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OVERVIEW

-The SND@LHC experiment
*Neutrino physics program

-Search for feebly interacting particles
- Detector commissioning and installation
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MOTIVATION

Neutrino physics at the LHC

- Klaus Winter, 1990, observing tau neutrinos at the LHC

»A. De Rujula, E. Fernandez and J. J. Gomez-Cadenas, 1993, Neutrino fluxes at LHC
- F. Vannucci, 1993, neutrino physics at the LHC

- http://arxiv.org/abs/1804.04413 April 12th 2018

PRL 122 (2019) 041101
CERN is unique in providing energetic v (from LHC)

e ey and measure pp —vX in an unexplored domain
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LOCATION

- SND@LHC

* Charged particles deflected by LHC magnets

» Shielding from the IP provided by 100 m rock

- Angular acceptance: 7.2<x< 8.6

> First phase: operation in Run 3 to collect 150 fb-t

» About 480 m away from the ATLAS IP
»Tunnel TI18: former service tunnel connecting SPS to LEP
»Symmetric to TI12 tunnel where FASER is located

A g RI18
UJ18 :
’ : I T e— S
SND@LHC ATLAS IP
SRR T -
| = TI18
—



THE SND@LHC CONCEPT

Hybrid detector optimised for the identification of three neutrino flavours
and for the detection of feebly interacting particles Y

VETO SYSTEM:
tag penetrating muons

VERTEX DET + ECAL:

- Emulsion cloud chambers
(Emulsion+Tungsten) for neutrino
interaction detection

- Scintillating fibers for timing information
and energy measurement

MUON SYSTEM + HCAL:
Iron walls interleaved with plastic scintillator

planes for fast time resolution and energy
measurement

o

' Hadronic Calorimeter
Veto System + Muon System

Vertex Detector +
Electromagnetic Calorimeter




THE DETECTOR LAYOUT

- Angular acceptance: 7.2< 5 < 8.6

- Target material: Tungsten r : r ~
- Target mass: 830 kg Electromagnetic calorimeter Hadronic calorimeter
- Surface: 390x390 mm?2 L 40 %o J L 10 A J
- \ SciFi with timing, provide
_ _ Emulsion Cloud time stamp to emulsion, Timing upstream for
Off axis location Chamber, emulsion records TOF information of the muon filtering
. ) and W absorbers for events in the target region, Muon system -
micrometric accuracy track matching with ECCs. hadronic Timing downstream
in the detection of T EM shower measurement calorimeter 8 A, double X-Y planes with
and FIPs, EM shower as sampling calorimeter sampling every A, higher granularity for
energy measurement. every ~17 X,. with target region muon-hadron
Veto plane for ~10 A. ;
FRONT Charged x5 SciFi electronics separation

VIEW

particles in front
x5 Upstream

oftheatarget x5 SciFi modules Scintillator planes X3 Downstream
region Scintillator planes

x5 Emulsion/Tungsten bricks
x1 Scintillator plane \\\&
SIDE
VIEW

x8 Iron blocks

390

155

Collision axis

Collision
axis

80 390



EVENT RECONSTRUCTION

 FIRST PHASE: electronic detectors - SECOND PHASE: nuclear emulsions
» Event reconstruction based on Veto, Target Tracker » Event reconstruction in the emulsion target
and Muon system - Identify e.m. showers
- Identify neutrino candidates - Neutrino vertex reconstruction and 2ry search
- Identify muons in the final state - Match with candidates from electronic
- Reconstruction of electromagnetic showers (SciFi) detectors (time stamp)
- Measure neutrino energy (SciFi+Muon) - Complement target tracker for e.m. energy
measurement
VetN = e+X

Muon system

Target
Electromagnetic
shower

VutN 2 p+X VitN 2 T+X VetN - e+X

1 mm 0.3 mm

- W plate Emulsion film
VH+N 9 Il +X 192x192 mm?

192x192 mm?2

Muon system

hadronic
shower




NEUTRINO EXPECTATIONS .

