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[CERNSPS@000:028, 2000

TheOscillationdProject with Emulsion RackingApparatus

AL ong baselinexperiment: 735 km

Aaim:verify then, - n, oscillationsat
atmospheridDm? scale

AHow: observen, appearance omvent-by-
eventbasis in a conventional, beam

Conventionalmuon neutrino beam

neutrino mean energyl7 GeV * Low background environment

Hadron stop Ll
Horn Reflector Decay pipe | - detectors

Proton Target
beam ! He tube | He tube II
il | clze |
) gam, | :
ey = SIS it faaibnl, | I :
‘ |
Il i )

| Laboratori Nazionali del Gran Sasso (Italy)
A 1400 m rock overburden

Aatm. p reduction ~ 10[1p/(m2@)]
Alow radioactivity rock

100m |

1. 18m !

5103 ROptimized fom,
appearancat LNGS

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

|

AMlaximizethe number
of n, CQinteractions

(hy hThy|0.9%
hefy | 2.1%

) '\01%2'0 e e 4550 thrompt neg“glble
threshold: 3.5 GeV [p¥ 1.7 GeY

Detector.

A Massive(1.25 kt) and
A fine-grained(1001m)
A hybrid apparatus

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

vy fluence
100

o
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Then, detection technique

Al ongo decay

H Detect a fewhy-famid B
L “..~:.'...._..~.> Okirlk
o R e
17% Sl
il gy
50% Nfshort:0 dec:i
0 St
y 14% e o
| it N
Modular detectorof bricks japs - e
[56 LeadEmulsion Cloud Chambers (ECC) sandwiched] =~ | ™ DH """"""
Large mass o SR 0.3mm
Ny o (Am?)” Marget W v
Extreme granularity “H”H’
il
~pum space resolution HH
e ’ OPERA Lead

OPERAFilm x 57 plates

Film plate
Lead x 56 plates
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The OPERA detector

<4—— Syper Module 1 =—————) ¢ Siper Module 2 =————
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Targetsection (6.7 x 6.7 m?):

ATarget

~625ton A1.53 Tmagnet
~ 75000bricks in27 walls A22 XY RP@lanes+
ATargetTracker 2 RPC planes rotated by 42.6

Muon spectrometer(8 x 10 m)

31 XY doublets o2565scintillator strips planes A6 stationsof 4-fold. drift tubeslayers

Tracking of the target region midentification +
Brick selection charge and momentum measureme

Calorimetry

+ several ancillary facilitieéoff-sitee:
AAssembly of bricks (LNGS)
ABrick Manipulator System (LNGS)

ALabelling and X ray marking (LNGS
AAutomatizeddevelopment (LNGS)
AScanning of CS doublets (LNGS+J
AScannindricks (European Labs Jp
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Event reconstruction

Accuracyof .

predictionsfrom the -« a.bOUt 2 m.

electronicdetectors

position: 1 cm .

slope 23 mrad m
a'19 -

hwcandidate event
(k170 e b JIEHD
i |1

.|1:“.3i
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c

o

b= Electronic Small

8 Detector areascan
; Prediction gwded by
S prediction
C

O

)

O

~

*;7:5 Wide area
S scan

o

<

g

0) trackstaggedin the CSilms followed upstreamto stoppingpoint

1) 1 cm® volume centered in the stopping poirdcanned and tracks reconstructed
2) cosmic ray tracks (from a dedicated exposwusgdfor the finealignmentof films
3) passing throughracksdiscarded, thevertexingalgorithm reconstructs thevertex
4) Shortlived particle decays identifiedl¢cay search
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n_- n, backgrounccharacterization

[JHERL311(2013 036]

Monte Carlo simulatiolvenchmarked on contr@damples

If primary lepton is not
identified and the daughte

measured

charge is not (or incorrectly)

CC with charm productioffall channels)

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.JC74(2014) 298§

Hadronic interactions
Background fort © "Q

9oueAs|al Buisealdap Jo 1apIo U]

hy

FLUKA + pion test beam data

Reduced by large angle scanning and nuclear
fragment search

[PTEP9 (2014) 093C(

1]

Background fort © °

Large angle muon scattering

hy

Measurements in the literature (Lead form facor

ImprovedMC simulations

[IEEETrans.Nucl.Sci62 (2015) n0.52216-2225]
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n, appearance discovered

[Phys. Rev. Lett. 115, 121802 (20

The5 years long CNG8n

A1.83 10?°p.o.t. collected
(80%of the design)

A 19505n interactions
in the emulsion targets.

