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Introductuon and Motivation

Accurate neutrino measurements: LBNE, Science report’13
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msl Neytrino Cross Section

Need precise E, reconstruction
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Energy Reconstruction

+ To reconstruct E,:

Friedland&Li’19

* Measure energy of all final state particles
and add them up “Calorimetric method”

* In a realistic experiment not all energies

can be accurately measured
see S. Li and U. Mosel’s talks

* Cross section model needed to improve ot D

A..

energy measurement by filling in the ~ DATAEvent
missing information T T T T T T ')
T P i 1 peandidate
* e.g., to go from total ionisation charge — ”(,.f""" —
in LAr in DUNE or light in NOvVA, ,.-"d.d B i
It candidate

need to predict its composition

msl> requires accurate physical model of interaction
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Energy Reconstruction

+ To reconstruct E,:

* Measure energy of all final state particles
and add them up “Calorimetric method”

* In a realistic experiment not all energies Talk by J. Wolcott, NOvA

can be accurately measured TN
Single Cell
see S. Li and U. Mosel’s talks ta

* Cross section model needed to improve |
energy measurement by filling in the

missifgHiformaton= == = = e = = = 0 B .
* e.g., to go from total ionisation charge -~
in LAr in DUNE or light in NOvA, o
need to predict its composition Waveshiing
msl> requires accurate physical model of interaction )
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Physical Processes Involved

As discussed before

* Quasi elastic scattering

“ One pion production through resonances
* Non-resonant pion production

“ Deep Inelastic Scattering

+ Final State Interactions
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Physical Processes Involved

As discussed before P. Vogel

“ Quasi elastic scattering Vi

* One pion production through
resonances

“ Non-resonant pion production
“ Deep Inelastic Scattering

+ Final State Interactions

Emilie Passemar



(Quasi-elastic (QE) scattering

Hadronic matrix element involved: g’ = (p'—p)* 0% =-q*

l 1
(PP 1n(p) o @ (P PFY (@214 —0" 4, F (@ +115F A + —q"rsFpla) ju®(p)
N N

+ F/(¢°) and F)(¢°) can be extracted from precision electron data at
Mainz (Bernauer et al, Al coll.”06) and JLab
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Quasi-elastic (QE) scattering

Hadronic matrix element involved:

i 1
(p(p) || n(p)) b‘tp(p’){;f”F G %0‘“’%@ (q%) + 7*ysFa(g®) + = »(q°) }u(”)(p)
N N

+ F/(¢°) and F)(¢®) can be extracted from precision electron data at
Mainz (Bernauer et al, Al coll.”06) and JLab

+ Fp(q®) the pseudo-scalar Form Factor is related to F,(¢°)

2m?
Fo@D) = ——=F,4(d?
mz —(
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Quasi-elastic (QE) scattering

Hadronic matrix element involved:

i 1
(p(P) | | n(p)) b‘tp(p’){;f”F G WG””QVFQV (%) + y”}/sFA(qum—q”ysF 2(q°) }u(”)(p)
N N

+ F/(¢*)and F)(g% can be extracted from precision electron data at
Mainz (Bernauer et al, A1 coll.”06) and JLab

* Fp(q”) the pseudo-scalar Form Factor is related to F,(4?%)

# The main unknown is F,(q?)
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Quasi-elastic (QE) scattering

Hadronic matrix element involved:

i 1
(p(P) | | n(p)) b‘tp(p’){y”F G %0””%1”; (%) + y”}/sFA(qum—q”ysF 2(q°) }u(”)(p)
N N

+ F/(g*) and F)(q%) can be extracted from precision electron data at
Mainz (Bernauer et al, A1 coll.”06) and JLab

“ Fp(q”) the pseudo-scalar Form Factor is related to (4%
# The main unknown is F,(g*)

s Fiq) provides the largest contribution to the QE cross section
at 1 GeV

Cannot be determined from electron scattering data
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Quasi-elastic (QE) scattering

Hadronic matrix element involved:

l 1
(PP In(p) & B (P PFY (@) +5—0",FY (@) + 15E gD+ —a"15F (g fu(p)
N N

« F/(¢”) and F)(¢% can be extracted from precision electron data at
Mainz (Bernauer et al, A1 coll.’06) and JLab

“ Fp(g”) the pseudo-scalar Form Factor is related to F,(¢?)
« The main unknown is F,(¢?)

* F,(¢°) provides the largest contribution to the QE cross section
at 1 GeV

Cannot be determined from electron scattering data

== In the following focus on F,(¢%)
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What is know on the Axial Form Factor?

# Old problem

# Traditionally it was assumed to follow a simplistic parametrisation
F4(0)

q° :
(17%)

* The parameters are g, = F4(0) and the axial mass M4

T = the dipole parametrisation
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What is know on the Axial Form Factor?

# Old problem

# Traditionally it was assumed to follow a simplistic parametrisation
F4(0)

q° :
(17%)

* The parameters are g, = F4(0) and the axial mass M4

T = the dipole parametrisation

= determined using a combination of processes
* Neutrino nucleon cross section: o (I/N — )
* Pion electroproduction 7" (k%) + Ni(p1) — 7(q) + Na(ps)
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What is know on the Axial Form Factor?

« Up to recently good agreement between all determination of Fa

A. Liesenfeld et al, MAMI'99

v (k*) + Ni(p1) — 7%(q) + Na(p2)
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M, = 1.026 + 0.021 GeV

M, [GeV]
M, = 1.069 = 0.016 GeV
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What is know on the Axial Form Factor?

