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The following parameters can make impulse approximation
calculations for 1p1h process in neutrino MC closer to more
complete QM calculations

1. Removal energy in the initial state (or a 2-D spectral function) .
We should use the correct parmeters for the Fermi gas
implemented in the current Monte Carlo generators

2. Effects of Coulomb potential on initial and final state leptons
and hadrons. In general, this has not been implemented yet.

3. Effects of nuclear effective Optical Potential on final state
hadrons. This potential is a function of final state kinetic energy.
In general, this has not been implemented yet.

The effects of removal energy and optical potential are of similar
magnitude (but in opposite direction at low Q, and same direction at
high Q). Both must be accounted for.
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Effect of Coulomb and Nuclear Fields

 Quantum vs. Classical: In general, the scattering from the nucleon is treated as
one boson exchange (quantum mechanically). The effects of the Coulomb
and Nuclear mean fields are treated classically as scattering in a potential.

« Coulomb field is treated using the Effective Momentum Approximation
(EBA), which has been confirmed in comparisons of quasielastic scattering cross
sections of incident electrons and positrons.

* Nuclear Mean field can be treated as an effective optical potential.
a) The real part of the potential affects the energy of the final state nucleon.
b) The imaginary part accounts for elastic and inelastic interactions of a final
state nucleon with other nucleons in the the nucleus. Theorists call both the real and
imaginary components as final state interaction (FSI).

« However, Experimentalists have been using the term FSI to account only
for elastic and inelastic interactions of a final state nucleon with other
nucleons in the the nucleus Consequently, the real part is has not been included.
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Electron QE Scattering in a Coulomb and Nuclear potential

Energy (sun of kinetic and potential energy) is conserved at every step. Momentum changes
and momentum conservation is taken care of by the spectator nucleus (with negligible energy)

Electron scattering on proton

E = (onp — EO) FE = (EO — y)p/ — E’) Vs (3 to 7 MeV)

electron electron

Dyvtx =P +

P = 0 +{(Vert

Fotx = Eo E. =FE
q = (v,q3)
E,,/:T/—I-M ‘/eP,k—f-
B = (Mp k) (Ey,pe) = (T7 + Mp Vel k + qs)

proton Uesi= -Uo

proton =
EP = B, =TF + Mp =(-20

Py

-k

Unobserved energy
¥ = 5P 4+ (EP) 4+ g5

2M%

v+ (Mp-e) = \/(k+ MR- st V5] po

Use average Ex If a spectral

pt
to -30 MeV) low Q2

function is not used




Neutrino QE Scattering in a Coulomb and Nuclear potential

Energy (sun of kinetic and potential energy) is conserved at every step. Momentum changes
by momentum conservation is taken care of by the spectator nucleus (with negligible energy)

Neutrino scattering on neutron J4 (Mp- EP): J(k } Q3)2 I M% "UFSI’ We}} ‘
E = (Eo,p:Eo) E = (EO—I/,p/:E/)
o = Rearranging, we have
Pvtx = D pvx:p/—i_“/eff‘
E\ftx = Eo Eéttx =L v+ MN - 1" \/‘L +(h
¢ = (v,q3)

;o where for neutrinos and antineutrinos we have:
(Ef7 pf) -

(T} 4+ Mp — Uopt + |Verr|, k +
proton (g3 +6)) = € = |Upgt| 4|V ffl

Ef = E}, =T{ + Mp
(g3 + k) =€’ - |Ups|

E; = (My — €V, k)

neutron

Unobserved energy
= SN 4 (EN) + 5

2M A 1

*
PA—l
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Bodek-Ritchie (off shell) — corresponds to spectral function notation

14 =)= [k 9+ M - Ut 1V
vs Smith Moniz (on Shell)

