Neutrino physics at LHC : 5\21

The SND@LHC experiment at CERN =

Scattering and Neutrino Detector
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MOTIVATION

Neutrino physics at the LHC

« A. De Rujula, R. Rikl, 1984, Neutrino And Muon physics in the collider mode of future accelerator, CERN-TH-3892-84
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, First paper on feasibility of studying neutrinos at LHC
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Recall the basics

Number of v Events

* neutrino interaction cross section plays a critical role in
determining number of v interactions expect to collect

N, (E) ~ @ (E) x o,(E) xtarget

d

v flux at 1 GeV o(vN) ~ 1038 cm2,

T2K (Fe) PRD 90, 052010 (2014)
T2K (CH) PRD 90, 052010 (2014)
T2K (C), PRD 87, 092003 (2013)
ArgoNeuT PRD 89, 112003 (2014)
ArgoNeuT, PRL 108, 161802 (2012)
ANL, PRD 19, 2521 (1979)

BEBC, ZP C2, 187 (1979)

BNL, PRD 25, 617 (1982)

CCFR (1997 Seligman Thesis)

CDHS, ZP C35, 443 (1987)
GGM-SPS, PL 104B, 235 (1981)
GGM-PS, PL 84B (1979)
IHEP-ITEP, SINP 30, 527 (1979)
IHEP-JINR, ZP C70, 39 (1996)
MINOS, PRD 81, 072002 (2010)
NOMAD, PLB 660, 19 (2008)
NuTeV, PRD 74, 012008 (2006)
SciBooNE, PRD 83, 012005 (2011)
SKAT, PL 81B, 255 (1979)
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Location: T118, transfer tunnel connecting SPS to LEP 5)\2‘
— =2

480 m away from the IP
Charged particles deflected by LHC magnets o
Shielding from the IP provided by 100 m rock e

Off LHC beam axis Angular acceptance: 7.2<n< 8.4

Complementary to FASERv (9.<n)

Side view

Top view
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Experiment timeline

Scattering and Neutrino Detector at
the LHC

TECHNICAL PROPOSAL

Letter of Intent
August 2020 | BNDALE

January 2021

CERN approves new LHC experiment

SND@LHC, or Scattering and Neutrino Detector at the LHC, will be the facility’s ninth

- | -
experiment

September 2021

A . 2

December 2021

March 2021

Muon from 13.6 TeV pp collision
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Experiment Concept

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

VETO SYSTEM:
tag penetrating muons

VERTEX DETECTOR + EM CAL.:

- Emulsion Cloud Chambers(ECC)
(Emulsion+Tungsten) for neutrino
interaction detection

- Scintillating fibers for timing information
and energy measurement

HAD CAL + MUON SYSTEM:

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

https://arxiv.org/abs/2210.02784 ( detector paper )



https://arxiv.org/abs/2210.02784

Neutrino target

Angular acceptance: 7.2<n <8.4 . EMULSION FiLu

5 Walls comprising 60 Emulsions interleaved with 1 mm tungsten plates: 5x60 planes " voum
Total emulsion surface 44m?

Total weight of W target 830 Kg

plastic base
(170 pm)

emulsion layer [ Ayt

Surface: 390x390 mm’ i w S

“ charged particle

Submicron resolution
Milliradians angular
resolution

Detection of neutrino interactions in emulsion detector

el 211 L

A X

Emulsion film Tungsten plate (Tmm thick)




-__________________________________________________________________
The electronic detector

X SciFi
p1 anes

8x Iron 5x Upstream 3x Downstream

5x Emulsion/ blocks Scintillator planes Scintillator planes
Tungsten bricks // //
2x Veto = = =
planes E = ] - = ‘3 : 1] |
R . :
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tracker + ECAL
HCAL Muon tagger

Veto plane (two planes of vertical 1x6-cm Sci bars) : time stamp_of entering particle ( expect less than 1 charge particle per
bunch crossing)

SCiFl tracker ( XY stacks of 250 mm thick square fibers readout by SIPM) postioned avter each WALL : measure position of
charged particles-and time stamp them«Position resolution 50 um and time resolution on single hit 250 ps .

Acts as single“particle tracker and"EM Calorimeter

SCl bars in HCAL ‘upstream detector ‘ (6x1 cm vertical scintillator bars) readout by SIPMs at each end : sample energy of
shower and time stamp it

SCl bars in ‘Downstream detector’ (3 planes of stacked vertical and horizontal 1x1 cm Sci bars) readout by SIPMs measure



-__________________________________________________________________
Triggerless operation

Every element ( Veto scintillator planes (2) , SCI-FI target tracker planes (10), HCAL scintillator bars (5),
Muon stations (6) is readout by SIPM and the reaodut ( TOPFET chip) record time (TO given by the LHC
bunch crossing signal) and Pulse Helght and sent to a ‘EVENT builder’

The typical single detector time resolution is : 450 ps

The event builder groups all the elements which are at the same time : an event is saved if there are
more than N_,;,, element at the same time ( else rejects it as electronic noise)

The time of the event is defined by the SCI-FI. Eventually the final time ‘stamp’ of an event which
accumulates > 10 ‘elements’ the resolution will approach or exceed 100 ps and will be good enough to
assess if the event comes from ‘prompt’ particles from the iP ( the spread of the LHC luminous region is
200ps) .



