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LOCATION
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e »About 480 m away from the ATLAS IP
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' €7 1 »Tunnel TI18: former service tunnel connecting SPS to LEP
' ATLAS »Symmetric to TI12 tunnel where FASER is located
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»Charged particles deflected by LHC magnets I oy - ' RI8 _
»Shielding from the IP provided by 100 m rock | | ff T
™ ch | - ‘ ATLASIP
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»Angular acceptance: 7.2<n< 8.6 | 3 S«

»First phase: operation in Run 3 to collect 150 fb-1!



THE SND@LHC CONCEPT

Hybrid detector optimised for the identification of three neutrino flavours

VETO PLANE:
tag penetrating muons

5x SciFi planes

5x Upstream
Muon planes

3x Downstream

Muon planes

5x Emulsion/W E‘

TARGET REGION:

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

- Scintillating fibers for timing information
and energy measurement

MUON SYSTEM:

iron walls interleaved with plastic scintillator
planes for fast time resolution and energy
measurement
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TARGET REGION

MUON SYSTEM




THE DETECTOR LAYOUT

» Angular acceptance: 7.2<n < 8.6
» Target material: Tungsten

» Target mass: 830 kg

- Surface: 390x390 mm?

. . Electromagnetic calorimeter Hadronic calorimeter
Off axis location
~40 Xo ~9.5 A
FRONT x5 SCiF'i
electronics
VIEW X5 SciFi modules X5 Upstream X3 Downstream
+ Aluminum frame - \ x8 Iron Scintillator planes

Scintillator planes
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EVENT RECONSTRUCTION

»FIRST PHASE: electronic detectors

» Event reconstruction based on Veto, Target Tracker
and Muon system
- Identify neutrino candidates
- Identify muons in the final state
- Reconstruction of electromagnetic showers (SciFi)
- Measure neutrino energy (SciFi+Muon)

VetN =& e+X

Muon system

Target

Ve_
<

Electromagnetic
shower

VptN 2 p+X

Muon system

hadronic
shower

»SECOND PHASE: nuclear emulsions
» Event reconstruction in the emulsion target
- Identify e.m. showers
- Neutrino vertex reconstruction and 2ry search
- Match with candidates from electronic detectors
(time stamp)
- Complement target tracker for e.m. energy

measurement
VutN = pr+X verN > T+X VetN - e+X
| i o L L1 .. ‘ ..... ‘ .......... ‘ ........ Vel

1 mm 0. 3 mm
W plate Emulsion film
192x192 mm? 192x 192 mmz2




KEY FEATURES

eMuon identification

Muon identification system

» vy CC interactions identified thanks to the Scifi trackers S | |
identification of the muon produced in the |, oz B K 0§
interaction — 2 FEEN - R } S S A

~ Muon ID at the neutrino vertex crucial to "SRR} - . £
identify charmed hadron production, Sl 41 (N (AN '
background to vr detection RS N R N

AE/E
eEnergy measurement o

s 08 Ve+anti-ve
- Estimation of hadronic and electromagnetic energy |

combing information from SciFi (target region) and
Scintillator bars (Muon System)

» The detector acts as a non-homogeneous sampling
calorimeter
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> Neutrino energy spectra
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NEUTRINO EXPECTATIONS

>Neutrino production in LHC pp collisions
verformed with DPMJET3 embedded in
-LUKA

>~ Particle propagation towards the detector

» Expectations in 150 fb1

Flavour

Neutrinos in acceptance

(E) (GeV)

Yield

Y

through FLUKA model of LHC accelerator v,

145
145
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2.1 x1
1.8 x 1
2.6 x 1
2.8 x 1
1.ox1
1.7x 1

4.5 x 1

Flavour

CC neutrino interactions

Yield

(E) (GeV)

NC neutrino interactions

(E) (GeV)

Yield

»GENIE used to simulate
neutrino interactions in the
detector target
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NEUTRINO PHYSICS PROGRAM IN RUN 3

1. Measurement of the pp—veX 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 pp—veX CROSS-SECTIO

» 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

» Apply deconvolution of neutrino cross section to get ve+anti-ve flux in SND@LHC acceptance

SND@LHC acceptance
— - 200 «10° vetanti-ve in SND@LHC acceptance
wg E - —— RecoiReconstructed
et 180E —  DPMJETall
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1. MEASUREMENT OF pp—veX CROSS-SECTIO

