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i’ggt New beams for the precision era of v physics

* Future long baseline projects (DUNE/HK) require a much better knowledge of v cross sections

* BSM studies (sterile neutrinos, NSI) can be boosted by a better knowledge of the v flux

¥

High-precision beams

) 4 )
Flux at 1% level Neutrino energy Flavor composition
measured in a direct way known at 10-20% known at 1% level
level at source
Remove the leading Bypass uncertainties Precision study of
uncertainty in x-sec in final state exotics
\_ Mmeasurements \_  reconsutruction \_ )

To extract the most physics from DUNE and Hyper-Kamiokande, a complementary programme of
experimentation to determine neutrino cross-sections and fluxes 1s required. Several experiments aimed at
determining_neutrino fluxes exist worldwide. The possible implementation and impact of a facility to
measure| neutrino cross-sections at the percent level| should continue to be studied. Other important

Explicit reference

European Strateqgy for Particle Physics Deliberation document (pag. 5) to ENUBET and
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i A. Longhin, L. Ludovici, F. Terranova EPJ C75 (2015) 155

V) ot ENUBET: the first monitored neutrino beam

Monitored v beams

: NEW! (2020) :
: muons measured by arange
i meterinthe hadrondump

NEW! (2020) i . = monitoring of v_from m
K, muons measured in the : 1 y

: instrumented tunnel
. = monitoring of v from K

------------------------------------------------------------------------------

Measure rate of leptons < monitor v flux

Transfer Line

Proton beam at/K* E
/K™ Proton

Targ et

absorber

Main systematics contribution bypassed: K . positrons measured in
. . . : e3
* Hadron production, beamline geometry and focusing, POT . the instrumented tunnel

: ; = monitoring of v ;
Requirements: S g ............ S eennsronn

v Sustainable rate at the instrumentation — Slow proton extraction
v Highly collimated beam

v Cost effective detectors to identify muons and positrons
F. Pupilli nuSTORM/ENUBET/iMC meeting - 25/03/2021 3


https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3378-9

& . .
(Qgt Focusing and extraction schemes
Horn focusing
* Larger meson yield
* Requires a “burst-mode slow extraction”
Burst-mode slow extraction in SPS M. Pari, M. A Fraser et aI, IPAC2019
JM oA

rl | | |
* In parallel, horn shape and current optimization in a broad phase space with genetic algorithms

! o Successfully tested @ SPS in 2018
B ‘ | v Same integrated POT as for continuous spill
T ahieikes v MAD-X simulation in 2019: 2-10 ms extractions
| | in the flat top
| Final tests @ SPS in 2022

|

extracted intensity [p*/s]

]

Static focusing (2 sec extraction length)

* No horn needed — Reduce length and complexity of the beamline
* Reducion of rates — Mitigation of pile-up effects in the instrumeted tunnel
« Allows muon monitoring in the hadron dump at per-cent level — flux onp from pions

* Pave the way for time-tagged neutrino beams — time correlation of the interacted neutrino with
the associated lepton in the tunnel

( 2020 important result: even with static focusing 10* v_““ interactions in ~2 years J

F. Pupilli nuSTORM/ENUBET/iMC meeting - 25/03/2021 4


http://accelconf.web.cern.ch/ipac2019/papers/wepmp035.pdf

e+n
3,
/bet

dipole 1 dipole 2
quadrupole
triplet quad \qufd
- Sl —

-

Double dipole beamline [8.5 GeV/c +10%)]

Cons:
X transfer line length

Pros:

v better collimation

v reduced backgrounds (positrons & forward
going muons): better PID in tunnel

) Gevelopment status

v reduced not-tagged neutrino contamination

\_ /

F. Pupilli

The ENUBET beamline

=

bending angle 14.8°

L 4
e s

proton dump

\

* Target simulation: done

* Proton dump: done, but engineerind studies
needed

* Hadron dump: done (including n shielding)

* Transfer line:
> TRANSPORT/G4Beamline for optics and

background shielding): done

> FLUKA for doses and n shielding: ~done

 GEANT4 for systematic assessment: )