A5 candidate eventdulfill kinematical
selection[S/B ratio~10]

Signal Background/lodelization

- Multichannel (uncorrelated) counting model based on
Poisson Statistics

- Gaussian for Background Uncertainties

fl t 26 BEi &O)DI d@a hoh, )

HA strength of the signa(parameter of interest

with H, : backgroundonly hypothesis
and H : nominal signal+background
test statistics:

1) Profile Likelihood Ratio;

i CAAKSNRA NYzZ S o

Observed Data4 hadronic + Imuoniccandidates

Expected
Channel  background Expected signal Observed
T — 1h 0.04 = 0.01 0.52+0.10 3
7 — 3h 0.17 £0.03 0.73£0.14 1
T— U 0.004 £ 0.001 0.61 £0.12 1
T—e 0.03 + 0.01 0.78 £ 0.16 0
Total 0.25 + 0.05 2.64 + 0.53 S

Backgrounebnly hypothesis:
Ap-value = 1.2 107
Aexcluded at 5.8 significance

Compatibility with3n oscillation: Probabilityof less likely data:
" p®) 8 at9mvC.L 17% based on total number

6.4% if channelsonsidered

8/13/2018

M.Tenti for OPERA CollaboratioNuFact2018 Virginia Tech, Blacksburg, Auglidtl8, 2018



The fiven, candidates observed

L]

.,u‘

JHEP 11 (2013) 036

Phys. Lett. $91(2010 138 Phys. Rev. D 89 (2014) 051102

J‘lll
------------ lj;lilj hier J: ¥

N <.

N, il \

podee” A \

. s E Y \\\ . \‘dl
" 1090 pm i - 7 A P 1000 e

PTER014(2014 10, 10101 Phys.Rev.Letfi15(2015 nol12, 121802
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Loosingh, eventselection

[Phys.Rev.Lett. 120 (2018) no.21, 211

A Loose kinematicaduts:

g : 3 ; Variable t—=1h 1©-=3h T — U T—e
AMinimal requirementsto identify the e (o) VY mYy By
topologies Showin@ vertices Ouiaic (rad) >0.02 =002 >0.02 >0.02
A I bl ddt I b k d Pary (GeV/e) =1 =1 [1, 15] >.l
Negligible additional backgroun pi,, (GeV/e)  >0.15 >0.1 >0.1
from K/p decays Charge,,, Negative

or unknown

AIncreasedstatisticsof the A sample:x2
AReduction of S/Brom ~10to ~3

i T p

Expected background v, expected Observed 5F
Total 20+04 6.8+ 14 10

5 L I
-08 06 04 02 0 02 04 06 O
BOT response BOT response

t—3h i Toe

t Improvementin| 1 |or
alternatively(d) measurement

Eventsi0.04
=

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

A Multivariate approach(based on BDT,
A Use kinematical, topological variables and their correlations
- higher discriminationpower
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Statistical Analysis an

d Results

[Phys.Rev.Letl20(2018 no21, 211807

A Likelihood: 4
£0ep) =TT (Placdus. + 80 T 1)) < [T G0ulpcon)
c=1 i=1 c—=1
J C Cl ﬂsc —|—/jc C /}
A Teststatistic profile likelihood ratio i@ =8 o) T

{

assumingnaximalmixing anc13~l'

)

| ¢® pm @

& W TAIT PTG

A Bestfit signalstrength
b 8 / |

______________________________________________________________________ 10°

v, flux

(o )mea.s

0g (GENIE v2.6 default)

—— — Mean Energy

He o0 | t(Q) : E |
NE_'.. = I
- |68% v_flux
b0 | (8 §) Iy I B
assumingnaximalmixing F |
first measurein appearancemode || " F I
1075 20

40
Energy (GeV)

10°

10*

N, /(cm?® GeV 10" pot)




Peculiar event

i zZview
: : yzZview yZy
AVluon-less neutrino event A T
plate 31 32 33 34 35 36 37 38 39 40 41 42 43
AViost probable topology: { | 2bbo ll | I : IHI;‘J | H;__‘ J
ninteraction vertex + 2ecayvertices T r RIS |
ARare topologynot consideredn the g8 A
: £ WA e
experiment proposal } ] EEiEe =i NN
(0.1eventsexpected irfull data sample) ) NI "‘ T 1 s ||
z = 2600 ym
Andhoc simulations +ANN(2 Layers MLP) to
distinguish between possiblaterpretations:
plate 31 32 33 34 35 36 37 38 39 40 41 42 43

Pwr £ 4f oo Bk -

Purr + 148 -8 ot 5 w

Awr F 158 w8« |t ¥

/&h'H' S I=|:! i oms;_ ANN output o h.vv]= F J|If I=|= > [
I ———Tm P

. S /
Assumingthe eventnot beingn, CC+charm p-value ~10%- Slgnlflcance: 3.4\\,’7%
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ne SearCh [JHER.806(2018 151]

