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Neutrino-nucleon interactions

A very birds-eye view

Some examples based on introductory works:
E.A. Paschos, Electroweak theory
M. Thomson, Modern particle physics

Recent research

And lectures from N. Rocco at the last NUSTEC school at Fermilab

For more in-depth overviews:

References in this presentation
&

NuSTEC White Paper : arxiv.org/abs/1706.03621
&

Snowmass 2021 white paper : arxiv.org/abs/2203.09030
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Interactions with the nucleon K K
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Four momentum transfer Q?

W2 =P2=(q+p)?=Q*— 2Myw + M?



Interaction cross section

(8. d)

do

Nintera,ctiﬂn — ﬂll){/ dﬂﬁ E
AQ T

[Taylor, ISBN:0486450139]

2 - N-2 exclusive scattering

p1+p2 7> pP3+pPst ... +Pn
flux  Phase space Energy-momentum conservation
1 |y dps -
do =|— = ls* — N (27)* | M|?
o =|5 1:[ 2n)E; (p1 + p2 ;pz) (2m)" M|

F? =16 ((Pl 'P2)2 — m%m%)
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Interaction cross section: degrees of freedom

2 - N-2 exclusive scattering

pP1L+pP2 = pP3+pPs+t ... +DPn

N, .= 4N -N (mass-shell conditions)

- 3 (choice of reference system)
- 3 (choice of coordinates)

-4 (Energy-momentum conservation)

For Elastic lepton-nucleon scattering: |+ N - '+ N’ |
2 .2 :N, =2 dof = p3
° E;, cos6y

P1 > 4‘ 6 D2
;N 2

do(E) _ L E \M\Q

dcost 327 \ MyFE

In CMS
P4
Z= Fermilab



Matrix element for lepton-hadron scattering

Feynman rules for one-boson exchange:

M= ) Sula =k —K)Thla, ) =g

) —
GW/Z _ _Z_Q;w — QﬂqV/MW/Z ~ Juv //\
uv o qg . M2 ~ M2 ju

W/Zz W/Z H
L9uv
SFYU o = )
H q2
2 g MP=FRY E TP = F2) | Tt D (T T = F L H
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Matrix element for lepton-hadron scattering

For one-boson exchange: jg‘u — E(k")l_‘”u(k) e e’
\\I\#//
Y
P b <
'Y =ey =
. g | 5 Y k
]_'\IJ — H ]_ — " | H
2 4cosOy T ( T ) \FW//
. g _ l—'} <
T = 2k (1—~
%% = W
S (1=77)
Vv Vv’
. |
If you calculate the lepton tensor with ', once Z
- get all the other cases for free
=z
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Matrix element for lepton-hadron scattering

For one-boson exchange:

2 2 puv
ZA:,»\;L‘M‘ F% LM H,,

LM (s,8") = [u(k', sy (1 £ )ulk, s)] [k, s )y (1 £9°)u(k, S)]T

S Lt =0 (kK R) = 4[RO + RE 4 gt (mm — k- K) F bt P ko k]

h=1

VWV
<<
VWW,
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General expression for the (inclusive) hadron tensor

% '
p* O —
PHPY PP Qg
Wo 41 W
VY Ve A

QrQ"
M3,

PHQY + PYQ"

H" = —g‘“"Wl +
My

Wy +

Wi
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General expression for the inclusive hadron tensor

3
A —
pHpY BP0y
Wo + i 1%
VMY VPl 3

Q"Q" .. | P'QY+P'Q
Wy +
My, My,

HM = —g"" W, + Ws

Lyw(h=—-1)H" =2E, Ly [2W1 sin’ % + W, cos? %
W 5 X mf
—h E,+E A_ S
My (( + f) sin 5 2Ef
Wy o 2 X

Wi m?
M‘Q qum ) + ﬂ’fNE_f

_I_

Completely general and well-defined, but structure functions W. depend on interaction
— Constraints come at level of the current

2= Fermilab
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Elastic lepton-nucleon scattering: amplitude level

guarks nucleons

u(p )" (1 —~”)ulp) — u@ )T — Thu(p)

Structure of vector and axial current

o = RQ)y — 29D (g — gy

2
[ = Fa(Q*)v"y” + PlQ@7) s

2= Fermilab
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Elastic lepton-nucleon scattering

guarks nucleons

u(p )" (1 —~”)ulp) — u@ )T — Thu(p)

