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[CERN-SPSC-2000-028, 2000]

The Oscillations Project with Emulsion TRacking Apparatus

*Long baseline experiment: 735 km

7
2‘4

*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
U - detectors

Horn Reflector Decay pipe
Proton Target
beam ! He tube |
i . e tube - He tube II cl Fe I

| Laboratori Nazionali del Gran Sasso (ltaly)
* 1400 m rock overburden

e atm. preduction ~ 108 [1p/(m?2-h)]

* low radioactivity rock

=
05m15
2o SO0 '
; 83m 4

|
100m |

| I
102m 1 18m _| ' ezm '

10 * Optimized for v,
appearance at LNGS

Posc X 0:C (arbitrary units)
Am2=2.44 x 103 eV2

|

* Maximize the number
of v_ CCinteractions

Detector:

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

(Ve +Ve)/v, | 0.9%

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

vy fluence =
| Vu/vu 2.1%

100

Go‘”K[rhlslmzld 505 4o 45 50 Ve prompt negllglble
threshold: 3.5 GeV [m_=1.7 GeV]
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The v_ detection technique

“long” decays: kink

U Detect a few ¥¢¢ amid e
cC e
Bl . the bulk of v e 0.
vV e 'h..~. kink
K ’ ﬂ"'”"ﬂ'.:t ......... s
’ T T S Py, 17 % H:[ ............
< < T D e Vv, Ve 18 % B
A 18 ™ - h v.n(n?) 50 % “short” decays: I.P.
v, _ T omatnv.n(n’) 14% e i s
multi-prong j""'\';?“"l"L.
Modular detector of bricks ”’?"”-'-'-:::::;;:::::: ......... a
[56 Lead-Emulsion Cloud Chambers (ECC) sandwiched] =~ | =™ DH """"""
Large mass e 0.3mm
2 IIH n Il|||H”
2 LO|X .
N, « (Am?)" Miarget |
i
Extreme granularity “H”H’
Hl
~um space resolution HH
S orcraRimx Sriaanse,  RERA . lead

Lead x 56 plates

8/13/2018 M.Tenti for OPERA Collaboration - NuFact 2018, Virginia Tech, Blacksburg, August 13-18, 2018



The OPERA detector

+ several ancillary facilities “off-site”:

If ]. W 8 A {:::::::{i » Assembly of bricks (LNGS)

Wi T * Brick Manipulator System (LNGS)

(. | e
L 1 |

I umlu Il (] AR §f
| = i

;,

| | ° Labelling and X ray marking (LNGS)
’.Wl‘ | qm-w{i“ /‘ * Automatized development (LNGS)
lfi‘ = 1 ' Scanning of CS doublets (LNGS+JP)
’-_; w"% * Scanning bricks (European Labs + JP)
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Event reconstruction

Accuracy of ]

predictions from the | <€—— a'bou't 2 m'

electronic detectors:

position: 1 cm .

slope: 23 mrad ‘m! .
A'l'S i

v, candidate event

Changeable
Sheet (CS)

TENE, o 1\

It - i
gl e

g ?
{i

HHHI‘I

......

Location efficiency: |
.... ] il CC. 74 %
...... ! d"n'm G ‘
1 Rl i G NC:48% U Sl | b
1L ’ LA ; I
,ani‘wu - B | | I J<iD> 'mmmr"

200, | 125Cm o

f x1
-20 0 20 40 60 80 100 120 140

8“

Changeable Sheets (CS) :
the “bridge” from cm scale of

¢ Super Module 1 . ¢ Super Module 2 . electronics detectors to um
scale of emulsions.
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8 Detector area scan
; Prediction gu,’ded by
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<
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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)

,e
If primary lepton is not - 3 L
identified and the daughter 5. I~ ’
charge is not (or incorrectly) }el+
measured

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

Reduced by "track follow down", procedure and

large angle scanning [Eur.Phys.J. C74 (2014) 2986]

Hadronic interactions
Background for t = h Vu

9oueA3|aJ Suisealdap JO JapJo U]

FLUKA + pion test beam data

Reduced by large angle scanning and nuclear
fragment search

[PTEP9 (2014) 093C01]

Large angle muon scattering _
Background fort = u Vu

Measurements in the literature (Lead form factor)

Improved MC simulations

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

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

Signal Background Modelization
- Multichannel (uncorrelated) counting model based on
Poisson Statistics

The 5 years long CNGS run

* 1.8 x 10?° p.o.t. collected - Gaussian for Background Uncertainties
(80% of the design) .
L = | |Pois(n, us; + b;) Gaus(by; , b, op;)
* 19505 v interactions U 2 strength of the signal (parameter of interest)
in the emulsion targets. with g = 0 : background-only hypothesis

and u = 1: nominal signal+background

* 5 candidate events fulfill kinematical test statistics:

selection [S/B ratio ~10] i) Profile Likelihood Ratio;
ii) Fisher’s rule (u = 0) .

Observed Data: 4 hadronic + 1 muonic candidates

Background-only hypothesis:
* p-value=1.1x 107
* excluded at 5.1c significance

Expected
Channel  background Expected signal Observed

r— lh 0.04 +0.01 0.52+0.10 3

T — 3h 0.17 £ 0.03 0.73 £0.14 1

T— U 0.004 + 0.001 0.61 =0.12 | Compatibility with 3v oscillation: Probability of less likely data:
T—e 0.03 + 0.01 0.78 £ 0.16 0 i =1.8%18at90% C.L 17% based on total number
Total 0.25 +0.05 2.64 +0.53 5 6.4% if channels considered
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The five v_ candidates observed

L]

.,u‘

JHEP 11 (2013) 036

Phys. Lett. B 691 (2010) 138 Phys. Rev. D 89 (2014) 051102
/ J‘lll
............. li;lilj—i'll{ r ) ' =
\\ ----- '._ﬁ;\.:
N\ 1 N
\\“‘“O“ \‘\ \
Ll . \-\ \'\\‘
s Y \ . &
" 1090 pm i - 7 A P 1000 jren
PTEP 2014 (2014) 10, 101C01 Phys.Rev.Lett. 115 (2015) no.12, 121802
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Loosing v event selection

[Phys.Rev.Lett. 120 (2018) no.21, 211801]

* Loose kinematical cuts:

S £ ] . Variable T— lh T — 3h T— U T— g
* Minimal requirements to identify the e (om) YT By By
topologies showing 2 vertices Oyink (rad) =002 >0.02 >0.02 >0.02
s A Pary (GeV/c) | > | |1, 15] > 1
* Negligible additional background b (GeV/e) >0.15 ol ol
from K/TC decayS Chﬁrgczr}. Negative

or unknown

* Increased statistics of the v. sample: x2
* Reduction of S/B from ~10 to ~3

Events / (0.04 )