~ Expectations in 150 fb-1

» Upward crossing angle o

* Neutrino production in LHC pp collisions

performed with DPMJET3 embedded in

FLUKA !
> Particle propagation towards the detector

through FLUKA model of LHC accelerator

Neutrinos interacting in SND@LHC

— Vo + anti-v,

—V_+ anti-v,

10°

10°

E[G.e\}]o4

Neutrinos in acceptance

(E) (GeV)  Yield

Flavour

CC neutrino interactions

(E) (GeV)  Yield

NC neutrino interactions

(E) (GeV)

Yield

v, 145 2.1 x 1012 450
v, 145 1.8 x 102 485
Ve 395 2.6 x 101 760
2 405 2.8 x 101 680
v, 415 1.5 x 10° 740
7 380 1.7 x 10° 740

730
290
235
120
14
6

480
480
720
720
740
740

220
110
70
44
4
2

4.5 x 1012

1395

450




NEUTRINO PHYSICS PROGRAM IN RUN 3

1. Measurement of the pp—sVveX cross-section

2. Heavy flavour production in pp collisions
3. Lepton flavour universality in neutrino interactions
4. Measurement of the NC/CC ratio



1. MEASUREMENT OF 2. CHARMED HADRON
pp—VeX CROSS-SECTION PRODUCTION

» Simulation predicts that 90% ve+anti-ve come from the decay of charmed hadrons
» Electron neutrinos can be used as a probe of the production of charm in the relevant pseudo-rapidity range after
unfolding the instrumental effects

> Correlation between pseudo-rapidity of the electron

* Reconstructed spectrum of ve+anti-ve flux in (anti-)neutrino and the parent charmed hadron
SND@LHC acceptance

CASE |- 7.2< [Nmeson <8.0

10 Ve+anti-ve in SND@LHC acceptance
200 = 11 v r . .
_ —— RecolReconstructed > ‘e Yo - < ‘. 2
B 5 oo TS 0 ,= I 10
180 — DPMJET 5 > N ** =
B all 3 10 N > N o®e * o
- £ . ]
160 —— DPMJET other than ./ K = -
- 9 = =
1401 -
120+ | | 8
100 + 7S
80| Ve
_ 67
60—
C _+_ 5
40—
C Qe
20— 4 P ole*,.,
- v * L g
c %%7 (ST o e
S S ) S S L L LY K ® 4 "Tlll i AR A B A A
0 500 1000 1500 2000 2500 3000 3 4 5 5 = 3 9 10

E[GeV] . | 10
Neutrinos in SND@LHC acceptance ™



QC D M EAS U RE M E NTS Extraction of gluon PDF in very small x-region relevant for:

- Future Circular Colliders
- predictions of high energy neutrinos production in cosmic rays

The dominant partonic process for associated charm
production at the LHC is gluon-gluon scattering 2.00

e scales
: 1.75 &5 PDF
Average lowest momentum fraction: 10-6
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Ratio between the cross-section measurements at different
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3. LEPTON FLAVOUR UNIVERSALITY TEST

* The identification of three neutrino flavours in the SND@LHC detector offers a unique possibility to test
the Lepton Flavor Universality (LFU)

- vV, T+ UVy
Neutrinos in SND@LHC acceptance _ Neutrinos in SND®LHC acceptance
: —e—V 10135— -
s —— v, otherthann/K
10" = —— v, otherthan /K .
- 102
C La -
n .
L + - .
=+ 10" &= .
10" = +++ S
: il £
| AT ; i i b
w - N #ﬁ
1095_ 1095_ T +$ﬁ T
I Al T LT T L ..|....|....|....|....|.f..
0 500 1000 1500 2000 2500 3000 0 >00 1000 1500 2000 200 geu "
P N, 15 1
N, .+ f. Br(c, — v _ S 'WetVe _ :
Ry = —2e — 2; fc,’; i e), Fias = Nyiv, 14 wWek <— contamination
Nysw.  fp.Br(Ds — v;) o from z/k
 Sensitive to v-nucleon * The measurement of the ve/vy ratio can
interaction cross-section ratio be used as a test of the LFU for E>600

of two neutrino species GeV



4. MEASUREMENT OF NC/CC RATIO

> Lepton identification for the three different flavors allows to distinguish CC to NC interaction at SND@LHC

> If differential neutrino and anti-neutrino fluxes are equal,
the NC/CC ratio can be written as

Z O.I/i L O-ui
p_ 2i9Nc T INC

Z O_I/z‘ L O_I/.i
v~ CC CC

I/'u VS I/'u

Neutrinos in SND@LHC acceptance

X

a

-
(o)

» In case of DIS, P can be written as

140

"eun al'ltl-\/u

1 ( 20
P = 5 1 — 2sin® Oy + 5 sin® Oy — A(1 — 2sin® Oy ) sin” HW} 12

\

......

