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The most conspicuous mysteries of the Universe

« \What is dark matter made of?

* \Where do neutrino masses come from? @

 Where is the antimatter gone?




The neutrino

O

* Neutral lepton, produced in weak decays
* More than 1°000°000 times lighter than the electron
« Different neutrino species mix with each other



Flavour (a = e,p,t) and mass (k = 1,2,3) states

While interacting While propagating

(production/detection)
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U: PMNS matrix or neutrino mixing matrix
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Neutrino oscillations

Oscillation probabilities for an initial muon neutrino

1.0

 Transition probability fromato 8
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. Solar neutrinos Ve = V) — 0,
« Atmospheric neutrinos Vy — Vs — 0,
- Reactor neutrinos Ve = Vr — 0,
» Accelerator neutrinos U, — U,  —6



Neutrino masses @

The Nobel Prize in Physics How do we know

2015 that neutrinos have
masses?

> They oscillate!

Why is this so
important?
Takaaki Kajita Arthur B. McDonald > Itimplies new
Prize share: 1/2 Prize share: 1/2 p hyS | CS '

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki
Kajita and Arthur B. McDonald "for the discovery of neutrino

oscillations, which shows that neutrinos have mass”




Reminder: helicity and chirality of fermions

Helicity: spin direction with respect to movement

(mu “right handed” “left handed”
}’ (R) QM\? (L)

Q o

G N

— If v < ¢, the helicity depends on the frame of reference

Chirality: intrinsic property of a particle, equivalent to
helicity in the relativistic limit
Quirk of physics: weak interactions act only on particles
with “left-handed” chiralities!

— Hence one can only produce left-handed neutrinos

— Right-handed neutrinos do not exist in the Standard Model
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Dirac mass @

¥
Coupling to Higgs field

» Like for other fermions, one can give a Dirac mass to
the neutrino with a term that couples it to the Higgs field
and relates left- and right-handed chiralities:

/_EVacuum expectation value

yHvRv) = y<H )0“_’RVL = MpVRVL —) (—)

vV
L R
T—Dimc Mass g x g

« Effect: chirality inversion

« Implication: existence of right-nanded neutrino
— New physics!

Yukawa coupling constant



Majorana mass @

« Being electrically neutral, the neutrino is the only
fermion which can possess a term which relates
particle and anti-particle:

— e _
m;Vy Vi (V)R VL

Majorana mass m,

« Effect: the neutrino is its own anti-particle, and leptonic
number is violated

* Implication: mass generation mechanism which does not
iInvolve the Higgs field

— New physics!



The seesaw mechanism @

Only Dirac Only Majorana Dirac + Majorana (seesaw)

N Vi Ny
0 o0
4 states of equal masses 2 states of equal masses 4 states , 2 mass levels

Two with I=1/2 (active) . . m  and I=1/2 (active)
Two with I=0 (sterile) Both with I=1/2 (active)

m_and I=0 (~stérile)

N

- Adding a Majorana mass (m,) to the Dirac mass (m)
causes a splitting of left (v) and right (N) chiralities

o |fm_>>m_one gets mQD
my = mp m, >~ ——
mry,

* A"natural” explanation, why active neutrino masses are

over 1 million times lighter than the electron mass
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Quarks

Leptons

Heavy neutrinos: Three missing pieces

SM vMSM
Spin-1/2 fermions ig;‘,r}s Spin-1/2 fermions
u C t . u C t
d | s b . ddls b
V, V, V,
vl w8 A
a?in-so H Ann. Rev. Nucl. Part. a%g—so
boson Sci. 59, 191 (2009)  boson

N , mass ~keV N2 , masses ~GeV
— dark matter . — Seesaw

— leptogenesis
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[ New physics

/ \

[ Experimental ewdence Theoretlcal hints ]
Q@ L=
- N quantlsatlon ﬁ\laturalnessJ
2P in Heavy Stable massive
oscillations neutrinos charged particles