A OPERA detectgranularity allows.m. shower id- n, search
A Adedicated procedure balancing time need vs efficiency:.

i g identified ase*e” pair 1
# CS 3 mul plastic base emulsion %
verte BRE 2 == 1
ik L / w vertex lelett n}@?f‘
I e e ] cs
..’- 10pm L 2y Fhowprs
g Additon || | s U
> i Scan 100um | AT *
AProjectvtx tracks Reconstruct Exclud ;
AFindcluster of ::> e.m. shower :> i [h Identify Ne ?vent
similar slope CS tracks w/ stdn mixXing
Contribution Expectations Expectations b — observed B
w/o n mixing w/ std n mixing ~—expected —;:-"'- 7o)
= e
% |t
O
t (unidentified)- e 0.7 0.7 S e
%
c
[
> |4
)
[<5)
hy© hy hy© hg 0.0 2.0 <l |
Total 31.9 34.3
| | | | :
observed 10 10 -20 "20 ~30 "30 40 ' 40 - 50 "50 - 400
E, (GeV)
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n_disappearance

ndisappearancesensitivity O ;
limited by flux uncertainties c_>5 g -
- no NEAR detector S F
107 = 90 % [.L.

Ratio 'Y of NClike over Cdike mitigates ot
limitation dueto flux uncertainties s : -
Electronic detector data: |3‘°‘ | (1o
smalleruncertainties w.r.t. emulsiondata PRELIMINARY

‘”;‘ expectationw/o oscillations

S : Y | oo

Testcompatibilitywith expectation _ data
for givenvaluesof |34 | o
(assumingmaximalmixing) 03E-

0.2?— ] | } |
| L] | 8 T 9 D|=8=I 8 O ~""foo 200 300 400 500 600 __700 _ 800 __ 900 __ 1000

O 0Qw
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Sterile neutrino search

i ’ LSNDMiniBooNEGallium
Some experimental results may hinttoan | andreactoranomaly

additional massivé~1 e\?) sterile neutrino | "7 1 H ] somssomen | 1
-g-n- T 0] 5 / | l.l: GALLEXGISAGEC:
Mixing described by x 4 matrix s S S WL ]
g 175 o Boam Excess g ] §
' 1] i Salllit MR aeE
v, U, U,|U., n, appearance St | = 4 |
U, 28 UshU, n,disappearance GALLEXC2 $AGE 0
U 4 U, N, appearance y
u, U/ U, U, | NCdisappearance O O mawiay | | %2 04w oa o e g

OPERAZAan test the sterile neutrino hypothesis lookifoy deviations from predictions of the
standard flavors oscillations probability.

Predictions of the3+1 model evaluated withGLOBES

ADm?z,, fixedto PDGvalue ADm2,, >0 favored byB & result

A Gaussi arprior onDm?;, from cosmological surveygsasos, ai3(2016]
(PDGmeanandsigma) A Profiled likelihood ratio |

AMatter effects constantEarth crust density ~ (nuisanceparameter profilecout)

(PREM onion shell model) : ARepresentation’Y 'Y Y 'Y Y Y 'Y
[Phys. Earth Planet. Interiors 25 (1981) 297]
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V l’l
X gAUK o

N,,- N, oscillationprobability in presence dd sterileneutrino neglectindm?z::

~ standard oscillation

pure exotic oscillation

A3

P(Energy) = C?sin”

- 2
H sin” 20,,,

1
+ 5C’ sin 26,,, cos ¢, sin Aj

— C'sin 20,,, sin ¢, sin

2 A31

+ 2 C'sin 20,,, cos ¢, sin B sin® ——

‘ 2A41

+ C'sin 20,,. sin @,

sin A31

e 2
<X 0 e o

\ 4

Mass Hierarchy,
dependence

A

A 4

Effective mixing parameter
(leading mixing term at SBL)

%00

Effectiveparameters

OEt— ¢|Y [SY s

6 <Y |I'Y |
01 W YYTY
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[OPERA note 175

—=== OPERA N.H. 90% C.L. & : .
A Exclusiorregion on

[JHERL506(2015) 069
N ; :
QQ&\\ A Countinganalysis
- / Update of 0 f=m) 1+0w No MK,
102§ \ JHEE506 \201-) 069 m expectation GLoBEﬁ ) - PDG | L
ol — n: observation (data) 3a b, values
e | \zk A Bothnormal andinverted
> B ' N : A ; 3
- E neutrino mass hierarchies considered
5 10"? ————= OPERA I.H. 90% C.L.

