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B General Introduction
B Electroweak interactions in the Standard Model
B Strong interactions in the Standard Model

B Inclusive neutrino-nucleon(nucleus) cross section

B Derivation of the nucleon EW current. Flavor structure. Form factors.

B Analysis of the CCQE and NCE cross sections

B Electroweak excitation of baryon resonances
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Introduction

B Neutrino interactions with matter are at the heart many interesting and
relevant physical processes

B Astrophysics
B Dynamics of the core-collapse in supernovae
M r-process nucleosynthesis
B Hadronic physics
B Nucleon and Nucleon-Resonance (N-4, N-N*) axial form factors
M Strangeness content of the nucleon spin
B Nuclear physics
M Information about: nuclear correlations, MEC, spectral functions

B Complement electron scattering studies
B Beyond Standard Model

B Non-standard v interactions
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Introduction

B Neutrino interactions with matter are at the heart of all experiments
seeking to unravel its nature.

B Oscillation experiments (with accelerator v in the few-GeV region)

B Good understanding of neutrino interactions are important for:
B v detection, E reconstruction, v flux calibration
B determination of (irreducible) backgrounds
M reduction of systematic errors
M needed in the quest for CP violation and v mass hierarchy

B Near detectors help to reduce systematic errors but:

® ND vs FD:
M exposed to different fluxes with different flavor composition
M different targets

B All modern experiments are performed with nuclear targets

M nuclear effects: essential for the interpretation of the data
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Relevance for oscillation experiments

B (Kinematic) E, reconstruction:

2 2 2
_ 2mp by —my —my +my

E, =
2(my,, — E,, + p, cosb,)

5 Am3sL
A1F,

B Important for oscillations: P(v,, — v,) = sin? 26055 sin?
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Relevance for oscillation experiments

B (Kinematic) E, reconstruction:

2

2 2
2mp by, —my, —my +mg

v —

2(my,, — E,, + p, cosb,)
GENIE E, =1 GeV

B Not exact on nuclear targets

%4000__ T T | T | T T | T T | T TT | ' TT | T TT | T TT T ||__

= E Allv, CC E

B CCQE-like events from Qw0 b ccae -
-E C = v, CC Resonance i

W absorbed pions > a0 ce Resonanc, o ions|
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Relevance for oscillation experiments

B (Calorimetric) E, reconstruction (e.g. MINOS)
1 Ey = EIep + Ehad
but

M There are invisible heavy fragments, neutrons or other undetected
particles: E . < E, 4

Vis

B E, ->E _4relies on the simulation

Vis
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Relevance for oscillation experiments

B Backgrounds
B E.g. in the MiniBooNE v, — v, search

Aguilar-Arevalo et al., PRL102 (2009) 101802
3
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B NC backgrounds: V1 N — 1 N’
V] N — V] N’

B Also important for v, — v, measurements at T2K
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Electroweak Iinteractions in the SM

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

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

| ®
=
S
Q
B!
e

sin HW =

In the leptonic sector:

JE = LiyM; i =€, T
Jbe = wviv*(1— )l
1- 1
Tne = Fliv"(gv = gays)li + 5oy (1 = y5)vi

gy = —1 +4sin® Oy, ga = —1

lgv| ~ 0.04 < |ga]
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Electroweak Iinteractions in the SM

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

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

| ®
=
S
Q
B!
e

sin HW =

In the quark sector:

_ 2 _ 1, B
Jom = Qi@ q; = §Qu’7“qu — g(Qd”}/MQd + gsvHqs) + ...
1 2\ . . o 1
Jhe = q@uY* 5 \3 2sin HW_§’V5 (Ju+(u_>c)+(u—>t)

1 1 1
+  qa —5—(—5)2811&26'W—1——75] ga+ (d— s)+ (d —b)

2
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Electroweak Iinteractions in the SM

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

L :—J“A——J“Z——J“WT h.

oW “em Sy 2 cos Oy 24/2 ¢ e

sin 6 _ ¢ cos 0 _% @_ 9°
Yy Y Mz V2 8ME

In the quark sector:

dd
JE = (quqeq) Y (1 —v5) U | gs U + CKM matrix
dy
[ ~ cosfc sinfco _
~\ _sinfe  cosfo 0.~ 13 deg « Cabibbo angle
W~ p(uud) — n(udd) ~ €0S%0;
W

“pluud) —  A(usd) } sinzg
W~ p(uud) —  p(uud) K~ (us) i

L. Alvarez-Ruso
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Strong interactions Iin the SM

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

_ 1
EQCD:qu(z’y“DM—mq)wq—ZGﬁf Gauv q=u,d,s,... a=1-—38

Aa
D, = (Bﬂ — z‘g;AZ) Y GHY = 0P AY — OV AP + gfac AL AY

B Asymptotically free = perturbative at high energies

B Nonperturbative at low energies 05 i ] 2
o o, ¢ Measured | 0. — g
B Confining y e 1%~ &