[ T2k | [ sHiP ATLAS MoEDAL] \
\ /

[Fixed target (high mtensﬂy)] [LHC (hlgh energy)] [Cosmic rays]

~ /

[ Experimental strategies ]
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T2K experiment
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Energy and distance correspond to v oscillation maximum

Muons and electrons reconstructed in ND280 et Super-K



T2K experiment
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Events/bin

Ratio

Latest news from T2K

vV, — Ve
14 ;— —— Best-fit oscillation
12E No oscillation
10 f— —— T2K data
8
6 —
4 —
2t —l I_I_
0 : i_I 1 1 1 I _I_I
10 -1 L
5_‘ —l__'——l__l_
0 0.2 0.4 0.6 0.8 1 1.2

Reconstructed neutrino energy (GeV)

32 observed events

One expects 24.2if6 =0
28.7if 6= -1/2

+ Strong indication of CP!

Events/bin

Ratio

vV u— Ve
25
- —— Best-fit oscillation
Py _ No oscillation
- —— T2K data
1.5
=

C I
0.5—

» [
ﬂ_ ........... [P |
8- -
oF
4 I —

2 !——' —
00 0.2 0.4 0.6 0.8 1 1.2

Reconstructed neutrino energy (GeV)

4 observed events

One expects 6.9ifd =0
6.0 if 5= -m/2

» Consistent with recent results from NOvVA experiment

20



Towards T2K-lI

Beam intensity to be
doubled by 2020

 Extended run —
phase 2 (2020-2026)
to collect 3 times
more events than
originally planned

o Super-K to be
upgraded with
Gadolinium

1400
1200
000

800

400}

200k

0

T2K-II Protons-On-Target Request

600

MA Power Supply upgrace

1111 L1l
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(]

1Tt
(]
]

Lirriiri
[*]
(=]

|
(%]

o
(]

-~
(=]

Integrated Delivered Protons [107'POT)

="
o

« ND280 to be upgraded for reduction of model-
independent systematic uncertainty down to < 4%

205 2016 2017 208 2019 2020 2021 2022 @3 2024 2085 2026 2007
JFY

(=]

o n o n & o
Delivered Protons / Period (oe-auy. [10°'POT)

tn

=
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T2K ND280 upgrade

Angular coverage

with new
horizontal TPC

New active target
with 3D fibre reading —
leading unige involvement

New time-of-flight
detector — leading
unige involvement
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Future projects: Hyper-K and DUNE (~2026)

« Even more powerful beams at J-Parc et Fermilab
« Even bigger far detectors
« Ultra-precise oscillation measurements — GP

Hyper-K (Japan) DUNE (USA)
200 kt(water) 40 kt (liquid argon)
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Heavy neutrinos (N)?

Can’t be detected Can'’t be produced

in the lab in the lab

eV keV MeV GeV TeV 10'* GeV

?)  seesaw

@
0-3 leptogenesis

Slow and
long lived




Heavy neutrinos (N)?

Can’t be detected

eV

In the lab

keV

Slow and
long lived

eV

Can’t be produced

Direct searches in the lab

GeV TeV 10" GeV

?)  seesaw

@

03 leptogenesis
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N production and detection in the lab

X~ -

Very weak coupling - [I:)%Zilri‘::tri‘;ittey

Proton beam | e'e collider (LEP)
on target

Off-shell Ws

Z decays

coupling strength

Charmed meson
decays

Pion and
Kaon decays

10 1 10 10° 1
HNL mass (GeV)

.63
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N production and detection in the lab Y

X~ -

Very weak coupling - E:)%Zilri‘::tri‘;ittey

Proton beam | e'e collider (LEP)
on target

Off-shell Ws
Z decays

Charmed meson

coupling strength

Pion and
Kaon decays

1 0-1 1 10 1 02 1
HNL mass (GeV)

.(.)3
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N production and detection in the lab Y N

