The ENUBET ERC project: el

a hew concept neutrino beam for precision physics
A. Longhi
ononn Beihang-Padova, 22/10/2019

This project has received funding from the
European Research Council (ERC) under the
European Union’s Horizon 2020 research and
innovation programme (G.A. n. 681647).



Enhanced Neutrlno BEams from kaon Tagging

bt

(bet RO
ERC-Consolidator Grant

2016-21, 2M€ budget
P.I.: A. Longhin, Host

(The goal of ENUBET is to demonstrate the technlcal\
feasibility and physics performance of a neutrino
beam where lepton production at large angles is
monitored at single particle level

* Build/test a demonstrator of the instrumented decay tunnel
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A word on the European Research Council calls
Are you a researcher with an excellent scientific profile and with ?"
visionary research projects in mind that you want to realise in #
Europe? The European Research Council (ERC) has a funding __
scheme that will meet your needs.
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Consolidator 2015: 585 M€, 302 grantees (frgmssvszage)

* 1 researcher; 1 host institution; 1 project;

* 1 selection criterion: scientific excellence

* No consortia, no networks, no co-financing

* any field of research, including social sciences and humanities

* |ndependent researchers from anywhere in the world

* Research: in the 28 EU member states or associated countries

* Any career stage (Consolidator = “for already independent excellent
researchers 7-12 years after PhD) -up to 2 million euro for a period of 5 years”)

* Host institutions must provide conditions for the researcher to direct the
research and manage its funding

 Grantis 'portable’ to another host institution, if the grantholder wishes so
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"‘The discovery that neutrinos can convert from one flavour to another and therefore
have nonzero masses is a major milestone for elementary particle physics. It represents
compelling experimental evidence for the incompleteness of the Standard Model as a
description of nature... Neutrino oscillations and the connected issues of the nature of
the neutrino, neutrino masses and possible CP violation among leptons are today major
research topics in particle physics.” -

The context: neutrino oscillations =t
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A lot of exciting and challenging physics is still ahead. The current focus is the
measuerement of Prob(vu =»V ) to assess leptonic CP violation.

A world level effort (DUNE-HyperKamiokande starting construction).

A. Longhin - ENUBET Beihang-Padova - 22/10/2019 4



Pivotal importance of the v_cross section

Leptonic CP violation : P(vu =V )vs P(anti-vll = antiv )
e the &, phase induces mainly a change in normalization in interaction rates of electron

neutrinos (in opposite directions for nu and anti-nu)
« knowing well the v_cross section crucial to boost the potential of future experiments

(HyperK, DUNE) by decreasing their systematics budget.
» Moreover a(v ) vs :E - unravel 3-flavour CP violation from exotic scenarios (sterile

neutrinos, non-standard interactions) with a similar phenomenology
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Hyper-Kamiokande

190 kton mass (~8 x SuperKamiokande) 11
1.3 MW neutrino beam from the pacific coast | * Y A
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Sanford Underground
Research Facility
Lead, South Dakota

I Sanford Underground

\ E::::rii:?“inois Research Facility
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Based on the Liquid Argon Time Projection Chamber detector technique. Can get large mass and
terrific views of neutrino interactions! This is a prototype built at CERN (protoDUNE SP cryostat)

A\ ICARUS
| (C. Rubbia)
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The ENUBET physics motivation -

THE FUNDAMENTAL QUESTION THE MEASUREMENT

The role of neutrinos in the Find experimental evidence
dominance of matter over anti- =% of CPviolation in the
matter in our universe ? leptonic sector

— _/
Y

T
CP violating effects are small:
we need a 0(1%) knowledge of the interactions of v with matter

THE OBSTACLE
conventionalv_beams are flawed by O(5-10%) uncertainties

“The instrinsic limit": initial neutrino flux is not known well
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— ENUBET: monitored beams b,

Based on conventional technologies, aiming for a 1% precision on the v_Flux

rotons — (K*, t') = Kdecays —» —_— neutrino
[p K, ) y ™ Ve detector

 Monitor (~ inclusively) the decays in which v are produced event-by-event
* “By-pass” hadro-production, PoT, beam-line efficiency uncertainties

Removes the leading source of uncertainty in
* Fully instrumented decay region v cross section measurements

To get the correct spectra and avoid swamping
the instrumentation — needs a collimated
momentum selected hadron beam — only
« v_flux prediction = e* counting decay products in the tagger

e = Correlations with interaction radius allows
an a priori knowledge of the v spectra

K'—=e'v n’- large angle e’



The ENUBET beamline (baseline optlon) et

@ tunnel -
Collimators Dipole 2 quadrupole \nstrume“ted decay
P triplet , e tov
Target and ‘ ' e detector
Wscreen ‘ e ° . 4
----- ‘--‘-—‘—-------————————+ toprotondump 1.4" bending

1¢t quadrupole
triplet

Proton driver: CERN (400 GeV), FNAL (120 GeV), J-PARC (30 GeV)
Target: Be, graphite. FLUKA.