03F |

0.2F

01F

T L
Energy in GeV
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Strong interactions Iin the SM

B Approximate symmetries of N; =3 QCD
B m, = my = m, < Global SU(3);,,,, Symmetry

qu

Ay -
Va“z@7“7q@3uVa“:0 a=1-8 §=(quqids) q=| qa
qs

m, (1 GeV) =4 + 2 MeV
my (1 GeV) =8 + 4 MeV
m, (1 GeV) = 164 + 33 MeV

Aa
o V¥i =4q [m, 7] q m = diag(m., mq, ms)

B m,=my & Global SU(2);,, SOSpin symmetry

Aa
2

Ta

q:é’q/“zq’@ﬁﬂ‘/&“:O a=1-3 q/:(qu>
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Strong interactions Iin the SM

B Approximate symmetries of N; =3 QCD
B m, = my = m, < Global SU(3);,,,, Symmetry

qu

Ay -
Va“z@7“7q@3uVa“:0 a=1-8 §=(quqids) q=| qa
qs

m, (1 GeV) =4 + 2 MeV
my (1 GeV) =8 + 4 MeV
m, (1 GeV) = 164 + 33 MeV

Aa
o V¥i =4q [m, 7] q m = diag(m., mq, ms)

B m,=my & Global SU(2);,, SOSpin symmetry

Aa
2

Ta

q:é’q/“zq’@ﬁﬂ‘/&“:O a=1-3 q/:(qu>
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Strong interactions Iin the SM

B 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, _ )
Jem = 307" — 3@V 90+ 47"qs) = q@r"q Q@ = diag (5 -3 —3)
1 s A3

q+q—7 q——V”+V“

23!

Jbe = quy" (1 —v5)(qa cosOc + gs sinfc)

V1,3 components of the same conserved flavor vector current

1 2 1 1 1 1
She = quY" [— — (—) 2sin” Oy — —75} qu+qay* [—— — (——) 2sin” Oy + =5 | qa+(d — )

2 3 2 2 3 2
1, 1.
VFE = (1 - 2sin® Oy )V — 2sin? Oy 2VY — 5@3’7“%
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Strong interactions Iin the SM

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

m, (1 GeV) =4 + 2 MeV
m, (1 GeV) = 8 + 4 MeV < rho meson, nucleon mass

m, (1 GeV) =164 + 33 MeV

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

B Conserved currents: Qu
g Aa =
RY = guy"Trar V= RE+LE=av"Ti Tl
2 2 ds
Lr = g u>‘a < AF = RF _ [H = gyH Aa
a = W5 w a = M T T §=(qudads)

B Explicit chiral symmetry breaking:

Aa _
0, Vi'=4q [m, 7] q 0, Al = 1iq {m,

Aa

9 }’7561 +— PCAC

L. Alvarez-Ruso NUSTELC
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Electroweak nucleon current

B Flavor structure of the quark currents:

Lew = —eJ* A ——J“Z ——J“WT h.c.
EW € em=—H COSH 2\/— +
Jte = quy* (1 — 5)(qa cos Oc + g5 sinOc)
_ _ A1+ A9 .
AL = Q590 = Q" Vs =5 da = AY i}
1 2 1 1 1 ) 1
JE = quy" [2 (g) 2sin? Oy — 575} Gu-t+qay" [—5 — (—g) 2sin? Oy + 575 qa+(d — s)
1_
Al = A5 + 5‘137“75(13

A, , 5 : components of the same partially conserved flavor axial current

L. Alvarez-Ruso
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Strong interactions Iin the SM

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

W Explicit chiral symmetry breaking:

A A

8,uva'u =q [m, 761 q 8/1145 =1q {m7 f} Y54 + PCAC

B Spontaneous chiral symmetry breaking:
B the ground state does not have the chiral symmetry of the Lagrangian

B m, = 770 MeV (1) # m, = 1230 MeV (1%)
B SU(3), x SU@3)r — SU(3),
B Goldstone bosons: 7, K, 7

EQCD — Eeffective(ﬂ-, K, n... )

B In terms of hadronic degrees of freedom: Al = —f;0"m, + ...