S

nuSTORM/ENUBET/iMC meeting - 25/03/2021 5
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(Qgt Particle rates and pile-up studies
Double dipole beamline with slow extraction (2 s): . . . o
Pile-up studies through WF simulation implemented

® Maximum total rate of about 2 MHz/ch
Preliminary results show:

Rates breakdown along the decay tunnel: - Detection efficiency loss <5% up to 5 MHz

* decay products dominate at high Z; * 250 Ms/s could still be a suitable sampling time

* Muons almost uniform (except the First meters)
To be updated with the new transfer line yields

Uncollimated pions and positrons towards the
end of the tunnel

— 1000x10° Eff vs RATE on UCM
E C + + =
3 90— e - T a oy
c - I
- + -
£ s0— —ut K B
o — [
S o 095 -
3+ — L
o -
600 -
500 09— ~ 5MHz
400 . S
= 0.85 — Sampling time [E2ns (500Ms/s
300 — B
= - Sampling time =ns (250Ms/s)
2001 ol
— s { e | L i
100 . B | .
e e b 10° 7
—— b ATE on UCM[kH
% 50 100 150 500 550 300 350 400 SHCH

z (a.u., max = 40 m)
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) gt The instrumented decay tunnel (l)
Requirements:
* Allow e*/n*° separation in the GeV energy region
» Suppress background from beam halo (g, vy, non collimated hadrons)
* Sustain O(MHz) rate and suppress pile-up effects (recovery time < 20 ns)
* Doses: <10" n/cm? at SiPMs, 0.1Gy at scintillator i [
4 . )
Calorimeter v s
Longitudinal segmentation Lat;;giﬁg‘ggﬂitr3°§j‘e / /L
Plastic scintillator + Iron absorbers oyl
Lateral light readout with WLS+SiPM
- e*/n*/y separation
é )
Integrated photon veto (to-layer)
Plastic scintillators
Rings of 3x3 cm? pads readout by SiPM
- n°/y rejection
5 [y rej )
= — ————
I
e* (signal) topology r’ (background) topology " (background) topology

F. Pupilli nuSTORM/ENUBET/iMC meeting - 25/03/2021 7



o, /E (%)

The instrumented decay tunnel (ll)

Prototype of sampling calorimeter with lateral WLS-fibers for light collection

Large area (4x4 mm?) SiPM for 10 WLS (one LCM)

SiPM installed outside calorimeter, above shielding:
reduce neutron radiation damage

Tested during 2018 test-beam runs @ CERN PS-T9

Electron energy resolution

22—
20

18—

14
12

10

[==]

24—

16

= MC
= + Data 2 ndr 18.46/3
:\ Constant Data  6.957 +0.2575
: Stochastic Data 14.97 £0.3398
- 22 1 ndf 6.024/3
S ConstantMC ~ 3.929 + 0.1456
T Stochastic MC 15.97 £0.1153
“‘---_‘:___:"'4-——________ E3
-‘--.._ T ———
C e o
C o B
- 0 /Ex17% @ 1GeV -
6—
C [N clv v b v by v g by aas
1 15 2.5 3 35 4 4.5 5
Energy [GeV]

F. Pupilli

Photon veto

5100 - . Status of prototyping:

O O m = ] B o .

T80 _"‘ St v Lateral readout calorimeter prototype
= 70 ]

successfully tested
v Photon veto tested
v Custom digitizer: in progress

agm
Cb 10 20 30 40 50 60 70 80-90 100
ile, [n p.e]

Choice of technology finalized and cost-effetive!

F. Acerbi et al, JINST (2020), 15(8), P08001
nuSTORM/ENUBET/iMC meeting - 25/03/2021 8


https://iopscience.iop.org/article/10.1088/1748-0221/15/08/P08001

e-l-

) gt The tagger demonstrator

Larger scale prototype: 30 cm borated polyethylene vl i
J P yP — ~ x18 neutron reduction — e t

* 1.7 m long Add safety margin for SiPM

* 45° coverage in @ >

* To be tested @ CERN PS-T9 o

* Demonstrate physics, scalability | n longitudinal position along the tunnel
and cost effectiveness 1 Hesbyslrer——sir———phr——sir——vir—h

in 2022 | S, S

N

'H. "‘x

"“‘m

grOOVGS 3
for WLS C\
""-n.\_\_:}.