» 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

» Apply deconvolution of neutrino cross section to get ve+anti-ve flux in SND@LHC acceptance

- Genie cross-sections on target material > Reconstructed spectrum of ve+anti-ve flux in
SND@LHC acceptance
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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 [: 7.2< Nmeson <8.6

Ll
g
>
+
vy

N(c—mesons) = N(v, + 7, )am 222
!:C 10 ( ) (Ve + V) fac  Br(c— v,)

N\

Branching ratio of
. charmed mesons to ve

C;Jw

_ %< .:é ) . »Fractions fas and fac evaluated using leading order
L | sl DAl computations+Pythia8 parameters for cc-bar
R e production at 13 TeV
5 6 7 8 9 10 11
n [GeV]
I »Variation of parameters that describe charm production

Neutrinos In
SND@LHC
acceptance

and hadronisation show that the ratio fag/fac is stable
within 20-30%
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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 [: 7.2< Nmeson <8.6

10?
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N (c—mesons) = N (v, + 7, )Pam x 222«
C [ ( ) ( ) fac  Br(c— v,.)

Neutrinos In
SND@LHC
acceptance

Charmed hadron production

Branching ratio of
charmed mesons to ve

ng leading order

Statistical uncertainty ~5% s for cc-bar

Systematic uncertainty ~35%

»Variation of parameters that describe charm production
and hadronisation show that the ratio fag/fac is stable
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)

»Vvr are produced essentially only in Ds decays
i Neutrinos in SND@LHC acceptance >Ve are produced in the decay of all charmed hadrons

I v (essentially DO, D, Ds, Ac)
e, Dot »The ratio depends only on charm hadronisation fractions and

oo branching ratios

- ‘*‘++ »Sensitive to v-nucleon interaction cross-section ratio of two
“’m%_ tt , neutrino species

N +++H’H; | ..
109:_ 1‘H’ ng _ Nve—l—ﬁe _ Z}g’ fciBT(Ci — Ve);,

] 1 Ny, 4w, fp.Br(Dy — v,)
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o °F - obtained in Pythia8 and Herwig generators: 20%
E2pt E

SR TITTTTTTTTIT, E »Statistical error due to low vr statistics :30%
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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)

>Vt are produced essentially only in Ds decays
" - Neutrinos in SND@LHC acceptance »Ve are produced in the decay of all charmed hadrons
- o (essentially DO, D, Ds, Ac)
oML | Dl »The ratio depends only on charm hadronisation fractions and
i, branching ratios
I =*==*=+++ »Sensitive to v-nucleon interaction cross-section ratio of two
° 3 4 neutrino species
3 W*ﬂ o o
I 1‘H’ Nve—l—ﬁe Z@ fCiBT(Ci — Ve)
1095— ng — — )
) T |
| >00 1009 . 3s discrepancy between values
- Vr/Ve ratio for LFU test |
o °fF Ig generators: 20%
T 2t Statistical uncertainty ~30%
1

Systematic uncertainty ~20% statistics :30%




3. LEPTON FLAVOR UNIVERSALITY

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

I/M—I—I/u

] Neutrinos in SND@LHC acceptance N(I/,_L ﬁ”) E > 600 GBV — 9204 in 150 fb-1

10 o N(ve 4+ 7.)[E > 600GeV] =191  in 150 fb
— —— v, otherthan /K > -

e »The measurement of the ve/vy ratio can be used as a test
. of the LFU for E>600 GeV

e e »No effect of uncertainties on fc and Br since charmed
?+++++++:+ hadrons decay almost equally in vy and ve

10" &= +++E
- Nv v

1093_ ;Pﬁ#ﬁfﬁ Rz = Nui; T 14+ Wk «CONtamination
= T Tl ++T % S from n/k
0 IS{IJOI - I1O|00| — I15|00I - I20|00I — l25|00I IELG;:‘S\%OO ;Statistica| error: 100/0

o 3 _ . . : : .