Structure of vector and axial current

Ly = F1(Q* )" — 29

(V@ — Q")

TH = Fa(Q*)y"y° +

Wi=—(F + F)%— F2(r + 1), e-N scattering
W, =Fl4+7F2 +G%, . 2
W3 =Gal(F1+ F2), W 1= =T (Fl + FE]

_RR —> -2 R

5 FpG oMy +TM3F5,

2= Fermilab
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Relativistic electron scattering with Dirac fermion

—r1
= eu(k’, s" )y u(k, s) e e
= same as the lepton-current calculated previously \//

H" (k, k') = 4 [kFE"Y + EY K" + g" (mm/ — k- k)]

S W1=Q¥2 ,W,=2M?

The differential cross section is; /\\
f f’

do_ (a\ (BN 20 Q@ 20
., \o2) \E) | 2792 3

p

2= Fermilab
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Relativistic electron scattering with Dirac fermion

e e’

\/

-

i

L=

=

<

—

=

—

4

=

=

L=

-
/\

do ([ a\* (B 20 Q8 L of
a., \oz) \E) [* 2792 3

p

Compare to the Mott cross section
= scattering off a spinless point-charge

f f’
2
dUMott O52 E, 2 v
= COS —
d( (Q2)° \ E 2
. Dirac partl_cle mc_:h;des magnetic
moment gives sin?term
35 Fermilab

14 Relativistic : p /E_ = 1



Electron scattering with nucleons

Spinless point charge:

do ot o £ 2(3082 Q
E 2

dQ  (Q?)

Point-like fermion with Dirac magnetic moment

do_ (a\"(E'Y 20, Q@ L0
., \o2) \E) | 29,2 3

p
Nucleon:
0 G e ]
l/e:l—|—2(l+’r)tan22 T = 4?,;

2& Fermilab
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1
1+ 7

Nucleon form factors: electron scattering
dO' dJMott

0= a0 GRQ) + ZGh(@)

Electric and Magnetic form factors of the nucleon

At small Q% : G_(Q?) ~ G_(q) ~ ‘the Fourier-transform of the charge density’
(not strictly true)

Charge and magnetic moment of the nucleon:

GR(0) =1, G3(0)=p/up =2.7928
— Anomalous

Gg(0) =0, G(0)=p/pp =—-19130

Point-like fermion (no higher-order corrections)

Gp(0)=1, Gu(0)=p/ps =1

2= Fermilab
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Nucleon form factors: measurement

d_U B do ot [ 2.(Q
dQ  dQ
l/e=1+2(1+7)ta g

Measure the cross section
At different combinations of 9, E.

with Q? = constant

— Can separate electric and magnetic
form factors

17

T
)+ <Gh(QY)| =
0150 |
0145
.01402_
.0135 _

0094 F
0092
.0090 f o
0088 [

.0086 |

0051 |
.0050 |
.0049 |
0048 F
0047 £
0046 B . T
0.0 0.2 0.4 0.6 0.8 1.0

1
1+T

Q% = 364 c—«:vR

()

[Qattan et al.,PRL 94, 142301 (2005)]
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Nucleon EM form factors

Early analysis found form-factors consistent with dipole-form
GL(Q%) =Gp(Q7), GH(Q*) =p"Gp(Q%), GI(Q%) = u"Gp(Q")

Gp(Q?) = (1+ Q*/ME)?

1.4

o lz2

&

™~
a

)

1.0 4=
- A o .

0.8

0.6

{]4 lllll 1 1 ]JJIIJJ

[Prog.Part.Nucl.Phys. 59 (2007) 694-764]

2= Fermilab
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Nucleon EM form factors

Early analysis found form-factors consistent with dipole-form

1.2 e
Modern analyses: deviation from dipoles o

Often used in generators:

Kelly form [Phys. Rev. C 70, 068202]

BBBAO7 [Eur.Phys.J.C53:349-354,2008] s i .TI :
0.8 .
Z-expansion [Phys. Lett B 777, 8-15]
0.7 .
Modern measurements and analyses are of o
high precision: 06 10~ 10° 10"
Egl:’rog.Part.NucI.Phys. 59 (2007) 694-764] Qz (GeV 2)

[Rev. Mod. Phys. 94, 015002]
[Prog.Part.Nucl.Phys. 59 (2007) 694-764]

