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Tau neutrina interaction cross-section

Tau neutrino is the least studied particle at the moment
Only a few measurements:
Direct detection in beam-dump: DONuT (DIS) — 9 events
Oscillated : OPERA (DIS), Super-K (QE), IceCube(DIS)

Cross section by DONuT: statistical error 33%
systematic error >50%

due to uncertainty in v_flux
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* Semi-leptonic decays of B meson prefers to decay into T and V.
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Hints of Lepton Universality Violation
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The NA65/DsTau experlment at the CERN SPS

e Study of v, productlon for future tau neutrino experlments y

' 4

b double differential production cross sectlon measurement as 95“// of.v_ are produced In
" Dg - T - X-decays - d’o

1—|x exp(—b R
et & (L lel)” exp(-p?):

To reduce VT ﬂux . v oscillation experiments

uncertainty from L DONuT UPER [ IYPER
>50% to 10% -2008 6 HK

- | WHC (\
i ‘ Ds Tau T ﬂux sematen ' T Preuse V. cross section
Fundamental input for — a New physics searches in

future v, experiment: SHiP, _SHiP fozx neutrino scattering
and indirectly FASER, Ve o consrn ICECUBE

SND@LHC : "\‘.’Siji e

ForwArd Search ExpeRiment at the LHCj

Re- evaluatlon of v, cross-section

(2020)
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: - Principle of the experiment ~ s
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Kink angle of D, — T
7 mrad

Detection of double-kink + another pimar,
decay'topology within a few mm  Po"
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DsTau Collaboration DSTaN

= | etter of Intent submitted to the CERN-SPSC in 20A1 6 c 2 Ja.pa.n:
«Test Beam Studies in November 2016 and May 2017 " 7 Alch
= Technical Proposal in 2017 ‘ ' e 1
. o - i Kobe
= Pilot run 2018 : \ . Kyushu
- 1/10 of the full-scale experiment with tungsten target \ Nagoya
~ 30 % uncertainty on v, flux | | . S g
~ Revise the DONUT result ‘ o " . Bern
~ Charm physics _ : 7 ‘
. Approved as NA65 in 2019 Tl -

Buchargst
" Physics run 2021-2022

— Full scale experiment with turigsten-and molybdenum targets ’
. Siag e Russia:

- = . * Dubna

/

1

», »

>

DsTau web site: htths://naG5.web.cern.ch/ : Turkey:
o \ - METU

——-—"'\
. . | , = N i B Romani
= DsTau‘paper: JHEP 01(2020)033 ' A e N ~ 21 oy I_.
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https://link.springer.com/article/10.1007/JHEP01(2020)033
https://na65.web.cern.ch/

Run

2018
pilot run

2021
physics run

2022
physics run

Expcc‘fe\d performance

Systematic uncertainty for

Beam Emulsion w 0.5
time surface the cross section St ]
measurement - 2018 run
1 week |48 m?2 30% —-> Re-evaluation g 04_: l
(30 modules) | of the DONUT result = F
|

€ 0.3

2 weeks | 545 m? 10% - Input for future O - 2021-2022 run

(338 modules) | measurement = l

O B

2 weeks *é : 1: *

Y | = »
o - DsTau goal L -
—_-—
g B
1 1 1 1 l 1 L 1 1 l 1 1 1 1 l 1 1 1 1 l 1
Systematic uncertainties DpoNuT With ? 00 00 190 1 <0
DsTau Number of detected events
D, differential cross section .
(x; dependence) 0.3 0.1 \
Charm production cross section 0.17
Decay branching ratio 0.23 0.05
Target atomic mass effects
(A dependence) 0.14 \ L

/
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Nuclcar Emulsuon dctcctors havc hlghcsi spahol rcsoluhon

\ < . Nucl. Instrtyn Meth.A 556 (2006) 80-86
- Emulsion film |
Slngle emulsmn film is .
hlg‘h angular resolution tracker TR
Cross-sectional view
10 G ev / E n / L)
| beam : o, = 0.35 mrad ‘
.l e & o . o won (0.02° ) P
. 2 '™ N ‘ Plastic base (200 pm) ;:;.. /
Sensitivity 36 grains/100 wm, ‘ - . ! :
8 J e ks . S, ' N -+ 10 AgBr crystals per film
. : % ) ¥ Emulsion layers (70 ym) * Volume occupancy 30%
. e : . . : ' _ * Detection efficiency
o ' \ - per crystal 16%
- ® - 8 .
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Principle of DsTau cxpcnmcnt

