Global Extraction of Nuclear Electromagnetic Response
Functions and Comparisons to Nuclear Theory and
Neutrino/Electron Monte Carlo Generators

1. Testing first principle nuclear theory predictions
2. Provide a platform for verification of electron and neutrino MC generators over the
entire kinematic range of interest
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Introduction

Electron scattering off nucleon and nucleus:
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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:

* Interms of longitudinal and transverse virtual photon cross sections:

do
—o = Tlor(W2,0) + ea, (W2, Q)]
where I' is the flux of virtual photons, € is the virtual photon polarization;

* |n terms of structure functions:

do 6
Toqp = M [WZ(WZ, Q%) + 2 tan® (5) W, (W2, QZ)],
4a?E'* 5 (6. .
where oy = Y COoS (E) is the Mott cross section; Wy, W, are related to the

F1,F, structure functions as F{ = MW;,F, = vW,, M is nucleon mass.

* Interms of longitudinal and transverse electromagnetic response functions

RL(QZI V), RT(QZJ V): A 5
do 0 Q
= Opm [?RL(QZIV) + (tanz (E) 2) RT(QZrV)] .

dvd(l 2q
We use the R, Rt
L description. 5
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Introduction

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

 The three descriptions are related to each other:
po=_ K
'™ M ™ 2n2a
_ 9 FL _ 4 K
L™ 02z2mx — 02 2n2aJL'
2Mv—Q? 2
S =S =T, (1+
2M 2Mv
structure function. However, R; and Ry are better for nuclear targets since they

also readily describe Quasielastic Scattering and Nuclear Excitations.

O-Tl

4M?2x?
Q2

where K = ) — 2xF, is called longitudinal

* Important quantities:
energy transfer v,
4-momentum transfer O,
3-momentum transfer q where q% = Q% + v?,
nuclear target mass M, where M, = 11.178GeV for 12C,
final state invariant mass W where W? = M? + 2Mv — Q?,
QZ
2M 4

excitation energy £, = v —
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~10,000 cross section measurements ~ 30 cross-normalized experiments

18 bins on q and

18 bins in Q2
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Data Set Norm.| Error
1 Barreau:83 [43-45] 0.9597| 0.0063
2 O’Connell:87 [65] 0.9642| 0.0129
3 Sealock:89 [39] 1.0744| 0.0081
4 Baran:88 [49] 0.9948| 0.0070
5 Bagdasaryan:88 [66] 0.9338| 0.0168
6 Dai:19 [67, 68] 1.0126| 0.0092
7 Arrington:96 [69] 0.9672| 0.0155
8 Day93 [70] 1.0238( 0.0065
9 Arrington:98 [71, 72] 0.9790| 0.0056
10 Gaskell:21 [73, 74] 0.9906( 0.0075
11 Whitney:74 [75, 76] 0.9838( 0.0253
12 E04-001-2005:24 [50, 51, 77) 1.0000 [ constant
13|  E04-001-2007:24 [50, 51, 77, 77]  |1.0163| 0.0018
14 Gomez:74 [53, T§] 1.0300( 0.0092
15 Fomin:10 [79, 80] 1.0190( 0.0063
16 Yamaguchi:71 [29] 0.9585| 0.0256
17 Ryan:84 [42](180°) 1.0174| 0.0422
18 Czyz:63 [81] 1.0168| 0.0681
19 Bounin:63 [82, 83] 1.0794| 0.0358
21| Antony-Spies70 [29, 84](not-used) |0.9500| 0.2500
22 Goldemberg64 [37](180°) 1.1095| 0.1000
23 Deforest:65 [38](180°) 0.9310( 0.1000
24 Mainz:24[40]. 1.0019( 0.0184
25| CLAS-e4nu:23[19](not-included-in-fit). |0.8500 | 0.0200
26| Garino:92 [85](not-included-in-fit). |1.0000| 0.0200
30 Donnelly:68 [86, 87](not-used) - -
31 Zeller:73 [62, 63](inconsistent) = -
32|  Ahrens:75 [88](photoabsorption) - -

(not-included-in-fit)

33| Carrasco:89 [89](photoabsorption) |0.9980| 0.0415
34 Bianchi:95 [90](photoabsorption) |0.9677( 0.0173
35 Muccifora:98 [91](photoabsorption) |0.9561| 0.0231
36 Bezic:69 [92]( photoabsorption)

(not-included-in-fit)




Experimental Method: Rosenbluth Separation

 “Rosenbluth quantity”: !

