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Scattering and Neutrino Detector
atthe LHC

Physics in the Forward Region

1076 inelastic pp scattering events for LHC Run 3

107 0 10" n, 10> D, 10" B, ... expected for each hemisphere
(13 TeV, 150 fb-! assumed)
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LHC
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atthe LHC

Charged
particles

Neutrinos
SCATTERING AND PP ——

NEUTRINO DETECTOR @ ======
~ Residual hadrons

" 100 m rock

B

"LHC
magnets

480 m ' pp collisions

= 480 m away from the ATLAS interaction point (IP1)

= Located in the TI18 tunnel, former positron transfer line to LEP

= Shielded by 100 m rock

= LHC magnet deflects charged particles

= Neutrinos and (if exist) feebly interacting particles (FIPs) arrive at

the detector
Kang Young Lee 6
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Neutrinos at the LHC

PRL 122 (2019) 041101
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The LHC neutrinos are interesting
because...
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The SND@LHC Detector <UE>

FRONT
VIEW

Scattering and Neutrino Detector
atthe LHC

390

n
w
—

 —

Hybrid detector optimised for the identification of
all three neutrino flavours and the FIPs

Electromagnetic calorimeter

Hadronic calorimeter
~40 Xo

~11A

5% SciFi

Collision
axis y

] 80 390
X

5x Upstream
planes

3x Downstream !
planes

5x Emulsion/W
walls

Off axis location

. I‘\ I\I ﬂ et

P | \ . i

Detector paper :
arXiv 2210.02784
to appear on JINST

..............

VERTEX DETECTOR AND

HADRONIC CALORIMETER

ELECTROMAGNETIC CALORIMETER AND MUON SYSTEM

Kang Young Lee 10
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Emulsion Cloud Chamber

SNDELHC wall

SNDELHC brick
. Emulsion Cloud

w‘ Chamber (ECC)

60 emulsion films
59 W layers

Kang Young Lee

Emulsion target

- Emulsion cloud chamber (ECC)
brick consists of 60 emulsion
films interleaved with 59
tungsten plates

- Total tungsten mass 830 kg

- 5 walls x 4 bricks x 60
emulsion films

- Replaced every 20 fb'

11
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Scattering and Neutrino Detector
atthe LHC

Light-tight cover

Veto system
- Tags incoming charged particles and consists of 2 planes with 7 Sci bars

SciFi detector

- Scintillating Fiber detectors interface emulsion with electronic
detectors for position prediction and timing of outgoing particles.
- Electromagnetic calorimetry

- Hadronic calorimeter and muon system

" - Upstream : 5 stations of Fe blocks with 10 Sci bars for
hadronic calorimetry

- Downstream : 3 stations with 60 horizontal and 60 vertical Sci
bars for muon tagging

Kang Young Lee 12
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Detector View In 2022 and 2023 i
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March 2023
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Physics Cases

« Measurement of the v production cross section

« Measurement of the forward charm production

* Neutrino induced charm production

 Lepton flavor universality test in neutrino interactions
« Measurement of the NC/CC ratio

* Direct search for FIP through their scattering

Kang Young Lee 14
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Physics Cases — Event Topology

VutN 2 pr+X | vitN = T+X |, Ve+tN - e+X

.................
..........

1mm 0.3 ;nm
W plate Emulsion film
192x192 mm?2 192x192 mm? x+e- _)x+e- x+p ex...p

|dentification of all three neutrino flavours and FIPs by event topologies
in the ECC brick

Kang Young Lee 15
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Physics Cases — Neutrino Production [
Incoming Neutrinos to SND
e LT T Measurement of a(pp — v X)
i JFLJ'J it _va""v —
My . o v +v charged-current: 1447
e Py wo
LT { Hi o wv_+v_charged-current: 450
" S o v +v charged-current: 34
hi W . Estimated from
- — , 290 fb" in LHC Run 3
E[Ge\}P