7/

+ Recently very significant progress on two fronts:

» Experimentally many new measurements: MiniBooNE, K2K, MINERvA, NOMAD

Double Differential Cross Section (cm?/GeV?)

d’c 2
—————(cm /GeV)
dTHdcoseH

m RFG Model: M_A = 1.35 GeV
[} m Minerva Neutrino Data
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\: MiniBooNE data with shape error
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Reference ma [GeV]  (r3) [fm?]
K2K [10) 120+0.12 0.32 =+ 0.06
NOMAD [11] 1.05+0.06 0.42 £ 0.05
MiniBoonNE [12] 1.35+£0.17 0.26 £ 0.06
MINERvVA [13] 0.99 0.48
MINOS [14] 1.2379-8  0.317997
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What is know on the Axial Form Factor?

“ Recently very significant progress on two fronts:

* Experimentally many new measurements: MicroBooNE also !

MicroBooNE 1.6e20 POT
—— Measured
Stat + Syst Uncertainties
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Talk by M. Del Tutto

\: MiniBooNE data with shape error
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What is know on the Axial Form Factor?

+ Recently very significant progress on two fronts:

» Lattice QCD results on g, = F,(0) and F,(q*)

ga Gupta et al.”18
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malpp see talk by M. Constantinou
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What is know on the Axial Form Factor?

» Recently very significant progress on two fronts:

+ Lattice QCD results on g, = F,(0) and F,(Q?)

1.0 & | | — Dipole m=1.35(17) GeV
0.8
< |
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(_G'\ L
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r, 0.4
- = Alexandrou et.al (m;=130 MeV)
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- PNDME (m;=220 MeV) o PNDME (m,:=310 MeV)
0.0 5 PNDME (m;=220 MeV) 0 PNDME (m,:=310 MeV) f
0.0 0.2 0.4 0.6 0.8 1.0
O” [GeV?]
Np =12 Alexandrou et al., ETMC’17 see also Green et al’17, Capitani et al’17

Ne=2+1+1 Gupta et al., PNDME collab.”17 » see talk by M. Constantinou



What is know on the Axial Form Factor?

» Recently very significant progress on two fronts:

+ Lattice QCD results on g, = F,(0) and F,(Q?)

1.0 & _ Dipole mu=1.35(17) GeV
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- m Alexandrou et.al (m;=130 MeV) +
" e PNDME (m;=130 MeV) © PNDME (m,;=220 MeV)
0.2 A PNDME (m,=135 MeV) . PNDME (m,;=310 MeV) T
"~ PNDME (m,=220 MeV) o PNDME (m,=310 MeV)
00 © PNDME (m,=220 MeV) 0 PNDME (m,=310 MeV) |
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Np=2 Alexandrou et al., ETMC’17 see also Green et al’17, Capitani et al’17

Ne—2 F 1+ 1 Gupta et al., PNDME collab.’17 » see talk by M. Constantinou



Bridging Lattice QCD and neutrino measurements

# Connecting predicted F,(¢*) to measured total and differential
Cross sections

* Creating a physically motivated analytical parametrisation that
can be used to assist and complement the lattice simulations

(beyond the dipole)

Emilie Passemar 21



Connecting predicted Fa(q?) to cross sections

* In the past a combination of diverse data sets within the dipole

parametrisation gave: |3 _ 1026+ 0.021 GeV
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Connecting predicted Fa(q?) to cross sections

# In the past a combination of diverse data sets within the dipole
parametrisation gave: M, = 1.026 + 0.021 GeV

+ MiniBOONE data (and others Minerva, T2K...) can’t be fitted with this
result within the RFG model wsfp sce later

Emilie Passemar
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Connecting predicted Fa(q?) to cross sections

# In the past a combination of diverse data sets within the dipole
parametrisation gave: M- 10260001 Gov

+ MiniBOONE data (and others Minerva, T2K...) can’t be fitted with this
result within the RFG model = see later

3 relevant physical mechanisms

» Excess in cross section due to multi-nucleon effects required to be very
large (contrary to vector part)
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Connecting predicted Fa(q?) to cross sections

» In the past a combination of diverse data sets within the dipole

parametrisation gave:

M, = 1.026 £0.021 GeV

- MiniBOONE data (and others Minerva, T2K...) can’t be fitted with this
result within the RFG model wmafp sce later

» 3 relevant physical mechanisms

* Excess in cross section due to multi-nucleon effects required to be very
large (contrary to vector part)

» Axial form factor was different: Ma value of 1.35 GeV excellent fit not
only to total cross section but also differential cross section
In general different functional forms should be considered (e.g. z-param.)

Emilie Passemar

Bhattacharya, Hill, Paz’11
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Connecting predicted Fa(q?) to cross sections

» In the past a combination of diverse data sets within the dipole

parametrisation gave:

M, = 1.026 £0.021 GeV

» MiniBOONE data (and others Minerva, T2K...) can’t be fitted with this
result within the RFG model wmap sce later

+ 3 relevant physical mechanisms

* Excess in cross section due to multi-nucleon effects required to be very
large (contrary to vector part)

» Axial form factor was different: Ma value of 1.35 GeV excellent fit not
only to total cross section but also differential cross section
In general different functional forms should be considered (e.g. z-param.)

* Absorption in the medium, FSI

Emilie Passemar

Bhattacharya, Hill, Paz’11
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Connecting predicted Fa(q?) to cross sections

» In the past a combination of diverse data sets within the dipole

parametrisation gave:

M, = 1.026 £0.021 GeV

» MiniBOONE data (and others Minerva, T2K...) can’t be fitted with this
result within the RFG model wmap sce later

+ 3 relevant physical mechanisms

* Excess in cross section due to multi-nucleon effects required to be very
large (contrary to vector part)

» Axial form factor was different: Ma value of 1.35 GeV excellent fit not
only to total cross section but also differential cross section
In general different functional forms should be considered (e.g. z-param.)

