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» No attempt at a systematic overview ... or ... an overview of systematics
» Concerns about Xsecs and systematics driving DUNE ND design
» Potential advances in the state-of-art which are under study/consideration
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Oscillations for the naive optimist

. “You are only
o \ 9 naive once. Use
OQQQ,' A o0 it well.”*
03 \\0(\0 o far far
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e ¥\ o0 V,oVe NV far,unosc near
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.\(\“\“ Vi far/near (Ey

Use high statistics, unoscillated, precision measurement
of numu flux in ND and beam model/geometry

*Quote from author

det Joyce Rachelle
dN S

= ¢ (E,)0, (E,)
dNfo‘r 1

dE. o™
P ~ 4 Ve ( 4 ) If use the same target material and detectors are
Vv, =V, (EV ) - near identical and flavor differences in lepton reconstruction
# d N 1 y are negligible and/or well understood, then nuclear and
u ( E ) detector effects largely cancel in the systematic error.
| 4

X far/near
dE, o, (E,)
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Oscillations for the realist

“The secret of happiness is to
face the fact that the world is

The Bad horrible, horrible, horrible.”*

det det
dN dN,
R A dEt Detectors never perfect
—v D" e )dE, .

d E d E reC ! Must unfold observations to get “truth”
| 4

w—/ CCQE, CC1pi, 2p2h

Usually we use “topology” when

Correct for: _ .

. . describing different event types.
> efficiency of detection “Morphology” is a better word
» detector acceptance P gy '
» resolution and smearing of experimental observables, i.e, Ev
>

mistakes in determination oflmorphology *Quote from philosopher
Bertrand Russell

(E...,E.) dE
Ve rec’ —v Ar v
dE,.. o, (E,)

Idl\ljearD far 1

Pvﬂ—we (E)) = dN near

v near 1
j - Dv (Erec’ Ev) X far/near (E )dE
dE.. ™ ()
Vi
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What, Me Worry?"

*Quote from Alfred E. v
Neuman (MAD magazine) j‘ € D far ( E

rec v, (By)

P"y"‘/e (B,) = dN near :

Vi D near
y o)
1% rec’' —v X far/ near

d Erec : o’ ( E, )

(,)dE,
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What, Me Worry? | Backerounds

discussed in a
moment. This
is signal only.

dNVZaI’ 1

Ve \Crec Ar v
dE,.. o, (E,)

Dune flux shape comparisons - 80 GeV optimized

(e, )dE,

far/ near \ —v

Unoscillated flux at FD shown here
Difference is bigger with oscillations

==@==Near - 574 m
sy Far

Flux ratio sensitive
to beam errors

muon neutrino flux normalized to 1
o
]

0 1 2 S 4 D) 6 7 8 9

Muon neutrino energy (GeV) Flux numbers from L. Fields.

Plotting mistakes by SM.
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What, Me Worry?

Detector effects!!
Must unfold.

D corrects for: Detector effects. Much of this can be

» Efficiencies validated/tuned using data. Also

> Resolution smearing and corrections uses MC with associated model
dependence

» Acceptance

» Morphology mixing, e.g., multinucleon

Fairly model dependent with some

interaction taken as CCQE (may also data driven tuning.

contain some nuclear dependence)

Yikes! Muons ain’t electrons.

(,)dE,

far /near

Dune flux shape comparisons - 80 GeV optimized

Near detector versus far detector
Identical?? Don’t bet on it.
Energy spectrum differences? For sure.

ormalized to 1
°

5
Muon neutrino energy (Gev)
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Dune flux shape comparisons - 80 GeV optimized

What, Me Worry?

0.35

ux normalized to 1
o

fl
z
3

Nuclear target
dependence.

V. 1
j D\?ear (Erec’ Ev) - far/near (E )dE

» Energy dependence is important

» Xsec dependence may lead to
different FSI effects, i.e., different
morphologies
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What, Me Worry? Backgrounds for appearance measurement:
intrinsic beam v, (on this slide) and NCpizero events and ...

Detector effects!!
Must unfold.

far/near and
near v /near v, flux
ratios

d N far,unosc

Ve

e, )JJE,
dEV (E,)

far/near

Nuclear target
dependence.
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ISM

tic reali

IMIS

opti

DUNE approach

resolution and ability to identify

different morphologies. We'll
constrain flux*xsec with uber-f

ND should have excellent

|

Magnet

concepts that are under study.