Neutrino interactions in SND Angular acceptance 7.2 < n < 84
- DT J__,—’_" il Neutrinos in acceptance | CC neutrino interactions | NC neutrino interactions
i J—‘— AR i Flavour | (E) [GeV] Yield (E) [GeV] Yield (E) [GeV] Yield
BRAIRRL mn ] v, 120 3.4x 107 450 1028 480 310
= | L :L 1 Uy 125 305 10" 480 419 480 157
g j FJ ne Ve 300 4.0 x 10" 760 292 720 88
[ H Ve 230 4.4 x 101 680 158 720 58
- ' v, 400 2.8 x 100 740 23 740 8
- — 7, 380 3.1 x 10%° 740 11 740 5

— ik TOT | 7.3x 1012 | 1930 | 625

Kang Young Lee 16
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Aug. 27th, 2020
Jan. 22nd, 2021
March, 2021
August, 2021
Oct.13t, 2021
December, 2021
Apr. 7th, 2022
July, 5t, 2022
July, 26th, 2022

Scattering and Neutrino Detector at
the LHC

Letter of Intent

Letter of Intent
TECHNICAL PROPOSAL

Technical Proposal
Approval by CERN RB

Infrastructure

SND@LHC

Detector construction completion k
Detector installation in TI18
Installation of the first emulsion films
First 13.6 TeV collisions

Full target installation

=

Kang Young Lee
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Data taking in 2022 and in 2023 |

Integrated luminosity

70
60 -
lg 5041 —— Delivered
> ——- Recorded
@ —— Emulsion run 0
o
£ 4097 —— Emulsion run 1
5 —— Emulsion run 2
E 304 — Emuls!on run 3
© Emulsion run 4
o —— Emulsion run 5
£ 20 -
/
0 T T T T T T T
07-01 09-01 11-01 01-01 03-01 05-01 07-01

Integrated luminosity: 70.5 fb'!
Recorded efficiency 97.3% (2022 95%, 2023 99.7%)

Kang Young Lee 19
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Scanning Room at CERN

- Room 162/S-024 assignhed to SND@LHC to host the scanning station
- Full renovation of the room, installation of electrical and IT sockets
- Hosting 4 microscopes ' '
- - two reqgularly working since July

- two upgrades funded by CERN EP

- Equipment just delivered

- Will start operation in December

Kang Young Lee 21
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Scattering and Neutrino Detector
atthe LHC

s Emulsion Reconstruction

3 B \ 5
e | g2 Muon tracks in 1x1cm?
JPE : Integrated in Run 0 of
5 0.51 fb-' (07/04-26/07)
- \‘\‘\\“- -
S B =
e : :ﬁ:m t'““tﬂ::n”‘ s— 44;4 (5] = »‘\ssr ~ “!b:(: [
E; !J_ :
£ L]
N1
S, T

Electronic Detector Reconstruction

Muon track from pp collisions
at 13.6 TeV (06/07/2022)

Kang Young Lee 22
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DATA e
SciFi tracks @ SciFi front face, IP1 collisions MC: SciFi tracks @ SciFi front face

Eso_— - 1600 gso_— &
of e Measured muon s Expected muon
40;— = :: track rate in SciFi 40?— :: traCk rate |2n SCIFI
o w (3131 cm?): i3 . (31x31 cm9):
255_ 400 25;_ Zj 4
o PR | . (1.60%0.01,,,)x10% = “ (1.57£0.104,,)x10
gy fly fem2 . fb/em?

DATA

DS tracks @ DS front face, IP1 collisions

m

Measured muon - b Expected muon
track rate in Muon - B track rate in Muon
system (31x31 cm?): ,_:r__ system (31x31 cm?):
(1.67£0.01,,)x10* (1.59+0.10,,_)x10*
fb/cm? e fb/cm?

Muon flux from FLUKA
F. Cerutt; M.S. Gilarte
CERN-SY/ST]

Kang Young Lee 23




OINU | 2d=atisu

Gyeongsang National University

Scattering and Neutrino Detector
atthe LHC

Emulsion rund : Scii tracks in acceptance of rund test emulsion set Emulsion run0 : SciFi tracks Emilal6i 0 < SaiFl ks

