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1. Lepton-nucleus scattering at intermediate and high energies:

Introduction and relativistic formalism




Why using electroweak probes?

- to study the structure of nucleons

- to understand the nuclear dynamics

- to assess the relevant degrees of freedom for describing a nucleus:
baryons and mesons or quarks and gluons?

- to study the properties of the probe (neutrino)

A’ Ly,

e-A interaction D-A interaction

- The electroweak interaction is weak: o = 1/137 for y-exchange,
Z and W exchange amplitude suppressed by a factor Q?/M* = 107°. Hence:

- perturbative treatment = only one vector boson exchanged (Born approx.)
- electron scattering: predominantly electromagnetic process = QED description
- leptonic probes can explore the full nuclear volume without modifying it too much




Why worrying about relativity?

Typical neutrino energies of current experiments are (E ~ 1-few GeV)

d?c /UK [1071° fm? ¢/MeV]
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Lepton-nucleus scattering reactions

@ INCLUSIVE PROCESSES: A(], 1)

- only the scattered lepton is detected: A(e, €), A(vu, ), A(v,, e)
- lepton and/or target can be polarized

@ SEMI-INCLUSIVE PROCESSES: A(l, I'N), A(l, 'NN)

- more particles detected in coincidence with the scattered lepton: (e, ep), (e, epp).

- lepton, target and/or final-state nucleons can be polarized




Experimental issues

The cross sections are small (0g~103%m?,0,~103%m?): required to have

@ high duty factor capabilities
@ high currents
@ thick targets

For measuring polarization observables:

@ polarized electron beams

» polarized targets

@ polarizations of final-state particles: protons, neutrons and deuterons
Intermediate- and high-energy modern facilities:

Electrons Neutrinos

MAMI/Mainz (1.5 GeV) Fermil.ab/Chicago (~ 1-10 GeV)
Jlab/Virginia (6 GeV, now upgrade to 12) J-Parc/Japan

both have polarized beams non monochromatic v-beams




Inclusive electron scattering spectrum

AN
/Q"= (w,q ’

The virtuality of the exchanged photon allows independent variation of  and W
>0=w=q

Schematic O
(e,e') spectrum : _
Collective “dip” Deep Inelastic

excitations Scattering (DIS)
(g.r.)

SIELASRIC
PEAK ,
discrete

states 1/ (ZMN) (1Q*1+M M 5/(2M,)

x,=1Q21/2Myw
XB>1 O<XB<1

Bjorken variable




Data: QE Electron Nucleus Scattering Archive
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O.Benhar, D.Day, 1.Sick, Rev. Mod. Phys. 80 (2008)
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Relativistic scattering: notations and formalism

—

Four-vectors At = (Ap, A)
Bjorken&Drell conventions ¢” =1, ¢"" =—1(k=1,2,3)

First Born approximation: one virtual boson exchange

space-like virtual boson

Q,r.t — KH _ K/t — pH _ p# 4-momentum
f i conservation

] ) 0.0
Ps = M= on-shell condition
IL} — ,-:r.ﬁ“:_:}ﬁ-! {;:r.ﬁ-! . ;:r.i'/ ]I' — ,:r.,!-!,:r.i'/ + ~ i'zu:r.ﬁ-! — gﬂgerz 1l

e — gm0a, 123 — 1A -
5 =Y Y Y Y Ty — 5 [;r‘;e : ;r'r/]

Dirac equation and Dirac spinors:

(2 @— M)WV =0 free particles ‘DE}+}(X, t) = \%u( p,s)e—FuX" positive energy

- Y _ in presence of _ IYE Py H ;
(i@—e A—M)¥ =0 om. fiold ‘I’{p ](x:t} =/ %1_,(p!‘9}elfpxﬁ negative energy

(P = M)u(p,s) =0 —

E+M [E+M | EXAMSs
(P —|— _ﬂIJ -11[1}]? 5) — 0 H(p, SJ — E_Ef . ; -U(pj S) — Z_ET E—I—g“:




Dirac spinology

Normalization condition and Dirac adjoint operators: [@ = ui7" &T =~°TT4"]
u(p,s)u(p,s) =1, v(p,s)v(p,s)=—1
Projection operators:

A H4 M —
Energy A+(p) = (%) = Z:I:a u(p,s)u(p,s)

in D (45 = (1L £~5 8) Four-spin S* = (sY, s) satisfies: 2 = S§,S* = —1 and P,S* =0
p - 5 s ¥, ’ F F

Bilinear covariants and their properties under Lorentz transformations

U (scalar), U~5 W (pseudoscalar), U~ (vector), U~5~# I (pseudovector),

Trace theorems:

TT(AB)=4A-B, Tr(y%) =0, Tr(vy* A B) =0
T(AB¢ D)=4[A-BC-D+A-DB-C—-A-CB-D]

(v A B ¢ D) = dicap,sA*BSCTD




(1,1 Inclusive Cross Section

Plane Wave Born Approximation (PWBA), lab system

dOo

= = _.M.2
dQ,dw K2,|M

K kinematic factor

" Coupling constant:

Mfi=g JuA Jy photon = g=e

heavy vector boson X = g/ M , o\ G
invariant amplitude \

Fermi constant

Vector boson propagator: 1.166 x 1075 GeV2

_ g” ’ Feynman's

Q? gauge

uv

9 . _

heavy vector boson X = A"'= — >
Q" — My

(M, ~80—90GeV/c?)

Zﬁ average over initial states and sum over final states

zﬁ|M ﬁ|2 ——» Leptonic and Hadronic tensors




Leptonic and Hadronic Tensors

Leptonic tensor J " Leptonic current

Hadronic tensor J Hadronic current
hadrons u

do~— r]uv W“" Electromagnetic processes (electron scattering)

3 weak Weak interaction processes (neutrino scattering)
d o 4 np.\) Wweak = 4

X

1 r]em/ weak whH Electromagnetic-weak interference (parity-violating
a2 ~2 0 v W eniweak electron scattering)




The Leptonic Tensor

Electromagnetic electron current

Leptonic tensor

Unpolarized electrons:

Symmetric under p < v

Satisfies current conservation:

Q,u:,qunpul 0

Polarized incident electrons:
SH(S?2=_—"1and S K =0

electron spin

T = Z i
v leptons j'”’ Jv

Ju(K N5 K ) = 1K', N)yu(K, )

Ny = Zk,k’ [@(K, A )V

w(K" AWK, )y u(K, )]

1
8m?2 Tr {7 (] +me)y

1
QmE

unpol
n [y

KK, + KK,

Yo (K +me) }

_QW(K,K’_

16m?

3 e+ g

5 Tr {7y (K" +me) v (1+75

F) (K +me)}

;

(i€uvas meSaQ'ﬁ) Q#npﬂl =0

New term, antisymmetric in p < v

current conservation




Lepton polarization

@ For purely L or T polarized e-

longitudinal polarization: Me meS*

he(3, 1) B=kle= \/1 — (me/e)’
- he(0,,) y=1//1— 2 =¢/m.

1
;-}_,

transverse polarization: meS“ =

@ Transverse polarization effects are suppressed by a factor 1/y relative to longitudinal

@ For purely longitudinally polarized electrons and in the ERL (m_ << ¢€)

B—19— o > K" — €(1,ig)
(meS*)  ——  he(l,ip) = hK*

h =1 helicity

@ The two leptonic tensors

sznﬁﬂp”] — K 11 —|—I+L’I+W g K - K _Xl:ﬂpul

CEIHS —

are comparable in magnitude (both ~ € ¢€')

@ Only longitudinally polarized electrons are relevant for most studies in nuclear and particle physics




The EM Hadronic Tensor we =y T

General structure: the hadronic tensor must be built with Piu , pr and Q}u

The Lorentz scalars in the problem are P2, Q2 and P-Q
P2 = M2 = 2 independent scalars, for example Q2 and P-Q (equivalent to ¢ and w) Q% = w* — ¢*

L#_L{P# (@Qf)gﬁ} - [0 vi=( Q- P=wM

Introduce M

Wk must be a second rank Lorentz tensor. The most general form is:

W — W W

. r 2
I_{_;'é.LL" — }i"]glf_u/ 1+ }L"EQILLQI/ 4 R’B"f;ﬂ'{f;y 1 }(4 (Q”Iﬂ-y 1+ If':i,f.LQI/‘} Symmetrlc _}LE (Q !Q . R)
WE = i1 (QMVY = VIQY) + Y2 P QuVig antisymmetric Y2 (Q°,Q - P)
structure functions
@ Current conservation Q”I{’r‘f’y 0 — (}(1 + }(ng)Qy + (}(4@2}1’?! }i’l 4 }(EQE —0

gy - 1 X4=0
QWH = 0= (Y1Q%)V, 20

Y, =0 since in absence of PV effects the current matrix elements are polar vectors

@ Finall _ O" OV S W, = —-X
i wer = -w (.w‘”’ - ")).‘5 )*”'ﬂu‘*i--f e
' Wy = X3

Wiy 0.




EM Response functions

@ Contracting the unpolarized leptonic and hadronic tensors:

.
X WEY ~ W + 2W tan® —

@ The inclusive unpolarized electron scattering c.s. depends upon 2 response functions, which can
be separated by varying the scattering angle (Rosenbluth decomposition)

@ L/T separation: it is convenient to choose the projections of the current matrix elements to be
parallel (L) or perpendicular (T) to the virtual photon direction q:

2

" do unpol ] _ -
({fﬂ,.: dw) = O Mott {'“LRL + 1 'TRT} UL "i . RE (Wy — pl-’i-’])/pz

U ap —+ '[.Ei_]:l:'2 5 RT QI‘I'fl .

b

2
(¥ COS == _
OMott = {—325.} p=-Q*/q*
2

2€ 81n

@ The longitudinal and transverse response functions can be constructed directly as components of
the hadronic tensor according to:

¢ 2 " 12
700 %03 1730 “orr-33

W 11 + I"sz

@ They embody the entire dependence on the hadronic structure




The nuclear tensor

@ The nuclear tensor

W = 333 m [ (@)| )" (i, x| ()| )
A B X

xp(ER)dERp(Ex)dExd(e; —e;+Es — Ep — Ex)

J “(q) Fourier transform of the nuclear many-body current operator

114) and |1VB) eigenstates of the nuclear Hamiltonian

p(Eg)and p(Ex) distribution functions accounting for the energy-momentum dispersion
relation of the final nucleus (B) and hadronic system (X)

Z Z sum over all possible final states that can be reached through the action of j,on the g.s.
B X

W is meant to be evaluated at P +pPx =q=k; — ky

Equivalent expression for Wk?:

T m

wer = Lo ) = i (Z (i| TG (w + E;)J” i})

]

Polarization _ , L SO-X forrr b r vy Bu el
propagator > i (Q) :/d Xe' @ X G| T[J™(X)J" (0)]d)

Full propagator of the
many-body system




Current conservation and gauge invariance

@ Current conservation Q] =0 —» |wJ®=gqJ?

implies relations between the charge (0) and longitudinal (3) components of the hadronic tensor:

I.{_x"ﬂ 3 lH_fﬁ'El _ (w / {}') 'ﬁfﬂﬂ
w 33 _ ( W X q:} 2 H_fﬂﬂ

s RL — 7 I{_fﬂ 1]

R; =charge distribution

R;=current distribution

@ Gauge invariance must be fulfilled both at the level of the nuclear current matrix elements

Quf|J*]i) =0

and at the level of the nuclear tensor and polarization propagators

QWM =0, Q,II" =0

@ Nuclear models must fulfill this fundamental symmetry




Inclusive EM polarized processes

Polarizing the electron and/or the target gives rise to extra response functions:

A(e, e)

the geneneral structure of the cross section is

do ~ X + hA h = electron helicity

vr, R¥(6*) + vr RT (6°) + v, RTH(6%) cos ¢* + v RT T (0%) cos 20*
UTrRT’ (60%) + “LJTL:RTL’ (6™) cos @™

6 response functions




Kinematics et A—c +B+X

Ps = (Ep,pB) = Q" + Py — Pk

Missing momentum: Pm =PB = —P

Excitation energy of the residual nucleus in the lab frame:

£(p) = (M) + 72—/ (MB)2 +p?

