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Observation of collider neutrinos without final state muons with the SNDQLHC
experiment

D. Abbaneo ©®,! S. Ahmad |©,? R. Albanese |©,>4 A. Alexandrov ©,2 F. Alicante ©,3* K. Androsov [®,

D

A. Anokhina ©.% T. Asada |[®,>* C. Asawatangtrakuldee ©,7 M.A. Ayala Torres ©,% C. Battilana |©,% 10 A. Bay ©.°
A. Bertocco ©,%4 C. Betancourt ©,'' D. Bick ©,'? R. Biswas ©,! A. Blanco Castro ©,'2 V. Boccia (©,34

M. Bogomilov ©,'* D. Bonacorsi ©,% 19 W.M. Bonivento ©,'® P. Bordalo [,'3 A. Boyarsky ©,6:17

S. Buontempo ©,3 V. Cafaro ®,° M. Campanelli ©,'® T. Camporesi ©,! V. Canale ©,>4 D. Centanni ©,>

F. Cerutti ®,! M. Chernyavskiy ©,% K.-Y. Choi ©,2° S. Cholak ©,%> F. Cindolo ©,° M. Climescu (®,2!

)

A.P. Conaboy ©®,22 A. Crupano ©,? G.M. Dallavalle |©,° D. Davino ©,323 P.T. de Bryas ©,%> G. De Lellis (34
M. De Magistris ©,> A. De Roeck |©,' A. De Rujula [®,' M. De Serio [©,2%2° D. De Simone @,

o

A. Di Crescenzo ©,34 D. Di Ferdinando ©,?6 C. Dinc |©®,27 R. Dona ©,% 1 O. Durhan |©,2"2® D. Fasanella [©,°

0

F. Fedotovs |©,'8 M. Ferrillo [®,'' M. Ferro-Luzzi ®,' R.A. Fini ®,24 A. Fiorillo ©,*>4 R. Fresa ®,>2° W. Funk |©,!

0

F.M. Garay Walls ©,%0 V. Giordano ©,° A. Golovatiuk ©,*% A. Golutvin ©,3! E. Graverini ©,>32 A.M. Guler ©,271
V. Guliaeva ©,% G.J. Haefeli ®,> C. Hagner ©,'? J.C. Helo Herrera ©,3% 34 E. van Herwijnen ©,3! P. Iengo ®,3

0

S. Hieva @, 14 A. Infantino ©,' A. Tuliano ®,%* R. Jacobsson @,! C. Kamiscioglu ©,2735 A.M. Kauniskangas ©,°
E. Khalikov |©,° S.H. Kim ©,36 Y.G. Kim ©,37 G. Klioutchnikov ©,! M. Komatsu ©,3® N. Konovalova ©,5
S. Kuleshov [©,23:39 L. Krzempek ©,%% 1 H.M. Lacker |©,22 O. Lantwin ©,3 F. Lasagni Manghi ©®,°

)

A. Lauria ©,>% K.Y. Lee ©,35 K.S. Lee ©,*° V.P. Loschiavo ©,%23 A. Margiotta |©,% 19 A. Mascellani ©|°

F. Mei ®,10 A. Miano ©,>* A. Mikulenko ©,'6 M.C. Montesi ®,>* F.L. Navarria ®,% 19 W. Nuntiyakul ©,4!
S. Ogawa ©,%2 N. Okateva ©,° M. Ovchynnikov |©,'6 G. Paggi ©,% 10 B.D. Park ©,36 A. Pastore |©,24
A. Perrotta ©,° D. Podgrudkov ©,5 N. Polukhina ®,° F. Primavera |©,° A. Prota ©,>% A. Quercia ©,34
S. Ramos ©,'3 A. Reghunath ©,2? T. Roganova ©.% F. Ronchetti @, T. Rovelli ©,% 10 O. Ruchayskiy ©,43
T. Ruf ©,! M. Sabate Gilarte ©,! M. Samoilov ©,% V. Scalera ®,% 19 W. Schmidt-Parzefall |©,'2

