DsTau (NAG65) Experiment:
Study of Tau Neutrino Production at CERN/SPS

NuFACT 2022 1



|

]

v Tau neutrino is one of the least studied particles
= only a few measurements:

 Direct v, beam: DONUT (DIS) -

* Oscillated v;: OPERA (DIS), Super-K (QE), IceCube (DIS).
= cross section error >50% (DIS) due to systematic uncertainty in v, production

v" A new precise measurement of the v_ cross section

test lepton universality

new physics effects in v, CC interactions

v" Future v, measurements
= SHIP (SPSC-P-350): high statistics measurement at the SPS
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reduce statistical uncertainty from 33% in DONuT
indirectly FASER
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v The intrinsic charm parameterization predicts an enhancement of forward charm production

= May change forward neutrino rate
= Could be a key input for high energy neutrino measurements by large scale Cherenkov observatories such as lceCube

v" Neutrino experiments need data on the forward charm production

FASER case (7 - 7 TeV)

SHIP case (400 GeV p-N) interaction
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[ ] Double king topology

O DsTau goals

= Study of the tau neutrino production by D, decays Ve source: D> T > X decajy

= reduce the systematic uncertainty of v_ flux production from 50% to 10 % | 400 Gev prc;oré Dy A@i@\/){

= first measurement of D, double differential production cross section AN D+ oy

= fundamental input for future v, experiment (like FASER, SHIP) X' ~3
) ~5mm ”

v, production study: DsTau (NAG5)

O By product: Study of open charm production Double charm hadfon production
= |n tungsten/molybdenum target: ~ 4.5 x 10°charm pairs produced
= |n other materials (emulsion/plastic): ~ 2.7 x 10° charm pairs produced

= Detection of ~10° charm pairs
O Principle of the experiment:

= detection of double-kink + charm decay” topology within few mm
= 4.6 x 10° protons, 2.3 x 108 proton interactions in tungsten/molybdenum

1000 — D, —» T — X decays
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DsTau (NA65) @ CERN

 DsTau is an experiment of SPS Research Programme with the title “Study of tau neutrino production”

O It was approved as NA65 experiment in June 2019

O Detectors: modules of Nuclear Emulsions interlaid with tungsten/molybdenum,
plastic in first part, and lead/tungsten plates, plastic in the second part

L Milestones:

Test beam 2016

¢ Test of detector structure

Test beam 2017

e Improved detector structure
¢ Refine exposure scheme

!

Physics run 2021-2022

e Full scale experiment with tungsten and

Pilot run 2018

¢ 1/10 of the full-scale experiment with tungsten target

molybdenum targets
e Aiming at 1000 Dy —» 7 — X events
® 10 % uncertainty on v; flux

¢ 30 modules, 50 m?2
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| Emulsion films |

Plastic base (220 um)

cross-sectional view of an emulsion film

. : : of silver halide crystals
Single emulsion film

High angular resolution tracker

electron microscope pictur
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Experimental set-up (2016, 2017, 2018)

Emulsion based detector structure for D, — 7 — X measurement 1 module

Decay module
10 units, 0.1 A

Proton tagger 3 .
(total 100 emulsion films)

Momentum analyzer (original design)
26 emulsion films + 25 lead

XlZScm

Proton beam (7)) =2

. .
Proto : ¥ ' 10° protons/cm? Y 10 cm
400Ge (uniform irradiation)
—> g
Z 8.6 cm
Transverse dimension 25 cm x 20 cm, 8.6 cm thick %
1 unit (5.5 TR
unit (5.5 mm) . b i Scintillation
Profl!e etector module counter
Proton v, 11. monitor 25cmx 20emx8.6¢ 10 cm x 10 cm
beam Ds LRI 2cmx2cm
D+ Proton beam
XI
;ﬁ\\ Plastic sheet (200 pum) Real-time

Emulsion film (140 pum)
Tungsten (0.5 mm) /
molybdenum (1 mm) plate
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. 1 module
Experimental set-up Module structure for momentum estimation was change for -
2021 physics run

v Momentum measurement is relevant to reject low energy events

(MCS mimicking Dg —» T — X events) Z-7.3cm

Proton beam (Z) - 10° protons/cm?
- 10 units ECC for momentum measurement (uniform irradiation)
(total 100 emulsion films) (26 emulsion films interleaved with 1 mm thick lead plates)

A
\ [ 1

= |pitial structure had
Proton

more material - too high
track density 400Ge
+ Dedicated scanning —
is required

=  Reduce material, but still

sufficient performance Momentum analyzer for events at
- Making data taking 10 units o downmost tungsten plates: .
procedure simple (total 100 emulsion films) 3 tungsten plates and 25 emulsion plates
Proton TTTTIVIT
400Ge
—> =