Wy final state

- energy conservation ) )
Ex +Ep gy invariant mass

VWE+pk +ER+€E

)2 Ll \/(J'I%JE T pi' T & g and o fixed
(y<0)
0 = (p,q) angle €

M

E = Mi+4w- \/{ﬂfg)ﬂ +p2 — \/Hi + g% + p? + 2pg cos b

Py E_i A & : — g(q-.dp COS '9}
g, W, be, Ox,pand C 5 independent
variables

The inclusive nuclear response can be expressed as an integral in i
the (g,p) plane, corresponding to the possible directions of the final IIlax [E, (9
state X:




Kinematics

The integration limits in p arise from the condition £€>0 and turn out to be:

1 : — - .
Uy = 33 [(Mg +w) \/ (W — M) — W2 \/ (W + MB)2 - W2 — Qqﬂxl

1 , S — i

with W= \/ (MS +w)2 — ¢ and A, = [W?+(Mp)* — W]

These expressions simplify in the limit MY B — 00

MY 4+w-— \/(L-"VIJ%)E +p? — \/Hff + q% + p? + 2pq cos b

> Eu(@) =my +w— Eg — \/Hf +q% + p? + 2pg cos O

Note that all this is completely general:
- no approximation has been made on the nuclear model
- valid for any final state X

Eg _‘LIB +my — *-"vfg

Yoo = \/(ﬂh‘ — Es +my)? — W2 —g| yscaling variable

separation energy

g and o fixed
(y<0)




The Quasi Elastic Peak |

incident
electron

@ QE scattering is assumed to be dominated by the —o
ejection of single protons and neutrons (small
corrections from ejection of clusters of nucleons) \  knockout

@ celectron

Nucleus 7/. ejected
proton

@ If the nucleus were just a collection of protons and neutrons at rest,
the c.s. would be a 6-function at the QE condition:

2 2
6(W— W) , Wy = i?n L2 X = %’ =1 Bjorken scaling variable = 1
N N

@ Since the nucleons in the nucleus are moving and interacting, the 6-function becomes a broad
peak of width proportional to the Fermi momentum kg

@ The interactions between nucleons in both initial nuclear ground state and final nuclear wave
functions cause small shifts away from the QEP

@ QF Kinematics: W, =mpy
Y =Yoo = \/';:"(Qﬂlﬂ" + :":1} —q W " ' o W g and o fixed
Yoo =0 = V@(2my + @) =0

W<WQE — Y < 0




The Quasi Elastic Peak |

incident
electron

@ QE scattering is assumed to be dominated by the —o
ejection of single protons and neutrons (small
corrections from ejection of clusters of nucleons) \  knockout

@ celectron

Nucleus 7/. ejected
proton

@ If the nucleus were just a collection of protons and neutrons at rest,
the c.s. would be a 6-function at the QE condition:

2 2
6(W— W) , Wy = i?n L2 X = %’ =1 Bjorken scaling variable = 1
N N

@ Since the nucleons in the nucleus are moving and interacting, the 6-function becomes a broad
peak of width proportional to the Fermi momentum kg

@ The interactions between nucleons in both initial nuclear ground state and final nuclear wave
functions cause small shifts away from the QEP

@ QF Kinematics: W, =mpy
Y= Yoo = V0(2my +0) — ¢
Yoo =0 = O(2my +@) =¢q

g and o fixed
(y>0)

W > WoE — Y > l:]'|

0<&(p)=émup)fory<p=Y




Quasielastic kinematics and y-scaling

(e,e'N) kinematically allowed region

g and o fixed g and w fixed

(y<0) (y>0)
Ew

below QEP above QEP
(y-scaling (resonances
region) and beyond)

° @

0

scaling variable: the lowest value of the missing momentum at the lowest missing energy kinematically
allowed for semi-inclusive knockout of nucleons from the nucleus.

Y= Yoo = VO(2my +©) — g

No impulse approximation up to this point: -p is the momentum of the recoiling system in the lab frame.




Impulse Approximation

Final state

‘yractions (FSI

Scattering off a nucleus = incoherent sum of single-nucleon scattering processes

Nuclear Current — One-body operator
Iy, q) = [dp ¥p(p+ )T Us(P)
v \/

final nucleon bound nucleon




The Relativistic Fermi Gas model

@ The simplest Relativistic Impulse Approximation (RIA) model fulfilling

= [.orentz covariance: the hadronic tensor transforms as a Lorentz tensor
-+ Gauge invariance: QFWW:O

@ Relativistic version of the Fermi gas model (De Forest and Walecka, 1966)

@ The nucleus is viewed as a collection of on-shell nucleons described by Dirac spinors u(p,s)

@ Nuclear tensor for a generic final hadronic system X :

E,]“Lff

WY (q. SN [dﬁ” fdh"i"‘“ W wh (H,0,E,)8(w + En — E,)

"Tp_,;

: F .
X-system invariant mass S;ﬁrenl}e [zdh = [ dhn(h), with n(h) = 8(pr — h)

Wi (H. Q. Ey ) = ZZ [‘f‘ Jhu '[11-.5;1-,)} [Exij”u(h_-.ﬂh)] single-nucleon tensor

* <

accounts for energy-momentum
dispersion relation of the
hadronic system X

1-body h —» X current




@ Different excitation regions can be explored within the same model:

- Quasi-elastic: the nuclear final state is a particle-hole excitation

N m2, .
WE S (q.w) = — f dh—2 " (H O)§(w+ Ey, — E Nuclear tensor
opl(d,w) Tl M oo or(H,Q)d( h—Fp)

Wiy = ZZ [ p,s,)J u(h, sh)} [ﬁ(p;sp)j”u(h,sh) Single-nucleon tensor

Sh &g

B _ . i y , . EM
Jr'r_\.__\ — u(p)r#u{h} — u(p} (anlr-n'-"' 1 ﬂjfgﬂ-# Qrz) u(h) [{(_Tjr._' = Pl — TFQ.(_T_'L; = F[ + j'_g] e

-+ N-A transition: the nuclear final state is a A-hole excitation

(C’lri""‘* TeHN p L c":;ré*'a) u(h) [Gg, Gy, Gl

3 form factors:

M1 (magnetic dipole moment) — distribution of the quarks' electric current within N and A — dominant

E2 (electric quadrupole moment) and C2 (Coulomb quadrupole moment) — deviation from sphericity of

uarks' charge distribution
Recent Jlab measurements of Ry, = E2/M1 and Rgy, = C2/M1 indicate that they are small but non-zero

Higher resonances can be treated in the same
framework as long as enough there is enough y B 5 o
experimental information on the transtion ff's. JN_Roper — U i(p*,m" [f‘_ (@QQ" — Q") +ilyo* Qw] u(h)
Ex: Roper resonance N*(1440)P,




The Inelastic hadronic tensor

@ The expression for the RFG inelastic hadronic tensor is:

1 ""'u'l _
Wrra(h,A) = fdﬂ fd el (T i 3 6, A )8 (2A +E— €, )0(np — 1)
"T?‘}F

4q : Pr 3 dimensionless
2mpy 2my ) : N - : variables

Eh h
y y Iﬂ- ¥ -
mp My

KHRY

_ L. 9
) +ws (g + k' p) (¥ + KYp) p=1+ me —1)

e pr
W inel Wy (Q +

i

inelasticity parameter
(=1 for quasielastic scattering)

p=1/z link between inelasticity and the Bjorken scaling variable corresponding to an
on-shell nucleon moving inside the nucleus.

This is different from the “Lab” Bjorken variable, corresponding to a nucleon at

rest in the laboratory frame: | Qg|

T
Eﬂl_.n.,‘r Lt B A

Iy =

Phys.Rev.C69 (2004) 035502




The Inelastic hadronic tensor

@ Using the 6 function the n-integration can be performed, giving:

}T}Fh L (#,)

pa(r,A)
Wit ) = e [ ap (1 =20 (1) U (.70
P

£ = € — 1  Fermi kinetic energy

from phenomenological fits
¥ of s.n. structure functions

.2 , 27 Add EF
& (1-02)0 - 2) U (e = [ 5 [ e, i,

0 2T Jeo(p)

."Iﬂ.[]r_:] -1

. = sign(A —T7p) \ e inelastic scaling variable
i ['-]f —

“single-nucleon” responses

For each p , a “peak” region -1<yy<I
can be identified, centered at y5=0,

2K

of width =~

, growing with «

and decreasing with py [p =1+ i{,ﬂg —1)

".I-

vt = U%= T[{I—Tﬂ)uz( ,p) — w1 (T, p) + wa(T, p)D(k,

Ut UM L U2 = 2w, (1, p) + wa(T, p)D(K, T, p)

AT
)
\\> Function arising from Fermi

motion and going to zero as §z—0

They contain medium corrections, which cannot be factorized in a relativistic framework

Phys.Rev.C69 (2004) 035502




The QEP as a special case

I INAax

3NT vx o (mA) 3] y
anz;{ﬁ-“r) = 3 ‘EF/ dT,LI»'X ‘ - I,p ‘(1 —’E_;'Ji

ULT ]
2Npk 4 Ux ) (k, 7, p(Ux)),

@ Special case:

i INT , ) .
< Quasi-elastic kinematics: p=1 = Wog(k.A) = ——&F (1 - L%) (1 — ] UM (k,7) Parabolic in
(analytic!) “Mpk ' v

w scaling variable: . T < dos <
the ”I‘educed" had_ronlC tenSOI' e = . i "|||I ) .'II &N — 1

o = sign(A — T )4/
only depends on y J { \

| e — 1

vge =0| QEP

U—T 7 11

+ U2 = 2w

2~r
AN Dk, — (7 Xh]
L.T, S | 12 v LTy, EF—E(/ L (?
Ruf (K, T) g SsF\L—VYor)t = \R,T
i, -J_Jl_. | v L \, /

r{z{.‘}-% EFG{)-FE()]—I-A[EF—I-E(]—I—Az} (1+7)

QE response functions (p = 1) {\er — 0] — 27}

; P A / . 2 T
2 gF (1 — 1}.'(%5-) 1 +€FL‘%E — ;‘UQE \,-"l&: (2 + (‘:Fl;.'QE) -+ 3}’—25;: {

u’LQE {T] TGJ’LI (T) i %
G (1) + 7G5 (1) , _
1 L7 medium corrections

1—93p)

wo oE(T)




Some results

ERFG --me
ERFG QE ------
ERFG inel

fim 3:"51*)

do/dmdQ (107

100 150 200
w (MeV)

FIG. 2: Inclusive cross section for electron seattering from carbon at Eip,,. = 500 MeV and 8. = 60°
versus the energy transfer. The caleulation includes an energy shift wapip, = 20 MeV and the

separate QF and inelastic contributions to the cross section are shown. Data are from [41].