} One of a number of DUNE ND

lar to the FD

as possible

simli

ND should be as

Hope to settle on concept in
March-May time frame.

2

trac

INO

Neutr

beam
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Cryocooler
Top flange
WLS plane

FR4 module

Walls (5 mm) Field-shaper

Turbo-pump Pixels planes

Bottom flange

Preamps board

Field Cage s

CPAs
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st N JONAN | BILL | MICHARL _ JaMes ANy
ROGEN WIlG HILL HADER CERA FRANCO MCBRIDE

cralc AL ik o cowarp | sauma
ROBINSON RUDD KROLL KRUMHOLTZ NORTON HAYEK

A hero will rise

-V 11T BT

Final- ‘ Primary Hadronic System

State ‘ 0 X 172X IxtX 1 X 27°X 2n*X 27X 7% tX % X #atn X

OrX 293446 12710 22033 3038 113 51 5 350 57 193
1n°X 1744 44643 3836 491 1002 25 1 1622 307 59
In™ X ‘ 2590 1065 82459 23 14 660 0 1746 5 997
1~ X ‘ 298 1127 1 12090 16 0 46 34 318 1001
270X ‘ 0 0 0 0 2761 2 0 260 40 7
27 X ‘ 57 5 411 0 1 1999 0 136 0 12
2~ X ‘ 0 0 0 1 0 0 134 0 31 0
wortX ‘ 412 869 1128 232 109 106 0 9837 15 183
w'n—X ‘ 0 0 1 0 73 0 8 5 1808 154
aa X ‘ 799 7 10 65 0 0 0 139 20 5643

Much smearing of initial state into other final states.
Information and sensitivity in this mess.

A peak at how the sausage is made

From the DUNE near detector task force studies

Simulation
Simulation + External v/e/h reaction data
+ Beam monitors N =2 o

- - / Neutrinc;-.‘,\’ -
e Cross-Section |
< \ Model /

Simulation . — ~— — _—
" " P \
+ Calibration data # F,/ Neutrino \ f

| Flux ' /
\. Model /

*Model PPN

+ Data on = and K yields

+ Test Beam data

\

Neutrino

Oscillation
Model

(3, 3+1, 3+2,...)

Oscillation Physics
{with simultaneous constraint on
flux, cross-section and detector systematics)
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DUNE NDTF used the VALOR framewor

ey, CC

. 1-track Om (™ only)

. 2-track Om (=~ + nucleon)

. N-track Or (= + (>1) nucleons)

. 3-track A-enhanced (= + T + p, with W, = 1.2 GeV)
et (p= 4+ 1nt £ X)

170 (= + 170 4+ X)

et 170 (p 1t 10 1 X)

. Other

oW b =

C

¢ Wrong-sign v, CC

9. O (™ + X)

10. 17% (pt + 7% + X)
1. 170 (ut + 7% + X)
12. Other

e 1, CC

ND

13. Ox (e= + X)

k

Calculations done
assuming the straw tube

14

15

Cnt (e + at + X)
1Al e+ Y+ X)

experimental

16. Other

data sets
considered

e Wrong-sign v, CC
17. Inclusive
e NC

18. O (nucleon(s))
19. 7% (7= + X)
20. 170 (7% + X)
21. Other

* /-e

22, v, + e elastic

23. Inverse muon decay v, + e~ — p~ + v, (including the annihilation channel v, +e” = p + Ve ).

in the neutrino-mode beam using the FGT. The to-
tal event rate uncertainty from flux and interaction
systematics in the range 1-6 GeV is 0.97%.
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Figure 26: The far detector muon-like error envelope Figure 27: The far detector electron-like error en-

velope in the neutrino-mode beam using the FGT.
The total event rate uncertainty from flux and in-
teraction systematics in the range 1-6 GeV is 2.35%.
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State of the art with T2K K. Abe et al. (T2K Collaboration), Phys Rev. D 96, 092006 (2017)

ND280 sample Total systematic
uncertainty (%)