Physics programme

e Measurement of charm production at high
pseudorapidity (gg = cc): 97% of neutrinos
come from Charm decays

e Probe gluon PDF at low momentum fraction x ~
10®. Relevant for

o FCC detectors

o Extra-galactic neutrino observation
(atmospheric neutrino background)

e Test lepton flavour universality with neutrinos

o Thanks to the ability to distinguish all
neutrino flavours

e Direct search of feebly-interacting particles
(Scattering elastic/inelastic, Decay)
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https://cds.cern.ch/record/2750060/files/LHCC-P-016.pdf
https://cds.cern.ch/record/2750060/files/LHCC-P-016.pdf
https://arxiv.org/abs/2210.02784
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Key detetcor Features

Muon identification system

eMuon identification Scifi trackers - .:

- vy CC interactions identified thanks to the =~ — .y REER---&-- 1S B A
identification of the muon produced in the 113 | a
interaction Biul 11 (BN A R

>~ Muon ID at the neutrino vertex crucial to S S R I ol

identify charmed hadron production,
background to v+ detection

0.7

0.6 1

0.5 1

(Erec-ET"‘e)fElrue

eEnergy measurement

0.4 1

/313

0.3 1

» The detector acts as a non-
homogeneous sampling calorimeter

0.2 4
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E [GeV]

0

0 - IS(IJO‘ = ‘10‘00 1500 2000 ‘25‘00;5“;9[;3;%?00
Performance of SciFi tracker as
sampling calorimeter, using a
CNN

» Electron energy resolution

v

» Combining information from SciFi (target region)
and Scintillator bars
» Average resolution on ve energy: 22%

(BN



EVENT RECONSTRUCTION

94,

LHC

FIRST PHASE: electronic detectors SECOND PHASE: nuclear emulsions

Event reconstruction based on Veto, Target Tracker After subtracting the through going muon tracks
(TT) and Muon system/HCAL Event reconstruction in the emulsion target

- v candidates - Align with traversing muons (then subtract them!)

- ulD - E.m. shower id with e/n% separation

v and 2ry vertex reconstruction
Match emulsion and elec. Det. (time stamp)
Complement TT for e.m. energy measurement

- E.m. shower reconstruction (SciFi)
- v energy (SciFi+Muon system/HCAL)

II VetN = e+X }

Muon system

g Ut > e | VN > T4

{ VN = pr+X }

Muon system

1mm 0.3' rﬁm
W plate Emulsion film
192x192 mm? 192x192 mm?

hadronic
shower
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Physics Letters B691 (2010) 138



Emulsions / SciFi comparison

Emulsion runO : SciFi tracks

Emulsion run0 : SciFi tracks in acceptance of run0 test emulsion set

—100
51 100
SciFi e
80—
E —80
70;—
Measured rates on 6oF-
= 60
BRICK 1 surface e
1.6x10* cm?/fb™ |
30?— =
o 8]
FRONT 20:— (@)
VIEW : H
10:—
:1lll 111[]1[]‘1 lllllllllllllllllllllllllll 0
-90 -80 -70 -60 -50 -40 -30 -20 -10 10
x [em]

BRICK 1
1.5x10* cm2/fb"

'IJVIIV
L] an”
L]
L]

|
=
-n

"#
T

TN
g ]

RCC w30t

TT W
1

*r

Y

" "

"048.1015 20.01 -0.005 0

0

) 1
0.005 0.01 0.015 0.02 0.025

tan6,,

Scattering and Neutrino Detector
1 the i

Emulsion run0 : SciFi tracks

8000

7000

6000

5000

4000

L L L R R R |

slopeX_zoomed
Entries 134626
Mean 0.007309
Std Dev 0.006898

PEAK1 Mean 3.4 mrad
Sigma 1.6 mrad

PEAK2 Mean 7.9 mrad
Sigma 3.1 mrad

3000}
03l A = 4.5 mrad
10003— i
05005 "G.07 0015 0,02 0,025 .03 0,035 0.04
tan(0,,)

lJl[llllIll'l]lll’llTll

Y B

PEAK1 Mean 5.7 mrad
Sigma 3.0 mrad

PEAK2 Mean 10.4 mrad
Sigma 4.1 mrad

A = 4.7 mrad

I P RV BT | Ul

0005

PR R W WFdin
0.01 0015 0.02 0.025 0.03 0.035 0.04

tan(0, )



ylem]

ylem)