NOMAD 90% C.L. ~ 5 :
~— | Dm?, Vs sirf2q,plane
CHORUS 90% C.L. NN
L A AEnergy selectiorQEn < 30 GEV)

sin® 20,

maximizes sensitivity

(b) '

i —¢m profiled '
: 7 Profiling outf SRR
At highDm?, : \%7 Sirnf2q,,,,< 0.119 :
90% C.L
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X Wlth ne [JHEP 1806 (2018) 15

I l[lllHl I l[llHIl I TTTI

I ‘:IIIHl '.IIIIHl I TTTIT

90% C.L. Excluded

T T T 17117

1111115

An, energydistribution usedto obtain I o
exclusiorregionon: E — KARMEN
- MINOS and
a - DayaBay/Bugey-3
2
Dm?,, VS Sir‘2q,. !

with sinf2q,.. = 4|U, 4| YU o4 2

AN

T IITTHWl
/
//

>
Systematics errorg due to: o

A Beam and efficienciasncertainties S
A 20% E <10GeV &10%E, >10GeV
A Binto-bin uncorrelatedconservative approach 10-2

T 1 lTlTT]I
I | llII

IlIlI

T IIIITHI

- m) weotmoms | SINP20e < 0.022 @ 95%C]|
nna o - at highDm?,,

(/,'{»@// T + ¢ Y r] [ Fﬂo O E MiniBooNE v mode E
AOOO/ Prioron 3‘(,1 i MiniBooNE ¥ mode
- 10—4 | JlIJlHl | JlIHlIl | JlIJIlJl | JlIIIJJl | JlIIIJJl il
3d h, from PDG 10°° 107° 107 10°° 1072 107 1
sin®20,
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Combiningn, andn,

X  @éx@actlimits on the parametersof
the 3 + 1 neutrino model

A n, search 10 candidates @

A n_search 35 candidates _
X (Smallexclusionpower enhancement

W.r.t previousanalyses

Exploitingsimultaneouslyresultsof

T TTTT]

OEE — OF i—

SirP2q. < 0.019 [90% C.L ] SirP2q, < 0.099 [90% C.L ]
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Annualmrate modulation

Fitwith:Y Y 1 MT-00 %o

Y o0 v wgdays

DT in the upper atmosphere

DAQ stop due g 0B b T (b
Y variation in atm. density 0% to earthquake —
< . . . . . 0OO d
Y variation inp interaction length |‘ b PRUM'NAR %o P WXGdays
i § Variationin the fl’aCtiOn Of | . i '.a:' i '|l|||||‘| Iui It |I| ||1|| !",;".u-ll':! ”
mesons decaying before interactin L | i ' Mg l s 1|

Annualmodulation of mrate (Y ) | '
(More muons in summer than in wintet ,2008 2009 2010 2011 2012 20

] 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Correlation of{ y andthe effective | Fixingperiod: f =5" July t(days |~
emperature ("% -do »4 VS depth
2(3 081975100032 |_1 0:_ aolle. 1 & 3 Biuesessasmesesesiagliatils
C + i _ W wk E
5— ‘I_ o.s:_— _____________________ o no
A Arars O
Jt 5 |2 I1 (I) ; , ii) - i ¥ Ice Cube with Borexino)
AT dTeq (%) sl : :InosFD
wY %P0 VR I . bommr ...,
| (L)"Y T[&) U -'-[8-[ -[ 500 1000 1500 2000 2500 ngi))(%h [3rg:0vee]
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Atmospheric muon charge ratio

[Eur Phys. J. @QQ14) 74]

A HighestEregionreached

A . it b —xdt L po i
Opposﬂemagnetpo aritiesruns | Pp 14 bE, c08 0/ &5 il T b &, cosb/ek
- lower systematics

A Strongreductionof the charge . 16
ratio for multiplemuonevents 4:'% [+ oPERA  — Kmodel sinalem
A singlem 1.377° 0.006 | 3 I T+ QCSM model g
A multi-m  1.098° 0.023|§ [ mnos "K+VFGSmodel -
& _ CMS - 5\__.‘
A Resultscompatiblewith a 1'4:_ ’\ oLz i RN
simplep-K model F —t I
A No significantcontribution of -
the prompt componentup to 121~
E.cosq ~10TeV -
e Q T ULUPpQgEBITPT
A Validityof Feynmanscalingin - Q. T TMUTEIP T
the fragmentationregionup to A ]
E_~ 20 TeV(E, ~ 200TeV) 10 10 1% cos 6* (GeV)
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Neutrlno Interactions multiplicity