Expected background v, expected Observed
Total 204+04 6.8 +1.4 10

= |
4 -06 04 02 0 02 04 06 O
BOT response BOT response

T —3h [ T—>e

= Improvement in |Am%3| or
alternatively (o) measurement

Events / (0.04 )

A 4 I
10—0.8 06 04 02 0 0z 04 06 08 08 06 04 02 0 0z 04 06 08

e Multivariate approach (based on BDT)
» Use kinematical, topological variables and their correlations
— higher discrimination power
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Statistical Analysis and Results

[Phys.Rev.Lett. 120 (2018) no.21, 211801]

Likelihood: 4 e n
Lupo)=1] (P(rzc\usc +p.) chw) x | [ 9B os,)
c=1 i=1 c=1
S 10 j ¥
where f (xd) _ HS PDE¢ 4 P PDFlgké
’ pse + P Us. + P

Test statistic: profile likelihood ratio

(o) = (5u1155) X 103 cm?

assuming maximal mixing and |Am3,| = 2.5 x 1073 eV/?

Using asymptotic approximation (cur.rhys..c7a45s4,2011], (Ocenie) = 4.29 + 0.04 x 1073 cm?

null hypothesis excluded with 6.1 si

ificance

Best-fit signal strength:
” i 1. 1t82 / 10

T 10°

10*

______________________________________________________________________ 10°

7RSS |Am§2|2 {a)

|Am3,| = (2.7707) x 1073 eV? 1
assuming maximal mixing

first measure in appearance mode

o, 10% em?
. 3 3
T T 7]
IRURRLLLI |||\|I'ITI4 TTI

0g (GENIE v2.6 default)

v, flux
—— — Mean Energy

(o )meas

N, /(cm?® GeV 10" pot)

II|
-

[=]

Energy (GeV)




Peculiar event

yz view yz view
(vertical) (horizontal)

*Muon-less neutrino event

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

*Most probable topology: v || 2tbolde ) | [l Ay |
v interaction vertex + 2 decay vertices e ::?f-.:--- 65 K HTIC | A [
H 2 3 I =" i =L
*Rare topology not considered in the [t AT
experiment proposal % ] Frinas s n)
(0.1 events expected in full data sample) ) i "‘ I g[ 1 sl || ]
2l |7 || 2ddodp

*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 o_ozsi_l | +§ | . T
*v,CC+ c + had. int. | .} § -l |
*v.CC + had. int. l,mé_
*v,CC + 2 had. int. | ,.; anllls . N
- ANN output v,.CC + C,\ha‘l"m
- ﬂ = : - - [P, 18/

. o peo n
Assuming the event not being v, CC + charm: p-value ~ 104 > Significance=3.4¢0 l%
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ve Sea rc h [JHEP 1806 (2018) 151]

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

ey v identified as e*e pair 1
# CS 4 emulsion plastic base emulsion e %
verte " g%_/‘i T
- s
S f— -< L ErteX i n}@?f‘ég
S / wtl cs
W
- 10 um “‘““"ﬁ‘ai g g
~ Addition TS|
B Scan 100 |“ TR 1
* Project vtx tracks Reconstruct Exclude y Fikntit !
* Find cluster of ::> e.m. shower :> ::> ok y?/e (.even
similar slope CS tracks W/ std v MIXINg
Contribution Expectations Expectations ok — observed S
w/o v mixing w/ std v mixing - expected — VuVel
= e
> |8
w
O
T (unidentified) > e 0.7 0.7 S |
2z
c
@ | [
o
EY] EY] (9]
vy oV, (Vo V) 0.0 2.0 ail
Total 31.9 34.3
| | | |
observed o 0-10 ]10—20T20—30]30—40]40—50 50 - 400
E, (GeV)
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v, disappearance

vy disappearance sensitivity Tl
limited by flux uncertainties © - y
— no NEAR detector ol f |
107 = 90 % [.L.
Ratio (R) of NC-like over CC-like mitigates mz;
limitation due to flux uncertainties - j ao
2 2
Electronic detector data: |Am23| (eV*)
smaller uncertainties w.r.t. emulsion data PRELIMINARY
‘”E— expectation w/o oscillations
R 06—
Test compatibility with expectation 0.55_ data
for given values of [Am3,| oaf-
(assuming maximal mixing) osE-
- | |
0.2:— i { .
|Am%3| < 4‘. 1 X 10—3 eVZ @ 90% C. L. 00_' R ‘ I2(|]OI - I3E|)DI = I4(‘JOI = I5l|JUI - IB(|JOI - '?(llol - IBlllo‘ — .9[|m. 1000
Evis (MeV)
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Sterile neutrino search

LSND, MiniBooNE, Gallium

Some experimental results may hint to an and reactor anomaly

additional massive (~1 eV?) sterile neutrino IRRRERECTUR B 1S (. T
M Tk oo ] il _
Baal T l 11 1wl T s
« . 4 3 E"’;).a— ] 1= ~ | ~
Mixing described by 4 x 4 matrix gl T i e L ]
g 17.5 s cos % 25 ‘ :-% 09 | § _
B p— ‘:’5‘3 15 e —;g 20 + % M: \ L k |
v, U, U,|U, v, appearance N ST |
U, 38 Ukl v, disappearance = SACE A
U. U U, V. appearance 2.z | o
U L=t oilf NC disappearance YO ey | | P2 e eses e e e e

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 Am2,, from cosmological surveys [a&as9s, A13 (2016)]
(PDG mean and sigma) * Profiled likelihood ratio A

 Matter effects: constant Earth crust density (nuisance parameter profiled out)

(PREM onion shell model)

e Representation: U = Ra4R,4R,2R14R ;2R
[Phys. Earth Planet. Interiors 25 (1981) 297] P o can L T e
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[OPERA note 175]

[JHEP 1506 (2015) 069]

VH —> V. oscillation probability in presence of a sterile neutrino neglecting Am?;1:

~ standard oscillation

pure exotic oscillation

A3

P(Energy) = C?sin”

+ C'sin 20,,. sin @,

Mass Hierarchy
dependence

A

1
+ EC sin 20,,, cos ¢,

— C'sin 20,,, sin ¢, sin

+ 2 C'sin 20,,, cos ¢, sin B sin

. 2 B, Agp . —
-H sin” 20,,; 5in T Effective mixing parameter
1 (leading mixing term at SBL)
S1n Ag]_ S11n A41 (\
A
= i Sin A41
2
2 A31
sin A3 Bin

Effective parameters
C = 2|Uy3||Uy3]
¢,u1' = Arg(ng Urs U;4 Urs)
sin® 20,,; = 2|Uyy||Us4l
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[OPERA note 175]

