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Neutrino Oscillation & Cross Sections

* Neutrino oscillation experiments measure parameters
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quasielastic-like cross section
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nuclear effects: Final State Interactions (FSI)
Charge Exchange ®

Elastic
Scattering
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Absorption
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Pion Production
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nuclear effects
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Nuclear effects change QE-like cross section

 Final State Interactions
- change proton momentum/angle

— pion absorption feed-in from non-QE-like to QE-like cross section
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E =6GeV: NuMI Flux

Neutrino Flux
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Event Display
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Measurement of A-scaling
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What v oscillatio
cares about
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function of muon and proton kinematics

« Can measure outgoing muon

- Not very susceptible to FSI
 Can measure outgoing proton

e Measure both at the same time for additional information

- Transverse Kinematic Imbalance (TKI)

— Phys. Rev. C 94 (2016) 1, 015503
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function of muon and proton
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Pn definition

Momentum Distributions
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Many nuclear processes are addressed

 Proton P loss — a, Opy,
e Proton deflection — @;, Opy,
e Pion absorption — O, p,

e Fermi momentum -
OpPr; OPrw 6pTy’ Pn

 Binding energy — Opy,
° 2P2h — P, Pn

Transverse
Plane
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TKI in the Wild

x10°72 _ GIBUU 2p2h weight e (T+1)

- —e— MINERVA
= L e GIBUU T=0 %N, : 18.0/12 T

(@] : —1.,2 .

S 20k — GBUUT=12N, : 15.9/12 i _ _

S ——T2K < Minerva— MinervalE

3 r = S T

£ | e GiBUU T=0 y?/N, : 19.2/8 = T2K LE g‘;”;“’a ME

ol [ — GIBUU T=1x2IN__: 34.4/8 & 2r

s + om0 A - —— T2K SK (no osc.)
g ’ _&J —— Nova (no osc.)
Y o —— DUNE (no osc.)

5 100 ¥ £

~— | e S 1+

'_

g | + - o

) It__— ................... o)

3 <

0 1 1 ' 1 I L 1 '} '} I L 1 1 '} l L 1 0
0 50 100 150 0

da.. (degrees) E, (GeV)

T2K: Phys. Rev. D 98, 032003 (2018)
Phys. Rev. Lett. 121, 022504 (2018)

W&C, 2023-03-24 Jeffrey Kleykamp (U. of Mississippi/Rochester) 19/64



TKI in the Wild
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Analysis
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MINERVA Tune v1.0.1

e Base model Genie 2.8.4

e Tuned based on MINERvVA’s
Low Energy dataset

« Random Phase
Approximation (RPA)
suppression at low Q2

dzcs/dedpII (x10°*° cm?/GeV?2/c?/Nucleon)

* Increased Valencia 2p2h

e Aka MnvGenie

W&C, 2023-03-24
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Quasielastic-like Signal Definition

* Muon
- angle w.r.t. beam < 17 deg

- momentum between 2-20 GeV/c

e Proton

- angle w.r.t. beam < 70 deg

- momentum between 500-1100 MeV/c

* No mesons (pions)

* Any number of nucleons
 No heavy baryons

 No photons above 10 MeV
« Aka CCOm1P

W&C, 2023-03-24
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Important Cuts
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Additional Considerations

« Want high momentum resolution protons
— Reconstruct proton momentum by range

- Reject protons which leave detector or with inelastic fate
e Also want muons which are reconstructed well inside MINOS

* Reject events from most-upstream target because of too many
front-entering rock muons

Main Plan View Bunch of Rock
Injector MINERVA
Accelerator
Extraction
Access¥Tunnel

agnet
/ magnets Target Hall Evacuated Decay Volume

o185, ‘ ] ~v beam
tar f Hadron Absorber j‘_ﬁ_\Q\\ Near Detector Hall
ge

focusing horns Muon Alcoves
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Cross Section Calculation

* Measuring cross section makes the measurement detector
independent

- Removes detector effects like resolution and efficiency effects

* Easier comparison to theory and generators

back d
do Zj Uij(ijeasu'red _ \backgroun )

J
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Event Rates Nmeasured
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Sideband Tunin
d_O' B Zj Uij(ijeasured ijackground)]
dXi 6(TP;)AX,

* Don’t rely on generator model

- Instead tune based on real data by created “‘sidebands”