S +1. -+ E »Systematic error: uncertainty in the knowledge of n/k

i vy o) HJFLH _____ LLL L contamination: 10%
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3. LEPTON FLAVOR UNIVERSALITY

»The vy spectrum at lower energies is dominated by neutrinos produced in n/k decays
»For E>600 GeV the contamination of neutrinos from n/k keeps constant (~35%) with the energy
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of the LFU for E>600 GeV
»No effect of uncertainties on fc and Br since charmed
hadrons decay almost equally in vy and ve

Nye+§e . 1
1+ Wr /k '_contamination
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viyVe ratio for LFU test

Statistical uncertainty ~10%
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»The measurement of the ve/vy ratio can be used as a test



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, Z P
the NC/CC ratio can be written as P = i “NC NC

o Z vi
i%9cc T 9¢cc

»In case of DIS, P can be written as

Rept.Prog.Phys. 79 (2016) 12, 124201
1 ( 20
P = 5 {1 —2sin Oy + 5 sin® Oy — A1 — 2 sin? Oy ) sin? QW}

\

VM VS VM

—
o
w

Neutrinos in SND@LHC acceptance

» Systematic uncertainty:

- asymmetry between neutrino and anti-neutrino spectra mainly in n muon 20
neutrino spectra at low energies. Contribution to the error on P: <2%

- CC to NC migration and neutron background subtraction: 10% 0

where A originates from unequal numbers of B —v,
protons Z and neutrons (A-Z) in the target 140 v anti,
Introduces a correction factor of ~1% of
For a Tungsten target 1=0.04 L] B """ ;
ol
-
> Statistical uncertainty on P given by the number of observed CC and NC
interactions: 5% 60 LA I




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, Z e
the NC/CC ratio can be written as P = =t

e Ll"l'
Nc T Unc

o Z vi
i%9cc T 9¢cc

»In case of DIS, P can be written as

Rept.Prog.Phys. 79 (2016) 12, 124201

1 ( 20
P = 5 {1 — 2sin? O + asin4 Ow — A(1 — 2 sin? Hw)sing QW}

\

where A originates from unequ
protons Z and neutrons (A-Z
Introduces a correction factor ¢

For a Tungsten target 1=0.04

Statistical uncertainty ~5%
Systematic uncertainty ~10%

80

» Statistical uncertainty on P given by the number of observed CC and NC
Interactions: 5% 60

> Systematic uncertainty: 40

- asymmetry between neutrino and anti-neutrino spectra mainly in n muon 20
neutrino spectra at low energies. Contribution to the error on P: <2%
- CC to NC migration and neutron background subtraction: 10% 0

Measurement of NC/CC ratio

VM VS VM

Neutrinos in SND@LHC acceptance
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NEUTRINO PHYSICS IN RUN 3

»Summary of SND@LHC performances

Measurement Uncertainty

Stat. Sys.
pp — v, 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

Detection: y elastic/inelastic scattering off
nucleons of the target

Production: we consider a scalar y particle coupled to Aol
the Standard Model via a leptophobic portal, i.e. with
a vector mediator V that can be produced at LHC via

p,n

m, = my/3

p vy i
(a) 9 107
Proton Meson Drell-Yan - 10750
bremsstrahlung decay process S |
107°:

107

p+p— VX,V xv+Y

] fw)
5 Y
<

SND@LHC

DUNE

Exclu' d' |

— — ——
—

Inelastic
— — — Elastic

0.2

05 1

2




OUTLOOK

- Upgrade of the detector in view of an extended run during Run 4:
« Magnetised region to measure charge of the muon (vy/anti-vy, vi/anti-vrin the T—pu channel)
e Larger target region
« Replace emulsions with electronic trackers

» Increase the statistics by a factor ~50

» Tau neutrino physics with high statistics

- Explore different pseudo-rapidity regions

» Overlap with LHCb n range to reduce systematic
uncertainties

Target mass: 2 tons

Muon filter




SND@LHC

THE SCATTERING AND NEUTRINO
DETECTOR AT THE LHC

T g Charged
AN g, J

particles
NEUTRINO DETECTOR @ = = = = = ommE
- Residual hadrons

T — LHC

100 < }
m roc magnets ATLAS

- 1
S
= W pp collisions
©

A. Tuliano
Universita Federico IT and INFN

On behalf of the SND@LHC Collaboration



BACKUP SLIDES



SIMULATION

» PRODUCTION

—

- PROPAGA

ION

» DETECTOR

P

SND@LHC can perform measurements of ,
heavy quark production in the forward region

and set constraints to production mechanisms
in unexplored region

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

- Detailed simulation of LHC beam line with FLUKA |
» Prediction of neutrino yields and spectra at SND@LHC location
» Prediction of muon population in the upstream rock, 75m from SND@LHC

