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Figure 2.12: Energy of secondary de-excitation gamma-ray versus kinetic energy of the incident
proton (left) and neutron (right) in the GEANT detector simulation assuming the T2K beam ⌫

µ

flux. Each dot corresponds to a single gamma-ray. The dotted vertical line in the right panel
indicates the boundary of the energy ranges covered by two di↵erent simulators. It can be seen
that the absolute yield and kinematics of de-excitation gamma-rays are treated di↵erently between
the two simulators.
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Tokai, Ibaraki Kamioka Observatory
295 km

J-PARC Super-K
far detector

T2K is a long baseline neutrino oscillation experiment

• electron neutrino appearance
• muon neutrino disappearance
• neutrino cross section measurements
• sterile neutrino searches

⌫

near detector

• CP violation…
• neutrino mass hierarchy…
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Tokai, Ibaraki Kamioka Observatory
295 km

J-PARC Super-K
far detector

T2K is a long baseline neutrino oscillation experiment

�

… can be used to produce and then detect DM

near detector

Propose to detect accelerator-produced sub-GeV (light) dark matter in Super-K
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neutrino elastic scattering analysis [19] with
O(105) events and a measured energy spec-
trum, which provides the natural background
for any dark matter beam search. We use an
estimate for the total POT prior to the 2012
shutdown for the NOvA upgrade.

The simulation of the dark matter beam used a
re-weighting technique, first determining the dark
matter trajectories that intersect the detector, and
subsequently weighting them according to the pro-
duction distributions discussed earlier in Sec. 2. We
will describe these two steps in more detail below,
starting with the generation of the dark matter tra-
jectories.

For direct production at either T2K or MINOS,
the V ’s were generated over an array of kinemat-
ically allowed momenta, and each V was decayed
isotropically into a random pair of �’s in the V ’s
center of mass frame. The lifetime of the V is short
enough for the parameter space considered that it
will decay before escaping the target, and so the
propagation of the V through the target is ignored
in the simulation. The trajectories of each of the �
particles are then checked to determine if they pass
through the fiducial volume of the corresponding
near detector. These trajectories are recorded along
with the energy of the �. The treatment of indirect
production at T2K, MINOS and MiniBooNE was
similar (see [12]), but required the extra initial step
of first generating kinematically allowed meson tra-
jectories, with each then decayed isotropically into
a V and a � in the meson rest frame. The newly
produced V is then treated in the same manner as
in the direct production simulation.

With the trajectories in hand, for each point in pa-
rameter space the expected number of events could
be determined by weighting them according to the
production distribution f(✓, p), the scattering cross
section �e↵

N�(E), and the distance R which � propa-
gates through the detector. There is also an overall
measure factor: � = �p�✓��/(2⇡) for indirect pro-
duction, or � = �p for direct production, where the
� quantities refer to the step sizes used in the sim-
ulation for � or V production. Note that the dis-
tance R travelled through the MINOS near detector
and ND280 will almost always equal the length of
the detector Ldet shown in Table I. For INGRID,

it will occasionally be twice the listed number if it
passes through the center of the detector, where two
of the detector’s modules overlap. MiniBooNE uses
a spherical detector, and so R can vary significantly
in this case.

The final expression for the expected number of
elastic nucleon dark matter scattering events is given
by

NN�!N� = nN ⇥ ✏e↵ (25)

⇥
X

prod.
chans.

0

@N�

X

trajec. i

Ri�
e↵
N�(Ei)f(✓i, pi)�i

1

A ,

where nN is the nucleon density in the detector,
while ✏e↵ is the detection e�ciency for events within
the specified fiducial volume and cuts on momentum
transfer. We will assume that lower cuts are above
the range for coherent elastic scattering, so that our
nucleon-level treatment in (24) should be reliable.
We will also assume that the detection e�ciencies
do not deteriorate significantly for the full range of
momentum transfer relevant for DM scattering. The
production quantities are given by