D

O. Schneider ©,° G. Sekhniaidze ©,3 N. Serra (©,'* M. Shaposhnikov ©,> V. Shevchenko [©,° T. Shchedrina [©,°

D

L. Shchutska ©,5 H. Shibuya [©,%244 S, Simone ©,2425 G. Sirri (©,? G. Soares ©,'2 J.Y. Sohn ©,*> 0.J. Soto

Sandoval |©,33:34 M. Spurio ©,% 1% N. Starkov ©.,% J. Steggemann ©.,° I. Timiryasov ©,*3 V. Tioukov ®,3

F. Tramontano ©,3* C. Trippl ®,%> E. Ursov ©,% A. Ustyuzhanin |®,>45 G. Vankova-Kirilova [©,'* G. Vasquez @,
V. Verguilov |©,' N. Viegas Guerreiro Leonardo [©,'3 C. Vilela ,13’ C. Visone [©,34 R. Wanke |©,2!

E. Yaman ©,2” Z. Yang |®,%> C. Yazici ©,27 C.S. Yoon [©,%6 E. Zaffaroni |©,> and J. Zamora Saa, [©3339
(The SNDQLHC Collaboration)

! Buropean Organization for Nuclear Research (CERN), Geneva, Switzerland
2 Currently at: Pakistan Institute of Nuclear Science and Technology (PINSTECH), Nilore, 45650, Islamabad Pakistan
3Sezione INFN di Napoli, Napoli, Italy
4 Universita di Napoli “Federico II”, Napoli, Italy
5 Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland
S Affiliated with an institute covered by a cooperation agreement with CERN
" Chulalongkorn University, Bangkok, 10330, Thailand
8 Center for Theoretical and Experimental Particle Physics, Facultad de Ciencias Eractas,
Universidad Andrés Bello, Fernandez Concha 700, Santiago, Chile
9Sezione INFN di Bologna, Bologna, Italy
0 Universita di Bologna, Bologna, Italy
1 Physik-Institut, Universitit Ziirich, Zirich, Switzerland
12 Hamburg University, Hamburg, 22761, Germany
13 Laboratory of Instrumentation and Experimental Particle Physics (LIP), Lisbon, Portugal
Y Faculty of Physics, Sofia University, Sofia, Bulgaria
15 Undversita degli Studi di Cagliari, Cagliari, Italy
18 Ungversity of Leiden, Leiden, The Netherlands
Y7 Taras Shevchenko National University of Kyiv, Kyiv, Ukraine
18 University College London, London, United Kingdom
9 Universita di Napoli Parthenope, Napoli, Italy
20 Sungkyunkwan University, Suwon-si, Gyeong Gi-do, Korea
2 Institut fir Physik and PRISMA Cluster of Excellence,
Johannes-Gutenberg Universitdt Mainz, 55099 Mainz, Germany
22 Humboldt- Universitit zu Berlin, 12489 Berlin, Germany
23 Universita del Sannio, Benevento, Italy
24Sezione INFN di Bari, Bari, Italy