MB, J.A.Caballero, TW.Donnelly, C.Maieron, Phys.Rev.C69 (2004) 035502




Some results

m——T——— T 3.0

B0 25 |
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L 20|
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2071 iy
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da/dodQ (10°° fm'fsr)

do/dad(2 (1 0 t"rn'q’fsn‘]l

05 F

12 30

10} 25 | RFG ——
RFG QE -~
20 F  RFGinel
- ERFG ——
15 F  ERFG QE /
I ERFG inel —— -

08 r
06

04 1.0

do/dedQ (107 fmfsr)

da/dmd() {]IE]""3 t"rn'q’fsn‘]l

02 05 F

|:| B Aok 1y ||l|||||||.||.||l|'|“'||||.|.I.|||||||||I|||||||||I||||||||| |:| e Pl T T L
200 300 400 500 600 70O 800 900 1000 800 1000 1200 1400 1600 1800 2000 2200
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FIG. 4: As for Fig. 2, but at E, = 3.595 GeV and scattering angle #, = 16° (a), 20° (b), 25° (¢)

and 30° (d). Data are from [39)].

MB, J.A.Caballero, TW.Donnelly, C.Maieron, Phys.Rev.C69 (2004) 035502
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2.Inclusive electron scattering at intermediate and high energies:
a) Scaling

b) Meson Exchange Currents (scaling violations)




N
Inclusive electron scattering spectrum /Qn: o
e A

The virtuality of the exchanged photon allows independent variation of  and W

Coll_ect_ive 1 “dip” Deep Inelastic
excitations Scattering (DIS)
(g.r.)

discrete
states

1Q*1/(2M)  (1Q1+M M /(2M,)

xB>1 0<xB<1




Scaling

@ Scaling occurs in very diverse fields of physics (solid state, molecular, atomic,
nuclear, particle...), with a wide energy range implied (eV-GeV).

@ It usually involves processes where weakly interacting probes (e.g. leptons, neutrons) scatter
from composite systems (e.g. atoms, nuclei, nucleons).

@ The response of a many-body system to an external probe is said to scale when it no longer
depends upon two variables (e.g. g and w) but only on a particular combination of them, called
scaling variable.

T T TTTTT
o # HMC Collabordtion

@ Bjorken x-scaling (Bjorken, 1968), in lepton-nucleon DIS: [ - el Mucl. Phys. B483(97)5 ]

the nucleon's structure functions F1 and F2 _ =0,

depend on the scaling variable S

A0EE]
"

:l_x 5 A= 2048)
r — L,
— 2myw

.....“"'

and are (almost) independent of Q2, indicating
that the process is an incoherent scattering from
pointlike constituents of the nucleon (partons, quarks)

ooooooo ol

R LI

Nuclear y-scaling (West, 1975), in lepton-nucleus QES:

the (e,e') quasielastic reduced cross section depends only
on one specific combination of (q,w) as long as the process
can be interpreted as incoherent scattering from the
constituent of the nucleus (nucleons).




Y-scaling in the Plane Wave Impulse Approximation

E(p,€) = MY — \/(M_g—1 )2+ p? — & energy of the struck nucleon

i - Kooy zat
= ' T Factorization of (e,e'N) c.s.
A0dwdpy — oenS(P,€)

half-off-shell nuclear spectral function

single-nucleon c.s. (probability that a nucleon of
momentum p and energy E is found
in the nuclear g.s.)

The OF (e.e') c.s. is the integral of the (e,e'N) c.s. in the kinematically allowed region of the (p,&) plane

qand o fixed We would like to remove the eN c.s. from the integral in order to isolate the
(y<0) nuclear physics of QE scattering, but it depends upon p and €.

Assumption: the most important contribution to the integral come from the

Ey smallest p and €

A0 /dQ.dw reduced cross section

or
oen (g, ;P = =9, € =0) Scaling Function

Flq,y) =




. . d?o /dQ . dw
The scaling function | 7@y =550

ogen (g, y:p=—y,E=0)

@ The definition of F(q,y) is just a different representation of the QE inclusive c.s. (no
approximation).

@ On the other hand, assuming factorization into an eN and spectral function is indeed an
approximation (PWIA or DWIA) . It implies that

V Enr
Flq.y)=2x /}J dpii(q. y: p). involving the integral nlg.y:p) = /{EEST{}J. E)
—y

i

If Epm were % it would be the
nuclear momentum distribution
@ y-scaling occurs if, at high enough values of g,

F(g.y) == F(y) = F(c0.y)

the reduced cross section becomes only a function of y.




Scaling of | kind

The reduced response, plotted against y for different kinematics, is independent of q:

+ :—#if i)

T T |||||||
11 lllllll
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F(y) (c/MeV)

1 IIIllll|

1 llIlIIII

T T orrrm

Day, McCarthy, Donnelly, Sick, Annu. Rev. Nucl. Part. Sci. 40 (1990)




Scaling in the RFG

Were ~ fd-})/ffpwﬁ[q —(py —p)Slw — (Ex — E)]

Xn(p )[1 — n(pn )] nieieon

Nuclear tensor:

Momentum distribution: |n(p) = 0(kr — |p|)

Spectral function:
- 3N .
SH 0. 8) = g ke — PIIER) — EFC()] EMC(p) = [k +miy — /P +m}

y-scaling variable: y-scaling variable:

1 2 P by €n — 1
yrrc =mn | A1+ P Ept® = /14 (yrre/mn)? - Y = sign(A —7) er— 1

Scaling function: dimensionless (—1 < ¥ < 1)

P/, dw] 2
IRFG ;

F ,1-,-——f1—:_- 18(1 — “‘Il—l—fﬂ’f
T M [.‘5—;!.’;*{:]‘;__. — tTfrr REC —”L ¥ ? ]

Frra(k,v) =

The RFG exactly scales in the variable y and the scaling function is a parabola




Scaling of Il kind

Let us introduce a dimensionless version of the scaling function

f=fkpx F “superscaling function”

3 : ; . .
as suggested by the RFG: frra () = I{‘ 1—4)6(1 —y?) [1+ (1 /22 4

Scaling of II kind:
f independent of kg (nuclear species)

o¥agug Eﬁgéﬂﬁ‘%

+]
o p++ T

DN D) =
o ™

T
1

T I|IIII|
1 I|l||l|

Scaling of the First Kind <— Independence of q

Scaling of the Second Kind <— Independence of k - or A ;
: . s
Superscaling <—> Both 1°"- and 2" -Kind Scaling. §
o
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Donnelly, Sick, Phys.Rev.Lett. 82 (1999); Phys.Rev. C60 (1999)




Scaling of O kind: L and T channels

| T .
Gk, ) 5-Gr + O] o _ B, _Br
LT Gy =G

Gr(x,A) = —Gif +Olpl.

e e S B S S R S

longitudinél

0.0 :

Scaling violations mainly reside in
the transverse channel.

The RFG model predicts

Jo=Jfr=1F
“scaling of Oth kind”

A .*L&lﬁk.%. -




The phenomenological SuperScaling function

Based on the scaling analyses, a phenomenological longitudinal super-scaling function has been
extracted from (e,e') world data at high momentum transfer [J.Jourdan, Nucl.Phys.A603, (1996)]

0.8

0.7¢
0.6
057
0.4
0.3
0.2}
0.1

RFC —
fit --e |

eXP ——

f IH

0

1.5 2

% Asymmetric shape around the QEP position

% 4-parameters fit for a large variety of
kinematics and nuclei

% It represents a strong constraint on nuclear
models

% The RFG predicts a parabolic super-scaling
function: poor representation of data.




Relativistic Impulse Approximation approaches

@ RIA: Scattering off a nucleus =Incoherent sum of single-nucleon scattering processes

Nuclear current = One-body operator

1) Relativistic Mean Field Model - RMF
2) Semi-relativistic Shell Model - RSM

3) Relativistic Green's Function - RGF
In the RMF approach

v bound nucleon w.f. = Relativistic Mean Field (strong S and V potentials)

W : ejected nucleon w.f. = Final State Interaction, treated in different approaches:

RPWIA: relativistic plane wave (no FSI)
rROP: real relativistic optical potential

RMF: uses the same RMF employed for the initial state




The scaling function in RIA

fi (RMF) ——

rROP
RPWIA

fr (RMF) - |

% The Relativistic Mean Field (RMF)
model succesfully reproduces the
longitudinal scaling function

% RMF predicts f;>f; by ~ 20%, in
qualitative agreement with the

experimental evidence from the
(few) separated L/T data

% The Relativistic Plane Wave Impuse
Approximation and the rROP give a
too high and symmetric scaling
fucntion, with f.=f;




Extension of Scaling analysis to the A region

@ How to devise a scaling procedure valid in
the A resonance region?

- 1. Subtract from the data the QE - 4. Plot against the appropriate scaling function:
contribution obtained in the super-scaling _ -
hypothesis: W,y=wigp,wp)

. 1 2, 2 . : .
o i o P21+FUHJFHN—1} inelasticity

dwdQ s |[dwdQ | |[dwdQ g

< 2. Divide by the elementary N—A cross section

d’c
dwdQ |,
)

oy (v, G +Vv; Gy

F...=

A

- 3. Multiply by the Fermi momentum:

fra=KpgF 4




Scaling in the A region

@ How to devise a scaling procedure valid in
the A resonance region?

- 1. Subtract from the data the QE - 4. Plot against the appropriate scaling function:
contribution obtained in the super-scaling _ -
hypothesis: W,y=wigp,wp)

. 1 2, 2 . : .
o i o P21+FUHJFHN—1} inelasticity

dwdQ s |[dwdQ | |[dwdQ g

"'I""I""T%L'""
< 2. Divide by the elementary N—A cross section ; # }

d’c
dwdQ |,
)

oy (v, G +Vv; Gy

E ,=03-4GeV
8=12—145"

F...=

A

- 3. Multiply by the Fermi momentum:

T T | T T T T | T T T T | T T T T

,.
-
X
B

-

fra=KpgF 4

| | | | | | 1 | | | | | | | 1 | | | | |

0 1
YA
J.E. Amaro, MBB, J.A. Caballero, T.W. Donnelly, A. Molinari, I. Sick, Phys. Rev. C 71, 015501 (2005)
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Scaling in the A region

@ How to devise a scaling procedure valid in
the A resonance region?

