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Context

= We use measurements of Transverse Kinematic Imbalance (TKI)
observables performed by T2K, MINERVA and MicroBooNE

= Compare with generator predictions (mostly NEUT)

= First such study (combining MINERvVA + T2K measurements) done by
Stephen Dolan in ~2017: arXiv:1810.06043

= This analysis is a successor of this study

= Exploits the new measurements performed by MicroBooNE

= Results uploaded as pre-print at arXiv:2407.10962

Huge thanks for technical support and discussions to Afroditi Papadopoulou, Luke Pickering,
Kevin McFarland, Ulrich Mosel and others
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https://arxiv.org/abs/1810.06043
https://arxiv.org/abs/2407.10962
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TKI variables
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Measurements we consider

arXiv:2407.10962

T2

Measurement opr dar Pn Opr in bins of a;
v v X X
Phys.Rev.D 108 (2023) 5. 053002 N4 N4 X v
Phys.Rev.Lett, 121 (2018) 2,022504 v V4 v x
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Measurements we consider
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T2K & MINERVA publish results unfolded into truth space Need to apply A, smearing matrix
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Signal definitions

Experiment py cuts 6, cuts p, cuts 0, cuts Comments
TZ/R \ >0.250 GeV/c >-0.6 0.45-1.2 GeV/c >0.4 Only considers highest momentum proton
At least one proton falls in phase space
MBOO 0.1-1.2 GeV/c - 0.3-1 GeV/c - constraint (so possibly more than one proton)
Permits pions with p,<0.07 GeV/c
st nd hi
1.5-10 GeV/c >0.94 0.45-1.2 GeV/c >0.34 Cuts apply to 1 ag‘iozton};‘ghe“ momentum

All Samples are of the CCOT[lp tOpOlOgy (few caveats detailed in table)
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Models and systematic variations

= Baseline model is NEUT SF + Nieves 2p2h + NEUT FSI

= NEUT SF not implemented for Ar yet, so for MicroBooNE we used NuWro SF & FSI for nucleons + 2p2h & RES from
NEUT (called SF* in the plots)

= We look at the impact of Fermi motion by testing NEUT LFG and RFG (+RPA)
= We use NEUT ReWeight tools or regenerate samples to apply variations of systematic effects

= Comparisons made with Nuisance

Effect Variation
Fermi motion NEUT SF(*), LFG, RFG
2p2h +70% increase in 2pZ2h normalization
Nucleon FSI +30% of the proton mean free path (MFP)
Pion Absorption FSI +40% of pion absorption probability
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Results at a glance

= We evaluate the agreement between the models and the measurements
by calculating y? values and subsequent p-values

Measurement Niins |SF/SF*|LFG RFG |More 2p2h|More FSI Less FSI|More 7 abs. Less 7 abs.
T2K dar 8 0.01 |0.00 0.00 0.00 0.00 0.02 0.06 0.02
T2K épr 8 0.08 |0.69 0.00 0.00 0.02 0.07 0.00 0.18
MINERVA dar 12 0.00 |0.00 0.00 0.00 0.00 0.06 0.00 0.00
MINERVA épr 24 0.00 |0.00 0.00 0.00 0.00 0.00 0.00 0.00
MINERVA py 24 0.00 |0.00 0.00 0.00 0.00 0.00 0.00 0.00
MicroBooNE dar 7 0.02 |0.45 0.62 0.07 0.18 0.00 0.02 0.01
MicroBooNE épr 13 0.12 |0.42 0.00 0.33 0.23 0.02 0.13 0.10
MicroBooNE épr low dar 11 0.26 [0.23 0.14 0.37 0.44 0.10 0.28 0.24
MicroBooNE épt mid-low dar | 12 0.07 |0.40 0.19 0.23 0.38 0.00 0.08 0.06
MicroBooNE §pt mid-high darT| 13 0.04 |0.23 0.02 0.16 0.22 0.01 0.05 0.04
MicroBooNE épr high dar 13 0.03 |0.13 0.08 0.12 0.09 0.01 0.04 0.03

Indicates a p-value<0.05
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Results at a glance

= We evaluate the agreement between the models and the measurements
by calculating y? values and subsequent p-values