[JHEP 1506 (2015) 069]

QQS,O e Counting analysis
% / | Update of L = Pois(n; u) X Gaus(Am%3;Am%3,a/A;)
1025 JHEP 1506 2015) 0b3 n: expectation (GLoBES) —
= 2 |
- \\ n: observation (data) Am3s, Gam PDG values
= E— z
< L \:N * Both normal and inverted
= E neutrino mass hierarchies considered
E 1= === OPERAILH.90%C.L.
~ | —=—— OPERA N.H.90% C.L. & : :
10% = — ==« | * Exclusion region on
oL ~=——"" | Am?,; vssin?20  plane
T E CHORUS 90% C.L. Sy ha
1 4 L ll Il ) T - | | { I S - 1 L Y I - .
0153 0 o 0 + | » Energy selection (E, < 30 GeV)
sin” 20,

maximizes sensitivity

At high Am?,,

8/13/2018

(a) \

Profiling out ¢,,,
sin®20,, < 0.119
90% C.L

<

£
h

16

(b) '
— profiled ’

- 0,20
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[JHEP 1806 (2018) 151]

I l[lllHl I l[llHIl I TTTI TEETTI LTI I TTTIT

90% C.L. Excluded

T T T 17117

1111115

5 o o . : = OPERA
v, energy distribution used to obtain | — nowno
exclusion region on: — KAREN

an

T IITIIIII
1 IIllIIIl

DayaBay/Bugey-3

2 in2
Am?,; vs sin?20

with sin20 . = 4|U ,|2| U,

Illlll

—1
T IITTIIII

>
Systematics errors g; due to: LN
* Beam and efficiencies uncertainties E
* 20% E, <10 GeV & 10% E, > 10 GeV
* Bin-to-bin uncorrelated (conservative approach) 102

T 1 lTlTT]I

T IIIITHI

90% C.L. Allowed Sinzzeue < 0'022 @ 95%CL

L= (1_[ Pois(n;; u;(1 + k;)) X Gaus(k;; 0, 00) : 2
i 10—3 LSND at hlgh Am 41

2 A2
X Gaus(Amsy3; Am5s, G ) MiniBooNE v mode

T ITTIIITI

L1 11

MiniBooNE v mode

: 2
Prior on Am3;

S 107*

Am3,, G4m from PDG 10

| JlIJlHl | JlIHlIl | JlIJIlJl ] JlIIIJJl ] JlIIIJJl L LI

6 10°° 107* 1072 1072 107"

.2
sin“26,,,
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Exploiting simultaneously results of

Combining v_and v,

the 3 + 1 neutrino model

v, search: 10 candidates @

Vv, search: 35 candidates

... to extract limits on the parameters of

(Small) exclusion power enhancement

w.r.t previous analyses

Am%, (eV?)

102 ==

1 0-1 .

1

10"

Am%, (eV?)

102 ==

8/13/2018

107 10°? 107

)
sin“ 26,

Sin229ILLe <0.019 [90% C.L.]
@ Am?,, ~ 1 eV? @ Am?,, ~ 1 eV?
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)
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Annual p rate modulation

Fit with: R, = Ry + OR cosz?n (t—¢)

AT in the upper atmosphere

—> variation in atm. density R

—> variation in 7 interaction length
—> variation in the fraction of
mesons decaying before interacting

Annual modulation of p rate (R,)
(More muons in summer than in winter)

Correlation of R i and the effective
emperature (Teff)

¥2 1 ndf 1704 /1272
a0 0.017 £0.053
o 095+ 004
o +
o
4 3 ) 1 0 1 3
AT TS (%)
AR,
ap=-—— =095+ 0.04
eff

DAQ stop due
to earthquake

T = 359 + 2 days
— = (1.551+0.08)%

T | PRELIMINARY || ¢ = 197 + 2 days
i
I AL |IlI|I||‘ I'i | |l ||1| I ;".u-ll':! ||
1 i1 TTMRN ,l},!’\'| Y l:
2008 2009 2010 2011 2012 2013
] Fixing period: ¢ = 5t July t (days) 7

ar VS depth

0.6; "-'.'
0.4 1

0.2}

0.8 ; 2

liminary
(overlapping
with Borexino)

A Amanda
¥ Ice Cube
% Minos FD
+ Mac

4 GERDA

..........................

o.co-:“"']'

500 1000 1500 2000 2500 3000 3500

depth [m.w.e.]
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Atmospheric muon charge ratio

[Eur. Phys. J. C (2014) 74]

* Highest-E region reached

i i & . B (L/Tfﬂ':t e Rige a’[\'f[\’i
* Opposite magnet ;.)olarltles runs PuE 7T bﬂé'“ cos 0/e, Ly ng# cos 0/ex
— lower systematics

e Strong reduction of the charge o 16
ratio for multiple muon events 4:'% [« OPERA 7K model .
+ singlen  1377£0.006 |3 . F ° ¢ K Goowmed single
s mUItl'l,l 1.098 =+ 0.023 g [ MINOS K +VFGS mi:lel_ —_—
3 N cMs - 5\
: : 1.4 r $e N
» Results compatible with a - sk N R
simple ©-K model - — —_——_——t -
1.3 .
* No significant contribution of -
the prompt component up to 1.2~
E, cos 0"~ 10 TeV N
14 fn+ =0.5512 £ 0.0014
» Validity of Feynman scaling in N fr+=0.70510.014
the fragmentation reglon up to 1_ L L1 ”1[:]2 L1 1 ll1L$3 1 T |11(|}4 L L1 LJJ1I05
Eu ~20TeV (E ~ 200 TeV) g, cos 0* (GeV)
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Neutrino interactions multip

licity
C78 (2018) no.1, 62]

Phys.J.
L o3 ~ 45 [
. + Data s F Pindf=  545/7
azs |- — MC 3 average a= -019+0.18
: 35 o ge e b= 0.76 +0.07
oz £ multiplicity (n.;) Lo
- as function of e
charged hadron  °=f 1 25 |- In W2 [
multiplicity 0| 2 | n A
distribution s (nen) = a + blnW? ’” P :
oorl- l _ | ! W = invariant
[ 1 ) .o
] RTTRTR . — S - ! mass of the
S35E + 05 |— L .
sk F hadronic system
S
Tz s 4 5 s 7 & 9 In(W*(GeV?/c*)
5 35 54
) I x2/ndf= 48/6 @ B —§— 1<W2<9 GeVrct
- A= 059+0.12 T 12 — —4— 9an’<19 Gev?ic’
Dr_'h = A+ B(nfh) B= 0.46+0.06 ’"E ) o T —+ W19 GeViic*
£ - ¥ indf= 14.7 /23
E_ 7 0.8 N _
average d + o Koba-Nielsen f)lesen
multiplicity s N .}t},+ °F (KNO) scaling
A ; r 0.4 istri i
dispersion D, L +_,..+-' - d'Strf'bUt'o“
2 . ’ 02 verification
C _ 2 2 - ,
as a funCtlon 05 C D(’h - J(Hfh} T <n£‘h) 0 :_ —o—
Of<nch> E | I | | | I | | -Illl]]llll]]llll]]llll|JIIl||JIIllIJJIllIJII
0 "05""1""15'"'2""25""3""35'"'4""45 0.5 1 1.5 2 2.5 3 3:5( 4)‘;( 4,5)
: : : : : ' Z=(n_-o)/(n_-o
Pl || ((Mep — ) P(nep) = ¥(2) ;
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Conclusions

