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Scatteringand
neutrino detector

Muon shield
Target and

hadron absorber SHiP comprehensive design, 2019
* JKCnepumeHT ¢ PUKCUPOBAHHON MULLIEHBIO. DHEPTUA HaNeTatowero ny4ka npotoHos 400 3B

* DKCMEPUMEHT HaleneH Ha NPOoBEepPKY pAaa pa3paboTaHHbIX MOAENEeN CKPbITOro CEKTopa U NOUCK
COOTBETCTBYIOLWMX MM YaCTUL, TEMHOMN MaTepuu

* OXKnpaemoe KOJIMYEeCTBO CTONIKHOBEHMM Ha/IeTaloLWMX NPOTOHOB C MULWIEHbIO 3a 5 net paboTbl 2X1
4x10'3 npotoHoB 3a 1 ceKyHAy paboTbl SIKCNEPUMEHTA.
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SHIP@ECN3 2022

B 2022-m roay 6bi110 NpeanoKeHo
NOMECTUTb SKCMNEPUMEHT B NOMeLLEeHNe
ECN3 Ha SPS, rae cenyac BbinoONHAETCS
KaOHHaA nporpamma akcrnepmumeHTa NA62.

MonepeyHble pa3amepbl SHIP Heobxoammo
YMEHbLUUTb HA HECKOZIbKO METPOB.

YT006bI OCTAaBUTb YPOBEHb CUTHANa He3
N3MeEHEeHUA, He0HBX0AMMO YKOPOTUTb 0OLLYIO
ANNHY 3KcnepmmeHTa Ha 10 meTpos.

na moaenmpoBaHuA coObbITUN NCMO/Ib3yeTCs
MoHTte-Kapno cumynatop Fairship
(https://github.com/ShipSoft/FairShip) Ha
ocHoBe Geant4 n Pythia. Bbiuncnexus
npoBoamnuce Ha batch-cucteme CERN High
Throughput Computing (HPC).

SHiP
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https://github.com/ShipSoft/FairShip

B KayecTBe CUrHaNbHbIX COBLITUI NccneayeTca cobbITUA
C y4acTnem 3 «CcTepubHbIX» HerTpuHo (heavy neutral

lepton - HNL), BBeAeHHbIXx B MUHMMaNbHOMN
HentpuHHom CtaHpgapTtHo Moaenu (VM SM)

[laHHaA moaenb NO3BONAET PELUTb CPa3y HECKO/bKO

npobnem cTaHaapPTHOM MOAENN:
1. my, = 0(10 keV) —Tennaa TemHas maTepus

2. my, N, = 0(1 GeV) — 6apnoHHaa acumMmeTpua 1 Macchl
HEUTPUHO

KaHanbl poxgeHua N, u N3, uccnegyemblie B SHiP:
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(a) DI Production (b) B(., production

CurHanbHble cobbiTnA — TAXKeNble HeruTpanbHble nenToHbl (HNL)
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Pacnaa HNL

- Wccnepyetca aoBa KaHana pacnaga:
- HNL - um
- HNL - uuv

- OueHunBaeTcs reomeTpuyecknit paktop: A =

NT‘BC

sim
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doHoBble cobbIiTUA

. PaccmaTtpuBaeTcs Tpu 3 OCHOBHbIX UCTOYHUKAE POHa:

a)

b)

Heynpyroe paccesiHne HEMTPUHO Ha AeTeKTopax

Heynpyroe pacceaHne MIOOHOB Ha AETEKTOPax U CTEHKaXx

nomeLweHumA

KombrHaTOpHOE MIOOHHOE paccesiHue

Target

_.l_

———

SND Decay volume

(a)

HS

Target

SND Decay volume

HS

Target

SND Decayvolume
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doHoBble cobbITUA. HenTpmHO |

10"

* HeUTpUHHbLIN GOH COCTOUT U3 BTOPMUYHbIX YacTuL, o
POXKAOQOWNXCA B pe3y/ibTaTe HEeYNPYrux pacceaHumn :
HEUTPMHO B 0ObEMAX AETEKTOPOB MM B CTEHKAX _
nomeweHnA. Cpean BTOPUYHbBIX YaCTUL, €CTb YaCTULLbI, o P TN TN T
KOTOpble MOryT NONACTb B pacnagHbii 06bem, a nocne B
TpeKoBble cTaHUMWN. CUTHAN OT TaKMX YACTUL, MOXKET ObITb
NPUHAT 3@ CUFHaAN OT YaCTUL, CKPbITOro CeKTopa.

