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Experiments/proposals related to FIPs in PBC
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he Physics Beyond Colliders budget

: Yy S A diverse scientific programme is strongly supported by the
CERN Medium Term Plan 2022&%% 2020 Strategy update, which also recognised the role of the

Physics Beyond Colliders (PBC) study group as the focal point
for promoting and channelling new research initiatives. ... ...

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
Action to be taken Voting procedure

SCIENTIFIC POLICY COMMITTEE
For recommendation to the Council 323" Meeting

14-15 June 2021

S— e Given the importance of a diverse scientific programme to

For recommendation to the Council 377™ Meeting

addressing the outstanding questions in particle physics in a way

e - S— complementary to high-energy colliders PBC activities are
funded with an increased budget of ~3.5 MCHF/year in this
MTP (up from 1 MCHF/year)

Medium-Term Plan for the period 2022-2026 and Draft Budget
of the Organization for the sixty-eighth financial year 2022

GENEVA, June 2021

Scientific projects
LHC upgrades
LHC injectors upgrade (LIU)
HL-LHC upgrade
LHC detectors upgrades (Phase I) and consolidation
LHC detectors upgrades (Phase Il) and R&D
Future colliders studies
Linear collider
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Muon colliders
High-energy frontier
Accelerator technologies and R&D
R&D for future detectors
Scientific diversity projects
Neutrino Platform
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EU supported computing R&D, support to external facilities
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What 1s SHADOWS?

SHADOWS 1s a new off-axis experiment in the ECN3/TCCS8 experimental cavern
currently hosting the NA62 experiment
to search for feebly-interacting particles (FIPs)
emerging from charm and beauty decays.

SHADOWS can take data
when the beam line 1s operated in beam-dump mode.

A synergistic and broad FIPs Physics program can be performed with NA62
when NAG62 is operated in dump-mode..



Where 1s SHADOWS?

ECN3:

P42/K12: 400 GeV p beam

up to 3x1018 pot/year (now)
— NAG62 (and its upgrades)

— SHADOWS in ECN3/T
(CERN North Area) ¢

EHN2:

M2: 100-160 GeV, mu beam
up to 1013 u/year

— NA64™ (mu)

EHNI1:

H4: 100 GeV e- beam
up to 5x1012 eot/year
— NA64%" (e), NA64™ (hadrons)

Long term projects:
SHiP@ BDF, etc



Why in ECN3 area ?

v Because ECN3/TCC8 has the best 400 GeV primary extracted proton beam line at CERN
(and worldwide) (P42 primary proton beam line) and a plethora of hidden sector particles

can emerge from interactions of a high-energy proton beam with a dump
- P42 nominal intensity is 3x10'? ppp with 3.3s pulse duration: ~ 102 pot/sec, up to 3x10'® pot/year

v Beam intensity can be increased by a factor up to 6 (and be compatible with the rest of the

current North Area programme):
x 4 ( for the high-intensity K* beam, NA62x4 project) = up to 10! pot/year
x 6-7 ( for high intensity K; beam , KLEVER project) 2 up to a 1.5 10'” pot/year
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TCC8 + ECN3 hall - zoom out

TCCS8: Behind the blue wall Blue wall TCCS8/ECN3: In front of the blue wall

(target and dump complex) (NA62 hall)




TCC8 + ECN3 hall - zoom out
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TCC8 + ECN3 hall - zoom out

TCCS8: Behind the blue wall Blue wall TCCS8/ECN3: In front of the blue wall
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SHADOWS in ECN3/TTCS8
On the other side of the NA62 blue wall — in the target area
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SHADOWS in ECN3/TTCS: an off-axis spectrometer
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Preliminary Conceptual Layout

A spectrometer of about 2.5x 2.5 m? transverse areca
starting at ~1-1.5 m off-axis from beam line

20 m long decay volume, starting ~10 m downstream
of the NA62-dump (TAXes) .




Why “oft-axis” works

HNL illumination @ D,;, = 10 m from dump HNL illumination at D = 80 m from dump

I TR LS SO P ST II Y oo B e ]
—2000 -1500 -1000 =500 0 500 1000 1500 2000 -500 1000 1500 2000
Xpne (€m) Xpne, (€m)

FIPs emerging from charm and beauty decays (HNLs, dark scalars, ALPs)
are produced with a large polar angle.