* Absorption in the medium, FSI

Bhattacharya, Hill, Paz’11

+ In general combinations of these effects and one needs to disentangle these

contributions
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Connecting predicted Fa(q?) to cross sections

* In the past a combination of diverse data sets within the dipole
parametrisation gave: M, = 1.026 £ 0.021 GeV

» MiniBOONE data (and others Minerva, T2K...) can’t be fitted with this
result within the RFG model sl see later

« 3 relevant physical mechanisms

» Excess in cross section due to multi-nucleon effects required to be very
large (contrary to vector part)

» Axial form factor
* Absorption in the medium, FSI

+ In general combinations of these effects and one needs to disentangle these
contributions

» Recent lattice calculations seem to favour large values of Ma ~ 1.35 GeV

3 groups using different methods and systematics -



MiniBooNE’10

Jang et al., PNDME collab.’19

Which values of ()2 impact neutrino data?
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Which values of ()2 impact neutrino data?

Jang et al., PNDME collab.’19 MiniBooNE’10
1 e e e e i S e e Ea g D e
3,,? »a12m310 T P
@ & a12m2 2 0 = W(cm ey — s MiniBooNE data (8N=10.7%) |
O 8-_ % A a09m310 _- ? ................................ \: MiniBooNE data with shape error
| § :a09m220] ¢ I\ EEERe - -
= %‘% -a09m130 | 27 R
? 4a06m310 » 1 N L P
\<: 0.61 %ﬂf } m‘f; 2 a06m220 7 104 —
] o#  2a06m130 51 =S
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\/
0’0

At the very minimum, since nucleons in '?C one must include their

Llewellyn-Smith’72
Smith & Moniz’72’75

Fermi motion : simplest model
mal Relativistic Fermi Gas model
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(Juasi-elastic Neutrino Cross Section

» Using Relativistic Fermi Gas model Smith&Moniz'72

d>p
nuclea ~ 2 )
O nucl V/ (27_‘_)377’ (p)
2 dBk/ 3=t
. [ o (2m)ip -
16)k - p| | (27)32Ey | (27)32E,

(P(P) |3} | n(p))

v i
()| 1FY g% + ——0"q, F (@
2mN

1
+7"ysFa(q”) + m—q’“‘75Fp(q2) }u(”)(p)
Emilie Passemar b

Bhattacharya, Hill and Paz’11

z Including eftfects of

P

the binding energy

p0—>6pEEp—eb
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Which values of ()2 impact neutrino data?

Alexandrou et al., ETMC’17

1.6}
1.4}
1.2 &
S 1.0}
0.8}
0.6]
0.4}
0.2}
0.0

G}&‘“‘(Q2

ma=1.077(39) GeV Two-state

- ma=1.350(170) GeV —— Fit, ma = 1. 322(42)(17) GeV KX Wthh Q2 range 1S
— - ma=1.010240) GeV @ t=1.31fm |

important for neutrino
XS data?

“ If one changes the
functional form of Fa,
how does that impact
the XS prediction?

0.0
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0.2 0.4 0.6 0.8 1.0
Q2[GeV?]
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Which values of ()2 impact neutrino data?

" Friedland, Gonzalez-Solis, E.P., Quirion, Ristow in preparation

+ Composition of MiniBooNE Cross Section

Neutrino Cross Section: My = 1.05GeV Neutrino Cross Section: M, = 1.35GeV

le—38 Q2 in GeV?
mm 00<02<02 | 2.00 le—38
mm 02<0%2<04
mm 04<02<0.6
1.75 1 — 0.6<Oz<0.9 1.75 -
mm 0.9 <02<12
mm 12<02<15
150_ mm 15<02<2.0

2.00

e 2.0 <Q? < 3.0 1.50 A
o 3.0<0Q2%2<75
. mm 7.5 <0? < 1599.0
1.25 A ] Il Miniboone XS 1.25 -
B Nomad XS )
§ 1.00- " 100
e}
0.75 A 0.75 -
0.50 A 0.50 -
0.25 A 0.25 -
0.00 A 0.00 A
1071 10° 10! 1071 10° 10!

E, (GeV) E, (GeV)

+ At E ~ 0.5 GeV the XS comes from Q2 < 0.6 GeV?2
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Which values of ()2 impact neutrino data?

" Friedland, Gonzalez-Solis, E.P., Quirion, Ristow in preparation
+ Composition of MiniBooNE Cross Section

Neutrino Cross Section: My = 1.05GeV Neutrino Cross Section: M, = 1.35GeV
le—38 Q?in GeV? le—38

mm 0.0 <0Q2<0.2 2.00
mm 02<02<04
mm 04<02<0.6

1.75 - - 0.6 <Q*<09 1.75 A

B 09<02<1.2

2.00

mm 12<0%2<15

- mm 15<0%2<20
1.50 L eieiis 150
o 3.0<Q%2<75
N 7.5 <Q? < 1599.0
1.25 A [ | Il Miniboone XS 1.25 -
[ Nomad XS
E 1.00 1 . ~1.00 -
o)
0.75 A 0.75 -
0.50 A 0.50 A
0.25 - 0.25 -
0.00 - 0.00
1071 10° 101 101

E, (GeV) E, (GeV)

+ At E ~ 0.5 GeV the XS comes from Q2 < 0.6 GeV?
+ AtE ~1GeV, ~40% contributions from 0.6 GeV2 < Q2 < 2 GeV?2 a4



Axial Form Factor Enhancement

Friedland, Gonzalez-Solis, E.P., Quirion, Ristow in preparation
MiniBooNE cross section measurements seem to favour a 30%
enhancement of the axial form factor

The same enhancement provides a good fit to MiniBooNE
differential Cross Section measurements

Double Differential Cross Section (cm?/GeV) Double Differential Cross Section (cm?/GeV)
m RFG Model: M_A = 1.03 GeV m RFG Model: M_A = 1.35 GeV
m MiniBooNE Neutrino Data ,‘32 m MiniBooNE Neutrino Data 2,,0
r 20 / 2.0 /[
U 3 "z 3
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Which values of ()2 impact neutrino data?