The Smith-Moniz [20] formalism uses on-shell description
of the initial state. In the on-shell formalism, the energy con-

serving expression is

v+M—e=Ey

1s replaced with

v+ V2 4+ M2 — € = Ej.
Therefore,



At Q%=0.2 GeV? (T=0.1 GeV?) optical potential is negative

v4+ My p —xVV) = \/(k +q3)2 + M3

where for neutrinos and antineutrinos we have:

xV((gz +k)) = eV — | Upsr| + | c,ff|
V(g +Kk)2) = €P — \Upss| Neutrino QE scattering
on neutron
Carbon Argon
MeV MeV
. Vi 3.1 6.3
v+ (Mp-¢ =\/k-|- 3 + M Upgt| + eff
( )=/ (k4 ga)* + Mp - U ’ff’ eN 30.1 39 1
X 33.2 -20 =13.2 38.3 -30=8.3
TP 15.5 21.9
€y = €+ (TPNy | eNgy  48.7-20-287 60.3-30=30.3
|Ufsi -20.0 -30.0
T=0.1 GeV?
Carbon Argon
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Shift in QE peak position from two sources

Real part of the OP o s

—— QE Fit/g2 =0.13

* acts in the final state
. shifts the QE peak —

to low w at low |q|
(to high w at high |q|)\

40000 1

30000 1

20000 1

U Vjuvjus

10000 1

Binding energy in RFG
acts in the initial state
shifts the QE peak to high w

~
( k,E; = Mp — efﬂ

= proton
Ef = B}t Ursr +IVE

14 00p-)= |l a + 0Dt 4V

v+ (Myp—x"") = \/(k +43)2+ Mj

Unobserved energy

k2
where for neutrinos and antineutrinos we have: el =857+ (E7 > + o1 .3
v P
x ((q3+k)2)=€N—IUF51|+|VJ};| S
x"((q3 + k)?) =€’ — |Ursi]| Use average Ex If a spectral |

function is not used




+ Ursi

V+(Mp—ep)=\/(k+Q3)2+M2 -__.+|V
k? Upst =U k)2
P = SP+ (EP) + # rs1 =Ursi((¢3+F)7)
2 Nucl remove remove
proton S¥ neutron | SV | §N+F
Spectator Spectator
s N 2.2 P 2.2 2.2
SLi 1+ SHe 2- 4.4 3L 3- 5.7 4.0
6-C 0+ iB3- |160 ] ¢C3- [[ 187 274
350 0+ PN I | 121 || §°0 3- 15.7 | 23.0
Mg 0+ | i1Na 5+ | 11.7 | 15 Mg 5+ | 16.5 | 24.1
BA1Z+ | 15Mg 0+ | 83 | T Al5+ | 131 | 194
1351 0+ AZ+ 116 | TiSid+ [ 172 ] 247
‘;gArg+ CL 2+ | 125 || RAr Z- || 9.9 | 20.6
Ca o+ K3+ .83 [|35Cas3+ [ 156 | 214
3V 2 2Ti 0+ | 8.1 29V 6+ | 11.1 | 19.0
Fe 0+ 52Mn 5 - | 102 | 3gFe 3- | 11.2 | 204
_ggNl 2_ | $BCo2+ | 82 | PNiO+ | 122 195
20Y 5 - 3R ST 5- 7.1 29Y 4- 11.5 | 18.2
39 2 38 2 . 39 - .
0Zr 0+ 2o Y % - 8.4 i0lr5+ | 12.0 | 17.8
- 5°Sn 0+ | 5’In3g + | 101 | 55°Sn i+ [ 85 | 17.3
BITal - | BYHfO0+ | 5.9 “‘"Ta 1+ | 76 | 135
73 72
7199'7Au§§+ s Pt 0+ | 5.8 9 Au?2- | 81 13.7
3°Pb0+ | 3/'TI 2+ | 8.0 237Pb I 74 ] 149

| Removal energy
has 3 components

Separation Energies
S (P,N)

are tabulated in
nuclear mass tables




v+ (Mp—€')= \/(k+ q3)? + Mp -+ Ursr + |Vl <Ex> Mean

k2 . =
e — 5P Py + K Upsr = Ursi((g3+k)?) excitation energy
T 2ME ) T B
i B of (A-1)
3 23 g Cle.e’p) 8 [E.)]l= 1.3 MeV
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_E - j l 1 N ——— 1P3/z 4 protons .
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5.1 Direct measurements of (EF)5F and (T')5F <Ex> continued

