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The NuMI flux at ICARUS
— Flavor, energy, and run mode
— The impact of being 5.75° off-axis
— Understanding uncertainties

— Recent updates

Cross Sections
— Physics potential

— Progress towards a first result

Exotic Signals

— BSM model sensitivity

— Results of a first-pass di-muon search
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The NuMI Flux at ICARUS
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Very high flux below E, of 0.5 GeV
Significant flux for 0.5<E,< 3.5

FHC: Forward horn Current / v dominated
RHC: Reverse horn Current / v dominated
Large wrong sign contamination
Contamination stronger in RHC, esp. v.

ve flux is large enough for relatively high
statistics measurements

— 2 orders of magnitude less than v, flux
— Much wider peak structure

Corrections and error band from PPFX
— Hadron production data for p-C
— Propagate large uncertainties otherwise



Understanding the flux at 5.75°
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Understanding the flux at 5.75°
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Color scale: position of decay to v
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Understanding the flux at 5.75°
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NuMI Simulation
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Flux Updates
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1129-PUB.pdf

Flux Uncertainties: Contributions
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Flux Uncertainties: Contributions
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Flux Uncertainties:

Correlations
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Cross Section Opportunities
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e Cross Section Measurements for DUNE

—  Similar measurements

e Flux covers lower half of DUNE energy range

e Same nucleus - argon

e Same detector technology - LArTPC

—  Similar models

e Current DUNE GENIE version
e Current DUNE uncertainty model

— Goal: inform DUNE x-sec uncertainty model

e Processes that elucidate the hadronic system

e Production and reinteraction of pions

 Differences between veand v,, and v and v processes

e Develop uncertainties for unbiased analyses and to cover data

Daniel Cherdack | ICARUS | ICHEP 2024 |
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vu+n —-ut+p

Courtesy Stephen Dolan

Transverse Kinematic Imbalance (TKI)

— Define transverse plane as L to v dir. e P1 = -P1w

— Project p, on to transverse plane: pr,

E r Pr ,‘ ------------ /;I
- FOI' a target IlllClCOIl at rest pr = _pTH No nuclear Effects /
e Understanding the hadronic system
— Initial py adds momentum to the FS ” .
— FSI slows and redirects the primary p e e

— FSI can alter the event topology

e Odr is sensitive to pr,direction

e Oor is sensitive to pr, magnitude Spr Al /
pr’

O = arccos —; : . "
propT 1

~Pr - 0P

e Opr is sensitive to pr, both

e Measuring all 3 helps break degeneracies
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Selecting a 1uNp Sample
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BSM Measurement Capabilities
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e Avariety of BSM Physics models predict
observable signal in [CARUS
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Summary and Conclusions HOUSTON

e ICARUS sits 5.75° off-axis of the NuMI Beam.

e NuMI neutrinos provide a unique opportunity to study and constrain v-Ar
interaction cross sections important for DUNE.

e The high off-axis angle also provides sensitivity to a variety of BSM model
predictions.

e The NuMI beam and it’s uncertainties have been well studied at 5.75°.

e ICARUS has collected 3.86x10* POT in FHC (current analyses) and 3.42x10%
POT (recent runs) in RHC modes.

e An initial di-muon-based search for BSM physics has been completed.
e A first pass measurement of TKI in CCv, NpOm interactions is near completion.

e Many more measurements are underway along with a robust program aimed at
improved reconstruction, calibration, and systematic uncertainty development.
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The NuMI Flux at ICARUS
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Flux Updates - GEANTA4 Version
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Selecting a 1uNp Sample
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Signal phase space requirements:

- Charged current v,
- Exactly 1true p with

- P, > 226 MeV

- Any number of nucleons
- A ‘leading’ (post FSI) proton with

- pp > 400 MeV
- pp < 1000 MeV

- No (post FSI) mesons
- No FS photons > 10 MeV
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Backgrounds and Systematics

UNIVERSITY OF

HOUSTON

e Detector Systematics

Track ¢ (degree)

Daniel Cherdack | ICARUS | ICHEP 2024 |

Front induction plane gain and noise

Front induction plane signal shape
Middle induction plane shape
Space-charge effects

Diffusion model parameter variations

Calibration

Particle reinteractions

0.05

0.04

0.03

0.02

0.01

Relative uncertainty on dE/dX

00 120 140
dE/dX (MeV/em)

Table 1: List of GENIE dials used in the analys

Dial name Short description Central valne Fler la
ZExpATCCOE AT parameter ol Z-expansion descnption of the axal-vector lorm metor on COOE 2.0 147 I
ZExpA2CCQE A2 parameter of Z-expansion deseription of the axialvector form factor on COQE 0.6 67% (it
ZExpAICCOE Ad parameter of Zrexpansion description of the axial-vector form factor on COQE -3.8 100% 100G
ZExpA4CCQE Ad parameter of Z-expansion deseription of the axial-vector form factor on COQE 2.3 5% 5%
RPACCQE RPA suppression is turned on (off) for dial=0 (1), Dials ouside [0, 1] i allowed.