(0] AL |77) = V2frig"

L. Alvarez-Ruso ﬁ:&/)/l{,{f@'

ey g
W R s Saaeg e




Electroweak Iinteractions in the SM
o Example:ﬂ'_(q) — U (p) -+ Eﬂ(k)

u //_\\\
{50
a /
£EW:——JMW++hC RN

cc'’ m=
2v/2 1
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Electroweak Iinteractions in the SM

O Example:ﬂ'_((]) — U (p) + Eﬂ(k) N p

A
- T T
;9

MP = M| =4GR L, H™ TN
polar. @
Tr[(p + ’m“)”yﬂ(l — ¥5) kv, (1 —5)] = 8L, af,

L/ﬂ/ — p,ukl/ T pvku - g,uvk P+ ie,uuocﬁpakﬁ

H" =2f2q¢"q"

L. Alvarez-Ruso - NUSTEL
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Electroweak Iinteractions in the SM

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

Decay width, in the = rest frame:

1 d°p A3k ' i
I'= y ~
20 / 250 (27)5 20 (2 2T O (B P = )M

1
T=5 =26 107%s = fr =92.4MeV

L. Alvarez-Ruso




Inclusive cross section

[(k) + N(p) = I'(K") + X(p') f -
] T

k= (ko,k)  p=(E,p) I

| — (ké,E) = (Elap_;) : - g

g=k—K=p —p=(w,q) ¢=-Q*<0 N/ X

In Lab: p = (M,0)
do  G3% %]

For CC: — = L, WH
dkldQ(k')  (2m)2 ko "
Ly = Kk, +kky—guk- k +icask®k’
d°p; 3cd/t / v *
S —k—p)(X|J*|N)(X|JV|N
w pOZM;(/ZE,%))@w)MHp p) (X].7% [N) (x| |V)
G2 042
: (sym) F
For EM: Ly, —L;; (27T)2—>q4

L. Alvarez-Ruso




Inclusive cross section

i)+ Np) S VE) + X)L e
k:(ko,k) p:(E,ﬁ) |
k’:(’,E) /:(E/,[;’) :’}“;W;Z
|
q=k—K=p —p=(w,q ¢F#=-Q*<0 __—
N X
General structure of the hadronic tensor:
Ingredients: 9", ¢, p*, €**  p' =p+q + not independent
WUV w AV Hag¥ + ghpY
wer = g+ Wil e w, L s B LD
- wapPadp p"*q” — q"p”
st o T e
Structure functions: W; = W;(p? = M?,q-p = wM, ¢*) = W;(w, ¢*)
L. Alvarez-Ruso - NUSTEL




Inclusive cross section

(k) + N(p) = U'(k") + X(p') ( ¢
- hﬁﬁhﬁh‘“‘“T’“”##ﬁﬂ###
k= (kOak) P = (Evﬁ) |
k’:(’,E) /:(E/,[;’) :’}“;W;Z
a=k-K=p—p=(wd ¢=-Q<0 _—
N

General structure of the hadronic tensor:

v y pt'p” q"q” pHq” + q'p”
WH = —ng'u + WQ 2 —+ W4 2 —+ W5 Ve
Y prq” — q'p”
+Wie 2Mg W

Structure functions: W; = W;(w, ¢?)

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

L. Alvarez-Ruso
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Inclusive cross section

(k) + N(p) = U'(k") + X(p') ( /
— \l/
k:(kmk) p:(Eaﬁ)

|
K = (k) IZ) I — (E/,[;’) : 7 W, 2

q:k—k,:p,—p:(w7q_) q2:_Q2<O /
N

In Lab: p = (M,0)
do G 4
k) dQ(K') (2m)% ko

2

1%
+ zM Wik - &' — WsMko) + ﬁ?’ (ko + ko)k - K — kom?]}

(W12k - k' + Wa(2khko — k - k')

m; — 0
do G+ o 0 5 0 (ko + ki) . o0
= 2 = 5 £ 5
T ) =5 —L£(k))? | W12sin? 5 + W5 cos? 5 W A sin? 5 ]

L. Alvarez-Ruso /ﬁﬁfég




Inclusive cross section

B Example: EM scattering on a point-like spin ¥z particle
(X[ JHIN) = alp’)y"u(p)

dd / 4
2M/2E’5 Koy ko pAHT

HHrY — p//,l,pl/ _|_p/1/p,u o g,uy(p . p/ . M2)

Using that:
E/ q2
S(E' + k) — M — k) = 5(% ko—w)

2 2 _ 2 / / 2 q2

¢ =P -p)°=2M"-2p-p = pp-M=-
: Mw 1
M2 — ¢° 2 : M2:>u:—:__
(g+p)° =" +20p-q) + Z P 5

L. Alvarez-Ruso ;Q_%{{é[‘




Inclusive cross section

B Example: EM scattering on a point-like spin ¥z particle
(X[ JHIN) = alp’)y"u(p)

dd / 4
2M/2E’5 Koy ko pAHT

HHrY — p//,l,pl/ _|_p/1/p,u o g,uy(p . p/ . M2)

one finds:

2 2

q q

= — 1
e 4M2w5( Jr2Mw) = 2MW, = Fy=x6(1 —z) = Fi(x)
W — 15 m q° wWsy = §(1 —x) = Fy(x)
2 - ; 2Mw q2
- 9Mw