’
|
X

Very weak coupling - [T)?\Zilri‘::tri‘rsnittey

Proton beam | e'e collider (LEP)
on target

Off-shell Ws
Z decays
The LHC

Charmed meson LHC run-2 is a

decays real Ws, W factory
displaced vertex

coupling strength

Pion and
Kaon decays

107 1 10 102 10°
HNL mass (GeV)
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N production and detection in the lab Y N

X- -9

Very weak coupling - [T)?\Zilri‘::tri‘rsnittey

Proton beam | e'e collider (LEP)
on target

Off-shell Ws
Z decays
The LHC

Charmed meson LHC run-2 is a

real Ws, W factory
displaced vertex

coupling strength

107 1 10 102 10°
HNL mass (GeV)
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production

N from real Ws at the LHC

charged lepton
essential for
triggering

Displaced
vertex (DV)
essential for
background
rejection

entries

entries

p, distributions
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e - L | 4
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N from real Ws at the LHC
||l" N4
;9

~ ATLAS

production

Run 165821
Event 1605517

Pixel modules

g 2200 T T T T T T
Displaced ¥ ool —HNLmass =100V
vertex (DV) e e U
essential for el E
background o E
rejection ol ;

E T AR R AV e el VIS S
0 10 20 30 40 50 60 70 80 90
displaced lepton pT (GeV

0

iy
- o
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N at ATLAS: current and next challenges

First N search with DV at LHC (2016 data)

* Analysis finalised — Arnaud’s thesis

« probes mixing with v, beyond LEP for the first time for m  ~ 10 GeV

Full run-2 dataset

- Also probe mixing with v_, also hadronic N decay channel

Run-3
« Dedicated triggers
« Probe mixing with v_

HL-LHC

« Advanced triggers
« DVs after ITk upgrade

« Sensitivity to most interesting
regions of parameter space

Track Reconstruction Efficiency

1_ T IIIIIII| T IIIIIII|

0.85—
0.8

0_753 ITk Inclined
ATLAS Simulation 4 0.00¢ h] | <0.51

0.?— Z'(5TeV)->tt, <u>=200 , 0.51¢ m | <1.03
jetp. > 500 GeV

0.95 _‘ ety

0'92_ T _=+——+—_A__ ==

0.65F- HadFonsOnIy 103<h1 |<154 E
- {s=14 TeV A 154<h1 |<360 ]

06_ L Lol 1 L s
10° 1 10

Truth Production Radius [mm]
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N at fixed-target facilities

target + shield decay volume
beam . ‘} ‘ ‘ | |I
detector

Strategy

high-intensity proton beam on a target
decay volume as close as possible to target
highly efficient background rejection systems
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Search for hidden particles — SHiP

Proposed facility: 400 GeV protons from the CERN SPS
Collaboration of 250 members from 46 institutes

Major actor in CERN Physics Beyond Colliders study group
— Approval ~2020
— Physics runs ~2026, aim at 2-10?° protons on target in 5 years

North /\ P Targets 12,14, T6
Area \/\/ r/
SR AWAKE (previously
TT20 TT40 CNGS)
v

TT41 Im get T40

TI2 34



The SHIP experiment

Wide physics programme
* Variety of possible decay modes — N, dark photon, dark scalar...

* Tau-neutrino physics

B Tracker
. : N v
Light dark matter 2.3 ' s Spectrometer
% I Particle ID
D /J'L/ )

W " Decay vessel
X N3
Emulsion
Active detector
Target and muon shield

hadron dump

5x10 m? timing detector array
with < 100 ps resolution to reject
random crossing backgrounds
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A timing detector for SHIP and ND280 upgrade

Novel concept: bulk plastic scintillators read out by large-area
SiPM arrays

— High photon detection efficiency, especially for green light
— Low bias voltage (~60 V)

— Compact — no need for lightguides In-house

— Tolerates magnetic fields made PCBs —

Yannick
— Getting cheaper every year ,
front side

< cm ~
< =

back side
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Plastic scintillator R&D

JINST 12, P11023 (2017)

Very promising results from “ "
test beams this Summer — 3 :
Alexander’s work 2 b
« 80 ps resolution along 1.5 m bar ] o.oai—;,f_. R e, P
« 24-bar prototype to be built and ousf _
tested this year R
R T a

@

~ prototype
L ? /| |
I [

37
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N at CERN in the next 10 years, and beyond

10

..