Data/MC comparison  weimemsee 92

Scattering and Neutrino Detector
a1 the LHC

e DATA o MC: SciFi trxk?@ SciFi front face F. Cerutti, M.S. Gilarte
SciFi tracks @ SciFi front face, IP1 collisions _ CERN-SY/STI

sof e
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Fully installed detector pointing to the IP

P1 (left) and of the detector in T118 (right)
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Human sized detector




Run 3 data taking

SND@LHC
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Bunch structure

e Eventrate at SND@LHC follow the LHC filling scheme
e Events associated to non-colliding bunches used to measure non-collision backgrounds
o Significant event rate induced by Beam 2 non-colliding bunches
s These events enter the detector from the downstream end | tracks from beam 1 <1.5%
s Clearly observed in track direction measurements tracks from beam 2 <1.0%

Beam 1 (clockwise)

Beam 2 (ctrclockwise) Track Velocity
IP1 (ATLAS) crossin £ 1oL
60000 P2 EALlCE)) i g s E All events
crossin 5 F
8 gz 1= Only beam 1
UL (LI 5 F oy beam 2
= [ Only beam
40000 =
103;
30000 =
100
20000 §
10 . ’L‘Trﬂ
10000 = I
w X n o i ! N~ -kt ! ! - || ”| N['flu"ﬂllF
0 L L Lt AN L——‘l WA L AL s AL i ! | | |..]
500 1000 1500 2000 2500 3000 3500 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2

event timestamp % 3564 1 - 1/c [ns/cm]

22



Vertex reconstruction in emulsion data

< Neutral-like particle interaction

Charged-like particle interaction -



Neutrino observation with electronic detectors

e Analysis strategy:

(0]

(e]

(e]

o

Full Run 3 2022 dataset, 39 fb!
Observe v, Charged Current interactions with electronic detectors only

Maximise S/B, counting-based approach

~10° muon events: apply cuts with a strong rejection power to reach a negligible background level

Signal selection:

(0]

o

Fiducial Volume (1, 2) cuts
o Require an event from a neutral vertex, located in the 37 or 4th
target wall
. Select fiducial cross-sectional area to reject entering
backgrounds
Neutrino ID cuts
o Require large EM activity in SciFi and hadronic activity in the
HCAL
. Event produced upstream (timing)

o Muon reconstructed and isolated in the Muon system

x [em]

¥ [em]

III|I[I‘III|Illi

[ Collision axis
0

|

SIGNAL |

vMCC simulation

)
s 2 SND@LHC Experiment, CERN
:é‘\z‘: Run / Event: 1655943960 / 201
ool — o 1 1N Y Top view s
10055 300 350 450 500 550
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Collision axis

]

SND@LHC Experiment, CERN
Run / Event: 1655943960 / 201
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Neutrino observation with electronic detectors

e Analysis strategy:
Full Run 3 2022 dataset, 39 fb!

(0]

(e]

(e]

o

Observe v, Charged Current interactions with electronic detectors only

Maximise S/B, counting-based approach

~10° muon events: apply cuts with a strong rejection power to reach a negligible backgroung

¢ Signal selection:

(0]

o

Fiducial Volume (1, 2) cuts

Require an event from a neutral vertex, located in the 37 or 4th
target wall
Select fiducial cross-sectional area to reject entering

backgrounds

Neutrino ID cuts

Require large EM activity in SciFi and hadronic activity in the
HCAL
Event produced upstream (timing)

Muon reconstructed and isolated in the Muon system

a.u.

a.u.

SND@LHC

PRELIMINARY

<07 :
0F SND@LHC -1 3
sof * Data: 39 fb E
of ) MonteCarlo shifted -
E é
60~ -
N L -
Hevel E
- > .
40 . —
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L » .
= b ]
20— b -
- L ]
10f- . =
c 5 oo I | " M = i 2
0 500 1000 1500 2000
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s T I T lc T I T L ‘ L ‘ LN I LB l1l I LI =
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1 -
g MonteCarlo E
C e ]
e T E
: - ]
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102 Fr e, E
Ele e E
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4,“'
107 3 Seieea,, iE
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o -9
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N. Scifi hits
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Background estimates () SND@LHC

PRELIMINARY

a) Muon DIS b) Muon EM

w o N 7
S

X EM activity
X := undetected
° Muon induced background := within SND@LHC acceptance
Number of undetected muons entering the target (2022
Run3 data)

N =N, X (1 = eyer) X (1 = €5eipin) X (1 = €eipin) <102 totally negligible

\

Total number of muons in Veto inefficiency SciFi plane inefficiency
target acceptance

28 x 10°
N,= x39 b~ =1.1x10°
fb=1

(1 = €yero) X (1 = €5ipi1) X (1 = €50ip) < 101




Background estimates (ll) SND@LHC
PRELIMINARY

c) Neutral interaction

Charm production Decay in Flight (DIF)

