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DUNE neutrino oscillation experiment

Sanford Underground
Research Facility
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Far Detector Complex Near Detector Complex
Four LArTPC modules ~ 17 kton each - 574 m from v-source
1.5 km underground - Three detectors: SAND — NDLAr - TMS

- Primary program: neutrino oscillation parameters 8,5, 8,3, potential CP violation 6., mass ordering Am5,
- Beyond Standard Model Physics (nucleon decay, CPT violation, sterile neutrino, non-standard interactions)
- v, flux measurements from core-collapse Supernovae

« Neutrino cross-sections and nuclear effects
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The Near Detector

Beam measurements near the production point, limit systematic and nuclear effects to optimize oscillation analysis
at the Far Detector (FD)

NX(EI‘GC) — / dEV (I)(EV) POSC(EV) O'X(EV) Rphys(Ev, Evis) Rdet(Evis, Erec)
12

Initial neutrino flux Interactlo_n Detector response
cross-section

SAND
System for on-axis Neutrino Detection to
monitor beam stability and study nuclear
effects

¢(EV)J Oy

NDLar
Liquid Argon TPC for high statisticson &, - R ;,.;
v-Ar interactions

TMS
Magnetized steel range stack for
measuring muon momentum and sign
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System for on-Axis Neutrino Detection

Multipurpose detector featuring:

0.6 T superconducting solenoid magnet from KLOE

Electromagnetic Calorimeter (ECAL) made of lead and scintillating fibers 15X,
Inner low-density CH2, C target and tracker (STT/Drift) < 0.2 g/cm3

GRAIN Liquid Argon active target ~ 1t

Scientific Program

On-axis spectrum Monitoring : Most deviations detectable on a
weekly basis, with a sensitivity of \/Ay? > 3

Independent measurements of v, . /v, . fluxes and energy
spectra

Reduction of Systematic Uncertainties : Inner target tracker with
multiple nuclei targets to study nuclear effects

Extended ND Program : EW physics, sin 8, isospin tests, QCD
and form factors
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The Inner Tracker g CAL

TRACKING

1 C MODULE MODULE

The full geometry comprises 84 modules each containing
« Target slabs (1 C every 9 CH;)
» Radiator 105 polypropylene foils alternated with air gaps

9 CH,
MODULES

* Four Tracker layers 5 mm diameter straws tubes filled with
Xe/CO, gas at 1.9 atm arranged in XXYY

37.7180
5.0000 5.0000— S
: s | * S tfiducial mass to measure v, spectrum in one week
Inaabic iator: oils ! . . . . .
et il P | « < 1X, to minimize secondary hadronic interactions
| » Accurate reconstruction of transverse plane kinematics
CH2 ~ 97% of mass Straws ~ 3% of mass 6}9/}? < 3% 60/0 < 15%
e I B B
XX straws YY straws » Separation of v and v events for optimal charge ID
| * Isolation of a v-H enriched sample
| * minimise
< Total thickness ~ 0.015X, >
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Extended Kalman Filter algorithm

SEED
« Track fitting estimates a track state Ao, Co
vector a; from discrete
measurements m,;, PROPAGATOR |
fe—1,Fr—1
« The Kalman Filter evaluates the most
optimal a;, of a linear system PREDICTION
iteratively using first-order k=1 ck-1 <
expansion and adding new m,, at
each iteration PROJECTOR
hg ,Hy — fp--------
* An extended version of the
algorithm can handle non-linear
systems such as charged particles BEST MEASUREMENT FILTERING
moving in the SAND inner volume 2 = (i — (@) Vi (i — By (a) — ar, Cy
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EKF implementation for SAND

Non-linear dynamic track model including:

Magnetic field along the x-axis |yt
« Sinusoidal in the xz-plane
in the yz-plane

STT passive targets .