L. Alvarez-Ruso ;Q_%{{é[‘




Inclusive cross section

B Example: EM scattering on a point-like spin ¥z particle
(X[ JHIN) = alp’)y"u(p)

dd / 4
2M/2E’5 Koy ko pAHT

HHrY — p//,l,pl/ _|_p/1/p,u o g,uy(p . p/ . M2)

2
for real nucleons, at low ¢q

g2 72 g2 , g2
Wi = _4M2w5 (1+2Mw) _>_4M2wG( )9 <1+2Mu})
1 q° 1 9 o q°

L. Alvarez-Ruso ;Q_%{{é[‘
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Form factors

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—




QE scattering on the nucleon

EM: (k) + N(p) — IFE)+N®) ( !
CC:v(k)+n(p) — I~(K)+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:

(g+p)° = (p')*

¢ +2Mw + M? = M?
7

T

2M
r=1

L. Alvarez-Ruso
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QE scattering on the nucleon

EM:I5(k)+ N(p) — F(K)+N@) _t i
CC:v(k)+n(p) — U (K)+p®) \:/
v(k) +p(p) — 1T (K)+n() 1, W, Z
NC: (k)4 NG) > W) NG A
v(k)+ N(p) — ov(k')+N(p) N N

B Cross section:
2K 2 2
do = Gr Ik |L S WHY For EM: LW—>LfZ¥m) GF2—>a4
dkldQ(k)  (2m)% ko " (2m)* g
1 d>p’
[ g— 401/ I 1. VL
W = IM 2E’5 (k +p k p)H

% = T [ (p+ M) 7° (D) 0 (¢ + M) T7]

(N'| J*|N) = a(p/ )T *u(p) = V" — A*

L. Alvarez-Ruso




Electroweak nucleon current

(N'| J*|N) = a(p ) I"u(p) = V" — A"

I )
VI =) [V gl u
_ i gt
Af = u(p) ’7“75FA+M75FP u(p)

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

L. Alvarez-Ruso .‘;1/)/!/.%[7['
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Electroweak nucleon current

(N'| J*|N) = a(p ) I"u(p) = V" — A"

B /* « 4-vector constructed from:

(1) p*, p'#
(2) €apuv , 9

(3) {’Y,LM Y55 YuV5 s Opuv — % [’Y,u;’)/l/]}

NUSTEL

g e
W R s Saaeg e
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Electroweak nucleon current

(N'| J*|N) = a(p ) I"u(p) = V" — A"

B /* « 4-vector constructed from:

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

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

VYo = Guv — 0w

v — g™ %) v5 + € P 5y

ot =i (g™

L. Alvarez-Ruso NUSTEL




Electroweak nucleon current

(N'| J*|N) = a(p ) I"u(p) = V" — A"

B /* « 4-vector constructed from:

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

Using:

M Dirac algebra

B Dirac equation: (p — M)u(p) =a(p")(p) — M) =0
one finds:

i p i p
'Y =~"F + WUWQVF2 + QMFS — sl — mff“ quYs ' — qM75FP

L. Alvarez-Ruso NUSTEL




Electroweak nucleon current

(N'| J*|N) = a(p ) I"u(p) = V" — A"

) 5 q" ) 5 qt
I =~"F + WU“ gyl + MFS — yHys T — WUN quYs LT — M%FP

W =F(q¢)s2pq+q =0

L. Alvarez-Ruso 4&,\’!].{5@'
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Electroweak nucleon current

(N[ J#|N) = u(p )M u(p) = V" — A*

: ; g
't =~*F —“”,,F —F— Fy— —oc"q,vs ' — =—~5 1
Y 1+2M0 q 2‘|‘MS Y5 Fa oar’ V5T T sl
B Time reversal (T) transformation:
T (altu) T = “ZF*UO“ TL,T" = (=1),

the interaction is proport|onal to:

Lalfy = ZFiluﬁOfu

T (Lal*u)TT = (=1 F1,a0!

L. Alvarez-Ruso




Electroweak nucleon current

(N'| J*|N) = a(p ) I"u(p) = V" — A"

) 5 q" ) 5 K
I =~"F + WU“ gy o + MFS — yHys T — mﬂu qvYs T — QM%FP

B Parity (P) transformation:
Pu(py, )T (g0, @)ulpo, P) PT = a(ph, —5")¥0IT* (90, —@)vou(po, —P)

14
’Y“ y O H qv , (]“ + transform as vectors

7“75 : oHv Y54y , q“’ Y5 < transform as axial-vectors

L. Alvarez-Ruso - NUSTEL




Electroweak nucleon current

(N[ J*|N) = a(p ) IMu(p) = V" — A

) , )
P 1A DY) e n R A=
Y U(p)_v L+ 5770 @ F 4 2 Es | u(p)
A = a(p’) _’Y'LL’Y5FA + LUWQ Vs Fr + ﬁ')%FP u(p)
] oM~ " M