Measurement Niins |SF/SF*|LFG RFG |More 2p2h|More FSI Less FSI|More 7 abs. Less 7 abs.
T2K dar R 0.01 0.00 000 0.00 0.00 0.02 0.06 0.02
T2K Spr . ] . 0.00 0.18
MINERVA dorr No model/configuration is 000 0.0
MINERvVA §pr . 0.00 0.00
MINERVA py capable of describing all 0.00 0.00
MicroBooNE éda ) 0.02 0.01
MicroBooNE 4| [i@asurements at the same time |03 o
MicroBooNE dp1 0.28 0.24
MicroBooNE épt mid-low dar | 12 0.07 |0.40 0.19 0.23 0.38 0.00 0.08 0.06
MicroBooNE §pt mid-high dar| 13 0.04 |0.23 0.02 0.16 0.22 0.01 0.05 0.04
MicroBooNE épr high dar 13 0.03 |0.13 0.08 0.12 0.09 0.01 0.04 0.03

Indicates a p-value<0.05
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Nuclear target dependence of

nuclear effects:
T2K & MicroBooNE
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Breakdown by interaction channel
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Breakdown by interaction channel
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Breakdown by interaction channel
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Fermi motion
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* RFG model excluded by both measurements (p-value<0.05)
* Tail is higher for MicroBooNE predictions but still insufficient to describe measurement
* LFG & SF similar in the bulk but LFG>SF for T2K and SF>LFG for MicroBooNE

19.09.2024 Wissal Filali, Laura Munteanu, Stephen Dolan - NuFACT 2024 - Argonne National Laboratory 15


https://arxiv.org/abs/2407.10962

10%em?

d’c

Fermi motion

arXiv:2407.10962

HBoONE _

o
o o [e] o
Sar < 45 45° < Sar <90 90° < Sar < 135 135° < Sar < 180°

L 0.22F 024 . 0.25]- . 0-25¢
g oaF- + MicroBooNE 022 + MicroBooNE F + MicroBooNE + MicroBooNE
o) E E " r %02 = F
E 0.181 —— SF*:y2=13.51 0.2 — SF*:x?=19.63 02k SF*:y2=22.81 02 —— SF*:y2=2362
2 E 18 F
3 e —— LFG:y2 = 14.00 2125 — LFG:y?=12.53 r — LFG:y?=16.29 + —— LFG:y? = 18.68
(M 0.14F = r L
" o)/ \ Ve RFG:y2 = 16.06 s\ e RFG:y2 = 16.06 B el Y RFG:y? = 25.32 N N RFG:y2 = 20.78
S 012 r + , :
T 015 : ok + o
5 008 0.08F \ g +N 1 3 F
5 = . LY . — E

0.0 N _ 1 1 0.06F , N _ 1 2 oosE blnS 0051

o4 bins= 004 1 Nbins— : :

002F 0.02f ~ . . F

E D - X E. R b= | o o T P B B A S U I B
O o a0 % 002 03 hd 05 06 o7 e os 001 02 03 04 05 08 07 08 09 %0103 o3 04 o5 hs 07 o5 oo

BpT [GeV/c] SpT [GeVic] SpT [GeV/c] SpT [GeV/c]
| | .
| | Sa
45° 90° 135° T
e SF* performs best at low d ar, LFG otherwise
* None of the models are capable of describing the tail at high da;
* Insufficient FSI strength on Ar or threshold effect?
19.09.2024 Wissal Filali, Laura Munteanu, Stephen Dolan - NuFACT 2024 - Argonne National Laboratory 16


https://arxiv.org/abs/2407.10962

[ 103%%cm?

d’c

arXiv:2407.10962

Fermi motion uB@

Sar <45 45° < Sar < 90° 90° < Sar < 135°
icroBool R —8— MicroBooNE 0‘25; —$— MicroBooNE
S 19.63 0o (e — SFry2=2281
"0T suni IF T“Is 12.53 F : —— LFG:y2 = 16.29

014k

2 0.0

OA\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘-\-\.W'

ls FSI "s FEBMI MnTIo“ h i ...... e

135 < Say < 180°

—$— MicroBooNE
—— SF*y?=23.62
+ —— LFG:x2=18.68

------ RFG:y? = 20.78

7 08 09 o 01 02 03 04 05 06 07 08 09

#escribing the tail at high dar

Insuff1c1ent FSI strength on Ar or threshold effect?

19.09.2024

Wissal Filali, Laura Munteanu, Stephen Dolan - NuFACT 2024 - Argonne National Laboratory

p_ [GeV/c] Sp [GeV/c] SpT [G.eV/c].9
>

oa
90° 135° T

17


https://arxiv.org/abs/2407.10962

2p2h

= 0.9 '_E 45
§ 08 |- _T__ZJiZ\ _+_ 2K ElL 40
© - ES
Q 07k —— SFiy2=13.91 S %
- - w
§ 0o F ‘S 30
-1\ . o
Tj) 0.5 ;— SF,More 2p2h:y2 = 34.36 s
£ 04, = g
T L - £ 20
o 03F ] -
© ok Higher A
A 0.2 0
- . F —
ol 0.1 s
o] 0) -
S o T
0 0.2 0.4 0.6 0.8 1
dp_ [GeVi/c]

arXiv:2407.10962

+ MicroBooNE

—— SF1y2=19.10

OO

0.1 0.2 0.3 0.4 0.5 0.6 O.7I 0.8 - IO.9
SpT [GeV/c]