https://orcid.org/0000-0001-9416-1742
https://orcid.org/0000-0001-8236-6134
https://orcid.org/0000-0003-4586-8068
https://orcid.org/0000-0002-1813-1485
https://orcid.org/0009-0003-3240-830X
https://orcid.org/0000-0003-2694-6542
https://orcid.org/0000-0002-4654-4535
https://orcid.org/0000-0002-2482-8289
https://orcid.org/0000-0003-2234-7219
https://orcid.org/0000-0002-4296-9464
https://orcid.org/0000-0002-3753-3068
https://orcid.org/0000-0002-4862-9399
https://orcid.org/0000-0003-1268-9485
https://orcid.org/0000-0001-9886-7427
https://orcid.org/0000-0001-5657-8248
https://orcid.org/0009-0005-7034-6706
https://orcid.org/0000-0001-9827-8294
https://orcid.org/0000-0003-3532-6222
https://orcid.org/0000-0001-7738-2041
https://orcid.org/0000-0002-0835-9574
https://orcid.org/0000-0001-6764-6787
https://orcid.org/0000-0002-3651-6370
https://orcid.org/0000-0003-0629-7119
https://orcid.org/0000-0001-9526-556X
https://orcid.org/0009-0002-1544-0634
https://orcid.org/0000-0001-6746-3374
https://orcid.org/0000-0001-5066-1876
https://orcid.org/0000-0003-2303-9306
https://orcid.org/0000-0001-6566-9838
https://orcid.org/0000-0002-9236-6223
https://orcid.org/0000-0002-6871-5753
https://orcid.org/0000-0001-7604-6644
https://orcid.org/0000-0001-8091-4766
https://orcid.org/0000-0002-4255-7347
https://orcid.org/0009-0004-9831-4370
https://orcid.org/0000-0001-6099-2521
https://orcid.org/0000-0003-3834-6704
https://orcid.org/0000-0002-8614-0420
https://orcid.org/0000-0002-7492-8173
https://orcid.org/0000-0002-9925-5753
https://orcid.org/0000-0001-5862-1174
https://orcid.org/0000-0003-0814-3041
https://orcid.org/0000-0002-9228-5271
https://orcid.org/0000-0002-1545-668X
https://orcid.org/0000-0003-4915-7933
https://orcid.org/0000-0001-8180-4366
https://orcid.org/0000-0003-4276-8512
https://orcid.org/0000-0003-4644-1752
https://orcid.org/0000-0003-0179-7341
https://orcid.org/0000-0002-2460-7515
https://orcid.org/0000-0002-6097-788X
https://orcid.org/0000-0002-2926-2691
https://orcid.org/0000-0002-1714-8656
https://orcid.org/0000-0003-1052-2198
https://orcid.org/0009-0008-1868-2165
https://orcid.org/0000-0002-3821-3998
https://orcid.org/0009-0007-9382-3899
https://orcid.org/0000-0001-5140-0299
https://orcid.org/0000-0003-0422-6739
https://orcid.org/0000-0002-6670-1104
https://orcid.org/0009-0005-3202-4239
https://orcid.org/0000-0002-7464-5675
https://orcid.org/0000-0003-2500-8247
https://orcid.org/0000-0003-4647-6429
https://orcid.org/0000-0001-5692-2694
https://orcid.org/0000-0003-3676-5040
https://orcid.org/0000-0002-9257-839X
https://orcid.org/0000-0001-6345-7022
https://orcid.org/0000-0002-5310-8598
https://orcid.org/0000-0001-8807-8811
https://orcid.org/0000-0002-5035-1242
https://orcid.org/0000-0001-9204-2563
https://orcid.org/0000-0002-7854-3502
https://orcid.org/0000-0001-6087-9633
https://orcid.org/0000-0003-4971-7160
https://orcid.org/0000-0003-2610-6447
https://orcid.org/0000-0002-4285-8027
https://orcid.org/0000-0001-6957-6452
https://orcid.org/0000-0002-3788-9267
https://orcid.org/0000-0003-4312-2959
https://orcid.org/0009-0002-5159-4649
https://orcid.org/0000-0002-6423-707X
https://orcid.org/0000-0001-7916-9105
https://orcid.org/0000-0002-3065-326X
https://orcid.org/0009-0008-5064-2075
https://orcid.org/0000-0002-7183-8607
https://orcid.org/0000-0003-2384-5973
https://orcid.org/0000-0001-6068-4473
https://orcid.org/0000-0002-9020-9718
https://orcid.org/0000-0001-8613-7451
https://orcid.org/0000-0002-3680-7039
https://orcid.org/0000-0001-5757-8274
https://orcid.org/0000-0001-6929-5386
https://orcid.org/0000-0001-6362-5356
https://orcid.org/0009-0000-1865-7674
https://orcid.org/0000-0001-6638-1983
https://orcid.org/0000-0001-9601-5781
https://orcid.org/0000-0001-6173-0945
https://orcid.org/0000-0001-7961-4889
https://orcid.org/0000-0002-1664-5845
https://orcid.org/0000-0002-7310-5079
https://orcid.org/0000-0001-8557-6612
https://orcid.org/0000-0001-7002-5201
https://orcid.org/0009-0005-7331-1488
https://orcid.org/0000-0002-3372-6292
https://orcid.org/0000-0002-5024-3495
https://orcid.org/0000-0002-7996-7139
https://orcid.org/0000-0002-0773-8185
https://orcid.org/0000-0001-5942-1772
https://orcid.org/0000-0001-6253-8656
https://orcid.org/0000-0003-3820-663X
https://orcid.org/0000-0001-7546-0456
https://orcid.org/0000-0001-8946-2268
https://orcid.org/0009-0003-7438-7674
https://orcid.org/0000-0002-6645-7543
https://orcid.org/0000-0003-3438-9774
https://orcid.org/0000-0002-9746-4842
https://orcid.org/0000-0001-8073-3068
https://orcid.org/0000-0002-8657-3576
https://orcid.org/0000-0003-1026-3210
https://orcid.org/0009-0008-0228-4293
https://orcid.org/0000-0003-4215-211X
https://orcid.org/0000-0002-0996-1508
https://orcid.org/0000-0002-6014-7552
https://orcid.org/0000-0002-4116-5309
https://orcid.org/0000-0002-5033-0580
https://orcid.org/0000-0001-7930-4565
https://orcid.org/0000-0003-3171-9125
https://orcid.org/0000-0003-1986-4143
https://orcid.org/0000-0003-0700-5448
https://orcid.org/0000-0002-0197-6270
https://orcid.org/0000-0003-3631-8398
https://orcid.org/0000-0003-2626-2853
https://orcid.org/0009-0008-1827-7776
https://orcid.org/0009-0000-7101-2816
https://orcid.org/0000-0002-8613-0310
https://orcid.org/0000-0002-8698-3655
https://orcid.org/0000-0001-5735-2451
https://orcid.org/0000-0003-4420-5510
https://orcid.org/0000-0001-9547-1347
https://orcid.org/0000-0001-5981-5296
https://orcid.org/0000-0002-3629-7964
https://orcid.org/0000-0003-3664-1240
https://orcid.org/0000-0002-6519-4526
https://orcid.org/0000-0001-7865-2357
https://orcid.org/0000-0002-1205-7835
https://orcid.org/0000-0002-3285-7004
https://orcid.org/0000-0001-7911-1093
https://orcid.org/0000-0002-9746-4594
https://orcid.org/0000-0002-2088-0346
https://orcid.org/0000-0001-8761-4192
https://orcid.org/0000-0002-3636-360X
https://orcid.org/0009-0009-3732-4416
https://orcid.org/0009-0002-8940-7888
https://orcid.org/0009-0004-4564-8713
https://orcid.org/0000-0001-6066-8094
https://orcid.org/0000-0003-1714-9218
https://orcid.org/0000-0002-5030-7516