7

7

0 ™
n, K2, -

K K
Y := within SND@LHC acceptance

K_LO neutron

e Muon-induced neutral interactions

bkg _
neutrals —_ ~  neutrals X P inel X €sel

~0.12 (K% ) + 0.06 (neutrons) ~ 0.2

Systematic
uncertainty
estimation is ongoing 27



Observed candidates

SND@LHC
PRELIMINARY

Observed v, candidates: 8 (expected 5)

Preliminary estimate of background yield: 0.2
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Selected candidates

vﬂCC candidate events in Run 3 data

Aug 11t 2022 Oct 27t 2022
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Unusual for an LHC experiment :
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We report the direct observation of muon neutrino interactions at SND@QLHC, a particle exper-
iment at the LHC Collider. SND@QLHC covers the pseudo-rapidity region of 7.2 < n < 8.4, which
is inaccessible to the other LHC experiments. Neutrino candidate events are identified in a 13.6
TeV center-of-mass energy pp collision data set of 39.74 fb~! taken by the active electronic compo-
nents of the SND@QLHC detector. The candidates are required to have a track propagating through
the entire length of the muon detector and to be consistent with the topology of a muon neutrino
charged-current interaction. After applying selection cuts 8 v, CC interaction candidate events
remain. The backgrounds from muons and neutrals amount to 0.2 events, which implies a > 50
significance for this observation.

(©2023 CERN for the benefit of the SNDQLHC Collaboration. Reproduction of this article or parts of it is allowed
as specified in the CC-BY-4.0 license

Introduction - The possibility of detecting neutrinos  ago [1]. Proton-proton (pp) collisions at a center-of-mass
produced at colliders has been pointed out some time energy of 13.6 TeV during LHC Run 3, with an expected



New era of collider neutrinos started! f)\Zl
=D

Scattering and Neutrino Detector

‘Ghostly' neutrinos spotted inside the CERNCOURIER | s mesns

world's largest particle accelerator for the

fl rSt time Physics v | Technology~ | Community~ | In focus @ Magazine

By Ben Turner published 15 days ago

Signatures of neutrinos, or ghostly particles that rarely interact with . e T
others, were tentatively spotted in the Large Hadron Collider in G Collider neutrinos on the horizon
2021. Now, physicists have confirmed they are real. e AIihe e

0060060 Stay tuned! We have just

rediscovered the Neutrino!
The era of neutrino measurement at
LHC has begun

An artist's illustration of three neutrinos, ghostly particles which barely interact with other forms of matter.
(Image credit: Shutterstock)




SND@LHC UPGRADE TOWARDS HL-LHC

~ Two detectors
AdVSN D—Far AdVSND_Near: 4 < n < 5 Scattering a;r:t:hb;emrcmo Detector
| ocation: T118
AdVvSND-Near

Location: existing caverns closeto IP .

v

v

v

v

Point &




Advanced SND@LHC | 5\2\

- AdvSND-Far:7.2<n<8.4 LHC

- AdvSND-Near:4<n<5 Sesterngand Newin oeestor
7 - Same acceptance as SND@LHC

- Measurements with (much) reduced systematics

- Overlap with LHCb n coverage where charm was

measured :
- Charm production measurements

- Reduce systematic uncertainties for the FAR _ _
- Lepton flavour universality

- v Cross-section measurement

HardQCD: cc + bb
3000,

= 5 B Replace emulsions
Y P Biti with silicon detector
2000 : @ ; P
1 O o
: .

Add Magnetic field

1000

500

<DO
-
N
w
N
($)}
(&)
~
"

9 10
Inl



Challenges for the vertex detector 5\21

Impact parameter <IP> -~ 100 ,le SSSSSS ing and Neutrino Detector

AdvSND-Near AdVSND-Far

rdecay length <Lt>~ 3 mm

, rdecay length <Lt>~ 3.5 cm
kink angle <0,,;,,;,> ~ 30 mrad

kink angle <0y,;,,;,> ~ 3 mrad




NEAR and FAR detector: neutrinos from c and b ‘\/
Neutrino CC interactions @AdvSND-Near Qﬁ Zl

hardQCD: cc + bb LHC
3000 fb-l Scattering and Neutrino Detector
AdvSND - NEAR [ e e thetne
v in acceptance CC DIS e o
Flavour | hardQCD: ¢c¢ hardQCD: bb | hardQCD: ¢¢  hardQCD: bb :
v, + 7, | 2.1x10" 3.3 x 101 980 200
Ve + U, 2.2 x 10'2 3.3 x 10! 1000 200
v, + . | 2.7 x 101 1.4 x 101 80 50
Tot 5.4 x 1012 2.5 x 103
Neutrino CC interactions @AdvSND-Far | w0 Tw - E[Ge\}f’
hardQCD: cc + bb
3000 1 AdvSND-FAR
et I, v in acceptance CC DIS
e Flavour | hardQCD: c¢ hardQCD: bb | hardQCD: c¢  hardQCD: bb