- Energy loss between subsequent STT planes /

« Multiple Coulomb Scattering v
Trajectory parametrized ay . Y R
as helix of variable radius > ’Zi/n/l

¢

Tracking modules consist M x y
of straw tubes layers g my = (sz) my, = (Hyz)

Extended Kalman Filter for SAND



Algorithm validation with DUNE framework

SAND GEOMETRY
GDML files XZ (top)
oF = 2500
_5005_ s o 20002—
e // C
~1000F | I ,
GENIE PRODUCTION ! 1000F ' |
v, CC IN SAND tracker volume e A L[
+ _2000F | 500
PROPAGATION (EDepSim) _2500F- oF ||
_3000F- ~500F !
E o \
- ~1000f- \\
—40005— _1500;_ . =
DIGITIZATION : 3 v, I
~4500F ~2000F £ S
_l 1 l 1 11 1 I L1 1 1 I\l\l 11 I 1 I | 1 I 1 _2500:l 1 I 1 |'/l‘\|\l 1 1 1 1 I 1 1 1 I} I L 1 1 1 l 1
22000 23000 24000 25000 26000 22000 23000 24000 25000 26000
[mm] [mm]

SELECTION and
RECONSTRUCTION
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Neutrino CC events reconstruction

u~ vertical view

PRODUCTION T ——T—
~ e | P
+ 10°v,CCeventsin STT osalE | Smooting
—1.8862—
SAMPLE SELECTION -1-888;—
-1.89—
* Muon, proton or pion _1,8922_
«  Minimum of 10 measurement ::Z;E
points per track —1.8982—
« Vertex inside STT fiducial volume 191022 o o

24.6 248 25 25.2 25.4 25.6 25.8

¢ \/y2+Z2<1.85m |X| <15m z [m]

* Poistion residuals Hyy <107°*m  RMS < 0.6 mm

RECONSTRUCTION + Direction residuals a3 < 107° RMS < 0.01
Track reconstruction with KF e < 1.5mrad RMS < 0.06 mrad
Vertex position reconstruction *  Momentum resolution 5-8%

¢ Preliminary vertexing algorithm u,, <3 mm pu, <5mm
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Entries

Vertex reconstruction

qu— e
== - A 2-prong vertex is defined as the 3D point with the
_-=" smallest impact parameter between the two straight lines
d<5cm Latest backwards propagated from the latest measurement layer
@ Truevertex measurement
layer
Tt ~a 2-prong vertices are merged into a multi-prong vertex if
i P within 5 cm
Sew -l e
U 50000
5000~ Mean —0.0017 + 0.0001 9 i Mean 4-06 = 5e-06
: RMS 0.0049 + 0.0001 b - RMS 0.0027 = 0.0001
4000— FWHM 0.003 r_ﬁ 400001— FWHM 0.0006 Mean RMS FWHM
2000~ i [mm] [mm] [mm]
2000{— 30000:—
80002— ;
C 20000—
6000— i
4000?— i
L 10000—
2000 -
-8-85';“3-%4‘-6-1651-6-02-0-61" 5 0.01 46-82‘ ‘0‘-6‘3' Id-éal,ld—,% -8.;)'2' ld.cl)ié '-bl.o1 20.005 ‘cl)' 0.005 o.:)i ‘ Joio|1'5‘ 0.02

Zreco — Ztrue [m]
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Conclusions

RESULTS

Fully developed EKF algorithm for SAND

Analytically computed and validated a

non-linear model

Reconstruction performances on v,-CC events

Preliminary reconstruction of vertex position
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Remove any dependency on MC-truth
Integrate other SAND components for a
comprehensive event reconstruction
Full neutrino energy reconstruction

Physics studies - v-H cross section




THANKS FOR THE ATTENTION!
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BACKUP
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Reconstruction results

Trajectory residuals

x [mm] y [mm] tand ¢ [mrad]
Bias RMS Bias RMS Bias RMS Bias RMS
u~ |<107®| 04 |<107® | 02 |<107°(0.006| 1.1 3.5
nt/p |<107®| 07 | <107 0.3 |<107°|0.01 1.5 6.9
AP/P
T m p
Bias —0.002 —0.004 0.034
RMS 4.8% 6.3% 7.9%
FWHM 2% 2.8% 2.4%
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Energy loss implementation

Entries

Energy loss from layer k-7 to layer k computed as:

dE
AEk — E

Bethe—Bloch

X AZy [g- cm™?]

