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Introduction

Neutrino interactions with matter are present in many interesting and
relevant physical processes

B Astrophysics
M Dynamics of the core-collapse in supernovae
B Nucleosynthesis (n/p ratio)

B Neutrino astronomy

M e.g. Ice Cube, KM3NeT
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Introduction

B Neutrino interactions with matter are present in many interesting and
relevant physical processes

B Astrophysics
B Dynamics of the core-collapse in supernovae
B Nucleosynthesis (n/p ratio)
B Neutrino astronomy
B Hadron and Nuclear physics
M Nucleon and Nucleon-Resonance (N-4, N-N*) axial form factors
M Strangeness content of the nucleon spin
M Nuclear correlations, giant resonances, ...
B Beyond Standard Model physics
B Non-standard v interactions

M Production of heavy-neutral leptons
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Introduction

B Neutrino interactions are our doorway to neutrino properties:

B Detection
W Discovery: Ve D — 11 e’ Cowan & Reines
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Introduction

B Neutrino interactions are our doorway to neutrino properties:

B Flavor ID: required to study oscillations
B Neutrino propagation: matter effects

DUNE

Sanford
Underground
Research e
Facility _=o

Fermilab

v,

B Relevant for oscillation experiments (with accelerator v):

M reduction of systematic errors
M v flux calibration

M background determination
B E  reconstruction
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E_ determination

B Neutrino beams are not monochromatic

Beam dump
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E_determination

B Neutrino beams are not monochromatic
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B Important for oscillations: P(Vu — VT) = Sin2 2053 sin




E_ determination

B (Calorimetric) E, reconstruction (e.g. NoVA, DUNE):
H EI/ = EIep + Ehad
but

B There are neutrons or other undetected particles: E, ;. < E, 4

Vis

Example:
B For 11 A — |7 R(spectator)p E reconstruction works well

but
m for A — |7 R (spectator) pn (undetected) g rec < E = pias

B Migration from measured quantities — E, (*9 — E_ relies on Monte Carlo
event generators (GENIE, NuWro, NEUT, ...)

B tuned to (the best possible) data «+— Near Detector

B require a solid theoretical understanding and realistic modeling of
neutrino interaction dynamics
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B General Introduction/Motivation

B Electroweak and Strong interactions in the Standard Model
B Approximate Symmetries
B Chiral symmetry breaking and Chiral Perturbation Theory

Charged pion decay

Inclusive neutrino cross section

Coherent elastic neutrino-nucleus cross section

Nucleon EW current.

The nucleon axial form factor: ChPT & LQCD

Neutrino interactions on nuclei

NN interaction and the nuclear ground state

Two body currents

Inelastic scattering

Electroweak excitation of baryon resonances

Pion production on nucleons and nuclei
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Electroweak Iinteractions in the SM

B Spontaneously broken SU(2) x U(1) gauge symmetry

Low = —eJ! A, — m%zﬁb . Q%Jg‘cwg +he.
sinHW:E COSQW:% ﬁ: g
g My V2 8MZE
In the leptonic sector:
JE = Lyl i =€, U, T
Jhe = viyH(1 =)l
Jhe = %Z_ﬂ“(gv — ga7s)li + %777;7“(1 — Y5)V;4

gy = —1 4+ 4sin? Oy, ga = —1

lgv| ~ 0.04 < |ga]
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Neutrino-electron scattering




Neutrino-electron scattering
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Formaggio, Zeller, Rev.Mod.Phys. 84 (2012)

Detection of a particle shower at the Glashow resonance
with IceCube, Nature 591 (2021)
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Electroweak Iinteractions in the SM

B Spontaneously broken SU(2) x U(1) gauge symmetry

g g
Lpw=—eJt A, ———Jt 7, — 2 _JWI 4 h.c
o “lemTp 2cosfy "CTH 9y/27 p e
in o € 0 My GF g2
S1I1 = — COS = — — =
" YT Mz V2 8MY,
In the quark sector:
p 7.y 2 Lo = A
Je'm — qu{y q; = §Qu7 qQu — §(Qd7 qd + qs7Y qs) + ...
1 2\ . . 1
Jhe = Q" 5 \3 2sin” Oy — 55| du +(u—c)+(u—t)

1 1 1
+ g —5—(—5)281ﬂ29w+§75] ga+ (d— s)+(d—b)
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Electroweak Iinteractions in the SM

B Spontaneously broken SU(2) x U(1) gauge symmetry

C :—J"A——J“Z——J“WT h.
B “em £y 2 cos Oy 24/2 ¢ e
- e 9 Mw Gp g
S111 = — COS = — —F =
v YT M, 2 8ME
In the quark sector:
Jhe = (Qudcqs) v (1 —7s) ) V ¢+ CKM matrix
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Electroweak Iinteractions in the SM

B Spontaneously broken SU(2) x U(1) gauge symmetry

Lew = —eJH A, — WJ“ Z, — ﬁjﬂ Wl + h.c.

| ®
=
T
Qw

8M?2,

sin HW =

_F
75
In the quark sector: a4
JE = (qudeq) Y (1 —v5)V | gs ) V < CKM matrix

dy
. —id .
I 0 0 Ciq 0 s.5€ Ciy  S;p 0
VCKM: 0 Cyq Sog 0 y 1 0 —S19  Cyo 0
. - i .
0 —s,5 €y S50 0 Ciq 0 0 1 PDG
. . —-i§
_ . .. 1 . 10
— S19Co3 t512323813"3‘5 C19Cy3 — S1989353€ Sa3C3
. 7 . o , 10
S19593 7 €C15C93513€C Ci9S593 = 519C53513€ Cq3Cq3
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Electroweak Iinteractions in the SM

B Spontaneously broken SU(2) x U(1) gauge symmetry

g g
Lrw=—eJt A, ——2 gthz — 2 _JEWT 4 he.
EW Clemu 2cosfy "CTH 9y/27 p e
sin 0 _° cos 6 —% ﬁ— g
Yy YT My V2 8M3,
In the quark sector: a4
JH, = (Gueq) Y (1 —v5)V qs V < CKM matrix
db
cos 6 sin 6
V ~ ( in gc cos ef; ) 0.~ 13 deg « Cabibbo angle
W~ p(uud) — n(udd) ~ €0S%0;
%%

“pluud) —  A(usd) } sinzg
W~ p(uud) —  p(uud) K~ (us) i
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Strong interactions Iin the SM

B SU(3) (color) gauge symmetry: QCD

_ 1
EQCDzwq(z’y“Du—mq)wq—ZGﬁf Gauv q=u,d,s,... a=1-—38

y
Dyt = (0, ~ig P AL ) ¥ G =94 AL— 0" A+ gfunc AL AL

B Asymptotically free = perturbative at high energies

B Nonperturbative at low energies 05 _ ] 2
o ¢ Measured | g

.. S . 1 O = —
. Conf|n|ng 04 = QCD 1 s 47-‘-

03F |
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T L
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Chiral symmetry

B Approximate symmetries of N; =3 QCD
B m, =my=m,= 0 <« Chiral SU(3), x SU(3)s symmetry

m, (1 GeV) = 1.7 - 3.3 MeV
m, (1 GeV)=4.1-5.8MeV < rho meson, nucleon mass

m, (1 GeV) =80 - 130 MeV

Lqoep = Yariv* Dptber, + Ygriv* Dpthgr + - -

B 8+8 conserved currents: Qu
g Aa =
R, = 4rY"'—<ar Vi = Re+Lo=qv"7q ! .
2 2 s
Lr = g u)‘a = A* = RM _ [P = gyH Aa
a — 4qLv 7QL a a a — 47 75 761 q = (qu qd st)
2,VI =0 0,AL =0
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Chiral symmetry breaking

B Approximate symmetries of N; =3 QCD
B m,=my=m,=0 <« Chiral SU(3), x SU(3); symmetry

m, (1 GeV) = 1.7 - 3.3 MeV
m, (1 GeV)=4.1-58MeV < rho meson, nucleon mass

m, (1 GeV) =80 - 130 MeV

Lacep = Yariv* Dutber + Yeriv* Dutbgr — mg(Yqrtbqr + Yqrtbqr) + - . .