- 1. Subtract from the data the QE - 4. Plot against the appropriate scaling function:
contribution obtained in the super-scaling _ -
hypothesis: W,y=wigp,wp)

. 1 2, 2 . : .
o i o P21+FUHJFHN—1} inelasticity

dwdQ s |[dwdQ | |[dwdQ g

"'I""I""T%L'""
< 2. Divide by the elementary N—A cross section ; # }

2
_do E,=03—4GeV
dwdQ |, 8=12-145"
: A A
oy VG +v;GT)

F...=

A

- 3. Multiply by the Fermi momentum:

fra=KpgF 4

| | | | | | 1 | | | | | | | 1 | | | | |

w

YA
J.E. Amaro, MBB, J.A. Caballero, T.W. Donnelly, A. Molinari, I. Sick, Phys. Rev. C 71, 015501 (2005)




Test of scaling functions

With these 2 scaling functions we can now
reconstruct the (e,e') cross sections and
compare with data for different kinematics
and nuclei:

PHYSICAL REVIEW C 71, 015501 (2005)

7=6, A=12
€=1500 MeV, 8=13.5°
i 72=8, A=16

€=880 MeV, §=32°]

do/d0dw (ub/sr MeV)

do/dQdw (nb/sr MeV)

PR e ST
ape T — &N

A I et N el
200 300 400 500
w (MeV)

400
FIG. 3. Experimental (e, ¢') cross section for '>C at an incident @ (MeV)
electron energy of 1.5 GeV and a scattering angle of 13.5 degrees,
together with the calculated result obtained using £ and f*. The
dashed curve is the QE contribution and the solid curve is the total

including the A.

FIG. 5. Experimental (e, ') cross section as in Figs. 3 and 4,
but now for 'O at an incident electron energy of 0.88 GeV and a
scattering angle of 32 degrees.




Test of scaling functions

With these 2 scaling functions we can now
reconstruct the (e,e') cross sections and
compare with data for different kinematics
and nuclei:

PHYSICAL REVIEW C 71, 015501 (2005)

7=6, A=12

e=1500 MeV, §=13.5° 4

do/d0dw (ub/sr MeV)

PR e ST
ape T — &N

T M S I

200 300 400 500
w (MeV)

FIG. 3. Experimental (e, ¢') cross section for '>C at an incident
electron energy of 1.5 GeV and a scattering angle of 13.5 degrees,
together with the calculated result obtained using £ and f*. The
dashed curve is the QE contribution and the solid curve is the total
including the A.

do/dw/dS2 (nb/sr/GeV)
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Meson Exchange Currents

Feynman diagrams:

/
PlA

it
P

1

“pion in flight”

| P
Py

A

off-shell N or A

\ P,

“correlation” and “A-MEC” diagrams

AP

s

A




Two-body current

Pseudovector NN Lagrangean |z yy = - Gy (uéa)rat

matrix elements

m

5

&

™

. v —_— If'\- i r.-
= e (py)rars Kiu(p1) 7

2 deanFr(Ky — Kg)#

FY

———T(ph) T u(pa) + (1 < 2)
1 — Mz

Jp =
2

w

—(1 — 2}

m2 (K —m?2)(K3 —m?2)

I — T "N+ - |
-}cor_@u(pj_,]la e AL i'_i[ljl}ﬂr%—

u(p})7as K ulp)u(ps)meys Aou(pa)

1

—m?2

xU(p4) [Tar: K1Sp(Py +Q)TH(Q) +TH(Q)Sr(Py — Q)1av- K i]u(pa)

P+m

Sr(P) = $3— 5 | nucleon propagator

Q) = Fiy+5-F0Q,

electromagnetic nucleon vertex




Gauge invariance

[The total two-body current is conserved: ), (7% + j& + ¥ ) = Q.j\ = ]

2 Vv
- F
(}“J Il')] 1');. P1. 1')) —Qﬂ'&?{Tgr?.EgabU.I[p;_}?'aﬂ?-a-u(pl)m Seagu11
u(p2)mys Qu(p2) + (1 < 2)

o f? Ki—Ky)-Q ST
Q7" (p w23 B F Ky — Ky pion in flight
pdp | P1, P, P1, P2) m T?E?TLEE b '{Ef—m )Uﬁ —m2)

u(p])7aYsu(p1)u(py )15 u(p2) -

L | | FY :
Qui% . (P1. P2, P1, P2) 2m-—i€3,pU(PY ) TaV5u(P1) T correlations
ms Ki —m2

w(pa) Y5 (@ + 2m)u(p2) + (1 — 2).

Qu [Jtor (P, P2, P1, P2) + J& (P1, P2. P1. P2)] = 0

The divergence of the correlation current exactly cancels the pion-in-flight and seagull
contributions providing FH=F1V : correlations are needed to preserve gauge invariance

MEC and associated correlations can be consistently introduced in the RFG basis,
where no correlations (except Pauli) exist in the unperturbed wave function.




The A-MEC current

The A-MEC current is derived from the yNA Lagrangian and A propagator:

[V. Pascalutsa, O. Scholten, Nucl. Phys. A 591 (1995) 658]

1 3 1_.
ﬁ".".l"'fﬂ - I:"."N.ﬂ e NA T L NA

EEGI — *
1O, (21, A)v,sTINEFY Lhe
o u(21, A)yysT4

eGo - I
o 5}2 U Oup (22, A)ys TS (8, N)F“F + he.

(2mpy)?"

B#V('ﬂ"‘

1
A) = Guv + [-"J + 5(1 +4:.";)}1] Yo Yo

Ggp(;ﬁ] — G_f;f (P) + G;;‘p(Pj]

Rarita-Schwinger (spin 3/2)
propagator:

_P+ma 1 2 P3P, vaP, —,Ps

GRS(py— _2 TMA |\ 2 _L2IE
Bp W P2 _?n'i\ G3p 3 Y37 e 3 ﬂ?;i .

G _
T2 590, (23, AV Ti N, FY* + he.

z=o0off-shell parameter

A=arbitrary parameter related to the “contact”

invariance of the Lagrangian

A-dependent term:

1 A+1
S 3m3 (24 +1)2

[{2_4 +1)(ysP, + Ps7,)

A+1

75, (P) =

A=_1—G=@GES

The current is conserved:

(P, P) — X

_ Janaf Ko Qa(p,) [ X
T omi K3-—m2™ P11

2)7s Kotau(p2) + (1 < 2)

(P, Py)]u(p1)

Q,ujz =0




One particle — one hole diagrams

Matrix elements Polarization propagator




Two particle — two holes diagrams: “direct”

4

-

(b) (@ @
(@)
Fig. 2. The direct pionic contributions to the MEC 2p—2h response function. Q .
-6-- ---- (&) ®

Fig. 4. The direct A contributions to the MEC 2p—2h response function.

Fig. 3. The direct pionic/A interference contributions to the MEC 2p—2h response function.

A. De Pace et al. / Nuclear Physics A 726 {2003) 303-320




Two particle — two hole diagrams: “exchange”

- _}_ =-=
(e)
Fig. 5. The exchange pionic/ A interference contributions to the MEC 2p—2h response function.

Fig. 6. The exchange A contributions to the MEC 2p—2h response function.

A. De Pace et al. / Nuclear Physics A 726 {2003) 303-320




Effects of 1p-1h MEC and correlations in the QEP
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Effects of 1p-1h MEC and correlations in the QEP
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A-MEC: negative in the T channel
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The role of MEC In SuperScaling: 1p-1h

fo % The response is calculated
q=0.5GeV/c on the RFG basis and is
p =1 GeV/e mainly transverse
g _ 5 GEV;E (small L contribution)

q=3GeV/c

% The A-MEC give the
dominant contribution

I kind scaling

7% The net contribution to the
fo Ccross section is negative
kr =200 MeV /c

kp =250 MeV/c % Correlation diagrams

kr =300 MeV/c needed to preserve gauge
invariance give a positive
contribution which roughly
compensate MEC: the net
contribution is small (few %)

I1 kind scaling

% Both kinds of scaling

are violated
Amaro et al.,, NPA723, 181 (2003)




The role of MEC In Superscaling: 2p-2h />0

B=15" data
A=15"2p-2h
B=21" data
8=23"2p-7h

o

B=H1" data
B=30" 2p-2h
A=45" data
A=45" 2p-Th
A=74" data
8=74" 2p-2h

Fig. 10. As for Fig. 9, but now showmg comparisons with data from JLab [39].

A. De Pace et al. / Nuclear Physics A 741 (2004) 249-2069




The role of MEC In SuperScaling: 2p-2h ¢<0

8=15" 2p-2h
B=23" data
8=21"2p-2h
B=30" data
B=30" 2p2-h
B=45" dara
B=43" 2p-2h
B=T4" data
P la;w,“ 2p-2h

| IIIIIIII | IIIIIII|
I_I_\_t_IIIIIIII | III|I|I|

-

=L TH

-0.5 0

(b)
Fig. 3. The dimensionless scaling function f plotted versus the scaling vaniable ' for JLab data [39] using

carbon (panel (a)) and gold (panel (b)) targets with electrons of 4045 MeV and the scattering angles given in the
legend. The legend also labels the curves showing FMEC computed as discussed i the text.

A. De Pace et al. / Nuclear Physics A 741 (2004) 249-2069




Test of modified SUSA model (SUSA+2p2h MEC)

: . : 12
Quasielastic Scattering from C
p.. =4045 MeVie, 8=23 deg, JLab Daw
An example: , A

O Expenmental Data
Cuasielastic
[melastic
MEC
Total

éTotal

Qo = 1736 MeV/c

1

i [MeV]

T.W. Donnelly




Relativistic effects in MEC can be mimicked

Semi-relativistic two-body currents:
non realtivistic calculations can be “relativized”

by introducing:

1) relativistic kinematics

2) kinematical factors arising from
the exact relativistic expressions

JH(SR) = #Jﬁ;{ma‘]
i ,

1
JY(SR) ———JY(TNR)

'.,r.-'
JP(INR) + T+ 7T (TNR)

1
J (SR _
{ } v1+T

1 .
JA(SR ———JA(TNR)
A(SR) VieT: A(TNR]

J.E. Amaro et al. [ Physics Reports 368 (2002) 317407

g =300 MeV /e

pe T
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L L L L
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factors
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Fig. 33. Total transverse response function of *Ca including MEC for several values of the momentum transfer, and for
kr=237 MeV /c. Solid: exact relativistic results. The rest of the curves have been computed using the non-relativistic Fermi
gas model, with or without relativistic corrections. Dashed: traditional non-relativistic results. Dotted: including relativistic
kinematics in the non-relativistic calculations. Dot-dashed: including in addition the new expansion of the OB+MEC
currents. The relativistic calculations include a dynamical propagator and nN form factor, while the non-relativistic cal-

culations do not include these corrections.




Relativistic vs non-relativistic 2p-2h MEC

320 A. De Pace et al. / Nuclear Physics A 726 (2003) 303-326

direct n.r.

R B
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-
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=
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exchange n.r.

B [ T R :'.l
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Fig 12 The transverse response function Ry(g, @) at g = 550 MeV/c and ¢ = 1140 MeV/c including the
exchange contributions: non-relatrvistic direct (positive dotted), non-relatrvistic exchange (negative dotted),
non-relatrvistic total (light solid), relatvistic direct (positive dashed), relativistic exchange (negative dashed) and
relatnvistic total (heavy solid). In all instances €, =70 MeV and kp = 1.3 fm— L.