Spectral functions are used
to test Koltun Sum rule

These two quantities are directly extracted from spec-
tral function measurements in analyses that test the Koltun

Method 1: excitation energy
From tests of Koltun sum rule

sum rule [12]. The Koltun’s sum rule states that Carbon
Sp=16 MeV
Eo . 1 S’FA_2 P\SF , <Ex> =10 MeV
= = 5 U7 = — (Em)™]; (34)
where Ep/A is the nuclear binding energy per particle ob-
tained from nuclear masses and includes a (small) correc- Exactly what
tion for the Coulomb energy, we need
Ave. < KE>For momentum
d3k I distribution K_F
/ dBp 2 Pp(k,En), (39

and Get: Average excitation
Ave. <E,> <Ex> from <E,>

(E,)SF = / &k dE,, Eyy, Psp(k,En) . (36)
(E,) =S"+(E;).

For precise tests of the Koltun sum rule a small contri-

bution from three-nucleon processes should taken into ac-
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ki ki Vsl e’ (MeV)
2Nucl | Moniz Gueye
Nucl. +5 ref.[15]
Source updated
Source MeV/c MeV

H 88,88 *4.7+1

ee’p Tokyo[20-31] ®Li 169,169 1.4 elevels *18.4+3

ee’p Tokyo[20-31] £2C | 221,221 | 3.1+0.25 gevets 24.0+3

ee’'p NIKHEF[33] 2c elevels 27.1+3

ee’'p Saclay[28] s2C glevels 25.84+3
(e)SF 24.843.0

Shell Model binding E 2c €SS odel 24.9 +5
ee’p Jlab Hall C [27] s2c (e)5F *27.5+3
ee’p Jlab Hall A [34] 220 | 225,225 3.4 gevets *24.1+3

Shell Model binding E 0 €SS odel 23.5+5

ee’p Tokyo[29-31] 13 Al 238,241 5.1 tevets 30.6 +3

ee’p Saclay|[28] 1151 | 239,241 5.5 tevels 28.3+2
(e)°F *24.7+3
20Ca — 13 Ar Shell Model | AT 251,263 6.3 tevets *30.9+4

ee’p Tokyo[29-31] WCa | 251,251 7.4+0.6 i m=els 26.3+3

ee’'p Saclay[28] 20Ca glevets 27.0+3
(e)°F *28.2+3

Shell-model binding E 20Ca i model 23.6+5
ee’p Tokyo[29-31] 59V 253,266 8.1 tevels *25.6+3
ee’p Jlab hall C [27] 5¢Fe | 254,268 8.0+0.7 (e)5F *20.6+3

ee’p Saclay[28] 55 'Ni | 257,269 0.8 eevels 25.7+3
(e)5F *25.4+3

Shell-model binding E =7 11.940.9 || €525 1odet 25.1+5
ee'p Jlab Hall C [27] o 275,311 18.5 ()" *25.4+3