B 8+8 conserved currents: Qu
g Aa =
R = qrY"—qr Vil = Ry +LE=q""—q ! o
2 2 s
Lr = g u)‘a < AF = RF _ [H = gyH Aa
a — 4qLv 7QL a a a — 47 75 761 q = (q_u qd st)

B Explicit chiral symmetry breaking:
A Aa

ali‘/ozlu =q [mv 761 q 8MAZL =14 {m7 92 }75(] m = diag(muamdams)
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Approximate global symmetries

B The vector current is conserved (CVC)
B chiral limit
B m, = my = mg < SU(3)q,,., SYmmetry (broken at 20% level)

Q=-1 Q=0 Q=+1 Q=+2
S=0 () wddd —udd —uud —uuu

\\ éﬁ kﬂj /Q/
- dd r ud ~—uu
S=-1 (o) o, A5
@\ EJ /E/*
S =-2 =-::.'| d /;-1-[ u

_I'

- l@’j %& P=3/2*
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Approximate global symmetries

>\a . _ )\a,
0.V, =7 [ma 7] q OuAy =1q {m, 7} V54

B The vector current is conserved (CVC)
B chiral limit
B m, = my = mg < SU(3)q,,., SYmmetry (broken at 20% level)
B m, = my #ms <& SU(2)s,,0 1S0SPIN symmetry (broken at 1% level)

M 7, , < Pauli matrices
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Approximate global symmetries

>\a . _ )\a,
0.V, =7 [ma 7] q OuAy =1q {m, 7} V54

B The vector current is conserved (CVC)
B chiral limit
B m, = my = mg < SU(3)q,,., SYmmetry (broken at 20% level)
B m, = my #ms <& SU(2)s,,0 1S0SPIN symmetry (broken at 1% level)

B The axial current is conserved in the chiral limit (PCAC)
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Flavor symmetries

® Flavor structure of the EW quark currents:

L :—J“A——J“Z——J“WT h.
EW CdemApu 2 cos Oy 22 ¢ + h.c.
2 1, . _
Jom = ?hﬁwu—gﬂmﬁwd+QQ“%)=qQ¢% Q =diag (3 —3 — 3)
1 s A3

q+¢—7q——V“+V“

23!

Jébc — @u’y (1 - ’75)(Qd COS HC + @5 sin QC’)

V1,52 components of the same (conserved) flavor vector current

1 2 1 1 1 1
Jhe = Q" [— — (—) 2sin® Oy — —%} qutqay" [—— — (——) 2sin” O + —75] qi+(d — s)

2 3 2 2 3 2
1, 1.
VFE = (1—2sin® 0y )V — 2sin” Oy 2VY — §q3’y“qs

L. Alvarez-Ruso GGl 2024




Flavor symmetries

® Flavor structure of the EW quark currents:
Low=—eJt A, —— 2 gz, ——J“WT h.
W Jemu 2 cos Oy 22 € +hec.
JE = quy" (1 — v5)(ga cos B¢ + g sinf¢)

A1+ A9
2

AL = @ Y590 = @Y™ s qa = A} +iAb

1 2 1 1 1 1
JE . = gy [2 (g) 2sin? Oy — 575} Gut+qay" [—5 — (—g) 2 sin? Ow + 5’)/5 qa+(d — s)

1

Al = A5 + 5%7“’75613

A, , 5 components of the same (partially conserved) flavor axial current
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Chiral symmetry breaking

m, = my = mg = 0 < Chiral SU(3), x SU(3)g symmetry

Explicit chiral symmetry breaking:

g _ Aa
oVI=4q [m, 7} q O Al =iq {77% 7} V54

B The ground state does not have the chiral symmetry of the Lagrangian

B Parity doublets (with almost degenerate masses) are absent:
B m, =770 MeV (’=1°) # m, = 1230 MeV (1%)
B Light pseudoscalar mesons (J°=0"): m, = 140 MeV , my = 494 MeV
but heavy scalar mesons (J’=0%): m; = 400-800 MeV, myc = 845 MeV

B Spontaneous chiral symmetry breaking:
B SU(3), x SU(3)r — SU(3)y
M Goldstone bosons: 7, K, 7
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ChPT In a nutshell

W Chiral Perturbation Theory = EFT of QCD at low energies
B order by order renormalizable
B free parameters called low-energy constants (LEC)

£QCD — »Ceﬁ’ective (777 K7 n... )
B SU(3), x SU(3)r — SU(3),
B Goldstone boson fields e quotient SU(3), x SU(3); / SU(3),

B Conveniently parametrized as:
. . n + ﬁr; V2t V2KT
U(x) = exp (fiqb(a:)) ¢ = Z b ia=| V2= a4+ Nel V2K
" a=l V2K~ V2K° —%."f

2

Eeﬁf:fTr [(%U(?“UT} L=L~+ L4+ ...
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ChPT In a nutshell

W Chiral Perturbation Theory = EFT of QCD at low energies
B SU(3), x SU(3)r — SU(3),
B Pseudoscalar Mesons: N R &

8 3
V) = e (6] 6=3 b= | VI iy VI
J a=l V2K~ V2K° —%};
2

EeffZZ”Tr [@LU@“UT} L=Lo+L4+...

B Baryon octet:
ol — .
20 = Tr[B(ipp — My)B] — 5Tr( Pys{i, BY) — ETr (By"ysu, B)

150, 1 v+
DB =9,B+[I,,B] i VoY P
a’a _ 1 0
B = Z — Z —EZ ﬁA H
L=L1+ Lo+ L3+ ... = V2 = =0 —%A
6

M Light J’=3/2* decuplet can be added

B Heavier hadrons = LECs

L. Alvarez-Ruso GGl 2024




ChPT In a nutshell

Chiral Perturbation Theory = EFT of QCD at low energies
SU(3), x SU(3)r — SU(3),
Pseudoscalar Mesons:

Baryon octet:
M Light J’=3/2* decuplet can be added

Heavier hadrons = LECs

External currents (EM, wealk, ...) and explicit chiral symmetry breaking
B Power counting:

pi —> tp;, mg — t2mq

M (tps, t2mg) = t" M(ps, my)

W chiral order: n =4L —2Nj; — Np + Z Vi
2

B ChPT predicts the light-quark mass dependence of amplitudes
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Charged pion decay

O Example:ﬂ'_(Q) — U (p) + Eu(k) N p
2\/5 ce' -G @
q/,
P VR G W
(=M = () (5] (—5 2 ) T10) (D)D) =9 O] (~52=) |7
1 v v
DMV — q2 _M%/ (g,ul/ %) ~ _]'\94,%‘/ q2 = mi < MT%V
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Charged pion decay

polar.

O Example:ﬂ'_(Q) — U (p) -+ ﬂu(k) . P -
MP =S IM? = 4G3 L, H™ glmue <
L v~
qf

Tr [(]b + mli)f)/,u(l — 75)%'71/(1 — 75)] — 8L/u/

. N =p+k
Lyw = puky + poky — gk - p + i€u0app™k” 1=p+

H" =2f2q"q"
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Charged pion decay

O Example:ﬂ'_(Q) — U (p) + Eﬂ(k) N p p
MP = 8G% 2m2(p- k) {:} S
= (4R =m 4 2p-k) = (p- k)= s

Decay width, in the = rest frame:

| 3 B
r— /2p p (2m)46%(k + p — q)|M[?

