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12C analysis: https://arxiv.org/abs/2409.10637, in Phys. Rev. D review
40Ca and °%Fe analysis: in progress
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We have performed a global extraction of the O longitudinal (R.) and transverse (Rr) nuclear
eleclromagnetic response functions from an analysis of all available electron scattering data on
carbon. The response lunctions ave extracted for energy transfer v, spanning the nuclear excitation,
quasiclastic {QE), resonance and inelastic continuum over a large ra of the sguare of the four-
momentum transfer, Q°. In addition, we perform a universal fit to all **C electron seattering data
which also provides parmeterizations of Ry and Rr over a larger kinematic range. Given the
nueclear physics common to both electron and neutrine scattering from nueled, extracted response
functions from electron scattering spanning a large range of @ and ¥ also provide a powerful
tool for validation and tuning of neutrinog Monte Carlo (MO) generators. In this paper we [ocus
on the nuclear excitation, single nucleon [QE-1plh) and two nucleon (2p2h) final state regions
and compare the measurements to theoretical predictions including “Energy Dependent-Relativistic
Mean Field” (ED-RMF), “Green’s Function Monte Carlo™ {GFMC), “Short Time Approximation
Quantum Monte Carle” (STA-QWMC), an improved superscaling model (SuSAvZ), “Correlated Fermi
Gas® [CFG), as well as the NUWRO, and ACHILLES generators. Combining the ED-RMF-QE-1plh
predictions with the SuSAvZ-MEC-2p2h predictions provides a good deseription of Ry and R for
both single nucleon (from QF and nuclear excitations) and two mucleon final states over the entire
kinematic range.
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Introduction

Electron scattering off nucleon and nucleus:
G.T. Garvey et al. / Physics Reports 580 (2015) 1-45
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=  Given the nuclear physics common to both electron and neutrino
scattering from nuclei, we can study electron scattering to validate
and tune MC generators for electron and neutrino interactions.
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Introduction

Descriptions of electron scattering differential cross section used in the literature:

= |nterms of longitudinal and transverse virtual photon cross sections:

d
o = Tlor(W2,02) + €0, (W2, Q)]

where I is the flux of virtual photons, € is the virtual photon polarization;

"= |nterms of structure functions:

do_ _ Om [WZ(WZ, Q%) + 2tan <§> w,(we, QZ)] :

dQdE'
4 2E

AW :
cos (2) is the Mott cross section; W;, W, are related to

the F,, F, structure functionsas ¥, = MW,,F, = vIW,, M is nucleon mass.

where g, =

= |nterms of longitudinal and transverse electromagnetic response
functions R; (Q%,v), R+(Q?,v):

d 4 2
dvgﬂ = oy [Q R; (0% v) + (tan (2> ZQq >RT(Q2 v |.
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Introduction

= The three descriptions can translate to each other:

_2F, K
Ry = M = 2m2a or;
_9* FL _q® K
L™ 0zomx — Q2 2n2 OLs
2Mv—Q? 4M2 2 . . .
where K = o X = ; Fr =F, (1 + ) — 2xF; is called longitudinal structure
function.

= |mportant quantities:
Longitudinal and transverse response functions R;, R,
energy transfer v,
4-momentum transfer squared Q?,
3-momentum transfer q where g% = Q? + v?,
nuclear target mass M, where M, = 11.178 GeV/c? for 12C,
final state invariant mass W where W2 = M? + 2Mv — Q?,
QZ
2M 4

excitationenergy £, = v —
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Experimental Method: Rosenbluth Separation

Rosenbluth reduced cross section?:

1). Jourdan, Phys. Lett. B 353, 189 (1995)

1 do

2
> = ( Eo ) deff
— 2
FotVers 4a2Eéff cosz(g)+2(
2

= €eR + %(%)2 Ry
~1

where € = [1 + 2 (1 + ;—z) tan? (g)] is t

polarization.