Off-shell nucleons

The usual form of the one-body nucleon EM current is

P i
Jiay = u(p) (PL’?‘”’ + 5 Fhot Qp) u(h)

“CC2” prescription

Gordon decomposition (valid for free spinors): the Dirac current is sum of a convection and a spin term

7(p)y*u(h) = u(p) [

. i ey _ |
(p+h) L0 (p—h),

2']’?1_.\-'

5 ] u(h) valid for free (on-shell) spinors
my

Equivalent currents (in the case of free spinors):

1) eliminating Q":

2) eliminating y¥:

- i
-J'Il: |_ :l

“CC1” prescription

. , p* + h*
= E,H[p} ({T_U’T# - —-F.E) H{h}l (G_,'u = Fl + FQ}

2??1_&.,.'

1
JI 3T

p#_l_hn"-"'

=T(p) (F +1

2mpy

prQ. “CC3” prescription
G r;_-l;) (h)
2mpy

Off-shell extrapolation and Gordon ambiguities: bound nucleons are not on-shell. This can be taken into
account using the De Forest prescription (T. de Forest, NPA392, 1983) for half-off-shell nucleons:

i 1

E, — E), = \/ h2 + m?2,

Q' =

(w,q) —

QF = (3,4

replace the energy and momentum of the bound
nucleon, but not the Q2 at which the ff's are evaluated
= the corresponding currents are no more equivalent




Gauge ambiguities

None of the above currents is conserved when nucleons are half-off-shell.
Different prescriptions are used to restore current conservation:

1. B3 Y Coulomb gauge
4q

Weyl gauge

— " = JQ?Q” Landau gauge

Enforcing CC on the above currents leads to the so called “CC1”, “CC2” and “CC3” currents

For QE inclusive scattering the 3 prescriptions give similar results, but differences can arise in
different observables (e.g., polarization observables)




Relativistic versus non-relativistic

T — T
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Relativistic effects are important even at q~400 MeV/c




Can we mimic relativistic effects?

@ Relativistic kinematics implies the replacement

(p+q)? p’

W = — > w=1/(p+ 2+ﬁ1-2-'_\/2+'ﬁ'1-2r
N 2my Imn \/“ W A P N

e | e | f 12
equivalent to w= — [1/p2+ m3, + “YYawr ™
my ’ 2 2'1’?1_.1-'

@ Relativistic operators can be accounted for by performing an expansion in the bound nucleon
momentum

) , )
1] = —— expansion parameter p < kp —n <
my ,

exact in g and w (Semi-Relativistic expansion) and therefore valid at hogh momentum transfer.

@ Example: single nucleon current: | j“(p' p) =7(p’) (F Y+ ;FQJ#VQV) u(p) | relativistic
FALL

1

, : [ G
Jrr('u}:}n rel. = GE Jr#nn el = iGuo x k|| J(p',p) y T (G-U - TE) (K m) -+ O()

/T 7GR
JE(p'. v [iG. D’XH—I—(G + )'IJ'
non relativistic (p P ) K M E 2 I

i

.'GI 1
semi- — ; _'_"’f_ (cr X KK -1+ 50 - KK X n)] + O(n?)

relativistic




The semi-relativistic approximation

5 .o K2 enhancement of R,
T=K - A" — — =1 .
T reduction of Ry
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The Coulomb Sum Rule

The CSR states that the integral of the QE longitudinal response of a nucleus
should be equal at high g, to the total number of protons:

Model-independent theorem: the

1 J" dw CSR measures a property of the
L5 G ) nuclear ground state,

lim,,, S, (q)=1 independent of the final state. It

1+T G2 (T)+ N G2 (1) is a consequence of unitarity

142T zZ En (summation over a complete set

of intermediate states).

Gi(q,w)=

Controversy between Saclay and Bates data:

- Saclay data showed a quenching of R; of ~40% on 12C, 49Ca, 48Ca, >6Fe, inconsistent with S;(q)=1

- Bates data showed no quenching

- Re-analysis of world data accounting for Coulomb corrections and relativistic effects (Jourdan,NPA603,1996):
no quenching

- New eXperlment al Jlab (0 55 <q<1 GeV/c) no published data yet.

| H. YaO PANIC 2011 H. Yao, PANIC 2011
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Some references on the general framework

“Relativistic Quantum Mechanics”,
J.D. Bjorken and S.D, Drell,
McGraw-Hill, NY (1964)

“Quantum Electrodynamics”,
W. Greiner and ]J. Reinhardt,
Springer-Verlag (1994)

“Electron Scattering from Nuclear and Nucleon Structure”,
J.D. Walecka,
Cambridge University Press (2001)

“Electromagnetic Response of Atomic Nuclei”,
S. Boffi, C. Giusti, F. Pacati, M. Radici,
Clarendon Press, Oxford (1996); Phys. Rep. 226, (1993)

“The Atomic Nucleus observed with Electromagnetic Probes”,
T.W. Donnelly,
An Advanced Course in Modern Nuclear Physics - Lecture Notes in Physics, Springer-Verlag (2001)




Some references on superscaling and relativistic MEC

@ Scaling and super-scaling
- (G.B. West, Phys.Rept. 18 (1975)

- W.M. Alberico, A. Molinari, T.W. Donnelly, E.L. Kronenberg, J.W. Van Orden, Phys.Rev. C38 (1988)
= D.B. Day, ].S. McCarthy, T.W. Donnelly, I. Sick, Ann.Rev.Nucl.Part.Sci. 40 (1990)

- T.W. Donnelly, I. Sick, Phys.Rev.Lett. 82 (1999), Phys.Rev. C60 (1999)

-+ C. Maieron, T.W. Donnelly, Ingo Sick (Basel U.), Phys.Rev. C65 (2002)

- C. Maieron, J.E. Amaro, MBB, T.W. Donnelly, J.A.Caballero, C.F.Williamson, Phys.Rev. C80 (2009)

@ Relativistic MEC

- J.W. Van Orden, T.W. Donnelly, Ann. Phys. 131 (1980)
- W.M. Alberico, T.W. Donnelly, A. Molinari, Nucl.Phys. A512 (1990)
-+ M.]. Dekker, PJ. Brussaard, J.A. Tjon, Phys.Lett. B289 (1992); Phys.Rev. C49 (1994)

-+ ].E. Amaro, MBB, J.A. Caballero, T.W. Donnelly, A. Molinari, Nucl.Phys. A697(2002); Phys.Rep. 368(2002);
Nucl.Phys. A723(2003)

- A. De Pace, M. Nardi, W.M. Alberico, T.W. Donnelly, A. Molinari, Nucl.Phys. A726(2003);
Nucl.Phys. A741(2004)
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3. Quasielastic neutrino scattering




Neutrino Experiments

@ Enormous experimental effort to study neutrino properties:
great amount of neutrino detectors, experiments and facilities, both operating and under
construction.

@ Main goal: study neutrino properties (precision measurements of oscillation parameters,
0,5 and CP violation, mass hierarchy, sterile neutrinos...).

@ 2 strategies:

% 1) disappearance expt's: a known number of v's of a certain type is produced and the number of
the same type v's is detected at a distance L
% 2) appearance expt's: v's of a certain type are produced and v's of a different type are detected

@ Many experiments use complex nuclei as targets: detailed studies of the nuclear dynamics are
needed in order to interpret the data.

@ New information on nuclear and nucleonic structure, complementary to electron scattering, can be
extracted from neutrino experiments.

@ Fermilab, Illinois: MiniBooNE, SciBooNE, MicroBooNE, MINERvA, NovA, MINOS, ArgoNeuT;
Dy, Ve, Vy,Ve;
Targets: C, O, Fe, Pb, Ar, He; v+nucleus — 1+X, Neutrino energy ~ 1 GeV (~0.5 - 10 GeV)

9 J-Parc, Japan: T2K, K2K; Targets: CgHg '°O; E, ~ 1 GeV

¥ Previous expt's: LSND (Los Alamos, 1993-98, E,, ~ 200 MeV); NOMAD (CERN, C, 90's, E, ~ 3 —
100 GeV)




Quasielastic Neutrino Scattering
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Figlu'{? 1: Breakdown of the inclusive CC muon neutrino cross section on free isoscalar target to QE, RES and DIS
contributions, as viewed by NuWro MC event generator.

J.Morfin, J.Nieves, J.Sobczyk, Adv.High Energy Phys. 2012 (2012)

QE scattering dominates at neutrino energies below ~ 1 GeV




Neutrino and Antineutrino Data
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Connection with electron scattering (SuUSA)

Many high quality data are available for quasi-elastic electron scattering

Although not sufficient, it is necessary that nuclear models to be used in neutrino
scattering analyses reproduce these data

The SuSA approach makes use of (e,e') data to predict CC and NC v-scattering cross
sections in the QE region exploiting SuperScaling:

1) extract the super-scaling function from QE (e,e') data —» f()) ~ R*"/G®"

S.n.

2) plug it into neutrino cross sections > Rweak Gweak % f(LIJ)

JLab Quasielastic Data, “c

W+i+++;-1++ T

+ 2020 MeV, 15deg
+ 2020 MeV, 20 deg
+ 4045 MeV, 15deg
+ 4045 MeV, 23 deg
+
+
+

; ‘.‘f:‘f:.:‘i:.efﬂfz ‘ ﬁ Scaling of II kind

mﬂ\l d [y . F ++
2 = E k3

l,_ J_ ; . - Er Ee:3.6 GeV
{9 o Scalmg of I kmd ! - ©=16 deg

il
+ | [ 1 [ BN BN Ly [t 0.00]_ 1 1 L 1 1 1 1 | 1 L 1 1 I 1 1 1 L | 1 1 1 1 I 1
] EEREC ’°--? 00 05 1o 15 2 -20 -15 -10 -05 00 0.5

v Y

[Day,McCarthy,Donnelly,Sick,Ann.Rev.Nucl.Part.Sci.40(1990); Donnelly & Sick, PRC60(1999),PRL82(1999)]
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Charged Current Neutrino Scattering

Cross section:

|07

Up |

— -2 2 / 2
vp=(e+e) —qg- =4dec’ — |Q7|.

(G cos 6,)*

[k’ cos 8 /2], tan’0/2 =
22

ap =

finite lepton mass
(ERL not valid!)