100

|III|III|III|III

80 k=

------

60

* P measurement used as an internal consistency check 40

20
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NEUTRINO PHYSICS IN RUN 3

- Summary of SND@LHC performances

Measurement Uncertainty

Stat.  Sys.
pp — 1. X cross-section 5%  15%
Charmed hadron yield 5%  35%
v, /v, ratio for LFU test 30% 20%
ve /v, ratio for LFU test 10%  10%

Measurement of NC/CC ratio 5%  10%




FLEEBLY INTERACTING PARTICLES

*SND@LHC experiment can explore a large variety of Beyond Standard Model (BSM) scenarios
describing Hidden Sector

y
Production: we consider a scalar y particle coupled to the , / % q
- - p Fppv _0_')'_
Standard Model via a leptophobic portal, — 0,1 %
D Y q
_ u 1B wia o L uta (a) (b) (¢)
Lleptophob — _gBV JH + gBV ((),LLX X T X ()u.X)a
Proton Meson Drell-Yan
bremsstrahlung decay process
my, = myl3, a, = ag
0.010,  Excludled 0
i r/\ P g
: & _ : 0.001¢ i ;
Detection: y elastic/inelastic scattering off : /SND@LHCE

nucleons of the target 1074, J
S . Z

— — > — — > - — — - = > - — - > — — 10_55/ - \/}
X X X § X i )

_6 |
1% 10 DUNE ____Inelastic

L - — — Elastic
p g ‘ g p : C% * 10_7? | | | A e | l | —
g 0.2 0.5 1 2 )




DETECTOR COMMISSIONING ON SURFACE

_ Sept 2021
- Full assembly of the detector at H6 in the North Area

- Target on a 2.5 degree slope to simulate the TI18 floor inclination
- Successful mechanical test of all subsystems
- Data taking with muon beam

Muon System

Muon System  Downstream Stations
Veto System Upstream Stations SciFi

Muon event display

-
- = - — A
- A
.

— BV
L SN = E
_‘ L > =2
Target system § £ o
-. il - _r N
. ] ",4 _ : % ; w so: -
., S ) £ F " >
WP L al .
S b \J
‘ viw ey
30+
20}
10}
RN NN IR MR | NS  SCEeonay A

distance x [cm]



TEST BEAM WITH MUON SYSTEM Oct 2021

- Installation of the whole muon system at H8 in the North Area
- Energy calibration with 140, 180 240, 300 GeV pion beam

First glance at the signal

' _ 300 GeV pions
LanGau fitted QDC histogram
signalTL_US22 5-X10
£ 50— Entries 854
3 - Mean 58.15
S Std Dev 33.24
B %2 / ndf 103.3/99
40— Prob 0.3637
= Width(scale) 3.226 + 0.293
B mostProbable 4124 +0.29
s norm 706.2 + 26.6
30— sigma 3.337 £0.578
20{—
- PRELIMINARY
10} }
1 il 1 1 i l{ 1 l H 1 il ‘ li ll 11 1 I 1 1 1 1

0 150 200 250 300 350 400
QDC value [a.u]
e dt X relation: X = o %-+-23.85 _ _  _ ~ - ;

140

Position resolution:

lllllll III'II
|

PRp— 1 PR P 1

10

Jl PRELIMINARY

Extrapolated track X po

sition vs mean time difference

between left and right side

o, =3.7 cm



DETECTOR INSTALLATION IN TI18

- Installation in TI18 started on November 1st
- Full detector installed on December 3rd

September 2021

December 2021




MECHANICAL STRUCTURE IN TI18

First detector element installed in TI18 after the positioning of Iron walls
‘ ‘\"1!’ e O\
WEE | iz B

. )
| Giuseppe Passeggio Franco Cassese

/
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) ’ 1
f', Y w : “\ ]
~,’ o H - ' y / o
7 AL Migss TR 7 | | /
J e - — 247 4
: - v ‘/r' & — ﬁ_‘——'—‘ q" J
Target structure installation
apc [
y 3%( K & “‘.:'N..._;“* ‘© £ ey 0 ’ s .’t = \”., . . W 3
oo, 748 e LI, T o G S / ‘} g F B < _
R 2 - " A :— ~.""“'_.\‘ S . AT o
; /"{ ‘.&;.L.E.-:" P s ( Y

Positfoning 0 he feet in TI18

and grouting with Survey Team Target structure in its final configuration



TARGET TRANSPORTATION

Test of the complete procedure of (empty) wall transportation with the trolley

£ —

At the entrance of blg 2155
(on surface)
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7
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In the LHC tunnel Passage under LHC magnets