25 Universita di Bari, Bari, Italy
26 Sezione INFN di Bologna, Bologna, 40127, Italy
2" Middle East Technical University (METU), Ankara, 06800, Tiirkiye
28 Also at: Atilim University, Ankara, Tiirkiye
2 Undversita. della Basilicata, Potenza, Italy
30 Departamento de Fisica, Pontificia Universidad Catdlica de Chile, 4860 Santiago, Chili
3 Imperial College London, London, United Kingdom

32 Also at:

Universita di Pisa, Pisa, 56126, Italy

33 Millennium Institute for Subatomic physics at high energy frontier-SAPHIR, Fernandez Concha 700, Santiago, Chile
34 Departamento de Fisica, Facultad de Ciencias,

Universidad de La Serena, Avenida Cisternas 1200, La Serena, Chile

35 Ankara University, Ankara, Tirkiye
36 Department of Physics Education and RINS, Gyeongsang National University, Jinju, Korea
3T Gwangju National University of Education, Gwangju, Korea
38 Nagoya University, Nagoya, Japan
39 Center for Theoretical and Experimental Particle Physics, Facultad de Ciencias FEzactas,
Universidad Andrés Bello, Fernandez Concha 700, Santiago, Chile
4 Korea University, Seoul, Korea
4 Chiang Mai University, Chiang Mai, 50200, Thailand
42Toho University, Funabashi, Chiba, Japan
43 Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark
44 Present address: Faculty of Engineering, Kanagawa University, Yokohama, Japan
45 Department of Physics Education and RINS, Gyeongsang National University, Jinju, 52828, Korea
46 Constructor University, Campus Ring 1, Bremen, 28759, Germany
(Dated: December 2, 2024)

We report the observation of neutrino interactions without final state muons at the LHC, with a
significance of 6.4 o. A data set of proton-proton collisions at /s = 13.6 TeV collected by SND@QLHC
in 2022 and 2023 is used, corresponding to an integrated luminosity of 68.6 fb~!. Neutrino interac-
tions without a reconstructed muon are selected, resulting in an event sample consisting mainly of
neutral-current and electron neutrino charged-current interactions in the detector. After selection
cuts, 9 neutrino interaction candidate events are observed with an estimated background of 0.32

events.