13



v+ (Mp—eP) = \/(k+ gs)? + M3 — [Upsit| + [V,

_ SP 4 (EP) + _(k*)  Kinetic energy of spectator recoil
2M7%_, nucleus is small
(eP'N) AS (EPN) AE,,
AN | (@PNy | TN /|| Removal N-P || BopEk- | (EBN) | NP
average average energy RITCHIE average
/[ || Em+T," BN -87N
|'4 use for
A-1 EQE-# GENIE
nucleon | nucleus QQQ E—p excitation
(KE) (KE) || Qbe—p energy diff
T ™ P, N (") (") st sN | diff || (ED)V(EY) | E.,EN | EN-E],
(GH) | 25,25 [25,25 [ 47,47 22,22 | 0.0 0.0, 0.0 2.2,2.2 0.0
L 01,01 | 18 1.8 [ 184,107 44,57 | 1.3 || 122,122 [ 16.6,17.9 | (1.3)
C | 155,155 | 14,14 || 27.5,30.1 16.0,18.7 | 2.7 || 10.1,100 | 26.1,28.7 | 2.6
O 116.0,160 [ 1.1, 1.1 || 24.1,27.0 [[| 121,157 | 3.6 || 109,102 | 23.0,259 | 29
TTAL [ 179,184 | 0.7,0.7 || 30.6, 35.4 83,131 | 48 || 21.6,21.6 | 29.9,347 | (4.8)
7551 | 181,184 [ 0.7,0.7 || 24.7,30.3 ||| 11.6,17.2 | 5.6 || 124,124 | 24.0,206 | (5.6)
9Ar | 19.9,21.9 | 0.5, 0.6 || 30.9, 32.3 125,99 | 26 || 178,218 | 302,31.7 | 14
MCa | 199,199 [ 05,05 || 28.2, 35.0 83,156 | 7.3 || 194,108 | 277,354 | 7.7
53V 202,224 | 04,05 || 25.6,28.6 81,11.1 | 3.0 || 17.0,17.0 | 251,281 | (3.0)
5eFe 204,226 04,04 || 29.6,30.6 |[[102,11.2 | 1.0 [ 19.0,19.0 | 292,302 | (1.0)
55 Ni | 209,228 | 04,04 || 254,294 82,122 | 40 || 168,168 | 250,200 | (4.0)
T 84,120 | 36 1.9
ofAu | 239,304 | 0.1,0.1 || 254, 27.7 58,81 | 2.3 || 195,195 | 253,276 | (2.3)

Veff

1.4
3.1
3.4
5.1
5.5
6.3
7.4
8.1
8.9
9.8
11.9
18,5



. Needed for both initial state electrons
Coulomb corrections And final state protons

_3(Z)  ra(Z)

V(r)= =5+ o Electron scattering on proton
R=11A"? 407754713
30(2) E= (E(),]?ZE()) E’Z (EO—V,p/ZE/)
Vers = —08V(r=0)=—-08—75=. | electron electron

pvtxzp—"‘v;aﬂf‘ pi;tx:p/+’%ff‘
Evtx — EO E\lztx =F
q= (I/,(]3>

=@ 47
L

Q8 = (B Ve Bo - + Vg i

v+ (M, —eP) = \/(k +q3)2 + M2+ Ups; +HVE,
kz
M}, Urst = Ursi((g3+k)?)

eP — Sp + <E1'> +
15



v+ (Mp — ) = \/(k + qa)2 + M} +

Ursr

HIV s

(K?)

P _ P
€ + (E; )+2M21

PHYSICAL REVIEW C, VOLUME 60, 044308

Coulomb distortion measurements by comparing electron and positron
quasielastic scattering off *C and *°Pb

Veff (Coulomb) From
comparison of inclusive e+ A

and e- A

J. Morgenstern, J. Marroncle, P. Vernin, and A. Zghiche-Lakehal-Ayat’

DAPNIA, Service de Physique Nucleazre CEA-Saclay, F-91191 Gif-Sur-Yvette, Cedex, France

4.0 —_—
(e)
3.0 .“o °o°
T; .. O .‘.
§ 2.0 * © ’o.
~ o’ o° ™
g . O o
Y40 .0 o° ® o' 262 MeV 143°
& © 0 e 262 MeV 143°
2 ’
0.0
0 50 100 150 200
w (MeV)

FIG. 6. Positron and electron response functions for the kine

matics 2°Pb 262 MeV-143°.

