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The picture of new physics

� Large number of direct searches
resulting in no new physics at
scales up to ∼ 5TeV

� Even more stringent constraints
through indirect flavour
measurements

� No smoking gun at high energy
scales

IOP Conference - Brighton - 21-23 March 2016

Run 1 legacy… 

• Depending on interaction involved, run 1 sensitivity already knocked on the 
multi-TeV scale door

5

http://cms.web.cern.ch/org/cms-papers-and-results https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/
ATLAS_Exotics_Summary/ATLAS_Exotics_Summary.png
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A Hidden Sector
� New particles are light and interact very weakly with SM particles through

portals
→ Provide DM candidate, explain BAU and neutrino masses

LWorld = LSM + Lportal + LHS

� Such particles found in very wide
range of theories
→ SUSY, Axion Like Particles,
Heavy Neutral Leptons etc
→ Interactions sufficiently weak,
evading precision flavour and
electroweak constraints
→ Can search through decays to
visible SM particles

� Physics proposal including > 80
theorists

Exploring Hidden Sectors with SHiP 

4/

•  Several possibilities for so-called 
portal operators :  
–  Vector portal – new U(1) Bµν –

mixing with photon → εBµνFµν $

–  Higgs portal – new scalar field χ         
→ (µχ+λχ2)H’H 

–  Axial portal – new axial-vector a    
→  (a/F)GµνGµν,    (δµa/F)ψ�γµγ5ψ$

–  Neutrino portal – new heavy 
neutral leptons (HNL) → YHTN’L 

•  Diverse physics programme…  

•  Weak mixing →  (v.) long lifetime 

[arXiv:1504.04855] 

SHiP will make world-beating and 
model independent searches in of 
all of these areas 

•  Require very large number of intn. → fixed-target experiment � Can also search using decays to invisible particles (DM candidates)
→ Reoptimise ντ detector
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Searches for Light Dark Matter

� DM experiments have in
general low sensitivity for
masses below a few GeV

� Many models predicting
DM candidate in this mass
range
→ Important to
complement with our
physics programme
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Dark-matter searches

unprecedented sensitivity of 2.5 × 10–49 cm2 at a WIMP mass of 
40 GeV/c2. Such a reach would allow us to explore the entire experi-
mentally accessible parameter space for WIMPs, to the point where 
the WIMP signal becomes indistinguishable from background pro-
cesses from coherent neutrino-nucleus scattering events.

Rich physics programme
DARWIN will not only search for WIMP dark matter. Because 
of its ultra-low background level, it will be sensitive to additional, 
hypothetical particles that are expected to have non-vanishing cou-
plings to electrons. These include solar axions, galactic ALPs and 
bosonic super-weakly interacting massive particles called super-
WIMPs, which have masses at the keV scale and are candidates for 
warm dark matter. It will also detect low-energy solar neutrinos 
produced by proton–proton fusion reactions in the Sun (so-called 
pp neutrinos) with high statistics, and therefore address one of the 
remaining obser ational challenges in the field of solar neutrinos  a 
precise comparison of the Sun’s neutrino and photon luminosities. 
Capable of providing a statistical precision of less than one per cent 
on this com arison with just fi e ears of data, the high statistics 
measurement of the neutrino u  would ro ide a stringent 
test of the solar model, as well as neutrino properties, because non-
standard neutrino interactions could modify the survival probabil-
ity of electron neutrinos at these low energies.

The DARWIN observatory will also observe coherent neutrino-
nucleus interactions from 8B solar neutrinos and be sensitive to 
neutrinos of all a ours from core colla se su erno ae  it would 
see about 800 events, or 20 events/tonne, from a supernova with 27 
solar masses at a distance of 10 kpc, for example. By looking at the 
time evolution of the event rate from a nearby supernova, DARWIN 
could possibly even distinguish between different supernova mod-
els. Finally, DARWIN would search for the neutrinoless double beta 
(0i``) decay of 136Xe, which has a natural abundance of 8.9 per cent 
in xenon. The observation of this ultra-rare nuclear decay would 
directly prove that neutrinos are Majorana particles, and that lepton 
number is violated in nature (CERN Courier July/August 2016 p34).