Eur J78 (201
D —~ 45
o * Data s F Zindf=  545/7
ozs - — MC 4 3 average a= -019+0.18
oafr} *F multiplicity (= & }° °‘76i+°"?_7,.
N 3 .
Charged hadron u.15;— —+— Wb as function of {
multiplicity ol N " i 4
distribution 5 -+ ) = 2 + W
o -1 (neh) = a + b_mw % =invariant
R 1B ,
o IE e L g mass ofthe
S%E 05 i
25 + - ... ... hadronicsystem
] .t 00 05 1 15 2 25 3 35 4 45 5
Tz 3 4+ 5 5 71 & s In(W?(GeVZc*)
535 ’;‘5 14
a - x?/ndf= 48/6 o B —$— 1<WWP<g GeV2ic*
- A= 059+0.12 T 12 — —4— 9an’<19 Gev?ic’
Dr_'h = A — B(Hr_'h) B= 0.46 +0.06 ';E 1:_ T —+= W19 GeVic?
= B ¥¥indf= 14.7/23
E_ +* 0.8 '
average ’f .. b KobaNleIsen?Iesen
multiplicity 1| e ol i (P;!\IQ)SC{A ing
u 0.4
dispersionr pf | . : |st_rf|_ ution
asafunCtlon ;_ D.y — \/{n h)*— oz verl Ication
fma i en) = e o —e—
of 4y E.. Lo R S S S T S R R
0 0.5 1 5 25 3 3.5 4 4.5 ; z‘=(n -(I)f(n )
M || (e —a)) P(nep) = ¥ (2) o e

8/13/2018 M.Tenti for OPERA CollaboratioNuFact2018 Virginia Tech, Blacksburg, Augli3t18, 2018



Conclusions

ADiscovery of~-Th appearancen the CNGS neutrino beam:® m

ALoose selectioanalysigncreasediscovery significance ® m °
A Measuremeni2 ¥ 2p(fifst measurement in appearanceode)
A Measurement okffectiven, crosssection

AMuon-lessdouble decay evenhas been reported.
Favored interpretatiom, CC interaction with charm production

AFinal results fromn- A oscillation search

ASearch fon_ disappearance
A Upperlimit onn Y3

AConstraintson sterile neutrinos
fromn,- n,,Nn,- N, and their combination
in the 3+1 flavor model

ANon-oscillation Physics:
A atmospheric muonsharge ratio
A annual modulatiorof atmospheric muonsate
A Neutrinointeractionschargedmultiplicity study
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LNGS OF INFN

The world largest underground physics laboratory

A ~180000c avernsd vo
A ~3100m.w.e overburden
A ~1 cosmixbouy / (m
,(. , A experimental infrastructure suitable
D o ’ to host detector and related facilitie
' ' A caverns oriented towards CERN

/ 7

| >4

3
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CNGS FERFORMANCES
Along five years (2008 2012) of data taking

v - - S0 . p.o.t (109 I
ear eam days .0.L 2 180F
vear | Beam days) pot (109 HEG %
2008 123 1.74 ~
2009 155 3.53 /204
2010 187 4.09 cor. 010/
2011 243 4.75 —
402009
2012 257 3.86 E
2008/
Tota,l 965 17.97 0 D|8112!é1| I ID|9!12!.?|,1| I I1l‘.lf12!.?l,1l I I1|1ﬂ"12:“5'l‘1I I |1|2:‘12!.'|51‘ —
\ date /

Record performances in 2011
Overall 20% less than the proposal value (22.5)
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SCINTILLATOR STRIPSTARGETTRACKER
AND BRICK TRAYS

A >5p.e.foram.i.p.

A ~ 99% detection efficiency trigger
A position accuracy: ~ 8 mm
A angular accuracy: ~ Ifrad

Mean 002977
RMS 8.148
7* I ndf 28.371 16
Prob 0.04501
Constant 18794+ T8
Mean 009581 £ 0.23482
Sigma 7.774 £ 0.210

200
180
160

140

120

100
B0

0=8mm

mechanical structurej )
brick trays, only 0.5% of target mass’,
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THE MAGNETIC SPECTROMETER

Precision Tracker A" B A 155 Tmagnetic field bending particles
(Drift Tubes)

in the horizontal plane
A 24 slabs of magnetized iron interleave
| \Bdli— | with RPC planes
||“ g BT | . A 6 drift tube stations for precision
ptl ""'m iy | measurement of the angular deflectiol
R | 8 A momentum resolution:
ﬁ‘l’xiﬂi":i | L — ¥ 20% below 30GeV

T ]
O VR B
.

