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[CERN-SPSC-2000-028, 2000]

The Oscillations Project with Emulsion TRacking Apparatus

*Long baseline experiment: 735 km

7
&

*Aim: verify the v, — v_ oscillations at
atmospheric Am? scale

*How: observe v_appearance on event-by-
event basis in a conventional v, beam

Conventional muon neutrino beam
neutrino mean energy: 17 GeV

Hadron stop
| - detectors

Horn Reflector Decay pipe
F@g":f- et g Hem,ﬁpp Al | H Laboratori Nazionali del Gran Sasso (ltaly)
alais | * 1400 m rock overburden
R it ST e atm. p reduction ~ 108 [1p/(m2-h)]
ATy oy * low radioactivity rock
a0t * Optimized for v,

Pose X 0:°C (arbitrary units) a ppea ra nce at LNGS

Am?2=2.44 x 103 eV2

|

* Maximize the number
of v._ CC interactions

Detector:

* Massive (1.25 kt) and
* fine-grained (100um)
* hybrid apparatus

v, fluence at LNGS / (cm? GeV 10" pot)

(Ve +Ve)/v, | 0.9%

vy fluence
100

Vu/vy 2.1%

Pt 8

O0I : &'1‘5""210' ”25; "310‘“35‘ 40 :4/5r~ \15\0 vT prompt negllglble
threshold: 3.5 GeV [m_ = 1.7 GeV]
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The v,_ detection technique

“long” decays: kink

7] Detect a few v£¢ amid Jiss
the bulk of V€€
i ;’_ Al / 28 L Pieten s <L Okirk
U ¢ w""""".f::: ........ 5
/ T T o vy, 17 % "------?i::::::;;.'."ﬂ“ﬂ ............
kink T > e vV, 18 % N
s < 1= - h™ v, n(n?) 50 % “short” decays: |.P.
v, _ T o nnv.n(’) 14% ]
multi-prong f B4 &
et ™ ...
Modular detector of bricks el
[56 Lead-Emulsion Cloud Chambers (ECC) sandwiched] =~ | =™ l: H ..........
Large mass : 0.3mm
2 ““ l‘lll Il|||l|H
2 10| X
N‘t 0.6 (Am ) Mtarget _ I
|
Extreme granularity “H”H’
~pum space resolution |H
Y e 7 OPERA Lead

OPERAFilm x 57 plates
Lead x 56 plates

Film plate
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The OPERA detector

odule : Pl U e + several ancillary facilities “off-site”:
s — g B ;
l AN e ¥ » Assembly of bricks (LNGS)

s | | i
Mgt [

* Brick Manipulator System (LNGS)

| \ ‘t_“‘\ &

* Labelling and X ray marking (LNGS)

pp—
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N R (Il (SRR ||
RERAE. =it il
|

g * Automatized development (LNGS)

' Scanning of CS doublets (LNGS+JP)

* Scanning bricks (European Labs + JP)
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Event reconstruction

Accuracy of
predictions from the
electronic detectors:
position: 1 cm

slope: 23 mrad f

Changeable
Sheet (CS)

v, candidate event

.
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j kL o W " wefflii] | i )
T \ NIHH‘ ’Ha ," MG Location efficiency: |

......... : ! | R CC: 74 %
RYRES AT o - mﬂh:
‘ vTull i i 1LU?I; ' NC: 48 %

| ' i sl wf | 12.5 cm e
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X (um

" - a1y \ Changeable Sheets (CS) :
= 1 g — R R the “bridge” from cm scale of
electronics detectors to um
scale of emulsions.