Uncertainty is not dominant for neutrino experiments

2= Fermilab
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Nucleon form factors: vector and axial currents
The Dirac structure: 2 vector and 2 axial form factors

The vector current is assumed to be an isovector operator:
T = (N|V5" + S¥|N)

JCCi = (N|V} + AL|N)

."”U.” il
~<
.l'"u.""' il
.""U."" f\
N

v % S 1% IS
Vi, = F," 73 + F; FY 1y '
.2 1%
— 2sin” Oy (F,' 73 + F7)
— Vector form factors determined from e-p and e-n scattering
3£ Fermilab

20 F = F,,;V + F,,;S, F" = F,,;S — Fiv (modulo factors 2)



Axial form factor

[Meyer et al. PhysRevD.93.113015]

T T T T [ T T T T ] T T T T

-Neutrino data is less precise 150 . =
—— N,=4 z expansion

e Dipole fit
- « BNL 1981 data

— ANL/BNL/FNAL bubble
chambers from 80’s
-Original fits done with dipole form: 100 =

Ga(Q?) =ga (1+Q%*/M3) ™

My =1 GeV

dN/dQ? [events/0.06 GeV?]
S
o

- Modern analysis with !
Model-independent parametrization 0
[Meyer et al. PhysRevD.93.113015] 0
‘Z-expansion’

2= Fermilab
21



Axial form factor

-Neutrino data is less precise
— ANL/BNL/FNAL bubble
chambers from 80’s

-Original fits done with dipole form:

Ga(Q?) =ga (1+Q%*/M3) ™

MAzlGeV

- Modern analysis with
Model-independent parametrization
[Meyer et al. PhysRevD.93.113015]
‘Z-expansion’

- More realistic error budget !

22

15

N 10
5
H‘;‘-

©

%102

[Meyer et al. PhysRevD.93.113015]

1 1 1 ! | 1 1 1 1 I 1 ! 1 1 I

Iﬁ:ﬂﬂm HERaeee e T

N,=4 z expansion
—— m, = 1.014(14) dipole

1 10
E,[GeV]

2= Fermilab



Axial form factor: Lattice QCD

- Recent Lattice QCD calculations for the axial form factor
- deviation from deuteron bubble chamber data

NME 21 0 PACS 21

RQCD 20 B PACS 18 erratum
Mainz 21 ¢ ETMC 20
CalLat 21 LHPC 17

0.00 0.25 0.50 0.75 1.00
Q?/GeV?
[Meyer et al. arxiv:2201.01839]

2= Fermilab
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Axial form factor: Lattice QCD

- Recent Lattice QCD calculations for the axial form factor
- Significant increase for the total elastic cross section
- Status currently unclear

1.5

13l ey
m-—l
= 1.1- —
=z e T ————
_l. .......... -
= 0.9
—
20.7- —— BBBAO5

== I exp, vector
0.5 —:— 2z exp, D) axial
y o |=== z exp, LQCD axial
0.2 0.4 1.0 4.0 10.0

E,/GeV
[Meyer et al. arxiv:2201.01839]
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Interactions with the nucleon: DIS K K
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Deep inelastic scattering

Pr pv . ,uuo:ﬁpa ["¥2Y” PH V_|_/P/,u
H" = —g""' W, + 5 Wz-l—?,e 2QﬁW3—|—Q 5 Wy + ¢ 5 « Wi
MN 2PJN N N

Wiela,stic:(QZ) N anclastic:(qap . q) — Wi(Qza iE’)

do(F) do(F)
402 dQ2dx

2= Fermilab
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Deep inelastic scattering

Bjorken scaling

In the limit

QZ

2
W — 00 — o0, O<x=
’ Q ’ QMN(U

<1

Structure functions F, become independent of Q?

wWa 3(, Q%) = Fa3(x,Q%) — Fa3(x)

MW (z,Q%) = Fi(z,Q°) = Fi(z)

27

F;“:logm(x)

ZEUS
x=6.32E-5
Pj x=0000102 —— ZEUS NLO QCD fit
r / " X 5
/ [ tot.error
* ZEUS 96/97
4 BCDMS
. o E665
: ¥ NMC
x=0.0032
b x=0.005
x=0.008
5 P P e o I
e - & = X:ﬂ.013
E o .
o x=0.021
Lgci?™ . o0
: W el
e ¥ 'O 3
i W i
v v . R ayoti s 5 x=0.08

——a =013

¥ L4 Ld X

Py L an : i
gt et % x-0.18

[ ]
T %025

—— ag -_-l‘..'!i{.x:{).‘l
e — x=0.65
1 10 Loz | 10° 10 10°
QX (GeVH)
[Phys. Rev. D 67, 012007]
3¢ Fermilab



Deep inelastic scattering

Simple explanation of Bjorken scaling is the parton picture:
“Scattering of point-like fermions with momentum fraction x”

do”

dxd@?