2:( Eq )2 Defy 1 do

2 2
o) ACE o (L) sne(2)
eff

= €eR; + ; (%)2 Rt
-1

where € = [1 + 2 (1 + 2—2) tan? (g)] is the virtual photon polarization.

Fit 2 against € linearly in bins of |q| (or Q%) and v (or W4, E,.), then we can
2
extract R; = slope, Ry = 2 (%) X intercept.

1J. Jourdan, Phys. Lett. B 353, 189 (1995)
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Experimental Method: Rosenbluth Separation

* An example:
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Experimental Method: Christy-Bodek Universal Fit

e An update to Prof. Christy and Prof. Bodek’s universal fit (A. Bodek, E. Christy. Phys.
Rev. C 106, LO61305 (2022)):

— Now includes a larger electron scattering dataset on H, D, and nuclear
targets.
e Fits for all kinematic regions:
— Elastic scattering, nuclear excitations, Quasi-Elastic, resonance and pion
production, deep inelastic.
Since the cross sections span a large range of energies and scattering angles, the
fits describe both the longitudinal R; and transverse Ry contributions.
For extracting individual values of R; and Ry we use the fit for bin centering
corrections in the Rosenbluth fits (so the cross sections at various € values are
all are at the values of Q2 and v the center of the bin.
Use to Cross Calibrated ~ 30 experimental data sets
Use to remove inconsistent experimental data
Use for bin centering correction in individual R; Ry extractions
Input to radiative corrections
Also extract fits to R; and Ry over a larger kinematic region than individual
R; Ry extractions

vk wnh e
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EO: 1.159, 6: 37.5°, QZ; = 0.44 GeV? EO: 1.108, 8: 37.5°, Q% = 0.41 GeV? EO: 0.855, 6: 70.0°, QZ; = 0.8 GeV?
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Inconsistent normalization for each of 3 energies, inconsistent energy calibration
Zeller: 1973 Not used. 9




Comparison to Seven Theories and MC Generators

* We compare our R;, Ry fit and extracted values to 7 theoretical approaches:
 1b=1body, 2b =2 body currents
— 15t principle Nuclear Quantum MC predictions: Both 1b and 2b currents
— GFMC (Green’s Function Monte Carlo). 1p1h only, limited q range
— ED-RMF (Energy Dependent Relativistic Mean Field) 1p1h only
— STA-QMC (Short Time Approximation Quantum MC) 1p1lh +2p2h
— Other theoretical approaches:
— NuWro. 1b (1p1h only electron mode), 1p1h+2p2h neutrino mode
— ACHILLES 1b+2b (1p1h only). Limited range
— Correlated-Fermi-Gas 1b (1p1h )only, (poor agreement)

— SuSAv2 (Improved Superscaling) 1b (1p1h),
SuSAv2 1b+2b (2p2h)- Also Resonance and inelastic using Bosted-

Christy or Bodek-Ritchie fits to proton and neutron structure functions.

Note however that for neutrinos the resonance plus inelastic need
assumptions on axial part.
Spoiler: The calculations which are highlighted in yellow work best

1plh = 1 nucleon final state. 2p2h= 2 nucleon final state

We gratefully thank the theorists that provided us with their predictions!
(See the list of reference in backup slides)

-Arie Bodek, U. Rochester
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Example 5 of 18 values of q for the three 15t principle Quantum MC predictions