Introduction - The SNDQLHC experiment consists of
a detector placed in the TI18 tunnel at a distance of
480 m, in the forward region, from the ATLAS detector
located in the Interaction Point 1 (IP1) of the CERN
Large Hadron Collider (LHC). The detector is designed
to detect and measure interactions of neutrinos produced
in decays of particles produced in proton-proton collisions
at IP1. The neutrinos produced in the forward direction
stem from high-energy hadrons and have energies of a
few hundred GeV to several TeV[IH3], leading to deep
inelastic scattering (DIS) in the experiment.

Data taking at the LHC started in 2022, and in Ref. [4]
a direct observation of muon neutrino charged current
(CC) interactions was reported based on a data sam-
ple of 36.8fb~'. A similar observation was reported in
Ref. [0] and a measurement of electron and muon neu-
trino cross sections using an emulsion detector was re-
ported in Ref. [6].

In this paper, we search for neutrino interactions with
no muons in the final state, referred to as vOu events.
This measurement is sensitive to CC interactions of ei-
ther v, or v, flavour, and neutral current (NC) neutrino
interactions. The observation of a clear signal above
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background is a sign of other than v, CC neutrino in-
teractions at the LHC. Hence this analysis is the first
step towards flavour classification with SNDQLHC. The
strategy is to select muon-less shower-like events, but the
analysis is not optimised to distinguish between v, v,
and NC events. The data sample used, collected in 2022
and 2023, corresponds to a total recorded integrated lu-
minosity of 68.6fb~!.

The SND@QLHC detector - SNDQLHC is a hybrid de-
tector consisting of emulsion and electronic detectors[7].
It is optimized for the detection of interactions of all neu-
trino flavors. The electronic detectors provide the time
stamp of the neutrino interaction and pre-select the in-
teraction region while the neutrino-interaction vertex is
reconstructed using tracks in the tracking detectors and
the emulsion target. The Veto system is used to tag
muons and other charged particles entering the detector
from the IP1 direction.

The Veto system consists of two parallel planes of scin-
tillating bars. Each plane is made of seven 1 x 6 x 42 cm?
stacked horizontal bars of plastic scintillator. The tar-
get section contains five walls. FEach wall consists of
four units (‘bricks’) of Emulsion Cloud Chambers (ECC)
with tungsten as target material, and is followed by
a scintillating fiber (SciFi) station for tracking. Each
SciFi station consists of one horizontal and one vertical
39 x 39cm? plane. Each plane comprises six staggered
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layers of 250 wm diameter polystyrene-based scintillating
fibers. The single particle spatial resolution in one plane
is roughly 100 um and the time resolution for a particle
crossing both x and y planes is about 250 ps.

The muon system consists of two parts: the first five
stations (Upstream, US), and the last three stations
(Downstream, DS). The eight stations are interleaved
with 20 cm-thick iron blocks. Each US station consists of
10 stacked horizontal scintillator bars of 82.5 x 6 x 1 cm?,
resulting in a coarse y view and together they act mainly
as a hadronic calorimeter. A DS station consists of two
layers of thinner bars measuring 82.5x 1x 1 cm?, arranged
in alternating x and y planes, leading to a spatial resolu-
tion in each coordinate of less than 1 cm for muon recon-
struction and a time resolution of about 150 ps. Hits in
the DS detector and the SciFi tracker are used to identify
events with muons. All signals exceeding pre-set thresh-
olds are read out by the front-end electronics and clus-
tered in time to form events. An efficient software noise
filter is applied online to the events, resulting in negligible
detector dead time and negligible loss in signal efficiency.
Events satisfying certain topological criteria, such as the
presence of hits in several detector planes, are written
to disk. In the absence of beam, the noise filtering logic
reduces the event rate by five orders of magnitude to
around 4 Hz. At the highest instantaneous luminosity in
2022 and 2023 (2.5 x 10%* ecm ™! s71), this setup generated
a rate of around 5.4 kHz.