TABLE II. Coulomb potenti

P. Gueye * M. Bernheim, J. F. Danel, J. E. Ducret, L. Lakéhal-Ayat, J. M. Le Goff, A\ Magnon, C. Marchand,

energies of several nuclei evalu-

ated using the experimental charye densities of Ref. [26]. Both the
Coulomb potential at the origin | V(0)| and its averaged value |V |
from Eq. (10) are shown. The valuas of the fit of Eq. (9) are also

shown together with the expennmen

charge mean-square radii.

wcleus (A2 Ve (vl Vels: )
(fm) (MeV) MeV) (MeV)

2c 2.464 46 33 31+025
“Ca 3.450 105 79 74+06
#Ca 3451 104 79 74+06
S6Fe 3714 125 95 89+07
%07¢ 4258 16.7 128 119+09
BGd 5.124 218 169 159+12
208py 5503 259

\S‘QD.I

18.9:1.:2




v+ (M, —eP) = \/(k +qa)? + M2 HUpst ¢
P _ gP k-
— SP 4 (E,
€ + B+ e

SPN js tabulated in
nuclear mass tables

\

Veff (Coulomb) From

S0V | 8.1, 111 17.0, 17.0
S0fe | 10.2, 11.2] 19.0, 10.0
S5TNi | 8.2,12.2| 16.8, 16.8
s | 84, 12.0

[ 1974w | 58,81 [ 195 195
ggspb 8.0, 7.4 | Assume same asAu

ST, 8N [ (EDENY] Ve

(1H) 2.2, 2.2 0.0,0.0 |-
5Li 44,57 | 122,122 |14
¢ 116.0,18.7] 10.1, 10.0 | 3.1
B0 | 12.1, 15.7] 10.9,10.2 | 3.4
TAl | 83,131 216,216 |5.1
2%G; | 11.6, 17.2| 124, 124 |55

| i8Ar 12.5,9.9] 17.8,22.1 (6.3
s0Ca | 83,156 194,198 | 7.4

8.1
8.9
9.8
1.9
18,5
18.9

comparison of inclusive e+ A
and e-A

All in MeV

<BEx>

from exclusive e-e’P spectral
functions
(previous slide)

Ufsi

From Inclusive e-A (next slide)




Electron scattering on pro (QE, Resonance production, W (inelastic)

v+ (Mp—¢) = \/(7<'+51'3)2+M%+U19§+ Vers

vi+ (Mp—¢g) = \/(75+63)2+M§+U,‘35,+ Vi

Wt (Mp—e) =\ R+35)2 +M} + Uy + V|

- ' 9
q% = Q2 +vi= 4(Eo+ |Vesr)(Eo— v+ |Veff|)Sln2§ +v?

Vot (Mp-€) = \/}"2(":» + 2k + 5+ Mp+Upg + Ve
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v+ (Mp— ") = \/(k +qs)? + M2+ Upst + VY

5 k?
ef =8P L (E,) + CITEEN Fit to Inclusive e-A for Ufsi using RFG model
A1
Spectra: 4 Li6 35C12 + 8 016, 8 Al27,
29 Ca40+2 Ar40 30 Fe56 22 Pb208+1 Gold
0ol6, 0.5, 83.0, 0.29, Anghinolfi:1995
2501 Anghinolfi:1995 == |Urg(q2)[ = [VP =0
— QE Fit, ¢2=0.31 |Urg| = (22.3 £ 1.7 |+ 1.5) MeV
= = Parabolic Fit *
200 ,”""'\:‘\
---------- -Dashed red line: RFG no
g 150 . Ufsi
2 \
E .
O *
S 100
Solid Black line: RFG with Ufsi
\
301 Y A——— 4 Dashed blue line: Simple parabola

Update Trento: change Pb208 excitation
energy to be the same as Au197.

0 0.075 0.100 0.125 0.150 0.175 0.200 0.225 0.250
v (GeV)



Models of Ufsi extracted from
proton scattering data on nuclei

E.D.Cooper, S.Hama,and B.C.Clack
Phys. Rev. C 80, 034605 - Published 8 September 2009

Artur M. Ankowski,"”" Omar Benhar,> and Makoto S :
PHYSICAL REVIEW D 91, 033005 (2015)

E.D. Cooper, S. Hama, B. C. Clark, and R. L. Mercer, Phys.
Rev. C 47,297 (1993). <

———T =O Uopt
= Average U,

calculated by Jose Manuel
Udias using Cooper 2009

— Average U,

calculated by Artur Ankowski
\using Cooper et al. 2009

—— Average U,
calculated by Artur Ankowski

Using Cooper 1993




L=Ff (H=l)

........................................