N� =

(
2NPOT ⇥ nT lT�PT direct

2N' ⇥ Br(' ! X + · · · ) indirect
,(26)

f(✓, p) =

(
fV (p) ⇥ 3

4 (1 � cos2 ✓) direct

f IND
' (✓, p) indirect

. (27)

The distributions for direct (fV (p)) and indirect
(f IND(✓, p) = fBMPT

' (✓, p) or fSW(✓, p)) production
were discussed in Sec. 2.2 Note that the meaning of
p and ✓ varies depending on the context. For direct
production, p is the V momentum, and ✓ is the an-
gle between the dark matter and the beam in the
V rest frame. For indirect production, both p and
✓ refer to those of the original meson � in the lab
frame. The direct production parameters in N� are

2 For T2K, rather than fBMPT(✓, p), the indirect production
distribution used was a parametrization of data from NA61
[20], using a replica T2K target. However, the results are
consistent with those using the BMPT parametrization.
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direct production Motivation
Uncertainty of secondary gamma emission in water is one of 
the main source of systematic error in NC gamma study.
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Figure 2.12: Energy of secondary de-excitation gamma-ray versus kinetic energy of the incident
proton (left) and neutron (right) in the GEANT detector simulation assuming the T2K beam ⌫

µ

flux. Each dot corresponds to a single gamma-ray. The dotted vertical line in the right panel
indicates the boundary of the energy ranges covered by two di↵erent simulators. It can be seen
that the absolute yield and kinematics of de-excitation gamma-rays are treated di↵erently between
the two simulators.
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Motivation
Uncertainty of secondary gamma emission in water is one of 
the main source of systematic error in NC gamma study.
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Figure 2.12: Energy of secondary de-excitation gamma-ray versus kinetic energy of the incident
proton (left) and neutron (right) in the GEANT detector simulation assuming the T2K beam ⌫

µ

flux. Each dot corresponds to a single gamma-ray. The dotted vertical line in the right panel
indicates the boundary of the energy ranges covered by two di↵erent simulators. It can be seen
that the absolute yield and kinematics of de-excitation gamma-rays are treated di↵erently between
the two simulators.
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FIG. 5. Left: d�
�
pp ! V ! ��†� /dE�d✓ in the case of scalar � and vector V for mV = 1 GeV and m� = 100, 300, 450 MeV

(solid, dashed, dotted) for pp collisions at T2K ND280 at ✓ = 2�. The cusps at the kinematic limits for larger m� are the
result of a degeneracy in the angle between � and the beam direction in the lab frame, ✓, as a function of its value in the V
rest frame, ✓̂, for relatively small DM velocities (e.g. in the limit that the DM is produced at threshold, ✓ = 0 for all ✓̂). Right:
The same for pp collisions at MINOS at ✓ = 0.025�.

FIG. 6. Pseudoscalar meson production distributions fBMPT(✓, p) in angle (left) and momentum (right), according to the
fit [18], scaled to the beam energy and target composition for MINOS and T2K. These distributions determine the indirect
production of vectors via e.g. ⌘ ! V �. Note that the fitted distributions have an unphysical low-energy tail at large angles
which we exclude in the analysis.

duction distribution for MINOS and T2K, we
make use of an analytic fit fBMPT(✓, p) [18] to
data for (averaged ⇡+ and ⇡�) pion production
obtained over a range of energies, which can be
scaled to cover the target materials for the ex-
periments of interest. Example distributions
for MINOS and T2K configurations are shown
in Fig. 6. We have also tested this distribution
against existing data published by NA61 [20]
for the T2K target configuration, and found
good agreement. The aforementioned NA61

data is used to estimate the total pion flux at
T2K. As there is currently no equivalent pion
production dataset for MINOS, the pion pro-
duction cross section was estimated by scaling
the NA61 measured total cross section using
the relative magnitudes of the BMPT distri-
butions for T2K and MINOS.1 The produc-
tion rates of negatively and positively charged