B Current conservation + Dirac eq. :

2

6V =) |~ F+ L Fs ) = 0 s =

L. Alvarez-Ruso .‘;1/)/!/.%[7['
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Electroweak nucleon current

(N'| J*|N) = a(p ) I"u(p) = V" — A"

_ i i y H
1 ZE u(p/) _’Y“Fl + WU“ gy Fo + quFS] u(p)
A = a(p’) _’}/M’Y5FA + L.0’““/(1 vs 4+ ﬁ75FP u(p)
] oM~ " M

. 7-2

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

B [sospin rotation: e ( u ) = 7o Qu ) _ 9d
9d 4d —qu

GVFGT = VK« except for the Fq term

GAGT = —-A* except for the F; term

B - F,=F, =0« absence of 2" class currents

L. Alvarez-Ruso - NUSTEL




Electroweak nucleon current

Ve = a(p) _7“F1 + ﬁa‘”’unz] u(p)
v — / i 1) q'UJ
AY = ap’) (Y5 Fa + R u(p)
- 2
B Sachs form factors: Gg = F7 + d Fs5
my
Gy = F1 + Fo
| In the Breit frame:p — (E7 _5/2)7 p/ — (E7 _5/2)7 q :p/ — P = (07(7)7 q2 — _Q_Q
(NLIVYINs) = Gp(q?)dss
— . 7
(NLIVINg) = Gu(q?)z=xs(F X D)xs

L. Alvarez-Ruso ﬁ:&/)/l{,{f@'
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Electroweak nucleon current

B Vector and EM form factors:

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

Then: (p|Vic|n) = |V +iVy" n) =V =V =V

| Viclp) = (p| (1 —2sin® O )Vy" — sin® OV |p)

1
- (5 — sin? 0W> V* + sin? Oy V5

= (% — 28iﬂ2 ew) Vg — VS

B Vector CC and NC form factors can be expressed in terms of EM ones
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Electroweak nucleon current

B Consequences of PCAC and pion pole dominance

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

INN= o
LNNg = — ]\}7]:7 N~ (OF )TN p_ = e —1m2 <7T—| A" 10) = —V/2f ig"
L _
(n|VEIp) = —ZQNMFNW(QQ) P> ugysq"u Fna(0) =1
2M

— —29N7r7rFN7T7r (C]2) q2 — m72r ?7/'}/5un

\ J
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Electroweak nucleon current

B Consequences of PCAC and pion pole dominance

(| VEp) = —2gNmrFnrr(a®)—

2M
_ 2
— _ngwaNww(q )q2 m2 u’75q'uu

\ ] —

! M

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

_ 2M
u ﬂ%FA — 29N7T7TFN7T7T(q2)q2 — 2 q275 u=>0 My — 0

FA(q2) — 29N7T7TFN7r7r(q2)

FA(O) = gA = 29NNr + Goldberger-Treiman relation
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Electroweak nucleon current

B Consequences of PCAC and pion pole dominance

A" = 4(p") |y 5 Falq®) + ﬁ7517,4(612) 2M
M Q2+ m2

u(p)

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

B F, does not contribute to NCE cross sections

B Fis studied in muon capture ¥ TP 7V + N

W F,(0)/g, consistent with the PCAC+pion-pole model

B [ is also studied in radiative muon capture § + P — Vy, + N+ 7

B more difficult to measure and to model
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Electron scattering on the nucleon

EM : I¥(k) 4+ N(p) — 1T (k') + N(p')

2 /
(d_o) — @ ko cos2 4 . Scattering on a point-like
dQ ) \rore  4kE sin® § ko 2 spinless target in Lab
@ _ d_U 1 _ q° tan? Q " Scattering on a point-like
dQ /)  \dQ Mott 2 M2 anl 2 spin 1/2 target in Lab
do do G — 1im G2 q> 5 0
dQ A0  — pEChtan’ 3
Mott 1— A M2

0

q° = —4kok) sin” 5

B Rosenbluth separation = G¢, G,

L. Alvarez-Ruso - NUSTEL




Electron scattering on the nucleon
B More precision, particularly at high Q?, with polarization techniques (Jlab)
m Polarization transfer: € + p — € + p

® Double polarization: € + D — € + D

1.'.1 II T |r T T I T T I

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

B Q% <1GeV?

2 —2
q
G%(QQ) = GD(QQ) 3 sz?w = MpGD(QQ)a Gzz)w = ﬂpGD(QQ) , Gp = (1 — W)
i
ty = 2.793, p, = —1.913, M2 = 0.71 GeV?
10° -
“\j“:ﬂ
g
[
10" dipole
| | N ul ; L '
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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Nucleon EM form factors

B Q2 <1GeV?