— 11

|
700

Number of BTs

- Initial: lead emulsion ECC New: additional tungsten units

Structure 25 -1 mm lead, 26 emulsion plates 3 — 0.5 mm tungsten, 25 emulsion plates

g

TTTITTTT TTIT I ITIT T T[T TTTT Illlf

|

W -12.5 units New

Momentum 15— 40 % (upstream ev.) 15 — 40 % (upstream ev.)
resolution 35— 45 % (downstream ev.) 35 — 45 % (downstream ev.) - :
- Mo - 12.5 units
Weight 15.0 kg 2.4 kg
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= Full area scanning by a fast scanning system to select 1 — X = Precision measurement to detect D, — t decay (a few mrad)
= |t selects decays with A6 > 100 mrad = Dedicated high-precision systems
Proton
beam Ds
%

i

Objective lens

- - x

100x faster than the scanning system
of OPERA (throughput 36 GB/s)
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v film to film alignment and track reconstruction procedures require powerful processing servers with large memory
(~128 256 GB of RAM) and disk space (~5-10 TB for each data module) resources

v" up to now 25 out of 30 modules for 2018 pilot run have been fully processed (track reconstruction)

v" the batch system of the CERN computing center is also going to be used to process the next physics runs data

Japan (Nagoya/Kyushu): Turkey (METU):
2 processing servers TRUBA computing center resources
CPU, GPU, 256 GB of RAM CPU, GPU, 128 GB of RAM
Storage capacity: ~150 TB Storage capacity: 100+ TB
~ e

CERN

400 TB (data)
Russia (JINR): 20 TB (MC) Romania (ISS):
2 processing servers I processing server
CPU, GPU, 256 GB of RAM CPU, GPU, 128 GB of RAM
Storage capacity : ~150 TB Storage capacity : ~40 TB

Elena Firu NuFACT 2022 1
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A double charm candidate event
with a neutral 2 prong (vee) and a charged 1 prong (kink) topology

| Reconstructed vertex position in tungsten ]

v Kink

* |P of daughter 291.6 um PD16_total h_align
 FL 2536.6 um 500 - Eniries 34144
« Kink angle 118 mrad 3 Mean 2521
v Vee : StdDev 5938
«  IP of daughters 20.9, 109.7 aor
um [
«  FL554.5um 200
Opening angle 242 mrad [
200
1DD-
!

1500 2000 2500 3000 3500 4000 4500
mkm

v" fine detector structure is observed by reconstructed vertices
. pimary v' the results will be summarized into a paper soon

—

400 Ge Y Brofon



v D, — T decay has a small kink angle ~ 7 mrad.
v" An automated search of small kinks has been implemented

“"-.._____-_

proton &

if

Protonint - T N Arotomint \\\

Large kink 2 ™ -. LA SRN,




DsTau (NAG5) - 2021 physics run

v" initial, it was planned to use >200 m? emulsion but due to Covid19 the emulsion production is slowed down in Japan
v" the number of detector modules is reduced to 110 m? (=~ 2200 films) — 17 modules in total emulsion film
v emulsion film size was changed at 25 cm x 20 cm =4 X 2018 NE size

[ Film automated production facility in Nagoya ]

= speed production increases from about 6m?/week to 10m?/day

Construction of
~ Drying System

y
- :#“':

i\ = ]
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DsTau (NA65) - 2021 physics run ' Target mover

v’ new target mover Y : | Detec
v' XDWC for beam profile monitor st e
v Two scintillators measured beam intensity in real-time

Caunter

l

ADWC

- Target mover
— = (motorized X-Y stage) S
Two scintillators EL N

=
| measured beam intensity - J N -
' i

| e v s | N\
3 T N =9
v Beam size ~1 cm x 1 cm \

Detector module
25cm x 20 cm

v' proton beam at a density of 10° protons/cm?
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DsTau (NAG65) - 2021 physics run

v’ first time the development of nuclear emulsion film after irradiation took place at the facility from CERN
v’ 2021 physics run development campaign lasted 3 weeks
v' ~ 2200 films were developed

} Drywell n / developed films EL | !D
Stopper £ = 1
s et N i ey B

Water2-1 Water2 -2

Yljivm«zi'vlvlﬁmi |1
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Future plan runs

v" Emulsion film production

» Limited amount of emulsion films (= 100 m?) for 2022 physics run
= Short beam time (1 week) between 12 — 19 October @ H4

- Plan 2021 Updated plan 2022 Number of modules

2018 pilot run 50 m? 50 m? (1w) 30 modules
2021 run 100 m? 110 m? (2w) 17 modules
2022 run 450 m? 110 m? (1w) 17 modules
2023 run 0 m? 330 m? (3w) 51 modules

v Need an additional data taking in 2023 for 3 weeks

Elena Firu NuFACT 2022
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O DsTau (NA65) goal:

= to detect 1000 D, — t decays in 2.3x108 proton interactions in order to reduce the systematic uncertainty in flux measurements from
>50% to 10%

= study of open charm production

1 Current results:

= data reconstruction and analysis (data/MC, double charm) from 2018 pilot run are ongoing - first physics results will be published soon