1 The total ⇡+ flux could also be determined by working
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result of a degeneracy in the angle between � and the beam direction in the lab frame, ✓, as a function of its value in the V
rest frame, ✓̂, for relatively small DM velocities (e.g. in the limit that the DM is produced at threshold, ✓ = 0 for all ✓̂). Right:
The same for pp collisions at MINOS at ✓ = 0.025�.
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fit [18], scaled to the beam energy and target composition for MINOS and T2K. These distributions determine the indirect
production of vectors via e.g. ⌘ ! V �. Note that the fitted distributions have an unphysical low-energy tail at large angles
which we exclude in the analysis.

duction distribution for MINOS and T2K, we
make use of an analytic fit fBMPT(✓, p) [18] to
data for (averaged ⇡+ and ⇡�) pion production
obtained over a range of energies, which can be
scaled to cover the target materials for the ex-
periments of interest. Example distributions
for MINOS and T2K configurations are shown
in Fig. 6. We have also tested this distribution
against existing data published by NA61 [20]
for the T2K target configuration, and found
good agreement. The aforementioned NA61

data is used to estimate the total pion flux at
T2K. As there is currently no equivalent pion
production dataset for MINOS, the pion pro-
duction cross section was estimated by scaling
the NA61 measured total cross section using
the relative magnitudes of the BMPT distri-
butions for T2K and MINOS.1 The produc-
tion rates of negatively and positively charged
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make use of an analytic fit fBMPT(✓, p) [18] to
data for (averaged ⇡+ and ⇡�) pion production
obtained over a range of energies, which can be
scaled to cover the target materials for the ex-
periments of interest. Example distributions
for MINOS and T2K configurations are shown
in Fig. 6. We have also tested this distribution
against existing data published by NA61 [20]
for the T2K target configuration, and found
good agreement. The aforementioned NA61

data is used to estimate the total pion flux at
T2K. As there is currently no equivalent pion
production dataset for MINOS, the pion pro-
duction cross section was estimated by scaling
the NA61 measured total cross section using
the relative magnitudes of the BMPT distri-
butions for T2K and MINOS.1 The produc-
tion rates of negatively and positively charged
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data for (averaged ⇡+ and ⇡�) pion production
obtained over a range of energies, which can be
scaled to cover the target materials for the ex-
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for MINOS and T2K configurations are shown
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Motivation
Uncertainty of secondary gamma emission in water is one of 
the main source of systematic error in NC gamma study.
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Figure 2.12: Energy of secondary de-excitation gamma-ray versus kinetic energy of the incident
proton (left) and neutron (right) in the GEANT detector simulation assuming the T2K beam ⌫

µ

flux. Each dot corresponds to a single gamma-ray. The dotted vertical line in the right panel
indicates the boundary of the energy ranges covered by two di↵erent simulators. It can be seen
that the absolute yield and kinematics of de-excitation gamma-rays are treated di↵erently between
the two simulators.
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•  neutron$beam$calibra3on$
•  use$3ming$in$reconstruc3on$
•  T2K$official$code$

�
16O γ

DM signature may be similar to 
neutrino neutral current on oxygen,
detect nuclear de-excitation γ

⌫

�



primary
gamma
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Nuclear de-excitation gammas after the neutrino-oxygen
neutral current quasi-elastic (NCQE) interaction 

In our approach, the cross section of !-ray production
following a NC QE interaction, "!, is written in the form

"! ! "ð#þ 16
8 O ! #þ !þ Y þ NÞ ¼

X

$

"ð#þ 16
8 O

! #þ X$ þ NÞBrðX$ ! !þ YÞ; (1)

where N is the knocked out nucleon, X$ denotes the
residual nucleus in the state $, and Y is the system result-
ing from the electromagnetic decay of X$, e.g., 15

8 O, 15
7 N,

14
7 Nþ n, or 14

6 Cþ p [12–14]. The energy spectrum of the
states of the residual nuclei is schematically illustrated
in Fig. 2.

According to the shell model, nuclear dynamics can be
described by a mean field. In the simplest implementation
of this model, protons in the 16

