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Motivation
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Ratio of MiniBooNE v, CCQE data versus a RFG simulation as a function of reconstructed muon
angle and kinetic energy. The prediction is prior to any CCQE model adjustments. The effective axial
mass extracted from the data equals Mjﬂ =1.23+0.20 GeV [1].
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Electron-nucleus interaction

e (Ex,K) F (EF,pF)

e (Ek, k)
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Electron-nucleus interaction

Initial state:
Vi) =k, S)e® |4 (1)

Final state:
‘\Uf>: ‘k/7sl>e®|F7pF>A (2)
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Electron-nucleus interaction

Initial state:

Wi) =K, 8)e® )4 (1)
Final state:

‘\Uf> = ‘k/7sl>e® |F7 pF>A (2)

T-matrix element:

2
<w,j it )w,> - /d4q % s (q+ K — k) O(K, §') ,, u(k, s)

X (27T)(5T(EF — My + w) <F, PF

/ d®x e~ 4% 7H(x)
v

/> .
(3)
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Electron-nucleus interaction

Cross section:

dor 1 1 a?
= — =L, W 4
dsk/dSDF 4 EkMAEk/EF q4 " ( )
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Electron-nucleus interaction

Cross section:

dor 1 1 a?
= — =L, W 4
dsk/dSDF 4 EkMAEk/EF q4 " ( )

Leptonic tensor:

L % SO UK, &) v u(k, 8) Bk, 8) 3 u(K, §) (5)

s,s’

Nz
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Electron-nucleus interaction

Hadronic tensor:

wr =" <F, PF

gl

/ d®x e~ 1IX 71 (x)
v

)

X </ / d®x e4* 71 (x)|F, p,:>
v
]
X §(EF — Ma—w)
(2m)3Vv =k K
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Electron-nucleus interaction

Inclusive cross section:

do =Y dor 7)
F

Kajetan Niewczas WNG Seminar October 24th 2016 7142



Electron-nucleus interaction
Inclusive cross section:

do =Y dor (7)
F

Hadronic tensor:
WH” = Z/dSPF<F,PF
F,of
X <l / d®x e 7V (x)
v
1

X W(S(EF — MA — w)

/ d®x e~ 1% 7H(x)
v

)

F pF> ®)

q=k—kK’
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Impulse approximation (lA)

e (Ek/, k/)

e (Ek,k)
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A

One-body current:

Ppw d*pn
i ,
T Z Z/ 2n)ev2Ey (2r)ivaEy VPV

N=p,n op:

(x)|N. pn)
(9)

X aN/(pN’) an(pwn) "
TN=Tp!
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A

One-body current:

Ppw d*pn
i ,
T Z Z/ 2n)ev2Ey (2r)ivaEy VPV

N=p,n op:

(x)|N. pn)
(9)

x ajy(pn) an(pw)

TN=Tp/
Matrix element:

<F7 PF / d3x e—/q‘XjN(x) /> —
V

d pN/ d3pN (3)
¢ 3\ (pv —pn—q) (10)
ﬂ- NZPH; / 27'(' 3 2EN’ 271')3 2EN v (pN PN q)

x (N, pn|/*(0) [N, pn) <F7 PF)aL/(PN/)aN(PN)‘/>
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A

Hadronic tensor:

Z/d3 S(EF — Ma — w)

F,o;
A
pw Con (o)
% (S PN — PN —q
NZ;HGZN;/(ZW)S 2Ey (27)3y/2EN (Pn N—d)
P [ (11)
x <N,pN/1 )IN.pw) (F.pe|aly (P)an(ew)| 1)

o PM/ Py (3
5 — P
x Z Z/ 2r Y VaEy @n)ev2En (Pv — Pw +4)

M=p,n oy
><<M>PM

|, pM/> </)aL(pM)aM/(pM/>

F,pF>.
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Factorization

Elementary cross section:

do
(ko,> ~ (N

}2

J*(0)|N, pn) (12)
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Factorization