One common feature of these exciting questions in contem-
porary particle and astroparticle physics is the exceedingly low 
expected interaction rates in the detector, corresponding to less 
than one event per tonne of target material and year. In addition, 
these searches – with the exception of the 0i`` decay – require an 
energy threshold that is as low as possible (a few keV), while the 
0i`` deca , su er M  and a ion searches will rofit from the 
very good energy resolution of the detector. A multi-tonne liquid-
xenon observatory such as DARWIN can address the combination 
of an ultra-low background level, a low-energy threshold and a 
good energy resolution within a single, large, monolithic detector. 

The WIMP landscape
The current best sensitivity to WIMP searches for masses above 
6 GeV/c2 is provided by detectors using LXe as a target, and the 
majority of existing (XENON1T, LUX, PandaX) and planned (LZ, 
XENONnT) LXe dark-matter detectors employ dual-phase TPCs 
figure  hese detectors maintain enon at a constant tem erature 

of about –100 $C and detect two distinct signals (the prompt scintil-
lation light and the ionisation electrons) via arrays of photosensors 

operated in the liquid and vapour phase. The observation of both sig-
nals delivers information about the type of interaction and its energy, 
as well as the 3D position and timing of an event. WIMP collisions 
and coherent neutrino scatters will produce nuclear recoils, while pp 
neutrinos, axions, superWIMPs and double beta decays, along with 
the majority of background events, will cause electronic recoils. Fast 
neutrons from materials or induced through cosmic-ray muons will 
also give rise to nuclear recoils, but WIMPs and neutrinos will scat-
ter only once in a given detector, while neutrons can scatter multiple 
times in large detectors such as DARWIN. 

Since the primary intent of DARWIN is to investigate dark-
matter interactions, it is vital that background processes are 
understood. The observatory can exploit the full discovery poten-
tial of the li uefied enon techni ue with a  tonne e  
that allows all known sources of background to be considered. 

hese stem from se eral sources  the residual radioacti it  of 
detector-construction materials (a radiation, neutrons); ̀  decays 
of the anthropogenic 85Kr present in the atmosphere due to nuclear 
fuel reprocessing, weapons tests and accidents such as that at 
Fukushima nuclear plant in Japan; and the progenies of 222Rn in 
the LXe target. Two-neutrino double beta decays (2i``) of 136Xe 
and interactions of low-energy solar neutrinos (pp, 7Be) are another 
source of background, as are higher-energy neutrino interactions 
with xenon nuclei in coherent neutrino-nucleus scattering.

In the standard WIMP-scattering scenario, the leading inter-
actions between a dark-matter particle and a nucleon are due 
to two subtl  different rocesses  s in de endent cou lings 
and isospin-conserving, spin-independent couplings. Since 
LXe contains nuclei with and without spin, DARWIN can 
probe both types of interactions. Assuming an exposure of V
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Fig. 1. The current experimental situation for spin-independent 
WIMP–nucleon interactions, with green showing excluded 
regions. Liquid-xenon and liquid-argon detectors (such as the 
operational DarkSide50, DEAP-3600, PandaX and XENON1T 
experiments) can probe WIMPs with masses above 6 GeV/c2. At 
low WIMP masses, cryogenic detectors with phonon read-out, 
such as SuperCDMS, CRESST and EDELWEISS, and 
low-threshold Si-based detectors such as DAMIC, are leading 
the field.

CCMar17_DARWIN.indd   37 01/02/2017   16:21

36

C E R N C our i e r      Mar c h 2 0 17

Dark-matter searches

or more generally axion-like particles (ALPs).
Worldwide, more than a dozen experiments are preparing to 

observe low-energy nuclear recoils induced by galactic WIMPs 
in ultra-sensitive, low-background detectors. Since the predicted 
WIMP masses and scattering cross-sections are model-dependent 
and essentially unknown, searches must cover a vast parameter 
space. Among the most promising detectors are those based on 
li uefi ed noble gas targets such as li uid enon e  or li uid 
argon (LAr) – a well-established technology that can be scaled 
up to tonne-scale target masses and take data over periods lasting 
several years. 