< Super Module ] —) e Super Module 2 ——————p
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"s Electronic Small

8 Detector area scan
; Prediction guided by
“ o o

> prediction
<

2

L)

%)
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B Wide area
<

Q scan

Q

o

b

>

0) tracks tagged in the CS films followed upstream to stopping point

1) 1 cm® volume centered in the stopping point scanned and tracks reconstructed

)

)

2) cosmic ray tracks (from a dedicated exposure) used for the fine alignment of films

3) passing through tracks discarded, the vertexing algorithm reconstructs the vertex
)

4) Short-lived particle decays identified (decay search)
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v,—>V. background characterization

[JHEP 1311 (2013) 036]

Monte Carlo simulation benchmarked on control samples

CC with charm production (all channels)

MC tuned on CHORUS data (cross section and
fragmentation functions), validated with measured

Background for t > h Vu

92UeA3|aJ SuiSeadap JO JapJo U|

uo,e”
If primary lepton is not - . OPERA charm events.
identified and the daughter --<-- et -
charge is not (or incorrectly) Z+ Reduced by "'track follow down'', procedure and
measured large angle scanning [Eur.Phys.). C74 (2014) 2986]
Hadronic interactions .

FLUKA + pion test beam data

Reduced by large angle scanning and nuclear
fragment search

[PTEP9 (2014) 093C01]

Large angle muon scattering _
Background fort — u Vyu

Measurements in the literature (Lead form factor),
simulations

[IEEE Trans.Nucl.Sci. 62 (2015) no.5, 2216-2225]
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v, appearance discovered

[Phys. Rev. Lett. 115, 121802 (2015)]

The 5 years long CNGS run

e 1.8 x 10?2 p.o.t. collected
(80% of the design)

* 19505 v interactions
in the emulsion targets.

* 5 candidate events fulfill kinematical
selection [S/B ratio ~10]

Signal Background Modelization

- Multichannel (uncorrelated) counting model based on
Poisson Statistics

- Gaussian for Background Uncertainties

L= 1_[ Pois(n;, us; + b;) Gaus(by; , b;, op;)

u > strength of the signal (parameter of interest)
with g = 0 : background-only hypothesis
and u = 1 : nominal signal+background

test statistics:
i) Profile Likelihood Ratio;
ii) Fisher’s rule (u = 0) .

Observed Data: 4 hadronic + 1 muonic candidates

Expected
Channel  background Expected signal Observed
T— lh 0.04 £0.01 0.52 +£0.10
T — 3h 0.17 £0.03 0.73£0.14
T— U 0.004 £+ 0.001 0.61 £0.12
T e 0.03 £ 0.01 0.78 £ 0.16
Total 0.25 £ 0.05 2.64 +0.53

16 March 2017

Background-only hypothesis:
* p-value=1.1 x 10"/
* excluded at 5.1c significance

Probability of less likely data:
17% based on total number
6.4% if channels considered

Compatibility with 3v oscillation:
a=18%1%at90% C.L
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The five v_ candidates observed

s | E/-f i
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. £ it
Prmaryverves 8~ o
\’_',:;: < .:‘:M:— L o SR _s_: : ﬂ/:u"m
B E 2 = 3
_— ,r. S ~\-\-'\- 4
N B 1T \"‘\.. N,
| Trmensem— —“5;.’3
JHEP 11 (2013) 036
A — Rt e
Phys. Lett. B 691 (2010) 138 Phys. Rev. D 89 (2014) 051102
/ r Vi J‘lll
- ‘.‘\. ----------- ‘{:Hll:im-r I ' =
“\\ '''' ‘_:m_-.\':
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\\“‘“o“ N \
: : \ \\‘d.
' i ' f \‘\ E1
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" 1090 um 3 ; 7 : P 1000 jren
PTEP 2014 (2014) 10, 101C01 Phys.Rev.Lett. 115 (2015) no.12, 121802
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Loosing v event selection

* Loose kinematical cuts: Variable 7 51h 7 53h 7 opu 7 e
* Minimum selection to limit contribution Zdec (Wm) <2600 <2600 <2600 <2600
from had. int. and large angle scattering bkg | Okinx (rad) ~ >0.02 >0.02  >0.02 >0.02

* Negligible additional background Pary (GeV/e)  >1 >1 >1 >1
from K/n decays Payy (GeV/e)  >0.15 / >0.1  >0.1