= [VecRee + 2VerRer + Vit Rip + Vr Ry

+ x[2Vr Ry,

Rosenbluth-like decomposition: 5 response functions

CC charge-charge

CL charge-longitudinal

LL longitudinal-longitudinal
T trasverse

T' transverse axial-vector

Each response has
VV (vector-vector), AA (axial-axial), VA (vector-axial)

components arising from the V and A

weak nuclear currents: >




Leptonic vertex

Leptonic kinematical factors In the ERL (e,e")

| —tan%6/2 - 82, Vee = vee =1,

] o~ ? — Ve =V,
u+—!tanzt‘9;’2-32, ACL cL 2'
P Vie = v =v7,

-~ ~ 2 v 2
VLL:UE—i—tE-lngﬂ,/Z(]—}——?—}—p-ég)-ﬁz, N Vi — v = p~,
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— — s 2 — — o 2 —
Vr = [2 p + tan 9;2] > tan® 62 Vr = v = tan0)2 \/ p+tan2 02,

]
X (u + Epp’ : 52) .82,

Coulomb corrections (EMA)
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Vi =|—tan"6/2 | (1 —vp -57).
0

-~ e -~ 2..&.
V_.r_ = VC‘C — EUVCL +v VLL-

m.l'

iz




Hadronic vertex

The nuclear vector current is — —uRYY

cC»
conserved: w
= R

VeeREE +2Ve REY + Vi R)) =V, RV =X}V

The nuclear axial current is not —~ AA ~ AA - AA
conserved: VeeRee +2VeLREL + ViR ] XC;L

Defining: Vr [R;fv + R?’ﬂ'] = Xr,

2Vr Ry = X1,

we finally get general expression, valid in any

Vv
JC = X; + XC',-’L + X1+ xX71.| kinematic region

2
The single-nucleon responses in the QE region: Rﬂf B Y

2m N

f{j E{P) FIV + FEUHUQU] H{P}, Ryy
o=

_ _ ]
jq =a(P’) GAIV +WGPQF] v u(P),

VA _ (1) ~(1)
;‘”{ =G L;}{T}_r {;}{r} =2/t +1)G, Gy,




Response Functions in (e,e’) and CC (v,])

doc _
de_rer_O-Mott

(VLRL+VT RT)

2 electromagnetic response functions

Hadronic tensor

VCC RCC+2 VCL RCL +VLL RLL

\/
VR,
5 (3) weak response functions
Purely isovector
Typically transverse (CC,CL,LL small)
Have VV, AA and VA components generated by

J=JV+J~
" v
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MiniBooNE
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L-T-T' separation in the total CCQE cross section

Total cross section (integrated over all allowed muon kinemtics)

E, (GeV)




CC neutrino scattering in the A region

Elementary reactions: Current:
vep = AT, J*(q) = Tig (¢, sHT™"u(p, ),

— (g™ —q"v") + =-(g"q - p' — q"p")
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my My 5 form factors

Hadronic tensor: | w/* = T2uaTr{Pga(p)) (ol ™ y) A(p)TPY), |l = wliy, + why + wl,
A . |

Rarita-Schwinger projector
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PHYSICAL REVIEW C 71, 015501 (2005)




SuperScaling Approximation to CC QE+A
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FIG. 9. (Color online) Neutrino reaction cross sections as in
Fig. 6 for # = 45 degrees, showing a comparison of the full results
obtained using the empirical scaling functions f9F and f% as
discussed in the text with results obtained using the RFG scaling
function frpg (heavier lines). The former lie somewhat lower and
extend over a wider range in k' than the latter.

J.E.Amaro, MBB, J.A.Caballero, T.W.Donnelly, A.Molinari, 1.Sick,Phys. Rev. C 71 (2005)




Limitations of the SUSA approach

The SuSA approach is based on some assumptions:
1. Super-scaling violations (beyond impulse approximation) are neglected:

-collective effects (like giant resonances), important at low momentum and energy
transfer: here SuSA is bound to fail and RPA calculations are appropriate.

-Meson Exchange Currents (MEC), involving two-body operators.

2. Scaling of 0™ kind: it = Longitudinal-Transverse
holds exactly in RFG but not in more sophisticated models (e.g. RMF)

3. Scaling of the 3" kind : f(T=0) = f(T=1) Isoscalar-Isovector
-CC neutrino reactions are isovector only

-f, extracted from electron scattering contains both isospin components:

f =Y f(T=0) + % f (T=1)

" fi (RMF) —




MEC In “CCQE” neutrino scattering

Why should MEC be relevant in quasielastic neutrino scattering?

In (e,e') experiments E, is well-known and “QE” means that the electron is scattered by an individual
nucleon moving inside the nucleus discrete  GR
levels

mesons

(ee’ N resonances
In (v,,p) the neutrino the situation is different:

the neutrino beam is not monochromatic,
but it spans a wide range of energies:

(E,)=0.788 GeV | / w=Q¥2m
MiniBooNE v“flux

Flux-averaged cross section:

_ & __ 1 do(E)
dcosOdT, b ® dcos0dT,

b (E,)dE

v

®(E,) (10" /POT/GeV /cm?)

As a consequence, different regions in the (q,w) plane,
corresponding to different reaction mechanisms,
contribute to each experimental point (G,Tu).




MEC In “CCQE” neutrino scattering

@ “QE” for many neutrino experiments (e.g., MiniBooNE) means

“no pions ares detected in the final state”

@ Processes involving scattering off two or more nucleons can give a non-negligible contribution to the
Ccross section

A 1N

H

N
4

2
+ ...

@ The situation is different from electron scattering, where the quasielastic region can be clearly
identified.

@ These mechanisms may be (at least partially) responsible for the so-called “axial mass puzzle” of the
MiniBooNE data




The nucleon axial mass

@ The nucleon “axial mass” is the cutoff parameter entering the dipole parametrization of the
axial-vector form factor of the nucleon

Argonne (1969)
Argonne (1973)
CERN (1977)
Argonne (1977)
CERN (1979)
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Figure 1. Axial mass M4 extractions. Left panel: From (quasi)elastic neutrino
and antineutrino scattering experiments. The weighted average is My = (1.026 £
0.021) GeV. Right panel: From charged pion electroproduction experiments. The
weighted average is M4 = (1.069 £+ 0.016) GeV. Note that value for the MAMI
experiment contains both the statistical and systematical uncertainty; for other values
the systematical errors were not explicitly given. The labels SP, DR, FPV and BNR
refer to different methods evaluating the corrections beyond the soft pion limit as
explained in the text.

g,=1.2673+0.0035
from neutron B decay

World average from
neutrino experiments:

M, = (1.026 + 0.021) GeV

Bernard, Elouadrhiri, Meissner,
J. Phys. G28 (2002)




The “Nucleon Axial Mass Puzzle”

+ MiniBooNE data are ~20% higher than RFG

@+ They can be fitted by RFG using an effective
e T ot s < nucleon axial mass in the dipole

L] SlinufrooX b data with shape error

——  MiniBooNE data with total error pal“ametl“ization
RFG model with .\l;:l.ll} GeV, k=1.000
RFG model with M{" =1.35 GeV,xk=1.007
1 1.2 14 16 1.8 2
EEE,H‘FG {GEV}

M, “"=1.35 GeV/c’

coOnROBONRO

higher than the standard value ~1 GeV/c?

+ Is this a measure of the axial mass or just an

The reconstruction of the neutrino energy indication thatithe REC oot o In

and Q? is based on the assumption that the

process in quasielastic: #® Tension between MiniBooNE result and high
energy NOMAD data
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Various recent calculations of MEC mechanisms in QE neutrino scattering:

1. M.Martini et al., PRC81(2010);
2. J.E.Amaro et al.,PLB696(2011);
3. Nieves et al.,PLB707(2012);

4. G.Shen et al., PRC86(2012)

@ In the approach of ref.2 a fully relativistic, RFG-based, pionic model for 2p2h MEC, performed
for inclusive electron scattering [De Pace et al. NPA741, 249 (2004)] is applied to neutrino scattering.
This induces a modification of the polar-vector transverse response function according to CVC.

RR+R

@ The MEC contribution to the axial-vector response is neglected because the 2p2h sector is not
directly reachable in lowest relativistic order for the axial-vector matrix elements:

JX(MEC)~O(K2) J (MEC) O(
’JV(MEC)~O(K) JA(MEC) ~0(

) K=q/2my
K2

)

[Donnelly&Van Orden,Annals Phys. 131 (1981); Alberico et al., Nucl.Phys. A512 (1990) 541]

@ A fully consistent gauge invariant calculation would require also the inclusion of the associated
correlation diagrams, not explicitly included in present calculation. However:
1) these are hard to compute because in RFG because of divergences that need to be
renormalized [Amaro et al., Phys.Rev.C82:044601 (2010)]
2) when MEC effects are added on top of the SuSA result, correlation effects are possibly already

included in the phenomenological susperscaling function, since they also contribute to
longitudinal channel




Results for CCQE neutrino and antineutrino scattering
and comparison with data

— ] s WiniBan™E dala (55 = 1RT R I

M oo™ dutu wih dupe erior

Aguilar-Arevalo et al., MiniBooNE, Aguilar-Arevalo et al., MiniBooNE,
PHYSICAL REVIEW D 81, 092005 (2010) PHYSICAL REVIEW D 81, 092005 (2010)

Double differential c.s. measured vs the muon kinetic energy ans scattering angle
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d?o/dcos0/dT, (1072 cm?/GeV)

MiniBooNE double differential CCQE cross sections at forward angles

. ' | RFG ——
MiniBooNE data SuSA

data ——

25

20 +

.

0.9 <cosf <1
15 .

10

0 0.5 1 1.5 9

Pauli blocking is active in this region (low
momentum transfers, 0.4 GeV/c): this explains
the big difference between the RFG (where PB is
included by definition) and the SuSA (which has
no PB) results.

At very low angles both RFG and SuSA are
compatible with the data, except for the
Pauli-blocked region, where super-scaling
ideas are not applicable.
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Here a proper treatment of collective
At very low angles both RFG and SuSA are excitations, like RPA with realistic nuclear
compatible with the data, except for the wave functions, is required.

Pauli-blocked region, where super-scaling
ideas are not applicable.
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Strength is missing
at lower muon

~_energies

and larger scattering
angles
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Comparison with antineutrino data
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Neutral Current Neutrino Scattering
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Q? fixed, as in (e,e') Q? in son fixed:
t-channel kniematics u-channel kniematics

The two processes correspond to different kinematical situations:
do they reveal different sensitivity to the dynamics underlying scaling?




Kinematics and scaling in NC processes

.W
20 N
A

Let us assume to know

- the neutrino beam energy E
- the outgoing nucleon energy E and scattering angle 6,

u-channel kinematics: the scattered lepton is not observed, hence Q}1 is unknown.
A new transferred momentum Q'u = Ku -PNu can be defined

New scaling variables y"(q’, w’) and y"(q, w’) can be introduced
Validity of the scaling approach for NC reactions?
-+ Mild dependence of vN cross section upon (p, €)

= Reduced cross section depends weakly on g’




t- and u-scattering
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FIG. 2. The domain T over which one integrates for the
t-inclusive cross section at typical values of momentum and energy
transfer. Mote the more complex structure of the boundary when the
intercept I, given by Eq. { 5) is positive.

1000 2000
P (MeV/c)

FIG. 3. The same as Fig. 2 for the u-inclusive cross section: (a)
LSND kinematics (e=200 MeV, Ty=60 MeV); (b) BNL kine-
matics (e=1.3 GeV, Ty=60 MeV). The boundaries shown all
involve £ except for line BF which involves £7. Note that when
the neutrino and outgoing nucleon momenta are antiparallel quite
remotie regions of the (£ p) plane are explored.

Different regions of the missing energy-missing momentum plane are explored

by the two processes

MB, A.De Pace, T.W.Donnelly, A-Molinari, M.Musolf, Phys.Rev. C54 (1996)




Scaling and factorization for NC in RFG

To apply scaling ideas to the NC process one must assume that factorization of the
c.s. into (nucleonic cross section)*(scaling function) holds.

r:fp_.sf;—ﬂ_.\, 32175.;( ) f pdp f p,€) f D% (Q?)

do
Factorization : —— FWE (M, ¢') = 7 F (! How good is it?
dQdydpn
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=
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Amaro et al., Phys.Rev. C73 (2006) 035503




NC neutrino cross section and strangeness

NC neutrino reactions are sensitive to the strange form factors of the nucleon.
In particular, the ratio of cross sections corresronding to proton and neutron knockout can
be used to measure the strange axial form factor g °.