I\/Iomentumxc har ge .0

10"

102

T LTI

Spectrometer s i 10°

1 11 .
¥ , "1
"“ - | f R PR PRI EEEFETEN R R EETIT TR B I

o TR T U TR T T T e B T}
NIM A602(2009 631-634 _ pxche(alig
New Journal of Physick3 (2011 053051
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THE ECC TARGET BRICKS

The heart of the experiment

Emulsion Cloud Chamber / sensitivity30 grains00¢ m\
ECC L il e
- passive material..._) lead : iy :
(massive target) A , ' -
- tracking device —  nuclear Iz e'>e°$)“\1‘00ke\’/‘i-'
(highresolutior) emulsions o p IR I
\\- .
e ——

high dE/dx track;‘f?amhﬁuaéar evaporatlon J

300 pm NIM A556 (2006) 8(B6

' A The OPERA target consists of
1500000ECC bricks

A Total lead surfacet 053000 m?2

A Total film surface1108000 m?
(~ 9 million films)

, A Total target mass *.2kton
emulsion films _
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TARGET MASS EVOLUTION DURING RUNS

_ x10’ .
o 3
X
% 1200 25 2
a -
E g
@ w
1000 -
g 20 2
- d
<800 i P
Average = - i 45
1.18kton - 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 H ,§120x103
scintillator strip) ] ;g : '4\ .
1007 r
126.4111111 40: —. ..........
20 .'
Changeable She 0 20 0 20 40 80 80 100 120 140 x10° E
thickness 3mm X (um)
h
Entries 4240
a 22 I ndf 102616
e Constant 1488 + 31.7
B Mean  -0.8344 +0.0414
Two interface (changeable, CS) films packed ina | ™ SR e s
detachable box, glued downstream of each brick """/
600—
Alignment of CS films by Compton electrons: E.Em//::i_
JINST 3 (2008) P0O7005 : 93;' T T R N ‘L'Lao

About ~ 4800000cm?of CS surfaceanalysed |
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TRACK FOLLOW-UPAND VERTEX FINDING

emulsion lead
Track follow -up film by film: b ]
A Brick exposure at the surface —
laboratory to cosmicays for Il> s
alignment I
A Definition of the stopping point —H

* stopping point « scan-back direction

Volume scan:;

A ~2 cn? around the stopping point

180 Entries T63
ek i 1 ndf 43541 25
- Constant 1543+ 81
/,/—/ ey Mean  0.4731: 0.0690
/‘/_/,/ - ﬂ;ma 1.837 + D068

\Y U e n— F

LT 1T
— <= |
Bimim Sl S ~2 um
il

111
5 1 15 20
AX [um)



Vertex location efficiency

—

D -
o F
C_U 0.9_— \
S F \Qikk
08:;-
m
c 07 : ) N
ER = |
o 0.6
g F I
05— A
= Y 2008-2009 control sample
04—
= O Opdata
03¢ " e 1udata
021~ T 0 1 MC sys.=(10-20)%
0.1 W 1p MC sys.=10%
0:||II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0 100 200 300 400 500 600 700 800 900 1000
E- (MeV)




DECAY SEARCH

/&?rimary vertex definition

- Inspection of segments on the vertex plate
- impact parameter <10 (5+0.612¢ m
if px ( O)ednd 0

Ff
el v MC v, CCint.

%) ¢

5 »+ ® data

g 902p

“6 -

K o

8015h

E I ¥

C =

i © | 5

.g 0.1}~ -

a -

= ; -+

o b

= 0.05} &
: .
s -®
01111111[11111111111}"'LM_4_MM
0 2 4 6 8 10 12 14 16 18 20

IP (um)
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DECAY SEARCH

,&?nmary vertex definition

- Inspection of segments on the vertex plate

- Impact parameterX0 (5+0.01qgp2¢e m
if px(0500e m
fExtra-track search

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

- identification ofe*e pairs by visual inspection

N

® Gamma-ray

Imicron
<+>

A close-up of an electron pair
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DECAY SEARCH

,&?rlmary vertex definition

- Inspection of segments on the vertex plate

- Impact parameterX0 (5+0.01qgp2¢e m
if px(0500e m
fExtra-track search

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

- identification ofe*e pairs by visual inspection

An -track search

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

ﬁ?arent search

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



control sample for

to check the efficiencyA signal expectation

W+

d,s

YY

08/08/2018 Giovanni De Lellis, LNGS Seminar



imilar firfetime and masses
A Charmed hadrons fros) CC interactions
A Muonat the primary vertex

AUsed ‘as neontrol s
Decay topology Events

Expected Expected Expected  Observed =

charm background  total Background from

hadronicinteractions
R
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 54+4 50 Good agreement between
data and expectations
Eur. Phys J. C74 (2014 2986 #10%
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Fair agreement between data and Monte Carldeur. Phys J. C74 (2014) 2986

08/08/2018

25

Events

Tracks

15

10

T T

L 09K 0 90 )

charm MC

| background MC

data
Kolmogorov-Smimov test:
C.L.0219

3 +
0!
] 1000 5000
Decay Iength (pm)
45
charm MC
40 | background MC
35 data
- Kolmogorov-Smirnov test:
30 C.L.0.124
25~
20
15
10 = +
- ! |
51 + +
0 50 100 150 200 250 300 350 400 450 500