" Focusing
o Horn: 2 ms pulse, 180 kA, 10 Hz during the flat top [not shown in fig.]
o Static focusing system: a quadrupole triplet before the bending magnet

Transfer line

o Kept short to: minimize early K the decays and those of off-momentum mesons out of tagger

acceptance (untagged neutrino flux component)

o Optics: optimized with TRANSPORT to a 10% momentum bite centered at 8.5 GeV/c

Particle transport and interaction: full simulation with G4Beamline
o Normal-conducting magnets 2 quad triplets (15 cm wide, L<2m,B=4to7T/m)
1 bending dipole (15 cm wide, L=2m, B=1.8T)

Decay tunnel: r=1m. L=40 m, low power hadron dump at the end
" Proton dump: position and size under optimization
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Neutrino events per year at the detector et

* Detector mass: 500 t (e.g. Protodune-SP or DP @ CERN, ICARUS @ Fermilab, WC at J-PARC?)
* Baseline (i.e. distance between the detector and the beam dump) : 50 m
* 4.5x10" potatSPS(0.5/1yin dedicated/shared mode) or 1.5 x 102 pot at FNAL

- v fromKandr are wellseparated in energy (narrow band)
« v,and v, from K are constrained by the tagger measurement (K ,, mainly KMZ).
¢ v, from z: could be constrained by u detectors downstream of had- dump ? (under study)

1.2 million v, Charged Current per year _
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S o\ Frompions | = f + 98.4% from kaons
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+

v, CC events at the ENUBET narrow band beam 5,

The neutrino energy is a function of the distance of the neutrino vertex from the beam axis.

ENUBET @ SPS, 400 GeV, 4.5e19 pot, 500 ton detector
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Machine studies for the horn-based option ‘D et

“burst " slow extraction: trigger the third integer betatron resonance with a periodic pattern

\\Q}\q‘z’ - 2 s flat top N
From an idea “on slide” to S50 |
a working implementation ! %&)/ J H
12 Burst-mode slow extraction in SPS
Real data

—— Continuous spill
2 1 —— Burst extracted spill

extracted intensity [p*/s]

| oL
Same integrated pot extracted. CERN-BE-OP- SPS, Velottl Pari, Kain, Goddard
Protons squeezed into intervals with active horn https://indico.cern.ch/event/777458/

A. Longhin - ENUBET Beihang-Padova -22/10/2019  https:/fipac2019.vrws.de/papers/wepmp035.pdf 3



[ ] [ ] [ ] [ ] U
The static beamline: emittance, particle content 7ot
(Divergence of the kaon beam N [ Particle budget T )
@ tagger entrance
K* @ tagger entrance exit
‘ R e p (MeV/c) Momentum bite
I\ J L (8.5+10%) GeVlc
a2 wE < Lossdriveny
Spectra @ - by decays
tagger entrance " T
tagger exit - K*
Low energy / _
high angle xt I 1
\ o 2 £ & &8 16 1 4 16 18 p (GEV/C) 2 4 6 8 10 12 14 (&e\}ﬂlc)j
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The hadronic beamline: FLUKA simulation it

1) Optimize shielding to reduce backgrounds in the tagger (u, n, high angle e and =*)

EBAHC

. FLUKA model (preliminary)
Transfer line g

raggef

=4

2) Specs of rad-hard
upstream focusing quads
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Additional beamline options

We are also simulating other beamline schemes:

preliminary

2 dipoles with an intermediate quadrupole.
Increased length of beamline but ... —
* Better quality of the beam in the tagger
* larger bending angle (15.2 °) reducing

* backgrounds from muons

* probability for neutrinos produced in the straight section to reach the v detector

Copper Inermet180
- | B
preliminary
Bendm@' | 0
(‘7 4°) 'x _‘d, 15.2
S oF- —
Cort ¥
Triplet ), Qued Proton
Bendingl Dump
(7.4°)

» We are putting all these inputs together
e — pindown the best scheme in terms of physics and technical feasibility

A. Longhin - ENUBET Beihang-Padova - 22/10/2019 16



Ultra Compact Module
3x3x10 cm*- 4.3 X,

The ENUBET tagger

fCalorimeter

Longitudinal segmentation
Plastic scintillator + Iron absorbers
Integrated light readout with SiPM

- e*/n:/p separation
L B e i sl A M )
4 Integrated photon veto )
Plastic scintillators
Rings of 3x3 cm? pads

-» n° rejection

photon veto
doublets

—_— -y
, , , 0.5cm
) " " (ie.0.012X,)

P
e* (signal) topology " (background) topology nt" (background) topology
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Ke3 positrons reconStrUCtion F. Pupilli et al., PoS NEUTEL2017 (2018) 078 Qgt

response, pile-up effects.