8 O nucleus occupy three
states, 1p1=2, 1p3=2, and 1s1=2, with removal energy 12.1,
18.4, and &42 MeV, respectively [15–17]. The neutron
levels exhibit the same pattern, see Fig. 1, but are
more deeply bound by 3.54 MeV [14]. Since below

nucleon-emission threshold the deexcitation process is
governed only by energy differences, the proton and neu-
tron holes yield photons of very similar energy, the differ-
ences being as small as &0:1 MeV (see Fig. 2).
The calculation of the NC QE cross section, "ð#þ

16
8 O ! #þ X$ þ NÞ, has been performed within the
approach discussed in Refs. [18,19] for the case of
charged-current (CC) interactions, whereas the branch-
ing ratios BrðX$ ! !þ YÞ have been taken from
Refs. [12,20].
Following Refs. [18,19], we write the NC QE cross

section in the form

d"#A

d!dE0
#
¼

X

N¼p;n

Z
d3pdEP

Nðp; EÞ
M

EN

d"#N

d!dE0
#
; (2)

where EN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ p2p

, M being the nucleon mass,
d"#N=d!dE0

# denotes the elementary neutrino-nucleon
cross section, and the spectral function PNðp; EÞ yields
the probability of removing a nucleon of momentum p
from the target leaving the residual nucleus with energy
Eþ E0 'M, E0 being the target ground-state energy.
In the nuclear shell model, nucleons occupy single-

particle states %$ with binding energy 'E$ (E$ > 0). As
a consequence, knockout of a target nucleon leaves the
residual system in a bound state, and the spectral function
can be conveniently written in the form

PNðp; EÞ ¼
X

$2fFg
n$j%$ðpÞj2f$ðE' E$Þ; (3)

where %$ðpÞ is the momentum-space wave function asso-
ciated with the $th shell model state and the sum is
extended to all occupied states belonging to the Fermi
sea fFg. The occupation probability n$ ( 1 and the
(unit-normalized) function f$ðE' E$Þ, describing the en-
ergy width of the $th state, account for the effects of
nucleon-nucleon (NN) correlations, not included in the
mean-field picture. In the absence of correlations, n$ !
1 and f$ðE' E$Þ ! &ðE' E$Þ.
Precise measurements of the coincidence (e, e0p) cross

section, yielding direct access to the target spectral func-
tion, have provided unambiguous evidence of deviations
from the mean-field scenario, leading to significant deple-
tion of the single-particle states [15–17]. The data at large
missing momentum and large missing energy [i.e., large
jpj and large E in Eq. (2)], collected at Jefferson Lab by the
JLAB E97-006 Collaboration, indicate that NN correla-
tions push &20% of the total strength to continuum states
outside the Fermi sea [21].
A realistic model of the proton spectral function of

oxygen has been obtained within the local density approxi-
mation (LDA), combining the experimental data of
Ref. [15] with the results of theoretical calculations of
the correlation contribution in uniform nuclear matter at
different densities [18,22]. The results reported in Ref. [18]
show that the LDA spectral function provides an accurate

FIG. 2. Low-lying excited levels of the residual nuclei pro-
duced in 16

8 Oð#;#0NÞ scattering. Energies are measured with
respect to the 15

7 N ground state.

FIG. 1 (color online). Schematic representation of neutral-
current neutrino scattering off oxygen.

PRL 108, 052505 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

3 FEBRUARY 2012

052505-2

1p1/2

1p3/2

1s1/2

16O
⌫

⌫
16O

The incident particle excites the 16O nucleus, 
and Super-K detects the gammas from the nucleus de-exciting

600 MeV neutrino beam à single nucleon emission is dominant

contribution of 1p3/2 is overwhelming: 
6.32 MeV from (1p3/2)p
6.18 MeV from (1p3/2)n

PRL 108 052505 (2012)

T2K made first observation at this energy T2K, PRD 90 072012 (2014)

protonsneutrons



An emitted neutron can excite another 16O nucleus, 
producing secondary gammas

Cannot be easily separated by energy or timing

secondary
gammas

primary
gamma⌫

16O

neutron

Need to understand secondary gamma production

19
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Neutrons, not protons, generate most secondary gammas