' i R; :|q| = 0.3 GeV

|
|
|

8.00 0.05 0.10 0.15

" Ry:|q|=0.3GeV

020 025  0.30

0.10

0.25

T

~40r :RL ol = 0:.38' GeV

8.00 0.05 0.10 0.15

0.20 0.25 0.30 0.35

:RT - la| = 0138 Ge

T
A
u‘

|

|

]
0.10

0.30  0.35

Comparisonin q
Bins: EU-RIAE,

STA-QMC,

|q| values: 0.3, 0.38,
0.470,0.570, 0.649 GeV

"Rr:|q| = 0.475 Gel,
| pe s

s
|

ED-RMF (1b+2b) 1p1h
gives the best description
of 1p1h including nuclear
excitations

e Ry : |q] = 0.475 GeV ; :
! ‘ | ! .
S 10 f 3 t 5
S e | ! |
et l : lel/ |
g l S & - I‘\ Fek ’ I
0 1 | L 1 SREL p— |
0.0 0.1 0.2 0.3 0.4
15
L 10F
R
g
S Of
w v .
0 L L 1]
0.0 0.1 0.2 0.3 0.4

(1b+2b), 1plh
is computationally
expensive, only available
for 0.3 < |q| < 0.57 GeV.
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is only valid for
0.3 <|q|] <0.76 GeV.
Analytic extrapolation
possible but has only been
done for *He.
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5 of 18 values of q for

vs ED-RMF
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Test 7 theoretical approaches- Summary table

Model Currents | ___Final State Available for RL | RT Large q Small q
-RN 1b,2b |1p1lh, 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 2p2h for 1plh use SuSAv2 use SuSAv2 | use SuSAv2 | use SuSAv2
SuSAv2 1plh 1plh 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
~funetien 2p2h _no nucl exc, | i : needs 1plh needs 1plh needs RT
2p2h 1b+2b 2p2h OK | 2p2h OK quench or enhancement enhancement
OK use ED-RMF? | use ED-RMF? use ED-RMF?
STA-QMC 1b2b | 1plh + 2p2h. |[0.3 < q << .65 OK OK relativistic  |analytic extrapol.
no nucl exc. 0.3 <q<< 65 | 0.3 < q<0.65 ]| corr. needed needed
NuWro SF-FSI 1b Iplh all q RL high RT low needs needs
e-mode spectral no nucl exc. needs needs 2p2h 2p2h
function no 2p2h quenching enhancement model model
ACHILLES 1b,2b 1plh q >U. OK OK needs need other
QMC spectral no 2p2h. need need 2p2h model low q models
function no nucl exc. 2p2h model 2p2h model for RL RT for 1plh, 2p2h
N 1b,2b Iplh+ 2p2h | 0.3 < q < 0.57 | low v unphysical OK CPU intensive| CPU intensive
QMC no nucl. exc. q=0.57 high 0.3 < q << .57 | not possible | not possible
|1 CFG 1b 1plh+2p2h all q poor poor poor poor
Correlated no nucl. exc. agreement agreement agreement agreement
Fermi Gas

Table I1I: A summary of comparisons of '?C Ry (q,v) and Rr(q.v) to theoretical predictions (q units are in GeV).

Very useful for neutrino MC generators in present state
Some use for neutrino MC generators in present state- but needs more work

Problematic for neutrino MC generators in present state show stoper
Combining ED-RMF for 1plh with SuSAv2 2p2h +inelastic works well
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Test 7 theoretical approaches- Conclusions

e We compare to GFMC, STA-QMC, ED-RMF’s theoretical predictions of R; and Rt in QE
region. ED-RMF has the best description of 1plh overall and is available for all values
of |q| (or Q%) and v. (1b+2b) 1plh

e SuSAV2- (1b) 1plh can be improved with some tuning to account for 2b. 2p2h OK
e Combining ED-RMF for 1p1h with SuSAv2 2p2h +inelastic works well

e NuWro —(1b) 1plh can be improved with some tuning to account for 2b

e ACHILLES- OK but limited range of validity in present state.(1b+2b) 1p1lh

e GFMC - limited kinematic range of validity. Not possible to expand (1b+2b) 1p1h
e Correlated Fermi Gas —poor agreement with electron scattering data 1b

e Christy-Bodek fit for *2C is being implemented in GENIE for modeling electron
scattering at all energies and angles.

e 40Ca and >®Fe analysis under way

1plh — need 1b+2b currents since they interfere and lead to transverse enhancement
2p2h -- need 2b
Best Combination ED-RMF QE 1plh with SuSAV2 2p2h

Arie Bodek, U. Rochester
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