Elementary cross section:

do
(ko,> ~ (N

}2

J*(0)|N, pn) (12)

Spectral function:

P(E.p) ~ |(F.pr|ak(ow)an(ow)| 1) (13)
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Factorization

Elementary cross section:

do
(de) ~ [Ny

J#(0)|N, pw) |? (12)

Spectral function:

2
P(E.p) ~ |(F. e |ak (pw)an(pn) | 1) (13)
Different matrix elements, hence no factorization in IA!
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Plane wave IA (PWIA)

Final state factorization:

|Fa pF>A — ’Xa pX) & ’R7pR>A71 (14)
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Plane wave IA (PWIA)

Final state factorization:

|Fa pF>A — ’Xa pX) & ’R7pR>A71 (14)

The inclusive cross section:

da — ZdUX,Fh (15)
X,R
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Plane wave IA (PWIA)

Final state factorization:

|Fa pF>A — ’Xa pX) & ’R7pR>A71 (14)

The inclusive cross section:

da — ZdUX,Fh (15)
X,R
do 1 Eu 1 a?

= — —L,, WH 16
dQy dEg 8(27T)3 Ex MsExER g* K (16)
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PWIA

Hadronic tensor:

Z/dSp pr )5(5 — My —w)

X,R,o¢

d3pN, d3pN @)
” Z Z/(ZW)S 2Ey (27)%y/2EN 6y (Pv — PN — Q)
()N, pw) (X, Px: R, praly (Pw)an(pw)| /)

Ppw d*puy 3)
56 ,
> Z/(zw)?» 2Ew (27)3+/2Ey (P =P +a)

j”T(O)‘M’,pM/>< \aM Pwv)aw (P ‘X px; R, pa>

(17)
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PWIA

One-particle states annihilation:

<X px; R, PR’aN/(PN/ an(pn ‘ >< ‘3/\// pPv)aw (Pw) X,Px;H7PR>
= (27)*/Exd®) (px — pn)dx.n (R, palan(pn)|!)
x (2m)%/Exd®) (px — pmr)ox,mr </‘3L(pm)‘5’7 PH>
(18)
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PWIA

One-particle states annihilation:

<X px; R, PR’aN/(PN/ an(pn ‘ >< ‘3/\// pPv)aw (Pw) Xpr;R7PR>
= (27)*/Exd®) (px — pn)dx.n (R, palan(pn)|!)
x (2m)%/Exd®) (px — pmr)ox,mr </‘3L(pm)‘5’7 PH>
(18)

Identification of N and M [2]:

Z Z /d3pxd3p5 Er — Ma—w) 5®(px —p —q)

UXHN p,n (19)

x (Qﬂ)leN X, Bl (0)IN,p) 2 (R, ~plan(P)I1)
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PWIA

Spectral function:

1

B~ et

S [(R. —plan(p)| 2 6(E — M+ Ma — Eg) (20)
R
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PWIA

Spectral function:

1

B~ et

S [(R. —plan(p)| 2 6(E — M+ Ma — Eg) (20)
R

Hadronic tensor:

A
wHr — z Z /dprdSpdE Pn(p, E)

ox N=p,n

(21)
x |(X, px|/*(0)IN, p)|* 6(M — E — Ex +w) 6®(px — p — q),
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PWIA

Elementary hadronic tensor:

y_ 1 .,
=5 O (NN )" oM~ E — By +w) 6C(p —p —q)

ON!HON

(22)
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PWIA

Elementary hadronic tensor:

y_ 1 .,
=5 O (NN )" oM~ E — By +w) 6C(p —p —q)

ON!HON

(22)
Effective energy transfer:

OG=w—-—B=w+M-—E—\/p?+ M? (23)
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PWIA

Elementary hadronic tensor:

v_ 1 "
=5 O (NN )" oM~ E — By +w) 6C(p —p —q)
ON/ON
(22)
Effective energy transfer:

OG=w—-—B=w+M-—E—\/p?+ M? (23)