Fit ¥ against € linearly in bins of |q| (or Q%) and v (or W?2,

E.), then
Q\* . .
R; = slope, Ry = 2 (E) X intercept.
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My Sinz(g) dvdQ
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he virtual photon
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Q% = 0.093(GeV/c)?,v = 0.11GeV

. y=17.203*x+8.258
RL,RT:0.017,0.015
24

« 1 Barreau:1983ht
2 O'Connell:198
« 4 Baran:1988tw
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Experimental Method: Christy-Bodek Universal Fit

Updated universalfit (A. Bodek, E. Christy. Phys. Rev. C 106, LO61305 (2022)):
1. Fits for all kinematic regions against ~30 e-Carbon scattering and photo production data sets, ~10,000 cross-

section measurements:
Elastic, nuclear excitations, Quasi-Elastic, resonance and pion production, deep inelastic, photo-production at

0% = 0 (GeV/c)2
2. Thefitaloneis also atoolto evaluate MC predictions.

We use this fit in Rosenbluth separation:

1. Determine cross section relative normalizations and identify inconsistent experiment data.

2. Determine bin-centering corrections in individual R;, R extractions, so the cross sections at various € values
are atthe q (or Q%) and v bin center.

Momentum transfers are also corrected with Coulomb corrections: to account for the effective potential Vg =
3.1MeV in Carbon nucleus.

We extracted R, Ry at 18 fixed |q| values: 0.1 < |q| <2.78 GeV/c, and at 18 fixed Q2 values: 0 < Q? < 3.45 (GeV/c)?,

both as functions of v.
v ranges from v =0 GeV to the end of the resonance region where W = 2.0 GeV/c?.
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2J. Jourdan, Phys. Lett. B 353, 189 (1995) and J. Jourdan,
Nucl. Phys. A 603, 117 (1996).
3A.Y. Buki etal., Eur. Phys. J. A 57, 288 (2021).
4A. Yamaguchi et al., Phys. Rev. C 3, 1750 (1971).
°D. T.Baran et al., Phys. Rev. Lett. 61, 400 (1988).
6pP. Barreau et al., Nucl. Phys. A 402, 515 (1983).
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Comparison to Theories and MC generators

We compared our R;, R fit and extracted values to the following theories and MC generations’~13,
(1b =1 body, 2b =2 body, 1p1h =1 nucleon final sate, 2p2h =2 nucleons final state)

= 1stprinciple nuclear quantum MC predictions: both 1b and 2b currents
(Green’s Function Monte Carlo), 1p1h only, limited q range
(Energy Dependent Relativistic Mean Field) 1p1h only, all g range
Implemented in NEUT — we find good agreement with QE data
(Short Time Approximation Quantum Monte Carlo) 1p1h+2p2h, limited q range
4. ACHILLES 1b+2b, 1p1h only, limited g range

=  Othertheoretical approaches:
1. NuWro, b for in electron mode, for neutrino model, all g range
(Improved Superscaling) ,allgrange

We gratefully thank the theorists that provide us their predictions!

T. Franco-Munoz et al., J. Phys. G: Nucl. Part. Phys. 52 025103 (2025)

S. Pastore et al., Phys. Rev. C 101, 044612 (2020)

J.Issacson et al., Phys. Rev. D 107, 033007

9T. Golan el al., Phys.Rev. C86 (2012) 015505
'R. Gonzalez-Jimenez et al., Phys. Rev. C 90, 035501 (2014)

2B. Bhattacharya et al., Phys. Rev. D 111, 096021 (2025)
SA. Lovato et al., Phys. Rev. Lett. 117, 082501 (2016)

rrrrrrr
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SuSAv2 carbon R;, Rr comparison difference plots at |q|=0.3, 0.38, 0.57 GeV/c (Preliminary)
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SuSAv2iron R;, Ry comparison difference plots at ||=0.3, 0.38, 0.57 GeV/c (Preliminary)

— T

i T T T T T T r T T T T T T T T T T T T T
=190 Vo Rqul :031(9(@%7%% ]
‘ v = \ -
> - B -
3 100 57 0 o 004 o, :
S ot p _
€ 0F ¢ “o. I

N R | I |\ = P =Tl E TR S | N

0.05 0.10 0.15 0.20 0.25 0.30

""" 'R/Diff (g =03GeV]
S s0- LDt (@ 1| .
g .| i
) 0; __________ ; "0"0_’"'""""""""""""I";

£ sl Teg 00 i -
1 " " 1 " " 1 ] 1 " I "

0.05 0.10 0.15 0.20 0.25 0.30

" T T T T T T T T T
L - Vi

— 100 F P ; _ Lé? 0\?‘ i
~wpeeey R :|q| = 0.38°¢eV/C
> Pl o o ! !