Compos1t10n of MINERVA Cross Section

Neutrino Cross Section: M, =1.35GeV, 6 < 20°

Neutrino Cross Section: M, =1.05GeV, 6 < 20°

2.00 le—38
Q? in GeV?
1.75 1 mm 00<0%2<0.2
mm 0.2<Q%<0.4
1.50 - B 0.4<02<0.6 .
mm 06<0%2<0.9
mm 09<Q%2<1.2 ++ +
1257 m 12<02<15 _
< 1.5 < Q2 <2.0 ++ &
gloo— mm 20<0Q%2<3.0 L
; o 3.0<0%2<7.5 + ©
0.75 - mm 7.5 <Q? < 1599.0
B Minerva XS
B Nomad XS
0.50 A
0.25 A
0.00
10~ 100 10!
E, (GeV)

™ Friedland, Gonzalez-Solis, E.P., Quirion, Ristow in preparation

2.00 le—38
2 2
.| Q%inGev
B 0.0<0%2<0.2
0.2 2<0.4 [ |
1504 [ 02=Q7<
B 04<0%2<0.6
mm 06<0%2<0.9
1.25 - 2
e 09<0Q4<1.2
mm 12<0%2<15
1.001  mam 15<02<2.0
mm 2.0<0%2<3.0
0.75 A o 3.0<0%2<7.5
mm 7.5 <02 <1599.0
0.50 - B Minerva XS
B Nomad XS
0.25 A
0.00
1071 100 10!
E, (GeV)

* The situation is similar, although E, is higher the relevant values are

0Q? <2 GeV?2
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Which values of g2 impact neutrino data?

* The experimental results point towards a larger value of the axial

form factor M 135 GeV

« If true, the value of M4 saturates the cross section leaving little
room for multi nucleon effects or others

Emilie Passemar
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Which values of g2 impact neutrino data?

“ The experimental results point towards a larger value of the axial
form factor M > 135 GeV

= 1If true, the value of Ma saturates the cross section leaving little
room for multi nucleon effects

« Is the dipole physically motivated?
F4(0)

g .
(17%)

The parametrisation has an impact on different g2 dependence

FA(Qz) =

ranges on the neutrino data
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GM/(,Usttd.dip)

Dipole Parametrization

i
* With very precise data o
: e s 1.06
the dipole parametrisation £ 1.04 _ >
fails for EM form factors ZZZ 10? L. | 2 11 2
Bernauer et al, Al coll.’06 = 09 MIFA-FH1
& .96
0.94 L
0 0.2 0.4 0.6 0.8 1
@ C
----- [4] no TPE HH Price [67] F Borkowski [64]
1.15 — le1 Berger (87| - Bartel [89]
| b Christy [56] el Hanson [88] k4 Murphy [92]
el | 1= Simon [60] FH Janssens [57] + Bosted [68]
GYi(t = 45 = Fi(g®) + F5(¢?)
g’
C.i=q  =FE( ) Fy(g*
et =q°) = Fi(g) a0 2(q)
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What do we know on the Axial Form Factor?

# Their low energy behaviour: given by ChPT

* They are defined as the Fourier transform of the charge
distribution: they can be computed within ChPT at 6 (p*)

o _(5)
ds2 d2 pointlike j

Fle) = [ d*reamp(n

e / :/dgrllJriq"’“—%(Q~T)2+...]p(’f)
>

=1—-(rg* +...

We can perform a Taylor expansion:

g = B (1 + é<r2>q2 + @(614)>
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What do we know on the Axial Form Factor?

# Chiral Perturbation Theory determination of F A(qz) = GA(qz)

1 ' ' | Schindler &Scherer’06
0.8 - -
& o % : ’ Dipole fit
< 0.6 \\\§ !
& - G,(0)
DN A
> Gu(g7) = -
~N | | 2
\U/" 0.4 - (1 ik Q_2)
< \ My
e 0.2 {  ChPT prediction

02 03 04
~q° [GeV? ]
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What do we know on the Axial Form Factor?

Brodsky & Farrar’75
“ Its high energy behaviour: Brodsky & Lepage’80

In the limit —¢*> = 0* - o configuration with minimum # quarks
will dominate

—a 0
-

1
2 hard gluons: F A(qz) e
—-¢* > {

When does pQCD set in? Experimentally for Q% > 10 GeV?