10° LHC run-3
prompt projected -
10° _ =
x LHC run-3"N -
10—7 A displaced —
— projected -
10°E E
10° E
1070 E
10_11 ;7 Seesaw ;
10—12 _I | | | I ‘ |

HNL mass (GeV)
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Summary and outlook

Measuring CP violation in neutrino oscillations
> T2K and NOvVA, T2K upgrade
> Hyper-K and DUNE

Probing the existence of heavy neutrinos

> Complementary approaches with displaced vertices at
high-intensity beams — LHC and SHiP

Possibly key to explaining Universe’s most blatant mysteries

O S

oy
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Extras
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Dark matter
84% of the mass of the
Universe is invisible sl o a
« Motion of stars and galaxies ”U.T(T‘ > RU) ~ const.
 Gravitational lenses PR
 Anisotropies of cosmic =100 _IE ~ halo
microwave backround S AN :
« Large-scale structure formation & l 1 _
SO S Up X 7 :
50 —{l— R —
Possible candidates f o
« New neutral stable particle - R
+ New dense state of matter Oi e R

« Modified gravitational law

Radius (kpc)
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DM —nucleon cross—section

Dark-matter particles

Limits on Dark Matter from Direct Detection

RESST (2015) ™=

CDMSTite (2015) .. o g Poctal A=10.

“**e., Higgs Portal A=] e,

CaWi4

. v Floor | Xe

1 1fo
1 1ab

1 1zb

1 10 100
Dark Matter Mass [GeV]

1 1pb  Nuclear recoil detection

with various techniques
Very low backgrounds
« Very large target mass

« Exclusion for masses
exceeding ~1 GeV even
for extremely weak

1 yb interactions

The LHC also probes masses of order GeV-TeV.

If dark matter is a particle:

« Either it has quasi no interactions with known particles

« Orits massis << GeV
e Orits massis >> TeV.
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Heavy neutrino dark matter

« Mass in keV range — warm, very long ligetime, but
occasionally decaying (N —vy)

« Look at decay line in galaxy clusters

10°°

Interaction strength [SinZ(EBJ]
=
o

el

Phase-space density
constraints

1 1 1 IIIII 1 1
Dark Matter

llfet .
—°n

Lyman-{ bound

S

Not enough Dark Matter = |

Excluded by non-observation
of dark matter decay line

or NRP sterile neutrino —
—

S

1 5
DM mass [keV]

10

50
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GP in neutrino oscillations '@'

Do neutrinos behave the same as antineutrinos?

P(v, — vg) — P(v, — Up)

Am2, L Am3, L Am3; L
= —2s5in(26012) sin(260;3) sin(26s3)sin(d) sin ( ?:él ) sin ( Z?EZ ) sin ( ZE} )

Measuring 6 is a challenge, it requires
— Chosing L et E such as to maximise this difference
— Controlling neutrino and antineutrino fluxes
— Observing the appearance of neutrinos and antineutrinos
— Controlling backgrounds which can mimic this appearance

> Accelerator neutrinos . B
U, — Up
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Leptogenesis

Postulate right-handed neutrino N (Dirac+Majorana)

— Copiously produced in primordial soup
— Capable of GP

Step 1: asymmetric production of leptons and anti-leptons

BR(N = (" + W) #BR(N = (- +W7)
Step 2: action of sphaleron

— Standard Model process which does not conserve baryonic (B)
and leptonic (L) numbers (but conserves B-L)

— Lepton-antilepton asymmetry converted into baryon-antibaryon
asymmetry

Postulating N is sufficient to explain E
matter-antimatter asymmetry in the o
Universe! o
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Neutrino flavour contents