This analysis does not use the information from the
emulsion detector but is based on the hits and track re-
construction in the scintillating fiber detectors and on
the absence of an identified muon in the muon system.

Data and simulation - The data used for the analy-
sis described in this letter was taken between July 2022
and October 2023, comprising the first two years of the
LHC Run3. An integrated luminosity of 68.6fb~! was
recorded by the experiment’s electronic detectors during
this period. A data collection efficiency of 97.2% was
achieved relative to the luminosity delivered at IP1 as
reported by the ATLAS experiment[8] [9]. We highlight
the exceptional performance of the detector in 2023, with
31.8fb~! collected and an uptime of 99.7%. There were
six exchanges of the emulsion-instrumented target during
the data taking period. The mass of tungsten installed
in the target during this period was 792 kg.

For two periods comprising about half of the collected
luminosity, the event builder was not aligned with the
timing of bunch crossings at the interaction point. This
results in occasional splitting of events and as a conse-
quence the efficiency of the veto detector is worse in these
periods. The impact of the lower veto efficiency on this
analysis is negligible, as downstream components of the
detector are also used to reject the dominant penetrating
background due to muons.

Data taken in a hadron test beam in 2023 in the CERN
North Area are used to validate the analysis methods.
The test-beam detector consisted of four SciFi stations
smaller in size than those of SNDQLHC, an exact replica

of the US hadron calorimeter, and a single DS station.
Iron blocks were inserted between the SciFi stations with
a thickness equivalent in interaction lengths to the target
walls in the SNDQLHC detector. The test-beam detec-
tor was exposed to hadron beams of mostly pions with
momenta ranging from 100 to 300 GeV/c.

Proton-proton collision events are simulated with the
DPMJET-III generator[10} [11], which is interfaced with
a FLUKA[I2Z] [I3] model of the LHC[I4]. Particles are
propagated to a virtual plane around 60 m upstream of
the SNDQLHC detector and recorded for further process-
ing. Neutrino interactions in the detector are simulated
with the GENIE generator[I5]. Muon DIS interactions
in the tunnel material are simulated with PYTHIAG[L6].
The particles resulting from these interactions are prop-
agated through a GEANT4[I7] model of the tunnel and
the detector geometry implemented in the FAIRROOT
framework[I8]. The same setup is used for the test-beam
simulation.

The sample of simulated neutrino interactions com-
prises 3x10° events, corresponding to an integrated lu-
minosity of 40 ab~!. The computational expense of sim-
ulating muon DIS interactions and propagating the large
number of produced particles through the tunnel and de-
tector models, compounded with the very low probabil-
ity of these interactions being selected into the analy-
sis samples, results in a significant computing challenge.
Out of 3x10® simulated muon DIS interactions, corre-
sponding to an integrated luminosity of 20fb~!, none
survive the event selection described in the following sec-
tion. This sample is sufficient to set a stringent upper
limit on the number of events expected from this source
of background, but it does not allow for probing the de-
tector’s response to this type of event. For this purpose,
we generate additional samples of 2.6x 107 neutrons and
neutral kaons impinging on the upstream face of the tar-
get, with energy spectra extracted from the muon DIS
simulation. We note that according to the muon DIS
simulation, no neutral hadrons above 100 GeV are ex-
pected to interact in the target in the absence of Veto
system hits due to charged particles accompanying the
neutral hadrons.

FEvent selection and data analysis methods - The search
for the vOu signal proceeds in two stages. The first stage
consists of a set of selection criteria to isolate events
that are consistent with neutral particles interacting in
the tungsten target that do not produce reconstructible
muons. In the second stage, a discriminating variable is
used to define regions enriched in either signal or neutral
hadron background. The background-rich region is used
to constrain the background expectation, and the signal-
rich region is optimised by maximising the expected sig-
nificance for excluding the background-only hypothesis.

The analysed events are required to have occurred
during LHC stable beam conditions and in coincidence
with a proton bunch pair colliding at IP1. In order to
avoid complications arising from Veto detector dead time,
events are further required to occur at least 625 ns after
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FIG. 1. Distribution of the sum of SciFi hit-density weights
for 100 GeV/c test-beam hadrons.

the previous recorded event. After applying this set of
quality criteria the data set comprises 1.1x10'° events,
with a signal efficiency greater than 99.75%.

