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Gmee dhammee s oo,
Search for Hidden Particles (SHiP)

» SHiP is a recently approved intensity-frontier experiment aiming to search for
hidden particles with mass up to O(10) GeV and extremely weak couplings,
down to 10719,

» FIP decay search in background-free environment and LDM scattering

» Rich program at the Scattering & Neutrino Detector (SND): search for Light
Dark Matter (LDM) & neutrino interaction physics with unique access to 7

neutrino
> Original Proposal (2013): Developed for new cavern ECN4
> Refined Proposal (2023): Adaptation to existing ECN3 facility
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SHiP experimental techniques: Decay & Scattering

Sensitivity is determined by three key factors:
P Yields (protons on target)
P Acceptance (including lifetime and angular acceptance)
» Background level

An exhaustive search require "model-independent” detector
configuration, which should enable:

» Comprehensive reconstruction and identification of both
fully and partially reconstructible modes
P Sensitivity to partially reconstructed modes

> Distinguish between different models.
> Assess the compatibility of the observed signal with theoretical

predictions.
Physics model Final state
SUSY neutralino 1%, K7, Cp¥ 7y
Dark photons 007,27, 37,47, KK, g3, DD
Dark scalars o, 7, KK, qq,DD,GG
ALP (fermion coupling) 0Y, 3, mm, g7
HSDS  ALP (gluon coupling) Ty, 3, w7y
HNL v, 7l pl, 7, gl
Axino Iy
ALP (photon coupling) L]
SUSY sgoldstino 0, 2m, 2K
LDM electron, proton, hadronic shower
SND v, U, measurements =

Neutrino-induced charm production (v,,v,,»,) D¥, D*, D°, DY, A}
Vasilisa Guliaeva, Anna Anokhina

> 4 x 10 protons on target per year
currently available in the SPS
>~ 2 x 1017 charmed hadrons ( > 10
times the yield at HL-LHC)
~ 2 x 1012 beauty hadrons
~ 2 x 1015 tau leptons
(9(1020) photons above 100 MeV
3500 vy + U per year,
and

Yyvyvy

2 x 10% ve + De /7 x 10° vy + 7y
regardless of target design

Visible decay to SM particles

Spectrometer

" ——
] e
muon sweeper Decay volume

Scattering off atomic electrons and nuclei

Spectiometer

muonsweeper  SND Decay volume
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Scattering & Neutrino Detector (SND)

» Original design based on nuclear emulsions:
DONuT / OPERA / SND@LHC

» Emulsion Cloud Chamber (ECC) bricks
» Target Tracker (TT): 18 layers of SciFi

‘SIDASHP brick

S0ESHP vall

Bulsion Clowd
Chasber (B00)

» . spectrometer: Drift tubes (4 stations)
> Air core dipole magnet: 1 T

60 emilsion filns
59 Tungsten Layers

Target tracker Upstream Background Tagger Surrounding Background Tagger Timing detector
(SciFi)  Magnetised (MRPC) asci) HSDSTracker  (SciBan)
Instrumented wsystem

| Decay volume (Straw tracker) / PID- ECALHCAL 16x Target Trackers 17x Target valls
eutrino target

(SciBar/p-megas)

“—> sCushield

SND detector
- HSDS Tracker
(Straw tracker)
Magnetised NC p-shield b y
hadron stopper
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The task

SHiP v, v, Ve
> We need to classify the two signals ¢ "= -
from these processes: °F v,
> NCDIS v, — hadrons E
» CCDIS v, — p+ hadrons ‘; “\
> CCDIS v, — 7 + hadrons E T
(hadronic & leptonic T decay e i
modes) i/ \\
) 3 % 3
\/ < 5&)‘04\5 0% 2 4 60 8 100 120 140 c ézov
) . ;
;"2.-—— wa)rms ; Sw)rms }/
e —— — e M
W
Neutrino spectra were taken from the  /p Hochont Yo 0
. . f/'/ lacitoniC “ ladronic
SHiP experiment and used as a GENIE % slower :":U:t pci

input. Detector response was performed
using Geant4.
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Detector concept
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Longitudinal shower profile for CCDIS v, & NCDIS v,

Edep in Layer, MeV

» Charged current (hadronic decay):

> Hadrons from 7 decay are more energetic.