2 -2
@2(¢?) = Go(@), G = myGo (@), G2y = myGo(d), Gp — ( _ q—)

ty = 2.793, p, = —1.913, M2 = 0.71 GeV?

B Q"2 > Gel?

1.5

1-5 T T rrrm T l_l_l_rl—l'l"_l_
r W Gay02 L 4
- ®  Punld -
&  Cra06 |
—— KelD4
o 1 VN
REESS e __!?w X
< I : ] - I h
~. L \::h ¥
- m  Jané66
) =
ot rh e a7
=~ - Ber?l - & | = Ankss
05 - I 0.5 ¥ Siloa - - 2‘ ;:3;
- ¢ And94 . 050 [ 4 inkes T
L % Wald4 ] [ % Kuboz
—— Bos#5 4 ErolS
Bra02 ' | m And0s
using G, -values from KelO4 i 1 n.25 Lol vl
Ll el I ' -1 0 1
U,D L | T i T - 0-[] -1 [i} 1 ].U IU lU
R 0 1 10 10 10 2 72
10 10 10 & (GeV?) Q* (GeV?)
Q? (GeV?) e

Perdrisat et al. .Part.Nucl.Phys. 59
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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, Scolarpedia
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v QE scattering on the nucleon

B Cross section:
. . . 2 2 2 2
B As an expansion in small variables ¢°, m; < M*, E;

B Mean square radii

GH(@) = 1——< Q7 +
GH@) = —é<m>@ b
FAQY) = ga—303Q +
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CCQE scattering on the nucleon

B Cross section:
. . . 2 2 2 2
B As an expansion in small variables ¢°, m; < M*, E;

do 1 m? q>
— G232, Tl £ O>at ms m2a2

B CC: Ccc = COS Oc
Ree = 1 +g,24
g B 2F, + M 4+ o 2FE, — M

cc = M ga M

Eu 2 EI/ Ev ?

Tee = 1- 9124 + ZH (1Fga)" F 4M9AK3V - (M’{V)

b B2 |2 (09 - 00+ G303) - gy

KW = Up — tn — 1

L. Alvarez-Ruso ;Q_%{{[[‘




CCQE scattering on the nucleon

B Cross section:
. . . 2 2 2 2
B As an expansion in small variables ¢°, m; < M*, E;
2 2

1 m
= 27TG2C%W [R — ES + éT] + O(q4,m?,ml2q2)

do
dg?

W CC: Ccc=cosbc

M Large fraction of the CCQE cross section depends on a small number
of nucleon properties:

M Charges, magnetic moments, charge mean squared radii
M axial coupling and axial radius

L. Alvarez-Ruso ﬂf&/’/’{{f@'

ey g
W R s Saaeg e




CCQE scattering on the nucleon

B Measurement of the axial radius:
B CCQE on H and D (BNL, ANL)

2\ ~° 12
Fu(Q%) =ga (1 + %) <7°124> — M A2

BM,=1.016 £+ 0.026 GeV Bodek et al., EPIC 53 (2008)
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CCQE scattering on the nucleon

B Measurement of the axial radius:
B CCQE on H and D (BNL, ANL)

2\ 12
Fu(Q%) =ga (1 + ]\i—i) <7°124> — M A2

B M,= 1.016 £+ 0.026 GeV Bodek et al., EPJC 53 (2008)

B From 7 electroproduction on p:

3 1 3 12
2 AY4
— + — |k 4+ =]+ 1] — —
(7’11) M ( 2) 64f2 ( 7r2)

B M,= 1.014 £+ 0.016 GeV Liesenfeld et al., PLB 468 (1999) 20

dEg,
dg?

q?=0

B No indication of deviations from the dipole dep. in BNL, ANL data
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CCQE scattering on the nucleon

B No indication of deviations from the dipole dep. in NOMAD data (on °C)

. 300
.
o L
o
Q250
_3. i
= 200 —
> +
150
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100 | -+

* NOMAD data
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~o Background
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CCQE scattering on the nucleon

B Why dipoles?

M Dipole behavior might arise from the contribution of two mesons with
similar masses and opposite couplings

a (—a) B a(mé, —mi,)

- m%’z (q

Fia(q®) ~

2

‘- m%l)(gz — Miry)
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QE scattering on the nucleon

B Cross section:
. . . 2 2 2 2
B As an expansion in small variables ¢°, m; < M*, E;

do 1 m? q°
— G?c2 |R— —LS+—T O(q*, m?*, m?q?
dq2 27_‘_ EW[ 4E3 +4E3 —|_ (q ) I ZQ)
BNC: Cne=1/4
R = a2+ (ga— As)
E, E, E, )
Tl\(%) — a%, — (ga — As)? + 2M oy F (g4 — As)]2 T 4M<9A — As)m&pg — (M/ﬁffg)
1 1 1
b g fac |5 (avtrd) = 02) = r2) - e + 3 (0 - 49 (0a0%) - AstrA)) |
RW = 1+ (ga + As)?
) E, E, W (B )
T = 1—(ga+As)?+ 225 [1F (g + As)]? + 4= (ga + As)r{Y — (ng)
1 1 n 1
b B2 {3 (0ut2) = r2) = )+ e+ 3 laa A9 (ga0%) + AstrA,)) |