Events consistent with a neutral particle interacting in
the target are then selected by requiring that the average
position in the transverse zy plane of the SciFi hits lies
in a tight fiducial area (roughly 25 x 25 cm?). As an addi-
tional criterion to remove events due to particles entering
the top and bottom parts of the detector, it is required
that there are no hits in the uppermost and lowermost
two bars of the first two layers of the hadron calorimeter.
In order to remove events resulting from particles enter-
ing the detector from the IP1 direction we require no hits
in the veto system. These requirements discard the most
common events in the data, associated with charged par-
ticles entering the detector from the sides and from the
upstream end. The fiducial cuts result in a signal accep-
tance of 20% and reduce the data set to 7.9x10° events.

To ensure adequate sampling of the electromagnetic
and hadronic shower components, events are further re-
quired to span at least two SciFi stations and to pro-
duce hits in the two most upstream layers of the hadron
calorimeter. A minimum of 35 SciFi hits is required, as
well as large activity in the hadron calorimeter, with an
energy deposition roughly equivalent to at least 10 GeV.
These cuts further reduce the data to 2.3x10* events,
while keeping 58% of the remaining signal.

In order to exclude reconstructible muons, events with
hits in the two most downstream planes of the DS de-
tector are also discarded. This ensures that fewer than
three DS planes have hits, and no muon tracks can be re-

constructed. The background due to v, CC interactions
is reduced by a factor of 14. The residual v, CC back-
ground is dominated by events where the muon exits the
detector through the sides.

The second step of the event selection makes use of
a variable developed to identify events with a high den-
sity of hits in one SciFi station, as would be expected for
events with large electromagnetic or hadron showers. A
weight w; is assigned to each SciFi hit ¢ which is calcu-
lated by counting the number of other hits in the same
detector plane within 1 cm:

N
wi:ZH(xj—xi—&—lcm)x 1—H(z; —x; — 1 cm)]
J#i

where N is the number of hits in a SciFi plane, x; are
the positions of the hits in cm, and H(z) is the Heavyside
step function. The hit weights can vary from zero, when
no neighbouring hits are present, to 80 when all adjacent
channels are activated.

The weights of all hits are added up separately for each
SciFi station. To discard events with sparse hit patterns,
it is required that the sum of hit-density weights is larger
than 20 in at least two stations, and larger than 2x10°
in at least one station. This reduces the dataset to 25
events, with 18.7 neutrino interactions expected.

The highest sum of hit-density weights among the five
SciFi stations is then used as a discriminating variable
to separate high-energy neutrino interactions from low-
energy neutral hadrons. This variable was validated us-
ing hadron test-beam data. The distribution of the sum
of hit-density weights for 100 GeV /¢ hadrons interacting
in the test-beam detector target is shown in Figure
where it can be seen that most neutral hadrons of this en-
ergy produce SciFi hit-density weight sums smaller than
11x103.

A control region comprising events with summed SciFi
hit-density weights smaller than 5x10% is used to esti-
mate the background due to neutral hadrons resulting
from muon DIS interactions in the tunnel walls. Ten
events are observed in the control region, with 3.1 neu-
trino interactions expected. This is consistent with the
90% CL upper limit of 8.2 events obtained from the
muon DIS simulation. We use the high-statistics neutral-
hadron simulation to extrapolate this constraint to higher
SciFi hit-density sum regions.

The signal region is defined by estimating the sensitiv-
ity to observe vOu events for different thresholds of the
hit-density weight sum, ranging from 5x10° to 20x103,
and choosing the threshold that maximises this metric.
The sensitivity is quantified in terms of the exclusion
of the null hypothesis, defined by setting the vOu sig-
nal strength, a, to zero. The one-sided profile likelihood
ratio test A(«) is used as the test statistic. The sensi-
tivity is calculated by comparing the test statistic eval-
uated at the nominal expectation from the simulation,
Amc(a = 0), with the sampling distribution of A(a = 0).
The likelihood, which includes a Gaussian factor to ac-
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FIG. 2. Representative example of a signal-like event. The top panel shows a top-down view of the detector and the bottom
panel shows the view from the side. The coloured circles represent the local density of hits in the SciFi detector, corresponding
to the number of hits within 1 cm of each hit. The coloured rectangles represent the amplitude, in arbitrary units, of hits in
the US hadron calorimeter. Lighter shades correspond to higher values.

count for the background uncertainty, is
& = Poisson(n |a - s+ B) x Gauss(5|b,03)

where n is the number of events in the signal region, s is
the expected number of signal events and S is the num-
ber of background events given by the Gaussian model,
having a mean value b and a standard deviation og. We
use the RooStats[19] implementation of this method.

