm
a=0.068 fm
@ a=0.057 fm

fef

1.0
\
\
-
\.
\
0.8 ‘\
= '}:‘
O 0.6 -4
aw X
(U] %
0.4
0.2 1
0.0 0.2

G™(Q?)

£ (0)=0

1 Gu—}—d(@Q)
o

04 06 08 10
Q? [GeV?]

3

R/I(O) = HUn
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