— [ = 2¢F) = an,(z)

Callan-Gross relation

2 y=(k-q)/(p-Fk)

o _ ( a )2 [(1 _ww + v Fi(z, Q%) | np(x)

See e.g. [E.A. Paschos, Electroweak theory]
[Thomson, Modern particle physics]

2= Fermilab



Deep inelastic scattering

Simple explanation of Bjorken scaling is the parton picture:
“Scattering of point-like fermions with momentum fraction x”

2= Fermilab
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Deep inelastic scattering

Simple explanation of Bjorken scaling is the parton picture:
“Scattering of point-like fermions with momentum fraction x”

Neutrino generators use DIS at low Q?and W ~ 1.5 GeV

—p Often called ‘Shallow inelastic scattering’ (SIS)
‘transition’ between hadronic and parton degrees of freedom

—P»  Brings us to the resonance region

2= Fermilab
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Interactions in the resonance region

N ——»

Resonance region

Four momentum transfer Q?
Elastic scattering

W2 = P? = (q+p)> = Q* — 2Myw + M3



Interactions in the nucleon resonance region

* Significant contribution to event rate in ~1 GeV experiments

e GENIE estimates for SBND:

035 |- - Q%=15GeV? —Ho o

A omseanr ]~ 23 % of the signal has a pion

0.3 - ! ‘ﬁ‘ ';_1:4' I

o A == 4 Ofwhich ~80 % in resonance

02 |- i lI I / .' T ] _E reg|0n
. ' :7- ; 7 ;7_ b 3 iz , .' H S = . ]
0.15 — * £ &f—d__;d_ﬂz z—{ff F S | P =y _
R e iy S 1 Non-perturbative, no factorization
005 |- A 7 o e i — Hadron d.o.f
Oll ~ ‘12 1.3 1.4 1.5l 16 1.7 1.8 1.9 2

Proton F, structure functions (e,e’) CLAS
From [clas.sinp.msu.ru/strfun/]



Electro and photoproduction of pions

Much expertise from electromagnetic interactions with hadrons

Many approaches available in the literature
- MAIDO7, CLAS analyses (‘unitary isobar model’)
- Julich-Bonn, ANL-Osaka, ... (Dynamical models)

Non-resonant N N’ N N

Q /" ' y
P \\ s 70
-
- - — - T
N N' N

N N' N’

+
7/
Q / 4
Baryon A @ Y
resonances d s
N Res N’ N Res N’

33
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Electro and photoproduction

Many approaches available in the literature
- MAIDO7, CLAS analyses (‘unitary isobar model’)
- Julich-Bonn, ANL-Osaka, ... (Dynamical models)

Much expertise from electromagnetic interactions with hadrons

MAIDO07

~18 000 points for photon processes

et A R RS L ! L'LFI

g R S " ST L WA

e’ el AL

nwT 0.4-0.65 dops
CLASO06 [46] | 1110-1570 4179
nw 0.3-0.60 do
CLASO06 1110-1390 8491
pr® 3.0-6.0 do
total 1074-1975 68457
pr’, no™ 0.1-6.0

34

Electron-proton data in MAIDO7
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Electron-induced SPP: high quality proton target data
Figures from M. Kabirnezhad [arxiv:2203.15594]

" cos0,*=0.924 | cos0,*=0.793 | cos6,*=0.609 | cose,*=0.383 coso,*=0.131
3
g -
= 10— T L v ~ - A\ —
bJ * e et : Ny b '
© % 0 * o—- * — * — * — = -
w coso,* =-0.131 | cos6,* =-0.383 | cos6,* =-0.609 | cosB,*=-0.793 12 L4 16
+  Or B B B MK
e -- MAID
Llg 1w —
e ---DCC
01 1.2 . 1.4 “ 1.2 1.4 1 1.2 1.4 1 1.2 1.;, 1.6 -7 Hyb r|d
cos,*=0.9 cose,*=0.7 cose,*=0.5 cosf,*=0.3 cose,*=0.1