Full GEANT4 simulation of the detector, validated by prototype tests at CERN in 2016-2018.
Includes particle propagation and decay, from the transfer line to the detector, hit-level detector

11 1
-500 0 500 1000

(" Analysis chain |dentify the seed of the event (UCM with largest energy deposit in A
Event Builder ——— inner layer and > 20 MeV). Cluster neighboring cells close in time.
Iterate on not-yet-clustered cells.
e/r/u separation ———  Multivariate analysis based on 6 variables (pattern of the
, energy deposition in the calorimeter) with TMVA
efy separation . jgnal on the tiles of the photon veto (0-1-2 mip) Y
.. Before tuning of shielding
8 3 ) Egeom 0.36
s f | [ Recolevel| %,
6 25 —|ﬂu SIM.- | K other dac €l 0.55
L - Ty 0.20
F @ Purity 0.26 aut
: 5 S/N 036 — - 046
: w
osf- p Instrumenting half of the decay tunnel:
- I K, e atsingle particle level with a S/N = 0.46

1500 2000 2500

2 cm) Yihang-Padova - 22/10/2019 18



Time tagged neutrino beams ?

* Event time dilution — Time-tagging
* Associating a single neutrino interaction to a tagged e* with a
small “accidental coincidence” probability through time coincidences

E_and flavor of the v measured "a priori” event by event.
Compare “E_ from decay kinematics” « “E from v interaction products”

Time coincidence of e
vande” [3t-Afc|<3d

O = combined t-resolution (e* tagger and v detector)

Presently with 2.5 x 10" pot /2s slow extraction: 0.5/0.5 ns
genuine K , cand. : 80 MHz — 1 every ~ 12 ns ‘

background K ,cand. ~2 x — 1 cand. every ~ 4 ns

With 6=0.5 0.5 ns resolutions: already interesting!
S/N ratio will likely improve with further tuning.

A. Longhin - ENUBET Beihang-Padova - 22/10/2019



The tagger: shashlik with integrated readout et

10<:m=5X0

UCM: ultra compact module.
SiPM and electronics embedded in the shashlik calorimeter

CERN PS test beam Nov 2016

PCB with

SiPM - S
Beihang-Padova - 22/10/2019 20
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Test beam results with shashlik readout J2

@ CERN-PST9 line 2016-2017 S MG 2 ot 162413
. ¢ 25:_ Stochastic MC  15.74 + 0.7326
Tested response to muons electrons and pions ~ |+ Data e s
* e.m. energy resoluton: 17%/VE (GeV) B\ 2o 189413
. . . e . / - Stochastic 16.87 + 09823
* Linearity deviations: <3% in the 1-5 GeV range L NG Constant  -0.3186 + 05684
* 0to 200 mrad — no significant differences 1o
* Equalize channel-to-channel response with i
minimum ionizing particles (mips) o
1 1.5 2 25 3 35 4 45 5
 M(/data in good agreement oo e
. o o o o B e data
* longitudinal profiles of partially contained n\sm- ¥ = datae Cher tag
- v data u Cher. tag
reproduced by MC @ 10% precision \ o A o dolax orer
: — MC w (76.7 %)
o . C MC u (14.0 %)
?: 4 GeV beam % —— o data m Cher. tag 6005_ MC all
300-_ —u MC é 501 = data e Cher. tag 500;
2505— » data E 403_ — MCe 4005
200;7 ] L% - — MCr -
150: mIpS 30:_ 300;
: o 2007
; 105_ = 100
00 0 a0 o 80 00 120 140 360"

10 20 30 40 50 60 70 80 90 1
Energy in scintillator (MeV

5 6
UCM module n.

Energy in scintillator (MeV)



Polysiloxane shashlik prototypes Ji24

Pros : increased resistance to irradiation (no yellowing), simpler (just pouring + reticulation)
A 13X shashlik prototype tested in May 2018 and October 2017 (first application in HEP)

Polysiloxane Iron absorber separators

15 mm thick scintillators WLS fiber

Al wall
to compensate reduced light yields wals

WLS-SiPM
: optical coupling

A. Longhin - ENUBET Beihang- Padova 22/10/2019



. . o e €
SiPM irradiation measurements at INFN-LNL and CERN pih
* @ the CN Van de Graaf on July 2017— 1-3 MeV n with fluences up to 10'2/cm?in a few hours

Dark current vs bias at increasing n fluences
FBK HD-RGB 1x1mm?® 12um cell size

A shashlik calorimeter equipped with irradiated SiPMs
later tested at CERN-PS T9 in Oct 2017

< E 1 MeV eg-nicm® -
e zero | LY
L 1 —— __..--I'
105 & —a— 4.5x10" i punn®
E ] v =1
E 9.1x10, : d gun®
= +— 1.8x1 09 - v - at oy
~ 2.7x10 v e T
F —— Sax10® y . ¥
6 11510 o
10 E . 2.2)(10:“ 4“*‘_4-0—4
- —m— 4.3x10
- 87x10"
- v 1.7x10"
107 &
1078 E
- meAenASALLooREY
10° =
- | 1 | L |

26 28 30 32 34
Reverse bias (V)

F. Acerbi et al., Irradiation and performance of
RGB-HD SiliconPhotomultipliers for calorimetric
applications, JINST 14 (2019) P02029

* By choosing SiPM cell size and scintillator thickness (~light yield) properly
mip signals remain well separated from the noise even after typical

expected irradiation levels

 Mips can be used from channel-to-channel intercalibration even after

maximum irradiation.