'wllz{T}

Wag {T}

Wi, (T) =

(2 — 4sin® Oy )GE (1) — 4sin® 6y GEO( ]—G}f}{s’}
—(2 — 4sin? Oy )G (7) — 4sin? O G (7) — G (7)

= (2 - 4sin® O )Gl (1) — 4sin® Oy Gl (7) — Gy (7)
—(2 — 4sin” HH}_“I l{,}_hp.,m By CU (1) — —w{}]( ]

= 269 (1) + G (7)
= 2G9(r) + GY(7) .

Gyl(r) =
Gyt (7)
G¢(r)




p/n ratio

MB et al., PRC54 (1996)

[de/dEx(p)]/[do/dEy(n)]

FIG. 9. Ratio between the angle-integrated cross sections for
proton and neutron ejection at LSND kinematics. Both the RFG
(dashed line) and HM (solid line) results are displayed.

Alberico et al., PLB438 (1998)
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Fig. 1. The ratio #;,. (a) and &7, (b) for NC neutrino
processes, versus the kinetic energy of the final nucleon Ty = i';_
= I, at incident energy £, .,=1 GeV. The dotted lines corre-
spond to the RFG model, the solid lnes to the RSM calculation,
the dot-dashed lines include the effect of FSI accounted for by
the ROP model. Four different choices of the strangeness parame-
ters are shown, as indicated in the figure.




NC results: comparison with MiniBooNE data
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Figure 4: NOQE antineutrino cross section computed wning BMF and SuSA models for
different valwes of g and M. We employed the antineotring fioe prediction for Mini-

BoolNE mven m Ref. [27].

The dependence upon the nuclear model
is essentially canceled in the p/n ratio:
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1 alev]

501 550 &0 &S0 Tl TED RO

T, iMeV]
Figure 3: Ratio {1p — vp)/(eN — 2N} computed within BMF and SuSA models. Shad-
owed arens represent the 1-o region allowed for g, (see text). The ratio computed with

the best-g';" is presented as well as those obtamed with the standard avial mass and no
strangeness. Data from Ref [10).

R. Gonzalez-Jimenez et al., PLB718 (2013)




Summary of SUSA approach to neutrino scattering

# Plus
@The SuSA approach gives (by construction) reasonable agreement with electron
scattering data in a wide range of kinematics;
@ It can be applied to all nuclei (II kind scaling);
@ The superscaling function is phenomenological, but it is well reproduced by the relativistic
mean field model.

% Minus
@ It is based on some assumptions:
1. The superscaling function is extracted from longitudinal data and the approach
assumes fL=fT=fT, (true in some, but not all, microscopic models)

2. Superscaling violations are not accounted for and must be added (MEC).
This is difficult to do in a consistent way.
However, RFG exact calculations can be used as a guideline.

# Results

@ Application to the CCQE process: cross sections are lower than the MiniBooNE data

@ Addition of 2p2h MEC diagrams improves the agreement but still misses the data at higher
scattering angles and lower muon energies

@ Application to the NCQE process gives results lower than the MiniBooNE data at
low Q? (but no MEC in the present model)

Future work
4 Improvements of the model (in progress):
1. Inclusion of axial MEC in the 2p2h sector
2. Inclusion of correlations associated to MEC, necessary to preserve gauge invariance
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4. Parity-Violating Electron Scattering




Parity violating electron scattering

Electrons interact with hadrons via e.m. (PC) and weak (PV) interaction.
Longitudinally polarized electrons measurements allows to isolate the PV contribution to the c.s.

WHNC ,-"“

M, x (€7 /Q%); ;]:\I JEn Mz x (g° ”LI.J,:J WNC

M, + Mzo|* —® 3 classes of terms:

M, |?| PC problem, typical strength a?

Mz || typical strength G2, very small

M Mzo| interference, typical strength aG

d2o \'¢ 1 [ d?c™ d?a— ”
’ 9 r P |"“LI'.‘| '”I:w ” IF"(
dfdide 2\ dCQde €2 de

d?o PV 1/ d2ot 2o
- - - 14{ 1{ ot l '”"!/
fff!rff’) ' (.:fsz.:ff* {EEE{EE’) 70~ tw Wi

(b)

1PV | Access to the WNC €, 20 5.
~| electron-hadron A a3 Q%] = 3.25 x 107° |Q*(fm )|
interaction

PV Asymmetry Characteristic size = 1 ppm




Parity-violating electron scattering

Why

- Test of Standard Model
- Electroweak form factors of the nucleon (strangeness)
- Probe nuclear structure

How

-Elastic scattering off proton and nuclei
-Inelastic scattering from discrete nuclear levels
-Quasielastic scattering

-Delta resonance region

-DIS

Why nuclei?

-3 flavors (u,d,s) and 3 types of form factors (E, M, A) —» 9 ff's to be separated: this cannot be
accomplished using only elastic scattering from the proton, neutrons must also be used
-Combining cross section and asymmetry measurements for electron scattering from the proton
and from nuclei provides useful constraints on this set of form factors

-PV can also be used to study nuclear dynamics




Doability

The fractional precision with which the PV asymmetry can be measuredis

Xy~ 10" cem™? = (integrated luminosity) X
‘ _ Xu A (detector solid angle) X
(squared electron polarization)

F = (do/d.)A° figure of merit (ex: 1% precision requires # ~ 107 cm* sr™1)

Elastic scattering:
Fi f merit . ) ~72
fgure of merit . o) Figure of merit the coherence (~72)

/ . (x 1{.-3&- om 2 sr_i} ;_._. helpS

‘-.__uI: elastic

Inelastic nuclear
transitions: F falls by
several orders of
magnitude

*He elastic
“He elastic

Proton " Favorable cases for

C elastic |

| L ./ | \ | sensitive studies are

1 2
€ (GeV)

100 200 elastic and quasielastic
€ (MeV)




Experiments

SAMPLE (MIT/Bates): E.~200 MeV, H and 2H targets, large angles
HAPPEX (Jlab): Ec.~3 GeV, H and *He targets, forward angles

PVA4 (MAMI/Mainz): various E., H and #H targets, backward angles

GO (Jlab): Ec~3 GeV, H and 2H targets, forward and backward angles

Q-weak (Jlab): H target, very low momentum transfer, test of SM
PVDIS (Jlab): deep inelastic scattering from 4H, Q4=1.1 and 1.9 GeV?

PREX (Jlab): Lead Radius Exp't, measure of 298Pb RMS neutron radius




PV Leptonic Tensor LY =S e

EM electron current G KN KON ~ a( KN )y (KN

WNC electron current | jVN(K' N K. A) ~ u(K' ) [ay, + aayuys| u(KA)

ay = 4 sin’ B — 1= —0.08

a4 = —1 .

PV leptonic tensor oV 1
Jh-iu — 1 U?ng

(avTe {o, (" +me) 3 (1435 §) (K +ma)}

Longitudinally N ) ‘ - |
polarized taaTr {y, (K" +me)ywys (1 +95 F) (K + 'r'f'ecJ})

electrons;| m.S" = he(5, L)

1 .
= = [fﬂ»’ '”}-',u T H;‘l”}tu_ .

8 =h/e=1/1- (m./e) 2'y

EM case

EM-WNC interference

B 1
2ms
1 | )
it = —{IKum.S,) = Ky (m.S,)) V. AA, symm

) - - 2
- _ =unpol | ~pol 2m=
”}t!/ o [”}“/ ”}LV ] “

+ [K:t(mcb‘u} + K (meS,) — gu K’ (-r'r'acb‘}]}

~npol

M (&W”ﬁ K K’.H) VA, AV, antisymmetric




The PV Leptonic Tensor in the ERL

In the Extreme Relativistic Limit m <<k |#— 17—

- = ~unpol E Cpoo potd . ~unpol
K — t(l._H-_L) 2”-1 fj“u — _it}tuc‘xl."l'h K — }(“u

(meS*"), —  he(l,iy) = hK* 2mlity = h KK, + KK, —g,K- -K'| =

h==1 helicity of the polarized electron

PV PV _ S 1l ) 2)
2> My = Xy = Er\u\_. - ha ) [’hw | hx_}w}

v >

symmetric

antisymmetric

PV, helicity —difference

E;HJ — ‘L}.‘,u




The Hadronic Tensor VEV = 2 grons B piRNC 1

it 1y T A 1 e h
Nucleon's WNC Jwne =1 | me " Qy + G a ’) u(h)

General structure — T y | D oHiry o R I
W H Xyg™ + Xs0"0)Y + XaVEVY 2 X, (OFVY - VEC Symm.
(IT rank Lorentz tensor)| ° 1 270 3% T QY @) y

i:i}i-:u — ?1 ((z];t I{,z__u _ I{,:__}"« Q !J) 1 g :PE ehved Qo :1' Antlsymm

X+ X =0| = , :
! 20/ Y] = 0. — 3 independent structure functions
Xy=10

i:i}:tu _II ( pr w) L IY'EL:HL:U VH 1 pro_ {g . 1'3! (9“
Q* VA Q?

T4 A7 g fd T
i iw in'ﬁ't} ' Q a Vi ¢

Q-V,=0

Contracting the hadronic and leptonic tensors we get:

AL

‘t}f,j/-[-i JLV — 2'[_1'_"5[“,_ 1 f_ 'T_dll 7




Helicity Asymmetry and Response Functions

{frT-H — JIT:: _ .,;'1..._;_ . H'[w G

— Q%] = 3.25 x 1079 |Q*(fm ™ ?)]

Asymmetry A= PG A a3

- dotl + do

The nuclear physics content of the problem is in the PV/PC hadronic tensors

A -"l}'::-" L T EAY . Al s
W =v R +orR W'Y = vL Ry +vrRhy + v Ry 4

electromagnetic electromagnetic/weak interference
AV: axial lepton current, vector hadron current
VA: vector lepton current, axial hadron current

5 response functions in the Asymmetry

RL, = (Wa—pWi)/p°. RY, =2W,. RT,=2¢W; | PV (3) The responses depend only

upon g and w, not on O,: they

Wa — oW1 / can in principle be separated
;Ii’ i PC(2) by varying the scattering angle
V.

Kinematic factors | yqv = tan %\/ p + tan? %
p=—-0Q%/q




PV elastic scattering off proton

The PV cross section from the proton involves 9 weak form factors

.'., [
Gy e s '1’

The elastic e.m. squared form factor can be written as

1

W (rc )) = = —(1 n TJE [EG.E&:JJ T TG?"VIJ:}

. ~,6.1""Y Degree of longitudinal polarization of y
= |1+ 2(1+ 7)tan” ?] (represents the “virtualness”

of the exchanged photon) E — 1(0) when 6, — 0°(1807)

Similarly |-vv) _ ﬁ [{Iﬂ {EC}' 5,Gr, +7Gum, éﬂ-f;,} +ay { L= &2 r(1+7) Ga, G, H

leptonic couplings (from Standard Model)

—1

+ The hadronic axial-vector contributions are inhibited by the leptonic coupling a,,
(not so in neutrino scattering, where a,, =a,)

+ Forward angle (e—1, t=0) = Electric form factor
+ Backward angle (e—0) = Magnetic (and axial) form factor




The neutron's electric form factor

Ignoring strangeness

Gy + G2 5
By Gy + 8y G /2

5 i 2
= —2sin” .