* Boost Decision Tree

* Use kinematical, topological variables and
their correlations

» Selection optimized, FOM: efficiency x purity

:Pre/im n ¢,y distribution
Expected Background | Expected Signal | Observe :_OFTI;?; (e;amp'e;
. igha acKkgroun
1.86 = 0.5 5.88 £1.18 10
* Increased statistics of the v_sample: x2 | observed
° B events
* Reduction of S/B from ~10 to ~3 odf
= Improvement in Am?23 measurement Y20 40 e 0 100 120 140 160 180
(first measurement in appearance mode) G [degree]
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[Phys. Rev. Lett. 115, 121802 (2015)]

Measurement of Am?,;

Amj,L

N,. / d(E) Sinz( T )E(E)J(E)dE (L/<E>)Opem ~43 km/GeV

< (a1 [ o(m)e() 2 an | (Yie) gy ~500km/GeY

2
/ Amz,
"Steep" Am%S dependence OPERA (x appearance)
preliminary
— counting based measurement PRL 115 (013) 121602

DAYA-BAY
PRL 112 (2014) 061801

90% C.L. interval o
by Feldman & Cousins method PRL 112 (2014) 181801

MINOS
PAL 112 (2014) 191801

Am3; = [1.98 — 3.95] 1073 eV?

PDG 2016 -

(assuming full mixing) 0 1 2 3 4 5 6
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Peculiar event

yz view YyZ VIEW
(horizontal)

*Muon-less neutrino event A
vertica

plate 31 32 33 34 35 36 37 38 39 40 41 42 43 H H H H H

*Most probable topology: 7| abholly ||l B
. - £ vil| o ;___‘___;_-_a-'--"' “' J I
v interaction vertex + 2 decay vertices :’T il [NITES
F-H - B " i i
*Rare topology not considered in the 17 §l
. E | ¥ i e vi|l-
experiment proposal g[ 1 g T ~ el
: A ||| = . -+ i
(0.1 events expected in full data sample) g‘ I 6
[T | ELLL

*Ad hoc simulations + ANN (2 Layers MLP) to
distinguish between possible interpretations:

plate 31 32 33 34 35 36 37 38 39 40 41 42 43

‘v, CC+c 0_025§ | : ' vr r
*v,CC + ¢ + had. int. | - § .l |
«v,.CC + had. int. ik
*v,CC + 2 had. int. |t anlllis . N
- ANN output v.CC + ckharm
035 0 0.5 1 15 2 @/’e//',h !

. o pe n,
Assuming the event not being v, CC + charm: p-value ~ 104 > Significance=3.50 l%
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v, analysis

* OPERA detector granularity allows e.m. shower id — v_ search.
* A dedicated procedure, balancing time need vs efficiency.

; ey F : -
oy v identified as e*e” pair 1
# CS i emulsion plastic base emulsion L f
L] T
verte -~ rathl
; - it
— — —— Lia ertex| }@fﬁfﬂé
B / b cs
.. J'."' 10pm e

~ . Addition : ‘ Iibszzs - can st |
~ Scan 106im i 1T 1
E Ccs

Q Project V_tX tracks Reconstruct

* Find cluster of
similar slope CS tracks

Contribution

n® — vy (misidentified)

v,—V, oscillations

e

e.m. shower

# events for
19.97 x 10?° pot

2.8

=

Exclude y

s

Identify v, event

v, events/10 GeV

Pras:
e//,h o
Ina,
Y

Total

35.7(32.9 w/o osc.)

observed

34

TTT I|If]||||[ll|||I1II|I1II|II'1I|IIII

- oscillated, 3 flavour (2.8)

- beam contamination (31.7)

- t->e (0.7)

70 (0.5)

+ Data (34)
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Sterile neutrino search

: / LSND, MiniBooNE, Gallium
Some experimental results may hint to an R __ | andreactor anomaly
additional massive (~1 eV?) sterile neutrino pic i d H T e |1
;‘5:“ f- =:_ I _7' F § / = A » : GALLEX C}rlSchEcr
Mixing described by 4 x 4 matrix e W S Tt | RWE ]
‘% 17.5 o Beam Excess % 25 % 09 \J = |
r eees——— ] E 15 AE o0 E DE_ 5

v, U, U,|U., v, appearance i ol i |

U, 38 U Uy, v, disappearance 2 A sy

UL o Vv, appearance asTl

u, U/ U, U, | NCdisappearance o B4 W §E T,

OPERA can test the sterile neutrino hypothesis looking for deviations from predictions of the
standard flavors oscillations probability.