S 50 [ oo haa YR A
o | |
.!/ .‘9“0900 i i

0 PR | - 1 P B S P S SR T L

0.05 0.10 0.15 0.20 0.25 0.30 0.35
O so- e R.Diff (g =0.98GeV) -
£ ; I
e [ OO [ [

“Q_) 0 h'_‘. _____________ ’_ “ “”__!” ’_________'___'___
£ A QP b
[a) Povuooeo® . [
-50 T T P | - 1 P 1 P T I - | .
0.05 010 o. 15 0.20 o 25 0.30 0.35
60 -
3 R = 70.57 GV &
= [ L q — I
| - -
L 40 i
o) L
S 0.0‘0 T |
e 2f ”/’0’ *ese 2 6 ? + I
L 2 ! !
O‘AW. P B P B TEE'—‘l"wlu—‘ﬂnﬁl—d-—m‘\ |
0.1 0.2 0.3 0.4 0.5
o .ot IRt (q-057Gev)
7] [ |
c [ !
o ! & ¢ | I
s 0 --OW—.; —————————————— R SR (VN . P
o [ > ¢ o ¢ [
£ o #0000 ¢ | i
o -20 - | x
0.1 0.2 0.3 0.4 0.5
5/11/26

Rr (GeV™") Difference Rr (GeV™") Difference Rr (Gev™")

Difference

T T T T T T T AT Y7 T T
. — b Agev]
150 RT- Iql I 0-3 GEV/A@ [
100 4 ]
L VQ"*’?!Q. I
50 o T o I
L 1 L \. :|:.:.‘“ P T
0.05 0.10 0.15 0.20 0.25 0.30
sol b ' b S 'Rth"f('q:'o.éGé\d E
A 000 QO _9__0_________________________i_;
0l 000 0® I
%0 - I
[ . 1 " " " N 1 " " " " 1 N " " N 1 " " " " I N N " " I :
0.05 0.10 0.15 0.20 0.25 0.30
150 F T .
GeV,
Rr:Tq[=0738 G@wﬂe ]
100 | | b
W’ R ]
s0f # e 's\bm.“’ ! I
¥ Ry | I
0 P 1 P \F'.: :.”.'rwr.h.ﬁl—.nf,—l—m |
0.05 0.10 0.15 0.20 0.25 0.30 0.35
o Ry Diff (g =0.38GeV) -
i 0«“0’0" oe ¢ I
0 'zwﬁ.ﬂ\-ﬁ’.’.----------___________.|___.|__
| I I
[ [
—-50 P T P T 1 T | P T . l - | N
0.05 0.10 0. 15 0.20 0 25 0.30 0.35
T 57GeV) ]
150 F — ]
"Ry:lql = 0. 57+ W ]
100 | o 7
009092000000, 0° I
50 /’ ¥, | i
25 T, : .
0 r’.—f | I N I N |‘.:.3.“."h|rwﬁ—..»lﬁ.—r.l 1
0.1 0.2 0.3 0.4 0.5
a0 | bt IRt (g =0.57GeV)
! R0 ® e, | !
- S O00 o®, LA AL :

N S Asi O NR0e0e 0T T !
[ |
—20 - ' |
. . . 1 . . . 1 . . . . . I I. . . . 1 . . .I. |

0.1 0.2 0.5
LI1l1av i, U,

””“"°°(GeV)

B B R, Ar (QE) SuSAv2
Rt (QE+2p2h) SuSAv2

R;, Rt (Total) SuSAv2
¢ R, Ry this analysis

6Fe
Difference =this analysis - SuSAv2

13



SuSAv2 calcium R, Ry comparison difference plots at |q|=0.3, 0.38, 0.57 GeV/c (Preliminary)
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Conclusion

The R; and Ry extractions cover a large kinematic range. The values are in good agreement with the Christy-
Bodek Universal fit to all cross-section values. The universal fit covers an even larger kinematic range.

The fit provides a simple way to validate electron and neutrino MC generators over a large kinematic range.

= We comparedto GFMC, STA-QMC, ED-RMF’s theoretical predictions of R; and Ry in QE region.

= ED-RMF has the best description of data overall and is available for all values of |q| (or Q%) and v.