The closer you go to the dump the better .....
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Why “off-axis” works

Heavy Neutral Lepton illumination at the SHADOWS tracking plane
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SHADOWS position is a compromise between maximal acceptance and minimum background 17



ECN3/TTCS: possib

SHADOWS in

le extension for future upgrades

*

=3
- [&, S — .
! | ﬂlu_.|lg{|:-. -
¥ ‘ P 1
YIFE S ﬁt«- ¥ ",-']
o~ /L -
l-- o | !

v -
.....

18



SHADOWS 1in ECN3/TTCS: possible extension for future upgrades

Blue wall




Possible extension — longer timescale
(exact position still to be defined)




The second shadows spectrometer could have 30 m long decay volume and 3x4 m? transverse
dimensions

The addition of a second spectrometer 1s equivalent to multiply the beam intensity by x5-6.



The second spectrometer must end before the beginning of the NA62 decay volume

NAG62 decay /#

volume




SHADOWS physics sensitivity
for some PBC benchmark models

Two scenarios considered:
1) Scenario 1: 10! pot (1 year at x4 intensity or 3 years at nominal NAG62 intensity)
2) Scenario 2: 5x10!° pot (5 years at x4 intensity or 3 years at x6)



Sensitivity to feebly-interacting Dark Scalars
(SHADOWS with 10'° and 5x10'° pot )
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With 5x10!° pot SHADOWS sensitivity is better than FASER2 (3ab!) and competitive with
CODEX-b (300 fb-!) below the B mass and SHiP (2x10%° pot)



Sensitivity to feebly-interacting ALPs with fermion coupling
(SHADOWS at 10'? and 5x10'° pot )
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SHADOWS sensitivity is similar to FASER2 (3 ab-!) and CODEX-b (300 fb™!)
and for this specific benchmark to SHiP (2x10%° pot)
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Sensitivity to Heavy Neutral Leptons — coupling to the second lepton generation
(SHADOWS at 10 and 5x10' pot )
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Below the charm threshold, SHADOWS-1 is better than any existing or proposed experiment in same mass
range apart MATHUSLA and SHiP. Above the charm threshold and below the b-mass, SHADOWS with one
(two) spectrometer(s) allows us to improve the current bounds by 2.0 (2.5) orders of magnitude. 26



The beam-induced background:
the name of the game



The beam-induced background:
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Background illumination at the SHADOWS spectrometer




Background illumination at the SHADOWS spectrometer

all the rest
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» All background components found negligible but the muon one.
» The muon background is reduced by already an order of magnitude in a first attempt

by the magnetized iron block, Work in progress to further reduce it.
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y (mm)

SHADOWS muon sweeping system: The Magnetized Iron Block (MIB)

Background illumination at the SHADOWS spectrometer
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Residual background fully dominated by negative charged muons bent back

from the “wrong” B field polarity...
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SHADOWS muon sweeping system: The Magnetized Iron Block (MIB)

To P View CERN BE-EA-LE

beam

Ss
Ss
~

Preliminary brilliant solution

(L. Gatignon & BE-EA-LE):
/"~ Front view : . implement a 2-stage

Stage 2: horizontal bending f - sweeping system:
) 1. Stage 1: vertical bending
2. Stage 2: horizontal bending

HT-VA-49d NddO
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First campaign of measurements off-axis during the 1-week long NA62 run in dump done in October. ...

...Useful to cross-check simulation..

11092 136 6.4x1012
(from 1 to 136)

11094 117 6.4x1012
(from 258 to
375)

11092 1364 6.4x1012
(from 136 to
1500)

8.7x1014

7.5x1015

8.7x1015




The detector



SHADOWS: A standard spectrometer

t

Timing detector

Important message: SHADOWS can be built with existing technologies.
R&D on new technologies 1s welcome but is not absolutely needed

More than one option per subdetector is already available on the market.
Preliminary contacts with many groups ongoing.
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SHADOWS Tracker: requirements & layout

Timing layer l

O e e g single plane resolution: 250 pm
! vertex resolution:

6 (X,y) ~1 cm over 20 m length

1Tm
Dipole magnet and Tracker : design driven by resolution on decay vertex

p [GeV] Vxy [mm] Vz [mm] ro (m) theta (rad) oplp [%] R .
1 10.6 500.0 3.33 0.46677 0.2 Assumptions:
2 10.6 500.0 6.67 0.22694 0.4 B field uniform in L2 gap
5 10.6 500.0 16.67 0.09012 1.1 L1 == L3, outside of field
10 10.6 500.0 33.33 0.04502 2.2 No scattering
20 10.6 500.0 66.67 0.02250 4.4 Valid for small angles only
50 10.6 500.0 166.67 0.00900 111
100 10.6 500.0 333.33 0.00450 22.2 P -
200 10.6 500.0 666.67 0.00225 44.4 Key Parameters:
B field 1T
Single plane resolution 0.25 mm
Notes: L1/L3 500 mm
Vxy Vertex X and Y resolution at the far end of Decay Volume L2 1500 mm
Vz Vertex Z resolution at the far end of Decay Volume
R ) Decay Volume (before L1) 15000 mm
ro Curvature radius inside B field A K I i 15 d
theta Angle of curvature inside B field (Result inaccurate for theta >~ 0.1) verage track angle w.r.t. z-axis —

oplp Relative momentum resolution 3 7



SHADOWS Tracker: possible technologies

e e e =

Possible options:

1. NA62 STRAW tubes: Ar(70%): CO, (30%), in vacuum, Smm diameter; Single plane resolution:

One straw chamber is composed of four views (X, Y, U, V), one double-layer per view. Hit resolution better 400 um over
Most of the straw diameter per single layer, 8 layers per tracking station. Warm dipole magnet with 0.9 Tm bending power.
3-4 MeV mass resolution for HNL -> pi mu final states. Impact parameter resolution < 1 cm over 180 m length.

2. LHCDb Outer Tracker - like gas-tight straw-tube modules. Ar(70%): CO, (30%).

Each module contains two staggered layers of drift-tubes with inner diameters of 4.9 mm.
Drift-coordinate resolution (200um). 4 Tm bending magnet.

3. Fibre Tracker (LHCDb upgrade phase 1): 250 um diameter, 2.5 m long scintillating fibres; three stations, six detection layers each.
Hit resolution per station < 80 um. 4 Tm bending magnet. 3 8

4. Micromegas...



SHADOWS: Electromagnetic calorimeter

3

Possible options:

1. Shashlik LHCb ECAL modules: maybe option to recuperate 172 LHCb ECAL modules to be replaced at LS3.

2. PbWO4 crystals from CMS ECAL endcaps — will be removed during LS3. Some reconditioning will be needed but
a large fraction of crystals could be ready to be used.

3. SHiP EM calorimeter — SplitCal concept. longitudinally segmented lead sampling calorimeter with a total sampling

depth of 20X,,. Sampling layers are scintillating plastic bars read-out by WLS fibres with a relatively coarse spatial

segmentation. Three sampling layers (located at the depth of the shower maximum) are equipped with high resolution

detectors (WLRWELLS) providing a spatial segmentation of 200 um for pointing measurements. 3 9



Baseline: scintillating tiles with direct SiPM readout.
Advantages: modular, cost-effective, high-efficiency,
large light yield, high time resolution.

1 module = 32 tiles

/

I tile = 15x15 cm2,
Direct SiPM readout at the corners
One analog output per tile

1 station = 8 modules
[same pattern staggered
on the other side of the wall]
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SHADOWS: The Muon Detector (& perhaps timing layer)

4-tile prototype built
in INFN Bologna/LNF

°
°°°°°°°°°

o °
ooooo
SRoRo8o80? °

RUSSIAN

Efficiency > 99.5%

N(p.e.)/MIP = 250
o(t) ~290 ps

* Optic glue refractive index matches matches well
with EJ200 scintillator.
* SiPM slot is still slightly visible in Russian scintillator.




SHADOWS: The Muon Detector

Prardrin vOx SUBMSSion 10 JINST

Performance of scintillating tiles with direct
silicon-photomultiplier (SiPM) readout for application to
large area detectors

A. Balla,® B. Buomomo,* V. Cafaro,” A. Calcaterra,® F. Cardelli,® P. Ciambrone * V. Cicero
D. Di Giowenale,® C. Di Giulio,® G. Felici,” LG. Foggetta.® V. Giordano," G. Lanfranchi,”
L Lax,” A. Montanari,” G. Papalino,” A. Pacloni,” T. Rovelli,"~ A. Saputi,* G. Torromeo,*
N. Tosi.*
“INEN - Labaraxr | Naziosali & Frascas, vis E. Fermi 40, 00044 Frascasl (Rome ), § sty
Y INEN - Sezione di Bologne, Viale Beri Pichas, V2, 40127 Bologes, Inaly
* Dipardmenio df Fisica e Asronomis, Universist &l Bologra, Viale Berof Pichas, V2, 40127 Bologaa, | saly