Predictions of the 3+1 model evaluated with GLOBES

* Am?,, fixed to PDG value * Am?,, >0 favored by ), m,, result

* Gaussian prior on Am?Z,, from cosmological surveys [agas9a, A13 (2016)]
(PDG mean and sigma) * Profiled likelihood ratio A

« Matter effects: constant Earth crust density (nuisance parameter profiled out)
(PREM onion shell model) * Representation: U = R34 R4R23R 4 R13R;5

[Phys. Earth Planet. Interiors 25 (1981) 297]
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[OPERA note 175]

see [JHEP 1506 (2015) 069]

Vl~l —> V. oscillation probability in presence of a sterile neutrino neglecting Am?y1:

~ standard oscillation pure exotic oscillation
. o Az 2 s Ny -
P(Energy) = C?sin® + sin® 26,,, 5in® — Effective mixing parameter
2 . -
| (leading mixing term at SBL)

1
o 5C’ sin 20,,, cos @,,, sin Ag;

L4 L4 L4 2
— C'sin 20,,4sin ¢,,+|sin

2 A31

+ 2 C'sin 20,,, cos ¢, sin

+ C'sin 20,,. sin @,,.|sin Az,

A 4

Mass Hierarchy - :
dependence ffective parameters

- C = 2|Uys|1U.s]
Gur = Arg (Uli3 Urs U;‘L Urs)
sin® 26,,; = 2|U,,L4||Ur4|
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[OPERA note 175]

[JHEP 1506 (2015) 069]

At high Am?,,

16 March 2017

sin?20 . < 0.116
90% C.L

e Counting analysis
10° R
L = Pois(n; ) X Gaus(Am33; Am3,,6am )
102 .................................................................................................................................................................. M: expectation (GLOBES) /? -
10 Fo e T n: observation (data) Am3s, Gam PDG values
S N N S * Both normal and inverted
<] 5 5 . .
N‘;’; neutrino mass hierarchies considered
10—1 ..........
<]
102 CHORUS 50% C.L. * Exclusion region on
OPERA N.H. 90% C.L. Am? 1220, o
10—3 .......... OPERA I.H, 90% C.L. ................... m 41 VS SIn u,c p ane
104 pail N e s K
10°* 10° kN 07" 1 * Energy selection (E, < 30 GeV)
sin” 20, . %, o
* maximizes sensitivity
(a} (é 15E {b) :J
N 14— ’
! 12:_ — 0,_profiled *"
Profiling out ¢, o == 0,50
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* v, energy distribution used to obtain
exclusion region on:

2 in2
Am?;, vs sin®20

with sin?20 , = 4|U 4|?|U,|?

* v, beam dependence on oscillation
parameters (no constant background)

Sensitivity VS Ecut ‘@i
/44//V

events/10 GeV

14—

of ] data

P{ve—=Ve)

............. AmZ, = 0.1 eV?, sin’26,, = 0.019
.......................... no oscillation
10 X P{v,—V,)

11 1 :
0 50 100 150 200

5
S
/5

e e o o o O O
w £ w (=2 ~J s} w
Osc. Probabi

e
(¥}

0.1

7

Systematics errors o; due to:

* Beam and efficiencies uncertainties
* 20% E, <10 GeV & 10% E,, > 10 GeV

* Bin-to-bin uncorrelated (conservative approach)

Z
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< T — & <0Gev
o — E, <20 GeV 4
- — E, <30 GeV ,?
E ——— E, <40 GeV
- E, <50 GeV
no cut
4/
10" N
| X
7 '3 X
yid |
[
“\\
Ty
102 a‘h% ST
No energy selection
mavime.conciFivitg
ITIaAlerr SC1 3' VILY
10-3 1
10° 10°? 107 - i
sin (25,.5)

L= (1_[ Pois(n;; u;(1 + k;)) X Gaus(k;; 0, al-)>
i

X Gaus(Am33; Am5s, Gam )

OOO'