EMULSION WALL REPLACEMENT PROCEDURE

Test of the (empty) wall exchange procedure

u.-‘ ' ! v,
- 3 g y v . s
S F AR R
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-l

all anging to the structure

Wall transported on the slope



TARGET WALLS + SCIFI TRACKERS

- Test of wall boxes with SciFi planes
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WALL COMMISSIONING WITH NUCLEAR EMULSIONS,

Aim: - complete test of the wall box with tungsten and emulsions

- measure emulsion deformations, uniformity of segment recontruction in different positions of the W pile
- test alignment between consecutive emulsion films

- perform track reconstruction

B3
(W Bango)

B4

P4
54 (W sifon)

S3 S4
— . L

Bl S2 B2 P2
(W Sifon) (W Bango)

? L

beam

Test in November 2021

- New emulsion batch produced in short time and
delivered to CERN

- 30 emulsion films
- Wall commissioning performed

- Good quality emulsion films after development
- Scanning will be performed in Napoli Laboratory




CONCLUSIONS

»SND@LHC is a recently approved experiment at CERN aiming at:
» measuring neutrinos produced at the LHC in an unexplored pseudo-rapidity region
» searching for light dark matter

 Detector installation completed
» Data taking will start in early 2022

> Possible extensions beyond Run3 under study

* Napoli responsibilities
» Spokesperson: G. De Lellis
* Physics Coordinator: A. Di Crescenzo
* Project managers of emulsion target system: S. Buontempo, A. Di Crescenzo

» Tasks assigned to Napoli group
* Neutrino MC simulation (A. Iuliano)
» Target mechanical structure design and construction (G. Passeggio, F. Cassese)
* Fiber optic sensors for temperature and humidity monitoring (G. Breglio)
 Optical microscope for emulsion scanning (A. Alexandrov)
* Emulsion data analysis




BACKUP SLIDES



EMULSION TARGET

Target assembled according to the Emulsion Cloud Chamber (ECC) technique:
Tungsten layers (1mm-thick) alternated to nuclear emulsion films

EMULSION FILM
SND@LHC brick
, Emulsion Cloud emulsion layer -
: (70 pm) '

sv% Chamber (ECC) %
E : 3 B plastic base
(170 um)
emulsion layer ‘b, ......... 1 .
(70 pm) L 0.‘ ................................................
harged particl
100 pm
60 emulsion films 1
59 W layers .

- Sub-micrometric
position resolution




TARGET MECHANICAL STRUCTURE

» Target walls hanging from the mechanical structure

» Horizontal displacement done by hand using
mechanical worm screws

- Easy/fast/reliable wall exchange

» SciFi-to-Emulsion target precision by mechanical
screws (<50 um)

» Wall to Wall precision secured by mechanics (<50

§m)

* Three adjustable feet to be placed under the structure to
match with the slope of the floor in specific locations

000000

000000
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I
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KEY FEATURES

e Muon identification

- vy CC interactions identified thanks to the
identification of the muon produced in the v,

Muon identification system

% evts % evts
CC-DIS NC-DIS

SciFi trackers

interaction —| 1 {109
: : g s 31.1 99.6
- Muon ID at the neutrino vertex crucial to ‘t” ; o
identify charmed hadron production, Bt A § i - 67.6 0.27
background to v: detection 2p 1.1 0.06
. 1 AE/E Ve+antI-V | 0.7
e Energy measurement 1" -
- The detector acts as a non- ¢
homogeneous sampling calorimeter |
0.2 >
10 0.1 - '—+ ——— .
T T e T YT 0'06 20 40 60 80 100 120
0 500 1000 1500 2000 2500Etrue[Ge13/%00 £ [GeV]
- Combing information from SciFi - Performance of SciFi tracker as
(target region) and Scintillator bars sampling calorimeter, using a
(Muon System) CNN

- Average resolution on ve energy: 22% - Electron energy resolution



SIMULATION

SND@LHC

Th ge—<4

— - pp collisions at LHC with DPMJET III - v10 (embedded in FLUKA)
Vs = 13 TeV

- PRODUCTION

——— . Detailed simulation of LHC beam line with FLUKA

- PROPAGATION
Soh SRS - Prediction of neutrino yields and spectra at

ATLAS forward

SND@LHC location shielding

- Prediction of muon population in the upstream
rock, 75m from SND@LHC

- Neutrino interactions in SND@LHC material
simulated with GENIE

- DETECTOR |-

- Detector geometry and surrounding tunnel
implemented in GEANT4




2. CHARMED HADRON PRODUCTION

> Correlation between pseudo-rapidity of the electron (anti-)neutrino and the parent charmed hadron
» Evaluation of the migration by defining regions in the pseudo-rapidity correlation plot