20

number of gammas

incident neutron beam
incident proton beam

Geant4

ev
en

ts

Y. Koshio
27 January 2016



Can’t separate secondary gammas using energy

21

Total primary gamma energy (MeV) Total secondary gamma energy (MeV)

ev
en

ts
 p

er
 N

C
Q

E 
in

te
ra

ct
io

n

ev
en

ts
 p

er
 N

C
Q

E 
in

te
ra

ct
io

n
K. Huang

PhD thesis

(note different x-axis ranges)



Can’t separate secondary gammas using timing

22

time after primary gamma (ns)

secondary gammas
Geant3 GCALOR 

ev
en

ts



Reduce systematic uncertainty due to secondary gammas

23

neutrino energy (GeV)

cr
os

s 
se

ct
io

n 
(1

0-3
8

cm
2 )

Need to understand secondary gamma production

Table 21: The summary of systematic uncertainties on the expected number of NCQE
interaction and other background events.

Signal Background
interactions NCQE NCother CC beam-unrelated

fraction of sample 68.6% 25.5% 4% 2%
Flux 11% 10% 12% –

Cross-section – 18% 24% –
Primary � production 10% 3% 6% –
Secondary � production 13% 13% 7.6% –

Detector response 2.1% 2.1% 2.1% –
Oscillation parameters – – 10% –
Total systematic error 20% 25% 30% 0.8%

measurement value, and the values of ±68% of the higher (lower) region is the 68%578

confidence region boundaries of our measurement.579

46

TN-244

neutrino-oxygen NCQE cross section

Ankowski et al.
Ankowski et. al., flux-averaged

< �obs

⌫, NCQE

>=
�
1.75 ± 0.27 (stat.) +0.70

�0.36 (sys.)
�
⇥ 10�38 cm2

T2K Run 1–4 data
T2K neutrino flux

K. Huang
PhD thesis

PRL 108 052502 (2012)



Analysis of neutrino-oxygen NCQE events in T2K-SK

24

reconstructed energy (MeV)

ev
en

ts

Selection cuts
• 4–30 MeV reconstructed energy
• > 34° Cherenkov angle to remove muons
• ±100 ns of beam timing
• fiducial volume
• reconstruction quality cuts

Cherenkov angle (°)
ev

en
ts

102 events in T2K Run 1–4 

NCQE
NC non-QE

CC
beam unrelated

K. Huang
PhD thesis



Analysis of neutrino-oxygen NCQE events in T2K-SK

25

reconstructed energy (MeV)

ev
en

ts

Selection cuts
• 4–30 MeV reconstructed energy
• > 34° Cherenkov angle to remove muons
• ±100 ns of beam timing
• fiducial volume
• reconstruction quality cuts

Cherenkov angle (°)
ev

en
ts

102 events in T2K Run 1–4 

NCQE
NC non-QE

CC
beam unrelated

K. Huang
PhD thesis

suspect discrepancy is due to
poor model of secondary gammas



Current MC is NEUT and GCALOR

⌫

neutron

secondary
gammas

primary
gamma

NEUT for neutrino-nucleus interactions

Super-K detector simulation
SKDETSIM (Geant3-based GCALOR) neutron kinetic energy (MeV)

ga
m

m
a 

en
er

gy
 (

M
eV

)

GCALOR models don’t match at 20 MeV

26

MICAP NMTC

K. Ueno
PhD thesis

water target



MC simulations do not agree

27

number of gammasgamma energy (MeV)

Need data to establish reliable simulations

Geant3 GCALOR 
Geant4 QBHP_BIC_HP
PHITS (JAEA)

1 gamma

100 MeV kinetic energy incident neutron on water

Simulations based on various theoretical nuclear models, not data

ev
en

ts

ev
en

ts

(FLUKA not shown)

PHITS (Particle and Heavy Ion Transport code System)
JAEA (Japan Atomic Energy Agency) 27
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One possibility
(just idea...)