2m,; 0(2m)3 2K%(27)3
o\ 2 —_— Y t—
T — G ]'-‘2m7T 1 — M v ® 't
A7 m2 "
ion rest frame

1
T=5 =26 10785 = fr =92.4MeV
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Inclusive cross section

(k) + N(p) = I'(K') + X(p') ( ¢
- \n/
k:(kOak) p:(EJ?) |
K= (kK)o = (E.p) 2
g=k—K=p —p=(0,§ ¢=-Q><0 /—<
N X

In Lab: p = (M,0)
do  G% |k

For CC/NC: — = L, WH
dkldQ(k')  (2m)2 ko "
Ly = kk,+kk,—guk- -k +icumagh’k’
v d D: / / v *
W= = Z 11 (/ 2B (27)? )(27T)354(k +p —k—p)(X|J'|N)(X|J"|N)
poar )
G2 a?
. (sym) F
For EM: L,,—L,7 (27T)2—>q4
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Inclusive cross section

(k) + N(p) = U'(k") + X(p') / ¢
- hﬁﬁhﬁh‘“‘“T’“”##ﬁﬂ###
k= (kOak) p = (Evﬂ |
k’:(’,/;) /:(E/,];’) :’}“;W;Z
g=k—kK=p —p=(4§ ¢=-Q><0 /—<
N X

General structure of the hadronic tensor:

Ingredients: ¢"*, ¢*, p*, €*’*  p' =p+q + not independent

v y ptp” q"q” pPq” + qFp”
Ve = e W + W W
- uva Pad prq” — q'p”
Wi i 5

Structure functions: W; = W;(p? = M?,q-p = wM, ¢*) = W;(w, ¢°)
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Inclusive cross section

R +N) = U)X
k= (ko,k) p=(E,p |
K= (k. F) p = (B e
q:k—k,:p,—p:(w’q_j q2:_Q2<O /_<
N X
General structure of the hadronic tensor:
y y pHp” q"q” p"q” + q*p”
W = —Wigt” + Wy e + Wy e + W5 e
- wadPads p'q” — qt'p”
—|-VV37,€'u ﬁm -+ W6 M2

Structure functions: W; = W;(w, ¢?)

For EM interactions: quJ" =0 = q Wk, =W/ q =0

q"q” Wo p-q p-q
Wi, = Wi ( — g’“’) + — (p“ - —q“> (p” - —q”)
q2 M2 q2 q2
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Inclusive cross section

I(k) + N(p) — U'(K') + X (p) e ;
— \l/
k:(k()ak) p:(Eaﬂ

[
= (ki k) p =(E,p) g W, 2

q:k—k,:p,—p:(w’q_> q2:_Q2<O /
N

In Lab: p = (M,0)
do - G K|
dkh dQU (k') (2m)% ko

2

W
n zM Wik - & — WsMko) + ﬁ?’ (ko + ko)k - K — kom?]}

W12k - k' + Wo(2koko — k - K’
0

m; — 0
do G% o 0 o 0 (ko + ki) . 5 ¢
W12sin® — + W. — LW —
dkhdQ (k) 2 gz (o)™ | Wh2sin® 5 4 W5 cos” 5 I VA
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Structure functions

B Determination of inelastic structure functions
B New approach NNSFv, candido et al., JHEP 05 (2023)
B W > 2 GeV and various targets
B Machine learning parametrization
B Implements a high Q region (I1) for matching to pQCD

i ) H ? {]8 T T T T T T T
3.0pFr =0.0126 : (2 dat 2 Qthres . E v-190 (W > 2 GeV)
: 5 0.6 Bodek-Yang |
25 ! = —— BCR (2018)
— I : & —— (CSMS (2011)
C 20 Region I RegionIT i RegionIII 7] e 04 NNSFwv
i"= 1 . =
& 151 ! — T
Sen : : = 0.2F -
I H o
1.0 : ———— - —— — :t_.]__h
11, ftte 1 \- : ) = | 1 1 |
. ML fitted : ML h.1 1.[:.1 = 5QCD . . .
| to SF data I to pQCD = 1.2F ' ' ' ' ]
0.0 |||||||[_ L1 ||=||||J ] |E||||||2 1 E B ‘.’_,‘__/"—__\—_\___‘
10° 10 10 310 ..---""'//’ —_— ]
LEA Y B T
@ (GeV) .8k | | . Ref:NNSFv |
10! 103 10° 107 109
E [GeV]

B Important for Ice Cube and KM3NeT
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I scattering on a scalar particle
v(k) + A(p) — v(K') + A(p')
Jhe = 2(Ap* + Bg")

cve: qud”. =0= Ap-q+ Bqg* =0
J#c = 2Qw (p,u — %q“) Qw = A

Using that: 10/2:]\42:(q—|—p)2:c_12—|—2(p-q)—|—M2 — £ 1 =— =3

q° q°
JE = Qw (2p" + q")
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I scattering on a scalar particle
v(k) + A(p) — v(K') + A(p')

Jh. = Qw (2p" + ¢")

dd /
2M/2E’54 (" +p" — k—p)H"

= Qi (2p* + ¢") (2p” + ¢")

. Y v p"p” q"q" p*q” + q"p”
Recall that: W™ = —Wig"" + Wo—m + Wammg + Ws——5
vapPads p"q” —q"p”
+Wsiet 2M2 + W 2
do G4 K|
= = Wi2k -k + Wy (2khko — k- k'
dk! dQU(K') @) Ry ¢ (ko )

2

W
+ 2]\”}2 Wik - k' — W5 Mko] + == [(ko + kg)k - K - kom?]}
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I scattering on a scalar particle
v(k) + A(p) — V(k’) + A(p')

dd /
2M/ 54K +p' — k —p)H™

2F

mY = Q3 (20" + ¢*) (20" + q7)
: — 2M5k’ E' —ky— M
Then: WQ—QwE(O—i_ — ko — M)

. E/ 2
Using that: 6(E' +ky — M — ko) = 5 (ko ko — Qq—M)

one finds:
W:%61+ 7 <~ wWy=F — Q?%,6(1
2=~ M wWs = Fa(z) = Qi (1 — )

q2

v 2Muw
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CEVNS

B A= (S=0)nucleus

1
m For \cj'|>r—%70MeV on 12C
A

%/V(s q2 Q%/VFQ 25 q2
We==" <1+2Mw>_>7 (") (”mw)
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Form factors

L. Alvarez-Ruso

p(r) IF(g2)l Example
pointlike constant Electron
exponential dipole Proton
gauss gauss 6Li

homogeneous

sphere oscillating -

sphere with
a diffuse o
surface oscillating “ca
£ N
r— q—

GGl 2024




CEVNS

B A= (S=0)nucleus

1
m For \cj'|>r—%70MeV on 12C
A

2 2 2 2
W2=—W5<1+ : )%Q—WFQ(qZ)é(lJr ! )

w 2Mw W 2Mw

Substituting in:

do G% \/2’|
— = W2k - k" + W5 (2klko — k - k'
dkédﬂ(k/) (27.‘.)2 kO { 1 2( o0 )
m? Ws
+ 2M—l2 Wik - k' — WsMkg| + 53 (ko + kg)k - k' — kom]] }
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CEVNS

B A= (S=0)nucleus

1
B For \cj'|>r—%70MeV on 12C
A

2 2 2 2
W2=—W5<1+ : >%Q—WF2(q2)5(1+ ! )

w 2Mw W 2Mw
Results in:
dihd(k)  (2m)2 ko w 2Mw ) O

Recoil energy distribution:

L. Alvarez-Ruso GGl 2024




CEVNS

Qw :
1 2 . 1 _ 1 1 ) 1
JF . = guy* [5 _ (g) 2sin? Oy — 5’75} Gut+qay" [_5 _ (-5) 2sin? Oy + 575] qa+(d — s)
\ J \ J
| |
Q) Q5
%% %%

Qw = Z(2Q¥ + Q) + N(Qy +2Q%)

2Qw = Z(1 — 4sin®Oy) — N

B Measurement requires a recoil energy
B small enough: F?(-2MT)~1
M |arge enough to be detected