» Neutrino interactions in SND@LHC material simulated with GENIE
» Detector geometry and surrounding tunnel implemented in GEANT4




SNDQLHC brick
. Emulsion Cloud

Chamber (ECC)

emulsion layer
(70 pm)

plastic base
(170 pm)

emulsion layer
(70 pm)

EMULSION TARGET LAYOUT

. EMULSION FILM

PAS




GEOMETRICAL CONSTRAINTS

» Constraint on the detector design from the tunnel and the uphill floor
»No civil engineering foreseen

»Enough length for the muon identification and hadronic energy measurement (~10 lengths)
»Intercept a relatively large integrated flux to get a reasonable phi-angle acceptance

~h-.~

— SIDE VIEW




BACKGROUND ESTIMATION a

Muon background

» Rates at the SND@LHC location:
2x104/cm?/fb1

y [cm]

— 700

N/sec/cm?

o
=
L2
(&)
O
&
Z

600

500

1400

300

SND@LHC can perform precise :
measurements on muon yield and angle to
validate predictions and constraint

simulations in an unexplored region g0 I ;
-60 -40 -20 0 20 40 x[cn%o -60 -40 -20 0 20 40 x[cn%o

200

100

» Measurements performed by FASER in agreement
with FLUKA predictions within errors

normalized flux, main peak

From FASER TP fb cm™]
https://cds.cern.ch/record/2651328 TI18 (1.24+04) x 104

TI12 (1.9+0.2) x 10




Ve ENERGY ESTIMATION

» Estimation of ve energy combing information from SciFi
(target region) and Scintillator bars (Muon System)
» The detector acts as a non-homogeneous calorimeter

E'r'ec — A+ B X Nh?:tSScf,;Fi + C' X Nh?:tSBars

SciFi hits
Scintillating bars hits

L

» Monte Carlo hits used in the current estimation
- Parameters A, B and C estimated via a

gradient descent minimisation algorithm

true

-E, o)/ E

rec

(E

O
o

o
~

O
N

Average resolution: 22%

AE/E

II|III

L
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KAON CONTRIBUTION TO ve

»In order to extract the ve+anti-ve component from charmed hadron decay, a statistical subtraction of K component
has to be performed

»The K component dominates at low energies (E<200 GeV)

» Predictions from different generators show large uncertainties (factor 2)

Im where the number of observed neutrino is lower
al systematic error of ~20%

»This o
»The si

Measurements at SND@LHC can set constrains on
the charm prodt¢ti6h in the forward region, where
different generators show large discrepancies

[ Courtes

Vet+anti-ve (from charmed hadrons) in SND@LHC acceptance

x10°
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UNCERTAINTY IN PION/KAON CONTAMINATION -

»The uncertainty in the knowledge of n/k contamination has two contributions:

»Simulation of light meson production in forward region constrained by

1. Production of m/k " LHCf collaboration

2. Propagation along beamline » Agreement better than 10% with EPOS generator for pt>300 GeV

© 5 I LI LI B L

> Neutrinos in SND@LHC acceptance 8 45k LHCY {s=7TeV 0 E

with E>600 GeV have pt>250 GeV (;5 | — DPMJET304 =

v in SND@LHC acceptance ¢ 8.9 < Y < 9.0 — -QGSJET 1H03 —E

: — A 35 f Ldt=2.53+1.90nb" SO o2l S

e —— E>600 GeV - ' | — - EPOS1.99 -

- 3_ - . PYTHIIA&J@ E

- 2.5F —

= - | = - l_ Ce e

- 1.5F F__{? L "— - —

I 1B o o e O—IL'U ‘=:0:|_0_:—0 e

e 0.5E r I e

E 0....|....|....|....|....|....§

0 0.1 02 0.3 0.4 05 0.