CASE |1 7.2< [Nmeson <8.0

[GeV]

3 10 _E Na/Na+s
9 . ) . / |
| | ' = N (c—mesons) = N (v, + 7)™ x fj“_B 5
8 - ’.C 10 fac  Br(c— v.)
71 ‘ = N A/NA/C Branching ratio of
+

charmed mesons to ve

* Fractions fag and fac evaluated using leading order
computations+Pythia8 parameters for cc-bar
production at 13 TeV

C;.)w

n nnnnnnn [GeV]
_T _ ~Variation of parameters that describe charm production
NEUEAR0S 1D and hadronisation show that the ratio fag/fac is stable

SND@LHC sl
acceptance within 20-30%



3. LEPTON FLAVOUR UNIVERSALITY TEST

* The identification of three neutrino flavours in the SND@LHC detector offers a unique possibility to test
the Lepton Flavor Universality (LFU)

v are produced essentially only in Ds decays

Ve + Ve - .
- Neutrinos in SND@LHC acceptance * Ve are produced in the decay of all charmed hadrons
- R (essentially DO, D, Ds, Ac)
1l —— Ve otherthann/K 3 . - -
L » The ratio depends only on charm hadronisation fractions and
SR : :
M= branching ratios
- + .98 : : - -
++++ - Sensitive to v-nucleon interaction cross-section ratio of two
10" =
= " neutrino species
N H’H’H, o
I w ng - Nl/e-l-Fe - Zz fCiBT(Ci — Ve)
10° = — - 75 )
; e - NI/T—FPT fDSBT(Ds — VT)
[ | | | I | 1 | 1 I 1 | | | | | | | |,|_|,| | | | I I-‘-l_ﬁ_l _‘% -
0 500 10001500 2000 2500 3000 » Error on fc and Br evaluated as discrepancy between values
o °F - obtained in Pythia8 and Herwig generators: 20%
T 2+ —
m1§_++%TT{IHHHIHHH NN . %
i I B it 5 L L B 8 LTI A P A TE - Statistical error due to low v, statistics :30%
0 500 1000 1500 2000 2500 3000

E[GeV]



3. LEPTON FLAVOR UNIVERSALITY

- The vy spectrum at lower energies is dominated by neutrinos produced in z/k decays
- For E>600 GeV the contamination of neutrinos from »/k keeps constant (~35%) with the energy

vV, T+ Vy

Neutrinos in SND@LHC acceptance N(V,u ;M) E > 600 GBV — 204 in 150 fb-1

10° ’ N(ve +7,)[E > 600GeV] =191  in 150 fb!
— —— v, other thant/K g )
102 » The measurement of the ve/vy ratio can be used as a test
= . of the LFU for E>600 GeV
o - No effect of uncertainties on fc and Br since charmed
S hadrons decay almost equally in vy and ve
10102_ +—T—$—¢—+
£ H*&#ﬁ % R . NVe+Ue . 1
o i 4 127N o 14w e contamination
- T ﬁ T Jr GG " from r/k
0 I5(|)0I — I1O|()Ol — I15|OOI — I20|()0l - |25|()OI IE;G;%/O]OO > Statlstlcal error: 100/0
o 1. ITTT - - Systematic error: uncertainty in the knowledge of z/k
S o +H"}+HH- L HELL E o,
BT T 00 D P P contamination: 10%
O: — l5(|)Ol — l1O|OOl - l15|00I — I2(;0(;l = léSBol T l3(§00

E[GeV]



OUTLOOK: Advanced SND

- Upgrade of the detector in view of an extended run during Run 4:
« Magnetised region to measure charge of the muon (vy/anti-v,, vi/anti-vrin the T—pu channel)

e Larger target region
* Replace emulsions with electronic trackers

Target mass: 2 tons

Muon filter

- Two off-axis forward detectors:

* AdvSND1: »~8
Reduce systematic uncertainties /
* AdvSND2: n~4.5

Useful link to LHCb measurements
High energy neutrino physics

TI18

- Shielded location is required IP1

UJ18

RI18