A. Longhin - ENUBET Beihang-Padova - 22/10/2019
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https://iopscience.iop.org/article/10.1088/1748-0221/14/02/P02029

The tagger: lateral readout option et

Light collected from scintillator sides and bundled to a single SiPM reading 10 fibers (1 UCM).
SiPM are not immersed anymore in the hadronic shower — less compact but ..

much reduced neutron damage (larger safety margins), better accessibility, possibility of
replacement. Better reproducibility of the WLS-SiPM optical coupling.

Sampling calorimeter with
lateral WLS llght collection ]

A.Longhin - ENUBET Beihang-Padova - 22/10/2019 24
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Achievable neutron reduction with
lateral readout

* 30 cm of borated polyethylene in front of SiPM
* FLUKA full simulation. 400 GeV protons.

* Very good suppression especially below 100 MeV.
* Factor ~18 reduction averaging over spectrum.

Neutron energy preliminary
|

107

|

........ entering CAL

------ exiting shielding ~ @SiPM in lateral r/o mode 18
10° X

FLUKA o .-"'-l '-F---------l'-::..".‘E_'"’:"--

Si n damage weight function x 1e-10

n longitudinal position along the tunnel
0 o5 55 3 54 o5 0.6 10" 'S0 ‘5355 5960 550 50 o 5000 2o
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The Tagger - Detector R&D f‘gé’t

September 2018 CERN-PS: a module with hadronic cal. for pion containment and integrated t -layer

* Good signal amplitude
 Checking impact of light
| connection uniformity and
B i 4 ' | reproducibility of WLS-SiPM
" | "% optical match. In progress.
s ~ | V 1

T | A y
VO A
L “J‘M ”t d | J ‘ AL ! | i 'Il’\'i \1 X Il-!. "...-'._'._ -.‘I‘.tll'i.'-'i, ,‘,‘? :
i ! 1 e i 1 — : [ _108- T8V ,T:
| [L_IhilT Tgi
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Efficiency maps Simulation Resolution

h_mu segnaletot

3 2
= H niries 7967 [Entries 53551
w - 8 0 | Underflow 0
o B x2 / ndf 10.01/3 10° 0 | Overflow 0
I Constant  8.959 £ 0.3103 e
50 Stochastic 15.55 + 0.5706
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e+
St
charge exchange: = “p = nx’ (= yy)
Trigger: PM1 + VETO +PM2

The photon veto

@ CERN-PST9 line 2016-2018

* y [e*discrimination + timing
scintillator (3x3x0.5 cm3) + WLS Fiber (40 cm) + SiPM

* light collection efficiency = >95%
» time resolution — g, ~ 400 ps

* 1mip/2mip separation B = B ‘h 3 \
! B - . bkgfrac = 0.612 + 0.012
¢ = S 1201— ml = 0.1991 + 0.0018
oo, BN - sg = 0.0381 + 0.0030
2] -
~ e 5 100 sl = 0.0273 + 0.0012
e ™ o -
D u L
> - L
=, 80 - Input for

10

simulations

0.6

—

0.4

0.2
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en 0

Custom electronics and algorithms et

We are developing in parallel: /2) “smart” algorithms for data reduction N

and treatment of pile-u
ﬁ) custom (“cost-effective”) electronics to readout % PEEAP
tagger in “triggerless-mode” by digitizing waveforms

250-500 MS L
= S . 6000 A Problem event
*  Simulation ph event (LS)
ADC evaluation modules HSMC bridge GPIO-USB2 5000 | - i '
| L n S
N - A A
4000 o
Pulse . PC 3000 o Yiosta s,
gen. - \\
2X \r - . .
2000f— _
clock(s) ' 1000 - e . \\\’\
DIGITIZER o : “"‘-3 . .
(frontend) b S T N S S S| ¥ T
153 153.05 153.1 153.15 153.2 153.25 153.3

Eff vs RATE on UCM, fix time 8ns

e T
u

CF. Latest version 4ns
Effit=4ns. Latest version 4ns
Eff{t=8ns. Latest version 4ns

II!IIIIIIIIIIIIIIII]I]III[III'

CF. Latest version 2ns
Efft=4ns. Latest version 2ns n
Eff[t=8ns. Latest version 2ns

1 1 I 1 1

L EEE

P | 1
1 03 4
TATE on UCMIKHZ)
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The tagger
demonstrator

* Length~3m
* allows containmentof ¢
shallow angle particlesin
realistic conditions
* Fraction of ¢
* Due by 2021

t,-layers

| e

L ™
o
er

. 3

3 layers calorimeter

Geant4 simulations
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ENUBET in the CERN Neutrino Platform