« T2K disfavors increasing the 2p2h normalization
* MicroBooNE seems to prefer an increase
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* Consistent preference of increase in 2p2h normalization
* More pronounced trend at high da;
* Potential issue with 2p2h A-scaling

19.09.2024 Wissal Filali, Laura Munteanu, Stephen Dolan - NuFACT 2024 - Argonne National Laboratory 19


https://arxiv.org/abs/2407.10962

arXiv:2407.10962

Final State Interactions (on protons)
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« Common effect: increasing FSI decreases the bulk
More protons moved below detection threshold
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Final State Interactions (on protons)
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e MicroBooNE indicates strong preference for increased FSI strength
* Atlow da; we see the effect of moving protons below detection threshold
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Final State Interactions (on protons)  uBooNE_
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Consistent trend to increase FSI on Ar, most pronounced at high da
Is this due to the choice of NuWro vs NEUT FSI?
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NEUT vs NuWro FSI?
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NEUT vs NuWro FSI?
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LFG & RFG from NEUT
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FSI impact on nucleon kinematics
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! ! 1N
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MicroBooNE p,, < 300 MeV p, [GeVic]
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The effect of FSI is to migrate protons below detection threshold
Different shapes of effect, but broadly agree in the above threshold region
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MicroBooNE with NEUT FSI  pBooN2__
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We see a similar effect: NEUT FSI is also insufficient to describe the high
dar region for Ar
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Energy dependence of

nuclear effects:
T2K & MINERVA

*quantitatively, all MINERvVA measurements but one exclude all configurations with
p-values < 0.05. Here, we only give qualitative observations
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Breakdown by interaction channel
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 MINERVA measurement is significantly enhanced in 2p2h and pion absorption
processes
* Only considered measurement to have some sensitivity to pion absorption FSI
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Fermi motion
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Similar trend: SF has lowest p-value, RFG is excluded by both measurements
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Fermi motion ++
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* MINERVA py measurement is more sensitive to transition region between bulk

and tail
* Bestagreement achieved by SF model

Indicates the need for the presence of SRCs(-like) contributions
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2p2h

,I_'_' 0.9 C ‘_l,1_| 6_
o s ToK © N
S b T2t g f
2 - 2 5[ + MINERVA
@ o7p —— SF:y2=13.91 Y} -
I - - - — SF:#2=64.26
C — = —
g %L Higher E, & *
£ 0 S B B T L LD SF,More 2p2h:y2 = 34.36 Q@
S 0%k — O A & 000 e SF,More 2p2h:#2 = 92.50
< = — c
£ 03[ o> 2 Npins=24
2 - N
2 o02f S,
= |
peolZe] - Ol—.
-O O C 1 1 1 1 1 1 U 0 11 | 11 1 11 1 11 1 11 1 1 Ll I Ll l*l Ll I -
0 0.2 0.4 0.6 0.8 1 o 02 04 06 08 1 12 14 16 1.8 2

6pT [GeV/c] ! P, [GeV/c]

MINERvVA measurement is more sensitive to 2p2h
But does not prefer an enhancement of 2p2h (consistent with T2K but not MicroBooNE)
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FSI on protons
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MINERVA ! "#$%&""(prefers more FSI, T2K doesn’t favor a change
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Pion absorption FSI
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Generator comparisons:
Towards DUNE and Hyper-K
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Model configurations

arXiv:2407.10962

= “NEUT SF” - baseline model for T2K and starting point for Hyper-K
sensitivity studies 1#s9e06109 (20241 7,072006"

= “GENIE AR23 20i_ 00 000” - baseline model for DUNE ND-focused
sensitivity studies 1s" «o),- /0312345

= “NEUT LFG” - point of comparison, should be very similar to GENIE
model (different FSI model, no SRCs, different 2p2h model and different nucleon form factors)