—100r
5. E 100 8000F= slopeX_zoomed
H = 90 r nties 1
SciFi T 7000 e i
80__ 80 | Std Dev 0.006898
700 6000(— PEAK1 Mean 3.4 mrad
- - Sigma 1.6 mrad
Measured rates on %+ 80 5000t~
BRICK1 surface 50 s PEAK2 Mean 7.9 mrad
1.6 104 fb/cm? 40F- . g Sigma 3.1 mrad
X 30§ € 3000}
: § i A = 4.5 mrad
20F o)) 20 2000} 3 :
F — "
s 1000
ST PETT P BETY STTT FTETE STy SUTe) e Few 0 E.‘,‘ e T s |
Rl TRl ST e ,? [cm1]0 050005 0,07 0,018 0,05 0025 0.05 0035 0.0¢
tand,,
FRONT
VIEW

PEAK1 Mean 5.7 mrad
Sigma 3.0 mrad

PEAK2 Mean 10.4 mrad

EMULSIONS :
Sigma 4.1 mrad

Measured rates in
BRICK1

1.5x104 fb/cm?

A = 4.7 mrad

]
IIVI|I|IIIIIIIIVT|_T_|_T‘

¥
i
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0005 o 0015 002 0025 003 0035 0.04
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Neutrino Identification Strategy

First Stage

- ldentify the neutrino candidates in electronic

detector data

- Tag muons in the muon system

- Measure electronic and hadronic energies in
calorimeters

i
| VetN - e+X

Muon system

Target

T

Electromagnetic
shower

=
VutN = pr+X

Muon system

Target

i

hadronic
shower

ay

<2

LH

Scattering and Neutrino Detector
at the LHC

Second Stage

|dentify the neutrino candidates in
emulsion data

- Tag electromagnetic showers
Match events to electronic detector
data

- ldentify neutrinos of all flavours!

RS

_ve+N

kN = pr+X |

|
)

_.l !._

1mm 0.3 mm

W plate Emulsion film
192x192 mm2 192x192 mm2

Kang Young Lee 25



Vertex Reconstruction in Emulsion

Neutral particle interaction

Charged particle interaction
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Neutrino selection criteria for

electronic detectors p 1R View

» Fiducial volume cuts =3

— Require an event from a neutral =3

vertex, located in the 3 or 4" wall & g

— Select fiducial cross—sectional B N |

area to reject entering backgrounds -
£ "F | Side View

» Neutrino ID cuts sy

— Require large EM activity in Scifi .Sy | } | j 4

and hadronic activity in the HCAL o=

— Require timing for event produced =

upstream wSbEEERE L

— Muon reconstructed and isolated - h b h b - S

in the muon system

Kang Young Lee 27
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Background Estimation

- ~——| b) MuonEM |

4| a) Muon DIS
. H
X
X := undetected

. Muon induced DIS and EM backgrounds

%H‘K Number of undetected muons entering the target

EM activity

:= within SND@LHC acceptance

Ny =N, X (1 = €y0) X (1 = €geipip) X (1 = €5i0) = 5.3 x 10712 N,

N, =12x10"  Totally negligible

o

Neutral interaction }

Charm production

Decay in Flight (DIF)

Muon induced neutral interaction backgrounds

bkg

Nneutrals = Npeutrals X Pinel X €l = (86 + 38) x 102

Kang Young Lee 28
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Events / 100 SciFi hits

0

Observed Neutrino Candidates

e 8 observed events and an
4 oui expected background
—2
— Neutrino simulation — (8.6 :I: 3. 8) X 1 0
______ gegt;a:”!ﬁrdmn simulation | 5 = ‘ TOp View
3l 1 E i
gy — % ok g
| i |
| { 1 , w —| side View
. | | " ‘ | |
Lo | -
0 100 200 300 400 500 600 700 800 900 1000 -
Number of SciFi hits
Electronic detectors only Oct 27t

Kang Young Lee 29
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Paper Released

PHYSICAL REVIEW LETTERS 131, 031802 (2023)