» Neutral current and charged current
(leptonic decay):
> Hadrons initiated by Z slightly energetic

than hadrons from W.

Energy deposit, 50 layers: Absorber(Fe, 5. cm) x SciFi (Poly, 0.5 cm) x Sci (Poly, 1.5 cm)

6500 = —e— v, DISCC (hadronic decay)|
6000 — —e— v, DISNC
r —e— v,, DISCC (leptonic decay)|
5500 —
L —e— v,, DISCC
5000
4500
4000
3500
3000

150
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Veyr| Ve |
—
~
Ve Vet < -~
—
n
" h
Charged hadron energy
10° [ prmutau | __W.CC ZNC
Entries 499931 Entries 1792515 | Entries 1877979
Mean 24.69 | Mean 5.013 | Mean 5.323
108 StdDev 2237 |StdDev  8.302|StdDev 8877
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Energy resolution

» Incoming particles: 7, e
» Particles momentum range: 1-100 GeV/c

Energy deposi, Absarber(Fe, 5.0 cm) x SciFi Poly, 0.5 cm) x Sci Poly, 15 cm)

L 3 - 110GeV
osp constant 0.01013 = 0.00145 2 amp 1,20 GeV
St % E - 11,30 GeV
L ) o 0E 40 Gev
¥ stochastic 0.5305 + 0.006295 g 20E N 7,50 GeV'
w 0.4“' i E/ 1,60 GeV.
' [ 180F
N 160
Le 1408} \\
0.3
Ce / \
= ‘\’ N\
y 60,
Co W 64320728
0.2 r \“ o P 44622002575 E O
: \\\ a ] w!\ﬂmu‘\ﬂmmmm 0.‘\1” - : 100 150 200 250 300 350
- consloon zom
0.1F b
. [ S
L | TR
i R T S Y > for electrons: ZE ~ 33%)
0o 20 40 0 80 _ 100 > i .8 ., 53%
Energy (GeV) fOI’ pions - E \/E

Energy deposit collected in Scint layers
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Particle (muon) momentum reconstruction

» We determine sagitta to use the dependences of these
parameters on the kinetic energy of the muon

» The trajectory parameters, S1, S2, S3 are calculated as
"distances from a point to a line”

» If the functions p = f(s) for a limited range of 10-30
GeV are used, the most accurate determination of the

muon momentum of ~ 12% is obtained

» If the functions p = f(s) for 10-50 GeV are used, a
determination of the muon momentum with an accuracy
of ~ 14-15% is obtained

Ap/p s2in2, 1050Gev, 02468

000 AE _lin, 10-50GeV, s2

o Enties 426772
Mean 02025

o SuDev 01614
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Aplp
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Particle (pion) momentum reconstruction

Fastest Hadrons from 50 GeV v,

Barycenter along X axis, cm

» Based on the fastest hadron track charge, determine

H H 7 £ E h_pidNot15
whether the tau neutrino is v or U, < — pidpaent =15 [ NOLS ]
. . . © Mean 1043
» Momentum reconstruction for hadrons using SciFi — popunrc1s | Sid0ev 0675
information in process Eires 5770
Mean 1374
P> Trajectory for hadrons using only Scint layers information StdDev 8833
10GeV T trajectory using Barycenter (cell size 1cm) 10GeV i+ trajectory using Barycenter (cell size 1cm)
X2/ ndf 1852/47 5 1431147
P 2484 208697 /./ g 342207644
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P2 000033 05, H 05210505 | |
i VR Sy \
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o | — 3 i 2% 3 ey S
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Neutrino vertex reconstruction

» To reconstract the vertex, we extrapolate our
tracks by a linear function

» Each track segment is crossed in pairs, then the
average sum of the distance to the center of the
segment that connects the crossed lines is taken

Veurx Vept

» In the actual configuration of the detector there
is no zero point, there are only track points h
starting from z=5cm

Accuracy of neutrino vertex reconstruction (DISNC)