Discovery of v, = v: appearance in the CNGS neutrino beam: 5.1c0

Loose selection analysis increase discovery significance 6.1co
* Measurement of Am?23 (first measurement in appearance mode)
* Measurement of effective v_ cross-section

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

Final results from v, = ve oscillation search

Search for v, disappearance

 Upper limit on Am?;3

e Constraints on sterile neutrinos
fromv, — v,, v, — v and their combination
in the 3+1 flavor model

* Non-oscillation Physics:
* atmospheric muons charge ratio
e annual modulation of atmospheric muons rate
* Neutrino interactions charged multiplicity study
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LNGS OF INFN

The world largest underground physics laboratory

e ~180 000 m3 caverns’ volume
 ~3 100 m.w.e. overburden

e ~1 cosmic p/ (m?x hour)

o | * experimental infrastructure suitable
g ’ to host detector and related facilities

e caverns oriented towards CERN

/ 7 »\ ;J‘)

~—
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CNGS PERFORMANCES
Along five years (2008 + 2012) of data taking

7 p.o.t. (101) I
1{'30E 2012/
2008 123 1.74 _/
2009 155 3.53 /20
2010 187 4.09 N 010/
2011 243 4.75 _,
w2009/
2012 257 3.86 : /
08/
Total 965 17.97 0 0|8112!é1| I ID|9!12!3|;1| I I1l]!12!3|;1| I |1|1f121‘3:1| I |1|2:'12!.';1‘ —
\ date /

Record performances in 2011
Overall 20% less than the proposal value (22.5)
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SCINTILLATOR STRIPS TARGET TRACKER

AND BRICK TRAYS

mechanical structure:
brick trays, only 0.5% of target mass

08/08/2018

« >5p.e. foram.i.p.
« ~99% detection efficiency = trigger

 position accuracy: ~ 8 mm
 angular accuracy: ~ 15 mrad

B0
B0
40
20

6_III|IH|III|IIIIIIIIIIIIIII|III|III‘Illll

Mean 002977
200 RMS B.148
180 7* I ndf 28.371 16

Proh 0.04801
160 Constant 1879476
1@ Mean 0.09581+ 0.23482

Sigma 7.774 £ 0.210
120
100

c=8n

4
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THE MAGNETIC SPECTROMETER

Precision Tracker | 1.55 T magnetic field bending particles

(Drift Tubes) A in the horizontal plane

Hi— 24 slabs of magnetized iron interleaved

| \mdl— with RPC planes
|| T BT * 6 drift tube stations for precision
ptl "llmh iy | measurement of the angular deflection
I i e 441+ % °  momentum resolution:
ﬁ‘l’xiﬂi":i | A ¥ 20% below 30 GeV

T ]
O VR B
gy

IViomentum, x charge for p

102

T LTI

Spectrometer s i 10°

1
L ||

NIM A602 (2009) 631-634 _ p x charge (GeV/c)
New Journal of Physics 13 (2011) 053051

-40  -30 20  -10 0 10 20 30 40
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THE ECC TARGET BRICKS

The heart of the experiment

Emulsion Cloud Chamber / sensitivity.30 grains/100 um X
ECC mip .. . amone 2o e
- passive material ...y lead S & S
massive target : . : : P
- Er?Cklng dEV?Ce) --n-—-) nuclea_tr . 74 llmelectron\"Vl‘OO ke\//" .
(high resolution) emulsions —> P™;
\.
o e ———

\{gh dE/dx tracks from nhu,clge;r_évaporatlon J

NIM A556 (2006) 80-86

300 pum

« The OPERA target consists of
150’000 ECC bricks

 Total lead surface: 105’000 m?

 Total film surface: 110°000 m?
(~ 9 million films)

,  Total target mass ~ 1.2 kton
emulsion films
Giovanni De Lellis, LNGS Seminar 30



TARGET MASS EVOLUTION DURING RUNS

_ x10’ .
o 3
X
% 1200 25 2
a -
E g
@ w
1000 -
g 20 2
- d
4800 {— i P
Average = - - —{15
1.18 kton - B B
600 — -
B B R T
400 [— - i
— — 5 —15
DO [vovvoeeeeeeseers s s s .
00 " 5000 10000 15000 20000 25000 30000 35000 40000 ° '

hours since 01/01/2008
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INTERFACE FILMS

for the brick validation

Target Tracker o (El -, N |1
scintillator strip) __ ;g E '4\ 2 | I
| I —
126.4111m 40: ~ [
_20-20‘ 020 40 60 80 100 120 ;ztﬁ;n)xms E
h
4240
e e
C 1026/6
1200~ 1488 + 31.7
C -0.8344 + 0.0414
Two interface (changeable, CS) films packed in a o 2663 +0.030
detachable box, glued downstream of each brick "“"/
600—
Alignment of CS films by Compton electrons: 2.5 um //:: -
JINST 3 (2008) PO7005 i b e |
Lm

About ~ 4°000°000 cm? of CS surface analysed |
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TRACK FOLLOW-UP AND VERTEX FINDING

emulsion lead
Track follow-up film by film: b ]
 Brick exposure at the surface il
- v L —
laboratory to cosmic-rays for :>
alignment I
- Definition of the stopping point —
film37 film38 film39 film40 film4l film42 film43 film54 film35 film56  film57 _CS_

* stopping point « scan-back direction

Volume scan:

« ~2 cm? around the stopping point
180 Entries TE3d
enb i f ndf 49.54125
C Constant 1543+ B4
,,—/'/ 140 |- Mean  0.4731: 0.0690
_/,/' u Sigma 1.837 + 0.068

LT E —
A\ e F
— <=
=l | G ~2 um
]|
1180

111
5 1 15 20
AX [um)