L. Alvarez-Ruso GGl 2024




CEUVNS

B Coherent
B Pulsed v beam from pion decay at rest at Spallation Neutron Source

w 30F Beam OFF 1 Beam ON
Fragments ~99% Capture ™~ i
\ / & ' £ b t
(=]
7 e S o JT H,,, HJ} tiﬂ' 4
~1 GeV g
) Decays at Rest (t = 26 ns) _15
Decavs at Rest (t= 2.2 ps) 5 15 25 35 45 5 15 25 35 45

Number of photoelectrons (PE)

n 60 .
< Beam OFF v, wav, mmy, BeamON
Fra ments g 45¢ Vi I
) O 2 2l
5 15}
M. Green @ Neutrino 2024 g °

I
-
w

Ge-Mini Campaign 2 Results e Arrival time (us)
o Science 357 (2017)
- S = Several (reactor) experiments
i P, to follow.
5 Lo = BSM searches
3 o RS- = NSI, Z
© D2 = v properties: magnetic
| A o e O R moment, charge radius

= Neutron distributions in nuclei

L. Alvarez-Ruso GGl 2024
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QE scattering on the nucleon

EM: (k) + N(p) — IFE)+N®) 4 !
CC:v(k)+nlp) — U (E)+p®) \:/
v(k) +p(p) — 1K) +n() Ly W, L
NC:v(k)+ N(p) — v(k')+ N(p) /\
v(k)+ N(p) — v(k')+ N(p) N N’

B QE kinematics:

(¢+p)? =)
¢+ 2Mw + M? = M?

7
w = ——-

2M
r=1
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QE scattering on the nucleon

EM: I*(k)+ N(p) — I*(K)+ N(') ¢ '
CC:v(k)+n(p) — U (K)+p@®) \:/
v(k) +p(p) — 1T (K)+n() 1, W, Z
NC:v(k)+N(p) — wv(k')+ N(p') /\
v(k)+ N(p) — v(k')+N(®) N N

m Cross section:
do G2 |K| sym) GE o
— = L, WH For EM: Lu,—Ly) —
dik\dQuk)  (2m)2 ko " S (2m)2 ¢

dd / /
ZM/QE’ (k" +p' —k—p)H""

HP =T | (p+ M) 7° (T%)T2° (¢ + M) T7]

(N[ J*|N) = a(p ) IMu(p) = V" — A*
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Electroweak nucleon current

(N[ JH|N) = a(p")T*u(p) = V" — A*

VI =) [ el u
I q*
A = a(p') |y ’Y5FA+M75FP] u(p)

F, < Dirac form factor
F, < Pauli form factor
F, < axial form factor
Fo < pseudoscalar form factor

The most general structure is reduced using Dirac algebra and motion eq.
T- mvarlance = F, = F~

G = Cel™% parity transformations
F,=F (q)< 2pq+q =0
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Electroweak nucleon current

(N[ JH|N) = a(p")T*u(p) = V" — A*

B /" < 4-vector constructed from:

(1) p*, p™*
(2) €apuv > """
(3) {’Y,LM Y55 YuV5 s Opuvy — % [’Y,u,;’)/l/]}

Any other combination of v matrices can be reduced to (3).
For example:

YuYv = Guv — 10 v

pv _

Yo =i (g™ g — g g"") vp + e Pz
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Electroweak nucleon current

(N[ JH|N) = a(p")T*u(p) = V" — A*

B /" < 4-vector constructed from:

(1) p*, p™*
(2) €apuv > """
(3) {’Y,LM Y55 YuV5 s Opuvy — % [’Y,u,;’)/l/]}

Using:
M Dirac algebra
B Dirac equation: (p — M)u(p) = a(p")(p' — M) =
one finds:
1% 7 H

)
IH=~"E + WUWQVFQ + QMFS — Y5 Fa — WUWQV%FT — QM”YE)FP

L. Alvarez-Ruso GGl 2024




Electroweak nucleon current

(N[ JH|N) = a(p")T*u(p) = V" — A*

) 5 M ’L 5 q/i
I =~"F + WU“ qu o + MFS — sl — ma“ quys P — M%Fp

B Time reversal (T) transformation:
T (altu) TT = Z Fla T1,T" = 1
the interaction is proportlonal to:
Laalfuy = Z Fil,uOu
T (Lal*u)Th = Y F,u0t

L. Alvarez-Ruso GGl 2024




Electroweak nucleon current

(N[ JH|N) = a(p")T*u(p) = V" — A*

1 K 7} K
I =~"F + WUWQVFz + QMFS — yHys T — WUWQV’%FT — qM%FP

B Parity (P) transformation:
Pu(py, 5 )T*(q0, )ulpo, P) PT = a(ph, —5")¥0IT* (90, —@)vou(po, —P)

’Y“ y O /W(Ju ; q“ + transform as vectors

fy“fy5 : oH? Y54y , q“’ Y5 < transform as axial-vectors

L. Alvarez-Ruso GGl 2024




Electroweak nucleon current

(N[ JH|N) = a(p")T*u(p) = V" — A*

_ | »
b= g |V 4 —— g+ L
)% U(P)_W 1+2MU q 2+M S] u(p)
: | "
Al = ﬂ(p’) Y5 Fa + ma“”qu%Fﬂ M%FP] u(p)

Z7T—

B G-parity (G) transformation: G = Cle

® Isospin rotation: €' ( tu ) = 1Ty ( . ) - ( b )
qd qd A

GVHFGT = VF¢  + except for the Fq term
GA*GT = —A* < except for the F; term

B = F,=F, =0« absence of 2" class currents
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Electroweak nucleon current

B Vector and EM form factors:

V) = VO‘E « isovector current V&' = VT + hypercharge (isoscalar) current
o o L Ve 4+ Vi o
(ol Ven Ip) = {p| V5" + §VY p) = 2 ~=Y,
o o L — VP 4V o
(n| Vim In) = (n| V3" + 5 Vv In) = 5 L=V

Then: (p| Vo [n) = (p| Vi +iVa" [n) =V =V, =V

(p| Ve Ip) = (pl (1 —2sin® Oy ) V5" — sin® Oy Vi? |p)
1
— (5 — gin? HW) V* — sin? Oy V5
1 o1
— (5 — 25sin? 6’W> vV, — §Vn

B Vector CC and NC form factors can be expressed in terms of EM ones
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Electron scattering on the nucleon

EM : I¥(k) + N(p) — 1T (k') + N(p")

2 /
(d_0> — @ ko cos? 4 . Scattering on a point-like
dQ ) \rore  4kE sin® § ko 2 spinless target in Lab

do\ (do 1 q° ¢ 5 0 . Scattering on a point-like
dQ )  \ dQ Mott 2N 2 all 2 spin 1/2 target in Lab

d d GQ G2 2 O
( a> ( 0) 4M22 2GMtan Z
s )y | 1—--L5  2M 2
0
q = —4]60 0 sin2 — q2
2 GE — F]_ _|_ m2 F2
B Rosenbluth separation = Sachs f.f. G¢, G, Gy = Fy + F N

L. Alvarez-Ruso GGl 2024




Nucleon EM form factors

B Q2 <1GeV?

2 -2
q
G%(QQ) = GD(QQ) 3 GIJDW = ,quD(qz), Gzz)w = .“pGD(qz) , Gp = (1 — M—‘Q/>
ty = 2.793, p, = —1.913, M2 = 0.71 GeV?
10" ~
“3?
g
[
10" dipole
| Ll T I Ll Lol T | | el el
107 10" 10" 107" 107" 10" 107 107 10"
Q* (GeV?) Q* (GeV?) Q* (GeV?)

Perdrisat et al., Prog.Part.Nucl.Phys. 59 (2007) 694-764
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Electron scattering on the nucleon

B More precision, particularly at high Q?, with polarization techniques (Jlab)

B Polarization transfer: € + p— € + ]7
® Double polarization: € + D — € + p

B Q?>1 GeV?