MCS angle computed as: Cin

13.6 MeV
6, = ——a JAZ, /X, [1+ 0.038In(AZ,, /X,)]
- k

Where:
« materials information taken from geometry file

« L computed as a straight line from measurement layer k-1 to k
+ direction taken from trajectory state of previous step
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at step k-1




/ X \— Position of the most
y

downstream measurement
q/R | _ |
tani Angles in both planes
dll (xz, yz) between two
gb _] mostdownstream

measurements

Conformal transformation of last few
measurements:

1. change of coordinate

2. circle described as a straight line
3. circle radius and center obtained
from fit of the line

Seeding

Beam direction

-
>

Simulated measurements
ﬁ Second to last
downstream

mezyrement

~

Most downstream

measurement
20 ' " . 1

Simulated trajectory

10 +

10+ - -0.5¢
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Fast digitization

y x y T y
9,1/: 9.1': 9;/: 9.:': 9!/:

gEr | oEt \
5cm \
>

- Trajectory sampled at a discrete interval of 5 cm from the interaction point

- The MC-data at each point provides position and momentum

- Measurements alternate between horizontal and vertical measurements layers —

not the real pattern!

resolutions Oxy = 200um gy = 200 mrad
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Real digitization

 Input tube-digits are grouped in plane z \/
- Within plane adjacent tube-digits are

clustered Cluster Cluster

« Reconstruct radius for tube-digits

- Evaluate common tangents and take the
best one according to the likelihood

« Clusters are reconstructed: m, q, t,,
quality Cluster

- Pair of vertical and horizontal
measurements of each STT module 7
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n | n x
Position reconstruction - muons [ 5
q/R
tanA
Horizontal plane Vertical plane ¢
—_ 2_ o 0_
E F —s000 £
S 15 Le-05- Y —16000
: pa
1= 4000 - —5000
» _1.5F
05k _2f s 4000
E —13000 E n
ol —2.5
. ) 3000
5 -3
0.5 2000 =
" -3.5F 2000
1 -
» _4F
. 1000 : 1000
-1.5F ~4.5F
B e —llllllllIlllllllllllllllllllllIlIIIIIIlIIIIlIIlII
_ )% I L1 1 1 l L_f_1: :} I 4914 I 1 I-I 1 I $ 1 1.} I 14§} I 111§ —5_ . o . _ o .. - 0
guiliLliing Lyt liwni Bt P L i B 45 -4 95 -8 98 -2 1.5 -1 y0.5 [m?
xtrue [m] true
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| x
Residual on track parameters - muons [ 5
q/R
tanA
(0]
x103
8 - 3 -
'..E 60000 — Mean -4e-06 = 3e-06 % 200:— Mean —4.6e-06 =+ 0.2-06
L B RMS  0.0019 =+ 0.0001 W 4gol RMS 0.00012 + 0.00001
50000 160
- 140
40000 -
- 120
30000 100/~
_ 80
20000 601
B 40__
10000 -
- 20—
_|||||||||||||| ||| ||||I||||||||| :IIII||||||||||||IIIJJ|LIII|||||I|||II|IIII
802 0015 -0.01 0005 0 0.005 001 0.015 002 8020015 -0.01 -0.005 0 0005 001 0.015 002
(xreco vs xtrUE)"r xtrue (yreco Vs ytrue )/ y1rue
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Angles reconstruction - muons

tan)-.reco

o
IIIII.IIIIIIIIIIIIIIIIIIIIIIIII

_3 al 1 1 I 1 1 1 1 -l L 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 L l
-3 =2 = 0 1 2 3
tani

true

—3000!

—2500!