—

Prior on Am3,

Am5,, 64m from PDG

>
-




— 1=
= -
@ .
¥ OF
-] .
10'15
Cl—68% C.L.
- —90% C.L.
10'2:—
10-3-3 i i ||iiii-2 i i ||iiii-‘I
10 10 10 sinE{EB"J

Exclusion plot on
2 in2
Am?,, vs sin®20

sin226Me <0.022 @ 95%CL
at high Am?,;

-2InA

L]

10?2 107

NP
sin 2E!'L“a

16 March 2017 M. Tenti - XVII International Workshop on Neutrino Telescopes, 13 - 17 March 2017, Venice, ltaly




Annual p rate modulation

N Complete OPERA data set 2008-2012 ——

| Results
Period: 365 * 2 days
Phase: 176+ 4 days

! T

AT in the upper atmosphere
—> variation in atm. density
—> variation in 7 interaction length
=> variation in the fraction of

mesons decaying before interacting

2008 || 2009 || 2010 [ 2011 [ 2012 |
Annual modulation of p rate (R,) tae il

i i
(More muons in summer than in winter) DAQ stop due
to earthquake ARM
Comparison with DAMA Cross-correlation R, vs Tesf Ar = A 7 0.94 + 0.04

and other experiments

p0  -0.04127 = 0.04933
p1 0.9426 = 0.03884

Correlation of R,, and the <
effective temperature (Teff)

0 I},f \,ﬁ A
sool ”-Ux\ﬂwll I.u'f ‘wt p e
5 W, S Pl
Measurement of 1000~ " :
AR e L e
aT —— AT M Y : T
) Narrow peak at O day shift i TTT T TOTITTTY
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Conclusions

* Discovery of vy=>v: appearance in the CNGS neutrino beam: 5.10

* Loose selection analysis to increase the number of v: candidates =
improve OPERA measurement of Am?;3 (first measurement in appearance mode)

* Muon-less double decay event has been reported.
Favored interpretation v_ CC interaction with charm production

* vu—>Ve oscillation search

e Constraints on sterile neutrinos
from v, — v, and v, — v_with the 3+1 flavor model

* Non-oscillation Physics: annual modulation of atmospheric muons

* PERSPECTIVES: Exploit OPERA unique feature of identifying all three flavors:

* v_appearance
* vV, appearance
* v, disappearance

to constrain oscillations parameters with one single experiment
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RSS2 S

with a pinhole hand made camera
courtesy by Donato Di Ferdinando }}’5‘_;

3
RESET -5 TSR

T T

A : ' : R ,
Image taken using OPERA nuclear emulsion film

i




Study of Charged Particle Multiplicity Distribution

Measure average (n.,) and dispersion D, multiplicities for charged particles in order to
- Test phenomenological and theoretical models
- Provide data to tune MC event generators.

- Test KNO Scaling

% OF ( ) 1 > =350
€ b [(Men) =a+b-InW & F
“El a=-01402 sf- |Den = J (n2y) — (nen)?
41— - -
3.5%— b=0.86+0.07 +' 25/ (ngp)=a+b-InW?
sE- g - a=-06+0.1
g A 2| b =036+005 il e
2.5:— ¢ '_+ s ) L
2| ’++ 1.5 o
- a % : Fog
1.55— -*_,'" + 1:_ _':*7-"' +
1= ‘_.—' -
o.5§— f 05
InW/ (n,5
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Measurement of Am?,3 Accepted by PRL

arXiv:1507.01417

Amj,L

N, / o (E) sinz( T

< (a1 [ o(m)e() 2 an | (Yie) gy ~500km/GeY

/

"Steep" Am3; dependence

) e(B)o(B)dE| (MYw),,,,, ~43km/GeV

OPERA (T appearance)

— counting based measurement DAYA-BAY (normal)
PRL 112 (2014) 061801

90% C.L. intervals PREE E;}cgr;ggm L
by Feldman & Cousins method

MINOS (normal) .
Sy PRL 112 (2014) 191801
Am3; = [2.0—4.7] 1073 eV?
PDG 2014 o
(assuming full mixing) NEEEE TS IR SR

5 6
Am,, (107%eV?)