* Two types of backgrounds . ,. "% o
. . L% [C 3.94e+20 POT = mar:er Target
— Scintillator near targets z 2 I P Garbon
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Sideband Tunin
d_O' B Zj Uij(ijeasured ijackground)]
dXi 6(TP;)AX,

* Don’t rely on generator model

- Instead tune based on real data by created “‘sidebands”

 Two types of backgrounds . ,. % .. omim o
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Sideband Tunin
d_O' B Zj Uij(ijea,sured le?ackground)]
dXi 6(TP;)AX,

* Don’t rely on generator model

- Instead tune based on real data by created “‘sidebands”

* Tune each TKI variable separately
Sideband 1 « Model doesn't always model variable well
Has Michel electron  Cross check final results
Rich in single pion events * Regularized fit
Signal Region Sideband 2
No michel electron 2+ isolated energy clusters
0-1 isolated energy clusters Rich in other backgrounds
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0a., Before Tuning
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0a,, After Tuning

Single Michel Sideband
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Unfolding/deconvolution, and Efficiency
ir |, U~ )

J
dXi a(TP)AX;
e Calculated per nuclear target o |
— On 4 lead targets, then add together | | i 33
» D'Agostini unfolding technique & v
- Number of iterations chosen per 1 E i i R =
variable/target based on study - o o
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N nucleons, Flux, and Bin Width
do Zj Uij(N]measured o Nl’)ackground)

dXi €; (LT(I)Z-)AXJ

 Flux simulated

- ex-situ and in-situ constraints
e Phys. Rev. D 100, 092001 (2019)

« T = N nucleons from target masses

- < 1% uncertainty
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Lead 6ch Cross Section
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Taking Ratios

* Ratio of cross section cancels out many shared systematic
uncertainties
- Flux uncertainty
— Muon and proton reconstruction uncertainty

— Shared model uncertainties

e But it’s not that simple
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Nuclear Target Fluxes
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Correcting CH Flux for Nuclear Targets
« Split the high-statistics CH region

into smaller pieces
o Extract cross section for each \ '
piece _
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Correcting CH Flux for Nuclear Targets

« Split the high-statistics CH region
into smaller pieces

 Extract cross section for each
piece

* Add together cross section pieces
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Correcting CH Flux for Nuclear Targets

« Split the high-statistics CH region
into smaller pieces

 Extract cross section for each
piece

* Add together cross section pieces

* Add regularization to retain statistics

"eeOOD
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60(T Ratio to CH
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Results
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Reminder

 There are 3 muon, 3 proton, and 7 TKI cross sections
across 5 nuclear targets

— Over 200 approved plots

* Look forward to results in print
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¢T , scaled by N

dc/d¢T / do/d

A-scaling of Proton Deflection
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n

¢T , scaled by N

dc/d¢T / do/d

A-scaling of Proton Deflection
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n

¢T , scaled by N

dc/d¢T / do/d

A-scaling of Proton Deflection
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A-scaling of Proton Momentum Loss
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How does proton affect cross section?

C P Downshift
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= : L — -
S signal region P Downshift
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500 MeV 1.1 Gev  Proton P

Tt absorption

Non-QE-like cross section.
le cross section with 1t final state.
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Proton Momentum
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Proton Angle with Respect to Beam
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Generators Introduction
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/ no | 3
b _ GiBUU
¢ The Giessen Boltzmann-Uehling-Uhlenbeck Project
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Generator Comparison: 0a.. in Lead
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Geniev3 Predictions
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Comparison to NuWro
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Summary so far

 So many variables and

Cross sections Measure of Proton Deflection

. Z= 3.5 —+} Dpata MnvGenie
- Many generator comparisons 3’* - —— GENIEv3G18_01a -~ GENIEV3 G18_01b
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o L }) -
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Complementary Analysis — |l-only Analysis
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Conclusion

* 1st Jook at nucleus-by-nucleus proton behavior in ME beam

— Proton elastic deflection or pion feed-in

- Forward-going subset +
:
* Generator envelope covers 3 D GEE

iables. b - BB
most varlables, but No one . gy eya el o s A R T
. Sr|| Y Zr || Nb|[Mo|| Tc Rh Pd || Ag |[Cd || In o LlSb (| Te || T [[Xe
L] ()
generator gets it right 3 HIFNA R R E AR R EE E G
r || Ra || Ac|*| Rf ||Db|[Sg || Bh || Hs |[Mt|| Ds [|Rg || Cn || Nh || FI ||Mc]|| Lv || Ts || Og
L] L]

* Very rich dataset sharing same (&) e e ] & ] [#] 2] 38] (2]

[R5 ) ] ) 2 ] e )

. Th || Pa || U ||Np||Pu|[Am]||Cm|| Bk || Cf || Es || Fm ||Md || No || Lr

detector and flux, canceling

out systematic uncertainties

- Look forward to results in print
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Thank You!