Systematics from beamline

SK Ve v-mode r-mode

.y e I | configuration and hadron production FGDI1 2, CO-07 17
2 . FGD1 v, CC-17* 3.3
> SK: Neutrino Mode, v, FGD1 v, CC-Other 6.5
.E ;6 CT T T LA B s T T T T T T T FGD2 Vy CC"—U'?T 1.7
g Lsu': — Hadron Interactions — Material Modeling | FGD2 v, CO-17+ 39
£ = 0.3 p Beam Profile & Off-axis Angle — Number of Protons | FGD2 v, CC-Other 5.9
=z .5 — Horn Current & Field — NA61 2009 Data ] Z-mode
w *g —— Horn & Target Alignment --- NA61 2007 Data i FGD1 v, CC-1-Track 5.4
s 0-2_: ®xE,, Arb. Norm. T FGD1 7, CC-N-Tracks 10.4
i o FGD1 v, CC-1-Track 2.5
" . - . - - .- . FGD1 v, CC-N-Tracks 4.8
After ND280 Constraint 01P T [ L, = FGD2 7, CC-1-Track 35
L o , l ) 1 FGD2 #, CC-N-Tracks 7.3
1o | 0 i ] FGD2 v, CC-1-Track 2.0
E, (GeV) E s —“‘DE — FGD2 v, CC-N-Tracks 4.0
0= :
ND constraint red temati d 10" 1 10 . .
constraint reauces systematic error an E, (GeV) Systematic uncertainty of the total event rates
adjusts normalization of flux Note importance of hadron production model affecting the ND samples. Current largest
and input of external data from NA61 and other contribution is in the pion re-interaction rate (data-
Source of uncertainty  v. CCQE-like 1, v CClzx™ : : GEANT4 disagreement)
SNIN  ONIN GNIN hadron production experiments.
Flux 3.7% 3.6% 3.6% Magnetized .
(w/ ND280 constraint) Spectrometer C=|§'i-'ifete'
Cross section 5.1% 4.0% 4.9% (Si Strips) B
(o / N2 Lot roint) .
Flux+cross-section FP;:CE’ Target . .
(w/o ND280 constraint) 11.3% 10.8%  16.4% (Si Pixel) TOF
(w/ ND280 constraint) 4.2% 2.9% 5.0% EE Counter
FSITSI+ PN at SK 2.5% TS50 10.50% . — —
SK detector 2.4% 3.9% 9.3% Praton TOF ‘
ATl Beam  Counter movable in x-y plane v | x
(w/o ND280 constraint)  12.7%  12.0%  21.9% LBNF discussing a facility used to store sp ~4minlength
(w/ ND280 constraint) 5.5% 51%  14.8% _
horns and target and do external post-horn | Fields, P Lebrun, A Marchionni z

hadron production measurements.
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8 F ---- GENIE No FSI
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2 osf o 15F = . — MC QE + RPA 2 — MC GE + RPA
» MINERVA {E‘zf : g {Eo; : % 2 —woous 1500 oo

T2K sop | BSx10TPOT) 4 . § 2000 + Daa H ' § Dua
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2 o 2 osf = T 10}, e traeE 5 o1op ey
> T2K Il (upgraded ND280) *EES g4 3 . N S : e \

o i Z o.siTune is fit to neutrino data only 05 .
> ICARUS (at FNAL) L R A L T,\‘I,H;.ﬁ(;e\q n“%.g‘,% & 00 Reconstructed available energy (GeV) 00 Iggconstmclghzavailable%gergy(Ge‘a’}

Ly ©
» SBND y
0.0

» DUNE

Meant to provide a coherent
framework for comparing
neutrino generators to external
data. Also useful for tuning
cross-section parameters to
data.

» Dataon CH, C, He, water, Pb, Fe, Ar

» Many differential results

> v,,, CCand NC, muon and proton variables, pion production

» v, CC measurements

» Recent progress on using transverse momentum balance
variables to enhance sensitivity to nuclear and FSI effects

» Neutrons?! Really?

https://nuisance.hepforge.org/
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“l do so relish these

mesofeeri> The neutron problem
The

Ugw

Neutrons are difficult.
Bounce around and then:

*Quote from Sheen to

Jimmy Neutron a) Deposit no energy (observable)
b) Leave a little energy

c) Leave much energy
\)‘\6\4 o

» Event morphology confusion (modeling, unfolding)
» Problems with energy reconstruction (resolution and modeling)

» Compromise use of transverse momentum balance for reconstruction
» Hurt ability to use transverse momentum balance for CC/NC separation
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Can we use neutron tag to improve neutrino

reconstruction in the CCQE-like sample?