27 August 2015 N. Mauri, ICNFP 2015 23



Location efficiency

Ou—like and 1u-like samples

Data-Monte Carlo comparison

of the location efficiency as a
function of the visible energy in
the target scintillators

K% =
[72] —
(_?; 0.9;— W . W NN
Hybrid detector: S osf \\\\\ NN
y 4 A g E\ AN \\ \\\ \ \ \\
a complex simulation! = 07%§§ ~
Reasonable agreement. %, 06F v %
W -
05—
s 5 - <:) 2008-2009 control sample
The prediction for the t signal and 04F- o oy data
backgrounds is based on efficiencies o3 o 1.data
derived from the observed Ou-like 02 : 0 MC sys.=(10-20)%
and 1p-like samples 01 L TR MC sys=10%
= I I I B PRI I I

0 100 200 300 400 500 600 700 800 900 1000
Err (Me))



of containing the interaction vertex.

Analysis status:

2008-09 completed up to 4th brick

2010-12 1st and 2nd bricks completed

> 6600 fully analysed bricks \

Bricks are ordered according to their probability

18000 - — — mw- ............................................................................ ihtarget
: Events with at least 1 brick extracted 2 O 1 2

16000 — Events with ot foast 1 CS acann . ................................................................ extracted
: Events with a positive G5 result - : :

14000 — Events with & brick scanned A!Oll ...........................................................................................................

: — nteractions located in the bricks :

12000 __ Decay Search Completed ool ..........................

10000 Y e 3 canned

8000 ........... ....................................................................................................................................................... |Ocated

6000 : e

4000 T e T OO OO O DSOS OOOr SUUTPRUUURPRUOURPUTOPRRO SO

2008008 ST
0 : g . L1111 | - | L1111 | N - | I | | L1111 | I | |

2008M2131 200912431 2010M2431 2011127 2012123 201312831 2014M2i31 201512831

Fraction of bricks

0.07

0.06

0.05

— 2™ MC
0.04 §
0.03 ;
o.oz?-
o.of—
0:""' I N " W R BT EE R
0 0.1 0.2 03 04 05 06 07 08 09 1

Analysis of the emulsion films

| 2010-2011 data
. e 1%data
A 2Mdatag

1'MC

Probability




Data sample

The 5years long CNGS run ended in 2012. g’ 1200 .. | _252‘?1, _
1.8 - 10%° p.o.t. collected E rowop § 3
(80% of the dESign) 800:— L
1.25 kton initial target mass 600
(150 k bricks) a0l
19505 neutrino interactions o 5
in the emulsion targets. oLl BN M NN Db
0 5000 10000 15000 20000 25000 3%%%25 231%%001‘}8??2%08
p.o.t. L4 § gooé_ —4— data 2008-2009-2010 ....... -
Year Days o F .
E (10%) interactions S 600 & mesyston -+ *
2008 123 1.74 1698 R L
2009 155  3.53 3693 Spectrum of muons from | N
CC events measuredin  —> § L
2010 187 4.09 4248 the spectrometers m
2011 243 4.75 5131 300 . :
2012 257 3.86 3923 200 T :
tot 965 17.97 19505 102 1 f+f+++ e
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variable T — 1h T — 3h T — | T—e
lepton-tag No p or e at the primary vertex
Zdee (pm) 44, 2600] < 2600 144, 2600 < 2600
pFEs (GeV/e) < 1* < 1* / /
ff)gH (rad) >7T/2* >7T/2* / /
par¥ (GeV/e) > 0.6(0.3)* / > 0.25 > 0.1
EW (GeV/c) > 2 > 3 >1land <15 > 1land <15
Orink (mrad) > 20 < 500 > 20 > 20
M, Mopmin (GeV/c?) / > 0.5 and < 2 / /
variable
lepton—tag e the flight length with respect to the primary vertex;
Zdec (}LII]) e the missing transverse momentum at primary with respect to the beam direction;

m 158 ( Gev / c
<) e the transverse angle with respect to the beam direction between the tracks which end up in 1pr-like and 2pr-lik