('« CERN: already gave a prominent contribution for the success of ENUBET

* machine studies performed at the SPS
* East Area beamline for the characterization of the prototypes
* For 2019-2021 - recognition in the Neutrino Platform as ENUBET/NP06

* support and consulting from CERN accelerator experts in collaboration with personnel by the project
* test of the final proton extraction scheme in the SPS after LS2
 ° use of the renovated East Area for the final validation of the demonstrator )

5.12 The physics case of the ENUBET project and the exciting possibilities of a tagged

132" meeting of the SPSC, 22™-23/01/2019 neutrino beam are recognized by the SPSC. The committee recognizes the technological
https://cds.cern.ch/record/2654613/files/SPSC-132.pdf  development for a neutrino beam without a horn using a quadrupole-based solution, and
228t meeting of the Research Board, 5/3/2019 appreciates the close collaboration of the ENUBET collaboration with the CERN
https://cds.cern.ch/record/2668519/Files/M-228.pdF accelerator sector. The SPSC supports the proposed programme, and welcomes the
opportunity to continue reviewing the experiment; test-beam requests will be considered

via the standard annual procedure. The Research Board approved the participation of

MOU Sig ned 02/ 1 0 ENUBET in the Neutrino Platform, with reference NP06, on the understanding that

UNIPD-INFN-CERN
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ENUBET so far -~

A very diversified program involving:

* Accelerator physics

* Electronics (design and tests)
* Mechanics

* Reconstruction/simulation

* Advanced high-level analysis
* Test beams at CERN, Frascati.
* Visibility in the neutrino community (conferences, workshops).
* Attracted already several students (master, PhD).

http://enubet.pd.infn.it

The ENUBET technique is very promising and the results
we got so far exceeded our expectations
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ENUBET next steps

e+n O

2019: freeze light readout technology, finalize tuning of the beamline design
(improve current S/N for e*), full assessment of systematics on the Fluxes

* By 2021: Conceptual Design Report: physics and costing

* Build the demonstrator prototype of the tagger

* >2021: (likely) propose a full scale experiment implementation supported by a

larger international collaboration.
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Conclusions

4 )
ENUBET is a narrow band beam with a high precision

monitoring of the Flux at source (0(1%)) and control
\_of the E_spectrum (20% @ 1 Gev - 8% @3 GeV) )

(In the first two and a half years

* first end-to-end simulation of the beamline
* Tested the “burst” slow extraction scheme at the CERN-SPS

« feasibility of a purely static focusing system (106 v <, 10* v, /y/500 )

* full simulation of e* reconstruction: single particle level monitoring

* completed the test beams campaign before LS2

_ Strengthened the physics case: — slow extraction + “narrow band off-axis technique”

J

The ENUBET technique is very promising and the results we got so
far exceeded our expectations

A. Longhin - ENUBET Beihang-Padova - 22/10/2019
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e+n O

A neutrino beam for precision physics ot

The next generation of short baseline experiments for cross-section

measurements and for precision v-physics (e.q. CP violation program, sterile
neutrinos, NSI at production/detection/propagation) should rely on:

v a direct measurement of the Fluxes
v"a narrow band beam: energy known a priori from beam width
v" a beam covering the region of interest from sub- to multi-GeV

The ENUBET facility fulfills simultaneously all these requirements

Hadron
dump

\,‘ ~ 500 t neutrino

74 dogrees  detector @ 100 m
from the target

Quadrupole ted tagger
Collimators Dipole triplet P instrurnen

target \ { 1
g A

sreorer  Length of the instrumented tunnel: 50 m

Quadrupole

triplet e.g. ICARUS@FNAL or
- T - ProtoDUNE-SP/DP@CERN or
A. Longhin - ENUBET Beihang-Padova - 22/10/2019 a Water Cher. @ J-PARC?
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e+

The ENUBET beam line - particle yields et

Focusing w/pot K/pot Extraction n/cycle K/cycle Proposal ©
system (103) (103) length (107) (10%) P
36

Horn 2ms @

“static” 19 1.4 2s 85 6.2 X 4

(3) 2 ms at 10 Hz during the flat top (2 s) to empty the accelerator after a super-cycle.
(c) A. Longhin, L. Ludovici, F. Terranova, EPJ C75 (2015) 155.

/

The horn-based option still allows ~x 5 faster statistics but the static option gained
momentum since initial estimates were ~ x 4 too conservative wrt present simulations!
Furthermore ... advantages of the static extraction:

* No need for fast-cycling horn

* Strong reduction of the rate (pile-up) in the instrumented decay tunnel

* Pave the way to a “tagged neutrino beam” -
v interaction at the detector associated in time with the observation of the lepton from
the parent hadron in the decay tunnel (more later)

» Monitor the w after the dump at % level (Flux of v, from zt) [under evaluation]

\
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Systematics on the v_ flux et

Golden sample e ~0(10?) Uncertainties from K yields, efficiency
- o N(K N ~_ and stability of the transfer line are by-
¢(Ve) o N( 93) +e Niw passed by the e* tagging

o. encodes the residual geometrical (decay lengths, beam spread) and kinematic factors from
K decays — “easy” corrections.