= SuSAv2 doesn’tincludes effects of 2b currents in 1p1h, so it overpredict R; and underpredict Ry; need

corrections.

= More to see at https://arxiv.org/abs/2409.10637; investigation of inelastic processes and “°Ca, °Fe

analyses are under way.

5/11/26 Zihao Lin, U. Rochester 15
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Thank you!

Back up slides start next.

Zihao Lin, U. Rochester
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Use fit to remove some of the 30 experiments which are inconsistent with world’s data

CLAS-e4nu:23 Norm=0.85 _ Mainz: 2024
Experiment found error after Sealock:89 s
EO: 1,159, 6: 37.5%, 0% = 0.44 GeV? EO: 1108, 8: 37.5°, 0% = 0.41 GeV? EO: 0.855, 6: 70.0°, 02, = 0.8 GeV?
s000] — Christy Bodelk fit (total) s000] — Ctristy-Bodek it (tota) 70| — Chisty Bodek ft total) |
——- QB 4TE —— QE+TE — QE+TE f
S 4o00] — Inelastic g 5000{ — Inelastic s 6001 — nelastic
% | ClASednu(x085) x(0.85 3 | Sealock(x106) X1.06 % s00{ | Mainz2024 (x103)
g_Sﬂﬂﬂ ~ g_ wol  X1.03
2000 o300
¥ 0
10004
100{
b 2 o hEé 08 10 ) 0.2 04 06 0.8 Yo oT 0z 03 o7 05 06 o7
v (GeV) v (GeV) v(GeV)
E0: 2.0, 8: 15.0°, QL = 025 GeV? EO: 2.5, & 15.0°, 0 = 039 GeV? EO: 2.7, & 15.0°, Qi = 0.72GeV?
80000] % — ChristyBodek fit (total) 35000 — Christy-Bodek fit (total) 25000 — Christy-Bodek ft (total)
Y\t — QE +TE 30000 ~— QE +TE —- QE+TE
- f \i— Inelastic c & 20000 — Inelastic
g 60000 | Zeller:1973ge g 25000 3
;é'! QE Norm<1.0 gz“““"
& 40000 £ 15000
* Hio0
20000+
. 5000
Y B ya— y a—" Vo o o5 oF 1o
v (GeV) v(GeV)
Zeller:73 — Normalizations inconsistent between 3 Energies, v shift
Also inconsistent normalization between QE and A(1238) resonance
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Experimental Corrections

Dataset relative normalizations: ensure that the datasets are consistent with each

other in cross-section magnitude (small corrections close to 1).
= Normalization factors are estimated using Christy-Bodek universal fit'-2.
Coulomb corrections: account for the effective electrostatic potentialin nucleus.

* Voer = 3.1MeV for Carbon;

* Eg > Egett =Eg+ Vet E' = Efg = E' + Vg

2 2 2 2
- Q » 4 w , € Qeff' Jess Weff' € eff-

1A. Bodek et al., Phys. Rev. C 106, L061305 (2022)
2A. Bodek et al., Phys. Rev. C 107, 054309 (2023)
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Experimental Corrections

Bin-centering Corrections: bin-centering corrections account for the small differences between Q2

and Q2 t-Of the binned cross-sections.

= For cross-section i with Q2 and v, Rosenbluth quantity X; is multiplied with

fit 1qcenter fit
€EcenterR], (chnterv)+ RT (chnterv)
C. = chnter
;=

eeff:Rflt(Qeff v) 1 9eff qefszﬁt(Qeff v)
f

)

where Rﬁt Rﬁt are estimated by Christy-Bodek universal fit (an iterative process).

= After bin-centering correction, we can assume that Zi(ngf, v) is at Q% pter-

5/11/26 Zihao Lin, U. Rochester 19
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Importance of 2 body currents for 1p1lh and 2p-2h

=» 2b currents enhance Ry for 2p2h final states, but also enhance Ry for QE 1p1h final
state (2" nucleon is captured and does not leave).

=» 2b calculations which only model 2p2h final states are missing a significant 1p1h
component (1b+2b currents interfere).