Multinucleon events
reconstructed as quasielastic

NDTF: Final states used
by VALOR for the ND

.y, CC constraint of FD fluxes

1. 1-track Om (¢~ only)

2. 2-track Or (= + nucleon)

3. N-track Or (g~ + (>1) nucleons)

4. 3-track A-enhanced (u~ + 7% + p, with W, = 1.2 GeV)
5. 1n% (u= + 17% £ X)

6. 17% (p= + 17° + X)

7olnt + 179 (p + 1nt + 10 + X)

8. Other

e Wrong-sign v, CC
0. 0r (i + %) With neutron tagging, can
10. 1n% (ut + 7= + X)

e seex  We expand list of processes

12. Other

“ 1 co used to constrain the flux?
13. O (e~ + X)
14. 1a% (e + 75 + X)
15. 17% (e7 + 7° + X)
16. Other

e Wrong-sign v. CC
17. Inclusive

e NC
18. On (nucleon(s))
19. 1nt (7% + X)
20. 1Y (7% + X)
21. Other

22. v, + e~ elastic

23. Inverse muon decay v, + e~ — p~ + v, (including the annihilation channel v, +eT = pT + V).

60 — —T ‘ /, — T

50 E, (GeV)
~~
% — 02 R

— 0.6

2w — 10| -
ag |
= 30F |
—
S -
-
|I-T-1h> 20 _
58] i
e
o

10+ .

0 — - e el e = ‘ —

0 0.2 0.4 06 __ 08 1 3. M L6
-~
E, (GeV) ~J~.
~3

Martini, Ericson, Chanfray, Phys. Rev. D87, 013009, 2013

| Genuine quasielastic

events
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Can neutron tagging be used to improve
our ability to use transverse momentum
balance variables?

E, <1GeV

Il Obvious CC

I Whoops NC
Ambiguous CC

I Ambiguous NC

00 0.2 04 06 08 1 1.2 14 16 18 2
Missing P, (GeV/c)

Perfect reconstruction

Chris Marshall, shown at March
2017 DUNE ND workshop

NC and CC separation works
fairly well at NOMAD
-R. Petti

0.06 |- NC
0.0a

0.02 -

v, CC (no u—ID)

Reco E, <1 GeV

[l Obvious CC

I Whoops NC
Ambiguous CC

I Ambiguous NC

8000

6000

4000

2000

% 02 04 06 08 1 1.2 1.4 16 18 2
Missing P, (GeV/c)

Remove neutrons

Separation between cyan (CC) and pink (NC)
is reduced dramatically with missing neutrons
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Recent MINERVA results on neutrons

Steel Shield

Scintillator Veto Wall

presented at Fermilab Wine and Cheese
talk on Nov. 3, 2017 by Rik Gran

(Much progress on algorithm done as
part of Miranda Elkins’ MS thesis work)

Side HCAL

Liquid

Helium

Target
0.25t

IJ/
Side ECAL -1 .
T [T ST
.
S || v-Beam It g9
33 T o | = 3
%5 1 ) P 58 | 28 Qx5
&g Active Tracker g E e E & 9
& 5 Region 65 2o é’ o
» o 8w Ia 7]
© 8.3 tons total o O o 172]
2 frr O §
) Z2
Z 15tons | 30 tons E =

Side ECAL 0.6 tons

Side HCAL 116 tons




Map of where we do and do not look for neutrons

120 Color |
Nart CAandidat Scale °
110 Neutron - Candaigate T
100 « MeV | 8
|
a0 -
. Muon activity exclusion Zone !
Q 80
'g - Box 6%
. | =
Z o0 » | 1 Untracked activity 5
Sl |V e is spatially connected
Iz e ~ to activity from vertex ¥
U in U and V views, .,
30 don't search for neutrons
20 (MC says it was a pi-) 2
|
7 X “top” view ECAL  HCAL | -
0= |

| | | | | | | | | | | | | | | | | | | | |
-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100105110115
module number
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Expectation from MINERVA GENIE/GEANT simulation

Bulk of neutron energy depositions
are small (2-6 MeV) — Note log scale

anti-neutrino simulation MINERVA preliminary

0 < neutron KE < 60 MeV

60 < neutron KE <120 MeV
120 < neutron KE < 180 MeV
.8 GeV

20

40

E
1E‘ Flat-ish with neutron KE
0

l
60

M T
80 100 120

isolated energy deposit (MeV)

L J S e I S S B B i e s e s e e e
B anti-neutrino simulation MINERvA preliminary T

GENIE neutrons simulated .