The background in the positron sample has to be controlled i) j¢ 4
— simple robust detector validated at test beams (e/n*°/u separation) - ;

Silver sample <|)’(ve) = o N(K) X BR(Ke3)

Measuring the inclusive rate of K decays is also very powerful.
Branching ratios known to < 0.1% (additional uncertainty is small).
Residual background is stray pions from beam tails (well characterized
in terms of azimuth and longitudinal position) K+

* can we get to 1% ? assessment in progress: toy Monte Carlos + full simulation

* Address the effect of each uncertainty and the degree of cancellations allowed by the
large correlations between e* rate and v, flux.
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e+n
)
/bet

Time tagged neutrino beams: challenges

* Proton extraction ~ 2s -

e o, of the tagger <1 ns - 0K

» o, 0f the v detector < 1 ns —  Feasible but at the limit of present technology
 Cosmic background x 10 -

* small K*momentum bite —  Feasible but implies flux reduction

(not to spoil the v_energy reco.)
 Tagger-detector time sync. << 1 ns = OK (direct optical links)

In parallel to the t-layer baseline option (light plastic scintillator tracker)

we are considering alternative technologies (NUTECH project MIUR).
Improve the timing both:
e at the tagger

* direct readout of cherenkov light, LYSO crystals with embedded SiPM, MicroMegas

 and at the neutrino detector side
* SiPM based readout of Ar scintillation light

A. Longhin - ENUBET Beihang-Padova - 22/10/2019



Polysiloxane shashlik prototypes 2

Light yield (normalized to thickness) is ~ 1/3 of plastic scintillator
— tests light transmission on WLS fibers in absence of air gap
Energy resolution, particle-ID and uniformity in line with the one achieved with plastic scintillator

—30 E F
s « POLY32V E - 2 GeV
u, | . POLY34V < Ppartice D EPAS
251 ﬁj » POLY 36V 30.3F Polysiloxane (solid) _;. EE\L;
- POLY 37 V g Plastic (dashed)  _ pory
20f o POLY 38V 2o - & PLAS
i + - PLAS 0 2i_ —e POLY
A — 17%/\E j:
15 0.15F
10:— %m 0.1?—
: e ok 0.055
5 . E
- Energy resolution for electrons
_I L1 | ‘ | | L 11 1 | | | ‘ I | | | | | | |
00 1 2 3 4 5 6 7

E (GeV)
fficiency maps at increasing thresholds —

m)

3]

E
E
=

¥



SiPM irradiation measurements at INFN-LNL

SiPM were irradiated at the CN Van de Graaf on July 2017
7TMV and 5 mA proton currents on a Be target
’Be(p,n)°B,’Be(p,np)2c.,°Be(p,np)®Be and °Be(p,nar)’Li

— 1-3 MeV n with fluences up to 102/cm?in a few hours

n spectra (From previous works at the same facility)

300(—
r F |
250 ]

neutron yield /MeV/uC/sr

150/ —
100

50

Angles (©)

neutron E (Me' V)

— Tested 12,15 and 20 pm SiPM cells up to ~ 2 x 10" n/cmz 1 MeV-eq
(max non ionizing dose for 10*v,“ata 500 tv detectoratr=1m)

A. Longhin - ENUBET

Beihang-Padova - 22/10/2019
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Expected n doses from K decays (FLUKA)

0.4

0.2

L | T T I L | UL I L | T

©

===~ inner layer 10'2 n/cm?

—@— inner layer 102 n-1MeV-eq/cm?

—— inner layer dose kGy

40
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r (cm)
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v, CC events at the ENUBET narrow band beam ¢

The neutrino energy is a function of the distance of the neutrino vertex from the beam axis.

ENUBET @ SPS, 400 GeV, 4.5e19 pot, 500 ton detector

b
3

E4F : 1 S0
5 E — v, fromK Vv CcC In radlal SoobEs — R=(0.5£0.1)m
— g __ v from H g E
e < e eresiesie. vy from @ bi 1 E o2 —R=(1.5£0.1)m
~— 3,5}uul- roo00000000000 - InS( norm.) E =
- Eo@e. et .o000000000000 - 50.18:— — R=(25+£0.1)m
BF000: e von000000000c. - 5016 HK r.o.i
E T R R 000000000000 e - 3014:_ L] o
o sl TOOOOOO [0 §01E [ | DUNEro.i.
e O e oo000d] | 0o - - So1z2-
—_ o o] ‘[ID .................. DDDD[DEEDDDD" . =) Q= E
Eoo - o000 [T00o- - 01—
1510 T T s oo 0.08—
O T [0 -
R A R O R o0 00 - 0.06 ¢
E N D R R I I I DDDDDDDDD” 0.04
- 5 B e F
0'5; T T T -02:_
:\ \.\.I.l \‘\‘\ \.‘ \‘\‘\“\D‘ ) ‘ ......... ‘ ......... ‘ \\\\\\\\ n\u\ululu\u\D\D\D‘ L1l 07
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0.55_ é_ 0'72_ ‘ |
Momentumof  * ] osf.
vEewonAr T —fei d ot
03 I A RES. g 04f
GiBUU — P
generator - 1piBG 3 02F
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Machine studies for the horn-based option o

* Difficult to get below 20 ms — implemented a feed-forward mechanism using BCT data
* |terative procedure (AutoSpill) = can “sharpen” peaks up to 10 ms in 3 iterations
* at the cost of a somewhat larger variance in peak intensity.