=1 Y VRO o - e

O'N/ oN
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Factorized cross section

Wi — / P dOpdE (ZPo(p, E) wh” + (A— Z)Pa(p,E) )  (26)
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Factorized cross section

Wi — / P dOpdE (ZPo(p, E) wh” + (A— Z)Pa(p,E) )  (26)

Integration:
do = dQ dEwd®p’ d®pdE... (27)
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Factorized cross section

Wi — / P dOpdE (ZPo(p, E) wh” + (A— Z)Pa(p,E) )  (26)

Integration:
do = dQ dEwd®p’ d®pdE... (27)
P(p,E) : 4(...) (28)
W 5W() (29)
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Factorized cross section

Wi — / P dOpdE (ZPo(p, E) wh” + (A— Z)Pa(p,E) )  (26)

Integration:
do = dQ dEwd®p’ d®pdE... (27)
P(p,E) : 6(...) (28)
W 5W() (29)
— do = dQd®pdE... (30)
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Factorized cross section

(a6s) = [ e (zetp. ) (552 ) + (4= 2PtoE) (557 ) )

Kinematical factor:
1 ME,
X 2(2n)% M2ER

Elementary cross section:

don 1 E,f, 1 o
(ko,> 4 E2 ME, ¢* Lo’ (33)
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J.A. Caballero et al. [3]

d°c 202 (Ep\ |p|MMR =, , o
Yo _= 5 .
ko/dEk/de/ g4 ( Ek> Mafoc Z|M| (34)
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J.A. Caballero et al. [3]

5 2 , / _
dvEay, o (B) e M o
where
= STy (35)
g = Uak,(k ) o (K) (36)
TN = To, (p) TV (p) (37)
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J.A. Caballero et al. [3]

d°c 20 (Ep\ P |MMR =, 2
dQudEdQy — g* (Ek> Mafrec 2) M (34)
where
M =JiIn (35)
Jjp = Dak,(k’) " Ug, (K) (36)
IN = Uoy (P DNA( (37)
Using completeness:
Tl = Uoy ()T U (P) [T, (P) W5 (P)] (38)
(G, (P)W5" (P)] ~ as(P) (39)
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Specific nucleon solution
Initial state factorization (mean-field):

-3 / opo (1R, —Pb) © [b. Pb)) ab(Pe) (40)
b
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Specific nucleon solution
Initial state factorization (mean-field):

-3 / opo (1R, —Pb) © [b. Pb)) ab(Pe) (40)
b

Matrix element:

(R, —plan(p)|) = > _(27)®\/2E 6R.R, In.b ab(P) (41)

b
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Specific nucleon solution
Initial state factorization (mean-field):

-3 / opo (1R, —Pb) © [b. Pb)) ab(Pe) (40)
b

Matrix element:
(R, —plan(p)ll) = Y _(27)>\/2En 6r., on.b b(P) (41)
b

Integration:
do = dQudEwd®p’d®pdE... (42)
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Specific nucleon solution
Initial state factorization (mean-field):

-3 / opo (1R, —Pb) © [b. Pb)) ab(Pe) (40)
b

Matrix element:

(R, —plan(p)|) = > _(27)®\/2E 6R.R, In.b ab(P) (41)

b
Integration:

do = dQudEwd®p’d®pdE... (42)

P(p,E) : 4(...) (43)

wh? 5(4)(...) (44)
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Specific nucleon solution
Initial state factorization (mean-field):

-3 / opo (1R, —Pb) © [b. Pb)) ab(Pe) (40)
b

Matrix element:

(R, —plan(p)|) = > _(27)®\/2E 6R.R, In.b ab(P) (41)

b
Integration:

do = dQu dEwd®p’d®pdE... (42)

P(p,E) : 4(...) (43)

wh? 5(4)(...) (44)

— do = ko/dEk/de/... (45)
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Specific nucleon solution

Cross section:

dop
<ko/dEk/dQ> =X (ko,> 5(p) (46)