A systematic uncertainty of 100% is assigned to the
neutral hadron background, to account for the extrapo-
lation of the control region constraint to the signal region.
The systematic uncertainty on the background due to v,
CC interactions is 18.2%. This uncertainty is given by
the statistical uncertainty on the number of events ob-
served in the dedicated analysis[4l [20], added in quadra-
ture with the DS tracking systematic uncertainty esti-
mated with muon tracks tagged in the SciFi detector[21].
An uncertainty of 100% is assigned to the background
due to v, CC interactions with a muon in the final state.

The threshold of summed hit-density weights that
maximises the sensitivity to observe the vOp signal is

11x103%. In this signal region, the total systematic un-
certainty on the number of expected background events
is 17.9%. A representative example of a signal-like event
is shown in Figure [2| and a summary of the number of
events passing each selection cut is given in Table[]]

Results - The expected significance of the ¥Op observa-
tion is 5.5 o, with 7.2 signal events expected over a back-
ground of 0.30 v, CC events, 1.5x1072 neutral hadron
events resulting from muon DIS interactions in the tun-
nel walls, and 1.7x1073 v, CC interactions with a muon
in the final state. The signal expectation is composed of
4.9 v, CC events, 2.2 NC events, and 0.1 v, CC events
with no muons in the final state.

Nine events are observed in the signal region, resulting
in an observation significance of 6.40. An example of a
signal-like event is shown in Figure[2] The distribution of
the sum of SciFi hit-density weights for events observed
in the data is shown in Figure [3 along with signal and
background expectations.

We also consider the significance to observe v, CC
interactions with this analysis. The NC component of



Data vOp Simulation v1p Simulation

All events L.11 x 10™ 307.7 495.8
Fiducial volume 7.91 x 10° 63.6 111.7
Hits in 2 SciFi and 2 US stations 5.95 x 10° 38.0 83.4
Large SciFi activity 6.34 x 10* 37.1 74.5
Large hadron calorimeter activity 2.28 x 10* 35.8 68.3
No hits in last 2 DS stations 1.47 x 10* 27.7 4.9

Sparse-shower removal 25 16.7 2.0

Signal region 9 7.2 0.30

TABLE 1.
simulation.
SND@LHC
“2 10_ll L I LU I ? T I LU I LU I LU I LU I L II_
S —e— Data 1
w [ 55 vop simulation 1
8- v,CC simulation |
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FIG. 3. Distribution of the sum of SciFi hit-density weights
for events selected into the analysis sample. The events from
the data are shown alongside the expected signal and back-
ground.

the vOp signal originates primarily from the flux of v,,.
Therefore, we can constrain the NC component of the
v0p signal using the measurement of v, CC interactions
in Ref. [4]. With this constraint, we extract evidence for
the observation of v, CC events at the level of 3.7 o, with
an expected significance of 2.20. The uncertainties on
the v, CC and NC components are conservatively taken
to be fully correlated.

Conclusions - We report the observation of neutrino
interactions without final state muons at the LHC, with
a significance of 6.40 (5.50 expected), and evidence for
v. CC interactions with a significance of 3.70 (2.20 ex-
pected). The selected event sample consists mostly of
NC and v, CC interactions. Taken with the previously
reported observation of v, CC interactions, this result
is the first demonstration of flavour classification by the

Number of events passing the selection cuts in the data, and in neutrino signal (v¥Ou) and background (vlu)

SNDQLHC experiment. We expect that minor modifi-
cations of the method used for this analysis, when ap-
plied to the large amount of data collected by the exper-
iment during 2024, will be sensitive to the direct obser-
vation of v, CC events using the electronic detectors of
SNDQLHC. A parallel effort is underway to select these
events in the emulsion detector data.
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