€,c With MB analysis

Vertex location efficiency

-
0.95—
0.8:—
\\ \\\ N
0.7 \ A
N
0.6 <ll>
05— 1
= Y 2008-2009 control sample
04—
= O Opdata
0.3
B 1
: 1 [ u data
021~ T 0 1 MC sys.=(10-20)%
0.1 W 1p MC sys.=10%
0:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 100 200 300 400 500 600 700 800 900 1000

E- (MeV)




DECAY SEARCH

*Primary vertex definition

- Inspection of segments on the vertex plate
- impact parameter <10 (5+0.01 Az) um,
If Az<(>)500 pm

F+
el v MC v, CCint.
) ¢
S - + ® data
g 0.2 %
“6 -
K o
8 0.15 ’
E | #
: -
yo) [
.g 0.1}~ -
g -
s | %
= 0.05}- &
: e
s -8
0 111 1[1 l II‘IH‘L‘.—L.-I-.J—I-MM
0 2 4 6 8 10 12 14 16 18 20
IP (um)
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DECAY SEARCH

*Primary vertex definition

- Inspection of segments on the vertex plate

- Impact parameter <10 (5+0.01 Az) um,
If Az<(>)500 pm
*Extra-track search

- selection of tracks reconstructed in the volume
but not attached to primary vertex

- identification of e*e” pairs by visual inspection

® Gamma-ray

Imicron
<+>

A close-up of an electron pair
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DECAY SEARCH

*Primary vertex definition

- Inspection of segments on the vertex plate

- Impact parameter <10 (5+0.01 Az) um,
If Az<(>)500 pm
*Extra-track search

- selection of tracks reconstructed in the volume
but not attached to primary vertex

- identification of e*e” pairs by visual inspection

°|n-track search

- search for small kinks along the tracks attached to the
primary vertex

*Parent search

- search for a track connecting the selected extra-track
and the primary vertex



control sample for the t search
to check the efficiency = signal expectation

W+

d,s

YY
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imilar Titetime and masses

Charmed hadrons from v CC interactions
Muon at the primary vertex

Used as “control sample”

Decay topology Events
Expected Expected Expected  Observed .
charm background  total Background from
hadronic interactions
o i n | e
PIOng particle decays (13%)
3-prong 4+1 1.0£0.3 541 5
4-prong 094+02 - 0.9+0.2
Total 40+3 1443 S4t4 50 Good agreement between
data and expectations
Eur. Phys. J. C74 (2014) 2986 ~10%
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Fair agreement between data and Monte Carlo

08/08/2018

25

Events

Tracks

15

10

T T

L 09K 0 90 )

charm MC
. background MC
® data

Kolmogorov-Smimov test:

C.L.0.219

+++

45

40

35

25

20

15

10

0
0

1000

Decay Iength (pm)

Ty

™

4

A RN

charm MC
| background MC
® data

Kolmogorov-Smirnov test:

C.L.0.124

-

=
50 100 150 200 250 300 350 400 450 500

Impact parameter (um)

Events

Events

Eur. Phys. J. C74 (2014) 2986

20
i o charm MC
r ' background MC
16 © data
4 “_ Kolmogorov-Smirnov test:
: C.L.0.069
12~ ‘ I
10F +
8-
6F
4 #
: EH+
0
0 40 100 120 140 160 180
¢(degree)
30 charm MC
N . background MC
25 |- ® data
C Kolmogorov-Smirnov test:
s C.L.0.582
20 -
15 -
10
5 +
| A= -Tepggreve
0O 10 20 30 40 50 60 70 80 90 100

Muon momentum (GeV/c)

[




DATA ANALYSIS COMPLETED
Run 2008 — 2012

18000

Events reconstructed in the target

Events with at least 1 brick extracted

)
=
o
N\

l

Events with at least 1 CS scanned

16000

Events with a positive CS result

Rt

Events with a brick scanned

14000

.

Interactions located in the bricks

Decay Search Completed

10000

_/

8000 S0l ;)//
6000 — P —
/ _,'-f""rf,__,——ﬂj

4000 5009 Is e
iy [t

2000, &

IIBIII

2008/12 2009/12 2010/12 2011/12 2012/12 2013/12 2014/12 2015/12 2016/12
7132 located interactions
6785 decay search
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CosMmic-RAY PHYSICS

Surface ener :
g 167 gy Measurement of TeV atmospheric
£ - e OPERA :
3 5[ & e muon charge ratio
c - Utah
:1 C MINOS
- CMS [ =
M moss e Eur. Phys. J. C74 (2014) 2933
1.3:— IL[T fiae ! T
B PP T a8
11E oy Vertical surface energy
" & ” e OPERA 7K model
N T - oA e K + RQPM model
1 S T Ll L3 . e 7K + QGSM model
10 10° 10* e 15C Utah L 7K + VFGS model
g, °3. L MINOS
(14 N cms IR
1.4_— '=' ..........
1.3
1.2
1.1 K
1: 1 1 IIIIIII2 1 1 IIIIII|3 1 1 IIIIII|4 1 1 IIIIII5
08/08/2018 Giovanni 10 10 19, cos 0% (GeV)
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COSMIC-MUON RATE AND TEMPERATURE DEPENDENCE

* Gran Sasso underground~3800 m w.e.—Minimum muon energy~1.4TeV
* Atmospheric temperature increase — density decrease — increase the
pion decay rate — muon rate increase

2
S Ig + AL, = Ig + 41, cos [—%(t — to)]

m.
foo T el (2)dr
Tef i O e & Al n ATeﬂ"
fo W (x)dz 7o : T
M eff
High W in high atmosphere — high energy muons /
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 IJI.QNEight‘I
I Eannn AN R R R R T T '!50§ Ejb— 14— LI B S, | I
E i~ ..z'// ~ Temp ':_ 45 % 12 - 'EJT:;,, .
é - 7 P Weight ‘_: 40 3 1:_ Barrett 1 ""Eoc[}TrKexino_:
El_} = /,.--"' ‘__. Il 35 B ]
o 10— /// o4 - -
- v A b 0.8f Baksany E
. ;_/’ ‘ 125 - ' ]
- / el — 20 0.6¢ E
i L It = " Sherman .
10 \\_ R 115 04_— —
IR—— e _L-" —1 10 N . -
_ — E 02y .- =
f | _____-h__‘_""'“-—u.l,‘ﬂ_h' | ° 0 H%B%ﬁ N PR B B R :
200 220 240 260 280 _ 300 0 1000 2000 3000 4000
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TRACK MULTIPLICITY DISTRIBUTIONS
REFILECTING THE DYNAMICS OF INTERACTIONS