Kane = Oy (tp — 1) — o — ps m&%)zl—up+avun—us aV:1—4sin29W
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QE scattering on the nucleon

B Strangeness content of the nucleon:
B (r2), s, (r4,) < insignificant

B As strange axial coupling < strange quark contribution to the spin

dal(\%)/dq2 024 (ga — As)? _ (ga— As)? _J 0.62 if As =20
dol) jdg?| ,_, 1+ (9a+As)? T 14 (ga+As)2 | L27  if As=-0.3
q =

B A recent global fit: Pate, Trujillo, arxiv:1308.5694
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Weak Resonance excitation

B Resonances contribute to:

B the inclusive1 N — [ X cross section

. I4
B several exclusive channels: Vi N = [N
V) N —= [N’ 8%

N = 1IN’
VZN%ZA(E)

B AtE, ~ 1GeV (MiniBooNE, SciBooNE, T2K,...) A(1232) is dominant
B At E >1 GeV (MINERvA) N* become also important

L. Alvarez-Ruso ”ﬁ{{;g




Weak Resonance excitation

B CCRexcitation: vi(k) N(p) — 7 (k") R(p')

do 1 ‘];/‘ . | |
dk{)dﬂ’ — 3972 kOMN (p,) |./\/l| + Inclusive cross section
M* T'(p'
A(p)) = (')

T (p/2 _ M*Z)Z + M*2F2 (p/)

F(pl) + total momentum dependent width
G cosbc
M = [“J,
V2

[“ = a(k" )v* (1 — y5)ulk) leptonic current

Ja — Va — Aa + hadronic current
can be parametrized in terms of
N-R transition form factors

L. Alvarez-Ruso




Weak Resonance excitation

B A(1232) P=3/2*

cY cy cY
Jo = ﬂ“(ﬂ) M_:;)V(gauﬂ — C.loz’Yﬂ) + —= M2 (Qauq P — CIozp,u) + —= M2 (gauq p— Qapu)
c4! cy cg
—I——(gaug — QoY) to7 (gauq p' — appl,) + C& gap + M2 —>-qaqu | u(p)
N

Cy_s5, Citg < N-A transition form factors

B Rarita-Schwinger fields: spin 3/2

wlpsa) = 3 (1055358 ) lp Voo

,S

m Eq. of motion: (p — Ma)u, =0

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

L. Alvarez-Ruso ;Q_%{{é[‘




Weak Resonance excitation

B Second resonance peak: N*(1440), N*(1520), N*(1535)
W N*(1440) JP=1/2*

Jo = u(p") [ Fy (490 — @*a) + 1 itd 0apq” — Favavs — F—P%qa] u(p)
(2Mn)? 2MpN My
B N*(1535) JP=1/2-
Jo = u(p') [(25411\;) (490 — ¢°7a)¥s + 221;;]\[ 0apq” Vs — Fava — %qa] u(p)
B N*(1520) JP=3/2-
C3 cy Ccy

Ja = aﬂ(p )

M ——(gapd — gavp) + —= M2 = (gopq - ' — qap)) + —%5 M2 > (gopd - P — qapp)

CA C’A CA
+ (—3(gau$1 — gaYp) + MN (goz,uq p - Qﬁp,u) + C5 Jap + —5 qaqﬂ) 75] u(p)

My M

N

L. Alvarez-Ruso ;Q_%{{é[‘




Weak Resonance excitation

B Vector CC and NC form factors can be expressed in terms of EM ones
H CC: F1‘,/2 — Fﬁz — F7'y

~ o (n 1 . . )
m NC:FPSY = (5 — 2gin? ew) FP) _ pr)
B The same applies for CY, ,

B Helicity amplitudes from 7 photo- and electro-production data

Ayp=  JE2(R,J. =1/2|¢} Jhy| N, J. = =1/2)¢
Az g = \/QkL; (R,J. =3/2|ef Jhn| N, J. = 1/2)¢

Sijg= — /2}3 \I/Og_Q (R,J, =1/2|%Jh | N, J. =1/2)¢

B Helicity amplitudes = EM form factors
L. Alvarez-Ruso - NUSTEL
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Weak Resonance excitation

B Axial transition form factors
B Poorly known (if at all...)
B PCAC: 4" Aa =0
B r-pole dominance of the pseudoscalar form factor: C§'

B A(1232) P=3/2+
MR

PCAC = C§' = —q—05

Using Lans = —Q?NW A (OF)TTN gan=<=T(N* — Nm)
. A 2 M?