9 Therefore, theories which do not include 2b currents for 1p1h processes will underpredict Ry
and overpredict Ry at the QE peak

P P

2b
? current
Py

ﬁ 1b+2b
—% current
Py

PA—‘!
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Test: 7 theoretical approaches- Summary table

[C——1 Problematic

in present state

Model Lurrents | __kinal State L _Avalable for RL | RT
ED-RMF 1b,2b |1plh, nucl. exci. all q best 1plh best 1plh best 1plh best 1plh
QMC 1b+2b best model 2p2h small need 2p2h need 2p2h need 2p2h
no 2np2h for 1plh use SuSAv2 | use SuSAv2 luse SuSAxy2 | unse SuSAv2
SuSAv2 Iplh 1ptlh all q low v unphysical |low v unphysical OK needs RL
RMF Scaling | only 1b only 1b 1plh no 1b-2b |low q model-high|low q model-low quench
function 2p2h no.nucl exc interference needs 1plh needs 1plh needs RT
2p2h 1b+2b 2p2h OK 2p2h OK quench or enhancement enhancement
OK pso FDLBME? | veo BT RME? use ED-RMF?
[ STA-QMC || 1b2b | 1pih + 2p2h. [[0.3<q << .65 OK OK relativistic |analytic extrapol.
no nucl exc. 03<q<< .65 | 0.3<q<0.65] corr. needed needed
[NUWRO SF-FS| 1b Iplh all g RL high RT low needs needs
e-mode spectral no nucl exc. needs needs 2p2h 2p2h
function no 2p2h onenchine enhancement, madel mndel
ACHILLES 1b,2b Tpih OK OK needs need other
QMC spectral no 2p2h. need need 2p2h model low q models
function no nucl exc. 2n2h model | 2n2%h madel for RLRT | for 1nlh 2n%h
1b,2b lplh+ 2p2h 03 <q< D.57I low v unphysical OK CPU mtensive| CPU intensive
no nucl. exe. q=0.57 hig 0.3 < q << .57 | not possible | not possible
CFG 1b 1plh+2p2h all g poor poor poor poor
Correlated no nucl. exc. agreement agreement agreement agreement

Table I1I: A summary of comparisons of '2C R1.(q,v) and Rr(q.v) to theoretical predictions (q units are in GeV).
Useful for neutrino MC generators in present state

At present, only. ED-RMF, NuWRo and SuSAv2 make
predictions at all q. So all the other models can only
be used to compare to these model in a limited range

of q..

Zihao Lin, U. Rochester
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Example 5 of 18 values of a for the three 1%t principle Quantum MC predictions

. Ry ol 01GeV Comparison in
;:: o Nuclear excitation
Sl t Region

! (Iql Bins)

"Ryl = 0167 Gev| ED-RMF, available for
:‘:: ~m} all |q|, has good
E: %:2 agreement with data in

QE and Ex region (is
now implemented in

T e e e Cww e e W e o NEUT generator). ED-
wfRy:lgl=024GeV | “[Rp:lgf=024GeV | Ry (gl =03GeV RMF Only theory that
_ _® 1 . predicts nuclear
'3 af §nf E : excitations on average
= LA € A “of ||| LA (1b+2b), 1p1h
o Py 0f is computationally
! . ’ ’ expensive, only

" t_R,,: lal = 0.35 GeV/ ) [Rr o= 0.38 GeV | |Ry, : |a| = 0.5] Ge available for

L L 1 L L L 1
0o ooz LiLe ] LiLes] ooz 04 0.08 000 Liki-] 004 06

1510 =
125 4 _ =y " 0.3 < Iql < 0-5‘7 GBV.
< Tk oSk
E o f g E 3: 3 3 0
< 15F 15 i |
« € 4 / <o STA-QMC (1b+2b)
25 y 5 g olf / : 1p1h+2p2h
BT I].iI]E ﬂ.:m 006 T ullna n.llu w7 ﬂ.ﬂuuz (1) 006 T onoe 0.0z ﬂ.illl 0.08 ig Onlv \falid fﬂr
Eq {GeW) Ex [GeV) Eq (GeV] Eq |Ge)
0.3 < |q] < 0.76 GeV.
—— Fyfmotall, Arfiotal) Cvisty-Bodeie2024 === &, Ar ED-RMF Ry Goldemberg = Ay R, GFMAC
we= RGE), AriCE/TE)Christy Bodet 2024 # A, Arthisanlysis  * R Ar Yamaguehl = Ay Ar ST 25

Arie Bodek, U. Rochester
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