1.5 T TTTTT TTTTTTT 1.5 { B e R L R L 1.25 i T T T T
B Gay(2 1 L 1 = ]
® Punid
A Crang
—— KelO4
1.0 1.0 e
e &
= - 4 ™ r
{':_b‘ Ll 3 %
= \\% m Jar I
— (e » Ber7l
0.5 4 Gaod
0.5 - — N ¢ HruSh
- 0 Andod 1 0.50 = 4 iukes T
*  WalB4 B Kubi2 T
— — Bo=s95 & Brods
—— Bral2 B And08
using G, -values from KelO4 0.0 L L . 0.25 Lol , ..Iu -
0.0 [ | o0l T 10° 10 10 10 10
R o i 2 2
10 10 10 GeV
Q* (Gev?) Q° (GeV?)
Q% (GeV?)

Perdrisat et al., Prog.Part.Nucl.Phys. 59 (2007) 694-764
GGl 2024
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Nucleon EM form factors

B Neutron electric form factor

GpO=0 o

0.10

0.05

Perdrisat et al., Prog.Part.Nucl.Phys. 59 (2007) 694-764

L. Alvarez-Ruso GGl 2024




Electroweak nucleon current

B Consequences of PCAC and pion-pole dominance

(n| (=)VE |p) = (n| (=) Lnmr [pm™) (=8) Dx (@) (=) (7~ | AL |0)

_ Y TR 1 _ :
LNN= = 27 Nyuvs (0" T) TN D, = po ey (m~| A |0) = —V2frig"

T

(n| Vi |p) = —L(JNNWF’]\[NW(QQ)q2 3 ugvsqtu  Fyn.(0) =1

T

L. Alvarez-Ruso GGl 2024




Electroweak nucleon current

B Consequences of PCAC and pion-pole dominance

(n| (=)VE |p) = (n| (=) Lnmr [pm™) (=8) Dx (@) (=) (7~ | AL |0)

INN= .
L = =37 N30 FN - D, = pe (x| AR 10) = —V2frig"
H 1 — 7
2M
= —gNNaFNNA(07)— — uysqHu

//\t\ H = a(p') [7“75FA - %%Fp} u(p)
_I?|||.." _.ﬂll,”

L. Alvarez-Ruso GGl 2024




Electroweak nucleon current

B Consequences of PCAC and pion pole dominance
1

(n|Vilp) = _gNNwFNNw(QZ)QQ

2M
— _gNNwFNNw(qz) 5 QU%CJMU
qg-—m

\ ] —

! M

pcac: (n|guAY p) =0 mx =0

_ 2M
U |fysFa — gNNwFNNw(qz)QQ — 3 s |u=0  myz—0

FA(qz) — gNNwFNWW(QQ)

FA(O) = JA = gNN= < Goldberger-Treiman relation

L. Alvarez-Ruso GGl 2024




Electroweak nucleon current

B Consequences of PCAC and pion pole dominance

q" 2M

A* = a(p') |V vsFalq”) + M%FA(‘f)Qz 2 u(p)

B [, has a small impact on CCQE cross sections (except for v_1!)
M appear in terms proportional to (ml/M)?

B F, does not contribute to NCE cross sections

B [ is studied in muon capture B +p—=v, +n
W F,(0)/g, consistent with the PCAC+pion-pole

B [, pion-pole enhancement at low g~

L. Alvarez-Ruso GGl 2024




Nucleon axial form factor

What is known:
B FA(0) = gp < [ decay Fa(Q%) =ga — (r)Q? + ...
W F,(c0) ~Q* «+ QCD
B Main source of information: bubble chamber (ANL, BNL, FNAL,CERN) data

B Dipole ansatz: Bodek et al., EP;C 53 (2008)

FA(QQ) = g4 (1 + Q_Q) <7°2> _ 12
M3 AT M2

B <r,2> = 0.453(12) fm2

B z-expansion: Meyer et al., PRD 93 (2016)
B <r,2> = 0.46(22) fm2

B Neural networks + Bayesian statistics: LAR, Graczyk, Sadl-Sala, PRC 99 (2019)
B <r,2>=0.471(15) fm2 < ANL only so far

B All methods obtain similar F,(Q?)...
H ... but with different errors
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Lattice QCD In a nutshell

B Green functions:
G(arse ) = [[d1oa1) - 3(a,)eiS®

B Euclideantime: x, =ixg, S=1iSg
G(arsea) = 5= [[d810(a1) ()55
Regularization: finite lattice spacing a
Finite lattice volume V
Unphysical (large) fermion masses
For QCD (and nucleons)
B 2-point functions: = my(a,V,m,) - my(0, o0, m,(phys))

1
0(z) = 5~ [ AUABUIN(@)NT (0)e % =< 0[N (@)N'(0))0 >
E
B N(x) interpolating field: 3-quark system with nucleon quantum numbers
B U=1-A,(z)aé" +... lattice gauge fields

L. Alvarez-Ruso GGl 2024




Lattice QCD In a nutshell

B Green functions:
G(arse ) = [[d1oa1) - 3(a,)eiS®

B Euclideantime: x, =ixg, S=1iSg
1

Q(azl, ceey wn) = % /[d¢]¢($1) s ¢(wn)e_SE(¢)

Reqgularization: finite lattice spacing a
Finite lattice volume V
Unphysical (large) fermion masses
For QCD (and nucleons)
B 2-point functions: = my(a,V,m,) - my(0, o0, m,(phys))

G(z) = — / AUdG)N (2)NT(0)e 5% =< 0[N (z)NT(0)[0 >

G(z) =  <OIN(z)|n >< n|NT(0)|0 > e r#* =< 0|N(z)NT(0)[0 >

L. Alvarez-Ruso GGl 2024




Lattice QCD In a nutshell

B Green functions:
G(arse ) = [[d1oa1) - 3(a,)eiS®

B Euclideantime: x, =ixg, S=1iSg
1

Q(azl, ceey wn) = % /[d¢]¢($1) s ¢(wn)e_SE(¢)

Reqgularization: finite lattice spacing a
Finite lattice volume V
Unphysical (large) fermion masses
For QCD (and nucleons)
W 3-point functions: = F,(a,V,m;) - F4(0, %, m,(phys))
1

G (x,y) = %/[dUd@W]N(w)A“(y)NT(0)6_SE =< 0| N(z)A*(y)NT(0)0 >

m A (y) = ¥(y)v" ¢ (y) axial current

L. Alvarez-Ruso GGl 2024




Lattice QCD In a nutshell

B Green functions:
G(arse ) = [[d1oa1) - 3(a,)eiS®

B Euclideantime: x, =ixg, S=1iSg
1

Q(azl, ceey wn) = Z /[d¢]¢($1) s ¢(wn)e_SE(¢)

Regularization: finite lattice spacing a
Finite lattice volume V
Unphysical (large) fermion masses
For QCD (and nucleons)
W 3-point functions: = F,(a,V,m;) - F4(0, %, m,(phys))
1

0" (2,y) = 5~ / UGN (2) A ()N (0)e~ 58 =< 0[N (2) A (y) N (0)[0 >

=) < O0IN(z)|n >< n|A*(y)|m >< m|NT(0)|0 > e~ Fr(Fa-va)=Emys —< 0|N(z) A" (y)N'(0)|0 >

L. Alvarez-Ruso GGl 2024




Fo In LQCD

g, - lower than exp. values were once obtained

14 o :
Constantinou, PoS CD15 (2015) 009
13 T T 4
g [ il -
i} bl L {Eﬁ 1 —
M1 ﬁ}iﬁﬁ 1 ; 5 9 1'2754(13)exp(2)RC
Lof- r QCDSEUROCD 1 (Clover Ny ] M. Gorchtein and C.-Y. Seng, JHEP 53 (2021)
o RBCURQCD 09 (DWFE, Ni=2+1) 7 QCDSF "11 (Clover, N=2) 4
0oL & ERICIOME Nemy % CSLMANZ D (v N
| ETMC13ME N=2i1eD x CSSM°12(Clover, N=241)
T = ETMC 135 (TMFd&clover, N.=2) PNDME "14 (HISQ. N~=2+1+1)
08l LHPC 10 (DWF/asqtad. N&2+1) + ROQCD '14 (Clover, N=2)
ILHPC 'I12 (Clml.:er. NF?+1) | X .x QCD I’14 {D‘llu"F: N.-=2I+1) .
0 0.05 0.15 02

mf{()écvz)
m Progress (for both g, and F,)
B improved algorithms for a careful treatement of excited states