* dDoHOM ABAAKOTCA NAPbI UTT, POXKAAOWMECA B pe3yaibTaTe
Heynpyroro paccessHua HeMTpuHo B aetektope SND naun
nobom gpyrom AeTeKTope, PacnosioKEeHHOM Ha ero mecTe.

e JlaTaceT COCTOUT M3 5 KNHEMATUYECKMX XapPaKTEPUCTUK
POXXAEHHbIX NAap MIOOH+MNOH. E o
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SHIP Technical Proposal

Distribution of neutrino interactions at scattering detector
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Knaccudpumnkaumsa SHiP

leHepauusa nataceta Mpeno6paboTka O6y4eHwne Ha YacTu

AaHHbIX (Standard
scaling)

lNpoBepka Ha

BbIOOPKK TECTOBOW 4acTu

BbIGOPKN

+ Fairship ons reHepauun * MoxHo ynyywmnTb
cobbiTnin HNL MOMOLLIbKO KpOCC- * Metpuka f1
* GENIE ona reHepauuu Banugaumu * Bootstrap-nogxoa —
HEUTPUHHBIX COBbITUI npoBepkKa KayecTsa
Moenu Ha
ncesaocamnnax
\_ J \_ J
\_ J

- Ncnonb3yetca bubamorteka lightgbm. Ucnonblyetca moaenb
Gradient Boosting Decision Trees.

. Bootstrap-nogxopa: f1 =[0.907, 0.928] c 95% CL



doHoBble cobblTna. MIOOHDbI STLP

OCHOBHbIM UCTOYHUKOM POHOB ABNAETCS .
60/1bLLON NOTOK MIOOHOB, POXKAAIOLWMUXCA B~ . :
MULLEHM

300

—350CeV "
-- 50GeV u~

3a 1 cekyHAy paboTbl aKCNEepUMEHTA
poxxaaetca ~ 10 miooHosB.

B MO4ENMPOBaHUM UCNONb3YeTCA 3apaHee
CreHepupoOBaHHbIN C NomoLlbto Pythiab e R oo
naTtaceT ¢ MoooHamu. Beero 4.96x10°

MIOOHOB, KOTOPblEe B3BeLleHbl ANA
noayyYyeHusa NoToKa, pasHoro ~ 1011
MHOOHOB.

0 5 10 15 20 25 30 35 40

Pa3amep agataceta ~ 100 I6. \::::\\ -\~‘=~::‘::“j‘:‘f‘f:’: T
. . | ““.“ I “!“l

HeobxoaMMO OLLEHUTb, HACKOJIbKO i |

N3MEHUTCA NOTOK MIOOHOB MPM NPOCTOM
YKOpPauYMBaHMM MIOOHHOM 3aLLUTbI.

MtooHHas 3awmTta B CAD 9



Baseline, scaled n combi
KOHpUrypauunm

Cambi NpocTon cnocob YKOPOTUTb MIOOHHYHO
3aWKUTY — OTMAcLITabmnposBaTb NO OCU Z, YTODDI
YMeHbLWNTb AnnHy ¢ 35m ao 30m. Scaled
KOHPUrypaums.
Ewe oanH cnocob — ocTaBUTb NMepBble TPU MArHMTa
6e3 n3ameHeHUn, YToObbl COXPAHUTb MHTErPas NONA,
N YKOPOTUTb OCTaBlwmneca Tpu marimnta. Combi
KOHPUrypaums.
Tl; Long T1. Short T1. Combi
10 £ ol ;' :r ’ 'I | 10 £ ; Iﬁ_.-' ..". 107
> ﬂr " :.-"II._,'::: > 0}‘#1‘ L 'E“QI
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ZX for Short (scaled) configuration
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AVa

CpaBHeHWe mooHHoro doHa ans baseline u short \V
KoHpUrypaLui SHIP

1. MoTtok B T3-T4 npu baseline KoHPurypaummn sospacrtaeT no cpaBHeHuto ¢ T1-T2. MpuUnHA: MATKME MIOOHDI
OTKNIOHAOTCA Ha rpaHMuUax nocneaHero MarHuTa MKOOHHOM 3aLWLUTbl MU HA MarHUTe B CNEKTPOMETpE.

2. MoTtok B T1-T2 npwu scaled ysennumsaetcsa B ~ 6 pa3. bonbliana 4acTb MIOOHOB BbICOKO3HEPrmMYyHas. MNpuymnHa:
YKEeCTKMEe MIOOHbI NOMNagatoT B 3a30Pbl MIOOHHOM 3aLMTbl M HE A0MNO0AYYAlOT 4OCTaTOMHO MHTErpasa nons.

