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1. Introduction

NCy, as v, appearance background
- all generators estimate NCy from radiative A-decay A>Ny
- cross section is roughly ~0.5% of NC1x° channel

radiative A-decay

generalized Compton scattering

v

a7

N—
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anomaly mediated triangle diagram
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MiniBooNE Collaboration, PRL110(2013)161801 1. Oscillation
2. NOMAD
3. T2K/MINERVA

1 . M'ﬂ'BOONE 4. MicroBooNE

5. MiniBooNE+
6. Conclusion

NCy, as v, appearance background
- all generators estimate NCy from radiative A-decay A>Ny
- cross section is roughly ~0.5% of NC1x° channel

MiniBooNE

- Final oscillation paper estimates NCy is roughly ~20% of NCn°® background in v, candidate sample.
- To explain all excess by NCy, NCy cross section needs to be higher x2 to x3.
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MiniBooNE Collaboration, PRL110(2013)161801

1. MiniBooNE
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1. MiniBooNE

NCy, as v, appearance background
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6. Conclusion

- all generators estimate NCy from
- cross section is roughly ~0.5% of

MiniBooNE

- Final oscillation paper estimates | y/'z: NCy to NCx branching ratio
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T2K Collaboration, PRD88(2012)032002, arXiv:1311.4750 1. Oscillation
2. NOMAD

3. T2K/MINERVA

1. T2K 4. MicroBooNE

5. MiniBooNE+
6. Conclusion

NCy, as v, appearance background
- all generators estimate NCy from radiative A-decay A>Ny
- cross section is roughly ~0.5% of NC1x° channel

MiniBooNE
- Final oscillation paper estimates NCy is roughly ~20% of NCx° background in v, candidate sample.
- To explain all excess by NCy, NCy cross section needs to be higher x2 to x3.

T2K

- With sin?26,,=0.1, oscillation candidate is 17.3 events whereas NC gamma background is ~0.2.

- If NEUT NCy model is modified to explain MiniBooNE excess, background is ~0.6 to ~0.8.

- Therefore, NCy model which can explain MiniBooNE excess at most reduce sin?26,; 2.3 to 3.5%.
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1. Model comparison

Generator comparison

Total NCy cross section on carbon target at 600 MeV muon neutrino (unit 1E-42cm?)

NEUT: ~20
NUANCE: ~25
GENIE:~30

—GENIE (no energy cut)
——GENIE (E,>200 MeV after FSI)

Photon energy cut reduce ~10-20%
cross section.

NUANCE is bit higher cross section
than NEUT due to invariance mass
dependent branching ratio.

GENIE seems to me higher than
others because NCy happen from
all resonance contributions
(including multi pion production
processes)

W Queen Mary

University of London
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1. Model comparison

Generator comparison

1. Oscillation

2. NOMAD

3. T2K/MINERVA
4. MicroBooNE
5. MiniBooNE+
6. Conclusion

Total NCy cross section on carbon target at 600 MeV muon neutrino (unit 1E-42cm?)

NEUT: ~20
NUANCE: ~25
GENIE:~30

Theory comparison

Wang, Alvarez-Ruso, Nieves: 33-44
(error from ANL-BNL pion data)
Zhang, Serot: 37-41

(error from theoretical parameters)
Hill: 44-58

(error from radiative A-decay BR)

The cross section needed to explain
MiniBooNE excess is 60-108.

The cross section needed to change
sin?26,5(T2K)~10% is ~200
(NEUT needs to be wrong ~1000%)

W Queen Mary

University of London
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NOMAD Collaboration, PLB706(2012)268 1. Oscillation
2. NOMAD

3. T2K/MINERVA
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6. Conclusion

Single gamma search

Very simple, but robust analysis. They identified all issues on this measurement.
- single e*-e- pair

- fiducial cut

- W<50 MeV
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6. Conclusion

Single gamma search
Very simple, but robust analysis. They identified all issues on this measurement.
- single e*-e pair

- fiducial cut
- W<50 MeV E1e0 [
PAN=measure of energy asymmetry between E, and Ey gm I -E
- E, = measured gamma energy 5 PAN = NC
- Exc = ECAL energy deposit by neutral particles I E +E
140 - Y NC
PAN is big = less likely to be DIS and more interesting data i -
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100 |
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NOMAD Collaboration, PLB706(2012)268

2. NOMAD

Single gamma search

Very simple, but robust analysis. They identified all issues on this measurement.