Backup
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TKI Reminder

Transverse
Plane
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Additional Information
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Consistency between CH and C
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Consistency between CH and C
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Sideband Tuning Consistency

* Genie 2.12 modeling of TKI
variables is not always the
best
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 Could lead to different total
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e Check that the total cross
section is same within error
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— Here inner error bar is stat
error, outer error bar is total
sideband tuning error
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Sideband Tuning Consistency

* Genie 2.12 modeling of TKI
variables is not always the
best

* Tuning per TKI variable

 Could lead to different total
Cross section

e Check that the total cross
section is same within error
— Here inner error bar is stat

error, outer error bar is total
sideband tuning error
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Figure 5.13: A comparison of the data and simulation of v, + CH — pu~ +7° + X
cross section (left). The ratio used for tuning (right). Left plot is reproduced from

Ref. [83].
W&C, 2023-03-24

% 0204 0608 1 12 14 16 18 2
Q? (GeV?)

Jeffrey Kleykamp (U. of Mississippi/Rochester)

n0 tuning explanation

N o

o
IIIIIIIIIIIIT]‘IIIII

do/dQ? (10 cm?/nucleon/Gey?)

0.5

T T
o +

|

|

|

ﬁH

111

|

1

|

|

- 11[111
0 020

4 06 08 1 12 14 16 18 2

Q? (GeV?)

87/64



Correcting CH Flux for Nuclear Targets

Parameters
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Interaction Types vs Observable Signals
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Interaction Types vs Observable Signals
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Elastic Example
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Inelastic Example
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Rock Muons

NuMI Bunch of Rock
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Unfolding/deconvolution

measured background
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Unfolding Matrix U,
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W&C, 2023-03-24

Background Subtracted
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Eff corrected
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Why are neutrinos mterestmg

 No charge or color charge
- No electromagnetic or strong interactions
- weak force only — “Ghost particles”’
- understand weak force

* Neutrinos are everywhere

- Passing through you right now

* Neutrinos play roles in supernovae
and right after the big bang

W&C, 2023-03-24 Jeffrey Kleykamp (U. of Mississippi/Rochester) 100/64



Neutrino Oscillations

When neutrinos travel, they
change neutrino flavors

— Vy ™ V¢

Not predicted by the SM

= The expected number of events without neutrino oscillation
\ Cosmic ray mmmm The expected number of events with neutrino oscillation
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(cm*/GeV/c/nucleon)

Tx

do/ddp

dptx asymmetry — not seen

 Wider binning, dptx sideband tuning reduces pi background
effects, higher P energy threshold (450 MeV — 500 MeV)

Phys. Rev. D 101,

092001 (2020)
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Additional Comparisons
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Proton Momentum (GeV)

Jeffrey Kleykamp (U. of Mississippi/Rochester)

x/ndf

11.34/5 = 2.27
12.64/5 = 2.53
62.77/5 = 12.56
17.42/5 = 3.48
97.43/5 = 19.49
34.04/5 = 6.81
13.49/5 = 2.7
82.27/5 =16.45
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x/ndf
22.1/10=2.2

21.5/10=2.1
60.7/10=6.1
24.1/10=2.4
68.3/10=6.8
18.4/10=1.8
35.7/10=3.6
26.4/10=2.6
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Geniev3 Predictions
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What else can we learn?
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Muon PT
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Lead Muon P.
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2.5

Muon P; (GeV)

Jeffrey Kleykamp (U. of Mississippi/Rochester)

Model

MnvGenie
GENIEvV3 G18 Ola
GENIEV3 G18 01b
GENIEV3 G18 10a
GENIEvV3 G18 10b
NuWro LFG
NuWro SF

GIBUU TO

x/ndf
45.1/10=4.5
65.5/10=6.6
166.7/10=16.7
43.4/10=4.3
105.9/10=10.6
82.7/10=8.3
96/10=9.6
53/10=5.3

Keep in mind that we’re measuring
the subset of muons with a
proton in the final state.
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