Normal
Ordering
in6ss cos 0 =
31 I
) -1
sin” #y3
Siﬂzglg siné4

1
2 -

| I ‘l
sinyj

Vel

Vv

Inverted
Ordering

, cos d =

sin’ 0, sind4 1

.. -_1

| |

I ‘_1
kind,4

E~iiI]2 933

1
31 ]
.2 -1
sin” f3

Vi
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Flux x CC cross section

(Arbitrary Unit)

T2K neutrino beam spectrum

| 2p2h - bias the ene

Fﬁ(}
@D i H 4
G
8 |
~No40
“-\-"' =
b =
- 20
- - 2p2h A-enhanced
— 2p2h not-A
% ""05 T 15 2 25
2 3 4 reconstructed energy [GeV]
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Vertex-level efficiency

’ =4

Beam pipe Wy

Run 165821
Event 1605517

Pixel modules

PRD 92, 072004 (2015)

G.E T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
ATLAS Simulation
Vs= 8 TeV - m&f}: 404 GeV
0.4 DV+pu channel _
RPV Model 107
§(700 GeV) - qlx; — paal —e— () = 108 GeV
0.3 —
- =
]
""‘h' S, 10
P e 1 £
AT .
P
01— et M&'@ A — 1
&
o= L L I . *'t-zl':_
0 50 100 150 200 250 300

DV signatures at ATLAS

ATLAS

'II[i]['I[I

\s =8 TeV, 20.3 fb”

[[T'Il['l[i_]

300

200}

100
= 107
E
3
100
B 10
-200}
-30_||1|||| il ENEEENE B R 1
-300 -200 -100 100 200 300
Xpy [mm]
ATLAS Vs = 8 TeV, 20.3 fb™
LLLL channel @ Data Signal MC
C Sig'nal

region

:

Number of leptons in vertex
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Backgrounds

« Random crossings of pile-up tracks
« Hadronic interactions with detector material (reduced by

material map veto

« Cosmics producing back-to-back displaced muons
(rejected by cosmic veto)

* Metastable particle ¢ | § Cimens
decays — dominant S | oplons
background at low 2 f J signal charm hadrons
masses (< 5 GeV) g region y

el g

Most of these produce 1 o e

hadrons, hence the : Lo B

“tight” lepton ID TE T

reqUIrementS to " ;l NI AN S AT A A AN I O I A O A

reduce fakes 107 107" 1077 10° 10 10°

ct [ distance ] _ TR IR NI lifetime [s]
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LHC — prompt high-pT signature

Same-sign leptons + two jets

« Exploit Majorana nature of the neutrino

« Investigated in both ATLAS and CMS

PLB 717, 109 (2012); JHEP 07, 162 (2015); PLB
748, 144 (2015)

19.7 " (8 TeV)

N_ 1 E
z =
>_ 10 :— .
=/ « Models of leptogenesis
10?2l point to lower mass,
L o GL. Expected lower mixing
= I CL_Expected + 1
10 = CLSEiggﬁtZd + 2 — on-shell W
p " — E:I%_S Observed
e | L. DELPHI
f — — CMS7TeV
10'5 A I BT BN I BN RN IR BTN NN RN B
50 | 100 150 200 250 300 350 400 450 500
m (GeV)

on-shell W off-shell W
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Example of typical SHiP event selection

Start with two high-quality tracks in spectrometer
— Typically 6% probability once N decays inside the

vessel
Damn!
I Missed it
For these require:

« Vertex with DOCA < 30 cm inside the decay volume
 |dentify one muon and one pion
« Matched hits in timing detector within 200 ps window

« No hit in the upstream veto tagger and in surround veto near
the vertex

* Reconstructed parent pointing to target within 2.5 m distance

{: ......................................