DARWIN, which will operate a multi-tonne liquid-xenon 
time projection chamber (TPC), follows in the footsteps of 

its redecessors E , E ,  and anda  he 
technology employed by these experiments is very similar and, 
in addition, the entire E  collaboration is now a art of the 
DARWIN collaboration. Since December 2016, an upgraded 
detector called E  has been recording its fi rst dar matter 
data at LNGS using two tonnes of liquid xenon as the WIMP target 
(the total mass of xenon in the detector is 3.3 tonnes). It will probe 
WIMP–nucleon cross-sections down to as little as 1.6 × 10–47 cm2 at 
a mass of 50 GeV/c2 (for comparison, the scattering cross-section of 
low-energy 7Be solar neutrinos on electrons is about 6 × 10–45 cm2). 
A further lanned u grade called E n  with se en tonnes of 

e will increase the M  sensiti it  b  one order of magnitude
The goals of DARWIN are even more ambitious, promising an 

The DARWIN observatory will operate a large amount (50 tonnes) of 
liquid xenon in a low-background cryostat surrounded by concentric 
shielding structures (diagram above). The heart of the experiment is 
the dual-phase TPC, containing 40 tonnes of instrumented xenon mass 
(diagram above right). The high density of liquid xenon (3 kg/l) results in 
a short radiation length and allows for a compact detector geometry with 
effi cient self-shielding. A drift fi eld of the order 0.5 kV cm–1 across the liquid 
target will cause the electrons to drift away from the interaction vertex 
towards the liquid–gas interface. Large fi eld-shaping rings made from 
oxygen-free, high-conductivity copper will ensure the homogeneity of the 
fi eld. The TPC will mostly be constructed from copper as a conductor and 
polytetrafl uoroethylene as an insulator, with the latter being an effi cient 
refl ector for vacuum ultra-violet scintillation light. It will be housed in a 
double-walled cryostat, and all the detector materials will fi rst be selected 
for ultra-low intrinsic radioactivity using dedicated, high-purity germanium 
(HPGe) detector screening facilities. 

In the baseline scenario, the prompt and proportional scintillation 
signals will be recorded by two arrays of photomultiplier tubes (PMTs) 
installed above and below the xenon target. These will have a diameter 
of 3" or 4" and feature a very low intrinsic radioactivity, high quantum 
effi ciency of 35% at 178 nm, a gain of around 5 × 106 and a very low 
dark count rate at –100 $C. Albeit a proven and reliable technology, 
PMTs are bulky, expensive and generate a signifi cant fraction of the 
radioactive background in a dark-matter detector, especially concerning 
nuclear recoils produced by neutrons from (alpha, n) reactions. Several 
alternative light read-out schemes are thus being considered by the 
collaboration in small R&D set-ups. Among these are arrays of silicon 
photomultipliers (with a potential scheme where the TPC is fully 
surrounded by photosensors), gaseous photomultipliers and hybrid 
photosensors. A novel concept of liquid-hole multipliers could allow for 
charge and light read-out in a single-phase TPC, and potentially result in a 
signifi cant improvement in light yield and thus a lower energy threshold.

DARWIN scales LXe technology to new heights
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WWW.