Configuration 1plh model 2p2h model| FSI model
NEUT SF Benhar SF Valencia NEUT cascade
NEUT LFG Valencia LFG Valencia NEUT cascade
GENIE AR23_20i_00_000 | Valencia LFG + correlated tail SuSAv2 GENIE hA2018
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Comparison to all measurements
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Measurement Nyins |SF/SF* LFG GENIE
MINERvVA dpr 24 0.00 0.00 0.00 .
MicroBooNE 6pr 13 | 012 042 0.73 But still some work to do
MicroBooNE épt low dar 11 0.26 0.23 0.28
MicroBooNE dpr mid-low dar 12 0.07 0.40 0.41
MicroBooNE dpr mid-high dar| 13 | 0.04 023 0.32 GENIE model has overall best p-values
MicroBooNE épr high dat 13 0.03 0.13 0.18
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Global generator comparisons uBooN2_
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SF overestimates cross section:
needs work on
beyond-PWIA effects
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Global generator comparisons pBooN2 _
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SF overestimates cross section: GENIE model has SRC-like
needs work on contribution, favored by

beyond-PWIA effects measurement
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Global generator comparisons pBooN2 _
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SF overestimates cross section:  GENIE model has SRC-like All 3 FSI models struggle
needs work on contribution, favored by to describe the tail
beyond-PWIA effects measurement
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The future?
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Atomic number
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T2K vs MicroBooNE signal defintion

All numbers are QE only cross sections in 10"# cm®/nucleon

MicroBooNE: p,,>300 MeV

NuWro SF no OP
NuWro SF w OP
NEUT LFG

Argon, MicroBooNE

19.09.2024

w PS cuts

0.356312
0.320672
0.327612

noPScuts  w/noPS cuts Phase space cuts induce a
0376622  0.9460732512 ~5%decrease §-1094 decrease in cross
0.355487  0.9020639292 ~10% decrease . .

0.344701 0.9504237005 ~5% decrease section for MICFOBOONE
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T2K vs MicroBooNE signal defintion

All numbers are QE only cross sections in 10"# cm®/nucleon

MicroBooNE: p,,>300 MeV

w PS cuts no PS cuts w/no PS cuts Phase Space cuts induce a
NuWro SF no OP 0.356312 0.376622 0.9460732512 ~5% decrease 5-100/0 decrease in Cross
Argon, MicroBooNE NuWro SF w OP 0.320672 0.355487 0.9020639292 ~10% decrease SeCtion fOI‘ MiCFOBOONE
NEUT LFG 0.327612 0.344701 0.9504237005 ~5% decrease
T2K: p,>450 MeV
Carbon TZK NEUT SF 0.194257 0298315  0.6511807988 ~35% decrease Before PS cuts, LFG>SF
arbon, NEUT LFG 0.20864 0.284694 0.7328570325 ~27% decrease After PS CutS, SF>LFG
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T2K vs MicroBooNE signal defintion

All numbers are QE only cross sections in 10"# cm®/nucleon

MicroBooNE: p,,>300 MeV

NuWro SF no OP
Argon, MicroBooNE NuWro SF w OP
NEUT LFG
T2K: p,>450 MeV
NEUT SF
Carbon, T2K
NEUT LFG

w PS cuts

0.356312
0.320672
0.327612

0.194257
0.20864

no PS cuts

0.376622
0.355487
0.344701

0.298315
0.284694

w/no PS cuts Phase space cuts induce a
0.9460732512 ~5% decrease  §5-109% decrease in cross

0.9020639292 ~109% decrease . .
09504237005 ~50% decrense SECTION for MicroBooNE

06511807988 ~35% decrease. Before PS cuts, LFG>SF
0.7328570325  ~27% decrease After PS CutS, SF>LFG

1

Size of decrease is ~3-5x larger than for

MicroBooNE
Mainly driven by high proton
momentum threshold
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T2K vs MicroBooNE signal defintion

All numbers are QE only cross sections in 10"# cm®/nucleon

MicroBooNE: p,,>300 MeV

w PS cuts no PS cuts w/no PS cuts
NuWro SF no OP 0.356312 0.376622 0.9460732512
Argon, MicroBooNE NuWro SF w OP 0.320672 0.355487 0.9020639292
NEUT LFG 0.327612 0.344701 0.9504237005

T2K: p,>450 MeV
NEUT SF 0.194257 0.298315 0.6511807988

Carbon, T2K

NEUT LFG 0.20864 0.284694 0.7328570325

T2K with “MicroBooNE" threshold: p,>300 MeV

NEUT SF 0.266142 0.298315 0.8921509143
Carbon T2K PS <300

NEUT LFG 0.265317 0.284694 0.9319374486
19.09.2024 Wissal Filali, Laura Munteanu, Stephen Dolan - NuFACT 2024

Phase space cuts induce a
~5% decrease . 5-109% decrease in cross
~10%d . .

S gection for MicroBooNE

~5% decrease

~350 decrease.  Before PS cuts, LFG>SF
~27% decrease.  After PS cuts, SF>LFG

~10% Similar size of effect to
~7% MicroBooNE
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