= 2021 physics run, data taking campaign was successfully finished, we start data acquisition

» 30% of planned exposure was done
e Monte Carlo simulation with FLUKA and Geant4 soon we will start

O Preparation for 2022 physics run ongoing is in progress

: 18
Elena Firu NUFACT 2022



Thank you for your attention!
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Study of Proton interaction with tungsten

v" Proton interaction vertices location by fine alignment on the material boundaries.
v" Secondary tracks multiplicity distribution by each detector components
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Momentum estimation by MCS (multiple coulomb scattering)

ax aYy
aX

s00[—
400 —
ann—

200—

Enlrigs Se52

Mean -1.228a-06 500 —
AMS 0.0001335 C
2 ! ndt 4366/ 42

Canstant 4353483

400 —
Mean  -1.0150-06+ 1.726e-08 B
Sigma 0.00D12B4 + 0.0000013

300—

200 —

PRI
—8.001 -0.0008 -0.0008 -0.0004 -0.0002 1] ODODE ODOEH CIIJCIEI'E OI]ODB 0.00m

aYy
Entries 5662
Mean -7.859a-07
RMS 0.0001358%
¢ ndf G278/ 42

Constant

Mean

4833=8.0

-3.708e-07 = 1.725e-06
Sigma  0.0001284 = 0.0000012

_I

v" measurements for 30 plates, using real data
v o,70,=128x10"rad

v’ distribution of the projected scattering angle on the X-plane VS projected angle on the Y-plane
v' from Gauss fit —¢ is determined — momentum was estimated

Elena Firu
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For momentum > 30 GeV/c, scattering angles < angular resolution

ODODB -0.0006 OI]OEH DI]ODZ O ODODZ OI]OEH 0.0006 0.0008 0.001
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v" Fit with line p. = m * py,c, where m = 0.83 + 0.01 (~40°)
v For larger MC momenta, estimated momenta has larger errors
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DsTau (NA65) - 2021 physics run

v 17 modules were exposed

= 12 tungsten and 5 molybdenum targets for analysis part

v" all modules are ready to be scanned & scanning started

Elena Firu
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track density uniformity fitted by a Gauss function

T~

mean =~ 2.4 x 10° /cm
g =~ 797 X 10% /cm?
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v" Ds momentum directly measurement it is difficult due to short lifetime

v" DS momentum cannot be directly determined and momentum is reconstructed by topological variables

v" The variables are put in a neural network to determine momentum resolution

‘59}5"5 —T

FLp

fliHT — X

FL,

D momentum reconstruction by neural network
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(charged decays with A8 > 15 mrad or neutral decays)

Selection Criteria Efficiency (%0)
(1) Flight length of D, = 2 emulsion layers 77
(2) Flight length of 1 = 2 layers & AB(D.—1) = 2 mrad 43
(3) Flight length of D; < 5 mm & flight length of T < 5 mm 31
(4) AB(t) = 15mrad 28
(5) Pair charm: 0.1 mm < flight length < 5 mm 20

NuFACT 2022
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Results from DONuUT

v, CC cross section as a function of the parameter n

120IIII|IIIIIIIII|IIII|IIIIIII/II

1-o statistical error .~
L

r ]

const

o.. =7.5(0.335n"*)x10""cm’GeV

100

o
o

Phenomenological formula for
differential production cross-
section of charmed particles

orstiy.) x 10° cm? GeV™'
[m)]
(=]

7 d’c
= ] —— 5 o< (L=|x:[;"exp(-bpr)
P _ dx-dp;
40 B - ] longitudinal transverse
- . dependence dependence
20 - n=6.1 based on p
- PYTHIA E No published data giving n for D, produced
D4I 1l I.|5I 11 1 !E.I L1 1 |?-I 1l Ilal 11 1 Igl 11 I1D by800 GeV proton interactions
n Systematic uncertainties
Using PYTHIA-derived value of n=6.1 D, differential cross section (x; dependence) ~0.50?
o =(0.39+0.13£0.13)x 10 cm*Ge V™ Charm production cross section 0.17
Decay branching ratio 0.23
Target atomic mass effects (A dependence) 0.14
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[ D, differential cross section

Parametrization used in DONUT

dc
———— o (L—|X:)=exp(-bpy)
dXF de \ ! b Y /
longitudinal transverse
dependence dependence

X is Feynman x (x; =2p“M, /Vs) and p is
transverse momentum

Results from DONuT

v, CC cross section as a function of the parameter n
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reconstructed x;
(corrected by the efficiency)

an experiment with 1000 events
—> estimate of parameter n

Yields

200

8600—

400

100
experiments

Using PYTHIA-derived value of n = 6.1
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Experimental set-up — 2018 pilot run

“-g-
Experimental setup L ‘ -
' Detector module

at H4 beam line

Target mover
(motorized X-Y stage)

Beam profile monitor
(silicon pixel telescope)

ATLAS IBL modules with FE-14A chips
) g

scintillator for intensity
driven control
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