Scintillation —
Profile  Detector module counter oo . A\target |n3trumented
monitor 10cmx10cm x 8.6 cm 10'cmix:10:cm 1403— _14005 ,/ ]
e e O “F =~ with high resolution
—— I 100~ S detectors . unlform Iy
Rretonbeam ! T —/——= [~ exposed to the proton
60— | cmmm————————b -
400 GeV P of J"""—_—_' l beam at.SPS "
Target mover 0 4 60 8 100 120 10 160 _ F B‘S%E
: -~
i ; Intensity driven control '300 2
10 units - -—
W: 0.05A (total 100 emulsion films) ' (2017 2018) 1 ™ S
7 s o 200 —
. ~10° p/cm?! )
Proton| ‘ | | | | | | JHAL T : 150
i 0 20 30 40 50 60 70 80 90 100
| X (mm)

- Emulsion ﬁlm Plastic sheet (200 pm)

In 2021-2022: 300 modules will be exposed to 4.9x10°
protons to accumulate ~2.3x108 interactions with ~10°
charmed particles pairs and ~1000 D, — t+X events

\ _ #5179
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Progress in automaﬁc cmulsnon readout techmque |

~4000 tracks in 2 x 2 mm?2, 15 f|_Ims |

1000
100
10

0.1
0.01

Scanning speedincmzlho;lr A : . 5 B = » / =)
0 50 arxiv:1704.06814  Ji . / 0.5 m2 /hour

0.001

g HTS - fastest emulsion data readout system -

. wide field lens, multi-sensors, GPU.  °

20 GB/s or 2 PB/day with capability to process
A - 1000 m? of emulsion per year -

Da‘ta stored after scanning -

TS NTS UTS ESS  S.UTS Current

o oo s’ @ G ere. 3D coordinateg and direction of track segments

2008- (GPUs)
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Pilot run data processing

- \ 2
< = | —— .
S——— @ SS—— . : .
Japan (Nagoya/Kyushu): [ | -Tl;ldg:iy (NtIETCU)t
L ) omputing Center
CPU, GPU. 1 28/256 GB RAM | Fesources
' L L J .| CPU, GPU, 128 GB RAM
Storage : ~100 TB ‘ \ @ / Storage capacity: 100+ TB
: CERN >
Russia (JINR): : _ - ; )
. EOS v Romania (ISS):
1 processing server / \ , )
CPU. GPU. 256 GB RAM — % 1 processing server
Storage: ~40TB ! . s CPU, GPU, 128 GB RAM .
_- 100 TB (data) Storage: ~40 TB ‘ -
— ﬁ . 20 TB (MC) i Progress of data processing (without vertexing and DS)
' 4 S — o Yol
. - i ' /
* 16 / 30 modules reconstructed, 2-4 months to process the rest. | - //
k. . Yu.Gornushkin, Lomonosov Confer.ence 2021 -




Pilot run data reconstruction performance:

Track registration efficiency >95% Track density according to simulation

1.000 ~ s T—— =T >
0.975 §4so§— lFluka, N;211,P20.:; GeVi/c ll— Alignment Wi’tﬁbetOﬂ ST R e
o ] s i | beam tracks, =TT ~
2] "4 100 tracks/mm?

R o o 1 Residual of track 171

0.8501 —®— PDO5 --16-- PD18

o o T e | segments to fitted line

PD10 pzo| | | | |l | | Il 100ttt e e e e b
25| = P12 - PO i (RMS) = 0.4 pm
PD13 E i B0 R L ok I S, B L
R [ S O] L ' 4 -
0809 5 15 25 35 45 55 65 75 85 95 105 , 80 100 ' a0 | ————— >
Plate No. Emulsion plate number L o
G K S 140004 ‘
. . . - . ) S_ S ; N\

3 Vertices distribution on Z Tracks emerging from tungsten %100% 2 120008 || Upstream
- B ©
Q so0f- Vertex density 500/cm? S ol s
— - = - s
o F ! :
D 400 408"
a r = 4 5 6 7 -
g 3003_ o0k 6 mrad /
Z | .

- \ N 0 B WMM‘W&W{}MV,;””,AW

200(— g AW \ N N 0 20 40 60 80 100 120 140 .
- “/ ; A NN \\‘.\\\\\Q"\ \\\\\\\\Y 6 mrad .
e =3 %»ﬂﬂg‘}i‘d’ ? | A, B BV %P“ La 0 W \u\\ N\ \\\ ,\\\ .