. i [ [

R=O Coopej‘_ 2009

........................................

r=0, Cooper 1953 ——

. averaged Cooper, 19535 —
: r=0, Cooper 2009
-3 i i i i i i la"’e'hased ll.‘oapu* 20?9
0 50 106) 150 20 25 ) ) 40x) 450 B0 "I
Tkin (Me¥) !
| 208,221, 43,1206
e S = S —
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C12: calculated by Jose Manuel Udias

Us=Ff (H=u)

.....................

............

.......

=0, Cooper 1943 ——
averaged Cooper, 1953 ——

r=0, Cooper 2009
lmerased Itoapar 20?9 B

- i i i i i

5

Than (MeY)

May 2019 Trento

] 40) 45

100

i

U=FF (H=Ul

- -

T

AR R R RN

| e, RH.F'like 2069 —
averaged FIF <ike, 03—

0, -1 1ke 355
el | )

. I ' 1

0171’50‘ g

222,438, 154,630

100

o w5
Thin (Hel)

ﬂ 73507 U

& Wy



U v/uv/uz

4 Li6 spectra

li6, 0.5, 60.0, 0.19, Whitney:1974hr

li6, 2.7, 13.8, 0.33, Heimlich:1973 V| Whitney:1974hr == |Urs(q3)| = |VE4l = 0
16000 | @ Heimiich:1973 |Ua| = (2.01 +0.08  0.04) Me 5000| — QEFit g§=0.2 |Ursi| =((3.4 = 1.4+ 0.7) MeV Real part of the OP
t—— Res Fit, g3 =0.63 |Uge| = —11.28 MeV = = Parabolic Fit
14000{" = Urs/ 9 1Verl =0 * acts in the final state
4000 .
12000 * shifts the QE peak
' to low w at low |q|
10000 ; ;
: 3000 (to high w at high |q])
5
5 8000
T
5
6000 2000
v v owial | ~—
4000 v Y ~ L J
YyyY <
1000 Yv 3
2000 v = —>
f g
| <
0 02 0.4 0.6 08 1.0 o J \ / — :
v (GeV) 005 010 015 020 025 030 high |ql] — Binding energy in RFG
v (GeV) gh1q ‘ acts in the initial state
"""" | shifts the QE peak to high w
li6, 2.5, 12.0, 0.21, Heimlich:1973 li6, 2.7, 15.0, 0.38, Heimlich:1973
@ Heimlich:1973 |Ual =/(1.6 + 0.2 + 9.3) MeV @ Heimlich:1973 |Ua] = (~4.4 £ 0.1 + 6.8) MeV We have not |nC|uded
— ResFit, g3 =0.44 |Ugel = —9.7|MeV — Res Fit, g2=0.73 |Uge| = — 6.7 MeV
40000
== |Ursi(ogl = Vel = 0 == |Ursi(q |Verl =0 2p2h .
8000
30000 :
> 6000 Therefore, we only fit the
S .
S data in the top 1/3 of the
20000 )
40 4000 Q E pea k
10000 5000
0 0
0.2 0.4 0.6 0.8 1.0
v (GeV)
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4 Li6 spectra - Trento

Data in agreement with Cooper 2009
within 5 MeV

6Li Fit for Ugg

0.01
0.00
__—0.01 |
> A
&) /
(O —0.02 L
~—" / 1
— /I
DLLQ ~0.03 o
/ | U(x)=ax+ b,
_0.04 fo —— a=0.0634,
A b= —0.0055
0.05) b dd Heimlich:1973
“\/: Y Whitney:1974hr
—0.9%3 0.1 0.2 0.3 0.4 0.5

T (GeV)