Emilie Passemar



Improving the Form Factor parametrisation

* For intermediate energy region: Can try to use VMD

* Analytical structure of FF (e.g. F1or Fa)

N Photon or W sees proton through
all hadronic states (with vector or
axial-vector Quantum Number)

N hadronic
t > tinr states

. Processes in unphysical
Isovector:: - nw (incl plAm G, ..

soscalar 3w el (o) BERE (el o), region t <4 my?
e Resonances (Vector Mesons) For Fa (Axial Vector Mesons)
a1(1230) and a1’ (1647)
P+ [sCVECTOR Masjuan et al.”12
{4 o)
&l (SO SCALAK mal mai
Fu(1) = g4
D f 2/ it
Emilie Passemar (mal )(mal ) 43




Improving the Form Factor parametrisation

» For intermediate energy region: Can try to use VMD, e.g. EM FF

* Dispersion Relations )

,/;

'
spacelike timelike Re(t")
<€ e L LR TR T = t, = 4’”72:

4 thr C

« Use spectral function from theory or from experiment

Frazer &Fulco’60, Hohler et al’75

V { - 2
fﬁmw)/kf%\ i ]Odt’ Im F;(t)
, Teit = =g
| Uthr
e s
L - s, £~t:c‘z

e



Reconstruct the Axial form factor from Analyticity

* First intermediate state 3m

S
- IMFA(1) o fy L3O X T5 (0
N hadronic
t > tihr states
* Use the spectral function from g B ey

g2

T — 3mv, measured by ALEPH
to determine fa_ 3,

oo
1

SF(t »nnn)
(0}
A g LN

I
|

\}
1

L
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Axial form factor constrained from tau data and nucleon data

# Build a function that has all good analytical properties and is in
agreement with tau data for g2 > 0 and lattice data for q2< 0

* The dipole parametrisation blows up at g2 = M24

F4(0)

g2 \?
)

* The two pole parametrisation also blows up

FA(Qz) =

2 2
mal mai

Masjuan et al.”12

* One need to go out of the real axis: == Use Breit Wigners

Emilie Passemar
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Axial form factor constrained from tau data and nucleon data

# Build a function that has all good analytical properties and is in
agreement with tau data for g2 > 0 and lattice data for q2< 0

* One needs to go out of the real axis: == Use Breit Wigners

f/lxg "(q*) = BWa1(1260)(q2)

2 2
: B 5 e e q(q”)
with Wr(¢) ues e ) and Frlqg ) =F; .

Emilie Passemar



Axial form factor constrained from tau data and nucleon data

# Build a function that has all good analytical properties and is in
agreement with tau data for g2 > 0 and lattice data for q2< 0

* One needs to go out of the real axis: == Use Breit Wigners

1
f W(q 2) = 1——|—y BWa1(1260)(q2) =i BWa1(1640)(q2)

2 2
: B 5 e e q(q”)
with Wr(¢) ues e ) and Frlqg ) =F; .

Emilie Passemar

48



Axial form factor constrained from tau data and nucleon data

# Build a function that has all good analytical properties and is in
agreement with tau data for g2 > 0 and lattice data for q2< 0

* One needs to go out of the real axis: == Use Breit Wigners

1
f W(q 2) = 1——|—y BWa1(1260)(q2) =i BWa1(1640)(q2)

2 2
. B Dt Mmpg I g(q )
with Wg(q%) e and Trlg ) — Br .

» Use a dispersive parametrisation:

: o , z
- q , o(s")
B lo (s — g~ — i)
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Axial form factor constrained from Tau data and nucleon data

+ Results from tau data Friedland, Gonzalez-Solis E.P,, in preparation
06 0.6—————————p—————————————————
" w ALEPH (2014) T v, —  Dispersive aj+a;' ; - o ALEPH (2014) T v, ——  Dispersive aj+a; ]
I 0.2%'25 0?5 0?7 049 —_— Breit—Wigner ay 7 0.2%35 0?5 0?7 0\'9 _—— Breit—Wigner a
0.5 0.5 1
S .. ] C01r L ]
04 Preliminary 0.4 Preliminary
I B |
D 0.3} oo S 0.3 ]
ST S ]
| 0.01 |
0.2 0.2 ]
50.001— ! :
0.1 0.1 §
0. 00002+ e ®™ ] 0 :0.901 S ‘
0.0 0.5 o s 20 2o 3.0 80 05 1.0 1.5 20 25 3.0

Q SUEY: [GGV ] szmgﬂ- [GeVZ]

* Notice that the peak is consistent with Ma ~ 1.2 - 1.3 GeV, but
not with Ma=1.03 GeV
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Axial form factor constrained from Tau data and nucleon data

+ Results from tau data Friedland, Gonzalez-Solis E.P,, in preparation
06 0.6—————————p—————————————————
" w ALEPH (2014) T v, —  Dispersive aj+a;' ; - o ALEPH (2014) T v, ——  Dispersive aj+a; ]
I 0.2%'25 0?5 0?7 049 —_— Breit—Wigner ay 7 0.2%35 0?5 0?7 0\'9 _—— Breit—Wigner a
0.5 0.5 1
S .. ] C01r L ]
04 Preliminary 0.4 Preliminary
I B |
D 0.3} oo S 0.3 ]
ST S ]
| 0.01 |
0.2 0.2 ]
50.001— ! :
0.1 0.1 §
0. 00002+ e ®™ ] 0 :0.901 S ‘
0.0 0.5 o s 20 2o 3.0 80 05 1.0 1.5 20 25 3.0

Q SUEY: [GGV ] szmgﬂ- [GeVZ]

+ How to connect to the nucleon?
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Axial form factor constrained from Tau data and nucleon data

+ How to connect to the nucleon?

N
* Take a constant ga

N hadronic FA(qz) =54 'fA—>37r <q2)

states

—— Our prediction (1°t°r7)  —— Dipole My=1.35 GeV-

— — Our prediction (7t rt*717) — Dipole M4=1.03 GeV -

== [)Oes not work!

- = Alexandrou et.al (m;=130 MeV)
: e PNDME (m,;=130 MeV) () PNDME (m;=220 MeV)
0.2+ A PNDME (m,=135MeV) - PNDME (m;=310 MeV)
_ PNDME (m;,=220 MeV) o PNDME (m;=310 MeV)
O PNDME (m;=220 MeV) o PNDME (m;=310 MeV)
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0” [GeV?]