Editors' Suggestion

Observation of Collider Muon Neutrinos with the SND@LHC Experiment

R. zﬁtlbaneseﬁi),l‘2 A xfklexanc]ro‘.fﬂi),1 F. [-‘alicame‘ﬁ),l‘2 A. f-‘xrlc:)khina‘l!l,3 T. /—\sada\iD,l'2 C. Ba\[tilana\!]?>,4'5 A. Baylﬁ),‘5
C. Be[ancourt@,? R. Biswats'l!),8 A. Blanco Catstro@,9 M. Bogomilov‘l&),10 D. Bonacorsi®,4‘5 W. M. Bu:)nivemo‘r:),11
P Bordalo®,9 A. Bu:)yar:v.l\:y!Ei,lz'13 S. Buon[empo@,1 M. Carnpamelli‘]i),14 T. Camporesiﬂb,B V. Camaleﬂi’,l'2 A. Castr0®,4‘5
D. Centanni®,""” F. Cerutti®,® M. Chernyavskiy®,> K.-Y. Choi®,'® S. Cholak®.® F. Cindolo®,* M. Climescu®,"”’
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F. M. Garay Wall:~;l1‘=>,2’4 A. Golova[iukﬂ!),l‘2 A. Golul:vinlE),25 E. Glrawe,rirliiﬁ),6 A. M. Gulerﬂ!),22 V. Guliaeva(@,3
G.J. Hatefeli@,6 J. C. Helo Herrera@,%'n E. van Herv'.fijnenl]E),25 P. Iengo'E),l S. Ilieva@,l‘z'm A. Infan[ino@,s A. Iulia\no@,l‘2
R. Jacobssomﬁ),8 C. Kamiscioglu01‘;3,22‘28 A. M. KauniskangaslT;J,6 E. KhalikoWE),3 S.H. KimtE),29 Y. G. KimtD,g'0
G. Kliouu:hnjkt:)v@,8 M. Komatsuﬂ!),?'1 N. Konovalova‘B,3 S. Kovalenkoi]!i,zﬁ‘32 S. Kule:-;hov‘]!!,zgi‘32 H. M. Lacker@,18
O. Lantwin®,” F. Lasagni Manghi®,* A. Lauria®,"? K. Y. Lee®® K. S. Lee® > S. Lo Meo®,* V.P. Loschiavo®,""
S. Marcellini@,4 A. Margio[ta@,d‘5 A. Mascellani@,‘S A. Mianoﬂb,l‘2 A. Mikulenko@,12 M.C. Momesiilii,l‘2
F.L. Navarria@,4‘5 S. Ogawa']&),g'4 N. Okatr:vaiii),3 M. O‘.fc:hyrlrlikov(E!‘,12 G. Paggi‘i‘:’,d‘5 B.D. ParkiE),29 A. PanatoretE),20
A. Perrotta®,4 D. Podgrudkole),3 N. Polukhina®,3 A. Protau‘:),l‘2 A. Quercia@,l‘2 S. Ramos@,9 A. Reghuna[h@,18
T. Roganova®,3 F. R‘.u:)ru:het[ilD,‘S T. R‘.ovelliiﬁi,‘d'5 0. Ruchayskiy®,35 T. Ruf@,8 M. Sabate Gilaslrteﬁ?',8 M. Samoilov‘i‘;",3
V. ScaleralE),l‘15 0. Schneider@,E G. SekhniaidzetD,1 N. SerralE!l,n‘r M. Shaqnoshnikov113,{S V. ShevchenkolE,3 T. Shchedrina@,3
L. Shchutska®,® H. Shibuya®,***" S_ Simone®,***' G.P. Siroli®.** G. Sirri®.* G. Soares®.” 0. ]. Soto Sandoval ®,%%’
M. Spurioi]!ii,d‘5 N. S[arkov@,3 L. Timiryasov@,35 V. Tiouk:ov@,l F. Trar‘ﬂon[amo@,l C. Trippltb,‘S E. Ursov@,3
A. Ustyuzhaninﬁ?),1‘3"5 G. Vankova-Kjrilova{D,m V. Verguiloviﬁi,10 N. Viegas Guerreiro Lﬁonardoﬁ),g C. Vilela@,g‘*
C. Vi:-:cmeﬂi),l‘2 R. Wanke@,17 E. YamaniE),22 C. Yazici{B,22 C.S. YoontE),29 E. Zaffamnjib,6 and J. Zamora Saa®*®*

(SND@LHC Collaboration)
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I l OI I ' Scattering and Neutrino Detector
atthe LHC
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More muon neutrinos Electron neutrino studies

=

_ l | I | I | » " Signal selection based on topological and
B l[ calorimetric information

x [em]