- single e*-e pair
- fiducial cut
- W<50 MeV

PAN=measure of energy asymmetry between E, and Ey
- E, = measured gamma energy

- Exc = ECAL energy deposit by neutral particles

Signal box is defined to be PAN>0.9

3 major backgrounds

- NC coherent w° production (Cohpi)

- outside of fiducial volume background (OBG)

- NC-DIS =° production (NC-DIS)

\E‘, " Queen Mary Teppei Katori

University of London

o
S

Number of Events
3

140

120

100

1. Oscillation

2. NOMAD

3. T2K/IMINERVA
4. MicroBooNE
5. MiniBooNE+
6. Conclusion

80

40

+

il

'NC-DIS

OBG

N L

¥y e

g Cohpi

-075 0.5 -025 0

PAN

0. 25 05 075 1



NOMAD Collaboration, PLB706(2012)268

2. NOMAD

Single gamma search

1. Oscillation

2. NOMAD

3. T2K/IMINERVA
4. MicroBooNE
5. MiniBooNE+
6. Conclusion

Very simple, but robust analysis. They identified all issues on this measurement.

- single e*-e pair
- fiducial cut
- W<50 MeV

PAN=measure of energy asymmetry between E, and Ey
- E, = measured gamma energy
- Exc = ECAL energy deposit by neutral particles

Signal box is defined to be PAN>0.9

3 major backgrounds
- NC coherent w° production (Cohpi)
- Cohpi model in MC is tuned to the distribution of measured
2y sample
- outside of fiducial volume background (OBG)
- Data sample outside of fiducial volume is used for
normalization
- NC-DIS =° production (NC-DIS)
- Tune using the region C =E (1-cos6,)>0.5
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NOMAD Collaboration, PLB706(2012)268 1. Oscillation
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Result
- no excess, set limit, xs(NCy/CC) < 4x10-4

- control sample G 4 signal box
° ~ ° -
i (PAN<0.9) 3ol (PAN>0.9)
: I 2 sl
175 35 L
Fo—+
150 or
125 | il
100 N 20 _—
75 -_ ".; 15 :‘
50 |- 0 L
25 -— 5
d 1J I 5I GI 7I 8 g IL 4 5I 6 7 8
Py (GeVic) PAN<0.9 Py (GeVi/c) PAN=0.9
Fig. 3. Comparison of P} between data and MC in PAN < 0.9 region. Fig. 5. Comparison of P} between data and MC in Bax1, PAN 2= 0.9 region.
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NOMAD Collaboration, PLB706(2012)268

2. NOMAD

Result
- no excess, set limit, xs(NCy/CC) < 4x10-4

. Oscillation

. NOMAD

. T2K/MINERVA
. MicroBooNE

. MiniBooNE+

. Conclusion

OO WN =

Lesson
- There will be 2 types of backgrounds, internal and external background

- internal background is dominated by NCx° production with single y final state

- NCx° production rate needs to be constraint from the own data
(In general, NCy cross section is ~0.5% of NCn°, so you need to reject 99% of x° with 10% error, then
NCy would be ~20 significance (assuming no other background)

- external background is y coming from outside of the fiducial volume (also mostly zt° origin)
- External background needs to be tuned from the own data
- 3mx3mx4m is not big enough to suppressed external background
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T2K Collaboration, NIMA659(2011)106, PRD87(2013)092003

3. T2K FGD1

Fine Grained Detector (FGD1) UR1 MagnetYoke
- The main vertex detector of ND280

- extruded scintillator+WLS fiber X-Y tracker
- v,CC inclusive cross section analysis

- 2.3%x2.4x0.4m3

- 1.75x1.75x0.33m3 fiducial volume (1.1 ton) : BcAL

Oscillation
NOMAD

. T2K/MINERVA
MicroBooNE
MiniBooNE+
Conclusion

S

Barrel ECAL

u+X candidate in FGD1

Scintillator
f; o
o
Scintillator ‘

2.4m

FGD2
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T2K Collaboration, NIMA659(2011)106, PRD87(2013)092003

3. T2K

Fine Grained Detector (FGD1)

- The main vertex detector of ND280

- extruded scintillator+WLS fiber X-Y tracker
- v,CC inclusive cross section analysis

- 2.3x2.4x0.4m3

- 1.75x1.75x0.33m3 fiducial volume (1.1 ton)