Li 6 Ufsi for QE peak positive Li 6 Ufsi for A(1232) Resonance zero.
Smaller by 5 to 10 MeV than for QE

UFSI (GeV)

it for Uy
001 +
QE peak * +
) ¢
v
0!
i A(1232) Resonance
W,
| nl
i 03
B Uix)=ax+h,
Y - i — 3=0.0634, i
e b= -0,0055 BProton @ Delta(123))
At pemlindon | [
I f Uhiney 1974
- bt 006
60'0 . I T(G eV) 3 a & 0.000 0050 0.100 0.150 0200 0.250 0300
007 Kinetic energy T {GeV)




U vjuviuaz

40000

10000
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Urs, (GeV)

35 C12 and 8 O16 spectra Trento
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8 Aluminum (AL27) spectra Trento
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29 CA 40 spectra and 2 Ar40 spectra -Trento

0.01

0.00

I
o
o
=

Urs) (GeV)
| |

I
o
o
e

—-0.05

—0.0%.

40C8 + 40Ar Fit for Ugg

Average U,

Cooper 2009 calculated by
Artur Ankowski

Data about 10 MeV lower than
Cooper 2009

M PH e e

U(x)=ax+ b,
a=0.0982,
b= -0.0379

Meziani:1984is
Whitney:1974hr
Williamson:1997

Anghinolfi:1995 4CAr
E12-14-012 %%Ar

0.1

0.2

T (GeV)

0.3

0.4

0.5

39




UFSI (GeV)
1 1

0.01

0.00

-0.1

a + U Fitfor Usg

QE peak

Ulx)=ax+b,
— 3=00982,
b=-0.0379

L Meziani:194is
T Whiney:1974hr
T Williamson:1997

f Anghinolfi 1995 “Ar
b EL-1401 Y

01

May 2019 Trento

04 0.5

Urs; (GeVvVv)
1 1 1

e
o
PPa—y

e
L —
L s—

=
[—
[Pa—

—
[
~

f—
[
o

1
—
—
—

1
—
—
L )

0+ 4 it o U

A(1232) Resonance

) Mezani:] 4|s
0 Willamson199
b EMN 40/\r

&

0 01 02 03 04 03

Arie Bodek, University of Rochester



U vjuviusz

fe56, 0.4, 90.0, 0.21, Mezziani

12000 A Mezziani

— QEFit, g2=0.22
== Parabolic Fit

== |Ursi(@3)] = [VEsl = 0
|Ursi| = (25.8 £ 2.5 1) MeV.
—~

10000

8000

6000

U vjuviusz

4000

2000

0.10 0.15

v (GeV)

1€V, V.0V, VULV, U.£D, MEszidill

0.20 0.30

A Mezziani
— QEFit, g3=0.25

== |Ursi(@3)] = |Visl = O

20000 [Urs| = (19 £ 1.9+ 2.5) MeV

17500
15000
12500
10000
7500
5000

2500

A 1
%‘00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
v (GeV)

fe56, 1.108, 37.5, 0.40, Sealock:1989nx

A Sealock:1989nx = = |Urs(q2)] = Vil = 0
— QEFit g2=0.46 [Ursi| = (14.7 % 3.8 % 2.4) MeV
= = Paraboljc Fit

17500

15000

12500

10000

U vjuviusz

7500

5000

2500

00.1

U viuviuaz

60000

50000

40000

30000

20000

10000

fe56, 0.4, 60.0, 0.13, Mezziani

A Mezziani == |Ursi(@3)| = Vs =0
— QEFit, 3=0.13 |Ursi| = (26.6 £ 1.3 + 1) MeV
= =_Parabolic Fit _