Discriminating variable: density of hits in SciFi

MaxDenshits_Denshits_Horizontal

SNI HC Experiment, CERI
L un / Event: 6069 / 73227538
Aun / Event: 4809 / 6626367 . Time (GMT): 2023-05-17 0¢ (
Time (GMT): 20220820 103400 T S SRS IV S 10° Event type
i 50 300 350 700 50 500 550 3 numuCC
%55 30 30 %00 70 500 w0 %o zlom nuece
o
2 ——NC
10
2023 event hadron
New 2022 event ~
- 3 L
5 . i 10
2 r N ¥
60— ‘ |
F =2 =
40— —
E o H_H 2 L]
L - )
b I ! 1\_‘_11‘_ =
: | | 2
r L T IR M = e 0 Y | s DT e S PO
ol 0 5 10 15 20 2 30 35 20 &
SND@LHC Experiment, CEf
I un / Event: 6069 / 73227538
Time (GMT): 2022-08-20 10:34:00 L Time (GMT): 2023-05-17 06:51:07
Lo Lo o Lo bea o Lo L a a1 aau g
250 300 350 400 450 500 550 600 250 300 350 400 450 500 550 €
2z [em] zfem

* negligible neutral hadron background
* Hit density > 25000
* dominated by v, CC events

33 events: 16 1n 2022 and 17 1n 2023

Events : 10000
Scaled to 70 b

Scanning emulsion films, it density above 15000:

Hardware upgrades, L6INC
0.29 v, CC

Kang Young Lee 71w, CC 31
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Scattering and Neutrino Detector
at the LHC

SND@LHC Collaboration

Collaboration: 160 members g
24 Institutes 1 14 Countries and CERN

2 more Institutes and 1 more Country w.r.t. 2022

Kang Young Lee 32
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Gyeongsang National University (GNU)
S.H. Kim, K. Y. Lee, B. D. Park, J. Y. Sohn, C. S. Yoon

Korea University (KU)
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Professor Joachim Mnich

Director for Research and Computing
CERN

CH - 1211 Geneva 23

Tel. direct: +4122 766 6420
Tel. secretariat: -+ 41 22 767 1240
Email: joachim.mnich@cern.ch

Our reference: DG-DI-RCS-2021-056

European Organization for Nuclear Research

Organisation européenne pour la recherche nucléaire

Prof. Kang Young Lee
Gyeongsang National University
Department of Physics Education
501 Jinju-daero

52828 Jinju

Republic of Korea

Geneva, 23 August 2021

Professor Joachim Mnich

Director for Research and Computing
CERN

CH - 1211 Geneva 23

Tel. direct: +41 22 766 6420

Tel, secretariat: -+ 41 22 767 1240
Email: joachim.mnich@cem.ch

Our reference: DG-DI-RCS-2022-124

European Organization for Nuclear Research

Organisation européenne pour la recherche nucléaire

Prof. Kang Young Lee
Gyeongsang National University
Department of Physics Education
501 Jinju-daero

52828 Jinju

Republic of Korea

Geneva, 7 September 2022

Dear Professor Kang Young Lee,

On behalf of CERN, I have signed the enclosed Memorandum of Understanding for Construction of the
Scattering and Neutrino Detector at LHC (SND@LHC Experiment).

May I ask you to sign the two copies of the signature page (page 7), keep the fully signed version for
your records and return one signature page to my office:

Office of the Director for Research and Computing
CERN

DG-DI-RCS (C00420)

CH-1211 Geneva 23

Thanking you in advance, I remain

Yours sincerely,

o 2.2

Joachim Mnich

Dear Professor Kang Young Lee,

On behalf of CERN, I have signed the enclosed Memorandum of Understanding for the Maintenance
and Operation of the Scattering and Neutrino Detector at LHC (SND@LHC Experiment).