3.  Combi— npomerkyTouHasa KoHpuUrypauma mexay baseline u scaled. Yaaetca yctpaHuTtb npobaembi ¢
KEeCTKUMM MIOOHaMU. [TOTOK yBeInunaca Bcero B ~ 3 pasa.

Muon flux at Tracking stations. Baseline muon shield. One spill. Muon flux at Tracking stations. Short (scaled) muon shield. One spill. Muon flux at Tracking stations. Combined muon shield. One spill.

u Total B Total B Total
W p<10GeV B p<10GeV ® p<10GeV

250k
B 10GeV<p<150GeV 350k

200k
B 10 GeV <p <150 GeV

® p>150 GeV

B 10GeV<p<150 GeV

B p>150 GeV B p>150 GeV

300k
200k

150k
250k
150k
200k
100k
150k
100k
100k
5
50k
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BbiBOADbI TP

B naHHOW paboTe nccnenoBanncb NEPCNEeKTUBbI MOUCKA YaCTUL, CKPbITOrO CEKTOPA
B aKcnepumeHTe SHIP@ECN3. lNMonyyeHbl cneaytouime pesynbTaThl:

1.

Pa3paboTtaH Knaccudpumkatop Ha ocHoBe Boosted Decision Trees ans otbopa
cobbiTn HNL Ha doHe HENTPUHHBIX. KnaccMduKaTop NOKasan BbICOKOE
KayecTtBo oTbopa.

[Mosly4eHbl OLEHKN NOTOKOB POHOBbLIX MIOOHOB NPU PA3NYHbIX
KOHOUTypaumnaX MIOOHHOM 3aWwKnTbl. [TpoaHanmn3npoBaHbl NPUYUHDI
NMPOHMKHOBEHUA MIOOHOB Pa3/IMYHbIX SHEPTUN YEPEe3 MIOOHHYIO 3aLunTy. MNpun
YKOPAUYMBAHNMN MIOOHHOM 3aLLUTbl MOXKHO A0OUTLCA YBENNYEHMNA MOTOKA
BCEro B ~ 3 pasa.
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Backup

SHiP



3a4a4u kvt

1. Pa3paboTtaTb KnaccudumKaTop Ha OCHOBE MALUMHHOIo 0byyeHna ana otTbopa
CUIHANbHbIX COObITUM Ha GOHE HEUTPUHHDIX.

2. MonyuynTb OUEHKM YPOBHA GOHA MIOOHOB MPU YKOPAYNBAHUN MIOOHHOM
3aWMnTbI.

Ona moaennpoBaHua cobbitnm ncnonblyetca MoHTe-Kapno cumynartop Fairship
(https://github.com/ShipSoft/FairShip) Ha ocHoBe Geant4 un Pythia. BbiuncneHus
nposoaununck Ha batch-cucreme CERN High Throughput Computing (HPC) 1
kubernetes Yandex nabopatopuun Lambda.



https://github.com/ShipSoft/FairShip

Pesynbtatbl. HNL — um

YBenunyeHme AnnHbl pacnagHoro obvema (59.96 m vs.
50.67 m) B CTOPOHY K MULLEHWN NPUBOAMUT K YBEINYEHUIO
reomeTpuyeckoro ¢paktopa scero Ha ~5%;

YMeHbLEeHNe ANNHbI pacnagHoro obbema Ha ~25m He
NPUBOAMUT K CYyLLLECTBEHHOMY YMEHbLLUEHUIO
reomeTpuyeckoro ¢bakTopa;

[MepemelueHme pacnagHoro obbema Ha ~25m banxke K
MMULLUEHU YBEIMYNBAET reomeTpmuieckmnm paktop Ha ~20%.

[pn petekTnposaHun HNL ot B-me30HOB A OKasancA
npumepHo B 1.5 pasa meHbLie no cpasHeHuto ¢ HNL oT D-
Me30HOB.

Acceptance(N3, 3 - um), a.u.