0.05 0.10 0.15 0.20 0.25
v (GeV)
fe56, 0.48, 60.0, 0.18, Mezziani
35000 A Mezziani == |Ursi(@3)| = |V} =0
— QEFit, g2=0.19 |Ursi| = (22.8 £ 1.5 + 0.6) MeV
= = Parabolic Fit
30000
25000
N
A
p]
S 20000
p)
b)
3 15000
10000
5000
8.00 0.05 010 015 0.20 025 0.30
v (GeV)
fe56, 0.961, 37.5, 0.30, Sealock:1989nx
35000
A Sealock:1989nx = = |Urs(q3)| = [VEe =0
— QEFit, 2=0.34 |Uksi| = (10.3+ 4.3 + 3.3) MeV
30000 | == Parabglig Fit
25000
N
4
2 20000
N
J
> 15000
p]
10000
5000
0

U vjuviusz

fe56, 0.36, 90.0, 0.18, Mezziani

160001 A Mezziani —— |Ursit@D = 1VE =0
— QEFit, g2=0.18 |Ursi| = (25.6 £ 2,7 £ 1.2) MeV
14000 | == Parabolic Fit L
12000
p]
4 10000
N
2 8000
b)
> 6000
4000
2000
0.00 0.05 0.10 0.15 0.20 0.25
v (GeV)
fe56, 0.44, 90.0, 0.24, Mezziani
A Mezziani == Ursi(a@3)] = Vil =0
—— QE Fit, g3=0.26 —4’{@\ =(15.4+ 1.4 +2.8) MeV
8000] —— Parabolic \\ +
\
C 6000
S
~
=)
3
S)
N 4000
he]
2000
\
\
0 \‘
0.10 0.15 0.20 0.25 0.30
v (GeV)
fe56, 0.62, 60.0, 0.29, Mezziani
A Mezziani == |Urs(a3)| = Vér =0
14000] = QEFit.g3=0.3  |Urs|=(18.9%1.54) MeV
= = Parabolic Fi ~ lﬁ
12000 .}lwln- 4}.11.
10000 A
8000
6000
4000
2000
0
0.1 0.2 0.3 0.4
v (GeV)

9 Feb56
Spectra
out of 30
spectra

41



30 Fe56 spectra — Trento

Data in agreement with
Cooper 2009 to within 5 MeV
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22 Pb208 spectra and 1 Au197 spectra
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Data in agreement with
Cooper 2009 to within 10 MeV
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Comments

. We plan to repeat the studies with effective spectral function for QE
(this mimics super-scaling results).

. It would be nice to have some theoretical input on the difference in
Ufsi for longitudinal and transverse virtual bosons,

. Similarly for the W dependence.

. It would be interesting if experts to run GENIE (and other MC) for
electron neutrinos. The neutrino energies should be the same for
the ~100 electron scattering spectra (plus Veff) and the scattering
angle should also be the same. This allows for a direct comparison
with the location of QE peak and Delta resonance and extraction of
the Ufsi from the electron scattering data. Studies can done with
various options (Fermi gas, local Fermi gas, spectral function etc).

May 2019 Trento Arie Bodek, University of Rochester
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Approximate extraction of Ufsi from the peak position of the QE peak

VQE+ MP 8 \/k +2kq3+q3+MP+ FSI+|

In the peak region of the QE distribution &, =~ 0. Therefore, from the location of the peak in v we
extract UFS,(p?) peak for

1, - Yy
PE peak = (@3 +K) pear = (K (k k.= 0)) +¢2 —Ek%-i—q%zO.OZ GeVi+q? (forKr =0.2)

A\ —

1
E E
V;geak + Mp— € — UFQSI | ffl \/21(;‘ +(q3)pcak +M12’

Because form factors vary with Q2, the QE peak

q=(0;,v) position is not exactly at Kz=0 so the extraction of
) Ufsi from the peak position is approximate. In addition
P=(E, K the Coulomb effects are different for neutrons and
protons

Fig. 3. Scattering from an off-shell bound nucleon of momen-
tum k which is perpendicular to the direction of the virtual

photon. This is the configuration at the peak of the Fermi mo- A better extraction com pa res the QE d istribution to a

tion smearing. At the peak of the distribution the z component

of the nucleon momentum (k) is zero. model and changes Ufsi within the model to fit the
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