N Shower tracks s Grey tracks
_§200i— ++ %102? e y
150:_+_ L
N + Eur.Phys.J. C78 (2018) —4—
100 |- no.l, 62 10
- 1
— + 1L | Muuu\u.T"Tu\.uu\m
N I A R AR
"n E Data
%1035 0.25:— — MC
q;g_) —0— —+— Backward black track . |
g —+— Forward black track 02r |
£ e - -
2 10 - Nuclear evaporation =
—— C
— and break-up tracks orf- e
_+__(?_ 005——
10 T 1_‘7
‘% o R_.I\ 1 A IS IO Ao e -—- -
= +
el 1 N
N RN T ST RN FETEY CHUED SRS S 05
-1 0 1 2 3 4 5 6 7 0 2 a4 5 s 1 & o

L1 ‘
8 0
n,



—~

-

MULTIPLICITY FEATURES

Eur.Phys.J. C78 (2018) no.1, 6205 35

45 @indf= 4816
- ¥?/ndf=  545/7 3 A= 059+012
! 3 a= -0.19+0.18 s B= 046+006
35 b= 0.76+0.07 ' )
- ’ 2 +
o ” 15 ol
: P Dep = \/ (ng) — (nen)? 4. A
2 - %‘} 1 +--"'+
1.5 f— * % 0.5
c NN NI NI WA W N SN S
L= % { 0 os 15 25 3 35 4 45
- U
05 — L
- { ’ Reaction (E,)(GeV) a b
0 i1 { 1111 I L1l I 111 { 111l l L Ll I L1l ] Ll Ll l Ll Ll J L1l
0 05 152 o8 4 4SO v,-emulsion 38 045+0.24  0.94+0.08
ICWHGeV7c) v -emulsion 50 1924068  1.19+0.23
vy-emulsion 8.7 1.07 £ 0.05 1.32 +0.11
. -lead 20 —0.194+0.18 0.76 £ 0.07
Reaction (E,)(GeV) b Pumea
co 14 C
v -emulsion 38 0.45+£0.24 0.94 £0.08 ET-' C = 1W< Gevire!
= 12 Wi Yt
v-emulsion 50 1.92+0.68  1.19+0.23 . oo
v -emulsion 8.7 1.07 = 0.05 1.32 +£0.11 éﬁ 1 ? 2 ndf= 14.7/23
v, -lead 20 —0.19£0.18 0.76 £0.07 0.8
0.6
: 0.4
KNO Scaling ozl
0 - —0—
i|lLJ|||\Jl|I\Jl||\I|lL\IIILJIIILJIII\JIII\III
05 1 15 2 25 3 35 4 45

z'=(nch-a)/(nch-a )



IMPROVEMENTS 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

100 ; : : —¢ ;
S o ppt T 1
gl B gy AL 7 |
% 80 :_ ...................................................................................................................................................................... .......................
c — :
:-tg 70 _I .......... el ..... 10 ........................................................................................................................................ .......................
= — |tanO|=
< N SR S SN/ SRR S S —
g |tanB|=2.0 =
50 T N - — |tane|=3.0 ........................................ .......................
40 | 72 degrees!

30

20

10

FTS

1 1 | L 1 1 1 I 1 1 1 1 | 1 | ] 1 | 1 1 | 1 I 1 | 1 1 | | | 1 1 | 1 1 1 |
0.5 1 1.5 2 2.5 3 3.5

OO

Itan6l Conventional

JINST 9 (2014) P12017
JINST 10 (2015) P11006
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CHARMED PARTICLES PRODUCTION

 Lifetimes and masses similar to the t
« Background when the primary muon is not identified

v, ¢ interactions with charm quark production
derived from CHORUS measurements
New J. Phys. 13 (2011) 093002

n 200
E
2 180
TR
160[—
140
120
100
80—
60—

40

20—

0 L e by by b by |
0 1000 2000 3000 4000 5000 6000
Density x length of the muon track (g x cm?)

New J. Phys. 13 (2011) 053051

o(vyN — p~ CX)

S (4.38 + 0.26)%

30, charm MC
N J background MC
25— ® data
L Kolmogorov-Smirnov test:
- C.L.0.582
20!
ﬂ -
c L
Q 15}
@ i 8
10
e

0 _
0O 10 20 30 40 50 60 70 80 90 100
Muon momentum (GeV/c)

Eur. Phys. J. C74 (2014) 2986

Good agreement in normalization and shape for the relevant kinematical
variables in the charm detection and muon identification

Constrain the background within 20%
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BACKGROUND STUDIES: HADRONIC INTERACTIONS

Comparison of large data sample (w~ 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 |
- 10GeV/c:38.5m s2F E
= 200F {
2 |
§ 150}
5] - T
g IDD__ E ..... ...... o N .....
Hadron beam = 50k
- N :
,‘52: P oL R [T R .
_ E— 0 2 4 6 8 10 12
- =TT — _ Beam Momentum (GeV/c)

Black : m- beam data
Red : MC (FLUKA) simulation

PTEP 9 (2014) 093C01
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SECONDARY TRACK EMISSION

2GeV/c

[ Mult1phc1ty

@ 50F

4GeV/c
8 Bf 4 GeVic
2 30k
o |
5 250
g
E 15} |
Z 1ok |
5F
G: £ frrge oy T2y % I 1
1 2 3 4 5
Number of forward tracks

I
|
I
2 l 2 GeVic I
o I
v 401 I
w | I |
=t
5 30k I |
LD " I
5 200
Z I
10 I
0: i L L '_Eﬁ L ! 1 I
0 1 2 3 4 5
\ Number of forward tracks I
Kink angle (1-prong) :
£ %gz_ 2GeVie ||
5 205
o 18F |
= 165' I
2 .
E 100
Z gg' |
4'5. | 1 i I
2t . A I
Y0102 03 04 05 06 I
I
1

Emission angle (rad)

Error bars : Experimental data
Histogram : Simulated data

Number of events

—

Emission angle (rad)

of 4 GeVi/c
o

:

6l

4 —t

o _l——’_LL
D01 02 03 04 05 06

: 10GeV/c
I
1, ¢
IE 50F
S F
12 40}
IO [
5 30f
g
e
I 10-
| 05‘ i . - .
| 0 2 4 6 8 10
I Number of forward tracks
1, .
|E - 10 GeV/c
3] 12
1.2 10f
1° F
130
L
I g 6
IZ 4f- I I
L2 | = |
I QY01 02 03 04 05 06
| Emission angle (rad)
1

08/08/2C%S

Good agreement within the statistical error: systematic error ~ 30%
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NUCLEAR FRAGMENTS EMISSION PROBABILITY
Nuclear Additional background reduction

Fragments

|
oA

P oy 20 o o~
LI

Association probability
o O o O O

o

 Q
By
s:' 5'
b=
SN
R
\' (@)
g =l
. ":_ —_—
20
% o ..-f,'_:...c (@]
. “-. . 3
. D
o s
~—+
M ¢ o)