20 - - =

10 = =

- R
cos6,.* =-0.1 cos6,* =-0.3 cose *= 0.5 cos6,* =-0.7 cosb,* =-0.9

20 — —

do
+€dQn5‘ [ub/sr]
F |
|

10 — —

do,
*
T
(=]
i
.
| |
-
E\J -
Ll
=
=
-

. CLAS data

W (GeV)

Differential exclusive cross sections are abundant for large kinematic range

2= Fermilab
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Form factors for resonance excitation extracted from data

|
Model of background + resonances Prwsees o d(jlta

can be used to determine
v*p - R form-factors
(model-dependent!)

Corn L A Lalakulich il
250 MAIDO7 ——
= MK ——
7300 | | \ \ | | |
Helicity amplitudes from CLAS and MAIDO7 analyses used in 0 05 1 15 2 25 3 35 4

Neutrino pion production models : Q? (GeVZ)
Lalakulich et al [Phys. Rev. D74, 014009 (2006)]
Hernandez et al. [Phys Rev D 77 053009 (2008)]
Nikolakopoulos et al. [Phys Rev D 107, 05300 (2023)]

36
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Axial couplings are not well constrained

The quality of neutrino-nucleon scattering data is not up to par

Spin 3/2 resonance:

Fﬁ“— Cj\? ( g — QP~ ) ](\;; ( BrQ. kR—Qﬁk”)

ors
+Clg™ + T 55Q7Q",

- 4 axial form-factors

2= Fermilab
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Axial couplings are not well constrained

The quality of neutrino-nucleon scattering data is not up to par

Spin 3/2 resonance:

Constraints on C.A(Q*=0) and C_A(Q*= 0), can be formulated from PCAC

No constraints on other form factors or Q% - dependence

2= Fermilab
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Axial couplings are not well constrained

The quality of neutrino-nucleon scattering data is not up to par

G 12 | |

- BEBC ——
(G_F:s 10 Minerva ----- N
— _ BEBC (p) —#—

5 8y BEBC (p) alt —=— 7
% 6

-

—

c&}) . Data shows large uncertainties
s

T

< 0

2= Fermilab
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Quark-hadron duality
[W. Melnitchouk et al. ,Phys. Rept. 406, 127-301 (2005), arXiv:hep-ph/0501217]

e S LA B e L T L R LR BN
04 b » Q*=0.45 (GeV/c)* L Q*=0.85 (GeV/c)*]
0.3 — % . E
~ 025 F I
F, structure function N: E3

In electron scattering in RES region| — osf * - X\
0.1F .
Approaches and averages to 005 |- : \I/ +

DIS structure function 0.48 ot ;
04 Q*=1.70 (GeV/¢c) £ Q*=3.30 (GeV/c)*3

0.35 F

03 F

—_ . —

0.25 F

sz

0.2
0.15 F
0.1 [

0.05 F

0.2 0.4 06 08 1

[Niculescu et al. PRL85, 1186 (2000)]

2= Fermilab
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Quark-hadron duality in neutrino interactions
[T. Sato EPJ:ST (2021) 230:4409-4418 (2022)]

F, structure function
In electron scattering in RES region

1.5
Approaches and averages to

DIS structure function

For CC v scattering 0.5

e ANL-Osaka DCC model

underestimates F, from DIS 0
1
* Modifying the Q?-dependence of g
resonance axial form factor to that
from electrons : [T. Sato EPJ:ST (2021) 230:4409-4418 (2022)]
see also:
Improved agreement with DIS [O. Lalakulich et al. PRC79 015206 (2009)]

35 Fermilab
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Quark-hadron duality in neutrino interactions
[T. Sato EPJ:ST (2021) 230:4409-4418 (2022)]

F, structure function
In electron scattering in RES region

1.5
Approaches and averages to

DIS structure function

For CC v scattering

0.5
e ANL-Osaka DCC model
underestimates F,from DIS 0
. . 1

* Modifying the Q2-dependence of g

resonance axial form factor to that

from electrons : [T. Sato EPJ:ST (2021) 230:4409-4418 (2022)]

see also:
Improved agreement with DIS [O. Lalakulich et al. PRC79 015206 (2009)]
Z= Fermilab
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Questions ? Answers ?

2= Fermilab
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