B 2000
1500
1000
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[rad]

q)l'(-Z‘CO
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1.5

0.5

rrrrprrrrprrrryprrrr e T T rTrrTrol
l I l l l I
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—12500!
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15001
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0
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| | x
Residual on track parameters - muons ) \
q/R
\tanl)
¢
N u ® 20000
-é 20000:_ [F Mean 0.0009 = 0.0001 -é E Mean -0.0008 = 0.0001
L - RMS 0.029 + 0.001 w 18000 RMS  0.0021 + 0.0001
18000— -
- 16000
16000 -
. 14000
14000 — B
- 12000(—
12000— B
- 10000
10000 B
- 80001
8000[— B
6000 6000:—
4000:_ 4000:—
:||JL-|._; III|||||| T 8_'IIILL" il NI BN i dol il
02 015 -01 -0.05 0 005 01 015 02 -0.02 -0.015 -0.01 -0.005 0O 0'005@0'0\1;5 3015«’(1)0'02
(tan}xrem VS tan}-.tme] ftan}-.true reco true true
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Position reconstruction - protons / y \

q/R
tanAa
E 2_ ] - E 0_
g - —2500 g 055 (3000
< 1.5 N
- 1B —3000
= —12000 -
- -15F —2500
0.5 =
— -2
. 1500 - 2000
O 25
- Al 1500
0.5 1000 —OF
pa -3.51 1000
N 500 ~4
15 - 500
: - _4.5__
- - - " L} . J . - L ] :
-2 IR NENINE 3 i ENEL SN PTRNIN B STRTEN B AN A NI AT 0 _5-”||||||||||||||||||||||||||||||||||||||||||||||| 0
2 -15 -1 05 0 0.5 1 1.5 2 5 45 -4 35 3 25 -2 -15 -1 05 0
X'[[UE [m] y [m]

true
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Residual on track parameters - protons

()

¢
-:n - ><'|"3'3
o 22000 @ 100~
= N Mean -3e-06 = 4e-06 = i Mean.30e-05 = 0.4e-06
W 20000 RMS  0.0023 = 0.0001 0 - RMS  0.0002 + 0.0001
18000:— 30l—
16000 i
14000 -
. 60—
12000F -
10000 .
8000F- 0
6000} i
4000 20—
2000 -
8:1'1""""'[ Illll IIJ|IIII|_I'J']J' _IIIIIIIIIIIIIIIIIIIJIll\_IIII|IIII|IIII|||||
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0-015;, 0.02 802 20015 -0.01 0005 0 0005 001 0015 002
(xrecu Vs xtrue} xtrue (y VSYy / y
reco true true
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X

Angles reconstruction - protons y
q/R
\tanxl /
¢
g 3 3 °F -
s - g - - [ ] —
§ - 10000 § - ; 9000
— : _e_h -
ol 0.5~ - —8000
- —8000 - . —7000
- _-I —
I -
i i — 6000
; 6000 B
s 1.5 5000
o i
C . i 4000
i 4000 2
e - 3000
i _o5l— 2000
ol 2000 i
- - 1000
. . -3 - - am
-3 _.T-.-:.-| NI BTN AN A BN R LI L SR B A R H BT T T S ST T A
3 ) = 0 1 > 3 Y 3 25 2 15 0.5 o
tani q)‘truwa [rad]

true
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Residual on track parameters - protons

0.2

7000
B Mean 0.0037 + 0.0001
6000 :_ RMS 0.039 = 0.001
5000
4000
3000
2000
1000}
_"!--!-. |||I||||||||||||||
%2 015 01 005 0 005 0.1 015
(tank .., vs tank, ) /tani,

5000

4000

3000

2000

1000

Mean -0.0010 + 0.0001

RMS  0.0036 = 0.0001

IIIIIIIIIIII|IIII|I —LIIIJ_JJlJ

3

02 -0.015 -0.01 -0.005 O 0.005 0.01
(¢p_reco vs ¢_true) / ¢_true

0.015 0.02
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Residuals on momentum reconstruction

w m* p
3 i Mean = -0.002 = 0.001 ® i 3 - Mean = 0.034 = 0.001
= i I EMS — 0,048 + 0,001 2 10000 Mean = -0.004 = 0.001 "E 10000}— e

E 25000__ g L RIS = 0.063 = 0.001 = i RMS = 0.079 = 0.001
- 8000~ 8000/
20000 i i
B 6000— 6000[—
15000— i -
R 4000}~ B
10000— - 4000_
50001 2000_— 2000l—