Candidates from GENIE neutrons

40000 q,<0.8 GeV =

20000

GENIE neutrons total and with candidates

Cand/Total

0.5F

/.

0 50 100 150 200 250 300
GENIE neutron kinetic energy (MeV)

Neutron detection efficiency rises
with neutron KE and reaches 50-60%
for KE>50 MeV
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neutron candidates per event

Data / MC

anti-neutrino, 1.02e20 LE-beam POT, MINERVA Preliminary
T T

0.20 0.0< qS/GeV <04
—— MC Total + syst. err
; — Alternate MC
— GENIE neutrons
0.15 $ | protons and pions
— pizero and EM
¢ Data
0.10 +
4
0.05
P — = P i
15
1.0 1 | 1
: T !
b
0.5
-20

0 . .20
candidate time since vertex (ns)

Time since interaction

VVVVYVYVY

neutron candidates per event

Data / MC

MINERVA data

anll-neulnno,l1 .02e20 LE-beam P(?T, MINERVA Preliminary

0.0< g /GeV <04
= MC Total + syst. err

— Alternate MC

= GENIE neutrons

0.4

o3t t| protons and pions
1 —— pizero and EM
+ Data
0.2

b

e —

1.0

0 20 40 60
candidate Edep (MeV)

Deposited energy
per candidate

MINERVA seems to see the neutrons.
Dominated by the low energy (2-6 MeV) candidates in this analysis
Data-MC agreement not so bad (surprisingly?)
MINERVA only able to get Z position for the low energy candidates
Can get 3D reconstruction for higher energy candidates
3DST expected to get 3D position for these candidates
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neutron candidates per event

Data/ MC

0.20

0.15

0.10

0.05

1.5

1.0+

anti-neutrino, 1.02e20 LE-beam POT, MINERvA Prellminal_'x

0.0< qsteV <04
== MC Total + syst. err
= Alternate MC
= GENIE neutrons
------ protons and pions
—— pizero and EM

+ Data

]

1 * + ¥ .

0.5

-20 0 2 40
candidate z-distance from vertex (modules)

Position relative to interaction
(upstream vs. downstream)
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DUNE 3DST/T2K superFGD

-

» Statistics :

> Timing carly stud!

> 3D position Jble to 1@

» Sensitive to small energy deposits efficiency @
the FS ¢
progfeSS
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1 cms

From Yuri Kudenko

4psT should b€
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muon neutrino flux normalized to 1

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

Dune flux shape comparisons - 80 GeV optimized

DUNE unoscillated
\ﬂux at ND and FD

2 3 4 5 6 7 8 9
Muon neutrino energy (GeV)
I
Htt OA 0.0° -
sz QA 2.0° 1
'|-LI \

3

» SuperFGD is “identical” to 3DST

» SuperFGD sees flux in of DUNE 2"9 oscillation energy region

» DUNE has ND flux in the same region but also has higher
energy flux that might confuse matters (e.g. misreconstructions

and NC backgrounds

g
s g
> My DUNE oscillated flux at
FD (+ DUNEprism fit),
2 different parameter
settings

T2K unoscillated
flux at ND

T2K flux paper
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“l do so relish these

s of i - The ND/FD flux shape
difference problem

N » Neutrino spectra at ND and FD differ
» Leads to systematic errors arising from energy
reconstruction, efficiencies, unfolding, modeling, etc.

Unoscillated flux shapes

Muon neu trino ener; gy (GeV)

*Quote from Sheen to
Jimmy Neutron

ST Unoscillated
prelininary

Prediction
— Best-Fit

_ Unoscillated
Prediction
— Best-Fat

—— Data ——Data

Events/100MeV
Events/100MeV

earanc

(D

ISappearanc

%

co bl v bbbl

L
-

L

.

7 300 600  s0o0T 1000 1200 1400
Eeconstructed Energy [GeV] Reconstructed Momentum [MeVie]

g
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NuPRISM to DUNEPRISM

Idea is under serious study/consideration for DUNE

NuPRISM at T2K
From M. Wilking

4.0° Off-axis Flux 3

E Oscillated Flux Produced
at the Near Detector!