m-pole dominance = (" = — §g]\,>,<]\,7rp(q2)_q2 —];7712 F0)=1

2
Therefore 054(0) = \/;gANﬁe Goldberger-Treiman relation

1
A A
Ci =—705  C4 =0+« Adler model

L. Alvarez-Ruso ;Q_%{{é[‘




MAID

B Helicity amplitudes

Ayjp = (R, J. =1/2|ef Ty | N, J. = =1/2)¢
Az g = LR, . =3/2|ef Ty | N, J. = 1/2) ¢

Sijp= — ZI;TRa\}(g_z<R,Jz:1/2|€2J§M|N,Jz:1/2>C

A= +1/2 A=41/2 A= +1/2

L. Alvarez-Ruso




MAID

Transition N-R e.m. helicity amplitudes extracted for all 4-star resonaces
with W < 1.8 GeV

B For example:

Tiator et al., EPJ Special Topics 198 (2011)

rl_-I'E“.'L-'._': "1[-:'._ -----------------

OO e L e L . S [ J PSP P EPPEF S P )
0 1 2 3 4 5 & 0 1 2 3 4 5 & 0 1 i 3 4 5 &
Q*(GeV/c)? Q% GeV /c)? Q*(GeV /c)?
‘IOO I I I |
50 }
0f
-50
_100-...I...l...l...l..uJuu.‘ _20P...|...L...|...|...J...
0 1 2 3 4 S 6 0 1 2 3 4 5 6
Q*(GeV/c)? Q*(GeV/c)?
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MAID

B Transition N-R e.m. helicity amplitudes extracted for all 4-star resonaces
with W < 1.8 GeV

B For example:
150 [ 25 e

T
(15325 ] I S
511\1“3‘“’) sz 1 1 /2

100 F -
) ]

Tiator et al., EPJ Special Topics 198 (2011)

50 |

0}

_50',..111.11..11,.11,.
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Weak Resonance excitation

B Axial transition form factors
B Poorly known (if at all...)
B PCAC: ¢"Aa =0
® -pole dominance of the pseudoscalar form factor: F'p

B N*(1440) P=1/2*
(M* —+ MN)MN

PCAC = Fp=— 2 Fa

Using LN*Nr = —gNJ:NW N*7,45(0*7)TN Ign*Nr=T(NT — N
M* + My)My

r-pole dominance = Fp = —29N*N7rF(q2)( ) F(0) =

Therefore Fa(0) = 2gn+nr « Goldberger-Treiman relation

q2

M 42

—2
) MA:].GGV

Educated guess: Fa(q®) = Fa(0) (1 —

L. Alvarez-Ruso ﬁ:&/)/l{,{f@'
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Weak Resonance excitation

B Axial transition form factors
B Poorly known (if at all...)
B PCAC: ¢"Aa =0
® -pole dominance of the pseudoscalar form factor: F'p

B N*(1535) P=1/2-

M* — Mpy)M
PCAC = Fp = | q2N) NF,
Using £LN+Nr = —gN;NW Y (OH )TN gN*No=D(NT — Nm)
M* — My)Mpy
r-pole dominance = f'p = —29N*N7TF(q2)( ) F(0) =

q2 —m?2

Therefore F4(0) = 2gn+nx < Goldberger-Treiman relation

q2

M 42

L. Alvarez-Ruso ;Q_%{{é[‘
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Weak Resonance excitation

B Axial transition form factors
® Poorly known (if at all...)
B PCAC: 4" Aa =0
B r-pole dominance of the pseudoscalar form factor: C§'

B N*(1520) JP=3/2-

M2
A _ N A
PCAC = Cg = 2 ) Cs
Using LN+*Nrx = —ngNW vs (OH )TN gN*Nr<=D(NT — N)
M2
m-pole dominance = cg = ZgN*NﬂF(q2)q2_—Nm2 F0) =1

Therefore C2(0) = —2gn+nw— Goldberger-Treiman relation

—2
) Ma=1GeV C3=Ci'=0

Educated guess: Cz (¢°) = C£'(0) (1 —

L. Alvarez-Ruso ;Q_%{{é[‘




Inclusive resonance production

0.8

6 [10°® cm?]

06

04

02

T. Leitner, O. Buss, LAR, U. Mosel, PRC 79 (2009)

\%

u

_ P..(1232) —

+ 33

n—uR P, ,(1440) ---
D45(1520) - -
S11(1535) o

sum of all others -- --

0.5 1 1.5 2

E, [GeV]

T. Leitner, PhD Thesis, 2009

B AtE, = 2 GeV, CCN*(1520)/CCA ~ 0.5, CCN*(1440,1535)/CCA ~ 0.22
B N*(1520) is important for v N — [ N’

L. Alvarez-Ruso
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