Autospill aligned with burstControl

. i - Effective burst-length of | bursth‘mtroI: 19.0 + 0.1 ms
26.70 4 N —— Constant Spill 1401 everysingleburst M Autospill #1: 16.8 + 0.1 ms
26,63 L Aa— burstControl for each tune trim ... | B Autospill #2: 14.1 £ 0.3 ms
20001 — 0 —— Autospill #1 120 4- | W Autospill #3: 10.6 £ 0.1 ms
96.66 1 ;/\ﬁ | Autospfll #2 |
A ! N /\\_/\_/ —— Autospill #3 " 100 1 € No significant improvements
T 206.64 E . of burstControl application
o : S 801 after upgrades.
26.624
60 € The Autospill approach
26.60 1 _ works!! Spill gradually
- 40+ ~——brought to 10:6 mst—
26.584 )
26.56 — — — - v 04 | o ‘
4000 5000 6000 7000 8000 9000 0.000 0005 0010 0015 0020 0025 0030 0035 0.04
SLAWG meeting, 05/12/2018, M.Pari Time [ms] 8

Effective burst length [s]

SLAWG meeting, 05/12/2018, M.Pari 9

Burst time structure

* Versatile/general: mixed continuous-burst possible.

. —— Measured spill
»  General software tool developed for CR operations. S
* Present studies suggest that this mode does not increase l i setion o Autosnth
significantly radiation losses at septa ;lf(:’ on top of first setup!
* ENUBET: would the static focusing be preferred, burst mode éu)
could be used to constrain cosmics background. g
* Now focusing on simulation/further ideas, improvement in
diagnostics used for feedback (BCT). 0
* Studies performed in a limited time — will benefit greatly of ”

more data in the future! %20 810 860 80 900 920 940 960  9R0
A. Longhin - ENUBET Beihang-Padova - 22/10/2019 CERN-BE-OP-SPS, Velotti, Pari, Kain, Goddard
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Beamline shielding tuning studies Py

* Studiesin progress to optimize the shielding to shield muons and other backgrounds.
G4Beamline

FLUKA (muon energy dep05|t|on map) B

I Copper \ _
T B
=

I Inermet180

Particle budget

Factor >3 reduction in muons at ~ constant
@ tagger entrance

background from other sources (e*, i)

4000 6000 6000 10000

Azimuthal angle

The bulk of u*

along dipole Sty o i Besides shielding a further reduction of muons
bendingplane ... . ~w. s  canbeachieved by removingasectionin ¢ in the
0" MR i O A S upstream part of the tagger
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Particle rates in the tunnel

&t
Static focusing system . .
: Radius =1 m from the axis of the tunnel
4.5x 10" potin2s (400 GeV)
4 Rates vs longitudinal position in the tunnel (before any reconstruction) h
o 40000p : :  40000¢ prim. w
S o rim. - s . e .
£ 35000 — gec. uu ssoaof- Preliminary —SeC-K  E>10MeV
% - . C e pnm T
€ 0000 ., prim. 7 30000 ——secn
C : —— SeC. T ; ...... pnm e
25000} : P e prim. e 250001 £ —sec. e
200005— —sec.e 20000?—- - With additional shieldi
m— , e o SR ith additional shieldin
so0of- | Without additignal shielding 15000 )
s E mm ST 10 kHz / cm?
so00= 1] i 50001 N e
926 P |_15| | H_1d"||:_5ll; |'0.|.a s ;5\ - 110| 1 L15J . :-.-2-0 920 T |_10| L1 T'_‘|5'1'1'1'1'{'|]'1'1--|--;.51.;-q-+.4.1J64.4..|..|..il.5.|..|..|..|.é0

\

Z tunnel (m) z tunnel (m)

 Primary particles background largely reduced with tuning in the shielding
* The second part of the tunnel is significantly favored in terms of signal-to-background
* With static focusing scheme rates in the second half are below 10 kHz/cm?
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Machine studies for the horn-based optlon . et
* Performed Jul/Aug/Nov 2018 at the SPS T i
CERN-BE-OP-SPS, Velotti, Pari, Kain, Goddard w H h

* |dea: synchronize proton beam and horn current pulses
» +keep rates compatible with tagger (10 ms pulses “slow extr.")