� Light DM models predict a Hidden sector containing a DM candidate
Hochberg et al [PRL113,171301(2014)], Hochberg et al [PRL115,021301 (2015)], deNiverville et al
[PRD92,095005(2015)]...
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Searches for Light Dark Matter cont’dLight Dark Matter

12Nico Serra - SPSC Referees 16th  January 2017

- If the Dark Photons (or other 
mediators) couple to DM it will not 
reach the SHiP detector


- However we can detect the DM 
scattering with electrons in the 
emulsion detector


- Preliminary study for the TP, we are 
now optimising the emulsion detector 
to take into account this physics case

� Mediator of HS decays to DM
candidate
→ Invisible to downstream SHiP
detector
→ Detect DM through electron
scattering in emulsion detector
initially designed for ντ physics

� Optimising emulsion detector to
take into account this physics case

� SHiP has the unique ability to
simultaneously search for HS
particles including the DM
candidate!

Light Dark Matter

12Nico Serra - SPSC Referees 16th  January 2017

- If the Dark Photons (or other 
mediators) couple to DM it will not 
reach the SHiP detector


- However we can detect the DM 
scattering with electrons in the 
emulsion detector


- Preliminary study for the TP, we are 
now optimising the emulsion detector 
to take into account this physics case
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Technical Proposal and beyond

� TP reviewed by SPSC and CERN RB and recommended to prepare a
Comprehensive Design Study (CDS) by 2018
→ Input to the European strategy consultation in 2019/2020 as a basis for
an approval of SHiP

SHiP meeting with SPSC referees, CERN, 16 January, 2017 R. JacobssonR. Jacobsson

Updated for European Strategy Panel timeline

Aim: 

Start facility commissioning and data taking in 2026 to profit fully from “Run 4” period

Make full use of Long Shutdown 3 for critical part of facility construction

ÎTDRs by end of 2020 (potentially limited time for prototyping)
Î SPSC reviews during CDS phase – suggest June/Oct 2017  & June/Oct 2018

Time line for TDRs is critical Î CDS phase is ON the path to TDR

3

For the CDS: New phase of optimisation
� Improve sensitivity to hidden sector searches

� Re-optimise detector design
� Investigate additional hidden sector models and expand physics case

� e.g Dark Photon, SUSY, models with multihadron final states, LDM
K.A. Petridis (UoB) SHiP PBC meeting March 2017 6 / 15



Evolution of the design

� Improve sensitivity to variety of HS signals
� While ensuring still a zero background experiment

Left: TP SHiP, Right: Star-SHiP
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Evolution of the design
� Improve sensitivity to variety of HS signals

� While ensuring still a zero background experiment
� Respect cost constraints of the TP

Left: TP SHiP, Right: New SHiP

Main goals of the SHiP optimization 
for the CDR 

Global optimization of the SHiP performance: 

!  Configuration of the muon shield (MC to be validated with data) 
!  Shape, dimension and evacuation of the decay volume 

!  Optimization of physics performance for various sub-detectors 
!  Revisit detector technologies, including new sub-detectors, 
     to further consolidate background rejection and extend PID  

Updated background estimates and signal sensitivities, and cost 
 
!  Contribution from the secondary interactions in the target improves  
     signal yield by ~50%  (to be validated with data) 

� Magnetise the hadron stopper → shield shorter
and lighter

� Lower muon flux entering shield → Decay
volume closer to target
→ Increased signal acceptance and reduced
muon background

� Simulate support structures and cavern floor
and walls

New muon shield

SHiP meeting with SPSC referees, CERN, 16 January, 2017 R. JacobssonR. Jacobsson 6

Muon shield
• Magnetization of the hadron stopper
• Complete re-optimization of muon sweeper
• Support structure and magnet gaps, 

cavern floor and walls
No magnetization Magnetization of hadron stopper
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Evolution of the design cont’d

� Decay vessel now pyramidal
frustum shaped

� Vacuum vessel as baseline option

Other design decisions (CDS and beyond):
� Upstream and Surrounding Background Tagger: liquid or plastic scintillator
� Timing detector: Plastic scintillator or MRPC
� Calorimetry and PID: study e,γ, π,µ separation

� Crucial to suppress neutrino bkg in N → `+`−ν

→ Study some options with test beam in 2017

� Implementing additional HS models in simulation with variety of final states:
e.g multihadrons and diphotons