May I ask you to sign the two copies of the signature page (page 7). keep the fully signed version for
your records and return one signature page to my office:

Office of the Director for Research and Computing
CERN

DG-DI-RCS (C00420)

CH-1211 Geneva 23

Thanking you in advance, I remain

Yours sincerely,

ol M 2

Joachim Mnich

Kang Young Lee 34
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Beyond Run 3 2
Scattering and Neutrino Detector

Advanced SND@LHC

- Future project at HL-LHC era

Upgrade of SND@LHC during LS 4
Extension of the physics case
New technologies and detector layout
Two detectors: AdvSND-Near: 4<,<5
AdvSND-Far (7.2 < n < 8.4)
Possible location: Forward Physics Facility
AdvSND-Near (4 < n < 5)
Possible locations: Existing caverns close. to IP

A 2 2 2B 4

AdVSND-Far: 7.2</<8.4 ppy, AT

TSN
,:: ‘. ,A
2d -
Magnet L) = n
< - -
T g
s /
> [
i
N

Muon filter

Vertex det Had Cal i
EM Cal
b

Tracking Stations

Kang Young Lee ATLAS
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LHC

BDF/SHIP at

Scattering and Neutrino Detector
atthe LHC

Design of BDF/SHiP detector
: / AVa

~100m long

Access shaft (4x8m?)

Hadron absorber —
(existing)

Service building

.st. .
el Access shaft (8x8m?) SH]P

Search for Hidden Particles

Target complex

Mo/W target

W

Scattering and o
Neutrino Detector (SND)

Decay volume

~50m Spectrometer

Particle ID

SHiP SND ECC target
SciFi ECC

Muon spectrometer

ECC target

o
\
%
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4 tracking stations inside dipole magnet

2,6m

A

~6m
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BDF/SHIP at ECN3 S=

Scattering and Neutrino Detector
at the LHC

AVa

S H |
4 1P
Z
N H Search for Hidden Particles
g 2
P = g
= 8
400 GeV i }
E] w
El
=
g
—
B
£ .
Seattering and Timing and
Active muon shield neuirino detector Hidden sector decay volume Hidden sector particle ID
about 107 m
. i
<
g E
2 i
in
E &
2
=
g
. . Timing and
Active muon shield neutrino detector Hidden sector decay volume Hidden sector spectrometer particle 1D
about 107 m
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13 - 14 TeV

HL-LHC
We are here installation

5 to 7.5 x nominal Lumi
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7N 5
Conclusion =

= SND@LHC starts running to perform measurements of v
and search for FIP in the forward region of the LHC.

= SND@LHC collected 39 fb! data at the LHC Run 3.

= Measurement of muon flux with emulsions and electronic
detectors shows good agreements with MC calculation.

= 8 v, CC candidates are identified with the electronic
detectors while the estimated backgrounds are 0.2.
Systematic uncertainty is under evaluation to expect
significance ~5a.

= Emulsion scanning & analysis is ongoing. Stay tuned!

Kang Young Lee 39
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Physics Cases — Charm Physics

atthe LHC

Neutrino production from charm decays

90% of v, production is expected to be charm decays. °

— as a probe of charm production i

— impact on the gluon PDF at very small x i: 1
o4
£
3 I 5 6 !3 10 11

Correlation betweenn and 7

Charm production in neutrino
CC interactions

High energy neutrino can produce
o) charm quark via DIS

Kang Young Lee 42
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= All 3 flavors of neutrinos can be identified.

= Unique opportunity to test lepton flavour
universality with neutrinos

= v, /v.and v, /v, ratios

Neutrinos in SND@LHC acceptance

Expected uncertainties

o v /v
o Statistical: 30%
Systematic: 20%

L] v v

@]
}el. 7

o Statistical: 10%
o Systematic: 10%

Neutrinos in SND@LHC acceptance

T

F e 10" —
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Physics Cases — FIP search

m, =20MeV, a, =05

0.001 oy Exduded
Direct search for FIP through scattering 104
in the detector 1079
S 107°

; 1
— SND@LHCiper 1
__ SND@LHCy |

. 02 05 1 2 5
- P - mv[GeVl JHEP 03 (2022) 006
p vV v
=nilny 7%, n %
Dark photon can be produced at IP1
p v q

through p bremsstrahlung, meson

e.g. leptophobic dark photon and light DM

X decays, Drell-Yann process etc..
.
¢ Dark photon decays into LDM.
vos o x e o LDM scatterings in the detector
- LDM decays in the detector
P P _.AJ\\ -
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