35000

Oscillated SK flux

30000

— Fitted vPRISM flux
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20000

Flux/[cm™ 100 MEV - 1e21 POT]

15000

10000

5000

HH‘HI\[HH‘ \H‘HI\ HH‘\ \I‘ T

1.0° Off-axis Flux ]

Arb. Norm.

Linear combination of fluxes at
differing off-axis angles can create a
flux at near detector with oscillated
FD flux shape
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Flux

% Linear
Comp:

DUN—PRII\/I Concept

P B 4 E

Flux
Linear
Comb.
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Reconstructed Energy (GeV)

Flux § g= 4w Flux

* i j x
& ‘ L) Suxe

01 2 34AE 01 2 348,012 34EL01 2 34E

Increasing Off-axis .angle

ssaaaietan

Measured Erec
Linear Comb.
For Each
Gaussian Etrue

Can use linear combinations of the
different fluxes to create samples of
“monochromatic” beams, from
which you can create the energy
smearing matrix for ND

The off-axis spectra may provide
indications of problems with beam
or xsec model that might be missed
otherwise

M. Wilking, shown at 3" DUNE
ND workshop (Nov. 2017)
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DUNE ND studies underway
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» Moving detector
» How many angle settings
» Time spent at each angle for sufficient statistics
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Conclusions/discussion

er Bob, what's with the Llopes? . cree
by ; » Neutrinos have been difficult

I—\’S Fru&av\

You Know whak

iV » Concepts under discussion for DUNE contain many elements to

minimize potential systematic errors:
= ND and FD have same target nucleus and similar-ish detectors
=  External hadron production using replica target and horns
= Plantoinclude low density detector to give excellent resolution
=  PRISM concept to use map E,.,, to E, . and create ND flux in same shape as FD flux
=  May include 3DST, neutrons and connection with plastic data and low energy T2K

4+ happens £veN
/Frléu‘

Newhrinos  inteact  weekly. superFGD data
Cartoon from User’s Guide to the Universe - WI” build 0!1 €xperience of _TZK’ NO_VA . o
(Dave Goldberg and Jeff Blomquist) = Will start with models consistent with (hopefully) massive data sets of MiniBooNE,
MINERVA, T2K, NOvA, SBN program, etc.

» Neutrons! Multiplicity and direction measurements possible

> Neutrinos will continue to be difficult
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Backups



A VERY preliminary look at neutrons in 3DST simulations

» Look at MC truth (numu CC sample),
energy deposits > 2MeV

neutron interactions with

» Sum energy deposited in 10 cm box centered on true neutron

interaction position (and >3x non-ne

Number of Candidates per Event
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o
w

NCand
Entries 196358
Mean 1.861
Std Dev  0.6112

-
B
(=3

Events
Neutrons

-
n
=]

III|III1\\\‘\\\‘\\\‘\\\‘\\\‘

—

100

80

60

40

20

cc

6 7 8
Neutron Candidates

52% of events have no neutron
candidates (not shown here)

S. Manly, CERN neutrino platform week - Jan. 2018

utron energy in box)

Number of Candidates per FS Neutron

x10° CandPerNeutron
L Entries 302642
250_ Mean 1.222
- Std Dev  0.5086
200
150 —
100—
50—
O_J.J.l..\I\J.l.....\ull.l.—l—.lujlju..l...
0 0.5 1 1.5 2 2.5 3 3.5 4

Neutron Candidates

In the 48% of the events
where a candidate is seen
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Rate at which a FS neutron is seen as a candidate Neutron candidate energy

per FS neutron as function of neutron KE versus FS neutron KE
KE of FS Neutrons that Produced Candidates KE of FS Neutrons versus Energies of their Candidates
FSNeutronEnergy = _| CauseEnergyVsCandEnergy
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What does MINERVA see according to GEANT4?