B =1 —2sin® Oy B ~ —gtY

Isoscalar and isovector hadronic couplings

(from Standard Model at tree level)

If Ggp and GEp could be separetly measured, then the isoscalar and isovector charge
ff's would be determined. As a consequence the charge form factor of the neutron

(poorly known) could be determined:

o
(G -Gy /2

Conversely: using PV electron scattering from the
proton to test the SM at 1% level of precision will
be extremely difficult, since the Gg, effects are
10-20% of the asymmetry. Alternative means are
necessary to measure Ggy, : polarized targets and
complex nuclei.

PC and PV scattering only on the proton allow to
e — gy 2 | extract information on the neutron form factors!

— T
W JLab E93-038: O MIT-Bates: H(e,e'n) ]|
2H(e,e'n) @ JLab E93-026: H(e.e'n) |
O Mainz A1: *He(e, e'n)
A Mainz A3: 2He.en)
v Malnz A3 3He(e en) |

0 NIK H(e,e
A Schla\nlla & Slck Go n

= = Galster New Fit

| AN AN AN AT T
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Q? [(GeV/c)?]




Strangeness

Possible strange content of the nucleon

|:(1— 1"-111 HH ) G_E -G .

[(1—1“111 HH)GH —C:ru —LG( J}

AT
-Gy

\/O/

\/

/ N
G(s)]

A4

Inserting these in the asymmetry:

A
Alp. elastic )= TU [{1.-1X.-1v + aw‘fv.-al

Xav (l — 4 sin® EH-’)

/ Ve SNy ) P \
EGE, (l(_;_.r_-.‘n —l—iGH}) + 176G, (Grg.-jn +GE&§

E (Gi/) + T ({_1 M, )

V1—E& V“r{l—l—'r)(z'u (GAH

-
_‘ G': 3'\)

E (U_.r_-rp) + T ({—;_MI.,)

2




Extraction of strange form factors

£ — 1(0) when 6, — 0°(180°)

Forward angles

Backward angles

(l — 4 sin” EJW)

E’.(‘;En (U‘Erz —I_G(-Ej) T TG'M;J (GM n +G|:;;)
— N N

£ (U;_-r#)z +7 (UM:.J)E
N \,f""r( L+ 7)Gag, | Ga, —Ga, — UE-: :)

£(Gr,)" +7(Gu,)

2

Xav = (1-dsin*fy) .
& [’_;L#(GLH+UI:£ ) + 76N, (Uﬂ-fﬂ ‘|‘G(1bf)
o) erlow)”
V=& 7T+ 7)Gy, (Ga, - Ga, - GF)

elen) +r(Gw,)"

Information on Gg® and Gp(® can be

extracted, the axial-vector form factors
can be neglected

GMm® can be isolated, providing GoY) and
GA®) are known from other sources




Strangeness: vector form factors <sy;;s>

1 ; = T U; 1 1 ) ) _ 1 y ]
(;E,_:' (1) = T;A:,GE,_,, () (’E".?{T»} = s [(;_.1.;;1{?;;;_1;.5)_;

QF = 0.1 GeV*

'EDE 0.15

=
+

HAPPEX-III
» GO (FORWARD) SAMPLE with
; G, calculation
HAPPEX-H

0.10 MAMI A4 (different )

o W

O HAPPEX-*He

% Electric Contribution

GO0 correlated error
1 | M 1 L 1 L 1 L

0.4 0.6 . 20 -15 -10 -5 0 5
S Magnetic Contribution

-

(2012)HAPPEX coll, PRL108, 102001 World data at low Q2
n=71Gy/(GE)

The s-quark contribution to electric and magnetic form factor is compatible with zero
(consistent with lattice calculations)
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Neutron skin in heavy nuclei Ay

+ small corrections + small coreclions
fram nautrons fram protans

F

Nuclear charge densities are measured very accurately with e- scattering

Theoretical models based on RMF predict that the radius of neutron distribution

in heavy nuclei is larger than the proton one (neutron skin)

The thickness of neutron skin in heavy nuclei is usually measured using hadronic probes (p,mn):
large uncertainties in the interpretation of experimental data due to strong interaction

PVES provides a measurement of neutron densities free from strong interaction uncertainties.

Measurement of the Neutron Radius of 2**Pb through Parity Violation in Electron Scattering

I T I]"“'_—:'.iI I T I

PREX experiment at ]Lab | I Plane wave

OR — 01 _ Gr0?* Fy(0?) ol NL3m05
op T O0p 47?':1’\/_ h{Q _

Apy =

Apy = 0.656 * 0.060(stat) + 0.014(syst) ppm

(0) = 0.00880 =+ 0.000 11 GeV? 1 N,

R (-fm)

R, — R, = 0.33%016 fm

— 5 ?8+{'}, 16 fl.n FIG. 1 (color). Result of this experiment (red square) vs neu-
tron point radius R, in 208Pb. Distorted-wave calculations for

seven mean-field neutron densities are circles while the diamond
marks the expectation for R, = R,[39]. References: NL3m05,
The result (PREXI) is compatible with most NL3. and NL3p06 from [11], FSU from [12]. SII from [13].
models' predictions. Next expt (PREXII, 2014) SLY4 from [14], ST from [15]. The blue squares show plane wave
should be able to discriminate among models. impulse approximation results. PRL 108, 112502 (2012)




Nuclear Isospin Mixing Effects in PVES

For PV elastic electron scattering between J™ =0+ states the asymmetry is

A= G 102 wEv 1 F2(q) = v F3,(q), WYY =wpasFeo(q)Fcolq),
2man/2 F? # v

Monopole Coulomb ff's
For N=Z nuclei, assuming they are in an exact isospin eigenstate T=0, only the isoscalar
component contributes:

Feo(q) = BV Feo(q). > (A=A"= [ | ] ABY) =322 x 107%|Q?| (in fm™?),

T"Ck\/_

The asymmetry is independent of the form factors: it can be used to test the Standard Model.

However, if isospin symmetry is violated at the nuclear level, this modifies to:

1 Foo(g)
A=A"14T r—— —c¢0% 4
S 50 Foola)

I" accounts for effects due to nuclear isospin mixing (and strangeness)

T. W. Donnelly, J. Dubach and 1. Sick, Nucl. Phys. A 503 (1989) 580.




Nuclear Isospin Mixing Effects in PVES
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FIG. 2: (Color online) Left-hand panel: PV asymmetry for 2*Si allowing for nuclear isospin mixing in PWBA and in the fully
distorted caleulation (PW! and DW?') and in the non-isospin-mixing case by constraining p* = p™ (PW" and DW"). Right-hand
panel: Asymmetry deviations for >*Si: due to pure isospin mixing effects in DW (solid line) and in PWBA (dashed line), due
to isospin mixing and distortion effects together (dotted line) and due to distortion effects only (thick solid line).

O. Moreno et al., Nucl.Phys. A828 (2009)




Quasielastic PV electron scattering

@ Why quasielastic?

-~ Complex nuclei complement experiments on proton

-+ QE cross sections (and hence the figure of merit) are large: c~A

-+ The form factors are less rapidly decreasing with q than in elastic scattering
-+ New tool for studying nuclear dynamics?

@ In the “static approximation” (ignore motion of nucleons in the nucleus):

2 . .
HI‘J Co vy, { ﬁ \‘Z (’Tz_,‘_'.‘:., + N (—;2_,‘_-.‘“_ } + vg {’T \‘Z(—;ﬁ;{;l + N (;Ij:],._-{n _ }

2 .
11 = a4 [E_ f__{ ‘£|(22| {Z(: E, (s E, b NG E, (s f;.n_ }

dominant | = 4y [ r|ZGr, Gy, + NG, G, |
717G G y

al large 9<\ _ -
tav [or { VAT {zc:_u.,r,_,tlu,_, - NGar, Ga, }]

i‘;-‘\L Y L




Quasielastic PV electron scattering

The ff's G5®®) and Gy® are multiplied by the combination Z Gyyp + N Gy
whereas Gp) is multiplied by the combination Z Gup - N Gy |
Comparing with the proton:

ZGy, + NGy,
VA {JT_-".-'I,., — ;'\-T(_;T_n,.lrn

1 for the proton

.I'IP + .I'I"H o '-

fhp — [y

1.187 for N = Z nuclei

ep elastic

Effects of G5®) and Gy;®) suppressed in QE
Scattering: they can be minimized by tuning
N and Z.

Example: 183W (Z=74, N=109)

quasielastic / N=Z

tungsten

§ ZGn, + NG,
NIZ ~ lpip ] —

: M — .00
ZGn, — NG,




PV QES: free RFG

A:AU

vp, i"h?*r‘{q,w} ! f.ﬁ-ydf?-‘“{q.w} -

U RT (q,w)

v RE(q.w) +vpRT (g, w)

2

‘-,.?f,w W) = TR0 E(ﬁ:—ua N ﬁ}auj N "’"_qﬁ&d

a-

RY(qw) = WU+ W AT (qw) = —iWw'

e ZZJH% (FI7710)

(E; +w — Ey)

In the free RFG model:

Interference hadronic tensor

3Z ﬁ,j : E'.'[
3 ] hdh(w + Ey) / day,
8kiq J) 0

il

Z 2Re [{ph_1|}“|1*'}w {Iﬂh_1|jy|ﬁ}}

Sp.8h

ﬁ_a.;r.;r’(q__ w) = Rolg.w)

|I-‘I.I'

E {&EGE b

T 1+7

\ 3-!""\""{.1
W 1 _ =
Rolg.w) = —1”1*\ e} ( (0 J

{&EGE T T&Jnl.f GM} }

DI

QTG;\; G+ l — [G}:GE T Taﬂ-f GM]

+7

24/ T(1+ T)G‘.-lcﬁ.f(l + D(k.7 )




PV QES: Pionic Correlations

The PV longitudinal response of a free RFG is very small due to a cancellation between
the isoscalar and isovector contributions. Equivalently, since the proton (neutron)
couples strongly (weakly) to longitudinal photons, and viceversa for the Z% we have:

p i n

W Z
AN AN
+ small corrections + small corrections
from neutrons from protons

o Non-interacting,
quasifree model

-1
n

large small

Dressing the nucleon lines (Hartree-Fock)

does not change this mechanism. However, . : .

. . . With exchange interactions ]
including correlations where a charged meson — —
is exchanged between the p and h lines, the " "

“large” vertices can both occur "\fl\a-: 2

— no overall suppression of the PV L response

Such effects should be observable in the forward-angle asymmetry and could in principle
provide a new tool to investigate the roles of specific classes of many-body correlations

in nuclei.




Quasielastic asymmetry
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Amaro et al., Phys.Rept. 368 (2002)




A final remark

There are still many good reasons to work on electron scattering.

Motivations have changed and evolved since the first Raimondo Anni school
on electroweak interactions in 2005:

- the interpretation of new generation neutrino experiments is strictly
connected to our understanding of electron scattering

- new very interesting results from electron scattering both on the proton and
on nuclei with electron and/or target polarization

- old open questions (ex: L/T separation, Coulomb Sum Rule) still wait to be
clarified
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