ContlombCCOQE The strength of the electromagnetic potential for the Coulsmb corrections on COQE 1 0% 0%,
VecFFOCQEshape dial=1 for the reweight from BBBADT to dipole.

NormCCMEC Normahzation of CC-MEC 1 G G
NormNCMEC Normalization of NC-MEC 1 509 0%
DecayAnghEC dial=1 gives an alternative distribution proportional to cos 84

MaCCRES Axial-vector mass of the dipole form factor on CCRes 1ORE0G2 B 07
AMVCCRES Veetor mass of the dipole form factor on OCRes {1840 104 10%
AMaNCRES Azxial-vector mass of the dipole fonn factor on NCRes 1088062 b 1o b
MvNCRES Veetor mass of the dipole form factor on NCRes 11840 10%% 10%,
RDecBR Lgamima Seale factor for the branching fraction of X 4 4 1 0% 09
RDecBRleta Seale factor for the branching fraction of X 4 5 1 50% 0%
Theta_Delta2Npi dial=1 for the reweight from isotropic to RS prediction for the 7 angular distribution from A < N 4 7

ThetaDelta2NRad dinl=1 for the reweight from isotropic to cos 8% for the ~ angular distribution from A < V4~

NonRESBGvpNClp Seale factor for the non-resonance backgronnd level (W < 2 Ge of v-p NC % 17 1
NonRESBGYpNC2p1 Seale factor for the non-resonance backgronnd level (W < 2 GeV of p-p NC & 27 1
NonRESBGypNClp Seale factor for the non-resonance backgronnd level (W< 2 of vp NC % 17 1
NonRESBGYpNC2p1 Seale factor for the non-resonance backgronnd level (W< 2 of p-p NC & 27 1
NonRESBCGwynNC1p1 Seale factor for the non-resonance background level (W = 2 of r-n NO & 17 1
NonRESBGwnNC2p Seale factor for the non-resonance backgronnd level (W < 2 of v=n NU & 27 1
NonRESBCGwynNC1p1 Seale factor for the non-resonance background level (W = 2 of r-n NO & 17 1
NonRESBGwnNC2p Seale factor for the non-resonance backgronnd level (W < 2 of v=n NU & 27 1
NonRESBGvbarpNClpi  Seale factor for the non-resonance background level (W = 2 GeV of -p NO & 17 1
NonRESBGvhbarpNC2pi - Seale factor for the non-resonance background level (W5 = 2 (Ge of f-p NU & 27 1
NonRESBGvharpNClpt  Scale factor for the non-resonance background level (W5 < 2 Ge }oof -p NC & 17 1
NonRESBGvbarpMNC2pi Seale factor for the non-resonance background level (W = 2 of f-p NO & 27 1
NonRESBGvharnNClpt  Scale factor for the non-resonance background level (W7 < 2 }of fen NO & 17 1
NonRESBGvbarnNC2pi Seale factor for the non-resonance background level (W5 = 2 Yy of F-n NC 4 2r 1
NonRESBGvharnNClpt  Scale factor for the non-resonance background level (W7 < 2 of -.n NU & 17 1
NonRESBGvbarnNC2pi  Seale factor for the non-resonance background level (W5 < 2 fet) of P-n NC + 27 1

ALtEBY Ay Mgher twist parameter Tn BY model scaling £y 11.558

BhiBY By higher twist parameter in BY model sealing £g 01.305

CVIaBY Crin 1 valence GRVOE PDF correction parameter in BY model 01,201

CV2uBY 'y, wovalence GRVOE PDF correction parameter in BY model {11849

NormCOCOH Normalzation of CC-COH 1

NormNCCOH Normalization of MC-COH 1 W00%  100%
MFP _pi Seale factor for the mean free path in the FSI of 7 1 7 T
FriEx_pi Seale factor for the fraction of charge-exchange fate in the FSI of 7 1 0% 0%
Frinel_pi Seale factor for the fraction of inelastic scattered fate in the FSI of = 1 0% 0%
FriAbs_p Seale factor for the fraction of absorption fate in the FSIof 7 1 3% 0%
FrPiProd_pi Seale factor for the fraction of plon production fate in the FS1 of = 1 W WY
MFP_N Seale factor for the mean free path in the FSI of nueleon 1 W W%
FrCEx N Seale factor for the fraction of charge-exchange fate in the FSI of nuclson 1 0% 0%
Frinel N Seale factor for the fraction of inelastic scattered fate in the FSI of nucleon 1 0% 0%
Fribs_N Seale factor for the fraction of absorption fate in the FSI of macleon 1 0% 0%,
FrPiProd N Seale factor for the fraction of plon production fate in the FS1 of oucleon 1 W WY
AMaNCEL Axial-vector mass of the dipole Tormn Tactor on NUEL [ Pl Pl
EtaNCEL Strange axial-vector mass of the dipole form factor on NCEL 0.12 0% 0%
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