SHiP, v, NC hadron claster tracks SHiP, v, NC hadron claster tracks
. EEEE-N 300

StdDev 1327

of

9
delta (cm)

6 Brord

Conclusion: vertex reconstruction accuracy using
SciFi layers ~ 0.1 cm
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ic decay) & NCDIS v,

hadron

P 16 Scint layers (out of 50 layers)

CCDIS v,

Veux

Veue

Vews

> Energy deposition

> Energy of hadron cluster
> Shower CoG in XY plane

> Shower width in XY plane

total:

81 parameter
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CCDIS v, (leptonic decay) & CCDIS v,
Reasonable cuts on the data

Dl
\W/
I
# HQCIFOM'C

— > shewer

» Non-trivial problem due to:

> High-imbalanceness of the classes (300:1);

> overlaping feature distributions.
» The cut on the angle btw P, and P4, should be applied:

Det. t length / 2
a < arctan € rar?sve.rse ength / ~ 10 degr. — rejects 70% of the data
Det. longitudinal length / 2

» removing low-energy nucleons from the nucleus fragmentation: fully absorbed in the
passive material
» In case of using Impact parameter (IP) of muons w.r.t. to the interaction point:

IP > 0.1 cm (resolution is 0.1 cm) & IP < 0.6 cm (remove outliers)

Vasilisa Guliaeva, Anna Anokhina 7th ICPF > 23/10/2024 14 /27



Impact parameter (IP) of muons w.r.t. to the interaction

point

» Multiple scattering of muon/tau
also contributes into IP.

» Resolution of the vertex
reconstruction is not sufficient to
use IP as a parameter in the
classification.

Vasilisa Guliaeva, Anna Anokhina

7th ICPPA-2024

» Simulation (5 cm of the passive
material). Extrapolation of first 3
points back to the z = 0 cm.

label
numu
nutau

0° 10t 1% 10t 10 10° 10’ 10°

IP om]

anutau _ IPnumU ~ 0.007 cm

max max
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Crucial parameter

» Difference in missing transverse Cut on the missing Pr is possible but
momentum distribution is mostly rejects most of the nutau events as well
caused by the neutrinos that carried —s BDT.
away momentum. Iabel

numu
nutau

Count

https://arxiv.org/pdf/1512.05748
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Classification setup of BDT classifier (Lightgbm based)

» Training on 80%, validation on 20%
of the data.

» Data is weighted to consider the
imbalanceness of the dataset

Feature Importance by Gain

(w = 1./300 weights for nutau s
events instead of w = 300. for AL

anglePtmuonandPthadr
numu ) : anglePtmissandPthadr

» 18 kinematic parameters used as e
features (momenta and energies of

muons and hadronic showers, and

PY_hadr 343

Features

E_mu =767.047

anglePtmissandPtmuon =697.583

angles btw momenta in the p_ise w6965
transverse plane). ok 2747
» Muon momenta and hadronic °

shower energies are smeared
according to the detector resolution.

» Optimization of hyperparameters of
BDT using Optuna.

Vasilisa Guliaeva, Anna Anokhina 7th ICPP

19188 586
12796.307
12611.312
5071479

0.249

10000 20000 30000 40000 50000
Feature importance
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Results. Confusion matrix

» Confusion matrix does not show
the performance of the classifier
for different discriminator
threshold which is crucial for
highly-imbalanced problem.

» Maximising True positive (TP)
value.

True Label

> value shows the
ineffiecency of the classifier (how
many nutau were classified
incorrectly). Not dangerous for
searching for nutau signal.

» False positive (FP) value shows the

nutau

Confusion Matrix

False

positive
23e+04 7
True
positive
78 2
numu nutau

Predicted Label

Random test data sampling:

- 20000

- 15000

- 10000

- 5000

number of incorrectly classified TP/(FP 4+ TP) = [0.69,0.94] in 95% CI.

numu events. Dangerous for
searching for nutau signal.

Vasilisa Guliaeva, Anna Anokhina 7th ICPPA-20!
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Results. ROC-AUC and DET curves

» Varying the

discriminator threshold from 0 to 1, one can choose the classifier

with the required performance.