Different bins of momentum transfer

MINERvA Preliminary - Simulation

MINERVA Preliminary - Simulation

=
o
o

=2 [+ 3 140
= 90 2
g 80 51 40
c o 120
w @
=
% 70 0.0 <reco q3 < 0.4 GeV/c ﬁ 120
- anti-muon + 1 neutron + no other hadrons 3 R Eplat=0.9,Gel c 100
100 anti-muon + 1 neutron + no other hadrons
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20

10 12 14 16 18 20 0
Visible Energy (MeV) 0 2 4 6 8 10 12 14 16 18 20
Visible Energy (MeV)

0 6 8

0IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0

Neutrons leave deposits of 3-6 MeV, flat with neutron true energy
Recent follow-on study indicates the deposits often come from charged
particles coming out of a nucleus broken up by the neutron.



nCapture time

— h_nCap_time
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<«——5LiF/ZnS(Ag)

<+— Lead Sheet

] WLS Plastic
Scintillator
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P _ ¢V];ar (EV ) . ¢V];ar (EV )
v, Ve (By) = far,unosc ~ /near
¢ (E,) ¢ E,)Fgu

Vi

far/ near v )

deet .
= = 0" (€,)0) (E,)
deet
E_ I 4" ,)0, (£,)D (B, Erec)AE,
rec

deet deet .
dEV :j dEV D™ (E, . E o )dE,

rec 4

Detector effects
lead to
reconstructed
spectrum



Must unfold to go

det det
AN PN
D rec , EV )d EV from reconstructed
d Ev d E spectrum to “truth”

dN far 1
¢erar (E,) dE, G,f:r (E,)
¢near(E )F o dN near 1

far/near v) Vi Vy
E,)
dE X far/near( 1%
, O, (E)

R, v (B)) =

If ND and FD have:

Same target
Same detector effects (even for the

different leptons)

Then it simplifies to counting plus flux ratio
calculation



dNVfar far
j—eD (= dE
O

R v (By) =
Vi—™Ve t V j dNSeal’ Dnear . dE
- Vy (Erec’ Ev) X far/near(E )
dErec GV,u (Ey)

If ND and FD have:

Same target
Same detector effects (even for the different leptons)

Then it simplifies to counting plus flux ratio calculation



Significant irreducible v, appearance background is intrinsic v, content of beam.
Suppose we choose to constrain that via ND measurement of v, content of beam.

far,unosc near Ar
dN, dee o (E,)

e Ve

- = (E,)
dEV dEV Uj: (EV) far/near \ —v
dN far ,unosc dN near O_Ar(E )
- = D™ €, .E)——F, _(€,)dE,

e T
o Ve rec’ —v X far/near
dE, dE,.. o (E)

ve(v



Significant irreducible v, appearance background is intrinsic v, content of beam.
Suppose we choose to constrain that via ND measurement of v, content of beam
plus v,/ v, ratio at the ND.

dNVfar,unosc d N near (EV )

E — Ftarnear (E,)
far/near \-v
dE, dEV ave (E,)
dNerar,unosc dN near ¢near(E ) G (E ) (7 ( .
- near |:far/near )
dE, dE 4" (E,) O, (E,) O, (E,)
far,unosc near snear Ar
dNVe — dN ¢# &) oy, &) £ (E.) Assuming neutrino universality
B far/
dEV dEV ¢Sear(Ev) GVX E,) ar/near \-v
far,unosc near near Ar
dNVe _ dNV,U near ¢vﬂ (Ey) G (E,) £ dE
B j Vu (Erec: Ey) near x far/near (Ey JUE,,
dEv dErec ¢Ve (E,) JVe (E,)



Technical slide: steps to calorimetric reconstruction

We do not start knowing the energy of the neutrino, only the direction.

Measure the energy E;, and angle 6,, of the outgoing muon.
Measure the detected energy attributed to hadrons Eyjsiple-

A. turn Eyjsiple into Egyaiiaple Using detector MC, discounts neutrons
E.vailable = Proton KE, = KE, T0, e, y energy (plus heavier particles)
little neutrino model dependence (some anti-nu model dependence)

B. Use MC and correct to energy transfer qg (= Ehgg = vV = W)
(unbiased, but correction has some dependence\Qn interaction model)

B. Estimated neutrino energy E, = E, + qp

C. Estimated four-momentum Q2 = 2 E, (E,, — p, cos\9,) — M, ;2

D. Estimated momentum transfer g3 = Sqrt(Q2 + qg2)

17

S. Manly, CERN neutrino platform week - Jan. 2018 40



Super-FGD, D. Sgalaberna, A. Longhin, Yuri Kudenko
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Magnet
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