Acceptance(N2, 3= un), a.u.

le—6 Moving decay volume. myy. = 1 GeV

= TP position

-~ Charm, Vessel length = 50.665 m
-JE Beauty, Vessel length = 50.665 m
~%- Charm, Vessel length = 59.96 m
B Beauty, Vessel length = 59.96 m

10 20

30 40

1e—g Decreasing decay volume length. myy, =1 GeV

-~ Charm, Vessel distance = 47.4 m
- Beauty, Vessel distance = 47.4 m
-§- Charm, Vessel distance = 38.105 m

71 -BE  Beauty, Vessel distance = 38.105 m

65 70 75 80

85 90 95

Distance of tracker from target, m

16



Y coordinates, cm

|
N3meHeHne reomeTpmmn pacnagHoro oovema 3}3

SHiP

BepwuHbl pacnaga HNL. LiBeT o6o3HayaeT Bec

Moving decay volume Moving trackers
2000 2000
1500 A 1500 A
1000 A 7 1000 A 3
500 - 5 §  500-
2
L AL ]
0 e ‘JL’.,{&.X‘; p T .
i "" IV 39 JU'V 4 -_E et
3 (@]
(@]
—500 A © =500 A1
>
o [ )]
—1000 - = —1000 A =
—1500 - —1500 A
_2000 T T T T _2000 T T T T
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Z coordinates, cm Z coordinates, cm

[1Ba BapuaHTa yKopaumnBaHuA skcnepumeHTta SHiP:

- YKOpayumBaHMe pacnagHoro obbvema
« [pmnbnnxeHune pacnagHoro o6bema K MULLEHM 17



True Positive Rate (Positive label: nu)

Knaccnpurkauma. Anroputm Boosted Decision Trees

Bootstrap-noaxoa: f1 =[0.907, 0.928]

ROC-AUC metrics

c 95% CI_, fl —

2 precisionXrecall

precision+recall

PR-AUC metrics

SHiP

PR fold 0 (AUC = 0.98)
PR fold 1 (AUC = 0.98)
PR fold 2 (AUC = 0.98)
PR fold 3 (AUC = 0.98)
PR fold 4 (AUC = 0.98)
PR fold 5 (AUC = 0.98)
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OnTuMmM3auma MIOOHHOM 3aWnTbl. BTopon noaxon,

Bo BTOpom noaxozde nonbiTaeMcs YMeHbLUTb KOIMYECTBO r1yOOKO
Heynpyrnx pacceaHmnm MIOHOB Ha CTEHKaX pacnagHoro obbema,
MOCKONIbKY MX KOZIMYECTBO BO3POC/IO Ha HECKOJIbKO NOPSAKOB Npu
YKOpPaumMBaHUM MIOOHHOWM 3aLLUTDI:

Geometry NDIS NDIS,ﬁd Nf.r. Np.r. Np.r.+veto Nf.r.+veto
Baseline 1.2-10% | 1.7-10° 27 540 0 0
Scaled | 5.4-10° | 48-10" | 6-10% | 1.1-10° | 1.6-10° | 1.6-10°
1 . .
NE%IEPITH ZWL - Na(pl)i - op1s(E;) ~ N Pl Ny (pl) - (opis)

Loss pyHKUMA B 6D onTmmnsaumm (oNnTMMU3UPYEM TONbKO AJNHbI
KOMMOHEHTOB MIOOHHOM 3aLWMTbI C yY4ETOM HeonpeaeneHHOCTU B
pasmepax NomeLLLeHua):

1

W; = Li/P..

f =1+ E :Wu L; — onuHa npobera B CTEHKe

pacnagHoro obbema
NMMYIbC MIOOHA

P, —

OXupaembl NOTOK YBENUYUACA NPUMEPHO HA NOPAAOK, OAHAKO
Konn4yectBo DIS cobbITUI cylecTBEHHO YMeHbLLIWAOCH!

10¢

10°

107

SHiP

— S

count

500

1000

1500
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OnTnmunsauma MIOOHHOW 3awwmTel. [NepBbiv NoaxoA VAY,
SHiP

[Ona peonTMmunsaumm NCNosib30Baacs
banecoBcKkum anroputm (bnbnnotekn skopt
n BOtorch).

Loss dyHKUMA (¢ “BnagnHon” Ha ANnHe /\
l

1 - o e Lias MUMA M ) ’k
f(Flux) = (101 — ™ 12507 )(1+ Flux) "l ool

S ———
@
3

Points

\/""

I_I OTOK y'\/\e H bLLI V|f| CH B ~ 3 pa3a . ZX for optimized configuration

Heobxoammo ncnonb3oBaHune bonee
dun3nyHom loss dyHKLUMU, B KOTOPOU
YYUTbIBANNUCL bbl BCce GOHOBbIE COObLITUA.