� Detail study of backgrounds with new design

� Prototyping of all subsystems in place many of which close to “module 0”
level
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Understanding muon flux and charm production

� Muon shield design depends on the muon spectrum
→ Validate simulation based estimates of muon spectrum after the
hadron absorber induced backgrounds

� Understanding the charm production cross section
→ Important in normalising the signal yield and for validating
background estimates from high pT neutrinos

K.A. Petridis (UoB) SHiP PBC meeting March 2017 9 / 15



Measuring muon flux

� Expect 6× 105 µ/s with p > 100GeV,
pT > 3GeV

� PYTHIA simulations result in limited events
in above phase space
→ Simulation validated using measurement
of flux from CHARM expt.
→ Restricted to low pT muons and does
not cover dangerous part of phase space

� Use beam-tests to improve statistical
uncertainty, allowing to test our simulation
and use in optimising muon shield

Justification

� SHiP spill : 4x1013 POT. 
� Expect 0.6x106 μ/s with p>100 

GeV/c and pT > 3 GeV/c.
� Pythia MC: generated limited 

statistics in above phase space.
� Try to get more statistics in 

beam-test to check MC, and use 
in muon-shield optimization.

μ-flux measurements for SHiP using NA61/SHINE 216/01/2017

� μ flux measured by CHARM expt. Agrees well with our 
simulation, but is restricted to low pT muons and does not 
cover the ‘dangerous’ corner of phase space. 

� Find appropriate test beam area for measurement (Collaborate with
NA61/SHINE?)

� Study using simulations
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Measuring muon flux cont’d

� Sent EOI to SPSC with proposal
based on a NA61/SHINE like
detector
→ Install replica SHiP target
→ In order to validate bulk of
phase space to ≤ 30% precision
need ∼ 1011 POT
→ 2-3 weeks

van Herwijnen et al[SPSC-EOI-013.pdf]

� The BDF target WG is re-evaluating the target design which could result to
changes to SHiP target
→ Wait for updated design expected summer 2017
→ Aim to collect data by mid 2018 (before CDS report)
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Measuring the charm cross section I

� Need to know the charm production cross-section in proton interactions,
including the contribution from hadronic cascades in the SHiP target

� Normalisation of HS signals and ντ cross-section measurements
� Validating background estimates from high pT neutrinos

� Current knowledge of inclusive
associated charm cross-section
measurement is scarce
→ Missing information:

� Contribution from charm
production through hadron
cascades

� Kinematic distributions of
charmed hadrons

does not seem to depend on xF, according to the WA92 measurements [49]. This ratio
also seems to be independent of the collision energy, when comparing measurements
made by many experiments (see Fig. 13).

We will now concentrate on the total cc̄ production cross-sections for pp collisions,
in our evaluation of the influence of certain parameters on Pythia’s results.
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Figure 16: Total cc̄ production cross-sections for fixed-target energies (left) and up
to

√
s = 200 GeV (right). Open symbols indicate the pp measurements.

σcc̄ [µb]
PDF set K-factor χ2/ndf Elab = 158 Elab = 400

√
s = 200

CTEQ6L (2002) 3.0 1.4 3.6 17.5 803
MRST LO (2001) 3.8 0.7 4.8 18.4 439
GRV LO (1998) 4.5 0.7 5.2 18.3 563
CTEQ6M (2002) 2.5 0.7 4.6 18.4 427
MRST c-g (2001) 2.7 1.0 4.0 18.0 524

Table 12: K-factors which provide the best description of the cc̄ data in pp and p-A
collisions, for each PDF set. The values have a relative uncertainty of around 7%.
The last three columns give the elementary pp cross-sections calculated by Pythia
with these K-factors, for three different energies, given in GeV.

Figure 16 compares the measured cc̄ production cross-sections with Pythia’s curves,
obtained with five different PDF sets. The curves are labelled in the order, from top
to bottom, in which they occur at

√
s = 15 and 200 GeV, in the left and right panels,

respectively. The extracted K-factors for each PDF set are summarised in Table 12,
together with the corresponding pp cross-sections for typical SPS and RHIC energies.