10°

3 v, + o, | 6.3x10"2 1.5 x 101 1.2 x 104 200

- v, + 7, | 6.7 x 1012 1.7 x 101 1.2 x 104 220
“E v, + 7, | T.1x10! 4.7 x 1010 880 40
ke Tot 1.4 x 1013 2.5 x 104

E[Ge\}P‘



Backup




neutrino DIS

Deep Inelastic Scattering

Vu > lJ,'
W+- %
*Vekm

xP g Ve > X 9

p{ : T
T}

%

y=E,,/ E, :vr
. _q2 _ Q2 \o
2P.q 2M,E, o

Q®=-m;+2E,«(E,— p,Cos6,)

do(vqg)/dy < GiM Nx@

[ 0.677+-0.014
0.7 § . ;_%_ _______________
; & % i&
0.6
0.5
0.334+-0.008
0.4 }
v e ¥ & _ X oo
03F
0.2 | © BEBC.ZPC2, 187 (1979) v HEP-ITEP, SINP 30, 527 (19879)
) ¢  CCFR (1997 Seligman Thesis) Y WEP-INR.ZP CT0. 30 (1996)
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NEUTRINO DIS INTERACTIONS 49
71.2<1n<84,04<9<1.5mrad o 1T s
 DPMJET3 embedded in FLUKA for neutrino production@LHC T —ee

- Particle propagation towards the detector through the LHC

FTJJ_,_‘J_J—H_ - %ﬁi_ "

FLUKA model *E o
« GENIE used to simulate neutrino interactions in the detector ; fj - L
target J 1l = LLL i
1 H E —J_J_ J_rl i i —
» Expectations in 290 fb™ (43/57 upward/downward crossing angle) - ool e i
CC neutrino interactions | NC neutrino interactions ” v ctcelf”
Flavour | (E) [GeV] Yield (E) [GeV] Yield Interacting Neutrinos
Yy 450 1028 480 310
7, 480 419 480 157 ~ TEO 250
Ve 760 292 720 88 756 VH SA) Ve
Ve 680 158 720 58
Vs 740 23 740 8
U+ 740 11 740 5
TOT 1930 625

~ 30 v, CC interactions expected



Muon flux measurement

Track reconstruction performed in electronic detectors and

- SNDELHC brick
emulsientarget ——— ( .

= .- I il | g
i
{
b4
I l
H
i
i
I
|

~\ ) HC Expeciment. CERN
—) ‘L Run / Eveet 4369 / 30660 ==
N Time Samp 1010194145850 0 a0 Top view ~—~—
et 0 o 2% g 5% """

y fem)

VIS
20 _C' " — xwl:,n 1010194145850 0 a.u ] S|de view

L PR S S S POV S S S S PR R —
250 300 350 400 450 S00 50 600

Electronic detector
reconstruction

Muon tracks from pp collisions
@13.6 TeV (6/7/22 -26/7/22)

Emulsion reconstruction
Muon tracks in 1x1 cm?
integrated in EMULSION

“——_RUNO (7/4/22 - 26/7/22)
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BSM physics: Feebly interacting Particles

FIPs may be produced in the pp scattering at the LHC interaction point, propagate to the detector and
decay or scatter inside it.

SND@LHC has sensitivity to physics beyond the Standard Model considering the scatterings of light
dark matter particles y via leptophobic U(1)B mediator, as well as decays of Heavy Neutral Leptons,
dark scalars and dark photons.

The excellent spatial resolution of nuclear emulsions and the muon identification system makes
SND@LHC also suited to search for the decay of neutral mediators decaying in two charged particles

The background from neutrino interactions can be rejected by making a time-of-flight (TOF)
measurement ( the timing of the SND detectors are referred to the LHC collision clock and TOF
resolution is limited by the ‘size ‘ of the LHC bunch overlap ‘size’ of 200ps.

The hybrid nature of the apparatus, which combines emulsion trackers and electronic detectors,
makes it possible to disentangle the scattering of massive FIPs and neutrinos, with a significance that
depends on the particle mass.

https://link.sprinqer.com/article/lO.1007/JHEP03(2022)006



https://link.springer.com/article/10.1007/JHEP03(2022)006

FEEBLY INTERACTING PARTICLES

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

Production: we consider a scalar y particle coupled
to the Standard Model via a leptophobic portal,

Eleptophob — '—QBV“J;? + gB VH((‘)#XTX + XTGH )()*

=

e
"%

|

|
Y

|

<
Cal)

m™,n

D Y .
(a) (b) ()

Proton Meson Drell-Yan
bremsstrahlung decay process

)
/AN

LHC



FEEBLY INTERACTING PARTICLES f}fj

my =myl3, ay = ap /-..\, LHC :
0'010§ - " Excluded - ' e e e o
0.001} X X X X
10~ v v
§ sk S /: E
i=a > X
107°F — SND@LHCper 1 g ! —
107 | — SND@LHC,
02 05 1 2 s
my [GeV]
my =20 MeV, ay, =05
0.001 “Exclided | Detection: y elastic/inelastic scattering
107 off nucleons of the target
-5 - - -
. 10 5 -Elastic signature: isolated proton, to be
5 107

Y = reconstructed in emulsions
V' _ snoatron -Inelastic signature: hadron shower,
SND@LHC, . . . .

similar to NC neutrino event signature




Search for Feebly Interacting particles f)\Zl

»Explore a variety of Beyond Standard Model (BSM) scenarios within the Hidden Sector C.