I I I L (b_""”" L L L 7....IU.\I A IR B i el

04 03 02 01 0 0.1 0_2_ 03 04 04 03 02 -01 O 0.1 (PO'Z- 03 04 04 -03 02 -04 0 01 02 03 04
reco | true/ T o reco el T trug (Preco T Pruel T e
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Momentum and dip angle correlation
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T T 1
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[
'Ptrue)"lp
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Standard consistency checks - 1

H d
Innovation vector 7, = m’,zre — mpTue
r(Dk r,i = i-th element of the innovation at step k

g(l)k = \/Ci
O C; = corresponding element of the measurement
covariance matrix

If the prediction is correct
each g' should be distributed as a standard gaussian distribution (u = 0, ¢ = 1)
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Distributions of g - positions my = ( y ) my = ( f )

yz
_ r(pos)
g(pos)y =
\/ C(pos)y
_§ 90000 —— Gaussian fit é 90000 —— Gaussian fit
|5 - X w=(0.4+8)x10" t E Yy u = 0.070 = 0.001
80000 o =0.959 = 0.001 80000 o =0.999 = 0.001
70000 700001
60000 60000
50000 50000
40000 40000
30000} 30000(—
20000 20000
10000 10000}
O:llll IIII|IIII|IIII|IIII|IIII|IIII |IIII O—III IIII|IIII|IIII|IIII|IIII|IIII L1 1
5 4 3 -2 -1 0 1 2 3 4 5 5 4 3 2 -1 0 1 2 3 4 5
g(x) a(y)
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Distributions of g - angles m, = ( X ) m, = ( y )

sz Hyz
90 = Dk
P =
VC(O)
3 - —— Gaussian fit & 90000 —— Gaussian fit
£80000[— w=(5=7)x10" = - w=(4=7)x10*
© = 0 o =1.001+ 0.001 ® soooof- o =1.001 = 0.001
- XZ =1.001=0. - yz = 1.00T= 0.
70000 -
- 70000
60000} 600001
50000F- 500001
40000}~ 40000
300001 30000[ -
20000 200003—
10000} 100001~
0:||||ll llJlIIIIIIIIJIIIII|IIIIIIIII |l|l||| 0—l|||||l llII|IIII|IIII||III|III[IIII llIIIII
5 4 3 2 1 0 1 2 3 4 5 5 4 3 2 1 0 1 2 3 4 5
g(6,) g(6))
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Standard consistency checks - 2

H red
Innovation vector 1, =m}, - —mf "¢

N 1, = innovation vector at step k
qr = 1 C "1y _ _ _
C, = corresponding measurement covariance matrix

If the prediction is correct
q should be a y? random variable with rank(r) = 2 ndf
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q-distribution

5 [ e
255k x© fit
A ndf = 1.992 + 0.001
i expected ndf = 2
0.4
0.3
0.2
0.1—

|||||||||||l|||ll||||||||||ll|||||
1 2 3 4 5 6 7 8 9 10
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KF implementation
State vector propagation from z,_; to z;

Tp = Tp_1+ Rp_1-tandp_1- (dr — dr_1)
f Yo = Yk—1+ Rp—1- (sin ¢y, — sin ¢r_1)

k-1 ]./Rk = 1/Rk_1 +I€‘A(1/.|Rk_1) , ; ;

tan A\, = tanA,_ R (1/R) m*(1/R)
k k—1 > —0.3.8-\/1+ta112)\-\/1+(O.S_B)z(lﬁ-tanz)\)'AE

COS Pk, cos g1 + (2 — 2k—1)/Rik—1 |
Prediction of measurement vector m; from propagated state vector Xk
B — tan A
k —q - arctan—

sin @y,

Yk
h()’) — T
) <¢’k ta '5)

Measurement projection to state vector

W (100 0 0
Ha‘; _ 0 0 0 K . tan \g K =
. g [rr(520)7] O s [ ()]
w (0 1000
' _(0 0 0 0 1)
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