Argon gas TPC
- Capable to track charged particles
- 0.2T magnetic field

|
Ve CCnonQE candi datgrl/

‘a_,__" Queen Mary

University of London

Teppei Katori

1. Oscillation
2. NOMAD
3. T2K/MINERVA

4. MicroBooNE
FGD1 5. MiniBooNE+

6. Conclusion
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T2K Collaboration, NIMA659(2011)106, PRD87(2013)092003

3. T2K

Gamma selection

- Background control sample for v,.CCQE measurement

1. Oscillation

2. NOMAD

3. T2K/MINERVA
4. MicroBooNE
5. MiniBooNE+
6. Conclusion

- e* and e tracks are reconstructed, invariant mass is reconstructed

- >95% purity gamma sample!
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T2K Collaboration, NIMA659(2011)106, PRD87(2013)092003 1. Oscillation
2. NOMAD
3. T2K/MINERVA

3. T2K 4. MicroBooNE

5. MiniBooNE+
6. Conclusion

Gamma selection

- Background control sample for v,.CCQE measurement

- e* and e tracks are reconstructed, invariant mass is reconstructed
- >95% purity gamma sample!

...however, majority may be
- NC1x° with one gamma missing (asymmetry decay, detector efficiency)
- from outside of FGD1 (n° production outside of FGD1)

Internal background
- performance of ® measurement by FGD-TPC is unknown
- angular distribution of gamma may help to reduce internal background, but small acceptance

External background
- smaller fiducial volume is a disadvantage
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MINERVA Collaboration, PRL111(2013)022501;022502 1. Oscillation
2. NOMAD

4 MicroBooNE
3. MINERVA
5. MiniBooNE+
6. Conclusion

MINERVA
- The main vertex detector is extruded scintillator+WLS fiber U-V tracker

- no magnetic field
- Fiducial volume is (5.57 ton)

] Elevation View
| b
Side HCAL u
/
Side ECAL e
T 1§18 —— -B 1) ‘6
= 1 g) 6 vV-beam o -B E
E o o o ‘5 s a o
9|5 < T h 58 | 2% Qg
11k -3 Active Tracker FE| BE S:| 5%
E = Ly Region G 6 5 T o ¥
2 2]\ 5 0 38| =3 Zn
212 Liquid o g 8.3 tons total 29 o 0 <
© ; ST i O o
) Helium Z 3
z 15 tons | 30 tons 5 s
Side ECAL 0.6 tons
Side HCAL 116 tons
— A J
T < 5m 2 M —>
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MINERVA Collaboration, PRL111(2013)022501;022502 1. Oscillation
2. NOMAD

4 MicroBooNE
3. MINERVA
5. MiniBooNE+
6. Conclusion

MINERVA

- The main vertex detector is extruded scintillator+WLS fiber U-V tracker
- no magnetic field

- Fiducial volume is (5.57 ton)

Internal background
- reconstruction efficiency of gamma is not high (no magnetic field)
- t° measurement performance is unknown

External background

- although fiducial volume is bigger than T2K, beam energy is also higher, so external
background is still a lot
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1. Oscillation
2. NOMAD
3. T2K/MINERVA

Neutrino working group snowmass report, arXiv:1310.4340

4. MicroBooNE

Future neutrino cross section measurement experiments
argon target vs carbon target vs TBD

Experiment Physics! v Source Energy (GeV) Target Detector® Host Status

—> MiniBooNE [193] MedE = DIF 0.4-2 CH, Ch/calo Fermilab  Current
—> T2K [194] MedE = DIF 0.3-2 CH Scitrk / J-PARC  Current

TPC/calo

—> MINERvA [195] MedE = DIF 1-20 many” Scitrk /calo Fermilab  Current
—> MINOS [196] MedE « DIF 1-20 CH Scitrk Fermilab  Current
————> ArgoNeuT [197] MedE = DIF 1-10 Ar TPC Fermilab  Current
—> NOvA NDOS [198] | MedE = DIF 1 CH, Scitrk Fermilab  Current
—> NOvA near [108] MedE ~ DIF 1.5-2.5 CHs Scitrk Fermilab In constr.
é MicroBooNE [199] | MedE = DIF 0.2-2 Ar TPC Fermilab In constr.
——> LArIAT [200] MedE N/A? 0.2-2 Ar TPC Fermilab In constr.
——> MINERvA [201] MedE, PDFs = DIF 1-10 HD Scitrk/calo Fermilab Proposed
—3> nuSTORM [192] MedE, v xs = DIF 0.5-3.5 TBD TBD Fermilab Proposed
——> SciNOvA [202] MedE = DIF 1.5-2.5 CH Scitrk Fermilab Proposed
———> MiniBooNE+ [203] | MedE = DIF 0.3-0.5 CH, Ch/calo Fermilab Proposed
—> CAPTAIN [204] MedE « DIF 1-10 Ar TPC Fermilab Proposed
—> LBNE near [87] MedE = DIF 0.5-5 TBD TBD Fermilab Proposed
—> CAPTAIN [204] LowE = DAR 0.01-0.05 Ar TPC ORNL  Proposed
—> (scSNS [205] LowE = DAR 0.01-0.05 CH, Ch/calo ORNL  Proposed
& ——> [wDAR [111] LowE SLi DAR 0.002-0.05 TBD TBD TBD Proposed
\EZEQ—‘:.” 'QH@ CENNS [206] v A coh. = DAR 0.01-0.05 Ar Calo Fermilab Proposed
—Univergit  CSI [207] vA coh. = DAR 0.01-0.05 TBD TBD ORNL  Proposed