1. Scattering

Production: scalar x particle coupled to the Standard
Model via a leptophobic portal

LHC

m, =20 MeV, a, = 0.5

ttering and Neutrino Detector
at the LHC

 Excluded

Detection: y elastic/inelastic scattering off nucleons of ]
the target
— SND@LHCinei ;
X~ T T2 7T Tx X~ T T T 2T T Ty SND@LHCy |
14 \%4 N A
pn 2 5
1.x10:§-
2. Decay of dark scalars, HNLs, dark photons S X107
_7_
Production: dark scalars produced in the decay of B o é'iig_g_
mesons, HLNs in the decay of B and D mesons, dark '
photons via leptophobic mediator 1.x10 8}
. . , 5.x10"°% _ snp@LHC
Detection: Decays into a pair of charged tracks or — Adv. SND@LHC
monophotons 1.x10°° 0.2 04 06 0810

https://link.springer.com/article/10.1007/JHEP03(2022)006

ms [GeV/c?]


https://link.springer.com/article/10.1007/JHEP03(2022)006

EE———
3. Lepton flavour universality test in v interactionsé}é)

LHC

* The 1dentification of 3 v flavours offers a unique possibility to test LFU in v interactions
* v:S produced essentially only in Ds decays

*veS produced in the decay of all charmed hadrons (D9, D, Dy, A.)
1% vV : . :
€ S Neutrinos in SND@LHC acoeptance » The ratio depends only on charm hadronisation fractions

o = Sensitive to v-nucleon cross-section ratio
10M = —— v, otherthann
E+++:t ~ ~ Ve
i‘_ + Nve+§e Z@' fcq;BT(Ci — Ve) ng - —_—
+_+_ ng = N = —= = ,
10 = ++ Vr+Vr stBT(Ds — V’r) V,T
+++Hm T T T T T T e
B L S S R B T
w » Error on fc evaluated as the f v S T N R
10° — - - D 16:— !—!er\rwg?E
- T + H discrepancy between Pythia8 and SR
_ T 1 1 R R Herwig7 generators: 22% e |
0 500 1000 1500 2000 2500 3000 R E : : : : :
E[GeV] ;é 10:_‘
8ot 3 « 20% error due to v: statistics -
S CTERRREEREA N H[H E 61
1T = ™ - e nank = - : :
TR T R Mt S TL B 1 L Y O B = afF-
0 500 1000 1500 2000 2500 3000 - :
E[GeV] o
007 é I 4|1I é é l I1I2I 1|4 1|6 1|8 I I20



3. Lepton flavour universality test in v interactionaﬁé)

* vy spectrum at low energies dominated by neutrinos produced in rt/k decays
* For E>600 GeV the contamination of neutrinos from m/k remains constant (~35%) with the energy

10"

10"

10"

100

-
(=)
©

Ratio
- N w

A P

Neutrinos in SND@LHC acceptance

—V

v, other than /K

¢

§++++++*
= St e
B +_'_+—6—
; *&%ﬁfﬁ ﬁ
B P P P ¥ P | A |ﬁ| |%| L
0 500 1000 1500 2000 2500 3000
E[GeV]
| [ E
| 1 | I 1 1 1 1 1 1 1 1 E
500 1000 1500 2000 2500 3000
E[GeV]

N(v, +7v,)[F > 600GeV] = 294
N(ve +7e)[E > 600GeV]| =191

velvy as a LFU test in v int for E>600 GeV

in 150 fb-1
in 150 fb-1

Ve
Ris = —

Vi

No effect of uncertainties on fc (and Br) since charmed hadrons

decay almost equally in v, and ve

contamination

NVe +Te 1

R12 —

Statistcal error: 10%

Systematic uncertainty from the
knowledge of n/k contamination:
10%

vin SND@LHC acceptance

| ST ETRTRTA Arard P S SR AR A S
0 0.1 0.2 0.3 0.4 0.5 0. 0.7 0.8 09 1
pT (GeVic)
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Phys. Rev. D 86, 092001 (2012)
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4. The NC/CC RATIO as a consistency check é)\é})