» ROC-AUC — tradeoff btw. TP and FP, DET — tradeoff btw. FN
(inefficiency) and FP.

» Example: discriminator threshold is chosen with 20% of ineffeciency and 20%
of false events.

True Positive rate of nutau events

Vasilisa Guliaeva, Anna Anokhina

Detection Exror Tradeoff (DET) curve

Receiver Operating Characteristic (ROC) curve
—— LGBMClassifier

~20% of ineffiecency

5 & 20% of false events
2 s0%
k3
£ s
g
£ 2
%
’/ —— LGBMClassifier (AUC = 0.92) 1%
’ == Tossing a coin
00
00 0 o s 10
False Posive ate of nutau events % s% 2% so%  s0%  sv% %

False Positive rate of nutau events.

7th ICF

23/10/2024 19 / 27



Thank you!

vasilisa.guliaeva®@cern.ch
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BDF /SHiP preliminary schedule

P> Availability of test beams challenging
» Important to start data taking > 1 year before LS4

Accelerator schedule 202 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033
LHC Run3
SPS (North Area)

BDF / SHP Study sign and prolotyping 7/ Production | Cfcton | nsialaion
Miestones BDF R studies @T
RR
|

Milestones SHiP TDR studies

Approval for TDR Submission of TDRs Facility commissioning
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CCDIS v, (hadronic decay) & NCDIS v,

» 16 Scint layers (out of 50
layers)
> Energy deposition
> Energy of hadron cluster
> Shower CoG in XY plane
> Shower width in XY
plane

» in total: 81 parameter

Correlation Matrix
10

Vasilisa Guliaeva, Anna Anokhina 7th ICF
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CCDIS v, (hadronic decay) & NCDIS v,

» Most valuable: energy of
hadron cluster, energy
deposit in layers;

Split measures how often a
feature is used to split the

data in decision trees during

training, which helps assess
the feature's importance in
making decisions.

Vasilisa Guliaeva, Anna Anokhina

LightGBM Feature Importance (Split)

energy 750
edep_(i=1) {=——— —233
200
142
—135
edep_(i=5
edep_(i=6]
., ratio_cog_edep_(i=
£ ratio_cog_edep_(i=3)
§ edep_(i=7)
 ratio_cog_edep_(i=1)
ratio_cog_edep_(i=15)
edep_(i=8)
ratio_cog_edep_(i
edep_(i=
ratio_cog_edep_(i=7;
edep_(i=9)
edep_(i=
ratio_cog_edep_(i=5)
[ 100 200 300 400 500 600 700 800
Feature importance
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CCDIS v, (hadronic decay) & NCDIS v,
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Impact parameter (IP) of muons w.r.t. to the interaction
point

» Theory. Calculate the contribution
into IP of muon due to the tau
decay for nutau case for (E.,6;) in

| 2 i i
The difference btw 2 cases is the SHIP case.
10*

path before the decay of tau in the
nutau case. IP should be larger in
this case:

IP = cyrsin(f) =

E,
CTm— 1-— (p7-7z/P7-)2 0’

T

» Multiple scattering of muon/tau o } WI
also contributes into IP. C ”|1L|*

10 10
IP [cm]

T -2
1Pl ~ 107 cm
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CCDIS v, (leptonic decay) & CCDIS v,

» Non-trivial problem due to:

> High-imbalanceness of the classes (300:1);
> overlaping feature distributions.

L
\W;
M
7 HQCIPOMC
* shewer
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Results. ROC-AUC and DET curves

» Varying the discriminator threshold from 0 to 1, one can choose the classifier
with the required performance.

» ROC-AUC — tradeoff btw. TP and FP, DET — tradeoff btw. FN
(inefficiency) and FP.

» Metrics:
» True positive rate =

> False positive rate =

» False negative rate =

Vasilisa Guliaeva,

TP

Actual positive — MaXImISIng

Actual negative A Dangerous

___FN
Actual positive

< Not dangerous

Detection Error Tradeoff (DET) curve

Receiver Operating Characteristic (ROC) curve
— LGBMClassifier

2

s —— LGBMClassifier (AUC = 0.92)

00 02 04 06 08 10
False Positive rate of nutau events
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