WLS will be staggered on the side of scint
tiles to collect light from different layers

* SiPMs and readout out of tunnel,
accessible for maintainance

F. Pupilli nuSTORM/ENUBET/iMC meeting - 25/03/2021 9
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iBgt Lepton identification (ll)

Full GEANT4 simulation of the detector: validated by prototype tests @ CERN; hit-level detector
response; pile-up effects included (waveform treatment )

» Large angle muons and positrons from kaon decays identified exploiting the energy pattern in the tagger

* Event selection based on 19 variables for positrons (13 for muons) employed by a Neural Network

/ Positrons from K, (~v ) \

S/N=2
/ Muons fromK , (~v,) \ Efficiency: 22% (~ half geom.)
H H x10°%
S/N=6 g me’ me
Efficiency: 33% (~ half geom.) §o7k =E =1
ZTrack™ e - -Y_ my
KOther o ke (other dec.) *
amog- + &55—
2500f= T — HV E
2000;— . UndeC T[+ 0'4;_
15”“%' halo n 03;— Visible energy
5005— KHS sz_
B Ky :

L L L L
~2000 1500 -1000 -500 0 500 1000 1500 2000 0.1
l | |_I_| 11 | 1111 | 111

\ Longitudinal position along tunnel /
0 100 150 200 250 | 300 350 400 450
Visible energy (MeV)
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Lepton identification (ll)

T, muon reconstruction to constrain low energy v,

Low angle muons, out of tagger acceptance — need muon stations after the hadron dump

i from tunnel

Detector (y-station)

200 cm 200 cm 50 cm
< Muon enamy @ different y-stations Meutring energy @ different y-statons Exploit.
E_'!. e | S g - b
[ u:mu'o.d A £ m e BVDD .
i s | e i E | ==+ Correlation btw number of
e transversed stations (u energy from
Ll ey range-out) and v energy;
[ i I B R . . . . .
oh il Y e  Difference in distribution to
| ‘ ~ [Pmee | disentangle signal from halo-muons

—..  Detector technology to be assessed

Work in progress

Max i rate: 1 MHz/cm?

F. Pupilli nuSTORM/ENUBET/iMC meeting - 25/03/2021 11
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n 1 n
b Physics performance: v
v €t e
Assumption: 500 ton LAr neutrino
detector (6x6 m?) @ 50 m from dump v.cC
10*v_ ¢ interactions in ~2y of T etatsencing
data taking without horn!! | I
/M
* Taggable component: ooz

80% monitored by measuring
positrons in the decay tunnel

Rel. fraction
5

* Non-taggable component 1:
5-10% low-E n from p-dump
Can be removed with energy cut

* Non-taggable component 2:
10% fFrom decays in the transfer line

F. Pupilli nuSTORM/ENUBET/iMC meeting - 25/03/2021 12



€ :
BY Physics performance: v

ESC (GeV)

s St |
Constrain on Flux:
* Muons from 1t monitored by the range-meter (low energy part of the v flux)
« Muons from K. monitored in the instumented tunnel (high energy part)
. *F. Acerbi et al., CERN-SPSC-2018-034
Constrain on energy: cerbret el
* Since the momentum bite is <10% and the detector distance is small, strong
correlation between the position of the neutrino vertex and its energy
* Technique dubbed “narrow-band off-axis” *
* v energy available on a event-by event basis without relying on the reconstruction of
the final state in v interactions
(About 8x10° v “interactionsin ~2 years)
ENUBET @ SPS, 400 GeV, 4.5e19 pot, 500 ton detector . .
~ Width of 1t peaks = E resolution
T 05 -HK el el by 5 45 148
= B R=(0.75+0.1) m : 405 54
S I A 118 £04)m = F e -
1 %) R /
s [ Fomm n-Eosom P/ e =T
s ~ —— R=(25+01)m o - _/' 3
g 0.15_— / % gmg:m “E’ 25% > :2.5
5. | - 20 HK 2
01~ / 3 is- ’ \\ | 15
. | From K 1ol (i S\ / Ep
- -\~ /F E
0.05— 50 0.5
OE P S\ LSS X&\\ 3 H°'5”‘,1'5_H'2 Hésfar(m;l)
0 1 2 3 4 5 6 7 8 9 10 ENUBET beam optimized for DUNE
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http://cds.cern.ch/record/2645532/files/SPSC-I-248.pdf