Axial form factor constrained from Tau data and nucleon data

+ How to connect to the nucleon? Gari & Kaulfuss’84
N e Use Axial Vector Meson
Dominance assumption

N hadronic FA(CJZ) =]€4—>3n (q2> : KA (q2>

states

* Several g2 regions:

* Low energy region
== One pole K, (q°) =g,

A%E_qz 6

02 04 06 08 10 qlGew)
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Axial form factor constrained from Tau data and nucleon data

+ How to connect to the nucleon? Gari & Kaulfuss’84
N e Use Axial Vector Meson
}:ED~" Dominance assumption
N hadronic
states FA(qz) =]€4_)3ﬂ (q2> s KA (q2>

= Several g2 regions:

* Low energy region:
== ON€ pole K, (¢°) = g4

» Intermediate region:

A%E_ q -

(b)) (b;) 0z ]

02 04 06 08 10 qiGew)

Emilie Passemar 54



Axial form factor constrained from Tau data and nucleon data

+ How to connect to the nucleon? Gari & Kaulfuss’84
= e [Use Axial Vector Meson
> Dominance assumption
N hadronic
states
Fiq =fi.3,(47) - Ky (4°)

+ Several g2 regions:

* Low energy region:

Au "'“‘T@
(b)) (by)
* High energy region: pQCD 02
A} -
s HE 02 04 06 08 10 qicew)
KA (q ) _gAA2 - 10 qXGeyk)
HE 4

Emilie Passemar )



Axial form factor constrained from Tau data and nucleon data

+ How to connect to the nucleon? Gari & Kaulfuss’84
= e [Use Axial Vector Meson
> Dominance assumption
N hadronic
states
Fiq =fi.3,(47) - Ky (4°)

+ Several g2 regions:

* Low energy region:

Mu

(b)) (by)

* High energy region: pQCD

: 2 " 02 04 08 08 10 qz(c,egf)?
K, (q°) =
A\d 8A

Emilie Passemar
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Axial form factor constrained from Tau data and nucleon data

+ How to connect to the nucleon?

o e Use Axial Vector Meson
Dominance assumption
N hadronic 2 2 2
states H(q) =]€4—>3n (q ) - Ky (q )
1.0 | | — ‘Ou‘r pr‘edi‘ctic‘)n (‘no‘rror‘r‘)‘ . ‘Dip‘ole‘ M/‘\=1‘.35‘ GéV—
—— Our prediction (;t"rt"mr™) — Dipole M4=1.03 GeV -
0.8 N, T
< | Ry e |
00 | o7 TTTSSEII=— i ° 2 °
206 I == Fit K, (¢°) to lattice data
3., *
, 0.4+
- m Alexandrou et.al (m,;=130 MeV)
" e PNDME (m,=130 MeV) () PNDME (m,=220 MeV)
02 - A PNDME (m;=135MeV) - PNDME (m,=310 MeV)
- PNDME (m;=220 MeV) o PNDME (m,=310 MeV)
- © PNDME (m;=220 MeV) o PNDME (m;=310 MeV)

00 02 04 06 08 10 12

0? [GeV?]
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Conclusion and Outlook

« With neutrino physics entering precision era, we have new
demands for better understanding of neutrino-nucleon
interactions

* The problem has many facets:

* Old, schematic dipole parametrisation of the nucleon form-
factors urgently needs to be revisited and improved

* The results need to be combined with other hadronic effects,
e.g., both resonant and non-resonant pion production.

e Further, one needs to incorporate nuclear effects, such as two-
nucleon currents and final-state interactions

Emilie Passemar
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Conclusion and Outlook

+ The axial form factor is not so well known, but we have several
methods to tackle the problem:

* We have identified which Q2 are the most relevant for quasi
elastic neutrino nucleus new measurements

This corresponds to Q2 < 2 GeV?

Emilie Passemar
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Conclusion and Outlook

+ The axial form factor is not so well known, but we have several
methods to tackle the problem:

At low and high Q2 we can use ChPT and pQCD

The intermediate Q2 region (~1 GeV?) is challenging, but LQCD
has been making remarkable progress. g, a1k by M. Constantinou

z-parametrization is a good method to relax the overly
restrictive dipole parametrisation Bhattacharya, Hill, Paz’11

Analytically: we can use analyticity and dispersive techniques,
and take advantage the tau data to learn about the properties of
the 31 intermediate state presently being developed
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F 40?24

=
T A T T

Axial form factor constrained from Tau data and nucleon data

+ How to connect to the nucleon?
N

hadronic
states

1.0 —— Our prediction (t°r°r7)  —— Dipole Ma=1.35 GeV -
— — Our prediction (7T ") — Dipole My=1.03 GeV |
—— Our fit

_S
-~
-~
-~
-~
-~
-~
-~
-~
~

oy
-~
~y
oy
~
LT
-~--- T
-
LS
—
—
——
-

g
T m T T T T T
o+

~
~a
-~
-~
-~
-~
-~
-
-~ -
o~ —
-
-
-
-
-
-

- m Alexandrou et.al (m,;=130 MeV)

e PNDME (m,=130 MeV) () PNDME (m;=220 MeV)
0.2+ A PNDME (m;=135MeV) - PNDME (m,=310 MeV)
-~ PNDME (m;=220 MeV) o PNDME (m,=310 MeV)
- O PNDME (m,=220 MeV) o PNDME (m;=310 MeV)

0.4 0.6
0* [GeV?]