Beam!dump�

Beam!swinger!
magnet�

Li!target!

Proton!beam!

concrete!bending!
magnet!

collimator!
12x10cm2!

8m!

neutron!
beam!

NE213!
detector!

Ac'va'on!
sample!

O*�a�����

detector

neutron

(RCNP)Measure gamma production from neutron beam on water

neutron
beam

28

7Li + p à 7Be + n

collimator

proton
beam

iron 
and

concrete
magnet

beam dump

γ

RCNP (Research Center for Nuclear Physics)

measure gamma 
energy and 
multiplicity
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One possibility
(just idea...)
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30–300 MeV neutrons escape the nucleus

K. Ueno
PhD thesis

total

CC

neutron kinetic energy (MeV)

SKDETSIM (GCALOR)
ar

bi
tr

ar
y 

un
it



A series of experiments at RCNP

30

• parasite experiment #1: with E361
• parasite experiment #2: with E400
• pilot experiment #1: E465
• pilot experiment #2: E487
• final experiment

secondary
gammas

primary
gamma⌫

16O

neutron



A series of experiments at RCNP

31

• parasite experiment #1: with E361
• parasite experiment #2: with E400
• pilot experiment #1: E465
• pilot experiment #2: E487
• final experiment

secondary
gammas

primary
gamma⌫

16O

neutron



Pilot experiment #1: E465

32

24 h beamtime in June 2016
80 MeV neutron energy
water-filled acrylic container 

Configurations:

1) beam on with water (signal)
2) beam on without water (beam-related background)
3) beam off (beam-unrelated background)

AmBe, 60Co calibration

(CsI(Tl) not shown)

liquid scintillator

LaBr3(Ce)

HPGe

water
in acrylic

beam
into
page
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One possibility
(just idea...)
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neutron

(RCNP)Testing several detectors
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7Li

collimator

proton
beam

iron 
and

concrete
magnet

beam dump

measure gamma 
energy and 
multiplicity
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One possibility
(just idea...)

Beam!dump�

Beam!swinger!
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Li!target!

Proton!beam!
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12x10cm2!
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neutron!
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NE213!
detector!

Ac'va'on!
sample!
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detector

neutron

(RCNP)

10 m

80 MeV
neutron
beam

γ

liquid scintilator

HPGe
CsI(Tl)

LaBr3(Ce)

20 cm

25 cm
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neutron-induced 16O de-excitation gammas in HPGe
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neutron-induced 16O de-excitation gammas in HPGe
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beam on without water

beam off

Is	this…
6.32 MeV from (p3/2)p ?
6.18 MeV from (p3/2)n ?
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neutron-induced 16O de-excitation gammas in HPGe

energy (MeV)

cp
s

beam on with water
beam on without water

beam off

Is	this…
6.32 MeV from (p3/2)p ?
6.18 MeV from (p3/2)n ?
6.13 MeV from something else?



Summary

• understand detection of gammas in SK after neutrino-oxygen NCQE
• measure secondary gamma production using neutron beam on water, reduce systematic
• improve neutrino analysis, then apply to DM
• DM-neutrino discrimination using time of flight
• compare ratio of neutrino and DM for model independent cross section
• compare neutrino and antineutrino mode data, DM rate won’t change
• present results of this complimentary search 

Search at SK for NCQE de-excitation gammas induced by DM in T2K neutrino beam



Future work

neutrino analysis
• update T2K Runs 1–4 with T2K Runs 5–8, develop analysis for antineutrino events
• update to newest version of MC, NEUT and SKDETSIM
• update neutrino oscillation parameters
• update to improved reweighting for neutrino flux and neutrino cross section

sensitivity study
production:
• indirect production, π0 from T2K FLUKA proton beam on graphite target
• direct production, estimate from number of protons on target
detection:
• energy and direction of dark matter into usual MC (NEUT and SKDETSIM)

timing selection
• resolution and uncertainty

secondary gamma production
• depending on results, tune SKDETSIM (Geant3) or select another MC simulation
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