LHC

« Lepton identification allows to distinguish between CC and NC interactions

- If differential v and anti-v fluxes are equal, the NC/CC ratio can be written as Y oY+ o,
. - P=3——="
For DIS, P can be written as N ol + ol
1 . 20 4 .9 .9
P = 3 {1 — 2s8in” Oy + 5 sin Oy — A(1 — 2s8in” Oy ) sin GW}
 where A originates from the non-isoscalarity of the target, a

correction factor of ~1% a0 Negtrir;os in SND@LHC acceptance

140F

seee antl-vu

* For a Tungsten target A=0.04

120

 Statistical uncertainty given by the number of observed CC and NC ool
interactions: 5% aof-
* Systematic uncertainty: B
* asymmetry between v and anti-v spectra mainly in the v, spectrum at low
energies. Contribution to the error <2% -
* (CC to NC migration and neutron background subtraction: 10% 20

60

40

Important internal consistency test




SCINTILLATING FIBRES V1

Emulsion-SciFi alignment
Expected neutrino CC DIS interactions in a single wall in 25fb1: 35 v, 12 ve
2D distribution scifi channels

55

ylem]

Hit map on the SciFi

o plane immediately

o | downstream of the
o emulsion/tungsten wall
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\ZJ

Investigating the background for a neutrino detector in different ~) A
locations with a measurement campaign

VN = Q1 in S45 at 25m
N = UJ53 and UJ57 at 90-120m
F =RR53 at 237m
VF =TI18 at 480m

Journal of Physics G 46 (2019) 115008



https://iopscience.iop.org/article/10.1088/1361-6471/ab3f7c/pdf

oo il ysics GOl

FPF: New facility for larger detectors

o

Forward Physics Facility (FPF) is a proposed new facility to house several new experiments on the collision axis line-of-
sight in the HL-LHC era. Baseline option considered is a new cavern ~600m from IP1 in the SM18 area, which could
house 5 new experiments, including FASER2 and FASERv2. Preliminary costing of 40MCHF for facility (CE works +
services). Broad physics program covering dark sector searches, neutrino physics and QCD.

Facility being studied within the Physics Beyond Collider sudy group.

FPF physics case described in white paper: https://arxiv.org/pdf/2203.05090.pdf

64.5
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https://arxiv.org/pdf/2203.05090.pdf

1. MEASUREMENT OF pp—v_X CROSS-SECTION
* 90% ve & anti-ve from the decay of charmed hadrons 5\2}

* veas a probe of charm production in this 7 range after unfolding instrumental effects

* Unfolding applied to the measured energy spectrum to retrieve the reconstructed energy
* Deconvolution of neutrino (SM) cross-section to get the flux in SND@LHC acceptance

Unfolding procedure based on RooUnfold (http:/hepunx.r.ac.uk/~adye/software/unfold/RooUnfold.ntml)
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Uncertainty: 15%
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Subtraction of the Kaon contribution to v.s

94,

LHC

Kaon component dominates at low energies (E<200 GeV)

Different generators show different predictions (factor up to ~ 2)

Subtraction in the low energy region where the number of observed neutrinos is lower
Procedure introduces an additional systematic uncertainty of ~20% on the overall yield

Electron neutrinos in SND@LHC acceptance

an T ]

sequential
pion/kaon decay 120
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©
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2. CHARMED HADRON PRODUCTION 3,

« 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

— ycharm fAB 1
N(c—mesons) = N (v, + v,) X X

fac  Br(c— )

/ N

Na/Nasc Branching ratio of

charmed mesons to ve

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

- Variation of parameters that describe charm production and hadronisation show
that the ratio fas/fac is stable within 20-30%

Statistical uncertainty ~5%

Systematic uncertainty ~35%

Neutrinos in
SND@LHC
acceptance

The measurement of charmed hadrons can be translated
into @ measurement of the corresponding open charm
production in the same pseudo-rapidity range given the
straight correlation between the hadron and its parent
charm quark




SIMULATION "

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

‘ . PROPAGATION I—> . Deta.lle.d S|mulat|on. of I_.HC 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

ATLAS forward
shielding

. DETECTOR ‘ > N_eutrlno mt_eractlons in SND@LHC material
simulated with GENIE
» Detector geometry and surrounding tunnel
implemented in GEANT4




Detect all three neutrinos fJ\Z\

 Neutrino target with a vertex detector embedded & T
 High spatial resolution for tau neutrinos

« E.m. and hadronic calorimeter for the energy measurement. Important
for the cross-section measurement and for the background reduction

 Target thin unless it can also act as a calorimeter

« A muon identification system and a magnetic spectrometer for v/anti-v
separation: v, and v, when 7 =2 u

HADRONIC
CALORIMETER AND
MUON SYSTEM

VERTEX DETECTOR AND
ELECTROMAGNETIC
CALORIMETER



Muon spectrometer to separate v ant anti-

Iron core magnet :
0.5{

Two magnetised volumes
- Upstream one acting also 0 -
as hadronic calorimeter 0

- Downstream one only as a

magnetic spectrometer  _; :