SSOC

o O

W B

I

P

"2 4 6 8 10 12
Beam Momentum (GeV/c)

v 4 '-",'u"'o
H o "
il
" -.'. o o
o
[y
Ill ! t | |

Black : experimental data
Red : simulated data (f=p/E = 0.7)

PTEP 9 (2014) 093C01

A
v
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NUCLEAR FRAGMENTS IN 1 AND 3 PRONG INTERACTIONS

I
I
2GeV/c I 4GeV/c I 10GeV/c
e - I '
/ Multiplicity I I MC: B < 0.7
2] 7] F I
£ 25t 2GeVic : g 16f 4GeVic | | 10 GeVi/e
5 F 5 14t
50 E
53 15-'.. o 10}
[ 10/ I E 8
2t 1z &
s I Lo
0-': ‘i_‘— i 1 1 1 I G-.: L i el + L 1 [ 4= ";"+ 1
0 2 4 6 8 10 12 14 I 0O 2 4 6 B8 10 12 14 8 10 12 14
\ Number of nuclear fragments Number of nuclear fragments Number of nuclear fragments
Error bars : Experimental data
/ .. Histogram : Simulated data \
Emission angle(cos 0)
2 6F 1 2 T
g O 2 GeV/c E 0L 4GeVic| B30k 10 GeV/c
£ sBackward Forward |1 3} g
o | & gPackward Forward | 1225
© 4 I et 1° 20F
2a 29 1 15
= 3 -y 13
Z 2 1 z 7 Z 10E
_-..u.u i Ll il e B I : [ ! T g | :
Ql 0806-04-02 0 02040608 1 ql 08-06-04-02 0 02040608 1 | 0
I
Polar angle (cos 6) I Polar angle (cos 6) | Polar angle (cos 0)

Agreement within the statistical error: systematic error is 10%
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L ARGE ANGLE 1 SCATTERING

1

New estimate based on GEANT4 O E N e [Fr(@)F
| -..Proton FF - [F (q)F
- Simulation modified by introducing 10 A
form factors (FF) for Lead 107 ¢
(Saxon-Woods parameterization) 10°
r—p) ~1 n Combinéd-FF
psw(r) = po (1 +e e ) i
|IEEE Transactions on ? ENuclearFF
Nuclear Science \Vol. 62, O b2 2 33 Sy
No. 5, October 2015 MC predictions compared to available data
7.3 GeV/c muons on Copper
E . ] G4S.W.FF _ 2@eVicgn #ﬁﬁg ﬁﬁ 1@3& mc:mmg "
El . B G4 dipole FF TN =
g - [ JFF=1 =F - o
* e data7.3 GeV/c - | |
107 * NIM A243 (1986) 518 =r- ]
— s 0 Phys Rev. 122 (1961) 937
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+ |
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L ARGE ANGLE 1 SCATTERING

CNGS v, CC muonson Lead 1 <p, <15 GeV/c

weighted scattering events
=)

10* —all

Main background in the T 2 u decay channel
. —6>0.02 when using upper limits in the past
10’ ~—p,>250 MeV/c

'I'I'I'ITITI|_|'I'I'I'mI] |||||I11:|U_I'I'I'I'rlr|u|||||||| ||urrq—rrrmn] |||||I1T|-I|||||

z F v .
0 wg C v Copper (90% C.L.)
1 g 1 \ & —:— CH?RUS (90% C.L.)
i (" e
0 100 200 300 400 500 600 = ’
p. (MeV/c) 2 Monte Carlo, this work
! =10 ’
<
LAS background estimation =
Q—llO—Z
) -
(1.2 ¥ B 0.1) X 10 /V 2
IUI 1073
well below the values considered so far
|IEEE Transactions on 104& L
Nuclear Science Vol. 62, o o5 1 15 2 25 3 35 4
0s/08/201 No. 5, October 2015 53




) T — 1h T — 3h T — U T —e
Variable
OLD NEW | OLD NEW OLD NEW | OLD NEW
Zdee (um) [44,2600] <2600 <2600 [44,2600] <2600 <2600
Okink (rad) >(0.02 <0.5 >0.02 >0.02 >0.02
p2ry (GeV/e) >2 >1 >3 >1 1,15] [1,15] >1
Pary (GeV/e) >0.6(0.3) >0.15 / >0.25 >0.1 >0.1
Prmiss (GeV/c) <1 / <1 / / /
&g (rad) >7/2 / > /2 / / /
m, Mmin (GeV/c?) / 0.5, 2] / / /
Channel Expected Background Expected Total
Charm Had. re-interaction  Large j-scat. Total Signal Expected
T — 1h 0.15 4 0.03 1.28 +0.38 — 1.43+0.39 | 2964+0.59 | 4.39 £1.39
T — 3h 0.44 + 0.09 0.09 £0.03 = 0.52+0.09 | 1.83+£0.37 | 2.35 £0.58
T — | 0.008 &= 0.002 — 0.016 £0.008 0.024 £0.008 | 1.15£0.23 | 1.18 £0.25
T —e 0.035 £ 0.007 = = 0.035 £ 0.007 | 0.84 £ 0.17 | 0.87 = 0.18
Total 0.63 £ 0.10 1.37 £ 0.38 0.016 £ 0.008 2004 6.8t 1.4 8.8 £ 1.8




Sample Muon misidentified | Expected events (1073)
v, CC + charm ' 45

v, CC + charm + hjy yes 21

NG .+ ce | 13

Vr CC 75 hint 9

1, GO otedinnt yes 4

1/# NC o thﬂt 4

Total 100

10 15 20 25
total EM energy [GeV]

(a) Total EM energy

Signature sources < i P

Signal Tau CC + charm

P L L L B BN LN AL B

Background Muon CC + 2 had reint

0.005

Background Muon CC + charm + had reint

0.004

Background NC + 2 had reint

0.003

0.002

Background Tau CC + had reint

'|III|IIIIIIIII|IIII|IIIIIIII—

Background NC + charm pair

1 15 2 25 ! 30 40 50 60 70 80
missing transverse momentum [Ge other hadronic momentum [GeV]

{c) Missing transverse momentum (d) Other hadronic momentum

Sebodoolonlonlonlnn



Neural network output

Signature sources

0.025 i l | | | _E - Signal Tau CC + charm
E E - Background Muon CC + 2 had reint
o0 Z_ _: - Background Muon CC + charm + had reint
0.015 :— _: =" Background NC + 2 had reint
E E - Background Tau CC + had reint
! :_ _: =" Background Tau CC + charm
0.005 :— —: - Background NC + charm pair
—