1 Ex MEp\p’|
(27T)3 Ek’ MAER

where

X:
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J.A. Caballero et al. [3] - Relativistic PWIA (RPWIA)

Completeness:

> ta(p, 8)Us(P, 8) — Va(P, 8)Vs(P = dap (48)
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J.A. Caballero et al. [3] - Relativistic PWIA (RPWIA)

Completeness:
> Ua(p, )Ts(p, S) — Va(P, ) Vs(P = Sap (48)
S

Now
J,‘\‘, =Ji-J (49)
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J.A. Caballero et al. [3] - Relativistic PWIA (RPWIA)

Completeness:

> Ua(p, )Ts(p, S) — Va(P, ) Vs(P = Sap (48)
Now
S = g — (49)
where A
Tl = U,y (p) T o, (P)[Ue, (P) V" (P)] (50)
(U, (P)V,"(P)] ~ ct(P) (51)
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J.A. Caballero et al. [3] - Relativistic PWIA (RPWIA)

Completeness:

> ta(p, 8)Us(P, 8) — Va(P, 8)Vs(P = dap (48)
Now

S = g — (49)

where A
Tb = Uo (p")T" Uy (P) [T, (P) V3" (P)] (50)
[Uo, (P)V5"(P)] ~ ab(P) (51)

and A
TV = Uy, (P')T Vo (P) Vo, (P) V3" (P)] (52)
[V, (P)WL" (P)] ~ Bb(P) (53)
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RWPIA

One-body current:

Z Z/ Ppn pw
3 3
o= ) (2m)PV2Ey (27)°V/2EN o

x (<N’, P/ (X)|N, pn) aly () an(pw)

— (NP N.pw|#()|2) &y (P) Bi(Pn) )
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RWPIA

One-body current:

Z Z/ Ppn pw
21)3\/2En (27)3\/2Ep

N=p,n o
P on TN=TpN!

) (54)
x (N B[ ()N, pw) aly (P) an(Pw)
~ (N, pi; N, pul ()| @) aly (Pw) Bly(Pw) )
Three components:
WHY = WHY 4 ZI 4 N (55)
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RWPIA

Positive energy:

A
1 )
W= 253 / Ppxd®pdE Pu(p. E) |(X. px|j* (0)|N, p) 2

ox N=p,n (56)
x 6(M—E — Ex +w) 6® (px —p—q)
where
1
Pn(p, E) = (27)52E Z (R, —plan(p)|/)|* 6(E — M + E; — Ep) (57)
R
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RWPIA

Negative energy:

A
L o
Zh - EE E /dprdSpdE Nn(p, E) |<X,px;N,P‘I“(0)‘@>‘2
ox N=p,n

x 0(M — E — Ex +w) 6®) (px +p — q)
(58)

where

Ni(p, E) = (27r):52EN 3 ‘<R,p)b;r\,(p)‘l>‘2 J(E—M+E - Er) (59
R
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RWPIA

Crossed:
=73 Z Z /d3de3P 6(EF — Ma — w) (2m)”
2 L o (2r) 625 v
x [5(v)(px—p—q) 5 (px +p — )
x (X, pxl*(0)IN. p) { 2]j1(0)| X, px: N, p )
x (R, —plan(p)|/) (/lbn(P)(R, P)
+69(px +p—a) 6 (px — p — )
x (X,px; N,p|j*(0)|@) <N,p/"T 0) ’X, pX>

< (R.p|bl(p)|1) (/|ak(p)|R. ~p)]
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Specific nucleon solution

RP) >3 [ %o (1.~ pe) © [B.pe)) Aolps)  (6)
b
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Specific nucleon solution

RP) >3 [ %o (1.~ pe) © [B.pe)) Aolps)  (6)
b

<R, p‘b;rv(p)’I> = "(27)*\/2En 81,1, 5.6 Bo(P) (62)

b
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Specific nucleon solution

RP) >3 [ %o (1.~ pe) © [B.pe)) Aolps)  (6)
b

<R, p‘b;rv(p)’I> = "(27)*\/2En 81,1, 5.6 Bo(P) (62)

b

Negative energy spectral function:

A
> Nu(p.E) =) B5(p) 6(E — M+ Ma — Ep) (63)
N=p,n b
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Specific nucleon solution

Crossed term:
N — /d3p/d3 dE ap(0)85(0)5(E — M + Ma — Eg)

X 1 Z (M —E — Eny +w) 6C®)(p' — q)‘
p=0
o ON (64)

><® )
®)

i™(0)

/1(0)
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Specific nucleon solution
Elementary hadronic tensors:

1 ,
W =2 3 (NP O)N ) (65)

ONHON
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Specific nucleon solution

Elementary hadronic tensors:

1 .

W = 2 3 |(NR )N ) (65)
ONIHON
Z (X, px; N, p|j*(0)|@)[* (66)
O’NI ON

Kajetan Niewczas WNG Seminar October 24th 2016 29/42



Specific nucleon solution

Elementary hadronic tensors:

w =1 5 2 (N 0 |#(0)|N. p)|? (65)
O'N/ oN
Z (X, px: N, p|j*(0)|2)|* (66)
crN/ oN
1 _
=5 > [(N.p*(0)|N.0) (2| (0)| NP N.0)
ONION (67)

+ (N ', 0[j(0)|27) (N, 0|1

Vo))
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Specific nucleon solution

Cross section:
dop
QU dEx dQpy ] 4

| (42 )e (p)+(d"”)ﬂb() (252 ) a0)56(0)
where

(277')3 Ek’ MAER

X:
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2p2h

Neglecting FSI:

doag = d01p1h + d02p2h 08 Luu(Wﬁ;h + W2upy2h) (70)
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2p2h

Neglecting FSI:
doa = doiptn + doapan o< L (Winy, + Wii,) (70)
One- and two-body current:

TH(x) =~ T (x) + T4 (x) (71)
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2p2h

Neglecting FSI:
doa = doiptn + doapan o< L (Winy, + Wii,) (70)
One- and two-body current:

TH(x) =~ T (x) + T4 (x) (71)

Wapon = Wiy + Wi + Way' (72)
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2p2h

Neglecting FSI:
doa = doiptn + doapan o< L (Winy, + Wii,) (70)
One- and two-body current:

TH(x) = Jt'(x) + J3'(x) (71)

Wapon = Wiy + Wi + Way' (72)

Term 11: we wish to have Pjpop
Term 12: we wish to have Py
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2p2h

Two-body current:

dpn d*py
jZM(X Z Z Z / 271'3 2EN’ 27T)3 2EN

N=p,n M=p,n oy ,o

31y, 3
« / d Pwv d Pv (73)
(27)3\/2Ew (27)3v/2Ew

< (N, pns M, par |#(X) [N, pvi M, pur)

x ay, (Pw) ay (Pwr) an(pn)am(pw)
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2p2h

e s . (2m)°
W22 = Z d pxd pyd Pr T(S(EF — MA — w)

ox,0v,R,01

d*py d®pu (3)
55 N —
X E E /(27T)3 2y (27 /2E0 (Px +Py — PN — Py — Q)

<X Px' Y, pvlj“( )IN, pn: M, pum) (R, prlan(pn)am(pm)| /)

d°po d*pp (3)
5 Dy —
X E E /27T3 2E, (27)y/2E» v (Po+PpPp—Px—Py+q)
O=p,n P=p,n

<O Po; P,pr|j”

‘pr Y|0v><]T po\an>
(74)
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Factorization ansatz [4]

8_' T T ]
- e+ ECoe'+X .
i F.=961 MeV ]