: p, [GeV]

| Phys. Rev. D 86, 092001 (2012) |




UNCERTAINTY IN PION/KAON CONTAMINATION -

»The uncertainty in the knowledge of n/k contamination has two contributions:

[ D. Prelipcean and G. Lerner (CERN-EN-TI-BMI)
1 . PrOdUCtlon Of T[/k Measured and Simulated Data for 2018 with TCL456 settings: 15s_35s_park, Roman Pots: IN
-$- Measured data from time periods with congregated delivered luminosity of 20.27 fb~? FLUKA Simulated +20
FLUKA simulation ran with 100 000 primaries B FLUKA Simulated =10
2. Propagation along beamline 2 " t
= M x [/ AN
=" 10 ‘hf“h-i‘hi - ~—— -
5 T Mg Hl'ﬁtqi{;":ii =
: . ‘@ 10- ¥ & dt 3
» Charged meson propagation performed with 8
FLUKA and show very good agreement with
measurements performed along the )]
beamline

Data/FLUKA
o
wn

Pyl

0 50 100 150 200 250 300 350
Distance from IP1 Iml

B Solenoid

. Quadrupole
mmm Collimator

Bl Dipole
et 1 m—— | L% | L3
EE | W0 I | ] | |

N o™ o - N N ~ Ny e
AT AR SR o & & AR & o
Half-cell

» Measurements performed by FASER in TI18
in agreement with FLUKA predictions
(2x10%/cm?4/fb"1) within errors

»SND@LHC will measure particle flux in TI18 with high accuracy, using different detectors



1. MEASUREMENT OF pp—veX CROSS-SECTION

STEP 2: Unfolding of the data to get reconstructed ve+anti-ve energy spectrum

»RooUnfold class used to remove know effects of resolution
(http://hepunx.rl.ac.uk/~adye/software/unfold/RooUnfold.html)
»Method: Iterative Bayes theorem » Reconstructed energy spectrum
»Input: measured energy spectrum, response matrix

»Qutput: reconstructed energy spectrum, bin-to-bin x?, bin-to-bin

~
o

Entries 386
Mean 750.6

covariance matrix 60/~ 25 Std Dev 5224
m20: C Entries 20
S 18— —10-9 50:— -+ UL Mean 752.2
163— —0.8 - Std Dev 522.1
14;— —0.7 40 :— 1 e
12;_ 00 30 :_ _.J — Reconstructed
Bin-by-bin x2/NDF 101~ 05 -
=16.12/18 8l 0.4 205" |
ef— 0.3 - T
43— 0.2 10 :— 4
o 0.1 C
:I L 1 1 I | L 1 1 L 1 1 I | | | I | | | | | 0 . : : | : : : : | : : : : | : : : : | : : :
e e T R VT - 0 500 1000 1500 2000 2500 3000
Measured E[GeV]

»Bin-by-bin response matrix Errors: statistical (number of entries in each bin)
+ systematic (unfolding procedure)



2. CHARMED HADRON PRODUCTION

»DPMIJET/PYTHIA8 comparison for ve+anti-ve in
SND@LHC acceptance coming from charmed hadron

decay and entering in SND@LHC acceptance
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HARMED HADRON PRODUCTION

[GeV]

Tlmeson

CASE 1k [Mmeson >7 9

[GeV]

Tlmeson

10

N
IIII|IIII

w@

neutnno

[GeV]

10

10

Error fas/fac:
20%

1
CASEII N(c—mesons) = N(v, +7,)™ x Jag X
fac  Br(c—v,)
CASE 11
Parameter value fag fac
all default 0.66 0.23
m,. |GeV/c?| (1.25,1.65) (0.74,0.62) (0.25,0.23)
i (0.5,2.0)  (0.73,0.61) (0. 250, 21)
primordialKTsoft (0.7,1.1)  (0.67,0.66) (0.23,0.23)
primordialKThard (1.6,2.0)  (0.66,0.66) (0.23,0.23)
primordialKTremnant (0.2,0.6) (0.66,0.65) (0.23,0.23)
charm 1 1
CASEIII N(c¢—mesons) = N(v, +7,) X —— X
fac  Br(c—v,)
CASE II1
Parameter value fac
all default 0.058

m, [GeV/c?]

i (0.5,2.0)
primordialKTsoft (0.7,1.1)
primordialKThard (1.6,2.0)
primordialKTremnant ))

(1.25,1.65)

(0.074,0.052)
(0.081,0.048)
(0.058,0.058)
(0.059, 0.059)
(0.058,0.058)

Error 1/fac:
20%
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