H [ow pion Masses Alexandrou et al., PRD 96 (2017); PRD103 (2021)
Capitani et al., Int. J. Mod. Phys. A 34 (2019)
v Gupta et al., PRD 96 (2017); Park et al., PRD 105 (2022)
F LA g Chang et al., Nature 558 (2018)
Flavour Lattice Averaging Group €N Bali et al., JHEP 05 (2020)

Oy = 1-246(28) Shintani, PRD 99; PRD 102(erratum) (2020)
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Fr: EXp. vs LQCD

NME 21 i PACS 21
RQCD 20 #  PACS 18 erratum
Mainz 21 $ ETMC 20

! Y
1.01 I ¥ CalLat 21 CLS 17
0.8 E Meyer, Walker-Loud, Wilkinson,

: ?% Annu. Rev. Nucl. Part. Sci. 2022. 72:1-30
0.6- %@

o1} I I I ﬁ 11?5]

0.0 0.2 0.4 0.6 1.0
Q?/GeV?

Fa(Q%)
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Fo In ChPT

FA(Qza M72r) =g+ 4d16M72r + d22Q2 + FXOOPS) + Fjglwf)

B Up to O(p?) vao, LAR, Vicente Vacas, PRD 96 (2017) 6 =mp —my ~ O(p)

(b) ()

(a) (d) (e) (f) (g)
B Up to O(p?) Alvarado, LAR, PRD 105 (2022); to be published

5 # % 4 b # b # % - % # b # Al F
- o o o o - - e . o L

(h) (i) (J) (k) (1) (m) (n) (0)

B Differences between O(p3) and O(p*) provide a measure of the
systematic error arising from the truncation of the perturbative
expansion.

M 2= (m, + my) <iu+dd >/2f;2) + .. ; < iu + dd > « condensate
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F, in ChPT & LQCD

B ChPT analysis: Q% < 0.36 GeV?, M_< 400 MeV , M L > 3.5
B Model-independent extrapolations to the physical M_
Fa(Q* M2) = g+ 4dis M2 + d5oQ* + F°P + F{*D

Fa(q®) = ga [1 + £(ri) ¢ + O(q")]

- Experiments i = - vD4electroprod. dip. (Bodelk)
= : A H [ zexp. (Meyer)
B i wH (Hill)
_________ .
- Lattice i -
. | —a— - "z-exp” NDME 21
B el | dip. ROCD 19
. | —_— - z-exp. RQCD 19
= i = ! - z-exp. Mainz
= —a - z-exp. Cyprus
B — | dip. PACS
| |_¢|_| - xPT Fit

I I I I I

[
0 0.1 0.2 0.3 0.4 0.5 0.6 0.y

fond y 1 3
{ra) (fm=)

<r,2>= 0.291(52) fm2 < M, =1.27(11) GeV F Alvarado, LAR
In tension with empirical determinations
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Fr: EXp. vs LQCD

NME 21 i PACS 21
RQCD 20 #  PACS 18 erratum
Mainz 21 $ ETMC 20

i Y
1.0 I ¥ CalLat 21 CLS 17
< E Meyer, Walker-Loud, Wilkinson,
E (0.8 -

: ?% Annu. Rev. Nucl. Part. Sci. 2022. 72:1-30
0.6- %ﬁ

o1} I I I ﬁ 11?5]

0.0 0.2 0.4 0.6 1.0
Q?/GeV?
B How reliable are old bubble chamber experiments?
B new measurements on H and D are needed.

B Do LQCD present results still hide uncontrolled systematics?

1.2
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Neutrino interactions on nuclel

B Multiscale (even at a given E ), multi-nucleon problem

NU RESPONSE FUNCTION :
CLEAR B. Frois, NPA 434 (1985)

Photon absorotion v

7/ QUASI- FREE DEEP INELASTIC
7/ SCATTERING "EMC~

Lepton scattering

A / NUCLEUS
N4 ELASTIC a

"t/ Ne DEEP INELASTIC
* QUARKS *
Lepton mttcrim
) a’
PROTON = x .m

B Shell structure, collective excitations, QE peak, ...
M initial state description: non-relativistic)
M final state interactions: (relativistic) NN, 7N, ...
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The nucleon-nucleon interaction

B Constrained by
B Deuteron properties

B NN scattering data
B At low energies = non-relativistic potential V =V (7, 5;,6:,7;), i = 1,2
B Symmetries:

B Translational invariance: V(7;,...) =V(F=7] —7,...)
B Galilean invariance: V (p;,...) =V(p=p1 — pa,.--.)

B Parity invariance: V (7, p, i, 7i) = V(—7, —p, 6i, Ti)

Ql
||
=
3
|
=
S
3

B Time reversal invariance: V (7.

, D,
B Isospin invariance: V = Vy + V(71 - T2)
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The nucleon-nucleon interaction

B |mportant terms:
B Local central potential

VC = V()(’I“) -+ VU(’P)((}& . 52) -+ VT(T)(Fl . 7?2) -+ VGT(T)(51 . 5')2)(7_"1 . 7?2)

M Tensor force
H non central
M explains the deuteron electric quadrupole moment
Vi = [V, (r) + V(71 - T2)] S12

r-o1)(r-o 1,
51, = LONTT) 25, )

M Spin-orbit force
M most relevant nonlocal term
M revealed in NN scattering through polarization observables
M needed to obtain magic nuclei

—

Vig = VLs(T)L . (51 —|—5‘§), E = (77>< ﬁ)
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The nucleon-nucleon interaction

B |mportant terms:
B Local central potential

VC — V()(’I“) + VU(T)(51 . 52) + VT(T)(Fl . 7?2) + VUT(T)(51 . 52)(7?1 . 7?2)

M Tensor force
M non central

M explains the deuteron electric quadrupole moment
VT = [VTO (’I“) + VTT (7_')1 . 7?2)] 512

r-o1)(r-o 1. ., .
51, = LONTT) 25, )

M Spin-orbit force
B most relevant nonlocal term
M revealed in NN scattering through Dbservables
M needed to obtain magic nuclei M. Goppert Mayer

Vig = VLs(T)E- (51 —|—5‘§), E = (77>< ﬁ)

L. Alvarez-Ruso GGl 2024




The nucleon-nucleon interaction

600_IIIIIIIIIIIIIIIIIIIIIIII

® Short range

B Attraction at intermediate r
M Strong repulsion atr < 0.5 fm

M Consistent with saturation

0.05

OOD . | | | |

r (fm)

vio(r) [MeV]

400 -

200

_BDOIIIIIIIIIIII

L. Alvarez-Ruso GGl 2024
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The nucleon-nucleon interaction

B Effective Field Theory of NN (and NNN) interactions

B Obeys the symmetries of QCD

B Systematic expansion in powers of (small) momenta
B In terms of 7, N and contact interactions (LECs fitted to experiment)

s

’ N
L ] ¢
5 /

i N°LO <11
e o iy
A " Tus
R.