Jﬁ [Nl Fuqi e o] ﬁ@% AN \\\\\\Q\\ NS Observed tracks and vertexes density,

A | SR | M § L 2R % i E1 KR gil ?g 1 i d ) W \ 3 \\C»\\\ \ \

0 151061 3 2010(? 25100L" 3000 3500 4000 = /WA \‘. LAY AR \Q\\\\\\\ . sl AL

A R \ \\NW - secondary tracks multiplicity and

MNANN \\\\\ ‘

Reconstructed vertex position in the detector ‘ N\ \\\ \\“&\\\\‘\%\‘\\\\\§ anQU|ar dlStr|bUt|On are ConSIStent Wlth

¢ . : PRI 'FLUKA and Geant4 simulation
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Efficiency of D, — t— X de\fec’rion'v

Selection Total
- efficiency (%)

(1) Flight length of D, = 2 emulsion layers 77 '
(2) Flight length of 1 = 2 layers & AB(D,—1) =2 43
mrad
(3) Flight length of D, < 5 mm & flight length of t 31
<5 mm
(4) A©(7) = 15mrad 28

(6) Pair charm: 0.1 mm < flight length < 5 mm @ .
(charged decays with A8 > 15 mrad or neutral -~
decays)

0%l \
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Background estimation

e Signal: ‘» Main background: Hadron
- Ds—1 de;ay: Sg‘a” kink interactions of secondary hadrons of
~/( mra

proton interactions

No nuclear fragment detected

T
Ds
< X
( >
X Charged hadrons
. mimic kinks
Ds
(/ X : (&
DO...."" ! T tEaaL,,., Neutral hadrons mimic /
X N neutral charm decays .
Signal probability 2.2x10-"/proton Background probability éstimated by FLUKA.

ngarged = 1.3+ 0.4 x 107/ proton
P,’;g(‘“‘al.: 2.7 + 0.8 x 107?/ proton

14
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D, momentum reconstruction
by Artificial Neural Network using topological variables ’

- o~
. FL.
T
> OX _ 3 .
Proton D. 0. » &
FLos '
FL: Flight Length
* Difficult to measure D, momentum directly due to < o
short lifetime R
~ T 100_— -3 7
- D, momentum reconstruction by topological S [ i
variables AR
|* A Neural Network with 4 variables was trained with | - % - &8
MC events 03 |
. '-. . .
. I\/Iomentuom resolution for T—1 prong decays 20_ IR
Ap/p=18A) 0 | ' | N IR AR
| : 0 20 True Ppg (GeV) 100 120 140
\ . | Py true (GeV)
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Double-decay "ib‘pology events search

About 23% of the data sample
processed with vertex search
and decay search programs.

August 2021
Analyzed sample/Total 22.2%
Protons on tungsten 486,137,516
plate
Vertices in tungsten 2,653,846
Double decay topology 17,574

vertex candidates

Work now-is focused on
the software
optimization and -
upgrade to make it
faster and more efficient.

\
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* Kink

 |IP of daughter 291.6 um
* FL 2536.6 um
» kink angle 118 mrad

* Vee

 |IP of daughters 20.9,
109.7 um

 FL 554.5 um

* opening angle 242 mrad

400 GeVpraton




' 4

New algorithm of small kink search -

Tilted view

"

An event with 2 large kinks was One of the kink parents has a small
selected in data sample kink of 2.9 mrad.
S . \
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Prepamtioﬁ:foj'r 2021 physics run L

| ¥
- "o Beam time is schedule in Sep-Oct 2024
o 20% of fuII statistics (30% mcludmg the pilot-
- - run) o
* Scaled down due to COVID - 100 modules
{ ¥
schedule issue date: 28-Apr-2021 Version: 1.0 EJLHC Exp. DPS,~’SPS Exp. [ JOther Exp. CINT Exp. | /—/ \
Jun Jul Aug Sep Oct Nov
Week 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
. |Machine 9
T2 . H2 o.::.;.ézz‘g Se"'t:p NAsllzﬂme "‘%‘“ E]srgmimivethAﬁll:mNE ' NA6133SHINE
B na | os LHCb cm.7 NA64e GIF RD51 | LHCb |
T2 - H4 !I;.’.‘,’. s g.';‘, T 18 28 i e cal|
;- - <8 . \ 18
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~ Preparation for the main physics runs o

New gel production facility | 1'0 -1.;'35"9_.:"22'“‘ SIZZO . el PR
' - X1 <. cmX cm —
| . N " 3 : ’
electron ileicecasls Ly ” q . Na > . .
’*— N Target mover for 2021-2022 runs

'J(. ‘i -
BadhE . |
3

Target area
40cm x 40cm

-t

Stage with actuators

N\ HTS(0.5m2h) > HTS Il (25 m?/h) .
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Sumrﬁ&ﬁ and outlook |

- y e ,/\
. Progress in nuclear emulsion readout made pOSSIb|e new generatlon of the
experiments ‘

». DsTau. aims to measure double differential cross séction of D, — T production in
proton- -nuclei interactions to reduce uncertainty of tau neutrlno flux in future

' experiments down to 10% . 3

* The analysis of the pilot run data is ongomg, very hlgh track density requires
upgrading software instruments and increasirig computlﬁg resources.