“burst ” slow extraction: trigger the third integer betatron resonance with a periodic pattern

M. Pari (CERN doctoral student, Univ. of Padova) @ SLAWG meeting of 5/12/2019
https://indico.cern.ch/event/777458/

New proposed tune functions New proposed tune functions

% QOriginal Tune
26.65 | —— Original Tune - Reco
—— Burst SE - Manual

—— Burst SE - Optimized
26.60 - 265821 —— Burst SE - Parabolic
—— Burst SE - Parabolic2

QH

26.578 4
—— Original Tune \

—— Burst SE - Manual
—— Burst SE - Optimized

26.45 1 ~
'\/——h —— Burst SE - Parabolic
—— Burst SE - Parabolic2 | 265741
6 Zﬂbﬂ I bo 8060 6500

4000
time [ms]

6800
time [ms]
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Positron ID from K decay 2

Full GEANT4 simulation of the detector, validated by prototype tests at CERN in 2016-2018.
Includes particle propagation and decay, from the transfer line to the detector, hit-level detector
response, pile-up effects.

(Analysis chain F. Pupilli et al., PoS NEUTEL2017 (2018) 078 )
Event Builder |dentify the seed of the event (UCM with large energy
deposit) and cluster neighboring modules (in time and space)
e/r/u separation ——— Multivariate analysis based on 6 variables (pattern of the
energy deposition in the calorimeter) with TMVA
\ e/y separation ~ —— Signalon the tiles of the photon veto Dy
Purity x Efficiency (Ke3 e*)
% 50{;— Egeom 0-36
E E I 0.05
~— s~ > 008 €l 0.55
D ol :
o E o 0.20
2 purit 0.26
E - - i - cut 0.46
s v ' SIN 0.36 — %
BJIJIOI I—I2{|]OIDI I—I15|[]'IDI I—I1{|J[]'IDI II—SIG{S e I5[|]'DI = ‘Iiﬁlﬁéll I 1500 2000 2500 0
Tagger z (cm) Instrumenting half of the decay tunnel:
K., eatsingle particle level with a S/N = 0.46
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The Tagger - positron ID from K decay et

Seed of the event = UCM in first layer with energy
Event Builder —— deposit > 20 MeV _ link neighboring modules with
time (1ns) and position requirements

) J
' Neural o . . 1
e/n separation network  TMVA multivariate analysis based on 5(+6) variables
P (pattern of the energy deposition in the calorimeter)

Response to signal and background

N, i e ———- Signal purity 1 (T
"u‘ 22 i éignal ftest sa"nple) I . Sighal (trahning s:!@lmple)I 3 :QTI efllc:n;?r- ------- Signal efficiency”purity § = I ‘
E 20 Background (test sample) « Background (training sample) e~ s grouln elficiency | —— S/is+B . 3 8 0.9 :
2 18 olmogorov-Smirnov test: signal (background) probability = 0.033 (0.014) —: E 1 L - g E E
- gt e —
E‘:’ 16 %( £_ é r...d— -—._._._-__- Aizs é 'g 0-8E
142 . o o8 g e S S 15 S 07F .
= g qE, L e L R rzo - : i,
2 £ s 2 o 1S 8 06]
10 & s 5" _\\ Wiy @ E {
8 5 L 0.5 [ ]
o e 0.4 r 10 F ]
5 € —— e e S S PITF RATRITE ST e
- g o F MVA Method: 3
4 @ 0.2 —-For-1800-signal and-1000: background 5 F ethod: 3
2 7{4 H [ events themaximum S/{5+Bis T 1 0.3 — MLPBNN iy B
z/‘ It g [ 27.21 when cutting at 0.63 C : b
0 A’F i i &l Ml i 5 et o e i b SR "5 0 | | L1l 1111 1111 1111 1111 1111 1111 111 0 0.2 Coaa L1l 111 | 1111 111 1111 1111 111 111 1117
0 01 02 03 04 O05 06 07 08 09 0 01 02 03 04 05 06 07 08 09 0 01 02 03 04 05 06 07 08 09 1
MLPBNN response Cut value applied on MLPBNN output Signal efficiency
N
e/y separation n° rejection: we require 3 layers of t0 before first calorimeter
energy deposit compatible with a mip (0.65-1.7 MeV)
J
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et
10" = -
= Particles at Tunnel Entrance - Ptot —e*1.510°
o _; | —K*1.410°
= N —p2710°
102 : = IF—_. : ~y2910°
E' = -l--_-q —e 0.1 10°
10 zz-LLLL 3 —n+19.810°
Ej_ ! ‘ i 3 = —p*2.710°
=s | ﬂJ—!—‘l - | iy H H | Hilie . —n1.210°
0 2000 4000 6000 8000 10000 12000 MAEPO0
1t = Particles at Tunnel Entrance (stack) —e*1.510°
= —K* 1.4 10°
107 ; —p2710°
E - y2910°
- : —e 0.1 10"
= —nr*19.8 10°
— —u*27 107
" é_ L —n1.210°
8000 12000 MagPoo
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