I 711
Machleidt , NTSE 2013
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The nucleon-nucleon interaction

B Effective Field Theory of NN (and NNN) interactions

i T ") 50 [ ; ' H
o0 L 1SO | I ..‘00 -------- ~nn....‘ .
1 1" (small) momenta

ictions (LECs fitted to experiment)

a

-

Rl
L

Phase Shift (deg)
Phase Shift (deg)

0 100 200 300 0 100 200 300
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Nuclear Many-Body Theory

B Hamiltonian:

H = ZT+Z%3+ Z Viik

Jj>1 k>j3>1

B Ab initio methods:
B Properties of H fixed at A < 3
B Computationally demanding: light nuclei < '°C
B Green’s function MC
B Nuclear response function in Euclidean time
M DOF: 7, N but no A(1232)

B Non-relativistic framework
M | ovato et al.: semi-inclusive v-nucleus scattering in the QE region
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ADb Initio

do /dT,dcosd, [10-"em?/MeV]

pdeost, [10-%cm? /MeV]

dea /d

B Green’s function MC
0.0 < cos(f) < 0.6

0.8 < cos(f) < 0.85

Simons et al., 2210.02455

0.94 < cos(f) < 0.98

L [ C“:
1.5 i
2T 2 i
_ . GFMC 1b
1.0 F B CFMC 2L
[ B GFMC 12h
N LT o MB CCQE-like
0.5 ¢ MB CCQE
[ ] I
. L — 00 e )
() H00 1000 0 H00) 1000 () LOOG)
T, (MeV) T, (MeV) T, (MeV)
THF 10
: GFMC 1b
2.0 Bl GFMC 2h
' 5 Bl GFMC 12b
25 F ' ¢ T2K
0.0 F | 0 .. 0 - .
(0 S0 () 1000 () 1000 2000

oy (MeV)

py (MeV)
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The nucleon-nucleon interaction

B Saturation density p, = 0.16 fm= = r;, ~ 2 fm
m Atry, ~ 2 fm, the NN interaction is “weak” !

600_||||

|||| LI | T T 17T | T T 17T | T T T | T T T
r |
100 | S
- T:
L |
200 | |

|
= O

vio(r) [MeV]

_200_|||||||||||||||

B Nucleons in nuclei follow single particle orbits in a mean-field potential
created by aII nucleons

DS waZV

+ Hartree-Fock approximation
Jj>1 k>j>1
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L. Alvarez-Ruso

Independent particle models

Shell Model
Schrodinger eq. in the mean field potential /7

Woods-Saxon potential

Vo
) = e Ry / .

d4ain 3

Spin-Orbit potential: magic numbers

Explains spin and parity of many nuclei

Fair description of magnetic dipole and electric quadrupole moments
Can be extended to deformed nuclei

Relativistic extensions have been developed

GGl 2024




Independent particle models

B Fermi gas model (of nuclear matter)

A A =2 A A
H:;Ti: i 2pM or Hrelz;Ti:;\/?JrM?

B Free fermions (nucleons) in a box of volume V (— oc) at T=0

B Number of occupied states: i
d>p (a)
N=2v [ Eonls) )= 00— pr)
(2m)°
n(p) + occupation number  n(x)
P < Fermi momentum _

1.0

N 1 k/kF
p=~— = ——=p3 for protons or neutrons separately
vV 3m2
_N_2 s for isospin symmetric nuclear matter

p = po=0.16 fm= = p = 263 MeV
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Independent particle models

B Fermi gas model for nuclei
B Global FG:
M p. = const. for a given nucleus

M Fit parameter in (e,e’) scattering

M Local FG:

3

o = ppn(r) PR = (1) = 3] 572

pp(r) < from experiment
p,(r) < from realistic calculations of the ground state

B space-momentum correlations absent in the Global FG
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Nucleon propagator in the medium

B Green’s function:

oo |T [¢(z)T(2")]] ¢o)
(Po|P0)

B ¢, < ground state of the system: H|do) = El¢o)

iG(z,2') = <

B Free nucleon propagator in the medium
B ¢, : system of non-interacting nucleons < Fermi gas

D(p) = @+ M)Go(p) n(p) = 0(pr — p)
Go(p) = — + 2mid(p* — M?)0(p°)n(p)
p* — M? +ie (a)
@060 1- 006 ’
p? — M? —ie p?— M?+ie (k)
o ) 1-n@) -
PO+ E,—ie |p — E, —iec pY — E,+ie k/kp
hole particle E, =+\/p?+ M?
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Spectral functions

B Full nucleon propagator in the medium
B Lehmann/spectral representation:

D(p) = B+ M)G(p) .
o0 = g [ e [ e

p® =pp+ M? + ReX(u, pr)

1 Im>(p)

Ap,n(p) = $7—T [p?2 — M? — ReX(p)]? + [ImX(p)]?

B The hole (particle) spectral function A,,,(p°%p) represents the probability

of removing (adding) a nucleon of momentum |p| changing the energy of
the system by p°

B Occupation number: n(p) :/dpo(on)Ah(pO,ﬁ)
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Spectral functions

B
0:2 T T T T | T T | T | T
0.18 — — Local Fermi Gas m
- — Global Fermi Gas .
0.16 — — Convolution approach | |
0.14 — —
F012— —
= -
o
= | i
e 0.08— —
0.06 — —
e Short-range _|
- correlations -
0.02 — —
0 L | | | | | | [ " ! I
0 50 100 150 200 230 300 350 400
p [MeV]

B Occupation number: n(p) :/dpo(on)Ah(pO,@
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Short range correlations
V,u (np)correl — :u_ p(ﬁ) p(_ﬁ)

S0 1043 150

100 150

Hammer event at ArgoNeut
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Two-nucleon currents

M 2-nucleon EW currents exist

- g S ] S | g Ch

B Sizable contribution can be inferred from A(e,e’)X

E=560, 8=60"

5000 |
4000 |
3000 |

2000 |

d*6/dQdw (nb/GeVisr)

1000 |

do/(dew dQ) (1022 cm?/GeV)

Megias et al., PRD 94 (2016)
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Gallsmeiter et al., PRD 94 (2016)
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Two-nucleon currents

M 2-nucleon EW currents exist

I I s B e

B needed to explain MiniBooNE & T2K Ox data

30 : . : . ,

— = MiniBooNE 7

- - = (E RPA

a 25 =

L__': 25 — QFE KPA +up-nh
- «=ux DE bare .

E QF bare + wp-nh

= 20 —

_30

D8 <cosB < {].9_

(10

1

—

L
T

|

d*o/d cosd / dT

1
'l'” (GeV)

Martini et al. Nieves et al.
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1

dch’dTu dcosO (107" em’ /GeV)

(B

15

T T T T T T T T I T T T
= Full Model

---- Full QE (with RPA)

-— Multimucleon

—-- No RPA, No Multinuc.

— No RPA No Multin_, MA=1'32

M,=1.049 GeV

0.80 < cos BHC: 0.90




Two-nucleon currents

M 2-nucleon EW currents exist

e

B source of biasin E,

1

16 0
4E
zf
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dedf EZE-ETET™) 0 10 {cnfinudean)
(==}
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FIG. T: Biases in a T2K-like kinematic CCQE energy estimator away from the true neutrino energy, using
NuWro 19.01 (left), GENIE G18_02a (middle), and NEUT v5.4.0 (right). The prediction for GENIE G18_10a,
with a 2p2h calculation by Nieves et al., closely matches that of NEUT.
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Inelastic scattering

5 T T T T T T T T T
~— . E ' 2 E
3 o v-mode 1
S~ vy N—-u X E : - ;
4+ E\-’ =3 GeV . % s ey v-mode 33m Off-axis _
— 37 ] F \ ]
Nig‘; = = - N N
] ‘E T'g', % 20 25 30 35 40 45 50
ND oL _E E : @ 1 Energy v, (GeV)
- 8 £ % DUNE flux @ ND, 2002.03005
e |2 e E :
I E 3
ﬂ i | | | | | | | | ]
1 1.2 1.4 1.6 1.8 2 2.2 2.4
W [GeV]
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17 production on the nucleon
vy N — [ N’

B Threshold behavior dictated by chiral symmetry: Hernandez et al., PRD76 (2007)

W, Z i W, Z T

B Can be systematically improved using ChPT vao et al., PRD 98 (2018)
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Baryon resonances

B Nucleons are extended objects = excitation spectrum

T AI(123|2)3/|2+ o | 7N > R— 7N, mmN, nN, AK ...
T ﬁf‘w .