®1H (rad) vertices, so called (;
ZT iy (G eV / (‘) e the transverse daughters momentum with respect to the parent direction;
2" v (GeV/c)
Qkink (ml‘ad/

M, Mumin (GeV/c?)

e the invariant mass of the daughters, for which the daughters masses are assumed to be equal to the pion mass

e the daughters momentum, which is the module of total momentum of the daughters;

e the kink angle between parent and daughter;
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e the daughter momentum coming from the vertex; P2ry
e the daughter fransverse momentum with respect to the parent direction;| Pg,
e the kink angle between parent and daughter: Orink
e the flight length with respect to the primary vertex; Zdec
Variable T—>1h 7—=3h T—ou T—e€
zaee (Wm) <2600 <2600 <2600 <2600
Orink (rad) >0.02 >0.02 >0.02 >0.02
Pary (GeV/c) >1 >1 >1 >1
p%;y (GeV/e) >0.15 / >0.1  >0.1

16 March 2017
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Validation with the charm events sa ple

Test for: reconstruction efficiencies, description of

kinematical variables, charm background.

54 + 4 expected <> 50 observed

25
3 charm MC ‘

Kg / A and hadr. int. MC

® data

o
-
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Improvement on the background rejection

Large angle track detection

Undetected soft and large angle muons are the source of charm background
Detection of particles and nuclear fragments in hadronic interactions
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o o o
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Large angle u scattering
CNGS v, CC muons on Lead 1< p, <15 GeV/c

weighted scattering events

10°
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10

—all
—0>0.02

T p.>250MeV/c
T

Ll

100 200 300 400
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Main background in the T 2 u decay channel

when using upper limits in the past

500 600

LAS

background estimation

(1.2£0.1) X 10—7/u50

well below the values considered so far

0]

|[EEE Transactions

n Nuclear Science

) v
g C v —®— Copper (90% C.L.)
vﬂ@ ~ —®— CHORUS (90% C.L.)
= 1 N
g & \ J— SPSC 2001-025
Eb +Masckclal.
e
g 10_1 Monte Carlo, this work
<
_ \
NN
3107 N
107 \
10—4N IIII|IIII|IIII|IIII
0 0.5 1 1.5 2 2.5 3 35 4
a.u.

32



Large angle u scattering

New estimate based on GEANT4

- Simulation modified by introducing

form factors (FF) for Lead
(Saxon-Woods parameterization)

by —1
psw(r) = po (1+6 a )

I[EEE Transactions
on Nuclear Science
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Background studies: hadronic interactions

Comparison of large data sample (m~ beam test at CERN) with Fluka simulation
=== Check the agreement and estimate the systematic uncertainty

Track length analysed in the brick:

- 2 GeV/c:85m 300
- 4 GeV/c:12.6m E |
< 10 GeV/c : 385 m a 250 E
& 200F {
=2
8 150}
5 - &
Hadron beam = 50k
_ - . ;
,f-:; R o [ [ R .
_ E— 0 2 4 6 8 10 12
- =T — _ Beam Momentum (GeV/c)

Black : =~ beam data
Red : MC (FLUKA) simulation

PTEP 9 (2014) 093C01
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Nuclear fragments emission probability
Nucleas Additional background reduction

Fragments

G e v
W B oy 9o o~

~ Association probability
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6 8 10 12
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Red : simulated data (p= p/E = 0.7)
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Hadronic background: it test beam
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CNGS RUN

I Emulsion scan

 Conmiss SRR

Verify the v, = v oscillation
at the atmospheric scale.

V., appearance event-by-event

in an artificial Vy beam.

e

O
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O )

CNGS RUN -_- Decornmiss.

Emulsion scan
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v (eV?)

Amy,

107

102
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[ LSND90% C.L.
(] LsND9g%C.L.

KARMEN 90% C.L.
NOMAD 80% C.L.
------ BUGEY 90% C.L

CHOOZ 907 C.L.

- MiniBooNE 90% C.L.

MiniBooNE 99% C.L.
——— ICARUS 90% C.L.
OPERA 90% C.L. (Bayesian)
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