4. MicroBooNE
5. MiniBooNE+
6. Conclusion

Table 6: Current and proposed experiments for v cross section measurements or related studies. The upper (lower)

part of table summarizes the intermediate- (low-) energy regime.
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6. Conclusion

Liquid Argon Time Projection Chamber (LArTPC)

- MicroBooNE exists! (under installation)

- Modern bubble chamber, amazing resolution

- 2.3x2.6x10.4m3 (86 ton TPC volume), fiducial volume may be smaller than that

ArgoNeuT v_,CC candidate event
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6. Conclusion

Liquid Argon Time Projection Chamber (LArTPC)

- MicroBooNE exists! (under installation)

- Modern bubble chamber, amazing resolution

- 2.3x2.6x10.4m3 (86 ton TPC volume), fiducial volume may be smaller than that

Internal background

- ® measurement performance is unknown but probably really good. This constrains most
of internal backgrounds. There might be some uncertainty photo-nuclear absorption on Ar?
- It is not clear how “high resolution” helps to reduce internal background. Both NCxn° and
NCy reactions have coherent and incoherent, so vertex activity may not help to reject
backgrounds (Is there any parameters we overlook?)

- angular distribution measurement is tough due to small acceptance.

External background
- fiducial volume is small, external background will be a lot
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5. MiniBooNE+
N
MiniBooNE with neutron tagging N -~
- MiniBooNE+PPO (scintillator), total cost ~$75k f\‘ el \j
— A

6. Conclusion
- delayed (t~186us) neutron capture is observed ™
n+p->d+y(2.2MeV)

- Now, MiniBooNE can effectively separate NCy from v,.CCQE

v,CCQE interaction NCx° production NCy production
(neutron rate <10%) (neutron rate ~50%) (neutron rate ~50%)
Ve e Vu VpVp Vu

|
| WE 70 : SR 70 : B
n /\ p _— A,N \ / A’ N ~——
12C X12C XlQC X
(a) v.CCQE (b) v, NCx" (c) vuNCr
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5. MiniBooNE+

MiniBooNE with neutron tagging :‘ \
- MiniBooNE+PPO (scintillator), total cost ~$75k /' j
- delayed (t~186us) neutron capture is observed

n+p->d+y(2.2MeV)

- Now, MiniBooNE can effectively separate NCy from v,.CCQE
- 12N, 5. de-excitation measurement provide flux normalization

12Ny . = 12C + v, + €* (16.3 MeV end point)
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N\ 6. Conclusion

MiniBooNE with neutron tagging A \‘3,'1.__ S

- MiniBooNE+PPO (scintillator), total cost ~$75k [/ T~ "0” 7{ }

- delayed (t~186us) neutron capture is observed == 7

n+p->d+y(2.2MeV)

- Now, MiniBooNE can effectively separate NCy from v,.CCQE

- 12N, 5. de-excitation measurement provide flux normalization

Internal background

- MiniBooNE already shows ~5% relative measurement of NC1x°, say NCy:NCx°:~1:5 in

data sample, then >30 NCy signal is possible

- I don’t know how much scintillation helps to separate NCy from NCr®

- flux normalization

External background

- large volume (12m diameter sphere)is really good to suppress external background
‘e:_—nl Queen Mary Teppei Katori 12/12/2013 39
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6. Conclusions

Experimental performance summary

.
-

NOMAD HE, big
T2K 27?7 LE, small

MINERVA
| MicroBooNE LE, small start 2014

ll MiniBooNE+ neutron tagging

NCy measurement is challenging for every experiments

Thank y6'u for your attentlon' £
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