_ E{{%AGBZ) o i N - R — nN, nntN, nN, AK ...
KR :
gl : ! i )

s [GeV]

From PDG database




17 production on the nucleon

excitation:

B N-/ transition current;:

C3 By _ B Ca (.3 8y 4 O3 (8
SVACAS Ak el sy —5(g"q - p' — ") + 2(g“q p — ¢"p")

CS By _ o 4 Buy . ot oo A puy 8 5 u
T @ =) + 56 e p = a"pY) + C5g™ + 507" | u
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Weak Resonance excitation

B \(1232) JP=3/2+

s cy cy cY
Jo = " (p) My (gapd — qavn) + —= 2 —(gapq - P — qap)) + —> M2 —2-(gapq - P — qopu)
CA CA CA
3 4 / / A 6
3 _ 4 cpl — C
+ MN(gaug qavp) + 22 (9ougq - P — qgp),) + C5 gap + M2 QquM] u(p)

Cy s, Citg < N-A transition form factors

B Rarita-Schwinger fields: spin 3/2

wlpsa) = 3 (1055358 ) lp Voo

,S

B Eq. of motion: (» — Ma)u, =0

B with constrains: v*u, = p"u, =0
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Weak Resonance excitation

B \(1232) JP=3/2+

Y cy cy
Jo = ul(p") M_N(gauﬂ — qav) + —5 M2 (gauq p - Qaplu) + — M2 —>-(gapuq P — qapp)

C§4 0214 / / A 064
+—(9apd — 9avp) + —5(9apq - — agp,) + C5 gap + —5qaqu | u(p)
My M% M3

Cy s, Citg < N-A transition form factors

M [sospin symmetry = vector CC and NC form factors
M can be expressed in terms of EM ones
M extracted from data on 7 photo- and electro-production
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Weak Resonance excitation

B \(1232) JP=3/2+

Y cy cy
Jo = ul(p") M_N(gauﬂ — qav) + —5 M2 (gauq p - Qaplu) + — M2 —>-(gapuq P — qapp)

C§4 0214 / / A 064
+—(9apd — 9avp) + —5(9apq - — agp,) + C5 gap + —5qaqu | u(p)
My M% M3

Cy s, Citg < N-A transition form factors

B Axial transition form factors
® Poorly known (if at all...) M2
N

B -pole dominance + PCAC = Cg = _qg_—?ngcgq

2
m off diagonal Goldberger-Treiman relation = C£(0) = \/;QANW
gaANz=1T(A = N)

M Deviations from GTR arise from chiral symmetry breaking
M expected only at the few % level
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Weak Resonance excitation

B \(1232) JP=3/2+

Y cy cy
Jo = ul(p") M_N(gauﬂ — qav) + —5 M2 (gauq p - C]ap,u) + — M2 —>-(gapuq P — qapp)

C§4 0214 / / A 064
+—(9apd — 9avp) + —5(9apq - — agp,) + C5 gap + —5qaqu | u(p)
My M% M3

Cy s, Citg < N-A transition form factors

B Axial transition form factors
® Poorly known (if at all...) M2
N

B -pole dominance + PCAC = Cg = _qg_—?ngcgq

2
m off diagonal Goldberger-Treiman relation = C£(0) = \/;QANW
B From ANL and BNL dataon vV, d — p~ 7 pn

2 —2
C& = C2(0) (1 + Q2 ) M, 4 = 0.95 + 0.06 GeV
MAA LAR, Hernandez, Nieves, Vicente Vacas, PRD93(2016)
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LQCD & meson production

B Early N-A(1232) axial FF with heavy m Alexandrou et al.,PRD83 (2011)

12 5

= | | o | Y ! | | |
exper. [clulpolv.,u' -------- ‘l HY B, m, = 353 MoV O
L DWE mo oMY A ‘ DWT iy
— - 7 = Sall Adey — T JWE. m, = 297 e
E DWF, m, = 297 MeV [ | 4o
0.8
e 06 Te

f—t
o
2

1 : 0.5
Q2 (G(‘\Q) QQ |( ;(\\'2]

B Calculations of N-A,N-N* transition FF should become available in the
next 5-10 years LAR et al., Snowmass 2021, 2203.09030

B Control systematic uncertainties is challenging
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Weak meson production

B Beyond the A(1232) region:

H relevant for DUNE vy N = I N’
B several exclusive channels: vy N — I N" 77,
N — IA(D)

B Dynamical models:
M Unitarization (in coupled channels)

II-

@ - n L
& 1 -

B \Vector current can be constrained with YV = N7 eN — e'N
M Axial current at g> — 0 can be constrained with N — N

dffccw‘ _ GwVi 2f2 Ef o
dE;dQ; 1g2=0 — 272 7w E,—E;°7™N
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Weak meson production

B Beyond the A(1232) region:

H relevant for DUNE vy N = I N’
B several exclusive channels: vy N — I N" 77,
N — IA(D)

B Dynamical models:
M E.g.. DCC Model Nakamura et al., PRD92 (2015)

14 — v, N —
H p H
1 T T T e B B S 1 T ! T !
L N — - nN I 4
KRN =-emee- / i R —
| L] JE— ]
01 — 0.1 | [
_ ,. _ KA ----
] B - 1 o e T
E / E KE ==
o - o
C | E L e 4
5 0.01 F ;/ 0 0.01 !-“ e
2 | |{ ' X 'I ’ o
=) f 2] Ifl J £ -
0.001 Il' 0.001 | [ e
f »I I : - v b
0.0001 L ' I L I L [ 0.0001 L [ ‘i "
0.5 1 1.2 2 0 0.5 1 1.9 2
E, (GeV) E, (GeV)

M Very limited information about the axial current at g2 = 0
M Direct or indirect measurement on H and/or D needed
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17 production on nuclel

B [ncoherent 17 production in nuclei

VZA%Z X

B Modification of the properties in the medium
1
(W + MA)Y(W — Ma —ReXa(p) +i0A/2 — iIm3a(p))

DA:>DA(’I“) =

I'A < Free width A — N 7 modified by Pauli blocking

0 *AN—NN
ReXaA(p) = 40MeV-—  ImXA(p) < *AN—=NN=
PO «ANN—=NNN

B 7 propagation (scattering, charge exchange), absorption (FSI)

M semiclassical cascade, transport models
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17 production on nuclel

B GiBUU Leitner, LAR, Mosel, PRC 73 (2006)
M Effects of FSI on pion kinetic energy spectra

B strong absorption in A region
M side-feeding from dominant «* into «° channel
B secondary pions through FSI of initial QE protons

40 : . . 12 : . '

w/o FSI — w/o FSI —
35 wFSI — ] 10 } wFSI — .
30 w FSI(QE) — 1

w FSI (QE) —

do/dT, [107° cm?/GeV]
1%
o

do/dT, [107°8 cm?/GeV]

03 04 05 06 07 0.8 7 03 04 05 06 07 0.8
T, [GeV] T, [GeV]
v, + °Fe—>pu 7X E,=1GeV
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7 production on *4C

Comparison to T2K: Comparison to MINERVA:
Mosel, Gallmeister, PRC99 (2019) Mosel, Gallmeister, PRC96 (2017)
CCr*data: R. Castillo, PhD Thesis (2015) CCr*data: Eberly et al., PRD 92 (2015)
0.5 LA L L LA A LN R A B AL B B B L B LI BN [ 1~ " T rrrrrrrrrrrrrr T ]
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B Neutrino interactions with matter
M are present in many interesting and relevant physical processes.

M are critical for the success of the neutrino oscillation program in the
precision era.

B are determined by fundamental properties of hadrons and nuclei.

B Ongoing progress in neutrino-interaction theory
W Lattice QCD
W Effective Field Theory
B Phenomenological models
B Monte Carlo simulations
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