0.0
0.0

Emilie Passemar

Introduce a g? dependance

FA(qz) =i (6]2) : (1 = <rj>a1NN) 612

(’ﬁ) = <rj>a1+<rj>a1NN

== Fit to lattice data

(r?) = 0.14(1)[fm*]4+0.09(1)[fm°]
= 0.23(1)[fm"]
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Axial form factor constrained from Tau data and nucleon data

7
0’0

1.0 —— Our prediction (t°r°r7)  —— Dipole Ma=1.35 GeV -

0.2 A PNDME (m;=135MeV) - PNDME (m;=310 MeV)

00—

How to connect to the nucleon?
N

N hadronic
states

N\ — — Our prediction (i rt*rt™) — Dipole Ma=1.03 GeV -

-
i ; .
2 N —— Our fit
.....
S

- m Alexandrou et.al (m,;=130 MeV)
: e PNDME (m;=130 MeV) () PNDME (m,=220 MeV)

- PNDME (m;=220 MeV) o PNDME (m,=310 MeV)
- © PNDME (m,=220 MeV) o PNDME (m,=310 MeV)

0.0 0.2 0.4 0.6 0.8 1.0 12
0* [GeV?]

Emilie Passemar

Introduce a g? dependance

FA(qz) =i (6]2) : (1 = <rj>a1NN) 612

1
FA(qz) = ) g(rz)qz - @(q4)

Reference my [GeV] (ra) [fm?]
K2K 1.20£0.12 0.32£0.06
NOMAD 1.05+0.06 0.42 + 0.05
MiniBoonNE 1.35+0.17 0.26 £ 0.06
MINERVA 0.99 0.48
MINOS 123795 0.317 9oL
This work (preliminary) — 0.23(1)
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7z parametrisation for the FF

50 ¢ =
2\ k
el =% el
o S — S \‘
T ;
Qx| 97 ’
Bhattacharya, Hill and Paz’'11
1.2.°}.-‘ * z(q2 . C]) > m_m
10 {ﬂ I; 7 e VSth — @2 + /Sth — Qo
I ¢ ]
_FA(_Q2) 08 - }
f }} 1 g
0‘6f }+ }{ ]
T

Q2
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7z parametrisation for the FF

e ki anz(@)

Meyer, Betancourt, Gran and Hill’16

N,=4 z expansion

1 m, = 1.014(14) dipole
(\’]-\
G
<
LL 05

2
_Qmax

R R R DR =5,
Z(q2,8th,qo) > Sthe.9 vV Sth — 4o
V/Sth — @2 + +/Sth — Qo

r4 = 0.46(22) fm”
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Axial and Pseudo-Scalar Form Factors

* 1 electroproduction using ChPT at threshold
e p—ennt

S-wave electric dipole amplitude of threshold charged pion
electroproduction :

2
o+ | Wi \/ 4 8 Alg") 4mA; — 2q? m(7)

« This low energy theorem is strictly valid in the chiral limit (mm = 0)
== Extrapolation using ChPT Bernard, Kaiser & Meissner’01

# Problem: most of experimental data outside of ChPT range
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Energy Reconstruction

+ To reconstruct E,:

Friedland&Li’19

* Measure energy of all final state particles
and add them up “Calorimetric method”

* In a realistic experiment not all energies

can be accurately measured
see S. Li and U. Mosel’s talks

: : MiniBooNE’10
* Cross section model needed to improve

energy measurement by filling in the
missing information

. . . v-beam
* e.g., to go from total ionisation charge eaW\

; ; : : . \ Cherenkov 2
in LAr in DUNE or light in NOVA,
need to predict its composition

Cherenkov 1

(SC|nt|IIat|on)

msl requires accurate physical model of interaction
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(Juasi-elastic Neutrino Cross Section

P. Vogel

» To compute the neutrino-nucleus cross section in the quasi-elastic regime, 2
parts:

 From quarks to protons and neutrons === Form factors
* From protons and neutrons to nucleus:

Nucleons in nucleus not at rest: at the minimum Fermi motion
mel» Relativistic Fermi Gas model Smith&Moniz'72

- More elaborated models include spectral functions and nucleon-

nucleon interactions p”



Neutrio Cross Section

N.(E) ~ @(E) x o(E) xtarget

-

v flux at 1 GeV o(vN) ~ 103 cm?,
(# neutrinos) compare to o(pp) ~ 10-26 cm?
depends on your v source
®,(E) = ®,,,, (E) X P S ti et g
JE) =@, (E)xXP, - 1) v CFOSS SecCtion FVN2 M2

tiny (~1038 cm?) *~
tot ~
oot~ E,

* To determine the oscillation probability L, )

mml Need to know the Cross Section very precisely
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Electromagnetic Form Factors

i 1
(p(p) | J# | n(p)) o @ (p’) { By (612)+%0””qu¥ (g2)+r"ysFa(g?) + — "1k p(q%) }u(”)(p)
N N

Vu iz

+ 4 form factors to determine l
* F{(g%) and F,(g%:

== Can be related using CVC to EM processes p

B =FE q) H @)
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Axial and Pseudo-Scalar Form Factors

l 1
(PP 15 In(p)) & () PFY(q) +5—0"4,F}(q) + PrsFa(@®—a"rsF (@) ju(p)
N N

* 4 form factors to determine Y z

¢ I A(q2) : Axial Form Factor z
2m?

: Fp(qz) : Pion p01e PO FP(qz) = m2 —qu FA(qz)n p

* How to determine F A(qz) experimentally?