NUSTORM/ENUBET - p beam requirements

Table 4: Key beam parameters foreseen for nuSTORM (based on the analysis of CENF.)

Momentum

Beam Intensity per cycle

Cycle length

Nominal proton beam power

Maximum proton beam power

Protons on target (PoT)/year

Total PoT in 5 year’s data taking

Nominal / Maximum repetition rate

Max. normalized horizontal emittance (eh at 1 7 s)
Max. normalized vertical emittance (evat 1 o)
Number of extractions per cycle

Interval between extractions

Duration per extraction

Number of bunches per extraction

Bunch length (4s)

Bunch spacing

Momentum spread (dp/p at 1s)

100 GeV/e
4 % 1013
3.6

156 kW
240 kW

4 % 10"

2 x 102
6/3.6s

8 mm.mrad

5 mm.mrad

2

50 ms
10.5 s
2100

2 ns

5 ns
2 x 107

F. Pupilli
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ENUBET

100-400 GeV/c
4.5x10" (@ 400 GeV/c)
24 s

120 kW

4x10" pot/y

~9x10" (in 2 y)
2 s (slow)

1 (slow) [10 (horn)

- (slow) [100 ms (horn) ]
2-4 ms (slow) [ 2-5 ms (h)]

]
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NUSTORM & ENUBET >

Decay region

~40 m.
AL Instrumented.
Replaced by
nuSTORM  straight section of

the ring (180 m).

» Different concepts,
budget, geometries

7

'

protons —» (K*, ;") = K decays
ES

v [v

(=%

E e

=}
e/

neutrino
detector

\

protons — (K*, ;t*) —» | decays

—>VJV"—> neutrino
detector

Hadron dump

Yes. Dumps muons in addition

Proton extraction

BUT...

 Common ground
for synergies and
joint studies on:

v Target station

v P-dump

v Horn+first part of TL
v Civil infrastractures

preventing a (small) v, Sflt)W{t:lIOO GeV
pollution to K, -v, (Flexible)
No. Muons are kept: the most
interesting flux parents. Fast, 100 Gev
—23 e
400" \ Bgikios
#1589 $o '. () ET.D ENUBET

Target, sec.
transfer line,
p-dump

Yes, similar

Yes, similar

Neutrino detector

~100 m (some
flexibility)

>300 m from target
(ring straight section)

Mear daetecto

89.1

Indicative location

of target hom Y &
= N o
\ .
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Summary and outlook

v, CC 6 (10 cm?/nucleo
F -
o

W
o

The ENUBET design reached a mature stage:

N
o

aaaaaaaaaa
NOVA

GENIE 2.86 +
10

* Full design and simulation of the transfer line Qb i s )
- Demonstrated the feasibility of a purely static focusing (0.5x10v_“¢/y/500 t)

* Tested “bursted” slow extraction = Horn option still alive and kicking

* Full simulation of lepton monitoring with adequate S/N
« Preliminary studies for 1, monitoring

* Detector prototyping over = moving to the construction of the tagger demonstrator

* Flux systematics assessment (using an approach a la T2K with ENUBET
observables as additional priors to the Fit)

(Synergies with nuSTORM: A

* first steps in the framework of Physics Beyond Collider
* Synergies in the study of the p-dump, target station, horn, first section of the transfer line

» Surveys on shared civil infrastructure could be important to assess and reduce costs )
-
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