E-mail: alessandro.pacloniglaf. infa. it

Assrxacy: The Bght yield, the time resolution and the atficizncy of dilfereal types of scintillating
tiles with direct Silicon Photomaltiphier readout and instrumentad with a castomised froat-end
electronics have been measared it the Beam Test Facility of Laboratori Naziosali di Frascati and
several test stands. The results obtained with differsal comfigurations are presented. A time
resolution of the order of 300 ps, 2 hight yiekd of moee than 230 photo-clectroas, and an ethciency
better than 99.8% are obtained with ~ 225 cm® large area tiles. This technology is suitable for
a wide range of applications in high-cncrgy physics, in particular for larpe area moon and timing
detoctors.

Keywosns: Scintillators, scintillstion and light emission processes (solid, gas and Bguid scintilla-
tors), Photoa detectors for UV, visible and IR photoas (solid-state) (PIN diodes, APDs, Si-PMT5,
G-APDs, CCDx, EBCCDs, EMOCDss etc);
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SHADOWS MUON: Full scale module
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

SHADOWS Expression of Interest

(al‘XiVZZI 1008025, to appear on CERN CDS) Search for Hidden And Dark Objects With the SPS

Expression of Interest

SHADOWS Proponents so far e e . Gt . oo o v Cromnol® G Lo o,

A. Mo . ) 1) AL Saputi'?,

W. Baldini, A. Balla, J. Bernhard, A. Calcaterra, V. Cafaro,
A. Ceccucct,V. Cicero, P. Ciambrone, H. Danielsson,

G. D’Alessandro, G. Felici, L. Gatignon, A. Gerbershagen,
V. Giordano, G. Lanfranchi, A. Montanari, A. Paoloni,

G. Papalino, T. Rovelli, A. Saputi,

S. Schuchmann, F. Stummer, N. Tosi.

We propose a new b
of feebly-inte ng p possibly produced in the interactions of a 400 GeV proton
beam with a high-Z material dump. SHADOWS will use the 400 GeV primary proton

CERN’ INFN_LNF, INFN—BOIOgna’ INFN_Ferrara, beam extracted from the CERN SPS currently serving the NA62 experiment in the CERN

North area and will take data off-axis when the eam line is operated in beam-dump
. . mode. SHADOWS can accumulate up to a ~ 210" protons on t t per year and
Maan U. (D), Vlenna U. (A), CERN, Lancaster U (UK)- expand the exploration for a large variety of FIPs well beyond the state-of- rt in the

mass range of MeV-GeV in a parameter space that is allowed by cosmological and as-
trophysical observations. So far the strongest bounds on the interaction strength of new
feebly-interactir sht particles with Standard Model particles exist up to the kaon mass:
above this threshold the bounds weaken significantly. SHADOWS can do an important
step into this still poorly explored territory and has the potential to discover them if they
have a mass between the kaon and the beauty mass. If no signal is found, SHADOWS
will push the limits on their couplings with SM particles between one and four orders of

magnitude in the same mass range, depending on the model and scenario. 1 3




SHADOWS: Tentative Schedule

INJECTORS

e e o et s b St b e L et et

2034

AM|[]I|]|A|S

NENNNENEN | PEEEEEEY | EEEEN AINENNEED  DNNDNNNEN DENDNEENEER
2026-2030: SHADOWS Data Taking | 2032-2034: SHADOWS Data Taking
up to 10'° pot in dump up to 5x10" pot in dump

Shutdown/Technical stop

Proton physics - LHC

Proton physics - Injectors

Ions

Commissioning

Hardware commissioning/magnet training




Conclusions

v" FIP Physics is literally exploding worldwide:

= A lively theoretical activity 1s complementing novel 1deas for experiments in all major labs
= In the PBC Currently moving from an “exploratory phase” to a more “mature phase”.

v SHADOWS aims to become a major player for FIP Physics in this decade:

= SHADOWS can be built now using existing technologies.
= SHADOWS has similar sensitivity as CODEX-b (300 fb-!) and FASER2 (3 ab'!) and for specific

benchmarks as SHiP (2x102° pot) for FIPs from charm/beauty decays.

v" The Eol has been submitted to PBC and arXiv. Plan to have the Proposal ready by end of
next year and to start construction in 2024 to be ready for Run 4.