MLP_ANN_2L response

% o ’O«?@{ eB e
test statistic data % X PDF frOm ANN OUtpUt
/‘{1 .= yield of i-th process
’?}) Background only 2>u=0

107

10—2‘ L

107 5

10 5

107

8 10
Profile Likelihood Ratio

CL=26x10 5310 ii



INPUT VARIABLES FOR THE MULTIVARIATE ANALYSIS
IN THE t—h DECAY CHANNEL

Zdec

= = = antries
=1 = - = P
(=] L5 - o ha o

o
500 1000 1500 2000 2500 1] 5 10 15 2I0 2I5 an 0.5 1 1.5 2 25 3 a5 4
" GeVic GeVic
v at decay vertex p‘;w
g).m
D22
v
N
. | bkg
"golden" candidates
' "silver" candidates
% 20 40 60 80 100 120 140 160 180 L SRR

[ & 10 . E 25 3
v

degrees GeVic

“golden”, i.e. candidates passing the tight selection cuts

A i 5 : 57
“silver”, 1.e. newly found candidates with looser cuts



THE BOOSTED DECISION TREE (BDT)

* Multivariate machine learning

method to classify observations e biea
e ~
* Jtis based on a “forest” of trees % ot
of binary choices 5o NsS 5L
B s S
/\

* The BDT response is a value
between 1 (signal-like events) and -
1 (background-like events)

PHYSICAL REVIEW LETTERS 120, 211801 (2018)

xk >cd |xk <c4

B

TMVA: Toolkit for Multivariate Data Analysis. PoS, ACAT:040 2007

TABLE IV. Kinematical variables and BDT response for all v, candidates.

Brick ID 72693 29 570 23543 02217 130577 77152 27972 26670 136 759 4838
Channel t—1lh T — 3h T— U t—lh t— lh t—1h t— lh t— lh T — 3h T — 3h
Zgee (HIM) 435 1446 151 406 630 430 652 303 —648 407
pl... (GeV/c) 0.52 0.31 0.55 0.30 0.88 1.29 0.46 0.60 > (.50
¢y (deg) 173 168 166 151 152 140 143 82 47
pr . (GeV/c) 0.47 0.69 0.82 1.00 0.24 0.25 0.33

pgr;. (GeV/c) 12 8.4 2.8 6.0 11 2.7 2.6 2.2 6.7 > 6.3
Gyinx (mrad) 41 87 245 137 90 90 08 146 231 83
m (GeV/c?) 0.80 1.2 > .94 1.2 > (.94
y at decay vix 2 0 0 0 0 1 0 0 0 2
charge ;,, -1

BDT response 0.32 -0.05 0.37 0.12 0.35 0.18 -0.25 —0.10 —0.04 —0.03




entries

BD'T RESPONSE
IN THE =—h DECAY CHANNEL

BDT Response 1 — 1h
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Am»>32 MEASUREMENT
PHYSICAL REVIEW LETTERS 120, 211801 (2018)

Experiment sensitive to the product N,,T x P (V,u o VT)O'I,T

Assumptions: maximal mixing, v. CC interaction cross section as in Genie v2.6 default

Genie value: (o) = (4.29 £ 0.04) - 10 *°cm?

A ma,
OPERA (t appearance)
sin® 20,,=1
2 l + O . 7 (A 3 2 OPERA ( appearance)
. . PRL 115 (2015) 121802
|Amgs etk = 20 0 10TV
DAYA-BAY 2017 ——
(68% CL) T2K 2017 .
MINOS 2016 e
PDG 2016 -
|||||||||||'|l||||||||||| ||||I|lr|||||||||||
0 0.5 1 1.5 2 2.5 3 3.5 4

4.5

AmZ, (10 eV?) (68% C.L.)

First measurement in appearance mode
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v. CC CROSS-SECTION

(Nobs 53, NexpB)/(GNT) € overall efficiency
<J>mea3 = NT lead nuclei in the fiducial volume
[ ®, (EYPy, u (E)dE

Am2; ppa = (2.50£ 0.04) <10 3eV?
PHYSICAL REVIEW LETTERS 120, 211801 (2018)

10°E =] 10
10" d
First measurement .

. . . --:._‘! 1G-:-
with neghglble T 10? o, (GENIE v2.6 defaul) | |
contamination o Ve flux 10°

: o —— - Mean Energy
from anti-v. s 'OF
1 E leged v w000 ey | eeen 10
1E9 1 .
- 1
107" =
ey | | | | L 10°
0 20 40 60 80 100
Energy (GeV)
(6)meas = (5.1722) x 10736 cm? G et MU RE UG P
0 )meas — =20 = O )meas — ety 8 (=S oye.

N, /{cm® GeV 10™ pot)
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. Oscillation analysis using only electronic detector data

vu DISAPPEARANCE

. Absence of a near detector to reduce systematics

. Analysis dominated by v, disappearance, but appearance channels are non-negligible

and are included in the analysis
NC-like / CC-like ratio used to mitigate the uncertainty from flux normalization
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arXiv:1805.12028 [hep-ex]

o MiniBooNE

107
O | —68%CL §
N | —90%CL ]
4 95% CL -
—99% CL T
—3gCL
10 —— 45 CL E
... KARMEN2
90% CL .
OPERA -
90% CL .
1k =
1 (Am?2, sin®26) = (0.037 eV?, 0.958)
I ] is excluded by OPERA @ 90% C.L.
107"
.LSND 90% CL
: I:ILSND 99% CL
102 Ll C ool L1 .....‘il‘---. Ll

107 107 10" 1
sin“26
FIG. 4: MiniBooNE allowed regions in neutrino mode (12,84 %
10" POT) for events with 200 < EYF < 1250 MeV within
a two-neutrino oscillation model. The shaded areas show the
90% and 99% C.L. LSND 7, — 7. allowed regions. The black
circle shows the MiniBooNE best fit point. Also shown are
90% C.L. limits from the KARMEN [34] and OPERA [35]
experiments.
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OPERA fit

* For sin?20
the best fit

e

~0.9 and Am?,; ~ 0.04 eV?,

parameter values are:
*+ 0,,=0.0

* 0,,=0.35

* 0,,=157

* 0,=-0.78

¢ 0,,=-1.31

* Am?;; =2.54 x 103 eV?

e with systematics
* below 10 GeV: k; =-0.984 (o, = 0.2)
e above 10 GeV: k,=-0.981 (5, = 0.1)

It means > 98% reduction of number
of the expected events (L) with
respect to the nominal ones (u.%).

j=1, ifi=1
where :
7 =2, otherwise

and a significant contribution to-2 In L

(Ami-_ - .E'._mﬁ_l)_




OPERA

[sin*28 . ~ 0.9; Am?,; ~ 0.04 eV’]
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3 1 3
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