» The physics run in September of 2021 is under preparatlon Both hardware and
software have been reV|sed to meet very challenging experlmental conditions.

'

, *  DsTau paper: JHEP 01(2020)033
- \ DsTau web site: https://na65.web.cern.ch/
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https://link.springer.com/article/10.1007/JHEP01(2020)033
https://na65.web.cern.ch/
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Backup



Emulsion = a detector with high detection channel densit

150 um x 120 um x e B
50 um TR 2

1.2x10% channels (crystals) in this
volume.
104 channels in a film (12.5 cm x 10

\ » -
l:'l - - _— - "‘-‘“’
NN

High density of detection channels, O(10'4) channels/cc, makes emulsion attractive

for many purposes.



Analysis scheme of double-kink search

3

. Full area scanning by the fast scanning system «  Precise measurement to detect
Ds -> T decay (a few mrad)

. Select decays with A6 > 20 mrad

Proton
beam

Dedicated high-precision systems (Bern, Dubna)

- l‘ J .
Objective lens
i .

,\;"1  stage | 2

Scanning speed 0.5 m?/h/layer |
Angular resolution ~2 mrad

Angular resolution ~0.3 mrad



V. Cross section measurement by oscillated neutrinos

SK

Atmospheric

vu—)vt& V

meas

OPERA
CNGS Vin beam

vpévT

K

=(1.47%0.32) Oypeory

o with a Pb nucleus

() meas = (5-1235) x 107 cm?,

> vy

<U>meas — (121-06) <0G> 107

Energy (GeV)

— - [ T LS T " L2 T T I T il
B || o o il ey - )
b F 2 il arXiv:1711.09436
& - . e 5
g F A= E
= = st
8 F (0.94+0.20) x10-38 cm? { Presented 1% day by
2 10 [f / . _|| Guillaume Pronost
0O _F ’ w—— NEUT CCv_cross section w— NEUT CCT_cross secton =
O = -
[~ i eeeeee DONUTCCv, crosssection = ==ee=s DONUT CCYV, cross section |
10'2? —;
E '-: ® SK measured CC tau cross section 5
i s | | | |
107 20 30 )
Neutrino Energy (GeV)
10° 3 10°
PHYSICAL REVIEW LETTERS 120, 211801 (2018) S
i -_ )
10° m ;
= 10°
§ oo (GENEv26defaut)y | | %
‘E 10° E v, flux 10° ©
g;o N - Mean Energy >
. 10E 8
c’ :;:j (O)T'\OGS o~
Fles%v.flux 000 ey [ eeee- (c.) =10 §
- i A = =
1 3 3
- 1
=
10 2 X l L | l 1 | 1 1 1 10 ‘
0 20 40 60 80 2500




Neutrino beam line in DONuT

Target
(Tungsten 1m, 10A;y)

T—— W T W weww oW w

800 GeV
protons ~

......

Sweeping magnets
(pT kick 6GeV/c, 3GeV/c)
oweepiny viaynels

Passive shielding

‘ VT detector‘

Emulsion + SFT

(Iron, lead, concrete) Jing

| hybrid detector

W
24

1l
N 7]
I 1
B D
77

T

vt Beam source‘

V‘C
Primary
proton =
Primary bt
vertex
Main source
Ve DO’Di’DS’/\C
Vu DOIDiIDSIACIT[IK
V. D,

Events per 6 GeV

10

0.1

“40m

Ve

7

L 5 e oo
<
—

I L ITil

E

i [

'1111]11

L L l 1 1 1 L l il 1

'l :...Z
] e AT TN ) PO e | | M g ETER

Calculated energy
spectra of neutrinos
interacting in the
emulsion target
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Results from DONuT

0.8

v, CC cross section 05

const

OVt (E) =Ovr X VT th (E)

K(E)

0.4

V. CC cross section was calculated as a function of one parameter. -
The energy-independent part was parameterized as

L O Y L O L % L L B

LEL L EieErdsr e L Er e LUE 5859130
0 50 100 150 200 250

O =17.5(0.335n"2)x10"" cm’*GeV ™

0

v

where n is the parameter controlling the longitudinal part of
the D, differential cross section

Phenomenological formula
2
do

dx . dp;

Xr is Feynman x (xg =2p*M,/vs) and
pr is transverse momentum

o (1= |x,|)" exp(-bp;)

longitudinal transverse
dependence dependence 2 7