Target

Top View
Hadron Calorimeter Magnet

Tracker

Iron Core Magnet

[II]III][I'][II]III]IIII][II]III][II]III]]III][II][IIWI'I]III

- Three tracking chambers to 0 1 3 4 5 6m
measure muon track
coordinates o
_ B — 1.5 T Slde Vlew
- Total iron mass: 57 t o :
- Power consumption: 1kW '5:
o4 | |
—0.5—3 coil
:|""I""I """" | T [ I L
0 1 5) 6m

tering and Neutrino Detector
at the LHC
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Momentum charge measurement

0.4
Ap
p | 4o charge assignment N
0.2 target front ‘/—’:/,///
target end
0
0 0.2 0.4 0.6 0.8 1TeV/c

p

The momentum resolution of the spectrometer for muons
originating from the front and from the end of the target. For
a momentum resolution Ap/p below 0.25 at least a 40
separation from infinite momentum and thus a charge
assignment is achieved.



One option for the FAR: vertex detector with silicon strips

S

LHC

Scattering and Neutrino Detector
at the LHC

Silicon strips of the
CMS TOB




Arranging modules in a layer (Duccio Abbaneo)

Outer envelope 49.29 x 49.29 cm? = 2430 cm? ... as good as it can get

Surface with 0 coordinates 469 cm? — 673 cm? :g 2: Slee:;t::e
Surface with 1 coordinate 956 cm? — 769 cm? 20% decrease 3:5 mm detector
Surface with 2 coordinates 894 cm? — 987 cm? 10% increase
~ 7.5 mm gap
between W slabs
n . Available from the TOB for ~80 detection layers

Assuming 7.5 mm W layers = 60 cm W for about 40 x 40 cm?
For 1 total mass of 1.8 tons and 1.2m length
Exploit silicon as a (particle flow) calorimeter

Simulation needed to assess the viability of this option (7.5mm step) for a tau neutrino detector at the energy of the FAR
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Preliminary integration studies in T118 f)\Z]

Scattering and Neutrino Detector

/ ‘ Downstream
Magnetic

Neutrino target & Upstream magnetized

Vertex detector volume &
Hadronic calorimeter

spectrometer



NEAR detector concept ﬁ%

« Geometrical constraints: 85 m away from IP - 1.1 to 3.0 m off-axis - C._)
« Difficult to fit a magnet: inclusive v/anti-v measurements _ B
 Detector concept similar to the current SND@LHC, except for the environmental conditions
* Lower (w.r.t. FAR) energies for v originated by a given parent (b and c)

4 <n <5 coverage. Angle [13, 36] mrad to compare with ~ 1 mrad - factor 10 lower energy
7 flight length shorter ~ 3 mm - Very high segmentation. ALICE Monolithic Active Pixel Sensors (MAPS) seem optimal

i T Tl RN PR
3

Arranging modules in layers

Based on high resistivity epiiays

Layer arrangement
3 Inner Barrel layers (IB) ==

147 om 4 Outer Barrel layers (OB)% %

v

<
<

Radial coverage: 21-400
~10 m?

|h|<1.22 over 90% of the

33.5cm

0.3% X,/! o
0.8 % Xo/layBe@R) pipe ek

Radiation level (IB, layer 0): TII&& Mrad,
1.7 x 103 1 MeV ng, cm2 y

53.5cm

Installation during LS2

CCCCCCCCCCCCCCCCCC

7 |

x 9 layers ALICE ITS upgrade



Monolithic Active Pixel Sensors (MAPS)

e Sensor and readout in one same piece of silicon

* Advantages
 High granularity/precision
* Minimal material/thickness i e e

* Low power density n-well

deep p-well
* Limitations

e Radiation tolerance
e Rate capability

expitaxial layer P~
substrate P**
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UJ57 tunnel at 86 m from CMS IP

Sufficiently close to allow
triggering CMS (and hence have
4pi view of the event)

86 m

ursse
See OWG LHCF35360001

uJse
See DWG LHCF25370001

See Typical Section
LHCL J.5U0018



Dose and particle fluence right of IP5 (FLUKA)

« Dose map in HE-CHC, rightof IP5
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- High energy hadron fluence in HL-LHC, right of IP5

Hight energy hadron fluence averaged over -10 cm and 10 cm in height

1014

1013

HEH fluence [cm™? for 360 fb1]

000 80
distance from IP [cm]



N -
Dose and particle fluence in the NEAR detector region (FLUKA \/
p gion ( ) AN

dose averaged over 86 m to 86.2 m from IP
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« Dose in UJ57 tunnel, 86 m 150
(right) from IP5

100

y [cm]

dose [kGy for 360 fb1]

AdVSND

-50
Near

-100

-500 W -3 -200
X [cm]

-100

Hight energy hadron fluence averaged over 86 m to 86.2 m from IP

150

100

« High energy hadron fluence
in UJ57 tunnel, 86 m (right)
from IP5
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