42
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Measuring the charm cross section II

� Propose to measure double-differential cross-section
d2σcc
dEdθ

� Proton collisions with smaller (10× 10 cm2) replica Mo/W target
instrumented with nuclear emulsions

� No water cooling required
� Use emulsion as tracking detector to identify hadronic and leptonic charm

decay modes

K.A. Petridis (UoB) SHiP PBC meeting March 2017 13 / 15

Part of instrumented target (∼ 1λI )

INSTRUMENTATION OF TARGET
‣ Each ECC is made by a sequence of 3mm-thick TZM planes interleaved 

with 290 μm-thick nuclear emulsion films, with a total thickness of ∼1λI

‣ ECC1: study charm production in first λI

‣ ECC2: study charm production in second λI

Plates ECC1 ECC2

TZM (3mm) 41 38

λ 0,81 0,75

PET 
(5 mm) 2 4

Ta          
(1 mm) 6 10

Emulsion
(0.29 mm) 47 48



Measuring the charm cross section III

CHARMED HADRON PRODUCTION

9

PRIMARY PROTON INTERACTIONS
CASCADE PRODUCTION

‣ Position distribution along beam axis of 
charm production vertices in the target 

TZM W

1stλI 2ndλI

Ratio between different production modes 
‣ r(1stλI) = #Primary/#Secondary = 2.7
‣ r(2ndλI) = #Primary/#Secondary = 0.8

Fraction of interactions within 2λI

‣ Primary 92%
‣ Secondary 66%

‣ Instrumentation of first and second λI 

allows the study of a large fraction of 
charmed hadrons 

� Detector design implemented in SHiP’s simulation framework
→ Study exposure needed to observe 10000 charmed pairs
→ Require 8× 107 pot and a total of 250m2 of emulsion surface

� Possible location H4 where the Goliath magnet could be used
� Wait for updated target design expected summer 2017

K.A. Petridis (UoB) SHiP PBC meeting March 2017 14 / 15



Summary

A lot of progress since TP. In the next two years:
� Moving onto CDS and TDR stages
� New detector design which significantly increases HS particle acceptance

relative to TP design, while satisfying zero background requirement
constraints
→ Reoptimisation under way
→ Extend physics case to DM searches exploiting SHiPs unique design

� Technology decisions to be made with the help of planned test beams
� Detailed plan of measurements to better understand muon flux and charm

production

Milestone chart for CDS Q1 Q2 Q3 Q4 Q1 Q3 Q4 Q1 Q3 Q4

Testing and updated performance

Write-up

2016 2017 2018

Iteration 1: Global re-optimization with "current detectors"

Design and prototyping

Design, performance, cost review

Iteration 2: Optimization with refined detectors

Q2Q2

Test beam to measure muon spectra, scharm, etc

Internal External
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Backup
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First phase reoptimisation

� Decay Volume
� Pyramidal frustum shape
� Vacuum baseline, helium balloon as backup

� Detector options
� Configurations of the LDM/ντ emulsion detector
� Straw tube technology considered for the upstream muon spectrometer
� Technologies for Upstream and Surround Background Tagger: Liquid

and Plastic scintillator + SiPM
� Technologies for Timing Detector: Plastic Scintillator/MRPC
� Revisit completely calorimetry and PID

� First iterations and optimisation implemented in our full simulation
→ Launching complete background simulation
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Test beam activities

� 2016
� Beam time exploited by straw tracker and BDT plastic scintillator

option
� 2017

� Joint test beam for Straw Tracker, SBT, CALO on SPS (∼ 2.5 weeks)
� Emulsion test beam on PS (∼ 2 weeks)
� Muon system test beam on PS (∼ 2 weeks)

� 2018 and beyond
� Likely to have several sub-detector requests as in 2017
� Tuning of muon spectra
� Measurement of inclusive charm production
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