Impact parameter (um)

Events

Events

20
18
16
14
12

10

25

15

10

| AR AN GRS IR RS LS LR LA

charm MC
' background MC
data

Kolmogorov-Smirnov test:

C.L. 0.069

i b

40 100 120

¢(degree)

140 160

180

background MC

- charm MC
z L ® data

Kolmogorov-Smirnov test:

C.L.0.582

102030405060708090

Muon momentum (GeV/c)

-

\
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DATA ANALYSIS COMPLETED
Run 2008 — 2012

18000

Events reconstructed in the target

Events with at least 1 brick extracted

N
=2
N
)

Events with at least 1 CS scanned

16000

Events with a positive CS result

N

Events with a brick scanned

14000

.

Interactions located in the bricks

Decay Search Completed /'

10000

_/

)
8000 20 1/9(
6000 ——

-
Faa

4000 — 500 /H__f,-r"";f”j

2000 - j/ /‘?/

?oo;y j;”/

III\I.—
0 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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CosmIc-RAY PHYSICS

Surface ener :
g 167 9 Measurement ofeV atmospheric
£ - e OPERA :
T muoncharge ratio
c - Utah
:1 C MINOS
- CMS [ =
M moss e Eur. Phys. J. @4 (2014 2933
1.3:— IL[T' S ! T
¥ TP T L
1.2~ Ru :N‘u—F/N‘u—
e e Vertical surface energy
B & " e OPERA K model
- L L w I"g - & L3+ Tttt 7K + RQPM model
‘ 107 10° 00 [g MSE U e
N - MINOS
(14 N cms IR
1.4_— '=' ..........
1.3
1.2
1.1 K
1: Il Il IIIIIII2 Il Il IIIIII|3 Il Il IIIIII|4 Il Il IIIIII5
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COSMIG-MUON RATE AND TEMPERATUREDEPENDENCE

AGran Sasso underground~3800 nm¥whMinimum muon energy~1.4Te
AAtmospheric temperature incredseensity decrease increase the
pion decay rafé muon rate increase

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

m.
foo T el (2)dr
Teff T "00 AI;J, ATeﬂ"
22 W (x)d e
M eff
High W in high atmosphege high energy muons
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 o.;‘Jeigh!I
I Eannn AN R R R R | '!50§ Ej|— 14— 71— o |
n_E" : ,,-/” . Ten-lp ;_; 45 % 1 2 :_ _ -ECLT)I: _:
e T Weight 40 3 o a3
5 E = - Barrett 1 Borexino_7
iﬁ 10: ~ - 135 1: -
i P b 0.8F Baksany -
e 125 n : .
/ i — 20 0.6¢ -
j= 4 et = C Sherrtian ]
10 \ ~ 15 04r .
——— .‘”-\.".__ - — 10 B . 7
- ) ""‘-—-—-ﬂ________ _: 0.2F o -
,15 | ____m__‘_"'"‘-—=—|,H_H ° 0 H%Bg?t A PR T R S :
200 220 240 260 280  _ 300 0 1000 2000 3000 4000

i
T KU
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TRACK MULTIPLICITY DISTRIBUTIONS

REFLECTING THE DYNAMICS OF INTERACTIONS

V)

Sl - Shower tracks o Grey tracks
0 T4 S
150:_+_ L
N + Eur.Phys.J. C78 (2018 —4—
10or no.l, 62 10
- T
o —+ L | I‘I\\I‘IlT"T\I‘lI\I‘\I
N I A R Lo,
e z Data
%1035 0.25:— — MC
q;g_) —o —+— Backward black track |
g —+— Forward black track 02r |
E e . C
2 10 - Nuclear evaporation -
— C
— and breakup tracks o e
_+__(?_ 0.05:—
10 C 1_‘7
‘% ‘i» \%ag I 1 ..I..I...“%
s 1 N
P I S S N NS SRS W ST S 05
1 0 1 2 3 4 5 6 7 8 055 2 3 4 5 6 7 8 9

b
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MULTIPLICITY FEATURES

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

45 @Indf= 4816
- ¥?/ndf=  545/7 3 A= 059+012
! E_ a= -019+0.18 ,s B= 046 +0.06
35 b= 0.76+0.07 ' )
- ’ 2 +
. . ” 15 ol
: g 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
- 0,
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 3 3-5| ‘ o 4\-;/ N v,-emulsion 38 045+0.24  0.94+0.08
MWHGeV'/cT) 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
BAK
v -emulsion 38 0.45+£0.24 0.94 £0.08 ET-' C = 1W< Gevire!
. = 12+ <Wi< 2.4
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 iy 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—
iIILJIII\JIII\JIII\IIIL\IIILJIIILJIII\JIII\III
05 1 15 2 25 3 35 4 45
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IMPROVEMENTSON THE BACKGROUND REJECTION
large angle track detection