6 8,=37.5 deg o

4

2_

0.0 0.1 0.2 0.3 0.4 0.5

Relative momentum distribution of a nucleon pair in isospin symmetric nuclear matter at equilibrium
density.
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Factorization ansatz [5]

e PP
30 — e+'®Coe'+X —
L (4) E,=0.68 GeV ]
— 20 =
= F ]
; I 4
] Feo 1
. ‘JOID
7] [
~ & -
"g 0 /P P RS Sl b R T
— 0.0 0.1 0.2 0.3 0.4 0.5
o 25 B L =
k| E (B) E,=1.3 GeV b
—‘3 2.0 8,=37.5 deg —
e [ ]
b 15— -
o F 1
1.0F .
0.5 —
00° — - .
0.2 0.4 0.6 0.8
w [GeVl]

Double differential cross section of the process e + C — €’ + X. The solid line shows the result of the
full calculation, while the dashed line has been obtained including the one-body current only. The
contributions arising from the two-nucleon current are illustrated by the dot-dash and dotted lines,
corresponding to the pure two-body current transition probability and to the interference term.
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One-photon exchange approximation

e (Ek/7k/) N (Ep/,p/)

e~ (Ex, k) N (Ep,p)
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One-photon exchange approximation
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Electron-nucleon interaction

General cross section formula reads

1 d°k’ d’p’ 1 o 2
- ~ ‘ 'T}w- ) . 76
do 2Ex2E, 2(2m)3 B 2(27r)3Ep/Q‘< ik ’> (76)
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Electron-nucleon interaction

General cross section formula reads

1 d°k’ d’p’ 1 o 2
- ~ ‘ 'T}w- ) . 76
do 2Ex2E, 2(2m)3 B 2(27r)3Ep/Q‘< ik ’> (76)

Taking four-momentum eigenstates

(wliTv) = [ e

(2
x (2m)*55) (g + K — k) (K, |ju(0) k. s)
x (2m)*65)(q — P+ p) (0, | T (0)|p,r)  (77)

= (2w)4%5§;‘><k —K—p +p)
,8) (P, r'[T"(0)|p, ).

x (K',8']ju(0)
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Electron-nucleon interaction
The cross section reads
do 1 1 a?

- =L, W 78
d3k’d3p’ 4EkEpEkIEpl q4 K (78)

where the following structures have been used:
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Electron-nucleon interaction
The cross section reads
do 1 1 a?

_— L, W 78
d3k’d3p’ 4EkEpEkIEpl q4 " ( )

where the following structures have been used:
¢ the leptonic tensor:

1 . I *
Ly = 5 35 (SO 8) (K. O),s) (79

s,s’
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Electron-nucleon interaction
The cross section reads

do 1 1 o?
d3k’d3p’ 4 EkEpEkIEpl q4

Ly W, (78)

where the following structures have been used:
¢ the leptonic tensor:

1 *
o= 3 WSOk Ok s 09

s,s’

¢ the hadronic tensor:
1 X
Wi =23 (0174 0)p.r) (', r| T (0)|p.r)
r,r’ (80)
B(p —p—
x & (p —p q)\q:k_k, :
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Electron-nucleon interaction

Integrating out the delta function, one obatains

do _1Eflia72
I 4 E2E2 ¢

L, H", (81)
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Electron-nucleon interaction

Integrating out the delta function, one obatains

do _1Eflia72
I 4 E2E2 ¢

L, H", (81)

where
wr = H*s@(p' — p— q). (82)
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Electromagnetic form factors

An effective hadronic vertex

®',r'|T*0)|p,r) = a(p',r') T*(q?) u(p. ), (83)
where

i
M(q?) = v"F1(q%) + WUW%FZ(QQ)- (84)
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Electromagnetic form factors

An effective hadronic vertex

®',r'|T*0)|p,r) = a(p',r') T*(q?) u(p. ), (83)
where

M(q?) = v"F1(q%) + W"” GaF2(G?). (84)

The final result

do do q° q° 50
= F2 — FZ) —(Fi+ FR)?——tan® = |, (85
% (ko,)Mott K Ty ) (Fi+ Fo)f s tan” 5| - (89)

where .2 -
< do > _ Ey cos 2 (86)
Qo 4EDsin* g
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