BNL’81, ANL’82, FNAL'83
* YN scatt.: the best way but old data from 80s:
Reanalysis by Meyer et al’16

* 1 electroproduction using ChPT at threshold
Also old extraction model dependent Bernard, Kaiser & Meissner’01

* u capture: allow to determine F P(q2) Hill, Kammel, Marciano & Sirlin’18
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Energy distribution of neutrino beams

Normalized Flux

18? LBNF v
16 ¢ MINERVA v
14 |

12 |

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

BNB Input v

T2KND v

NOVA ND v

+ Ev reconstruction from
final state
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Energy distribution of neutrino beams

e :
: BNB Inputv —— - ’ .
18 | BNE |+ Evreconstruction from
LS MINERVA v —— -
5 14| (\ oK ND final state
512 NOVANDv ——
N 1|
g 19 G.P. Zeller
o ~ 127
pd L +
O
g |
£ 1| TOTAL +
) ®
= 0.8 { 8 U )
1] :
E, (GeV) S s 2
S o6 ) T WMF”-
* Ditferent Energy regions: > QE LRy IS
: . 'y 0.4 R &
* Quasi-Elastic + FSI A Lf A
° R N d - 0.2
esonance-pion production S
* Deep Inelastic Scattering o L—7 .
10




What do we know on the Form Factors?

For intermediate energy region: Can try to use VMD

* Approximate spectral function with 2 narrow resonances

r N
v A St mE) 4 q g(é“m’\;‘/ oo
e 2Tm E(E) = p (-]t Fo(o)= 4
{
. \V4
Y g and impose
N n A . ¢ A <
l—4 (C( > - ‘W\Z a2 N 'W\PT—C{Z £ s — | = i"
i B ¢ ”“cf /""sz

» Has approximate dipole behaviour:
Arise from residues of

| ey o B, o= mS M nearby poles with equal
. c ¢ (1 - "““(f) magnitude and opposite signs
. , 2 =
F4v<cf2> < q(J('mf'-m%) = 2 —~
R 2 o2 A 2N g?
(I’Y}’\ef-_C‘2></W\€(—1 ) (4“%)(4 —/Y_WI’L_Z;)

¢ ¢
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What do we know on the Form Factors?

K/

« Better treatment of the spectral function

= Dispersive parametrizations Belushkin, Hammer, Meissner’06
Lorenz, Hammer, Meissner’12
Weiss @ CPIPANP18 Hoferichter et al’16

[ = Belushkin et al.

[ — Hoferichter et al. . Leupold’17
15F W DIYEFT ': Alarcon & Weiss’18
> | ]
(g 10F
: \ | Gyt =4q>=Fi(¢)+Fyg?)
O ....... \;
0.0 0.2 04 0.6 0.8 1.0
t (GeV?)
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Dipole Parametrization

« If we could expect such a parametrisation to work at very low
energy or High Energy, there is no reason for it to work at ~1 GeV

where MiniBooNE took data

1073° (T. Katori, NuInt09)
NE 16 5 Fermi Gas (M,=1.35 GeV)
S 12 @PH’“‘
m ITHh - o —
° 10E Mﬂ—m
6 = *  MiniBooNE f
4F * NOMAD Fermi Gas (M,=1.03 GeV)
2 E L SciBooNE
0: i ; i@ e i ; A S S
- RF
10" 1 10 ERFC (GeV)

+ 30% discrepancy between MiniBooNE and NOMAD
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Ga/ga

Axial Form Factor puzzle

* A priori not obvious how much of the 30% discrepancy in the

MiniBooNE cross section due to axial FF versus nuclear effects.

* However two reasons to consider the axial form factor seriously

*supported by recent lattice results, see also cCapitani et al’17

Gupta et al. PNDME collab.’17

L e

0.8

0.4 |

g2 F

1.026§21 GeV --- !

....

I EX[I). i
1.35(17) GeV =usas i
1.42(12) GeV —
al2m310 =~ .
al2m220L &+ .
a09m310 ~4- |
a09m220 e~ 4
a09m130 i+
. a0om310 +&- |
- a06m220 o~ |
ab6.m13b =+ -

—~
s LT

Alexandrou et al.’17

ma=1.077(39) GeV Two-state

- ma =1.350(170) GeV = Fit, ma =1.322(42)(17) GeV |
1.41 — — ma=1.010(240)GeV W ts=1.31fm
1.2

Np=2, m =130 MeV
1.0}
0.8}
0.6
0.4} IR
0.2
0.0 | | | | |
00 02 04 06 08 10
Q2[GeV?2] 77



What is know on the Axial Form Factor?

+ Recently very significant progress on two fronts:

» Lattice QCD results on g, = F,(0) and F,(q*)

Gupta et al., PNDME collab.”17

10 Y ? [ N . J Y | . . Y g | . > . 1 | " > g Y | ' ;. 4 .
: Exp. e |

58 1.026(21) GeV ---

; Ve 2t 4] 1.35§17§ oy
0.8 | e =
: al2m310 =~ |

£ al2m220L ~&+
: - a09m310 4 |
S 06| X a09m220 o |
= - a09m130 ~m- |

= _ a06m310 +A~
ik e, L aO6m220 "6" E

0.4 | W a06m1
0.2 + i
0.0 =3 0.6 0.9 b2 1.5
Q? [GeV?]
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Alexandrou et al., ETMC’17

ma=1.077(39) GeV

1.6+ - Two-state i
- ma=1.350(170) GeV === Fit, ma=1.322(42)(17) GeV
1.4} — — ma=1.010240)GeV M ts=1.31fm
1.2 &
S 1.0
=
T 0.8t
:ZCSS'.‘.
0.6
0.4+
0.2}
0.0 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Q2[GeV2]

mlp see talk by M. Constantinou
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