Undetected soft and large angheionsare the source of charm background
Detection of particles and nuclear fragmentsandronicinteractions

:3400

©
o
e

~ o2]
S O
R

o))
=]

recognition efficiency (¢

40

30

20

10

FTS

L 1 | L 1 1 1 I 1 1 L L | 1 1 1 1 | 1 1 L 1 I 1 L 1 L | 1 1 L L | 1 L 1 L
0.5 1 1.5 2 2.5 3 3.5 4
ItanBl

OO

Conventional

JINST 9 (2014) P12017
JINST 10 (2015) P11006

08/08/2018 Giovanni De Lellis,”LNGS Seminar 46



CHARMED PARTICLES PRODUCTION

A Lifetimes and masses similar to the
A Background when the primarguonis not identified

3.“Cinteractions with charm quark productic L, N = pCX)
derived from CHORUS measurements J(Sﬁw Loty (4.38 £ 0.26)%
New J.Phys 13 (2011) 093002

w 200 301 charm MC
£ f [ J background MC
> 180—
w C 25 |—@ ® data
160[— L Kolmogorov-Smirnov test:
1a0FE- S C.L.0.582
- i E
120— ‘qc-; s
L S 15}~
100~ w [/ =
80— L
r 10 -
60—
40 5 i
20[ : —T ) -
ob Lo b L 1 e % 10203()#4050*60_";—?‘;0#90*100
0 1000 2000 3000 4000 5000 6000

Density x length of the muon track (g x cm™) Muon momentum (GeV/c)

New JPhys 13 (2011) 053051 SRR e Ll
Good agreement in normalization and shape for the relevant kinematice
variables in the charm detection andonidentification
Constrain the background with#%%
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BACKGROUND STUDIES. HADRONIC INTERACTIONS

Comparison of large data sampge ljeam test at CERN) withlukasimulation
- Check the agreement and estimate the systematic uncertainty

Track length analysed in the brick:

- 2 GeV/c:8.5m 300
- 4 GeVic:12.6 m E |
- 10GeV/ic:385m 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 : p- beam data
Red : MC (FLUKA) simulation

PTEP9 (2014 093C01
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SECONDARY TRACK EMISSION

2GeV/c

/ |Mu|t|pI|C|ty

& 50F
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) o F
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15F I
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Histogram : Simulated data
=) I o [
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< o 15 101
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1

Good agreement within the statistical error:

systematic erdop/o-
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NUCLEAR FRAGMENTS EMISSION PROBABILITY
Nuclear Additional background reductio

Fragments

|
oA

C
o
~

I

BT *‘\‘ RS o . et . v e vig  2og = : : ; :
P S aLNN IR O ED ‘S 8 L't 2 R - P o PR Y S " ‘e U o : : : : H
: Tt S Al RO 2 s s B BW TTF " . : : : : :
. e & .03‘..“'. e e ¢ Sis" S S G e P ERTI, e P = . 0 1 - O Ot ST OO P
S L R oSS . Sep S X "33 25 e -
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]
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Beam Momentum (GeV/c)

Black : experimental data
Red : simulated d3

PTEP9 (2014 093C01
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NUCLEAR FRAGMENTSIN 1 AND 3 PRONG INTERACTIONS

|
|
2GeVic I 4GeV/c l 10GeV/c
. I '
/ Multiplicity I I MC: b<0.7
on 17 4] - I
£ 25t 2GeVic : g 16f 4GeVic | | 10 GeVi/e
5 F 5 14t
= E
53 15-'.. o 10}
Z 100 | Z 6
s ‘l’ W
s 3 +
0': i l l | I G i i i 1 1 L 1 i 4= ";"+ l
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Error bars : Experimental data
/ . Histogram : Simulated data \
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Agreement within the statistical error: systematic error is 10%
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. ARGEANGLE & SCATTERING

New estimate based on GEANT4

- Simulation modified by introducing

form factors (FF) for Lead
(SaxonWoods parameterizatipn

pmv&)=ﬁm(1+efl)_1

|[EEE Transactions on
Nuclear Science \Vol. 62,
No. 5, October 2015

7.3GeV/c muonson Copper

a.u.
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ENCTTeell 2

_ “~.Proton FF IF:((gﬁ

: .. — [F@)

E i Combiried FF
ENudearﬁFlf‘ :

OH 0511I51f;.2l5335

NIM A243 (1986) 518
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MC predictions compared to avallable data
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