00 —6000 —5500 —5000 —4500 —4000 —3500



Surrounding Background Tagger

Spectrometer magnet Timing detector

Upstream Background Tagger

Decay volume

Spectrometer straw tracker

Electromagnetic calorimeter

Muon system

SHiP
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MoHTe-Kapno cumynatop Fairship SHiP

[lpoxoX¥XaeHune yactuy, Yyepes @B
BellecTtBo — Geant4d (e (@) (evem) (o)
I-eON\eTp VIH 3 KCI_I e p l/l Me HTa _ e J‘ - Asimulatior\w » Oog4cpp} (PH?TOSPFD

FairRoot N |

BbICOKO3HEpPrnyHble npoL.ecchbl —

Pythia6(8) o ) ( @OOT
HenTpuHHble cobbiTna — GENIE (j @ CJ =

(y ml- ppj (Z MQ) (ﬂ tbuffer: j FW (F rLogger ) (H pMCj fh pde
CNCO (&)
Python-modules

https://github.com/ShipSoft/FairShip 29



https://github.com/ShipSoft/FairShip

Spatial distribution of the reconstructed HNL vertices. Color \V
represents log(weight). Fiducial cut is off SHiP

Mune =1 GeV, D- N, 5 - um, 100k events Mune =1 GeV, B- N, ;- um, 100k events
2000 6.5 2000
—— Vessel length = 50.665 m (TP) —— Vessel length = 50.665 m (TP)
1500 - Vessel length = 59.96 m (long version) -7.0 1500 - Vessel length = 59.96 m (long version) -7.5
e rec e rec
1000 - - —=7.5 1000 - - —8.0
§  500- - —8.0 §  500- L 8.5
w = w =
3 L g5 © 2 S
c 0 [ c 0 L _ g
2 % 2 9.0 %
8 --9.0 o 8 Re]
S —500 - S —=500 A
> > - —9.5
-9.5
—1000 A —1000 A
-10.0
-10.0
—1500 A —1500 A
-10.5 -10.5
—-2000 T T T T —-2000 T T T T
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Z coordinates, cm Z coordinates, cm

— __Ls
W:Mem

Color distribution strongly depends on gamma factor! Byct



. . VAV,
Muon flux at Tracking Stations SP

T3
T4

HS decay spectremeter

Scatteringand T2
neutrino detector

Muon shield T1

Target and
hadron absorber

. Muon flux at Tracking Stations (T1-T4) is a crucial parameter and
strongly depends on the muon shield configuration.

24
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Soft muons in baseline Spectrometer magnet
N 1

T2 T3
To study muon propagation

E jecti T1 T4
vent prOJectlon

several sensitive planes between \\“ /
the magnets of the muon shield  « X

were placed.

The curves shown are drawn by
connecting points through WhICh ’
the muons passed in the planes.

Those muons reach T3-T4 but

not T1-T2. S

pectrometer magnet
Soft muons are deflected by the 13
6t magnet and then b{)the
spectrometer magnet between
T2 and T3.

This is how the soft muons reach N
T3-T4 increasing the rates. This . e
is the result of fine-tuning. =

o

200 = == N




High-energy spots in T1-T4 for scaled geometry

T1. Short

In scaled geometry muons enter the gaps in magnets after the 3™

magnet => Field integral in the 3 upstream magnets is not sufficient to
redirect muons into appropriate areas of the 3 downstream magnets. £
After the gaps muons enter the inverse field that deflect them even i
closer to the center.
The scaled muon shield is not optimized. gap in the magnet

Event projection

10?

10!

SHiP

X X, cm
= Y 400
Event projection
400 X 200 .
m== trace 0 N AT ’
= trace 1 =) - e — :
e — ” e 2 —_— — — — = = ! =
/ - —— 53 o8 | s I} | [
. L R — . meracess = — — J
-200 =
zoom
fY 00 fY
N 4 1 gl
A i =
=l =
- = N
= == _— — S 1
ol —\
1 ; \\023223 0 —
\ — — =g
N V =
j 200 S T

sco_5Point
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Combined muon shield geometry Y=

ZX for Short (scaled) configuration

1. Short (scaled) configuration:
- scaling the whole shield D

2. The next idea is a combined #(
configuration:

. 3 baseline upstream magnets + 3 >
Scaled downstream magnets “2%0000  -6500  -6000  -5500  -5000] 4500  -4000 3500
- Instead of scaling the whole muon
Shield We: ZX for Combi configuration
o Choose baseline configuration for 3

upstream magnets to provide >

necessary deflection of hard muons.
o Scale down 3 downstream magnets to

keep the total length of the muon

shield 30m (2022 config).




AVa
Y — X distributions at T1-T4. Combi vs. scaled A

SHiP

T1. Combi T2. Combi T3. Combi T4. Combi

Combi shield

'''''''''''''
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! 400
200
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Short (scaled) shield
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« We succeeded in suppressing the spots of backgrounds. 28