~70% efficiency for N — 1t once both tracks are reconstructed

< 0.1 background events remaining
51



External PCB with sensors

TeSt m Od U Ie front side

{5

back side

 EJ-200 plasticbars,6 cmx1cmx 1.5 m

« Customised external PCBs with large-area SiPM arrays
applied directly to bar surface on both ends

“parallel” connection: “series” connection:
8 6x6 mm?2 sensors in 4 pairs of 6x6 mm? sensors
parallel — 8 signals in parallel with each pair

connected in series — 4 signals

1 cathode

| - common cathode

I.'_ commos B
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Electronics

SiPM anode readout ASIC (MUSIC R1)
— read, amplify and sum up to 8 SiPM output signals

Highly customisable board used for tests
— But we do not need all its functions

Simpler, cheaper board being developed

analog Differential
Output Sum HG/LG SE Readout
Mechanically
. ags selected
Waveform digitiser I
. 16'Channe| conversion
Cust d:
WAVECATCHER - o
for tests Regulators Coggft‘:;';aon
- 64-Channe| Micro-controller SiPM HV
SAMP'C for fu"_ to load calibration Supply Voltage
Scale deteCtor Pin access: SPI, Power supply

Arduino (DC5V)
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Energy deposit per unit length (keV/em)

Timing improves signal identification

« Measure track sense — reject OOFV backgrounds
— Two planes 600 ps resolution 75 cm apart: 30 separation

— Two planes 150 ps resolution 75 cm apart: 110 separation

* Help with particle identification
— Muon-electron confusion zone ~0.2 GeV
— Proton-positron confusion zone ~1 GeV

muon-electro
111 II 1 1 Ll L1

L | L

o = 600 ps

(from study by M. Lamoureux)

o = 150 ps

El= P

0.1

Momentum (GeV/e)

600 800 1000 1200 1400 1600 1800 20

n ] L
1000 1200 1400 1600 1800 200

reco ToF mass [MeV/c?] reco ToF mass [MeV/c?]

o4



Proposed design for ND280 upgrade

10

<] Pairs of SIiPMs in
series

e 12 cm width

« 16 SiPMs per
channel

»l
»

XY module: 20 bars

XZ, YZ modules: 17 bars
3x20 + 4x17 = 128 bars
2 X 128 = 256 channels
16 x 256 = 4096 SiPMs
Estimated cost 200 KEUR

99
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Timeline

018| 2019 | 2020 20 0 024 026 | 20 028
LHC run-2 run-3 HL-LHC
SPS SHiP
J-PARC| T2K T2K-I HyperK
1st ATLAS
N search ND280
Timing det upgrade
imi : -
construction T2K-ll operation Hyper-K
prorotype |-ommissioning operation
Super-FGD Hyper-K
prototype :
Hyper-K construction and
R&D commissioning
SHiP . SHiP
SHiP approval SHiP operation
CDS : construction and
SHiP commissioning
TDR -




Hyper-K expected performance

difference of reconstructed Ey spectra difference of reconstructed E, spectra
:: lﬂ[l' . T T I % lw |
= V = V — (8=90°) - (8=0°)
s e I — (5=-90°) - (5=0°)
3 S0 e ”HHI 7 50 e bl — (5=180°) - (5=0°)
E L}. e L | { E SPRER T I |
> 419 17. l'}lTr‘. , > EERDE TT'L’T-
Soof efiii TthipoiTtdddeeee | B of odd8YIITTHI ITIid kMR 0
s ERSEFURREEEESE AN 3 AEFERSSEEE R A0
s ST 5 | SESL
= ll+1t1 = I TTTI
5 -50 1 TT11 5 -50
o g
= i
000 o P - 1 = -1001, i - L s it
0 02 04 0.6 08 1 12 0 02 04 0.6 08 1 12
Reconstructed Energy E‘:‘ (GeV) Reconstructed Energy E:"" (GeV)

Possibility of using shape
information in energy to distinguish

different values for 0 (CP)

|.3 MW for |PARC proton
beam

~ 40% PMT coverage in HK

3-4% systematic uncertainties
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